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ɊȿɎȿɊȺɌ 
 

Ȼɚɤɚɥɚɜɪɫɤɚɹ ɪɚɛɨɬɚ ɩɨ ɬɟɦɟ «ȼɨɡɧɢɤɧɨɜɟɧɢɟ ɮɟɪɪɨɦɚɝɧɟɬɢɡɦɚ ɜ ɤɚɪ-

ɛɢɞɚɯ ɚɥɸɦɢɧɢɹ» ɫɨɞɟɪɠɢɬ (67 ɫɬɪɚɧɢɰ ɩɟɱɚɬɧɨɝɨ ɬɟɤɫɬɚ, 29 ɪɢɫɭɧɤɨɜ, 10 

ɬɚɛɥɢɰ, 8 ɮɨɪɦɭɥ ɢ 58 ɫɫɵɥɨɤ ɧɚ ɥɢɬɟɪɚɬɭɪɧɵɟ ɢɫɬɨɱɧɢɤɢ). ɇɭɦɟɪɚɰɢɹ ɮɨɪ-

ɦɭɥ, ɬɚɛɥɢɰ, ɢ ɪɢɫɭɧɤɨɜ ɜɟɞɟɬɫɹ ɩɨ ɝɥɚɜɚɦ ɢ ɩɭɧɤɬɚɦ. Ɉɛɳɢɟ ɜɵɜɨɞɵ ɩɪɢɜɟ-

ɞɟɧɵ ɜ ɤɨɧɰɟ ɪɚɛɨɬɵ. 

ɉɪɨɜɟɞɟɧ ɨɛɡɨɪ ɥɢɬɟɪɚɬɭɪɵ ɩɨ ɩɪɨɛɥɟɦɟ, ɢɫɫɥɟɞɨɜɚɧɢɟ ɮɟɪɪɨɦɚɝɧɟ-

ɬɢɡɦɚ, ɩɪɨɜɟɞɟɧɢɟ ɪɟɧɬɝɟɧɨɫɬɪɭɤɬɭɪɧɨɝɨ ɚɧɚɥɢɡɚ, ɢɡɭɱɟɧɢɟ ɦɚɝɧɢɬɧɵɯ 

ɫɜɨɣɫɬɜ. 

ɐɟɥɶɸ ɞɚɧɧɨɣ ɪɚɛɨɬɵ ɹɜɥɹɟɬɫɹ ɭɫɬɚɧɨɜɥɟɧɢɟ ɩɪɢɱɢɧɵ ɩɨɹɜɥɟɧɢɹ ɮɟɪ-

ɪɨɦɚɝɧɢɬɧɵɯ ɫɜɨɣɫɬɜ ɜ ɫɩɥɚɜɚɯ ɤɚɪɛɢɞɚ ɚɥɸɦɢɧɢɹ. 

ȼ ɫɜɹɡɢ ɫ ɷɬɢɦ ɩɨɫɬɚɜɥɟɧɵ ɫɥɟɞɭɸɳɢɟ ɡɚɞɚɱɢ ɞɚɧɧɨɣ ɪɚɛɨɬɵ: 

Ⱦɥɹ ɪɟɚɥɢɡɚɰɢɢ ɩɨɫɬɚɜɥɟɧɧɨɣ ɰɟɥɢ ɪɟɲɚɥɢɫɶ ɫɥɟɞɭɸɳɢɟ ɡɚɞɚɱɢ:  

1 ɋɞɟɥɚɬɶ ɚɧɚɥɢɡ ɥɢɬɟɪɚɬɭɪɧɵɯ ɞɚɧɧɵɯ. 

2 ɂɫɫɥɟɞɨɜɚɬɶ ɫɬɪɭɤɬɭɪɭ ɢ ɦɚɝɧɢɬɧɵɟ ɫɜɨɣɫɬɜɚ ɨɛɪɚɡɰɨɜ, ɫɨɞɟɪɠɚɳɢɯ 

ɤɚɪɛɢɞɵ ɚɥɸɦɢɧɢɹ Al4C3 ɢ Al4C6. 

3 ȼɵɹɜɢɬɶ ɜɡɚɢɦɨɫɜɹɡɶ ɦɟɠɞɭ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɢ ɷɥɟɤɬɪɨɧɧɨɣ ɫɬɪɭɤ-

ɬɭɪɚɦɢ ɨɛɪɚɡɰɨɜ, ɫɨɞɟɪɠɚɳɢɯ ɤɚɪɛɢɞɵ ɚɥɸɦɢɧɢɹ. 
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ȼȼȿȾȿɇɂȿ 

 

Ʉɚɪɛɢɞɧɵɟ ɫɨɟɞɢɧɟɧɢɹ ɚɥɸɦɢɧɢɹ ɲɢɪɨɤɨ ɢɫɩɨɥɶɡɭɟɬɫɹ ɜ ɚɜɬɨɦɨɛɢɥɶɧɨɣ ɢ 

ɚɜɢɚɰɢɨɧɧɨɣ ɩɪɨɦɵɲɥɟɧɧɨɫɬɢ, ɜ ɩɢɪɨɬɟɯɧɢɤɟ ɞɥɹ ɞɨɫɬɢɠɟɧɢɹ ɷɮɮɟɤɬɚ 

ɢɫɤɪ. Ɇɨɠɧɨ ɢɫɩɨɥɶɡɨɜɚɬɶ ɜ ɤɚɱɟɫɬɜɟ ɚɛɪɚɡɢɜɚ ɜ ɪɟɠɭɳɢɯ ɢɧɫɬɪɭɦɟɧɬɚɯ. Ʉɚɪɛɢɞ 

ɚɥɸɦɢɧɢɹ ɩɪɢɛɥɢɡɢɬɟɥɶɧɨ ɬɚɤɭɸ ɠɟ ɬɜɟɪɞɨɫɬɶ ɤɚɤ ɬɨɩɚɡ. ɂɫɩɨɥɶɡɭɟɬɫɹ ɜ ɤɚɱɟɫɬɜɟ 

ɯɢɦɢɱɟɫɤɨɝɨ ɪɟɚɝɟɧɬɚ ɞɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɫɨɞɟɪɠɚɧɢɹ ɬɪɢɬɢɹ ɜ ɜɨɞɟ. 

Ʉɚɪɛɢɞɧɵɟ ɫɨɟɞɢɧɟɧɢɹ ɚɥɸɦɢɧɢɹ ɨɛɪɚɡɭɸɬɫɹ ɩɪɢ ɜɡɚɢɦɨɞɟɣɫɬɜɢɢ ɭɝɥɟ-

ɪɨɞɚ ɢ ɭɝɥɟɪɨɞɫɨɞɟɪɠɚɳɢɯ ɫɨɟɞɢɧɟɧɢɣ ɫ ɚɥɸɦɨɨɤɫɢɞɧɵɦɢ ɮɚɡɚɦɢ. Ɉɧɢ ɜɯɨɞɹɬ 

ɜ ɫɨɫɬɚɜ ɦɧɨɝɨɱɢɫɥɟɧɧɵɯ ɤɟɪɚɦɢɱɟɫɤɢɯ, ɨɝɧɟɭɩɨɪɧɵɯ, ɚɛɪɚɡɢɜɧɵɯ ɦɚɬɟɪɢɚɥɨɜ 

ɜ ɤɚɱɟɫɬɜɟ ɤɚɤ ɩɨɥɟɡɧɵɯ, ɬɚɤ ɢ ɜɪɟɞɧɵɯ ɫɬɪɭɤɬɭɪɨɨɛɪɚɡɭɸɳɢɯ ɮɚɡ. ɗɬɢ ɨɛɫɬɨɹ-

ɬɟɥɶɫɬɜɚ ɜ ɪɚɜɧɨɣ ɦɟɪɟ ɫɬɢɦɭɥɢɪɭɸɬ ɜɵɹɜɥɟɧɢɟ ɡɚɤɨɧɨɦɟɪɧɨɫɬɟɣ ɮɚɡɨɨɛɪɚɡɨ-

ɜɚɧɢɹ, ɮɨɪɦɢɪɨɜɚɧɢɹ ɢ ɫɬɚɛɢɥɢɡɚɰɢɢ ɦɟɠɮɚɡɧɵɯ ɝɪɚɧɢɰ ɜ ɨɤɫɢɞɧɨ-

ɭɝɥɟɪɨɞɧɵɯ, ɨɤɫɢɞɧɨ-ɤɚɪɛɢɞɧɵɯ ɫɢɫɬɟɦɚɯ ɫ ɰɟɥɶɸ ɫɨɡɞɚɧɢɹ ɜɵɫɨɤɢɯ ɮɭɧɤɰɢɨ-

ɧɚɥɶɧɵɯ ɫɜɨɣɫɬɜ ɜ ɚɥɸɦɨɨɤɫɢɞɧɵɯ ɢ ɨɤɫɢɤɚɪɛɢɞɧɵɯ ɦɚɬɟɪɢɚɥɚɯ. 

ȼ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɩɪɨɛɥɟɦɚ, ɫɜɹɡɚɧɧɚɹ ɫ ɜɨɡɧɢɤɧɨɜɟɧɢɟɦ ɤɚɪɛɢɞɨɜ ɜ 

ɚɥɸɦɢɧɢɟɜɵɯ ɫɩɥɚɜɚɯ, ɜɟɞɟɬ ɧɟ ɬɨɥɶɤɨ ɤ ɩɨɬɟɪɹɦ ɚɥɸɦɢɧɢɹ, ɧɨ ɢ ɜɵɡɵɜɚɟɬ 

ɩɨɹɜɥɟɧɢɟ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɩɨɞɢɧɵ ɬɨɧɤɨɝɨ ɤɚɪɛɢɞɧɨɝɨ ɫɥɨɹ ɫ ɛɨɥɶɲɢɦ ɫɨ-

ɩɪɨɬɢɜɥɟɧɢɟɦ ɬɨɤɭ, ɱɬɨ ɫɜɹɡɚɧɨ ɫ ɞɨɩɨɥɧɢɬɟɥɶɧɵɦ ɩɚɞɟɧɢɟɦ ɧɚɩɪɹɠɟɧɢɹ. 

ɉɪɢɫɭɬɫɬɜɢɟ Ⱥl4–ɋɡ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɭɝɥɚ ɭɥɭɱɲɚɟɬ ɬɚɤɠɟ ɫɦɚɱɢɜɚɟɦɨɫɬɶ ɩɨ-

ɫɥɟɞɧɟɝɨ ɪɚɫɩɥɚɜɥɟɧɧɵɦ ɚɥɸɦɢɧɢɟɦ, ɱɟɦ ɫɩɨɫɨɛɫɬɜɭɟɬ ɩɪɨɧɢɤɧɨɜɟɧɢɸ ɦɟ-

ɬɚɥɥɚ ɜ ɩɨɪɵ ɢ ɬɪɟɳɢɧɵ ɤɚɬɨɞɧɵɯ ɛɥɨɤɨɜ, ɪɚɡɪɭɲɚɹ ɢɯ. 

Ɇɨɠɧɨ ɡɚɞɚɬɶ ɜɨɩɪɨɫ: «Ɉɬɤɭɞɚ ɠɟ ɜɫɟ-ɬɚɤɢ ɛɟɪɟɬɫɹ ɦɚɝɧɟɬɢɡɦ ɜ ɤɚɪ-

ɛɢɞɧɵɯ ɫɨɟɞɢɧɟɧɢɹɯ ɚɥɸɦɢɧɢɹ?», ɧɚ ɱɬɨ ɦɨɠɧɨ ɩɨɥɭɱɢɬɶ ɫɥɟɞɭɸɳɢɣ ɨɬɜɟɬ: 

ɫɬɪɭɤɬɭɪɚ ɨɩɪɟɞɟɥɹɟɬ ɫɜɨɣɫɬɜɚ ɜɟɳɟɫɬɜɚ, ɚ ɷɥɟɤɬɪɨɧɧɵɟ ɫɨɫɬɨɹɧɢɹ, ɨɩɪɟɞɟ-

ɥɹɸɬ ɫɬɪɭɤɬɭɪɭ. ɗɥɟɤɬɪɨɧɧɵɟ ɫɨɫɬɨɹɧɢɹ ɜ ɚɬɨɦɚɯ ɦɨɝɭɬ ɛɵɬɶ ɪɚɜɧɨɜɟɫɧɵɦɢ 

ɢɥɢ ɜɨɡɛɭɠɞɟɧɧɵɦɢ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɜɧɟɲɧɢɯ ɢ ɜɧɭɬɪɟɧɧɢɯ ɩɚɪɚɦɟɬɪɨɜ. 

Ⱦɚɧɧɚɹ ɪɚɛɨɬɚ ɩɨɫɜɹɳɟɧɚ ɢɫɫɥɟɞɨɜɚɧɢɸ ɷɥɟɤɬɪɨɧɧɨɣ ɫɬɪɭɤɬɭɪɵ ɢ ɫɜɨɣɫɬɜ 

ɤɚɪɛɢɞɧɵɯ ɫɨɟɞɢɧɟɧɢɣ ɚɥɸɦɢɧɢɹ. 

https://dic.academic.ru/dic.nsf/ruwiki/758999
https://dic.academic.ru/dic.nsf/ruwiki/16703
https://dic.academic.ru/dic.nsf/ruwiki/6267
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1 Ɉɛɡɨɪ ɥɢɬɟɪɚɬɭɪɵ ɩɨ ɩɪɨɛɥɟɦɟ 

 

1.1 ɋɜɟɞɟɧɢɹ ɨ ɤɚɪɛɢɞɚɯ ɚɥɸɦɢɧɢɹ 

 

ȼɩɟɪɜɵɟ ɧɟɨɛɵɱɧɨɟ ɫɨɟɞɢɧɟɧɢɟ ɦɟɬɚɥɥɚ ɫ ɭɝɥɟɪɨɞɨɦ (Ʉ2ɋ2) ɩɨɥɭɱɢɥ ɜ 

1809 ɝ. ɡɧɚɦɟɧɢɬɵɣ ɚɧɝɥɢɣɫɤɢɣ ɯɢɦɢɤ Ƚɟɦɮɪɢ Ⱦɷɜɢ. ȼ 1863 ɝ. ɮɪɚɧɰɭɡɫɤɢɣ 

ɯɢɦɢɤ Ɇɚɪɫɟɥɟɧ Ȼɟɪɬɥɨ ɢɡɭɱɢɥ ɫɜɨɣɫɬɜɚ ɞɪɭɝɨɝɨ ɤɚɪɛɢɞɚ – ɨɱɟɧɶ ɧɟɭɫɬɨɣɱɢɜɨ-

ɝɨ ɢ ɥɟɝɤɨ ɜɡɪɵɜɚɸɳɟɝɨɫɹ ɤɚɪɛɢɞɚ ɨɞɧɨɜɚɥɟɧɬɧɨɣ ɦɟɞɢ Cu2C2. ȼ 1878 ɝ. ɧɟɦɟɰ-

ɤɢɣ ɦɟɬɚɥɥɭɪɝ Ɏ. Ɇɸɥɥɟɪ, ɪɚɫɬɜɨɪɢɜ ɨɛɪɚɡɰɵ ɫɬɚɥɢ ɜ ɪɚɡɛɚɜɥɟɧɧɨɣ ɫɟɪɧɨɣ 

ɤɢɫɥɨɬɟ, ɜɵɞɟɥɢɥ ɤɚɪɛɢɞ ɠɟɥɟɡɚ Fe3C. ɇɨ ɬɨɥɶɤɨ ɜ ɤɨɧɰɟ XIXɜɟɤɚ ɮɪɚɧɰɭɡɫɤɢɣ 

ɯɢɦɢɤ Ⱥɧɪɢ Ɇɭɚɫɫɚɧ, ɩɪɨɫɥɚɜɢɜɲɢɣɫɹ ɩɨɥɭɱɟɧɢɟɦ ɮɬɨɪɚ, ɫɢɧɬɟɡɢɪɨɜɚɥ ɦɧɨ-

ɝɢɟ ɢɡ ɷɬɢɯ ɧɟɨɛɵɱɧɵɯ ɫɨɟɞɢɧɟɧɢɣ ɢ ɢɡɭɱɢɥ ɢɯ ɫɜɨɣɫɬɜɚ. Ɉɧ ɩɨɥɭɱɚɥ ɤɚɪɛɢɞɵ, 

ɧɚɝɪɟɜɚɹ ɞɨ ɨɱɟɧɶ ɜɵɫɨɤɨɣ ɬɟɦɩɟɪɚɬɭɪɵ ɫɦɟɫɢ ɞɪɟɜɟɫɧɨɝɨ ɭɝɥɹ ɫ ɪɚɡɧɵɦɢ ɦɟ-

ɬɚɥɥɚɦɢ, ɢɯ ɨɤɫɢɞɚɦɢ ɢɥɢ ɤɚɪɛɨɧɚɬɚɦɢ. Ⱦɥɹ ɷɬɨɝɨ ɨɧ ɢɫɩɨɥɶɡɨɜɚɥ ɠɚɪ ɜɨɥɶɬɨ-

ɜɨɣ ɞɭɝɢ ɜ ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɟɱɢ ɫɨɛɫɬɜɟɧɧɨɣ ɤɨɧɫɬɪɭɤɰɢɢ. Ɍɚɤɠɟ ɧɚɞ ɫɩɨɫɨɛɨɦ 

ɩɨɥɭɱɟɧɢɹ ɤɚɪɛɢɞɚ ɚɥɸɦɢɧɢɹ ɪɚɛɨɬɚɥɢ ɫɨɜɟɬɫɤɢɟ ɢɡɨɛɪɟɬɚɬɟɥɢ ȼ. ɇ. ȿɪɟɦɟɧɤɨ, 

ə.  ȼ. ɇɚɬɚɧɡɨɧ ɢ ȼ. ə. ɉɟɬɪɢɳɟɜ ɜ 1969 ɝɨɞɭ. Ɉɞɧɚɤɨ ɢ ɜ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɩɪɨ-

ɞɨɥɠɚɟɬɫɹ ɪɚɛɨɬɚ ɪɹɞɨɦ ɞɪɭɝɢɯ ɭɱɟɧɵɯ [1–3]. 

 

1.2 ɉɨɥɭɱɟɧɢɟ ɤɚɪɛɢɞɚ ɚɥɸɦɢɧɢɹ 

 

Ʉɚɪɛɢɞ ɚɥɸɦɢɧɢɹ ɢɦɟɟɬ ɯɢɦɢɱɟɫɤɭɸ ɮɨɪɦɭɥɭ Al4–C3, ɜɧɟɲɧɟ ɩɪɟɞ-

ɫɬɚɜɥɹɟɬ ɫɨɛɨɸ ɤɪɢɫɬɚɥɥɵ ɠɟɥɬɨɜɚɬɨɝɨ ɰɜɟɬɚ. Ɉɬɧɨɫɢɬɫɹ ɤ ɩɟɪɜɨɣ ɝɪɭɩɩɟ 

ɤɚɪɛɢɞɨɜ, ɫɨɫɬɚɜ ɤɨɬɨɪɵɯ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɬɢɩɢɱɧɵɦ ɜɚɥɟɧɬɧɨɫɬɹɦ ɦɟɬɚɥɥɨɜ 

(ɢɦɟɟɬɫɹ ɢɫɤɥɸɱɟɧɢɟ – ɤɚɪɛɢɞ ɛɟɪɢɥɥɢɹ ɫ ɮɨɪɦɭɥɨɣ Be2C). Ʉɚɤ ɩɨɥɭɱɢɬɶ 

ɤɚɪɛɢɞ ɚɥɸɦɢɧɢɹ? 

 

https://www.krugosvet.ru/enc/nauka_i_tehnika/himiya/DEVI_GEMFRI.html
https://www.krugosvet.ru/enc/nauka_i_tehnika/himiya/BERTLO_PER_EZHEN_MARSELEN.html
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Ɋɢɫɭɧɨɤ 1 – Ɇɚɫɫɨɜɵɣ ɫɨɫɬɚɜ ɷɥɟɦɟɧɬɚ ɢ ɪɟɚɤɰɢɢ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ Al 

 

Ʌɟɝɤɨ ɜɫɬɭɩɚɟɬ ɜ ɪɟɚɤɰɢɸ ɫ ɪɚɡɛɚɜɥɟɧɧɵɦɢ ɤɢɫɥɨɬɚɦɢ ɢ ɜɨɞɨɣ, ɨɛɪɚɡɭɹ 

ɦɟɬɚɧ ɢ, ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɥɢɛɨ ɫɨɥɶ, ɥɢɛɨ ɝɢɞɪɨɨɤɢɫɶ. Ʉɫɬɚɬɢ, ɜɨɡɞɟɣɫɬɜɢɟ 

ɜɨɞɨɣ ɧɚ ɤɚɪɛɢɞ ɚɥɸɦɢɧɢɹ – ɨɞɢɧ ɢɡ ɫɚɦɵɯ ɩɪɨɫɬɵɯ ɫɩɨɫɨɛɨɜ ɩɨɥɭɱɟ-

ɧɢɹ ɦɟɬɚɧɚ ɜ ɥɚɛɨɪɚɬɨɪɧɵɯ ɭɫɥɨɜɢɹɯ (ɧɚ ɭɪɨɤɚɯ ɯɢɦɢɢ, ɧɚɩɪɢɦɟɪ). Ɋɟɚɤɰɢɹ 

ɢɞɟɬ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ: Ⱥl4C3 + 12H2O = 4Al(OH)3 + 3CH4. 

ɉɪɢ ɫɢɥɶɧɨɦ ɧɚɝɪɟɜɚɧɢɢ ɤɚɪɛɢɞ ɚɥɸɦɢɧɢɹ ɦɨɠɟɬ ɪɟɚɝɢɪɨɜɚɬɶ ɫ ɜɨɞɨɪɨ-

ɞɨɦ (ɜɨɫɫɬɚɧɚɜɥɢɜɚɹɫɶ ɞɨ ɱɢɫɬɨɝɨ ɚɥɸɦɢɧɢɹ ɢ ɨɛɪɚɡɭɹ ɦɟɬɚɧ) ɢ ɤɢɫɥɨɪɨɞɨɦ (ɨɛɪ

ɚɡɭɹ ɨɫɧɨɜɧɨɣ ɨɤɫɢɞ ɚɥɸɦɢɧɢɹ ɢ ɭɝɥɟɤɢɫɥɵɣ ɝɚɡ). ȼɫɬɭɩɚɟɬ ɜ ɪɟɚɤɰɢɸ ɫ ɫɢɥɶ-

ɧɵɦɢ ɨɫɧɨɜɚɧɢɹɦɢ, ɨɛɪɚɡɭɹ ɤɨɦɩɥɟɤɫɧɵɟ ɫɨɥɢ ɚɥɸɦɢɧɢɹ. 

Ɉɫɧɨɜɧɨɣ ɫɩɨɫɨɛ ɩɨɥɭɱɟɧɢɹ ɷɬɨɝɨ ɜɟɳɟɫɬɜɚ ɜ ɩɪɨɦɵɲɥɟɧɧɨɫɬɢ – ɪɟɚɤ-

ɰɢɹ ɚɥɸɦɢɧɢɹ ɫ ɭɝɥɟɪɨɞɨɦ ɜ ɞɭɝɨɜɨɣ ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɟɱɢ. Ɉɧɚ ɩɪɨɬɟɤɚɟɬ ɬɚ-

ɤɢɦ ɨɛɪɚɡɨɦ: 4Al + 3C = Al4C3. 

Ɍɚɤɠɟ ɤɚɪɛɢɞ ɚɥɸɦɢɧɢɹ ɨɛɪɚɡɭɟɬɫɹ ɩɪɢ ɩɪɨɢɡɜɨɞɫɬɜɟ ɱɢɫɬɨɝɨ ɚɥɸɦɢ-

ɧɢɹ, ɩɨɫɤɨɥɶɤɭ ɩɨɜɟɪɯɧɨɫɬɧɵɣ ɫɥɨɣ ɝɪɚɮɢɬɨɜɵɯ ɷɥɟɤɬɪɨɞɨɜ ɩɪɢ ɜɵɫɨɤɢɯ 

ɬɟɦɩɟɪɚɬɭɪɚɯ (ɩɨɪɹɞɤɚ 1 500–1 700 °ɋ) ɜɫɬɭɩɚɟɬ ɜ ɪɟɚɤɰɢɸ ɫ ɪɚɫɩɥɚɜɥɟɧɧɵɦ 

ɩɪɨɞɭɤɬɨɦ. ɉɪɨɬɟɤɚɧɢɟ ɪɟɚɤɰɢɢ ɬɨ ɠɟ: 4Al + 3C = Al4C3. 

Ⱥɥɸɦɢɧɢɣ ɧɚɱɢɧɚɟɬ ɜɡɚɢɦɨɞɟɣɫɬɜɨɜɚɬɶ ɫ ɝɪɚɮɢɬɨɦ ɭɠɟ ɩɪɢ ɬɟɦɩɟɪɚ-

ɬɭɪɚɯ ɩɨɪɹɞɤɚ 650 °ɋ, ɚ ɤɨɝɞɚ ɬɟɦɩɟɪɚɬɭɪɚ ɞɨɫɬɢɝɚɟɬ ɩɨɪɹɞɤɚ 1400 ɝɪɚɞɭɫɨɜ, 

ɪɟɚɤɰɢɹ ɩɪɨɬɟɤɚɟɬ ɝɨɪɚɡɞɨ ɷɧɟɪɝɢɱɧɟɟ. ɇɚɢɛɨɥɶɲɟɟ ɤɨɥɢɱɟɫɬɜɨ ɤɚɪɛɢɞɚ 

ɚɥɸɦɢɧɢɹ ɨɛɪɚɡɭɟɬɫɹ, ɟɫɥɢ ɫɵɪɶɟɦ ɫɥɭɠɢɬ ɨɤɫɢɞ ɚɥɸɦɢɧɢɹ (ɜ ɨɬɥɢɱɢɟ ɨɬ 

https://www.kakprosto.ru/kak-838626-kisloty-soli-oksidy-v-chem-otlichiya
https://www.kakprosto.ru/kak-50561-kak-poluchit-uksusnuyu-kislotu-iz-metana
https://www.kakprosto.ru/kak-92279-kak-prigotovit-rastvor-lakmusa
https://www.kakprosto.ru/kak-889409-dlya-chego-nuzhen-prirodnyy-kislorod
https://www.kakprosto.ru/kak-245746-kak-opredelit-harakter-oksida


7  

ɤɪɟɦɧɟɡɟɦɚ, ɨɛɥɚɞɚɸɳɟɝɨ ɫɩɨɫɨɛɧɨɫɬɶɸ ɪɚɡɥɚɝɚɬɶ ɨɛɪɚɡɭɸɳɢɟɫɹ ɤɚɪɛɢɞɵ). 

ȼ ɷɬɨɦ ɫɥɭɱɚɟ, ɩɨɥɭɱɚɟɬɫɹ ɫɦɟɫɶ, ɫɨɫɬɨɹɳɚɹ ɢɡ ɦɟɬɚɥɥɢɱɟɫɤɨɝɨ ɚɥɸɦɢɧɢɹ 

(60–80 % ɩɨ ɜɟɫɭ), ɤɚɪɛɢɞɚ ɚɥɸɦɢɧɢɹ 20–35 % ɢ ɨɤɫɢɞɚ ɚɥɸɦɢɧɢɹ 3–5 %. 

ȿɫɬɶ ɟɳɟ ɫɩɨɫɨɛ ɩɨɥɭɱɟɧɢɹ – ɩɭɬɟɦ ɩɪɨɤɚɥɢɜɚɧɢɹ ɨɫɧɨɜɧɨɝɨ ɨɤɫɢɞɚ 

ɚɥɸɦɢɧɢɹ (Ⱥl2O3) ɫ ɤɨɤɫɨɦ (ɋ). Ɋɟɚɤɰɢɹ ɢɞɟɬ ɩɪɢ ɨɱɟɧɶ ɜɵɫɨɤɨɣ ɬɟɦɩɟɪɚɬɭɪɟ 

(ɩɨɪɹɞɤɚ 1 800 °ɋ), ɫɥɟɞɭɸɳɢɦ ɩɭɬɟɦ: 

 

2Ⱥl2O3 + 9C = Al4C3 + 6CO. (1) 

 

ɉɪɢ ɫɢɥɶɧɨɦ ɧɚɝɪɟɜɚɧɢɢ ɤɚɪɛɢɞ ɚɥɸɦɢɧɢɹ ɦɨɠɟɬ ɪɟɚɝɢɪɨɜɚɬɶ ɫ ɜɨɞɨ-

ɪɨɞɨɦ (ɜɨɫɫɬɚɧɚɜɥɢɜɚɹɫɶ ɞɨ ɱɢɫɬɨɝɨ ɚɥɸɦɢɧɢɹ ɢ ɨɛɪɚɡɭɹ ɦɟɬɚɧ) ɢ ɤɢɫɥɨɪɨ-

ɞɨɦ (ɨɛɪɚɡɭɹ ɨɫɧɨɜɧɨɣ ɨɤɫɢɞ ɚɥɸɦɢɧɢɹ ɢ ɭɝɥɟɤɢɫɥɵɣ ɝɚɡ). ȼɫɬɭɩɚɟɬ ɜ ɪɟɚɤ-

ɰɢɸ ɫ ɫɢɥɶɧɵɦɢ ɨɫɧɨɜɚɧɢɹɦɢ, ɨɛɪɚɡɭɹ ɤɨɦɩɥɟɤɫɧɵɟ ɫɨɥɢ ɚɥɸɦɢɧɢɹ. 

 

 

 
Ɋɢɫɭɧɨɤ 2 – Ⱦɢɚɝɪɚɦɦɚ ɫɨɫɬɨɹɧɢɹ ɫɢɫɬɟɦɵ ɫɩɥɚɜɨɜ Al–C   

 

ɋɨɝɥɚɫɧɨ ɩɨɤɚɡɚɧɧɨɣ ɞɢɚɝɪɚɦɦɟ ɧɚ ɪɢɫɭɧɤɟ 2, ɜ ɫɢɫɬɟɦɟ Al–C ɫɭɳɟ-

ɫɬɜɭɸɬ ɞɜɚ ɤɚɪɛɢɞɚ: Al3C2 ɢ Al4C3. ɋɞɟɥɚɧɨ ɩɪɟɞɩɨɥɨɠɟɧɢɟ ɨ ɫɭɳɟɫɬɜɨɜɚɧɢɢ 
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ɤɚɪɛɢɞɚ Al3C. Ɉɞɧɚɤɨ ɦɧɨɝɨɱɢɫɥɟɧɧɵɦɢ ɢɫɫɥɟɞɨɜɚɧɢɹɦɢ ɭɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ 

ɟɞɢɧɫɬɜɟɧɧɵɣ ɭɫɬɨɣɱɢɜɵɣ ɤɚɪɛɢɞ ɜ ɷɬɨɣ ɫɢɫɬɟɦɟ – Al4C3.  

Ɋɚɫɬɜɨɪɢɦɨɫɬɶ ɭɝɥɟɪɨɞɚ ɜ ɚɥɸɦɢɧɢɢ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɚɯ 1300–1 500 °ɋ 

ɫɨɫɬɚɜɥɹɟɬ 0,02–0,04 %, ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɚɯ 1 000–1 100 °ɋ ɨɧɚ ɩɪɚɤɬɢɱɟɫɤɢ 

ɪɚɜɧɚ ɧɭɥɸ. 

Ʉɚɪɛɢɞ ɚɥɸɦɢɧɢɹ Al4C3 – ɠɟɥɬɵɣ ɩɨɪɨɲɨɤ. ȼ ɜɚɤɭɭɦɟ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɚɯ 

ɞɨ 1 200 °ɋ ɨɧ ɭɫɬɨɣɱɢɜ, ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 2 200 °ɋ ɜɨɡɝɨɧɹɟɬɫɹ ɛɟɡ ɩɥɚɜɥɟɧɢɹ. 

Ɇɚɫɫ-ɫɩɟɤɬɪɨɝɪɚɮɢɱɟɫɤɨɟ ɢɫɫɥɟɞɨɜɚɧɢɟ ɝɚɡɨɨɛɪɚɡɧɨɝɨ ɤɚɪɛɢɞɚ ɚɥɸ-

ɦɢɧɢɹ, ɧɚɯɨɞɹɳɟɝɨɫɹ ɜ ɪɚɜɧɨɜɟɫɢɢ ɫ ɩɚɪɚɦɢ ɚɥɸɦɢɧɢɹ ɢ ɝɪɚɮɢɬɚ, ɩɨɤɚɡɚɥɨ, 

ɱɬɨ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 1 800 °ɋ ɜ ɩɚɪɚɯ ɢɦɟɸɬɫɹ ɚɬɨɦɵ ɚɥɸɦɢɧɢɹ, ɦɨɥɟɤɭɥɵ 

Al2 ɢ Al2C2, ɜɵɫɨɬɚ ɩɢɤɨɜ ɦɚɫɫ ɢɨɧɨɜ ɤɨɬɨɪɵɯ ɨɬɧɨɫɢɬɫɹ ɤɚɤ 1 050 : 0,1 : 1.  

ɋɩɨɫɨɛɧɨɫɬɶ ɤɚɪɛɢɞɚ ɚɥɸɦɢɧɢɹ ɤ ɞɢɫɫɨɰɢɚɰɢɢ ɜ ɜɚɤɭɭɦɟ ɢɫɩɨɥɶɡɨɜɚɧɚ 

ɞɥɹ ɩɨɥɭɧɟɩɪɟɪɵɜɧɨɝɨ ɦɟɬɨɞɚ ɩɨɥɭɱɟɧɢɹ ɱɢɫɬɨɝɨ ɚɥɸɦɢɧɢɹ. 

Ɂɧɚɱɟɧɢɹ ɬɟɩɥɨɬ ɨɛɪɚɡɨɜɚɧɢɹ ɤɚɪɛɢɞɚ ɚɥɸɦɢɧɢɹ, ɩɨɥɭɱɟɧɧɵɟ ɪɚɡɧɵɦɢ 

ɚɜɬɨɪɚɦɢ, ɡɧɚɱɢɬɟɥɶɧɨ ɨɬɥɢɱɚɸɬɫɹ ɨɞɧɨ ɨɬ ɞɪɭɝɨɝɨ, ɱɬɨ ɫɜɹɡɚɧɨ ɫ ɬɪɭɞɧɨ-

ɫɬɶɸ ɩɨɥɭɱɟɧɢɹ ɤɚɪɛɢɞɚ, ɬɨɱɧɨ ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɝɨ ɫɨɫɬɚɜɭ Al4C3. 

ȼ ɪɚɛɨɬɟ ɨɩɢɫɚɧ ɚɦɨɪɮɧɵɣ ɤɚɪɛɢɞ ɚɥɸɦɢɧɢɹ, ɨɛɪɚɡɨɜɚɧɢɟ ɤɨɬɨɪɨɝɨ ɢɡ 

ɤɨɦɩɨɧɟɧɬɨɜ ɧɚɛɥɸɞɚɥɨɫɶ ɧɚ ɯɨɥɨɞɧɵɯ ɫɬɟɧɤɚɯ ɞɭɝɨɜɨɣ ɩɟɱɢ. ɗɬɨɬ ɤɚɪɛɢɞ 

ɬɟɪɦɢɱɟɫɤɢ ɦɟɧɟɟ ɭɫɬɨɣɱɢɜ, ɱɟɦ ɩɨɥɭɱɚɟɦɵɣ ɨɛɵɱɧɨ ɫɢɧɬɟɡɨɦ. Ɉɧ ɪɚɡɥɚɝɚ-

ɟɬɫɹ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 1 200 °ɋ ɢ ɨɬɥɢɱɚɟɬɫɹ ɛɨɥɟɟ ɧɢɡɤɨɣ ɯɢɦɢɱɟɫɤɨɣ ɭɫɬɨɣ-

ɱɢɜɨɫɬɶɸ. Ɉɩɪɟɞɟɥɟɧɢɟ ɬɟɩɥɨɬɵ ɨɛɪɚɡɨɜɚɧɢɹ ɟɝɨ ɩɨɤɚɡɚɥɨ, ɱɬɨ ɩɪɚɤɬɢɱɟɫɤɢ 

ɫɨɜɩɚɞɚɟɬ ɫ ɬɟɩɥɨɬɨɣ ɨɛɪɚɡɨɜɚɧɢɹ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɝɨ ɤɚɪɛɢɞɚ. ɉɨ-ɜɢɞɢɦɨɦɭ, 

ɛɨɥɶɲɚɹ ɪɟɚɤɰɢɨɧɧɚɹ ɚɤɬɢɜɧɨɫɬɶ ɷɬɨɝɨ ɤɚɪɛɢɞɚ ɫɜɹɡɚɧɚ ɥɢɲɶ ɫ ɛɨɥɶɲɟɣ ɟɝɨ 

ɞɢɫɩɟɪɫɧɨɫɬɶɸ. 

ȼ ɪɚɛɨɬɟ ɢɫɫɥɟɞɨɜɚɧɨ ɤɚɪɛɨɬɟɪɦɢɱɟɫɤɨɟ ɜɨɫɫɬɚɧɨɜɥɟɧɢɟ ɨɤɢɫɢ ɚɥɸɦɢ-

ɧɢɹ ɜ ɢɧɬɟɪɜɚɥɟ ɬɟɦɩɟɪɚɬɭɪ 1 400–1 900 °ɋ ɢ ɭɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɨɤɢɫɶ ɚɥɸɦɢ-

ɧɢɹ ɜɨɫɫɬɚɧɚɜɥɢɜɚɟɬɫɹ ɭɝɥɟɪɨɞɨɦ ɞɨ ɤɚɪɛɢɞɚ Al4C3 ɱɟɪɟɡ ɩɪɨɦɟɠɭɬɨɱɧɵɟ 

ɫɬɚɞɢɢ ɨɛɪɚɡɨɜɚɧɢɹ ɨɤɫɢɤɚɪɛɢɞɨɜ Al4O4CAl2OC [4]. 

Ʉɚɪɛɢɞ ɚɥɸɦɢɧɢɹ ɬɚɤɠɟ ɛɵɥ ɩɨɥɭɱɟɧ ɧɚɝɪɟɜɚɧɢɟɦ ɚɥɸɦɢɧɢɹ ɫ ɤɚɪɛɢɞɨɦ 

ɤɚɥɶɰɢɹ, ɜɨɫɫɬɚɧɨɜɥɟɧɢɟɦ ɨɤɢɫɢ ɚɥɸɦɢɧɢɹ ɫ ɤɚɪɛɢɞɨɦ ɤɚɥɶɰɢɹ ɜ ɞɭɝɨɜɨɣ ɷɥɟɤ-



9  

ɬɪɢɱɟɫɤɨɣ ɩɟɱɢ, ɜɨɫɫɬɚɧɨɜɥɟɧɢɟ ɚɥɸɦɢɧɚɬɚ ɧɚɬɪɢɹ ɭɝɥɟɪɨɞɨɦ, ɧɚɝɪɟɜɚɧɢɟɦ 

ɫɦɟɫɢ ɚɥɸɦɢɧɢɹ ɫ ɭɝɥɟɪɨɞɨɦ ɞɨ ɬɟɦɩɟɪɚɬɭɪɵ 2 000 °ɋ, ɧɚɝɪɟɜɚɧɢɟɦ ɪɚɫɩɥɚɜ-

ɥɟɧɧɨɝɨ ɜ ɭɝɨɥɶɧɨɦ ɬɢɝɥɟ ɚɥɸɦɢɧɢɹ ɞɨ ɬɟɦɩɟɪɚɬɭɪɵ 1 700 °ɋ. Ʉɚɪɛɢɞ ɚɥɸɦɢ-

ɧɢɹ ɨɛɪɚɡɭɟɬɫɹ ɜ ɩɪɨɰɟɫɫɚɯ ɷɥɟɤɬɪɨɥɢɡɚ ɤɪɢɨɥɢɬɝɥɢɧɨɡɟɦɧɵɯ ɪɚɫɩɥɚɜɨɜ. 

ɋɨɝɥɚɫɧɨ ɞɚɧɧɵɦ ɪɚɛɨɬɵ, ɫɭɳɟɫɬɜɟɧɧɭɸ ɪɨɥɶ ɩɪɢ ɷɬɨɦ ɢɝɪɚɟɬ ɩɪɢɪɨɞɚ 

ɭɝɥɟɪɨɞɢɫɬɵɯ ɦɚɬɟɪɢɚɥɨɜ, ɜɯɨɞɹɳɢɯ ɜ ɫɨɫɬɚɜ ɩɨɞɨɜɵɯ ɛɥɨɤɨɜ ɢ ɚɧɨɞɧɨɣ 

ɦɚɫɫɵ. Ⱥɜɬɨɪɵ ɪɚɛɨɬɵ ɢɫɫɥɟɞɨɜɚɥɢ ɜɥɢɹɧɢɟ ɪɚɡɥɢɱɧɵɯ ɷɥɟɤɬɪɨɞɧɵɯ ɦɚɬɟɪɢ-

ɚɥɨɜ ɧɚ ɩɪɨɞɭɤɬɵ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɢɯ ɫ ɩɨɪɨɲɤɨɦ ɚɥɸɦɢɧɢɹ ɜ ɜɚɤɭɭɦɟ ɩɪɢ 

ɬɟɦɩɟɪɚɬɭɪɟ 1 000 °ɋ. ɇɢɠɟ ɩɪɢɜɟɞɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢɣ ɫɜɢɞɟɬɟɥɶ-

ɫɬɜɭɸɳɢɟ ɨ ɜɥɢɹɧɢɢ ɩɪɨɢɫɯɨɠɞɟɧɢɹ ɝɪɚɮɢɬɚ ɧɚ ɫɤɥɨɧɧɨɫɬɶ ɟɝɨ ɤ ɤɚɪɛɢɞɨ-

ɨɛɪɚɡɨɜɚɧɢɸ. 

 

Ɍɚɛɥɢɰɚ 1 – ɋɤɥɨɧɧɨɫɬɢ ɤ ɤɚɪɛɢɞɨɨɛɪɚɡɨɜɚɧɢɹ  

ɇɚɢɦɟɧɨɜɚɧɢɟ ɦɚɬɟɪɢɚɥɚ ɉɪɨɰɟɧɬɧɨɟ ɫɨɨɬɧɨɲɟɧɢɟ 
Ƚɪɚɮɢɬ ɧɚɬɭɪɚɥɶɧɵɣ ɫɟɪɵɣ 43,20 % 
Ƚɪɚɮɢɬ ɧɚɬɭɪɚɥɶɧɵɣ ɱɟɪɧɵɣ  33,60 % 
Ƚɪɚɮɢɬ ɢɫɤɭɫɫɬɜɟɧɧɵɣ 44,70 % 
Ɍɟɪɦɨɚɧɬɪɚɰɢɬ  36,20 % 
ɇɟɮɬɹɧɨɣ ɤɨɤɫ ɩɢɪɨɥɢɡɧɵɣ 35,30 % 
ɇɟɮɬɹɧɨɣ ɤɨɤɫ ɤɪɟɤɢɧɝɨɜɵɣ 33,18 % 
ɉɟɤɨɜɵɣ ɤɨɤɫ 44,40 % 
Ʌɢɬɟɣɧɵɣ ɤɨɤɫ 25,40 % 

 
ɇɚɢɛɨɥɟɟ ɫɤɥɨɧɧɵ ɤ ɤɚɪɛɢɞɨɨɛɪɚɡɨɜɚɧɢɹ ɢɫɤɭɫɫɬɜɟɧɧɵɣ ɝɪɚɮɢɬ, 

ɧɚɢɦɟɧɟɟ – ɧɟɮɬɹɧɨɣ ɢ ɥɢɬɟɣɧɵɣ ɤɨɤɫ. 

Ʉɚɪɛɢɞ ɚɥɸɦɢɧɢɹ (Al4C3) ɢɡɜɟɫɬɟɧ ɫɜɨɢɦɢ ɚɛɪɚɡɢɜɧɵɦɢ ɫɜɨɣɫɬɜɚɦɢ ɢ 

ɭɫɬɨɣɱɢɜɨɫɬɶɸ ɤ ɩɨɥɡɭɱɟɫɬɢ.   Ʉɚɤ ɩɪɚɜɢɥɨ, ɟɝɨ ɩɨɥɭɱɚɸɬ ɪɟɚɤɰɢɟɣ ɚɥɸɦɢ-

ɧɢɹ ɫ ɭɝɥɟɪɨɞɨɦ ɜ ɷɥɟɤɬɪɨɞɭɝɨɜɨɣ ɩɟɱɢ. Al4C3 ɢɝɪɚɟɬ ɜɚɠɧɭɸ ɪɨɥɶ ɜ ɩɪɨɢɡ-

ɜɨɞɫɬɜɟ ɧɟɤɨɬɨɪɵɯ ɜɚɠɧɵɯ ɫɬɪɭɤɬɭɪ, ɬɚɤɢɯ ɤɚɤ ɫɬɪɭɤɬɭɪɵ, ɫɜɹɡɚɧɧɵɟ ɫ ɚɥɦɚ-

ɡɚɦɢ, ɧɚɧɨɫɬɪɭɤɬɭɪɧɵɟ ɭɝɥɟɪɨɞɵ ɢ ɪɨɫɬ ɚɥɦɚɡɨɜ ɧɚ ɧɢɬɪɢɞɟ ɛɨɪɚ ɢ ɬ. ɞ. Ʉɪɨ-

ɦɟ ɬɨɝɨ, Al4C3 ɜɡɚɢɦɨɞɟɣɫɬɜɭɟɬ ɫ ɜɨɞɨɣ ɩɨɞ ɜɵɫɨɤɢɦ ɞɚɜɥɟɧɢɟɦ ɢ ɜɵɞɟɥɹɟɬ 

ɦɟɬɚɧ.  Ʉɪɨɦɟ ɬɨɝɨ, ɱɚɫɬɢɰɵ Al4C3 ɢɫɩɨɥɶɡɭɸɬɫɹ ɜ ɤɚɱɟɫɬɜɟ ɬɨɧɤɨɣ ɞɢɫɩɟɪ-

ɫɢɢ ɜ ɚɥɸɦɢɧɢɟɜɨɦ ɫɩɥɚɜɟ ɞɥɹ ɭɩɪɨɱɧɟɧɢɹ ɦɚɬɟɪɢɚɥɚ. ȼ ɚɥɸɦɢɧɢɟɜɨɣ ɦɚɬ-

ɪɢɰɟ ɱɚɫɬɢɰɵ Al4C3 ɩɨɜɵɲɚɸɬ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɩɨɥɡɭɱɟɫɬɢ, ɨɫɨɛɟɧɧɨ ɫ ɤɚɪɛɢ-
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ɞɨɦ ɤɪɟɦɧɢɹ, ɤɨɬɨɪɵɣ ɲɢɪɨɤɨ ɢɫɩɨɥɶɡɭɟɬɫɹ ɜ ɚɜɬɨɦɨɛɢɥɶɧɨɣ ɢ ɚɜɢɚɰɢɨɧɧɨɣ 

ɩɪɨɦɵɲɥɟɧɧɨɫɬɢ. Ⱦɥɹ ɬɨɝɨ ɱɬɨɛɵ ɭɥɭɱɲɢɬɶ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɩɨɥɡɭɱɟɫɬɢ ɦɚ-

ɬɟɪɢɚɥɚ, ɟɝɨ ɤɪɢɫɬɚɥɥɢɱɟɫɤɚɹ ɫɬɪɭɤɬɭɪɚ ɢ ɪɚɡɦɟɪ ɤɪɢɫɬɚɥɥɢɬɨɜ ɢɝɪɚɸɬ ɜɚɠ-

ɧɭɸ ɪɨɥɶ. 

 

1.3 ɉɟɪɜɵɟ ɩɨɩɵɬɤɢ ɩɨɥɭɱɟɧɢɹ ɤɚɪɛɢɞɚ ɚɥɸɦɢɧɢɹ 

 

ɉɟɪɜɵɟ ɩɨɩɵɬɤɢ ɩɨɥɭɱɢɬɶ ɚɥɸɦɢɧɢɣ ɧɚɱɚɥɢ ɩɪɟɞɩɪɢɧɢɦɚɬɶɫɹ ɬɨɥɶɤɨ 

ɜ XIX ɜ. Ɉɤɨɥɨ 1808 ɝ. ɚɧɝɥɢɣɫɤɢɣ ɯɢɦɢɤ Ƚɟɦɮɪɢ Ⱦɷɜɢ ɩɨɩɵɬɚɥɫɹ ɩɪɨɜɟɫɬɢ 

ɷɥɟɤɬɪɨɥɢɡ ɝɥɢɧɨɡɟɦɚ ɢ ɩɨɥɭɱɢɥ ɦɟɬɚɥɥ, ɤɨɬɨɪɵɣ ɛɵɥ ɧɚɡɜɚɧ ɚɥɸɦɢɭɦɨɦ 

ɢɥɢ ɚɥɸɦɢɧɭɦɨɦ, ɱɬɨ ɜ ɩɟɪɟɜɨɞɟ ɫ ɥɚɬɢɧɫɤɨɝɨ ɨɡɧɚɱɚɟɬ ɬɟ ɫɚɦɵɟ, ɞɚɜɧɨ ɢɡ-

ɜɟɫɬɧɵɟ ɱɟɥɨɜɟɱɟɫɬɜɭ ɤɜɚɫɰɵ. (Ʉɫɬɚɬɢ, ɩɨɩɵɬɚɬɶɫɹ-ɬɨ Ⱦɷɜɢ ɩɨɩɵɬɚɥɫɹ, ɧɨ 

ɩɨɞɬɜɟɪɞɢɬɶ ɬɟɨɪɢɸ ɩɪɚɤɬɢɤɨɣ ɬɚɤ ɢ ɧɟ ɫɦɨɝ.) 

 

 

 

Ɋɢɫɭɧɨɤ 3 – Ʉɚɪɛɢɞ ɚɥɸɦɢɧɢɹ 
 

ȼ 1825 ɝ. ɞɚɬɫɤɢɣ ɮɢɡɢɤ ɏɚɧɫ Ʉɪɢɫɬɢɚɧ ɗɪɫɬɟɞ ɜɩɟɪɜɵɟ ɜ ɦɢɪɟ ɩɨɥɭ-

ɱɢɥ ɚɥɸɦɢɧɢɣ ɢɡ ɟɝɨ ɨɤɫɢɞɚ: ɫɦɟɲɚɥ ɝɥɢɧɨɡɟɦ ɫ ɭɝɥɟɦ, ɪɚɡɨɝɪɟɥ ɫɦɟɫɶ ɢ 

ɩɪɨɩɭɫɬɢɥ ɱɟɪɟɡ ɧɟɟ ɯɥɨɪ. 

ɉɨɥɭɱɟɧɧɵɣ ɜ ɪɟɡɭɥɶɬɚɬɟ ɯɥɨɪɢɫɬɵɣ ɚɥɸɦɢɧɢɣ ɩɨɞɨɝɪɟɥ ɫ ɚɦɚɥɶɝɚɦɨɣ 

ɤɚɥɢɹ (ɤɚɥɢɣ, ɪɚɫɬɜɨɪɟɧɧɵɣ ɜ ɪɬɭɬɢ) ɢ ɩɨɥɭɱɢɥ ɚɦɚɥɶɝɚɦɭ ɚɥɸɦɢɧɢɹ. ɉɪɨɞɢ-

ɫɬɢɥɥɢɪɨɜɚɜ ɪɚɫɬɜɨɪ, ɗɪɫɬɟɞ ɩɨɥɭɱɢɥ ɧɟɫɤɨɥɶɤɨ ɧɟɛɨɥɶɲɢɯ ɫɥɢɬɤɨɜ ɧɟ ɫɨɜɫɟɦ 
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ɱɢɫɬɨɝɨ ɚɥɸɦɢɧɢɹ. ɍɱɟɧɵɣ ɫɨɨɛɳɢɥ ɨɛ ɨɬɤɪɵɬɢɢ ɢ ɩɪɟɤɪɚɬɢɥ ɷɤɫɩɟɪɢɦɟɧɬɵ, 

ɩɨɬɨɦɭ ɱɬɨ ɜɵɹɫɧɢɬɶ, ɱɬɨ ɡɚ ɦɟɬɚɥɥ ɛɵɥ ɩɨɥɭɱɟɧ, ɬɨɝɞɚ ɬɚɤ ɢ ɧɟ ɭɞɚɥɨɫɶ. 

 

1.4 Ɉɫɨɛɟɧɧɨɫɬɢ ɤɚɪɛɢɞɨɜ ɚɥɸɦɢɧɢɹ 

 

Ʉɚɪɛɢɞ ɚɥɸɦɢɧɢɹ ɢɦɟɟɬ ɧɟɨɛɵɱɧɭɸ ɤɪɢɫɬɚɥɥɢɱɟɫɤɭɸ ɫɬɪɭɤɬɭɪɭ, ɫɨɫɬɨ-

ɹɳɭɸ ɢɡ ɱɟɪɟɞɭɸɳɢɯɫɹ ɫɥɨɟɜ Al2C ɢ Al2C2. Ʉɚɠɞɵɣ ɚɬɨɦ ɚɥɸɦɢɧɢɹ ɤɨɨɪɞɢɧɢ-

ɪɨɜɚɧ ɫ 4 ɚɬɨɦɚɦɢ ɭɝɥɟɪɨɞɚ, ɨɛɪɚɡɭɹ ɬɟɬɪɚɷɞɪɢɱɟɫɤɨɟ ɪɚɫɩɨɥɨɠɟɧɢɟ. Ⱥɬɨɦɵ ɭɝ-

ɥɟɪɨɞɚ ɫɭɳɟɫɬɜɭɸɬ ɜ 2 ɪɚɡɥɢɱɧɵɯ ɫɜɹɡɵɜɚɸɳɢɯ ɫɪɟɞɚɯ; ɨɞɢɧ – ɞɟɮɨɪɦɢɪɨɜɚɧ-

ɧɵɣ ɨɤɬɚɷɞɪ ɢɡ 6 ɚɬɨɦɨɜ Al. Ⱦɪɭɝɨɣ–ɢɫɤɚɠɟɧɧɚɹ ɬɪɢɝɨɧɚɥɶɧɨ-ɛɢɩɢɪɚɦɢɞɚɥɶɧɚɹ 

ɫɬɪɭɤɬɭɪɚ ɢɡ 4 ɚɬɨɦɨɜ Al ɩɪɢ 190–194 ɩɦ ɢ ɩɹɬɨɝɨ ɚɬɨɦɚ Al ɩɪɢ 221 ɩɦ. ɉɪɨɱɢɟ 

ɤɚɪɛɢɞɵ ɬɚɤɠɟ ɢɦɟɸɬ ɫɥɨɠɧɭɸ ɫɬɪɭɤɬɭɪɭ. 

Ʉɚɪɛɢɞ ɚɥɸɦɢɧɢɹ ɝɢɞɪɨɥɢɡɭɟɬɫɹ ɫ ɜɵɞɟɥɟɧɢɟɦ ɦɟɬɚɧ. Ɋɟɚɤɬɢɜɧɨɟ ɝɨɪɹ-

ɱɟɟ ɢɡɨɫɬɚɬɢɱɟɫɤɨɟ ɩɪɟɫɫɨɜɚɧɢɟ (ɨɩɪɨɤɢɞɵɜɚɧɢɟ) ɩɪɢ ɨɤɨɥɨ 40 Ɇɉɚ ɫɨɨɬɜɟɬ-

ɫɬɜɭɸɳɢɯ ɫɦɟɫɟɣ Ti, Al4C3 ɝɪɚɮɢɬɚ, ɜ ɬɟɱɟɧɢɟ 15 ɱɚɫɨɜ ɩɪɢ 1300 °C ɞɚɟɬ ɩɪɟ-

ɢɦɭɳɟɫɬɜɟɧɧɨ ɨɞɧɨɮɚɡɧɵɟ ɨɛɪɚɡɰɵ Ti2AlC0.5N0.5, 30 ɱɚɫɨɜ ɩɪɢ 1300 °C ɞɚɟɬ 

ɩɪɟɢɦɭɳɟɫɬɜɟɧɧɨ ɨɞɧɨɮɚɡɧɵɟ ɨɛɪɚɡɰɵ Ti2AlC (Ʉɚɪɛɢɞ ɚɥɸɦɢɧɢɹ ɬɢɬɚɧɚ). 

ȼ ɫɜɹɡɢ ɫ ɬɟɦ, ɱɬɨ ɤɚɪɛɢɞɵ ɚɥɸɦɢɧɢɹ ɨɛɥɚɞɚɸɬ ɮɟɪɪɨɦɚɝɧɟɬɢɡɦɨɦ – 

ɬɨ ɧɚ ɷɬɨ ɧɚ ɨɛɪɚɬɢɬɶ ɨɫɨɛɨɟ ɜɧɢɦɚɧɢɟ, ɬ.ɤ. ɨɧɢ ɩɪɢɧɨɫɹɬ ɡɧɚɱɢɬɟɥɶɧɵɟ ɫɛɨɢ 

ɜ ɜɟɞɟɧɢɟ ɬɟɯɧɨɥɨɝɢɱɟɫɤɨɝɨ ɩɪɨɰɟɫɫɚ, ɩɪɨɹɜɥɟɧɢɟ ɤɨɬɨɪɵɯ ɩɪɨɹɜɥɹɟɬɫɹ ɜ ɧɟ-

ɞɨɫɬɚɬɨɱɧɨɣ ɞɢɚɝɧɨɫɬɢɤɟ, ɧɟɞɨɫɬɨɜɟɪɧɨɫɬɢ ɞɚɧɧɵɯ ɢ ɨɲɢɛɨɱɧɨɫɬɢ ɩɪɨɝɧɨɡɚ 

ɩɨ ɩɨɥɭɱɟɧɢɸ ɤɚɤɨɣ-ɥɢɛɨ ɩɪɨɞɭɤɰɢɢ. 

Ʉɪɨɦɟ ɬɨɝɨ, Al4C3 ɹɜɥɹɟɬɫɹ ɜɚɠɧɨɣ ɮɚɡɨɣ ɞɥɹ ɤɨɦɩɨɡɢɬɨɜ ɫ ɦɟɬɚɥɥɢɱɟ-

ɫɤɨɣ ɦɚɬɪɢɰɟɣ ɧɚ ɨɫɧɨɜɟ ɚɥɸɦɢɧɢɹ. ɇɟɞɚɜɧɨ ɧɟɤɨɬɨɪɵɟ ɚɜɬɨɪɵ ɫɨɨɛɳɢɥɢ ɨ 

ɟɝɨ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɜ ɤɚɱɟɫɬɜɟ ɩɨɞɤɪɟɩɥɟɧɢɹ. Ɉɞɧɚɤɨ ɨɛɪɚɡɨɜɚɧɢɟ Al4C3 

ɧɚɢɛɨɥɟɟ ɲɢɪɨɤɨ ɫɜɹɡɚɧɨ ɫ ɫɟɪɶɟɡɧɵɦ ɭɯɭɞɲɟɧɢɟɦ ɫɜɨɣɫɬɜ ɤɨɦɩɨɡɢɬɨɜ. 

ɇɚɩɪɢɦɟɪ, Al4C3 ɦɨɠɟɬ ɨɛɪɚɡɨɜɵɜɚɬɶɫɹ ɧɚ ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ ɦɚɬɪɢɰɚ/ɚɪɦɚɬɭɪɚ 

ɜɨ ɜɪɟɦɹ ɨɛɪɚɛɨɬɤɢ, ɪɚɫɬɜɨɪɹɹ ɚɪɦɢɪɭɸɳɢɯ ɷɥɟɦɟɧɬɨɜ ɢ ɜɵɡɵɜɚɹ ɨɯɪɭɩɱɢ-

ɜɚɧɢɟ. ɂ ɩɨɫɥɟɞɧɟɟ, ɧɨ ɧɟ ɦɟɧɟɟ ɜɚɠɧɨɟ: Al4C3 ɹɜɥɹɟɬɫɹ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɦ 

ɦɚɬɟɪɢɚɥɨɦ, ɢ ɦɨɠɟɬ ɢɫɩɨɥɶɡɨɜɚɬɶɫɹ ɜ ɷɥɟɤɬɪɨɧɧɵɯ ɤɨɦɩɨɧɟɧɬɚɯ, ɬɚɤɢɯ ɤɚɤ 

https://wiki2.wiki/wiki/Methane
https://wiki2.wiki/w/index.php?title=Titanium_Aluminium_Carbide&action=edit&redlink=1
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ɞɢɨɞɵ. Ⱦɥɹ ɬɨɝɨ, ɱɬɨɛɵ ɤɨɧɬɪɨɥɢɪɨɜɚɬɶ ɫɬɚɛɢɥɶɧɨɫɬɶ ɮɚɡɵ ɢ ɭɫɥɨɜɢɹ ɫɢɧɬɟ-

ɡɚ, ɧɟɨɛɯɨɞɢɦɨ ɞɨɫɤɨɧɚɥɶɧɨɟ ɡɧɚɧɢɟ ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɢɯ ɫɜɨɣɫɬɜ ɬɜɟɪɞɨɝɨ 

Al4C3. ȿɝɨ ɬɟɩɥɨɬɚ ɨɛɪɚɡɨɜɚɧɢɹ, ɬɟɩɥɨɟɦɤɨɫɬɶ ɩɪɢ ɩɨɫɬɨɹɧɧɨɦ ɞɚɜɥɟɧɢɢ ɢ 

ɷɧɟɪɝɢɹ Ƚɢɛɛɫɚ ɢɧɬɟɧɫɢɜɧɨ ɢɡɭɱɚɥɢɫɶ ɜ ɬɟɱɟɧɢɟ ɩɨɫɥɟɞɧɢɯ 120 ɥɟɬ, ɧɨ 

ɧɟɨɠɢɞɚɧɧɨ ɩɨɥɭɱɟɧɧɵɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɡɧɚɱɟɧɢɹ ɨɛɧɚɪɭɠɢɜɚɸɬ ɛɨɥɶ-

ɲɢɟ ɪɚɫɯɨɠɞɟɧɢɹ. Ⱦɟɣɫɬɜɢɬɟɥɶɧɨ, ɫɬɚɧɞɚɪɬɧɚɹ ɬɟɩɥɨɬɚ ɨɛɪɚɡɨɜɚɧɢɹ, ɩɨɥɭ-

ɱɟɧɧɚɹ ɫ ɩɨɦɨɳɶɸ ɪɚɡɥɢɱɧɵɯ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɦɟɬɨɞɢɤ, ɜɤɥɸɱɚɸɳɢɯ 

ɦɧɨɠɟɫɬɜɨ ɤɚɥɨɪɢɦɟɬɪɢɱɟɫɤɢɯ ɦɟɬɨɞɨɜ, ɨɫɧɨɜɚɧɧɵɯ ɧɚ ɫɠɢɝɚɧɢɢ, ɤɢɫɥɨɬɧɨɦ 

ɪɚɫɬɜɨɪɟ ɢ ɩɪɹɦɨɣ ɪɟɚɤɰɢɢ, ɚ ɬɚɤɠɟ ɚɧɚɥɢɡ 2-ɝɨ / 3-ɝɨ ɡɚɤɨɧɚ ɢɡɦɟɪɟɧɢɣ ɞɚɜ-

ɥɟɧɢɹ ɩɚɪɚ ɩɨɤɚɡɵɜɚɟɬ ɛɨɥɶɲɨɣ ɞɢɚɩɚɡɨɧ ɡɧɚɱɟɧɢɣ, ɢɡɦɟɧɹɸɳɢɯɫɹ ɨɬ – 0,187 

ɞɨ – 0,363 ɷȼ/ɚɬɨɦ [5–7]. 

 

1.4.1 Ɉɛɳɟɮɢɡɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ ɤɚɪɛɢɞɨɜ 

 

ɇɚɪɹɞɭ ɫɨ ɦɧɨɝɢɦɢ ɞɪɭɝɢɦɢ ɫɨɟɞɢɧɟɧɢɹɦɢ ɷɥɟɦɟɧɬɨɜ ɬɚɛɥɢɰɵ Ɇɟɧɞɟ-

ɥɟɟɜɚ, ɤɚɪɛɢɞɵ ɢɦɟɸɬ ɨɩɪɟɞɟɥɟɧɧɭɸ ɝɚɦɦɭ ɫɜɨɣɫɬɜ, ɨɛɭɫɥɚɜɥɢɜɚɸɳɢɯ ɢɯ 

ɜɨɫɬɪɟɛɨɜɚɧɧɨɫɬɶ ɜ ɫɬɪɨɢɬɟɥɶɧɨɣ, ɩɪɨɦɵɲɥɟɧɧɨɣ ɢ ɝɨɪɧɨɞɨɛɵɜɚɸɳɟɣ ɫɮɟ-

ɪɚɯ ɞɟɹɬɟɥɶɧɨɫɬɢ. 

Ʉ ɤɚɬɟɝɨɪɢɢ ɜɚɠɧɟɣɲɢɯ ɨɛɳɢɯ ɤɚɱɟɫɬɜ, ɤɨɬɨɪɵɦɢ ɯɚɪɚɤɬɟɪɢɡɭɸɬɫɹ ɜɫɟ 

ɩɪɨɦɵɲɥɟɧɧɵɟ ɤɚɪɛɢɞɵ, ɦɨɠɧɨ ɨɬɧɟɫɬɢ ɫɥɟɞɭɸɳɢɟ.  

1 ȼɵɫɨɤɢɟ ɩɨɤɚɡɚɬɟɥɢ ɬɜɟɪɞɨɫɬɢ — ɜ ɫɪɚɜɧɟɧɢɢ ɫ ɱɢɫɬɵɦɢ ɷɥɟɦɟɧɬɚɦɢ 

ɢɯ ɤɚɪɛɢɞɵ ɨɬɥɢɱɚɸɬɫɹ ɡɧɚɱɢɬɟɥɶɧɨ ɛɨɥɶɲɟɣ ɬɜɟɪɞɨɫɬɶɸ, ɱɬɨ ɞɟɥɚɟɬ ɜɨɡ-

ɦɨɠɧɵɦ ɩɪɢɦɟɧɟɧɢɟ ɜ ɪɚɡɥɢɱɧɵɯ ɩɪɨɦɵɲɥɟɧɧɵɯ ɫɮɟɪɚɯ. Ɍɚɤ, ɨɞɧɢɦɢ ɢɡ 

ɫɚɦɵɯ ɬɜɟɪɞɵɯ ɜɟɳɟɫɬɜ ɫɱɢɬɚɸɬɫɹ ɜɨɥɶɮɪɚɦɨɜɵɟ ɤɚɪɛɢɞɵ (9 ɢɡ 10 ɛɚɥɥɨɜ ɩɨ 

ɲɤɚɥɟ Ɇɨɨɫɚ, ɢɫɩɨɥɶɡɭɟɦɨɣ ɞɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɬɜɟɪɞɨɫɬɢ ɦɢɧɟɪɚɥɨɜ).  

2 Ȼɨɥɟɟ ɜɵɫɨɤɚɹ Ɍ° ɩɥɚɜɥɟɧɢɹ ɜ ɫɪɚɜɧɟɧɢɢ ɫ ɚɧɚɥɨɝɢɱɧɵɦ ɩɨɤɚɡɚɬɟɥɟɦ 

ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɱɢɫɬɵɯ ɦɟɬɚɥɥɨɜ ɢ ɧɟɦɟɬɚɥɥɢɱɟɫɤɢɯ ɤɚɪɛɢɞɨɨɛɪɚɡɭɸɳɢɯ 

ɷɥɟɦɟɧɬɨɜ.  

3 ɋɨɩɪɨɬɢɜɥɹɟɦɨɫɬɶ ɤɨɪɪɨɡɢɨɧɧɵɦ ɜɨɡɞɟɣɫɬɜɢɹɦ ɢ ɧɟɝɚɬɢɜɧɨɦɭ ɜɥɢɹ-

ɧɢɸ ɚɬɦɨɫɮɟɪɧɵɯ ɮɚɤɬɨɪɨɜ.  
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4 ȼɵɫɨɤɚɹ ɫɬɟɩɟɧɶ ɬɟɩɥɨɩɪɨɜɨɞɧɨɫɬɢ ɢ ɬɟɪɦɨɫɬɨɣɤɨɫɬɢ. 

 

1.4.2 ɋɩɨɫɨɛɧɨɫɬɶ ɤ ɝɢɞɪɨɥɢɡɭ 

 

Ɇɧɨɝɢɟ ɤɚɪɛɢɞɧɵɟ ɫɨɟɞɢɧɟɧɢɹ ɪɟɚɝɢɪɭɸɬ ɫ ɇ2Ɉ. ɇɟɤɨɬɨɪɵɟ (ɧɚɩɪɢɦ., 

ɤɚɪɛɢɞ ɋɚ) – ɝɢɞɪɨɥɢɡɭɸɬɫɹ ɫɪɚɡɭ, ɛɟɡ ɞɨɩɨɥɧɢɬɟɥɶɧɵɯ ɨɩɟɪɚɰɢɣ, ɢɧɵɟ – 

ɬɨɥɶɤɨ ɜ ɤɨɧɬɚɤɬɟ ɫ ɜɨɞɹɧɵɦ ɩɚɪɨɦ, ɪɚɡɨɝɪɟɬɵɦ ɞɨ ɬɟɦɩɟɪɚɬɭɪ ɫɜɵɲɟ 1 000 

°ɋ (ɧɚɩɪɢɦ., ɜ ɫɥɭɱɚɟ ɫ ɤɚɪɛɢɞɨɦ Si – ɞɨ 1 850 °ɋ). ɋɩɨɫɨɛɧɨɫɬɶ ɤ ɪɟɚɝɢɪɨɜɚ-

ɧɢɸ ɩɪɢ ɷɬɨɦ ɨɛɭɫɥɚɜɥɢɜɚɟɬɫɹ ɯɚɪɚɤɬɟɪɨɦ ɚɬɨɦɚɪɧɵɯ ɫɜɹɡɟɣ. ȼ ɪɟɡɭɥɶɬɚɬɟ 

ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɤɚɪɛɢɞɨɜ ɫ ɜɨɞɨɣ ɦɨɝɭɬ ɛɵɬɶ ɨɛɪɚɡɨɜɚɧɵ ɬɟ ɢɥɢ ɢɧɵɟ ɭɝɥɟ-

ɜɨɞɨɪɨɞɵ ɜɫɥɟɞɫɬɜɢɟ ɞɢɮɮɭɡɢɢ ɜɨɞɨɪɨɞɚ ɢɡ ɇ2Ɉ ɫ ɭɝɥɟɪɨɞɨɦ, ɫɨɞɟɪɠɚɳɢɦɫɹ 

ɜ ɤɚɪɛɢɞɟ. 

ɉɪɟɞɭɝɚɞɚɬɶ ɫɨɫɬɚɜ ɩɨɥɭɱɚɟɦɵɯ ɭɝɥɟɜɨɞɨɪɨɞɨɜ (ɜɨɡɦɨɠɧɨ ɨɛɪɚɡɨɜɚɧɢɟ 

ɩɪɟɞɟɥɶɧɵɯ ɢ ɧɟɩɪɟɞɟɥɶɧɵɯ ɤɨɦɩɨɡɢɰɢɣ), ɜɩɨɥɧɟ ɪɟɚɥɶɧɨ, ɭɱɢɬɵɜɚɹ ɜɚɥɟɧɬ-

ɧɨɫɬɶ ɭɝɥɟɪɨɞɚ, ɤɨɬɨɪɵɣ ɫɨɞɟɪɠɢɬɫɹ ɜ ɫɨɫɬɚɜɟ ɢɫɯɨɞɧɨɝɨ ɜɟɳɟɫɬɜɚ 

Ɍɚɤ, ɜ ɫɨɫɬɚɜɟ ɦɨɥɟɤɭɥɵ ɤɚɪɛɢɞɚ ɤɚɥɶɰɢɹ ɋɚɋ2 ɫɨɞɟɪɠɢɬɫɹ ɢɨɧ ɭɝɥɟɪɨ-

ɞɚ C22–. ɋɥɟɞɨɜɚɬɟɥɶɧɨ, ɫɭɳɟɫɬɜɭɟɬ ɜɨɡɦɨɠɧɨɫɬɶ ɪɟɚɤɰɢɢ ɩɪɢɫɨɟɞɢɧɟɧɢɹ ɤ 

ɧɟɦɭ ɞɜɭɯ ɩɨɥɨɠɢɬɟɥɶɧɨ ɡɚɪɹɠɟɧɧɵɯ ɢɨɧɨɜ ɜɨɞɨɪɨɞɚ, ɜ ɪɟɡɭɥɶɬɚɬɟ ɱɟɝɨ ɛɭ-

ɞɟɬ ɩɪɨɢɫɯɨɞɢɬɶ ɜɵɞɟɥɟɧɢɟ ɚɰɟɬɢɥɟɧɚ C2H2. Ⱥɧɚɥɨɝɢɱɧɵɦ ɩɭɬɟɦ ɢɡ ɚɥɸɦɢ-

ɧɢɟɜɨɝɨ ɤɚɪɛɢɞɚ Al4C3 ɫɬɚɧɟɬ ɜɵɞɟɥɹɬɶɫɹ ɦɟɬɚɧ CH4. ɉɨɱɟɦɭ ɢɦɟɧɧɨ ɦɟɬɚɧ, ɚ 

ɧɟ, ɤɚɤ, ɜɪɨɞɟ ɛɵ, ɞɨɥɠɧɨ ɫɥɭɱɢɬɶɫɹ, ɩɪɨɩɚɧ C3H12, ɜɟɞɶ ɢɨɧ ɭɝɥɟɪɨɞɚ ɜ ɞɚɧ-

ɧɨɦ ɫɥɭɱɚɟ ɢɦɟɟɬ ɨɬɪɢɰɚɬɟɥɶɧɵɣ ɩɨɬɟɧɰɢɚɥ 12–? Ɉɬɜɟɬ ɧɟ ɫɥɨɠɟɧ: ɩɪɟɞɟɥɶ-

ɧɨɟ ɤɨɥɢɱɟɫɬɜɨ ɚɬɨɦɨɜ ɇ ɨɩɪɟɞɟɥɹɸɬ ɮɨɪɦɭɥɨɣ 2n+2, ɝɞɟ n – ɩɨɤɚɡɚɬɟɥɶ ɤɨ-

ɥɢɱɟɫɬɜɚ ɚɬɨɦɨɜ ɋ [8]. 

 

1.5 Ȼɵɫɬɪɵɣ ɢ ɷɧɟɪɝɨɷɮɮɟɤɬɢɜɧɵɣ ɫɢɧɬɟɡ ɫɥɨɢɫɬɨɝɨ ɤɚɪɛɢɞɚ 
Al4C3 

 

Al4C3 – ɜɚɠɧɨɟ ɫɨɟɞɢɧɟɧɢɟ, ɤɨɬɨɪɨɟ ɦɨɠɟɬ ɢɦɟɬɶ ɡɧɚɱɢɬɟɥɶɧɭɸ ɜɥɢɹ-

ɧɢɟ ɧɚ ɩɪɨɱɧɨɫɬɶ ɢ ɫɬɪɭɤɬɭɪɭ ɪɚɡɥɢɱɧɵɯ ɦɚɬɟɪɢɚɥɵ. Al4C3 ɢɦɟɟɬ ɫɥɨɢɫɬɭɸ 

ɪɨɦɛɨɷɞɪɢɱɟɫɤɭɸ ɫɬɪɭɤɬɭɪɭ. ɋɬɪɭɤɬɭɪɚ (Rˉ3m), ɫɨɫɬɨɹɳɚɹ ɢɡ ɱɟɪɟɞɭɸɳɢɯɫɹ 
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Al2C ɢ Al2C2 ɫɥɨɢ. 

Ʉɚɪɛɢɞ ɚɥɸɦɢɧɢɹ ɱɚɫɬɨ ɜɨɡɧɢɤɚɟɬ ɤɚɤ ɧɟɠɟɥɚɬɟɥɶɧɵɣ ɩɪɨɞɭɤɬ ɪɚɡɥɨ-

ɠɟɧɢɹ, ɤɨɬɨɪɵɣ ɦɨɠɟɬ ɢɦɟɬɶ ɡɧɚɱɢɬɟɥɶɧɵɟ ɧɟɝɚɬɢɜɧɵɟ ɩɨɫɥɟɞɫɬɜɢɹ ɧɚ ɤɨɦ-

ɩɨɡɢɬɚɯ SiC – Al ɢ ɭɝɥɟɪɨɞɧɨɦ ɜɨɥɨɤɧɟ. Ɏɚɤɬɢɱɟɫɤɢ, ɫɢɧɬɟɡ Al4C3 ɱɚɫɬɨ ɹɜ-

ɥɹɟɬɫɹ ɧɟɠɟɥɚɬɟɥɶɧɵɦ ɫɥɟɞɫɬɜɢɟɦ ɞɪɭɝɢɯ ɩɪɨɰɟɫɫɨɜ ɬɚɤɢɯ ɤɚɤ ɩɪɨɰɟɫɫ ɏɨɥ-

ɥɚ – ɗɪɭ. Ȼɵɥɨ ɨɛɧɚɪɭɠɟɧɨ, ɱɬɨ ɨɧ ɨɤɚɡɵɜɚɟɬ ɩɨɥɨɠɢɬɟɥɶɧɨɟ ɜɥɢɹɧɢɟ ɧɚ ɫɢ-

ɫɬɟɦɵ ɫɩɥɚɜɨɜ, ɬɚɤɢɟ ɤɚɤ ɤɚɤ Al–SiC–Al4C3, Al–Al3Ti–Al4C3 ɢ ɬ. ɞ. Ⱦɢɫɩɟɪɫɢɹ 

ɦɟɥɤɢɯ ɱɚɫɬɢɰ Al4C3 ɭɩɪɨɱɧɹɸɬ ɧɟɤɨɬɨɪɵɟ ɫɩɥɚɜɵ Al ɢ ɩɨɤɪɵɬɢɟ Al, ɩɨ-

ɜɟɪɯɧɨɫɬɢ ɢɡ ɫɩɥɚɜɚ ɫ Al4C3 ɦɨɝɭɬ ɩɨɜɵɫɢɬɶ ɢɡɧɨɫɨɫɬɨɣɤɨɫɬɶ ɦɟɬɚɥɥɚ ɡɧɚɱɢ-

ɬɟɥɶɧɨ. Al4C3 ɹɜɥɹɟɬɫɹ ɨɬɩɪɚɜɧɨɣ ɬɨɱɤɨɣ ɞɥɹ ɪɨɫɬɚ ɦɧɨɠɟɫɬɜɚ ɫɬɪɭɤɬɭɪɧɨ 

ɪɨɞɫɬɜɟɧɧɵɯ ɫɨɟɞɢɧɟɧɢɣ ɢ ɦɚɬɟɪɢɚɥɵ, ɬɚɤɢɟ ɤɚɤ ɚɥɦɚɡɧɵɟ (Al2O3–Al4C3–

AlN) ɫɪɚɫɬɚɧɢɹ. Al4C3 ɬɚɤɠɟ ɦɨɠɟɬ ɫɥɭɠɢɬɶ ɲɚɛɥɨɧɨɦ ɞɥɹ ɩɪɨɟɤɬɢɪɨɜɚɧɢɹ 

ɦɢɤɪɨɫɬɪɭɤɬɭɪɵ, ɬɚɤɢɟ ɤɚɤ ɧɚɧɨɪɚɡɦɟɪɧɵɟ ɭɝɥɟɪɨɞɧɵɟ ɚɬɨɦɵ. ɋɚɦ ɧɚɧɨ-

ɫɬɪɭɤɬɭɪɢɪɨɜɚɧɧɵɣ ɤɚɪɛɢɞ ɨɤɚɡɚɥɫɹ ɩɨɬɟɧɰɢɚɥɶɧɨ ɩɨɥɟɡɧɵɣ ɮɭɧɤɰɢɨɧɚɥɶ-

ɧɵɣ ɦɚɬɟɪɢɚɥ ɫ ɨɞɧɨɦɟɪɧɵɦɢɧɚɧɨɩɪɨɜɨɞɚɦɢ Al4C3 ɜɵɫɬɭɩɚɹ ɜ ɤɚɱɟɫɬɜɟ 

ɷɦɢɬɬɟɪɨɜ ɯɨɥɨɞɧɵɯ ɷɥɟɤɬɪɨɧɨɜ ɫ ɦɧɨɝɨɨɛɟɳɚɸɳɟɣ ɚɜɬɨɷɥɟɤɬɪɨɧɧɨɣ ɷɦɢɫ-

ɫɢɟɣ ɩɪɨɢɡɜɨɞɢɬɟɥɶɧɨɫɬɶ [9]. 

Ȼɥɚɝɨɞɚɪɹ ɝɥɨɛɚɥɶɧɨɦɭ ɫɬɪɟɦɥɟɧɢɸ ɭɥɭɱɲɢɬɶ ɷɤɨɥɨɝɢɱɟɫɤɢɟ ɩɨɤɚɡɚ-

ɬɟɥɢ ɤɪɭɩɧɨɦɚɫɲɬɚɛɧɚɹ ɩɪɨɦɵɲɥɟɧɧɨɫɬɶ, ɤɥɸɱɟɜɵɦ ɧɚɩɪɚɜɥɟɧɢɟɦ ɢɫɫɥɟɞɨ-

ɜɚɧɢɣ ɫɬɚɥɚ ɢɫɫɥɟɞɨɜɚɧɢɟ ɚɥɶɬɟɪɧɚɬɢɜɧɵɯ ɦɟɬɨɞɨɜ ɫɢɧɬɟɡɚ ɢ ɨɛɪɚɛɨɬɤɢ ɫɧɢ-

ɡɢɬɶ ɩɨɬɪɟɛɥɟɧɢɟ ɷɧɟɪɝɢɢ ɢ ɫɧɢɡɢɬɶ ɭɪɨɜɟɧɶ ɡɚɝɪɹɡɧɟɧɢɹ. ɉɪɟɞɵɞɭɳɢɟ ɪɚɛɨ-

ɬɵ ɩɨɤɚɡɚɥ, ɱɬɨ ɜɪɟɦɹ ɪɟɚɤɰɢɢ ɜ ɬɜɟɪɞɨɦ ɫɨɫɬɨɹɧɢɢ ɦɨɠɧɨ ɫɨɤɪɚɬɢɬɶ ɧɚ ɩɨ-

ɪɹɞɤɢ ɜɟɥɢɱɢɧɵ, ɩɟɪɟɤɥɸɱɢɜɲɢɫɶ ɫ ɨɛɵɱɧɨɝɨ ɧɚɝɪɟɜɚ ɧɚ ɩɪɨɰɟɫɫɵ ɦɢɤɪɨ-

ɜɨɥɧɨɜɨɝɨ (MW) ɧɚɝɪɟɜɚ. Ɋɚɧɟɟ ɦɵ ɩɨɤɚɡɚɥɢ, ɱɬɨ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɦɢɤɪɨɜɨɥɧ 

ɦɨɠɟɬ ɨɛɥɟɝɱɢɬɶ ɫɢɧɬɟɡ ɤɚɪɛɢɞɨɜ ɜ ɬɟɱɟɧɢɟ ɜɬɨɪɨɣ ɜɪɟɦɟɧɧɨɣ ɲɤɚɥɵ. Ɇɢɤ-

ɪɨɜɨɥɧɵ ɨɫɨɛɟɧɧɨ ɯɨɪɨɲɨ ɩɨɞɯɨɞɹɬ ɞɥɹ ɫɢɧɬɟɡɚ ɢ ɨɛɪɚɛɨɬɤɢ ɤɚɪɛɢɞɨɜ, ɩɪɢ-

ɱɟɦ ɭɝɥɟɪɨɞ ɜɵɫɬɭɩɚɟɬ ɤɚɤ ɜ ɤɚɱɟɫɬɜɟ ɢɫɯɨɞɧɨɝɨ ɦɚɬɟɪɢɚɥɚ, ɬɚɤ ɢ ɜ ɤɚɱɟɫɬɜɟ 

ɦɢɤɪɨɜɨɥɧɨɜɚɹ ɩɟɱɶ [10]. 

Ⱦɚɥɶɧɟɣɲɢɟ ɩɪɟɢɦɭɳɟɫɬɜɚ ɨɛɪɚɛɨɬɤɢ MW – ɷɬɨ ɜɨɡɦɨɠɧɨɫɬɢ ɩɪɟɞɥɨɠɟɧɨ 

ɩɨɥɭɱɢɬɶ ɞɨɫɬɭɩ ɤ ɧɨɜɵɦ ɢ ɦɟɬɚɫɬɚɛɢɥɶɧɵɦ ɦɚɬɟɪɢɚɥɚɦ ɢ ɪɚɰɢɨɧɚɥɢɡɢɪɨɜɚɬɶ 
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ɜɡɚɢɦɨɞɟɣɫɬɜɢɟ ɬɜɟɪɞɵɯ ɬɟɥ ɫ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɦɢ ɩɨɥɹɦɢ. Ɋɚɡɜɢɬɢɟ ɦɢɤɪɨɜɨɥɧɨ-

ɜɨɝɨ ɫɢɧɬɟɡɚ ɜ ɪɚɫɬɜɨɪɟ ɛɵɥ ɛɨɥɟɟ ɛɵɫɬɪɵɦ, ɭɱɢɬɵɜɚɹ ɩɪɨɛɥɟɦɵ, ɫɜɹɡɚɧɧɵɟ ɫ ɨɞ-

ɧɨɪɨɞɧɨɫɬɶ ɢ ɦɚɫɲɬɚɛɢɪɨɜɚɧɢɟ ɜ ɬɜɟɪɞɨɬɟɥɶɧɨɦ ɫɢɧɬɟɡɟ MW ɢ ɨɛɪɚɛɨɬɤɚ ɦɚɬɟɪɢ-

ɚɥɨɜ. Ɋɚɡɜɢɬɢɟ ɬɜɟɪɞɨɬɟɥɶɧɵɯ ɦɢɤɪɨɜɨɥɧɨɜɵɯ ɩɟɱɟɣ ɞɢɡɚɣɧ ɩɪɨɰɟɫɫɚ ɬɪɟɛɭɟɬɫɹ 

ɤɚɤ ɞɥɹ ɪɚɡɪɚɛɨɬɤɢ ɮɭɧɞɚɦɟɧɬɚɥɶɧɨɟ ɩɨɧɢɦɚɧɢɟ ɬɨɝɨ, ɤɚɤ ɦɢɤɪɨɜɨɥɧɨɜɵɟ ɪɟɚɤ-

ɰɢɢ ɩɪɢɫɬɭɩɢɬɶ ɤ ɩɪɨɟɤɬɢɪɨɜɚɧɢɸ ɨɛɨɪɭɞɨɜɚɧɢɹ, ɨɩɬɢɦɢɡɢɪɨɜɚɧɧɨɝɨ ɞɥɹ ɯɢɦɢ-

ɱɟɫɤɢɯ ɪɟɚɤɰɢɢ. Ɂɞɟɫɶ ɦɵ ɫɨɨɛɳɚɟɦ ɨ ɩɟɪɜɨɦ ɭɫɩɟɲɧɨɦ ɫɢɧɬɟɡɟ ɤɚɪɛɢɞ ɚɥɸɦɢ-

ɧɢɹ Al4C3 ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɦɢɤɪɨɜɨɥɧ. ɋɢɧɬɟɡ ɦɨɠɧɨ ɜɵɩɨɥɧɢɬɶ ɡɚ 30 ɦɢɧɭɬ, 

ɢɫɩɨɥɶɡɭɹ ɩɪɨɫɬɨɣ ɦɧɨɝɨɦɨɞɨɜɵɣ ɪɟɡɨɧɚɬɨɪɧɵɣ (MMC) ɪɟɚɤɬɨɪ. Ʉɨɦɛɢɧɚɰɢɹ ɩɨ-

ɪɨɲɤɨɜɨɣ ɪɟɧɬɝɟɧɨɜɫɤɨɣ ɞɢɮɪɚɤɰɢɢ (PXD), ɪɚɦɚɧɨɜɫɤɨɣ ɫɩɟɤɬɪɨɫɤɨɩɢɢ, ɬɟɪɦɢ-

ɱɟɫɤɨɝɨ ɚɧɚɥɢɡɚ ɢ ɫɤɚɧɢɪɭɸɳɟɣ ɷɥɟɤɬɪɨɧɧɨɣ ɦɢɤɪɨɫɤɨɩɢɢ (SEM) ɩɨɞɬɜɟɪɠɞɚɟɬ, 

ɱɬɨ ɦɵ ɦɨɠɟɦ ɩɪɨɢɡɜɨɞɢɬɶ ɜɵɫɨɤɨɤɪɢɫɬɚɥɥɢɱɟɫɤɢɣ, ɛɟɡɨɤɫɢɞɧɵɣɪɨɦɛɨɷɞɪɢɱɟ-

ɫɤɢɣ Al4C3. 

Ʉɚɪɛɢɞ ɚɥɸɦɢɧɢɹ ɦɨɠɟɬ ɛɵɬɶ ɫɢɧɬɟɡɢɪɨɜɚɧ ɢɡ ɷɥɟɦɟɧɬɨɜ ɜ ɪɟɚɤɬɨɪ MMC 

ɡɚ 30 ɦɢɧɭɬ. ɋɢɧɬɟɡɵ ɡɚɜɢɫɟɥɢ ɨɬ ɩɪɢɥɨɠɢɥɢ ɦɨɳɧɨɫɬɶ ɢ ɜɪɟɦɹ ɪɟɚɤɰɢɢ, ɢ ɩɨɬɪɟ-

ɛɨɜɚɥɢ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɝɟɪɦɟɬɢɱɧɚɹ ɫɪɟɞɚ ɜ ɜɚɤɭɭɦɟ ɤɚɤ ɩɨɤɚɡɚɧɨ ɧɚ ɪɢɫɭɧɤɟ 1. 

ɉɨɫɥɟ ɪɟɚɤɰɢɢ ɨɛɪɚɡɰɵ ɝɪɚɧɭɥ ɛɵɥɢ ɱɪɟɡɜɵɱɚɣɧɨ ɬɜɟɪɞɵɦɢ, ɢ ɤɨɝɞɚ ɢɡɦɟɥɶɱɟɧɢɟ 

ɞɚɜɚɥɨ ɬɨɧɤɢɣ ɠɟɥɬɨ-ɤɨɪɢɱɧɟɜɵɣ ɩɨɪɨɲɨɤ. PXD-ɩɚɬɬɟɪɧ ɩɪɨɞɭɤɬ, ɫɢɧɬɟɡɢɪɨɜɚɧ-

ɧɵɣ ɜ ɦɨɥɟɤɭɥɹɪɧɨɣ ɦɚɫɫɟ, ɩɨɤɚɡɚɧ ɧɚ ɪɢɫɭɧɤɟ 2. ɉɨ ɦɟɪɟ ɬɨɝɨ, ɤɚɤ ɜɪɟɦɹ ɢɞɟɬ ɨɬ 

ɧɭɥɹ (ɢɫɯɨɞɧɵɟ ɪɟɚɝɟɧɬɵ) ɞɨ 30 ɦɢɧɭɬ, ɨɧɨ ɦɨɠɧɨ ɧɚɛɥɸɞɚɬɶ ɩɨɹɜɥɟɧɢɟ ɨɬɪɚɠɟ-

ɧɢɣ, ɫɜɹɡɚɧɧɵɯ ɫ ɤɚɪɛɢɞɧɨɣ ɮɚɡɨɣ ɢ ɫɧɢɠɟɧɢɟ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɨɬɪɚɠɟɧɢɹ ɨɬ ɪɟɚ-

ɝɟɧɬɨɜ. ɇɢɤɚɤɚɹ ɞɪɭɝɚɹ ɮɚɡɚ ɧɟ ɩɨɹɜɥɹɟɬɫɹ ɜ ɡɚɤɨɧɨɦɟɪɧɨɫɬɢ ɩɪɟɞɩɨɥɚɝɚɸɬ ɨɬɫɭɬ-

ɫɬɜɢɟ ɫɬɚɛɢɥɶɧɵɯ ɧɚɛɥɸɞɚɟɦɵɯ ɩɪɨɦɟɠɭɬɨɱɧɵɯ ɩɪɨɞɭɤɬɨɜ. Ɉɤɨɧɱɚɬɟɥɶɧɚɹ ɤɚɪ-

ɬɢɧɚ ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ ɩɨ ɫɭɳɟɫɬɜɭ ɨɞɧɨɮɚɡɧɵɣ Al4C3 ɦɨɠɟɬ ɛɵɬɶ ɫɢɧɬɟɡɢɪɨɜɚɧɵ ɜ 

ɦɢɧɭɬɧɵɯ ɦɚɫɲɬɚɛɚɯ ɜɪɟɦɟɧɢ. ȿɫɬɶ ɟɳɟ ɨɞɢɧ ɨɬɪɚɠɟɧɢɟ ɜ ɩɨɪɨɲɤɨɜɨɣ ɤɚɪɬɢɧɟ 

ɢɡɞɟɥɢɹ ɩɪɢ 2θ ∼ 27 °, ɱɬɨ ɦɨɠɧɨ ɨɬɧɟɫɬɢ ɤ ɨɬɪɚɠɟɧɢɸ (200) ɨɬ ɝɪɚɮɢɬɚ. ɍɱɢɬɵ-

ɜɚɹ ɨɬɫɭɬɫɬɜɢɟ ɤɚɤɢɯ-ɥɢɛɨ ɨɬɪɚɠɟɧɢɣ ɨɬ Al, ɩɪɟɞɥɚɝɚɟɬɫɹ, ɱɬɨ ɝɪɚɮɢɬɨɜɨɟ ɨɬɪɚɠɟ-

ɧɢɟ ɢɫɯɨɞɢɬ ɨɬ ɨɫɬɚɜɲɟɝɨɫɹ ɫɟɧɫɨɪɚ. ɗɬɨ ɩɪɟɞɩɨɥɨɠɟɧɢɟ ɛɵɥɨ ɩɨɞɬɜɟɪɠɞɟɧɨ 

ɬɟɪɦɨɝɪɚɜɢɦɟɬɪɢɱɟɫɤɢɦ ɚɧɚɥɢɡɨɦ (ɌȽȺ) (ɞɟɦɨɧɫɬɪɢɪɭɸɳɢɦ ɩɨɬɟɪɸ ɜɟɫɚ ɩɨɫɥɟ 

ɧɚɝɪɟɜɚɧɢɹ ɧɚ ɜɨɡɞɭɯɟ ɩɪɢ 1 000 °C) ɢ ɩɨɫɥɟɞɭɸɳɢɣ PXD, ɤɨɬɨɪɵɣ ɩɨɤɚɡɚɥ, ɱɬɨ 
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ɢɡɛɵɬɨɤ ɝɪɚɮɢɬ ɛɵɥ ɭɬɟɪɹɧ (ɬ. ɟ. ɨɬɫɭɬɫɬɜɢɟ ɨɬɪɚɠɟɧɢɹ (200)) ɢ ɧɟ ɭɤɚɡɚɥɢ ɧɢɤɚ-

ɤɢɯ ɞɨɤɚɡɚɬɟɥɶɫɬɜ ɨɤɢɫɥɟɧɢɹ Al4C3. ɇɟɬ ɨɱɟɜɢɞɧɨɝɨ ɚɦɨɪɮɧɚɹ ɫɨɫɬɚɜɥɹɸɳɚɹ ɨɛ-

ɧɚɪɭɠɟɧɚ ɢɡ ɮɨɧɚ ɜ ɩɨɪɨɲɤɨɜɵɟ ɞɢɮɪɚɤɬɨɝɪɚɦɦɵ ɞɨ ɢɥɢ ɩɨɫɥɟ ɌȽȺ ɷɤɫɩɟɪɢɦɟɧɬ. 

ɉɨɞɨɛɧɵɟ ɷɤɫɩɟɪɢɦɟɧɬɵ ɌȽȺ, ɩɪɨɜɟɞɟɧɧɵɟ ɫ Ar ɢɥɢ N2 (ɧɚɝɪɟɜ ɞɨ 1 000 °ɋ) ɢ ɩɨ-

ɫɥɟɞɭɸɳɢɣ XRD ɧɟ ɩɨɤɚɡɚɥɢ ɧɢɤɚɤɢɯ ɞɨɤɚɡɚɬɟɥɶɫɬɜ ɨɤɢɫɥɟɧɢɹ ɢɥɢ ɧɢɬɪɢɞɢɡɚɰɢɢ 

ɤɚɪɛɢɞɚ (ɢɥɢ ɞɟɣɫɬɜɢɬɟɥɶɧɨ ɤɚɤɨɝɨ-ɥɢɛɨ ɩɪɨɱɢɟ ɢɡɦɟɧɟɧɢɹ). ɗɬɢ ɧɚɛɥɸɞɟɧɢɹ ɫɨ-

ɝɥɚɫɭɸɬɫɹ ɫ ɫɨɨɛɳɢɥɢ ɨ ɬɟɦɩɟɪɚɬɭɪɟ ɪɚɡɥɨɠɟɧɢɹ Al4C3 ɩɪɢ ɝɨɪɚɡɞɨ ɛɨɥɟɟ ɜɵɫɨɤɢɯ 

ɬɟɦɩɟɪɚɬɭɪɚ (2 150 °C), ɝɞɟ ɝɪɚɮɢɬ ɢ ɧɚɫɵɳɟɧɧɵɣ ɭɝɥɟɪɨɞɨɦ ɪɚɫɩɥɚɜ ɧɚɛɥɸɞɚɸɬ-

ɫɹ ɤɚɤ ɩɪɨɞɭɤɬɵ [11]. 

ɂɡɨɛɪɚɠɟɧɢɹ, ɩɨɥɭɱɟɧɧɵɟ ɫ ɩɨɦɨɳɶɸ ɫɤɚɧɢɪɭɸɳɟɣ ɷɥɟɤɬɪɨɧɧɨɣ ɦɢɤɪɨ-

ɫɤɨɩɢɢ ɧɚ ɪɢɫɭɧɤɟ 4, ɩɨɤɚɡɵɜɚɸɬ ɨɛɪɚɡɟɰ MMC, ɤɨɬɨɪɵɣ ɝɨɜɨɪɢɬ, ɱɬɨ ɩɪɨɞɭɤɬ 

ɫɭɳɟɫɬɜɭɟɬ ɤɚɤ ɯɨɪɨɲɨ ɫɮɨɪɦɢɪɨɜɚɧɧɵɣ ɝɟɤɫɚɝɨɧɚɥɶɧɵɟ ɤɪɢɫɬɚɥɥɢɬɵ ɦɢɤɪɨɧɧɨ-

ɝɨ ɪɚɡɦɟɪɚ ɨɛɵɱɧɨ 5 ɦɤɦ ɢɥɢ ɛɨɥɟɟ. Ⱦɚɧɧɵɟ EDX ɩɨɞɬɜɟɪɞɢɥɢ, ɱɬɨ ɬɨɥɶɤɨ ɚɥɸ-

ɦɢɧɢɣ ɢ ɭɝɥɟɪɨɞ ɩɪɢɫɭɬɫɬɜɭɸɬ (57,2 (1) ɚɬ. % Al, 42,8 (1) ɚɬ. % C) ɢ ɧɟ ɩɨɤɚɡɵɜɚɸɬ 

ɫɥɟɞɨɜ ɤɢɫɥɨɪɨɞɚ ɢɥɢ ɚɡɨɬɚ ɱɟɪɟɡ ɨɛɪɚɡɰɵ. 

 

 
Ɋɢɫɭɧɨɤ 4 – ɋɯɟɦɚ ɭɫɬɚɧɨɜɤɢ ɪɟɚɤɰɢɢ 
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ɚ 

 
ɛ 

 

Ɋɢɫɭɧɨɤ 5 – ɗɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɞɚɧɧɵɟ ɨɛɪɚɡɰɨɜ: 

ɚ – ɨɛɪɚɡɟɰ PXD Exsitu ɪɟɚɤɰɢɢ Al + C ɩɨɫɥɟ 0, 10, 20 ɢ 30 ɦɢɧ ɜ ɪɟɚɤɬɨɪɟ MMC. 

Ɂɜɟɡɞɨɱɤɨɣ ɨɛɨɡɧɚɱɟɧ ɝɪɚɮɢɬ (002) ɨɬɪɚɠɟɧɢɟ; ɛ – ɮɪɚɤɰɢɢ ɨɱɢɳɟɧɧɵɯ ɮɚɡ Al4C3 (ɫɜɟɬ-

ɥɵɟ ɤɜɚɞɪɚɬɵ) ɢ Al (ɫɜɟɬɥɵɟ ɤɪɭɠɤɢ) ɩɪɨɬɢɜ ɜɪɟɦɟɧɢ ɪɟɚɤɰɢɢ 

 

ɗɬɨ ɩɨɜɟɞɟɧɢɟ ɦɨɠɟɬ ɛɵɬɶ ɚɩɩɪɨɤɫɢɦɢɪɨɜɚɧɨ ɫɢɝɦɨɢɞɚɥɶɧɵɦ ɪɨɫɬɨɦ 

ɢ ɷɤɫɩɨɧɟɧɰɢɚɥɶɧɵɦ ɡɚɬɭɯɚɧɢɟɦ ɩɟɪɜɨɝɨ ɩɨɪɹɞɤɚ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ (ɩɨɥɨɫɵ 

ɨɲɢɛɨɤ ɥɟɠɚɬ ɜ ɩɪɟɞɟɥɚɯ ɲɢɪɢɧɵ ɫɢɦɜɨɥɨɜ ɝɪɚɮɢɤɚ). 
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Ɋɢɫɭɧɨɤ 6 – ɗɆ-ɦɢɤɪɨɫɬɪɭɤɬɭɪɚ ɱɚɫɬɢɰ Al4C3 ɜ ɦɢɤɪɨɧɚɯ [12] 

 

Ɍɚɛɥɢɰɚ 2 - Ʉɪɢɫɬɚɥɥɨɝɪɚɮɢɱɟɫɤɢɟ ɞɚɧɧɵɟ ɞɥɹ Al4C3 

ɇɚɢɦɟɧɨɜɚɧɢɟ ɢ ɢɡɦɟɪɟɧɢɟ Ⱦɚɧɧɵɟ 
ɏɢɦɢɱɟɫɤɚɹ ɮɨɪɦɭɥɚ Al4C3 
Ʉɪɢɫɬɚɥɥɢɱɟɫɤɚɹ ɫɢɫɬɟɦɚ Ɋɨɦɛɨɷɞɪɢɱɟɫɤɚɹ 
Ʉɨɫɦɢɱɟɫɤɚɹ ɝɪɭɩɩɚ Rˉ3m 
ɉɨɤɚɡɚɬɟɥɶ ɩɪɟɥɨɦɥɟɧɢɹ  2,7 (5) 
Ɉɛɴɟɦ /Ⱥ3, ɦ3/ɦоɥь 241,276 (9) 
Ʉɨɥɢɱɟɫɬɜɨ ɫɜɹɡɟɣ 3 
ȼɟɫ, ɝ ɦɨɥɶ 143,96 
ɉɥɨɬɧɨɫɬɶ ρ / ɝ ∙ ɫɦ 2,972 
Ʉɨɥ-ɜɨ ɞɚɧɧɵɯ 6195 
Ʉɨɥ-ɜɨ ɩɚɪɚɦɟɬɪɨɜ 23 
ɉɥɚɜɥɟɧɢɟ, ɨɋ 2100 
Ʉɢɩɟɧɢɟ (ɪɚɡɥɨɠɟɧɢɟ), ɨɋ 2200 
ɗɧɬɚɥɶɩɢɹ, ɤȾɠ/ɦɨɥɶ -209 
Ɍɟɩɥɨɟɦɤɨɫɬɶ, Ⱦɠ/(ɦɨɥɶ ∙ Ʉ) 116,8 

 

ɍɬɨɱɧɟɧɢɟ Ɋɢɬɜɟɥɶɞɚ ɩɨ ɥɚɛɨɪɚɬɨɪɧɵɦ ɞɚɧɧɵɦ PXD (ɬɚɛɥɢɰɚ 2, ɪɢɫɭ-

ɧɨɤ 7) ɩɨɞɬɜɟɪɞɢɥɢ ɪɨɦɛɨɷɞɪɢɱɟɫɤɭɸ ɫɬɪɭɤɬɭɪɭ Al4C3 ɧɚ ɨɫɧɨɜɟ ɫɥɨɟɜ ɚɬɨ-

ɦɨɜ ɚɥɸɦɢɧɢɹ ɫ ɜɤɪɚɩɥɟɧɢɹɦɢ ɚɬɨɦɨɜ ɭɝɥɟɪɨɞɚ, ɪɚɫɩɨɥɨɠɟɧɧɵɯ ɜ ɨɛɵɱɧɨɦ 

ɩɨɪɹɞɤɟ ɭɤɥɚɞɤɢ. Al4C3 ɦɨɠɧɨ ɪɚɫɫɦɚɬɪɢɜɚɬɶ ɤɚɤ ɩɥɨɬɧɨɭɩɚɤɨɜɚɧɧɭɸ ɫɬɪɭɤ-

ɬɭɪɭ ɚɬɨɦɵ ɚɥɸɦɢɧɢɹ ɫ ɩɨɞɪɟɲɟɬɤɨɣ ɦɟɠɭɡɟɥɶɧɨɝɨ ɭɝɥɟɪɨɞɚ ɢɡɨɛɪɚɠɟɧɧɨɝɨ 

ɧɚ ɪɢɫɭɧɤɟ 5. ɉɥɨɬɧɨɭɩɚɤɨɜɚɧɧɚɹ ɫɬɪɭɤɬɭɪɚ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɫɦɟɫɶ ɝɟɤɫɚ-

ɝɨɧɚɥɶɧɵɯ ɢ ɤɭɛɢɱɟɫɤɢɟ ɩɥɨɬɧɨɭɩɚɤɨɜɚɧɧɵɟ ɫɥɨɢ. Ⱦɠɟɮɮɪɢ ɢ ȼɭ ɨɩɢɫɵɜɚɸɬ 

ɫɬɪɭɤɬɭɪɭ Al4C3, ɤɨɬɨɪɚɹ ɫɨɫɬɨɢɬ ɢɡ ɫɬɪɭɤɬɭɪɧɵɯ ɷɥɟɦɟɧɬɨɜ [Al2C2] ɢ [Al2C].  
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ȼ ɫɥɭɱɚɟ ɟɞɢɧɢɰ [Al2C2] ɚɬɨɦɵ ɭɝɥɟɪɨɞɚ ɡɚɧɢɦɚɸɬ ɬɪɢɝɨɧɚɥɶɧɨ-

ɛɢɩɢɪɚɦɢɞɚɥɶɧɵɟ ɩɭɫɬɨɬɵ, ɚ ɚɬɨɦɵ ɦɟɬɚɥɥɨɜ ɝɟɤɫɚɝɨɧɚɥɶɧɨ ɭɥɨɠɟɧɵ ɞɪɭɝ 

ɧɚ ɞɪɭɝɚ. 26 ɟɞɢɧɢɰ [Al2C] ɚɬɨɦɵ ɭɝɥɟɪɨɞɚ ɡɚɧɢɦɚɸɬ ɨɤɬɚɷɞɪɢɱɟɫɤɢɟ ɦɟɠɞɨ-

ɭɡɥɢɹ, ɚ ɚɬɨɦɵ Al ɨɛɪɚɡɭɸɬ CCP ɫɥɨɟɜ. 26 ɚɬɨɦɨɜ Al ɥɟɠɚɬ ɜ ɝɟɤɫɚɝɨɧɚɥɶɧɵɯ 

ɫɥɨɹɯ ɫ… ABAB… ɩɟɪɟɤɥɸɱɟɧɢɟ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɢ ɭɤɥɚɞɤɢ ɧɚ… ABCB… 

ɩɪɢ z = 0, 1/3 ɢ 2/3. ɋɥɟɞɨɜɚɬɟɥɶɧɨ, ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɶ ɭɤɥɚɞɤɢ ɦɟɬɚɥɥɢɱɟ-

ɫɤɢɯ ɫɥɨɟɜ ɞɥɹ ɷɥɟɦɟɧɬɚɪɧɨɣ ɹɱɟɣɤɢ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ABABCACABCBC, 

ɤɚɤ ɩɨɤɚɡɚɧɨ ɧɚ ɪɢɫɭɧɤɟ5a. ɍɬɨɧɱɟɧɧɚɹ ɪɟɲɟɬɤɚ ɩɚɪɚɦɟɬɪɵ ɯɨɪɨɲɨ ɫɨɝɥɚɫɭ-

ɸɬɫɹ ɫ ɛɨɥɟɟ ɪɚɧɧɢɦɢ ɢɫɫɥɟɞɨɜɚɧɢɹɦɢ Al4C3, ɚ ɪɚɫɫɬɨɹɧɢɹ ɫɜɹɡɢ ɛɵɥɢ ɛɥɢɡɤɢ 

ɤ ɬɟɦ, ɨ ɤɨɬɨɪɵɯ ɫɨɨɛɳɚɥɨɫɶ ɪɚɧɟɟ ɫ ɪɚɫɫɬɨɹɧɢɹɦɢ Al – C ɜ ɞɢɚɩɚɡɨɧɟ 1,927 

(3) –2,187 (3) Å. ɢ ɪɚɫɫɬɨɹɧɢɣ Al – Al ɜ ɞɢɚɩɚɡɨɧɟ 2,676 (2) –2,968 (1) [13]. 

 

 

 

Ɋɢɫɭɧɨɤ 7 – Ⱦɚɧɧɵɟ XRD ɞɥɹ ɤɚɪɛɢɞɚ ɚɥɸɦɢɧɢɹ 

 

 ɇɚɛɥɸɞɚɟɦɵɟ (ɩɥɸɫɵ), ɪɚɫɱɟɬɧɵɟ (ɫɩɥɨɲɧɚɹ ɡɟɥɟɧɚɹ ɥɢɧɢɹ) ɢ ɪɚɡɧɢɰɚ 

(ɫɩɥɨɲɧɚɹ ɮɢɨɥɟɬɨɜɚɹ ɥɢɧɢɹ) ɝɪɚɮɢɤ ɩɪɨɮɢɥɹ ɞɥɹ ɭɬɨɱɧɟɧɢɹ Ɋɢɬɜɟɥɶɞɚ ɨɬ-

ɧɨɫɢɬɟɥɶɧɨ ɩɨɪɨɲɤɚ Ⱦɚɧɧɵɟ XRD ɞɥɹ ɤɚɪɛɢɞɚ ɚɥɸɦɢɧɢɹ. Ɉɬɦɟɬɤɢ ɨɛɨɡɧɚ-

ɱɚɸɬ ɞɢɮɪɚɤɰɢɸ Al4C3. ɩɢɤɢ. Ɉɬɪɚɠɟɧɢɟ ɝɪɚɮɢɬɚ ɩɪɢ 2θ ∼ 27 ° ɛɵɥɨ ɢɫɤɥɸ-
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ɱɟɧɨ ɢɡ ɨɛɡɨɪɚ ɭɬɨɱɧɟɧɢɹ [14]. 

   
ɚ ɛ ɜ 

 

Ɋɢɫɭɧɨɤ 8 – Ʉɪɢɫɬɚɥɥɢɱɟɫɤɚɹ ɫɬɪɭɤɬɭɪɚ Al4C3: ɚ – ɜ ɜɢɞɟ ɲɚɪɚ ɢ ɩɚɥɨɱɤɢ ɩɨɤɚɡɚɧɵ ɫɜɹɡɢ 

Al–C; ɛ – ɜ ɜɢɞɟ ɦɧɨɝɨɝɪɚɧɧɨɝɨ ɩɪɟɞɫɬɚɜɥɟɧɢɹ, ɩɨɤɚɡɵɜɚɸɳɟɝɨ ɫɥɨɢ Al–ɰɟɧɬɪɢɪɨɜɚɧɧɵɟ 

ɬɟɬɪɚɷɞɪɵ; ɜ –  ɜ ɜɢɞɟ ɦɧɨɝɨɝɪɚɧɧɨɝɨ ɩɪɟɞɫɬɚɜɥɟɧɢɹ, ɩɨɤɚɡɵɜɚɸɳɟɝɨ ɞɜɨɣɧɵɟ ɫɥɨɢ C–

ɰɟɧɬɪɢɪɨɜɚɧɧɵɯ ɬɪɢɝɨɧɚɥɶɧɵɯɛɢɩɢɪɚɦɢɞ ɢ ɨɞɢɧɨɱɧɵɟ ɫɥɨɢ ɋ – ɰɟɧɬɪɢɪɨɜɚɧɧɵɟ ɫɠɚɬɵɟ 

ɨɤɬɚɷɞɪɵ [15] 

 

ɗɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɢ ɪɚɫɱɟɬɧɵɟ ɪɚɦɚɧɨɜɫɤɢɟɫɩɟɤɬɪɵ Al4C3 ɜ 2011 ɝɨ-

ɞɭ ɢɡɨɛɪɚɠɟɧɵɩɨɤɚɡɚɧɵ ɧɚ ɪɢɫɭɧɤɟ 6, ɷɬɨ ɫɩɟɤɬɪɵ ɫɢɧɬɟɡɢɪɨɜɚɧɧɨɝɨ ɧɚ ɋȼɑ 

Al4C3. Ɋɚɦɚɧɨɜɫɤɢɣ ɫɩɟɤɬɪ ɛɵɥ ɩɨɥɭɱɟɧ ɢɡ ɨɬɞɟɥɶɧɵɟ ɱɚɫɬɢɰɵ Al4C3 ɪɚɡɞɟ-

ɥɟɧɵ ɜ ɨɛɪɚɡɰɟ ɩɪɢ Ɋɚɦɚɧɨɜɫɤɢɣ ɦɢɤɪɨɫɤɨɩ. ɋɩɟɤɬɪ ɫɨɫɬɨɢɬ ɢɡ ɲɟɫɬɢ ɩɨɥɨ-

ɫɵ, ɤɨɬɨɪɵɟ ɛɥɢɡɤɨ ɫɨɨɬɜɟɬɫɬɜɭɸɬ ɬɟɦ, ɨ ɤɨɬɨɪɵɯ ɫɨɨɛɳɚɥɨɫɶ ɪɚɧɟɟ (Ɍɚɛɥɢ-

ɰɚ 3). ɇɟɬ ɧɢɤɚɤɢɯ ɞɨɤɚɡɚɬɟɥɶɫɬɜ ɧɚɥɢɱɢɹ ɩɨɥɨɫ ɭɝɥɟɪɨɞɚ ɜ ɡɚɩɢɫɚɧɧɵɟ ɫɩɟɤ-

ɬɪɵ; ɩɨɥɨɫɵ ɞɥɹ ɧɟɭɩɨɪɹɞɨɱɟɧɧɵɯ (D) ɢ ɭɩɨɪɹɞɨɱɟɧɧɵɯ (ɝɪɚɮɢɬ; G) ɭɝɥɟɪɨɞ 

ɨɠɢɞɚɟɬɫɹ ɩɪɢ 1 350 ɫɦ-1 ɢ 1 590 ɫɦ-1 ɞɥɹ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. Ʉɪɨɦɟ ɬɨɝɨ, ɧɟɬ ɩɨ-

ɥɨɫ ɞɥɹɞɪɭɝɢɟ Al-ɫɨɞɟɪɠɚɳɢɟ ɪɚɡɧɨɜɢɞɧɨɫɬɢ, ɬɚɤɢɟ ɤɚɤ ɪɚɡɥɢɱɧɵɟ ɩɨɥɢɦɨɪ-

ɮɵ Al2O3 ɢ, ɫɥɟɞɨɜɚɬɟɥɶɧɨ, ɪɚɦɚɧɨɜɫɤɚɹ ɫɩɟɤɬɪɨɫɤɨɩɢɹ ɛɭɞɟɬ ɩɨɞɞɟɪɠɢɜɚɬɶ 

ɞɢɮɪɚɤɰɢɨɧɧɵɟ ɞɨɤɚɡɚɬɟɥɶɫɬɜɚ ɬɨɝɨ, ɱɬɨ ɟɞɢɧɫɬɜɟɧɧɵɣ ɩɪɨɞɭɤɬ ɦɢɤɪɨɜɨɥ-

ɧɨɜɵɯ ɪɟɚɤɰɢɣ ɷɬɨ Al4C3. 

ɉɪɢ ɪɚɫɫɦɨɬɪɟɧɢɢ ɩɪɢɱɢɧ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɦɢɤɪɨɜɨɥɧɨɜɚɹ ɪɟɚɤɰɢɹ, ɩɨ-
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ɥɟɡɧɨ ɪɚɫɫɦɨɬɪɟɬɶ ɫɩɨɫɨɛ, ɤɨɬɨɪɵɦ ɪɟɚɝɟɧɬɵ ɛɭɞɭɬ ɜɡɚɢɦɨɞɟɣɫɬɜɨɜɚɬɶ ɫ 

ɩɪɢɥɨɠɟɧɧɵɦ ɩɨɥɟɦ MW. Ȼɵɥɨ ɛɵ ɦɨɠɧɨ ɨɠɢɞɚɬɶ, ɱɬɨ ɢ ɚɥɸɦɢɧɢɣ, ɢ ɝɪɚ-

ɮɢɬ ɛɭɞɭɬ ɧɚɝɪɟɜɚɬɶɫɹ ɜ ɨɫɧɨɜɧɨɦ ɱɟɪɟɡ ɦɟɯɚɧɢɡɦ ɩɪɨɜɨɞɢɦɨɫɬɢ [16]. Ƚɪɚ-

ɮɢɬ ɯɨɪɨɲɨ ɢɡɜɟɫɬɟɧ ɤɚɤ ɨɱɟɧɶ ɷɮɮɟɤɬɢɜɧɵɣ ɩɨɝɥɨɬɢɬɟɥɶ ɦɢɤɪɨɜɨɥɧ ɫ ɜɵ-

ɫɨɤɨɣ. 

 

 

 

Ɋɢɫɭɧɨɤ – 9 Ɋɚɦɚɧɨɜɫɤɢɣ ɫɩɟɤɬɪ Al4C3, ɩɨɤɚɡɵɜɚɸɳɢɣ ɲɟɫɬɶ ɯɚɪɚɤɬɟɪɢɫɬɢɱɟɫɤɢɯ ɩɨ-

ɥɨɫ.ɤɚɪɛɢɞɚ ɢ ɨɬɫɭɬɫɬɜɢɟ ɭɝɥɟɪɨɞɧɵɯ ɩɨɥɨɫ D ɢ G (ɜɫɬɚɜɤɚ) 

 

Ɍɚɛɥɢɰɚ 3 – Ɋɚɦɚɧɨɜɫɤɢɟ ɫɞɜɢɝɢ ɤɚɪɛɢɞɧɨɣ ɮɚɡɵ ɢ ɩɪɢɩɢɫɚɧɧɵɟ ɢɦ ɪɟɠɢɦɵ ɫɢɦɦɟɬɪɢɢ 

Ɋɚɦɚɧɨɜɫɤɢɣ ɫɞɜɢɝ / ɫɦ− 1 Ɋɟɠɢɦ ɫɢɦɦɟɬɪɢɢ 
252,85 Eg 
288,65 Eg 
340,86 A1g 
493,00 A1g 
718,22 Eg 
864,40 A1g 

 

Ⱦɢɷɥɟɤɬɪɢɱɟɫɤɢɟ ɩɨɬɟɪɢ, ɞɨɫɬɢɝɚɸɳɢɟ ɬɟɦɩɟɪɚɬɭɪɵ ɜɵɲɟ 1 000 °C ɜ 

ɦɟɧɶɲɟ 2 ɦɢɧ. 32 ɉɨɜɟɞɟɧɢɟ ɚɥɸɦɢɧɢɹ ɤɚɤ ɩɪɨɜɨɞɹɳɟɝɨ ɦɟɬɚɥɥɚ, (σ = 3,5 × 

107 ɫɦ ɦ−1), ɨɞɧɚɤɨ ɦɨɠɧɨ ɛɵɥɨ ɛɵ ɨɠɢɞɚɬɶ, ɱɬɨ ɷɬɨ ɛɭɞɟɬ ɨɱɟɧɶ ɜ ɡɚɜɢɫɢɦɨ-
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ɫɬɢ ɨɬ ɪɚɡɦɟɪɚ ɱɚɫɬɢɰ. ɉɨ ɦɟɪɟ ɬɨɝɨ, ɤɚɤ ɦɢɤɪɨɜɨɥɧɵ ɩɪɨɧɢɤɚɸɬ ɞɚɥɶɲɟ ɜ 

ɦɚɬɟɪɢɚɥ, ɤɚɤ ɧɚɩɪɹɠɟɧɧɨɫɬɶ ɩɨɥɹ, ɬɚɤ ɢ ɩɥɨɬɧɨɫɬɶ ɦɨɳɧɨɫɬɢ ɛɭɞɭɬ ɩɚɞɚɸɬ 

ɷɤɫɩɨɧɟɧɰɢɚɥɶɧɨ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ ɨɩɪɟɞɟɥɹɟɬɫɹ ɝɥɭɛɢɧɚ ɩɪɨɧɢɤɧɨɜɟɧɢɹ Dp, 

ɤɚɤ ɪɚɫɫɬɨɹɧɢɟ ɜ ɦɚɬɟɪɢɚɥɟ, ɧɚ ɤɨɬɨɪɨɟ ɩɚɞɚɟɬ ɩɨɬɨɤ ɦɨɳɧɨɫɬɢ ɞɨ 1/ɟ ɨɬ 

ɧɚɱɚɥɶɧɨɝɨ ɡɧɚɱɟɧɢɹ: [17] 

= 𝑝ܦ   𝛌0√𝜀′2𝜋𝜀′′,                                                               (2) 

 

ɝɞɟ Dp – ɝɥɭɛɢɧɚ ɩɪɨɧɢɤɧɨɜɟɧɢɹ; 

Ȝ0 – ɞɥɢɧɚ ɜɨɥɧɵ ɦɢɤɪɨɜɨɥɧɨɜɨɝɨ ɢɡɥɭɱɟɧɢɹ; 

İ ƍ – ɞɥɢɧɚ ɜɨɥɧɵ ɞɢɷɥɟɤɬɪɢɱɟɫɤɚɹ ɩɪɨɧɢɰɚɟɦɨɫɬɶ; 

İ Ǝ – ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɟ ɩɨɬɟɪɢ. 

ɉɪɨɧɢɤɧɨɜɟɧɢɟ ɝɥɭɛɢɧɚ Al ɞɨɥɠɧɚ ɛɵɬɶ 1,7 ɦɤɦ (ɞɥɹ ɦɢɤɪɨɜɨɥɧ 2,45 

ȽȽɰ ɩɪɢ 20 °C). Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɞɥɹ ɤɪɭɩɧɵɯ ɱɚɫɬɢɰ ɪɚɡɦɟɪɵ ɦɨɠɧɨ ɛɵɥɨ ɛɵ 

ɨɠɢɞɚɬɶ ɜɵɫɨɤɨɣ ɨɬɪɚɠɚɬɟɥɶɧɨɣ ɫɩɨɫɨɛɧɨɫɬɢ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ, ɱɬɨ ɩɪɢɜɨɞɢɬ 

ɤ ɷɫɤɚɥɚɰɢɢ ɜɵɫɨɤɢɯ ɩɨɜɟɪɯɧɨɫɬɧɵɯ ɧɚɩɪɹɠɟɧɢɣ. ȼ ɧɚɲɟɣ ɩɪɟɞɵɞɭɳɟɣ ɪɚ-

ɛɨɬɟ, ɜ ɫɢɫɬɟɦɚɯ M–C (ɝɞɟ M = W, Mo, Nb ɢ Ta), a ɨɛɳɟɟ ɩɨɜɟɞɟɧɢɟ ɩɪɢ ɜɡɚ-

ɢɦɨɞɟɣɫɬɜɢɢ ɷɬɢɯ ɫɢɫɬɟɦ ɫ ɦɢɤɪɨɜɨɥɧ. Ɍɚɤɨɟ ɩɨɜɟɞɟɧɢɟ ɪɚɰɢɨɧɚɥɢɡɢɪɨɜɚɧ-

ɧɵɣ ɫ ɭɱɟɬɨɦ ɬɚɧɝɟɧɫɚ ɭɝɥɚ ɩɨɬɟɪɶ, tan į (= İƎ/İƍ), ɤɨɬɨɪɵɣ ɨɩɢɫɵɜɚɟɬ ɫɩɨɫɨɛ-

ɧɨɫɬɶ ɦɚɬɟɪɢɚɥɚ (ɩɪɢ ɨɩɪɟɞɟɥɟɧɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ ɢ ɱɚɫɬɨɬɟ) ɩɨɝɥɨɳɚɬɶ ɦɢɤ-

ɪɨɜɨɥɧɨɜɭɸ ɷɧɟɪɝɢɸ ɢ ɪɚɫɫɟɢɜɚɬɶ ɬɟɩɥɨ. ɂɡɧɚɱɚɥɶɧɨ ɷɧɟɪɝɢɹ ɩɨɝɥɨɳɚɟɬɫɹ 

ɭɝɨɥɶɧɵɦ ɩɪɢɟɦɧɢɤɨɦ (ɬɚɧɝɟɧɫ ɭɝɥɚ ɩɨɬɟɪɶ ɞɨ 2,95; ɫɪ. ɬɚɧɝɟɧɫ ɭɝɥɚ ɩɨɬɟɪɶ 

ɞɥɹ ɜɨɞɵ 0,118, ɩɪɢ 2,45 ȽȽɰ ɢ 298 K), ɬɨ ɩɪɢ ɩɨɜɵɲɟɧɢɢ ɬɟɦɩɟɪɚɬɭɪɵ ɞɢ-

ɷɥɟɤɬɪɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ ɫɦɟɫɢ ɪɟɚɝɟɧɬɨɜ ɞɨɫɬɢɝɚɸɬ ɨɩɬɢɦɚɥɶɧɨɝɨ ɡɧɚɱɟɧɢɹ, 

ɝɞɟ tg į ɦɚɤɫɢɦɚɥɶɧɨ. ɋ ɷɬɨɝɨ ɦɨɦɟɧɬɚ ɨɛɪɚɡɨɜɚɧɢɟ ɩɪɨɞɭɤɬɚ ɢɞɟɬ ɛɵɫɬɪɨ, ɚ 

ɪɟɚɤɰɢɹ ɫɚɦɨɨɝɪɚɧɢɱɢɜɚɟɬɫɹ. 

ɍɱɢɬɵɜɚɹ, ɱɬɨ Al4C3 ɫɱɢɬɚɟɬɫɹ ɟɞɢɧɫɬɜɟɧɧɨɣ ɮɚɡɨɣ ɜ ɪɚɜɧɨɜɟɫɧɨɣ ɮɚ-

ɡɨɜɨɣ ɫɢɫɬɟɦɟ Al–C ɢ, ɞɟɣɫɬɜɢɬɟɥɶɧɨ, ɧɢɤɚɤɚɹ ɞɪɭɝɚɹ ɮɚɡɚ ɧɚɛɥɸɞɚɟɬɫɹ ɫ 

ɩɨɦɨɳɶɸ PXD, ɩɨɫɬɭɥɢɪɭɟɬɫɹ, ɱɬɨ ɦɟɯɚɧɢɡɦ ɪɟɚɤɰɢɢ ɩɪɨɫɬ, ɫɜɹɡɚɧɧɵɣ ɫ 

ɩɪɹɦɵɦ ɫɨɱɟɬɚɧɢɟɦ ɷɥɟɦɟɧɬɨɜ. Ɉɞɧɚɤɨ ɷɬɨ ɬɨɥɶɤɨ ɱɟɪɟɡ ɡɨɧɞɢɪɨɜɚɧɢɟ ɩɪɨ-
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ɰɟɫɫ ɨɛɪɚɡɨɜɚɧɢɹ ɤɚɪɛɢɞɚ ɧɚ ɦɟɫɬɟ, ɱɬɨ ɥɸɛɵɟ ɩɪɨɦɟɠɭɬɨɱɧɵɟ ɷɬɚɩɵ ɜ ɪɟɚɤ-

ɰɢɢ, ɫɤɨɪɟɟ ɜɫɟɝɨ, ɛɭɞɭɬ ɢɞɟɧɬɢɮɢɰɢɪɨɜɚɧɵ. Ɍɚɤɨɟ ɩɨɧɢɦɚɧɢɟ ɬɪɟɛɭɟɬ ɪɚɡ-

ɪɚɛɨɬɤɢ ɩɪɢɛɨɪɨɜ ɞɥɹ ɚɧɚɥɢɡɚ ɧɚ ɦɟɫɬɟ ɞɥɹ ɜɵɩɨɥɧɟɧɢɹ ɷɤɫɩɟɪɢɦɟɧɬɵ ɫ ɜɪɟ-

ɦɟɧɧɵɦ ɪɚɡɪɟɲɟɧɢɟɦ [18]. 

Ɉɛɵɱɧɨ Al4C3 ɩɨɥɭɱɚɸɬ ɩɭɬɟɦ ɩɪɹɦɨɣ ɤɚɪɛɨɧɢɡɚɰɢɢ ɢɥɢ ɦɟɬɨɞɵ ɤɚɪ-

ɛɨɬɟɪɦɢɱɟɫɤɨɝɨ ɜɨɫɫɬɚɧɨɜɥɟɧɢɹ – ɤɚɪɛɨɧɢɡɚɰɢɢ ɤɚɪɛɢɞ ɦɨɠɟɬ ɛɵɬɶ ɩɨɥɭɱɟɧ 

ɜɡɚɢɦɨɞɟɣɫɬɜɢɟɦ ɫɬɟɯɢɨɦɟɬɪɢɱɟɫɤɢɯ ɤɨɥɢɱɟɫɬɜ ɚɥɸɦɢɧɢɹ ɢ ɝɪɚɮɢɬɚ ɦɟɠɞɭ 

1 250–1 500 °C ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ ɩɨɬɨɤɨɦ ɚɪɝɨɧɚ ɢɥɢ ɫɨɱɟɬɚɧɢɟɦ ɨɤɫɢɞɚ ɚɥɸ-

ɦɢɧɢɹ ɢ ɝɪɚɮɢɬɚ ɩɨɞ ɚɧɚɥɨɝɢɱɧɵɟ ɭɫɥɨɜɢɹ ɩɪɢ 1 900 °C. Ɉɩɬɢɱɟɫɤɚɹ ɩɢɪɨ-

ɦɟɬɪɢɹ ɩɪɟɞɥɚɝɚɟɬ ɭɞɨɛɧɵɣ ɛɟɫɤɨɧɬɚɤɬɧɵɣ ɦɟɬɨɞ ɢɡɦɟɪɟɧɢɹ ɬɟɦɩɟɪɚɬɭɪɵ 

ɛɟɡ ɜɨɡɦɭɳɚɸɳɟɟ ɦɢɤɪɨɜɨɥɧɨɜɨɟ ɩɨɥɟ. Ɉɞɧɚɤɨ, ɭɱɢɬɵɜɚɹ ɝɟɪɦɟɬɢɱɧɨɫɬɶ 

ɬɪɭɛɤɢ ɫ ɤɨɧɮɢɝɭɪɚɰɢɟɣ ɪɟɚɤɰɢɢ, ɩɨɤɚɡɚɧɧɨɣ ɧɚ ɪɢɫɭɧɤɟ 1, ɨɤɚɡɚɥɨɫɶ ɧɟɜɨɡ-

ɦɨɠɧɵɦ ɩɨɥɭɱɢɬɶ ɞɟɣɫɬɜɢɬɟɥɶɧɵɟ ɡɧɚɱɟɧɢɹ ɬɟɦɩɟɪɚɬɭɪɵ ɫ ɩɨɦɨɳɶɸ ɷɬɨɝɨ 

ɦɟɬɨɞɚ. ɉɪɢɧɢɦɚɹ ɜɨ ɜɧɢɦɚɧɢɟ ɬɟɦɩɟɪɚɬɭɪɵ, ɨɛɵɱɧɨ ɬɪɟɛɭɟɦɵɟ ɜ ɨɛɵɱɧɵɯ 

ɩɨɥɭɱɟɧɢɟ Al4C3 ɢɡ ɷɥɟɦɟɧɬɨɜ, ɫɨɱɟɬɚɸɳɢɯɫɹ ɫ ɧɚɛɥɸɞɟɧɢɟ ɡɚ ɪɚɡɦɹɝɱɟɧɢɟɦ 

ɤɜɚɪɰɟɜɨɝɨ ɪɟɚɤɰɢɨɧɧɨɝɨ ɫɨɫɭɞɚ ɜ ɧɚɲɢɯ ɷɤɫɩɟɪɢɦɟɧɬɨɜ, ɦɨɠɧɨ ɩɪɟɞɩɨɥɨ-

ɠɢɬɶ, ɱɬɨ ɬɟɦɩɟɪɚɬɭɪɚ ɜ ɦɢɤɪɨɜɨɥɧɨɜɵɟ ɪɟɚɤɰɢɢ ɡɞɟɫɶ ɞɨɥɠɧɵ ɧɚɦɧɨɝɨ ɩɪɟ-

ɜɵɲɚɬɶ 1 000 °C. Ȼɟɡ ɫɨɦɧɟɧɢɹ, ɩɪɚɤɬɢɱɟɫɤɚɹ ɩɨɞɝɨɬɨɜɢɬɟɥɶɧɚɹ ɩɪɨɰɟɞɭɪɚ 

ɛɭɞɟɬ ɭɩɪɨɳɟɧɵ (ɢ ɜ ɤɨɧɟɱɧɨɦ ɢɬɨɝɟ ɫɬɚɧɭɬ ɛɨɥɟɟ ɪɟɧɬɚɛɟɥɶɧɵɦɢ ɜ ɭɜɟɥɢ-

ɱɟɧɧɵɟ ɩɪɨɰɟɫɫɵ), ɟɫɥɢ ɛɵ ɫɢɧɬɟɡ ɤɚɪɛɢɞɚ ɦɨɝ ɛɵɬɶ ɨɫɭɳɟɫɬɜɥɟɧ ɧɚ ɜɨɡɞɭɯɟ 

(ɤɚɤ ɦɵ ɞɨɫɬɢɝɥɢ ɩɪɢ ɩɨɥɭɱɟɧɢɢ Ɇȼ SiC ɢɡ ɷɥɟɦɟɧɬɨɜ). ɇɟɫɦɨɬɪɹ ɧɚ ɧɚɥɢɱɢɟ 

ɭɝɥɟɪɨɞɚ ɜ ɛɨɥɶɲɨɦ ɢɡɛɵɬɤɟ, ɦɢɤɪɨɜɨɥɧɨɜɵɟ ɪɟɚɤɰɢɢ ɜ ɭɫɥɨɜɢɹɯ ɨɬɤɪɵɬɨɣ 

ɬɪɭɛɤɢ ɩɪɢɜɨɞɢɥɢ ɤ ɨɛɪɚɡɨɜɚɧɢɸ ɮɚɡɨɜɵɯ ɫɦɟɫɟɣ Al2O3, Al2OC, Al4O4C ɢ 

Al4C3. ȼɨɡɦɨɠɧɨ, ɷɬɨ ɧɟɭɞɢɜɢɬɟɥɶɧɨ, ɬɚɤ ɤɚɤ ɬɪɟɛɨɜɚɧɢɟ ɢɧɟɪɬɧɨɣ ɫɪɟɞɵ 

ɬɚɤɠɟ ɧɟɨɛɯɨɞɢɦ ɞɥɹ ɫɢɧɬɟɡɚ Al4C3 ɫ ɩɨɦɨɳɶɸ ɨɛɵɱɧɵɯ ɩɪɨɰɟɫɫɨɜ ɧɚɝɪɟɜɚ. 

ɉɪɢɱɢɧɵ ɩɪɟɢɦɭɳɟɫɬɜɟɧɧɨɝɨ ɨɛɪɚɡɨɜɚɧɢɹ ɨɤɫɢɞɵ ɢ ɨɤɫɢɤɚɪɛɢɞɵ ɜ ɬɚɤɢɯ 

ɭɫɥɨɜɢɹɯ, ɜɟɪɨɹɬɧɨ, ɦɨɝɭɬ ɛɵɬɶ ɨɛɴɹɫɧɹɟɬɫɹ ɪɟɚɤɰɢɨɧɧɵɦɢ ɩɪɨɰɟɫɫɚɦɢ, ɤɨ-

ɬɨɪɵɟ ɦɨɝɭɬ ɩɪɨɢɫɯɨɞɢɬɶ ɜ ɩɪɢɫɭɬɫɬɜɢɢ ɤɢɫɥɨɪɨɞɚ (ɬɚɛɥɢɰɚ 3). ɑɪɟɡɜɵɱɚɣɧɨ 

ɜɵɫɨɤɢɟ ɡɧɚɱɟɧɢɹ ɷɧɬɚɥɶɩɢɢ ɢ ɫɜɨɛɨɞɧɨɣ ɷɧɟɪɝɢɢ Ƚɢɛɛɫɚ ɞɥɹ ɨɤɫɢɞɧɨɣ ɢ ɨɤ-

ɫɢɤɚɪɛɢɞɧɨɣ ɮɚɡ ɪɟɲɢɬɟɥɶɧɨ ɩɨɞɬɜɟɪɠɞɚɸɬ ɫɨɛɥɸɞɟɧɢɟ ɬɪɟɛɨɜɚɧɢɣ ɤ ɛɟɫ-
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ɤɢɫɥɨɪɨɞɧɨɣ ɫɪɟɞɟ. Ȼɨɥɟɟ ɬɨɝɨ, ɧɚɛɥɸɞɚɟɬɫɹ ɩɨɹɜɥɟɧɢɟ ɨɤɫɢɤɚɪɛɢɞɧɨɣɮɚɡɵ 

Al2OC ɜ ɛɨɝɚɬɨɣ ɭɝɥɟɪɨɞɨɦ ɫɪɟɞɟ, ɱɬɨ ɬɚɤɠɟ ɦɨɠɧɨ ɨɛɴɹɫɧɢɬɶ ɬɜɟɪɞɨɮɚɡɧɚɹ 

ɪɟɚɤɰɢɹ, ɩɪɢɜɟɞɟɧɧɚɹ ɧɢɠɟ (ɭɪɚɜɧɟɧɢɟ (3)) [19]. ɉɨɬɪɟɛɭɟɬɫɹ ɚɧɚɥɢɡ ɝɚɡɚ, 

ɱɬɨɛɵ ɩɪɨɜɟɪɢɬɶ ɩɪɢɪɨɞɭ ɝɚɡɨɨɛɪɚɡɧɵɟ ɩɨɛɨɱɧɵɟ ɩɪɨɞɭɤɬɵ. 

 

Al2O3 + 3C = Al2OC + 2CO (ɝ) .                               (3) 

 

Ɉɬɧɨɫɢɬɟɥɶɧɚɹ ɫɬɚɛɢɥɶɧɨɫɬɶ ɮɚɡ ɨɤɫɢɞɚ ɚɥɸɦɢɧɢɹ ɢ ɨɤɫɢɤɚɪɛɢɞɚ 

ɚɥɸɦɢɧɢɹ, ɭɤɚɡɚɧɧɵɯ ɜɵɲɟ, ɧɟ ɬɨɥɶɤɨ ɨɛɴɹɫɧɹɟɬ ɫɥɨɠɧɨɫɬɶ ɩɨɥɭɱɟɧɢɹ Al4C3 

ɢɡ ɷɥɟɦɟɧɬɨɜ ɜ ɜɨɡɞɭɯɟ, ɧɨ ɬɚɤɠɟ ɫɩɨɫɨɛɫɬɜɭɟɬ ɩɪɨɛɥɟɦɵ, ɫɜɹɡɚɧɧɵɟ ɫ ɫɢɧɬɟ-

ɡɨɦ Al4C3 ɩɨɫɪɟɞɫɬɜɨɦ ɤɚɪɛɨɬɟɪɦɚɥɶɧɨɝɨ ɜɨɫɫɬɚɧɨɜɥɟɧɢɹ – ɧɚɭɝɥɟɪɨɠɢɜɚɧɢɹ 

ɨɤɫɢɞɚ ɚɥɸɦɢɧɢɹ (ɭɪɚɜɧɟɧɢɟ (4)). Ɉɛɵɱɧɨ ɬɚɤɢɟ ɞɥɹ ɩɪɨɰɟɫɫɨɜ ɬɪɟɛɭɟɬɫɹ 

ɬɟɦɩɟɪɚɬɭɪɚ ɪɟɚɤɰɢɢ ɜɵɲɟ 1 800 °C [20]. 

 

2Al2O3 + 9C = Al4C + 6CO (ɝ)                                (4) 

 

ȼ ɢɞɟɚɥɟ, ɩɪɨɰɟɫɫ, ɢɫɩɨɥɶɡɭɸɳɢɣ ɛɨɝɚɬɵɣ ɡɟɦɥɟɣ ɝɥɢɧɨɡɟɦ ɜ ɤɚɱɟɫɬɜɟ 

ɢɫɯɨɞɧɵɣ ɦɚɬɟɪɢɚɥ ɩɪɢ ɦɟɧɶɲɢɯ ɡɚɬɪɚɬɚɯ ɷɧɟɪɝɢɢ ɧɚ ɩɭɬɶ ɫɢɧɬɟɡɚ, ɭɩɪɚɜɥɹ-

ɟɦɵɣ ɦɢɤɪɨɜɨɥɧɚɦɢ, ɛɵɥ ɛɵ ɩɪɢɜɥɟɤɚɬɟɥɶɧɵɦ. ȼ ɤɨɧɬɟɤɫɬɟ ɨɞɧɚɤɨ ɬɟɪɦɨ-

ɞɢɧɚɦɢɱɟɫɤɢɟ ɩɪɨɛɥɟɦɵ, ɫɜɹɡɚɧɧɵɟ ɫ ɭɪɚɜɧɟɧɢɟ (3) (ΔH ɛɨɥɶɲɟ ɢɥɢ ɪɚɜɧɨ 2 

000 ɤȾɠ ɦɨɥɶ − 1, ɫɤɥɚɞɵɜɚɸɬɫɹ ɢɡ ɩɥɨɯɢɟ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ ɝɥɢɧɨ-

ɡɟɦɚ.  

Ⱦɥɹ ɫɪɚɜɧɟɧɢɹ ɬɚɤɠɟ ɩɨɤɚɡɚɧɵ ɷɧɬɚɥɶɩɢɹ ɢ ɫɜɨɛɨɞɧɚɹ ɷɧɟɪɝɢɹ Ƚɢɛɛɫɚ 

ɨɛɪɚɡɨɜɚɧɢɹ Al4C3 [21].  

 

Ɍɚɛɥɢɰɚ 4 – ɏɚɪɚɤɬɟɪɧɵɟ ɫɨɟɞɢɧɟɧɢɹ Al2OC, Al2O3 ɢ Al4O4C ɩɪɢ 298,15 Ʉ 

Ɏɚɡɚ Ɋɟɚɤɰɢɹ ΔH / ɤȾɠ ɦɨɥɶ − 1 ΔG / ɤȾɠ ɦɨɥɶ−1 
Al2OC 2Al + CɈ = Al4Ɉɋ - 634,96 - 641,09 
Al2O3 4Al + 3Ɉ2 = 2Al2Ɉ3 - 1675,69 - 1690,88 
Al4O4C Al2O3 + 3C = Al2O4C + 2CO - 2314,32 - 2343,25 
Al4C3 2Al + 3C = Al4ɋ3 - 206,90 - 232,95 
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ɋ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɨɫɬɨɹɧɧɨɣ İ ƍ ɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɟ ɩɨɬɟɪɢ İ Ǝ ɪɚɜɧɵ 

9,1 ɢ 0,004, ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɯɨɬɹ ɝɥɭɛɢɧɚ ɩɪɨɧɢɤɧɨɜɟɧɢɹ ɝɥɢɧɨɡɟɦɚ ɧɚɦɧɨɝɨ 

ɩɪɟɜɨɫɯɨɞɢɬ ɚɥɸɦɢɧɢɹ (10 ɦ ɩɪɨɬɢɜ 1,7 ɦɤɦ), ɬɚɧɝɟɧɫ ɭɝɥɚ ɩɨɬɟɪɶ ɩɨɪɹɞɤɚ 

ɜɟɥɢɱɢɧɵ ɧɢɠɟ. ɋɥɟɞɨɜɚɬɟɥɶɧɨ, ɬɨɥɶɤɨ ɩɪɢ ɩɨɜɵɲɟɧɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ Al2O3 

ɧɚɱɢɧɚɟɬ ɷɮɮɟɤɬɢɜɧɨ ɧɚɝɪɟɜɚɬɶɫɹ ɜ ɦɢɤɪɨɜɨɥɧɨɜɨɦ ɩɨɥɟ. ɗɬɢ ɮɚɤɬɨɪɵ ɹɜ-

ɥɹɸɬɫɹ ɭɛɟɞɢɬɟɥɶɧɵɦ ɚɪɝɭɦɟɧɬɨɦ ɜ ɩɨɥɶɡɭ ɨɞɧɨɦɨɞɨɜɨɝɨ ɪɟɡɨɧɚɬɨɪɚ (SMC) 

ɦɢɤɪɨɜɨɥɧɨɜɵɣ ɫɢɧɬɟɡ, ɜ ɤɨɬɨɪɨɦ ɩɥɨɬɧɨɫɬɶ ɦɨɳɧɨɫɬɢ ɜ ɩɪɟɞɟɥɚɯ ɨɛɪɚɡɟɰ 

ɦɨɠɧɨ ɤɨɧɬɪɨɥɢɪɨɜɚɬɶ ɛɨɥɟɟ ɷɮɮɟɤɬɢɜɧɨ. ɉɪɟɞɵɞɭɳɢɟ ɷɤɫɩɟɪɢɦɟɧɬɵ ɩɨɤɚ-

ɡɚɥɢ, ɱɬɨ ɪɟɚɤɰɢɢ ɨɛɪɚɡɨɜɚɧɢɹ ɤɚɪɛɢɞɨɜ ɫɚɦɨɡɚɜɟɪɲɟɧɢɟ ɢ ɨɛɯɨɞ, ɧɚɩɪɢɦɟɪ, 

ɩɪɨɛɥɟɦɵ ɫ Ɍɟɩɥɨɜɨɣ ɜɡɥɟɬɧɨ-ɩɨɫɚɞɨɱɧɨɣ ɩɨɥɨɫɵ ɜ ɨɤɫɢɞɧɵɯ ɢɫɯɨɞɧɵɯ ɦɚ-

ɬɟɪɢɚɥɚɯ, ɬɚɤɢɯ ɤɚɤ ɨɤɫɢɞ ɚɥɸɦɢɧɢɹ. Ɋɚɡɪɚɛɨɬɤɚ ɬɚɤɢɯ ɩɪɨɰɟɫɫɨɜ SMC ɛɭɞɟɬ 

ɩɪɟɞɦɟɬɨɦ ɧɚɲɢɯ ɛɭɞɭɳɢɟ ɢɫɫɥɟɞɨɜɚɧɢɹ [22–23]. 

 

1.5.1 ɗɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɣ ɫɢɧɬɟɡ ɢ ɟɝɨ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚ 

 

ɋɬɟɯɢɨɦɟɬɪɢɱɟɫɤɢɟ ɤɨɥɢɱɟɫɬɜɚ ɩɨɪɨɲɤɨɜ ɚɥɸɦɢɧɢɹ (SigmaAldrich, 

(99,9 %)) ɢ ɝɪɚɮɢɬ (SigmaAldrich, < 20 ɦɦ, ɫɢɧɬɟɬɢɱɟɫɤɢɣ) (ɦɨɥɹɪɧɨɟ ɫɨɨɬ-

ɧɨɲɟɧɢɟ 4: 3, ɬɢɩɢɱɧɚɹ ɦɚɫɫɚ 0,5 ɝ) ɢɡɦɟɥɶɱɚɥɢ ɜ ɫɬɭɩɤɟ ɢ ɩɟɫɬɢɤɨɦ ɜ ɬɟɱɟ-

ɧɢɟ 10 ɦɢɧɭɬ. ɋɭɯɢɟ ɢɡɦɟɥɶɱɟɧɧɵɟ ɩɨɪɨɲɤɢ ɩɪɟɫɫɨɜɚɥɢ ɜ ɩɪɟɫɫ-ɮɨɪɦɟ ɞɥɹ 

ɬɚɛɥɟɬɨɤ 8 ɦɦ (MedwayOptics, 5 ɬɨɧɧ, 10 ɦɢɧ) ɛɟɡ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɫɜɹɡɭɸɳɟ-

ɝɨ. ɉɟɥɥɟɬɵ ɡɚɤɥɚɞɵɜɚɥɢɫɶ ɜ ɝɪɚɮɢɬ (ɞɟɣɫɬɜɭɸɳɢɣ ɤɚɤ ɬɨɤɨɩɪɢɟɦɧɢɤ Ɇȼ) 

ɞɢɚɦɟɬɪɨɦ 10 ɦɦ ɤɜɚɪɰɟɜɭɸ ɬɪɭɛɤɭ, ɤɨɬɨɪɭɸ ɡɚɬɟɦ ɜɚɤɭɭɦɢɪɨɜɚɥɢ ɢ ɝɟɪɦɟ-

ɬɢɡɢɪɨɜɚɥɢ. ɋɢɧɬɟɡ ɷɤɫɩɟɪɢɦɟɧɬɵ ɩɪɨɜɨɞɢɥɢɫɶ ɜ ɦɧɨɝɨɦɨɞɨɜɨɦ ɋȼɑ-

ɪɟɡɨɧɚɬɨɪɟ. ɪɟɚɤɬɨɪ (Sharp R272WM, 800 ȼɬ, 2,45 ȽȽɰ), ɜ ɤɨɬɨɪɨɦ ɩɨɥɟ ɦɢɤ-

ɪɨɜɨɥɧ ɨɬɨɛɪɚɠɚɥɨɫɶ ɢɬɟɪɚɬɢɜɧɨ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɝɪɚɮɢɬɚ.  

ɉɪɨɞɭɤɬɵ ɛɵɥɢ ɨɯɚɪɚɤɬɟɪɢɡɨɜɚɧɵ ɫ ɩɨɦɨɳɶɸ PXD 

(PANalyticalXpertMPD, ɢɡɥɭɱɟɧɢɟ Cu Kα1; ɫɨɛɢɪɚɸɬɫɹ ɜ ɬɟɱɟɧɢɟ 1–12 ɱ ɜ 

ɞɢɚɩɚɡɨɧɟ 5 < 20 / < 85 ɫ ɪɚɡɦɟɪɨɦ ɲɚɝɚ 0,0167 ° 2θ)) ɢ ɞɚɧɧɵɟ, ɢɫɩɨɥɶɡɭɟɦɵɟ 

ɞɥɹ ɢɞɟɧɬɢɮɢɤɚɰɢɢ ɮɚɡɵ ɩɪɨɞɭɤɬɚ (ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɛɚɡɨɣ ɞɚɧɧɵɯ ICDD PDF 

ɫ ɩɨɦɨɳɶɸ ɩɪɨɝɪɚɦɦɵ PANalyticalX’pertHighScorePlus). ɋɬɪɭɤɬɭɪɵ ɭɬɨɱɧɹɥɢ 
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ɦɟɬɨɞɨɦ Ɋɢɬɜɟɥɶɞɚ ɩɪɨɬɢɜ PXD. ɞɚɧɧɵɟ (ɫɨɛɪɚɧɧɵɟ ɜ ɬɟɱɟɧɢɟ 12 ɱɚɫɨɜ ɜ 

ɞɢɚɩɚɡɨɧɟ 5 ≤ 2θ / ° ≤ 110 ɫ ɪɚɡɦɟɪ ɲɚɝɚ 2θ = 0,0167 °) ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɩɪɨ-

ɝɪɚɦɦ GSAS ɢ EXPGUI. ɍɬɨɱɧɟɧɢɹ ɩɨ Ɋɢɬɜɟɥɶɞɭ ɛɵɥɢ ɜɵɩɨɥɧɟɧɵ ɫ ɢɫɩɨɥɶ-

ɡɨɜɚɧɢɟɦ ɪɚɧɟɟ ɨɩɢɫɚɧɧɨɣ ɪɨɦɛɨɷɞɪɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɵ Rˉ3m Al4C3 ɜ ɤɚɱɟ-

ɫɬɜɟ ɫɬɚɪɬɨɜɚɹ ɦɨɞɟɥɶ. Ɏɨɧ (ɫɦɨɞɟɥɢɪɨɜɚɧ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɫɦɟɳɟɧɧɨɝɨ 

Ɏɭɧɤɰɢɹ ɑɟɛɵɲɟɜɚ; ɮɭɧɤɰɢɹ 1 ɜ GSAS), ɦɚɫɲɬɚɛɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ, ɧɭɥɟɜɚɹ 

ɬɨɱɤɚ ɢ ɩɚɪɚɦɟɬɪɵ ɹɱɟɣɤɢ ɭɬɨɱɧɹɥɢɫɶ ɜ ɧɚɱɚɥɶɧɵɯ ɰɢɤɥɚɯ. ɒɢɪɢɧɚ ɩɢɤɨɜ ɢ 

ɤɨɷɮɮɢɰɢɟɧɬɵ ɩɪɨɮɢɥɹ (ɮɨɪɦɚ ɩɢɤɚ ɦɨɞɟɥɢɪɨɜɚɥɚɫɶ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ 

ɮɭɧɤɰɢɢ ɩɫɟɜɞɨ-ȼɨɣɬɚ; ɮɭɧɤɰɢɹ ɮɨɪɦɵ ɩɢɤɚ 2 ɜ ɩɪɟɞɟɥɚɯ GSAS) ɢ ɢɡɨɬɪɨɩ-

ɧɵɟ ɬɟɦɩɟɪɚɬɭɪɧɵɟ ɮɚɤɬɨɪɵ ɛɵɥɢ ɜɩɨɫɥɟɞɫɬɜɢɢ ɢɡɵɫɤɚɧɧɵɣ. ɇɚɛɥɸɞɚɟɦɨɟ 

ɨɬɪɚɠɟɧɢɟ (200) ɨɬ ɝɪɚɮɢɬɚ (27 ° 2θ) ɛɵɥ ɢɫɤɥɸɱɟɧ ɢɡ ɩɪɨɮɢɥɹ, ɬɚɤ ɤɚɤ 

ɜɤɥɸɱɟɧɢɟ ɷɬɨɣ ɩɪɢɦɟɫɢ ɮɚɡɨɜɵɣ ɩɢɤ ɜɵɡɜɚɥ ɪɚɫɯɨɠɞɟɧɢɟ ɭɬɨɱɧɟɧɢɹ. ȼ 

ɩɪɨɬɢɜɧɨɦ ɫɥɭɱɚɟ ɜɫɟ ɭɬɨɱɧɟɧɢɹ ɩɥɚɜɧɨ ɫɯɨɞɢɥɢɫɶ ɜ ɡɚɤɥɸɱɢɬɟɥɶɧɵɯ ɰɢɤ-

ɥɚɯ. Ɇɵ ɧɟ ɧɚɯɨɞɢɦ ɞɨɤɚɡɚɬɟɥɶɫɬɜɚ ɜɤɥɸɱɟɧɢɹ ɤɢɫɥɨɪɨɞɚ ɜ ɫɵɩɭɱɢɣ ɦɚɬɟɪɢ-

ɚɥ ɢɥɢ ɜ ɨɛɪɚɡɭɸɬ ɞɨɩɨɥɧɢɬɟɥɶɧɵɟ ɨɤɫɢɞɧɵɟ ɮɚɡɵ. ɗɬɨ ɩɨɞɬɜɟɪɠɞɚɟɬɫɹ ɞɚɧ-

ɧɵɦɢɷɧɟɪɝɨɞɢɫɩɟɪɫɢɨɧɧɨɣ ɪɟɧɬɝɟɧɨɜɫɤɨɣ ɫɩɟɤɬɪɨɫɤɨɩɢɢ, ɤɨɬɨɪɵɟ ɩɨɞɬɜɟɪ-

ɠɞɚɸɬ, ɱɬɨ ɩɪɢɫɭɬɫɬɜɭɸɬ ɬɨɥɶɤɨ ɚɥɸɦɢɧɢɣ ɢ ɭɝɥɟɪɨɞ. Ɍɟɪɦɨɝɪɚɜɢɦɟɬɪɢɱɟ-

ɫɤɢɣ ɚɧɚɥɢɡ (ɌȽȺ) ɩɪɨɜɨɞɢɥɢ ɧɚ ɝɪɚɜɢɦɟɬɪɢɱɟɫɤɨɦ ɚɧɚɥɢɡɚɬɨɪɟ TA 

Instruments Q500. Ɉɛɪɚɡɰɵ ɧɚɝɪɟɜɚɥɢ ɜ ɩɥɚɬɢɧɨɜɵɯ ɫɤɨɜɨɪɨɞɚɯ ɨɬ ɬɟɦɩɟɪɚ-

ɬɭɪɵ ɨɤɪɭɠɚɸɳɟɣ ɫɪɟɞɵ ɞɨ 1000 ° C ɫɨ ɫɤɨɪɨɫɬɶɸ 10 °C ɦɢɧ− 1 , ɫ ɦɚɫɫɨɣ ɨɛ-

ɪɚɡɟɰ, ɡɚɩɢɫɚɧɧɵɣ ɤɚɤ ɮɭɧɤɰɢɹ ɬɟɦɩɟɪɚɬɭɪɵ. ɂɡɦɟɪɟɧɢɹ ɩɟɪɟɧɨɫɢɥɢɫɶ ɜ 

ɜɨɡɞɭɯɟ ɫ ɩɨɬɨɤɨɦ Ar ɢ ɩɨɬɨɤɨɦ N2 ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ.  

Ɋɚɦɚɧɨɜɫɤɢɟ ɞɚɧɧɵɟ ɛɵɥɢ ɫɨɛɪɚɧɵ ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ ɫ ɢɫ-

ɩɨɥɶɡɨɜɚɧɢɟɦ ɋɢɫɬɟɦɚ ɤɨɧɮɨɤɚɥɶɧɨɝɨ ɦɢɤɪɨɫɤɨɩɚ HoribaLabRAM ɫ ɞɥɢɧɨɣ 

ɜɨɥɧɵ 532 ɧɦ ɡɟɥɟɧɵɣ ɥɚɡɟɪ. Ⱦɵɪɨɱɧɚɹ ɞɢɚɮɪɚɝɦɚ 50 ɦɤɦ, ɪɟɲɟɬɤɚ 600 ɝ / 

ɦɦ -1 ɛɵɥ ɢɫɩɨɥɶɡɨɜɚɧ ɞɟɬɟɤɬɨɪ ɫɢɧɚɩɫɨɜ ɉɁɋ. Ɇɨɪɮɨɥɨɝɢɹ ɨɛɪɚɡɰɚ ɢ ɫɨɫɬɚɜ 

ɛɵɥɢ ɢɡɭɱɟɧɵ ɫ ɩɨɦɨɳɶɸ SEM (Hitachi Ɇɢɤɪɨɫɤɨɩ S4700, ɭɫɤɨɪɹɸɳɟɟ 

ɧɚɩɪɹɠɟɧɢɟ 20 ɤȼ). Ɉɤɫɮɨɪɞ ɋɩɟɤɬɪɨɦɟɬɪ Instruments X-act ɛɵɥ ɩɨɞɤɥɸɱɟɧ ɤ 

ɷɬɨɦɭ ɦɢɤɪɨɫɤɨɩɭ ɞɥɹ ɚɧɚɥɢɡɚ EDX. Ʉɚɥɢɛɪɨɜɤɚ ɩɪɢɛɨɪɚ ɩɪɨɢɡɜɨɞɢɬɫɹ ɫ 

ɩɨɦɨɳɶɸ ɉɪɨɝɪɚɦɦɧɨɟ ɨɛɟɫɩɟɱɟɧɢɟ ɞɥɹ ɚɧɚɥɢɡɚ INCA EDX (Cu ɢɫɩɨɥɶɡɭɟɬ-
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ɫɹ ɞɥɹ ɜɫɟɯ ɤɚɥɢɛɪɨɜɨɤ ɢɡɦɟɪɟɧɢɹ), ɚ ɩɪɨɝɪɚɦɦɧɨɟ ɨɛɟɫɩɟɱɟɧɢɟ ɬɚɤɠɟ ɩɨɡɜɨ-

ɥɹɟɬ ɜɵɛɢɪɚɬɶ ɨɛɥɚɫɬɢ ɞɥɹ ɚɧɚɥɢɡɚ ɢ ɨɩɪɟɞɟɥɟɧɢɹ ɢɡɦɟɪɟɧɢɣ ɩɚɪɚɦɟɬɪɵ.  

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɤɚɪɛɢɞ ɚɥɸɦɢɧɢɹ ɜɵɫɨɤɨɣ ɱɢɫɬɨɬɵ ɛɵɥ ɫɢɧɬɟɡɢɪɨɜɚɧ ɜ 

ɤɨɪɨɬɤɢɟ ɫɪɨɤɢ (ɞɥɹ ɫɪɚɜɧɟɧɢɹ: ɬɪɟɛɭɟɬɫɹ 12 ɱɚɫɨɜ ɩɪɢ 1 500 °C). ɉɪɢɦɟɧɹɟ-

ɦɚɹ ɦɢɤɪɨɜɨɥɧɨɜɚɹ ɦɨɳɧɨɫɬɶ ɢ ɚɬɦɨɫɮɟɪɚ, ɜ ɤɨɬɨɪɨɣ ɩɪɨɜɨɞɢɬɫɹ ɪɟɚɤɰɢɹ, 

ɹɜɥɹɸɬɫɹ ɤɥɸɱɟɜɵɦɢ ɩɟɪɟɦɟɧɧɵɦɢ ɜ ɫɢɧɬɟɡ ɤɚɪɛɢɞɚ ɜ ɨɬɫɭɬɫɬɜɢɟ ɨɤɫɢɞɨɜ 

ɢɥɢ ɨɤɫɢɤɚɪɛɢɞɨɜ. ɍɦɟɧɶɲɟɧɢɟ ɩɨɞɚɜɚɟɦɨɣ ɦɨɳɧɨɫɬɢ ɨɡɧɚɱɚɟɬ, ɱɬɨ ɪɟɚɤɰɢɹ 

ɥɢɛɨ (1) ɧɟ ɛɭɞɟɬ ɩɪɨɞɨɥɠɚɬɶɫɹ, ɥɢɛɨ (2) ɛɭɞɟɬ ɧɟɷɮɮɟɤɬɢɜɧɨɣ ɫɧɟɩɨɥɧɚɹ 

ɤɨɧɜɟɪɫɢɹ ɢɫɯɨɞɧɵɯ ɦɚɬɟɪɢɚɥɨɜ. PXD ɢ Ɋɚɦɚɧ ɫɩɟɤɬɪɨɫɤɨɩɢɹ ɩɨɞɬɜɟɪɠɞɚɟɬ 

ɨɛɪɚɡɨɜɚɧɢɟ ɤɚɪɛɢɞɧɨɣ ɮɚɡɵ ɢ ɭɤɚɡɵɜɚɸɬ ɧɚ ɬɨ, ɱɬɨ ɦɨɝɭɬ ɛɵɬɶ ɩɨɥɭɱɟɧɵ 

ɩɪɨɞɭɤɬɵ ɜɵɫɨɤɨɣ ɱɢɫɬɨɬɵ. ɋɬɪɭɤɬɭɪɚ Al4C3 ɩɨɞɬɜɟɪɠɞɟɧɚ ɭɬɨɱɧɟɧɢɟɦ Ɋɢɬ-

ɜɟɥɶɞɚ. ɩɪɨɬɢɜ ɞɚɧɧɵɯ PXD ɢ ɧɟ ɩɨɤɚɡɵɜɚɟɬ ɫɭɳɟɫɬɜɟɧɧɵɯ ɨɬɥɢɱɢɣ ɨɬ ɷɬɢɯ 

ɤɚɪɛɢɞɚ, ɩɨɥɭɱɟɧɧɨɝɨ ɬɪɚɞɢɰɢɨɧɧɵɦ ɫɩɨɫɨɛɨɦ. ɋɗɆ ɩɨɤɚɡɚɥɚ, ɱɬɨ ɮɚɡɚ ɫɭ-

ɳɟɫɬɜɭɟɬ ɜ ɜɢɞɟ ɝɟɤɫɚɝɨɧɚɥɶɧɵɯ ɤɪɢɫɬɚɥɥɢɬɨɜ ɦɢɤɪɨɧɧɨɝɨ ɪɚɡɦɟɪɚ ɢ EDX-

ɚɧɚɥɢɡ ɩɨɞɬɜɟɪɞɢɥ, ɱɬɨ ɬɨɥɶɤɨ ɚɥɸɦɢɧɢɣ ɢ ɭɝɥɟɪɨɞ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ. Ɉɠɢ-

ɞɚɟɬɫɹ, ɱɬɨ ɷɬɚ ɥɟɝɤɨ ɪɟɚɥɢɡɭɟɦɚɹ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɚɹ ɦɟɬɨɞɨɥɨɝɢɹ ɦɨɠɟɬ 

ɛɵɬɶ ɩɪɢɦɟɧɟɧɚ ɤ ɮɨɪɦɢɪɨɜɚɧɢɸ ɞɪɭɝɢɯ ɛɨɥɟɟ ɫɥɨɠɧɵɟ ɤɚɪɛɢɞɧɵɟ ɦɚɬɟɪɢ-

ɚɥɵ ɧɚ ɨɫɧɨɜɟ ɫɥɨɢɫɬɨɣ ɫɬɪɭɤɬɭɪɵ ɢɡ Al4C3. ȼ ɤɨɧɟɱɧɨɦ ɢɬɨɝɟ ɛɭɞɟɬ ɢɧɬɟ-

ɪɟɫɧɨ ɧɚɛɥɸɞɚɬɶ, ɤɚɤ ɫɨɫɬɚɜ, ɤɪɢɫɬɚɥɥɨɯɢɦɢɹ ɢ ɦɢɤɪɨɫɬɪɭɤɬɭɪɚ ɦɨɝɭɬ ɤɨɧ-

ɬɪɨɥɢɪɨɜɚɬɶɫɹ ɫ ɩɨɦɨɳɶɸ ɩɚɪɚɦɟɬɪɨɜ ɦɢɤɪɨɜɨɥɧɨɜɨɝɨ ɫɢɧɬɟɡɚ ɢ ɜ ɤɚɤɨɣ 

ɫɬɟɩɟɧɢ ɦɨɠɧɨ ɜɥɢɹɬɶ ɤɚɤ ɧɚ ɫɬɪɭɤɬɭɪɧɵɟ, ɬɚɤ ɢ ɧɚ ɮɭɧɤɰɢɨɧɚɥɶɧɵɟ ɫɜɨɣ-

ɫɬɜɚ [24–27]. 

 

1.6 Ɏɟɪɪɨɦɚɝɧɟɬɢɡɦ ɜ ɧɚɧɨɱɚɫɬɢɰɚɯ Al2O3 

 
Ɇɚɝɧɢɬɧɵɟ ɫɜɨɣɫɬɜɚ ɧɚɧɨɱɚɫɬɢɰ ɧɟɫɤɨɥɶɤɢɯ ɧɟɦɚɝɧɢɬɧɵɯ ɨɤɫɢɞɨɜ, ɬɚ-

ɤɢɯ ɤɚɤ CeO2, Al2O3, ZnO, In2O3, SnO2, ɩɨɥɭɱɟɧɧɵɟ ɯɢɦɢɱɟɫɤɢɦɢ ɦɟɬɨɞɚɦɢ, 

ɛɵɥɢ ɢɫɫɥɟɞɨɜɚɧɵ ɩɨɫɥɟ ɧɚɞɥɟɠɚɳɟɣ ɯɚɪɚɤɬɟɪɢɡɚɰɢɢ ɪɚɡɥɢɱɧɵɦɢ ɮɢɡɢɱɟ-

ɫɤɢɦɢ ɦɟɬɨɞɵ. ɇɢɠɟ ɦɵ ɤɪɚɬɤɨ ɨɩɢɲɟɦ ɪɟɡɭɥɶɬɚɬɵ ɷɬɨɣ ɭɱɟɛɵ [28]. 
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Ʌɭɱɲɢɣ ɩɪɢɦɟɪ ɩɨɜɟɪɯɧɨɫɬɧɨɝɨ ɮɟɪɪɨɦɚɝɧɟɬɢɡɦɚ – ɷɬɨ ɧɚɧɨɱɚɫɬɢɰɵ 

Al2O3 (ɪɚɡɦɟɪ 3 ɧɦ), ɝɞɟ ɜɚɥɟɧɬɧɨɫɬɶ Al ɦɨɠɟɬ ɛɵɬɶ ɬɨɥɶɤɨ 3+ (ɪɢɫɭɧɨɤ 10), 

ɧɚ ɤɨɬɨɪɨɦ (ɚ) – ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɶ ɫ ɩɨɩɪɚɜɤɨɣ, (b) -  ɛɟɡ ɩɨɩɪɚɜɤɢ ɧɚ ɞɢɚɦɚɝ-

ɧɟɬɢɡɦ ɹɞɪɚ, (c) – ɨɛɴɟɦɧɵɣ Al2O3 ɞɟɦɨɧɫɬɪɢɪɭɟɬ ɞɢɚɦɚɝɧɢɬɧɨɟ ɩɨɜɟɞɟɧɢɟ. 

Ɏɟɪɪɨɦɚɝɧɟɬɢɡɦ ɜ ɷɬɨɦ ɨɤɫɢɞ ɦɨɠɧɨ ɛɵɥɨ ɭɜɢɞɟɬɶ ɞɚɠɟ ɩɪɢ 390 Ʉ, ɱɬɨ ɭɤɚ-

ɡɵɜɚɟɬ ɧɚ ɬɨ, ɱɬɨ ɦɚɬɟɪɢɚɥ ɢɦɟɟɬ ɬɟɦɩɟɪɚɬɭɪɭ Ʉɸɪɢ (TC) ɧɚɦɧɨɝɨ ɜɵɲɟ, ɱɟɦ 

ɤɨɦɧɚɬɧɚɹ ɬɟɦɩɟɪɚɬɭɪɚ.  

 

Ɋɢɫɭɧɨɤ 10 – Ʉɪɢɜɵɟ ɦɚɝɧɢɬɧɨɝɨ ɝɢɫɬɟɪɟɡɢɫɚ ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ ɧɚɧɨɱɚɫɬɢɰ 
Al2O3 

 

ɉɨɫɤɨɥɶɤɭ ɨɛɴɟɦɧɵɣ Al2O3 ɞɢɚɦɚɝɧɢɬɟɧ ɮɟɪɪɨɦɚɝɧɟɬɢɡɦ ɧɚɧɨɱɚɫɬɢɰ 

ɞɨɥɠɟɧ ɢɦɟɬɶ ɫɜɨɟ ɩɪɨɢɫɯɨɠɞɟɧɢɟ ɜ ɩɨɜɟɪɯɧɨɫɬɶ. ɗɬɨ ɩɪɟɞɩɨɥɨɠɟɧɢɟ ɫɨɝɥɚɫɭ-

ɟɬɫɹ ɫ ɧɚɛɥɸɞɟɧɢɟɦ ɱɬɨ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɶ ɜɵɲɟ оˍоˎо 3 000 ɗ – ɷɬɨ ɧɚɦɚɝɧɢ-

ɱɟɧɧɨɫɬɶ ɞɢɚɦɚɝɧɢɬɧɨɝɨ ɦɚɬɟɪɢɚɥɚ, ɤɚɤ ɩɨɤɚɡɚɧɨ ɤɪɢɜɨɣ (ɚ) ɧɚ ɪɢɫɭɧɤɟ 10. 

ȼɢɞɧɨ ɂɡ ɤɪɢɜɨɣ (ɛ) ɜɢɞɧɨ, ɱɬɨ ɩɨɫɥɟ ɜɵɱɢɬɚɧɢɹ ɞɢɚɦɚɝɧɢɬɧɨɝɨ ɜɤɥɚɞɚ ɢɡ ɹɞɪɚ 

ɱɚɫɬɢɰ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɶ ɪɚɜɧɚ ɛɥɢɡɨɤ ɤ ɧɚɫɵɳɟɧɢɸ ɧɚ ɭɪɨɜɧɟ 5 000 ɷ. ɏɨɬɹ ɦɵ 

ɩɪɟɞɩɨɥɚɝɚɥɢ ɞɟɮɟɤɬɵ ɤɢɫɥɨɪɨɞɚ ɤɚɤ ɨɛɳɢɣ ɢɫɬɨɱɧɢɤ ɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ ɧɚ 

ɩɨɜɟɪɯɧɨɫɬɶ, ɬɟɨɪɟɬɢɱɟɫɤɢɟ ɢɫɫɥɟɞɨɜɚɧɢɹ ɩɨɤɚɡɚɥɢ, ɱɬɨ ɤɚɬɢɨɧ ɜɚɤɚɧɫɢɢ ɦɨɝɭɬ 

ɜɵɡɵɜɚɬɶ ɦɚɝɧɢɬɧɵɟ ɦɨɦɟɧɬɵ ɜ ɩɪɨɫɬɵɯ sp ɨɤɫɢɞɵ. Ɇɵ ɧɚɛɥɸɞɚɥɢ ɮɟɪɪɨɦɚɝ-
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ɧɟɬɢɡɦ ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ ɜ ɧɚɧɨɱɚɫɬɢɰɚɯ ɞɪɭɝɢɯ ɨɤɫɢɞɨɜ, ɬɚɤɢɯ ɤɚɤ 

ZnO, In2O3, TiO2, MgO ɢ SnO2, ɚ ɢɯ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ ɨɛɴɟɦɧɵɟ ɨɛɪɚɡɰɵ ɞɢɚ-

ɦɚɝɧɢɬɧɵ. ɉɨɫɤɨɥɶɤɭ ɤɢɫɥɨɪɨɞɧɵɟ ɢ ɤɚɬɢɨɧɧɵɟ ɜɚɤɚɧɫɢɢ ɨɛɵɱɧɨ ɜɫɬɪɟɱɚɸɬɫɹ 

ɜ ɨɤɫɢɞɚɯ, ɦɵ ɩɪɟɞɩɨɥɚɝɚɟɦ, ɱɬɨ ɮɟɪɪɨɦɚɝɧɟɬɢɡɦ ɹɜɥɹɟɬɫɹ ɭɧɢɜɟɪɫɚɥɶɧɨɣ ɯɚ-

ɪɚɤɬɟɪɢɫɬɢɤɨɣ ɨɤɫɢɞɨɜ ɦɟɬɚɥɥɨɜ – ɧɚɧɨɱɚɫɬɢɰɵ [29–32]. 
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2 Ɉɛɪɚɡɰɵ ɢ ɦɟɬɨɞɵ ɢɯ ɢɫɫɥɟɞɨɜɚɧɢɹ 

 

2.1 Ɇɟɬɨɞ ɪɚɫɬɪɨɜɨɣ ɷɥɟɤɬɪɨɧɧɨɣ ɦɢɤɪɨɫɤɨɩɢɢ 

 

Ɋɚɫɬɪɨɜɚɹ ɷɥɟɤɬɪɨɧɧɚɹ ɦɢɤɪɨɫɤɨɩɢɹ (ɊɗɆ) ɩɪɟɞɧɚɡɧɚɱɟɧɚ, ɜ ɩɟɪɜɭɸ 

ɨɱɟɪɟɞɶ, ɞɥɹ ɩɨɥɭɱɟɧɢɹ ɭɜɟɥɢɱɟɧɧɵɯ ɢɡɨɛɪɚɠɟɧɢɣ ɨɛɴɟɤɬɨɜ ɜɩɥɨɬɶ ɞɨ ɫɭɛ-

ɧɚɧɨɦɟɬɪɨɜɵɯ ɪɚɡɦɟɪɨɜ. Ʉɚɤ ɫɥɟɞɭɟɬ ɢɡ ɧɚɡɜɚɧɢɹ, ɢɡɨɛɪɚɠɟɧɢɟ ɢɫɫɥɟɞɭɟɦɵɯ 

ɨɛɴɟɤɬɨɜ ɜ ɊɗɆ, ɮɨɪɦɢɪɭɟɬɫɹ ɜ ɪɟɡɭɥɶɬɚɬɟ ɫɤɚɧɢɪɨɜɚɧɢɹ ɨɛɪɚɡɰɚ ɫɮɨɤɭɫɢ-

ɪɨɜɚɧɧɵɦ ɩɭɱɤɨɦ ɷɥɟɤɬɪɨɧɨɜ (ɩɭɱɤɨɦ ɩɟɪɜɢɱɧɵɯ ɷɥɟɤɬɪɨɧɨɜ), ɩɨɫɥɟɞɨɜɚ-

ɬɟɥɶɧɨ ɬɨɱɤɚ ɡɚ ɬɨɱɤɨɣ. ɉɪɢ ɷɬɨɦ ɩɪɢ ɜɡɚɢɦɨɞɟɣɫɬɜɢɢ ɷɥɟɤɬɪɨɧɧɨɝɨ ɩɭɱɤɚ ɫ 

ɦɚɬɟɪɢɚɥɨɦ/ɩɨɜɟɪɯɧɨɫɬɶɸ ɢɫɫɥɟɞɭɟɦɨɝɨ ɨɛɴɟɤɬɚ ɩɪɨɢɫɯɨɞɢɬ ɜɨɡɛɭɠɞɟɧɢɟ 

ɛɨɥɶɲɨɝɨ ɤɨɥɢɱɟɫɬɜɚ ɪɚɡɧɨɨɛɪɚɡɧɵɯ ɫɢɝɧɚɥɨɜ (ɪɢɫ. 11). 

 

 
 

Ɋɢɫɭɧɨɤ 11 – Ɇɧɨɝɨɨɛɪɚɡɢɟ ɫɢɝɧɚɥɨɜ, ɜɨɡɧɢɤɚɸɳɢɯ ɜ ɪɟɡɭɥɶɬɚɬɟ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɷɥɟɤ-

ɬɪɨɧɧɨɝɨ ɩɭɱɤɚ ɫ ɩɨɜɟɪɯɧɨɫɬɶɸ ɨɛɪɚɡɰɚ 
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Ⱦɟɬɟɤɬɢɪɭɹ, ɥɸɛɨɣ ɢɡ ɜɨɡɛɭɠɞɚɟɦɵɯ ɫɢɝɧɚɥɨɜ ɦɨɠɧɨ ɩɨɫɬɪɨɢɬɶ ɤɚɪɬɭ 

ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɢɧɬɟɧɫɢɜɧɨɫɬɢ (ɦɢɤɪɨɝɪɚɦɦɚ) ɷɬɨɝɨ ɫɢɝɧɚɥɚ. Ɋɟɡɭɥɶɬɚɬɵ, ɩɨ-

ɥɭɱɟɧɧɵɟ ɩɨɫɪɟɞɫɬɜɨɦ, ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɪɚɡɧɵɯ ɞɟɬɟɤɬɨɪɨɜ ɩɨɡɜɨɥɹɸɬ ɩɪɨɢɡ-

ɜɨɞɢɬɶ ɜɫɟɫɬɨɪɨɧɧɟɟ ɢɫɫɥɟɞɨɜɚɧɢɟ ɢ ɫɮɨɪɦɢɪɨɜɚɬɶ ɩɪɟɞɫɬɚɜɥɟɧɢɟ ɨɛ ɢɫɫɥɟ-

ɞɭɟɦɨɦ ɨɛɴɟɤɬɟ [33]. 

 

2.1.1 Ɍɪɟɛɨɜɚɧɢɹ ɤ ɨɛɪɚɡɰɚɦ ɊɗɆ 

 

Ⱦɥɹ ɩɪɨɜɟɞɟɧɢɹ ɢɫɫɥɟɞɨɜɚɧɢɣ ɦɟɬɨɞɨɦ ɊɗɆ ɨɛɴɟɤɬɵ ɞɨɥɠɧɵ ɨɬɜɟɱɚɬɶ 

ɪɹɞɭ ɬɪɟɛɨɜɚɧɢɣ. ȼɨ-ɩɟɪɜɵɯ, ɢɫɫɥɟɞɭɟɦɵɟ ɨɛɴɟɤɬɵ ɞɨɥɠɧɵ ɢɦɟɬɶ ɩɨɞɯɨɞɹ-

ɳɢɣ ɪɚɡɦɟɪ, ɨɝɪɚɧɢɱɟɧɧɵɣ ɫɜɟɪɯɭ ɪɚɡɦɟɪɚɦɢ ɲɥɸɡɚ ɪɚɛɨɱɟɣ ɤɚɦɟɪɵ ɢ ɛɵɬɶ 

ɭɫɬɨɣɱɢɜɵɦɢ ɤ ɨɛɥɭɱɟɧɢɸ ɩɭɱɤɨɦ ɷɥɟɤɬɪɨɧɨɜ ɫ ɞɨɡɨɣ ɨɤɨɥɨ 103 ɦɤɄɥ/ɫɦ2. 

ȼɨ-ɜɬɨɪɵɯ, ɩɨɫɤɨɥɶɤɭ ɢɫɫɥɟɞɨɜɚɧɢɹ ɩɪɨɜɨɞɹɬɫɹ ɜ ɜɚɤɭɭɦɧɨɣ ɤɚɦɟɪɟ, ɨɛɪɚɡ-

ɰɵ ɞɨɥɠɧɵ ɛɵɬɶ ɫɬɚɛɢɥɶɧɵ ɢ ɧɟ ɜɨɡɝɨɧɹɬɶɫɹ/ɢɫɩɚɪɹɬɶɫɹ ɩɪɢ ɞɚɜɥɟɧɢɢ 10-

4 ɉɚ. ɇɚɤɨɧɟɰ, ɢɫɫɥɟɞɭɟɦɵɟ ɨɛɪɚɡɰɵ ɧɟ ɞɨɥɠɧɵ ɫɩɨɫɨɛɫɬɜɨɜɚɬɶ ɢɡɛɵɬɨɱɧɨ-

ɦɭ ɧɚɤɨɩɥɟɧɢɸ ɡɚɪɹɞɚ, ɫɩɪɨɜɨɰɢɪɨɜɚɧɧɨɝɨ ɷɥɟɤɬɪɨɧɧɵɦ ɩɭɱɤɨɦ, ɞɪɭɝɢɦɢ 

ɫɥɨɜɚɦɢ, ɭɞɟɥɶɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɦɚɬɟɪɢɚɥɚ ɨɛɪɚɡɰɚ ɧɟ ɞɨɥɠɧɨ ɩɪɟɜɵɲɚɬɶ 

ɜɟɥɢɱɢɧɭ 104 Ɉɦ/ɫɦ. Ⱦɥɹ ɪɚɛɨɬɵ ɫ ɧɟɩɪɨɜɨɞɹɳɢɦɢ ɢɥɢ ɩɥɨɯɨ ɩɪɨɜɨɞɹɳɢɦɢ 

ɨɛɪɚɡɰɚɦɢ ɜɨɡɦɨɠɧɨ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɝɚɡɨɧɚɩɭɫɤɧɨɝɨ ɤɨɦɩɟɧɫɚɬɨɪɚ ɡɚɪɹɞɚ, 

ɩɨɤɪɵɬɢɟ ɩɨɜɟɪɯɧɨɫɬɢ ɨɛɪɚɡɰɨɜ ɬɨɧɤɢɦɢ ɩɪɨɜɨɞɹɳɢɦɢ ɩɥёɧɤɚɦɢ (ɫɦ. ɪɢɫɭ-

ɧɨɤ 12, ɛ) ɢ ɪɚɛɨɬɚ ɜ ɪɟɠɢɦɟ ɧɢɡɤɨɝɨ ɭɫɤɨɪɹɸɳɟɝɨ ɧɚɩɪɹɠɟɧɢɹ ɢɥɢ ɧɢɡɤɨɝɨ 

ɜɚɤɭɭɦɚ. Ʉɚɠɞɵɣ ɢɡ ɷɬɢɯ ɦɟɬɨɞɨɜ ɢɦɟɟɬ ɤɚɤ ɫɜɨɢ ɞɨɫɬɨɢɧɫɬɜɚ, ɬɚɤ ɢ ɧɟɞɨ-

ɫɬɚɬɤɢ [34]. 

 

2.1.2 Ⱦɟɬɟɤɬɢɪɨɜɚɧɢɟ ɜɬɨɪɢɱɧɵɯ ɷɥɟɤɬɪɨɧɨɜ 

 

ȼɬɨɪɢɱɧɵe ɷɥɟɤɬɪɨɧɵ (ȼɗ) – ɷɥɟɤɬɪɨɧɵ ɢɫɫɥɟɞɭɟɦɨɝɨ ɦɚɬɟɪɢɚɥɚ, ɩɨ-

ɥɭɱɢɜɲɢɟ ɨɬ ɷɥɟɤɬɪɨɧɨɜ ɩɭɱɤɚ (ɩɟɪɜɢɱɧɵɟ) ɷɧɟɪɝɢɸ ɞɨɫɬɚɬɨɱɧɭɸ ɞɥɹ ɩɪɟ-

ɨɞɨɥɟɧɢɹ ɩɨɬɟɧɰɢɚɥɶɧɨɝɨ ɛɚɪɶɟɪɚ ɢ ɫɩɨɫɨɛɧɵɟ ɩɨɤɢɧɭɬɶ ɟɝɨ. Ɉɫɧɨɜɧɚɹ ɱɚɫɬɶ 

ȼɗ ɜɵɯɨɞɢɬ ɫ ɝɥɭɛɢɧɵ ɞɨ 10 ɧɦ, ɬ. ɟ. ɨɛɥɚɫɬɶ ɝɟɧɟɪɚɰɢɢ ɫɢɝɧɚɥɚ ɦɢɧɢɦɚɥɶɧɚ, 
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ɚ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɟ ɪɚɡɪɟɲɟɧɢɟ ɦɚɤɫɢɦɚɥɶɧɨɟ. 

ɚ) ɋɟɤɬɨɪɚɥɶɧɵɣ ɞɟɬɟɤɬɨɪ ɜɬɨɪɢчɧɵх ɷɥɟɤɬɪɨɧɨɜ 

ɂɡɨɛɪɚɠɟɧɢɹ, ɩɨɥɭɱɟɧɧɵɟ ɜ ɪɟɠɢɦɟ ɪɟɝɢɫɬɪɚɰɢɢ ɜɬɨɪɢɱɧɵɯ ɷɥɟɤɬɪɨ-

ɧɨɜ (ȼɗ) ɞɟɬɟɤɬɨɪɨɦ ɗɜɟɪɯɚɪɬɚ-Ɍɨɪɥɢ, ɛɨɥɟɟ ɜɫɟɝɨ ɫɯɨɠɟ ɫ ɢɡɨɛɪɚɠɟɧɢɹɦɢ, 

ɩɨɥɭɱɚɟɦɵɦɢ ɜ ɨɩɬɢɱɟɫɤɨɣ ɦɢɤɪɨɫɤɨɩɢɢ ɩɪɢ ɛɨɤɨɜɨɦ ɨɫɜɟɳɟɧɢɢ ɨɛɪɚɡɰɚ 

(ɫɦ. ɪɢɫɭɧɨɤ 12, ɚ). ɗɬɨ ɹɜɥɟɧɢɹ ɧɨɫɢɬ ɧɚɡɜɚɧɢɟ ɫɜɟɬɨɨɩɬɢɱɟɫɤɨɣ ɚɧɚɥɨɝɢɢ ɜ 

ɷɥɟɤɬɪɨɧɧɨɣ ɦɢɤɪɨɫɤɨɩɢɢ ɢ ɡɧɚɱɢɬɟɥɶɧɨ ɭɩɪɨɳɚɟɬ ɢɧɬɟɪɩɪɟɬɚɰɢɸ ɩɨɥɭɱɟɧ-

ɧɵɯ ɢɡɨɛɪɚɠɟɧɢɣ. ɋɢɝɧɚɥ ȼɗ ɱɭɜɫɬɜɢɬɟɥɟɧ ɤ ɦɨɪɮɨɥɨɝɢɢ ɩɨɜɟɪɯɧɨɫɬɢ ɢɫ-

ɫɥɟɞɭɟɦɨɝɨ ɨɛɴɟɤɬɚ, ɚ ɬɚɤɠɟ ɬɨɧɤɢɦ ɦɨɧɨɚɬɨɦɧɵɦ ɩɨɤɪɵɬɢɹɦ, ɜ ɬɨɦ ɱɢɫɥɟ ɢ 

ɡɚɝɪɹɡɧɟɧɢɹɦ, ɫɩɨɫɨɛɧɵɦ ɡɧɚɱɢɬɟɥɶɧɨ ɢɡɦɟɧɢɬɶ ɪɚɛɨɬɭ ɜɵɯɨɞɚ ɞɥɹ ɷɥɟɤɬɪɨ-

ɧɨɜ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɦɚɬɟɪɢɚɥɨɦ ɩɨɞɥɨɠɤɢ. 

ɛ) Вɧɭɬɪɢɥɢɧɡɨɜɵɣ ɞɟɬɟɤɬɨɪ ɜɬɨɪɢчɧɵх ɷɥɟɤɬɪɨɧɨɜ 

Ƚɥɚɜɧɨɣ ɨɫɨɛɟɧɧɨɫɬɶɸ, ɤɚɤ ɫɥɟɞɭɟɬ ɢɡ ɧɚɡɜɚɧɢɹ, ɹɜɥɹɟɬɫɹ ɟɝɨ ɪɚɫɩɨɥɨ-

ɠɟɧɢɟ. ɗɬɨ ɩɨɡɜɨɥɹɟɬ ɫɨɛɢɪɚɬɶ ɛɨɥɶɲɭɸ ɱɚɫɬɶ ɫɢɝɧɚɥ ȼɗ, ɱɬɨ, ɜ ɫɜɨɸ ɨɱɟ-

ɪɟɞɶ, ɡɧɚɱɢɬɟɥɶɧɨ ɭɜɟɥɢɱɢɜɚɟɬ ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɶ. Ɍɪɟɛɨɜɚɧɢɹ ɤ ɨɛɪɚɡɰɚɦ ɩɪɢ 

ɷɬɨɦ ɡɚɦɟɬɧɨ ɩɨɜɵɲɚɸɬɫɹ, ɤɪɨɦɟ ɬɨɝɨ, ɡɞɟɫɶ ɭɠɟ ɧɟɥɶɡɹ ɢɝɧɨɪɢɪɨɜɚɬɶ ɭɝɥɟ-

ɪɨɞɧɵɟ ɡɚɝɪɹɡɧɟɧɢɹ, ɜɨɡɧɢɤɚɸɳɢɟ ɜ ɪɟɡɭɥɶɬɚɬɟ ɫɤɚɧɢɪɨɜɚɧɢɹ ɷɥɟɤɬɪɨɧɧɵɦ 

ɩɭɱɤɨɦ, ɱɬɨ ɩɪɢɜɨɞɢɬ ɤ ɡɧɚɱɢɬɟɥɶɧɨɦɭ ɭɦɟɧɶɲɟɧɢɸ ɦɚɤɫɢɦɚɥɶɧɨɝɨ ɜɪɟɦɟɧɢ 

ɷɤɫɩɨɡɢɰɢɢ [35]. 

 

2.2 Ɋɟɧɬɝɟɧɨɜɫɤɢɟ ɢɫɫɥɟɞɨɜɚɧɢɹ 

 

Ɋɟɧɬɝɟɧɨɮɚɡɨɜɵɣ ɦɟɬɨɞ ɩɨɡɜɨɥɹɟɬ ɨɩɪɟɞɟɥɢɬɶ ɮɚɡɨɜɵɣ ɫɨɫɬɚɜ ɢɫɫɥɟɞɭ-

ɟɦɨɝɨ ɦɚɬɟɪɢɚɥɚ. Ɍɚɤ ɤɚɤ ɤɚɠɞɚɹ ɮɚɡɚ ɨɛɥɚɞɚɟɬ ɫɨɛɫɬɜɟɧɧɨɣ ɨɩɪɟɞɟɥɟɧɧɨɣ 

ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɪɟɲɟɬɤɨɣ, ɫɥɟɞɨɜɚɬɟɥɶɧɨ, ɯɚɪɚɤɬɟɪɢɡɭɟɬɫɹ ɨɩɪɟɞɟɥɟɧɧɵɦ 

ɧɚɛɨɪɨɦ ɦɟɠɩɥɨɫɤɨɫɬɧɵɯ ɪɚɫɫɬɨɹɧɢɣ. ɉɨɷɬɨɦɭ ɞɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɮɚɡɨɜɨɝɨ 

ɫɨɫɬɚɜɚ, ɞɨɫɬɚɬɨɱɧɨ ɩɨɥɭɱɟɧɧɭɸ ɪɟɧɬɝɟɧɨɝɪɚɦɦɭ, ɩɪɟɞɫɬɚɜɥɹɸɳɭɸ ɫɨɛɨɣ 

ɪɹɞ ɦɟɠɩɥɨɫɤɨɫɬɧɵɯ ɪɚɫɫɬɨɹɧɢɣ, ɫɪɚɜɧɢɬɶ ɫɨ ɫɬɚɧɞɚɪɬɧɵɦɢ ɬɚɛɥɢɱɧɵɦɢ 

ɡɧɚɱɟɧɢɹɦɢ. ɋɨɜɩɚɞɟɧɢɹ (ɜ ɩɪɟɞɟɥɚɯ ɨɲɢɛɤɢ ɷɤɫɩɟɪɢɦɟɧɬɚ) ɨɩɵɬɧɵɯ ɢ ɬɚɛ-

ɥɢɱɧɵɯ ɡɧɚɱɟɧɢɣ ɨɬɧɨɫɢɬɟɥɶɧɨɣ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɥɢɧɢɣ, ɩɨɡɜɨɥɹɟɬ ɨɞɧɨɡɧɚɱ-
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ɧɨ ɢɞɟɧɬɢɮɢɰɢɪɨɜɚɬɶ ɩɪɢɫɭɬɫɬɜɭɸɳɭɸ ɜ ɨɛɪɚɡɰɟ ɮɚɡɭ. ȿɫɥɢ ɜ ɨɛɪɚɡɰɟ ɩɪɢ-

ɫɭɬɫɬɜɭɟɬ ɮɚɡɚ, ɦɟɠɩɥɨɫɤɨɫɬɧɵɟ ɪɚɫɫɬɨɹɧɢɹ ɤɨɬɨɪɨɣ ɨɬɫɭɬɫɬɜɭɸɬ ɜ ɫɩɟɰɢ-

ɚɥɶɧɨɣ ɥɢɬɟɪɚɬɭɪɟ, ɢɥɢ ɜ ɦɟɠɞɭɧɚɪɨɞɧɨɣ ɛɚɡɟ ASTM, ɬɨ ɦɨɠɧɨ ɩɨɩɪɨɛɨɜɚɬɶ 

ɪɚɫɲɢɮɪɨɜɚɬɶ ɞɢɮɪɚɤɬɨɪɚɦɦɭ ɢɫɩɨɥɶɡɭɹ ɬɟɨɪɟɬɢɱɟɫɤɢɟ ɩɪɟɞɫɬɚɜɥɟɧɢɹ ɨ 

ɫɬɪɭɤɬɭɪɟ ɷɬɨɣ ɮɚɡɵ ɢ ɨɩɢɪɚɹɫɶ ɧɚ ɮɨɪɦɭɥɭ ȼɭɥɶɮɚ-Ȼɪɟɝɝɚ (5): 

 

2dHKLsinq = nȜ,                                                                                             (5)  

 

ɝɞɟ dHKL– ɦɟɠɩɥɨɫɤɨɫɬɧɨɟ ɪɚɫɫɬɨɹɧɢɟ; 

θ – ɭɝɨɥ ɫɤɨɥɶɠɟɧɢɹ (ɛɪɷɝɝɨɜɫɤɢɣ ɭɝɨɥ); 

n – ɩɨɪɹɞɨɤ ɞɢɮɪɚɤɰɢɨɧɧɨɝɨ ɦɚɤɫɢɦɭɦɚ;  

Ȝ – ɞɥɢɧɚ ɜɨɥɧɵ. 

Ɂɚɞɚɱɚ ɨɩɪɟɞɟɥɟɧɢɹ ɮɚɡɨɜɨɝɨ ɫɨɫɬɚɜɚ ɦɨɠɟɬ ɛɵɬɶ ɪɟɲɟɧɚ ɞɥɹ ɥɸɛɨɝɨ 

ɩɨɥɢɤɪɢɫɬɚɥɥɢɱɟɫɤɨɝɨ ɜɟɳɟɫɬɜɚ ɧɟɡɚɜɢɫɢɦɨ ɨɬ ɬɢɩɚ ɟɝɨ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ 

ɪɟɲɟɬɤɢ. ȼ ɬɨ ɠɟ ɜɪɟɦɹ ɨɩɪɟɞɟɥɟɧɢɟ ɪɚɡɦɟɪɨɜ ɢ ɮɨɪɦɵ ɷɥɟɦɟɧɬɚɪɧɨɣ ɹɱɟɣɤɢ 

ɩɨɥɢɤɪɢɫɬɚɥɥɢɱɟɫɤɨɝɨ ɜɟɳɟɫɬɜɚ ɜɨɡɦɨɠɧɨ ɞɚɥɟɤɨ ɧɟ ɜɨ ɜɫɟɯ ɫɥɭɱɚɹɯ.  

ɂɡ ɮɨɪɦɭɥɵ ȼɭɥɶɮɚ-Ȼɪɷɝɝɚ (5) ɫɥɟɞɭɟɬ, 

 

dhkl/n = l/2sinq.                                                                                            (6) 

 

ɉɨɫɤɨɥɶɤɭ 2 (ɞɥɢɧɚ ɜɨɥɧɵ ɯɚɪɚɤɬɟɪɢɫɬɢɱɟɫɤɨɝɨ ɢɡɥɭɱɟɧɢɹ, ɜ ɤɨɬɨɪɨɦ 

ɩɨɥɭɱɟɧɚ ɪɟɧɬɝɟɧɨɝɪɚɦɦɚ) ɜɟɥɢɱɢɧɚ ɢɡɜɟɫɬɧɚɹ, ɬɨ ɡɚɞɚɱɚ ɨɩɪɟɞɟɥɟɧɢɹ 

ɦɟɠɩɥɨɫɤɨɫɬɧɵɯ ɪɚɫɫɬɨɹɧɢɣ dhkl/n ɫɜɨɞɢɬɫɹ ɤ ɧɚɯɨɠɞɟɧɢɸ ɭɝɥɨɜ q ɞɥɹ ɜɫɟɯ 

ɥɢɧɢɣ ɪɟɧɬɝɟɧɨɝɪɚɦɦɵ, ɩɪɢ ɷɬɨɦ ɨɛɵɱɧɨ ɪɚɫɫɦɚɬɪɢɜɚɟɬɫɹ ɬɨɥɶɤɨ ɩɟɪɜɵɣ 

ɩɨɪɹɞɨɤ ɞɢɮɪɚɤɰɢɨɧɧɨɝɨ ɦɚɤɫɢɦɭɦɚ ɩ = 1.  

ɇɚ ɪɢɫɭɧɤɟ 13 ɩɪɢɜɟɞɟɧɵ ɧɚɛɨɪɵ ɦɟɠɩɥɨɫɤɨɫɬɧɵɯ ɪɚɫɫɬɨɹɧɢɣ (hkl) 

ɞɥɹ ɧɟɫɤɨɥɶɤɢɯ ɪɚɫɩɪɨɫɬɪɚɧɟɧɧɵɯ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɪɟɲɟɬɨɤ 

ɂɫɫɥɟɞɨɜɚɧɢɟ ɮɚɡɨɜɨɝɨ ɫɨɫɬɚɜɚ ɨɛɪɚɡɰɨɜ ɩɪɨɜɨɞɢɥɢ ɫ ɩɨɦɨɳɶɸ 

ɪɟɧɬɝɟɧɨɜɫɤɨɝɨ ɞɢɮɪɚɤɬɨɦɟɬɪɚ ɮɢɪɦɵ «Bruker» Advance D8 ɜ CuKa1 ɦɨɧɨ-

ɯɪɨɦɚɬɢɡɢɪɨɜɚɧɧɨɦ ɢɡɥɭɱɟɧɢɢ ɫ ɞɥɢɧɨɣ ɜɨɥɧɵ Ȝ = 1,5406 Å. Ɉɛɪɚɛɨɬɤɚ ɩɨ-
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ɥɭɱɟɧɧɵɯ ɫɩɟɤɬɪɨɜ ɨɫɭɳɟɫɬɜɥɹɥɚɫɶ ɧɚ ɗȼɆ [36]. 

 

 

 

Ɋɢɫɭɧɨɤ 12 – ɇɚɛɨɪɵ ɦɟɠɩɥɨɫɤɨɫɬɧɵɯ ɪɚɫɫɬɨɹɧɢɣ (hkl) ɞɥɹ ɪɚɡɥɢɱɧɵɯ ɬɢɩɨɜ ɤɪɢɫɬɚɥɥɢ-

ɱɟɫɤɢɯ ɪɟɲɟɬɨɤ: 1 – ɩɪɢɦɢɬɢɜɧɚɹ ɤɭɛɢɱɟɫɤɚɹ; 2 – ɈɐɄ; 3 ȽɐɄ; 4 – ɫɬɪɭɤɬɭɪɚ ɚɥɦɚɡɚ; 5 – 

ɝɟɤɫɚɝɨɧɚɥɶɧɚɹ ɤɨɦɩɚɤɬɧɚɹ [37] 

 

2.2.1 Ɇɟɬɨɞ ɪɟɧɬɝɟɧɨɜɫɤɨɣ ɮɨɬɨɷɥɟɤɬɪɨɧɧɨɣ ɫɩɟɤɬɪɨɫɤɨɩɢɢ 

 

Ɋɟɧɬɝɟɧɨɜɫɤɚɹ ɮɨɬɨɷɥɟɤɬɪɨɧɧɚɹ ɫɩɟɤɬɪɨɫɤɨɩɢɹ (ɊɎɗɋ) – ɩɨɥɭɤɨ-

ɥɢɱɟɫɬɜɟɧɧɵɣ ɫɩɟɤɬɪɨɫɤɨɩɢɱɟɫɤɢɣ ɦɟɬɨɞ ɢɫɫɥɟɞɨɜɚɧɢɹ ɷɥɟɦɟɧɬɧɨɝɨ ɫɨɫɬɚɜɚ, 

ɯɢɦɢɱɟɫɤɨɝɨ ɢ ɷɥɟɤɬɪɨɧɧɨɝɨ ɫɨɫɬɨɹɧɢɹ ɚɬɨɦɨɜ, ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɢɡɭɱɚɟɦɨɝɨ 

ɦɚɬɟɪɢɚɥɚ. Ɉɧ ɨɫɧɨɜɚɧ ɧɚ ɹɜɥɟɧɢɢ ɜɧɟɲɧɟɝɨ ɮɨɬɨɷɮɮɟɤɬɚ. ɋɩɟɤɬɪɵ ɊɎɗɋ 

ɩɨɥɭɱɚɸɬ ɨɛɥɭɱɟɧɢɟɦ ɦɚɬɟɪɢɚɥɚ ɩɭɱɤɨɦ ɪɟɧɬɝɟɧɨɜɫɤɢɯ ɥɭɱɟɣ ɫ ɪɟɝɢɫɬɪɚɰɢ-

ɟɣ ɡɚɜɢɫɢɦɨɫɬɢ ɤɨɥɢɱɟɫɬɜɚ ɢɫɩɭɫɤɚɟɦɵɯ ɷɥɟɤɬɪɨɧɨɜ ɨɬ ɢɯ ɷɧɟɪɝɢɢ ɫɜɹɡɢ. ɂɫ-

ɫɥɟɞɭɟɦɵɟ ɷɥɟɤɬɪɨɧɵ ɷɦɢɬɬɢɪɭɸɬɫɹ ɩɨ ɜɫɟɣ ɝɥɭɛɢɧɟ ɩɪɨɧɢɤɧɨɜɟɧɢɹ ɢɫɩɨɥɶ-

ɡɭɟɦɨɝɨ ɦɹɝɤɨɝɨ ɪɟɧɬɝɟɧɨɜɫɤɨɝɨ ɢɡɥɭɱɟɧɢɹ ɜ ɢɫɫɥɟɞɭɟɦɵɣ ɨɛɪɚɡɟɰ (ɨɛɵɱɧɨ 

ɩɨɪɹɞɤɚ 1 ɦɤɦ, ɱɬɨ ɨɱɟɧɶ ɦɧɨɝɨ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɪɚɡɦɟɪɚɦɢ ɚɬɨɦɨɜ ɢ ɦɨɥɟ-

ɤɭɥ). Ɉɞɧɚɤɨ, ɜɵɛɢɬɵɟ ɪɟɧɬɝɟɧɨɜɫɤɢɦɢ ɤɜɚɧɬɚɦɢ ɷɥɟɤɬɪɨɧɵ ɫɢɥɶ-

https://ru.wikipedia.org/wiki/%D0%A1%D0%BF%D0%B5%D0%BA%D1%82%D1%80%D0%BE%D1%81%D0%BA%D0%BE%D0%BF%D0%B8%D1%8F
https://ru.wikipedia.org/wiki/%D0%A5%D0%B8%D0%BC%D0%B8%D1%87%D0%B5%D1%81%D0%BA%D0%B0%D1%8F_%D1%84%D0%BE%D1%80%D0%BC%D1%83%D0%BB%D0%B0
https://ru.wikipedia.org/wiki/%D0%9F%D0%BE%D0%B2%D0%B5%D1%80%D1%85%D0%BD%D0%BE%D1%81%D1%82%D1%8C_(%D1%84%D0%B8%D0%B7%D0%B8%D0%BA%D0%B0)
https://ru.wikipedia.org/wiki/%D0%A4%D0%BE%D1%82%D0%BE%D1%8D%D1%84%D1%84%D0%B5%D0%BA%D1%82
https://ru.wikipedia.org/wiki/%D0%98%D0%BE%D0%BD%D0%B8%D0%B7%D0%B8%D1%80%D1%83%D1%8E%D1%89%D0%B5%D0%B5_%D0%B8%D0%B7%D0%BB%D1%83%D1%87%D0%B5%D0%BD%D0%B8%D0%B5
https://ru.wikipedia.org/wiki/%D0%A0%D0%B5%D0%BD%D1%82%D0%B3%D0%B5%D0%BD%D0%BE%D0%B2%D1%81%D0%BA%D0%BE%D0%B5_%D0%B8%D0%B7%D0%BB%D1%83%D1%87%D0%B5%D0%BD%D0%B8%D0%B5
https://ru.wikipedia.org/wiki/%D0%9C%D0%B8%D0%BA%D1%80%D0%BE%D0%BC%D0%B5%D1%82%D1%80
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ɧɨ ɩɨɝɥɨɳɚɸɬɫɹ ɢɫɫɥɟɞɭɟɦɵɦ ɜɟɳɟɫɬɜɨɦ ɧɚɫɬɨɥɶɤɨ, ɱɬɨ ɷɦɢɬɬɢɪɨɜɚɧɧɵɟ ɧɚ 

ɝɥɭɛɢɧɟ ɨɤɨɥɨ 100 Å ɨɧɢ ɭɠɟ ɧɟ ɦɨɝɭɬ ɞɨɫɬɢɱɶ ɩɨɜɟɪɯɧɨɫɬɢ, ɢɫɩɭɫɬɢɬɶɫɹ ɜ 

ɜɚɤɭɭɦ ɢ, ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɛɵɬɶ ɞɟɬɟɤɬɢɪɨɜɚɧɧɵɦɢ ɩɪɢɛɨɪɨɦ. ɂɦɟɧɧɨ ɩɨ-

ɷɬɨɦɭ ɦɟɬɨɞɨɦ ɊɎɗɋ ɦɨɠɧɨ ɫɨɛɪɚɬɶ ɢɧɮɨɪɦɚɰɢɸ ɨ ɫɚɦɵɯ ɜɟɪɯɧɢɯ (ɨɤɨɥɨ 

10–30) ɚɬɨɦɧɵɯ ɫɥɨɹɯ ɨɛɪɚɡɰɚ ɛɟɡ ɢɧɮɨɪɦɚɰɢɢ ɨɛ ɟɝɨ ɨɛɴɟɦɟ. ɉɨɷɬɨɦɭ 

ɊɎɗɋ ɧɟɡɚɦɟɧɢɦ, ɤɚɤ ɦɟɬɨɞ ɚɧɚɥɢɡɚ ɢ ɤɨɧɬɪɨɥɹ ɜ ɪɹɞɟ ɨɬɪɚɫɥɟɣ ɬɚɤɢɯ, 

ɤɚɤ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɚɹ ɢɧɞɭɫɬɪɢɹ, ɝɟɬɟɪɨɝɟɧɧɵɣ ɤɚɬɚɥɢɡ, ɢ ɬ. ɞ. 

ɊɎɗɋ – ɦɟɬɨɞ ɚɧɚɥɢɡɚ ɩɨɜɟɪɯɧɨɫɬɢ, ɤɨɬɨɪɵɣ ɦɨɠɟɬ ɛɵɬɶ ɢɫɩɨɥɶɡɨɜɚɧ 

ɞɥɹ ɚɧɚɥɢɡɚ ɯɢɦɢɱɟɫɤɨɝɨ ɫɨɫɬɨɹɧɢɹ ɦɚɬɟɪɢɚɥɚ ɤɚɤ ɜ ɟɝɨ ɩɟɪɜɨɧɚɱɚɥɶɧɨɦ ɫɨ-

ɫɬɨɹɧɢɢ, ɬɚɤ ɢ ɩɨɫɥɟ ɧɟɤɨɬɨɪɨɣ ɨɛɪɚɛɨɬɤɢ, ɧɚɩɪɢɦɟɪ ɫɤɨɥɚ, ɪɚɡɪɟɡɚ ɢɥɢ 

ɨɱɢɫɬɤɢ ɜ ɜɨɡɞɭɯɟ ɢɥɢ ɫɜɟɪɯɜɵɫɨɤɨɦ ɜɚɤɭɭɦɟ ɞɥɹ ɢɫɫɥɟɞɨɜɚɧɢɹ ɜɧɭɬɪɟɧɧɟɝɨ 

ɯɢɦɢɱɟɫɤɨɝɨ ɫɨɫɬɚɜɚ ɨɛɪɚɡɰɚ, ɨɛɥɭɱɟɧɢɹ ɜɵɫɨɤɨɷɧɟɪɝɟɬɢɱɟɫɤɢɦ ɩɭɱɤɨɦ 

ɢɨɧɨɜ ɞɥɹ ɨɱɢɫɬɤɢ ɩɨɜɟɪɯɧɨɫɬɢ ɨɬ ɡɚɝɪɹɡɧɟɧɢɣ, ɧɚɝɪɟɜɚ ɨɛɪɚɡɰɚ, ɱɬɨɛɵ ɢɡɭ-

ɱɢɬɶ ɢɡɦɟɧɟɧɢɹ ɜɫɥɟɞɫɬɜɢɟ ɧɚɝɪɟɜɚɧɢɹ, ɩɨɦɟɳɟɧɢɹ ɜ ɚɬɦɨɫɮɟɪɭ ɪɟɚɤɬɢɜɧɨɝɨ 

ɝɚɡɚ ɢɥɢ ɪɚɫɬɜɨɪɚ, ɨɛɥɭɱɟɧɢɹ ɢɨɧɚɦɢ ɫ ɰɟɥɶɸ ɢɯ ɜɧɟɞɪɟɧɢɹ, ɨɛɥɭɱɟɧɢɹ ɭɥɶ-

ɬɪɚɮɢɨɥɟɬɨɜɵɦ ɫɜɟɬɨɦ [38]. 

ɉɨɫɤɨɥɶɤɭ ɞɥɹ ɜɨɡɛɭɠɞɟɧɢɹ ɮɨɬɨɷɦɢɫɫɢɢ ɢɫɩɨɥɶɡɭɟɬɫɹ ɢɡɥɭɱɟɧɢɟ ɫ 

ɢɡɜɟɫɬɧɨɣ ɞɥɢɧɨɣ ɜɨɥɧɵ, ɷɧɟɪɝɢɹ ɫɜɹɡɢ ɢɫɩɭɫɤɚɟɦɵɯ ɷɥɟɤɬɪɨɧɨɜ ɦɨɠɟɬ ɛɵɬɶ 

ɧɚɣɞɟɧɚ ɩɨ ɭɪɚɜɧɟɧɢɸ, ɫɥɟɞɭɸɳɟɦɭ ɢɡ ɡɚɤɨɧɚ ɫɨɯɪɚɧɟɧɢɹ ɷɧɟɪɝɢɢ: 

 

Eb = Ephoton – (Ek + φ),                                          (6) 

 

ɝɞɟ Eb — ɷɧɟɪɝɢɹ ɫɜɹɡɢ ɷɥɟɤɬɪɨɧɚ; 

Ephoton— ɷɧɟɪɝɢɹ ɜɨɡɛɭɠɞɚɸɳɟɝɨ ɮɨɬɨɧɚ; 

Ek — ɮɢɤɫɢɪɭɟɦɚɹ ɜ ɷɤɫɩɟɪɢɦɟɧɬɟ ɤɢɧɟɬɢɱɟɫɤɚɹ ɷɧɟɪɝɢɹ ɷɥɟɤɬɪɨɧɚ, 

φ — ɪɚɛɨɬɚ ɜɵɯɨɞɚ ɫɩɟɤɬɪɨɦɟɬɪɚ. 

 

 

 

 

https://ru.wikipedia.org/wiki/%D0%9F%D0%BE%D0%BA%D0%B0%D0%B7%D0%B0%D1%82%D0%B5%D0%BB%D1%8C_%D0%BE%D1%81%D0%BB%D0%B0%D0%B1%D0%BB%D0%B5%D0%BD%D0%B8%D1%8F
https://ru.wikipedia.org/wiki/%D0%90%D0%BD%D0%B3%D1%81%D1%82%D1%80%D0%B5%D0%BC
https://ru.wikipedia.org/wiki/%D0%A4%D0%BE%D1%82%D0%BE%D0%BB%D0%B8%D1%82%D0%BE%D0%B3%D1%80%D0%B0%D1%84%D0%B8%D1%8F
https://ru.wikipedia.org/wiki/%D0%9A%D0%B0%D1%82%D0%B0%D0%BB%D0%B8%D0%B7#.D0.93.D0.B5.D1.82.D0.B5.D1.80.D0.BE.D0.B3.D0.B5.D0.BD.D0.BD.D1.8B.D0.B9_.D0.BA.D0.B0.D1.82.D0.B0.D0.BB.D0.B8.D0.B7
https://ru.wikipedia.org/wiki/%D0%97%D0%B0%D0%BA%D0%BE%D0%BD_%D1%81%D0%BE%D1%85%D1%80%D0%B0%D0%BD%D0%B5%D0%BD%D0%B8%D1%8F_%D1%8D%D0%BD%D0%B5%D1%80%D0%B3%D0%B8%D0%B8
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2.3 Ɇɟɬɨɞ ɦɚɝɧɢɬɧɵɯ ɤɪɭɬɹɳɢɯ ɦɨɦɟɧɬɨɜ 

 

ɂɫɫɥɟɞɨɜɚɧɢɟ ɡɚɜɢɫɢɦɨɫɬɢ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ ɨɬ ɭɝɥɚ ɩɨɜɨɪɨɬɚ ɦɚɝɧɢɬ-

ɧɨɝɨ ɩɨɥɹ, ɨɩɪɟɞɟɥɹɥɢ ɦɟɬɨɞɨɦ ɤɪɭɬɹɳɢɯ ɦɨɦɟɧɬɨɜ ɜ ɬɨɪɫɢɨɧɧɨɦ ɦɚɝɧɢɬɨ-

ɦɟɬɪɟ (ɪɢɫɭɧɨɤ 13). ɉɪɢɧɰɢɩ ɦɟɬɨɞɚ ɡɚɤɥɸɱɚɟɬɫɹ ɜ ɢɡɦɟɪɟɧɢɢ ɡɚɜɢɫɢɦɨɫɬɢ 

ɜɪɚɳɚɸɳɟɝɨ ɦɨɦɟɧɬɚ, ɞɟɣɫɬɜɭɸɳɟɝɨ ɧɚ ɨɛɪɚɡɟɰ, ɨɬ ɧɚɩɪɚɜɥɟɧɢɹ ɧɚɦɚɝɧɢ-

ɱɟɧɧɨɫɬɢ ɧɚɫɵɳɟɧɢɹ ɨɬɧɨɫɢɬɟɥɶɧɨ ɨɫɢ ɥɟɝɤɨɝɨ ɧɚɦɚɝɧɢɱɢɜɚɧɢɹ (ɈɅɇ). ɂɫ-

ɫɥɟɞɭɟɦɵɣ ɨɛɪɚɡɟɰ, ɩɨɞɜɟɲɟɧɧɵɣ ɧɚ ɜɟɪɬɢɤɚɥɶɧɨɣ ɭɩɪɭɝɨɣ ɧɢɬɢ, ɩɨɦɟɳɚɸɬ 

ɜɨ ɜɧɟɲɧɟɟ ɩɨɫɬɨɹɧɧɨɟ ɦɚɝɧɢɬɧɨɟ ɩɨɥɟ ɇ, ɧɚɩɪɚɜɥɟɧɧɨɟ ɩɨɞ ɭɝɥɨɦ Ψ ɨɬɧɨ-

ɫɢɬɟɥɶɧɨ ɈɅɇ ɩɥɟɧɤɢ (ɪɢɫɭɧɨɤ 14, ɚ). 

 

 

Ɋɢɫɭɧɨɤ 13 – ɋɯɟɦɚ ɭɫɬɪɨɣɫɬɜɚ ɬɨɪɫɢɨɧɧɨɝɨ ɦɚɝɧɢɬɨɦɟɬɪɚ: 1 ɢɡɦɟɪɢɬɟɥɶɧɚɹ ɧɢɬɶ; 2,11 – 

ɡɟɪɤɚɥɚ; 3 – ɞɟɦɩɮɟɪ; 4 – ɫɬɟɤɥɹɧɧɵɣ ɫɬɟɪɠɟɧɶ; 5 – ɞɟɪɠɚɬɟɥɶ ɨɛɪɚɡɰɚ; 6 – ɧɚɤɨɧɟɱɧɢɤɢ 

ɷɥɟɤɬɪɨɦɚɝɧɢɬɚ; 7, 10 – ɨɫɜɟɬɢɬɟɥɢ; 8 – ɲɤɚɥɚ; 9 – ɬɪɭɛɚ; 12 – ɝɨɥɨɜɤɚ ɬɟɧɡɨɦɟɬɪɚ 

 

ɇɚɦɚɝɧɢɱɟɧɧɨɫɬɶ ɫɨɫɬɚɜɥɹɟɬ ɭɝɨɥ θ ɫ ɧɚɩɪɚɜɥɟɧɢɟɦ ɩɨɥɹ ɇ. ɉɪɚɤɬɢɱɟ-

ɫɤɢ ɜ ɤɪɭɬɢɥɶɧɨɦ ɦɚɝɧɢɬɨɦɟɬɪɟ ɢɫɫɥɟɞɭɟɦɵɣ ɨɛɪɚɡɟɰ, ɩɨɞɜɟɲɟɧɧɵɣ ɧɚ ɜɟɪ-

ɬɢɤɚɥɶɧɨɣ ɬɨɪɫɢɨɧɧɨɣ ɧɢɬɢ, ɩɨɦɟɳɚɸɬ ɜɨ ɜɧɟɲɧɟɟ ɦɚɝɧɢɬɧɨɟ ɩɨɥɟ ɢ ɢɡɦɟ-

ɪɹɸɬ ɭɝɨɥ ɡɚɤɪɭɱɢɜɚɧɢɹ ɧɢɬɢ ɩɪɢ ɪɚɡɥɢɱɧɨɣ ɨɪɢɟɧɬɚɰɢɢ ɩɨɥɹ ɨɬɧɨɫɢɬɟɥɶɧɨ 

ɨɛɪɚɡɰɚ. Ⱦɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɢɡɦɟɧɟɧɢɹ ɩɨɥɨɠɟɧɢɹ ɨɛɪɚɡɰɚ ɫɥɭɠɢɬ ɤɨɦɛɢɧɚɰɢɹ 

ɡɟɪɤɚɥ ɫ ɨɬɱɟɬɧɨɣ ɲɤɚɥɨɣ. ɉɪɨɜɨɞɹ ɢɡɦɟɪɟɧɢɹ ɫ ɩɨɜɨɪɨɬɨɦ ɩɨɥɹ ɧɚ ɭɝɨɥ 360° 
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ɫ ɲɚɝɨɦ 5 °, ɫɬɪɨɹɬ ɡɚɜɢɫɢɦɨɫɬɢ ɤɪɭɬɹɳɟɝɨ ɦɨɦɟɧɬɚ ɨɬ ɭɝɥɚ ɩɨɜɨɪɨɬɚ ɜɧɟɲ-

ɧɟɝɨ ɩɨɥɹ ɜ ɤɨɨɪɞɢɧɚɬɚɯ ɤɪɭɬɹɳɢɣ ɦɨɦɟɧɬ L – ɭɝɨɥ ɩɨɜɨɪɨɬɚ θ ɜɧɟɲɧɟɝɨ ɩɨ-

ɥɹ (ɪɢɫ. 14, ɛ). Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɢɡɦɟɪɹɸɬ ɭɝɨɥ ɡɚɤɪɭɱɢɜɚɧɢɹ ɧɢɬɢ ɩɪɢ ɪɚɡ-

ɥɢɱɧɨɣ ɨɪɢɟɧɬɚɰɢɢ ɩɨɥɹ ɨɬɧɨɫɢɬɟɥɶɧɨ ɨɛɪɚɡɰɚ. 

ȼ ɫɢɥɶɧɨɦ ɦɚɝɧɢɬɧɨɦ ɩɨɥɟ (6 ɤɗ) ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɶ ɨɪɢɟɧɬɢɪɭɟɬɫɹ ɩɨ-

ɱɬɢ ɩɨ ɩɨɥɸ, ɢ ɟɫɥɢ ɜ ɨɛɪɚɡɰɟ ɢɦɟɟɬɫɹ ɨɫɶ ɥɟɝɤɨɝɨ ɧɚɦɚɝɧɢɱɢɜɚɧɢɹ, ɬɨ ɨɧ ɛɭ-

ɞɟɬ ɫɬɪɟɦɢɬɶɫɹ ɩɨɜɟɪɧɭɬɶɫɹ ɬɚɤ, ɱɬɨɛɵ ɷɬɚ ɨɫɶ ɨɤɚɡɚɥɚɫɶ ɤɚɤ ɦɨɠɧɨ ɛɥɢɠɟ ɤ 

ɧɚɩɪɚɜɥɟɧɢɸ ɫɩɨɧɬɚɧɧɨɣ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ, ɱɬɨ ɢ ɜɵɡɵɜɚɟɬ ɡɚɤɪɭɱɢɜɚɧɢɟ. 

Ʉɪɭɬɹɳɢɣ ɦɨɦɟɧɬ ɦɨɠɧɨ ɨɩɪɟɞɟɥɢɬɶ ɩɨ ɮɨɪɦɭɥɟ (7). 

 

L = M ∙ ɇ ∙ sinθ,                                                                            (7) 

 

ɝɞɟ L – ɤɪɭɬɹɳɢɣ ɦɨɦɟɧɬ;  

ɇ – ɜɧɟɲɧɟɟ ɦɚɝɧɢɬɧɨɟ ɩɨɥɟ;  

Ɇ – ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɶ ɨɛɪɚɡɰɚ;  

θ – ɭɝɨɥ ɜɪɚɳɟɧɢɹ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɨɬɧɨɫɢɬɟɥɶɧɨ ɨɛɪɚɡɰɚ, ɩɨɞɜɟɲɟɧɧɨɝɨ 

ɧɚ ɫɬɟɤɥɹɧɧɨɣ ɧɢɬɢ. ɑɭɜɫɬɜɢɬɟɥɶɧɨɫɬɶ ɦɟɬɨɞɚ ɫɨɫɬɚɜɥɹɟɬ ~ 3 ɧɌɥ. 

 

 
 

Ɋɢɫɭɧɨɤ 14 – Ɉɩɪɟɞɟɥɟɧɢɟ ɤɪɭɬɹɳɟɝɨ ɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ: ɚ – ɫɯɟɦɚ ɪɚɫɩɨɥɨɠɟɧɢɹ ɨɛ-

ɪɚɡɰɚ ɢ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ; ɛ – ɩɪɢɦɟɪ ɡɚɜɢɫɢɦɨɫɬɢ ɤɪɭɬɹɳɟɝɨ ɦɨɦɟɧɬɚ L ɨɬ ɭɝɥɚ ɩɨɜɨɪɨɬɚ θ 

ɜɧɟɲɧɟɝɨ ɩɨɥɹ ɨɬɧɨɫɢɬɟɥɶɧɨ ɬɨɧɤɨɣ ɩɥɚɫɬɢɧɤɢ ɢɡ ɨɞɧɨɪɨɞɧɨɝɨ ɦɚɝɧɢɬɧɨɝɨ ɦɚɬɟɪɢɚɥɚ 
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Ɋɢɫɭɧɨɤ 15 – Ȼɥɨɤ-ɫɯɟɦɚ ɢɧɞɭɤɰɢɨɧɧɨɝɨ ɩɟɬɥɟɫɤɨɩɚ [39] 

 

ɇɚ ɨɛɪɚɡɟɰ ɜ ɜɢɞɟ ɩɥɚɫɬɢɧɤɢ ɢɥɢ ɩɥɟɧɤɢ, ɩɨɞɜɟɲɟɧɧɵɣ ɧɚ ɭɩɪɭɝɨɣ ɧɢ-

ɬɢ, ɞɟɣɫɬɜɭɟɬ ɜɧɟɲɧɟɟ ɩɨɫɬɨɹɧɧɨɟ ɦɚɝɧɢɬɧɨɟ ɩɨɥɟ ɇ, ɧɚɩɪɚɜɥɟɧɧɨɟ ɩɨɞ ɭɝ-

ɥɨɦ ɨɬɧɨɫɢɬɟɥɶɧɨ ɨɫɢ ɥɟɝɤɨɝɨ ɧɚɦɚɝɧɢɱɢɜɚɧɢɹ ɨɛɪɚɡɰɚ. ȼ ɫɥɭɱɚɟ ɟɫɥɢ ɨɛɪɚ-

ɡɟɰ ɢɦɟɟɬ ɨɞɧɨɨɫɧɭɸ ɦɚɝɧɢɬɧɭɸ ɚɧɢɡɨɬɪɨɩɢɸ, ɬɨ ɤɪɢɜɚɹ ɤɪɭɬɹɳɢɯ ɦɨɦɟɧ-

ɬɨɜ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɫɢɧɭɫɨɢɞɭ (ɪɢɫɭɧɨɤ 14, ɛ) [40–42]. 

 

2.4 Ɇɟɬɨɞ ɫɩɟɤɚɧɢɹ ɩɨɪɨɲɤɨɜ 

 

ɋɢɧɬɟɡ ɲɩɢɧɟɥɢ ɨɫɭɳɟɫɬɜɥɹɟɬɫɹ ɡɚ ɫɱɟɬ ɞɢɮɮɭɡɢɢ ɤɚɬɢɨɧɨɜ ɦɚɝɧɢɹ 

(Mg2+) ɱɟɪɟɡ ɝɪɚɮɟɧɨɩɨɞɨɛɧɭɸ ɤɚɩɫɭɥɭ ɢ ɟɝɨ ɜɫɬɪɚɢɜɚɧɢɹ ɜ ɪɟɲɟɬɤɭ ɨɤɫɢɞɚ 

ɚɥɸɦɢɧɢɹ. Ⱦɚɧɧɚɹ ɦɟɬɨɞɢɤɚ ɩɨɡɜɨɥɹɟɬ ɩɪɨɜɨɞɢɬɶ ɫɢɧɬɟɡ ɫɥɨɠɧɨɫɨɫɬɚɜɧɵɯ 

ɨɤɫɢɞɨɜ ɫ ɬɨɧɤɢɦ ɤɨɧɬɪɨɥɟɦ ɦɨɪɮɨɥɨɝɢɢ ɩɪɨɞɭɤɬɨɜ ɪɟɚɤɰɢɢ. ɋɢɧɬɟɡ ɝɪɚɮɟ-

ɧɨɩɨɞɨɛɧɨɣ ɤɚɩɫɭɥɵ ɧɚ ɧɚɧɨɜɨɥɨɤɧɚɯ ɨɤɫɢɞɚ ɚɥɸɦɢɧɢɹ ɨɫɭɳɟɫɬɜɥɹɥɫɹ ɦɟ-

ɬɨɞɨɦ CVD, ɩɨɫɪɟɞɫɬɜɨɦ ɩɢɪɨɥɢɡɚ ɷɬɚɧɨɥɚ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 900 °ɋ. ɉɨɞɪɨɛ-

ɧɨ ɦɟɬɨɞɢɤɚ ɨɩɢɫɚɧɚ ɜ ɪɚɛɨɬɟ [43]. Ⱦɥɹ ɮɨɪɦɢɪɨɜɚɧɢɹ ɩɥɨɬɧɨɣ ɤɚɩɫɭɥɵ ɛɵɥɨ 

ɜɵɛɪɚɧɨ ɜɪɟɦɹ ɫɢɧɬɟɡɚ 120 ɫɟɤ. Ɋɟɚɤɰɢɹ ɩɪɨɜɨɞɢɥɚɫɶ ɜ ɚɬɦɨɫɮɟɪɟ ɚɪɝɨɧɚ 

ɨɫɭɳɟɫɬɜɥɹɥɫɹ ɜ ɬɟɱɟɧɢɟ 8 ɱɚɫɨɜ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 1 400 °ɋ. ɋɤɨɪɨɫɬɶ ɧɚɝɪɟɜɚ 

ɫɨɫɬɚɜɥɹɥɚ 10 °ɋ/ɦɢɧ. ȼ ɤɚɱɟɫɬɜɟ ɢɫɬɨɱɧɢɤɚ ɢɨɧɨɜ ɦɚɝɧɢɹ ɜɵɫɬɭɩɚɥɚ ɤɨɤɫ, 

ɤɨɬɨɪɵɦ ɛɵɥɢ ɡɚɫɵɩɚɧɵ ɛɪɢɤɟɬɵ ɩɨɤɪɵɬɵɯ ɝɪɚɮɟɧɨɩɨɞɨɛɧɵɦ ɭɝɥɟɪɨɞɨɦ 

ɧɚɧɨɜɨɥɨɤɨɧ ɨɤɫɢɞɚ ɚɥɸɦɢɧɢɹ. 

ɇɚ ɪɢɫɭɧɤɟ 16 ɩɪɢɜɟɞɟɧɚ ɤɚɪɬɢɧɚ ɞɢɮɪɚɤɰɢɢ ɷɥɟɤɬɪɨɧɨɜ, ɩɨɥɭɱɟɧɧɚɹ 
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ɨɬ ɫɩɟɱɟɧɧɵɯ ɩɨɪɨɲɤɨɜ Al2O3 +MgO ɜ ɭɝɥɟɪɨɞɧɨɣ ɦɚɬɪɢɰɟ. 

 
Ɍɚɛɥɢɰɚ 5 – ɇɚɢɛɨɥɟɟ ɢɧɬɟɧɫɢɜɧɵɟ ɪɟɮɥɟɤɫɵ ɲɩɢɧɟɥɢ MgAl2O4  

№ d, Å hkl I 
1 2,436 222 100 
2 2,021 400 65 
3 1,429 440 55 
4 1,555 511 45 
5 2,858 220 40 

 
Ɍɚɛɥɢɰɚ 6 – ɋɪɚɜɧɟɧɢɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɪɟɡɭɥɶɬɚɬɨɜ ɫ ɬɚɛɥɢɱɧɵɦɢ ɞɚɧɧɵɦɢ 

ɗɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɪɟɡɭɥɶɬɚɬɵ Al2O3 
ɒɩɢɧɟɥɶ 
MgAl2O4 

№ d(Å) I(ɨɬɧ.) d-I-hkl d-I-hkl 
1 3,4797 45 3,479-45-012 - 
2 2,8580 40 - 2,858-40-220 
3 2,5508 100 d-I-hkl d-I-hkl 
4 2,43700 100 2,552-100-104 - 
5 2,08553 66 - 2,436-100-222 
6 2,02000 65 2,085-66-113 - 
7 1,74010 34 - 2,021-65-400 
8 1,60160 89 1,740-34-024 - 
9 1,55540 45 1,601-89-116 - 
10 1,42890 55 - 1,555-45-511 

 

 
Ɋɢɫɭɧɨɤ 16 – Ⱦɢɮɪɚɤɰɢɹ ɷɥɟɤɬɪɨɧɨɜ ɫɩɟɤɚɧɢɹ ɩɨɪɨɲɤɨɜ Al2O3 +MgO [44]  

 

ȼɵɜɨɞ: ɢɡ ɪɚɫɲɢɮɪɨɜɤɢ ɞɢɮɪɚɤɰɢɢ ɷɥɟɤɬɪɨɧɨɜ, ɩɨɥɭɱɟɧɧɵɯ ɨɬ ɫɩɟ-

ɱɟɧɧɨɝɨ ɤɨɦɩɨɡɢɬɚ ɫɥɟɞɭɟɬ, ɱɬɨ ɜ ɩɪɨɰɟɫɫɟ ɫɩɟɤɚɧɢɹ Al2O3 +MgO ɜ ɭɝɥɟɪɨɞ-

ɧɨɣ ɦɚɬɪɢɰɟ ɨɛɪɚɡɭɟɬɫɹ ɧɨɪɦɚɥɶɧɚɹ ɲɩɢɧɟɥɶ MgAl2O4.  
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3 Ƚɥɚɜɚ ɂɫɫɥɟɞɨɜɚɬɟɥɶɫɤɚɹ ɱɚɫɬɶ 

 

3.1 ɗɤɫɩɟɪɢɦɟɧɬ ɩɨ ɢɦɩɭɥɶɫɧɨɦɭ ɬɨɤɭ ɢ ɫɨɡɞɚɧɢɸ ɞɚɜɥɟɧɢɹ 

 

Ȼɵɥ ɢɧɢɰɢɢɪɨɜɚɧ ɋȼɋ ɩɪɨɰɟɫɫ ɢ ɩɨɥɭɱɟɧɵ ɩɥɚɜɥɟɧɵɟ ɤɚɪɛɢɞɵ ɬɨɥ-

ɳɢɧɨɣ ɞɨ 1–2 ɦɦ. ɋɤɚɧɢɪɭɹ ɩɨɞɥɨɠɤɭ ɫ ɩɨɪɨɲɤɨɦ ɩɨɞ ɷɥɟɤɬɪɨɧɧɵɦ ɩɭɱɤɨɦ, 

ɢ ɢɫɩɨɥɶɡɭɹ ɜɨɡɦɨɠɧɨɫɬɢ ɚɞɞɢɬɢɜɧɵɯ ɬɟɯɧɨɥɨɝɢɣ, ɦɨɠɧɨ ɩɨɥɭɱɚɬɶ ɬɪɟɯɦɟɪ-

ɧɵɟ ɞɟɬɚɥɢ ɢɡ ɫɚɦɵɯ ɬɭɝɨɩɥɚɜɤɢɯ ɦɚɬɟɪɢɚɥɨɜ, ɡɚɬɪɚɱɢɜɚɹ ɡɧɚɱɢɬɟɥɶɧɨ ɦɟɧɶ-

ɲɟ ɷɧɟɪɝɢɢ, ɱɟɦ ɩɨ ɤɟɪɚɦɢɱɟɫɤɨɣ ɬɟɯɧɨɥɨɝɢɢ. 

ɂɫɯɨɞɧɵɣ ɫɨɫɬɚɜ – ɫɦɟɫɶ ɩɨɪɨɲɤɨɜ ɨɤɫɢɞɨɜ ɦɚɝɧɢɹ ɢ ɚɥɸɦɢɧɢɹ. Ɇɟɠ-

ɞɭ ɭɝɥɟɪɨɞɧɵɦɢ ɩɭɚɧɫɨɧɚɦɢ ɩɪɨɩɭɫɤɚɥɢ ɢɦɩɭɥɶɫɧɵɣ ɬɨɤ ɢ ɫɨɡɞɚɜɚɥɢ ɞɚɜɥɟ-

ɧɢɟ ɞɨ 40 Ɇɉɚ. Ɉɛɪɚɡɰɵ ɫɩɟɤɚɥɢ ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɬɟɦɩɟɪɚɬɭɪɚɯ, ɫɨɡɞɚɜɚɟɦɵɯ 

insitu ɩɪɢ ɩɪɨɯɨɠɞɟɧɢɢ ɢɦɩɭɥɶɫɧɨɝɨ ɬɨɤɚ. ɉɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 1 200 °ɋ ɩɨɥɭɱɚ-

ɥɢ ɤɨɦɩɨɡɢɰɢɨɧɧɵɣ ɦɚɬɟɪɢɚɥ ɛɟɥɨɝɨ ɰɜɟɬɚ ɫ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɦɢ ɫɜɨɣɫɬɜɚɦɢ. 

ɉɪɢ ɫɩɟɤɚɧɢɢ ɨɛɪɚɡɰɨɜ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 1 400 °ɋ ɦɚɬɟɪɢɚɥ ɩɨɥɭɱɚɥɫɹ ɬɟɦɧɨ 

ɫɟɪɨɝɨ ɰɜɟɬɚ; ɜ ɪɟɡɭɥɶɬɚɬɟ ɨɬɠɢɝɚ ɬɚɤɨɝɨ ɨɛɪɚɡɰɚ ɧɚ ɜɨɡɞɭɯɟ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 

1 500 °ɋ ɨɛɪɚɡɟɰ ɫɬɚɧɨɜɢɥɫɹ ɱёɪɧɵɦ, ɚ ɧɚ ɟɝɨ ɩɨɜɟɪɯɧɨɫɬɢ ɩɨɹɜɥɹɥɢɫɶ ɜɵɞɟ-

ɥɟɧɢɹ ɛɟɥɨɝɨ ɪɚɡɦɟɪɨɦ ɨɤɨɥɨ ɦɢɥɥɢɦɟɬɪɚ. Ɉɛɪɚɡɰɵ ɢɫɫɥɟɞɨɜɚɧɵ ɦɟɬɨɞɚɦɢ 

(ɪɢɫɭɧɨɤ 17) ɪɟɧɬɝɟɧɨɫɬɪɭɤɬɭɪɧɨɝɨ ɚɧɚɥɢɡɚ ɢ ɦɚɝɧɢɬɨɦɟɬɪɢɢ. ȼ ɨɛɪɚɡɰɚɯ ɫɟ-

ɪɨɝɨ ɢ ɬёɦɧɨ-ɫɟɪɨɝɨ ɰɜɟɬɚ ɛɵɥɢ ɨɛɧɚɪɭɠɟɧɵ ɦɚɝɧɢɬɧɵɟ ɫɜɨɣɫɬɜɚ ɢ ɷɥɟɤɬɪɨ-

ɩɪɨɜɨɞɢɦɨɫɬɶ. ɗɥɟɤɬɪɨɫɨɩɪɨɬɢɜɥɟɧɢɟ, ɢɡɦɟɪɟɧɧɨɟ ɧɚ ɬɟɦɧɨɣ ɩɨɜɟɪɯɧɨɫɬɢ 

ɨɛɪɚɡɰɚ, ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɷɥɟɤɬɪɨɫɨɩɪɨɬɢɜɥɟɧɢɸ ɝɪɚɮɢɬɚ [45]. 

 

 

 

Ɋɢɫɭɧɨɤ 17 – Ɉɛɪɚɡɟɰ, ɫɩɟɱёɧɧɵɣ ɩɪɢ 1 500 °ɋ 
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3.2 ɗɤɫɩɟɪɢɦɟɧɬ ɫɤɚɧɢɪɨɜɚɧɢɹ ɷɥɟɤɬɪɨɧɧɵɦ ɩɭɱɤɨɦ 

 

Ȼɵɥɢ ɩɪɨɜɟɞɟɧɵ ɷɤɫɩɟɪɢɦɟɧɬɵ ɩɨ ɫɤɚɧɢɪɨɜɚɧɢɸ ɷɥɟɤɬɪɨɧɧɵɦ ɩɭɱɤɨɦ 

ɩɨ ɩɨɜɟɪɯɧɨɫɬɢ ɩɨɪɨɲɤɚ ɦɟɯɚɧɨɤɨɦɩɨɡɢɬɚ. ɉɨɪɨɲɨɤ ɦɟɯɚɧɨɤɨɦɩɨɡɢɬɚ ɩɨɦɟ-

ɳɚɥɫɹ ɜ ɥɨɞɨɱɤɭ ɢɡ ɝɪɚɮɢɬɚ ɫ ɜɧɭɬɪɟɧɧɢɦɢ ɪɚɡɦɟɪɚɦɢ 20*4*2 ɦɦ. ɇɚ ɪɢɫɭɧɤɟ 

18 ɩɪɟɞɫɬɚɜɥɟɧɵ ɨɛɪɚɡɰɵ ɫɦɟɫɢ ɩɨɪɨɲɤɨɜ ɨɤɫɢɞɨɜ ɦɚɝɧɢɹ ɢ ɚɥɸɦɢɧɢɹ [46].  

 

 

 

Ɋɢɫɭɧɨɤ 18 – ɋɦɟɫɶ ɩɨɪɨɲɤɚ ɨɤɫɢɞɚ ɦɚɝɧɢɹ ɢ ɚɥɸɦɢɧɢɹ ɩɥɚɜɥɟɧɨɝɨ ɨɛɪɚɡɰɚ 

 

3.3 Ɉɩɵɬ ɪɟɧɬɝɟɧɨ-ɮɨɬɨɷɥɟɤɬɪɨɧɧɨɝɨ ɫɩɟɤɬɪɚ 

 

Ɋɟɧɬɝɟɧɨɜɫɤɢɟ ɮɨɬɨɷɥɟɤɬɪɨɧɧɵɟ ɫɩɟɤɬɪɵ (ɊɎɗɋ) ɩɨɥɭɱɟɧɵ ɧɚ ɮɨɬɨ-

ɷɥɟɤɬɪɨɧɧɨɦ ɫɩɟɤɬɪɨɦɟɬɪɟ SPECS ɫ ɷɧɟɪɝɨɚɧɚɥɢɡɚɬɨɪɨɦ PHOIBOS 150 MCD 

9 (Ʉɪɚɫɧɨɹɪɫɤɢɣ ɪɟɝɢɨɧɚɥɶɧɵɣ ɰɟɧɬɪ ɤɨɥɥɟɤɬɢɜɧɨɝɨ ɩɨɥɶɡɨɜɚɧɢɹ ɋɈ ɊȺɇ), 

ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɦɨɧɨɯɪɨɦɚɬɢɡɢɪɨɜɚɧɧɨɝɨ AlK-α ɢɡɥɭɱɟɧɢɹ ɪɟɧɬɝɟɧɨɜɫɤɨɣ 

ɬɪɭɛɤɢ (1 486,7 ɷȼ). ɗɬɢ ɫɩɟɤɬɪɵ ɩɪɢɜɟɞɟɧɵ ɧɚ ɪɢɫɭɧɤɟ 30. Ɉɛɪɚɛɨɬɤɚ ɫɩɟɤ-

ɬɪɨɜ ɜɵɩɨɥɧɟɧɚ ɩɪɢ ɩɨɦɨɳɢ ɩɪɨɝɪɚɦɦɧɨɝɨ ɩɚɤɟɬɚ CasaXPS. ɉɨɜɟɪɯɧɨɫɬɧɵɟ 

ɤɨɧɰɟɧɬɪɚɰɢɢ ɷɥɟɦɟɧɬɨɜ ɨɩɪɟɞɟɥɹɥɢ ɩɨ ɨɛɡɨɪɧɵɦ ɫɩɟɤɬɪɚɦ. Ɋɚɡɥɨɠɟɧɢɹ 

ɫɩɟɤɬɪɨɜ ɜɵɫɨɤɨɝɨ ɪɚɡɪɟɲɟɧɢɹ (C 1s, O 1s) ɩɪɨɜɨɞɢɥɢ ɩɨɫɥɟ ɜɵɱɢɬɚɧɢɹ ɧɟ-

ɥɢɧɟɣɧɨɝɨ ɮɨɧɚ ɩɨ ɒɢɪɥɢ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɦɚɤɫɢɦɭɦɨɜ ɝɚɭɫɫɨɜɫɤɨ-

ɥɨɪɟɧɰɟɜɫɤɨɣ (50 %) ɮɨɪɦɵ. 



42  

 

 

Ɋɢɫɭɧɨɤ 19 – Ɋɟɡɭɥɶɬɚɬɵ ɪɟɧɬɝɟɧɨɜɫɤɨɣ ɮɨɬɨɷɥɟɤɬɪɨɧɧɨɣ ɫɩɟɤɬɪɨɦɟɬɪɢɢ 

 

ɉɨɜɟɪɯɧɨɫɬɶ «ɱɟɪɧɨɣ» ɨɛɥɚɫɬɢ ɫɩɟɱɟɧɧɨɝɨ ɨɛɪɚɡɰɚ ɜ ɨɫɧɨɜɧɨɦ ɫɨɞɟɪ-

ɠɢɬ ɭɝɥɟɪɨɞ, ɚ ɬɚɤɠɟ ɤɢɫɥɨɪɨɞ, ɚɡɨɬ, ɤɚɥɶɰɢɣ. ɉɪɢɫɭɬɫɬɜɢɟ ɛɨɥɶɲɢɧɫɬɜɚ 

ɷɥɟɦɟɧɬɨɜ ɦɨɠɧɨ ɫɜɹɡɚɬɶ ɫ ɩɪɢɦɟɫɹɦɢ, ɚ ɨɬɫɭɬɫɬɜɢɟ ɚɥɸɦɢɧɢɹ ɢ ɦɚɝɧɢɹ ɝɨ-

ɜɨɪɢɬ ɨ ɬɨɦ, ɱɬɨ ɨɧɢ ɜɨɲɥɢ ɜ ɯɢɦɢɱɟɫɤɭɸ ɫɜɹɡɶ ɫ ɞɪɭɝɢɦɢ ɷɥɟɦɟɧɬɚɦɢ ɢ 

ɢɦɟɸɬ ɢɧɭɸ ɤɪɢɫɬɚɥɥɢɱɟɫɤɭɸ ɫɬɪɭɤɬɭɪɭ [47]. 

 

3.4 Ɉɩɵɬ ɪɟɧɬɝɟɧ – ɮɨɬɨɷɥɟɤɬɪɨɧɧɨɝɨ ɫɩɟɤɬɪɚ ɩɨɫɥɟ ɬɪɚɜɥɟɧɢɹ 

 

ɉɨɫɥɟ ɢɨɧɧɨɝɨ ɬɪɚɜɥɟɧɢɹ ɢɨɧɚɦɢ Ar+ ɜ ɬɟɱɟɧɢɟ 24 ɦɢɧ ɩɪɢ ɷɧɟɪɝɢɢ 2.5 

ɤɷȼ ɢ ɢɨɧɧɨɦ ɬɨɤɟ 20 ɦɤȺ ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɜɫɟɯ ɥɢɧɢɣ, ɤɪɨɦɟ ɭɝɥɟɪɨɞɚ, ɫɧɢ-

ɠɚɟɬɫɹ ɢɥɢ ɨɧɢ ɭɞɚɥɹɸɬɫɹ ɩɨɥɧɨɫɬɶɸ. Ʌɢɧɢɢ ɚɥɸɦɢɧɢɹ ɩɨ-ɩɪɟɠɧɟɦɭ ɨɬɫɭɬ-

ɫɬɜɭɸɬ. Ʌɢɧɢɹ ɭɝɥɟɪɨɞɚ C 1s ɢɦɟɟɬ ɷɧɟɪɝɢɸ ɫɜɹɡɢ ɨɤɨɥɨ 284.3 ɷȼ, ɬɨ ɟɫɬɶ 

ɛɥɢɡɤɭɸ ɤ ɝɪɚɮɢɬɭ (ɪɢɫɭɧɨɤ 20). 
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Ɋɢɫɭɧɨɤ 20 – Ɋɟɡɭɥɶɬɚɬɵ ɪɟɧɬɝɟɧɨɜɫɤɨɣ ɮɨɬɨɷɥɟɤɬɪɨɧɧɨɣ ɫɩɟɤɬɪɨɦɟɬɪɢɢ ɩɨɫɥɟ 

ɢɨɧɧɨɝɨ ɬɪɚɜɥɟɧɢɹ ɩɨɜɟɪɯɧɨɫɬɢ ɨɛɪɚɡɰɚ 

 

Ɇɨɠɧɨ ɫɱɢɬɚɬɶ, ɱɬɨ ɩɨɜɟɪɯɧɨɫɬɶ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ, ɜ ɨɫɧɨɜɧɨɦ, ɝɪɚ-

ɮɢɬ, ɢ ɢɦɟɟɬɫɹ ɡɧɚɱɢɬɟɥɶɧɨɟ ɤɨɥɢɱɟɫɬɜɨ ɡɚɝɪɹɡɧɟɧɢɣ, ɭɞɚɥɹɟɦɵɯ ɬɪɚɜɥɟɧɢɟɦ, 

ɱɬɨ ɩɨɞɬɜɟɪɠɞɚɟɬ ɩɪɟɞɩɨɥɨɠɟɧɢɟ ɨ ɩɪɢɦɟɫɧɨɣ ɩɪɢɪɨɞɟ ɛɨɥɶɲɢɧɫɬɜɚ ɨɛɧɚ-

ɪɭɠɟɧɧɵɯ ɷɥɟɦɟɧɬɨɜ.  

Ȼɟɥɚɹ ɱɚɫɬɶ ɨɛɪɚɡɰɚ ɩɨɹɜɥɹɟɬɫɹ ɜ ɪɟɡɭɥɶɬɚɬɟ 30 ɦɢɧɭɬɧɨɝɨ ɨɬɠɢɝɚ ɩɪɢ 

ɬɟɦɩɟɪɚɬɭɪɟ 1 580 °ɋ ɧɚ ɜɨɡɞɭɯɟ. 

ɇɚ ɪɢɫɭɧɤɟ 21 ɩɪɢɜɟɞɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɫɪɚɜɧɟɧɢɹ ɤɚɪɬɢɧ ɞɢɮɪɚɤɰɢɢ 

ɪɟɧɬɝɟɧɨɜɫɤɢɯ ɥɭɱɟɣ, ɩɨɥɭɱɟɧɧɚɵɟ ɧɚ ɞɢɮɪɚɤɬɨɦɟɬɪɟ Bruker, ɨɬ ɬɟɦɧɨɣ ɢ 

ɫɜɟɬɥɨɣ ɱɚɫɬɟɣ ɨɛɪɚɡɰɚ. Ɂɞɟɫɶ ɫɢɧɢɟ ɥɢɧɢɢ, ɭɤɚɡɵɜɚɸɳɢɟ ɫɨɜɩɚɞɟɧɢɹ ɩɢɤɨɜ, 

ɩɪɢɜɟɞɟɧɵ ɞɥɹ ɧɚɝɥɹɞɧɨɫɬɢ. ȼ ɬɚɛɥɢɰɟ 7 ɩɪɢɜɟɞɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɪɚɫɲɢɮɪɨɜ-

ɤɢ ɞɢɮɪɚɤɰɢɨɧɧɵɯ ɤɚɪɬɢɧ, ɝɞɟ ɜɢɞɧɨ ɩɪɢɫɭɬɫɬɜɢɟ ɜ ɨɛɪɚɡɰɟ ɮɚɡɵ Ⱥl4ɋ3.  
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Ɋɢɫɭɧɨɤ 21 – ɋɪɚɜɧɟɧɢɟ ɤɚɪɬɢɧ ɞɢɮɪɚɤɰɢɢ ɪɟɧɬɝɟɧɨɜɫɤɢɯ ɥɭɱɟɣ, ɩɨɥɭɱɟɧɧɵɯ ɨɬ «ɬɟɦɧɨ-

ɝɨ» ɢ «ɫɜɟɬɥɨɝɨ» ɭɱɚɫɬɤɨɜ ɨɛɪɚɡɰɚ, ɫɩɟɱɟɧɧɨɝɨ ɢ ɨɬɨɠɠɟɧɧɨɝɨ ɧɚ ɜɨɡɞɭɯɟ  

ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 1 500 ºɋ  

 

ɇɚ ɪɢɫɭɧɤɟ 21 ɢ ɜ ɬɚɛɥɢɰɟ 7 ɩɪɟɞɫɬɚɜɥɟɧɵ ɮɪɚɝɦɟɧɬɵ ɩɨɥɧɨɣ ɪɚɫɲɢɮ-

ɪɨɜɤɢ ɪɟɧɬɝɟɧɨɝɪɚɦɦɵ ɨɛɪɚɡɰɚ, ɫɩɟɱёɧɧɨɝɨ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 1 500 ºɋ, ɭɤɚɡɵ-

ɜɚɸɳɢɟ ɧɚ ɩɪɢɫɭɬɫɬɜɢɟ ɜ ɨɛɪɚɡɰɟ ɮɚɡɵ Al4C3. 

 

Ɍɚɛɥɢɰɚ 7 - Ɋɚɫɲɢɮɪɨɜɤɚ ɪɟɧɬɝɟɧɨɝɪɚɦɦɵ ɨɛɪɚɡɰɚ, ɫɩɟɱёɧɧɨɝɨ ɩɪɢ 1 500 ºɋ 

Ɍёɦɧɚɹ ɱɚɫɬɶ ɨɛɪɚɡɰɚ ɋɜɟɬɥɚɹ ɱɚɫɬɶ ɨɛɪɚɡɰɚ Al4ɋ3 
d, Å I, % d, Å I, % d, Å I, % 

  2.76260 25,7 2,8000 100 
2.51139 30,5 2.51894 42,6 2,5001 82 

  2.48313 14,3 2,4900 4 
2.24679 3,0   2,2400 80 
2.06729 81,0 2.06355 72,0 2,0800 32 

  1.86667 12,8 1,8800 20 
1,59162 100,0   1,5992 4 
1.53626 3,0 1.51816 9,48 1,5200 20 

 

Ɏɚɡɚ Al4C3 ɢɦɟɟɬ, ɫɨɝɥɚɫɧɨ ɬɚɛɥɢɰɚɦ АɋɌɆ, ɫɬɪɭɤɬɭɪɭ hR-21 (ɩɚɪɚɦɟɬ-

ɪɵ a = 3,338 Å, c = 24,996 Å), 3d ɦɨɞɟɥɶ ɤɨɬɨɪɨɣ ɩɪɟɞɫɬɚɜɥɟɧɚ ɧɚ ɪɢɫɭɧɤɟ 

22ɚ. Ɍɚɤɚɹ ɫɩɢɪɚɥɶ ɛɵɥɚ ɩɪɟɞɥɨɠɟɧɚ ɜ ɪɚɛɨɬɚɯ. 
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ɚ                                              ɛ                  

 

Ɋɢɫɭɧɨɤ 22 – 3d ɦɨɞɟɥɢ: ɚ – ɫɬɪɭɤɬɭɪɵ Al4C3 ɢ ɛ – ɫɬɪɭɤɬɭɪɵ ɲɩɢɧɟɥɢ MgAl2O4 

 

ɋɩɢɪɚɥɶɧɚɹ ɭɩɚɤɨɜɤɚ ɬɟɬɪɚɷɞɪɨɜ ɜɞɨɥɶ ɜɟɪɬɢɤɚɥɶɧɨɣ ɨɫɢ (ɪɢɫɭɧɨɤ 23, 

ɚ) ɩɨɤɚɡɵɜɚɟɬ, 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. ɋɯɟɦɚ ɬɚɤɨɣ ɫɩɢɪɚɥɢ ɛɵɥɚ ɩɪɟɞɥɨɠɟɧɚ ɜ ɪɚɛɨɬɚɯ. ɇɚ ɪɢɫɭɧ-

ɤɟ 22, ɛ ɩɪɟɞɫɬɚɜɥɟɧɚ ɫɬɪɭɤɬɭɪɚ ɲɩɢɧɟɥɢ MgAl2O4, ɤɨɬɨɪɚɹ ɨɛɧɚɪɭɠɟɧɚ ɧɚɦɢ 

ɩɪɢ ɩɨɥɧɨɣ ɪɚɫɲɢɮɪɨɜɤɟ ɪɟɧɬɝɟɧɨɝɪɚɦɦɵ, ɩɪɟɞɫɬɚɜɥɟɧɧɨɣ ɧɚ ɪɢɫɭɧɤɟ 32. 

ɋɬɪɭɤɬɭɪɚ Al4C3 ɞɚɜɧɨ ɨɛɫɭɠɞɚɟɬɫɹ, ɧɨ ɞɚɧɧɵɟ ɨ ɧɟɣ ɩɪɨɬɢɜɨɪɟɱɢɜɵ ɢ 

ɧɟɞɨɫɬɚɬɨɱɧɵ. ɇɚɦɢ ɩɪɟɞɥɨɠɟɧɚ ɫɬɪɭɤɬɭɪɧɚɹ ɦɨɞɟɥɶ ɬɟɬɪɚɷɞɪɢɱɟɫɤɨɣ ɩɥɨɬ-

ɧɨɣ ɭɩɚɤɨɜɤɢ, ɤɨɬɨɪɚɹ ɯɨɪɨɲɨ ɫɨɝɥɚɫɭɟɬɫɹ ɫ ɨɫɧɨɜɧɵɦɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵ-

ɦɢ ɞɚɧɧɵɦɢ. ɇɚɦɢ ɭɫɬɚɧɨɜɥɟɧɚ ɫɜɹɡɶ ɦɟɠɞɭ ɩɨɹɜɥɟɧɢɟɦ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ ɜ 

ɨɛɪɚɡɰɟ ɢ ɩɨɹɜɥɟɧɢɟɦ ɞɢɮɪɚɤɰɢɨɧɧɵɯ ɪɟɮɥɟɤɫɨɜ ɷɬɨɣ ɫɬɪɭɤɬɭɪɵ. ɋɪɚɜɧɟɧɢɟ 
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ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɞɚɧɧɵɯ ɫ ɦɨɞɟɥɶɧɵɦɢ ɩɪɟɞɫɬɚɜɥɟɧɢɹɦɢ ɨ ɫɬɪɭɤɬɭɪɟ 

Al4C3 ɢɥɥɸɫɬɪɢɪɭɟɬɫɹ ɫ ɩɨɦɨɳɶɸ Ɍɚɛɥɢɰɵ 8 (ɩɪɢɜɟɞёɧ ɫɩɟɤɬɪ ɞɢɮɪɚɤɰɢɢ 

ɪɟɧɬɝɟɧɨɜɫɤɢɯ ɥɭɱɟɣ ɢ ɬɚɛɥɢɰɚ ASTM ɞɥɹ Ⱥl4ɋ3). 

 

Ɍɚɛɥɢɰɚ 8 – Ɍɚɛɥɢɰɚ ASTM ɞɥɹ ɮɚɡɵ Ⱥl4ɋ3, ɤɪɚɫɧɵɦ ɨɛɨɡɧɚɱɟɧɵ ɦɟɠɩɥɨɫɤɨɫɬɧɵɟ ɪɚɫ-

ɫɬɨɹɧɢɹ 

 

d(a) Int h k l d(a) Int h k l d(a) Int h k l 

8,3223 8 0 0 3 1,6675 940 1 1 0 1,3385 84 0 2 7 

4,1611 80 0 0 6 1,6644 509 0 0 15 1,3091 7 0 1 17 

2,8690 459 1 0 1 1,6350 2 1 1 3 1,3011 83 1 1 12 

2,8138 999 0 1 2 1,5992 21 1 0 13 1,2500 28 0 2 10 

2,7741 55 0 0 9 1,5478 16 1 1 6 1,2184 5 2 0 11 

2,6211 1 1 0 4 1,5174 67 0 1 14 1,1960 1 1 0 19 

2,5001 421 0 1 5 1,4416 34 0 2 1 1,1889 1 0 0 21 

2,2445 514 1 0 7 1,4345 91 2 0 2 1,1780 1 1 1 15 

2,1197 49 0 1 8 1,4069 1 0 2 4 1,1542 5 0 2 13 

2,0205 82 0 0 12 1,3872 73 2 0 5 1,1458 1 0 1 20 

1,8888 153 1 0 10 1,3872 73 0 0 18 1,1222 19 2 0 14 

1,7846 21 0 1 11 1,3728 2 1 0 16 1,0905 22 2 1 1 

 

 

 

Ɋɢɫɭɧɨɤ 23 – Ɇɨɞɟɥɶ ɮɚɡɵ Ⱥl4ɋ3 

 

ɇɚ ɪɢɫɭɧɤɟ 24, ɛ ɩɪɢɜɟɞɟɧɚ ɫɯɟɦɚ ɨɤɬɚɷɞɪɢɱɟɫɤɨɣ ɫɩɢɪɚɥɢ, ɩɪɟɞɫɬɚɜ-

ɥɹɸɳɟɣ ɫɬɪɭɤɬɭɪɭ ɲɩɢɧɟɥɢ MgAl2O4, ɚɬɨɦɵ ɤɨɬɨɪɨɣ ɫɜɹɡɚɧɵ ɫ ɮɚɡɨɣ Al4C3 

ɩɨ ɫɯɟɦɟ, ɩɪɟɞɫɬɚɜɥɟɧɧɨɣ ɧɚ ɪɢɫɭɧɤɟ 24. ȼ ɬɚɤɭɸ ɫɬɪɭɤɬɭɪɭ ɯɨɪɨɲɨ ɜɩɢɫɵ-

ɜɚɟɬɫɹ ɩɪɟɞɫɬɚɜɥɟɧɢɟ ɨ ɫɬɪɨɟɧɢɢ MgCO3 ɢ CaCO3, ɧɚɥɢɱɢɟ ɤɨɬɨɪɵɯ ɬɚɤɠɟ 

ɩɨɞɬɜɟɪɠɞɟɧɨ ɞɢɮɪɚɤɬɨɦɟɬɪɢɟɣ. Ɂɞɟɫɶ ɜɢɞɧɨ, ɱɬɨ ɫ ɤɚɠɞɵɦ ɚɬɨɦɨɦ ɭɝɥɟɪɨɞɚ 
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ɢɡ ɤɪɚɣɧɟɝɨ ɬɟɬɪɚɷɞɪɚ hR-21 Al4C3 ɫɨɜɦɟɳɚɟɬɫɹ ɬɪɢ ɚɬɨɦɚ ɤɢɫɥɨɪɨɞɚ. Ɍɚɤɢɦ 

ɨɛɪɚɡɨɦ, ɬɪɟɭɝɨɥɶɧɢɤ CO3 (ɪɢɫɭɧɨɤ 24, ɚ, ɛ) ɞɟɮɨɪɦɢɪɭɟɬɫɹ, ɧɨ ɤɢɫɥɨɪɨɞ ɫɨ-

ɯɪɚɧɹɟɬ ɫɜɹɡɶ ɫ ɨɞɧɢɦ ɚɬɨɦɨɦ ɥɢɛɨ ɤɚɥɶɰɢɹ, ɥɢɛɨ ɦɚɝɧɢɹ, ɨɛɪɚɡɭɹ ɩɚɪɭ ɬɟɬ-

ɪɚɷɞɪɨɜ. ɇɚ ɪɢɫɭɧɤɟ ɬɨɧɤɢɦɢ ɥɢɧɢɹɦɢ ɧɚɝɥɹɞɧɨ ɩɨɤɚɡɚɧɵ ɞɟɮɨɪɦɢɪɨɜɚɧɧɵɟ 

ɬɟɬɪɚɷɞɪɵ. 

 

  
ɚ ɛ 

 
ɜ 

 

Ɋɢɫɭɧɨɤ 24 – ȼɨɡɦɨɠɧɨɟ ɫɨɜɦɟɳɟɧɢɟ ɫɬɪɭɤɬɭɪ: ɚ – MgCO3; ɛ – CaCO3; ɜ – Al4C3 

 

Ɋɚɫɱɟɬɵ ɩɥɨɬɧɨɫɬɢ ɷɥɟɤɬɪɨɧɧɵɯ ɫɨɫɬɨɹɧɢɣ ɦɟɬɨɞɨɦ ɪɚɫɫɟɹɧɧɵɯ ɜɨɥɧ 

ɞɥɹ ɫɬɪɭɤɬɭɪɵ Al4C3 ɜ ɦɨɞɟɥɢ ɫɩɢɧ-ɩɨɥɹɪɢɡɨɜɚɧɧɵɯ ɷɥɟɤɬɪɨɧɨɜ ɩɨɤɚɡɚɥɢ 

ɩɨɹɜɥɟɧɢɟ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ, ɜɟɥɢɱɢɧɚ ɤɨɬɨɪɨɣ ɤɚɱɟɫɬɜɟɧɧɨ ɩɨɞɬɜɟɪɠɞɟɧɚ 

ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ (0,58 ȝB), ɪɟɡɭɥɶɬɚɬɵ ɩɪɟɞɫɬɚɜɥɟɧɵ ɜ ɬɚɛɥɢɰɟ 9. Ɉɛɪɚɡɟɰ 

ɬɟɦɧɨɝɨ ɰɜɟɬɚ ɨɤɚɡɚɥɫɹ ɦɚɝɧɢɬɧɵɣ, ɨ ɱɟɦ ɫɜɢɞɟɬɟɥɶɫɬɜɭɸɬ ɤɪɢɜɵɟ ɤɪɭɬɹ-

ɳɢɯɫɹ ɦɨɦɟɧɬɨɜ ɧɚ ɪɢɫɭɧɤɟ 35. ɇɚɦɚɝɧɢɱɟɧɧɨɫɬɶ ɜ ɨɛɪɚɡɰɟ ɩɨɹɜɥɹɟɬɫɹ ɛɥɚ-

ɝɨɞɚɪɹ ɬɨɦɭ, ɱɬɨ ɚɬɨɦɵ ɜ ɫɬɪɭɤɬɭɪɟ Ⱥl4ɋ3 ɫɦɟɳɟɧɵ ɜ ɦɟɠɞɨɭɡɥɢɹ ɢ ɢɦɟɸɬ 

ɤɨɨɪɞɢɧɚɬɵ, ɜɵɪɚɠɟɧɧɵɟ ɢɪɪɚɰɢɨɧɚɥɶɧɵɦɢ ɱɢɫɥɚɦɢ. Ɍɚɤɢɟ ɫɦɟɳɟɧɧɵɟ 
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ɚɬɨɦɵ ɢɦɟɸɬ ɜɨɡɛɭɠɞɟɧɧɭɸ ɷɥɟɤɬɪɨɧɧɭɸ ɫɬɪɭɤɬɭɪɭ, ɩɪɢɜɨɞɹɳɭɸ ɤ ɩɨɹɜɥɟ-

ɧɢɸ ɧɟɫɤɨɦɩɟɧɫɢɪɨɜɚɧɧɵɯ ɦɚɝɧɢɬɧɵɯ ɦɨɦɟɧɬɨɜ ɢ ɪɟɡɭɥɶɬɢɪɭɸɳɟɣ ɧɚɦɚɝ-

ɧɢɱɟɧɧɨɫɬɢ ɜ ɨɛɪɚɡɰɟ, ɤɨɬɨɪɵɣ ɧɟ ɫɨɞɟɪɠɢɬ ɦɚɝɧɢɬɧɵɯ ɚɬɨɦɨɜ [48]. 

 

 

 

Ɍɚɛɥɢɰɚ 9 - Ɋɟɡɭɥɶɬɚɬɵ ɪɚɫɱɟɬɨɜ ɩɥɨɬɧɨɫɬɢ ɷɥɟɤɬɪɨɧɧɵɯ ɫɨɫɬɨɹɧɢɣ, ɩɪɨɜɟɞɟɧɧɵɟ ɞɥɹ 

ɤɥɚɫɬɟɪɨɜAl4C3 ɪɚɡɧɵɦɢ ɦɟɬɨɞɚɦɢ 

Ɇɟɬɨɞ 
Al4C3 

µɫɪ, µB 
DFT/PBE 0.58 

DFT/PZ , Ecutoff =10 Ry 0.32 
 

ɇɚ ɪɢɫɭɧɤɟ 25 ɩɪɟɞɫɬɚɜɥɟɧɚ ɤɪɢɜɚɹ ɤɪɭɬɹɳɢɯ ɦɨɦɟɧɬɨɜ, ɫɜɢɞɟɬɟɥɶ-

ɫɬɜɭɸɳɚɹ ɨ ɩɪɢɫɭɬɫɬɜɢɢ ɦɚɝɧɢɬɧɵɯ ɫɜɨɣɫɬɜ ɜ ɨɛɪɚɡɰɚɯ, ɫɨɞɟɪɠɚɳɢɯ ɮɚɡɭ 

Ⱥl4ɋ3. ɇɚ ɪɢɫɭɧɤɟ 27 ɩɨɤɚɡɚɧɨ ɫɪɚɜɧɟɧɢɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɞɚɧɧɵɯ ɫ ɦɨ-

ɞɟɥɶɧɵɦɢ ɩɪɟɞɫɬɚɜɥɟɧɢɹɦɢ ɨ ɫɬɪɭɤɬɭɪɟ Al4C3 [49]. 

 

 

 

Ɋɢɫɭɧɨɤ 25 – Ʉɪɢɜɵɟ ɤɪɭɬɹɳɢɯ ɦɨɦɟɧɬɨɜ, ɫɧɹɬɵɟ ɜ ɦɚɝɧɢɬɧɨɦ ɩɨɥɟ 6 000 ɗ ɜ ɤɪɭɬɢɥɶɧɨɦ 

ɦɚɝɧɢɬɨɦɟɬɪɟ L = MxHsinƟ 
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ɚ 

 
ɛ 

 

Ɋɢɫɭɧɨɤ 26 – ɉɟɪɟɯɨɞ ɫɟɦɢ ɭɩɚɤɨɜɤɢ ɬɟɬɪɚɷɞɪɨɜ: ɚ – ɜ ɭɩɚɤɨɜɤɭ ɢɡ ɞɜɭɯ ɨɤɬɚɷɞɪɨɜ; ɛ – ɜ 

ɭɩɚɤɨɜɤɭ ɢɡ ɞɜɭɯ ɬɟɬɪɚɷɞɪɨɜ (ɛ) [50] 
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Ɋɢɫɭɧɨɤ 27 – ɋɪɚɜɧɟɧɢɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɞɚɧɧɵɯ ɫ ɦɨɞɟɥɶɧɵɦɢ ɩɪɟɞɫɬɚɜɥɟɧɢɹɦɢ ɨ 

ɫɬɪɭɤɬɭɪɟ Al4C3 [51] 

 

3.5 Ɍɟɩɥɨɬɚ ɨɛɪɚɡɨɜɚɧɢɹ ɢ ɬɟɩɥɨɟɦɤɨɫɬɶ Al4C3 

 

ɗɧɟɪɝɢɸ ɨɛɪɚɡɨɜɚɧɢɹ Al4C3 ɩɪɢ 0K ɩɨɥɭɱɚɸɬ ɩɭɬɟɦ ɜɵɱɢɬɚɧɢɹ ɜɡɜɟ-

ɲɟɧɧɨɣ ɫɭɦɦɵ ɩɨɥɧɨɣ ɷɧɟɪɝɢɢ ɫɨɫɬɚɜɥɹɸɳɢɯ ɷɥɟɦɟɧɬɨɜ ɢɡ ɩɨɥɧɨɣ ɷɧɟɪɝɢɢ 

ɫɨɟɞɢɧɟɧɢɹ: 

 

∆𝐻 = (ܥ) ܶܧ3/7 - (݈ܣ) ܶܧ4/7 - (3ܥ4݈ܣ) ܶܧ. 
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Ɂɚɬɟɦ ɷɬɚ ɷɧɟɪɝɢɹ ɨɛɪɚɡɨɜɚɧɢɹ ɤɨɪɪɟɤɬɢɪɭɟɬɫɹ ɫ ɭɱɟɬɨɦ ɗɧɟɪɝɢɣ ɧɭɥɟ-

ɜɨɣ ɬɨɱɤɢ (ZPE), ɨɰɟɧɟɧɧɵɯ ɢɡ ɢɧɬɟɝɪɢɪɨɜɚɧɢɹ ɱɚɫɬɨɬ ɩɨ ɤɨɥɟɛɚɬɟɥɶɧɨɣ 

ɩɥɨɬɧɨɫɬɢ ɫɨɫɬɨɹɧɢɣ [52]: 

 

∆𝐻𝑐(3ܥ4݈ܣ) ݎݎ݋ = ∆𝐻 (3ܥ4݈ܣ) + ∆𝑍𝑃(3ܥ4݈ܣ) ܧ, 

 

ɞɥɹ ɤɨɬɨɪɨɝɨ ɩɨɩɪɚɜɤɚ ZPE ɪɚɫɫɱɢɬɵɜɚɟɬɫɹ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ: 

 

∆𝑍𝑃ܧ = 𝑍𝑃4/7 - (3ܥ4݈ܣ) ܧ𝑍𝑃3/7 - (݈ܣ) ܧ𝑍𝑃(ܥ) ܧ 

 

Ɍɟɩɥɨɟɦɤɨɫɬɶ ɩɪɢ ɩɨɫɬɨɹɧɧɨɦ ɨɛɴɟɦɟ ɦɨɠɟɬ ɛɵɬɶ ɨɩɪɟɞɟɥɟɧɚ ɢɡ ɜɵ-

ɱɢɫɥɟɧɧɨɝɨ ɡɧɚɱɟɧɢɹ ɛɟɡ Ƚɟɥɶɦɝɨɥɶɰɚ. ɗɧɟɪɝɢɹ F ɜ ɝɚɪɦɨɧɢɱɟɫɤɨɦ ɩɪɢɛɥɢ-

ɠɟɧɢɢ (HA) ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɩɥɨɬɧɨɫɬɢ ɤɨɥɟɛɚɬɟɥɶɧɵɯ ɫɨɫɬɨɹɧɢɣ ɤɚɤ 

ɮɭɧɤɰɢɢ ɱɚɫɬɨɬɵ q ɩɨɥɨɫɵ s: 

 ݏ ,ݏ ,ݍ [(ݍܶܤ݇ (ݏ ,ݍ) ℏ߱ − ) ݌𝑒𝑥 − 1] ݈݊ ∑ ܶܤ݇ + (ݏ ,ݍ) 1 2 ∑ ℏ߱ = (ܶ ,𝑉0) ܨ 

 

 Ʉɨɥɟɛɚɬɟɥɶɧɚɹ ɷɧɬɪɨɩɢɹ ɢ ɬɟɩɥɨɟɦɤɨɫɬɶ ɩɪɢ ɩɨɫɬɨɹɧɧɨɦ ɨɛɴɟɦɟ ɨɩɪɟ-

ɞɟɥɹɸɬɫɹ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ 

 .𝑉 (2߲ܶܨ2 ߲) ܶ− = 𝑉ܥ ;𝑉 (߲ܶܨ߲) − = ܵ 

ɉɪɢ ɩɨɜɬɨɪɟɧɢɢ ɪɚɫɱɟɬɨɜ HA ɞɥɹ ɧɟɫɤɨɥɶɤɢɯ ɪɚɡɧɵɯ ɨɛɴɟɦɨɜ V ɞɥɹ 

ɩɨɥɭɱɟɧɢɹ ɦɢɧɢɦɚɥɶɧɨɝɨ ɡɧɚɱɟɧɢɹ F (V, T) ɬɟɩɥɨɟɦɤɨɫɬɶ ɩɪɢ ɩɨɫɬɨɹɧɧɨɦ 

ɞɚɜɥɟɧɢɢ ɜ ɤɜɚɡɢɝɚɪɦɨɧɢɱɟɫɤɨɦ ɩɪɢɛɥɢɠɟɧɢɢ, QHA, ɩɨɥɭɱɚɟɬɫɹ ɋɬɚɧɞɚɪɬ-

ɧɚɹ ɬɟɩɥɨɬɚ ɨɛɪɚɡɨɜɚɧɢɹ Al4C3 ɩɪɢ 298K ɡɚɬɟɦ ɩɨɥɭɱɚɟɬɫɹ ɢɡ ɪɚɫɱɟɬɨɜ 0K ɩɭ-

ɬɟɦ ɜɤɥɸɱɟɧɢɹ ɩɨɩɪɚɜɤɢ ZPE ɢ ɜɵɱɢɬɚɧɢɹ ɜɡɜɟɲɟɧɧɨɣ ɫɭɦɦɵ ɬɟɩɥɨɫɨɞɟɪ-

ɠɚɧɢɹ ɫɨɫɬɚɜɥɹɸɳɢɯ ɷɥɟɦɟɧɬɨɜ ɢɡ ɬɟɩɥɨɫɨɞɟɪɠɚɧɢɹ ɫɨɟɞɢɧɟɧɢɹ, ɚ ɢɦɟɧɧɨ: 

 

∆𝐻0𝐾 298𝐾 = ∆𝐻0𝐾 298𝐾 (3ܥ4݈ܣ) − 4/7∆𝐻0𝐾 298𝐾 212 (݈ܣ) − 3/7∆𝐻0𝐾 298𝐾. 
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Ɋɚɫɫɱɢɬɚɧɧɭɸ ɩɥɨɬɧɨɫɬɶ ɮɨɧɨɧɧɵɯ ɫɨɫɬɨɹɧɢɣ (DOS) Al4C3, ɢɫɩɨɥɶɡɨ-

ɜɚɧɧɭɸ ɞɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɬɟɦɩɟɪɚɬɭɪɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ɟɝɨ ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɢɯ 

ɫɜɨɣɫɬɜ. Ɋɚɫɱɟɬɧɚɹ ɩɥɨɬɧɨɫɬɶ ɫɨɫɬɨɹɧɢɣ ɮɨɧɨɧɨɜ (DOS) Al4C3. ɋɪɚɜɧɟɧɢɟ 

ɪɚɫɱɟɬɧɨɣ ɬɟɩɥɨɟɦɤɨɫɬɢ ɩɪɢ ɩɨɫɬɨɹɧɧɨɦ ɨɛɴɟɦɟ (ɝɚɪɦɨɧɢɤɚ) ɢ ɩɨɫɬɨɹɧɧɨɦ 

ɞɚɜɥɟɧɢɢ (ɤɜɚɡɢɝɚɪɦɨɧɢɤɚ) ɫ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦɢ ɡɧɚɱɟɧɢɹɦɢ. Ɋɚɫɱɟɬɧɚɹ 

ɬɟɩɥɨɟɦɤɨɫɬɶ ɩɪɢ ɩɨɫɬɨɹɧɧɨɦ ɞɚɜɥɟɧɢɢ ɯɨɪɨɲɨ ɫɨɝɥɚɫɭɟɬɫɹ ɫ ɞɚɧɧɵɦɢ ɢɡ-

ɦɟɪɟɧɢɣ Furukawaetal ɢ ɢɡ ɧɚɫɬɨɹɳɟɝɨ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɨɩɪɟɞɟɥɟɧɢɹ ɞɨ 

500 Ʉ. ɉɪɢ ɛɨɥɟɟ ɜɵɫɨɤɢɯ ɬɟɦɩɟɪɚɬɭɪɚɯ ɚɧɝɚɪɦɨɧɢɱɟɫɤɢɟ ɜɤɥɚɞɵ ɫɬɚɧɨɜɹɬɫɹ 

ɛɨɥɟɟ ɫɭɳɟɫɬɜɟɧɧɵɦɢ, ɢ ɢɡɦɟɪɟɧɧɵɟ ɡɧɚɱɟɧɢɹ ɧɚ ɜɵɲɟ ɪɚɫɱɟɬɧɵɯ. 

ɋɪɚɜɧɟɧɢɟ ɧɚɲɟɝɨ ɪɚɫɱɟɬɧɨɝɨ ɡɧɚɱɟɧɢɹ ɫ ɥɢɬɟɪɚɬɭɪɧɨɣ ɢɧɮɨɪɦɚɰɢɟɣ ɩɨɡ-

ɜɨɥɹɟɬ ɬɟɩɟɪɶ ɤɪɢɬɢɱɟɫɤɢ ɨɰɟɧɢɬɶ ɢɦɟɸɳɢɟɫɹ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɞɚɧɧɵɟ.  

Ɉɛɧɚɪɭɠɢɥɨɫɶ, ɱɬɨ ɪɚɫɱɟɬɧɚɹ ɫɬɚɧɞɚɪɬɧɚɹ ɬɟɩɥɨɬɚ ɨɛɪɚɡɨɜɚɧɢɹ ɯɨɪɨɲɨ 

ɫɨɝɥɚɫɭɟɬɫɹ ɫ ɤɚɥɨɪɢɦɟɬɪɢɱɟɫɤɢɦɢ ɞɚɧɧɵɦɢ Meichsner & Roth [53] ɢ 

Rinehart&Behrens [53]. ȼɫɟ ɨɫɬɚɥɶɧɵɟ ɡɧɚɱɟɧɢɹ ɡɧɚɱɢɬɟɥɶɧɨ ɛɨɥɟɟ ɢɥɢ ɦɟɧɟɟ 

ɷɤɡɨɬɟɪɦɢɱɧɵ. Ɉɞɧɚɤɨ ɧɟɩɨɥɧɚɹ ɪɟɚɤɰɢɹ ɢɥɢ ɦɟɬɚɫɬɚɛɢɥɶɧɵɟ ɩɪɨɞɭɤɬɵ ɪɟɚɤ-

ɰɢɢ ɜ ɷɤɫɩɟɪɢɦɟɧɬɚɯ ɩɨ ɤɚɥɨɪɢɦɟɬɪɢɢ ɫɝɨɪɚɧɢɹ ɢɥɢ ɪɚɫɬɜɨɪɟɧɢɹ ɢɥɢ ɤɢɧɟɬɢɱɟ-

ɫɤɚɹ ɛɥɨɤɢɪɨɜɤɚ ɝɪɚɮɢɬɨɜɨɝɨ ɫɥɨɹ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɨɛɪɚɡɰɚ ɜɨ ɜɪɟɦɹ ɢɫɩɚɪɟɧɢɹ 

ɦɨɝɭɬ ɨɛɴɹɫɧɢɬɶ ɞɢɫɩɟɪɫɢɸ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɡɧɚɱɟɧɢɣ, ɩɨɥɭɱɟɧɧɵɯ ɢɡ ɢɡ-

ɦɟɪɟɧɢɣ ɞɚɜɥɟɧɢɹ ɩɚɪɚ, ɤɚɤ ɭɤɚɡɚɧɨ Rinehart&Behrens. Ɍɚɤɠɟ ɦɨɠɟɦ ɢɫɩɨɥɶɡɨ-

ɜɚɬɶ ɪɚɫɫɱɢɬɚɧɧɵɟ ɡɧɚɱɟɧɢɹ ɬɟɩɥɨɟɦɤɨɫɬɢ ɢɡ ɤɜɚɡɢɝɚɪɦɨɧɢɱɟɫɤɨɝɨ ɩɪɢɛɥɢɠɟ-

ɧɢɹ ɞɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɫɬɚɧɞɚɪɬɧɨɣ ɷɧɬɪɨɩɢɢ. Ɂɧɚɱɟɧɢɟ 0,924 ɦɷȼ/ɚɬɨɦ/Ʉ (89,12 

Ⱦɠ/ɦɨɥɶ/Ʉ), ɱɬɨ ɧɚ ɩɨɥɧɨɫɬɶɸ ɫɨɜɩɚɞɚɟɬ ɫ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦ, ɬ. ɟ. 0,922 

ɦɷȼ/ɚɬɨɦ/Ʉ (88,97 Ⱦɠ/ɦɨɥɶ/Ʉ). ɂɡ ɡɨɧɧɨɣ ɫɬɪɭɤɬɭɪɵ Al4C3, ɪɚɫɫɱɢɬɚɧɧɨɣ ɩɪɢ T 

= 0K, ɦɵ ɩɨɥɭɱɚɟɦ ɧɟɩɪɹɦɭɸ ɳɟɥɶ ɫ ɪɚɫɱɟɬɧɵɦ ɡɧɚɱɟɧɢɟɦ, ɪɚɜɧɵɦ 1,342 ɷȼ, 

ɱɬɨ ɷɤɜɢɜɚɥɟɧɬɧɨ 1,315 ɷȼ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ PBE. 

ɇɚɤɨɧɟɰ, ɫɭɳɟɫɬɜɭɟɬ ɩɪɚɜɞɨɩɨɞɨɛɧɚɹ ɞɨɩɨɥɧɢɬɟɥɶɧɚɹ ɩɨɩɪɚɜɤɚ ɜ ɨɬ-

ɧɨɲɟɧɢɢ ɫɜɨɣɫɬɜ ɨɫɧɨɜɧɨɝɨ ɫɨɫɬɨɹɧɢɹ ɝɪɚɮɢɬɚ C-. Ɍɟɩɥɨɬɚ ɪɟɚɤɰɢɢ ɩɟɪɟɯɨɞɚ 

ɚɥɦɚɡɚ ɜ ɝɪɚɮɢɬ ɜ ɭɝɥɟɪɨɞɟ ɛɵɥɚ ɢɡɦɟɪɟɧɚ Ɋɨɫɫɢɧɢ ɢ Ⱦɠɟɫɫɚɩɨɦ ɫ ɢɫɩɨɥɶɡɨ-

ɜɚɧɢɟɦ ɤɚɥɨɪɢɦɟɬɪɢɢ ɝɨɪɟɧɢɹ, ɢ ɡɧɚɱɟɧɢɟ 0,020 ± 0,01 ɷȼ/ ɚɬɨɦ ɫɨɨɛɳɚɟɬɫɹ 
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ɩɪɢ 298 Ʉ. ɋɨɜɫɟɦ ɧɟɞɚɜɧɨ Ʉɥɟɩɩɚ ɢ ɏɨɧɝ ɫ ɩɨɦɨɳɶɸ ɜɵɫɨɤɨɬɟɦɩɟɪɚɬɭɪɧɨɣ 

ɤɚɥɨɪɢɦɟɬɪɢɢ ɪɚɫɬɜɨɪɚ ɩɨɥɭɱɢɥɢ ɫɬɚɧɞɚɪɬɧɭɸ ɬɟɩɥɨɬɭ ɪɟɚɤɰɢɢ 0,018 ± 0,010 

ɷȼ/ɚɬɨɦ. Ʉɪɨɦɟ ɬɨɝɨ, Hultgrenetal [53] ɨɩɭɛɥɢɤɨɜɚɥɢ ɨɰɟɧɨɱɧɨɟ ɡɧɚɱɟɧɢɟ 

0,020 ɷȼ / ɚɬɨɦ ɩɪɢ 298 Ʉ, ɜ ɬɨ ɜɪɟɦɹ ɤɚɤ ɜ ɤɨɦɩɢɥɹɰɢɢ Ƚɥɭɲɤɨ ɞɚɧɨ ɡɧɚɱɟ-

ɧɢɟ 0,019 ± 0,01 ɷȼ/ɚɬɨɦ. ȼɫɟ ɷɬɢ ɰɟɧɧɨɫɬɢ ɩɨɥɧɨɫɬɶɸ ɫɨɜɩɚɞɚɸɬ. 

ɉɨɥɭɱɚɟɬɫɹ ɪɚɡɧɢɰɚ, ɪɚɜɧɚɹ 0,050 ɷȼ/ɚɬɨɦ ɦɟɠɞɭ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦ 

ɡɧɚɱɟɧɢɟɦ, ɩɨɥɭɱɟɧɧɵɦ Ɋɨɫɫɢɧɢ ɢ Ⱦɠɟɫɫɚɩ, ɢ ɪɚɫɱɟɬɧɵɦ. Ɉɬɦɟɬɢɦ, ɱɬɨ ɪɚɡ-

ɧɢɰɚ ɫ ɪɚɫɱɟɬɚɦɢ PBE ɝɨɪɚɡɞɨ ɛɨɥɟɟ ɜɚɠɧɚ, ɚ ɢɦɟɧɧɨ 0,114 ɷȼ/ɚɬɨɦ [54]. 

ɉɪɨɞɟɦɨɧɫɬɪɢɪɨɜɚɧɨ, ɱɬɨ ɪɚɫɱɟɬɧɚɹ ɬɟɩɥɨɟɦɤɨɫɬɶ ɩɪɢ ɩɨɫɬɨɹɧɧɨɦ 

ɞɚɜɥɟɧɢɢ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɤɜɚɡɢɝɚɪɦɨɧɢɱɟɫɤɨɝɨ ɩɪɢɛɥɢɠɟɧɢɹ ɯɨɪɨɲɨ ɫɨ-

ɝɥɚɫɭɟɬɫɹ ɫ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦɢ ɞɚɧɧɵɦɢ, ɩɨɥɭɱɟɧɧɵɦɢ ɦɟɬɨɞɨɦ ȾɋɄ ɞɨ 

500 Ʉ. ɇɚɲ ɬɟɨɪɟɬɢɱɟɫɤɢɣ ɩɨɞɯɨɞ ɬɚɤɠɟ ɩɨɞɬɜɟɪɠɞɚɟɬɫɹ ɯɨɪɨɲɢɦ ɫɨɝɥɚɫɢɟɦ 

ɦɟɠɞɭ ɪɚɫɱɟɬɧɨɣ ɫɬɚɧɞɚɪɬɧɨɣ ɷɧɬɪɨɩɢɟɣ ɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɣ. ȼɫɟ ɷɬɢ ɪɟ-

ɡɭɥɶɬɚɬɵ ɩɨɡɜɨɥɹɸɬ ɧɚɦ ɤɪɢɬɢɱɟɫɤɢ ɨɰɟɧɢɬɶ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɬɟɩɥɨɬɵ 

ɨɛɪɚɡɨɜɚɧɢɹ Al4C3, ɤɨɬɨɪɵɣ ɯɚɪɚɤɬɟɪɢɡɭɟɬɫɹ ɲɢɪɨɤɢɦ ɞɢɚɩɚɡɨɧɨɦ ɞɨɫɬɭɩ-

ɧɵɯ ɡɧɚɱɟɧɢɣ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɪɚɡɥɢɱɧɵɯ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɦɟɬɨɞɢɤ [55]. 
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4 ɗɥɟɤɬɪɨɧɧɚɹ ɫɬɪɭɤɬɭɪɚ ɪɚɡɥɢɱɧɵɯ ɤɥɚɫɬɟɪɨɜ ɢ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɶ 

 

4.1 Ɇɟɬɨɞɵ ɪɚɫɱɟɬɨɜ ɷɥɟɤɬɪɨɧɧɨɣ ɫɬɪɭɤɬɭɪɵ 

 

ɇɚɢɛɨɥɟɟ ɭɞɨɛɧɵɦ, ɫ ɬɨɱɤɢ ɡɪɟɧɢɹ ɤɜɚɧɬɨɜɨɣ ɯɢɦɢɢ, ɹɜɥɹɟɬɫɹ ɬɚɤɨɣ 

ɦɟɬɨɞ ɪɚɫɱɟɬɚ ɫɬɪɭɤɬɭɪɵ ɢ ɫɜɨɣɫɬɜ ɦɨɥɟɤɭɥ, ɤɨɬɨɪɵɣ ɢɫɩɨɥɶɡɨɜɚɥ ɛɵ ɢɧ-

ɮɨɪɦɚɰɢɸ ɬɨɥɶɤɨ ɨ ɤɨɧɮɢɝɭɪɚɰɢɢ ɷɥɟɤɬɪɨɧɧɵɯ ɨɛɨɥɨɱɟɤ ɚɬɨɦɨɜ, ɫɨɫɬɚɜɥɹ-

ɸɳɢɯ ɫɢɫɬɟɦɭ. Ɋɟɚɥɢɡɚɰɢɹ ɬɚɤɨɝɨ ɦɟɬɨɞɚ ɩɨɡɜɨɥɢɥɚ ɛɵ ɢɫɫɥɟɞɨɜɚɬɟɥɹɦ 

ɩɪɟɞɫɤɚɡɵɜɚɬɶ ɫɭɳɟɫɬɜɨɜɚɧɢɟ ɢ ɫɜɨɣɫɬɜɚ ɧɨɜɵɯ ɦɚɬɟɪɢɚɥɨɜ, ɟɳɟ ɧɟ ɩɨɥɭ-

ɱɟɧɧɵɯ ɜ ɷɤɫɩɟɪɢɦɟɧɬɟ, ɧɚɩɪɢɦɟɪ, ɫɜɟɪɯɬɜɟɪɞɵɯ ɦɚɬɟɪɢɚɥɨɜ ɢ ɞɪ. 

ɉɟɪɜɨɩɪɢɧɰɢɩɧɵɟ ɦɟɬɨɞɵ, ɢɫɩɨɥɶɡɭɸɬ ɜɵɲɟɨɩɢɫɚɧɧɵɣ ɩɪɢɧɰɢɩ, ɨɞ-

ɧɚɤɨ ɢɡ-ɡɚ ɜɵɫɨɤɨɣ ɫɥɨɠɧɨɫɬɢ ɪɚɫɱɟɬɚ ɜ ɧɢɯ ɩɪɢɦɟɧɹɸɬɫɹ ɧɟɤɨɬɨɪɵɟ ɩɪɢ-

ɛɥɢɠɟɧɢɹ, ɤɨɬɨɪɵɟ ɧɟ ɩɨɡɜɨɥɹɸɬ ɩɪɢɦɟɧɢɬɶ ɷɬɢ ɦɟɬɨɞɵ ɤ ɥɸɛɵɦ ɫɢɫɬɟɦɚɦ. 

ɉɪɢ ɷɬɨɦ ɬɨɱɧɨɫɬɶ ɪɚɫɱɟɬɚ ɜ ɛɨɥɶɲɢɧɫɬɜɟ ɫɥɭɱɚɟɜ ɞɨɜɨɥɶɧɨ ɜɵɫɨɤɚ. 

Ʉ ɨɫɧɨɜɧɵɦ ɦɟɬɨɞɚɦ ɪɚɫɱɟɬɚ ɢɡ ɩɟɪɜɵɯ ɩɪɢɧɰɢɩɨɜ ɦɨɠɧɨ ɨɬɧɟɫɬɢ ɫɥɟɞɭɸɳɢɟ: 

– ɦɟɬɨɞ ɏɚɪɬɪɢ – Ɏɨɤɚ ɢ ɟɝɨ ɞɚɥɶɧɟɣɲɢɟ ɪɚɡɜɢɬɢɹ; 

– ɦɟɬɨɞ ɮɭɧɤɰɢɨɧɚɥɚ ɷɥɟɤɬɪɨɧɧɨɣ ɩɥɨɬɧɨɫɬɢ. 

Ɇɟɬɨɞ ɏɚɪɬɪɢ – Ɏɨɤɚ, ɢɥɢ ɦɟɬɨɞ ɫɚɦɨɫɨɝɥɚɫɨɜɚɧɧɨɝɨ ɩɨɥɹ, ɹɜɥɹɟɬɫɹ 

ɨɞɧɢɦ ɢɡ ɷɮɮɟɤɬɢɜɧɵɯ ɦɟɬɨɞɨɜ ɪɟɲɟɧɢɹ ɡɚɞɚɱ ɤɜɚɧɬɨɜɨɣ ɯɢɦɢɢ. ȿɝɨ ɢɞɟɹ 

ɫɨɫɬɨɢɬ ɜ ɬɨɦ, ɱɬɨ ɜɡɚɢɦɨɞɟɣɫɬɜɢɟ ɷɥɟɤɬɪɨɧɚ ɫ ɟɝɨ ɨɤɪɭɠɟɧɢɟɦ ɡɚɦɟɧɹɟɬɫɹ 

ɜɡɚɢɦɨɞɟɣɫɬɜɢɟɦ ɫ ɧɟɤɢɦ ɭɫɪɟɞɧɟɧɧɵɦ ɩɨɥɟɦ  . Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɧɟ ɪɟ-

ɲɚɟɦɚɹ ɤɜɚɧɬɨɜɨɦɟɯɚɧɢɱɟɫɤɚɹ ɡɚɞɚɱɚ ɦɧɨɝɢɯ ɬɟɥ ɫɜɨɞɢɬɫɹ ɤ ɪɟɲɟɧɢɸ ɨɞɧɨ-

ɱɚɫɬɢɱɧɨɝɨ ɭɪɚɜɧɟɧɢɹ: 

 

, 

 

 

ɝɞɟ    Δ – ɨɩɟɪɚɬɨɪ Ʌɚɩɥɚɫɚ; 

 V – ɨɛɴɟɦ; 
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 ᴪi - ɜɨɥɧɨɜɚɹ ɮɭɧɤɰɢɹ ɷɥɟɤɬɪɨɧɚ; 

ᵋi - ɫɭɦɦɚ ɩɟɪɟɦɟɧɧɵɯ. 

  ȼ ɦɟɬɨɞɟ ɮɭɧɤɰɢɨɧɚɥɚ ɩɥɨɬɧɨɫɬɢ ɜɦɟɫɬɨ ɜɨɥɧɨɜɵɯ ɮɭɧɤɰɢɣ ɷɥɟɤɬɪɨ-

ɧɨɜ ψi ɢɫɩɨɥɶɡɭɟɬɫɹ ɷɥɟɤɬɪɨɧɧɚɹ ɩɥɨɬɧɨɫɬɶ – ɮɭɧɤɰɢɹ ɬɪɟɯ ɩɪɨɫɬɪɚɧɫɬɜɟɧ-

ɧɵɯ ɩɟɪɟɦɟɧɧɵɯ ρ (x, y, z). Ɂɚɬɟɦ ɧɚɯɨɞɢɬɫɹ ɦɢɧɢɦɭɦ ɷɧɟɪɝɢɢ, ɹɜɥɹɸɳɟɣɫɹ 

ɮɭɧɤɰɢɨɧɚɥɨɦ ɨɬ ɷɥɟɤɬɪɨɧɧɨɣ ɩɥɨɬɧɨɫɬɢ. ɗɬɨ ɩɨɡɜɨɥɹɟɬ ɫɭɳɟɫɬɜɟɧɧɨ ɭɩɪɨ-

ɫɬɢɬɶ ɡɚɞɚɱɭ ɢ ɪɚɫɫɱɢɬɵɜɚɬɶ ɫɢɫɬɟɦɵ ɢɡ ɞɟɫɹɬɤɨɜ ɢ ɫɨɬɟɧ ɷɥɟɤɬɪɨɧɨɜ. 

Ɋɟɲɟɧɢɹ ɭɪɚɜɧɟɧɢɹ ɏɚɪɬɪɢ – Ɏɨɤɚ ɛɟɡ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɤɚɤɢɯ-ɥɢɛɨ ɞɪɭ-

ɝɢɯ ɩɪɢɛɥɢɠɟɧɢɣ ɥɟɠɚɬ ɜ ɨɫɧɨɜɟ ɧɟɷɦɩɢɪɢɱɟɫɤɢɯ ɦɟɬɨɞɨɜ ɪɚɫɱɟɬɚ, ɤɨɬɨɪɵɟ 

ɨɬɥɢɱɚɸɬɫɹ ɢɫɩɨɥɶɡɭɟɦɵɦ ɛɚɡɢɫɨɦ ɚɬɨɦɧɵɯ ɨɪɛɢɬɚɥɟɣ. ɉɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ 

ɷɬɢɯ ɦɟɬɨɞɨɜ ɨɫɧɨɜɧɵɟ ɡɚɬɪɚɬɵ ɦɚɲɢɧɧɨɝɨ ɜɪɟɦɟɧɢ (ɨɤɨɥɨ 70 %) ɧɚɩɪɚɜɥɟ-

ɧɵ ɧɚ ɜɵɱɢɫɥɟɧɢɟ ɢɧɬɟɝɪɚɥɨɜ ɦɟɠɷɥɟɤɬɪɨɧɧɨɝɨ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɨɩɟɪɚɬɨɪɚ 

Ɏɨɤɚ. ɉɨ ɦɟɪɟ ɭɜɟɥɢɱɟɧɢɹ ɪɚɡɦɟɪɨɜ ɦɨɥɟɤɭɥɵ ɱɢɫɥɨ ɬɚɤɢɯ ɢɧɬɟɝɪɚɥɨɜ ɜɨɡ-

ɪɚɫɬɚɟɬ ɩɪɢɦɟɪɧɨ ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɨ N4, ɝɞɟ N – ɱɢɫɥɨ ɛɚɡɢɫɧɵɯ ɮɭɧɤɰɢɣ. 

ɋɨɨɬɜɟɬɫɬɜɟɧɧɨ ɷɬɨɦɭ ɪɚɫɬɭɬ ɜɪɟɦɹ ɢ ɫɬɨɢɦɨɫɬɶ ɪɚɫɱɟɬɚ. 

ɇɚɢɛɨɥɟɟ ɩɟɪɫɩɟɤɬɢɜɧɵɦɢ ɹɜɥɹɸɬɫɹ ɦɟɬɨɞɵ, ɨɫɧɨɜɚɧɧɵɟ ɧɚ ɡɚɦɟɧɟ 

ɛɨɥɶɲɟɣ ɱɚɫɬɢ ɢɧɬɟɝɪɚɥɨɜ ɩɚɪɚɦɟɬɪɚɦɢ, ɜɵɱɢɫɥɟɧɧɵɦɢ ɫ ɩɨɦɨɳɶɸ ɞɚɧɧɵɯ, 

ɜɡɹɬɵɯ ɢɡ ɷɤɫɩɟɪɢɦɟɧɬɚ (ɩɨɬɟɧɰɢɚɥɚɦɢ ɢɨɧɢɡɚɰɢɢ ɚɬɨɦɨɜ ɜ ɨɪɛɢɬɚɥɶɧɵɯ ɜɚ-

ɥɟɧɬɧɵɯ ɫɨɫɬɨɹɧɢɹɯ ɢ ɞɪ.), ɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɪɚɡɥɢɱɧɵɯ ɩɪɢɛɥɢɠɟɧɧɵɯ ɜɵ-

ɪɚɠɟɧɢɣ ɞɥɹ ɨɰɟɧɤɢ ɢɧɬɟɝɪɚɥɨɜ. Ɉɫɧɨɜɚɧɧɵɟ ɧɚ ɷɬɨɦ ɩɨɞɯɨɞɟ ɦɟɬɨɞɵ ɧɚɡɵ-

ɜɚɸɬɫɹ ɩɨɥɭɷɦɩɢɪɢɱɟɫɤɢɦɢ. 

ɋɪɟɞɢ ɩɨɥɭɷɦɩɢɪɢɱɟɫɤɢɯ ɦɟɬɨɞɨɜ ɪɚɫɱɟɬɚ ɦɨɠɧɨ ɜɵɞɟɥɢɬɶ ɫɥɟɞɭɸɳɢɟ: 

– ɦɟɬɨɞ ɦɨɥɟɤɭɥɹɪɧɵɯ ɨɪɛɢɬɚɥɟɣ ɏɸɤɤɟɥɹ; 

– ɪɚɫɲɢɪɟɧɧɵɣ ɦɟɬɨɞ ɏɸɤɤɟɥɹ; 

– ɦɟɬɨɞ ɫɢɥɶɧɨɣ ɫɜɹɡɢ. 

Ⱦɚɠɟ ɩɨɫɥɟ ɩɨɹɜɥɟɧɢɹ ɬɚɤɢɯ ɛɵɫɬɪɵɯ ɚɥɝɨɪɢɬɦɨɜ, ɤɚɤ ɫɟɦɟɣɫɬɜɨ O(N)–

ɚɥɝɨɪɢɬɦɨɜ, ɜɪɟɦɹ ɫɱɟɬɚ ɜ ɤɨɬɨɪɵɯ ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɨ ɤɨɥɢɱɟɫɬɜɭ ɚɬɨɦɨɜ ɜ 

ɫɢɫɬɟɦɟ, ɫɢɫɬɟɦɵ, ɧɚɫɱɢɬɵɜɚɸɳɢɟ 104–106 ɚɬɨɦɨɜ, ɧɟɜɨɡɦɨɠɧɨ ɩɪɨɫɱɢɬɚɬɶ 

ɧɚ ɭɪɨɜɧɟ ɪɟɲɟɧɢɹ ɭɪɚɜɧɟɧɢɹ ɒɪɟɞɢɧɝɟɪɚ ɢɥɢ ɟɝɨ ɚɧɚɥɨɝɨɜ (ɭɪɚɜɧɟɧɢɹ 
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ɏɚɪɬɪɢ – Ɏɨɤɚ, Ʉɨɧɚ – ɒɷɦɚ) ɞɥɹ ɜɨɥɧɨɜɵɯ ɮɭɧɤɰɢɣ ɷɥɟɤɬɪɨɧɚ. Ɋɟɲɟɧɢɟ ɬɚ-

ɤɢɯ ɭɪɚɜɧɟɧɢɣ ɬɪɟɛɭɟɬ ɩɪɨɜɟɞɟɧɢɹ ɨɝɪɨɦɧɨɝɨ ɤɨɥɢɱɟɫɬɜɚ ɜɵɱɢɫɥɟɧɢɣ ɞɥɹ 

ɦɚɬɪɢɱɧɨɣ ɞɢɚɝɨɧɚɥɢɡɚɰɢɢ ɢ ɩɨɷɬɨɦɭ ɩɪɚɤɬɢɱɟɫɤɢ ɧɟɪɟɚɥɶɧɨ ɞɥɹ ɫɢɫɬɟɦ 

ɜɵɲɟɩɟɪɟɱɢɫɥɟɧɧɵɯ ɪɚɡɦɟɪɨɜ. ɋɨɜɪɟɦɟɧɧɵɟ ɠɟ ɬɟɯɧɨɥɨɝɢɢ, ɨɫɨɛɟɧɧɨ ɧɚɧɨ-

ɬɟɯɧɨɥɨɝɢɢ, ɮɚɪɦɚɰɟɜɬɢɤɚ ɢ ɦɢɤɪɨɛɢɨɥɨɝɢɹ, ɬɪɟɛɭɸɬ ɜɨɡɦɨɠɧɨɫɬɢ ɪɚɫɫɱɢ-

ɬɵɜɚɬɶ ɫɢɫɬɟɦɵ, ɧɚɫɱɢɬɵɜɚɸɳɢɟ ɞɟɫɹɬɤɢ ɬɵɫɹɱ ɚɬɨɦɨɜ ɢ ɜɵɲɟ, ɩɭɫɬɶ ɞɚɠɟ ɢ 

ɫ ɦɢɧɢɦɭɦɨɦ ɩɨɥɭɱɚɟɦɨɣ ɢɧɮɨɪɦɚɰɢɢ, ɧɚɩɪɢɦɟɪ – ɩɨɥɧɨɣ ɷɧɟɪɝɢɢ ɫɢɫɬɟɦɵ. 

ɉɪɢ ɷɬɨɦ ɱɚɫɬɨ ɜɨɡɧɢɤɚɟɬ ɩɨɬɪɟɛɧɨɫɬɶ ɜɵɩɨɥɧɟɧɢɹ ɦɨɥɟɤɭɥɹɪɧɨ-

ɞɢɧɚɦɢɱɟɫɤɢɯ ɪɚɫɱɟɬɨɜ, ɝɞɟ ɩɨɜɟɞɟɧɢɟ ɫɢɫɬɟɦɵ ɦɨɞɟɥɢɪɭɟɬɫɹ ɜ ɞɢɫɤɪɟɬɧɨɦ 

ɜɪɟɦɟɧɢ ɫ ɲɚɝɨɦ ɩɨɪɹɞɤɚ 1.0 ɮɟɦɬɨɫɟɤɭɧɞɵ (10–15 ɫ) ɢ ɜ ɬɟɱɟɧɢɟ ɜɪɟɦɟɧɢ, 

ɦɧɨɝɨ ɛɨɥɶɲɟɝɨ ɨɛɪɚɬɧɨɣ ɱɚɫɬɨɬɵ ɮɨɧɨɧɧɵɯ ɤɨɥɟɛɚɧɢɣ, ɨɛɵɱɧɨ 10–6 – 10–

9 ɫ, ɱɬɨ ɧɚ ɧɟɫɤɨɥɶɤɨ ɩɨɪɹɞɤɨɜ ɡɚɦɟɞɥɹɟɬ ɩɪɨɜɟɞɟɧɢɟ ɪɚɫɱɟɬɨɜ. Ɂɚɬɨ ɩɪɢ ɷɬɨɦ 

ɦɨɞɟɥɢɪɭɟɬɫɹ ɩɨɜɟɞɟɧɢɟ ɫɢɫɬɟɦɵ ɩɪɢ ɥɸɛɨɣ ɡɚɞɚɧɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ ɫ ɦɢɧɢ-

ɦɚɥɶɧɵɦɢ ɩɨɝɪɟɲɧɨɫɬɹɦɢ. 

ɂɡ ɜɵɲɟɫɤɚɡɚɧɧɨɝɨ ɫɥɟɞɭɟɬ, ɱɬɨ ɨɝɪɨɦɧɵɟ ɫɢɫɬɟɦɵ ɩɪɚɤɬɢɱɟɫɤɢ ɧɟ-

ɜɨɡɦɨɠɧɨ ɩɪɨɫɱɢɬɚɬɶ ɧɚ ɭɪɨɜɧɟ ɜɵɱɢɫɥɟɧɢɹ ɜɨɥɧɨɜɵɯ ɮɭɧɤɰɢɣ ɷɥɟɤɬɪɨɧɨɜ, 

ɢ ɩɨɷɬɨɦɭ ɞɥɹ ɧɢɯ ɩɪɢɦɟɧɹɸɬɫɹ ɦɟɬɨɞɵ, ɛɚɡɢɪɭɸɳɢɟɫɹ ɧɚ ɷɦɩɢɪɢɱɟɫɤɨɦ 

ɡɧɚɧɢɢ ɩɨɬɟɧɰɢɚɥɨɜ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɚɬɨɦɨɜ ɢɥɢ ɢɨɧɨɜ, ɛɟɡ ɜɵɱɢɫɥɟɧɢɹ ɷɥɟɤ-

ɬɪɨɧɧɵɯ ɜɨɥɧɨɜɵɯ ɮɭɧɤɰɢɣ ɢɥɢ ɩɥɨɬɧɨɫɬɟɣ. 

Ɉɫɧɨɜɧɵɦɢ ɷɦɩɢɪɢɱɟɫɤɢɦɢ ɦɟɬɨɞɚɦɢ ɪɚɫɱɟɬɚ ɷɥɟɤɬɪɨɧɧɨɣ ɫɬɪɭɤɬɭɪɵ 

ɹɜɥɹɸɬɫɹ: 

– ɦɟɬɨɞ ɩɚɪɧɵɯ ɩɨɬɟɧɰɢɚɥɨɜ; 

– ɦɟɬɨɞ ɦɧɨɝɨɱɚɫɬɢɱɧɵɯ ɩɨɬɟɧɰɢɚɥɨɜ; 

– ɦɟɬɨɞ ɦɨɥɟɤɭɥɹɪɧɨɣ ɞɢɧɚɦɢɤɢ. 

 

 

4.2 ɋɬɪɭɤɬɭɪɧɚɹ ɦɨɞɟɥɶ ɤɚɪɛɢɞɚ ɚɥɸɦɢɧɢɹ ɞɥɹ ɤɥɚɫɬɟɪɨɜ Al4C3, 

Al4C6 
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ȼɚɠɧɵɦ ɚɫɩɟɤɬɨɦ ɚɥɝɨɪɢɬɦɚ ɫɨɡɞɚɧɢɹ ɦɚɬɟɪɢɚɥɨɜ ɹɜɥɹɟɬɫɹ ɩɨɫɬɪɨɟɧɢɟ 

ɦɨɞɟɥɢ ɜɡɚɢɦɨɞɟɣɫɬɜɢɣ ɢ ɢɫɫɥɟɞɨɜɚɧɢɟ ɮɚɤɬɨɪɨɜ, ɨɩɪɟɞɟɥɹɸɳɢɯ ɱɭɜɫɬɜɢ-

ɬɟɥɶɧɨɫɬɶ ɢɯ ɫɜɨɣɫɬɜ ɤ ɥɸɛɵɦ ɢɡɦɟɧɟɧɢɹɦ ɜɧɭɬɪɟɧɧɢɯ (ɯɢɦɢɱɟɫɤɢɣ ɢ ɮɚɡɨ-

ɜɵɣ ɫɨɫɬɚɜ, ɦɢɤɪɨ- ɢ ɫɭɛɦɢɤɪɨɫɬɪɭɤɬɭɪɚ) ɢ ɜɧɟɲɧɢɯ (ɬɟɦɩɟɪɚɬɭɪɚ, ɞɚɜɥɟɧɢɟ 

ɢ ɫɨɫɬɚɜ ɫɪɟɞɵ) ɭɫɥɨɜɢɣ. ɉɪɢ ɷɬɨɦ ɢɡɦɟɧɟɧɢɹ ɫɜɨɣɫɬɜ ɜ ɡɧɚɱɢɬɟɥɶɧɨɣ ɦɟɪɟ 

ɡɚɜɢɫɹɬ ɨɬ ɜɨɡɦɨɠɧɵɯ ɦɟɠɮɚɡɧɵɯ ɜɡɚɢɦɨɞɟɣɫɬɜɢɣ ɜ ɦɚɬɟɪɢɚɥɟ ɜ ɭɫɥɨɜɢɹɯ 

ɟɝɨ ɷɤɫɩɥɭɚɬɚɰɢɢ. 

ɉɪɢ ɫɬɪɭɤɬɭɪɧɨɦ ɦɨɞɟɥɢɪɨɜɚɧɢɢ ɤɚɪɛɢɞɚ ɚɥɸɦɢɧɢɹ ɞɥɹ ɤɥɚɫɬɟɪɚ 

Al4C6, ɢɫɩɨɥɶɡɨɜɚɥɫɹ ɬɟɬɪɚɷɞɪ. Ɍɟɬɪɚɷɞɪɢɱɟɫɤɢɣ ɤɥɚɫɬɟɪ ɢɦɟɟɬ ɦɚɥɵɣ ɨɛɴɟɦ, 

ɚɬɨɦɵ ɜ ɧɟɦ ɪɚɫɩɨɥɨɠɟɧɵ ɞɨɫɬɚɬɨɱɧɨ ɛɥɢɡɤɨ ɞɪɭɝ ɤ ɞɪɭɝɭ.  

Ɉɛɴɟɦ ɝɞɟ-ɬɨ ɧɚ ɱɟɬɜɟɪɬɶ ɦɟɧɶɲɟ, ɱɟɦ ɨɛɴɟɦ ɨɤɬɚɷɞɪɚ (ɫɬɚɧɞɚɪɬɧɚɹ ɪɟɲёɬɤɚ 

ɫɨɫɬɨɢɬ ɢɡ ɩɨɩɟɪɟɦɟɧɧɨ ɨɤɨɚɷɞɪɨɜ ɢ ɬɟɬɪɚɷɞɪɨɜ). ɂɡ-ɡɚ ɷɬɨɝɨ ɩɥɨɬɧɨɫɬɶ ɷɥɟɤɬɪɨ-

ɧɨɜ ɜɨɡɪɚɫɬɚɟɬ - ɨɛɴɟɦ ɭɦɟɧɶɲɢɥɫɹ, ɚ ɤɨɥɢɱɟɫɬɜɨ ɱɚɫɬɢɰ ɧɟ ɢɡɦɟɧɢɥɨɫɶ.  

 

 

 

Ɋɢɫɭɧɨɤ 28 – ɋɦɟɳёɧɧɚɹ ɷɥɟɤɬɪɨɧɧɚɹ ɩɥɨɬɧɨɫɬɶ ɤɥɚɫɬɟɪɚ Al4C6  

 

ɇɚ ɪɢɫɭɧɤɟ 28 ɢɥɥɸɫɬɪɢɪɨɜɚɧɚ ɫɦɟɳёɧɧɚɹ ɷɥɟɤɬɪɨɧɧɚɹ ɩɥɨɬɧɨɫɬɶ ɤɥɚ-

ɫɬɟɪɚ Al4C6, ɩɨɤɚɡɵɜɚɸɳɚɹ ɢɡɦɟɧɟɧɢɟ ɫɜɨɣɫɬɜ ɫɬɪɭɤɬɭɪɵ. Ɇɚɝɧɢɬɧɵɣ ɦɨ-

ɦɟɧɬ, ɜ ɱɚɫɬɧɨɫɬɢ, ɩɨɹɜɥɹɟɬɫɹ ɜ ɤɚɱɟɫɬɜɟ ɨɬɜɟɬɧɨɣ ɪɟɚɤɰɢɢ, ɩɨɫɤɨɥɶɤɭ ɷɥɟɤ-

ɬɪɨɧɵ ɢɦɟɸɬ ɩɨɜɵɲɟɧɧɭɸ ɷɧɟɪɝɢɸ. 
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Ɋɚɫɱɟɬɵ ɩɥɨɬɧɨɫɬɢ ɷɥɟɤɬɪɨɧɧɵɯ ɫɨɫɬɨɹɧɢɣ ɦɟɬɨɞɨɦ ɪɚɫɫɟɹɧɧɵɯ ɜɨɥɧ 

ɞɥɹ ɫɬɪɭɤɬɭɪɵ Al4C3 ɜ ɦɨɞɟɥɢ ɫɩɢɧ-ɩɨɥɹɪɢɡɨɜɚɧɧɵɯ ɷɥɟɤɬɪɨɧɨɜ ɩɨɤɚɡɚɥɢ 

ɩɨɹɜɥɟɧɢɟ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ, ɜɟɥɢɱɢɧɚ ɤɨɬɨɪɨɣ ɤɚɱɟɫɬɜɟɧɧɨ ɩɨɞɬɜɟɪɠɞɟɧɚ 

ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ (0,58 ȝB).  

ɇɚɦɚɝɧɢɱɟɧɧɨɫɬɶ ɜ ɨɛɪɚɡɰɟ ɩɨɹɜɥɹɟɬɫɹ ɛɥɚɝɨɞɚɪɹ ɬɨɦɭ, ɱɬɨ ɚɬɨɦɵ ɜ 

ɫɬɪɭɤɬɭɪɟ Ⱥl4ɋ3 ɫɦɟɳɟɧɵ ɜ ɦɟɠɞɨɭɡɥɢɹ ɢ ɢɦɟɸɬ ɤɨɨɪɞɢɧɚɬɵ, ɜɵɪɚɠɟɧɧɵɟ 

ɢɪɪɚɰɢɨɧɚɥɶɧɵɦɢ ɱɢɫɥɚɦɢ. Ɍɚɤɢɟ ɫɦɟɳɟɧɧɵɟ ɚɬɨɦɵ ɢɦɟɸɬ ɜɨɡɛɭɠɞɟɧɧɭɸ 

ɷɥɟɤɬɪɨɧɧɭɸ ɫɬɪɭɤɬɭɪɭ, ɩɪɢɜɨɞɹɳɭɸ ɤ ɩɨɹɜɥɟɧɢɸ ɧɟɫɤɨɦɩɟɧɫɢɪɨɜɚɧɧɵɯ 

ɦɚɝɧɢɬɧɵɯ ɦɨɦɟɧɬɨɜ ɢ ɪɟɡɭɥɶɬɢɪɭɸɳɟɣ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ ɜ ɨɛɪɚɡɰɟ, ɤɨɬɨ-

ɪɵɣ ɧɟ ɫɨɞɟɪɠɢɬ ɦɚɝɧɢɬɧɵɯ ɚɬɨɦɨɜ. 

ɋɩɢɪɚɥɶɧɚɹ ɭɩɚɤɨɜɤɚ ɬɟɬɪɚɷɞɪɨɜ ɜɞɨɥɶ ɜɟɪɬɢɤɚɥɶɧɨɣ ɨɫɢ ɩɨɤɚɡɵɜɚɟɬ, 

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.  

Ɍɟɬɪɚɷɞɪɢɱɟɫɤɢɣ ɤɥɚɫɬɟɪ ɢɦɟɟɬ ɦɚɥɵɣ ɨɛɴëɦ, ɚɬɨɦɵ ɜ ɧëɦ ɪɚɫɩɨɥɨɠɟ-

ɧɵ ɞɨɫɬɚɬɨɱɧɨ ɛɥɢɡɤɨ ɞɪɭɝ ɤ ɞɪɭɝɭ. Ɉɛɴëɦ ɝɞɟ-ɬɨ ɧɚ ɱɟɬɜɟɪɬɶ ɦɟɧɶɲɟ, ɱɟɦ 

ɨɛɴëɦ ɨɤɬɚɷɞɪɚ (ɫɬɚɧɞɚɪɬɧɚɹ ɪɟɲëɬɤɚ ɫɨɫɬɨɢɬ ɢɡ ɩɨɩɟɪɟɦɟɧɧɨ ɨɤɨɚɷɞɪɨɜ ɢ 

ɬɟɬɪɚɷɞɪɨɜ). ɂɡ-ɡɚ ɷɬɨɝɨ ɩɥɨɬɧɨɫɬɶ ɷɥɟɤɬɪɨɧɨɜ ɜɨɡɪɚɫɬɚɟɬ – ɨɛɴëɦ ɭɦɟɧɶɲɢɥ-

ɫɹ, ɚ ɤɨɥɢɱɟɫɬɜɨ ɱɚɫɬɢɰ ɧɟ ɢɡɦɟɧɢɥɨɫɶ. ɋɦɟɳëɧɧɚɹ ɷɥɟɤɨɪɨɧɧɚɹ ɩɥɨɬɧɨɫɬɶ 

ɜɟɞëɬ ɤ ɢɡɦɟɧɟɧɢɸ ɫɜɨɣɫɬɜ ɫɬɪɭɤɬɭɪɵ. Ɇɚɝɧɢɬɧɵɣ ɦɨɦɟɧɬ, ɜ ɱɚɫɬɧɨɫɬɢ, ɩɨ-

ɹɜɥɹɟɬɫɹ ɜ ɤɚɱɟɫɬɜɟ ɨɬɜɟɬɧɨɣ ɪɟɚɤɰɢɢ, ɩɨɫɤɨɥɶɤɨ ɷɥɟɤɬɪɨɧɵ ɢɦɟɸɬ ɩɨɜɵ-

ɲɟɧɧɭɸ ɷɧɟɪɝɢɸ. ɗɧɟɪɝɢɹ ɦɨɠɟɬ ɩɪɟɜɵɲɚɬɶ ɷɧɟɪɝɢɸ Ɏɟɪɦɢ - ɷɧɟɪɝɢɸ ɚɤ-

ɬɢɜɚɰɢɢ ɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ. 

 

 

 

 

4.3 ɗɥɟɤɬɪɨɧɧɵɟ ɫɩɟɤɬɪɵ ɢ ɢɯ ɨɛɫɭɠɞɟɧɢɟ 
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Ɋɢɫɭɧɨɤ 29 – ɉɥɨɬɧɨɫɬɶ ɫɨɫɬɨɹɧɢɣ  N(E) ɤɥɚɫɬɟɪɚ Al4C6 [56] 
 

Ƚɞɟ ɤɪɚɫɧɚɹ ɥɢɧɢɹ ɧɚ ɪɢɫɭɧɤɟ 29 – ɗɧɟɪɝɢɹ Ɏɟɪɦɢ EF. Ⱥ ɩɥɨɬɧɨɫɬɶ ɜ 

ɫɜɨɸ ɨɱɟɪɟɞɶ ɪɚɫɫɱɢɬɚɧɚ ɞɥɹ ɩɪɨɟɤɰɢɢ ɫɩɢɧɨɜ «ɜɜɟɪɯ» – N↑(ȿ) ) ɢ «ɜɧɢɡ» – 

N↓(E).  Ⱦɥɹ E_f = – 1.783929 ɢ ɞɥɹ N1 = 12, N2 = 6. 

 
Ɋɟɡɭɥɶɬɚɬɵ ɪɚɫɱёɬɚ ɞɥɹ  Al4ɋ6 ɩɪɢɜɟɞɟɧɵ ɜ ɬɚɛɥɢɰɟ : 

 

Ɍɚɛɥɢɰɚ 10 - Ɋɟɡɭɥɶɬɚɬɵ ɪɚɫɱɟɬɨɜ ɩɥɨɬɧɨɫɬɢ ɷɥɟɤɬɪɨɧɧɵɯ ɫɨɫɬɨɹɧɢɣ, ɩɪɨɜɟɞɟɧɧɵɟ ɞɥɹ 

ɤɥɚɫɬɟɪɨɜ Al4C6 [57] 

 
№ Ⱥɬɨɦ     ɞɥɢɧɚ ɜɨɥɧɵ, µ 

1 C 1,51 
2 C 1,58 
3 C 0,25 
4 Al 0,07 
5 Al 0,16 
6 Al 0,25 
7 Al 0,01 
8 C 0,24 
9 C 1,47 
10 C 0,31 
 
ɂɡ ɬɚɛɥɢɱɧɵɯ ɞɚɧɧɵɯ ɜɢɞɧɨ, ɱɬɨ ɫɭɦɦɚ ɢ ɞɟɥɟɧɢɟ ɧɚ 10, ɞɚɟɬ µɫɪ=0.58µB. 

4.4 ɗɤɫɩɟɪɢɦɟɧɬɵ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ 
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1 ɗɤɫɩɟɪɢɦɟɧɬ ɩɨ ɢɦɩɭɥɶɫɧɨɦɭ ɬɨɤɭ ɢ ɫɨɡɞɚɧɢɸ ɞɚɜɥɟɧɢɹ. 

ȼ ɨɛɪɚɡɰɚɯ ɫɟɪɨɝɨ ɢ ɬёɦɧɨ-ɫɟɪɨɝɨ ɰɜɟɬɚ ɛɵɥɢ ɨɛɧɚɪɭɠɟɧɵ ɦɚɝɧɢɬɧɵɟ 

ɫɜɨɣɫɬɜɚ ɢ ɷɥɟɤɬɪɨɩɪɨɜɨɞɢɦɨɫɬɶ. ɗɥɟɤɬɪɨɫɨɩɪɨɬɢɜɥɟɧɢɟ, ɢɡɦɟɪɟɧɧɨɟ ɧɚ 

ɬɟɦɧɨɣ ɩɨɜɟɪɯɧɨɫɬɢ ɨɛɪɚɡɰɚ, ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɷɥɟɤɬɪɨɫɨɩɪɨɬɢɜɥɟɧɢɸ ɝɪɚɮɢɬɚ. 

2 ɗɤɫɩɟɪɢɦɟɧɬ ɫɤɚɧɢɪɨɜɚɧɢɹ ɷɥɟɤɬɪɨɧɧɵɦ ɩɭɱɤɨɦ. 

Ȼɵɥɢ ɩɪɨɜɟɞɟɧɵ ɷɤɫɩɟɪɢɦɟɧɬɵ ɩɨ ɫɤɚɧɢɪɨɜɚɧɢɸ ɷɥɟɤɬɪɨɧɧɵɦ ɩɭɱɤɨɦ 

ɩɨ ɩɨɜɟɪɯɧɨɫɬɢ ɩɨɪɨɲɤɚ ɦɟɯɚɧɨɤɨɦɩɨɡɢɬɚ. 

3 Ɉɩɵɬ ɪɟɧɬɝɟɧɨ-ɮɨɬɨɷɥɟɤɬɪɨɧɧɨɝɨ ɫɩɟɤɬɪɚ. 

ɉɨɜɟɪɯɧɨɫɬɶ «ɱɟɪɧɨɣ» ɨɛɥɚɫɬɢ ɫɩɟɱɟɧɧɨɝɨ ɨɛɪɚɡɰɚ ɜ ɨɫɧɨɜɧɨɦ ɫɨɞɟɪ-

ɠɢɬ ɭɝɥɟɪɨɞ, ɚ ɬɚɤɠɟ ɤɢɫɥɨɪɨɞ, ɚɡɨɬ, ɤɚɥɶɰɢɣ. ɉɪɢɫɭɬɫɬɜɢɟ ɛɨɥɶɲɢɧɫɬɜɚ 

ɷɥɟɦɟɧɬɨɜ ɦɨɠɧɨ ɫɜɹɡɚɬɶ ɫ ɩɪɢɦɟɫɹɦɢ, ɚ ɨɬɫɭɬɫɬɜɢɟ ɚɥɸɦɢɧɢɹ ɢ ɦɚɝɧɢɹ ɝɨ-

ɜɨɪɢɬ ɨ ɬɨɦ, ɱɬɨ ɨɧɢ ɜɨɲɥɢ ɜ ɯɢɦɢɱɟɫɤɭɸ ɫɜɹɡɶ ɫ ɞɪɭɝɢɦɢ ɷɥɟɦɟɧɬɚɦɢ ɢ 

ɢɦɟɸɬ ɢɧɭɸ ɤɪɢɫɬɚɥɥɢɱɟɫɤɭɸ ɫɬɪɭɤɬɭɪɭ. 

4 Ɉɩɵɬ ɪɟɧɬɝɟɧ-ɮɨɬɨɷɥɟɤɬɪɨɧɧɨɝɨ ɫɩɟɤɬɪɚ ɩɨɫɥɟ ɬɪɚɜɥɟɧɢɹ. 

ɉɨɜɟɪɯɧɨɫɬɶ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ, ɜ ɨɫɧɨɜɧɨɦ, ɝɪɚɮɢɬ, ɢ ɢɦɟɟɬɫɹ ɡɧɚɱɢ-

ɬɟɥɶɧɨɟ ɤɨɥɢɱɟɫɬɜɨ ɡɚɝɪɹɡɧɟɧɢɣ, ɭɞɚɥɹɟɦɵɯ ɬɪɚɜɥɟɧɢɟɦ, ɱɬɨ ɩɨɞɬɜɟɪɠɞɚɟɬ 

ɩɪɟɞɩɨɥɨɠɟɧɢɟ ɨ ɩɪɢɦɟɫɧɨɣ ɩɪɢɪɨɞɟ ɛɨɥɶɲɢɧɫɬɜɚ ɨɛɧɚɪɭɠɟɧɧɵɯ ɷɥɟɦɟɧɬɨɜ 

[58]. 

 

4.5 ȼɵɜɨɞɵ 

 

Ɋɚɫɱɟɬɵ ɩɥɨɬɧɨɫɬɢ ɷɥɟɤɬɪɨɧɧɵɯ ɫɨɫɬɨɹɧɢɣ ɦɟɬɨɞɨɦ ɪɚɫɫɟɹɧɧɵɯ ɜɨɥɧ 

ɞɥɹ ɫɬɪɭɤɬɭɪɵ Al4C3 ɜ ɦɨɞɟɥɢ ɫɩɢɧ-ɩɨɥɹɪɢɡɨɜɚɧɧɵɯ ɷɥɟɤɬɪɨɧɨɜ ɩɨɤɚɡɚɥɢ 

ɩɨɹɜɥɟɧɢɟ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ, ɜɟɥɢɱɢɧɚ ɤɨɬɨɪɨɣ ɤɚɱɟɫɬɜɟɧɧɨ ɩɨɞɬɜɟɪɠɞɟɧɚ 

ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ (0,58 ȝB), ɪɟɡɭɥɶɬɚɬɵ ɩɪɟɞɫɬɚɜɥɟɧɵ ɜ ɬɚɛɥɢɰɟ 3. Ɉɛɪɚɡɟɰ 

ɬɟɦɧɨɝɨ ɰɜɟɬɚ ɨɤɚɡɚɥɫɹ ɦɚɝɧɢɬɧɵɣ, ɨ ɱɟɦ ɫɜɢɞɟɬɟɥɶɫɬɜɭɸɬ ɤɪɢɜɵɟ ɤɪɭɬɹ-

ɳɢɯɫɹ ɦɨɦɟɧɬɨɜ. ɇɚɦɚɝɧɢɱɟɧɧɨɫɬɶ ɜ ɨɛɪɚɡɰɟ ɩɨɹɜɥɹɟɬɫɹ ɛɥɚɝɨɞɚɪɹ ɬɨɦɭ, ɱɬɨ 

ɚɬɨɦɵ ɜ ɫɬɪɭɤɬɭɪɟ Ⱥl4ɋ3 ɫɦɟɳɟɧɵ ɜ ɦɟɠɞɨɭɡɥɢɹ ɢ ɢɦɟɸɬ ɤɨɨɪɞɢɧɚɬɵ, ɜɵɪɚ-

ɠɟɧɧɵɟ ɢɪɪɚɰɢɨɧɚɥɶɧɵɦɢ ɱɢɫɥɚɦɢ. Ɍɚɤɢɟ ɫɦɟɳɟɧɧɵɟ ɚɬɨɦɵ ɢɦɟɸɬ ɜɨɡɛɭɠ-

ɞɟɧɧɭɸ ɷɥɟɤɬɪɨɧɧɭɸ ɫɬɪɭɤɬɭɪɭ, ɩɪɢɜɨɞɹɳɭɸ ɤ ɩɨɹɜɥɟɧɢɸ ɧɟɫɤɨɦɩɟɧɫɢɪɨ-
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ɜɚɧɧɵɯ ɦɚɝɧɢɬɧɵɯ ɦɨɦɟɧɬɨɜ ɢ ɪɟɡɭɥɶɬɢɪɭɸɳɟɣ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ ɜ ɨɛɪɚɡɰɟ, 

ɤɨɬɨɪɵɣ ɧɟ ɫɨɞɟɪɠɢɬ ɦɚɝɧɢɬɧɵɯ ɚɬɨɦɨɜ 
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ɁȺɄɅɘЧȿɇɂȿ 

 

ɂɫɫɥɟɞɨɜɚɧɚ ɫɬɪɭɤɬɭɪɚ, ɩɨɥɭɱɟɧɧɚɹ ɩɪɢ ɫɩɟɤɚɧɢɢ ɦɟɬɨɞɨɦ SPS ɫɦɟɫɢ 

ɩɨɪɨɲɤɨɜ ɨɤɫɢɞɨɜ ɦɚɝɧɢɹ ɢ ɚɥɸɦɢɧɢɹ, ɩɨɦɟɳɟɧɧɵɯ ɦɟɠɞɭ ɭɝɥɟɪɨɞɧɵɦɢ 

ɩɭɚɧɫɨɧɚɦɢ. 

ɍɫɬɚɧɨɜɥɟɧɚ ɫɜɹɡɶ ɦɟɠɞɭ ɫɬɪɭɤɬɭɪɨɣ ɢ ɫɜɨɣɫɬɜɚɦɢ ɩɨɥɭɱɟɧɧɵɯ ɨɛɪɚɡɰɨɜ 

ɦɟɬɨɞɚɦɢ ɪɟɧɬɝɟɧɨɫɬɪɭɤɬɭɪɧɨɝɨ ɚɧɚɥɢɡɚ, ɦɚɝɧɢɬɨɦɟɬɪɢɱɟɫɤɢɦɢ ɦɟɬɨɞɚɦɢ, ɚ 

ɬɚɤɠɟ ɪɚɫɱɟɬɨɦ ɩɥɨɬɧɨɫɬɢ ɷɥɟɤɬɪɨɧɧɵɯ ɫɨɫɬɨɹɧɢɣ ɦɟɬɨɞɨɦ ɪɚɫɫɟɹɧɧɵɯ ɜɨɥɧ. 

ȼɩɟɪɜɵɟ ɭɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɮɚɡɚ Al4C3 ɨɛɥɚɞɚɟɬ ɦɚɝɧɢɬɧɵɦɢ ɫɜɨɣɫɬɜɚɦɢ. 

ɉɪɟɞɥɨɠɟɧɚ ɫɬɪɭɤɬɭɪɧɚɹ 3ɞ ɦɨɞɟɥɶ Al4C3 ɮɚɡɵ ɢ ɟɟ ɫɪɚɫɬɚɧɢɹ ɫɨ 

ɫɬɪɭɤɬɭɪɨɣ ɲɩɢɧɟɥɢ MgCO3ɢ CaCO3. 
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