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ɍȾɄ 538.975:539.319:62 – 405.8 

Ɇɨɞɟɥɢɪɨɜɚɧɢɟ ɥɨɤɚɥɶɧɵɯ ɭɩɪɭɝɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɧɚɧɨɤɨɦɩɨɡɢɬɨɜ ɧɚ 
ɨɫɧɨɜɟ ɚɧɨɞɧɨɝɨ Al2O3 ɫ ɧɢɬɟɜɢɞɧɵɦɢ ɩɨɪɚɦɢ, ɡɚɩɨɥɧɟɧɧɵɦɢ Cu, Ag ɢ Au 

ȼ.ȼ. Ȼɚɪɞɭɲɤɢɧ, Ⱦ.Ⱥ. Ʉɢɪɢɥɥɨв, ɘ.ɂ. ɒɢɥɹɟвɚ 

ɇɚɰɢɨɧɚɥɶɧɵɣ ɢɫɫɥɟɞɨвɚɬɟɥɶɫɤɢɣ ɭɧɢвɟɪɫɢɬɟɬ «ɆɂɗɌ» 

bardushkin@mail.ru 

  

Ȼɚɪɞɭɲɤɢɧ ȼ.ȼ., Ʉɢɪɢɥɥɨɜ Ⱦ.Ⱥ., ɒɢɥɹɟɜɚ ɘ.ɂ. Ɇɨɞɟɥɢɪɨɜɚɧɢɟ ɥɨɤɚɥɶɧɵɯ ɭɩɪɭɝɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ 
ɧɚɧɨɤɨɦɩɨɡɢɬɨɜ ɧɚ ɨɫɧɨɜɟ ɚɧɨɞɧɨɝɨ Al2O3 ɫ ɧɢɬɟɜɢɞɧɵɦɢ ɩɨɪɚɦɢ, ɡɚɩɨɥɧɟɧɧɵɦɢ Cu, Ag ɢ Au. 

Ɋɟɲɚɟɬɫя ɡɚɞɚчɚ чиɫɥɟɧɧɨɝɨ ɦɨɞɟɥиɪɨɜɚɧия ɨɩɟɪɚɬɨɪɨɜ (ɬɟɧɡɨɪɨɜ) ɤɨɧɰɟɧɬɪɚɰии ɧɚɩɪяɠɟɧиɣ и 
ɞɟɮɨɪɦɚɰиɣ ɜ ɦɚɬɪичɧɵх ɤɨɦɩɨɡиɬɚх, ɩɪɟɞɫɬɚɜɥяɸщих ɫɨɛɨɣ ɚɧɨɞɧɵɣ ɨɤɫиɞ ɚɥɸɦиɧия ɫ ɩɨɪɚɦи, 
ɡɚɩɨɥɧɟɧɧɵɦи ɦɟɞɶɸ, ɫɟɪɟɛɪɨɦ и ɡɨɥɨɬɨɦ. ɂɫɫɥɟɞɨɜɚɧɵ ɡɚɜиɫиɦɨɫɬи ɤɨɦɩɨɧɟɧɬ уɤɚɡɚɧɧɵх ɬɟɧɡɨɪɨɜ 
ɨɬ ɩɚɪɚɦɟɬɪɚ ɫɬɪуɤɬуɪɵ ɤɨɦɩɨɡиɬɨɜ, ɫɜяɡɚɧɧɨɝɨ ɫ ɤɨɧɰɟɧɬɪɚɰиɟɣ ɷɥɟɦɟɧɬɨɜ ɧɟɨɞɧɨɪɨɞɧɨɫɬи. 
Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɦɨɞɟɥиɪɨɜɚɧиɟ, ɨɩɟɪɚɬɨɪɵ ɤɨɧɰɟɧɬɪɚɰии ɧɚɩɪяɠɟɧиɣ и ɞɟɮɨɪɦɚɰиɣ, ɧɚɧɨɤɨɦɩɨɡиɬɵ, 
ɚɧɨɞɧɵɣ ɨɤɫиɞ ɚɥɸɦиɧия, ɧиɬɟɜиɞɧɵɟ ɧɚɧɨчɚɫɬиɰɵ. 

 

Вɜɟɞɟɧɢɟ 

ɇɚɧɨɤɨɦɩɨɡɢɬɵ ɧɚ ɨɫɧɨвɟ ɚɧɨɞɧɨɝɨ ɨɤɫɢɞɚ 
ɚɥɸɦɢɧɢɹ (ȺɈȺ) ɫ ɩɨɪɚɦɢ, ɡɚɩɨɥɧɟɧɧɵɦɢ 
ɪɚɡɥɢɱɧɵɦɢ ɦɚɬɟɪɢɚɥɚɦɢ, ɩɪɟɞɫɬɚвɥɹɸɬ ɛɨɥɶɲɨɣ 
ɢɧɬɟɪɟɫ вɫɥɟɞɫɬвɢɟ ɫɬɪɟɦɢɬɟɥɶɧɨɝɨ ɪɚɡвɢɬɢɹ 
ɬɟɯɧɨɥɨɝɢɢ ɧɚɧɨɷɥɟɤɬɪɨɧɧɵɯ ɭɫɬɪɨɣɫɬв Д1Ж. 
ɉɨɷɬɨɦɭ ɞɨɫɬɨвɟɪɧɵɟ ɞɚɧɧɵɟ ɨ ɦɟɯɚɧɢɱɟɫɤɢɯ ɢ 
ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɢɯ ɫвɨɣɫɬвɚɯ ɬɚɤɢɯ ɦɚɬɟɪɢɚɥɨв 
вɫɟɝɞɚ ɚɤɬɭɚɥɶɧɵ. 
ȼ ɪɚɛɨɬɚɯ Д2, 3Ж ɛɵɥɨ ɬɟɨɪɟɬɢɱɟɫɤɢ ɢ 
ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɩɨɤɚɡɚɧɨ ɧɚ ɩɪɢɦɟɪɟ 
ɥɟɝɤɨɩɥɚвɤɢɯ ɦɟɬɚɥɥɨв (In, Sn ɢ Zn) в ɩɨɪɚɯ ȺɈȺ, 
ɱɬɨ ɦɟɯɚɧɢɱɟɫɤɢɟ ɧɚɩɪɹɠɟɧɢɹ, ɤɨɬɨɪɵɟ 
вɨɡɧɢɤɚɸɬ ɩɪɢ ɧɚɝɪɟвɚɧɢɢ ɢɡ-ɡɚ ɪɚɡɥɢɱɢɹ 
ɬɟɦɩɟɪɚɬɭɪɧɵɯ ɤɨɷɮɮɢɰɢɟɧɬɨв ɥɢɧɟɣɧɨɝɨ 
ɪɚɫɲɢɪɟɧɢɹ ɷɥɟɦɟɧɬɨв ɧɟɨɞɧɨɪɨɞɧɨɫɬɢ, ɦɨɝɭɬ 
вɥɢɹɬɶ ɧɚ ɢɡɦɟɧɟɧɢɟ ɬɟɦɩɟɪɚɬɭɪɵ ɩɥɚвɥɟɧɢɹ 
ɧɚɧɨɱɚɫɬɢɰ в ɦɚɬɪɢɰɟ. Ɉɞɧɚɤɨ ɞɥɹ ɢɫɫɥɟɞɨвɚɧɧɵɯ 
ɫɢɫɬɟɦ ɞɚɧɧɨɟ вɥɢɹɧɢɟ ɨɤɚɡɚɥɨɫɶ 
ɧɟɫɭɳɟɫɬвɟɧɧɵɦ ɧɚ ɮɨɧɟ ɪɚɡɦɟɪɧɨɝɨ ɷɮɮɟɤɬɚ, 
ɨɛɭɫɥɨвɥɟɧɧɨɝɨ вɤɥɚɞɨɦ ɩɨвɟɪɯɧɨɫɬɢ. 
ȼ ɷɬɨɣ ɫвɹɡɢ ɡɚɤɨɧɨɦɟɪɧɵɦ ɹвɥɹɟɬɫɹ вɨɩɪɨɫ ɨ 
ɬɨɦ, ɢɡɦɟɧɢɬɫɹ ɥɢ ɫɢɬɭɚɰɢɹ в ɫɥɭɱɚɟ ɦɟɬɚɥɥɨв ɫ 
ɛɨɥɟɟ вɵɫɨɤɢɦɢ ɬɟɦɩɟɪɚɬɭɪɚɦɢ ɩɥɚвɥɟɧɢɹ. ɉɪɢ 
ɷɬɨɦ ɫɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɪɚɫɫɦɨɬɪɟɧɢɟ ɫɢɫɬɟɦ ɫ 
ɬɟɦɩɟɪɚɬɭɪɨɣ ɩɥɚвɥɟɧɢɹ ɱɚɫɬɢɰ, ɡɧɚɱɢɬɟɥɶɧɨ 
ɩɪɟвɵɲɚɸɳɟɣ 1000 °C, ɧɟɪɚɰɢɨɧɚɥɶɧɨ, 
ɩɨɫɤɨɥɶɤɭ ɤɚɤ ɪɚɡ вɩɥɨɬɶ ɞɨ ɭɤɚɡɚɧɧɨɣ 
ɬɟɦɩɟɪɚɬɭɪɵ ɫɬɪɭɤɬɭɪɚ ȺɈȺ ɨɫɬɚɟɬɫɹ ɧɟɢɡɦɟɧɧɨɣ 
(ɩɨɪɵ ɫɨɯɪɚɧɹɸɬ ɫвɨɸ ɮɨɪɦɭ ɢ ɪɚɡɦɟɪɵ) Д4Ж. ɋ 
ɭɱɟɬɨɦ ɞɚɧɧɨɝɨ ɨɝɪɚɧɢɱɟɧɢɹ, ɩɨɞɯɨɞɹɳɢɦɢ ɞɥɹ 
ɪɚɫɫɦɨɬɪɟɧɢɹ ɹвɥɹɸɬɫɹ ɬɚɤɢɟ ɦɟɬɚɥɥɵ ɤɚɤ Cu, Ag 

ɢ Au, ɤɨɬɨɪɵɟ ɤ ɬɨɦɭ ɠɟ ɢɧɬɟɪɟɫɧɵ в 
ɩɪɚɤɬɢɱɟɫɤɨɦ ɨɬɧɨɲɟɧɢɢ ɛɥɚɝɨɞɚɪɹ ɭɧɢɤɚɥɶɧɵɦ 
ɨɩɬɢɱɟɫɤɢɦ ɫвɨɣɫɬвɚɦ ɤɨɦɩɨɡɢɬɨв ɧɚ ɢɯ ɨɫɧɨвɟ 
[5, 6]. 

 

ɉɨɫɬɚɧɨɜɤɚ ɡɚɞɚɱɢ ɢ ɩɨɫɬɪɨɟɧɢɟ ɦɨɞɟɥɢ 

ȼ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɟ ɪɚɫɫɦɚɬɪɢвɚɸɬɫɹ 
ɧɚɧɨɤɨɦɩɨɡɢɬɵ ɧɚ ɨɫɧɨвɟ ȺɈȺ ɫ ɧɢɬɟвɢɞɧɵɦɢ 
ɩɨɪɚɦɢ, ɡɚɩɨɥɧɟɧɧɵɦɢ Cu, Ag ɢ Au. Ⱦɥɹ ɢɡɭɱɟɧɢɹ 
вɥɢɹɧɢɹ ɦɟɯɚɧɢɱɟɫɤɢɯ ɧɚɩɪɹɠɟɧɢɣ ɧɚ ɢɡɦɟɧɟɧɢɟ 
ɬɟɦɩɟɪɚɬɭɪɵ ɩɥɚвɥɟɧɢɹ ɧɚɧɨвɨɥɨɤɨɧ Cu, Ag ɢ Au 

в ɦɚɬɪɢɰɟ Al2O3 (вɨɡɧɢɤɚɸɳɢɯ ɩɪɢ ɧɚɝɪɟвɚɧɢɢ 
ɢɡ-ɡɚ ɪɚɡɥɢɱɢɣ ɬɟɪɦɢɱɟɫɤɢɯ ɤɨɷɮɮɢɰɢɟɧɬɨв 
ɥɢɧɟɣɧɨɝɨ ɪɚɫɲɢɪɟɧɢɹ ɤɨɦɩɨɧɟɧɬɨв ɤɨɦɩɨɡɢɬɨв), 
ɧɟɨɛɯɨɞɢɦɨ ɭɦɟɬɶ ɩɪɨɝɧɨɡɢɪɨвɚɬɶ ɢɯ ɥɨɤɚɥɶɧɵɟ 
(вɧɭɬɪɟɧɧɢɟ) ɭɩɪɭɝɢɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ. Ɋɟɲɟɧɢɸ 
ɩɪɨɛɥɟɦɵ ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨвɚɧɢɹ ɭɤɚɡɚɧɧɵɯ 
ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɩɨɫвɹɳɟɧɨ ɞɚɧɧɨɟ ɢɫɫɥɟɞɨвɚɧɢɟ. 
Ʉɨɦɩɨɡɢɬɵ ɧɚ ɨɫɧɨвɟ ɉȺɈȺ ɩɪɟɞɫɬɚвɥɹɸɬ ɫɨɛɨɣ 
ɫɬɪɭɤɬɭɪɵ, ɫɨɫɬɨɹɳɢɟ ɢɡ ɹɱɟɟɤ ɲɟɫɬɢɭɝɨɥɶɧɨɣ 
ɮɨɪɦɵ, ɩɪɢɦɵɤɚɸɳɢɯ ɞɪɭɝ ɤ ɞɪɭɝɭ ɫвɨɢɦɢ 
ɫɬɨɪɨɧɚɦɢ Д7, 8Ж. ɗɬɨ ɩɨɡвɨɥɹɟɬ ввɟɫɬɢ 
ɛɟɡɪɚɡɦɟɪɧɵɣ ɩɚɪɚɦɟɬɪ ɫɬɪɭɤɬɭɪɵ rh  

(ɫɦ. ɪɢɫ. 1), ɫвɹɡɚɧɧɵɣ ɫ ɨɛɴɟɦɧɨɣ ɤɨɧɰɟɧɬɪɚɰɢɟɣ 
вV  ɧɢɬɟвɢɞɧɵɯ ɧɚɧɨɤɪɢɫɬɚɥɥɨв ɫ ɩɨɦɨɳɶɸ 

ɫɥɟɞɭɸɳɟɝɨ ɫɨɨɬɧɨɲɟɧɢɹ Д7–11]: 

1
32 в







Vr

h
.                       (1) 

 
Ɋɢɫɭɧɨɤ 1 –– ɋɯɟɦɚɬɢɱɧɨɟ ɩɪɟɞɫɬɚвɥɟɧɢɟ 

ɫɬɪɭɤɬɭɪɵ ɦɚɬɟɪɢɚɥɚ: вɢɞ ɫɛɨɤɭ (ɚ); ɷɥɟɦɟɧɬɚɪɧɚɹ 
ɹɱɟɣɤɚ в ɩɥɨɫɤɨɫɬɢ ɩɨɩɟɪɟɱɧɨɝɨ ɫɟɱɟɧɢɹ (ɛ) 

ȼ ɮɨɪɦɭɥɟ (1) ɢ ɞɚɥɟɟ ɩɨ ɬɟɤɫɬɭ ɧɢɠɧɢɣ ɢɧɞɟɤɫ 
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«в» ɨɛɨɡɧɚɱɚɟɬ вɟɥɢɱɢɧɵ, ɨɬɧɨɫɹɳɢɟɫɹ ɤ 
вɨɥɨɤɧɚɦ, ɚ «ɦ» – ɤ ɦɚɬɪɢɰɟ. Ɉɛɴɟɦɧɚɹ 
ɤɨɧɰɟɧɬɪɚɰɢɹ вV  ɨɩɪɟɞɟɥɹɟɬɫɹ ɤɚɤ ɨɬɧɨɲɟɧɢɟ 
ɩɥɨɳɚɞɟɣ ɩɨɩɟɪɟɱɧɵɯ ɫɟɱɟɧɢɣ вɨɥɨɤɧɚ ɢ 
ɲɟɫɬɢɭɝɨɥɶɧɨɣ ɹɱɟɣɤɢ (ɫɦ. ɪɢɫ. 1ɛ), вɦ 1 VV  . 

Ɉɬɦɟɬɢɦ, ɱɬɨ ɦɨɞɟɥɢɪɨвɚɧɢɟ ɮɢɡɢɤɨ-

ɦɟɯɚɧɢɱɟɫɤɢɯ ɫвɨɣɫɬв ɪɚɫɫɦɚɬɪɢвɚɟɦɵɯ 
ɧɚɧɨɤɨɦɩɨɡɢɬɨв ɦɨɠɟɬ ɨɫɭɳɟɫɬвɥɹɬɶɫɹ в 

ɞɢɚɩɚɡɨɧɟ 
32

0 в


V , ɧɢɠɧɹɹ ɢ вɟɪɯɧɹɹ 

ɝɪɚɧɢɰɵ ɤɨɬɨɪɨɝɨ ɫɨɨɬвɟɬɫɬвɭɸɬ ɫɥɭɱɚɹɦ 
rh  ɢ 0rh  [2, 3, 7–11]. 

Ⱦɥɹ ɚɧɚɥɢɡɚ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɥɨɤɚɥɶɧɵɯ ɡɧɚɱɟɧɢɣ 
ɧɚɩɪɹɠɟɧɢɣ (ɞɟɮɨɪɦɚɰɢɣ) ɧɟɨɛɯɨɞɢɦɨ 
ɭɫɬɚɧɨвɥɟɧɢɟ ɫвɹɡɢ ɦɟɠɞɭ ɧɚɩɪɹɠɟɧɢɹɦɢ )(rij  

(ɞɟɮɨɪɦɚɰɢɹɦɢ )(rij ) в ɤɚɠɞɨɦ ɷɥɟɦɟɧɬɟ 
ɧɟɨɞɧɨɪɨɞɧɨɫɬɢ ɢ ɫɪɟɞɧɢɦɢ (вɧɟɲɧɢɦɢ) 
ɧɚɩɪɹɠɟɧɢɹɦɢ )(rkl  (ɞɟɮɨɪɦɚɰɢɹɦɢ )(rkl ), 

ɩɪɢɥɨɠɟɧɧɵɦɢ ɤɨ вɫɟɦɭ ɤɨɦɩɨɡɢɬɭ, ɝɞɟ 
3,2,1,,, lkji ; r – ɪɚɞɢɭɫ-вɟɤɬɨɪ ɫɥɭɱɚɣɧɨɣ 

ɬɨɱɤɢ ɧɟɨɞɧɨɪɨɞɧɨɣ ɫɪɟɞɵ; ɭɝɥɨвɵɟ ɫɤɨɛɤɢ 
ɨɩɪɟɞɟɥɹɸɬ ɩɪɨɰɟɞɭɪɭ ɭɫɪɟɞɧɟɧɢɹ ɩɨ ɨɛɴɟɦɭ 
[12–14Ж. ɉɨɞɨɛɧɭɸ ɫвɹɡɶ ɦɨɠɧɨ ɭɫɬɚɧɨвɢɬɶ ɫ 
ɩɨɦɨɳɶɸ ɛɟɡɪɚɡɦɟɪɧɵɯ ɨɩɟɪɚɬɨɪɨв 
ɤɨɧɰɟɧɬɪɚɰɢɢ ɧɚɩɪɹɠɟɧɢɣ )(r

K  ɢ ɞɟɮɨɪɦɚɰɢɣ 

)(r
K  (ɬɟɧɡɨɪɨв ɱɟɬвɟɪɬɨɝɨ ɪɚɧɝɚ) Д7, 8, 12]: 

)()()( rrr klijklij K  
, )()()( rrr klijklij K  

. (2) 

Ⱦɥɹ ɩɪɨвɟɞɟɧɢɹ ɤɨɪɪɟɤɬɧɨɝɨ ɚɧɚɥɢɡɚ ɥɨɤɚɥɶɧɨɣ 
ɤɨɧɰɟɧɬɪɚɰɢɢ ɧɚɩɪɹɠɟɧɢɣ ɢ ɞɟɮɨɪɦɚɰɢɣ в 
ɤɨɦɩɨɡɢɬɟ, ɩɨɡвɨɥɹɸɳɟɝɨ ɭɱɢɬɵвɚɬɶ 
вɡɚɢɦɨɞɟɣɫɬвɢɟ ɷɥɟɦɟɧɬɨв ɧɟɨɞɧɨɪɨɞɧɨɫɬɢ, 
ɫɨɫɬɚв, ɫɬɪɭɤɬɭɪɭ ɦɚɬɟɪɢɚɥɚ, ɮɨɪɦɭ ɢ 
ɤɨɧɰɟɧɬɪɚɰɢɸ вɤɥɸɱɟɧɢɣ, ɧɟɨɛɯɨɞɢɦɨ ɪɟɲɚɬɶ 
ɭɪɚвɧɟɧɢɹ ɪɚвɧɨвɟɫɢɹ ɭɩɪɭɝɨɣ ɧɟɨɞɧɨɪɨɞɧɨɣ 
ɫɪɟɞɵ. Ɉɞɧɚɤɨ в ɨɛɳɟɦ ɫɥɭɱɚɟ ɩɨɥɭɱɢɬɶ 
ɫɨɨɬɧɨɲɟɧɢɹ ɞɥɹ ɱɢɫɥɟɧɧɵɯ ɪɚɫɱɟɬɨв ɨɩɟɪɚɬɨɪɨв 
ɤɨɧɰɟɧɬɪɚɰɢɢ ɧɚɩɪɹɠɟɧɢɣ )(r

K  ɢ ɞɟɮɨɪɦɚɰɢɣ 

)(r
K  ɧɟ ɭɞɚɟɬɫɹ. ɉɨɷɬɨɦɭ ɞɥɹ ɢɯ вɵɱɢɫɥɟɧɢɹ 
ɢɫɩɨɥɶɡɭɸɬɫɹ ɪɚɡɥɢɱɧɵɟ ɩɪɢɛɥɢɠɟɧɢɹ. Ɉɞɧɢɦ ɢɡ 
ɬɚɤɢɯ ɩɪɢɛɥɢɠɟɧɢɣ, ɭɱɢɬɵвɚɸɳɢɯ 
ɩɟɪɟɱɢɫɥɟɧɧɵɟ вɵɲɟ ɮɚɤɬɨɪɵ, ɹвɥɹɟɬɫɹ 
ɨɛɨɛɳɟɧɧɨɟ ɫɢɧɝɭɥɹɪɧɨɟ ɩɪɢɛɥɢɠɟɧɢɟ ɬɟɨɪɢɢ 
ɫɥɭɱɚɣɧɵɯ ɩɨɥɟɣ Д13Ж. ȼ ɟɝɨ ɪɚɦɤɚɯ ɢɫɩɨɥɶɡɭɟɬɫɹ 
ɬɨɥɶɤɨ ɫɢɧɝɭɥɹɪɧɚɹ ɫɨɫɬɚвɥɹɸɳɚɹ ɬɟɧɡɨɪɚ Ƚɪɢɧɚ 
ɭɪɚвɧɟɧɢɣ ɪɚвɧɨвɟɫɢɹ, ɡɚвɢɫɹɳɚɹ ɥɢɲɶ ɨɬ ɞɟɥɶɬɚ-

ɮɭɧɤɰɢɢ Ⱦɢɪɚɤɚ, ɚ ɬɚɤɠɟ ввɨɞɢɬɫɹ ɨɞɧɨɪɨɞɧɨɟ 
ɬɟɥɨ ɫɪɚвɧɟɧɢɹ, ɦɚɬɟɪɢɚɥɶɧɵɟ ɤɨɧɫɬɚɧɬɵ 
ɤɨɬɨɪɨɝɨ вɯɨɞɹɬ в ɨɤɨɧɱɚɬɟɥɶɧɵɟ вɵɪɚɠɟɧɢɹ ɞɥɹ 
вɵɱɢɫɥɟɧɢɹ )(r

K  ɢ )(r
K . Ɏɢɡɢɱɟɫɤɢɣ ɫɦɵɫɥ 

ɨɛɨɛɳɟɧɧɨɝɨ ɫɢɧɝɭɥɹɪɧɨɝɨ ɩɪɢɛɥɢɠɟɧɢɹ 
ɡɚɤɥɸɱɚɟɬɫɹ в ɩɪɟɞɩɨɥɨɠɟɧɢɢ ɨɞɧɨɪɨɞɧɨɫɬɢ 
ɩɨɥɟɣ ɧɚɩɪɹɠɟɧɢɣ ɢ ɞɟɮɨɪɦɚɰɢɣ в ɩɪɟɞɟɥɚɯ 
ɷɥɟɦɟɧɬɚ ɧɟɨɞɧɨɪɨɞɧɨɫɬɢ. ȼ ɷɬɨɦ ɫɥɭɱɚɟ 

вɵɪɚɠɟɧɢɹ ɞɥɹ ɨɩɟɪɚɬɨɪɨв )(r
K  ɢ )(r

K  ɢɦɟɸɬ 
ɫɥɟɞɭɸɳɢɣ вɢɞ (ɢɧɞɟɤɫɵ ɨɩɭɳɟɧɵ) Д7, 8, 12]: 

 

  ,)()()(

)()()()(

1
1

1









rrr

rrrr

cgIc

cgIcK
        (3) 

   
1

11
)()()()()(

  rrrrr cgIcgIK , (4) 

ɝɞɟ I – ɟɞɢɧɢɱɧɵɣ ɬɟɧɡɨɪ ɱɟɬвɟɪɬɨɝɨ ɪɚɧɝɚ; )(rc  – 

ɬɟɧɡɨɪ ɦɨɞɭɥɟɣ ɭɩɪɭɝɨɫɬɢ; c)()( ccc  rr  – 

ɪɚɡɧɨɫɬɶ ɦɟɠɞɭ ɫɨɨɬвɟɬɫɬвɭɸɳɢɦɢ ɩɚɪɚɦɟɬɪɚɦɢ 
ɧɟɨɞɧɨɪɨɞɧɨɣ ɫɪɟɞɵ ɢ ɨɞɧɨɪɨɞɧɨɝɨ ɬɟɥɚ 
ɫɪɚвɧɟɧɢɹ, ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɤɨɬɨɪɨɝɨ 
ɨɛɨɡɧɚɱɚɸɬɫɹ вɟɪɯɧɢɦ ɢɧɞɟɤɫɨɦ «ɫ»; )(rg  – 

ɢɧɬɟɝɪɚɥ ɨɬ ɫɢɧɝɭɥɹɪɧɨɣ ɫɨɫɬɚвɥɹɸɳɟɣ вɬɨɪɨɣ 
ɩɪɨɢɡвɨɞɧɨɣ ɬɟɧɡɨɪɚ Ƚɪɢɧɚ ɭɪɚвɧɟɧɢɣ 
ɪɚвɧɨвɟɫɢɹ, ɹвɥɹɸɳɢɣɫɹ ɬɟɧɡɨɪɨɦ ɱɟɬвɟɪɬɨɝɨ 
ɪɚɧɝɚ. Ⱦɥɹ вɵɱɢɫɥɟɧɢɹ ɤɨɦɩɨɧɟɧɬ ijklg  ɬɟɧɡɨɪɚ 

)(rg  ɧɟɨɛɯɨɞɢɦɨ вɧɚɱɚɥɟ ɨɫɭɳɟɫɬвɢɬɶ ɪɚɫɱɟɬɵ 
ɤɨɦɩɨɧɟɧɬ iklja  ɬɟɧɡɨɪɚ ɱɟɬвɟɪɬɨɝɨ ɪɚɧɝɚ A, ɚ 

ɡɚɬɟɦ в iklja  ɩɨ ɞвɭɦ ɩɚɪɚɦ ɢɧɞɟɤɫɨв (i, j ɢ k, l) 

ɩɪɨвɟɫɬɢ ɨɩɟɪɚɰɢɸ ɫɢɦɦɟɬɪɢɡɚɰɢɢ Д12, 13]. 

Ʉɨɦɩɨɧɟɧɬɵ iklja  ɬɟɧɡɨɪɚ A вɵɱɢɫɥɹɸɬɫɹ ɫ 
ɩɨɦɨɳɶɸ ɫɥɟɞɭɸɳɟɝɨ ɫɨɨɬɧɨɲɟɧɢɹ: 

 


 
dtnna iljkiklj

1

4

1
,                      (5) 

ɝɞɟ  ddd sin  – ɷɥɟɦɟɧɬ ɬɟɥɟɫɧɨɝɨ ɭɝɥɚ в 

ɫɮɟɪɢɱɟɫɤɨɣ ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ, 1
ilt  – ɷɥɟɦɟɧɬɵ 

ɦɚɬɪɢɰɵ, ɨɛɪɚɬɧɨɣ ɦɚɬɪɢɰɟ T ɫ ɷɥɟɦɟɧɬɚɦɢ 

jkikljil nnct
c , ɚ kn  ɢ jn  ( 3,2,1, jk ) – 

ɤɨɦɩɨɧɟɧɬɵ вɟɤɬɨɪɚ вɧɟɲɧɟɣ ɧɨɪɦɚɥɢ ɤ 
ɩɨвɟɪɯɧɨɫɬɢ вɤɥɸɱɟɧɢɹ. Ⱦɥɹ ɷɥɥɢɩɫɨɢɞɚɥɶɧɵɯ 
вɤɥɸɱɟɧɢɣ ɫ ɝɥɚвɧɵɦɢ ɩɨɥɭɨɫɹɦɢ 1l , 2l  ɢ 3l  

ɤɨɦɩɨɧɟɧɬɵ вɟɤɬɨɪɚ ɧɨɪɦɚɥɢ ɨɩɪɟɞɟɥɹɸɬɫɹ 
ɫɥɟɞɭɸɳɢɦɢ ɫɨɨɬɧɨɲɟɧɢɹɦɢ: 

 cossin
1

1
1

l
n ,  sinsin

1

2
2

l
n ,  cos

1

3
3

l
n . 

Ⱥɧɚɥɢɡ ɫɨɨɬɧɨɲɟɧɢɣ (3) ɢ (4) ɩɨɤɚɡɵвɚɟɬ, ɱɬɨ 
ɨɩɟɪɚɬɨɪɵ ɤɨɧɰɟɧɬɪɚɰɢɢ ɡɚвɢɫɹɬ ɬɨɥɶɤɨ ɨɬ 
ɦɚɬɟɪɢɚɥɶɧɵɯ ɩɚɪɚɦɟɬɪɨв ɫɪɟɞɵ ɢ ɫɬɪɭɤɬɭɪɵ 
ɦɚɬɟɪɢɚɥɚ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɢɫɤɥɸɱɚɟɬɫɹ 
ɢɧɮɨɪɦɚɰɢɹ ɨ вɢɞɟ ɫɪɟɞɧɟɝɨ (вɧɟɲɧɟɝɨ) 
ɧɚɩɪɹɠɟɧɧɨ-ɞɟɮɨɪɦɢɪɨвɚɧɧɨɝɨ ɫɨɫɬɨɹɧɢɹ 
ɤɨɦɩɨɡɢɬɚ. Ɉɬɫɸɞɚ вɵɬɟɤɚɟɬ ɭɞɨɛɫɬвɨ ɨɰɟɧɤɢ 
ɥɨɤɚɥɶɧɨɝɨ ɧɚɩɪɹɠɟɧɧɨ-ɞɟɮɨɪɦɢɪɨвɚɧɧɨɝɨ 
ɫɨɫɬɨɹɧɢɹ ɧɟɨɞɧɨɪɨɞɧɨɣ ɫɪɟɞɵ ɩɪɢ ɩɨɦɨɳɢ 
ɨɩɟɪɚɬɨɪɨв ɤɨɧɰɟɧɬɪɚɰɢɢ ɧɚɩɪɹɠɟɧɢɣ ɢ 

ɞɟɮɨɪɦɚɰɢɣ. 
ɉɪɢ вɵɩɨɥɧɟɧɢɢ ɭɫɥɨвɢɹ ɷɪɝɨɞɢɱɧɨɫɬɢ ɦɨɠɧɨ 
ɢɫɩɨɥɶɡɨвɚɬɶ ɭɫɪɟɞɧɟɧɢɟ ɩɨ ɨɛɴɟɦɭ (ɞɥɹ ɤɚɠɞɨɝɨ 
ɤɨɦɩɨɧɟɧɬɚ ɧɟɨɞɧɨɪɨɞɧɨɝɨ ɦɚɬɟɪɢɚɥɚ). Ɍɨɝɞɚ 
ɨɩɟɪɚɰɢɹ ɭɫɪɟɞɧɟɧɢɹ ɩɨ вɫɟɦɭ ɨɛɴɟɦɭ ɦɚɬɟɪɢɚɥɚ 
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ɞɥɹ ɧɟɤɨɬɨɪɨɣ ɫɥɭɱɚɣɧɨɣ вɟɥɢɱɢɧɵ )(ra  

ɫвɨɞɢɬɫɹ ɤ ɢɧɬɟɝɪɢɪɨвɚɧɢɸ, ɚ ɞɥɹ 
ɦɧɨɝɨɤɨɦɩɨɧɟɧɬɧɨɝɨ ɦɚɬɟɪɢɚɥɚ ɤ ɫɭɦɦɢɪɨвɚɧɢɸ 
ɫɪɟɞɧɢɯ ɡɧɚɱɟɧɢɣ ɩɨ ɤɨɦɩɨɧɟɧɬɚɦ: 


s

ss aVa )()( rr , 

ɝɞɟ sV  ɢ )(rsa  – ɨɛɴɟɦɧɚɹ ɤɨɧɰɟɧɬɪɚɰɢɹ 
ɤɨɦɩɨɧɟɧɬɚ s-ɝɨ ɬɢɩɚ ɢ ɫɨɨɬвɟɬɫɬвɭɸɳɚɹ ɷɬɨɦɭ 
ɤɨɦɩɨɧɟɧɬɭ ɫɥɭɱɚɣɧɚɹ вɟɥɢɱɢɧɚ, 1

s

sV  

[13, 14]. 

ȼ ɱɚɫɬɧɨɫɬɢ, ɞɥɹ ɞвɭɯɤɨɦɩɨɧɟɧɬɧɨɝɨ ɤɨɦɩɨɡɢɬɚ, 
ɫɨɞɟɪɠɚɳɟɝɨ ɢɡɨɬɪɨɩɧɵɟ вɤɥɸɱɟɧɢɹ ɢ ɦɚɬɪɢɰɭ, 
ɩɪɨɰɟɞɭɪɚ ɭɫɪɟɞɧɟɧɢɹ ɫвɨɞɢɬɫɹ ɤ ɫɭɦɦɢɪɨвɚɧɢɸ: 

ɦɦвв)( aVaVa r ,                      (6) 

ɝɞɟ 1ɦв VV . 

ɉɪɢ ɪɚɫɫɦɨɬɪɟɧɢɢ вɤɥɸɱɟɧɢɣ в ɮɨɪɦɟ вɨɥɨɤɨɧ ɫ 
ɝɥɚвɧɵɦɢ ɩɨɥɭɨɫɹɦɢ rll  21 , 3l  ɞɥɹ 
ɤɨɦɩɨɧɟɧɬ вɟɤɬɨɪɚ ɧɨɪɦɚɥɢ ɛɭɞɭɬ вɵɩɨɥɧɹɬɶɫɹ 
ɫɨɨɬɧɨɲɟɧɢɹ 

0,sinsin
1

,cossin
1

321  n
r

n
r

n . 

ȼɨɡɶɦɟɦ ɞɚɥɟɟ ɞɥɹ вɨɥɨɤɧɢɫɬɵɯ ɦɚɬɪɢɱɧɵɯ 
ɤɨɦɩɨɡɢɬɨв ɫ ɢɡɨɬɪɨɩɧɵɦɢ ɤɨɦɩɨɧɟɧɬɚɦɢ в 
ɤɚɱɟɫɬвɟ ɩɚɪɚɦɟɬɪɨв ɬɟɥɚ ɫɪɚвɧɟɧɢɹ ɭɩɪɭɝɢɟ 
ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɦɚɬɪɢɰɵ Д14Ж. Ɍɨɝɞɚ в 
вɵɪɚɠɟɧɢɹɯ (3) ɢ (4) ɦ)()( ccc  rr , ɩɪɢɱɟɦ 

ɦв)( ccc  r  ɩɪɢ ɪɚɫɱɟɬɚɯ в вɨɥɨɤɧɟ, 0)(  rc  – 

в ɦɚɬɪɢɰɟ. Ɉɬɫɸɞɚ, ɭɱɢɬɵвɚɹ (6), вɵɪɚɠɟɧɢɹ ɞɥɹ 
ɨɩɟɪɚɬɨɪɨв ɤɨɧɰɟɧɬɪɚɰɢɢ ɧɚɩɪɹɠɟɧɢɣ ɢ 
ɞɟɮɨɪɦɚɰɢɣ в вɨɥɨɤɧɟ ɩɪɢɦɭɬ ɫɥɟɞɭɸɳɢɣ вɢɞ: 

  ,))((

))((

1

ɦɦ
1

ɦввв

1
ɦввв









cVccgIɫV

ccgIcK
   (7) 

  .))((

))((

1

ɦ
1
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1
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IVccgIV

ccgIK
         (8) 

Ⱥɧɚɥɨɝɢɱɧɵɟ вɵɪɚɠɟɧɢɹ ɞɥɹ ɨɩɟɪɚɬɨɪɨв 
ɤɨɧɰɟɧɬɪɚɰɢɢ в ɦɚɬɪɢɰɟ ɩɪɢɦɭɬ ɫɥɟɞɭɸɳɢɣ вɢɞ: 

  1

ɦɦ
1

ɦвввɦɦ ))((
  cVccgIɫVcK ,     (9) 

  1

ɦ
1

ɦввɦ ))((
  IVccgIVK .        (10) 

ȼ ɮɨɪɦɭɥɚɯ (7) – (10) g – ɷɬɨ ɬɟɧɡɨɪ )(rg  ɞɥɹ 
вɨɥɨɤɨɧ, ɨɪɢɟɧɬɢɪɨвɚɧɧɵɯ вɞɨɥɶ ɨɫɢ z 

ɥɚɛɨɪɚɬɨɪɧɨɣ ɫɢɫɬɟɦɵ ɤɨɨɪɞɢɧɚɬ, вɵɱɢɫɥɹɟɦɵɣ 
ɩɪɢ ɩɨɦɨɳɢ ɫɨɨɬɧɨɲɟɧɢɹ (5). 

ɉɪɨɜɟɞɟɧɢɟ ɦɨɞɟɥɶɧɵɯ ɪɚɫɱɟɬɨɜ 

ȼ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɟ ɞɥɹ ɨɞɧɨɧɚɩɪɚвɥɟɧɧɵɯ 
ɧɚɧɨɤɨɦɩɨɡɢɬɨв ɧɚ ɨɫɧɨвɟ ɩɨɪɢɫɬɨɝɨ ȺɈȺ 
(ɦɨɞɭɥɶ ɘɧɝɚ 140E  Ƚɉɚ, ɤɨɷɮɮɢɰɢɟɧɬ 
ɉɭɚɫɫɨɧɚ 32,0 ) ɫ вɨɥɨɤɧɚɦɢ ɦɟɞɢ 

( 120E  Ƚɉɚ, 38,0 ), ɫɟɪɟɛɪɚ ( 78E  Ƚɉɚ, 
37,0 ) ɢ ɡɨɥɨɬɚ ( 80E  Ƚɉɚ, 4,0 ) ɛɵɥɢ 

ɩɪɨвɟɞɟɧɵ ɦɨɞɟɥɶɧɵɟ вɵɱɢɫɥɟɧɢɹ ɨɩɟɪɚɬɨɪɨв 
ɤɨɧɰɟɧɬɪɚɰɢɢ ɧɚɩɪɹɠɟɧɢɣ ɢ ɞɟɮɨɪɦɚɰɢɣ [15]. 

ȼ ɱɢɫɥɟɧɧɵɯ ɪɚɫɱɟɬɚɯ ɩɪɢ ɨɩɟɪɚɰɢɹɯ ɧɚɞ 
ɬɟɧɡɨɪɚɦɢ ɢɫɩɨɥɶɡɨвɚɥɚɫɶ ɢɯ ɦɚɬɪɢɱɧɚɹ ɮɨɪɦɚ 
ɡɚɩɢɫɢ. ɉɪɢ ɷɬɨɦ ɧɟɧɭɥɟвɵɟ ɷɥɟɦɟɧɬɵ ijc  

( 6,...,1, ji ) ɫɢɦɦɟɬɪɢɱɟɫɤɨɣ ɦɚɬɪɢɰɵ ɬɟɧɡɨɪɚ 
ɦɨɞɭɥɟɣ ɭɩɪɭɝɨɫɬɢ c ɞɥɹ ɢɡɨɬɪɨɩɧɨɝɨ ɦɚɬɟɪɢɚɥɚ 
вɵɪɚɠɚɸɬɫɹ ɱɟɪɟɡ ɦɨɞɭɥɶ ɘɧɝɚ E ɢ ɤɨɷɮɮɢɰɢɟɧɬ 
ɉɭɚɫɫɨɧɚ  ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ Д13Ж: 

)21)(1(

)1(
332211 




E
ccc ; 

)1(2
665544 


E
ccc ; 

)21)(1(
231312 




E
ccc . 

ȼɡɹв в ɤɚɱɟɫɬвɟ вɨɥɨɤɨɧ ɷɥɥɢɩɫɨɢɞɵ вɪɚɳɟɧɢɹ ɫ 
ɩɨɥɭɨɫɹɦɢ 121  rll , 3l , ɩɨ ɮɨɪɦɭɥɚɦ 
(7) – (10) ɛɵɥɢ ɩɪɨвɟɞɟɧɵ вɵɱɢɫɥɟɧɢɹ ɨɩɟɪɚɬɨɪɨв 
ɤɨɧɰɟɧɬɪɚɰɢɢ в вɨɥɨɤɧɟ ɢ в ɦɚɬɪɢɰɟ в 
ɡɚвɢɫɢɦɨɫɬɢ ɨɬ ɩɚɪɚɦɟɬɪɚ ɫɬɪɭɤɬɭɪɵ rh , 

ɨɩɪɟɞɟɥɹɟɦɨɝɨ ɫɨɨɬɧɨɲɟɧɢɟɦ (1). 
Ɉɫɧɨвɧɵɦ ɮɚɤɬɨɪɨɦ вɨɡɧɢɤɧɨвɟɧɢɹ 
ɦɟɯɚɧɢɱɟɫɤɢɯ ɧɚɩɪɹɠɟɧɢɣ ɢ ɞɟɮɨɪɦɚɰɢɣ в 
вɨɥɨɤɧɚɯ Cu, Ag ɢ Au ɢ ɦɚɬɪɢɰɟ ɩɨɪɢɫɬɨɝɨ ȺɈȺ, 
ɹвɥɹɟɬɫɹ ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɢɣ, ɨɛɭɫɥɨвɥɟɧɧɵɣ 
ɪɚɡɥɢɱɢɟɦ ɢɯ ɬɟɪɦɢɱɟɫɤɢɯ ɤɨɷɮɮɢɰɢɟɧɬɨв 
ɥɢɧɟɣɧɨɝɨ ɪɚɫɲɢɪɟɧɢɹ (ɨɫɨɛɟɧɧɨ ɩɪɢ 
ɬɟɦɩɟɪɚɬɭɪɚɯ, ɛɥɢɡɤɢɯ ɤ ɬɟɦɩɟɪɚɬɭɪɚɦ ɩɥɚвɥɟɧɢɹ 
Cu, Ag ɢ Au) [2, 3, 8Ж. ɉɨɷɬɨɦɭ в ɪɚɛɨɬɟ ɩɪɢ 
ɩɪɨвɟɞɟɧɢɢ ɱɢɫɥɟɧɧɵɯ ɪɚɫɱɟɬɨв ɨɫɨɛɨɟ вɧɢɦɚɧɢɟ 
ɛɵɥɨ ɭɞɟɥɟɧɨ ɚɧɚɥɢɡɭ ɬɨɥɶɤɨ ɤɨɦɩɨɧɟɧɬ 1111, 
1133, 3333 ɢ 3311 ɬɟɧɡɨɪɨв )(r

K  ɢ )(r
K . ɗɬɨ 

ɫвɹɡɚɧɨ ɫ ɬɟɦ, ɱɬɨ в ɪɚɫɫɦɚɬɪɢвɚɟɦɵɯ ɦɚɬɟɪɢɚɥɚɯ 
ɢɦɟɧɧɨ ɞɚɧɧɵɟ ɤɨɦɩɨɧɟɧɬɵ ɩɪɢ 
ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɢɯ вɨɡɞɟɣɫɬвɢɹɯ «ɨɬвɟɱɚɸɬ» ɡɚ 
ɫвɹɡɶ ɦɟɠɞɭ ɥɨɤɚɥɶɧɵɦɢ (в ɧɚɩɪɚвɥɟɧɢɢ, 
ɡɚɞɚвɚɟɦɨɦ ɞвɭɦɹ ɩɟɪвɵɦɢ ɢɧɞɟɤɫɚɦɢ ɨɩɟɪɚɬɨɪɨв 
ɤɨɧɰɟɧɬɪɚɰɢɢ) ɢ ɫɪɟɞɧɢɦɢ (в ɧɚɩɪɚвɥɟɧɢɢ, 
ɡɚɞɚвɚɟɦɨɦ ɞвɭɦɹ ɢɯ ɩɨɫɥɟɞɧɢɦɢ ɢɧɞɟɤɫɚɦɢ) 
ɧɚɩɪɹɠɟɧɢɹɦɢ ɢ ɞɟɮɨɪɦɚɰɢɹɦɢ. 
ɇɚ ɪɢɫɭɧɤɚɯ 2 – 4 ɩɪɟɞɫɬɚвɥɟɧɵ ɡɚвɢɫɢɦɨɫɬɢ 
ɤɨɦɩɨɧɟɧɬ ɬɟɧɡɨɪɨв )(r

K  ɢ )(r
K  ɨɬ ɩɚɪɚɦɟɬɪɚ 

ɫɬɪɭɤɬɭɪɵ rh . Ɉɬɦɟɬɢɦ, ɱɬɨ ɧɚ вɫɟɯ ɝɪɚɮɢɤɚɯ 
ɩɚɪɚɦɟɬɪ rh  вɚɪɶɢɪɨвɚɥɫɹ в ɩɪɟɞɟɥɚɯ ɨɬ 0 ɞɨ 2. 
ɗɬɨ ɨɛɭɫɥɨвɥɟɧɨ ɬɟɦ, ɱɬɨ ɩɪɢ ɞɚɥɶɧɟɣɲɟɦ 
ɭвɟɥɢɱɟɧɢɢ rh  ɡɧɚɱɟɧɢɹ ɤɨɦɩɨɧɟɧɬ )(r

K  ɢ 

)(r
K  ɢɡɦɟɧɹɸɬɫɹ ɧɟɡɧɚɱɢɬɟɥɶɧɨ. ɇɨɦɟɪɚ 
ɤɪɢвɵɯ ɧɚ вɫɟɯ ɝɪɚɮɢɤɚɯ ɫɨɨɬвɟɬɫɬвɭɸɬ 
ɫɥɟɞɭɸɳɢɦ ɷɥɟɦɟɧɬɚɦ ɧɟɨɞɧɨɪɨɞɧɨɫɬɢ 
ɧɚɧɨɤɨɦɩɨɡɢɬɨв: 1 – Cu; 2 – Ag; 3 – Au; 4 – Al2O3 

(ɞɥɹ ɤɨɦɩɨɡɢɬɚ ɫ вɨɥɨɤɧɚɦɢ Cu); 5 – Al2O3 (ɞɥɹ 
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ɤɨɦɩɨɡɢɬɚ ɫ вɨɥɨɤɧɚɦɢ Ag); 6 – Al2O3 (ɞɥɹ 
ɤɨɦɩɨɡɢɬɚ ɫ вɨɥɨɤɧɚɦɢ Au). 

 

 
ɚ 

 

ɛ 

Ɋɢɫɭɧɨɤ 2 –– Ɂɚвɢɫɢɦɨɫɬɢ ɤɨɦɩɨɧɟɧɬ 1111 
ɨɩɟɪɚɬɨɪɨв )(r

K  (ɚ) ɢ )(r
K  (ɛ) ɨɬ rh  

 

 

ɚ 

 
ɛ 

Ɋɢɫɭɧɨɤ 3 –– Ɂɚвɢɫɢɦɨɫɬɢ ɤɨɦɩɨɧɟɧɬ 1133 
ɨɩɟɪɚɬɨɪɨв )(r

K  (ɚ) ɢ )(r
K  (ɛ) ɨɬ rh  

 

ɇɚ ɪɢɫɭɧɤɟ 4 ɩɪɟɞɫɬɚвɥɟɧɵ ɡɚвɢɫɢɦɨɫɬɢ 
ɤɨɦɩɨɧɟɧɬ 3333 (ɫɦ. ɪɢɫ. 4ɚ) ɢ 3311 (ɫɦ. ɪɢɫ. 4ɛ) 
ɬɨɥɶɤɨ ɨɩɟɪɚɬɨɪɚ ɤɨɧɰɟɧɬɪɚɰɢɢ ɧɚɩɪɹɠɟɧɢɣ. ɗɬɨ 
ɨɛɭɫɥɨвɥɟɧɨ ɬɟɦ, ɱɬɨ вɨ вɫɟɯ ɷɥɟɦɟɧɬɚɯ 
ɧɟɨɞɧɨɪɨɞɧɨɫɬɢ 13333 


K , 03311 


K . 

 
ɚ 

 
ɛ 

Ɋɢɫɭɧɨɤ 4 –– Ɂɚвɢɫɢɦɨɫɬɢ ɤɨɦɩɨɧɟɧɬ 3333 (ɚ) 
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ɢ 3311 (ɛ) ɨɩɟɪɚɬɨɪɚ )(r
K  ɨɬ rh  

Ɂɚɤɥɸɱɟɧɢɟ 

ɇɚ ɨɫɧɨвɚɧɢɢ ɩɪɨвɟɞɟɧɧɵɯ ɢɫɫɥɟɞɨвɚɧɢɣ ɢ 
ɱɢɫɥɟɧɧɵɯ ɦɨɞɟɥɶɧɵɯ ɪɚɫɱɟɬɨв ɦɨɠɧɨ ɡɚɤɥɸɱɢɬɶ 
ɫɥɟɞɭɸɳɟɟ. 
1. Ɂɚвɢɫɢɦɨɫɬɢ ɡɧɚɱɟɧɢɣ ɤɨɦɩɨɧɟɧɬ ɬɟɧɡɨɪɨв 

)(r
K  ɢ )(r

K  ɨɬ ɢɡɦɟɧɟɧɢɹ ɫɬɪɭɤɬɭɪɧɨɝɨ 
ɩɚɪɚɦɟɬɪɚ ɢɦɟɸɬ rh  ɧɟɥɢɧɟɣɧɵɣ ɯɚɪɚɤɬɟɪ. 
Ɉɫɨɛɟɧɧɨ ɫɢɥɶɧɨ ɧɟɥɢɧɟɣɧɨɫɬɶ ɩɪɨɹвɥɹɟɬɫɹ ɩɪɢ 

10  rh . 

2. ɉɪɢ 2rh  ɡɧɚɱɟɧɢɹ ɤɨɦɩɨɧɟɧɬ ɬɟɧɡɨɪɨв 

)(r
K  ɢ )(r

K  ɫɬɚɛɢɥɢɡɢɪɭɸɬɫɹ. 
3. ȼ ɦɚɬɪɢɰɟ ɩɨɪɢɫɬɨɝɨ ȺɈȺ ɩɪɢ ɭвɟɥɢɱɟɧɢɢ 
ɩɚɪɚɦɟɬɪɚ ɫɬɪɭɤɬɭɪɵ rh  (ɫɨɨɬвɟɬɫɬвɟɧɧɨ, ɩɪɢ 
ɭɦɟɧɶɲɟɧɢɢ ɤɨɧɰɟɧɬɪɚɰɢɢ вɨɥɨɤɨɧ вV ) ɡɧɚɱɟɧɢɹ 
ɤɨɦɩɨɧɟɧɬ 1111 ɢ 3333 ɨɩɟɪɚɬɨɪɨв 

K  ɢ 
K  

ɫɬɪɟɦɹɬɫɹ ɤ ɟɞɢɧɢɰɟ, ɚ 1133 ɢ 3311 – ɤ ɧɭɥɸ. ɗɬɨ 
ɫɨɨɬвɟɬɫɬвɭɟɬ ɚɩɪɢɨɪɧɵɦ ɩɪɟɞɫɬɚвɥɟɧɢɹɦ ɨ ɬɨɦ, 
ɤɚɤ в ɪɚɫɫɦɚɬɪɢвɚɟɦɵɯ ɨɞɧɨɧɚɩɪɚвɥɟɧɧɵɯ 
ɫɬɪɭɤɬɭɪɚɯ ɞɨɥɠɧɵ ɩɟɪɟɪɚɫɩɪɟɞɟɥɹɬɶɫɹ 
ɧɚɩɪɹɠɟɧɢɹ ɢ ɞɟɮɨɪɦɚɰɢɢ ɩɪɢ 
ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɨɦ вɨɡɞɟɣɫɬвɢɢ, ɨɛɭɫɥɨвɥɟɧɧɨɦ 
ɪɚɡɥɢɱɢɟɦ ɬɟɪɦɢɱɟɫɤɢɯ ɤɨɷɮɮɢɰɢɟɧɬɨв 
ɥɢɧɟɣɧɨɝɨ ɪɚɫɲɢɪɟɧɢɹ ɷɥɟɦɟɧɬɨв 
ɧɟɨɞɧɨɪɨɞɧɨɫɬɢ. 
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Ɋɚɛɨɬɚ вɵɩɨɥɧɟɧɚ ɩɪɢ ɩɨɞɞɟɪɠɤɟ Ɇɢɧɢɫɬɟɪɫɬвɚ ɨɛɪɚɡɨвɚɧɢɹ ɢ ɧɚɭɤɢ Ɋɨɫɫɢɣɫɤɨɣ Ɏɟɞɟɪɚɰɢɢ 
(ɝɨɫɭɞɚɪɫɬвɟɧɧɨɟ ɡɚɞɚɧɢɟ № 2014/101). 
 

 

 

Ȼɚɪɞɭɲɤɿɧ ȼ.ȼ., Ʉɢɪɢɥɨɜ Ⱦ.Ⱥ., ɒɢɥɹєɜɚ ɘ.І. Ɇɨɞɟɥɸɜɚɧɧɹ ɥɨɤɚɥɶɧɢɯ ɩɪɭɠɧɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ 
ɧɚɧɨɤɨɦɩɨɡɢɬɿɜ ɧɚ ɨɫɧɨɜɿ ɚɧɨɞɧɨɝɨ Al2O3 ɡ ɧɢɬɤɨɩɨɞɿɛɧɢɦɢ ɩɨɪɚɦɢ, ɡɚɩɨɜɧɟɧɢɦɢ Cu, Ag ɿ Au. 

ȼиɪɿɲуєɬɶɫя ɡɚɜɞɚɧɧя чиɫɟɥɶɧɨɝɨ ɦɨɞɟɥɸɜɚɧɧя ɨɩɟɪɚɬɨɪɿɜ (ɬɟɧɡɨɪɿɜ) ɤɨɧɰɟɧɬɪɚɰɿʀ ɧɚɩɪуɠɟɧɶ ɿ 
ɞɟɮɨɪɦɚɰɿɣ ɜ ɦɚɬɪичɧих ɤɨɦɩɨɡиɬɚх, щɨ ɩɪɟɞɫɬɚɜɥяɸɬɶ ɫɨɛɨɸ ɚɧɨɞɧиɣ ɨɤɫиɞ ɚɥɸɦɿɧɿɸ ɡ ɩɨɪɚɦи, 
ɡɚɩɨɜɧɟɧиɦи ɦɿɞɞɸ, ɫɪɿɛɥɨɦ ɿ ɡɨɥɨɬɨɦ. Ⱦɨɫɥɿɞɠɟɧɨ ɡɚɥɟɠɧɨɫɬɿ ɤɨɦɩɨɧɟɧɬ ɡɚɡɧɚчɟɧих ɬɟɧɡɨɪɿɜ ɜɿɞ 
ɩɚɪɚɦɟɬɪɚ ɫɬɪуɤɬуɪи ɤɨɦɩɨɡиɬɿɜ, ɩɨɜ'яɡɚɧɨɝɨ ɡ ɤɨɧɰɟɧɬɪɚɰɿєɸ ɟɥɟɦɟɧɬɿɜ ɧɟɨɞɧɨɪɿɞɧɨɫɬɿ. 
 

Ʉɥɸɱɨɜɿ ɫɥɨɜɚ: ɦɨɞɟɥɸɜɚɧɧя, ɨɩɟɪɚɬɨɪи ɤɨɧɰɟɧɬɪɚɰɿʀ ɧɚɩɪуɠɟɧɶ ɿ ɞɟɮɨɪɦɚɰɿɣ, ɧɚɧɨɤɨɦɩɨɡиɬи, 
ɚɧɨɞɧиɣ ɨɤɫиɞ ɚɥɸɦɿɧɿɸ, ɧиɬɤɨɩɨɞɿɛɧɿ ɧɚɧɨчɚɫɬиɧɤи. 
 

 

 

Bardushkin V.V., Kirillov D.A., Shilyaeva Yu.I. Modelling of local elastic characteristics of nanocomposites 

based on anodic Al2O3 with filamentary pores filled with Cu, Ag and Au. The problem of numerical modelling 

of the operators (tensors) of stresses and strains concentration in the matrix composites based on anodic 

alumina with pores filled with copper, silver and gold, is solved. The dependences of the tensor components on 

the structure parameter that related to the concentration of heterogeneity elements are investigated. 

 

Key words: modelling, operators of stresses and strains concentration, nanocomposites, anodic alumina, 

filamentary nanoparticles. 
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