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ʅʘʮʠʦʥʘʣʴʥʘʷ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʩ ʤʝʞʜʫʥʘʨʦʜʥʳʤ ʫʯʘʩʪʠʝʤ. 

ʇʝʨʩʧʝʢʪʠʚʥʳʝ ʤʘʪʝʨʠʘʣʳ ʠ ʪʝʭʥʦʣʦʛʠʠ (ʇʄʊ-2023). ʊʦʤ 1. [ʕʣʝʢʪʨʦʥʥʳʡ ʨʝʩʫʨʩ]: 

ʉʙʦʨʥʠʢ ʜʦʢʣʘʜʦʚ ʢʦʥʬʝʨʝʥʮʠʠ çʇʝʨʩʧʝʢʪʠʚʥʳʝ ʤʘʪʝʨʠʘʣʳ ʠ ʪʝʭʥʦʣʦʛʠʠè ʀʥʩʪʠʪʫʪʘ 

ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʠ ʠʥʜʫʩʪʨʠʘʣʴʥʦʛʦ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ ʈʊʋ ʄʀʈʕɸ / ʇʦʜ 

ʨʝʜʘʢʮʠʝʡ ʖʨʘʩʦʚʘ ɸ.ʅ. ð ʄ.: ʈʊʋ ʄʀʈʕɸ, 2023. ð 542 ʩ. 

  

   

ɺ ʩʙʦʨʥʠʢʝ ʦʧʫʙʣʠʢʦʚʘʥʳ ʨʘʙʦʪʳ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʥʘ ʅʘʮʠʦʥʘʣʴʥʦʡ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʦʡ 

ʢʦʥʬʝʨʝʥʮʠʠ ʩ ʤʝʞʜʫʥʘʨʦʜʥʳʤ ʫʯʘʩʪʠʝʤ çʇʝʨʩʧʝʢʪʠʚʥʳʝ ʤʘʪʝʨʠʘʣʳ ʠ ʪʝʭʥʦʣʦʛʠʠè (ʇʄʊ-

2022), ʘ ʪʘʢʞʝ ʨʘʙʦʪʳ ʚʝʜʫʱʠʭ ʫʯʝʥʳʭ ʠ ʩʧʝʮʠʘʣʠʩʪʦʚ, ʟʘʥʠʤʘʶʱʠʭʩʷ ʠʩʩʣʝʜʦʚʘʥʠʷʤʠ ʠ ʨʘʟ-

ʨʘʙʦʪʢʦʡ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʪʝʭʥʦʣʦʛʠʡ.  

ʉʙʦʨʥʠʢ ʪʨʫʜʦʚ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʝʟʝʥ ʜʣʷ ʥʘʫʯʥʳʭ ʨʘʙʦʪʥʠʢʦʚ ʠ ʠʥʞʝʥʝʨʦʚ, ʨʘʙʦʪʘʶʱʠʭ ʧʦ 

ʩʤʝʞʥʳʤ ʥʘʫʯʥʳʤ ʥʘʧʨʘʚʣʝʥʠʷʤ, ʘ ʪʘʢʞʝ ʜʣʷ ʘʩʧʠʨʘʥʪʦʚ ʠ ʩʪʫʜʝʥʪʦʚ ʪʝʭʥʠʯʝʩʢʠʭ ʚʫʟʦʚ. 

ʄʘʪʝʨʠʘʣʳ ʩʙʦʨʥʠʢʘ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʥʘʫʯʥʦ-ʧʝʜʘʛʦʛʠʯʝʩʢʠʤʠ ʨʘʙʦʪʥʠʢʘʤʠ, ʘʩʧʠ-

ʨʘʥʪʘʤʠ ʠ ʩʪʫʜʝʥʪʘʤʠ ʚ ʥʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʡ, ʫʯʝʙʥʦ-ʤʝʪʦʜʠʯʝʩʢʦʡ ʠ ʧʨʘʢʪʠʯʝʩʢʦʡ ʨʘ-

ʙʦʪʝ. 

ʄʘʪʝʨʠʘʣʳ ʧʫʙʣʠʢʫʶʪʩʷ ʚ ʘʚʪʦʨʩʢʦʡ ʨʝʜʘʢʮʠʠ. ɿʘ ʩʦʜʝʨʞʘʥʠʝ, ʜʦʩʪʦʚʝʨʥʦʩʪʴ ʩʪʘʪʝʡ ʠ 

ʩʦʙʣʶʜʝʥʠʝ ʟʘʢʦʥʦʚ ʦʙ ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʦʡ ʩʦʙʩʪʚʝʥʥʦʩʪʠ ʦʪʚʝʪʩʪʚʝʥʥʦʩʪʴ ʥʝʩʫʪ ʘʚʪʦʨʳ. 

ʄʥʝʥʠʝ ʨʝʜʘʢʮʠʠ ʤʦʞʝʪ ʥʝ ʩʦʚʧʘʜʘʪʴ ʩ ʤʥʝʥʠʝʤ ʘʚʪʦʨʦʚ ʩʪʘʪʝʡ. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʠ ʟʘ-

ʠʤʩʪʚʦʚʘʥʠʠ ʤʘʪʝʨʠʘʣʦʚ ʩʩʳʣʢʘ ʥʘ ʠʟʜʘʥʠʝ ʦʙʷʟʘʪʝʣʴʥʘ. 

  

ɻʣʘʚʥʳʡ ʨʝʜʘʢʪʦʨ: 
ʜ.ʬ.-ʤ.ʥ., ʧʨʦʬʝʩʩʦʨ ʖʨʘʩʦʚ ɸ.ʅ. 

  

ʈʝʜʘʢʪʦʨ: 

ʢ.ʪ.ʥ., ʜʦʮʝʥʪ ʊʶʨʠʥʘ ʉ.ɸ. 

  

 

ʄʠʥʠʤʘʣʴʥʳʝ ʩʠʩʪʝʤʥʳʝ ʪʨʝʙʦʚʘʥʠʷ: 

ʅʘʣʠʯʠʝ ʦʧʝʨʘʮʠʦʥʥʦʡ ʩʠʩʪʝʤʳ Windows, ʧʦʜʜʝʨʞʠʚʘʝʤʦʡ ʧʨʦʠʟʚʦʜʠʪʝʣʝʤ. 

ʅʘʣʠʯʠʝ ʩʚʦʙʦʜʥʦʛʦ ʤʝʩʪʘ ʚ ʦʧʝʨʘʪʠʚʥʦʡ ʧʘʤʷʪʠ ʥʝ ʤʝʥʝʝ 128 ʄʙ. 

ʅʘʣʠʯʠʝ ʩʚʦʙʦʜʥʦʛʦ ʤʝʩʪʘ ʚ ʧʘʤʷʪʠ ʭʨʘʥʝʥʠʷ (ʥʘ ʞʝʩʪʢʦʤ ʜʠʩʢʝ) ʥʝ ʤʝʥʝʝ 30 ʄʙ. 

ʅʘʣʠʯʠʝ ʠʥʪʝʨʬʝʡʩʘ ʚʚʦʜʘ ʠʥʬʦʨʤʘʮʠʠ. 

ɼʦʧʦʣʥʠʪʝʣʴʥʳʝ ʧʨʦʛʨʘʤʤʥʳʝ ʩʨʝʜʩʪʚʘ: ʧʨʦʛʨʘʤʤʘ ʜʣʷ ʯʪʝʥʠʷ pdf-ʬʘʡʣʦʚ (Adobe Reader). 

ʇʦʜʧʠʩʘʥʦ ʢ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʧʦ ʨʝʰʝʥʠʶ ʈʝʜʘʢʮʠʦʥʥʦ-ʠʟʜʘʪʝʣʴʩʢʦʛʦ ʩʦʚʝʪʘ 

ʄʦʩʢʦʚʩʢʦʛʦ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ ʦʪ ___ __________ 2023 ʛ. 

ʊʠʨʘʞ 1 ʵʢʟ. 
  

   É ʈʊʋ ʄʀʈʕɸ, 2023 
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Annotation. Linear and nonlinear magnetoelectric (ME) effects in ring composite heterostructures 

of the ferromagnet-piezoelectric type are considered for various orientations of constant and alter-

nating magnetic fields. It is shown that nonlinear ME effects arise only in the case of circular excita-

tion of structures by an alternating field. At the same time, the absence of demagnetization in this 

orientation leads to a significant decrease in the optimal magnetic fields, at which the maximum of 

the ME effect is observed.  

Keywords: magnetoelectric effect, composite structures, nonlinear effects, magnetostriction, piezoef-

fect. ʄʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ (ʄʕ) ʵʬʬʝʢʪʳ ʚ ʩʣʦʠʩʪʳʭ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘʭ ʬʝʨʨʦʤʘʛʥʝʪʠʢ-ʧʴʝ-

ʟʦʵʣʝʢʪʨʠʢ (ʌʄ-ʇʕ) ʧʨʦʷʚʣʷʶʪʩʷ ʚ ʚʠʜʝ ʛʝʥʝʨʘʮʠʠ ʥʘʧʨʷʞʝʥʠʷ ʧʨʠ ʜʝʡʩʪʚʠʠ ʥʘ ʩʪʨʫʢʪʫʨʫ 

ʧʝʨʝʤʝʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ [1]. ʕʬʬʝʢʪʳ ʚʦʟʥʠʢʘʶʪ ʚʩʣʝʜʩʪʚʠʝ ʢʦʤʙʠʥʘʮʠʠ ʤʘʛʥʠʪʦʩʪʨʠʢ-

ʮʠʠ ʌʄ ʩʣʦʷ ʠ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʪʚʘ ʚ ʇʕ ʩʣʦʝ. ʄʘʛʥʠʪʦʩʪʨʠʢʮʠʷ ʧʨʠʚʦʜʠʪ ʢ ʜʝʬʦʨʤʘʮʠʠ ʌʄ 

ʩʣʦʷ, ʵʪʘ ʜʝʬʦʨʤʘʮʠʷ ʧʝʨʝʜʘʸʪʩʷ ʇʕ ʩʣʦʶ ʠ ʦʥ, ʠʟ-ʟʘ ʧʴʝʟʦʵʬʬʝʢʪʘ, ʛʝʥʝʨʠʨʫʝʪ ʥʘʧʨʷʞʝʥʠʝ 

ʤʝʞʜʫ ʵʣʝʢʪʨʦʜʘʤʠ. ʄʕ ʵʬʬʝʢʪʳ ʚ ʩʪʨʫʢʪʫʨʘʭ ʩʦ ʩʣʦʷʤʠ ʠʟ ʨʘʟʣʠʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠʥʪʝʥ-

ʩʠʚʥʦ ʠʩʩʣʝʜʫʶʪ ʚ ʩʚʷʟʠ ʩ ʧʝʨʩʧʝʢʪʠʚʘʤʠ ʩʦʟʜʘʥʠʷ ʥʘ ʠʭ ʦʩʥʦʚʝ ʚʳʩʦʢʦʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʜʘʪ-

ʯʠʢʦʚ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ, ʫʩʪʨʦʡʩʪʚ ʵʣʝʢʪʨʦʥʠʢʠ (ʠʥʜʫʢʪʦʨʳ, ʛʠʨʘʪʦʨʳ, ʪʨʘʥʩʬʦʨʤʘʪʦʨʳ) ʠ 

ʘʚʪʦʥʦʤʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʵʥʝʨʛʠʠ [2]. 

ɼʦ ʥʝʜʘʚʥʝʛʦ ʚʨʝʤʝʥʠ ʦʩʥʦʚʥʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʣʠ ʠʟʫʯʝʥʠʶ ʨʘʟʣʠʯʥʳʭ ʄʕ ʵʬʬʝʢʪʦʚ 

ʚ ʧʣʘʥʘʨʥʳʭ ʩʣʦʠʩʪʳʭ ʢʦʤʧʦʟʠʪʥʳʭ ʩʪʨʫʢʪʫʨʘʭ. ʆʜʥʘʢʦ, ʚ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʚʳʨʦʩ ʠʥʪʝʨʝʩ ʢ 

ʠʩʩʣʝʜʦʚʘʥʠʶ ʄʕ ʵʬʬʝʢʪʦʚ ʚ ʢʦʣʴʮʝʚʳʭ ʩʣʦʠʩʪʳʭ ʢʦʤʧʦʟʠʪʘʭ. ɺ ʪʘʢʠʭ ʩʪʨʫʢʪʫʨʘʭ ʣʠʥʝʡʥʳʡ 

ʄʕ ʵʬʬʝʢʪ ʠʩʩʣʝʜʦʚʘʣʠ ʚ ʢʦʣʴʮʝʚʳʭ ʩʪʨʫʢʪʫʨʘʭ ʩʦ ʩʣʦʷʤʠ ʠʟ Ni ʠ ʮʠʨʢʦʥʘʪʘ-ʪʠʪʘʥʘʪʘ ʩʚʠʥʮʘ 

(PZT) [3,4] ʠ ʘʤʦʨʬʥʦʛʦ ʩʧʣʘʚʘ Metglas ʠ PZT [5] ʧʨʠ ʥʘʤʘʛʥʠʯʠʚʘʥʠʠ ʩʪʨʫʢʪʫʨ ʚʥʝʰʥʠʤ ʧʦ-

ʣʝʤ ʚ ʧʣʦʩʢʦʩʪʠ ʠʣʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʢ ʧʣʦʩʢʦʩʪʠ. ʆʜʥʘʢʦ, ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʧʨʝʜ-

ʩʪʘʚʣʷʶʪʩʷ ʢʦʣʴʮʝʚʳʝ ʩʪʨʫʢʪʫʨʳ ʩ ʮʠʨʢʫʣʷʨʥʳʤ ʥʘʤʘʛʥʠʯʠʚʘʥʠʝʤ [6-7]. ɺ ʪʘʢʠʭ ʩʪʨʫʢʪʫʨʘʭ 

ʤʘʛʥʠʪʥʳʡ ʧʦʪʦʢ ʟʘʤʢʥʫʪ ʠ ʦʪʩʫʪʩʪʚʫʶʪ ʵʬʬʝʢʪʳ ʨʘʟʤʘʛʥʠʯʠʚʘʥʠʷ, ʯʪʦ ʜʦʣʞʥʦ ʧʨʠʚʦʜʠʪʴ ʢ 

ʫʚʝʣʠʯʝʥʠʶ ʄʕ ʵʬʬʝʢʪʦʚ ʠ ʫʤʝʥʴʰʝʥʠʶ ʫʧʨʘʚʣʷʶʱʠʭ ʧʦʣʝʡ.  

ʂʨʦʤʝ ʪʦʛʦ, ʚ ʩʣʦʠʩʪʳʭ ʢʦʤʧʦʟʠʪʘʭ ʥʘʙʣʶʜʘʝʪʩʷ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʥʝʣʠʥʝʡʥʳʭ ʄʕ 

ʵʬʬʝʢʪʦʚ, ʪʘʢʠʭ ʢʘʢ ʛʝʥʝʨʘʮʠʷ ʛʘʨʤʦʥʠʢ ʠ ʢʦʤʙʠʥʘʮʠʦʥʥʳʭ ʯʘʩʪʦʪ, ʙʠʩʪʘʙʠʣʴʥʦʩʪʴ, ʧʦʜʘʚʣʝ-

ʥʠʝ ʛʠʩʪʝʨʝʟʠʩʘ ʠ ʜʨʫʛʠʭ [8-9]. ʆʥʠ ʦʙʫʩʣʦʚʣʝʥʳ ʩʠʣʴʥʦʡ ʥʝʣʠʥʝʡʥʦʩʪʴʶ ʌʄ ʠ ʇʕ ʤʘʪʝʨʠʘ-

ʣʦʚ. ʈʘʥʝʝ ʵʪʠ ʵʬʬʝʢʪʳ ʚ ʢʦʣʴʮʝʚʳʭ ʩʪʨʫʢʪʫʨʘʭ ʥʝ ʠʩʩʣʝʜʦʚʘʣʠ.  

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʚʧʝʨʚʳʝ ʜʝʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʥʳ ʣʠʥʝʡʥʳʡ ʠ ʥʝʣʠʥʝʡʥʳʝ ʄʕ ʵʬʬʝʢʪʳ 

ʚ ʢʦʣʴʮʝʚʳʭ ʩʪʨʫʢʪʫʨʘʭ ʪʠʧʘ ʬʝʨʨʦʤʘʛʥʝʪʠʢ-ʧʴʝʟʦʵʣʝʢʪʨʠʢ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʦʨʠʝʥʪʘʮʠʷʭ ʧʦ-

ʩʪʦʷʥʥʦʛʦ ʠ ʧʝʨʝʤʝʥʥʦʛʦ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ. 

ʀʩʩʣʝʜʫʝʤʘʷ ʩʪʨʫʢʪʫʨʘ (ʩʤ. ʨʠʩ.1) ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʜʚʫʭʩʣʦʡʥʦʝ ʢʦʣʴʮʦ ʩ ʚʥʝʰʥʠʤ 

ʩʣʦʝʤ ʠʟ ʧʴʝʟʦʵʣʝʢʪʨʠʢʘ (ʇʕ) ʠ ʚʥʫʪʨʝʥʥʠʤ ʩʣʦʝʤ ʠʟ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ (ʌʄ). ʂʦʣʴʮʦ ʠʟ ʧʴʝ-

ʟʦʢʝʨʘʤʠʢʠ ʩʦʩʪʘʚʘ Pb(ZrxTi1-x)O3 (PZT) ʠʤʝʝʪ ʚʥʫʪʨʝʥʥʠʡ ʜʠʘʤʝʪʨ 16 ʤʤ, ʪʦʣʱʠʥʫ ap=1 ʤʤ ʠ 

ʰʠʨʠʥʫ 5 ʤʤ. ʅʘ ʚʥʝʰʥʶʶ ʠ ʚʥʫʪʨʝʥʥʶʶ ʧʦʚʝʨʭʥʦʩʪʠ PZT-ʢʦʣʴʮʘ ʥʘʥʝʩʝʥʳ Ag-ʵʣʝʢʪʨʦʜr  

ʠ ʦʥʦ ʧʦʣʷʨʠʟʦʚʘʥʦ ʚ ʨʘʜʠʘʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ. ʇʴʝʟʦʤʦʜʫʣʴ PZT ʨʘʚʝʥ d31=175 pC/N, ʜʠʵʣʝʢ-

ʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ Ů = 1750. ʌʄ ʩʣʦʡ ʩʪʨʫʢʪʫʨʳ ʚʳʧʦʣʥʝʥ ʠʟ ʣʝʥʪʳ ʘʤʦʨʬʥʦʛʦ ʩʧʣʘʚʘ 

ʩʦʩʪʘʚʘ FeBSiC (Metglas 2605SA1) ʜʣʠʥʦʡ 50.2 ʤʤ, ʰʠʨʠʥʦʡ 5 ʤʤ ʠ ʪʦʣʱʠʥʦʡ 27 ɛʤ ʠ ʥʘʢʣʝʝʥ 

ʥʘ ʚʥʫʪʨʝʥʥʶʶ ʧʦʚʝʨʭʥʦʩʪʴ PZT-ʢʦʣʴʮʘ ʩ ʧʦʤʦʱʴʶ ʮʠʘʥʦʘʢʨʠʣʘʪʥʦʛʦ ʢʣʝʷ. ʄʘʛʥʠʪʦʩʪʨʠʢ-

ʮʠʷ ʥʘʩʳʱʝʥʠʷ Metglas ɚS å 25Ā10
Ƅ6, ʤʘʛʥʠʪʥʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ɛ å 104. ʉʣʦʡ ʢʣʝʷ ʪʦʣʱʠʥʦʡ 

~3 ɛʤ ʦʙʝʩʧʝʯʠʚʘʣ ʤʝʭʘʥʠʯʝʩʢʫʶ ʩʚʷʟʴ ʤʝʞʜʫ PZT-ʢʦʣʴʮʦʤ ʠ ʩʣʦʝʤ Metglas. 
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ʈʠʩ. 1. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʢʦʣʴʮʝʚʦʡ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ rMetglas-PZT. 

ʅʘ ʢʦʣʴʮʦ ʥʘʤʦʪʘʥʳ ʜʚʝ ʢʘʪʫʰʢʠ ʤʝʜʥʳʤ ʧʨʦʚʦʜʦʤ ʜʠʘʤʝʪʨʦʤ 0.2 ʤʤ, ʧʦ 90 ʚʠʪʢʦʚ 

ʢʘʞʜʘʷ. ɺʠʪʢʠ ʢʘʪʫʰʝʢ ʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝʣʝʥʳ ʧʦ ʜʣʠʥʝ ʢʦʣʴʮʘ. ʆʜʥʘ ʢʘʪʫʰʢʘ ʩʦʟʜʘʝʪ ʧʦ-

ʩʪʦʷʥʥʦʝ ʫʧʨʘʚʣʷʶʱʝʝ ʮʠʨʢʫʣʷʨʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ H = 0-50 ʕ ʧʨʠ ʧʨʦʧʫʩʢʘʥʠʠ ʯʝʨʝʟ ʥʝʝ 

ʪʦʢʘ I ʜʦ 5 ɸ. ɺʪʦʨʘʷ ʢʘʪʫʰʢʘ ʩʦʟʜʘʝʪ ʚʦʟʙʫʞʜʘʶʱʝʝ ʮʠʨʢʫʣʷʨʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ hcos(2ˊft) 

ʩ ʘʤʧʣʠʪʫʜʦʡ h = 0-1.8 ʕ ʠ ʯʘʩʪʦʪʦʡ f = 0-100 ʢɻʮ ʧʨʠ ʧʨʦʧʫʩʢʘʥʠʠ ʯʝʨʝʟ ʥʝʝ ʪʦʢʘ i(f) ʩ ʘʤʧʣʠ-

ʪʫʜʦʡ ʜʦ 0.2 ɸ ʦʪ ʛʝʥʝʨʘʪʦʨʘ Aglient 33210A. ɺʝʣʠʯʠʥʫ ʧʦʣʝʡ ʦʮʝʥʠʚʘʣʠ ʧʦ ʬʦʨʤʫʣʝ ʜʣʷ ʪʦ-

ʨʦʠʜʘʣʴʥʦʡ ʢʘʪʫʰʢʠ. ɻʝʥʝʨʠʨʫʝʤʦʝ ʤʝʞʜʫ ʵʣʝʢʪʨʦʜʘʤʠ PZT-ʢʦʣʴʮʘ ʄʕ ʥʘʧʨʷʞʝʥʠʝ u ʠʟʤʝ-

ʨʷʣʠ ʚʦʣʴʪʤʝʪʨʦʤ AKIP 2401 ʩ ʚʭʦʜʥʳʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ 10 Mɋ. ʌʦʨʤʫ ʠ ʩʧʝʢʪʨʳ ʯʘʩʪʦʪ ʄʕ 

ʥʘʧʨʷʞʝʥʠʷ ʨʝʛʠʩʪʨʠʨʦʚʘʣʠ ʥʘ ʦʩʮʠʣʣʦʛʨʘʬʝ Tektronix TDS3032B. ɼʣʷ ʩʦʟʜʘʥʠʷ ʧʦʩʪʦʷʥʥʦʛʦ 

ʠ ʧʝʨʝʤʝʥʥʦʛʦ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ, ʥʘʧʨʘʚʣʝʥʥʳʭ ʚ ʧʣʦʩʢʦʩʪʠ ʢʦʣʴʮʘ ʠʣʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʝʡ, 

ʠʩʧʦʣʴʟʦʚʘʣʠ ʢʘʪʫʰʢʠ ɻʝʣʴʤʛʦʣʴʮʘ. ʀʟʤʝʨʷʣʠ ʟʘʚʠʩʠʤʦʩʪʠ ʥʘʧʨʷʞʝʥʠʷ u ʦʪ ʯʘʩʪʦʪʳ f ʠ ʘʤ-

ʧʣʠʪʫʜʳ h ʚʦʟʙʫʞʜʘʶʱʝʛʦ ʧʦʣʷ ʠ ʧʦʩʪʦʷʥʥʦʛʦ ʧʦʣʷ H. 

ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʥʘ ʨʠʩʫʥʢʝ 2 ʧʨʠʚʝʜʝʥʳ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʣʠʥʝʡʥʦʛʦ ʄʕ ʵʬʬʝʢʪʘ 

ʜʣʷ ʩʣʫʯʘʷ, ʢʦʛʜʘ ʠ ʧʦʩʪʦʷʥʥʦʝ ʠ ʧʝʨʝʤʝʥʥʦʛʦ ʤʘʛʥʠʪʥʳʝ ʧʦʣʷ ʙʳʣʠ ʥʘʧʨʘʚʣʝʥʳ ʮʠʨʢʫʣʷʨʥʦ. 

ʅʘ ʨʠʩʫʥʢʝ 2ʘ ʧʨʠʚʝʜʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʄʕ ʥʘʧʨʷʞʝʥʠʷ ʦʪ ʯʘʩʪʦʪʳ ʚʦʟʙʫʞʜʘʶʱʝʛʦ ʧʦʣʷ ʘʤ-

ʧʣʠʪʫʜʦʡ h = 0.02 ʕ ʧʨʠ H = 0.75 ʕ. ɺʠʜʝʥ ʨʝʟʦʥʘʥʩʥʳʡ ʤʘʢʩʠʤʫʤ ʚʙʣʠʟʠ ʯʘʩʪʦʪʳ fres = 54.8 

ʢɻʮ. ɼʘʥʥʘʷ ʯʘʩʪʦʪʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʨʘʜʠʘʣʴʥʳʤ ʢʦʣʝʙʘʥʠʷʤ ʩʪʨʫʢʪʫʨʳ. ɺʝʣʠʯʠʥʘ ʄʕ ʢʦʵʬ-

ʬʠʮʠʝʥʪʘ ʥʘ ʯʘʩʪʦʪʝ ʨʝʟʦʥʘʥʩʘ ʩʦʩʪʘʚʠʣʘ Ŭ = 2.7 ɺ/(ʕ ʩʤ). ʅʘ ʨʠʩʫʥʢʝ 2ʙ ʧʨʠʚʝʜʝʥʘ ʧʦʣʝʚʘʷ 

ʟʘʚʠʩʠʤʦʩʪʴ ʄʕ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʝ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʤʘʢʩʠʤʫʤ ʥʘʙʣʶ-

ʜʘʝʪʩʷ ʚ ʧʦʣʝ Hm å 1.9 ʕ, ʯʪʦ ʚ ʥʝʩʢʦʣʴʢʦ ʨʘʟ ʤʝʥʴʰʝ ʦʧʪʠʤʘʣʴʥʦʛʦ ʧʦʣʷ ʜʣʷ ʧʣʘʥʘʨʥʦʡ ʩʪʨʫʢ-

ʪʫʨʳ, ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʦʪʩʫʪʩʪʚʠʝʤ ʨʘʟʤʘʛʥʠʯʠʚʘʥʠʷ ʧʨʠ ʮʠʨʢʫʣʷʨʥʦʤ ʥʘʤʘʛʥʠʯʠʚʘʥʠʠ 

ʩʪʨʫʢʪʫʨʳ.  
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ʘ) ʙ)  

ʈʠʩ. 2. ʘ) ɿʘʚʠʩʠʤʦʩʪʴ ʄʕ ʥʘʧʨʷʞʝʥʠʷ u ʦʪ ʯʘʩʪʦʪʳ ʚʦʟʙʫʞʜʘʶʱʝʛʦ ʧʦʣʷ f ʘʤʧʣʠʪʫʜʦʡ h 

= 0.02 ʕ ʠ ʧʨʠ H = 0.75 ʕ. ʙ) ɿʘʚʠʩʠʤʦʩʪʴ ʄʕ ʥʘʧʨʷʞʝʥʠʷ u ʦʪ ʧʦʩʪʦʷʥʥʦʛʦ ʧʦʣʷ H ʥʘ ʯʘ-

ʩʪʦʪʝ ʨʝʟʦʥʘʥʩʘ. 

 ʅʝʣʠʥʝʡʥʳʝ ʄʕ ʵʬʬʝʢʪʳ ʥʘʙʣʶʜʘʣʠ ʣʠʰʴ ʚ ʪʝʭ ʩʣʫʯʘʷʭ, ʢʦʛʜʘ ʚʦʟʙʫʞʜʘʶʱʝʝ ʧʝʨʝ-

ʤʝʥʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʙʳʣʦ ʥʘʧʨʘʚʣʝʥʦ ʮʠʨʢʫʣʷʨʥʦ. ɺ ʪʦʞʝ ʚʨʝʤʷ ʦʨʠʝʥʪʘʮʠʷ ʧʦʩʪʦʷʥʥʦʛʦ 

ʤʦʛʣʘ ʙʳʪʴ ʢʘʢ ʮʠʨʢʫʣʷʨʥʦʡ, ʪʘʢ ʠ ʧʣʦʩʢʦʩʪʠ ʠʣʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʧʣʦʩʢʦʩʪʠ ʢʦʣʴʮʘ. ɺ ʯʘʩʪ-

ʥʦʩʪʠ, ʥʘ ʨʠʩʫʥʢʝ 3 ʧʨʠʚʝʜʝʥ ʩʧʝʢʪʨ ʄʕ ʥʘʧʨʷʞʝʥʠʷ ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʮʠʨʢʫʣʷʨʥʳʤ ʤʘʛʥʠʪ-

ʥʳʤ ʧʦʣʝʤ ʯʘʩʪʦʪʦʡ 1 ʢɻʮ ʠ ʘʤʧʣʠʪʫʜʦʡ h = 3.45 ʕ ʚ ʧʦʩʪʦʷʥʥʦʤ ʧʦʣʝ H = 1 ʕ, ʥʘʧʨʘʚʣʝʥʥʦʤ 

ʚ ʧʣʦʩʢʦʩʪʠ ʢʦʣʴʮʘ. ʅʘ ʨʠʩʫʥʢʝ ʚʠʜʥʦ ʙʦʣʝʝ 20 ʛʘʨʤʦʥʠʢ ʥʘʧʨʷʞʝʥʠʷ. ɹʳʣʠ ʠʟʤʝʨʝʥʳ ʟʘʚʠ-

ʩʠʤʦʩʪʠ ʘʤʧʣʠʪʫʜ 1,2 ʠ 3-ʡ ʛʘʨʤʦʥʠʢ ʦʪ ʧʦʩʪʦʷʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ɿʘʚʠʩʠʤʦʩʪʠ ʧʨʦʧʦʨ-

ʮʠʦʥʘʣʴʥʳ n-ʡ ʧʨʦʠʟʚʦʜʥʦʡ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ ʧʦ ʧʦʣʶ, ʢʘʢ ʠ ʧʨʝʜʩʢʘʟʳʚʘʝʪ ʪʝʦʨʠʷ ʥʝʣʠʥʝʡ-

ʥʳʭ ʵʬʬʝʢʪʦʚ. 

 

ʈʠʩ. 3. ʉʧʝʢʪʨ ʛʘʨʤʦʥʠʢ ʄʕ ʥʘʧʨʷʞʝʥʠʷ, ʧʦʣʫʯʝʥʥʳʡ ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʢʦʣʴʮʝʚʦʡ ʩʪʨʫʢ-

ʪʫʨʳ Metglas-PZT ʮʠʨʢʫʣʷʨʥʳʤ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ ʩ ʘʤʧʣʠʪʫʜʦʡ 3.45 ʕ ʠ ʯʘʩʪʦʪʦʡ 1 ʢɻʮ 

ʧʨʠ ʦʨʠʝʥʪʘʮʠʠ ʧʦʩʪʦʷʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ H = 1 ʕ ʚ ʧʣʦʩʢʦʩʪʠ ʢʦʣʴʮʘ. 

ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʝʣʠʥʝʡʥʦʛʦ ʄʕ ʵʬʬʝʢʪʘ ʚ ʢʦʣʴʮʝʚʦʡ ʩʪʨʫʢʪʫʨʝ ʌʄ-ʇʕ 

ʧʦʟʚʦʣʷʶʪ ʦʪʤʝʪʠʪʴ ʥʝʢʦʪʦʨʳʝ ʦʩʦʙʝʥʥʦʩʪʠ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʢʦʣʴʮʝʚʳʭ ʩʪʨʫʢʪʫʨ ʚ ʧʣʘʥʘʨʥʳʭ 
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ʩʪʨʫʢʪʫʨʘʭ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʚʥʫʪʨʠ ʌʄ ʩʣʦʷ Hin ʩʚʷʟʘʥʦ ʩ ʚʥʝʰʥʠʤ ʧʦʣʝʤ H ʩʦʦʪʥʦʰʝʥʠʝʤ 

Hin = H/(1+Nɛ), ʛʜʝ N ï ʨʘʟʤʘʛʥʠʯʠʚʘʶʱʠʡ ʬʘʢʪʦʨ, ɛ ï ʤʘʛʥʠʪʥʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʬʝʨʨʦʤʘʛ-

ʥʝʪʠʢʘ. ʆʪʩʶʜʘ ʩʣʝʜʫʝʪ, ʯʪʦ ʨʘʟʤʘʛʥʠʯʠʚʘʥʠʝ ʫʤʝʥʴʰʘʝʪ ʢʘʢ ʧʦʩʪʦʷʥʥʦʝ, ʪʘʢ ʠ ʚʦʟʙʫʞʜʘʶ-

ʱʝʝ ʧʝʨʝʤʝʥʥʦʝ ʧʦʣʝ ʚʥʫʪʨʠ ʌʄ ʩʣʦʷ ʚ ʧʣʘʥʘʨʥʦʡ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʝ. ɺ ʢʦʣʴʮʝʚʦʡ ʛʝʪʝʨʦʩʪʨʫʢ-

ʪʫʨʝ ʧʨʠ ʮʠʨʢʫʣʷʨʥʦʤ ʥʘʤʘʛʥʠʯʠʚʘʥʠʠ ʤʘʛʥʠʪʥʳʡ ʧʦʪʦʢ ʚ ʌʄ ʩʣʦʝ ʟʘʤʢʥʫʪ, N å 0, ʠ ʧʦʵʪʦʤʫ 

ʧʦʣʷ ʚʥʫʪʨʠ ʌʄ ʩʣʦʷ Hin å H ʠ hin å h, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʬʦʨʤʳ ʟʘʚʠʩʠʤʦʩʪʠ ʤʘʛʥʠ-

ʪʦʩʪʨʠʢʮʠʠ ʦʪ ʚʥʝʰʥʝʛʦ ʧʦʣʷ ɚ(H), ʚ ʯʘʩʪʥʦʩʪʠ, ʢ ʫʤʝʥʴʰʝʥʠʶ ʧʦʣʷ ʥʘʩʳʱʝʥʠʷ ʤʘʛʥʠʪʦ-

ʩʪʨʠʢʮʠʠ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʚ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʄʕ ʵʬʬʝʢʪʦʚ ʚ ʢʦʣʴʮʝʚʦʡ ʩʪʨʫʢʪʫʨʝ 

ʥʘ ʦʩʥʦʚʝ ʧʴʝʟʦʢʝʨʘʤʠʢʠ ʎʊʉ ʠ ʘʤʦʨʬʥʦʛʦ ʌʄ ʩʧʣʘʚʘ Metglas ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʦʨʠʝʥʪʘʮʠʷʭ 

ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ. ʆʙʥʘʨʫʞʝʥ ʙʦʣʴʰʦʡ ʧʦ ʚʝʣʠʯʠʥʝ ʣʠʥʝʡʥʳʡ ʨʝʟʦʥʘʥʩʥʳʡ ʄʕ ʵʬʬʝʢʪ. ʇʨʠ-

ʯʝʤ ʄʕ ʢʦʵʬʬʠʮʠʝʥʪʳ ʙʳʣʠ ʙʦʣʴʰʝ ʜʣʷ ʩʣʫʯʘʷ, ʢʦʛʜʘ ʤʘʛʥʠʪʥʳʡ ʩʣʦʡ ʙʳʣ ʥʘʢʣʝʝʥ ʥʘ ʚʥʝʰ-

ʥʶʶ ʩʪʦʨʦʥʫ ʧʴʝʟʦʢʦʣʴʮʘ. ɺʩʣʝʜʩʪʚʠʝ ʦʪʩʫʪʩʪʚʠʷ ʨʘʟʤʘʛʥʠʯʠʚʘʥʠʷ ʧʨʠ ʮʠʨʢʫʣʷʨʥʦʤ ʥʘʤʘʛ-

ʥʠʯʠʚʘʥʠʠ ʟʘʤʢʥʫʪʦʛʦ ʌʄ ʩʣʦʷ ʥʝʣʠʥʝʡʥʳʝ ʄʕ ʵʬʬʝʢʪʳ ʧʨʦʷʚʣʷʶʪʩʷ ʧʨʠ ʟʥʘʯʠʪʝʣʴʥʦ 

ʤʝʥʴʰʠʭ ʘʤʧʣʠʪʫʜʘʭ ʚʦʟʙʫʞʜʘʶʱʝʛʦ ʧʝʨʝʤʝʥʥʦʛʦ ʠ ʫʧʨʘʚʣʷʶʱʝʛʦ ʧʦʩʪʦʷʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʣʘʥʘʨʥʳʤʠ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘʤʠ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʥʝʣʠʥʝʡʥʳʝ ʄʕ ʵʬʬʝʢʪʳ 

ʚʦʟʙʫʞʜʘʶʪʩʷ ʪʦʣʴʢʦ ʜʣʷ ʩʣʫʯʘʷ ʮʠʨʢʫʣʷʨʥʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʧʝʨʝʤʝʥʥʳʤ ʧʦʣʝʤ. 

ɹʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʥʝʣʠʥʝʡʥʳʝ ʵʬʬʝʢʪʳ ʛʝʥʝʨʘʮʠʡ ʛʘʨʤʦʥʠʢ ʄʕ ʥʘʧʨʷʞʝʥʠʷ. ʇʨʠ ʨʘʟʣʠʯʥʳʭ 

ʦʨʠʝʥʪʘʮʠʷʭ ʧʦʩʪʦʷʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘʙʣʶʜʘʣʠ ʙʦʣʝʝ 20 ʛʘʨʤʦʥʠʢ. ʊʘʢʞʝ ʥʘʙʣʶʜʘʣʠ 

ʥʝʣʠʥʝʡʥʳʡ ʵʬʬʝʢʪ ʫʜʚʦʝʥʠʷ ʯʘʩʪʦʪʳ.  

ʈʘʙʦʪʘ ʧʦʜʜʝʨʞʘʥʘ ʈʦʩʩʠʡʩʢʠʤ ʥʘʫʯʥʳʤ ʬʦʥʜʦʤ, ʛʨʘʥʪ ˉ 19-79-10128-ʇ. 
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ʕʂʉʇʈɽʉʉ-ʄɽʊʆɼ ɼʀɸɻʅʆʉʊʀʂʀ ʀɿʄɽʅɽʅʀʁ ʕʃɽ-

ʄɽʅʊʅʆɻʆ ʉʆʉʊɸɺɸ ɹʋʌɽʈʅʆɻʆ ʊʈɸɺʀʊɽʃʗ ɼʃʗ ʇʈʆ-

ʀɿɺʆɼʉʊɺɸ ʀɿɼɽʃʀʁ ʊɺɽʈɼʆʊɽʃʔʅʆʁ ʄʀʂʈʆʕʃɽʂ-

ʊʈʆʅʀʂʀ. 

ʊʝʨʘʰʢʝʚʠʯ ʀ.ʄ. 

ʢ.ʪ.ʥ., ʟʘʤʝʩʪʠʪʝʣʴ ʜʠʨʝʢʪʦʨʘ ʆʆʆ çʕʃɽʂʊʈʆʊɽʈɸè ʧʦ ʥʘʫʯʥʦʡ ʨʘʙʦʪʝ 

ʂʦʥʜʨʘʪʝʥʢʦ ɺ.ʉ. 

ʜ.ʪ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʩʦʚʝʪʥʠʢ ʨʝʢʪʦʨʘʪʘ,  

ʧʨʦʬʝʩʩʦʨ ʢʘʬʝʜʨʳ ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʠ ʀʇʊʀʇ, ʈʊʋ ʄʀʈʕɸ 

ʊʫʧʠʢʠʥ ɺ.ʌ. 

ɻʝʥʝʨʘʣʴʥʳʡ ʜʠʨʝʢʪʦʨ ʆɸʆ çʅʀʀʇʄè  

ʃʘʯʫʛʠʥ ɺ.ɻ. 

ʇʝʨʚʳʡ ʟʘʤʝʩʪʠʪʝʣʴ ʛʝʥʝʨʘʣʴʥʦʛʦ ʜʠʨʝʢʪʦʨʘ ʆɸʆ çʅʀʀʇʄè 

  

ɸʥʥʦʪʘʮʠʷ.  ɼʦʢʣʘʜ ʧʦʩʚʷʱʸʥ ʧʨʠʤʝʥʝʥʠʶ ʵʢʩʧʨʝʩʩ-ʤʝʪʦʜʘ ʜʠʘʛʥʦʩʪʠʢʠ ʠʟʤʝʥʝʥʠʡ ʵʣʝ-

ʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʞʠʜʢʦʩʪʝʡ ʜʣʷ ʢʦʥʪʨʦʣʷ ʩʦʩʪʘʚʘ ʙʫʬʝʨʥʦʛʦ ʪʨʘʚʠʪʝʣʷ, ʧʨʠʤʝʥʷʝʤʦʛʦ 

ʜʣʷ ʪʨʘʚʣʝʥʠʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʩʣʦʸʚ ʦʢʩʠʜʘ ʢʨʝʤʥʠʷ  ʧʨʠ ʧʨʦʠʟʚʦʜʩʪʚʝ ʠʟʜʝʣʠʡ ʪʚʝʨʜʦʪʝʣʴ-

ʥʦʡ ʵʣʝʢʪʨʦʥʠʢʠ. ɺ ʜʦʢʣʘʜʝ ʧʨʝʜʩʪʘʚʣʝʥʘ ʠʥʬʦʨʤʘʮʠʷ ʦ ʨʝʛʠʩʪʨʘʮʠʠ ʩʧʝʢʪʨʦʛʨʘʤʤ ʩʚʝʞʝʛʦ 

ʠ ʦʪʨʘʙʦʪʘʥʥʦʛʦ ʪʨʘʚʠʪʝʣʷ, ʧʨʝʜʩʪʘʚʣʝʥ ʘʥʘʣʠʟ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ  ʵʪʠʭ ʪʨʘʚʠʪʝʣʝʡ, 

ʦʧʨʝʜʝʣʝʥʳ ʠʭ ʦʪʣʠʯʠʷ, ʧʦʜʪʚʝʨʞʜʝʥʘ ʮʝʣʝʩʦʦʙʨʘʟʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʫʢʘʟʘʥʥʦʛʦ ʵʢʩʧʨʝʩʩ-

ʤʝʪʦʜʘ ʜʣʷ ʢʦʥʪʨʦʣʷ ʧʨʠʛʦʜʥʦʩʪʠ ʙʫʬʝʨʥʦʛʦ ʪʨʘʚʠʪʝʣʷ ʠ ʦʧʨʝʜʝʣʝʥʳ ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʠʤʝ-

ʥʝʥʠʷ ʵʢʩʧʨʝʩʩ-ʤʝʪʦʜʘ ʜʣʷ ʚʭʦʜʥʦʛʦ ʢʦʥʪʨʦʣʷ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʪʠʚʦʚ ʚ ʚʳʩʦʢʦʪʝʭʥʦʣʦʛʠʯʥʦʤ 

ʧʨʦʠʟʚʦʜʩʪʚʝ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʪʚʝʨʜʦʪʝʣʴʥʘʷ ʵʣʝʢʪʨʦʥʠʢʘ, ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʩʣʦʠ, ʙʫʬʝʨʥʳʡ ʪʨʘʚʠʪʝʣʴ, 

ʵʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʨʘʩʪʚʦʨʘ, ʩʧʝʢʪʨʘʣʴʥʳʡ ʘʥʘʣʠʟ, ʧʘʨʦʞʠʜʢʦʩʪʥʳʡ 

ʧʣʘʟʤʦʪʨʦʥ. 
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ʄʝʪʦʜ ʜʠʘʛʥʦʩʪʠʢʠ ʠʟʤʝʥʝʥʠʡ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʘʥʘʣʠʟʠʨʫʝʤʳʭ ʞʠʜʢʦʩʪʝʡ ʙʳʣ ʨʘʟ-

ʨʘʙʦʪʘʥ ʚ ʭʦʜʝ ʚʳʧʦʣʥʝʥʠʷ ʅʀʆʂʈ çʈʘʟʨʘʙʦʪʢʘ ʤʦʙʠʣʴʥʦʡ ʪʝʩʪ-ʩʠʩʪʝʤʳ ʢʦʤʧʣʝʢʩʥʦʡ ʜʠʘ-

ʛʥʦʩʪʠʢʠ ʠʟʤʝʥʝʥʠʡ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʚʦʜʳè, ʧʨʦʬʠʥʘʥʩʠʨʦʚʘʥʥʦʡ ʌɻɹʋ çʌʦʥʜ ʩʦʜʝʡ-

ʩʪʚʠʷ ʨʘʟʚʠʪʠʶ ʤʘʣʳʭ ʬʦʨʤ ʧʨʝʜʧʨʠʷʪʠʡ ʚ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʦʡ ʩʬʝʨʝè ʚ ʨʘʤʢʘʭ ʧʨʦʛʨʘʤʤʳ 

çʂʦʦʧʝʨʘʮʠʷè (ʉʦʛʣʘʰʝʥʠʝ ˉ387 ï ɻʈ 42045 ʦʪ 13.07.2018) [1].  ʋʢʘʟʘʥʥʳʡ ʤʝʪʦʜ ʠʜʝʘʣʴʥʦ 

ʧʦʜʭʦʜʠʪ ʜʣʷ ʜʠʘʛʥʦʩʪʠʢʠ ʠʟʤʝʥʝʥʠʡ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʙʫʬʝʨʥʦʛʦ ʪʨʘʚʠʪʝʣʷ, ʧʨʠʤʝʥʷʝ-

ʤʦʛʦ ʚ ʧʨʦʠʟʚʦʜʩʪʚʝ ʠʟʜʝʣʠʡ ʪʚʝʨʜʦʪʝʣʴʥʦʡ ʵʣʝʢʪʨʦʥʠʢʠ ʜʣʷ ʞʠʜʢʦʩʪʥʦʛʦ ʪʨʘʚʣʝʥʠʷ ʩʣʦʸʚ 

ʦʢʩʠʜʘ ʢʨʝʤʥʠʷ, ʬʦʩʬʦʨʥʦ-ʩʠʣʠʢʘʪʥʦʛʦ ʩʪʝʢʣʘ ʠ ʜʨʫʛʠʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʩʣʦʸʚ ʩʦ ʩʭʦʞʠʤʠ 

ʩʚʦʡʩʪʚʘʤʠ. ɹʫʬʝʨʥʳʝ ʪʨʘʚʠʪʝʣʠ, ʯʠʩʪʳʡ ʠ ʦʪʨʘʙʦʪʘʥʥʳʡ, ʙʳʣʠ ʧʨʝʜʦʩʪʘʚʣʝʥʳ ʧʨʝʜʧʨʠʷ-

ʪʠʝʤ ɸʆ çɺɿʇʇ ï ʄʀʂʈʆʅè, ʛ. ɺʦʨʦʥʝʞ.  

 ʉʦʩʪʘʚ ʯʠʩʪʦʛʦ ʙʫʬʝʨʥʦʛʦ ʪʨʘʚʠʪʝʣʷ, ʠʩʩʣʝʜʦʚʘʥʥʦʛʦ ʚ ʨʘʤʢʘʭ ʜʘʥʥʦʡ ʨʘʙʦʪʳ, ʧʨʝʜ-

ʩʪʘʚʣʷʣ ʩʦʙʦʡ ʚʦʜʥʫʶ ʩʤʝʩʴ ʬʪʦʨʠʩʪʦʛʦ ʘʤʤʦʥʠʷ, ʧʣʘʚʠʢʦʚʦʡ ʢʠʩʣʦʪʳ ʠ ʜʝʠʦʥʠʟʦʚʘʥʥʦʡ 

ʚʦʜʳ ʚ ʩʦʦʪʥʦʰʝʥʠʠ 8:1:1. ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʘʥʘʣʠʟʘ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ   ʠʩʭʦʜʥʳʝ ʪʨʘʚʠʪʝʣʠ 

ʙʳʣʠ ʨʘʟʙʘʚʣʝʥʳ ʜʝʠʦʥʠʟʦʚʘʥʥʦʡ ʚʦʜʦʡ ʩ ʫʜʝʣʴʥʳʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ 18 ʄʦʤ/ʩʤ ʜʦ ʫʨʦʚʥʷ 

ʢʦʥʮʝʥʪʨʘʮʠʠ 10% ʦʪ ʠʩʭʦʜʥʦʛʦ ʫʨʦʚʥʷ. ʈʝʛʠʩʪʨʘʮʠʷ ʩʧʝʢʪʨʦʛʨʘʤʤ ʦʙʦʠʭ ʨʘʟʙʘʚʣʝʥʥʳʭ ʪʨʘ-

ʚʠʪʝʣʝʡ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʣʘʙʦʨʘʪʦʨʥʳʤ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤ ʨʝʛʣʘʤʝʥʪʦʤ ʆʆʆ 

çʕʃɽʂʊʈʆʊɽʈɸè. ʈʝʛʠʩʪʨʘʮʠʷ ʩʧʝʢʪʨʦʛʨʘʤʤ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʧʘʨʦʞʠʜʢʦʩʪ-

ʥʦʛʦ ʧʣʘʟʤʦʪʨʦʥʘ, ʩʠʩʪʝʤʳ ʬʦʢʫʩʠʨʦʚʘʥʠʷ ʠʟʣʫʯʝʥʠʷ ʚ ʦʙʲʝʢʪʠʚ ʩʧʝʢʪʨʦʛʨʘʬʘ, ʰʠʨʦʢʦʜʠʘ-

ʧʘʟʦʥʥʦʛʦ ʩʧʝʢʪʨʦʛʨʘʬʘ (ʘʥʘʣʦʛ ʩʧʝʢʪʨʦʛʨʘʬʘ 2S36501640) ʠ ʧʨʦʛʨʘʤʤʥʦ-ʘʧʧʘʨʘʪʥʦʛʦ ʢʦʤ-

ʧʣʝʢʩʘ ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʧʨʦʛʨʘʤʤʥʳʤ ʦʙʝʩʧʝʯʝʥʠʝʤ.  ʊʝʭʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʧʝʢ-

ʪʨʦʛʨʘʬʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ ˉ1. 

ʊʘʙʣʠʮʘ 1. ʊʝʭʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʧʝʢʪʨʦʛʨʘʬʘ 

 ̄ ʅʘʠʤʝʥʦʚʘʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ɿʥʘʯʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ 
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1. ʉʧʝʢʪʨʘʣʴʥʳʡ ʜʠʘʧʘʟʦʥ 189 ï 960 ʥʤ 

2. ʈʘʟʨʝʰʝʥʠʝ ʩʧʝʢʪʨʦʤʝʪʨʘ ʚ ʜʠʘʧʘʟʦʥʝ 189 ï 330 ʥʤ 0,007 ï 0,01 ʥʤ 

3. ʈʘʟʨʝʰʝʥʠʝ ʩʧʝʢʪʨʦʤʝʪʨʘ ʚ ʜʠʘʧʘʟʦʥʝ 330 - 960 ʥʤ 0,02 ï 0,03 ʥʤ 

4. ʄʘʨʢʘ ʇɿʉ - ʜʝʪʝʢʪʦʨʦʚ TCD 1304 (Toshiba) 

5. ʂʦʣʠʯʝʩʪʚʦ ʇɿʉ - ʜʝʪʝʢʪʦʨʦʚ 24 

 

ɸʣʛʦʨʠʪʤ ʨʝʛʠʩʪʨʘʮʠʠ ʩʧʝʢʪʨʦʛʨʘʤʤ ʚʢʣʶʯʘʝʪ ʩʣʝʜʫʶʱʠʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʦʧʝʨʘʮʠʠ: 

1. ʇʨʦʤʳʚʢʘ ʛʦʨʝʣʢʠ ʧʣʘʟʤʦʪʨʦʥʘ ʜʝʠʦʥʠʟʦʚʘʥʥʦʡ ʚʦʜʦʡ. 

2. ʈʝʛʠʩʪʨʘʮʠʷ ʩʧʝʢʪʨʦʛʨʘʤʤʳ ʜʝʠʦʥʠʟʦʚʘʥʥʦʡ ʚʦʜʳ. 

3. ʂʦʥʪʨʦʣʴ ʯʠʩʪʦʪʳ ʛʦʨʝʣʢʠ ʧʦ ʩʧʝʢʪʨʦʛʨʘʤʤʝ ʜʝʠʦʥʠʟʦʚʘʥʥʦʡ ʚʦʜʳ. 

4. ʈʝʛʠʩʪʨʘʮʠʷ ʩʧʝʢʪʨʦʛʨʘʤʤʳ ʘʥʘʣʠʟʠʨʫʝʤʦʡ ʞʠʜʢʦʩʪʠ. 

5. ʇʨʦʤʳʚʢʘ ʛʦʨʝʣʢʠ ʧʣʘʟʤʦʪʨʦʥʘ ʜʝʠʦʥʠʟʦʚʘʥʥʦʡ ʚʦʜʦʡ. 

6. ɼʘʣʝʝ ï ʧ. ˉ3. 

 

 ʊʘʢʦʡ ʘʣʛʦʨʠʪʤ ʜʝʡʩʪʚʠʡ ʧʨʠ ʨʝʛʠʩʪʨʘʮʠʠ ʩʧʝʢʪʨʦʛʨʘʤʤ ʠʩʢʣʶʯʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʚʣʠ-

ʷʥʠʷ ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʝʜʳʜʫʱʠʭ ʠʟʤʝʨʝʥʠʡ ʥʘ ʧʘʨʘʤʝʪʨʳ ʩʣʝʜʫʶʱʠʭ ʩʧʝʢʪʨʦʛʨʘʤʤ. 

ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʥʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚʦʟʙʫʞʜʝʥʠʝ ʜʫʛʦʚʦʛʦ ʨʘʟʨʷʜʘ ʚ ʨʘʟʨʷʜʥʦʡ 

ʢʘʤʝʨʝ ʧʣʘʟʤʦʪʨʦʥʘ ʚ ʩʨʝʜʝ ʘʥʘʣʠʟʠʨʫʝʤʦʡ ʞʠʜʢʦʩʪʠ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʪʝʭ-

ʥʦʣʦʛʠʯʝʩʢʠʭ ʛʘʟʦʚ ʠ ʧʨʠ ʜʘʚʣʝʥʠʠ, ʧʨʝʚʳʰʘʶʱʝʤ ʘʪʤʦʩʬʝʨʥʦʝ ʜʘʚʣʝʥʠʝ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 10 

ʜʦ 100 ʤʤ. ʨʪ. ʩʪ. ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʝʞʠʤʦʚ ʨʘʙʦʪʳ ʧʣʘʟʤʦʪʨʦʥʘ. ʕʪʘ ʦʩʦʙʝʥʥʦʩʪʴ ʧʨʦʮʝʩʩʘ 

ʛʝʥʝʨʘʮʠʠ ʜʫʛʦʚʦʛʦ ʨʘʟʨʷʜʘ ʚ ʨʘʟʨʷʜʥʦʡ ʢʘʤʝʨʝ ʛʦʨʝʣʢʠ ʧʣʘʟʤʦʪʨʦʥʘ ʠʩʢʣʶʯʘʝʪ ʧʦʧʘʜʘʥʠʝ 

ʘʪʤʦʩʬʝʨʥʦʛʦ ʚʦʟʜʫʭʘ ʚ ʟʦʥʫ ʨʘʟʨʷʜʘ, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʦ ʧʦʚʳʰʘʝʪ ʪʦʯʥʦʩʪʴ ʨʝʛʠʩʪʨʘʮʠʠ ʩʧʝʢ-

ʪʨʦʛʨʘʤʤ. 

ɼʘʣʝʝ ʥʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʨʝʛʠʩʪʨʘʮʠʷ ʩʧʝʢʪʨʦʛʨʘʤʤ ʦʙʦʠʭ ʨʘʟʙʘʚʣʝʥʥʳʭ ʪʨʘʚʠ-

ʪʝʣʝʡ ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ ʚ ʧʦʣʥʦʩʪʴʶ ʠʜʝʥʪʠʯʥʳʭ ʫʩʣʦʚʠʷʭ ʠ ʚ ʠʜʝʥʪʠʯʥʳʭ ʨʝʞʠʤʘʭ ʨʘʙʦʪʳ 

ʧʘʨʦʞʠʜʢʦʩʪʥʦʛʦ ʧʣʘʟʤʦʪʨʦʥʘ. ʌʨʘʛʤʝʥʪʳ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʭ ʩʧʝʢʪʨʦʛʨʘʤʤ ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʥʘ ʨʠʩʫʥʢʘʭ 1 ï 7. 
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ʈʠʩ. 1 ʇʠʢ ʫʛʣʝʨʦʜʘ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 193,025 ʥʤ ʥʘ ʩʧʝʢʪʨʦʛʨʘʤʤʝ ʯʠʩʪʦʛʦ ʪʨʘʚʠʪʝʣʷ        

(ʩʣʝʚʘ) ʠ ʦʪʨʘʙʦʪʘʥʥʦʛʦ ʪʨʘʚʠʪʝʣʷ (ʩʧʨʘʚʘ). 

ʈʠʩ. 2 ʇʠʢ ʢʘʣʴʮʠʷ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 422,673 ʥʤ ʥʘ ʩʧʝʢʪʨʦʛʨʘʤʤʝ ʯʠʩʪʦʛʦ ʪʨʘʚʠʪʝʣʷ          

(ʩʣʝʚʘ) ʠ ʦʪʨʘʙʦʪʘʥʥʦʛʦ ʪʨʘʚʠʪʝʣʷ (ʩʧʨʘʚʘ). 

  

ʈʠʩ. 3 ʇʠʢ ʢʨʝʤʥʠʷ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 221,667 ʥʤ ʥʘ ʩʧʝʢʪʨʦʛʨʘʤʤʝ ʯʠʩʪʦʛʦ ʪʨʘʚʠʪʝʣʷ         

(ʩʣʝʚʘ) ʠ ʦʪʨʘʙʦʪʘʥʥʦʛʦ ʪʨʘʚʠʪʝʣʷ (ʩʧʨʘʚʘ). 
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ʈʠʩ. 4 ʇʠʢ ʢʨʝʤʥʠʷ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 252,412 ʥʤ ʥʘ ʩʧʝʢʪʨʦʛʨʘʤʤʝ ʯʠʩʪʦʛʦ ʪʨʘʚʠʪʝʣʷ          

(ʩʣʝʚʘ) ʠ ʦʪʨʘʙʦʪʘʥʥʦʛʦ ʪʨʘʚʠʪʝʣʷ (ʩʧʨʘʚʘ). 

 

  

ʈʠʩ. 5 ʇʠʢ ʮʠʥʢʘ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 206,191 ʥʤ ʥʘ ʩʧʝʢʪʨʦʛʨʘʤʤʝ ʯʠʩʪʦʛʦ ʪʨʘʚʠʪʝʣʷ            

(ʩʣʝʚʘ) ʠ ʦʪʨʘʙʦʪʘʥʥʦʛʦ ʪʨʘʚʠʪʝʣʷ (ʩʧʨʘʚʘ). 
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ʈʠʩ. 6 ʇʠʢ  ʮʠʥʢʘ ʥʘ  ʜʣʠʥʝ  ʚʦʣʥʳ  472,216 ʥʤ   ʥʘ  ʩʧʝʢʪʨʦʛʨʘʤʤʝ  ʯʠʩʪʦʛʦ  ʪʨʘʚʠ-

ʪʝʣʷ    (ʩʣʝʚʘ) ʠ ʦʪʨʘʙʦʪʘʥʥʦʛʦ ʪʨʘʚʠʪʝʣʷ (ʩʧʨʘʚʘ). 
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ʈʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ  ʠʟ ʩʧʝʢʪʨʦʛʨʘʤʤ, ʩʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʫ ˉ2. 

ʊʘʙʣʠʮʘ ˉ 2 

 ̄ ʅʘʠʤʝ-

ʥʦʚʘʥʠʝ 

ʵʣʝʤʝʥʪʘ 

ɼʣʠʥʘ 

ʚʦʣʥʳ 

ʭʘʨʘʢʪʝ-

ʨʠʩʪʠʯʝ-

ʩʢʦʛʦ 

ʠʟʣʫʯʝ-

ʥʠʷ ʵʣʝ-

ʤʝʥʪʘ 

(ʥʤ) 

ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ 

(ʚʳʩʦʪʘ ʧʠʢʘ) 

(ʫʩʣ. ʝʜ.) 

ʇʨʠʤʝʯʘʥʠʝ 

ʏʠʩʪʳʡ ʪʨʘ-

ʚʠʪʝʣʴ 

ʆʪʨʘʙʦ-

ʪʘʥʥʳʡ 

ʪʨʘʚʠʪʝʣʴ 

1. ʋʛʣʝʨʦʜ 193,025 57 1775 ʅʘʣʠʯʠʝ ʩʦʝʜʠʥʝʥʠʡ ʫʛʣʝʨʦʜʘ ʚ ʩʦ-

ʩʪʘʚʝ ʦʪʨʘʙʦʪʘʥʥʦʛʦ ʪʨʘʚʠʪʝʣʷ ʥʝ 

ʚʳʟʳʚʘʝʪ ʩʦʤʥʝʥʠʡ.  

2. ʂʘʣʴʮʠʡ 422,673 282 1399 ʅʘʣʠʯʠʝ ʩʦʝʜʠʥʝʥʠʡ ʢʘʣʴʮʠʷ ʚ ʩʦ-

ʩʪʘʚʝ ʦʪʨʘʙʦʪʘʥʥʦʛʦ ʪʨʘʚʠʪʝʣʷ ʪʨʝ-

ʙʫʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ 

3. ʂʨʝʤʥʠʡ 221,667 34 198 ʅʘʣʠʯʠʝ ʩʦʝʜʠʥʝʥʠʡ ʢʨʝʤʥʠʷ ʚ ʦʪ-

ʨʘʙʦʪʘʥʥʦʤ ʪʨʘʚʠʪʝʣʝ ʥʝ ʚʳʟʳʚʘʝʪ 

ʩʦʤʥʝʥʠʡ.  
4. ʂʨʝʤʥʠʡ 252,412 27 245 

5. ʎʠʥʢ 206,191 18 107 ʅʘʣʠʯʠʝ ʩʦʝʜʠʥʝʥʠʡ ʮʠʥʢʘ ʚ ʦʪʨʘ-

ʙʦʪʘʥʥʦʤ ʪʨʘʚʠʪʝʣʝ ʥʝ ʚʳʟʳʚʘʝʪ ʩʦ-

ʤʥʝʥʠʡ. 
6. ʎʠʥʢ 472,216 71 332 

  

ɸʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ. 

ɼʣʷ ʥʘʯʘʣʘ ʥʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʬʪʦʨ ʷʚʣʷʝʪʩʷ ʩʘʤʳʤ ʘʢʪʠʚʥʳʤ ʥʝʤʝʪʘʣʣʦʤ, ʘ 

ʪʘʢʞʝ ʩʘʤʳʤ ʩʠʣʴʥʳʤ ʦʢʠʩʣʠʪʝʣʝʤ ʠʟ ʚʩʝʭ ʧʨʦʩʪʳʭ ʚʝʱʝʩʪʚ.  

ɺ ʩʦʩʪʘʚ ʙʫʬʝʨʥʦʛʦ ʪʨʘʚʠʪʝʣʷ ʚʭʦʜʷʪ, ʢʘʢ ʙʳʣʦ ʦʪʤʝʯʝʥʦ ʚʳʰʝ, NH4F, HF, ʅ2ʆ. ɹʫʬʝʨ-

ʥʳʡ ʪʨʘʚʠʪʝʣʴ ʪʘʢʦʛʦ ʩʦʩʪʘʚʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʧʨʦʠʟʚʦʜʩʪʚʝ ʠʟʜʝʣʠʡ ʪʚʝʨʜʦʪʝʣʴʥʦʡ ʵʣʝʢʪʨʦ-

ʥʠʢʠ ʜʣʷ ʞʠʜʢʦʩʪʥʦʛʦ ʪʨʘʚʣʝʥʠʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʩʣʦʸʚ SiO2 , ʬʦʩʬʦʨʥʦ-ʩʠʣʠʢʘʪʥʦʛʦ ʩʪʝʢʣʘ 

ʠ ʜʨʫʛʠʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʩʣʦʸʚ ʩʦ ʩʭʦʞʠʤʠ ʩʚʦʡʩʪʚʘʤʠ. 

ʇʝʨʝʯʝʥʴ ʦʩʥʦʚʥʳʭ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ, ʧʨʦʠʩʭʦʜʷʱʠʭ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʙʫʬʝʨʥʦʛʦ 

ʪʨʘʚʠʪʝʣʷ ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤʠ ʩʣʦʷʤʠ ʧʨʝʜʩʪʘʚʣʝʥ ʥʠʞʝ: 

 

6HF + SiO2  ­H2SiF6 + 2H2O 

H2SiF6+NH4F­ (NH4)2SiF6+HF 

SiO2+4HF = SiF4+2H2O. 

ʇʨʠ ʪʨʘʚʣʝʥʠʠ ʦʢʩʠʜʘ ʢʨʝʤʥʠʷ ʯʝʨʝʟ ʬʦʪʦʨʝʟʠʩʪʠʚʥʫʶ ʤʘʩʢʫ, ʢʘʢ ʧʨʘʚʠʣʦ, ʧʨʠʤʝʥʷʝʪʩʷ 

ʙʫʬʝʨʥʳʡ ʪʨʘʚʠʪʝʣʴ, ʩʦʜʝʨʞʘʱʠʡ ʬʪʦʨʠʩʪʳʡ ʘʤʤʦʥʠʡ NH4F. ʅʘʣʠʯʠʝ ʬʪʦʨʠʩʪʦʛʦ ʘʤʤʦʥʠʷ 
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ʧʨʠʚʦʜʠʪ ʢ ʧʦʚʳʰʝʥʠʶ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠʦʥʦʚ ʬʪʦʨʘ, ʠ ʛʘʟʦʦʙʨʘʟʥʦʝ ʩʦʝʜʠʥʝʥʠʝ SiF4 ʧʝʨʝʚʦ-

ʜʠʪʩʷ ʚ ʫʩʪʦʡʯʠʚʦʝ SiF6 Įľ: 

SiF4 + 2Fï­SiF6 Įľ . 

ʅʘʙʦʨʦʤ ʠʤʝʥʥʦ ʵʪʠʭ, ʘ ʚʦʟʤʦʞʥʦ ʠ ʜʨʫʛʠʭ ʩʦʝʜʠʥʝʥʠʡ, ʦʙʲʷʩʥʷʝʪʩʷ ʥʘʣʠʯʠʝ ʧʠʢʦʚ 

ʢʨʝʤʥʠʷ ʚ ʦʪʨʘʙʦʪʘʥʥʦʤ ʙʫʬʝʨʥʦʤ ʪʨʘʚʠʪʝʣʝ. 

ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʥʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʙʫʬʝʨʥʦʛʦ ʪʨʘʚʠʪʝʣʷ ʩ 

ʨʝʟʠʩʪʠʚʥʦʡ ʦʨʛʘʥʠʯʝʩʢʦʡ ʤʘʩʢʦʡ ʧʨʦʠʩʭʦʜʠʪ ʝʸ ʯʘʩʪʠʯʥʦʝ ʨʘʩʪʚʦʨʝʥʠʝ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʬʪʦ-

ʨʠʜʦʚ ʫʛʣʝʨʦʜʘ. ʕʪʦʪ  ʬʘʢʪ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʦʙʲʷʩʥʝʥʠʡ ʦʙʥʘʨʫʞʝʥʠʷ ʫʛʣʝʨʦʜʘ ʚ ʩʦʩʪʘʚʝ 

ʦʪʨʘʙʦʪʘʥʥʦʛʦ ʙʫʬʝʨʥʦʛʦ ʪʨʘʚʠʪʝʣʷ. 

ʇʦ ʧʦʚʦʜʫ ʨʝʛʠʩʪʨʘʮʠʠ ʧʠʢʦʚ ʢʘʣʴʮʠʷ ʚ ʩʧʝʢʪʨʦʛʨʘʤʤʝ ʦʪʨʘʙʦʪʘʥʥʦʛʦ ʙʫʬʝʨʥʦʛʦ ʪʨʘ-

ʚʠʪʝʣʷ ʥʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʢʘʣʴʮʠʡ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʩʘʤʳʭ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʭ ʵʣʝ-

ʤʝʥʪʦʚ ʥʘ ɿʝʤʣʝ. ɺ ʟʝʤʥʦʡ ʢʦʨʝ ï ʝʛʦ ʩʦʜʝʨʞʘʥʠʝ ʩʦʩʪʘʚʣʷʝʪ 3,25%. ʅʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʸʥ-

ʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʢʘʣʴʮʠʷ ï ʠʟʚʝʩʪʥʷʢ (CaCO3). ʀʩʪʦʯʥʠʢʘʤʠ ʟʘʛʨʷʟʥʝʥʠʷ ʦʪʨʘʙʦʪʘʥʥʦʛʦ ʙʫ-

ʬʝʨʥʦʛʦ ʪʨʘʚʠʪʝʣʷ ʩʦʝʜʠʥʝʥʠʷʤʠ ʢʘʣʴʮʠʷ ʚ ʫʩʣʦʚʠʷʭ ʛʝʨʤʦʟʦʥʳ ʤʦʛʫʪ ʙʳʪʴ ʥʘʨʫʰʝʥʠʷ ʨʘ-

ʙʦʪʳ ʧʨʠʪʦʯʥʦ-ʚʳʪʷʞʥʦʡ ʚʝʥʪʠʣʷʮʠʠ, ʪʝʭʥʦʣʦʛʠʯʝʩʢʘʷ ʦʜʝʞʜʘ ʧʝʨʩʦʥʘʣʘ ʠ ʜʨʫʛʠʝ ʥʘʨʫʰʝ-

ʥʠʷ ʵʣʝʢʪʨʦʚʘʢʫʫʤʥʦʡ ʛʠʛʠʝʥʳ. ɺʝʨʦʷʪʥʝʝ ʚʩʝʛʦ ʩʦʝʜʠʥʝʥʠʷ ʢʘʣʴʮʠʷ ʚ ʙʫʬʝʨʥʦʤ ʪʨʘʚʠʪʝʣʝ 

ʧʨʠʩʫʪʩʪʚʫʶʪ ʚ ʬʦʨʤʝ ʬʪʦʨʠʜʘ ʢʘʣʴʮʠʷ (CaF). ʀʥʬʦʨʤʘʮʠʷ ʦ ʚʦʟʤʦʞʥʦʤ ʥʘʣʠʯʠʠ ʩʦʝʜʠʥʝʥʠʡ 

ʢʘʣʴʮʠʷ ʚ ʙʫʬʝʨʥʦʤ ʪʨʘʚʠʪʝʣʝ ʷʚʣʷʝʪʩʷ ʩʠʛʥʘʣʦʤ ʜʣʷ ʥʘʯʘʣʘ ʧʦʠʩʢʘ ʠʩʪʦʯʥʠʢʘ ʵʪʠʭ ʟʘʛʨʷʟʥʝ-

ʥʠʡ.  

ʇʨʠ ʘʥʘʣʠʟʝ ʩʧʝʢʪʨʦʛʨʘʤʤ ʦʪʨʘʙʦʪʘʥʥʦʛʦ ʙʫʬʝʨʥʦʛʦ ʪʨʘʚʠʪʝʣʷ ʥʘʤʠ ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ 

ʧʠʢʠ ʮʠʥʢʘ. ɺʝʨʦʷʪʥʝʝ ʚʩʝʛʦ ʩʦʝʜʠʥʝʥʠʷ ʮʠʥʢʘ ʚ ʦʪʨʘʙʦʪʘʥʥʦʤ ʙʫʬʝʨʥʦʤ ʪʨʘʚʠʪʝʣʝ ʧʨʠʩʫʪ-

ʩʪʚʦʚʘʣʠ ʚʠʜʝ ʤʦʣʝʢʫʣ ʬʪʦʨʠʜʘ ʮʠʥʢʘ (ZnF2). ʀʩʪʦʯʥʠʢʦʤ ʟʘʛʨʷʟʥʝʥʠʷ ʪʨʘʚʠʪʝʣʷ ʚ ʜʘʥʥʦʤ 

ʩʣʫʯʘʝ ʤʦʛʣʠ ʩʪʘʪʴ ʪʝʭʥʦʣʦʛʠʯʝʩʢʘʷ ʦʩʥʘʩʪʢʘ, ʦʮʠʥʢʦʚʘʥʥʳʝ ʪʨʫʙʦʧʨʦʚʦʜʳ ʜʣʷ ʜʝʠʦʥʠʟʦʚʘʥ-

ʥʦʡ ʚʦʜʳ, ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʧʝʨʯʘʪʢʠ ʠ ʜʨʫʛʠʝ ʧʨʝʜʤʝʪʳ, ʠʤʝʶʱʠʝ ʚ ʩʚʦʸʤ ʩʦʩʪʘʚʝ ʦʮʠʥʢʦ-

ʚʘʥʥʳʝ ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʜʝʪʘʣʠ ʠʣʠ ʟʘʛʨʷʟʥʝʥʠʷ ʩ ʩʦʝʜʠʥʝʥʠʷʤʠ ʮʠʥʢʘ.  

ɺʳʚʦʜʳ 

1. ʇʨʝʜʩʪʘʚʣʝʥʥʳʡ ʵʢʩʧʨʝʩʩ-ʤʝʪʦʜ ʜʠʘʛʥʦʩʪʠʢʠ ʠʟʤʝʥʝʥʠʡ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ 

ʙʫʬʝʨʥʦʛʦ ʪʨʘʚʠʪʝʣʷ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʠʟʜʝʣʠʡ ʪʚʝʨʜʦʪʝʣʴʥʦʡ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ 

ʧʦʟʚʦʣʷʝʪ ʛʘʨʘʥʪʠʨʦʚʘʥʥʦ ʦʧʨʝʜʝʣʠʪʴ ʦʪʣʠʯʠʷ ʚ ʵʣʝʤʝʥʪʥʦʤ ʩʦʩʪʘʚʝ ʯʠʩʪʦʛʦ ʠ ʦʪ-

ʨʘʙʦʪʘʥʥʦʛʦ ʪʨʘʚʠʪʝʣʷ.  

2. ʇʨʝʜʩʪʘʚʣʝʥʥʳʡ ʵʢʩʧʨʝʩʩ-ʤʝʪʦʜ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ ʜʠʘʛʥʦʩʪʠʢʠ ʠ 

ʢʦʥʪʨʦʣʷ ʧʨʠʛʦʜʥʦʩʪʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʨʘʩʪʚʦʨʦʚ ʜʣʷ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʨʠ ʧʨʦ-

ʠʟʚʦʜʩʪʚʝ ʚʳʩʦʢʦʪʝʭʥʦʣʦʛʠʯʥʳʭ ʠʟʜʝʣʠʡ.  

3. ʕʢʩʧʨʝʩʩ-ʤʝʪʦʜ ʤʦʞʝʪ ʩʪʘʪʴ ʵʬʬʝʢʪʠʚʥʳʤ ʠʥʩʪʨʫʤʝʥʪʦʤ ʜʣʷ ʦʧʪʠʤʠʟʘʮʠʠ ʠ 

ʧʦʚʳʰʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʨʦʠʟʚʦʜʩʪʚʘ ʚʳʩʦʢʦʪʝʭʥʦʣʦʛʠʯʥʦʡ ʧʨʦʜʫʢʮʠʠ.   

 

 

ʇʝʨʩʧʝʢʪʠʚʳ ʧʨʠʤʝʥʝʥʠʷ ʵʢʩʧʨʝʩʩ-ʤʝʪʦʜʘ 
1. ʇʨʝʜʩʪʘʚʣʝʥʥʳʡ ʵʢʩʧʨʝʩʩ-ʤʝʪʦʜ ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʤʝʥʸʥ ʜʣʷ ʢʦʥʪʨʦʣʷ ʵʣʝʤʝʥʪ-

ʥʦʛʦ ʩʦʩʪʘʚʘ ʭʠʤʠʯʝʩʢʠʭ ʪʨʘʚʠʪʝʣʝʡ ʚ ʪʝʭʥʦʣʦʛʠʠ ʧʨʦʠʟʚʦʜʩʪʚʘ ʠʟʜʝʣʠʡ ʪʚʝʨʜʦ-

ʪʝʣʴʥʦʡ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ. 

2. ʕʢʩʧʨʝʩʩ-ʤʝʪʦʜ ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʤʝʥʸʥ ʚ ʧʨʦʠʟʚʦʜʩʪʚʝ ʠʟʜʝʣʠʡ ʤʠʢʨʦʵʣʝʢʪʨʦ-

ʥʠʢʠ ʜʣʷ ʦʨʛʘʥʠʟʘʮʠʠ ʚʭʦʜʥʦʛʦ ʢʦʥʪʨʦʣʷ ʢʘʯʝʩʪʚʘ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʪʠʚʦʚ. 



ʇʃɽʅɸʈʅɸʗ ʉɽʉʉʀʗ 

  

çʇɽʈʉʇɽʂʊʀɺʅʓɽ ʄɸʊɽʈʀɸʃʓ ʀ ʊɽʍʅʆʃʆɻʀʀè (çʇʄʊ - 2023è)                  25 
 

3.  ʕʢʩʧʨʝʩʩ-ʤʝʪʦʜ ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʤʝʥʸʥ ʜʣʷ ʤʦʥʠʪʦʨʠʥʛʘ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʜʠʩ-

ʮʠʧʣʠʥʳ ʧʨʠ ʧʨʦʠʟʚʦʜʩʪʚʝ ʚʳʩʦʢʦʪʝʭʥʦʣʦʛʠʯʥʦʡ ʧʨʦʜʫʢʮʠʠ.  

 

ʇʨʠʤʝʥʝʥʠʝ ʵʢʩʧʨʝʩʩ-ʤʝʪʦʜʘ ʜʠʘʛʥʦʩʪʠʢʠ ʠʟʤʝʥʝʥʠʡ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʭʠʤʠʯʝʩʢʠʭ 

ʨʝʘʢʪʠʚʦʚ ʚ ʚʳʩʦʢʦʪʝʭʥʦʣʦʛʠʯʥʦʤ ʧʨʦʠʟʚʦʜʩʪʚʝ  ʧʦʚʳʩʠʪ ʚʦʩʧʨʦʠʟʚʦʜʠʤʦʩʪʴ ʪʝʭʥʦʣʦʛʠʯʝ-

ʩʢʠʭ ʦʧʝʨʘʮʠʡ, ʧʦʚʳʩʠʪ ʢʘʯʝʩʪʚʦ ʚʳʧʫʩʢʘʝʤʦʡ ʧʨʦʜʫʢʮʠʠ ʠ ʙʫʜʝʪ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʧʦʚʳʰʝ-
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ɺʚʝʜʝʥʠʝ 

ɹʫʨʥʦʝ ʨʘʟʚʠʪʠʝ ʢʦʤʧʦʥʝʥʪʥʦʡ ʙʘʟʳ ʤʠʢʨʦ- ʠ ʦʧʪʦʵʣʝʢʪʨʦʥʠʢʠ, ʩʚʷʟʘʥʥʦʝ ʩ ʧʦʩʪʦʷʥʥʦ 

ʨʘʩʪʫʱʠʤʠ ʠʭ ʙʳʩʪʨʦʜʝʡʩʪʚʠʝʤ ʠ ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʥʘʛʨʫʟʢʦʡ ʧʨʠ ʦʜʥʦʚʨʝʤʝʥʥʦʤ ʫʤʝʥʴʰʝʥʠʠ 

ʛʘʙʘʨʠʪʦʚ, ʥʘʢʣʘʜʳʚʘʝʪ ʧʦʚʳʰʝʥʥʳʝ ʪʨʝʙʦʚʘʥʠʷ ʢ ʪʦʯʥʦʩʪʠ ʠ ʢʘʯʝʩʪʚʫ ʦʙʨʘʙʦʪʢʠ ʬʦʪʦʰʘʙ-

ʣʦʥʥʳʭ ʟʘʛʦʪʦʚʦʢ ʠ ʧʦʜʣʦʞʝʢ ʜʣʷ ʧʨʠʙʦʨʥʳʭ ʧʣʘʩʪʠʥ ʠʟ ʪʘʢʠʭ ʠʩʧʦʣʴʟʫʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʢʘʢ 

ʩʪʝʢʣʦ, ʩʘʧʬʠʨ, ʢʘʨʙʠʜ ʢʨʝʤʥʠʷ, ʨʘʟʣʠʯʥʳʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʤʘʪʝʨʠʘʣʳ. ʋʢʘʟʘʥʥʳʡ ʢʣʘʩʩ 

ʦʙʨʘʙʘʪʳʚʘʝʤʳʭ ʠʟʜʝʣʠʡ ʦʪʥʦʩʠʪʩʷ ʢ ʨʘʟʨʷʜʫ ʪʦʥʢʠʭ ʧʨʝʮʠʟʠʦʥʥʳʭ ʧʣʘʩʪʠʥ ʩ ʦʪʥʦʩʠʪʝʣʴʥʦʡ 

ʪʦʣʱʠʥʦʡ ʤʝʥʝʝ h/D <1/50, (h ï ʪʦʣʱʠʥʘ ʧʣʘʩʪʠʥʳ, D ï ʜʠʘʤʝʪʨ ʠʣʠ ʜʠʘʛʦʥʘʣʴ ʧʣʘʩʪʠʥʳ), 

ʧʨʝʮʠʟʠʦʥʥʦʝ ʰʣʠʬʦʚʘʥʠʝ ʠ ʧʦʣʠʨʦʚʘʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʢʦʪʦʨʳʭ ʷʚʣʷʝʪʩʷ ʟʘʜʘʯʝʡ, ʪʝʭʥʠʯʝʩʢʠ 

ʩʣʦʞʥʦ ʨʝʘʣʠʟʫʝʤʦʡ ʠʟ-ʟʘ ʜʝʬʦʨʤʘʮʠʡ ʧʣʘʩʪʠʥ ʚ ʧʨʦʮʝʩʩʝ ʠʭ ʦʙʨʘʙʦʪʢʠ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ, ʢʘʢ 

ʧʨʘʚʠʣʦ, ʧʨʠ ʧʨʝʮʠʟʠʦʥʥʦʡ ʦʙʨʘʙʦʪʢʝ ʪʦʥʢʠʭ ʧʣʘʩʪʠʥ ʩ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʪʦʣʱʠʥʦʡ h/D <1/5 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʪʝʭʥʦʣʦʛʠʠ ʰʣʠʬʦʚʘʥʠʷ ʠ ʧʦʣʠʨʦʚʘʥʠʷ ʧʦʚʝʨʭʥʦʩʪʝʡ ʧʣʘʩʪʠʥ ʩ ʧʦʤʦʱʴʶ ʩʫʩ-

ʧʝʥʟʠʡ ʩʚʦʙʦʜʥʦʛʦ ʘʙʨʘʟʠʚʘ.  

ʂ ʦʩʥʦʚʥʳʤ ʥʝʜʦʩʪʘʪʢʘʤ ʪʝʭʥʦʣʦʛʠʠ ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʪʦʥʢʠʭ ʩʪʝʢʣʦʧʣʘʩʪʠʥ ʩ 

ʧʦʤʦʱʴʶ ʩʚʦʙʦʜʥʳʭ ʘʙʨʘʟʠʚʦʚ ʩʣʝʜʫʝʪ ʦʪʥʝʩʪʠ: 

ï ʥʠʟʢʘʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʥʘ ʦʧʝʨʘʮʠʷʭ ʰʣʠʬʦʚʘʥʠʷ, ʦʙʫʩʣʦʚʣʝʥʥʘʷ ʥʠʟʢʠʤʠ 

ʫʜʝʣʴʥʳʤʠ ʥʘʛʨʫʟʢʘʤʠ (~ 10...15 ʢʇʘ), ʜʦʧʫʩʪʠʤʳʤʠ ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʪʦʥʢʠʭ ʧʣʘʩʪʠʥ; 

ï ʙʦʣʴʰʘʷ ʛʣʫʙʠʥʘ ʥʘʨʫʰʝʥʥʦʛʦ ʧʨʠ ʰʣʠʬʦʚʘʥʠʠ ʩʣʦʷ, ʦʧʨʝʜʝʣʷʶʱʘʷ ʧʨʦʜʦʣʞʠʪʝʣʴ-

ʥʦʩʪʴ ʧʦʩʣʝʜʫʶʱʠʭ ʦʧʝʨʘʮʠʡ ʧʦʣʠʨʦʚʘʥʠʷ; 

ï ʦʛʨʘʥʠʯʝʥʥʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʧʦʣʫʯʝʥʠʷ ʧʣʘʩʪʠʥ ʩ ʟʘʜʘʥʥʳʤ ʤʠʥʠʤʘʣʴʥʳʤ ʦʪʢʣʦʥʝ-

ʥʠʝʤ ʦʪ ʧʣʦʩʢʦʩʪʥʦʩʪʠ; 

ï ʥʠʟʢʘʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʥʘ ʦʧʝʨʘʮʠʷʭ ʧʦʣʠʨʦʚʘʥʠʷ ʠʟ-ʟʘ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʩʲʝʤʦʚ 
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ʙʦʣʴʰʠʭ ʧʨʠʧʫʩʢʦʚ ʧʦʩʣʝ ʪʦʥʢʦʛʦ ʰʣʠʬʦʚʘʥʠʷ. 

 

ɺʳʧʦʣʥʝʥʥʳʝ ʛʣʫʙʦʢʠʝ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʦʙʣʘʩʪʠ 

ʧʨʝʮʠʟʠʦʥʥʦʛʦ ʰʣʠʬʦʚʘʥʠʷ ʠ ʧʦʣʠʨʦʚʘʥʠʷ ʰʠʨʦʢʦʛʦ ʢʣʘʩʩʘ ʤʘʪʝʨʠʘʣʦʚ ʤʠʢʨʦ- ʠ ʦʧʪʦʵʣʝʢ-

ʪʨʦʥʠʢʠ ʩ ʧʦʤʦʱʴʶ ʥʦʚʳʭ ʪʠʧʦʚ ʩʚʷʟʘʥʥʦʛʦ ʘʣʤʘʟʥʦ-ʘʙʨʘʟʠʚʥʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ʧʦʟʚʦʣʠʣʠ 

ʨʘʟʨʘʙʦʪʘʪʴ ʠ ʚʥʝʜʨʠʪʴ ʚ ʤʘʩʩʦʚʦʝ ʧʨʦʠʟʚʦʜʩʪʚʦ ʥʦʚʳʝ ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʳʝ ʪʝʭʥʦʣʦʛʠʠ, ʩʦ-

ʦʪʚʝʪʩʪʚʫʶʱʠʝ ʚʳʩʰʠʤ ʤʠʨʦʚʳʤ ʜʦʩʪʠʞʝʥʠʷʤ [1-3]. 

ɺ ʨʘʙʦʪʝ [3] ʦʧʠʩʘʥʳ ʥʝʦʩʧʦʨʠʤʳʝ ʧʨʝʠʤʫʱʝʩʪʚʘ ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʦʧʪʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘ-

ʣʦʚ ʩʚʷʟʘʥʥʳʤ ʘʣʤʘʟʥʳʤ ʠʥʩʪʨʫʤʝʥʪʦʤ ʩʦ ʩʚʷʟʫʶʱʠʤ ʤʘʪʝʨʠʘʣʦʤ ʥʘ ʦʩʥʦʚʝ ʚʩʧʝʥʝʥʥʦʡ 

ʵʧʦʢʩʠʜʥʦ-ʜʠʘʥʦʚʦʡ ʩʤʦʣʳ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ ʠʟʚʝʩʪʥʳʤʠ ʪʠʧʘʤʠ ʘʣʤʘʟʥʦ-ʘʙʨʘʟʠʚʥʦʛʦ 

ʠʥʩʪʨʫʤʝʥʪʘ. ɼʘʥʥʳʡ ʠʥʩʪʨʫʤʝʥʪ ʦʙʝʩʧʝʯʠʚʘʝʪ ʬʝʥʦʤʝʥʘʣʴʥʦʝ ʜʦʩʪʠʞʝʥʠʝ ï ʩʥʠʞʝʥʠʝ ʰʝ-

ʨʦʭʦʚʘʪʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʛʣʫʙʠʥʳ ʥʘʨʫʰʝʥʥʦʛʦ, ʪʨʝʱʠʥʦʚʘʪʦʛʦ ʩʣʦʷ ʚ ʜʝʩʷʪʢʠ ʠ ʩʦʪʥʠ ʨʘʟ 

ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʠʥʩʪʨʫʤʝʥʪʘʤʠ. ɼʦʩʪʠʞʝʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʭʠ-

ʤʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʰʣʠʬʦʚʘʥʠʷ ʠ ʧʦʣʠʨʦʚʘʥʠʷ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʩʣʝʜʫʶʱʠʤʠ ʫʩʣʦʚʠʷʤʠ: 

Å ʦʧʪʠʤʠʟʘʮʠʝʡ ʧʨʦʯʥʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʘʣʤʘʟʥʳʭ ʧʦʨʦʰʢʦʚ ʠ ʚʩʧʦʤʦʛʘʪʝʣʴ-

ʥʳʭ ʘʙʨʘʟʠʚʦʚ; 

Å ʦʧʪʠʤʠʟʘʮʠʝʡ ʠ ʫʧʨʘʚʣʝʥʠʝʤ ʪʝʧʣʦʬʠʟʠʯʝʩʢʠʤʠ ʠ ʫʧʨʫʛʦ-ʵʣʘʩʪʠʯʥʳʤʠ ʩʚʦʡ-

ʩʪʚʘʤʠ ʩʚʷʟʢʠ ʠʥʩʪʨʫʤʝʥʪʘ; 

Å ʦʧʪʠʤʠʟʘʮʠʝʡ ʭʠʤʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʤʝʭʘʥʠʟʤʘ ʰʣʠʬʦʚʘʥʠʷ ʠ ʧʦʣʠʨʦʚʘʥʠʷ ʟʘ 

ʩʯʝʪ ʧʨʠʤʝʥʝʥʠʷ ʩʧʝʮʠʘʣʴʥʳʭ ʩʦʩʪʘʚʦʚ ʩʤʘʟʦʯʥʦ-ʦʭʣʘʞʜʘʶʱʝʡ ʞʠʜʢʦʩʪʠ (ʉʆɾ).  

ɺʘʞʥʦʡ ʦʪʣʠʯʠʪʝʣʴʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʦʧʠʩʘʥʥʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ʷʚʣʷʝʪʩʷ ʥʠʟʢʘʷ ʢʦʥ-

ʮʝʥʪʨʘʮʠʷ ʘʣʤʘʟʥʦʛʦ ʧʦʨʦʰʢʘ ʚ ʩʦʩʪʘʚʝ ʘʣʤʘʟʥʦ-ʘʙʨʘʟʠʚʥʦʡ ʤʘʩʩʳ, ʩʦʩʪʘʚʣʷʶʱʝʡ ʦʪ 1 ʜʦ 5 

ʤʘʩʩʦʚʳʭ ʧʨʦʮʝʥʪʥʳʭ ʜʦʣʝʡ ʦʪ ʦʙʱʝʛʦ ʩʦʩʪʘʚʘ, ʘ ʪʘʢʞʝ ʥʘʠʙʦʣʝʝ ʥʠʟʢʘʷ ʧʨʦʯʥʦʩʪʴ ʧʨʠʤʝʥʷ-

ʝʤʳʭ ʘʣʤʘʟʦʚ ʤʘʨʢʠ ɸʉ2 ʠ ɸʉ4 [3]. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʧʨʦʮʝʩʩʳ ʰʣʠʬʦʚʘʥʠʷ ʤʘʪʝʨʠʘʣʦʚ ʩʚʷ-

ʟʘʥʥʳʤ ʘʣʤʘʟʥʳʤ ʠʥʩʪʨʫʤʝʥʪʦʤ ʩ ʥʝʙʦʣʴʰʦʡ ʤʘʩʩʦʚʦʡ ʜʦʣʝʡ ʘʣʤʘʟʦʚ ʧʨʠʚʦʜʠʪ ʢ ʬʦʨʤʠʨʦ-

ʚʘʥʠʶ ʥʘ ʧʦʚʝʨʭʥʦʩʪʷʭ ʘʣʤʘʟʦʚ ʚ ʟʦʥʝ ʢʦʥʪʘʢʪʘ ʩ ʦʙʨʘʙʘʪʳʚʘʝʤʳʤ ʤʘʪʝʨʠʘʣʦʤ ʪʝʧʣʦʚʳʭ ʧʦ-

ʪʦʢʦʚ ʧʦʨʷʜʢʘ 1000 ʢɺʪ/ʤ2. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʪʝʧʣʦʚʳʝ ʧʨʦʮʝʩʩʳ 

ʚ ʢʦʥʪʘʢʪʥʦʡ ʟʦʥʝ çʘʣʤʘʟ ï ʩʚʷʟʢʘ ï ʤʘʪʝʨʠʘʣè ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʠʥʩʪʨʫʤʝʥʪʦʚ ʥʘ ʦʨʛʘʥʠʯʝ-

ʩʢʦʡ ʩʚʷʟʢʝ ʩ ʥʠʟʢʦʡ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴʶ ʠ ʥʠʟʢʦʡ ʤʝʭʘʥʠʯʝʩʢʦʡ ʠ ʪʝʨʤʠʯʝʩʢʦʡ ʧʨʦʯʥʦʩʪʴʶ, 

ʚ ʯʘʩʪʥʦʩʪʠ, ʩʚʷʟʢʠ ʥʘ ʦʩʥʦʚʝ ʵʧʦʢʩʠʜʥʦʡ ʩʤʦʣʳ ʠ ʪʝʧʣʦʧʨʦʚʦʜʥʳʭ ʧʦʣʠʤʝʨʥʳʭ ʢʦʤʧʦʟʠʪʦʚ. 

ɺ ʨʘʙʦʪʘʭ [4-7] ʦʧʠʩʘʥʘ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʪʝʧʣʦʚʳʭ ʧʨʦʮʝʩʩʦʚ, ʧʨʦʪʝʢʘʶʱʠʭ ʚ 

ʧʨʦʮʝʩʩʝ ʰʣʠʬʦʚʘʥʠʷ ʩʚʷʟʘʥʥʳʤ ʘʣʤʘʟʥʳʤ ʠʥʩʪʨʫʤʝʥʪʦʤ. ɹʣʘʛʦʜʘʨʷ ʨʘʟʨʘʙʦʪʢʝ ʤʘʪʝʤʘʪʠ-

ʯʝʩʢʦʡ ʤʦʜʝʣʠ ʠ ʨʘʩʯʝʪʫ ʪʝʧʣʦʚʳʭ ʧʨʦʮʝʩʩʦʚ ʧʨʠ ʘʣʤʘʟʥʦʤ ʰʣʠʬʦʚʘʥʠʠ ʚ ʢʦʥʪʘʢʪʥʦʡ ʟʦʥʝ 

çʘʣʤʘʟʥʦʝ ʟʝʨʥʦ ï ʩʚʷʟʫʶʱʠʡ ʤʘʪʝʨʠʘʣ (ʩʚʷʟʢʘ) ï ʦʙʨʘʙʘʪʳʚʘʝʤʳʡ ʤʘʪʝʨʠʘʣè ʫʜʘʣʦʩʴ ʥʝ 

ʪʦʣʴʢʦ ʦʧʪʠʤʠʟʠʨʦʚʘʪʴ ʩʦʩʪʘʚ ʠ ʩʪʨʫʢʪʫʨʫ ʩʚʷʟʘʥʥʦʛʦ ʘʣʤʘʟʥʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ, ʥʦ ʠ ʦʧʪʠʤʠ-

ʟʠʨʦʚʘʪʴ ʩʦʩʪʘʚ ʩʤʘʟʦʯʥʦ-ʦʭʣʘʞʜʘʶʱʝʡ ʞʠʜʢʦʩʪʠ (ʉʆɾ) ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʨʝʞʠʤʳ ʛʨʫʙʦʛʦ 

ʠ ʪʦʥʢʦʛʦ ʰʣʠʬʦʚʘʥʠʷ ʠ ʧʦʣʠʨʦʚʘʥʠʷ ʨʘʟʣʠʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. 
  

ʇʨʠʤʝʨʳ ʚʥʝʜʨʝʥʠʷ ʥʦʚʳʭ ʪʠʧʦʚ ʩʚʷʟʘʥʥʦʛʦ ʘʣʤʘʟʥʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ. 

ʊʝʭʥʦʣʦʛʠʷ ʘʣʤʘʟʥʦʡ ʦʙʨʘʙʦʪʢʠ ʌʐɿ. ʇʝʨʚʳʡ ʦʧʳʪ ʫʩʧʝʰʥʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʩʚʷʟʘʥ-

ʥʦʛʦ ʘʣʤʘʟʥʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ʩ ʦʨʛʘʥʠʯʝʩʢʠʤʠ ʩʚʷʟʢʘʤʠ ʥʘ ʦʩʥʦʚʝ ʵʧʦʢʩʠʜʥʦ-ʜʠʘʥʦʚʦʡ ʩʤʦʣʳ 

ʥʘʯʠʥʘʝʪʩʷ ʩ ʚʥʝʜʨʝʥʠʷ ʚ ʤʘʩʰʪʘʙʘʭ ʄʠʥʠʩʪʝʨʩʪʚʘ ʵʣʝʢʪʨʦʥʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʉʉʉʈ ʪʝʭ-

ʥʦʣʦʛʠʠ ʘʣʤʘʟʥʦʡ ʦʙʨʘʙʦʪʢʠ ʬʦʪʦʰʘʙʣʦʥʥʳʭ ʟʘʛʦʪʦʚʦʢ (ʌʐɿ) ʚʟʘʤʝʥ ʠʤʧʦʨʪʥʦʡ ʪʝʭʥʦʣʦʛʠʠ 

ʰʣʠʬʦʚʘʥʠʷ ʛʨʘʥʘʪʦʚʳʤʠ ʘʙʨʘʟʠʚʥʳʤʠ ʧʦʨʦʰʢʘʤʠ ʥʘ ʩʪʘʥʢʘʭ ʥʝʤʝʮʢʦʡ ʢʦʤʧʘʥʠʠ ñPeter 

Woltersò [8, 9], ʢʦʪʦʨʘʷ, ʢʩʪʘʪʠ, ʚ ʧʦʩʣʝʜʫʶʱʝʤ ʢʫʧʠʣʘ ʣʠʮʝʥʟʠʶ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʵʪʦʡ ʪʝʭ-

ʥʦʣʦʛʠʠ. 
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ʇʦʤʠʤʦ ʪʦʛʦ, ʯʪʦ ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʩʚʷʟʘʥʥʳʡ ʘʣʤʘʟʥʳʡ ʠʥʩʪʨʫʤʝʥʪ ʨʘʙʦʪʘʝʪ ʚ ʨʝʞʠʤʝ 

ʩʘʤʦʟʘʪʘʯʠʚʘʥʠʷ ʧʨʠ ʪʨʝʙʫʝʤʳʭ ʥʠʟʢʠʭ ʫʜʝʣʴʥʳʭ ʜʘʚʣʝʥʠʷʭ, ʠʩʢʣʶʯʘʶʱʠʭ ʜʝʬʦʨʤʘʮʠʶ ʟʘ-

ʛʦʪʦʚʦʢ ʧʨʠ ʰʣʠʬʦʚʘʥʠʠ, ʦʥ ʦʙʝʩʧʝʯʠʚʘʝʪ ʝʱʸ ʦʜʥʦ ʩʫʱʝʩʪʚʝʥʥʦʝ ʧʨʝʠʤʫʱʝʩʪʚʦ, ʥʘ ʢʦʪʦʨʦʝ 

ʦʙʨʘʪʠʤ ʦʩʦʙʦʝ ʚʥʠʤʘʥʠʝ. ʆʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʪʨʝʙʦʚʘʥʠʡ ʢ ʬʦʪʦʰʘʙʣʦʥʥʳʤ ʟʘʛʦʪʦʚʢʘʤ ʷʚ-

ʣʷʝʪʩʷ ʤʘʢʩʠʤʘʣʴʥʦ ʚʳʩʦʢʘʷ ʧʣʦʩʢʦʩʪʥʦʩʪʴ ʨʘʙʦʯʝʡ ʧʦʣʠʨʦʚʘʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʘʩʪʠʥʳ, ʪʦ 

ʝʩʪʴ ʤʠʥʠʤʘʣʴʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʦʪ ʠʜʝʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ. ʕʪʘ ʟʘʜʘʯʘ ʷʚʣʷʝʪʩʷ ʜʦ-

ʩʪʘʪʦʯʥʦ ʩʣʦʞʥʦʡ ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʥʘ ʦʧʝʨʘʮʠʷʭ ʰʣʠʬʦʚʘʥʠʷ ʩʚʦʙʦʜʥʳʤ ʘʙʨʘʟʠʚʦʤ. ɼʝʣʦ ʚ 

ʪʦʤ, ʯʪʦ ʜʘʞʝ ʧʨʠ ʧʦʣʫʯʝʥʠʠ ʤʠʥʠʤʘʣʴʥʳʭ ʦʪʢʣʦʥʝʥʠʡ ʦʪ ʧʣʦʩʢʦʩʪʥʦʩʪʠ ʥʘ ʦʧʝʨʘʮʠʷʭ ʬʠ-

ʥʠʰʥʦʛʦ ʰʣʠʬʦʚʘʥʠʷ, ʵʪʦ ʥʝ ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʳʩʦʢʦʡ ʧʣʦʩʢʦʩʪʥʦʩʪʠ ʧʦʩʣʝ ʧʦʣʠʨʦʚʘʥʠʷ ʵʪʦʡ 

ʰʣʠʬʦʚʘʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. ʉʚʷʟʘʥʦ ʵʪʦ ʩ ʪʝʤ, ʯʪʦ ʥʘ ʦʧʝʨʘʮʠʷʭ ʧʦʣʠʨʦʚʘʥʠʷ ʧʨʦʠʩʭʦʜʠʪ çʟʘ-

ʚʘʣʠʚʘʥʠʝè ʢʨʘʝʚ ʧʣʘʩʪʠʥʳ ʜʘʞʝ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʜʦʩʪʘʪʦʯʥʦ ʪʚʝʨʜʳʭ ʧʦʣʠʨʦʚʘʣʴʥʳʭ ʤʘ-

ʪʝʨʠʘʣʦʚ (ʈʠʩ. 1ʘ).  ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʧʨʠʤʝʥʝʥʠʝ ʩʚʷʟʘʥʥʦʛʦ ʘʣʤʘʟʥʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ʚ ʚʠʜʝ ʦʪ-

ʜʝʣʴʥʳʭ ʪʘʙʣʝʪʦʯʥʳʭ ʰʣʠʬʦʚʘʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʧʦʟʚʦʣʷʝʪ ʬʠʢʩʠʨʦʚʘʪʴ ʠʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʰʣʠʬʦʚʘʣʴʥʳʭ ʜʠʩʢʦʚ ʧʦ ʪʘʢʦʤʫ ʘʣʛʦʨʠʪʤʫ [10, 11], ʦʙʝʩʧʝʯʠʚʘʶʱʝʤʫ ʥʘ ʦʧʝʨʘʮʠʷʭ ʬʠʥʠʰ-

ʥʦʛʦ ʰʣʠʬʦʚʘʥʠʷ ʧʦʣʫʯʝʥʠʝ ʚʦʛʥʫʪʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʩ ʟʘʜʘʥʥʦʡ ʢʨʠʚʠʟʥʦʡ, ʢʦʪʦʨʘʷ ʧʦʩʣʝ ʧʦ-

ʣʠʨʦʚʘʥʠʷ ʧʨʠʦʙʨʝʪʘʝʪ ʧʣʦʩʢʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ʩ ʤʠʥʠʤʘʣʴʥʳʤ ʦʪʢʣʦʥʝʥʠʝʤ ʦʪ ʠʜʝʘʣʴʥʦʡ 

ʧʣʦʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ (ʈʠʩ. 1 ʙ).        

 

 
ʘ) 

 

 
ʙ) 

 

ʈʠʩ. 1. ʀʟʤʝʥʝʥʠʝ ʧʨʦʬʠʣʷ ʰʣʠʬʦʚʘʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ (ʰʪʨʠʭʦʚʘʷ ʣʠʥʠʷ) ʧʣʦʩʢʦʡ (ʘ) ʠ ʚʦ-

ʛʥʫʪʦʡ (ʙ) ʧʦʩʣʝ ʧʦʣʠʨʦʚʘʥʠʷ (ʥʝʧʨʝʨʳʚʥʘʷ ʣʠʥʠʷ) 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʘʞʥʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʩʚʷʟʘʥʥʦʛʦ ʪʘʙʣʝʪʦʯʥʦʛʦ ʘʣʤʘʟʥʦʛʦ ʠʥʩʪʨʫ-

ʤʝʥʪʘ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʧʣʦʩʢʠʭ ʧʣʘʩʪʠʥ ʩ ʚʳʩʦʢʠʤʠ ʪʨʝʙʦʚʘʥʠʷʤʠ ʢ ʧʣʦʩʢʦʩʪʥʦʩʪʠ ʧʦʣʠʨʦʚʘʥ-

ʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʦʙʝʩʧʝʯʝʥʠʷ ʥʘ ʦʧʝʨʘʮʠʷʭ ʬʠʥʠʰʥʦʛʦ ʰʣʠʬʦʚʘʥʠʷ 

ʟʘʜʘʥʥʦʡ ʚʦʛʥʫʪʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʢʦʪʦʨʘʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʨʘʟʤʝʨʘʤʠ ʰʣʠʬʫʝʤʳʭ ʧʣʘʩʪʠʥ, ʛʣʫ-

ʙʠʥʦʡ ʥʘʨʫʰʝʥʥʦʛʦ ʪʨʝʱʠʥʦʚʘʪʦʛʦ ʩʣʦʷ, ʚʣʠʷʶʱʝʛʦ ʥʘ ʜʣʠʪʝʣʴʥʦʩʪʴ ʧʦʩʣʝʜʫʶʱʠʭ ʦʧʝʨʘʮʠʡ 

ʧʦʣʠʨʦʚʘʥʠʷ.  

ʋʪʦʥʝʥʠʝ ʧʨʠʙʦʨʥʳʭ ʧʣʘʩʪʠʥ. ʉʚʷʟʘʥʥʳʡ ʘʣʤʘʟʥʳʡ ʠʥʩʪʨʫʤʝʥʪ ʈʊ20ʈ1 ʙʳʣ ʫʩʧʝʰʥʦ 

ʠʩʧʦʣʴʟʦʚʘʥ ʥʘ ʦʧʝʨʘʮʠʠ ʫʪʦʥʝʥʠʷ ʢʨʝʤʥʠʝʚʳʭ ʧʣʘʩʪʠʥ ʜʠʘʤʝʪʨʦʤ 150 ʤʤ ʩʦ ʩʬʦʨʤʠʨʦʚʘʥ-

ʥʳʤʠ ʩʪʨʫʢʪʫʨʘʤʠ ʧʨʠʙʦʨʦʚ. ʋʪʦʥʝʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʦʪ ʠʩʭʦʜʥʦʡ ʪʦʣʱʠʥʳ 50 ʤʢʤ ʜʦ ʪʦʣ-

ʱʠʥʳ 180 ʤʢʤ. ʅʘ ʈʠʩ. 2 ʧʨʝʜʩʪʘʚʣʝʥʳ ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʢʦʩʳʭ ʰʣʠʬʦʚ (1,50) ʢʨʝʤʥʠʝʚʦʡ 

ʧʦʜʣʦʞʢʠ ʧʦʩʣʝ ʰʣʠʬʦʚʘʥʠʷ ʥʝʨʘʙʦʯʝʡ ʩʪʦʨʦʥʳ ʥʘ ʩʪʘʥʢʝ MPS-2R300 ʬʠʨʤʳ G&N (ʌʈɻ) ʧʦ 

ʪʨʘʜʠʮʠʦʥʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʩ ʧʦʤʦʱʴʶ ʘʣʤʘʟʥʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ʥʘ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʩʚʷʟʢʝ ʩ ʟʝʨ-

ʥʠʩʪʦʩʪʴʶ 45 ʤʢʤ (ʘ) ʠ ʩ ʧʦʤʦʱʴʶ ʠʥʩʪʨʫʤʝʥʪʘ ʥʘ ʦʨʛʘʥʠʯʝʩʢʦʡ ʩʚʷʟʢʝ ʈʊ20ʈ1 (ʙ). ʂʘʢ ʚʠʜʥʦ 



ʇʃɽʅɸʈʅɸʗ ʉɽʉʉʀʗ 

  

çʇɽʈʉʇɽʂʊʀɺʅʓɽ ʄɸʊɽʈʀɸʃʓ ʀ ʊɽʍʅʆʃʆɻʀʀè (çʇʄʊ - 2023è)                  30 
 

ʥʘ ʬʦʪʦʛʨʘʬʠʠ (ʈʠʩ 2ʘ), ʧʨʠ ʪʨʘʜʠʮʠʦʥʥʦʤ ʫʪʦʥʝʥʠʠ ʝʜʠʥʠʯʥʳʝ ʛʣʫʙʦʢʠʝ ʪʨʝʱʠʥʳ ʧʨʦʭʦʜʷʪ 

ʧʦʩʣʝ ʫʪʦʥʝʥʠʷ ʥʘ ʚʩʶ ʪʦʣʱʠʥʫ ʧʣʘʩʪʠʥʳ ʠ ʨʘʟʨʫʰʘʶʪ ʩʪʨʫʢʪʫʨʫ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʛʦ ʧʨʠ-

ʙʦʨʘ, ʚ ʪʦ ʚʨʝʤʷ, ʢʘʢ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʥʦʚʦʛʦ ʩʚʷʟʘʥʥʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ, ʥʘ ʦʩʥʦʚʝ ʚʩʧʝʥʝʥ-

ʥʦʛʦ ʧʝʥʦʵʧʦʢʩʠʜʘ ʈʊ20ʈ1 ʤʘʢʩʠʤʘʣʴʥʘʷ ʛʣʫʙʠʥʘ ʪʨʝʱʠʥʦʚʘʪʦʛʦ ʩʣʦʷ ʥʝ ʧʨʝʚʳʰʘʝʪ 10 ʤʢʤ 

ʠ ʥʘ ʟʥʘʯʠʪʝʣʴʥʦʡ ʛʣʫʙʠʥʝ ʤʘʪʝʨʠʘʣʘ, ʧʨʠʣʝʛʘʶʱʝʛʦ ʢ ʩʪʨʫʢʪʫʨʝ ʧʨʠʙʦʨʘ, ʪʨʝʱʠʥ ʥʝ ʥʘʙʣʶ-

ʜʘʝʪʩʷ (ʈʠʩ. 1 ʙ).  

 

 

 

 

 

 

 

 

 

 

                     ʘ)                                                                  

ʙ) 

ʈʠʩ. 2. ʄʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʢʦʩʳʭ ʰʣʠʬʦʚ (1,50) ʢʨʝʤʥʠʝʚʳʭ ʧʦʜʣʦʞʝʢ 

ʧʦʩʣʝ ʰʣʠʬʦʚʘʥʠʷ ʥʝʨʘʙʦʯʝʡ ʩʪʦʨʦʥʳ ʥʘ ʩʪʘʥʢʝ MPS-2R300 ʬʠʨʤʳ G&N ʧʦ ʪʨʘʜʠʮʠʦʥʥʦʡ 

ʪʝʭʥʦʣʦʛʠʠ ʩ ʧʦʤʦʱʴʶ ʠʥʩʪʨʫʤʝʥʪʘ ʟʝʨʥʠʩʪʦʩʪʴʶ 45 ʤʢʤ (ʘ) ʠ ʩ ʧʦʤʦʱʴʶ ʠʥʩʪʨʫʤʝʥʪʘ 

ʈʊ20ʈ1 (ʙ). 

 

ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʥʦʚʦʛʦ ʘʣʤʘʟʥʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ʤʦʞʝʪ ʦʙʝʩʧʝʯʠʪʴ ʫʪʦ-

ʥʝʥʠʝ ʧʨʠʙʦʨʥʳʭ ʧʣʘʩʪʠʥ ʜʦ ʪʦʣʱʠʥʳ 30 ʤʢʤ ʠ ʤʝʥʝʝ, ʯʪʦ ʠ ʙʳʣʦ ʨʝʘʣʠʟʦʚʘʥʦ ʥʘ ʧʨʘʢʪʠʢʝ 

ʧʨʠ ʫʪʦʥʝʥʠʠ ʩʘʧʬʠʨʦʚʳʭ ʧʣʘʩʪʠʥ ʩ ʢʨʠʩʪʘʣʣʘʤʠ ʩʚʝʪʦʠʟʣʫʯʘʶʱʠʭ ʜʠʦʜʦʚ (LED). 

ʅʦʚʳʝ ʪʠʧʳ ʩʚʷʟʘʥʥʦʛʦ ʘʣʤʘʟʥʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ʙʳʣʠ ʫʩʧʝʰʥʦ ʠʩʧʦʣʴʟʦʚʘʥʳ ʢʘʢ ʥʘ ʦʧʝ-

ʨʘʮʠʷʭ ʨʘʟʣʠʯʥʳʭ ʩʪʘʜʠʡ ʰʣʠʬʦʚʘʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʘʩʪʠʥ, ʪʘʢ ʠ ʥʘ ʦʧʝʨʘʮʠʷʭ ʫʪʦʥʝʥʠʷ 

ʧʨʠʙʦʨʥʳʭ ʧʣʘʩʪʠʥ ʠʟ ʩʘʧʬʠʨʘ, ʢʚʘʨʮʘ, ʢʨʝʤʥʠʷ ʠ ʜʨʫʛʠʭ ʤʘʪʝʨʠʘʣʦʚ. ɺ ʨʘʙʦʪʝ [12] ʧʨʝʜʣʦ-

ʞʝʥʘ ʥʦʚʘʷ ʩʭʝʤʘ ʠ ʫʩʪʨʦʡʩʪʚʦ ʜʣʷ ʫʪʦʥʝʥʠʷ ʩ ʙʝʟʥʘʢʣʝʝʯʥʦʡ ʬʠʢʩʘʮʠʝʡ ʧʨʠʙʦʨʥʳʭ ʧʣʘʪʠʥ.     

10 ʤʢʤ 
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ʈʠʩ. 3. ʉʭʝʤʘ ʫʩʪʨʦʡʩʪʚʘ ʜʣʷ ʫʪʦʥʝʥʠʷ ʧʨʠʙʦʨʥʳʭ ʧʣʘʩʪʠʥ.  

ʋʩʪʨʦʡʩʪʚʦ ʩʦʜʝʨʞʠʪ ʥʠʞʥʠʡ ʰʣʠʬʦʚʘʣʴʥʳʡ ʩʪʦʣ 1 ʩ ʟʘʢʨʝʧʣʝʥʥʳʤʠ ʘʣʤʘʟʥʳʤʠ ʵʣʝ-

ʤʝʥʪʘʤʠ (ʪʘʙʣʝʪʢʘʤʠ) 9 ʠ ʧʨʠʚʦʜ ʚʨʘʱʝʥʠʷ 2. ʉʚʝʨʭʫ ʥʘ ʘʣʤʘʟʥʳʡ ʠʥʩʪʨʫʤʝʥʪ ʨʘʟʤʝʱʘʶʪ 

ʦʙʨʘʙʘʪʳʚʘʝʤʳʝ ʧʣʘʩʪʠʥʳ 5, ʢʦʪʦʨʳʝ ʨʘʙʦʯʝʡ ʧʦʚʝʨʭʥʦʩʪʴʶ 6 ʬʠʢʩʠʨʫʶʪʩʷ ʢ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʣʘʥʰʘʡʙʳ 7, ʨʘʩʧʦʣʦʞʝʥʥʦʡ ʥʘ ʰʧʠʥʜʝʣʝ 3 ʯʝʨʝʟ   ʫʧʨʫʛʦ-ʵʣʘʩʪʠʯʥʫʶ ʧʨʦʢʣʘʜʢʫ 8 ʩ ʧʦʤʦ-

ʱʴʶ ʚʘʢʫʫʤʘ, ʧʦʜʘʚʘʝʤʦʛʦ ʯʝʨʝʟ ʧʦʚʦʜʦʢ ʧʝʨʝʤʝʱʝʥʠʷ ʚʝʨʭʥʝʛʦ ʰʧʠʥʜʝʣʷ 4. ʇʨʠ ʵʪʦʤ ʟʦʥʳ 

ʬʠʢʩʘʮʠʠ ʧʣʘʩʪʠʥ ʥʘ ʧʣʘʥʰʘʡʙʝ 7 ʩʦʜʝʨʞʘʪ ʤʠʢʨʦʦʪʚʝʨʩʪʠʷ ʠʣʠ ʚʳʧʦʣʥʝʥʳ ʠʟ ʧʦʨʠʩʪʦʛʦ ʤʘ-
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ʪʝʨʠʘʣʘ 10, ʘ ʧʦʚʦʜʦʢ ʧʝʨʝʤʝʱʝʥʠʷ ʰʧʠʥʜʝʣʷ ʩʦʜʝʨʞʠʪ ʚʘʢʫʫʤʥʦ-ʧʣʦʪʥʳʝ ʚʪʫʣʢʠ 11 ʠ ʩʦʝʜʠ-

ʥʠʪʝʣʴ 12 ʩ ʚʘʢʫʫʤʥʳʤ ʰʣʘʥʛʦʤ 13. ʈʝʛʫʣʠʨʫʝʤʘʷ ʥʘʛʨʫʟʢʘ ʥʘ ʦʙʨʘʙʘʪʳʚʘʝʤʳʝ ʧʣʘʩʪʠʥʳ ʧʝ-

ʨʝʜʘʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʫʩʪʨʦʡʩʪʚʘ ʥʘʛʨʫʞʝʥʠʷ 14.   

ʐʣʠʬʦʚʘʣʴʥʳʡ ʠʥʩʪʨʫʤʝʥʪ ʚʳʧʦʣʥʝʥ ʠʟ ʧʦʨʠʩʪʳʭ ʘʣʤʘʟʥʳʭ ʪʘʙʣʝʪʦʢ ʚ ʚʠʜʝ ʢʦʣʴʮʝʚʦʡ 

ʟʦʥʳ, ʢʦʪʦʨʳʝ ʦʙʝʩʧʝʯʠʚʘʶʪ ʨʘʙʦʪʫ ʚ ʨʝʞʠʤʝ ʩʘʤʦʟʘʪʘʯʠʚʘʥʠʷ ʧʨʠ ʤʠʥʠʤʘʣʴʥʳʭ ʫʜʝʣʴʥʳʭ 

ʜʘʚʣʝʥʠʷʭ, ʯʪʦ ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʧʨʫʛʦ-ʵʣʘʩʪʠʯʥʳʭ ʧʨʦʢʣʘʜʦʢ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʨʘʚʥʦʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʥʘʛʨʫʟʢʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʘʩʪʠʥʳ ʚ ʧʨʦʮʝʩʩʝ ʫʪʦʥʝʥʠʷ ʠ ʠʩʢʣʶ-

ʯʘʝʪ ʝʸ ʜʝʬʦʨʤʘʮʠʶ.  

ʋʪʦʥʝʥʠʝ ʧʣʦʩʢʠʭ ʜʠʩʧʣʝʡʥʳʭ ʧʘʥʝʣʝʡ 

ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʚ ʦʙʣʘʩʪʠ ʧʨʦʠʟʚʦʜʩʪʚʘ ʨʘʟʣʠʯʥʦʡ ʙʳʪʦʚʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʪʝʭʥʠʢʠ ʥʘ 

ʙʘʟʝ ʧʣʘʟʤʝʥʥʳʭ ʠ ʞʠʜʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʜʠʩʧʣʝʡʥʳʭ ʧʘʥʝʣʝʡ ʥʘʙʣʶʜʘʝʪʩʷ ʪʝʥʜʝʥʮʠʷ 

ʫʤʝʥʴʰʝʥʠʷ ʪʦʣʱʠʥʳ ʧʦʩʣʝʜʥʠʭ ʩ ʮʝʣʴʶ ʫʤʝʥʴʰʝʥʠʷ ʤʘʩʩʳ ʚʩʝʛʦ ʠʟʜʝʣʠʷ ʠ ʧʦʚʳʰʝʥʠʷ ʢʘ-

ʯʝʩʪʚʘ ʠʟʦʙʨʘʞʝʥʠʷ. 

ʇʝʨʚʦʥʘʯʘʣʴʥʦ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʝʜʠʥʩʪʚʝʥʥʘʷ ʪʝʭʥʦʣʦʛʠʷ ʫʪʦʥʝʥʠʷ ʩʪʝʢʣʷʥʥʳʭ ʧʦʜʣʦʞʝʢ 

ʜʠʩʧʣʝʡʥʳʭ ʧʘʥʝʣʝʡ ʧʫʪʝʤ ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʚʣʝʥʠʷ ʚ ʩʤʝʩʠ ʬʪʦʨʠʩʪʦʡ ʢʠʩʣʦʪʳ ʠ ʧʦʣʠʨʫʶʱʝʡ ʩʫʩ-

ʧʝʥʟʠʠ. 

ʅʘ ʵʪʦʡ ʦʧʝʨʘʮʠʠ ʧʨʠʤʝʥʷʣʠʩʴ ʩʪʘʥʢʠ ʜʚʫʩʪʦʨʦʥʥʝʛʦ ʰʣʠʬʦʚʘʥʠʷ ʠ ʧʦʣʠʨʦʚʘʥʠʷ ʧʣʘ-

ʥʝʪʘʨʥʦʛʦ ʪʠʧʘ. ʆʩʥʦʚʥʳʝ ʥʝʜʦʩʪʘʪʢʠ ʜʘʥʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʚʣʝʥʠʷ: 

ï ʥʝʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʩʪʝʢʣʷʥʥʳʭ ʧʦʜʣʦʞʝʢ ʩ ʚʳʩʦʢʠʤʠ ʛʝʦʤʝʪʨʠʯʝ-

ʩʢʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʠʟ-ʟʘ ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʠ ʪʨʘʚʣʝʥʠʷ ʧʦʜʣʦʞʢʠ ʚ ʮʝʥʪʨʝ ʠ ʥʘ ʧʝʨʠʬʝʨʠʠ ʟʘ 

ʩʯʝʪ ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʠ ʨʘʟʦʛʨʝʚʘ ʧʣʘʩʪʠʥʳ ʚ ʧʨʦʮʝʩʩʝ ʧʦʣʠʨʦʚʘʥʠʷ; 

ï ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʨʘʚʥʦʤʝʨʥʦʝ ʫʪʦʥʝʥʠʝ ʦʙʝʠʭ ʩʪʝʢʣʷʥʥʳʭ ʧʦʜʣʦʞʝʢ, ʭʦʪʷ ʦʧʪʠʤʘʣʴ-

ʥʳʤ ʫʩʣʦʚʠʝʤ ʷʚʣʷʝʪʩʷ ʤʘʢʩʠʤʘʣʴʥʦʝ ʫʪʦʥʝʥʠʝ ʚʥʫʪʨʝʥʥʝʡ ʩʪʝʢʣʷʥʥʦʡ ʧʦʣʦʞʢʠ ʠ ʥʝʟʥʘʯʠ-

ʪʝʣʴʥʦʝ ʫʪʦʥʝʥʠʝ ʚʥʝʰʥʝʡ ʧʦʜʣʦʞʢʠ; 

ï ʧʣʦʭʠʝ ʵʢʦʣʦʛʠʯʝʩʢʠʝ ʫʩʣʦʚʠʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʫʪʦʥʝʥʠʷ, ʩʚʷʟʘʥʥʳʝ ʩ ʚʨʝʜ-

ʥʳʤʠ ʫʩʣʦʚʠʷʤʠ ʨʘʙʦʪʳ ʧʝʨʩʦʥʘʣʘ ʠ ʚʨʝʜʥʳʤ ʚʦʟʜʝʡʩʪʚʠʝʤ ʥʘ ʦʢʨʫʞʘʶʱʫʶ ʩʨʝʜʫ. 

ʇʦʷʚʣʝʥʠʝ ʦʧʠʩʘʥʥʦʛʦ ʩʚʷʟʘʥʥʦʛʦ ʘʣʤʘʟʥʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ʥʘ ʦʨʛʘʥʠʯʝʩʢʦʡ ʩʚʷʟʢʝ ʩʝʨʠʠ 

ʈʊNP1, ʦʙʝʩʧʝʯʠʚʘʶʱʝʛʦ ʧʨʠ ʚʳʩʦʢʠʭ ʫʜʝʣʴʥʳʭ ʩʲʝʤʘʭ ʤʘʪʝʨʠʘʣʘ ʤʠʥʠʤʘʣʴʥʫʶ ʛʣʫʙʠʥʫ 

ʥʘʨʫʰʝʥʥʦʛʦ ʩʣʦʷ ʠ ʥʠʟʢʫʶ ʰʝʨʦʭʦʚʘʪʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʠ, ʧʦʟʚʦʣʠʣʦ ʫʩʧʝʰʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʥʦʚʫʶ ʪʝʭʥʦʣʦʛʠʶ ʫʪʦʥʝʥʠʷ ʜʠʩʧʣʝʡʥʳʭ ʧʘʥʝʣʝʡ. 

ɼʣʷ ʨʝʘʣʠʟʘʮʠʠ ʪʝʭʥʦʣʦʛʠʠ ʙʳʣʦ ʨʘʟʨʘʙʦʪʘʥʦ ʥʦʚʦʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʝ ʦʙʦʨʫʜʦʚʘʥʠʝ ʜʣʷ 

ʦʜʥʦʩʪʦʨʦʥʥʝʛʦ ʰʣʠʬʦʚʘʥʠʷ ʤʝʪʦʜʦʤ ʩʚʦʙʦʜʥʦʛʦ ʧʨʠʪʠʨʘ (ʨʠʩ. 4). 
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ʈʠʩ. 4. ʉʪʘʥʢʠ ʜʣʷ ʫʪʦʥʝʥʠʷ ʩʪʝʢʣʷʥʥʳʭ ʧʦʜʣʦʞʝʢ ʧʣʦʩʢʠʭ ʜʠʩʧʣʝʡʥʳʭ ʧʘʥʝʣʝʡ 

 

ʐʣʠʬʦʚʘʣʴʥʳʡ ʘʣʤʘʟʥʳʡ ʠʥʩʪʨʫʤʝʥʪ ʚ ʚʠʜʝ ʥʘʢʣʝʝʥʥʳʭ ʘʣʤʘʟʥʳʭ ʪʘʙʣʝʪʦʢ ʨʘʩʧʦʣʦ-

ʞʝʥ ʥʘ ʥʠʞʥʝʡ ʧʣʘʥʰʘʡʙʝ, ʘ ʦʙʨʘʙʘʪʳʚʘʝʤʘʷ ʜʝʪʘʣʴ ʬʠʢʩʠʨʫʝʪʩʷ ʥʘ ʚʝʨʭʥʝʡ ʧʣʘʥʰʘʡʙʝ ʙʝʟ 

ʥʘʢʣʝʠʚʘʥʠʷ ʩ ʧʦʤʦʱʴʶ ʩʧʝʮʠʘʣʴʥʦʡ ʫʧʨʫʛʦʡ ʧʦʣʠʤʝʨʥʦʡ ʧʦʜʣʦʞʢʠ. 

ʐʣʠʬʦʚʘʥʠʝ ʩʪʝʢʣʷʥʥʳʭ ʧʦʜʣʦʞʝʢ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʚ ʜʚʘ ʧʝʨʝʭʦʜʘ. ʅʘ ʦʧʝʨʘʮʠʠ ʧʨʝʜ-

ʚʘʨʠʪʝʣʴʥʦʛʦ ʰʣʠʬʦʚʘʥʠʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʘʣʤʘʟʥʳʡ ʠʥʩʪʨʫʤʝʥʪ ʈʊ100ʈ1 ʠʣʠ ʈʊ50ʈ1 ʚ ʟʘʚʠʩʠ-

ʤʦʩʪʠ ʥʝʦʙʭʦʜʠʤʦʛʦ ʩʫʤʤʘʨʥʦʛʦ ʩʲʝʤʘ ʩʪʝʢʣʘ, ʘ  ʥʘ ʦʧʝʨʘʮʠʠ ʬʠʥʠʰʥʦʛʦ ʰʣʠʬʦʚʘʥʠʷ ʠʩ-

ʧʦʣʴʟʫʝʪʩʷ ʠʥʩʪʨʫʤʝʥʪ ʈʊ10ʈ1 ʠʣʠ ʈʊ14ʈ1, ʦʙʝʩʧʝʯʠʚʘʶʱʠʡ ʤʠʥʠʤʘʣʴʥʫʶ ʛʣʫʙʠʥʫ ʥʘʨʫ-

ʰʝʥʥʦʛʦ ʩʣʦʷ ʠ ʰʝʨʦʭʦʚʘʪʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʠ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʩʚʝʩʪʠ ʜʦ ʤʠʥʠʤʫʤʘ ʚʨʝʤʷ ʧʦʩʣʝ-

ʜʫʶʱʝʛʦ ʧʦʣʠʨʦʚʘʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʩʪʝʢʣʷʥʥʦʡ ʧʦʜʣʦʞʢʠ. 

ʍʦʨʦʰʠʝ ʨʝʟʫʣʴʪʘʪʳ ʧʨʠ ʫʪʦʥʝʥʠʠ ʜʠʩʧʣʝʡʥʳʭ ʧʘʥʝʣʝʡ ʧʦʣʫʯʝʥʳ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʦʙʦʨʫʜʦʚʘʥʠʷ ʩ ʢʦʣʴʮʝʚʳʤ ʘʣʤʘʟʥʳʤ ʠʥʩʪʨʫʤʝʥʪʦʤ (ʨʠʩ. 5).  
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ʈʠʩ. 5. ʉʪʘʥʦʢ ʜʣʷ ʫʪʦʥʝʥʠʷ ʩʪʝʢʣʷʥʥʳʭ ʧʦʜʣʦʞʝʢ ʜʠʩʧʣʝʡʥʳʭ ʧʘʥʝʣʝʡ ʩ ʧʦʤʦʱʴʶ ʢʦʣʴʮʝ-

ʚʦʛʦ ʘʣʤʘʟʥʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ. 

 

ʅʘ ʥʠʞʥʝʡ ʧʣʘʥʰʘʡʙʝ ʬʠʢʩʠʨʫʝʪʩʷ ʦʙʨʘʙʘʪʳʚʘʝʤʘʷ ʜʝʪʘʣʴ. ʐʣʠʬʦʚʘʣʴʥʳʡ ʢʦʣʴʮʝʚʦʡ 

ʠʥʩʪʨʫʤʝʥʪ, ʨʘʩʧʦʣʦʞʝʥʥʳʡ ʥʘ ʚʝʨʭʥʝʤ ʚʨʘʱʘʶʱʝʤʩʷ ʰʧʠʥʜʝʣʝ, ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʨʘʩʧʦ-

ʣʦʞʝʥʥʳʝ ʧʦ ʧʝʨʠʤʝʪʨʫ ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʙʨʫʩʢʠ, ʥʘ ʢʦʪʦʨʳʭ ʥʘʢʣʝʝʥʳ ʘʣʤʘʟʥʳʝ ʪʘʙʣʝʪʢʠ.  

ʆʩʦʙʝʥʥʦʩʪʴʶ ʰʣʠʬʦʚʘʣʴʥʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʵʪʠ ʙʨʫʩʢʠ ʨʘʩʧʦʣʦʞʝʥʳ ʥʘ 

ʜʚʫʭ ʢʦʣʴʮʝʚʳʭ ʥʘʧʨʘʚʣʷʶʱʠʭ, ʠʤʝʶʱʠʭ ʧʥʝʚʤʘʪʠʯʝʩʢʠʡ ʧʨʠʚʦʜ ʜʣʷ ʠʭ ʧʝʨʝʤʝʱʝʥʠʷ ʚ ʚʝʨ-

ʪʠʢʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ. ʅʘ ʦʜʥʦʤ ʠʟ ʢʦʣʴʮʝʚʳʭ ʥʘʧʨʘʚʣʷʶʱʠʭ ʨʘʩʧʦʣʦʞʝʥʳ ʙʨʫʩʢʠ ʩ ʘʣʤʘʟ-

ʥʳʤʠ ʪʘʙʣʝʪʢʘʤʠ ʜʣʷ ʛʨʫʙʦʛʦ ʰʣʠʬʦʚʘʥʠʷ, ʘ ʥʘ ʚʪʦʨʦʤ ï ʜʣʷ ʬʠʥʠʰʥʦʛʦ ʰʣʠʬʦʚʘʥʠʷ. ʊʘʢʘʷ 

ʢʦʥʩʪʨʫʢʮʠʷ ʰʣʠʬʦʚʘʣʴʥʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ʦʙʝʩʧʝʯʠʚʘʝʪ ʨʝʟʢʦʝ ʧʦʚʳʰʝʥʠʝ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦ-

ʩʪʠ ʪʨʫʜʘ ʠ ʢʘʯʝʩʪʚʘ ʦʙʨʘʙʦʪʢʠ, ʪʘʢ ʢʘʢ ʥʝ ʪʨʝʙʫʝʪʩʷ ʧʝʨʝʤʝʱʝʥʠʷ ʦʙʨʘʙʘʪʳʚʘʝʤʦʡ ʜʝʪʘʣʠ ʩ 

ʦʜʥʦʛʦ ʩʪʘʥʢʘ ʥʘ ʜʨʫʛʦʡ. 

ɺ ʯʘʩʪʥʦʩʪʠ, ʚ ʧʦʢʘʟʘʥʥʦʤ ʥʘ ʬʦʪʦʛʨʘʬʠʠ ʩʪʘʥʢʝ ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʡ ʰʣʠʬʦʚʘʣʴʥʳʡ ʠʥ-

ʩʪʨʫʤʝʥʪ ʩʦʜʝʨʞʠʪ 48 ʙʨʫʩʢʦʚ ʩ ʥʘʢʣʝʝʥʥʳʤʠ ʘʣʤʘʟʥʳʤʠ ʪʘʙʣʝʪʢʘʤʠ. ʀʟ ʥʠʭ 36 ʰʣʠʬʦʚʘʣʴ-

ʥʳʭ ʙʨʫʩʢʦʚ-ʵʣʝʤʝʥʪʦʚ ʧʨʝʜʥʘʟʥʘʯʝʥʳ ʜʣʷ ʛʨʫʙʦʛʦ ʰʣʠʬʦʚʘʥʠʷ, ʘ 12 ï ʜʣʷ ʬʠʥʠʰʥʦʛʦ ʰʣʠ-

ʬʦʚʘʥʠʷ.  

ʂʘʢ ʧʦʢʘʟʘʣʠ ʩʨʘʚʥʠʪʝʣʴʥʳʝ ʠʩʧʳʪʘʥʠʷ ʧʦ ʫʪʦʥʝʥʠʶ ʜʠʩʧʣʝʡʥʳʭ ʧʘʥʝʣʝʡ ʥʘ ʦʙʦʨʫʜʦ-

ʚʘʥʠʠ ʦʙʦʠʭ ʪʠʧʦʚ ʩ ʧʦʤʦʱʴʶ ʦʧʠʩʘʥʥʦʛʦ ʘʣʤʘʟʥʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ʩʝʨʠʠ ʈʊNP1 ʠ ʜʨʫʛʠʭ ʪʠ-

ʧʦʚ ʘʣʤʘʟʥʳʭ ʠʥʩʪʨʫʤʝʥʪʦʚ ʤʠʨʦʚʳʭ ʧʨʦʠʟʚʦʜʠʪʝʣʝʡ, ʦʧʠʩʘʥʥʳʡ ʠʥʩʪʨʫʤʝʥʪ ʦʙʣʘʜʘʝʪ ʩʣʝ-

ʜʫʶʱʠʤʠ ʧʨʝʠʤʫʱʝʩʪʚʘʤʠ: 

ï ʧʦʚʳʰʝʥʠʝ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʥʘ ʦʧʝʨʘʮʠʷʭ ʰʣʠʬʦʚʘʥʠʷ ʚ 1,5 - 2 ʨʘʟʘ; 

ï ʨʘʙʦʪʘ ʠʥʩʪʨʫʤʝʥʪʘ ʚ ʨʝʞʠʤʝ ʩʘʤʦʟʘʪʘʯʠʚʘʥʠʷ; 
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ï ʩʦʢʨʘʱʝʥʠʝ ʚʨʝʤʝʥʠ ʧʦʣʠʨʦʚʘʥʠʷ ʚ 4ï5 ʨʘʟ ʟʘ ʩʯʝʪ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʫʤʝʥʴʰʝʥʠʷ ʛʣʫ-

ʙʠʥʳ ʥʘʨʫʰʝʥʥʦʛʦ ʩʣʦʷ.  
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Annotation: The work is devoted to the study of various methods of laser processing of silicon 

carbide wafer. The results of using a picosecond Nd:YAG laser with a wavelength of 1064 nm for 

laser drilling holes in the SiC substrate are presented. 

Keyword: Laser drilling, silicon carbide wafer, immersion laser processing of materials. 

 

ʂʘʨʙʠʜ ʢʨʝʤʥʠʷ (SiC) ʷʚʣʷʝʪʩʷ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʦʜʥʠʤ ʠʟ ʩʘʤʳʭ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʤʘ-

ʪʝʨʠʘʣʦʚ ʧʨʠ ʧʨʦʠʟʚʦʜʩʪʚʝ ʠʟʜʝʣʠʡ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ ʠ ʦʙʣʘʜʘʝʪ ʨʷʜʦʤ ʥʝʩʦʤʥʝʥʥʳʭ ʧʨʝ-

ʠʤʫʱʝʩʪʚ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ ʤʘʪʝʨʠʘʣʘʤʠ, ʠʩʧʦʣʴʟʫʝʤʳʤʠ ʚ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʝ. ʂ ʪʘ-

ʢʠʤ ʧʨʝʠʤʫʱʝʩʪʚʘʤ ʦʪʥʦʩʷʪʩʷ ʙʦʣʴʰʘʷ ʰʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ, ʚʳʩʦʢʘʷ ʪʝʧʣʦʧʨʦʚʦʜ-

ʥʦʩʪʴ, ʫʚʝʣʠʯʝʥʥʦʝ ʟʥʘʯʝʥʠʝ ʥʘʧʨʷʞʝʥʠʷ ʧʨʦʙʦʷ ʠ ʜʨ. ʆʩʥʦʚʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʘʨʙʠʜʘ 

ʢʨʝʤʥʠʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣ. 1. 

ʊʘʙʣʠʮʘ 1. ʉʨʘʚʥʝʥʠʝ ʦʩʥʦʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʠʩʧʦʣʴ-

ʟʫʝʤʳʭ ʧʨʠ ʧʨʦʠʟʚʦʜʩʪʚʝ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ 

ʄʘʪʝʨʠʘʣ ʐʠʨʠʥʘ ʟʘ-

ʧʨʝʱʝʥʥʦʡ 

ʟʦʥʳ, ʵɺ 

ʇʦʜʚʠʞ-

ʥʦʩʪʴ ʵʣʝʢ-

ʪʨʦʥʦʚ, 

ʩʤĮ/ɺĿʩ 

ʅʘʧʨʷʞʝʥʠʝ 

ʧʨʦʙʦʷ, 

ʤɺ/ʩʤ 

ɼʨʝʡʬʦʚʘʷ 

ʩʢʦʨʦʩʪʴ 

ʵʣʝʢʪʨʦʥʦʚ 

ʧʨʠ Vʥʘʩ, 

ʩʤ/c 

ʊʝʧʣʦʧʨʦ-

ʚʦʜʥʦʩʪʴ 

ɺʪ/ʤ/K 

Si 1,12 1,1 0,6 1Ŀ10 150 

GaAs 1,42 6,0 0,6 8Ŀ10 50 

GaN 3,39 1,0 3,3 2,5Ŀ10 130 

3C-SiC 2,2 750 2 2,5Ŀ10 500 

4C-SiC 3,26 800 3 2Ŀ10 490 

6C-SiC 3 370 3 2Ŀ10 490 

ʂʘʨʙʠʜ ʢʨʝʤʥʠʷ ʩʪʨʫʢʪʫʨʥʦ ʷʚʣʷʝʪʩʷ ʘʣʤʘʟʦʧʦʜʦʙʥʳʤ ʚʝʱʝʩʪʚʦʤ ʩ ʩʠʣʴʥʳʤʠ ʭʠʤʠʯʝ-

ʩʢʠʤʠ ʩʚʷʟʷʤʠ (313 ʢɼʞ/ʤʦʣʴ), ʯʪʦ ʠ ʦʙʝʩʧʝʯʠʚʘʝʪ ʝʛʦ ʚʳʩʦʢʫʶ ʭʠʤʠʯʝʩʢʫʶ, ʨʘʜʠʘʮʠʦʥʥʫʶ, 

ʪʝʤʧʝʨʘʪʫʨʥʫʶ ʠ ʤʝʭʘʥʠʯʝʩʢʫʶ ʧʨʦʯʥʦʩʪʴ, ʘ ʢʦʤʧʣʝʢʩ ʝʛʦ ʩʚʦʡʩʪʚ ʜʝʣʘʝʪ ʧʨʠʤʝʥʝʥʠʝ ʢʘʨ-

ʙʠʜʘ ʢʨʝʤʥʠʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʚ ʵʣʝʢʪʨʦʥʠʢʝ ʧʨʠ ʩʦʟʜʘʥʠʠ ʢʦʤʧʦʥʝʥʪʥʦʡ ʙʘʟʳ ʜʣʷ ʨʘʙʦʪʳ ʚ 

ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʠ ʩ ʵʢʩʪʨʝʤʘʣʴʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʧʦ ʥʘʧʨʷʞʝʥʠʶ, ʧʣʦʪʥʦʩʪʠ 

ʪʦʢʘ, ʨʘʙʦʯʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤ ʠ ʜʘʚʣʝʥʠʷʤ, ʨʘʜʠʘʮʠʦʥʥʦʤʫ ʬʦʥʫ ʠ ʜʨ. 

ʆʜʥʘʢʦ ʧʨʠʤʝʥʝʥʠʝ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʧʦʜʣʦʞʢʠ ʧʨʠ ʠʟʛʦʪʦʚʣʝʥʠʠ ʠʟʜʝʣʠʡ 

ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ ʠʟ-ʟʘ ʚʳʩʦʢʦʡ ʤʝʭʘʥʠʯʝʩʢʦʡ ʧʨʦʯʥʦʩʪʠ ʠ ʪʚʝʨʜʦʩʪʠ (9-9,5 ʧʦ ʰʢʘʣʝ ʄʦʦʩʘ) 

ʥʘʢʣʘʜʳʚʘʝʪ ʚʳʩʦʢʠʡ ʫʨʦʚʝʥʴ ʪʨʝʙʦʚʘʥʠʡ ʧʨʠ ʨʘʟʜʝʣʝʥʠʠ ʧʦʜʣʦʞʢʠ ʥʘ ʛʦʪʦʚʳʝ ʠʟʜʝʣʠʷ ʠ 

ʜʨʫʛʠʝ ʚʠʜʳ ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ. ʉʫʱʝʩʪʚʫʝʪ ʤʥʦʞʝʩʪʚʦ ʧʨʦʚʝʨʝʥʥʳʭ ʩʧʦʩʦʙʦʚ ʦʙʨʘ-
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ʙʦʪʢʠ SiC ʩ ʧʦʤʦʱʴʶ ʩʫʙʪʨʘʢʪʠʚʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ, ʚ ʦʩʥʦʚʥʦʤ ʵʣʝʢʪʨʦʵʨʦʟʠʦʥʥʦʡ ʦʙʨʘʙʦʪ-

ʢʦʡ (EDM), ʘ ʪʘʢʞʝ ʰʣʠʬʦʚʘʥʠʝʤ, ʘʣʤʘʟʥʦʡ ʪʦʢʘʨʥʦʡ ʦʙʨʘʙʦʪʢʦʡ, ʩʪʨʫʡʥʦʡ ʨʝʟʢʦʡ ʠ ʣʘʟʝʨ-

ʥʦʡ ʦʙʨʘʙʦʪʢʦʡ. 

ʆʜʥʦʡ ʠʟ ʩʘʤʳʭ ʟʘʪʨʘʪʥʳʤ ʠ ʪʨʫʜʥʦʨʝʘʣʠʟʫʝʤʳʭ ʟʘʜʘʯ ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ 

ʷʚʣʷʝʪʩʷ ʩʚʝʨʣʝʥʠʝ ʦʪʚʝʨʩʪʠʡ ʠ ʚ ʧʦʜʣʦʞʢʝ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ, ʢʦʪʦʨʘʷ ʨʝʰʘʣʘʩʴ ʩ ʧʨʠʤʝʥʝʥʠʝ 

ʢʘʢ ʦʙʳʯʥʦʛʦ ʤʝʪʦʜʘ ʣʘʟʝʨʥʦʡ ʨʝʟʢʠ, ʪʘʢ ʠ ʣʘʟʝʨʥʦʛʦ ʠʤʤʝʨʩʠʦʥʥʦʛʦ ʤʝʪʦʜʘ ʦʙʨʘʙʦʪʢʠ ʤʘʪʝ-

ʨʠʘʣʦʚ [1-4], ʨʝʟʫʣʴʪʘʪʳ ʧʨʠʤʝʥʝʥʠʷ ʢʦʪʦʨʳʭ ʠ ʧʨʠʚʝʜʝʥʳ ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ. ɺ ʩʦʦʪʚʝʪ-

ʩʪʚʠʠ ʩ ʟʘʜʘʥʠʝʤ ɿʘʢʘʟʯʠʢʘ (ʧʨʦʠʟʚʦʜʠʪʝʣʷ ʠʟʜʝʣʠʡ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ) ʨʘʩʩʤʘʪʨʠʚʘʣʘʩʴ ʚʦʟ-

ʤʦʞʥʦʩʪʴ ʣʘʟʝʨʥʦʛʦ ʩʚʝʨʣʝʥʠʷ ʦʪʚʝʨʩʪʠʡ ʚ ʧʦʜʣʦʞʢʝ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʩ ʥʘʥʝʩʝʥʥʳʤ ʵʧʠʪʘʢ-

ʩʠʘʣʴʥʳʤ ʩʣʦʝʤ. ʀʩʧʦʣʴʟʦʚʘʣʘʩʴ ʧʦʜʣʦʞʢʘ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʪʦʣʱʠʥʦʡ 0,4 ʤʤ ʩ ʥʘʥʝʩʝʥʥʳʤ 

ʵʧʠʪʘʢʩʠʘʣʴʥʳʤ ʩʣʦʝʤ ʠ ʚʳʧʦʣʥʷʣʦʩʴ ʚ ʧʦʜʣʦʞʢʝ ʩʚʝʨʣʝʥʠʝ ʦʪʚʝʨʩʪʠʡ ʜʠʘʤʝʪʨʦʤ 1 ʤʤ. ɼʣʷ 

ʣʘʟʝʨʥʦʛʦ ʩʚʝʨʣʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʠʥʬʨʘʢʨʘʩʥʳʡ ʧʠʢʦʩʝʢʫʥʜʥʳʡ ʣʘʟʝʨʘ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 

1064 ʥʤ ʠ ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʠʤʧʫʣʴʩʘ ʥʝ ʙʦʣʝʝ 10 ʧʩ. 

ʎʝʣʴʶ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ ʷʚʣʷʣʦʩʴ ʚʳʙʦʨ ʨʘʙʦʯʠʭ ʨʝʞʠʤʦʚ ʪʝʭʥʦʣʦʛʠ-

ʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʣʘʟʝʨʥʦʡ ʨʝʟʢʠ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʦʪʚʝʨʩʪʠʡ ʩ ʤʠʥʠʤʘʣʴʥʦʡ ʟʦʥʦʡ ʪʝʧʣʦʚʦʛʦ 

ʚʦʟʜʝʡʩʪʚʠʷ, ʤʠʥʠʤʘʣʴʥʦʡ ʢʦʥʫʩʥʦʩʪʴʶ ʠ ʤʠʥʠʤʘʣʴʥʦʡ ʜʝʬʝʢʪʥʦʡ ʟʦʥʦʡ ʤʘʪʝʨʠʘʣʘ ʥʘ ʚʭʦʜʝ 

ʠ ʚʳʭʦʜʝ ʦʪʚʝʨʩʪʠʷ ʧʦʜʣʦʞʢʠ ʠʟ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʩ ʵʧʠʪʘʢʩʠʘʣʴʥʳʤ ʩʣʦʝʤ. 

ʇʨʠʥʮʠʧʠʘʣʴʥʘʷ ʩʭʝʤʘ ʫʩʪʘʥʦʚʢʠ ʜʣʷ ʦʙʨʘʙʦʪʢʠ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩ.1. 

ɺ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʠʟʣʫʯʝʥʠʷ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʧʠʢʦʩʝʢʫʥʜʥʳʡ Nd: YAG ʣʘʟʝʨ ʩ ʜʣʠʥʦʡ 

ʚʦʣʥʳ 1064 ʥʤ ʠ ʤʘʢʩʠʤʘʣʴʥʦʡ ʤʦʱʥʦʩʪʴʶ ʠʟʣʫʯʝʥʠʷ ʜʦ 30 ɺʪ, ʢʦʤʧʘʥʠʠ Spectra Physics. 

ʊʘʢʞʝ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʛʘʣʴʚʘʥʠʯʝʩʢʠʡ ʩʢʘʥʘʪʝʨ ʢʦʤʧʘʥʠʠ Scanlab ʜʣʷ ʜʣʠʥʳ ʚʦʣʥʳ 1064 ʥʤ, 

ʩ ʤʘʢʩʠʤʘʣʴʥʦʡ ʩʢʦʨʦʩʪʴʶ ʤʘʨʢʠʨʦʚʢʠ ʜʦ 2 ʤ/ʩ. ɺ ʢʘʯʝʩʪʚʝ ʬʦʢʫʩʠʨʫʶʱʝʡ ʣʠʥʟʳ ʠʩʧʦʣʴʟʦ-

ʚʘʣʩʷ ʬʦʢʫʩʠʨʫʶʱʠʡ ʪʝʣʝʮʝʥʪʨʠʯʝʩʢʠʡ ʦʙʲʝʢʪʠʚ f-Theta ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʩʧʝʮʠʘʣʴʥʦ ʜʣʷ ʧʦ-

ʚʳʰʝʥʠʷ ʪʦʯʥʦʩʪʠ ʣʘʟʝʨʥʳʭ ʩʢʘʥʠʨʫʶʱʠʭ ʩʠʩʪʝʤ, ʘ ʪʘʢʞʝ ʩʠʩʪʝʤ ʣʘʟʝʨʥʦʡ ʛʨʘʚʠʨʦʚʢʠ. ʕʪʠ 

ʦʙʲʝʢʪʠʚʳ ʧʦʟʚʦʣʷʶʪ ʬʦʨʤʠʨʦʚʘʪʴ ʙʦʣʝʝ ʪʦʯʥʳʝ ʨʘʟʤʝʨʳ ʧʷʪʥʘ, ʧʦʚʳʰʘʪʴ ʨʘʟʨʝʰʝʥʠʝ ʧʨʠ 

ʩʢʘʥʠʨʦʚʘʥʠʠ, ʘ ʪʘʢʞʝ ʫʚʝʣʠʯʠʚʘʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʨʠ ʛʨʘʚʠʨʦʚʢʝ ʠʣʠ ʩʚʝʨʣʝʥʠʠ. ɺʘʞʥʦ ʦʪ-

ʤʝʪʠʪʴ, ʯʪʦ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠ ʨʘʟʨʝʰʝʥʠʝ ʧʦʩʪʦʷʥʥʳ ʥʘ ʚʩʝʡ ʧʣʦʩʢʦʩʪʠ ʠʟʦʙʨʘʞʝʥʠʷ.  
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ʈʠʩ. 1. ʋʧʨʦʱʝʥʥʘʷ ʩʭʝʤʘ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʩʚʝʨʣʝʥʠʷ ʧʦʜʣʦʞʢʠ ʢʘʨʙʠʜʘ 

ʢʨʝʤʥʠʷ ʪʦʣʱʠʥʦʡ 0,4 ʤʤ ʩ ʥʘʥʝʩʝʥʥʳʤ ʵʧʠʪʘʢʩʠʘʣʴʥʳʤ ʩʣʦʝʤ. 

ɺ ʥʘʯʘʣʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʙʳʣʦ ʧʨʦʠʟʚʝʜʝʥʦ ʩʚʝʨʣʝʥʠʝ ʦʪʚʝʨʩʪʠʷ ʜʠʘʤʝʪʨʦʤ 1 ʤʤ ʩʦ ʩʪʦ-

ʨʦʥʳ ʧʦʜʣʦʞʢʠ ʥʘ ʢʦʪʦʨʦʡ ʥʝ ʨʘʩʧʦʣʦʞʝʥ ʵʧʠʪʘʢʩʠʘʣʴʥʳʡ ʩʣʦʡ. ɺʨʝʤʷ ʩʚʝʨʣʝʥʠʷ ʩʦʩʪʘʚʠʣʦ 

35 ʩʝʢʫʥʜ. ɺʠʜ ʧʦʣʫʯʝʥʥʦʛʦ ʦʪʚʝʨʩʪʠʷ ʧʦʢʘʟʘʥ ʥʘ ʨʠʩ.2.  ɼʝʬʝʢʪ ʢʨʦʤʢʠ ʚ ʩʦʚʦʢʫʧʥʦʩʪʠ ʩ 

ʰʠʨʠʥʦʡ ʟʦʥʳ ʪʝʧʣʦʚʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʩʦʩʪʘʚʠʣʠ 45 ʤʢʤ ʜʣʷ ʩʪʦʨʦʥʳ ʙʝʟ ʵʧʠʪʘʢʩʠʘʣʴʥʦʛʦ ʩʣʦʷ 

ʠ 6 ʤʢʤ ʜʣʷ ʩʪʦʨʦʥʳ ʩ ʵʧʠʪʘʢʩʠʘʣʴʥʳʤ ʩʣʦʝʤ. ʂʦʥʫʩʥʦʩʪʴ ʦʪʚʝʨʩʪʠʷ (ʨʘʟʥʠʮʘ ʜʠʘʤʝʪʨʦʚ ʦʪ-

ʚʝʨʩʪʠʷ ʥʘ ʚʭʦʜʝ ʠ ʚʳʭʦʜʝ) ʩʦʩʪʘʚʠʣʘ 30 ʤʢʤ. 

 

ʘ) ʚʠʜ ʦʪʚʝʨʩʪʠʷ ʩʦ ʩʪʦʨʦʥʳ ʚʭʦʜʘ ʣʘʟʝʨ-

ʥʦʛʦ ʠʟʣʫʯʝʥʠʷ (ʙʝʟ ʵʧʠʪʘʢʩʠʘʣʴʥʦʛʦ ʩʣʦʷ) 

ʙ) ʚʠʜ ʦʪʚʝʨʩʪʠʷ ʩʦ ʩʪʦʨʦʥʳ ʚʳʭʦʜʘ ʣʘ-

ʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ (ʩ ʵʧʠʪʘʢʩʠʘʣʴʥʳʤ 

ʩʣʦʝʤ) 
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ʈʠʩ. 2. ʋʧʨʦʱʝʥʥʘʷ ʩʭʝʤʘ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʩʚʝʨʣʝʥʠʷ ʧʦʜʣʦʞʢʠ ʢʘʨʙʠʜʘ 

ʢʨʝʤʥʠʷ ʪʦʣʱʠʥʦʡ 0,4 ʤʤ ʩ ʥʘʥʝʩʝʥʥʳʤ ʵʧʠʪʘʢʩʠʘʣʴʥʳʤ ʩʣʦʝʤ. 

ɺ ʨʘʤʢʘʭ ʵʢʩʧʝʨʠʤʝʥʪʘ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʚʦʟʤʦʞʥʦʩʪʠ ʠʟʚʝʩʪʥʦʛʦ ʤʝʪʦʜʘ ʣʘʟʝʨʥʦʡ 

ʦʙʨʘʙʦʪʢʠ ʤʘʪʝʨʠʘʣʦʚ ï ʣʘʟʝʨʥʦʡ ʠʤʤʝʨʩʠʦʥʥʦʡ ʦʙʨʘʙʦʪʢʠ ʤʘʪʝʨʠʘʣʦʚ (ʃʀʆʄ). ʄʝʪʦʜ ʣʘ-

ʟʝʨʥʦʡ ʠʤʤʝʨʩʠʦʥʥʦʡ ʦʙʨʘʙʦʪʢʠ ʤʘʪʝʨʠʘʣʦʚ ʦʪʥʦʩʠʪʩʷ ʢ ʥʦʚʳʤ ʤʝʪʦʜʘʤ ʦʙʨʘʙʦʪʢʠ ʰʠʨʦʢʦʛʦ 

ʩʧʝʢʪʨʘ ʤʘʪʝʨʠʘʣʦʚ ʠ ʙʝʨʝʪ ʩʚʦʝ ʥʘʯʘʣʦ ʚ 2018 ʛʦʜʫ. ʉʨʝʜʠ ʤʘʪʝʨʠʘʣʦʚ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ 

ʦʙʨʘʙʦʪʘʥʳ ʩ ʧʦʤʦʱʴʶ, ʃʀʆʄ ʧʨʠʩʫʪʩʪʚʫʶʪ ʢʘʢ ʭʨʫʧʢʠʝ ʥʝʤʝʪʘʣʣʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ, ʪʘʢ ʠ 

ʨʘʟʣʠʯʥʳʝ ʚʠʜʳ ʤʝʪʘʣʣʦʚ ʠ ʩʧʣʘʚʦʚ [1-4]. ʇʨʠʥʮʠʧʠʘʣʴʥʘʷ ʩʭʝʤʘ ʫʩʪʘʥʦʚʢʠ ʜʣʷ ʦʙʨʘʙʦʪʢʠ 

ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʤʝʪʦʜʦʤ ʃʀʆʄ ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩ.3. 

 

ʈʠʩ. 3. ʋʧʨʦʱʝʥʥʘʷ ʩʭʝʤʘ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʩʚʝʨʣʝʥʠʷ ʧʦʜʣʦʞʢʠ ʢʘʨʙʠʜʘ 

ʢʨʝʤʥʠʷ ʪʦʣʱʠʥʦʡ 0,4 ʤʤ ʩ ʥʘʥʝʩʝʥʥʳʤ ʵʧʠʪʘʢʩʠʘʣʴʥʳʤ ʩʣʦʝʤ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʤʝʪʦʜʘ 

ʃʀʆʄ. 

ɼʣʷ ʦʙʨʘʙʦʪʢʠ ʪʘʢʦʛʦ ʤʘʪʝʨʠʘʣʘ ʢʘʢ ʢʘʨʙʠʜ ʢʨʝʤʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʣʘʟʝʨʘ ʩ ʜʣʠʥʦʡ 

ʚʦʣʥʳ 1064 ʥʤ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʙʳʣʦ ʦʛʨʘʥʠʯʝʥʦ ʥʝʚʦʟʤʦʞʥʦʩʪʴʶ ʩʚʝʨʣʝʥʠʷ 

ʧʦʜʣʦʞʢʠ ʩ ʥʠʞʥʝʡ ʩʪʦʨʦʥʳ ʧʦʜʣʦʞʢʠ ʧʨʠ ʧʦʜʲʸʤʝ ʠʟʦʙʨʘʞʝʥʠʷ, ʬʦʨʤʠʨʫʝʤʦʛʦ ʣʘʟʝʨʦʤ ʟʘ 

ʩʯʝʪ ʧʦʩʪʝʧʝʥʥʦʛʦ ʜʚʠʞʝʥʠʷ ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʦʩʠ ʧʝʨʝʤʝʱʝʥʠʷ, ʥʘ ʢʦʪʦʨʦʡ ʟʘʢʨʝʧʣʝʥ ʩʢʘʥʘ-

ʪʝʨ ʠ ʦʙʲʝʢʪʠʚ. ʊʘʢʘʷ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠʩʫʪʩʪʚʫʝʪ ʪʦʣʴʢʦ ʜʣʷ ʤʘʪʝʨʠʘʣʦʚ ʧʨʦʟʨʘʯʥʳʭ ʜʣʷ 

ʜʣʠʥʳ ʚʦʣʥʳ 1064 ʥʤ. 

ɺ ʥʘʰʝʤ ʩʣʫʯʘʝ ʦʭʣʘʞʜʘʶʱʘʷ ʞʠʜʢʦʩʪʴ ʟʘ ʩʯʝʪ ʢʦʥʪʘʢʪʘ ʩ ʥʠʞʥʝʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʧʦʜ-

ʣʦʞʢʠ ʩʧʦʩʦʙʩʪʚʦʚʘʣʘ ʦʭʣʘʞʜʝʥʠʶ ʦʙʨʘʙʘʪʳʚʘʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ ʠ ʩʥʠʞʝʥʠʶ ʪʝʤʧʝʨʘʪʫʨʥʳʭ 

ʜʝʬʝʢʪʦʚ ʦʙʨʘʙʦʪʢʠ, ʦʜʥʘʢʦ ʜʦ ʧʨʦʨʝʟʘʥʠʷ ʵʧʠʪʘʢʩʠʘʣʴʥʳʡ ʩʣʦʡ ʦʭʣʘʞʜʝʥʠʝ ʚʳʧʦʣʥʷʝʪʩʷ 

ʞʠʜʢʦʩʪʴʶ ʚ ʝʝ ʦʙʳʯʥʦʤ ʩʦʩʪʦʷʥʠʠ, ʜʣʷ ʢʦʪʦʨʦʛʦ ʪʝʧʣʦʧʨʦʚʦʜʷʱʠʝ ʩʚʦʡʩʪʚʘ ʩʫʱʝʩʪʚʝʥʥʦ 

ʥʠʞʝ ʯʝʤ ʜʣʷ ʞʠʜʢʦʩʪʠ ʧʦʩʣʝ ʧʝʨʝʭʦʜʘ ʚ ʩʦʩʪʦʷʥʠʝ ʩʚʝʨʭʢʨʠʪʠʯʝʩʢʦʛʦ ʬʣʶʠʜʘ. ʇʨʠ ʵʪʦʤ 

ʤʦʱʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ ʣʘʟʝʨʘ ʙʳʣʘ ʫʚʝʣʠʯʝʥʘ ʚ ʪʨʠ ʨʘʟʘ, ʯʪʦ ʩʧʦʩʦʙʩʪʚʦʚʘʣʦ ʧʦʣʫʯʝʥʠʶ ʦʪʚʝʨ-

ʩʪʠʷ ʚ ʪʝʯʝʥʠʝ 5 ʩʝʢʫʥʜ. ʉʚʝʨʣʝʥʠʝ ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʩʦ ʩʪʦʨʦʥʳ ʧʦʜʣʦʞʢʠ ʥʘ ʢʦʪʦʨʦʡ ʥʝ ʨʘʩʧʦ-

ʣʦʞʝʥ ʵʧʠʪʘʢʩʠʘʣʴʥʳʡ ʩʣʦʡ. ɺʠʜ ʧʦʣʫʯʝʥʥʦʛʦ ʦʪʚʝʨʩʪʠʷ ʧʦʢʘʟʘʥ ʥʘ ʈʠʩ. [4].  ɼʝʬʝʢʪ ʢʨʦʤʢʠ 
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ʚ ʩʦʚʦʢʫʧʥʦʩʪʠ ʩ ʰʠʨʠʥʦʡ ʟʦʥʳ ʪʝʧʣʦʚʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʩʦʩʪʘʚʠʣʠ 8 ʤʢʤ ʜʣʷ ʩʪʦʨʦʥʳ ʙʝʟ ʵʧʠ-

ʪʘʢʩʠʘʣʴʥʦʛʦ ʩʣʦʷ ʠ 23 ʤʢʤ ʜʣʷ ʩʪʦʨʦʥʳ ʩ ʵʧʠʪʘʢʩʠʘʣʴʥʳʤ ʩʣʦʝʤ. ʂʦʥʫʩʥʦʩʪʴ ʦʪʚʝʨʩʪʠʷ (ʨʘʟ-

ʥʠʮʘ ʜʠʘʤʝʪʨʦʚ ʦʪʚʝʨʩʪʠʷ ʥʘ ʚʭʦʜʝ ʠ ʚʳʭʦʜʝ) ʩʦʩʪʘʚʠʣʘ 30 ʤʢʤ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʧʨʠ ʟʥʘʯʠ-

ʪʝʣʴʥʦʤ ʫʚʝʣʠʯʝʥʠʠ ʩʢʦʨʦʩʪʠ ʦʙʨʘʙʦʪʢʠ ʤʘʪʝʨʠʘʣʘ ʫʜʘʣʦʩʴ ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʟʠʪʴ ʪʝʧʣʦʚʳʝ 

ʜʝʬʝʢʪʳ. ʌʘʢʪʠʯʝʩʢʠ ʧʨʠ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʧʦʜʙʦʨʘ ʧʦʜʭʦʜʷʱʝʛʦ ʨʝʞʠʤʘ ʜʣʷ ʤʘʢʩʠʤʘʣʴʥʦʛʦ 

ʩʥʠʞʝʥʠʷ ʪʝʧʣʦʚʳʭ ʜʝʬʝʢʪʦʚ ʚʦʟʤʦʞʥʦ ʚʳʙʨʘʪʴ ʨʝʞʠʤ, ʧʨʠ ʢʦʪʦʨʦʤ ʪʝʧʣʦʚʳʝ ʜʝʬʝʢʪʳ ʦʪ-

ʚʝʨʩʪʠʡ ʙʫʜʫʪ ʩʦʢʨʘʱʝʥʳ ʜʦ ʟʥʘʯʝʥʠʡ ʤʝʥʝʝ 10 ʤʢʤ, ʧʨʠ ʵʪʦʤ ʦʙʨʘʙʦʪʢʘ ʦʜʥʦʛʦ ʦʪʚʝʨʩʪʠʷ 

ʟʘʡʤʝʪ ʧʦʨʷʜʢʘ 10 ʩʝʢʫʥʜ. 

 

ʘ) ʚʠʜ ʦʪʚʝʨʩʪʠʷ ʩʦ ʩʪʦʨʦʥʳ ʚʭʦʜʘ ʣʘʟʝʨ-

ʥʦʛʦ ʠʟʣʫʯʝʥʠʷ (ʙʝʟ ʵʧʠʪʘʢʩʠʘʣʴʥʦʛʦ ʩʣʦʷ) 

ʙ) ʚʠʜ ʦʪʚʝʨʩʪʠʷ ʩʦ ʩʪʦʨʦʥʳ ʚʳʭʦʜʘ ʣʘ-

ʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ (ʩ ʵʧʠʪʘʢʩʠʘʣʴʥʳʤ 

ʩʣʦʝʤ) 

ʈʠʩ. 4. ʋʧʨʦʱʝʥʥʘʷ ʩʭʝʤʘ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʩʚʝʨʣʝʥʠʷ ʧʦʜʣʦʞʢʠ ʢʘʨʙʠʜʘ 

ʢʨʝʤʥʠʷ ʪʦʣʱʠʥʦʡ 0,4 ʤʤ ʩ ʥʘʥʝʩʝʥʥʳʤ ʵʧʠʪʘʢʩʠʘʣʴʥʳʤ ʩʣʦʝʤ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʝʪʦʜʘ 

ʃʀʆʄ. 

ɺʳʚʦʜʳ: ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 1064 ʥʤ ʧʦʟʚʦʣʷʝʪ ʦʙ-

ʨʘʙʘʪʳʚʘʪʴ ʢʘʨʙʠʜ ʢʨʝʤʥʠʷ ʠ ʜʦʩʪʠʛʘʪʴ ʚʳʩʦʢʠʭ ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʠ ʧʦʣʫʯʝʥʠʠ ʧʨʝʮʠʟʠʦʥʥʳʭ 

ʦʪʚʝʨʩʪʠʡ ʤʘʣʦʛʦ ʜʠʘʤʝʪʨʘ, ʧʨʠ ʵʪʦʤ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʦʭʣʘʞʜʘʶʱʝʡ ʞʠʜʢʦʩʪʠ ʚ ʩʦʧʨʠʢʦʩʥʦ-

ʚʝʥʠʠ ʩ ʥʠʞʥʝʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʧʦʜʣʦʞʢʠ ʩʧʦʩʦʙʥʦ ʢʘʢ ʧʦʚʳʩʠʪʴ ʢʘʯʝʩʪʚʦ ʧʦʣʫʯʘʝʤʳʭ ʦʪʚʝʨ-

ʩʪʠʡ, ʪʘʢ ʠ ʩʦʢʨʘʪʠʪʴ ʚʨʝʤʷ ʦʙʨʘʙʦʪʢʠ. 
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ʩʧʠʥʦʚʦʡ ʥʘʢʘʯʢʠ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠ ʪʝʦʨʝʪʠʯʝʩʢʠ ʠʩʩʣʝʜʫʶʪʩʷ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʟʘʚʠʩʠ-

ʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ ʦʪ ʯʘʩʪʦʪʳ ʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʘ ʪʘʢʞʝ ʦʪ ʪʦʣʱʠʥ  ʤʘʛ-

ʥʠʪʦʫʧʨʫʛʠʭ ʩʣʦʝʚ ʞʝʣʝʟʦ-ʠʪʪʨʠʝʚʦʛʦ ʛʨʘʥʘʪʘ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʘʛʥʠʪʦʫʧʨʫʛʠʝ ʚʦʣʥʳ, ʩʧʠʥʦʚʳʝ ʚʦʣʥʳ, ʩʧʠʥʦʚʘʷ ʥʘʢʘʯʢʘ, ʧʴʝʟʦʵʣʝʢʪʨʠʢ, 

ʬʝʨʨʠʤʘʛʥʝʪʠʢ, ʨʝʟʦʥʘʪʦʨ ʦʙʲʝʤʥʳʭ ʘʢʫʩʪʠʯʝʩʢʠʭ ʚʦʣʥ  
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Annotation. The work is devoted to the creation and study of composite magnon-phonon bulk acous-

tic waves resonators in the gigahertz frequency range as a low-energy source of acoustically driven 

spin waves and the acoustic spin pumping they create. The functional dependences of the reflection 

coefficient on the frequency and magnetic field, as well as on the thicknesses of the magnetoelastic 

layers of yttrium iron garnet, are studied experimentally and theoretically. 
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ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʫʧʨʫʛʠʭ ʜʝʬʦʨʤʘʮʠʡ ʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ ʪʚʝʨʜʦʤ ʪʝʣʝ,  

ʚʦʩʭʦʜʠʪ ʢ ʩʝʨʝʜʠʥʝ 19 ʚʝʢʘ. ʗʚʣʝʥʠʷ ʧʨʷʤʦʡ ʠ ʦʙʨʘʪʥʦʡ  ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ ï ʤʘʛʥʠʪʦʫʧʨʫʛʦ-

ʩʪʠ, ʧʝʨʚʦʥʘʯʘʣʴʥʦ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʣʷ ʩʝʥʩʦʨʥʳʭ ʠ ʜʠʘʛʥʦʩʪʠʯʝʩʢʠʭ ʮʝʣʝʡ ʚ ʢʚʘʟʠʩʪʘʪʠʯʝ-

ʩʢʠʭ ʨʝʞʠʤʘʭ  ʠʟʤʝʥʝʥʠʷ ʫʧʨʫʛʠʭ ʜʝʬʦʨʤʘʮʠʡ ʠ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ. ɼʣʷ ʚʦʟʙʫʞʜʝʥʠʷ ʚ ʪʚʝʨ-

ʜʳʭ ʪʝʣʘʭ ʘʢʫʩʪʠʯʝʩʢʠʭ ʚʦʣʥ (ɸɺ) ʠ/ʠʣʠ ʩʧʠʥʦʚʳʭ ʚʦʣʥ (ʉɺ) ʚ ʤʝʛʘʛʝʨʮʦʚʦʡ ʠ ʛʠʛʘʛʝʨʮʦʚʦʡ 

ʦʙʣʘʩʪʠ ʯʘʩʪʦʪ ʵʪʠ ʷʚʣʝʥʠʷ ʥʘʯʘʣʠ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʙʦʣʝʝ ʚʝʢʘ ʩʧʫʩʪʷ. ʆʩʥʦʚʳ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ 

ʦʧʠʩʘʥʠʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ  ɸɺ  ʠ ʉɺ  (ʢʚʘʥʪʘʤʠ ʢʦʪʦʨʳʭ ʷʚʣʷʶʪʩʷ ʬʦʥʦʥʳ ʠ ʤʘʛʥʦʥʳ) ʙʳʣʠ 

ʟʘʣʦʞʝʥʳ ʚ ʢʦʥʮʝ 50-ʭ ʛʦʜʦʚ ʜʚʘʜʮʘʪʦʛʦ ʚʝʢʘ [1]. ɺ ʥʘʰʝ ʚʨʝʤʷ ʥʘʙʣʶʜʘʝʪʩʷ  ʥʦʚʳʡ ʚʩʧʣʝʩʢ 

ʠʥʪʝʨʝʩʘ ʢ ʨʘʟʣʠʯʥʳʤ ʧʨʦʷʚʣʝʥʠʷʤ ʤʘʛʥʦʥ-ʬʦʥʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʘʭ ʠ 

ʛʠʙʨʠʜʥʳʭ ʩʪʨʫʢʪʫʨʘʭ ʤʠʢʨʦʚʦʣʥʦʚʦʡ ʩʧʠʥʪʨʦʥʠʢʠ, ʩʪʨʵʡʥʪʨʦʥʠʢʠ ʠ ʤʘʛʥʦʥʠʢʠ [2-7].  ʌʦʨ-

ʤʠʨʫʶʪʩʷ ʥʦʚʳʝ ʥʘʧʨʘʚʣʝʥʠʷ, ʩʚʷʟʘʥʥʳʝ ʩ ʷʚʣʝʥʠʝʤ ɹʦʟʝ ï ʕʡʥʰʪʝʡʥʦʚʩʢʦʡ ʢʦʥʜʝʥʩʘʮʠʠ 

ʤʘʛʥʠʪʦʫʧʨʫʛʠʭ ʢʚʘʟʠʯʘʩʪʠʮ, ʪʨʘʥʩʧʦʨʪʦʤ ʤʘʛʥʦʥ-ʧʦʣʷʨʦʥʦʚ, ʤʘʛʥʦʥʥʦʡ ʠ ʬʦʥʦʥʥʦʡ ʣʦʛʠ-

ʢʦʡ ʠ ʜʨ. ʂʨʦʤʝ ʪʦʛʦ, ʛʠʙʨʠʜʥʳʝ ʤʫʣʴʪʠʬʝʨʨʦʠʜʥʳʝ ʩʠʩʪʝʤʳ ʩ ʚʦʟʤʦʞʥʦʩʪʴʶ ʫʧʨʘʚʣʝʥʠʷ ʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʩ ʧʦʤʦʱʴʶ ʚʥʝʰʥʠʭ ʤʘʛʥʠʪʥʳʭ ʠ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʣʝʡ, ʧʨʝʜʩʪʘʚʣʷʶʪ ʠʥ-

ʪʝʨʝʩ ʚ ʢʘʯʝʩʪʚʝ ʧʝʨʝʩʪʨʘʠʚʘʝʤʳʭ ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʭ ʤʠʢʨʦʚʦʣʥʦʚʳʭ ʵʣʝʤʝʥʪʦʚ ï ʨʝʟʦ-

ʥʘʪʦʨʦʚ,  ʬʠʣʴʪʨʦʚ, ʬʘʟʦʚʨʘʱʘʪʝʣʝʡ ʠ ʜʨ.  

ʅʘ ʧʨʦʪʷʞʝʥʠʠ ʧʦʩʣʝʜʥʝʡ ʜʝʢʘʜʳ ʨʘʙʦʪʳ ʥʘʰʝʡ ʛʨʫʧʧʳ ʙʳʣʠ ʧʦʩʚʷʱʝʥʳ ʠʩʩʣʝʜʦʚʘ-

ʥʠʶ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʢʦʛʝʨʝʥʪʥʳʭ ʉɺ ʠ ɸɺ ʚ ʛʠʙʨʠʜʥʳʭ ʤʘʛʥʦʥ-ʬʦʥʦʥʥʳʭ ʩʪʨʫʢʪʫʨʘʭ, ʩʦʜʝʨ-

ʞʘʱʠʭ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠ ʬʝʨʨʦ(ʬʝʨʨʠ)ʤʘʛʥʠʪʥʳʝ (ʌʄ) ʩʣʦʠ.  ɺ ʯʘʩʪʥʦʩʪʠ, ʚ ʨʘʙʦʪʘʭ [8-

11] ʤʳ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʠ ʪʝʦʨʝʪʠʯʝʩʢʠ ʦʙʦʩʥʦʚʘʣʠ ʵʬʬʝʢʪʠʚʥʦʝ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʝ ʚʦʟ-

ʙʫʞʜʝʥʠʝ ʢʘʢ ʣʠʥʝʡʥʳʭ, ʪʘʢ ʠ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ çʘʢʫʩʪʠʯʝʩʢʠʭè ʩʧʠʥʦʚʳʭ ʚʦʣʥ (ɸʉɺ, 

ADSW ï acoustically driven spin waves) ʚ ʛʠʧʝʨʟʚʫʢʦʚʦʤ ʨʝʟʦʥʘʪʦʨʝ ʦʙʲʝʤʥʳʭ ʚʦʣʥ 

(HBAR ï High- overtone Bulk Acoustic Resonator) ʩʦ ʩʪʨʫʢʪʫʨʦʡ ZnO-YIG-GGG-YIG/Pt (ʩʤ. 

ʨʠʩ.1(a)). ʂʨʦʤʝ ʪʦʛʦ, ʪʝʦʨʝʪʠʯʝʩʢʠ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ, ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚʳʰʝʦʧʠʩʘʥʥʳʡ 
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HBAR ʷʚʣʷʝʪʩʷ ʵʬʬʝʢʪʠʚʥʳʤ ʠʩʪʦʯʥʠʢʦʤ ʩʧʠʥʦʚʦʛʦ ʪʦʢʘ j s ʥʘ ʛʨʘʥʠʮʝ YIG/Pt, ʢʦʪʦʨʳʡ ʢʦʥ-

ʚʝʨʪʠʨʫʝʪʩʷ ʚ ʪʦʢ ʧʨʦʚʦʜʠʤʦʩʪʠ  ʚ Pt  ʙʣʘʛʦʜʘʨʷ ʦʙʨʘʪʥʦʤʫ ʩʧʠʥʦʚʦʤʫ ʵʬʬʝʢʪʫ ʍʦʣʣʘ (ISHE) 

[9-11]. ɺ ʨʝʟʫʣʴʪʘʪʝ ʩʧʠʥʦʚʦʡ ʥʘʢʘʯʢʠ ʠ ISHE ʥʘ ʢʦʥʮʘʭ ʪʦʥʢʦʡ ʧʣʝʥʦʯʥʦʡ ʧʦʣʦʩʢʠ ʠʟ Pt ʧʨʦ-

ʠʩʭʦʜʠʪ ʛʝʥʝʨʘʮʠʷ ʧʦʩʪʦʷʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ UISHE.  

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʤʳ ʧʨʝʜʩʪʘʚʣʷʝʤ ʨʝʟʫʣʴʪʘʪʳ ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴ-

ʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʠʭ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʦʙʦʩʥʦʚʘʥʠʷ ʨʝʟʦʥʘʥʩʥʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ ʣʠʥʝʡʥʳʭ ʠ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ADSW, ʧʦʣʫʯʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʯʘʩʪʦʪʥʦ-ʧʦʣʝʚʦʛʦ ʤʵʧʧʠʥʛʘ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʦʪʨʘʞʝʥʠʷ S11(f, H)  ʦʪ ʵʣʝʢʪʨʦʜʦʚ ʧʴʝʟʦʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ (f - ʯʘʩʪʦʪʘ rf-ʩʠʛʥʘʣʘ, ʧʦʜʘʚʘʝʤʦʛʦ 

ʥʘ ʵʣʝʢʪʨʦʜʳ ʧʴʝʟʦʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ, H ï ʚʝʣʠʯʠʥʘ ʚʥʝʰʥʝʛʦ ʪʘʥʛʝʥʮʠʘʣʴʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ). ʌʫʥʢʮʠʦʥʘʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ S11(f, H)  ʦʪʨʘʞʘʶʪ ʨʝʟʫʣʴʪʘʪ ʦʧʦʩʨʝʜʦʚʘʥʥʦʛʦ ʵʣʝʢʪʨʠ-

ʯʝʩʢʦʛʦ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ADSW (ʢʘʢ ʣʠʥʝʡʥʳʭ, ʪʘʢ ʠ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ) ʠ  ʩʦʜʝʨʞʘʪ ʠʥʬʦʨʤʘ-

ʮʠʶ ʦ ʨʘʟʥʦʦʙʨʘʟʥʦʡ ʩʧʠʥʦʚʦʡ ʜʠʥʘʤʠʢʝ, ʠ ʧʘʨʘʤʝʪʨʘʭ ʤʘʛʥʠʪʥʳʭ ʩʨʝʜ.  

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʦʥʘʪʦʨʥʳʝ ʩʪʨʫʢʪʫʨʳ ʠʟʛʦʪʘʚʣʠʚʘʣʠʩʴ ʥʘ ʦʩʥʦʚʝ  ʛʦʪʦʚʳʭ 

ʩʪʨʫʢʪʫʨ ʩ ʵʧʠʪʘʢʩʠʘʣʴʥʳʤʠ ʧʣʝʥʢʘʤʠ YIG ʩ ʪʦʣʱʠʥʘʤʠ ʦʪ ʥʝʩʢʦʣʴʢʠʭ ʜʦ ʜʝʩʷʪʢʦʚ ʤʠʢʨʦʥ, 

ʥʘ ʢʦʪʦʨʳʝ ʤʝʪʦʜʦʤ rf-ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʥʘʧʳʣʝʥʠʷ ʥʘʥʦʩʠʣʩʷ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ ʩʜʚʠʛʦʚʳʭ ɸɺ, 

ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʭʩʷ  ʧʦ ʪʦʣʱʠʥʝ ʩʪʨʫʢʪʫʨʳ. ɺ ʛʠʛʘʛʝʨʮʦʚʦʤ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ ʚʦʟʙʫʞʜʘʶʪʩʷ 

ʚʳʩʦʢʠʝ ʛʘʨʤʦʥʠʢʠ ʨʝʟʦʥʘʪʦʨʘ, ʵʥʝʨʛʠʷ ʢʦʪʦʨʳʭ ʣʦʢʘʣʠʟʦʚʘʥʘ ʚ ʦʙʣʘʩʪʠ, ʦʧʨʝʜʝʣʷʝʤʦʡ ʘʧʝʨ-

ʪʫʨʦʡ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ, ʪ.ʝ. ʦʙʣʘʩʪʴʶ ʧʝʨʝʢʨʳʪʠʷ ʚʝʨʭʥʝʛʦ ʠ ʥʠʞʥʝʛʦ ʵʣʝʢʪʨʦʜʦʚ (ʨʠʩ 1(ʙ), 

(ʚ)). ʕʣʝʢʪʨʠʯʝʩʢʦʝ ʚʦʟʙʫʞʜʝʥʠʝ ʠ ʜʝʪʝʢʪʠʨʦʚʘʥʠʝ ʩʜʚʠʛʦʚʳʭ ʦʙʲʝʤʥʳʭ ɸɺ ʧʨʦʠʩʭʦʜʠʪ ʟʘ 

ʩʯʝʪ ʧʨʷʤʦʛʦ ʠ ʦʙʨʘʪʥʦʛʦ ʧʴʝʟʦʵʬʬʝʢʪʘ ʚ ʧʣʝʥʢʝ ZnO (ʩ ʥʘʢʣʦʥʥʦʡ ʦʩʴʶ ʪʝʢʩʪʫʨʳ) ʥʘ 

ʨʝʟʦʥʘʥʩʥʳʭ ʯʘʩʪʦʪʘʭ fn , ʢʦʪʦʨʳʝ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʤʠʥʠʤʫʤʘʤ ʥʘ ʯʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʤʦ-

ʜʫʣʷ ʢʦʤʧʣʝʢʩʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ ʨʝʟʦʥʘʪʦʨʘ |S11(f)|. ʌʨʘʛʤʝʥʪ ʩʧʝʢʪʨʘ ʦʜʥʦʛʦ ʠʟ 

ʨʝʟʦʥʘʪʦʨʦʚ, ʩʥʷʪʳʡ ʚ ʥʫʣʝʚʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ,  ʧʨʠʚʝʜʝʥ ʥʘ ʨʠʩ. 1 (ʛ). | ɼʣʷ ʠʟʤʝʨʝʥʠʡ ʚ 

ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʦʙʨʘʟʝʮ HBAR  ʧʦʤʝʱʘʣʩʷ ʚ ʵʣʝʢʪʨʦʤʘʛʥʠʪ, ʫʧʨʘʚʣʷʝʤʳʡ ʢʦʤʧʴʶʪʝʨʦʤ.  

ɹʣʘʛʦʜʘʨʷ  ʤʘʛʥʠʪʦʫʧʨʫʛʦʩʪʠ ʚ ʧʣʝʥʢʘʭ YIG ʧʨʦʠʩʭʦʜʠʪ ʚʦʟʙʫʞʜʝʥʠʝ ADSW ʣʠʙʦ ʥʘ ʪʝʭ ʞʝ 

ʨʝʟʦʥʘʥʩʥʳʭ ʯʘʩʪʦʪʘʭ HBAR (ʣʠʥʝʡʥʳʡ ʨʝʞʠʤ) ʚ ʧʦʣʷʭ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʦʣʷʤ ʤʘʛʥʠʪʦ-

ʫʧʨʫʛʦʛʦ ʨʝʟʦʥʘʥʩʘ (ʄʋʈ), ʣʠʙʦ ʧʨʠ ʤʝʥʴʰʠʭ ʧʦʣʷʭ ʠ ʧʨʝʚʳʰʝʥʠʠ ʧʦʜʘʚʘʝʤʦʡ ʥʘ ʵʣʝʢʪʨʦʜʳ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʧʦʨʦʛʦʚʦʡ ʤʦʱʥʦʩʪʠ, ʥʘ ʧʦʣʦʚʠʥʥʳʭ ʯʘʩʪʦʪʘʭ fn/2 (ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʡ ʨʝʞʠʤ).  
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ʈʠʩ. 1. ʉʭʝʤʳ ʢʦʤʧʦʟʠʪʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʦʙʲʝʤʥʳʭ ɸɺ, ʚʦʟʙʫʞʜʘʝʤʦʛʦ ʧʣʝʥʦʯʥʳʤ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʤ ʠʟ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʣʝʥʢʠ (1) ʠʟ ZnO ʠ ʜʚʫʭ ʪʦʥʢʠʭ ʘʣʶʤʠʥʠʝʚʳʭ 

ʵʣʝʢʪʨʦʜʦʚ (2), ʠ   ʩʦʜʝʨʞʘʱʝʛʦ ʩʣʦʠ (3), (5) ʞʝʣʝʟʦ-ʠʪʪʨʠʝʚʦʛʦ ʛʨʘʥʘʪʘ (YIG)ʥʘ ʧʦʜʣʦʞʢʝ 

(4) ʠʟ ʛʘʣʣʠʡ-ʛʘʜʦʣʠʥʠʝʚʦʛʦ ʛʨʘʥʘʪʘ,   ʧʣʝʥʢʫ ʧʣʘʪʠʥʳ (6) (ʘ); ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʷ ʩʪʨʫʢ-
ʪʫʨʳ ʨʝʟʦʥʘʪʦʨʘ ñʥʘ ʧʨʦʩʚʝʪò ʩ ʬʦʢʫʩʠʨʦʚʢʘʤʠ ʥʘ ʥʠʞʥʝʡ ʧʣʦʩʢʦʩʪʠ ʩʪʨʫʢʪʫʨʳ ʩ ʧʦʣʦ-

ʩʦʡ Pt (ʩʝʨʘʷ ʦʙʣʘʩʪʴ) ʠ ʥʘ ʚʝʨʭʥʝʡ ʧʣʦʩʢʦʩʪʠ, ʛʜʝ ʨʘʩʧʦʣʦʞʝʥ ʧʴʝʟʦʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ ʩ 

ʘʧʝʨʪʫʨʦʡ ʜʠʘʤʝʪʨʦʤ d = 170 ʤʢʤ (ʢʨʫʛ) ʠ ʪʨʝʫʛʦʣʴʥʳʤʠ ʢʦʥʪʘʢʪʥʳʤʠ ʧʣʦʱʘʜʢʘʤʠ, (ʙ), 

ʬʦʪʦʛʨʘʬʠʷ ʵʣʝʢʪʨʦʜʦʚ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʚ ʢʦʥʪʘʢʪʝ ʩ rf ʱʫʧʦʤ GS ʪʠʧʘ, ʩʦʝʜʠʥʝʥʥʳʤ ʩ 

ʚʝʢʪʦʨʥʳʤ ʘʥʘʣʠʟʘʪʦʨʦʤ ʮʝʧʝʡ (VNA) (ʚ); ʬʨʘʛʤʝʥʪ ʯʘʩʪʦʪʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠ-

ʝʥʪʘ ʦʪʨʘʞʝʥʠʷ |S11|, ʠʟʤʝʨʝʥʥʦʡ ʚ ʥʫʣʝʚʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ, (ʛ); ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʤʘʛ-

ʥʠʪʦʧʦʣʝʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʨʝʟʦʥʘʥʩʥʳʭ ʯʘʩʪʦʪ fn(H) (ʢʨʘʩʥʳʝ ʪʦʯʢʠ) ʚʙʣʠʟʠ ʯʘʩʪʦʪ  ʤʘʛ-

ʥʠʪʦʫʧʨʫʛʦʛʦ ʨʝʟʦʥʘʥʩʘ fʄʋʈ(H)  (ʣʠʥʠʷ 1) ʠ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ fʌʄʈ(H)=  (ɔ/2 )́[H(H 

+ 4ˊM)] 1/2 (ʣʠʥʠʷ 2), ʘ ʪʘʢʞʝ ʧʨʝʜʩʪʘʚʣʝʥʥʘʷ ʜʣʷ ʩʨʘʚʥʝʥʠʷ ʚ ʮʚʝʪʦʚʦʡ ʢʦʜʠʨʦʚʢʝ ʨʘʩʩʯʠ-

ʪʘʥʥʘʷ  ʩʦʛʣʘʩʥʦ [8, 11] ʟʘʚʠʩʠʤʦʩʪʴ |S11(f, H)|, (ʜ). 

ʅʘ ʨʠʩ. 1(ʜ)  ʢʨʘʩʥʳʤʠ ʪʦʯʢʘʤʠ ʧʦʢʘʟʘʥʘ ʧʝʨʝʩʪʨʦʡʢʘ  ʧʦʣʦʞʝʥʠʝ ʨʝʟʦʥʘʥʩʥʳʭ ʯʘʩʪʦʪ 

ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ fn(H)) ʚ ʦʙʣʘʩʪʠ ʄʋʈ, ʢʦʪʦʨʘʷ ʦʙʫʩʣʦʚʣʝʥʘ ʦʙʨʘʪʥʳʤ ʚʣʠʷʥʠʝʤ ADSW ʥʘ 

ʨʝʟʦʥʘʥʩʥʳʝ ʯʘʩʪʦʪʳ HBAR. ʂʘʢ ʚʠʜʥʦ, ʧʝʨʝʩʪʨʦʡʢʘ ʯʘʩʪʦʪ ʨʝʟʦʥʘʪʦʨʘ ʩ ʧʣʝʥʢʘʤʠ  YIG (ʪʦʣ-

ʱʠʥʦʡ 30 ʤʢʤ) ʥʘʙʣʶʜʘʝʪʩʷ ʚʦ ʚʩʝʤ ʤʝʞʤʦʜʦʚʦʤ ʠʥʪʝʨʚʘʣʝ ʧʦʨʷʜʢʘ 3 ʄɻʮ.  

ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʥʘ ʪʦʤ ʞʝ ʛʨʘʬʠʢʝ ʚ ʮʚʝʪʦʚʦʡ ʢʦʜʠʨʦʚʢʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩ-

ʯʝʪʘ ʧʦ ʧʦʣʫʘʥʘʣʠʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ [8, 11] ʟʘʚʠʩʠʤʦʩʪʠ |S11(f, H)|. ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʦʜʛʦʥʢʠ ʵʢʩ-

ʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʠ ʪʝʦʨʝʪʠʯʝʩʢʦʡ  ʟʘʚʠʩʠʤʦʩʪʝʡ, ʘ ʪʘʢʞʝ ʧʦ ʧʦʣʦʞʝʥʠʶ ʤʘʢʩʠʤʫʤʦʚ ʥʘ ʟʘʚʠ-

ʩʠʤʦʩʪʠ U ISHE (f, ʅ),   ʦʧʨʝʜʝʣʝʥ ʨʷʜ ʧʘʨʘʤʝʪʨʦʚ ʜʘʥʥʦʡ ʤʘʛʥʠʪʥʦʡ ʧʣʝʥʢʠ, ʪʘʢʠʝ ʢʘʢ ʦʙʤʝʥ-

ʥʘʷ ʠ ʤʘʛʥʠʪʦʫʧʨʫʛʘʷ  ʢʦʥʩʪʘʥʪʳ, ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ : D = 4Ĭ10ï9 ʕ ʩʤ2, B= 4 Ĭ 106 

ʵʨʛ/ʩʤ3, 4Ḿef=848 ɻʩ.  
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 ʈʘʩʯʝʪʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʠʟʤʝʥʝʥʠʝ ʯʘʩʪʦʪʳ ʦʪʜʝʣʴʥʦʛʦ ʨʝʟʦʥʘʥʩʘ fn  ʩʫʱʝʩʪʚʝʥʥʳʤ 

ʦʙʨʘʟʦʤ ʟʘʚʠʩʠʪ ʦʪ ʤʘʛʥʠʪʦʫʧʨʫʛʦʡ ʢʦʥʩʪʘʥʪʳ, ʘ ʪʘʢʞʝ ʦʪ ʬʘʢʪʦʨʘ ʟʘʧʦʣʥʝʥʠʷ F ( ʦʪʥʦʰʝʥʠʷ 

ʪʦʣʱʠʥ ʩʣʦʝʚ YIG ʢ ʦʙʱʝʡ ʪʦʣʱʠʥʝ ʩʪʨʫʢʪʫʨʳ). ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ, ʧʨʠʚʝʜʝʥʥʳʝ ʥʘ 

ʨʠʩ.2, ʜʣʷ ʥʝʩʢʦʣʴʢʠʭ ʦʙʨʘʟʮʘʭ HBAR, ʦʪʣʠʯʘʶʱʠʭʩʷ ʧʦ ʪʦʣʱʠʥʝ ʧʣʝʥʦʢ  YIG ʠ ʠʭ ʤʘʛʥʠʪ-

ʥʳʤ ʧʘʨʘʤʝʪʨʘʤ, ʧʦʜʪʚʝʨʞʜʘʶʪ ʵʪʠ ʚʳʚʦʜʳ. ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ, ʠʟʤʝʥʝʥʠʝ ʨʝʟʦʥʘʥʩʥʦʡ 

ʯʘʩʪʦʪʳ ʫʚʝʣʠʯʠʚʘʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʜʦʣʠ ʤʘʛʥʠʪʥʦʡ ʬʘʟʳ  F ʠ ʤʦʞʝʪ ʧʨʝʚʳʰʘʪʴ ʤʝʞʤʦʜʦʚʦʝ 

ʨʘʩʩʪʦʷʥʠʝ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ, ʤʝʥʝʝ ʜʦʙʨʦʪʥʳʭ ʨʝʟʦʥʘʥʩʥʳʭ ʦʩʦ-

ʙʝʥʥʦʩʪʝʡ ʚ ʦʙʣʘʩʪʠ ʩʦʩʝʜʥʠʭ ʨʝʟʦʥʘʥʩʦʚ. ʉʧʣʦʰʥʳʤʠ  ʩʪʨʝʣʢʘʤʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʮʚʝʪʘ 

ʧʦʢʘʟʘʥʦ ʤʠʥʠʤʘʣʴʥʦʝ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʜʚʫʤʷ ʚʝʪʚʷʤʠ n- ʨʝʟʦʥʘʥʩʘ, ʢʦʪʦʨʦʝ ʤʦʞʥʦ ʧʨʠʥʷʪʴ 

ʟʘ ʵʬʬʝʢʪʠʚʥʳʡ ʧʘʨʘʤʝʪʨ ʨʝʟʦʥʘʥʩʥʦʡ ʤʘʛʥʠʪʦʫʧʨʫʛʦʡ ʩʚʷʟʠ ʤʦʜ ʨʝʟʦʥʘʪʦʨʘ ʩʦ ʩʧʠʥʦʚʦʡ 

ʧʦʜʩʠʩʪʝʤʦʡ.    

ʈʠʩ. 2. ʇʨʠʚʝʜʝʥʥʳʝ ʯʘʩʪʦʪʳ n- ʪʦʡ ʤʦʜʳ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ   ʧʨʠʚʝʜʝʥʥʦʛʦ  ʤʘʛʥʠʪ-

ʥʦʛʦ ʧʦʣʷ ʧʦʣʷ H- Hʄʋʈ ʜʣʷ  ʪʨʝʭ ʨʝʟʦʥʘʪʦʨʦʚ ʩ ʨʘʟʣʠʯʥʳʤʠ ʧʣʝʥʢʘʤʠ YIG. ʊʦʯʢʠ- ʵʢʩʧʝʨʠ-

ʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ,  ʣʠʥʠʠ ï ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʢʨʠʚʳʝ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʧʦʜʛʦʥʦʯ-

ʥʳʤʠ  ʩ ʧʘʨʘʤʝʪʨʘʤʠ, ʧʨʠʚʝʜʝʥʥʳʤʠ ʚ ʪʘʙʣ. 1. ʇʫʥʢʪʠʨʥʳʝ ʣʠʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ 

ʮʚʝʪʘ ïʛʨʘʥʠʮʳ ʤʝʞʤʦʜʦʚʳʭ ʠʥʪʝʨʚʘʣʦʚ.   

 

ʊʘʙʣʠʮʘ 1. ʇʘʨʘʤʝʪʨʳ ʩʣʦʝʚ YIG ʚ ʩʦʩʪʘʚʝ ʨʘʟʣʠʯʥʳʭ HBAR 

ʊʠʧ YIG,  

ʦʙʦʟʥʘʯʝʥʠʝ ʥʘ ʨʠʩ.2 

ʊʦʣʱʠʥʘ 

YIG, ʤʢ 

ʊʦʣʱʠʥʘ  

GGG, ʤʢ 

  4Ḿ,  

ɻʩ 

B, 

106 ʵʨʛ/ ʩʤ3 

2 ʧʣʝʥʢʠ, ʩʠʥʠʡ 15 500 1750 3.8 

2 ʧʣʝʥʢʠ, ʟʝʣʝʥʳʡ 40 426 1740 7.0 

1 ʧʣʘʩʪʠʥʘ, ʢʨʘʩʥʳʡ 1180 0 1510 4.8 

 

ɺ ʟʘʢʣʶʯʝʥʠʝ, ʯʘʩʪʦʪʥʦ-ʧʦʣʝʚʦʡ ʤʵʧʧʠʥʛ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ ʦʪ ʵʣʝʢʪʨʦʜʦʚ ʧʴʝ-

ʟʦʧʝʨʦʙʨʘʟʦʚʘʪʝʣʷ ʚ ʩʦʩʪʘʚʝ ʢʦʤʧʦʟʠʪʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʩ ʬʝʨʨʦʤʘʛʥʠʪʥʳʤʠ ʠ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝ-

ʩʢʠʤʠ ʧʣʝʥʢʘʤʠ   ʦʜʥʦʟʥʘʯʥʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʵʣʝʢʪʨʦʘʢʫʩʪʠʯʝʩʢʦʝ ʚʦʟʙʫʞʜʝʥʠʝ ʩʧʠʥʦʚʳʭ ʚʦʣʥ 

ʚ ʌʄ-ʩʣʦʷʭ ʟʘ ʩʯʝʪ ʢʦʤʙʠʥʘʮʠʠ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʠ ʤʘʛʥʠʪʦʫʧʨʫʛʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ.   
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ʉʨʘʚʥʝʥʠʝ ʟʘʚʠʩʠʤʦʩʪʝʡ |S11(f,H)|  ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʤʫʣʴʪʠʬʝʨʨʦʠʜʥʳʭ ʩʪʨʫʢʪʫʨ ʧʦʟʚʦʣʷʝʪ 

ʦʧʨʝʜʝʣʠʪʴ ʚʣʠʷʥʠʝ ʢʦʥʩʪʨʫʢʪʠʚʥʳʭ ʠ ʤʘʪʝʨʠʘʣʴʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʴʝʟʦ-

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ ʤʘʛʥʠʪʥʦʡ ʜʠʥʘʤʠʢʠ ʠ ʩʚʷʟʘʥʥʦʛʦ ʩ ʥʝʡ ʩʧʠʥʦʚʦʡ ʥʘʢʘʯʢʠ  ʚ 

ʚʳʩʦʢʦʜʦʙʨʦʪʥʦʤ HBAR. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ. 
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Abstract 

Magneto-optical effects are promising methods for studying nanostructures and all elements 

of nanoelectronics. The magnetorefractive effect is the most promising even magnetization effect. 
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ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʠʝ ʵʬʬʝʢʪʳ (ʄʆʕ) ʷʚʣʷʶʪʩʷ ʚʘʞʥʳʤʠ ʠʥʩʪʨʫʤʝʥ-

ʪʘʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʘʥʦʩʪʨʫʢʪʫʨ ʠ ʵʣʝʤʝʥʪʦʚ ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʠ. ʕʢʚʘʪʦʨʠʘʣʴʥʳʡ ʵʬʬʝʢʪ 

ʂʝʨʨʘ ʧʦʟʚʦʣʷʝʪ ʠʩʩʣʝʜʦʚʘʪʴ ʩʪʨʫʢʪʫʨʳ ʪʦʣʱʠʥʦʡ ʦʪ 1 ʥʤ ʜʦ 10-200 ʥʤ, ʯʪʦ ʜʝʣʘʝʪ ʝʛʦ ʚʘʞ-

ʥʳʤ ʠʩʪʦʯʥʠʢʦʤ ʠʥʬʦʨʤʘʮʠʠ ʦʙ ʦʧʪʠʯʝʩʢʠʭ ʠ ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚʘʭ ʠʟʫʯʘʝʤʳʭ ʦʙ-

ʨʘʟʮʦʚ. ʕʬʬʝʢʪ ʌʘʨʘʜʝʷ ʧʦʟʚʦʣʷʝʪ ʚʠʟʫʘʣʠʟʠʨʦʚʘʪʴ ʤʘʛʥʠʪʥʳʝ ʜʦʤʝʥʳ [1]. ʏʸʪʥʳʡ ʧʦ ʥʘʤʘʛ-

ʥʠʯʝʥʥʥʦʩʪʠ ʤʘʛʥʠʪʦʨʝʬʨʘʢʪʠʚʥʳʡ ʵʬʬʝʢʪ (ʄʈʕ) ʥʘʧʨʷʤʫʶ ʩʚʷʟʘʥ ʩ ʤʘʛʥʠʪʦʩʦʧʨʦʪʠʚʣʝ-

ʥʠʝʤ (ʄʉ), ʯʪʦ ʜʝʣʘʝʪ ʝʛʦ ʙʝʩʢʦʥʪʘʢʪʥʳʤ ʤʝʪʦʜʦʤ ʠʟʤʝʨʝʥʠʷ ʄʉ [2]. ʄʈʕ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦ-

ʙʦʡ ʯʘʩʪʦʪʥʳʡ ʘʥʘʣʦʛ ʤʘʛʥʠʪʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʠ ʩʦʩʪʦʠʪ ʚ ʠʟʤʝʥʝʥʠʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʦʪʨʘʞʝ-

ʥʠʷ R, ʧʨʦʧʫʩʢʘʥʠʷ T ʠ ʧʦʛʣʦʱʝʥʠʷ A ʩʚʝʪʘ ʦʙʨʘʟʮʦʚ ʩʦ ʟʥʘʯʠʪʝʣʴʥʳʤ ʤʘʛʥʠʪʦʩʦʧʨʦʪʠʚʣʝ-

ʥʠʝʤ (ʄʉ) ʧʨʠ ʠʭ ʥʘʤʘʛʥʠʯʠʚʘʥʠʠ [2,3,4]. ʊʘʢʞʝ ʚʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʄʈʕ ʚ 

ʩʠʩʪʝʤʘʭ ʤʝʪʘʣʣ-ʜʠʵʣʝʢʪʨʠʢ ʷʚʣʷʝʪʩʷ ʧʨʷʤʳʤ ʤʝʪʦʜʦʤ ʠʟʫʯʝʥʠʷ ʚʳʩʦʢʦʯʘʩʪʥʦʛʦ ʩʧʠʥ-ʟʘʚʠ-

ʩʷʱʝʛʦ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ [5,6,7].  

ʄʘʥʛʘʥʠʪʳ ʷʚʣʷʶʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ ʩ ʠʥʪʝʨʝʩʥʳʤʠ ʠ ʚʘʞʥʳʤʠ ʜʣʷ 

ʧʨʘʢʪʠʯʝʩʢʠʭ ʧʨʠʤʝʥʝʥʠʡ ʩʚʦʡʩʪʚʘʤʠ, ʠ ʚ ʙʣʠʞʥʝʡ ʀʂ ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ ʦʙʥʘʨʫʞʝʥʦ ʟʥʘʯʠ-

ʪʝʣʴʥʦʝ ʠʟʤʝʥʝʥʠʝ ʢʘʢ ʧʨʦʧʫʩʢʘʥʠʷ [8], ʪʘʢ ʠ ʦʪʨʘʞʝʥʠʷ [9] ʩʚʝʪʘ ʧʨʠ ʠʭ ʥʘʤʘʛʥʠʯʠʚʘʥʠʠ. 

ʄʝʭʘʥʠʟʤʳ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ ʪʘʢʠʭ ʩʠʩʪʝʤʘʭ ʥʘʧʨʷʤʫʶ ʩʚʷʟʘʥʳ ʩ ʚʦʟʨʘʩʪʘʥʠʝʤ ʦʙʲʝʤʥʦʡ ʜʦʣʠ 

ʬʝʨʨʦʤʘʛʥʠʪʥʦʡ ʬʘʟʳ ʟʘ ʩʯʝʪ ʫʤʝʥʴʰʝʥʠʷ ʦʙʲʝʤʘ ʙʦʣʝʝ ʨʝʟʠʩʪʠʚʥʦʡ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʡ 

ʬʘʟʳ ʧʨʠ ʥʘʤʘʛʥʠʯʠʚʘʥʠʠ, ʯʪʦ ʩʦʙʩʪʚʝʥʥʦ ʠ ʦʧʨʝʜʝʣʷʝʪ ʢʦʣʦʩʩʘʣʴʥʦʝ ʄʉ [10].  

ʊʝʦʨʠʷ ʄʈʕ ʚ ʤʘʥʛʘʥʠʪʘʭ [11] ʨʘʟʚʠʪʘ ʚ ʨʘʤʢʘʭ ʪʝʦʨʠʠ ʵʬʬʝʢʪʠʚʥʦʡ ʩʨʝʜʳ ʜʣʷ ʜʚʫʭ-

ʬʘʟʥʦʡ ʩʠʩʪʝʤʳ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʚʳʩʦʢʦ- ʠ ʥʠʟʢʦʧʨʦʚʦʜʷʱʝʡ ʬʘʟʳ ʠʤʝʶʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ:   
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ʛʜʝ ů2 and ů1 ʧʨʦʚʦʜʠʤʦʩʪʠ ʥʠʟʢʦ- ʠ ʚʳʩʦʢʦʨʝʟʠʩʪʠʚʥʦʡ ʬʘʟʳ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, Y-

ʦʙʲʝʤʥʘʷ ʜʦʣʷ ʚʳʩʦʢʦʧʨʦʚʦʜʷʱʝʡ ʬʘʟʳ ʚ ʥʘʤʘʛʥʠʯʝʥʥʳʭ ʦʙʨʘʟʮʘʭ, X- ʦʙʲʝʤʥʘʷ 

ʢʦʥʮʝʥʪʨʘʮʠʷ ʚʳʩʦʢʦʧʨʦʚʦʜʷʱʝʡ ʬʘʟʳ ʚ ʦʪʩʫʪʩʪʚʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ʀʩʧʦʣʴʟʫʷ ʬʦʨʤʫʣʳ (1) 

ʜʣʷ ʩʬʝʨʠʯʝʩʢʠʭ ʯʘʩʪʠʮ, ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʯʘʩʪʦʪʥʦ-ʟʘʚʠʩʠʤʫʶ ʧʨʦʚʦʜʠʤʦʩʪʴ ʜʚʫʭʬʘʟʥʳʭ 

ʦʙʨʘʟʮʦʚ ʤʘʥʛʘʥʠʪʦʚ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ: 
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  ʇʨʦʚʦʜʠʤʦʩʪʴ ʤʘʥʛʘʥʠʪʦʚ ʤʦʞʝʪ ʙʳʪʴ ʪʘʢʞʝ ʨʘʩʩʯʠʪʘʥʘ ʚ ʨʘʤʢʘʭ ʪʝʦʨʠʠ 

ʵʬʬʝʢʪʠʚʥʦʡ ʩʨʝʜʳ ʩ ʫʯʝʪʦʤ ʨʘʟʥʳʭ ʟʥʘʯʝʥʠʡ ʬʦʨʤ-ʬʘʢʪʦʨʘ ʯʘʩʪʠʮ ʩʨʝʜʳ ï ʜʣʷ 

ʩʬʝʨʠʯʝʩʢʠʭ(L=0.33), ʘ ʪʘʢʞʝ ʜʣʷ ʵʣʣʠʧʩʦʠʜʘʣʴʥʳʭ. ʊʦʛʜʘ ʬʦʨʤʫʣʳ (2) ʧʨʠʤʫʪ ʚʠʜ: 
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ʛʜʝ L-ʬʦʨʤ-ʬʘʢʪʦʨ.  

ʀʩʧʦʣʴʟʫʷ ʬʦʨʤʫʣʳ ʌʨʝʥʝʣʷ [12], ʦʢʦʥʯʘʪʝʣʴʥʦ ʨʘʩʩʯʠʪʘʝʤ ʤʘʛʥʠʪʦʨʝʬʨʘʢʪʠʚʥʳʡ 

ʵʬʬʝʢʪ ʧʦ ʬʦʨʤʫʣʘʤ: 
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ʜʣʷ ʦʪʨʘʞʝʥʠʷ ʠ ʧʨʦʭʦʞʜʝʥʠʷ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʜʣʷ ʤʘʥʛʘʥʠʪʦʚ La1-xKxMnO3 [13] ʧʨʠʚʝʜʝʥʳ ʥʘ ʈʠʩ. 1 ʠ 2   
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ʈʠʩ. 1. ʈʘʩʩʯʠʪʘʥʥʳʝ ʩʧʝʢʪʨʳ ʤʘʛʥʠʪʦʨʝʬʨʘʢʪʠʚʥʦʛʦ ʵʬʬʝʢʪʘ ʥʘ ʦʪʨʘʞʝʥʠʠ 

(ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ) ʠ ʧʨʦʭʦʞʜʝʥʠʠ (ʧʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ) ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʩʧʝʢʪʨʳ ʥʘ ʦʪ-

ʨʘʞʝʥʠʠ(ʢʚʘʜʨʘʪʳ) ʠ ʧʨʦʭʦʞʜʝʥʠʠ (ʪʨʝʫʛʦʣʴʥʠʢʠ)  ʜʣʷ   La0.9K 0.1MnO 3ʧʨʠ T=251ʂ. 

 

ʏʸʪʢʦ ʧʨʦʩʣʝʞʠʚʘʝʪʩʷ ʪʝʥʜʝʥʮʠʷ, ʯʪʦ ʜʘʞʝ ʥʝʙʦʣʴʰʦʝ ʠʟʤʝʥʝʥʠʝ ʦʙʲʝʤʥʦʡ ʢʦʥʮʝʥʪʨʘ-

ʮʠʠ ʚ ʪʦʥʢʠʭ ʧʣʝʥʢʘʭ ʤʘʥʛʘʥʠʪʦʚ ʧʨʠʚʦʜʠʪ ʢ ʜʦʩʪʘʪʦʯʥʦ ʟʘʤʝʪʥʦʤʫ ʠʟʤʝʥʝʥʠʶ ʬʦʨʤʳ ʠ ʘʤ-

ʧʣʠʪʫʜʳ ʩʧʝʢʪʨʦʚ.  
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ʈʠʩ. 2. ʈʘʩʩʯʠʪʘʥʥʳʝ ʩʧʝʢʪʨʳ ʤʘʛʥʠʪʦʨʝʬʨʘʢʪʠʚʥʦʛʦ ʵʬʬʝʢʪʘ ʥʘ ʦʪʨʘʞʝʥʠʠ 

(ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ) ʠ ʧʨʦʭʦʞʜʝʥʠʠ (ʧʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ) ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʩʧʝʢʪʨʳ ʥʘ ʦʪ-

ʨʘʞʝʥʠʠ(ʢʚʘʜʨʘʪʳ) ʠ ʧʨʦʭʦʞʜʝʥʠʠ (ʪʨʝʫʛʦʣʴʥʠʢʠ) ʜʣʷ La0.85K 0.15MnO3. 

 

ɿʘʢʣʶʯʝʥʠʝ 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʩʪʨʦʝʥʥʘʷ ʜʣʷ ʤʘʥʛʘʥʠʪʦʚ ʪʝʦʨʠʷ ʤʘʛʥʠʪʦʨʝʬʨʘʢʪʠʚʥʦʛʦ ʵʬʬʝʢʪʘ, 

ʢʦʪʦʨʳʡ ʠʥʪʝʨʝʩʝʥ ʥʝ ʪʦʣʴʢʦ ʩ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ, ʘ ʠ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʙʝʩʢʦʥʪʘʢʪ-

ʥʦʛʦ ʠʟʤʝʨʝʥʠʷ ʄʉ, ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʭʦʨʦʰʝʝ ʢʘʯʝʩʪʚʝʥʥʦʝ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʦʝ ʩʦʛʣʘʩʠʝ ʩ 

ʠʤʝʶʱʠʤʠʩʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ. 
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ʢ.ʬ-ʤ.ʥ., ʩʪʘʨʰʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ, ʨʫʢʦʚʦʜʠʪʝʣʴ ʎʝʥʪʨʘ ʚʳʩʦʢʠʭ ʪʝʭʥʦʣʦʛʠʡ ʠ ʎʂʇ 

"ʉʠʥʭʨʦʪʨʦʥ ʌɻʋʇ ʅʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʠʥʩʪʠʪʫʪ ʌʠʟʠʯʝʩʢʠʭ ʇʨʦʙʣʝʤ ʠʤ. ʌ.ɺ. ʃʫ-
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ʌʠʟʠʯʝʩʢʠʭ ʇʨʦʙʣʝʤ ʠʤ. ʌ.ɺ. ʃʫʢʠʥʘ ʥʘʮʠʦʥʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʛʦ ʮʝʥʪʨʘ çʂʫʨʯʘ-

ʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè. 

ɸʥʥʦʪʘʮʠʷ. ɺ ʩʪʘʪʴʝ ʨʘʩʩʤʦʪʨʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʧʦʣʠʤʝʨʥʳʭ ʥʠ-

ʪʝʡ ʩ ʥʘʥʦʦʩʪʨʦʚʢʦʚʦʡ ʪʦʧʦʣʦʛʠʡ  ʥʘʥʦʛʝʪʝʨʦʩʪʨʫʢʪʫʨ ʘʣʶʤʠʥʠʷ. ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠʩʧʦʣʴ-
ʟʦʚʘʣʠʩʴ ʥʝʩʢʦʣʴʢʦ ʚʘʨʠʘʥʪʦʚ ʦʙʨʘʟʮʦʚ:ʧʦʣʠʤʝʨʥʳʝ ʥʠʪʠ ʙʝʟ ʤʝʪʘʣʣʠʟʘʮʠʠ; ʧʦʣʠʤʝʨʥʳʝ 

ʥʠʪʠ ʩʦ ʩʧʣʦʰʥʦʡ ʤʝʪʘʣʣʠʟʘʮʠʝʡ; ʧʦʣʠʤʝʨʥʳʝ ʥʠʪʠ ʩ ʦʩʪʨʦʚʢʘʤʠ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʥʳʭ ʧʦ-

ʢʨʳʪʠʡ ʠʟ ʘʣʶʤʠʥʠʷ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʧʦʣʠʤʝʨʥʳʝ ʥʠʪʠ, ʥʘʥʦʦʩʪʨʦʚʢʦʚʘʷ ʪʦʧʦʣʦʛʠʷ ʥʘʥʦʛʝʪʝʨʦʩʪʨʫʢʪʫʨ ʘʣʶ-

ʤʠʥʠʷ.  
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Annotation. The article deals with results of studying the parameters of polymer fibers with nanois-

land topologies of aluminum nanoheterostructures. Several variants of samples were used for re-

search: polymer threads without metallization; polymer threads with continuous metallization; pol-

ymer filaments with islands of heterostructural aluminum coatings. 

Keywords: polymer fibers, nanoisland topology of aluminum nanoheterostructures. 
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ʤʝʨʥʦʡ ʧʦʣʠʤʝʨʥʦʡ ʧʣʝʥʢʠ (2D ʩʪʨʫʢʪʫʨ) ʠ ʤʘʢʩʠʤʘʣʴʥʦ ʚʳʪʷʥʫʪʦʛʦ ʚ ʜʣʠʥʫ. 

ʌʦʪʦʛʨʘʬʠʠ ʧʦʣʠʤʝʨʥʳʭ ʥʠʪʝʡ ʩʜʝʣʘʥʳ ʚ ʎʝʥʪʨʝ ʚʳʩʦʢʠʭ ʪʝʭʥʦʣʦʛʠʡ ʠ ʎʂʇ çʉʠʥʭʨʦʪʨʦʥè 

ʌɻʋʇ ʅʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʠʥʩʪʠʪʫʪ ʌʠʟʠʯʝʩʢʠʭ ʇʨʦʙʣʝʤ ʠʤ. ʌ.ɺ. ʃʫʢʠʥʘ ʥʘʮʠʦ-

ʥʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʛʦ ʮʝʥʪʨʘ çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè ʥʘ ʨʘʩʪʨʦʚʦʤ ʵʣʝʢʪʨʦʥʥʦʤ 

ʤʠʢʨʦʩʢʦʧʝ CAMSCAN - S4 ʩ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʠ ʚʦʣʥʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʧʨʠʩʪʘʚʢʘʤʠ: 

Oxford INCA ɽnergy 350 ʠ INCA Wave 700 (ʉʘmbrige, ɸʥʛʣʠʷ). 

ʅʘ ʨʠʩʫʥʢʝ 1 ʧʦʢʘʟʘʥʘ ʧʦʣʠʤʝʨʥʘʷ ʥʠʪʴ (ʜʠʘʤʝʪʨʦʤ ʜʦ 500 ʤʢʤ) ʚ ʚʠʜʝ ʧʫʯʢʘ ʩʚʦʙʦʜʥʦ ʧʝʨʝ-

ʧʣʝʪʘʶʱʠʭʩʷ ʥʝʩʢʦʣʴʢʠʭ ʜʝʩʷʪʢʦʚ ʚʦʣʦʢʦʥ (ʜʠʘʤʝʪʨʦʤ ʜʦ 10 ʤʢʤ), ʢʦʪʦʨʳʝ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠ-

ʩʫʥʢʘʭ  1ʙ, 1ʚ, 1ʛ. ʅʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʣʠʤʝʨʥʦʡ ʥʠʪʠ (ʨʠʩ. 1a) ʚʠʜʥʳ ʚ ʚʠʜʝ ʙʝʣʳʭ ʦʙʨʘʟʦʚʘʥʠʡ 

ʦʩʪʨʦʚʢʠ ʠʟ ʘʣʶʤʠʥʠʷ ʨʘʟʤʝʨʦʤ ʦʪ 100 ʜʦ 1000 ʥʤ. 
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ʈʠʩʫʥʦʢ 1 - ʌʦʪʦʛʨʘʬʠʠ ʬʨʘʛʤʝʥʪʦʚ ʧʦʣʠʤʝʨʥʦʡ ʥʠʪʠ ʩ ʛʝʪʝʨʝʩʪʨʫʢʪʫʨʥʳʤ ʧʦʢʨʳʪʠʝʤ 

ʘʣʶʤʠʥʠʝʤ ʩ ʨʘʟʣʠʯʥʳʤ ʫʚʝʣʠʯʝʥʠʝʤ: ʘ) 1 ʤʢʤ, ʙ) 10 ʤʢʤ, ʚ) 100 ʤʢʤ, ʛ) 1000 ʤʢʤ. 

 

ɺʠʜʥʦ, ʯʪʦ ʧʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ ʧʦʣʠʤʝʨʥʳʭ ʥʠʪʝʡ ʩ ʛʝʪʝʨʝʩʪʨʫʢʪʫʨʥʳʤ ʧʦʢʨʳʪʠʝʤ ʠʟ ʘʣʶʤʠ-

ʥʠʷ ʤʦʞʝʪ ʦʙʨʘʟʦʚʘʪʴʩʷ ʥʝ ʩʧʣʦʰʥʘʷ ʧʣʝʥʢʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʚʦʣʦʢʦʥ, ʘ ʦʪʜʝʣʴʥʳʝ ʦʩʪʨʦʚʢʠ 

ʘʣʶʤʠʥʠʷ ʩ ʨʘʟʤʝʨʦʤ ʦʪ 100 ʥʤ ʜʦ 1000 ʥʤ. 

ʅʘ ʨʠʩʫʥʢʝ 2 ʧʨʠʚʝʜʝʥʳ ʬʦʪʦʛʨʘʬʠʠ ʘʥʘʣʠʟʘ ʩʦʩʪʘʚʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʣʠʤʝʨʥʦʡ ʥʠʪʠ ʩ ʛʝʪʝʨʦ-

ʩʪʨʫʢʪʫʨʥʳʤ ʧʦʢʨʳʪʠʝʤ, ʧʦʣʫʯʝʥʥʳʝ  ʚ ʎʂʇ çʉʠʥʭʨʦʪʨʦʥè ʌɻʋʇ ʅʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴ-

ʩʢʠʡ ʠʥʩʪʠʪʫʪ ʌʠʟʠʯʝʩʢʠʭ ʇʨʦʙʣʝʤ ʠʤ. ʌ.ɺ. ʃʫʢʠʥʘ ʥʘʮʠʦʥʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʛʦ ʮʝʥ-

ʪʨʘ çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè   
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ʈʠʩʫʥʦʢ 2 - ʌʦʪʦʛʨʘʬʠʠ ʠʟʦʙʨʘʞʝʥʠʷ ʥʠʪʠ ʠ  ʨʝʥʪʛʝʥʦ-ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʧʦʚʝʨʭʥʦ-

ʩʪʠ ʥʠʪʠ ʩ ʛʝʪʝʨʦʩʪʨʫʢʪʨʥʳʤ ʧʦʢʨʳʪʠʝʤ. 

ɺ ʪʘʙʣʠʮʝ 1 ʧʦʢʘʟʘʥʦ, ʯʪʦ ʦʩʥʦʚʫ ʧʦʣʠʤʝʨʥʳʭ ʥʠʪʝʡ ʩʦʩʪʘʚʣʷʶʪ ʫʛʣʝʨʦʜ ʠ ʢʠʩʣʦʨʦʜ, ʘ ʥʘ ʧʦ-

ʚʝʨʭʥʦʩʪʠ ʧʨʦʷʚʣʷʶʪʩʷ ʦʪʜʝʣʴʥʳʝ ʚʢʣʶʯʝʥʠʷ ʘʣʶʤʠʥʠʷ. 

ʊʘʙʣʠʮʘ 1 - ʉʦʩʪʘʚ ʧʦʣʠʤʝʨʥʦʡ ʥʠʪʠ 

ʕʣʝʤʝʥʪ  ɺʝʩʦʚʘʷ ʜʦʣʷ ɸʪʦʤʥʘʷ ʜʦʣʷ  

ʉ  66.43  76.36 

ʆ  19.68  16.98 

Al   7.25  3.71 

Si  5.19  2.55 
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ʕʣʝʤʝʥʪ  ɺʝʩʦʚʘʷ ʜʦʣʷ ɸʪʦʤʥʘʷ ʜʦʣʷ  

Cl  0.49  0.19 

Cu  0.95  0.21 

 

ʇʦʣʫʯʝʥʳ ʢʘʨʪʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ Al, C, Cl  ʚ ʠʩʩʣʝʜʫʝʤʳʭ ʥʠʪʷʭ (ʨʠʩ. 3; 4; 5). ʂʘʨʪʘ 

ʘʣʶʤʠʥʠʷ ʚ ʦʪʪʝʥʢʘʭ ʢʨʘʩʥʦʛʦ, ʫʛʣʝʨʦʜ ʚ ʦʪʪʝʥʢʘʭ ʟʝʣʝʥʦʛʦ ʠ ʭʣʦʨ ʚ ʦʪʪʝʥʢʘʭ ʩʠʥʝʛʦ. ɺ ʦʪ-

ʪʝʥʢʘʭ ʩʝʨʦʛʦ ʮʚʝʪʘ ʧʨʠʚʝʜʝʥʘ ʢʘʨʪʠʥʘ ʚʦ ʚʪʦʨʠʯʥʳʭ ʵʣʝʢʪʨʦʥʘʭ (ʨʠʩ. 7). ʂʘʨʪʘ  RGB ʧʨʝʜ-

ʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʥʘʣʦʞʝʥʠʝ ʢʘʨʪ ʧʦ ʫʢʘʟʘʥʥʳʤ ʵʣʝʤʝʥʪʘʤ (ʨʠʩ. 6).  

 

ʈʠʩʫʥʦʢ 3 - ʌʦʪʦʛʨʘʬʠʠ ʠʟʦʙʨʘʞʝʥʠʷ ʢʘʨʪʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ Al ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʣʠʤʝʨʥʦʡ 

ʥʠʪʠ ʩ ʛʝʪʝʨʦʩʪʨʫʢʪʨʥʳʤ ʧʦʢʨʳʪʠʝʤ. 

 

 

ʈʠʩʫʥʦʢ 4 - ʌʦʪʦʛʨʘʬʠʠ ʠʟʦʙʨʘʞʝʥʠʷ ʢʘʨʪʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ C ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʣʠʤʝʨʥʦʡ 

ʥʠʪʠ ʩ ʛʝʪʝʨʦʩʪʨʫʢʪʨʥʳʤ ʧʦʢʨʳʪʠʝʤ 
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ʈʠʩʫʥʦʢ 5 - ʌʦʪʦʛʨʘʬʠʠ ʠʟʦʙʨʘʞʝʥʠʷ ʢʘʨʪʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ Cl ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʣʠʤʝʨʥʦʡ 

ʥʠʪʠ ʩ ʛʝʪʝʨʦʩʪʨʫʢʪʨʥʳʤ ʧʦʢʨʳʪʠʝʤ. 

 

ʈʠʩʫʥʦʢ 6 - ʌʦʪʦʛʨʘʬʠʠ ʠʟʦʙʨʘʞʝʥʠʷ ʢʘʨʪʳ  RGB, ʧʨʝʜʩʪʘʚʣʷʶʱʝʡ ʩʦʙʦʡ ʥʘʣʦʞʝʥʠʝ 

ʢʘʨʪ Al, C, Cl, ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʣʠʤʝʨʥʦʡ ʥʠʪʠ ʩ ʛʝʪʝʨʦʩʪʨʫʢʪʨʥʳʤ ʧʦʢʨʳʪʠʝʤ. 

 

ʈʠʩʫʥʦʢ 7 - ʌʦʪʦʛʨʘʬʠʠ ʠʟʦʙʨʘʞʝʥʠʷ ʢʘʨʪʠʥʳ ʚʦ ʚʪʦʨʠʯʥʳʭ ʵʣʝʢʪʨʦʥʘʭ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦ-

ʣʠʤʝʨʥʦʡ ʥʠʪʠ ʩ ʛʝʪʝʨʦʩʪʨʫʢʪʨʥʳʤ ʧʦʢʨʳʪʠʝʤ. 
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ʅʘ ʨʠʩʫʥʢʝ 6 ʚʠʜʥʦ, ʯʪʦ ʫʯʘʩʪʢʠ ʘʣʶʤʠʥʠʷ ʧʨʝʨʳʚʠʩʪʳʝ, ʥʝ ʩʧʣʦʰʥʳʝ, ʯʝʤ ʦʙʲʷʩʥʷ-

ʝʪʩʷ ʪʦ, ʯʪʦ ʧʨʠ ʤʘʣʳʭ ʥʘʧʨʷʞʝʥʠʷʭ ʥʠʪʴ ʷʚʣʷʝʪʩʷ ʠʟʦʣʷʪʦʨʦʤ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʩʪʨʫʢʪʫʨʘ 

ʪʘʢʦʡ ʤʝʪʘʣʣʠʟʘʮʠʠ ʧʨʠʚʦʜʠʪ ʢ ʧʣʦʪʥʦʤʫ ʟʘʧʦʣʥʝʥʠʶ ʥʠʪʠ ʧʨʦʚʦʜʷʱʠʤʠ ʫʯʘʩʪʢʘʤʠ ʩ ʤʘ-

ʣʳʤʠ ʧʨʦʤʝʞʫʪʢʘʤʠ ʤʝʞʜʫ ʥʠʤʠ.  

ʊʘʢʦʝ ʛʝʦʤʝʪʨʠʯʝʩʢʦʝ ʧʦʩʪʨʦʝʥʠʝ ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʯʠʥʦʡ ʩʠʣʴʥʦʛʦ ʩʥʠʞʝʥʠʷ ʧʨʦʙʠʚ-

ʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʥʠʪʠ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʦʙʠʚʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʥʠʪʠ ʩʦ-

ʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 1000 ɺ ʥʘ ʩʘʥʪʠʤʝʪʨ, ʯʪʦ ʥʘ ʧʦʨʷʜʦʢ ʤʝʥʴʰʝ ʧʨʦʙʠʚʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʚʦʟʜʫʭʘ. 

ʕʬʬʝʢʪ ʥʝ ʩʛʦʨʘʥʠʷ ʥʠʪʠ ʧʨʠ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʨʘʟʨʷʜʝ ʯʝʨʝʟ ʥʠʪʴ ʤʦʞʝʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥ 

ʪʝʤ, ʯʪʦ ʩʥʘʯʘʣʘ ʧʨʦʙʦʡ ʧʨʦʠʩʭʦʜʠʪ ʤʝʞʜʫ ʘʣʶʤʠʥʠʝʚʳʤʠ ʦʩʪʨʦʚʢʘʤʠ, ʦʙʨʘʟʫʶʱʘʷʩʷ ʧʣʘʟʤʘ 

ʩʪʘʥʦʚʠʪʩʷ ʩʧʣʦʰʥʦʡ ʥʘʜ ʧʦʚʝʨʭʥʦʩʪʴʶ ʥʠʪʠ, ʥʦ ʧʦʩʢʦʣʴʢʫ ʦʥʘ ʠʤʝʝʪ ʥʠʟʢʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ, 

ʧʨʠʣʦʞʝʥʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʧʘʜʘʝʪ ʠ ʦʢʘʟʳʚʘʝʪʩʷ ʥʝʜʦʩʪʘʪʦʯʥʳʤ ʜʣʷ ʧʨʦʙʠʚʥʳʭ ʵʬʬʝʢʪʦʚ ʚ ʩʘ-

ʤʦʡ ʥʠʪʠ. ʊʦʢ ʯʝʨʝʟ ʥʠʪʴ ʧʨʝʢʨʘʱʘʝʪʩʷ ʠ ʠʜʝʪ ʯʝʨʝʟ ʧʣʘʟʤʫ ʥʘʜ ʧʦʚʝʨʭʥʦʩʪʴʶ ʥʠʪʠ. ɽʩʣʠ ʧʦ 

ʢʘʢʦʡ-ʪʦ ʧʨʠʯʠʥʝ ʪʦʢ ʧʣʘʟʤʳ ʚ ʤʦʤʝʥʪ ʨʘʟʨʷʜʘ ʧʨʝʨʚʝʪʩʷ, ʥʘ ʵʪʦʤ ʫʯʘʩʪʢʝ ʥʠʪʠ ʚʥʦʚʴ ʚʦʟʥʠʢ-

ʥʝʪ ʧʨʦʙʠʚʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʠ ʵʪʦʪ ʨʘʟʨʷʜ ʚʥʦʚʴ ʧʦʜʦʞʞʝʪ, ʚʦʩʩʪʘʥʦʚʠʪ  ʧʣʘʟʤʫ. ʆʙʨʘʟʫʝʪʩʷ 

ʩʠʩʪʝʤʘ ʩ ʩʘʤʦʧʦʜʜʝʨʞʘʥʠʝʤ ʧʣʘʟʤʝʥʥʦʛʦ ʨʘʟʨʷʜʘ. 

 

ʇʨʦʚʝʜʝʥʠʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʤʘʢʝʪʦʚ ʥʠʪʝʡ ʩ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʥʳʤʠ ʧʦʢʨʳʪʠʷʤʠ ʩ ʠʩʧʦʣʴ-

ʟʦʚʘʥʠʝʤ ʢʦʥʪʘʢʪʦʚ. 

ʇʦʩʣʝ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠʥʜʠʝʚʳʭ ʢʦʥʪʘʢʪʦʚ ʢ ʧʦʣʠʤʝʨʥʳʤ ʥʠʪʷʤ ʙʝʟ ʧʦʢʨʳʪʠʡ ʠ ʩ ʧʦ-

ʢʨʳʪʠʷʤʠ ʘʣʶʤʠʥʠʷ ʩʥʠʤʘʣʠʩʴ ʚʦʣʴʪ-ʘʤʧʝʨʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ (ɺɸʍ) ʦʙʨʘʟʮʦʚ ʥʘ ʭʘʨʘʢʪʝ-

ʨʠʦʛʨʘʬʝ ʃ2-56. 

ʂʨʦʤʝ ɺɸʍ ʩ ʧʦʤʦʱʴʶ ʭʘʨʘʢʪʝʨʠʦʛʨʘʬ ʃ2-56 ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʦʙʨʘʟʮʘ 

ʧʦ ʥʘʢʣʦʥʫ ʟʘʚʠʩʠʤʦʩʪʠ ʪʦʢʘ ʦʪ ʥʘʧʨʷʞʝʥʠʷ. 

ɼʣʷ ʦʮʝʥʢʠ ʝʤʢʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʠʟʤʝʨʠʪʝʣʴ LCR hewlett packard 4284ɸ. 

ɼʣʷ ʚʠʟʫʘʣʴʥʦʛʦ ʧʦʥʠʤʘʥʠʷ ʧʨʦʚʦʜʠʪ ʠʣʠ ʥʝ ʧʨʦʚʦʜʠʪ ʦʙʨʘʟʝʮ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʪʦʢ, ʥʘ 

ʭʘʨʘʢʪʝʨʠʦʛʨʘʬʝ ʃ2-56 ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʩʦʭʨʘʥʠʣʠ ɺɸʍ ʟʘʤʢʥʫʪʳʭ ʠ ʨʘʟʦʤʢʥʫʪʳʭ çʢʨʦʢʦʜʠ-

ʣʦʚè. ʇʨʠ ʟʘʤʢʥʫʪʳʭ çʢʨʦʢʦʜʠʣʘʭè ʨʘʟʚʝʨʪʳʚʘʝʪʩʷ ɺɸʍ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʧʝʨʠʬʝʨʠʠ, ʚʢʣʶʯʘ-

ʶʱʝʡ ʚ ʩʝʙʷ ʧʨʦʚʦʜʘ, ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʧʨʠʙʦʨʘ, ʠ ʜʦʣʞʥʘ ʠʤʝʪʴ ʣʠʥʝʡʥʫʶ ɺɸʍ ʧʨʦʚʦʜʥʠʢʘ. 
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ʈʠʩʫʥʦʢ 8 - ɺɸʍ ʥʘ ʭʘʨʘʢʪʝʨʠʦʛʨʘʬʝ ʃ2-56 (ʩʣʝʚʘ çʢʨʦʢʦʜʠʣʳè ʟʘʤʢʥʫʪʳ, ʩʧʨʘʚʘ 

çʢʨʦʢʦʜʠʣʳè ʨʘʟʦʤʢʥʫʪʳ) 

 

ʆʙʨʘʟʮʳ ʥʠʪʝʡ ʙʝʟ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʥʦʛʦ ʧʦʢʨʳʪʠʷ. 

ʇʨʠ ʠʟʤʝʨʝʥʠʠ ɺɸʍ ʥʘ ʦʙʨʘʟʮʝ ʙʝʟ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʥʦʛʦ ʧʦʢʨʳʪʠʷ ʜʣʠʥʦʡ 10 ʩʤ ʠʟʤʝ-

ʥʝʥʠʷ ʪʦʢʘ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʥʘʧʨʷʞʝʥʠʷ ʜʦ 16 ɺ ʥʝ ʥʘʙʣʶʜʘʣʦʩʴ, ʧʦʵʪʦʤʫ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, 

ʯʪʦ ʧʦʣʠʤʝʨʥʘʷ ʥʠʪʴ ʙʝʟ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʥʦʛʦ ʧʦʢʨʳʪʠʷ ʥʝ ʧʨʦʚʦʜʷʱʘʷ, ʠʟʦʣʷʪʦʨ. ɸʥʘʣʦʛʠʯ-

ʥʳʡ ʨʝʟʫʣʴʪʘʪ ʙʳʣ ʠ ʧʨʠ ʠʟʤʝʨʝʥʠʠ ʟʘʚʠʩʠʤʦʩʪʠ ʝʤʢʦʩʪʠ ʦʪ ʥʘʧʨʷʞʝʥʠʷ. ʀʟʤʝʥʝʥʠʷ ʝʤʢʦʩʪʠ 

ʥʝ ʥʘʙʣʶʜʘʣʦʩʴ. ʆʙʨʘʟʝʮ ʜʣʠʥʦʡ 1 ʩʤ ʥʝ ʠʟʤʝʨʷʣʠ, ʪʘʢ ʢʘʢ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʜʣʠʥʳ ʜʣʷ ʥʝ ʧʨʦ-

ʚʦʜʷʱʝʛʦ ʦʙʨʘʟʮʘ ʥʝ ʦʮʝʥʠʚʘʝʤ. ʅʘ ʨʠʩʫʥʢʝ 9 ʧʨʝʜʩʪʘʚʣʝʥʘ ɺɸʍ ʥʘ ʦʙʨʘʟʮʝ ʙʝʟ ʛʝʪʝʨʦʩʪʨʫʢ-

ʪʫʨʥʦʛʦ ʧʦʢʨʳʪʠʷ. 

 

ʈʠʩʫʥʦʢ 9 - ɺɸʍ ʦʙʨʘʟʮʘ ʧʦʣʠʤʝʨʥʦʡ ʥʠʪʠ ʙʝʟ ʧʦʢʨʳʪʠʷ. 
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ʆʙʨʘʟʮʳ ʥʠʪʝʡ ʩ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʧʦʢʨʳʪʠʝʤ. 

ɺɸʍ ʦʙʨʘʟʮʘ ʩ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʧʦʢʨʳʪʠʝʤ ʧʦʣʠʤʝʨʥʦʡ ʥʠʪʠ ʣʠʥʝʡʥʘʷ, ʢʘʢ ʫ ʨʝʟʠʩʪʦʨʘ. 

ʇʦʣʠʤʝʨʥʘʷ ʥʠʪʴ ʦʙʣʘʜʘʝʪ ʥʠʟʢʠʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ, ʢʘʢ ʧʨʠ ʟʘʤʢʥʫʪʳʭ çʢʨʦʢʦʜʠʣʘʭè. ʅʘ ʨʠ-

ʩʫʥʢʘʭ 10 ʠ 11 ʧʨʝʜʩʪʘʚʣʝʥʳ ɺɸʍ ʦʙʨʘʟʮʦʚ ʧʦʣʠʤʝʨʥʦʡ ʥʠʪʠ ʜʣʠʥʦʡ 10 ʩʤ ʠ 1ʩʤ ʩ ʤʝʪʘʣʣʠ-

ʯʝʩʢʠʤ ʧʦʢʨʳʪʠʝʤ. 

 

ʈʠʩʫʥʦʢ 10 - ɺɸʍ ʦʙʨʘʟʮʘ ʧʦʣʠʤʝʨʥʦʡ ʥʠʪʠ ʩ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʧʦʢʨʳʪʠʝʤ ʜʣʠʥʦʡ 10 

ʩʤ. 

 

ʈʠʩʫʥʦʢ 11 - ɺɸʍ ʦʙʨʘʟʮʘ ʧʦʣʠʤʝʨʥʦʡ ʥʠʪʠ ʩ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʧʦʢʨʳʪʠʝʤ ʜʣʠʥʦʡ  

1 ʩʤ. 

 

ʉʦʧʨʦʪʠʚʣʝʥʠʝ ʧʨʦʚʦʜʥʠʢʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʝʛʦ ʩʚʦʡʩʪʚʘʤʠ ʠ ʛʝʦʤʝʪʨʠʝʡ ʧʦ ʬʦʨʤʫʣʝ ʟʘ-

ʚʠʩʠʤʦʩʪʠ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʦʪ ʩʚʦʡʩʪʚ ʧʨʦʚʦʜʥʠʢʘ R=ɟĿl/S (ʛʜʝ R- ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʧʨʦʚʦʜʥʠʢʘ, 

ɟ ï ʫʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʧʨʦʚʦʜʥʠʢʘ, l ï ʜʣʠʥʘ ʧʨʦʚʦʜʥʠʢʘ, S ï ʧʣʦʱʘʜʴ ʩʝʯʝʥʠʷ ʧʨʦʚʦʜ-
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ʥʠʢʘ). ɺ ʥʘʰʝʤ ʩʣʫʯʘʝ ʧʨʠ ʠʟʤʝʨʝʥʠʠ ʥʠʪʠ ʩ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʧʦʢʨʳʪʠʝʤ ʫʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚ-

ʣʝʥʠʝ ʠ ʧʣʦʱʘʜʴ ʩʝʯʝʥʠʷ ʥʠʪʠ ʥʝ ʤʝʥʷʶʪʩʷ, ʤʝʥʷʝʪʩʷ ʪʦʣʴʢʦ ʜʣʠʥʘ. ʂʘʢ ʚʠʜʥʦ ʠʟ ʬʦʨʤʫʣʳ, 

ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʣʠʥʝʡʥʦ ʟʘʚʠʩʠʪ ʦʪ ʜʣʠʥʳ ʧʨʦʚʦʜʥʠʢʘ. ɻʨʫʙʘʷ ʦʮʝʥʢʘ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʧʦʣʠ-

ʤʝʨʥʦʡ ʥʠʪʠ ʩ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʧʦʢʨʳʪʠʝʤ ʜʣʷ ʜʣʠʥ 1, 5 ʠ 10 ʩʤ ʠʟʤʝʨʷʣʘʩʴ ʦʙʳʯʥʳʤ ʤʫʣʴʪʠ-

ʤʝʪʨʦʤ. ʇʨʠ ʠʟʤʝʨʝʥʠʠ ʥʝ ʫʯʠʪʳʚʘʣʠʩʴ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʢʦʥʪʘʢʪʦʚ, ʧʨʦʚʦʜʦʚ ʠ ʩʘʤʦʛʦ ʧʨʠ-

ʙʦʨʘ. ʊʘʢʞʝ ʜʣʠʥʘ ʤʦʞʝʪ ʦʪʣʠʯʘʪʴʩʷ ʥʘ 10 %, ʧʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ ʠʥʜʠʝʚʳʭ ʢʦʥʪʘʢʪʦʚ ʚʦʟ-

ʤʦʞʥʳ ʥʘʧʣʳʚʳ. 

 

ʊʘʙʣʠʮʘ 2 - ʉʦʧʨʦʪʠʚʣʝʥʠʷ ʦʙʨʘʟʮʘ ʩ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʧʦʢʨʳʪʠʝʤ ʦʪ ʜʣʠʥʳ. 

ɼʣʠʥʘ ʦʙʨʘʟʮʘ, ʩʤ  ʉʦʧʨʦʪʠʚʣʝʥʠʝ ʦʙʨʘʟʮʘ, ʆʤ  

1  12  

5  48  

10  109  

ʆʙʨʘʟʮʳ ʥʠʪʝʡ ʩ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʥʳʤ ʧʦʢʨʳʪʠʝʤ. 

ʇʨʠ ʠʟʤʝʨʝʥʠʠ ɺɸʍ ʥʘ ʦʙʨʘʟʮʝ ʩ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʥʳʤ ʧʦʢʨʳʪʠʝʤ ʜʣʠʥʦʡ 10 ʩʤ, ʪʘʢʞʝ 

ʢʘʢ ʠ ʥʘ ʦʙʨʘʟʮʝ ʙʝʟ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʥʦʛʦ ʧʦʢʨʳʪʠʷ, ʠʟʤʝʥʝʥʠʷ ʪʦʢʘ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʥʘʧʨʷʞʝ-

ʥʠʷ ʜʦ 16 ɺ ʥʝ ʥʘʙʣʶʜʘʣʦʩʴ. ʈʘʥʝʝ ʧʨʠ ʘʥʘʣʠʟʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ, ʙʳʣʠ ʚʳ-

ʷʚʣʝʥʳ ʨʘʟʨʳʚʳ ʛʝʪʝʨʦʩʪʨʫʢʨʫʪʨʥʦʛʦ ʧʦʢʨʳʪʠʷ ʥʘ ʧʦʣʠʤʝʨʥʳʭ ʥʠʪʷʭ, ʧʦʵʪʦʤʫ ʥʘ ʙʦʣʴʰʦʡ 

ʜʣʠʥʝ ʥʝ ʥʘʙʣʶʜʘʣʦʩʴ ʠʟʤʝʥʝʥʠʷ ʪʦʢʦʚ ʧʨʠ ʥʘʧʨʷʞʝʥʠʷʭ ʜʦ 16 ɺ. ɸʥʘʣʦʛʠʯʥʘʷ ʢʘʨʪʠʥʘ ʠ ʜʣʷ 

ʦʙʨʘʟʮʘ ʜʣʠʥʦʡ 1 ʩʤ. ʅʘ ʨʠʩʫʥʢʝ 12 ʧʨʝʜʩʪʘʚʣʝʥʘ ɺɸʍ ʧʦʣʠʤʝʨʥʦʡ ʥʠʪʠ ʩ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʥʳʤ 

ʧʦʢʨʳʪʠʝʤ. 

 

ʈʠʩʫʥʦʢ 12 - ɺɸʍ ʦʙʨʘʟʮʘ ʧʦʣʠʤʝʨʥʦʡ ʥʠʪʠ ʩ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʥʳʤ ʧʦʢʨʳʪʠʷ. 
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ɺʳʚʦʜʳ 

ɼʦ ʥʘʩʪʦʷʱʝʛʦ ʚʨʝʤʝʥʠ ʘʥʘʣʠʟ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʦʣʠʤʝʨʥʳʭ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ, 

ʧʨʝʞʜʝ ʚʩʝʛʦ, ʩʚʷʟʘʥ ʩ ʠʩʩʣʝʜʦʚʘʥʠʷʤʠ ʩʚʦʡʩʪʚʘ ʧʦʣʠʤʝʨʥʳʭ ʧʣʝʥʦʢ, ʢʘʢ 2D ʩʪʨʫʢʪʫʨ. ʌʦʨ-

ʤʠʨʦʚʘʥʠʝ ʧʦʣʠʤʝʨʥʳʭ ʥʠʪʝʡ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʚ ʚʠʜʝ ʤʦʜʝʣʠ ʮʠʣʠʥʜʨʘ ʠʟ ʩʚʝʨʥʫʪʦʡ ʜʚʫ-

ʤʝʨʥʦʡ ʧʦʣʠʤʝʨʥʦʡ ʧʣʝʥʢʠ (2D ʩʪʨʫʢʪʫʨ) ʠ ʤʘʢʩʠʤʘʣʴʥʦ ʚʳʪʷʥʫʪʦʛʦ ʚ ʜʣʠʥʫ, ʪ.ʝ. ʧʨʝʜʩʪʘʚʠʪʴ 

ʚ ʚʠʜʝ 3D ʩʪʨʫʢʪʫʨʳ. ɼʘʥʥʳʝ ʩʪʨʫʢʪʫʨʳ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʚ ʜʘʥʥʦʤ ʧʨʦʝʢʪʝ. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʦʣʠʤʝʨʥʳʭ ʥʠʪʝʡ ʤʦʞʝʪ ʦʙʣʘʜʘʪʴ ʮʝʥʥʳʤ ʧʨʝʜʩʢʘʟʘʪʝʣʴʥʳʤ ʢʘʯʝ-

ʩʪʚʦʤ ʧʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʢʘʢʠʭ-ʣʠʙʦ ʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ. 

 

ʌʠʥʘʥʩʠʨʦʚʘʥʠʝ ʨʘʙʦʪʳ 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ ˉ 22-29-01158, 

https://rscf.ru/project/22-29-01158/ 
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ɸʥʥʦʪʘʮʠʷ. ɺ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʣʠʥʝʡʥʦʛʦ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ 

ʚ ʢʦʣʴʮʝʚʦʡ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʝ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʢʦʣʴʮʘ ʧʴʝʟʦʢʝʨʘʤʠʢʠ ʮʠʨʢʦʥʘʪʘ-ʪʠʪʘʥʘʪʘ 

ʩʚʠʥʮʘ ʠ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʦʥʥʦʛʦ ʩʣʦʷ ʥʘ ʦʩʥʦʚʝ ʣʝʥʪʳ ʘʤʦʨʬʥʦʛʦ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ. ɺ ʭʦʜʝ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʫ ʚʦʟʙʫʞʜʘʣʠ ʮʠʨʢʫʣʷʨʥʦ ʥʘʧʨʘʚʣʝʥʥʳʤ ʧʝʨʝʤʝʥʥʳʤ ʤʘʛʥʠʪ-

ʥʳʤ ʧʦʣʝʤ ʘʤʧʣʠʪʫʜʦʡ h = 1.63 ʕ ʥʘ ʯʘʩʪʦʪʝ ʨʝʟʦʥʘʥʩʘ f0 å 56.29 ʢɻʮ. ɹʳʣʠ ʧʦʣʫʯʝʥʳ ʯʘ-

ʩʪʦʪʥʳʝ, ʧʦʣʝʚʳʝ ʠ ʘʤʧʣʠʪʫʜʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʣʠʥʝʡʥʦʛʦ ʄʕ ʵʬʬʝʢʪʘ ʚ ʠʟʛʦʪʦʚʣʝʥʥʦʡ ʛʝ-

ʪʝʨʦʩʪʨʫʢʪʫʨʝ. ʃʠʥʝʡʥʳʡ ʄʕ ʢʦʵʬʬʠʮʠʝʥʪ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ ʩʦʩʪʘʚʠʣ Ŭ å 0.73 ɺ/(ʕĀʩʤ). 

ʈʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʳʚʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʩʦʟʜʘʥʠʷ ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚʳʩʦʢʦʯʫʚ-

ʩʪʚʠʪʝʣʴʥʦʛʦ ʜʘʪʯʠʢʘ ʧʝʨʝʤʝʥʥʦʛʦ ʧʦʣʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴʶ ~ 72 ʤɺ/ʕ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ, ʨʝʟʦʥʘʥʩ, ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ, 

ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʷ, ʢʦʣʴʮʝʚʘʷ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘ 
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Annotation. The paper is dedicated to investigation of the linear magnetoelectric effect in a ring 

heterostructure consisting of a lead zirconate-titanate piezoceramic ring and a magnetostrictive layer 
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by a circular alternating magnetic field with an amplitude of h = 1.63 Oe at a resonance frequency 

f0 å 56.29 kHz. The frequency, field, and amplitude dependences of the linear ME effect in the fabri-
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sensor with a sensitivity of ~ 72 mV/Oe based on the investigated heterostructure. 
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ʄʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʡ (ʄʕ) ʵʬʬʝʢʪ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʚʦʟʥʠʢʥʦʚʝʥʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʦ-

ʣʷʨʠʟʘʮʠʠ ʚ ʢʦʤʧʦʟʠʪʥʦʡ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʝ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʤʝʭʘʥʠʯʝʩʢʠ ʩʚʷʟʘʥʥʳʭ ʬʝʨʨʦʤʘʛ-

ʥʠʪʥʦʛʦ (ʌʄ) ʠ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ (ʇʕ) ʩʣʦʝʚ, ʧʨʠ ʧʦʤʝʱʝʥʠʠ ʝʸ ʚ ʧʝʨʝʤʝʥʥʦʝ ʤʘʛʥʠʪʥʦʝ 

ʧʦʣʝ. ɼʘʥʥʳʡ ʵʬʬʝʢʪ ʚʦʟʥʠʢʘʝʪ ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʤʙʠʥʘʮʠʠ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ ʌʄ ʩʣʦʷ ʠ ʧʴʝʟʦ-

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ ʚ ʇʕ ʩʣʦʝ. ɼʝʬʦʨʤʘʮʠʠ ʌʄ ʩʣʦʷ, ʚʦʟʥʠʢʰʠʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʤʘʛʥʠʪʦ-

ʩʪʨʠʢʮʠʠ, ʚʳʟʳʚʘʶʪ ʨʘʩʪʷʞʝʥʠʷ-ʩʞʘʪʠʷ ʇʕ ʩʣʦʷ, ʚ ʢʦʪʦʨʦʤ ʧʦʷʚʣʷʝʪʩʷ ʧʦʣʷʨʠʟʘʮʠʷ ʚʩʣʝʜ-

ʩʪʚʠʝ ʧʴʝʟʦʵʬʬʝʢʪʘ [1, 2]. 

ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʠʟʛʦʪʦʚʣʝʥʘ ʢʦʣʴʮʝʚʘʷ ʌʄ-ʇʕ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘ ʠ ʠʩʩʣʝʜʦ-

ʚʘʥʳ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʣʠʥʝʡʥʦʛʦ ʄʕ ʵʬʬʝʢʪʘ, ʚʢʣʶʯʘʷ ʯʘʩʪʦʪʥʳʝ, ʧʦʣʝʚʳʝ ʠ ʘʤʧʣʠʪʫʜʥʳʝ ʟʘ-

ʚʠʩʠʤʦʩʪʠ ʄʕ ʥʘʧʨʷʞʝʥʠʷ. ʀʥʪʝʨʝʩ ʢ ʢʦʣʴʮʝʚʳʤ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘʤ ʦʙʫʩʣʦʚʣʝʥ ʦʪʩʫʪʩʪʚʠʝʤ 

ʵʬʬʝʢʪʦʚ ʨʘʟʤʘʛʥʠʯʠʚʘʥʠʷ ʚ ʌʄ ʩʣʦʝ ʢʦʣʴʮʝʚʦʡ ʬʦʨʤʳ ʧʨʠ ʮʠʨʢʫʣʷʨʥʦ ʥʘʧʨʘʚʣʝʥʥʳʭ ʤʘʛ-

ʥʠʪʥʳʭ ʧʦʣʷʭ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚʥʫʪʨʠ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ ʠ ʧʦʟʚʦ-

ʣʷʝʪ ʧʦʚʳʩʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʄʕ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ [3]. 
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ʀʩʩʣʝʜʫʝʤʳʡ ʦʙʨʘʟʝʮ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʜʚʫʩʣʦʡʥʫʶ ʢʦʣʴʮʝʚʫʶ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʫ ʚ 

ʚʠʜʝ ʨʘʜʠʘʣʴʥʦ ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʢʦʣʴʮʘ ʠʟ ʧʴʝʟʦʢʝʨʘʤʠʢʠ ʮʠʨʢʦʥʘʪʘ-ʪʠʪʘʥʘʪʘ ʩʚʠʥʮʘ 

Pb(ZrxTi1-x)O3 (ʎʊʉ) ʩ ʚʥʫʪʨʝʥʥʠʤ ʜʠʘʤʝʪʨʦʤ 16 ʤʤ, ʪʦʣʱʠʥʦʡ ap = 1ʤʤ ʠ ʚʳʩʦʪʦʡ 5 ʤʤ, ʥʘ 

ʚʥʝʰʥʶʶ ʧʦʚʝʨʭʥʦʩʪʴ ʢʦʪʦʨʦʛʦ ʢʨʝʧʠʣʠ ʧʨʠ ʧʦʤʦʱʠ ʮʠʘʥʦʘʢʨʠʣʘʪʥʦʛʦ ʢʣʝʷ ʣʝʥʪʫ ʠʟ ʘʤʦʨʬ-

ʥʦʛʦ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʩʧʣʘʚʘ Metglas 2605SA1 ʰʠʨʠʥʦʡ 5 ʤʤ ʠ ʪʦʣʱʠʥʦʡ am =27 ʤʢʤ. ʂʦʥʮʳ 

ʘʤʦʨʬʥʦʡ ʣʝʥʪʳ ʙʳʣʠ ʩʦʝʜʠʥʝʥʳ ʚʥʘʭʣʸʩʪ ʜʣʷ ʩʦʟʜʘʥʠʷ ʟʘʤʢʥʫʪʦʡ ʤʘʛʥʠʪʥʦʡ ʮʝʧʠ. ʇʴʝʟʦ-

ʤʦʜʫʣʴ ʎʊʉ ʨʘʚʝʥ d31 = -170 ʧʂʣ/ʅ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ Ů = 1750 [4]. ʄʘʛʥʠʪʦ-

ʩʪʨʠʢʮʠʷ ʥʘʩʳʱʝʥʠʷ Metglas ɚs å 27Ŀ10
-6 ʚ ʧʦʣʝ ʥʘʩʳʱʝʥʠʷ Hs å 100 ʕ, ʤʘʛʥʠʪʥʘʷ ʧʨʦʥʠʮʘʝ-

ʤʦʩʪʴ Õ å 104 [5]. 

ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʠʟʛʦʪʦʚʣʝʥʥʦʡ ʢʦʣʴʮʝʚʦʡ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ ʠ ʤʝʪʦʜʠʢʘ 

ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ.1. ɺ ʭʦʜʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʦʙʨʘʟʝʮ ʧʦʤʝʱʘʣʠ ʚ ʮʠʨʢʫʣʷʨʥʦ 

ʥʘʧʨʘʚʣʝʥʥʦʝ ʚʦʟʙʫʞʜʘʶʱʝʝ ʧʝʨʝʤʝʥʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ h(f) ʠ ʧʦʩʪʦʷʥʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ H, 

ʥʘʧʨʘʚʣʝʥʥʦʝ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʦʩʠ ʢʦʣʴʮʘ. 

ɼʣʷ ʩʦʟʜʘʥʠʷ ʚʦʟʙʫʞʜʘʶʱʝʛʦ ʮʠʨʢʫʣʷʨʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʧʦʚʝʨʭ ʦʙʨʘʟʮʘ ʥʘʤʦʪʘʣʠ 

ʪʦʨʦʠʜʘʣʴʥʫʶ ʢʘʪʫʰʢʫ, ʩʦʜʝʨʞʘʱʫʶ 90 ʚʠʪʢʦʚ ʤʝʜʥʦʛʦ ʵʤʘʣʠʨʦʚʘʥʥʦʛʦ ʧʨʦʚʦʜʘ ʜʠʘʤʝʪʨʦʤ 

0.2 ʤʤ, ʯʝʨʝʟ ʢʦʪʦʨʫʶ ʧʨʦʧʫʩʢʘʣʠ ʪʦʢ i(f) ʩ ʯʘʩʪʦʪʦʡ f = 0-70 ʢɻʮ ʦʪ ʛʝʥʝʨʘʪʦʨʘ Agilent 33210A. 

ʅʘʧʨʷʞʝʥʠʝ, ʛʝʥʝʨʠʨʫʝʤʦʝ ʇʕ ʩʣʦʝʤ, ʠʟʤʝʨʷʣʠ ʩ ʧʦʤʦʱʴʶ ʮʠʬʨʦʚʦʛʦ ʚʦʣʴʪʤʝʪʨʘ ɸʂʀʇ-

2401 ʩ ʚʭʦʜʥʳʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ 10 ʄʆʤ. 

 

ʈʠʩ. 1. ʉʭʝʤʘʪʠʯʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʢʦʣʴʮʝʚʦʡ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ Metglas ï ʎʊʉ 

ʅʘ ʨʠʩ. 2 ʧʦʢʘʟʘʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʄʕ ʥʘʧʨʷʞʝʥʠʷ u ʦʪ ʯʘʩʪʦʪʳ ʚʦʟʙʫʞʜʘʶʱʝʛʦ ʤʘʛʥʠʪ-

ʥʦʛʦ ʧʦʣʷ f ʩ ʘʤʧʣʠʪʫʜʦʡ h = 1.63 ʕ ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʧʦʣʝ H = 10 ʕ. ʅʘ ʯʘʩʪʦʪʝ f = 56.29 ʢɻʮ, 

ʥʘʙʣʶʜʘʝʪʩʷ ʨʝʟʦʥʘʥʩʥʳʡ ʧʠʢ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʯʘʩʪʦʪʝ ʩʦʙʩʪʚʝʥʥʳʭ ʨʘʜʠʘʣʴʥʳʭ ʢʦʣʝʙʘʥʠʡ 

ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ [6], ʘʤʧʣʠʪʫʜʘ ʢʦʪʦʨʦʛʦ um = 119 ʤɺ, ʜʦʙʨʦʪʥʦʩʪʴ Q = 70.  
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ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʄʕ ʥʘʧʨʷʞʝʥʠʷ ʢʦʣʴʮʝʚʦʡ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ ʦʪ ʯʘʩʪʦʪʳ ʚʦʟʙʫʞʜʘʶ-

ʱʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ f ʧʨʠ h = 1.63 ʕ ʠ H = 10 ʕ. 

ʅʘ ʨʠʩ.3 ʧʨʝʜʩʪʘʚʣʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʄʕ ʥʘʧʨʷʞʝʥʠʷ, ʛʝʥʝʨʠʨʫʝʤʦʛʦ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʦʡ 

ʥʘ ʯʘʩʪʦʪʝ ʨʝʟʦʥʘʥʩʘ f0 = 56.29 ʢɻʮ, ʦʪ ʧʦʩʪʦʷʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ H. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠ 

ʧʨʠ ʘʤʧʣʠʪʫʜʝ ʧʝʨʝʤʝʥʥʦʛʦ ʧʦʣʷ h = 1.63 ʕ. ʅʘ ʟʘʚʠʩʠʤʦʩʪʠ ʥʘʙʣʶʜʘʝʪʩʷ ʣʠʥʝʡʥʦʝ ʫʚʝʣʠʯʝ-

ʥʠʝ ʥʘʧʨʷʞʝʥʠʷ ʜʦ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ um = 117 ʤɺ ʧʨʠ Hm= 10 ʕ. ʇʨʠ ʜʘʣʴʥʝʡʰʝʤ ʫʚʝ-

ʣʠʯʝʥʠʠ ʧʦʣʷ ʥʘʙʣʶʜʘʝʪʩʷ ʤʦʥʦʪʦʥʥʳʡ ʩʧʘʜ ʥʘʧʨʷʞʝʥʠʷ. ʄʘʢʩʠʤʘʣʴʥʘʷ ʚʝʣʠʯʠʥʘ ʄʕ ʢʦʵʬ-

ʬʠʮʠʝʥʪʘ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ ʩʦʩʪʘʚʠʣʘ Ŭ = u/(aph) å 0.73 ɺ/(ʕĿʩʤ). 

  

ʈʠʩ. 3. ɿʘʚʠʩʠʤʦʩʪʴ ʄʕ ʥʘʧʨʷʞʝʥʠʷ ʢʦʣʴʮʝʚʦʡ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ ʦʪ ʧʦʩʪʦʷʥʥʦʛʦ ʤʘʛʥʠʪ-

ʥʦʛʦ 

 ʧʦʣʷ H ʧʨʠ h = 1.63 ʕ ʠ f0 = 56.29 ʢɻʮ 

ʅʘ ʨʠʩ. 4 ʧʨʝʜʩʪʘʚʣʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʄʕ ʥʘʧʨʷʞʝʥʠʷ ʦʪ ʘʤʧʣʠʪʫʜʳ ʧʝʨʝʤʝʥʥʦʛʦ ʤʘʛ-

ʥʠʪʥʦʛʦ ʧʦʣʷ h ʥʘ ʯʘʩʪʦʪʝ ʨʝʟʦʥʘʥʩʘ f0 = 56.29 ʢɻʮ ʧʨʠ ʦʧʪʠʤʘʣʴʥʦʤ ʧʦʩʪʦʷʥʥʦʤ ʧʦʣʝ  

H = Hm = 10 ʕ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤ ʤʘʢʩʠʤʫʤʫ ʄʕ ʥʘʧʨʷʞʝʥʠʷ ʚ ʣʠʥʝʡʥʦʤ ʨʝʞʠʤʝ. ɺʠʜʥʦ, ʯʪʦ 
ʠʟʤʝʨʝʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʠʤʝʝʪ ʣʠʥʝʡʥʳʡ ʚʠʜ ʚʧʣʦʪʴ ʜʦ h = 1.63 ʕ. ʏʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʦʙʨʘʟʮʘ 

ʢ ʧʝʨʝʤʝʥʥʦʤʫ ʤʘʛʥʠʪʥʦʤʫ ʧʦʣʶ ʨʘʚʥʘ um/h å 72 ʤɺ/ʕ. 
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ʈʠʩ. 4. ɿʘʚʠʩʠʤʦʩʪʴ ʄʕ ʥʘʧʨʷʞʝʥʠʷ ʢʦʣʴʮʝʚʦʡ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ ʦʪ ʘʤʧʣʠʪʫʜʳ ʚʦʟʙʫʞʜʘ-

ʶʱʝʛʦ ʧʝʨʝʤʝʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ h ʧʨʠ Hm = 10 ʕ ʠ f0 = 56.29 ʢɻʮ 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥ ʄʕ ʵʬʬʝʢʪ ʚ ʢʦʣʴʮʝʚʦʡ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʝ çʘʤʦʨʬʥʳʡ 

ʤʘʛʥʠʪʥʳʡ ʩʧʣʘʚ Metglas ï ʎʊʉè ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʥʘ ʥʝʸ ʮʠʨʢʫʣʷʨʥʳʤ ʚʦʟʙʫʞʜʘʶʱʠʤ ʧʝʨʝ-

ʤʝʥʥʳʤ ʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʤ ʦʩʠ ʩʪʨʫʢʪʫʨʳ ʧʦʩʪʦʷʥʥʳʤ ʤʘʛʥʠʪʥʳʤʠ ʧʦʣʷʤʠ. ʄʘʢʩʠʤʘʣʴʥʦʝ 

ʄʕ ʥʘʧʨʷʞʝʥʠʝ, ʧʦʣʫʯʝʥʥʦʝ ʥʘ ʯʘʩʪʦʪʝ ʨʝʟʦʥʘʥʩʘ f0 = 56.29 ʢɻʮ, ʩʦʩʪʘʚʠʣʦ um = 119 ʤɺ ʧʨʠ 

Hm = 10 ʕ. ʄʘʢʩʠʤʘʣʴʥʳʡ ʣʠʥʝʡʥʳʡ ʄʕ ʢʦʵʬʬʠʮʠʝʥʪ ʚ ʠʩʩʣʝʜʦʚʘʥʥʦʡ ʩʪʨʫʢʪʫʨʝ ʩʦʩʪʘʚʠʣ 

Ŭ å 0.73 ɺ/(ʕĿʩʤ). ʉʦʚʦʢʫʧʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦʟʚʦʣʷʝʪ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʚʦʟʤʦʞ-

ʥʦʩʪʠ ʩʦʟʜʘʥʠʷ ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʦʡ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ ʜʘʪʯʠʢʘ ʧʝʨʝʤʝʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʯʫʚ-

ʩʪʚʠʪʝʣʴʥʦʩʪʴʶ ~ 72 ʤɺ/ʕ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ, 

ʛʨʘʥʪ  ̄19-79-101-28-ʇ, ʪʝʭʥʦʣʦʛʠʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʢʦʣʴʮʝʚʦʡ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ ʨʘʟʨʘʙʦʪʘʥʘ 

ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ çɼʣʷ ʤʦʣʦʜʳʭ ʫʯʸʥʳʭ 2022-2023è ʈʊʋ ʄʀʈʕɸ (ʅʀʏ-57). 
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ʋɼʂ 537.226 

 

ʇʆʃʋʏɽʅʀɽ, ʉʊʈʋʂʊʋʈʅʓɽ ʀ ɼʀʕʃɽʂʊʈʀʏɽʉʂʀɽ  

ʀʉʉʃɽɼʆɺɸʅʀʗ ʊɺɽʈɼʓʍ ʈɸʉʊɺʆʈʆɺ ʉʆ ʉʊʈʋʂʊʋʈʆʁ 

ʇɽʈʆɺʉʂʀʊɸ ɺ ʉʀʉʊɽʄɽ (1-X)BaTiO3ĿXPBFe2/3W1/3O3 C 

0ÒXÒ0.25 

 

ʌʝʜʫʣʦʚ ɼ.ʖ.  

ʘʩʧʠʨʘʥʪ ʀʥʩʪʠʪʫʪʘ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʠ ʠʥʜʫʩʪʨʠʘʣʴʥʦʛʦ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ ʈʊʋ 

ʄʀʈʕɸ  

ʂʠʨʦʚ ʀ.ɸ.  

ʩʪʫʜʝʥʪ ʀʥʩʪʠʪʫʪʘ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʠ ʠʥʜʫʩʪʨʠʘʣʴʥʦʛʦ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ ʈʊʋ 

ʄʀʈʕɸ  

ɹʫʰ ɸ.ɸ. 

ʜ.ʪ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʜʠʨʝʢʪʦʨ ʅʀʀ ʤʘʪʝʨʠʘʣʦʚ ʪʚʝʨʜʦʪʝʣʴʥʦʡ ʵʣʝʢʪʨʦʥʠʢʠ ʈʊʋ ʄʀʈʕɸ 

ʂʦʟʣʦʚ ɺ.ʀ. 

ʘʩʧʠʨʘʥʪ ʀʥʩʪʠʪʫʪʘ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʠ ʠʥʜʫʩʪʨʠʘʣʴʥʦʛʦ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ ʈʊʋ 

ʄʀʈʕɸ  

 

ɸʥʥʦʪʘʮʠʷ: ʅʘ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʘʭ ʩʠʩʪʝʤʳ (1-x)BaTiO3Ā xPbFe2/3W1/3O3 ((1-

x)BTĀxPFW) ʩ 0ÒxÒ0.25 ʧʨʦʚʝʜʝʥʳ ʨʝʥʪʛʝʥʦʛʨʘʬʠʯʝʩʢʠʝ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʋʩʪʘ-

ʥʦʚʣʝʥʦ, ʯʪʦ ʦʙʨʘʟʮʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʦʜʥʦʬʘʟʥʳʝ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʧʝʨʦʚ-

ʩʢʠʪʘ, ʩʠʤʤʝʪʨʠʷ ʢʦʪʦʨʳʭ ʠʟʤʝʥʷʝʪʩʷ ʦʪ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʧʨʠ x<0.05 ʜʦ ʢʫʙʠʯʝʩʢʦʡ ʧʨʠ xÓ0.05. 

ʇʦʩʪʨʦʝʥʘ ʬʘʟʦʚʘʷ ʜʠʘʛʨʘʤʤʘ, ʧʨʝʜʩʪʘʚʣʷʶʱʘʷ ʠʟʤʝʥʝʥʠʝ ʩʠʤʤʝʪʨʠʠ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ ʩ ʩʦʩʪʘʚʦʤ. ʋʚʝʣʠʯʝʥʠʝ ʚ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʘʭ PFW ʚʳʟʳʚʘʝʪ ʧʦʩʪʝʧʝʥʥʦʝ ʠʟʤʝʥʝʥʠʝ ʠʭ 

ʩʚʦʡʩʪʚ ʦʪ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʪʠʧʘ BT ʧʨʠ 0ÒʭÒ0.04, ʜʦ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩ ʨʘʟ-

ʤʳʪʳʤ ʬʘʟʦʚʳʤ ʧʝʨʝʭʦʜʦʤ ʧʨʠ 0.05ÒxÒ0.07, ʜʦ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ-ʨʝʣʘʢʩʦʨʥʳʭ ʧʨʠ 

0.10ÒxÒ0.13 ʠ ʟʘʪʝʤ ʧʨʠ 0.15ÒxÒ0.25 ʜʦ ʩʚʦʡʩʪʚ, ʧʦʜʦʙʥʳʭ ʩʚʦʡʩʪʚʘʤ ʧʘʨʘʵʣʝʢʪʨʠʢʦʚ ʩʦ ʩʣʘʙʳʤʠ 

ʢʦʨʨʝʣʷʮʠʷʤʠ ʤʝʞʜʫ ʜʠʧʦʣʷʤʠ ʜʘʞʝ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʇʦʣʫʯʝʥʳ ʜʘʥʥʳʝ ʦ ʢʦʥʮʝʥʪʨʘʮʠ-

ʦʥʥʳʭ ʟʘʚʠʩʠʤʦʩʪʷʭ ʩʠʤʤʝʪʨʠʠ ʠ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ, ʠʭ ʜʠ-

ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʝʛʥʝʪʦʢʝʨʘʤʠʢʘ, ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ, ʨʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ, ʜʠʵʣʝʢ-

ʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 
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Annotation: On synthesized ceramic samples of the system (1-x)BaTiO3ĀxPbFe2/3W1/3O3 ((1-x)BTĀxPFW) 

with 0ÒxÒ0.25 X-ray diffraction and dielectric studies were carried out. It is established that the samples 

are single-phase solid solutions with a perovskite structure, the symmetry of which varies from tetragonal 

at x<0.05 to cubic at xÓ0.05. A phase diagram representing the change in symmetry and dielectric proper-

ties with the composition was drawn. An increase in the PFW content in solid solutions causes a gradual 

change in their properties from ferroelectric properties of the BT type at 0ÒxÒ0.04, to ferroelectric with a 

diffused phase transition at 0.05ÒxÒ0.07, to ferroelectric-relaxor properties at 0.10ÒxÒ0.13 and then at 

0.15ÒxÒ0.25 to properties to those of paraelectrics with weak correlations between dipoles even at low 

temperatures. Data on the concentration dependences of symmetry and unit cell parameters of solid solu-

tions and their dielectric characteristics were obtained. 

Keywords: ferroelectric ceramics, solid solutions, X-ray diffraction phase analysis, dielectric prop-

erties 

 

ɺʚʝʜʝʥʠʝ 

ʊʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʧʝʨʦʚʩʢʠʪʘ ʥʘ ʦʩʥʦʚʝ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʠʪʘʥʘʪʘ ʙʘʨʠʷ Ba-

TiO3 ʦʙʣʘʜʘʶʪ ʠʥʪʝʨʝʩʥʳʤʠ ʩ ʥʘʫʯʥʦʡ ʠ ʧʨʠʢʣʘʜʥʦʡ ʪʦʯʝʢ ʟʨʝʥʠʷ ʩʚʦʡʩʪʚʘʤʠ, ʧʦʵʪʦʤʫ ʚʝʩʴʤʘ 

ʠʥʪʝʥʩʠʚʥʦ ʠʩʩʣʝʜʫʶʪʩʷ ʚ ʪʝʯʝʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʧʦʩʣʝʜʥʠʭ ʜʝʩʷʪʠʣʝʪʠʡ [1-6]. ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʦ 

ʧʦʣʫʯʝʥʦ ʠ ʠʟʫʯʝʥʦ ʤʥʦʞʝʩʪʚʦ ʨʘʟʥʦʦʙʨʘʟʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ, ʤʥʦʛʠʝ ʠʟ ʥʠʭ ʥʘʰʣʠ ʧʨʠʤʝ-

ʥʝʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʢʦʥʜʝʥʩʘʪʦʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʧʦʟʠʩʪʦʨʦʚ, ʧʴʝʟʦʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʠ ʜʨ. ʊʝʤ ʥʝ 

ʤʝʥʝʝ ʤʦʞʥʦ ʟʘʤʝʪʠʪʴ, ʯʪʦ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʧʦʪʝʥʮʠʘʣʴʥʦ ʧʝʨʩʧʝʢʪʠʚʥʦʡ ʩʠʩʪʝʤʳ  

(1-x)BaTiO3ĿxPbFe2/3W1/3O3 (BT-PFW) ʦʩʪʘʶʪʩʷ ʠʟʫʯʝʥʥʳʤʠ ʚʝʩʴʤʘ ʩʣʘʙʦ, ʧʦ ʥʝʡ ʦʙʥʘʨʫʞʝʥʘ 

ʪʦʣʴʢʦ ʦʜʥʘ ʨʘʙʦʪʘ [7], ʚ ʢʦʪʦʨʦʡ ʧʨʠʚʦʜʷʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʜʠʵʣʝʢ-

ʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʦʙʨʘʟʮʦʚ ʵʪʦʡ ʩʠʩʪʝʤʳ, ʩʦʩʪʘʚ r ʢʦʪʦʨʳʭ ʣʝʞʘʪ ʩʦ ʩʪʦʨʦʥʳ PFW (ʜʣʷ 

0ÒxÒ0.30), ʠ ʤʝʩʩʙʘʫʵʨʦʚʩʢʠʭ ʩʧʝʢʪʨʦʚ. 

ʌʝʨʨʦʚʦʣʴʬʨʘʤʘʪ ʩʚʠʥʮʘ PFW, ʚ ʦʪʣʠʯʠʝ ʦʪ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʬʘʟʳ Ba-

TiO3, ʠʤʝʝʪ ʧʨʠ ʚʩʝʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʢʫʙʠʯʝʩʢʫʶ ʩʠʤʤʝʪʨʠʶ, ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʥʝ 

ʧʨʦʷʚʣʷʝʪ, ʘ ʷʚʣʷʝʪʩʷ ʪʠʧʠʯʥʳʤ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʦʤ-ʨʝʣʘʢʩʦʨʦʤ [2,8-15]. ʆʥ ʦʙʣʘʜʘʝʪ ʚʳʩʦʢʦʡ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ Ů ʠ ʭʘʨʘʢʪʝʨʥʳʤ ʜʣʷ ʨʝʣʘʢʩʦʨʦʚ ʨʘʟʤʳʪʳʤ ʨʝʣʘʢʩʘʮʠʦʥʥʳʤ 

ʤʘʢʩʠʤʫʤʦʤ ʥʘ ʟʘʚʠʩʠʤʦʩʪʠ Ů(T) ʚ ʦʙʣʘʩʪʠ 190 ʂ. ʇʦ ʜʘʥʥʳʤ [11,12], ʠʟʤʝʥʝʥʠʷ Ů ʚ ʦʙʣʘʩʪʠ Tmax 

ʥʝ ʩʦʧʨʦʚʦʞʜʘʶʪʩʷ ʩʪʨʫʢʪʫʨʥʳʤʠ ʠʟʤʝʥʝʥʠʷʤʠ, PFW ʦʩʪʘʝʪʩʷ ʢʫʙʠʯʝʩʢʠʤ ʚʧʣʦʪʴ ʜʦ 10 ʂ. ʕʪʠ 
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ʨʘʟʣʠʯʠʷ ʫʢʘʟʳʚʘʶʪ ʥʘ ʪʦ, ʯʪʦ ʚ ʩʠʩʪʝʤʝ (1-x)BTĿxPFW ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʩʦʩʪʘʚʘ ʪʚʝʨʜʳʭ ʨʘʩ-

ʪʚʦʨʦʚ ʤʦʞʥʦ ʦʞʠʜʘʪʴ ʠʟʤʝʥʝʥʠʡ ʠʭ ʩʠʤʤʝʪʨʠʠ ʠ ʨʝʘʣʠʟʘʮʠʠ ʨʘʟʣʠʯʥʳʭ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʩʦʩʪʦʷʥʠʡ. ɼʦʧʦʣʥʠʪʝʣʴʥʳʡ ʠʥʪʝʨʝʩ ʢ ʠʟʫʯʝʥʠʶ PFW ʚʳʟʚʘʥ ʩʦʯʝʪʘʥʠʝʤ ʚ ʥʝʤ ʩʝʛʥʝʪʦʵʣʝʢ-

ʪʨʠʯʝʩʢʠʭ-ʨʝʣʘʢʩʦʨʥʳʭ ʩʚʦʡʩʪʚ ʩ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ [2,8-15].  

ɺ ʩʝʤʝʡʩʪʚʝ A[B1]1ïm[B2]mO3, m=1/2, 1/3 ʬʘʟʘ PFW ʠʤʝʝʪ ʩʘʤʫʶ ʥʠʟʢʫʶ ʪʝʤʧʝʨʘʪʫʨʫ ʩʧʝʢʘ-

ʥʠʷ (<900 ÁC), ʧʦʵʪʦʤʫ ʦʥʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʢʘʢ ʜʦʙʘʚʢʘ ʢ ʜʨʫʛʠʤ ʨʝʣʘʢʩʦʨʥʳʤ ʩʦʩʪʘʚʘʤ, ʩʥʠʞʘʶʱʘʷ 

ʪʝʤʧʝʨʘʪʫʨʫ ʠʭ ʩʧʝʢʘʥʠʷ ʜʦ T<1000 ÁC [2,15-17]. ʊʘʢʦʝ ʩʥʠʞʝʥʠʝ ʜʣʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ, 

ʠʩʧʦʣʴʟʫʝʤʳʭ ʧʨʠ ʩʦʟʜʘʥʠʠ ʩʣʦʠʩʪʳʭ ʢʦʥʜʝʥʩʘʪʦʨʦʚ, ʠʤʝʝʪ ʚʘʞʥʦʝ ʟʥʘʯʝʥʠʝ, ʧʦʩʢʦʣʴʢʫ ʚʳʩʦʢʘʷ 

ʪʝʤʧʝʨʘʪʫʨʘ ʩʧʝʢʘʥʠʷ BaTiO3 (>1300 oC) ʚʳʥʫʞʜʘʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʚʥʫʪʨʝʥʥʠʭ ʵʣʝʢʪʨʦʜʦʚ ʜʦʨʦ-

ʛʦʩʪʦʷʱʠʡ Pd. ʇʦʥʠʞʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʝʢʘʥʠʷ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʦʩʫʱʝʩʪʚʣʷʪʴ ʩʧʝʢʘʥʠʝ ʤʥʦʛʦ-

ʩʣʦʡʥʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʢʦʥʜʝʥʩʘʪʦʨʦʚ ʩʦʚʤʝʩʪʥʦ ʩʦ ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʝʜʦʨʦʛʠʤʠ ʤʝʞʩʣʦʝʚʳʤʠ ʵʣʝʢ-

ʪʨʦʜʘʤʠ ʩ ʥʠʟʢʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ ʧʣʘʚʣʝʥʠʷ, ʪʘʢʠʤʠ ʢʘʢ ʩʧʣʘʚʳ Ag/Pd ʠʣʠ ʜʨ. ʂʨʦʤʝ ʪʦʛʦ, ʠʟ-ʟʘ ʥʘʣʠ-

ʯʠʷ ʩʨʘʚʥʠʪʝʣʴʥʦ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ (TN=363 K) PFW  ʨʘʩʩʤʘʪ-

ʨʠʚʘʝʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʢʦʤʧʦʥʝʥʪʘ ʥʦʚʳʭ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʢʦʤʧʦʟʠʮʠʡ. 

ɺ ʩʚʷʟʠ ʩ ʠʟʣʦʞʝʥʥʳʤ, ʮʝʣʴʶ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʷʚʣʷʣʦʩʴ ʧʦʣʫʯʝʥʠʝ, ʠʟʫʯʝʥʠʝ ʩʪʨʫʢʪʫʨʥʳʭ 

ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʩʠʩʪʝʤʳ (1-x)BTĿxPFW. 
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ʉʠʥʪʝʟ ʢʝʨʘʤʠʢʠ 

ʆʙʨʘʟʮʳ ʠʟʫʯʘʝʤʦʡ ʩʠʩʪʝʤʳ ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʚ ʚʦʟʜʫʰʥʦʡ ʘʪʤʦʩʬʝʨʝ ʤʝʪʦʜʦʤ ʪʚʝʨʜʦ-

ʬʘʟʥʳʭ ʨʝʘʢʮʠʡ ʧʦ ʦʙʳʯʥʦʡ ʢʝʨʘʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ. ɺ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʨʝʘʢʪʠʚʦʚ ʠʩ-

ʧʦʣʴʟʦʚʘʣʠ ʦʢʩʠʜʳ PbO ï ʤʘʨʢʠ çɻ-2è ʩ ʥʝ ʤʝʥʝʝ 98.7 % ʦʩʥʦʚʥʦʛʦ ʚʝʱʝʩʪʚʘ, TiO2 ï çʦʩ.ʯ.-7-

3è, Fe2O3 çʯ.ʜ.ʘ.è, WO3 ïçʯ.è ʠ ʢʘʨʙʦʥʘʪ ʙʘʨʠʷ BaCO3 ï çʯ.è. ʉʦʩʪʘʚʳ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʠ ʠʟʫ-

ʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ, ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʠ ʬʦʨʤʫʣʝ (1-x)BaTiO3ĀxPbFe2/3W1/3O3 (BT-PFW) ʩ ʭ=0-0.25. 

ʐʠʭʪʫ ʜʣʷ ʩʠʥʪʝʟʘ ʛʦʪʦʚʠʣʠ ʛʦʤʦʛʝʥʠʟʘʮʠʝʡ ʩʤʝʩʝʡ ʫʢʘʟʘʥʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʧʝʨʝʤʝʰʠʚʘ-

ʥʠʝʤ ʠʭ ʚ ʬʘʨʬʦʨʦʚʦʡ ʩʪʫʧʢʝ ʚ ʚʦʟʜʫʰʥʦʡ ʩʨʝʜʝ. ʆʙʞʠʛ ʛʦʤʦʛʝʥʠʟʠʨʦʚʘʥʥʳʭ ʩʤʝʩʝʡ ʧʨʦʚʦ-

ʜʠʣʠ ʚ ʢʘʤʝʨʥʦʡ ʵʣʝʢʪʨʦʧʝʯʠ çʉʅʆʃè 18/14 ʧʨʠ 1150-1230 ʦʉ ʚ ʪʝʯʝʥʠʝ 4 ʯʘʩʦʚ. ʊʝʤʧʝʨʘʪʫʨʘ 

ʦʙʞʠʛʘ ʩʤʝʩʝʡ ʧʦʥʠʞʘʣʘʩʴ ʦʪ 1230 ʦʉ ʜʣʷ x =0 ʜʦ 1150ʦʉ ʜʣʷ x=0.25.  
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ʈʠʩ. 1. ʂʦʥʮʝʥʪʨʘʮʠʦʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʣʷ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ (1-x)BaTiO3Ŀ 

xPbFe2/3W1/3O3: ʧʘʨʘʤʝʪʨʦʚ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ a (1), c (2), ʢʫʙʠʯʝʩʢʦʡ a (3) ʠ ʧʨʠʚʝʜʝʥ-

ʥʦʡ a=(a2c)1/3 (4) ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ; ʪʝʤʧʝʨʘʪʫʨ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ Tc (5), TT/O (6), 

TO/R (7) ʠ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʤʘʢʩʠʤʫʤʦʚ Tm (8 - ʧʨʠ f=120 ɻʮ ʠ 9 ʧʨʠ f=1 ʄɻʮ); ʚʝʣʠ-

ʯʠʥʳ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʚ ʤʘʢʩʠʤʫʤʝ em ʧʨʠ f=1 ʄɻʮ, T=Tc(m), (10) ʠ 

ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ eRT (11); ʰʠʨʠʥʳ ʤʘʢʩʠʤʫʤʘ ʥʘ ʟʘʚʠʩʠʤʦʩʪʠ e(T) ʥʘ ʧʦ-

ʣʦʚʠʥʝ ʝʛʦ ʚʳʩʦʪʳ DTm (12) (ʉ, T, O, R ï ʢʫʙʠʯʝʩʢʘʷ, ʪʝʪʨʘʛʦʥʘʣʴʥʘʷ, ʨʦʤʙʠʯʝʩʢʘʷ, 

ʨʦʤʙʦʵʜʨʠʯʝʩʢʘʷ ʩʠʤʤʝʪʨʠʷ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). 
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ʇʦʩʣʝ ʠʟʤʝʣʴʯʝʥʠʷ ʧʨʦʜʫʢʪʦʚ ʦʙʞʠʛʘ ʠʟ ʥʠʭ ʧʨʠ ʜʘʚʣʝʥʠʠ å60 ʄʇʘ ʬʦʨʤʦʚʘʣʠ ʮʠʣʠʥʜʨʠʯʝ-

ʩʢʠʝ ʜʠʩʢʠ ʜʠʘʤʝʪʨʦʤ å14 ʤʤ ʠ ʪʦʣʱʠʥʦʡ 2-3 ʤʤ, ʢʦʪʦʨʳʝ ʩʧʝʢʘʣʠ ʚ ʪʝʯʝʥʠʝ 4 ʯ ʧʨʠ ʪʝʤʧʝ-

ʨʘʪʫʨʘʭ, ʣʝʞʘʱʠʭ ʧʨʠʤʝʨʥʦ ʥʘ 100 ʦʉ ʚʳʰʝ ʪʝʤʧʝʨʘʪʫʨ ʠʭ ʦʙʞʠʛʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʠ ʧʦʣʫ-

ʯʝʥʳ ʢʝʨʘʤʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ, ʧʣʦʪʥʦʩʪʴ ʢʦʪʦʨʳʭ ʩʦʩʪʘʚʣʷʣʘ 80ï95 % ʦʪ ʨʝʥʪʛʝʥʦʚʩʢʦʡ. ɼʣʷ 

ʠʟʫʯʝʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʥʘ ʙʘʟʠʩʥʳʝ ʧʣʦʩʢʦʩʪʠ ʪʘʙʣʝʪʦʢ ʢʝʨʘʤʠʢʠ ʙʳʣʠ ʥʘʥʝʩʝʥʳ 

ʵʣʝʢʪʨʦʜʳ ʧʫʪʝʤ ʚʞʠʛʘʥʠʷ ʧʨʠ ~850 ʦC Ag-ʩʦʜʝʨʞʘʱʝʡ ʧʘʩʪʳ. 

 

ʈʝʥʪʛʝʥʦʚʩʢʠʡ ʬʘʟʦʚʳʡ ʘʥʘʣʠʟ 

ʈʝʥʪʛʝʥʦʚʩʢʠʡ ʬʘʟʦʚʳʡ ʘʥʘʣʠʟ (ʈʌɸ) ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʡ ʢʝʨʘʤʠʢʠ ʚʳʧʦʣʥʝʥ ʥʘ ʫʧʨʘʚʣʷʝʤʦʤ ʢʦʤ-

ʧʴʶʪʝʨʦʤ ʨʝʥʪʛʝʥʦʚʩʢʦʤ ʜʠʬʨʘʢʪʦʤʝʪʨʝ ɼʈʆʅ-4 ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʬʠʣʴʪʨʦʚʘʥʥʦʛʦ ʤʝʜʥʦʛʦ ʠʟ-

ʣʫʯʝʥʠʷ ʠ ʧʦʨʦʰʢʘ ʢʨʠʩʪʘʣʣʦʚ Ge ʚ ʢʘʯʝʩʪʚʝ ʚʥʫʪʨʝʥʥʝʛʦ ʵʪʘʣʦʥʘ.  

ɺʩʝ ʨʝʬʣʝʢʩʳ ʜʠʬʨʘʢʪʦʛʨʘʤʤ ʦʙʨʘʟʮʦʚ ʠʥʜʠʮʠʨʫʶʪʩʷ ʥʘ ʦʩʥʦʚʝ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʧʨʠ x<0.05 ʠʣʠ 

ʢʫʙʠʯʝʩʢʦʡ ʧʨʠ xÓ0.05 ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʩ aåcå4.0 ¡ (ʨʠʩ. 1). ʕʪʠ ʦʙʨʘʟʮʳ ʷʚʣʷʶʪʩʷ ʦʜʥʦʬʘʟ-

ʥʳʤʠ, ʦʥʠ, ʦʯʝʚʠʜʥʦ, ʩʦʩʪʦʷʪ ʠʟ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ (Ba1-xPbx)(Ti1-xFe2x/3 Wx/3)O3 ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʧʝ-

ʨʦʚʩʢʠʪʘ. ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʚ ʦʙʨʘʟʮʘʭ ʩʦʜʝʨʞʘʥʠʷ PFW ʧʘʨʘʤʝʪʨ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʘ ʫʚʝʣʠʯʠ-

ʚʘʝʪʩʷ, ʘ ʩ ï ʫʤʝʥʴʰʘʝʪʩʷ, ʧʨʠ x=0.05 ʦʥʠ ʩʪʘʥʦʚʷʪʩʷ ʨʘʚʥʳʤʠ ʜʨʫʛ ʜʨʫʛʫ (ʨʠʩ. 1). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʠʟʤʝʥʷʶʪ ʩʚʦʶ ʩʠʤʤʝʪʨʠʶ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʦʪ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʧʨʠ 

x<0.05 ʜʦ ʢʫʙʠʯʝʩʢʦʡ ʧʨʠ xÓ0.05. ʈʘʟʤʝʨ ʧʨʠʚʝʜʝʥʥʦʡ ʢʫʙʠʯʝʩʢʦʡ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʪʚʝʨʜʳʭ 

ʨʘʩʪʚʦʨʦʚ a=(a2c)1/3 ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʟʤʝʥʷʝʪʩʷ ʩ ʢʦʥʮʝʥʪʨʘʮʠʝʡ, ʯʪʦ, ʧʦ ʚʩʝʡ ʚʠʜʠʤʦʩʪʠ, ʦʙʲʷʩʥʷ-

ʝʪʩʷ ʢʦʤʧʝʥʩʠʨʫʶʱʠʤ ʚʣʠʷʥʠʝʤ ʫʤʝʥʴʰʝʥʠʷ ʨʘʟʤʝʨʘ ʢʘʪʠʦʥʘ ʚ A-ʧʦʟʠʮʠʠ (Ba2+(XII )=1.61 ¡, 

Pb2+(XII )=1.49 ¡) ʠ ʫʚʝʣʠʯʝʥʠʝʤ ʩʨʝʜʥʝʛʦ ʨʘʟʤʝʨʘ ʢʘʪʠʦʥʘ ʚ B-ʧʦʟʠʮʠʠ (Ti4+(VI)=0.605 ¡), 

(Fe3+
2/3W

6+
1/3)(VI)=0.63 ¡) [18] ʩʪʨʫʢʪʫʨʳ ʧʝʨʦʚʩʢʠʪʘ.  

 

ɼʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ɼʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠʟʤʝʨʝʥʠʷ ʚʳʧʦʣʥʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʠʟʤʝʨʠʪʝʣʷ ʠʤʤʠʪʘʥʩʘ ɽ7-30 (ʆɸʆ 

ʄʅʀʇʀ, ʄʠʥʩʢ) ʚ ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ T=100ï570  ʂ ʠ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ f=25ï106 ɻʮ. ʈʝʟʫʣʴʪʘʪʳ 

ʠʟʤʝʨʝʥʠʡ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 2. ʅʘ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʷʭ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦ-

ʩʪʠ e(T, f) ʠ ʪʘʥʛʝʥʩʘ ʫʛʣʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ tgd(T, f) ʦʙʨʘʟʮʦʚ BaTiO3, ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʣʠʪʝ-

ʨʘʪʫʨʥʳʤʠ ʜʘʥʥʳʤʠ [1-6], ʠʤʝʶʪʩʷ ʪʨʠ ʚʳʨʘʞʝʥʥʳʝ ʤʘʢʩʠʤʫʤʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʨʦʠʩʭʦʜʷʱʠʤʠ 

ʚ ʦʙʨʘʟʮʘʭ ʬʘʟʦʚʳʤʠ ʧʝʨʝʭʦʜʘʤʠ ʤʝʞʜʫ ʢʫʙʠʯʝʩʢʦʡ ʠ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ (ʪʦʯʢʘ ʂʶʨʠ Tc=410 ʂ), ʪʝʪ-

ʨʘʛʦʥʘʣʴʥʦʡ ʠ ʨʦʤʙʠʯʝʩʢʦʡ (TT/O=290 ʂ), ʨʦʤʙʠʯʝʩʢʦʡ ʠ ʨʦʤʙʦʵʜʨʠʯʝʩʢʦʡ (TO/R=197 ʂ) ʬʦʨʤʘʤʠ 

BT. ʇʨʠ ʨʦʩʪʝ ʚ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʘʭ ʩʦʜʝʨʞʘʥʠʷ PFW ʦʪ 0 ʜʦ ʭ=0.04 ʪʝʤʧʝʨʘʪʫʨʳ ʵʪʠʭ ʪʨʝʭ ʬʘʟʦʚʳʭ 

ʧʝʨʝʭʦʜʦʚ ʩʙʣʠʞʘʶʪʩʷ ʜʨʫʛ ʩ ʜʨʫʛʦʤ, ʊʩ ʠ TT/O ʧʦʥʠʞʘʪʁʩʷ ʜʦ 324 ʂ ʠ ʜʦ 272 ʂ, ʘ TO/R ʧʦʚʳʰʘʝʪʩʷ 

ʜʦ 220 ʂ. ʕʪʦ ʩʙʣʠʞʝʥʠʝ ʟʘʚʝʨʰʘʝʪʩʷ ʩʭʣʦʧʳʚʘʥʠʝʤ ʧʨʠ ʭ=0.05 ʪʨʝʭ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ ʚ ʦʜʠʥ 

ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ, ʧʨʦʠʩʭʦʜʷʱʠʡ ʧʨʠ 284 ʂ. ʆʪʤʝʪʠʤ, ʯʪʦ ʥʘʙʣʶʜʘʝʤʳʝ ʥʝʤʦʥʦʪʦʥʥʦʩʪʠ ʠʟʤʝʥʝ-

ʥʠʡ ʚʝʣʠʯʠʥ em ʠ DTm ʥʘ ʟʘʚʠʩʠʤʦʩʪʠ em(x) ʧʨʠ xå0.05 ʚʳʟʚʘʥʳ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʠʟʤʝʥʝʥʠʝʤ ʩʠʤʤʝʪ-

ʨʠʠ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʚ ʵʪʦʡ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʡ ʦʙʣʘʩʪʠ. 

ɺʳʩʦʢʘʷ ʚʝʣʠʯʠʥʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʤʘʢʩʠʤʫʤʘ (em~5000-8000) ʩʦʭʨʘʥʷʝʪʩʷ ʜʣʷ ʪʚʝʨʜʳʭ 

ʨʘʩʪʚʦʨʦʚ ʩ x=0-0.10, ʧʨʠ ʜʘʣʴʥʝʡʰʝʤ ʫʚʝʣʠʯʝʥʠʠ ʚ ʦʙʨʘʟʮʘʭ ʩʦʜʝʨʞʘʥʠʷ PFW ʦʥʘ ʜʦʚʦʣʴʥʦ ʨʝʟʢʦ 

ʧʦʥʠʞʘʝʪʩʷ ʜʦ 1300 (ʨʠʩ. 1, 2). ʊʝʤʧʝʨʘʪʫʨʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʤʘʢʩʠʤʫʤʘ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩ 

0.10ÒxÒ0.13 ʧʨʦʷʚʣʷʝʪ ʭʘʨʘʢʪʝʨʥʫʶ ʜʣʷ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʦʚ-ʨʝʣʘʢʩʦʨʦʚ [13] ʚʳʨʘʞʝʥʥʫʶ ʟʘʚʠʩʠ-

ʤʦʩʪʴ ʦʪ ʯʘʩʪʦʪʳ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʧʦʣʷ f ï ʩ ʨʦcʪʦʤ f ʦʪ 25 ɻʮ ʜʦ 1 ʄɻʮ Tm ʧʦʚʳʰʘʝʪʩʷ ʥʘ 6 ʂ ʜʣʷ 

ʭ=0.10 ʠ ʥʘ 25 K ʜʣʷ x=0.13 (ʨʠʩ. 1, 2). ɿʘʚʠʩʠʤʦʩʪʠ e(T), tgd(T) ʦʙʨʘʟʮʦʚ ʩ ʭ=0.15-0.25 ʧʨʦʷʚʣʷʶʪ 

ʩʠʣʴʥʦ ʨʘʟʤʳʪʳʝ ʤʘʢʩʠʤʫʤʳ ʚ ʦʙʣʘʩʪʠ 110 K ʙʝʟ ʚʳʨʘʞʝʥʥʦʛʦ ʩʤʝʱʝʥʠʷ ʧʦʣʦʞʝʥʠʷ ʤʘʢʩʠʤʫʤʘ 
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ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʯʘʩʪʦʪʳ (ʨʠʩ. 2). ʄʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʵʪʠ ʩʦʩʪʘʚ rʠʟ-ʟʘ ʥʘʨʫʰʝʥʠʷ ʢʦʨʨʝʣʷ-

ʮʠʡ ʤʝʞʜʫ ʜʠʧʦʣʷʤʠ ʩʠʩʪʝʤʳ, ʤʦʞʥʦ ʢʣʘʩʩʠʬʠʮʠʨʦʚʘʪʴ ʢʘʢ ʧʘʨʘʵʣʝʢʪʨʠʢʠ ʩ ʦʪʩʫʪʩʪʚʠʝʤ ʢʦʨʨʝ-

ʣʷʮʠʡ ʤʝʞʜʫ ʜʠʧʦʣʷʤʠ ʜʘʞʝ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. 

ʋʯʠʪʳʚʘʷ ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ ʠʟʤʝʨʝʥʠʷʭ ʟʘʚʠʩʠʤʦʩʪʝʡ e(T,f) ʜʘʥʥʳʝ ʦ ʰʠʨʠʥʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʤʘʢʩʠʤʫʤʘ ʠ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʣʦʞʝʥʠʷ ʤʘʢʩʠʤʫʤʘ ʦʪ ʯʘʩʪʦʪʳ, ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʩ ʨʦʩʪʦʤ ʚ ʪʚʝʨ-

ʜʳʭ ʨʘʩʪʚʦʨʘʭ ʩʦʜʝʨʞʘʥʠʷ PFW ʧʨʦʠʩʭʦʜʠʪ ʠʟʤʝʥʝʥʠʝ ʠʭ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʦʪ ʩʝʛʥʝʪʦʵʣʝʢ-

ʪʨʠʯʝʩʢʠʭ (FE, 0Ò xÒ0.04) ʜʦ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩ ʨʘʟʤʳʪʳʤ ʬʘʟʦʚʳʤ ʧʝʨʝʭʦʜʦʤ (FE DPT, 

0.05ÒxÒ0.07), ʟʘʪʝʤ ʜʦ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ïʨʝʣʘʢʩʦʨʥʳʭ (FE-R, 0.10 ÒxÒ0.13) ʠ ʟʘʪʝʤ ʧʨʠ  

0.15ÒʭÒ0.25 ʜʦ ʩʚʦʡʩʪʚ, ʧʦʜʦʙʥʳʤ ʩʚʦʡʩʪʚʘʤ ʧʘʨʘʵʣʝʢʪʨʠʢʦʚ (PE) ʩʦ ʩʣʘʙʳʤʠ ʢʦʨʨʝʣʷʮʠʷʤʠ ʤʝʞʜʫ 

ʜʠʧʦʣʷʤʠ ʜʘʞʝ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. 
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ʈʠʩ. 2. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ e ʠ ʪʘʥʛʝʥʩʘ 

ʫʛʣʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ tgd ʦʙʨʘʟʮʦʚ (1-x)BaTiO3 xPbFe2/3W1/3O3, ʠʟʤʝʨʝʥʥʳʝ ʥʘ ʯʘ-

ʩʪʦʪʝ f ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʧʦʣʷ, ʨʘʚʥʦʡ 25 ɻʮ ï ʢʨʠʚʳʝ 1, 120 ɻʮ ï 2, 1 ʢɻʮ ï 3, 5 ʢɻʮ ï 4, 10 ʢɻʮ 

-5, 100 ʢɻʮ ï 6, 1000 ʢɻʮ ï 7. 
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1. ʉʠʥʪʝʟʠʨʦʚʘʥʳ ʢʝʨʘʤʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ ʩʠʩʪʝʤʳ (1-x)BaTiO3ĿxPbFe2/3W1/3O3 ʩ  

x =0-0.25. ɺʳʧʦʣʥʝʥʥʳʡ ʨʝʥʪʛʝʥʦʚʩʢʠʡ ʬʘʟʦʚʳʡ ʘʥʘʣʠʟ ʧʦʢʘʟʘʣ ʯʪʦ ʦʙʨʘʟʮʳ ʧʨʘʢʪʠʯʝʩʢʠ ʦʜʥʦ-

ʬʘʟʥʳ ʠ ʩʦʩʪʦʷʪ ʠʟ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʧʝʨʦʚʩʢʠʪʘ. ʊʝʪʨʘʛʦʥʘʣʴʥʘʷ ʩʠʤʤʝʪʨʠʷ ʪʚʝʨ-

ʜʳʭ ʨʘʩʪʚʦʨʦʚ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʧʦʚʳʰʘʝʪʩʷ ʧʨʠ xÓ0.05 ʜʦ ʢʫʙʠʯʝʩʢʦʡ. 

2. ʈʝʟʫʣʴʪʘʪʳ ʠʟʫʯʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦ-ʯʘʩʪʦʪʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ e(T,f) ʠ tgd(T,f) ʚ ʦʙʣʘʩʪʠ ʪʝʤ-

ʧʝʨʘʪʫʨ 100-570 ʦʉ ʠ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 25 ɻʮ-1 ʄɻʮ ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʚ 

ʦʙʣʘʩʪʠ ʩʦʩʪʘʚʦʚ 0Òʭ<0.05 ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʧʨʦʷʚʣʷʶʪ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ, ʧʦ-

ʜʦʙʥʳʝ ʩʚʦʡʩʪʚʘʤ BT, ʠʭ ʪʦʯʢʘ ʂʶʨʠ ʧʦʥʠʞʘʝʪʩʷ ʦʪ 410 ʜʦ 324 ʂ. ɺ ʵʪʠʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʘʭ 

ʧʨʦʠʩʭʦʜʷʪ ʪʘʢʞʝ ʬʘʟʦʚʳʝ ʧʝʨʝʭʦʜʳ T/O, O/R, ʘʥʘʣʦʛʠʯʥʳʝ ʬʘʟʦʚʳʤ ʧʝʨʝʭʦʜʘʤ ʚ BaTiO3. 

ʇʨʠ ʭ=0.05 ʪʨʠ ʬʘʟʦʚʳʝ ʧʝʨʝʭʦʜʘ ʩʣʠʚʘʶʪʩʷ ʚ ʦʜʠʥ, ʧʨʦʠʩʭʦʜʷʱʠʡ ʧʨʠ 284 ʂ. 

ʊʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʩ x=0.05-0.07 ʢʣʘʩʩʠʬʠʮʠʨʫʶʪʩʷ ʢʘʢ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʠ ʩ ʨʘʟʤʳʪʳʤ ʬʘʟʦ-

ʚʳʤ ʧʝʨʝʭʦʜʦʤ. ʊʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʩ ʭ=0.10-0.13 ʧʨʦʷʚʣʷʶʪ ʭʘʨʘʢʪʝʨʥʳʝ ʜʣʷ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠ-

ʢʦʚ-ʨʝʣʘʢʩʦʨʦʚ ʩʚʦʡʩʪʚʘ, ʢʦʪʦʨʳʝ ʧʨʦʷʚʣʷʶʪʩʷ ʚ ʩʜʚʠʛʝ ʤʘʢʩʠʤʫʤʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠ-

ʮʘʝʤʦʩʪʠ e ʥʘ ʟʘʚʠʩʠʤʦʩʪʠ e(T) ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʯʘʩʪʦʪʳ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʧʦʣʷ. ʊʚʝʨʜʳʝ ʨʘʩ-

ʪʚʦʨʳ ʩ ʭ=015-0.25 ʢʣʘʩʩʠʬʠʮʠʨʦʚʘʥʳ ʢʘʢ ʧʘʨʘʵʣʝʢʪʨʠʢʠ ʩʦ ʩʣʘʙʳʤʠ ʢʦʨʨʝʣʷʮʠʡ ʤʝʞʜʫ ʜʠ-

ʧʦʣʷʤʠ ʜʘʞʝ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. 
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ʇʦʚʳʰʝʥʠʝ ʧʨʦʯʥʦʩʪʠ ʯʠʩʪʳʭ ʤʝʪʘʣʣʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʪʠʪʘʥʘ, ʜʦ ʫʨʦʚʥʷ ʧʨʦʯʥʦʩʪʠ 

ʩʠʣʴʥʦ ʣʝʛʠʨʦʚʘʥʥʳʭ ʩʧʣʘʚʦʚ ʚʦʟʤʦʞʥʦ ʧʫʪʝʤ ʨʘʟʣʠʯʥʳʭ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʚʦʟʜʝʡʩʪʚʠʡ ʥʘ 

ʦʙʲʝʤʥʳʡ ʤʘʪʝʨʠʘʣ. ʂ ʪʘʢʠʤ ʚʦʟʜʝʡʩʪʚʠʷʤ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʙʦʣʴʰʫʶ ʧʣʘʩʪʠʯʝʩʢʫʶ 

ʜʝʬʦʨʤʘʮʠʶ (ʢʨʫʯʝʥʠʝ ʧʦʜ ʚʳʩʦʢʠʤ ʛʠʜʨʦʩʪʘʪʠʯʝʩʢʠʤ ʜʘʚʣʝʥʠʝʤ (ʂɺɼ)) ʠ ʜʝʬʦʨʤʠʨʦʚʘʥʠʝ 

ʧʨʠ ʥʠʟʢʠʭ (ʢʨʠʦʛʝʥʥʳʭ) ʪʝʤʧʝʨʘʪʫʨʘʭ [1].  

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʩʫʱʝʩʪʚʫʝʪ ʦʛʨʘʥʠʯʝʥʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ, ʚ 

ʢʦʪʦʨʳʭ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʩʪʘʪʠʩʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʵʚʦʣʶʮʠʠ  ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʪʠʪʘʥʘ ʚ ʧʨʦʮʝʩʩʝ ʂɺɼ ʧʨʠ ʨʘʟʣʠʯʥʳʭ (ʢʦʤʥʘʪʥʳʭ ʠ ʢʨʠʦʛʝʥʥʳʭ) 

ʪʝʤʧʝʨʘʪʫʨʘʭ. ʀʥʪʝʨʝʩ ʢ ʠʩʩʣʝʜʦʚʘʥʠʶ ʩʪʨʫʢʪʫʨʥʳʭ ʧʨʝʚʨʘʱʝʥʠʡ ʚ ʪʠʪʘʥʝ ʠ ʝʛʦ ʩʧʣʘʚʘʭ ʧʨʠ 

ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʩʫʱʝʩʪʚʫʝʪ ʙʣʘʛʦʜʘʨʷ ʚʦʩʪʨʝʙʦʚʘʥʥʦʩʪʠ ʚʳʩʦʢʦʧʨʦʯʥʳʭ ʪʠʪʘʥʦʚʳʭ 

ʩʧʣʘʚʘʭ ʚ ʘʚʠʘ ʠ ʢʦʩʤʠʯʝʩʢʦʡ ʦʪʨʘʩʣʷʭ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʧʦʜʨʦʙʥʦʛʦ ʩʪʘʪʠʩʪʠʯʝʩʢʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʩʪʨʫʢʪʫʨʳ, ʤʝʭʘʥʠʯʝʩʢʠʭ ʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ, ʬʦʨʤʠʨʫʶʱʠʭʩʷ ʚ ʥʝʣʝʛʠʨʦʚʘʥʥʦʤ 

ʪʠʪʘʥʝ ʤʘʨʢʠ ɺʊ1-0 ʧʨʠ ʂɺɼ ʚ ʢʘʤʝʨʝ ɹʨʠʜʞʤʝʥʘ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ (293 ʂ) ʠ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ ʢʠʧʝʥʠʷ ʞʠʜʢʦʛʦ ʘʟʦʪʘ (77 ʂ). 

ɺ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʘ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣ ʚʳʙʨʘʥ ʪʝʭʥʠʯʝʩʢʠ ʯʠʩʪʳʡ ʪʠʪʘʥ ʤʘʨʢʠ 

ɺʊ1-0. ʆʙʨʘʟʮʳ ʚ ʚʠʜʝ ʧʣʘʩʪʠʥ ʪʦʣʱʠʥʦʡ 50 ʤʢʤ ʧʦʜʚʝʨʛʘʣʠʩʴ ʜʝʬʦʨʤʘʮʠʠ ʢʨʫʯʝʥʠʝʤ ʧʦʜ 

ʚʳʩʦʢʠʤ ʢʚʘʟʠʛʠʜʨʦʩʪʘʪʠʯʝʩʢʠʤ ʜʘʚʣʝʥʠʝʤ (ʈ = 6 ɻʇʘ) ʚ ʢʘʤʝʨʝ ɹʨʠʜʞʤʝʥʘ [2] ʧʨʠ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ (293 ʂ) ʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʢʠʧʝʥʠʷ ʞʠʜʢʦʛʦ ʘʟʦʪʘ (77 ʂ) ʩʦ ʩʢʦʨʦʩʪʴʶ 

ʚʨʘʱʝʥʠʷ ʧʦʜʚʠʞʥʦʛʦ ʙʦʡʢʘ 1 ʦʙ/ʤʠʥ ʠ ʧʨʠ ʯʠʩʣʝ ʧʦʣʥʳʭ ʦʙʦʨʦʪʦʚ ʧʦʜʚʠʞʥʦʡ ʥʘʢʦʚʘʣʴʥʠ N 

= 1/4; 1/2; 1; 2; 3 ʠ 4. 

ʉʪʨʫʢʪʫʨʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʧʦʩʣʝ ʂɺɼ ʩ ʧʦʤʦʱʴʶ ʧʨʦʩʚʝʯʠʚʘʶʱʝʛʦ 

ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ (ʇʕʄ) JEM 200CX ʧʨʠ ʫʩʢʦʨʷʶʱʝʤ ʥʘʧʨʷʞʝʥʠʠ 160 ʢɺ.  

ʈʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʡ ʘʥʘʣʠʟ (ʈʉɸ) ʧʨʦʚʦʜʠʣʩʷ ʥʘ ʜʠʬʨʘʢʪʦʤʝʪʨʝ ɼʈʆʅ-3 ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʠʟʣʫʯʝʥʠʷ ʉuʂŬ (ɚ = 1.54178 ¡) ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʦʙʲʤʝʥʦʡ ʜʦʣʠ ʬʘʟ ʠ ʦʧʨʝʜʝʣʝʥʠʷ ʧʝʨʠʦʜʘ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʸʪʢʠ. ɸʥʘʣʠʟ ʧʨʦʠʟʚʦʜʠʣʩʷ ʠʥʪʝʛʨʘʣʴʥʦ ʩʦ ʚʩʝʡ ʧʣʦʩʢʦʩʪʠ ʦʙʨʘʟʮʘ. 

ʊʦʯʥʦʩʪʴ ʠʟʤʝʨʝʥʠʡ ʧʝʨʠʦʜʘ ʨʝʰʝʪʢʠ ʩʦʩʪʘʚʣʷʣʘ Ñ0,0005 ¡. 
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ʀʟʤʝʨʝʥʠʷ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ HV ʧʨʦʚʦʜʠʣʠ ʥʘ ʤʠʢʨʦʪʚʝʨʜʦʤʝʨʝ LECO M 400A ʩ 

ʥʘʛʨʫʟʢʦʡ 50 ʛ ʠ ʚʨʝʤʝʥʠ ʥʘʛʨʫʞʝʥʠʷ 5 ʩ. ɺʩʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʣʦʢʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ (ʇʕʄ) ʠ 

ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʦʙʣʘʩʪʷʭ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʦʣʦʚʠʥʝ ʨʘʜʠʫʩʘ ʜʠʩʢʦʦʙʨʘʟʥʳʭ 

ʦʙʨʘʟʮʦʚ.  

ʆʮʝʥʢʫ ʢʦʨʨʦʟʠʦʥʥʦʡ ʩʪʦʡʢʦʩʪʠ ʦʙʨʘʟʮʦʚ ʦʩʫʱʝʩʪʚʣʷʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʛʦ ʧʨʦʛʨʘʤʤʥʦʛʦ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ ï ʧʦʪʝʥʮʠʦʩʪʘʪʘ IPC-Pro 

3ɸ, ʧʦʟʚʦʣʷʶʱʝʛʦ ʧʨʦʚʦʜʠʪʴ ʟʘʜʘʥʥʳʡ ʨʝʞʠʤ ʧʦʣʷʨʠʟʘʮʠʠ. ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦ ʠʟʫʯʝʥʠʶ ʢʦʨʨʦʟʠʦʥʥʦʡ ʩʪʦʡʢʦʩʪʠ ʪʠʪʘʥʦʚʦʛʦ ʩʧʣʘʚʘ ʧʨʦʚʦʜʠʣʠ ʚ 

ʪʨʝʭʵʣʝʢʪʨʦʜʥʦʡ ʷʯʝʡʢʝ ʩ ʨʘʟʜʝʣʝʥʥʳʤʠ ʧʨʦʩʪʨʘʥʩʪʚʘʤʠ. ʈʘʙʦʯʝʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʩʣʫʞʠʣʘ 

ʦʜʥʘ ʠʟ ʩʪʦʨʦʥ ʧʣʦʩʢʦʛʦ ʦʙʨʘʟʮʘ ï ʫʯʘʩʪʦʢ ʜʠʘʤʝʪʨʦʤ 7 ʤʤ, ʦʩʪʘʣʴʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ 

ʧʦʢʨʳʚʘʣʘʩʴ ʠʟʦʣʷʮʠʦʥʥʳʤ ʤʘʪʝʨʠʘʣʦʤ. ʇʦʪʝʥʮʠʘʣ ʨʘʙʦʯʝʛʦ ʵʣʝʢʪʨʦʜʘ ʠʟʤʝʨʷʣʩʷ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʘʩʳʱʝʥʥʦʛʦ ʭʣʦʨʠʜʩʝʨʝʙʨʷʥʦʛʦ ʵʣʝʢʪʨʦʜʘ ʩʨʘʚʥʝʥʠʷ (◖ = 0,202 ɺ) ʠ 

ʧʝʨʝʩʯʠʪʳʚʘʣʩʷ ʥʘ ʚʦʜʦʨʦʜʥʫʶ ʰʢʘʣʫ. ɺʚʠʜʫ ʙʦʣʴʰʦʛʦ ʩʨʦʜʩʪʚʘ ʢ ʢʠʩʣʦʨʦʜʫ ʜʣʷ ʘʥʘʣʠʟʘ 

ʚʣʠʷʥʠʷ ʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʘ ʢʦʨʨʦʟʠʦʥʥʦ-ʘʢʪʠʚʥʦʡ ʩʨʝʜʦʡ ʙʳʣʘ ʚʳʙʨʘʥʘ 1M HCl. ɼʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʧʦʪʝʥʮʠʘʣʘ ʩʪʘʮʠʦʥʘʨʥʦʡ ʢʦʨʨʦʟʠʠ (ɽcor) ʦʙʨʘʟʮʳ ʚʳʜʝʨʞʠʚʘʣʠ ʚ ʢʦʨʨʦʟʠʦʥʥʦʡ 

ʩʨʝʜʝ ʙʝʟ ʧʦʣʷʨʠʟʘʮʠʠ ʚ ʪʝʯʝʥʠʝ 1 ʯʘʩʘ. ʇʦʣʷʨʠʟʘʮʠʦʥʥʳʝ ʧʦʪʝʥʮʠʦʜʠʥʘʤʠʯʝʩʢʠʝ ʢʨʠʚʳʝ 

ʩʥʠʤʘʣʠ ʥʘ ʦʙʨʘʟʮʘʭ ʧʦʩʣʝ ʙʝʩʪʦʢʦʚʦʡ ʚʳʜʝʨʞʢʠ ʠʟ ʢʘʪʦʜʥʦʡ ʦʙʣʘʩʪʠ ʚ ʘʥʦʜʥʫʶ ʦʪ 

ʧʦʪʝʥʮʠʘʣʘ -0,3 ɺ ʜʦ 3 ɺ ʩʦ ʩʢʦʨʦʩʪʴʶ ʨʘʟʚʝʨʪʢʠ VE = 1 ʤɺ/ʩ.  

ʅʘ ʦʩʥʦʚʘʥʠʠ ʘʥʘʣʠʟʘ ʨʝʥʪʛʝʥʦʛʨʘʤʤ, ʧʦʣʫʯʝʥʥʳʭ ʩ ʧʦʤʦʱʴʶ ʈʉɸ, ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ 

ʦʙʲʝʤʥʳʝ ʜʦʣʠ Ŭ ʠ ɤ ʬʘʟ (Vi, ʦʪʥ.ʝʜ.), ʘ ʪʘʢʞʝ ʧʘʨʘʤʝʪʨʳ ʨʝʰʝʪʢʠ ʦʙʨʘʟʫʶʱʠʭʩʷ ʬʘʟ (ʘ ʠ ʩ, 

ʥʤ). ʇʦʩʣʝ ʜʝʬʦʨʤʘʮʠʠ ʧʨʠ 293 ʂ ɤ-ʬʘʟʘ ʧʦʷʚʣʷʝʪʩʷ ʫʞʝ ʧʨʠ N = ı ʚ ʢʦʣʠʯʝʩʪʚʝ Vɤ= 0.08 ʠ 

ʝʝ ʦʪʥʦʩʠʪʝʣʴʥʳʡ ʦʙʲʝʤ ʧʣʘʚʥʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ N ʜʦ Vɤ = 0.23 (N = 4) (ʨʠʩ.1). 

ʇʦʩʣʝ ʂɺɼ ʧʨʠ 77 ʂ ɤ-ʬʘʟʘ ʧʦʷʚʣʷʝʪʩʷ ʧʨʠ N = 1. ʇʨʠ N = 4 ʝʝ ʦʙʲʝʤʥʘʷ ʜʦʣʷ ʜʦʩʪʠʛʘʝʪ Vɤ= 

0.18. ɸʥʘʣʠʟ ʨʝʥʪʛʝʥʦʛʨʘʤʤ ʧʦʩʣʝ ʂɺɼ ʧʨʠ 293 ʂ ʠ 77 ʂ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʟʥʘʯʝʥʠʷ a ʠ c Ŭ ʠ ɤ 

ʬʘʟ ʚ ʧʨʦʮʝʩʩʝ ʂɺɼ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʜʝʬʦʨʤʘʮʠʠ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʤʝʥʷʶʪʩʷ (a = 

0.2954 Ñ 0,0006 ʥʤ, c= 0.4683 Ñ 0.0005 ʥʤ ʜʣʷ Ŭ ʬʘʟʳ;  a = 0.4618 Ñ 0,0006 ʥʤ, c = 0.2826 Ñ 

0,0005 ʥʤ ʜʣʷ ɤ ʬʘʟʳ). 

 

ʈʠʩ. 1. ʆʙʲʝʤʥʘʷ ʜʦʣʷ (Vi) Ŭ ʠ ɤ ʬʘʟ ʧʦʩʣʝ ʂɺɼ (N = ı ð  4 ʦʙ.) ʧʨʠ 293 ʂ (ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ) 

ʠ ʧʨʠ 77 ʂ (ʧʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ) 
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ʇʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʩ ʧʦʤʦʱʴʶ ʇʕʄ ʥʘ ʚʩʝʭ ʩʪʘʜʠʷʭ ʂɺɼ ʧʨʠ ʦʙʦʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʜʝʬʦʨʤʘʮʠʠ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʥʘ ʪʝʤʥʦʧʦʣʴʥʳʭ ʩʥʠʤʢʘʭ ʯʝʪʢʦ ʚʳʷʚʣʷʶʪʩʷ 

ʦʪʜʝʣʴʥʳʝ ʟʝʨʥʘ, ʠʤʝʶʱʠʝ ʬʦʨʤʫ ʧʦʯʪʠ ʧʨʘʚʠʣʴʥʳʭ ʰʝʩʪʠʫʛʦʣʴʥʠʢʦʚ. ʕʪʠ ʟʸʨʥʘ ʠʤʝʶʪ 

ʚʥʫʪʨʠ ʩʝʙʷ ʥʠʟʢʫʶ ʧʣʦʪʥʦʩʪʴ ʜʠʩʣʦʢʘʮʠʡ. ɼʘʥʥʳʡ ʬʘʢʪ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʦʙ ʠʭ 

ʬʦʨʤʠʨʦʚʘʥʠʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʜʠʥʘʤʠʯʝʩʢʦʡ ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʚ ʧʨʦʮʝʩʩʝ ʂɺɼ. ʊʘʢʦʛʦ ʪʠʧʘ 

ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʷ, ʢʣʘʩʩʠʬʠʮʠʨʫʝʤʘʷ ʢʘʢ ʥʝʧʨʝʨʳʚʥʘʷ [3], ʤʦʞʝʪ ʙʳʪʴ ʨʝʘʣʠʟʦʚʘʥʘ ʢʘʢ 

ʧʨʦʮʝʩʩ ʢʦʣʣʝʢʪʠʚʥʦʡ ʧʝʨʝʩʪʨʦʡʢʠ ʜʠʩʣʦʢʘʮʠʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʫʩʣʦʚʠʷʭ ʟʥʘʯʠʪʝʣʴʥʳʭ 

ʛʨʘʜʠʝʥʪʦʚ ʥʘʧʨʷʞʝʥʠʡ ʚʥʫʪʨʠ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʬʨʘʛʤʝʥʪʦʚ. ʊʘʢʠʝ ʨʝʢʨʠʩʪʘʣʣʠʟʦʚʘʥʥʳʝ 

ʟʝʨʥʘ Ŭ-ʬʘʟʳ ʥʘʙʣʶʜʘʶʪʩʷ ʜʘʞʝ ʧʦʩʣʝ ʂɺɼ ʚ ʫʩʣʦʚʠʷʭ ʢʨʠʦʛʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨ [4]. 

ʆʜʥʘʢʦ, ʥʝʢʦʪʦʨʳʝ ʫʯʘʩʪʢʠ ʩʪʨʫʢʪʫʨʳ ʥʘ ʪʝʤʥʦʧʦʣʴʥʳʭ ʠʟʦʙʨʘʞʝʥʠʷʭ ʦʪʥʦʩʷʪʩʷ ʢ  

ʜʝʬʦʨʤʘʮʠʦʥʥʳʤ ʬʨʘʛʤʝʥʪʘʤ. ʊʘʢʠʝ ʟʝʨʥʘ ʠʤʝʶʪ ʥʝʧʨʘʚʠʣʴʥʫʶ ʬʦʨʤʫ, ʚʥʫʪʨʠ ʥʠʭ 

ʥʘʙʣʶʜʘʝʪʩʷ ʚʳʩʦʢʘʷ ʧʣʦʪʥʦʩʪʴ ʜʠʩʣʦʢʘʮʠʦʥʥʳʭ ʩʪʨʫʢʪʫʨ ʠ ʟʥʘʯʠʪʝʣʴʥʳʝ ʚʥʫʪʨʠʟʝʨʝʥʥʳʝ 

ʨʘʟʦʨʠʝʥʪʠʨʦʚʢʠ, ʘ ʪʘʢʞʝ ʫ ʥʠʭ ʩʠʣʴʥʦ ʠʩʢʘʞʝʥʳ ʧʨʠʛʨʘʥʠʯʥʳʝ ʦʙʣʘʩʪʠ. ɺʩʝ ʵʪʠ ʬʘʢʪʦʨʳ 

ʛʦʚʦʨʷʪ ʦʙ ʠʭ ʜʝʬʦʨʤʘʮʠʦʥʥʦʤ ʧʨʦʠʩʭʦʞʜʝʥʠʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʜʝʬʦʨʤʘʮʠʦʥʥʦʡ ʬʨʘʛʤʝʥʪʘʮʠʠ 

[5]. 

ʅʘ ʨʠʩ. 2 ʧʦʢʘʟʘʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʷ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ HV ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʢʦʣʠʯʝʩʪʚʘ ʦʙʦʨʦʪʦʚ N (ʚʝʣʠʯʠʥʳ ʜʝʬʦʨʤʘʮʠʠ) ʧʨʠ ʢʨʠʦʛʝʥʥʦʡ ʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʘʭ. 

ʅʘ ʟʘʚʠʩʠʤʦʩʪʠ HV(N) ʧʨʠ 293 ʂ ʥʘʙʣʶʜʘʝʪʩʷ ʨʝʟʢʦʝ ʚʦʟʨʘʩʪʘʥʠʝ HV ʧʨʠ N < 2 ʠ ʚʳʭʦʜ ʥʘ 

ʥʘʩʳʱʝʥʠʝ ʧʨʠ N Ó 2. ʇʨʠ 77 ʂ ʟʥʘʯʝʥʠʝ HV ʧʣʘʚʥʦ ʨʘʩʪʝʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ N, ʠ ʧʨʠ N Ó 2 

ʧʨʦʜʦʣʞʘʝʪ ʧʣʘʚʥʦ ʨʘʩʪʠ.  

ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ HV ʦʪ ʯʠʩʣʘ ʦʙʦʨʦʪʦʚ N  ʧʨʠ ʂɺɼ ʧʨʠ 293 ʠ 77 ʂ 

ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʚʝʣʠʯʠʥ ʩʪʘʮʠʦʥʘʨʥʳʭ ʧʦʪʝʥʮʠʘʣʦʚ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʦʚ ʜʘʝʪ 

ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʦʮʝʥʢʠ ʚʣʠʷʥʠʷ ʜʝʬʦʨʤʘʮʠʠ ʤʝʪʦʜʦʤ ʂɺɼ ʥʘ ʢʦʨʨʦʟʠʦʥʥʫʶ 

ʩʪʦʡʢʦʩʪʴ ʤʘʪʝʨʠʘʣʘ ʚ ʚʳʙʨʘʥʥʦʡ ʩʨʝʜʝ. ɼʣʷ ʚʩʝʭ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʩʪʘʮʠʦʥʘʨʥʳʡ 

ʧʦʪʝʥʮʠʘʣ ʚ 1M Hʉl ʧʦʣʦʞʠʪʝʣʝʥ (ɽcor > 0), ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʧʘʩʩʠʚʥʦʝ ʩʦʩʪʦʷʥʠʝ ʩʧʣʘʚʘ ɺʊ1-

0 ʠ ʝʛʦ ʢʦʨʨʦʟʠʦʥʥʫʶ ʩʪʦʡʢʦʩʪʴ ʚ ʚʳʙʨʘʥʥʦʡ ʩʨʝʜʝ [6]. 

ɹʦʣʝʝ ʧʦʣʥʫʶ ʢʘʨʪʠʥʫ ʢʦʨʨʦʟʠʦʥʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʠ ʩʢʣʦʥʥʦʩʪʴ ʢ ʧʘʩʩʠʚʘʮʠʠ 

ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʦʚ ʤʦʞʥʦ ʫʩʪʘʥʦʚʠʪʴ ʧʫʪʝʤ ʩʦʧʦʩʪʘʚʣʝʥʠʷ ʧʦʪʝʥʮʠʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʭ ʢʨʠʚʳʭ. ʀʩʭʦʜʥʳʡ ʦʙʨʘʟʝʮ ʪʠʪʘʥʘ ɺʊ1-0 ʘʙʩʦʣʶʪʥʦ ʠʥʝʨʪʝʥ ʠ ʥʘʭʦʜʠʪʩʷ ʚ 

ʧʘʩʩʠʚʥʦʤ ʩʦʩʪʦʷʥʠʠ ʜʦ 2,2 ɺ. ɼʘʣʴʥʝʡʰʠʡ ʨʝʟʢʠʡ ʧʦʜʲʝʤ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ, ʚʝʨʦʷʪʥʦ, 
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ʦʙʫʩʣʦʚʣʝʥ ʨʘʟʨʷʜʦʤ ʚʦʜʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʩ ʚʳʜʝʣʝʥʠʝʤ ʢʠʩʣʦʨʦʜʘ. ʇʦʩʣʝ ʧʨʦʚʝʜʝʥʠʷ ʂɺɼ 

ʭʘʨʘʢʪʝʨ ʘʥʦʜʥʳʭ ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʭ ʢʨʠʚʳʭ ʠʟʤʝʥʷʝʪʩʷ. ʇʨʠ ʧʦʪʝʥʮʠʘʣʘʭ ʦʢʦʣʦ 1,25 ɺ ʥʘ 

ʢʨʠʚʳʭ ʥʘʙʣʶʜʘʶʪʩʷ ʧʠʢʠ ʧʘʩʩʠʚʘʮʠʠ, ʧʨʠʯʸʤ ʢʨʠʪʠʯʝʩʢʠʡ ʪʦʢ ʧʘʩʩʠʚʘʮʠʠ ʚʦʟʨʘʩʪʘʝʪ ʩ 

ʫʚʝʣʠʯʝʥʠʝʤ N. ʀʩʢʣʶʯʝʥʠʝ ʩʦʩʪʘʚʣʷʝʪ ʦʙʨʘʟʝʮ, ʧʨʦʜʝʬʦʨʤʠʨʦʚʘʥʥʳʡ ʧʨʠ N = 2 (ʨʠʩ. 3). 

ɼʘʥʥʳʡ ʦʙʨʘʟʝʮ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʤʠʥʠʤʘʣʴʥʳʤ ʟʥʘʯʝʥʠʝʤ ʪʦʢʘ ʧʠʢʘ (ʧʘʩʩʠʚʘʮʠʠ) ʠ 

ʥʘʠʤʝʥʴʰʝʡ ʧʣʦʪʥʦʩʪʴʶ ʪʦʢʘ ʧʦʩʣʝʜʫʶʱʝʡ ʧʘʩʩʠʚʥʦʡ ʦʙʣʘʩʪʠ. 

 
ʈʠʩ.3. ʇʦʣʷʨʠʟʘʮʠʦʥʥʳʝ ʢʨʠʚʳʝ ʪʠʪʘʥʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʪʝʧʝʥʠ ʜʝʬʦʨʤʘʮʠʠ (N ʫʢʘʟʘʥʦ 

ʮʠʬʨʘʤʠ), ʢʦʨʨʦʟʠʦʥʥʘʷ ʩʨʝʜʘ ï 1M Hʉl 

ɺʳʚʦʜʳ: 

1. ɹʳʣʦ ʧʦʢʘʟʘʥʦ ʧʨʦʪʝʢʘʥʠʝ ʬʘʟʦʚʦʛʦ ʧʨʝʚʨʘʱʝʥʠʷ Ŭ   ʤʘʨʪʝʥʩʠʪʥʦʛʦ ʪʠʧʘ. ʕʪʦ 

ʧʨʝʚʨʘʱʝʥʠʝ ʥʘʯʠʥʘʝʪʩʷ ʧʨʠ  ʟʥʘʯʝʥʠʠ ʜʝʬʦʨʤʘʮʠʠ ı ʦʙʦʨʦʪʘ ʧʨʠ 293 ʂ ʠ 1 ʦʙʦʨʦʪ ʧʨʠ 77 ʂ. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʘʨʘʤʝʪʨʳ ʨʝʰʝʪʢʠ ʢʨʠʩʪʘʣʣʦʚ Ŭ ʬʘʟʳ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʟʘʚʠʩʷʪ ʦʪ ʚʝʣʠʯʠʥʳ 

ʙʦʣʴʰʦʡ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ, ʘ ʪʘʢʞʝ ʦʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʜʝʬʦʨʤʘʮʠʠ. 

2. ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʇʕʄ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʫʩʪʘʥʦʚʣʝʥʦ ʦʙʨʘʟʦʚʘʥʠʝ ʚ ʩʪʨʫʢʪʫʨʝ Ŭ-

ʬʘʟʳ ʧʦʩʣʝ ʂɺɼ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʠ ʢʨʠʦʛʝʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʙʣʘʩʪʝʡ ʩʪʨʫʢʪʫʨʳ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʜʝʬʦʨʤʘʮʠʦʥʥʳʤ ʬʨʘʛʤʝʥʪʘʤ ʠ ʜʠʥʘʤʠʯʝʩʢʠ ʨʝʢʨʠʩʪʘʣʣʠʟʦʚʘʥʥʳʤ 

ʟʝʨʥʘʤ. ʇʨʦʪʝʢʘʥʠʝ ʚ ʧʨʦʮʝʩʩʝ ʂɺɼ ʧʨʠ ʢʨʠʦʛʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʧʨʦʮʝʩʩʦʚ ʥʝʧʨʝʨʳʚʥʦʡ 

ʜʠʥʘʤʠʯʝʩʢʦʡ ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʦʙʲʷʩʥʝʥʦ ʩ ʧʦʟʠʮʠʡ ʟʘʤʝʪʥʦʛʦ ʚʣʠʷʥʠʷ ʪʝʧʣʦʚʳʭ 

ʜʠʩʩʠʧʘʪʠʚʥʳʭ ʵʬʬʝʢʪʦʚ. 

3. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʟʥʘʯʝʥʠʝ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ HV ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʂɺɼ ʙʦʣʝʝ 

ʯʝʤ ʚ 1,5 ʨʘʟʘ ʠ ʧʨʠ ʙʦʣʴʰʠʭ N ʚʳʭʦʜʠʪ ʥʘ ʥʘʩʳʱʝʥʠʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʜʝʬʦʨʤʘʮʠʠ ʧʨʠ 293 ʂ, 

ʥʦ ʧʨʦʜʦʣʞʘʝʪ ʧʣʘʚʥʦ ʨʘʩʪʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʜʝʬʦʨʤʘʮʠʠ ʧʨʠ 77 ʂ. 

4. ʋʩʪʘʥʦʚʠʚʰʠʝʩʷ ʧʦʪʝʥʮʠʘʣʳ ʩʪʘʮʠʦʥʘʨʥʦʡ ʢʦʨʨʦʟʠʠ (Eʩor) ʧʨʦʜʝʬʦʨʤʠʨʦʚʘʥʥʳʭ 

ʦʙʨʘʟʮʦʚ ʙʦʣʝʝ ʵʣʝʢʪʨʦʧʦʣʦʞʠʪʝʣʴʥʳ, ʯʝʤ ʚ ʠʩʭʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, 

ʯʪʦ ʧʦʩʣʝ  ʙʦʣʴʰʠʭ ʧʣʘʩʪʠʯʝʩʢʠʭ ʜʝʬʦʨʤʘʮʠʡ ʦʙʨʘʟʮʳ ʥʘʭʦʜʷʪʩʷ ʚ ʧʘʩʩʠʚʥʦʤ ʩʦʩʪʦʷʥʠʠ. 

ʉʧʠʩʦʢ ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʠʩʪʦʯʥʠʢʦʚ: 

1. ɻʣʝʟʝʨ ɸ.ʄ. ʇʨʠʥʮʠʧʳ ʩʦʟʜʘʥʠʷ ʤʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʥʦʚʦʛʦ ʧʦʢʦʣʝʥʠʷ // ʋʩʧʝʭʠ ʬʠʟʠʯʝʩʢʠʭ ʥʘʫʢ. ï 2012. ï ʊ. 182. ï ̄  5. ï ʉ. 559-566. 
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ʋɼʂ 538.958 

ʄɸɻʅʀʊʆʈɽʌʈɸʂʊʀɺʅʓʁ ʕʌʌʌɽʂʊ ɺ ʄɽʊɸʃʃʀʏɽ-

ʉʂʀʍ ʅɸʅʆʉʊʈʋʂʊʋʈɸʍ Co/Pt 

ʉʘʡʬʫʣʠʥʘ ɼ.ɸ. 

ʉʪʫʜʝʥʪ 1-ʛʦ ʢʫʨʩʘ ʤʘʛʠʩʪʨʘʪʫʨʳ ʀʥʩʪʠʪʫʪʘ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʠ ʠʥʜʫʩʪʨʠʘʣʴʥʦʛʦ 

ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ, 

ʈʊʋ ʄʀʈʕɸ, ʢʘʬʝʜʨʘ ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʠ 

ʖʨʘʩʦʚ ɸ.ʅ. 

ʇʨʦʬʝʩʩʦʨ, ʟʘʤʝʩʪʠʪʝʣʴ ʟʘʚʝʜʫʶʱʝʛʦ ʢʘʬʝʜʨʦʡ, ʜʦʢʪʦʨ ʬʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʥʘʫʢ, ʀʥ-

ʩʪʠʪʫʪ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʠ ʠʥʜʫʩʪʨʠʘʣʴʥʦʛʦ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ ʈʊʋ ʄʀʈʕɸ 

ɸʥʥʦʪʘʮʠʷ. ʈʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʪʝʦʨʝʪʠʯʝʩʢʦʤʫ ʠʟʫʯʝʥʠʶ ʦʩʦʙʝʥʥʦʩʪʝʡ ʤʘʛʥʠʪʦʨʝʬʨʘʢ-

ʪʠʚʥʦʛʦ ʵʬʬʝʢʪʘ (ʄʈʕ) ʚ ʚʠʜʠʤʦʡ ʠ ʙʣʠʞʥʝʡ ʀʂ ʦʙʣʘʩʪʷʭ ʩʧʝʢʪʨʘ ʥʘ ʩʝʨʠʠ ʦʙʨʘʟʮʦʚ ʤʝ-

ʪʘʣʣʠʯʝʩʢʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨ Co/Pt ʩ ʨʘʟʣʠʯʥʦʡ ʦʙʲʸʤʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʢʦʙʘʣʴʪʘ. ɹʳʣʠ ʨʘʩ-

ʩʯʠʪʘʥʳ ʟʥʘʯʝʥʠʷ ʧʣʘʟʤʝʥʥʦʡ ʯʘʩʪʦʪʳ ʜʣʷ ʨʘʟʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ ʠ ʨʘʩʩʤʦʪʨʝʥʘ ʩʚʷʟʴ ʄʈʕ 

ʩ ʛʠʛʘʥʪʩʢʠʤ ʤʘʛʥʠʪʦʩʦʧʨʦʪʠʚʣʝʥʠʝʤ (ɻʄʉ). 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʘʛʥʠʪʦʨʝʬʨʘʢʪʠʚʥʳʡ ʵʬʬʝʢʪ, ʛʠʛʘʥʪʩʢʦʝ ʤʘʛʥʠʪʦʩʦʧʨʦʪʠʚʣʝʥʠʝ, ʬʝʨ-

ʨʦʤʘʛʥʝʪʠʢ, ʥʘʥʦʩʪʨʫʢʪʫʨʳ 
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Co/Pt nanostructures with different volume concentrations of cobalt. Plasma frequency values were 

calculated for different concentrations and the relationship of MRE with giant magnetoresistance 

(GMR) was considered. 

Keywords: magnetorefractive effect, giant magnetoresistance, ferromagnet, nanostructures 

ɺ ʛʝʪʝʨʦʛʝʥʥʳʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʘʭ ʥʘʙʣʶʜʘʝʪʩʷ ʵʬʬʝʢʪ ɻʄʉ (ʤʘʛʥʠʪʦʨʝ-

ʟʠʩʪʠʚʥʳʡ ʵʬʬʝʢʪ), ʩʚʷʟʘʥʥʳʡ ʩ ʠʟʤʝʥʝʥʠʝʤ ʧʨʦʚʦʜʠʤʦʩʪʠ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʚʟʘʠʤʥʦʛʦ ʨʘʩʧʦʣʦʞʝʥʠʷ ʚʝʢʪʦʨʦʚ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʦʙʣʘʩʪʝʡ. ʇʦʜʦʙʥʦʝ 

ʠʟʤʝʥʝʥʠʝ ʩʚʦʡʩʪʚ ʚʝʱʝʩʪʚʘ ʥʝʠʟʙʝʞʥʦ ʜʦʣʞʥʦ ʠʤʝʪʴ ʦʧʪʠʯʝʩʢʠʡ ʦʪʢʣʠʢ, ʢʦʨʨʝʣʠʨʫʶʱʠʡʩʷ 

ʩ ɻʄʉ. ʊʘʢʦʡ ʵʬʬʝʢʪ, ʥʘʟʚʘʥʥʳʡ ʤʘʛʥʠʪʦʨʝʬʨʘʢʪʠʚʥʳʤ ʵʬʬʝʢʪʦʤ (ʄʈʕ), ʜʝʡʩʪʚʠʪʝʣʴʥʦ 

ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨʘʭ ʠ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʠʟʤʝʥʝʥʠʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʦʪ-

ʨʘʞʝʥʠʷ, ʧʨʦʧʫʩʢʘʥʠʷ ʠ ʧʦʛʣʦʱʝʥʠʷ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ɺ ʝʛʦ ʦʩʥʦʚʝ, ʪʘʢʞʝ ʢʘʢ 

ʚ ʵʬʬʝʢʪʝ ɻʄʉ, ʣʝʞʠʪ ʩʧʠʥ-ʟʘʚʠʩʷʱʝʝ ʨʘʩʩʝʷʥʠʝ [1]. ʂʘʢ ʧʨʘʚʠʣʦ ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʠʝ ʵʬ-

ʬʝʢʪʳ ʩʚʷʟʘʥʳ ʩ ʠʟʤʝʥʝʥʠʝʤ ʥʝʜʠʘʛʦʥʘʣʴʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʊɼʇ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ, ʥʦ ʄʈʕ ʚ ʵʪʦʤ ʧʣʘʥʝ ʠʩʢʣʶʯʝʥʠʝ, ʪʘʢ ʢʘʢ ʥʝ ʷʚʣʷʝʪʩʷ ʧʨʷʤʳʤ ʩʣʝʜʩʪʚʠʝʤ ʚʦʟʜʝʡʩʪʚʠʷ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʚʝʱʝʩʪʚʦ, ʪʦ ʝʩʪʴ ʥʝ ʦʙʫʩʣʦʚʣʝʥ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʩʧʠʥ-ʦʨʙʠʪʘʣʴʥʳʤ ʚʟʘ-

ʠʤʦʜʝʡʩʪʚʠʝʤ, ʘ ʷʚʣʷʝʪʩʷ ʯʸʪʥʳʤ ʧʦ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠ ʩʚʷʟʘʥ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʩ ʜʠʘʛʦʥʘʣʴ-

ʥʦʡ ʯʘʩʪʴʶ ʊɼʇ [2]. 

ʈʘʩʩʤʘʪʨʠʚʘʝʤʳʝ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʢʚʘʟʠʦʜʥʦʨʦʜʥʳʤʠ, ʘ ʟʥʘʯʠʪ ʜʣʷ ʠʭ ʨʘʩʯʸʪʘ 

ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʪʝʦʨʠʶ ʵʬʬʝʢʪʠʚʥʦʡ ʩʨʝʜʳ ʠ ʜʘʣʝʝ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʤʘʪʝʨʠʘʣ ʩ 

ʪʦʯʢʠ ʟʨʝʥʠʷ ʪʝʦʨʠʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ɼʨʫʜʝ-ʃʦʨʝʥʮʘ. ʕʪʦ ʟʥʘʯʠʪ, ʯʪʦ ʩ ʧʦʤʦʱʴʶ ʬʦʨʤʫʣʳ (1) 

ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʧʘʨʘʤʝʪʨʳ ʵʣʝʢʪʨʦʥʦʚ ʧʨʦʚʦʜʠʤʦʩʪʠ ð ʵʬʬʝʢʪʠʚʥʳʝ ʟʥʘʯʝʥʠʷ ʧʣʘʟʤʝʥʥʦʡ 

‫  ʠ ʨʝʣʘʢʩʘʮʠʦʥʥʦʡ ‎ ʯʘʩʪʦʪ [3]. 

ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʸʪʦʚ ʧʣʘʟʤʝʥʥʦʡ ʯʘʩʪʦʪʳ ʧʨʠʚʝʜʝʥʳ ʥʘ ʛʨʘʬʠʢʝ (ʈʠʩ.1): 

ρ

ρ ‐

‫

‫

‎

‫
 

(1) 
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ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʴ ʧʣʘʟʤʝʥʥʦʡ ʯʘʩʪʦʪʳ ʦʪ ʦʙʲʸʤʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʦʙʘʣʴʪʘ. 

ʈʘʩʩʯʠʪʘʥʥʦʝ ʟʥʘʯʝʥʠʝ ʧʣʘʟʤʝʥʥʦʡ ʯʘʩʪʦʪʳ ʯʠʩʪʦʛʦ ʢʦʙʘʣʴʪʘ ü‫ τȟτφ ʵɺ ʧʦʣʫʯʠʣʦʩʴ 

ʙʦʣʴʰʝ ʨʝʘʣʴʥʦʛʦ, ʨʘʚʥʦʛʦ 3,69 ʵɺ. ʕʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʥʝʫʯʪʸʥʥʳʤ ʚʣʠʷʥʠʝʤ ʤʝʞʟʦʥ-

ʥʳʭ ʧʝʨʝʭʦʜʦʚ ʠ ʨʘʟʥʳʤ ʚʢʣʘʜʦʤ ʚ ʧʣʘʟʤʝʥʥʫʶ ʯʘʩʪʦʪʫ ʵʣʝʢʪʨʦʥʦʚ ʩʦ ʩʧʠʥʦʤ ʚʚʝʨʭ ʠ ʚʥʠʟ. 

ʇʣʘʟʤʝʥʥʘʷ ʯʘʩʪʦʪʘ ʯʠʩʪʦʡ ʧʣʘʪʠʥʳ ʨʘʟʘ ʚ ʜʚʘ ʙʦʣʴʰʝ, ʯʝʤ ʧʣʘʟʤʝʥʥʘʷ ʯʘʩʪʦʪʘ ʢʦʙʘʣʴʪʘ, ʘ 

ʟʥʘʯʠʪ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʦʙʘʣʴʪʘ ʚ ʥʘʥʦʩʪʨʫʢʪʫʨʝ ʧʣʘʟʤʝʥʥʘʷ ʯʘʩʪʦʪʘ ʫʤʝʥʴʰʘ-

ʝʪʩʷ [4]. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʫʤʝʥʴʰʘʝʪʩʷ ʠ ʯʠʩʣʦ ʩʚʦʙʦʜʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʚ ʵʬʬʝʢʪʠʚʥʦʡ ʩʨʝʜʝ. 

ʈʘʩʩʤʘʪʨʠʚʘʝʤʳʡ ʜʠʘʧʘʟʦʥ ʯʘʩʪʦʪ ʠʟʣʫʯʝʥʠʷ ʥʘʭʦʜʠʪʩʷ ʤʝʞʜʫ ʯʘʩʪʦʪʦʡ ʨʝʣʘʢʩʘʮʠʠ ʠ ʧʣʘʟ-

ʤʝʥʥʦʡ ʯʘʩʪʦʪʦʡ ʚ ʦʙʣʘʩʪʠ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʯʘʩʪʦʪ ‎Ḻ‫Ḻɺ ʵʪʦʡ ʦʙʣʘʩʪʠ ʥʘʙʣʶʜʘʝʪʩʷ .‫ 

ʃʝʥʛʤʶʨʦʚʩʢʘʷ ʵʢʨʘʥʠʨʦʚʢʘ. ʀʟ-ʟʘ ʪʦʛʦ, ʯʪʦ ʯʘʩʪʦʪʘ ʠʟʣʫʯʝʥʠʷ ʥʘʤʥʦʛʦ ʙʦʣʴʰʝ ʯʘʩʪʦʪʳ ʨʝ-

ʣʘʢʩʘʮʠʠ (ʩʪʦʣʢʥʦʚʝʥʠʡ), ʧʦʣʝ ʫʩʧʝʚʘʝʪ ʤʥʦʛʦ ʨʘʟ ʠʟʤʝʥʠʪʴʩʷ ʟʘ ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ, ʨʘʚʥʦʝ 

1/ằ, ʘ ʵʣʝʢʪʨʦʥʳ, ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʧʦʣʷ, ʩʦʟʜʘʶʪ ʦʪʨʘʞʸʥʥʫʶ ʚʦʣʥʫ, ʚ ʩʣʝʜʩʪʚʠʝ ʯʝʛʦ ʧʦʣʝ 

ʚʥʫʪʨʴ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʧʨʦʥʠʢʘʝʪ, ʭʦʪʷ ʟʘʪʫʭʘʥʠʝ ʦʯʝʥʴ ʤʘʣʦ. ʀʟ-ʟʘ ʦʪʨʘʞʸʥʥʦʡ ʚʦʣʥʳ ʢʦʵʬ-

ʬʠʮʠʝʥʪ ʦʪʨʘʞʝʥʠʷ R ʙʣʠʟʦʢ ʢ ʝʜʠʥʠʮʝ, ʥʦ ʚʙʣʠʟʠ ʧʣʘʟʤʝʥʥʦʡ ʯʘʩʪʦʪʳ ʦʥ ʫʤʝʥʴʰʘʝʪʩʷ, ʪʘʢ 

ʢʘʢ ʛʣʫʙʠʥʘ ʃʝʥʛʤʶʨʦʚʩʢʦʡ ʵʢʨʘʥʠʨʦʚʢʠ ʥʘʯʠʥʘʝʪ ʟʘʚʠʩʝʪʴ ʦʪ ʯʘʩʪʦʪʳ (ʈʠʩ.2.). 
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ʈʠʩ. 2. ʉʧʝʢʪʨʘʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ ʧʨʠ ʥʦʨʤʘʣʴʥʦʤ ʧʘʜʝʥʠʠ ʜʣʷ 

ʨʘʟʣʠʯʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ ʢʦʙʘʣʴʪʘ. 

ʏʝʤ ʙʦʣʴʰʝ ʢʦʥʮʝʥʪʨʘʮʠʷ ʢʦʙʘʣʴʪʘ, ʪʝʤ ʥʠʞʝ ʢʦʵʬʬʠʮʠʝʥʪ ʦʪʨʘʞʝʥʠʷ. ɺ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʡ 

ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ ʦʧʪʠʯʝʩʢʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʩʠʣʴʥʦ ʩʥʠʞʘʝʪʩʷ, 

ʯʪʦ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʚʣʠʷʝʪ ʥʘ n ʠ k, ʘ ʟʥʘʯʠʪ ʠ ʥʘ ʢʦʵʬʬʠʮʠʝʥʪ ʦʪʨʘʞʝʥʠʷ R. ʇʦʤʠʤʦ ʪʦʛʦ, ʯʪʦ 

ʟʥʘʯʝʥʠʷ n ʠ k ʫʤʝʥʴʰʘʶʪʩʷ ʤʝʥʷʝʪʩʷ ʠ ʩʦʦʪʥʦʰʝʥʠʝ ʤʝʞʜʫ ʥʠʤʠ. ɺ ʙʣʠʞʥʝʡ ʀʂ ʠ ʚʠʜʠʤʦʡ 

ʦʙʣʘʩʪʷʭ ʩʧʝʢʪʨʘ k>>n, ʥʦ ʧʨʠ ʧʨʠʙʣʠʞʝʥʠʠ ʢ ʋʌ ʦʙʣʘʩʪʠ ʠʭ ʟʥʘʯʝʥʠʷ ʧʦʩʪʝʧʝʥʥʦ ʚʳʨʘʚʥʠ-

ʚʘʶʪʩʷ. 

ɼʝʡʩʪʚʠʪʝʣʴʥʘʷ ʠ ʤʥʠʤʘʷ ʯʘʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʨʘʚʥʳ: 

ʛʜʝ n ð ʢʦʵʬʬʠʮʠʝʥʪ ʨʝʬʨʘʢʮʠʠ, ʘ k ð ʢʦʵʬʬʠʮʠʝʥʪ ʵʢʩʪʠʥʢʮʠʠ. 

ʆʧʪʠʯʝʩʢʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ ʨʘʚʥʘ: 

ʄʥʠʤʘʷ ʯʘʩʪʴ ʜʠʘʛʦʥʘʣʴʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʊɼʇ ʩʚʷʟʘʥʘ ʩ ʦʧʪʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ ʤʝʪʘʣʣʘ: 

„̏ ̐ ̓‫
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τ“
Ὅά‐‫

‫

ς“
ὲὯ (5) 

ʇʨʠ ʥʘʤʘʛʥʠʯʠʚʘʥʠʠ ʩʧʣʘʚʘ ʩ ɻʄʉ ʦʧʪʠʯʝʩʢʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ ʠʟʤʝʥʷʝʪʩʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ 

ʠʟʤʝʥʝʥʠʝʤ ʤʘʛʥʠʪʦʩʦʧʨʦʪʠʚʣʝʥʠʷ. ʀʟʤʝʥʝʥʠʝ ʦʧʪʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʤʦʞʥʦ ʚʳʨʘʟʠʪʴ 

ʯʝʨʝʟ ʤʘʛʥʠʪʦʨʝʟʠʩʪʠʚʥʳʡ ʵʬʬʝʢʪ: 
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ʉ ʧʦʤʦʱʴʶ ʬʦʨʤʫʣ (2), (3) ʠ (5) ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ, ʟʘʤʝʥʠʚ ʢʦʵʬʬʠʮʠʝʥʪʳ ʨʝʬʨʘʢʮʠʠ ʠ ʵʢʩ-

ʪʠʥʢʮʠʠ ʥʘ nH=n+Dn ʠ kH=k+Dk ʤʦʞʥʦ ʨʘʩʩʯʠʪʘʪʴ Dn ʠ Dk ʯʝʨʝʟ Důʦʧʪ. ʇʨʠ ʵʪʦʤ ʧʨʦʠʟʚʝʜʝ-

ʥʠʝʤ DnDk ʤʦʞʥʦ ʧʨʝʥʝʙʨʝʯʴ ʢʘʢ ʚʝʣʠʯʠʥʦʡ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ʤʘʣʦʩʪʠ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩ ʫʯʸʪʦʤ ʬʦʨʤʫʣ (6) ï (8), ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʄʈʕ ʩ ʧʦʤʦʱʴʶ ʦʧʪʠʯʝʩʢʠʭ ʧʘʨʘ-

ʤʝʪʨʦʚ ʠ ʧʘʨʘʤʝʪʨʘ ʤʘʛʥʠʪʦʨʝʟʠʩʪʠʚʥʦʛʦ ʵʬʬʝʢʪʘ [5].  

ʄʈʕ ʥʘ ʦʪʨʘʞʝʥʠʝ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʧʦ ʬʦʨʤʫʣʝ: 

ʇʦʩʪʨʦʠʤ ʩʧʝʢʪʨʘʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʘʨʘʤʝʪʨʘ ʄʈʕ ʧʨʠ ʨʘʟʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʷʭ ʢʦʙʘʣʴʪʘ ʜʣʷ 

ʤʘʛʥʠʪʦʨʝʟʠʩʪʠʚʥʦʛʦ ʵʬʬʝʢʪʘ ρϷȠυϷȠρπϷ (ʈʠʩ.3.). 
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ʈʠʩ. 3. ʉʧʝʢʪʨʘʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʄʈʕ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ ʢʦʙʘʣʴʪʘ ʧʨʠ ʨʘʟʣʠʯ-

ʥʳʭ ʟʥʘʯʝʥʠʷʭ ɻʄʉ. 

ɿʥʘʢ ʄʈʕ ʦʪʨʠʮʘʪʝʣʴʥʳʡ, ʵʪʦ ʟʥʘʯʠʪ, ʯʪʦ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʢʦʵʬʬʠʮʠʝʥʪ ʦʪʨʘʞʝʥʠʷ ʥʘʥʦ-

ʩʪʨʫʢʪʫʨʳ ʚʦʟʨʘʩʪʘʝʪ. ʕʬʬʝʢʪ ʪʝʤ ʟʘʤʝʪʥʝʝ, ʯʝʤ ʙʦʣʴʰʝ ʤʘʛʥʠʪʦʨʝʟʠʩʪʠʚʥʳʡ ʵʬʬʝʢʪ ʠ ʯʝʤ 

ʚʳʰʝ ʢʦʥʮʝʥʪʨʘʮʠʷ ʢʦʙʘʣʴʪʘ, ʘ ʟʥʘʯʠʪ ʄʈʕ ʦʯʝʥʴ ʯʫʚʩʪʚʠʪʝʣʝʥ ʢ ʠʟʤʝʥʝʥʠʷʤ ʤʠʢʨʦʩʪʨʫʢ-

ʪʫʨʳ, ʚʣʠʷʶʱʠʤ ʥʘ ʝʸ ʧʨʦʚʦʜʠʤʦʩʪʴ. ʅʘʠʙʦʣʴʰʝʝ ʟʥʘʯʝʥʠʝ ʧʘʨʘʤʝʪʨ ʄʈʕ ʧʨʠʥʠʤʘʝʪ ʚ ʦʙʣʘ-

ʩʪʠ ʥʠʟʢʠʭ ʯʘʩʪʦʪ ʙʣʠʟʢʠʭ ʢ ʯʘʩʪʦʪʝ ʨʝʣʘʢʩʘʮʠʠ. 

ɺʳʚʦʜʳ 

ɺ ʨʘʙʦʪʝ ʨʘʩʩʯʠʪʘʥʳ ʧʣʘʟʤʝʥʥʳʝ ʯʘʩʪʦʪʳ, ʢʦʵʬʬʠʮʠʝʥʪʳ ʦʪʨʘʞʝʥʠʷ ʠ ʩʧʝʢʪʨʳ ʄʈʕ ʥʘ ʦʪʨʘ-

ʞʝʥʠʠ ʜʣʷ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨ Co/Pt ʩ ʨʘʟʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʢʦʙʘʣʴʪʘ. ɹʳʣʘ ʚ ʷʚʥʦʤ 

ʚʠʜʝ ʧʦʢʘʟʘʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʧʘʨʘʤʝʪʨʘ ʄʈʕ ʦʪ ʤʘʛʥʠʪʦʨʝʟʠʩʪʠʚʥʦʛʦ ʵʬʬʝʢʪʘ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʥʘʫʯʥʦʤ ʩʪʨʫʢʪʫʨʥʦʤ ʧʦʜʨʘʟʜʝʣʝʥʠʠ çʃʘʙʦʨʘʪʦʨʠʷ ʥʦʚʳʭ ʬʫʥʢʮʠʦʥʘʣʴ-

ʥʳʭ ʤʘʪʝʨʠʘʣʦʚè ʈʊʋ ʄʀʈʕɸ ʧʦ ʛʨʘʥʪʫ ʄʀʅʆɹʈʅɸʋʂʀ ʈʌ FSFZ-2022-0007 ʧʨʠ ʧʦʜ-

ʜʝʨʞʢʝ ʄʀʅʆɹʈʅɸʋʂʀ ʈʌ (ɻʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʟʘʜʘʥʠʝ ʜʣʷ ʫʥʠʚʝʨʩʠʪʝʪʦʚ ˉ ʌɻʌɿ-2023-

0005). 
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ʋɼʂ 621.319.2 

 

ʌʆʈʄʀʈʆɺɸʅʀɽ ʀ ʀʉʉʃɽɼʆɺɸʅʀɽ ʕʃɽʂʊʈɽʊʅʓʍ ʇʆ-

ʃʀʄɽʈʅʓʍ ʇʃɽʅʆʂ ʅɸ ʆʉʅʆɺɽ ɼʀɸʎɽʊɸʊɸ ʎɽʃʃʖ-

ʃʆɿʓ, ʀʅʊɽʈʂɸʃʀʈʆɺɸʅʅʓʍ ʇʆʃʗʈʅʓʄʀ ʄɸʂʈʆʄʆ-

ʃɽʂʋʃɸʄʀ Zn{(NH2)2CO}2Br 2 

ʊʠʪʦʚ ʄ.ʀ. 

ʘʩʧʠʨʘʥʪ ʀʥʩʪʠʪʫʪʘ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʠ ʠʥʜʫʩʪʨʠʘʣʴʥʦʛʦ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ 

ʈʊʋ ʄʀʈʕɸ  

ɹʫʰ ɸ.ɸ. 

ʜ.ʪ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʜʠʨʝʢʪʦʨ ʅʀʀ ʤʘʪʝʨʠʘʣʦʚ ʪʚʝʨʜʦʪʝʣʴʥʦʡ ʵʣʝʢʪʨʦʥʠʢʠ ʈʊʋ ʄʀʈʕɸ 

ɸʛʝʝʚʘ ʊ.ɸ. 

ʢ.ʭ.ʥ., ʜʦʮʝʥʪ ʀʚʘʥʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʭʠʤʠʢʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ 

ɼʘʚʳʜʦʚʘ ʄ.ʅ. 

ʢ.ʭ.ʥ., ʜʦʮ. ʢʘʬʝʜʨʳ ʅʝʦʨʛʘʥʠʯʝʩʢʦʡ ʭʠʤʠʠ ʠʤ ɸ.ʅ. ʈʝʬʦʨʤʘʪʩʢʦʛʦ ʀʊʍʊ ʠʤ. ʄ.ɺ. 

ʃʦʤʦʥʦʩʦʚʘ ʈʊʋ ʄʀʈʕɸ  

ʌʦʤʠʯʝʚ ɺ.ɺ. 

ʜ.ʭ.ʥ., ʧʨʦʬʝʩʩʦʨ ʢʘʬʝʜʨʳ ʭʠʤʠʠ ʠ ʪʝʭʥʦʣʦʛʠʠ ʨʝʜʢʠʭ ʠ ʨʘʩʩʝʷʥʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʠ 

ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠʤʝʥʠ ʂ.ɸ. ɹʦʣʴʰʘʢʦʚʘ ʀʊʍʊ ʠʤ. ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ ʈʊʋ ʄʀʈʕɸ  

 

ɸʥʥʦʪʘʮʠʷ. ʈʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʬʦʨʤʠʨʦʚʘʥʠʶ ʠ ʠʩʩʣʝʜʦʚʘʥʠʶ ʥʦʚʦʛʦ ʵʣʝʢʪʨʝʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ 

ʥʘ ʦʩʥʦʚʝ ʜʠʘʮʝʪʘʪ ʮʝʣʣʶʣʦʟʥʦʡ (ɼɸʎ) ʧʦʣʠʤʝʨʥʦʡ ʧʣʝʥʢʠ ʩ ʠʥʪʝʨʢʘʣʠʨʦʚʘʥʥʳʤ ʚ ʥʝʝ ʘʢʪʠʚʥʳʤ 

ʢʦʤʧʦʥʝʥʪʦʤ ï ʧʦʣʷʨʥʳʤʠ ʤʘʢʨʦʤʦʣʝʢʫʣʘʤʠ Zn{(NH2)2CO}2Br2. ɺʥʝʜʨʝʥʠʝ ʤʘʢʨʦʤʦʣʝʢʫʣ ʚ ʧʣʝʥʢʫ 

ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʚ ʧʨʦʮʝʩʩʝ ʝʝ ʧʦʣʠʤʝʨʠʟʘʮʠʠ ʠʟ 10 % ʨʘʩʪʚʦʨʘ ɼɸʎ ʠ Zn{(NH2)2CO}2Br2 ʚ ʪʝʪʨʘ-

ʛʠʜʨʦʬʫʨʘʥʝ ʩ ʵʪʠʣʦʚʳʤ ʩʧʠʨʪʦʤ ʧʨʠ ʜʝʡʩʪʚʠʠ ʧʦʩʪʦʷʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʥʘʧʨʷʞʝʥʥʦ-

ʩʪʴʶ 2-4 ʢɺ/ʩʤ. ʊʘʢʠʤ ʩʧʦʩʦʙʦʤ ʧʦʣʫʯʝʥʳ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ ʠ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ 

Zn{(NH2)2CO}2Br2 ʧʦʣʠʤʝʨʥʳʝ ʧʣʝʥʢʠ ɼɸʎ, ʥʘ ʢʦʪʦʨʳʭ ʧʨʦʚʝʜʝʥʳ ʠʟʤʝʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘ-

ʚʠʩʠʤʦʩʪʝʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ e, ʪʘʥʛʝʥʩʘ ʫʛʣʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ tgd, ʘ 
ʪʘʢʞʝ ʪʦʢʦʚ ʪʝʨʤʦʩʪʠʤʫʣʠʨʦʚʘʥʥʦʡ ʜʝʧʦʣʷʨʠʟʘʮʠʠ (ʊʊʉɼ). ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʤʦʜʠʬʠʮʠʨʦʚʘ-

ʥʠʝ ʚʳʟʳʚʘʝʪ ʧʦʷʚʣʝʥʠʝ ʥʘ ʟʘʚʠʩʠʤʦʩʪʷʭ e(T), tgd(T) ʠ ʊʊʉɼ(ʊ) ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʤʘʢʩʠʤʫʤʦʚ, ʢʦ-
ʪʦʨʳʝ ʩʚʷʟʳʚʘʶʪʩʷ ʩ ʚʥʝʜʨʝʥʥʳʤ ʚ ʧʣʝʥʢʫ ʘʢʪʠʚʥʳʤ ʢʦʤʧʦʥʝʥʪʦʤ. ʄʦʜʠʬʠʮʠʨʦʚʘʥʠʝ ʧʣʝʥʢʠ 

ɼɸʎ ʚʳʟʳʚʘʝʪ ʚʦʟʨʘʩʪʘʥʠʝ ʚʝʣʠʯʠʥʳ ʊʊʉɼ ʠ ʦʧʨʝʜʝʣʝʥʥʦʡ ʧʦ ʥʠʤ ʧʣʦʪʥʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʟʘ-

ʨʷʜʦʚ ʙʦʣʝʝ ʯʝʤ ʥʘ ʜʚʘ ʧʦʨʷʜʢʘ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʠ 

ʜʘʣʴʥʝʡʰʝʛʦ ʧʨʠʤʝʥʝʥʠʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʤʝʪʦʜʘ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʵʣʝʢʪʨʝʪʥʳʭ ʧʣʝʥʦʢ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʵʣʝʢʪʨʝʪʥʳʡ ʤʘʪʝʨʠʘʣ, ʜʠʘʮʝʪʘʪ ʮʝʣʣʶʣʦʟʳ, ʧʦʣʷʨʥʳʝ ʤʘʢʨʦʤʦʣʝʢʫʣʳ, 

ʪʝʨʤʦʛʨʘʚʠʤʝʪʨʠʯʝʩʢʠʡ ʘʥʘʣʠʟ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

FORMATION AND RESEARCH OF ELECTRET POLYMER 

FILMS BASED ON DIACETATE CELLULOSE INTERCALATED 

WITH POLAR MACROMOLECULES Zn{(NH2) 2CO}2Br 2 
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Annotation. The work is devoted to the formation and research of a new electret material based on a 

diacetate cellulose (CDA) polymer film with intercalated into it polar macromolecules 

Zn{(NH 2)2CO}2Br2 as an active component. The introduction of macromolecules into the film was 

carried out during its polymerization from a 10 % solution of CDA and Zn{(NH2)2CO}2Br2 in tetra-

hydrofuran with ethyl alcohol under the action of a direct electric field of 2-4 kV/cm. In this way, 

modified and unmodified by Zn{(NH2)2CO}2Br2 polymer films of CDA were obtained, on which the 

temperature dependences of the dielectric constant e, the tangent of the dielectric loss angle tand, as 

well as the thermally stimulated depolarization currents (TSDC) were measured. It was established 

that the modification causes the appearance of additional maxima on the dependencies e(T), tand(T) 

and TSDC(T), which are associated with the active component embedded in the film. Modification 

of the CDA film causes an increase in the value of the TSDC and the density of surface charges 

determined by them by more than two orders of magnitude. The results obtained indicate the pro-

spects of further application of the method under consideration for the production of electret films. 

Keywords: electret material, cellulose diacetate, polar macromolecules, thermogravimetric analysis, 

dielectric properties 

ʕʣʝʢʪʨʝʪʘʤʠ ʥʘʟʳʚʘʶʪ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ, ʚ ʢʦʪʦʨʳʭ ʩʦʟʜʘʥʦ ʠ ʜʣʠʪʝʣʴʥʦ ʩʦʭʨʘʥʷʝʪʩʷ 

ʥʝʨʘʚʥʦʚʝʩʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʟʘʨʷʜʦʚ, ʩʚʷʟʘʥʥʳʭ ʩ ʦʨʠʝʥʪʘʮʠʦʥʥʦʡ ʜʠʧʦʣʴʥʦʡ ʧʦʣʷ-

ʨʠʟʘʮʠʝʡ, ʩʤʝʱʝʥʠʝʤ ʟʘʨʷʜʦʚ ʚʥʫʪʨʠ ʤʦʣʝʢʫʣ ʠʣʠ ʜʦʤʝʥʥʳʭ ʩʪʨʫʢʪʫʨ, ʦʙʨʘʟʦʚʘʥʠʝʤ ʥʝʩʢʦʤʧʝʥʩʠ-

ʨʦʚʘʥʥʳʭ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʠʣʠ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʟʘʨʷʜʦʚ. ʅʘʣʠʯʠʝ ʪʘʢʠʭ ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʵʣʝʢʪʨʠʯʝ-

ʩʢʠʭ ʟʘʨʷʜʦʚ ʚ ʵʣʝʢʪʨʝʪʘʭ ʜʝʣʘʝʪ ʠʭ ʠʩʪʦʯʥʠʢʦʤ ʚʥʝʰʥʝʛʦ ʢʚʘʟʠʧʦʩʪʦʷʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, 

ʢʦʪʦʨʦʝ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʦ ʚ ʨʘʟʣʠʯʥʳʭ ʧʨʠʙʦʨʘʭ ʠ ʫʩʪʨʦʡʩʪʚʘʭ [1-2].  

ʕʣʝʢʪʨʝʪʳ ʥʘʭʦʜʷʪ ʰʠʨʦʢʠʝ ʧʨʠʤʝʥʝʥʠʷ ʚ (ʤʠʢʨʦ)ʵʣʝʢʪʨʦʥʠʢʝ, ʵʣʝʢʪʨʦʘʢʫʩʪʠʢʝ, ʵʣʝʢʪʨʦʪʝʭ-

ʥʠʢʝ, ʙʠʦʣʦʛʠʠ, ʤʝʜʠʮʠʥʝ ʠ ʤʥʦʛʠʭ ʜʨʫʛʠʭ ʦʙʣʘʩʪʷʭ ʥʘʫʢʠ ʠ ʪʝʭʥʠʢʠ. ʆʩʥʦʚʥʳʤʠ ʫʩʪʨʦʡ-

ʩʪʚʘʤʠ, ʠʩʧʦʣʴʟʫʶʱʠʤʠ ʵʣʝʢʪʨʝʪʥʳʡ ʵʬʬʝʢʪ, ʷʚʣʷʶʪʩʷ: ʵʣʝʢʪʨʝʪʥʳʝ ʤʠʢʨʦʬʦʥʳ, ʪʝʣʝʬʦʥʳ, 

ʧʨʠʙʦʨʳ ʜʣʷ ʟʘʧʠʩʠ ʟʚʫʢʘ ʠ ʠʟʦʙʨʘʞʝʥʠʷ, ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʧʝʨʝʤʝʱʝʥʠʡ ʚ 

ʵʣʝʢʪʨʠʯʝʩʢʠʝ, ʧʴʝʟʦ- ʠ ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʛʠʜʨʦʬʦʥʳ, ʠʥʬʨʘʢʨʘʩʥʳʝ ʪʝʧʣʦʚʠʟʠʦʥʥʳʝ ʜʘʪ-

ʯʠʢʠ, ʤʠʢʨʦʢʘʣʦʨʠʤʝʪʨʳ, ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʠʝ ʤʦʜʫʣʷʪʦʨʳ, ʜʘʪʯʠʢʠ ʨʘʜʠʦʘʢʪʠʚʥʦʛʦ ʠʟʣʫʯʝ-

ʥʠʷ (ʜʦʟʠʤʝʪʨʳ), ʵʣʝʢʪʨʝʪʥʳʝ ʣʠʥʟʳ ʜʣʷ ʬʦʢʫʩʠʨʦʚʢʠ ʵʣʝʢʪʨʦʥʦʚ, ʬʦʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʵʣʝ-

ʤʝʥʪʳ, ʚʦʟʜʫʰʥʳʝ ʠ ʛʘʟʦʚʳʝ ʬʠʣʴʪʨʳ, ʤʠʢʨʦʨʝʣʝʡʥʳʝ ʠ ʜʨʫʛʠʝ ʧʝʨʝʢʣʶʯʘʪʝʣʠ ʠ ʪ. ʜ. [1-8].  
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ʂ ʚʘʞʥʝʡʰʠʤ ʵʣʝʢʪʨʝʪʘʤ ʦʪʥʦʩʷʪʩʷ ʧʦʣʠʤʝʨʥʳʝ ʵʣʝʢʪʨʝʪʳ, ʦʙʣʘʜʘʶʱʠʭ ʮʝʣʳʤ ʨʷʜʦʤ ʚʘʞʥʳʭ ʜʦ-

ʩʪʦʠʥʩʪʚ: ʙʦʣʴʰʦʝ ʚʨʝʤʷ ʞʠʟʥʠ, ʵʢʦʥʦʤʠʯʥʦʩʪʴ ʠʟʛʦʪʦʚʣʝʥʠʷ, ʥʠʟʢʘʷ ʧʣʦʪʥʦʩʪʴ (ʤʘʣʳʡ ʚʝʩ); ʚʳ-

ʩʦʢʘʷ ʢʚʘʟʠʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʘʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ; ʚʳʩʦʢʘʷ ʛʠʙʢʦʩʪʴ; ʚʦʟʤʦʞʥʦʩʪʴ ʠʟʛʦʪʦʚʣʝʥʠʷ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʣʶʙʦʡ ʬʦʨʤʳ ʠ ʙʦʣʴʰʦʡ ʧʣʦʱʘʜʠ; ʜʦʩʪʫʧʥʦʩʪʴ ʚ ʚʠʜʝ ʬʦʣʴʛʠ; ʥʠʟʢʠʡ, ʩʦʛʣʘʩʫ-

ʶʱʠʡʩʷ ʩ ʚʦʜʦʡ ʠ ʯʝʣʦʚʝʯʝʩʢʠʤ ʪʝʣʦʤ ʘʢʫʩʪʠʯʝʩʢʠʡ ʠʤʧʝʜʘʥʩ; ʥʠʟʢʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ; ʚʣʘʛʦʩʪʦʡ-

ʢʦʩʪʴ; ʤʝʭʘʥʠʯʝʩʢʘʷ ʧʨʦʯʥʦʩʪʴ ʠ ʫʜʘʨʦʩʪʦʡʢʦʩʪʴ; ʣʝʛʢʦʩʪʴ ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ. 

ʉʧʝʢʪʨ ʧʨʠʤʝʥʝʥʠʡ ʧʦʣʠʤʝʨʥʳʭ ʵʣʝʢʪʨʝʪʦʚ ʧʦʩʪʦʷʥʥʦ ʨʘʩʰʠʨʷʝʪʩʷ. ʈʘʟʥʦʦʙʨʘʟʠʝ ʦʙʣʘʩʪʝʡ 

ʠʭ ʧʨʠʤʝʥʝʥʠʷ ʠ ʫʩʣʦʚʠʡ ʵʢʩʧʣʫʘʪʘʮʠʠ ʩʪʘʚʠʪ ʟʘʜʘʯʫ ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʦʛʦ ʧʦʠʩʢʘ ʥʦʚʳʭ ʧʦʣʠ-

ʤʝʨʥʳʭ ʵʣʝʢʪʨʝʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʫʣʫʯʰʝʥʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ: ʚʨʝʤʝʥʥʦʡ ʠ ʪʝʨʤʠʯʝ-

ʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʴʶ ʬʦʨʤʠʨʫʝʤʦʛʦ ʵʣʝʢʪʨʝʪʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʴʶ ʟʘʨʷʜʘ, ʤʝ-

ʭʘʥʠʯʝʩʢʦʡ ʠ ʭʠʤʠʯʝʩʢʦʡ ʫʩʪʦʡʯʠʚʦʩʪʴʶ ʠ ʜʨ. ʇʦʵʪʦʤʫ ʟʘʜʘʯʘ ʩʪʘʙʠʣʠʟʘʮʠʠ ʵʣʝʢʪʨʝʪʥʦʛʦ 

ʟʘʨʷʜʘ ʠ ʧʦʚʳʰʝʥʠʷ ʝʛʦ ʧʣʦʪʥʦʩʪʠ ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʜʣʷ ʬʠʟʠʢʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ, ʢʘʢ 

ʩ ʥʘʫʯʥʦʡ, ʪʘʢ ʠ ʧʨʠʢʣʘʜʥʦʡ ʪʦʯʝʢ ʟʨʝʥʠʷ. 

ʊʨʘʜʠʮʠʦʥʥʘʷ ʪʝʭʥʦʣʦʛʠʷ ʧʦʣʠʤʝʨʥʳʭ ʵʣʝʢʪʨʝʪʦʚ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʦʣʷʨʠʟʘʮʠʠ ʤʘʪʝʨʠʘʣʘ ʧʫʪʸʤ ʧʦ-

ʤʝʱʝʥʠʷ ʧʣʘʩʪʠʥ ʠʣʠ ʧʣʝʥʦʢ ʪʝʨʤʦʧʣʘʩʪʦʚ ʚ ʨʘʟʤʷʛʯʸʥʥʦʤ ʩʦʩʪʦʷʥʠʠ ʚ ʩʪʘʪʠʯʝʩʢʦʝ ʵʣʝʢʪʨʠʯʝʩʢʦʝ 

ʧʦʣʝ ʠʣʠ ʧʫʪʸʤ ʠʭ ʦʙʨʘʙʦʪʢʠ ʢʦʨʦʥʥʳʤ ʨʘʟʨʷʜʦʤ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʦʭʣʘʞʜʝʥʠʝʤ ʠʟʜʝʣʠʡ.  

ɺ [9] ʧʨʝʜʣʦʞʝʥ ʥʦʚʳʡ ʧʦʜʭʦʜ ʢ ʧʦʣʫʯʝʥʠʶ ʵʣʝʢʪʨʝʪʥʳʭ ʧʦʣʠʤʝʨʥʳʭ ʧʣʝʥʦʢ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʠʥ-

ʪʝʨʢʘʣʷʮʠʠ ʤʝʪʘʣʣʦʦʨʛʘʥʠʯʝʩʢʠʭ ʤʘʢʨʦʤʦʣʝʢʫʣ, ʦʙʣʘʜʘʶʱʠʭ ʙʦʣʴʰʠʤ ʜʠʧʦʣʴʥʳʤ ʤʦʤʝʥʪʦʤ, ʚ 

ʧʦʣʠʤʝʨ ʚ ʧʨʦʮʝʩʩʝ ʝʛʦ ʧʦʣʠʤʝʨʠʟʘʮʠʠ ʩ ʧʨʠʣʦʞʝʥʠʝʤ ʧʦʩʪʦʷʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ. ʇʨʝʜʧʦ-

ʣʘʛʘʝʪʩʷ, ʯʪʦ ʢʨʫʧʥʳʡ ʨʘʟʤʝʨ ʤʘʢʨʦʤʦʣʝʢʫʣʳ ʦʙʝʩʧʝʯʠʪ ʧʦʩʪʦʷʥʩʪʚʦ ʦʨʠʝʥʪʘʮʠʠ ʜʠʧʦʣʷ ʠ ʫʩʪʦʡ-

ʯʠʚʦʝ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʵʣʝʢʪʨʝʪʥʦʛʦ ʵʬʬʝʢʪʘ ʚʧʣʦʪʴ ʜʦ ʪʝʤʧʝʨʘʪʫʨ ʜʝʛʨʘʜʘʮʠʠ ʧʦʣʠʤʝʨʥʦʡ ʤʘʪ-

ʨʠʮʳ. ɺʳʩʦʢʘʷ ʧʣʦʪʥʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʟʘʨʷʜʘ ʩʦʟʜʘʝʪʩʷ ʫʧʦʨʷʜʦʯʝʥʠʝʤ ʦʨʠʝʥʪʘʮʠʠ ʜʠʧʦʣʝʡ 

ʤʘʢʨʦʤʦʣʝʢʫʣ, ʧʨʠʢʣʘʜʳʚʘʝʤʳʤ ʧʨʠ ʧʦʣʠʤʝʨʠʟʘʮʠʠ ʧʦʩʪʦʷʥʥʳʤ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʧʦʣʝʤ. ʀʩʧʦʣʴ-

ʟʫʝʤʳʡ ʚ ʵʪʦʡ ʨʘʙʦʪʝ ʜʠʟʘʡʥ ʵʣʝʢʪʨʝʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚʧʝʨʚʳʝ ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʘʚʪʦʨʘʤʠ ʠ ʫʩʧʝʰʥʦ 

ʨʝʘʣʠʟʦʚʘʥ ʚ ʩʠʩʪʝʤʝ ʧʦʨʬʠʨʠʥʦʚʳʝ ʢʦʤʧʣʝʢʩʳ ʠʦʜʠʜʘ ʚʠʩʤʫʪʘ(III)-ʧʦʣʠʚʠʥʠʣʘʮʝʪʘʪ (ʇɺɸ). ʇʦ-

ʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʦʪʢʨʳʚʘʶʪ ʧʝʨʩʧʝʢʪʠʚʳ ʩʦʟʜʘʥʠʷ ʥʦʚʦʛʦ ʩʝʤʝʡʩʪʚʘ ʵʣʝʢʪʨʝʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. 

ʇʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʜʘʣʴʥʝʡʰʝʝ ʧʨʠʤʝʥʝʥʠʝ ʵʪʦʛʦ ʤʝʪʦʜʘ ʜʣʷ ʩʦʟʜʘʥʠʷ ʥʦʚʳʭ ʜʦʣʛʦʞʠʚʫʱʠʭ 

ʵʣʝʢʪʨʝʪʥʳʭ ʧʦʣʠʤʝʨʥʳʭ ʧʣʝʥʦʢ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʥʦʦʙʨʘʟʥʳʭ ʧʦʣʠʤʝʨʥʳʭ ʤʘʪʨʠʮ ʠ ʧʦʣʷʨ-

ʥʳʭ ʤʘʢʨʦʤʦʣʝʢʫʣ ʚ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʦʚ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʜʠʧʦʣʝʡ. 

ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʧʦʣʫʯʝʥʠʝ ʥʦʚʳʭ ʵʣʝʢʪʨʝʪʥʳʭ ʧʦʣʠʤʝʨʥʳʭ ʧʣʝʥʦʢ ʩ ʚʳʩʦ-

ʢʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʧʫʪʝʤ ʠʥʪʝʨʢʘʣʷʮʠʠ ʧʦʣʷʨʥʳʭ ʤʘʢʨʦʤʦʣʝʢʫʣ ʢʦʤʧʣʝʢʩʘ ʙʨʦʤʠʜʘ 

ʮʠʥʢʘ ʩ ʤʦʯʝʚʠʥʦʡ Zn{(NH2)2CO}2Br2 ʚ ʧʦʣʠʤʝʨʥʫʶ ʤʘʪʨʠʮʫ ʥʘ ʦʩʥʦʚʝ ʜʠʘʮʝʪʘʪʘ ʮʝʣʣʶʣʦʟʳ 

(ʧʨʠ ʜʝʡʩʪʚʠʠ ʧʦʩʪʦʷʥʥʦʛʦ ʚʥʝʰʥʝʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ). ɼʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʦʡ ʨʘʟʤʝʨ ʤʦ-

ʣʝʢʫʣ ʪʘʢʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʜʦʣʞʝʥ ʧʨʝʧʷʪʩʪʚʦʚʘʪʴ ʠʟʤʝʥʝʥʠʶ ʠʭ ʦʨʠʝʥʪʘʮʠʠ. ɺ ʪʦʞʝ ʚʨʝʤʷ ʥʠʟ-

ʢʘʷ ʩʠʤʤʝʪʨʠʷ ʢʦʤʧʣʝʢʩʘ ʦʙʫʩʣʘʚʣʠʚʘʝʪ ʝʛʦ ʙʦʣʴʰʦʡ ʜʠʧʦʣʴʥʳʡ ʤʦʤʝʥʪ (~10 D) [10]. ʕʪʠ ʜʚʘ 

ʬʘʢʪʦʨʘ ʜʦʣʞʥʳ ʦʙʝʩʧʝʯʠʚʘʪʴ ʥʘʣʠʯʠʝ ʠ ʚʨʝʤʷ ʞʠʟʥʠ ʫʩʪʦʡʯʠʚʦʛʦ ʵʣʝʢʪʨʝʪʥʦʛʦ ʩʦʩʪʦʷʥʠʷ 

ʩʦʧʦʩʪʘʚʠʤʦʝ ʩ ʚʨʝʤʝʥʝʤ ʜʝʛʨʘʜʘʮʠʠ ʧʦʣʠʤʝʨʘ.  

 

ʇʦʣʫʯʝʥʠʝ ʦʙʨʘʟʮʦʚ 

ɼʣʷ ʩʠʥʪʝʟʦʚ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʩʣʝʜʫʶʱʠʝ ʠʩʭʦʜʥʳʝ ʚʝʱʝʩʪʚʘ: ʢʘʨʙʘʤʠʜ CO(NH2)2 (ʢʚʘʣʠʬʠʢʘ-

ʮʠʠ çʯè); ʜʠʤʝʪʠʣʬʦʨʤʘʤʠʜ (çʯè); ʮʠʥʢ (for synthesis, Merk); ʙʨʦʤʦʚʦʜʦʨʦʜʥʘʷ ʢʠʩʣʦʪʘ (çʭʯè). 

ʀʩʭʦʜʥʳʡ ʙʨʦʤʠʜ ʮʠʥʢʘ ʙʳʣ ʧʦʣʫʯʝʥ ʧʫʪʝʤ ʨʘʩʪʚʦʨʝʥʠʷ ʮʠʥʢʘ ʚ ʙʨʦʤʦʚʦʜʦʨʦʜʥʦʡ ʢʠʩʣʦʪʝ ʩ 

ʧʦʩʣʝʜʫʶʱʝʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʝʡ. ʆʙʨʘʟʦʚʘʥʠʝ ʙʨʦʤʠʜ ʮʠʥʢʘ ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʵʪʦʤ ʧʦ ʨʝʘʢʮʠʠ: 

Zn (ʧʳʣʴ) + 2HBr (ʨ-ʨ) Ÿ ZnBr2 + H2 ŷ. 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʢʦʤʧʣʝʢʩʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʙʨʦʤʠʜʘ ʮʠʥʢʘ ʩ ʤʦʯʝʚʠʥʦʡ ʚ ʭʠʤʠʯʝʩʢʦʤ ʩʪʘʢʘʥʝ ʩʤʝ-
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ʰʠʚʘʣʠ 5 ʛ (0.022 ʤʦʣʴ) ʙʨʦʤʠʜʘ ʮʠʥʢʘ ZnBr2 ʠ 2.64 ʛ (0.044 ʤʦʣʴ) ʤʦʯʝʚʠʥʳ ʚ ʤʦʣʷʨʥʦʤ ʩʦʦʪʥʦ-

ʰʝʥʠʠ 1:2 ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʢ ʥʠʤ 3 ʤʣ ʚʦʜʳ. ʈʝʘʢʮʠʦʥʥʘʷ ʩʤʝʩʴ ʚʳʜʝʨʞʠʚʘʣʘʩʴ ʚ ʩʪʘʢʘʥʝ ʧʨʠ ʢʦʤ-

ʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʪʝʯʝʥʠʝ 7 ʜʥʝʡ. ɿʘ ʵʪʦ ʚʨʝʤʷ ʩʦʛʣʘʩʥʦ ʨʝʘʢʮʠʠ ZnBr2 + 2(NH2)2CO Ÿ 

Zn{(NH2)2CO} 2Br2 ʧʨʦʠʩʭʦʜʠʣʦ ʚʳʜʝʣʝʥʠʝ ʢʦʤʧʣʝʢʩʘ Zn{(NH2)2CO}2Br2 ʚ ʚʠʜʝ ʢʨʠʩʪʘʣʣʦʚ. ɺʳ-

ʧʦʣʥʝʥʥʳʡ ʥʘ ʵʣʝʤʝʥʪʥʦʤ ʘʥʘʣʠʟʘʪʦʨʝ ʤʦʜʝʣʠ ɽɸ-1112 ʤʦʜʠʬʠʢʘʮʠʠ CHNS, (ʧʨʦʠʟʚʦʜʠʪʝʣʴ 

çThermo Finnigan Italia S.p.A.è, ʀʪʘʣʠʷ) ʘʥʘʣʠʟ ʧʦʜʪʚʝʨʞʜʘʝʪ ʩʦʩʪʘʚ Zn{(NH2)2CO} 2Br2 ʧʦʣʫʯʝʥ-

ʥʦʛʦ ʢʦʤʧʣʝʢʩʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ. 

ʌʦʨʤʠʨʦʚʘʥʠʝ ʧʦʣʠʤʝʨʥʦʡ ʧʣʝʥʢʠ ʩ ʠʥʪʝʨʢʘʣʠʨʦʚʘʥʥʳʤʠ ʚ ʥʝʝ ʤʘʢʨʦʤʦʣʝʢʫʣʘʤʠ 

Zn{(NH2)2CO}2Br2 ʦʩʫʱʝʩʪʚʣʷʣʠ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. ɺ ʨʘʩʪʚʦʨ 0.2468 ʛ ʜʠʘʮʝʪʘʪʘ ʮʝʣʣʶʣʦʟʳ 

(ɼɸʎ) ʚ ʪʝʪʨʘʛʠʜʨʦʬʫʨʘʥʝ (3 ʤʣ) ʧʨʠ ʧʝʨʝʤʝʰʠʚʘʥʠʠ ʜʦʙʘʚʣʷʣʠ ʠ 0.0223 ʛ Zn{(NH2)2CO}2Br2 ʚ ʵʪʠ-

ʣʦʚʦʤ ʩʧʠʨʪʝ (0.5 ʤʣ). ʈʘʩʪʚʦʨ ʧʦʣʠʤʝʨʘ ʩ ʢʦʤʧʣʝʢʩʦʤ ʜʦʚʦʜʠʣʠ ʜʦ ʛʦʤʦʛʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʧʨʠ ʢʦʤ-

ʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʪʝʯʝʥʠʝ 36 ʯʘʩʦʚ ʚ ʦʪʩʫʪʩʪʚʠʠ ʩʚʝʪʘ. ʀʟ ʧʦʣʫʯʝʥʥʦʛʦ ʨʘʩʪʚʦʨʘ ʧʦʣʫʯʘʣʠ ʧʣʝʥʢʫ 

ʤʝʪʦʜʦʤ ʩʫʭʦʛʦ ʬʦʨʤʦʚʘʥʠʷ ʥʘ ʩʪʝʢʣʷʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʰʢʠ ʇʝʪʨʠ. ʈʘʩʪʚʦʨʠʪʝʣʴ ʚʳʧʘʨʠʚʘʣʠ ʧʨʠ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʧʦʩʪʦʷʥʥʦʤ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ (ʥʘʧʨʷʞʝʥʥʦʩʪʴʶ 2-4 ʢɺ/ʩʤ) ʚ ʪʝʯʝʥʠʝ 

36 ʯʘʩʦʚ. ʆʙʨʘʟʦʚʘʚʰʠʝʩʷ ʧʣʝʥʢʠ ʦʪʜʝʣʷʣʠ ʦʪ ʩʪʝʢʣʷʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʩʫʰʠʣʠ ʜʦ ʧʦʩʪʦʷʥʥʦʡ 

ʤʘʩʩʳ ʧʨʠ 40 Áʉ ʜʣʷ ʫʜʘʣʝʥʠʷ ʠʟ ɼɸʎ-ʤʘʪʨʠʮʳ ʦʩʪʘʪʢʦʚ ʨʘʩʪʚʦʨʠʪʝʣʷ. ʉʪʝʧʝʥʴ ʧʦʣʠʤʝʨʠʟʘʮʠʠ ʠʩ-

ʧʦʣʴʟʫʝʤʦʛʦ ɼɸʎ ʩʦʩʪʘʚʣʷʣʘ 230-250. ʇʦʣʫʯʝʥʥʳʝ ʧʣʝʥʢʠ ʠʤʝʣʠ ʪʦʣʱʠʥʫ 0.1 ʤʤ ʠ ʧʣʦʱʘʜʴ ~38 ʩʤ2. 

ɺ ʭʦʜʝ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʣʝʥʢʠ ʩʪʘʙʠʣʴʥʦʩʪʴ ʢʦʤʧʣʝʢʩʘ ʮʠʥʢʘ ʠ ʨʘʚʥʦʤʝʨʥʦʩʪʴ ʝʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʧʦ ʧʣʦʱʘʜʠ ʩʠʥʪʝʟʠʨʫʝʤʦʡ ʧʣʝʥʢʠ ʢʦʥʪʨʦʣʠʨʦʚʘʣʠ ʧʦ ʵʣʝʢʪʨʦʥʥʳʤ ʩʧʝʢʪʨʘʤ ʧʦʛʣʦʱʝʥʠʷ (ʕʉʇ), 

ʢʦʪʦʨʳʝ ʬʠʢʩʠʨʦʚʘʣʠ ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨʦʤ Helios Alpha Local Control System çTermo Spectronicè 

(ʉʐɸ). ʕʉʇ ʛʦʪʦʚʳʭ ʧʣʝʥʦʢ ʥʝ ʠʤʝʣʠ ʥʠʢʘʢʠʭ ʦʪʣʠʯʠʡ ʦʪ ʕʉʇ ʠʩʭʦʜʥʳʭ ʢʦʤʧʣʝʢʩʦʚ.  

ɸʥʘʣʦʛʠʯʥʳʤ ʦʙʨʘʟʦʤ ʙʳʣʘ ʩʬʦʨʤʠʨʦʚʘʥʘ ʧʦʣʠʤʝʨʥʘʷ ʧʣʸʥʢʘ ʠʟ ʜʠʘʮʝʪʘʪʘ ʮʝʣʶʣʦʟʳ ʙʝʟ ʢʘ-

ʢʠʭ-ʣʠʙʦ ʜʦʙʘʚʦʢ. 



ʉɽʂʎʀʗ 1. ʌʀɿʀʂɸ ʂʆʅɼɽʅʉʀʈʆɺɸʅʅʆɻʆ ʉʆʉʊʆʗʅʀʗ 

  

çʇɽʈʉʇɽʂʊʀɺʅʓɽ ʄɸʊɽʈʀɸʃʓ ʀ ʊɽʍʅʆʃʆɻʀʀè (çʇʄʊ - 2023è)                  95 
 

ʅʘ ʙʘʟʠʩʥʳʝ ʧʣʦʩʢʦʩʪʠ ʧʦʣʫʯʝʥʥʳʭ ʧʦʣʠʤʝʨʥʳʭ ʧʣʝʥʦʢ ʤʘʛʥʝʪʨʦʥʥʳʤ ʨʘʩʧʳʣʝʥʠʝʤ ʥʘ ʧʣʘʟ-

ʤʦʭʠʤʠʯʝʩʢʦʡ ʫʩʪʘʥʦʚʢʝ ʄʀʈ-2 ʙʳʣ ʥʘʥʝʩʝʥ ʤʝʜʥʳʡ ʩʣʦʡ ʪʦʣʱʠʥʦʡ 0.1 ʤʤ. ʂʘʤʝʨʫ ʩ ʦʙʨʘʟ-

ʮʦʤ ʚʘʢʫʫʤʠʨʦʚʘʣʠ ʜʦ ʜʘʚʣʝʥʠʷ 5 Ĭ 10-5 ʤʤ. ʨʪ. ʩʪ., ʧʦʩʣʝ ʯʝʛʦ ʥʘʧʦʣʥʷʣʠ ʧʣʘʟʤʦʦʙʨʘʟʫʶʱʠʤ 

ʛʘʟʦʤ (ʘʨʛʦʥ) ʜʦ ʜʘʚʣʝʥʠʷ 1.6 Ĭ 10-3 ʤʤ. ʨʪ. ʩʪ. ʠ ʧʨʦʠʟʚʦʜʠʣʠ ʨʘʩʧʳʣʝʥʠʝ ʤʝʜʥʦʛʦ ʢʘʪʦʜʘ-

ʤʠʰʝʥʠ ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʪʦʢʝ ʨʘʟʨʷʜʘ 2.5 ɸ ʚ ʪʝʯʝʥʠʝ 1.5 ʤʠʥ. ʆʙʨʘʟʝʮ ʧʣʝʥʢʠ ʥʘʭʦʜʠʣʩʷ ʥʘ 

ʚʨʘʱʘʶʱʝʤʩʷ ʩʪʦʣʠʢʝ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 200 ʤʤ ʦʪ ʤʠʰʝʥʠ.  

ʅʘ ʨʠʩ. 1, ʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʩʭʝʤʘ ʫʩʪʘʥʦʚʢʠ ʩʫʭʦʛʦ ʬʦʨʤʦʚʘʥʠʷ, ʬʦʪʦ ʧʦʣʫʯʝʥʥʦʡ ʧʦʣʠʤʝʨʥʦʡ 

ʧʣʝʥʢʠ ʩ ʥʘʥʝʩʝʥʥʳʤʠ ʥʘ ʥʝʝ ʤʝʜʥʳʤʠ ʵʣʝʢʪʨʦʜʘʤʠ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 1, ʙ.  

 

ʊʝʨʤʦʛʨʘʚʠʤʝʪʨʠʯʝʩʢʠʡ ʘʥʘʣʠʟ 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʦʙʣʘʩʪʠ ʫʩʪʦʡʯʠʚʦʩʪʠ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʧʦʣʠʤʝʨʘ ɼɸʎ, ʥʘ ʜʝʨʠ-

ʚʘʪʦʛʨʘʬʝ Q 1500 D ʩʠʩʪʝʤʳ ʇʘʫʣʠʢ-ʕʨʜʝʠ (ɺʝʥʛʨʠʷ) ʙʳʣ ʚʳʧʦʣʥʝʥ ʝʛʦ ʪʝʨʤʦʛʨʘʚʠʤʝʪʨʠʯʝʩʢʠʡ 

ʘʥʘʣʠʟ (ʊɻɸ). ʀʟ ʧʦʣʫʯʝʥʥʦʡ ʜʝʨʠʚʘʪʦʛʨʘʤʤʳ (ʨʠʩ. 2) ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʜʝʩʪʨʫʢʮʠʷ ʧʦʣʠ-

ʤʝʨʘ ʥʘʯʠʥʘʝʪʩʷ ʧʨʠ 250 ʦʉ (523 ʂ), ʧʨʠ 430 ʦʉ (703 ʂ) ʦʥʘ ʧʨʘʢʪʠʯʝʩʢʠ ʟʘʚʝʨʰʘʝʪʩʷ. ʆʪʩʫʪʩʪʚʠʝ 

ʟʘʤʝʪʥʳʭ ʧʦʪʝʨʴ ʤʘʩʩʳ ʧʨʠ T < 250 ʦʉ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, ʯʪʦ ʧʦʣʫʯʝʥʥʳʝ ʧʣʝʥʢʠ ʥʝ ʩʦʜʝʨʞʘʪ 

ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʘʙʩʦʨʙʠʨʦʚʘʥʥʦʡ ʚʦʜʳ, ʢʦʪʦʨʘʷ ʤʦʛʣʘ ʙʳ ʩʫʱʝʩʪʚʝʥʥʦ ʠʟʤʝʥʷʪʴ ʠʭ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ [11]. 

 

ɼʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʀʟʤʝʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ e(T) ʠ ʪʘʥʛʝʥʩʘ 

ʫʛʣʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ tgŭ(T) ʦʙʨʘʟʮʦʚ ʧʨʦʚʝʜʝʥʳ ʚ ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ T=100ī510 K ʩ 

ʧʦʤʦʱʴʶ ʫʧʨʘʚʣʷʝʤʦʛʦ ʢʦʤʧʴʶʪʝʨʦʤ ʠʟʤʝʨʠʪʝʣʷ ʠʤʤʠʪʘʥʩʘ ɽ7-30 (ʆɸʆ çʄʅʀʇʀè, ʄʠʥʩʢ) 

ʥʘ ʯʘʩʪʦʪʘʭ 25ï106 ɻʮ ʧʨʠ ʘʤʧʣʠʪʫʜʝ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ 1 ɺ. ʀʩʧʦʣʴʟʦʚʘʣʠ ʩʧʝʮʠ-

ʘʣʴʥʫʶ ʠʟʤʝʨʠʪʝʣʴʥʫʶ ʷʯʝʡʢʫ, ʚ ʢʦʪʦʨʦʡ ʦʩʫʱʝʩʪʚʣʷʣʠ ʥʘʛʨʝʚ ʠʣʠ ʦʭʣʘʞʜʝʥʠʝ ʦʙʨʘʟʮʦʚ ʩʦ 

ʩʢʦʨʦʩʪʴʶ 0.1-0.25 ʂ/ʩ. 

        

ʈʠʩ. 1. ʘ). ʉʭʝʤʘ ʫʩʪʘʥʦʚʢʠ ʩʫʭʦʛʦ ʬʦʨʤʦʚʘʥʠʷ ʧʦʣʠʤʝʨʥʦʡ ʧʣʝʥʢʠ: 1 ï ʢʶʚʝʪʘ; 2 - 

ʨʘʩʪʚʦʨ ʧʦʣʠʤʝʨʥʦʡ ʤʘʪʨʠʮʳ; 3 - ʤʝʪʘʣʣʦʢʦʤʧʣʝʢʩʳ; 4 ï ʵʣʝʢʪʨʦʜʳ ʜʣʷ ʩʦʟʜʘʥʠʷ 

ʧʦʩʪʦʷʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ; ʙ). ʇʣʝʥʢʘ ʠʟ ɼɸʎ, ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʘʷ 

Zn{(NH2)2CO}2Br2 ʩ ʥʘʥʝʩʝʥʥʳʤʠ ʥʘ ʥʝʝ ʤʝʜʥʳʤʠ ʵʣʝʢʪʨʦʜʘʤʠ. 

ʈʠʩ. 2. ɼʝʨʠʚʘʪʦʛʨʘʤʤʘ ʠʟʤʝʣʴʯʝʥʥʦʡ ʧʦʣʠʤʝʨʥʦʡ ʧʣʝʥʢʠ ɼɸʎ. 
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ʅʘ ʟʘʚʠʩʠʤʦʩʪʷʭ e(T), tgd(T) ʯʠʩʪʦʡ ʧʣʝʥʢʠ ɼɸʎ (ʨʠʩ. 3, ʘ, ʙ) ʥʘʙʣʶʜʘʶʪʩʷ ʤʘʢʩʠʤʫʤʳ ʚ ʦʙʣʘʩʪʷʭ 

180-240 ʂ, 250-340 ʂ, ʧʦʣʦʞʝʥʠʝ Tm ʢʦʪʦʨʳʭ ʩʤʝʱʘʝʪʩʷ ʩ ʨʦʩʪʦʤ ʯʘʩʪʦʪʳ ʚ ʩʪʦʨʦʥʫ ʚʳʩʦʢʠʭ ʪʝʤ-

ʧʝʨʘʪʫʨ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʠʭ ʨʝʣʘʢʩʘʮʠʦʥʥʳʡ ʭʘʨʘʢʪʝʨ. ɿʘʚʠʩʠʤʦʩʪʠ ʚʨʝʤʝʥ ʨʝʣʘʢʩʘʮʠʠ ʜʣʷ ʵʪʠʭ 

ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ, ʦʧʨʝʜʝʣʝʥʥʳʭ ʠʟ ʩʧʨʘʚʝʜʣʠʚʦʛʦ ʧʨʠ T=Tm ʚ ʨʘʤʢʘʭ ʜʝʙʘʝʚʩʢʦʡ ʤʦʜʝʣʠ 

ʨʝʣʘʢʩʘʮʠʠ [12] ʩʦʦʪʥʦʰʝʥʠʷ 2pft=1, ʭʦʨʦʰʦ ʬʠʪʪʠʨʫʶʪʩʷ ʬʦʨʤʫʣʦʡ ɸʨʨʝʥʠʫʩʘ t=toexp(Ea/kBT) ʩ 

ʵʥʝʨʛʠʝʡ ʘʢʪʠʚʘʮʠʠ Ea ʠ ʧʨʝʜʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʤ ʤʥʦʞʠʪʝʣʝʤ to, ʨʘʚʥʳʤʠ 0.30(2) ɻ ɺ, 0.34(2) ɻ ɺ ʠ 

7.1(1)Ŀ10-13 ʩ, 1.5Ŀ10-11 ʩ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ (kB ï ʧʦʩʪʦʷʥʥʘʷ ɹʦʣʴʮʤʘʥʘ). ʉ ʫʯʝʪʦʤ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥ-

ʥʳʭ ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʨʘʩʩʤʦʪʨʝʥʥʳʝ ʨʝʣʘʢʩʘʮʠʦʥʥʳʝ ʧʨʦʮʝʩʩʳ ʦʪʚʝʯʘʶʪ, ʩʦʦʪʚʝʪ-

ʩʪʚʝʥʥʦ, g- ʠ ɓ-ʨʝʣʘʢʩʘʮʠʦʥʥʳʤ ʧʨʦʮʝʩʩʘʤ, ʧʨʦʪʝʢʘʶʱʠʤ ʚ ʧʦʣʠʤʝʨʥʦʡ ʧʣʝʥʢʝ ɼɸʎ ʧʨʠ ʝʝ ʥʘʛʨʝ-

ʚʘʥʠʠ [11,13-20]. ʇʦʣʦʞʝʥʠʝ ʥʘʙʣʶʜʘʝʤʦʛʦ ʥʘ ʟʘʚʠʩʠʤʦʩʪʠ e(T) ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʪʨʝʪʴ-

ʝʛʦ ʤʘʢʩʠʤʫʤʘ (ʧʨʠ 460 ʂ) ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʯʘʩʪʦʪʳ. ʇʦ ʚʩʝʡ ʚʠʜʠʤʦʩʪʠ ʦʥ ʩʦʦʪʚʝʪʩʪʚʫʝʪ a-ʧʨʦʮʝʩʩʫ, 

ʩʚʷʟʘʥʥʦʤʫ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʩʪʝʢʣʦʚʘʥʠʷ.  

ʅʘ ʟʘʚʠʩʠʤʦʩʪʷʭ e(T), tgd(T) ʧʣʝʥʢʠ ʩ ʚʥʝʜʨʝʥʥʳʤʠ ʤʘʢʨʦʤʦʣʝʢʫʣʘʤʠ ʢʦʤʧʣʝʢʩʘ Zn{(NH2)2CO}2Br2 

(ʨʠʩ. 3, ʚ) ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʢ ʦʩʦʙʝʥʥʦʩʪʷʤ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʯʠʩʪʦʡ ʧʣʝʥʢʝ ɼɸʎ, ʠʤʝʝʪʩʷ ʚʳʨʘʞʝʥ-

ʥʳʡ ʤʘʢʩʠʤʫʤ ʚ ʦʙʣʘʩʪʠ 390 ʂ. ʇʦʷʚʣʝʥʠʝ ʵʪʦʛʦ ʤʘʢʩʠʤʫʤʘ ʚʳʟʚʘʥʦ, ʧʦ ʚʩʝʡ ʚʠʜʠʤʦʩʪʠ, ʚʥʝʜʨʝʥ-

ʥʳʤʠ ʚ ʧʣʝʥʢʫ ʜʠʧʦʣʴʥʳʤʠ ʤʦʣʝʢʫʣʘʤʠ ʤʝʪʘʣʣʦʢʦʤʧʣʝʢʩʘ. ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩ. 3, ʧʦʣʦʞʝʥʠʝ ʤʘʢʩʠ-

ʤʫʤʘ ʥʝ ʧʨʦʷʚʣʷʝʪ ʟʘʤʝʪʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʯʘʩʪʦʪʳ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʝʛʦ 

ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʥʝ ʩʚʷʟʘʥʦ ʩ ʨʝʣʘʢʩʘʮʠʦʥʥʳʤ ʧʨʦʮʝʩʩʦʤ, ʘ ʠʤʝʝʪ ʦʪʥʦʰʝʥʠʝ ʢ ʥʝʢʦʪʦʨʦʤʫ ʬʘʟʦʚʦʤʫ 

ʧʨʝʚʨʘʱʝʥʠʶ. ʄʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʵʪʦʛʦ ʤʘʢʩʠʤʫʤʘ (390 ʂ) ʧʨʦʠʩʭʦʜʠʪ ʠʣʠ 

ʥʝʦʙʨʘʪʠʤʦʝ ʭʠʤʠʯʝʩʢʦʝ ʧʨʝʚʨʘʱʝʥʠʝ ʢʦʤʧʣʝʢʩʥʦʡ ʤʦʣʝʢʫʣʳ, ʠʣʠ ʧʝʨʝʛʨʫʧʧʠʨʦʚʢʘ ʤʦʣʝʢʫʣʷʨʥʳʭ 

ʘʛʨʝʛʘʪʦʚ ʚ ʧʦʣʠʤʝʨʥʦʡ ʤʘʪʨʠʮʝ, ʯʪʦ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʤʝʥʝʝ ʚʝʨʦʷʪʥʳʤ.  

 

ʀʟʤʝʨʝʥʠʷ ʪʦʢʦʚ ʪʝʨʤʦʩʪʠʤʫʣʠʨʦʚʘʥʥʦʡ ʜʝʧʦʣʷʨʠʟʘʮʠʠ 
ʀʟʫʯʝʥʠʝ ʪʦʢʦʚ ʪʝʨʤʦʩʪʠʤʫʣʠʨʦʚʘʥʥʦʡ ʜʝʧʦʣʷʨʠʟʘʮʠʠ (ʊʊʉɼ) ʧʨʦʚʦʜʠʣʠ ʚ ʨʝʞʠʤʝ ʢʦʨʦʪ-

ʢʦʛʦ ʟʘʤʳʢʘʥʠʷ ʵʣʝʢʪʨʦʤʝʪʨʦʤ ɺ7-30 ʧʨʠ ʥʝʧʨʝʨʳʚʥʦʤ ʧʦʚʳʰʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʦʙʨʘʟʮʘ ʩʦ 

ʩʢʦʨʦʩʪʴʶ dT/dtå0.2 ʂ/c ʚ ʜʠʘʧʘʟʦʥʝ 100ï410 ʂ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʧʝʮʠʘʣʴʥʦʡ ʚʘʢʫʫʤʠʨʦʚʘʥ-

ʥʦʡ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʷʯʝʡʢʠ. ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 4. 
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ʈʠʩ. 3. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ Ů ʠ ʪʘʥʛʝʥʩʘ ʫʛʣʘ ʜʠ-

ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ tgŭ ʧʦʣʠʤʝʨʥʦʡ ʧʣʝʥʢʠ ɼɸʎ: (ʘ, ʙ) ʙʝʟ ʤʦʜʠʬʠʮʠʨʦʚʘʥʠʷ ʧʣʝʥʢʠ, (ʚ) 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ Zn{(NH2)2CO}2Br2 ʧʣʝʥʢʠ. ʀʟʤʝʨʝʥʠʷ ʚʳʧʦʣʥʝʥʳ ʧʨʠ ʯʘʩʪʦʪʘʭ ʠʟʤʝʨʠ-

ʪʝʣʴʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ, ʨʘʚʥʳʭ f=1 ʢɻʮ ï ʢʨʠʚʳʝ 1, 2 ï 2, 5 - 3, 10 ï 4, 20 ï 5, 50 ï 6, 100 ï 7, 

1000 ʢɻʮ ï 8.  
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ʅʘ ʟʘʚʠʩʠʤʦʩʪʠ ʊʊʉɼ(ʊ) ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʦʡ ʧʣʝʥʢʠ ɼɸʎ ʥʘʙʣʶʜʘʝʪʩʷ ʚʳʨʘʞʝʥʥʳʡ ʧʠʢ 

ʧʨʠ 131 ʂ, ʥʘ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤ ʩʢʣʦʥʝ ʢʦʪʦʨʦʛʦ ʧʨʦʩʤʘʪʨʠʚʘʝʪʩʷ ʪʘʢʞʝ ʚʪʦʨʦʡ ʧʠʢ ʧʨʠ 

170 ʂ. ɺʝʣʠʯʠʥʘ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ʚ ʧʠʢʝ ʨʘʚʥʘ 7.6 ʧɸ/ʩʤ2.  

ʅʘ ʟʘʚʠʩʠʤʦʩʪʠ ʊʊʉɼ(ʊ) ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ ʧʣʝʥʢʠ ɼɸʎ ʥʘʙʣʶʜʘʝʪʩʷ ʚʳʨʘʞʝʥʥʳʝ ʧʠʢʠ ʧʨʠ 

382 ʂ ʠ 405 ʂ. ɺʝʣʠʯʠʥʘ ʪʦʢʘ ʚ ʧʠʢʘʭ ʩʦʩʪʘʚʣʷʝʪ 1.2 ʥɸ/ʩʤ2 ʠ -1.0 ʥɸ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʯʪʦ ʙʦʣʝʝ ʯʝʤ 

ʥʘ ʜʚʘ ʧʦʨʷʜʢʘ ʧʨʝʚʳʰʘʝʪ ʚʝʣʠʯʠʥʫ ʪʦʢʘ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ ʧʣʝʥʢʠ. 

ɺʝʣʠʯʠʥʳ ʧʣʦʪʥʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʟʘʨʷʜʦʚ ʥʘ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ ʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ 

ʧʣʝʥʢʘʭ ɼɸʎ, ʦʧʨʝʜʝʣʝʥʥʳʝ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝʤ ʧʦ ʚʨʝʤʝʥʠ ʟʘʚʠʩʠʤʦʩʪʝʡ j(t), ʨʘʚʥʳ 2.9 10-9 ʠ 

4.3Ā10-7 ʂʣ/ʩʤ2 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʜʠʬʠʮʠʨʦʚʘʥʠʝ ʩʫʱʝʩʪʚʝʥʥʦ ʧʦʚʳʰʘʝʪ 

ʧʣʦʪʥʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʟʘʨʷʜʦʚ (ʙʦʣʝʝ, ʯʝʤ ʥʘ 2 ʧʦʨʷʜʢʘ). 

 

ɿʘʢʣʶʯʝʥʠʝ 

1. ʇʫʪʝʤ ʧʦʣʠʤʝʨʠʟʘʮʠʠ ɼɸʎ ʚ ʨʘʩʪʚʦʨʝ ʪʝʪʨʘʛʠʜʨʦʬʫʨʘʥʘ ʩ ʵʪʠʣʦʚʳʤ ʩʧʠʨʪʦʤ, ʩʦʜʝʨʞʘʱʝʤ 

ʧʦʣʷʨʥʳʝ ʤʘʢʨʦʤʦʣʝʢʫʣʳ Zn{(NH2)2CO} 2Br2, ʚ ʫʩʣʦʚʠʷʭ ʧʨʠʣʦʞʝʥʥʦʛʦ ʧʦʩʪʦʷʥʥʦʛʦ ʵʣʝʢʪʨʠ-

ʯʝʩʢʦʛʦ ʥʘʧʨʷʞʝʥʠʷ 2-4 ʢɺ/ʩʤ ʩʬʦʨʤʠʨʦʚʘʥʳ ʧʦʣʠʤʝʨʥʳʝ ʧʣʝʥʢʠ ʥʘ ʦʩʥʦʚʝ ɼɸʎ ʩ ʚʥʝʜʨʝʥ-

ʥʳʤʠ ʚ ʥʝʝ ʤʦʣʝʢʫʣʘʤʠ ʢʦʤʧʣʝʢʩʘ. ɸʥʘʣʦʛʠʯʥʳʤ ʦʙʨʘʟʦʤ ʧʦʣʫʯʝʥʳ ʥʦʤʠʥʘʣʴʥʦ ʯʠʩʪʳʝ 

ʧʣʝʥʢʠ ɼɸʎ. ʅʘ ʙʘʟʠʩʥʳʝ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʣʫʯʝʥʥʳʭ ʧʣʝʥʦʢ ʤʘʛʥʝʪʨʦʥʥʳʤ ʥʘʧʳʣʝʥʠʝʤ ʥʘʥʝ-

ʩʝʥʳ ʤʝʜʥʳʝ ʵʣʝʢʪʨʦʜʳ.  

2. ɺ ʦʙʣʘʩʪʠ 77-510 ʂ ʠ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 1-1000 ʢɻʮ ʠʟʫʯʝʥʳ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʠ-

ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ e(T) ʠ ʪʘʥʛʝʥʩʘ ʫʛʣʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ tgd(T) ʧʦʣʫʯʝʥʥʳʭ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ ʠ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʦʡ ʧʣʝʥʦʢ ɼɸʎ. ʅʘ ʟʘʚʠʩʠʤʦʩʪʷʭ e(T) ʠ tgd(T) ʥʝʤʦʜʠ-

ʬʠʮʠʨʦʚʘʥʥʦʡ ʧʣʝʥʢʠ ʚ ʦʙʣʘʩʪʷʭ ʪʝʤʧʝʨʘʪʫʨ 180-240 ʂ ʠ 250-340 ʂ ʥʘʙʣʶʜʘʶʪʩʷ ʤʘʢʩʠʤʫʤʳ ʨʝ-

ʣʘʢʩʘʮʠʦʥʥʦʛʦ ʭʘʨʘʢʪʝʨʘ, ʘ ʪʘʢʞʝ ʤʘʢʩʠʤʫʤ ʧʨʠ 460 ʂ, ʧʦʣʦʞʝʥʠʝ ʢʦʪʦʨʦʛʦ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʟʘ-

ʚʠʩʠʪ ʦʪ ʯʘʩʪʦʪʳ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥʠʝ ʧʣʝʥʢʠ ʚʳʟʳʚʘʝʪ ʧʦʷʚʣʝʥʠʝ ʥʘ ʟʘʚʠʩʠʤʦ-

ʩʪʷʭ e(T), tgd(T) ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʚʳʨʘʞʝʥʥʦʛʦ ʤʘʢʩʠʤʫʤʘ ʚ ʦʙʣʘʩʪʠ 390 ʂ.  

3. ɺ ʦʙʣʘʩʪʠ 77-310 ʂ ʠʟʫʯʝʥʳ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʊʊʉɼ ʧʦʣʫʯʝʥʥʳʭ ʧʣʝʥʦʢ. ʋʩʪʘ-

ʥʦʚʣʝʥʦ, ʯʪʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥʠʝ ʧʣʝʥʦʢ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʚʝʣʠʯʠʥʳ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ʙʦ-

ʣʝʝ ʯʝʤ ʥʘ ʜʚʘ ʧʦʨʷʜʢʘ. ɺʝʣʠʯʠʥʘ ʧʣʦʪʥʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʟʘʨʷʜʘ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʧʨʠ ʵʪʦʤ 

ʦʪ 2.9 10-9 ʂʣ/ʩʤ2 ʜʦ 4.3Ā10-7 ʂʣ/ʩʤ2.  

4. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʫʢʘʟʳʚʘʶʪ ʥʘ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ ʤʝʪʦʜʘ ʠʥʪʝʨʢʘʣʠʨʦʚʘʥʠʷ ʧʦʣʷʨʥʳʭ ʤʘʢ-

ʨʦʤʦʣʝʢʫʣ ʚ ʧʦʣʠʤʝʨ ʚ ʧʨʦʮʝʩʩʝ ʝʛʦ ʧʦʣʠʤʝʨʠʟʘʮʠʠ ʚ ʫʩʣʦʚʠʷʭ ʧʨʠʣʦʞʝʥʥʦʛʦ ʧʦʩʪʦʷʥʥʦʛʦ ʵʣʝʢ-

ʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʥʦʚʳʭ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʵʣʝʢʪʨʝʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ.  
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ʈʠʩ. 4. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ʪʝʨʤʦʩʪʠʤʫʣʠʨʦʚʘʥʥʦʡ ʜʝʧʦʣʷʨʠʟʘ-

ʮʠʠ ʧʣʝʥʢʠ ʠʟ ɼɸʎ ʙʝʟ ʤʦʜʠʬʠʢʘʮʠʡ (ʘ) ʠ ʧʣʝʥʢʠ ʠʟ ɼɸʎ, ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ 

Zn{(NH2)2CO}2Br2 (ʙ). 
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ʋɼʂ 537.632 

 

ʄʆɼɽʃʀʈʆɺɸʅʀɽ ʄɸɻʅʀʊʆʈɽʌʈɸʂʊʀɺʅʆɻʆ ʕʌʌɽʂʊɸ 

ɺ ʅɸʅʆʂʆʄʇʆɿʀʊɸʍ CO-AL 2O3 ɺ ʈɸʄʂɸʍ ʇʈʀɹʃʀɾɽ-

ʅʀʗ ɹʈʋɻɻɽʄɸʅɸ  

ʄʫʭʫʪʜʠʥʦʚʘ ʄ.ɸ. 

ʩʪʫʜʝʥʪʢʘ 3 ʢʫʨʩʘ ʢʘʬʝʜʨʳ ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʠ, ʀʇʊʀʇ ʈʊʋ ʄʀʈʕɸ 

ʖʨʘʩʦʚ ɸ.ʅ. 

ʜ.ʬ.-ʤ.ʥ., ʧʨʦʬʝʩʩʦʨ ʢʘʬʝʜʨʳ ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʠ ʀʇʊʀʇ ʈʊʋ ʄʀʈʕɸ 

 

ɸʥʦʪʘʮʠʷ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʤʘʛʥʠʪʦʨʝʬʨʘʢʪʠʚʥʳʡ ʵʬʬʝʢʪ (ʄʈʕ). ʀʩ-

ʧʦʣʴʟʫʷ ʧʨʠʙʣʠʞʝʥʠʝ ɹʨʫʛʛʝʤʘʥʘ (ɽʄɸ) ʜʣʷ ʦʧʠʩʘʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʠ ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ ʥʘʥʦʢʦʤʧʦʟʠʪʦʚ ʥʘ ʧʨʠʤʝʨʝ Co-Al2O3, ʧʦʣʫʯʝʥʳ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʄʈʕ. ʇʨʝʠʤʫʱʝ-

ʩʪʚʦ ɽʄɸ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʚʦʟʤʦʞʥʦʩʪʠ ʠʩʩʣʝʜʦʚʘʪʴ ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʠʝ ʩʧʝʢʪʨʳ ʚ ʜʠʘʧʘ-

ʟʦʥʝ ʩʨʝʜʥʠʭ ʦʙʲʝʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʢʦʤʧʦʥʝʥʪʳ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʘʛʥʠʪʦʨʝʬʨʘʢʪʠʚʥʳʡ ʵʬʬʝʢʪ (ʄʈʕ), ʥʘʥʦʢʦʤʧʦʟʠʪʳ, ʤʘʛʥʠʪʦʩʦʧʨʦ-

ʪʠʚʣʝʥʠʝ (ʄʉ), ʪʝʥʟʦʨ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʤʦʩʪʠ, ʧʨʠʙʣʠʞʝʥʠʝ ɹʨʫʛʛʝʤʘʥʘ. 
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Annotation. In this paper, the magnetorefractive effect (MRE) is considered. Using the Bruggeman 

approximation (EMA) to describe the optical and magneto-optical properties of nanocomposites on 

the example of Co-Al2O3, the characteristics of MRE are obtained. The advantage of the EMA is the 

ability to study magneto-optical spectra in the range of average volume concentrations of the metal 

component. 
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 ʄʘʛʥʠʪʦʨʝʬʨʘʢʪʠʚʥʳʡ ʵʬʬʝʢʪ (ʄʈʕ) ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʠʟʤʝʥʝʥʠʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʦʪʨʘ-

ʞʝʥʠʷ R, ʧʨʦʧʫʩʢʘʥʠʷ T ʠ ʧʦʛʣʦʱʝʥʠʷ A ʩʚʝʪʘ ʦʙʨʘʟʮʦʚ ʩ ʙʦʣʴʰʠʤ ʤʘʛʥʠʪʦʩʦʧʨʦʪʠʚʣʝʥʠʝʤ 

(ʄʉ) ʧʨʠ ʠʭ ʥʘʤʘʛʥʠʯʠʚʘʥʠʠ [1]. 

ʅʘʥʦʢʦʤʧʦʟʠʪʳ ï ʧʝʨʩʧʝʢʪʠʚʥʳʝ ʤʥʦʛʦʬʘʟʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʧʦʣʫʯʘʝʤʳʝ ʧʨʠ ʚʚʝʜʝʥʠʠ ʥʘʥʦʯʘ-

ʩʪʠʮ ʚ ʤʘʪʨʠʮʫ ʦʩʥʦʚʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. ʆʥʠ ʦʙʣʘʜʘʶʪ ʟʥʘʯʠʪʝʣʴʥʳʤ ʄʉ . ʆʙʷʟʘʪʝʣʴʥʦʝ ʫʩʣʦ-

ʚʠʝ ʜʣʷ ʜʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʦʜʥʘ ʠʟ ʬʘʟ ʜʦʣʞʥʘ ʠʤʝʪʴ ʭʦʪʷ ʙʳ ʦʜʠʥ 

ʛʝʦʤʝʪʨʠʯʝʩʢʠʡ ʨʘʟʤʝʨ, ʣʝʞʘʱʠʡ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 1 ʜʦ 100 ʥʤ [1]. 

ɺʘʞʥʦ ʧʨʠʤʝʥʝʥʠʝ ʥʘʥʦʢʦʤʧʦʟʠʪʦʚ ʚ ʦʙʣʘʩʪʠ ʤʘʛʥʠʪʦʦʧʪʠʢʠ, ʢʦʪʦʨʘʷ ʠʟʫʯʘʝʪ ʷʚʣʝʥʠʷ, ʚʦʟ-

ʥʠʢʘʶʱʠʝ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʦʧʪʠʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ ʚʝʱʝ-

ʩʪʚʦʤ. ʅʘʧʨʠʤʝʨ, ʥʘʥʦʢʦʤʧʦʟʠʪʳ ʧʨʠʤʝʥʷʶʪ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʄʉ. ʊʘʢʞʝ, ʤʘʛʥʠʪʥʳʝ ʥʘʥʦʢʦʤ-

ʧʦʟʠʪʳ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʝ ʠʟ ʩʝʙʷ ʥʝʦʜʥʦʨʦʜʥʳʝ ʤʘʛʥʝʪʠʢʠ, ʚ ʢʦʪʦʨʳʭ ʬʝʨʨʦʤʘʛʥʠʪʥʳʝ ʯʘ-

ʩʪʠʮʳ ʧʦʤʝʱʝʥʳ ʚ ʤʝʪʘʣʣʠʯʝʩʢʫʶ ʠʣʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʫʶ ʤʘʪʨʠʮʫ, ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʤʘʛʥʠʪ-

ʥʦʡ ʟʘʧʠʩʠ, ʤʦʜʫʣʷʮʠʠ ʩʚʝʪʘ, ʢʘʢ ʧʨʠʝʤʥʠʢʠ ʪʝʧʣʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ [1]. 

ʇʦʜ ʚʣʠʷʥʠʝʤ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠʟʤʝʥʷʶʪʩʷ ʜʠʩʧʝʨʩʠʦʥʥʳʝ ʢʨʠʚʳʝ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ 

n ʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʛʣʦʱʝʥʠʷ k, ʧʨʠʚʦʜʷ ʢ ʧʦʷʚʣʝʥʠʶ ʠʣʠ ʠʟʤʝʥʝʥʠʶ ʦʧʪʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦ-

ʧʠʠ ʩʨʝʜʳ. ʇʨʠ ʠʟʤʝʥʝʥʠʠ ʘʙʩʦʣʶʪʥʦʛʦ ʟʥʘʯʝʥʠʷ ʄʉ , ʤʝʥʷʝʪʩʷ ʘʙʩʦʣʶʪʥʦʝ ʟʥʘʯʝʥʠʝ ʢʦ-

ʵʬʬʠʮʠʝʥʪʦʚ ʦʪʨʘʞʝʥʠʷ   ʠ ʧʨʦʧʫʩʢʘʥʠʷ . 

Ὑ
ρ ὲ Ὧ

ρ ὲ Ὧ
 ȟ ρ 

ʛʜʝ n-ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʝʣʦʤʣʝʥʠʷ, k-ʢʦʵʬʬʠʮʠʝʥʪ ʵʢʩʪʠʥʢʮʠʠ ʥʘʥʦʢʦʤʧʦʟʠʪʘ ρ.  

ɼʘʥʥʘʷ ʬʦʨʤʫʣʘ ʜʣʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ Ὑ  ʧʦʜʭʦʜʠʪ ʜʣʷ ʨʘʩʯʝʪʘ  ʧʨʠ ʥʦʨʤʘʣʴʥʦʤ 

ʧʘʜʝʥʠʠ ρ: 

ῳὙ

Ὑ
ρ Ὑẗ

ῳ”

”
Ὧ

σὲ Ὧ ρ

ὲ Ὧ ρ ὲ Ὧ
ρππϷ ς 

ʇʨʠ ʫʛʣʝ ʧʘʜʝʥʠʷ, ʦʪʣʠʯʥʦʤ ʦʪ ʥʫʣʷ, ʠʩʧʦʣʴʟʫʶʪ ʩʣʝʜʫʶʱʫʶ ʬʦʨʤʫʣʫ: 

Ὑ ȿὶȿ σ 
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ὶ
Ὣ– Ὣὲ

Ὣ– Ὣὲ
τ 

ʛʜʝ Ὣ ὲ ὲ ίὭὲ• , Ὣ – ὲ ίὭὲ• , •ïʫʛʦʣ ʧʘʜʝʥʠʷ ʩʚʝʪʘ ʥʘ ʥʘʥʦʢʦʤʧʦʟʠʪ, 

– ὲ ὯὭ -ʢʦʤʧʣʝʢʩʥʳʡ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʥʘʥʦʢʦʤʧʦʟʠʪʘ, ὲ- ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʝ-

ʣʦʤʣʝʥʠʷ ʩʨʝʜʳ ʠʟ ʢʦʪʦʨʦʡ ʧʘʜʘʝʪ ʩʚʝʪ, ρ. 

ɼʣʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʦʧʫʩʢʘʥʠʷ ʧʨʠ ʥʦʨʤʘʣʴʥʦʤ ʧʘʜʝʥʠʠ ʩʚʝʪʘ ρ: 

 

Ὕ ȿὸȿ υ 

 

ὸ
Ὣς–

Ὣ– Ὣὲ
φ 

 

ῳὝ

Ὕ

ρ

ς

ῳ”

”
ὝὯ

ςὲ ὲ

ὲ Ὧ
ρππϷ χ 

ʇʨʠ ʫʛʣʝ ʧʘʜʝʥʠʷ ʩʚʝʪʘ ʦʪʣʠʯʥʦʤ ʦʪ ʥʫʣʷ ρ: 

ῳὝ

Ὕ

ρ

ς
Ὕ
ῳ”

”
ρππϷ ψ 

 ɺ ʩʚʷʟʠ ʩ ʪʝʤ, ʯʪʦ ʥʘʥʦʢʦʤʧʦʟʠʪ ʷʚʣʷʝʪʩʷ ʩʣʦʞʥʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʜʣʷ ʝʛʦ ʦʧʠʩʘʥʠʷ ʠʩ-

ʧʦʣʴʟʫʝʪʩʷ ʪʝʥʟʦʨ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ (ʊɼʇ): 

‐ǿ

‐ Ὥ‎ π

Ὥ‎ ‐ π

π π ‐

ȟ ω 

ʛʜʝ ʜʠʘʛʦʥʘʣʴʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ‐ ‐ Ὥ‐
ͼ
 - ʦʧʪʠʯʝʩʢʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ, ʘ ʥʝʜʠʘʛʦ-

ʥʘʣʴʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ‎ ‎ Ὥ‎ ͼ ï ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ ʊɼʇ [2]. 

ɺ ʥʘʰʝʤ ʩʣʫʯʘʝ ʦʙʲʝʤʥʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ὢ πȟτ, ʧʦʵʪʦʤʫ ʚʦʩʧʦʣʴʟʫʝʤʩʷ ʧʨʠʙʣʠʞʝʥʠʝʤ ɹʨʫ-

ʛʛʝʤʘʥʘ (πȟσ 8  πȟχ), ʢʦʪʦʨʦʝ ʭʦʨʦʰʦ ʨʘʙʦʪʘʝʪ ʜʣʷ ʦʧʠʩʘʥʠʷ ʥʘʥʦʢʦʤʧʦʟʠʪʦʚ ʧʨʠ ʩʨʝʜʥʝʡ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʤʘʛʥʠʪʥʦʡ(ʤʝʪʘʣʣʠʯʝʩʢʦʡ) ʢʦʤʧʦʥʝʥʪʳ.  

ʏʪʦʙʳ ʥʘʡʪʠ ‐  ʠ  ‎ , ʚʦʩʧʦʣʴʟʫʝʤʩʷ ʩʣʝʜʫʶʱʠʤʠ ʬʦʨʤʫʣʘʤʠ: 

ὢ
‐ ‐

‐ ‐ ‐ ὒ
ρ ὢ

‐ ‐

‐ ‐ ‐ ὒ
π ρπ 
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ὢ
‎ ‎

‐ ‐ ‐ ὒ
ρ ὢ

‎

‐ ‐ ‐ ὒ
πȟ ρρ 

 

ʛʜʝ ‐ ‐ , ‎  ‎ , ὒ  =   ïʤʝʨʘ ʵʣʣʠʧʪʠʯʥʦʩʪʠ ʯʘʩʪʠʮ (ὒ

 ̅̌ ̠̘̖̒̆̑̉̆̒̋̉̕ ̘̗́̒̓̉, ‐ ‐ Ὥ‐ᴂ ʜʣʷ ʥʝʤʘʛʥʠʪʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ, ‐ ‐ Ὥ‐ᴂ 

ʜʣʷ ʤʘʛʥʠʪʥʦʡ, ‎ ‎ Ὥ‎ᴂ ʥʝʜʠʘʛʦʥʘʣʴʥʘʷ ʢʦʤʧʦʥʝʥʪʘ ʤʘʛʥʠʪʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʊɼʇ [2]. 

ɺ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʘʙʩʦʣʶʪʥʳʝ ʟʥʘʯʝʥʠʷ ʄʈʕ ʥʘ ʦʪʨʘʞʝʥʠʠ   ʠ ʧʨʦ-

ʧʫʩʢʘʥʠʠ  ʧʨʠ ʫʛʣʘʭ ʧʘʜʝʥʠ ̫ • πЈ ʠ • χπЈ, ʘ ʪʘʢʞʝ ʵʬʬʝʢʪʠʚʥʳʡ ʊɼʇ ʧʨʠ ʨʘʟʣʠʯʥʳʭ 

ʜʣʠʥʘʭ ʚʦʣʥ ʀʂ-ʜʠʘʧʘʟʦʥʘ (ʦʪ 0,8 ʜʦ 10 ʤʢʤ), ʧʘʜʘʶʰʠʭ ʥʘ ʥʘʥʦʢʦʤʧʦʟʠʪ Co-Al 2O3. 

ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʘʭ 1-6: 

ʊʘʙʣʠʮʘ 1. ɸʙʩʦʣʶʪʥʦʝ ʟʥʘʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʦʪʨʘʞʝʥʠʷ  ʧʨʠ ʥʦʨʤʘʣʴʥʦʤ ʧʘʜʝʥʠʠ 

ʩʚʝʪʘ 

E, ɻ ɺ ‗, ʤʢʤ ὲ  ὲ  Ὧ  

, % 

• πЈ 
ῳ”

”
ρ Ϸ 

ῳ”

”
υ Ϸ 

ῳ”

”
ρπ Ϸ 

1,550 0,8 1,76 1,90 4,95 0,117 0,583 1,167 

1,240 1 1,76 2,20 5,50 0,099 0,495 0,989 

0,620 2 1,74 5,15 7,00 -0,069 -0,344 -0,687 

0,413 3 1,71 4,90 8,45 0,0006 0,003 0,006 

0,310 4 1,68 4,70 11,00 0,043 0,214 0,429 

0,248 5 1,62 4,70 14,70 0,045 0,225 0,45 

0,207 6 1,56 5,00 17,50 0,039 0,195 0,389 

0,177 7 1,46 5,40 20,90 0,033 0,163 0,325 

0,155 8 1,32 5,80 24,00 0,028 0,14 0,280 

0,138 9 1,15 6,56 27,20 0,025 0,123 0,247 

0,124 10 0,85 7,10 29,50 0,023 0,114 0,228 

ʊʘʙʣʠʮʘ 2. ɸʙʩʦʣʶʪʥʦʝ ʟʥʘʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʦʪʨʘʞʝʥʠʷ  ʧʨʠ ʧʘʜʝʥʠʠ ʩʚʝʪʘ ʧʦʜ ʫʛʣʦʤ 

χπЈ 

E, ɻ ɺ ‗, ʤʢʤ ὲ  ὲ  Ὧ  
, % 

• χπЈ 
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ῳ”

”
ρ Ϸ 

ῳ”

”
υ Ϸ 

ῳ”

”
ρπ Ϸ 

1,550 0,8 1,76 1,90 4,95 -0,277 -1,383 -2,767 

1,240 1 1,76 2,20 5,50 -0,281 -1,406 -2,811 

0,620 2 1,74 5,15 7,00 -0,351 -1,756 -3,512 

0,413 3 1,71 4,90 8,45 -0,300 -1,500 -3,001 

0,310 4 1,68 4,70 11,00 -0,226 -1,131 -2,262 

0,248 5 1,62 4,70 14,70 -0,154 -0,771 -1,541 

0,207 6 1,56 5,00 17,50 -0,122 -0,612 -1,224 

0,177 7 1,46 5,40 20,90 -0,095 -0,473 -0,947 

0,155 8 1,32 5,80 24,00 -0,076 -0,379 -0,758 

0,138 9 1,15 6,56 27,20 -0,064 -0,322 -0,645 

0,124 10 0,85 7,10 29,50 -0,059 -0,294 -0,588 

ʊʘʙʣʠʮʘ 3. ɸʙʩʦʣʶʪʥʦʝ ʟʥʘʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʧʨʦʧʫʩʢʘʥʠʷ  ʧʨʠ ʥʦʨʤʘʣʴʥʦʤ ʧʘʜʝʥʠʠ 

ʩʚʝʪʘ 

E, ɻ ɺ 
‗, 
ʤʢʤ 

ὲ  ὲ  Ὧ  

, % 

• πЈ 
ῳ”

”
ρ Ϸ 

ῳ”

”
υ Ϸ 

ῳ”

”
ρπ Ϸ 

1,550 0,8 1,76 1,90 4,95 1,378 6,888 13,777 

1,240 1 1,76 2,20 5,50 1,513 7,567 15,134 

0,620 2 1,74 5,15 7,00 1,763 8,817 17,635 

0,413 3 1,71 4,90 8,45 2,023 10,114 20,228 

0,310 4 1,68 4,70 11,00 2,211 11,053 22,107 

0,248 5 1,62 4,70 14,70 2,243 11,213 22,427 

0,207 6 1,56 5,00 17,50 2,269 11,347 22,694 

0,177 7 1,46 5,40 20,90 2,298 11,491 22,982 

0,155 8 1,32 5,80 24,00 2,331 11,653 23,306 

0,138 9 1,15 6,56 27,20 2,442 12,208 24,416 

0,124 10 0,85 7,10 29,50 2,518 12,591 25,182 

ʊʘʙʣʠʮʘ 4. ɸʙʩʦʣʶʪʥʦʝ ʟʥʘʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʧʨʦʧʫʩʢʘʥʠʷ  ʧʨʠ ʧʘʜʝʥʠʠ ʩʚʝʪʘ ʧʦʜ ʫʛ-

ʣʦʤ χπЈ 

E, ɻ ɺ 
‗, 
ʤʢʤ 

ὲ  ὲ  Ὧ  

, % 

• χπЈ 
ῳ”

”
ρ Ϸ 

ῳ”

”
υ Ϸ 

ῳ”

”
ρπ Ϸ 

1,550 0,8 1,76 1,90 4,95 -0,026 -0,128 -0,255 
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1,240 1 1,76 2,20 5,50 -0,023 -0,114 -0,228 

0,620 2 1,74 5,15 7,00 -0,013 -0,064 -0,129 

0,413 3 1,71 4,90 8,45 -0,012 -0,058 -0,117 

0,310 4 1,68 4,70 11,00 -0,009 -0,047 -0,093 

0,248 5 1,62 4,70 14,70 -0,007 -0,033 -0,065 

0,207 6 1,56 5,00 17,50 -0,005 -0,025 -0,050 

0,177 7 1,46 5,40 20,90 -0,004 -0,019 -0,038 

0,155 8 1,32 5,80 24,00 -0,003 -0,015 -0,030 

0,138 9 1,15 6,56 27,20 -0,002 -0,012 -0,024 

0,124 10 0,85 7,10 29,50 -0,002 -0,01 -0,021 

ʊʘʙʣʠʮʘ 5. ʉʧʝʢʪʨʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ‐  ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ‗, ʨʘʩʩʯʠʪʘʥʥʳʝ ʩ ʧʦʤʦ-

ʱʴʶ n ʠ k 

E, ɻ ɺ ‗ȟ̍ ̋ ̍ ὲ  ὲ  Ὧ  ‐ ‐ ‐  

0,539 2,30 1,73 5,15 7,27 -26,330-74,881i 2,993  5,018-13,031i  

0,729 1,70 1,74 4,6 6,70 -23,730-61,640i 3,028  4,666-11,622i 

1,000 1,24 1,75 3,2 6,10 -26,970-39,040i 3,063  2,975-9,599i 

1,253 0,99 1,76 2,94 5,50 -21,606-32,340i 3,098  3,033-8,558i 

1,494 0,83 1,76 2,53 4,95 -18,102-25,047i 3,098  2,762-7,487i 

1,797 0,69 1,76 2,31 4,45 -14,466-20,559i 3,098  2,712-6,634i 

2,000 0,62 1,77 2,19 4,11 -12,096-18,002i  3,133  2,729-6,108i 

2,296 0,54 1,77 2,05 3,81 -10,314-15,621i 3,133  2,661-5,606i 

2,480 0,50 1,77 1,88 3,55 -9,068-13,348i 3,133  2,524-5,158i 

2,696 0,46 1,78 1,78 3,30 -7,722-11,748i 3,168  2,498-4,782i 

3,024 0,41 1,78 1,61 3,05 -6,710-9,821i  3,168  2,343-4,361i 

3,263 0,38 1,79 1,53 2,82 -5,612-8,629i 3,204 2,325-4,025i 

ʊʘʙʣʠʮʘ 6. ʉʧʝʢʪʨʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ‐  ʠ ‎  ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ‗ ʩ ʪʘʙʣʠʯʥʳʤʠ 

ʟʥʘʯʝʥʠʷʤʠ ‐ ʠ ‎ 

E, ɻ ɺ ‗ȟ̍ ̋ ̍
ὢ πȟτ 

‐  ‎  
‐ ‐ ‎ 

0,539 2,30 2,993  -23,835-57,178i 1,529-3,008i 4,381-11,119i 0,179+0,017i 

0,729 1,70 3,028   -18,091-44,063i 0,748-2,051i 4,213-9,450i 0,134+0,004i 

1,000 1,24 3,063   -13,307-31,657i 0,203-1,241i 3,857-7,761i 0,098+0,008i 

1,253 0,99 3,098   -11,358-24,914i -0,009-0,895i 3,520-6,829i 0,083-0,007i 

1,494 0,83 3,098   -9,474-17,882i -0,135-0,530i 3,018-5,762i 0,06-0,017i 

1,797 0,69 3,098  -8,295-14,346i -0,160-0,380i 2,739-5,160i 0,051-0,024i 

2,000 0,62 3,133   -7,613-12,339i -0,162-0,299i 2,580-4,823i 0,045-0,028i 

2,296 0,54 3,133   -6,507-9,779i -0,144-0,199i 2,349-4,301i 0,033-0,028i 

2,480 0,50 3,133   -5,945-8,626i -0,130-0,159i 2,240-4,042i 0,029-0,029i 
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2,696 0,46 3,168  -5,217-7,378i -0,111-0,118i 2,144-3,745i 0,023-0,029i 

3,024 0,41 3,168   -4,407-6,281i -0,088-0,084i 2,059-3,415i 0,018-0,026i 

3,263 0,38 3,204  -3,504-5,468i -0,066-0,059i 2,058-3,103i 0,013-0,023i 

 

ʈʠʩ. 1 ʉʧʝʢʪʨʘʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʄʈʕ ʥʘ ʦʪʨʘʞʝʥʠʠ  ʧʨʠ ʥʦʨʤʘʣʴʥʦʤ ʧʘʜʝʥʠʠ ʩʚʝʪʘ 

 

 

ʈʠʩ. 2 ʉʧʝʢʪʨʘʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʄʈʕ ʥʘ ʦʪʨʘʞʝʥʠʠ   ʧʨʠ  • χπЈ  
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ʈʠʩ. 3 ʉʧʝʢʪʨʘʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʄʈʕ ʥʘ ʧʨʦʧʫʩʢʘʥʠʠ   ʧʨʠ ʥʦʨʤʘʣʴʥʦʤ ʧʘʜʝʥʠʠ ʩʚʝʪʘ 

 

 

ʈʠʩ. 4 ʉʧʝʢʪʨʘʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʄʈʕ ʥʘ ʧʨʦʧʫʩʢʘʥʠʠ    ʧʨʠ • χπЈ  
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ɸʥʘʣʠʟʠʨʫʷ ʛʨʘʬʠʢʠ (ʨʠʩ. 1 ï 4), ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ: ʥʘ ʟʘʚʠʩʠʤʦʩʪʴ   ʠ  ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ 

ʚʣʠʷʝʪ ʟʥʘʯʝʥʠʝ ʤʘʛʥʠʪʦʩʦʧʨʦʪʠʚʣʝʥʠʷ , ʧʨʠʯʝʤ ʟʘʚʠʩʠʤʦʩʪʴ ʧʨʷʤʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘʷ. 

ʏʝʤ ʙʦʣʴʰʝ ʟʥʘʯʝʥʠʝ ʄʉ, ʪʝʤ ʩʠʣʴʥʝʝ ʠʟʤʝʥʷʝʪʩʷ   ʠ .  

ʅʘ ʨʠʩ.1 ʚʠʜʥʦ, ʯʪʦ ʩʥʘʯʘʣʘ ʄʈʕ ʥʘ ʦʪʨʘʞʝʥʠʝ ʨʝʟʢʦ ʫʤʝʥʴʰʘʝʪʩʷ ʠ ʜʘʣʝʝ ʨʝʟʢʦ ʫʚʝʣʠʯʠʚʘ-

ʝʪʩʷ, ʧʦʩʣʝ ʯʝʛʦ ʠʜʝʪ ʧʣʘʚʥʳʡ ʩʧʘʜ. ʇʨʠ ʟʥʘʯʝʥʠʷʭ ʵʥʝʨʛʠʠ Ὁ 1-1,55[ʵɺ] (‗ πȟψ

ρȟςτ̍ ̋ )̍ ʄʈʕ ʥʘ ʦʪʨʘʞʝʥʠʝ  ʫʤʝʥʴʰʘʝʪʩʷ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʠʤʝʥʥʦ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ 

ʦʩʥʦʚʥʫʶ ʨʦʣʴ ʠʛʨʘʶʪ ʵʬʬʝʢʪʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʤʝʞʟʦʥʥʳʤʠ ʧʝʨʝʭʦʜʘʤ, ʢʦʪʦʨʳʝ ʩʠʣʴʥʦ ʚʣʠʷʶʪ 

ʥʘ ʦʧʪʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʘʪʝʨʠʘʣʘ ʚ ʀʂ-ʜʠʘʧʘʟʦʥʝ. ʅʘ ʨʠʩ.2 ʚ ʦʙʣʘʩʪʠ Ὁ 0,1-1[ʵɺ] 

(‗ ρȟςτ ρςȟτ̍̋ )̍ ʧʨʦʠʩʭʦʜʠʪ ʩʢʘʯʦʢ ʠ ʨʝʟʢʦʝ ʫʤʝʥʴʰʝʥʠʝ . ʕʪʦ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ 

ʪʝʤ, ʯʪʦ ʚ ʜʘʥʥʦʡ ʦʙʣʘʩʪʠ, ʧʦʤʠʤʦ ʤʝʞʟʦʥʥʳʭ ʧʝʨʝʭʦʜʦʚ, ʩʫʱʝʩʪʚʝʥʥʫʶ ʨʦʣʴ ʠʛʨʘʶʪ ʚʥʫʪ-

ʨʠʟʦʥʥʳʝ ʧʝʨʝʭʦʜʳ [3]. ʅʘ ʨʠʩ.3 ʤʳ ʥʘʙʣʶʜʘʝʤ ʧʣʘʚʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʄʈʕ ʥʘ ʧʨʦʧʫʩʢʘʥʠʠ . 

ʅʘ ʨʠʩ.4 ʚʠʜʥʦ, ʯʪʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʜʣʠʥʳ ʚʦʣʥʳ (ʪʦ ʝʩʪʴ ʩ ʫʤʝʥʴʰʝʥʠʝʤ Ὁ) ʟʥʘʯʝʥʠʷ ʄʈʕ ʥʘ 

ʧʨʦʧʫʩʢʘʥʠʠ  ʩʥʘʯʘʣʘ ʨʝʟʢʦ ʚʦʟʨʘʩʪʘʶʪ, ʘ ʜʘʣʝʝ ʧʣʘʚʥʦ ʫʚʝʣʠʯʠʚʘʶʪʩʷ. ʉ ʫʚʝʣʠʯʝʥʠʝʤ 

ʜʣʠʥʳ ʚʦʣʥʳ ‗ ʠ ʠʟʤʝʥʝʥʠʝʤ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʝʣʦʤʣʝʥʠʷ ὲ, ʤʦʞʥʦ ʦʮʝ-

ʥʠʪʴ ʪʦʣʱʠʥʫ ʤʥʦʛʦʩʣʦʡʥʦʡ ʧʣʝʥʢʠ Ὠ ʥʘʥʦʢʦʤʧʦʟʠʪʘ, ʪʦ ʝʩʪʴ ʧʦʣʫʯʠʪʴ ʫʩʣʦʚʠʷ ʠʥʪʝʨʬʝʨʝʥ-

ʮʠʠ ʧʨʠ ʢʦʪʦʨʳʭ ʚʝʣʠʯʠʥʘ ʄʈʕ  ʩʫʱʝʩʪʚʝʥʥʦ ʚʦʟʨʘʩʪʘʝʪ. 

ɸʥʘʣʠʟʠʨʫʷ ʨʝʟʫʣʴʪʘʪʳ ʟʥʘʯʝʥʠʡ ʚ ʪʘʙʣʠʮʘʭ 5-6, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʨʘʩʩʯʠʪʘʥʥʳʝ ʟʥʘ-

ʯʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʛʦ ʊɼʇ ʭʦʨʦʰʦ ʩʦʚʧʘʜʘʶʪ ʩʦ ʟʥʘʯʝʥʠʷʤʠ, ʧʨʠʚʝʜʝʥʥʳʤʠ ʚ [4]  

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʠʟʚʝʜʝʥʦ ʪʝʦʨʝʪʠʯʝʩʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʦʧʪʠʯʝʩʢʠʭ ʠ ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʠʭ 

ʩʧʝʢʪʨʦʚ ʥʘʥʦʢʦʤʧʦʟʠʪʦʚ ʥʘ ʧʨʠʤʝʨʝ ʉʦ-Al 2O3 ʚ ʨʘʤʢʘʭ ʪʝʦʨʠʠ ʄʈʕ. ʈʘʩʯʝʪ ʩʧʝʢʪʨʦʚ ʧʨʦʠʟ-

ʚʦʜʠʣʩʷ ʩ ʧʦʤʦʱʴʶ ʬʦʨʤʫʣ ʜʣʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʦʪʨʘʞʝʥʠʷ ʠ ʧʨʦʧʫʩʢʘʥʠʷ. ʉʧʝʢʪʨʳ ʵʬʬʝʢ-

ʪʠʚʥʦʛʦ ʊɼʇ ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʚ ʧʨʠʙʣʠʞʝʥʠʠ ɹʨʫʛʛʝʤʘʥʘ (ɽʄɸ), ʪʘʢ ʢʘʢ ʠʤʝʥʥʦ ʵʪʦʪ ʤʝʪʦʜ 

ʧʦʟʚʦʣʷʝʪ ʭʦʨʦʰʦ ʦʧʠʩʘʪʴ ʩʚʦʡʩʪʚʘ ʥʘʥʦʢʦʤʧʦʟʠʪʘ ʧʨʠ ʩʨʝʜʥʠʭ ʦʙʲʝʤʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʷʭ 

(8 πȟτ).  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʈʌ (ɻʦʩʫʜʘʨ-

ʩʪʚʝʥʥʦʝ ʟʘʜʘʥʠʝ ʜʣʷ ʫʥʠʚʝʨʩʠʪʝʪʦʚ ˉ ʌɻʌɿ-2023-0005). 
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ʥʠʢʝʣʷ. ʇʦʢʘʟʘʥʦ ʚʣʠʷʥʠʝ ʜʠʘʤʝʪʨʘ ʚʦʣʦʢʦʥ, ʧʝʨʠʦʜʘ ʤʝʞʜʫ ʥʠʤʠ, ʘ ʪʘʢʞʝ ʤʘʪʝʨʠʘʣʘ ʤʘʪ-

ʨʠʮʳ ʥʘ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʦʥʥʳʝ ʩʚʦʡʩʪʚʘ ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʩʪʨʫʢʪʫʨ. ʆʧʨʝʜʝʣʝʥʳ ʚʝʣʠʯʠʥʳ 

ʧʴʝʟʦʤʘʛʥʠʪʥʳʭ ʤʦʜʫʣʝʡ ʚʦʣʦʢʦʥʥʳʭ ʢʦʤʧʦʟʠʪʦʚ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʷ, ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʦʥʥʳʡ ʚʦʣʦʢʦʥʥʳʡ ʢʦʤʧʦʟʠʪ, ʛʠʙʢʘʷ 

ʩʪʨʫʢʪʫʨʘ 
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Annotation. A study of the magnetostriction of fiber composites based on nickel was carried out. The 

influence of the fiber diameter, the period between them, as well as the matrix material on the mag-

netostrictive properties of the fabricated structures is shown. The piezomagnetic modules values were 

defined. 
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ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʰʠʨʦʢʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʩʦʟʜʘʥʠʶ ʛʠʙʢʠʭ ʢʦʤʧʦʟʠʪʥʳʭ ʤʘʛ-

ʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ ʥʘʥʦ-

ʵʣʝʢʪʨʦʥʠʢʠ ʠ ʤʠʢʨʦʩʠʩʪʝʤʥʦʡ ʪʝʭʥʠʢʠ. ɺ ʜʘʥʥʦʡ ʦʙʣʘʩʪʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʧʦʠʩʢ ʥʦʚʳʭ 

ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʩʚʦʡʩʪʚʘ ʢʦʪʦʨʳʭ ʚʦʟʤʦʞʥʦ ʟʘʜʘʪʴ ʚ ʧʨʦʮʝʩʩʝ ʠʭ ʠʟʛʦʪʦʚ-

ʣʝʥʠʷ [1]. ʆʜʥʠʤʠ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʷʚʣʷʶʪʩʷ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʦʥʥʳʝ ʚʦʣʦʢʦʥʥʳʝ 

ʢʦʤʧʦʟʠʪʳ (ʄɺʂ). ʆʥʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʚʦʣʦʢʥʘ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʫʣʦʞʝʥʥʳʝ 

ʩ ʥʝʢʦʪʦʨʳʤ ʧʝʨʠʦʜʦʤ ʧʘʨʘʣʣʝʣʴʥʦ ʜʨʫʛ ʢ ʜʨʫʛʫ ʠ ʧʦʤʝʱʸʥʥʳʝ ʚ ʧʦʣʠʤʝʨʥʫʶ ʤʘʪʨʠʮʫ [2]. 

ɼʣʷ ʧʨʠʤʝʥʝʥʠʷ ʪʘʢʠʭ ʩʪʨʫʢʪʫʨ ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʚʝʩʪʠ ʜʝʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʜʠʘ-

ʤʝʪʨʘ ʚʦʣʦʢʦʥ, ʧʝʨʠʦʜʘ ʤʝʞʜʫ ʥʠʤʠ, ʘ ʪʘʢʞʝ ʤʘʪʝʨʠʘʣʘ ʤʘʪʨʠʮʳ ʥʘ ʠʭ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʦʥʥʳʝ 

ʩʚʦʡʩʪʚʘ. 

ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʘ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʷ ʄɺʂ ʥʘ ʦʩʥʦʚʝ ʚʦʣʦʢʦʥ ʥʠʢʝʣʷ ʜʠʘʤʝʪʨʦʤ dô = 

100, 150 ʠ 200 ʤʢʤ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʢʘʢ ʚʧʣʦʪʥʫʶ ʜʨʫʛ ʢ ʜʨʫʛʫ, ʪʘʢ ʠ ʩ ʧʝʨʠʦʜʦʤ T = 0-1200 

ʤʢʤ. ɺ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʘ ʤʘʪʨʠʮʳ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʢʣʝʡ ɹʌ-2, ʩʠʣʠʢʦʥʦʚʳʡ ʛʝʨʤʝʪʠʢ ʠ 

ʘʢʨʠʣʦʚʘʷ ʢʨʘʩʢʘ. ɺʦʣʦʢʥʘ ʥʘʤʘʪʳʚʘʣʠ ʥʘ ʩʧʝʮʠʘʣʴʥʫʶ ʦʩʥʘʩʪʢʫ ʩ ʟʘʨʘʥʝʝ ʟʘʜʘʥʥʳʤ ʧʝʨʠʦ-

ʜʦʤ, ʦʧʨʝʜʝʣʷʝʤʳʤ ʰʘʛʦʤ ʨʝʟʴʙʳ ʚʢʨʫʯʝʥʥʦʛʦ ʚ ʦʩʥʘʩʪʢʫ ʚʠʥʪʘ. ɿʘʪʝʤ ʧʦʣʫʯʠʚʰʠʝʩʷ ʟʘʛʦ-

ʪʦʚʢʠ ʧʦʢʨʳʚʘʣʠ ʪʦʥʢʠʤ ʩʣʦʝʤ ʤʘʪʨʠʮʳ, ʥʘʭʦʜʷʱʝʡʩʷ ʚ ʞʠʜʢʦʤ ʚʠʜʝ. ʄʘʪʨʠʮʳ ʥʘ ʦʩʥʦʚʝ 

ʩʠʣʠʢʦʥʦʚʦʛʦ ʛʝʨʤʝʪʠʢʘ ʠ ʘʢʨʠʣʦʚʦʡ ʢʨʘʩʢʠ ʧʦʣʠʤʝʨʠʟʦʚʳʚʘʣʘʩʴ ʚ ʪʝʯʝʥʠʝ ʩʫʪʦʢ ʧʨʠ ʢʦʤ-

ʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ʆʙʨʘʟʮʘ ʩ ʤʘʪʨʠʮʝʡ ʠʟ ʢʣʝʷ ɹʌ-2 ʧʦʤʝʱʘʣʠ ʚ ʧʝʯʴ ʜʣʷ ʧʦʣʠʤʝʨʠʟʘʮʠʠ ʚ 

ʪʝʯʝʥʠʝ ʯʘʩʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 60ÁC. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʩʪʨʫʢʪʫʨ 

ʧʨʠʚʝʜʝʥʦ ʥʘ ʨʠʩ. 1. 

 

 

ʈʠʩ. 1. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʄɺʂ. 
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ʀʟʤʝʨʝʥʠʝ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ ʧʨʦʚʦʜʠʣʠ ʪʝʥʟʦʤʝʪʨʠʯʝʩʢʠʤ ʤʝʪʦʜʦʤ ʩ ʧʦʤʦʱʴʶ ʩʧʝʮʠ-

ʘʣʠʟʠʨʦʚʘʥʥʦʡ ʫʩʪʘʥʦʚʢʠ, ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʚ ʅʆʎ çʄʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ ʠ 

ʫʩʪʨʦʡʩʪʚʘè ʚ ʈʊʋ ʄʀʈʕɸ [3]. ʅʘ ʦʜʥʫ ʧʦʚʝʨʭʥʦʩʪʴ ʦʙʨʘʟʮʘ ʧʨʠʢʣʝʠʚʘʣʠ ʪʝʥʟʦʜʘʪʯʠʢ ʠ ʧʦ-

ʤʝʱʘʣʠ ʚ ʠʟʤʝʨʠʪʝʣʴʥʫʶ ʷʯʝʡʢʫ. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʜʦ H = 1 ʢʕ, ʦʨʠ-

ʝʥʪʠʨʦʚʘʥʥʦʤ ʚ ʧʣʦʩʢʦʩʪʠ ʩʪʨʫʢʪʫʨʳ, ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʧʨʠ ʫʛʣʝ ű = 0-360 ʤʝʞʜʫ 

ʥʘʧʨʘʚʣʝʥʠʝʤ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ ʦʩʴʶ ʚʦʣʦʢʦʥ. 

ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʙʳʣʦ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʤʘʪʨʠʮʳ ʥʘ ʚʝʣʠʯʠʥʫ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ ʠʟ-

ʛʦʪʦʚʣʝʥʥʳʭ ʩʪʨʫʢʪʫʨ ʩ ʜʠʘʤʝʪʨʦʤ ʚʦʣʦʢʦʥ 200 ʤʢʤ. ʅʘʠʙʦʣʴʰʝʡ ʧʦ ʚʝʣʠʯʠʥʝ ʤʘʛʥʠʪʦʩʪʨʠʢ-

ʮʠʝʡ ʦʙʣʘʜʘʣʠ ʄɺʂ ʩ ʤʘʪʨʠʮʝʡ ʠʟ ʢʣʝʷ ɹʌ-2 (ʨʠʩ. 2). ɽʸ ʚʝʣʠʯʠʥʘ ʜʦʩʪʠʛʘʣʘ ɚs å -32Ā10
-6. ɼʣʷ 

ʦʙʨʘʟʮʦʚ ʩ ʤʘʪʨʠʮʝʡ ʠʟ ʘʢʨʠʣʦʚʦʡ ʢʨʘʩʢʠ ʠ ʩʠʣʠʢʦʥʦʚʦʛʦ ʛʝʨʤʝʪʠʢʘ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʷ ʥʘʩʳ-

ʱʝʥʠʷ ʩʦʩʪʘʚʠʣʘ ɚs å -24Ā10
-6 ʠ ɚs å -17Ā10

-6, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʦʣʷ ʥʘʩʳʱʝʥʠʷ ʄɺʂ ʩʦʩʪʘʚʣʷʣʠ 

Hs å 400 ʕ. ɺʣʠʷʥʠʝ ʤʘʪʨʠʮʳ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. ʄʘʪʨʠʮʘ ʩʦʟʜʘʸʪ ʤʝʭʘ-

ʥʠʯʝʩʢʠʝ ʥʘʧʨʷʞʝʥʠʷ, ʜʝʡʩʪʚʫʶʱʠʝ ʥʘ ʚʦʣʦʢʥʘ. ʀʟʚʝʩʪʥʦ [1], ʯʪʦ ʥʘʣʠʯʠʝ ʤʝʭʘʥʠʯʝʩʢʠʭ 

ʥʘʧʨʷʞʝʥʠʡ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ ʥʘʩʳʱʝʥʠʷ ʠ ʠʟʤʝʥʝʥʠʶ ʬʦʨʤʳ ʟʘʚʠ-

ʩʠʤʦʩʪʠ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ ʦʪ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʙʦʣʝʝ ʞʸʩʪʢʘʷ ʤʘʪʨʠʮʘ ʥʘ ʦʩ-

ʥʦʚʝ ʘʢʨʠʣʦʚʦʡ ʢʨʘʩʢʠ ʩʦʟʜʘʸʪ ʙʦʣʴʰʠʝ ʥʘʧʨʷʞʝʥʠʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʘʪʨʠʮʝʡ ʥʘ ʦʩʥʦʚʝ ʢʣʝʷ 

ɹʌ-2. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʤʘʪʨʠʮʘ ʥʘ ʦʩʥʦʚʝ ʩʠʣʠʢʦʥʦʚʦʛʦ ʛʝʨʤʝʪʠʢʘ ʚʚʠʜʫ ʩʚʦʝʡ ʚʷʟʢʦʩʪʠ ʧʨʝʧʷʪ-

ʩʪʚʫʝʪ ʧʝʨʝʜʘʯʝ ʜʝʬʦʨʤʘʮʠʡ ʪʝʥʟʦʜʘʪʯʠʢʫ. ʉʣʝʜʫʝʪ ʪʘʢʞʝ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʣʷ ʚʩʝʭ ʦʙʨʘʟʮʦʚ 

ʥʘʙʣʶʜʘʣʘʩʴ ʩʠʣʴʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ ʧʨʠ ʚʨʘʱʝʥʠʠ ʦʙʨʘʟʮʘ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ: 

ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʫʛʣʘ ű ʜʦ 90Á ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʣʠʷʥʠʷ ʨʘʟʤʘʛʥʠʯʠʚʘʶʱʝʛʦ ʬʘʢʪʦʨʘ [2] ʤʘʛʥʠʪʦ-

ʩʪʨʠʢʮʠʷ ʫʤʝʥʴʰʘʣʘʩʴ ʧʨʘʢʪʠʯʝʩʢʠ ʜʦ 0.  

 

 

ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ ʄɺʂ ʦʪ ʤʘʪʝʨʠʘʣʘ ʤʘʪʨʠʮʳ. 

 

ɺʣʠʷʥʠʝ ʜʠʘʤʝʪʨʘ ʚʦʣʦʢʦʥ ʙʳʣʦ ʨʘʩʩʤʦʪʨʝʥʦ ʜʣʷ ʦʙʨʘʟʮʦʚ ʄɺʂ ʥʘ ʦʩʥʦʚʝ ʤʘʪʨʠʮʳ ʠʟ 

ʢʣʝʷ ɹʌ-2. ɺʠʜʥʦ, ʯʪʦ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʜʠʘʤʝʪʨʘ ʚʦʣʦʢʦʥ ʧʦʣʝ ʥʘʩʳʱʝʥʠʷ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ 

ʫʤʝʥʴʰʘʝʪʩʷ ʦʪ Hs å 1 ʢʕ ʜʦ Hs å 0.4 ʢʕ (ʨʠʩ. 3). ʄʘʛʥʠʪʦʩʪʨʠʢʮʠʷ ʥʘʩʳʱʝʥʠʷ ʫʚʝʣʠʯʠʚʘʝʪʩʷ 

ʦʪ ɚs å -23Ā10
-6 ʜʦ ɚs å -35Ā10

-6, ʯʪʦ ʩʦʧʦʩʪʘʚʠʤʦ ʩ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʝʡ ʧʣʘʩʪʠʥʳ ʥʠʢʝʣʷ ʪʦʡ ʞʝ 

ʪʦʣʱʠʥʳ.  
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ʈʠʩ. 3. ɿʘʚʠʩʠʤʦʩʪʠ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ ʄɺʂ ʦʪ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʦʪ ʜʠʘʤʝʪʨʘ ʚʦʣʦ-

ʢʦʥ. 

 

ʅʘ ʩʣʝʜʫʶʱʝʤ ʵʪʘʧʝ ʙʳʣʦ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʧʝʨʠʦʜʘ T ʥʘ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʦʥʥʳʝ 

ʩʚʦʡʩʪʚʘ ʄɺʂ ʥʘ ʦʩʥʦʚʝ ʚʦʣʦʢʦʥ ʜʠʘʤʝʪʨʦʤ 200 ʤʢʤ, ʧʦʤʝʱʸʥʥʳʭ ʚ ʤʘʪʨʠʮʫ ʠʟ ʢʣʝʷ ɹʌ-2. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʷ ʥʘʩʳʱʝʥʠʷ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʧʝʨʠʦʜʘ ʤʝʞʜʫ ʚʦʣʦʢʥʘʤʠ ʦʪ 

T = 0, ʢʦʛʜʘ ʚʦʣʦʢʥʘ ʨʘʩʧʦʣʦʞʝʥʳ ʚʧʣʦʪʥʫʶ, ʜʦ T = 1200 ʤʢʤ ʫʤʝʥʴʰʘʝʪʩʷ ʜʦ ɚs å -21Ā10
-6. 

ʇʨʝʜʧʦʣʘʛʘʝʤʳʤ ʤʝʭʘʥʠʟʤʦʤ ʫʤʝʥʴʰʝʥʠʷ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ ʥʘʩʳʱʝʥʠʷ ʷʚʣʷʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝ 

ʥʘʧʨʷʞʝʥʠʡ ʩʦ ʩʪʦʨʦʥʳ ʤʘʪʨʠʮʳ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʧʝʨʠʦʜʘ ʤʝʞʜʫ ʚʦʣʦʢʥʘʤʠ. 

ɺʘʞʥʳʤ ʧʘʨʘʤʝʪʨʦʤ ʄɺʂ ʚʚʠʜʫ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʦʥʥʳʭ 

ʩʣʦʸʚ ʷʚʣʷʝʪʩʷ ʧʴʝʟʦʤʘʛʥʠʪʥʳʡ ʤʦʜʫʣʴ q, ʨʘʚʥʳʡ ʧʝʨʚʦʡ ʧʨʦʠʟʚʦʜʥʦʡ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ ʧʦ 

ʤʘʛʥʠʪʥʦʤʫ ʧʦʣʶ. ɺ ʪʘʙʣ. 1 ʧʨʠʚʝʜʝʥʳ ʨʘʩʩʯʠʪʘʥʥʳʝ ʤʝʪʦʜʦʤ ʯʠʩʣʝʥʥʦʛʦ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘ-

ʥʠʷ ʝʛʦ ʥʘʠʙʦʣʴʰʠʝ ʟʥʘʯʝʥʠʷ ʜʣʷ ʦʙʨʘʟʮʦʚ ʥʘ ʦʩʥʦʚʝ ʨʘʟʣʠʯʥʳʭ ʤʘʪʨʠʮ ʠ ʨʘʟʣʠʯʥʳʤ ʜʠʘʤʝʪ-

ʨʦʤ ʚʦʣʦʢʦʥ. ɺʠʜʥʦ, ʯʪʦ ʝʛʦ ʥʘʠʙʦʣʴʰʝʝ ʟʥʘʯʝʥʠʝ q å 0.21Ā10-6 ʜʣʷ ʦʙʨʘʟʮʘ ʩ ʜʠʘʤʝʪʨʦʤ ʚʦʣʦ-

ʢʦʥ 150 ʤʢʤ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʝ ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʦʛʦ ʄɺʂ ʩʣʝ-

ʜʫʝʪ ʦʞʠʜʘʪʴ ʥʘʠʙʦʣʴʰʝʛʦ ʧʦ ʚʝʣʠʯʠʥʝ ʄʕ ʢʦʵʬʬʠʮʠʝʥʪʘ. ʇʴʝʟʦʤʘʛʥʠʪʥʳʝ ʤʦʜʫʣʠ ʧʦ ʧʦ-

ʨʷʜʢʫ ʚʝʣʠʯʠʥʳ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʦʣʫʯʝʥʥʳʤ ʨʘʥʝʝ ʟʥʘʯʝʥʠʷʤ ʜʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʥʘʠʙʦʣʝʝ ʨʘʩ-

ʧʨʦʩʪʨʘʥʸʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʦʥʥʳʭ ʩʣʦʸʚ [1]. 

 

ʊʘʙʣʠʮʘ 1. ɺʝʣʠʯʠʥʳ ʧʴʝʟʦʤʘʛʥʠʪʥʦʛʦ ʤʦʜʫʣʷ ʨʘʟʣʠʯʥʳʭ ʦʙʨʘʟʮʦʚ ʄɺʂ. 

 
ɹʌ-2  

100 ʤʢʤ 

ɹʌ-2 

150 ʤʢʤ 

ɹʌ-2 

200 ʤʢʤ 

ɸʢʨʠʣʦʚʘʷ 

ʢʨʘʩʢʘ 

200 ʤʢʤ 

ʉʠʣʠʢʦʥʦ-

ʚʳʡ ʛʝʨʤʝ-

ʪʠʢ 

200 ʤʢʤ 

qĀ10-6,ʕ-1 0.06 0.21 0.17 0.13 0.1 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʤʘʪʨʠʮʳ, ʘ ʪʘʢʞʝ ʜʠʘʤʝʪʨʘ ʚʦʣʦʢʦʥ ʠ ʧʝʨʠʦʜʘ 

ʤʝʞʜʫ ʥʠʤʠ ʥʘ ʚʝʣʠʯʠʥʫ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ ʄɺʂ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʥʘʠʙʦʣʴʰʘʷ ʧʦ ʚʝʣʠʯʠʥʝ ʤʘʛ-

ʥʠʪʦʩʪʨʠʢʮʠʷ ʥʘʩʳʱʝʥʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʜʣʷ ʄɺʂ ʩ ʜʠʘʤʝʪʨʦʤ ʚʦʣʦʢʦʥ 150 ʤʢʤ, ʧʦʛʨʫʞʸʥʥʳʭ 
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ʚ ʧʦʣʠʤʝʨʥʫʶ ʤʘʪʨʠʮʫ ʥʘ ʦʩʥʦʚʝ ʢʣʝʷ ɹʌ-2. ʅʘ ʚʝʣʠʯʠʥʫ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ ʄɺʂ, ʧʦ-ʚʠʜʠ-

ʤʦʤʫ, ʦʢʘʟʳʚʘʣʠ ʚʣʠʷʥʠʝ ʨʘʟʤʘʛʥʠʯʠʚʘʶʱʠʡ ʬʘʢʪʦʨ, ʘ ʪʘʢʞʝ ʤʝʭʘʥʠʯʝʩʢʠʝ ʥʘʧʨʷʞʝʥʠʷ ʩʦ 

ʩʪʦʨʦʥʳ ʤʘʪʨʠʮʳ. 

ʈʘʙʦʪʘ ʧʦʜʜʝʨʞʘʥʘ ʈʦʩʩʠʡʩʢʠʤ ʌʦʥʜʦʤ ʌʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʀʩʩʣʝʜʦʚʘʥʠʡ, ʛʨʘʥʪ ˉ 20-

32-90190. 
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ʋɼʂ 537.632 

 

ʄɽʊʆɼʓ ʆɹʅɸʈʋɾɽʅʀʗ ʀ ɸʅɸʃʀɿɸ ʄʀʂʈʆʇʃɸʉʊʀʂɸ 

ɺ ɺʆɼɽ ʀ ʄʆʈɽʇʈʆɼʋʂʊɸʍ ʅɸ ʆʉʅʆɺɽ ɾʀɼʂʀʍ ʂʈʀ-

ʉʊɸʃʃʆɺ 

ɼʫʙʠʮʢʠʡ ʅ.ɺ. 

ʙʘʢʘʣʘʚʨ 3 ʢʫʨʩʘ ʢʘʬʝʜʨʳ ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʠ, ʀʇʊʀʇ ʈʊʋ ʄʀʈʕɸ 

ʖʨʘʩʦʚ ɸ.ʅ. 

ʜ.ʬ.-ʤ. ʥ., ʧʨʦʬʝʩʩʦʨ ʢʘʬʝʜʨʳ ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʠ ʀʇʊʀʇ ʈʊʋ ʄʀʈʕɸ 

 

ɸʥʦʪʘʮʠʷ. ʅʘʢʦʧʣʝʥʠʝ ʤʠʢʨʦʧʣʘʩʪʠʢʘ ʚ ʚʦʜʥʦʡ ʩʨʝʜʝ ʩʪʘʣʦ ʩʝʨʴʝʟʥʦʡ ʵʢʦʣʦʛʠʯʝʩʢʦʡ ʧʨʦʙʣʝ-

ʤʦʡ ʧʦ ʧʨʠʯʠʥʝ ʠʭ ʥʝʛʘʪʠʚʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʤʦʨʩʢʠʝ ʵʢʦʩʠʩʪʝʤʳ ʠ ʟʜʦʨʦʚʴʝ ʯʝʣʦʚʝʢʘ. ʇʦ 

ʵʪʦʡ ʧʨʠʯʠʥʝ ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʨʷʜ ʠʥʥʦʚʘʮʠʦʥʥʳʭ ʠ ʵʬʬʝʢʪʠʚʥʳʭ ʩʧʦʩʦʙʦʚ ʦʙʥʘʨʫʞʝʥʠʷ, ʟʘ-

ʭʚʘʪʘ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʠʢʨʦʧʣʘʩʪʠʢʘ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʦʪʢʨʳʣʦ ʚʦʟ-

ʤʦʞʥʦʩʪʠ ʜʣʷ ʨʘʟʚʠʪʠʷ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʤʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʳʭ 

ʠʥʪʝʨʬʝʡʩʦʚ, ʩʧʦʩʦʙʥʳʭ ʚʳʙʦʨʦʯʥʦ ʦʙʥʘʨʫʞʠʚʘʪʴ ʤʠʢʨʦʧʣʘʩʪʠʢʠ ʚ ʚʦʜʝ. ɺ ʵʪʦʡ ʦʙʟʦʨʥʦʡ 

ʩʪʘʪʴʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʠ ʩʦʧʦʩʪʘʚʣʝʥʳ ʤʝʪʦʜʳ ʩʦʚʨʝʤʝʥʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣ-

ʣʦʚ ʜʣʷ ʦʙʥʘʨʫʞʝʥʠʷ ʠ ʦʧʨʝʜʝʣʝʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʠʢʨʦʧʣʘʩʪʠʢʘ ʚ ʚʦʜʝ ʠ ʤʦʨʝʧʨʦʜʫʢʪʘʭ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʠʢʨʦʧʣʘʩʪʠʢ, ʞʠʜʢʠʝ ʢʨʠʩʪʘʣʣʳ, ʟʘʛʨʷʟʥʝʥʠʝ ʤʠʢʨʦʧʣʘʩʪʠʢʦʤ, ʞʠʜʢʦ-

ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʝʥʩʦʨʥʘʷ ʧʣʘʪʬʦʨʤʘ, ʜʝʪʝʢʮʠʷ ʠ ʘʥʘʣʠʟ ʤʠʢʨʦʧʣʘʩʪʠʢʘ, ʚʦʜʥʳʝ ʦʙʨʘʟʮʳ 

ʠ ʧʨʦʜʫʢʪʳ ʧʠʪʘʥʠʷ, ʢʦʣʣʦʠʜʥʳʝ ʤʠʢʨʦʧʣʘʩʪʠʢʠ, ʤʝʟʦʛʝʥʥʳʝ ʤʦʣʝʢʫʣʳ 

DETECTION AND ANALYSIS METHODS OF MICROPLASTICS 

IN WATER AND SEAFOOD USING LIQUID CRYSTAL -BASED 

APPROACHES 
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Annotation. The accumulation of microplastics in the aquatic environment has become a serious 

environmental problem due to their negative impact on marine ecosystems and human health. For 

this reason, a number of innovative and effective methods for detecting, capturing, and characterizing 

microplastics have been developed. The use of liquid crystals has opened up opportunities for the 

development of promising directions for the development of multifunctional interfaces capable of 
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selectively detecting microplastics in water. This review article presents and compares the methods 

of modern use of liquid crystals for the detection and determination of the characteristics of micro-

plastics in water and seafood products. 

Keywords: microplastic pollution, liquid crystal-based sensor platform, detection and analysis of 

microplastics, water samples and food products, colloidal microplastics, mesogenic molecules. 

ʈʘʩʪʫʱʝʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʠ ʫʪʠʣʠʟʘʮʠʷ ʧʣʘʩʪʤʘʩʩ ʧʨʠʚʝʣʠ ʢ ʠʭ ʥʘʢʦʧʣʝʥʠʶ ʚ ʦʢʨʫʞʘ-

ʶʱʝʡ ʩʨʝʜʝ, ʯʪʦ ʧʨʝʜʩʪʘʚʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʫʶ ʫʛʨʦʟʫ ʜʣʷ ʤʦʨʩʢʠʭ ʵʢʦʩʠʩʪʝʤ. ʄʠʢʨʦʧʣʘʩʪʠʢʠ, 

ʦʧʨʝʜʝʣʷʝʤʳʝ ʢʘʢ ʯʘʩʪʠʮʳ ʨʘʟʤʝʨʦʤ ʤʝʥʝʝ 5 ʤʤ, ʩʪʘʣʠ ʧʦʚʩʝʤʝʩʪʥʦ ʚʩʪʨʝʯʘʪʴʩʷ ʚ ʤʦʨʩʢʦʡ 

ʩʨʝʜʝ. ʇʦ ʧʨʠʯʠʥʝ ʩʚʦʠʭ ʥʝʙʦʣʴʰʠʭ ʨʘʟʤʝʨʦʚ ʤʠʢʨʦʧʣʘʩʪʠʢʠ ʪʨʫʜʥʦ ʫʜʘʣʠʪʴ, ʘ ʠʭ ʚʦʟʜʝʡ-

ʩʪʚʠʝ ʥʘ ʤʦʨʩʢʫʶ ʬʘʫʥʫ ʦʩʪʘʶʪʩʷ ʧʣʦʭʦ ʠʟʫʯʝʥʥʳʤʠ. ʇʦʵʪʦʤʫ ʚ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʙʳʣʦ ʧʨʝʜ-

ʣʦʞʝʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʞʠʜʢʠʝ ʢʨʠʩʪʘʣʣʳ ʚ ʢʘʯʝʩʪʚʝ ʤʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʦʛʦ ʠʥʪʝʨʬʝʡʩʘ ʜʣʷ 

ʦʙʥʘʨʫʞʝʥʠʷ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʠʢʨʦʧʣʘʩʪʠʢʘ ʚ ʚʦʜʥʦʡ ʩʨʝʜʝ. ɺ ʵʪʦʡ ʩʪʘʪʴʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ 

ʨʘʟʣʠʯʥʳʝ ʤʝʪʦʜʳ ʧʨʠʤʝʥʝʥʠʷ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʤʠʢʨʦʧʣʘʩʪʠʢʘ ʚ ʚʦʜʝ ʠ 

ʤʦʨʝʧʨʦʜʫʢʪʘʭ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʥʘʫʯʥʳʭ ʨʘʙʦʪʘʭ ʧʦʩʣʝʜʥʠʭ ʧʷʪʠ ʣʝʪ.  

ʆʩʥʦʚʥʳʝ ʧʦʥʷʪʠʷ ʠ ʪʝʨʤʠʥʳ. ɾʠʜʢʠʝ ʢʨʠʩʪʘʣʣʳ (ɾʂ) ï ʵʪʦ ʘʥʠʟʦʪʨʦʧʥʳʝ ʞʠʜʢʦ-

ʩʪʠ ʩʦ ʩʚʦʡʩʪʚʘʤʠ ʦʙʳʯʥʳʭ ʞʠʜʢʦʩʪʝʡ ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʚʝʨʜʳʭ ʚʝʱʝʩʪʚ [3]. ʆʨʠʝʥʪʘʮʠʷ 

ʠ ʚʳʨʘʚʥʠʚʘʥʠʝ ʤʦʣʝʢʫʣ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʟʘʚʠʩʠʪ ʦʪ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʡ, ʪʘʢʠʭ ʢʘʢ ʪʝʤ-

ʧʝʨʘʪʫʨʘ, ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠʣʠ ʤʘʛʥʠʪʥʳʝ ʧʦʣʷ, ʜʘʚʣʝʥʠʝ ʠʣʠ ʧʦʚʝʨʭʥʦʩʪʥʦʝ ʟʘʢʨʝʧʣʝʥʠʝ. ɾʠʜ-

ʢʠʝ ʢʨʠʩʪʘʣʣʳ ʠʩʧʦʣʴʟʫʶʪʩʷ ʥʝ ʪʦʣʴʢʦ ʜʣʷ ʦʙʥʘʨʫʞʝʥʠʷ ʤʠʢʨʦʧʣʘʩʪʠʢʦʚ, ʥʦ ʠ ʜʣʷ ʠʭ ʣʦʚʣʠ 

ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʪ.ʝ. ʦʥʠ ʷʚʣʷʶʪʩʷ ʤʘʪʝʨʠʘʣʦʤ ʜʣʷ ʞʠʜʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʝʥʩʦʨʥʦʡ ʧʣʘʪ-

ʬʦʨʤʳ, ʘ ʪʘʢʞʝ ʩʣʫʞʘʪ ʜʣʷ ʟʘʭʚʘʪʘ ʤʠʢʨʦʧʣʘʩʪʠʢʦʚ ʠ ʦʧʨʝʜʝʣʝʥʠʷ ʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ʕʪʦ ʜʝ-

ʣʘʝʪ ʞʠʜʢʠʝ ʢʨʠʩʪʘʣʣʳ ʤʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʳʤ ʠʥʪʝʨʬʝʡʩʦʤ. 

ʄʠʢʨʦʧʣʘʩʪʠʢʘʤʠ ʥʘʟʳʚʘʶʪʩʷ ʢʨʫʧʥʳʝ ʬʨʘʛʤʝʥʪʳ ʧʣʘʩʪʠʢʘ ʨʘʟʤʝʨʦʤ ʦʪ 5 ʤʤ ʜʦ 1 

ʤʢʤ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʧʦʧʘʜʘʪʴ ʚ ʦʢʨʫʞʘʶʱʫʶ ʩʨʝʜʫ ʠʟ ʨʘʟʣʠʯʥʳʭ ʠʩʪʦʯʥʠʢʦʚ, ʥʘʧʨʠʤʝʨ, ʠʟ 

ʨʘʟʣʦʞʝʥʠʷ ʧʣʘʩʪʠʢʦʚʳʭ ʠʟʜʝʣʠʡ ʠʣʠ ʦʪʭʦʜʦʚ. ʆʥʠ ʤʦʛʫʪ ʥʘʥʦʩʠʪʴ ʚʨʝʜ ʞʠʚʦʪʥʳʤ, ʧʪʠʮʘʤ ʠ 

ʤʦʨʩʢʠʤ ʦʨʛʘʥʠʟʤʘʤ. 

ʂʦʣʣʦʠʜʥʳʝ ʤʠʢʨʦʧʣʘʩʪʠʢʠ ï ʵʪʦ ʤʝʣʴʯʘʡʰʠʝ ʬʨʘʛʤʝʥʪʳ ʧʣʘʩʪʠʢʘ ʨʘʟʤʝʨʦʤ ʤʝʥʝʝ 1 

ʤʢʤ, ʢʦʪʦʨʳʝ ʦʙʨʘʟʫʶʪʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʘʩʧʘʜʘ ʢʨʫʧʥʳʭ ʬʨʘʛʤʝʥʪʦʚ ʧʣʘʩʪʠʢʘ ʠʣʠ ʧʨʦʠʟʚʦʜ-

ʩʪʚʝʥʥʳʭ ʧʨʦʮʝʩʩʦʚ. ʂʦʣʣʦʠʜʥʳʝ ʤʠʢʨʦʧʣʘʩʪʠʢʠ ʷʚʣʷʶʪʩʷ ʦʩʦʙʝʥʥʦ ʦʧʘʩʥʳʤʠ, ʧʦʩʢʦʣʴʢʫ 

ʦʥʠ ʤʦʛʫʪ ʧʨʦʥʠʢʘʪʴ ʚ ʢʣʝʪʢʠ ʞʠʚʳʭ ʦʨʛʘʥʠʟʤʦʚ ʠ ʦʢʘʟʳʚʘʪʴ ʧʦʪʝʥʮʠʘʣʴʥʦ ʥʝʛʘʪʠʚʥʦʝ ʚʦʟ-

ʜʝʡʩʪʚʠʝ ʥʘ ʥʠʭ [1]. 
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ʆʙʥʘʨʫʞʝʥʠʝ ʤʠʢʨʦʧʣʘʩʪʠʢʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʧʦʚʝʨʭʥʦʩʪʴʶ ʤʠʢʨʦʧʣʘʩʪʠʢʘ ʠ ʤʦʣʝʢʫʣʘʤʠ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ. ʂʦ-

ʛʜʘ ʞʠʜʢʠʡ ʢʨʠʩʪʘʣʣ ʩʦʧʨʠʢʘʩʘʝʪʩʷ ʩ ʤʠʢʨʦʧʣʘʩʪʦʤ, ʧʦʚʝʨʭʥʦʩʪʴ ʤʠʢʨʦʧʣʘʩʪʠʢʘ ʠʟʤʝʥʷʝʪ 

ʦʨʠʝʥʪʘʮʠʶ ʠ ʚʳʨʘʚʥʠʚʘʥʠʝ ʞʠʜʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʦʣʝʢʫʣ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʦʧ-

ʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ. ʀʟʤʝʥʝʥʠʝ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʤʦʞʥʦ ʥʘʙʣʶʜʘʪʴ ʧʦʜ 

ʤʠʢʨʦʩʢʦʧʦʤ, ʘ ʪʘʢʞʝ ʦʧʨʝʜʝʣʠʪʴ ʨʘʟʤʝʨ, ʬʦʨʤʫ ʠ ʤʦʨʬʦʣʦʛʠʶ ʧʦʚʝʨʭʥʦʩʪʠ ʤʠʢʨʦʧʣʘʩʪʠʢʘ. 

ʄʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʉʫʱʝʩʪʚʫʶʱʠʝ ʤʝʪʦʜʳ ʦʙʥʘʨʫʞʝʥʠʷ ʤʠʢʨʦʧʣʘʩʪʠʢʘ ʦʩʥʦ-

ʚʘʥʳ ʥʘ ʨʘʟʣʠʯʥʳʭ ʧʨʠʥʮʠʧʘʭ, ʪʘʢʠʭ ʢʘʢ ʚʠʟʫʘʣʴʥʦʝ ʨʘʩʧʦʟʥʘʚʘʥʠʝ [2], ʭʠʤʠʯʝʩʢʘʷ ʵʢʩʪʨʘʢ-

ʮʠʷ ʠʣʠ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦʝ ʨʘʩʩʝʷʥʠʝ ʩʚʝʪʘ. ʆʜʥʘʢʦ ʵʪʠ ʤʝʪʦʜʳ ʠʤʝʶʪ ʨʷʜ ʥʝʜʦʩʪʘʪʢʦʚ, ʪʘʢʠʭ 

ʢʘʢ ʥʠʟʢʘʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ, ʚʳʩʦʢʘʷ ʩʪʦʠʤʦʩʪʴ, ʜʣʠʪʝʣʴʥʦʩʪʴ ʧʨʦʮʝʩʩʘ ʠʣʠ ʥʝʦʙʭʦʜʠʤʦʩʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʪʦʢʩʠʯʥʳʭ ʨʝʘʛʝʥʪʦʚ. ɼʘʣʝʝ ʤʳ ʨʘʩʩʤʦʪʨʠʤ ʨʘʟʣʠʯʥʳʝ ʤʝʪʦʜʳ ʦʙʥʘʨʫʞʝʥʠʷ 

ʤʠʢʨʦʧʣʘʩʪʠʢʘ ʩ ʧʦʤʦʱʴʶ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ, ʦʙʦʟʥʘʯʠʚ ʠʭ ʧʨʝʠʤʫʱʝʩʪʚʘ ʠ ʥʝʜʦʩʪʘʪʢʠ, ʘ 

ʟʘʪʝʤ ʩʨʘʚʥʠʤ ʠʭ ʤʝʞʜʫ ʩʦʙʦʡ. 

ʆʜʥʠʤ ʠʟ ʤʝʪʦʜʦʚ ʦʙʥʘʨʫʞʝʥʠʷ ʤʠʢʨʦʧʣʘʩʪʠʢʦʚ ʚ ʤʦʨʝʧʨʦʜʫʢʪʘʭ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦ-

ʚʘʥʠʝ ʢʘʧʝʣʴ ʠʟ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ, ʩʦʧʨʠʢʘʩʘʶʱʠʭʩʷ ʩ ʦʙʨʘʟʮʦʤ ʤʦʨʝʧʨʦʜʫʢʪʦʚ [4]. ʂʘʧʣʠ 

ʠʟ ʞʠʜʢʦʛʦ ʭʨʫʩʪʘʣʷ, ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ ʤʝʪʦʜʝ, ʩʦʜʝʨʞʘʪ ʩʧʝʮʠʘʣʴʥʳʝ ʤʦʣʝʢʫʣʳ, ʥʘʟʳʚʘʝʤʳʝ 

ʤʝʟʦʛʝʥʘʤʠ, ʢʦʪʦʨʳʝ ʦʨʛʘʥʠʟʦʚʳʚʘʶʪʩʷ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ [5]. ʂʦʛʜʘ ʢʘʧʣʷ ʥʘʥʦ-

ʩʠʪʩʷ ʥʘ ʦʙʨʘʟʝʮ ʤʦʨʝʧʨʦʜʫʢʪʦʚ, ʦʥʘ ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʠ ʩʦʧʨʠʢʘʩʘʝʪʩʷ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ ʦʙ-

ʨʘʟʮʘ. ɽʩʣʠ ʥʘ ʦʙʨʘʟʮʝ ʝʩʪʴ ʤʠʢʨʦʧʣʘʩʪʠʢ, ʪʦ ʧʨʠ ʩʦʧʨʠʢʦʩʥʦʚʝʥʠʠ ʢʘʧʣʠ ʩ ʤʠʢʨʦʧʣʘʩʪʠʢʦʤ 

ʧʨʦʠʩʭʦʜʠʪ ʨʝʦʨʠʝʥʪʘʮʠʷ ʤʝʟʦʛʝʥʦʚ ʚ ʢʘʧʣʝ ʠ ʠʟʤʝʥʝʥʠʝ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʢʘʧʣʠ [6]. 

ʀʟʤʝʥʝʥʠʝ ʮʚʝʪʘ ʢʘʧʣʠ ʧʨʠ ʢʦʥʪʘʢʪʝ ʩ ʤʠʢʨʦʧʣʘʩʪʦʤ ʷʚʣʷʝʪʩʷ ʢʣʶʯʝʚʳʤ ʩʠʛʥʘʣʦʤ ʜʣʷ 

ʦʙʥʘʨʫʞʝʥʠʷ ʤʠʢʨʦʧʣʘʩʪʠʢʘ ʚ ʦʙʨʘʟʮʝ ʤʦʨʝʧʨʦʜʫʢʪʦʚ. ʇʦʩʣʝ ʪʦʛʦ, ʢʘʢ ʢʘʧʣʷ ʩʦʧʨʠʢʦʩʥʫʣʘʩʴ 

ʩ ʦʙʨʘʟʮʦʤ, ʝʝ ʮʚʝʪ ʩʯʠʪʳʚʘʝʪʩʷ ʧʨʠ ʧʦʤʦʱʠ ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨʘ, ʢʦʪʦʨʳʡ ʠʟʤʝʨʷʝʪ ʦʧʪʠʯʝ-

ʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʘʧʣʠ [7]. ʀʟʤʝʥʝʥʠʝ ʮʚʝʪʘ ʢʘʧʣʠ ʤʦʞʥʦ ʩʚʷʟʘʪʴ ʩ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʤʠʢʨʦʧʣʘ-

ʩʪʠʢʘ ʚ ʦʙʨʘʟʮʝ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʢʦʣʠʯʝʩʪʚʝʥʥʦ ʦʮʝʥʠʪʴ ʢʦʣʠʯʝʩʪʚʦ ʤʠʢʨʦʧʣʘʩʪʠʢʘ ʚ ʦʙʨʘʟʮʝ 

ʤʦʨʝʧʨʦʜʫʢʪʘ. 

ʄʝʪʦʜ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʚʳʩʦʢʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴʶ ʠ ʪʦʯʥʦʩʪʴʶ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʦʙʥʘ-

ʨʫʞʠʚʘʪʴ ʤʠʢʨʦʧʣʘʩʪʠʢ ʜʘʞʝ ʚ ʤʘʣʳʭ ʢʦʥʮʝʥʪʨʘʮʠʷʭ (ʤʝʥʝʝ 0.01 ʤʛ/ʣ) [8]. ʂʨʦʤʝ ʪʦʛʦ, ʦʥ 

ʠʤʝʝʪ ʨʷʜ ʧʨʝʠʤʫʱʝʩʪʚ. ɺʦ-ʧʝʨʚʳʭ, ʦʥ ʷʚʣʷʝʪʩʷ ʙʳʩʪʨʳʤ ʠ ʵʬʬʝʢʪʠʚʥʳʤ ʜʣʷ ʤʘʩʩʦʚʦʛʦ ʪʝ-

ʩʪʠʨʦʚʘʥʠʷ ʦʙʨʘʟʮʦʚ ʤʦʨʝʧʨʦʜʫʢʪʦʚ. ɺʦ-ʚʪʦʨʳʭ, ʦʥ ʷʚʣʷʝʪʩʷ ʵʢʦʣʦʛʠʯʥʳʤ ʧʦ ʧʨʠʯʠʥʝ ʪʦʛʦ, 

ʯʪʦ ʦʥ ʥʝ ʪʨʝʙʫʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʨʘʩʪʚʦʨʠʪʝʣʝʡ ʠʣʠ ʜʨʫʛʠʭ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʛʝʥʪʦʚ. ʆʜʥʘʢʦ 
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ʩʪʦʠʪ ʟʘʤʝʪʠʪʴ, ʯʪʦ ʜʣʷ ʝʛʦ ʧʨʠʤʝʥʝʥʠʷ ʥʝʦʙʭʦʜʠʤʘ ʧʨʝʜʚʘʨʠʪʝʣʴʥʘʷ ʧʦʜʛʦʪʦʚʢʘ ʦʙʨʘʟʮʘ ʤʦ-

ʨʝʧʨʦʜʫʢʪʦʚ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨʘ ʜʣʷ ʘʥʘʣʠʟʘ ʮʚʝʪʘ ʢʘʧʣʠ, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ 

ʩʣʦʞʥʳʤ ʠ ʟʘʪʨʘʪʥʳʤ. 

ʊʝʧʝʨʴ ʨʘʩʩʤʦʪʨʠʤ ʤʝʪʦʜ ʞʠʜʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʝʥʩʦʨʥʦʡ ʧʣʘʪʬʦʨʤʳ [9]. ʄʝʪʦʜ ʦʩ-

ʥʦʚʘʥ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʞʠʜʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʧʦʣʠʤʝʨʥʦʡ ʧʣʝʥʢʠ ʚ ʢʘʯʝʩʪʚʝ ʯʫʚʩʪʚʠʪʝʣʴ-

ʥʦʛʦ ʵʣʝʤʝʥʪʘ. ʇʣʝʥʢʘ ʩʦʜʝʨʞʠʪ ʤʝʟʦʛʝʥʥʳʝ ʤʦʣʝʢʫʣʳ, ʢʦʪʦʨʳʝ ʦʨʛʘʥʠʟʦʚʳʚʘʶʪʩʷ ʚ ʢʨʠʩʪʘʣ-

ʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʦʪʩʣʝʞʠʚʘʪʴ ʠʟʤʝʥʝʥʠʷ ʝʝ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʨʠ ʩʦʧʨʠ-

ʢʦʩʥʦʚʝʥʠʠ ʩ ʦʙʨʘʟʮʦʤ ʚʦʜʳ. 

ʂʦʛʜʘ ʦʙʨʘʟʝʮ ʚʦʜʳ ʢʦʥʪʘʢʪʠʨʫʝʪ ʩ ʧʣʝʥʢʦʡ, ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʝʥʢʠ ʧʨʦʠʩʭʦʜʠʪ ʩʤʝʥʘ 

ʬʘʟ, ʢʦʪʦʨʘʷ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʝʝ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ. ʕʪʦ ʠʟʤʝʥʝʥʠʝ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

ʧʣʝʥʢʠ ʤʦʞʝʪ ʙʳʪʴ ʟʘʤʝʯʝʥʦ ʧʦʜ ʤʠʢʨʦʩʢʦʧʦʤ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʦʙʥʘʨʫʞʠʚʘʪʴ ʥʘʣʠʯʠʝ ʤʠʢʨʦ-

ʧʣʘʩʪʠʢʘ ʚ ʦʙʨʘʟʮʝ ʚʦʜʳ [10]. 

ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʫʩʠʣʠʪʴ ʩʠʛʥʘʣ ʠ ʧʦʚʳʩʠʪʴ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʤʝʪʦʜʘ, ʚ ʦʙʨʘʟʝʮ ʚʦʜʳ 

ʜʦʙʘʚʣʷʝʪʩʷ ʚʝʱʝʩʪʚʦ, ʢʦʪʦʨʦʝ ʫʩʠʣʠʚʘʝʪ ʘʜʩʦʨʙʮʠʶ ʤʠʢʨʦʧʣʘʩʪʠʢʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʝʥʢʠ. 

ɺʝʱʝʩʪʚʦ, ʠʩʧʦʣʴʟʫʝʤʦʝ ʚ ʤʝʪʦʜʝ, ʥʘʟʳʚʘʝʪʩʷ ʪʨʠʬʝʥʠʣʬʦʩʬʠʥʦʢʩʠʜ (TPPO) ʠ ʷʚʣʷʝʪʩʷ ʧʠ-

ʨʠʜʠʥʦʚʳʤ ʩʦʝʜʠʥʝʥʠʝʤ. TPPO ʩʧʦʩʦʙʩʪʚʫʝʪ ʘʜʩʦʨʙʮʠʠ ʤʠʢʨʦʧʣʘʩʪʠʢʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʣʝʥʢʠ, ʯʪʦ ʫʚʝʣʠʯʠʚʘʝʪ ʝʝ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʠ ʧʦʟʚʦʣʷʝʪ ʦʙʥʘʨʫʞʠʚʘʪʴ ʤʠʢʨʦʧʣʘʩʪʠʢ ʜʘʞʝ ʚ 

ʤʘʣʳʭ ʢʦʥʮʝʥʪʨʘʮʠʷʭ. 

ʌʦʨʤʫʣʘ, ʦʧʠʩʳʚʘʶʱʘʷ ʤʝʭʘʥʠʟʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʟʦʛʝʥʥʳʭ ʤʦʣʝʢʫʣ ʩ ʦʙʨʘʟʮʦʤ 

ʚʦʜʳ, ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥʘ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

 Îʃ
ρ

ς
Î Î Î Î ÃÏÓςʃȟ ρ 

ʛʜʝ Îʃïʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʞʠʜʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʧʣʝʥʢʠ ʚ ʥʘʧʨʘʚʣʝʥʠʠ, ʩʦʚʧʘʜʘʶ-

ʱʝʤ ʩ ʦʩʴʶ ʦʧʪʠʯʝʩʢʦʡ ʤʠʢʨʦʩʢʦʧʠʠ; Î ʠ Îïʧʦʢʘʟʘʪʝʣʠ ʧʨʝʣʦʤʣʝʥʠʷ ʵʢʩʪʨʘʦʨʜʠʥʘʨʥʦʡ ʠ 

ʦʙʳʢʥʦʚʝʥʥʦʡ ʚʦʣʥ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ; ʃïʫʛʦʣ ʤʝʞʜʫ ʥʘʧʨʘʚʣʝʥʠʝʤ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʩʚʝʪʘ ʠ 

ʦʩʴʶ ʦʧʪʠʯʝʩʢʦʡ ʤʠʢʨʦʩʢʦʧʠʠ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʞʠʜʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʧʦʣʠʤʝʨʥʦʡ ʧʣʝʥʢʠ ʠ ʞʠʜʢʠʭ 

ʢʨʠʩʪʘʣʣʦʚ ʧʦʟʚʦʣʷʝʪ ʜʦʩʪʠʯʴ ʚʳʩʦʢʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʤʝʪʦʜʘ ʜʣʷ ʦʙʥʘʨʫʞʝʥʠʷ ʤʠʢʨʦʧʣʘ-

ʩʪʠʢʘ ʚ ʦʙʨʘʟʮʘʭ ʚʦʜʳ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʦʙʥʘʨʫʞʠʚʘʪʴ ʤʠʢʨʦʧʣʘʩʪʠʢ ʜʘʞʝ ʚ ʤʘʣʳʭ ʢʦʥʮʝʥʪʨʘ-

ʮʠʷʭ ʨʘʟʤʝʨʦʤ ʦʪ 0.5 ʜʦ 10 ʤʢʤ ʠ ʨʘʟʣʠʯʘʪʴ ʝʛʦ ʦʪ ʜʨʫʛʠʭ ʯʘʩʪʠʮ [9]. ʆʜʥʘʢʦ ʵʪʦʪ ʤʝʪʦʜ ʠʤʝʝʪ 

ʨʷʜ ʥʝʜʦʩʪʘʪʢʦʚ, ʪʘʢʠʭ ʢʘʢ ʥʝʚʦʟʤʦʞʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʟʤʝʨʘ ʠ ʩʦʩʪʘʚʘ ʤʠʢʨʦʧʣʘʩʪʠʢʦʚʳʭ 
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ʯʘʩʪʠʮ, ʚʦʟʤʦʞʥʦʝ ʚʣʠʷʥʠʝ ʜʨʫʛʠʭ ʬʘʢʪʦʨʦʚ ʥʘ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʣʝʥʢʠ, ʪʘʢʠʭ ʢʘʢ ʪʝʤ-

ʧʝʨʘʪʫʨʘ, ʧʨʠʩʫʪʩʪʚʠʝ ʜʨʫʛʠʭ ʦʨʛʘʥʠʯʝʩʢʠʭ ʠʣʠ ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʚ ʦʙʨʘʟʮʝ ʚʦʜʳ. 

ʇʦʵʪʦʤʫ ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʚʦʜʠʪʴ ʜʘʣʴʥʝʡʰʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʶ ʤʝʪʦʜʘ 

ʞʠʜʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʝʥʩʦʨʥʦʡ ʧʣʘʪʬʦʨʤʳ ʜʣʷ ʦʙʥʘʨʫʞʝʥʠʷ ʤʠʢʨʦʧʣʘʩʪʠʢʘ ʚ ʚʦʜʝ. 

ʇʝʨʝʡʜʝʤ ʢ ʨʘʩʩʤʦʪʨʝʥʠʶ ʤʝʪʦʜʘ ʦʧʪʠʯʝʩʢʦʡ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʤʠʢʨʦʧʣʘʩʪʠʢʘ ʥʘ ʦʩ-

ʥʦʚʝ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ (LC-MID) [11]. ʕʪʦʪ ʤʝʪʦʜ ʦʩʥʦʚʘʥ ʥʘ ʪʦʤ, ʯʪʦ ʤʠʢʨʦʧʣʘʩʪʠʢ ʧʨʠʪʷ-

ʛʠʚʘʝʪʩʷ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʞʠʜʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʬʠʣʴʤʘ, ʥʘʥʝʩʝʥʥʦʛʦ ʥʘ ʩʪʝʢʣʷʥʥʫʶ ʧʣʘ-

ʩʪʠʥʫ, ʠ ʚʳʟʳʚʘʝʪ ʜʝʬʦʨʤʘʮʠʶ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʝʛʦ ʬʦʨʤʳ ʠ ʨʘʟʤʝʨʘ 

[12]. ʕʪʘ ʜʝʬʦʨʤʘʮʠʷ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʞʠʜʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ 

ʬʠʣʴʤʘ ʠ ʦʙʨʘʟʦʚʘʥʠʶ ʨʘʟʥʳʭ ʫʟʦʨʦʚ, ʢʦʪʦʨʳʝ ʤʦʞʥʦ ʥʘʙʣʶʜʘʪʴ ʧʦʜ ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʤ ʤʠʢ-

ʨʦʩʢʦʧʦʤ ʠʣʠ ʩ ʧʦʤʦʱʴʶ ʬʦʪʦʛʨʘʬʠʠ [13]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʪʴ ʨʘʟʥʳʝ 

ʚʠʜʳ ʤʠʢʨʦʧʣʘʩʪʠʢʘ ʧʦ ʭʘʨʘʢʪʝʨʫ ʫʟʦʨʦʚ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ [14]. 

LC-MID ʠʤʝʝʪ ʨʷʜ ʧʨʝʠʤʫʱʝʩʪʚ ʧʝʨʝʜ ʜʨʫʛʠʤʠ ʤʝʪʦʜʘʤʠ ʦʙʥʘʨʫʞʝʥʠʷ ʤʠʢʨʦʧʣʘ-

ʩʪʠʢʘ, ʪʘʢʠʤʠ ʢʘʢ: ʚʳʩʦʢʘʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ (ʩʧʦʩʦʙʥʦʩʪʴ ʦʙʥʘʨʫʞʠʚʘʪʴ ʤʠʢʨʦʧʣʘʩʪʠʢ ʨʘʟ-

ʤʝʨʦʤ ʦʪ 10 ʜʦ 1000 ʤʢʤ) [15], ʥʠʟʢʘʷ ʩʪʦʠʤʦʩʪʴ (ʥʝ ʪʨʝʙʫʝʪ ʩʧʝʮʠʘʣʴʥʦʡ ʩʝʥʩʦʨʥʦʡ ʧʣʘʪ-

ʬʦʨʤʳ ʠ ʢʦʤʧʴʶʪʝʨʘ ʜʣʷ ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ), ʧʨʦʩʪʦʪʘ (ʥʝ ʪʨʝʙʫʝʪ ʩʣʦʞʥʦʡ ʧʦʜʛʦʪʦʚʢʠ ʦʙʨʘʟʮʦʚ 

ʠʣʠ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʛʝʥʪʦʚ). ʆʜʥʘʢʦ LC-MID ʪʘʢʞʝ ʠʤʝʝʪ ʥʝʢʦʪʦʨʳʝ ʦʛʨʘʥʠʯʝʥʠʷ, ʪʘʢʠʝ ʢʘʢ: 

ʥʠʟʢʘʷ ʩʢʦʨʦʩʪʴ (ʪʨʝʙʫʝʪ ʧʦʜʛʦʪʦʚʢʠ ʞʠʜʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʬʠʣʴʤʘ ʠ ʝʛʦ ʦʩʤʦʪʨʘ ʧʦʜ ʤʠʢ-

ʨʦʩʢʦʧʦʤ ʠʣʠ ʢʘʤʝʨʦʡ), ʥʠʟʢʘʷ ʪʦʯʥʦʩʪʴ (ʥʝ ʤʦʞʝʪ ʦʧʨʝʜʝʣʠʪʴ ʪʦʯʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʤʠʢʨʦʧʣʘ-

ʩʪʠʢʘ ʚ ʦʙʨʘʟʮʝ), ʦʛʨʘʥʠʯʝʥʥʳʡ ʜʠʘʧʘʟʦʥ (ʥʝ ʤʦʞʝʪ ʦʙʥʘʨʫʞʠʚʘʪʴ ʤʠʢʨʦʧʣʘʩʪʠʢ ʤʝʥʝʝ 10 

ʤʢʤ ʠʣʠ ʙʦʣʝʝ 1000 ʤʢʤ). 

LC-MID ʷʚʣʷʝʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʤʝʪʦʜʦʤ ʜʣʷ ʙʳʩʪʨʦʡ ʠ ʵʬʬʝʢʪʠʚʥʦʡ ʠʜʝʥʪʠʬʠʢʘʮʠʠ 

ʤʠʢʨʦʧʣʘʩʪʠʢʘ ʚ ʚʦʜʥʳʭ ʩʨʝʜʘʭ, ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʝʟʝʥ ʜʣʷ ʵʢʦʣʦʛʠʯʝʩʢʦʛʦ ʢʦʥʪʨʦʣʷ ʠ 

ʦʮʝʥʢʠ ʨʠʩʢʦʚ ʟʘʛʨʷʟʥʝʥʠʷ ʤʠʢʨʦʧʣʘʩʪʠʢʦʤ. ʆʜʥʘʢʦ ʵʪʦʪ ʤʝʪʦʜ ʪʨʝʙʫʝʪ ʜʘʣʴʥʝʡʰʝʛʦ ʨʘʟʚʠ-

ʪʠʷ ʠ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʝʛʦ ʩʢʦʨʦʩʪʠ, ʪʦʯʥʦʩʪʠ ʠ ʜʠʘʧʘʟʦʥʘ. 

ɿʘʢʣʶʯʝʥʠʝ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣʠ ʨʘʩʩʤʦʪʨʝʥʳ ʤʝʪʦʜʳ ʦʧʨʝʜʝʣʝʥʠʷ ʤʠʢʨʦʧʣʘʩʪʠʢʘ 

ʚ ʚʦʜʝ ʠ ʤʦʨʝʧʨʦʜʫʢʪʘʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ: ʤʝʪʦʜ ʢʘʧʝʣʴ ʠʟ ʞʠʜʢʠʭ ʢʨʠ-

ʩʪʘʣʣʦʚ, ʩʦʧʨʠʢʘʩʘʶʱʠʭʩʷ ʩ ʦʙʨʘʟʮʦʤ ʤʦʨʝʧʨʦʜʫʢʪʦʚ, ʤʝʪʦʜ ʞʠʜʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʝʥʩʦʨ-

ʥʦʡ ʧʣʘʪʬʦʨʤʳ, ʤʝʪʦʜ ʦʧʪʠʯʝʩʢʦʡ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʤʠʢʨʦʧʣʘʩʪʠʢʘ ʥʘ ʦʩʥʦʚʝ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣ-

ʣʦʚ (LC-MID).  
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ʀʩʭʦʜʷ ʠʟ ʚʳʰʝʠʟʣʦʞʝʥʥʦʛʦ, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʢʘʞʜʳʡ ʠʟ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʤʝ-

ʪʦʜʦʚ ʠʤʝʝʪ ʩʚʦʠ ʜʦʩʪʦʠʥʩʪʚʘ ʠ ʥʝʜʦʩʪʘʪʢʠ ʠ ʧʦʜʭʦʜʠʪ ʜʣʷ ʨʘʟʥʳʭ ʮʝʣʝʡ ʠ ʫʩʣʦʚʠʡ. ʄʝʪʦʜ 

ʢʘʧʝʣʴ ʠʟ ɾʂ ʷʚʣʷʝʪʩʷ ʩʘʤʳʤ ʪʦʯʥʳʤ ʠ ʯʫʚʩʪʚʠʪʝʣʴʥʳʤ, ʥʦ ʪʨʝʙʫʝʪ ʩʣʦʞʥʦʡ ʧʦʜʛʦʪʦʚʢʠ ʦʙ-

ʨʘʟʮʘ ʠ ʩʧʝʮʠʘʣʴʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ. ʄʝʪʦʜ ʞʠʜʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʝʥʩʦʨʥʦʡ ʧʣʘʪʬʦʨʤʳ ʷʚ-

ʣʷʝʪʩʷ ʩʘʤʳʤ ʫʥʠʚʝʨʩʘʣʴʥʳʤ ʠ ʥʝʜʦʨʦʛʠʤ, ʥʦ ʪʨʝʙʫʝʪ ʧʦʜʙʦʨʘ ʧʦʣʠʤʝʨʥʦʡ ʧʣʝʥʢʠ ʠ ʯʫʚʩʪʚʠ-

ʪʝʣʝʥ ʢ ʫʩʣʦʚʠʷʤ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ. ʄʝʪʦʜ LC-MID ʷʚʣʷʝʪʩʷ ʩʘʤʳʤ ʧʨʦʩʪʳʤ ʠ ʫʜʦʙʥʳʤ, ʥʦ 

ʟʘʚʠʩʠʪ ʦʪ ʪʠʧʘ ʞʠʜʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʩʫʙʩʪʨʘʪʘ ʠ ʧʦʜʚʝʨʞʝʥ ʧʦʤʝʭʘʤ ʦʪ ʜʨʫʛʠʭ ʯʘʩʪʠʮ. 

ɺʧʦʣʥʝ ʚʝʨʦʷʪʥʦ, ʯʪʦ ʚ ʩʢʦʨʦʤ ʙʫʜʫʱʝʤ ʧʦʷʚʠʪʩʷ ʙʦʣʝʝ ʩʦʚʝʨʰʝʥʥʳʡ ʤʝʪʦʜ, ʢʦʪʦʨʳʡ ʙʫʜʝʪ 

ʦʙʲʝʜʠʥʷʪʴ ʚʩʝ ʜʦʩʪʦʠʥʩʪʚʘ ʵʪʠʭ ʤʝʪʦʜʦʚ ʠ ʠʟʙʝʛʘʪʴ ʠʭ ʥʝʜʦʩʪʘʪʢʦʚ. 
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ʕʃɽʂʊʈʆʀʄʇʋʃʔʉʅʆɽ ɺʆɿɹʋɾɼɽʅʀɽ ʋɼɸʈʅʓʍ ʀ ɺʆʃ-

ʅʆɺʓʍ ʇʈʆʎɽʉʉʆɺ ɺ ʇʈʆɺʆɼʅʀʂɸʍ 

ʉʢʚʦʨʮʦʚ ʆ.ɹ. 

ʢ.ʪ.ʥ., ʩʪʘʨʰʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ ʀʥʩʪʠʪʫʪʘ ʤʘʰʠʥʦʚʝʜʝʥʠʷ ʠʤ. ɸ.ɸ. ɹʣʘʛʦʥʨʘʚʦʚʘ ʈɸʅ 

ʉʪʘʰʝʥʢʦ ɺ.ʀ. 

ʢ.ʬ.-ʤ.ʥ. , ʚʝʜʫʱʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ ʀʥʩʪʠʪʫʪʘ ʤʘʰʠʥʦʚʝʜʝʥʠʷ ʠʤ. ɸ.ɸ. ɹʣʘʛʦʥʨʘʚʦʚʘ 

ʈɸʅ 

 

ɸʥʥʦʪʘʮʠʷ. ʈʘʩʩʤʦʪʨʝʥʳ ʤʝʭʘʥʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ ʚ ʦʜʠʥʦʯʥʦʤ ʧʨʦʚʦʜʥʠʢʝ ʧʨʠ ʜʝʡʩʪʚʠʠ ʥʘ 

ʥʝʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʠʤʧʫʣʴʩʘ. ʇʨʝʜʣʦʞʝʥʦ ʦʧʠʩʘʥʠʝ ʜʝʡʩʪʚʫʶʱʠʭ ʧʨʠ ʵʪʦʤ ʦʩʝʚʳʭ ʜʠʥʘʤʠ-

ʯʝʩʢʠʭ ʩʠʣ. ʈʘʩʩʤʦʪʨʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʤʝʪʦʜʳ ʠʟʤʝʨʝʥʠʷ ʪʘʢʠʭ ʜʠʥʘʤʠʯʝʩʢʠʭ ʩʠʣ. 

ʆʧʠʩʘʥʦ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʝ ʚʦʟʙʫʞʜʝʥʠʝ ʫʜʘʨʥʦʛʦ ʦʩʝʚʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʧʨʦʚʦʜʥʠʢ ʩ ʧʦʩʣʝ-

ʜʫʶʱʝʡ ʛʝʥʝʨʘʮʠʝʡ ʟʘʪʫʭʘʶʱʠʭ ʢʦʣʝʙʘʥʠʡ ʚ ʦʩʝʚʦʤ ʠ ʧʦʧʝʨʝʯʥʦʤ ʥʘʧʨʘʚʣʝʥʠʷʭ.   
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ʩʠʣʘ ɸʤʧʝʨʘ, ʵʣʝʢʪʨʦʧʣʘʩʪʠʯʝʩʢʠʡ ʵʬʬʝʢʪ, ʜʠʥʘʤʠʯʝʩʢʠʝ ʩʠʣʳ, ʧʠʥʯ-ʵʬʬʝʢʪ, ʩʢʠʥ-ʵʬʬʝʢʪ     
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Annotation. The mechanical processes in a single conductor under the action of an electric pulse are 

considered. A description of the axial dynamic forces acting in this case is proposed. Experimental 

methods for measuring such dynamic forces are considered. A sequential excitation of an axial im-
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ɺʦʧʨʦʩʘʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʮʝʩʩʦʚ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʜʝʡʩʪʚʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʠʤʧʫʣʴʩʘ 

ʥʘ ʧʨʦʚʦʜʥʠʢ ʧʦʩʚʷʱʝʥ ʨʷʜ ʧʫʙʣʠʢʘʮʠʡ [1-6]. ɺ ʵʪʠʭ ʨʘʙʦʪʘʭ ʨʘʩʩʤʦʪʨʝʥ ʨʷʜ ʛʠʧʦʪʝʟ ʪʘʢʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʥʘʧʨʠʤʝʨ, ʧʨʦʷʚʣʝʥʠʝ ʪʝʧʣʦʚʦʛʦ ʜʝʡʩʪʚʠʷ ʪʦʢʘ, ʧʠʥʯ-ʵʬʬʝʢʪʘ ʠ ʚʟʘʠʤʦʜʝʡ-

ʩʪʚʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʩ ʜʝʬʝʢʪʘʤʠ ʠ ʜʠʩʣʦʢʘʮʠʷʤʠ. ɿʥʘʯʠʪʝʣʴʥʳʡ ʧʦ ʚʝʣʠʯʠʥʝ ʤʝʭʘʥʠ-

ʯʝʩʢʠʡ ʦʪʢʣʠʢ ʧʨʦʚʦʜʥʠʢʘ ʥʘ ʧʨʦʧʫʩʢʘʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʠʤʧʫʣʴʩʘ ʥʘʙʣʶʜʘʝʪʩʷ ʧʦ ʟʚʫʢʦ-

ʚʦʤʫ ʠ ʪʘʢʪʠʣʴʥʦʤʫ ʵʬʬʝʢʪʫ ʜʘʞʝ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʧʝʮʠʘʣʴʥʳʭ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʫʩʪʨʦʡʩʪʚ. 

ʊʘʢʠʝ ʷʚʣʝʥʠʷ ʥʘʰʣʠ ʠ ʧʨʘʢʪʠʯʝʩʢʠʝ ʧʨʠʤʝʥʝʥʠʷ ʚ ʚʠʜʝ ʪʘʢ ʥʘʟʳʚʘʝʤʦʛʦ ʵʣʝʢʪʨʦʧʣʘʩʪʠʯʝ-

ʩʢʦʛʦ ʵʬʬʝʢʪʘ [7]. ʇʨʝʜʩʪʘʚʣʝʥʥʳʝ ʦʙʲʷʩʥʝʥʠʷ ʧʨʦʠʩʭʦʜʷʱʠʭ ʧʨʦʮʝʩʩʦʚ ʥʝʜʦʩʪʘʪʦʯʥʦ ʫʙʝ-

ʜʠʪʝʣʴʥʳ ʧʦ ʢʘʢ ʢʘʯʝʩʪʚʝʥʥʳʤ, ʪʘʢ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʳʤ ʧʨʠʯʠʥʘʤ ʨʘʩʭʦʞʜʝʥʠʷ ʪʝʦʨʝʪʠʯʝʩʢʠʭ 

ʦʮʝʥʦʢ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ. ʇʨʝʞʜʝ ʚʩʝʛʦ ʵʪʦ ʩʚʷʟʘʥʦ ʩ ʥʘʙʣʶʜʘʝʤʳʤ ʧʦʣʷʨʥʳʤ 

ʵʬʬʝʢʪʦʤ. ɼʝʬʦʨʤʘʮʠʦʥʥʳʝ ʧʨʦʮʝʩʩʳ ʚ ʧʨʦʚʦʜʥʠʢʝ ʧʦ ʟʥʘʢʫ ʟʘʚʠʩʷʪ ʦʪ ʧʦʣʷʨʥʦʩʪʠ ʵʣʝʢʪʨʠ-

ʯʝʩʢʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ. ʊʘʢʠʝ ʦʩʦʙʝʥʥʦʩʪʠ ʧʣʦʭʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʣʷ ʠʭ ʦʙʲʷʩ-

ʥʝʥʠʷ ʪʘʢʠʭ ʷʚʣʝʥʠʡ ʢʘʢ ʩʢʠʥ-ʵʬʬʝʢʪ, ʧʠʥʯ-ʵʬʬʝʢʪ, ʪʝʧʣʦʚʦʝ ʜʝʡʩʪʚʠʝ ʪʦʢʘ ʠʣʠ ʧʨʷʤʦʝ ʚʟʘ-

ʠʤʦʜʝʡʩʪʚʠʝ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʣʝʡ ʩ ʜʝʬʝʢʪʘʤʠ ʠ ʜʠʩʣʦʢʘʮʠʷʤʠ. ʉʫʱʝʩʪʚʝʥʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ 

ʧʨʦʠʩʭʦʜʷʱʠʭ ʧʨʦʮʝʩʩʦʚ ʤʦʞʥʦ ʟʘʤʝʪʠʪʴ ʠ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʝ ʜʠʥʘʤʠʢʠ ʨʘʟʚʠʪʠʷ ʫʜʘʨʥʦ-ʚʦʣ-

ʥʦʚʦʛʦ ʧʨʦʮʝʩʩʘ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ ʥʘ ʵʣʝʢʪʨʦʠʤʧʫʣʴʩʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ [6, 7]. ɼʘʣʝʝ ʧʨʝʜ-

ʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʘʥʘʣʠʟʘ ʚʠʙʨʘʮʠʦʥʥʦʛʦ ʠ ʩʠʣʦʚʦʛʦ ʦʪʢʣʠʢʘ ʚ ʠʩʩʣʝʜʫʝʤʦʤ ʧʨʦʚʦʜʥʠʢʝ. 

ʄʝʪʦʜʠʢʘ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ. 

ɼʣʷ ʢʦʥʪʨʦʣʷ ʫʜʘʨʥʦʛʦ ʠ ʚʠʙʨʘʮʠʦʥʥʦʛʦ ʤʝʭʘʥʠʯʝʩʢʠʭ ʦʪʢʣʠʢʦʚ ʧʨʦʚʦʜʥʠʢʘ ʥʘ ʧʨʦ-

ʧʫʩʢʘʥʠʝ ʯʝʨʝʟ ʥʝʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʠʤʧʫʣʴʩʘ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʛʝʥʝʨʘʪʦʨ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠʤ-

ʧʫʣʴʩʦʚ ʜʣʠʪʝʣʴʥʦʩʪʴʶ 50-1000 ʤʠʢʨʦʩʝʢʫʥʜ, ʢʦʪʦʨʳʡ ʧʦʟʚʦʣʷʣ ʟʘʜʘʪʴ ʪʦʢ ʯʝʨʝʟ ʧʨʦʚʦʜʥʠʢ 

ʚʝʣʠʯʠʥʦʡ 100-1000 ɸ. ɺ ʢʘʯʝʩʪʚʝ ʠʩʩʣʝʜʫʝʤʦʛʦ ʧʨʦʚʦʜʥʠʢʘ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʦʩʝʩʠʤʤʝʪʨʠʯ-

ʥʳʡ ʢʨʫʛʣʳʡ ʧʨʦʚʦʜʥʠʢ ʠʟ ʤʝʜʠ ʜʠʘʤʝʪʨʦʤ 4 ʤʤ ʠ ʜʣʠʥʦʡ 160 ʤʤ. ʂʦʥʪʨʦʣʴ ʚʠʙʨʘʮʠʦʥʥʦʛʦ 

ʦʪʢʣʠʢʘ ʚʳʧʦʣʥʷʣʩʷ ʩ ʧʦʤʦʱʴʶ ʪʨʝʭʢʦʤʧʦʥʝʥʪʥʦʛʦ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʘʢʩʝʣʝʨʦʤʝʪʨʘ 

ɸʇ20, ʫʩʪʘʥʦʚʣʝʥʥʦʛʦ ʥʘ ʧʨʦʚʦʜʥʠʢʝ ʯʝʨʝʟ ʩʠʪʘʣʦʚʫʶ ʧʨʦʢʣʘʜʢʫ. ɸʥʘʣʠʟ ʩʠʛʥʘʣʦʚ ʘʢʩʝʣʝʨʦ-

ʤʝʪʨʘ ʚʳʧʦʣʥʷʣʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʦʤʧʴʶʪʝʨʥʦʡ ʩʠʩʪʝʤʳ ʩʙʦʨʘ ʜʘʥʥʳʭ.  
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ʈʠʩ. 1. ɺʠʙʨʘʮʠʦʥʥʳʡ ʦʪʢʣʠʢ ʥʘ ʜʝʡʩʪʚʠʝ ʵʣʝʢʪʨʠʯʝʩʦʛʦʡ ʠʤʧʫʣʴʩʘ ʜʣʠʪʝʣʴʥʦʩʪʴʶ 1 ʤʩ 

(ʦʪ t0 ʜʦ t1). ʉʠʛʥʘʣ ʦʪ ʜʘʪʯʠʢʘ ʤʘʛʥʠʪʥʦʡ ʠʥʜʫʢʮʠʠ - 1, ʫʩʢʦʨʝʥʠʝ ʚ ʨʘʜʠʘʣʴʥʦʤ ʥʘʧʨʘʚʣʝ-

ʥʠʠ - 2 ʠ ʦʩʝʚʦʡ ʚʠʙʨʘʮʠʠ -3. ʇʝʨʠʦʜ ʚʠʙʨʘʮʠʦʥʥʳʭ ʢʦʣʝʙʘʥʠʡ ʊ= t3-t2    



ʉɽʂʎʀʗ 1. ʌʀɿʀʂɸ ʂʆʅɼɽʅʉʀʈʆɺɸʅʅʆɻʆ ʉʆʉʊʆʗʅʀʗ 

  

çʇɽʈʉʇɽʂʊʀɺʅʓɽ ʄɸʊɽʈʀɸʃʓ ʀ ʊɽʍʅʆʃʆɻʀʀè (çʇʄʊ - 2023è)                  124 
 

ʉʠʥʭʨʦʥʥʳʡ ʯʝʪʳʨʝʭʢʘʥʘʣʴʥʳʡ ʩʙʦʨ ʜʘʥʥʳʭ ʩ ʯʘʩʪʦʪʦʡ 102,4 ʂɻʮ ʠ ʨʘʟʨʝʰʝʥʠʝʤ 24 

ʙʠʪ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʜʘʥʥʳʝ ʢʘʢ ʦ ʧʦʧʝʨʝʯʥʦʡ, ʪʘʢ ʠ ʧʨʦʜʦʣʴʥʦʡ ʚʠʙʨʘʮʠʠ, ʘ ʪʘʢʞʝ ʦʙ ʠʟ-

ʤʝʥʝʥʠʷʭ ʪʦʢʘ ʯʝʨʝʟ ʧʨʦʚʦʜʥʠʢ ʧʦ ʚʝʣʠʯʠʥʝ ʤʘʛʥʠʪʥʦʡ ʠʥʜʫʢʮʠʠ ʦʢʦʣʦ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʦʚʦʜ-

ʥʠʢʘ (ʨʠʩ. 1). ɺʝʣʠʯʠʥʫ ʤʘʛʥʠʪʥʦʡ ʠʥʜʫʢʮʠʠ ʠʟʤʝʨʷʣʠ ʜʘʪʯʠʢʦʤ SB ʍʦʣʣʘ ʪʠʧʘ DRV5053.  

ʉʠʩʪʝʤʘ ʩʙʦʨʘ ʜʘʥʥʳʭ ʪʘʢʞʝ ʧʦʟʚʦʣʷʝʪ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʠʟʤʝʨʠʪʴ ʚʦʟʥʠʢʘʶʱʠʝ ʚ ʧʨʦ-

ʚʦʜʥʠʢʝ ʦʩʝʚʳʝ ʜʠʥʘʤʠʯʝʩʢʠʝ ʩʠʣʳ. ɼʣʷ ʵʪʦʛʦ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʜʘʪʯʠʢ ʪʠʧʘ 8200, ʯʝʨʝʟ ʢʦʪʦʨʳʡ 

ʧʨʦʚʦʜʥʠʢ ʙʳʣ ʧʨʠʢʨʝʧʣʝʥ ʢ ʥʝʧʦʜʚʠʞʥʦʤʫ ʦʩʥʦʚʘʥʠʶ (ʨʠʩ. 2). ʕʣʝʢʪʨʠʯʝʩʢʠʡ ʠʤʧʫʣʴʩ ʧʝ-

ʨʝʜʘʚʘʣʩʷ ʦʪ ʛʝʥʝʨʘʪʦʨʘ ʠʤʧʫʣʴʩʦʚ ʢ ʦʙʨʘʟʮʫ ʯʝʨʝʟ ʛʠʙʢʠʝ ʰʠʥʳ ʠ ʩʲʝʤʥʳʝ ʢʣʠʧʩʳ. 

ʏʘʩʪʴ ʧʨʦʚʦʜʥʠʢʘ ʤʝʞʜʫ ʤʝʩʪʘʤʠ ʫʩʪʘʥʦʚʢʠ ʢʣʠʧʩ ʷʚʣʷʝʪʩʷ ʦʙʣʘʩʪʴʶ ʘʢʪʠʚʥʦʛʦ ʚʦʟ-

ʜʝʡʩʪʚʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʠʤʧʫʦʣʴʩʘ ʦʪ ʛʝʥʝʨʘʪʦʨʘ. 
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ʈʠʩ. 2. ʂʦʥʪʨʦʣʴ ʧʨʦʜʦʣʴʥʦʡ ʜʠʥʘʤʠʯʝʩʢʦʡ ʩʠʣʳ FZ(t) ʜʘʪʯʠʢʦʤ B&K 8200 ʚ ʢʦʥʩʦʣʴʥʦʤ 

ʧʨʦʚʦʜʥʠʢʝ ʠ ʚʠʙʨʘʮʠʠ AZ(t) ʘʢʩʝʣʝʨʦʤʝʪʨʦʤ ɸʇ20    

ʇʦʣʷʨʥʦʩʪʴ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʠʤʧʫʣʴʩʘ, ʜʝʡʩʪʚʫʶʱʝʛʦ ʥʘ ʧʨʦʚʦʜʥʠʢ, ʤʦʞʥʦ ʠʟʤʝʥʷʪʴ 

ʢʘʢ ʧʝʨʝʢʣʶʯʝʥʠʝʤ ʥʘʩʪʨʦʝʢ ʛʝʥʝʨʘʪʦʨʘ, ʪʘʢ ʠ ʧʝʨʝʢʣʶʯʝʥʠʝʤ ʪʦʢʦʧʨʦʚʦʜʷʱʠʭ ʰʠʥ. 

ɸʥʘʣʠʟ ʠ ʦʙʩʫʞʜʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ. 

ʈʘʩʩʤʦʪʨʠʤ ʯʘʩʪʴ ʧʨʦʚʦʜʥʠʢʘ ʜʣʠʥʦʡ Dl ʚ ʚʠʜʝ ʢʨʫʛʣʦʛʦ ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ ʩ ʨʘʜʠ-

ʫʩʦʤ r. ʅʘ ʧʨʦʚʦʜʥʠʢ ʜʝʡʩʪʚʫʝʪ ʚʥʝʰʥʝʝ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ E(t), ʢʦʪʦʨʦʝ ʩʦʟʜʘʝʪ ʚ ʥʝʤ ʵʣʝʢ-

ʪʨʠʯʝʩʢʠʡ ʪʦʢ ʧʣʦʪʥʦʩʪʴʶ J(t). ʕʪʦʪ ʪʦʢ ʩʦʟʜʘʝʪ ʚ ʩʘʤʦʤ ʧʨʦʚʦʜʥʠʢʝ ʠ ʚʙʣʠʟʠ ʝʛʦ ʧʦʚʝʨʭʥʦʩʪʠ 

ʤʘʛʥʠʪʥʦʝ ʢʦʣʴʮʝʚʦʝ ʧʦʣʝ ʩ ʠʥʜʫʢʮʠʝʡ BR, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 3. 
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ʈʠʩ. 3. ʉʭʝʤʘ ʜʝʡʩʪʚʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʠʤʧʫʣʴʩʘ ʚ ʧʦʧʝʨʝʯʥʦʤ ʩʝʯʝʥʠʠ ʧʨʦʚʦʜʥʠʢʘ    

ʇʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʠʤʧʫʣʴʩʘ ʤʘʣʦʡ ʜʣʠʪʝʣʴʥʦʩʪʠ ʠʟ-ʟʘ ʧʨʦʷʚʣʝʥʠʷ ʩʢʠʥ-

ʵʬʬʝʢʪʘ ʪʦʢ ʚ ʧʨʦʚʦʜʥʠʢʝ ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʪʦʣʴʢʦ ʚ ʝʛʦ ʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʣʦʝ ʪʦʣʱʠʥʦʡ d. 

ʇʨʦʪʝʢʘʶʱʠʡ ʚ ʵʪʦʤ ʩʣʦʝ ʪʦʢ ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʩ ʪʘʢʠʤ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ. ʕʪʦ ʧʨʦʷʚʣʷʝʪʩʷ 

ʢʘʢ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʠʣʳ ʃʦʨʝʥʮʘ FL, ʜʝʡʩʪʚʫʶʱʝʡ ʥʘ ʩʚʦʙʦʜʥʳʝ ʵʣʝʢʪʨʦʥʳ, ʫʯʘʩʪʚʫʶʱʠʝ ʚ 

ʩʦʟʜʘʥʠʠ ʪʦʢʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʣʦʝ d ʬʦʨʤʠʨʫʝʪʩʷ ʨʘʜʠʘʣʴʥʳʡ ʪʦʢ. ʕʪʦʪ ʪʦʢ 

ʚʩʝʛʜʘ ʥʘʧʨʘʚʣʝʥ ʨʘʜʠʘʣʴʥʦ ʠ ʝʛʦ ʥʘʧʨʘʚʣʝʥʠʝ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʥʘʧʨʘʚʣʝʥʠʷ ʧʨʠʣʦʞʝʥʥʦʛʦ ʵʣʝʢ-

ʪʨʠʯʝʩʢʦʛʦ ʠʤʧʫʣʴʩʘ. ʇʨʦʷʚʣʝʥʠʝ ʩʠʣʳ ʃʦʨʝʥʮʘ ʷʚʣʷʝʪʩʷ ʧʨʠʯʠʥʦʡ ʧʠʥʯ-ʵʬʬʝʢʪʘ, ʥʘʧʨʘʚ-

ʣʝʥʥʦʛʦ ʥʘ ʨʘʜʠʘʣʴʥʦʝ ʩʞʘʪʠʝ ʧʨʦʚʦʜʥʠʢʘ. ʕʪʦ ʨʘʜʠʘʣʴʥʦʝ ʩʞʘʪʠʝ ʢʨʘʡʥʝ ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʠ 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʤʦʞʝʪ ʟʘʤʝʪʥʦ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʠʟʤʝʨʝʥʠʷ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʩʠʣʘ ʃʦʨʝʥʮʘ 

ʨʘʩʧʨʝʜʝʣʝʥʘ ʧʦ ʚʩʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʚʩʝʛʦ ʧʨʦʚʦʜʥʠʢʘ. 

ɺʦʟʥʠʢʘʶʱʠʡ ʨʘʜʠʘʣʴʥʳʡ ʪʦʢ ʧʨʠ ʵʪʦʤ ʧʨʠʚʦʜʠʪ ʢ ʧʦʣʷʨʠʟʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ 

ʧʨʦʚʦʜʥʠʢʘ. ɺʝʣʠʯʠʥʫ ʩʦʟʜʘʚʘʝʤʦʡ ʧʨʠ ʪʘʢʦʡ ʧʦʣʷʨʠʟʘʮʠʠ ʕɼʉ ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʧʦ ʚʝʣʠʯʠʥʝ 

ʨʘʙʦʪʳ ʩʠʣ ʃʦʨʝʥʮʘ ʜʝʡʩʪʚʫʶʱʝʡ ʥʘ ʩʚʦʙʦʜʥʳʝ ʵʣʝʢʪʨʦʥʳ ʚ ʩʣʦʝ d. ʇʦʣʷʨʠʟʘʮʠʷ ʧʦʚʝʨʭʥʦ-

ʩʪʠ ʧʨʦʚʦʜʥʠʢʘ ʧʨʠʚʦʜʠʪ ʢ ʙʳʩʪʨʦʤʫ ʧʨʝʢʨʘʱʝʥʠʶ ʨʘʜʠʘʣʴʥʳʭ ʪʦʢʦʚ. ʈʘʩʩʤʦʪʨʝʥʠʝ ʙʳʩʪʨʦ-

ʧʨʦʪʝʢʘʶʱʠʭ ʧʨʦʮʝʩʩʦʚ ʚ ʧʨʦʚʦʜʥʠʢʘʭ ʧʨʠ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʚʦʟʜʝʡʩʪʚʠʠ ʠʤʝʝʪʩʷ, ʥʘʧʨʠʤʝʨ, ʚ 

[8]. 
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ʈʠʩ. 4. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʦʙ ʦʩʝʚʦʤ ʫʩʢʦʨʝʥʠʠ Az ï (ʘ), ʜʠʥʘʤʠʯʝʩʢʦʡ ʩʠʣʳ ʚ ʦʩʝ-

ʚʦʤ ʥʘʧʨʘʚʣʝʥʠʠ Fz ï (ʙ) ʠ ʤʘʛʥʠʪʥʦʡ ʠʥʜʫʢʮʠʠ Bz ï (ʚ)    

ʅʘ ʨʠʩ. 4 ʧʨʠʚʝʜʝʥʳ ʩʠʥʭʨʦʥʥʳʝ ʟʘʧʠʩʠ ʩʠʛʥʘʣʦʚ ʦʩʝʚʦʡ ʢʦʤʧʦʥʝʥʪʳ ʫʩʢʦʨʝʥʠʷ, ʦʩʝ-

ʚʦʡ ʜʠʥʘʤʠʯʝʩʢʦʡ ʩʠʣʳ ʠ ʚʝʣʠʯʠʥʳ ʤʘʛʥʠʪʥʦʡ ʠʥʜʫʢʮʠʠ. ʂʘʢ ʠ ʨʝʟʫʣʴʪʘʪʳ, ʧʦʢʘʟʘʥʥʳʝ ʥʘ 

ʨʠʩ. 1, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʚʦʟʥʠʢʥʦʚʝʥʠʠ ʚ ʤʦʤʝʥʪʳ ʥʘʯʘʣʘ ʧʝʨʝʜʥʝʛʦ ʠ ʟʘʜʥʝʛʦ ʬʨʦʥʪʦʚ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʠʤʧʫʣʴʩʘ ʢʨʘʪʢʦʚʨʝʤʝʥʥʳʭ ʫʜʘʨʥʳʭ ʧʨʦʮʝʩʩʦʚ. ʇʦʣʷʨʥʦʩʪʴ ʪʘʢʠʭ ʧʨʦʮʝʩʩʦʚ 

ʟʘʚʠʩʠʪ ʦʪ ʧʦʣʷʨʥʦʩʪʠ ʧʨʦʠʩʭʦʜʷʱʝʛʦ ʩʪʫʧʝʥʯʘʪʦʛʦ ʠʟʤʝʥʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ. 

ʊʘʢʦʝ ʫʜʘʨʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ BR ʩ ʨʘʜʠʘʣʴ-

ʥʳʤʠ ʪʦʢʘʤʠ. ʊʘʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʦʧʠʩʳʚʘʝʪʩʷ ʢʘʢ ʧʨʦʜʦʣʴʥʘʷ ʩʠʣʘ ɸʤʧʝʨʘ. ɺʝʣʠʯʠʥʘ ʪʘ-

ʢʦʡ ʩʠʣʳ ʬʠʢʩʠʨʫʝʪʩʷ ʜʘʪʯʠʢʦʤ ʜʠʥʘʤʠʯʝʩʢʦʡ ʩʠʣʳ ʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʫʤʤʦʡ ʚʦʟʥʠʢʘʶʱʠʭ 
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ʦʩʝʚʳʭ ʩʠʣ ʚʦ ʚʩʝʭ ʩʝʯʝʥʠʷʭ ʧʨʦʚʦʜʥʠʢʘ, ʥʘʭʦʜʷʱʠʭʩʷ ʧʦʜ ʘʢʪʠʚʥʳʤ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʚʦʟʜʝʡ-

ʩʪʚʠʝʤ. ɸʜʜʠʪʠʚʥʦʝ ʜʝʡʩʪʚʠʝ ʦʩʝʚʦʡ ʩʠʣʳ ʦʪ ʚʩʝʭ ʩʝʯʝʥʠʡ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʦʣʫʯʝʥʠʝ ʙʦʣʴʰʦʡ 

ʘʤʧʣʠʪʫʜʳ ʦʪʢʣʠʢʘ. ʇʦʣʷʨʥʦʩʪʴ ʪʘʢʦʛʦ ʦʪʢʣʠʢʘ ʦʜʥʦʟʥʘʯʥʦ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦʣʷʨʥʦʩʪʴʶ ʩʪʫ-

ʧʝʥʴʢʠ. ʊʘʢʦʝ ʫʜʘʨʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʦʩʠ ʧʨʦʚʦʜʥʠʢʘ ʛʝʥʝʨʠʨʫʝʪ ʧʨʦʜʦʣʴʥʳʝ ʢʦ-

ʣʝʙʘʥʠʷ ʤʘʪʝʨʠʘʣʘ ʚ ʚʠʜʝ ʚʦʥʦʛʦ ʧʨʦʮʝʩʩʘ, ʟʘʪʫʭʘʶʱʝʛʦ ʚ ʪʝʯʝʥʠʠ ʧʦʩʣʝʜʫʶʱʝʛʦ ʜʝʡʩʪʚʠʷ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʠʤʧʫʣʴʩʘ, ʘ ʪʘʢʞʝ ʧʦʩʣʝ ʝʛʦ ʦʢʦʥʯʘʥʠʷ. ʇʦʷʚʣʝʥʠʝ ʦʩʝʚʳʭ ʢʦʣʝʙʘʥʠʡ ʚʳʟʳ-

ʚʘʝʪ ʪʘʢʞʝ ʧʦʧʝʨʝʯʥʳʝ ʠʟʛʠʙʥʳʝ ʢʦʣʝʙʘʥʠʷ, ʘʤʧʣʠʪʫʜʘ ʢʦʪʦʨʳʭ ʤʦʞʝʪ ʙʳʪʴ ʟʥʘʯʠʪʝʣʴʥʦʡ, 

ʧʦʩʢʦʣʴʢʫ ʞʝʩʪʢʦʩʪʴ ʧʨʦʚʦʜʥʠʢʘ ʚ ʧʦʧʝʨʝʯʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʩʨʘʚʥʠʪʝʣʴʥʦ ʤʘʣʘ. 

ɺʳʚʦʜʳ. 

ʇʨʝʜʣʦʞʝʥʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʧʨʦʮʝʩʩʦʚ ʚ ʧʨʦʚʦʜʥʠʢʝ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʵʣʝʢʪʨʠʯʝ-

ʩʢʦʛʦ ʠʤʧʫʣʴʩʘ, ʧʦʟʚʦʣʷʶʱʘʷ ʦʙʲʷʩʥʠʪʴ ʧʦʷʚʣʝʥʠʝ ʧʦʣʷʨʥʦʛʦ  ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ ʚ ʚʠʜʝ 

ʫʜʘʨʥʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ  ʟʘʪʫʭʘʶʱʠʭ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʜʝʬʦʨʤʘʮʠʡ. 
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ʋʉʊɸʃʆʉʊʅʓɽ ʀ ʈɽʃɸʂʉɸʎʀʆʅʅʓɽ ʇʈʆʎɽʉʉʓ ɺ ʄɽ-

ʊɸʃʃɸʍ ʇʈʀ ʕʃɽʂʊʈʆʀʄʇʋʃʔʉʅʆʄ ɺʆɿɼɽʁʉʊɺʀʀ 

ʉʪʘʰʝʥʢʦ ɺ.ʀ. 

ʢ.ʬ.-ʤ.ʥ. , ʚʝʜʫʱʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ ʀʥʩʪʠʪʫʪʘ ʤʘʰʠʥʦʚʝʜʝʥʠʷ ʠʤ. ɸ.ɸ. ɹʣʘʛʦʥʨʘʚʦʚʘ 

ʈɸʅ 

ʉʢʚʦʨʮʦʚ ʆ.ɹ. 

ʢ.ʪ.ʥ., ʩʪʘʨʰʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ ʀʥʩʪʠʪʫʪʘ ʤʘʰʠʥʦʚʝʜʝʥʠʷ ʠʤ. ɸ.ɸ. ɹʣʘʛʦʥʨʘʚʦʚʘ ʈɸʅ 

 

ɸʥʥʦʪʘʮʠʷ. ʈʘʩʩʤʦʪʨʝʥʳ ʧʨʦʮʝʩʩʳ ʚʠʙʨʘʮʠʦʥʥʦʛʦ ʥʘʛʨʫʞʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʠ ʵʣʝʢʪʨʦ-

ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ. ʇʨʝʜʩʪʘʚʣʝʥʳ ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʚʳʙʦʨʫ ʯʘʩʪʦʪʥʦʛʦ ʜʠʘʧʘʟʦʥʘ 

ʢʦʥʪʨʦʣʷ ʩ ʫʯʝʪʦʤ ʟʘʜʘʷ ʚʠʙʨʦʘʢʫʩʪʠʯʝʢʩʢʦʡ ʜʠʘʛʥʦʩʪʠʢʠ ʠ ʦʮʝʥʢʠ ʫʩʪʘʣʦʩʪʥʳʭ ʧʦʚʨʝʞʜʝ-

ʥʠʡ. ʆʪʤʝʯʝʥʘ ʨʦʣʴ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʚʠʙʨʘʮʠʦʥʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ ʚ ʫʢʘʟʘʥʥʳʭ ʦʙʣʘʩʪʷʭ. 

ɺʢʣʘʜ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʚʠʙʨʘʮʠʠ ʦʮʝʥʠʚʘʝʪʩʷ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʩʠʥʝʨʛʠʟʤʘ ʜʚʫʭʯʘʩʪʦʪʥʦʛʦ 

ʥʘʛʨʫʞʝʥʠʷ, ʘ ʪʘʢʞʝ ʤʥʦʛʦʮʠʢʣʦʚʦʡ ʠ ʩʚʝʨʭʤʥʦʛʦʮʠʢʣʦʚʦʡ ʫʩʪʘʣʦʩʪʠ.   

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʵʬʬʝʢʪ ʙʣʠʟʦʩʪʠ, ʚʳʩʦʢʦʯʘʩʪʦʪʥʘʷ ʚʠʙʨʘʮʠʷ, ʫʩʪʘʣʦʩʪʴ, ʤʥʦʛʦʮʠʢʣʦʚʦʝ 

ʥʘʛʨʫʞʝʥʠʝ, ʚʠʙʨʦʧʣʘʩʪʠʯʝʩʢʠʡ ʵʬʬʝʢʪ, ʰʠʨʦʪʥʦ-ʠʤʧʫʣʴʩʥʦʝ ʵʣʝʢʪʨʦʦʙʦʨʫʜʦʚʘʥʠʝ.   
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Annotation. The processes of vibration loading of electrical and electromechanical equipment are 

considered. Recommendations are presented on the choice of the frequency range of control, taking 

into account the setting of vibroacoustic diagnostics and the assessment of fatigue damage. The role 

of high-frequency vibrational components in these areas is noted. The contribution of high-frequency 

vibration is evaluated in terms of the synergy of two-frequency loading, as well as high-cycle and 

ultra-high-cycle fatigue.   
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ʆʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʘʷ ʤʝʭʘʥʠʯʝʩʢʘʷ ʧʨʦʯʥʦʩʪʴ ʪʘʢʠʭ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʵʣʝʤʝʥʪʦʚ ʢʘʢ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʷʱʠʝ ʰʠʥʳ ʪʨʘʥʩʬʦʨʤʘʪʦʨʦʚ, ʣʠʥʠʡ ʧʝʨʝʜʘʯʠ ʵʥʝʨʛʠʠ, ʛʝʥʝʨʘʪʦʨʦʚ ʠ ʵʣʝʢʪʨʦ-

ʜʚʠʛʘʪʝʣʝʡ ʜʝʣʘʝʪ ʥʝʦʙʭʦʜʠʤʦʡ ʢʦʥʪʨʦʣʴ ʚʠʙʨʘʮʠʦʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʪʘʢʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʠ 

ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ. ɼʣʷ ʪʘʢʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ, ʨʘʙʦʪʘʶʱʝʛʦ ʥʘ ʧʨʦʤʳʰʣʝʥ-

ʥʦʡ ʯʘʩʪʦʪʝ 50-60 ɻʮ, ʪʠʧʦʚʳʤʠ ʷʚʣʷʶʪʩʷ ʚʠʙʨʘʮʠʠ ʥʘ ʵʪʦʡ ʠ ʫʜʚʦʝʥʥʦʡ ʨʘʙʦʯʝʡ ʯʘʩʪʦʪʘʭ, ʘ 

ʪʘʢʞʝ ʥʘ ʠʭ ʛʘʨʤʦʥʠʢʘʭ. ʊʘʢʠʝ ʚʠʙʨʘʮʠʠ ʦʧʨʝʜʝʣʷʶʪʩʷ ʵʬʬʝʢʪʦʤ ʙʣʠʟʦʩʪʠ, ʧʨʠ ʢʦʪʦʨʦʤ ʜʝ-

ʬʦʨʤʠʨʫʶʱʠʝ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʠʣʳ ʩʚʷʟʘʥʳ ʩ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʧʨʦʚʦʜʥʠʢʦʚ ʩ ʪʦʢʦʤ ʠ ʩ ʚʦʟ-

ʥʠʢʘʶʱʠʤʠ ʧʨʠ ʨʘʙʦʪʝ ʤʘʛʥʠʪʥʳʤʠ ʧʦʣʷʤʠ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʤʣʱʥʦʝ ʵʣʝʢʪʨʦʦʙʦʨʫʜʦʚʘ-

ʥʠʝ ʯʘʩʪʦ ʨʝʘʣʠʟʫʝʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʝʭʥʦʣʦʛʠʡ ʯʘʩʪʦʪʥʦʛʦ ʠʤʧʫʣʴʩʥʦʛʦ ʧʨʝʦʙʨʘʚʟʦʚʘ-

ʥʠʷ (ʨʠʩ. 1). 

 

ʈʠʩ. 1. ʊʠʧʠʯʥʘʷ ʩʪʨʫʢʪʫʨʘ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʦʪ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʠʤʧʫʣʴʩʥʦʛʦ ʢʣʶʯʝʚʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʜʣʷ ʠʩʪʦʯʥʠʢʘ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ (ʘʢʢʫʤʫʣʷʪʦʨʘ) 

ʠʣʠ ʛʝʥʝʨʘʪʦʨʘ ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ ʧʝʨʝʤʝʥʥʦʡ ʯʘʩʪʦʪʳ.    

ɺ ʪʘʢʦʤ ʦʙʦʨʫʜʦʚʘʥʠʠ ʯʘʩʪʦʪʥʳʡ ʜʠʘʧʘʟʦʥ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʦʢʘʟʳʚʘʝʪʩʷ ʩʫ-

ʱʝʩʪʚʝʥʥʦ ʙʦʣʝʝ ʰʠʨʦʢʠʤ. ʕʪʦ ʪʨʝʙʫʝʪ ʫʯʝʪʘ ʨʷʜʘ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʬʠʟʠʯʝʩʢʠʭ ʷʚʣʝʥʠʡ. 

ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʤʦʞʥʦ ʧʨʠʚʝʩʪʠ ʧʨʦʷʚʣʝʥʠʝ ʵʣʝʢʪʨʦʧʣʘʩʪʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ ʧʨʠ 

ʢʦʪʦʨʦʤ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠʤʧʫʣʴʩʳ ʚ ʧʨʦʚʦʜʷʱʝʤ ʤʘʪʝʨʠʘʣʝ ʩʫʱʝʩʪʚʝʥʥʦ ʩʥʠʞʘʶʪ ʧʦʨʦʛ ʧʣʘ-

ʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ, ʯʪʦ ʤʦʞʝʪ ʩʥʠʟʠʪʴ ʧʨʦʯʥʦʩʪʴ ʠ ʥʘʜʝʞʥʦʩʪʴ ʵʣʝʢʪʨʦʧʨʦʚʦʜʷʱʠʭ ʢʦʥ-

ʩʪʨʫʢʪʠʚʥʳʭ ʵʣʝʤʝʥʪʦʚ. ʇʨʠ ʦʙʨʘʙʦʪʢʝ ʤʝʪʘʣʣʦʚ (ʨʠʩ. 2) ʵʪʦʪ ʵʬʬʝʢʪ ʧʦʟʚʦʣʷʝʪ [1-4] ʧʦʚʳ-

ʩʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʦʙʨʘʙʦʪʢʠ, ʥʦ ʚ ʜʝʡʩʪʚʫʶʱʝʤ ʦʙʦʨʫʜʦʚʘʥʠʠ ʪʘʢʠʝ ʧʨʦʮʝʩʩʳ ʢʨʘʡʥʝ ʥʝ-

ʞʝʣʘʪʝʣʴʥʳ. 

 

ʈʠʩ. 2. ʆʙʨʘʙʦʪʢʘ ʧʨʠ ʧʨʦʢʘʪʢʝ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʟʘʛʦʪʦʚʢʠ 1 ʜʘʚʣʝʥʠʝʤ ʠʥʩʪʨʫʤʝʥʪʘ 2 ʩ 

ʧʨʠʤʝʥʝʥʠʝʤ ʵʣʝʢʪʨʦʧʣʘʩʪʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ. ʅʘ ʰʠʥʫ 3 ʠ ʠʥʩʪʨʫʤʝʥʪ 2 ʧʦʩʪʫʧʘʶʪ ʵʣʝʢ-

ʪʨʠʯʝʩʢʠʝ ʠʤʧʫʣʴʩʳ ʦʪ ʛʝʥʝʨʘʪʦʨʘ 4.    
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ɼʨʫʛʦʡ ʧʨʠʤʝʨ ʤʦʞʥʦ ʩʚʷʟʘʪʴ ʩ ʰʠʨʦʢʠʤ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚ ʵʣʝʢʪʨʦʪʝʭʥʠʯʝʩʢʦʤ ʠ 

ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʦʤ ʦʙʦʨʫʜʦʚʘʥʠʡ ʢʦʥʪʘʢʪʥʳʭ ʩʦʝʜʠʥʝʥʠʡ. ʆʩʦʙʝʥʥʦʩʪʴ ʪʘʢʠʭ ʩʦʝʜʠʥʝʥʠʡ 

ʩʦʩʪʦʠʪ ʚ ʚ ʧʦʚʳʰʝʥʥʦʤ ʨʠʩʢʝ ʧʦʷʚʣʝʥʠʷ ʚ ʥʠʭ ʬʨʝʪʪʠʥʛ-ʢʦʨʨʦʟʠʠ. ʈʠʩʢʠ ʪʘʢʠʭ ʧʦʚʨʝʞʜʝʥʠʡ 

ʫʩʠʣʠʚʘʶʪʩʷ ʚʦʟʤʦʞʥʳʤ ʧʨʠʩʫʪʩʪʚʠʠ ʪʘʢʞʝ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʢʦʨʨʦʟʠʠ. ʌʨʝʪʪʠʥʛ ʢʦʨʨʦ-

ʟʠʷ ʚ ʤʘʣʦʧʦʜʚʠʞʥʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʷʭ ʫʩʫʛʫʶʣʷʝʪʩʷ ʥʝʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘ-

ʥʠʷ ʚ ʥʠʭ ʪʘʢʠʭ ʟʘʱʠʪʥʳʭ ʧʨʦʢʣʘʜʦʢ ʠ ʩʤʘʟʢʠ. ʌʨʝʪʪʠʥʛ ʢʦʨʨʦʟʠʷ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʫʩʣʦʚʠʷʭ 

ʚʦʟʜʝʡʩʪʚʠʷ ʚʠʙʨʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ [5, 6]. 

ʆʙʨʘʟʦʚʘʥʠʝ ʠ ʨʘʟʚʠʪʠʝ ʧʦʚʨʝʞʜʝʥʠʡ ʚ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʵʣʝʤʝʥʪʘʭ ʩʚʷʟʘʥʦ ʩ ʧʦʷʚʣʝ-

ʥʠʝʤ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʚʠʙʨʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ. ʕʪʠ ʧʨʦʮʝʩʩʳ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʧʨʠ 

ʨʝʰʝʥʠʠ ʟʘʜʘʯ ʜʠʘʛʥʦʩʪʠʢʠ ʠ ʧʦʠʩʢʘ ʜʝʬʝʢʪʦʚ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʤʝʪʦʜʦʚ ʘʢʫʩʪʠʯʝʩʢʦʡ ʵʤʠʩʩʠʠ 

ʠ ʬʨʝʪʪʠʥʛ-ʤʦʥʠʪʦʨʠʥʛʘ. ʇʨʠ ʵʪʦʤ ʯʘʩʪʦʪʥʳʡ ʜʠʘʧʘʟʦʥ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʚʠʙʨʘʮʠʡ ʦʙʳʯʥʦ 

ʩʫʱʝʩʪʚʝʥʥʦ ʚʳʰʝ ʚʝʨʭʥʝʡ ʛʨʘʥʠʯʥʦʡ ʯʘʩʪʦʪʳ ʦʙʦʨʫʜʦʚʘʥʠʷ ʚʠʙʨʘʮʠʦʥʥʦʛʦ ʤʦʥʠʪʦʨʠʥʛʘ ʠ 

ʪʨʝʙʫʝʪ ʧʨʠʤʝʥʝʥʠʷ ʩʧʝʮʠʘʣʴʥʳʭ ʪʝʭʥʠʯʝʩʢʠʭ ʨʝʰʝʥʠʡ [7, 8]. ʇʨʠ ʪʘʢʦʤ ʤʦʥʠʪʦʨʠʥʛʝ ʚʢʣʘʣ 

ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʚʠʙʨʘʮʠʡ ʤʦʞʝʪ ʙʳʪʴ ʩʫʱʝʩʪʚʝʥʥʦ ʥʝʜʦʦʮʝʥʝʥ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ. 

ʇʨʠ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʠ ʤʦʥʠʪʦʨʠʥʛʝ ʦʙʦʨʫʜʦʚʘʥʠʷ ʚʠʙʨʘʮʠʷ, ʢʘʢ ʧʨʘʚʠʣʦ, ʦʮʝʥʠʚʘʝʪʩʷ 

ʧʦ ʚʝʣʠʯʠʥʝ ʥʘʙʣʶʜʘʝʤʳʭ ʧʝʨʝʤʝʱʝʥʠʡ (ʜʝʬʦʨʤʘʮʠʡ) ʠʣʠ ʩʨʝʜʥʝʤʫ ʫʨʦʚʥʶ ʚʠʙʨʘʮʠʦʥʥʦʡ 

ʩʢʦʨʦʩʪʠ. ʅʘ ʨʠʩ. 3 ʧʨʠʚʝʜʝʥ ʧʨʠʤʝʨ ʟʘʧʠʩʠ ʩʠʛʥʘʣʦʚ ʫʩʢʦʨʝʥʠʷ ʠ ʧʝʨʝʤʝʱʝʥʠʷ ʫʜʘʨʥʦʛʦ ʤʝ-

ʭʘʥʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ. ʂʘʢ ʚʠʜʥʦ ʠʟ ʵʪʠʭ ʨʘʟʥʳʭ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʦʜʥʦʛʦ ʠ ʪʦʛʦ ʞʝ ʚʠʙʨʘʮʠʦʥ-

ʥʦʛʦ ʧʨʦʮʝʩʩʘ ʢʦʣʠʯʝʩʪʚʦ ʜʠʥʘʤʠʯʝʩʢʠʭ ʮʠʢʣʦʚ  ʧʦ ʫʩʢʦʨʝʥʠʶ ʤʦʞʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʧʨʝʚʦʩʭʦ-

ʜʠʪʴ  ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʯʠʩʣʦ ʮʠʢʣʦʚ ʜʝʬʦʨʤʘʮʠʠ ʩ ʠʟʤʝʥʝʥʠʝʤ ʟʥʘʢʘ. 

 

ʈʠʩ. 3. ɺʠʙʨʘʮʠʦʥʥʳʡ ʦʪʢʣʠʢ ʧʨʦʚʦʜʥʠʢʘ ʥʘ ʫʜʘʨʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ (ʵʣʝʤʝʥʪ ʦʙʤʦʪʢʠ ʵʣʝʢ-

ʪʨʦʤʦʪʦʨʘ).    

ɺʳʩʦʢʦʯʘʩʪʦʪʥʳʝ ʢʦʣʝʙʘʥʠʷ ʚʝʣʠʯʠʥʳ ʫʩʢʦʨʝʥʠʷ ʤʦʛʫʪ ʠʤʝʪʴ ʥʝʟʥʘʯʠʪʝʣʴʥʫʶ ʘʤʧʣʠ-

ʪʫʜʫ ʚ ʧʝʨʝʩʯʝʪʝ ʥʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʧʝʨʝʤʝʱʝʥʠʝ. ʊʝʤ ʥʝ ʤʝʥʝʝ ʧʨʠʩʫʪʩʪʚʠʝ ʪʘʢʠʭ ʘʜʜʠʪʠʚ-

ʥʳʭ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʥʘʛʨʫʞʝʥʠʡ ʤʦʞʝʪ ʩʦʧʨʦʚʦʞʜʘʪʴʩʷ ʚʝʩʴʤʘ ʟʘʤʝʪʥʳʤʠ ʫʤʝʥʴʰʝʥʠʷʤʠ 

ʮʠʢʣʠʯʝʩʢʦʡ ʧʨʦʯʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ [9-13].  
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ʉʥʠʞʝʥʠʝ ʮʠʢʣʠʯʝʩʢʦʡ ʧʨʦʯʥʦʩʪʠ ʚ ʫʩʣʦʚʠʷʭ ʧʦʣʠʛʘʨʤʦʥʠʯʝʩʢʦʛʦ ʥʘʛʨʫʞʝʥʠʷ ʩ ʚʳ-

ʩʦʢʦʯʘʩʪʦʪʥʦʡ ʘʜʜʠʪʠʚʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʧʦ ʫʩʢʦʨʝʥʠʶ ʧʨʝʜʧʦʣʘʛʘʝʪ ʠʟʤʝʥʝʥʠʝ ʩʪʨʫʢʪʫʨʳ 

ʩʠʩʪʝʤ ʚʠʙʨʘʮʠʦʥʥʦʛʦ ʤʦʥʠʪʦʨʠʥʛʘ ʦʙʦʨʫʜʦʚʘʥʠʷ, ʥʘʧʨʠʤʝʨ, ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʧʦʢʘʟʘʥʥʦʡ ʥʘ 

ʨʠʩ. 4. ʀʟʤʝʨʠʪʝʣʴʥʘʷ ʩʠʩʪʝʤʘ ʜʦʣʞʥʘ ʦʙʝʩʧʝʯʠʚʘʪʴ ʦʜʥʦʚʨʝʤʝʥʥʦʝ ʠʟʤʝʨʝʥʠʝ ʢʘʢ ʥʠʟʢʦʯʘ-

ʩʪʦʪʥʦʡ ʚʠʙʨʘʮʠʠ, ʪʘʢ ʠ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʚʠʙʨʘʮʠʠ. ʆʙʝʩʧʝʯʠʪʴ ʵʪʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʦʣʴʢʦ 

ʥʠʟʢʦʯʘʩʪʦʪʥʳʭ ʜʘʪʯʠʢʦʚ ʚʠʙʨʘʮʠʠ ʟʘʪʨʫʜʥʠʪʝʣʴʥʦ, ʧʦʩʢʦʣʴʢʫ ʪʘʢʠʝ ʜʘʪʯʠʢʠ ʠʤʝʶʪ ʥʠʟʢʫʶ 

ʯʘʩʪʦʪʫ ʩʦʙʩʪʚʝʥʥʦʛʦ ʨʝʟʦʥʘʥʩʘ ʠ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʟʘʨʝʟʦʥʘʥʩʥʦʡ ʦʙʣʘʩʪʠ ʥʝ ʧʦʟʚʦʣʷʝʪ ʧʦ-

ʣʫʯʠʪʴ ʜʦʩʪʦʚʝʨʥʳʝ ʜʘʥʥʳʝ ʦ ʚʠʙʨʘʮʠʠ. ʇʨʠʤʝʥʝʥʠʝ ʪʦʣʴʢʦ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʜʘʪʯʠʢʦʚ 

ʦʩʣʦʞʥʷʝʪʩʷ ʠʭ ʥʠʟʢʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴʶ ʚ ʦʙʣʘʩʪʠ ʥʠʟʢʠʭ ʯʘʩʪʦʪ, ʥʦ ʟʘʪʦ ʧʨʘʢʪʠʯʝʩʢʠ ʠʩ-

ʢʣʶʯʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʝʨʝʛʨʫʟʢʠ ʚʳʩʦʢʠʤʠ ʫʨʦʚʥʷʤʠ ʫʩʢʦʨʝʥʠʷ. ʕʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʦʚʳʰʝʥ-

ʥʫʶ ʜʦʩʪʦʚʝʨʥʦʩʪʴ ʨʘʙʦʪʳ ʩʠʩʪʝʤʳ ʧʨʦʪʠʚʦʘʚʘʨʠʡʥʦʡ ʟʘʱʠʪʳ ï ʉʇɸɿ. 

 

 

 

ʈʠʩ. 4. ʉʪʨʫʢʪʫʨʘ ʩʠʩʪʝʤʳ ʚʠʙʨʘʮʠʦʥʥʦʡ ʧʨʦʪʠʚʦʘʚʘʨʠʡʥʦʡ ʟʘʱʠʪʳ ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝ-

ʩʢʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ    
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ʈʠʩ. 5. ʊʠʧʦʚʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʧʨʝʜʝʣʴʥʳʭ ʜʦʧʫʩʪʠʤʳʭ ʥʘʧʨʷʞʝʥʠʡ ʠ ʫʩʢʦʨʝʥʠʡ ʚ ʟʘʚʠʩʠʤʦ-

ʩʪʠ ʦʪ ʯʠʩʣʘ ʮʠʢʣʦʚ ʥʘʛʨʫʞʝʥʠʷ   

ɺʳʚʦʜʳ. 

ʋʯʝʪ ʫʩʢʦʨʝʥʠʡ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʚʠʙʨʘʮʠʠ ʧʦʟʚʦʣʠʪ ʩʥʠʟʠʪʴ ʨʠʩʢʠ ʚʥʝʟʘʧʥʳʭ ʦʪʢʘʟʦʚ 

ʟʘ ʩʯʝʪ ʫʯʝʪʘ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʝʜʝʣʴʥʦ-ʜʦʧʫʩʪʠʤʳʭ ʫʩʢʦʨʝʥʠʡ ʚ ʩʣʫʯʘʝ ʤʥʦʛʦʮʠʢʣʦʚʦʛʦ ʠ 

ʩʚʝʨʭʤʥʦʛʦʮʠʢʣʦʚʦʛʦ ʥʘʛʨʫʞʝʥʠʷ. ʉʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʚ ʚʠʜʝ S-N ʜʠʘʛʨʘʤʤʳ 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 5. ʅʘ ʜʘʥʥʦʡ ʜʠʘʛʨʘʤʤʝ ʧʨʝʜʩʪʘʚʣʝʥʘ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʴ ʚʝʣʠʯʠʥ ʤʝʭʘʥʠ-

ʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʠ ʜʝʡʩʪʚʫʶʱʠʭ ʫʩʢʦʨʝʥʠʡ [14]. 
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ʋɼʂ 54.057 + 661.868.2 

 

ʀʉʇʆʃʔɿʆɺɸʅʀɽ ʄɽʊʆɼɸ ʉɾʀɻɸʅʀʗ ɻɽʃʗ ɼʃʗ ʇʆʃʋ-

ʏɽʅʀʗ ʂɽʈɸʄʀʏɽʉʂʆɻʆ ʄɸʊɽʈʀɸʃɸ InGaMgO4 

ʗʥʠʰʝʚʩʢʠʡ ɸ.ɺ. 

ʉʪʫʜʝʥʪ ʛʨʫʧʧʳ ʊʃɹʆ-01-20, ʀʥʩʪʠʪʫʪ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʠ ʠʥʜʫʩʪʨʠʘʣʴʥʦʛʦ ʧʨʦ-

ʛʨʘʤʤʠʨʦʚʘʥʠʷ ʈʊʋ ʄʀʈʕɸ 

ʂʦʥʜʨʘʪʴʝʚʘ ʆ.ʅ. 

ʂʘʥʜʠʜʘʪ ʭʠʤʠʯʝʩʢʠʭ ʥʘʫʢ, ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ, ʃʘʙʦʨʘʪʦʨʠʷ ʪʝʨʤʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʠ ʢʘʣʦ-

ʨʠʤʝʪʨʠʠ, ʀʥʩʪʠʪʫʪ ʦʙʱʝʡ ʠ ʥʝʦʨʛʘʥʠʯʝʩʢʦʡ ʭʠʤʠʠ ʠʤ. ʅ.ʉ. ʂʫʨʥʘʢʦʚʘ ʈɸʅ 

ʉʤʠʨʥʦʚʘ ʄ.ʅ. 

ʂʘʥʜʠʜʘʪ ʭʠʤʠʯʝʩʢʠʭ ʥʘʫʢ, ʩʪʘʨʰʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ, ʃʘʙʦʨʘʪʦʨʠʷ ʩʠʥʪʝʟʘ ʬʫʥʢʮʠʦ-

ʥʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʧʝʨʝʨʘʙʦʪʢʠ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ, ʀʥʩʪʠʪʫʪ ʦʙʱʝʡ ʠ ʥʝʦʨʛʘʥʠʯʝʩʢʦʡ 

ʭʠʤʠʠ ʠʤ. ʅ.ʉ. ʂʫʨʥʘʢʦʚʘ ʈɸʅ 

ʅʠʢʠʬʦʨʦʚʘ ɻ.ɽ. 

ʅʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ, ʃʘʙʦʨʘʪʦʨʠʷ ʪʝʨʤʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʠ ʢʘʣʦʨʠʤʝʪʨʠʠ, ʀʥʩʪʠʪʫʪ ʦʙʱʝʡ ʠ 

ʥʝʦʨʛʘʥʠʯʝʩʢʦʡ ʭʠʤʠʠ ʠʤ. ʅ.ʉ. ʂʫʨʥʘʢʦʚʘ ʈɸʅ 

 

ɸʥʥʦʪʘʮʠʷ. ʇʨʝʜʣʦʞʝʥʘ ʥʦʚʘʷ ʤʝʪʦʜʠʢʘ ʧʦʣʫʯʝʥʠʷ ʢʝʨʘʤʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ InGaMgO4. ɺ 

ʝʝ ʦʩʥʦʚʝ ʣʝʞʠʪ ʨʝʘʢʮʠʷ ʛʦʨʝʥʠʷ ʛʝʣʝʦʙʨʘʟʥʦʡ ʢʦʤʧʦʟʠʮʠʠ, ʧʨʠʛʦʪʦʚʣʝʥʥʦʡ ʥʘ ʦʩʥʦʚʝ ʦʨʛʘ-

ʥʠʯʝʩʢʦʛʦ ʪʦʧʣʠʚʘ ʠ ʥʠʪʨʘʪʦʚ ʠʥʜʠʷ, ʛʘʣʣʠʷ ʠ ʤʘʛʥʠʷ. ʀʩʩʣʝʜʦʚʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ 

ʵʪʦʛʦ ʦʢʩʠʜʘ ʠʟ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʭ ʢʦʤʧʦʟʠʮʠʡ ʩ ʢʨʘʭʤʘʣʦʤ, ʧʦʣʠʚʠʥʠʣʦʚʳʤ ʩʧʠʨʪʦʤ, ʫʨʦ-

ʪʨʦʧʠʥʦʤ ʠ ʛʣʠʮʠʥʦʤ. ʌʘʟʦʚʳʡ ʩʦʩʪʘʚ ʧʨʦʜʫʢʪʦʚ ʪʝʨʤʠʯʝʩʢʦʛʦ ʨʘʟʣʦʞʝʥʠʷ ʜʦ ʠ ʧʦʩʣʝ ʠʭ 

ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʠʟʫʯʝʥ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʧʦʨʦʰʢʦʚʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʧʨʦʜʫʢʪʘʭ ʪʝʨʤʦʣʠʟʘ ʢʦʤʧʦʟʠʮʠʡ ʩ ʘʟʦʪʩʦʜʝʨʞʘʱʠʤʠ ʪʦʧʣʠʚʘʤʠ (ʫʨʦ-

ʪʨʦʧʠʥ ʠ ʛʣʠʮʠʥ) ʩʦʜʝʨʞʠʪʩʷ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ In2O3, ʘ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʢʨʘʭʤʘʣʘ ʠ 

ʇɺʉ ʧʨʦʜʫʢʪʳ ʪʝʨʤʦʣʠʟʘ ʨʝʥʪʛʝʥʦʘʤʦʨʬʥʳ. ʂʨʘʪʢʦʩʨʦʯʥʳʡ ʦʪʞʠʛ ʨʝʥʪʛʝʥʦʘʤʦʨʬʥʳʭ 

ʧʨʝʢʫʨʩʦʨʦʚ (1300ÁC, 4 ʯ) ʧʨʠʚʦʜʠʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʦʜʥʦʬʘʟʥʦʛʦ ʧʦʨʦʰʢʘ InGaMgO4 ʩ ʤʠʢ-

ʨʦʥʥʳʤ ʨʘʟʤʝʨʦʤ ʟʝʨʥʘ (å 1ï10 ʤʢʤ). ɺ ʨʝʟʫʣʴʪʘʪʝ ʩʧʝʢʘʥʠʷ (1400ÁC, 10 ʯ) ʩʧʨʝʩʩʦʚʘʥʥʳʭ 

ʟʘʛʦʪʦʚʦʢ ʠʟ ʧʦʨʦʰʢʘ InGaMgO4 ʧʦʣʫʯʝʥ ʢʝʨʘʤʠʯʝʩʢʠʡ ʤʘʪʝʨʠʘʣ, ʠʤʝʶʱʠʡ ʦʪʥʦʩʠʪʝʣʴʥʫʶ 

ʧʣʦʪʥʦʩʪʴ å 86% ʦʪ ʪʝʦʨʝʪʠʯʝʩʢʦʡ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʦʢʩʠʜ ʠʥʜʠʷ-ʛʘʣʣʠʷ-ʤʘʛʥʠʷ (IGMO), ʤʝʪʦʜ ʩʞʠʛʘʥʠʷ ʛʝʣʷ, ʚʳʩʦʢʦʜʠʩʧʝʨʩ-

ʥʳʡ ʧʦʨʦʰʦʢ, ʢʝʨʘʤʠʢʘ 
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Abstract. A new technique for production of InGaMgO4 ceramic material has been proposed. It is 

based on the combustion reaction of a gel-like composition prepared on the basis of organic fuel and 

indium, gallium and magnesium nitrates. The possibility of obtaining this oxide from stoichiometric 

compositions with starch, polyvinyl alcohol, urotropine, and glycine has been studied. The phase 

composition of the thermolysis products before and after their thermal treatment was studied using 

the X-ray powder diffraction method. It was found that the thermolysis products of the compositions 

with nitrogen-containing fuels (urotropine and glycine) contain nanocrystalline In2O3, while when 

starch and PVA are used, the thermolysis products are X-ray amorphous. Short-term annealing of X-

ray amorphous precursors (1300ÁC, 4 h) leads to the formation of a single-phase InGaMgO4 powder 

with a micron grain size (å1ï10 ɛm).  A ceramic material obtained as a result of sintering (1400ÁC, 

10 h) of pressed workpieces from InGaMgO4 powder has a relative density of å 86% of the theoret-

ical. 

Keywords: indium-gallium-magnesium oxide (IGMO), gel combustion method, fine powder, ceram-
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ʆʜʥʠʤ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʣʶʤʠʥʦʬʦʨʦʚ ʢʨʘʩʥʦʛʦ [1] ʠ ʦʨʘʥ-

ʞʝʚʦʛʦ [2] ʩʚʝʯʝʥʠʷ, ʩʧʦʩʦʙʥʳʭ ʨʘʙʦʪʘʪʴ, ʚ ʪʦʤ ʯʠʩʣʝ, ʧʨʠ ʧʦʥʠʞʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (< 250 

K), ʷʚʣʷʝʪʩʷ ʦʢʩʠʜ ʠʥʜʠʷ-ʛʘʣʣʠʷ-ʤʘʛʥʠʷ InGaMgO4. ʊʨʘʜʠʮʠʦʥʥʦ ʜʘʥʥʳʡ ʤʘʪʝʨʠʘʣ ʧʦʣʫʯʘʶʪ 

ʪʚʝʨʜʦʬʘʟʥʳʤ ʤʝʪʦʜʦʤ (ʪʝʤʧʝʨʘʪʫʨʘ ʦʪʞʠʛʘ 1300 , ʜʣʠʪʝʣʴʥʦʩʪʴ 144 ʯ) ʠʟ ʦʢʩʠʜʦʚ ʤʝʪʘʣ-

ʣʦʚ [3]. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʚʧʝʨʚʳʝ ʧʨʝʜʣʦʞʝʥ ʠ ʘʧʨʦʙʠʨʦʚʘʥ ʩʧʦʩʦʙ ʧʦʣʫʯʝʥʠʷ ʢʝʨʘʤʠʯʝʩʢʦʛʦ 

ʤʘʪʝʨʠʘʣʘ InGaMgO4, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʩʦʯʝʪʘʥʠʠ ʤʝʪʦʜʘ ʩʞʠʛʘʥʠʷ ʛʝʣʷ ʩ ʢʨʘʪʢʦʚʨʝʤʝʥʥʳʤ ʚʳ-

ʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʤ ʩʧʝʢʘʥʠʝʤ. 

ɼʣʷ ʩʠʥʪʝʟʘ ʧʦʨʦʰʢʘ InGaMgO4 ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʠʥʜʠʡ (ʤʘʨʢʘ ʀʥ-

0, ɤ(In) = 99.998 %), ʛʘʣʣʠʡ (ʤʘʨʢʘ ɻʣ-1, ɤ(Ga) = 99.9 %), ʤʘʛʥʠʡ (ʤʘʨʢʘ ʄʛ 90, ɤ(Mg) = 

99.90 %) ʠ ʘʟʦʪʥʘʷ ʢʠʩʣʦʪʘ (ʦʩ. ʯ. 18-4, ɤ(HNO3) = 70 %). ɺ ʢʘʯʝʩʪʚʝ ʪʦʧʣʠʚʘ ʠʩʧʦʣʴʟʦʚʘʣʠ 

ʢʨʘʭʤʘʣ (ʯ.ʜ.ʘ.), ʧʦʣʠʚʠʥʠʣʦʚʳʡ ʩʧʠʨʪ (ʇɺʉ, ʤʘʨʢʘ 20/1, ʚʳʩʰʠʡ ʩʦʨʪ), ʫʨʦʪʨʦʧʠʥ (ʭ.ʯ., 

ʤʘʨʢʘ ʉ, ʚʳʩʰʠʡ ʩʦʨʪ) ʠ ʛʣʠʮʠʥ (ʭ. ʯ., ɤ = 99.8%). 
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ʈʘʩʪʚʦʨʳ ʥʠʪʨʘʪʦʚ ʤʝʪʘʣʣʦʚ ʧʦʣʫʯʘʣʠ ʧʫʪʝʤ ʨʘʩʪʚʦʨʝʥʠʷ ʤʝʪʘʣʣʠʯʝʩʢʠʭ Ga, In, Mg ʚ 

ʘʟʦʪʥʦʡ ʢʠʩʣʦʪʝ. ʂ ʨʘʩʪʚʦʨʫ ʥʠʪʨʘʪʦʚ ʤʝʪʘʣʣʦʚ ʜʦʙʘʚʣʷʣʦʩʴ ʦʨʛʘʥʠʯʝʩʢʦʝ ʪʦʧʣʠʚʦ, ʟʘʪʝʤ ʨʘʩ-

ʪʚʦʨ ʫʧʘʨʠʚʘʣʩʷ ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʧʝʨʝʤʝʰʠʚʘʥʠʠ ʜʦ ʩʦʩʪʦʷʥʠʷ ʛʝʣʷ. ɼʘʣʴʥʝʡʰʝʝ ʥʘʛʨʝʚʘʥʠʝ 

ʛʝʣʝʦʙʨʘʟʥʳʭ ʤʘʩʩ ʧʨʠ å 90ÁC ʧʨʠʚʦʜʠʣʦ ʢ ʠʭ ʪʝʨʤʠʯʝʩʢʦʤʫ ʨʘʟʣʦʞʝʥʠʶ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʦʙʲ-

ʝʤʥʳʭ ʧʦʨʦʰʢʦʚ. ʇʦʣʫʯʝʥʥʳʝ ʧʦʨʦʰʢʠ-ʧʨʝʢʫʨʩʦʨʳ ʠʟʤʝʣʴʯʘʣʩʷ ʚ ʘʛʘʪʦʚʦʡ ʩʪʫʧʢʝ. ʏʘʩʪʴ 

ʧʨʝʢʫʨʩʦʨʘ ʦʪʙʠʨʘʣʠ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʝʛʦ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ. ɼʨʫʛʘʷ ʯʘʩʪʴ ʦʪʞʠʛʘʣʘʩʴ ʚ ʤʫ-

ʬʝʣʴʥʦʡ ʧʝʯʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1300  ʚ ʪʝʯʝʥʠʝ 4 ʯʘʩʦʚ ʥʘ ʚʦʟʜʫʭʝ. 

ʌʘʟʦʚʳʡ ʩʦʩʪʘʚ (ʈʌɸ) ʧʦʨʦʰʢʦʚ ʜʦ ʠ ʧʦʩʣʝ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʠʟʫʯʘʣʠ ʥʘ ʨʝʥʪ-

ʛʝʥʦʚʩʢʦʤ ʜʠʬʨʘʢʪʦʤʝʪʨʝ Bruker D8 Advance (CuKŬïʠʟʣʫʯʝʥʠʝ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ ɚ = 1.5418 ¡; 

Ni-ʬʠʣʴʪʨ; ʜʝʪʝʢʪʦʨ LynxEye). ʈʝʥʪʛʝʥʦʛʨʘʤʤʳ ʧʦʣʫʯʘʣʠ ʚ ʜʠʘʧʘʟʦʥʝ ʫʛʣʦʚ 2ɗ ʦʪ 10 ʜʦ 70Á ʩ 

ʰʘʛʦʤ 0.0133Á ʠ ʚʨʝʤʝʥʝʤ ʥʘʢʦʧʣʝʥʠʷ 0.5ʩ/ʰʘʛ. ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʘʥʘʣʠʟʠʨʦʚʘʣʠ ʩ ʧʦʤʦ-

ʱʴʶ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ Bruker TOPAS ʠ ʵʣʝʢʪʨʦʥʥʦʡ ʙʘʟʳ ʜʘʥʥʳʭ ICDD PDF-2. ɼʣʷ 

ʠʟʫʯʝʥʠʷ ʤʦʨʬʦʣʦʛʠʠ ʠ ʨʘʟʤʝʨʦʚ ʯʘʩʪʠʮ ʧʦʨʦʰʢʘ InGaMgO4 ʠʩʧʦʣʴʟʦʚʘʣʠ ʨʘʩʪʨʦʚʫʶ ʵʣʝʢ-

ʪʨʦʥʥʫʶ ʤʠʢʨʦʩʢʦʧʠʶ (ʈʕʄ). ʉʲʝʤʢʫ ʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʡ ʧʨʦʚʦʜʠʣʠ ʥʘ ʜʚʫʣʫʯʝʚʦʤ ʩʢʘʥʠʨʫ-

ʶʱʝʤ ʵʣʝʢʪʨʦʥʥʦ-ʠʦʥʥʦʤ ʢʦʤʧʣʝʢʩʝ FIB-SEM TESCAN AMBER X. 

ɸʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʈʌɸ ʦʙʨʘʟʮʦʚ ʜʦ ʠ ʧʦʩʣʝ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʪʞʠʛʘ (ʊʘʙʣʠʮʘ 

1) ʧʦʢʘʟʘʣ, ʯʪʦ ʦʨʛʘʥʠʯʝʩʢʦʝ ʪʦʧʣʠʚʦ ʩʫʱʝʩʪʚʝʥʥʳʤ ʦʙʨʘʟʦʤ ʚʣʠʷʝʪ ʥʘ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ ʧʨʦ-

ʜʫʢʪʦʚ ʨʝʘʢʮʠʠ ʛʦʨʝʥʠʷ. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʪʦʧʣʠʚʘ ʧʦʣʠʤʝʨʥʦʡ ʧʨʠʨʦʜʳ 

(ʢʨʘʭʤʘʣ ʠ ʇɺʉ) ʧʦʣʫʯʘʣʠʩʴ ʨʝʥʪʛʝʥʦʘʤʦʨʬʥʳʝ ʧʦʨʦʰʢʠ, ʘ ʚ ʩʣʫʯʘʝ ʘʟʦʪʩʦʜʝʨʞʘʱʝʛʦ ʪʦʧ-

ʣʠʚʘ (ʫʨʦʪʨʦʧʠʥ ʠ ʛʣʠʮʠʥ) ʥʘ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘʭ ʧʨʦʜʫʢʪʦʚ ʛʦʨʝʥʠʷ ʥʘʙʣʶʜʘʣʠʩʴ ʨʝʬʣʝʢʩʳ 

ʦʢʩʠʜʘ ʠʥʜʠʷ. ʇʦʩʣʝ ʦʪʞʠʛʘ ʦʙʨʘʟʮʦʚ, ʩʦʜʝʨʞʘʱʠʭ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʬʘʟʫ In2O3, ʙʳʣʘ 

ʧʦʣʫʯʝʥʘ ʩʤʝʩʴ, ʩʦʩʪʦʷʱʘʷ ʠʟ ʦʩʥʦʚʥʦʡ ʬʘʟʳ InGaMgO4 ʠ ʧʨʠʤʝʩʝʡ ʚ ʚʠʜʝ ʛʘʣʣʘʪʘ ʤʘʛʥʠʷ 

MgGa2O4 ʠ ʦʢʩʠʜʘ ʠʥʜʠʷ In2O3. ʇʨʠ ʘʥʘʣʦʛʠʯʥʦʡ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʝ ʨʝʥʪʛʝʥʦʘʤʦʨʬʥʳʭ 

ʧʨʝʢʫʨʩʦʨʦʚ ʦʙʨʘʟʦʚʘʣʘʩʴ ʯʠʩʪʘʷ ʬʘʟʘ InGaMgO4 (ʊʘʙʣʠʮʘ 1). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʩʜʝʣʘʪʴ 

ʚʳʚʦʜ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʪʦʧʣʠʚ, ʦʙʣʘʜʘʶʱʠʭ ʧʦʣʠʤʝʨʥʦʡ ʧʨʠʨʦʜʦʡ, ʧʦʟʚʦʣʷʝʪ ʩʠʥʪʝʟʠʨʦ-

ʚʘʪʴ ʙʝʩʧʨʠʤʝʩʥʳʡ ʧʦʨʦʰʦʢ InGaMgO4. ʇʨʠ ʵʪʦʤ ʜʣʠʪʝʣʴʥʦʩʪʴ ʩʪʘʜʠʠ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘ-

ʙʦʪʢʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʚʝʨʜʦʬʘʟʥʳʤ ʩʧʦʩʦʙʦʤ ʫʜʘʝʪʩʷ ʩʦʢʨʘʪʠʪʴ ʚ 30 ʨʘʟ. 

 

ʊʘʙʣʠʮʘ 1. ʌʘʟʦʚʳʡ ʩʦʩʪʘʚ ʧʨʦʜʫʢʪʦʚ ʪʝʨʤʠʯʝʩʢʦʛʦ ʨʘʟʣʦʞʝʥʠʷ ʢʦʤʧʦʟʠʮʠʡ ʩ ʨʘʟʥʳʤʠ 

ʪʦʧʣʠʚʘʤʠ ʜʦ ʠ ʧʦʩʣʝ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ 

ʊʦʧʣʠʚʦ 
 ʌʘʟʦʚʳʡ ʩʦʩʪʘʚ ʧʦʨʦʰʢʘ 

 ʇʨʝʢʫʨʩʦʨ (ʙʝʟ ʦʪʞʠʛʘ)  ʆʪʞʠʛ ʧʨʠ 1300ÁC / 4 ʯ 

ʂʨʘʭʤʘʣ 

(C6H10O5)n 
 

ʈʝʥʪʛʝʥʦʘʤʦʨʬʥʳʡ 

ʧʨʦʜʫʢʪ 

 

InGaMgO4 
ʇʦʣʠʚʠʥʠʣʦʚʳʡ ʩʧʠʨʪ 

(C4H6O2)n 
  

ʋʨʦʪʨʦʧʠʥ 

(CH2)6N4 
 

ʅʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ 

In2O3 

 InGaMgO4 (83 ʤʘʩʩ. %) 

MgGa2O4 (13ʤʘʩʩ. %) 

In2O3 (4 ʤʘʩʩ. %) 
ɻʣʠʮʠʥ 

NH2CH2COOH 
  

 

ʇʦ ʜʘʥʥʳʤ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʧʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʦʡ 

ʷʯʝʡʢʠ InGaMgO4. ʈʝʥʪʛʝʥʦʛʨʘʬʠʯʝʩʢʘʷ (ʪʝʦʨʝʪʠʯʝʩʢʘʷ) ʧʣʦʪʥʦʩʪʴ ɟtheor ʨʘʚʥʘ 5.550 ʛ/ʩʤ3. ʍʘ-

ʨʘʢʪʝʨʥʳʡ ʬʨʘʛʤʝʥʪ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʦʢʩʠʜʘ ʠʥʜʠʷ-ʛʘʣʣʠʷ-ʤʘʛʥʠʷ ʧʦʢʘʟʘʥ ʥʘ 

ʨʠʩ. 3(ʘ). 
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ʅʘ ʨʠʩ. 3(ʙ) ʧʨʝʜʩʪʘʚʣʝʥʦ ʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʦʜʥʦʬʘʟʥʦʛʦ ʧʦʨʦʰʢʘ InGaMgO4, ʧʦʣʫ-

ʯʝʥʥʦʛʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʨʘʭʤʘʣʘ. ʅʘ ʟʝʨʥʘʭ ʦʪʦʞʞʝʥʥʦʛʦ ʧʦʨʦʰʢʘ ʭʦʨʦʰʦ ʚʠʜʥʳ/ʨʘʟʣʠ-

ʯʠʤʳ ʪʦʥʢʠʝ çʩʣʦʠè ï ʛʨʘʥʠ ʨʦʩʪʘ. ʈʘʟʤʝʨ ʯʘʩʪʠʮ ʧʦʨʦʰʢʘ ʚʘʨʴʠʨʫʝʪʩʷ ʚ ʧʨʝʜʝʣʘʭ ʦʪ å 1 ʜʦ 

10 ʤʢʤ. ʇʦʭʦʞʠʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʤʦʨʬʦʣʦʛʠʠ ʦʙʣʘʜʘʶʪ ʦʢʩʠʜʳ ʠʟ ʨʦʜʩʪʚʝʥʥʳʭ ʛʦʤʦʣʦʛʠ-

ʯʝʩʢʠʭ ʨʷʜʦʚ ï InBO3(ZnO)m (B = Ga, Fe; m = 1, é, n) [4, 5] ʠ LuFeMgO4 [6]. 

ʌʦʨʤʦʚʘʥʠʝ ʧʦʨʦʰʢʘ InGaMgO4 ʦʩʫʱʝʩʪʚʣʷʣʠ ʧʫʪʝʤ ʭʦʣʦʜʥʦʛʦ ʦʜʥʦʦʩʥʦʛʦ ʧʨʝʩʩʦʚʘ-

ʥʠʷ ʚ ʩʪʘʣʴʥʳʭ ʧʨʝʩʩ-ʬʦʨʤʘʭ ʥʘ ʛʠʜʨʘʚʣʠʯʝʩʢʦʤ ʧʨʝʩʩʝ ʧʦʜ ʜʘʚʣʝʥʠʝʤ 200 ʄʇʘ ʧʨʠ ʚʨʝʤʝʥʠ 

ʚʳʜʝʨʞʢʠ, ʨʘʚʥʦʤ 120 ʩ. ʇʦʣʫʯʝʥʥʳʝ ʟʘʛʦʪʦʚʢʠ ʧʦʤʝʱʘʣʠ ʚ ʧʣʘʪʠʥʦʚʳʡ ʪʠʛʝʣʴ ʠ ʩʧʝʢʘʣʠ ʥʘ 

ʚʦʟʜʫʭʝ ʧʨʠ 1400 ÁC ʚ ʪʝʯʝʥʠʝ 10 ʯʘʩʦʚ. ʇʣʦʪʥʦʩʪʴ (ɟobs) ʩʧʝʯʝʥʥʳʭ ʪʘʙʣʝʪʦʢ, ʦʧʨʝʜʝʣʝʥʥʘʷ 

ʧʦ ʦʪʥʦʰʝʥʠʶ ʠʭ ʤʘʩʩʳ ʢ ʛʝʦʤʝʪʨʠʯʝʩʢʦʤʫ ʦʙʲʝʤʫ, ʩʦʩʪʘʚʠʣʘ 4.750 ʛ/ʩʤ3. ʆʪʥʦʩʠʪʝʣʴʥʘʷ 

ʧʣʦʪʥʦʩʪʴ ʩʧʝʯʝʥʥʦʛʦ ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʚʳʨʘʞʝʥʥʘʷ ʚ ʧʨʦʮʝʥʪʘʭ ʦʪ ɟtheor, ʩʦʩʪʘʚʠʣʘ 

86 %. 

 

  

ʈʠʩ. 1. (ʘ) ʕʣʝʤʝʥʪʘʨʥʘʷ ʷʯʝʡʢʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ InGaMgO4 (ʧʨ.ʛʨ. Rï3m); (ʙ) 

ʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʧʦʨʦʰʢʘ InGaMgO4, ʧʦʣʫʯʝʥʥʦʛʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʨʘʭʤʘʣʘ ʚ ʢʘʯʝʩʪʚʝ 

ʪʦʧʣʠʚʘ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʅʘʫʯʥʦʛʦ ʌʦʥʜʘ, ʛʨʘʥʪ 

 ̄22-73-00185. 
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ʋɼʂ 678 

ʆʎɽʅʂɸ ʈɽʉʊɸɺʈɸʎʀʆʅʅʓʍ ʉɺʆʁʉʊɺ ʕʇʆʂʉʀɼʅʓʍ 

ʉʄʆʃ ʈʆʉʉʀʁʉʂʆɻʆ ʇʈʆʀɿɺʆɼʉʊɺɸ 

ʂʘʨʟʘʢʦʚʘ ɺ.ʉ. 

ʩʪʫʜʝʥʪʢʘ 4-ʛʦ ʢʫʨʩʘ ʙʘʢʘʣʘʚʨʠʘʪʘ ʀʇʊʀʇ ʈʊʋ ʄʀʈʕɸ 

ɹʘʜʘʥʶʢ ʉ.ɼ. 

ʩʪʫʜʝʥʪʢʘ 2-ʛʦ ʢʫʨʩʘ ʙʘʢʘʣʘʚʨʠʘʪʘ ʀʇʊʀʇ ʈʊʋ ʄʀʈʕɸ 

ɸʥʥʦʪʘʮʠʷ.  ʈʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʦʮʝʥʢʝ ʨʷʜʘ ʵʧʦʢʩʠʜʥʳʭ ʩʤʦʣ ʚ ʢʘʯʝʩʪʚʝ ʨʝʩʪʘʚʨʘʮʠʦʥʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ ʜʣʷ ʩʪʝʢʣʦʚʠʜʥʳʭ ʵʤʘʣʝʡ. ʆʮʝʥʝʥʘ ʧʝʨʩʧʝʢʪʠʚʘ ʫʣʫʯʰʝʥʠʷ ʩʦʩʪʘʚʘ ʠ ʩʚʦʡʩʪʚ 

ʢʦʤʧʘʫʥʜʦʚ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʵʧʦʢʩʠʜʥʘʷ ʩʤʦʣʘ, ʨʝʩʪʘʚʨʘʮʠʷ, ʩʪʝʢʣʦʚʠʜʥʘʷ ʵʤʘʣʴ. 
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ʈʝʩʪʘʚʨʘʪʦʨʳ ʯʘʩʪʦ ʩʪʘʣʢʠʚʘʶʪʩʷ ʩ ʪʘʢʦʡ ʧʨʦʙʣʝʤʦʡ, ʯʪʦ ʩʪʝʢʣʦʚʠʜʥʘʷ ʵʤʘʣʴ ʣʦʤʘ-

ʝʪʩʷ, ʚʳʮʚʝʪʘʝʪ, ʪʝʨʷʝʪ ʙʣʝʩʢ, ʘ ʪʘʢʞʝ ʧʨʦʠʩʭʦʜʷʪ ʠ ʜʨʫʛʠʝ ʧʦʚʨʝʞʜʝʥʠʷ. ʄʥʦʛʠʝ ʦʙʲʝʢʪʳ ʧʦ-

ʚʨʝʞʜʘʶʪʩʷ, ʢʘʢ ʠ ʚ ʧʝʨʝʚʦʟʢʝ, ʪʘʢ ʠ ʥʘʭʦʜʷʩʴ ʚ ʚʳʩʪʘʚʦʯʥʳʭ ʟʘʣʘʭ ʠʣʠ ʭʨʘʥʠʣʠʱʘʭ. ʇʦʚʨʝ-

ʞʜʝʥʠʝ ʩʪʝʢʣʦʚʠʜʥʦʡ ʵʤʘʣʠ ʯʘʩʪʦ ʧʨʦʠʩʭʦʜʠʪ ʠʟ-ʟʘ ʪʦʛʦ, ʯʪʦ ʵʪʦʪ ʤʘʪʝʨʠʘʣ ʜʦʩʪʘʪʦʯʥʦ ʭʨʫʧ-

ʢʠʡ ʠ çʢʘʧʨʠʟʥʳʡè. ʆʥ ʪʨʝʙʫʝʪ ʚʳʩʦʢʦʛʦ ʧʨʦʬʝʩʩʠʦʥʘʣʠʟʤʘ, ʧʨʘʢʪʠʢʠ ʠ ʦʩʪʦʨʦʞʥʦʩʪʠ. ɽʜʠ-

ʥʦʛʦ ʨʝʰʝʥʠʷ ʜʣʷ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʜʦ ʩʠʭ ʧʦʨ ʥʝʪ, ʪʘʢ ʢʘʢ ʦʜʠʥ ʚʘʨʠʘʥʪ ʤʦʞʝʪ ʧʦʜʭʦʜʠʪʴ ʢ 

ʦʜʥʦʤʫ ʠʟʜʝʣʠʶ, ʘ ʢ ʜʨʫʛʦʤʫ ʥʝʪ. 

ʊʝʭʥʠʢʘ ʵʤʘʣʠʨʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʜʨʝʚʥʝʡ ʠ ʰʠʨʦʢʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʡ ʪʝʭʥʦʣʦʛʠʝʡ, 

ʧʨʠʤʝʥʷʝʤʦʡ ʚ ʶʚʝʣʠʨʥʦʤ ʠ ʜʝʢʦʨʘʪʠʚʥʦʤ ʠʩʢʫʩʩʪʚʝ. ʕʤʘʣʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʧʨʦʯʥʦʝ 

ʩʪʝʢʣʦʚʠʜʥʦʝ ʧʦʢʨʳʪʠʝ, ʥʘʥʦʩʠʤʦʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʧʨʝʜʤʝʪʘ ʠ ʟʘʢʨʝʧʣʷʝʤʦʝ 

ʧʦʩʨʝʜʩʪʚʦʤ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʙʞʠʛʘ. ʇʨʝʜʤʝʪʳ ʢʫʣʴʪʫʨʥʦʛʦ ʥʘʩʣʝʜʠʷ, ʚʳʧʦʣʥʝʥʥʳʝ 

ʚ ʜʘʥʥʦʡ ʪʝʭʥʠʢʝ, ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʙʦʣʴʰʫʶ ʠʩʪʦʨʠʯʝʩʢʫʶ ʮʝʥʥʦʩʪʴ. ʉ ʛʦʜʘʤʠ ʚ ʩʪʝʢʣʦ-

ʚʠʜʥʳʭ ʵʤʘʣʷʭ ʧʨʦʪʝʢʘʶʪ ʩʪʨʫʢʪʫʨʥʳʝ ʠʟʤʝʥʝʥʠʷ, ʦʙʫʩʣʘʚʣʠʚʘʶʱʠʝ ʠʟʤʝʥʝʥʠʝ ʮʚʝʪʘ, 
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ʙʣʝʩʢʘ, ʧʨʦʟʨʘʯʥʦʩʪʠ, ʪʘʢʞʝ ʚʦʟʤʦʞʥʳ ʤʝʭʘʥʠʯʝʩʢʠʝ ʧʦʚʨʝʞʜʝʥʠʷ. ɺʘʞʥʦ ʩʦʭʨʘʥʷʪʴ ʧʝʨʚʦ-

ʟʜʘʥʥʳʡ ʦʙʣʠʢ ʧʨʝʜʤʝʪʦʚ, ʦʙʣʘʜʘʶʱʠʭ ʢʫʣʴʪʫʨʥʦʡ ʮʝʥʥʦʩʪʴʶ ʜʣʷ ʜʘʣʴʥʝʡʰʠʭ ʠʩʪʦʨʠʯʝʩʢʠʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ, ʘ ʨʷʜʫ ʧʨʝʜʤʝʪʦʚ, ʨʘʟʨʘʙʦʪʢʘ ʥʘʜʝʞʥʦʛʦ ʨʝʩʪʘʚʨʘʮʠʦʥʥʦʛʦ ʩʦʩʪʘʚʘ, ʧʦʟʚʦʣʠʪ 

ʧʨʠʜʘʪʴ ʩʪʘʙʠʣʴʥʳʡ ʵʢʩʧʦʟʠʮʠʦʥʥʳʡ ʚʠʜ. 

ʄʥʦʛʦʚʝʢʦʚʦʡ ʦʧʳʪ ʵʤʘʣʴʝʨʦʚ ʙʳʣ ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥ ʚ ʧʦʩʦʙʠʠ çʊʝʭʥʠʢʘ ʭʫʜʦʞʝʩʪʚʝʥ-

ʥʦʡ ʵʤʘʣʠ, ʯʝʢʘʥʢʠ, ʢʦʚʢʠè. ɸʚʪʦʨʳ ɸ. ɺ. ʌʣʝʨʦʚ, ʄ. ʊ. ɼʝʤʠʥʘ, ɸ. ʅ. ɽʣʠʟʘʨʦʚ, ʖ. ɸ. ʐʝ-

ʤʘʥʦʚ ʧʨʠʚʝʣʠ ʧʦʜʨʦʙʥʳʝ ʦʧʠʩʘʥʠʷ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʩʪʝʢʦʣʴʥʦʡ ʤʘʩʩʳ, ʧʦʜʛʦʪʦʚʢʠ ʧʦʜʣʦʞʢʠ 

ʠ ʥʘʥʝʩʝʥʠʷ ʥʘ ʥʝʝ ʩʦʩʪʘʚʘ, ʩʚʝʣʠ ʚ ʪʘʙʣʠʮʳ ʠʥʩʪʨʫʤʝʥʪʳ ʥʝʦʙʭʦʜʠʤʳʭ ʧʘʨʘʤʝʪʨʦʚ [1]. 

ʉʪʝʢʣʦʚʠʜʥʳʝ ʵʤʘʣʠ ʫʥʠʢʘʣʴʥʳ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʩʚʦʡʩʪʚ: ʧʨʦʟʨʘʯʥʦʩʪʴ, ʷʨʢʦʩʪʴ, ʙʣʝʩʢ, 

ʭʠʤʠʯʝʩʢʘʷ ʩʪʦʡʢʦʩʪʴ, ʜʦʣʛʦʚʝʯʥʦʩʪʴ 

ɺ ʩʪʘʪʴʝ Adam K., Kruschke D., Mªder M., M¿ller W., Neelmeier Ch. çʂʘʢʦʚʳ ʧʨʠʯʠʥʳ 

ʧʦʚʨʝʞʜʝʥʠʷ ʧʨʦʠʟʚʝʜʝʥʠʡ ʠʩʢʫʩʩʪʚʘ, ʧʦʢʨʳʪʳʭ ʵʤʘʣʴʶè ʦʧʠʩʘʥʦ, ʯʪʦ ʧʦʚʨʝʞʜʝʥʠʷ ʵʤʘʣʝ-

ʚʦʛʦ ʩʣʦʷ, ʩʦʧʨʦʚʦʞʜʘʶʱʠʝʩʷ ʧʦʪʝʨʝʡ ʙʣʝʩʢʘ ʧʦʚʝʨʭʥʦʩʪʠ, ʪʨʝʱʠʥʘʤʠ ʠ ʦʪʜʝʣʝʥʠʷʤʠ ʤʝʣʢʠʭ 

ʬʨʘʛʤʝʥʪʦʚ, ʦʙʫʩʣʦʚʣʝʥʳ ʚʦʟʜʝʡʩʪʚʠʝʤ ʭʠʤʠʯʝʩʢʠʭ ʬʘʢʪʦʨʦʚ. ʇʦʜ ʚʣʠʷʥʠʝʤ ʚʣʘʞʥʦʩʪʠ ʚʦʟ-

ʜʫʭʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʵʤʘʣʠ ʦʙʨʘʟʫʝʪʩʷ ʙʝʩʱʝʣʦʯʥʦʡ ʛʝʣʴ, ʯʪʦ ʚʳʟʳʚʘʝʪ ʥʘʧʨʷʞʝʥʠʝ, ʘ ʢʘʢ 

ʩʣʝʜʩʪʚʠʝ ï ʪʨʝʱʠʥʳ. ʍʠʤʠʯʝʩʢʘʷ ʩʪʦʡʢʦʩʪʴ ʟʘʚʠʩʠʪ ʦʪ ʩʦʩʪʘʚʘ ʧʦʢʨʳʪʠʷ. ʉʠʥʷʷ ʧʨʦʟʨʘʯʥʘʷ 

ʵʤʘʣʴ, ʷʚʣʷʶʱʘʷʩʷ ʧʦʯʪʠ ʯʠʩʪʳʤ ʩʠʣʠʢʘʪʥʳʤ ʩʪʝʢʣʦʤ ʩ ʚʳʩʦʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ ʱʝʣʦʯʠ ʜʝ-

ʤʦʥʩʪʨʠʨʫʝʪ ʥʘʠʤʝʥʴʰʫʶ ʭʠʤʠʯʝʩʢʫʶ ʩʪʦʡʢʦʩʪʴ ʠ ʥʘʠʙʦʣʴʰʫʶ ʧʦʜʚʝʨʞʝʥʥʦʩʪʴ ʧʦʪʫʩʢʥʝ-

ʥʠʶ [2]. 

ɺ ʧʫʙʣʠʢʘʮʠʠ Frischat G. H., Hellmond P., Wagner M. çʕʤʘʣʴ ʥʘ ʜʨʘʛʦʮʝʥʥʦʤ ʤʝʪʘʣʣʝè 

ʧʨʠʯʠʥʦʡ ʦʪʩʣʦʝʥʠʷ ʧʦʢʨʳʪʠʷ ʷʚʣʷʝʪʩʷ ʥʝʜʦʩʪʘʪʦʯʥʦʝ ʦʙʨʘʟʦʚʘʥʠʝ ʟʫʙʯʠʢʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʦʜʣʦʞʢʠ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʧʦʚʳʰʝʥʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʩʝʨʝʙʨʘ ʚ ʩʧʣʘʚʝ, ʜʦʙʘʚʣʷʝʤʦʛʦ ʜʣʷ ʙʦʣʴ-

ʰʝʡ ʦʢʠʩʣʠʪʝʣʴʥʦʡ ʩʪʦʡʢʦʩʪʠ. ʉʠʥʠʝ ʵʤʘʣʠ ʩʢʣʦʥʥʳ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʪʨʝʱʠʥ, ʟʝʣʝʥʳʝ ï ʢ ʦʪ-

ʩʣʦʝʥʠʶ, ʘ ʥʝʧʨʦʟʨʘʯʥʳʝ ʙʠʨʶʟʦʚʳʝ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʨʦʯʥʳʝ [3]. 

ʈʝʩʪʘʚʨʘʮʠʦʥʥʳʡ ʤʘʪʝʨʠʘʣ ʜʦʣʞʝʥ ʩʦʦʪʚʝʪʩʪʚʦʚʘʪʴ ʩʣʝʜʫʶʱʠʤ ʪʨʝʙʦʚʘʥʠʷʤ: 

¶ ɼʦʣʛʦʚʝʯʥʦʩʪʴ 

¶ ɺʳʩʦʢʠʝ ʘʜʛʝʟʠʦʥʥʳʝ ʩʚʦʡʩʪʚʘ 

¶ ʀʥʝʨʪʥʦʩʪʴ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʤʘʪʝʨʠʘʣʫ ʚʦʩʩʪʘʥʘʚʣʠʚʘʝʤʦʛʦ ʦʙʲʝʢʪʘ 

¶ ɹʝʩʮʚʝʪʥʦʩʪʴ ʠ ʧʨʦʟʨʘʯʥʦʩʪ ɹ

¶ ʉʚʝʪʦʩʪʦʡʢʦʩʪʴ 

¶ ʅʠʟʢʠʝ ʥʘʧʨʷʞʝʥʠʷ ʧʨʠ ʫʩʘʜʢʝ 

¶ ʉʪʦʡʢʦʩʪʴ ʢ ʙʠʦʨʘʟʨʫʰʝʥʠʷʤ 

¶ ɿʘʱʠʪʘ ʦʙʲʝʢʪʘ ʦʪ ʚʣʠʷʥʠʷ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ 

¶ ʆʙʨʘʪʠʤʦʩʪʴ 

ʇʦʤʠʤʦ ʵʪʦʛʦ, ʚʘʞʥʦ ʦʮʝʥʠʪʴ ʭʘʨʘʢʪʝʨ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʘʪʝʨʠʘʣʘ ʩ ʧʠʛʤʝʥʪʘʤʠ, ʚ 

ʥʘʰʝʤ ʩʣʫʯʘʝ ï ʜʠʦʢʩʠʜʦʤ ʪʠʪʘʥʘ TiO2. ʉʤʝʩʴ ʜʦʣʞʥʘ ʠʤʝʪʴ ʭʦʨʦʰʫʶ ʫʢʨʳʚʠʩʪʦʩʪʴ ʠ ʥʝ 

ʠʩʢʘʞʘʪʴ ʮʚʝʪ ʧʠʛʤʝʥʪʘ [4]. 

ʕʧʦʢʩʠʜʥʳʝ ʩʤʦʣʳ ʧʦʜʭʦʜʷʪ ʧʦ ʤʥʦʛʠʤ ʧʘʨʘʤʝʪʨʘʤ: 

¶ ʆʯʝʥʴ ʚʳʩʦʢʘʷ ʘʜʛʝʟʠʷ ʧʦʯʪʠ ʢʦ ʚʩʝʤ ʧʦʜʣʦʞʢʘʤ 

¶ ɺʳʩʦʢʘʷ ʘʪʤʦʩʬʝʨʦ-, ʚʣʘʛʦ- ʠ ʭʠʤʠʯʝʩʢʘʷ ʩʪʦʡʢʦʩʪʴ 

¶ ʅʠʟʢʠʝ ʫʩʘʜʢʠ ʧʨʠ ʦʪʚʝʨʞʜʝʥʠʠ.  

ʄʠʥʫʩʦʤ ʷʚʣʷʝʪʩʷ ʩʪʘʨʝʥʠʝ ʧʦʢʨʳʪʠʷ, ʧʨʦʷʚʣʷʝʤʦʝ ʢʘʢ ʠʟʤʝʥʝʥʠʝ ʮʚʝʪʘ ʠ ʙʣʝʩʢʘ. 
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ʆʩʥʦʚʥʦʡ ʧʨʠʯʠʥʦʡ ʩʪʘʨʝʥʠʷ ʧʦʣʠʤʝʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʷʚʣʷʶʪʩʷ ʨʘʜʠʢʘʣʳ, ʦʙʨʘʟʫʶ-

ʱʠʝʩʷ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʋʌ ʠʟʣʫʯʝʥʠʷ. ʕʥʝʨʛʠʷ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʡ ʨʘʜʠʘʮʠʠ ʜʦʩʪʘʪʦʯʥʘ ʜʣʷ 

ʪʦʛʦ, ʯʪʦʙʳ ʨʘʟʨʫʰʠʪʴ ʤʝʞʘʪʦʤʥʳʝ ʩʚʷʟʠ. ʕʪʦ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʤʘʢʨʦʤʦʣʝʢʫʣʳ ʩʧʦʩʦʙʩʪʚʫʝʪ 

ʬʦʪʦʦʢʠʩʣʠʪʝʣʴʥʦʡ ʜʝʩʪʨʫʢʮʠʠ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʦʭʨʫʧʯʠʚʘʥʠʶ, ʚʳʛʦʨʘʥʠʶ ʮʚʝʪʘ ʠ ʧʦʥʠʞʝ-

ʥʠʶ ʚʩʝʭ ʤʝʭʘʥʠʯʝʩʢʠʭ ʠ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʘ. ʌʦʪʦʦʢʠʩʣʠʪʝʣʴʥʫʶ ʜʝʩʪʨʫʢʮʠʶ 

ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʦʢʠʩʣʠʪʝʣʴʥʫʶ ʜʝʩʪʨʫʢʮʠʶ, ʠʥʠʮʠʠʨʫʝʤʫʶ ʨʘʜʠʢʘʣʘʤʠ, ʚʦʟʥʠʢʘ-

ʶʱʠʤʠ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘ ʧʦʣʠʤʝʨ. ɺ ʢʘʯʝʩʪʚʝ ʬʦʪʦʩʪʘʙʠʣʠʟʘ-

ʪʦʨʦʚ ʤʦʛʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʣʠʙʦ ʦʪʨʘʞʘʶʱʠʝ, ʣʠʙʦ ʧʦʛʣʦʱʘʶʱʠʝ ʋʌ ʠʟʣʫʯʝʥʠʝ ʩʦʝʜʠʥʝʥʠʝ 

[5]. 

ɺ ʥʘʰʝʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʤʳ ʧʦʩʪʘʨʘʣʠʩʴ ʦʧʨʝʜʝʣʠʪʴ, ʧʦʜʭʦʜʷʪ ʣʠ ʜʣʷ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ 

ʩʪʝʢʣʦʚʠʜʥʳʭ ʵʤʘʣʝʡ ʨʷʜ ʦʙʨʘʟʮʦʚ ʵʧʦʢʩʠʜʥʦʡ ʩʤʦʣʳ. ɺ ʩʦʚʨʝʤʝʥʥʳʭ ʫʩʣʦʚʠʷʭ, ʚʟʛʣʷʜ ʙʳʣ 

ʦʙʨʘʱʝʥ ʥʘ ʦʧʪʠʯʝʩʢʠʝ ʩʤʦʣʳ ʨʦʩʩʠʡʩʢʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʩʤʦʣʘʤʠ ʧʨʦʠʟʚʦʜʩʪʚʘ 

ɻʝʨʤʘʥʠʠ ʠ ʏʝʭʠʠ. 

ɼʣʷ ʦʪʩʣʝʞʠʚʘʥʠʷ ʜʠʥʘʤʠʢʠ ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʮʚʝʪʘ ʠ ʙʣʝʩʢʘ ʧʦʩʣʝ ʠʩʧʳʪʘʥʠʷ 

ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʳʤ ʠʟʣʫʯʝʥʠʝʤ, ʤʳ ʙʫʜʝʤ ʧʨʠʤʝʥʷʪʴ ʩʢʘʥʝʨ ʠ ʙʣʝʩʢʦʤʝʨ. ʉʢʘʥʳ ʧʦʜʛʦʪʦʚ-

ʣʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʙʫʜʝʤ ʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴ ʚ ʩʠʩʪʝʤʝ RGB. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʩʢʘʥʦʚ ʧʦʤʦʞʝʪ ʩʪʘ-

ʙʠʣʠʟʠʨʦʚʘʪʴ ʦʩʚʝʱʝʥʠʝ ʠ ʫʧʨʦʩʪʠʪʴ ʘʥʘʣʠʟ ʠʟʦʙʨʘʞʝʥʠʷ. ʇʦʜʨʦʙʥʦʝ ʦʧʠʩʘʥʠʝ ʚʩʝʭ ʘʩʧʝʢʪʦʚ 

ʢʦʣʦʨʠʤʝʪʨʠʠ ʩʦʜʝʨʞʠʪʩʷ ʚ ʢʥʠʛʝ çʎʚʝʪ ʚ ʥʘʫʢʝ ʠ ʪʝʭʥʠʢʝè ɼ. ɼʞʘʜʜʘ ʠ ɻ. ɺʳʰʝʮʢʦʛʦ [6]. 

ʀʟ ʜʘʥʥʦʛʦ ʧʦʩʦʙʠʷ ʩʣʝʜʫʝʪ, ʯʪʦ ʙʣʝʩʢ ï ʩʪʝʧʝʥʴ ʛʣʷʥʮʝʚʠʪʦʩʪʠ, ʨʝʟʢʦʩʪʴ ʦʪʨʘʞʝʥʥʦʛʦ 

ʠʟʦʙʨʘʞʝʥʠʷ ʧʨʠ ʢʦʪʦʨʦʤ ʫʩʪʫʧʘʝʪ ʨʝʟʢʦʩʪʠ ʛʣʷʥʮʝʚʦʛʦ ʟʝʨʢʘʣʘ. ʀʟʤʝʨʷʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʙʣʝʩ-

ʢʦʤʝʨʘ ʧʨʠ ʪʨʝʭ ʫʛʣʘʭ ʧʘʜʝʥʠʷ ʩʚʝʪʦʚʦʛʦ ʣʫʯʘ 20Á, 60Á, 85Á. ʇʦʪʝʨʠ ʙʣʝʩʢʘ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ 

ʦʙʫʩʣʦʚʣʝʥʳ ʜʝʬʝʢʪʘʤʠ ʧʦʚʝʨʭʥʦʩʪʠ: ʮʘʨʘʧʠʥʘʤʠ, ʚʳʙʦʠʥʘʤʠ, ʧʫʟʳʨʷʤʠ ʜʨ. 

ʉʠʩʪʝʤʘ ʦʧʠʩʘʥʠʷ ʮʚʝʪʦʚ RGB ʟʘʧʠʩʳʚʘʝʪ ʣʶʙʦʡ ʮʚʝʪ ʢʘʢ ʪʨʠ ʜʨʫʛʠʭ ʣʠʥʝʡʥʦ-ʥʝʟʘʚʠ-

ʩʠʤʳʭ ʮʚʝʪʘ: ʎ=R [R] + G [G]+ B [B], ʛʜʝ R, G ʠ ɺ ï ʢʦʣʠʯʝʩʪʚʘ ʦʩʥʦʚʥʳʭ ʮʚʝʪʦʚ [R] - ʢʨʘʩʥʳʡ, 

[G] - ʟʝʣʝʥʳʡ ʠ [B] - ʩʠʥʠʡ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ɺʝʣʠʯʠʥʳ ʩʚʝʪʦʚʳʭ ʧʦʪʦʢʦʚ ʌi ʙʳʣʠ ʩʧʝʮʠʘʣʴʥʦ ʧʦʜʦʙʨʘʥʳ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʪʨʠ 

ʦʩʥʦʚʥʳʭ ʮʚʝʪʘ, ʚʟʷʪʳʝ ʚ ʨʘʚʥʳʭ ʢʦʣʠʯʝʩʪʚʘʭ, ʜʘʚʘʣʠ ʚ ʩʫʤʤʝ ʝʜʠʥʠʯʥʳʡ ʙʝʣʳʡ ʮʚʝʪ çɽè: 

[R]+[G]+[B]=E. ɼʘʥʥʘʷ ʩʠʩʪʝʤʘ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʘ ʜʣʷ ʦʮʝʥʢʠ ʮʚʝʪʘ ʮʠʬʨʦʚʳʭ ʠʟʦʙʨʘ-

ʞʝʥʠʡ. ʇʦʜʨʦʙʥʦ ʪʝʦʨʠʷ RGB ʦʧʠʩʘʥʘ ʚ ʢʦʥʩʧʝʢʪʝ ʣʝʢʮʠʡ ʧʦ ʢʦʣʦʨʠʤʝʪʨʠʠ ʃʘʚʨʫʭʠʥʘ ɼ.ɺ. 

[7]. 

ɺ ʢʘʯʝʩʪʚʝ ʤʝʪʦʜʦʚ ʚʳʙʨʘʥʳ: 

¶ ʆʮʝʥʢʘ ʩʪʦʡʢʦʩʪʠ ʢ ʋʌ-ʚʦʟʜʝʡʩʪʚʠʶ ʧʦ ɻʆʉʊ 9.401-2018. 

¶ ʆʮʝʥʢʘ ʙʣʝʩʢʘ ʧʦ ɻʆʉʊ 31975-2017 (ISO 2813:2014) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʣʝʩʢʦʤʝʨʘ 

Elcometer 480 ʄʦʜʝʣʴ T 20/60/85Á. 

¶ ʆʮʝʥʢʘ ʮʚʝʪʘ ʧʦʣʠʤʝʨʥʦʛʦ ʧʦʢʨʳʪʠʷ ʧʦ ʰʢʘʣʝ RGB. 

¶ ʆʮʝʥʢʘ ʢʨʘʝʚʦʛʦ ʫʛʣʘ ʩʤʘʯʠʚʘʥʠʷ ʠ ʵʥʝʨʛʠʠ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ ʩ ʧʦʤʦ-
ʱʴ ʁʫʩʪʘʥʦʚʢʠ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʢʨʘʝʚʦʛʦ ʫʛʣʘ ʩʤʘʯʠʚʘʥʠʷ Kruss DSA 25. 

¶ ʆʮʝʥʢʘ ʪʚʝʨʜʦʩʪʠ ʧʦ ɻʆʉʊ 24621-91 (ISO 868-85) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʠʙʦʨʘ ʜʣʷ 

ʠʟʤʝʨʝʥʠʷ ʪʚʝʨʜʦʩʪʠ ʤʘʪʝʨʠʘʣʦʚ ʧʦ ʐʦʨʫ. 

¶ ʆʮʝʥʢʘ ʘʜʛʝʟʠʠ ʤʝʪʦʜʦʤ ʨʝʰʝʪʯʘʪʳʭ ʥʘʜʨʝʟʦʚ ʧʦ ɻʆʉʊ 31149-2014 ʩ ʠʩʧʦʣʴʟʦʚʘ-

ʥʠʝʤ ʤʥʦʛʦʣʝʟʚʠʡʥʦʛʦ ʥʦʞʘ-ʘʜʛʝʟʠʤʝʪʨʘ ʂʦʥʩʪʘʥʪʘ ʂʅ1. 

¶ ʆʮʝʥʢʘ ʪʦʣʱʠʥʳ ʧʦʢʨʳʪʠʷ ʧʨʠ ʧʦʤʦʱʠ ʪʦʣʱʠʥʦʤʝʨʘ ʧʦʢʨʳʪʠʡ ɺʊ-201. 

ɸʣʛʦʨʠʪʤ ʧʦʜʛʦʪʦʚʢʠ ʦʙʨʘʟʮʘ: 
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1. ʇʣʘʩʪʠʥʫ ʦʩʥʦʚʫ ʤʘʨʢʠ ʄ1 ʦʰʢʫʨʠʚʘʝʤ, ʦʙʝʟʞʠʨʠʚʘʝʤ 

2. ʇʦʜʧʠʩʳʚʘʝʤ ʧʣʘʩʪʠʥʫ ʩ ʠʟʥʘʥʦʯʥʦʡ ʩʪʦʨʦʥʳ 

3. ɺʟʚʝʰʠʚʘʝʤ ʢʦʤʧʦʥʝʥʪʳ ʩʤʦʣʳ ɸ ʠ ɹ ʥʘ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʚʝʩʘʭ, ʧʝʨʝʤʝʰʠʚʘʝʤ 

4. ʅʘʥʦʩʠʤ ʧʨʦʟʨʘʯʥʫʶ ʩʤʦʣʫ ʥʘ ʤʝʜʥʫʶ ʠ ʧʣʝʥʦʯʥʫʶ ʦʩʥʦʚʳ 

5. ɼʦʙʘʚʣʷʝʤ ʙʝʣʳʡ ʧʠʛʤʝʥʪ TiO2 10% ʧʦ ʤʘʩʩʝ, ʨʘʟʤʝʰʠʚʘʝʤ 

6. ʅʘʥʦʩʠʤ ʦʢʨʘʰʝʥʥʳʡ ʩʦʩʪʘʚ ʥʘ ʤʝʜʥʫʶ ʠ ʧʣʝʥʦʯʥʫʶ ʦʩʥʦʚʳ 

7. ɾʜʝʤ ʦʪʚʝʨʞʜʝʥʠʷ 

ʆʙʱʠʝ ʪʨʝʙʦʚʘʥʠʷ ʠ ʤʝʪʦʜʳ ʫʩʢʦʨʝʥʥʳʭ ʠʩʧʳʪʘʥʠʡ ʥʘ ʩʪʦʡʢʦʩʪʴ ʢ ʚʦʟʜʝʡʩʪʚʠʶ ʢʣʠ-

ʤʘʪʠʯʝʩʢʠʭ ʬʘʢʪʦʨʦʚ ʦʧʠʩʘʥʳ ʚ ɻʆʉʊ 9.401-2018. ʆʜʥʦ ʠʩʧʳʪʘʥʠʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʮʠʢʣ ʠʟ 9 

ʯʝʪʳʨʝʭʤʠʥʫʪʥʳʭ ʦʙʣʫʯʝʥʠʡ ʩ ʧʨʦʤʝʞʫʪʦʯʥʳʤ ʦʪʜʳʭʦʤ. 

ɿʘʚʝʨʰʝʥʳ 7 ʠʩʧʳʪʘʥʠʡ, ʦʪʩʥʷʪʳ 8 ʩʝʨʠʡ ʠʟʤʝʨʝʥʠʡ. ʅʘ ʨʠʩ. 1 ʧʦʢʘʟʘʥʦ ʢʘʢ ʤʝʥʷʣʠʩʴ 

ʦʙʨʘʟʮʳ ʩ ʪʝʯʝʥʠʝʤ ʠʩʧʳʪʘʥʠʷ. 

ɺ ʭʦʜʝ ʧʨʦʚʝʜʝʥʥʳʭ ʫʩʢʦʨʝʥʥʳʭ ʠʩʧʳʪʘʥʠʡ ʧʦʣʠʤʝʨʥʳʭ ʧʦʢʨʳʪʠʡ ʦʧʨʝʜʝʣʝʥ ʨʷʜ ʢʦʤ-

ʧʦʟʠʮʠʡ, ʧʦʢʘʟʘʚʰʠʭ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʫʶ ʩʪʦʡʢʦʩʪʴ ʢ ʘʪʤʦʩʬʝʨʥʦʤʫ ʚʦʟʜʝʡʩʪʚʠʶ. ɼʣʷ ʜʘʥ-

ʥʳʭ ʩʦʩʪʘʚʦʚ ʦʪʤʝʯʝʥʳ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʫʢʨʳʚʠʩʪʦʩʪʠ, ʪʚʝʨʜʦʩʪʠ, ʘʜʛʝʟʠʠ, 

ʫʩʘʜʢʠ ʚ ʧʨʦʮʝʩʩʝ ʦʪʚʝʨʞʜʝʥʠʷ, ʘ ʪʘʢʞʝ ʤʠʥʠʤʘʣʴʥʦʝ ʠʟʤʝʥʝʥʠʝ: ʮʚʝʪʘ, ʙʣʝʩʢʘ, ʧʨʦʟʨʘʯʥʦʩʪʠ.  

ʉʦʩʪʘʚʦʚ, ʚʦʦʙʱʝ ʥʝ ʠʟʤʝʥʠʚʰʠʭ ʩʚʦʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʦʪʤʝʯʝʥʥʳʭ ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚ-

ʥʳʭ ʜʣʷ ʦʮʝʥʢʠ ʠʭ ʧʨʠʛʦʜʥʦʩʪʠ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʨʝʩʪʘʚʨʘʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, 

ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʥʝ ʫʜʘʣʦʩʴ ʨʘʟʨʘʙʦʪʘʪʴ.  

ɺʳʚʦʜʳ: ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʧʨʦʜʦʣʞʝʥʠʝ ʥʘʫʯʥʳʭ ʧʦʠʩʢʦʚ ʧʦ ʦʧʪʠʤʠʟʘʮʠʠ ʩʦʩʪʘʚʘ 

ʧʦʣʠʤʝʨʥʦʡ ʢʦʤʧʦʟʠʮʠʠ ʧʦʩʨʝʜʩʪʚʦʤ ʚʚʝʜʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʡ ʜʦʙʘʚʢʠ ʧʦʚʳʰʘʶʱʝʡ ʩʪʦʡ-

ʢʦʩʪʴ ʢ ʋʌ-ʚʦʟʜʝʡʩʪʚʠʶ. 
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ʈʠʩʫʥʦʢ 1: ʉʢʘʥʳ ʦʙʨʘʟʮʦʚ ʚ ʭʦʜʝ ʧʨʦʚʝʜʝʥʠʷ ʠʩʧʳʪʘʥʠʡ 

ʉʧʠʩʦʢ ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʠʩʪʦʯʥʠʢʦʚ 

1. "ʊʝʭʥʠʢʘ ʭʫʜʦʞʝʪʩʚʝʥʥʦʡ ʵʤʘʣʠ, ʯʝʢʘʥʢʠ, ʢʦʚʢʠ" ɸ. ɺ. ʌʣʝʨʦʚ, ʄ. ʊ. ɼʝʤʠʥʘ, ɸ. ʅ. 
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ʋɼʂ 621.382 

 

ʅɽʋɻʃɽʈʆɼʅʓɽ ʅɸʅʆʄɸʊɽʈʀɸʃʓ ɼʃʗ ʄʀʂʈʆ- ʀ 

ʅɸʅʆʕʃɽʂʊʈʆʅʀʂʀ 

ʂʦʥʦʚʘʣʦʚ ɽ.ʇ. 

ʘʩʧʠʨʘʥʪ, ʀʥʩʪʠʪʫʪ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʠ ʠʥʜʫʩʪʨʠʘʣʴʥʦʛʦ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ ʈʊʋ 

ʄʀʈʕɸ 

 

ɸʥʥʦʪʘʮʠʷ. ʀʥʪʝʨʝʩ ʢ ʛʨʘʬʝʥʫ ʚ ʢʘʯʝʩʪʚʝ ʥʦʚʦʛʦ ʤʘʪʝʨʠʘʣʘ ʜʣʷ ʤʠʢʨʦ- ʠ ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʠ 

ʩ ʢʘʞʜʳʤ ʛʦʜʦʤ ʣʠʰʴ ʨʘʩʪʸʪ. ʆʜʥʘʢʦ ʦʪʩʫʪʩʪʚʠʝ ʫ ʥʝʛʦ ʟʘʧʨʝʱʸʥʥʦʡ ʟʦʥʳ ʤʦʞʝʪ ʩʫʱʝ-

ʩʪʚʝʥʥʦ ʦʛʨʘʥʠʯʠʚʘʪʴ ʝʛʦ ʧʨʠʤʝʥʝʥʠʝ ʚ ʵʣʝʢʪʨʦʥʠʢʝ ʩʦʚʨʝʤʝʥʥʦʡ ʵʣʝʢʪʨʦʥʠʢʝ, ʯʪʦ ʤʦʞʝʪ 

ʧʦʪʨʝʙʦʚʘʪʴ ʤʦʜʠʬʠʢʘʮʠʠ ʛʨʘʬʝʥʘ ʨʘʟʣʠʯʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ (ʥʘʧʨʠʤʝʨ, Al). ʇʦʵʪʦʤʫ ʠʤʝʝʪ 

ʩʤʳʩʣ ʠʩʢʘʪʴ ʠ ʜʨʫʛʠʝ ʜʚʫʭʤʝʨʥʳʝ ʤʘʪʝʨʠʘʣʳ ʩ ʥʝʦʙʭʦʜʠʤʦʡ ʟʦʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʜʣʷ ʙʠʦʩʝʥ-

ʩʦʨʦʚ ʥʦʩʠʤʳʭ ʫʩʪʨʦʡʩʪʚ, ʫʤʥʦʡ ʦʜʝʞʜʳ ʠ ʤʝʜʠʮʠʥʩʢʠʭ ʧʨʠʙʦʨʦʚ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʣʶʜʴʤʠ ʚ 

ʧʦʚʩʝʜʥʝʚʥʦʡ ʞʠʟʥʠ. ɼʘʥʥʘʷ ʩʪʘʪʴʷ ʨʘʩʩʤʘʪʨʠʚʘʝʪ ʧʦʩʣʝʜʥʠʝ ʪʨʝʥʜʳ ʚ ʨʘʟʨʘʙʦʪʢʝ ʩʝʥʩʦ-

ʨʦʚ ʥʘ ʦʩʥʦʚʝ ʙʦʨʦʬʝʥʘ, ʩʠʣʠʮʝʥʘ ʠ ʬʦʩʬʦʨʝʥʘ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚ: ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʘ, ʥʝʫʛʣʝʨʦʜʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʙʦʨʦʬʝʥ, ʩʠʣʠʮʝʥ, ʬʦʩʬʦʨʝʥ 
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Annotation. Graphene has been of immense interest for its interesting electronic properties, such as 

being a zeroband gap semiconductor. However, to be able to usefully employ graphene for electronics 
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ʆʪʢʨʳʪʠʝ ʥʦʚʳʭ 2D-ʤʦʥʦʵʣʝʤʝʥʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʵʢʩʪʨʘʦʨʜʠʥʘʨʥʳʤʠ ʬʠʟʠʯʝʩʢʠʤʠ, 

ʤʝʭʘʥʠʯʝʩʢʠʤʠ, ʪʝʧʣʦʚʳʤʠ, ʦʧʪʠʯʝʩʢʠʤʠ ʠ ʵʣʝʢʪʨʦʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʧʨʠʚʝʣʦ ʢ ʤʥʦʞʝʩʪʚʝʥ-

ʥʳʤ ʨʘʩʩʫʞʜʝʥʠʷʤ ʦʙ ʠʭ ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʧʨʠʤʝʥʝʥʠʷʭ ʚ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ ʪʝʭʥʠʢʠ, ʩʪʦʷ-

ʱʠʭ ʥʘ ʦʩʪʨʠʝ ʧʝʨʝʜʦʚʦʛʦ ʧʨʦʛʨʝʩʩʘ. ʉʪʦʣʴ ʦʛʨʦʤʥʦʤʫ ʚʥʠʤʘʥʠʶ ʦʜʥʦʵʣʝʤʝʥʪʥʳʝ ʜʚʫʤʝʨʥʳʝ 

ʤʘʪʝʨʠʘʣʳ ʦʙʷʟʘʥʳ ʩʚʦʠ ʩʚʦʠʤ ʫʥʠʢʘʣʴʥʳʤ ʩʚʦʡʩʪʚʘʤ. ʆʜʥʠʤʠ ʠʟ ʪʘʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʷʚʣʷʶʪʩʷ 

ʙʦʨʦʬʝʥ, ʩʠʣʠʮʝʥʘ ʠ ʬʦʩʬʦʨʝʥ. ʆʥʠ ʦʙʣʘʜʘʶʪ ʙʦʣʴʰʦʡ ʧʣʦʱʘʜʴ ʧʦʚʝʨʭʥʦʩʪʠ, ʩʪʨʫʢʪʫʨʥʦʡ 

ʘʥʠʟʦʪʨʦʧʠʝʡ, ʥʘʩʪʨʘʠʚʘʝʤʦʡ ʰʠʨʠʥʦʡ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʠ ʚʳʩʦʢʦʡ ʧʦʜʚʠʞʥʦʩʪʴʶ ʥʦʩʠʪʝ-

ʣʝʡ. ʆʥʠ ʚʳʟʳʚʘʶʪ ʨʘʩʪʫʱʠʡ ʠʥʪʝʨʝʩ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʚ ʦʙʣʘʩʪʠ ʩʝʥʩʦʨʦʚ ʜʣʷ ʥʦʩʠʤʦʡ ʵʣʝʢ-

ʪʨʦʥʠʢʠ ʠ ʜʨʫʛʠʭ ʫʤʥʳʭ ʫʩʪʨʦʡʩʪʚ, ʘ ʪʘʢʞʝ ʚ ʦʙʣʘʩʪʠ ʭʨʘʥʝʥʠʷ ʠ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʵʥʝʨʛʠʠ. 

ʍʦʪʷ ʜʘʥʥʳʝ ʤʘʪʝʨʠʘʣʳ ʰʠʨʦʢʦ ʠʟʫʯʘʶʪʩʷ ʚ ʨʘʤʢʘʭ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʧʦʜʭʦʜʦʚ, ʤʥʦʛʠʝ ʠʭ ʬʠ-

ʟʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʝʱʝ ʧʨʝʜʩʪʦʠʪ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʪʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ.  ɺ ʵʪʦʡ ʦʙʟʦʨ-

ʥʦʡ ʩʪʘʪʴʝ ʜʘʸʪʩʷ ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʠʥʬʦʨʤʘʮʠʷ ʦ ʘʢʪʫʘʣʴʥʳʭ ʨʘʙʦʪʘʭ, ʩʚʷ-

ʟʘʥʥʳʭ ʩ ʧʨʘʢʪʠʯʝʩʢʠʤ ʧʨʠʤʝʥʝʥʠʝʤ 2D-ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʙʦʨʦ-

ʬʝʥʘ, ʩʠʣʠʮʝʥʘ ʠ ʬʦʩʬʦʨʝʥʘ. ʊʘʢʠʝ ʥʘʥʦʤʘʪʝʨʠʘʣʳ ʩʪʘʣʠ ʦʪʣʠʯʥʳʤʠ ʘʣʴʪʝʨʥʘʪʠʚʘʤʠ ʛʨʘ-

ʬʝʥʫ. 

2D-ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʤʘʪʝʨʠʘʣʳ ʩʦʩʪʦʷʪ ʠʟ ʪʦʥʢʠʭ ʩʣʦʝʚ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʠʤʝʪʴ 

ʪʦʣʱʠʥʫ ʥʝ ʤʝʥʝʝ ʦʜʥʦʛʦ ʘʪʦʤʥʦʛʦ ʩʣʦʷ. ʕʪʠ ʘʪʦʤʳ ʬʫʥʢʮʠʦʥʠʨʫʶʪ ʠʥʘʯʝ, ʯʝʤ ʚʥʫʪʨʝʥʥʠʝ 

ʘʪʦʤʳ. ʀʪʘʢ, ʧʦʚʝʜʝʥʠʝ 2D-ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʤʝʥʷʝʪʩʷ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʯʠʩʣʘ ʧʦʚʝʨʭʥʦʩʪʥʳʭ 

ʘʪʦʤʦʚ. 2D-ʥʘʥʦʤʘʪʝʨʠʘʣʳ ʷʚʣʷʶʪʩʷ ʦʜʥʠʤʠ ʠʟ ʩʘʤʳʭ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʦʙʣʘʩʪʠ ʵʣʝʢʪʨʦ-

ʭʠʤʠʯʝʩʢʠʭ ʧʨʠʣʦʞʝʥʠʡ. ʕʪʠ ʤʘʪʝʨʠʘʣʳ ʵʬʬʝʢʪʠʚʥʦ ʧʦʚʳʩʠʣʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʫʩʪʨʦʡʩʪʚ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʵʥʝʨʛʠʠ, ʜʘʪʯʠʢʦʚ ʠ ʥʘʢʦʧʠʪʝʣʝʡ. ɺʳʷʚʣʝʥʦ, ʯʪʦ ʜʚʫʤʝʨ-

ʥʳʝ ʥʘʥʦʤʘʪʝʨʠʘʣʳ ʠʤʝʶʪ ʦʛʨʦʤʥʫʶ ʧʣʦʱʘʜʴ ʧʦʚʝʨʭʥʦʩʪʠ, ʢʦʪʦʨʘʷ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʨʝʙʦʚʘ-

ʥʠʷʤ ʢʦʤʧʝʪʝʥʪʥʳʭ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʧʨʠʣʦʞʝʥʠʡ. ʃʠʩʪʳ 2D-ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʘʪʦʤʘʨʥʦʡ 

ʪʦʣʱʠʥʳ ʧʨʠʚʣʝʢʣʠ ʦʛʨʦʤʥʦʝ ʚʥʠʤʘʥʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʛʦ ʩʦʦʙʱʝʩʪʚʘ ʙʣʘʛʦʜʘʨʷ ʩʚʦʠʤ ʟʘ-

ʤʝʯʘʪʝʣʴʥʳʤ ʬʠʟʠʯʝʩʢʠʤ, ʭʠʤʠʯʝʩʢʠʤ, ʪʝʨʤʠʯʝʩʢʠʤ, ʤʝʭʘʥʠʯʝʩʢʠʤ ʠ ʵʣʝʢʪʨʦʥʥʳʤ ʩʚʦʡ-

ʩʪʚʘʤ [1-3]. 

ʆʜʥʠʤ ʠʟ ʪʘʢʠʭ ʜʚʫʤʝʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʷʚʣʷʝʪʩʷ ʙʦʨʦʬʝʥ. ʆʥ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʵʣʘʩʪʠʯ-

ʥʦʩʪʴ ʚ ʧʣʦʩʢʦʩʪʠ ʠ ʠʜʝʘʣʴʥʫʶ ʤʝʭʘʥʠʯʝʩʢʫʶ ʧʨʦʯʥʦʩʪʴ, ʯʪʦ ʜʝʣʘʝʪ ʝʛʦ ʧʨʦʯʥʝʝ ʛʨʘʬʝʥʘ ʠ 

ʜʘʞʝ ʙʦʣʝʝ ʛʠʙʢʠʤ ʚ ʥʝʢʦʪʦʨʳʭ ʢʦʥʬʠʛʫʨʘʮʠʷʭ. ɸʥʠʟʦʪʨʦʧʥʳʝ ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʙʦʨʦ-

ʬʝʥʘ ʠ ʥʫʣʝʚʘʷ ʟʘʧʨʝʱʝʥʥʘʷ ʟʦʥʘ ʩʠʣʴʥʦ ʦʪʣʠʯʘʶʪʩʷ ʜʨʫʛ ʦʪ ʜʨʫʛʘ. ɹʦʣʴʰʠʥʩʪʚʦ ʠʩʩʣʝʜʦʚʘ-

ʪʝʣʴʩʢʠʭ ʨʘʙʦʪ ʧʦ ʙʦʨʦʬʝʥʫ ʧʦʢʘ ʥʦʩʠʪ ʪʝʦʨʝʪʠʯʝʩʢʠʡ ʭʘʨʘʢʪʝʨ, ʦʜʥʘʢʦ ʚ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ 

ʧʦʷʚʣʷʶʪʩʷ ʠ ʦʪʯʸʪʳ ʦʙ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʘʙʦʪʘʭ.  

ʂʘʢ ʙʦʣʝʝ ʣʝʛʢʠʡ 2D-ʤʝʪʘʣʣ, ʙʦʨʦʬʝʥ ʷʚʣʷʝʪʩʷ ʵʬʬʝʢʪʠʚʥʳʤ ʤʘʪʝʨʠʘʣʦʤ ʜʣʷ ʭʨʘʥʝʥʠʷ 

ʚʦʜʦʨʦʜʘ ʠ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʚʳʩʦʢʠʤ ʧʨʝʜʝʣʘʤ ʭʨʘʥʝʥʠʷ ʚʦʜʦʨʦʜʘ. ɺ ʨʘʟʣʠʯʥʳʭ ʦʙʟʦʨʘʭ ʦʙ-

ʩʫʞʜʘʣʦʩʴ, ʯʪʦ ʙʦʨʦʬʝʥ ʤʦʞʝʪ ʧʦʚʳʩʠʪʴ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʛʘʟʦʚʳʭ ʩʝʥʩʦʨʦʚ ʟʘ ʩʯʝʪ ʝʛʦ ʭʦʨʦ-

ʰʝʡ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʠ ʩʚʷʟʘʥʥʳʭ ʩ ʥʠʤ ʵʣʝʢʪʨʦʥʥʳʭ ʩʚʦʡʩʪʚ ʠʟ-ʟʘ ʝʛʦ ʟʘʤʝʯʘʪʝʣʴʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʤʦʣʝʢʫʣʘʤʠ ʛʘʟʘ [4-6]. ɻʘʟ, ʧʨʦʭʦʜʷʱʠʡ ʯʝʨʝʟ ʙʦʨʦʬʝʥ, ʠʟʤʝʥʷʝʪ ʵʣʝʢʪʨʦʥ-

ʥʫʶ ʧʨʦʚʦʜʠʤʦʩʪʴ ʤʘʪʝʨʠʘʣʘ, ʪʝʤ ʩʘʤʳʤ ʧʨʝʜʦʩʪʘʚʣʷʷ ʚʘʞʥʫʶ ʠʥʬʦʨʤʘʮʠʶ, ʩʚʷʟʘʥʥʫʶ ʩ 

ʪʦʢʩʠʯʥʳʤʠ ʛʘʟʘʤʠ. ʄʦʞʥʦ ʦʞʠʜʘʪʴ, ʯʪʦ ʫ ʙʦʨʦʬʝʥʘ ʙʦʣʴʰʦʝ ʙʫʜʫʱʝʝ ʚ ʦʙʣʘʩʪʠ ʥʘʢʦʧʣʝʥʠʷ 

ʵʥʝʨʛʠʠ, ʦʧʪʦʵʣʝʢʪʨʦʥʠʢʠ, ʥʘʥʦʩʝʥʩʦʨʦʚ ʠ ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʠ. 

ʂʨʦʤʝ ʪʦʛʦ, ʙʦʨʦʬʝʥ (ʢʘʢ ʠ ʜʨʫʛʠʝ ʜʚʫʤʝʨʥʳʝ ʤʘʪʝʨʠʘʣʳ) ʤʦʞʝʪ ʥʘʡʪʠ ʧʨʠʤʝʥʝʥʠʝ ʚʦ 

ʤʥʦʛʠʭ ʜʨʫʛʠʭ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʦʙʣʘʩʪʷʭ ʩʝʥʩʦʨʠʢʠ, ʦʜʥʦʡ ʠʟ ʢʦʪʦʨʳʭ ʷʚʣʷʝʪʩʷ ʦʙʥʘʨʫʞʝʥʠʝ 

ʠ ʘʜʩʦʨʙʮʠʷ ʛʘʟʘ, ʚʩʣʝʜʩʪʚʠʝ ʠʭ ʚʳʩʦʢʦʛʦ ʦʪʥʦʰʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʢ ʦʙʲʸʤʫ ʠ ʚʳʩʦʢʦʡ ʧʦʚʝʨʭ-

ʥʦʩʪʥʦʡ ʘʢʪʠʚʥʦʩʪʠ. ɺʘʞʥʦ ʧʦʥʠʤʘʪʴ, ʯʪʦ ʩʚʷʟʴ ʤʝʞʜʫ ʤʦʣʝʢʫʣʘʤʠ ʙʦʨʦʬʝʥʘ ʠ ʘʜʩʦʨʙʠʨʦ-

ʚʘʥʥʦʛʦ ʛʘʟʘ ʧʨʠʟʥʘʝʪ ʫʩʪʘʥʦʚʣʝʥʥʳʝ ʧʝʨʩʧʝʢʪʠʚʳ ʫʩʪʨʦʡʩʪʚ ʦʙʥʘʨʫʞʝʥʠʷ ʙʦʨʘ. ʄʝʪʦʜ ʨʘʩ-

ʯʝʪʘ ʥʝʢʦʪʦʨʳʭ ʚʪʦʨʦʩʪʝʧʝʥʥʳʭ ʮʝʣʝʚʳʭ ʛʘʟʦʚ CO2, CO, NO2, NO ʠ NH3 ʧʨʦʚʦʜʠʪʩʷ ʚ ʦʜʥʦʤ 
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ʩʣʦʝ ʙʦʨʦʬʝʥʘ ʥʘ ʦʩʥʦʚʝ ʨʘʩʯʝʪʦʚ ʧʝʨʚʳʭ ʧʨʠʥʮʠʧʦʚ DFT (ʊʝʦʨʠʷ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ), 

ʢʦʪʦʨʳʡ ʠʩʩʣʝʜʫʝʪ ʠʭ ʥʘʠʣʫʯʰʫʶ ʦʨʠʝʥʪʘʮʠʶ, ʥʘʠʣʫʯʰʝʝ ʨʘʩʧʦʣʦʞʝʥʠʝ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʫʶ 

ʵʥʝʨʛʠʶ ʩʚʷʟʠ. ʈʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʵʥʝʨʛʠʷ ʩʚʷʟʠ ʟʘʚʠʩʠʪ ʦʪ ʠʟʤʝʨʝʥʠʷ ʠʤʧʫʣʴʩʘ ʟʘ-

ʨʷʜʘ ʤʝʞʜʫ ʤʦʣʝʢʫʣʘʤʠ ʛʘʟʘ ʠ ʤʦʥʦʩʣʦʝʤ ʙʦʨʦʬʝʥʘ. ɽʩʣʠ ʞʝ ʩʨʘʚʥʠʚʘʪʴ ʩ ʜʨʫʛʠʤʠ ʜʚʫʤʝʨ-

ʥʳʤʠ ʤʘʪʝʨʠʘʣʦʚ, ʪʘʢʠʤʠ ʢʘʢ ʛʨʘʬʝʥ, ʬʦʩʬʦʨʝʥ ʠ MoS2, ʨʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʚ ʩʣʫʯʘʝ 

ʙʦʨʦʬʝʥʘ ʘʜʩʦʨʙʮʠʷ ʛʘʟʘ ʚʳʰʝ [7]. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʟʥʘʯʝʥʠʝ ʧʝʨʝʥʦʩʘ ʟʘʨʷʜʘ ʫʢʘʟʳʚʘʝʪ ʥʘ ʙʦ-

ʣʝʝ ʚʳʩʦʢʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʦʩʣʝʜʥʝʛʦ. 

 

ʈʠʩ. 1. ʉʭʝʤʘʪʠʯʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʩʝʥʩʦʨʘ ʛʘʟʘ ʥʘ ʦʩʥʦʚʝ ʙʦʨʦʬʝʥʘ ʠ ʝʛʦ ʭʘʨʘʢʪʝʨʠ-

ʩʪʠʢʠ ʦʪʢʣʠʢʘ [8]. 

 

ʆʜʥʘʢʦ ʜʘʪʯʠʢʠ ʛʘʟʘ ʥʘ ʦʩʥʦʚʝ ʜʚʫʤʝʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠʤʝʶʪ ʥʝʢʦʪʦʨʳʝ ʥʝʜʦʩʪʘʪʢʠ ʚ 

ʚʠʜʝ ʧʣʦʭʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʥʘ ʦʪʢʨʳʪʦʤ ʚʦʟʜʫʭʝ ʠ ʤʝʜʣʝʥʥʦʛʦ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ. ʅʝ-

ʜʘʚʥʦ ʙʳʣʦ ʪʝʦʨʝʪʠʯʝʩʢʠ ʧʨʝʜʩʢʘʟʘʥʦ, ʯʪʦ ʙʦʨʦʬʝʥ ʦʙʣʘʜʘʝʪ ʧʨʝʚʦʩʭʦʜʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠ-

ʢʘʤʠ ʦʙʥʘʨʫʞʝʥʠʷ ʛʘʟʦʚ, ʦʩʦʙʝʥʥʦ ʜʠʦʢʩʠʜʘ ʘʟʦʪʘ (NO2). ɼʦ ʥʝʜʘʚʥʝʛʦ ʚʨʝʤʝʥʠ ʦ ʩʚʦʡʩʪʚʘʭ 

ʙʦʨʦʬʝʥʘ ʦʙʥʘʨʫʞʠʚʘʪʴ ʛʘʟ ʜʦ ʩʠʭ ʧʦʨ ʥʝ ʩʦʦʙʱʘʣʦʩʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ. ʆʜʥʘʢʦ ʚ ʨʘʙʦʪʝ ʍʦʫ 

[8] ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʨʝʟʠʩʪʠʚʥʦʝ ʩʝʥʩʦʨʥʦʝ ʫʩʪʨʦʡʩʪʚʦ ʥʘ ʦʩʥʦʚʝ ʙʦʨʦʬʝʥʘ ʜʝʤʦʥʩʪʨʠʨʫʝʪ 

ʚʳʩʦʢʫʶ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ, ʙʳʩʪʨʳʡ ʦʪʢʣʠʢ, ʚʳʩʦʢʫʶ ʩʝʣʝʢʪʠʚʥʦʩʪʴ, ʭʦʨʦʰʫʶ ʛʠʙʢʦʩʪʴ ʠ 

ʜʦʣʛʦʚʨʝʤʝʥʥʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ. ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʜʘʪʯʠʢ, ʧʦʢʘʟʘʥʥʳʡ ʥʘ ʨʠʩ.1, ʠʤʝʝʪ 

ʙʦʣʴʰʦʡ ʜʠʘʧʘʟʦʥ ʦʙʥʘʨʫʞʝʥʠʷ ʦʪ 200 ppb ʜʦ 100 ppm, ʙʳʩʪʨʦʝ ʚʨʝʤʷ ʦʪʢʣʠʢʘ 30 ʩ ʠ ʚʨʝʤʷ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ 200 ʩ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʝʚʦʩʭʦʜʠʪ ʫʩʪʨʦʡʩʪʚʘ 

ʪʘʢʦʛʦ ʪʠʧʘ ʠʟ ʜʨʫʛʠʭ ʤʘʪʝʨʠʘʣʦʚ. ʃʝʞʘʱʠʡ ʚ ʦʩʥʦʚʝ ʙʦʨʦʬʝʥʘ ʤʝʭʘʥʠʟʤ ʚʦʩʧʨʠʷʪʠʷ NO2 

ʨʘʩʢʨʳʚʘʝʪʩʷ ʨʘʩʯʝʪʘʤʠ ab initio. ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʪʝʦʨʝʪʠʯʝʩʢʠʤʠ ʧʨʝʜʧʦʣʦʞʝʥʠʷʤʠ ʪʘʢʞʝ 

ʙʳʣʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʜʪʚʝʨʞʜʝʥʦ, ʯʪʦ ʜʘʪʯʠʢ ʥʘ ʦʩʥʦʚʝ ʙʦʨʦʬʝʥʘ ʦʙʣʘʜʘʝʪ ʫʥʠʢʘʣʴʥʦʡ 

ʩʝʣʝʢʪʠʚʥʦʩʪʴʶ ʢ NO2 ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤʠ ʛʘʟʘʤʠ. ʂʨʦʤʝ ʪʦʛʦ, ʜʘʪ-

ʯʠʢ ʪʘʢʞʝ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʧʨʝʚʦʩʭʦʜʥʫʶ ʛʠʙʢʦʩʪʴ ʠ ʩʪʘʙʠʣʴʥʦʩʪʴ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʫʛʣʘʭ ʠʟʛʠʙʘ. 

ʕʪʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʦʢʘʟʳʚʘʝʪ ʦʪʣʠʯʥʳʝ ʵʣʝʢʪʨʦʥʥʳʝ ʠ ʩʝʥʩʦʨʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʙʦʨʦʬʝʥʘ, 

ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, ʯʪʦ ʦʥ ʠʤʝʝʪ ʙʦʣʴʰʦʝ ʧʦʪʝʥʮʠʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʚ ʙʫʜʫʱʝʤ. 

ɺʳʩʦʢʦʧʨʦʠʟʚʦʜʠʪʝʣʴʥʘʷ ʬʦʪʦʥʥʘʷ ʵʥʝʨʛʦʥʝʟʘʚʠʩʠʤʘʷ ʧʘʤʷʪʴ, ʩʦʯʝʪʘʶʱʘʷ ʚ ʩʝʙʝ ʢʘʢ 

ʭʨʘʥʠʣʠʱʝ ʜʘʥʥʳʭ ʜʘʥʥʳʭ ʠ ʬʦʪʦʩʝʥʩʦʨ ʦʜʥʦʚʨʝʤʝʥʥʦ, ʤʦʞʝʪ ʦʙʣʘʜʘʪʴ ʜʦʩʪʘʪʦʯʥʦ ʥʠʟʢʠʤ 

ʵʥʝʨʛʦʧʦʪʨʝʙʣʝʥʠʝʤ ʠ ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʦʩʪʴʶ ʦʧʝʨʘʮʠʡ ʯʪʝʥʠʝ-ʟʘʧʠʩʴ. ʊʝʦʨʝʪʠʯʝʩʢʠ ʠ ʵʢʩ-

ʧʝʨʠʤʝʥʪʘʣʴʥʦ ʜʦʢʘʟʘʥʦ, ʯʪʦ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘ ʦʙʣʘʜʘʝʪ ʩʠʥʝʨʛʝʪʠʯʝʩʢʠʤ ʵʬʬʝʢʪʦʤ ʤʝʞʜʫ 

ʜʚʫʤʷ ʤʘʪʝʨʠʘʣʘʤʠ, ʯʪʦ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʤʥʦʛʦʦʙʝʱʘʶʱʠʤ ʵʣʝʢʪʨʦʥʥʳʤ ʠ ʦʧʪʠʯʝʩʢʠʤ 
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ʩʚʦʡʩʪʚʘʤ ʜʣʷ ʩʦʚʨʝʤʝʥʥʳʭ ʦʧʪʦʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ. ɺ ʨʘʙʦʪʝ ʃʠʫ [9] ʛʦʚʦʨʠʪʩʷ ʦ ʧʦʣʫ-

ʯʝʥʠʠ ʪʘʢʦʛʦ ʪʠʧʘ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʝ ʙʦʨʦʬʝʥ-ZnO (ʨʠʩ. 2) ʠ ʠʭ ʧʨʠʤʝʥʝʥʠʠ ʚ ʢʘʯʝʩʪʚʝ 

ʰʠʨʦʢʦʧʦʣʦʩʥʦʡ ʬʦʪʦʥʥʦʡ ʵʥʝʨʛʦʥʝʟʘʚʠʩʠʤʦʡ ʧʘʤʷʪʠ. ʇʘʤʷʪʴ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʭʦʨʦʰʠʡ ʢʦ-

ʵʬʬʠʮʠʝʥʪ ʧʝʨʝʢʣʶʯʝʥʠʷ (5 Ĭ 103) ʠ ʜʦʣʛʦʚʨʝʤʝʥʥʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ (3600 ʩ), ʧʨʝʚʦʩʭʦʜʷʱʠʝ 

ʪʘʢʦʚʳʝ ʫ ʢʦʥʢʫʨʝʥʪʦʚ ʥʘ ʦʩʥʦʚʝ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʠʟ ʯʠʩʪʦʛʦ ʙʦʨʦʬʝʥʘ ʠʣʠ ZnO. ʋʩʪʘʥʦʚʣʝʥʦ, 

ʯʪʦ ʧʘʤʷʪʴ ʦʙʣʘʜʘʝʪ ʰʠʨʦʢʠʤ ʜʠʘʧʘʟʦʥʦʤ ʩʚʝʪʦʚʦʛʦ ʦʪʢʣʠʢʘ (ʦʪ 365 ʥʤ ʜʦ 850 ʥʤ). ʂʨʦʤʝ 

ʪʦʛʦ, ʥʘʧʨʷʞʝʥʠʝ SET (ʟʘʧʠʩʴ) ʙʫʜʝʪ ʫʤʝʥʴʰʘʪʴʩʷ, ʢʦʛʜʘ ʫʩʪʨʦʡʩʪʚʦ ʧʦʜʚʝʨʛʘʝʪʩʷ ʚʦʟʜʝʡ-

ʩʪʚʠʶ ʩʚʝʪʘ, ʯʪʦ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʨʘʟʜʝʣʝʥʠʝʤ ʜʳʨʦʢ ʠ ʵʣʝʢʪʨʦʥʦʚ ʧʨʠ ʫʩʢʦʨʝʥʠʠ ʦʙʨʘʟʦʚʘ-

ʥʠʷ ʚʘʢʘʥʩʠʦʥʥʦʡ ʧʨʦʚʦʜʷʱʝʡ ʥʠʪʠ. ʕʪʘ ʨʘʙʦʪʘ ʥʝ ʪʦʣʴʢʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʤʥʦʛʦʦʙʝʱʘʶʱʠʡ 

ʤʘʪʝʨʠʘʣ ʜʣʷ ʬʦʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʠʥʬʦʨʤʘʮʠʠ ʩʣʝʜʫʶʱʝʛʦ ʧʦʢʦʣʝʥʠʷ, ʥʦ ʪʘʢʞʝ ʧʨʦʢʣʘʜʳʚʘʝʪ 

ʧʫʪʴ ʧʘʤʷʪʠ ʥʘ ʦʩʥʦʚʝ ʙʦʨʦʬʝʥʘ ʢ ʫʩʪʨʦʡʩʪʚʘʤ ʭʨʘʥʝʥʠʷ ʜʘʥʥʳʭ. 

 

 

ʈʠʩ. 2. ɺʠʜ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʘʤʷʪʠ ʥʘ ʦʩʥʦʚʝ ʛʝʪʝʨʝʩʪʨʫʢʪʫʨ ʙʦʨʦʬʝʥ-ZnO: (a) 

ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʧʘʤʷʪʠ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ (ʘ); ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʝʨʝʢʣʶʯʝʥʠʷ 

ʮʠʢʣʦʚ ʫʩʪʨʦʡʩʪʚʘ ʧʨʠ ʦʧʝʨʘʮʠʠ SET (ʟʘʧʠʩʴ) (d) ʠ RESET (ʩʪʠʨʘʥʠʝ) (e) ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

(f) ʂʨʠʚʘʷ ʫʜʝʨʞʠʚʘʥʠʷ ʫʩʪʨʦʡʩʪʚʘ ʚʦ ʚʢʣʶʯʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ ʠ ʚʳʢʣʶʯʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ 

ʧʨʠ ʥʘʧʨʷʞʝʥʠʠ ʩʯʠʪʳʚʘʥʠʷ 4 ɺ [9]. 

 

ʉ ʤʦʤʝʥʪʘ ʩʚʦʝʛʦ ʧʝʨʚʦʛʦ ʦʪʢʨʳʪʠʷ ʚ 2014 ʛʦʜʫ 2D-ʯʝʨʥʳʡ ʬʦʩʬʦʨ (2D-ʏʌ), ʪʘʢʞʝ 

ʠʟʚʝʩʪʥʳʡ ʢʘʢ ʬʦʩʬʦʨʝʥ, ʧʨʠʚʣʝʢ ʙʦʣʴʰʦʝ ʚʥʠʤʘʥʠʝ. ʋʥʠʢʘʣʴʥʘʷ ʦʜʥʦʩʣʦʡʥʘʷ ʛʦʬʨʠʨʦʚʘʥ-

ʥʘʷ ʩʪʨʫʢʪʫʨʘ ʧʨʠʜʘʝʪ 2D ʏʌ ʫʥʠʢʘʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ʕʪʦ ʩʧʦʩʦʙʩʪʚʫʝʪ ʝʛʦ ʧʦʪʝʥʮʠʘʣʫ 

ʚ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ ʧʨʠʤʝʥʝʥʠʷ, ʪʘʢʠʭ ʢʘʢ ʢʘʪʘʣʠʟʘʪʦʨʳ, ʜʘʪʯʠʢʠ ʠ ʥʘʢʦʧʠʪʝʣʠ ʵʥʝʨʛʠʠ. ɺ 

ʦʩʥʦʚʥʦʤ ʬʦʩʬʦʨʝʥ ʠʩʩʣʝʜʫʝʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʵʣʝʢʪʨʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʵʬʬʝʢ-

ʪʠʚʥʦʩʪʠ ʫʩʪʨʦʡʩʪʚ ʥʘʢʦʧʣʝʥʠʷ ʵʥʝʨʛʠʠ, ʧʦʩʢʦʣʴʢʫ ʦʥ ʠʤʝʝʪ ʙʦʣʴʰʫʶ ʧʣʦʱʘʜʴ ʧʦʚʝʨʭʥʦʩʪʠ, 

ʚʳʩʦʢʫʶ ʪʝʦʨʝʪʠʯʝʩʢʫʶ ʫʜʝʣʴʥʫʶ ʪʝʧʣʦʝʤʢʦʩʪʴ ʠ ʭʦʨʦʰʫʶ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ. ʆʜʥʘʢʦ ʨʘʟ-

ʣʠʯʥʳʝ ʠʩʩʣʝʜʦʚʘʪʝʣʠ ʥʝ ʧʨʝʢʨʘʱʘʶʪ ʩʚʦʠʭ ʧʦʧʳʪʦʢ ʥʘʡʪʠ ʧʨʠʤʝʥʝʥʠʝ ʬʦʩʬʦʨʝʥʘ ʠ ʚ ʜʨʫʛʠʭ 

ʦʙʣʘʩʪʷʭ. 
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ʈʠʩ. 3. ʇʨʠʤʝʨ ʜʘʪʯʠʢʘ ʜʘʚʣʝʥʠʷ ʥʘ ʦʩʥʦʚʝ ʥʘʥʦʢʦʤʧʦʟʠʪʘ ʬʦʩʬʦʨʝʥ-ʟʦʣʦʪʘ ʠ ʝʛʦ 

ʧʦʪʝʥʮʠʘʣʴʥʳʡ ʦʪʢʣʠʢ [11]. 

 

ɺ ʠʩʩʣʝʜʦʚʘʥʠʠ ɺʝʥʘ [11] ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʧʦʣʥʦʩʪʴʶ ʪʢʘʥʝʚʳʡ ʛʠʙʢʠʡ ʠ ʧʨʠʛʦʜʥʳʡ 

ʜʣʷ ʧʦʚʩʝʜʥʝʚʥʦʡ ʥʦʩʢʠ ʜʘʪʯʠʢ ʜʘʚʣʝʥʠʷ ʥʘ ʦʩʥʦʚʝ ʥʘʥʦʢʦʤʧʦʟʠʪʦʚ ʬʦʩʬʦʨʝʥ-ʟʦʣʦʪʦ (BP-

AuNC). ɼʘʪʯʠʢ, ʩʭʝʤʘʪʠʯʥʦ ʠʟʦʙʨʘʞʸʥʥʳʡ ʥʘ ʨʠʩ. 3 ʩʦʩʪʦʠʪ ʠʟ ʧʘʨʳ ʚʩʪʨʝʯʥʦ-ʰʪʳʨʝʚʳʭ ʫʛ-

ʣʝʨʦʜʥʳʭ ʵʣʝʢʪʨʦʜʦʚ ʩ ʪʨʘʬʘʨʝʪʥʦʡ ʧʝʯʘʪʴʶ ʠ ʪʢʘʥʝʚʦʛʦ ʵʣʝʢʪʨʦʜʘ, ʜʝʢʦʨʠʨʦʚʘʥʥʦʛʦ BP-

AuNCs. ɹʣʘʛʦʜʘʨʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʝ ʚʦʣʦʢʦʥ ʪʢʘʥʠ ʠ ʫʥʠʢʘʣʴʥʳʤ ʩʚʦʡʩʪʚʘʤ BP-AuNC ʨʘʟʨʘ-

ʙʦʪʘʥʥʳʡ ʜʘʪʯʠʢ ʜʘʚʣʝʥʠʷ ʦʙʣʘʜʘʝʪ ʧʨʝʚʦʩʭʦʜʥʦʡ ʧʴʝʟʦʨʝʟʠʩʪʠʚʥʦʩʪʴʶ, ʚʢʣʶʯʘʷ ʚʳʩʦʢʫʶ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʜʦ 0,372 ʢʇʘ-1 (0 ï 1,5 ʢʇʘ), ʙʳʩʪʨʦʝ ʚʨʝʤʷ ʦʪʢʣʠʢʘ ʚ 24 ʤʩ, ʩʪʘʙʠʣʴʥʦʩʪʴ ʠ 

ʜʦʣʛʦʚʝʯʥʦʩʪʴ (ʙʦʣʝʝ 4000 ʮʠʢʣʦʚ), ʘ ʪʘʢʞʝ, ʯʪʦ ʥʝʤʘʣʦʚʘʞʥʦ, ʩʪʦʡʢʦʩʪʴ ʢ ʩʪʠʨʢʝ. ʉʪʦʣʴ ʦʪ-

ʣʠʯʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʛʠʙʢʦʛʦ ʜʘʪʯʠʢʘ ʜʘʚʣʝʥʠʷ ʧʦʟʚʦʣʷʶʪ ʦʙʥʘʨʫʞʠʚʘʪʴ ʠ ʦʪʩʣʝʞʠʚʘʪʴ ʩʦ-

ʚʩʝʤ ʥʝʟʥʘʯʠʪʝʣʴʥʳʝ ʩʠʛʥʘʣʳ ʜʚʠʞʝʥʠʷ ʯʝʣʦʚʝʯʝʩʢʦʛʦ ʪʝʣʘ ʚ ʨʝʘʣʴʥʦʤ ʚʨʝʤʝʥʠ ʪʘʢʠʝ ʢʘʢ 

ʧʫʣʴʩ ʠ ʯʘʩʪʦʪʫ ʜʳʭʘʥʠʷ. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʦʠʟʚʦʜʩʪʚʦ ʦʧʠʩʘʥʥʦʛʦ ʪʢʘʥʝʚʦʛʦ ʜʘʪʯʠʢʘ 

ʜʘʚʣʝʥʠʷ ʥʝ ʷʚʣʷʝʪʩʷ ʩʣʦʞʥʳʤ ʧʨʦʮʝʩʩʦʤ.  ʩʧʦʩʦʙʝʥ ʦʙʝʩʧʝʯʠʪʴ ʚʳʩʦʢʫʶ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ 

ʧʨʠ ʭʦʨʦʰʝʤ ʚʨʝʤʝʥʠ ʦʪʢʣʠʢʘ, ʫʜʦʙʩʪʚʝ ʥʦʰʝʥʠʷ, ʩʪʘʙʠʣʴʥʦʩʪʠ ʠ ʥʘʜʝʞʥʦʩʪʠ, ʜʝʤʦʥʩʪʨʠʨʫʷ 

ʝʛʦ ʙʦʣʴʰʦʡ ʧʦʪʝʥʮʠʘʣ ʜʣʷ ʫʤʥʦʡ ʥʦʩʠʤʦʡ ʵʣʝʢʪʨʦʥʠʢʠ. 
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ʈʠʩ. 4. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ: (ʘ) ʩʠʥʪʝʪʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ 2D DOX@ʩʠʣʠʮʝʥ-BSA 

ʅʃ ʠ ʚʳʩʚʦʙʦʞʜʝʥʠʷ ʣʝʢʘʨʩʪʚʘ ʚ ʦʪʚʝʪ ʥʘ ʩʪʠʤʫʣʳ ʢʘʢ ʩ ʧʦʤʦʱʴʶ ʚʥʫʪʨʝʥʥʝʛʦ pH, ʪʘʢ ʠ 

ʚʥʝʰʥʝʛʦ ʩʚʝʪʘ ʙʣʠʞʥʝʛʦ ʠʥʬʨʘʢʨʘʩʥʦʛʦ ʜʠʘʧʘʟʦʥʘ; ʠ (b) DOX@ ʩʠʣʠʮʝʥ-BSA ʅʃ ʚ ʢʘʯʝ-

ʩʪʚʝ ʪʝʨʘʥʦʩʪʠʯʝʩʢʠʭ ʘʛʝʥʪʦʚ ʜʣʷ ʬʦʪʦʘʢʫʩʪʠʯʝʩʢʦʡ ʚʠʟʫʘʣʠʟʘʮʠʠ ʧʦʜ ʢʦʥʪʨʦʣʝʤ ʩʠʥʝʨ-

ʛʝʪʠʯʝʩʢʦʡ ʬʦʪʦʪʝʨʤʠʯʝʩʢʦʡ/ʭʠʤʠʦʪʝʨʘʧʠʠ [12]. 

 

ʉʠʣʠʮʝʥ, ʷʚʣʷʶʱʠʡʩʷ ʜʚʫʤʝʨʥʳʡ (2D) ʘʣʣʦʪʨʦʧʦʤ ʢʨʝʤʥʠʷ, ʚ ʦʩʥʦʚʥʦʤ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʚ ʦʙʣʘʩʪʠ ʵʣʝʢʪʨʦʥʠʢʠ ʠ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚ, ʦʜʥʘʢʦ ʝʛʦ ʦʙʣʘʩʪʴ ʵʪʠʤ ʥʝ ʦʛʨʘʥʠʯʠʚʘ-

ʝʪʩʷ. ʅʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʝ ɺʘʥʘ [12] ʠʟʫʯʘʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʦʡ 

ʬʦʪʦʥʥʦʡ ʥʘʥʦʧʣʘʪʬʦʨʤʳ ʜʣʷ ʜʦʩʪʘʚʢʠ ʣʝʢʘʨʩʪʚ ʥʘ ʦʩʥʦʚʝ ʜʚʫʤʝʨʥʳʭ ʫʣʴʪʨʘʪʦʥʢʠʭ ʩʠʣʠʢʦ-

ʥʦʚʳʭ ʥʘʥʦʣʠʩʪʦʚ (DOX@ʩʠʣʠʮʝʥ-BSA ʅʃ) ʚ ʦʪʥʦʰʝʥʠʠ ʵʬʬʝʢʪʠʚʥʦʡ ʟʘʛʨʫʟʢʠ ʭʠʤʠʦʪʝʨʘ-

ʧʝʚʪʠʯʝʩʢʠʭ ʧʨʝʧʘʨʘʪʦʚ (ʢʦʣʠʯʝʩʪʚʦ ʝʤʢʦʩʪʠ ʚ ʚʝʩʦʚʳʭ ʧʨʦʮʝʥʪʘʭ: 137,0 %), ʚʳʜʝʣʷʷ ʧʨʠ 

ʵʪʦʤ ʮʠʪʦʟʦʣʴʥʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʜʦʩʪʘʚʢʠ ʣʝʢʘʨʩʪʚʝʥʥʦʛʦ ʩʨʝʜʩʪʚʘ (ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝ-

ʤʝʥʥʦʝ ʚʳʩʚʦʙʦʞʜʝʥʠʝ ʣʝʢʘʨʩʪʚʝʥʥʦʛʦ ʩʨʝʜʩʪʚʘ, ʟʘʧʫʩʢʘʝʤʦʝ ʠʟʤʝʥʝʥʠʝʤ pH) ʠ ʬʦʪʦʥʥʫʶ 

ʛʠʧʝʨʪʝʨʤʠʶ, ʘʢʪʠʚʠʨʫʝʤʘʷ ʚʥʝʰʥʠʤ ʦʙʣʫʯʝʥʠʝʤ ʩʚʝʪʦʤ ʚ ʙʣʠʞʥʝʤ ʠʥʬʨʘʢʨʘʩʥʦʤ ʜʠʘʧʘ-
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ʟʦʥʝ (ɖ = 19,7%), ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʙʝʩʧʝʯʠʚʘʷ ʧʦʪʝʥʮʠʘʣʴʥʳʝ ʩʠʥʝʨʛʝʪʠʯʝʩʢʠʝ ʭʠʤʠʦʪʝʨʘʧʝʚ-

ʪʠʯʝʩʢʠʝ ʠ ʬʦʪʦʪʝʨʘʧʝʚʪʠʯʝʩʢʠʝ ʨʝʟʫʣʴʪʘʪʳ. ʂʣʝʪʦʯʥʳʡ ʵʥʜʦʮʠʪʦʟʥʳʡ ʤʝʭʘʥʠʟʤ ʵʪʠʭ ʥʘʥʦ-

ʣʠʩʪʦʚ ʚ ʨʘʢʦʚʳʭ ʢʣʝʪʢʘʭ ʙʳʣ ʚʩʝʩʪʦʨʦʥʥʝ ʠʟʫʯʝʥ ʠ ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʫʱʝʩʪʚʝʥʥʦʝ ʧʦʥʠʤʘʥʠʝ 

ʥʘʥʦʙʠʦʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʥʘʥʦʣʠʩʪʦʚ ʥʘ ʦʩʥʦʚʝ ʩʠʣʠʮʝʥʘ ʠʣʠ ʜʨʫʛʠʭ ʧʦʷʚʣʷʶʱʠʭʩʷ ʜʚʫʤʝʨ-

ʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ. ɿʘʤʝʪʥʦʝ ʧʦʜʘʚʣʝʥʠʝ ʨʦʩʪʘ ʦʧʫʭʦʣʠ ʙʳʣʦ ʜʦʩʪʠʛʥʫʪʦ ʟʘ ʩʯʝʪ ʩʠʥʝʨʛʠʯʝ-

ʩʢʦʡ ʭʠʤʠʦʪʝʨʘʧʠʠ ʠ ʬʦʪʦʥʥʦʡ ʛʠʧʝʨʪʝʨʤʠʠ ʩ ʥʝʟʥʘʯʠʪʝʣʴʥʳʤʠ ʧʦʙʦʯʥʳʤʠ ʵʬʬʝʢʪʘʤʠ ʠ 

ʦʞʠʜʘʝʤʦʡ ʩʧʦʩʦʙʥʦʩʪʴʶ ʢ ʜʝʛʨʘʜʘʮʠʠ, ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʫʩʪʨʘʥʠʪʴ ʥʝʩʢʦʣʴʢʦ ʬʫʥʜʘʤʝʥʪʘʣʴ-

ʥʳʭ ʙʘʨʴʝʨʦʚ ʥʘʥʦʪʝʨʘʧʠʠ, ʩʚʷʟʘʥʥʦʡ ʩ ʦʥʢʦʣʦʛʠʝʡ. ɺ ʵʪʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʩʠʣʠʮʝʥ, 

ʜʦʩʪʦʠʥʩʪʚʘ ʢʦʪʦʨʦʛʦ ʚʢʣʶʯʘʶʪ ʚ ʩʝʙʷ ʜʦʩʪʦʠʥʩʪʚʘ ʪʘʢʠʝ ʬʘʢʪʦʨʳ, ʢʘʢ ʚʳʩʦʢʷ ʫʜʝʣʴʥʘʷ ʧʣʦ-

ʱʘʜʴ ʧʦʚʝʨʭʥʦʩʪʠ, ʜʚʫʤʝʨʥʘʷ ʪʦʧʦʣʦʛʠʷ, ʚʥʫʪʨʝʥʥʷʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʢ ʬʠʟʠʯʝʩʢʠʤ/ʭʠʤʠ-

ʯʝʩʢʠʤ ʨʘʟʜʨʘʞʠʪʝʣʷʤ ʠ ʧʦʣʥʘʷ ʙʠʦʜʝʛʨʘʜʘʮʠʠ ʠ ʙʠʦʙʝʟʦʧʘʩʥʦʩʪʴ. ɼʘʥʥʘʷ ʜʚʫʤʝʨʥʘʷ ʘʣʣʦ-

ʪʨʦʧʥʘʷ ʤʦʜʠʬʠʢʘʮʠʷ ʢʨʝʤʥʠʷ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʤʥʦʛʦʦʙʝʱʘʶʱʝʡ ʘʣʴʪʝʨʥʘʪʠʚʳ 

ʩʣʝʜʫʶʱʝʛʦ ʧʦʢʦʣʝʥʠʷ ʪʨʘʜʠʮʠʦʥʥʳʤ ʙʠʦʤʘʪʝʨʠʘʣʘʤ, ʠʩʧʦʣʴʟʫʶʱʠʤʩʷ ʚ ʢʣʠʥʠʯʝʩʢʦʡ ʤʝ-

ʜʠʮʠʥʝ. 

 

ɺʳʚʦʜʳ 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣʠ ʧʦʢʘʟʘʥʳ ʣʠʰʴ ʥʝʢʦʪʦʨʳʝ ʚʳʙʨʘʥʥʳʝ ʧʨʠʤʝʨʳ, ʦʧʠʩʳʚʘʶʱʠʝ 

ʪʝʢʫʱʠʝ ʪʨʝʥʜʳ ʚ ʩʬʝʨʝ ʵʣʝʢʪʨʦʥʠʢʠ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ ʠʥʞʝʥʝʨʠʠ. ʄʥʦ-

ʛʠʝ ʧʦʪʝʥʮʠʘʣʴʥʳʝ ʧʨʠʤʝʥʝʥʠʷ ʩʚʝʨʭʪʦʥʢʠʭ ʜʚʫʭʤʝʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʩʝʥʩʦʨʦʚ ʠ ʙʠʦʩʝʥ-

ʩʦʨʦʚ ʥʘ ʦʩʥʦʚʝ ʙʦʨʦʬʝʥʘ, ʩʠʣʠʮʝʥʘ ʠ ʬʦʩʬʦʨʝʥʘ ʩ ʢʘʞʜʳʤ ʛʦʜʦʤ ʚʩʸ ʨʘʩʰʠʨʷʶʪʩʷ. ʇʨʦʚʦ-

ʜʷʪʩʷ ʠʥʪʝʥʩʠʚʥʳʝ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʪʘ-

ʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʩʝʥʩʦʨʦʚ ʥʦʩʠʤʳʭ ʧʨʠʙʦʨʦʚ, ʫʤʥʦʡ ʦʜʝʞʜʳ, ʘʢʢʫʤʫʣʷʪʦʨʦʚ ʚʦʜʦʨʦʜʘ ʠ 

ʜʨʫʛʠʭ ʫʩʪʨʦʡʩʪʚ.  ʍʦʪʴ ʪʘʢʠʝ ʩʝʥʩʦʨʳ ʟʘʯʘʩʪʫʶ ʣʝʛʢʠ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤ ʧʨʦʠʟʚʦʜʩʪʚʝ, 

ʧʦʣʥʦʮʝʥʥʦʝ ʩʝʨʠʡʥʦʝ ʧʦʢʘ ʧʦʜ ʙʦʣʴʰʠʤ ʚʦʧʨʦʩʦʤ ʚʩʣʝʜʩʪʚʠʝ ʤʘʣʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʠ ʚʳʩʦ-

ʢʦʛʦ ʨʘʟʙʨʦʩʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʛʦʪʦʚʳʭ ʫʩʪʨʦʡʩʪʚ. ɼʘʥʥʫʶ ʧʨʦʙʣʝʤʫ ʝʱʸ ʧʨʝʜʩʪʦʠʪ ʨʝʰʠʪʴ ʚ 

ʙʫʜʫʱʝʤ. ʆʜʥʘʢʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʵʪʦ, ʜʘʞʝ ʪʘʢʠʝ ʥʝʠʜʝʘʣʴʥʳʝ, ʥʦ ʫʞʝ ʨʘʙʦʯʠʝ ʫʩʪʨʦʡʩʪʚʘ ʧʦʢʘ-

ʟʳʚʘʶʪ ʧʨʝʚʦʩʭʦʜʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʧʨʝʚʦʩʭʦʜʷʱʠʝ ʦʥʳʝ ʫ ʩʝʥʩʦʨʦʚ, ʧʦʩʪʨʦʝʥʥʳʭ ʥʘ ʦʩ-

ʥʦʚʝ ʪʨʘʜʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. 
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ɺʃʀʗʅʀɽ ʄɽʍɸʅʀʏɽʉʂʀʍ ʅɸʇʈʗɾɽʅʀʁ ʅɸ ʇʈʆʎɽʉʉ 

ʉʄɽʑɽʅʀʗ ɼʆʄɽʅʅʓʍ ɻʈɸʅʀʎ ɺʅʋʊʈʀ ʌɽʈʈʆʄɸɻʅɽ-

ʊʀʂɸ 

 

ɻʦʣʦʚʯʝʥʢʦ ɼ.ɸ. 

ʘʩʧʠʨʘʥʪ ʢʘʬʝʜʨʳ ʂɹ-6 çʇʨʠʙʦʨʳ ʠ ʠʥʬʦʨʤʘʮʠʦʥʥʦ-ʠʟʤʝʨʠʪʝʣʴʥʳʝ ʩʠʩʪʝʤʳè, ʀʥʩʪʠʪʫʪʘ 
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ʜ.ʪ.ʥ., ʧʨʦʬʝʩʩʦʨ ʢʘʬʝʜʨʳ ʂɹ-6 çʇʨʠʙʦʨʳ ʠ ʠʥʬʦʨʤʘʮʠʦʥʥʦ-ʠʟʤʝʨʠʪʝʣʴʥʳʝ ʩʠʩʪʝʤʳè, ʀʥ-

ʩʪʠʪʫʪʘ ʢʠʙʝʨʙʝʟʦʧʘʩʥʦʩʪʠ ʠ ʮʠʬʨʦʚʳʭ ʪʝʭʥʦʣʦʛʠʡ, ʈʊʋ ʄʀʈʕɸ 

 

ʉʘʥʜʫʣʷʢ ɼ.ɸ. 

ʢ.ʪ.ʥ., ʜʦʮʝʥʪ ʢʘʬʝʜʨʳ ʂɹ-6 çʇʨʠʙʦʨʳ ʠ ʠʥʬʦʨʤʘʮʠʦʥʥʦ-ʠʟʤʝʨʠʪʝʣʴʥʳʝ ʩʠʩʪʝʤʳè, ʀʥʩʪʠ-

ʪʫʪʘ ʢʠʙʝʨʙʝʟʦʧʘʩʥʦʩʪʠ ʠ ʮʠʬʨʦʚʳʭ ʪʝʭʥʦʣʦʛʠʡ, ʈʊʋ ʄʀʈʕɸ 

 

ɸʥʥʦʪʘʮʠʷ: ʇʨʦʙʣʝʤʘ ʧʦʚʳʰʝʥʠʷ ʥʘʜʸʞʥʦʩʪʠ ʠ ʜʦʣʛʦʚʝʯʥʦʩʪʠ ʨʘʙʦʪʳ ʦʪʚʝʪʩʪʚʝʥʥʳʭ ʠʟ-

ʜʝʣʠʡ ʩʚʷʟʘʥʘ ʩ ʚʦʟʤʦʞʥʦʩʪʴʶ ʫʧʨʘʚʣʝʥʠʷ ʠ ʦʮʝʥʢʠ ʦʩʪʘʪʦʯʥʳʭ ʥʘʧʨʷʞʝʥʠʡ (ʆʅ) ʥʘ ʚʩʝʭ 

ʵʪʘʧʘʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʠʭ ʧʨʦʠʟʚʦʜʩʪʚʘ ʠ ʵʢʩʧʣʫʘʪʘʮʠʠ. ʉʫʱʝʩʪʚʫʶʪ ʨʘʟʣʠʯʥʳʝ 

ʧʦʜʭʦʜʳ ʢ ʧʦʚʳʰʝʥʠʶ ʫʩʪʘʣʦʩʪʥʦʡ ʧʨʦʯʥʦʩʪʠ. ʆʮʝʥʢʘ ʩʤʝʱʝʥʠʷ ʜʦʤʝʥʥʳʭ ʛʨʘʥʠʮ ʚʥʫʪʨʠ 
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ʫʟʣʦʚ, ʢʦʪʦʨʳʝ ʷʚʣʷʶʪʩʷ ʚʘʞʥʳʤʠ ʚ ʨʘʟʥʳʭ ʦʙʣʘʩʪʷʭ ʞʠʟʥʝʜʝʷʪʝʣʴʥʦʩʪʠ ʯʝʣʦʚʝʢʘ: ʤʘʰʠ-

ʥʦʩʪʨʦʠʪʝʣʴʥʘʷ, ʘʚʠʘʮʠʦʥʥʘʷ, ʚʦʝʥʥʘʷ. 
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 ɺʚʝʜʝʥʠʝ 

ʇʨʦʙʣʝʤʘ ʧʦʚʳʰʝʥʠʷ ʥʘʜʸʞʥʦʩʪʠ ʠ ʜʦʣʛʦʚʝʯʥʦʩʪʠ ʨʘʙʦʪʳ ʦʪʚʝʪʩʪʚʝʥʥʳʭ ʠʟʜʝʣʠʡ ʩʚʷ-

ʟʘʥʘ ʩ ʚʦʟʤʦʞʥʦʩʪʴʶ ʫʧʨʘʚʣʝʥʠʷ ʠ ʦʮʝʥʢʠ ʦʩʪʘʪʦʯʥʳʭ ʥʘʧʨʷʞʝʥʠʡ (ʆʅ) ʥʘ ʚʩʝʭ ʵʪʘʧʘʭ ʪʝʭ-

ʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʠʭ ʧʨʦʠʟʚʦʜʩʪʚʘ ʠ ʵʢʩʧʣʫʘʪʘʮʠʠ. ʇʨʦʨʘʙʦʪʢʘ ʚʦʧʨʦʩʦʚ, ʩʚʷʟʘʥʥʳʭ ʩ 

ʆʅ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ: ʘʥʘʣʠʟ ʚʣʠʷʥʠʷ ʆʅ ʥʘ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠʟʜʝʣʠʡ; ʠʟʫ-

ʯʝʥʠʝ ʧʨʠʯʠʥ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʠ ʜʠʥʘʤʠʢʠ ʠʟʤʝʨʝʥʠʷ ʆʅ ʚ ʟʘʛʦʪʦʚʢʘʭ ʦʪ ʦʜʥʦʡ ʪʝʭʥʦʣʦʛʠʯʝ-

ʩʢʦʡ ʦʧʝʨʘʮʠʠ ʢ ʜʨʫʛʦʡ; ʘʥʘʣʠʟ ʆʅ ʚʩʣʝʜʩʪʚʠʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʥʘʩʣʝʜʩʪʚʝʥʥʦʩʪʠ; ʩʦʟʜʘʥʠʝ 

ʠ ʧʨʠʤʝʥʝʥʠʝ ʤʝʪʦʜʦʚ ʠ ʩʨʝʜʩʪʚ ʢʦʥʪʨʦʣʷ ʆʅ ʘʜʝʢʚʘʪʥʳ ʧʦ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʜʦʩʪʫʧʥʳʤ ʦʪ-

ʢʣʦʥʝʥʠʷʤ ʦʪ ʨʝʛʣʘʤʝʥʪʠʨʫʝʤʦʡ ʚʝʣʠʯʠʥʳ; ʨʘʟʨʘʙʦʪʢʘ ʩʧʦʩʦʙʦʚ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʚʝʣʠʯʠʥʫ ʠ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʆʅ ʩ ʮʝʣʴʶ ʩʥʠʞʝʥʠʷ ʠʭ ʥʝʛʘʪʠʚʥʦʛʦ ʚʣʠʷʥʠʷ ʥʘ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʝ ʭʘʨʘʢʪʝ-

ʨʠʩʪʠʢʠ ʠʟʜʝʣʠʡ [1, 2, 3]. 

 ʆʩʪʘʪʦʯʥʳʝ ʥʘʧʨʷʞʝʥʠʷ ʩʚʷʟʘʥʳ ʩ ʫʧʨʫʛʠʤʠ ʜʝʬʦʨʤʘʮʠʷʤʠ, ʩʫʱʝʩʪʚʫʶʱʠʤʠ ʚ ʠʟʜʝ-

ʣʠʠ ʧʦʩʣʝ ʧʦʣʥʦʛʦ ʧʨʝʢʨʘʱʝʥʠʷ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʡ, ʷʚʣʷʶʪʩʷ ʩʣʝʜʩʪʚʠʝʤ ʨʝʘʣʠʟʘʮʠʠ ʥʝ-

ʦʜʥʦʨʦʜʥʦʩʪʝʡ ʠ ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʝʡ ʨʘʟʥʳʭ ʚʠʜʦʚ ʠ ʤʘʩʰʪʘʙʦʚ, ʧʨʠʩʫʱʠʭ ʧʨʘʢʪʠʯʝʩʢʠ ʚʩʝʤ 

ʩʧʦʩʦʙʘʤ ʤʝʪʘʣʣʦʦʙʨʘʙʦʪʢʠ, ʠ ʫʯʘʩʪʚʫʶʪ, ʚ ʪʦʡ ʠʣʠ ʠʥʦʡ ʤʝʨʝ, ʚʦ ʚʩʝʭ ʧʨʦʮʝʩʩʘʭ ʠ ʷʚʣʝʥʠʷʭ, 

ʧʨʦʠʩʭʦʜʷʱʠʭ ʚ ʤʝʪʘʣʣʝ ʥʘ ʤʘʢʨʦ- ʠ ʤʠʢʨʦʫʨʦʚʥʷʭ. 

 

ʈʦʣʴ ʦʩʪʘʪʦʯʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʚ ʪʝʭʥʦʣʦʛʠʠ ʧʨʦʠʟʚʦʜʩʪʚʘ ʠ ʤʝʪʦʜʳ ʧʦʚʳʰʝʥʠʷ 

ʫʩʪʘʣʦʩʪʥʦʡ ʧʨʦʯʥʦʩʪʠ 
ʇʦʣʦʞʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʝ ʠ ʨʝʩʫʨʩʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʝʪʘʣʣʦʠʟ-

ʜʝʣʠʡ ʦʢʘʟʳʚʘʶʪ ʩʞʠʤʘʥʠʝ ʆʅ: ʪʘʢ, ʚʦʟʥʠʢʘʶʱʠʝ ʧʨʠ ʥʝʢʦʪʦʨʳʭ ʚʠʜʘʭ ʦʙʨʘʙʦʪʢʠ ʧʦʚʝʨʭ-

ʥʦʩʪʥʳʤ ʧʣʘʩʪʠʯʝʩʢʠʤ ʜʝʬʦʨʤʠʨʦʚʘʥʠʝʤ ʥʘʧʨʷʞʝʥʠʷ ʩʧʦʩʦʙʩʪʚʫʶʪ ʧʦʚʳʰʝʥʠʶ ʤʘʣʦʮʠʢʣʦ-

ʚʦʡ ʚʳʥʦʩʣʠʚʦʩʪʠ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʩʪʘʣʝʡ. 

 ʉʞʠʤʘʶʱʠʝ ʆʅ ʩʫʱʝʩʪʚʝʥʥʫʶ ʨʦʣʴ ʠʛʨʘʶʪ ʚ ʪʝʭʥʦʣʦʛʠʠ ʧʨʦʠʟʚʦʜʩʪʚʘ ʠ ʚ ʵʢʩʧʣʫʘʪʘ-

ʮʠʠ ʚʳʩʦʢʦʧʨʦʯʥʳʭ ʚʘʣʦʚ, ʪ.ʢ. ʪʦʨʩʠʦʥʥʳʝ ʚʘʣʳ ʩʠʩʪʝʤʳ ʧʦʜʨʝʩʩʦʨʠʚʘʥʠʷ ʛʫʩʝʥʠʯʥʳʭ ʤʘ-

ʰʠʥ ʠʣʠ ʩʪʦʝʢ ʰʘʩʩʠ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ, ʨʘʙʦʪʘʶʱʠʭ ʚ ʪʷʞʸʣʳʭ ʫʩʣʦʚʠʷʭ ʮʠʢʣʠʯʝʩʢʦʛʦ 

ʠ ʧʦʚʪʦʨʥʦ-ʩʪʘʪʠʯʝʩʢʦʛʦ ʥʘʛʨʫʞʝʥʝʥʠʷ. ʕʪʦ ʦʙʦʩʥʦʚʳʚʘʝʪ ʚʳʙʦʨ ʚʠʜʘ ʩʪʘʣʝʡ ʧʨʠ ʠʭ ʧʨʦʠʟ-

ʚʦʜʩʪʚʝ ʩ ʚʳʩʦʢʠʤ ʫʨʦʚʥʝʤ ʧʨʦʯʥʦʩʪʥʳʭ ʠ ʧʣʘʩʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚʘʤʠ. ʂ ʪʘʢʠʤ ʤʘʪʝʨʠʘʣʘʤ ʦʪ-

ʥʦʩʷʪʩʷ ʩʨʝʜʥʝʫʛʣʝʨʦʜʠʩʪʳʝ ʣʝʛʠʨʦʚʘʥʥʳʝ ʩʪʘʣʠ 45ʍʅʄʌɸ, 30ʍɻʉʅ2ɸ. 

 ʕʬʬʝʢʪʠʚʥʳʤ ʤʝʪʦʜʦʤ ʧʦʚʳʰʝʥʠʷ ʫʩʪʘʣʦʩʪʥʦʡ ʧʨʦʯʥʦʩʪʠ ʧʨʠ ʠʟʛʦʪʦʚʣʝʥʠʠ ʠ ʨʝ-

ʤʦʥʪʝ ʠʟʜʝʣʠʡ ʠʟ ʵʪʠʭ ʩʪʘʣʝʡ ʷʚʣʷʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʦʧʝʨʘʮʠʡ, ʧʨʠʚʦʜʷʱʠʭ ʢ 

ʧʣʘʩʪʠʯʝʩʢʦʤʫ ʜʝʬʦʨʤʠʨʦʚʘʥʠʶ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʸʚ ʤʝʪʘʣʣʘ. ʂ ʧʦʩʣʝʜʥʠʤ ʦʪʥʦʩʷʪʩʷ ʨʘʟ-

ʣʠʯʥʳʝ ʩʪʘʪʠʯʝʩʢʠʝ ʠ ʜʠʥʘʤʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʧʣʘʩʪʠʯʝʩʢʦʛʦ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ 

(ʇʇɼ): ʦʙʨʘʙʦʪʢʘ ʜʨʦʙʴʶ, ʚʠʙʨʦʦʙʨʘʙʦʪʢʘ, ʦʙʢʘʪʳʚʘʥʠʝ ʠ ʨʘʩʢʘʪʳʚʘʥʠʝ ʰʘʨʠʢʘʤʠ ʠ ʨʦʣʠ-

ʢʘʤʠ, ʘʣʤʘʟʥʦʝ ʚʳʛʣʘʞʠʚʘʥʠʝ ʠ ʧʨ. ɼʦʩʪʠʞʝʥʠʝ ʪʨʝʙʫʝʤʳʭ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʭ ʩʚʦʡʩʪʚ ʠʟʜʝ-

ʣʠʡ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʙʦʨʦʤ ʦʧʪʠʤʘʣʴʥʦʛʦ ʨʝʞʠʤʘ ʇʇɼ ʜʣʷ ʢʘʞʜʦʡ ʢʦʥʢʨʝʪʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʩʪʘʣʠ, ʩ ʫʯʸʪʦʤ ʬʦʨʤʳ ʠʟʜʝʣʠʷ ʠ ʭʘʨʘʢʪʝʨʘ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʦʛʦ ʥʘʛʨʫʞʝʥʠʷ. ɺʤʝʩʪʝ ʩ ʪʝʤ, ʩʪʘ-
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ʪʠʯʝʩʢʠʝ ʜʘʥʥʳʝ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ, ʯʪʦ ʬʘʢʪ ʧʨʦʚʝʜʝʥʠʷ ʇʇɼ ʥʝ ʷʚʣʷʝʪʩʷ ʛʘʨʘʥʪʠʝʡ ʜʦʩʪʠʞʝ-

ʥʠʷ ʦʞʠʜʘʝʤʦʡ ʜʦʣʛʦʚʝʯʥʦʩʪʠ [1, 5]. ʇʦʵʪʦʤʫ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʦʮʝʥʢʠ ʬʘʢʪʠʯʝʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ 

ʤʝʪʘʣʣʘ ʥʝ ʪʦʣʴʢʦ ʧʨʠ ʠʟʛʦʪʦʚʣʝʥʠʠ ʠʟʜʝʣʠʡ, ʥʦ ʠ ʚ ʧʨʦʮʝʩʩʝ ʵʢʩʧʣʫʘʪʘʮʠʠ ʷʚʣʷʝʪʩʷ ʚʘʞʥʦʡ 

ʠ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ [3]. 

 ʉʨʝʜʠ ʜʨʫʛʠʭ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʧʦʩʦʙʦʚ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʆʅ, ʚ ʢʦʪʦʨʳʭ ʨʝʘʣʠʟʫʶʪʩʷ ʤʘ-

ʣʳʝ ʧʣʘʩʪʠʯʝʩʢʠʝ ʜʝʬʦʨʤʘʮʠʠ, ʰʠʨʦʢʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʧʦʣʫʯʠʣʠ ʧʨʘʚʢʘ ʨʘʩʪʷʞʝʥʠʝʤ ʠ 

ʢʨʫʯʝʥʠʝʤ, ʦʙʨʘʙʦʪʢʘ ʨʝʜʫʮʠʨʦʚʘʥʠʝʤïʧʨʦʮʝʩʩ ʬʦʨʤʦʦʙʨʘʟʦʚʘʥʠʷ ʧʫʪʝʤ ʧʣʘʩʪʠʯʝʩʢʦʛʦ ʜʝ-

ʬʦʨʤʠʨʦʚʘʥʠʷ ʤʝʪʘʣʣʘ [2]. 

 ʉʚʷʟʳʚʘʶʱʠʤ ʚʦʝʜʠʥʦ ʚʩʶ ʩʠʩʪʝʤʫ ʫʧʨʘʚʣʝʥʠʷ ʆʅ ʟʚʝʥʦʤ, ʷʚʣʷʝʪʩʷ ʧʨʦʙʣʝʤʘ ʢʦʥ-

ʪʨʦʣʷ ʆʅ, ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʢʦʪʦʨʦʛʦ ʧʨʦʚʦʜʠʪʩʷ ʢʦʨʨʝʢʪʠʨʦʚʢʘ ʪʝʭʥʦʣʦʛʠʠ ʠʟʛʦʪʦʚʣʝʥʠʷ ʠʟʜʝ-

ʣʠʷ ʥʘ ʵʪʘʧʝ ʝʝ ʨʘʟʨʘʙʦʪʢʠ, ʦʪʙʨʘʢʦʚʢʘ ʠʟʜʝʣʠʡ ʩ ʥʝʜʦʧʫʩʪʠʤʳʤ ʫʨʦʚʥʝʤ ʥʘʧʨʷʞʝʥʠʡ ʚ ʧʨʦ-

ʮʝʩʩʝ ʧʨʦʠʟʚʦʜʩʪʚʘ, ʜʠʘʛʥʦʩʪʠʢʘ ʩʦʩʪʦʷʥʠʷ ʤʝʪʘʣʣʦʢʦʥʩʪʨʫʢʮʠʡ ʚ ʧʨʦʮʝʩʩʝ ʠʭ ʵʢʩʧʣʫʘʪʘʮʠʠ 

ʠ ʭʨʘʥʝʥʠʷ. 

ʆʙʱʝʧʨʠʥʷʪʘʷ ʢʣʘʩʩʠʬʠʢʘʮʠʷ ʤʝʪʦʜʦʚ ʘʥʘʣʠʟʘ ʠ ʢʦʥʪʨʦʣʷ ʆʅ ʨʘʟʜʝʣʷʝʪ ʠʭ ʥʘ ʨʘʟʨʫʰʘʶʱʠʝ 

ʠ ʥʝʨʘʟʨʫʰʘʶʱʠʝ. 

 ʈʘʟʨʫʰʘʶʱʠʝ (ʯʘʩʪʠʯʥʦ ʨʘʟʨʫʰʘʶʱʠʝ) ʤʝʭʘʥʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʠʩʧʦʣʴʟʫʶʪʩʷ, ʢʘʢ ʧʨʘ-

ʚʠʣʦ, ʜʣʷ ʨʘʟʣʠʯʥʦʛʦ ʨʦʜʘ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ ʧʨʦʚʝʜʝʥʠʷ ʚʳʙʦʨʦʯʥʦʛʦ ʢʦʥʪʨʦʣʷ ʆʅ, ʯʪʦ ʧʦʟʚʦ-

ʣʷʝʪ ʜʦʩʪʠʯʴ ʚʳʩʦʢʦʛʦ ʫʨʦʚʥʷ ʥʘʜʸʞʥʦʩʪʠ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʢʦʥʪʨʦʣʷ ʥʘ ʧʨʦʠʟʚʦʜʩʪʚʝ. 

 ɹʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʚ ʵʪʦʤ ʦʪʥʦʰʝʥʠʠ ʷʚʣʷʶʪʩʷ ʥʝʨʘʟʨʫʰʘʶʱʠʝ ʤʝʪʦʜʳ ʢʦʥʪʨʦʣʷ, 

ʚ ʦʩʥʦʚʝ ʢʦʪʦʨʳʭ ʣʝʞʘʪ ʟʘʚʠʩʠʤʦʩʪʠ ʨʘʟʣʠʯʥʳʭ ʬʠʟʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʘʪʝʨʠʘʣʘ ʦʪ ʜʝʡ-

ʩʪʚʫʶʱʠʭ ʚ ʥʝʤ ʤʘʢʨʦ- ʠ ʤʠʢʨʦʥʘʧʨʷʞʝʥʠʡ. ʉʨʝʜʠ ʨʘʟʥʦʦʙʨʘʟʥʳʭ ʤʝʪʦʜʦʚ ʢʦʥʪʨʦʣʷ ʦʜʥʦ ʠʟ 

ʚʝʜʫʱʠʭ ʤʝʩʪ ʧʦ ʢʦʣʠʯʝʩʪʚʫ ʨʘʟʨʘʙʦʪʦʢ ʠ ʤʘʩʰʪʘʙʘʤ ʧʨʠʤʝʥʝʥʠʷ ʟʘʥʠʤʘʶʪ ʵʣʝʢʪʨʦʤʘʛʥʠʪ-

ʥʳʝ ʤʝʪʦʜʳ ʢʦʥʪʨʦʣʷ. ɿʥʘʯʠʪʝʣʴʥʳʝ ʫʩʧʝʭʠ ʚ ʪʝʦʨʠʠ, ʨʘʟʨʘʙʦʪʢʝ ʠ ʧʨʠʤʝʥʝʥʠʠ ʵʣʝʢʪʨʦʤʘʛ-

ʥʠʪʥʳʭ ʤʝʪʦʜʦʚ ʢʦʥʪʨʦʣʷ ʩʚʷʟʘʥʳ ʩ ʫʩʠʣʠʷʤʠ ʈʦʩʩʠʡʩʢʠʭ ʫʯʝʥʳʭ ʠ ʩʧʝʮʠʘʣʠʩʪʦʚ: ɸ.ɹ. ʉʘ-

ʧʦʞʥʠʢʦʚʘ, ʈ.ʀ. ʗʥʫʩʘ, ʄ.ʅ. ʄʠʭʝʝʚʘ, ʅ.ʅ. ɿʘʮʝʧʠʥʘ, ɺ.ɺ. ʂʣʶʝʚʘ, ɺ.ɻ. ɻʝʨʘʩʠʤʦʚʘ, ɺ.ɽ. 

ʑʝʨʙʠʥʠʥʘ, ɻ.ʉ. ʐʝʣʝʭʦʚʘ, ɸ.ʂ. ɼʝʥʝʣʷ, ʕ.ʉ. ɻʦʨʢʫʥʦʚʘ, ɺ.ʌ. ʄʫʞʠʮʢʦʛʦ ʠ ʜʨ. [2, 3, 4]. 

 ʄʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʤʝʪʘʣʣʦʚ ʦʜʥʦʟʥʘʯʥʦ ʦʧʨʝʜʝʣʷʶʪʩʷ ʩʪʨʫʢʪʫʨʥʳʤʠ ʠʟʤʝʥʝʥʠʷʤʠ 

ʚ ʧʨʦʮʝʩʩʝ ʠʭ ʧʣʘʩʪʠʯʝʩʢʦʛʦ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ. ʊʘʢ, ʜʣʷ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʩʪʘʣʝʡ ʦʧʨʝʜʝʣʝʥʦ, 

ʯʪʦ ʢʦʵʨʮʠʪʠʚʥʘʷ ʩʠʣʘ ʅʩ ʩʚʷʟʘʥʘ ʩ ʧʣʦʪʥʦʩʪʴʶ ʜʠʩʣʦʢʘʮʠʡ N ʠ ʥʘʧʨʷʞʝʥʠʷʤʠ [5]. ɺʦʟʤʦʞ-

ʥʦʩʪʴ ʢʦʥʪʨʦʣʷ ʧʦ ʅʩ ʥʘʧʨʷʞʸʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʩʪʘʣʝʡ ʧʦʢʘʟʘʥʘ ʚ ʨʘʙʦʪʘʭ 

[1, 4]. ʇʨʠʤʝʥʝʥʠʝ ʜʣʷ ʵʪʦʡ ʮʝʣʠ ʚʠʭʨʝʪʦʢʦʚʳʭ ʠ ʛʘʨʤʦʥʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʥʘ ʦʪʜʝʣʴʥʳʭ ʤʘʨ-

ʢʘʭ ʩʪʘʣʝʡ ʪʘʢʞʝ ʜʘʣʦ ʧʦʣʦʞʠʪʝʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ [2, 4]. ʆʜʥʘʢʦ ʚʦʟʤʦʞʥʦʩʪʠ ʵʪʠʭ ʤʝʪʦʜʦʚ 

ʦʛʨʘʥʠʯʠʚʘʶʪʩʷ ʨʷʜʦʤ ʬʘʢʪʦʨʦʚ. ʂʦʵʨʮʠʪʠʚʥʘʷ ʩʠʣʘ ʜʘʸʪ ʫʩʨʝʜʥʸʥʥʫʶ ʧʦ ʦʙʲʸʤʫ ʠʥʬʦʨʤʘ-

ʮʠʶ ʦ ʩʪʨʫʢʪʫʨʥʳʭ ʠʟʤʝʥʝʥʠʷʭ ʚ ʤʝʪʘʣʣʝ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʭʘʨʘʢʪʝʨ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʘʧʨʷʞʝʥʠʡ 

ʚ ʜʝʪʘʣʷʭ ʧʨʠ ʥʝʦʜʥʦʨʦʜʥʦʡ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʦʙʳʯʥʦ ʟʥʘʢʦʧʝʨʝʤʝʥʝʥ. ʀʥʬʦʨʤʘʮʠ-

ʦʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʚʠʭʨʝʪʦʢʦʚʦʛʦ ʤʝʪʦʜʘ ʩʚʷʟʘʥʳ ʪʦʣʴʢʦ ʩ ʠʟʤʝʥʝʥʠʝʤ ʵʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ (ʫʜʝʣʴʥʦʡ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ, ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ) ʤʝʪʘʣʣʘ ʠ 

ʥʝ ʫʯʠʪʳʚʘʶʪ ʚʣʠʷʥʠʝ ʤʘʛʥʠʪʥʦʡ ʪʝʢʩʪʫʨʳ, ʩʦʟʜʘʚʘʝʤʦʡ ʜʝʬʦʨʤʘʮʠʝʡ ʥʘ ʥʝʦʙʨʘʪʠʤʳʝ ʧʨʦ-

ʮʝʩʩʳ ʩʤʝʱʝʥʠʷ ʚ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʘʭ [1, 3]. 

 ʇʨʦʙʣʝʤʘ ʫʩʫʛʫʙʣʷʝʪʩʷ ʪʝʤ, ʯʪʦ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʢʦʥʪʨʦʣʷ ʚʳʩʦʢʦʧʨʦʯʥʳʭ ʩʪʘʣʝʡ, ʚ ʟʥʘ-

ʯʠʪʝʣʴʥʦʡ ʤʝʨʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʠʜʦʤ ʠʭ ʠʩʭʦʜʥʦʡ ʩʪʨʫʢʪʫʨʳ. ʇʨʠ ʫʧʨʦʯʥʝʥʠʠ ʠʟʜʝʣʠʡ ʩ ʠʩ-

ʭʦʜʥʦʡ ʩʦʨʙʠʪʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʧʣʦʪʥʦʩʪʴ ʜʝʬʝʢʪʦʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʩʪʨʦʝʥʠʷ, 

ʨʘʩʪʫʪ ʥʘʧʨʷʞʝʥʠʷ II ʠ III  ʨʦʜʘ. ʕʪʦ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝʤ ʤʘʛʥʠʪʥʦʡ ʞʸʩʪʢʦʩʪʠ ʩʪʘʣʠ. 

ʇʨʠ ʇʇɼ ʠʟʜʝʣʠʡ ʩʪʨʫʢʪʫʨʳ ʤʘʨʪʝʥʩʠʪʘ ʧʨʦʠʩʭʦʜʷʪ ʩʪʨʫʢʪʫʨʥʦ-ʬʘʟʦʚʳʝ ʧʨʝʚʨʘʱʝʥʠʷ, ʨʝ-

ʣʘʢʩʘʮʠʷ ʧʠʢʦʚʳʭ ʥʘʧʨʷʞʝʥʠʡ. ʕʪʦ ʫʤʝʥʴʰʘʝʪ ʤʘʛʥʠʪʥʫʶ ʞʝʩʪʢʦʩʪʴ ʩʪʘʣʠ. ʂʨʦʤʝ ʪʦʛʦ, 

ʫʧʨʦʯʥʝʥʠʝ ʧʨʠʚʦʜʠʪ ʢ ʩʦʟʜʘʥʠʶ ʚ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʷʭ ʦʩʪʘʪʦʯʥʳʭ ʩʞʠʤʘʶʱʠʭ ʥʘʧʨʷʞʝ-

ʥʠʡ 1ïʛʦ ʨʦʜʘ, ʢʦʪʦʨʳʝ ʫʚʝʣʠʯʠʚʘʶʪ ʤʘʛʥʠʪʥʫʶ ʞʸʩʪʢʦʩʪʴ ʩʪʘʣʠ [1, 2]. 
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ʕʬʬʝʢʪ ɹʘʨʢʛʘʫʟʝʥʘ ʠ ʢʦʤʧʣʝʢʩ ʧʨʦʙʣʝʤ ʫʧʨʘʚʣʝʥʠʷ ʦʩʪʘʪʦʯʥʳʤʠ ʥʘʧʨʷʞʝʥʠ-

ʷʤʠ ʧʨʠ ʢʦʥʪʨʦʣʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʠ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʭ ʩʚʦʡʩʪʚ ʤʝʪʘʣʣʦʠʟʜʝʣʠʡ. 
ʇʨʦʙʣʝʤʘ ʧʦʚʳʰʝʥʠʷ ʥʘʜʸʞʥʦʩʪʠ ʠ ʜʦʣʛʦʚʝʯʥʦʩʪʠ ʨʘʙʦʪʳ ʦʪʚʝʪʩʪʚʝʥʥʳʭ ʠʟʜʝʣʠʡ ʩʚʷ-

ʟʘʥʘ ʩ ʚʦʟʤʦʞʥʦʩʪʴʶ ʫʧʨʘʚʣʝʥʠʷ ʠ ʦʮʝʥʢʠ ʦʩʪʘʪʦʯʥʳʭ ʥʘʧʨʷʞʝʥʠʡ (ʆʅ) ʥʘ ʚʩʝʭ ʵʪʘʧʘʭ ʪʝʭ-

ʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʠʭ ʧʨʦʠʟʚʦʜʩʪʚʘ ʠ ʵʢʩʧʣʫʘʪʘʮʠʠ. ʇʨʦʨʘʙʦʪʢʘ ʚʦʧʨʦʩʦʚ, ʩʚʷʟʘʥʥʳʭ ʩ 

ʆʅ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ: ʘʥʘʣʠʟ ʚʣʠʷʥʠʷ ʆʅ ʥʘ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠʟʜʝʣʠʡ; ʠʟʫ-

ʯʝʥʠʝ ʧʨʠʯʠʥ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʠ ʜʠʥʘʤʠʢʠ ʠʟʤʝʨʝʥʠʷ ʆʅ ʚ ʟʘʛʦʪʦʚʢʘʭ ʦʪ ʦʜʥʦʡ ʪʝʭʥʦʣʦʛʠʯʝ-

ʩʢʦʡ ʦʧʝʨʘʮʠʠ ʢ ʜʨʫʛʦʡ; ʘʥʘʣʠʟ ʆʅ ʚʩʣʝʜʩʪʚʠʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʥʘʩʣʝʜʩʪʚʝʥʥʦʩʪʠ; ʩʦʟʜʘʥʠʝ 

ʠ ʧʨʠʤʝʥʝʥʠʝ ʤʝʪʦʜʦʚ ʠ ʩʨʝʜʩʪʚ ʢʦʥʪʨʦʣʷ ʆʅ ʘʜʝʢʚʘʪʥʳ ʧʦ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʜʦʩʪʫʧʥʳʤ ʦʪ-

ʢʣʦʥʝʥʠʷʤ ʦʪ ʨʝʛʣʘʤʝʥʪʠʨʫʝʤʦʡ ʚʝʣʠʯʠʥʳ; ʨʘʟʨʘʙʦʪʢʘ ʩʧʦʩʦʙʦʚ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʚʝʣʠʯʠʥʫ ʠ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʆʅ ʩ ʮʝʣʴʶ ʩʥʠʞʝʥʠʷ ʠʭ ʥʝʛʘʪʠʚʥʦʛʦ ʚʣʠʷʥʠʷ ʥʘ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʝ ʭʘʨʘʢʪʝ-

ʨʠʩʪʠʢʠ ʠʟʜʝʣʠʡ [1, 3, 4]. 

 ʆʩʪʘʪʦʯʥʳʝ ʥʘʧʨʷʞʝʥʠʷ ʩʚʷʟʘʥʳ ʩ ʫʧʨʫʛʠʤʠ ʜʝʬʦʨʤʘʮʠʷʤʠ, ʩʫʱʝʩʪʚʫʶʱʠʤʠ ʚ ʠʟʜʝ-

ʣʠʠ ʧʦʩʣʝ ʧʦʣʥʦʛʦ ʧʨʝʢʨʘʱʝʥʠʷ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʡ, ʷʚʣʷʶʪʩʷ ʩʣʝʜʩʪʚʠʝʤ ʨʝʘʣʠʟʘʮʠʠ ʥʝ-

ʦʜʥʦʨʦʜʥʦʩʪʝʡ ʠ ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʝʡ ʨʘʟʥʳʭ ʚʠʜʦʚ ʠ ʤʘʩʰʪʘʙʦʚ, ʧʨʠʩʫʱʠʭ ʧʨʘʢʪʠʯʝʩʢʠ ʚʩʝʤ 

ʩʧʦʩʦʙʘʤ ʤʝʪʘʣʣʦʦʙʨʘʙʦʪʢʠ, ʠ ʫʯʘʩʪʚʫʶʪ, ʚ ʪʦʡ ʠʣʠ ʠʥʦʡ ʤʝʨʝ, ʚʦ ʚʩʝʭ ʧʨʦʮʝʩʩʘʭ ʠ ʷʚʣʝʥʠʷʭ, 

ʧʨʦʠʩʭʦʜʷʱʠʭ ʚ ʤʝʪʘʣʣʝ ʥʘ ʤʘʢʨʦ- ʠ ʤʠʢʨʦʫʨʦʚʥʷʭ. 

 ʉʫʱʝʩʪʚʝʥʥʫʶ ʨʦʣʴ ʆʅ ʠʛʨʘʝʪ ʚ ʪʝʭʥʦʣʦʛʠʠ ʧʨʦʠʟʚʦʜʩʪʚʘ ʙʦʝʧʨʠʧʘʩʦʚ. ʆʪʣʠʯʠʪʝʣʴ-

ʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʪʘʢʠʭ ʠʟʜʝʣʠʡ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʦʥʠ ʦʜʥʦʨʘʟʦʚʦʛʦ ʧʦʣʴʟʦʚʘʥʠʷ ʠ ʟʘʧʘʩ ʧʨʦʯ-

ʥʦʩʪʠ ʫ ʥʠʭ ʦʪʩʫʪʩʪʚʫʝʪ. ʕʪʦ ʦʙʦʩʥʦʚʳʚʘʝʪ ʚʳʙʦʨ ʩʪʘʣʝʡ ʧʨʠ ʠʭ ʧʨʦʠʟʚʦʜʩʪʚʝ ʩ ʥʝʟʥʘʯʠʪʝʣʴ-

ʥʳʤʠ ʟʘʧʘʩʘʤʠ ʧʨʦʯʥʦʩʪʠ. ʂ ʪʘʢʠʤ ʤʘʪʝʨʠʘʣʘʤ ʦʪʥʦʩʷʪʩʷ ʙʝʟʫʛʣʝʨʦʜʠʩʪʳʝ ʤʘʨʪʝʥʩʠʪʦʩʪʘʨʝ-

ʶʱʠʝ ʚʳʩʦʢʦʧʨʦʯʥʳʝ ʩʪʘʣʠ ʕʇ 836, ʏʉ ï 98 [3]. ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʥʘʠʙʦʣʝʝ ʩʫʱʝ-

ʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʦʢʘʟʳʚʘʶʪ ʆʅ ʥʘ ʤʝʭʘʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʵʪʠʭ ʩʪʘʣʝʡ, ʩʢʣʦʥʥʳʭ ʢ 

ʭʨʫʧʢʦʤʫ ʨʘʟʨʫʰʝʥʠʶ: ʩʥʠʞʘʶʪ ʩʪʘʪʠʯʝʩʢʫʶ ʧʨʦʯʥʦʩʪʴ [2, 4], ʧʨʝʜʝʣ ʚʳʥʦʩʣʠʚʦʩʪʠ ʧʨʠ ʮʠʢ-

ʣʠʯʝʩʢʠʭ ʥʘʛʨʫʟʢʘʭ, ʧʨʠʚʦʜʷʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʠ, ʫʩʢʦʨʷʶʪ ʧʨʦʮʝʩʩʳ ʢʦʨʨʦʟʠʠ 

[1], ʠʟʤʝʥʷʶʪ ʬʦʨʤʦ - ʨʘʟʤʝʨʳ ʠʟʜʝʣʠʡ [3]. ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʦʧʨʝʜʝʣʷʶʱʝʝ ʟʥʘʯʝ-

ʥʠʝ ʚʦ ʤʥʦʛʠʭ ʩʣʫʯʘʷʭ ʠʤʝʝʪ ʥʝ ʭʘʨʘʢʪʝʨ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʆʅ ʧʦ ʪʦʣʱʠʥʝ ʜʝʪʘʣʠ, ʘ ʚʝʣʠʯʠʥʘ ʠ 

ʟʥʘʢ ʥʘʧʨʷʞʝʥʠʡ ʥʘ ʝʝ ʧʦʚʝʨʭʥʦʩʪʠ, ʧʦʩʢʦʣʴʢʫ ʠʤʝʥʥʦ ʚ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʷʭ ʩʦʩʨʝʜʦʪʘʯʠ-

ʚʘʶʪʩʷ ʤʠʢʨʦʜʝʬʝʢʪʳ, ʢʦʪʦʨʳʝ ʩʪʘʥʦʚʷʪʩʷ ʦʯʘʛʘʤʠ ʨʘʟʨʫʰʝʥʠʷ ʧʨʘʢʪʠʯʝʩʢʠ ʧʨʠ ʚʩʝʭ ʚʠʜʘʭ 

ʥʘʛʨʫʞʝʥʠʷ [5]. 

  

 ɿʘʢʣʶʯʝʥʠʝ 
ʄʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʤʝʪʘʣʣʦʚ ʦʜʥʦʟʥʘʯʥʦ ʦʧʨʝʜʝʣʷʶʪʩʷ ʩʪʨʫʢʪʫʨʥʳʤʠ ʠʟʤʝʥʝʥʠʷʤʠ 

ʚ ʧʨʦʮʝʩʩʝ ʠʭ ʧʣʘʩʪʠʯʝʩʢʦʛʦ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ. ʊʘʢ, ʜʣʷ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʩʪʘʣʝʡ ʦʧʨʝʜʝʣʝʥʦ, 

ʯʪʦ ʢʦʵʨʮʠʪʠʚʥʘʷ ʩʠʣʘ ʅʩ ʩʚʷʟʘʥʘ ʩ ʧʣʦʪʥʦʩʪʴʶ ʜʠʩʣʦʢʘʮʠʡ N ʠ ʥʘʧʨʷʞʝʥʠʷʤʠ. ɺʦʟʤʦʞʥʦʩʪʴ 

ʢʦʥʪʨʦʣʷ ʧʦ ʅʩ ʥʘʧʨʷʞʸʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʩʪʘʣʝʡ ʧʦʢʘʟʘʥʘ ʚ ʨʘʙʦʪʘʭ. ʇʨʠ-

ʤʝʥʝʥʠʝ ʜʣʷ ʵʪʦʡ ʮʝʣʠ ʚʠʭʨʝʪʦʢʦʚʳʭ ʠ ʛʘʨʤʦʥʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʥʘ ʦʪʜʝʣʴʥʳʭ ʤʘʨʢʘʭ ʩʪʘʣʝʡ 

ʪʘʢʞʝ ʜʘʣʦ ʧʦʣʦʞʠʪʝʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ. ʆʜʥʘʢʦ ʚʦʟʤʦʞʥʦʩʪʠ ʵʪʠʭ ʤʝʪʦʜʦʚ ʦʛʨʘʥʠʯʠʚʘʶʪʩʷ 

ʨʷʜʦʤ ʬʘʢʪʦʨʦʚ. ʂʦʵʨʮʠʪʠʚʥʘʷ ʩʠʣʘ ʜʘʸʪ ʫʩʨʝʜʥʸʥʥʫʶ ʧʦ ʦʙʲʸʤʫ ʠʥʬʦʨʤʘʮʠʶ ʦ ʩʪʨʫʢʪʫʨʥʳʭ 

ʠʟʤʝʥʝʥʠʷʭ ʚ ʤʝʪʘʣʣʝ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʭʘʨʘʢʪʝʨ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʘʧʨʷʞʝʥʠʡ ʚ ʜʝʪʘʣʷʭ ʧʨʠ ʥʝ-

ʦʜʥʦʨʦʜʥʦʡ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʦʙʳʯʥʦ ʟʥʘʢʦʧʝʨʝʤʝʥʝʥ. ʀʥʬʦʨʤʘʮʠʦʥʥʳʝ ʧʘʨʘʤʝʪʨʳ 

ʚʠʭʨʝʪʦʢʦʚʦʛʦ ʤʝʪʦʜʘ ʩʚʷʟʘʥʳ ʪʦʣʴʢʦ ʩ ʠʟʤʝʥʝʥʠʝʤ ʵʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

(ʫʜʝʣʴʥʦʡ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ, ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ) ʤʝʪʘʣʣʘ ʠ ʥʝ ʫʯʠʪʳʚʘʶʪ 

ʚʣʠʷʥʠʝ ʤʘʛʥʠʪʥʦʡ ʪʝʢʩʪʫʨʳ, ʩʦʟʜʘʚʘʝʤʦʡ ʜʝʬʦʨʤʘʮʠʝʡ ʥʘ ʥʝʦʙʨʘʪʠʤʳʝ ʧʨʦʮʝʩʩʳ ʩʤʝʱʝʥʠʷ 

ʚ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʘʭ. 

 ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʢʦʥʪʨʦʣʷ ʚʳʩʦʢʦʧʨʦʯʥʳʭ ʩʪʘʣʝʡ, ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʤʝʨʝ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʚʠʜʦʤ ʠʭ ʠʩʭʦʜʥʦʡ ʩʪʨʫʢʪʫʨʳ. ʇʨʠ ʫʧʨʦʯʥʝʥʠʠ ʠʟʜʝʣʠʡ ʩ ʠʩʭʦʜʥʦʡ ʩʦʨʙʠʪʥʦʡ ʩʪʨʫʢʪʫʨʦʡ 
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ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʧʣʦʪʥʦʩʪʴ ʜʝʬʝʢʪʦʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʩʪʨʦʝʥʠʷ, ʨʘʩʪʫʪ ʥʘʧʨʷʞʝʥʠʷ. ʕʪʦ ʩʦ-

ʧʨʦʚʦʞʜʘʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝʤ ʤʘʛʥʠʪʥʦʡ ʞʝʩʪʢʦʩʪʠ ʩʪʘʣʠ. ʇʨʠ ʇʇɼ ʠʟʜʝʣʠʡ ʩʪʨʫʢʪʫʨʳ ʤʘʨʪʝʥ-

ʩʠʪʘ ʧʨʦʠʩʭʦʜʷʪ ʩʪʨʫʢʪʫʨʥʦ-ʬʘʟʦʚʳʝ ʧʨʝʚʨʘʱʝʥʠʷ, ʨʝʣʘʢʩʘʮʠʷ ʧʠʢʦʚʳʭ ʥʘʧʨʷʞʝʥʠʡ. ʕʪʦ 

ʫʤʝʥʴʰʘʝʪ ʤʘʛʥʠʪʥʫʶ ʞʝʩʪʢʦʩʪʴ ʩʪʘʣʠ.  
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ɸʥʥʦʪʘʮʠʷ. ɺʳʩʦʢʦʵʥʪʨʦʧʠʡʥʦʝ PVD-ʧʦʢʨʳʪʠʝ (AlCrZrTiTa)N ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʚʳʩʦʢʦʡ 

ʪʚʸʨʜʦʩʪʴʶ (50-60 ɻʇʘ), ʤʦʜʫʣʝʤ ʫʧʨʫʛʦʩʪʠ ʦʢʦʣʦ 300 ʄʇʘ ʠ ʩʪʦʡʢʦʩʪʴʶ ʢ ʚʳʩʦʢʠʤ ʪʝʤ-

ʧʝʨʘʪʫʨʘʤ (ʜʦ 1300 ÁC). ʊʘʢʠʝ ʩʚʦʡʩʪʚʘ ʧʦʟʚʦʣʷʶʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʘʥʥʳʝ ʧʦʢʨʳʪʠʷ ʜʣʷ ʨʝ-

ʞʫʱʝʛʦ ʠʥʩʪʨʫʤʝʥʪʘ, ʨʘʙʦʪʘʶʱʝʛʦ ʚ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʦʙʨʘʙʦʪʢʠ ʤʝʪʘʣʣʘ. ʆʩʘ-

ʞʜʝʥʠʝ ʦʜʥʦʩʣʦʡʥʦʛʦ PVD-ʥʘʥʦʧʦʢʨʳʪʠʷ ʥʘ ʙʘʟʝ (AlCrZrTiTa)N ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʥʘ ʨʝʞʫʱʠʝ 

ʧʣʘʩʪʠʥʳ Kennametal K 313 ʩ ʧʦʤʦʱʴʶ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʛʠʙʨʠʜʥʦʡ PVD-ʫʩʪʘʥʦʚʢʠ ʩ ʠʩ-

ʧʦʣʴʟʦʚʘʥʠʝʤ ʧʣʘʟʤʝʥʥʦ-ʜʫʛʦʚʦʛʦ ʠʩʪʦʯʥʠʢʘ. ʆʙʨʘʟʮʳ ʥʘʛʨʝʚʘʣʠʩʴ ʜʦ 500 ÁC ʠ ʧʦʜʚʝʨʛʘʣʠʩʴ 

ʪʨʘʚʣʝʥʠʶ ʘʨʛʦʥʦʤ ʜʣʷ ʦʯʠʩʪʢʠ. ʊʦʣʱʠʥʘ ʥʘʥʝʩʸʥʥʳʭ ʧʦʢʨʳʪʠʡ ʩʦʩʪʘʚʠʣʘ 3 ʤʢʤ. ʊʘʢʦʝ ʧʦ-

ʢʨʳʪʠʝ ʠʤʝʝʪ ʘʤʦʨʬʥʫʶ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʩ ʨʘʟʤʝʨʦʤ ʟʝʨʥʘ ʧʦʨʷʜʢʘ 

10-50 ʥʤ ʧʦ ʚʩʝʡ ʢʫʙʠʯʝʩʢʦʡ NaCl-ʧʦʜʦʙʥʦʡ ʥʝʫʧʦʨʷʜʦʯʝʥʥʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʝ. ʊʝ-

ʩʪʳ ʨʝʟʘʥʠʷ ʧʨʦʠʟʚʦʜʠʣʠʩʴ ʚ ʫʩʣʦʚʠʷʭ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ ʩʫʭʦʡ ʤʝʪʘʣʣʦʦʙʨʘʙʦʪʢʠ 

(600 ʤ/ʤʠʥ) ʥʘ ʥʝʨʞʘʚʝʶʱʝʡ ʩʪʘʣʠ SS 304 ʩ ʪʚʸʨʜʦʩʪʴʶ 129 HB. ʈʘʤʘʥʦʚʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦ-

ʧʠʷ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʜʣʷ ʠʟʫʯʝʥʠʷ ʦʙʨʘʟʦʚʘʥʠʷ ʪʨʠʙʦʢʝʨʘʤʠʢ ʚ ʚʦʨʦʥʢʝ ʠʟʥʦʩʘ ʥʘ ʩʪʘʜʠʠ ʧʨʠ-

ʨʘʙʦʪʢʠ ʧʦʩʣʝ 130 ʤ ʠ 260 ʤ ʨʝʟʘʥʠʷ. ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʥʘ ʜʘʥʥʦʤ ʵʪʘʧʝ ʦʢʩʠʜʳ ʭʨʦʤʘ 

Cr2O3 ʧʦʷʚʣʷʶʪʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʨʝʞʫʱʝʛʦ ʠʥʩʪʨʫʤʝʥʪʘ, ʜʨʫʛʠʝ ʞʝ ʢʦʤʧʦʥʝʥʪʳ ʩʦʭʨʘ-

ʥʷʶʪ ʤʝʞʘʪʦʤʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʘʪʦʤʘʤʠ ʘʟʦʪʘ. ɹʳʣʦ ʚʳʷʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ 

ʜʣʠʥʳ ʨʝʟʘ ʜʦ 260 ʤ, ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʫʝʪʩʷ ʤʫʣʣʠʪʦ-ʧʦʜʦʙʥʳʡ ʦʢʩʠʜ Zr, ʘ ʪʘʢʞʝ ʦʢ-

ʩʠʜʳ Ta, Cr, ʠ Al. ʋʩʢʦʨʝʥʥʘʷ ʘʜʘʧʪʠʚʥʘʷ ʨʝʘʢʮʠʷ ʥʘ ʵʢʩʪʨʝʤʘʣʴʥʳʝ ʚʥʝʰʥʠʝ ʚʦʟʜʝʡʩʪʚʠʷ ʚ 

ʩʘʤʦʤ ʥʘʯʘʣʝ ʩʪʘʜʠʠ ʧʨʠʨʘʙʦʪʢʠ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʪʨʠʙʦʣʦʛʠʯʝʩʢʘʷ ʘʜʘʧʪʠʚʥʦʩʪʴ ʚʳʩʦ-

ʢʦʵʥʪʨʦʧʠʡʥʦʛʦ ʧʦʢʨʳʪʠʷ ʩ ʘʤʦʨʬʥʦʡ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ ʧʦʜ ʵʢʩʪʨʝʤʘʣʴ-

ʥʳʤʠ ʫʩʣʦʚʠʷʤʠ ʩʫʭʦʛʦ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʛʦ ʨʝʟʘʥʠʷ ʦʩʥʦʚʳʚʘʝʪʩʷ ʥʘ ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʷʚʣʝʥʠʷʭ. 

ʕʪʦ ʪʘʢʞʝ ʚʢʣʶʯʘʝʪ ʯʘʩʪʠʯʥʦʝ ʦʢʠʩʣʝʥʠʝ ʬʨʘʛʤʝʥʪʦʚ ʥʠʪʨʠʜʘ ʠ ʜʠʥʘʤʠʯʝʩʢʦʝ ʦʙʨʘʟʦʚʘ-

ʥʠʝ ʟʘʱʠʪʥʳʭ ʪʨʠʙʦʦʢʩʠʜʦʚ, ʢʦʪʦʨʳʝ ʦʙʣʘʜʘʶʪ ʦʪʣʠʯʥʳʤʠ ʪʝʧʣʦʟʘʱʠʪʥʳʤʠ ʠ ʩʤʘʟʦʯ-

ʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ. ʉʠʥʝʨʛʠʷ ʜʘʥʥʳʭ ʬʘʢʪʦʨʦʚ ʠ ʦʧʨʝʜʝʣʷʝʪ ʨʝʩʫʨʩ ʨʝʞʫʱʝʛʦ ʠʥʩʪʨʫʤʝʥʪʘ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʠʟʥʦʩ ʪʚʸʨʜʳʭ ʧʦʢʨʳʪʠʡ, ʩʫʭʦʝ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʝ ʨʝʟʘʥʠʝ, ʚʳʩʦʢʦʵʥʪʨʦ-

ʧʠʡʥʳʝ ʧʦʢʨʳʪʠʷ 
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Annotation. The high-entropy PVD coating (AlCrZrTiTa)N are characterized by high hardness (50ï

60 GPa), reduced elastic modulus above 300 MPa, and high heat resistance up to 1300 ÁC. This gives 

grounds to use such coatings for cutting tools operating under extreme metalworking conditions. 

Nano-monolayer PVD coating was deposited in an R&D-type hybrid PVD coater, using a plasma-

enhanced arc source. The thickness of the coatings was studied around 3 micrometers. The coating 

had an amorphous nanocrystalline microstructure with a size of nanocrystals of the order of 10ï

50 nm. Cutting tests have been performed during dry high-speed (600 m/min) of the SS 304 steel. 

Raman spectroscopy was used to study the formation of tribooxides in the worn surface at the run-

ning-in stage of cutting. It has been established that at the running-in stage chromium oxides Cr2O3 

appear on the surface of the cutting tool, other components retain interatomic interaction with N 

atoms. When the cutting length is increased, oxide Al2O3xZrO2(Mullite) and amorphous oxides close 

in composition to TaO2, CrO2 are formed. An accelerated adaptive reaction to extreme external stim-

uli at the very beginning of the running-in stage has been established, there was shown that the tribo-

logical adaptability of a high-entropy ultra-fine nano-amorphous-crystalline structure coating under 

extreme conditions of dry  high-speed cutting is based on non-equilibrium phenomena. These include 

the partly oxidation of fragments of nitride and dynamic formation of protective tribo-oxides, which 

have a thermal barrier and good frictional properties. These factors interact synergistically and de-

termine the life of the cutting tool. 

Keywords: wear hard coatings, dry high-speed machining, high-entropy coating 

 ɹʦʣʴʰʦʝ ʚʥʠʤʘʥʠʝ ʢ ʠʟʫʯʝʥʠʶ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʭ (ɺʕʉ) ʦʜʥʦʬʘʟʥʳʭ ʩʧʣʘʚʦʚ ʦʙʫ-

ʩʣʦʚʣʝʥʦ ʦʞʠʜʘʥʠʷʤʠ ʧʦ ʨʝʘʣʠʟʘʮʠʠ ʙʣʘʛʦʧʨʠʷʪʥʦʛʦ ʩʦʯʝʪʘʥʠʷ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ [1]. ɺ 

ʠʜʝʘʣʴʥʦʤ ʩʣʫʯʘʝ ʪʘʢʠʝ ʩʧʣʘʚʳ ʜʦʣʞʥʳ ʠʤʝʪʴ ʘʤʦʨʬʥʫʶ ʩʪʨʫʢʪʫʨʫ ʠ ʙʳʪʴ ʦʜʥʦʬʘʟʥʳʤʠ. ʆʥʠ 

ʜʦʣʞʥʳ ʩʦʜʝʨʞʘʪʴ ʙʦʣʝʝ 5 ʢʦʤʧʦʥʝʥʪʦʚ ʩ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʙʣʠʟʢʦʡ ʢ ʵʢʚʠʘʪʦʤʥʦʡ [2]. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʵʥʪʨʦ-

ʧʠʷ ʩʤʝʰʝʥʠʷ ʷʚʣʷʝʪʩʷ ʦʧʨʝʜʝʣʷʶʱʠʤ ʬʘʢʪʦʨʦʤ ʚ ʬʘʟʦʚʦ-ʩʪʨʫʢʪʫʨʥʦʡ ʫʩʪʦʡʯʠʚʦʩʪʠ ʦʜʥʦ-

ʬʘʟʥʦʛʦ ʥʝʫʧʦʨʷʜʦʯʝʥʥʦʛʦ ʩʧʣʘʚʘ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʉʦʯʝʪʘʥʠʝ ʭʦʨʦʰʦ ʨʘʩʪʚʦʨʠ-

ʤr ʭ Al ʠ Ti, ʩ ʪʫʛʦʧʣʘʚʢʠʤʠ, ʪʘʢʠʤʠ ʢʘʢ Nb, V, Ta, Zr, Mo, Hf, W ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʣʝʛʢʠʝ, 

ʚʳʩʦʢʦ ʧʨʦʯʥʳʝ ʠ ʪʝʨʤʦʙʘʨʴʝʨʥʳʝ ʩʧʣʘʚʳ. [3].  ʀʟʚʝʩʪʥʦ ʧʦʨʷʜʢʘ 300 ʢʦʤʧʦʟʠʮʠʡ ɺʕʉ-ʤʘ-

ʪʝʨʠʘʣʦʚ [4], ʵʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʳʩʦʢʫʶ ʪʝʨʤʠʯʝʩʢʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ ʩʪʨʫʢʪʫʨʳ ʠ ʢʦʤʧʣʝʢʩʘ 

ʩʚʦʡʩʪʚ [5]. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʠʜʝʘʣʴʥʳʝ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʦʙ ʦʜʥʦʬʘʟʥʳʭ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʭ ʤʘʪʝʨʠʘʣʘʭ ʨʘʩ-
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ʰʠʨʠʣʠʩʴ. ɺ ʦʩʦʙʳʡ ʢʣʘʩʩ ɺʕʉ-ʤʘʪʝʨʠʘʣʦʚ ʦʪʥʦʩʷʪ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʝ ʩ ʤʥʦʛʦʬʘʟʥʦʡ ʩʪʨʫʢʪʫʨʦʡ [6]. ʀʟ-

ʚʝʩʪʥʦ, ʯʪʦ ʜʘʞʝ ʚ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʠʭ ʩʪʨʫʢʪʫʨʘʭ ʛʨʘʥʠʮʳ ʟʝʨʝʥ ʚʳʩʪʫʧʘʶʪ ʚ ʢʘʯʝʩʪʚʝ ʜʦʧʦʣ-

ʥʠʪʝʣʴʥʦʡ ʬʘʟʳ, ʢʦʪʦʨʘʷ ʟʥʘʯʠʪʝʣʴʥʦ ʚʣʠʷʝʪ ʥʘ ʢʦʥʝʯʥʳʝ ʩʚʦʡʩʪʚʘ [7]. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʩʣʦʞʥʦ 

ʫʪʚʝʨʞʜʘʪʴ, ʯʪʦ ʩʝʥʝʨʛʝʪʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʦʩʪʠ ʠ ʧʨʝʚʘʣʠʨʫʶʱʘʷ ʨʦʣʴ ʵʥʪʨʦ-

ʧʠʠ ʩʤʝʰʝʥʠʷ ʷʚʣʷʶʪʩʷ ʢʨʘʝʫʛʦʣʴʥʳʤʠ ʢʘʤʥʷʤʠ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʫʥʠʢʘʣʴʥʳʭ ʬʠʟʠʢʦ-ʭʠʤʠ-

ʯʝʩʢʠʭ ʩʚʦʡʩʪʚ, ʢʦʪʦʨʳʤʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʵʪʠ ʤʘʪʝʨʠʘʣʳ. ʆʜʥʘʢʦ, ʤʥʦʛʦʢʦʤʧʦʥʝʪʥʳʝ ʢʘʨ-

ʙʠʜʳ, ʥʠʪʨʠʜʳ, ʦʢʩʠʜʳ ʷʚʣʷʶʪʩʷ ʢʣʘʩʩʠʯʝʩʢʠʤʠ ʧʨʝʜʩʪʘʚʠʪʝʣʷʤʠ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʭ ʩʪʨʫʢ-

ʪʫʨ. ɺ ʩʚʷʟʠ ʩ ʵʪʦʡ ʢʦʥʮʝʧʮʠʝʡ ʚʝʩʴʤʘ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʷʚʣʷʝʪʩʷ ʧʦʠʩʢ ʧʨʠʤʝʥʝʥʠʷ ʪʘʢʠʭ ʦʜ-

ʥʦʬʘʟʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʢʘʯʝʩʪʚʝ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʧʦʢʨʳʪʠʡ. ʊʘʢ ʦʜʥʦʬʘʟʥʳʝ ʥʠʪʨʠʜʥʳʝ ʧʦ-

ʢʨʳʪʠʷ ʥʘ ʦʩʥʦʚʝ (TiZrHfNbTaY)N ʠ (TiZrHfNbTa)N ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʚʳʩʦʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ 

ʪʚʸʨʜʦʩʪʠ ʚ 50-60 ɻʇʘ ʠ ʤʦʜʫʣʝʤ ʫʧʨʫʛʦʩʪʠ ʚʳʰʝ 300 ʄʇʘ, ʠ ʷʚʣʷʶʪʩʷ ʪʝʨʤʦʩʪʘʙʠʣʴʥʳʤʠ ʜʦ 

1300 ÁC [8]. ɹʣʘʛʦʜʘʨʷ ʪʘʢʠʤ ʫʥʠʢʘʣʴʥʳʤ ʩʚʦʡʩʪʚʘʤ ʥʠʪʨʠʜʥʳʝ ʧʦʢʨʳʪʠʷ ʥʘʭʦʜʷʪ ʩʚʦʸ ʧʨʠ-

ʤʝʥʝʥʠʝ ʚ ʢʘʯʝʩʪʚʝ ʟʘʱʠʪʥʳʭ ʠ ʪʝʨʤʦʙʘʨʴʝʨʥʳʭ ʧʦʢʨʳʪʠʡ [9,10]. ɹʦʣʴʰʠʥʩʪʚʦ ʧʫʙʣʠʢʘʮʠʡ ʚ 

ʦʙʣʘʩʪʠ ɺʕʉ ʥʠʪʨʠʜʥʳʭ ʧʦʢʨʳʪʠʡ ʧʦʩʚʷʱʝʥʦ ʠʟʫʯʝʥʠʶ ʠʭ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʠ [11], ʠ ʚ ʯʘʩʪʥʦ-

ʩʪʠ ʪʨʠʙʦʣʦʛʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʙʳʣʠ ʠʟʫʯʝʥʳ ʩ ʧʦʤʦʱʴʶ ʪʨʠʙʦʤʝʪʨʘ ʩ ʢʦʥʪʘʢʪʦʤ çʰʘʨ-ʜʠʩʢè 

[12]. 

 ɼʝʤʦʥʩʪʨʘʮʠʷ ʚʳʜʘʶʱʠʭʩʷ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʪʘʢʠʭ ʧʦʢʨʳʪʠʡ ʜʠʢʪʫʝʪ ʥʝʦʙ-

ʭʦʜʠʤʦʩʪʴ ʠʭ ʧʨʠʤʝʥʝʥʠʷ ʜʣʷ ʨʝʞʫʱʠʭ ʠʥʩʪʨʫʤʝʥʪʦʚ. ʅʘʠʙʦʣʝʝ ʞʝʩʪʢʠʝ ʫʩʣʦʚʠʷ ʨʘʙʦʪʳ ʠʟ-

ʥʦʩʦʩʪʦʡʢʠʭ ʧʦʢʨʳʪʠʡ ʥʘʙʣʶʜʘʶʪʩʷ ʚ ʫʩʣʦʚʠʷʭ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʛʦ ʩʫʭʦʛʦ ʨʝʟʘʥʠʷ.  ʅʝ-

ʩʤʦʪʨʷ ʥʘ ʙʦʣʴʰʫʶ ʚʘʞʥʦʩʪʴ ʧʦʠʩʢʘ ʧʫʪʝʡ ʧʨʠʤʝʥʝʥʠʷ ʵʪʠʭ ʧʦʢʨʳʪʠʡ ʚ ʢʘʯʝʩʪʚʝ ʠʟʥʦʩʦʩʪʦʡ-

ʢʠʭ ʜʣʷ ʨʝʞʫʱʠʭ ʠʥʩʪʨʫʤʝʥʪʦʚ, ʧʨʷʤʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʚʦʡʩʪʚ ʧʦʜʦʙʥʳʭ ʧʦʢʨʳʪʠʡ ʧʨʠ ʠʩ-

ʧʳʪʘʥʠʷʭ ʨʝʟʘʥʠʝʤ ʦʪʩʫʪʩʪʚʫʶʪ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʥʘʢʦʧʣʝʥʠʶ ʧʦʚʨʝʞʜʘʝʤʦ-

ʩʪʠ ʧʦʢʨʳʪʠʷ ʥʘ ʥʘʯʘʣʴʥʦʡ ʩʪʘʜʠʠ ʨʝʟʘʥʠʷ ʠ ʪʨʠʙʦʦʢʠʩʣʝʥʠʝ ʷʚʣʷʶʪʩʷ ʦʩʥʦʚʥʳʤʠ ʬʘʢʪʦ-

ʨʘʤʠ, ʢʦʪʦʨʳʝ ʦʧʨʝʜʝʣʷʶʪ ʚʨʝʤʷ ʞʠʟʥʠ ʠʟʥʦʩʦʩʪʦʡʢʠʭ ʧʦʢʨʳʪʠʡ ʚ ʫʩʣʦʚʠʷʭ ʚʳʩʦʢʦʩʢʦʨʦʩʪ-

ʥʦʛʦ ʩʫʭʦʛʦ ʨʝʟʘʥʠʷ. ʇʨʠ ʵʪʦʤ ʘʨʭʠʪʝʢʪʫʨʘ ʧʦʢʨʳʪʠʷ. ʥʝʨʘʚʥʦʚʝʩʥʦʩʪʴ ʝʛʦ ʬʘʟʦʚʦʛʦ ʠ ʭʠʤʠ-

ʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʦʧʨʝʜʝʣʷʶʪ ʩʚʦʡʩʪʚʦ ʘʜʘʧʪʠʚʥʦʩʪʠ (ʩʘʤʦʦʨʛʘʥʠʟʘʮʠʠ) ʚ ʭʦʜʝ ʤʝʪʘʣʣʦʦʙʨʘ-

ʙʦʪʢʠ. ʇʦ ʥʘʰʠʤ ʧʨʝʜʩʪʘʚʣʝʥʠʷʤ, ʚ ʤʥʦʛʦʩʣʦʡʥʳʭ ʘʜʘʧʪʠʨʫʶʱʠʭʩʷ ʧʦʢʨʳʪʠʷʭ ʥʘʢʦʧʣʝʥʠʝ 

ʧʦʚʨʝʞʜʝʥʠʡ ʥʘ ʩʪʘʜʠʠ ʧʨʠʨʘʙʦʪʢʠ ʪʦʨʤʦʟʠʪʩʷ ʚʦʟʥʠʢʥʦʚʝʥʠʝʤ ʟʘʱʠʪʥʳʭ ʪʨʠʙʦʦʢʩʠʜʦʚ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʨʝʞʫʱʝʛʦ ʠʥʩʪʨʫʤʝʥʪʘ. ʕʪʦ ʨʘʜʠʢʘʣʴʥʦ ʠʟʤʝʥʷʝʪ ʤʘʩʰʪʘʙʥʦ-ʚʨʝʤʝʥʥʦʡ ʜʠʘʧʘ-

ʟʦʥ ʩʪʨʫʢʪʫʨʥʦ-ʬʘʟʦʚʳʭ ʧʨʝʚʨʘʱʝʥʠʡ ʚ ʟʦʥʝ ʨʝʟʘʥʠʷ. ʇʣʝʥʢʠ ʪʝʨʤʦʙʘʨʴʝʨʥʳʭ ʪʨʠʙʦʢʝʨʘʤʠʢ 

ʨʘʜʠʢʘʣʴʥʦ ʠʟʤʝʥʷʶʪ ʪʝʨʤʠʯʝʩʢʠʝ ʠ ʬʨʠʢʮʠʦʥʥʳʝ ʫʩʣʦʚʠʷ, ʧʨʠ ʢʦʪʦʨʳʭ ʧʦʜʚʦʜʠʤʘʷ ʵʥʝʨʛʠʷ 

ʨʘʩʩʝʠʚʘʝʪʩʷ. ʇʣʘʩʪʠʯʝʩʢʘʷ ʜʝʬʦʨʤʘʮʠʷ ʣʦʢʘʣʠʟʫʝʪʩʷ ʚ ʥʘʥʦʤʘʩʰʪʘʙʥʳʭ ʦʙʲʝʤʘʭ ʢʦʥʪʘʢʪʘ 

ʨʝʞʫʱʝʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ʠ ʦʙʨʘʙʘʪʳʚʘʝʤʦʛʦ ʤʝʪʘʣʣʘ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʚʥʫʪʨʝʥʥʝʝ ʥʘʧʨʷʞʝʥʠʝ ʠ 

ʦʪʚʦʜ ʪʝʧʣʘ ʨʘʟʚʠʚʘʶʪʩʷ ʚ ʫʩʣʦʚʠʷʭ ʤʘʩʰʪʘʙʥʦʛʦ ʩʢʘʯʢʘ. ʇʨʠ ʵʪʦʤ, ʝʩʣʠ ʩʢʦʨʦʩʪʴ ʨʘʩʩʝʷʥʠʷ 

ʥʘʧʨʷʞʝʥʠʡ ʨʘʚʥʷʝʪʩʷ ʩʢʦʨʦʩʪʠ ʧʦʜʚʦʜʘ ʦʥʳʭ ʠʟʚʥʝ, ʪʦ ʩʠʩʪʝʤʘ ʧʝʨʝʭʦʜʠʪ ʚ ʢʚʘʟʠʩʪʘʮʠʦʥʘʨ-

ʥʦʝ ʩʦʩʪʦʷʥʠʝ. ʉʘʤʦʦʨʛʘʥʠʟʘʮʠʷ ʩʠʩʪʝʤʳ ʧʨʠ ʪʨʝʥʠʠ, ʠʣʠ ʚ ʯʘʩʪʥʦʤ ʩʣʫʯʘʝ ʧʨʠ ʨʝʟʘʥʠʠ, 

ʥʘʙʣʶʜʘʣʘʩʴ ʚ ʪʦʤ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʝ ʚʨʝʤʷ ʥʘʢʦʧʣʝʥʠʷ ʧʦʜʚʦʜʠʤʦʡ ʠʟʚʥʝ 

ʵʥʝʨʛʠʠ ʠ ʝʝ ʧʦʣʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʨʘʚʥʦʮʝʥʥʳ. ʈʝʣʘʢʩʘʮʠʷ ʥʘʧʨʷʞʝʥʠʡ, ʨʘʩʩʝʷʥʠʝ ʪʝʧʣʘ ʩʦʧʨʦ-

ʚʦʞʜʘʝʪʩʷ ʬʘʟʦʚʳʤʠ ʧʨʝʚʨʘʱʝʥʠʷʤʠ. ɺʢʣʘʜ ʬʘʟʦʚʳʭ ʧʨʝʚʨʘʱʝʥʠʡ ʚ ʦʙʱʝʝ ʨʘʩʩʝʷʥʠʝ ʵʥʝʨ-

ʛʠʠ ʩʨʘʚʥʠʪʝʣʴʥʦ ʤʘʣʦ. ʀ ʚʩʝ ʞʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʳʡ ʠʥʪʝʨʝʩ ʠʩʩʣʝʜʦʚʘʪʴ ʪʨʠʙʦʦʢʩʠ-

ʣʝʥʠʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʫʩʪʦʡʯʠʚʦʛʦ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʦʛʦ ʧʦʢʨʳʪʠʷ. ʇʦ ʪʝʨʤʦʜʠʥʘʤʠʯʝ-

ʩʢʠʤ ʧʨʝʜʩʪʘʚʣʝʥʠʷʤ ɺʕʉ-ʧʦʢʨʳʪʠʷ ʷʚʣʷʶʪʩʷ ʯʨʝʟʚʳʯʘʡʥʦ ʩʪʘʙʠʣʴʥʳʤʠ. ʆʯʝʚʠʜʥʦ, ʵʪʦ ʠʩ-

ʢʣʶʯʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʠʭ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʧʨʠ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʠ ʪʝʤʧʝʨʘʪʫʨ-

ʥʳʭ ʚʦʟʜʝʡʩʪʚʠʷʭ ʚ ʟʦʥʝ ʨʝʟʘʥʠʷ. ɸ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʩʚʦʡʩʪʚʦ ʘʜʘʧʪʘʮʠʠ ʧʦʢʨʳʪʠʷ ʧʨʠ ʨʝʟʘʥʠʠ 

ʜʦʣʞʥʦ ʩʥʠʟʠʪʴʩʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʥʝʨʘʚʥʦʚʝʩʥʳʤʠ ʤʥʦʛʦʩʣʦʡʥʳʤʠ ʧʦʢʨʳʪʠʷʤʠ, ʢʦʪʦʨʳʝ ʦʪ-

ʣʠʯʘʶʪʩʷ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ ʩʘʤʦʦʨʛʘʥʠʟʘʮʠʠ.  



ʉɽʂʎʀʗ 2. ʇɽʈʉʇɽʂʊʀɺʅʓɽ ʄɸʊɽʈʀɸʃʓ 
 ʀ ʊɽʍʅʆʃʆɻʀʀ 

  

çʇɽʈʉʇɽʂʊʀɺʅʓɽ ʄɸʊɽʈʀɸʃʓ ʀ ʊɽʍʅʆʃʆɻʀʀè (çʇʄʊ - 2023è)                  162 
 

 ʅʘʩʪʦʷʱʘʷ ʨʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʠʩʩʣʝʜʦʚʘʥʠʶ ʬʘʟʦʚʳʭ ʠ ʩʪʨʫʢʪʫʨʥʳʭ ʧʨʝʚʨʘʱʝʥʠʡ ʚʳ-

ʩʦʢʦʵʥʪʨʦʧʠʡʥʦʛʦ PVD-ʧʦʢʨʳʪʠʷ ʥʘ ʦʩʥʦʚʝ (AlCrZrTiTa)N ʧʨʠ ʨʝʟʘʥʠʠ ʥʝʨʞʘʚʝʶʱʝʡ ʩʪʘʣʠ 

SS 304. 

ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ 

 ʆʩʘʞʜʝʥʠʝ ʦʜʥʦʩʣʦʡʥʦʛʦ PVD-ʥʘʥʦʧʦʢʨʳʪʠʷ ʥʘ ʙʘʟʝ (AlCrZrTiTa)N ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʥʘ 

ʨʝʞʫʱʠʝ ʧʣʘʩʪʠʥʳ Kennametal K 313 ʩ ʧʦʤʦʱʴʶ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʛʠʙʨʠʜʥʦʡ PVD-

ʫʩʪʘʥʦʚʢʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʣʘʟʤʝʥʥʦ-ʜʫʛʦʚʦʛʦ ʠʩʪʦʯʥʠʢʘ. ʆʙʨʘʟʮʳ ʥʘʛʨʝʚʘʣʠʩʴ ʜʦ 500 ÁC 

ʠ ʧʦʜʚʝʨʛʘʣʠʩʴ ʪʨʘʚʣʝʥʠʶ ʘʨʛʦʥʦʤ ʜʣʷ ʦʯʠʩʪʢʠ. ʊʦʣʱʠʥʘ ʥʘʥʝʩʸʥʥʳʭ ʧʦʢʨʳʪʠʡ ʩʦʩʪʘʚʠʣʘ 3 

ʤʢʤ. ʊʘʢʦʝ ʧʦʢʨʳʪʠʝ ʠʤʝʝʪ ʘʤʦʨʬʥʫʶ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʩ ʨʘʟʤʝʨʦʤ 

ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʧʦʨʷʜʢʘ 10-50 ʥʤ ʧʦ ʚʩʝʡ ʢʫʙʠʯʝʩʢʦʡ NaCl-ʧʦʜʦʙʥʦʡ ʥʝʫʧʦʨʷʜʦʯʝʥʥʦʡ ʢʨʠ-

ʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʝ. ʊʝʩʪʘ ʨʝʟʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʫʩʣʦʚʠʷʭ ʩʫʭʦʡ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ 

(600 ʤ/ʤʠʥ) ʦʙʨʘʙʦʪʢʠ ʥʝʨʞʘʚʝʶʱʝʡ ʩʪʘʣʠ SS 304 ʩ ʪʚʸʨʜʦʩʪʴʶ 129 HB. 

 ʌʘʟʦʚʳʡ ʩʦʩʪʘʚ ʧʦʢʨʳʪʠʷ ʚ ʟʦʥʝ ʠʟʥʦʩʘ ʙʳʣ ʠʟʫʯʝʥ ʤʝʪʦʜʦʤ ʨʘʤʘʥʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦ-

ʧʠʠ. ʀʩʧʦʣʴʟʦʚʘʣʩʷ ʤʠʢʨʦʩʢʦʧ Olympus BX43 ʩ ʧʨʠʩʪʘʚʢʦʡ ʀʥʉʧʝʢʪʨ R532 (ʟʝʣʸʥʳʡ ʣʘʟʝʨ, ɚ 

= 532 ʥʤ). ʆʙʨʘʙʦʪʢʘ ʨʘʤʘʥʦʚʩʢʠʭ ʩʧʝʢʪʨʦʚ ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʦʙʝʩʧʝʯʝʥʠʠ ʀʥ-

ʉʧʝʢʪʨ GREEN (ʉʧʝʢʪʨ-ʄ). ʂʘʨʪʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʤʝʪʦʜʦʤ ʆʞʵ-

ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʥʘ ʵʣʝʢʪʨʦʥʥʦʤ ʩʧʝʢʪʨʦʤʝʪʨʝ ESCALAB MK2, ʩʥʘʙʞʝʥʥʦʤ ʵʣʝʢʪʨʦʥʥʦʡ ʧʫʰ-

ʢʦʡ LEG2000, ʩ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʤ ʠʟʣʫʯʝʥʠʝʤ ʆʞʵ-ʵʣʝʢʪʨʦʥʦʚ O KLL  (505.4 ʵɺ) ʠ N KLL  

(380.6 ʵɺ), ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ Al 2O3 ʠ ʥʝʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʤ ʩʣʦʞʥʳʤ ʦʢʩʠʜʘʤ, Ti LMM  

(419.4 ʵɺ), Cr LMM  (526.0 ʵɺ), Al LMM (62.2 ʵɺ), Zr LMM (181.2 ʵɺ) [13]. 

 ʉʪʘʥʜʘʨʪʥʦʝ ʜʘʚʣʝʥʠʝ ʚ ʩʠʩʪʝʤʝ ʙʳʣʦ ʥʝ ʚʳʰʝ 1.0 Ĭ 10ī9 ʊʦʨʨ, ʨʘʙʦʯʝʝ ʥʝ ʧʨʝʚʳʰʘʣʦ 

2.0 Ĭ 10ī8 ʊʦʨʨ. ʇʝʨʝʜ ʩʥʷʪʠʝʤ ʩʧʝʢʪʨʦʚ ʦʙʨʘʟʮʳ ʧʦʜʚʝʨʛʘʣʠʩʴ ʦʯʠʩʪʢʝ ʠʦʥʥʳʤ ʪʨʘʚʣʝʥʠʝʤ 

Ar+ ʩ ʫʩʢʦʨʷʶʱʠʤ ʥʘʧʨʷʞʝʥʠʝʤ 4 ʢɺ ʚ ʪʝʯʝʥʠʝ 4 ʤʠʥʫʪ. ɼʣʷ ʩʙʦʨ ʜʘʥʥʳʭ ʧʨʦʚʦʜʠʣʩʷ ʧʨʠ 

ʰʠʨʠʥʝ ʧʫʯʢʘ ʚ 200 ʤʢʤ. ʐʠʨʠʥʘ ʧʨʦʧʫʩʢʘʥʠʷ (EP) ʚʝʣʠʯʠʥʦʡ 280 ʵɺ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʜʣʷ 

ʩʲʸʤʢʠ ʦʙʟʦʨʥʳʭ ʩʧʝʢʪʨʦʚ, ʘ EP = 69 ʵɺ ð ʜʣʷ ʩʧʝʢʪʨʦʚ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ. ɺʩʝ ʜʘʥʥʳʝ 

ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʧʨʠ ʫʛʣʝ ʧʫʯʢʘ ʚ 45ę ʠ ʧʨʠ ʨʘʙʦʪʝ ʜʚʫʭʣʫʯʝʚʦʡ ʩʠʩʪʝʤʳ ʢʦʤʧʝʥʩʘʮʠʠ ʟʘʨʷʜʘ. 

ʆʙʩʫʞʜʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ 

 ʇʨʠʨʘʙʦʪʢʘ ʨʝʞʫʱʝʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ʷʚʣʷʝʪʩʷ ʚʘʞʥʦʡ ʩʪʘʜʠʝʡ ʠʟʥʦʩʘ, ʥʘ ʢʦʪʦʨʦʡ 

ʥʘʙʣʶʜʘʝʪʩʷ ʥʘʢʦʧʣʝʥʠʝ ʧʦʚʨʝʞʜʝʥʠʡ ʚ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʷʭ ʠʥʩʪʨʫʤʝʥʪʘ. ʇʨʠ ʨʝʘʣʠʟʘʮʠʠ 

ʘʜʛʝʟʠʦʥʥʦʛʦ ʤʝʭʘʥʠʟʤʘ ʠʟʥʦʩʘ ʥʘ ʨʝʞʫʱʝʡ ʢʨʦʤʢʝ ʬʦʨʤʠʨʫʝʪʩʷ ʥʘʨʦʩʪ ʚ ʨʝʟʫʣʴʪʘʪʝ ʣʦʢʘʣʠ-

ʟʦʚʘʥʥʦʡ ʛʠʛʘʥʪʩʢʦʡ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʦʙʨʘʙʘʪʳʚʘʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ. ʕʪʘʧ ʧʨʠʨʘʙʦʪʢʠ 

ï ʢʨʘʡʥʝ ʚʘʞʥʳʡ ʬʘʟʘ ʠʟʥʦʩʘ, ʚʦ ʚʨʝʤʷ ʢʦʪʦʨʦʛʦ ʥʘʯʠʥʘʝʪʩʷ ʠ ʨʘʟʚʠʚʘʝʪʩʷ ʩʘʤʦʦʨʛʘʥʠʟʘʮʠʷ, 

ʙʣʘʛʦʜʘʨʷ ʢʦʪʦʨʦʡ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʝʨʝʭʦʜ ʚ ʩʪʘʙʠʣʴʥʫʶ ʩʪʘʜʠʶ ʫʩʪʘʥʦʚʠʚʰʝʛʦʩʷ ʠʟʥʘʰʠʚʘ-

ʥʠʷ [14]. ɺ ʩʣʫʯʘʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʤʥʦʛʦʩʣʦʡʥʳʭ ʧʦʢʨʳʪʠʡ ʧʨʠ ʨʝʟʘʥʠʠ ʥʝʨʞʘʚʝʶʱʝʡ ʩʪʘʣʠ 

ʥʘʨʦʩʪ ʵʚʦʣʶʮʠʦʥʠʨʫʝʪ ʚ ʪʝʯʝʥʠʝ ʩʪʘʜʠʠ ʧʨʠʨʘʙʦʪʢʠ. ʆʪʨʳʚ ʥʘʨʦʩʪʘ ʩʦʧʨʦʚʦʞʜʘʣʩʷ ʥʘʨʫʰʝ-

ʥʠʝʤ ʩʧʣʦʰʥʦʩʪʠ ʧʦʢʨʳʪʠʷ [15]. ʆʩʦʙʝʥʥʦʩʪʴ ʧʦʚʝʜʝʥʠʷ ɺʕʉ-ʧʦʢʨʳʪʠʷ ʥʘ ʵʪʦʡ ʩʪʘʜʠʠ ʠʟ-

ʥʦʩʘ ʧʨʝʜʩʪʘʚʣʷʣʦ ʟʥʘʯʠʪʝʣʴʥʳʡ ʠʥʪʝʨʝʩ. 
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ʈʠʩ. 1. ʀʟʦʙʨʘʞʝʥʠʝ ʟʦʥʳ ʠʟʥʦʩʘ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʦʛʦ ʧʦʢʨʳʪʠʷ (AlCrZrTiTa)N ʧʦʩʣʝ ʨʝʟʘ-

ʥʠʷ 130 ʤ (ʘ) ʠ 260 ʤ (ʙ). ʆʙʣʘʩʪʴ, ʚʳʜʝʣʝʥʥʘʷ ʦʚʘʣʦʤ, ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʦʡ ʧʣʦʱʘʜʠ, ʢʦʪʦʨʫʶ 

ʠʩʩʣʝʜʦʚʘʣʠ ʤʝʪʦʜʘʤʠ ʈʘʤʘʥʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʠ SEM. 

 ʅʘ ʨʠʩ. 1 ʧʦʢʘʟʘʥʳ ʉʕʄ-ʠʟʦʙʨʘʞʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʠʟʥʦʩʘ. ʇ̓̄ɯƕƗƔ ̎ɯ̄ɯƖƚƔ ̎ɯ̓˸̂˰ɪ

̬̏̄ɯ̏˰ɯ̓˸˼̗̥˸̅ɯ̈̓̑̎̈˸ɯ˳̑̂̏̄̈˰˸̖ɯ̏˰̖̓̑̔Ȯɯ̧̖̈̑̑̓̅ɯ̔˳̄˷˸̖˸̨̖̍̔˳̗˸̖ɯ̑˲ɯ˰˷˴˸̂̄̄ɯ̑˲̓˰ɪ

˲˰̧̖˳˰˸̎̑̅ɯʩʪʘʣʠ.  ʉʪʨʫʢʪʫʨʘ ʧʦʢʨʳʪʠʷ ʯʘʩʪʠʯʥʦ ʠʟʥʦʰʝʥʘ.  ɼʣʠʥʘ ʣʫʥʢʠ ʠʟʥʦʩʘ ʩʦʩʪʘʚʣʷʝʪ 

240 ʤʢʤ ʠ 400 ʤʢʤ ʜʣʷ ʨʝʟʘʥʠʷ 130 ʤ ʠ 260 ʤ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɸʜʛʝʟʠʦʥʥʳʡ ʠʟʥʦʩ ʠ ʨʘʟʨʫʰʝ-

ʥʠʝ ʥʘʨʦʩʪʘ ʷʚʣʷʝʪʩʷ ʢʨʠʪʠʯʝʩʢʠʤ ʤʦʤʝʥʪʦʤ ʥʘ ʩʪʘʜʠʠ ʧʨʠʨʘʙʦʪʢʠ. ʆʙʳʯʥʦ ʟʦʥʘ ʦʪʨʳʚʘ ʷʚ-

ʣʷʝʪʩʷ ʟʘʨʦʜʳʰʝʤ ʤʥʦʛʦʤʘʩʰʪʘʙʥʦʛʦ ʨʘʟʨʫʰʝʥʠʷ ʨʝʞʫʱʝʛʦ ʠʥʩʪʨʫʤʝʥʪʘ. ʆʙʨʘʟʦʚʘʥʠʝ ʙʦʣʴ-

ʰʦʛʦ ʧʦ ʨʘʟʤʝʨʫ ʥʘʨʦʩʪʘ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʝʛʦ ʦʪʣʦʤʫ ʚʤʝʩʪʝ ʩ ʯʘʩʪʴʶ ʪʝʣʘ ʨʝʟʮʘ ʠ ʢ ʝʛʦ 

ʧʨʝʞʜʝʚʨʝʤʝʥʥʦʤʫ ʦʪʢʘʟʫ. ɺ ʥʘʰʝʤ ʩʣʫʯʘʝ ʧʣʦʱʘʜʴ ʫʯʘʩʪʢʦʚ ʥʘʨʦʩʪʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʣʦʱʘ-

ʜʴʶ ʣʫʥʢʠ ʠʟʥʦʩʘ ʥʝ ʧʨʝʚʳʰʘʝʪ 28 ʠ 36 % ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʜʣʷ ʨʘʟʥʳʭ ʜʣʠʪʝʣʴʥʦʩʪʝʡ ʨʝʟʘʥʠʷ. 

ʊʦ ʝʩʪʴ ʜʣʷ ɺʕʉ-ʧʦʢʨʳʪʠʷ ʧʣʦʱʘʜʴ ʦʪʨʳʚʘ ʥʘʨʦʩʪʘ ʥʝ ʧʨʝʚʳʰʘʝʪ 36 % ʦʪ ʧʣʦʱʘʜʠ ʣʫʥʢʠ 

ʠʟʥʦʩʘ ʥʘ ʩʪʘʜʠʠ ʧʨʠʨʘʙʦʪʢʠ. 

 ʈʘʤʘʥʦʚʩʢʠʝ ʩʧʝʢʪʨʳ ʦʪ ʦʙʣʘʩʪʠ, ʦʪʤʝʯʝʥʥʦʡ ʥʘ ʨʠʩ. 1 (ʘ) ʠ (ʙ) ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 2. 

ʂʦʤʧʴʶʪʝʨʥʘʷ ʦʙʨʘʙʦʪʢʘ ʚʠʙʨʘʮʠʦʥʥʳʭ ʩʧʝʢʪʨʦʚ ʧʦʟʚʦʣʠʣʘ ʚʳʷʚʠʪʴ ʢʦʤʧʦʥʝʥʪʳ, ʭʘʨʘʢʪʝ-

ʨʠʟʫʶʱʠʝ ʦʧʨʝʜʝʣʝʥʥʳʡ ʚʠʜ ʤʝʞʘʪʦʤʥʳʭ ʩʚʷʟʝʡ. ʀʥʪʝʨʧʨʝʪʘʮʠʶ ʩʧʝʢʪʨʦʚ ʧʨʦʚʦʜʠʣʠ ʥʘ ʦʩ-

ʥʦʚʘʥʠʠ ʠʟʚʝʩʪʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʨʘʩʯʝʪʥʳʭ ʜʘʥʥʳʭ [16-23]. 
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ʈʠʩ. 2. ʈʘʤʘʥʦʚʩʢʠʝ ʩʧʝʢʪʨʳ ʦʪ ʣʫʥʢʠ ʠʟʥʦʩʘ ʧʦʩʣʝ ʨʝʟʘʥʠʷ 130 ʤ (ʘ) ʠ 260 ʤ (ʙ) ʩʦʦʪʚʝʪ-

ʩʪʚʝʥʥʦ. 

 ʇʨʠ 130 ʤ ʨʝʟʘʥʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʥʠʪʨʠʜʥʦʛʦ ʧʦʢʨʳʪʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʥʘʯʘʣʴʥʘʷ ʩʪʘ-

ʜʠʷ ʦʢʠʩʣʝʥʠʷ Cr-N ʤʝʞʘʪʦʤʥʳʭ ʩʚʷʟʝʡ. ʅʘ ʚʠʙʨʘʮʠʦʥʥʦʤ ʩʧʝʢʪʨʝ ʚʠʜʥʘ ʢʦʤʧʦʥʝʥʪʘ Cr-O 

ʧʨʠ ʵʥʝʨʛʠʠ 383.2 1/ʩʤ. ɼʨʫʛʠʝ ʢʦʤʧʦʥʝʥʪʳ ʥʠʪʨʠʜʘ ʥʝ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʪ ʩ ʢʠʩʣʦʨʦʜʦʤ. ɺ 

ʵʪʦʪ ʤʦʤʝʥʪ ʥʘʙʣʶʜʘʝʪʩʷ ʩʘʤʘʷ ʥʘʯʘʣʴʥʘʷ ʩʪʘʜʠʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʪʨʠʙʦʦʢʩʠʜʘ ʭʨʦʤʘ. 

 ʂʘʢ ʚʠʜʥʦ ʥʘ ʨʠʩ. 2 (ʙ), ʫʚʝʣʠʯʝʥʠʝ ʜʣʠʥʳ ʨʝʟʘʥʠʷ ʜʦ 260 ʤ ʪʨʠʙʦʦʢʩʠʜʳ ʭʨʦʤʘ, ʪʘʥ-

ʪʘʣʘ, ʢʨʝʤʥʠʷ ʠ ʘʣʶʤʠʥʠʷ ʚʦʟʥʠʢʘʶʪ ʚ ʟʦʥʝ ʠʟʥʦʩʘ ɺʕʉ-ʧʦʢʨʳʪʠʷ. ʇʨʠ ʵʪʦʤ ʵʥʝʨʛʠʷ ʚʠʙʨʘ-

ʮʠʡ Cr-O ʨʘʚʥʘ 392.0 1/ʩʤ. ʋʚʝʣʠʯʝʥʠʝ ʵʥʝʨʛʠʠ ʤʝʞʘʪʦʤʥʳʭ ʩʚʷʟʝʡ ʥʘ ʚʠʙʨʘʮʠʦʥʥʦʤ ʩʧʝʢʪʨʝ 

ʦʟʥʘʯʘʝʪ ʫʚʝʣʠʯʝʥʠʝ ʧʨʦʯʥʦʩʪʠ ʤʝʞʘʪʦʤʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ. ʂʘʢ ʧʦʢʘʟʳʚʘʶʪ ʧʨʝʜʳʜʫʱʠʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ, ʧʣʝʥʢʠ ʪʨʠʙʦʦʢʩʠʜʦʚ ʠʤʝʶʪ ʘʤʦʨʬʥʦ-ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʥʝʨʘʚʥʦʚʝʩʥʫʶ 

ʩʪʨʫʢʪʫʨʫ. ɺ ʥʘʰʝʤ ʩʣʫʯʘʝ ʦʥʠ ʙʣʠʟʢʠ ʢ ʬʘʟʘʤ: ʄʫʣʣʠʪ (Al 2O3
. ZrO2), TaO2, CrO2. 

 ʉʢʘʥʠʨʫʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ ʧʦʜʪʚʝʨʞʜʘʝʪ ʵʪʠ ʨʝʟʫʣʴʪʘʪʳ. ʅʘ ʨʠʩ. 3 ʧʨʝʜ-

ʩʪʘʚʣʝʥʳ ʢʘʨʪʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ Al, Zr, Cr ʠ O. ʊʨʠʙʦʦʢʩʠʜʳ ʬʦʨʤʠʨʫʶʪ ʦʩʪʨʦʚʢʦʚʫʶ ʩʪʨʫʢ-

ʪʫʨʫ. ʇʨʠ ʵʪʦʤ ʧʣʝʥʢʠ ʤʫʣʣʠʪʘ ʠ ʦʢʩʠʜʘ ʭʨʦʤʘ ʥʝ ʧʝʨʝʢʨʳʚʘʶʪʩʷ. ʅʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʦ, ʯʪʦ 

ʧʦʜʦʙʥʘʷ ʩʪʨʫʢʪʫʨʘ ʦʙʫʩʣʦʚʣʝʥʘ ʦʪʩʫʪʩʪʚʠʝʤ ʪʝʢʩʪʫʨʦʚʘʥʥʦʩʪʠ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ PVD 

ʧʦʢʨʳʪʠʷ ʧʨʠ ʝʛʦ ʬʦʨʤʠʨʦʚʘʥʠʠ. 
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ʈʠʩ. 3. ʂʘʨʪʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ Al, Zr, O, Cr, ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ ʩʢʘʥʠʨʫʶʱʝʡ ʆʞʝ-ʤʠʢʨʦ-

ʩʢʦʧʠʠ. 

 ɼʦʩʪʘʪʦʯʥʦ ʠʥʪʝʨʝʩʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʪʨʠʙʦ-

ʧʣʸʥʦʢ ʤʦʛʫʪ ʙʳʪʴ ʠʩʩʣʝʜʦʚʘʥʳ ʧʦʜ ʯʘʩʪʠʯʥʦ ʪʨʠʙʦʣʦʛʠʯʝʩʢʠʤʠ ʫʩʣʦʚʠʷʤʠ. ʇʝʨʚʳʡ ʢʘʜʨ ʠʟ 

ʩʝʨʠʠ ʆʞʵ-ʩʥʠʤʢʦʚ (ʨʠʩ. 3) ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʪʨʠʙʦʧʣʸʥʢʠ ʦʙʨʘʟʫʶʪ ʣʦʢʘʣʴʥʳʡ ʦʩʪʨʦʚʢʦʚʳʡ 

ʧʘʪʪʝʨʥ, ʯʪʦ ʛʦʚʦʨʠʪ ʦʙ ʠʭ ʥʝʧʨʝʢʨʘʱʘʶʱʝʤʩʷ ʟʘʨʦʞʜʝʥʠʠ, ʨʘʟʨʫʰʝʥʠʠ ʠ ʦʙʨʘʟʦʚʘʥʠʠ ʚʦ 

ʚʨʝʤʷ ʨʘʙʦʪʳ ʠʥʩʪʨʫʤʝʥʪʘ. ʇʨʠʚʝʜʸʥʥʳʡ ʨʘʥʝʝ ʨʘʤʘʥʦʚʩʢʠʡ ʩʧʝʢʪʨ, ʢʦʪʦʨʳʡ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ 

ʚʦ ʚʨʝʤʷ ʥʘʯʘʣʘ ʠʟʥʦʩʘ (ʥʘ ʵʪʘʧʝ ʧʨʠʨʘʙʦʪʢʠ) ʩʪʨʫʢʪʫʨʥʳʝ ʚʠʙʨʘʮʠʦʥʥʳʝ ʧʠʢʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʚʥʫʪʨʠʘʪʦʤʥʳʤ ʜʠʩʪʘʥʮʠʷʤ ʚ ʦʢʠʩʣʝʥʥʳʭ ʬʘʟʘʭ ʥʠʪʨʠʜʘ ʧʨʠ 130 ʤ ʠʟʥʦʩʘ ʠʣʠ Cr2O3 ʠ ʤʫʣ-

ʣʠʪʦ-ʧʦʜʦʙʥʳʡ ʦʢʩʠʜ ʘʣʶʤʠʥʠʷ ʠ ʮʠʨʢʦʥʠʷ ʧʨʠ 260 ʤ ʠʟʥʦʩʘ. ʅʝʩʤʦʪʨʷ ʥʘ ʚʳʩʦʢʫʶ ʦʢʠʩʣʠ-

ʪʝʣʴʥʫʶ ʩʪʦʡʢʦʩʪʴ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʭ ʬʘʟ, ʥʘ ʧʦʢʨʳʪʠʠ (AlCrZrTiTa)N ʧʨʠ ʨʝʟʘʥʠʠ ʚ ʫʩʣʦ-

ʚʠʷʭ ʣʦʢʘʣʠʟʦʚʘʥʥʦʡ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʬʦʨʤʠʨʫʶʪʩʷ 

ʧʣʝʥʢʠ ʪʨʠʙʦʦʢʩʠʜʦʚ. ʅʘ ʥʘʯʘʣʴʥʦʡ ʩʪʘʜʠʠ ʧʨʠʨʘʙʦʪʢʠ ʬʦʨʤʠʨʫʝʪʩʷ ʥʝʨʘʚʥʦʚʝʩʥʳʡ ʪʨʠʙʦ-

ʦʢʩʠʜ CrO2, ʘ ʥʘ ʧʦʟʜʥʝʡ - ʦʢʩʠʜʳ ͙ͣͯͭ͊͡͡ όAl2O3
. ZrO2), TaO2 ͙  CrO2. 

ɺʳʚʦʜ r

 1.ʅʘ ʩʪʘʜʠʠ ʧʨʠʨʘʙʦʪʢʠ ʚ ʫʩʣʦʚʠʷʭ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʛʦ ʩʫʭʦʛʦ ʨʝʟʘʥʠʷ ʅɽʉ ʠʦʥʥʦ-

ʧʣʘʟʤʝʥʥʦʝ ʧʦʢʨʳʪʠʝ ʥʘ ʦʩʥʦʚʝ (AlCrZrTiTa)N ʠʟʥʘʰʠʚʘʝʪʩʷ ʧʦ ʤʝʭʘʥʠʟʤʫ ʘʜʛʝʟʠʦʥʥʦʛʦ ʠʟ-

ʥʦʩʘ. ʇʣʦʱʘʜʴ ʥʘʨʦʩʪʘ ʩʦʩʪʘʚʣʷʝʪ 25 ʠ 34 % ʦʪ ʚʩʝʡ ʧʣʦʱʘʜʠ ʣʫʥʢʠ ʠʟʥʦʩʘ ʧʨʠ ʨʝʟʘʥʠʠ ʜʣʠ-

ʪʝʣʴʥʦʩʪʴʶ 130 ʤ ʠ 260 ʤ. 

 2. ʅʘ ʥʘʯʘʣʴʥʦʡ ʩʪʘʜʠʠ ʧʨʠʨʘʙʦʪʢʠ ʚ ʣʫʥʢʝ ʠʟʥʦʩʘ ʚʦʟʥʠʢʘʶʪ ʧʣʝʥʢʠ ʦʢʩʠʜʘ CrO2, ʘ ʥʘ 

ʧʦʟʜʥʝʡ ï ʪʨʠʙʦʦʢʩʠʜʳ ʤ͙ͯͭ͊͡͡ όAl2O3
. ZrO2), TaO2 ͙  CrO2. 
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ʂʘʧʝʣʴʥʘʷ ʤʠʢʨʦʬʣʶʠʜʠʢʘ (ʂʄʌ) ʟʘʥʠʤʘʝʪʩʷ ʠʟʫʯʝʥʠʝʤ ʧʨʦʮʝʩʩʦʚ ʛʝʥʝʨʘʮʠʠ ʢʘʧʝʣʴ 

ʵʤʫʣʴʩʠʠ ʠ ʠʭ ʜʘʣʴʥʝʡʰʝʡ ʤʘʥʠʧʫʣʷʮʠʠ ʧʨʠ ʧʦʤʦʱʠ ʫʧʨʘʚʣʝʥʠʷ ʧʦʪʦʢʘʤʠ ʞʠʜʢʦʩʪʝʡ ʚ ʤʠʢ-

ʨʦʢʘʥʘʣʘʭ ʩʧʝʮʠʘʣʴʥʳʭ ʫʩʪʨʦʡʩʪʚ, ʥʘʟʳʚʘʝʤʳʭ ʤʠʢʨʦʬʣʶʠʜʥʳʤʠ ʯʠʧʘʤʠ [1]. ʄʝʪʦʜʳ ʢʘ-

ʧʝʣʴʥʦʡ ʤʠʢʨʦʬʣʶʠʜʠʢʠ ʚʦʩʪʨʝʙʦʚʘʥʳ ʚʦ ʤʥʦʛʠʭ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʭ ʠ ʥʘʫʯʥʳʭ ʦʙʣʘʩʪʷʭ, 
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ʥʘʯʠʥʘʷ ʦʪ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʚ ʨʘʤʢʘʭ ʢʦʪʦʨʳʭ ʤʠʢʨʦʢʘʧʣʠ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʠʥ-

ʢʘʧʩʫʣʷʮʠʠ ʠ ʜʘʣʴʥʝʡʰʝʛʦ ʘʥʘʣʠʟʘ ʨʘʟʣʠʯʥʳʭ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ, ʠ, ʟʘʢʘʥʯʠʚʘʷ çʥʘʫʢʦʡ 

ʦ ʤʘʪʝʨʠʘʣʘʭè, ʛʜʝ ʢʘʧʣʠ ʤʦʛʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʚ ʢʘʯʝʩʪʚʝ ʤʠʢʨʦʨʝʘʢʪʦʨʦʚ ʜʣʷ ʩʠʥʪʝʟʘ ʤʠʢ-

ʨʦʯʘʩʪʠʮ ʨʘʟʣʠʯʥʦʡ ʧʨʠʨʦʜʳ [1, 2]. ʉʫʱʝʩʪʚʝʥʥʳʤ ʥʝʜʦʩʪʘʪʢʦʤ, ʦʛʨʘʥʠʯʠʚʘʶʱʠʤ ʧʨʠʤʝʥʝ-

ʥʠʝ ʤʠʢʨʦʬʣʶʠʜʥʳʭ ʪʝʭʥʦʣʦʛʠʡ, ʷʚʣʷʝʪʩʷ ʚʳʩʦʢʘʷ ʩʪʦʠʤʦʩʪʴ ʢʦʤʧʦʥʝʥʪʦʚ ʚʭʦʜʷʱʠʭ ʚ ʩʦ-

ʩʪʘʚ ʤʠʢʨʦʬʣʶʠʜʥʳʭ ʩʠʩʪʝʤ (ʄʌʉ), ʚ ʩʚʷʟʠ ʩ ʯʝʤ, ʧʨʦʜʦʣʞʘʝʪʩʷ ʠʥʪʝʥʩʠʚʥʳʡ ʧʦʠʩʢ ʥʦʚʳʭ 

ʠ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʫʞʝ ʠʤʝʶʱʠʭʩʷ ʤʝʪʦʜʦʚ ʧʨʦʠʟʚʦʜʩʪʚʘ ʨʘʟʣʠʯʥʳʭ ʜʝʪʘʣʝʡ ʄʌʉ. ɿʥʘʯʠ-

ʪʝʣʴʥʳʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʪʘʚʰʠʝ ʦʯʝʥʴ ʜʦʩʪʫʧʥʳʤʠ ʪʝʭʥʦʣʦʛʠʠ 3d-ʧʝʯʘʪʠ, ʢʦʪʦʨʳʝ 

ʤʦʛʫʪ ʧʨʠʤʝʥʷʪʴʩʷ ʢʘʢ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʦʪʜʝʣʴʥʳʭ ʫʟʣʦʚ ʩʠʩʪʝʤ ʧʦʜʘʯʠ ʞʠʜʢʠʭ ʢʦʤʧʦʥʝʥ-

ʪʦʚ, ʪʘʢ ʠ ʜʣʷ ʧʨʦʪʦʪʠʧʠʨʦʚʘʥʠʷ ʤʠʢʨʦʬʣʶʠʜʥʳʭ ʯʠʧʦʚ. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʦʙʩʫʞʜʘʝʪʩʷ 

ʨʘʟʨʘʙʦʪʢʘ ʩʠʩʪʝʤʳ ʜʣʷ ʢʘʧʝʣʴʥʦʡ ʤʠʢʨʦʬʣʶʠʜʠʢʠ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʪʨʝʭ ʰʧʨʠʮʝʚʳʭ ʥʘʩʦʩʦʚ ʠ 

ʤʠʢʨʦʬʣʶʠʜʥʳʭ ʯʠʧʦʚ (ʄʌʏ), ʧʦʩʪʨʦʝʥʥʳʭ ʥʘ ʩʠʩʪʝʤʝ ʠʛʣ ʩ ʛʝʦʤʝʪʨʠʝʡ ʩʦʦʩʥʦʛʦ ʪʝʯʝʥʠʷ 

ʧʦʪʦʢʦʚ. ʆʩʥʦʚʥʳʝ ʜʝʪʘʣʠ ʰʧʨʠʮʝʚʳʭ ʥʘʩʦʩʦʚ, ʘ ʪʘʢʞʝ ʢʦʨʧʫʩʳ ʄʌʏ, ʙʳʣʠ ʠʟʛʦʪʦʚʣʝʥʳ ʤʝ-

ʪʦʜʦʤ 3d-ʧʝʯʘʪʠ. 

   

ʈʠʩ. 1. ʄʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʵʤʫʣʴʩʠʡ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʩʦʦʪʥʦʰʝʥʠʷʭ ʦʙʲʝʤ-

ʥʳʭ ʨʘʩʭʦʜʦʚ ʤʘʪʨʠʮʳ ʠ ʜʠʩʧʝʨʩʥʦʡ ʬʘʟʳ. 

ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʠʟʚʝʜʝʥʥʳʭ ʄʌʉ ʠʟʫʯʘʣʩʷ ʧʨʦʮʝʩʩ ʛʝʥʝʨʘʮʠʠ ʢʘʢ ʦʜʠʥʘʨʥʳʭ, 

ʪʘʢ ʠ ʜʚʦʡʥʳʭ ʤʦʜʝʣʴʥʳʭ ʵʤʫʣʴʩʠʠ. ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩ. 1 ʧʦʣʫʯʝʥʥʳʝ ʵʤʫʣʴʩʠʠ ʭʘʨʘʢʪʝʨʠʟʫ-

ʶʪʩʷ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ ʤʦʥʦʜʠʩʧʝʨʩʥʦʩʪʠ, ʢʦʵʬʬʠʮʠʝʥʪʳ ʚʘʨʠʘʮʠʠ ʜʣʷ ʚʩʝʭ ʢʦʤʧʦʟʠʮʠʡ ʥʝ 

ʧʨʝʚʳʰʘʶʪ 2 %. 
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ʨʦʚʘʥʠʷ ʈʊʋ ʄʀʈʕɸ 

 

ʄʠʢʘʝʚʘ ʉ.ɸ. 

ʜ.ʪ.ʥ., ʜʦʮʝʥʪ, ʀʥʩʪʠʪʫʪ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʠ ʠʥʜʫʩʪʨʠʘʣʴʥʦʛʦ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ 

ʈʊʋ ʄʀʈʕɸ 

 

ɸʥʥʦʪʘʮʠʷ. ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʧʝʨʩʧʝʢʪʠʚʳ ʧʨʠʤʝʥʝʥʠʷ ʢʦʤʧʦʟʠʪʥʳʭ ʤʘʪʝʨʠʘ-

ʣʦʚ ʚ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ. ʇʨʠʚʦʜʷʪʩʷ ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ, ʦʩʦʙʝʥʥʦʩʪʠ ʠʭ ʧʨʠʤʝʥʝʥʠʷ, ʧʝʨ-

ʩʧʝʢʪʠʚʳ ʨʘʟʚʠʪʠʷ ʠ ʩʜʝʨʞʠʚʘʶʱʠʝ ʵʪʦ ʨʘʟʚʠʪʠʝ ʬʘʢʪʦʨʳ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʧʣʘʩʪʠʢ, ʧʦʣʠʤʝʨʥʳʝ ʢʦʤʧʦʟʠʮʠʦʥʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʘʚʪʦʤʦʙʠʣʝʩʪʨʦʝʥʠʝ 
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ʣʠʜʠʨʫʶʱʠʝ ʧʦʟʠʮʠʠ ʧʦ ʧʨʠʤʝʥʝʥʠʶ ʧʦʣʠʤʝʨʥʦ-ʢʦʤʧʦʟʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʦʩʪʘʶʪʩʷ ʟʘ ʘʵʨʦ-

ʢʦʩʤʠʯʝʩʢʦʡ ʠ ʦʙʦʨʦʥʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʴʶ ʧʦ ʚʩʝʤʫ ʤʠʨʫ. ʊʘʢʞʝ ʩʪʦʠʪ ʫʯʠʪʳʚʘʪʴ ʪʘʢʦʡ 

ʬʘʢʪʦʨ ʢʘʢ ʩʧʨʦʩ ʥʘ ʣʝʛʢʠʝ ʠ ʵʢʦʥʦʤʠʯʥʳʝ ʪʨʘʥʩʧʦʨʪʥʳʝ ʩʨʝʜʩʪʚʘ. ɺʩʝ ʵʪʦ ʙʫʜʝʪ ʦʢʘʟʳʚʘʪʴ 

ʧʦʟʠʪʠʚʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʨʦʩʪ ʨʳʥʢʘ ʢʦʤʧʦʟʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. 

ñɿʘ ʩʯʝʪ ʩʘʤʦʚʦʩʩʪʘʥʘʚʣʠʚʘʝʤʦʩʪʠ ʠ ʩʪʦʡʢʦʩʪʠ ʢ ʚʳʩʦʢʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤ (ʥʝʢʦʪʦʨʳʝ 

ʤʦʛʫʪ ʚʳʜʝʨʞʠʚʘʪʴ ʵʢʩʧʣʫʘʪʘʮʠʶ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 200-2500C) ʧʨʠʤʝʥʝʥʠʝ ʢʦʤʧʦʟʠʪʦʚ ʚʦʟ-

ʤʦʞʥʦ ʚʦ ʚʩʝʭ ʦʪʨʘʩʣʷʭ ʪʷʞʝʣʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ. ʂʦʤʧʦʟʠʮʠʦʥʥʳʝ ʤʘʪʝʨʠʘʣʳ ʦʪʣʠʯʥʦ 

ʩʧʨʘʚʣʷʶʪʩʷ ʩ ʧʦʩʪʘʚʣʝʥʥʳʤʠ ʟʘʜʘʯʘʤʠ ʢʘʢ ʚ ʢʦʩʤʦʩʝ, ʪʘʢ ʠ ʚ ʩʫʜʦʩʪʨʦʝʥʠʠ, ʠ ʚ ʘʚʠʘʮʠʠò, - 

ʨʘʩʩʢʘʟʘʣ ʜʠʨʝʢʪʦʨ ʎʝʥʪʨʘ ʢʦʤʧʝʪʝʥʮʠʡ ʅʘʮʠʦʥʘʣʴʥʦʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʠʥʠʮʠʘʪʠʚʳ (ʅʊʀ) 

çʎʠʬʨʦʚʦʝ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʝ: ʥʦʚʳʝ ʤʘʪʝʨʠʘʣʳ ʠ ʚʝʱʝʩʪʚʘè ʄɻʊʋ ʠʤʝʥʠ ʅ.ʕ. ɹʘʫʤʘʥʘ ɺʣʘ-

ʜʠʤʠʨ ʅʝʣʶʙ [1]. 

 ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʳ ʩʣʝʜʫʶʱʠʝ ʚʠʜʳ ʧʦʣʠʤʝʨʥʳʭ ʢʦʤʧʦ-

ʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʧʨʠʚʝʜʝʥʥʳʭ ʚ ʪʘʙʣʠʮʝ 1. 

 

ʊʘʙʣʠʮʘ 1. ʉʚʦʡʩʪʚʘ ʧʦʣʠʤʝʨʥʳʭ ʢʦʤʧʦʟʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʄʘʪʝʨʠʘʣ ʇʣʦʪ-

ʥʦʩʪʴ 

ʢʛ/ʤ3 

ʄʦʜʫʣʴ 

ʫʧʨʫʛʦ-

ʩʪʠ ɻʇʘ 

ʊʝʧʣʦʧʨʦʚʦʜ-

ʥʦʩʪʴ 

ʇʨʠ 20ʉ 

ɺʊ/ʤ*Áʉ 

ʇʨʝʜʝʣʴ-

ʥʳʝ ʪʝʤ-

ʧʝʨʘʪʫʨʳ 

ʊÁʉ 

ʇʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ ʄʇʘ 

ʈʘʩʪʷʞʝ-

ʥʠʝ 

ʉʞʘ-

ʪʠʝ 

ʀʟ-

ʛʠʙ 

ʉʪʝʢʣʦʧʣʘ-

ʩʪʠʢ 

1800-

2000 

50-70 0,75 -50é+180 1700 410-

1180 

690-

1240 

ʋʛʣʝʧʣʘʩʪʠʢ 1450-

1600 

350 1,0 ɼʦ +250 2000-

3000 

940-

1290 

1670-

2000 

ɹʘʟʘʣʴʪʦʧʣʘ-

ʩʪʠʢ 

2200-

2600 

50 1,0 -

200é+500 

1200 5000 1650 

ɹʦʨʦʧʣʘʩʪʠʢ 2100 250-270 0,6 ɼʦ +200 1300 1150 1700 

ʆʨʛʘʥʦʧʣʘ-

ʩʪʠʢ 

1300 95-180 1,2-2,0 -60é+180 670-880 150-

213 

460-

520 

ʊʝʢʩʪʦʣʠʪ 1300-

1400 

22,4 0,23-0,32 -40é+105 190-210 200 108-

152 

ʉʪʝʢʣʦʪʝʢ-

ʩʪʦʣʠʪ 

1600-

1900 

21 0,29-0,38 -65é+155 220 400 350 

ɸʨʘʤʠʜʦʧʣʘ-

ʩʪʠʢ 

1250-

1300 

127-160 0,3 -

100é+280 

1500-

2500 

250-

400 

500-

800 

 

ʉʪʝʢʣʦʧʣʘʩʪʠʢ. ʆʙʣʘʜʘʝʪ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʦʡ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴʶ, ʫʩʪʦʡʯʠʚ ʢ ʚʦʟʜʝʡ-

ʩʪʚʠʶ ʚʣʘʛʠ, ʢʦʨʨʦʟʠʡʥʘʷ ʩʪʦʡʢʦʩʪʴ. ʀʟ ʦʪʨʠʮʘʪʝʣʴʥʳʭ ʩʚʦʡʩʪʚ ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ ʭʨʫʧʢʦʩʪʴ ʠ 

ʥʝʚʳʩʦʢʫʶ ʘʙʨʘʟʠʚʦʩʪʦʡʢʦʩʪʴ. ʇʨʠʤʝʥʷʝʪʩʷ ʚ ʩʫʜʦʩʪʨʦʝʥʠʠ, ʘʵʨʦʢʦʩʤʠʯʝʩʢʦʡ ʦʪʨʘʩʣʠ, ʘʚʪʦ-

ʤʦʙʠʣʝʩʪʨʦʝʥʠʠ ʠ ʩʪʨʦʠʪʝʣʴʩʪʚʝ.[3] 

ʋʛʣʝʧʣʘʩʪʠʢ. ɺʳʩʦʢʘʷ ʧʨʦʯʥʦʩʪʴ  ʠ ʥʠʟʢʠʡ ʚʝʩ ʜʝʣʘʶʪ ʝʛʦ ʭʦʨʦʰʝʡ ʟʘʤʝʥʦʡ ʩʪʘʣʠ ʠ 

ʯʫʛʫʥʘ, ʦʜʥʘʢʦ ʚʳʩʦʢʘʷ ʩʪʦʠʤʦʩʪʴ ʦʛʨʘʥʠʯʠʚʘʝʪ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ. ʇʨʠʤʝʥʷʝʪʩʷ ʚ ʘʚʪʦʤʦ-

ʙʠʣʝʩʪʨʦʝʥʠʠ, ʘʵʨʦʢʦʩʤʠʯʝʩʢʦʡ ʦʪʨʘʩʣʠ, ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʣʦʧʘʩʪʝʡ ʚʝʪʨʦʛʝʥʝʨʘʪʦʨʦʚ.[4] 
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ɹʘʟʘʣʴʪʦʧʣʘʩʪʠʢ. ʅʝ ʧʦʜʚʝʨʞʝʥ ʢʦʨʨʦʟʠʠ, ʚʳʜʝʨʞʠʚʘʝʪ ʧʝʨʝʧʘʜʳ ʪʝʤʧʝʨʘʪʫʨ. ʇʨʠʤʝ-

ʥʷʝʪʩʷ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚ ʩʪʨʦʠʪʝʣʴʩʪʚʝ ʧʨʠ ʠʟʛʦʪʦʚʣʝʥʠʠ ʪʨʫʙ, ʧʨʦʬʠʣʝʡ ʠ ʢʘʨʢʘʩʦʚ. 

ɹʦʨʦʧʣʘʩʪʠʢ. ɹʣʘʛʦʜʘʨʷ ʩʚʦʠʤ ʩʚʦʡʩʪʚʘʤ ʧʨʠʤʝʥʷʝʪʩʷ ʚ ʘʵʨʦʢʦʩʤʠʯʝʩʢʦʡ ʦʪʨʘʩʣʠ. 

ʆʨʛʘʥʦʧʣʘʩʪʠʢ. ʀʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʩʣʘʙʦ- ʠ ʩʨʝʜʥʝʥʘʛʨʫʞʝʥʥʳʭ ʜʝʪʘʣʝʡ 

ʚ ʘʚʠʘʮʠʦʥʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ. 

ʊʝʢʩʪʦʣʠʪ. ʇʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʰʝʩʪʝʨʝʥʦʢ, ʧʦʜʰʠʧʥʠʢʦʚ ʠ ʧʨʦʢʣʘʜʦʢ. 

ɸʨʘʤʠʜʦʧʣʘʩʪʠʢ ʇʨʠʤʝʥʝʥʠʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʩʦʢʠʤʠ ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʠ ʪʝʨʤʠʯʝʩʢʠʤʠ 

ʧʦʢʘʟʘʪʝʣʷʤʠ. ʇʨʠʤʝʥʷʶʪʩʷ ʚ ʘʵʨʦʢʦʩʤʠʯʝʩʢʦʡ ʦʪʨʘʩʣʠ, ʘʚʪʦʤʦʙʠʣʝʩʪʨʦʝʥʠʠ, ʟʘʱʠʪʥʦʤ ʠ 

ʩʧʦʨʪʠʚʥʦʤ ʦʙʤʫʥʜʠʨʦʚʘʥʠʠ.[5] 

 ʀʩʭʦʜʷ ʠʟ ʩʚʦʡʩʪʚ ʠ ʦʙʣʘʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʧʦʣʠʤʝʨʥʳʭ ʢʦʤʧʦʟʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʤʦʞʥʦ 

ʫʚʝʨʝʥʥʦ ʩʢʘʟʘʪʴ, ʯʪʦ ʜʘʣʴʥʝʡʰʝʝ ʠʭ ʧʨʠʤʝʥʝʥʠʝ ʙʫʜʝʪ ʪʦʣʴʢʦ ʨʘʩʰʠʨʷʪʴʩʷ ʟʘ ʩʯʝʪ ʩʦʟʜʘʥʠʷ 

ʤʘʪʝʨʠʘʣʦʚ ʩ ʥʦʚʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʠ ʫʜʝʰʝʚʣʝʥʠʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʫʞʝ ʧʨʠʤʝʥʷʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ. 

ʊʘʢʞʝ ʨʦʩʪʫ ʙʫʜʝʪ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʘʢʪʫʘʣʠʟʘʮʠʷ ʥʦʨʤʘʪʠʚʥʦʡ ʜʦʢʫʤʝʥʪʘʮʠʠ, ʪ.ʢ. ʚ ʨʷʜʝ ʦʙʣʘ-

ʩʪʝʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʤʠ ʩʪʘʥʜʘʨʪʘʤʠ ʧʨʦʠʟʚʦʜʩʪʚʦ ʨʷʜʘ ʠʟʜʝʣʠʡ ʜʦʧʫʩʢʘʝʪʩʷ ʪʦʣʴʢʦ ʠʟ ʤʝ-

ʪʘʣʣʘ. 

ʉʦʛʣʘʩʥʦ ʪʨʫʜʘʤ ɺʀɸʄ ʢʦʤʧʦʟʠʮʠʦʥʥʳʝ ʤʘʪʝʨʠʘʣʳ ʦʜʠʥ ʠʟ ʩʘʤʳʭ ʙʳʩʪʨʦʨʘʟʚʠʚʘʶ-

ʱʠʭʩʷ ʩʝʛʤʝʥʪʦʚ ʥʘ ʨʳʥʢʝ ʤʘʪʝʨʠʘʣʦʚ, ʧʨʠʤʝʥʷʝʤʳʭ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʘʚʪʦʤʦʙʠʣʝʡ. ɺ ʩʚʦʝʡ 

ʨʘʙʦʪʝ ʦʥʠ ʧʨʠʚʦʜʷʪ ʧʨʦʛʥʦʟ ʨʘʟʚʠʪʠʷ ʧʨʠʤʝʥʝʥʠʷ ʧʦʣʠʤʝʨʥʳʭ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʚ ʘʚʪʦʤʦʙʠʣʴʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ (ʨʠʩ. 1).[2] 

 

 

ʈʠʩ. 1 ʇʨʦʛʥʦʟ ʧʨʠʤʝʥʝʥʠʷ ʢʦʤʧʦʟʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʦ 2030 ʛʦʜʘ 
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ɺ ʮʝʣʦʤ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʜʘʣʴʥʝʡʰʝʤ ʦʙʰʠʨʥʦʤ ʧʨʠʤʝʥʝʥʠʠ ʧʦʣʠʤʝʨʥʳʭ ʢʦʤ-

ʧʦʟʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʨʘʩʰʠʨʝʥʠʶ ʩʧʝʢʪʨʘ ʟʘʜʘʯ, ʜʣʷ ʢʦʪʦʨʳʭ ʦʥʠ ʙʫʜʫʪ ʧʨʠʤʝʥʷʪʴʩʷ. ʉʧʦ-

ʩʦʙʩʪʚʦʚʘʪʴ ʵʪʦʤʫ ʙʫʜʝʪ ʘʵʨʦʢʦʩʤʠʯʝʩʢʘʷ ʠ ʦʙʦʨʦʥʥʘʷ ʧʨʦʤʳʰʣʝʥʥʦʩʪʴ, ʢʦʪʦʨʳʝ ʤʘʢʩʠ-

ʤʘʣʴʥʦ ʟʘʠʥʪʝʨʝʩʦʚʘʥʳ ʚ ʨʘʟʚʠʪʠʠ ʵʪʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ [5 - 11]. 

 

ʉʧʠʩʦʢ ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʠʩʪʦʯʥʠʢʦʚ: 
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ʋɼʂ 681.786 

 

ʆʉʆɹɽʅʅʆʉʊʀ ʇʆʃʋʏɽʅʀʗ ʎʀʌʈʆɺʆʁ ʂʆʇʀʀ ʆɹʒ-

ɽʂʊɸ ʉ ʊɽʄʅʆʁ ɻʃʗʅʎɽɺʆʁ ʇʆɺɽʈʍʅʆʉʊʔʖ ʉ ʇʈʀʄɽ-

ʅɽʅʀɽʄ 3D-ʉʂɸʅʀʈʆɺɸʅʀʗ 

ɽʨʝʤʠʥ ɼ.ʉ. 

ʉʪʫʜʝʥʪ ʢʘʬʝʜʨʳ ʮʠʬʨʦʚʳʭ ʠ ʘʜʜʠʪʠʚʥʳʭ ʪʝʭʥʦʣʦʛʠʡ, ʀʥʩʪʠʪʫʪ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʪʝʭ-

ʥʦʣʦʛʠʡ ʠ ʠʥʜʫʩʪʨʠʘʣʴʥʦʛʦ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ ʈʊʋ ʄʀʈʕɸ 

ʂʨʫʞʢʦʚʘ ʄ.ʉ. 

ɸʩʩʠʩʪʝʥʪ ʢʘʬʝʜʨʳ ʮʠʬʨʦʚʳʭ ʠ ʘʜʜʠʪʠʚʥʳʭ ʪʝʭʥʦʣʦʛʠʡ, ʀʥʩʪʠʪʫʪ ʧʝʨʩʧʝʢʪʠʚʥʳʭ 

ʪʝʭʥʦʣʦʛʠʡ ʠ ʠʥʜʫʩʪʨʠʘʣʴʥʦʛʦ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ ʈʊʋ ʄʀʈʕɸ 

ʂʠʩʣʦʚʘ ɸ.ɺ. 

ɸʩʩʠʩʪʝʥʪ ʢʘʬʝʜʨʳ ʮʠʬʨʦʚʳʭ ʠ ʘʜʜʠʪʠʚʥʳʭ ʪʝʭʥʦʣʦʛʠʡ, ʀʥʩʪʠʪʫʪ ʧʝʨʩʧʝʢʪʠʚʥʳʭ 

ʪʝʭʥʦʣʦʛʠʡ ʠ ʠʥʜʫʩʪʨʠʘʣʴʥʦʛʦ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ ʈʊʋ ʄʀʈʕɸ 

ɸʥʥʦʪʘʮʠʷ. ʈʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʩʨʘʚʥʝʥʠʶ ʪʝʭʥʦʣʦʛʠʡ 3D-ʩʢʘʥʠʨʦʚʘʥʠʷ ʥʘ ʧʨʠʤʝʨʝ 

ʨʘʙʦʪʳ ʦʙʦʨʫʜʦʚʘʥʠʷ ʩ ʦʙʲʝʢʪʘʤʠ, ʠʤʝʶʱʠʤʠ ʧʦʚʝʨʭʥʦʩʪʠ, ʫʩʣʦʞʥʝʥʥʳʝ ʜʣʷ ʩʢʘʥʠʨʦʚʘʥʠʷ. 

ɺ ʨʘʙʦʪʝ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʩʝʩʩʠʠ ʩʢʘʥʠʨʦʚʘʥʠʷ ʦʧʪʠʯʝʩʢʠʤʠ ʠ ʣʘʟʝʨʥʳʤ 

3D-ʩʢʘʥʝʨʘʤʠ, ʦʙʲʝʢʪ ʩʢʘʥʠʨʦʚʘʥʠʷ ʙʳʣ ʚʳʙʨʘʥ ʩ ʫʯʝʪʦʤ ʧʦʩʪʘʚʣʝʥʥʦʡ ʮʝʣʠ ʨʘʙʦʪʳ. ʇʨʦ-

ʚʝʜʸʥ ʘʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʩʢʘʥʠʨʦʚʘʥʠʷ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʥʝ ʩʢʘʥʠʨʫʝʤʳʝ ʧʦʚʝʨʭʥʦʩʪʠ, ʨʝʚʝʨʩ-ʠʥʞʠʥʠʨʠʥʛ, ʦʧʪʠʯʝʩʢʦʝ 3D-

ʩʢʘʥʠʨʦʚʘʥʠʝ, ʣʘʟʝʨʥʦʝ 3D-ʩʢʘʥʠʨʦʚʘʥʠʝ 
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Annotation. The work is devoted to the comparison of 3D scanning technologies using the 

example of equipment operation with objects having surfaces that are complicated for scanning. Ex-

perimental scanning sessions with optical and laser 3D scanners were carried out in the work, the 

scanning object was selected taking into account the set purpose of the work. The analysis of the 

results of the obtained data based on the results of scanning is carried out. 

Keywords: non-scanned surfaces, reverse engineering, 3D optical scanning, 3D laser scan-

ning 

ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʩʬʝʨʘ ʤʘʰʠʥʦʩʪʨʦʝʥʠʷ ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʙʳʩʪʨʦ ʨʘʟʚʠʚʘʶ-

ʱʠʭʩʷ, ʛʜʝ ʠʩʧʦʣʴʟʫʶʪ ʘʜʜʠʪʠʚʥʳʝ ʪʝʭʥʦʣʦʛʠʠ. ɼʘʥʥʳʝ ʪʝʭʥʦʣʦʛʠʠ ʧʦʟʚʦʣʷʶʪ ʩʜʝʣʘʪʴ ʧʨʦ-

ʠʟʚʦʜʩʪʚʦ ʥʘʠʙʦʣʝʝ ʩʦʚʨʝʤʝʥʥʳʤ, ʙʳʩʪʨʳʤ ʠ ʢʘʯʝʩʪʚʝʥʥʳʤ. ʉʣʦʞʥʦʩʪʴ ʠʟʛʦʪʦʚʣʷʝʤʳʭ ʜʝʪʘ-

ʣʝʡ ʠ ʠʟʜʝʣʠʡ ʚʦʟʨʘʩʪʘʝʪ ʩ ʢʘʞʜʳʤ ʛʦʜʦʤ. ʀʤʝʥʥʦ ʧʦʵʪʦʤʫ ʚʘʞʝʥ ʢʦʥʪʨʦʣʴ ʢʘʯʝʩʪʚʘ ʢʦʤʧʦ-

ʥʝʥʪʦʚ ʠʟʜʝʣʠʡ ʥʘ ʚʩʝʭ ʵʪʘʧʘʭ ʠʟʛʦʪʦʚʣʝʥʠʷ, ʧʦʪʦʤʫ ʢʘʢ ʦʪ ʜʘʥʥʦʛʦ ʧʨʦʮʝʩʩʘ ʟʘʚʠʩʠʪ ʙʝʟʦʧʘʩ-

ʥʦʩʪʴ ʠ ʥʘʠʙʦʣʴʰʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʛʦʪʦʚʦʛʦ ʠʟʜʝʣʠʷ.  

ɺʥʝʜʨʝʥʠʝ ʥʦʚʳʭ ʪʝʭʥʦʣʦʛʠʡ ʚ ʧʨʦʮʝʩʩ ʧʨʦʠʟʚʦʜʩʪʚʘ ʧʦʟʚʦʣʷʶʪ ʧʨʦʚʦʜʠʪʴ ʦʧʪʠʤʠʟʘ-

ʮʠʶ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʧʨʦʠʟʚʦʜʩʪʚʘ ʠʟʜʝʣʠʡ. ʆʜʥʠʤ ʠʟ ʪʘʢʠʭ ʩʧʦʩʦʙʦʚ ʦʧʪʠʤʠʟʘ-

ʮʠʠ ʷʚʣʷʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝ 3D-ʩʢʘʥʝʨʦʚ. ʄʝʪʦʜʳ 3D-ʩʢʘʥʠʨʦʚʘʥʠʷ ʚʦʟʤʦʞʥʦ ʧʨʠʤʝʥʷʪʴ ʜʣʷ 

ʤʝʪʨʦʣʦʛʠʯʝʩʢʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ ʚ ʦʙʣʘʩʪʠ ʤʘʰʠʥʦʩʪʨʦʝʥʠʷ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʜʣʷ ʢʦʥʪʨʦʣʷ ʛʝʦ-

ʤʝʪʨʠʠ, ʘ ʪʘʢʞʝ ʚ ʩʬʝʨʝ ʨʝʚʝʨʩ-ʠʥʞʠʥʠʨʠʥʛʘ, ʪʝʤ ʩʘʤʳʤ ʩʦʢʨʘʪʠʚ ʩʨʦʢʠ ʠʟʛʦʪʦʚʣʝʥʠʷ ʠʟʜʝ-

ʣʠʡ. ʂʦʥʪʨʦʣʴ ʛʝʦʤʝʪʨʠʠ ʧʨʠ ʧʦʤʦʱʠ 3D-ʩʢʘʥʝʨʦʚ ʩʧʦʩʦʙʩʪʚʫʝʪ ʧʦʚʳʰʝʥʠʶ ʢʘʯʝʩʪʚʘ ʠʟʛʦ-

ʪʦʚʣʷʝʤʦʡ ʧʨʦʜʫʢʮʠʠ ʠ ʫʤʝʥʴʰʝʥʠʶ ʧʨʦʮʝʥʪʘ ʙʨʘʢʘ ʥʘ ʧʨʦʠʟʚʦʜʩʪʚʝ. ʇʨʦʠʟʚʦʜʠʪʝʣʠ, ʧʨʠ-

ʤʝʥʷʶʱʠʝ 3D-ʪʝʭʥʦʣʦʛʠʠ ʥʘ ʩʚʦʠʭ ʧʨʝʜʧʨʠʷʪʠʷʭ, ʦʧʝʨʝʞʘʶʪ ʢʦʥʢʫʨʝʥʪʦʚ, ʦʧʪʠʤʠʟʠʨʫʷ ʠʟ-

ʜʝʨʞʢʠ ʥʘ ʧʨʦʠʟʚʦʜʩʪʚʦ. 

ʉʫʱʝʩʪʚʫʝʪ ʜʚʘ ʦʩʥʦʚʥʳʭ ʚʠʜʘ 3D-ʩʢʘʥʝʨʦʚ: ʣʘʟʝʨʥʳʝ ʠ ʦʧʪʠʯʝʩʢʠʝ. ʀʭ ʦʪʣʠʯʠʝ ʩʦ-

ʩʪʦʠʪ ʚ ʧʨʠʥʮʠʧʝ ʩʯʠʪʳʚʘʥʠʷ ʜʘʥʥʳʭ.  

ʅʘ ʢʘʯʝʩʪʚʦ ʧʦʣʫʯʘʝʤʦʛʦ ʦʙʣʘʢʘ ʪʦʯʝʢ ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʶʪ ʦʢʨʫʞʘʶʱʝʝ ʦʩʚʝʱʝʥʠʝ, 

ʪʝʤʧʝʨʘʪʫʨʘ ʨʘʙʦʯʝʡ ʟʦʥʳ, ʧʦʚʝʨʭʥʦʩʪʴ ʩʢʘʥʠʨʫʝʤʦʛʦ ʦʙʲʝʢʪʘ, ʚ ʪʦʤ ʯʠʩʣʝ ʮʚʝʪ ʠ ʧʨʝʣʦʤʣʷ-

ʶʱʘʷ ʩʧʦʩʦʙʥʦʩʪʴ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ ʧʨʘʚʠʣʴʥʘʷ ʥʘʩʪʨʦʡʢʘ ʧʘʨʘʤʝʪʨʦʚ ʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʘʷ ʢʘ-

ʣʠʙʨʦʚʢʘ ʦʙʦʨʫʜʦʚʘʥʠʷ, ʘ ʪʘʢʞʝ ʧʦʜʛʦʪʦʚʢʘ ʦʙʲʝʢʪʘ ʚʘʞʥʘ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴ-

ʥʳʭ ʜʘʥʥʳʭ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʢʦʥʝʯʥʦʡ ʮʠʬʨʦʚʦʡ ʤʦʜʝʣʠ ʦʙʲʝʢʪʘ. 

ʇʨʦʙʣʝʤʦʡ ʦʧʪʠʯʝʩʢʠʭ 3D-ʩʢʘʥʝʨʦʚ ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʷʚʣʷʝʪʩʷ ʮʚʝʪ ʦʙʲʝʢʪʘ ʠ 

ʝʛʦ ʛʣʷʥʮʝʚʘʷ ʧʦʚʝʨʭʥʦʩʪʴ. ɺ ʩʣʫʯʘʝ ʪʦʛʦ, ʢʦʛʜʘ ʧʦʚʝʨʭʥʦʩʪʴ ʦʙʲʝʢʪʘ ʤʘʪʦʚʘʷ, ʘ ʠʤʝʥʥʦ ʦʙʝʩ-

ʧʝʯʠʚʘʝʪ ʨʘʩʩʝʠʚʘʥʠʝ ʧʘʜʘʶʱʝʛʦ ʥʘ ʥʝʝ ʩʚʝʪʘ, ʩʢʘʥʝʨ ʩʯʠʪʘʝʪ ʜʘʥʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʙʝʟ ʢʘʢʠʭ-

ʣʠʙʦ ʧʨʦʙʣʝʤ. ʇʦʚʝʨʭʥʦʩʪʴ, ʢʦʪʦʨʘʷ ʙʳʣʘ ʦʪʧʦʣʠʨʦʚʘʥʘ, ʠʟ-ʟʘ ʦʪʩʫʪʩʪʚʠʷ ʥʘ ʥʝʡ ʰʝʨʦʭʦʚʘʪʦ-

ʩʪʠ ʦʪʨʘʟʠʪ ʧʦʯʪʠ ʚʝʩʴ ʩʚʝʪ, ʧʘʜʘʶʱʠʡ ʥʘ ʥʝʸ ʩ ʫʩʪʨʦʡʩʪʚʘ ʧʦʜʩʚʝʪʢʠ ʩʢʘʥʝʨʘ ʚ ʩʪʦʨʦʥʫ ʦʪ ʝʛʦ 

ʢʘʤʝʨ. ʇʦʵʪʦʤʫ ʦʪʨʘʞʝʥʥʳʡ ʦʪ ʦʙʲʝʢʪʘ ʩʠʛʥʘʣ, ʚʦʟʚʨʘʱʘʶʱʠʡʩʷ ʚ ʢʘʤʝʨʳ ʩʢʘʥʝʨʘ, ʠʤʝʝʪ 

ʢʨʘʡʥʝ ʥʠʟʢʫʶ ʠʥʪʝʥʩʠʚʥʦʩʪʴ. ʆʜʥʠʤ ʠʟ ʩʧʦʩʦʙʦʚ ʨʝʰʝʥʠʷ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʷʚʣʷʝʪʩʷ ʥʝʦʙʭʦ-

ʜʠʤʦʩʪʴ ʤʘʪʠʨʦʚʘʪʴ ʧʦʚʝʨʭʥʦʩʪʴ ʦʙʲʝʢʪʘ ʩʧʝʮʠʘʣʴʥʳʤ ʩʧʨʝʝʤ, ʢʦʪʦʨʳʡ ʥʝ ʚʥʦʩʠʪ ʚʝʩʦʤʳʭ 

ʠʩʢʘʞʝʥʠʡ, ʪʘʢ ʢʘʢ ʝʛʦ ʯʘʩʪʠʮʳ ʠʤʝʶʪ ʩʫʙʤʠʢʨʦʥʥʳʡ ʨʘʟʤʝʨ. ʆʜʥʘʢʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʩʧʨʝʷ ʥʝ 

ʚʩʝʛʜʘ ʚʦʟʤʦʞʥʦ, ʵʪʦ ʩʚʷʟʘʥʦ ʚʩʝ ʪʘʢ ʞʝ ʩ ʨʘʟʤʝʨʦʤ ʯʘʩʪʠʮ ʩʧʨʝʷ, ʢʦʪʦʨʳʝ ʚ ʥʝʢʦʪʦʨʳʝ ʧʦ-

ʚʝʨʭʥʦʩʪʠ ʟʘʙʠʚʘʝʪʩʷ, ʯʪʦ ʚ ʧʦʩʣʝʜʫʶʱʝʤ ʟʘʪʨʫʜʥʷʝʪ ʝʛʦ ʫʜʘʣʝʥʠʝ ʩ ʧʦʚʝʨʭʥʦʩʪʠ.  

ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ 3D-ʩʢʘʥʝʨʳ, ʨʘʙʦʪʘʶʱʠʝ ʥʘ ʣʘʟʝʨʥʦʤ ʠʟʣʫʯʝʥʠʠ, ʥʝ ʠʩʧʳʪʳʚʘʶʪ ʧʨʦ-

ʙʣʝʤ, ʝʩʣʠ ʧʦʚʝʨʭʥʦʩʪʴ ʠʤʝʝʪ ʯʝʨʥʳʡ ʮʚʝʪ ʠʣʠ ʷʚʣʷʝʪʩʷ ʛʣʷʥʮʝʚʦʡ. ɺ ʪʘʢʠʭ ʩʣʫʯʘʷʭ ʧʦʚʝʨʭ-

ʥʦʩʪʴ ʥʝ ʪʨʝʙʫʝʪʩʷ ʥʠʢʦʠʤ ʦʙʨʘʟʦʤ ʧʦʜʛʦʪʘʚʣʠʚʘʪʴ. ʆʜʥʘʢʦ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʦʙʦʨʫʜʦʚʘʥʠʷ 

ʩ ʣʘʟʝʨʥʳʤ ʠʟʣʫʯʝʥʠʝʤ ʚʩʝʛʜʘ ʩʣʝʜʫʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʦʪʨʘʞʘʶʱʠʝ ʤʝʪʢʠ. ʉʚʷʟʘʥʦ ʵʪʦ ʩ ʦʪʨʘ-

ʞʘʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʴʶ ʣʘʟʝʨʘ. ɺ ʜʘʣʴʥʝʡʰʝʤ ʧʨʠʜʝʪʩʷ ʧʨʦʚʦʜʠʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʫʶ ʦʙʨʘʙʦʪʢʫ 

ʜʣʷ ʫʜʘʣʝʥʠʷ ʣʠʰʥʝʡ ʛʝʦʤʝʪʨʠʠ, ʢʦʪʦʨʫʶ ʤʝʪʢʠ ʩʦʟʜʘʶʪ, ʥʦ ʵʪʦ ʧʦʪʨʝʙʫʝʪʩʷ ʪʦʣʴʢʦ ʚ ʩʣʫʯʘʝ, 
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ʝʩʣʠ ʦʥʠ ʙʳʣʠ ʥʘʥʝʩʝʥʳ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʥʘ ʦʙʲʝʢʪ, ʧʨʠ ʩʦʟʜʘʥʠʠ ʧʦʣʷ ʠʟ ʤʝʪʦʢ ʚʦʢʨʫʛ ʦʙʲ-

ʝʢʪʘ ʜʘʥʥʘʷ ʧʨʦʙʣʝʤʘ ʥʠʚʝʣʠʨʫʝʪʩʷ. 

ɼʣʷ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʚʳʰʝʫʢʘʟʘʥʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʜʚʫʭ ʚʠʜʦʚ 3D-ʩʢʘʥʝʨʦʚ ʙʳʣʠ ʧʨʦ-

ʚʝʜʝʥʳ ʩʝʨʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʩʝʩʩʠʡ ʩʢʘʥʠʨʦʚʘʥʠʷ. ɺ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʘ ʩʢʘʥʠʨʦʚʘʥʠʷ 

ʙʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ ʤʝʭʘʥʠʯʝʩʢʘʷ ʪʦʯʠʣʢʘ. ɼʘʥʥʳʡ ʦʙʲʝʢʪ ʠʤʝʝʪ ʛʣʷʥʮʝʚʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ʯʝʨ-

ʥʦʛʦ ʮʚʝʪʘ, ʪʘʢ ʞʝ ʦʥ ʠʤʝʝʪ ʩʠʤʤʝʪʨʠʯʥʫʶ ʛʝʦʤʝʪʨʠʶ, ʯʪʦ ʧʨʝʜʧʦʣʘʛʘʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʩʚʝ-

ʪʦʦʪʨʘʞʘʶʱʠʭ ʤʝʪʦʢ ʚ ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʩʢʘʥʠʨʦʚʘʥʠʷ. 

ɺ ʢʘʯʝʩʪʚʝ ʦʙʦʨʫʜʦʚʘʥʠʷ ʙʳʣʠ ʚʳʙʨʘʥʳ ʦʧʪʠʯʝʩʢʠʡ 3D-ʩʢʘʥʝʨ Calibry 3D, ʢʦʪʦʨʳʡ ʧʦ 

ʟʘʷʚʣʝʥʠʷʤ ʧʨʦʠʟʚʦʜʠʪʝʣʷ ʚ ʩʦʩʪʦʷʥʠʠ ʩʢʘʥʠʨʦʚʘʪʴ ʧʦʜʦʙʥʳʝ ʦʙʲʝʢʪʳ ʙʝʟ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ 

ʧʦʜʛʦʪʦʚʢʠ ʙʣʘʛʦʜʘʨʷ ʚʥʫʪʨʝʥʥʠʤ ʥʘʩʪʨʦʡʢʘʤ. ɺʪʦʨʳʤ ʩʢʘʥʝʨʦʤ ʙʳʣ ʚʳʙʨʘʥ 3D-ʩʢʘʥʝʨ Sim-

scan 30 ʩ ʣʘʟʝʨʥʳʤ ʠʟʣʫʯʝʥʠʝʤ. ʆʪʨʘʞʘʶʱʠʝ ʤʝʪʢʠ ʙʳʣʠ ʥʘʥʝʩʝʥʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʚʦʢʨʫʛ 

ʦʙʲʝʢʪʘ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʠʟʙʝʞʘʪʴ ʠʩʢʘʞʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ. 

ɺ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʩʢʘʥʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʨʫʯʥʦʛʦ ʦʧʪʠʯʝʩʢʦʛʦ 3D-

ʩʢʘʥʝʨʘ Calibry 3D. ʅʘʩʪʨʦʡʢʠ ʷʨʢʦʩʪʠ ʠ ʤʦʱʥʦʩʪʠ ʧʨʦʝʢʪʦʨʘ ʙʳʣʠ ʚʳʙʨʘʥʳ ʠʩʭʦʜʷ ʠʟ ʜʝ-

ʪʘʣʠ. ʗʨʢʦʩʪʴ ʧʨʦʝʢʪʦʨʘ ʙʳʣʘ ʩʨʝʜʥʝʡ ʠʟ-ʟʘ ʛʣʷʥʮʝʚʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʤʦʱʥʦʩʪʴ 

ʧʨʦʝʢʪʦʨʘ ʙʳʣʘ ʤʘʢʩʠʤʘʣʴʥʦʝ ʠʟ-ʟʘ ʯʝʨʥʦʛʦ ʮʚʝʪʘ [1]. ʊʘʢ ʞʝ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʩʚʝʪʦʦʪʨʘ-

ʞʘʶʱʠʝ ʤʝʪʢʠ ʚ ʩʠʣʫ ʩʠʤʤʝʪʨʠʯʥʦʩʪʠ ʦʙʲʝʢʪʘ. ʂʘʢ ʚʠʜʥʦ ʥʘ ʠʟʦʙʨʘʞʝʥʠʠ (ʨʠʩ. 1) ʜʘʞʝ ʩ 

ʪʘʢʠʤʠ ʥʘʩʪʨʦʡʢʘʤʠ ʢʘʯʝʩʪʚʦ ʜʘʥʥʳʭ ʦʯʝʥʴ ʥʠʟʢʦʝ, ʥʝ ʧʦʤʦʛʣʠ ʢʘʢ ʥʘʩʪʨʦʡʢʘ ʦʙʦʨʫʜʦʚʘʥʠʷ, 

ʪʘʢ ʠ ʧʦʧʳʪʢʠ ʜʦʙʠʪʴʩʷ ʦʧʪʠʤʘʣʴʥʦʡ ʩʨʝʜʳ ʚ ʧʦʤʝʱʝʥʠʠ, ʘ ʠʤʝʥʥʦ ʤʠʥʠʤʠʟʘʮʠʠ ʚʥʝʰʥʝʛʦ 

ʦʩʚʝʱʝʥʠʷ. ʊʘʢ ʞʝ ʚʠʜʥʦ, ʯʪʦ ʦʪʚʝʨʩʪʠʝ, ʢʫʜʘ ʚʩʪʘʚʣʷʝʪʩʷ ʢʘʨʘʥʜʘʰ ʚʦʚʩʝ ʥʝ ʦʪʦʙʨʘʟʠʣʦʩʴ, 

ʯʪʦ ʜʝʣʘʝʪ ʜʘʥʥʫʶ ʤʦʜʝʣʴ ʥʝʧʦʜʭʦʜʷʱʝʡ ʜʣʷ ʜʘʣʴʥʝʡʰʝʡ ʨʘʙʦʪʳ. 

 

 
ʈʠʩ. 1. ʈʝʟʫʣʴʪʘʪ ʩʢʘʥʠʨʦʚʘʥʠʷ 3D-ʩʢʘʥʝʨʦʤ Calibry 3D 

 

ɺ ʚʪʦʨʦʤ ʩʣʫʯʘʝ ʩʢʘʥʠʨʦʚʘʥʠʝ ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʩ ʧʦʤʦʱʴʶ ʣʘʟʝʨʥʦʛʦ 3D-ʩʢʘʥʝʨʘ Sim-

scan 30. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʜʘʥʥʳʭ ʩʚʝʪʦʦʪʨʘʞʘʶʱʠʝ ʤʝʪʢʠ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʪʘʢ ʞʝ, ʢʘʢ ʠ ʚ ʧʝʨʚʦʤ 

ʩʣʫʯʘʝ, ʦʜʥʘʢʦ ʥʘʥʦʩʠʣʠʩʴ ʦʥʠ ʪʦʣʴʢʦ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʚʦʢʨʫʛ ʦʙʲʝʢʪʘ [2]. ʅʘ ʠʟʦʙʨʘʞʝʥʠʠ 

(ʨʠʩ. 2) ʚʠʜʥʦ, ʯʪʦ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʣʘʟʝʨʥʦʛʦ 3D-ʩʢʘʥʝʨʘ ʢʘʯʝʩʪʚʦ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ 

ʥʘʤʥʦʛʦ ʣʫʯʰʝ, ʭʦʪʴ ʠ ʪʘʢ ʞʝ ʜʘʣʝʢʠ ʦʪ ʠʜʝʘʣʴʥʳʭ. ʕʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʥʘʩʪʨʦʡʢʘʤʠ 

ʧʨʠ ʧʦʩʪʨʦʝʥʠʠ ʧʦʚʝʨʭʥʦʩʪʠ. ʆʜʥʘʢʦ ʙʦʣʴʰʘʷ ʯʘʩʪʴ ʜʘʥʥʳʭ ʧʦʣʫʯʝʥʘ ʚ ʭʦʨʦʰʝʤ ʢʘʯʝʩʪʚʝ, 

ʥʘʧʨʠʤʝʨ ʦʪʚʝʨʩʪʠʝ ʜʣʷ ʢʘʨʘʥʜʘʰʘ. ʇʨʠ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʦʙʨʘʙʦʪʢʝ ʚʦʟʤʦʞʥʦ ʜʦʙʠʪʴʩʷ ʭʦʨʦ-

ʰʝʛʦ ʢʘʯʝʩʪʚʘ 3D-ʤʦʜʝʣʠ.   
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ʈʠʩ. 2. ʈʝʟʫʣʴʪʘʪ ʩʢʘʥʠʨʦʚʘʥʠʷ 3D-ʩʢʘʥʝʨʦʤ Simscan 30 

 

ɸʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʚ ʩʝʨʠʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦʟʚʦʣʷʝʪ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʣʘ-

ʟʝʨʥʦʝ ʩʢʘʥʠʨʦʚʘʥʠʝ ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʧʦʜʭʦʜʠʪ ʣʫʯʰʝ ʜʣʷ ʢʦʥʪʨʦʣʷ ʢʘʯʝʩʪʚʘ ʠ ʛʝʦʤʝʪ-

ʨʠʠ ʦʙʲʝʢʪʦʚ ʩ ʥʝ ʩʢʘʥʠʨʫʝʤʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ. ɺ ʩʣʫʯʘʝ ʝʩʣʠ ʦʙʲʸʤ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʚ ʭʦʜʝ 

ʣʘʟʝʨʥʦʛʦ ʩʢʘʥʠʨʦʚʘʥʠʷ ʦʢʘʟʳʚʘʝʪʩʷ ʥʝʜʦʩʪʘʪʦʯʥʳʤʠ, 3D-ʤʦʜʝʣʴ, ʧʦʣʫʯʝʥʥʫʶ ʣʘʟʝʨʥʳʤ ʩʢʘ-

ʥʠʨʦʚʘʥʠʝʤ ʧʨʦʱʝ ʦʙʨʘʙʦʪʘʪʴ ʠ ʧʦʣʫʯʠʪʴ ʚ ʠʪʦʛʝ ʧʦʣʥʦʮʝʥʥʫʶ ʮʠʬʨʦʚʫʶ ʢʦʧʠʶ ʦʙʲʝʢʪʘ, 

ʯʝʤ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʦʧʪʠʯʝʩʢʠʭ 3D-ʩʢʘʥʝʨʦʚ. 

 

ʉʧʠʩʦʢ ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʠʩʪʦʯʥʠʢʦʚ: 

1. ʀʟʫʯʝʥʠʝ ʨʘʙʦʪʳ ʩʢʘʥʝʨʘ Calibry ʠ ʧʨʦʮʝʩʩʘ ʧʦʩʪʦʙʨʘʙʦʪʢʠ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥ-

ʥʳʭ: ʤʝʪʦʜʠʯʝʩʢʠʝ ʨʝʢʦʤʝʥʜʘʮʠʠ / ɺ. ɺ. ɿʫʝʚ, ɸ. ɺ. ʂʠʩʣʦʚʘ, ʄ. ʉ. ʂʨʝʰʪʠʥ. ð ʄʦʩʢʚʘ: ʈʊʋ 

ʄʀʈʕɸ, 2022. ð 31 ʩ. ð ʊʝʢʩʪ: ʵʣʝʢʪʨʦʥʥʳʡ // ʃʘʥʴ: ʵʣʝʢʪʨʦʥʥʦ-ʙʠʙʣʠʦʪʝʯʥʘʷ ʩʠʩʪʝʤʘ. ð 

URL: https://e.lanbook.com/book/311411 (ʜʘʪʘ ʦʙʨʘʱʝʥʠʷ: 12.03.2023). 

2. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʣʘʟʝʨʥʳʭ 3D-ʩʢʘʥʝʨʦʚ ʜʣʷ ʢʦʥʪʨʦʣʷ ʢʘʯʝʩʪʚʘ / ʂʨʝʰʪʠʥ ʄ.ʉ., 

ʂʨʫʞʢʦʚ ɸ.ɼ., ɿʫʝʚ ɺ.ɺ., ʇʨʝʦʙʨʘʞʝʥʩʢʘʷ ɽ.ɺ. ð ʄʦʩʢʚʘ: ʈʊʋ ʄʀʈʕɸ, 2020. ð 246-249ʩ.  
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ʋɼʂ 678.762  

 

ʈɸɿʈɸɹʆʊʂɸ ʅʆɺʓʍ ʕʃɸʉʊʆʄɽʈʅʓʍ ʄɸʊɽʈʀɸʃʆɺ ʅɸ 

ʆʉʅʆɺɽ ʉʄɽʉɽʁ ʂɸʋʏʋʂʆɺ 

ʏʝʨʥʳʰʦʚ ʉ.ɺ. 

ʘʩʧʠʨʘʥʪ 1 ʢʫʨʩʘ, ʘʩʩʠʩʪʝʥʪ ʢʘʬʝʜʨʳ ʭʠʤʠʠ ʠ ʪʝʭʥʦʣʦʛʠʠ ʧʝʨʝʨʘʙʦʪʢʠ ʵʣʘʩʪʦʤʝʨʦʚ ʠʤ. ʌ.ʌ. 

ʂʦʰʝʣʝʚʘ, ʀʥʩʪʠʪʫʪ ʪʦʥʢʠʭ ʭʠʤʠʯʝʩʢʠʭ ʪʝʭʥʦʣʦʛʠʡ ʠʤ. ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ, ʈʊʋ ʄʀʈʕɸ  

 

ʃʶʩʦʚʘ ʃ.ʈ. 

ʜ.ʪ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʟʘʚ. ʢʘʬʝʜʨʦʡ ʭʠʤʠʠ ʠ ʪʝʭʥʦʣʦʛʠʠ ʧʝʨʝʨʘʙʦʪʢʠ ʵʣʘʩʪʦʤʝʨʦʚ ʠʤ. ʌ.ʌ. ʂʦ-

ʰʝʣʝʚʘ, ʀʥʩʪʠʪʫʪ ʪʦʥʢʠʭ ʭʠʤʠʯʝʩʢʠʭ ʪʝʭʥʦʣʦʛʠʡ ʠʤ. ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ, ʈʊʋ ʄʀʈʕɸ 

 

ʄʘʭʤʫʜʦʚʘ ʉ.ʈ. 

ʩʪʫʜʝʥʪ 1 ʢʫʨʩʘ ʤʘʛʠʩʪʨʘʪʫʨʳ ʢʘʬʝʜʨʳ ʭʠʤʠʠ ʠ ʪʝʭʥʦʣʦʛʠʠ ʧʝʨʝʨʘʙʦʪʢʠ ʵʣʘʩʪʦʤʝʨʦʚ ʠʤ. 

ʌ.ʌ. ʂʦʰʝʣʝʚʘ, ʀʥʩʪʠʪʫʪ ʪʦʥʢʠʭ ʭʠʤʠʯʝʩʢʠʭ ʪʝʭʥʦʣʦʛʠʡ ʠʤ. ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ, ʈʊʋ ʄʀ-

ʈʕɸ 

ɸʥʥʦʪʘʮʠʷ. ʈʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʨʘʟʨʘʙʦʪʢʝ ʵʣʘʩʪʦʤʝʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠʟ ʦʪʝʯʝʩʪʚʝʥʥʦʛʦ 

ʩʠʥʪʝʪʠʯʝʩʢʦʛʦ ʧʦʣʠʠʟʦʧʨʝʥʘ, ʧʨʠʙʣʠʞʘʶʱʠʤʩʷ ʧʦ ʩʚʦʡʩʪʚʘʤ ʢ ʵʣʘʩʪʦʤʝʨʥʳʤ ʤʘʪʝʨʠʘʣʘʤ 

ʠʟ ʥʘʪʫʨʘʣʴʥʦʛʦ ʢʘʫʯʫʢʘ, ʧʫʪʝʤ ʩʦʚʤʝʱʝʥʠʷ ʉʂʀ-3 ʩ ʙʫʪʘʜʠʝʥʦʚʳʤ ʢʘʫʯʫʢʦʤ ʉʂɼ-777.ʇʦ-

ʢʘʟʘʥʦ ʚʣʠʷʥʠʝ ʩʦʜʝʨʞʘʥʠʷ ʉʂɼ-777 ʥʘ ʦʩʥʦʚʥʳʝ ʩʚʦʡʩʪʚʘ ʨʝʟʠʥʦʚʳʭ ʩʤʝʩʝʡ ʠ ʨʝʟʠʥ. ʋʩʪʘ-
ʥʦʚʣʝʥʦ, ʯʪʦ ʦʧʪʠʤʘʣʴʥʳʤ ʩʦʦʪʥʦʰʝʥʠʝʤ ʉʂʀ-3 ʠ ʉʂɼ-777 ʷʚʣʷʝʪʩʷ 80/20.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʠʤʧʦʨʪʦʟʘʤʝʱʝʥʠʝ, ʩʠʥʪʝʪʠʯʝʩʢʠʡ ʧʦʣʠʠʟʦʧʨʝʥ, ʤʦʜʠʬʠʢʘʮʠʷ ʢʘʫʯʫʢʦʚ, 

ʢʦʛʝʟʠʦʥʥʘʷ ʧʨʦʯʥʦʩʪʴ, ʩʤʝʩʠ ʧʦʣʠʤʝʨʦʚ, ʨʝʟʠʥʳ, ʩʠʥʪʝʪʠʯʝʩʢʠʝ ʢʘʫʯʫʢʠ, ʧʦʣʠʙʫʪʘʜʠʝʥ ï 1,2 
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ʈʝʦʨʛʘʥʠʟʘʮʠʷ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʚ 90-ʪʳʝ ʛʦʜʳ ʧʨʦʰʣʦʛʦ ʚʝʢʘ ʥʘʥʝʩʣʘ ʦʱʫʪʠʤʳʡ ʚʨʝʜ 

ʚʩʝʤ ʦʪʨʘʩʣʷʤ. ʅʘʠʙʦʣʴʰʠʡ ʫʨʦʥ ʧʦʥʝʩʣʘ ʨʝʟʠʥʦʚʘʷ ʧʨʦʤʳʰʣʝʥʥʦʩʪʴ, ʢʦʛʜʘ ʚʤʝʩʪʦ ʝʝ ʨʘʟʚʠ-

ʪʠʷ ʙʳʣ ʚʟʷʪ ʢʫʨʩ ʥʘ ʧʦʢʫʧʢʫ ʠʟʜʝʣʠʡ ʠʟ ʨʝʟʠʥʳ. ʇʦ ʪʘʢʦʤʫ ʧʫʪʠ ʧʦʰʣʠ ʧʨʝʜʧʨʠʷʪʠʷ, ʠʩʧʦʣʴ-

ʟʫʶʱʠʝ ʨʝʟʠʥʦ-ʪʝʭʥʠʯʝʩʢʠʝ ʠ ʤʝʜʠʮʠʥʩʢʠʝ ʠʟʜʝʣʠʷ. ɹʦʣʝʝ ʯʝʤ ʯʝʪʚʝʨʪʴ ʚʝʢʘ ʰʠʥʥʘʷ ʧʨʦ-

ʤʳʰʣʝʥʥʦʩʪʴ ʈʦʩʩʠʠ ʧʨʘʢʪʠʯʝʩʢʠ ʥʘʭʦʜʠʣʘʩʴ ʚ ʨʫʢʘʭ ʠʥʦʩʪʨʘʥʥʳʭ ʢʦʤʧʘʥʠʡ, ʪʘʢʠʭ ʢʘʢ 

Nokian, Michelin, Pirelli, Continental ʠ ʪ.ʜ. ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʧʨʘʢʪʠʯʝʩʢʠ ʚʩʝ ʵʪʠ ʢʦʤʧʘʥʠʠ 

ʧʦʢʠʥʫʣʠ ʥʘʰ ʨʳʥʦʢ, ʫʥʝʩʷ ʩ ʩʦʙʦʡ ʙʘʥʢ ʨʝʮʝʧʪʦʚ ʰʠʥʥʳʭ ʨʝʟʠʥ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʚʦʟʥʠʢʘʝʪ 

ʧʦʪʨʝʙʥʦʩʪʴ ʚ ʨʘʟʨʘʙʦʪʢʝ ʩʦʚʨʝʤʝʥʥʳʭ ʨʝʮʝʧʪʫʨ ʨʝʟʠʥʦʚʳʭ ʩʤʝʩʝʡ ʠ ʪʝʭʥʦʣʦʛʠʠ ʧʨʦʠʟʚʦʜ-

ʩʪʚʘ ʨʝʟʠʥʦʚʳʭ ʠʟʜʝʣʠʡ ʜʣʷ ʥʘʰʝʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ. ɺʘʞʥʝʡʰʝʡ ʟʘʜʘʯʝʡ ʧʨʠ ʵʪʦʤ ʷʚʣʷʝʪʩʷ 

ʠʤʧʦʨʪʦʟʘʤʝʱʝʥʠʝ ʩʳʨʴʷ ʠ ʤʘʪʝʨʠʘʣʦʚ. 

ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʦʜʥʠʤ ʠʟ ʚʦʩʪʨʝʙʦʚʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʨʝʟʠʥʦʚʦʤ ʧʨʦʠʟʚʦʜʩʪʚʝ, 

ʦʩʦʙʝʥʥʦ ʰʠʥʥʦʤ, ʷʚʣʷʝʪʩʷ ʠʤʧʦʨʪʥʳʡ ʥʘʪʫʨʘʣʴʥʳʡ ʢʘʫʯʫʢ (ʅʂ). ʆʩʦʙʝʥʥʦ ʵʪʦ ʢʘʩʘʝʪʩʷ 

ʘʚʠʘʮʠʦʥʥʳʭ ʠ ʢʨʫʧʥʦʛʘʙʘʨʠʪʥʳʭ ʰʠʥ (ʩʦʩʪʦʷʪ ʙʦʣʝʝ ʯʝʤ ʥʘ 85 % ʠʟ ʥʝʛʦ). ɺ ʈʦʩʩʠʠ ʩ 60-ʪʳʭ 

ʛʦʜʦʚ ʍʍ ʚʝʢʘ ʩʫʱʝʩʪʚʫʝʪ ʧʨʦʠʟʚʦʜʩʪʚʦ ʩʠʥʪʝʪʠʯʝʩʢʦʛʦ ʘʥʘʣʦʛʘ ʅʂ ï ʩʠʥʪʝʪʠʯʝʩʢʦʛʦ ʢʘʫʯʫʢʘ 

ʉʂʀ-3. ʅʦ ʦʥ ʘʥʘʣʦʛ ʪʦʣʴʢʦ ʧʦ ʩʪʨʫʢʪʫʨʝ ʧʦʣʠʤʝʨʘ, ʥʦ ʥʝ ʧʦ ʩʚʦʡʩʪʚʘʤ. ʆʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ 

ʥʝʜʦʩʪʘʪʢʦʚ ʉʂʀ-3  ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʅʂ ʷʚʣʷʝʪʩʷ ʥʠʟʢʘʷ ʢʦʛʝʟʠʦʥʥʘʷ ʧʨʦʯʥʦʩʪʴ ʨʝʟʠʥʦʚʳʭ 

ʩʤʝʩʝʡ ʥʘ ʝʛʦ ʦʩʥʦʚʝ, ʢʦʪʦʨʘʷ ʚʘʞʥʘ ʧʨʠ ʟʘʛʦʪʦʚʠʪʝʣʴʥʦ-ʩʙʦʨʦʯʥʳʭ ʦʧʝʨʘʮʠʷʭ ʚ ʧʨʦʠʟʚʦʜʩʪʚʝ 

ʰʠʥ ʠ ʜʨʫʛʠʭ ʨʝʟʠʥʦʚʳʭ ʠʟʜʝʣʠʡ. ʇʦʵʪʦʤʫ ʨʘʟʨʘʙʦʪʢʘ ʦʪʝʯʝʩʪʚʝʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʩʧʦʩʦʙʥʦʛʦ 

ʟʘʤʝʥʠʪʴ ʠʤʧʦʨʪʥʳʡ ʥʘʪʫʨʘʣʴʥʳʡ ʢʘʫʯʫʢ ʚ ʨʝʟʠʥʦʚʳʭ ʠʟʜʝʣʠʷʭ, ʷʚʣʷʝʪʩʷ ʩʚʦʝʚʨʝʤʝʥʥʦʡ ʠ 

ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ [1-2]. 

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʩʠʥʪʝʪʠʯʝʩʢʦʛʦ ʧʦʣʠʠʟʦʧʨʝʥʘ 

(ʉʂʀ-3), ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʟʘʤʝʥʠʪʴ ʥʘʪʫʨʘʣʴʥʳʡ ʢʘʫʯʫʢ. 

ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʢʦʛʝʟʠʦʥʥʦʡ ʧʨʦʯʥʦʩʪʠ ʵʣʘʩʪʦʤʝʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʉʂʀ-3 

ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʚʚʦʜʠʪʴ 1,2 ʧʦʣʠʙʫʪʘʜʠʝʥ (ʙʫʪʘʜʠʝʥʦʚʳʡ ʢʘʫʯʫʢ ʉʂɼ-777), ʩʦʩʪʦʷʱʠʡ ʥʘ 

77 % ʠʟ 1,2 ʟʚʝʥʴʝʚ. ɹʳʣʠ ʠʟʛʦʪʦʚʣʝʥʳ ʥʘ ʚʘʣʴʮʘʭ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 50ʦʉ ʩʪʘʥʜʘʨʪʥʳʝ ʥʝʥʘ-

ʧʦʣʥʝʥʥʳʝ ʠ ʥʘʧʦʣʥʝʥʥʳʝ ʪʝʭʥʠʯʝʩʢʠʤ ʫʛʣʝʨʦʜʦʤ N330 ʨʝʟʠʥʦʚʳʝ ʩʤʝʩʠ ʩ ʨʘʟʥʳʤ ʩʦʦʪʥʦ-
ʰʝʥʠʝʤ ʉʂʀ-3 ʠ ʉʂɼ-777.  ɼʘʥʥʳʡ ʚʘʨʠʘʥʪ ʤʦʜʠʬʠʢʘʮʠʠ ʦʙʦʩʥʦʚʘʥ ʪʝʤ, ʯʪʦ ʢʘʫʯʫʢ ʉʂɼ-

777 ʠʤʝʝʪ ʚʳʩʦʢʫʶ ʢʦʛʝʟʠʦʥʥʫʶ ʧʨʦʯʥʦʩʪʴ, ʭʦʨʦʰʦ ʩʦʚʤʝʱʘʝʪʩʷ ʩ ʧʦʣʠʠʟʦʧʨʝʥʘʤʠ [3-4], ʘ 

ʪʘʢʞʝ ʩʧʦʩʦʙʝʥ ʧʦʚʳʩʠʪʴ ʫʩʪʦʡʯʠʚʦʩʪʴ ʨʝʟʠʥ ʢ ʪʝʧʣʦʚʦʤʫ ʩʪʘʨʝʥʠʶ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʩʦʜʝʨʞʘʥʠʷ ʉʂɼ-777 ʥʘ ʢʦʛʝʟʠʦʥʥʫʶ ʧʨʦʯʥʦʩʪʴ ʨʝʟʠʥʦʚʳʭ 

ʩʤʝʩʝʡ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʩ ʧʦʚʳʰʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ ʵʪʦʛʦ ʢʘʫʯʫʢʘ ʚʦʟʨʘʩʪʘʝʪ ʢʦʛʝʟʠʦʥʥʘʷ ʧʨʦʯ-

ʥʦʩʪʴ. ʂʘʢ ʤʦʞʥʦ ʚʠʜʝʪʴ ʥʘ ʨʠʩ. 1, ʧʨʠ ʩʦʜʝʨʞʘʥʠʠ 30 ʤʘʩ. ʯ. ʉʂɼ-777 ʢʦʛʝʟʠʦʥʥʘʷ ʧʨʦʯʥʦʩʪʴ 

ʥʘʧʦʣʥʝʥʥʳʭ ʨʝʟʠʥʦʚʳʭ ʩʤʝʩʝʡ ʫʚʝʣʠʯʠʣʘʩʴ ʙʦʣʝʝ ʯʝʤ ʚ ʜʚʘ ʨʘʟʘ. 
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ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʴ ʢʦʛʝʟʠʦʥʥʦʡ ʧʨʦʯʥʦʩʪʠ ʨʝʟʠʥʦʚʦʡ ʩʤʝʩʠ ʠʟ ʉʂʀ-3 ʦʪ ʩʦʜʝʨʞʘʥʠʷ ʉʂɼ-

777 (ʊʋ ï ʪʝʭʥʠʯʝʩʢʠʡ ʫʛʣʝʨʦʜ N-330) 

ɹʳʣʠ ʧʨʦʚʝʜʝʥʳ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʝ ʠʩʧʳʪʘʥʠʷ ʥʘʧʦʣʥʝʥʥʳʭ ʠ ʥʝʥʘʧʦʣʥʝʥʥʳʭ ʨʝ-

ʟʠʥ  ʩ ʨʘʟʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʉʂɼ-777 (ʨʠʩ.2-3) ʠ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚʚʝʜʝʥʠʝ ʉʂɼ-777  ʧʨʠʚʦʜʠʪ 

ʢ ʩʥʠʞʝʥʠʶ ʫʩʣʦʚʥʦʡ ʧʨʦʯʥʦʩʪʠ ʠ ʩʦʧʨʦʪʠʚʣʝʥʠʶ ʧʨʠ ʨʘʟʜʠʨʝ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʫʩʣʦʚʥʘʷ 

ʧʨʦʯʥʦʩʪʴ ʫ ʥʝʥʘʧʦʣʥʝʥʥʦʡ ʨʝʟʠʥʳ ʧʨʠ ʩʦʜʝʨʞʘʥʠʠ 30 ʤʘʩ. ʯ. ʉʂɼ-777 ʩʥʠʞʘʝʪʩʷ ʥʘ 75%, ʘ 

ʫ ʥʘʧʦʣʥʝʥʥʦʡ ʨʝʟʠʥʳ ʥʘ 39 %. ʊʘʢʦʝ ʩʥʠʞʝʥʠʝ ʩʚʦʡʩʪʚ, ʚʝʨʦʷʪʥʦ, ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʜʘʥʥʳʝ 

ʢʘʫʯʫʢʠ ʭʦʨʦʰʦ ʩʦʚʤʝʩʪʠʤʳ ʠ ʉʂɼ-777 ʩʥʠʞʘʝʪ ʢʨʠʩʪʘʣʣʠʟʘʮʠʶ ʉʂʀ-3.  
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ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʥʝʢʦʪʦʨʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʝʟʠʥ ʠ ʨʝʟʠʥʦʚʳʭ ʩʤʝʩʝʡ ʦʪ ʩʦʜʝʨʞʘʥʠʷ 

ʉʂɼ-777 ʚ ʥʘʧʦʣʥʝʥʥʦʡ ʩʤʝʩʠ ʩ ʉʂʀ-3 

 

 

ʈʠʩ. 3. ɿʘʚʠʩʠʤʦʩʪʴ ʥʝʢʦʪʦʨʳʭ ʧʦʢʘʟʘʪʝʣʝʡ ʨʝʟʠʥ ʠ ʨʝʟʠʥʦʚʳʭ ʩʤʝʩʝʡ ʦʪ ʩʦʜʝʨʞʘʥʠʷ ʉʂɼ-

777 ʚ ʥʘʧʦʣʥʝʥʥʦʡ ʩʤʝʩʠ ʠʟ ʉʂʀ-3 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʦʧʪʠʤʘʣʴʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʢʘʫʯʫʢʘ  ʉʂɼ-777 ʚ 

ʥʘʧʦʣʥʝʥʥʦʡ ʩʤʝʩʠ ʠʟ ʉʂʀ-3 ʷʚʣʷʝʪʩʷ 20 ʤʘʩ. ʯ., ʪʘʢ ʢʘʢ ʧʨʠ ʙʦʣʴʰʝʤ ʩʦʜʝʨʞʘʥʠʠ ʥʘʙʣʶʜʘ-

ʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦʝ ʩʥʠʞʝʥʠʝ ʫʩʣʦʚʥʦʡ ʧʨʦʯʥʦʩʪʠ ʠ ʩʦʧʨʦʪʠʚʣʝʥʠʶ ʨʘʟʜʠʨʫ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʥʝʥʘʧʦʣʥʝʥʥʳʝ ʨʝʟʠʥʳ ʦʩʥʦʚʝ ʩʤʝʩʠ ʵʪʠʭ ʢʘʫʯʫʢʦʚ ʥʝ ʠʤʝʶʪ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʠʟ-

ʟʘ ʥʠʟʢʠʭ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ. 

ʆʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʭ ʧʦʢʘʟʘʪʝʣʝʡ ʜʣʷ ʨʝʟʠʥ, ʧʦʜʚʝʨʞʝʥʥʳʭ ʜʠʥʘʤʠ-

ʯʝʩʢʠʤ ʥʘʛʨʫʟʢʘʤ, ʷʚʣʷʝʪʩʷ ʫʩʪʘʣʦʩʪʥʘʷ ʚʳʥʦʩʣʠʚʦʩʪʴ.  

ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ (ʨʠʩ. 4), ʯʪʦ ʚʚʝʜʝʥʠʝ 1,2 ʧʦʣʠʙʫʪʘʜʠʝʥʘ ʧʦʚʳʰʘʝʪ ʫʩʪʘʣʦʩʪʥʫʶ ʚʳ-

ʥʦʩʣʠʚʦʩʪʴ ʨʝʟʠʥ ʠʟ ʉʂʀ-3 ʧʨʠ ʤʥʦʛʦʢʨʘʪʥʦʤ ʨʘʩʪʷʞʝʥʠʠ ʥʘ 41 % (ʪʝʤʧʝʨʘʪʫʨʘ ʠʩʧʳʪʘʥʠʷ 

25ʦʉ, ʜʝʬʦʨʤʘʮʠʷ 100 %). 
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ʈʠʩ. 4. ɿʘʚʠʩʠʤʦʩʪʴ ʫʩʪʘʣʦʩʪʥʦʡ ʚʳʥʦʩʣʠʚʦʩʪʠ ʨʝʟʠʥʳ ʠʟ ʉʂʀ-3 ʦʪ ʩʦʜʝʨʞʘʥʠʷ ʉʂɼ-777 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʩʣʝʜʫʶʱʠʝ ʚʳʚʦʜʳ: 

1. ʇʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʚʳʰʝʥʠʷ ʢʦʛʝʟʠʦʥʥʦʡ ʧʨʦʯʥʦʩʪʠ ʢʘʫʯʫʢʘ ʉʂʀ-3 ʠ ʨʝ-

ʟʠʥʦʚʳʭ ʩʤʝʩʝʡ ʥʘ ʝʛʦ ʦʩʥʦʚʝ ʧʫʪʝʤ ʩʦʚʤʝʱʝʥʠʷ ʩ ʜʠʚʠʥʠʣʦʚʳʤ ʢʘʫʯʫʢʦʤ ʉʂɼ-777 ʩ ʧʦʚʳ-

ʰʝʥʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ 1,2 ʩʪʨʫʢʪʫʨʳ. 

2. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʩʦʚʤʝʱʝʥʠʝ ʉʂʀ-3 ʠ ʉʂɼ-777 ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʧʦʚʳ-

ʰʝʥʠʶ ʢʦʛʝʟʠʦʥʥʦʡ ʧʨʦʯʥʦʩʪʠ ʨʝʟʠʥʦʚʳʭ ʩʤʝʩʝʡ ʧʨʠ ʧʘʜʝʥʠʠ ʧʨʦʯʥʦʩʪʥʳʭ ʩʚʦʡʩʪʚ ʨʝʟʠʥ.  

ʆʧʪʠʤʘʣʴʥʳʤ ʩʦʦʪʥʦʰʝʥʠʝʤ ʉʂʀ-3 ʠ ʉʂɼ-777 ʚ ʨʝʟʠʥʦʚʦʡ ʩʤʝʩʠ ʷʚʣʷʝʪʩʷ 80/20. ʇʨʠ ʵʪʦʤ 

ʩʦʦʪʥʦʰʝʥʠʠ ʢʦʛʝʟʠʦʥʥʘʷ ʧʨʦʯʥʦʩʪʴ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʥʘ 80% ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦ-

ʢʠʭ ʧʨʦʯʥʦʩʪʥʳʭ ʧʦʢʘʟʘʪʝʣʝʡ. 

3. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʝʜʣʦʞʝʥʥʦʝ ʦʧʪʠʤʘʣʴʥʦʝ ʩʦʦʪʥʦʰʝʥʠʝ ʢʘʫʯʫʢʦʚ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʧʦʚʳʰʝʥʥʫʶ ʫʩʪʦʡʯʠʚʦʩʪʴ ʨʝʟʠʥ ʢ ʤʥʦʛʦʢʨʘʪʥʦʤʫ ʨʘʩʪʷʞʝʥʠʶ (ʥʘ 30%). 
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ʋɼʂ 66.094.29 

 

ʆʇʊʀʄʀɿɸʎʀʗ ʍʀʄʀʏɽʉʂʆɻʆ ʉʆʉʊɸɺɸ ʇʆɺɽʈʍʅʆʉʊ-

ʅʆɻʆ ɸʂʊʀɺɸʊʆʈɸ ɼʃʗ ʃɸɿɽʈʅʆɻʆ ʉʊʈʋʂʊʋʈʀʈʆɺɸ-

ʅʀʗ ʇʈʀ ʀɿɻʆʊʆɺʃɽʅʀʀ ʊʈɽʍʄɽʈʅʓʍ ʕʃɽʂʊʈʆʅʅʓʍ 

ʉʍɽʄ 

 

ʉʘʬʦʥʦʚ ʊ.ʉ. 

ʩʪʫʜʝʥʪ 1-ʛʦ ʢʫʨʩʘ ʙʘʢʘʣʘʚʨʠʘʪʘ, ʀʥʩʪʠʪʫʪ ʪʦʥʢʠʭ ʭʠʤʠʯʝʩʢʠʭ ʪʝʭʥʦʣʦʛʠʡ ʈʊʋ ʄʀʈʕɸ 

 

ʄʘʪʚʝʝʚ ɽ.ʖ. 

ʢ. ʭ. ʥ., ʜʦʮʝʥʪ, ʀʥʩʪʠʪʫʪ ʪʦʥʢʠʭ ʭʠʤʠʯʝʩʢʠʭ ʪʝʭʥʦʣʦʛʠʡ ʈʊʋ ʄʀʈʕɸ 

 

ʀʚʘʥʦʚ ɺ.ʉ. 

ʘʩʧʠʨʘʥʪ 3-ʛʦ ʢʫʨʩʘ ʦʙʫʯʝʥʠʷ, ʀʥʩʪʠʪʫʪ ʨʘʜʠʦʵʣʝʢʪʨʦʥʠʢʠ ʠ ʠʥʬʦʨʤʘʪʠʢʠ ʈʊʋ ʄʀʈʕɸ 

 

ɸʥʥʦʪʘʮʠʷ. ɺ ʩʦʚʨʝʤʝʥʥʳʭ ʧʨʦʮʝʩʩʘʭ ʩʦʟʜʘʥʠʷ ʪʨʝʭʤʝʨʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʨʦʚʦʜʥʠʢʦʚ ʥʘ ʧʣʘ-

ʩʪʠʢʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʝʪʦʜ ʣʘʟʝʨʥʦʛʦ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʷ, ʛʜʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʧʣʘʩʪʠʢʘ ʥʘʥʦ-

ʩʠʪʩʷ ʘʢʪʠʚʘʪʦʨ, ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʥʘ ʢʦʪʦʨʳʡ ʣʘʟʝʨʦʤ ʘʢʪʠʚʠʨʫʝʪʩʷ ʧʦʚʝʨʭʥʦʩʪʴ ʜʣʷ ʧʦ-

ʩʣʝʜʫʶʱʝʛʦ ʥʘʥʝʩʝʥʠʷ ʩʣʦʷ ʤʝʜʠ ʚ ʭʠʤʠʯʝʩʢʦʡ ʚʘʥʥʝ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʠ ʦʧʨʦ-

ʙʦʚʘʥ ʩʦʙʩʪʚʝʥʥʳʡ ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʘʢʪʠʚʘʪʦʨʘ, ʢʦʪʦʨʳʡ ʦʙʣʘʜʘʝʪ ʭʦ-

ʨʦʰʠʤʠ ʘʢʪʠʚʘʮʠʦʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʩ ʚʦʟʤʦʞʥʦʩʪʴʶ ʝʛʦ ʜʦʣʛʦʚʨʝʤʝʥʥʦʛʦ ʭʨʘʥʝʥʠʷ ʠ ʠʩ-

ʧʦʣʴʟʦʚʘʥʠʷ. 
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ʥʝʥʠʝ, ʵʣʝʢʪʨʦʥʥʳʝ ʫʩʪʨʦʡʩʪʚʘ 
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Abstract. In modern processes for manufacturing a three-dimensional electrically conducted traces 

on plastic, laser structuring method is used, where a chemical activator is applied on the surface of 

the plastic to provide the activation by a laser radiation for subsequent deposition of a copper layer 

in a chemical bath. In this work, we developed and evaluated our own chemical composition of the 

surface activator, which has good activation properties with the possibility of its long-term storage 

and usage. 

 

Key words: surface activator, laser structuring, chemical copper deposition, electronic systems 

 

ɺʚʝʜʝʥʠʝ 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʥʘʙʣʶʜʘʝʪʩʷ ʦʛʨʦʤʥʳʡ ʨʦʩʪ ʠʥʪʝʨʝʩʘ ʢ ʩʦʟʜʘʥʠʶ ʵʣʝʢʪʨʦʥʥʳʭ ʩʠ-

ʩʪʝʤ ʩ ʠʥʪʝʛʨʠʨʦʚʘʥʥʳʤʠ ʪʨʝʭʤʝʨʥʳʤʠ ʩʪʨʫʢʪʫʨʘʤʠ ʧʨʦʚʦʜʥʠʢʦʚ, ʚ ʢʦʪʦʨʳʭ ʧʨʦʠʩʭʦʜʠʪ 

ʩʦʚʤʝʱʝʥʠʝ ʢʦʨʧʫʩʘ ʫʩʪʨʦʡʩʪʚʘ ʠ ʦʩʥʦʚʘʥʠʷ ʜʣʷ ʵʣʝʢʪʨʦʥʥʦʡ ʩʭʝʤʳ. ɼʘʥʥʳʝ ʚʦʟʤʦʞʥʦʩʪʠ 

ʧʨʦʠʟʚʦʜʩʪʚʘ ʵʣʝʢʪʨʦʥʥʳʭ ʠʟʜʝʣʠʡ ʟʥʘʯʠʪʝʣʴʥʦ ʫʧʨʦʱʘʶʪ ʢʦʥʩʪʨʫʢʮʠʶ, ʦʙʝʩʧʝʯʠʚʘʶʪ ʛʠʙ-

ʢʦʩʪʴ ʧʨʠʤʝʥʠʤʦʩʪʠ ʠ ʫʤʝʥʴʰʘʶʪ ʤʘʩʩʦʛʘʙʘʨʠʪʥʳʝ ʧʘʨʘʤʝʪʨʳ ʠʟʜʝʣʠʷ, ʯʪʦ ʧʦʣʦʞʠʪʝʣʴʥʦ 

ʚʣʠʷʝʪ ʥʘ ʵʢʦʥʦʤʠʢʫ ʤʘʩʩʦʚʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʢʦʥʝʯʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʠʟʜʝʣʠʡ. ʆʩʦʙʳʡ ʠʥʪʝ-

ʨʝʩ ʪʘʢʞʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʟʜʘʥʠʝ ʵʣʝʢʪʨʦʥʥʳʭ ʩʠʩʪʝʤ ʥʘ ʛʠʙʢʠʭ ʧʣʘʩʪʠʢʦʚʳʭ ʤʘʪʝʨʠʘʣʘʭ, ʢʦ-

ʪʦʨʳʝ ʷʚʣʷʶʪʩʷ ʢʣʶʯʝʚʳʤʠ ʪʝʭʥʦʣʦʛʠʷʤʠ ʜʣʷ ʙʫʜʫʱʝʛʦ ʨʘʟʚʠʪʠʷ ʚ ʤʝʜʠʮʠʥʩʢʦʡ, ʩʝʥʩʦʨʥʦʡ 

ʠ ʘʚʪʦʤʦʙʠʣʴʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ [1].  

ɺ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ ʥʘʰʣʘ ʰʠʨʦʢʦʝ ʧʨʦʤʳʰʣʝʥʥʦʝ ʧʨʠʤʝʥʝʥʠʝ 3D-MID ʪʝʭʥʦʣʦ-

ʛʠʷ [2], ʢʦʪʦʨʘʷ ʙʳʣʘ ʩʦʟʜʘʥʘ ʚ 1980-ʭ ʛʦʜʘʭ ʠ ʙʳʣʘ ʥʘʧʨʘʚʣʝʥʘ ʥʘ ʩʦʟʜʘʥʠʝ ʧʨʦʚʦʜʷʱʠʭ ʪʨʝʭ-

ʤʝʨʥʳʭ ʩʪʨʫʢʪʫʨ ʥʘ ʦʙʲʝʤʥʳʭ ʟʘʛʦʪʦʚʢʘʭ. ɹʣʘʛʦʜʘʨʷ ʨʘʟʥʦʦʙʨʘʟʠʶ ʧʨʦʮʝʩʩʦʚ ʣʠʪʴʷ ʧʦʜ ʜʘʚ-

ʣʝʥʠʝʤ ʠ ʘʜʜʠʪʠʚʥʳʤ ʪʝʭʥʦʣʦʛʠʷʤ ʧʨʦʠʟʚʦʜʩʪʚʘ, ʘ ʪʘʢʞʝ ʜʦʩʪʠʞʝʥʠʷʤ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ 

ʤʝʪʘʣʣʠʟʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ, ʚ 3D MID-ʜʝʪʘʣʠ ʤʦʞʥʦ ʥʘʧʨʷʤʫʶ ʠʥʪʝʛʨʠʨʦʚʘʪʴ ʤʝʭʘʥʠʯʝʩʢʠʝ, 

ʵʣʝʢʪʨʦʥʥʳʝ, ʘ ʪʘʢʞʝ ʦʧʪʠʯʝʩʢʠʝ, ʞʠʜʢʦʩʪʥʳʝ ʠ ʪʝʧʣʦʚʳʝ ʬʫʥʢʮʠʠ. 

ʆʜʥʠʤ ʠʟ ʢʣʶʯʝʚʳʭ ʵʣʝʤʝʥʪʦʚ 3D-MID ʪʝʭʥʦʣʦʛʠʠ ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ ʣʘʟʝʨʥʦʛʦ ʩʪʨʫʢʪʫ-

ʨʠʨʦʚʘʥʠʷ ʠʣʠ LDS (Laser Direct Structuring). ɼʘʥʥʳʡ ʤʝʪʦʜ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʩʦʟʜʘʥʠʷ ʵʣʝʢ-

ʪʨʦʥʥʳʭ ʩʭʝʤ ʥʘ ʪʨʝʭʤʝʨʥʳʭ ʣʠʪʳʭ ʧʣʘʩʪʤʘʩʩʦʚʳʭ ʜʝʪʘʣʷʭ ʠ ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʢʦʤʧʘʥʠʝʡ 

LPKF Laser & Electronics AG (ɻʝʨʤʘʥʠʷ) [2]. ʆʜʥʘʢʦ, ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʜʣʷ ʣʘʟʝʨʥʦʛʦ 

ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʷ ʥʫʞʥʘ ʦʧʨʝʜʝʣʝʥʥʘʷ ʭʠʤʠʯʝʩʢʘʷ ʜʦʙʘʚʢʘ ʚ ʩʦʩʪʘʚʝ ʧʣʘʩʪʠʢʘ, ʢʦʪʦʨʘʷ ʘʢʪʠ-

ʚʠʨʫʝʪʩʷ ʧʨʠ ʣʘʟʝʨʥʦʤ ʦʙʣʫʯʝʥʠʠ ʧʦʚʝʨʭʥʦʩʪʠ. ʏʪʦʙʳ ʧʨʝʦʜʦʣʝʪʴ ʜʘʥʥʦʝ ʦʛʨʘʥʠʯʝʥʠʝ ʙʳʣ 

ʩʦʟʜʘʥ ʧʨʦʮʝʩʩ ProtoPaint LDS [2], ʧʨʠ ʧʦʤʦʱʠ ʢʦʪʦʨʦʛʦ ʤʦʞʥʦ ʩʪʨʫʢʪʫʨʠʨʦʚʘʪʴ ʣʶʙʫʶ 

ʧʣʘʩʪʤʘʩʩʦʚʫʶ ʜʝʪʘʣʴ ʙʝʟ ʜʦʙʘʚʣʝʥʠʷ ʩʧʝʮʠʘʣʴʥʦʡ ʧʨʠʤʝʩʠ ʚ ʧʣʘʩʪʤʘʩʩʫ.  

 

    
ʈʠʩ. 1. ʇʨʦʮʝʩʩ ʣʘʟʝʨʥʦʡ ʩʪʨʫʢʪʫʨʠʟʘʮʠʠ LDS ʩ ʧʦʚʝʨʭʥʦʩʪʥʳʤ ʘʢʪʠʚʘʪʦʨʦʤ ProtoPaint 

LDS [3]  

 

ɼʘʥʥʳʡ ʧʨʦʮʝʩʩ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩ. 1 ʠ ʩʦʩʪʦʠʪ ʠʟ ʯʝʪʳʨʝʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʵʪʘʧʦʚ: 

(1) (2) (3) (4) 
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1. ʅʘʥʝʩʝʥʠʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʧʣʘʩʪʤʘʩʩʦʚʦʡ ʜʝʪʘʣʠ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʘʢʪʠʚʘʪʦʨʘ ʚ ʚʠʜʝ 

ʢʨʘʩʢʠ ʥʘ ʦʩʥʦʚʝ ʧʦʣʠʫʨʝʪʘʥʦʚʦʛʦ ʢʨʘʩʠʪʝʣʷ ʩ ʠʟʦʮʠʘʥʘʪʥʳʤ ʦʪʚʝʨʜʠʪʝʣʝʤ ʠ ʘʢʪʠ-

ʚʠʨʫʝʤʳʝ ʣʘʟʝʨʦʤ ʜʦʙʘʚʢʘʤʠ. 

2. ʃʘʟʝʨʥʦʝ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ, ʢʦʪʦʨʦʝ ʠʩʧʦʣʴʟʫʝʪ ʣʘʟʝʨʥʦʝ ʠʟʣʫʯʝʥʠʝ 
ʦʧʨʝʜʝʣʝʥʥʦʡ ʤʦʱʥʦʩʪʠ ʠ ʜʣʠʥʳ ʚʦʣʥʳ ʜʣʷ ʫʜʘʣʝʥʠʷ ʢʨʘʩʦʯʥʦʡ ʩʠʩʪʝʤʳ ʩ ʧʦʚʝʨʭ-

ʥʦʩʪʠ ʜʝʪʘʣʠ ʠ ʘʢʪʠʚʘʮʠʠ ʜʦʙʘʚʢʠ, ʢʦʪʦʨʘʷ ʥʝʦʙʭʦʜʠʤʘ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʵʬʬʝʢʪʠʚ-

ʥʦʡ ʭʠʤʠʯʝʩʢʦʡ ʤʝʪʘʣʣʠʟʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ ʩʣʝʜʫʶʱʝʤ ʵʪʘʧʝ.  

3. ʄʝʪʘʣʣʠʟʘʮʠʷ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʪʦʨʦʡ ʦʙʨʘʟʫʝʪʩʷ ʪʦʥʢʠʡ ʩʣʦʡ ʥʝʦʙʭʦʜʠʤʦʛʦ ʤʝʪʘʣʣʘ 

(ʤʝʜʠ) ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʘʩʪʠʢʘ. ɼʣʷ ʤʝʪʘʣʣʠʟʘʮʠʠ ʠʩʧʦʣʴʟʫʶʪʩʷ ʭʠʤʠʯʝʩʢʠʝ ʠʣʠ 

ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʝ ʚʘʥʥʳ, ʛʜʝ ʧʨʦʠʩʭʦʜʠʪ ʧʨʦʮʝʩʩ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʤʝʜʠ ʠʟ ʚʦʜʥʦʛʦ 

ʨʘʩʪʚʦʨʘ ʩʦʣʠ ʤʝʪʘʣʣʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʣʠʯʥʳʭ ʭʠʤʠʯʝʩʢʠʭ ʜʦʙʘʚʦʢ, ʪʘʢʠʭ ʢʘʢ 

ʭʝʣʘʪʥʳʝ ʘʛʝʥʪʳ ʠ ʩʪʘʙʠʣʠʟʘʪʦʨʳ.  

4. ʇʦʜʛʦʪʦʚʢʘ ʧʦʚʝʨʭʥʦʩʪʠ, ʤʦʥʪʘʞ ʧʨʦʚʦʜʷʱʠʭ ʩʦʝʜʠʥʝʥʠʡ, ʘ ʪʘʢʞʝ ʩʙʦʨʢʘ ʠ ʢʨʝʧ-
ʣʝʥʠʝ ʵʣʝʢʪʨʦʥʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ. 

ʆʩʥʦʚʥʦʡ ʮʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʩʦʙʩʪʚʝʥʥʦʛʦ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦ-

ʩʪʘʚʘ ʢʨʘʩʦʯʥʦʡ ʩʠʩʪʝʤʳ, ʢʦʪʦʨʳʡ ʧʦʚʪʦʨʷʣ ʙʳ ʬʫʥʢʮʠʦʥʘʣ ʠ ʦʙʣʘʜʘʣ ʙʳ ʪʝʤʠ ʞʝ ʘʢʪʠʚʘʮʠ-

ʦʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʯʪʦ ʠ ʢʨʘʩʢʘ ProtoPaint LDS, ʥʦ ʧʨʠ ʵʪʦʤ ʙʳʣ ʣʝʛʢʦ ʩʤʳʚʘʝʤʳʤ ʚ ʥʝ ʘʢ-

ʪʠʚʠʨʦʚʘʥʥʳʭ ʦʙʣʘʩʪʷʭ ʩ ʚʦʟʤʦʞʥʦʩʪʴʶ ʜʦʣʛʦʚʨʝʤʝʥʥʦʛʦ ʭʨʘʥʝʥʠʷ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ. ɼʣʷ 

ʪʦʛʦ, ʯʪʦʙʳ ʠʟʫʯʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʦʮʝʩʩʘ ʘʢʪʠʚʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʨʘʟ-

ʨʘʙʦʪʘʥʥʦʛʦ ʢʨʘʩʦʯʥʦʛʦ ʧʦʢʨʳʪʠʷ, ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʨʘʟʣʠʯʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʣʘʟʝʨʥʦʡ 

ʩʪʨʫʢʪʫʨʠʟʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʛʦʪʦʚʣʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ 

ʠʟʤʝʥʷʶʱʝʡʩʷ ʤʦʱʥʦʩʪʠ, ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʤʝʪʘʣʣʠʟʘʮʠʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʤʝʜʴʶ ʚ ʭʠʤʠʯʝʩʢʦʡ 

ʚʘʥʥʝ. 

 

ʉʦʟʜʘʥʠʝ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʜʣʷ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʘʢʪʠʚʘʪʦʨʘ 

ʆʨʠʛʠʥʘʣʴʥʳʡ ProtoPaint LDS ʧʨʦʮʝʩʩ ʠʩʧʦʣʴʟʫʝʪ ʛʦʪʦʚʳʡ ʘʢʪʠʚʘʪʦʨ, ʢʦʪʦʨʳʡ ʧʨʝʜ-

ʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʤʝʩʴ ʘʢʨʠʣʦʚʳʭ ʤʦʥʦʤʝʨʦʚ ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʧʦʣʠʫʨʝʪʘʥʦʚʦʛʦ ʢʨʘʩʠʪʝʣʷ. ʂ ʩʦ-

ʞʘʣʝʥʠʶ, ʪʘʢʦʡ ʤʝʪʦʜ ʥʝ ʧʦʟʚʦʣʷʝʪ ʫʜʘʣʠʪʴ ʘʢʪʠʚʘʪʦʨ ʩ ʪʝʭ ʦʙʣʘʩʪʝʡ, ʢʦʪʦʨʳʝ ʥʝ ʙʳʣʠ ʧʦʜ-

ʚʝʨʞʝʥʳ ʣʘʟʝʨʥʦʤʫ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʶ. 

ʆʩʥʦʚʥʦʡ ʠʜʝʝʡ ʚʦʟʜʝʡʩʪʚʠʷ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ 

ʧʨʠ ʩʞʠʛʘʥʠʠ ʣʘʟʝʨʦʤ ʥʘʥʝʩʸʥʥʦʛʦ ʢʨʘʩʦʯʥʦʛʦ ʧʦʢʨʳʪʠʷ ʜʦʣʞʥʳ ʦʙʨʘʟʦʚʘʪʴʩʷ ʯʘʩʪʠʮʳ, ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʢʦʪʦʨʳʭ ʧʨʦʠʟʦʡʜʝʪ ʢʘʪʘʣʠʪʠʯʝʩʢʦʝ ʨʘʟʣʦʞʝʥʠʝ ʚʦʩʩʪʘʥʦʚʠʪʝʣʷ ʚ ʨʘʩʪʚʦʨʝ ʜʣʷ 

ʭʠʤʠʯʝʩʢʦʛʦ ʤʝʜʥʝʥʠʷ. ɺ ʢʘʯʝʩʪʚʝ ʪʘʢʠʭ ʯʘʩʪʠʮ ʨʘʟʫʤʥʦ ʚʳʙʨʘʪʴ ʯʘʩʪʠʮʳ ʤʝʜʠ. ʇʨʠ ʵʪʦʤ ʜʣʷ 

ʫʜʦʙʥʦʛʦ ʥʘʥʝʩʝʥʠʷ ʩʘʤʦʛʦ ʘʢʪʠʚʘʪʦʨʘ ʩʦʝʜʠʥʝʥʠʝ ʜʦʣʞʥʦ ʙʳʪʴ ʨʘʩʪʚʦʨʝʥʦ ʚ ʥʝʢʦʤ ʣʝʪʫʯʝʤ 

ʦʨʛʘʥʠʯʝʩʢʦʤ ʨʘʩʪʚʦʨʠʪʝʣʝ. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʪʦʣʴʢʦ ʥʝʙʦʣʴʰʦʝ ʯʠʩʣʦ ʣʝʛʢʦʜʦʩʪʫʧʥʳʭ ʩʦ-

ʝʜʠʥʝʥʠʡ ʤʝʜʠ ʨʘʩʪʚʦʨʠʤʦ ʚ ʦʨʛʘʥʠʯʝʩʢʠʭ ʨʘʩʪʚʦʨʠʪʝʣʷʭ. ɺ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʢ ʥʠʤ ʦʪʥʦʩʷʪʩʷ 

ʩʦʣʠ ʢʘʨʙʦʥʦʚʳʭ ʢʠʩʣʦʪ. ɹʳʣʦ ʟʘʤʝʯʝʥʦ, ʯʪʦ ʩʘʣʠʮʠʣʘʪʳ ʤʝʜʠ ʨʘʩʪʚʦʨʠʤʳ ʚ ʪʘʢʠʭ ʧʦʣʷʨʥʳʭ 

ʦʨʛʘʥʠʯʝʩʢʠʭ ʨʘʩʪʚʦʨʠʪʝʣʷʭ ʢʘʢ ʘʮʝʪʦʥ [4] ʠ ʙʫʪʠʣʘʮʝʪʘʪ. ʇʦʵʪʦʤʫ ʟʘ ʦʩʥʦʚʫ ʢʨʘʩʦʯʥʦʡ ʩʠ-

ʩʪʝʤʳ ʙʳʣ ʚʟʷʪ ʩʘʣʠʮʠʣʘʪ ʤʝʜʠ, ʘ ʚ ʢʘʯʝʩʪʚʝ ʨʘʩʪʚʦʨʠʪʝʣʷ - ʙʫʪʠʣʘʮʝʪʘʪ ʚʚʠʜʫ ʝʛʦ ʤʘʣʦʡ ʪʦʢ-

ʩʠʯʥʦʩʪʠ. 

ʉʠʥʪʝʟ ʩʘʣʠʮʠʣʘʪʘ ʤʝʜʠ ʙʳʣ ʚʳʧʦʣʥʝʥ ʧʦ ʩʣʝʜʫʶʱʝʡ ʤʝʪʦʜʠʢʝ: ʢ 8,00 ʛ NaHSal, ʨʘʩ-

ʪʚʦʨʝʥʥʦʤ ʚ 50 ʤʣ ʚʦʜʳ, ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʧʝʨʝʤʝʰʠʚʘʥʠʠ ʙʳʣ ʜʦʙʘʚʣʝʥ ʨʘʩʪʚʦʨ ʠʟ 6,25 ʛ 

CuSO4 Ĭ 5H2O ʚ 50 ʤʣ ʚʦʜʳ, ʢʦʪʦʨʳʡ ʧʝʨʝʤʝʰʠʚʘʣʩʷ ʥʘ ʚʦʟʜʫʭʝ ʜʦ ʦʙʨʘʟʦʚʘʥʠʷ ʦʩʘʜʢʘ ʩʠʥʝʛʦ 

ʮʚʝʪʘ. ʇʦʩʣʝ ʨʘʩʪʚʦʨ ʙʳʣ ʧʦʤʝʱʝʥ ʚ ʭʦʣʦʜʠʣʴʥʠʢ (5 Áʉ) ʥʘ 1 ʯʘʩ ʜʣʷ ʫʤʝʥʴʰʝʥʠʷ ʨʘʩʪʚʦʨʠ-

ʤʦʩʪʠ ʧʨʦʜʫʢʪʘ. ʆʭʣʘʞʜʝʥʥʳʡ ʨʘʩʪʚʦʨ ʙʳʣ ʦʪʬʠʣʴʪʨʦʚʘʥ, ʦʩʘʜʦʢ ʧʨʦʤʳʪ ʥʝʙʦʣʴʰʠʤ ʢʦʣʠ-

ʯʝʩʪʚʦʤ ʚʦʜʳ ʠ ʚʳʩʫʰʝʥ ʥʘ ʚʦʟʜʫʭʝ (ʨʠʩ. 2). ɹʨʫʪʪʦ-ʬʦʨʤʫʣʘ: C14H18CuO10 (ʨʠʩ. 3). ɸʥʘʣʠʟ 
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ʙʳʣ ʧʨʦʠʟʚʝʜʝʥ ʧʨʠ ʧʦʤʦʱʠ ʢʦʤʧʣʝʢʩʦʤʝʪʨʠʯʝʩʢʦʛʦ ʪʠʪʨʦʚʘʥʠʷ ʤʝʜʠ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʢʩʠʣʝ-

ʥʦʣʝʚʦʛʦ ʦʨʘʥʞʝʚʦʛʦ [5], ʪʝʦʨʝʪʠʯʝʩʢʦʝ ʤʦʣʷʨʥʘʷ ʤʘʩʩʘ ʙʳʣʘ ʨʘʚʥʘ 409,83 ʛ/ʤʦʣʴ, ʘ ʵʢʩʧʝʨʠ-

ʤʝʥʪʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʙʳʣʦ ʨʘʚʥʦ 412,64 ʛ/ʤʦʣʴ. 

 

 

 
ʈʠʩ. 2. ʇʦʣʫʯʝʥʥʳʡ ʩʘʣʠʮʠʣʘʪ ʤʝʜʠ ʈʠʩ. 3. ʇʨʝʜʧʦʣʘʛʘʝʤʘʷ ʩʪʨʫʢʪʫʨʘ ʢʦʤʧʣʝʢʩʘ 

 

ɼʣʷ ʩʦʟʜʘʥʠʷ ʢʨʘʩʦʯʥʦʡ ʩʠʩʪʝʤʳ ʙʳʣʠ ʧʨʦʠʟʚʝʜʝʥʳ ʩʣʝʜʫʶʱʠʝ ʜʝʡʩʪʚʠʷ: ʢ 1 ʤʣ ʙʫʪʠ-

ʣʘʮʝʪʘʪʘ ʙʳʣʦ ʜʦʙʘʚʣʝʥʦ 0,11 ʛ ʩʘʣʠʮʠʣʘʪʘ ʘʤʤʦʥʠʷ ʠ 0,1 ʤʣ 10 %-ʛʦ ʨʘʩʪʚʦʨʘ ʘʤʤʠʘʢʘ ʜʦ 

ʧʦʣʥʦʛʦ ʨʘʩʪʚʦʨʝʥʠʷ ʩʘʣʠʮʠʣʘʪʘ ʘʤʤʦʥʠʷ ʜʣʷ ʦʙʨʘʟʦʚʘʥʠʷ ʙʫʬʝʨʥʦʡ ʩʠʩʪʝʤʳ. ʂ ʧʦʣʫʯʝʥʥʦʤʫ 

ʨʘʩʪʚʦʨʫ ʙʳʣʦ ʜʦʙʘʚʣʝʥʦ 0,34 ʛ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʩʘʣʠʮʠʣʘʪʘ ʤʝʜʠ. ʇʦʩʣʝ ʨʘʩʪʚʦʨʝʥʠʷ ʩʘʣʠ-

ʮʠʣʘʪʘ ʤʝʜʠ ʢ ʦʜʥʦʤʫ ʠʟ ʦʙʨʘʟʮʦʚ ʙʳʣ ʜʦʙʘʚʣʝʥ ʯʝʨʥʳʡ ʢʨʘʩʠʪʝʣʴ ï ʥʠʛʨʦʟʠʥ ʩʧʠʨʪʦʨʘʩʪʚʦ-

ʨʠʤʳʡ (0,025 ʛ), ʧʦʩʣʝ ʯʝʛʦ ʚʩʝ ʦʙʨʘʟʮʳ ʙʳʣʠ ʚʳʩʫʰʝʥʳ ʦʪ ʚʦʜʳ ʧʨʠ ʧʦʤʦʱʠ ʙʝʟʚʦʜʥʦʛʦ 

ʩʫʣʴʬʘʪʘ ʥʘʪʨʠʷ ʠ ʦʪʬʠʣʴʪʨʦʚʘʥʳ. ʇʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ ʭʨʘʥʝʥʠʷ ʢʨʘʩʦʯʥʦʛʦ ʩʦʩʪʘʚʘ ʩʦʩʪʘ-

ʚʠʣʘ ʙʦʣʝʝ ʦʜʥʦʡ ʥʝʜʝʣʠ (ʨʠʩ. 4). ʅʘ ʦʙʨʘʟʮʳ ʣʠʩʪʦʚʦʛʦ ʇʕʊ ʧʣʘʩʪʠʢʘ ʪʦʣʱʠʥʦʡ 0,3 ʤʤ ʙʳʣʘ 

ʥʘʥʝʩʝʥʘ ʢʨʘʩʢʘ, ʢʦʪʦʨʘʷ ʙʳʣʘ ʚʳʩʫʰʝʥʘ ʚ ʪʝʯʝʥʠʝ ʯʘʩʘ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ.  

ʅʘ ʨʠʩ. 5 ʧʨʝʜʩʪʘʚʣʝʥʳ ʦʙʨʘʟʮʳ ʧʣʘʩʪʠʢʘ, ʥʘ ʢʦʪʦʨʳʝ ʙʳʣʠ ʥʘʥʝʩʝʥʳ ʨʘʟʣʠʯʥʳʝ ʩʦ-

ʩʪʘʚʳ: (ʘ) ï ʩ ʠʟʙʳʪʢʦʤ ʘʤʤʠʘʢʘ; (ʙ) ï ʩ ʙʫʬʝʨʥʦʡ ʩʠʩʪʝʤʦʡ ʩʘʣʠʮʠʣʘʪ ʘʤʤʦʥʠʷ/ʘʤʤʠʘʢ; (ʚ) ï 

ʯʠʩʪʳʡ ʩʘʣʠʮʠʣʘʪ ʤʝʜʠ ʙʝʟ ʜʦʙʘʚʦʢ; (ʛ) ï ʘʥʘʣʦʛʠ (ʙ) ʩ ʯʝʨʥʳʤ ʢʨʘʩʠʪʝʣʝʤ.  

 

  
ʈʠʩ. 4. ʆʙʨʘʟʮʳ ʩʦʟʜʘʥʥʦʛʦ ʧʦʚʝʨʭʥʦʩʪ-

ʥʦʛʦ ʘʢʪʠʚʘʪʦʨʘ ʩ ʨʘʟʥʳʤʠ ʜʦʙʘʚʢʘʤʠ 

ʢʨʘʩʠʪʝʣʝʡ ʧʦʩʣʝ 1 ʥʝʜʝʣʠ ʭʨʘʥʝʥʠʷ 

ʈʠʩ. 5. ʈʘʟʥʳʝ ʩʦʩʪʘʚʳ ʢʨʘʩʢʠ, ʥʘʥʝʩʝʥʥʳʝ 

ʥʘ ʧʣʘʩʪʠʢ 

 

(ʘ) 

(ʙ) 
(ʚ) 

(ʛ) 
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ɼʣʷ ʣʘʟʝʨʥʦʡ ʩʪʨʫʢʪʫʨʠʟʘʮʠʠ ʠ ʘʢʪʠʚʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʣʘʟʝʨʥʳʡ ʩʪʘ-

ʥʦʢ NEJE DK-8-KZ ʩ ʟʘʷʚʣʝʥʥʦʡ ʤʦʱʥʦʩʪʴʶ ʜʦ 1000 ʤɺʪ ʠ ʜʣʠʥʦʡ ʚʦʣʥʳ 405 ʥʤ. ɼʣʷ ʫʧʨʘʚ-

ʣʝʥʠʷ ʣʘʟʝʨʦʤ ʙʳʣʦ ʠʩʧʦʣʴʟʦʚʘʥʦ ʧʨʦʛʨʘʤʤʥʦʝ ʦʙʝʩʧʝʯʝʥʠʝ, ʢʦʪʦʨʦʝ ʧʦʩʪʘʚʣʷʣʦʩʴ ʩ ʦʙʦʨʫ-

ʜʦʚʘʥʠʝʤ, ʠ ʩ ʝʛʦ ʧʦʤʦʱʴʶ ʙʳʣʘ ʩʦʩʪʘʚʣʝʥʘ ʧʨʦʛʨʘʤʤʘ ʜʣʷ ʦʙʣʫʯʝʥʠʷ ʦʙʣʘʩʪʠ ʥʘ ʧʣʘʩʪʠʢʝ ʚ 

ʚʠʜʝ ʧʨʷʤʦʫʛʦʣʴʥʠʢʘ ʩ ʨʘʟʤʝʨʘʤʠ 5³10 ʤʤ. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʘʢʪʠʚʠʨʦʚʘʥʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ 

ʩʦʭʨʘʥʷʝʪ ʩʚʦʠ ʩʚʦʡʩʪʚʘ ʪʦʣʴʢʦ ʚ ʪʝʯʝʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʯʘʩʦʚ ʧʦʩʣʝ ʣʘʟʝʨʥʦʡ ʘʢʪʠʚʘʮʠʠ, ʜʘʣʝʝ 

ʝʸ ʢʘʪʘʣʠʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʨʝʟʢʦ ʫʭʫʜʰʘʶʪʩʷ. 

ʇʦʩʣʝ ʣʘʟʝʨʥʦʡ ʦʙʨʘʙʦʪʢʠ ʦʙʨʘʟʮʳ ʧʨʦʤʳʚʘʣʠʩʴ ʚ ʨʘʩʪʚʦʨʝ, ʩʦʜʝʨʞʘʱʠʤ 3 % NaOH ʠ 

3 % EDTA-Na2, ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʦʡ, ʘ ʜʘʣʝʝ ʧʦʛʨʫʞʘʣʠʩʴ ʚ ʭʠʤʠʯʝʩʢʫʶ ʚʘʥʥʫ ʩ ʨʘʩʪʚʦ-

ʨʦʤ ʜʣʷ ʭʠʤʠʯʝʩʢʦʛʦ ʤʝʜʥʝʥʠʷ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʥʘ ʚʨʝʤʷ ʥʝ ʤʝʥʝʝ ʯʝʤ ʥʘ 4 ʯʘʩʘ. 

ɼʣʷ ʧʨʦʮʝʩʩʘ ʭʠʤʠʯʝʩʢʦʛʦ ʤʝʜʥʝʥʠʷ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʩʦʩʪʘʚ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʡ ʚ ʪʘʙʣ. 1. 

 

ʊʘʙʣʠʮʘ 1. ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʜʣʷ ʧʨʦʮʝʩʩʘ ʤʝʜʥʝʥʠʷ 

ʅʘʟʚʘʥʠʝ ʨʝʘʛʝʥʪʘ ʂʦʥʮʝʥʪʨʘʮʠʷ 

CuSO4 Ĭ 5H2O 15 ʛ/ʣ 

EDTA-Na2 30 ʛ/ʣ 

NaOH 15 ʛ/ʣ 

KSCN 0,04 ʛ/ʣ 

ʌʦʨʤʘʣʠʥ (33 %) 20 ʤʣ/ʣ 

 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ 

ʇʦʣʫʯʝʥʥʳʝ ʢʨʘʩʦʯʥʳʝ ʩʠʩʪʝʤʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʜʦʩʪʘʪʦʯʥʦ ʚʷʟʢʠʝ, ʣʝʛʢʦ ʚʳʩʳ-

ʭʘʶʱʠʝ ʞʠʜʢʦʩʪʠ. ʉʦʩʪʘʚʳ ʩ ʠʟʙʳʪʢʦʤ ʘʤʤʠʘʢʘ ʠʣʠ ʯʠʩʪʳʤ ʩʘʣʠʮʠʣʘʪʦʤ ʤʝʜʠ ʦʙʨʘʟʫʶʪ ʤʘ-

ʪʦʚʦʝ ʧʦʢʨʳʪʠʝ, ʭʦʨʦʰʦ ʨʘʩʩʝʠʚʘʶʱʝʝ ʣʘʟʝʨʥʦʝ ʠʟʣʫʯʝʥʠʝ. ʆʜʥʘʢʦ ʚʨʝʤʷ ʭʨʘʥʝʥʠʷ ʯʠʩʪʦʛʦ 

ʩʘʣʠʮʠʣʘʪʘ ʩʦʩʪʘʚʣʷʝʪ ʥʝ ʙʦʣʝʝ 5 ʯʘʩʦʚ, ʧʦʩʣʝ ʯʝʛʦ ʥʘʯʠʥʘʝʪʩʷ ʘʢʪʠʚʥʳʡ ʛʠʜʨʦʣʠʟ ʵʪʦʛʦ ʩʦ-

ʝʜʠʥʝʥʠʷ, ʘ ʠʟʙʳʪʦʢ ʘʤʤʠʘʢʘ ʥʝ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʦʜʥʦʨʦʜʥʦʝ ʧʦʢʨʳʪʠʝ. ʇʦʵʪʦʤʫ ʙʳʣ ʧʦ-

ʜʦʙʨʘʥ ʦʧʪʠʤʘʣʴʥʳʡ ʩʦʩʪʘʚ ʥʘ ʦʩʥʦʚʝ ʙʫʬʝʨʥʦʡ ʩʠʩʪʝʤʳ ʩʘʣʠʮʠʣʘʪ ʘʤʤʦʥʠʷ/ʘʤʤʠʘʢ, ʢʦʪʦ-

ʨʳʡ ʧʨʝʧʷʪʩʪʚʫʝʪ ʛʠʜʨʦʣʠʟʫ ʤʝʜʴʩʦʜʝʨʞʘʱʝʛʦ ʩʦʝʜʠʥʝʥʠʷ. ʇʨʠ ʵʪʦʤ ʚʳʩʦʭʰʝʝ ʧʦʢʨʳʪʠʝ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʛʣʷʥʮʝʚʫʶ ʟʝʣʝʥʫʶ ʧʣʝʥʢʫ, ʚʚʠʜʫ ʯʝʛʦ ʪʦʣʴʢʦ ʣʘʟʝʨ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 

405 ʥʤ ʤʦʞʝʪ ʚ ʜʦʩʪʘʪʦʯʥʦʡ ʩʪʝʧʝʥʠ ʘʢʪʠʚʠʨʦʚʘʪʴ ʧʦʚʝʨʭʥʦʩʪʴ. ʇʦʟʞʝ ʙʳʣ ʥʘʡʜʝʥ ʯʝʨʥʳʡ 

ʧʠʛʤʝʥʪ (ʥʠʛʨʦʟʠʥ ʩʧʠʨʪʦʨʘʩʪʚʦʨʠʤʳʡ), ʢʦʪʦʨʳʡ ʧʦʟʚʦʣʷʝʪ ʜʦʩʪʠʯʴ ʯʝʨʥʦʡ ʛʣʷʥʮʝʚʦʡ 

ʧʣʝʥʢʠ ʧʨʠ ʧʦʢʨʳʪʠʠ ʧʣʘʩʪʠʢʘ. 

 

  
ʈʠʩ. 6. ʉʣʝʚʘ - ʜʚʘ ʦʙʨʘʟʮʘ ʧʣʘʩʪʠʢʘ ʙʝʟ 

ʩʣʦʷ ʤʝʜʠ ʠ ʩʧʨʘʚʘ- ʜʚʘ ʦʙʨʘʟʮʘ ʩ ʥʘʥʝ-

ʩʝʥʥʳʤ ʩʣʦʝʤ ʤʝʜʠ ʧʦʩʣʝ ʭʠʤʠʯʝʩʢʦʡ 

ʚʘʥʥʳ 

ʈʠʩ. 7. ʊʨʠ ʦʙʨʘʟʮʘ ʧʣʘʩʪʠʢʘ ʩ ʤʝʜʥʝʥʳʤʠ 

ʩʣʦʷʤʠ ʠ ʧʨʠʧʘʷʥʥʳʤ ʧʨʦʚʦʜʦʤ 
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ʇʦʩʣʝ ʧʦʣʥʦʛʦ ʮʠʢʣʘ ʣʘʟʝʨʥʦʛʦ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʷ ʠ ʭʠʤʠʯʝʩʢʦʛʦ ʤʝʜʥʝʥʠʷ ʥʘ ʧʣʘʩʪʠ-

ʢʦʚʦʤ ʦʙʨʘʟʮʝ ʙʳʣʦ ʧʦʣʫʯʝʥʦ ʧʨʦʚʦʜʷʱʝʝ ʤʝʜʥʦʝ ʧʦʢʨʳʪʠʝ ʩ ʤʘʪʦʚʳʤ ʦʪʙʣʝʩʢʦʤ. ʉʪʦʠʪ ʦʪ-

ʤʝʪʠʪʴ, ʯʪʦ ʥʘʠʣʫʯʰʝʝ ʢʘʯʝʩʪʚʦ ʧʦʚʝʨʭʥʦʩʪʠ ʜʦʩʪʠʛʘʣʦʩʴ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʯʝʨʥʦʛʦ ʢʨʘʩʠ-

ʪʝʣʷ, ʫʩʠʣʠʚʘʶʱʝʛʦ ʧʦʛʣʦʱʝʥʠʝ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʅʘ ʨʠʩ. 6 ʧʨʝʜʩʪʘʚʣʝʥʳ ʯʝʪʳʨʝ ʦʙʨʘʟʮʘ 

ʧʣʘʩʪʠʢʘ, ʛʜʝ ʥʘ ʜʚʫʭ ʦʙʨʘʟʮʘʭ ʩʣʝʚʘ ʚʠʜʥʦ ʦʪʩʫʪʩʪʚʠʝ ʩʣʦʷ ʤʝʜʠ ʧʦʩʣʝ ʭʠʤʠʯʝʩʢʦʡ ʚʘʥʥʳ ʠʟ-

ʟʘ ʥʝʦʧʪʠʤʘʣʴʥʦʛʦ ʩʦʩʪʘʚʘ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʘʢʪʠʚʘʪʦʨʘ ʠ ʧʘʨʘʤʝʪʨʦʚ ʣʘʟʝʨʥʦʛʦ ʦʙʣʫʯʝʥʠʷ (ʘʢ-

ʪʠʚʠʨʦʚʘʥʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʧʨʝʜʩʪʘʚʣʝʥʘ ʯʝʨʥʳʤ ʚʳʞʞʝʥʳʤ ʧʨʷʤʦʫʛʦʣʴʥʠʢʦʤ ʙʝʟ ʤʝʜʠ). ʅʘ 

ʨʠʩ. 6 ʩʧʨʘʚʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʚʘ ʦʙʨʘʟʮʘ ʩ ʥʘʥʝʩʸʥʥʳʤ ʤʝʜʥʳʤ ʩʣʦʝʤ ʧʦʩʣʝ ʭʠʤʠʯʝʩʢʦʡ ʚʘʥʥʳ, 

ʧʦʩʣʝ ʪʦʛʦ ʢʘʢ ʩʦʩʪʘʚ ʘʢʪʠʚʘʪʦʨʘ ʙʳʣ ʠʟʤʝʥʝʥ ʠ ʧʘʨʘʤʝʪʨʳ ʣʘʟʝʨʥʦʡ ʦʙʨʘʙʦʪʢʠ ʙʳʣʠ ʦʧʪʠʤʠ-

ʟʠʨʦʚʘʥʳ. 

 

   
ʈʠʩ. 8. ʄʠʢʨʦʩʢʦʧʠʯʝʩʢʠʡ 

ʘʥʘʣʠʟ ʩʣʦʷ ʤʝʜʠ ʩ ʫʚʝʣʠʯʝ-

ʥʠʝʤ ³ 60 

ʈʠʩ. 9. ʄʠʢʨʦʩʢʦʧʠʯʝʩʢʠʡ 

ʘʥʘʣʠʟ ʩʣʦʷ ʤʝʜʠ ʩ ʫʚʝʣʠʯʝ-

ʥʠʝʤ ³ 120 

ʈʠʩ. 10. ʄʠʢʨʦʩʢʦʧʠʯʝʩʢʠʡ 

ʘʥʘʣʠʟ ʦʙʨʘʪʥʦʡ ʩʪʦʨʦʥʳ 

ʩʣʦʷ ʤʝʜʠ ʩ ʫʚʝʣʠʯʝ-

ʥʠʝʤ ³ 120 

 

ɼʣʷ ʧʨʦʚʝʨʢʠ ʘʜʛʝʟʠʠ ʧʦʣʫʯʝʥʥʦʛʦ ʩʣʦʷ ʤʝʜʠ ʙʳʣʘ ʧʨʦʠʟʚʝʜʝʥʘ ʧʘʡʢʘ ʧʨʦʚʦʜʘ ʥʠʟʢʦ-

ʪʝʤʧʝʨʘʪʫʨʥʳʤ ʧʨʠʧʦʝʤ (ʩʧʣʘʚ ʈʦʟʝ) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʬʣʶʩʘ ʀʟʘʛʨʠ ʌʈʂ 525-2ɸ ʧʨʠ ʪʝʤ-

ʧʝʨʘʪʫʨʝ 150 ʉ̄. ɺʩʝ ʤʝʜʥʸʥʥʳʝ ʦʙʨʘʟʮʳ ʧʦʢʘʟʘʣʠ ʜʦʩʪʘʪʦʯʥʫʶ ʩʪʝʧʝʥʴ ʩʪʘʙʠʣʴʥʦʩʪʠ ʠ ʦʪ-

ʩʫʪʩʪʚʠʝ ʦʪʩʣʦʝʥʠʷ ʤʝʜʥʦʛʦ ʩʣʦʷ ʧʨʠ ʢʦʥʪʘʢʪʝ ʩ ʞʘʣʦʤ ʧʘʷʣʴʥʠʢʘ (ʨʠʩ. 7). 

ʊʘʢʞʝ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʣʫʯʝʥʥʦʛʦ ʤʝʜʥʦʛʦ 

ʩʣʦʷ ʧʦʩʣʝ ʭʠʤʠʯʝʩʢʦʡ ʚʘʥʥʳ, ʛʜʝ ʚʠʜʥʦ ʦʜʥʦʨʦʜʥʦʩʪʴ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʤʝʜʠ ʥʘ ʘʢʪʠʚʠʨʦʚʘʥ-

ʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ (ʨʠʩ. 8 ʠ 9). ʊʘʢ ʢʘʢ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʧʨʦʟʨʘʯʥʳʡ ʇʕʊ ʧʣʘʩʪʠʢ, ʪʦ ʤʠʢʨʦ-

ʩʢʦʧʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʤʦʞʝʪ ʙʳʪʴ ʚʳʧʦʣʥʝʥ ʜʣʷ ʦʙʨʘʪʥʦʡ ʩʪʦʨʦʥʳ ʩʣʦʷ, ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʦʛʦ 

ʤʦʞʥʦ ʠʩʩʣʝʜʦʚʘʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʮʝʥʪʨʦʚ ʘʢʪʠʚʘʮʠʠ, ʧʦʣʫʯʝʥʥʦʝ ʧʨʠ ʣʘʟʝʨʥʦʡ ʩʪʨʫʢʪʫʨʠʟʘ-

ʮʠʠ (ʨʠʩ. 10). 

 

ɺʳʚʦʜʳ 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʥʦʚʳʡ ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʘʢʪʠʚʘʪʦʨʘ 

ʜʣʷ ʣʘʟʝʨʥʦʛʦ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʘʩʪʠʢʘ, ʘ ʪʘʢʞʝ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʢʨʘʩʦʯʥʘʷ 

ʩʠʩʪʝʤʘ ʦʩʪʘʝʪʩʷ ʩʪʘʙʠʣʴʥʦʡ ʧʨʠ ʭʨʘʥʝʥʠʠ ʩʨʦʢʦʤ ʙʦʣʝʝ ʦʜʥʦʡ ʥʝʜʝʣʠ. ʊʘʢʞʝ ʫʜʘʣʦʩʴ ʧʦʜʦ-

ʙʨʘʪʴ ʦʧʪʠʤʘʣʴʥʳʝ ʨʝʞʠʤʳ ʦʙʣʫʯʝʥʠʷ ʜʣʷ ʣʘʟʝʨʥʦʛʦ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʷ ʩ ʥʦʚʳʤ ʧʦʚʝʨʭʥʦʩʪ-

ʥʦʤ ʘʢʪʠʚʘʪʦʨʦʤ, ʥʘʥʝʩʝʥʥʳʤ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʧʣʘʩʪʠʢʘ. ɹʳʣʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, ʯʪʦ ʥʘ 

ʘʢʪʠʚʠʨʦʚʘʥʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ʧʣʘʩʪʠʢʘ ʧʨʦʠʩʭʦʜʠʪ ʫʩʧʝʰʥʦʝ ʦʩʘʞʜʝʥʠʝ ʤʝʜʠ ʚ ʭʠʤʠʯʝʩʢʦʡ 

ʚʘʥʥʝ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʚʦʟʤʦʞʥʦʩʪʴʶ ʧʘʡʢʠ ʢ ʧʦʣʫʯʝʥʥʦʤʫ ʩʣʦʶ ʤʝʜʠ. 

ɺ ʜʘʣʴʥʝʡʰʝʤ ʧʣʘʥʠʨʫʝʪʩʷ ʧʨʦʠʟʚʝʩʪʠ ʙʦʣʝʝ ʜʝʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʬʠʟʠʢʦ-ʭʠʤʠʯʝ-

ʩʢʠʭ ʩʚʦʡʩʪʚ ʚʦʩʩʪʘʥʦʚʣʝʥʥʦʡ ʤʝʜʠ, ʪʘʢ ʢʘʢ ʧʦʤʠʤʦ ʧʨʦʮʝʩʩʘ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʤʝʜʠ ʧʨʠ ʣʘ-
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ʟʝʨʥʦʤ ʦʙʣʫʯʝʥʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʪʘʢʞʝ ʧʨʦʪʝʢʘʶʪ ʧʨʦʮʝʩʩʳ ʜʝʩʪʨʫʢʮʠʠ ʠ ʧʣʘʚʣʝʥʠʷ ʧʣʘʩʪʤʘʩ-

ʩʦʚʦʡ ʧʦʜʣʦʞʢʠ. ɼʘʥʥʳʝ ʵʬʬʝʢʪʳ ʤʦʛʫʪ ʟʥʘʯʠʪʝʣʴʥʦ ʧʦʚʣʠʷʪʴ ʥʘ ʦʜʥʦʨʦʜʥʦʩʪʴ, ʤʦʨʬʦʣʦʛʠʶ 

ʠ ʤʠʥʠʤʘʣʴʥʳʡ ʨʘʟʤʝʨ ʤʝʜʥʳʭ ʜʦʨʦʞʝʢ, ʯʪʦ ʤʦʞʝʪ ʩʪʘʪʴ ʥʦʚʳʤʠ ʟʘʜʘʯʘʤʠ ʜʣʷ ʦʧʪʠʤʠʟʘʮʠʠ 

ʧʨʦʮʝʩʩʘ ʤʝʜʥʝʥʠʷ [6]. ʇʨʝʜʩʪʘʚʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʳʡ ʠʥʪʝʨʝʩ ʨʘʟʨʘʙʦʪʢʘ ʩʦʙʩʪʚʝʥʥʦʛʦ ʭʠʤʠʯʝ-

ʩʢʦʛʦ ʩʦʩʪʘʚʘ ʜʣʷ ʤʝʜʥʝʥʠʷ ʩ ʚʦʟʤʦʞʥʦʩʪʴʶ ʟʘʤʝʥʳ ʪʦʢʩʠʯʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʥʘ ʙʦʣʝʝ ʜʦʩʪʫʧ-

ʥʝr ʠ ʵʢʦʣʦʛʠʯʝʩʢʠ ʙʝʟʦʧʘʩʥʳʝ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʨʦʮʝʩʩʘ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ. 

ʉʣʝʜʫʶʱʠʤ ʵʪʘʧʦʤ ʫʣʫʯʰʝʥʠʷ ʪʝʭʥʦʣʦʛʠʠ ʣʘʟʝʨʥʦʛʦ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʷ ʙʫʜʝʪ ʷʚʣʷʪʴʩʷ ʚʦʟ-

ʤʦʞʥʦʩʪʴ ʘʵʨʦʟʦʣʴʥʦʛʦ ʥʘʥʝʩʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʘʢʪʠʚʘʪʦʨʘ ʠ ʧʦʩʣʝʜʫʶʱʝʛʦ ʣʘʟʝʨʥʦʛʦ ʦʙ-

ʣʫʯʝʥʠʷ ʩ ʧʦʤʦʱʴʶ 3D ʚʳʩʦʢʦʪʦʯʥʦʡ ʧʦʟʠʮʠʦʥʥʦʡ ʩʠʩʪʝʤʳ. 

ʇʨʠ ʜʦʩʪʠʞʝʥʠʠ ʨʝʟʫʣʴʪʘʪʦʚ ʵʪʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʤʦʞʥʦ ʙʫʜʝʪ ʛʦʚʦʨʠʪʴ ʦ ʩʦʟʜʘʥʠʠ ʙʦ-

ʣʝʝ ʦʧʪʠʤʘʣʴʥʦʛʦ, ʜʦʩʪʫʧʥʦʛʦ (ʚ ʪʦʤ ʯʠʩʣʝ, ʵʢʦʥʦʤʠʯʝʩʢʠ ʚʳʛʦʜʥʦʛʦ) ʠ ʵʢʦʣʦʛʠʯʝʩʢʠ ʙʝʟ-

ʦʧʘʩʥʦʛʦ ʧʨʦʮʝʩʩʘ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʪʨʝʭʤʝʨʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʩʠʩʪʝʤ. 

 

ɸʚʪʦʨʳ ʚʳʨʘʞʘʶʪ ʙʣʘʛʦʜʘʨʥʦʩʪʴ ʅ. ʉ. ʂʘʙʝʨʥʠʢʫ ʟʘ ʧʦʤʦʱʴ ʚ ʦʙʩʫʞʜʝʥʠʠ ʨʝʟʫʣʴʪʘ-

ʪʦʚ ʵʢʩʧʝʨʠʤʝʥʪʦʚ. 
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ɸʥʥʦʪʘʮʠʷ. ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʟʨʘʙʦʪʘʥ ʠ ʠʩʩʣʝʜʦʚʘʥ ʪʝʭ-

ʥʦʣʦʛʠʯʝʩʢʠʡ ʧʨʦʮʝʩʩ ʧʦʣʫʯʝʥʠʷ ʚʳʩʦʢʦʧʨʦʯʥʳʭ ʢʨʝʧʝʞʥʳʭ ʠʟʜʝʣʠʡ ʠʟ ʙʦʨʩʦʜʝʨʞʘʱʝʡ ʩʪʘʣʠ 

20ɻ2ʈ. ʀʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʥʘ ʩʠʣʦʚʳʝ ʧʘʨʘʤʝʪʨʳ ʠ ʪʝʯʝʥʠʝ 

ʤʝʪʘʣʣʘ. ʆʧʨʝʜʝʣʝʥʳ ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʤʝʪʘʣʣʘ  ʚ ʧʨʦʮʝʩʩʝ ʰʪʘʤ-

ʧʦʚʢʠ, ʦʧʪʠʤʘʣʴʥʳʝ ʬʦʨʤʘ ʠ ʨʘʟʤʝʨʳ ʠʩʭʦʜʥʦʡ ʟʘʛʦʪʦʚʢʠ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʡ ʤʠʥʠʤʘʣʴʥʳʝ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʫʩʠʣʠʷ, ʦʧʪʠʤʘʣʴʥʳʝ ʫʩʣʦʚʠʷ ʬʦʨʤʦʦʙʨʘʟʦʚʘʥʠʷ ʜʝʪʘʣʠ. ʆʧʨʝʜʝʣʝʥʘ ʦʧʪʠ-

ʤʘʣʴʥʘʷ ʩʭʝʤʘ ʰʪʘʤʧʦʚʢʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʧʨʦʛʨʘʤʤʘ QForm, ʭʦʣʦʜʥʘʷ ʦʙʲʝʤʥʘʷ ʰʪʘʤʧʦʚʢʘ, ʧʝʨʝ-

ʭʦʜʳ ʰʪʘʤʧʦʚʢʠ, ʪʝʯʝʥʠʝ ʤʝʪʘʣʣʘ, ʥʘʧʨʷʞʝʥʠʷ, ʜʝʬʦʨʤʘʮʠʠ, ʩʠʣʦʚʳʝ ʧʘʨʘʤʝʪʨʳ, ʨʘʟʤʝʨʳ 

ʟʘʛʦʪʦʚʢʠ. 
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Annotation. The technological process of obtaining high-strength fasteners has been developed and 

investigated by the method of computer modeling in the QForm program. The influence of techno-

logical parameters on the power parameters and the flow of metal is investigated. The stress-strain 

state of the metal during the stamping process, the optimal shape and dimensions of the initial blank, 

providing minimal technological efforts, optimal conditions for the shaping of the part, are deter-

mined. The optimal stamping scheme is determined. 

Keywords: modeling, QForm program, cold volumetric stamping, stamping transitions, metal flow, 

stresses, deformations, force parameters, workpiece dimensions. 

 

1. ʆʙʱʠʝ ʩʚʝʜʝʥʠʷ 

 

            ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʚ ʨʘʟʣʠʯʥʳʭ ʦʪʨʘʩʣʷʭ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʚʩʝ ʙʦʣʝʝ ʰʠʨʦʢʦʝ ʧʨʠʤʝ-

ʥʝʥʠʝ ʥʘʭʦʜʠʪ ʚʳʩʦʢʦʧʨʦʯʥʳʝ ʢʨʝʧʝʞʥʳʝ ʠʟʜʝʣʠʷ (ʙʦʣʪʳ, ʚʠʥʪʳ, ʰʧʠʣʴʢʠ, ʛʘʡʢʠ). ʆʜʥʠʤ ʠʟ 

ʵʬʬʝʢʪʠʚʥʳʭ ʤʝʪʦʜʦʚ ʩʦʢʨʘʱʝʥʠʷ ʩʨʦʢʦʚ ʚʥʝʜʨʝʥʠʷ ʚ ʧʨʦʠʟʚʦʜʩʪʚʦ ʥʦʚʳʭ ʢʨʝʧʸʞʥʳʭ ʠʟʜʝ-

ʣʠʡ, ʩʥʠʞʝʥʠʷ ʟʘʪʨʘʪ ʥʘ ʠʭ ʧʨʦʠʟʚʦʜʩʪʚʦ, ʦʙʝʩʧʝʯʝʥʠʷ ʢʘʯʝʩʪʚʘ, ʧʨʦʯʥʦʩʪʠ ʠ ʠʭ ʥʘʜʸʞʥʦʩʪʠ 

ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʝʪʦʜʦʚ ʮʠʬʨʦʚʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʳ 

QForm. ʇʨʦʛʨʘʤʤʘ ʧʦʟʚʦʣʷʝʪ ʥʘʠʙʦʣʝʝ ʧʦʣʥʳʤ ʦʙʨʘʟʦʤ ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʨʝʠʤʫʱʝʩʪʚʘ ʧʨʦʮʝʩ-

ʩʦʚ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ, ʪʘʢʠʝ ʢʘʢ ʚʳʩʦʢʘʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ, ʧʦʣʫʯʝʥʠʝ ʜʝʪʘʣʝʡ 

ʩʣʦʞʥʦʡ ʬʦʨʤʳ ʩ ʚʳʩʦʢʠʤʠ ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ [1,2,3,4,5].  

 

2.ʄʘʪʝʨʠʘʣʳ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʢʨʝʧʝʞʘ ʚʳʩʦʢʦʡ ʧʨʦʯʥʦʩʪʠ 

          

           ʅʘʠʙʦʣʴʰʝʝ ʧʨʠʤʝʥʝʥʠʝ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʚʳʩʦʢʦʧʨʦʯʥʦʛʦ ʢʨʝʧʝʞʘ ʠʤʝʶʪ ʩʪʘʣʠ 35, 

35ʍ, 38ʍɸ, 40, 40ɻ2,  40ʍ ʉʝʣʝʢʪ, 38ʍɸ, 30ʍɻʉɸ, 35ʍɻʉɸ, 40ʍʅ2ʄɸ, 38ʍɻʅʄ. ʈʝʞʝ ʠʩ-

ʧʦʣʴʟʫʶʪ ʩʣʘʙʦʣʝʛʠʨʦʚʘʥʥʳʝ ʙʦʨʩʦʜʝʨʞʘʱʠʝ ʩʪʘʣʠ ʤʘʨʦʢ 12ɻ1ʈ, 20ɻ2ʈ, 30-35ɻ1ʈ. ʉʪʘʣʠ, ʣʝ-

ʛʠʨʦʚʘʥʥʳʝ ʙʦʨʦʤ, ʦʙʣʘʜʘʶʪ ʙʣʘʛʦʧʨʠʷʪʥʳʤ ʩʦʯʝʪʘʥʠʝʤ ʧʨʦʯʥʦʩʪʥʳʭ ʠ ʧʣʘʩʪʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ, ʥʦ ʠʟ-ʟʘ ʥʝʢʦʪʦʨʳʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʪʨʫʜʥʦʩʪʝʡ ʧʨʠ ʠʭ ʚʳʧʣʘʚʢʝ, ʠʭ ʚʥʝʜʨʝʥʠʝ ʚ 

ʤʝʪʠʟʥʦʝ ʧʨʦʠʟʚʦʜʩʪʚʦ ʩʜʝʨʞʠʚʘʝʪʩʷ. ʇʦʵʪʦʤʫ ʚ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʚʳʩʦʢʦ-

ʧʨʦʯʥʦʛʦ ʢʨʝʧʝʞʘ ʚʩʝ ʰʠʨʝ ʧʨʠʤʝʥʷʶʪʩʷ ʩʪʘʣʠ ʤʘʨʦʢ 12ɻ1ʈ, 20ɻ2ʈ, 30-35ɻ1ʈ [1, 2, 3, 4]. 

           ʉʪʘʣʴ 20ɻ2ʈ ʟʘ ʩʯʝʪ ʤʠʢʨʦʣʝʛʠʨʦʚʘʥʠʷ ʙʦʨʦʤ ʠ ʣʝʛʠʨʦʚʘʥʠʷ ʤʘʨʛʘʥʮʝʤ ʦʙʣʘʜʘʝʪ ʧʦʚʳ-

ʰʝʥʥʦʡ ʧʨʦʢʘʣʠʚʘʝʤʦʩʪʴʶ ʠ ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʪʘʙʠʣʴʥʳʝ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʨʠ ʟʘʢʘʣʢʝ ʚ 

ʚʦʜʝ ʠʣʠ ʤʘʩʣʝ ʜʣʷ ʠʟʜʝʣʠʡ ʜʠʘʤʝʪʨʦʤ ʜʦ ʄ27. 

          ɺʘʞʥʦʝ ʟʥʘʯʝʥʠʝ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʚʳʩʦʢʦʧʨʦʯʥʦʛʦ ʢʨʝʧʝʞʘ ʩ ʟʘʜʘʥʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʙʝʟ 

ʜʝʬʝʢʪʦʚ ʠʤʝʝʪ ʧʦʜʛʦʪʦʚʢʘ ʠʩʭʦʜʥʦʛʦ ʤʝʪʘʣʣʘ ʧʝʨʝʜ ʝʛʦ ʜʝʬʦʨʤʘʮʠʝʡ. ʊʝʭʥʦʣʦʛʠʷ ʧʦʜʛʦ-

ʪʦʚʢʠ ʢʘʣʠʙʨʦʚʘʥʥʦʛʦ ʧʨʦʢʘʪʘ ʩʪʘʣʠ ʤʘʨʢʠ 20ɻ2ʈ ʚʢʣʶʯʘʝʪ ʦʧʝʨʘʮʠʠ ʚʦʣʦʯʝʥʠʷ ʧʨʦʢʘʪʘ ʩʦ 

ʩʪʝʧʝʥʷʤʠ ʦʙʞʘʪʠʷ ~ 11-13 %, ʩʬʝʨʦʠʜʠʟʠʨʫʶʱʝʛʦ ʦʪʞʠʛʘ ʠ ʧʦʩʣʝʜʫʶʱʝʛʦ ʚʦʣʦʯʝʥʠʷ. 

          ʇʨʦʚʝʜʝʥʥʳʝ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʘʟʣʠʯʥʳʭ ʤʘʨʦʢ ʩʪʘʣʠ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ 

ʚʳʩʦʢʦʧʨʦʯʥʳʭ ʙʦʣʪʦʚ ʢʣʘʩʩʘ ʧʨʦʯʥʦʩʪʠ 12.9 ʧʦʢʘʟʳʚʘʶʪ ʮʝʣʝʩʦʦʙʨʘʟʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 
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ʩʪʘʣʠ 20ʍ2ʅʄʊʈɹ. ʇʨʠʤʝʥʝʥʠʝ ʜʘʥʥʦʡ ʩʪʘʣʠ ʧʦʟʚʦʣʠʪ ʩʦʢʨʘʪʠʪʴ ʤʝʪʘʣʣʦʝʤʢʦʩʪʴ ʢʨʝʧʝʞʘ ʚ 

ʢʦʥʩʪʨʫʢʮʠʷʭ, ʘ ʪʘʢʞʝ ʧʦʚʳʩʠʪʴ ʥʘʜʝʞʥʦʩʪʴ ʠ ʜʦʣʛʦʚʝʯʥʦʩʪʴ ʢʦʥʩʪʨʫʢʮʠʡ ʧʨʠ ʵʢʩʧʣʫʘʪʘʮʠʠ. 

          ʈʝʢʦʤʝʥʜʫʝʤʳʝ ʤʘʨʢʠ ʩʪʘʣʝʡ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʚʳʩʦʢʦʧʨʦʯʥʦʛʦ ʢʨʝʧʝʞʘ ʠ ʩʦʦʪʚʝʪʩʪʚʫ-

ʶʱʠʝ ʠʤ ʪʝʭʥʦʣʦʛʠʷ ʧʨʠʚʝʜʝʥʘ ʚ ʪʘʙʣ.1. 

ʊʘʙʣʠʮʘ 1. ʈʝʢʦʤʝʥʜʫʝʤʳʝ ʤʘʨʢʠ ʩʪʘʣʝʡ ʠ ʪʝʭʥʦʣʦʛʠʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʚʳʩʦʢʦʧʨʦʯʥʦʛʦ ʢʨʝ-
ʧʝʞʘ  

ʂʣʘʩʩ 

ʧʨʦʯ 

ʥʦʩʪʠ 

ʇʨʝʜʝʣ 

 ʧʨʦʯʥʦʩʪʠ,  

ʅ/ʤʤ2 

ʊʝʭʥʦʣʦʛʠʷ ʧʦʜʛʦʪʦʚʢʠ ʈʝʢʦʤʝʥʜʫʝ-

ʤʘʷ  

ʤʘʨʢʘ ʩʪʘʣʠ 

ʇʨʠʤʝʯʘ- 

ʥʠʝ 

8.8 800 (dÒ16) 

830 (dι16) 

ʇʨʦʠʟʚʦʜʩʪʚʦ ʧʨʦʢʘʪʘ (ʧʨʦʚʦʣʦʢʠ), 

ʉʬʝʨʦʠʜʘʣʴʥʳʡ ʦʪʞʠʛ, 

ɺʦʣʦʯʝʥʠʝ,  

ɺʳʩʘʜʢʘ,  

ʥʘʢʘʪʢʘ ʨʝʟʴʙʳ, 

ɿʘʢʘʣʢʘ/ʆʪʧʫʩʢ  (860-920ʦʉ / 530-560ʦʉ) 

 

ʇʨʦʠʟʚʦʜʩʪʚʦ ʧʨʦʢʘʪʘ (ʧʨʦʚʦʣʦʢʠ), 

ʆʪʞʠʛ, 

ɺʦʣʦʯʝʥʠʝ,  

ɺʳʩʘʜʢʘ, 

ɿʘʢʘʣʢʘ/ʆʪʧʫʩʢ (ɿʘʢʘʣʢʘ ʚ ʚʦʜʫ ʩ 890 Áʉ + 

ʦʪʧʫʩʢ 400-600 Áʉ, ʤʘʩʣʦ) 

ʉʪʘʣʴ 35ʍ 

ʉʪʘʣʴ 38ʍɸ 

ʉʪʘʣʴ 40ʍ 

 

 

 

 

20ɻ2ʈ 

 ɻʆʉʊ 

4543, 

ɻʆʉʊ 

10702 

 

 

 

ʇʦ ʊʋ 

14ð 1ð

4486ð88. 

9.8 900 ʇʨʦʠʟʚʦʜʩʪʚʦ ʧʨʦʢʘʪʘ (ʧʨʦʚʦʣʦʢʠ), 

ʆʪʞʠʛ, 

ɺʦʣʦʯʝʥʠʝ,  

ʉʬʝʨʦʠʜʘʣʴʥʳʡ ʦʪʞʠʛ, 

ɺʦʣʦʯʝʥʠʝ, 

ɺʳʩʘʜʢʘ,  

ɿʘʢʘʣʢʘ/ʆʪʧʫʩʢ  (860-920ʦʉ / 530-560ʦʉ) 

 

ʇʨʦʠʟʚʦʜʩʪʚʦ ʧʨʦʢʘʪʘ (ʧʨʦʚʦʣʦʢʠ), 

ʆʪʞʠʛ, 

ɺʦʣʦʯʝʥʠʝ,  

ɺʳʩʘʜʢʘ, 

ɿʘʢʘʣʢʘ/ʆʪʧʫʩʢ (ɿʘʢʘʣʢʘ ʚ ʚʦʜʫ ʩ 890 Áʉ + 

ʦʪʧʫʩʢ 400-600 Áʉ, ʤʘʩʣʦ) 

 

ʈʝʟʘʥʠʝ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʟʘʢʘʣʢʦʡ ʠ ʦʪʧʫʩ-

ʢʦʤ 

ʍʦʣʦʜʥʘʷ ʰʪʘʤʧʦʚʢʘ ʠʟ ʪʝʨʤʦʫʧʨʦʯʥʝʥ-

ʥʦʛʦ ʤʝʪʘʣʣʘ 

ʉʪʘʣʴ 35ʍʄ 

 

 

 

 

 

 

 

20ɻ2ʈ 

 

 

 

 

 

 

35ʍɻʉɸ, 

16ʍʉʅ, 

20ɻ2ʈ 

ɻʆʉʊ 

4543, 

ɻʆʉʊ 

10702 

 

 

 

 

ʇʦ ʊʋ 

14ð 1ð

4486ð88 

10.9 1000-1040 ʇʨʦʠʟʚʦʜʩʪʚʦ ʧʨʦʢʘʪʘ (ʧʨʦʚʦʣʦʢʠ), 

ʆʪʞʠʛ, 

ɺʦʣʦʯʝʥʠʝ,  

ʉʬʝʨʦʠʜʘʣʴʥʳʡ ʦʪʞʠʛ, 

ʉʪʘʣʴ 35ʍʄ 

 

 

 

ɻʆʉʊ 

4543, 

ɻʆʉʊ 

10702 
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ɺʦʣʦʯʝʥʠʝ, 

ɺʳʩʘʜʢʘ, 

ɿʘʢʘʣʢʘ/ʆʪʧʫʩʢ  (860-920ʦʉ / 530-560ʦʉ) 

 

ʇʨʦʠʟʚʦʜʩʪʚʦ ʧʨʦʢʘʪʘ (ʧʨʦʚʦʣʦʢʠ), 

ʆʪʞʠʛ, 

ɺʦʣʦʯʝʥʠʝ,  

ɺʳʩʘʜʢʘ, 

ɿʘʢʘʣʢʘ/ʆʪʧʫʩʢ (ɿʘʢʘʣʢʘ ʚ ʚʦʜʫ ʩ 890 Áʉ + 

ʦʪʧʫʩʢ 400-600 Áʉ, ʤʘʩʣʦ) 

 

ʈʝʟʘʥʠʝ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʟʘʢʘʣʢʦʡ ʠ ʦʪʧʫʩ-

ʢʦʤ 

ʍʦʣʦʜʥʘʷ ʰʪʘʤʧʦʚʢʘ ʠʟ ʪʝʨʤʦʫʧʨʦʯʥʝʥ-

ʥʦʛʦ ʤʝʪʘʣʣʘ 

 

 

 

 

20ɻ2ʈ 

ʩʪʘʣʴ 30ɻ1ʈ 

 

 

 

 

 

35ʍɻʉɸ, 

16ʍʉʅ, 

20ɻ2ʈ 
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12.9 1200-1220 

 

 

 

 

 

 

 

 

 

 

 

 

ʉʚʳʰʝ 

1300 

ʇʨʦʠʟʚʦʜʩʪʚʦ ʧʨʦʢʘʪʘ (ʧʨʦʚʦʣʦʢʠ), 

ʆʪʞʠʛ, 

ɺʦʣʦʯʝʥʠʝ,  

ʉʬʝʨʦʠʜʘʣʴʥʳʡ ʦʪʞʠʛ, 

ɺʦʣʦʯʝʥʠʝ, 

ɺʳʩʘʜʢʘ, 

ɿʘʢʘʣʢʘ/ʆʪʧʫʩʢ  (860-920ʦʉ / 530-560ʦʉ) 

 

ʈʝʟʘʥʠʝ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʟʘʢʘʣʢʦʡ ʠ ʦʪʧʫʩ-

ʢʦʤ 

ʍʦʣʦʜʥʘʷ ʰʪʘʤʧʦʚʢʘ ʠʟ ʪʝʨʤʦʫʧʨʦʯʥʝʥ-

ʥʦʛʦ ʤʝʪʘʣʣʘ 

 

ʇʨʦʠʟʚʦʜʩʪʚʦ ʧʨʦʢʘʪʘ (ʧʨʦʚʦʣʦʢʠ), 

ʉʬʝʨʦʠʜʘʣʴʥʳʡ ʦʪʞʠʛ, 

ɺʦʣʦʯʝʥʠʝ,  

ʉʬʝʨʦʠʜʘʣʴʥʳʡ ʦʪʞʠʛ, 

ɺʦʣʦʯʝʥʠʝ, 

ɺʳʩʘʜʢʘ, 

ɿʘʢʘʣʢʘ/ʆʪʧʫʩʢ  (860-920ʦʉ / 530-560ʦʉ) 

 

ʇʨʦʠʟʚʦʜʩʪʚʦ ʧʨʦʢʘʪʘ (ʧʨʦʚʦʣʦʢʠ), 

ʆʪʞʠʛ, 

ɺʦʣʦʯʝʥʠʝ,  

ɺʳʩʘʜʢʘ, 

ɿʘʢʘʣʢʘ/ʆʪʧʫʩʢ (ɿʘʢʘʣʢʘ ʚ ʚʦʜʫ ʩ 890 Áʉ + 

ʦʪʧʫʩʢ 400-600 Áʉ, ʤʘʩʣʦ) 

ʉʪʘʣʴ 35ʍʄ 

ʉʪ.30ʍɻʉɸ 

 

 

 

 

 

 

 

 

 

 

 

ʉʪʘʣʴ 38ʍʄ 

ʉʪ.35ʍɻʉɸ, 

ʉʪ.40ʍʅʄɸ 

 

 

 

 

 

ʩʪʘʣʴ 30ɻ1ʈ 

ɻʆʉʊ 

4543, 

ɻʆʉʊ 

10702 

 

 

 

 

 

 

 

 

 

ɻʆʉʊ 

4543, 

ɻʆʉʊ 

10702 

 

 

 

 

ʇʦ ʊʋ 

14ð 1ð

4486ð88  

 

           ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʭʦʣʦʜʥʦʡ ʚʳʩʘʜʢʠ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʚʳʩʦʢʦʧʨʦʯʥʳʭ ʠʟʜʝʣʠʡ ʙʝʟ 

ʜʝʬʝʢʪʦʚ ʨʝʰʘʶʱʝʝ ʟʥʘʯʝʥʠʝ ʠʤʝʝʪ ʧʦʜʛʦʪʦʚʢʘ ʤʝʪʘʣʣʘ ʢ ʭʦʣʦʜʥʦʡ ʚʳʩʘʜʢʝ. ʇʨʠ ʵʪʦʤ   ʧʦ-

ʣʫʯʝʥʠʝ ʠʟʜʝʣʠʷ ʟʘʜʘʥʥʦʡ ʧʨʦʯʥʦʩʪʠ ʜʦʩʪʠʛʘʝʪʩʷ  ʚʳʙʦʨʦʤ ʜʠʘʤʝʪʨʘ ʠʩʭʦʜʥʦʡ ʟʘʛʦʪʦʚʢʠ ʠ 

ʜʝʬʦʨʤʘʮʠʝʡ ʥʘ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʭ ʧʝʨʝʭʦʜʘʭ, ʥʘʧʨʠʤʝʨ, ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ 
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ʚʳʜʘʚʣʠʚʘʥʠʷ ʟʘʛʦʪʦʚʢʠ. ʉʪʝʧʝʥʴ ʜʝʬʦʨʤʘʮʠʠ ʤʦʞʥʦ ʚʳʙʨʘʪʴ ʧʦ ʢʨʠʚʦʡ ʫʧʨʦʯʥʝʥʠʷ ʜʘʥʥʦʡ 

ʩʪʘʣʠ. 

3. ʊʝʭʥʦʣʦʛʠʷ ʧʦʣʫʯʝʥʠʷ ʚʳʩʦʢʦʧʨʦʯʥʦʛʦ ʢʨʝʧʝʞʘ 

 

          ɸʥʘʣʠʟ ʠ ʠʩʩʣʝʜʦʚʘʥʠʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʠʟʛʦʪʦʚʣʝʥʠʷ ʚʳʩʦʢʦʧʨʦʯʥʳʭ ʠʟʜʝ-

ʣʠʡ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ  ʧʨʦʮʝʩʩ ʠʟʛʦʪʦʚʣʝʥʠʷ ʪʘʢʠʭ ʜʝʪʘʣʝʡ  ʚʢʣʶʯʘʝʪ ʩʣʝʜʫʶʱʠʝ ʵʪʘʧʳ: 

1.ʇʦʜʛʦʪʦʚʢʘ ʠʩʭʦʜʥʦʛʦ ʤʝʪʘʣʣʘ ʢ ʚʳʩʘʜʢʝ. ɺʢʣʶʯʘʝʪ: ʦʪʞʠʛ, ʚʦʣʦʯʝʥʠʝ, ʨʝʟʢʘ ʟʘʛʦʪʦʚʦʢ. 

2.ʕʪʘʧ ʚʳʩʘʜʢʠ ʠʟʜʝʣʠʡ. ɼʦʧʫʩʢʘʝʪʩʷ ʚʳʧʦʣʥʝʥʠʝ ʜʘʥʥʦʡ ʦʧʝʨʘʮʠʠ ʜʚʫʤʷ ʤʝʪʦʜʘʤʠ ï ʢʘʢ ʛʦ-

ʨʷʯʝʡ (ʠʥʦʛʜʘ ï ʧʦʣʫʛʦʨʷʯʝʡ), ʪʘʢ ʠ ʭʦʣʦʜʥʦʡ ʚʳʩʘʜʢʦʡ. ʎʝʣʴ ʧʨʦʚʝʜʝʥʠʷ ï ʬʦʨʤʠʨʦʚʘʥʠʝ 

ʛʦʣʦʚʢʠ  ʠ ʩʪʝʨʞʥʷ ʧʦʜ ʨʝʟʴʙʫ. ʇʨʠ ʛʦʨʷʯʝʡ  ʚʳʩʘʜʢʝ ʟʘʛʦʪʦʚʢʘ ʠʣʠ ʝʝ ʯʘʩʪʴ ʧʦʜʝʨʛʘʶʪʩʷ 

ʥʘʛʨʝʚʫ. 

3.ʅʘʢʘʪʢʘ ʠʣʠ ʥʘʨʝʟʢʘ ʨʝʟʴʙʳ. 

4.ʊʝʨʤʦʦʙʨʘʙʦʪʢʘ.  ʆʩʥʦʚʥʳʤʠ ʚʠʜʘʤʠ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʷʚʣʷʶʪʩʷ: ʧʦʚʝʨʭʥʦʩʪʥʘʷ 

ʣʠʙʦ ʦʙʲʝʤʥʘʷ ʟʘʢʘʣʢʘ, ʦʪʧʫʩʢ. 

5.ɸʥʪʠʢʦʨʨʦʟʠʦʥʥʘʷ ʟʘʱʠʪʘ.  ɼʣʷ ʚʳʩʦʢʦʧʨʦʯʥʦʛʦ ʢʨʝʧʝʞʘ ʥʝʧʨʠʤʝʥʠʤʳ ʥʝʦʨʛʘʥʠʯʝʩʢʠʝ ʧʦ-

ʢʨʳʪʠʷ, ʚʳʧʦʣʥʝʥʥʳʝ ʭʨʦʤʠʨʦʚʘʥʠʝʤ ʠ ʬʦʩʬʘʪʠʨʦʚʘʥʠʝʤ. 

6.ʇʨʠʝʤʢʘ ʛʦʪʦʚʦʡ ʧʨʦʜʫʢʮʠʠ. 

7.ʋʧʘʢʦʚʢʘ. 

          ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʧʨʦʮʝʩʩ ʧʦʣʫʯʝʥʠʷ ʚʳʩʦʢʦʧʨʦʯʥʦʛʦ 

ʢʨʝʧʝʞʘ ʠʟ ʩʪʘʣʠ 20ɻ2ʈ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʚʳʜʘʚʣʠʚʘʥʠʷ ʟʘʛʦʪʦʚʢʠ ʜʣʷ ʧʦ-

ʣʫʯʝʥʠʷ ʪʨʝʙʫʝʤʦʡ ʧʨʦʯʥʦʩʪʠ ʠʟʜʝʣʠʷ. ʀʟʜʝʣʠʝ, ʟʘʛʦʪʦʚʢʘ ʠ ʧʝʨʝʭʦʜʳ ʚʳʩʘʜʢʠ  ʙʦʣʪʘ ʄ12ʭ50   

ʧʦ ɻʆʉʊ  52644-2006   ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ.1.  ʎʠʬʨʦʚʳʤ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ ʠʩʩʣʝʜʦʚʘʥ ʪʝʭ-

ʥʦʣʦʛʠʯʝʩʢʠʡ ʧʨʦʮʝʩʩ ʰʪʘʤʧʦʚʢʠ ʙʦʣʪʘ ʟʘ 3 ʧʝʨʝʭʦʜʘ. ʅʘ ʧʝʨʚʦʤ ʧʝʨʝʭʦʜʝ ʧʨʦʠʩʭʦʜʠʪ ʚʳ-

ʜʘʚʣʠʚʘʥʠʝ ʩʪʝʨʞʥʝʚʦʡ ʯʘʩʪʠ ʙʦʣʪʘ ʜʠʘʤʝʪʨʦʤ D11,5 ʤʤ ʠʟ ʟʘʛʦʪʦʚʢʠ D 14 ʤʤ. ʅʘ ʦʩʥʦʚʝ 

ʘʥʘʣʠʟʘ ʢʨʠʚʦʡ ʫʧʨʦʯʥʝʥʠʷ ʩʪʘʣʠ 20ɻ2ʈ  ʪʘʢʘʷ ʜʝʬʦʨʤʘʮʠʷ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʧʨʦʯʥʦʩʪʴ 

ʤʘʪʝʨʠʘʣʘ ʩʪʝʨʞʥʷ ʙʦʣʪʘ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʫʶ ʢʣʘʩʩʫ ʧʨʦʯʥʦʩʪʠ 8.8. ʅʘʠʙʦʣʴʰʝʝ ʫʩʠʣʠʝ ʚʳʜʘʚ-

ʣʠʚʘʥʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʥʘʯʘʣʝ ʧʨʦʮʝʩʩʘ ʠ ʨʘʚʥʦ 0,13 ʄʅ. ɺ ʧʨʦʮʝʩʩʝ ʚʳʜʘʚʣʠʚʘʥʠʷ ʫʩʠʣʠʝ 

ʩʥʠʞʘʝʪʩʷ ʥʘ 30% ʜʦ 0,09 ʄʅ. 

                                

                            ͊Φ                                          ͋Φ                                           ͍ Φ 

ʈʠʩ.1. ʀʟʜʝʣʠʝ (ʘ), ʟʘʛʦʪʦʚʢʘ (ʙ) ʠ ʧʝʨʝʭʦʜʳ (ʚ) ʚʳʩʘʜʢʠ. 
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           ʅʘ ʚʪʦʨʦʤ ʧʝʨʝʭʦʜʝ  ʧʨʦʠʟʚʦʜʠʪʩʷ ʧʨʝʜʚʘʨʠʪʝʣʴʥʘʷ ʚʳʩʘʜʢʘ ʛʦʣʦʚʢʠ ʙʦʣʪʘ. ʇʨʠ ʵʪʦʤ 

ʨʘʩʩʤʦʪʨʝʥʦ ʜʚʘ ʚʘʨʠʘʥʪʘ: ʚʳʩʘʜʢʘ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʛʦʣʦʚʢʠ ʠ  ʯʝʨʥʦʚʦʝ ʬʦʨʤʠʨʦʚʘʥʠʝ ʰʝ-

ʩʪʠʛʨʘʥʥʦʡ ʛʦʣʦʚʢʠ. ɺʪʦʨʦʡ ʧʨʦʮʝʩʩ ʷʚʣʷʝʪʩʷ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʳʤ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʧʦʚʳʰʘʝʪʩʷ 

ʢʘʯʝʩʪʚʦ ʛʦʣʦʚʢʠ ʙʦʣʪʘ ʠ ʩʥʠʞʘʝʪʩʷ ʫʩʠʣʠʝ ʚʳʩʘʜʢʠ ʥʘ ʪʨʝʪʴʝʤ ʧʝʨʝʭʦʜʝ. 

          ʅʘ ʪʨʝʪʴʝʤ ʧʝʨʝʭʦʜʝ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʨʝʜʫʮʠʨʦʚʘʥʠʝ ʩʪʝʨʞʥʷ ʠ ʦʢʦʥʯʘʪʝʣʴʥʘʷ ʚʳʩʘʜʢʘ 

ʛʦʣʦʚʢʠ ʙʦʣʪʘ. ʋʩʠʣʠʝ ʚʳʩʘʜʢʠ ʥʘ ʪʨʝʪʴʝʤ ʧʝʨʝʭʦʜʝ ʧʨʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʤ ʬʦʨʤʠʨʦʚʘʥʠʠ ʰʝ-

ʩʪʠʛʨʘʥʥʠʢʘ ʥʘ ʚʪʦʨʦʤ ʧʝʨʝʭʦʜʝ  ʨʘʚʥʦ 1,0 ʄʅ. ɼʝʬʦʨʤʘʮʠʷ ʧʦ ʩʝʯʝʥʠʶ ʙʦʣʪʘ ʨʘʩʧʨʝʜʝʣʷʝʪʩʷ 

ʙʦʣʝʝ ʨʘʚʥʦʤʝʨʥʦ, ʯʝʤ ʧʨʠ ʚʳʩʘʜʢʝ ʥʘ ʚʪʦʨʦʤ ʧʝʨʝʭʦʜʝ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʛʦʣʦʚʢʠ. 

         ɺ ʢʘʯʝʩʪʚʝ ʩʤʘʟʢʠ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʩʤʝʩʴ 

ʛʨʘʬʠʪʘ ʩ ʚʦʜʦʡ. 

ɻʨʘʬʠʢ ʠʟʤʝʥʝʥʠʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʫʩʠʣʠʷ ʥʘ ʧʝʨʚʦʤ ʠ ʪʨʝʪʴʝʤ ʧʝʨʝʭʦʜʘʭ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ 

ʨʠʩ.2. 

 

 
                                     ʘ.                                                                         ʙ. 

ʈʠʩ.2. ɻʨʘʬʠʢ ʠʟʤʝʥʝʥʠʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʫʩʠʣʠʷ ʥʘ ʧʝʨʚʦʤ (ʘ) ʠ ʪʨʝʪʴʝʤ (ʙ) ʧʝʨʝʭʦʜʘʭ. 

4.ɸʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ 

           ɸʥʘʣʠʟ ʛʨʘʬʠʢʘ ʠʟʤʝʥʝʥʠʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʫʩʠʣʠʷ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʧʨʠ ʚʳʜʘʚʣʠʚʘ-

ʥʠʠ ʤʘʢʩʠʤʘʣʴʥʦʝ ʫʩʠʣʠʝ 0,13 ʄʅ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʥʘʯʘʣʝ ʧʨʦʮʝʩʩʝ, ʟʘʪʝʤ ʦʥʦ ʩʥʠʞʘʝʪʩʷ ʥʘ 

30%. ʕʪʠ ʨʝʟʫʣʴʪʘʪʳ ʩʦʛʣʘʩʫʶʪʩʷ ʜʘʥʥʳʤʠ ʜʨʫʛʠʭ  ʠʩʩʣʝʜʦʚʘʥʠʡ [3]. ʋʩʠʣʠʝ ʧʨʝʜʚʘʨʠʪʝʣʴ-

ʥʦʡ ʚʳʩʘʜʢʠ ʥʘ ʚʪʦʨʦʤ ʧʝʨʝʭʦʜʝ ʩʦʩʪʘʚʣʷʝʪ 0,3 ʄʅ. 

          ʅʘʠʙʦʣʴʰʝʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʝ ʫʩʠʣʠʝ 1,0 ʄʅ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʢʦʥʮʝ ʪʨʝʪʴʝʛʦ ʧʝʨʝʭʦʜʘ.  

         ʊʝʤʧʝʨʘʪʫʨʘ ʚ ʦʯʘʛʝ ʜʝʬʦʨʤʘʮʠʠ ʜʦʩʪʠʛʘʝʪ 420ʦʉ. 

         ɸʥʘʣʠʟ ʢʘʯʝʩʪʚʘ ʬʦʨʤʦʦʙʨʘʟʦʚʘʥʠʷ ʧʦʣʫʯʘʝʤʦʛʦ ʠʟʜʝʣʠʷ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʦʥʦ ʚ ʦʩʥʦʚ-

ʥʦʤ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʨʝʙʦʚʘʥʠʷʤ, ʦʜʥʘʢʦ ʥʝʦʙʭʦʜʠʤʳ ʜʘʣʴʥʝʡʰʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʮʝʩʩʘ ʩ ʮʝ-

ʣɹ ʶ ʚʳʙʦʨʘ ʦʧʪʠʤʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʧʨʦʮʝʩʩʘ ʬʦʨʤʦʠʟʤʝʥʝʥʠʷ. 

 

ʉʧʠʩʦʢ ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʠʩʪʦʯʥʠʢʦʚ 

 

1. ɸʛʝʝʚ ɺ. ʉ., ʍʫʩʠʜ ʈ. ɻ.,ʂʫʣʠʝʚ ʀ. ʀ.  ɺʳʩʦʢʦʧʨʦʯʥʳʝ ʙʦʣʪʳ ʩ ʥʘʢʘʪʥʦʡ ʨʝʟʴʙʦʡ ʜʣʷ 

ʤʦʩʪʦʩʪʨʦʝʥʠʷ. //ʄʝʪʠʟʳ.- ˉ 1, 2007, ʩ.62-66. 
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Annotation.  The effect of heat treatment on the geometric parameters of additive manufacturing 

products has been experimentally investigated. Changes in linear dimensions during prolonged ex-

posure at temperatures above the glass transition temperature of polylactide are determined. 

Keywords: ʘdditive technologies, heat treatment, shaping, PLA, polylactide, FDM printing.  

ɸʜʜʠʪʠʚʥʳʝ ʪʝʭʥʦʣʦʛʠʠ ï ɻ ʪʦ ʧʦʩʣʦʡʥʦʝ ʥʘʨʘʱʠʚʘʥʠʝ ʩ ʧʦʤʦʱʴʶ ʩʦʚʨʝʤʝʥʥʳʭ ʪʝʭʥʦ-

ʣʦʛʠʡ ʚ ʦʙʣʘʩʪʠ 3D ʨʘʟʨʘʙʦʪʦʢ [1]. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʠʟʜʝʣʠʡ ʘʜʜʠʪʠʚʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʚ 

ʫʩʣʦʚʠʷʭ ʧʦʚʳʰʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨ ʥʘʙʣʶʜʘʝʪʩʷ ʠʟʤʝʥʝʥʠʝ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʯʪʦ 

ʚʝʜʸʪ ʢ ʚʳʭʦʜʫ ʠʟʜʝʣʠʷ ʠʟ ʩʪʨʦʷ [2]. 

ɹʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʢʦʨʨʝʢʪʠʨʦʚʘʪʴ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʠʟʜʝʣʠʡ ʚ ʤʦʤʝʥʪ ʧʦʜʛʦ-

ʪʦʚʢʠ ʤʦʜʝʣʠ ʢ ʧʝʯʘʪʠ ʠ ʚʥʦʩʠʪʴ ʢʦʨʨʝʢʪʠʨʦʚʢʫ ʥʘ ʠʟʤʝʥʝʥʠʝ ʛʝʦʤʝʪʨʠʠ ʧʨʠ ʥʘʛʨʝʚʝ. ʇʦʩʣʝ 

ʧʝʯʘʪʠ ʧʨʝʜʣʘʛʘʝʪʩʷ ʪʝʨʤʠʯʝʩʢʠ ʦʙʨʘʙʘʪʳʚʘʪʴ ʠʟʜʝʣʠʷ ʥʘ ʧʨʝʜʝʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, ʧʨʠ ʢʦʪʦ-

ʨʦʡ ʦʥʠ ʙʫʜʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʧʦʩʣʝ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʤʳ ʧʦʣʫʯʘʝʤ ʠʟʜʝʣʠʝ, ʦʪʚʝʯʘʶʱʠʝ ʪʨʝʙʫʝʤʳʤ 

ʧʘʨʘʤʝʪʨʘʤ ʢʘʯʝʩʪʚʘ, ʢʦʪʦʨʦʝ ʥʝ ʙʫʜʝʪ ʚʳʭʦʜʠʪʴ ʠʟ ʩʪʨʦʷ ʧʨʠ ʥʘʛʨʝʚʝ ʚ ʧʨʦʮʝʩʩʝ ʨʘʙʦʪʳ. 

 

 

ʈʠʩ. 1. ʆʙʨʘʟʮʳ ʜʦ (ʩʣʝʚʘ) ʠ ʧʦʩʣʝ (ʩʧʨʘʚʘ) ʪʝʨʤʦʦʙʨʘʙʦʪʢʝ 

 

 ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ʙʳʣʦ ʥʘʧʝʯʘʪʘʥʦ 24 ʦʙʨʘʟʮʦʚ ʚ ʬʦʨʤʝ ʢʫʙʘ ʩʦ ʩʪʦʨʦʥʘʤʠ 

20ʭ20ʭ20,25 ʤʤ ʩ ʧʦʤʦʱʴʶ ʪʝʭʥʦʣʦʛʠʠ FDM. ʆʙʨʘʟʮʳ ʧʦʤʝʱʘʣʠʩʴ ʚ ʧʝʯʴ ʚ ʨʘʟʥʳʭ ʧʨʦʩʪʨʘʥ-

ʩʪʚʝʥʥʳʭ ʧʦʣʦʞʝʥʠʷʭ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʘʧʨʘʚʣʝʥʠʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʣʦʸʚ ʠ ʚʳʜʝʨʞʠʚʘʣʠʩʴ ʧʦ 30 

ʠ 60 ʤʠʥʫʪ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʪʞʠʛʘ ʚ 60, 80 ʠ 100 Áʉ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʈʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠ-

ʤʝʥʪʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 1. 

ɹʳʣʠ ʥʘʧʝʯʘʪʘʥʳ ʦʙʨʘʟʮʳ ʠʟ PLA [3] ʨʘʟʤʝʨʘʤʠ 20ʭ20ʭ20,25 ʤʤ ʥʘ ʩʪʘʥʜʘʨʪʥʳʭ 

ʥʘʩʪʨʦʡʢʘʭ. ʊʘʢ ʞʝ ʙʳʣʦ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʧʦʣʦʞʝʥʠʷ ʠʟʜʝʣʠʷ ʚ ʧʝʯʠ, ʦʪʥʦʩʠʪʝʣʴʥʦ ʪʦʛʦ, 

ʚ ʢʦʪʦʨʦʤ ʦʥʦ ʙʳʣʦ ʥʘʧʝʯʘʪʘʥʦ. 

 

ʊʘʙʣʠʮʘ 1. ʆʪʥʦʩʠʪʝʣʴʥʦʝ ʠʟʤʝʥʝʥʠʝ ʣʠʥʝʡʥʳʭ ʨʘʟʤʝʨʦʚ ʦʙʨʘʟʮʦʚ ʧʨʠ ʦʪʞʠʛʝ 

ˉ ɺʨʝʤʷ, 

ʤʠʥ 

ɻʨʘʜʫʩʳ, 
Áʉ 

ʇʦʣʦʞʝʥʠʝ X, 

ʤʤ 

ŭX, 

% 

Y, 

ʤʤ 

ŭY, 

% 

Z, 

ʤʤ 

ŭZ, 

% 

1 30 60 ɺʝʨʪʠʢʘʣʴʥʦ 19,8 1 19,8 1 20,65 1,98 
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2 30 60 ɺʝʨʪʠʢʘʣʴʥʦ 19,7 1,5 19,7 1,5 20,65 1,98 

3 30 60 ɻʦʨʠʟʦʥʪʘʣʴʥʦ 19,8 1 19,8 1 20,6 1,73 

4 30 60 ɻʦʨʠʟʦʥʪʘʣʴʥʦ 19,8 1 19,8 1 20,55 1,48 

5 60 60 ɺʝʨʪʠʢʘʣʴʥʦ 19,7 1,5 19,75 1,25 20,7 2,22 

6 60 60 ɺʝʨʪʠʢʘʣʴʥʦ 19,8 1 19,75 1,25 20,65 1,98 

7 60 60 ɻʦʨʠʟʦʥʪʘʣʴʥʦ 19,7 1,5 19,7 1,5 20,8 2,72 

8 60 60 ɻʦʨʠʟʦʥʪʘʣʴʥʦ 19,8 1 19,8 1 20,7 2,22 

9 30 80 ɺʝʨʪʠʢʘʣʴʥʦ 19,3 3,5 19,35 3,25 21,4 5,68 

10 30 80 ɺʝʨʪʠʢʘʣʴʥʦ 19,3 3,5 19,3 3,5 21,5 6,17 

11 30 80 ɻʦʨʠʟʦʥʪʘʣʴʥʦ 19,15 4,25 19,2 4 21,6 6,67 

12 30 80 ɻʦʨʠʟʦʥʪʘʣʴʥʦ 19,11 4,45 19,2 4 21,6 6,67 

13 60 80 ɺʝʨʪʠʢʘʣʴʥʦ 19,15 4,25 19,1 4,5 21,7 7,16 

14 60 80 ɺʝʨʪʠʢʘʣʴʥʦ 19,1 4,5 19,1 4,5 21,65 6,91 

15 60 80 ɻʦʨʠʟʦʥʪʘʣʴʥʦ 19,4 3 19,1 4,5 21,6 6,67 

16 60 80 ɻʦʨʠʟʦʥʪʘʣʴʥʦ 19,35 3,25 19,1 4,5 21,7 7,16 

17 30 100 ɺʝʨʪʠʢʘʣʴʥʦ 19 5 19 5 21,75 7,41 

18 30 100 ɺʝʨʪʠʢʘʣʴʥʦ 19 5 19 5 21,9 8,15 

19 30 100 ɻʦʨʠʟʦʥʪʘʣʴʥʦ 19,05 4,75 19,05 4,75 21,75 7,41 

20 30 100 ɻʦʨʠʟʦʥʪʘʣʴʥʦ 19,05 4,75 19,05 4,75 22 8,64 

21 60 100 ɺʝʨʪʠʢʘʣʴʥʦ 19,15 4,25 19,02 4,9 21,85 7,90 

22 60 100 ɺʝʨʪʠʢʘʣʴʥʦ 19,2 4 19,02 4,9 22,25 9,88 

23 60 100 ɻʦʨʠʟʦʥʪʘʣʴʥʦ 19 5 19,05 4,75 22,05 9,27 

24 60 100 ɻʦʨʠʟʦʥʪʘʣʴʥʦ 19,1 4,5 19,05 4,75 22,15 9,38 

 

 

ʈʠʩ. 2. ɻʠʩʪʦʛʨʘʤʤʘ ʩʨʘʚʥʝʥʠʷ ʠʟʤʝʥʝʥʠʷ ʨʘʟʤʝʨʦʚ ʦʙʨʘʟʮʦʚ ʧʨʠ ʨʘʟʥʦʡ ʚʳʜʝʨʞʢʝ ʚ ʧʝʯʠ 
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ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʠʩʩʣʝʜʦʚʘʥʠʡ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʩʣʝʜʫʶʱʠʝ ʚʳʚʦʜʳ:  

1) ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʡ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʠʟʜʝʣʠʷ, ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ ʧʦ-
ʩʣʦʡʥʦʛʦ ʥʘʧʣʘʚʣʝʥʠʷ ʠʟ ʧʦʣʠʣʘʢʪʠʜʘ ʧʨʝʪʝʨʧʝʚʘʶʪ ʟʥʘʯʠʪʝʣʴʥʳʝ ʠʟʤʝʥʝʥʠʷ ʛʝʦ-

ʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ. 

2) ʀʟʤʝʥʝʥʠʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʧʦʣʦʞʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʘʧʨʘʚʣʝʥʠʷ ʬʦʨʤʠʨʦʚʘ-
ʥʠʷ ʩʣʦʸʚ ʚ ʭʦʜʝ ʦʪʞʠʛʘ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʚʣʠʷʥʠʷ ʥʘ ʫʩʘʜʦʯʥʳʝ ʧʨʦʮʝʩʩʳ ʥʝ ʦʢʘʟʳ-

ʚʘʝʪ. 

3)  ʀʟʤʝʥʝʥʠʷ ʣʠʥʝʡʥʳʭ ʨʘʟʤʝʨʦʚ ʚ ʧʣʦʩʢʦʩʪʠ ʧʝʯʘʪʠ ʩʦʩʪʘʚʠʣʠ ʦʪ 1% ʜʦ 4,9% ʚ ʟʘ-

ʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʚʨʝʤʝʥʠ ʚʳʜʝʨʞʢʠ.  

4) ɺ ʥʘʧʨʘʚʣʝʥʠʠ ʥʘʣʦʞʝʥʠʷ ʩʣʦʸʚ ʧʨʠ ʧʝʯʘʪʠ ʤʦʜʝʣʠ ʜʘʥʥʳʡ ʧʦʢʘʟʘʪʝʣʴ ʚʦʟʨʘʩʪʘʝʪ 
ʦʪ 1,5 ʜʦ 9,9%.  

5) ʇʨʠ ʵʪʦʤ ʥʘʠʤʝʥʴʰʠʝ ʟʥʘʯʝʥʠʷ ʜʦʩʪʠʛʘʶʪʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʦʪʞʠʛʘ 60 Áʉ ʠ ʩʦ-

ʩʪʘʚʣʷʶʪ ʦʪ 1,5% ʜʦ 2,7%. ɸ ʤʘʢʩʠʤʘʣʴʥʳʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 100 Áʉ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

ʦʪ 7,4% ʜʦ 9,9%.  

6) ʈʘʟʥʠʮʘ ʧʦʢʘʟʘʪʝʣʝʡ ʧʦ ʚʳʩʦʪʝ ʤʦʜʝʣʠ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʦʪ 60 ʜʦ 100 Áʉ 
ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʨʝʤʝʥʠ ʚʳʜʝʨʞʢʠ ʩʦʩʪʘʚʣʷʝʪ ʦʪ 1,3% ʜʦ 2,5%. 

ʉʧʠʩʦʢ ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʠʩʪʦʯʥʠʢʦʚ 

1. ɻʆʉʊ ʈ 57558-2017/ ISO/ASTM 52900:2015. ɸʜʜʠʪʠʚʥʳʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ. 

ɹʘʟʦʚʳʝ ʧʨʠʥʮʠʧʳ. ʏʘʩʪʴ 1. ʊʝʨʤʠʥʳ ʠ ʦʧʨʝʜʝʣʝʥʠʷ. ï ʄ.: ʉʪʘʥʜʘʨʪʠʥʬʦʨʤ, 2018. 

2. ʊʝʭʥʦʣʦʛʠʠ, ʤʘʪʝʨʠʘʣʳ ʠ ʦʙʦʨʫʜʦʚʘʥʠʝ ʘʜʜʠʪʠʚʥʳʭ ʧʨʦʠʟʚʦʜʩʪʚ. ʏ.1 [ʕʣʝʢʪʨʦʥʥʳʡ 
ʨʝʩʫʨʩ]: ʫʯʝʙʥʦʝ ʧʦʩʦʙʠʝ / ɽ. ɺ. ʇʨʝʦʙʨʘʞʝʥʩʢʘʷ, ʊ. ʅ. ɹʦʨʦʚʠʢ, ʅ. ʉ. ɹʘʨʘʥʦʚʘ, ʀ. ɺ. ɹʝʣʦʫʩʦʚ 

ʠ ʜʨ. ï ʄ.: ʈʊʋ ʄʀʈʕɸ, 2021. ï ʕʣʝʢʪʨʦʥ. ʦʧʪ. ʜʠʩʢ (ISO) (ʰʠʬʨ ʚ ʙʠʙʣʠʦʪʝʢʝ ʈʊʋ ʄʀʈʕɸ: 

ʊ38). 

3. ʊʝʦʨʠʷ ʩʦʝʜʠʥʝʥʠʷ ʤʘʪʝʨʠʘʣʦʚ ʚ ʧʨʦʮʝʩʩʘʭ ʘʜʜʠʪʠʚʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ [ʕʣʝʢʪʨʦʥʥʳʡ 

ʨʝʩʫʨʩ]: ʫʯʝʙʥʦʝ ʧʦʩʦʙʠʝ / ɽ. ɺ. ʇʨʝʦʙʨʘʞʝʥʩʢʘʷ [ʠ ʜʨ.]. ï ʄ.: ʈʊʋ ʄʀʈʕɸ, 2020. ï ʕʣʝʢʪʨʦʥ. 

ʦʧʪ. ʜʠʩʢ (ISO) (ʰʠʬʨ ʚ ʙʠʙʣʠʦʪʝʢʝ ʈʊʋ ʄʀʈʕɸ: ʊ33).  
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ʋɼʂ 538.915 

 

ʇʆʃʋʏɽʅʀɽ ʀ ʀɿʋʏɽʅʀɽ ʂɽʈɸʄʀʏɽʉʂʀʍ ʆɹʈɸɿʎʆɺ 

ʊɺɽʈɼʓʍ ʈɸʉʊɺʆʈʆɺ CuCr 1-xAl xO2 

ʄʘʪʘʩʦʚ ɸ.ɺ. 

ʉʪ. ʧʨʝʧʦʜʘʚʘʪʝʣʴ, ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ "ʄʕʀ"  

 

ɹʫʰ ɸ.ɸ. 

ʧʨʦʬʝʩʩʦʨ, ʜ.ʪ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʄʀʈʕɸ - ʈʦʩʩʠʡʩʢʠʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ (ʈʊʋ 

ʄʀʈʕɸ) 

 

ʂʦʟʣʦʚ ɺ.ʀ. 

ʄʣʘʜʰʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ, ʘʩʧʠʨʘʥʪ, ʣʘʙʦʨʘʪʦʨʠʠ ʥʦʚʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, 

ʄʀʈʕɸ ï ʈʦʩʩʠʡʩʢʠʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ 

ʄʣʘʜʰʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ, ʀʥʩʪʠʪʫʪ ʬʠʟʠʯʝʩʢʠʭ ʧʨʦʙʣʝʤ ʈɸʅ ʠʤ. ʇ.ʃ. ʂʘʧʠʮʳ 

 

ɸʥʥʦʪʘʮʠʷ. ʇʦ ʦʙʳʯʥʦʡ ʢʝʨʘʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʦʙʨʘʟʮʳ ʩʠʩʪʝʤʳ 

CuCr1-xAlxO2 ʩ x=0, 0.25, 0.5, 0.75, 1. ʈʝʟʫʣʴʪʘʪʳ ʚʳʧʦʣʥʝʥʥʦʛʦ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ 

ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʚ ʩʠʩʪʝʤʝ ʦʙʨʘʟʫʝʪʩʷ ʥʝʦʛʨʘʥʠʯʝʥʥʳʡ ʨʷʜ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩʦ ʩʪʨʫʢʪʫ-

ʨʦʡ ʜʝʣʘʬʦʩʩʠʪʘ (ʧʨ. ʛʨ. R-3m). ɺ ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ 77-300 ʂ ʠʟʫʯʝʥʳ ʪʝʤʧʝʨʘʪʫʨʥʳʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʦʙʨʘʟʮʦʚ ʥʘ ʧʦʩʪʦʷʥʥʦʤ ʪʦʢʝ. ʆʙʥʘʨʫʞʝʥʦ, 

ʯʪʦ ʧʨʠʣʦʞʝʥʠʝ ʢ ʦʙʨʘʟʮʘʤ ʧʦʩʪʦʷʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʥʘʧʨʷʞʝʥʥʦʩʪʴʶ 1.5 ʢɺ/ʩʤ 

ʚʳʟʳʚʘʝʪ ʠʭ ʧʝʨʝʭʦʜ ʠʟ ʚʳʩʦʢʦʦʤʥʦʛʦ ʚ ʥʠʟʢʦʦʤʥʦʝ ʩʦʩʪʦʷʥʠʝ, ʯʪʦ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʩʢʘʯʢʦʦʙ-

ʨʘʟʥʦʤ ʠʟʤʝʥʝʥʠʠ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʦʙʨʘʟʮʦʚ, ʧʨʦʠʩʭʦʜʷʱʝʤ ʚ ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ 90 ï 200 ʂ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʢʝʨʘʤʠʢʘ 3R-CuCrO2, 3R-CuAlO2, ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ, ʜʝʣʘʬʦʩʩʠʪ, ʵʣʝʢʪʨʠ-

ʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ, ʵʬʬʝʢʪ ʧʝʨʝʢʣʶʯʝʥʠʷ ʚʝʣʠʯʠʥʳ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ 
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Annotation. Samples of the CuCr1-xAlxO2 system with x=0, 0.25, 0.5, 0.75, 1 were synthesized using 

conventional ceramic technology. The results of the performed X-ray phase analysis show that an 

unlimited series of solid solutions with the delafossite structure (sp. gr. R-3m) are formed in the sys-

tem. In the temperature range of 77-300 K, the temperature dependences of the electrical resistance 

of the samples at direct current were studied. It has been found that the application of a direct electric 

field of 1.5 kV/cm to the samples causes their transition from a high-resistance to a low-resistance 

state, which manifests itself in an abrupt change in the resistance of the samples occurring in the 

temperature range of 90ï200 K. 

Keywords: 3R-CuCrO2, 3R-CuAlO2 ceramics, solid solutions, delafossite, electrical properties, effect 

of electrical resistance switching 

ɺʚʝʜʝʥʠʝ. ʌʘʟʳ CuCrO2 ʠ CuAlO2 ʦʪʥʦʩʷʪʩʷ ʢ ʩʝʤʝʡʩʪʚʫ ʜʝʣʘʬʦʩʩʠʪʦʚ ʩ ʦʙʱʝʡ ʬʦʨ-

ʤʫʣʦʡ AMO2 (A ï ʦʜʥʦʚʘʣʝʥʪʥʳʝ ʢʘʪʠʦʥʳ Cu+, Ag+, Pd+ ʠʣʠ Pt+, M ï ʙʦʣʴʰʠʥʩʪʚʦ ʪʨʝʭʚʘʣʝʥʪ-

ʥʳʭ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ, ʵʣʝʤʝʥʪʳ III ʛʨʫʧʧʳ Al, Sc, Ga, Y, In, Tl, ʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʵʣʝʤʝʥʪʳ 

ʠʣʠ ʧʘʨʳ ʵʣʝʤʝʥʪʦʚ ʪʠʧʘ M2+
1/2M

4+
1/2, M

2+
2/3M

5+
1/3) ʩ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʠʟʦʪʠʧʥʦʡ 

ʩʪʨʫʢʪʫʨʝ ʤʠʥʝʨʘʣʘ ʜʝʣʘʬʦʩʩʠʪʘ CuFeO2 [1, 2]. 

ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʧʦʩʦʙʘ ʯʝʨʝʜʦʚʘʥʠʷ ʚ ʩʪʨʫʢʪʫʨʝ ʜʚʦʡʥʳʭ ʩʣʦʝʚ L = [A][MO2], ʤʦʛʫʪ 

ʦʙʨʘʟʦʚʳʚʘʪʴʩʷ ʜʚʝ ʧʦʣʠʪʠʧʥʳʝ ʬʦʨʤʳ AMO2: ʛʝʢʩʘʛʦʥʘʣʴʥʳʡ 2H-ʧʦʣʠʪʠʧ ʩ ʯʝʨʝʜʫʶʱʠ-

ʤʠʩʷ ʩʣʦʷʤʠ L, ʧʦʚʝʨʥʫʪʳʤʠ ʥʘ 180o ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛ ʜʨʫʛʘ L1L2 (ʧʨ. ʛʨ. P63/mmc) ʠʣʠ ʨʦʤ-

ʙʦʵʜʨʠʯʝʩʢʠʡ 3R-ʧʦʣʠʪʠʧ ʩ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʤ ʯʝʨʝʜʦʚʘʥʠʝʤ ʪʨʝʭ ʩʣʦʝʚ L1L2L3, ʦʨʠʝʥʪʠʨʦ-

ʚʘʥʥʳʭ ʚ ʦʜʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ, ʥʦ ʩʤʝʱʝʥʥʳʭ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛ ʜʨʫʛʘ (ʧʨ. ʛʨ. R-3m) [2, 3]. 

ʅʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤ ʷʚʣʷʝʪʩʷ ʨʦʤʙʦʵʜʨʠʯʝʩʢʠʡ ʧʦʣʠʪʠʧ.   

ʆʩʦʙʳʡ ʠʥʪʝʨʝʩ ʢ ʬʘʟʘʤ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʜʝʣʘʬʦʩʩʠʪʘ, ʚ ʯʘʩʪʥʦʩʪʠ ʢ CuCrO2 ʠ CuAlO2, 

ʚʳʟʚʘʥ ʠʭ ʚʳʩʦʢʦʡ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ ʨ-ʪʠʧʘ, ʩʦʯʝʪʘʶʱʝʡʩʷ ʩ ʦʧʪʠʯʝʩʢʦʡ 

ʧʨʦʟʨʘʯʥʦʩʪʴʶ ʚ ʚʠʜʠʤʦʤ ʜʠʘʧʘʟʦʥʝ [4], ʘ ʪʘʢʞʝ ʠʥʪʝʨʝʩʥʳʤʠ ʩ ʥʘʫʯʥʦʡ ʠ ʧʨʠʢʣʘʜʥʦʡ ʪʦʯʢʠ 

ʟʨʝʥʠʷ: (ʪʝʨʤʦ)ʵʣʝʢʪʨʠʯʝʩʢʠʤʠ, ʦʧʪʠʯʝʩʢʠʤʠ, ʤʘʛʥʠʪʥʳʤʠ, ʢʘʪʘʣʠʪʠʯʝʩʢʠʤʠ ʠ ʜʨʫʛʠʤʠ ʩʚʦʡ-

ʩʪʚʘʤʠ. ʇʦ ʵʪʦʡ ʧʨʠʯʠʥʝ ʦʙʨʘʟʮʳ ʩʪʨʫʢʪʫʨʥʦʛʦ ʩʝʤʝʡʩʪʚʘ ʜʝʣʘʬʦʩʩʠʪʘ ʚʝʩʴʤʘ ʠʥʪʝʥʩʠʚʥʦ ʠʩ-

ʩʣʝʜʫʶʪʩʷ ʧʦʩʣʝʜʥʠʝ ʜʝʩʷʪʠʣʝʪʠʷ [1ï16]. 

ʀʤʝʝʪʩʷ ʢʨʘʡʥʝ ʤʘʣʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʘʙʦʪ ʧʦ ʩʠʥʪʝʟʫ ʠ ʠʩʩʣʝʜʦʚʘʥʠʶ ʩʚʦʡʩʪʚ ʪʚʝʨʜʳʭ 

ʨʘʩʪʚʦʨʦʚ CuCr1-xAl xO2: ʧʦʣʫʯʝʥʳ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʝ ʜʘʥʥʳʝ ʦʙ ʠʭ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠ-

ʪʝʣʴʥʳʭ ʩʚʦʡʩʪʚʘʭ [5], ʩʧʝʢʪʨʘʭ ʦʧʪʠʯʝʩʢʦʛʦ ʧʨʦʧʫʩʢʘʥʠʷ ʚ ʜʠʘʧʘʟʦʥʝ 200-800 ʥʤ, ʪʝʤʧʝʨʘ-

ʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʷʭ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 250-300 

K [6], ʟʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʩ ʧʦʤʦʱʴʶ ʨʘʩʯʝʪʦʚ ʧʦ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ [7].  

ɺ ʨʘʙʦʪʘʭ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʷʤ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʦʙʨʘʟʮʦʚ ʬʘʟ CuʄO2, M = 

Al, Cr, Sc, Ga [8-11] ʩʦʦʙʱʘʣʦʩʴ ʦ ʧʨʳʞʢʦʚʦʤ ʤʝʭʘʥʠʟʤʝ ʧʨʦʚʦʜʠʤʦʩʪʠ ʧʦ ʣʦʢʘʣʠʟʦʚʘʥʥʳʤ 

ʩʦʩʪʦʷʥʠʷʤ ʩ ʧʝʨʝʤʝʥʥʦʡ ʜʣʠʥʦʡ ʧʨʳʞʢʘ ʥʠʞʝ 200 K, ʢʦʪʦʨʳʡ ʪʨʘʥʩʬʦʨʤʠʨʫʝʪʩʷ ʚ ʘʢʪʠʚʘ-

ʮʠʦʥʥʳʡ ʤʝʭʘʥʠʟʤ ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʆʪʤʝʯʘʝʪʩʷ, ʯʪʦ ʜʝʣʘʬʦʩʩʠʪʥʳʤ ʬʘʟʘʤ 

ʧʨʠʩʫʱʝ ʧʦʣʷʨʦʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ [12]. ɺ ʨʘʙʦʪʘʭ [13, 14] ʦʙʥʘʨʫʞʝʥ ʵʬʬʝʢʪ 

ʧʦʨʦʛʦʚʦʛʦ ʧʝʨʝʢʣʶʯʝʥʠʷ ʧʦ ʵʣʝʢʪʨʠʯʝʩʢʦʤʫ ʧʦʣʶ ʠʟ ʚʳʩʦʢʦʦʤʥʦʛʦ ʚ ʥʠʟʢʦʦʤʥʦʝ ʩʦʩʪʦʷʥʠʝ 

ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ CuCrO2, CuAlO2, ʯʪʦ ʩʚʷʟʳʚʘʝʪʩʷ ʩ ʨʘʟʨʫʰʝʥʠʝʤ ʧʦʣʷʨʦʥʥʦʛʦ ʩʦʩʪʦ-

ʷʥʠʷ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʧʨʠʢʣʘʜʳʚʘʝʤʳʤ ʚʥʝʰʥʠʤ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʧʦʣʝʤ. 

ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʷʚʣʷʣʦʩʴ ʠʟʫʯʝʥʠʝ ʚʣʠʷʥʠʷ ʩʦʩʪʘʚʘ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ CuCr1-

xAl xO2 ʥʘ ʠʭ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʥʘ ʵʬʬʝʢʪ ʧʝʨʝʢʣʶʯʝʥʠʷ ʠʟ ʚʳʩʦʢʦʦʤʥʦʛʦ 

ʚ ʥʠʟʢʦʦʤʥʦʛʦ ʩʦʩʪʦʷʥʠʝ.  



ʉɽʂʎʀʗ 2. ʇɽʈʉʇɽʂʊʀɺʅʓɽ ʄɸʊɽʈʀɸʃʓ 
 ʀ ʊɽʍʅʆʃʆɻʀʀ 

  

çʇɽʈʉʇɽʂʊʀɺʅʓɽ ʄɸʊɽʈʀɸʃʓ ʀ ʊɽʍʅʆʃʆɻʀʀè (çʇʄʊ - 2023è)                  203 
 

ɼʝʪʘʣʠ ʵʢʩʧʝʨʠʤʝʥʪʘ. ʉʠʥʪʝʟ ʦʙʨʘʟʮʦʚ ʩʦʩʪʘʚʘ CuCr1-xAl xO2 (x=0, 0.25, 0.5, 0.75, 1) 

ʧʨʦʚʦʜʠʣʠ ʤʝʪʦʜʦʤ ʪʚʝʨʜʦʬʘʟʥʳʭ ʨʝʘʢʮʠʡ ʧʦ ʦʙʳʯʥʦʡ ʢʝʨʘʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ ʚ ʚʦʟʜʫʰ-

ʥʦʡ ʘʪʤʦʩʬʝʨʝ. ɺ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠ ʦʢʩʠʜʳ Cr2O3 ʤʘʨʢʠ çʯ.ʜ.ʘè, 

CuO - çʯ.è, Al 2O3 - çʯ.ʜ.ʘè, ʚʟʷʪʳʝ ʚ ʧʨʦʧʦʨʮʠʷʭ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʩʦʩʪʘʚʫ CuCr1-xAlxO2. ɻʦ-

ʤʦʛʝʥʠʟʘʮʠʶ ʩʤʝʩʝʡ ʦʢʩʠʜʦʚ CuO, Cr2O3, Al 2O3 ʧʨʦʚʦʜʠʣʠ ʧʝʨʝʪʠʨʘʥʠʝʤ ʠʭ ʚ ʘʛʘʪʦʚʦʡ ʩʪʫʧʢʝ 

ʚ ʩʨʝʜʝ ʵʪʠʣʦʚʦʛʦ ʩʧʠʨʪʘ ʚ ʪʝʯʝʥʠʝ 30 ʤʠʥ. ʉʠʥʪʝʟ ʛʦʤʦʛʝʥʠʟʠʨʦʚʘʥʥʦʡ ʩʤʝʩʠ Cr2O3 ʠ CuO 

ʧʨʦʚʦʜʠʣʠ ʧʫʪʝʤ ʝʝ 4-ʭ ʢʨʘʪʥʦʛʦ ʦʙʞʠʛʘ ʧʨʠ 900, 930, 950 ʠ 980 ʉ ʧʦ 2 ʯʘʩʘ, ʘ ʜʣʷ ʰʠʭʪʳ 

ʩʦʩʪʘʚʘ (1-x)Cr2O3ĿxAl2O3Ŀ2CuO (x=0.25, 0.5, 0.75, 1) ʦʙʞʠʛ ʧʨʦʚʦʜʠʣʠ ʧʨʠ 1040 ʦʉ ʚ ʪʝʯʝʥʠʝ 

40 ʯʘʩʦʚ. ʀʟ ʠʟʤʝʣʴʯʝʥʥʳʭ ʧʨʦʜʫʢʪʦʚ ʦʙʞʠʛʘ ʩ ʧʦʤʦʱʴʶ ʛʠʜʨʘʚʣʠʯʝʩʢʦʛʦ ʧʨʝʩʩʘ ʬʦʨʤʦʚʘ-

ʣʠʩʴ ʪʘʙʣʝʪʢʠ ʧʦʜ ʦʜʥʦʦʩʥʳʤ ʜʘʚʣʝʥʠʝʤ 15 ʄʇʘ. ʇʨʠ ʵʪʦʤ ʚ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʧʦʨʦʰʢʠ ʚʚʦ-

ʜʠʣʠ ʩʚʷʟʢʫ ʚ ʚʠʜʝ 5 ʤʘʩʩ. % ʚʦʜʥʦʛʦ ʨʘʩʪʚʦʨʘ ʧʦʣʠʚʠʥʠʣʦʚʦʛʦ ʩʧʠʨʪʘ. ʉʧʝʢʘʥʠʝ ʦʙʨʘʟʮʦʚ 

ʧʨʦʚʦʜʠʣʠ ʚ ʢʘʤʝʨʥʦʡ ʧʝʯʠ ʧʨʠ 1300ʦʉ ʚ ʪʝʯʝʥʠʝ 1 ʯʘʩʘ ʩ ʦʭʣʘʞʜʝʥʠʝʤ ʚ ʨʝʞʠʤʝ ʚʳʢʣʶʯʝʥ-

ʥʦʡ ʧʝʯʠ. ɺ ʠʪʦʛʝ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʢʝʨʘʤʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ ʚ ʚʠʜʝ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʪʘʙʣʝʪʦʢ ʜʠʘ-

ʤʝʪʨʦʤ 10 ʤʤ ʠ ʪʦʣʱʠʥʦʡ 1-2 ʤʤ. 

ɼʣʷ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʣʫʯʝʥʥʳʭ ʪʘʙʣʝʪʦʢ ʙʳʣʠ 

ʥʘʥʝʩʝʥʳ ʵʣʝʢʪʨʦʜʳ ʧʫʪʝʤ ʚʞʠʛʘʥʠʷ ʩʝʨʝʙʨʦʩʦʜʝʨʞʘʱʝʡ ʧʘʩʪʳ. 

ʈʝʥʪʛʝʥʦʚʩʢʠʡ ʬʘʟʦʚʳʡ ʘʥʘʣʠʟ (ʈʌɸ) ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʧʨʦʚʦʜʠʣʠ ʥʘ ʘʚʪʦ-

ʤʘʪʠʟʠʨʦʚʘʥʥʦʤ ʨʝʥʪʛʝʥʦʚʩʢʦʤ ʜʠʬʨʘʢʪʦʤʝʪʨʝ ɼʈʆʅ 4 ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʬʠʣʴʪʨʦʚʘʥʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ CuKŬ ʠ ʧʦʨʦʰʢʘ ʢʨʠʩʪʘʣʣʦʚ Ge ʚ ʢʘʯʝʩʪʚʝ ʚʥʫʪʨʝʥʥʝʛʦ ʵʪʘʣʦʥʘ. 

ʀʟʤʝʨʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʥʘ ʧʦʩʪʦʷʥʥʦʤ ʪʦʢʝ ʚʳʧʦʣʥʝʥʳ ʩ ʠʩʧʦʣʴʟʦ-

ʚʘʥʠʝʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʡ ʩʭʝʤʳ, ʚʢʣʶʯʘʶʱʝʡ ʠʩʪʦʯʥʠʢ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʥʘʧʨʷʞʝʥʠʷ Uo, ʠʩ-

ʩʣʝʜʫʝʤʳʡ ʦʙʨʘʟʝʮ ʠ ʥʘʛʨʫʟʦʯʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ (Rʅ=3910 Ohm). 

ʈʝʟʫʣʴʪʘʪʳ ʠ ʦʙʩʫʞʜʝʥʠʝ. ɺʩʝ ʨʝʬʣʝʢʩʳ ʜʠʬʨʘʢʪʦʛʨʘʤʤ (ʨʠʩ. 1) ʧʦʣʫʯʝʥʥʳʭ ʢʝʨʘʤʠ-

ʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ CuCr1-xAl xO2 (x=0, 0.25, 0.5, 0.75, 1) ʭʦʨʦʰʦ ʠʥʜʠʮʠʨʫʶʪʩʷ ʥʘ ʦʩʥʦʚʝ ʛʝʢʩʘ-

ʛʦʥʘʣʴʥʦʡ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ (ʧʨ. ʛʨ. R-3m) ʩ ʧʘʨʘʤʝʪʨʘʤʠ ʨʝʰʝʪʢʠ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʤʠ ʚ 

ʪʘʙʣ. 1 ʠ ʥʘ ʨʠʩ. 2. ʕʪʠ ʨʝʟʫʣʴʪʘʪʳ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦʙ ʦʜʥʦʬʘʟʥʦʩʪʠ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʥʘʤʠ 

ʦʙʨʘʟʮʦʚ, ʧʨʠʥʘʜʣʝʞʥʦʩʪʠ ʠʭ ʢ ʩʪʨʫʢʪʫʨʥʦʤʫ ʩʝʤʝʡʩʪʚʫ ʜʝʣʘʬʦʩʩʠʪʘ, ʦʙʨʘʟʦʚʘʥʠʶ ʚ ʩʠʩʪʝʤʝ 

CuCr1-xAl xO2 ʥʝʦʛʨʘʥʠʯʝʥʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ. 
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ʈʠʩ. 1. ɼʠʬʨʘʢʪʦʛʨʘʤʤʳ ʦʙʨʘʟʮʦʚ CuCr1-xAlxO2, x=0, 0.25, 0.5, 0.75, 1. 

ʅʘ ʨʠʩ. 3 ʧʨʠʚʝʜʝʥʳ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʫʜʝʣʴʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚ-

ʣʝʥʠʷ rDC(T) ʦʙʨʘʟʮʦʚ, ʠʟʤʝʨʝʥʥʳʝ ʥʘ ʧʦʩʪʦʷʥʥʦʤ ʪʦʢʝ ʧʨʠ ʥʘʧʨʷʞʝʥʠʠ Uo=1 ɺ ʚ ʨʝʞʠʤʝ 

ʦʭʣʘʞʜʝʥʠʷ ʦʙʨʘʟʮʦʚ. ʇʨʠ ʤʘʣʳʭ ʥʘʧʨʷʞʝʥʠʷʭ Uo ʟʘʚʠʩʠʤʦʩʪʠ rDC(T) CuCr1-xAl xO2 ʠʤʝʶʪ ʭʘ-

ʨʘʢʪʝʨʥʳʡ ʜʣʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʚʠʜ ʩ ʧʦʥʠʞʝʥʠʝʤ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʧʨʠ ʨʦʩʪʝ ʪʝʤʧʝʨʘʪʫʨʳ T. 

ɿʘʚʠʩʠʤʦʩʪʠ rDC(T) ʧʨʠ ʊ > ~200 K ʦʧʠʩʳʚʘʶʪʩʷ ʬʦʨʤʫʣʦʡ ɸʨʨʝʥʠʫʩʘ r=r0Āexp(EA/kBT), ʭʘ-

ʨʘʢʪʝʨʠʟʫʶʱʝʡ ʘʢʪʠʚʘʮʠʦʥʥʫʶ ʧʨʦʚʦʜʠʤʦʩʪʴ, ʛʜʝ EA ï ʵʥʝʨʛʠʷ ʘʢʪʠʚʘʮʠʠ, kB ï ʧʦʩʪʦʷʥʥʘʷ 

ɹʦʣʴʮʤʘʥʘ. ʇʨʠ ʊ < ~200 K ʟʘʚʠʩʠʤʦʩʪʠ ɟ(T) ʭʦʨʦʰʦ ʦʧʠʩʳʚʘʶʪʩʷ ʬʦʨʤʫʣʦʡ ʄʦʪʪʘ 

ɟ = ɟ0Ŀexp((To/T)0.25). ɼʘʥʥʳʝ ʦ ʚʝʣʠʯʠʥʘʭ EA ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʄʦʪʪʘ To, ʧʦ 

ʣʫʯʝʥʥʳʝ ʧʨʠ ʬʠʪʪʠʨʦʚʘʥʠʠ ʟʘʚʠʩʠʤʦʩʪʠ ʫʢʘʟʘʥʥʳʤʠ ʬʦʨʤʫʣʘʤʠ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ. 
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ʈʠʩ. 2. ʂʦʥʮʝʥʪʨʘʮʠʦʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʘʨʘʤʝʪʨʦʚ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʵʣʝʤʝʥʪʘʨʥʦʡ 

ʷʯʝʡʢʠ a ʠ c ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ CuCr1-xAlxO2, x=0, 0.25, 0.5, 0.75, 1. 

 

ɺʳʧʦʣʥʝʥʠʝ ʟʘʢʦʥʘ ʄʦʪʪʘ: ɟ = ɟ0Ŀexp[(To/T)0.25] ʧʨʠ T <200 K ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʚ ʠʩʩʣʝ-

ʜʦʚʘʥʥʳʭ ʦʙʨʘʟʮʘʭ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʨʝʘʣʠʟʫʝʪʩʷ ʧʨʳʞʢʦʚʳʡ ʤʝʭʘʥʠʟʤ ʧʨʦʚʦʜʠʤʦ-

ʩʪʠ ʩ ʧʝʨʝʤʝʥʥʦʡ ʜʣʠʥʦʡ ʧʨʳʞʢʘ ʧʦ ʣʦʢʘʣʠʟʦʚʘʥʥʳʤ ʚʙʣʠʟʠ ʵʥʝʨʛʠʠ ʌʝʨʤʠ ʩʦʩʪʦʷʥʠʷʤ [15]. 

ʆʪʩʫʪʩʪʚʠʝ ʚʳʨʘʞʝʥʥʦʡ ʢʦʨʨʝʣʷʮʠʠ ʚʝʣʠʯʠʥʳ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʦʙʨʘʟʮʦʚ ʪʚʝʨʜʳʭ ʨʘʩ-

ʪʚʦʨʦʚ ʦʪ ʠʭ ʩʦʩʪʘʚʘ, ʚʳʟʚʘʥʦ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʨʘʟʣʠʯʥʦʡ ʧʣʦʪʥʦʩʪʴʶ ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ.  
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ʈʠʩ. 3. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʦʙʨʘʟʮʦʚ CuCr1-xAlxO2, 

ʠʟʤʝʨʝʥʥʳʝ ʧʨʠ Uo=1 ɺ. 

 

ʇʨʠ ʧʦʚʳʰʝʥʠʠ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʧʨʠʢʣʘʜʳʚʘʝʤʦʛʦ ʢ ʦʙʨʘʟʮʘʤ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʜʦ 

Eå1.5 ʢɺ/ʩʤ ʥʘ ʟʘʚʠʩʠʤʦʩʪʠ rDC(T) ʚ ʦʙʣʘʩʪʠ 90 ï 200 ʂ ʥʘʙʣʶʜʘʝʪʩʷ ʵʬʬʝʢʪ ʧʝʨʝʢʣʶʯʝʥʠʷ 

ʦʙʨʘʟʮʦʚ ʠʟ ʚʳʩʦʢʦʦʤʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʥʠʟʢʦʦʤʥʦʝ. ʕʪʦʪ ʵʬʬʝʢʪ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʚʠʜʝ ʩʢʘʯʢʦ-

ʦʙʨʘʟʥʦʛʦ ʠʟʤʝʥʝʥʠʷ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʚ ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ 90 ï 200 K ʥʘ ʥʝʩʢʦʣʴʢʦ 

ʧʦʨʷʜʢʦʚ ʧʦ ʚʝʣʠʯʠʥʝ. ʀʟʤʝʥʝʥʠʷ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʦʙʨʘʟʮʘ ʧʨʠ ʪʘʢʦʤ ʧʝʨʝʢʣʶʯʝʥʠʠ ʜʣʷ ʬʘʟʳ 
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CuCr0.25Al 0.75O2 ʜʦʩʪʠʛʘʝʪ ~6 ʧʦʨʷʜʢʦʚ. ʀʤʝʝʪʩʷ ʟʘʤʝʪʥʳʡ ʛʠʩʪʝʨʝʟʠʩ ʚ ʧʦʣʦʞʝʥʠʠ ʪʝʤʧʝʨʘ-

ʪʫʨʳ ʧʝʨʝʢʣʶʯʝʥʠʷ (ʨʠʩ. 4, ʪʘʙʣ.). ɼʘʥʥʳʝ ʦ ʪʝʤʧʝʨʘʪʫʨʝ ʧʝʨʝʢʣʶʯʝʥʠʷ ʧʨʠ ʥʘʛʨʝʚʝ TH ʠ 

ʦʭʣʘʞʜʝʥʠʠ TC ʦʙʨʘʟʮʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ. 
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ʈʠʩ. 4. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʦʙʨʘʟʮʦʚ CuCr1-xAlxO2 

ʧʨʠ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ E~1.5 ʢɺ/ʩʤ. ɺʝʨʭʥʷʷ ʢʨʠʚʘʷ ʜʣʷ ʢʘʞʜʦʛʦ ʩʦʩʪʘʚʘ 

ï ʥʘʛʨʝʚ, ʥʠʞʥʷʷ ï ʦʭʣʘʞʜʝʥʠʝ. 

ʉʦʛʣʘʩʥʦ ʨʘʙʦʪʝ D. Emin [16] ʧʦʜʦʙʥʳʡ ʵʬʬʝʢʪ ʧʦʨʦʛʦʚʦʛʦ ʧʦ ʵʣʝʢʪʨʠʯʝʩʢʦʤʫ ʧʦʣʶ 

ʧʝʨʝʢʣʶʯʝʥʠʷ ʠʟ ʚʳʩʦʢʦʦʤʥʦʛʦ ʚ ʥʠʟʢʦʦʤʥʦʝ ʩʦʩʪʦʷʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʨʘʟʨʫʰʝʥʠʠ ʧʦʣʷ-

ʨʦʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʩʠʣʴʥʳʤ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʧʦʣʝʤ ʠ ʧʝʨʝʭʦʜʦʤ ʠʭ ʚ ʢʚʘ-

ʟʠʩʚʦʙʦʜʥʦʝ ʩʦʩʪʦʷʥʠʝ ʩ ʨʝʟʢʠʤ ʫʚʝʣʠʯʝʥʠʝʤ ʧʦʜʚʠʞʥʦʩʪʠ. ɿʘʤʝʪʠʤ, ʯʪʦ ʧʘʨʘʤʝʪʨʳ, ʭʘʨʘʢ-

ʪʝʨʠʟʫʶʱʠʝ ʵʬʬʝʢʪ ʧʝʨʝʢʣʶʯʝʥʠʷ (ʨʠʩ. 4, ʪʘʙʣ.), ʥʝ ʧʨʦʷʚʣʷʶʪ ʚʳʨʘʞʝʥʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʩʦʦʪʥʦʰʝʥʠʷ Cr ʠ Al ʚ ʠʩʩʣʝʜʫʝʤʦʤ ʪʚʝʨʜʦʤ ʨʘʩʪʚʦʨʝ. ɼʘʥʥʳʡ ʨʝʟʫʣʴʪʘʪ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥ 

ʩ ʨʘʟʣʠʯʥʦʡ ʧʣʦʪʥʦʩʪʴʶ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ. ʆʪʩʫʪʩʪʚʠʝ ʫʢʘʟʘʥʥʦʡ ʢʦʨ-

ʨʝʣʷʮʠʠ ʤʦʞʝʪ ʫʢʘʟʳʚʘʪʴ ʥʘ ʢʣʶʯʝʚʫʶ ʨʦʣʴ ʧʦʜʨʝʰʝʪʢʠ ʤʝʜʠ ʥʘ ʢʦʥʮʝʥʪʨʘʮʠʶ ʧʦʣʷʨʦʥʦʚ ʚ 

ʥʘʙʣʶʜʘʝʤʦʤ ʵʬʬʝʢʪʝ ʧʝʨʝʢʣʶʯʝʥʠʷ.  

 

ʊʘʙʣʠʮʘ. ʕʥʝʨʛʠʷ ʘʢʪʠʚʘʮʠʠ EA, ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʄʦʪʪʘ To, ʪʝʤ-

ʧʝʨʘʪʫʨʳ ʧʝʨʝʢʣʶʯʝʥʠʷ ʧʨʠ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʧʦʣʷ E~1.5 ʢɺ/ʩʤ ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ (TC) ʠ ʧʨʠ 

ʥʘʛʨʝʚʝ (TH), ʧʘʨʘʤʝʪʨʳ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ a, c ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ CuCr1-xAlxO2  

x 0 0.25 0.50 0.75 1 

EA, ɻ ɺ 0.3 0.28 0.27 0.31 0.22 

ToĀ10
9, K 5.62 4.16 5.25 5.07 0.57 

TC, K 175 - 183 94 160 

TH, K 190 188 193 192 175 

a, ¡ 2.9738(5) 2.9497(5) 2.9169(5) 2.8907(5) 2.8567(5) 

c, ¡ 17.099(1) 17,051(1) 16.998(1) 16.967(1) 16.940(1) 
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ɿʘʢʣʶʯʝʥʠʝ 

ʅʘ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʘʭ CuCr1-xAl xO2 ʚʳʧʦʣʥʝʥʳ ʨʝʥʪʛʝʥʦʛʨʘʬʠ-

ʯʝʩʢʠʝ ʠ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʦʙʨʘʟʮʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ 

ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʜʝʣʘʬʦʩʩʠʪʘ. ɺʳʷʚʣʝʥ ʵʬʬʝʢʪ ʧʦʨʦʛʦʚʦʛʦ ʧʦ ʵʣʝʢʪʨʠʯʝʩʢʦʤʫ 

ʧʝʨʝʢʣʶʯʝʥʠʷ ʦʙʨʘʟʮʦʚ ʠʟ ʚʳʩʦʢʦʦʤʥʦʛʦ ʚ ʥʠʟʢʦʦʤʥʦʝ ʩʦʩʪʦʷʥʠʝ, ʧʨʦʠʩʭʦʜʷʱʠʡ ʧʨʠ ʥʘʧʨʷ-

ʞʝʥʥʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, ʧʨʝʚʳʰʘʶʱʝʡ 1.5 ʢɺ/ʩʤ ʚ ʦʙʣʘʩʪʠ 90-200 ʂ. 

ɹʣʘʛʦʜʘʨʥʦʩʪʴ. ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ ʦʙ-

ʨʘʟʦʚʘʥʠʷ ʈʌ: ʧʨʦʝʢʪ ˉ FSFZ ï 2023 ï 0005. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʦʨʫʜʦʚʘʥʠʷ ʎʂʇ ʈʊʋ ʄʀʈʕɸ, ʧʦʣʫʯʠʚʰʝʛʦ 

ʧʦʜʜʝʨʞʢʫ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ ʚ ʨʘʤʢʘʭ ʉʦ-

ʛʣʘʰʝʥʠʷ ʦʪ 01.09.2021 ˉ075-15-2021-689. 
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ɺʃʀʗʅʀɽ ʊɽʄʇɽʈɸʊʋʈʓ ʉʇɽʂɸʅʀʗ ʅɸ ʉʊʈʋʂʊʋʈʅʓɽ 

ʀ ɼʀʕʃɽʂʊʈʀʏɽʉʂʀɽ ʍɸʈɸʂʊɽʈʀʉʊʀʂʀ ʊɺɽʈɼʓʍ 

ʈɸʉʊɺʆʈʆɺ ʉʀʉʊɽʄʓ (1-x)Ba(Ti 0.95Zr 0.05)O3ĿxPbTiO3 

(0 Ò x Ò 0,20) 

ʂʦʟʣʦʚ ɺ.ʀ. 

ɸʩʧʠʨʘʥʪ, ʤʣʘʜʰʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ, ʣʘʙʦʨʘʪʦʨʠʷ ʥʦʚʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, 

ʄʀʈʕɸ ï ʈʦʩʩʠʡʩʢʠʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ 

ʄʣʘʜʰʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ, ʀʥʩʪʠʪʫʪ ʬʠʟʠʯʝʩʢʠʭ ʧʨʦʙʣʝʤ ʈɸʅ ʠʤ. ʇ.ʃ. ʂʘʧʠʮʳ 

ɹʫʰ ɸ.ɸ. 

ʜ.ʪ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʜʠʨʝʢʪʦʨ, ʥʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʠʥʩʪʠʪʫʪ ʤʘʪʝʨʠʘʣʦʚ ʪʚʝʨʜʦʪʝʣʴʥʦʡ 

ʵʣʝʢʪʨʦʥʠʢʠ, ʄʀʈʕɸ ï ʈʦʩʩʠʡʩʢʠʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ 

ɸʥʥʦʪʘʮʠʷ. ʈʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʠʟʫʯʝʥʠʶ ʚʣʠʷʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʝʢʘʥʠʷ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙ-

ʨʘʟʮʦʚ ʩʠʩʪʝʤʳ (1-x)Ba(Ti0,95Zr0,05)O3ĀxPbTiO3 (0 Ò x Ò 0,20) ʥʘ ʠʭ ʩʪʨʫʢʪʫʨʥʳʝ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ʉʝʨʠʷ ʦʙʨʘʟʮʦʚ ʫʢʘʟʘʥʥʦʡ ʩʠʩʪʝʤʳ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʧʦ ʦʙʳʯʥʦʡ ʢʝʨʘʤʠʯʝʩʢʦʡ ʪʝʭ-

ʥʦʣʦʛʠʠ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʩʧʝʢʘʥʠʷ (TS), ʧʦʚʳʰʘʶʱʝʡʩʷ ʦʪ 1350 oC ʜʦ 1550 oC ʩ ʰʘʛʦʤ 50 ʦʉ. ʈʝʥʪ-

ʛʝʥʦʚʩʢʠʡ ʬʘʟʦʚʳʡ ʘʥʘʣʠʟ ʦʙʨʘʟʮʦʚ ʧʦʢʘʟʘʣ, ʯʪʦ ʦʥʠ ʦʜʥʦʬʘʟʥʳ ʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʪʚʝʨʜʳʝ 

ʨʘʩʪʚʦʨʳ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʧʝʨʦʚʩʢʠʪʘ, ʦʧʨʝʜʝʣʝʥʳ ʩʠʤʤʝʪʨʠʷ ʠ ʨʘʟʤʝʨʳ ʠʭ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ. 

ʇʦ ʜʘʥʥʳʤ ʪʝʨʤʦʛʨʘʚʠʤʝʪʨʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʩʧʝʢʘʥʠʠ Pb-ʩʦʜʝʨʞʘʱʠʭ ʦʙ-

ʨʘʟʮʦʚ ʠʩʩʣʝʜʫʝʤʦʡ ʩʠʩʪʝʤʳ ʠʭ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʠʟʤʝʥʷʝʪʩʷ ʠʟ-ʟʘ ʫʣʝʪʫʯʠʚʘʥʠʷ PbO. 

ʈʝʟʫʣʴʪʘʪʳ ʠʟʫʯʝʥʠʷ ʟʘʚʠʩʠʤʦʩʪʝʡ e(T, f), tgd(T, f) ʧʦʢʘʟʘʣʠ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ TS ʚʣʝʯʝʪ ʟʘ ʩʦʙʦʡ 

ʧʦʥʠʞʝʥʠʝ ʪʦʯʢʠ ʂʶʨʠ (Tʉ) ʜʦ ~60 K. ʇʨʠ TS ʜʦʩʪʠʛʘʶʱʝʤ 1500 oC ʚ ʦʙʨʘʟʮʝ ʩ ʭ = 0,15 ʧʨʦʠʩʭʦ-

ʜʠʪ ʨʘʩʩʣʦʝʥʠʝ ʝʛʦ ʥʘ ʜʚʝ ʙʣʠʟʢʠʝ ʧʦ ʩʦʩʪʘʚʫ ʠ ʩʪʨʫʢʪʫʨʝ ʬʘʟʳ ʩ ʨʘʟʥʳʤʠ ʊʉ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ, ʩʪʨʫʢʪʫʨʘ ʧʝʨʦʚʩʢʠʪʘ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ, 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʘʷ ʪʦʯʢʘ ʂʶʨʠ, ʪʝʤʧʝʨʘʪʫʨʘ ʩʧʝʢʘʥʠʷ 
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Abstract. The present work is devoted to studying to the influence of sintering temperature of ce-

ramic samples of the system (1-x)Ba(Ti0,95Zr0,05)O3ĀxPbTiO3 (0 Ò x Ò 0,20) on their structural and dielectric 

characteristics. A series of samples of the above system were obtained as usual ceramic technology with 

sintering temperature (TS) increasing from 1350 oC to 1550 oC in increments of 50 ʦʉ. X-ray diffraction 

phase analysis of the samples showed that they are single-phase and are solid solutions with perovskite 

crystal structure, the symmetry and size of their unit cell were determined. According to thermogravimetric 

analysis it was found that during sintering of Pb-containing samples of the studied system their stoichio-

metric composition changes due to volatilization of PbO. The results of the study of the dependences e(T, f), 

tgd(T, f) showed that increasing TS entails lowering the Curie point (Tʉ) up to ~60 K. At TS reaching 1500 oC 

in the sample with ʭ = 0,15 its stratification into two phases close in composition and crystal structure with 

different ʊʉ occurs. 

Keywords: solid solutions, perovskite structure, dielectric properties, ferroelectric Curie 

point, sintering temperature 

ɺɺɽɼɽʅʀɽ 

ʊʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ (1-x)Ba(Ti1-yZry)O3ĿxPbTiO3 ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʧʝʨʦʚʩʢʠʪʘ ʦʙʣʘʜʘʶʪ ʠʥʪʝʨʝʩ-

ʥʳʤʠ ʩ ʥʘʫʯʥʦʡ ʠ ʧʨʠʢʣʘʜʥʦʡ ʪʦʯʝʢ ʟʨʝʥʠʷ ʬʠʟʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʧʦʵʪʦʤʫ ʠʥʪʝʥʩʠʚʥʦ ʠʩʩʣʝ-

ʜʫʶʪʩʷ ʧʦʩʣʝʜʥʠʝ ʜʝʩʷʪʠʣʝʪʠʷ [1ï5]. ʆʥʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʚʳʩʦʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ e, ʥʠʟʢʠʤ ʬʘʢʪʦʨʦʤ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ tgd, ʚʳʩʦʢʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʥʝʣʠ-

ʥʝʡʥʦʩʪʴʶ ʠ ʩʪʦʡʢʦʩʪʴʶ ʢ ʜʝʡʩʪʚʠʶ ʚʳʩʦʢʠʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ [1ï4], ʧʦʵʪʦʤʫ ʦʥʠ ʥʘʭʦ-

ʜʷʪ ʧʨʠʤʝʥʝʥʠʝ ʧʨʠ ʩʦʟʜʘʥʠʠ ʢʦʥʜʝʥʩʘʪʦʨʦʚ ʠ ʚʘʨʠʢʦʥʜʦʚ [1], ʜʠʥʘʤʠʯʝʩʢʦʡ ʧʘʤʷʪʠ ʩ ʧʨʦʠʟʚʦʣʴ-

ʥʳʤ ʜʦʩʪʫʧʦʤ (DRAM) [3], ʫʧʨʘʚʣʷʝʤʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʧʦʣʝʤ ʉɺʏ-ʫʩʪʨʦʡʩʪʚ (ʬʘʟʦʚʨʘʱʘʪʝʣʝʡ, 

ʬʠʣʴʪʨʦʚ, ʘʥʪʝʥʥ ʠ ʜʨ. [1]). ɼʘʥʥʳʝ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʦʤʧʦʥʝʥʪʦʚ 

ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʨʘʟʥʦʦʙʨʘʟʠʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ: ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ (FE), ʩʝʛʥʝʪʦʵʣʝʢ-

ʪʨʠʯʝʩʢʠʭ ʩ ʨʘʟʤʳʪʳʤ ʬʘʟʦʚʳʤ ʧʝʨʝʭʦʜʦʤ (DFT), ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ-ʨʝʣʘʢʩʦʨʥʳʭ (FER), 

ʩʚʦʡʩʪʚ ʜʠʧʦʣʴʥʦʛʦ ʩʪʝʢʣʘ (DG), ʯʪʦ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʚʘʨʠʘʮʠʝʡ ʩʦʩʪʘʚʘ ʦʧʪʠʤʠʟʠʨʦʚʘʪʴ ʠʭ ʜʣʷ 

ʨʘʟʣʠʯʥʳʭ ʧʨʠʤʝʥʝʥʠʡ. BaZrO3 ʦʙʣʘʜʘʝʪ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʦʩʪʦʷʥʥʦʡ 

(e å 30), ʦʥ ʚʝʜʝʪ ʩʝʙʷ ʢʘʢ ʚʠʨʪʫʘʣʴʥʳʡ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢ ʩ ʤʦʥʦʪʦʥʥʳʤ ʚʦʟʨʘʩʪʘʥʠʝʤ e ʧʨʠ ʧʦʥʠ-

ʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 0 ʂ [4]. 

ʇʦʩʢʦʣʴʢʫ ʧʨʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤ ʩʠʥʪʝʟʝ (ʊ > 1300 0ʉ) ʦʙʳʯʥʦ ʫʣʝʪʫʯʠʚʘʝʪʩʷ ʯʘʩʪʴ 

ʣʝʛʢʦʧʣʘʚʢʦʡ ʢʦʤʧʦʥʝʥʪʳ Pbʆ, ʪʦ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ, ʦʮʝʥʠʪʴ ʚʝʣʠʯʠʥʫ ʚʣʠʷʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ 

ʩʧʝʢʘʥʠʷ ʥʘ ʩʪʨʫʢʪʫʨʥʳʝ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʜʘʥʥʦʡ ʩʠ-

ʩʪʝʤʳ. ʈʝʟʫʣʴʪʘʪʳ ʪʘʢʠʭ ʩʠʩʪʝʤʘʪʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʜʣʷ ʜʘʥʥʦʡ ʩʠʩʪʝʤʳ ʚ ʣʠʪʝʨʘʪʫʨʝ, ʧʦ 

ʥʘʰʠʤ ʩʚʝʜʝʥʠʷʤ, ʥʝ ʧʨʠʚʦʜʠʣʠʩʴ. 

ʅʘʩʪʦʷʱʘʷ ʨʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʠʩʩʣʝʜʦʚʘʥʠʶ ʚʣʠʷʥʠʷ ʚʝʣʠʯʠʥʳ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʝʢʘʥʠʷ ʦʙ-

ʨʘʟʮʦʚ ʩʠʩʪʝʤʳ (1-x)Ba(Ti0.95Zr0.05)O3ĿxPbTiO3 (0 Ò x Ò 0,20) ʥʘ ʩʪʨʫʢʪʫʨʥʳʝ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʭʘ-

ʨʘʢʪʝʨʠʩʪʠʢʠ. 
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ʈʠʩ. 1. ʉʭʝʤʘ ʬʘʟʦʚʳʭ ʩʦʦʪʥʦʰʝʥʠʡ ʚ ʩʠʩʪʝʤʝ BaTiO3ïBaZrO3ïPbTiO3 ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤ-

ʧʝʨʘʪʫʨʝ: ʯʝʨʥʳʤʠ, ʙʝʣʳʤʠ ʠ ʯʝʨʥʦ-ʙʝʣʳʤʠ ʢʨʫʞʦʯʢʘʤʠ ʦʙʦʟʥʘʯʝʥʳ ʩʦʩʪʘʚʳ ʦʙʨʘʟʮʦʚ, ʩʦ-

ʩʪʦʷʱʠʭ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʠʟ ʪʝʪʨʘʛʦʥʘʣʴʥʳʭ (T), ʢʫʙʠʯʝʩʢʠʭ (C) ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʠ ʠʟ 

ʩʤʝʩʠ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʨʘʟʥʦʡ ʩʠʤʤʝʪʨʠʠ [1]. 

ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅɸʗ ʏɸʉʊʔ 

ʉʠʥʪʝʟ ʢʝʨʘʤʠʢʠ. ʆʙʨʘʟʮʳ ʪʨʦʡʥʦʡ ʩʠʩʪʝʤʳ BaTiO3 (BT) ï BaZrO3 (BZr) ï PbTiO3 (PT) 

(1-x)Ba(Ti0.95Zr0.05)O3ĿxPbTiO3 (BTZr-xPT) ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʚ ʚʦʟʜʫʰʥʦʡ ʘʪʤʦʩʬʝʨʝ ʧʦ ʦʙʳʯʥʦʡ 

ʢʝʨʘʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʦʢʩʠʜʦʚ TiO2 ï 

ʤʘʨʢʠ çʦʩ.ʯ.è, ZrO2 ï çʦʩ.ʯ.è, Pb3O4 ï çʯ.ʜ.ʘ.è ʠ ʢʘʨʙʦʥʘʪʘ BaCO3 ï çʯ.ʜ.ʘ.è. ʉʦʩʪʘʚʳ ʩʠʥʪʝʟʠʨʦʚʘʥ-

ʥʳʭ ʠ ʠʟʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʠʥʠʤʠ ʢʨʫʞʢʘʤʠ ʥʘ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʤ ʪʨʝʫʛʦʣʴʥʠʢʝ 

ʩʠʩʪʝʤʳ BT - BZr - PT (ʨʠʩ. 1), ʦʥʠ ʣʝʞʘʪ ʥʘ ʢʚʘʟʠʙʠʥʘʨʥʦʤ ʨʘʟʨʝʟʝ (1-x)Ba(Ti1-yZry)O3ĿxPbTiO3 

(0 Ò x Ò 1) ʪʨʦʡʥʦʡ ʩʠʩʪʝʤʳ ʩ y = 0,05. 

ɻʦʤʦʛʝʥʠʟʘʮʠʶ ʩʤʝʩʝʡ ʫʢʘʟʘʥʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ, ʚʟʷʪʳʭ ʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʩʦʩʪʘʚʘʤ ʧʨʦ-

ʧʦʨʮʠʷʭ ʦʙʨʘʟʮʦʚ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ, ʧʨʦʚʦʜʠʣʠ ʧʝʨʝʤʝʰʠʚʘʥʠʝʤ ʠʭ ʚ ʘʛʘʪʦʚʦʡ ʩʪʫʧʢʝ ʚ ʩʨʝʜʝ ʵʪʠ-

ʣʦʚʦʛʦ ʩʧʠʨʪʘ. ʆʙʞʠʛʠ ʛʦʤʦʛʝʥʠʟʠʨʦʚʘʥʥʳʭ ʩʤʝʩʝʡ ʧʨʦʚʦʜʠʣʠ ʚ ʢʘʤʝʨʥʦʡ ʵʣʝʢʪʨʦʧʝʯʠ ʉʅʆʃ 

12/16 ʚ ʪʝʯʝʥʠʝ ~ 8 ʯʘʩʦʚ ʩ ʥʝʩʢʦʣʴʢʠʤʠ ʧʨʦʤʝʞʫʪʦʯʥʳʤʠ ʦʭʣʘʞʜʝʥʠʷʤʠ ʠ ʧʝʨʝʪʠʨʘʥʠʷʤʠ ʧʨʦʜʫʢ-

ʪʦʚ ʦʙʞʠʛʘ. ʆʙʞʠʛ ʦʙʨʘʟʮʦʚ ʧʨʦʚʦʜʠʣʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1250 ʦʉ. 

ʇʦʩʣʝ ʠʟʤʝʣʴʯʝʥʠʷ ʧʨʦʜʫʢʪʦʚ ʦʙʞʠʛʘ ʠʟ ʥʠʭ ʧʨʠ ʜʘʚʣʝʥʠʠ å 15 ʄʇʘ ʬʦʨʤʦʚʘʣʠ ʮʠʣʠʥʜʨʠ-

ʯʝʩʢʠʝ ʜʠʩʢʠ ʜʠʘʤʝʪʨʦʤ 10 ʤʤ ʠ ʪʦʣʱʠʥʦʡ 1ï3 ʤʤ. ʉʬʦʨʤʦʚʘʥʥʳʝ ʜʠʩʢʠ ʢʘʞʜʦʛʦ ʩʦʩʪʘʚʘ ʨʘʟʜʝ-

ʣʠʣʠ ʥʘ ʧʷʪʴ ʯʘʩʪʝʡ, ʢʘʞʜʫʶ ʠʟ ʢʦʪʦʨʳʭ ʩʧʝʢʘʣʠ ʚ ʪʝʯʝʥʠʝ 2 ʯʘʩʦʚ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1350 ʦʉ, 

1400 ʦʉ, 1450 ʦʉ, 1500 ʦʉ, 1550 ʦʉ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʢʝʨʘʤʠʯʝʩʢʠʝ ʦʙ-

ʨʘʟʮʳ ʨʘʟʣʠʯʥʦʡ ʩʪʝʧʝʥʠ ʩʧʝʯʝʥʥʦʩʪʠ. ʆʙʨʘʟʮʳ ʩ ʚʳʩʦʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ ʪʠʪʘʥʘʪʘ ʩʚʠʥʮʘ ʯʘʩʪʠʯʥʦ 

ʨʘʩʧʣʘʚʠʣʠʩʴ: ʜʣʷ x = 0,20 ʧʨʠ T = 1500 ʦʉ, ʘ ʜʣʷ x = 0,15 ʧʨʠ T = 1550 ʦʉ. 

ɼʣʷ ʠʟʫʯʝʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʦʣʫʯʝʥʥʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʥʘ ʠʭ ʙʘʟʠʩʥʳʝ 

ʧʣʦʩʢʦʩʪʠ ʪʘʙʣʝʪʦʢ ʙʳʣʠ ʥʘʥʝʩʝʥʳ ʵʣʝʢʪʨʦʜʳ ʧʫʪʝʤ ʚʞʠʛʘʥʠʷ Ag-ʩʦʜʝʨʞʘʱʝʡ ʧʘʩʪʳ. 
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ʈʠʩ. 2. ʈʝʥʪʛʝʥʦʛʨʘʤʤʳ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ 

(1-x)Ba(Ti0.95Zr0.05)O3ĿxPbTiO3, cʧʝʯʝʥʥʳʭ ʧʨʠ TS = 1450 oC (CuKa-ʠʟʣʫʯʝʥʠʝ). ʅʘʜ ʧʠʢʘʤʠ 

ʫʢʘʟʘʥʳ ʠʥʜʝʢʩʳ ʄʠʣʣʝʨʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʧʣʦʩʢʦʩʪʝʡ. ɼʣʷ ʢʘʞ-

ʜʦʛʦ ʩʦʩʪʘʚʘ ʧʨʠʚʝʜʝʥʳ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ. 

ʈʝʥʪʛʝʥʦʚʩʢʠʡ ʬʘʟʦʚʳʡ ʘʥʘʣʠʟ (ʈʌɸ) ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʧʨʦʚʦʜʠʣʠ ʥʘ ʫʧʨʘʚʣʷ-

ʝʤʦʤ ʢʦʤʧʴʶʪʝʨʦʤ ʨʝʥʪʛʝʥʦʚʩʢʦʤ ʜʠʬʨʘʢʪʦʤʝʪʨʝ ɼʈʆʅ-4 ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʬʠʣʴʪʨʦʚʘʥʥʦʛʦ ʤʝʜ-

ʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠ ʧʦʨʦʰʢʘ ʢʨʠʩʪʘʣʣʦʚ Ge ʚ ʢʘʯʝʩʪʚʝ ʚʥʫʪʨʝʥʥʝʛʦ ʵʪʘʣʦʥʘ. 

ɼʠʬʨʘʢʪʦʛʨʘʤʤʳ ʢʝʨʘʤʠʢʠ, ʩʧʝʯʝʥʥʦʡ ʧʨʠ TS = 1450 oC, ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩ. 2, ʦʥʠ ʧʦ ʧʦʣʦ-

ʞʝʥʠʶ ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʷʤ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʨʝʬʣʝʢʩʦʚ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʦʞʠʜʘʝʤʳʤ ʜʣʷ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦ-

ʨʦʚ ʥʘ ʦʩʥʦʚʝ ʬʘʟ BaTiO3, BaZrO3 ʠ PbTiO3 ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʧʝʨʦʚʩʢʠʪʘ [6]. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʈʌɸ 

ʦʧʨʝʜʝʣʝʥʳ ʧʘʨʘʤʝʪʨʳ ʧʩʝʚʜʦʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ (ʩʤ. ʨʠʩ. 2). ʄʦʞʥʦ ʟʘʤʝʪʠʪʴ, 

ʯʪʦ ʚʘʨʠʘʮʠʠ ʚʝʣʠʯʠʥʳ TS ʥʝ ʚʳʟʳʚʘʶʪ ʟʘʤʝʪʥʳʭ ʠʟʤʝʥʝʥʠʡ ʨʘʟʤʝʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ, ʠʭ 

ʠʟʤʝʥʝʥʠʷ ʫʢʣʘʜʳʚʘʶʪʩʷ ʚ ʧʨʝʜʝʣʳ ʪʦʯʥʦʩʪʠ ʦʧʨʝʜʝʣʝʥʠʷ. ɼʣʷ ʠʟʫʯʘʝʤʦʛʦ ʨʘʟʨʝʟʘ ʪʨʦʡʥʦʡ ʩʠ-

ʩʪʝʤʳ ʦʧʨʝʜʝʣʝʥʳ ʛʨʘʥʠʮʳ ʧʝʨʝʭʦʜʘ ʠʟ ʦʙʣʘʩʪʠ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʩʠʤʤʝʪʨʠʠ ʊ ʚ ʢʫʙʠʯʝʩʢʫʶ ʉ 

(ʨʠʩ. 1). ʇʨʠ ʦʧʨʝʜʝʣʝʥʠʠ ʛʨʘʥʠʮ ʬʘʟʦʚʳʭ ʦʙʣʘʩʪʝʡ ʫʯʠʪʳʚʘʣʠʩʴ ʪʘʢʞʝ ʜʘʥʥʳʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʠʟʤʝʨʝʥʠʡ. ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʣʠʪʝʨʘʪʫʨʦʡ [1]. 

ʊʝʨʤʦʛʨʘʚʠʤʝʪʨʠʯʝʩʢʠʡ ʘʥʘʣʠʟ (ʊɻɸ) ʧʨʦʚʦʜʠʣʠ ʚ Pt ʪʠʛʣʷʭ ʥʘ ʜʝʨʠʚʘʪʦʛʨʘʬʝ Q-1500D 

ʠ ʧʨʦʢʘʣʝʥʥʦʛʦ ʧʨʠ 1500 ʦʉ ʵʪʘʣʦʥʥʦʛʦ ʚʝʱʝʩʪʚʘ Al2O3. 

ʅʘ ʨʠʩ. 3 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʊɻɸ ʠʟʤʝʣʴʯʝʥʥʳʭ ʚ ʧʦʨʦʰʦʢ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʩ 

ʭ = 0 ʠ x = 0,20 ʩʠʩʪʝʤʳ (1-x)Ba(Ti0.95Zr0.05)O3ĿxPbTiO3 ʠʟ ʢʦʪʦʨʳʭ ʩʣʝʜʫʝʪ, ʯʪʦ ʜʣʷ ʙʝʩʩʚʠʥʮʦʚʦʛʦ 

ʦʙʨʘʟʮʘ (ʥʝ ʩʦʜʝʨʞʘʱʝʛʦ ʢʦʤʧʦʥʝʥʪʳ PT), ʫʤʝʥʴʰʝʥʠʝ ʤʘʩʩʳ ʧʨʠ ʝʛʦ ʥʘʛʨʝʚʝ ʜʦ 1490 ʦʉ ʥʝ ʧʨʝ-

ʚʳʰʘʝʪ < 0,01 %. ʄʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʧʨʠ ʩʠʥʪʝʟʝ ʪʘʢʠʭ ʦʙʨʘʟʮʦʚ ʠʭ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʡ ʩʦ-

ʩʪʘʚ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʟʤʝʥʷʝʪʩʷ. 
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ʈʠʩ. 3. ɼʝʨʠʚʘʪʦʛʨʘʤʤʳ ʠʟʤʝʣʴʯʝʥʥʳʭ ʚ ʧʦʨʦʰʦʢ ʦʙʨʘʟʮʦʚ ʢʝʨʘʤʠʢʠ 

(1-x)Ba(Ti0.95Zr0.05)O3ĿxPbTiO3 ʩ ʭ = 0 ʠ 0,20. 
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ʈʠʩ. 4. ɿʘʚʠʩʠʤʦʩʪʠ e(T, f) ʠ tgd(T, f) ʢʝʨʘʤʠʢʠ (1-x)Ba(Ti0,95Zr0,05)O3ĿxPbTiO3 ʜʣʷ 






































































































































































































































































































































































































































































































































































































































































