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ȺɇɇɈɌȺɐɂə 
 

ȼ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɢɫɫɥɟɞɨɜɚɬɟɥɶɫɤɚɹ ɞɟɹɬɟɥɶɧɨɫɬɶ ɦɧɨɝɢɯ ɡɚɪɭɛɟɠɧɵɯ 
ɦɚɬɟɪɢɚɥɨɜɟɞɨɜ ɧɚɩɪɚɜɥɟɧɚ ɧɚ ɢɡɭɱɟɧɢɟ ɢ ɨɛɴɹɫɧɟɧɢɟ ɫɜɨɣɫɬɜ ɧɚɧɨɤɨɦɩɨɡɢɬɧɵɯ 
ɦɚɬɟɪɢɚɥɨɜ. ɇɟɤɨɬɨɪɵɟ ɫɜɨɣɫɬɜɚ ɧɚɧɨɪɦɚɡɦɟɪɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɧɟɥɶɡɹ ɨɛɴɹɫɧɢɬɶ 
ɦɨɞɟɥɹɦɢ ɢ ɦɟɬɨɞɚɦɢ, ɢɫɩɨɥɶɡɭɟɦɵɦɢ ɞɥɹ ɢɡɭɱɟɧɢɹ ɦɢɤɪɨɪɚɡɦɟɪɧɵɯ ɱɚɫɬɢɰ ɢ 
ɨɛɴёɦɧɵɯ ɬɟɥ. Ⱦɚɠɟ ɢɡɭɱɟɧɧɵɟ ɦɚɬɟɪɢɚɥɵ, ɬɚɤɢɟ ɤɚɤ ɠɟɥɟɡɨ ɢɥɢ ɭɝɥɟɪɨɞ, ɢɡɦɟ-
ɧɹɸɬ ɫɜɨё ɩɨɜɟɞɟɧɢɹ, ɟɫɥɢ ɢɯ ɨɛɴёɦ ɫɬɚɧɨɜɢɬɫɹ ɞɨɫɬɚɬɨɱɧɨ ɦɚɥɵɦ. 

Ɏɟɪɪɨɦɚɝɧɟɬɢɡɦ ɠɟɥɟɡɚ, ɧɢɤɟɥɹ, ɤɨɛɚɥɶɬɚ ɢ ɞɪɭɝɢɯ ɩɟɪɟɯɨɞɧɵɯ ɦɟɬɚɥɥɨɜ 
ɫɱɢɬɚɟɬɫɹ ɞɨɫɬɚɬɨɱɧɨ ɢɡɭɱɟɧɧɨɣ ɬɟɦɨɣ, ɨɞɧɚɤɨ, ɫɭɳɟɫɬɜɭɸɬ ɜɨɩɪɨɫɵ, ɤɨɬɨɪɵɟ 
ɞɨ ɫɢɯ ɩɨɪ ɨɫɬɚɸɬɫɹ ɛɟɡ ɨɬɜɟɬɨɜ. ȼ ɨɫɨɛɟɧɧɨɫɬɢ, ɟɫɥɢ ɪɟɱɶ ɢɞёɬ ɨ ɧɚɧɨɪɚɡɦɟɪɧɵɯ 
ɨɛɴёɦɚɯ ɢ ɤɥɚɫɬɟɪɧɵɯ ɫɬɪɭɤɬɭɪɚɯ. 

ɋɟɝɨɞɧɹ ɧɚɧɨɦɚɬɟɪɢɚɥɵ ɫ ɦɚɝɧɢɬɧɵɦɢ ɫɜɨɣɫɬɜɚɦɢ ɩɪɢɦɟɧɹɸɬɫɹ ɜ ɩɪɢɛɨ-
ɪɨɫɬɪɨɟɧɢɢ ɞɥɹ ɦɟɞɢɰɢɧɵ ɢ ɛɢɨɬɟɯɧɨɥɨɝɢɣ, ɚ ɬɚɤɠɟ ɜ ɪɚɞɢɨɷɥɟɤɬɪɨɧɢɤɟ. ɉɪɢ-
ɦɟɧɟɧɢɟ ɧɚɧɨɦɚɬɟɪɢɚɥɨɜ ɜ ɩɟɪɫɩɟɤɬɢɜɟ ɛɭɞɟɬ ɪɚɫɲɢɪɹɬɶɫɹ ɛɥɚɝɨɞɚɪɹ ɧɨɜɵɦ ɦɟ-
ɬɨɞɚɦ ɜ ɢɯ ɢɫɫɥɟɞɨɜɚɧɢɢ ɢ ɫɨɡɞɚɧɢɢ. 

Ⱦɚɧɧɚɹ ɜɵɩɭɫɤɧɚɹ ɤɜɚɥɢɮɢɤɚɰɢɨɧɧɚɹ ɪɚɛɨɬɚ ɩɨɫɜɹɳɟɧɚ ɦɚɝɧɢɬɧɵɦ ɫɜɨɣ-
ɫɬɜɚɦ, ɜɨɡɧɢɤɚɸɳɢɦ ɜ ɧɚɧɨɤɥɚɫɬɟɪɧɵɯ ɱɚɫɬɢɰɚɯ. ɂɡɭɱɟɧɵ ɧɟɤɨɬɨɪɵɟ ɚɧɨɦɚɥɢɢ 
ɜ ɩɨɜɟɞɟɧɢɢ ɦɚɬɟɪɢɚɥɨɜ ɩɪɢ ɪɚɫɫɦɨɬɪɟɧɢɢ ɢɯ ɜ ɧɚɧɨɪɚɡɦɟɪɧɵɯ ɨɛɴёɦɚɯ, ɩɪɟɞ-
ɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢɣ. ɋɞɟɥɚɧɵ ɜɵɜɨɞɵ ɢ ɩɪɟɞɩɨɥɨɠɟɧɢɹ ɨ ɜɨɡɧɢɤ-
ɧɨɜɟɧɢɢ ɦɚɝɧɢɬɧɵɯ ɫɜɨɣɫɬɜ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɤɥɚɫɬɟɪɵ, ɧɚɧɨɤɥɚɫɬɟɪɵ, ɧɚɧɨɫɬɪɭɤɬɭɪɚ, ɤɨɦɩɨɡɢɰɢɨɧ-
ɧɵɟ ɦɚɬɟɪɢɚɥɵ, ɮɟɪɪɨɦɚɝɧɟɬɢɡɦ, ɦɚɝɧɢɬɧɵɣ ɦɨɦɟɧɬ, ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɶ, ɮɭɧɤɰɢ-
ɨɧɚɥ ɷɥɟɤɬɪɨɧɧɨɣ ɩɥɨɬɧɨɫɬɢ. 
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ɊȿɎȿɊȺɌ 
 
ȼɵɩɭɫɤɧɚɹ ɤɜɚɥɢɮɢɤɚɰɢɨɧɧɚɹ ɪɚɛɨɬɚ ɩɨ ɬɟɦɟ «ɉɨɹɜɥɟɧɢɟ ɧɚɦɚɝɧɢɱɟɧɧɨ-

ɫɬɢ ɜ ɤɨɦɩɨɡɢɰɢɨɧɧɵɯ ɧɚɧɨɦɚɬɟɪɢɚɥɚɯ» ɫɨɞɟɪɠɢɬ 75 ɫɬɪɚɧɢɰ, 65 ɪɢɫɭɧɤɨɜ, 7 
ɬɚɛɥɢɰ ɢ 103 ɢɫɬɨɱɧɢɤɚ ɥɢɬɟɪɚɬɭɪɵ. 

ɐɟɥɶ ɪɚɛɨɬɵ – ɤɥɚɫɬɟɪɧɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɧɚɧɨɫɬɪɭɤɬɭɪ ɫ ɧɟɧɭɥɟɜɨɣ 
ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɶɸ.  

Ⱦɥɹ ɜɵɩɨɥɧɟɧɢɹ ɩɨɫɬɚɜɥɟɧɧɨɣ ɰɟɥɢ ɫɮɨɪɦɭɥɢɪɨɜɚɧɵ ɫɥɟɞɭɸɳɢɟ ɡɚɞɚɱɢ: 
1 ɍɫɬɚɧɨɜɥɟɧɚ ɫɜɹɡɶ ɦɟɠɞɭ ɫɬɪɭɤɬɭɪɨɣ, ɮɚɡɨɜɵɦ ɫɨɫɬɚɜɨɦ ɢ ɦɚɝɧɢɬɧɵɦɢ 

ɫɜɨɣɫɬɜɚɦɢ ɨɛɪɚɡɰɚ Al2O3 + MgO + ɋ, ɫɩɟɱёɧɧɨɝɨ ɦɟɬɨɞɨɦ SPS. 
2 ɉɨɫɬɪɨɢɬɶ ɢ ɢɫɫɥɟɞɨɜɚɬɶ ɪɚɡɥɢɱɧɵɟ ɤɥɚɫɬɟɪɧɵɟ ɦɨɞɟɥɢ ɞɥɹ ɠɟɥɟɡɚ. 
3 Ɉɛɴɹɫɧɢɬɶ ɜɨɡɧɢɤɧɨɜɟɧɢɟ ɦɚɝɧɢɬɧɵɯ ɫɜɨɣɫɬɜ ɤɥɚɫɬɟɪɧɵɯ ɱɚɫɬɢɰ. 
4 ɉɪɟɞɥɨɠɢɬɶ ɧɨɜɵɟ ɤɥɚɫɬɟɪɧɵɟ ɦɨɞɟɥɢ, ɩɨɡɜɨɥɹɸɳɢɟ ɨɛɴɹɫɧɢɬɶ ɭɧɢ-

ɤɚɥɶɧɵɟ ɦɚɝɧɢɬɧɵɟ ɫɜɨɣɫɬɜɚ ɧɚɧɨɤɥɚɫɬɟɪɨɜ. 
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 ȼȼȿȾȿɇɂȿ 
 

Ɏɟɪɪɨɦɚɝɧɟɬɢɡɦ ɠɟɥɟɡɚ ɢ ɞɪɭɝɢɯ ɩɟɪɟɯɨɞɧɵɯ ɦɟɬɚɥɥɨɜ ɢɡɜɟɫɬɟɧ ɱɟɥɨɜɟ-
ɱɟɫɬɜɭ ɢɡɞɚɜɧɚ, ɨɞɧɚɤɨ ɟɫɬɶ ɜɨɩɪɨɫɵ, ɤɨɬɨɪɵɟ ɞɨ ɫɢɯ ɩɨɪ ɨɫɬɚɸɬɫɹ ɛɟɡ ɨɬɜɟɬɨɜ, 
ɨɫɨɛɟɧɧɨ, ɟɫɥɢ ɪɟɱɶ ɢɞёɬ ɨ ɧɚɧɨɪɚɡɦɟɪɧɵɯ ɨɛɴёɦɚɯ. 

ɉɪɢ ɢɫɫɥɟɞɨɜɚɧɢɢ ɧɚɧɨɱɚɫɬɢɰ, ɧɚɧɨɦɚɬɟɪɢɚɥɨɜ ɜɨɡɧɢɤɚɟɬ ɧɟɨɛɯɨɞɢɦɨɫɬɶ 
ɨɛɴɹɫɧɢɬɶ ɦɧɨɝɢɟ ɹɜɥɟɧɢɹ, ɤɨɬɨɪɵɟ ɧɟ ɧɚɛɥɸɞɚɸɬɫɹ (ɢɥɢ ɩɪɟɧɟɛɪɟɝɚɸɬɫɹ) ɜ 
ɦɢɤɪɨɨɛɴёɦɚɯ. Ʉɪɨɦɟ ɬɨɝɨ, ɜ ɪɚɛɨɬɟ ɩɪɟɞɥɚɝɚɟɬɫɹ ɪɚɫɫɦɨɬɪɟɧɢɟ ɱɚɫɬɢɰ ɜ ɜɢɞɟ 
ɤɥɚɫɬɟɪɧɵɯ ɦɨɞɟɥɟɣ ɢ ɫɜɹɡɶ ɷɬɢɯ ɦɨɞɟɥɟɣ ɫ ɦɚɝɧɢɬɧɵɦɢ ɫɜɨɣɫɬɜɚɦɢ, ɱɬɨ ɩɪɟɞ-
ɫɬɚɜɥɹɟɬ ɧɚɭɱɧɵɣ ɢɧɬɟɪɟɫ. 

ɉɪɚɤɬɢɱɟɫɤɢɣ ɢɧɬɟɪɟɫ ɢɫɫɥɟɞɨɜɚɧɢɹ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ ɤɥɚɫɬɟɪɨɜ ɡɚɤɥɸɱɚ-
ɟɬɫɹ ɜ ɜɨɡɦɨɠɧɨɫɬɢ ɭɩɪɚɜɥɟɧɢɹ ɨɪɢɟɧɬɚɰɢɟɣ ɧɚɧɨɱɚɫɬɢɰ ɩɨɫɪɟɞɫɬɜɨɦ ɜɧɟɲɧɟɝɨ 
ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ. Ɍɚɤɠɟ ɢɫɫɥɟɞɨɜɚɧɢɹ ɜ ɷɬɨɣ ɨɛɥɚɫɬɢ ɦɨɝɭɬ ɩɨɦɨɱɶ ɩɨɥɭɱɢɬɶ 
ɧɚɧɨɦɚɬɟɪɢɚɥɵ ɫ ɦɚɝɧɢɬɨɦɹɝɤɢɦɢ, ɩɪɨɜɨɞɧɢɤɨɜɵɦɢ ɢ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɦɢ 
ɫɜɨɣɫɬɜɚɦɢ. 

Ɉɛɴɟɤɬɨɦ ɢɫɫɥɟɞɨɜɚɧɢɹ ɜɵɫɬɭɩɚɸɬ ɜ ɩɟɪɜɭɸ ɨɱɟɪɟɞɶ ɫɬɚɥɢ, ɹɜɥɹɸɳɢɟɫɹ 
ɨɫɧɨɜɧɵɦ ɤɨɧɫɬɪɭɤɰɢɨɧɧɵɦ ɦɚɬɟɪɢɚɥɨɦ ɦɚɲɢɧɨɫɬɪɨɟɧɢɹ, ɚ ɬɚɤɠɟ ɧɟɤɨɬɨɪɵɟ 
ɫɨɟɞɢɧɟɧɢɹ ɰɜɟɬɧɵɯ ɦɟɬɚɥɥɨɜ. ɋɬɚɥɢ ɜ ɨɫɧɨɜɧɨɦ ɹɜɥɹɸɬɫɹ ɮɟɪɪɨɦɚɝɧɢɬɧɵɦɢ, ɢ 
ɷɬɨ ɫɜɨɣɫɬɜɨ ɦɨɠɟɬ ɨɩɪɟɞɟɥɹɬɶ ɢɯ ɨɛɥɚɫɬɶ ɩɪɢɦɟɧɟɧɢɹ. ɍɫɢɥɟɧɢɟ ɢ ɫɨɡɞɚɧɢɟ 
ɦɚɝɧɢɬɧɵɯ ɫɜɨɣɫɬɜ ɜ ɦɚɬɟɪɢɚɥɚɯ ɦɚɲɢɧɨɫɬɪɨɟɧɢɹ ɩɨɡɜɨɥɹɬ ɭɫɨɜɟɪɲɟɧɫɬɜɨɜɚɬɶ 
ɢ ɭɞɟɲɟɜɢɬɶ ɮɟɪɪɨɦɚɝɧɢɬɧɵɟ ɞɟɬɚɥɢ ɦɚɲɢɧ ɢ ɩɪɨɦɵɲɥɟɧɧɵɟ ɦɚɝɧɢɬɵ. 
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1 ȼɨɡɧɢɤɧɨɜɟɧɢɟ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ ɜ ɧɚɧɨɤɥɚɫɬɟɪɚɯ 
 

ɂɡɭɱɟɧɢɟ ɧɚɧɨɤɥɚɫɬɟɪɨɜ ɧɟɨɛɯɨɞɢɦɨ ɢ ɨɛɭɫɥɨɜɥɟɧɨ ɧɚ ɫɟɝɨɞɧɹɲɧɢɣ ɞɟɧɶ 
ɢɯ ɭɧɢɤɚɥɶɧɵɦɢ ɫɜɨɣɫɬɜɚɦɢ: ɦɚɝɧɢɬɧɵɦɢ, ɷɥɟɤɬɪɨɧɧɵɦɢ, ɫɜɟɪɯɩɪɨɜɨɞɧɢɤɨ-
ɜɵɦɢ [1–3]. ɇɚɧɨɫɬɪɭɤɬɭɪɧɨɟ ɦɚɬɟɪɢɚɥɨɜɟɞɟɧɢɟ ɜ ɩɨɫɥɟɞɧɢɟ ɞɟɫɹɬɢɥɟɬɢɹ ɢɦɟɟɬ 
ɜɫё ɛɨɥɶɲɢɣ ɧɚɭɱɧɵɣ ɢ ɩɪɚɤɬɢɱɟɫɤɢɣ ɢɧɬɟɪɟɫ, ɩɨɫɤɨɥɶɤɭ ɞɟɲɟɜɟɸɬ ɦɟɬɨɞɵ ɫɢɧ-
ɬɟɡɚ ɧɚɧɨɫɬɪɭɤɬɭɪɧɵɯ ɦɚɬɟɪɢɚɥɨɜ. Ɇɨɥɟɤɭɥɹɪɧɵɟ ɧɚɧɨɬɟɯɧɨɥɨɝɢɢ ɜɤɥɸɱɚɸɬ ɜ 
ɫɟɛɹ ɪɚɡɪɚɛɨɬɤɭ ɫɬɪɭɤɬɭɪ ɧɚ ɚɬɨɦɚɪɧɨɦ ɭɪɨɜɧɟ [4].  

Ʉɥɚɫɬɟɪɧɵɟ ɫɨɟɞɢɧɟɧɢɹ ɯɚɪɚɤɬɟɪɧɵ ɜ ɩɟɪɜɭɸ ɨɱɟɪɟɞɶ ɞɥɹ ɦɟɬɚɥɥɨɜ: ɩɟɪɟ-
ɯɨɞɧɵɯ ɢ ɧɟɩɟɪɟɯɨɞɧɵɯ ɢ ɢɯ ɫɨɟɞɢɧɟɧɢɣ. ȼ ɮɢɡɢɤɟ ɬɟɪɦɢɧ ɤɥɚɫɬɟɪɵ ɨɛɨɡɧɚɱɚɟɬ 
ɦɚɥɟɧɶɤɢɟ ɦɧɨɝɨɚɬɨɦɧɵɟ ɱɚɫɬɢɰɵ. ȼ ɧɚɭɱɧɨɣ ɥɢɬɟɪɚɬɭɪɟ ɤɥɚɫɬɟɪɨɦ ɦɨɝɭɬ 
ɧɚɡɜɚɬɶ ɥɸɛɭɸ ɱɚɫɬɢɰɭ, ɫɨɞɟɪɠɚɳɭɸ ɨɬ 3 ɞɨ 30 ɦɢɥɥɢɨɧɨɜ ɚɬɨɦɨɜ, ɚ ɢɧɨɝɞɚ 
ɞɚɠɟ ɩɨ 2 ɚɬɨɦɚ (ɯɨɬɹ ɨɛɴɟɞɢɧɟɧɢɹ ɜ 2 ɚɬɨɦɚ ɫɤɨɪɟɟ ɩɪɨɫɬɨ ɦɨɥɟɤɭɥɚ). 

ȼ ɯɢɦɢɢ ɤɥɚɫɬɟɪɧɵɦɢ ɦɚɬɟɪɢɚɥɚɦɢ ɧɚɡɵɜɚɸɬ ɦɚɬɟɪɢɚɥɵ, ɩɪɟɞɫɬɚɜɥɹɸ-
ɳɢɟ ɫɨɛɨɣ ɦɚɬɪɢɰɭ ɫ ɪɚɜɧɨɦɟɪɧɨ ɪɚɫɩɨɥɨɠɟɧɧɵɦɢ ɜ ɧɟɣ ɫɨɟɞɢɧɟɧɢɣ ɢɥɢ ɱɚɫɬɢɰ 
ɜ ɜɢɞɟ ɤɥɚɫɬɟɪɨɜ [5]. Ɇɚɬɪɢɰɟɣ ɫɥɭɠɢɬ ɩɨɥɢɦɟɪ ɢɥɢ ɞɪɭɝɚɹ ɫɜɹɡɤɚ. Ɍɚɤɨɣ ɤɨɦ-
ɩɨɡɢɬɧɵɣ ɦɚɬɟɪɢɚɥ ɞɨɜɨɥɶɧɨ ɞɨɪɨɝ ɢ ɬɪɭɞɨɡɚɬɪɚɬɟɧ ɜ ɩɪɨɢɡɜɨɞɫɬɜɟ, ɩɨɫɤɨɥɶɤɭ 
ɤɥɚɫɬɟɪ ɢɡ ɧɟɫɤɨɥɶɤɢɯ ɚɬɨɦɨɜ ɡɚɬɪɭɞɧɢɬɟɥɶɧɨ ɩɨɥɭɱɢɬɶ ɞɚɠɟ ɜ ɥɚɛɨɪɚɬɨɪɧɵɯ 
ɭɫɥɨɜɢɹɯ. ɇɨ ɫɬɨɢɬ ɩɨɧɢɦɚɬɶ, ɱɬɨ ɨɬɞɟɥɶɧɵɟ ɤɥɚɫɬɟɪɵ ɩɨɹɜɥɹɸɬɫɹ ɜ ɪɟɚɥɶɧɵɯ 
ɦɟɬɚɥɥɚɯ ɩɨɜɫɟɦɟɫɬɧɨ ɧɚ ɝɪɚɧɢɰɚɯ ɪɚɡɞɟɥɚ ɢ ɧɚ ɩɨɜɟɪɯɧɨɫɬɹɯ ɪɚɡɪɭɲɟɧɢɹ, ɚ 
ɬɚɤɠɟ ɜɫɥɟɞɫɬɜɢɟ ɞɟɮɨɪɦɚɰɢɣ ɢɥɢ ɜɨɡɧɢɤɧɨɜɟɧɢɹ ɞɪɭɝɢɯ, ɜ ɬɨɦ ɱɢɫɥɟ ɬɟɦɩɟɪɚ-
ɬɭɪɧɵɯ, ɧɚɩɪɹɠɟɧɢɣ [6]. 

Ⱦɚɧɧɚɹ ɪɚɛɨɬɚ ɩɨɫɜɹɳɟɧɚ ɦɚɝɧɢɬɧɵɦ ɫɜɨɣɫɬɜɚɦ ɧɚɧɨɤɥɚɫɬɟɪɨɜ ɦɟɬɚɥɥɨɜ, 
ɩɨɷɬɨɦɭ ɫɬɨɢɬ ɨɛɨɡɧɚɱɢɬɶ ɜɨɡɦɨɠɧɵɟ ɨɛɥɚɫɬɢ ɩɪɢɦɟɧɟɧɢɹ ɦɚɬɟɪɢɚɥɨɜ, ɫɨɞɟɪ-
ɠɚɳɢɯ ɤɥɚɫɬɟɪɵ. 

ȼ ɩɟɪɜɭɸ ɨɱɟɪɟɞɶ, ɩɨɜɵɲɟɧɢɟ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ ɭɠɟ ɩɪɢɦɟɧɹɟɦɵɯ ɜ ɩɪɨ-
ɢɡɜɨɞɫɬɜɟ ɫɬɚɥɟɣ: ɍ10–ɍ12, ȿɏ3, ȿȼ6, ȿɏ5Ʉ5, ȿɏ9Ʉ15Ɇ2 ɢ ɬ.ɞ. ɩɨɡɜɨɥɢɬ ɫɨɡɞɚ-
ɜɚɬɶ ɛɨɥɟɟ ɫɢɥɶɧɵɟ ɦɚɝɧɢɬɵ. Ɇɚɬɟɪɢɚɥ ɢɡ ɤɥɚɫɬɟɪɨɜ ɠɟɥɟɡɚ ɜ ɬɟɨɪɢɢ ɦɨɠɟɬ ɛɵɬɶ 
ɫɪɚɜɧɢɦ ɩɨ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦ ɫ ɛɨɥɟɟ ɪɟɞɤɢɦɢ ɢ ɞɨɪɨɝɢɦɢ ɤɨɛɚɥɶɬɨɦ, ɫɚɦɚɪɢɟɦ 
ɢ ɧɟɨɞɢɦɨɦ. Ⱥ ɤɥɚɫɬɟɪɵ ɢɡ ɚɬɨɦɨɜ ɭɠɟ ɷɬɢɯ ɦɚɬɟɪɢɚɥɨɜ ɛɭɞɭɬ ɞɚɜɚɬɶ ɡɚɩɪɟɞɟɥɶ-
ɧɵɟ ɡɧɚɱɟɧɢɹ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ.  

 
1.1 ɉɪɢɦɟɧɟɧɢɟ ɢ ɢɡɝɨɬɨɜɥɟɧɢɟ ɦɚɝɧɢɬɧɵɯ ɧɚɧɨɪɚɡɦɟɪɧɵɯ  

ɤɨɦɩɨɡɢɰɢɨɧɧɵɯ ɦɚɬɟɪɢɚɥɨɜ 
 

ɉɨɫɬɨɹɧɧɵɟ ɦɚɝɧɢɬɵ ɩɨɜɫɟɦɟɫɬɧɨ ɢɫɩɨɥɶɡɭɸɬɫɹ ɞɥɹ ɫɨɡɞɚɧɢɹ ɞɟɮɟɤɬɨ-
ɫɤɨɩɨɜ, ɩɪɢɦɟɧɹɟɦɵɯ ɞɥɹ ɤɨɧɬɪɨɥɹ ɤɚɱɟɫɬɜɚ ɢ ɰɟɥɨɫɬɧɨɫɬɢ ɤɨɧɫɬɪɭɤɰɢɨɧɧɵɯ 
ɞɟɬɚɥɟɣ ɜ ɪɚɡɧɵɯ ɫɮɟɪɚɯ ɩɪɨɢɡɜɨɞɫɬɜɚ, ɧɚɩɪɢɦɟɪ, ɤɨɷɪɰɢɬɢɦɟɬɪɵ, ɮɥɸɤɫɨ-
ɦɟɬɪɵ, ɚɤɭɫɬɢɱɟɫɤɢɣ ɞɟɮɟɤɬɨɫɤɨɩ. 

Ɇɚɝɧɢɬ ɧɟɨɛɯɨɞɢɦ ɞɥɹ ɫɨɡɞɚɧɢɹ ɩɪɨɦɵɲɥɟɧɧɨɝɨ ɷɥɟɤɬɪɨɦɚɝɧɢɬɚ ɜ ɤɚɱɟ-
ɫɬɜɟ ɫɟɪɞɟɱɧɢɤɚ. ɑɟɦ ɦɨɳɧɟɟ ɦɚɝɧɢɬ-ɫɟɪɞɟɱɧɢɤ, ɬɟɦ ɛɨɥɟɟ ɝɪɭɡɨɩɨɞɴёɦɧɵɦ ɛɭ-
ɞɟɬ ɢ ɫɚɦ ɷɥɟɤɬɪɨɦɚɝɧɢɬ, ɢ ɬɟɦ ɦɟɧɶɲɟ ɩɨɬɪɟɛɭɟɬɫɹ ɫɥɨёɜ ɷɥɟɤɬɪɨɩɪɨɜɨɞɤɢ ɢ 
ɦɟɧɶɲɢɟ ɱɚɫɬɨɬɵ ɬɨɤɚ. ɇɨɜɟɣɲɢɟ ɦɚɝɧɢɬɨɦɹɝɤɢɟ ɦɚɬɟɪɢɚɥɵ ɹɜɥɹɸɬɫɹ ɧɟ ɤɪɢ-
ɫɬɚɥɥɢɱɟɫɤɢɦɢ, ɚ ɚɦɨɪɮɧɵɦɢ ɢ ɧɚɧɨɤɪɢɫɬɚɥɥɢɱɟɫɤɢɦɢ [7]. 
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ɂɡɜɟɫɬɧɨ, ɱɬɨ ɦɚɝɧɢɬɧɨɟ ɩɨɥɟ ɦɨɠɟɬ ɜɥɢɹɬɶ ɧɚ ɨɪɢɟɧɬɢɪɨɜɤɭ ɰɟɥɵɯ ɞɨɦɟ-
ɧɨɜ (ɪɢɫ. 1.1). ȼ ɤɨɦɩɨɡɢɰɢɨɧɧɨɦ ɦɚɬɟɪɢɚɥɟ, ɫɨɞɟɪɠɚɳɟɦ ɧɚɧɨɤɥɚɫɬɟɪɵ, ɤɚɠ-
ɞɵɣ ɤɥɚɫɬɟɪ, ɩɨ ɫɭɬɢ ɫɜɨɟɣ, ɛɭɞɟɬ ɹɜɥɹɬɶɫɹ ɢ ɨɬɞɟɥɶɧɵɦ ɞɨɦɟɧɨɦ. ɋɦɟɧɚ ɨɪɢɟɧ-
ɬɢɪɨɜɤɢ ɹɜɥɹɟɬɫɹ ɫɩɨɫɨɛɨɦ ɩɨɝɥɨɳɟɧɢɹ ɷɧɟɪɝɢɢ ɦɚɬɟɪɢɚɥɨɦ, ɬɨ ɟɫɬɶ ɩɨɬɟɧɰɢ-
ɚɥɶɧɚɹ ɷɧɟɪɝɢɹ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɦɚɝɧɢɬɧɵɯ ɩɨɥɟɣ (ɜɧɟɲɧɟɝɨ ɢ ɜɧɭɬɪɟɧɧɟɝɨ) ɩɟ-
ɪɟɯɨɞɢɬ ɜ ɤɢɧɟɬɢɱɟɫɤɭɸ ɷɧɟɪɝɢɸ ɞɜɢɠɟɧɢɹ, ɚ ɞɚɥɟɟ ɜ ɬɟɩɥɨɜɭɸ.  

 

 
 

Ɋɢɫɭɧɨɤ 1.1 – ɋɦɟɧɚ ɨɪɢɟɧɬɢɪɨɜɤɢ ɞɨɦɟɧɧɨɣ ɫɬɪɭɤɬɭɪɵ ɜ ɤɟɪɚɦɢɤɟ BeFeO3 [8] 
 
Ɍɚɤɨɣ ɩɪɢɧɰɢɩ ɦɨɠɧɨ ɩɪɢɦɟɧɢɬɶ ɞɥɹ ɫɨɡɞɚɧɢɹ ɪɚɞɢɨɩɨɝɥɨɳɚɸɳɟɝɨ ɦɚɬɟ-

ɪɢɚɥɚ, ɫɩɨɫɨɛɧɵɟ ɩɪɟɨɛɪɚɡɨɜɵɜɚɬɶ ɦɚɝɧɢɬɧɨɟ ɢɡɥɭɱɟɧɢɟ ɜ ɬɟɩɥɨ [9]. ȼ ɤɥɚɫɫɢ-
ɱɟɫɤɨɦ ɪɚɞɢɨɩɨɝɥɨɳɚɸɳɟɦ ɦɚɬɟɪɢɚɥɟ ɢɡɥɭɱɟɧɢɟ, ɞɟɣɫɬɜɭɹ ɧɚ ɩɨɤɪɵɬɢɟ, ɜɵɡɵ-
ɜɚɟɬ ɦɨɥɟɤɭɥɹɪɧɵɟ ɤɨɥɟɛɚɧɢɹ, ɤɨɬɨɪɵɟ ɢ «ɝɚɫɹɬ» ɢɡɥɭɱɟɧɢɟ. ɋɚɦɨ ɠɟ ɤɨɥɟɛɚɧɢɟ 
ɹɜɥɹɟɬɫɹ ɜɨɡɪɚɫɬɚɧɢɟɦ ɜɧɭɬɪɟɧɧɟɣ ɷɧɟɪɝɢɢ, ɤɨɬɨɪɚɹ ɫɨ ɜɪɟɦɟɧɟɦ ɩɟɪɟɣɞёɬ ɜ 
ɬɟɩɥɨ. ɉɪɨɰɟɫɫ ɫɨɩɪɨɜɨɠɞɚɟɬɫɹ ɩɨɝɥɨɳɟɧɢɟɦ, ɪɚɫɫɟɹɧɢɟɦ, ɢɧɬɟɪɮɟɪɟɧɰɢɟɣ ɢ 
ɞɢɮɪɚɤɰɢɟɣ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɯ ɜɨɥɧ. 

Ɋɚɞɢɨɩɨɝɥɨɳɚɸɳɢɟ ɦɚɬɟɪɢɚɥɵ ɚɤɬɢɜɧɨ ɢɫɩɨɥɶɡɭɸɬɫɹ ɞɥɹ ɫɤɪɵɬɢɹ ɫɟɤɪɟɬ-
ɧɵɯ ɨɛɴɟɤɬɨɜ, ɜɨɟɧɧɨɣ ɬɟɯɧɢɤɢ ɢ ɜɨɨɪɭɠɟɧɢɹ. ȼ ɤɨɫɦɢɱɟɫɤɨɣ ɩɪɨɦɵɲɥɟɧɧɨɫɬɢ 
ɬɚɤɠɟ ɢɫɩɨɥɶɡɭɸɬɫɹ ɪɚɞɢɨɩɨɝɥɨɳɚɸɳɢɟ ɷɤɪɚɧɵ ɧɚ ɨɛɥɢɰɨɜɤɟ ɢ ɤɨɪɩɭɫɚɯ ɞɥɹ 
ɡɚɳɢɬɵ ɬɟɯɧɢɤɢ. ȼ ɝɪɚɠɞɚɧɫɤɨɣ ɩɪɨɦɵɲɥɟɧɧɨɫɬɢ ɦɚɬɟɪɢɚɥɵ ɪɟɲɚɸɬ ɩɪɨɛɥɟɦɵ 
ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɣ ɫɨɜɦɟɫɬɢɦɨɫɬɢ ɪɚɞɢɨɷɥɟɤɬɪɨɧɧɵɯ ɭɫɬɪɨɣɫɬɜ, ɡɚɳɢɬɵ ɤɨɦɩɶ-
ɸɬɟɪɧɵɯ ɫɢɫɬɟɦ ɢ ɫɢɫɬɟɦ ɫɜɹɡɢ. ȼ ɩɨɫɥɟɞɧɟɟ ɜɪɟɦɹ ɦɚɬɟɪɢɚɥɵ ɬɚɤɠɟ ɢɫɩɨɥɶɡɭ-
ɸɬɫɹ ɞɥɹ ɡɚɳɢɬɵ ɛɢɨɥɨɝɢɱɟɫɤɢɯ ɨɛɴɟɤɬɨɜ ɨɬ ɋȼɑ-ɢɡɥɭɱɟɧɢɹ [10]. 

Ɋɚɡɪɚɛɨɬɤɚ ɦɚɝɧɢɬɧɵɯ ɧɚɧɨɤɨɦɩɨɡɢɬɨɜ ɱɪɟɡɜɵɱɚɣɧɨ ɜɚɠɧɚ ɫɟɝɨɞɧɹ ɞɥɹ 
ɢɧɮɨɪɦɚɰɢɨɧɧɵɯ ɬɟɯɧɨɥɨɝɢɣ, ɛɢɨɦɟɞɢɰɢɧɫɤɨɣ ɢɧɮɨɪɦɚɬɢɤɢ ɢ ɬɟɥɟɤɨɦɦɭɧɢɤɚ-
ɰɢɣ. Ɉɫɧɨɜɧɨɟ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɦɚɝɧɢɬɧɵɯ ɧɚɧɨɱɚɫɬɢɰ ɩɥɚɧɢɪɭɟɬɫɹ ɜ ɧɨɫɢɬɟɥɹɯ 
ɢɧɮɨɪɦɚɰɢɢ ɛɨɥɶɲɨɣ ёɦɤɨɫɬɢ, ɚ ɬɚɤɠɟ ɬɚɤɢɟ ɞɟɬɚɥɢ, ɤɚɤ ɦɚɝɧɢɬɧɵɣ ɛɚɪɚɛɚɧ, 
ɫɟɪɞɟɱɧɢɤ, ɦɚɝɧɢɬɧɚɹ ɹɱɟɣɤɚ [11–13]. ȼ ɢɧɮɨɪɦɚɰɢɨɧɧɵɯ ɬɟɯɧɨɥɨɝɢɹɯ ɫ ɫɚɦɨɝɨ 
ɩɨɹɜɥɟɧɢɹ ɷɥɟɤɬɪɨɧɧɨ-ɜɵɱɢɫɬɢɬɟɥɶɧɨɣ ɬɟɯɧɢɤɢ ɫɬɨɹɥɚ ɩɪɨɛɥɟɦɚ ɩɚɦɹɬɢ 
ɭɫɬɪɨɣɫɬɜ, ɤɨɬɨɪɨɣ ɡɚɱɚɫɬɭɸ ɢ ɨɝɪɚɧɢɱɢɜɚɥɢɫɶ ɜɵɱɢɫɥɢɬɟɥɶɧɵɟ ɦɨɳɧɨɫɬɢ. Ɍɟɯ-
ɧɨɥɨɝɢɱɟɫɤɢɟ ɫɤɚɱɤɢ ɜ ɢɧɞɭɫɬɪɢɢ ɩɪɨɢɫɯɨɞɢɥɢ ɛɥɚɝɨɞɚɪɹ ɫɨɡɞɚɧɢɸ ɧɨɜɵɯ ɧɨɫɢ-
ɬɟɥɟɣ ɢɧɮɨɪɦɚɰɢɢ – ɦɚɝɧɢɬɧɵɯ ɩɥёɧɨɤ, ɞɢɫɤɨɜ, ɤɚɪɬ ɩɚɦɹɬɢ ɢ ɬ.ɞ.  
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ɍɩɪɨɳёɧɧɚɹ ɫɯɟɦɚ ɪɚɛɨɬɵ ɦɚɝɧɢɬɧɵɯ ɧɚɤɨɩɢɬɟɥɟɣ ɬɚɤɨɜɚ: ɦɚɬɟɪɢɚɥ ɧɚɤɨ-
ɩɢɬɟɥɹ ɫɨɫɬɨɢɬ ɢɡ ɦɢɤɪɨɞɨɦɟɧɨɜ, ɤɨɬɨɪɵɟ ɨɪɢɟɧɬɢɪɭɸɬɫɹ ɩɨɞ ɞɟɣɫɬɜɢɟɦ ɦɚɝ-
ɧɢɬɧɨɝɨ ɩɨɥɹ ɨɩɪɟɞɟɥёɧɧɵɦ ɨɛɪɚɡɨɦ. ɋɢɥɶɧɨɟ ɦɚɝɧɢɬɧɨɟ ɩɨɥɟ ɨɪɢɟɧɬɢɪɭɟɬ ɞɨ-
ɦɟɧ ɜ ɫɬɨɪɨɧɭ, ɫɨɜɩɚɞɚɸɳɭɸ ɫ ɧɚɩɪɚɜɥɟɧɢɟɦ ɟɝɨ ɦɚɝɧɢɬɧɵɯ ɥɢɧɢɣ – ɫɱɢɬɚɟɬɫɹ, 
ɱɬɨ ɬɚɤɚɹ ɨɪɢɟɧɬɢɪɨɜɤɚ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɟɞɢɧɢɰɟ ɜ ɞɜɨɢɱɧɨɦ ɤɨɞɟ. ɋɥɚɛɨɟ ɦɚɝɧɢɬ-
ɧɨɟ ɩɨɥɟ ɩɪɚɤɬɢɱɟɫɤɢ ɧɟ ɜɨɡɞɟɣɫɬɜɭɟɬ ɧɚ ɞɨɦɟɧ – ɟɝɨ ɨɪɢɟɧɬɢɪɨɜɤɚ ɫɨɨɬɜɟɬ-
ɫɬɜɭɟɬ ɧɭɥɸ. 

ȿɫɥɢ ɪɚɧɶɲɟ ɪɚɡɦɟɪ ɬɚɤɢɯ ɞɨɦɟɧɨɜ ɫɨɫɬɚɜɥɹɥ ɞɟɫɹɬɵɟ ɫɨɬɵɟ ɞɨɥɢ ɦɢɥɥɢ-
ɦɟɬɪɚ, ɚ ёɦɤɨɫɬɶ ɧɚɤɨɩɢɬɟɥɟɣ – ɧɟɫɤɨɥɶɤɨ ɦɟɝɚɛɚɣɬ, ɧɚ ɫɟɝɨɞɧɹ ɬɪɟɛɭɟɬɫɹ ɞɢɚ-
ɦɟɬɪ ɱɚɫɬɢɰɵ ɨɤɨɥɨ 8 ɧɦ ɞɥɹ ɷɮɮɟɤɬɢɜɧɨɣ ɡɚɩɢɫɢ ɢɧɮɨɪɦɚɰɢɢ [14]. ɇɟɨɛɯɨɞɢ-
ɦɵɟ ɧɚ ɫɟɝɨɞɧɹ ёɦɤɨɫɬɢ – ɫɨɬɧɢ ɬɟɪɚɛɚɣɬ. Ɇɚɥɵɟ ɱɚɫɬɢɰɵ ɬɢɩɚ ɤɥɚɫɬɟɪɨɜ ɛɭɞɭɬ 
ɹɜɥɹɬɶɫɹ ɰɟɥɵɦɢ ɞɨɦɟɧɚɦɢ ɨɩɪɟɞɟɥёɧɧɨɝɨ ɪɚɡɦɟɪɚ, ɢ ɢɦɢ ɭɞɨɛɧɨ ɭɩɪɚɜɥɹɬɶ. 

ɉɪɢɦɟɧɟɧɢɟ ɧɚɧɨɤɥɚɫɬɟɪɧɵɯ ɦɚɝɧɢɬɨɜ ɩɪɟɞɩɨɥɚɝɚɟɬɫɹ ɞɥɹ ɷɥɟɤɬɪɨɧɧɵɯ, 
ɨɩɬɢɱɟɫɤɢɯ ɭɫɬɪɨɣɫɬɜ, ɫɪɟɞɫɬɜ ɦɚɝɧɢɬɧɨɝɨ ɩɟɪɟɤɨɞɢɪɨɜɚɧɢɹ, ɤɚɬɚɥɢɡɚ. ɂɡ ɧɚɧɨ-
ɤɨɦɩɨɡɢɬɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɭɠɟ ɫɟɝɨɞɧɹ ɫɨɡɞɚɸɬɫɹ ɫɜɟɪɯɩɪɨɜɨɞɧɢɤɢ ɢ ɮɟɪɪɨɠɢɞ-
ɤɨɫɬɢ [15]. ɇɚɧɨɤɪɢɫɬɚɥɥɢɱɟɫɤɢɟ ɦɚɝɧɢɬɵ ɩɨɡɜɨɥɹɬ ɦɢɧɢɚɬɸɪɢɡɢɪɨɜɚɬɶ ɫɟɧɫɨɪ-
ɧɵɟ ɷɥɟɦɟɧɬɵ. 

ȼ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɣ ɮɢɡɢɤɟ ɧɟɨɛɯɨɞɢɦɵ ɭɫɬɪɨɣɫɬɜɚ ɢ ɦɚɬɟɪɢɚɥɵ, ɢɡ ɤɨ-
ɬɨɪɵɯ ɦɨɠɧɨ ɢɡɝɨɬɚɜɥɢɜɚɬɶ ɢɨɧɧɵɟ ɥɨɜɭɲɤɢ, ɤɨɬɨɪɵɟ ɩɨɡɜɨɥɹɸɬ ɭɞɟɪɠɢɜɚɬɶ 
ɢɨɧɵ ɜ ɨɞɧɨɦ ɦɟɫɬɟ ɞɨɫɬɚɬɨɱɧɨ ɞɨɥɝɨ, ɦɚɝɧɢɬɧɵɟ ɞɚɬɱɢɤɢ, ɜ ɬɨɦ ɱɢɫɥɟ ɞɥɹ ɦɚɫɫ-
ɫɩɟɤɬɪɨɦɟɬɪɢɢ. 

 
1.2 ɋɩɨɫɨɛɵ ɢɡɝɨɬɨɜɥɟɧɢɹ ɧɚɧɨɤɨɦɩɨɡɢɰɢɨɧɧɵɯ ɦɚɬɟɪɢɚɥɨɜ 
 
Ɇɚɝɧɢɬɧɵɟ ɧɚɧɨɤɨɦɩɨɡɢɬɵ ɨɛɵɱɧɨ ɫɨɫɬɨɹɬ ɢɡ ɮɟɪɪɨɦɚɝɧɢɬɧɵɯ ɦɚɬɟɪɢɚ-

ɥɨɜ. Ɉɛɵɱɧɨ ɢɫɩɨɥɶɡɭɸɬɫɹ ɱɚɫɬɢɰɵ [16, 17] ɧɚɧɨɦɟɬɪɨɜɨɝɨ ɪɚɡɦɟɪɚ, ɪɚɫɩɪɟɞɟ-
ɥɟɧɧɵɟ ɥɢɛɨ ɜ ɧɟɦɚɝɧɢɬɧɨɣ, ɥɢɛɨ ɜ ɦɚɝɧɢɬɧɨɣ ɦɚɬɪɢɰɟ. Ɋɚɡɦɟɪ ɢ ɪɚɫɩɪɟɞɟɥɟɧɢɟ 
ɱɚɫɬɢɰ ɢɝɪɚɸɬ ɜɚɠɧɭɸ ɪɨɥɶ ɜ ɨɩɪɟɞɟɥɟɧɢɢ ɫɜɨɣɫɬɜ ɷɬɢɯ ɦɚɬɟɪɢɚɥɨɜ. 

Ⱦɥɹ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɧɚɧɨɱɚɫɬɢɰ ɧɟɨɛɯɨɞɢɦɨ ɨɛɴɟɞɢɧɢɬɶ ɢɯ ɜ ɨɛɴёɦɧɵɟ 
ɬɟɥɚ. ȼɚɠɧɚɹ ɡɚɞɚɱɚ – ɫɨɛɪɚɬɶ ɦɚɝɧɢɬɧɵɟ ɫɬɪɭɤɬɭɪɵ ɷɮɮɟɤɬɢɜɧɵɦ ɫɩɨɫɨɛɨɦ. 

Ʉɚɤ ɩɪɚɜɢɥɨ, ɷɥɟɤɬɪɢɱɟɫɤɨɟ ɢ ɦɚɝɧɢɬɧɨɟ ɩɨɜɟɞɟɧɢɟ ɧɚɧɨɫɬɪɭɤɬɭɪɢɪɨɜɚɧ-
ɧɵɯ ɫɢɫɬɟɦ ɨɩɪɟɞɟɥɹɟɬɫɹ ɤɚɤ ɜɧɭɬɪɟɧɧɢɦɢ ɫɜɨɣɫɬɜɚɦɢ ɧɚɧɨɫɬɪɭɤɬɭɪ, ɬɚɤ ɢ ɢɯ 
ɜɡɚɢɦɨɞɟɣɫɬɜɢɟɦ ɫ ɦɚɬɪɢɰɟɣ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɦɚɝɧɢɬɧɵɦ ɩɨɜɟɞɟɧɢɟɦ ɫɢɫɬɟɦɵ 
ɦɨɠɧɨ ɭɩɪɚɜɥɹɬɶ ɪɚɡɦɟɪɨɦ, ɮɨɪɦɨɣ, ɯɢɦɢɱɟɫɤɢɦ ɫɨɫɬɚɜɨɦ ɢ ɫɬɪɭɤɬɭɪɨɣ ɧɚɧɨ-
ɱɚɫɬɢɰ ɢ / ɢɥɢ ɩɪɢɪɨɞɨɣ ɦɚɬɪɢɰɵ, ɜ ɤɨɬɨɪɭɸ ɨɧɢ ɜɫɬɪɨɟɧɵ [15]. 

ɉɨɥɭɱɟɧɢɟ ɦɚɝɧɢɬɧɨɝɨ ɤɥɚɫɬɟɪɧɨɝɨ ɦɚɬɟɪɢɚɥɚ ɞɥɹ ɧɭɠɞ ɦɚɲɢɧɨɫɬɪɨɟɧɢɹ 
ɢ ɞɪɭɝɢɯ ɫɮɟɪ ɩɪɨɢɡɜɨɞɫɬɜɚ ɩɪɟɞɥɚɝɚɟɬɫɹ ɩɭɬёɦ ɩɨɪɨɲɤɨɜɨɝɨ ɫɩɟɤɚɧɢɹ. Ʉɥɚ-
ɫɬɟɪɵ ɹɜɥɹɸɬɫɹ ɩɨ ɫɭɬɢ ɫɜɨɟɣ ɧɚɧɨɪɚɡɦɟɪɧɵɦ ɩɨɪɨɲɤɨɦ, ɹɜɥɹɸɳɢɦɫɹ ɧɚɩɨɥɧɢ-
ɬɟɥɟɦ ɤɨɦɩɨɡɢɬɧɨɝɨ ɦɚɬɟɪɢɚɥɚ. Ɇɚɬɪɢɰɚ ɫɩɟɱёɧɧɨɝɨ ɤɨɦɩɨɡɢɬɚ ɜɵɛɢɪɚɟɬɫɹ ɜ ɡɚ-
ɜɢɫɢɦɨɫɬɢ ɨɬ ɬɪɟɛɭɟɦɵɯ ɦɟɯɚɧɢɱɟɫɤɢɯ ɫɜɨɣɫɬɜ. Ⱦɨɫɬɚɬɨɱɧɨ ɞɟɲёɜɵɦ ɜɚɪɢɚɧɬɨɦ 
ɛɭɞɟɬ ɦɚɬɪɢɰɚ ɧɚ ɨɫɧɨɜɟ ɨɤɫɢɞɧɨɣ ɤɟɪɚɦɢɤɢ Al2O3.  

Ɍɚɤɠɟ ɭɠɟ ɫɟɝɨɞɧɹ ɢɡɜɟɫɬɧɵ ɫɩɨɫɨɛɵ ɫɨɡɞɚɧɢɹ ɧɚɧɨɤɨɦɩɨɡɢɬɨɜ ɫ ɦɚɬɪɢ-
ɰɚɦɢ ɢɡ ɫɬɟɤɥɚ ɢɥɢ ɚɦɨɪɮɧɵɯ ɬɟɥ [15]. Ⱥɦɨɪɮɧɵɟ ɦɚɝɧɢɬɵ ɛɵɥɢ ɜɩɟɪɜɵɟ ɢɡɝɨ-
ɬɨɜɥɟɧɵ ɜ 1967 ɝɨɞɭ ɢɡ ɠɢɞɤɨɝɨ ɫɨɫɬɨɹɧɢɹ ɫ ɩɨɦɨɳɶɸ ɬɟɯɧɢɤɢ ɛɵɫɬɪɨɣ ɡɚɤɚɥɤɢ.  
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Ⱥɦɨɪɮɧɵɟ ɦɚɝɧɢɬɵ ɞɟɦɨɧɫɬɪɢɪɭɸɬ ɲɢɪɨɤɢɣ ɫɩɟɤɬɪ ɧɨɜɵɯ ɹɜɥɟɧɢɣ, ɜ ɨɬɥɢɱɢɟ 
ɨɬ ɢɯ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɚɧɚɥɨɝɨɜ. Ⱥɬɨɦɵ ɜ ɚɦɨɪɮɧɨɦ ɦɚɝɧɢɬɟ ɪɚɫɩɪɟɞɟɥɟɧɵ ɫɥɭ-
ɱɚɣɧɵɦ ɨɛɪɚɡɨɦ, ɱɬɨ ɩɪɢɜɨɞɢɬ ɤ ɧɟɭɩɨɪɹɞɨɱɟɧɧɨɦɭ ɫɨɫɬɨɹɧɢɸ, ɢ ɮɢɡɢɤɢ ɢɡɨ 
ɜɫɟɯ ɫɢɥ ɩɵɬɚɸɬɫɹ ɨɛɴɹɫɧɢɬɶ ɦɚɝɧɢɬɧɵɣ ɩɨɪɹɞɨɤ, ɜɨɡɧɢɤɚɸɳɢɣ ɢɡ-ɡɚ ɩɨɥɧɨɝɨ 
ɨɬɫɭɬɫɬɜɢɹ ɨɩɪɟɞɟɥɟɧɧɨɣ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɵ. 

ɇɚɧɨɤɪɢɫɬɚɥɥɢɱɟɫɤɢɟ ɦɚɝɧɢɬɧɵɟ ɦɚɬɟɪɢɚɥɵ ɨɛɵɱɧɨ ɩɨɥɭɱɚɸɬ ɩɭɬɟɦ ɱɚ-
ɫɬɢɱɧɨɣ ɤɪɢɫɬɚɥɥɢɡɚɰɢɢ ɢɯ ɚɦɨɪɮɧɵɯ ɬɟɥ. Ɇɢɤɪɨɫɬɪɭɤɬɭɪɚ ɷɬɢɯ ɦɚɬɟɪɢɚɥɨɜ ɫɨ-
ɫɬɨɢɬ ɢɡ ɧɚɧɨɪɚɡɦɟɪɧɵɯ ɮɟɪɪɨɦɚɝɧɢɬɧɵɯ ɦɚɬɟɪɢɚɥɨɜ, ɡɚɤɥɸɱɟɧɧɵɯ ɜ ɚɦɨɪɮɧɭɸ 
ɦɚɬɪɢɰɭ. Ɏɚɡɚ ɦɚɬɪɢɰɵ ɬɚɤɠɟ ɞɨɥɠɧɚ ɛɵɬɶ ɮɟɪɪɨɦɚɝɧɢɬɧɨɣ ɞɥɹ ɨɛɥɟɝɱɟɧɢɹ ɨɛ-
ɦɟɧɧɨɝɨ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɦɟɠɞɭ ɧɚɧɨɱɚɫɬɢɰɚɦɢ. ȼ ɪɟɡɭɥɶɬɚɬɟ ɬɚɤɨɝɨ ɜɡɚɢɦɨɞɟɣ-
ɫɬɜɢɹ ɨɧɢ ɱɚɫɬɨ ɩɪɨɹɜɥɹɸɬ ɢɫɱɟɡɚɸɳɭɸ ɦɚɝɧɢɬɨɤɪɢɫɬɚɥɥɢɱɟɫɤɭɸ ɚɧɢɡɨɬɪɨɩɢɸ. 

ɂɧɬɟɪɟɫɧɵɟ ɫɜɨɣɫɬɜɚ ɧɚɧɨɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɦɚɝɧɢɬɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɹɜɥɹ-
ɸɬɫɹ ɫɥɟɞɫɬɜɢɟɦ ɷɮɮɟɤɬɨɜ, ɜɵɡɜɚɧɧɵɯ ɧɚɧɨɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɨɣ. Ʉ ɧɢɦ 
ɨɬɧɨɫɹɬɫɹ ɜɥɢɹɧɢɟ ɝɪɚɧɢɰ ɡɟɪɟɧ, ɭɫɪɟɞɧɟɧɢɟ ɦɚɝɧɢɬɧɨɣ ɚɧɢɡɨɬɪɨɩɢɢ ɡɚ ɫɱɟɬ ɨɛ-
ɦɟɧɧɵɯ ɜɡɚɢɦɨɞɟɣɫɬɜɢɣ, ɭɦɟɧɶɲɟɧɢɟ ɞɥɢɧɵ ɨɛɦɟɧɚ ɢ ɫɭɳɟɫɬɜɨɜɚɧɢɟ ɦɢɧɢ-
ɦɚɥɶɧɨɣ ɞɜɭɯɮɚɡɧɨɣ ɫɬɪɭɤɬɭɪɵ ɜ ɬɚɤɢɯ ɦɚɬɟɪɢɚɥɚɯ. 

Ⱥɦɨɪɮɧɵɟ ɢ ɧɚɧɨɤɪɢɫɬɚɥɥɢɱɟɫɤɢɟ ɦɚɬɟɪɢɚɥɵ ɛɵɥɢ ɢɫɫɥɟɞɨɜɚɧɵ ɞɥɹ ɩɪɢ-
ɦɟɧɟɧɢɹ ɜ ɦɚɝɧɢɬɧɨ-ɦɹɝɤɢɯ ɦɚɬɟɪɢɚɥɚɯ, ɧɚɩɪɢɦɟɪ, ɜ ɬɪɚɧɫɮɨɪɦɚɬɨɪɚɯ ɢ ɢɧɞɭɤ-
ɬɢɜɧɵɯ ɭɫɬɪɨɣɫɬɜɚɯ. Ɋɟɲɚɸɳɢɦɢ ɩɚɪɚɦɟɬɪɚɦɢ, ɨɩɪɟɞɟɥɹɸɳɢɦɢ ɢɯ ɩɪɢɦɟɧɢ-
ɦɨɫɬɶ ɜ ɬɚɤɢɯ ɭɫɬɪɨɣɫɬɜɚɯ, ɹɜɥɹɸɬɫɹ ɜɵɫɨɤɚɹ ɢɧɞɭɤɰɢɹ, ɜɵɫɨɤɚɹ ɩɪɨɧɢɰɚɟɦɨɫɬɶ 
ɢ ɜɵɫɨɤɚɹ ɬɟɦɩɟɪɚɬɭɪɚ Ʉɸɪɢ. ɉɨɦɢɦɨ ɷɬɢɯ ɬɪɟɛɨɜɚɧɢɣ, ɦɚɬɟɪɢɚɥɵ ɞɨɥɠɧɵ ɨɛ-
ɥɚɞɚɬɶ ɯɨɪɨɲɢɦɢ ɦɟɯɚɧɢɱɟɫɤɢɦɢ ɫɜɨɣɫɬɜɚɦɢ ɢ ɤɨɪɪɨɡɢɨɧɧɨɣ ɫɬɨɣɤɨɫɬɶɸ.  

ɇɚɢɛɨɥɟɟ ɪɚɫɩɪɨɫɬɪɚɧɟɧɧɵɦɢ ɤɨɦɩɨɡɢɰɢɹɦɢ ɞɥɹ ɦɚɝɧɢɬɨɦɹɝɤɢɯ ɩɪɢɦɟ-
ɧɟɧɢɣ ɜ ɚɦɨɪɮɧɨɦ ɢɥɢ ɧɚɧɨɤɪɢɫɬɚɥɥɢɱɟɫɤɨɦ ɫɨɫɬɨɹɧɢɢ ɹɜɥɹɸɬɫɹ ɫɩɥɚɜɵ ɧɚ ɨɫ-
ɧɨɜɟ ɦɟɬɚɥɥ-ɦɟɬɚɥɥɨɢɞ (Fe, Co, Ni)–(Si, B) ɫ ɧɟɛɨɥɶɲɢɦɢ ɞɨɛɚɜɤɚɦɢ Mn, Nb, C, 
Cu. ɗɬɢ ɫɢɫɬɟɦɵ ɩɪɨɢɡɜɨɞɹɬɫɹ ɜ ɜɢɞɟ ɬɨɧɤɨɣ ɥɟɧɬɵ ɜ ɤɪɭɩɧɨɦɚɫɲɬɚɛɧɨɦ ɩɪɨɢɡ-
ɜɨɞɫɬɜɟ. Ɉɧɢ ɢɦɟɸɬ ɛɨɥɶɲɭɸ ɦɚɝɧɢɬɨɫɬɪɢɤɰɢɸ ɧɚɫɵɳɟɧɢɹ, ɜɵɫɨɤɭɸ ɧɚɦɚɝɧɢ-
ɱɟɧɧɨɫɬɶ ɧɚɫɵɳɟɧɢɹ, ɧɢɡɤɢɟ ɷɧɟɪɝɢɢ ɚɧɢɡɨɬɪɨɩɢɢ ɢ ɧɢɡɤɭɸ ɤɨɷɪɰɢɬɢɜɧɭɸ ɫɢɥɭ. 
ɉɪɢɦɟɧɹɸɬɫɹ ɜ ɤɚɱɟɫɬɜɟ ɦɚɝɧɢɬɨɦɹɝɤɢɯ ɦɚɝɧɢɬɨɫɬɪɢɱɟɫɤɢɯ ɞɚɬɱɢɤɨɜ. ɇɟɫɦɨɬɪɹ 
ɧɚ ɫɜɨɢ ɩɪɟɜɨɫɯɨɞɧɵɟ ɦɚɝɧɢɬɧɵɟ ɫɜɨɣɫɬɜɚ, ɥɟɧɬɵ ɢɦɟɸɬ ɫɥɨɠɧɭɸ ɞɨɦɟɧɧɭɸ 
ɫɬɪɭɤɬɭɪɭ ɢ ɛɟɫɩɨɪɹɞɨɱɧɭɸ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɶ, ɱɬɨ ɫɧɢɦɚɟɬɫɹ ɨɬɠɢɝɨɦ. Ⱦɥɹ 
ɭɞɨɛɧɨɝɨ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɢɡɝɨɬɚɜɥɢɜɚɸɬɫɹ ɤɨɦɩɨɡɢɬɧɵɟ ɦɚɬɟɪɢɚɥɵ ɫ ɦɚɬɪɢɰɟɣ 
ɢɡ ɷɩɨɤɫɢɞɧɨɣ ɫɦɨɥɵ, ɫɬɟɤɥɚ ɢɥɢ ɩɨɥɢɦɟɪɚ, ɚ ɧɚɩɨɥɧɢɬɟɥɟɦ ɜɵɫɬɭɩɚɟɬ ɦɚɝɧɢɬ-
ɧɚɹ ɥɟɧɬɚ. 

Ɉɞɢɧ ɢɡ ɫɩɨɫɨɛɨɜ ɢɡɝɨɬɨɜɥɟɧɢɹ ɧɚɧɨɫɬɪɭɤɬɭɪ ɧɚ ɩɥɨɳɚɞɹɯ – ɧɚ ɬɟɯ ɠɟ ɥɟɧ-
ɬɚɯ – ɨɫɚɠɞɟɧɢɟ ɢɡ ɩɚɪɨɜɨɣ ɮɚɡɵ ɩɨɞ ɤɨɫɵɦ ɭɝɥɨɦ. Ⱥɬɨɦɵ ɩɚɪɚ ɩɨɩɚɞɚɸɬ ɧɚ 
ɩɨɞɥɨɠɤɭ ɩɨɞ ɤɨɫɵɦɢ ɭɝɥɚɦɢ ɨɬɧɨɫɢɬɟɥɶɧɨ ɧɨɪɦɚɥɢ ɤ ɩɨɜɟɪɯɧɨɫɬɢ ɩɨɞɥɨɠɤɢ. 
Ɉɛɵɱɧɨ ɬɚɤɢɦ ɨɛɪɚɡɨɦ ɨɛɪɚɡɨɜɵɜɚɸɬɫɹ ɢɡɨɥɢɪɨɜɚɧɧɵɟ ɫɬɨɥɛɱɚɬɵɟ ɫɬɪɭɤɬɭɪɵ, 
ɩɨɫɤɨɥɶɤɭ ɤɥɚɫɬɟɪɵ «ɧɚɪɚɫɬɚɸɬ» ɧɚ ɫɟɛɟɩɨɞɨɛɧɵɟ ɚɬɨɦɧɵɟ ɫɬɪɭɤɬɭɪɵ. 

Ɍɚɤɠɟ ɢɫɩɨɥɶɡɭɟɬɫɹ ɩɨɥɭɱɟɧɢɟ ɬɨɧɤɢɯ ɩɥɟɧɨɤ ɚɦɨɪɮɧɵɯ ɫɩɥɚɜɨɜ Fe–Ni 
ɦɟɬɨɞɨɦ ɬɟɪɦɢɱɟɫɤɨɝɨ ɧɚɩɵɥɟɧɢɹ. ȼɵɫɨɤɨɬɟɦɩɟɪɚɬɭɪɧɭɸ ɩɚɪɨɜɭɸ ɮɚɡɭ ɤɪɢ-
ɫɬɚɥɥɢɡɢɪɭɸɬ, ɢɡ-ɡɚ ɱɟɝɨ ɩɨɥɭɱɚɟɬɫɹ ɚɦɨɪɮɧɚɹ ɧɚɧɨɱɚɫɬɢɰɚ. Ɇɢɤɪɨɫɬɪɭɤɬɭɪɚ ɢ 
ɪɚɡɦɟɪ ɡɟɪɧɚ ɬɚɤɠɟ ɡɚɜɢɫɢɬ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ ɨɬɠɢɝɚ – ɩɨɜɵɲɟɧɢɟ ɬɟɦɩɟɪɚɬɭɪɵ 
ɩɪɢɜɨɞɢɬ ɤ ɪɨɫɬɭ ɤɪɢɫɬɚɥɥɢɬɨɜ. 
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Ɉɫɧɨɜɧɨɟ ɜɧɢɦɚɧɢɟ ɭɞɟɥɹɟɬɫɹ Fe–Ni ɢɡ-ɡɚ ɢɯ ɩɪɟɜɨɫɯɨɞɧɵɯ ɦɚɝɧɢɬɨɦɹɝ-
ɤɢɯ ɫɜɨɣɫɬɜ. ɂɯ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɶ ɧɚɫɵɳɟɧɢɹ ɢ ɦɚɝɧɢɬɨɫɬɪɢɤɰɢɹ ɜɵɫɨɤɢ ɩɨ 
ɫɪɚɜɧɟɧɢɸ ɫ ɚɦɨɪɮɧɵɦɢ ɫɩɥɚɜɚɦɢ ɧɚ ɨɫɧɨɜɟ Co, ɱɬɨ ɞɟɥɚɟɬ ɢɯ ɢɧɬɟɪɟɫɧɵɦɢ ɤɚɧ-
ɞɢɞɚɬɚɦɢ ɞɥɹ ɭɫɬɪɨɣɫɬɜ ɦɚɝɧɢɬɧɨɝɨ ɷɤɪɚɧɢɪɨɜɚɧɢɹ ɛɥɚɝɨɞɚɪɹ ɢɯ ɛɨɥɟɟ ɜɵɫɨɤɨɣ 
ɩɪɨɧɢɰɚɟɦɨɫɬɢ. 

ɗɥɟɤɬɪɨɩɪɹɞɟɧɢɟ – ɫɚɦɵɣ ɩɨɩɭɥɹɪɧɵɣ ɦɟɬɨɞ ɩɪɨɢɡɜɨɞɫɬɜɚ ɮɭɧɤɰɢɨɧɚɥɶ-
ɧɵɯ ɧɚɧɨɜɨɥɨɤɨɧ ɢɡ-ɡɚ ɟɝɨ ɩɪɨɫɬɨɬɵ, ɧɢɡɤɨɣ ɫɬɨɢɦɨɫɬɢ ɢ ɜɵɫɨɤɨɝɨ ɜɵɯɨɞɚ. 
ɇɚɧɨɜɨɥɨɤɧɚ ɧɚ ɨɫɧɨɜɟ ɦɟɬɚɥɥɚ ɩɪɨɢɡɜɨɞɹɬɫɹ ɩɭɬɟɦ ɷɥɟɤɬɪɨɫɩɢɧɧɢɧɝɚ ɡɨɥɶ-
ɝɟɥɹ, ɫɨɫɬɨɹɳɟɝɨ ɢɡ ɦɟɬɚɥɥɚ ɢ ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɝɨ ɩɨɥɢɦɟɪɚ. Ⱦɥɹ ɫɢɧɬɟɡɚ ɢɫɩɨɥɶ-
ɡɭɸɬ Co, Cu, Ar, Fe, Ni. ȼɨɥɨɤɧɚ ɩɪɨɤɚɥɢɜɚɸɬɫɹ ɜ ɚɬɦɨɫɮɟɪɟ ɚɪɝɨɧɚ. ȼɤɥɸɱɟɧɢɟ 
ɧɚɧɨɱɚɫɬɢɰ ɮɟɪɪɨɦɚɝɧɟɬɢɤɨɜ ɜ ɧɚɧɨɜɨɥɨɤɧɨ ɩɪɢɜɨɞɢɬ ɤ ɭɥɭɱɲɟɧɢɸ ɩɪɨɜɨɞɧɢ-
ɤɨɜɵɯ ɫɜɨɣɫɬɜ ɢ ɩɨɜɵɲɟɧɧɵɦ ɦɚɝɧɢɬɧɵɦ ɫɜɨɣɫɬɚɦ, ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɨɛɴёɦɧɵɦ 
ɦɚɬɟɪɢɚɥɨɦ [15]. 

ɉɪɨɛɥɟɦɨɣ ɫɩɟɤɚɧɢɹ ɢ ɚɦɨɪɮɧɵɯ ɦɚɝɧɢɬɨɜ ɹɜɥɹɟɬɫɹ ɬɟɦɩɟɪɚɬɭɪɚ. ɇɟɨɛɯɨ-
ɞɢɦɨ ɷɦɩɢɪɢɱɟɫɤɢ ɭɫɬɚɧɨɜɢɬɶ ɬɟɦɩɟɪɚɬɭɪɵ, ɩɪɢ ɤɨɬɨɪɵɯ ɤɥɚɫɬɟɪɵ ɛɭɞɭɬ ɪɟɥɚɤ-
ɫɢɪɨɜɚɬɶ ɢ ɬɟɪɹɬɶ ɫɜɨɢ ɦɚɝɧɢɬɧɵɟ ɫɜɨɣɫɬɜɚ. Ⱦɥɹ ɬɨɝɨ, ɱɬɨɛɵ ɧɟ ɩɪɨɢɫɯɨɞɢɥɚ ɩɟ-
ɪɟɫɬɪɨɣɤɚ ɫɬɪɭɤɬɭɪɵ, ɦɚɬɪɢɰɚ ɤɨɦɩɨɡɢɰɢɨɧɧɨɝɨ ɦɚɬɟɪɢɚɥɚ ɞɨɥɠɧɚ ɛɵɬɶ ɞɨɫɬɚ-
ɬɨɱɧɨ ɥɟɝɤɨɩɥɚɜɤɨɣ. ɉɪɢ ɧɟɨɛɯɨɞɢɦɨɫɬɢ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɜ ɭɫɥɨɜɢɹɯ ɬɪɟɧɢɹ ɢɥɢ 
ɞɥɹ ɩɨɥɭɱɟɧɢɹ ɭɧɢɤɚɥɶɧɵɯ ɷɥɟɤɬɪɨɩɪɨɜɨɞɹɳɢɯ ɫɜɨɣɫɬɜ – ɜ ɜɢɞɟ ɥɟɝɤɨɩɥɚɜɤɢɯ 
ɦɟɬɚɥɥɨɜ. Ⱦɥɹ ɫɨɡɞɚɧɢɹ ɦɚɝɧɢɬɨɜ ɢ ɫɪɟɞɫɬɜ ɡɚɩɢɫɢ ɢɧɮɨɪɦɚɰɢɢ – ɜ ɜɢɞɟ ɩɨɥɢ-
ɦɟɪɨɜ ɪɚɡɧɨɣ ɮɨɪɦɵ. 
 

1.3 Ʉɥɚɫɬɟɪ ɢ ɤɥɚɫɬɟɪɧɵɟ ɦɨɞɟɥɢ 
 

Ʉɥɚɫɬɟɪɚɦɢ ɜ ɦɚɬɟɪɢɚɥɨɜɟɞɟɧɢɢ ɢ ɮɢɡɢɱɟɫɤɨɣ ɯɢɦɢɢ ɧɚɡɵɜɚɸɬ ɝɪɭɩɩɵ 
ɬɟɫɧɨ ɫɜɹɡɚɧɧɵɯ ɚɬɨɦɨɜ. Ʉɥɚɫɬɟɪ – ɫɢɫɬɟɦɚ ɨɛɴɟɞɢɧёɧɧɵɯ ɚɬɨɦɨɜ ɜɟɳɟɫɬɜɚ, ɚ 
ɤɥɚɫɬɟɪɧɵɣ ɚɝɪɟɝɚɬ – ɤɨɦɛɢɧɚɰɢɹ ɷɥɟɦɟɧɬɚɪɧɵɯ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɤɥɚɫɬɟɪɨɜ 
(ɨɛɵɱɧɨ ɬɟɬɪɚɷɞɪɨɜ ɢ ɨɤɬɚɷɞɪɨɜ) [18]. ɇɚɢɛɨɥɟɟ ɢɡɭɱɟɧɵ ɤɥɚɫɬɟɪɵ ɦɟɬɚɥɥɨɜ, ɨɞ-
ɧɚɤɨ, ɢ ɨɧɢ ɞɨ ɫɢɯ ɩɨɪ ɹɜɥɹɸɬɫɹ ɦɚɥɨɢɫɫɥɟɞɨɜɚɧɧɵɦɢ.  

ɋɱɢɬɚɟɬɫɹ, ɱɬɨ ɪɟɚɥɶɧɵɟ ɚɬɨɦɵ ɜɫɟɝɞɚ ɛɭɞɭɬ ɨɛɴɟɞɢɧɹɬɶɫɹ ɜ ɤɥɚɫɬɟɪɵ 
ɜɫɥɟɞɫɬɜɢɟ ɫɜɨɢɯ ɨɬɤɪɵɬɵɯ ɫɜɹɡɟɣ. Ʉɥɚɫɬɟɪɧɵɟ ɫɨɟɞɢɧɟɧɢɹ ɫ ɨɞɧɨɪɨɞɧɵɦɢ ɚɬɨ-
ɦɚɦɢ (ɚɬɨɦɚɦɢ ɨɞɧɨɝɨ ɯɢɦɢɱɟɫɤɨɝɨ ɷɥɟɦɟɧɬɚ) ɛɭɞɭɬ ɫɬɪɟɦɢɬɶɫɹ ɤ ɨɛɴɟɞɢɧɟɧɢɸ 
ɜ ɩɪɚɜɢɥɶɧɵɟ ɨɛɴёɦɧɵɟ ɮɢɝɭɪɵ (ɪɢɫ. 1.2). ɇɚɢɛɨɥɟɟ ɯɚɪɚɤɬɟɪɧɵɟ ɞɥɹ ɦɟɬɚɥɥɚ 
ɨɛɴɟɞɢɧɟɧɢɹ – ɬɟɬɪɚɷɞɪ (ɱɟɬɵɪɟ ɜɟɪɲɢɧɵ) ɢ ɨɤɬɚɷɞɪ (ɲɟɫɬɶ ɜɟɪɲɢɧ). 

Ʉɪɨɦɟ ɬɨɝɨ, ɱɬɨ ɚɬɨɦɵ ɨɛɴɟɞɢɧɹɸɬɫɹ ɜ ɤɥɚɫɬɟɪɵ ɩɪɢ ɦɚɥɨɦ ɤɨɥɢɱɟɫɬɜɟ, 
ɤɥɚɫɬɟɪɧɨɟ ɪɚɡɛɢɟɧɢɟ ɦɨɠɧɨ ɩɪɢɦɟɧɢɬɶ ɤ ɦɟɬɚɥɥɢɱɟɫɤɢɦ ɪɟɲёɬɤɚɦ. ɉɨ ɪɢɫɭɧ-
ɤɚɦ 1.5–1.7 ɫɬɚɧɨɜɢɬɫɹ ɨɱɟɜɢɞɧɨ, ɱɬɨ ɨɧɢ ɫɨɫɬɨɹɬ ɢɡ ɤɥɚɫɬɟɪɨɜ. 
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Ɋɢɫɭɧɨɤ 1.2 – Ɇɨɞɟɥɢ ɤɥɚɫɬɟɪɨɜ ɦɢɧɢɦɚɥɶɧɵɯ ɪɚɡɦɟɪɨɜ 
 

ɉɪɨɨɛɪɚɡ ɤɥɚɫɬɟɪɨɜ – ɨɛɴɟɞɢɧɟɧɢɹ Ʌɚɜɟɫɚ [19], ɤɨɬɨɪɵɟ ɨɩɢɫɵɜɚɥɢ ɢɧɬɟɪ-
ɦɟɬɚɥɥɢɞɧɵɟ ɮɚɡɵ, ɢ ɨɛɴɟɞɢɧɟɧɢɹ Ȼɟɪɧɚɥɚ [20], ɨɩɢɫɵɜɚɸɳɢɟ ɠɢɞɤɢɟ ɢ ɚɦɨɪɮ-
ɧɵɟ ɦɟɬɚɥɥɵ (ɪɢɫ. 1.3). 

 

 
 

ɚ ɛ 
 

Ɋɢɫɭɧɨɤ 1.3 – ɂɡɨɛɪɚɠɟɧɢɹ ɩɪɟɞɩɨɥɚɝɚɟɦɵɯ ɤɥɚɫɬɟɪɧɵɯ ɨɛɪɚɡɨɜɚɧɢɣ: ɚ – ɩɨɥɢɷɞɪ Ʌɚɜɟɫɚ 
[19]; ɛ – ɩɨɥɢɷɞɪɵ Ȼɟɪɧɚɥɚ [20] 

 
ɂɡɧɚɱɚɥɶɧɨ ɤɥɚɫɬɟɪɵ ɢ ɤɥɚɫɬɟɪɧɵɟ ɚɝɪɟɝɚɬɵ ɛɵɥɢ ɨɛɧɚɪɭɠɟɧɵ ɢɦɟɧɧɨ ɜ 

ɢɧɬɟɪɦɟɬɚɥɥɢɞɚɯ, ɠɢɞɤɨɫɬɹɯ, ɚɦɨɪɮɧɵɯ ɬɟɥɚɯ. Ʉɪɨɦɟ ɩɪɨɱɟɝɨ, ɫɬɪɭɤɬɭɪɵ, ɫɨɨɬ-
ɜɟɬɫɬɜɭɸɳɢɟ ɤɥɚɫɬɟɪɧɵɦ, ɧɚ ɝɪɚɧɢɰɚɯ ɪɚɡɞɟɥɚ ɮɚɡ ɢ ɞɚɠɟ ɧɚ ɩɨɜɟɪɯɧɨɫɬɹɯ ɪɚɡ-
ɪɭɲɟɧɢɹ – ɷɬɢ ɨɛɥɚɫɬɢ ɜ ɤɥɚɫɫɢɱɟɫɤɨɣ ɤɪɢɫɬɚɥɥɨɝɪɚɮɢɢ ɡɚɱɚɫɬɭɸ ɫɱɢɬɚɸɬɫɹ ɪɟ-
ɨɪɝɚɧɢɡɨɜɚɧɧɵɦɢ, ɨɞɧɚɤɨ ɝɪɭɩɩɚɦ ɚɬɨɦɨɜ ɷɧɟɪɝɟɬɢɱɟɫɤɢ ɜɵɝɨɞɧɨ ɨɛɴɟɞɢɧɹɬɶɫɹ 
ɜ ɤɥɚɫɬɟɪɵ [18]. 

ɋɬɪɭɤɬɭɪɚ ɚɦɨɪɮɧɨɝɨ ɫɩɥɚɜɚ ɧɟ ɢɦɟɟɬ ɞɚɥɶɧɟɝɨ ɩɨɪɹɞɤɚ, ɨɞɧɚɤɨ, ɟё ɬɟɦ ɧɟ 
ɦɟɧɟɟ ɦɨɠɧɨ ɪɚɡɛɢɬɶ ɧɚ ɫɬɪɭɤɬɭɪɧɵɟ ɫɨɫɬɚɜɥɹɸɳɢɟ ɜ ɜɢɞɟ ɤɥɚɫɬɟɪɨɜ (ɪɢɫ. 1.4). 
Ʉɥɚɫɬɟɪɵ ɨɛɴɟɞɢɧɹɸɬɫɹ ɜ ɧɚɧɨɫɬɪɭɤɬɭɪɵ ɫ ɛɥɢɠɧɢɦ ɩɨɪɹɞɤɨɦ, ɷɬɨ ɫɛɨɪɤɢ ɢɡ 
ɨɤɬɚɷɞɪɢɱɟɫɤɢɯ ɢ ɬɟɬɪɚɷɞɪɢɱɟɫɤɢɯ ɤɥɚɫɬɟɪɨɜ. ɉɨ ɝɟɨɦɟɬɪɢɱɟɫɤɢɦ ɩɪɢɱɢɧɚɦ ɨɧɢ 
ɧɟ ɦɨɝɭɬ ɢɦɟɬɶ ɪɚɡɦɟɪ ɛɨɥɶɲɟ ɱɟɬɵɪёɯ ɦɟɠɚɬɨɦɧɵɯ ɪɚɫɫɬɨɹɧɢɣ ɨɬ ɰɟɧɬɪɚ, ɬ.ɤ. 
ɢɦɟɸɬ ɛɨɥɶɲɢɟ ɭɝɥɵ ɚɬɨɦɧɵɯ ɫɦɟɳɟɧɢɣ. Ɇɟɠɞɭ ɤɥɚɫɬɟɪɧɵɦɢ ɫɛɨɪɤɚɦɢ ɫ ɛɥɢɠ-
ɧɢɦ ɩɨɪɹɞɤɨɦ ɫɭɳɟɫɬɜɭɟɬ ɚɬɨɦɧɚɹ ɫɟɬɤɚ ɢɡ ɢɫɤɚɠёɧɧɵɯ ɤɥɚɫɬɟɪɨɜ. ȼ ɦɟɠɭɡɥɢɹɯ 
ɬɚɤɢɯ ɫɟɬɨɤ ɫɭɳɟɫɬɜɭɸɬ ɫɢɥɶɧɨ ɢɫɤɚɠёɧɧɵɟ ɤɥɚɫɬɟɪɵ ɫ ɛɨɥɶɲɢɦɢ ɩɨɬɟɧɰɢɚɥɶ-
ɧɵɦɢ ɷɧɟɪɝɢɹɦɢ, ɨɧɢ ɦɨɝɭɬ ɞɚɠɟ ɛɵɬɶ ɩɨɞɨɛɧɵ ɠɢɞɤɨɫɬɢ [21–24]. Ɍɚɤɢɦ ɨɛɪɚ-
ɡɨɦ, ɚɦɨɪɮɧɨɟ ɬɟɥɨ ɹɜɥɹɟɬɫɹ ɧɚɧɨɫɬɪɭɤɬɭɪɢɪɨɜɚɧɧɵɦ ɦɚɬɟɪɢɚɥɨɦ. 
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Ɋɢɫɭɧɨɤ 1.4 – ɋɯɟɦɚ ɫɬɪɭɤɬɭɪɵ ɚɦɨɪɮɧɨɝɨ ɫɩɥɚɜɚ [18] 
 
Ɉɞɧɚɤɨ, ɤɥɚɫɬɟɪɧɵɟ ɦɨɞɟɥɢ ɨɤɚɡɚɥɢɫɶ ɭɞɨɛɧɵɦɢ ɧɟ ɬɨɥɶɤɨ ɞɥɹ ɩɪɟɞɫɬɚɜ-

ɥɟɧɢɹ ɫɬɪɭɤɬɭɪ ɛɟɡ ɞɚɥɶɧɟɝɨ ɩɨɪɹɞɤɚ. ɉɪɢ ɪɚɫɫɦɨɬɪɟɧɢɢ ɩɟɪɢɨɞɢɱɧɵɯ ɪɟɲёɬɨɤ 
ɜɵɹɫɧɢɥɨɫɶ, ɱɬɨ ɥɸɛɭɸ ɦɨɠɧɨ ɪɚɡɛɢɬɶ ɧɚ ɩɪɨɫɬɵɟ ɤɥɚɫɬɟɪɵ ɜ ɜɢɞɟ ɬɟɬɪɚɷɞɪɨɜ ɢ 
ɨɤɬɚɷɞɪɨɜ. Ɍɚɤɨɟ ɩɪɟɞɫɬɚɜɥɟɧɢɟ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɦɨɞɟɥɹɦ ɉɢɪɫɨɧɚ [25]. 

Ɉɛɴёɦɨɰɟɧɬɪɢɪɨɜɚɧɧɚɹ ɤɪɢɫɬɚɥɥɢɱɟɫɤɚɹ ɪɟɲёɬɤɚ (ɈɐɄ) ɹɜɥɹɟɬɫɹ ɫɯɟɦɚ-
ɬɢɱɧɵɦ ɩɪɟɞɫɬɚɜɥɟɧɢɟɦ ɤɪɢɫɬɚɥɥɚ ɦɟɬɚɥɥɚ, ɤɨɬɨɪɨɟ ɭɞɨɛɧɨ ɛɥɚɝɨɞɚɪɹ ɫɜɨɟɣ ɤɭ-
ɛɢɱɟɫɤɨɣ ɮɨɪɦɟ – ɛɨɥɟɟ ɩɪɨɫɬɨɣ ɞɥɹ ɜɨɫɩɪɢɹɬɢɹ. Ɉɞɧɚɤɨ, ɛɨɥɟɟ ɪɟɚɥɶɧɵɦ ɩɪɟɞ-
ɫɬɚɜɥɟɧɢɟɦ ɛɭɞɟɬ ɢɦɟɧɧɨ ɜ ɜɢɞɟ ɤɥɚɫɬɟɪɨɜ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɜ ɪɚɫɫɦɚɬɪɢɜɚɟɦɵɯ 
ɧɚɦɢ ɦɨɞɟɥɹɯ ɤɥɚɫɬɟɪ, ɚ ɧɟ ɤɭɛɢɱɟɫɤɚɹ ɹɱɟɣɤɚ, – ɷɥɟɦɟɧɬɚɪɧɚɹ ɦɢɧɢɦɚɥɶɧɚɹ ɟɞɢ-
ɧɢɰɚ ɦɟɬɚɥɥɢɱɟɫɤɨɝɨ ɤɪɢɫɬɚɥɥɚ. ȼɢɞɧɨ, ɱɬɨ ɈɐɄ ɹɜɥɹɟɬɫɹ ɤɨɦɩɢɥɹɰɢɟɣ ɲɟɫɬɢ 
ɩɨɥɨɜɢɧ ɨɤɬɚɷɞɪɨɜ, ɚ ɡɧɚɱɢɬ, ɩɪɢ ɩɪɨɞɨɥɠɟɧɢɢ ɜ ɩɪɨɫɬɪɚɧɫɬɜɟ ɷɬɨ ɛɭɞɟɬ ɪɟ-
ɲёɬɤɚ, ɩɨɥɧɨɫɬɶɸ ɫɨɫɬɨɹɳɚɹ ɢɡ ɨɤɬɚɷɞɪɢɱɟɫɤɢɯ ɤɥɚɫɬɟɪɨɜ (ɪɢɫ. 1.5) [26]. ɗɬɨ ɞɨ-
ɤɚɡɵɜɚɸɬ ɢ ɬɟɨɪɟɬɢɱɟɫɤɢɟ ɫɜɟɞɟɧɢɹ ɨ ɬɨɦ, ɱɬɨ ɈɐɄ ɢɦɟɟɬ ɨɤɬɚɷɞɪɢɱɟɫɤɢɟ ɩɭ-
ɫɬɨɬɵ [27]. 
 

 

  
ɚ ɛ ɜ 

 
Ɋɢɫɭɧɨɤ 1.5 – ɈɐɄ-ɪɟɲёɬɤɚ: ɚ – ɤɭɛɢɱɟɫɤɚɹ ɹɱɟɣɤɚ; ɛ – ɤɥɚɫɬɟɪɧɨɟ ɩɪɟɞɫɬɚɜɥɟɧɢɟ ɫ ɞɨɫɬɪɚɢ-

ɜɚɧɢɟɦ ɫɨɫɟɞɧɢɯ ɚɬɨɦɨɜ; ɜ – ɜɵɞɟɥɟɧɢɟ ɨɤɬɚɷɞɪɢɱɟɫɤɨɝɨ ɤɥɚɫɬɟɪɚ  
 
Ɍɟ ɠɟ ɜɵɜɨɞɵ ɫɩɪɚɜɟɞɥɢɜɵ ɞɥɹ ɝɪɚɧɟɰɟɧɬɪɢɪɨɜɚɧɧɨɣ ɤɭɛɢɱɟɫɤɨɣ (ȽɐɄ) ɢ 

ɝɟɤɫɨɝɨɧɚɥɶɧɨɣ ɩɥɨɬɧɨɭɩɚɤɨɜɚɧɧɨɣ (Ƚɉɍ) ɪɟɲёɬɨɤ. ȽɐɄ ɢ Ƚɉɍ ɪɚɡɛɢɜɚɸɬɫɹ ɧɚ 
ɨɤɬɚɷɞɪɵ ɢ ɬɟɬɪɚɷɞɪɵ (ɪɢɫ. 1.6, 1.7). 
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ɚ ɛ ɜ ɝ 

 
Ɋɢɫɭɧɨɤ 1.6 – ȽɐɄ-ɪɟɲёɬɤɚ: ɚ – ɤɭɛɢɱɟɫɤɚɹ ɹɱɟɣɤɚ; ɛ – ɤɥɚɫɬɟɪɧɨɟ ɩɪɟɞɫɬɚɜɥɟɧɢɟ; ɜ – ɜɵɞɟ-

ɥɟɧɢɟ ɨɤɬɚɷɞɪɢɱɟɫɤɨɝɨ ɤɥɚɫɬɟɪɚ; ɝ – ɜɵɞɟɥɟɧɢɟ ɬɟɬɪɚɷɞɪɢɱɟɫɤɨɝɨ ɤɥɚɫɬɟɪɚ 
 

    
ɚ ɛ ɜ ɝ 

 
Ɋɢɫɭɧɨɤ 1.7 – Ƚɉɍ-ɪɟɲёɬɤɚ: ɚ – ɝɟɤɫɨɝɨɧɚɥɶɧɚɹ ɪɟɲёɬɤɚ; ɛ – ɤɥɚɫɬɟɪɧɨɟ ɩɪɟɞɫɬɚɜɥɟɧɢɟ; ɜ – 

ɜɵɞɟɥɟɧɢɟ ɨɤɬɚɷɞɪɢɱɟɫɤɨɝɨ ɤɥɚɫɬɟɪɚ; ɝ – ɜɵɞɟɥɟɧɢɟ ɬɟɬɪɚɷɞɪɢɱɟɫɤɨɝɨ ɤɥɚɫɬɟɪɚ 
 
ɂɡɜɟɫɬɧɨ, ɱɬɨ ɬɢɩ ɢ ɤɨɦɩɚɤɬɧɨɫɬɶ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɪɟɲёɬɤɢ ɜɥɢɹɟɬ ɧɚ 

ɫɜɨɣɫɬɜɚ ɦɚɬɟɪɢɚɥɚ. Ȼɨɥɟɟ ɩɥɨɬɧɚɹ ɭɩɚɤɨɜɤɚ, ɫɤɨɪɟɟ ɜɫɟɝɨ, ɛɭɞɟɬ ɢɦɟɬɶ ɛɨɥɟɟ 
ɜɵɫɨɤɢɟ ɩɪɨɱɧɨɫɬɧɵɟ ɫɜɨɣɫɬɜɚ. Ʉɥɚɫɬɟɪɧɚɹ ɦɨɞɟɥɶ ɩɨɦɨɝɚɟɬ ɫɞɟɥɚɬɶ ɜɵɜɨɞɵ ɨ 
ɩɥɨɬɧɨɫɬɢ ɭɩɚɤɨɜɤɢ ɛɨɥɟɟ ɨɱɟɜɢɞɧɵɦɢ. Ɉɤɬɚɷɞɪ ɝɟɨɦɟɬɪɢɱɟɫɤɢ ɢɦɟɟɬ ɩɨɱɬɢ ɜ 
ɬɪɢ ɪɚɡɚ ɛɨɥɶɲɢɣ ɨɛɴёɦ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɬɟɬɪɚɷɞɪɨɦ (ɟɫɥɢ ɫɱɢɬɚɬɶ, ɱɬɨ ɞɥɢɧɚ 
ɪɟɛɪɚ, ɬ.ɟ. ɪɚɫɫɬɨɹɧɢɟ ɨɬ ɚɬɨɦɚ ɞɨ ɚɬɨɦɚ, ɨɞɢɧɚɤɨɜɚ), ɩɪɢ ɷɬɨɦ ɨɤɬɚɷɞɪ ɢɦɟɟɬ 
ɥɢɲɶ ɜ ɩɨɥɬɨɪɚ ɪɚɡɚ ɛɨɥɶɲɟ ɜɟɪɲɢɧ (ɚɬɨɦɨɜ). Ɉɬɫɸɞɚ ɦɨɠɧɨ ɫɞɟɥɚɬɶ ɜɵɜɨɞ, ɱɬɨ 
ɬɟɬɪɚɷɞɪ – ɛɨɥɟɟ ɩɥɨɬɧɚɹ ɫɬɪɭɤɬɭɪɚ.  

ɂɞɟɚɥɶɧɵɣ ɬɟɬɪɚɷɞɪ ɢɦɟɟɬ ɩɥɨɬɧɨɫɬɶ ɭɩɚɤɨɜɤɢ 89 %, ɚ ɞɥɹ ȽɐɄ ɢ Ƚɉɍ, 
ɢɦɟɸɳɢɯ ɬɚɤɠɟ ɨɤɬɚɷɞɪɢɱɟɫɤɢɟ ɤɥɚɫɬɟɪɵ, ɢɦɟɸɬ ɩɥɨɬɧɨɫɬɶ 74 %. ɉɥɨɬɧɨɫɬɶ 
ɚɦɨɪɮɧɵɯ ɫɩɥɚɜɨɜ ɪɚɜɧɚ 71–73 %, ɯɚɨɬɢɱɟɫɤɚɹ ɩɥɨɬɧɚɹ ɭɩɚɤɨɜɤɚ 66 % [28]. 

ɉɪɢ ɩɨɜɵɲɟɧɧɵɯ ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɢɯ ɧɚɩɪɹɠɟɧɢɹɯ ɫɬɪɭɤɬɭɪɚ ɨɛɵɱɧɨ ɩɟ-
ɪɟɯɨɞɢɬ ɜ ɛɨɥɟɟ ɩɥɨɬɧɨɭɩɚɤɨɜɚɧɧɵɟ ɫɨɫɬɨɹɧɢɹ, ɯɨɬɹ ɛɵɜɚɸɬ ɢ ɢɫɤɥɸɱɟɧɢɹ, ɤɨ-
ɝɞɚ ɭɩɚɤɨɜɤɚ ɫɬɚɧɨɜɢɬɫɹ ɦɟɧɟɟ ɩɥɨɬɧɨɣ [29]. Ɍɚɤɨɟ ɹɜɥɟɧɢɟ ɦɨɠɧɨ ɫɜɹɡɚɬɶ ɫ ɬɟɦ, 
ɱɬɨ ɷɧɟɪɝɢɹ ɧɚɩɪɹɠɟɧɢɣ ɬɪɚɧɫɮɨɪɦɢɪɭɟɬɫɹ ɧɟ ɜ ɷɧɟɪɝɢɸ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɚɬɨɦɨɜ 
ɩɪɢ ɢɯ ɫɛɥɢɠɟɧɢɢ, ɚ ɜ ɞɪɭɝɨɣ ɜɢɞ: ɜ ɢɡɥɭɱɟɧɢɟ, ɢɫɩɭɫɤɚɧɢɟ ɬɟɩɥɚ ɢ ɞɪ. 

ɋɛɥɢɠɟɧɢɟ ɚɬɨɦɨɜ ɧɚ ɛɥɢɡɤɢɟ ɪɚɫɫɬɨɹɧɢɹ ɬɪɟɛɭɸɬ ɜɵɫɨɤɢɯ ɷɧɟɪɝɟɬɢɱɟ-
ɫɤɢɯ ɡɚɬɪɚɬ, ɚ ɡɧɚɱɢɬ, ɬɟɬɪɚɷɞɪɢɱɟɫɤɢɟ ɤɥɚɫɬɟɪɵ ɜɨɡɧɢɤɚɸɬ ɩɪɢ ɛɨɥɟɟ ɧɚɩɪɹɠёɧ-
ɧɨɦ ɫɨɫɬɨɹɧɢɢ ɜɧɟɲɧɟɣ ɫɪɟɞɵ ɢ ɬɪɟɛɭɸɬ ɨɩɪɟɞɟɥёɧɧɵɯ ɡɧɚɱɟɧɢɣ ɞɚɜɥɟɧɢɹ, ɬɟɦ-
ɩɟɪɚɬɭɪɵ, ɤɨɧɰɟɧɬɪɚɰɢɢ ɜɟɳɟɫɬɜɚ.  
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1.4 Ɏɚɡɨɜɵɟ ɩɪɟɜɪɚщɟɧɢɹ ɜ ɤɥɚɫɬɟɪɧɵɯ ɦɨɞɟɥɹɯ 
 
Ɋɚɫɫɦɨɬɪɟɧɢɟ ɫɬɪɭɤɬɭɪɨɨɛɪɚɡɨɜɚɧɢɹ ɜ ɜɢɞɟ ɪɟɲёɬɨɤ ɨɫɧɨɜɚɧɨ ɧɚ ɩɪɟɞɫɬɚɜ-

ɥɟɧɢɹɯ ɨ ɞɜɭɦɟɪɧɵɯ ɫɞɜɢɝɚɯ, ɩɪɨɢɫɯɨɞɹɳɢɯ ɜ ɚɬɨɦɧɵɯ ɫɟɬɤɚɯ ɩɪɢ ɫɬɪɭɤɬɭɪɧɨ-
ɮɚɡɨɜɵɯ ɩɪɟɜɪɚɳɟɧɢɹɯ [30]. Ɍɚɤɚɹ ɤɪɢɫɬɚɥɥɨɝɟɨɦɟɬɪɢɱɟɫɤɚɹ ɤɨɧɰɟɩɰɢɹ ɹɜɥɹ-
ɟɬɫɹ ɩɪɢɛɥɢɠёɧɧɨɣ ɢ ɩɪɨɛɥɟɦɵ ɩɪɨɹɜɥɹɸɬɫɹ ɩɪɢ ɪɚɫɫɦɨɬɪɟɧɢɢ ɫɥɨɠɧɵɯ ɩɪɨ-
ɰɟɫɫɨɜ ɫɬɪɭɤɬɭɪɨɨɛɪɚɡɨɜɚɧɢɹ. Ʉ ɬɨɦɭ ɠɟ ɜ ɪɟɚɥɶɧɵɯ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɪɟɲёɬɤɚɯ 
ɧɟɜɨɡɦɨɠɧɨ ɜɵɞɟɥɢɬɶ ɞɟɣɫɬɜɢɬɟɥɶɧɨ ɞɜɭɦɟɪɧɭɸ ɫɟɬɤɭ, ɜɟɞɶ ɜɫɟɝɞɚ ɛɭɞɭɬ ɩɪɢ-
ɫɭɬɫɬɜɨɜɚɬɶ ɨɬɤɥɨɧɟɧɢɹ, ɪɚɡɥɢɱɢɟ ɦɟɠɚɬɨɦɧɵɯ ɪɚɫɫɬɨɹɧɢɣ, ɞɟɮɟɤɬɵ. Ⱦɢɫɥɨɤɚ-
ɰɢɢ ɧɟ ɞɜɢɠɭɬɫɹ ɩɨ ɩɪɹɦɨɣ ɥɢɧɢɢ ɢ ɦɟɠɚɬɨɦɧɵɟ ɫɦɟɳɟɧɢɹ ɛɭɞɭɬ ɩɪɨɢɫɯɨɞɢɬɶ 
ɩɨ ɛɨɥɟɟ ɫɥɨɠɧɵɦ ɬɪɚɟɤɬɨɪɢɹɦ. 

ɉɨɫɤɨɥɶɤɭ ɜ ɪɟɚɥɶɧɨɫɬɢ ɫɬɪɭɤɬɭɪɧɵɟ ɩɪɟɜɪɚɳɟɧɢɹ ɛɨɥɟɟ ɫɥɨɠɧɵ, ɧɟɨɛɯɨ-
ɞɢɦɨ ɩɪɢɜɥɟɱɟɧɢɟ ɧɨɜɵɯ ɷɥɟɦɟɧɬɚɪɧɵɯ ɦɨɞɟɥɟɣ ɫɬɪɭɤɬɭɪɨɨɛɪɚɡɨɜɚɧɢɹ, ɪɨɥɶ ɤɨ-
ɬɨɪɵɯ ɜ ɷɬɨɣ ɪɚɛɨɬɟ ɜɵɩɨɥɧɹɸɬ ɤɥɚɫɬɟɪɧɵɟ ɦɨɞɟɥɢ. 

ɉɪɢ ɨɩɢɫɚɧɢɢ ɩɪɟɜɪɚɳɟɧɢɣ ɜ ɪɟɲёɬɤɚɯ ɫɱɢɬɚɟɬɫɹ, ɱɬɨ ɩɪɨɢɫɯɨɞɹɬ ɫɞɜɢɝɢ 
ɢ ɩɨɜɨɪɨɬɵ ɨɬɞɟɥɶɧɵɯ ɚɬɨɦɨɜ, ɯɨɬɶ ɢ ɫɨɝɥɚɫɨɜɚɧɧɨ. Ɉɞɧɚɤɨ, ɜ ɪɟɚɥɶɧɨɫɬɢ ɡɚɱɚ-
ɫɬɭɸ ɦɨɝɭɬ ɞɜɢɝɚɬɶɫɹ ɰɟɥɵɟ ɨɛɪɚɡɨɜɚɧɢɹ (ɤɥɚɫɬɟɪɵ ɢ ɢɯ ɨɛɴɟɞɢɧɟɧɢɹ), ɩɨ-
ɫɤɨɥɶɤɭ ɢɦɟɸɬ ɞɨɫɬɚɬɨɱɧɨ ɫɢɥɶɧɵɟ ɫɜɹɡɢ [31]. Ɋɨɫɬ ɤɪɢɫɬɚɥɥɢɬɚ ɜ ɤɥɚɫɬɟɪɧɵɯ 
ɦɨɞɟɥɹɯ ɨɩɢɫɵɜɚɟɬɫɹ ɤɚɤ ɪɨɫɬ ɤɥɚɫɬɟɪɧɨɝɨ ɚɝɪɟɝɚɬɚ, ɩɪɢɫɨɟɞɢɧɟɧɢɟ ɧɨɜɵɯ ɤɥɚ-
ɫɬɟɪɨɜ ɢɥɢ ɜɨɡɧɢɤɧɨɜɟɧɢɟ ɤɥɚɫɬɟɪɨɜ ɩɪɢ ɩɪɢɫɨɟɞɢɧɟɧɢɢ ɚɬɨɦɨɜ. 

ɋɞɜɢɝɢ ɚɬɨɦɨɜ ɩɪɨɢɫɯɨɞɹɬ ɩɨɫɪɟɞɫɬɜɨɦ ɦɚɫɫɨɩɟɪɟɧɨɫɚ. Ɇɚɫɫɨɩɟɪɟɧɨɫ 
[32] – ɹɜɥɟɧɢɟ ɩɟɪɟɦɟɳɟɧɢɹ ɚɬɨɦɨɜ ɜ ɬɜёɪɞɵɯ ɬɟɥɚɯ ɧɚ ɦɚɤɪɨɫɤɨɩɢɱɟɫɤɢɟ ɪɚɫ-
ɫɬɨɹɧɢɹ ɡɚ ɱɪɟɡɜɵɱɚɣɧɨ ɤɨɪɨɬɤɨɟ ɜɪɟɦɹ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɞɢɮɮɭɡɢɟɣ. Ɍɚɤɨɣ ɷɮ-
ɮɟɤɬ ɨɛɧɚɪɭɠɟɧ ɩɪɢ ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɨɦ ɜɨɡɞɟɣɫɬɜɢɢ ɧɚ ɨɛɪɚɡɟɰ, ɩɪɢ ɫɜɟɪɯɜɵ-
ɫɨɤɢɯ ɞɚɜɥɟɧɢɹɯ. ɉɨ ɮɚɤɬɭ, ɷɬɨ ɫɞɜɢɝɨɜɵɟ ɞɟɮɨɪɦɚɰɢɢ, ɫɤɨɪɨɫɬɶ ɤɨɬɨɪɵɯ ɦɨɠɟɬ 
ɩɪɟɜɵɲɚɬɶ ɫɤɨɪɨɫɬɶ ɞɢɮɮɭɡɢɢ ɧɚ 15 ɩɨɪɹɞɤɨɜ. ɉɪɢ ɬɚɤɨɦ ɞɜɢɠɟɧɢɢ ɜ ɡɨɧɚɯ ɤɨɧ-
ɬɚɤɬɚ ɜ ɦɟɫɬɚɯ ɜɫɬɪɟɱɢ ɚɬɨɦɨɜ ɫ ɩɟɪɟɤɪёɫɬɧɵɦɢ ɩɨɬɟɧɰɢɚɥɚɦɢ, ɜɨɡɧɢɤɚɸɬ ɯɢɦɢ-
ɱɟɫɤɢɟ ɫɢɥɵ, ɡɚ ɫɱёɬ ɱɟɝɨ ɦɨɝɭɬ ɩɪɨɢɫɬɟɤɚɬɶ ɬɜɟɪɞɨɮɚɡɧɵɟ ɪɟɚɤɰɢɢ, ɜɨɡɧɢɤɚɬɶ 
ɧɨɜɵɟ ɮɚɡɵ. 

Ʉɥɚɫɬɟɪɧɵɣ ɩɨɞɯɨɞ ɩɨɡɜɨɥɹɟɬ ɜɵɹɜɢɬɶ ɦɟɯɚɧɢɡɦɵ ɫɬɪɭɤɬɭɪɨɨɛɪɚɡɨɜɚɧɢɹ 
ɜ ɭɫɥɨɜɢɹɯ ɢɡɦɟɧɟɧɢɹ ɮɚɤɬɨɪɨɜ ɜɧɟɲɧɟɣ ɫɪɟɞɵ – ɝɪɚɞɢɟɧɬɨɜ ɬɟɦɩɟɪɚɬɭɪɵ, ɞɚɜ-
ɥɟɧɢɹ, ɤɨɧɰɟɧɬɪɚɰɢɢ ɧɚ ɧɚɧɨɭɪɨɜɧɟ. Ʉɥɚɫɬɟɪɧɵɟ ɦɨɞɟɥɢ ɨɛɴɹɫɧɹɸɬ ɤɨɝɟɪɟɧɬ-
ɧɭɸ ɫɜɹɡɶ ɩɥɨɬɧɨɭɩɚɤɨɜɚɧɧɵɯ ɚɬɨɦɧɵɯ ɩɥɨɫɤɨɫɬɟɣ, ɤ ɬɨɦɭ ɠɟ ɧɚɝɥɹɞɧɨ: ɩɥɨɫ-
ɤɨɫɬɢ ɨɤɬɚɷɞɪɨɜ ɢ ɬɟɬɪɚɷɞɪɨɜ ɝɟɨɦɟɬɪɢɱɟɫɤɢ ɫɨɜɦɟɳɚɸɬɫɹ ɞɪɭɝ ɫ ɞɪɭɝɨɦ ɬɪɟ-
ɭɝɨɥɶɧɵɦɢ ɝɪɚɧɹɦɢ (ɪɢɫ. 1.8) [33]. 

ɋɚɦɨɨɪɝɚɧɢɡɚɰɢɹ ɫɬɪɭɤɬɭɪɵ ɩɪɨɢɫɯɨɞɢɬ ɩɪɢ ɞɨɫɬɢɠɟɧɢɢ ɫɢɫɬɟɦɵ ɨɩɪɟɞɟ-
ɥёɧɧɵɯ ɤɪɢɬɢɱɟɫɤɢɯ ɭɫɥɨɜɢɣ. ɉɪɢ ɜɵɩɨɥɧɟɧɢɢ ɷɬɢɯ ɭɫɥɨɜɢɣ ɧɚɛɥɸɞɚɟɬɫɹ ɤɚɱɟ-
ɫɬɜɟɧɧɵɣ ɫɤɚɱɨɤ, ɤɨɬɨɪɵɣ ɩɪɢɜɨɞɢɬ ɤ ɮɚɡɨɜɨɦɭ ɩɟɪɟɯɨɞɭ, ɚ ɩɪɢ ɫɢɥɶɧɵɯ ɨɬɤɥɨ-
ɧɟɧɢɹɯ ɨɬ ɪɚɜɧɨɜɟɫɢɹ – ɤ ɮɨɪɦɢɪɨɜɚɧɢɸ ɧɨɜɵɯ ɫɬɪɭɤɬɭɪ [ɇ.1]. ɉɪɢ ɪɚɡɪɵɜɟ ɤɨ-
ɜɚɥɟɧɬɧɵɯ ɫɜɹɡɟɣ ɩɪɨɢɫɯɨɞɢɬ ɪɟɤɨɦɛɢɧɚɰɢɹ, ɬɨ ɟɫɬɶ ɚɬɨɦ ɜ ɥɸɛɨɦ ɫɥɭɱɚɟ ɛɭɞɟɬ 
ɫɬɪɟɦɢɬɶɫɹ ɨɛɴɟɞɢɧɢɬɶɫɹ ɜ ɦɨɥɟɤɭɥɹɪɧɭɸ ɫɜɹɡɶ. 
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Ɋɢɫɭɧɨɤ 1.8 – ɋɨɜɦɟɳɟɧɢɟ ɨɤɬɚɷɞɪɢɱɟɫɤɢɯ ɢ ɬɟɬɪɚɷɞɪɢɱɟɫɤɢɯ ɤɥɚɫɬɟɪɨɜ: ɚ – ɮɪɚɝɦɟɧɬ ȽɐɄ 

ɪɟɲёɬɤɢ, ɛ – ɮɪɚɝɦɟɧɬ Ƚɉɍ ɪɟɲёɬɤɢ [33] 
 
ɋɱɢɬɚɟɦ, ɱɬɨ ɩɪɢ ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɨɦ ɜɨɡɞɟɣɫɬɜɢɢ ɜ ɩɟɪɜɭɸ ɨɱɟɪɟɞɶ ɩɪɨ-

ɢɫɯɨɞɢɬ ɢɡɦɟɧɟɧɢɟ ɩɨɪɹɞɤɚ ɧɟ ɚɬɨɦɨɜ, ɚ ɰɟɥɵɯ ɚɬɨɦɧɵɯ ɨɛɪɚɡɨɜɚɧɢɣ ɜ ɜɢɞɟ ɤɥɚ-
ɫɬɟɪɨɜ, ɢɡ-ɡɚ ɱɟɝɨ ɩɪɢ ɩɥɚɫɬɢɱɟɫɤɢɯ ɦɚɤɪɨ- ɢ ɦɢɤɪɨɞɟɮɨɪɦɚɰɢɹɯ ɫɜɨɣɫɬɜɚ ɧɟ ɢɡ-
ɦɟɧɹɸɬɫɹ ɫɤɚɱɤɨɨɛɪɚɡɧɨ [25, 35–37]. 

ɉɟɪɟɯɨɞ ɦɟɠɞɭ ɈɐɄ ɢ ȽɐɄ ɦɨɞɢɮɢɤɚɰɢɹɦɢ ɨɫɭɳɟɫɬɜɥɹɟɬɫɹ ɩɨɫɪɟɞɫɬɜɨɦ 
ɧɟɛɨɥɶɲɢɯ ɚɬɨɦɧɵɯ ɫɞɜɢɝɨɜ ɢ ɩɨɜɨɪɨɬɨɜ (ɪɢɫ. 1.9, 1.10). ɉɟɪɟɯɨɞ ɨɛɭɫɥɨɜɥɟɧ 
ɢɡɦɟɧɟɧɢɟɦ ɷɧɟɪɝɢɢ ɫɢɫɬɟɦɵ ɢɡ-ɡɚ ɝɪɚɞɢɟɧɬɨɜ ɬɟɦɩɟɪɚɬɭɪɵ, ɞɚɜɥɟɧɢɹ, ɤɨɧɰɟɧ-
ɬɪɚɰɢɢ – ɡɚ ɫɱёɬ ɷɬɨɝɨ ɩɪɨɢɫɯɨɞɢɬ ɢɡɦɟɧɟɧɢɟ ɚɬɨɦɧɵɯ ɪɚɫɫɬɨɹɧɢɣ. ɂɡ-ɡɚ ɫɦɟɳɟ-
ɧɢɣ ɜ ɈɐɄ ɪɟɲёɬɤɟ ɨɤɬɚɷɞɪɢɱɟɫɤɢɟ ɤɥɚɫɬɟɪɵ ɹɜɥɹɸɬɫɹ ɧɟɩɪɚɜɢɥɶɧɵɦɢ, «ɩɪɢ-
ɩɥɸɫɧɭɬɵɦɢ», ɚ ɬɚɤɠɟ ɢɡ-ɡɚ ɫɦɟɳɟɧɢɣ ɩɪɨɢɫɯɨɞɢɬ ɩɟɪɟɯɨɞ ɦɟɠɞɭ ɬɟɬɪɚɷɞɪɢɱɟ-
ɫɤɢɦɢ ɢ ɨɤɬɚɷɞɪɢɱɟɫɤɢɦɢ ɤɥɚɫɬɟɪɚɦɢ [38]. 

 

 
 

Ɋɢɫɭɧɨɤ 1.9 – Ɇɨɞɟɥɢɪɨɜɚɧɢɟ ɩɟɪɟɯɨɞɚ ȽɐɄ ɜ ɈɐɄ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɤɥɚɫɬɟɪɨɜ: 1 – ȽɐɄ ɜ 
ɜɢɞɟ ɨɤɬɚɷɞɪɢɱɟɫɤɢɯ ɢ ɬɟɬɪɚɷɞɪɢɱɟɫɤɢɯ ɤɥɚɫɬɟɪɨɜ; 2 – ɞɨɫɬɪɚɢɜɚɧɢɟ ɫɨɫɟɞɧɟɣ ɹɱɟɣɤɢ; 

3, 4 – ɫɞɜɢɝ ɚɬɨɦɨɜ ɩɨ ɨɞɧɨɣ ɨɫɢ; 5, 6 – ɈɐɄ ɜ ɜɢɞɟ ɨɤɬɚɷɞɪɢɱɟɫɤɢɯ ɤɥɚɫɬɟɪɨɜ  



 

18 

  
ɉɪɟɜɪɚɳɟɧɢɹ ɜ ɤɥɚɫɬɟɪɧɵɯ ɦɨɞɟɥɹɯ ɩɪɨɢɫɯɨɞɹɬ ɩɭɬёɦ ɫɦɟɳɟɧɢɹ ɚɬɨɦɨɜ 

ɧɚ ɪɚɫɫɬɨɹɧɢɹ, ɦɟɧɶɲɟ ɦɟɠɚɬɨɦɧɵɯ, ɱɬɨ ɜɟɞёɬ ɤ ɩɟɪɟɫɬɪɨɣɤɟ ɤɥɚɫɬɟɪɚ ɜ ɞɪɭɝɭɸ 
ɮɨɪɦɭ ɩɨ ɝɪɚɧɹɦ. Ɍɚɤɚɹ ɦɨɞɟɥɶ ɷɧɟɪɝɟɬɢɱɟɫɤɢ ɩɪɨɳɟ ɨɛɴɹɫɧɹɟɬ ɩɪɟɜɪɚɳɟɧɢɹ, 
ɱɟɦ ɬɟɨɪɢɹ ɷɥɟɦɟɧɬɚɪɧɵɯ ɹɱɟɟɤ, ɩɨɫɤɨɥɶɤɭ ɚɬɨɦɧɵɟ ɫɞɜɢɝɢ ɦɢɧɢɦɚɥɶɧɵ. 

 

 
 

Ɋɢɫɭɧɨɤ 1.10 – ɋɯɟɦɚ ɤɥɚɫɬɟɪɧɨɝɨ ɩɟɪɟɯɨɞɚ ɢɡ ɈɐɄ ɜ ȽɐɄ [39] 
 
Ɍɚɤɠɟ ɢɡɭɱɟɧɵ ɢɡɦɟɧɟɧɢɹ ɜ ɫɬɪɭɤɬɭɪɟ ɩɪɢ ɩɪɢɥɨɠɟɧɢɢ ɞɚɜɥɟɧɢɹ ɫɢɫɬɟɦɟ. 

ɉɪɢ ɦɟɯɚɧɢɱɟɫɤɨɣ ɞɟɮɨɪɦɚɰɢɢ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɢɦɩɭɥɶɫɚ ɢ ɜɪɟɦɟɧɢ ɜɨɡɞɟɣ-
ɫɬɜɢɹ ɩɪɨɢɫɯɨɞɢɬ ɫɧɚɱɚɥɚ ɪɟɥɚɤɫɚɰɢɹ, ɩɨɜɵɲɟɧɢɟ ɜɧɭɬɪɟɧɧɟɣ ɷɧɟɪɝɢɢ, ɧɚɤɨɩɥɟ-
ɧɢɟ ɜɧɭɬɪɟɧɧɢɯ ɧɚɩɪɹɠɟɧɢɣ ɢ ɪɚɡɪɭɲɟɧɢɟ, ɞɢɫɩɪɟɝɢɪɨɜɚɧɢɟ, ɚ ɡɚɬɟɦ – ɮɨɪɦɢ-
ɪɨɜɚɧɢɟ ɦɟɬɚɫɬɚɛɢɥɶɧɵɯ ɮɚɡ, ɩɨɥɢɦɨɪɮɧɵɯ ɦɨɞɢɮɢɤɚɰɢɣ [40, 41]. Ⱦɟɮɨɪɦɚɰɢɹ 
ɯɚɪɚɤɬɟɪɧɚ ɢɡɦɟɧɟɧɢɟɦ ɩɨɪɹɞɤɚ ɪɚɫɩɨɥɨɠɟɧɢɹ ɚɬɨɦɨɜ ɢ ɢɡɦɟɧɟɧɢɟɦ ɫɬɪɭɤɬɭɪɵ, 
ɱɬɨ ɜɥɢɹɟɬ ɧɚ ɫɜɨɣɫɬɜɚ ɦɚɬɟɪɢɚɥɚ. ȼɧɭɬɪɟɧɧɢɟ ɧɚɩɪɹɠɟɧɢɹ ɧɚɪɭɲɚɸɬ ɦɟɠɚɬɨɦ-
ɧɵɟ, ɦɟɠɦɨɥɟɤɭɥɹɪɧɵɟ, ɦɨɠɢɨɧɧɵɟ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɜ ɤɪɢɫɬɚɥɥɟ. Ɂɚ ɫɱёɬ ɩɨɜɵ-
ɲɟɧɧɨɣ ɷɧɟɪɝɢɢ ɫɢɫɬɟɦɵ ɜɨɡɦɨɠɧɨ ɩɪɨɢɫɬɟɤɚɧɢɟ ɬɜɟɪɞɨɮɚɡɧɵɯ ɯɢɦɢɱɟɫɤɢɯ ɪɟ-
ɚɤɰɢɣ. Ɇɟɫɬɨ ɢɦɟɟɬ ɧɟ ɬɨɥɶɤɨ ɦɟɯɚɧɢɱɟɫɤɨɟ ɜɨɡɞɟɣɫɬɜɢɟ, ɬ.ɟ. ɞɚɜɥɟɧɢɟ, ɧɨ ɢ ɞɪɭ-
ɝɨɣ ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɢɣ ɮɚɤɬɨɪ – ɬɟɦɩɟɪɚɬɭɪɚ [42, 43]. 

Ȼɨɥɶɲɢɟ ɫɤɨɩɥɟɧɢɹ ɞɟɮɟɤɬɨɜ ɩɪɢɜɨɞɹɬ ɤɨɧɰɟɧɬɪɚɰɢɢ ɧɚɩɪɹɠɟɧɢɣ, ɤɨɬɨ-
ɪɵɟ ɯɚɪɚɤɬɟɪɢɡɭɸɬ ɩɨɬɟɧɰɢɚɥɶɧɭɸ ɷɧɟɪɝɢɸ. Ⱦɥɹ ɦɢɧɢɦɢɡɚɰɢɢ ɫɜɨɛɨɞɧɨɣ ɷɧɟɪ-
ɝɢɢ ɪɟɲёɬɤɚ ɦɨɠɟɬ ɩɟɪɟɫɬɪɚɢɜɚɬɶɫɹ ɜ ɧɟɪɚɜɧɨɜɟɫɧɵɟ ɧɚɧɨɫɬɪɭɤɬɭɪɵ. Ɉɛɵɱɧɨ 
ɬɚɤɢɟ ɨɛɪɚɡɨɜɚɧɢɹ ɫɱɢɬɚɸɬɫɹ ɞɟɮɟɤɬɚɦɢ, ɧɨ ɜ ɤɥɚɫɬɟɪɧɵɯ ɦɨɞɟɥɹɯ ɬɚɤɢɟ ɨɛɪɚɡɨ-
ɜɚɧɢɹ ɹɜɥɹɸɬɫɹ ɪɟɝɭɥɹɪɧɵɦɢ ɫɬɪɭɤɬɭɪɧɵɦɢ ɫɨɫɬɚɜɥɹɸɳɢɦɢ, ɤɨɬɨɪɵɟ ɦɨɝɭɬ 
ɧɚɯɨɞɢɬɶɫɹ ɧɚ ɝɪɚɧɢɰɚɯ ɢ ɫɭɛɝɪɚɧɢɰɚɯ ɤɪɢɫɬɚɥɥɢɬɨɜ. 

 
1.5 ɇɚɦɚɝɧɢɱɟɧɧɨɫɬɶ ɜ ɧɚɧɨɤɥɚɫɬɟɪɚɯ ɪɚɡɧɵɯ ɪɚɡɦɟɪɨɜ 

 
ɉɨɞɬɜɟɪɠɞɚɟɬɫɹ, ɱɬɨ ɧɚɧɨɫɬɪɭɤɬɭɪɵ ɮɟɪɪɨɦɚɝɧɢɬɧɵɯ ɦɟɬɚɥɥɨɜ ɩɪɨɹɜ-

ɥɹɸɬ ɮɢɡɢɱɟɫɤɢɟ ɢ ɯɢɦɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ, ɤɨɬɨɪɵɟ ɧɟ ɯɚɪɚɤɬɟɪɧɵ ɧɢ ɞɥɹ ɚɬɨɦɚ, 
ɧɢ ɞɥɹ ɨɛɴɟɦɧɵɯ ɚɧɚɥɨɝɨɜ. Ʉɜɚɧɬɨɜɵɟ ɪɚɡɦɟɪɧɵɟ ɷɮɮɟɤɬɵ ɢ ɛɨɥɶɲɚɹ ɩɥɨɳɚɞɶ 
ɩɨɜɟɪɯɧɨɫɬɢ ɦɚɝɧɢɬɧɵɯ ɧɚɧɨɱɚɫɬɢɰ ɪɟɡɤɨ ɦɟɧɹɸɬ ɧɟɤɨɬɨɪɵɟ ɦɚɝɧɢɬɧɵɟ ɫɜɨɣ-
ɫɬɜɚ ɢ ɞɟɦɨɧɫɬɪɢɪɭɸɬ ɫɭɩɟɪɩɚɪɚɦɚɝɧɢɬɧɵɟ ɹɜɥɟɧɢɹ ɢ ɤɜɚɧɬɨɜɨɟ ɬɭɧɧɟɥɢɪɨɜɚ-
ɧɢɟ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ, ɩɨɫɤɨɥɶɤɭ ɤɚɠɞɭɸ ɱɚɫɬɢɰɭ ɦɨɠɧɨ ɪɚɫɫɦɚɬɪɢɜɚɬɶ ɤɚɤ ɟɞɢ-
ɧɵɣ ɦɚɝɧɢɬɧɵɣ ɞɨɦɟɧ [15]. 
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ȼ ɪɚɛɨɬɟ [44] ɛɵɥɨ ɩɪɨɜɟɞɟɧɨ ɢɫɫɥɟɞɨɜɚɧɢɟ ɧɟɛɨɥɶɲɢɯ ɤɥɚɫɬɟɪɨɜ ɪɚɡɧɵɯ 
ɦɟɬɚɥɥɨɜ: ɠɟɥɟɡɚ, ɤɨɛɚɥɶɬɚ ɢ ɧɢɤɟɥɹ ɜ ɬɟɦɩɟɪɚɬɭɪɧɨɦ ɢɧɬɟɪɜɚɥɟ ɨɬ 80 ɞɨ 1000 Ʉ. 
ɂɫɫɥɟɞɨɜɚɧɢɹ ɩɨɤɚɡɚɥɢ, ɱɬɨ ɮɟɪɪɨɦɚɝɧɢɬɧɵɟ ɫɜɨɣɫɬɜɚ ɪɚɡɧɹɬɫɹ ɞɥɹ ɤɥɚɫɬɟɪɨɜ 
ɪɚɡɧɵɯ ɪɚɡɦɟɪɨɜ. Ⱦɥɹ ɤɥɚɫɬɟɪɨɜ ɪɚɡɦɟɪɨɦ 30 ɚɬɨɦɨɜ ɢ ɦɟɧɟɟ ɦɚɝɧɢɬɧɵɟ ɦɨ-
ɦɟɧɬɵ ɚɬɨɦɨɩɨɞɨɛɧɵ, ɚ ɩɨ ɦɟɪɟ ɭɜɟɥɢɱɟɧɢɹ ɪɚɡɦɟɪɚ ɞɨ 700 ɢ ɛɨɥɟɟ ɚɬɨɦɨɜ, ɦɨ-
ɦɟɧɬɵ ɩɪɢɛɥɢɠɚɸɬɫɹ ɤ ɨɛɴёɦɧɨɦɭ ɩɪɟɞɟɥɭ. Ⱥɜɬɨɪɵ ɞɟɥɚɸɬ ɜɵɜɨɞ, ɱɬɨ ɪɚɡɧɢɰɚ 
ɜɵɡɜɚɧɚ ɬɟɦ, ɱɬɨ ɞɥɹ ɦɚɥɵɯ ɤɥɚɫɬɟɪɨɜ ɛɨɥɶɲɚɹ ɱɚɫɬɶ ɚɬɨɦɨɜ ɧɚɯɨɞɢɬɫɹ ɧɚ ɩɨ-
ɜɟɪɯɧɨɫɬɢ, ɚ ɡɧɚɱɢɬ ɢ ɫɩɢɧɨɜɚɹ ɩɥɨɬɧɨɫɬɶ ɛɭɞɟɬ ɫɤɨɧɰɟɧɬɪɢɪɨɜɚɧɚ ɧɟ ɜ ɨɛɴёɦɟ, 
ɚ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ. ȼɨɡɧɢɤɚɟɬ ɬɚɤ ɧɚɡɵɜɚɟɦɚɹ ɦɚɝɧɢɬɧɚɹ ɨɛɨɥɨɱɤɚ.  

ȼɚɠɧɨ ɩɨɧɢɦɚɬɶ, ɱɬɨ ɦɚɝɧɢɬɧɵɣ ɦɨɦɟɧɬ ɡɚɜɢɫɢɬ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ ɮɟɪɪɨ-
ɦɚɝɧɟɬɢɤɚ. Ȼɵɥɢ ɩɪɨɜɟɞɟɧɵ ɷɤɫɩɟɪɢɦɟɧɬɵ ɧɚ ɦɨɥɟɤɭɥɹɪɧɨɦ ɩɭɱɤɟ (Molecular 
beam method) ɞɥɹ ɤɥɚɫɬɟɪɨɜ Fe, Co, Ni ɩɪɢ ɪɚɡɧɵɯ ɬɟɦɩɟɪɚɬɭɪɚɯ.  Ɇɟɬɨɞ ɦɨɥɟɤɭ-
ɥɹɪɧɨɝɨ ɩɭɱɤɚ ɩɨɡɜɨɥɹɟɬ ɫɨɪɬɢɪɨɜɚɬɶ ɱɚɫɬɢɰɵ ɩɨ ɦɚɫɫɟ ɫ ɜɵɫɨɤɨɣ ɬɨɱɧɨɫɬɶɸ.  

Ⱥɬɨɦɵ ɠɟɥɟɡɚ, ɤɨɛɚɥɶɬɚ ɢ ɧɢɤɟɥɹ ɢɦɟɸɬ 8, 9 ɢ 10 ɜɚɥɟɧɬɧɵɯ ɷɥɟɤɬɪɨɧɨɜ 
ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. ɗɥɟɤɬɪɨɧɵ ɪɚɫɩɨɥɨɠɟɧɵ ɧɚ ɭɪɨɜɧɹɯ 3d ɢ 4s. ɉɨ ɩɪɚɜɢɥɭ ɏɭɧɞɚ, 
ɱɬɨɛɵ ɫɩɢɧ ɛɵɥ ɦɚɤɫɢɦɚɥɟɧ, ɧɟɨɛɯɨɞɢɦɨ, ɱɬɨɛɵ ɩɹɬɶ ɷɥɟɤɬɪɨɧɨɜ ɫɨ ɫɩɢɧɨɦ 
ɜɜɟɪɯ ɛɵɥɨ ɧɚ 3d ɭɪɨɜɧɟ ɢ ɞɜɚ ɷɥɟɤɬɪɨɧɚ ɧɚ 4s ɭɪɨɜɧɟ, ɚ ɨɫɬɚɥɶɧɵɟ ɫɨ ɫɩɢɧɨɦ 
ɜɧɢɡ – ɧɚ 3d ɭɪɨɜɧɟ [45]. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɚɬɨɦɵ ɛɭɞɭɬ ɢɦɟɬɶ ɧɟɧɭɥɟɜɨɣ ɫɭɦɦɚɪ-
ɧɵɣ ɫɩɢɧ. Ɇɚɝɧɢɬɧɵɣ ɦɨɦɟɧɬ ɨɞɧɨɝɨ ɷɥɟɤɬɪɨɧɚ ɪɚɜɟɧ ɨɞɧɨɦɭ ɦɚɝɧɟɬɨɧɭ Ȼɨɪɚ. 

ɋɛɥɢɠɚɹɫɶ, ɚɬɨɦɧɵɟ ɨɪɛɢɬɚɥɢ ɞɟɥɨɤɚɥɢɡɭɸɬɫɹ, ɚɬɨɦɵ ɫɰɟɩɥɹɸɬɫɹ, ɢ ɜɨɡ-
ɧɢɤɚɸɬ ɡɨɧɵ ɩɟɪɟɤɪɵɬɢɹ ɷɥɟɤɬɪɨɧɨɜ. ȼ ɨɛɴёɦɟ ɤɚɠɞɵɣ ɚɬɨɦ «ɨɬɞɚёɬ» ɷɥɟɤɬɪɨɧ 
ɫ 4s ɭɪɨɜɧɹ. Ɍɟɦ ɧɟ ɦɟɧɟɟ, ɷɥɟɤɬɪɨɧɵ ɧɚ 3d ɭɪɨɜɧɟ ɨɫɬɚɸɬɫɹ ɧɚ ɫɜɨɢɯ ɩɪɟɠɧɢɯ 
ɦɟɫɬɚɯ, ɬɨ ɟɫɬɶ ɫɨɯɪɚɧɹɸɬ ɨɞɧɨɚɬɨɦɨɩɨɞɨɛɧɨɟ ɩɨɥɨɠɟɧɢɟ. Ⱥɜɬɨɪɵ [44] ɩɪɟɞɩɨ-
ɥɚɝɚɸɬ, ɱɬɨ ɷɥɟɤɬɪɨɧɵ ɧɚ 3d-ɨɪɛɢɬɚɥɢ ɜɨɜɫɟ ɧɟ ɞɟɥɨɤɚɥɢɡɭɸɬɫɹ.  

ɋɭɦɦɚɪɧɨ ɜɵɯɨɞɢɬ, ɱɬɨ 3d ɭɪɨɜɟɧɶ ɢɦɟɟɬ ɦɚɤɫɢɦɭɦ ɷɥɟɤɬɪɨɧɨɜ ɫɨ ɫɩɢɧɨɦ 
ɜɜɟɪɯ (ɨɪɛɢɬɚɥɶ ɩɨɥɧɨɫɬɶɸ ɡɚɧɹɬɚ), ɚ ɫɨ ɫɩɢɧɨɦ ɜɧɢɡ ɨɫɬɚёɬɫɹ ɞɜɚ ɷɥɟɤɬɪɨɧɚ ɭ 
ɠɟɥɟɡɚ, ɬɪɢ ɭ ɤɨɛɚɥɶɬɚ ɢ ɱɟɬɵɪɟ ɭ ɧɢɤɟɥɹ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɜɨɡɧɢɤɚɟɬ ɞɢɫɛɚɥɚɧɫ 
– ɧɟɪɚɜɧɨɟ ɤɨɥɢɱɟɫɬɜɨ ɫɩɢɧɨɜ, ɧɚɩɪɚɜɥɟɧɧɵɯ ɜɜɟɪɯ ɢ ɜɧɢɡ ɧɚ ɚɬɨɦ.  

ɇɟɰɟɥɨɱɢɫɥɟɧɧɵɟ ɦɚɝɧɢɬɧɵɟ ɦɨɦɟɧɬɵ ɨɛɴɹɫɧɹɸɬɫɹ ɬɟɦ, ɱɬɨ ɷɥɟɤɬɪɨɧɵ 3d 
ɭɪɨɜɧɹ ɜɫё ɠɟ ɱɚɫɬɢɱɧɨ ɨɬɤɥɨɧɹɸɬɫɹ ɨɬ ɨɪɛɢɬɚɥɢ, ɜ ɪɟɡɭɥɶɬɚɬɟ ɱɟɝɨ ɦɚɝɧɢɬɧɵɟ 
ɦɨɦɟɧɬɵ ɧɟ ɩɨɥɧɨɫɬɶɸ ɥɨɤɚɥɢɡɨɜɚɧɵ ɧɚ ɚɬɨɦɧɵɯ ɹɞɪɚɯ, ɱɬɨ ɫɩɨɫɨɛɫɬɜɭɟɬ ɜɡɚ-
ɢɦɧɨɦɭ ɜɵɪɚɜɧɢɜɚɧɢɸ ɦɚɝɧɢɬɧɵɯ ɦɨɦɟɧɬɨɜ. 

ɋɪɟɞɧɢɣ ɦɚɝɧɢɬɧɵɣ ɦɨɦɟɧɬ ɡɚɜɢɫɢɬ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ, ɚ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 
Ʉɸɪɢ ɮɟɪɪɨɦɚɝɧɟɬɢɡɦ ɩɪɨɩɚɞɚɟɬ ɜɨɜɫɟ. ɋɨɝɥɚɫɧɨ ɦɨɞɟɥɢ Ƚɟɣɡɟɧɛɟɪɝɚ, ɷɬɨ ɜɵ-
ɡɜɚɧɨ ɬɟɩɥɨɜɵɦ ɛɟɫɩɨɪɹɞɤɨɦ ɡɚ ɫɱёɬ ɜɵɪɚɜɧɢɜɚɧɢɹ ɥɨɤɚɥɶɧɵɯ ɦɚɝɧɢɬɧɵɯ ɦɨ-
ɦɟɧɬɨɜ, ɱɬɨ ɜ ɢɬɨɝɟ ɩɪɢɜɨɞɢɬ ɤ ɜɡɚɢɦɧɨɣ ɤɨɦɩɟɧɫɚɰɢɢ ɦɨɦɟɧɬɨɜ, ɫɪɟɞɧɢɣ ɦɨ-
ɦɟɧɬ ɨɛɪɚɳɚɟɬɫɹ ɜ ɧɨɥɶ – ɬɟɥɨ ɜɟɞёɬ ɫɟɛɹ ɤɚɤ ɩɚɪɚɦɚɝɟɧɬɢɤ [45]. 

Ⱦɥɹ ɤɥɚɫɬɟɪɨɜ ɨɛɴёɦɧɚɹ ɤɚɪɬɢɧɚ ɧɟ ɚɞɟɤɜɚɬɧɚ, ɩɨɫɤɨɥɶɤɭ ɛɨɥɶɲɚɹ ɱɚɫɬɶ 
ɚɬɨɦɨɜ ɧɚɯɨɞɢɬɫɹ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ, ɚ ɧɟ ɜ ɨɛɴёɦɟ. ɗɥɟɤɬɪɨɧɧɚɹ ɫɬɪɭɤɬɭɪɚ ɬɚɤɢɯ 
ɚɬɨɦɨɜ ɨɬɥɢɱɚɟɬɫɹ. ɗɬɨ ɫɜɹɡɚɧɨ ɜ ɬɨɦ ɱɢɫɥɟ ɫ ɭɦɟɧɶɲɟɧɢɟɦ ɱɢɫɥɚ ɛɥɢɠɚɣɲɢɯ 
ɫɨɫɟɞɧɢɯ ɚɬɨɦɨɜ, ɱɬɨ ɩɪɢɜɨɞɢɬ ɤ ɛɨɥɶɲɨɣ ɥɨɤɚɥɢɡɚɰɢɢ ɷɥɟɤɬɪɨɧɨɜ ɧɚ 3d ɭɪɨɜɧɟ. 
Ɍɚɤɠɟ ɧɚ ɦɚɝɧɢɬɧɵɣ ɦɨɦɟɧɬ ɜɥɢɹɸɬ ɤɨɥɟɛɚɧɢɹ Ɏɪɢɞɟɥɹ – ɷɥɟɤɬɪɨɧɧɵɟ ɜɨɥɧɵ 
ɪɚɫɩɪɨɫɬɪɚɧɹɸɬɫɹ ɜ ɤɥɚɫɬɟɪ. 
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Ɋɢɫɭɧɨɤ 1.11 – Ɉɛɥɚɫɬɢ ɭɩɨɪɹɞɨɱɟɧɢɹ ɞɨɦɟɧɨɜ ɧɚ ɡɚɜɢɫɢɦɨɫɬɢ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ H ɨɬ ɬɟɦ-

ɩɟɪɚɬɭɪɵ T: ɚ – ɞɥɹ ɦɟɬɚɥɥɨɜ ɫ ɬɨɱɤɨɣ Ʉɸɪɢ; ɛ – ɫ ɬɨɱɤɚɦɢ Ʉɸɪɢ ɢ ɇɟɟɥɹ 
 
ɗɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɨɩɪɟɞɟɥɢɬɶ ɦɚɝɧɢɬɧɵɟ ɦɨɦɟɧɬɵ ɤɥɚɫɬɟɪɨɜ ɦɨɠɧɨ, ɩɪɢ-

ɜɟɞɹ ɢɯ ɜ ɞɜɢɠɟɧɢɟ ɜ ɧɟɨɞɧɨɪɨɞɧɨɦ ɦɚɝɧɢɬɧɨɦ ɩɨɥɟ. ɉɭɱɨɤ ɤɥɚɫɬɟɪɨɜ ɨɛɪɚɡɭ-
ɟɬɫɹ ɜ ɢɫɬɨɱɧɢɤɟ ɥɚɡɟɪɧɨɝɨ ɢɫɩɚɪɟɧɢɹ, ɞɚɥɟɟ ɤɥɚɫɬɟɪɵ ɩɪɨɯɨɞɹɬ ɱɟɪɟɡ ɦɚɝɧɢɬ-
ɧɵɣ ɤɨɥɥɢɦɚɬɨɪ (ɦɚɝɧɢɬ ɒɬɟɪɧɚ-Ƚɟɪɥɚɯɚ), ɤɨɬɨɪɵɣ ɨɬɤɥɨɧɹɟɬ ɤɥɚɫɬɟɪɵ ɨɬ ɩɪɹ-
ɦɨɥɢɧɟɣɧɨɝɨ ɞɜɢɠɟɧɢɹ, ɜ ɫɥɭɱɚɟ ɢɯ ɧɟɧɭɥɟɜɨɣ ɦɚɝɧɢɬɧɨɫɬɢ. Ⱦɚɥɟɟ ɤɥɚɫɬɟɪɵ 
ɩɪɨɯɨɞɹɬ ɢɨɧɢɡɚɬɨɪ (ɩɨɩɟɪёɤ ɥɭɱɚ ɷɤɫɢɦɟɪɧɨɝɨ ɥɚɡɟɪɚ Ar-F), ɱɬɨɛɵ ɢɯ ɦɨɠɧɨ 
ɛɵɥɨ ɨɛɧɚɪɭɠɢɬɶ ɧɚ ɦɚɫɫ-ɫɩɟɤɬɪɨɦɟɬɪɟ. Ɉɬɤɥɨɧɟɧɢɹ ɤɥɚɫɬɟɪɚ ɨɬ ɩɪɹɦɨɥɢɧɟɣ-
ɧɨɝɨ ɞɜɢɠɟɧɢɹ ɫɱɢɬɚɸɬɫɹ ɮɭɧɤɰɢɟɣ, ɡɚɜɢɫɹɳɟɣ ɨɬ ɪɚɡɦɟɪɚ, ɬɟɦɩɟɪɚɬɭɪɵ ɢ 
ɧɚɩɪɹɠёɧɧɨɫɬɢ ɫɨɡɞɚɜɚɟɦɨɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ. ȿɫɥɢ ɭɱɟɫɬɶ ɪɚɡɦɟɪ ɢ ɬɟɦɩɟɪɚ-
ɬɭɪɭ, ɬɨ ɦɨɠɧɨ ɞɚɠɟ ɨɩɪɟɞɟɥɢɬɶ ɦɚɝɧɢɬɧɵɣ ɦɨɦɟɧɬ ɤɥɚɫɬɟɪɚ. 

 

 
 

Ɋɢɫɭɧɨɤ 1.12 – ɋɯɟɦɚ ɭɫɬɚɧɨɜɤɢ ɢɡɦɟɪɟɧɢɹ ɨɬɤɥɨɧɟɧɢɹ ɤɥɚɫɬɟɪɧɨɝɨ ɩɭɱɤɚ [44] 
 
Ⱦɚɥɟɟ ɩɨɤɚɡɚɧɵ ɩɨɥɭɱɢɜɲɢɟɫɹ ɡɚɜɢɫɢɦɨɫɬɢ (ɪɢɫ. 1.13, 1.14). 
Ɂɚɜɢɫɢɦɨɫɬɢ ɧɚ ɪɢɫɭɧɤɟ 1.13 ɫɜɢɞɟɬɟɥɶɫɬɜɭɸɬ ɨ ɬɨɦ, ɱɬɨ ɦɚɝɧɢɬɧɵɣ ɦɨ-

ɦɟɧɬ ɤɥɚɫɬɟɪɚ ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ ɟɝɨ ɪɚɡɦɟɪɚ ɩɨɫɬɟɩɟɧɧɨ ɭɦɟɧɶɲɚɟɬɫɹ. Ɉɱɟɧɶ ɦɚ-
ɥɟɧɶɤɢɟ ɤɥɚɫɬɟɪɵ ɨɛɥɚɞɚɸɬ ɛɨɥɶɲɢɦɢ ɦɚɝɧɢɬɧɵɦɢ ɦɨɦɟɧɬɚɦɢ, ɫɨɨɬɜɟɬɫɬɜɭɸ-
ɳɢɦɢ ɥɨɤɚɥɢɡɨɜɚɧɧɵɦ, ɛɨɥɟɟ ɚɬɨɦɨɩɨɞɨɛɧɵɦ ɦɨɦɟɧɬɚɦ. ɍɦɟɧɶɲɟɧɢɟ ɨɛɴɹɫɧɹ-
ɟɬɫɹ ɨɛɨɥɨɱɟɱɧɨɣ ɦɨɞɟɥɶɸ, ɝɞɟ ɦɚɝɧɢɬɧɵɣ ɦɨɦɟɧɬ ɚɬɨɦɚ ɜ ɤɥɚɫɬɟɪɟ ɡɚɜɢɫɢɬ ɨɬ 
ɟɝɨ ɩɨɥɨɠɟɧɢɹ ɜ ɨɛɴёɦɟ: ɩɨɜɟɪɯɧɨɫɬɧɵɟ ɚɬɨɦɵ ɢɦɟɸɬ ɛɨɥɶɲɢɣ ɦɚɝɧɢɬɧɵɣ ɦɨ-
ɦɟɧɬ. ȼ ɷɤɫɩɟɪɢɦɟɧɬɟ ɛɵɥɢ ɫɥɟɞɭɸɳɢɟ ɬɟɦɩɟɪɚɬɭɪɵ: ɞɥɹ ɧɢɤɟɥɹ ɢ ɤɨɛɚɥɶɬɚ 78 
Ʉ, ɞɥɹ ɠɟɥɟɡɚ 120 Ʉ. 
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Ɋɢɫɭɧɨɤ 1.13 – Ɂɚɜɢɫɢɦɨɫɬɢ ɦɚɝɧɢɬɧɵɯ ɦɨɦɟɧɬɨɜ ɨɬ ɱɢɫɥɚ ɚɬɨɦɨɜ ɜ ɤɥɚɫɬɟɪɟ: ɚ – ɞɥɹ ɧɢɤɟɥɹ; 

ɛ – ɞɥɹ ɤɨɛɚɥɶɬɚ; ɜ – ɞɥɹ ɠɟɥɟɡɚ [44] 
 

 
      ɚ        ɛ    ɜ 

 
Ɋɢɫɭɧɨɤ 1.14 – Ɂɚɜɢɫɢɦɨɫɬɢ ɦɚɝɧɢɬɧɵɯ ɦɨɦɟɧɬɨɜ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ ɞɥɹ ɧɟɫɤɨɥɶɤɢɯ ɪɚɡɧɵɯ ɩɨ 

ɪɚɡɦɟɪɭ ɤɥɚɫɬɟɪɨɜ: ɚ – ɞɥɹ ɧɢɤɟɥɹ; ɛ – ɞɥɹ ɤɨɛɚɥɶɬɚ; ɜ – ɞɥɹ ɠɟɥɟɡɚ [44] 
 
Ƚɪɚɮɢɤɢ ɧɚ ɪɢɫɭɧɤɟ 1.14 – ɡɚɜɢɫɢɦɨɫɬɢ ɫɪɟɞɧɢɯ ɦɚɝɧɢɬɧɵɯ ɦɨɦɟɧɬɨɜ ɨɬ 

ɬɟɦɩɟɪɚɬɭɪɵ ɞɥɹ ɧɟɫɤɨɥɶɤɢɯ ɪɚɡɧɵɯ ɩɨ ɪɚɡɦɟɪɭ ɤɥɚɫɬɟɪɨɜ. ɉɭɧɤɬɢɪɨɦ ɨɛɨɡɧɚ-
ɱɟɧɵ ɨɛɴёɦɧɵɟ ɡɧɚɱɟɧɢɹ. Ʉɚɤ ɜɢɞɧɨ, ɞɥɹ ɧɢɤɟɥɹ ɢ ɤɨɛɚɥɶɬɚ, ɱɟɦ ɛɨɥɶɲɟ ɚɬɨɦɨɜ 
ɜ ɤɥɚɫɬɟɪɟ, ɬɟɦ ɛɥɢɠɟ ɡɚɜɢɫɢɦɨɫɬɶ ɤ ɨɛɴёɦɧɨɣ. Ⱦɥɹ ɠɟɥɟɡɚ ɠɟ ɡɚɦɟɬɧɨ ɚɧɨɦɚɥɶ-
ɧɨɟ ɩɨɜɟɞɟɧɢɟ, ɤɨɬɨɪɨɟ ɨɛɴɹɫɧɹɟɬɫɹ ɮɚɡɨɜɵɦ ɩɟɪɟɯɨɞɨɦ. Ⱦɟɥɨ ɜ ɬɨɦ, ɱɬɨ ɩɟɪɟ-
ɯɨɞ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɪɟɲёɬɤɢ ɨɫɭɳɟɫɬɜɥɹɟɬɫɹ ɩɪɢ ɪɚɡɧɵɯ ɬɟɦɩɟɪɚɬɭɪɚɯ: ɱɟɦ 
ɛɨɥɶɲɟ ɪɚɡɦɟɪ ɤɥɚɫɬɟɪɚ, ɬɟɦ ɦɟɧɶɲɟ ɬɟɦɩɟɪɚɬɭɪɚ ɩɟɪɟɯɨɞɚ. Ɇɚɝɧɢɬɧɵɣ ɦɨɦɟɧɬ 
ɨɱɟɧɶ ɱɭɜɫɬɜɢɬɟɥɟɧ ɤ ɢɡɦɟɧɟɧɢɹɦ ɜ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɟ. Ɉɱɟɜɢɞɧɨ, ɱɬɨ 
ɬɚɤɚɹ ɬɟɧɞɟɧɰɢɹ ɫɧɢɠɟɧɢɹ ɬɟɦɩɟɪɚɬɭɪɵ ɮɚɡɨɜɨɝɨ ɩɟɪɟɯɨɞɚ ɦɟɧɹɟɬɫɹ ɩɪɢ ɩɟɪɟ-
ɯɨɞɟ ɨɬ ɤɥɚɫɬɟɪɧɨɣ ɦɨɞɟɥɢ ɤ ɨɛɴёɦɧɨɣ. 

Ʉɥɚɫɬɟɪɵ ɧɢɤɟɥɹ ɛɵɫɬɪɟɟ ɫɯɨɞɹɬɫɹ ɤ ɨɛɴёɦɧɨɦɭ ɩɪɟɞɟɥɭ, ɱɟɦ ɤɥɚɫɬɟɪɵ ɠɟ-
ɥɟɡɚ ɢ ɤɨɛɚɥɶɬɚ. ɗɬɨ ɦɨɠɧɨ ɫɨɩɨɫɬɚɜɢɬɶ ɫ ɬɟɦ, ɱɬɨ ɢ ɦɚɝɧɢɬɧɵɣ ɦɨɦɟɧɬ ɧɚ ɚɬɨɦ 
ɞɥɹ ɧɢɤɟɥɹ ɧɢɠɟ, ɱɟɦ ɞɥɹ ɠɟɥɟɡɚ ɢ ɤɨɛɚɥɶɬɚ. 

ɇɟɫɦɨɬɪɹ ɧɚ ɜɵɜɨɞɵ, ɚɜɬɨɪɵ [44] ɝɨɜɨɪɹɬ ɨ ɬɨɦ, ɱɬɨ ɧɟ ɜɫɟ ɹɜɥɟɧɢɹ ɦɨɠɧɨ 
ɨɛɴɹɫɧɢɬɶ ɢ ɬɪɟɛɭɟɬɫɹ ɛɨɥɶɲɟ ɢɫɫɥɟɞɨɜɚɧɢɣ ɧɚ ɷɬɭ ɬɟɦɭ. 
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ɂɫɫɥɟɞɨɜɚɧɢɹ [15] ɩɨɤɚɡɵɜɚɸɬ, ɱɬɨ ɦɚɝɧɢɬɧɵɟ ɫɜɨɣɫɬɜɚ ɧɚɧɨɤɪɢɫɬɚɥɥɢɬ-
ɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɫɢɥɶɧɨ ɡɚɜɢɫɹɬ ɨɬ ɮɨɪɦɵ ɱɚɫɬɢɰ. ɇɚɩɪɢɦɟɪ, ɤɨɷɪɰɢɬɢɜɧɚɹ ɫɢɥɚ 
ɧɚɧɨɜɨɥɨɤɨɧ ɧɢɤɟɥɹ ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ ɛɵɥɚ ɩɪɢɦɟɪɧɨ ɜ 10 ɪɚɡ ɛɨɥɶɲɟ, 
ɱɟɦ ɭ ɨɛɴɟɦɧɨɝɨ ɦɚɬɟɪɢɚɥɚ [15]. 

Ʉɨɷɪɰɢɬɢɜɧɚɹ ɫɢɥɚ [46–50] ɦɚɝɧɢɬɧɵɯ ɧɚɧɨɱɚɫɬɢɰ ɢɦɟɟɬ ɩɨɪɚɡɢɬɟɥɶɧɭɸ 
ɡɚɜɢɫɢɦɨɫɬɶ ɨɬ ɢɯ ɪɚɡɦɟɪɚ (ɪɢɫ. 1.15). Ʉɨɷɪɰɢɬɢɜɧɚɹ ɫɢɥɚ Hc ɪɚɜɧɚ ɧɭɥɸ ɧɢɠɟ 
ɪɚɡɦɟɪɧɨɝɨ ɩɪɟɞɟɥɚ r0 – ɱɚɫɬɢɰɵ ɩɨɤɚɡɵɜɚɸɬ ɫɭɩɟɪɩɚɪɚɦɚɝɧɢɬɧɵɟ ɫɜɨɣɫɬɜɚ. Ⱦɚ-
ɥɟɟ ɩɪɨɹɜɥɹɟɬɫɹ ɨɞɧɨɞɨɦɟɧɧɨɟ ɩɨɜɟɞɟɧɢɟ ɢ ɦɧɨɝɨɞɨɦɟɧɧɨɟ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. ɗɬɨ 
ɫɜɹɡɚɧɨ ɫ ɬɟɦ, ɱɬɨ ɩɪɢ ɩɪɟɞɟɥɶɧɨɦ ɪɚɡɦɟɪɟ ɱɚɫɬɢɰ rc ɤɥɚɫɬɟɪ ɧɟ ɦɨɠɟɬ ɪɚɫɬɢ ɤɚɤ 
ɦɨɧɨɤɪɢɫɬɚɥɥɢɬ, ɢ ɫɬɪɭɤɬɭɪɚ ɫɬɚɧɨɜɢɬɫɹ ɦɧɨɝɨɤɥɚɫɬɟɪɧɨɣ. 

 

 
 

Ɋɢɫɭɧɨɤ 1.15 – Ɂɚɜɢɫɢɦɨɫɬɶ ɤɨɷɪɰɢɬɢɜɧɨɣ ɫɢɥɵ ɧɚɧɨɱɚɫɬɢɰ ɨɬ ɪɚɡɦɟɪɚ; a, b, n – ɤɨɧɫɬɚɧɬɵ 
ɡɚɜɢɫɢɦɨɫɬɟɣ ɞɥɹ ɱɚɫɬɢɰ ɪɚɡɧɵɯ ɦɚɬɟɪɢɚɥɨɜ 

 
ɗɬɨ ɫɜɹɡɚɧɨ ɫ ɬɟɦ, ɱɬɨ ɝɟɨɦɟɬɪɢɱɟɫɤɢɟ ɪɚɡɦɟɪɵ ɦɚɬɟɪɢɚɥɚ ɫɬɚɧɨɜɹɬɫɹ ɫɨ-

ɩɨɫɬɚɜɢɦɵɦɢ ɫ ɨɫɧɨɜɧɵɦɢ ɦɚɫɲɬɚɛɚɦɢ ɦɚɝɧɢɬɧɨɣ ɞɥɢɧɵ, ɬɚɤɢɦɢ ɤɚɤ ɞɥɢɧɚ ɨɛ-
ɦɟɧɚ ɢɥɢ ɲɢɪɢɧɚ ɞɨɦɟɧɧɨɣ ɫɬɟɧɤɢ. ɂɦɟɧɧɨ ɫɜɨɣɫɬɜɚ ɜ ɨɞɧɨɞɨɦɟɧɧɨɦ ɫɨɫɬɨɹɧɢɢ 
ɩɪɟɞɫɬɚɜɥɹɸɬ ɧɚɢɛɨɥɶɧɢɣ ɢɧɬɟɪɟɫ, ɩɨɫɤɨɥɶɤɭ ɬɚɤɨɣ ɫɬɪɭɤɬɭɪɨɣ ɩɪɨɳɟ ɭɩɪɚɜ-
ɥɹɬɶ ɤɚɤ ɞɨɦɟɧɧɨɣ ɫɬɪɭɤɬɭɪɨɣ, ɚ ɤɪɨɦɟ ɬɨɝɨ ɬɟɯɧɢɱɟɫɤɢ ɫɥɨɠɧɨ ɩɨɥɭɱɢɬɶ ɱɚ-
ɫɬɢɰɭ ɪɚɡɦɟɪɨɦ ɤɪɢɬɢɱɟɫɤɨɣ ɬɨɱɤɢ rc, ɯɨɬɹ ɡɞɟɫɶ, ɧɚ ɦɟɡɨɭɪɨɜɧɟ, ɩɪɨɢɫɬɟɤɚɸɬ 
ɫɥɨɠɧɵɟ ɢ ɧɟɢɡɭɱɟɧɧɵɟ ɧɚ ɫɟɝɨɞɧɹ ɩɪɨɰɟɫɫɵ. 

Ɉɱɟɧɶ ɦɟɥɤɢɟ ɮɟɪɪɨɦɚɝɧɢɬɧɵɟ ɱɚɫɬɢɰɵ ɢɦɟɸɬ ɨɱɟɧɶ ɤɨɪɨɬɤɢɟ ɜɪɟɦɟɧɚ ɪɟ-
ɥɚɤɫɚɰɢɢ ɞɚɠɟ ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ ɢ ɜɟɞɭɬ ɫɟɛɹ ɫɭɩɟɪɩɚɪɚɦɚɝɧɟɬɢɱɟɫɤɢ 
[51–54]. ɂɯ ɩɨɜɟɞɟɧɢɟ ɩɚɪɚɦɚɝɧɢɬɧɨ, ɧɨ ɢɯ ɡɧɚɱɟɧɢɹ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ ɬɢɩɢɱɧɵ 
ɞɥɹ ɮɟɪɪɨɦɚɝɧɟɬɢɤɨɜ. ɋɭɩɟɪɩɚɪɚɦɚɝɧɟɬɢɡɦ ɯɚɪɚɤɬɟɪɢɡɭɟɬɫɹ ɞɜɭɦɹ ɜɚɠɧɵɦɢ 
ɱɟɪɬɚɦɢ. ȼɨ-ɩɟɪɜɵɯ, ɧɟɬ ɝɢɫɬɟɪɟɡɢɫɚ, ɱɬɨ ɨɡɧɚɱɚɟɬ, ɱɬɨ ɢ ɭɞɟɪɠɢɜɚɸɳɚɹ ɫɩɨɫɨɛ-
ɧɨɫɬɶ, ɢ ɤɨɷɪɰɢɬɢɜɧɚɹ ɫɢɥɚ ɪɚɜɧɵ ɧɭɥɸ. ȼɨ-ɜɬɨɪɵɯ, ɫɭɳɟɫɬɜɭɟɬ ɬɟɦɩɟɪɚɬɭɪɚ 
ɛɥɨɤɢɪɨɜɤɢ, ɧɢɠɟ ɤɨɬɨɪɨɣ ɱɚɫɬɢɰɚ ɛɭɞɟɬ ɮɟɪɪɨɦɚɝɧɢɬɧɨɣ. 

ɇɚɩɪɢɦɟɪ, ɧɢɤɟɥɶ ɢɦɟɟɬ ɬɟɦɩɟɪɚɬɭɪɭ ɛɥɨɤɢɪɨɜɤɢ ɩɪɢ 55 K. ɇɢɠɟ ɷɬɨɣ 
ɬɟɦɩɟɪɚɬɭɪɵ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɶ ɛɭɞɟɬ ɨɬɧɨɫɢɬɟɥɶɧɨ ɫɬɚɛɢɥɶɧɨɣ, ɱɚɫɬɢɰɚ ɛɭɞɟɬ 
ɩɪɨɹɜɥɹɬɶ ɮɟɪɪɨɦɚɝɧɢɬɧɨɟ ɩɨɜɟɞɟɧɢɟ. ȼɵɲɟ ɬɟɦɩɟɪɚɬɭɪɵ ɛɥɨɤɢɪɨɜɤɢ ɬɟɩɥɨɜɨɣ 
ɷɧɟɪɝɢɢ ɛɭɞɟɬ ɞɨɫɬɚɬɨɱɧɨ ɞɥɹ ɩɨɞɚɜɥɟɧɢɹ ɮɟɪɪɨɦɚɝɧɢɬɧɨɝɨ ɩɨɜɟɞɟɧɢɹ, ɢ ɱɚ-
ɫɬɢɰɵ, ɬɚɤɢɦ ɨɛɪɚɡɨɦ, ɫɬɚɧɭɬ ɫɭɩɟɪɩɚɪɚɦɚɝɧɢɬɧɵɦɢ. 
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Ɂɚɜɢɫɢɦɨɫɬɶ ɤɨɪɪɟɥɢɪɭɟɬ ɬɚɤɠɟ ɫ ɷɤɫɩɟɪɢɦɟɧɬɨɦ [44], ɝɞɟ ɧɚɛɥɸɞɚɟɬɫɹ 
ɦɟɫɬɧɵɣ ɪɨɫɬ ɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ ɞɥɹ ɤɥɚɫɬɟɪɨɜ, ɪɚɡɦɟɪ ɤɨɬɨɪɵɯ ɪɚɜɟɧ ɩɪɢ-
ɦɟɪɧɨ 300 ɚɬɨɦɨɜ. 

ɋɭɳɟɫɬɜɭɸɬ ɬɚɤɠɟ ɬɚɤ ɧɚɡɵɜɚɟɦɵɟ ɦɨɥɟɤɭɥɹɪɧɵɟ ɦɚɝɧɢɬɵ. Ɇɨɥɟɤɭɥɹɪ-
ɧɵɣ ɦɚɝɧɢɬ – ɷɬɨ ɦɨɥɟɤɭɥɚ, ɤɨɬɨɪɚɹ ɨɛɵɱɧɨ ɹɜɥɹɟɬɫɹ ɮɟɪɪɨɦɚɝɧɢɬɧɨɣ ɢɥɢ ɚɧɬɢ-
ɮɟɪɪɨɦɚɝɧɢɬɧɨɣ ɫ ɢɡɨɥɢɪɨɜɚɧɧɵɦ ɫɩɢɧɨɜɵɦ ɰɟɧɬɪɨɦ. Ɇɨɥɟɤɭɥɹɪɧɵɟ ɦɚɝɧɢɬɵ 
ɢɦɟɸɬ ɜɵɫɨɤɢɣ ɨɛɳɢɣ ɫɩɢɧ ɢɡɨɥɢɪɨɜɚɧɧɨɣ ɫɢɫɬɟɦɵ; ɨɛɵɱɧɨ ɷɬɨ ɛɨɥɶɲɢɟ ɦɨɥɟ-
ɤɭɥɵ ɫ ɧɟɛɨɥɶɲɢɦ ɦɟɠɦɨɥɟɤɭɥɹɪɧɵɦ ɜɡɚɢɦɨɞɟɣɫɬɜɢɟɦ, ɢɫɩɨɥɶɡɭɸɳɢɟ ɞɢɩɨɥɶ-
ɞɢɩɨɥɶɧɨɟ ɜɡɚɢɦɨɞɟɣɫɬɜɢɟ. Ɉɧɢ ɨɛɥɚɞɚɸɬ ɜɵɫɨɤɨɣ ɦɚɝɧɢɬɧɨɣ ɚɧɢɡɨɬɪɨɩɢɟɣ ɢɡ-
ɡɚ ɹɪɤɨ ɜɵɪɚɠɟɧɧɨɝɨ ɧɚɩɪɚɜɥɟɧɢɹ ɫɩɢɧɚ [15]. ɇɚɢɛɨɥɟɟ ɢɡɭɱɟɧɧɵɦɢ ɦɨɥɟɤɭɥɚɦɢ 
ɹɜɥɹɸɬɫɹ Mn12 ɢ Fe8, ɤɚɠɞɚɹ ɢɡ ɤɨɬɨɪɵɯ ɹɜɥɹɟɬɫɹ ɮɟɪɪɨɦɚɝɧɢɬɧɨɣ ɫ ɜɵɫɨɤɨɣ 
ɦɚɝɧɢɬɧɨɣ ɚɧɢɡɨɬɪɨɩɢɟɣ. 

 
1.6 ȼɨɡɧɢɤɧɨɜɟɧɢɟ ɦɚɝɧɢɬɧɵɯ ɫɜɨɣɫɬɜ ɜ ɧɚɧɨɪɚɡɦɟɪɧɵɯ ɤɥɚɫɬɟɪɚɯ 

ɧɟɦɚɝɧɢɬɧɵɯ ɦɚɬɟɪɢɚɥɨɜ 
 

Ⱥɜɬɨɪɵ ɪɚɛɨɬɵ [55] ɩɪɟɞɩɨɥɚɝɚɸɬ, ɱɬɨ ɜ ɬɜёɪɞɵɯ ɦɚɬɟɪɢɚɥɚɯ, ɬɚɤɢɯ, ɤɚɤ 
Fe, Fe3O4, CrO2, ɦɚɝɧɟɬɢɡɦ ɜɨɡɧɢɤɚɟɬ ɜ ɪɟɡɭɥɶɬɚɬɟ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɦɚɝɧɢɬɧɵɯ 
ɦɨɦɟɧɬɨɜ ɨɬɞɟɥɶɧɵɯ ɚɬɨɦɨɜ ɢɥɢ ɢɨɧɨɜ. Ɇɚɝɧɢɬɧɵɟ ɦɨɦɟɧɬɵ ɜɡɚɢɦɨɞɟɣɫɬɜɭɸɬ 
ɞɪɭɝ ɫ ɞɪɭɝɨɦ ɱɟɪɟɡ ɨɛɦɟɧɧɨɟ ɩɨɥɟ, ɜɵɡɵɜɚɹ ɞɚɥɶɧɢɣ ɦɚɝɧɢɬɧɵɣ ɩɨɪɹɞɨɤ.  

ɍɠɟ ɧɟɤɨɬɨɪɨɟ ɜɪɟɦɹ ɢɡɜɟɫɬɧɨ, ɱɬɨ ɧɚɧɨɱɚɫɬɢɰɵ ɦɚɝɧɢɬɧɵɯ ɦɚɬɟɪɢɚɥɨɜ 
ɩɪɨɹɜɥɹɸɬ ɫɜɨɣɫɬɜɚ, ɨɬɥɢɱɧɵɟ ɨɬ ɨɛɴёɦɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɬɨɝɨ ɠɟ ɫɨɫɬɚɜɚ. ȿɳё ɜ 
1961 ɝɨɞɭ ɇɟɟɥɶ ɩɨɥɚɝɚɥ, ɱɬɨ ɧɚɧɨɱɚɫɬɢɰɵ ɚɧɬɢɮɟɪɪɨɦɚɝɧɢɬɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɛɭ-
ɞɭɬ ɢɦɟɬɶ ɧɟɛɨɥɶɲɨɣ ɫɭɦɦɚɪɧɵɣ ɦɚɝɧɢɬɧɵɣ ɦɨɦɟɧɬ ɢɡ-ɡɚ ɧɟɪɚɜɧɨɝɨ ɤɨɥɢɱɟɫɬɜɚ 
ɷɥɟɤɬɪɨɧɨɜ ɫɨ ɫɩɢɧɨɦ ɜɜɟɪɯ ɢ ɫɨ ɫɩɢɧɨɦ ɜɧɢɡ [45]. 

Ⱥɜɬɨɪɵ [55] ɧɚɡɵɜɚɸɬ ɧɚɧɨɱɚɫɬɢɰɵ ɮɟɪɪɨɦɚɝɧɟɬɢɤɨɜ (ɜ ɩɟɪɜɭɸ ɨɱɟɪɟɞɶ 
ɠɟɥɟɡɚ ɢ ɨɤɫɢɞɚ ɠɟɥɟɡɚ) ɫɭɩɟɪɩɚɪɚɦɚɝɧɢɬɧɵɦɢ. ȼ ɫɬɚɬɶɟ ɨɧɢ ɫɬɚɜɹɬ ɰɟɥɶ ɢɫɫɥɟ-
ɞɨɜɚɬɶ ɧɨɜɵɣ ɬɢɩ ɮɟɪɪɨɦɚɝɧɟɬɢɡɦɚ, ɧɚɛɥɸɞɚɟɦɵɣ ɜ ɧɚɧɨɱɚɫɬɢɰɚɯ ɧɟɨɪɝɚɧɢɱɟ-
ɫɤɢɯ ɦɚɬɟɪɢɚɥɨɜ. ȼ ɬɨɦ ɱɢɫɥɟ, ɨɛɴɹɫɧɢɬɶ ɧɚɛɥɸɞɚɟɦɵɟ ɦɚɝɧɢɬɧɵɟ ɫɜɨɣɫɬɜɚ ɜ 
ɦɚɬɟɪɢɚɥɚɯ, ɫɱɢɬɚɸɳɢɦɢɫɹ ɧɟɦɚɝɧɢɬɧɵɦɢ: Al2O3, TiO2, CeO2. ɉɪɢɱɢɧɨɣ ɮɟɪɪɨ-
ɦɚɝɧɢɬɧɨɫɬɢ ɚɜɬɨɪɵ ɧɚɡɵɜɚɸɬ ɧɚɥɢɱɢɟ ɩɨɜɟɪɯɧɨɫɬɧɵɯ ɞɟɮɟɤɬɨɜ, ɤɨɬɨɪɵɟ ɜɫɟ-
ɝɞɚ ɫɨɩɪɨɜɨɠɞɚɸɬ ɧɚɧɨɱɚɫɬɢɰɵ. ɑɟɦ ɦɟɧɶɲɟ ɚɬɨɦɨɜ ɜɯɨɞɢɬ ɜ ɫɨɫɬɚɜ ɤɥɚɫɬɟɪɚ, 
ɬɟɦ ɛɨɥɶɲɟ ɞɨɥɹ ɩɨɜɟɪɯɧɨɫɬɢ ɨɬɧɨɫɢɬɟɥɶɧɨ ɨɛɴёɦɚ. Ⱥɜɬɨɪɵ [55] ɩɪɟɞɩɨɥɚɝɚɸɬ, 
ɱɬɨ ɧɟɨɪɝɚɧɢɱɟɫɤɢɟ ɧɚɧɨɱɚɫɬɢɰɵ ɨɩɪɟɞɟɥёɧɧɨɝɨ ɪɚɡɦɟɪɚ ɜɫɟɝɞɚ ɛɭɞɭɬ ɢɦɟɬɶ 
ɮɟɪɪɨɦɚɝɧɢɬɧɵɟ ɫɜɨɣɫɬɜɚ.  

ȼ ɪɚɛɨɬɟ [55] ɢɫɫɥɟɞɨɜɚɧɵ ɧɟɦɚɝɧɢɬɧɵɟ ɨɤɫɢɞɵ ɦɟɬɚɥɥɨɜ: CeO2, Al2O3, 
ZnO, In2O3, SnO2, ɚ ɢɦɟɧɧɨ ɫɩɟɱёɧɧɵɟ ɢɡ ɧɢɯ ɧɚɧɨɩɨɪɨɲɤɨɜɵɟ ɨɛɪɚɡɰɵ.  

Ɋɟɧɬɝɟɧɨɝɪɚɦɦɵ ɩɨɤɚɡɚɥɢ, ɱɬɨ ɢ ɧɚɧɨɪɚɡɦɟɪɧɵɟ ɱɚɫɬɢɰɵ, ɢ ɨɛɴёɦɧɵɣ ɨɛ-
ɪɚɡɟɰ CeO2 ɹɜɥɹɸɬɫɹ ɨɞɧɨɮɚɡɧɵɦ ɦɚɬɟɪɢɚɥɨɦ ɫ ɤɭɛɢɱɟɫɤɨɣ ɪɟɲёɬɤɨɣ ɮɥɸɨ-
ɪɢɬɚ. ɉɪɢ ɷɬɨɦ, ɩɚɪɚɦɟɬɪ ɧɚɧɨɱɚɫɬɢɰ ɪɚɡɦɟɪɨɦ 7 ɧɦ ɛɵɥ ɛɨɥɶɲɟ, ɱɟɦ ɭ ɨɛɴёɦ-
ɧɨɝɨ ɨɛɪɚɡɰɚ: a = 5,424 Å ɢ a = 5,413 Å ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. Ɍɚɤɠɟ ɛɵɥɢ ɩɨɥɭɱɟɧɵ 
ɢɡɨɛɪɚɠɟɧɢɹ ɫ ɚɜɬɨɷɦɢɫɫɢɨɧɧɨɝɨ ɫɤɚɧɢɪɭɸɳɟɝɨ ɷɥɟɤɬɪɨɧɧɨɝɨ ɦɢɤɪɨɫɤɨɩɚ 
FEMEX (ɪɢɫ. 1.16). 
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Ɋɢɫɭɧɨɤ 1.16 – ɂɡɨɛɪɚɠɟɧɢɹ ɱɚɫɬɢɰ CeO2 ɪɚɡɧɨɣ ɞɢɫɩɟɪɫɧɨɫɬɢ: ɚ – 7 ɧɦ, ɛ – 15 ɧɦ, ɜ – 500 

ɧɦ; ɝ – ɩɟɬɥɢ ɝɢɫɬɟɪɟɡɢɫɚ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ ɞɥɹ ɱɚɫɬɢɰ ɚ, ɛ, ɜ [55] 
 
ɇɚ ɪɢɫɭɧɤɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɬɪɢ ɫɩɟɱёɧɧɵɯ ɦɚɬɟɪɢɚɥɚ. ɚ ɢ ɛ – ɧɚɧɨɦɚɬɟɪɢɚɥɵ 

ɫ ɱɚɫɬɢɰɚɦɢ ɪɚɡɦɟɪɨɦ 7 ɢ 15 ɧɦ ɫɨɨɬɜɟɬɫɜɟɧɧɨ. Ɉɛɪɚɡɰɵ ɫɩɟɤɚɥɢɫɶ ɩɪɢ ɬɟɦɩɟ-
ɪɚɬɭɪɟ 500 °ɋ. Ɉɛɪɚɡɟɰ ɜ ɢɦɟɟɬ ɪɚɡɦɟɪɧɨɫɬɶ ɨɤɨɥɨ 500 ɧɦ ɢ ɧɟ ɫɱɢɬɚɟɬɫɹ ɧɚɧɨ-
ɪɚɡɦɟɪɧɵɦ, ɨɧ ɫɩɟɤɚɥɫɹ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 1 000 °ɋ. ɉɨɞ ɝ ɢɡɨɛɪɚɠɟɧɵ ɡɚɜɢɫɢɦɨ-
ɫɬɢ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ ɨɬ ɧɚɩɪɹɠёɧɧɨɫɬɢ ɩɪɢɥɨɠɟɧɧɨɝɨ ɩɨɥɹ.  

Ɉɛɧɚɪɭɠɟɧɨ, ɱɬɨ ɩɚɪɚɦɟɬɪ ɪɟɲёɬɤɢ ɧɚɧɨɱɚɫɬɢɰ ɪɚɡɦɟɪɧɨɫɬɶɸ 7 ɧɦ ɜɵɲɟ, 
ɱɟɦ ɩɚɪɚɦɟɬɪ ɦɚɫɫɢɜɧɨɝɨ ɨɛɪɚɡɰɚ: 5,424 ɢ 5,413 Å ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. ɋɬɨɥɶ ɦɚɥɵɟ 
ɡɧɚɱɟɧɢɹ (ɬɵɫɹɱɧɵɟ ɞɨɥɢ ɧɚɧɨɦɟɬɪɚ) ɦɨɠɧɨ ɫɱɢɬɚɬɶ ɩɨɝɪɟɲɧɨɫɬɶɸ ɢɡɦɟɪɟɧɢɣ, 
ɚ ɡɧɚɱɢɬ ɩɚɪɚɦɟɬɪ ɪɟɲёɬɤɢ ɩɪɚɤɬɢɱɟɫɤɢ ɧɟ ɦɟɧɹɟɬɫɹ. 

Ɉɛɴёɦɧɵɣ ɨɛɪɚɡɟɰ ɩɪɨɹɜɥɹɟɬ ɫɥɚɛɵɣ ɩɚɪɚɦɚɝɧɟɬɢɡɦ, ɚ ɧɚɧɨɱɚɫɬɢɰɵ – 
ɮɟɪɪɨɦɚɝɧɟɬɢɡɦ. Ɋɚɧɟɟ ɮɟɪɪɨɦɚɝɧɟɬɢɡɦ ɧɚɛɥɸɞɚɥɫɹ ɜ ɬɨɧɤɢɯ ɩɥёɧɤɚɯ HfO2, 
TiO2, ZnO [56–58]. Ⱥɜɬɨɪɵ ɫɱɢɬɚɸɬ, ɱɬɨ ɡɞɟɫɶ ɦɨɠɟɬ ɛɵɬɶ ɩɨɯɨɠɟɟ ɜɨɡɧɢɤɧɨɜɟ-
ɧɢɟ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ, ɜɟɞɶ ɜ ɬɨɧɤɢɯ ɩɥёɧɤɚɯ ɬɚɤɠɟ ɛɨɥɶɲɚɹ ɱɚɫɬɶ ɚɬɨɦɨɜ ɧɚɯɨ-
ɞɢɬɫɹ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ. ɇɨ ɨɬɥɢɱɢɬɟɥɶɧɨ, ɱɬɨ ɜ ɤɥɚɫɬɟɪɧɵɯ ɦɨɞɟɥɹɯ ɮɟɪɪɨɦɚɝɧɟ-
ɬɢɡɦ ɭɫɬɨɣɱɢɜ, ɬɨɝɞɚ ɤɚɤ ɜ ɩɥёɧɤɚɯ ɧɟɭɫɬɨɣɱɢɜ.  

ɐɟɪɢɣ ɦɨɠɟɬ ɢɦɟɬɶ ɩɟɪɟɦɟɧɧɵɟ ɜɚɥɟɧɬɧɵɟ ɫɨɫɬɨɹɧɢɹ (4+ ɢɥɢ 3+), ɢ ɩɪɢ 
ɧɟɞɨɫɬɚɬɤɟ ɤɢɫɥɨɪɨɞɚ, ɧɟɤɨɬɨɪɵɟ ɚɬɨɦɵ ɦɨɝɭɬ ɫɨɟɞɢɧɹɬɶɫɹ ɫɪɚɡɭ ɫ ɞɜɭɦɹ ɚɬɨ-
ɦɚɦɢ ɰɟɪɢɹ [59]. Ɍɟɨɪɟɬɢɱɟɫɤɢɟ ɢɫɫɥɟɞɨɜɚɧɢɹ ɩɨɤɚɡɚɥɢ, ɱɬɨ ɤɚɬɢɨɧɧɵɟ ɜɚɤɚɧɫɢɢ 
ɦɨɝɭɬ ɫɨɡɞɚɜɚɬɶ ɦɚɝɧɢɬɧɵɟ ɦɨɦɟɧɬɵ ɜ ɩɪɨɫɬɵɯ sp-ɨɤɫɢɞɚɯ. Ɍɨ ɟɫɬɶ, ɜɨɡɦɨɠɧɨɣ 
ɩɪɢɪɨɞɨɣ ɩɨɹɜɥɟɧɢɹ ɦɚɝɧɢɬɧɵɯ ɦɨɦɟɧɬɨɜ ɚɜɬɨɪɵ ɩɪɟɞɩɨɥɚɝɚɸɬ ɧɟɞɨɫɬɚɬɨɤ ɤɢɫ-
ɥɨɪɨɞɚ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɢ ɫɜɹɡɚɧɧɵɟ ɫ ɷɬɢɦ ɞɟɮɟɤɬɵ. 

ɉɨɜɟɪɯɧɨɫɬɧɵɣ ɮɟɪɪɨɦɚɝɧɟɬɢɡɦ ɬɚɤɠɟ ɩɪɨɹɜɥɹɟɬɫɹ ɜ Al2O3, ɝɞɟ ɜɚɥɟɧɬ-
ɧɨɫɬɶ ɩɨɫɬɨɹɧɧɚ 3+. Ɏɟɪɪɨɦɚɝɧɟɬɢɡɦ ɧɚɧɨɱɚɫɬɢɰ ɧɚɛɥɸɞɚɟɬɫɹ ɞɚɠɟ ɩɪɢ 390 Ʉ, ɚ 
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ɡɧɚɱɢɬ, ɬɟɦɩɟɪɚɬɭɪɚ Ʉɸɪɢ ɧɚɯɨɞɢɬɫɹ ɜɵɲɟ ɤɨɦɧɚɬɧɨɣ. Ɍɟɦɩɟɪɚɬɭɪɚ Ʉɸɪɢ ɫɤɨ-
ɪɟɟ ɜɫɟɝɨ ɬɨɠɟ ɡɚɜɢɫɢɬ ɨɬ ɪɚɡɦɟɪɧɨɫɬɢ ɧɚɧɨɱɚɫɬɢɰ. Ɉɛɴёɦɧɵɣ Al2O3 ɞɢɚɦɚɝɧɢ-
ɬɟɧ, ɢ ɧɚ ɪɢɫɭɧɤɟ (ɜ) ɜɢɞɧɨ, ɱɬɨ ɧɚɧɨɱɚɫɬɢɰɵ ɩɪɨɹɜɥɹɸɬ ɞɢɚɦɚɝɧɢɬɧɨɫɬɶ. ɇɨ 
ɬɚɤɠɟ, ɤɚɤ ɢ ɫ CeO2, ɩɪɢ ɭɦɟɧɶɲɟɧɢɢ ɪɚɡɦɟɪɧɨɫɬɢ ɧɚɧɨɱɚɫɬɢɰ, ɜɫё ɫɢɥɶɧɟɟ ɩɪɨ-
ɹɜɥɹɟɬɫɹ ɮɟɪɪɨɦɚɝɧɟɬɢɡɦ. ɗɬɨ ɫɜɹɡɚɧɨ, ɨɩɹɬɶ ɠɟ, ɫ ɩɨɜɟɪɯɧɨɫɬɧɵɦɢ ɷɮɮɟɤɬɚɦɢ. 

 

 
 

Ɋɢɫɭɧɨɤ 1.17 – ɤɪɢɜɵɟ ɦɚɝɧɢɬɧɨɝɨ ɝɢɫɬɟɪɟɡɢɫɚ Al2O3 ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ; ɚ, ɛ – ɞɥɹ 
ɧɚɧɨɱɚɫɬɢɰ; ɜ – ɞɥɹ ɨɛɴёɦɧɵɯ ɱɚɫɬɢɰ [55] 

 
Ʉɢɫɥɨɪɨɞɧɵɟ ɢ ɤɚɬɢɨɧɧɵɟ ɜɚɤɚɧɫɢɢ ɡɚɱɚɫɬɭɸ ɜɫɬɪɟɱɚɸɬɫɹ ɜ ɨɤɫɢɞɚɯ ɦɟ-

ɬɚɥɥɨɜ, ɚ ɡɧɚɱɢɬ, ɱɬɨ ɧɚɧɨɱɚɫɬɢɰɵ ɷɬɢɯ ɨɤɫɢɞɨɜ ɛɭɞɭɬ ɢɦɟɬɶ ɮɟɪɪɨɦɚɝɧɢɬɧɵɟ 
ɫɜɨɣɫɬɜɚ. Ⱥɜɬɨɪɵ ɭɬɜɟɪɠɞɚɸɬ, ɱɬɨ ɧɚɛɥɸɞɚɥɢ ɮɟɪɪɨɦɚɝɧɟɬɢɡɦ ɩɪɢ ɤɨɦɧɚɬɧɨɣ 
ɬɟɦɩɟɪɚɬɭɪɟ ɬɚɤɠɟ ɭ ZnO, In2O3, TiO2, MgO ɢ SnO2. 

ɉɨɜɟɪɯɧɨɫɬɧɵɟ ɞɟɮɟɤɬɵ ɩɨɞɨɛɧɨɝɨ ɬɢɩɚ ɢɦɟɸɬ ɧɢɬɪɢɞɵ ɢ ɯɚɥɶɞɨɝɟɧɢɞɵ 
ɦɟɬɚɥɥɨɜ. Ⱥɜɬɨɪɚɦɢ ɛɵɥɢ ɩɪɨɜɟɪɟɧɵ GaN ɢ CdN, ɤɨɬɨɪɵɟ ɢɫɩɨɥɶɡɭɸɬɫɹ ɞɥɹ 
ɦɢɤɪɨɷɥɟɬɪɨɧɢɤɢ ɢ ɨɩɬɨɷɥɟɤɬɪɨɧɢɤɢ [60], ɫɩɢɧɬɪɨɧɢɤɢ.   

Ȼɵɥɢ ɫɩɟɱɟɧɵ ɱɚɫɬɢɰɵ ɪɚɡɧɵɯ ɪɚɡɦɟɪɧɨɫɬɟɣ (ɪɢɫ. 1.18). Ɉɩɵɬ ɫɧɨɜɚ ɩɨɤɚ-
ɡɚɥ, ɱɬɨ ɤɪɭɩɧɵɟ ɱɚɫɬɢɰɵ ɩɪɨɹɜɥɹɸɬ ɞɢɚɦɚɝɧɢɬɧɵɟ ɫɜɨɣɫɬɜɚ, ɤɨɝɞɚ ɦɚɥɵɟ ɱɚ-
ɫɬɢɰɵ – ɮɟɪɪɨɦɚɝɧɢɬɧɵɟ. 

ɉɨɞɨɛɧɵɣ ɠɟ ɷɤɫɩɟɪɢɦɟɧɬ ɩɪɨɜɟɞёɧ ɞɥɹ CdS. ɉɨɥɭɱɟɧɵ ɱɚɫɬɢɰɵ 18 ɧɦ, 25 
ɧɦ. Ɇɟɥɤɢɟ ɱɚɫɬɢɰɵ ɞɟɦɨɧɫɬɪɢɪɭɸɬ ɧɚɢɛɨɥɶɲɭɸ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɶ. 

Ⱥɜɬɨɪɵ [55] ɞɟɥɚɸɬ ɜɵɜɨɞ, ɱɬɨ ɩɪɢɱɢɧɨɣ ɜɨɡɧɢɤɧɨɜɟɧɢɹ ɦɚɝɧɢɬɧɵɯ ɦɨ-
ɦɟɧɬɨɜ ɹɜɥɹɸɬɫɹ «ɜɚɤɚɧɫɢɨɧɧɵɟ» ɞɟɮɟɤɬɵ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ. ȼɚɤɚɧɫɢɢ ɷɥɟɤɬɪɨ-
ɧɨɜ ɜɨɡɧɢɤɚɸɬ ɧɚ ɚɬɨɦɚɯ ɦɟɬɚɥɥɨɜ, ɩɪɢɱёɦ ɷɧɟɪɝɢɹ ɜɨɡɧɢɤɧɨɜɟɧɢɹ ɧɚ ɩɨɜɟɪɯɧɨ-
ɫɬɢ ɝɨɪɚɡɞɨ ɧɢɠɟ, ɱɟɦ ɜ ɨɛɴёɦɟ. ɉɪɢ ɞɨɫɬɚɬɨɱɧɨɦ ɤɨɥɢɱɟɫɬɜɟ ɞɟɮɟɤɬɨɜ ɧɚ ɩɨ-
ɜɟɪɯɧɨɫɬɢ, ɜɨɡɧɢɤɚɟɬ ɮɟɪɪɨɦɚɝɧɟɬɢɡɦ (ɜɨɡɦɨɠɧɨ, ɩɪɢ ɞɨɫɬɚɬɨɱɧɨɦ ɤɨɥɢɱɟɫɬɜɟ 
ɩɨɜɟɪɯɧɨɫɬɧɵɯ ɞɟɮɟɤɬɨɜ ɩɪɟɜɵɲɚɟɬɫɹ ɭɪɨɜɟɧɶ Ɏɟɪɦɢ), ɚ ɩɨ ɦɟɪɟ ɭɜɟɥɢɱɟɧɢɹ 
ɪɚɡɦɟɪɚ ɱɚɫɬɢɰ ɤɨɧɰɟɧɬɪɚɰɢɹ ɞɟɮɟɤɬɨɜ ɭɦɟɧɶɲɚɟɬɫɹ, ɢ ɦɚɝɧɟɬɢɡɦ ɢɫɱɟɡɚɟɬ. 
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Ɋɢɫɭɧɨɤ 1.18 – FESEM-ɢɡɨɛɪɚɠɟɧɢɹ ɱɚɫɬɢɰ GaN ɪɚɡɧɨɣ ɪɚɡɦɟɪɧɨɫɬɢ: ɚ – ɱɚɫɬɢɰɵ ɪɚɡɦɟɪɨɦ 
15–20 ɧɦ; ɛ – ɱɚɫɬɢɰɵ ɪɚɡɦɟɪɨɦ 25 – 30 ɧɦ; ɜ – ɱɚɫɬɢɰɵ ɪɚɡɦɟɪɨɦ 150–350 ɧɦ; ɝ – ɩɟɬɥɹ ɝɟ-

ɫɬɟɪɟɡɢɫɚ ɧɚɦɚɝɧɢɱɢɜɚɧɢɹ ɞɥɹ ɨɛɪɚɡɰɨɜ ɚ, ɛ, ɜ [55] 
  

Ɍɨɱɟɱɧɵɟ ɞɟɮɟɤɬɵ ɦɨɝɭɬ ɫɨɡɞɚɜɚɬɶ ɷɥɟɤɬɪɨɧɧɵɟ ɭɪɨɜɧɢ ɜɧɭɬɪɢ ɡɚɩɪɟɳёɧ-
ɧɨɣ ɡɨɧɵ, ɤɨɬɨɪɵɟ ɦɨɝɭɬ ɢɦɟɬɶ ɪɚɡɥɢɱɧɭɸ ɷɥɟɤɬɪɨɧɧɭɸ ɡɚɫɟɥёɧɧɨɫɬɶ, ɪɚɡɧɵɟ 
ɡɚɪɹɞɨɜɵɟ ɫɨɫɬɨɹɧɢɹ ɢ ɦɚɝɧɢɬɧɵɟ ɦɨɦɟɧɬɵ. Ʉɨɧɰɟɧɬɪɚɰɢɹ ɬɚɤɢɯ ɜɚɤɚɧɫɢɣ 
ɨɛɵɱɧɨ ɨɝɪɚɧɢɱɟɧɚ, ɧɨ ɩɪɢ ɛɥɚɝɨɩɪɢɹɬɧɵɯ ɭɫɥɨɜɢɹɯ ɦɨɠɟɬ ɩɨɜɵɲɚɬɶɫɹ ɢ ɫɨɡɞɚ-
ɜɚɬɶ ɧɟɪɚɜɧɨɜɟɫɧɵɟ ɦɚɝɧɢɬɧɵɟ ɦɨɦɟɧɬɵ. ɉɪɢ ɷɬɨɦ, ɪɚɜɧɨɜɟɫɧɵɟ ɫɨɫɬɨɹɧɢɹ ɧɟ 
ɦɨɝɭɬ ɩɪɢɜɟɫɬɢ ɤ ɮɟɪɪɨɦɚɝɧɟɬɢɡɦɭ. 
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2 ɂɫɩɨɥɶɡɭɟɦɵɟ ɦɟɬɨɞɵ 
 
Ⱦɥɹ ɞɨɫɬɢɠɟɧɢɹ ɩɨɫɬɚɜɥɟɧɧɨɣ ɰɟɥɢ ɩɪɢɦɟɧɹɥɢɫɶ ɪɚɡɥɢɱɧɵɟ ɦɟɬɨɞɵ, 

ɫɪɟɞɢ ɤɨɬɨɪɵɯ ɦɚɫɫ-ɫɩɟɤɬɪɨɦɟɬɪɢɹ, ɬɪёɯɦɟɪɧɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɤɥɚɫɬɟɪɧɵɯ 
ɫɬɪɭɤɬɭɪ, ɪɚɫɱёɬ ɩɥɨɬɧɨɫɬɢ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɜɟɪɨɹɬɧɨɫɬɢ ɷɥɟɤɬɪɨɧɨɜ ɩɨ ɬɟɨɪɢɢ 
ɮɭɧɤɰɢɨɧɚɥɚ ɷɥɟɤɬɪɨɧɧɨɣ ɩɥɨɬɧɨɫɬɢ, ɚ ɬɚɤɠɟ ɦɟɬɨɞɵ ɫɬɪɭɤɬɭɪɧɨɝɨ ɚɧɚɥɢɡɚ, 
ɷɥɟɤɬɪɨɧɧɚɹ ɞɢɮɪɚɤɬɨɝɪɚɮɢɹ ɞɥɹ ɪɚɫɲɢɮɪɨɜɤɢ ɷɥɟɤɬɪɨɧɨɝɪɚɦɦ ɢ ɪɟɧɬɝɟɧɨ-
ɝɪɚɦɦ ɢ ɞɪɭɝɢɟ ɦɟɬɨɞɢɤɢ ɢɫɫɥɟɞɨɜɚɧɢɹ. 

 
2.1 Ɇɚɫɫ-ɫɩɟɤɬɪɨɦɟɬɪɢɹ 
 
ȼ ɪɚɧɟɟ ɨɩɢɫɚɧɧɨɦ ɨɩɵɬɟ [44] (ɩ. 2.2) ɢɫɩɨɥɶɡɨɜɚɥɫɹ ɦɚɫɫ-ɫɩɟɤɬɪɨɦɟɬɪ ɞɥɹ 

ɫɨɪɬɢɪɨɜɤɢ ɤɥɚɫɬɟɪɨɜ ɩɨ ɪɚɡɦɟɪɭ, ɚ ɬɨɱɧɟɟ ɩɨ ɤɨɥɢɱɟɫɬɜɭ ɜɯɨɞɹɳɢɯ ɜ ɧɢɯ ɱɚ-
ɫɬɢɰ. ɑɢɫɥɨ ɚɬɨɦɨɜ ɜ ɤɥɚɫɬɟɪɟ ɧɚɯɨɞɢɬɫɹ ɢɡ ɨɬɧɨɲɟɧɢɹ: 

 ܰ = 
௠௠ат, (2.1) 

 
ɝɞɟ m – ɦɚɫɫɚ ɤɥɚɫɬɟɪɚ; 

mɚɬ – ɦɚɫɫɚ ɨɞɧɨɝɨ ɚɬɨɦɚ ɜɟɳɟɫɬɜɚ. 
Ɇɚɫɫ-ɫɩɟɤɬɪɨɦɟɬɪ ɹɜɥɹɟɬɫɹ ɩɪɢɛɨɪɨɦ ɜɵɫɨɤɨɣ ɬɨɱɧɨɫɬɢ ɢ ɧɚɩɪɚɜɥɟɧ ɧɚ 

ɢɞɟɧɬɢɮɢɤɚɰɢɸ ɜɟɳɟɫɬɜɚ ɩɨ ɦɚɫɫɟ ɦɨɥɟɤɭɥ, ɢɨɧɨɜ ɢ ɞɪɭɝɢɯ ɱɚɫɬɢɰ.  
ɉɪɢɧɰɢɩɢɚɥɶɧɨ ɩɪɢɛɨɪ ɫɨɫɬɨɢɬ ɢɡ ɫɢɫɬɟɦɵ ɧɚɩɭɫɤɚ, ɢɫɬɨɱɧɢɤɚ ɢɨɧɨɜ, ɫɢ-

ɫɬɟɦɵ ɦɚɝɧɢɬɧɨɣ ɮɨɤɭɫɢɪɨɜɤɢ (ɬ.ɟ. ɢɫɬɨɱɧɢɤɚ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ) ɢ ɞɟɬɟɤ-
ɬɨɪɚ (ɪɢɫ. 2.1). ɋɢɫɬɟɦɚ ɧɚɩɭɫɤɚ ɨɬɞɟɥɹɟɬ ɨɬ ɚɧɚɥɢɡɢɪɭɟɦɨɝɨ ɨɛɪɚɡɰɚ ɱɚɫɬɢɰɵ. 
ɗɬɨ ɦɨɠɧɨ ɨɫɭɳɟɫɬɜɢɬɶ ɯɢɦɢɱɟɫɤɢɦ ɫɩɨɫɨɛɨɦ, ɫ ɩɨɦɨɳɶɸ ɛɨɦɛɚɪɞɢɪɨɜɤɢ ɷɥɟɤ-
ɬɪɨɧɚɦɢ ɢɥɢ ɩɭɱɤɨɦ, ɚ ɜ ɧɚɲɟɦ ɫɥɭɱɚɟ ɢɫɩɨɥɶɡɭɟɬɫɹ ɥɚɡɟɪɧɨɟ ɢɫɩɚɪɟɧɢɟ. ɉɚɪ ɜ 
ɧɟɛɨɥɶɲɨɦ ɨɛɴёɦɟ ɧɚɩɪɚɜɥɹɟɬɫɹ ɜ ɢɫɬɨɱɧɢɤ ɢɨɧɨɜ, ɝɞɟ ɛɨɦɛɚɪɞɢɪɭɟɬɫɹ ɭɫɤɨɪɟɧ-
ɧɵɦɢ ɷɥɟɤɬɪɨɧɚɦɢ ɷɧɟɪɝɢɟɣ ɩɨɪɹɞɤɚ ɧɟɫɤɨɥɶɤɢɯ ɞɟɫɹɬɤɨɜ ɷȼ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, 
ɱɚɫɬɢɰɵ ɚɧɚɥɢɡɢɪɭɟɦɨɝɨ ɜɟɳɟɫɬɜɚ ɩɟɪɟɯɨɞɹɬ ɜ ɫɨɫɬɨɹɧɢɟ ɩɨɥɨɠɢɬɟɥɶɧɵɯ ɢɨɧɨɜ.  

 

 
 

Ɋɢɫɭɧɨɤ 2.1 – ɋɯɟɦɚ ɭɫɬɪɨɣɫɬɜɚ ɦɚɫɫ-ɫɩɟɤɬɪɨɦɟɬɪɚ [62] 
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ɋɧɚɱɚɥɚ ɩɭɱɨɤ ɱɚɫɬɢɰ ɮɨɤɭɫɢɪɭɟɬɫɹ ɜ ɩɪɹɦɨɣ ɥɭɱ ɫɢɫɬɟɦɨɣ ɷɥɟɤɬɪɨɫɬɚɬɢ-
ɱɟɫɤɢɯ ɥɢɧɡ ɢ ɞɢɚɮɪɚɝɦ, ɱɬɨɛɵ ɬɪɚɟɤɬɨɪɢɢ ɜɫɟɯ ɢɨɧɨɜ ɫɨɜɩɚɞɚɥɢ. ȼ ɢɨɧɢɡɢɪɨ-
ɜɚɧɧɨɦ ɫɨɫɬɨɹɧɢɢ ɱɚɫɬɢɰɵ ɫɬɚɧɨɜɹɬɫɹ ɤɪɚɣɧɟ ɱɭɜɫɬɜɢɬɟɥɶɧɵ ɤ ɜɧɟɲɧɟɦɭ ɦɚɝ-
ɧɢɬɧɨɦɭ ɩɨɥɸ. Ɇɚɝɧɢɬɧɨɟ ɩɨɥɟ ɢɥɢ ɬ.ɧ. ɦɚɫɫ-ɚɧɚɥɢɡɚɬɨɪ ɧɚ ɩɭɬɢ ɩɭɱɤɚ «ɪɚɫɫɥɚ-
ɢɜɚɟɬ» ɟɝɨ ɧɚ ɝɪɭɩɩɵ ɫ ɢɧɞɢɜɢɞɭɚɥɶɧɵɦɢ ɬɪɚɟɤɬɨɪɢɹɦɢ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɢɯ ɦɚɫɫ 
ɢ ɡɚɪɹɞɨɜ. ȼ ɪɟɡɭɥɶɬɚɬɟ ɝɪɭɩɩɵ ɱɚɫɬɢɰ ɩɨɩɚɞɚɸɬ ɧɚ ɞɟɬɟɤɬɨɪ. ȼ ɤɚɱɟɫɬɜɟ ɞɟɬɟɤ-
ɬɨɪɚ ɪɚɧɟɟ ɢɫɩɨɥɶɡɨɜɚɥɢɫɶ ɮɨɬɨɩɥɚɫɬɢɧɵ, ɫɟɣɱɚɫ ɠɟ ɮɨɬɨɭɦɧɨɠɢɬɟɥɢ, ɷɥɟɤ-
ɬɪɨɧɧɵɟ ɭɦɧɨɠɢɬɟɥɢ ɢ ɞɪ., ɱɬɨ ɩɨɡɜɨɥɹɟɬ ɨɩɪɟɞɟɥɹɬɶ ɬɨɱɤɢ ɩɚɞɟɧɢɹ ɢɨɧɨɜ ɛɨɥɟ 
ɬɨɱɧɨ [61]. 

ɉɨɫɤɨɥɶɤɭ ɬɨɱɤɚ ɩɚɞɟɧɢɹ ɧɚ ɞɟɬɟɤɬɨɪɟ ɩɨɥɧɨɫɬɶɸ ɡɚɜɢɫɢɬ ɥɢɲɶ ɨɬ ɨɬɧɨ-
ɲɟɧɢɹ ɦɚɫɫɵ ɤ ɡɚɪɹɞɭ 

௠௤ , ɦɨɠɧɨ ɫɞɟɥɚɬɶ ɜɵɜɨɞ ɨ ɫɨɫɬɚɜɟ ɱɚɫɬɢɰɵ. Ɉɬɧɨɲɟɧɢɟ 

ɬɟɨɪɟɬɢɱɟɫɤɢ ɨɩɢɫɵɜɚɟɬɫɹ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ: 
 ௠௤ = ஻2௥2ଶ𝑉 , (2.2) 

 
ɝɞɟ B – ɧɚɩɪɹɠёɧɧɨɫɬɶ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ; 

r – ɪɚɞɢɭɫ ɤɪɢɜɢɡɧɵ ɞɜɢɠɟɧɢɹ ɢɨɧɚ; 
V – ɭɫɤɨɪɹɸɳɟɟ ɧɚɩɪɹɠɟɧɢɟ. 

B ɢ V ɹɜɥɹɸɬɫɹ ɡɚɞɚɜɚɟɦɵɦɢ ɫɩɟɤɬɪɨɦɟɬɪɨɦ ɩɟɪɟɦɟɧɧɵɦɢ, ɚ r ɨɩɪɟɞɟɥɹ-
ɟɬɫɹ ɩɨ ɤɨɨɪɞɢɧɚɬɚɦ ɩɚɞɟɧɢɹ ɱɚɫɬɢɰɵ ɧɚ ɞɟɬɟɤɬɨɪɟ. Ɉɬɧɨɲɟɧɢɟ ɫɬɪɨɢɬɫɹ ɧɚ ɡɚ-
ɤɨɧɟ Ʌɨɪɟɧɰɚ, ɫɜɹɡɵɜɚɸɳɢɣ ɷɧɟɪɝɢɸ (ɫɢɥɭ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ) 
ɫ ɡɚɪɹɞɨɦ, ɫɤɨɪɨɫɬɶɸ ɨɛɴɟɤɬɚ ɢ ɧɚɩɪɹɠёɧɧɨɫɬɶɸ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ [63]. 

ɇɚ ɨɫɧɨɜɟ ɩɨɥɭɱɟɧɧɵɯ ɞɚɧɧɵɯ ɫɬɪɨɹɬɫɹ ɦɚɫɫ-ɫɩɟɤɬɪɵ. ɉɨ ɬɚɤɢɦ ɫɩɟɤɬɪɚɦ 
ɦɨɠɧɨ ɞɨɫɬɚɬɨɱɧɨ ɬɨɱɧɨ ɨɩɪɟɞɟɥɹɬɶ ɦɨɥɟɤɭɥɹɪɧɵɣ ɢ ɚɬɨɦɚɪɧɵɣ ɫɨɫɬɚɜ ɜɟɳɟɫɬɜ, 
ɧɨ ɜ ɧɚɲɟɦ ɫɥɭɱɚɟ ɬɪɟɛɭɟɬɫɹ ɥɢɲɶ ɨɩɪɟɞɟɥɟɧɢɟ ɦɚɫɫɵ ɨɬɞɟɥɶɧɵɯ ɦɟɬɚɥɥɢɱɟɫɤɢɯ 
ɤɥɚɫɬɟɪɨɜ.  

 
2.2 3D-ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɤɥɚɫɬɟɪɨɜ 

 
ɉɨɫɤɨɥɶɤɭ ɰɟɥɶɸ ɪɚɛɨɬɵ ɹɜɥɹɟɬɫɹ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɤɥɚɫɬɟɪɧɵɯ ɫɬɪɭɤɬɭɪ, 

ɞɥɹ ɪɚɛɨɬɵ ɢɫɩɨɥɶɡɨɜɚɥɨɫɶ ɩɪɨɝɪɚɦɦɧɨɟ ɨɛɟɫɩɟɱɟɧɢɟ 3D Max Autodesk, Auto-
CAD, Blender, Ʉɨɦɩɚɫ.  

Ⱦɚɧɧɵɟ ɩɪɨɝɪɚɦɦɵ ɩɪɟɞɧɚɡɧɚɱɟɧɵ ɞɥɹ 3D-ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɢ ɜɢɡɭɚɥɢɡɚ-
ɰɢɢ. Ȼɨɥɟɟ ɫɩɟɰɢɚɥɢɡɢɪɨɜɚɧɧɵɟ ɞɥɹ ɢɧɠɟɧɟɪɧɵɯ ɡɚɞɚɱ AutoCAD ɢ Ʉɨɦɩɚɫ ɩɨɞ-
ɯɨɞɹɬ ɞɥɹ ɩɪɨɟɤɬɢɪɨɜɚɧɢɹ ɢ ɱɟɪɱɟɧɢɹ. 3D Max ɢ Blender ɩɨɡɜɨɥɹɸɬ ɩɨɫɬɪɨɢɬɶ 
ɞɜɢɠɟɧɢɟ ɨɛɴɟɤɬɨɜ, ɚ ɬɚɤɠɟ ɢɦɟɸɬ ɪɚɫɲɢɪɟɧɧɵɟ ɜɨɡɦɨɠɧɨɫɬɢ. 

3D-ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɪɟɲɚɟɬ ɫɪɚɡɭ ɧɟɫɤɨɥɶɤɨ ɡɚɞɚɱ: ɜɨ-ɩɟɪɜɵɯ, ɜɢɡɭɚɥɢɡɚ-
ɰɢɹ ɭɩɪɨɳɚɟɬ ɢɡɭɱɟɧɢɟ ɤɥɚɫɬɟɪɨɜ, ɚ ɜɨ-ɜɬɨɪɵɯ, ɩɨɦɨɝɚɟɬ ɛɵɫɬɪɨ ɢ ɬɨɱɧɨ ɨɩɪɟ-
ɞɟɥɹɬɶ ɤɨɨɪɞɢɧɚɬɵ ɚɬɨɦɨɜ ɜ ɤɥɚɫɬɟɪɟ (ɪɢɫ. 2.2).  
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Ɋɢɫɭɧɨɤ 2.2 – Ɋɚɛɨɱɟɟ ɨɤɧɨ ɩɪɨɝɪɚɦɦɵ Blender ɫ ɧɟɤɨɬɨɪɵɦɢ ɩɨɫɬɪɨɟɧɧɵɦɢ 
ɤɥɚɫɬɟɪɧɵɦɢ ɦɨɞɟɥɹɦɢ 

 
ȼɚɠɧɨ ɩɨɧɢɦɚɬɶ, ɱɬɨ ɤɨɨɪɞɢɧɚɬɵ ɚɬɨɦɨɜ, ɩɨɥɭɱɟɧɧɵɟ ɩɪɢ ɩɨɫɬɪɨɟɧɢɢ ɦɨ-

ɞɟɥɢ, ɧɟ ɹɜɥɹɸɬɫɹ ɨɛɴɟɤɬɢɜɧɵɦɢ. Ɂɧɚɱɟɧɢɹ ɹɜɥɹɸɬɫɹ ɩɪɢɛɥɢɠёɧɧɵɦɢ, ɩɨ-
ɫɤɨɥɶɤɭ ɪɟɚɥɶɧɨɟ ɪɚɫɫɬɨɹɧɢɟ ɦɟɠɞɭ ɚɬɨɦɚɦɢ ɧɟɩɨɫɬɨɹɧɧɨ, ɢ ɤɪɨɦɟ ɬɨɝɨ, ɡɚɜɢɫɢɬ 
ɨɬ ɦɧɨɠɟɫɬɜɚ ɮɚɤɬɨɪɨɜ. ɉɨɷɬɨɦɭ ɞɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɤɨɨɪɞɢɧɚɬ ɢ ɞɚɥɶɧɟɣɲɢɯ ɪɚɫ-
ɱёɬɨɜ ɡɚ ɪɚɫɫɬɨɹɧɢɹ ɦɟɠɞɭ ɚɬɨɦɚɦɢ ɩɪɢɦɟɧɹɸɬɫɹ ɭɫɪɟɞɧёɧɧɵɟ ɫɩɪɚɜɨɱɧɵɟ ɡɧɚ-
ɱɟɧɢɹ ɩɚɪɚɦɟɬɪɨɜ ɪɟɲёɬɨɤ (a = 3,65 Å ɞɥɹ ȽɐɄ-ɠɟɥɟɡɚ, a = 2,86 Å ɞɥɹ ɈɐɄ-ɠɟ-
ɥɟɡɚ, a = 3,338 Å ɞɥɹ ɬɟɬɪɚɷɞɪɢɱɟɫɤɨɣ ɫɩɢɪɚɥɢ Al4C3) 

 
2.3 Ɇɟɬɨɞ ɢɫɤɪɨɜɨɝɨ ɩɥɚɡɦɟɧɧɨɝɨ ɫɩɟɤɚɧɢɹ 
 
ɂɫɤɪɨɜɨɟ ɩɥɚɡɦɟɧɧɨɟ ɫɩɟɤɚɧɢɟ (ɚɧɝɥ. SPS, Spark Plasma Sintering) ɩɪɢɦɟ-

ɧɹɟɬɫɹ ɞɥɹ ɫɨɡɞɚɧɢɹ ɮɭɧɤɰɢɨɧɚɥɶɧɵɯ ɧɚɧɨɫɬɪɭɤɬɭɪɢɪɨɜɚɧɧɵɯ ɤɟɪɚɦɢɤ. Ɇɟɬɨɞ 
ɩɨɡɜɨɥɹɟɬ ɫɨɡɞɚɬɶ ɤɚɱɟɫɬɜɟɧɧɭɸ ɤɟɪɚɦɢɤɭ ɢɡ ɩɨɪɨɲɤɨɜɵɯ ɦɚɬɟɪɢɚɥɨɜ ɥɸɛɨɣ 
ɩɪɢɪɨɞɵ [64, 65]. 

Ɇɟɯɚɧɢɡɦ ɩɪɨɰɟɫɫɚ ɫɩɟɤɚɧɢɹ ɨɫɧɨɜɚɧ ɧɚ ɤɨɧɫɨɥɢɞɚɰɢɢ ɩɨɪɨɲɤɨɜ ɜ ɷɥɟɤ-
ɬɪɢɱɟɫɤɨɦ ɩɨɥɟ ɩɨɫɬɨɹɧɧɨɝɨ ɬɨɤɚ. Ⱦɥɹ ɷɬɨɝɨ ɢɫɩɨɥɶɡɭɟɬɫɹ ɜɵɫɨɤɨɷɧɟɪɝɟɬɢɱɟ-
ɫɤɢɣ ɩɪɹɦɨɭɝɨɥɶɧɵɣ ɢɦɩɭɥɶɫ ɦɨɳɧɨɫɬɶɸ ɞɨ 100 ɤȾɠ ɢ ɱɚɫɬɨɬɨɣ 50 Ƚɰ, ɢ ɨɞɧɨ-
ɜɪɟɦɟɧɧɨ ɫ ɬɟɦ – ɩɪɢɥɨɠɟɧɢɟ ɞɚɜɥɟɧɢɹ ɞɨ 30 ɬ. 

ɍɫɬɚɧɨɜɤɚ ɞɥɹ ɢɫɤɪɨɜɨɝɨ ɩɥɚɡɦɟɧɧɨɝɨ ɫɩɟɤɚɧɢɹ (ɪɢɫ. 2.3) ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨ-
ɛɨɣ ɤɚɦɟɪɭ, ɡɚɩɨɥɧɟɧɧɭɸ ɝɪɚɮɢɬɨɜɨɣ ɨɫɧɚɫɬɤɨɣ. ɋɜɟɪɯɭ ɢ ɫɧɢɡɭ ɤɚɦɟɪɚ ɡɚɤɪɵ-
ɜɚɟɬɫɹ ɩɭɧɫɨɧɚɦɢ, ɤɨɬɨɪɵɟ ɫɨɡɞɚɸɬ ɬɪɟɛɭɟɦɭɸ ɧɚɝɪɭɡɤɭ. ɉɭɚɧɫɨɧɵ ɜɤɥɸɱɟɧɵ ɜ 
ɷɥɟɤɬɪɢɱɟɫɤɭɸ ɰɟɩɶ ɫ ɝɟɧɟɪɚɬɨɪɨɦ ɢɦɩɭɥɶɫɨɜ ɩɨɫɬɨɹɧɧɨɝɨ ɬɨɤɚ [66]. 
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Ɋɢɫɭɧɨɤ 2.3 – ɋɯɟɦɚ ɭɫɬɚɧɨɜɤɢ ɢɫɤɪɨɜɨɝɨ ɩɥɚɡɦɟɧɧɨɝɨ ɫɩɟɤɚɧɢɹ; 1 – ɪɚɛɨɱɚɹ ɤɚɦɟɪɚ; 
2 – ɜɟɪɯɧɢɣ (ɩɨɞɜɢɠɧɵɣ) ɩɭɚɧɫɨɧ; 3 – ɧɢɠɧɢɣ ɩɭɚɧɫɨɧ; 4 – ɝɪɚɮɢɬɨɜɚɹ ɨɫɧɚɫɬɤɚ; 

5 – ɬɟɪɦɨɩɚɪɚ; 6 – ɩɢɪɨɦɟɬɪ; 7 – ɤɨɧɬɪɨɥɥɟɪ ɫɢɫɬɟɦɵ; 8 – ɝɟɧɟɪɚɬɨɪ ɢɦɩɭɥɶɫɨɜ ɩɨɫɬɨɹɧɧɨɝɨ 
ɬɨɤɚ; 9 – ɦɨɞɭɥɢ ɫɨɡɞɚɧɢɹ ɩɟɱɧɨɣ ɚɬɦɨɫɮɟɪɵ; 10 – ɫɩɟɤɚɟɦɵɣ ɦɚɬɟɪɢɚɥ [67] 

 
ɉɪɢ ɩɪɨɯɨɠɞɟɧɢɢ ɢɦɩɭɥɶɫɧɨɝɨ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ ɱɟɪɟɡ ɨɛɪɚɡɟɰ, ɦɟɠɞɭ 

ɱɚɫɬɢɰɚɦɢ ɦɚɬɟɪɢɚɥɚ ɜɨɡɧɢɤɚɸɬ ɢɫɤɪɨɜɵɟ ɪɚɡɪɹɞɵ, ɤɨɬɨɪɵɟ ɩɪɨɢɡɜɨɞɹɬ ɥɨɤɚɥɶ-
ɧɵɣ ɧɚɝɪɟɜ ɡɚ ɞɨɥɢ ɫɟɤɭɧɞɵ. ɉɪɨɢɫɯɨɞɹɬ ɩɪɨɰɟɫɫɵ ɱɚɫɬɢɱɧɨɝɨ ɨɩɥɚɜɥɟɧɢɹ, ɢɫ-
ɩɚɪɟɧɢɹ, ɷɥɟɤɬɪɨɥɢɬɢɱɟɫɤɨɣ ɞɢɮɮɭɡɢɢ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɧɚɝɪɟɜ ɩɪɨɢɡɜɨɞɢɬɫɹ ɡɚ 
ɫɱёɬ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ ɫɨ ɫɤɨɪɨɫɬɶɸ ɞɨ 200 ºɋ/ɦɢɧ. 

ɂɡɝɨɬɨɜɥɟɧɢɟ ɩɨɪɨɲɤɨɜɨɝɨ ɦɚɬɟɪɢɚɥɚ ɬɚɤɢɦ ɫɩɨɫɨɛɨɦ ɢɦɟɟɬ ɪɹɞ ɩɪɟɢɦɭ-
ɳɟɫɬɜ: ɪɚɜɧɨɦɟɪɧɵɣ ɧɚɝɪɟɜ ɨɛɪɚɡɰɚ, ɜɵɫɨɤɚɹ ɩɥɨɬɧɨɫɬɶ ɢ ɤɨɧɬɪɨɥɢɪɭɟɦɚɹ ɩɨɪɢ-
ɫɬɨɫɬɶ, ɩɪɟɞɜɚɪɢɬɟɥɶɧɚɹ ɨɛɪɚɛɨɬɤɚ ɞɚɜɥɟɧɢɟɦ, ɦɢɧɢɦɚɥɶɧɵɣ ɪɨɫɬ ɡɟɪɧɚ, ɜɨɡ-
ɦɨɠɧɨɫɬɶ ɫɩɟɤɚɬɶ ɪɚɡɧɨɪɨɞɧɵɟ ɦɚɬɟɪɢɚɥɵ. 

 
2.4 Ɍɟɨɪɢɹ ɮɭɧɤɰɢɨɧɚɥɚ ɩɥɨɬɧɨɫɬɢ, ɦɟɬɨɞ ɪɚɫɫɟɹɧɧɵɯ ɜɨɥɧ 

 
Ⱦɥɹ ɬɟɨɪɟɬɢɱɟɫɤɨɝɨ ɢɡɭɱɟɧɢɹ ɦɧɨɝɨɚɬɨɦɧɵɯ ɫɢɫɬɟɦ ɩɪɢɦɟɧɹɟɬɫɹ ɬɟɨɪɢɹ 

ɮɭɧɤɰɢɨɧɚɥɚ ɷɥɟɤɬɪɨɧɧɨɣ ɩɥɨɬɧɨɫɬɢ ɌɎɉ (density functional theory, DFT). ɗɬɨ 
ɦɟɬɨɞ, ɩɪɢɦɟɧɹɟɦɵɣ ɞɥɹ ɪɚɫɱёɬɚ ɷɥɟɤɬɪɨɧɧɨɣ ɫɬɪɭɤɬɭɪɵ ɦɨɥɟɤɭɥ, ɚɬɨɦɧɵɯ ɪɟ-
ɲёɬɨɤ ɬɜёɪɞɵɯ ɬɟɥ ɢ ɞɪɭɝɢɯ ɫɢɫɬɟɦ ɢɡ ɦɧɨɠɟɫɬɜɚ ɱɚɫɬɢɰ [68]. Ⱦɥɹ ɬɜёɪɞɨɝɨ ɬɟɥɚ 
ɢ ɜ ɱɚɫɬɧɨɫɬɢ ɞɥɹ ɦɟɬɚɥɥɚ ɢɫɩɨɥɶɡɭɟɬɫɹ ɫɥɟɞɭɸɳɚɹ ɦɨɞɟɥɶ: ɬɟɥɨ – ɷɬɨ ɫɢɫɬɟɦɚ 
ɷɥɟɤɬɪɨɧɨɜ ɢ ɪɟɲёɬɤɢ ɢɡ ɚɬɨɦɧɵɯ ɹɞɟɪ, ɤɨɬɨɪɵɟ ɭɞɟɪɠɢɜɚɸɬ ɷɬɢ ɷɥɟɤɬɪɨɧɵ.  

ȼ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɜɡɚɢɦɧɨɝɨ ɩɨɥɨɠɟɧɢɹ ɚɬɨɦɨɜ (ɬɢɩ ɪɟɲёɬɤɢ), ɪɚɫɫɬɨɹɧɢɹ 
ɦɟɠɞɭ ɚɬɨɦɚɦɢ (ɩɚɪɚɦɟɬɪ ɪɟɲёɬɤɢ), ɚ ɬɚɤɠɟ ɱɢɫɥɚ ɷɥɟɤɬɪɨɧɨɜ ɧɚ ɪɚɡɧɵɯ ɷɧɟɪɝɟ-
ɬɢɱɟɫɤɢɯ ɭɪɨɜɧɹɯ ɚɬɨɦɨɜ ɜɟɳɟɫɬɜɚ ɦɟɧɹɟɬɫɹ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɷɥɟɤɬɪɨɧɨɜ. ɉɨ-
ɫɤɨɥɶɤɭ ɨɛɴɟɤɬɢɜɧɨ ɭɫɬɚɧɨɜɢɬɶ ɩɨɥɨɠɟɧɢɟ ɷɥɟɤɬɪɨɧɨɜ ɧɟɜɨɡɦɨɠɧɨ, ɨɰɟɧɢɜɚɟɬɫɹ 
ɜɟɪɨɹɬɧɨɫɬɶ ɢɯ ɧɚɯɨɠɞɟɧɢɹ ɜ ɨɩɪɟɞɟɥёɧɧɨɣ ɡɨɧɟ ɢɥɢ ɧɚ ɨɩɪɟɞɟɥёɧɧɨɦ ɷɧɟɪɝɟɬɢ-
ɱɟɫɤɨɦ ɭɪɨɜɧɟ.  
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ɉɥɨɬɧɨɫɬɶ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɜɟɪɨɹɬɧɨɫɬɢ ɷɥɟɤɬɪɨɧɨɜ ρ(r) ɨɩɪɟɞɟɥɹɟɬ ɷɧɟɪ-
ɝɢɸ ɫɨɫɬɨɹɧɢɹ ɫɢɫɬɟɦɵ ɜɡɚɢɦɨɞɟɣɫɬɜɭɸɳɢɯ ɱɚɫɬɢɰ. ɋɜɨɣɫɬɜɚ ɨɫɧɨɜɧɨɝɨ ɫɨɫɬɨ-
ɹɧɢɹ ɷɥɟɤɬɪɨɧɧɨɝɨ ɝɚɡɚ ɦɨɝɭɬ ɛɵɬɶ ɨɩɢɫɚɧɵ ɮɭɧɤɰɢɨɧɚɥɚɦɢ ɷɥɟɤɬɪɨɧɧɨɣ ɩɥɨɬ-
ɧɨɫɬɢ E[ρ(r)]. Ⱦɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɫɜɨɣɫɬɜ ɢ ɷɧɟɪɝɢɢ ɫɢɫɬɟɦɵ ɪɟɲɚɟɬɫɹ ɭɪɚɜɧɟɧɢɟ 
ɒɪёɞɢɧɝɟɪɚ ɫɥɟɞɭɸɳɟɝɨ ɜɢɞɚ: 

 [−Ͳ,5 · ∆௥ + 𝑉௘௙௙ሺݎሻ]ψ𝑖ሺݎሻ = ε𝑖ψ𝑖ሺݎሻ. (2.4) 
 
ɌɎɉ ɢɦɟɟɬ ɛɨɥɶɲɨɟ ɱɢɫɥɨ ɦɟɬɨɞɨɜ ɢ ɦɨɞɟɥɟɣ, ɢ ɞɥɹ ɰɟɥɟɣ ɪɚɛɨɬɵ ɛɵɥ 

ɜɵɛɪɚɧ ɦɟɬɨɞ ɪɚɫɫɟɹɧɧɵɯ ɜɨɥɧ. Ɇɟɬɨɞ ɪɚɫɫɟɹɧɧɵɯ ɜɨɥɧ (Ɋȼ) ɹɜɥɹɟɬɫɹ ɚɧɚɥɨɝɨɦ 
ɦɟɬɨɞɚ Ʉɨɪɪɢɧɝɢ-Ʉɨɧɚ-Ɋɨɫɬɨɤɟɪɚ (ɄɄɊ). ɄɄɊ ɢɫɩɨɥɶɡɭɟɬɫɹ ɞɥɹ ɪɚɫɱёɬɚ ɷɥɟɤ-
ɬɪɨɧɧɨɣ ɡɨɧɧɨɣ ɫɬɪɭɤɬɭɪɵ ɩɟɪɢɨɞɢɱɟɫɤɢɯ ɬɜёɪɞɵɯ ɬɟɥ ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ɡɨɧɧɨɣ 
ɬɟɨɪɢɟɣ ɤɪɢɫɬɚɥɥɨɜ [69, 70, 71]. Ɇɟɬɨɞ Ɋȼ ɠɟ ɩɪɢɫɩɨɫɨɛɥɟɧ ɞɥɹ ɤɥɚɫɬɟɪɧɵɯ ɦɨ-
ɞɟɥɟɣ. Ɉɧ ɨɫɧɨɜɚɧ ɧɚ ɮɨɪɦɚɥɢɡɦɟ ɦɧɨɝɨɤɪɚɬɧɨɝɨ ɪɚɫɫɟɹɧɢɹ ɷɥɟɤɬɪɨɧɧɨɣ ɜɨɥɧɵ 
ɧɚ ɫɢɫɬɟɦɟ ɩɨɬɟɧɰɢɚɥɨɜ.  

Ɇɟɬɨɞ ɩɨɡɜɨɥɹɟɬ ɪɚɫɫɱɢɬɵɜɚɬɶ ɤɥɚɫɬɟɪɵ ɞɥɹ ɥɸɛɵɯ ɚɬɨɦɨɜ ɩɟɪɢɨɞɢɱɟ-
ɫɤɨɣ ɫɢɫɬɟɦɵ ɩɨ ɟɞɢɧɨɦɭ ɩɪɢɧɰɢɩɭ, ɩɪɢɱёɦ ɤɚɤ ɞɥɹ ɤɥɚɫɬɟɪɨɜ ɢɡ ɧɟɫɤɨɥɶɤɢɯ 
ɚɬɨɦɨɜ, ɬɚɤ ɢ ɞɥɹ ɤɪɭɩɧɵɯ ɫɢɫɬɟɦ [72]. 

Ƚɥɚɜɧɵɟ ɩɪɢɛɥɢɠɟɧɢɹ ɦɟɬɨɞɚ: ɚɬɨɦɧɵɟ ɹɞɪɚ ɫɱɢɬɚɸɬɫɹ ɧɟɩɨɞɜɢɠɧɵɦɢ, 
ɜɨɡɞɟɣɫɬɜɢɟ ɧɚ ɷɥɟɤɬɪɨɧ ɜɫɟɯ ɨɫɬɚɥɶɧɵɯ ɷɥɟɤɬɪɨɧɨɜ ɨɩɢɫɵɜɚɟɬɫɹ ɭɫɪɟɞɧёɧɧɵɦ 
ɡɧɚɱɟɧɢɟɦ ɩɟɪɢɨɞɢɱɟɫɤɨɝɨ ɩɨɥɹ, ɢɫɩɨɥɶɡɭɟɬɫɹ ɆɌ-ɩɨɬɟɧɰɢɚɥ. ɆɌ-ɩɨɬɟɧɰɢɚɥ 
(Muffin-tin-potential) – ɚɬɨɦɧɵɣ ɩɨɬɟɧɰɢɚɥ ɫɮɟɪɵ ɫ ɰɟɧɬɪɨɦ ɜ ɭɡɥɟ ɪɟɲёɬɤɢ; ɜɧɟ 
ɫɮɟɪɵ ɩɨɬɟɧɰɢɚɥ ɩɨɫɬɨɹɧɟɧ. ɗɬɨ ɜɜɨɞɢɦɚɹ ɮɭɧɤɰɢɹ, ɢɫɩɨɥɶɡɭɟɦɚɹ ɞɥɹ ɪɚɫɱёɬɚ 
ɷɧɟɪɝɢɢ ɚɬɨɦɚ ɜ ɩɪɢɛɥɢɠɟɧɢɢ ɚɬɨɦɧɨɣ ɝɪɚɧɢɰɵ ɜ ɜɢɞɟ ɫɮɟɪɵ. 

ȼɨɥɧɨɜɵɟ ɮɭɧɤɰɢɢ ɩɨɡɜɨɥɹɸɬ ɢɡɭɱɚɬɶ ɮɢɡɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ ɦɚɬɟɪɢɚɥɨɜ, 
ɤɨɬɨɪɵɟ ɡɚɜɢɫɹɬ ɨɬ ɷɥɟɤɬɪɨɧɧɵɯ ɫɨɫɬɨɹɧɢɣ ɢ ɜɟɪɨɹɬɧɨɫɬɢ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɷɥɟɤ-
ɬɪɨɧɧɨɣ ɩɥɨɬɧɨɫɬɢ.  

ɋɩɟɪɜɚ ɞɥɹ ɤɥɚɫɬɟɪɚ ɫɬɪɨɢɬɫɹ ɝɢɩɨɬɟɬɢɱɟɫɤɚɹ ɫɮɟɪɚ ȼɚɬɫɨɧɚ (ɪɢɫ. 2.3) [73]. 
ɉɪɨɫɬɪɚɧɫɬɜɨ ɞɟɥɢɬɫɹ ɧɚ ɨɛɥɚɫɬɢ: I – ɚɬɨɦɧɚɹ ɨɛɥɚɫɬɶ (ɜɧɭɬɪɢ ɫɮɟɪɵ ȼɚɬɫɨɧɚ) 
ɞɥɹ ɚɬɨɦɨɜ A, B, C, D, E, II – ɦɟɠɚɬɨɦɧɚɹ ɨɛɥɚɫɬɶ (ɦɟɠɞɭ ɫɮɟɪɚɦɢ ȼɚɬɫɨɧɚ), III 
– ɜɧɟɲɧɹɹ ɨɛɥɚɫɬɶ. 

 

 
 

Ɋɢɫɭɧɨɤ 2.4 – Ɋɚɡɛɢɟɧɢɟ ɩɪɨɫɬɪɚɧɫɬɜɚ ɜ ɤɥɚɫɬɟɪɟ ɧɚ ɨɛɥɚɫɬɢ ɆɌ-ɩɨɬɟɧɰɢɚɥɨɜ [72] 
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ɆɌ-ɩɨɬɟɧɰɢɚɥɵ ɜ ɷɬɢɯ ɨɛɥɚɫɬɹɯ ɭɫɪɟɞɧɹɸɬɫɹ. Ⱦɥɹ I ɢ III ɫɮɟɪɢɱɟɫɤɢ: 
  𝑉௣̅ሺݎሻ = 

ଵସπ ׭𝑉௣ ሺ̅ݎሻݏ𝑖݊ϑ௣𝑑ϑ௣𝑑φ௣, (2.5) 

 𝑉଴̅̅̅ሺݎሻ = 
ଵସπ ׭𝑉଴ ሺ̅ݎሻݏ𝑖݊ϑ଴𝑑ϑ଴𝑑φ଴, (2.6) 

 
ɝɞɟ p – ɧɨɦɟɪ ɚɬɨɦɚ; 

r – ɪɚɞɢɭɫ ɫɮɟɪɵ; ϑ௣, φ௣ – ɭɝɥɨɜɵɟ ɩɟɪɟɦɟɧɧɵɟ ɫɮɟɪɵ p; ϑ଴, φ଴ – ɭɝɥɨɜɵɟ ɩɟɪɟɦɟɧɧɵɟ ɧɭɥɟɜɨɣ ɫɮɟɪɵ; 
ȼ ɨɛɥɚɫɬɢ II ɩɨɬɟɧɰɢɚɥ ɭɫɪɟɞɧɹɟɬɫɹ ɩɨ ɜɫɟɦɭ ɨɛɴёɦɭ ɩɪɨɫɬɪɚɧɫɬɜɚ: 
 𝑉𝐼𝐼 = 

ଵΩ𝐼𝐼 ׬𝑉ሺ̅ݎሻ𝑑̅(2.7) ,ݎ 

 

ɝɞɟ Ω II  – ɨɛɴɟɦ ɦɟɠɫɮɟɪɧɨɣ ɨɛɥɚɫɬɢ, ɜɵɱɢɫɥɹɟɦɚɹ ɤɚɤ: 
 Ω𝐼𝐼 = 

ସπଷ  ሺ𝑏଴ଷ − ∑ 𝑏௣ଷ𝑁௣=ଵ ሻ, (2.8) 

 
ɝɞɟ N – ɱɢɫɥɨ ɚɬɨɦɨɜ ɜ ɤɥɚɫɬɟɪɟ; 

bp – ɪɚɞɢɭɫ ɫɮɟɪɵ ɚɬɨɦɚ p; 
b0 – ɪɚɞɢɭɫ ɜɧɟɲɧɟɣ ɫɮɟɪɵ. 

ȼ ɤɚɠɞɨɣ ɨɛɥɚɫɬɢ ɩɪɨɫɬɪɚɧɫɬɜɚ ɪɟɲɚɟɬɫɹ ɭɪɚɜɧɟɧɢɟ ɒɪёɞɢɧɝɟɪɚ: 
 [−∇ଶ + 𝑉ሺݎሻ]φ𝑖ሺݎሻ = ε𝑖φ𝑖ሺݎሻ, (2.9) 
 

ɝɞɟ ɩɨɬɟɧɰɢɚɥ V(r) ɫɨɫɬɨɢɬ ɢɡ ɤɭɥɨɧɨɜɫɤɨɝɨ VC(r) ɢ ɨɛɦɟɧɧɨɝɨ VXα(r) ɜɤɥɚɞɨɜ. 
Ⱦɥɹ ɚɬɨɦɚ А ɭɫɪɟɞɧёɧɧɨɟ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɷɥɟɤɬɪɨɧɧɨɣ ɩɥɨɬɧɨɫɬɢ ɚɬɨɦɚ 

ɫɱɢɬɚɟɬɫɹ ɤɚɤ: 
 ɏ஺ат. = 

ଵସπ ∑ ݊௡௟௡௟ 𝑅௡௟ଶ ሺݎሻ. (2.10) 

 
n – ɱɢɫɥɨ ɡɚɩɨɥɧɟɧɢɹ ɨɞɧɨɷɥɟɬɪɨɧɧɨɣ ɨɪɛɢɬɚɥɢ; 
nl – ɧɚɛɨɪ ɤɜɚɧɬɨɜɵɯ ɱɢɫɟɥ ɷɥɟɤɬɪɨɧɚ; 
R (r) – ɪɚɞɢɚɥɶɧɚɹ ɱɚɫɬɶ ɜɨɥɧɨɜɨɣ ɮɭɧɤɰɢɢ. 
ɉɨɬɟɧɰɢɚɥ ɫɜɨɛɨɞɧɨɝɨ ɚɬɨɦɚ ɨɩɪɟɞɟɥɹɟɬɫɹ ɩɨ ɡɚɤɨɧɭ ɉɭɚɫɫɨɧɚ: 
 𝑉஺ат. = − 

ଶ௥ 𝑍஺ + 
8π௥ ׬  ሺݎ′ሻଶ௥଴ ɏ஺ат.ሺݎ′ሻሺ𝑑ݎ′ሻ + ͺɎ׬ ሺݎ′ሻɏ஺ат.∞௥ ሺݎ′ሻሺ𝑑ݎ′ሻ, (2.11) 
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ɝɞɟ Z – ɡɚɪɹɞ ɚɬɨɦɧɨɝɨ ɹɞɪɚ. 

ɉɨɬɟɧɰɢɚɥ ɚɬɨɦɚ ɜ ɤɥɚɫɬɟɪɟ ɫ ɭɱёɬɨɦ ɜɤɥɚɞɨɜ ɫɨɫɟɞɧɢɯ ɚɬɨɦɨɜ: 
 𝑉஺′ሺݎሻ = 𝑉஺ат.ሺݎሻ + 

ଵଶ௥  ∑  ஻≠஺  
ଵ𝑅ಲಳ ׬ |𝑉஻ат.|𝑅ಲಳ−௥||𝑅ಲಳ−௥′ݎ ሺݎ′ሻ𝑑(2.12) .′ݎ 

 
Ⱥɧɚɥɨɝɢɱɧɨ ɜɵɱɢɫɥɹɟɬɫɹ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɷɥɟɤɬɪɨɧɧɨɣ ɩɥɨɬɧɨɫɬɢ: 
 ɏ஺′ሺݎሻ = ɏ஺ат.ሺݎሻ + 

ଵଶ௥  ∑  ஻≠஺  
ଵ𝑅ಲಳ ׬ |ɏ஻ат.|𝑅ಲಳ−௥||𝑅ಲಳ−௥′ݎ ሺݎ′ሻ𝑑(2.13) ,′ݎ 

 
ɤɨɬɨɪɨɟ ɢɫɩɨɥɶɡɭɟɬɫɹ ɞɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɨɛɦɟɧɧɨɝɨ ɩɨɬɟɧɰɢɚɥɚ. 

ɇɚ ɨɫɧɨɜɟ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɷɥɟɤɬɪɨɧɧɨɣ ɩɥɨɬɧɨɫɬɢ ɫɬɪɨɢɬɫɹ ɝɪɚɮɢɱɟɫɤɚɹ ɡɚ-
ɜɢɫɢɦɨɫɬɶ ɨɬ ɷɧɟɪɝɢɢ ɷɥɟɤɬɪɨɧɨɜ (ɪɢɫ. 2.4). 

 

 
 

Ɋɢɫɭɧɨɤ 2.5 – Ɂɚɜɢɫɢɦɨɫɬɶ ɩɥɨɬɧɨɫɬɢ ɜɟɪɨɹɬɧɨɫɬɢ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɞɥɹ ɷɥɟɤɬɪɨɧɨɜ ɫɨ ɫɩɢɧɨɦ 
ɜɜɟɪɯ ɢ ɜɧɢɡ. 

 
Ⱦɥɹ ɩɨɫɬɪɨɟɧɢɹ ɡɚɜɢɫɢɦɨɫɬɢ ɪɚɫɫɱɢɬɵɜɚɟɬɫɹ ɤɪɢɫɬɚɥɥɢɱɟɫɤɚɹ ɩɥɨɬɧɨɫɬɶ 

ɷɥɟɤɬɪɨɧɨɜ: 
 ɏкрሺݎሻ = ɏат.ሺݎሻ + ∑ ሺ௣  

௡𝑝ଶ௥𝑅𝑝 ሻ ∙ ׬ ɏат.𝑅𝑝+௥𝑅𝑝−௥ ሺݎ′ሻݎ′𝑑(2.14) ,′ݎ 

 
ɝɞɟ Rp – ɪɚɞɢɭɫ ɤɨɨɪɞɢɧɚɬɧɨɣ ɫɮɟɪɵ p; 

np – ɱɢɫɥɨ ɚɬɨɦɨɜ ɜ ɫɮɟɪɟ. 
ɉɪɢ ɷɬɨɦ ɭɱɢɬɵɜɚɸɬɫɹ ɜɤɥɚɞɵ ɚɬɨɦɧɵɯ ɩɥɨɬɧɨɫɬɟɣ ɫɨɫɟɞɧɢɯ ɤɨɨɪɞɢɧɚɰɢ-

ɨɧɧɵɯ ɫɮɟɪ. Ʉɪɢɫɬɚɥɥɢɱɟɫɤɚɹ ɩɥɨɬɧɨɫɬɶ ɩɪɟɞɫɬɚɜɥɹɟɬɫɹ ɜ ɜɢɞɟ ɫɭɩɟɪɩɨɡɢɰɢɢ 
ɚɬɨɦɧɵɯ ɩɥɨɬɧɨɫɬɟɣ. 
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ɇɚ ɨɫɧɨɜɟ ɩɨɫɬɪɨɟɧɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ɦɨɠɧɨ ɪɚɫɫɱɢɬɚɬɶ ɫɪɟɞɧɢɣ ɷɮɮɟɤɬɢɜ-
ɧɵɣ ɦɨɦɟɧɬ ɧɚ ɚɬɨɦ. Ɍɚɤɠɟ ɫɭɳɟɫɬɜɭɟɬ ɭɩɪɨɳёɧɧɚɹ ɮɨɪɦɭɥɚ ɞɥɹ ɪɚɫɱёɬɚ: 

 ݉ = ׬] ሺ݊↑ − ݊↓ሻ𝑑𝑉 𝑉 ]/ܰ, (2.15) 
 

ɝɞɟ N – ɤɨɥɢɱɟɫɬɜɨ ɚɬɨɦɨɜ ɜ ɤɥɚɫɬɟɪɟ; 
n↑ ɢ n↓ - ɤɨɥɢɱɟɫɬɜɨ ɷɥɟɤɬɪɨɧɨɜ ɫ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɦ ɧɚɩɪɚɜɥɟɧɢɟɦ ɫɩɢɧɚ; 
V – ɆɌ-ɩɨɬɟɧɰɢɚɥ. 

 
2.5 Ɋɟɧɬɝɟɧɨɫɬɪɭɤɬɭɪɧɵɣ ɚɧɚɥɢɡ 

 
Ⱦɥɹ ɢɫɫɥɟɞɨɜɚɧɢɹ ɮɚɡɨɜɨɝɨ ɫɨɫɬɚɜɚ ɦɚɝɧɢɬɧɨɝɨ ɨɛɪɚɡɰɚ ɛɵɥ ɩɪɢɦɟɧёɧ ɦɟ-

ɬɨɞ ɪɟɧɬɝɟɧɨɫɬɪɭɤɬɭɪɧɨɝɨ ɚɧɚɥɢɡɚ – ɪɟɧɬɝɟɧɨɜɫɤɚɹ ɞɢɮɪɚɤɬɨɦɟɬɪɢɹ.  
Ɇɟɬɨɞ ɢɫɫɥɟɞɨɜɚɧɢɹ ɨɫɧɨɜɚɧ ɧɚ ɫɩɨɫɨɛɧɨɫɬɢ ɪɟɧɬɝɟɧɨɜɫɤɨɝɨ ɢɡɥɭɱɟɧɢɹ 

ɨɬɪɚɠɚɬɶɫɹ ɨɬ ɚɬɨɦɧɵɯ ɩɥɨɫɤɨɫɬɟɣ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɪɟɲёɬɤɢ ɦɚɬɟɪɢɚɥɚ. ɉɪɢ 
ɩɨɩɚɞɚɧɢɢ ɪɟɧɬɝɟɧɨɜɫɤɨɝɨ ɢɡɥɭɱɟɧɢɹ ɧɚ ɨɛɪɚɡɟɰ ɜɨɡɧɢɤɚɸɬ ɬɚɤ ɧɚɡɵɜɚɟɦɵɟ ɞɢ-
ɮɪɚɤɰɢɨɧɧɵɟ ɨɬɪɚɠɟɧɢɹ ɨɬ ɪɚɡɧɵɯ ɩɥɨɫɤɨɫɬɟɣ (ɪɢɫ. 2.5). Ʉɚɠɞɨɟ ɨɬɪɚɠɟɧɢɟ ɯɚ-
ɪɚɤɬɟɪɢɡɭɟɬɫɹ ɫɨɛɫɬɜɟɧɧɨɣ ɢɧɬɟɧɫɢɜɧɨɫɬɶɸ ɢ ɦɟɠɩɥɨɫɤɨɫɬɧɵɦ ɪɚɫɫɬɨɹɧɢɟɦ 
(ɪɚɫɫɬɨɹɧɢɟɦ ɦɟɠɞɭ ɞɜɭɦɹ ɨɬɪɚɠɚɸɳɢɦɢ ɚɬɨɦɧɵɦɢ ɩɥɨɫɤɨɫɬɹɦɢ). ȼɨɡɧɢɤɧɨɜɟ-
ɧɢɟ ɞɢɮɪɚɤɰɢɢ ɨɩɢɫɵɜɚɟɬɫɹ ɡɚɤɨɧɨɦ ȼɭɥɶɮɚ-Ȼɪɷɝɝɚ [45]: 

 ݊λ = ʹ𝑑 ∙  𝑖݊θ (2.16)ݏ
 

ɝɞɟ n – ɩɨɪɹɞɨɤ ɞɢɮɪɚɤɰɢɨɧɧɨɝɨ ɨɬɪɚɠɟɧɢɹ; 
Ȝ – ɞɥɢɧɚ ɜɨɥɧɵ ɪɟɧɬɝɟɧɨɜɫɤɨɝɨ ɥɭɱɚ; 
d – ɦɟɠɩɥɨɫɤɨɫɬɧɨɟ ɪɚɫɫɬɨɹɧɢɟ; 
θ – ɭɝɨɥ ɦɟɠɞɭ ɩɚɞɚɸɳɢɦ ɥɭɱɨɦ ɢ ɨɬɪɚɠɚɸɳɟɣ ɩɥɨɫɤɨɫɬɶɸ. 
 

 
 

Ɋɢɫɭɧɨɤ 2.6 – ɋɯɟɦɚ ɞɢɮɪɚɤɰɢɢ ɩɥɨɫɤɨɣ ɜɨɥɧɵ ɩɨ ɡɚɤɨɧɭ ȼɭɥɶɮɚ-Ȼɪɷɝɝɚ 
 
Ⱦɥɹ ɪɟɝɢɫɬɪɚɰɢɢ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɢ ɭɝɥɚ ɨɬɪɚɠɟɧɢɹ ɪɟɧɬɝɟɧɨɜɫɤɢɯ ɥɭɱɟɣ ɢɫ-

ɩɨɥɶɡɭɟɬɫɹ ɞɢɮɪɚɤɬɨɦɟɬɪ (ɪɢɫ. 2.6). Ɋɟɧɬɝɟɧɨɜɫɤɚɹ ɬɪɭɛɤɚ ɹɜɥɹɟɬɫɹ ɢɫɬɨɱɧɢɤɨɦ 
ɪɟɧɬɝɟɧɨɜɫɤɢɯ ɥɭɱɟɣ ɜ ɥɚɛɨɪɚɬɨɪɧɵɯ ɭɫɥɨɜɢɹɯ. Ɉɧɚ ɫɨɫɬɨɢɬ ɢɡ ɤɚɬɨɞɚ ɢ ɚɧɨɞɚ ɜ 
ɜɚɤɭɭɦɟ. Ʉɚɬɨɞ ɜ ɜɢɞɟ ɜɨɥɶɮɪɚɦɨɜɨɣ ɫɩɢɪɚɥɢ ɧɚɝɪɟɜɚɟɬɫɹ ɩɪɢ ɩɪɨɯɨɠɞɟɧɢɢ ɱɟ-
ɪɟɡ ɧɟё ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ. Ɂɚɪɹɠɟɧɧɵɟ ɱɚɫɬɢɰɵ (ɷɥɟɤɬɪɨɧɵ) ɡɚ ɫɱёɬ ɧɚɝɪɟɜɚ 
ɩɪɟɜɵɲɚɸɬ ɷɧɟɪɝɢɸ ɢɫɩɭɫɤɚɧɢɹ ɢ ɱɟɪɟɡ ɜɚɤɭɭɦ ɩɨɩɚɞɚɸɬ ɧɚ ɚɧɨɞ. ɉɨɫɥɟ ɞɜɢ-
ɠɟɧɢɹ ɜ ɜɚɤɭɭɦɟ ɷɥɟɤɬɪɨɧɵ ɫɬɚɥɤɢɜɚɸɬɫɹ ɫ ɚɧɨɞɨɦ, ɚɤɬɢɜɢɪɭɹ ɷɮɮɟɤɬ ɬɨɪɦɨɡ-
ɧɨɝɨ ɢɡɥɭɱɟɧɢɹ, ɩɪɢ ɤɨɬɨɪɨɦ ɢɫɩɭɫɤɚɟɬɫɹ ɪɟɧɬɝɟɧɨɜɫɤɨɟ ɢɡɥɭɱɟɧɢɟ [74]. 
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Ɋɢɫɭɧɨɤ 2.7 – ɋɯɟɦɚ ɪɚɛɨɬɵ ɞɢɮɪɚɤɬɨɦɟɬɪɚ [75] 
 
ɂɡ ɪɟɧɬɝɟɧɨɜɫɤɨɣ ɬɪɭɛɤɢ ɥɭɱ ɩɨɩɚɞɚɟɬ ɧɚ ɢɫɫɥɟɞɭɟɦɵɣ ɨɛɪɚɡɟɰ, ɪɚɫɩɨɥɚ-

ɝɚɸɳɢɣɫɹ ɜ ɝɨɧɢɨɦɟɬɪɟ. Ɉɬɪɚɠёɧɧɵɟ ɪɟɧɬɝɟɧɨɜɫɤɢɟ ɥɭɱɢ ɩɨɩɚɞɚɸɬ ɧɚ ɞɟɬɟɤɬɨɪ, 
ɨɩɪɟɞɟɥɹɸɳɢɣ ɭɝɨɥ θ ɢ ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɢɡɥɭɱɟɧɢɹ, ɚ ɬɨɱɧɟɟ ɤɨɥɢɱɟɫɬɜɨ ɥɭɱɟɣ ɫ 
ɨɞɢɧɚɤɨɜɵɦ θ. ɇɚ ɩɭɬɢ ɥɭɱɟɣ ɨɬ ɪɟɧɬɝɟɧɨɜɫɤɨɣ ɬɪɭɛɤɢ ɞɨ ɝɨɧɢɨɦɟɬɪɚ ɢ ɨɬ ɝɨ-
ɧɢɨɦɟɬɪɚ ɞɨ ɞɟɬɟɤɬɨɪɚ ɬɚɤɠɟ ɪɚɫɩɨɥɚɝɚɸɬɫɹ ɫɢɫɬɟɦɵ ɥɢɧɡ ɢ ɳɟɥɟɣ, ɤɨɬɨɪɵɟ ɜɵ-
ɪɚɜɧɢɜɚɸɬ ɢɡɥɭɱɟɧɢɟ ɩɨ ɜɟɪɬɢɤɚɥɢ ɢ ɝɨɪɢɡɨɧɬɚɥɢ, ɩɪɨɬɢɜɨɞɟɣɫɬɜɭɸɬ ɪɚɫɫɟɢɜɚ-
ɧɢɸ, ɮɨɤɭɫɢɪɭɸɬ ɢ ɤɨɪɪɟɤɬɢɪɭɸɬ ɧɚɩɪɚɜɥɟɧɢɟ. 

ɉɨɥɢɤɪɢɫɬɚɥɥɢɱɟɫɤɢɣ ɦɚɬɟɪɢɚɥ ɦɨɠɧɨ ɩɪɟɞɫɬɚɜɢɬɶ ɜ ɜɢɞɟ ɫɢɫɬɟɦɵ ɩɚɪɚɥ-
ɥɟɥɶɧɵɯ ɢɥɢ ɩɟɪɟɫɟɤɚɸɳɢɯɫɹ ɚɬɨɦɧɵɯ ɩɥɨɫɤɨɫɬɟɣ, ɧɨ ɤɨɧɤɪɟɬɧɨɟ ɤɪɢɫɬɚɥɥɢɱɟ-
ɫɤɨɟ ɜɟɳɟɫɬɜɨ (ɮɚɡɚ) ɢɦɟɟɬ ɫɨɛɫɬɜɟɧɧɵɟ ɡɧɚɱɟɧɢɹ ɦɟɠɩɥɨɫɤɨɫɬɧɵɯ ɪɚɫɫɬɨɹɧɢɣ, 
ɤɚɤ ɢ ɨɪɢɟɧɬɢɪɨɜɤɢ ɩɥɨɫɤɨɫɬɟɣ ɦɟɠɞɭ ɫɨɛɨɣ. ɗɬɨ ɨɛɭɫɥɨɜɥɟɧɨ ɦɟɠɚɬɨɦɧɵɦ ɪɚɫ-
ɫɬɨɹɧɢɟɦ ɢ ɫɬɪɨɟɧɢɟɦ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɪɟɲёɬɤɢ, ɤɨɬɨɪɵɟ ɹɜɥɹɸɬɫɹ ɭɧɢɤɚɥɶ-
ɧɵɦɢ ɞɥɹ ɜɟɳɟɫɬɜɚ ɜ ɨɩɪɟɞɟɥёɧɧɵɯ ɜɧɟɲɧɢɯ ɭɫɥɨɜɢɹɯ. 

ɉɨɥɭɱɟɧɧɚɹ ɤɚɪɬɢɧɚ ɞɢɮɪɚɤɰɢɢ ɩɨɤɚɡɵɜɚɟɬ ɜɫɟ ɩɨɥɭɱɟɧɧɵɟ ɦɟɠɩɥɨɫɤɨɫɬ-
ɧɵɟ ɪɚɫɫɬɨɹɧɢɹ (ɤɨɨɪɞɢɧɚɬɵ ɩɢɤɨɜ) ɜ ɢɫɫɥɟɞɭɟɦɨɦ ɨɛɪɚɡɰɟ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɜɟ-
ɳɟɫɬɜɨ (ɮɚɡɭ) ɯɚɪɚɤɬɟɪɢɡɭɸɬ ɭɧɢɤɚɥɶɧɵɟ ɝɪɭɩɩɵ ɩɢɤɨɜ, ɤɨɬɨɪɵɟ ɨɩɪɟɞɟɥɟɧɵ 
ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɞɥɹ ɦɧɨɝɢɯ ɩɨɥɢɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɜɟɳɟɫɬɜ ɢ ɡɚɧɟɫɟɧɵ ɜ ɫɩɪɚ-
ɜɨɱɧɵɟ ɦɚɬɟɪɢɚɥɵ ɢ ɛɚɡɵ ɞɚɧɧɵɯ. ɂɧɬɟɧɫɢɜɧɨɫɬɶ ɭɤɚɡɵɜɚɟɬ ɧɚ ɤɨɥɢɱɟɫɬɜɟɧɧɵɣ 
ɫɨɫɬɚɜ ɞɚɧɧɨɣ ɮɚɡɵ – ɱɟɦ ɜɵɲɟ ɢɧɬɟɧɫɢɜɧɨɫɬɶ, ɬɟɦ ɛɨɥɶɲɟ ɨɛɴёɦ ɜɟɳɟɫɬɜɚ. ɉɪɢ 
ɚɧɚɥɢɡɟ ɫɩɪɚɜɨɱɧɵɯ ɞɚɧɧɵɯ ɢ ɩɨɥɭɱɟɧɧɵɯ ɫ ɨɛɪɚɡɰɚ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɞɚɧɧɵɯ 
ɞɟɥɚɸɬɫɹ ɜɵɜɨɞɵ ɨ ɮɚɡɨɜɨɦ ɫɨɫɬɚɜɟ ɨɛɪɚɡɰɚ [76]. 
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2.6 Ɇɚɝɧɢɬɨɦɟɬɪɢɹ ɩɨ ɦɟɬɨɞɭ ɤɪɭɬɹщɢɯ ɦɨɦɟɧɬɨɜ 
 

ɉɪɢɧɰɢɩ ɦɚɝɧɢɬɨɦɟɬɪɢɢ ɧɚ ɤɪɭɬɢɥɶɧɨɦ ɢɥɢ ɬɨɪɫɢɨɧɧɨɦ ɦɚɝɧɢɬɨɦɟɬɪɟ ɨɫ-
ɧɨɜɚɧ ɧɚ ɡɚɤɨɧɟ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɦɚɝɧɢɬɧɵɯ ɩɨɥɟɣ. Ɇɚɝɧɢɬ ɜ ɨɛɥɚɫɬɢ ɞɟɣɫɬɜɢɹ 
ɜɧɟɲɧɟɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɨɪɢɟɧɬɢɪɭɟɬɫɹ ɩɨ ɧɚɩɪɚɜɥɟɧɢɸ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ 
ɧɚɫɵɳɟɧɢɹ. 

Ɉɛɪɚɡɟɰ ɩɨɞɜɟɲɢɜɚɟɬɫɹ ɧɚ ɜɟɪɬɢɤɚɥɶɧɨɣ ɭɩɪɭɝɨɣ ɧɢɬɢ (ɫɬɟɤɥɹɧɧɨɣ) ɢ ɩɨ-
ɦɟɳɚɟɬɫɹ ɜ ɩɨɫɬɨɹɧɧɨɟ ɦɚɝɧɢɬɧɨɟ ɩɨɥɟ. ɉɨɞ ɞɟɣɫɬɜɢɟɦ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɨɛɪɚɡɟɰ 
ɜɪɚɳɚɟɬɫɹ ɨɬɧɨɫɢɬɟɥɶɧɨ ɨɫɢ ɥёɝɤɨɝɨ ɧɚɦɚɝɧɢɱɢɜɚɧɢɹ. ɉɨɫɤɨɥɶɤɭ ɩɪɢɤɥɚɞɵɜɚ-
ɟɬɫɹ ɫɢɥɶɧɨɟ ɦɚɝɧɢɬɧɨɟ ɩɨɥɟ H = 6 ɤɗ ɨɫɶ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ ɧɚɫɵɳɟɧɢɹ ɫɬɪɟ-
ɦɢɬɫɹ ɤ ɦɚɤɫɢɦɚɥɶɧɨɦɭ ɫɨɜɩɚɞɟɧɢɸ ɫ ɨɫɶɸ ɫɩɨɧɬɚɧɧɨɣ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ ɜɧɟɲ-
ɧɟɝɨ. ɂɡɦɟɪɹɟɬɫɹ ɭɝɨɥ ɡɚɤɪɭɱɢɜɚɧɢɹ ɧɢɬɢ (ɪɢɫ. 2.7), ɩɨ ɤɨɬɨɪɨɦɭ ɨɩɪɟɞɟɥɹɟɬɫɹ 
ɤɪɭɬɹɳɢɣ ɦɨɦɟɧɬ L. Ɉɫɭɳɟɫɬɜɥɹɟɬɫɹ ɩɨɜɨɪɨɬ ɜɧɟɲɧɟɝɨ ɩɨɥɹ ɧɚ 360 ° [18].  

 

 
 

Ɋɢɫɭɧɨɤ 2.8 – ɋɯɟɦɚ ɭɫɬɪɨɣɫɬɜɚ ɤɪɭɬɢɥɶɧɨɝɨ ɦɚɝɧɢɬɨɦɟɬɪɚ: 1 – ɧɟɭɩɪɭɝɚɹ ɧɢɬɶ (ɢɡɦɟɪɢɬɟɥɶ-
ɧɚɹ); 2 – ɭɩɪɭɝɚɹ ɧɢɬɶ (ɫɬɟɤɥɹɧɧɚɹ); 3 – ɨɛɪɚɡɟɰ; 4 – ɷɥɟɤɬɪɨɦɚɝɧɢɬ;  

5, 6 – ɢɫɬɨɱɧɢɤɢ ɫɜɟɬɚ; 7,8 – ɡɟɪɤɚɥɚ; 9 – ɲɤɚɥɚ; 10 – ɞɟɦɩɮɟɪ 
 
ɍɝɨɥ ɩɨɜɨɪɨɬɚ ɨɩɪɟɞɟɥɹɟɬɫɹ ɫ ɩɨɦɨɳɶɸ ɫɢɫɬɟɦɵ ɨɫɜɟɬɢɬɟɥɟɣ (ɥɚɡɟɪɧɵɯ 

ɭɤɚɡɚɬɟɥɟɣ) ɢ ɡɟɪɤɚɥ, ɤɨɬɨɪɵɟ ɜɵɪɚɜɧɢɜɚɸɬɫɹ ɧɚ ɨɞɧɨɣ ɬɨɱɤɟ. ɉɪɢ ɩɨɜɨɪɨɬɟ ɥɭɱ 
ɫɜɟɬɚ ɨɬɤɥɨɧɹɟɬɫɹ ɨɬ ɧɚɱɚɥɶɧɨɣ ɬɨɱɤɢ, ɚ ɭɝɨɥ ɦɨɠɧɨ ɨɩɪɟɞɟɥɢɬɶ ɩɨ ɭɫɬɚɧɨɜɥɟɧ-
ɧɨɣ ɲɤɚɥɟ. 

Ʉɪɭɬɹɳɢɣ ɦɨɦɟɧɬ ɡɚɜɢɫɢɬ ɨɬ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɦɚɝɧɢɬɧɵɯ ɩɨɥɟɣ ɨɛɪɚɡɰɚ ɢ 
ɜɧɟɲɧɟɝɨ ɦɚɝɧɢɬɚ ɩɨ ɮɨɪɦɭɥɟ: 

= ܮ⃗  ∙ ܯ⃗⃗ 𝐻⃗⃗ . (2.17) 
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ȼ ɫɤɚɥɹɪɧɨɣ ɮɨɪɦɟ: 
ܮ  = ܯ ∙ 𝐻 ∙  𝑖݊θ; (2.18)ݏ
 

ɝɞɟ M – ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɶ ɨɛɪɚɡɰɚ, Ⱥ/ɦ; 
H – ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɶ ɜɧɟɲɧɟɝɨ ɩɨɥɹ, ɗ; 
θ – ɭɝɨɥ ɜɪɚɳɟɧɢɹ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɨɬɧɨɫɢɬɟɥɶɧɨ ɧɢɬɢ ɫ ɨɛɪɚɡɰɨɦ. 
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3 ɉɪɨɜɟɞёɧɧɵɟ ɢɫɫɥɟɞɨɜɚɧɢɹ 
 
Ⱦɥɹ ɞɚɧɧɨɣ ɪɚɛɨɬɵ ɛɵɥɢ ɩɪɨɜɟɞɟɧɵ ɢɫɫɥɟɞɨɜɚɧɢɹ ɤɥɚɫɬɟɪɨɜ ɩɭɬёɦ ɩɨ-

ɫɬɪɨɟɧɢɹ ɤɥɚɫɬɟɪɧɵɯ ɦɨɞɟɥɟɣ ɢ ɪɚɫɱёɬɚ ɢɯ ɩɨ ɬɟɨɪɢɢ ɮɭɧɤɰɢɨɧɚɥɚ ɷɥɟɤɬɪɨɧɧɨɣ 
ɩɥɨɬɧɨɫɬɢ. Ɍɚɤɠɟ ɛɵɥ ɩɪɨɜɟɞɟɧɨ ɢɫɫɥɟɞɨɜɚɧɢɟ ɦɚɝɧɢɬɧɨɝɨ ɤɟɪɚɦɢɱɟɫɤɨɝɨ ɨɛ-
ɪɚɡɰɚ ɫ ɰɟɥɶɸ ɨɛɴɹɫɧɟɧɢɹ ɦɚɝɧɢɬɧɵɯ ɫɜɨɣɫɬɜ, ɱɬɨ ɛɵɥɨ ɜɵɩɨɥɧɟɧɨ ɫ ɬɨɱɤɢ ɡɪɟ-
ɧɢɹ ɤɥɚɫɬɟɪɧɨɣ ɬɟɨɪɢɢ. Ȼɵɥɢ ɩɪɟɞɥɨɠɟɧɵ ɦɨɞɟɥɢ ɤɥɚɫɬɟɪɧɵɯ ɫɬɪɭɤɬɭɪ, ɢɦɟɸ-
ɳɢɯ ɭɧɢɤɚɥɶɧɵɟ ɦɚɝɧɢɬɧɵɟ ɫɜɨɣɫɬɜɚ, ɚ ɬɚɤɠɟ ɩɪɨɢɥɥɸɫɬɪɢɪɨɜɚɧɵ ɫɩɨɫɨɛɵ ɢɯ 
ɫɨɜɦɟɳɟɧɢɹ ɫ ɩɪɢɜɵɱɧɵɦɢ ɈɐɄ ɢ ȽɐɄ ɫɬɪɭɤɬɭɪɚɦɢ ɢ ɞɪɭɝ ɫ ɞɪɭɝɨɦ. 

 
3.1 ȼɨɡɧɢɤɧɨɜɟɧɢɟ ɫɩɢɪɚɥɟɜɢɞɧɨɝɨ ɤɥɚɫɬɟɪɚ Al4C3 

 
ɂɧɫɬɢɬɭɬɨɦ ɝɢɞɪɨɞɢɧɚɦɢɤɢ ɢɦ. Ɇ. Ⱥ. Ʌɚɜɪɟɧɬɶɟɜɚ ɋɈ ɊȺɇ ɧɚɦ ɛɵɥɢ 

ɩɪɟɞɨɫɬɚɜɥɟɧɵ ɨɛɪɚɡɰɵ ɫɩɟɱёɧɧɨɣ ɩɨɪɨɲɤɨɜɨɣ ɤɟɪɚɦɢɤɢ. ɂɫɯɨɞɧɵɣ ɫɨɫɬɚɜ – 
ɫɦɟɫɶ ɩɨɪɨɲɤɨɜ ɨɤɫɢɞɨɜ ɚɥɸɦɢɧɢɹ ɢ ɦɚɝɧɢɹ ɫ ɩɪɢɦɟɫɶɸ ɤɚɥɶɰɢɹ. Ʉɟɪɚɦɢɤɚ ɹɜ-
ɥɹɟɬɫɹ ɤɨɦɩɨɡɢɬɧɵɦ ɦɚɬɟɪɢɚɥɨɦ ɫ ɚɪɦɢɪɨɜɚɧɧɨɣ ɩɨɪɨɲɤɨɜɨɣ ɚɥɸɦɢɧɢɟɜɨɣ 
ɦɚɬɪɢɰɟɣ. Ɉɛɪɚɡɰɵ ɤɟɪɚɦɢɤɢ ɢɦɟɸɬ ɭɧɢɤɚɥɶɧɵɟ ɫɜɨɣɫɬɜɚ: ɜɵɫɨɤɚɹ ɬɟɩɥɨɩɪɨ-
ɜɨɞɧɨɫɬɶ, ɩɨɧɢɠɟɧɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ ɬɟɩɥɨɜɨɝɨ ɪɚɫɲɢɪɟɧɢɹ, ɦɚɥɵɣ ɭɞɟɥɶɧɵɣ 
ɜɟɫ. Ʉɪɨɦɟ ɬɨɝɨ, ɛɵɥɚ ɨɛɧɚɪɭɠɟɧɚ ɨɫɬɚɬɨɱɧɚɹ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɶ ɦɚɬɟɪɢɚɥɚ 

Ɉɛɪɚɡɟɰ ɩɨɥɭɱɢɥɢ ɦɟɬɨɞɨɦ ɢɫɤɪɨɜɨɝɨ ɩɥɚɡɦɟɧɧɨɝɨ ɫɩɟɤɚɧɢɹ SPS. Ɂɚɩɪɟɫ-
ɫɨɜɚɧɧɵɟ ɜ ɬɚɛɥɟɬɤɢ ɨɛɪɚɡɰɵ ɩɨɦɟɳɚɥɢɫɶ ɦɟɠɞɭ ɞɜɭɦɹ ɩɭɚɧɫɨɧɚɦɢ ɫ ɭɝɥɟɪɨɞ-
ɧɨɣ ɨɫɧɚɫɬɤɨɣ, ɱɟɪɟɡ ɤɨɬɨɪɵɟ ɩɪɨɩɭɫɤɚɥɫɹ ɢɦɩɭɥɶɫɧɵɣ ɬɨɤ. Ⱦɚɜɥɟɧɢɟ ɜ ɩɟɱɢ ɫɨ-
ɫɬɚɜɥɹɥɨ ɞɨ 40 Ɇɉɚ. Ɇɨɳɧɨɫɬɶ ɬɨɤɚ ɞɥɹ ɫɨɡɞɚɧɢɹ ɬɟɦɩɟɪɚɬɭɪɵ ɫɨɫɬɚɜɥɹɥɚ 100 
ɤȾɠ. Ɉɛɪɚɡɰɵ ɫɩɟɤɚɥɢ in situ ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɬɟɦɩɟɪɚɬɭɪɚɯ: 1 200, 1 400 °ɋ, ɚ 
ɬɚɤɠɟ ɨɛɪɚɡɟɰ, ɫɩɟɱёɧɧɵɣ ɩɪɢ 1 400 °ɋ ɢ ɨɬɨɠɠёɧɧɵɣ ɬɪɚɞɢɰɢɨɧɧɵɦ ɫɩɨɫɨɛɨɦ 
(ɪɚɡɨɝɪɟɜ ɜ ɩɟɱɢ) ɩɪɢ 1 580 °ɋ.  

Ɉɛɪɚɡɟɰ, ɫɩɟɱёɧɧɵɣ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 1 200 °ɋ ɛɵɥ ɛɟɥɨɝɨ ɰɜɟɬɚ, ɨɛɥɚɞɚɥ 
ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɦɢ ɫɜɨɣɫɬɜɚɦɢ ɢ ɧɟ ɩɪɨɹɜɥɹɥ ɦɚɝɧɢɬɧɵɯ; ɩɨ ɨɫɬɚɥɶɧɵɦ ɫɜɨɣ-
ɫɬɜɚɦ ɤɨɦɩɨɡɢɰɢɨɧɧɵɣ ɦɚɬɟɪɢɚɥ ɧɚɩɨɦɢɧɚɥ ɛɟɥɭɸ ɤɟɪɚɦɢɤɭ. 

ɉɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 1 400 °ɋ ɦɚɬɟɪɢɚɥ ɩɨɥɭɱɚɥɫɹ ɱёɪɧɨɝɨ ɰɜɟɬɚ ɚ ɧɚ ɟɝɨ ɩɨ-
ɜɟɪɯɧɨɫɬɢ ɜɵɞɟɥɢɥɚɫɶ ɛɟɥɚɹ ɱɭɠɟɪɨɞɧɚɹ ɮɚɡɚ ɪɚɡɦɟɪɨɦ ɨɤɨɥɨ 5 ɦɦ ɜ ɩɨɩɟɪɟɱ-
ɧɨɦ ɫɟɱɟɧɢɢ. Ɉɤɪɚɫ ɫɜɹɡɚɧ ɫ ɜɵɝɨɪɚɧɢɟɦ ɭɝɥɟɪɨɞɚ, ɞɢɮɮɭɧɞɢɪɭɸɳɢɦ ɧɚ ɩɨɜɟɪɯ-
ɧɨɫɬɶ ɜ ɪɟɡɭɥɶɬɚɬɟ ɫɩɟɤɚɧɢɹ. ɉɪɢɦɟɱɚɬɟɥɶɧɨ, ɱɬɨ ɨɛɪɚɡɟɰ ɩɪɨɹɜɥɹɥ ɦɚɝɧɢɬɧɵɟ 
ɫɜɨɣɫɬɜɚ. ɉɪɢ ɨɬɠɢɝɟ ɨɛɪɚɡɰɚ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 1 580 °ɋ ɧɚ ɜɨɡɞɭɯɟ ɜ ɬɟɱɟɧɢɟ 30 
ɦɢɧ, ɦɚɝɧɢɬɧɵɟ ɫɜɨɣɫɬɜɚ ɨɫɥɚɛɥɹɥɢɫɶ.  

Ɉɛɪɚɡɰɵ ɛɵɥɢ ɢɫɫɥɟɞɨɜɚɧɵ ɦɟɬɨɞɚɦɢ ɦɚɝɧɢɬɨɦɟɬɪɢɢ ɢ ɪɟɧɬɝɟɧɨɫɬɪɭɤɬɭɪ-
ɧɨɝɨ ɚɧɚɥɢɡɚ. Ⱦɥɹ ɩɨɞɬɜɟɪɠɞɟɧɢɹ ɮɚɤɬɚ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ ɨɛɪɚɡɰɚ ɛɵɥ ɩɪɢɦɟɧёɧ 
ɤɪɭɬɢɥɶɧɵɣ ɦɚɝɧɢɬɨɦɟɬɪ. ɇɟɫɦɨɬɪɹ ɧɚ ɛɨɥɶɲɭɸ ɩɨɝɪɟɲɧɨɫɬɶ ɜ ɢɡɦɟɪɟɧɢɢ 
ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ, ɤɪɭɬɢɥɶɧɵɣ ɦɚɝɧɢɬɨɦɟɬɪ ɹɜɥɹɟɬɫɹ ɞɨɫɬɚɬɨɱɧɨ ɱɭɜɫɬɜɢɬɟɥɶ-
ɧɵɦ ɤ ɦɚɝɧɢɬɧɨɦɭ ɩɨɥɸ. ɉɨɹɜɥɟɧɢɟ ɤɪɢɜɨɣ ɤɪɭɬɹɳɟɝɨ ɦɨɦɟɧɬɚ (ɪɢɫ. 3.2) ɨɡɧɚ-
ɱɚɟɬ ɧɚɥɢɱɢɟ ɦɚɝɧɢɬɧɵɯ ɫɜɨɣɫɬɜ ɨɛɪɚɡɰɚ. ɂɡ ɤɪɢɜɨɣ ɜɢɞɧɨ, ɱɬɨ ɨɛɪɚɡɟɰ ɢɦɟɟɬ 
ɞɜɟ ɨɫɢ ɥɟɝɤɨɝɨ ɧɚɦɚɝɧɢɱɢɜɚɧɢɹ: ɜ ɩɥɨɫɤɨɫɬɢ ɩɥёɧɤɢ ɢ ɩɟɪɩɟɧɞɢɤɭɥɹɪɧɨ ɤ ɧɟɣ. 
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Ɋɢɫɭɧɨɤ 3.1 – Ɉɛɪɚɡɟɰ, ɫɩɟɱёɧɧɵɣ ɩɪɢ 1 400 °ɋ 
 

 
 

Ɋɢɫɭɧɨɤ 3.2 – Ʉɪɢɜɵɟ ɤɪɭɬɹɳɢɯ ɦɨɦɟɧɬɨɜ, ɫɧɹɬɵɟ ɜ ɦɚɝɧɢɬɧɨɦ ɩɨɥɟ 6 000 ɗ ɜ ɤɪɭɬɢɥɶɧɨɦ 
ɦɚɝɧɢɬɨɦɟɬɪɟ 

 
ɉɨɦɢɦɨ ɦɚɝɧɢɬɧɵɯ ɫɜɨɣɫɬɜ ɨɛɪɚɡɟɰ ɢɦɟɟɬ ɩɨɜɵɲɟɧɧɭɸ ɷɥɟɤɬɪɨɩɪɨɜɨɞɢ-

ɦɨɫɬɶ (ɧɚ 5–10 %). ɗɥɟɤɬɪɨɫɨɩɪɨɬɢɜɥɟɧɢɟ, ɢɡɦɟɪɟɧɧɨɟ ɧɚ ɬɟɦɧɨɣ ɩɨɜɟɪɯɧɨɫɬɢ 
ɨɛɪɚɡɰɚ, ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɷɥɟɤɬɪɨɫɨɩɪɨɬɢɜɥɟɧɢɸ ɝɪɚɮɢɬɚ. 

Ɋɟɧɬɝɟɧɨɜɫɤɢɟ ɮɨɬɨɷɥɟɤɬɪɨɧɧɵɟ ɫɩɟɤɬɪɵ (ɊɎɗɋ) ɛɵɥɢ ɨɩɪɟɞɟɥɟɧɵ ɧɚ ɮɨ-
ɬɨɷɥɟɤɬɪɨɧɧɨɦ ɫɩɟɤɬɪɨɦɟɬɪɟ SPECS. Ⱦɥɹ ɫɧɹɬɢɹ ɪɟɡɭɥɶɬɚɬɨɜ ɩɪɢɦɟɧɹɥɢ ɷɧɟɪɝɨ-
ɚɧɚɥɢɡɚɬɨɪ PHOIBOS 150 MCD 9. Ⱦɥɹ ɫɨɡɞɚɧɢɹ ɪɟɧɬɝɟɧɨɜɫɤɨɝɨ ɢɡɥɭɱɟɧɢɹ ɢɫ-
ɩɨɥɶɡɨɜɚɥɢ ɪɟɧɬɝɟɧɨɜɫɤɭɸ ɬɪɭɛɤɭ ɦɨɧɨɯɪɨɦɚɬɢɡɢɪɨɜɚɧɧɨɝɨ AlK-α ɢɡɥɭɱɟɧɢɹ ɧɚ 
1486,7 ɷȼ. ɋɩɟɤɬɪɵ ɩɨɫɬɪɨɟɧɵ ɫ ɩɨɦɨɳɶɸ ɩɪɨɝɪɚɦɦɵ CasaXPS.  

Ɏɨɬɨɷɥɟɤɬɪɨɧɧɵɟ ɫɩɟɤɬɪɵ ɩɨɡɜɨɥɹɸɬ ɨɩɪɟɞɟɥɢɬɶ ɩɨɜɟɪɯɧɨɫɬɧɵɣ ɷɥɟɦɟɧ-
ɬɚɪɧɵɣ ɫɨɫɬɚɜ ɜ ɩɪɨɰɟɧɬɚɯ. ɇɟɥɢɧɟɣɧɵɣ ɮɨɧ – ɬɚ ɱɚɫɬɶ ɝɪɚɮɢɤɚ, ɝɞɟ ɡɚɬɪɭɞɧɢ-
ɬɟɥɶɧɨ ɜɵɞɟɥɢɬɶ ɨɬɞɟɥɶɧɵɟ ɫɩɟɤɬɪɵ ɢɡ-ɡɚ ɯɚɨɬɢɱɧɨɝɨ ɞɜɢɠɟɧɢɹ ɚɬɨɦɨɜ – ɜɵɱɢ-
ɬɚɥɫɹ ɩɨ ɭɪɚɜɧɟɧɢɹɦ ɒɢɪɥɢ [77]. 

ɉɨɜɟɪɯɧɨɫɬɶ ɬёɦɧɨɣ ɨɛɥɚɫɬɢ ɫɩɟɱɟɧɧɨɝɨ ɨɛɪɚɡɰɚ (ɪɢɫ. 3.3) ɫɨɞɟɪɠɢɬ ɛɨɥɶ-
ɲɨɟ ɤɨɥɢɱɟɫɬɜɨ ɭɝɥɟɪɨɞɚ, ɱɬɨ ɩɨɞɬɜɟɪɠɞɚɟɬ ɪɚɧɧɢɟ ɞɨɝɚɞɤɢ. Ɍɚɤɠɟ ɫɨɞɟɪɠɢɬɫɹ 
ɤɢɫɥɨɪɨɞ, ɚɡɨɬ, ɛɨɪ, ɤɚɥɶɰɢɣ. Ȼɨɥɶɲɢɧɫɬɜɨ ɷɥɟɦɟɧɬɨɜ, ɫɨɞɟɪɠɚɧɢɟ ɤɨɬɨɪɵɯ ɦɟ-
ɧɟɟ ɩɪɨɰɟɧɬɚ, ɹɜɥɹɸɬɫɹ ɩɪɢɦɟɫɹɦɢ, ɚ ɛɨɪ ɢ ɤɚɥɶɰɢɣ ɛɵɥɢ ɞɨɛɚɜɥɟɧɵ ɜ ɪɟɡɭɥɶ-
ɬɚɬɟ ɧɟɩɪɚɜɢɥɶɧɨɝɨ ɪɟɠɢɦɚ ɩɪɢɝɨɬɨɜɥɟɧɢɹ ɨɛɪɚɡɰɚ – ɩɪɢɝɨɬɨɜɥɟɧɢɹ ɜɡɜɟɫɢ, 
ɥɢɛɨ ɜ ɪɟɡɭɥɶɬɚɬɟ ɚɞɫɨɪɛɰɢɢ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɢɡ ɚɬɦɨɫɮɟɪɵ ɩɟɱɢ. Ʉɢɫɥɨɪɨɞ, 
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ɩɪɟɞɩɨɥɨɠɢɬɟɥɶɧɨ, ɩɨɹɜɢɥɫɹ ɜɫɥɟɞɫɬɜɢɟ ɨɤɢɫɥɟɧɢɹ ɩɨɜɟɪɯɧɨɫɬɢ ɩɪɢ ɨɬɠɢɝɟ ɜ 
ɜɨɡɞɭɲɧɨɣ ɚɬɦɨɫɮɟɪɟ. Ⱥɥɸɦɢɧɢɣ ɢ ɦɚɝɧɢɣ ɨɬɫɭɬɫɬɜɭɸɬ ɜ ɹɜɧɨɣ ɮɨɪɦɟ; ɷɬɨ ɝɨ-
ɜɨɪɢɬ ɨ ɬɨɦ, ɱɬɨ ɨɧɢ ɬɟɩɟɪɶ ɦɨɝɭɬ ɢɦɟɬɶ ɢɧɭɸ ɤɪɢɫɬɚɥɥɢɱɟɫɤɭɸ ɫɬɪɭɤɬɭɪɭ. Ɍɚ-
ɤɨɟ ɹɜɥɟɧɢɟ ɦɨɠɧɨ ɫɜɹɡɚɬɶ ɫ ɬɟɦ, ɱɬɨ ɚɥɸɦɢɧɢɣ ɢ ɦɚɝɧɢɣ ɜɨɲɥɢ ɜ ɯɢɦɢɱɟɫɤɭɸ 
ɫɜɹɡɶ ɫ ɞɪɭɝɢɦɢ ɷɥɟɦɟɧɬɚɦɢ ɢɥɢ ɦɟɠɞɭ ɫɨɛɨɣ, ɢɥɢ ɜ ɪɟɡɭɥɶɬɚɬɟ ɫɩɟɤɚɧɢɹ ɢɦɟɸɬ 
ɧɟɪɚɜɧɨɜɟɫɧɨɟ ɫɨɫɬɨɹɧɢɟ, ɜ ɪɟɡɭɥɶɬɚɬɟ ɱɟɝɨ ɩɚɪɚɦɟɬɪɵ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɪɟ-
ɲёɬɤɢ ɢɡɦɟɧɢɥɢɫɶ. 

 

 
 

Ɋɢɫɭɧɨɤ 3.3 – Ɋɟɧɬɝɟɧɨɜɫɤɢɟ ɮɨɬɨɷɥɟɤɬɪɨɧɧɵɟ ɫɩɟɤɬɪɵ ɬёɦɧɨɣ ɱɚɫɬɢ ɩɨɜɟɪɯɧɨɫɬɢ ɨɛɪɚɡɰɚ 
 
ɇɚ ɩɨɜɟɪɯɧɨɫɬɢ ɧɟ ɛɵɥɢ ɜɵɹɜɥɟɧɵ ɮɟɪɪɨɦɚɝɧɢɬɧɵɟ ɯɢɦɢɱɟɫɤɢɟ ɷɥɟ-

ɦɟɧɬɵ. Ɏɨɬɨɷɥɟɤɬɪɨɧɧɵɣ ɫɩɟɤɬɪɨɦɟɬɪ ɱɭɜɫɬɜɢɬɟɥɟɧ ɤ ɫɨɞɟɪɠɚɧɢɸ ɠɟɥɟɡɚ. ɉɨ-
ɫɤɨɥɶɤɭ ɩɪɢɱɢɧɵ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ ɜɫё ɟɳё ɧɟ ɛɵɥɢ ɜɵɹɜɥɟɧɵ, ɩɪɨɞɨɥɠɢɥɨɫɶ 
ɢɫɫɥɟɞɨɜɚɧɢɟ ɨɛɪɚɡɰɚ. 

Ⱦɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɫɨɫɬɚɜɚ ɛɨɥɟɟ ɝɥɭɛɨɤɢɯ ɫɥɨёɜ ɩɨɜɟɪɯɧɨɫɬɢ ɩɪɨɜɟɞɟɧɨ 
ɢɨɧɧɨɟ ɬɪɚɜɥɟɧɢɟ ɢɨɧɚɦɢ ɚɪɝɨɧɚ Ar+ ɜ ɬɟɱɟɧɢɟ 24 ɦɢɧ, ɩɨɫɥɟ ɱɟɝɨ ɫɧɨɜɚ ɨɩɪɟɞɟ-
ɥɟɧɵ ɮɨɬɨɷɥɟɤɬɪɨɧɧɵɟ ɫɩɟɤɬɪɵ. Ɋɟɠɢɦ ɬɪɚɜɥɟɧɢɹ: ɷɧɟɪɝɢɹ 2,5 ɤɷȼ, ɢɨɧɧɵɣ ɬɨɤ 
ɫɢɥɨɣ 20 ɦɤȺ. 

ɂɧɬɟɧɫɢɜɧɨɫɬɶ ɜɫɟɯ ɥɢɧɢɣ ɩɪɢɦɟɫɟɣ ɫɧɢɡɢɥɚɫɶ ɢɥɢ ɩɨɥɧɨɫɬɶɸ ɢɫɱɟɡɥɚ, ɡɚ 
ɫɱёɬ ɱɟɝɨ ɩɨɜɟɪɯɧɨɫɬɶ ɜ ɨɫɧɨɜɧɨɦ ɩɪɟɞɫɬɚɜɥɹɟɬ ɭɝɥɟɪɨɞ (ɪɢɫ. 3.4), ɤɨɬɨɪɵɣ ɧɟ 
ɜɵɬɪɚɜɥɢɜɚɟɬɫɹ ɢɨɧɚɦɢ ɚɪɝɨɧɚ. Ⱥɥɸɦɢɧɢɣ ɢ ɦɚɝɧɢɣ ɩɨ-ɩɪɟɠɧɟɦɭ ɨɬɫɭɬɫɬɜɭɸɬ.  

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɫɱɢɬɚɟɦ, ɱɬɨ ɩɨɜɟɪɯɧɨɫɬɶ ɜ ɨɫɧɨɜɧɨɦ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ 
ɝɪɚɮɢɬ. ɗɬɨ ɩɨɞɬɜɟɪɠɞɚɟɬɫɹ ɬɟɦ, ɱɬɨ ɷɧɟɪɝɢɸ ɫɜɹɡɢ ɭɝɥɟɪɨɞɚ ɫɨɫɬɚɜɥɹɟɬ ɨɤɨɥɨ 
284,3 ɷȼ, ɛɥɢɡɤɭɸ ɤ ɱɢɫɬɨɦɭ ɝɪɚɮɢɬɭ. ɇɚ ɩɨɜɟɪɯɧɨɫɬɢ ɢɦɟɸɬɫɹ ɡɧɚɱɢɬɟɥɶɧɵɟ 
ɡɚɝɪɹɡɧɟɧɢɹ, ɭɞɚɥɹɟɦɵɟ ɢɨɧɧɵɦ ɬɪɚɜɥɟɧɢɟɦ. 
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Ɋɢɫɭɧɨɤ 3.4 – Ɋɟɧɬɝɟɧɨɜɫɤɢɟ ɮɨɬɨɷɥɟɤɬɪɨɧɧɵɟ ɫɩɟɤɬɪɵ ɬёɦɧɨɣ ɱɚɫɬɢ ɩɨɜɟɪɯɧɨɫɬɢ ɨɛɪɚɡɰɚ 
ɩɨɫɥɟ ɢɨɧɧɨɝɨ ɬɪɚɜɥɟɧɢɹ 

 
Ƚɥɚɜɧɨɟ, ɱɬɨ ɜ ɪɟɡɭɥɶɬɚɬɟ ɫɩɟɤɬɪɨɦɟɬɪɢɢ ɧɟ ɛɵɥɨ ɧɚɣɞɟɧɨ ɦɚɝɧɢɬɧɵɯ ɚɬɨ-

ɦɨɜ. Ɍɚɤɨɣ ɦɟɬɨɞ ɫɩɟɤɬɪɨɦɟɬɪɢɢ ɞɨɫɬɚɬɨɱɧɨ ɱɭɜɫɬɜɢɬɟɥɟɧ ɤ ɠɟɥɟɡɭ, ɚ ɩɨɬɨɦɭ 
ɦɨɠɧɨ ɫɞɟɥɚɬɶ ɜɵɜɨɞ, ɱɬɨ ɚɬɨɦɨɜ ɠɟɥɟɡɚ ɜ ɨɛɪɚɡɰɟ ɧɟ ɩɪɢɫɭɬɫɬɜɭɟɬ. Ʉɪɨɦɟ ɬɨɝɨ, 
ɡɚɝɪɹɡɧɟɧɢɹ  

Ⱦɥɹ ɱɢɫɬɨɬɵ ɷɤɫɩɟɪɢɦɟɧɬɚ ɨɬɞɟɥɶɧɨ ɛɵɥɚ ɢɫɫɥɟɞɨɜɚɧɚ ɫɜɟɬɥɚɹ ɱɚɫɬɶ ɨɛ-
ɪɚɡɰɚ (ɪɢɫ. 3.5). ɋɩɟɤɬɪɨɝɪɚɮɢɹ ɩɨɤɚɡɚɥɚ, ɱɬɨ ɩɨɜɟɪɯɧɨɫɬɶ ɨɛɡɨɪɧɨɣ ɱɚɫɬɢ ɢɦɟɟɬ 
ɜ ɫɜɨёɦ ɫɨɫɬɚɜɟ ɛɨɥɶɲɨɟ ɤɨɥɢɱɟɫɬɜɨ ɚɥɸɦɢɧɢɹ, ɭɝɥɟɪɨɞɚ, ɤɢɫɥɨɪɨɞɚ, ɚ ɬɚɤɠɟ ɧɟ-
ɛɨɥɶɲɨɟ ɱɢɫɥɨ ɤɚɥɶɰɢɹ, ɧɚɬɪɢɹ, ɦɚɝɧɢɹ. ɉɪɢɫɭɬɫɬɜɢɟ ɧɚɬɪɢɹ ɢ ɭɝɥɟɪɨɞɚ ɨɛɴɹɫ-
ɧɹɟɬɫɹ ɜɤɥɚɞɨɦ ɜ ɫɩɟɤɬɪɵ ɡɚɝɪɹɡɧёɧɧɨɣ ɩɨɜɟɪɯɧɨɫɬɢ ɬёɦɧɨɣ ɱɚɫɬɢ. 

ɉɪɢ ɛɨɥɟɟ ɞɟɬɚɥɶɧɨɦ ɚɧɚɥɢɡɟ ɫɩɟɤɬɪɚ ɫɜɟɬɥɨɣ ɱɚɫɬɢ ɨɛɪɚɡɰɚ (ɪɢɫ. 3.5) ɜɵ-
ɹɜɥɟɧɨ, ɱɬɨ ɫɩɟɤɬɪ Al 2p ɫɨɞɟɪɠɢɬ ɞɜɟ ɥɢɧɢɢ ɫ ɷɧɟɪɝɢɹɦɢ 74,7 ɷȼ ɢ 72,8 ɷȼ. 
ɉɟɪɜɭɸ ɥɢɧɢɸ ɦɨɠɧɨ ɨɬɧɟɫɬɢ ɤ ɨɤɫɢɞɚɦ ɚɥɸɦɢɧɢɹ, ɱɬɨ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɮɚɡɨɜɨɦɭ 
ɫɨɫɬɚɜɭ (Al2O3). ȼɬɨɪɭɸ ɥɢɧɢɸ ɦɨɠɧɨ ɨɬɧɟɫɬɢ ɤ ɫɨɟɞɢɧɟɧɢɸ ɤɚɪɛɢɞɚ ɚɥɸɦɢɧɢɹ 
Al4C3. ɂɧɬɟɧɫɢɜɧɨɫɬɶ ɷɬɨɝɨ ɫɩɟɤɬɪɚ ɨɤɨɥɨ 26 %. 

ɋɩɟɤɬɪɨɦɟɬɪɢɹ ɩɨɫɥɟ ɢɨɧɧɨɝɨ ɬɪɚɜɥɟɧɢɹ ɫɜɟɬɥɨɣ ɱɚɫɬɢ ɨɛɪɚɡɰɚ ɞɚёɬ ɩɪɚɤ-
ɬɢɱɟɫɤɢ ɬɚɤɨɣ ɠɟ ɪɟɡɭɥɶɬɚɬ, ɩɨɫɤɨɥɶɤɭ ɩɨɜɟɪɯɧɨɫɬɶ ɢɦɟɟɬ ɦɚɥɨɟ ɤɨɥɢɱɟɫɬɜɨ ɡɚ-
ɝɪɹɡɧɟɧɢɣ. 
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Ɋɢɫɭɧɨɤ 3.5 – Ɋɟɧɬɝɟɧɨɜɫɤɢɟ ɮɨɬɨɷɥɟɤɬɪɨɧɧɵɟ ɫɩɟɤɬɪɵ ɫɜɟɬɥɨɣ ɱɚɫɬɢ ɩɨɜɟɪɯɧɨɫɬɢ 
ɨɛɪɚɡɰɚ 

 
Ⱦɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɮɚɡɨɜɨɝɨ ɫɨɫɬɚɜɚ ɨɛɪɚɡɰɚ ɛɵɥ ɩɪɢɦɟɧёɧ ɦɟɬɨɞ ɪɟɧɬɝɟ-

ɧɨɜɫɤɨɣ ɞɢɮɪɚɤɬɨɝɪɚɮɢɢ. Ʉɚɪɬɢɧɵ ɞɢɮɪɚɤɰɢɢ ɛɵɥɢ ɩɨɥɭɱɟɧɵ ɧɚ ɞɢɮɪɚɤɬɨ-
ɦɟɬɪɟ Bruker ɨɬɞɟɥɶɧɨ ɞɥɹ ɬёɦɧɨɣ (ɪɢɫ. 3.6) ɢ ɫɜɟɬɥɨɣ (ɪɢɫ. 3.7) ɱɚɫɬɟɣ ɨɬɨɠɠёɧ-
ɧɨɝɨ ɨɛɪɚɡɰɚ. 

 

 
 

Ɋɢɫɭɧɨɤ 3.6 – Ʉɚɪɬɢɧɚ ɞɢɮɪɚɤɰɢɢ ɪɟɧɬɝɟɧɨɜɫɤɢɯ ɥɭɱɟɣ, ɩɨɥɭɱɟɧɧɚɹ ɨɬ ɬёɦɧɨɣ ɱɚɫɬɢ ɨɛɪɚɡɰɚ 
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Ɋɢɫɭɧɨɤ 3.7 – Ʉɚɪɬɢɧɚ ɞɢɮɪɚɤɰɢɢ ɪɟɧɬɝɟɧɨɜɫɤɢɯ ɥɭɱɟɣ, ɩɨɥɭɱɟɧɧɚɹ ɨɬ ɫɜɟɬɥɨɣ ɱɚɫɬɢ  
ɨɛɪɚɡɰɚ 

 
ɉɪɢ ɫɪɚɜɧɟɧɢɢ ɤɚɪɬɢɧ ɞɢɮɪɚɤɰɢɢ (ɪɢɫ. 3.8) ɨɱɟɜɢɞɧɨ, ɱɬɨ ɮɚɡɨɜɵɣ ɫɨɫɬɚɜ 

ɩɪɚɤɬɢɱɟɫɤɢ ɢɞɟɧɬɢɱɟɧ, ɨɞɧɚɤɨ ɢɦɟɸɬɫɹ ɧɟɤɨɬɨɪɵɟ ɹɜɧɵɟ ɪɚɡɥɢɱɢɹ. Ɋɟɡɭɥɶɬɚɬɵ 
ɪɚɫɲɢɮɪɨɜɤɢ ɞɢɮɪɚɤɰɢɨɧɧɵɯ ɤɚɪɬɢɧ ɩɪɢɜɟɞɟɧɵ ɜ ɬɚɛɥɢɰɚɯ 1 ɢ 2, ɩɪɟɞɫɬɚɜɥɟɧɵ 
ɧɚɢɛɨɥɟɟ ɹɜɧɵɟ ɩɢɤɢ. 

 

 
 

Ɋɢɫɭɧɨɤ 3.8 – ɋɪɚɜɧɟɧɢɟ ɤɚɪɬɢɧ ɞɢɮɪɚɤɰɢɣ ɪɟɧɬɝɟɧɨɜɫɤɢɯ ɥɭɱɟɣ ɬёɦɧɨɣ ɢ ɫɜɟɬɥɨɣ ɱɚɫɬɟɣ 
ɨɛɪɚɡɰɚ; ɫɢɧɢɦɢ ɥɢɧɢɹɦɢ ɨɛɨɡɧɚɱɟɧɵ ɫɨɜɩɚɞɚɸɳɢɟ ɩɢɤɢ 
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Ɍɚɛɥɢɰɚ 3.1 – Ɋɚɫɲɢɮɪɨɜɤɚ ɪɟɧɬɝɟɧɨɝɪɚɦɦɵ ɬёɦɧɨɣ ɱɚɫɬɢ ɨɛɪɚɡɰɚ, ɮɚɡɵ ɫ ɛɨɥɶɲɢɦ ɱɢɫɥɨɦ 
ɫɨɜɩɚɞɚɸɳɢɯ ɩɢɤɨɜ 

 
 
Ɍɚɛɥɢɰɚ 3.2 – Ɋɚɫɲɢɮɪɨɜɤɚ ɪɟɧɬɝɟɧɨɝɪɚɦɦɵ ɬёɦɧɨɣ ɱɚɫɬɢ ɨɛɪɚɡɰɚ, ɮɚɡɵ ɫ ɦɚɥɵɦ ɱɢɫɥɨɦ ɫɨɜ-
ɩɚɞɚɸɳɢɯ ɩɢɤɨɜ 
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Ɍɚɛɥɢɰɚ 3.3 – Ɋɚɫɲɢɮɪɨɜɤɚ ɪɟɧɬɝɟɧɨɝɪɚɦɦɵ ɫɜɟɬɥɨɣ ɱɚɫɬɢ ɨɛɪɚɡɰɚ, ɮɚɡɵ ɫ ɛɨɥɶɲɢɦ ɱɢɫɥɨɦ 
ɫɨɜɩɚɞɚɸɳɢɯ ɩɢɤɨɜ 

 
 
Ɍɚɛɥɢɰɚ 3.4 – Ɋɚɫɲɢɮɪɨɜɤɚ ɪɟɧɬɝɟɧɨɝɪɚɦɦɵ ɫɜɟɬɥɨɣ ɱɚɫɬɢ ɨɛɪɚɡɰɚ, ɮɚɡɵ ɫ ɦɚɥɵɦ ɱɢɫɥɨɦ 
ɫɨɜɩɚɞɚɸɳɢɯ ɩɢɤɨɜ  
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Ⱥɧɚɥɢɡ ɞɢɮɪɚɤɬɨɝɪɚɦɦ ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ ɤɚɱɟɫɬɜɟɧɧɵɣ ɮɚɡɨɜɵɣ ɫɨɫɬɚɜ ɬёɦ-
ɧɨɝɨ ɢ ɫɜɟɬɥɨɝɨ ɭɱɚɫɬɤɨɜ ɨɛɪɚɡɰɚ ɫɨɜɩɚɞɚɸɬ. Ɉɛɚ ɢɦɟɸɬ ɞɨɫɬɚɬɨɱɧɨɟ ɤɨɥɢɱɟɫɬɜɨ 
Al2O3. ȼ ɫɜɟɬɥɨɣ ɱɚɫɬɢ ɨɛɪɚɡɰɚ ɩɪɟɨɛɥɚɞɚɟɬ ɤɨɥɢɱɟɫɬɜɨ ɤɚɪɛɨɧɚɬɚ ɤɚɥɶɰɢɹ 
CaCO3, ɱɬɨ ɨɛɴɹɫɧɹɟɬ ɧɟɪɚɜɧɨɦɟɪɧɵɣ ɪɨɫɬ ɬɚɛɥɟɬɤɢ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɧɨɦ ɜɨɡɞɟɣ-
ɫɬɜɢɢ. MgO ɩɪɢɫɭɬɫɬɜɭɟɬ ɜ ɨɛɨɢɯ ɱɚɫɬɹɯ, ɨɞɧɚɤɨ ɜ ɫɜɟɬɥɨɣ ɱɚɫɬɢ ɢɦɟɟɬɫɹ ɟɝɨ 
ɧɟɞɨɫɬɚɬɨɤ.  Ɍɚɤɠɟ ɩɪɢɫɭɬɫɬɜɭɟɬ ɤɚɪɛɨɧɚɬ ɦɚɝɧɢɹ MgCO3, ɜɵɹɜɥɟɧɵ ɦɟɧɟɟ ɹɜ-
ɧɵɟ ɩɢɤɢ ɧɟɤɨɬɨɪɵɯ ɞɪɭɝɢɯ ɫɨɟɞɢɧɟɧɢɣ: Al2O3, MgAl2O4, Mg2C3, Mg2Al3, 
Mg3Al12, Mg2C3, Mg. Ⱦɨɤɚɡɚɧɨ ɞɨɫɬɚɬɨɱɧɨɟ ɩɪɢɫɭɬɫɬɜɢɟ ɤɚɪɛɢɞɚ ɚɥɸɦɢɧɢɹ 
Al4C3 ɩɨ ɬɚɛɥɢɰɚɦ ɚɦɟɪɢɤɚɧɫɤɢɯ ɫɬɚɧɞɚɪɬɨɜ ASTM [78], ɩɪɟɞɩɨɥɨɠɟɧɢɟ ɨ ɤɨɬɨ-
ɪɨɦ ɛɵɥɨ ɫɞɟɥɚɧɨ ɪɚɧɟɟ (ɬɚɛɥ. 5, 6). 

 
Ɍɚɛɥɢɰɚ 3.5 – ɇɚɢɛɨɥɟɟ ɹɜɧɵɟ ɩɢɤɢ Al4C3 ɧɚ ɪɟɧɬɝɟɧɨɝɪɚɦɦɟ ɬёɦɧɨɣ ɱɚɫɬɢ ɨɛɪɚɡɰɚ  

ɗɤɫɩɟɪɢɦɟɧɬ ɋɩɪɚɜɨɱɧɵɟ ɡɧɚɱɟɧɢɹ Al4ɋ3 
d, Å I, % d, Å I, % 

2,51139 82     2,5001      30,5 
2,24679 80 2,24     3 
2,06729 32 2,08   81 
1,59162   4     1,5992 100 
1,53626 20 1,52     3 

 
Ɍɚɛɥɢɰɚ 3.6 – ɇɚɢɛɨɥɟɟ ɹɜɧɵɟ ɩɢɤɢ Al4C3 ɧɚ ɪɟɧɬɝɟɧɨɝɪɚɦɦɟ ɬёɦɧɨɣ ɱɚɫɬɢ ɨɛɪɚɡɰɚ 

ɗɤɫɩɟɪɢɦɟɧɬ ɋɩɪɚɜɨɱɧɵɟ ɡɧɚɱɟɧɢɹ Al4ɋ3 
d, Å I, % d, Å I, % 

2,76260 25,7 2,8 100 
2,51894 42,6 2,5   82 
2,48313 14,3   2,49     4 
2,06355 72,0   2,08   32 
1,86667 12,8   1,88   20 
1,51816   9,5   1,52   20 

 
ɉɨɫɤɨɥɶɤɭ ɠɟɥɟɡɚ ɢɥɢ ɞɪɭɝɢɯ ɮɟɪɪɨɦɚɝɧɢɬɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɧɟ ɛɵɥɨ ɜɵɹɜ-

ɥɟɧɨ ɜ ɫɨɫɬɚɜɟ ɨɛɪɚɡɰɚ, ɦɨɠɧɨ ɫɞɟɥɚɬɶ ɜɵɜɨɞ, ɱɬɨ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɶ ɛɵɥɚ ɜɵ-
ɡɜɚɧɚ ɩɪɟɜɵɲɟɧɢɟɦ ɭɪɨɜɧɹ Ɏɟɪɦɢ ɢ ɜɵɩɨɥɧɟɧɢɟɦ ɭɫɥɨɜɢɹ ɋɬɨɧɟɪɚ [45, 79]. ɉɪɢ 
ɩɨɜɵɲɟɧɧɨɣ ɷɧɟɪɝɢɢ ɷɥɟɤɬɪɨɧɧɚɹ ɫɬɪɭɤɬɭɪɚ ɜɪɟɦɟɧɧɨ ɨɪɢɟɧɬɢɪɭɟɬɫɹ ɜ ɫɬɨɪɨɧɭ 
ɝɪɚɞɢɟɧɬɚ ɧɚɩɪɹɠɟɧɢɣ: ɬɟɦɩɟɪɚɬɭɪɧɵɯ, ɦɟɯɚɧɢɱɟɫɤɢɯ, ɤɨɧɰɟɧɬɪɚɰɢɨɧɧɵɯ (grad 
T, grad p, grad c), ɥɢɛɨ ɠɟ ɜɨɡɞɟɣɫɬɜɢɹ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɯ ɜɨɥɧ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, 
ɧɚɩɪɢɦɟɪ, ɜɨɡɦɨɠɧɨ ɩɪɢɞɚɬɶ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɶ ɱɢɫɬɨɦɭ ɭɝɥɟɪɨɞɭ ɩɪɢ ɨɛɥɭɱɟɧɢɢ 
ɗȼɆ-ɜɨɥɧɚɦɢ, ɧɨ ɫɩɭɫɬɹ ɜɪɟɦɹ, ɩɨɫɥɟ ɪɟɥɚɤɫɚɰɢɢ, ɷɮɮɟɤɬ ɩɪɨɩɚɞёɬ [80]. 

ȼ ɨɛɪɚɡɰɟ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɶ ɫɨɯɪɚɧɹɟɬɫɹ ɧɚ ɞɨɥɝɨɟ ɜɪɟɦɹ, ɱɬɨ ɦɨɠɟɬ ɨɡɧɚ-
ɱɚɬɶ ɩɟɪɟɯɨɞ ɚɬɨɦɧɨɣ ɫɬɪɭɤɬɭɪɵ ɜɟɳɟɫɬɜɚ ɜ ɧɟɪɚɜɧɨɜɟɫɧɨɟ ɫɨɫɬɨɹɧɢɟ, ɩɪɢ ɤɨɬɨ-
ɪɨɦ ɷɧɟɪɝɢɹ ɷɥɟɤɬɪɨɧɨɜ ɛɭɞɟɬ ɩɪɟɜɵɲɚɬɶ ɷɧɟɪɝɢɸ Ɏɟɪɦɢ. 

ɂɡɜɟɫɬɧɨ, ɱɬɨ ɫɭɳɟɫɬɜɭɟɬ ɤɥɚɫɫ ɦɟɬɚɥɥ-ɭɝɥɟɪɨɞɧɵɯ ɧɚɧɨɦɚɬɟɪɢɚɥɨɜ, ɤɨɬɨ-
ɪɵɟ ɨɛɪɚɡɭɸɬɫɹ ɜ ɪɟɡɭɥɶɬɚɬɟ ɩɪɨɯɨɠɞɟɧɢɹ ɬɨɤɚ ɱɟɪɟɡ ɪɚɫɩɥɚɜ ɦɟɬɚɥɥɚ ɜ ɢɧɞɭɤ-
ɰɢɨɧɧɨɣ ɩɟɱɢ, ɡɚɩɨɥɧɟɧɧɨɣ ɚɤɬɢɜɢɪɨɜɚɧɧɵɦ ɭɝɥёɦ [81]. Ɋɚɡɪɹɞ ɬɨɤɚ ɜɵɡɵɜɚɟɬ 
ɯɢɦɢɱɟɫɤɭɸ ɪɟɚɤɰɢɸ, ɩɪɢ ɤɨɬɨɪɨɦ ɭɝɥɟɪɨɞ ɩɪɢɨɛɪɟɬɚɟɬ ɤɪɢɫɬɚɥɥɢɱɟɫɤɭɸ 
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ɫɬɪɭɤɬɭɪɭ ɢ ɨɛɪɚɡɭɟɬ ɤɨɜɚɥɟɧɬɧɭɸ ɫɜɹɡɶ ɫ ɦɚɬɪɢɰɟɣ ɦɟɬɚɥɥɚ. Ɍɚɤɢɟ ɦɚɬɟɪɢɚɥɵ 
ɨɛɥɚɞɚɸɬ ɩɨɜɵɲɟɧɧɵɦɢ ɬɟɪɦɨɮɢɡɢɱɟɫɤɢɦɢ ɫɜɨɣɫɬɜɚɦɢ. Ɍɚɤɨɣ ɦɚɬɟɪɢɚɥ ɫɱɢɬɚ-
ɟɬɫɹ ɧɚɧɨɤɨɦɩɨɡɢɬɧɵɦ, ɩɨɫɤɨɥɶɤɭ ɩɨɥɭɱɚɟɬɫɹ ɢɧɚɹ ɝɢɛɪɢɞɧɚɹ ɦɨɪɮɨɥɨɝɢɹ ɜɟ-
ɳɟɫɬɜɚ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ ɫɨɡɞɚɸɬɫɹ ɫɨɟɞɢɧɟɧɢɹ ɫ ɚɥɸɦɢɧɢɟɦ, ɦɟɞɶɸ, ɫɟɪɟɛɪɨɦ, 
ɰɢɧɤɨɦ ɢ ɨɥɨɜɨɦ ɩɨɞ ɧɚɡɜɚɧɢɟɦ ɤɨɜɟɬɢɤɢ (covetics) [80]. Ʉɨɜɟɬɢɤɢ ɹɜɥɹɸɬɫɹ ɩɨ-
ɥɢɤɪɢɫɬɚɥɥɢɱɟɫɤɢɦɢ ɦɚɬɟɪɢɚɥɚɦɢ ɫ ɩɪɟɢɦɭɳɟɫɬɜɟɧɧɨɣ ɨɪɢɟɧɬɚɰɢɟɣ, ɨɞɧɚɤɨ 
ɩɪɢ ɩɨɜɵɲɟɧɢɢ ɤɨɧɰɟɧɬɪɚɰɢɢ ɭɝɥɟɪɨɞɚ ɩɨɫɬɨɹɧɫɬɜɨ ɪɟɲёɬɤɢ ɫɧɢɠɚɟɬɫɹ, ɤɚɤ ɢ 
ɪɚɡɦɟɪ ɤɪɢɬɚɥɥɢɬɨɜ. ɍɞɟɥɶɧɚɹ ɩɪɨɜɨɞɢɦɨɫɬɶ ɬɚɤɢɯ ɦɚɬɟɪɢɚɥɨɜ ɨɛɵɱɧɨ ɜɵɲɟ 
ɩɪɢɦɟɪɧɨ ɧɚ 10 %, ɱɟɦ ɭ ɦɚɬɟɪɢɚɥɨɜ ɬɚɤɨɝɨ ɠɟ ɫɨɫɬɚɜɚ, ɧɨ ɢɡɝɨɬɨɜɥɟɧɧɵɯ ɬɪɚ-
ɞɢɰɢɨɧɧɵɦɢ ɫɩɨɫɨɛɚɦɢ. 

Ɍɚɤɠɟ, ɪɚɧɟɟ ɚɜɬɨɪɚɦɢ [15] ɛɵɥ ɩɪɨɜɟɞёɧ ɷɤɫɩɟɪɢɦɟɧɬ, ɜ ɯɨɞɟ ɤɨɬɨɪɨɝɨ 
ɛɵɥɢ ɫɢɧɬɟɡɢɪɨɜɚɧɵ ɦɟɥɤɢɟ ɦɚɝɧɢɬɧɵɟ ɱɚɫɬɢɰɵ ɫɩɥɚɜɨɜ Fe–Co ɢ Fe–Ni, ɢɧɤɚɩ-
ɫɭɥɢɪɨɜɚɧɧɵɟ ɭɝɥɟɪɨɞɧɵɦ ɩɨɪɨɲɤɨɦ. ɑɚɫɬɢɰɵ ɫɢɧɬɟɡɢɪɨɜɚɧɵ ɫ ɩɨɦɨɳɶɸ ɨɬ-
ɠɢɝɚ Fe2O3, Co3O4 ɢ NiO ɫ ɭɝɥɟɪɨɞɧɵɦɢ ɩɨɪɨɲɤɚɦɢ ɩɪɢ 1 273 K ɜ ɚɬɦɨɫɮɟɪɟ 
ɚɡɨɬɚ. ɇɚɦɚɝɧɢɱɟɧɧɨɫɬɢ ɧɚɫɵɳɟɧɢɹ ɱɚɫɬɢɰ Fe–Co ɢ Fe–Ni ɫɨɫɬɚɜɢɥɢ 122–150 ɢ 
7,8–105 Ⱥ·ɦ2/ɤɝ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. ɑɚɫɬɢɰɵ ɨɛɥɚɞɚɥɢ ɫɬɪɭɤɬɭɪɨɣ, ɫɨɨɬɜɟɬɫɬɜɭɸ-
ɳɟɣ ɈɐɄ ɢ ȽɐɄ ɪɟɲёɬɤɚɦ. Fe–Ni ɨɛɥɚɞɚɥ ɬɨɥɶɤɨ ȽɐɄ ɪɟɲёɬɤɨɣ. ɗɤɫɩɟɪɢɦɟɧɬ 
ɫɨɝɥɚɫɭɟɬɫɹ ɫ ɩɨɥɭɱɟɧɧɵɦɢ ɞɚɧɧɵɦɢ, ɢ ɱɬɨ ɢɧɬɟɪɟɫɧɨ, ɨɛɪɚɡɰɵ ɬɨɠɟ ɩɨɥɭɱɚ-
ɸɬɫɹ ɩɭɬёɦ ɩɪɨɯɨɠɞɟɧɢɹ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ ɱɟɪɟɡ ɦɚɬɟɪɢɚɥ, ɫɨɜɦɟɫɬɧɨ ɫ ɧɚɭɝ-
ɥɟɪɨɠɢɜɚɧɢɟɦ ɩɨɜɟɪɯɧɨɫɬɢ. 

ɉɨɞɬɜɟɪɠɞɟɧɨ, ɱɬɨ ɜɵɪɚɜɧɢɜɚɧɢɟ ɫɩɢɧɨɜ ɜɧɟɲɧɢɦ ɦɚɝɧɢɬɧɵɦ ɩɨɥɟɦ 
ɬɚɤɠɟ ɜɵɡɵɜɚɟɬ ɛɨɥɟɟ ɜɵɫɨɤɭɸ ɩɪɨɜɨɞɢɦɨɫɬɶ [82, 83]. ɂɧɬɟɪɟɫɧɨ ɬɚɤɠɟ, ɱɬɨ ɩɪɢ 
ɩɪɟɜɵɲɟɧɢɢ ɬɟɦɩɟɪɚɬɭɪɵ ɩɟɪɟɯɨɞɚ ɧɟɤɨɬɨɪɵɟ ɦɚɬɟɪɢɚɥɵ (ɧɚɩɪɢɦɟɪ, ɩɟɪɨɜ-
ɫɤɢɬɵ), ɧɚɩɪɨɬɢɜ, ɫɬɚɧɨɜɹɬɫɹ ɦɚɬɟɪɢɚɥɚɦɢ ɜɵɫɨɤɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ. Ȼɵɥɨ ɨɛɧɚ-
ɪɭɠɟɧɨ, ɱɬɨ ɜ ɦɚɝɧɢɬɨɫɨɩɪɨɬɢɜɥɟɧɢɢ ɱɚɫɬɨ ɞɨɦɢɧɢɪɭɟɬ ɬɭɧɧɟɥɢɪɨɜɚɧɢɟ ɫɩɢɧ-
ɩɨɥɹɪɢɡɨɜɚɧɧɵɯ ɷɥɟɤɬɪɨɧɨɜ ɦɟɠɞɭ ɡɟɪɧɚɦɢ, ɱɬɨ ɩɪɢɜɨɞɢɬ ɤ ɜɧɭɬɪɟɧɧɟɣ ɡɚɜɢɫɢ-
ɦɨɫɬɢ ɦɚɝɧɢɬɨɫɨɩɪɨɬɢɜɥɟɧɢɹ ɨɬ ɪɚɡɦɟɪɚ ɡɟɪɧɚ. 

ɉɨɫɤɨɥɶɤɭ ɜ ɢɫɫɥɟɞɭɟɦɨɦ ɨɛɪɚɡɰɟ ɛɵɥɨ ɧɚɣɞɟɧɨ ɫɨɟɞɢɧɟɧɢɟ ɚɥɸɦɢɧɢɹ ɫ 
ɭɝɥɟɪɨɞɨɦ, ɩɪɟɞɩɨɥɨɠɢɬɟɥɶɧɨ ɨɛɪɚɡɨɜɚɜɲɟɟɫɹ ɜ ɪɟɡɭɥɶɬɚɬɟ ɧɚɭɝɥɟɪɨɠɢɜɚɧɢɹ ɢ 
ɩɪɨɯɨɠɞɟɧɢɹ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ ɱɟɪɟɡ ɨɛɪɚɡɟɰ, ɜɵɞɜɢɧɭɬɚ ɜɟɪɫɢɹ, ɱɬɨ ɩɨɥɭ-
ɱɢɥɢ ɦɚɬɟɪɢɚɥ, ɩɨɞɨɛɧɵɣ ɤɨɜɟɬɢɱɟɫɤɢɦ. Ɍɚɤɠɟ ɩɨɞɬɜɟɪɠɞɟɧɨ ɩɨɜɵɲɟɧɢɟ ɷɥɟɤ-
ɬɪɨɩɪɨɜɨɞɢɦɨɫɬɢ ɨɛɪɚɡɰɚ.  

Ⱦɥɹ ɮɚɡɵ Al4C3 ɩɪɟɞɥɚɝɚɟɬɫɹ ɫɬɪɭɤɬɭɪɚ Rh-21 (ɩɚɪɚɦɟɬɪɵ a = 3,338 Å, c = 
24,996 Å), 3D-ɦɨɞɟɥɶ ɤɨɬɨɪɨɣ ɩɪɟɞɫɬɚɜɥɟɧɚ ɧɚ ɪɢɫɭɧɤɟ 3.10. Ɍɚɤɚɹ 
ɬɟɬɪɚɷɞɪɢɟɫɤɚɹ ɫɩɢɪɚɥɶ ɛɵɥɚ ɩɪɟɞɥɨɠɟɧɚ ɜ ɪɚɛɨɬɚɯ [84, 85, 86]. Ʉɚɠɞɚɹ ɝɪɭɩɩɚ 
ɢɡ ɱɟɬɵɪёɯ ɬɟɬɪɚɷɞɪɨɜ ɢɦɟɟɬ 7 ɚɬɨɦɨɜ, ɱɬɨ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɫɨɫɬɚɜɭ ɫɨɟɞɢɧɟɧɢɹ 
Al4C3. ɋɩɢɪɚɥɶ ɡɚɱɚɫɬɭɸ ɢɡɨɛɪɚɠɚɸɬ ɞɟɫɹɬɢɚɬɨɦɧɨɣ, ɩɪɢɫɨɟɞɢɧɹɹ ɬɟɬɪɚɷɞɪɭ ɢɡ 
ɚɬɨɦɨɜ ɚɥɸɦɢɧɢɹ ɩɨ 3 ɚɬɨɦɚ ɫɜɟɪɯɭ ɢ ɫɧɢɡɭ, ɨɛɪɚɡɭɹ 7 ɬɟɬɪɚɷɞɪɨɜ (ɪɢɫ. 3.9). 

 



 

48 

 
 

Ɋɢɫɭɧɨɤ 3.9 – Ɏɪɚɝɦɟɧɬ ɬɟɬɪɚɷɞɪɢɱɟɫɤɢ ɩɥɨɬɧɨ ɭɩɚɤɨɜɚɧɧɨɣ ɫɩɢɪɚɥɢ Al4C3 ɢɡ ɚɬɨɦɨɜ ɚɥɸ-
ɦɢɧɢɹ ɢ ɭɝɥɟɪɨɞɚ (7 ɬɟɬɪɚɷɞɪɨɜ) 

 
ɋɬɪɭɤɬɭɪɚ ɬɟɬɪɚɷɞɪɢɱɟɫɤɨɣ ɫɩɢɪɚɥɢ ɹɜɥɹɟɬɫɹ ɧɟɪɚɜɧɨɜɟɫɧɨɣ, ɩɨɫɤɨɥɶɤɭ 

ɢɦɟɟɬ ɝɨɪɚɡɞɨ ɛɨɥɟɟ ɩɥɨɬɧɭɸ ɭɩɚɤɨɜɤɭ, ɱɟɦ ɢɫɯɨɞɧɚɹ. ɋɨɝɥɚɫɧɨ ɤɥɚɫɬɟɪɧɵɦ ɦɨ-
ɞɟɥɹɦ, ɬɟɬɪɚɷɞɪɢɱɟɫɤɢɟ ɩɥɨɬɧɵɟ ɭɩɚɤɨɜɤɢ ɹɜɥɹɸɬɫɹ ɦɢɧɢɦɚɥɶɧɵɦɢ ɤɥɚɫɬɟɪɚɦɢ 
[18]. Ɍɚɤɚɹ ɫɬɪɭɤɬɭɪɚ ɦɨɠɟɬ ɛɵɬɶ ɩɟɪɢɨɞɢɱɧɚ ɥɢɲɶ ɜ ɨɞɧɨɦ ɧɚɩɪɚɜɥɟɧɢɢ (ɪɢɫ. 
3.10), ɩɨɫɤɨɥɶɤɭ ɩɪɢ ɩɨɫɬɪɨɟɧɢɢ ɬɟɬɪɚɷɞɪɨɜ ɩɨ ɜɫɟɦ ɜɨɡɦɨɠɧɵɦ ɩɥɨɫɤɨɫɬɹɦ 
ɞɚɸɬ ɫɥɢɲɤɨɦ ɛɨɥɶɲɢɟ ɢɫɤɚɠɟɧɢɹ ɪɟɲёɬɤɢ, ɞɥɹ ɭɞɟɪɠɚɧɢɹ ɤɨɬɨɪɵɯ ɧɟɨɛɯɨ-
ɞɢɦɵ ɛɨɥɶɲɟ ɧɚɩɪɹɠɟɧɢɹ. 

 

 
 

Ɋɢɫɭɧɨɤ 3.10 – ɉɨɥɧɚɹ ɬɟɬɪɚɷɞɪɢɱɟɫɤɢ ɩɥɨɬɧɨ ɭɩɚɤɨɜɚɧɧɚɹ ɫɩɢɪɚɥɶ ɫɬɪɭɤɬɭɪɵ Rh-21 
 

ȼɨɡɧɢɤɧɨɜɟɧɢɟ ɫɬɪɭɤɬɭɪɵ ɨɛɭɫɥɨɜɥɟɧɨ ɧɚɩɪɹɠɟɧɢɹɦɢ, ɫɜɹɡɚɧɧɵɦɢ ɫ ɩɪɨ-
ɯɨɠɞɟɧɢɟɦ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ ɢ ɝɪɚɞɢɟɧɬɨɦ ɬɟɦɩɟɪɚɬɭɪɵ. ɇɨ ɢɫɯɨɞɧɚɹ ɫɬɪɭɤ-
ɬɭɪɚ ɞɨɥɠɧɚ ɛɵɬɶ ɛɥɢɡɤɚ ɢ ɫɨɜɩɚɞɚɬɶ ɩɨ ɫɨɫɬɚɜɭ, ɱɬɨɛɵ ɩɪɨɢɡɨɲɥɨ ɩɪɟɜɪɚɳɟɧɢɟ 
ɫ ɦɢɧɢɦɚɥɶɧɵɦ ɚɬɨɦɧɵɦ ɫɞɜɢɝɨɦ. 

Ɍɟɬɪɚɷɞɪɢɱɟɫɤɢɟ ɤɥɚɫɬɟɪɵ ɦɨɝɭɬ ɜɨɡɧɢɤɚɬɶ ɜ ɪɟɡɭɥɶɬɚɬɟ ɩɟɪɟɯɨɞɚ ɢɡ ɨɤ-
ɬɚɷɪɢɱɟɫɤɨɝɨ. Ɉɤɬɚɷɞɪ ɢɦɟɟɬ 6 ɜɟɪɲɢɧ, ɝɞɟ ɤɚɠɞɨɣ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɚɬɨɦ (ɪɢɫ. 3.11, 
ɚ). Ɋɚɫɫɬɨɹɧɢɹ ɦɟɠɞɭ ɛɥɢɠɚɣɲɢɦɢ ɜɟɪɲɢɧɚɦɢ ɪɚɡɧɢɬɫɹ: ɚɬɨɦ 3 ɢɦɟɟɬ ɛɥɢɠɚɣ-
ɲɢɟ ɚɬɨɦɵ 1, 2, 3, 4, ɚ ɬɚɤɠɟ ɚɬɨɦ 6 ɧɚ ɪɚɫɫɬɨɹɧɢɢ ɩɪɢɦɟɪɧɨ ɜ 1,414 ɪɚɡ ɛɨɥɶɲɟ. 
ɉɪɢ ɜɨɡɧɢɤɚɸɳɟɦ ɧɚɩɪɹɠɟɧɢɢ ɚɬɨɦɵ 3 ɢ 6 ɦɨɝɭɬ ɫɞɜɢɧɭɬɶɫɹ ɧɚ ɧɨɪɦɚɥɶɧɨɟ ɪɚɫ-
ɫɬɨɹɧɢɟ, ɩɪɢ ɤɨɬɨɪɨɦ ɩɟɪɟɤɥɸɱɚɸɬɫɹ ɷɥɟɤɬɪɨɧɧɵɟ ɫɜɹɡɢ ɢ ɜɨɡɧɢɤɚɟɬ ɤɥɚɫɬɟɪ ɢɡ 
ɬɪёɯ ɬɟɬɪɚɷɞɪɨɜ (ɪɢɫ. 3.11, ɛ). ɉɟɪɟɯɨɞ ɤɥɚɫɬɟɪɨɜ ɨɩɢɫɚɧ ɞɥɹ ɠɢɞɤɨɫɬɟɣ, ɚɦɨɪɮ-
ɧɵɯ ɬɟɥ ɢ ɪɟɠɟ – ɞɥɹ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ [85]. 
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Ɋɢɫɭɧɨɤ 3.11 – Ɇɨɞɟɥɶ ɤɥɚɫɬɟɪɧɨɝɨ ɩɟɪɟɯɨɞɚ: ɚ – ɨɤɬɚɷɞɪɢɱɟɫɤɢɣ ɤɥɚɫɬɟɪ; ɛ – ɤɥɚɫɬɟɪ ɢɡ 
ɬɪёɯ ɬɟɬɪɚɷɞɪɨɜ; 1–6 – ɧɭɦɟɪɚɰɢɹ ɚɬɨɦɨɜ [85] 

 
ȼ ɪɟɚɥɶɧɵɯ ɩɨɥɢɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɬɟɥɚɯ ɩɟɪɟɯɨɞ ɦɟɠɞɭ ɬɟɬɪɚɷɞɪɢɱɟɫɤɢɦɢ 

ɢ ɨɤɬɚɷɞɪɢɱɟɫɤɢɦɢ ɤɥɚɫɬɟɪɚɦɢ ɩɪɨɢɫɯɨɞɢɬ ɩɨɜɫɟɦɟɫɬɧɨ, ɜ ɬɨɦ ɱɢɫɥɟ ɩɟɪɟɯɨɞ 
ɦɟɠɞɭ ɈɐɄ, ȽɐɄ, Ƚɉɍ ɦɨɞɢɮɢɤɚɰɢɹɦɢ ɦɟɬɚɥɥɨɜ. ɉɟɪɟɯɨɞ ɜ ɬɟɬɪɚɷɞɪɢɱɟɫɤɭɸ 
ɫɩɢɪɚɥɶ ɬɪɟɛɭɟɬ ɧɚɥɢɱɢɟ ɛɨɥɟɟ ɫɥɨɠɧɨɣ ɫɬɪɭɤɬɭɪɵ, ɧɚɩɪɢɦɟɪ – ɨɤɬɚɷɞɪɢɱɟɫɤɨɣ 
ɫɩɢɪɚɥɢ ɬɢɩɚ ɲɩɢɧɟɥɶ. ɒɩɢɧɟɥɶ ɦɨɠɟɬ ɨɛɪɚɡɨɜɵɜɚɬɶɫɹ ɢɡ ɫɥɨɠɧɵɯ ɫɨɟɞɢɧɟ-
ɧɢɣ, ɧɚɩɪɢɦɟɪ, MgAl2O4 (ɪɢɫ. 3.12) [88]. ɋɨɟɞɢɧɟɧɢɟ MgAl2O4 ɛɵɥɨ ɨɛɧɚɪɭɠɟɧɨ 
ɩɪɢ ɪɚɫɲɢɮɪɨɜɤɟ ɪɟɧɬɝɟɧɨɝɪɚɦɦɵ. ȼɨɡɦɨɠɟɧ ɩɟɪɟɯɨɞ ɢ ɢɡ ɞɪɭɝɢɯ ɫɨɫɬɨɹɧɢɣ. 
ȼɟɪɨɹɬɧɨ, ɬɚɤɠɟ ɨɛɪɚɡɨɜɚɧɢɟ ɫɬɪɭɤɬɭɪɵ ɧɚ ɝɪɚɧɢɰɚɯ ɪɚɡɞɟɥɚ ɦɟɠɞɭ ɱɚɫɬɢɰɚɦɢ 
ɩɨɪɨɲɤɚ, ɝɞɟ ɩɪɨɢɫɯɨɞɢɬ ɨɩɥɚɜɥɟɧɢɟ, ɢɡ-ɡɚ ɱɟɝɨ ɫɬɪɭɤɬɭɪɚ ɢɫɤɪɢɜɥɟɧɚ.  

 

 
  

 Ɋɢɫɭɧɨɤ 3.12 – 3D-ɦɨɞɟɥɶ ɫɬɪɭɤɬɭɪɵ ɲɩɢɧɟɥɢ MgAl2O4  
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Ɂɚɩɨɥɧɟɧɢɟ ɩɪɨɫɬɪɚɧɫɬɜɚ ɤɥɚɫɬɟɪɚɦɢ ɩɪɨɢɫɯɨɞɢɬ ɩɨɞɫɬɪɨɣɤɨɣ ɞɪɭɝ ɤ 
ɞɪɭɝɭ ɤɥɚɫɬɟɪɧɵɦɢ ɚɝɪɟɝɚɬɚɦɢ. ɉɪɢ ɪɚɜɧɨɜɟɫɧɵɯ ɭɫɥɨɜɢɹɯ ɩɪɨɢɫɬɟɤɚɧɢɹ ɩɪɨ-
ɰɟɫɫɚ ɫɬɪɭɤɬɭɪɨɨɛɪɚɡɨɜɚɧɢɹ ɤɥɚɫɬɟɪɧɵɟ ɫɛɨɪɤɢ ɢɦɟɸɬ ɞɚɥɶɧɢɣ ɩɨɪɹɞɨɤ, ɚ ɩɪɢ 
ɛɨɥɟɟ ɧɚɩɪɹɠёɧɧɵɯ – ɬɨɥɶɤɨ ɛɥɢɠɧɢɣ (ɪɢɫ. 3.13) ɢɥɢ ɧɟ ɢɦɟɸɬ ɩɨɪɹɞɤɚ [21–24]. 
 

 
 

Ɋɢɫɭɧɨɤ 3.13 – 3D-ɦɨɞɟɥɶ ɫɬɪɭɤɬɭɪɵ ɲɩɢɧɟɥɢ MgAl2O4 [ɇ.26] 
 
ɉɨɤɚɡɚɧɨ, ɤɚɤ ɦɨɠɟɬ ɨɫɭɳɟɫɬɜɥɹɬɶɫɹ ɩɟɪɟɫɬɪɨɣɤɚ ɚɬɨɦɨɜ ɜ ɪɟɡɭɥɶɬɚɬɟ ɩɟ-

ɪɟɯɨɞɚ (ɪɢɫ. 3.14). Ɂɟɥёɧɵɦɢ ɥɢɧɢɹɦɢ ɨɛɨɡɧɚɱɟɧɵ ɦɚɥɨ ɢɡɦɟɧɹɸɳɢɟɫɹ ɪɚɫɫɬɨɹ-
ɧɢɹ. Ɍɟɬɪɚɷɞɪ, ɧɚɯɨɞɹɳɢɣɫɹ ɦɟɠɞɭ ɞɜɭɦɹ ɨɤɬɚɷɞɪɚɦɢ (ɪɢɫ. 3.14, ɚ) ɬɚɤɠɟ ɩɪɢ-
ɫɭɬɫɬɜɭɟɬ ɜ ɫɬɪɭɤɬɭɪɟ ɲɩɢɧɟɥɢ (ɪɢɫ. 3.12) ɢ ɜ ȽɐɄ ɪɟɲёɬɤɟ [86, 87]. 
 

 
ɚ 
 

 
ɛ 
 

Ɋɢɫɭɧɨɤ 3.14 – ɉɟɪɟɯɨɞ ɤɥɚɫɬɟɪɧɨɣ ɭɩɚɤɨɜɤɢ: ɚ – ɞɜɚ ɨɤɬɚɷɞɪɚ ɢ ɬɟɬɪɚɷɞɪ; 
ɛ – ɬɟɬɪɚɷɞɪɢɱɟɫɤɚɹ ɫɩɢɪɚɥɶ 
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ɋɩɢɪɚɥɶɧɚɹ ɭɩɚɤɨɜɤɚ ɬɟɬɪɚɷɞɪɨɜ ɜɞɨɥɶ ɜɟɪɬɢɤɚɥɶɧɨɣ ɨɫɢ (ɪɢɫ. 3.14, ɚ) ɩɨ-
ɤɚɡɵɜɚɟɬ, ɱɬɨ ɤ ɤɚɠɞɨɦɭ ɬɟɬɪɚɷɞɪɭ ɢɡ 4 ɚɬɨɦɨɜ ɚɥɸɦɢɧɢɹ ɩɪɢɫɨɟɞɢɧɟɧɵ ɩɨ 3 
ɬɟɬɪɚɷɞɪɚ ɜɜɟɪɯ ɢ ɜɧɢɡ. Ʉɚɠɞɚɹ ɝɪɭɩɩɚ ɢɯ 3-ɯ ɬɟɬɪɚɷɞɪɨɜ ɫɨɞɟɪɠɢɬ ɩɨ 3 ɚɬɨɦɚ 
ɭɝɥɟɪɨɞɚ. ɇɚ ɪɢɫɭɧɤɟ 3.14 ɛ ɩɪɟɞɫɬɚɜɥɟɧɚ ɫɬɪɭɤɬɭɪɚ ɲɩɢɧɟɥɢ MgAl2O4, ɤɨɬɨɪɚɹ 
ɨɛɧɚɪɭɠɟɧɚ ɧɚɦɢ ɩɪɢ ɩɨɥɧɨɣ ɪɚɫɲɢɮɪɨɜɤɟ ɪɟɧɬɝɟɧɨɝɪɚɦɦɵ, ɩɪɟɞɫɬɚɜɥɟɧɧɨɣ ɧɚ 
ɪɢɫ 4. 

ɋɬɪɭɤɬɭɪɚ Al4C3 ɞɚɜɧɨ ɨɛɫɭɠɞɚɟɬɫɹ ɜ ɥɢɬɟɪɚɬɭɪɟ [84–86], ɧɨ ɞɚɧɧɵɟ ɨ ɧɟɣ 
ɩɪɨɬɢɜɨɪɟɱɢɜɵ ɢ ɧɟɞɨɫɬɚɬɨɱɧɵ. ɇɚɦɢ ɩɪɟɞɥɨɠɟɧɚ ɧɨɜɚɹ ɫɬɪɭɤɬɭɪɧɚɹ ɦɨɞɟɥɶ 
ɬɟɬɪɚɷɞɪɢɱɟɫɤɨɣ ɩɥɨɬɧɨɣ ɭɩɚɤɨɜɤɢ, ɤɨɬɨɪɚɹ ɯɨɪɨɲɨ ɫɨɝɥɚɫɭɟɬɫɹ ɫ ɨɫɧɨɜɧɵɦɢ 
ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦɢ ɞɚɧɧɵɦɢ.  

Ⱦɥɹ ɨɫɬɚɥɶɧɵɯ ɨɛɧɚɪɭɠɟɧɧɵɯ ɫɨɟɞɢɧɟɧɢɣ ɩɪɟɞɥɚɝɚɟɬɫɹ ɜɨɡɦɨɠɧɨɟ ɫɨɜɦɟ-
ɳɟɧɢɟ (ɪɢɫ. 3.15). ɉɪɟɞɫɬɚɜɥɟɧɢɹ ɨ ɫɬɪɨɟɧɢɢ ɤɚɪɛɨɧɚɬɨɜ MgCO3, CaCO3 ɯɨɪɨɲɨ 
ɜɩɢɫɵɜɚɸɬɫɹ ɜ ɤɥɚɫɬɟɪɧɵɟ ɦɨɞɟɥɢ ɢ ɫɨɜɦɟɳɚɸɬɫɹ ɫ ɞɪɭɝɢɦɢ, ɜ ɬɨɦ ɱɢɫɥɟ Al4C3. 
 

  
ɚ 
 

ɛ 
 

 
ɜ 

 
 Ɋɢɫɭɧɨɤ 3.15 – Ɇɨɞɟɥɢ ɫɬɪɭɤɬɭɪ; ɚ – ɦɨɥɟɤɭɥɚ MgCO3; ɛ – ɦɨɥɟɤɭɥɚ CaCO3; ɜ – ɜɨɡɦɨɠɧɨɟ 

ɫɨɜɦɟɳɟɧɢɟ ɫɬɪɭɤɬɭɪ Al4C3, MgCO3, CaCO3 

 
ȼɢɞɧɨ, ɱɬɨ ɫ ɤɚɠɞɵɦ ɚɬɨɦɨɦ ɭɝɥɟɪɨɞɚ ɢɡ ɤɪɚɣɧɟɝɨ ɬɟɬɪɚɷɞɪɚ Rh-21 Al4C3 

ɫɨɜɦɟɳɚɟɬɫɹ ɬɪɢ ɚɬɨɦɚ ɤɢɫɥɨɪɨɞɚ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɬɪɟɭɝɨɥɶɧɢɤ CO3 (ɪɢɫ. 3.15, 
ɛ) ɞɟɮɨɪɦɢɪɭɟɬɫɹ, ɧɨ ɤɢɫɥɨɪɨɞ ɫɨɯɪɚɧɹɟɬ ɫɜɹɡɶ ɫ ɨɞɧɢɦ ɚɬɨɦɨɦ ɥɢɛɨ ɤɚɥɶɰɢɹ, 
ɥɢɛɨ ɦɚɝɧɢɹ, ɨɛɪɚɡɭɹ ɩɚɪɭ ɬɟɬɪɚɷɞɪɨɜ. ɇɚ ɪɢɫɭɧɤɟ ɬɨɧɤɢɦɢ ɥɢɧɢɹɦɢ ɧɚɝɥɹɞɧɨ 
ɩɨɤɚɡɚɧɵ ɞɟɮɨɪɦɢɪɨɜɚɧɧɵɟ ɬɟɬɪɚɷɞɪɵ. 

ɉɪɟɞɥɨɠɟɧɧɭɸ ɫɬɪɭɤɬɭɪɭ ɞɥɹ Al4C3 ɪɚɫɫɱɢɬɚɥɢ ɫ ɩɨɦɨɳɶɸ ɬɟɨɪɢɢ ɮɭɧɤ-
ɰɢɨɧɚɥɚ ɷɥɟɤɬɪɨɧɧɨɣ ɩɥɨɬɧɨɫɬɢ. Ȼɵɥ ɜɵɛɪɚɧ ɦɟɬɨɞ ɪɚɫɫɟɹɧɧɵɯ ɜɨɥɧ, ɬɚɤ ɤɚɤ ɨɧ 
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ɩɨɡɜɨɥɹɟɬ ɩɨɫɬɪɨɢɬɶ ɤɪɢɜɵɟ ɷɧɟɪɝɢɢ ɷɥɟɤɬɪɨɧɧɵɯ ɫɨɫɬɨɹɧɢɣ ɷɥɟɤɬɪɨɧɨɜ ɩɨ ɤɨ-
ɨɪɞɢɧɚɬɚɦ ɚɬɨɦɨɜ ɢ ɤɨɥɢɱɟɫɬɜɭ ɷɥɟɤɬɪɨɧɨɜ. ɂɫɩɨɥɶɡɨɜɚɥɚɫɶ ɦɨɞɟɥɶ ɫɩɢɧ–ɩɨɥɹ-
ɪɢɡɨɜɚɧɧɵɯ ɷɥɟɤɬɪɨɧɨɜ, ɬɚɤ ɤɚɤ ɷɥɟɤɬɪɨɧɵ ɢɦɟɸɬ ɪɚɡɥɢɱɧɭɸ ɷɧɟɪɝɢɸ ɜ ɡɚɜɢɫɢ-
ɦɨɫɬɢ ɨɬ ɧɚɩɪɚɜɥɟɧɢɹ ɫɩɢɧɚ. Ɋɟɡɭɥɶɬɚɬɵ ɪɚɫɱёɬɚ ɩɪɟɞɫɬɚɜɥɟɧɵ ɜ ɜɢɞɟ ɝɪɚɮɢɤɚ 
(ɪɢɫ. 3.16).  

 

 
 

Ɋɢɫɭɧɨɤ 3.16 – Ɂɚɜɢɫɢɦɨɫɬɶ ɩɥɨɬɧɨɫɬɢ ɜɟɪɨɹɬɧɨɫɬɢ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɷɥɟɤɬɪɨɧɧɵɯ ɫɨɫɬɨɹɧɢɣ 
ɨɬ ɷɧɟɪɝɢɢ ɷɥɟɤɬɪɨɧɨɜ ɫɨ ɫɩɢɧɨɦ ɜɜɟɪɯ ɢ ɜɧɢɡ (ɩɨɥɨɠɢɬɟɥɶɧɵɟ ɢ ɨɬɪɢɰɚɬɟɥɶɧɵɟ ɡɧɚɱɟɧɢɹ 

ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ) ɞɥɹ ɫɩɢɪɚɥɟɜɢɞɧɨɝɨ ɬɟɬɪɚɷɞɪɢɱɟɫɤɨɝɨ ɤɥɚɫɬɟɪɚ ɢɡ 10 ɚɬɨɦɨɜ Al4C3 
 
Ɋɚɫɱɟɬɵ ɩɨɤɚɡɚɥɢ ɩɨɹɜɥɟɧɢɟ ɧɟɫɤɨɦɩɟɧɫɢɪɨɜɚɧɧɨɝɨ ɷɥɟɤɬɪɨɧɧɨɝɨ ɦɨ-

ɦɟɧɬɚ. ɉɥɨɳɚɞɢ ɩɨɞ ɤɪɢɜɨɣ ɞɥɹ ɷɧɟɪɝɢɣ ɷɥɟɤɬɪɨɧɨɜ ɫɨ ɫɩɢɧɨɦ ɜɜɟɪɯ ɢ ɜɧɢɡ ɨɬ-
ɥɢɱɚɸɬɫɹ. Ɍɚɤɠɟ ɜɢɞɧɨ, ɱɬɨ ɨɛɳɚɹ ɷɧɟɪɝɢɹ ɷɥɟɤɬɪɨɧɨɜ ɩɪɟɜɵɲɚɟɬ ɷɧɟɪɝɢɸ 
Ɏɟɪɦɢ, ɤɨɬɨɪɚɹ ɜɡɹɬɚ ɡɚ ɧɚɱɚɥɨ ɨɬɫɱёɬɚ.  

Ⱦɥɹ ɤɥɚɫɬɟɪɚ Al4C3 ɤɚɱɟɫɬɜɟɧɧɨ ɛɵɥɚ ɪɚɫɫɱɢɬɚɧɚ ɬɟɨɪɟɬɢɱɟɫɤɚɹ ɧɚɦɚɝɧɢ-
ɱɟɧɧɨɫɬɶ: 0,32–0,58 ȝȻ/ɚɬ. 

ɇɚɦɚɝɧɢɱɟɧɧɨɫɬɶ ɜ ɨɛɪɚɡɰɟ ɩɨɹɜɥɹɟɬɫɹ ɛɥɚɝɨɞɚɪɹ ɬɨɦɭ, ɱɬɨ ɚɬɨɦɵ ɜ ɫɬɪɭɤ-
ɬɭɪɟ Ⱥl4ɋ3 ɫɦɟɳɟɧɵ ɜ ɦɟɠɞɨɭɡɥɢɹ ɢ ɢɦɟɸɬ ɤɨɨɪɞɢɧɚɬɵ, ɜɵɪɚɠɟɧɧɵɟ ɢɪɪɚɰɢɨ-
ɧɚɥɶɧɵɦɢ ɱɢɫɥɚɦɢ. ɋɦɟɳɟɧɢɟ ɩɪɨɢɫɯɨɞɢɬ ɢɡ-ɡɚ ɬɨɝɨ, ɱɬɨ ɨɛɴёɦ ɤɥɚɫɬɟɪɚ ɢɡ ɬɪёɯ 
ɬɟɬɪɚɷɞɪɨɜ ɧɚ ɱɟɬɜɟɪɬɶ ɦɟɧɶɲɟ ɨɤɬɚɷɞɪɢɱɟɫɤɨɝɨ ɤɥɚɫɬɟɪɚ. ɋɦɟɳёɧɧɵɟ ɚɬɨɦɵ 
ɢɦɟɸɬ ɜɨɡɛɭɠɞɟɧɧɭɸ ɷɥɟɤɬɪɨɧɧɭɸ ɫɬɪɭɤɬɭɪ, ɫɞɜɢɝɚɟɬɫɹ ɩɥɨɬɧɨɫɬɶ ɷɥɟɤɬɪɨɧɧɵɯ 
ɫɨɫɬɨɹɧɢɣ. ɗɧɟɪɝɢɹ ɦɚɝɧɢɬɧɨɝɨ (ɨɛɦɟɧɧɨɝɨ) ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɜɨɡɧɢɤɚɟɬ ɤɚɤ ɪɟ-
ɚɤɰɢɹ, ɤɨɦɩɟɧɫɢɪɭɸɳɚɹ ɩɨɬɟɧɰɢɚɥɶɧɭɸ ɷɧɟɪɝɢɸ ɷɥɟɤɬɪɨɧɨɜ. Ɇɚɝɧɢɬɧɵɟ ɦɨ-
ɦɟɧɬɵ ɷɥɟɤɬɪɨɧɨɜ ɦɟɧɹɸɬ ɫɜɨɢ ɧɚɩɪɚɜɥɟɧɢɹ, ɡɚ ɫɱёɬ ɱɟɝɨ ɜɨɡɧɢɤɚɟɬ ɪɟɡɭɥɶɬɢɪɭ-
ɸɳɢɣ ɦɨɦɟɧɬ. ȼɨɡɧɢɤɧɨɜɟɧɢɟ ɪɟɡɭɥɶɬɢɪɭɸɳɟɣ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ ɜ ɨɛɪɚɡɰɟ ɜɨɡ-
ɦɨɠɧɨ ɩɪɢ ɜɨɡɛɭɠɞёɧɧɨɦ ɫɨɫɬɨɹɧɢɢ [88, 89]. 

ȼɵɜɨɞɵ: 
1 ɍɫɬɚɧɨɜɥɟɧɚ ɫɜɹɡɶ ɦɟɠɞɭ ɫɬɪɭɤɬɭɪɨɣ, ɮɚɡɨɜɵɦ ɫɨɫɬɚɜɨɦ ɢ ɦɚɝɧɢɬɧɵɦɢ 

ɫɜɨɣɫɬɜɚɦɢ ɨɛɪɚɡɰɚ Al2O3 + MgO + ɋ, ɫɩɟɱёɧɧɨɝɨ ɦɟɬɨɞɨɦ SPS. 
2 ɉɪɟɞɥɨɠɟɧɚ ɫɬɪɭɤɬɭɪɧɚɹ 3D-ɦɨɞɟɥɶ ɮɚɡɵ Al4C3. 
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3.2 ȼɨɡɧɢɤɧɨɜɟɧɢɟ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ ɞɥɹ ɧɚɧɨɤɥɚɫɬɟɪɨɜ ɠɟɥɟɡɚ 
 

ȼ ɪɚɦɤɚɯ ɬɟɨɪɢɢ ɮɭɧɤɰɢɨɧɚɥɚ ɷɥɟɤɬɪɨɧɧɨɣ ɩɥɨɬɧɨɫɬɢ ɩɨ ɦɟɬɨɞɭ ɪɚɫɫɟɹɧ-
ɧɵɯ ɜɨɥɧ ɜɨɡɦɨɠɧɨ ɪɚɫɫɱɢɬɚɬɶ ɤɥɚɫɬɟɪɵ ɪɚɡɧɵɯ ɮɨɪɦ ɧɟɛɨɥɶɲɢɯ ɪɚɡɦɟɪɨɜ. Ⱦɥɹ 
ɩɨɞɬɜɟɪɠɞɟɧɢɹ ɩɨɜɵɲɟɧɧɨɣ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ ɜ ɧɚɧɨɪɚɡɦɟɪɧɵɯ ɱɚɫɬɢɰɚɯ ɮɟɪ-
ɪɨɦɚɝɧɟɬɢɤɨɜ [44] ɛɵɥɢ ɩɪɨɜɟɞɟɧɵ ɪɚɫɱёɬɵ ɞɥɹ ɤɥɚɫɬɟɪɨɜ ɱɢɫɬɨɝɨ ɠɟɥɟɡɚ. 

Ɉɛɴɟɤɬɚɦɢ ɢɫɫɥɟɞɨɜɚɧɢɹ ɫɬɚɥɢ 3D-ɦɨɞɟɥɢ ɤɥɚɫɬɟɪɨɜ ɠɟɥɟɡɚ, ɫɨɨɬɜɟɬɫɬɜɭ-
ɸɳɢɯ ȽɐɄ ɪɟɲёɬɤɟ. ɂɡɜɟɫɬɧɨ, ɱɬɨ ɚɭɫɬɟɧɢɬɧɵɟ ɫɬɚɥɢ ɹɜɥɹɸɬɫɹ ɧɟɦɚɝɧɢɬɧɵɦɢ 
ɢ ɩɨɬɨɦɭ ɧɟ ɢɦɟɸɬ ɨɫɬɚɬɨɱɧɭɸ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɶ. 

Ⱦɥɹ ɩɪɨɜɟɞɟɧɢɹ ɫɩɢɧ-ɩɨɥɹɪɢɡɨɜɚɧɧɨɝɨ ɪɚɫɱёɬɚ ɢɡɨɥɢɪɨɜɚɧɧɵɯ ɤɥɚɫɬɟɪɨɜ 
ɩɨɬɪɟɛɨɜɚɥɢɫɶ ɤɨɨɪɞɢɧɚɬɵ ɚɬɨɦɨɜ. 3D-ɦɨɞɟɥɢ ɩɨɫɬɪɨɟɧɵ ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ɬɟɨ-
ɪɟɬɢɱɟɫɤɢɦɢ ɞɚɧɧɵɦɢ ɨ ɜɨɡɦɨɠɧɵɯ ɤɥɚɫɬɟɪɧɵɯ ɤɨɧɮɢɝɭɪɚɰɢɹɯ. Ⱦɥɹ ɝɪɚɧɟɰɟɧ-
ɬɪɢɪɨɜɚɧɧɨɣ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɪɟɲёɬɤɢ γ-Fe ɩɚɪɚɦɟɬɪ ɪɟɲёɬɤɢ ɚ ɫɱɢɬɚɥɢ ɪɚɜɧɵɦ 
3,656 Å [30]. ɇɟɫɦɨɬɪɹ ɧɚ ɬɨ, ɱɬɨ ɜ ɪɟɚɥɶɧɵɯ ɤɥɚɫɬɟɪɧɵɯ ɦɨɞɟɥɹɯ ɚɬɨɦɧɵɟ ɪɚɫ-
ɫɬɨɹɧɢɹ ɦɨɝɭɬ ɫɦɟɳɚɬɶɫɹ ɧɚ ɧɟɛɨɥɶɲɢɟ ɡɧɚɱɟɧɢɹ, ɧɟɢɡɜɟɫɬɧɨ, ɧɚɫɤɨɥɶɤɨ ɫɢɥɶɧɨ 
ɩɪɨɢɡɨɣɞёɬ ɫɛɥɢɠɟɧɢɹ ɜ ɢɡɨɥɢɪɨɜɚɧɧɨɦ ɤɥɚɫɬɟɪɟ. ɉɪɢɛɥɢɠɟɧɢɟ ɫɱɢɬɚɟɦ ɧɟɨɛ-
ɯɨɞɢɦɵɦ ɞɥɹ ɞɚɥɶɧɟɣɲɢɯ ɢɫɫɥɟɞɨɜɚɧɢɣ. 

Ɇɢɧɢɦɚɥɶɧɵɣ ɤɥɚɫɬɟɪ ȽɐɄ ɪɟɲёɬɤɢ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɨɤɬɚɷɞɪɭ, ɩɨɷɬɨɦɭ ɛɵɥ 
ɩɨɫɬɪɨɟɧ ɬɚɤɨɣ ɤɥɚɫɬɟɪ ɢɡ 6 ɚɬɨɦɨɜ ɠɟɥɟɡɚ ɢ ɧɚɣɞɟɧɵ ɟɝɨ ɨɬɧɨɫɢɬɟɥɶɧɵɟ ɤɨɨɪ-
ɞɢɧɚɬɵ (ɪɢɫ. 3.17). Ɍɚɤɠɟ ɛɵɥɢ ɨɩɪɟɞɟɥɟɧɵ ɤɨɨɪɞɢɧɚɬɵ ɞɥɹ ɞɪɭɝɢɯ ɛɨɥɟɟ ɤɪɭɩ-
ɧɵɯ ɤɥɚɫɬɟɪɨɜ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ȽɐɄ-ɠɟɥɟɡɭ (ɪɢɫ. 3.18–3.20). 

 

 
 

Ɋɢɫɭɧɨɤ 3.17 – Ɉɤɬɚɷɞɪɢɱɟɫɤɢɣ ɤɥɚɫɬɟɪ ɢɡ 6 ɚɬɨɦɨɜ ɠɟɥɟɡɚ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɣ ȽɐɄ 
 

 
 

Ɋɢɫɭɧɨɤ 3.18 – Ʉɭɛɨɤɬɚɷɞɪɢɱɟɫɤɢɣ ɤɥɚɫɬɟɪ ɢɡ 13 ɚɬɨɦɨɜ ɠɟɥɟɡɚ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɣ ȽɐɄ 
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Ɋɢɫɭɧɨɤ 3.19 – Ɉɤɬɚɷɞɪɢɱɟɫɤɢɣ ɤɥɚɫɬɟɪ ɢɡ 19 ɚɬɨɦɨɜ ɠɟɥɟɡɚ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɣ ȽɐɄ 
 

 
 

Ɋɢɫɭɧɨɤ 3.20 – Ɉɤɬɚɷɞɪɢɱɟɫɤɢɣ ɤɥɚɫɬɟɪ ɢɡ 44 ɚɬɨɦɨɜ ɠɟɥɟɡɚ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɣ ȽɐɄ 
 

Ⱦɚɥɟɟ ɩɨɫɥɟɞɨɜɚɥɨ ɩɨɫɬɪɨɟɧɢɟ ɝɪɚɮɢɤɨɜ ɩɥɨɬɧɨɫɬɢ ɜɟɪɨɹɬɧɨɫɬɢ ɷɥɟɤɬɪɨɧ-
ɧɵɯ ɫɨɫɬɨɹɧɢɣ, ɩɨ ɤɨɬɨɪɵɦ ɜɨɡɦɨɠɧɨ ɭɫɬɚɧɨɜɢɬɶ ɩɨɹɜɥɟɧɢɟ ɢ ɢɡɦɟɧɟɧɢɟ ɮɟɪɪɨ-
ɦɚɝɧɢɬɧɵɯ ɫɜɨɣɫɬɜ. Ɋɚɫɱёɬ ɬɚɤɠɟ ɩɪɨɜɨɞɢɥɫɹ ɩɨ ɦɟɬɨɞɭ ɪɚɫɫɟɹɧɧɵɯ ɜɨɥɧ (ɮɨɪ-
ɦɭɥɵ 2.3–2.13) ɫ ɩɪɢɦɟɧɟɧɢɟɦ ɩɚɤɟɬɚ ɩɪɨɝɪɚɦɦ QuantumEspresso [90]. 

ɉɪɢ ɪɚɫɱёɬɟ ɷɥɟɤɬɪɨɧɧɵɣ ɫɬɪɭɤɬɭɪɵ ɩɨ ɬɟɨɪɢɢ ɮɭɧɤɰɢɨɧɚɥɚ ɩɥɨɬɧɨɫɬɢ 
ɛɵɥɚ ɩɨɥɭɱɟɧɵ ɡɚɜɢɫɢɦɨɫɬɢ ɩɥɨɬɧɨɫɬɢ ɷɥɟɤɬɪɨɧɧɵɯ ɫɨɫɬɨɹɧɢɣ ɨɬ ɷɧɟɪɝɢɣ ɷɥɟɤ-
ɬɪɨɧɨɜ (ɪɢɫ. 3.21). 
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Ɋɢɫɭɧɨɤ 3.21 – Ɂɚɜɢɫɢɦɨɫɬɶ ɩɥɨɬɧɨɫɬɢ ɜɟɪɨɹɬɧɨɫɬɢ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɷɥɟɤɬɪɨɧɧɵɯ ɫɨɫɬɨɹɧɢɣ 
ɨɬ ɷɧɟɪɝɢɢ ɷɥɟɤɬɪɨɧɨɜ ɞɥɹ ɨɤɬɚɷɞɪɢɱɟɫɤɨɝɨ ɤɥɚɫɬɟɪɚ ɢɡ 6 ɚɬɨɦɨɜ ɠɟɥɟɡɚ 

 
ɉɨ ɞɚɧɧɵɟ ɫɩɟɤɬɪɨɜ ɩɥɨɬɧɨɫɬɢ ɷɥɟɤɬɪɨɧɧɵɯ ɫɨɫɬɨɹɧɢɣ ɦɨɠɧɨ ɫɞɟɥɚɬɶ ɜɵ-

ɜɨɞ ɨ ɧɟɫɤɨɦɩɟɧɫɢɪɨɜɚɧɧɨɫɬɢ ɷɥɟɤɬɪɨɧɧɵɯ ɦɨɦɟɧɬɨɜ ɫɨ ɫɩɢɧɨɦ ɜɜɟɪɯ ɢ ɜɧɢɡ, 
ɤɚɤ ɢ ɜ ɩɪɨɲɥɨɦ ɷɤɫɩɟɪɢɦɟɧɬɟ. Ɋɚɫɱёɬ ɫɪɟɞɧɟɝɨ ɷɮɮɟɤɬɢɜɧɨɝɨ ɦɨɦɟɧɬɚ ɩɨɤɚɡɚɥ 
ɧɟɧɭɥɟɜɭɸ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɶ ɤɥɚɫɬɟɪɨɜ.  

ȼ ɪɟɡɭɥɶɬɚɬɟ ɩɨɥɭɱɢɥɢ ɱɢɫɥɟɧɧɵɟ ɡɧɚɱɟɧɢɹ: 1,67 ȝȻ/ɚɬ. – ɞɥɹ ɨɤɬɚɷɞɪɢɱɟ-
ɫɤɨɝɨ ɤɥɚɫɬɟɪɚ ɠɟɥɟɡɚ ɢɡ ɲɟɫɬɢ ɚɬɨɦɨɜ. Ⱦɥɹ ɪɟɚɥɶɧɨɝɨ ɨɛɴёɦɧɨɝɨ ɠɟɥɟɡɚ ɫ ȽɐɄ 
ɪɟɲёɬɤɨɣ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɶ ɧɚ ɚɬɨɦ ɛɭɞɟɬ ɪɚɧɹɬɫɹ ɧɭɥɸ, ɬɚɤ ɤɚɤ ɦɚɝɧɢɬɧɵɟ ɦɨ-
ɦɟɧɬɵ ɷɥɟɤɬɪɨɧɨɜ ɜ ɜɟɳɟɫɬɜɟ ɩɨɥɧɨɫɬɶɸ ɭɪɚɜɧɨɜɟɫɹɬ ɞɪɭɝ ɞɪɭɝɚ. 

ɉɨɹɜɥɟɧɢɟ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ ɜ ɤɥɚɫɬɟɪɚɯ ɠɟɥɟɡɚ ɫɜɹɡɚɧɨ ɫ ɤɨɥɢɱɟɫɬɜɨɦ 
ɚɬɨɦɨɜ, ɧɚɯɨɞɹɳɢɯɫɹ ɜ ɨɛɴёɦɟ ɢ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɤɥɚɫɬɟɪɚ. Ɉɱɟɜɢɞɧɨ, ɱɬɨ ɞɥɹ ɦɢ-
ɧɢɦɚɥɶɧɵɯ ɪɚɡɦɟɪɨɜ ɤɥɚɫɬɟɪɚ ɛɨɥɶɲɢɧɫɬɜɨ ɚɬɨɦɨɜ ɢɥɢ ɜɫɟ ɛɭɞɭɬ ɧɚɯɨɞɢɬɶɫɹ ɧɚ 
ɩɨɜɟɪɯɧɨɫɬɢ. ɗɥɟɤɬɪɨɧɧɵɟ ɫɨɫɬɨɹɧɢɹ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɤɥɚɫɬɟɪɨɜ ɫɨɨɬɜɟɬɫɬɜɭɸɬ 
ɛɨɥɶɲɢɦ ɷɧɟɪɝɢɹɦ. Ɍ.ɤ. ɚɬɨɦɵ ɧɚɯɨɞɹɬɫɹ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɢ ɢɦɟɸɬ ɨɬɤɪɵɬɵɟ 
ɫɜɹɡɢ, ɨɧɢ ɜɨɡɛɭɠɞɟɧɵ, ɢ ɷɥɟɤɬɪɨɧɵ ɢɦɟɸɬ ɜɵɫɨɤɭɸ ɷɧɟɪɝɢɸ (ɜɵɲɟ, ɱɟɦ ɜ ɨɛɴ-
ёɦɟ). Ɉɧɢ ɦɨɝɭɬ ɩɟɪɟɯɨɞɢɬɶ ɢɡ 3d ɫɨɫɬɨɹɧɢɹ ɜ 4f ɢ ɞɚɥɟɟ, ɬɨ ɟɫɬɶ ɜ ɫɨɫɬɨɹɧɢɹ ɫ 
ɛɨɥɟɟ ɜɵɫɨɤɨɣ ɷɧɟɪɝɢɟɣ [44].  

ȼ ɬɚɤɢɯ ɫɢɫɬɟɦɚɯ ɜɨɡɧɢɤɚɸɬ ɧɚɩɪɹɠёɧɧɵɟ ɧɟɪɚɜɧɨɜɟɫɧɵɟ ɷɥɟɤɬɪɨɧɧɵɟ ɫɨ-
ɫɬɨɹɧɢɹ, ɫɦɟɳɟɧɢɹ ɷɥɟɤɬɪɨɧɧɨɣ ɩɥɨɬɧɨɫɬɢ. Ʉɨɧɮɢɝɭɪɚɰɢɢ ɷɥɟɤɬɪɨɧɨɜ ɫɨ ɫɩɢ-
ɧɨɦ ɜɜɟɪɯ ɢ ɜɧɢɡ ɨɬɥɢɱɚɸɬɫɹ.  Ɂɚ ɫɱёɬ ɷɬɨɝɨ ɩɨɹɜɥɹɟɬɫɹ ɧɟɧɭɥɟɜɨɣ ɦɚɝɧɢɬɧɵɣ 
ɦɨɦɟɧɬ, ɜ ɤɚɱɟɫɬɜɟ ɨɬɜɟɬɧɨɣ ɪɟɚɤɰɢɢ ɧɚ ɢɡɦɟɧɟɧɢɹ ɷɥɟɤɬɪɨɧɧɨɣ ɩɥɨɬɧɨɫɬɢ. 
ɗɧɟɪɝɢɹ ɷɥɟɤɬɪɨɧɨɜ ɜ ɬɚɤɨɦ ɫɨɫɬɨɹɧɢɢ ɩɪɢɛɥɢɠɚɟɬɫɹ ɤ ɭɪɨɜɧɸ Ɏɟɪɦɢ ɢɥɢ ɩɪɟ-
ɜɵɲɚɟɬ ɟɝɨ. ȼɵɩɨɥɧɹɟɬɫɹ ɭɫɥɨɜɢɟ ɋɬɨɧɟɪɚ, ɧɟɨɛɯɨɞɢɦɨɟ ɞɥɹ ɜɨɡɧɢɤɧɨɜɟɧɢɹ 
ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ [45, 91–93]. 

ȼɵɜɨɞɵ: 
1 ɉɨɫɬɪɨɟɧɵ ɢ ɢɫɫɥɟɞɨɜɚɧɵ ɪɚɡɥɢɱɧɵɟ ɤɥɚɫɬɟɪɧɵɟ ɦɨɞɟɥɢ ɞɥɹ ȽɐɄ ɪɟ-

ɲёɬɤɢ ɠɟɥɟɡɚ. 
2 ɇɚ ɨɫɧɨɜɚɧɢɢ ɩɪɟɞɥɨɠɟɧɧɵɯ ɦɨɞɟɥɟɣ ɨɛɴɹɫɧɟɧɨ ɜɨɡɧɢɤɧɨɜɟɧɢɟ ɦɚɝɧɢɬ-

ɧɵɯ ɫɜɨɣɫɬɜ ɤɥɚɫɬɟɪɧɵɯ ɱɚɫɬɢɰ. 
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ɉɪɟɞɥɨɠɟɧɧɵɟ ɦɨɞɟɥɢ ɹɜɥɹɸɬɫɹ ɧɚɧɨɪɚɡɦɟɪɧɵɦɢ, ɚ ɤɨɥɢɱɟɫɬɜɨ ɚɬɨɦɨɜ ɜ 
ɤɥɚɫɬɟɪɚɯ ɜ ɨɫɧɨɜɧɨɦ ɧɟ ɩɪɟɜɵɲɚɸɬ ɫɨɬɧɢ, ɱɬɨ ɯɨɪɨɲɨ ɫɨɝɥɚɫɭɟɬɫɹ ɫ ɢɫɫɥɟɞɨ-
ɜɚɧɢɹɦɢ [44]. 
 

3.3 Ʉɥɚɫɬɟɪɧɵɟ ɫɬɪɭɤɬɭɪɵ ɫ ɧɟɧɭɥɟɜɨɣ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɶɸ 
 
ɇɚ ɨɫɧɨɜɟ ɩɪɟɞɫɬɚɜɥɟɧɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɦɨɠɧɨ ɫɞɟɥɚɬɶ ɜɵɜɨɞ, ɱɬɨ ɥɸɛɨɣ 

ɤɥɚɫɬɟɪ, ɢɦɟɸɳɢɣ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɞɨɫɬɚɬɨɱɧɨ ɛɨɥɶɲɨɟ ɱɢɫɥɨ ɚɬɨɦɨɜ, ɛɭɞɟɬ 
ɢɦɟɬɶ ɩɨɜɵɲɟɧɧɭɸ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɶ. Ʉɥɚɫɬɟɪɵ ɜɟɳɟɫɬɜ, ɧɟ ɢɦɟɸɳɢɯ ɦɚɝɧɢɬ-
ɧɵɟ ɫɜɨɣɫɬɜɚ ɜ ɨɛɴёɦɟ ɬɜёɪɞɨɝɨ ɬɟɥɚ, ɬɨɠɟ ɦɨɝɭɬ ɩɪɨɹɜɥɹɬɶ ɮɟɪɪɨɦɚɝɧɢɬɧɵɟ 
ɫɜɨɣɫɬɜɚ. 

Ȼɥɚɝɨɞɚɪɹ ɷɬɨɦɭ, ɜɨɡɦɨɠɧɨ ɫɨɡɞɚɧɢɟ ɧɨɜɵɯ ɦɚɬɟɪɢɚɥɨɜ ɢɡ ɧɚɧɨɩɨɪɨɲɤɨɜ, 
ɤɨɬɨɪɵɟ ɩɪɟɞɩɨɥɨɠɢɬɟɥɶɧɨ ɛɭɞɭɬ ɢɦɟɬɶ ɚɧɨɦɚɥɶɧɭɸ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɶ. Ɍɚɤɢɦ 
ɨɛɪɚɡɨɦ, ɦɨɠɧɨ ɫɨɡɞɚɜɚɬɶ ɧɨɜɵɟ ɦɚɬɟɪɢɚɥɵ ɞɥɹ ɷɥɟɤɬɪɨɧɢɤɢ, ɚ ɬɚɤɠɟ ɛɨɥɟɟ ɞɟ-
ɲёɜɵɟ ɚɧɚɥɨɝɢ ɫɢɥɶɧɵɯ ɦɚɝɧɢɬɨɜ ɢɡ ɫɚɦɚɪɢɹ ɢ ɧɟɨɞɢɦɨɜɵɯ (BNd, FeNd). 

Ɏɢɧɚɥɶɧɨɣ ɡɚɞɚɱɟɣ ɪɚɛɨɬɵ ɩɨɫɬɚɜɥɟɧɚ ɪɚɡɪɚɛɨɬɤɚ ɜɨɡɦɨɠɧɵɯ ɜ ɩɪɢɪɨɞɟ 
ɤɥɚɫɬɟɪɧɵɯ ɦɨɞɟɥɟɣ, ɢɦɟɸɳɢɯ ɡɧɚɱɢɬɟɥɶɧɭɸ ɱɚɫɬɶ ɚɬɨɦɨɜ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ. 

ɉɪɨɫɬɟɣɲɢɦɢ ɤɥɚɫɬɟɪɚɦɢ ɹɜɥɹɸɬɫɹ ɬɟɬɪɚɷɞɪ ɢ ɨɤɬɚɷɞɪ. ȼ ɬɚɤɢɟ ɤɥɚɫɬɟɪɵ 
ɛɭɞɭɬ ɨɛɴɟɞɢɧɹɬɶɫɹ ɦɢɧɢɦɚɥɶɧɵɟ ɱɢɫɥɚ ɚɬɨɦɨɜ. Ʉɚɤ ɛɵɥɨ ɜɵɹɫɧɟɧɨ ɪɚɧɟɟ, ɬɟɬ-
ɪɚɷɞɪɢɱɟɫɤɢɟ ɤɥɚɫɬɟɪɵ ɛɭɞɭɬ ɢɦɟɬɶ ɛɨɥɶɲɭɸ ɷɥɟɤɬɪɨɧɧɭɸ ɩɥɨɬɧɨɫɬɶ ɢɡ-ɡɚ ɦɚ-
ɥɨɝɨ ɨɛɴёɦɚ. ɋɬɪɭɤɬɭɪɵ ɢɡ ɬɟɬɪɚɷɞɪɢɱɟɫɤɢɯ ɤɥɚɫɬɟɪɨɜ ɢɦɟɸɬ ɧɚɢɛɨɥɶɲɢɟ ɷɧɟɪ-
ɝɟɬɢɱɟɫɤɢɟ ɧɚɩɪɹɠɟɧɢɹ. Ɉɞɧɚɤɨ, ɩɪɢ ɩɨɫɬɪɨɟɧɢɢ ɤɪɭɩɧɵɯ ɤɥɚɫɬɟɪɨɜ ɢɡ ɬɟɬɪɚɷɞ-
ɪɨɜ ɜɨɡɧɢɤɚɟɬ ɩɪɨɛɥɟɦɚ ɜ ɜɢɞɟ ɛɨɥɶɲɢɯ ɨɬɤɥɨɧɟɧɢɣ. 

Ɍɟɬɪɚɷɞɪɢɱɟɫɤɢɟ ɫɛɨɪɤɢ ɦɨɝɭɬ ɨɪɝɚɧɢɡɨɜɵɜɚɬɶɫɹ ɩɨ-ɪɚɡɧɨɦɭ. ɇɚɢɛɨɥɟɟ 
ɢɡɜɟɫɬɧɵɦ ɩɪɢɦɟɪɨɦ ɹɜɥɹɟɬɫɹ ɢɤɨɫɚɷɞɪɢɱɟɫɤɢɣ ɤɥɚɫɬɟɪ ɢɥɢ ɫɬɪɭɤɬɭɪɚ Ɏɪɚɧɤɚ-
Ʉɚɫɩɟɪɚ ɎɄ-12. ȼ ɤɜɚɡɢɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɨɛɪɚɡɨɜɚɧɢɹɯ ɩɪɟɞɩɨɥɚɝɚɥɨɫɶ ɧɚɥɢɱɢɟ 
ɤɥɚɫɬɟɪɧɵɯ ɫɬɪɭɤɬɭɪ [94], ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɫɬɪɭɤɬɭɪɚɦ Ɏɪɚɧɤɚ-Ʉɚɫɩɟɪɚ [95].  

Ɋɚɧɟɟ ɜ ɪɚɛɨɬɚɯ [96] ɭɠɟ ɛɵɥɢ ɩɪɨɜɟɞɟɧɵ ɢɫɫɥɟɞɨɜɚɧɢɹ, ɤɨɬɨɪɵɟ ɞɨɤɚɡɵ-
ɜɚɸɬ ɧɚɥɢɱɢɟ ɫɬɪɭɤɬɭɪ ɬɢɩɚ ɎɄ-12 ɢ ɎɄ-14 ɜ ɫɬɚɥɢ Ƚɚɞɮɢɥɶɞɚ 110Ƚ13Ʌ (ɪɢɫ. 
3.22, 3.23). Ɍɚɤɢɟ ɤɥɚɫɬɟɪɵ ɨɛɪɚɡɭɸɬɫɹ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɪɚɡɪɭɲɟɧɢɹ.  

ɋɬɪɭɤɬɭɪɚ ɎɄ-12 ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɢɤɨɫɚɷɞɪ, ɜ ɜɟɪɲɢɧɚɯ ɤɨɬɨɪɨɝɨ ɪɚɫ-
ɩɨɥɨɠɟɧɵ ɚɬɨɦɵ. ɂɤɨɫɚɷɞɪ ɹɜɥɹɟɬɫɹ ɫɨɜɦɟɳɟɧɢɟɦ ɞɜɚɞɰɚɬɢ ɬɟɬɪɚɷɞɪɨɜ, ɢɦɟɸ-
ɳɢɟ ɨɞɢɧ ɨɛɳɢɣ ɚɬɨɦ ɜ ɰɟɧɬɪɟ. 

ȼ ɫɬɚɥɢ Ƚɚɞɮɢɥɶɞɚ 110Ƚ13Ʌ ɨɛɧɚɪɭɠɟɧ ɷɮɮɟɤɬ ɦɚɝɧɢɬɧɨɝɨ ɩɨɫɥɟɞɟɣɫɬɜɢɹ 
[18, 97]. Ʌɨɤɚɥɶɧɨɟ ɧɚɦɚɝɧɢɱɢɜɚɧɢɟ ɫɬɚɥɢ ɩɪɨɢɫɬɟɤɚɟɬ ɜ ɞɟɬɚɥɹɯ, ɩɨɞɜɟɪɠɟɧɧɵɯ 
ɫɢɥɶɧɵɦ ɧɚɝɪɭɡɤɚɦ, ɩɪɢ ɷɬɨɦ ɟɫɥɢ ɭɞɚɪɧɚɹ ɜɹɡɤɨɫɬɶ ɨɛɪɚɡɰɚ ɜɵɲɟ 150 Ⱦɠ/ɫɦ2. 
ɋɬɚɥɶ ɫɬɚɧɨɜɢɬɫɹ ɦɚɝɧɢɬɧɨɣ ɩɪɢ ɞɟɮɨɪɦɚɰɢɹɯ, ɯɨɬɹ ɢɡɜɟɫɬɧɨ, ɱɬɨ ɚɭɫɬɟɧɢɬɧɵɟ 
ɫɬɚɥɢ ɧɟ ɮɟɪɪɨɦɚɝɧɢɬɧɵ. Ɍɚɤɢɟ ɫɬɚɥɢ ɢɦɟɸɬ ɡɧɚɱɢɬɟɥɶɧɨɟ ɤɨɥɢɱɟɫɬɜɨ ɥɢɧɢɣ 
ɫɤɨɥɶɠɟɧɢɹ ɜ ɚɭɫɬɟɧɢɬɟ ɢ ɨɬɧɨɫɹɬɫɹ ɤ ɫɜɟɪɯɜɹɡɤɢɦ. Ɇɚɝɧɢɬɧɨɣ ɩɪɟɞɩɨɥɚɝɚɟɬɫɹ 
ɮɚɡɚ γ-FecMn1-ɫ. Ⱦɥɹ ɦɚɪɝɚɧɰɟɜɨɝɨ ɚɭɫɬɟɧɢɬɚ ɯɚɪɚɤɬɟɪɟɧ ɚɧɬɢɮɟɪɪɨɦɚɝɧɢɬɢɡɦ.  
ɋɬɪɭɤɬɭɪɨɨɛɪɚɡɨɜɚɧɢɟ ɫɬɚɥɢ Ƚɚɞɮɢɥɶɞɚ ɛɵɥɨ ɪɚɫɫɦɨɬɪɟɧɨ ɫ ɬɨɱɤɢ ɡɪɟɧɢɹ ɤɥɚ-
ɫɬɟɪɧɵɯ ɦɨɞɟɥɟɣ (ɪɢɫ. 3.24). 
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Ɋɢɫɭɧɨɤ 3.22 – Ɇɨɞɟɥɶ ɫɬɪɭɤɬɭɪɵ Ɏɪɚɧɤɚ-Ʉɚɫɩɟɪɚ ɎɄ-12 
 

 
 

Ɋɢɫɭɧɨɤ 3.23 – Ɇɨɞɟɥɶ ɫɬɪɭɤɬɭɪɵ Ɏɪɚɧɤɚ-Ʉɚɫɩɟɪɚ ɎɄ-14 
 
ɂɤɨɫɚɷɞɪ ɩɪɟɞɫɬɚɜɥɹɟɬ ɢɫɫɥɟɞɨɜɚɬɟɥɶɫɤɢɣ ɢɧɬɟɪɟɫ ɞɥɹ ɞɚɧɧɨɣ ɪɚɛɨɬɵ, ɩɨ-

ɫɤɨɥɶɤɭ ɹɜɥɹɟɬɫɹ ɤɨɨɪɞɢɧɚɰɢɨɧɧɨɣ ɫɮɟɪɨɣ, ɩɨɫɬɪɨɟɧɧɨɣ ɬɟɬɪɚɷɞɪɢɱɟɫɤɢɦɢ ɤɥɚ-
ɫɬɟɪɚɦɢ. ɂɤɨɫɚɷɞɪɢɱɟɫɤɚɹ ɤɥɚɫɬɟɪɧɚɹ ɫɛɨɪɤɚ ɹɜɥɹɟɬɫɹ ɫɬɪɭɤɬɭɪɨɣ ɫ ɦɢɧɢɦɚɥɶ-
ɧɨɣ ɫɜɨɛɨɞɧɨɣ ɷɧɟɪɝɢɟɣ, ɚ ɩɥɨɬɧɨɫɬɶ ɷɥɟɤɬɪɨɧɨɜ ɧɚ ɭɪɨɜɧɟ Ɏɟɪɦɢ ɜɵɲɟ, ɱɟɦ ɭ 
ɤɭɛɨɨɤɬɚɷɞɪɚ ɢ ɞɪɭɝɢɯ ɫɬɪɭɤɬɭɪ ɫ ɬɚɤɢɦ ɱɢɫɥɨɦ ɚɬɨɦɨɜ [99].  

ȼ ɪɚɛɨɬɚɯ [18, 98] ɜɟɞёɬɫɹ ɪɚɫɫɭɠɞɟɧɢɟ ɨɛ ɚɧɬɢɮɟɪɪɨɦɚɝɧɢɬɧɨɣ ɤɨɧɮɢɝɭ-
ɪɚɰɢɢ ɢɤɨɫɚɷɞɪɚ ɩɨ ɩɥɨɫɤɨɫɬɹɦ (ɪɢɫ. 3.25).  
 

 
 

ɚ ɛ 
 
Ɋɢɫɭɧɨɤ 3.24 – 3D-ɦɨɞɟɥɢ: ɚ – ɫɨɱɥɟɧɟɧɢɟ ɢɤɨɫɚɷɞɪɚ ɢ ɨɤɬɚɷɞɪɢɱɟɫɤɢɯ ɤɥɚɫɬɟɪɨɜ; ɛ – ɮɨɪɦɢ-

ɪɨɜɚɧɢɟ ɫɬɟɪɠɧɟɜɢɞɧɨɝɨ ɦɚɪɬɟɧɫɢɬɚ γ-FecMn1-ɫ 
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Ɋɢɫɭɧɨɤ 3.25 – Ⱥɧɬɢɮɟɪɪɨɦɚɝɧɢɬɧɚɹ ɤɨɧɮɢɝɭɪɚɰɢɹ ɚɬɨɦɧɵɯ ɫɩɢɧɨɜ ɫɬɪɭɤɬɭɪɵ ɎɄ-12 [98] 
 
ɂɤɨɫɚɷɞɪ ɦɨɠɧɨ ɩɨɥɭɱɢɬɶ ɩɪɨɫɬɵɦ ɩɟɪɟɫɬɪɨɟɧɢɟɦ ɢɡ ɤɭɛɨɨɤɬɚɷɞɪɚ (ɪɢɫ. 

3.26), ɤɨɬɨɪɵɣ ɛɵɥ ɪɚɫɫɦɨɬɪɟɧ ɜ ɩɭɧɤɬɟ 3.2. Ʉɭɛɨɨɤɬɚɷɞɪɢɱɟɫɤɢɣ ɤɥɚɫɬɟɪ ɹɜɥɹ-
ɟɬɫɹ ɬɢɩɢɱɧɵɦ ɞɥɹ ȽɐɄ ɪɟɲёɬɤɢ. Ɍɚɤɠɟ ɫɜɹɡɶ ȽɐɄ, ɈɐɄ ɢ ɢɤɨɫɚɷɞɪɢɱɟɫɤɢɯ ɤɥɚ-
ɫɬɟɪɨɜ ɦɨɠɧɨ ɩɪɨɫɥɟɞɢɬɶ ɧɚ ɤɥɚɫɬɟɪɧɨɣ ɫɛɨɪɤɟ, ɩɪɟɞɫɬɚɜɥɟɧɧɨɣ ɧɚ ɪɢɫɭɧɤɟ 3.27. 

 

  
ɚ ɛ 

 
Ɋɢɫɭɧɨɤ 3.26 – ɋɯɟɦɚ ɤɥɚɫɬɟɪɧɨɝɨ ɩɟɪɟɯɨɞɚ: ɚ – ɤɭɛɨɨɤɬɚɷɞɪ; ɛ – ɢɤɨɫɚɷɞɪ [100] 

 

 
 

Ɋɢɫɭɧɨɤ 3.27 – 3D-ɦɨɞɟɥɶ ɤɥɚɫɬɟɪɧɨɣ ɫɛɨɪɤɢ, ɨɛɪɚɡɨɜɚɧɧɨɣ ɫɜɹɡɚɧɧɵɦɢ ɤɥɚɫɬɟɪɚɦɢ ȽɐɄ ɢ 
ɈɐɄ ɪɟɲёɬɨɤ ɠɟɥɟɡɚ [18] 

 
Ⱦɥɹ ɢɤɨɫɚɷɞɪɢɱɟɫɤɨɝɨ ɤɥɚɫɬɟɪɚ ɛɵɥɢ ɨɩɪɟɞɟɥɟɧɵ ɤɨɨɪɞɢɧɚɬɵ ɢ ɩɨɫɬɪɨɟɧ 

ɝɪɚɮɢɤ ɩɥɨɬɧɨɫɬɢ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɷɥɟɤɬɪɨɧɨɜ (ɪɢɫ. 3.28). Ɋɚɫɫɱɢɬɚɧɨ ɱɢɫɥɟɧɧɨɟ 
ɡɧɚɱɟɧɢɟ ɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ – 0,21 ȝȻ/ɚɬ. 
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Ɋɢɫɭɧɨɤ 3.28 – Ɂɚɜɢɫɢɦɨɫɬɶ ɩɥɨɬɧɨɫɬɢ ɜɟɪɨɹɬɧɨɫɬɢ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɷɥɟɤɬɪɨɧɧɵɯ ɫɨɫɬɨɹɧɢɣ 
ɨɬ ɷɧɟɪɝɢɢ ɷɥɟɤɬɪɨɧɨɜ ɞɥɹ ɢɤɨɫɚɷɞɪɢɱɟɫɤɨɝɨ ɤɥɚɫɬɟɪɚ ɢɡ 13 ɚɬɨɦɨɜ ɠɟɥɟɡɚ 

 
Ȼɵɥɢ ɩɨɫɬɪɨɟɧɵ 3D-ɦɨɞɟɥɢ ɢɤɨɫɚɷɞɪɚ ɢ ɩɨɫɥɟɞɭɸɳɢɯ ɤɨɨɪɞɢɧɚɰɢɨɧɧɵɯ 

ɫɮɟɪ (ɪɢɫ. 3.29). 
 

 
 

 
 

ɚ ɛ ɜ ɝ 
 

Ɋɢɫɭɧɨɤ 3.29 – Ʉɨɨɪɞɢɧɚɰɢɨɧɧɵɟ ɫɮɟɪɵ ɢɡ ɬɟɬɪɚɷɞɪɢɱɟɫɤɢɯ ɤɥɚɫɬɟɪɨɜ: ɚ – ɩɟɪɜɚɹ; ɛ – ɜɬɨ-
ɪɚɹ; ɜ – ɬɪɟɬɶɹ; ɝ – ɱɟɬɜёɪɬɚɹ 

 
ɉɪɢ ɩɨɫɬɪɨɟɧɢɢ ɤɨɨɪɞɢɧɚɰɢɨɧɧɵɯ ɫɮɟɪ ɫ ɩɨɦɨɳɶɸ ɬɟɬɪɚɷɞɪɢɱɟɫɤɢɯ ɤɥɚ-

ɫɬɟɪɨɜ ɱɢɫɥɨ ɚɬɨɦɨɜ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɫ ɝɟɨɦɟɬɪɢɱɟɫɤɨɣ ɩɪɨɝɪɟɫ-
ɫɢɟɣ. ɉɟɪɜɵɣ ɪɹɞ ɬɟɬɪɚɷɞɪɨɜ ɪɚɫɩɨɥɚɝɚɟɬɫɹ ɩɨɜɟɪɯ ɢ ɢɦɟɟɬ 12 ɨɛɨɛɳёɧɧɵɯ 
ɦɟɠɞɭ ɫɨɛɨɣ ɚɬɨɦɨɜ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ. ȼɬɨɪɨɣ ɪɹɞ ɢɦɟɟɬ 20 ɚɬɨɦɨɜ ɧɚ ɩɨɜɟɪɯɧɨ-
ɫɬɢ. Ɍɪɟɬɢɣ – 32 ɚɬɨɦɚ, ɱɟɬɜёɪɬɵɣ – 52 ɚɬɨɦɚ ɢ ɬ.ɞ. 

ɉɪɨɛɥɟɦɚ ɞɚɥɶɧɟɣɲɟɝɨ ɩɨɫɬɪɨɟɧɢɹ ɫɜɹɡɚɧɚ ɜ ɩɟɪɜɭɸ ɨɱɟɪɟɞɶ ɫ ɛɨɥɶɲɢɦɢ 
ɨɬɤɥɨɧɟɧɢɹɦɢ ɬɚɤɨɣ ɫɬɪɭɤɬɭɪɵ. ɉɪɢ ɩɨɫɬɪɨɟɧɢɢ ɢɤɨɫɚɷɞɪɚ ɩɪɚɜɢɥɶɧɵɦɢ ɬɟɬɪɚ-
ɷɞɪɚɦɢ, ɦɟɠɞɭ ɧɢɦɢ ɜɨɡɧɢɤɚɸɬ ɳɟɥɢ ɩɨ 1,47 º, ɬɨ ɟɫɬɶ ɜ ɢɤɨɫɚɷɞɪɢɱɟɫɤɨɦ ɤɥɚ-
ɫɬɟɪɟ ɤɚɠɞɵɣ ɚɬɨɦ ɛɭɞɟɬ ɫɦɟɳёɧ ɩɪɢɦɟɪɧɨ ɧɚ 0,735 º ɨɬɧɨɫɢɬɟɥɶɧɨ ɰɟɧɬɪɚɥɶ-
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ɧɨɝɨ ɚɬɨɦɚ. ȼ ɩɟɪɜɨɣ ɤɨɨɪɞɢɧɚɰɢɨɧɧɨɣ ɫɮɟɪɟ ɚɬɨɦɚɦ ɞɥɹ ɪɚɜɧɨɜɟɫɧɨɣ ɫɬɪɭɤ-
ɬɭɪɵ ɩɨɬɪɟɛɭɟɬɫɹ ɫɦɟɳɟɧɢɟ ɧɚ ɧɟɛɨɥɶɲɨɟ ɪɚɫɫɬɨɹɧɢɟ, ɩɨɫɤɨɥɶɤɭ ɫɦɟɳɟɧɢɟ 
ɦɨɠɧɨ ɪɚɫɫɱɢɬɚɬɶ, ɤɚɤ: 

ݏ  = ݈ ∙ sinሺͲ,͹͵5ሻ = ݈ ∙ Ͳ,Ͳͳʹͺ͵, (3.1) 
 

ɝɞɟ l – ɪɚɫɫɬɨɹɧɢɟ ɨɬ ɰɟɧɬɪɚ ɚɬɨɦɚ ɞɥɹ ɪɚɫɫɱɢɬɵɜɚɟɦɨɝɨ. 
Ƚɟɨɦɟɬɪɢɱɟɫɤɨɟ ɨɝɪɚɧɢɱɟɧɢɟ ɩɪɢ ɫɨɟɞɢɧɟɧɢɢ ɬɟɬɪɚɷɞɪɨɜ ɬɚɤɨɜɨ, ɱɬɨ ɩɹɬɶ 

ɬɟɬɪɚɷɞɪɨɜ, ɨɛɴɟɞɢɧёɧɧɵɯ ɩɨ ɪɟɛɪɭ, ɛɭɞɭɬ ɢɦɟɬɶ ɡɚɡɨɪ ɜ 7,35 ° (ɪɢɫ. 3.30). ɉɪɨ-
ɢɫɯɨɞɢɬ ɷɬɨ ɩɨɬɨɦɭ ɱɬɨ ɭɝɨɥ ɬɟɬɪɚɷɞɪɚ ɦɟɠɞɭ ɝɪɚɧɹɦɢ ɫɨɫɬɚɜɥɹɟɬ 70,53 °, ɱɬɨ ɜ 
ɫɭɦɦɟ ɞɚёɬ 352,65 °, ɚ ɧɟ 360 °. Ɂɚɡɨɪ ɭɫɬɪɚɧɹɟɬɫɹ ɫɦɟɳɟɧɢɟɦ ɚɬɨɦɨɜ ɢ ɞɟɮɨɪɦɚ-
ɰɢɟɣ ɪёɛɟɪ: ɤɚɠɞɵɣ ɤɪɚɣɧɢɣ ɚɬɨɦ ɫɦɟɳɚɟɬɫɹ ɧɚ 1,47 °. ȼ ɢɤɨɫɚɷɞɪɟ ɫɦɟɳɟɧɢɟ 
ɩɪɨɢɫɯɨɞɢɬ ɧɚ 1,47 ° ɜ ɬɪɢ ɫɬɨɪɨɧɵ, ɩɨɫɤɨɥɶɤɭ ɤɚɠɞɵɣ ɚɬɨɦ ɩɨɜɟɪɯɧɨɫɬɢ ɛɭɞɟɬ 
ɩɪɢɧɚɞɥɟɠɚɬɶ ɬɪёɦ ɬɟɬɪɚɷɞɪɚɦ ɢ ɬɪёɦ ɩɟɧɬɚɝɨɧɚɥɶɧɵɦ ɫɛɨɪɤɚɦ (ɪɢɫ. 3.31). 

 

 
 

Ɋɢɫɭɧɨɤ 3.30 – ɂɡɨɛɪɚɠɟɧɢɟ ɫɛɨɪɤɢ ɢɡ ɩɹɬɢ ɩɪɚɜɢɥɶɧɵɯ ɬɟɬɪɚɷɞɪɨɜ, ɞɚɸɳɢɯ ɡɚɡɨɪ ɜ 7,35 °  
 
Ⱦɥɹ ɚɬɨɦɨɜ ɩɟɪɜɨɣ ɤɨɨɪɞɢɧɚɰɢɨɧɧɨɣ ɫɮɟɪɵ ɪɚɫɫɬɨɹɧɢɟ ɛɭɞɟɬ ɫɨɫɬɚɜɥɹɬɶ 

ɩɨɪɹɞɤɚ ɬɪёɯ ɚɧɝɫɬɪɟɦ ɢ ɛɭɞɟɬ ɪɚɜɧɚ ɨɞɧɨɦɭ ɦɟɠɚɬɨɦɧɨɦɭ ɪɚɫɫɬɨɹɧɢɸ. Ⱥ ɞɥɹ 
ɩɨɫɥɟɞɭɸɳɢɯ ɡɧɚɱɟɧɢɟ ɛɭɞɟɬ ɪɚɫɬɢ. ɉɪɢ ɩɨɫɬɪɨɟɧɢɢ ɞɚɥɶɧɟɣɲɢɯ ɤɨɨɪɞɢɧɚɰɢ-
ɨɧɧɵɯ ɫɮɟɪ, ɫɦɟɳɟɧɢɹ ɜɫɤɨɪɟ ɞɨɫɬɢɝɧɭɬ ɤɪɢɬɢɱɟɫɤɢɯ ɡɧɚɱɟɧɢɣ, ɩɨɫɥɟ ɤɨɬɨɪɵɯ 
ɩɨɫɬɪɨɟɧɢɟ ɧɟɜɨɡɦɨɠɧɨ. ɉɨ ɩɪɚɜɢɥɭ Ⱦɟɥɨɧɟ: ɧɚɧɨɱɚɫɬɢɰɚ ɭɫɬɨɣɱɢɜɚ, ɟɫɥɢ ɟё 
ɞɢɚɦɟɬɪ ɧɟ ɛɨɥɶɲɟ ɱɟɬɵɪёɯ ɦɟɠɚɬɨɦɧɵɯ ɪɚɫɫɬɨɹɧɢɣ. 

 

 
 

Ɋɢɫɭɧɨɤ 3.31 – ɂɡɨɛɪɚɠɟɧɢɟ ɢɤɨɫɚɷɞɪɚ ɤɚɤ ɫɛɨɪɤɢ ɢɡ ɞɜɚɞɰɚɬɢ ɨɤɬɚɷɞɪɨɜ 
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ɂɤɨɫɚɷɞɪɵ ɦɨɝɭɬ ɧɚɯɨɞɢɬɶɫɹ ɜ ɜɢɞɟ ɨɬɞɟɥɶɧɵɯ ɤɥɚɫɬɟɪɨɜ, ɫɨɫɬɚɜɥɹɬɶ ɢɤɨ-
ɫɚɷɞɪɢɱɟɫɤɢɟ ɫɩɢɪɚɥɢ, ɜɩɢɫɚɧɧɵɟ ɜ ɪɟɲёɬɤɭ, ɫɨɜɦɟɳɚɹɫɶ ɫ ɞɪɭɝɢɦɢ ɤɥɚɫɬɟɪ-
ɧɵɦɢ ɨɛɪɚɡɨɜɚɧɢɹɦɢ (ɪɢɫ. 3.32). ȼɨɡɦɨɠɧɨ ɩɨɫɬɪɨɟɧɢɟ ɤɨɨɪɞɢɧɚɰɢɨɧɧɨɣ ɫɮɟɪɵ 
ɢɡ ɢɤɨɫɚɷɞɪɨɜ, ɩɪɟɞɥɨɠɟɧɧɨɟ [33] (ɪɢɫ. 3.33). Ɂɞɟɫɶ ɢɤɨɫɚɷɞɪ ɨɤɪɭɠёɧ ɞɜɟɧɚɞɰɚ-
ɬɶɸ ɞɪɭɝɢɦɢ ɢɤɨɫɚɷɞɪɚɦɢ; ɨɛɳɚɹ ɫɬɪɭɤɬɭɪɚ ɜɩɢɫɵɜɚɟɬɫɹ ɜ ɞɨɞɟɤɚɷɞɪ. ɉɨɞɨɛɧɵɟ 
ɫɬɪɭɤɬɭɪɵ ɜɨɡɦɨɠɧɵ ɞɥɹ TiO2, BeTiO3 [TiO2 + BeO ɫɬɚɬɶɹ]. Ʉɪɨɦɟ ɬɨɝɨ, ɩɨɞɬɜɟɪ-
ɠɞɟɧɨ ɫɨɜɦɟɳɟɧɢɟ ɫɬɪɭɤɬɭɪ ɎɄ-12 ɢ ɎɄ-16 ɫɨɫɬɚɜɚ Fe86Mn13C [18] (ɪɢɫ. 3.34) 

 

 
 

Ɋɢɫɭɧɨɤ 3.32 – 3D-ɦɨɞɟɥɶ ɢɤɨɫɚɷɞɪɢɱɟɫɤɨɣ ɫɩɢɪɚɥɢ 
 

 
 

Ɋɢɫɭɧɨɤ 3.33 – 3D-ɦɨɞɟɥɶ ɤɨɨɪɞɢɧɚɰɢɨɧɧɨɣ ɫɮɟɪɵ ɢɡ ɢɤɨɫɚɷɞɪɨɜ 
 

 
 

Ɋɢɫɭɧɨɤ 3.34 – ɋɨɜɦɟɳɟɧɢɟ ɫɬɪɭɤɬɭɪ ɎɄ-12 ɢ ɎɄ-16 ɫɨɫɬɚɜɚ Fe86Mn13C [101] 
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ɋɭɳɟɫɬɜɭɟɬ ɪɚɡɥɢɱɧɵɟ ɜɨɡɦɨɠɧɨɫɬɢ ɭɩɚɤɨɜɤɢ ɬɟɬɪɚɷɞɪɨɜ ɜ ɧɚɧɨɤɥɚɫɬɟɪɟ. 
Ⱦɨɜɨɥɶɧɨ ɪɚɫɩɪɨɫɬɪɚɧɟɧɨ ɜɨɡɧɢɤɧɨɜɟɧɢɟ ɤɥɚɫɬɟɪɧɵɯ ɫɛɨɪɨɤ ɜ ɜɢɞɟ ɬɚɬɪɚɷɞɪɢ-
ɱɟɫɤɨɣ ɫɩɢɪɚɥɢ ɞɥɹ ɫɨɟɞɢɧɟɧɢɣ Ni4Ti3, Al4C3 [81, 84, 85, 87]. Ɉɛɪɚɡɨɜɚɧɢɟ ɬɚɤɨɣ 
ɫɬɪɭɤɬɭɪɵ ɫɜɹɡɚɧɨ ɫ ɜɨɡɦɨɠɧɨɫɬɶɸ ɩɟɪɟɯɨɞɚ ɨɤɬɚɷɞɪɢɱɟɫɤɨɝɨ ɤɥɚɫɬɟɪɚ ɜ ɝɪɭɩɩɭ 
ɢɡ ɬɪёɯ ɬɟɬɪɚɷɞɪɢɱɟɫɤɢɯ (ɪɢɫ. 3.11).  ɇɚ ɪɢɫ. 3.35 ɩɪɟɞɫɬɚɜɥɟɧ ɧɚɧɨɤɪɢɫɬɚɥɥɢɱɟ-
ɫɤɢɣ ɤɥɚɫɬɟɪ ɠɟɥɟɡɚ, ɩɪɟɞɫɬɚɜɥɹɸɳɢɣ ɫɨɛɨɣ ɫɩɢɪɚɥɶ ɢɡ ɫɟɦɢ ɬɟɬɪɚɷɞɪɨɜ. Ⱦɥɹ 
ɬɚɤɨɣ ɬɟɬɪɚɷɞɪɢɱɟɫɤɨɣ ɫɛɨɪɤɢ ɫɞɟɥɚɧɨ ɩɨɫɬɪɨɟɧɢɟ ɫɩɢɧ-ɩɨɥɹɪɢɡɨɜɚɧɧɨɣ ɩɥɨɬ-
ɧɨɫɬɢ ɷɥɟɤɬɪɨɧɧɵɯ ɫɨɫɬɨɹɧɢɣ (ɪɢɫ. 3.36), ɫɪɟɞɧɢɣ ɦɚɝɧɢɬɧɵɣ ɦɨɦɟɧɬ ɧɚ ɚɬɨɦ 
ɫɨɫɬɚɜɢɥ 0,26 ȝȻ/ɚɬ. 

 

 
 

Ɋɢɫɭɧɨɤ 3.35 – 3D-ɦɨɞɟɥɶ ɫɩɢɪɚɥɶɧɨɝɨ ɬɟɬɪɚɷɞɪɢɱɟɫɤɨɝɨ ɤɥɚɫɬɟɪɚ ɢɡ 10 ɚɬɨɦɨɜ ɠɟɥɟɡɚ 
 

Ɍɚɛɥɢɰɚ 3.7 – Ʉɨɨɪɞɢɧɚɬɵ ɬɟɬɪɚɷɞɪɢɱɟɫɤɨɣ ɫɩɢɪɚɥɢ ɢɡ 10 ɚɬɨɦɨɜ 
ɇɨɦɟɪ ɚɬɨɦɚ Ʉɨɨɪɞɢɧɚɬɚ x, Å Ʉɨɨɪɞɢɧɚɬɚ y, Å Ʉɨɨɪɞɢɧɚɬɚ z, Å 

  1    1,5033    −1,1311 17,566 
  2 −0,9821       0,9032   16,6758 
  3    1,4392       0,1803   14,5026 
  4 −0,7792    −2,1535   15,3629 
  5 −1,7181      0,4178   13,4616 
  6    0,2581    −2,0012   12,1899 
  7    0,7822  1,22   11,3875 
  8 −1,8657    −0,4033   10,1788 
  9    1,2035    −1,1478     9,0538 
10             −0,203   1,77     8,2683 
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Ɋɢɫɭɧɨɤ 3.36 – Ɂɚɜɢɫɢɦɨɫɬɶ ɩɥɨɬɧɨɫɬɢ ɜɟɪɨɹɬɧɨɫɬɢ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɷɥɟɤɬɪɨɧɧɵɯ ɫɨɫɬɨɹɧɢɣ 
ɨɬ ɷɧɟɪɝɢɢ ɷɥɟɤɬɪɨɧɨɜ ɞɥɹ ɬɟɬɪɚɷɞɪɢɱɟɫɤɨɝɨ ɫɩɢɪɚɥɶɧɨɝɨ ɤɥɚɫɬɟɪɚ ɢɡ 10 ɚɬɨɦɨɜ ɠɟɥɟɡɚ 

 
ɇɚ ɨɫɧɨɜɟ ɫɬɪɭɤɬɭɪ ɬɟɬɪɚɷɞɪɢɱɟɫɤɨɣ ɫɩɢɪɚɥɢ (Rh-7) ɢ ɢɤɨɫɚɷɞɪɚ (ɎɄ-12) 

ɦɨɠɧɨ ɩɨɫɬɪɨɢɬɶ ɦɨɞɟɥɶ ɧɟɪɚɜɧɨɜɟɫɧɨɣ ɫɬɪɭɤɬɭɪɵ, ɢɦɟɸɳɟɣ 133 ɚɬɨɦɚ, 120 ɢɡ 
ɤɨɬɨɪɵɯ ɧɚɯɨɞɹɬɫɹ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ (ɪɢɫ. 3.37).  

ɉɨɫɬɪɨɟɧɢɟ ɩɪɨɢɫɯɨɞɢɬ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ: ɞɜɚɞɰɚɬɶ ɬɟɬɪɚɷɞɪɢɱɟɫɤɢɯ 
ɫɩɢɪɚɥɟɣ ɩɨɨɱɟɪёɞɧɨ ɩɭɬёɦ ɩɨɜɨɪɨɬɚ ɩɪɢɫɨɟɞɢɧɹɸɬɫɹ ɞɪɭɝ ɤ ɞɪɭɝɭ (ɪɢɫ. 3.38). 
Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɤɚɠɞɚɹ ɫɩɢɪɚɥɶ ɛɭɞɟɬ ɢɦɟɬɶ ɨɞɢɧ ɨɛɳɢɣ ɚɬɨɦ. ȼ ɩɟɪɜɨɣ ɤɨɨɪɞɢ-
ɧɚɰɢɨɧɧɨɣ ɫɮɟɪɟ ɫɬɪɭɤɬɭɪɚ ɛɭɞɟɬ ɞɚɜɚɬɶ ɢɤɨɫɚɷɞɪ (ɪɢɫ. 3.39). ɋɬɪɭɤɬɭɪɚ ɢɦɟɟɬ 
ɩɟɧɬɚɫɢɦɦɟɬɪɢɸ ɩɨ ɨɫɢ z. 

 

 
 

Ɋɢɫɭɧɨɤ 3.37 – ɋɨɜɨɤɭɩɧɨɫɬɶ ɞɜɚɞɰɚɬɢ ɬɟɬɪɚɷɞɪɢɱɟɫɤɢɯ ɫɩɢɪɚɥɟɣ, 
ɩɨɫɬɪɨɟɧɧɵɯ ɢɡ ɨɞɧɨɣ ɬɨɱɤɢ 
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Ɋɢɫɭɧɨɤ 3.38 – ɋɨɜɨɤɭɩɧɨɫɬɶ ɞɜɚɞɰɚɬɢ ɬɟɬɪɚɷɞɪɢɱɟɫɤɢɯ ɫɩɢɪɚɥɟɣ (ɮɪɚɝɦɟɧɬ ɫ ɨɞɧɨɣ ɫɩɢɪɚ-
ɥɶɸ), ɞɚɸɳɢɯ ɫɬɪɭɤɬɭɪɭ ɢɤɨɫɚɷɞɪɚ ɜ ɩɟɪɜɨɣ ɤɨɨɪɞɢɧɚɰɢɨɧɧɨɣ ɫɮɟɪɟ 

 

 
 

Ɋɢɫɭɧɨɤ 3.39 – Ɋɚɡɛɢɟɧɢɟ ɫɬɪɭɤɬɭɪɵ ɢɡ ɬɟɬɪɚɷɞɪɢɱɟɫɤɢɯ ɫɩɢɪɚɥɟɣ ɧɚ ɭɪɨɜɧɢ, ɜ ɰɟɧɬɪɟ – ɢɤɨ-
ɫɚɷɞɪ ɢɡ ɩɟɪɜɵɯ ɬɟɬɪɚɷɞɪɨɜ ɤɚɠɞɨɣ ɫɩɢɪɚɥɢ 
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ɇɨ ɞɥɹ ɫɨɡɞɚɧɢɹ ɢ ɫɭɳɟɫɬɜɨɜɚɧɢɹ ɩɨɞɨɛɧɵɯ ɫɥɨɠɧɵɯ ɤɥɚɫɬɟɪɧɵɯ ɫɛɨɪɨɤ 
ɧɟɨɛɯɨɞɢɦɨ ɫɨɡɞɚɧɢɟ ɫɩɟɰɢɚɥɶɧɵɯ ɭɫɥɨɜɢɣ. Ɂɚɤɪɟɩɥɟɧɢɟ ɧɟɪɚɜɧɨɜɟɫɧɨɣ ɫɬɪɭɤ-
ɬɭɪɵ ɨɛɵɱɧɨ ɩɪɨɢɫɯɨɞɢɬ ɫ ɩɨɦɨɳɶɸ ɬɟɦɩɟɪɚɬɭɪɧɨɝɨ ɜɨɡɞɟɣɫɬɜɢɹ ɢ ɛɵɫɬɪɨɝɨ 
ɨɯɥɚɠɞɟɧɢɹ [102]. ɋɨɡɞɚɧɢɟ ɤɥɚɫɬɟɪɧɨɣ ɫɬɪɭɤɬɭɪɵ ɦɨɠɟɬ ɩɨɬɪɟɛɨɜɚɬɶ ɷɥɟɤɬɪɨ-
ɦɚɝɧɢɬɧɨɝɨ ɢ ɢɧɨɝɨ ɜɨɥɧɨɜɨɝɨ ɜɨɡɞɟɣɫɬɜɢɹ, ɩɪɨɯɨɠɞɟɧɢɹ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ, 
ɦɟɯɚɧɢɱɟɫɤɨɝɨ ɜɨɡɞɟɣɫɬɜɢɹ, ɛɨɦɛɚɪɞɢɪɨɜɤɢ ɢɨɧɚɦɢ ɢ ɞɪ. [103]. 

ȼɨɡɦɨɠɧɚ ɬɚɤ ɧɚɡɵɜɚɟɦɚɹ ɢɟɪɚɪɯɢɱɟɫɤɚɹ ɫɚɦɨɫɛɨɪɤɚ ɧɚɧɨɪɚɡɦɟɪɧɵɯ ɱɚ-
ɫɬɢɰ (ɧɚɧɨɤɥɚɫɬɟɪɨɜ, ɧɚɧɨɩɪɨɜɨɥɨɤ, ɧɚɧɨɥɟɧɬ ɢ ɧɚɧɨɬɪɭɛɨɤ). ɂɡɜɟɫɬɧɨ, ɱɬɨ ɜ 
ɩɪɢɪɨɞɟ ɢ ɜ ɬɜёɪɞɵɯ ɦɚɬɟɪɢɚɥɚɯ ɜ ɬɨɦ ɱɢɫɥɟ, ɪɚɫɩɪɨɫɬɪɚɧɟɧɵ ɮɪɚɤɬɚɥɶɧɵɟ 
ɫɬɪɭɤɬɭɪɵ. Ʉ ɧɢɦ ɨɬɧɨɫɹɬɫɹ, ɜ ɱɚɫɬɧɨɫɬɢ, ɫɚɦɨɫɨɛɢɪɚɸɳɢɟɫɹ ɦɨɥɟɤɭɥɵ, ɞɟɧɞ-
ɪɢɬɧɵɟ ɮɪɚɤɬɚɥɵ. Ʉ ɬɚɤɨɣ ɫɬɪɭɤɬɭɪɟ ɦɨɠɧɨ ɨɬɧɟɫɬɢ ɢ ɩɨɞɨɛɧɵɟ ɬɟɬɪɚɷɞɪɢɱɟ-
ɫɤɢɣ ɫɛɨɪɤɢ. 

ɉɪɟɞɥɚɝɚɟɬɫɹ ɫɩɨɫɨɛ ɫɨɡɞɚɧɢɹ ɧɚɧɨɪɚɡɦɟɪɧɵɯ ɩɨɪɨɲɤɨɜ ɩɨɪɹɞɤɚ ɞɟɫɹɬɤɨɜ 
– ɫɨɬɟɧ ɚɧɝɫɬɪɟɦ. ɉɪɢ ɤɪɚɬɤɨɜɪɟɦɟɧɧɨɣ ɛɨɦɛɚɪɞɢɪɨɜɤɟ ɦɟɬɚɥɥɢɱɟɫɤɨɝɨ ɨɛɪɚɡɰɚ 
ɢɫɩɚɪɹɸɬɫɹ ɤɥɚɫɬɟɪɧɵɟ ɨɛɪɚɡɨɜɚɧɢɹ, ɢɦɟɸɳɢɟ ɨɬ 30 ɞɨ 500 ɚɬɨɦɨɜ, ɜ ɡɚɜɢɫɢɦɨ-
ɫɬɢ ɨɬ ɪɟɠɢɦɚ ɪɚɛɨɬɵ ɥɚɡɟɪɚ [44]. Ⱦɚɥɟɟ ɩɪɨɢɫɯɨɞɢɬ ɢɨɧɢɡɚɰɢɹ ɞɥɹ ɩɨɜɵɲɟɧɢɹ 
ɦɚɝɧɢɬɧɨɣ ɜɨɫɩɪɢɢɦɱɢɜɨɫɬɢ ɤɥɚɫɬɟɪɨɜ, ɩɨɫɥɟ ɱɟɝɨ ɤɥɚɫɬɟɪ ɞɜɢɠɟɬɫɹ ɜ ɫɨɡɞɚɜɚ-
ɟɦɨɦ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɦ ɩɨɥɟ. ȿɫɥɢ ɧɚ ɩɭɬɢ ɞɜɢɠɟɧɢɹ ɤɥɚɫɬɟɪɧɵɯ ɩɭɱɤɨɜ ɩɨɫɬɚ-
ɜɢɬɶ ɨɯɥɚɠɞɚɸɳɭɸ ɳɟɥɶ, ɤɥɚɫɬɟɪɧɵɟ ɨɛɪɚɡɨɜɚɧɢɹ ɛɭɞɭɬ ɤɪɢɫɬɚɥɥɢɡɨɜɚɧɵ ɫ ɡɚ-
ɤɪɟɩɥɟɧɢɟɦ ɢɫɯɨɞɧɨɣ ɫɬɪɭɤɬɭɪɵ. ɉɨɞɨɛɧɨɟ ɫɨɡɞɚɧɢɟ ɧɚɧɨɩɨɪɨɲɤɨɜ ɢɡ ɦɚɥɨɝɨ 
ɱɢɫɥɚ ɚɬɨɦɨɜ ɭɠɟ ɢɫɩɨɥɶɡɭɟɬɫɹ ɧɚ ɩɪɚɤɬɢɤɟ. 

ɉɨɥɭɱɢɜɲɢɣɫɹ ɩɨɪɨɲɨɤ ɦɨɠɧɨ ɢɫɩɨɥɶɡɨɜɚɬɶ ɜ ɤɚɱɟɫɬɜɟ ɞɢɫɩɟɪɫɧɨɝɨ 
ɧɚɩɨɥɧɢɬɟɥɹ ɤɨɦɩɨɡɢɰɢɨɧɧɨɝɨ ɦɚɬɟɪɢɚɥɚ. ȼ ɤɚɱɟɫɬɜɟ ɦɚɬɪɢɰɵ ɦɨɝɭɬ ɛɵɬɶ ɢɫ-
ɩɨɥɶɡɨɜɚɧɵ ɫɩɥɚɜɵ ɥɟɝɤɨɩɥɚɜɤɢɯ ɦɟɬɚɥɥɨɜ ɢ ɩɨɥɢɦɟɪɵ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɜɨɡ-
ɦɨɠɧɨ ɩɨɥɭɱɟɧɢɟ ɤɥɚɫɬɟɪɧɨɝɨ ɧɚɧɨɦɚɬɟɪɢɚɥɚ ɫ ɭɧɢɤɚɥɶɧɵɦɢ ɷɥɟɤɬɪɨɦɚɝɧɢɬ-
ɧɵɦɢ ɫɜɨɣɫɬɜɚɦɢ, ɬɚɤɢɦɢ ɤɚɤ ɜɵɫɨɤɚɹ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɶ, ɫɜɟɪɯɩɪɨɜɨɞɢɦɨɫɬɶ.  

ɋɩɟɤɚɧɢɟ ɤɥɚɫɬɟɪɧɵɯ ɩɨɪɨɲɤɨɜ ɩɪɟɞɫɬɚɜɥɹɟɬɫɹ ɡɚɬɪɭɞɧɢɬɟɥɶɧɵɦ, ɩɨ-
ɫɤɨɥɶɤɭ ɩɨɬɪɟɛɭɟɬ ɩɨɜɵɲɟɧɢɹ ɬɟɦɩɟɪɚɬɭɪɵ, ɤɨɬɨɪɚɹ ɜɵɡɨɜɟɬ ɩɟɪɟɯɨɞ ɤɥɚɫɬɟɪ-
ɧɨɣ ɫɬɪɭɤɬɭɪɵ ɜ ɛɨɥɟɟ ɪɚɜɧɨɜɟɫɧɭɸ ɩɭɬёɦ ɞɢɮɮɭɡɢɢ ɚɬɨɦɨɜ. Ʉ ɬɨɦɭ ɠɟ ɧɟ ɢɫ-
ɤɥɸɱɚɟɬɫɹ ɜɨɡɦɨɠɧɨɫɬɶ ɪɟɥɚɤɫɚɰɢɢ, ɜ ɯɨɞɟ ɤɨɬɨɪɨɣ ɤɥɚɫɬɟɪɧɵɣ ɦɚɬɟɪɢɚɥ ɩɨɬɟ-
ɪɹɟɬ ɫɜɨɢ ɫɬɪɭɤɬɭɪɭ ɢ ɫɜɨɣɫɬɜɚ. ɒɟɪɨɯɨɜɚɬɨɫɬɶ ɩɥёɧɨɤ ɫ ɧɚɧɨɪɚɡɦɟɪɧɵɦɢ ɦɚɬɟ-
ɪɢɚɥɚɦɢ ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɩɪɢ ɩɪɨɯɨɠɞɟɧɢɢ ɜɪɟɦɟɧɢ ɩɨɫɥɟ ɨɫɚɠɞɟɧɢɹ [15]. ɗɬɨ 
ɨɛɴɹɫɧɹɟɬɫɹ ɪɨɫɬɨɦ ɡёɪɟɧ, ɢɯ ɨɛɴɟɞɢɧɟɧɢɟɦ ɡɚ ɫɱёɬ ɩɪɨɰɟɫɫɨɜ ɞɢɮɮɭɡɢɢ, ɱɬɨ 
ɫɬɚɜɢɬ ɫɥɟɞɭɸɳɭɸ ɩɪɨɛɥɟɦɭ ɞɥɹ ɢɫɫɥɟɞɨɜɚɧɢɹ – ɭɞɟɪɠɚɧɢɟ ɫɬɪɭɤɬɭɪɵ ɜ ɬɟɥɟ 
ɤɨɦɩɨɡɢɰɢɨɧɧɨɝɨ ɦɚɬɟɪɢɚɥɚ. 

ɉɨɞɜɨɞɹ ɢɬɨɝɢ, ɦɨɠɧɨ ɫɤɚɡɚɬɶ, ɱɬɨ ɤɥɚɫɬɟɪɵ ɦɚɥɵɯ ɪɚɡɦɟɪɨɜ ɛɭɞɭɬ ɢɦɟɬɶ 
ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ, ɛɥɢɡɤɢɟ ɚɬɨɦɧɵɦ (ɨɤɨɥɨ 0,22 ȝȻ/ɚɬ.). Ɍɟɬɪɚɷɞɪɢɱɟɫɤɢɟ ɤɥɚ-
ɫɬɟɪɧɵɟ ɫɩɢɪɚɥɢ ɢ ɢɤɨɫɚɷɞɪɢɱɟɫɤɢɟ ɤɥɚɫɬɟɪɵ ɢɦɟɸɬ ɦɟɧɟɟ ɪɚɜɧɨɜɟɫɧɭɸ ɮɨɪɦɭ 
ɫɬɪɭɤɬɭɪɵ, ɱɟɦ ɨɤɬɚɷɞɪɢɱɟɫɤɢɟ, ɩɨɫɤɨɥɶɤɭ ɫɨɫɬɨɹɬ ɢɡ ɬɟɬɪɚɷɞɪɨɜ. ɋɛɨɪɤɢ ɢɡ ɬɟɬ-
ɪɚɷɞɪɨɜ ɛɭɞɭɬ ɢɦɟɬɶ ɭɧɢɤɚɥɶɧɵɟ ɷɥɟɤɬɪɢɱɟɫɤɢɟ ɢ ɦɚɝɧɢɬɧɵɟ ɫɜɨɣɫɬɜɚ, ɧɨ ɨɧɢ 
ɦɨɝɭɬ ɫɭɳɟɫɬɜɨɜɚɬɶ ɥɢɲɶ ɜ ɛɥɢɠɧɟɦ ɨɤɪɭɠɟɧɢɢ.  

ɉɪɢ ɩɨɫɬɪɨɟɧɢɢ ɤɥɚɫɬɟɪɨɜ ɫ ɱɢɫɥɨɦ ɚɬɨɦɨɜ ɨɤɨɥɨ 100 ɜ ɜɢɞɟ ɬɚɬɪɚɷɞɪɢɱɟ-
ɫɤɢɯ ɫɛɨɪɨɤ, ɮɨɪɦɢɪɭɟɬɫɹ ɧɟɪɚɜɧɨɜɟɫɧɚɹ ɫɬɪɭɤɬɭɪɚ. ɉɨɫɬɪɨɟɧɚ ɦɨɞɟɥɶ ɢɡ ɞɜɚ-
ɞɰɚɬɢ ɬɟɬɪɚɷɞɪɢɱɟɫɤɢɯ ɫɩɢɪɚɥɟɣ, ɢɫɯɨɞɹɳɢɯ ɢɡ ɨɞɧɨɣ ɬɨɱɤɢ ɢ ɫɜɹɡɚɧɧɵɯ ɞɪɭɝ ɫ 
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ɞɪɭɝɨɦ ɩɨ ɬɪɟɭɝɨɥɶɧɵɦ ɝɪɚɧɹɦ. Ȼɨɥɶɲɚɹ ɱɚɫɬɶ ɚɬɨɦɨɜ ɧɚɯɨɞɢɬɫɹ ɧɚ ɩɨɜɟɪɯɧɨ-
ɫɬɢ, ɧɨ ɜ ɩɟɪɜɨɣ ɢ ɜɬɨɪɨɣ ɤɨɨɪɞɢɧɚɰɢɨɧɧɵɯ ɫɮɟɪɚɯ ɚɬɨɦɵ ɩɪɟɞɫɬɚɜɥɹɸɬ ɫɨɛɨɣ 
ɢɤɨɫɚɷɞɪɵ (ɪɢɫ. 3.29). Ɉɞɧɚ ɫɩɢɪɚɥɶ ɫ ɚɬɨɦɚɦɢ ɢɦɟɟɬ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɶ ɩɨɪɹɞɤɚ 
0,26 ȝȻ/ɚɬ. ɇɚɦɚɝɧɢɱɟɧɧɨɫɬɶ ɢɤɨɫɚɷɞɪɚ – 0,21 ȝȻ/ɚɬ. ȼɡɚɢɦɨɞɟɣɫɬɜɢɟ ɚɬɨɦɨɜ ɩɪɨ-
ɢɫɯɨɞɢɬ ɥɢɲɶ ɜ ɩɪɟɞɟɥɚɯ ɢɤɨɫɚɷɞɪɚ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɩɪɟɞɜɚɪɢɬɟɥɶɧɵɣ ɪɚɫɱёɬ 
ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ 133-ɚɬɨɦɧɨɣ ɱɚɫɬɢɰɵ ɫɨɫɬɚɜɢɬ ɨɤɨɥɨ 4,99 ȝȻ/ɚɬ. ɉɨɦɢɦɨ ɷɬɨɝɨ 
ɧɟɨɛɯɨɞɢɦɨ ɭɱɢɬɵɜɚɬɶ ɜɡɚɢɦɨɞɟɣɫɬɜɢɟ ɫ ɞɪɭɝɢɦɢ ɚɬɨɦɚɦɢ ɦɟɠɞɭ ɫɩɢɪɚɥɟɣ, 
ɫɦɟɳɟɧɢɹ ɩɨɜɟɪɯɧɨɫɬɧɵɯ ɚɬɨɦɨɜ, ɢɫɤɪɢɜɥɟɧɢɹ ɢɫɯɨɞɧɨɣ ɫɬɪɭɤɬɭɪɵ, ɜɤɥɚɞ ɜɬɨ-
ɪɨɣ ɤɨɨɪɞɢɧɚɰɢɨɧɧɨɣ ɫɮɟɪɵ. ɇɚɦɚɝɧɢɱɟɧɧɨɫɬɶ ɪɟɚɥɶɧɨɣ ɱɚɫɬɢɰɵ ɢɡ 100–150 
ɚɬɨɦɨɜ ɫɨɫɬɚɜɥɹɟɬ ɩɨɪɹɞɤɚ 3,0–3,2 ȝȻ/ɚɬ. ɉɪɟɞɥɨɠɟɧɧɚɹ ɫɬɪɭɤɬɭɪɚ ɧɚɢɛɨɥɟɟ 
ɛɥɢɡɤɨ ɨɩɢɫɵɜɚɟɬ ɷɤɫɩɟɪɢɦɟɧɬ [44]. 

ȼɵɜɨɞɵ:  
1 ɉɪɟɞɥɨɠɟɧɵ ɧɨɜɵɟ ɤɥɚɫɬɟɪɧɵɟ ɦɨɞɟɥɢ, ɩɨɡɜɨɥɹɸɳɢɟ ɨɛɴɹɫɧɢɬɶ ɭɧɢ-

ɤɚɥɶɧɵɟ ɦɚɝɧɢɬɧɵɟ ɫɜɨɣɫɬɜɚ ɧɚɧɨɤɥɚɫɬɟɪɨɜ, ɫɨɫɬɨɹɳɢɯ ɢɡ 50–150 ɚɬɨɦɨɜ. 
2 Ⱦɚɧɧɵɟ ɨ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ, ɩɨɥɭɱɟɧɧɵɟ ɢɡ ɫɩɟɤɬɪɨɜ ɩɥɨɬɧɨɫɬɢ ɷɥɟɤ-

ɬɪɨɧɧɵɯ ɫɨɫɬɨɹɧɢɣ, ɩɨɫɬɪɨɟɧɧɵɯ ɞɥɹ ɩɪɟɞɥɨɠɟɧɧɵɯ ɤɥɚɫɬɟɪɨɜ, ɭɞɨɜɥɟɬɜɨɪɢ-
ɬɟɥɶɧɨ ɫɨɝɥɚɫɭɸɬɫɹ ɫ ɷɤɫɩɟɪɢɦɟɧɬɨɦ [44]. 
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 ɁȺɄɅɘɑȿɇɂȿ 
 
ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɛɵɥɢ ɩɪɨɜɟɞɟɧɵ ɢɫɫɥɟɞɨɜɚɧɢɹ ɤɥɚɫɬɟɪɧɵɯ ɦɨɞɟɥɟɣ, ɡɚɜɢ-

ɫɢɦɨɫɬɢ ɢɯ ɦɚɝɧɢɬɧɵɯ ɫɜɨɣɫɬɜ ɨɬ ɫɬɪɭɤɬɭɪɵ. ɂɫɫɥɟɞɨɜɚɧ ɨɛɪɚɡɟɰ ɫɩɟɱёɧɧɨɣ ɤɟ-
ɪɚɦɢɤɢ Al2O3 + MgO ɫ ɧɚɭɝɥɟɪɨɠɢɜɚɧɢɟɦ ɩɨɜɟɪɯɧɨɫɬɢ, ɨɩɪɟɞɟɥёɧ ɮɚɡɨɜɵɣ ɫɨ-
ɫɬɚɜ ɢ ɫɞɟɥɚɧ ɜɵɜɨɞ ɨ ɜɨɡɧɢɤɧɨɜɟɧɢɢ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ ɨɛɪɚɡɰɚ. ɉɨɫɬɪɨɟɧɵ ɤɥɚ-
ɫɬɟɪɧɵɟ ɦɨɞɟɥɢ ɞɥɹ ɮɚɡɵ Al4C3 ɜ ɤɟɪɚɦɢɤɟ, ɜɵɩɨɥɧɟɧ ɪɚɫɱёɬ ɷɥɟɤɬɪɨɧɧɨɣ ɩɥɨɬ-
ɧɨɫɬɢ ɫɬɪɭɤɬɭɪɵ. 

ɉɨɫɬɪɨɟɧɵ ɤɥɚɫɬɟɪɧɵɟ ɦɨɞɟɥɢ ɧɚɧɨɪɚɡɦɟɪɧɵɯ ɱɚɫɬɢɰ ɠɟɥɟɡɚ, ɜɵɩɨɥɧɟɧ 
ɪɚɫɱёɬ ɷɥɟɤɬɪɨɧɧɵɯ ɩɥɨɬɧɨɫɬɟɣ ɧɟɤɨɬɨɪɵɯ ɫɬɪɭɤɬɭɪ. Ɉɛɴɹɫɧɟɧɚ ɩɪɢɪɨɞɚ ɧɚɦɚɝ-
ɧɢɱɟɧɧɨɫɬɢ ɜ ɱɚɫɬɢɰɚɯ ɫ ɬɨɱɤɢ ɡɪɟɧɢɹ ɤɥɚɫɬɟɪɧɨɣ ɬɟɨɪɢɢ. 

ɂɫɫɥɟɞɨɜɚɧɵ ɢ ɩɪɨɞɟɦɨɧɫɬɪɢɪɨɜɚɧɵ ɤɥɚɫɬɟɪɧɵɟ ɩɟɪɟɯɨɞɵ ɢ ɫɩɨɫɨɛɵ ɫɨɜ-
ɦɟɳɟɧɢɣ ɫɬɪɭɤɬɭɪ. ɉɪɟɞɥɨɠɟɧɵ ɧɨɜɵɟ ɬɟɨɪɟɬɢɱɟɫɤɢɟ ɤɥɚɫɬɟɪɧɵɟ ɚɝɪɟɝɚɬɵ ɫ 
ɩɪɟɞɩɨɥɚɝɚɟɦɵɦɢ ɜɵɫɨɤɢɦɢ ɦɚɝɧɢɬɧɵɦɢ ɫɜɨɣɫɬɜɚɦɢ. 
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 ɋɉɂɋɈɄ ɂɋɉɈɅɖɁɍȿɆɕɏ ɋɈɄɊȺЩȿɇɂɃ 

 
Ƚɉɍ – ɝɟɤɫɨɝɨɧɚɥɶɧɚɹ ɩɥɨɬɧɨɭɩɚɤɨɜɚɧɧɚɹ ɤɪɢɫɬɚɥɥɢɱɟɫɤɚɹ ɪɟɲёɬɤɚ. 
ȽɐɄ – ɝɪɚɧɟɰɟɧɬɪɢɪɨɜɚɧɧɚɹ ɤɪɢɫɬɚɥɥɢɱɟɫɤɚɹ ɪɟɲёɬɤɚ. 
ɈɐɄ – ɨɛɴёɦɨɰɟɧɬɪɢɪɨɜɚɧɧɚɹ ɤɪɢɫɬɚɥɥɢɱɟɫɤɚɹ ɪɟɲёɬɤɚ. 
ɆɌ-ɩɨɬɟɧɰɢɚɥ – (ɚɧɝɥ. Muffin-Tin potential) – ɦɚɬɟɦɚɬɢɱɟɫɤɨɟ ɩɪɢɛɥɢɠɟ-

ɧɢɟ ɮɨɪɦɵ ɢɨɧɧɨɝɨ ɩɨɬɟɧɰɢɚɥɚ ɜ ɜɢɞɟ ɫɮɟɪ, ɢɫɩɨɥɶɡɭɟɦɨɟ ɞɥɹ ɪɚɫɱёɬɚ ɜɨɥɧɨɜɨɣ 
ɮɭɧɤɰɢɢ (ɩɨ Ⱦ.ɋɥɟɣɬɟɪɭ). 

Ɋȼ – ɦɟɬɨɞ ɪɚɫɫɟɹɧɧɵɯ ɜɨɥɧ. 
ɊɎɗɋ – ɪɟɧɬɝɟɧɨɜɫɤɢɟ ɮɨɬɨɷɥɟɤɬɪɨɧɧɵɟ ɫɩɟɤɬɪɵ. 
ɎɄ – ɫɬɪɭɤɬɭɪɚ Ɏɪɚɧɤɚ-Ʉɚɫɩɟɪɚ. 
DFT (ɪɭɫ. ɌɎɗɉ) – density functional theory (ɪɭɫ. ɬɟɨɪɢɹ ɮɭɧɤɰɢɨɧɚɥɚ ɷɥɟɤ-

ɬɪɨɧɧɨɣ ɩɥɨɬɧɨɫɬɢ. 
SPS – spark plasma sintering (ɪɭɫ. ɦɟɬɨɞ ɢɫɤɪɨɜɨɝɨ ɩɥɚɡɦɟɧɧɨɝɨ ɫɩɟɤɚɧɢɹ). 
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