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Ⱥɤɬɭɚɥɶɧɨɫɬɶ ɪɚɛɨɬɵ. Ʉɟɪɚɦɢɤɚ ɢɡ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ SiC ɭɠɟ ɧɟɫɤɨɥɶɤɨ 

ɩɨɫɥɟɞɧɢɯ ɞɟɫɹɬɢɥɟɬɢɣ ɚɤɬɢɜɧɨ ɢɫɩɨɥɶɡɭɟɬɫɹ ɜ ɪɚɡɥɢɱɧɵɯ ɨɬɪɚɫɥɹɯ 

ɩɪɨɦɵɲɥɟɧɧɨɫɬɢ: ɯɢɦɢɱɟɫɤɨɣ ɩɪɨɦɵɲɥɟɧɧɨɫɬɢ, ɞɜɢɝɚɬɟɥɟɫɬɪɨɟɧɢɢ, 

ɦɚɲɢɧɨɫɬɪɨɟɧɢɢ, ɦɟɬɚɥɥɭɪɝɢɢ, ɹɞɟɪɧɨɣ ɷɧɟɪɝɟɬɢɤɟ ɢ ɞɪɭɝɢɯ ɨɛɥɚɫɬɹɯ. Ɍɚɤɚɹ 

ɲɢɪɨɤɚɹ ɩɪɢɦɟɧɢɦɨɫɬɶ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɨɛɭɫɥɨɜɥɟɧɚ ɫɨɜɨɤɭɩɧɨɫɬɶɸ 

ɭɧɢɤɚɥɶɧɵɯ ɮɢɡɢɱɟɫɤɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ, ɬɚɤɢɯ ɤɚɤ ɜɵɫɨɤɚɹ ɬɜɟɪɞɨɫɬɶ (з30 Ƚɉɚ), 

ɜɵɫɨɤɚɹ ɬɟɪɦɨɫɬɨɣɤɨɫɬɶ (ɧɚ ɜɨɡɞɭɯɟ ɞɨ ɬɟɦɩɟɪɚɬɭɪ ~1700 ˚ɋ, ɧɢɡɤɢɣ 

ɤɨɷɮɮɢɰɢɟɧɬ ɬɟɩɥɨɜɨɝɨ ɪɚɫɲɢɪɟɧɢɹ – 4,0·10-6
 Ʉ-1), ɫɬɨɣɤɨɫɬɶ ɤ ɯɢɦɢɱɟɫɤɢ 

ɚɝɪɟɫɫɢɜɧɵɦ ɫɪɟɞɚɦ ɢ ɤ ɪɚɞɢɚɰɢɨɧɧɨɦɭ ɢɡɥɭɱɟɧɢɸ (ɞɨ 1016
 ɧɟɣɬɪɨɧɨɜ/ɫɦ2

). 

ɇɚɥɢɱɢɟ ɬɚɤɢɯ ɫɜɨɣɫɬɜ ɨɛɟɫɩɟɱɢɜɚɟɬ ɪɚɛɨɬɭ ɢɡɞɟɥɢɣ ɧɚ ɨɫɧɨɜɟ SiC ɜ ɠɟɫɬɤɢɯ 

ɫɪɟɞɚɯ. Ʉɪɨɦɟ ɬɨɝɨ, ɤɚɪɛɢɞ ɤɪɟɦɧɢɹ ɹɜɥɹɟɬɫɹ ɦɚɬɟɪɢɚɥɨɦ ɫ ɜɵɞɚɸɳɢɦɢɫɹ 

ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɦɢ ɫɜɨɣɫɬɜɚɦɢ (ɲɢɪɢɧɚ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ з3 ɷȼ, ɜɵɫɨɤɚɹ 

ɩɪɨɛɢɜɧɚɹ ɧɚɩɪɹɠɟɧɧɨɫɬɶ 4,0 Ɇȼ/ɫɦ), ɱɬɨ ɩɨɡɜɨɥɹɟɬ ɢɫɩɨɥɶɡɨɜɚɬɶ ɟɝɨ ɞɥɹ 

ɢɡɝɨɬɨɜɥɟɧɢɹ ɭɫɬɪɨɣɫɬɜ ɫɢɥɨɜɨɣ ɷɥɟɤɬɪɨɧɢɤɢ, ɜ ɬɨɦ ɱɢɫɥɟ ɞɥɹ ɷɤɫɩɥɭɚɬɚɰɢɢ ɜ 

ɷɤɫɬɪɟɦɚɥɶɧɵɯ ɭɫɥɨɜɢɹɯ. 

Ɉɫɨɛɭɸ ɜɚɠɧɨɫɬɶ ɢɦɟɟɬ ɩɪɨɛɥɟɦɚ ɫɢɧɬɟɡɚ ɭɥɶɬɪɚɞɢɫɩɟɪɫɧɨɝɨ ɤɚɪɛɢɞɚ 

ɤɪɟɦɧɢɹ, ɩɨɫɤɨɥɶɤɭ ɦɚɬɟɪɢɚɥɵ ɜ ɞɢɫɩɟɪɝɢɪɨɜɚɧɧɨɦ ɫɨɫɬɨɹɧɢɢ ɦɨɝɭɬ 

ɞɟɦɨɧɫɬɪɢɪɨɜɚɬɶ ɭɧɢɤɚɥɶɧɵɟ ɫɨɱɟɬɚɧɢɹ ɫɜɨɣɫɬɜ [1]. ɂɡɜɟɫɬɧɨ, ɱɬɨ 

ɧɚɧɨɪɚɡɦɟɪɧɵɟ ɱɚɫɬɢɰɵ SiC ɢɫɩɨɥɶɡɭɸɬɫɹ ɞɥɹ ɫɨɡɞɚɧɢɹ ɧɚɧɨɫɬɪɭɤɬɭɪɢɪɨɜɚɧɧɨɣ 

ɤɟɪɚɦɢɤɢ ɢ ɜ ɤɚɱɟɫɬɜɟ ɚɪɦɢɪɭɸɳɟɝɨ ɦɚɬɟɪɢɚɥɚ ɞɥɹ ɩɨɜɵɲɟɧɢɹ ɢɡɧɨɫɨɫɬɨɣɤɨɫɬɢ, 

ɬɜɟɪɞɨɫɬɢ, ɩɪɨɱɧɨɫɬɢ, ɜɹɡɤɨɫɬɢ ɪɚɡɪɭɲɟɧɢɹ ɢ ɭɦɟɧɶɲɟɧɢɹ ɬɪɟɧɢɹ. Ɍɚɤɢɦ 

ɨɛɪɚɡɨɦ, ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɭɥɶɬɪɚɞɢɫɩɟɪɫɧɨɝɨ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɩɨɡɜɨɥɹɟɬ 

ɞɨɩɨɥɧɢɬɟɥɶɧɨ ɭɥɭɱɲɢɬɶ ɫɜɨɣɫɬɜɚ ɢɡɞɟɥɢɣ ɧɚ ɟɝɨ ɨɫɧɨɜɟ. Ɉɬɫɸɞɚ ɫɥɟɞɭɟɬ 

ɚɤɬɭɚɥɶɧɨɫɬɶ ɩɪɨɛɥɟɦɵ ɫɢɧɬɟɡɚ ɭɥɶɬɪɚɞɢɫɩɟɪɫɧɨɝɨ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɢ ɩɨɥɭɱɟɧɢɹ 

ɧɚ ɟɝɨ ɨɫɧɨɜɟ ɧɚɧɨɫɬɪɭɤɬɭɪɢɪɨɜɚɧɧɨɣ ɤɟɪɚɦɢɤɢ. ɇɚɧɨɪɚɡɦɟɪɧɵɣ SiC ɜɨɡɦɨɠɧɨ 

ɫɢɧɬɟɡɢɪɨɜɚɬɶ ɩɨɫɪɟɞɫɬɜɨɦ ɧɟɫɤɨɥɶɤɢɯ ɦɟɬɨɞɨɜ (ɫɚɦɨɪɚɫɩɪɨɫɬɪɚɧɹɸɳɢɣɫɹ 
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ɜɵɫɨɤɨɬɟɦɩɟɪɚɬɭɪɧɵɣ ɫɢɧɬɟɡ, ɩɥɚɡɦɨɯɢɦɢɱɟɫɤɢɟ ɦɟɬɨɞɵ, ɡɨɥɶ-ɝɟɥɶ ɦɟɬɨɞ ɢ ɞɪ.). 

Ɉɞɧɚɤɨ ɜɫɟ ɷɬɢ ɩɪɨɰɟɫɫɵ ɢɦɟɸɬ ɫɜɨɢ ɧɟɞɨɫɬɚɬɤɢ: ɧɟɛɨɥɶɲɢɟ ɨɛɴɟɦɵ 

ɫɢɧɬɟɡɢɪɨɜɚɧɧɨɝɨ ɩɪɨɞɭɤɬɚ, ɧɚɥɢɱɢɟ ɩɪɢɦɟɫɟɣ, ɦɧɨɝɨɫɬɭɩɟɧɱɚɬɨɫɬɶ ɩɪɨɰɟɫɫɨɜ, 

ɜɵɫɨɤɚɹ ɫɬɨɢɦɨɫɬɶ ɨɛɨɪɭɞɨɜɚɧɢɹ ɢ ɩɪɟɤɭɪɫɨɪɨɜ ɢ ɬ. ɞ. 

ɋɨɝɥɚɫɧɨ ɮɚɡɨɜɨɣ ɞɢɚɝɪɚɦɦɟ, ɤɚɪɛɢɞ ɤɪɟɦɧɢɹ ɦɨɠɟɬ ɛɵɬɶ ɫɢɧɬɟɡɢɪɨɜɚɧ 

ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ ɛɨɥɟɟ 2545±40 ˚ɋ ɢɡ ɠɢɞɤɨɣ ɮɚɡɵ. Ⱦɨɫɬɢɠɟɧɢɟ ɬɚɤɢɯ 

ɬɟɦɩɟɪɚɬɭɪ ɨɫɭɳɟɫɬɜɢɦɨ ɜ ɧɢɡɤɨɬɟɦɩɟɪɚɬɭɪɧɨɣ ɩɥɚɡɦɟ. Ɉɞɧɢɦ ɢɡ ɧɚɢɛɨɥɟɟ 

ɷɮɮɟɤɬɢɜɧɵɯ ɫɩɨɫɨɛɨɜ ɪɟɚɥɢɡɚɰɢɢ ɷɤɫɬɪɟɦɚɥɶɧɵɯ ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɨɜ, 

ɧɟɨɛɯɨɞɢɦɵɯ ɞɥɹ ɫɨɟɞɢɧɟɧɢɹ ɚɬɨɦɨɜ ɤɪɟɦɧɢɹ ɢ ɭɝɥɟɪɨɞɚ, ɩɪɟɞɫɬɚɜɥɹɟɬɫɹ ɩɪɹɦɨɣ 

ɩɥɚɡɦɨɞɢɧɚɦɢɱɟɫɤɢɣ ɫɢɧɬɟɡ (ɉȾɋ) ɜ ɝɢɩɟɪɫɤɨɪɨɫɬɧɨɣ ɫɬɪɭɟ ɤɪɟɦɧɢɣ-ɭɝɥɟɪɨɞɧɨɣ 

ɷɥɟɤɬɪɨɪɚɡɪɹɞɧɨɣ ɩɥɚɡɦɵ. Ƚɟɧɟɪɚɰɢɹ ɩɥɚɡɦɟɧɧɨɝɨ ɩɨɬɨɤɚ ɨɫɭɳɟɫɬɜɥɹɟɬɫɹ 

ɩɨɫɪɟɞɫɬɜɨɦ ɢɦɩɭɥɶɫɧɨɝɨ ɫɢɥɶɧɨɬɨɱɧɨɝɨ ɤɨɚɤɫɢɚɥɶɧɨɝɨ ɦɚɝɧɢɬɨɩɥɚɡɦɟɧɧɨɝɨ 

ɭɫɤɨɪɢɬɟɥɹ (ɄɆɉɍ) ɫ ɝɪɚɮɢɬɨɜɵɦɢ ɷɥɟɤɬɪɨɞɚɦɢ [2]. 

ɐɟɥɶ ɪɚɛɨɬɵ: ɪɚɡɪɚɛɨɬɤɚ ɧɚɭɱɧɨ-ɬɟɯɧɢɱɟɫɤɢɯ ɨɫɧɨɜ ɫɢɧɬɟɡɚ 

ɭɥɶɬɪɚɞɢɫɩɟɪɫɧɨɝɨ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɜ ɝɢɩɟɪɫɤɨɪɨɫɬɧɨɣ ɫɬɪɭɟ ɤɪɟɦɧɢɣ-

ɭɝɥɟɪɨɞɧɨɣ ɷɥɟɤɬɪɨɪɚɡɪɹɞɧɨɣ ɩɥɚɡɦɵ. 

Ⱦɥɹ ɞɨɫɬɢɠɟɧɢɹ ɭɤɚɡɚɧɧɨɣ ɰɟɥɢ ɜɵɩɨɥɧɹɥɢɫɶ ɡɚɞɚɱɢ: 

1. Ⱥɧɚɥɢɡ ɩɪɨɛɥɟɦɵ ɫɢɧɬɟɡɚ ɭɥɶɬɪɚɞɢɫɩɟɪɫɧɨɝɨ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɩɨ 

ɫɨɜɪɟɦɟɧɧɵɦ ɥɢɬɟɪɚɬɭɪɧɵɦ ɞɚɧɧɵɦ.  

2. Ɋɚɡɪɚɛɨɬɤɚ ɦɟɬɨɞɚ ɩɥɚɡɦɨɞɢɧɚɦɢɱɟɫɤɨɝɨ ɫɢɧɬɟɡɚ ɧɚ ɨɫɧɨɜɟ ɢɦɩɭɥɶɫɧɨɝɨ 

ɜɵɫɨɤɨɜɨɥɶɬɧɨɝɨ ɤɨɚɤɫɢɚɥɶɧɨɝɨ ɦɚɝɧɢɬɨɩɥɚɡɦɟɧɧɨɝɨ ɭɫɤɨɪɢɬɟɥɹ ɫ ɝɪɚɮɢɬɨɜɵɦɢ 

ɷɥɟɤɬɪɨɞɚɦɢ ɞɥɹ ɝɟɧɟɪɚɰɢɢ ɢɦɩɭɥɶɫɧɵɯ ɫɜɟɪɯɡɜɭɤɨɜɵɯ ɫɬɪɭɣ ɤɪɟɦɧɢɣ-

ɭɝɥɟɪɨɞɧɨɣ ɷɥɟɤɬɪɨɪɚɡɪɹɞɧɨɣ ɩɥɚɡɦɵ.  

3. ɂɫɫɥɟɞɨɜɚɧɢɟ ɜɥɢɹɧɢɹ ɭɫɥɨɜɢɣ ɢɧɢɰɢɢɪɨɜɚɧɢɹ ɞɭɝɨɜɨɝɨ ɪɚɡɪɹɞɚ ɜ 

ɭɫɤɨɪɢɬɟɥɶɧɨɦ ɤɚɧɚɥɟ ɢ ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɨɜ ɢɦɩɭɥɶɫɧɨɝɨ ɷɥɟɤɬɪɨɩɢɬɚɧɢɹ 

ɭɫɤɨɪɢɬɟɥɹ ɧɚ ɩɪɨɰɟɫɫ ɩɥɚɡɦɨɞɢɧɚɦɢɱɟɫɤɨɝɨ ɫɢɧɬɟɡɚ ɢ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ 

ɞɢɫɩɟɪɫɧɨɝɨ ɩɪɨɞɭɤɬɚ. 

4. ɂɫɫɥɟɞɨɜɚɧɢɟ ɜɥɢɹɧɢɹ ɩɚɪɚɦɟɬɪɨɜ ɫɨɫɬɨɹɧɢɹ ɜɧɟɲɧɟɣ ɝɚɡɨɨɛɪɚɡɧɨɣ 

ɫɪɟɞɵ ɧɚ ɮɚɡɨɜɵɣ ɫɨɫɬɚɜ ɢ ɞɢɫɩɟɪɫɧɨɫɬɶ ɫɢɧɬɟɡɢɪɭɟɦɨɝɨ ɩɪɨɞɭɤɬɚ. 
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5. ɉɨɥɭɱɟɧɢɟ ɨɛɴɟɦɧɨɝɨ ɤɟɪɚɦɢɱɟɫɤɨɝɨ ɦɚɬɟɪɢɚɥɚ ɧɚ ɨɫɧɨɜɟ 

ɫɢɧɬɟɡɢɪɭɟɦɨɝɨ ɩɪɨɞɭɤɬɚ ɢ ɢɡɭɱɟɧɢɟ ɟɝɨ ɮɢɡɢɤɨ-ɦɟɯɚɧɢɱɟɫɤɢɯ ɫɜɨɣɫɬɜ. 

ɋɬɟɩɟɧɶ ɪɚɡɪɚɛɨɬɚɧɧɨɫɬɢ ɬɟɦɵ ɢɫɫɥɟɞɨɜɚɧɢɹ. ȼɨɩɪɨɫɵ ɫɢɧɬɟɡɚ 

ɭɥɶɬɪɚɞɢɫɩɟɪɫɧɨɝɨ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ, ɩɨɥɭɱɟɧɢɹ ɜɵɫɨɤɨɩɥɨɬɧɨɝɨ ɨɛɴɟɦɧɨɝɨ 

ɩɪɨɞɭɤɬɚ ɢ ɢɫɫɥɟɞɨɜɚɧɢɹ ɟɝɨ ɫɜɨɣɫɬɜ ɲɢɪɨɤɨ ɪɚɫɫɦɚɬɪɢɜɚɸɬɫɹ ɜ ɫɨɜɪɟɦɟɧɧɨɣ 

ɡɚɪɭɛɟɠɧɨɣ ɢ ɨɬɟɱɟɫɬɜɟɧɧɨɣ ɥɢɬɟɪɚɬɭɪɟ, ɝɞɟ ɨɫɨɛɟɧɧɨ ɜɵɞɟɥɹɸɬɫɹ ɪɚɛɨɬɵ 

L. Cheng, A. Kohyama, R. Naslain, J. Yuan, F. Luo, W. Krenkel, R. Wu, Y.-T. Yu, 

B. Matovic, D.-H. Yoon, ɘ. Ɇ. Ɍɚɢɪɨɜɚ, Ɋ. Ⱥ. Ⱥɧɞɪɢɟɜɫɤɨɝɨ, ɋ. Ⱥ. Ʉɭɤɭɲɤɢɧɚ, 

ȼ. ȼ. Ʌɭɱɢɧɢɧɚ ɢ ɞɪ. ɉɪɢ ɷɬɨɦ ɜɨɫɬɪɟɛɨɜɚɧɧɵɦɢ ɹɜɥɹɸɬɫɹ ɢɫɫɥɟɞɨɜɚɧɢɹ ɩɨ 

ɫɨɜɟɪɲɟɧɫɬɜɨɜɚɧɢɸ ɫɭɳɟɫɬɜɭɸɳɢɯ ɬɟɯɧɨɥɨɝɢɣ ɢ ɫɨɡɞɚɧɢɸ ɧɟɬɪɢɜɢɚɥɶɧɵɯ ɩɭɬɟɣ 

ɩɨɥɭɱɟɧɢɹ SiC ɜ ɩɨɪɨɲɤɨɨɛɪɚɡɧɨɦ ɢ ɨɛɴɟɦɧɨɦ ɜɢɞɟ, ɩɨ ɪɚɡɪɚɛɨɬɤɟ ɦɟɬɨɞɨɜ 

ɩɨɥɭɱɟɧɢɹ ɜɵɫɨɤɨɩɥɨɬɧɨɣ ɤɟɪɚɦɢɤɢ ɫ ɜɵɞɚɸɳɢɦɢɫɹ ɮɢɡɢɱɟɫɤɢɦɢ ɫɜɨɣɫɬɜɚɦɢ. 

ɇɚɭɱɧɚɹ ɧɨɜɢɡɧɚ 

1. Ɋɚɡɪɚɛɨɬɚɧ ɦɟɬɨɞ ɩɪɹɦɨɝɨ ɩɥɚɡɦɨɞɢɧɚɦɢɱɟɫɤɨɝɨ ɫɢɧɬɟɡɚ ɤɚɪɛɢɞɚ 

ɤɪɟɦɧɢɹ ɧɚ ɨɫɧɨɜɟ ɢɦɩɭɥɶɫɧɨɝɨ ɜɵɫɨɤɨɜɨɥɶɬɧɨɝɨ ɤɨɚɤɫɢɚɥɶɧɨɝɨ 

ɦɚɝɧɢɬɨɩɥɚɡɦɟɧɧɨɝɨ ɭɫɤɨɪɢɬɟɥɹ ɫ ɝɪɚɮɢɬɨɜɵɦɢ ɷɥɟɤɬɪɨɞɚɦɢ, ɨɛɟɫɩɟɱɢɜɚɸɳɢɣ 

ɩɨɥɭɱɟɧɢɟ ɜ ɝɢɩɟɪɫɤɨɪɨɫɬɧɨɣ ɫɬɪɭɟ ɷɥɟɤɬɪɨɪɚɡɪɹɞɧɨɣ ɩɥɚɡɦɵ ɭɥɶɬɪɚɞɢɫɩɟɪɫɧɨɝɨ 

ɩɪɨɞɭɤɬɚ ɫ ɦɨɧɨɤɪɢɫɬɚɥɥɢɱɟɫɤɢɦ ɫɬɪɨɟɧɢɟɦ ɱɚɫɬɢɰ. 

2. ɍɫɬɚɧɨɜɥɟɧɵ ɨɫɧɨɜɧɵɟ ɡɚɤɨɧɨɦɟɪɧɨɫɬɢ ɜɥɢɹɧɢɹ ɭɫɥɨɜɢɣ 

ɢɧɢɰɢɢɪɨɜɚɧɢɹ ɞɭɝɨɜɨɝɨ ɪɚɡɪɹɞɚ ɜ ɭɫɤɨɪɢɬɟɥɶɧɨɦ ɤɚɧɚɥɟ ɢ ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ 

ɩɚɪɚɦɟɬɪɨɜ ɢɦɩɭɥɶɫɧɨɝɨ ɷɥɟɤɬɪɨɩɢɬɚɧɢɹ ɭɫɤɨɪɢɬɟɥɹ ɧɚ ɩɪɨɰɟɫɫ 

ɩɥɚɡɦɨɞɢɧɚɦɢɱɟɫɤɨɝɨ ɫɢɧɬɟɡɚ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɢ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɞɢɫɩɟɪɫɧɨɝɨ 

ɩɪɨɞɭɤɬɚ. 

3. Ɉɩɪɟɞɟɥɟɧ ɯɚɪɚɤɬɟɪ ɜɥɢɹɧɢɹ ɩɚɪɚɦɟɬɪɨɜ ɫɨɫɬɨɹɧɢɹ ɜɧɟɲɧɟɣ 

ɝɚɡɨɨɛɪɚɡɧɨɣ ɫɪɟɞɵ ɧɚ ɮɚɡɨɜɵɣ ɫɨɫɬɚɜ, ɩɚɪɚɦɟɬɪɵ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɵ, 

ɦɨɪɮɨɥɨɝɢɸ ɢ ɪɚɡɦɟɪɵ ɱɚɫɬɢɰ ɩɨɪɨɲɤɚ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ, ɮɨɪɦɢɪɭɸɳɢɯɫɹ ɩɪɢ 

ɜɵɫɨɤɨɫɤɨɪɨɫɬɧɨɦ ɪɚɫɩɵɥɟɧɢɢ ɦɚɬɟɪɢɚɥɚ ɩɥɚɡɦɟɧɧɨɣ ɫɬɪɭɢ.  

4. ɉɨɥɭɱɟɧɚ ɜɵɫɨɤɨɩɥɨɬɧɚɹ (ρ = 98,5 %) ɫɭɛɦɢɤɪɨɧɧɚɹ ɤɟɪɚɦɢɤɚ ɫ 

ɜɵɫɨɤɢɦɢ ɮɢɡɢɤɨ-ɦɟɯɚɧɢɱɟɫɤɢɦɢ ɫɜɨɣɫɬɜɚɦɢ, ɨɬɥɢɱɚɸɳɚɹɫɹ ɜɵɫɨɤɨɣ 

ɬɜɟɪɞɨɫɬɶɸ (H = 25,9 Ƚɉɚ). 
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ɉɪɚɤɬɢɱɟɫɤɚɹ ɡɧɚɱɢɦɨɫɬɶ ɪɚɛɨɬɵ 

1. Ɋɚɡɪɚɛɨɬɚɧ ɢ ɡɚɩɚɬɟɧɬɨɜɚɧ ɫɩɨɫɨɛ ɩɥɚɡɦɨɞɢɧɚɦɢɱɟɫɤɨɝɨ ɫɢɧɬɟɡɚ 

ɭɥɶɬɪɚɞɢɫɩɟɪɫɧɨɝɨ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ, ɛɚɡɢɪɭɸɳɢɣɫɹ ɧɚ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɄɆɉɍ ɫ 

ɝɪɚɮɢɬɨɜɵɦɢ ɷɥɟɤɬɪɨɞɚɦɢ ɢ ɩɨɡɜɨɥɹɸɳɢɣ ɩɪɨɜɨɞɢɬɶ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ 

ɢɫɫɥɟɞɨɜɚɧɢɹ ɜ ɨɛɥɚɫɬɹɯ ɮɢɡɢɤɢ ɜɵɫɨɤɢɯ ɩɥɨɬɧɨɫɬɟɣ ɷɧɟɪɝɢɢ ɢ ɩɨɥɭɱɟɧɢɹ ɧɨɜɵɯ 

ɦɚɬɟɪɢɚɥɨɜ ɜ ɭɥɶɬɪɚɞɢɫɩɟɪɫɧɨɦ ɫɨɫɬɨɹɧɢɢ. 

2. Ɉɩɪɟɞɟɥɟɧɵ ɨɩɬɢɦɚɥɶɧɵɟ ɩɚɪɚɦɟɬɪɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɣ ɫɢɫɬɟɦɵ – 

ɭɫɥɨɜɢɹ ɢɧɢɰɢɢɪɨɜɚɧɢɹ ɞɭɝɨɜɨɝɨ ɪɚɡɪɹɞɚ (ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɝɪɚɮɢɬɢɡɚɰɢɢ, 

ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɭɝɥɟɪɨɞɧɨɣ ɩɟɪɟɦɵɱɤɢ R0 = 8500 Ɉɦ, ɫɨɨɬɧɨɲɟɧɢɟ ɩɪɟɤɭɪɫɨɪɨɜ 

Si:C = 3,0:1), ɡɧɚɱɟɧɢɹ ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ɢ ɤɨɧɫɬɪɭɤɰɢɨɧɧɵɯ ɩɚɪɚɦɟɬɪɨɜ 

(ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɫɜɨɛɨɞɧɨɝɨ ɩɪɨɫɬɪɚɧɫɬɜɚ ɤɚɦɟɪɵ-ɪɟɚɤɬɨɪɚ, ɡɧɚɱɟɧɢɟ 

ɜɵɞɟɥɢɜɲɟɣɫɹ ɷɧɟɪɝɢɢ W = 30 ɤȾɠ), ɚ ɬɚɤɠɟ ɩɚɪɚɦɟɬɪɨɜ ɜɧɟɲɧɟɣ ɝɚɡɨɨɛɪɚɡɧɨɣ 

ɫɪɟɞɵ (ɞɚɜɥɟɧɢɟ p = 1,5 ɚɬɦ., ɬɟɦɩɟɪɚɬɭɪɚ t = 75 ˚ɋ), ɩɨɡɜɨɥɹɸɳɢɟ ɩɨɥɭɱɚɬɶ 

ɩɪɨɞɭɤɬ ɩɥɚɡɦɨɞɢɧɚɦɢɱɟɫɤɨɝɨ ɫɢɧɬɟɡɚ ɫ ɧɚɢɛɨɥɶɲɢɦ ɜɵɯɨɞɨɦ 

ɭɥɶɬɪɚɞɢɫɩɟɪɫɧɨɝɨ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɢ ɜɨɡɦɨɠɧɨɫɬɶɸ ɪɟɝɭɥɢɪɨɜɚɬɶ ɮɚɡɨɜɵɣ ɢ 

ɝɪɚɧɭɥɨɦɟɬɪɢɱɟɫɤɢɣ ɫɨɫɬɚɜ ɩɪɨɞɭɤɬɚ ɫɢɧɬɟɡɚ. 

3. Ɉɩɪɟɞɟɥɟɧɵ ɪɟɠɢɦɧɵɟ ɩɚɪɚɦɟɬɪɵ ɢ ɭɫɥɨɜɢɹ ɢɫɤɪɨɜɨɝɨ ɩɥɚɡɦɟɧɧɨɝɨ 

ɫɩɟɤɚɧɢɹ (ɞɚɜɥɟɧɢɟ p = 60 Ɇɉɚ, ɬɟɦɩɟɪɚɬɭɪɚ T = 1800 ˚ɋ, ɫɤɨɪɨɫɬɶ ɧɚɝɪɟɜɚ ΔT/Δt 

= 100 K/ɦɢɧ., ɜɪɟɦɹ ɜɵɞɟɪɠɤɢ Δt = 10 ɦɢɧ., ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɫɩɟɤɚɸɳɟɣ ɞɨɛɚɜɤɢ 

Al:B:C ɜ ɫɨɨɬɧɨɲɟɧɢɢ 4:2:2 %), ɨɛɟɫɩɟɱɢɜɚɸɳɢɟ ɩɨɥɭɱɟɧɢɟ SiC-ɤɟɪɚɦɢɤɢ ɫ 

ɜɵɫɨɤɢɦɢ ɮɢɡɢɤɨ-ɦɟɯɚɧɢɱɟɫɤɢɦɢ ɢ ɬɟɩɥɨɮɢɡɢɱɟɫɤɢɦɢ ɫɜɨɣɫɬɜɚɦɢ. 

Ɉɫɧɨɜɧɵɟ ɩɨɥɨɠɟɧɢɹ, ɜɵɧɨɫɢɦɵɟ ɧɚ ɡɚɳɢɬɭ 

1. ȼ ɝɢɩɟɪɫɤɨɪɨɫɬɧɨɣ ɫɬɪɭɟ ɷɥɟɤɬɪɨɪɚɡɪɹɞɧɨɣ ɩɥɚɡɦɵ, ɝɟɧɟɪɢɪɭɟɦɨɣ 

ɤɨɚɤɫɢɚɥɶɧɵɦ ɦɚɝɧɢɬɨɩɥɚɡɦɟɧɧɵɦ ɭɫɤɨɪɢɬɟɥɟɦ ɫ ɝɪɚɮɢɬɨɜɵɦɢ ɷɥɟɤɬɪɨɞɚɦɢ, ɩɪɢ 

ɡɚɤɥɚɞɤɟ ɜ ɤɚɧɚɥ ɮɨɪɦɢɪɨɜɚɧɢɹ ɩɥɚɡɦɟɧɧɨɣ ɫɬɪɭɤɬɭɪɵ ɩɨɪɨɲɤɨɨɛɪɚɡɧɨɣ ɫɦɟɫɢ 

ɤɪɟɦɧɢɹ ɢ ɭɝɥɟɪɨɞɚ ɨɫɭɳɟɫɬɜɥɹɟɬɫɹ ɩɪɹɦɨɣ ɩɥɚɡɦɨɞɢɧɚɦɢɱɟɫɤɢɣ ɫɢɧɬɟɡ 

ɭɥɶɬɪɚɞɢɫɩɟɪɫɧɨɝɨ ɤɭɛɢɱɟɫɤɨɝɨ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɫ ɦɨɧɨɤɪɢɫɬɚɥɥɢɱɟɫɤɢɦ 

ɫɬɪɨɟɧɢɟɦ ɱɚɫɬɢɰ ɢ ɫ ɦɚɤɫɢɦɚɥɶɧɵɦ ɜɵɯɨɞɨɦ ɩɪɢ ɫɨɨɬɧɨɲɟɧɢɢ Si:C – 3:1. 

2. ɂɫɩɨɥɶɡɨɜɚɧɢɟ ɜ ɤɚɱɟɫɬɜɟ ɫɩɨɫɨɛɚ ɢɧɢɰɢɢɪɨɜɚɧɢɹ ɞɭɝɨɜɨɝɨ ɪɚɡɪɹɞɚ ɜ 

ɭɫɤɨɪɢɬɟɥɶɧɨɦ ɤɚɧɚɥɟ ɝɪɚɮɢɬɢɡɚɰɢɢ ɩɨɜɟɪɯɧɨɫɬɢ ɢɡɨɥɹɬɨɪɚ ɩɪɢɜɨɞɢɬ ɤ 
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ɩɪɟɞɵɨɧɢɡɚɰɢɢ ɩɪɟɤɭɪɫɨɪɨɜ, ɛɨɥɟɟ ɩɨɥɧɨɦɭ ɩɪɨɬɟɤɚɧɢɸ ɩɥɚɡɦɨɯɢɦɢɱɟɫɤɨɣ 

ɪɟɚɤɰɢɢ ɢ ɜɨɡɪɚɫɬɚɧɢɸ ɫɨɞɟɪɠɚɧɢɹ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɜ ɫɢɧɬɟɡɢɪɭɟɦɨɦ ɩɪɨɞɭɤɬɟ 

ɞɨ ~99 % ɩɪɢ ɫɨɩɪɨɬɢɜɥɟɧɢɢ ɪɚɡɪɭɲɚɟɦɨɣ ɭɝɥɟɪɨɞɧɨɣ ɩɟɪɟɦɵɱɤɢ з8500 Ɉɦ. 

3. ɂɫɩɨɥɶɡɨɜɚɧɢɟ ɢɦɩɚɤɬɧɨɣ ɢ ɫɜɨɛɨɞɧɨɣ ɩɥɚɡɦɟɧɧɨɣ ɫɬɪɭɢ ɩɪɢ 

ɢɡɦɟɧɟɧɢɢ ɩɨɞɜɟɞɟɧɧɨɣ ɷɧɟɪɝɢɢ ɨɬ ~10,0 ɤȾɠ ɞɨ з30,0 ɤȾɠ ɩɨɡɜɨɥɹɟɬ 

ɪɟɝɭɥɢɪɨɜɚɬɶ ɮɚɡɨɜɵɣ ɢ ɝɪɚɧɭɥɨɦɟɬɪɢɱɟɫɤɢɣ ɫɨɫɬɚɜ ɩɪɨɞɭɤɬɚ 

ɩɥɚɡɦɨɞɢɧɚɦɢɱɟɫɤɨɝɨ ɫɢɧɬɟɡɚ: ɨɬ з60 ɞɨ з90 % SiC ɩɪɢ ɫɪɟɞɧɟɦ ɪɚɡɦɟɪɟ ɱɚɫɬɢɰ 

ɨɬ з70 ɧɦ ɞɨ з140 ɧɦ ɜ ɫɥɭɱɚɟ ɢɦɩɚɤɬɧɨɣ ɫɬɪɭɢ ɢ ɨɬ з65 ɞɨ з95 % SiC ɩɪɢ 

ɫɪɟɞɧɟɦ ɪɚɡɦɟɪɟ ɱɚɫɬɢɰ ɨɬ з70 ɧɦ ɞɨ з80 ɧɦ ɜ ɫɥɭɱɚɟ ɫɜɨɛɨɞɧɨɣ ɫɬɪɭɢ. 

4. ɂɡɦɟɧɟɧɢɟ ɩɚɪɚɦɟɬɪɨɜ ɫɨɫɬɨɹɧɢɹ ɜɧɟɲɧɟɣ ɝɚɡɨɨɛɪɚɡɧɨɣ ɫɪɟɞɵ 

(ɞɚɜɥɟɧɢɹ ɜ ɞɢɚɩɚɡɨɧɟ ɨɬ з0,1 ɚɬɦ ɞɨ з5,0 ɚɬɦ ɢ ɬɟɦɩɟɪɚɬɭɪɵ ɨɬ -25 ˚ɋ ɞɨ 75 ˚ɋ) 

ɩɪɢɜɨɞɢɬ ɤ ɢɡɦɟɧɟɧɢɸ ɮɚɡɨɜɨɝɨ ɫɨɫɬɚɜɚ, ɩɚɪɚɦɟɬɪɨɜ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɵ, 

ɦɨɪɮɨɥɨɝɢɢ ɢ ɪɚɡɦɟɪɨɜ ɱɚɫɬɢɰ ɩɨɪɨɲɤɚ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ, ɚ ɬɚɤɠɟ ɢɡɦɟɧɟɧɢɸ 

ɲɢɪɢɧɵ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ ɦɚɬɟɪɢɚɥɚ ɜ ɞɢɚɩɚɡɨɧɟ ɨɬ ~3,5 ɷȼ ɞɨ ~3,8 ɷȼ. 

5. ɉɪɢɦɟɧɟɧɢɟ ɦɟɬɨɞɚ ɢɫɤɪɨɜɨɝɨ ɩɥɚɡɦɟɧɧɨɝɨ ɫɩɟɤɚɧɢɹ ɞɥɹ 

ɤɨɦɩɚɤɬɢɪɨɜɚɧɢɹ ɫɢɧɬɟɡɢɪɨɜɚɧɧɨɝɨ ɩɪɨɞɭɤɬɚ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɫɩɟɤɚɸɳɢɯ 

ɞɨɛɚɜɨɤ Al:B:C ɨɛɟɫɩɟɱɢɜɚɟɬ ɩɨɥɭɱɟɧɢɟ ɜɵɫɨɤɨɩɥɨɬɧɨɣ (ρ = 98,5 %) 

ɫɭɛɦɢɤɪɨɧɧɨɣ SiC-ɤɟɪɚɦɢɤɢ, ɨɬɥɢɱɚɸɳɟɣɫɹ ɜɵɫɨɤɨɣ ɬɜɟɪɞɨɫɬɶɸ (H = 25,9 Ƚɉɚ) ɢ 

ɤɨɷɮɮɢɰɢɟɧɬɨɦ ɬɟɩɥɨɩɪɨɜɨɞɧɨɫɬɢ ɛɨɥɟɟ 70 ȼɬ/ɦ·Ʉ. 

Ɋɟɚɥɢɡɚɰɢɹ ɪɚɛɨɬɵ. Ɋɟɡɭɥɶɬɚɬɵ ɞɢɫɫɟɪɬɚɰɢɨɧɧɨɣ ɪɚɛɨɬɵ ɩɨɥɭɱɟɧɵ ɜ 

ɪɚɦɤɚɯ ɜɵɩɨɥɧɟɧɢɹ ɪɚɛɨɬ ɩɨ ɝɪɚɧɬɚɦ Ɋɨɫɫɢɣɫɤɨɝɨ ɧɚɭɱɧɨɝɨ ɮɨɧɞɚ № 15-19-00049 

(ɇɂɊ Ɍɉɍ № 2.1513.ɋ.2015), Ɏɨɧɞɚ ɫɨɞɟɣɫɬɜɢɹ ɪɚɡɜɢɬɢɸ ɦɚɥɵɯ ɮɨɪɦ 

ɩɪɟɞɩɪɢɹɬɢɣ ɜ ɧɚɭɱɧɨ-ɬɟɯɧɢɱɟɫɤɨɣ ɫɮɟɪɟ (ɩɪɨɟɤɬɵ № 16795 ɢ № 17216), 

Ɋɨɫɫɢɣɫɤɨɝɨ ɮɨɧɞɚ ɮɭɧɞɚɦɟɧɬɚɥɶɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ (ɩɪɨɟɤɬɵ № 09-08-01110 ɢ 

№ 11-08-00608). ɉɨɥɭɱɟɧ ɩɚɬɟɧɬ «ɋɩɨɫɨɛ ɫɢɧɬɟɡɚ ɧɚɧɨɤɪɢɫɬɚɥɥɢɱɟɫɤɨɝɨ ɤɚɪɛɢɞɚ 

ɤɪɟɦɧɢɹ» (2559510 ɊɎ. C30B 29/36. Ɂɚɹɜɥɟɧɨ 09.04.2014; Ɉɩɭɛɥ. 10.08.2015). 

Ʌɢɱɧɵɣ ɜɤɥɚɞ ɚɜɬɨɪɚ. Ⱥɜɬɨɪ ɩɪɢɧɢɦɚɥ ɚɤɬɢɜɧɨɟ ɭɱɚɫɬɢɟ ɧɚ ɜɫɟɯ ɷɬɚɩɚɯ 

ɜɵɩɨɥɧɟɧɢɹ ɧɚɭɱɧɨɣ ɪɚɛɨɬɵ: ɨɛɡɨɪ ɥɢɬɟɪɚɬɭɪɵ ɩɨ ɬɟɦɚɬɢɤɟ, ɩɨɫɬɚɧɨɜɤɚ ɡɚɞɚɱ 

ɢɫɫɥɟɞɨɜɚɧɢɣ ɢ ɢɯ ɩɪɨɜɟɞɟɧɢɟ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɪɚɡɥɢɱɧɵɯ ɚɧɚɥɢɬɢɱɟɫɤɢɯ 

ɦɟɬɨɞɢɤ, ɨɛɪɚɛɨɬɤɚ ɢ ɢɧɬɟɪɩɪɟɬɚɰɢɹ ɪɟɡɭɥɶɬɚɬɨɜ. 
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Ⱥɩɪɨɛɚɰɢɹ ɪɚɛɨɬɵ. Ɋɟɡɭɥɶɬɚɬɵ ɞɢɫɫɟɪɬɚɰɢɨɧɧɨɣ ɪɚɛɨɬɵ ɛɵɥɢ 

ɚɩɪɨɛɢɪɨɜɚɧɵ ɜ ɯɨɞɟ ɭɫɬɧɵɯ ɢ ɫɬɟɧɞɨɜɵɯ ɞɨɤɥɚɞɨɜ ɜ ɪɚɦɤɚɯ ɦɧɨɝɨɱɢɫɥɟɧɧɵɯ 

ɤɨɧɮɟɪɟɧɰɢɣ Ɇɟɠɞɭɧɚɪɨɞɧɨɝɨ, ȼɫɟɪɨɫɫɢɣɫɤɨɝɨ ɢ Ɋɟɝɢɨɧɚɥɶɧɨɝɨ ɭɪɨɜɧɟɣ: 

ȼɫɟɪɨɫɫɢɣɫɤɨɣ ɧɚɭɱɧɨɣ ɤɨɧɮɟɪɟɧɰɢɢ ɦɨɥɨɞɵɯ ɭɱɟɧɵɯ «ɇɚɭɤɚ. Ɍɟɯɧɨɥɨɝɢɢ. 

ɂɧɧɨɜɚɰɢɢ» (ɝ. ɇɨɜɨɫɢɛɢɪɫɤ, 2011 ɝ.), ɧɚɭɱɧɨ-ɬɟɯɧɢɱɟɫɤɢɯ ɤɨɧɮɟɪɟɧɰɢɹɯ 

ɦɨɥɨɞɟɠɢ ɈȺɈ «ɐɟɧɬɪɋɢɛɇɟɮɬɟɉɪɨɜɨɞ» (ɝ. Ɍɨɦɫɤ, 2011, 2012, 2013 ɝɝ.), ɧɚɭɱɧɨ-

ɬɟɯɧɢɱɟɫɤɢɯ ɤɨɧɮɟɪɟɧɰɢɹɯ ɦɨɥɨɞɟɠɢ ɈȺɈ «Ɍɪɚɧɫɧɟɮɬɶ» (ɝ. ɋɚɧɤɬ-ɉɟɬɟɪɛɭɪɝ, 

2012 ɝ.; ɝ. ɍɮɚ, 2014 ɝ.), Ɇɟɠɞɭɧɚɪɨɞɧɨɝɨ ɤɨɧɝɪɟɫɫɚ «Energy Fluxes and Radiation 

Effects» (ɝ. Ɍɨɦɫɤ, 2012, 2014, 2016 ɝɝ.), Ɇɟɠɞɭɧɚɪɨɞɧɨɣ ɤɨɧɮɟɪɟɧɰɢɢ «Plasma 

technologies of studying, modifying and obtaining of different materials» (ɝ. Ʉɚɡɚɧɶ, 

2012 ɝ.), Ɇɟɠɞɭɧɚɪɨɞɧɨɣ ɤɨɧɮɟɪɟɧɰɢɢ ɫɬɭɞɟɧɬɨɜ, ɚɫɩɢɪɚɧɬɨɜ ɢ ɦɨɥɨɞɵɯ ɭɱɟɧɵɯ 

«Ʌɨɦɨɧɨɫɨɜ – 2013» (ɝ. Ɇɨɫɤɜɚ, 2013 ɝ.), VI Ɇɟɠɞɭɧɚɪɨɞɧɨɣ ɤɨɧɮɟɪɟɧɰɢɢ 

«Ɏɢɡɢɱɟɫɤɨɟ ɦɚɬɟɪɢɚɥɨɜɟɞɟɧɢɟ» (ɝ. Ɍɨɥɶɹɬɬɢ, 2013 ɝ.), БI Ɇɟɠɞɭɧɚɪɨɞɧɨɣ IEEE 

ɋɢɛɢɪɫɤɨɣ ɤɨɧɮɟɪɟɧɰɢɢ ɩɨ ɭɩɪɚɜɥɟɧɢɸ ɢ ɫɜɹɡɢ SIBCON (ɝ. Ɉɦɫɤ, 2015 ɝ.) ɢ ɞɪ. 

Ⱦɨɫɬɨɜɟɪɧɨɫɬɶ ɪɟɡɭɥɶɬɚɬɨɜ ɞɢɫɫɟɪɬɚɰɢɨɧɧɨɣ ɪɚɛɨɬɵ ɩɨɞɬɜɟɪɠɞɚɟɬɫɹ 

ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɫɨɜɪɟɦɟɧɧɵɯ ɦɟɬɨɞɨɜ ɢɫɫɥɟɞɨɜɚɧɢɹ ɢ ɞɨɫɬɚɬɨɱɧɵɦ ɤɨɥɢɱɟɫɬɜɨɦ 

ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɞɚɧɧɵɯ. ɋɪɚɜɧɢɬɟɥɶɧɵɣ ɚɧɚɥɢɡ ɪɟɡɭɥɶɬɚɬɨɜ ɩɪɨɜɨɞɢɥɫɹ ɫ 

ɩɪɢɜɥɟɱɟɧɢɟɦ ɪɟɡɭɥɶɬɚɬɨɜ ɦɧɨɝɨɱɢɫɥɟɧɧɵɯ ɪɚɛɨɬ ɩɨ ɬɟɦɚɬɢɤɟ ɞɢɫɫɟɪɬɚɰɢɢ. 

ɉɨɥɭɱɟɧɢɟ, ɚɧɚɥɢɡ ɢ ɢɧɬɟɪɩɪɟɬɚɰɢɹ ɪɟɡɭɥɶɬɚɬɨɜ ɨɫɧɨɜɚɧɵ ɧɚ ɢɫɩɨɥɶɡɨɜɚɧɢɢ 

ɬɪɚɞɢɰɢɨɧɧɵɯ ɦɟɬɨɞɨɜ ɨɛɪɚɛɨɬɤɢ ɢ ɚɧɚɥɢɡɚ ɢɧɮɨɪɦɚɰɢɢ ɢ ɦɟɬɨɞɨɜ 

ɫɬɚɬɢɫɬɢɱɟɫɤɨɝɨ ɚɧɚɥɢɡɚ. 

ɉɭɛɥɢɤɚɰɢɢ. ɉɨ ɬɟɦɚɬɢɤɟ ɞɢɫɫɟɪɬɚɰɢɨɧɧɨɣ ɪɚɛɨɬɵ ɨɩɭɛɥɢɤɨɜɚɧɨ 30 

ɪɚɛɨɬ, ɜ ɬɨɦ ɱɢɫɥɟ 10 ɫɬɚɬɟɣ ɜ ɠɭɪɧɚɥɚɯ, ɪɟɤɨɦɟɧɞɨɜɚɧɧɵɯ ȼȺɄ, 6 ɩɭɛɥɢɤɚɰɢɣ ɜ 

ɡɚɪɭɛɟɠɧɵɯ ɠɭɪɧɚɥɚɯ, ɢɧɞɟɤɫɢɪɭɟɦɵɯ ɛɚɡɚɦɢ ɞɚɧɧɵɯ АОЛ ШП SМТОЧМО ɢ SМШЩЮЬ, ɢ 

1 ɩɚɬɟɧɬ ɧɚ ɢɡɨɛɪɟɬɟɧɢɟ. 
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1. ɄȺɊȻɂȾ ɄɊȿɆɇɂə: ɋɌɊɍɄɌɍɊȺ, ɋȼɈɃɋɌȼȺ, ɉɊɂɆȿɇȿɇɂȿ, 

ɋɂɇɌȿɁ 

 

 

 

1.1. ɋɬɪɨɟɧɢɟ ɢ ɫɬɪɭɤɬɭɪɚ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ 

 

Ʉɚɪɛɢɞ ɤɪɟɦɧɢɹ (SiC) ɹɜɥɹɟɬɫɹ ɟɞɢɧɫɬɜɟɧɧɵɦ ɫɬɚɛɢɥɶɧɵɦ ɫɨɟɞɢɧɟɧɢɟɦ ɜ 

ɫɢɫɬɟɦɟ Si-C. ɉɪɢ ɷɬɨɦ ɦɚɬɟɪɢɚɥɭ ɫɜɨɣɫɬɜɟɧɧɚ ɤɪɢɫɬɚɥɥɢɡɚɰɢɹ ɜ ɜɢɞɟ 

ɦɧɨɝɨɱɢɫɥɟɧɧɵɯ ɦɨɞɢɮɢɤɚɰɢɣ (ɩɨɥɢɬɢɩɨɜ). əɜɥɟɧɢɟ ɩɨɥɢɬɢɩɢɡɦɚ ɛɵɥɨ ɨɬɤɪɵɬɨ 

ɜ 1912 ɝ. Ȼɚɭɦɝɚɭɷɪɨɦ ɧɚ ɦɨɧɨɤɪɢɫɬɚɥɥɚɯ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ Д3Ж, ɪɚɧɟɟ ɩɨɥɢɬɢɩɢɡɦ 

SiC ɧɚɛɥɸɞɚɥɫɹ ɩɪɨɮɟɫɫɨɪɨɦ Ɏɪɟɣɡɟɪɨɦ ɧɚ ɤɪɢɫɬɚɥɥɚɯ Ⱥɱɟɫɨɧɚ Д4Ж. 

ɋɭɳɟɫɬɜɭɸɳɢɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɢ ɬɟɨɪɟɬɢɱɟɫɤɢɟ ɢɫɫɥɟɞɨɜɚɧɢɹ 

ɫɜɢɞɟɬɟɥɶɫɬɜɭɸɬ ɨ ɲɢɪɨɤɨɦ ɪɚɡɧɨɨɛɪɚɡɢɢ ɫɬɪɭɤɬɭɪ ɤɚɪɛɢɞɨɤɪɟɦɧɢɟɜɵɯ ɮɚɡ. 

ɋɨɨɛɳɚɟɬɫɹ ɨ ɜɨɡɦɨɠɧɨɫɬɢ ɫɭɳɟɫɬɜɨɜɚɧɢɹ ɨɤɨɥɨ 250 ɮɨɪɦ SiC [5]. ɋɪɟɞɢ 

ɩɨɥɢɬɢɩɧɵɯ ɦɨɞɢɮɢɤɚɰɢɣ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɨɛɵɱɧɨ ɜɵɞɟɥɹɸɬ ɞɜɚ ɬɢɩɚ: 1) α-ɮɚɡɭ 

(α-SiC), ɩɪɟɞɫɬɚɜɥɹɸɳɭɸ ɫɨɛɨɣ ɫɨɜɨɤɭɩɧɨɫɬɶ ɪɚɡɥɢɱɧɵɯ ɦɨɞɢɮɢɤɚɰɢɣ ɫ 

ɝɟɤɫɚɝɨɧɚɥɶɧɨɣ (2H-SiC, 4H-SiC, 6H-SiC ɢ ɞɪ.) ɢ ɪɨɦɛɨɷɞɪɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɨɣ 

(15R-SiC, 21R-SiC ɢ ɞɪ.); 2) ȕ-ɮɚɡɭ (ȕ-SiC), ɢɦɟɸɳɭɸ ɤɭɛɢɱɟɫɤɭɸ ɫɬɪɭɤɬɭɪɭ (ɢɥɢ 

Ɂɋ-SiC) [6]. ɋɪɟɞɢ ɝɥɚɜɧɵɯ ɪɚɡɥɢɱɢɣ ɦɟɠɞɭ ɪɚɡɧɨɨɛɪɚɡɧɵɦɢ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɦɢ 

ɦɨɞɢɮɢɤɚɰɢɹɦɢ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɜɵɞɟɥɹɸɬ ɩɨɪɹɞɨɤ ɱɟɪɟɞɨɜɚɧɢɹ ɫɥɨɟɜ ɢ ɩɟɪɢɨɞ 

ɢɯ ɩɨɜɬɨɪɹɟɦɨɫɬɢ ɜ ɧɚɩɪɚɜɥɟɧɢɢ ɤɪɢɫɬɚɥɥɨɝɪɚɮɢɱɟɫɤɨɣ ɨɫɢ Z, ɬɢɩ ɷɥɟɦɟɧɬɚɪɧɨɣ 

ɹɱɟɣɤɢ ɤɪɢɫɬɚɥɥɚ, ɚ ɬɚɤɠɟ ɫɬɟɩɟɧɶ ɝɟɤɫɚɝɨɧɚɥɶɧɨɫɬɢ. 

ɋɬɪɭɤɬɭɪɧɚɹ ɟɞɢɧɢɰɚ ɜɫɟɯ ɩɨɥɢɬɢɩɨɜ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ – ɩɥɨɬɧɚɹ ɭɩɚɤɨɜɤɚ 

Si-C ɬɟɬɪɚɷɞɪɨɜ, ɜ ɤɨɬɨɪɵɯ ɚɬɨɦ ɭɝɥɟɪɨɞɚ ɨɤɪɭɠɟɧ ɱɟɬɵɪɶɦɹ ɚɬɨɦɚɦɢ ɤɪɟɦɧɢɹ, ɢ 

ɨɛɪɚɬɧɨ, ɤɚɠɞɵɣ ɚɬɨɦ ɤɪɟɦɧɢɹ ɨɤɪɭɠɟɧ ɱɟɬɵɪɶɦɹ ɚɬɨɦɚɦɢ ɭɝɥɟɪɨɞɚ (ɪɢɫɭɧɨɤ 

1.1.1,ɚ) Д7Ж. Ɉɬɥɢɱɢɟ ɜ ɫɬɪɨɟɧɢɢ ɪɚɡɧɵɯ ɩɨɥɢɬɢɩɨɜ ɫɨɫɬɨɢɬ ɜ ɫɩɨɫɨɛɟ ɪɚɡɦɟɳɟɧɢɹ 

ɷɥɟɦɟɧɬɚɪɧɵɯ Si-C ɬɟɬɪɚɷɞɪɨɜ (ɪɢɫɭɧɨɤ 1.1.1,ɝ). ȼɨɡɦɨɠɧɵ ɞɜɚ ɜɚɪɢɚɧɬɚ ɢɯ 

ɭɤɥɚɞɤɢ: 1) ɜ ɫɥɭɱɚɟ ɤɭɛɢɱɟɫɤɨɣ ɦɨɞɢɮɢɤɚɰɢɢ ɩɪɨɟɤɰɢɢ ɚɬɨɦɨɜ ɤɪɟɦɧɢɹ 

ɧɚɯɨɞɹɬɫɹ ɜ ɬɪɟɯ ɪɚɡɧɵɯ ɩɨɥɨɠɟɧɢɹɯ A (ɤɪɭɝɢ), B (ɤɜɚɞɪɚɬɵ) ɢ C (ɬɪɟɭɝɨɥɶɧɢɤɢ) ɜ 
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ɬɪɟɯ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɵɯ ɫɥɨɹɯ (ɪɢɫɭɧɨɤ 1.1.1,ɛ); 2) ɜ ɫɥɭɱɚɟ ɝɟɤɫɚɝɨɧɚɥɶɧɨɣ 

ɦɨɞɢɮɢɤɚɰɢɢ ɩɪɨɟɤɰɢɹ ɚɬɨɦɨɜ ɤɪɟɦɧɢɹ ɜ ɩɟɪɜɨɦ ɫɥɨɟ ɬɨɠɞɟɫɬɜɟɧɧɚ ɩɨɡɢɰɢɢ 

ɚɬɨɦɨɜ ɤɪɟɦɧɢɹ ɜ ɬɪɟɬɶɟɦ ɫɥɨɟ (ɪɢɫɭɧɨɤ 1.1.1,ɜ). ɗɥɟɦɟɧɬɚɪɧɵɟ ɹɱɟɣɤɢ ɨɫɧɨɜɧɵɯ 

ɦɨɞɢɮɢɤɚɰɢɣ ɩɨɤɚɡɚɧɵ ɧɚ ɪɢɫɭɧɤɟ 1.1.1,ɝ [8]. 

 

Ɋɢɫɭɧɨɤ 1.1.1 – Ɉɫɨɛɟɧɧɨɫɬɢ ɫɬɪɨɟɧɢɹ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ: ɷɥɟɦɟɧɬɚɪɧɵɣ SiC-

ɬɟɬɪɚɷɞɪ (ɚ), ɩɪɨɟɤɰɢɢ ɚɬɨɦɨɜ ɤɪɟɦɧɢɹ ɜ ɫɥɭɱɚɟ ɤɭɛɢɱɟɫɤɨɣ (ɛ) ɢ 

ɝɟɤɫɚɝɨɧɚɥɶɧɨɣ (ɜ) ɦɨɞɢɮɢɤɚɰɢɣ, ɷɥɟɦɟɧɬɚɪɧɵɟ ɹɱɟɣɤɢ ɨɫɧɨɜɧɵɯ ɩɨɥɢɬɢɩɨɜ (ɝ)  

Ɉɫɧɨɜɧɵɟ ɢɫɫɥɟɞɨɜɚɧɢɹ ɜ ɨɛɥɚɫɬɢ ɹɜɥɟɧɢɹ ɩɨɥɢɬɢɩɢɡɦɚ ɨɬɦɟɱɚɸɬ 

ɧɟɜɨɡɦɨɠɧɨɫɬɶ ɩɪɟɞɫɤɚɡɚɧɢɹ ɮɨɪɦɢɪɨɜɚɧɢɹ ɜ ɷɤɫɩɟɪɢɦɟɧɬɟ ɬɨɝɨ ɢɥɢ ɢɧɨɝɨ 

ɩɨɥɢɬɢɩɚ, ɩɨɫɤɨɥɶɤɭ ɧɟ ɨɩɪɟɞɟɥɟɧɵ ɬɨɱɧɵɟ ɝɪɚɧɢɰɵ ɨɛɥɚɫɬɟɣ ɭɫɬɨɣɱɢɜɨɫɬɢ ɢ 

ɭɫɥɨɜɢɹ ɨɛɪɚɡɨɜɚɧɢɹ ɤɚɠɞɨɝɨ ɩɨɥɢɬɢɩɚ Д9, 10Ж. Ɉɞɧɚɤɨ ɞɥɹ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ 

ɜɨɡɦɨɠɧɨ ɜɵɞɟɥɢɬɶ ɧɟɤɨɬɨɪɵɟ ɩɨɬɟɧɰɢɚɥɶɧɵɟ ɭɫɥɨɜɢɹ ɩɨɥɭɱɟɧɢɹ ɪɚɡɥɢɱɧɵɯ 

ɩɨɥɢɬɢɩɨɜ: ɬɟɦɩɟɪɚɬɭɪɚ, ɞɚɜɥɟɧɢɟ, ɫɨɫɬɚɜ ɝɚɡɨɜɨɣ ɫɪɟɞɵ, ɧɚɥɢɱɢɟ ɩɪɢɦɟɫɟɣ (ɢɥɢ 

ɞɪɭɝɢɟ ɧɚɪɭɲɟɧɢɹ ɪɨɫɬɚ ɤɪɢɫɬɚɥɥɨɜ) Д11Ж. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɫɢɧɬɟɡ ɪɚɡɥɢɱɧɵɯ 

ɩɨɥɢɬɢɩɧɵɯ ɦɨɞɢɮɢɤɚɰɢɣ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɨɩɪɟɞɟɥɹɟɬɫɹ ɭɫɥɨɜɢɹɦɢ ɢ 

ɬɟɯɧɨɥɨɝɢɟɣ ɫɢɧɬɟɡɚ. ȼ ɪɚɛɨɬɟ Д12Ж ɭɫɬɚɧɨɜɥɟɧɨ ɜɥɢɹɧɢɟ ɫɨɞɟɪɠɚɧɢɹ ɚɥɸɦɢɧɢɹ 

ɧɚ ɩɨɥɢɬɢɩɧɭɸ ɦɨɞɢɮɢɤɚɰɢɸ ɮɨɪɦɢɪɭɸɳɢɯɫɹ ɤɪɢɫɬɚɥɥɨɜ SiC: ɪɨɫɬ ɫɨɞɟɪɠɚɧɢɹ 

ɚɥɸɦɢɧɢɹ ɩɪɢɜɨɞɢɬ ɤ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɦɭ ɨɛɪɚɡɨɜɚɧɢɸ ɮɚɡ 6H→15R→4H. 

ɍɜɟɥɢɱɟɧɢɟ ɫɨɞɟɪɠɚɧɢɹ ɛɨɪɚ ɬɚɤɠɟ ɩɪɢɜɨɞɢɬ ɤ ɩɨɹɜɥɟɧɢɸ ɞɪɭɝɨɣ ɦɨɞɢɮɢɤɚɰɢɢ 

ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ 6H→4H→15R, ɚ ɭɜɟɥɢɱɟɧɢɟ ɞɚɜɥɟɧɢɹ ɚɡɨɬɚ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 

2270-3000 K ɫɬɢɦɭɥɢɪɭɟɬ ɩɟɪɟɯɨɞ ɤ ɤɭɛɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɟ SiC Д13Ж. ȼɟɪɨɹɬɧɨɫɬɶ 

ɜɨɡɧɢɤɧɨɜɟɧɢɹ ɪɚɡɥɢɱɧɵɯ ɩɨɥɢɬɢɩɨɜ SiC ɜ ɲɢɪɨɤɨɦ ɞɢɚɩɚɡɨɧɟ ɬɟɦɩɟɪɚɬɭɪ ɩɪɢ 
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ɛɟɡɡɚɬɪɚɜɨɱɧɨɦ ɫɭɛɥɢɦɚɰɢɨɧɧɨɦ ɪɨɫɬɟ (ɦɟɬɨɞɟ Ʌɟɥɢ) ɩɨɤɚɡɚɧɚ ɧɚ ɪɢɫɭɧɤɟ 

1.1.2 [14]. ȼ ɪɚɛɨɬɟ Д15Ж ɨɩɪɟɞɟɥɟɧɚ ɡɚɜɢɫɢɦɨɫɬɶ ɫɬɪɭɤɬɭɪɵ ɪɚɫɬɭɳɟɝɨ ɩɨɥɢɬɢɩɚ ɜ 

ɭɫɥɨɜɢɹɯ ɩɪɹɦɨɝɨ ɨɫɚɠɞɟɧɢɹ ɢɨɧɨɜ ɭɝɥɟɪɨɞɚ ɢ ɤɪɟɦɧɢɹ ɫ ɷɧɟɪɝɢɟɣ 120 ɷȼ ɧɚ 

ɩɨɞɥɨɠɤɚɯ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ ɩɨɞɥɨɠɤɢ ɜ ɞɢɚɩɚɡɨɧɟ ɨɬ 900 ɞɨ 1510 ˚ɋ. ȼ ɪɚɛɨɬɟ Д16Ж 

ɭɫɬɚɧɨɜɥɟɧɚ ɡɚɜɢɫɢɦɨɫɬɶ ɫɬɪɭɤɬɭɪɵ ɩɨɥɢɬɢɩɚ ɨɬ ɪɚɡɦɟɪɚ ɤɥɚɫɬɟɪɨɜ: 

ɩɪɟɞɩɨɥɨɠɟɧɨ, ɱɬɨ ɤɥɚɫɬɟɪɵ SiC ɧɚɧɨɦɟɬɪɨɜɨɝɨ ɪɚɡɦɟɪɚ ɩɪɟɢɦɭɳɟɫɬɜɟɧɧɨ 

ɮɨɪɦɢɪɭɸɬɫɹ ɜ ɤɭɛɢɱɟɫɤɨɣ ɦɨɞɢɮɢɤɚɰɢɢ. 

 

Ɋɢɫɭɧɨɤ 1.1.2 – ȼɟɪɨɹɬɧɨɫɬɶ ɜɨɡɧɢɤɧɨɜɟɧɢɹ ɪɚɡɥɢɱɧɵɯ ɩɨɥɢɬɢɩɨɜ SiC ɜ ɲɢɪɨɤɨɦ 

ɞɢɚɩɚɡɨɧɟ ɬɟɦɩɟɪɚɬɭɪ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɦɟɬɨɞɚ Ʌɟɥɢ: I – ɨɛɥɚɫɬɶ ɪɚɜɧɨɜɟɫɧɵɯ 

ɭɫɥɨɜɢɣ; II – ɨɛɥɚɫɬɶ ɧɟɪɚɜɧɨɜɟɫɧɵɯ ɭɫɥɨɜɢɣ 

ɉɨɥɢɬɢɩɵ SiC ɩɨ ɩɪɢɱɢɧɟ ɪɚɡɧɨɝɨ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɝɨ ɫɬɪɨɟɧɢɹ ɨɬɥɢɱɚɸɬɫɹ  

ɫɜɨɣɫɬɜɚɦɢ, ɜ ɬɨɦ ɱɢɫɥɟ ɷɥɟɤɬɪɨɮɢɡɢɱɟɫɤɢɦɢ, ɨɩɬɢɱɟɫɤɢɦɢ ɢ ɯɢɦɢɱɟɫɤɢɦɢ, ɱɬɨ 

ɦɨɠɧɨ ɭɜɢɞɟɬɶ ɢɡ ɬɚɛɥɢɰɵ 1.1.1, ɝɞɟ ɫɨɞɟɪɠɚɬɫɹ ɮɢɡɢɱɟɫɤɢɟ ɩɚɪɚɦɟɬɪɵ ɧɚɢɛɨɥɟɟ 

ɪɚɫɩɪɨɫɬɪɚɧɟɧɧɵɯ ɦɨɞɢɮɢɤɚɰɢɣ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ Д8Ж. ɂɡɜɟɫɬɧɨ, ɱɬɨ ɤɭɛɢɱɟɫɤɚɹ 

ɦɨɞɢɮɢɤɚɰɢɹ 3C-SiC ɛɨɥɟɟ ɫɬɚɛɢɥɶɧɚ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɝɟɤɫɚɝɨɧɚɥɶɧɵɦɢ 

ɫɬɪɭɤɬɭɪɚɦɢ (ɜɩɥɨɬɶ ɞɨ ɬɟɦɩɟɪɚɬɭɪɵ ɩɟɪɢɬɟɤɬɢɱɟɫɤɨɝɨ ɪɚɡɥɨɠɟɧɢɹ з2100 ˚ɋ), 

ɩɨɥɢɬɢɩ 2H ɧɚɢɦɟɧɟɟ ɫɬɚɛɢɥɟɧ [17]. ɇɚɥɢɱɢɟ ɭ ɩɨɥɢɬɢɩɢɱɟɫɤɢɯ ɦɨɞɢɮɢɤɚɰɢɣ 

ɨɬɥɢɱɚɸɳɢɯɫɹ ɷɥɟɤɬɪɨɮɢɡɢɱɟɫɤɢɯ ɫɜɨɣɫɬɜ ɨɛɭɫɥɚɜɥɢɜɚɟɬ ɜɨɡɦɨɠɧɨɫɬɶ 

ɪɟɚɥɢɡɚɰɢɢ ɧɚ ɨɫɧɨɜɟ SiC ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ. ɒɢɪɢɧɚ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ 3C-SiC 

ɩɨɞɯɨɞɢɬ ɞɥɹ ɫɨɡɞɚɧɢɹ ɫɢɥɨɜɵɯ ɭɫɬɪɨɣɫɬɜ ɫɪɟɞɧɟɣ ɦɨɳɧɨɫɬɢ, ɞɪɭɝɢɦ 

ɡɧɚɱɢɬɟɥɶɧɵɦ ɩɪɟɢɦɭɳɟɫɬɜɨɦ ɤɭɛɢɱɟɫɤɨɣ ɮɚɡɵ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɝɟɤɫɚɝɨɧɚɥɶɧɵɦ 
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ɩɨɥɢɬɢɩɨɦ ɹɜɥɹɟɬɫɹ ɢɡɨɬɪɨɩɢɹ ɫɜɨɣɫɬɜ Д18Ж. Ɉɞɧɚɤɨ ɜ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɧɚɢɛɨɥɟɟ 

ɪɚɡɪɚɛɨɬɚɧɧɵɦɢ ɹɜɥɹɸɬɫɹ ɬɟɯɧɨɥɨɝɢɢ, ɫɜɹɡɚɧɧɵɟ ɫ ɩɨɥɭɱɟɧɢɟɦ ɢ ɩɪɢɦɟɧɟɧɢɟɦ 

ɞɜɭɯ ɲɟɫɬɢɭɝɨɥɶɧɵɯ ɫɬɪɭɤɬɭɪ, 6H- ɢ 4H-SiC, ɜ ɬɨ ɜɪɟɦɹ ɤɚɤ ɩɪɢɦɟɧɟɧɢɟ 

ɤɭɛɢɱɟɫɤɨɝɨ ɩɨɥɢɬɢɩɚ ɧɟɫɤɨɥɶɤɨ ɨɬɫɬɚɟɬ ɜ ɬɟɯɧɨɥɨɝɢɱɟɫɤɢɯ ɪɚɡɪɚɛɨɬɤɚɯ Д18, 19Ж. 

Ɍɚɛɥɢɰɚ 1.1.1 – ɉɚɪɚɦɟɬɪɵ ɩɨɥɢɬɢɩɨɜ SiC 

ɉɚɪɚɦɟɬɪ ɩɨɥɢɬɢɩɚ 3C-SiC 2H-SiC 4H-SiC 6H-SiC 

ɋɬɪɭɤɬɭɪɧɚɹ ɝɪɭɩɩɚ F43m P63mc P63mc P63mc 

Ƚɟɤɫɚɝɨɧɚɥɶɧɨɫɬɶ, % 0 100 50 33 

ɑɟɪɟɞɨɜɚɧɢɟ ɫɥɨɟɜ (ɪɢɫɭɧɨɤ 1.1.1) ABC AB ABCB ABCACB 

ɉɟɪɢɨɞ ɪɟɲɟɬɤɢ, ɧɦ 

a 
0,43589 – 

0,43596 

0,30753 – 

0,30810 

0,3070 – 

0,3081 

0,3073 – 

0,3081 

c – 
0,5031 – 

0,5048 

1,0053 – 

1,0080 

1,51092 – 

1,51200 

Ɍɚɛɥɢɱɧɵɟ ɡɧɚɱɟɧɢɹ, ɧɦ 
a 0,4359 0,3079 0,3073 0,3080 

c – 0,5053 1,053 1,5117 

ɉɥɨɬɧɨɫɬɶ, ɝ/ɫɦ3
 3,215 3,219 3,215 3,212 

ɒɢɪɢɧɚ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ, ɷȼ 2,39 3,33 3,26 3,02 

ɉɨɞɜɢɠɧɨɫɬɶ ɷɥɟɤɬɪɨɧɨɜ ɩɪɢ 300 Ʉ, 

ɫɦ2·ȼ-1·ɋ-1
 

≤1000 – ≤850 ≤450 

ɉɨɞɜɢɠɧɨɫɬɶ ɞɵɪɨɤ ɩɪɢ 300 Ʉ, 

ɫɦ2·ȼ-1·ɋ-1
 

≤40 – ≤120 ≤100 

ɂɫɯɨɞɹ ɢɡ ɢɡɭɱɟɧɧɵɯ ɨɫɨɛɟɧɧɨɫɬɟɣ ɫɬɪɨɟɧɢɹ, SiC ɨɛɥɚɞɚɟɬ ɫɥɨɢɫɬɨɣ 

ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɨɣ Д20Ж, ɤɨɬɨɪɚɹ ɜɤɥɸɱɚɟɬ ɜ ɫɟɛɹ ɫɥɨɢ ɬɪɟɯ ɜɢɞɨɜ, 

ɨɬɥɢɱɚɸɳɢɟɫɹ ɩɨɪɹɞɤɨɦ ɱɟɪɟɞɨɜɚɧɢɹ ɚɬɨɦɨɜ ɜ ɩɪɟɞɟɥɚɯ ɫɥɨɹ. ȼ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ 

ɩɨɥɢɬɢɩɚ ɦɨɠɟɬ ɬɚɤɠɟ ɢɡɦɟɧɹɬɶɫɹ ɩɟɪɢɨɞ ɬɪɚɧɫɥɹɰɢɢ ɫɥɨɟɜ (ɨɬ ɞɟɫɹɬɤɨɜ 

ɚɧɝɫɬɪɟɦ ɞɨ ɞɟɫɹɬɤɚ ɧɚɧɨɦɟɬɪɨɜ). ɉɨɪɹɞɨɤ ɱɟɪɟɞɨɜɚɧɢɹ ɫɥɨɟɜ ɜ ɷɥɟɦɟɧɬɚɪɧɨɣ 

ɹɱɟɣɤɟ ɢ ɩɟɪɢɨɞ ɬɪɚɧɫɥɹɰɢɢ ɨɩɪɟɞɟɥɹɸɬ ɦɚɤɪɨɫɤɨɩɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ ɬɚɤɢɯ 

ɫɥɨɢɫɬɵɯ ɫɬɪɭɤɬɭɪ Д3Ж. ȼ ɫɢɥɭ ɷɬɨɝɨ ɜɚɠɧɨɣ ɡɚɞɚɱɟɣ ɹɜɥɹɟɬɫɹ ɩɨɥɭɱɟɧɢɟ 

ɦɚɬɟɪɢɚɥɚ ɫ ɡɚɞɚɧɧɵɦɢ ɪɚɫɩɨɥɨɠɟɧɢɟɦ ɫɥɨɟɜ ɢ ɩɟɪɢɨɞɨɦ ɬɪɚɧɫɥɹɰɢɢ, ɚ ɡɧɚɱɢɬ ɢ 

ɨɩɪɟɞɟɥɟɧɧɵɦɢ ɩɨɥɟɡɧɵɦɢ ɫɜɨɣɫɬɜɚɦɢ, ɱɬɨ ɨɩɪɟɞɟɥɹɟɬ ɚɤɬɭɚɥɶɧɨɫɬɶ ɩɪɨɛɥɟɦɵ 

ɫɢɧɬɟɡɚ ɧɚɧɨɪɚɡɦɟɪɧɵɯ ɨɛɴɟɤɬɨɜ ɢ ɧɚɧɨɫɬɪɭɤɬɭɪɢɪɨɜɚɧɧɵɯ ɦɚɬɟɪɢɚɥɨɜ, ɜ ɬɨɦ 

ɱɢɫɥɟ ɢ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ. 

 

1.2. ɋɜɨɣɫɬɜɚ ɢ ɩɪɢɦɟɧɟɧɢɟ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ 

 

ɋ ɦɨɦɟɧɬɚ ɩɟɪɜɨɝɨ ɭɫɩɟɲɧɨɝɨ ɫɢɧɬɟɡɚ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɧɚɢɛɨɥɟɟ ɲɢɪɨɤɨ ɢ 

ɚɤɬɢɜɧɨ ɢɫɩɨɥɶɡɭɸɬɫɹ ɟɝɨ ɦɟɯɚɧɢɱɟɫɤɢɟ ɢ ɬɟɩɥɨɜɵɟ ɫɜɨɣɫɬɜɚ. ɇɚɥɢɱɢɟ 
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ɜɵɞɚɸɳɢɯɫɹ ɫɜɨɣɫɬɜ ɭ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɨɩɪɟɞɟɥɹɟɬɫɹ ɜɨ ɦɧɨɝɨɦ ɭɫɬɪɨɣɫɬɜɨɦ 

ɦɨɥɟɤɭɥɵ. ɋɨɟɞɢɧɟɧɢɸ SiC ɫɜɨɣɫɬɜɟɧɧɵ ɤɨɜɚɥɟɧɬɧɚɹ ɯɢɦɢɱɟɫɤɚɹ ɫɜɹɡɶ ɢ sp
3
 

(ɬɟɬɪɚɷɞɪɢɱɟɫɤɚɹ) ɝɢɛɪɢɞɢɡɚɰɢɹ ɦɨɥɟɤɭɥɵ. Ɍɚɤɚɹ ɫɜɹɡɶ ɯɚɪɚɤɬɟɪɢɡɭɟɬɫɹ ɜɵɫɨɤɨɣ 

ɩɪɨɱɧɨɫɬɶɸ ɢ ɷɧɟɪɝɟɬɢɱɟɫɤɨɣ ɭɫɬɨɣɱɢɜɨɫɬɶɸ ɢ ɫɛɥɢɠɚɟɬ ɮɢɡɢɤɨ-ɦɟɯɚɧɢɱɟɫɤɢɟ 

ɫɜɨɣɫɬɜɚ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɢ ɚɥɦɚɡɚ, ɢɦɟɸɳɟɝɨ ɚɧɚɥɨɝɢɱɧɭɸ ɯɢɦɢɱɟɫɤɭɸ ɫɜɹɡɶ. 

ɉɪɢ ɷɬɨɦ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɜ ɫɪɚɜɧɟɧɢɢ ɫ ɚɥɦɚɡɨɦ ɨɛɥɚɞɚɟɬ ɛɨɥɟɟ ɜɵɫɨɤɨɣ 

ɬɟɦɩɟɪɚɬɭɪɧɨɣ ɫɬɚɛɢɥɶɧɨɫɬɶɸ. Ɉɫɧɨɜɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ 

ɩɪɢɜɟɞɟɧɵ ɜ ɬɚɛɥɢɰɟ 1.2.1. 

Ɍɚɛɥɢɰɚ 1.2.1 – ɋɜɨɣɫɬɜɚ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɩɪɢ 300 Ʉ 

ȼɟɥɢɱɢɧɚ 
ȿɞɢɧɢɰɚ 

ɢɡɦɟɪɟɧɢɹ 

ɉɨɥɢɬɢɩ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ 

3C-SiC 4H-SiC 6H-SiC 

ɉɥɨɬɧɨɫɬɶ ɝ/ɫɦ3
 3,210 [21] 3,211 [21] 3,210 [22] 

Ɍɜɟɪɞɨɫɬɶ 
ɲɤ. Ɇɨɨɫɚ, ɟɞ. 9,2-9,3 [23] 

Ƚɉɚ 21-37 [16] 

ɉɨɜɟɪɯɧɨɫɬɧɚɹ ɦɢɤɪɨɬɜɟɪɞɨɫɬɶ ɤɝ/ɦɦ2
 2900-3100 [24, 25] 

Ɇɨɞɭɥɶ ɨɛɴɟɦɧɨɝɨ ɫɠɚɬɢɹ 10
12

 ɞɢɧ/ɫɦ2
 2,5 [23] 2,2 [23] 2,2 [23] 

Ɍɟɦɩɟɪɚɬɭɪɚ Ⱦɟɛɚɹ Ʉ 1200 [23] 1300 [23] 1200 [23] 

Ɍɟɦɩɟɪɚɬɭɪɚ ɩɥɚɜɥɟɧɢɹ Ʉ 3103±40 [27] 

ɍɞɟɥɶɧɚɹ ɬɟɩɥɨɟɦɤɨɫɬɶ Ⱦɠ/ɝ·ɨɋ 0,69 [23] 

Ɍɟɩɥɨɩɪɨɜɨɞɧɨɫɬɶ ȼɬ/ɫɦ·ɨɋ 3,6 [23] 3,7 [23] 4,9 [23] 

Ɍɟɦɩɟɪɚɬɭɪɨɩɪɨɜɨɞɧɨɫɬɶ ɫɦ2/ɫ 1,6 [23] 1,7 [23] 2,2 [23] 

Ʌɢɧɟɣɧɨɟ ɬɟɩɥɨɜɨɟ ɪɚɫɲɢɪɟɧɢɟ 10
-6

 1/
ɨɋ 3,8 [25] - 4,3 [25] 

Ɉɞɧɢɦ ɢɡ ɜɚɠɧɟɣɲɢɯ ɩɪɢɤɥɚɞɧɵɯ ɫɜɨɣɫɬɜ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɹɜɥɹɟɬɫɹ 

ɜɵɫɨɤɚɹ ɬɜɟɪɞɨɫɬɶ: ɩɨ ɷɬɨɦɭ ɩɨɤɚɡɚɬɟɥɸ SiC ɭɫɬɭɩɚɟɬ ɬɨɥɶɤɨ ɚɥɦɚɡɭ, 

ɤɭɛɢɱɟɫɤɨɦɭ ɧɢɬɪɢɞɭ ɛɨɪɚ ɢ ɤɚɪɛɢɞɭ ɛɨɪɚ. Ɍɜɟɪɞɨɫɬɶ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɩɪɢ 

ɡɚɦɟɪɟ ɧɚ ɪɚɡɧɵɯ ɩɥɨɫɤɨɫɬɹɯ ɫɨɫɬɚɜɥɹɟɬ 21-37 Ƚɉɚ ɢ ɦɚɥɨ ɡɚɜɢɫɢɬ ɨɬ ɧɚɥɢɱɢɹ 

ɩɪɢɦɟɫɟɣ ɢ ɬɢɩɚ ɫɬɪɭɤɬɭɪɵ Д28Ж. Ȼɥɚɝɨɞɚɪɹ ɜɵɫɨɤɨɣ ɬɜɟɪɞɨɫɬɢ, ɤɚɪɛɨɪɭɧɞ 

(ɧɚɡɜɚɧɢɟ, ɞɚɧɧɨɟ Ⱥɱɟɫɨɧɨɦ; ɜ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɬɚɤ ɧɚɡɵɜɚɟɬɫɹ ɬɟɯɧɢɱɟɫɤɢɣ SiC) 

ɫ ɦɨɦɟɧɬɚ ɟɝɨ ɩɨɥɭɱɟɧɢɹ ɲɢɪɨɤɨ ɩɪɢɦɟɧɹɟɬɫɹ ɜ ɤɚɱɟɫɬɜɟ ɚɛɪɚɡɢɜɧɨɝɨ ɦɚɬɟɪɢɚɥɚ, 

ɢɫɩɨɥɶɡɭɟɦɨɝɨ ɞɥɹ ɨɛɪɚɛɨɬɤɢ ɤɟɪɚɦɢɤɢ, ɦɟɬɚɥɥɨɜ ɛɟɡ ɜɤɥɸɱɟɧɢɣ ɠɟɥɟɡɚ, 

ɰɟɦɟɧɬɢɪɨɜɚɧɧɵɯ ɤɚɪɛɢɞɨɜ, ɱɭɝɭɧɚ. Ɉɬɧɨɫɢɬɟɥɶɧɚɹ ɯɪɭɩɤɨɫɬɶ SiC ɧɟ ɩɨɡɜɨɥɹɟɬ 

ɢɫɩɨɥɶɡɨɜɚɬɶ ɟɝɨ ɩɪɢ ɲɥɢɮɨɜɤɟ ɫɬɚɥɢ. Ʉɚɪɛɢɞ ɤɪɟɦɧɢɹ ɹɜɥɹɟɬɫɹ ɨɞɧɢɦ ɢɡ ɫɚɦɵɯ 



15 

ɢɫɩɨɥɶɡɭɟɦɵɯ ɛɪɨɧɟɫɬɨɣɤɢɯ ɦɚɬɟɪɢɚɥɨɜ, ɧɚɪɚɜɧɟ ɫ ɤɨɪɭɧɞɨɦ. 

Ʉɚɪɛɢɞɨɤɪɟɦɧɢɟɜɚɹ ɤɟɪɚɦɢɤɚ ɨɛɥɚɞɚɟɬ ɡɚɦɟɱɚɬɟɥɶɧɵɦɢ ɬɟɩɥɨɜɵɦɢ ɫɜɨɣɫɬɜɚɦɢ 

Д29, 30Ж, ɱɬɨ ɩɨɡɜɨɥɹɟɬ ɢɫɩɨɥɶɡɨɜɚɬɶ SiC ɩɪɢ ɩɪɨɢɡɜɨɞɫɬɜɟ ɨɝɧɟɭɩɨɪɨɜ Д31, 32Ж, 

ɬɟɩɥɨɜɵɯ ɞɜɢɝɚɬɟɥɟɣ ɢ ɬɟɩɥɨɨɛɦɟɧɧɢɤɨɜ Д33Ж. 

SiC ɤɟɪɚɦɢɤɚ, ɨɛɥɚɞɚɸɳɚɹ ɜɵɫɨɤɨɣ ɫɬɨɣɤɨɫɬɶɸ ɤ ɦɟɯɚɧɢɱɟɫɤɨɦɭ ɢɡɧɨɫɭ ɢ 

ɚɝɪɟɫɫɢɜɧɵɦ ɫɪɟɞɚɦ, ɩɨɥɭɱɢɥɚ ɲɢɪɨɤɨɟ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɟ ɜ ɪɚɡɧɨɨɛɪɚɡɧɵɯ 

ɨɬɪɚɫɥɹɯ ɩɪɨɦɵɲɥɟɧɧɨɫɬɢ: ɞɜɢɝɚɬɟɥɟɫɬɪɨɟɧɢɢ (ɥɨɩɚɬɤɢ, ɞɢɫɤɢ ɬɭɪɛɢɧ, ɤɚɦɟɪɵ 

ɫɝɨɪɚɧɢɹ), ɯɢɦɢɱɟɫɤɨɣ ɩɪɨɦɵɲɥɟɧɧɨɫɬɢ ɢ ɦɟɬɚɥɥɭɪɝɢɢ (ɬɢɝɥɢ, ɬɪɭɛɵ ɢ ɥɢɬɧɢɤɢ), 

ɦɚɲɢɧɨɫɬɪɨɟɧɢɢ (ɤɨɥɶɰɚ, ɩɥɚɫɬɢɧɵ, ɜɬɭɥɤɢ, ɩɨɞɲɢɩɧɢɤɢ, ɤɥɚɩɚɧɵ ɞɥɹ ɪɚɛɨɬɵ, ɜ 

ɬɨɦ ɱɢɫɥɟ, ɜ ɚɝɪɟɫɫɢɜɧɵɯ ɫɪɟɞɚɯ). Ʉɚɪɛɢɞ ɤɪɟɦɧɢɹ ɩɪɢɧɚɞɥɟɠɢɬ ɤ ɤɥɚɫɫɭ 

ɧɚɢɛɨɥɟɟ ɯɢɦɢɱɟɫɤɢ ɫɬɨɣɤɢɯ ɜɟɳɟɫɬɜ, ɩɨɫɤɨɥɶɤɭ ɧɟ ɪɚɡɥɚɝɚɟɬɫɹ ɞɚɠɟ ɩɪɢ 

ɜɡɚɢɦɨɞɟɣɫɬɜɢɢ ɫ ɛɨɥɶɲɢɧɫɬɜɨɦ ɦɢɧɟɪɚɥɶɧɵɯ ɤɢɫɥɨɬ ɢ ɪɚɫɬɜɨɪɨɜ ɳɟɥɨɱɟɣ [11]. 

ȼ ɬɚɛɥɢɰɟ 1.2.2 ɩɪɢɜɟɞɟɧɵ ɤɨɧɤɪɟɬɧɵɟ ɩɪɢɥɨɠɟɧɢɹ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɜ ɤɚɱɟɫɬɜɟ 

ɪɚɡɥɢɱɧɵɯ ɞɟɬɚɥɟɣ ɢ ɢɫɩɨɥɶɡɭɟɦɵɟ ɜ ɤɚɠɞɨɦ ɤɨɧɤɪɟɬɧɨɦ ɫɥɭɱɚɟ ɮɢɡɢɱɟɫɤɢɟ 

ɫɜɨɣɫɬɜɚ Д34Ж. ɂɧɬɟɪɟɫ ɤ ɪɚɡɜɢɬɢɸ SiC-ɬɟɯɧɨɥɨɝɢɣ ɢɦɟɟɬɫɹ ɜ ɚɬɨɦɧɨɣ 

ɩɪɨɦɵɲɥɟɧɧɨɫɬɢ. Ɋɚɛɨɬɵ Д35-37Ж ɩɨɫɜɹɳɟɧɵ ɢɫɫɥɟɞɨɜɚɧɢɸ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɜ 

ɤɚɱɟɫɬɜɟ ɦɚɬɟɪɢɚɥɚ, ɫɬɨɣɤɨɝɨ ɤ ɪɚɞɢɚɰɢɨɧɧɨɦɭ ɢɡɥɭɱɟɧɢɸ, ɤɨɬɨɪɵɣ ɦɨɠɟɬ 

ɩɪɢɦɟɧɹɬɶɫɹ ɞɥɹ ɨɛɪɚɛɨɬɤɢ ɫɬɟɧɨɤ ɹɞɟɪɧɵɯ ɪɟɚɤɬɨɪɨɜ ɢ ɩɨɜɟɪɯɧɨɫɬɢ ɞɢɨɤɫɢɞɚ 

ɭɪɚɧɚ ɜ ɜɵɫɨɤɨɬɟɦɩɟɪɚɬɭɪɧɵɯ ɝɚɡɨɨɯɥɚɠɞɚɟɦɵɯ ɪɟɚɤɬɨɪɚɯ (ɬɟɯɧɨɥɨɝɢɢ TRISO), ɚ 

ɬɚɤɠɟ ɞɥɹ ɢɡɝɨɬɨɜɥɟɧɢɹ ɪɚɞɢɚɰɢɨɧɧɨ-ɫɬɨɣɤɢɯ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɞɟɬɟɤɬɨɪɨɜ. 

ɋɨ ɜɬɨɪɨɣ ɩɨɥɨɜɢɧɵ XX ɜɟɤɚ ɚɤɬɢɜɧɨ ɪɚɡɜɢɜɚɸɬɫɹ ɧɚɭɱɧɵɟ ɧɚɩɪɚɜɥɟɧɢɹ, 

ɩɨɫɜɹɳɟɧɧɵɟ ɢɫɫɥɟɞɨɜɚɧɢɸ ɷɥɟɤɬɪɨɧɧɵɯ ɫɜɨɣɫɬɜ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ [38]. SiC ɫɬɚɥ 

ɢɡɜɟɫɬɟɧ ɤɚɤ ɩɨɥɭɩɪɨɜɨɞɧɢɤ ɫ ɭɧɢɤɚɥɶɧɵɦɢ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦɢ, ɩɪɟɜɨɫɯɨɞɹɳɢɦɢ 

ɛɨɥɶɲɢɧɫɬɜɨ ɩɨɩɭɥɹɪɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɫɨɜɪɟɦɟɧɧɨɣ ɷɥɟɤɬɪɨɧɧɨɣ ɬɟɯɧɢɤɢ. ȼ 

ɬɚɛɥɢɰɟ 1.2.3 ɩɪɢɜɟɞɟɧɵ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɩɨɥɢɬɢɩɨɜ SiC ɜ 

ɫɪɚɜɧɟɧɢɢ ɫ ɤɪɟɦɧɢɟɦ ɢ ɧɢɬɪɢɞɨɦ ɝɚɥɥɢɹ [39]. 
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Ɍɚɛɥɢɰɚ 1.2.2 – ɇɟɤɨɬɨɪɵɟ ɞɟɬɚɥɢ ɢɡ SiC ɫ ɬɨɱɤɢ ɡɪɟɧɢɹ ɩɪɟɞɨɫɬɚɜɥɹɟɦɵɯ ɫɜɨɣɫɬɜ 

ɉɪɢɥɨɠɟɧɢɹ 

Ɇ
ɟɯɚɧɢɱɟɫɤɢɟ 

Ɍɪɢɛɨɥɨɝɢɱɟɫɤɢɟ 

Ɍɟɩɥɨɜɵ
ɟ 

ɋ
ɬɨɣɤɨɫɬɶ ɤ ɩɟɪɟɩɚɞɚɦ 

ɬɟɦɩɟɪɚɬɭɪ
 

ɏ
ɢɦɢɱɟɫɤɢɟ 

ɗ
ɥɟɤɬɪɢɱɟɫɤɢɟ 

ɧɟɫɭɳɢɣ ɜɢɧɬ ɫɚɦɨɥɟɬɚ ● ● ● ●   

ɲɚɪɨɜɨɣ ɜɟɧɬɢɥɶ ● ●  ● ●  

ɬɨɪɦɨɡɧɨɣ ɞɢɫɤ  ●  ●   

ɬɪɭɛɚ ɝɨɪɟɥɤɢ ● ● ● ●   

ɬɢɝɟɥɶ   ● ● ●  

ɩɨɞɲɢɩɧɢɤ ɫɤɨɥɶɠɟɧɢɹ ● ●  ●   

ɦɟɥɸɳɢɣ ɲɚɪ ● ●     

ɚɛɪɚɡɢɜɧɵɣ ɢɧɫɬɪɭɦɟɧɬ ● ●     

ɬɟɩɥɨɨɛɦɟɧɧɢɤ   ● ●   

ɧɚɝɪɟɜɚɬɟɥɶɧɵɣ ɷɥɟɦɟɧɬ   ● ●  ● 

ɬɟɩɥɨɜɨɣ ɷɤɪɚɧ   ● ●   

ɨɝɧɟɩɪɢɩɚɫ   ● ●   

ɮɢɥɶɬɪ ɨɱɢɫɬɤɢ ●  ● ●  ● 

ɡɚɳɢɬɧɚɹ ɝɢɥɶɡɚ  ●     

ɪɚɤɟɬɧɨɟ ɫɨɩɥɨ   ● ●   

ɤɨɥɶɰɟɜɨɣ ɭɩɥɨɬɧɢɬɟɥɶ  ●  ●   

ɇɚ ɨɫɧɨɜɚɧɢɢ ɢɡɜɟɫɬɧɵɯ ɥɢɬɟɪɚɬɭɪɧɵɯ ɞɚɧɧɵɯ [39, 40], ɜɨɡɦɨɠɧɨ ɜɵɞɟɥɢɬɶ 

ɫɥɟɞɭɸɳɢɟ ɩɪɟɢɦɭɳɟɫɬɜɚ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɤɚɤ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɨɝɨ ɦɚɬɟɪɢɚɥɚ: 

1) ɲɢɪɨɤɚɹ ɡɚɩɪɟɳɟɧɧɚɹ ɡɨɧɚ, ɨɩɪɟɞɟɥɹɸɳɚɹ ɜɵɫɨɤɢɣ ɭɪɨɜɟɧɶ ɪɚɛɨɱɢɯ 

ɬɟɦɩɟɪɚɬɭɪ (ɞɨ 1000 ˚ɋ) ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɬɪɚɞɢɰɢɨɧɧɵɦɢ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɦɢ 

ɦɚɬɟɪɢɚɥɚɦɢ; 

2) ɜɵɫɨɤɚɹ ɩɪɨɛɢɜɧɚɹ ɧɚɩɪɹɠɟɧɧɨɫɬɶ, ɨɩɪɟɞɟɥɹɸɳɚɹ ɭɜɟɥɢɱɟɧɢɟ ɦɨɳɧɨɫɬɢ 

ɭɫɬɪɨɣɫɬɜ ɧɚ ɨɫɧɨɜɟ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ; 

3) ɜɵɫɨɤɚɹ ɬɟɩɥɨɩɪɨɜɨɞɧɨɫɬɶ, ɩɨɡɜɨɥɹɸɳɚɹ ɨɛɥɟɝɱɢɬɶ ɩɪɨɛɥɟɦɭ ɬɟɩɥɨɨɬɜɨɞɚ; 

4) ɜɵɫɨɤɚɹ ɬɟɦɩɟɪɚɬɭɪɚ Ⱦɟɛɚɹ, ɨɩɪɟɞɟɥɹɸɳɚɹ ɬɟɪɦɢɱɟɫɤɭɸ ɫɬɚɛɢɥɶɧɨɫɬɶ. 
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Ɍɚɛɥɢɰɚ 1.2.3 – ɋɪɚɜɧɟɧɢɟ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɫɜɨɣɫɬɜ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɫ 

ɚɧɚɥɨɝɚɦɢ 

Ɇɚɬɟɪ

ɢɚɥ 

ɒɢɪɢɧɚ 

ɡɚɩɪɟɳɟɧ-

ɧɨɣ ɡɨɧɵ, 

ɷȼ 

Ʉɪɢɬɢɱɟɫɤɚɹ 

ɧɚɩɪɹɠɟɧ-

ɧɨɫɬɶ ɩɪɨɛɨɹ, 

ɦȼ/ɫɦ 

ɉɨɞɜɢɠ-

ɧɨɫɬɶ 

ɷɥɟɤɬɪɨɧɨɜ, 

ɫɦ2/ȼ·ɫ 

Ⱦɪɟɣɮɨɜɚɹ 

ɫɤɨɪɨɫɬɶ 

ɷɥɟɤɬɪɨɧɨɜ, 

ɫɦ/ɫ 

Ɍɟɩɥɨɩɪɨ-

ɜɨɞɧɨɫɬɶ, 

ȼɬ/ɦ·Ʉ 

Ɍɟɦɩɟɪɚ-

ɬɭɪɚ 

Ⱦɟɛɚɹ, 

Ʉ 

Si 1,12 0,6 1,1 1,0·107
 150 640 

GaN 3,39 3,3 1,0 2,5·107
 130 550 

3C-SiC 2,20 2,0 750,0 2,5·107
 500 1200 

4H-SiC 3,26 3,0 800,0 2,0·107
 490 1300 

6H-SiC 3,00 3,0 370,0 2,0·107
 490 1200 

ɋɨɜɨɤɭɩɧɨɫɬɶ ɩɪɢɜɟɞɟɧɧɵɯ ɭɧɢɤɚɥɶɧɵɯ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ 

ɩɨɡɜɨɥɹɟɬ ɢɡɝɨɬɚɜɥɢɜɚɬɶ ɫɥɟɞɭɸɳɢɟ ɷɥɟɤɬɪɨɧɧɵɟ ɤɨɦɩɨɧɟɧɬɵ Д20Ж: 

1) ɩɪɢɛɨɪɵ ɫɢɥɨɜɨɣ ɷɥɟɤɬɪɨɧɢɤɢ ɞɥɹ ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɫɢɫɬɟɦ ɜɵɫɨɤɨɝɨ 

ɧɚɩɪɹɠɟɧɢɹ (~6 ɤȼ) ɢ ɬɨɤɚ (~5·103
 Ⱥ/ɫɦ2

); 

2) ɭɫɬɪɨɣɫɬɜɚ ɜɵɫɨɤɨɱɚɫɬɨɬɧɨɣ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɨɣ ɬɟɯɧɢɤɢ ɞɥɹ ɪɚɛɨɬɵ ɩɪɢ 

ɜɵɫɨɤɢɯ ɩɨɬɨɤɚɯ ɦɨɳɧɨɫɬɟɣ (ɞɨ 104
 ȼɬ ɡɚ 10-11

 ɫ); 

3) ɭɫɬɪɨɣɫɬɜɚ ɢ ɞɚɬɱɢɤɢ ɮɢɡɢɱɟɫɤɢɯ ɜɟɥɢɱɢɧ ɞɥɹ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɜ 

ɷɤɫɬɪɟɦɚɥɶɧɵɯ ɭɫɥɨɜɢɹɯ: ɩɪɢ ɜɵɫɨɤɢɯ ɬɟɦɩɟɪɚɬɭɪɚɯ ɛɨɥɟɟ 400 ˚ɋ, ɪɚɞɢɚɰɢɨɧɧɨɦ 

ɢɡɥɭɱɟɧɢɹ (ɞɨ 1016
 ɧɟɣɬɪɨɧɨɜ/ɫɦ2

), ɜ ɯɢɦɢɱɟɫɤɢ ɚɝɪɟɫɫɢɜɧɵɯ ɫɪɟɞɚɯ, ɱɬɨ ɰɟɧɧɨ 

ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɜ ɚɷɪɨɤɨɫɦɢɱɟɫɤɨɣ, ɚɬɨɦɧɨɣ ɢ ɜɨɟɧɧɨɣ ɫɮɟɪɚɯ [41]; 

4) ɪɟɫɭɪɫɨɫɛɟɪɟɝɚɸɳɢɟ ɧɢɡɤɨɜɨɥɶɬɧɵɟ (2–3 ȼ) ɫɜɟɬɨɢɡɥɭɱɚɸɳɢɟ ɫɢɫɬɟɦɵ. 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɩɟɪɫɩɟɤɬɢɜɧɨɫɬɶ SiC-ɷɥɟɤɬɪɨɧɢɤɢ ɱɪɟɡɜɵɱɚɣɧɨ ɜɵɫɨɤɚ. 

Ɉɞɧɚɤɨ ɞɨɥɝɨɟ ɜɪɟɦɹ ɩɨɥɧɨɰɟɧɧɨɟ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɡɚɹɜɥɟɧɧɵɯ 

ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɫɜɨɣɫɬɜ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɢ ɩɨɥɭɱɟɧɢɟ ɷɥɟɤɬɪɨɧɧɵɯ 

ɭɫɬɪɨɣɫɬɜ ɫ ɨɠɢɞɚɟɦɵɦɢ ɩɪɟɢɦɭɳɟɫɬɜɚɦɢ ɧɚ ɟɝɨ ɨɫɧɨɜɟ ɨɫɬɚɜɚɥɨɫɶ 

ɧɟɜɨɡɦɨɠɧɵɦ ɜ ɫɢɥɭ ɫɥɨɠɧɨɫɬɢ ɨɛɪɚɛɨɬɤɢ ɢ ɜɵɪɚɳɢɜɚɧɢɹ ɤɪɢɫɬɚɥɥɨɜ SiC. 

ɋɟɣɱɚɫ ɤɚɪɛɢɞɨɤɪɟɦɧɢɟɜɚɹ ɷɥɟɤɬɪɨɧɢɤɚ ɪɚɡɜɢɜɚɟɬɫɹ ɨɬ ɫɬɚɞɢɢ ɢɫɫɥɟɞɨɜɚɧɢɹ ɤ 

ɤɨɦɦɟɪɱɟɫɤɨɦɭ ɩɪɨɢɡɜɨɞɫɬɜɭ Д40Ж, ɜ ɬɨɦ ɱɢɫɥɟ ɜ Ɋɨɫɫɢɢ Д42Ж. ɂɫɩɨɥɶɡɨɜɚɧɢɟ 

ɭɤɚɡɚɧɧɵɯ ɫɜɨɣɫɬɜ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɨɩɪɟɞɟɥɹɟɬɫɹ ɫɨɜɟɪɲɟɧɫɬɜɨɦ ɦɟɬɨɞɨɜ ɟɝɨ 

ɩɨɥɭɱɟɧɢɹ Д39Ж, ɩɨɬɨɦɭ ɫɨɡɞɚɧɢɟ ɢ ɩɨɢɫɤ ɧɚɢɛɨɥɟɟ ɭɫɩɟɲɧɵɯ ɦɟɬɨɞɨɜ ɫɢɧɬɟɡɚ 
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ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɹɜɥɹɟɬɫɹ ɚɤɬɭɚɥɶɧɨɣ ɡɚɞɚɱɟɣ. ɍɱɢɬɵɜɚɹ, ɱɬɨ ɤɚɪɛɢɞ ɤɪɟɦɧɢɹ – 

ɷɬɨ ɦɚɬɟɪɢɚɥ ɫ ɧɚɧɨɪɚɡɦɟɪɧɨ-ɡɚɜɢɫɢɦɵɦɢ ɮɭɧɤɰɢɨɧɚɥɶɧɵɦɢ ɫɜɨɣɫɬɜɚɦɢ Д3Ж, 

ɚɤɬɭɚɥɶɧɨɣ ɹɜɥɹɟɬɫɹ ɡɚɞɚɱɚ ɪɚɡɜɢɬɢɹ ɫɩɨɫɨɛɨɜ ɩɨɥɭɱɟɧɢɹ ɭɥɶɬɪɚɞɢɫɩɟɪɫɧɨɝɨ SiC. 

 

1.3. Ɇɟɬɨɞɵ ɫɢɧɬɟɡɚ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ 

 

1.3.1 ɂɫɬɨɪɢɹ ɦɟɬɨɞɨɜ ɫɢɧɬɟɡɚ ɢ ɢɫɫɥɟɞɨɜɚɧɢɣ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ 

ȼɨɡɦɨɠɧɨɫɬɶ ɫɭɳɟɫɬɜɨɜɚɧɢɹ ɛɢɧɚɪɧɨɝɨ ɫɨɟɞɢɧɟɧɢɹ ɜ ɫɢɫɬɟɦɟ Si-C ɛɵɥɚ 

ɜɩɟɪɜɵɟ ɜɵɫɤɚɡɚɧɚ Ȼɟɪɰɟɥɢɭɫɨɦ ɜ 1824 ɝ. Д4Ж. ɉɨɩɵɬɤɢ ɨɫɭɳɟɫɬɜɥɟɧɢɹ ɫɢɧɬɟɡɚ 

ɩɨɬɟɧɰɢɚɥɶɧɨɝɨ ɫɨɟɞɢɧɟɧɢɹ ɤɪɟɦɧɢɹ ɢ ɭɝɥɟɪɨɞɚ, ɤɨɬɨɪɨɝɨ ɧɟ ɫɭɳɟɫɬɜɭɟɬ ɜ 

ɩɪɢɪɨɞɟ ɜ ɫɜɨɛɨɞɧɨɦ ɫɨɫɬɨɹɧɢɢ, ɩɪɢɧɚɞɥɟɠɚɬ ɭɱɟɧɵɦ Ⱦɟɫɩɪɟɬɡɭ, Ɇɚɪɫɞɟɧɭ ɢ 

Ʉɨɥɫɨɧɭ Д43Ж. ȼɩɟɪɜɵɟ ɫɢɧɬɟɡɢɪɨɜɚɬɶ ɤɚɪɛɢɞ ɤɪɟɦɧɢɹ ɭɞɚɥɨɫɶ ɗɞɜɚɪɞɭ Ⱥɱɟɫɨɧɭ ɜ 

1893 ɝ. [44]. ȼ ɷɬɨɦ ɠɟ ɝɨɞɭ Ⱥɧɪɢ Ɇɭɚɫɫɚɧɨɦ SiC ɛɵɥ ɧɚɣɞɟɧ ɜɨ ɮɪɚɝɦɟɧɬɚɯ 

ɦɟɬɟɨɪɢɬɚ ɜɢɞɟ ɦɢɧɟɪɚɥɚ, ɤɨɬɨɪɵɣ ɛɵɥ ɩɨɡɠɟ ɧɚɡɜɚɧ ɦɭɚɫɫɚɧɢɬɨɦ [45]. 

Ⱦɚɥɶɧɟɣɲɟɟ ɪɚɡɜɢɬɢɟ ɜ ɨɛɥɚɫɬɹɯ ɢɡɭɱɟɧɢɹ ɢ ɩɨɥɭɱɟɧɢɹ SiC ɫɜɹɡɚɧɨ ɫ 

ɨɛɧɚɪɭɠɟɧɢɟɦ ɦɧɨɝɢɯ ɮɭɧɞɚɦɟɧɬɚɥɶɧɵɯ ɷɥɟɤɬɪɨɮɢɡɢɱɟɫɤɢɯ ɹɜɥɟɧɢɣ ɧɚ 

ɤɚɪɛɢɞɨɤɪɟɦɧɢɟɜɵɯ ɤɪɢɫɬɚɥɥɚɯ. Ɍɚɤ, SiC ɩɪɢɦɟɧɹɥɫɹ ɜ ɤɚɱɟɫɬɜɟ ɜɵɩɪɹɦɥɹɸɳɢɯ 

ɬɜɟɪɞɨɬɟɥɶɧɵɯ ɞɟɬɟɤɬɨɪɨɜ, ɢɫɩɨɥɧɹɜɲɢɯ ɪɨɥɶ ɞɟɦɨɞɭɥɹɬɨɪɨɜ ɪɚɞɢɨɱɚɫɬɨɬɧɵɯ 

ɫɢɝɧɚɥɨɜ ɜ ɩɟɪɜɵɯ ɪɚɞɢɨɩɪɢɟɦɧɢɤɚɯ [46]. ɉɟɪɜɵɟ ɷɤɫɩɟɪɢɦɟɧɬɵ ɩɨ ɢɡɭɱɟɧɢɸ 

ɫɜɟɬɨɢɡɥɭɱɚɬɟɥɶɧɨɣ ɫɩɨɫɨɛɧɨɫɬɢ ɤɪɢɫɬɚɥɥɨɜ ɛɵɥɢ ɩɪɨɜɟɞɟɧɵ ɬɚɤɠɟ ɧɚ ɩɪɢɦɟɪɟ 

ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ: ɜ 1907 ɝ. Ƚ. Ɋɚɭɧɞ ɩɪɨɞɟɦɨɧɫɬɪɢɪɨɜɚɥ ɫɜɟɱɟɧɢɟ ɤɪɢɫɬɚɥɥɨɜ SiC 

ɩɪɢ ɩɪɨɩɭɫɤɚɧɢɢ ɩɨ ɧɢɦ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ, ɚ ɜ 1923 ɝ. Ɉ. Ʌɨɫɟɜ ɨɬɤɪɵɥ ɧɚ ɧɢɯ 

ɹɜɥɟɧɢɟ ɥɸɦɢɧɟɫɰɟɧɰɢɢ [47-49]. ɗɬɨ ɨɩɪɟɞɟɥɢɥɨ ɲɢɪɨɤɢɣ ɢɧɬɟɪɟɫ ɤ ɤɚɪɛɢɞɭ 

ɤɪɟɦɧɢɹ ɩɪɢ ɩɟɪɟɯɨɞɟ ɨɬ ɜɚɤɭɭɦɧɨɣ ɤ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɨɣ ɬɟɯɧɢɤɟ ɜɨ ɜɬɨɪɨɣ 

ɩɨɥɨɜɢɧɟ XX ɜɟɤɚ. ȼ 1978 ɝ. ɜ ɅɗɌɂ ɛɵɥ ɪɚɡɪɚɛɨɬɚɧ ɦɟɬɨɞ ɜɵɪɚɳɢɜɚɧɢɹ 

ɦɨɧɨɤɪɢɫɬɚɥɥɨɜ SiC, ɩɨɡɜɨɥɹɸɳɢɣ ɩɨɥɭɱɢɬɶ ɫɥɢɬɤɢ ɪɚɡɦɟɪɚɦɢ ɞɨ ɧɟɫɤɨɥɶɤɢɯ 

ɫɚɧɬɢɦɟɬɪɨɜ [20]. ɉɪɢ ɷɬɨɦ ɜɫɥɟɞɫɬɜɢɟ ɫɥɨɠɧɨɫɬɟɣ ɩɪɨɰɟɫɫɚ ɜɵɪɚɳɢɜɚɧɢɹ ɢ 

ɨɛɪɚɛɨɬɤɢ ɤɪɢɫɬɚɥɥɨɜ SiC, ɚ ɬɚɤɠɟ ɫɬɪɟɦɢɬɟɥɶɧɨɝɨ ɪɚɡɜɢɬɢɹ ɤɪɟɦɧɢɟɜɨɣ 

ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɨɣ ɬɟɯɧɢɤɢ ɢɧɬɟɪɟɫ ɤ ɤɚɪɛɢɞɭ ɤɪɟɦɧɢɹ ɧɟɫɤɨɥɶɤɨ ɭɦɟɧɶɲɢɥɫɹ ɤ 

ɤɨɧɰɭ XX ɜɟɤɚ. ɋɟɝɨɞɧɹ ɨɛɧɚɪɭɠɟɧɚ ɰɟɥɚɹ ɫɨɜɨɤɭɩɧɨɫɬɶ ɭɧɢɤɚɥɶɧɵɯ ɮɢɡɢɱɟɫɤɢɯ 
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ɯɚɪɚɤɬɟɪɢɫɬɢɤ SiC Д20Ж, ɱɬɨ ɜɵɡɜɚɥɨ ɧɨɜɨɟ ɪɚɡɜɢɬɢɟ ɧɚɭɱɧɵɯ ɧɚɩɪɚɜɥɟɧɢɣ, 

ɫɜɹɡɚɧɧɵɯ ɫ ɩɨɥɭɱɟɧɢɟɦ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ. 

Ʉɚɤ ɢɡɜɟɫɬɧɨ, ɦɨɥɟɤɭɥɵ SiC ɨɛɥɚɞɚɸɬ ɜɵɫɨɤɨɣ ɷɧɟɪɝɢɟɣ ɫɜɹɡɢ. ɗɬɨ 

ɨɛɭɫɥɚɜɥɢɜɚɟɬ ɜɵɫɨɤɭɸ ɬɟɦɩɟɪɚɬɭɪɭ ɪɨɫɬɚ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɵ (ɛɨɥɟɟ 

2000 ˚ɋ). Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɞɥɹ ɫɨɟɞɢɧɟɧɢɹ ɚɬɨɦɨɜ ɤɪɟɦɧɢɹ ɢ ɭɝɥɟɪɨɞɚ ɬɪɟɛɭɟɬɫɹ 

ɩɪɢɥɨɠɢɬɶ ɜɵɫɨɤɢɟ ɷɧɟɪɝɟɬɢɱɟɫɤɢɟ ɩɚɪɚɦɟɬɪɵ. Ⱦɢɚɝɪɚɦɦɚ ɫɨɫɬɨɹɧɢɣ ɤɚɪɛɢɞɚ 

ɤɪɟɦɧɢɹ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɤɨɧɰɟɧɬɪɚɰɢɢ ɭɝɥɟɪɨɞɚ ɩɪɢɜɟɞɟɧɚ ɧɚ ɪɢɫɭɧɤɟ 

1.3.1 [27]. Ⱦɥɹ ɩɨɥɭɱɟɧɢɹ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɫɭɳɟɫɬɜɭɟɬ ɰɟɥɵɣ ɪɹɞ ɦɟɬɨɞɢɤ, ɱɚɫɬɶ 

ɢɡ ɤɨɬɨɪɵɯ ɪɚɫɫɦɚɬɪɢɜɚɟɬɫɹ ɜ ɧɚɫɬɨɹɳɟɦ ɨɛɡɨɪɟ. 

 

Ɋɢɫɭɧɨɤ 1.3.1 – Ⱦɢɚɝɪɚɦɦɚ ɫɨɫɬɨɹɧɢɣ ɜ ɫɢɫɬɟɦɟ Si-C 

 

1.3.2 Ɇɟɬɨɞ Ⱥɱɟɫɨɧɚ 

Ɇɟɬɨɞ Ⱥɱɟɫɨɧɚ ɹɜɥɹɟɬɫɹ ɩɪɨɦɵɲɥɟɧɧɵɦ ɫɩɨɫɨɛɨɦ ɫɢɧɬɟɡɚ 

ɤɪɭɩɧɨɡɟɪɧɢɫɬɨɝɨ SiC. ɉɪɢ ɧɚɥɢɱɢɢ ɦɧɨɝɨɱɢɫɥɟɧɧɵɯ ɪɚɡɧɨɜɢɞɧɨɫɬɟɣ [50-54] 

ɞɚɧɧɵɣ ɫɩɨɫɨɛ ɫɭɳɟɫɬɜɟɧɧɨ ɧɟ ɢɡɦɟɧɢɥɫɹ ɫ ɦɨɦɟɧɬɚ ɟɝɨ ɪɚɡɪɚɛɨɬɤɢ ɗ. Ⱥɱɟɫɨɧɨɦ, 

ɉɨɡɠɟ Ⱥɱɟɫɨɧ ɨɫɧɨɜɚɥ ɤɨɦɩɚɧɢɸ «The Carborundum Company», ɝɞɟ ɜɧɟɞɪɢɥ 

ɫɨɛɫɬɜɟɧɧɭɸ ɦɟɬɨɞɢɤɭ ɜ ɩɪɨɢɡɜɨɞɫɬɜɨ. 

ɉɨɥɭɱɟɧɢɟ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɦɟɬɨɞɨɦ Ⱥɱɟɫɨɧɚ ɨɫɭɳɟɫɬɜɥɹɟɬɫɹ ɜ ɩɪɨɰɟɫɫɟ 

ɫɭɛɥɢɦɚɰɢɢ [44, 34]. Ɉɛɵɱɧɨ ɞɥɹ ɪɟɚɥɢɡɚɰɢɢ ɷɬɨɝɨ ɩɪɨɰɟɫɫɚ ɢɫɩɨɥɶɡɭɟɬɫɹ 

ɝɪɚɮɢɬɨɜɚɹ ɷɥɟɤɬɪɨɩɟɱɶ, ɢɫɯɨɞɧɵɣ ɦɚɬɟɪɢɚɥ ɞɥɹ ɯɢɦɢɱɟɫɤɨɣ ɪɟɚɤɰɢɢ ɫɨɫɬɚɜɥɹɟɬ 

ɫɦɟɫɶ ɞɢɨɤɫɢɞɚ ɤɪɟɦɧɢɹ (ɩɟɫɨɤ) ɢ ɭɝɥɟɪɨɞɚ (ɤɨɤɫ, ɝɪɚɮɢɬ): 
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01600-2500 C

2SiO +3C SiC+2CO.  

ɉɪɟɤɭɪɫɨɪɵ ɩɨɦɟɳɚɸɬɫɹ ɜɨɤɪɭɝ ɝɪɚɮɢɬɨɜɨɝɨ ɤɟɪɧɚ ɷɥɟɤɬɪɨɩɟɱɢ, ɤɨɬɨɪɵɣ 

ɧɚɝɪɟɜɚɟɬɫɹ ɩɨɫɪɟɞɫɬɜɨɦ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ (ɞɨ 100 ɤȺ). ɉɪɢ ɞɨɫɬɢɠɟɧɢɢ 

ɬɟɦɩɟɪɚɬɭɪ ɛɨɥɟɟ 2000 ˚C ɜɛɥɢɡɢ ɧɚɝɪɟɜɚɬɟɥɹ ɨɛɪɚɡɭɟɬɫɹ ɤɚɪɛɢɞ ɤɪɟɦɧɢɹ, 

ɫɨɞɟɪɠɚɧɢɟ ɤɨɬɨɪɨɝɨ ɭɦɟɧɶɲɚɟɬɫɹ ɩɪɢ ɨɬɞɚɥɟɧɢɢ ɨɬ ɤɟɪɧɚ. ɉɨɫɥɟ ɫɢɧɬɟɡɚ 

ɧɟɨɛɯɨɞɢɦɨ ɨɬɞɟɥɢɬɶ ɨɛɪɚɡɨɜɚɜɲɢɣɫɹ ɤɚɪɛɢɞ ɤɪɟɦɧɢɹ ɨɬ ɧɟɩɪɨɪɟɚɝɢɪɨɜɚɜɲɢɯ 

ɩɪɟɤɭɪɫɨɪɨɜ. Ɉɞɢɧ ɢɡ ɜɨɡɦɨɠɧɵɯ ɜɚɪɢɚɧɬɨɜ ɩɪɨɢɡɜɨɞɫɬɜɚ SiC ɦɟɬɨɞɨɦ Ⱥɱɟɫɨɧɚ 

ɩɪɢɜɟɞɟɧ ɧɚ ɪɢɫɭɧɤɟ 1.3.2 [54]. 

 

Ɋɢɫɭɧɨɤ 1.3.2 – ɉɪɨɰɟɫɫ ɩɨɥɭɱɟɧɢɹ ɤɚɪɛɨɪɭɧɞɚ ɦɟɬɨɞɨɦ Ⱥɱɟɫɨɧɚ 

ɋɢɧɬɟɡ SiC ɦɟɬɨɞɨɦ Ⱥɱɟɫɨɧɚ ɨɫɭɳɟɫɬɜɥɹɟɬɫɹ ɞɨɫɬɚɬɨɱɧɨ ɩɪɨɫɬɵɦ ɩɭɬɟɦ, ɧɟ 

ɬɪɟɛɭɟɬ ɡɧɚɱɢɬɟɥɶɧɵɯ ɡɚɬɪɚɬ, ɞɨɪɨɝɨɫɬɨɹɳɢɯ ɩɪɟɤɭɪɫɨɪɨɜ ɢ ɨɫɨɛɵɯ ɭɫɥɨɜɢɣ 

ɪɟɚɥɢɡɚɰɢɢ, ɜɵɯɨɞ ɩɪɨɞɭɤɬɚ ɫɨɫɬɚɜɥɹɟɬ ɬɨɧɧɵ. ȼɫɟ ɷɬɢ ɩɪɟɢɦɭɳɟɫɬɜɚ ɩɨɡɜɨɥɹɸɬ 

ɢɫɩɨɥɶɡɨɜɚɬɶ ɦɟɬɨɞ Ⱥɱɟɫɨɧɚ ɞɥɹ ɩɪɨɦɵɲɥɟɧɧɨɝɨ ɩɪɨɢɡɜɨɞɫɬɜɚ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ. 

ɋɪɟɞɢ ɧɟɞɨɫɬɚɬɤɨɜ ɦɟɬɨɞɚ Ⱥɱɟɫɨɧɚ ɫɥɟɞɭɟɬ ɜɵɞɟɥɢɬɶ [20, 53]: 

 ɡɧɚɱɢɬɟɥɶɧɨɟ ɡɚɝɪɹɡɧɟɧɢɟ ɤɨɧɟɱɧɨɝɨ ɩɪɨɞɭɤɬɚ ɮɚɡɚɦɢ ɧɟɩɪɨɪɟɚɝɢɪɨɜɚɜɲɢɯ 

ɩɟɪɤɭɪɫɨɪɨɜ ɢ ɧɟɨɛɯɨɞɢɦɨɫɬɶ ɨɱɢɫɬɤɢ (ɤɨɬɨɪɚɹ ɡɚɱɚɫɬɭɸ ɩɪɨɢɡɜɨɞɢɬɫɹ ɜɪɭɱɧɭɸ); 

 ɫɥɨɠɧɨɫɬɶ ɭɩɪɚɜɥɟɧɢɹ ɫɬɪɭɤɬɭɪɨɣ ɢ ɞɢɫɩɟɪɫɧɨɫɬɶɸ ɨɛɪɚɡɭɸɳɢɯɫɹ 

ɤɪɢɫɬɚɥɥɨɜ; 

 ɡɚɝɪɹɡɧɟɧɢɟ ɨɤɪɭɠɚɸɳɟɣ ɫɪɟɞɵ ɭɝɚɪɧɵɦ ɢ ɭɝɥɟɤɢɫɥɵɦ ɝɚɡɚɦɢ; 

 ɧɟɞɨɥɝɨɜɟɱɧɨɫɬɶ ɷɥɟɦɟɧɬɨɜ ɝɪɚɮɢɬɨɜɨɣ ɷɥɟɤɬɪɨɩɟɱɢ; 
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 ɜɵɫɨɤɚɹ ɩɪɨɞɨɥɠɢɬɟɥɶɧɨɫɬɶ ɩɪɨɰɟɫɫɚ ɩɨɥɭɱɟɧɢɹ ɩɪɨɞɭɤɬɚ (ɞɟɫɹɬɤɢ ɱɚɫɨɜ); 

 ɬɪɭɞɧɨɫɬɶ ɩɨɥɭɱɟɧɢɹ ɭɥɶɬɪɚɞɢɫɩɟɪɫɧɨɝɨ ɩɪɨɞɭɤɬɚ. 

Ⱦɥɹ ɢɡɛɚɜɥɟɧɢɹ ɨɬ ɭɤɚɡɚɧɧɵɯ ɧɟɞɨɫɬɚɬɤɨɜ ɩɨɫɬɨɹɧɧɨ ɩɪɟɞɥɚɝɚɸɬɫɹ 

ɪɚɡɥɢɱɧɵɟ ɢɞɟɢ. ȼ ɪɚɛɨɬɟ [54] ɪɟɤɨɦɟɧɞɭɟɬɫɹ ɩɪɨɢɡɜɨɞɢɬɶ ɩɪɟɞɜɚɪɢɬɟɥɶɧɭɸ 

ɦɟɯɚɧɢɱɟɫɤɭɸ ɚɤɬɢɜɚɰɢɸ ɫɦɟɫɢ ɢɫɯɨɞɧɵɯ ɦɚɬɟɪɢɚɥɨɜ; ɤɪɨɦɟ ɬɨɝɨ, ɜɨɡɦɨɠɧɨ 

ɢɫɩɨɥɶɡɨɜɚɬɶ ɢɧɵɟ ɫɯɟɦɵ ɪɟɚɥɢɡɚɰɢɢ ɨɬɠɢɝɚ, ɧɚɩɪɢɦɟɪ, ɩɨɫɪɟɞɫɬɜɨɦ ɩɪɢɦɟɧɟɧɢɹ 

ɫɚɞɨɱɧɵɯ ɜɚɤɭɭɦɧɵɯ ɩɟɱɟɣ ɫɨɩɪɨɬɢɜɥɟɧɢɹ Д53Ж. Ɋɚɛɨɬɵ Д55-60Ж ɩɨɫɜɹɳɟɧɵ 

ɩɨɢɫɤɭ ɜɨɡɦɨɠɧɵɯ ɭɝɥɟɪɨɞ- ɢ ɤɪɟɦɧɢɣɫɨɞɟɪɠɚɳɢɯ ɩɪɟɤɭɪɫɨɪɨɜ ɫɢɧɬɟɡɚ, ɜ 

ɤɚɱɟɫɬɜɟ ɤɨɬɨɪɵɯ ɩɪɟɞɥɚɝɚɟɬɫɹ ɢɫɩɨɥɶɡɨɜɚɬɶ ɫɬɟɤɥɨ, ɫɚɯɚɪ, ɨɪɝɚɧɢɱɟɫɤɢɟ ɨɬɯɨɞɵ, 

ɪɢɫɨɜɭɸ ɲɟɥɭɯɭ ɢ ɞɪ. 

 

1.3.3 Ɇɟɬɨɞ Ʌɟɥɢ ɢ ɅɗɌɂ 

ȼ 1955 ɝ. ə. Ʌɟɥɢ ɛɵɥ ɪɚɡɪɚɛɨɬɚɧ ɦɟɬɨɞ ɫɢɧɬɟɡɚ ɦɨɧɨɤɪɢɫɬɚɥɥɢɱɟɫɤɨɝɨ 

ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ, ɤɨɬɨɪɵɣ ɩɨɡɜɨɥɢɥ ɢɫɫɥɟɞɨɜɚɬɶ ɦɨɧɨɤɪɢɫɬɚɥɥɵ SiC ɜ ɱɚɫɬɢ 

ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɢ ɨɩɬɢɱɟɫɤɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ, ɚ ɬɚɤɠɟ ɢɡɝɨɬɨɜɢɬɶ ɧɚ ɨɫɧɨɜɟ SiC 

ɩɟɪɜɵɟ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɟ ɩɪɢɛɨɪɵ Д61Ж. ɉɨɫɪɟɞɫɬɜɨɦ ɦɟɬɨɞɚ Ʌɟɥɢ ɜɨɡɦɨɠɧɨ 

ɩɨɥɭɱɚɬɶ ɱɟɲɭɣɱɚɬɵɟ ɦɨɧɨɤɪɢɫɬɚɥɥɵ 6H-SiC ɧɟɩɪɚɜɢɥɶɧɨɣ ɲɟɫɬɢɭɝɨɥɶɧɨɣ 

ɮɨɪɦɵ ɩɨɫɪɟɞɫɬɜɨɦ ɹɜɥɟɧɢɹ ɫɭɛɥɢɦɚɰɢɢ. ȼ ɩɟɪɜɨɧɚɱɚɥɶɧɨɦ ɜɢɞɟ ɦɟɬɨɞɚ Ʌɟɥɢ 

ɩɨɪɨɲɨɤ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɜɨɡɝɨɧɹɥɫɹ ɜ ɚɪɝɨɧɨɜɨɣ ɚɬɦɨɫɮɟɪɟ ɩɪɢ 2500 ˚C ɜ 

ɝɪɚɮɢɬɨɜɨɣ ɮɨɪɦɟ, ɤɨɬɨɪɚɹ ɨɝɪɚɧɢɱɢɜɚɥɚ ɪɨɫɬ ɤɪɢɫɬɚɥɥɚ. Ɉɝɪɚɧɢɱɟɧɧɨɫɬɶ 

ɪɚɡɦɟɪɚ ɤɪɢɫɬɚɥɥɨɜ SiC ɡɚɬɪɭɞɧɢɥɚ ɩɪɢɦɟɧɢɦɨɫɬɶ ɦɟɬɨɞɚ ɜ ɫɟɪɢɣɧɨɦ 

ɩɪɨɢɡɜɨɞɫɬɜɟ. 

ȼɵɹɜɥɟɧɢɟ ɭ SiC ɭɧɢɤɚɥɶɧɵɯ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɩɪɢɜɟɥɨ ɤ 

ɧɟɨɛɯɨɞɢɦɨɫɬɢ ɪɚɡɪɚɛɨɬɤɢ ɧɨɜɵɯ ɷɮɮɟɤɬɢɜɧɵɯ ɫɩɨɫɨɛɨɜ ɩɨɥɭɱɟɧɢɹ 

ɦɨɧɨɤɪɢɫɬɚɥɥɨɜ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ. ɇɚɢɛɨɥɶɲɟɝɨ ɭɫɩɟɯɚ ɞɨɫɬɢɝɥɚ ɥɚɛɨɪɚɬɨɪɢɹ ɩɨɞ 

ɪɭɤɨɜɨɞɫɬɜɨɦ ɩɪɨɮɟɫɫɨɪɨɜ Ɍɚɢɪɨɜɚ ɢ ɐɜɟɬɤɨɜɚ ɩɪɢ Ʌɟɧɢɧɝɪɚɞɫɤɨɦ 

ɷɥɟɤɬɪɨɬɟɯɧɢɱɟɫɤɨɦ ɢɧɫɬɢɬɭɬɟ (ɅɗɌɂ), ɤɨɬɨɪɚɹ ɜ 1978 ɝ. ɫɨɨɛɳɢɥɚ ɨ 

ɜɨɡɦɨɠɧɨɫɬɢ ɜɵɪɚɳɢɜɚɧɢɹ ɦɨɧɨɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɫɥɢɬɤɨɜ SiC ɝɟɤɫɚɝɨɧɚɥɶɧɨɣ 

ɮɨɪɦɵ ɫɨ ɫɪɟɞɧɢɦɢ ɪɚɡɦɟɪɚɦɢ ɞɨ 20 ɦɦ Д62Ж. ɉɪɨɰɟɫɫ ɨɫɭɳɟɫɬɜɥɹɥɫɹ ɜ ɜɚɤɭɭɦɟ 

ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ з1800 ˚ɋ ɢ ɫɤɨɪɨɫɬɢ ɪɨɫɬɚ ɞɨ 1,6 – 2,0 ɦɦ/ɱ. Ɇɟɬɨɞ ɜɵɪɚɳɢɜɚɧɢɹ 
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ɨɛɴɟɦɧɨɝɨ ɦɨɧɨɤɪɢɫɬɚɥɥɚ-ɫɥɢɬɤɚ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɜ ɪɚɛɨɬɟ Д63Ж ɛɵɥ ɧɚɡɜɚɧ 

«ɦɟɬɨɞɨɦ ɅɗɌɂ». 

Ⱦɚɥɶɧɟɣɲɟɟ ɪɚɡɜɢɬɢɟ ɦɟɬɨɞɚ ɅɗɌɂ ɩɨɡɜɨɥɢɥɨ ɩɨɥɭɱɢɬɶ ɤɪɢɫɬɚɥɥɵ ɤɚɪɛɢɞɚ 

ɤɪɟɦɧɢɹ ɞɢɚɦɟɬɪɨɦ ɞɨ 10 ɫɦ Д20Ж. ɇɚ ɞɚɧɧɵɣ ɦɨɦɟɧɬ ɋɉɛȽɗɌɍ «ɅɗɌɂ» 

ɩɪɟɞɥɚɝɚɟɬ ɜɵɪɚɳɟɧɧɵɟ ɤɪɢɫɬɚɥɥɵ SiC ɞɢɚɦɟɬɪɨɦ ɞɨ 75 ɦɦ. Ɇɨɧɨɤɪɢɫɬɚɥɥɵ 

ɬɚɤɢɯ ɪɚɡɦɟɪɨɜ ɩɪɢɝɨɞɧɵ ɞɥɹ ɫɨɡɞɚɧɢɹ ɧɚ ɢɯ ɨɫɧɨɜɟ ɪɚɡɧɨɨɛɪɚɡɧɵɯ ɭɫɬɪɨɣɫɬɜ 

ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɨɣ ɬɟɯɧɢɤɢ, ɜ ɬɨɦ ɱɢɫɥɟ ɩɪɢɛɨɪɨɜ ɫɢɥɨɜɨɣ ɷɥɟɤɬɪɨɧɢɤɢ. ɗɬɨ 

ɨɛɟɫɩɟɱɢɥɨ ɩɪɢɦɟɧɟɧɢɟ ɦɟɬɨɞɚ ɅɗɌɂ ɜ ɤɚɱɟɫɬɜɟ ɟɞɢɧɫɬɜɟɧɧɨɝɨ ɩɪɨɦɵɲɥɟɧɧɨɝɨ 

ɫɩɨɫɨɛɚ ɩɪɨɢɡɜɨɞɫɬɜɚ ɦɨɧɨɤɪɢɫɬɚɥɥɢɱɟɫɤɨɝɨ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ. Ⱥɛɫɨɥɸɬɧɵɦ 

ɥɢɞɟɪɨɦ ɩɪɨɢɡɜɨɞɫɬɜɚ ɦɨɧɨɤɪɢɫɬɚɥɥɢɱɟɫɤɨɝɨ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɦɟɬɨɞɨɦ ɅɗɌɂ 

ɹɜɥɹɟɬɫɹ ɤɨɦɩɚɧɢɹ Cree (ɋɒȺ). 

ɋɪɟɞɢ ɧɟɞɨɫɬɚɬɤɨɜ, ɩɪɢɫɭɳɢɯ ɜ ɪɚɡɧɨɣ ɦɟɪɟ ɦɟɬɨɞɚɦ Ʌɟɥɢ ɢ ɅɗɌɂ, ɫɥɟɞɭɟɬ 

ɜɵɞɟɥɢɬɶ ɩɥɨɯɨ ɭɩɪɚɜɥɹɟɦɨɟ ɡɚɪɨɠɞɟɧɢɟ ɤɪɢɫɬɚɥɥɨɜ ɢ ɞɟɧɞɪɢɬɧɵɣ ɯɚɪɚɤɬɟɪ ɢɯ 

ɪɨɫɬɚ, ɤɨɬɨɪɵɟ ɫɩɨɫɨɛɫɬɜɭɸɬ ɜɨɡɧɢɤɧɨɜɟɧɢɸ ɦɧɨɝɨɱɢɫɥɟɧɧɵɯ ɞɟɮɟɤɬɨɜ ɢ 

ɦɢɤɪɨɩɨɪ ɜ ɦɨɧɨɤɪɢɫɬɚɥɥɚɯ. ɗɥɟɤɬɪɢɱɟɫɤɢɟ ɢ ɫɬɪɭɤɬɭɪɧɵɟ ɩɚɪɚɦɟɬɪɵ 

ɤɪɢɫɬɚɥɥɨɜ, ɩɨɥɭɱɟɧɧɵɯ ɜ ɨɞɧɨɦ ɩɪɨɰɟɫɫɟ, ɛɭɞɭɬ ɜ ɬɚɤɨɦ ɫɥɭɱɚɟ ɫɭɳɟɫɬɜɟɧɧɨ 

ɨɬɥɢɱɚɬɶɫɹ. Ɍɚɤɠɟ ɫɭɳɟɫɬɜɭɸɬ ɫɟɪɶɟɡɧɵɟ ɩɪɨɛɥɟɦɵ ɩɪɢ ɫɬɚɛɢɥɢɡɚɰɢɢ ɪɟɠɢɦɨɜ 

ɪɨɫɬɚ ɩɪɢ ɜɵɫɨɤɢɯ ɬɟɦɩɟɪɚɬɭɪɚɯ ɫɢɧɬɟɡɚ ɦɨɧɨɤɪɢɫɬɚɥɥɨɜ SiC (ɞɨ 2600 ˚ɋ). 

ȿɳɟ ɨɞɧɨɣ ɜɚɠɧɨɣ ɩɪɨɛɥɟɦɨɣ ɩɪɢ ɩɨɥɭɱɟɧɢɢ SiC ɦɟɬɨɞɨɦ ɅɗɌɂ ɹɜɥɹɟɬɫɹ 

ɜɥɢɹɧɢɟ ɧɚ ɜɵɪɚɳɢɜɚɟɦɵɣ ɦɨɧɨɤɪɢɫɬɚɥɥ ɡɚɬɪɚɜɤɢ, ɞɢɚɦɟɬɪ ɤɨɬɨɪɨɣ ɨɩɪɟɞɟɥɹɟɬ 

ɜɟɥɢɱɢɧɭ ɦɨɧɨɤɪɢɫɬɚɥɥɚ, ɬɚɤɢɦ ɨɛɪɚɡɨɦ, ɪɨɫɬ ɦɨɧɨɤɪɢɫɬɚɥɥɚ SiC ɫɬɪɨɝɨ 

ɨɝɪɚɧɢɱɟɧ. 

 

1.3.4 ȼɵɫɨɤɨɬɟɦɩɟɪɚɬɭɪɧɵɣ ɫɢɧɬɟɡ 

Ɋɚɡɪɚɛɨɬɤɚ ɜɵɫɨɤɨɬɟɦɩɟɪɚɬɭɪɧɨɝɨ ɫɢɧɬɟɡɚ ɛɵɥɚ ɨɫɭɳɟɫɬɜɥɟɧɚ ɜ 1970-ɯ ɝɝ. ɜ 

ɋɋɋɊ Д64Ж. ȼɵɞɟɥɹɸɬ ɞɜɟ ɪɚɡɧɨɜɢɞɧɨɫɬɢ ɬɚɤɨɝɨ ɦɟɬɨɞɚ: 

ɫɚɦɨɪɚɫɩɪɨɫɬɪɚɧɹɸɳɢɣɫɹ ɜɵɫɨɤɨɬɟɦɩɟɪɚɬɭɪɧɵɣ ɫɢɧɬɟɡ (ɋȼɋ ɢɥɢ SHS – self-

propagating high-temperature synthesis) ɢ ɫɢɧɬɟɡ ɨɛɴɟɦɧɨɝɨ ɝɨɪɟɧɢɹ (VCS – volume 

combustion synthesis). Ɉɛɪɚɡɰɵ ɧɚɝɪɟɜɚɸɬɫɹ ɨɬ ɜɧɟɲɧɟɝɨ ɢɫɬɨɱɧɢɤɚ ɥɨɤɚɥɶɧɨ 

(ɋȼɋ) ɥɢɛɨ ɪɚɜɧɨɦɟɪɧɨ (VCS), ɞɥɹ ɬɨɝɨ ɱɬɨɛɵ ɧɚɱɚɬɶ ɷɤɡɨɬɟɪɦɢɱɟɫɤɭɸ ɪɟɚɤɰɢɸ 
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ɫɨɟɞɢɧɟɧɢɹ ɚɬɨɦɨɜ ɤɪɟɦɧɢɹ ɢ ɭɝɥɟɪɨɞɚ Д65Ж. Ɋɟɠɢɦ ɋȼɋ ɯɚɪɚɤɬɟɪɢɡɭɟɬɫɹ 

ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɟɦ «ɜɨɥɧɵ» ɷɤɡɨɬɟɪɦɢɱɟɫɤɢɯ ɯɢɦɢɱɟɫɤɢɯ ɪɟɚɤɰɢɣ ɫɢɧɬɟɡɚ ɫɤɜɨɡɶ 

ɝɟɬɟɪɨɝɟɧɧɭɸ ɫɪɟɞɭ ɫɦɟɫɢ ɩɪɟɤɭɪɫɨɪɨɜ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ ɛɨɥɟɟ 2000 Ʉ. Ɋɟɠɢɦ 

VCS ɨɬɥɢɱɚɟɬɫɹ ɪɚɜɧɨɦɟɪɧɵɦ ɩɪɨɯɨɠɞɟɧɢɟɦ ɪɟɚɤɰɢɢ ɩɨ ɜɫɟɦɭ ɨɛɴɟɦɭ ɪɟɚɝɟɧɬɨɜ 

ɢ ɧɟ ɩɨɞɯɨɞɢɬ ɞɥɹ ɪɟɚɥɢɡɚɰɢɢ ɷɤɡɨɬɟɪɦɢɱɟɫɤɢɯ ɪɟɚɤɰɢɣ ɜɫɥɟɞɫɬɜɢɟ 

ɧɟɨɛɯɨɞɢɦɨɫɬɢ ɩɪɟɞɜɚɪɢɬɟɥɶɧɨɝɨ ɩɨɞɨɝɪɟɜɚ ɦɚɬɟɪɢɚɥɨɜ ɩɟɪɟɞ ɡɚɠɢɝɚɧɢɟɦ [66]. 

Ʉɚɪɛɢɞ ɤɪɟɦɧɢɹ ɦɟɬɨɞ ɜɵɫɨɤɨɬɟɦɩɟɪɚɬɭɪɧɨɝɨ ɫɢɧɬɟɡɚ ɩɨɥɭɱɚɸɬ ɩɪɢ 

ɩɪɨɬɟɤɚɧɢɢ ɯɢɦɢɱɟɫɤɨɣ ɪɟɚɤɰɢɢ:  

Si + C = SiC + 73 ɤȾɠ/ɦɨɥɶ. 

Ɍɚɤɚɹ ɪɟɚɤɰɢɹ ɯɚɪɚɤɬɟɪɢɡɭɟɬɫɹ ɭɦɟɪɟɧɧɨɣ ɜɟɥɢɱɢɧɨɣ ɷɧɬɚɥɶɩɢɢ 

ɨɛɪɚɡɨɜɚɧɢɹ ɩɪɨɞɭɤɬɚ ɢ ɧɢɡɤɨɣ ɚɞɢɚɛɚɬɢɱɟɫɤɨɣ ɬɟɦɩɟɪɚɬɭɪɨɣ ɝɨɪɟɧɢɹ 

Tad = 1860 Ʉ. ȼ ɬɚɤɨɣ ɫɢɫɬɟɦɟ ɫɥɨɠɧɨ ɜɵɩɨɥɧɢɬɶ ɫɚɦɨɫɬɨɹɬɟɥɶɧɵɣ ɋȼɋ, ɨɞɧɚɤɨ 

ɛɨɥɶɲɚɹ ɱɚɫɬɶ ɞɨɫɬɭɩɧɨɣ ɥɢɬɟɪɚɬɭɪɵ ɪɚɫɫɦɚɬɪɢɜɚɟɬ ɫɢɧɬɟɡ SiC, ɫɜɹɡɚɧɧɵɣ 

ɢɦɟɧɧɨ ɫ ɷɬɢɦ ɩɭɬɟɦ. Ⱦɥɹ ɩɨɜɵɲɟɧɢɹ ɪɟɚɤɰɢɨɧɧɨɣ ɫɩɨɫɨɛɧɨɫɬɢ ɩɪɟɤɭɪɫɨɪɨɜ 

ɢɫɩɨɥɶɡɭɸɬɫɹ ɫɥɟɞɭɸɳɢɟ ɩɨɞɯɨɞɵ: 

ɚ) ɩɪɟɞɜɚɪɢɬɟɥɶɧɵɣ ɩɨɞɨɝɪɟɜ ɩɪɟɤɭɪɫɨɪɨɜ; 

ɛ) ɩɪɢɦɟɧɟɧɢɟ ɞɨɩɨɥɧɢɬɟɥɶɧɨɝɨ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɥɹ; 

ɜ) ɯɢɦɢɱɟɫɤɚɹ ɚɤɬɢɜɚɰɢɹ ɫɦɟɫɢ ɩɪɟɤɭɪɫɨɪɨɜ; 

ɝ) ɨɫɭɳɟɫɬɜɥɟɧɢɟ ɩɪɨɰɟɫɫɚ ɜ ɜɨɡɞɭɯɟ/ɚɡɨɬɟ; 

ɞ) ɦɟɯɚɧɢɱɟɫɤɚɹ ɚɤɬɢɜɚɰɢɹ ɩɪɟɤɭɪɫɨɪɨɜ. 

ɇɟɨɛɯɨɞɢɦɨɫɬɶ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɬɨɝɨ ɢɥɢ ɢɧɨɝɨ ɩɨɞɯɨɞɚ ɨɩɪɟɞɟɥɹɟɬɫɹ 

ɠɟɥɚɟɦɵɦɢ ɫɜɨɣɫɬɜɚɦɢ ɩɪɨɞɭɤɬɚ, ɧɚɩɪɢɦɟɪ, ɱɢɫɬɨɬɨɣ, ɪɚɫɩɪɟɞɟɥɟɧɢɟɦ ɱɚɫɬɢɰ ɩɨ 

ɪɚɡɦɟɪɚɦ ɢ ɦɨɪɮɨɥɨɝɢɟɣ, ɨɛɴɟɦɨɦ ɜɵɩɭɫɤɚ ɩɪɨɞɭɤɰɢɢ ɢ ɫɬɨɢɦɨɫɬɶɸ ɩɪɨɰɟɫɫɚ. 

ɉɨɥɭɱɟɧɢɟ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɦɟɬɨɞɨɦ ɋȼɋ ɜɩɟɪɜɵɟ ɛɵɥɨ ɨɩɢɫɚɧɨ ɜ ɪɚɛɨɬɟ Д67Ж, 

ɝɞɟ ɭɤɚɡɵɜɚɥɢɫɶ ɩɭɬɢ ɨɩɬɢɦɢɡɚɰɢɢ ɫɢɧɬɟɡɚ ɩɭɬɟɦ ɩɪɟɞɜɚɪɢɬɟɥɶɧɨɝɨ ɧɚɝɪɟɜɚ 

ɪɟɚɝɟɧɬɨɜ. ȼ ɞɚɥɶɧɟɣɲɟɦ ɢɦɟɧɧɨ ɩɨɜɵɲɟɧɢɟ ɬɟɦɩɟɪɚɬɭɪɵ ɝɨɪɟɧɢɹ 

ɢɫɩɨɥɶɡɨɜɚɥɨɫɶ ɞɥɹ ɭɜɟɥɢɱɟɧɢɹ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɫɢɧɬɟɡɚ SiC. ɉɪɢ ɷɬɨɦ ɜ 

ɜɵɫɨɤɨɬɟɦɩɟɪɚɬɭɪɧɨɦ ɫɢɧɬɟɡɟ ɩɪɨɹɜɥɹɟɬɫɹ ɷɮɮɟɤɬ ɫɚɦɨɨɱɢɳɟɧɢɹ. Ȼɵɥɨ 

ɩɨɤɚɡɚɧɨ, ɱɬɨ 50% ɦɟɬɚɥɥɢɱɟɫɤɢɯ ɩɪɢɦɟɫɟɣ ɧɚɱɚɥɶɧɵɯ ɩɪɟɤɭɪɫɨɪɨɜ ɛɵɥɨ 

ɭɫɬɪɚɧɟɧɨ ɜ ɭɫɥɨɜɢɹɯ ɜɵɫɨɤɢɯ ɬɟɦɩɟɪɚɬɭɪ ɜɨɥɧɵ ɝɨɪɟɧɢɹ [68, 69]. 
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ȼɚɠɧɨ ɡɚɦɟɬɢɬɶ, ɱɬɨ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɩɪɟɞɜɚɪɢɬɟɥɶɧɨɝɨ ɩɨɞɨɝɪɟɜɚ ɩɨɡɜɨɥɹɟɬ 

ɨɞɧɢɦ ɲɚɝɨɦ ɩɪɨɢɡɜɨɞɢɬɶ ɤɟɪɚɦɢɤɭ. ȼɩɟɪɜɵɟ ɷɬɨ ɛɵɥɨ ɩɪɨɞɟɦɨɧɫɬɪɢɪɨɜɚɧɨ ɜ 

ɪɚɛɨɬɟ Д68Ж ɩɪɢ ɩɪɨɜɟɞɟɧɢɢ ɫɢɧɬɟɡɚ ɩɪɢ ɜɵɫɨɤɨɦ ɞɚɜɥɟɧɢɢ. Ʉɟɪɚɦɢɤɚ, ɤɨɬɨɪɚɹ 

ɛɵɥɚ ɫɢɧɬɟɡɢɪɨɜɚɧɚ ɜ ɨɩɬɢɦɚɥɶɧɵɯ ɭɫɥɨɜɢɹɯ, ɫɨɞɟɪɠɢɬ з96 % ɮɚɡɵ ȕ-SiC. 

Ⱦɪɭɝɨɣ ɫɩɨɫɨɛ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɩɨɞɨɝɪɟɜɚ ɩɪɢ ɜɵɫɨɤɨɬɟɦɩɟɪɚɬɭɪɧɨɦ ɫɢɧɬɟɡɟ 

ɡɚɤɥɸɱɚɟɬɫɹ ɜ ɩɪɨɯɨɠɞɟɧɢɢ ɬɨɤɚ ɫɤɜɨɡɶ ɪɟɚɤɰɢɨɧɧɭɸ ɫɪɟɞɭ. ɗɬɨɬ ɩɨɞɯɨɞ ɛɵɥ 

ɜɩɟɪɜɵɟ ɩɪɟɞɥɨɠɟɧ ɜ ɪɚɛɨɬɟ Д68Ж, ɚ ɡɚɬɟɦ ɩɪɨɞɨɥɠɟɧ ɜ ɪɚɛɨɬɚɯ ɝɪɭɩɩɵ 

ɋɬɟɣɧɛɟɪɝɚ Д70, 71Ж ɢ Ɇɭɧɢɪɚ [72- 75Ж. ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɧɚ ɩɟɪɜɨɦ ɷɬɚɩɟ ɩɪɨɢɫɯɨɞɢɬ 

ɩɪɨɫɬɨɣ ɢɧɟɪɬɧɵɣ ɩɨɞɨɝɪɟɜ ɩɪɟɤɭɪɫɨɪɨɜ ɞɥɹ ɜɨɡɛɭɠɞɟɧɢɹ ɪɟɚɤɰɢɢ, ɜ ɪɟɡɭɥɶɬɚɬɟ 

ɱɟɝɨ ɜ ɫɪɟɞɧɟɣ ɱɚɫɬɢ ɨɛɪɚɡɰɚ, ɜ ɤɨɬɨɪɨɣ ɬɟɩɥɨɜɵɟ ɩɨɬɟɪɢ ɦɢɧɢɦɚɥɶɧɵ, 

ɩɪɨɢɫɯɨɞɢɬ ɫɚɦɨɢɧɢɰɢɢɪɨɜɚɧɢɟ ɋȼɋ-ɪɟɚɤɰɢɣ. Ɉɛɪɚɡɨɜɚɧɢɟ SiC ɩɪɢɜɨɞɢɬ ɤ 

ɪɟɡɤɨɦɭ ɩɨɜɵɲɟɧɢɸ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɦɚɬɟɪɢɚɥɚ ɢ, ɫɥɟɞɨɜɚɬɟɥɶɧɨ, ɭɦɟɧɶɲɟɧɢɸ 

ɬɨɤɚ. Ⱦɚɥɶɧɟɣɲɢɣ ɩɪɨɰɟɫɫ ɩɪɨɢɫɯɨɞɢɬ ɩɭɬɟɦ ɫɩɨɧɬɚɧɧɵɯ ɪɟɚɤɰɢɣ ɩɨ ɨɛɨɢɦ 

ɤɨɧɰɚɦ ɨɛɪɚɡɰɚ. ȼ ɪɟɡɭɥɶɬɚɬɟ ɨɛɪɚɡɭɟɬɫɹ ɫɬɟɯɢɨɦɟɬɪɢɱɟɫɤɚɹ ɮɚɡɚ ȕ-SiC. 

Ⱦɥɢɬɟɥɶɧɨɫɬɶ ɩɪɨɰɟɫɫɚ ɫɢɧɬɟɡɚ ɡɚɧɢɦɚɟɬ ~0,1 ɫ. 

ɋɥɟɞɭɸɳɢɦ ɩɨɞɯɨɞɨɦ ɤ ɩɨɜɵɲɟɧɢɸ ɪɟɚɤɰɢɨɧɧɨɣ ɫɩɨɫɨɛɧɨɫɬɢ ɫɢɫɬɟɦɵ 

ɹɜɥɹɟɬɫɹ ɯɢɦɢɱɟɫɤɢ ɚɤɬɢɜɢɪɨɜɚɧɧɵɣ ɋȼɋ, ɜɩɟɪɜɵɟ ɩɪɟɞɥɨɠɟɧɧɵɣ ɜ ɪɚɛɨɬɟ Д76Ж, 

ɝɞɟ ɢɫɩɨɥɶɡɨɜɚɥɫɹ ɩɨɥɢɬɟɬɪɚɮɬɨɪɷɬɢɥɟɧ (ɉɌɎɗ) (-CF2-CF2-)n ɜ ɤɚɱɟɫɬɜɟ ɞɨɛɚɜɤɢ. 

ȼ ɪɚɛɨɬɟ Д77Ж ɢɫɫɥɟɞɭɟɬɫɹ ɪɟɚɤɰɢɹ ɩɪɢ ɞɨɛɚɜɥɟɧɢɢ KNO3, NaNO3, NH4NO3 ɢ 

BaNO3. Ɉɩɪɟɞɟɥɟɧɨ, ɱɬɨ KNO3-Si ɹɜɥɹɟɬɫɹ ɥɭɱɲɢɦ ɤɚɬɚɥɢɡɚɬɨɪɨɦ, ɩɪɢ ɷɬɨɦ 

ɫɢɧɬɟɡɢɪɭɸɬɫɹ ɧɟɛɨɥɶɲɢɟ ɱɚɫɬɢɰɵ (з 1 ɦɤɦ). ȼ ɪɚɛɨɬɟ Д78Ж ɢɫɩɨɥɶɡɨɜɚɧɚ ɛɨɥɟɟ 

ɫɥɨɠɧɚɹ ɞɨɛɚɜɤɚ ДMg+(-CF2-CF2-)n]. 

Ⱦɨɩɨɥɧɢɬɟɥɶɧɵɦ ɤ ɯɢɦɢɱɟɫɤɨɣ ɚɤɬɢɜɚɰɢɢ ɫɪɟɞɫɬɜɨɦ ɩɨɜɵɲɟɧɢɹ 

ɚɤɬɢɜɧɨɫɬɢ ɫɢɫɬɟɦɵ ɹɜɥɹɟɬɫɹ ɨɫɭɳɟɫɬɜɥɟɧɢɟ ɪɟɚɤɰɢɢ ɜ ɚɡɨɬɟ Д79Ж ɢ ɜɨɡɞɭɯɟ Д80Ж, 

ɝɞɟ ɩɪɨɬɟɤɚɸɬ ɛɨɥɟɟ ɷɤɡɨɬɟɪɦɢɱɟɫɤɢɟ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ Si+C  ɪɟɚɤɰɢɢ ɫɨɟɞɢɧɟɧɢɹ 

ɤɪɟɦɧɢɹ ɢ ɚɡɨɬɚ ɢ ɫɠɢɝɚɧɢɹ ɭɝɥɟɪɨɞɚ Д81Ж. ɉɨɞɯɨɞ ɫ ɩɪɨɜɟɞɟɧɢɟɦ ɪɟɚɤɰɢɢ ɜ 

ɚɬɦɨɫɮɟɪɟ ɚɡɨɬɚ ɩɪɢɦɟɧɹɟɬɫɹ ɞɥɹ ɩɨɥɭɱɟɧɢɹ ɩɨɪɨɲɤɨɨɛɪɚɡɧɨɝɨ SiC [82-87]. 

Ɇɟɯɚɧɢɱɟɫɤɚɹ ɚɤɬɢɜɚɰɢɹ ɡɚɤɥɸɱɚɟɬɫɹ ɜ ɩɨɜɵɲɟɧɢɢ ɪɟɚɤɰɢɨɧɧɨɣ 

ɫɩɨɫɨɛɧɨɫɬɢ ɢɫɯɨɞɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɡɚ ɫɱɟɬ ɢɯ ɨɛɪɚɛɨɬɤɢ ɜ ɩɥɚɧɟɬɚɪɧɵɯ 

ɦɟɥɶɧɢɰɚɯ ɢ ɢɧɵɯ ɭɫɬɪɨɣɫɬɜɚɯ. ȼ ɪɟɡɭɥɶɬɚɬɟ ɬɚɤɨɝɨ ɩɪɨɰɟɫɫɚ ɩɪɨɢɫɯɨɞɹɬ ɪɚɡɪɵɜ 
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ɢ ɞɟɮɨɪɦɚɰɢɹ ɤɨɦɩɨɧɟɧɬɨɜ ɢɫɯɨɞɧɨɣ ɫɦɟɫɢ, ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɭɞɟɥɶɧɚɹ ɩɥɨɳɚɞɶ 

ɩɨɜɟɪɯɧɨɫɬɢ ɢ ɭɧɢɱɬɨɠɚɟɬɫɹ ɨɤɫɢɞɧɚɹ ɩɥɟɧɤɚ Д88Ж. Ʉɚɤ ɫɥɟɞɫɬɜɢɟ, ɭɦɟɧɶɲɚɟɬɫɹ 

ɬɟɦɩɟɪɚɬɭɪɚ ɫɚɦɨɜɨɫɩɥɚɦɟɧɟɧɢɹ ɫɦɟɫɢ, ɪɚɫɲɢɪɹɸɬɫɹ ɩɪɟɞɟɥɵ ɜɨɫɩɥɚɦɟɧɹɟɦɨɫɬɢ, 

ɨɫɭɳɟɫɬɜɥɹɟɬɫɹ ɛɨɥɟɟ ɩɨɥɧɚɹ ɪɟɚɤɰɢɹ, ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɫɤɨɪɨɫɬɶ ɮɪɨɧɬɚ ɜɨɥɧɵ 

ɝɨɪɟɧɢɹ Д89-91]. 

Ɍɚɤɠɟ ɦɟɬɨɞɨɦ ɋȼɋ ɩɨɪɨɲɤɨɨɛɪɚɡɧɵɣ ɤɚɪɛɢɞ ɤɪɟɦɧɢɹ ɜɨɡɦɨɠɧɨ ɩɨɥɭɱɢɬɶ 

ɜ ɯɨɞɟ ɪɟɚɤɰɢɣ ɩɨɥɭɱɟɧɢɹ ɤɪɟɦɧɢɹ ɩɨɫɪɟɞɫɬɜɨɦ ɜɨɫɫɬɚɧɨɜɥɟɧɢɹ ɤɪɟɦɧɨɡɟɦɚ 

ɦɟɬɚɥɥɨɦ ɢ ɩɨɫɥɟɞɭɸɳɟɝɨ ɫɨɟɞɢɧɟɧɢɹ ɤɪɟɦɧɢɹ ɫ ɭɝɥɟɪɨɞɨɦ. ȼ ɯɢɦɢɱɟɫɤɨɣ 

ɫɢɫɬɟɦɟ [SiO2+Me(Mg,Al)+C] ɜɵɞɟɥɹɟɬɫɹ ɧɚɦɧɨɝɨ ɛɨɥɶɲɟɟ ɤɨɥɢɱɟɫɬɜɨ ɬɟɩɥɨɬɵ 

ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɫɢɫɬɟɦɨɣ Si+C. ȼ ɪɟɠɢɦɟ ɬɚɤɨɝɨ ɬɢɩɚ ɫɦɟɫɢ ɨɬɧɨɫɢɬɟɥɶɧɨ ɥɟɝɤɨ 

ɧɚɱɚɬɶ ɋȼɋ ɛɟɡ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɫɩɟɰɢɚɥɶɧɵɯ ɫɪɟɞɫɬɜ ɩɨɜɵɲɟɧɢɹ ɯɢɦɢɱɟɫɤɨɣ 

ɚɤɬɢɜɧɨɫɬɢ Д92-94Ж. Ɉɞɧɚɤɨ ɜ ɞɨɩɨɥɧɟɧɢɟ ɤ ɨɫɧɨɜɧɵɦ ɬɜɟɪɞɵɦ ɩɪɨɞɭɤɬɚɦ ɦɨɝɭɬ 

ɛɵɬɶ ɩɨɥɭɱɟɧɵ ɞɜɟ ɞɪɭɝɢɟ ɮɚɡɵ, ɬ. ɟ. Mg2SiO4 ɢ Si Д95, 96Ж, ɬɪɭɞɧɨɭɞɚɥɹɟɦɵɟ ɢɡ 

ɩɪɨɞɭɤɬɚ. ɉɨɥɧɵɣ ɩɟɪɟɯɨɞ ɤɪɟɦɧɨɡɟɦɚ ɜ ɤɚɪɛɢɞ ɤɪɟɦɧɢɹ ɦɨɠɟɬ ɛɵɬɶ ɞɨɫɬɢɝɧɭɬ 

ɬɨɥɶɤɨ ɩɪɢ ɜɵɫɨɤɨɦ ɞɚɜɥɟɧɢɢ ɚɪɝɨɧɚ. Ɍɚɤɠɟ ɢɦɟɸɬɫɹ ɬɪɭɞɧɨɫɬɢ ɜ ɭɩɪɚɜɥɟɧɢɢ 

ɦɢɤɪɨɫɬɪɭɤɬɭɪɨɣ ɩɪɨɞɭɤɬɚ. 

Ɍɪɚɞɢɰɢɨɧɧɨ ɜɵɞɟɥɹɸɬ ɫɥɟɞɭɸɳɢɟ ɩɪɟɢɦɭɳɟɫɬɜɚ ɋȼɋ-ɦɟɬɨɞɚ Д46, 94Ж: 

 ɤɨɪɨɬɤɨɟ ɜɪɟɦɹ ɫɢɧɬɟɡɚ (ɩɨɪɹɞɤɚ ɧɟɫɤɨɥɶɤɢɯ ɦɢɧɭɬ); 

 ɦɚɥɵɟ ɩɨɬɟɪɢ ɷɧɟɪɝɢɢ; 

 ɩɪɨɫɬɨɬɚ ɬɟɯɧɨɥɨɝɢɱɟɫɤɨɝɨ ɨɛɨɪɭɞɨɜɚɧɢɹ; 

 ɜɨɡɦɨɠɧɨɫɬɶ ɫɢɧɬɟɡɚ ɩɪɨɞɭɤɬɚ ɜɵɫɨɤɨɣ ɱɢɫɬɨɬɵ; 

 ɜɨɡɦɨɠɧɨɫɬɶ ɩɨɥɭɱɟɧɢɹ ɩɪɨɞɭɤɬɚ ɧɚɧɨɪɚɡɦɟɪɧɨɣ ɞɢɫɩɟɪɫɧɨɫɬɢ. 

ɋɨɨɬɜɟɬɫɬɜɢɹ ɫɨɫɬɚɜɚ ɢ ɫɬɪɭɤɬɭɪɵ ɩɨɥɭɱɚɟɦɵɯ ɩɪɨɞɭɤɬɨɜ ɡɚɞɚɧɧɵɦ 

ɡɧɚɱɟɧɢɹɦ ɦɨɠɧɨ ɞɨɛɢɬɶɫɹ ɪɚɰɢɨɧɚɥɶɧɵɦ ɜɵɛɨɪɨɦ ɫɨɨɬɧɨɲɟɧɢɹ ɤɨɦɩɨɧɟɧɬɨɜ ɢ 

ɪɟɠɢɦɚ. Ȼɨɥɟɟ ɫɟɪɶɟɡɧɨɣ ɩɪɨɛɥɟɦɨɣ ɦɟɬɨɞɚ ɋȼɋ ɹɜɥɹɟɬɫɹ ɫɢɧɬɟɡ ɩɪɨɞɭɤɬɚ, 

ɤɨɬɨɪɵɣ ɩɨ ɞɢɫɩɟɪɫɧɨɫɬɢ ɦɚɥɨ ɱɟɦ ɨɬɥɢɱɚɟɬɫɹ ɨɬ ɬɪɚɞɢɰɢɨɧɧɨɣ ɬɟɯɧɨɥɨɝɢɢ 

ɩɨɥɭɱɟɧɢɹ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ. Ʉɪɨɦɟ ɬɨɝɨ, ɩɪɨɰɟɫɫ ɋȼɋ (ɨɫɨɛɟɧɧɨ ɩɪɢ ɯɢɦɢɱɟɫɤɨɣ 

ɚɤɬɢɜɚɰɢɢ ɪɟɚɝɟɧɬɨɜ) ɦɨɠɟɬ ɬɪɟɛɨɜɚɬɶ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɞɨɪɨɝɨɫɬɨɹɳɟɝɨ ɫɵɪɶɹ. 

ɇɟɞɨɫɬɚɬɤɨɦ ɹɜɥɹɟɬɫɹ ɩɪɚɤɬɢɱɟɫɤɢ ɨɛɹɡɚɬɟɥɶɧɚɹ ɧɟɨɛɯɨɞɢɦɨɫɬɶ ɚɤɬɢɜɚɰɢɢ ɫɦɟɫɢ 

ɩɪɢ ɩɪɨɜɟɞɟɧɢɢ ɋȼɋ ɜ ɫɢɫɬɟɦɟ Si-C. ɉɪɨɜɟɞɟɧɢɟ ɩɪɟɞɜɚɪɢɬɟɥɶɧɵɯ ɫɬɚɞɢɣ 
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ɩɨɞɝɨɬɨɜɤɢ ɪɟɚɝɟɧɬɨɜ ɫɭɳɟɫɬɜɟɧɧɨ ɭɜɟɥɢɱɢɜɚɟɬ ɞɨɩɨɥɧɢɬɟɥɶɧɵɟ ɷɧɟɪɝɨɡɚɬɪɚɬɵ ɢ 

ɫɬɨɢɦɨɫɬɶ ɩɪɨɰɟɫɫɚ, ɜɪɟɦɹ ɫɢɧɬɟɡɚ, ɩɪɢɜɨɞɢɬ ɤ ɧɟɨɛɯɨɞɢɦɨɫɬɢ ɜɵɩɨɥɧɟɧɢɹ 

ɧɟɤɨɬɨɪɵɯ ɬɟɯɧɨɥɨɝɢɱɟɫɤɢɯ ɨɫɨɛɟɧɧɨɫɬɟɣ ɢ ɬɪɭɞɨɟɦɤɨɣ ɨɱɢɫɬɤɢ ɤɨɧɟɱɧɨɝɨ 

ɩɪɨɞɭɤɬɚ [46]. 

 

1.3.5 ɉɥɚɡɦɨɯɢɦɢɱɟɫɤɢɣ ɫɢɧɬɟɡ 

Ⱦɚɧɧɵɣ ɦɟɬɨɞ ɩɨɡɜɨɥɹɟɬ ɩɨɥɭɱɚɬɶ ɬɨɧɤɨɞɢɫɩɟɪɫɧɵɟ ɩɨɪɨɲɤɨɨɛɪɚɡɧɵɟ 

ɦɚɬɟɪɢɚɥɵ ɡɚ ɫɱɟɬ ɩɪɢɦɟɧɟɧɢɹ ɧɢɡɤɨɬɟɦɩɟɪɚɬɭɪɧɨɣ ɩɥɚɡɦɵ, ɝɟɧɟɪɢɪɭɟɦɨɣ ɜ 

ɩɪɨɰɟɫɫɟ ɪɚɡɪɹɞɨɜ ɪɚɡɧɵɯ ɬɢɩɨɜ (ɞɭɝɨɜɨɝɨ, ɬɥɟɸɳɟɝɨ, ɜɵɫɨɤɨɱɚɫɬɨɬɧɨɝɨ). 

ɋɜɨɣɫɬɜɚ ɫɢɧɬɟɡɢɪɨɜɚɧɧɵɯ ɩɪɨɞɭɤɬɨɜ ɨɩɪɟɞɟɥɹɸɬɫɹ ɦɧɨɝɨɱɢɫɥɟɧɧɵɦɢ 

ɮɚɤɬɨɪɚɦɢ: ɤɚɱɟɫɬɜɨɦ ɢɫɯɨɞɧɨɝɨ ɦɚɬɟɪɢɚɥɚ, ɨɫɨɛɟɧɧɨɫɬɹɦɢ ɤɨɧɤɪɟɬɧɨɣ 

ɬɟɯɧɨɥɨɝɢɢ ɢ ɬɢɩɨɦ ɢɫɩɨɥɶɡɭɟɦɨɝɨ ɪɟɚɤɬɨɪɚ. ɂɫɩɨɥɶɡɨɜɚɧɢɟ ɩɥɚɡɦɨɯɢɦɢɱɟɫɤɢɯ 

ɦɟɬɨɞɨɜ ɩɨɡɜɨɥɹɟɬ ɩɨɥɭɱɚɬɶ ɱɚɫɬɢɰɵ ɜ ɜɢɞɟ ɦɨɧɨɤɪɢɫɬɚɥɥɨɜ ɪɚɡɦɟɪɚɦɢ ɨɬ 10 ɞɨ 

200 ɧɦ. ɉɪɨɰɟɫɫɵ ɨɛɵɱɧɨ ɯɚɪɚɤɬɟɪɢɡɭɸɬɫɹ ɜɵɫɨɤɨɣ ɫɤɨɪɨɫɬɶɸ 

ɡɚɪɨɞɵɲɟɨɛɪɚɡɨɜɚɧɢɹ ɩɪɢ ɦɚɥɨɣ ɫɤɨɪɨɫɬɢ ɢɯ ɪɨɫɬɚ. 

ɉɨɞ ɜɥɢɹɧɢɟɦ ɜɵɫɨɤɨɣ ɬɟɦɩɟɪɚɬɭɪɵ, ɤɨɬɨɪɚɹ ɞɨɫɬɢɝɚɟɬɫɹ ɜ ɩɥɚɡɦɟ, 

ɩɪɟɤɭɪɫɨɪɵ ɩɟɪɟɯɨɞɹɬ ɜ ɢɨɧɢɡɢɪɨɜɚɧɧɨɟ ɫɨɫɬɨɹɧɢɟ ɢ ɜɡɚɢɦɨɞɟɣɫɬɜɭɸɬ ɫ 

ɜɵɫɨɤɢɦɢ ɫɤɨɪɨɫɬɹɦɢ. ɉɪɢ ɨɯɥɚɠɞɟɧɢɢ ɢɡ ɠɢɞɤɨɣ ɮɚɡɵ ɜɵɞɟɥɹɸɬɫɹ ɩɪɨɞɭɤɬɵ 

ɫɢɧɬɟɡɚ. ɍɩɪɚɜɥɟɧɢɟ ɮɚɡɨɜɵɦ ɢ ɝɪɚɧɭɥɨɦɟɬɪɢɱɟɫɤɢɦ ɫɨɫɬɚɜɨɦ, ɦɨɪɮɨɥɨɝɢɟɣ 

ɱɚɫɬɢɰ ɨɫɭɳɟɫɬɜɥɹɟɬɫɹ ɢɡɦɟɧɟɧɢɟɦ ɦɟɫɬɚ ɢ ɫɤɨɪɨɫɬɢ ɢɯ ɡɚɤɚɥɤɢ [97]. 

Ɋɚɛɨɬɚ Д98Ж ɩɨɫɜɹɳɟɧɚ ɢɫɫɥɟɞɨɜɚɧɢɸ ɜɨɡɦɨɠɧɨɫɬɢ ɩɥɚɡɦɨɯɢɦɢɱɟɫɤɨɝɨ 

ɫɢɧɬɟɡɚ ɧɚɧɨɩɨɪɨɲɤɨɜ SiC ɡɚ ɫɱɟɬ ɜɨɫɫɬɚɧɨɜɥɟɧɢɹ SiCl4 ɜɨɞɨɪɨɞɨɦ ɜ ɩɪɢɫɭɬɫɬɜɢɢ 

C6H14 ɜ ɩɨɬɨɤɟ ɧɢɡɤɨɬɟɦɩɟɪɚɬɭɪɧɨɣ Ar ɢɥɢ N2 ɩɥɚɡɦɵ ɦɢɤɪɨɜɨɥɧɨɜɨɣ ɱɚɫɬɨɬɵ. 

ɉɥɚɡɦɟɧɧɵɣ ɩɨɬɨɤ ɦɨɠɟɬ ɝɟɧɟɪɢɪɨɜɚɬɶɫɹ ɤɚɤ ɷɥɟɤɬɪɨɞɭɝɨɜɵɦ, ɬɚɤ ɢ 

ɜɵɫɨɤɨɱɚɫɬɨɬɧɵɦ ɩɥɚɡɦɨɬɪɨɧɨɦ ɦɨɳɧɨɫɬɶɸ 5,0–8,5 ɤȼɬ. ɋ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ 

ɞɚɧɧɨɣ ɦɟɬɨɞɢɤɢ ɛɵɥ ɫɢɧɬɟɡɢɪɨɜɚɧ ɩɨɪɨɲɨɤ c ɫɨɞɟɪɠɚɧɢɟɦ ȕ-SiC ɞɨ 80 % ɢ 

ɪɚɡɦɟɪɚɦɢ ɱɚɫɬɢɰ ɞɨ 150 ɧɦ. ȼɵɫɨɤɨɱɚɫɬɨɬɧɵɣ ɩɥɚɡɦɨɬɪɨɧ ɩɨɡɜɨɥɹɟɬ ɩɨɥɭɱɚɬɶ 

ɛɨɥɟɟ ɞɢɫɩɟɪɫɧɵɣ ɩɪɨɞɭɤɬ, ɨɞɧɚɤɨ ɫ ɦɟɧɶɲɢɦ ɜɵɯɨɞɨɦ ɮɚɡɵ ȕ-SiC. ɉɪɢ 

ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɷɥɟɤɬɪɨɞɭɝɨɜɨɝɨ ɩɥɚɡɦɨɬɪɨɧɚ ɜɨɡɦɨɠɧɨ ɫɢɧɬɟɡɢɪɨɜɚɬɶ ɩɪɨɞɭɤɬ ɫ 

ɦɟɧɶɲɢɦ ɫɨɞɟɪɠɚɧɢɟɦ ɩɪɢɦɟɫɟɣ, ɧɨ ɛɨɥɟɟ ɤɪɭɩɧɵɦɢ ɡɟɪɧɚɦɢ ȕ-SiC. 
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Ɋɚɡɧɨɜɢɞɧɨɫɬɶɸ ɩɥɚɡɦɨɯɢɦɢɱɟɫɤɨɝɨ ɫɢɧɬɟɡɚ ɹɜɥɹɟɬɫɹ ɝɚɡɨɮɚɡɧɵɣ ɫɢɧɬɟɡ ɫ 

ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɥɚɡɟɪɧɨɝɨ ɧɚɝɪɟɜɚ ɪɟɚɝɟɧɬɨɜ Д97Ж. ɉɟɪɫɩɟɤɬɢɜɧɨɫɬɶ ɬɚɤɨɝɨ 

ɫɩɨɫɨɛɚ ɫɢɧɬɟɡɚ ɨɛɭɫɥɨɜɥɟɧɚ ɟɝɨ ɧɚɞɟɠɧɨɫɬɶɸ ɢ ɷɤɨɧɨɦɢɱɧɨɫɬɶɸ, ɩɪɨɞɭɤɬ 

ɩɨɥɭɱɚɟɬɫɹ ɧɚɢɦɟɧɟɟ ɡɚɝɪɹɡɧɟɧɧɵɦ, ɜ ɩɪɨɰɟɫɫɟ ɨɛɟɫɩɟɱɢɜɚɟɬɫɹ ɤɨɧɬɪɨɥɶ ɡɚ 

ɝɨɦɨɝɟɧɧɵɦ ɡɚɪɨɞɵɲɟɨɛɪɚɡɨɜɚɧɢɟɦ. ɋɪɟɞɢ ɢɧɵɯ ɞɨɫɬɨɢɧɫɬɜ ɦɟɬɨɞɚ ɫɥɟɞɭɟɬ 

ɜɵɞɟɥɢɬɶ ɨɬɫɭɬɫɬɜɢɟ ɩɨɜɟɪɯɧɨɫɬɟɣ, ɫɩɨɫɨɛɫɬɜɭɸɳɢɯ ɝɟɬɟɪɨɝɟɧɧɨɦɭ ɡɚɪɨɞɵɲɟ-

ɨɛɪɚɡɨɜɚɧɢɸ, ɜɨɡɦɨɠɧɨɫɬɶ ɭɩɪɚɜɥɟɧɢɹ ɩɪɨɰɟɫɫɨɦ. ȼɨɡɦɨɠɧɨɫɬɶ ɝɚɡɨɮɚɡɧɨɝɨ 

ɫɢɧɬɟɡɚ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɥɚɡɟɪɧɨɝɨ ɧɚɝɪɟɜɚ ɪɟɚɝɟɧɬɨɜ ɞɥɹ ɧɚɧɨɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ 

ɩɨɪɨɲɤɨɜ Si, Si3N4 ɢ SiC ɩɨɞɪɨɛɧɨ ɩɨɤɚɡɚɧɚ ɜ ɪɚɛɨɬɟ Д99Ж. ɉɪɢ ɥɚɡɟɪɧɨɦ ɫɢɧɬɟɡɟ 

SiC ɩɪɢɦɟɧɹɸɬɫɹ ɫɦɟɫɢ ɝɚɡɨɜ SiH4+CH4 ɥɢɛɨ SiH4+C2H4. ɒɢɪɢɧɚ ɪɚɫɩɪɟɞɟɥɟɧɢɹ 

ɱɚɫɬɢɰ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ – 18-26 ɧɦ, ɫɪɟɞɧɢɣ ɪɚɡɦɟɪ – 21 ɧɦ. ɍɜɟɥɢɱɟɧɢɟ 

ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢɹ ɫɩɨɫɨɛɫɬɜɭɟɬ ɭɦɟɧɶɲɟɧɢɸ ɪɚɡɦɟɪɚ ɱɚɫɬɢɰ 

[99]. ɋ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɥɚɡɟɪɧɨɝɨ ɫɢɧɬɟɡɚ ɜɨɡɦɨɠɧɨ ɩɨɥɭɱɚɬɶ ɧɚɧɨɩɨɪɨɲɤɢ ɫ 

ɭɡɤɢɦ ɪɚɫɩɪɟɞɟɥɟɧɢɟɦ ɱɚɫɬɢɰ (ɱɚɳɟ ɜɫɟɝɨ ɫɮɟɪɢɱɟɫɤɨɣ ɮɨɪɦɵ) ɩɨ ɪɚɡɦɟɪɚɦ. 

ɉɪɟɢɦɭɳɟɫɬɜɨɦ ɹɜɥɹɟɬɫɹ ɞɨɫɬɢɠɟɧɢɟ ɜɵɫɨɤɢɯ ɫɤɨɪɨɫɬɟɣ ɪɟɚɤɰɢɣ ɢ ɤɨɧɞɟɧɫɚɰɢɢ 

ɩɪɨɞɭɤɬɨɜ (ɞɨ 1 ɦɫ), ɚ ɬɚɤɠɟ ɞɨɫɬɚɬɨɱɧɨ ɜɵɫɨɤɚɹ ɩɪɨɢɡɜɨɞɢɬɟɥɶɧɨɫɬɶ. 

ȼ ɤɚɱɟɫɬɜɟ ɧɟɞɨɫɬɚɬɤɨɜ ɛɨɥɶɲɢɧɫɬɜɚ ɩɥɚɡɦɨɯɢɦɢɱɟɫɤɢɯ ɬɟɯɧɢɤ ɫɢɧɬɟɡɚ 

ɫɥɟɞɭɟɬ ɜɵɞɟɥɢɬɶ ɲɢɪɨɤɨɟ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɱɚɫɬɢɰ ɩɨ ɪɚɡɦɟɪɚɦ (ɨɬ 5 ɧɦ ɞɨ 5 ɦɤɦ, 

ɡɚ ɢɫɤɥɸɱɟɧɢɟɦ ɥɚɡɟɪɧɨɝɨ ɫɢɧɬɟɡɚ), ɚ ɬɚɤɠɟ ɜɵɫɨɤɨɟ ɫɨɞɟɪɠɚɧɢɟ ɩɪɢɦɟɫɟɣ ɜ 

ɩɨɪɨɲɤɟ, ɨɫɨɛɟɧɧɨ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɞɭɝɨɜɵɯ ɩɥɚɡɦɟɧɧɵɯ ɪɟɚɤɬɨɪɨɜ ɜɫɥɟɞɫɬɜɢɟ 

ɡɚɝɪɹɡɧɟɧɢɹ ɩɪɨɞɭɤɬɚɦɢ ɷɪɨɡɢɢ ɷɥɟɤɬɪɨɞɨɜ. ɉɨɥɭɱɟɧɧɵɟ ɩɥɚɡɦɨɯɢɦɢɱɟɫɤɢɦ 

ɫɩɨɫɨɛɨɦ ɱɚɫɬɢɰɵ ɢɦɟɸɬ ɛɨɥɶɲɭɸ ɢɡɛɵɬɨɱɧɭɸ ɷɧɟɪɝɢɸ, ɩɨɬɨɦɭ ɦɨɠɟɬ 

ɧɚɛɥɸɞɚɬɶɫɹ ɧɟɫɨɨɬɜɟɬɫɬɜɢɟ ɢɯ ɯɢɦɢɱɟɫɤɨɝɨ ɫɨɫɬɚɜɚ ɪɚɜɧɨɜɟɫɧɨɣ ɮɚɡɨɜɨɣ 

ɞɢɚɝɪɚɦɦɟ. ɉɨɥɭɱɟɧɢɟ ɱɚɫɬɢɰ ɬɪɟɛɭɟɦɨɣ ɫɬɟɯɢɨɦɟɬɪɢɢ ɬɪɟɛɭɟɬ ɩɪɢɦɟɧɟɧɢɹ 

ɞɨɩɨɥɧɢɬɟɥɶɧɵɯ ɫɪɟɞɫɬɜ, ɧɚɩɪɢɦɟɪ, ɤɪɚɬɤɨɜɪɟɦɟɧɧɨɝɨ ɨɬɠɢɝɚ ɩɪɨɞɭɤɬɚ ɜ 

ɤɨɧɬɪɨɥɢɪɭɟɦɨɣ ɚɬɦɨɫɮɟɪɟ. 

 

1.3.6 CVD 

ɉɥɟɧɤɢ ɬɪɚɞɢɰɢɨɧɧɨ ɧɚɧɨɫɹɬɫɹ ɦɟɬɨɞɚɦɢ ɯɢɦɢɱɟɫɤɨɝɨ (CVD) ɢ 

ɮɢɡɢɱɟɫɤɨɝɨ (PVD) ɨɫɚɠɞɟɧɢɹ ɢɡ ɝɚɡɨɜɨɣ ɮɚɡɵ. Ɇɟɬɨɞɨɦ CVD ɜɨɡɦɨɠɧɨ 
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ɨɫɭɳɟɫɬɜɢɬɶ ɫɢɧɬɟɡ ɤɪɢɫɬɚɥɥɨɜ ɞɨɫɬɚɬɨɱɧɨ ɛɨɥɶɲɢɯ ɪɚɡɦɟɪɨɜ, ɨɞɧɚɤɨ ɜ 

ɦɧɨɝɨɫɥɨɣɧɵɯ ɢɥɢ ɦɧɨɝɨɮɚɡɧɵɯ CVD-ɩɥɟɧɤɚɯ ɭɞɚɟɬɫɹ ɩɨɥɭɱɢɬɶ ɢ 

ɧɚɧɨɫɬɪɭɤɬɭɪɵ. ɂɫɩɨɥɶɡɨɜɚɧɢɟ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢɹ ɫɩɨɫɨɛɫɬɜɭɟɬ ɨɛɪɚɡɨɜɚɧɢɸ 

ɧɚɧɨɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɩɥɟɧɨɤ, ɤɨɝɞɚ ɬɟɦɩɟɪɚɬɭɪɚ ɨɫɚɠɞɟɧɢɹ ɫɧɢɠɚɟɬɫɹ ɞɨ 600-

900 Ʉ. Ɉɛɵɱɧɨ ɬɟɦɩɟɪɚɬɭɪɧɵɣ ɢɧɬɟɪɜɚɥ ɨɫɚɠɞɟɧɢɹ CVD-ɩɥɟɧɨɤ ɫɨɫɬɚɜɥɹɟɬ 1200-

1400 Ʉ, ɫɤɨɪɨɫɬɶ ɨɫɚɠɞɟɧɢɹ – 0,03-0,20 ɦɤɦ/ɦɢɧ Д97Ж. 

ɋɩɟɤɬɪ ɯɢɦɢɱɟɫɤɢɯ ɪɟɚɤɰɢɣ, ɤɨɬɨɪɵɟ ɩɪɨɢɫɯɨɞɹɬ ɜ ɯɨɞɟ CVD-ɩɪɨɰɟɫɫɚ, 

ɦɨɠɟɬ ɜɤɥɸɱɚɬɶ ɜ ɫɟɛɹ ɬɟɪɦɨɥɢɡ, ɝɢɞɪɨɥɢɡ, ɨɤɢɫɥɟɧɢɟ, ɜɨɫɫɬɚɧɨɜɥɟɧɢɟ, 

ɧɢɬɪɨɜɚɧɢɟ ɢ ɤɚɪɛɨɧɢɪɨɜɚɧɢɟ, ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɜɢɞɚ ɢɫɩɨɥɶɡɭɟɦɵɯ ɩɪɟɤɭɪɫɨɪɨɜ. 

ȼɨ ɜɪɟɦɹ ɷɬɢɯ ɪɟɚɤɰɢɣ, ɤɨɝɞɚ ɝɚɡɨɨɛɪɚɡɧɵɟ ɜɟɳɟɫɬɜɚ ɧɚɯɨɞɹɬɫɹ ɜ 

ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨɣ ɛɥɢɡɨɫɬɢ ɤ ɩɨɞɥɨɠɤɟ ɢɥɢ ɫɚɦɨɣ ɩɨɜɟɪɯɧɨɫɬɢ, ɨɧɢ ɦɨɝɭɬ 

ɚɞɫɨɪɛɢɪɨɜɚɬɶɫɹ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨ ɧɚ ɱɚɫɬɢɰɚɯ ɤɚɬɚɥɢɡɚɬɨɪɚ ɢɥɢ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ. 

ɉɪɨɰɟɫɫɵ ɞɢɮɮɭɡɢɢ, ɚ ɬɚɤɠɟ ɤɨɧɰɟɧɬɪɚɰɢɹ ɚɞɫɨɪɛɚɬɨɜ (ɩɟɪɟɫɵɳɟɧɢɟ) ɩɪɢɜɨɞɢɬ ɤ 

ɪɨɫɬɭ ɬɜɟɪɞɨɣ ɮɚɡɵ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɤɚɬɚɥɢɡɚɬɨɪɚ Д100Ж. 

CVD ɹɜɥɹɟɬɫɹ ɨɞɧɢɦ ɢɡ ɧɚɢɛɨɥɟɟ ɩɨɞɯɨɞɹɳɢɯ ɦɟɬɨɞɨɜ, ɢɫɩɨɥɶɡɭɟɦɵɯ ɞɥɹ 

ɩɪɨɢɡɜɨɞɫɬɜɚ SiC ɜ ɪɚɡɥɢɱɧɵɯ ɮɨɪɦɚɯ ɬɨɧɤɨɩɥɟɧɨɱɧɵɯ ɩɨɪɨɲɤɨɜ, ɜɨɥɨɤɨɧ ɢ 

ɧɚɧɨɫɬɟɪɠɧɟɣ. ȼ ɪɚɛɨɬɟ Д101Ж ɦɟɥɤɨɞɢɫɩɟɪɫɧɵɣ ɩɨɪɨɲɨɤ SiC ɛɵɥ ɩɨɥɭɱɟɧ ɜ 

ɫɢɫɬɟɦɟ SiH4-C2H2 ɜ ɚɬɦɨɫɮɟɪɟ N2. ɉɪɢ ɷɬɨɦ ɩɪɨɢɫɯɨɞɢɥɚ ɫɥɟɞɭɸɳɚɹ ɪɟɚɤɰɢɹ: 

2 SiH4 (ɝ) + C2H2 (ɝ) = 2SiC (ɬɜ) + 5H2 (ɝ). 

ȼ ɪɟɡɭɥɶɬɚɬɟ ɪɟɚɤɰɢɢ ɩɪɢ ɩɨɞɛɨɪɟ ɨɩɬɢɦɚɥɶɧɨɝɨ ɫɨɨɬɧɨɲɟɧɢɹ ɩɪɟɤɭɪɫɨɪɨɜ 

(C2H2:SiH4 –1,2:1) ɢ ɬɟɦɩɟɪɚɬɭɪɟ 1100 ɨɋ ɛɵɥ ɩɨɥɭɱɟɧ ɩɨɪɨɲɨɤ SiC, ɫɨɫɬɨɹɳɢɣ ɢɡ 

ɤɜɚɡɢɫɮɟɪɢɱɟɫɤɢɯ ɱɚɫɬɢɰ ɫ ɪɚɡɦɟɪɚɦɢ ɜ ɞɢɚɩɚɡɨɧɟ 0,1-0,5 ɦɤɦ. 

Ɍɚɤɠɟ ɜɨɡɦɨɠɟɧ CVD-ɩɪɨɰɟɫɫ ɜ ɚɪɝɨɧɨɜɨɣ ɚɬɦɨɫɮɟɪɟ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɜ 

ɤɚɱɟɫɬɜɟ ɩɪɟɤɭɪɫɨɪɨɜ CH3SiCl3 ɢ H2 ɛɟɡ ɦɟɬɚɥɥɢɱɟɫɤɢɯ ɤɚɬɚɥɢɡɚɬɨɪɨɜ Д102Ж. 

Ɍɚɤɢɦ ɩɭɬɟɦ ɛɵɥɢ ɩɨɥɭɱɟɧɵ ɧɚɧɨɩɪɨɜɨɥɨɤɢ ȕ-SiC ɞɨɫɬɚɬɨɱɧɨ ɜɵɫɨɤɨɣ ɱɢɫɬɨɬɵ ɢ 

ɨɞɧɨɪɨɞɧɨɝɨ ɪɚɡɦɟɪɚ ɨɤɨɥɨ 70 ɧɦ. ɉɪɨɢɫɯɨɞɢɜɲɢɣ ɩɪɨɰɟɫɫ ɨɛɪɚɡɨɜɚɧɢɹ 

ɤɪɢɫɬɚɥɥɨɜ SiC ɦɨɠɟɬ ɛɵɬɶ ɨɩɢɫɚɧ ɫɟɪɢɟɣ ɪɟɚɤɰɢɣ: 

1) CH3SiCl3 + H2 = CH4 + SiCl2 + HCl; 2) CH4 +SiCl2 = SiC + H2. 

Ⱥɜɬɨɪɚɦɢ ɛɵɥɨ ɜɵɞɜɢɧɭɬɨ ɩɪɟɞɩɨɥɨɠɟɧɢɟ ɨ ɬɨɦ, ɱɬɨ ɲɢɪɢɧɚ ɢ ɞɥɢɧɚ 

ɧɚɧɨɩɪɨɜɨɥɨɤ ɜ ɨɫɧɨɜɧɨɦ ɤɨɧɬɪɨɥɢɪɭɸɬɫɹ ɬɟɦɩɟɪɚɬɭɪɨɣ ɨɫɚɠɞɟɧɢɹ. ɉɪɢ ɛɨɥɟɟ 
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ɜɵɫɨɤɨɣ ɬɟɦɩɟɪɚɬɭɪɟ ɨɫɚɠɞɟɧɢɹ ɬɟɦɩɵ ɪɨɫɬɚ ɡɟɪɟɧ SiC ɫɬɚɧɨɜɹɬɫɹ ɛɨɥɶɲɟ, ɚ 

ɪɚɡɦɟɪ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɡɟɪɟɧ ɭɜɟɥɢɱɢɜɚɟɬɫɹ. 

ɉɨ ɬɟɯɧɨɥɨɝɢɢ CVD ɜɨɡɦɨɠɧɨ ɩɨɥɭɱɚɬɶ ɩɥɟɧɨɱɧɵɟ ɤɜɚɡɢɤɪɢɫɬɚɥɥɢɱɟɫɤɢɟ ɢ 

ɚɦɨɪɮɧɵɟ ɫɬɪɭɤɬɭɪɵ, ɨɞɧɚɤɨ ɡɚɬɪɭɞɧɟɧɨ ɩɨɥɭɱɟɧɢɟ ɩɨɪɨɲɤɨɜ ɫ ɱɟɬɤɨɣ 

ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɨɣ. Ɍɚɤɠɟ ɦɟɬɨɞ CVD ɩɨɡɜɨɥɹɟɬ ɨɫɭɳɟɫɬɜɥɹɬɶ ɫɢɧɬɟɡ 

ɱɚɫɬɢɰ SiC ɫɩɟɰɢɮɢɱɟɫɤɨɣ ɦɨɪɮɨɥɨɝɢɢ, ɧɚɩɪɢɦɟɪ, ɧɚɧɨɩɪɨɜɨɥɨɤ. 

 

1.3.7 Ɂɨɥɶ-ɝɟɥɶ ɦɟɬɨɞ 

Ɂɨɥɶ-ɝɟɥɶ ɬɟɯɧɨɥɨɝɢɢ ɨɛɴɟɞɢɧɹɸɬ ɝɪɭɩɩɭ ɦɟɬɨɞɢɤ ɩɨɥɭɱɟɧɢɹ ɦɚɬɟɪɢɚɥɨɜ, ɜ 

ɬɨɦ ɱɢɫɥɟ ɧɚɧɨɦɚɬɟɪɢɚɥɨɜ, ɨɫɧɨɜɚɧɧɭɸ ɧɚ ɢɡɧɚɱɚɥɶɧɨɦ ɩɨɥɭɱɟɧɢɢ ɤɨɥɥɨɢɞɧɨɝɨ 

ɪɚɫɬɜɨɪɚ (ɡɨɥɹ) ɢ ɩɨɫɥɟɞɭɸɳɟɦ ɟɝɨ ɩɟɪɟɜɨɞɟ ɜ ɝɟɥɶ. ɉɨɹɜɥɟɧɢɟ ɡɨɥɶ-ɝɟɥɶ 

ɩɪɨɰɟɫɫɚ ɜ 70-ɯ ɝɝ. XX ɜ. ɛɵɥɨ ɫɜɹɡɚɧɨ ɫ ɪɟɲɟɧɢɟɦ ɩɪɨɛɥɟɦɵ ɩɨɥɭɱɟɧɢɹ, ɩɪɟɠɞɟ 

ɜɫɟɝɨ, ɨɤɫɢɞɧɵɯ ɦɚɬɟɪɢɚɥɨɜ (SiO2, Al2O3, ZrO2, TiO2 ɢ ɞɪ.) ɜ ɩɥɨɬɧɨɣ ɦɨɧɨɥɢɬɧɨɣ 

ɮɨɪɦɟ Д103Ж. 

ɂɫɩɨɥɶɡɨɜɚɧɢɟ ɡɨɥɶ-ɝɟɥɶ ɦɟɬɨɞɚ ɩɨɡɜɨɥɹɟɬ ɩɨɥɭɱɚɬɶ ɱɢɫɬɵɟ 

ɜɵɫɨɤɨɞɢɫɩɟɪɫɧɵɟ ɦɚɬɟɪɢɚɥɵ ɩɪɢ ɦɢɧɢɦɚɥɶɧɨɦ ɭɪɨɜɧɟ ɷɧɟɪɝɨɡɚɬɪɚɬ. 

ɋɢɧɬɟɡɢɪɨɜɚɧɧɵɟ ɬɚɤɢɦ ɨɛɪɚɡɨɦ ɩɪɨɞɭɤɬɵ, ɜ ɬɨɦ ɱɢɫɥɟ ɜ ɫɢɥɭ ɨɞɧɨɪɨɞɧɨɫɬɢ ɢ 

ɜɵɫɨɤɢɯ ɡɧɚɱɟɧɢɣ ɭɞɟɥɶɧɨɣ ɩɨɜɟɪɯɧɨɫɬɢ, ɫɩɨɫɨɛɧɵ ɩɪɨɹɜɥɹɬɶ ɭɧɢɤɚɥɶɧɵɟ 

ɮɢɡɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ [104]. 

Ɂɨɥɶ-ɝɟɥɶ ɦɟɬɨɞ ɜɤɥɸɱɚɟɬ ɜ ɫɟɛɹ ɪɟɚɤɰɢɢ ɝɢɞɪɨɥɢɡɚ ɢ ɩɨɥɢɤɨɧɞɟɧɫɚɰɢɢ. 

Ⱦɥɹ ɩɨɥɭɱɟɧɢɹ SiC ɜ ɤɚɱɟɫɬɜɟ ɩɪɟɤɭɪɫɨɪɚ ɞɥɹ ɪɟɚɤɰɢɢ ɝɢɞɪɨɥɢɡɚ ɢɫɩɨɥɶɡɭɟɬɫɹ 

ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɣ ɚɥɤɨɤɫɢɞ, ɪɚɡɛɚɜɥɹɟɦɵɣ ɜ ɜɨɞɟ. ȼɩɨɫɥɟɞɫɬɜɢɢ ɨɛɪɚɡɭɸɬɫɹ 

ɫɢɥɚɧɨɥɶɧɵɟ ɝɪɭɩɩɵ (SiOH), ɤɨɬɨɪɵɟ ɤɨɧɞɟɧɫɢɪɭɸɬɫɹ ɫ ɨɛɪɚɡɨɜɚɧɢɟɦ 

ɫɢɥɨɤɫɚɧɨɜɵɯ ɫɜɹɡɟɣ (Si-O-Si). ɋɢɧɬɟɡ ɝɟɥɹ H4SiO4 ɜ ɪɟɡɭɥɶɬɚɬɟ ɷɬɨɝɨ ɩɪɨɰɟɫɫɚ 

ɩɪɢɜɨɞɢɬ ɤ ɩɨɥɭɱɟɧɢɸ ɠɟɫɬɤɨ ɫɜɹɡɚɧɧɨɣ ɫɬɪɭɤɬɭɪɨɣ ɜ ɜɢɞɟ ɬɪɟɯɦɟɪɧɨɣ ɫɟɬɢ, 

ɫɨɫɬɨɹɳɟɣ ɢɡ ɫɭɛɦɢɤɪɨɧɧɵɯ ɩɨɪ ɢ ɩɨɥɢɦɟɪɧɵɯ ɰɟɩɟɣ. ɋɬɪɭɤɬɭɪɚ ɬɜɟɪɞɨɣ ɮɚɡɵ 

ɦɨɠɟɬ ɜɚɪɶɢɪɨɜɚɬɶɫɹ ɨɬ ɞɢɫɤɪɟɬɧɵɯ ɤɨɥɥɨɢɞɧɵɯ ɱɚɫɬɢɰ ɞɨ ɧɟɩɪɟɪɵɜɧɨɣ ɰɟɩɢ ɜ 

ɜɢɞɟ ɩɨɥɢɦɟɪɧɵɯ ɫɟɬɨɤ Д105, 106Ж. ɉɨɫɥɟ ɭɞɚɥɟɧɢɹ ɪɚɫɬɜɨɪɢɬɟɥɹ ɩɨɫɪɟɞɫɬɜɨɦ 

ɩɪɨɜɟɞɟɧɢɹ ɫɭɲɤɢ ɨɛɪɚɡɭɟɬɫɹ ɤɫɟɪɨɝɟɥɶ, ɱɬɨ ɫɨɩɪɨɜɨɠɞɚɟɬɫɹ ɡɧɚɱɢɬɟɥɶɧɵɦ 

ɫɨɤɪɚɳɟɧɢɟɦ ɢ ɭɩɥɨɬɧɟɧɢɟɦ ɩɪɨɞɭɤɬɚ. ɗɬɨɬ ɷɬɚɩ ɨɛɪɚɛɨɬɤɢ ɡɚɬɪɚɝɢɜɚɟɬ 
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ɤɨɧɟɱɧɭɸ ɦɢɤɪɨɫɬɪɭɤɬɭɪɭ ɩɪɨɞɭɤɬɚ. ɋ ɞɪɭɝɨɣ ɫɬɨɪɨɧɵ, ɬɪɟɯɦɟɪɧɚɹ ɫɟɬɤɚ ɧɟ 

ɫɨɤɪɚɳɚɟɬɫɹ, ɤɨɝɞɚ ɩɪɨɢɫɯɨɞɢɬ ɭɞɚɥɟɧɢɟ ɪɚɫɬɜɨɪɢɬɟɥɹ ɩɪɢ ɫɜɟɪɯɤɪɢɬɢɱɟɫɤɢɯ 

ɭɫɥɨɜɢɹɯ, ɱɬɨ ɩɪɨɜɨɞɢɬ ɤ ɩɨɥɭɱɟɧɢɸ ɨɱɟɧɶ ɩɨɪɢɫɬɨɝɨ ɦɚɬɟɪɢɚɥɚ ɧɢɡɤɨɣ 

ɩɥɨɬɧɨɫɬɢ. 

ɋɪɟɞɢ ɦɟɬɨɞɨɜ ɫɢɧɬɟɡɚ ɧɚɧɨɱɚɫɬɢɰ ɡɨɥɶ-ɝɟɥɶ ɦɟɬɨɞ ɹɜɥɹɟɬɫɹ ɨɞɧɢɦ ɢɡ 

ɧɚɢɛɨɥɟɟ ɪɚɫɩɪɨɫɬɪɚɧɟɧɧɵɯ ɢ ɷɮɮɟɤɬɢɜɧɵɯ. ȼ ɪɚɛɨɬɟ Д107Ж ɫɨɨɛɳɚɟɬɫɹ ɨ ɫɢɧɬɟɡɟ 

ȕ-SiC ɫ ɪɚɡɦɟɪɨɦ ɤɪɢɫɬɚɥɥɢɬɨɜ ɨɬ 9 ɞɨ 53 ɧɦ. ɒɢɪɨɤɢɣ ɞɢɚɩɚɡɨɧ ɪɚɡɦɟɪɨɜ ɱɚɫɬɢɰ 

ɨɛɴɹɫɧɹɟɬɫɹ ɚɜɬɨɪɚɦɢ ɩɨɥɭɱɟɧɢɟɦ ɭɝɥɟɪɨɞɚ ɢɡ ɪɚɡɥɢɱɧɵɯ ɢɫɬɨɱɧɢɤɨɜ. 

Ɇɚɬɟɪɢɚɥɵ, ɩɨɥɭɱɟɧɧɵɟ ɡɨɥɶ-ɝɟɥɶ ɦɟɬɨɞɨɦ, ɨɛɥɚɞɚɸɬ ɞɨɜɨɥɶɧɨ ɧɢɡɤɨɣ 

ɩɥɨɬɧɨɫɬɶɸ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɩɪɨɞɭɤɬɚɦɢ ɞɪɭɝɢɯ ɦɟɬɨɞɨɜ ɫɢɧɬɟɡɚ. Ɉɛɪɚɡɰɵ, 

ɩɨɥɭɱɟɧɧɵɟ ɡɨɥɶ-ɝɟɥɶ ɦɟɬɨɞɨɦ ɨɱɟɧɶ ɩɨɪɢɫɬɵɟ ɢ, ɫɥɟɞɨɜɚɬɟɥɶɧɨ, ɨɛɥɚɞɚɸɬ 

ɦɟɧɶɲɟɣ ɩɥɨɬɧɨɫɬɶɸ ɨɬɧɨɫɢɬɟɥɶɧɨ ɬɟɨɪɟɬɢɱɟɫɤɨɣ (3,21 ɝ/ɫɦ3
). ȼ ɪɚɛɨɬɟ Д107Ж 

ɫɨɨɛɳɚɟɬɫɹ, ɱɬɨ ɦɚɤɫɢɦɚɥɶɧɚɹ ɢɡɦɟɪɟɧɧɚɹ ɩɥɨɬɧɨɫɬɶ ɨɛɪɚɡɰɨɜ ɩɪɢ ɪɚɡɥɢɱɧɵɯ 

ɩɪɟɤɭɪɫɨɪɚɯ ɤɪɟɦɧɢɹ ɢ ɭɝɥɟɪɨɞɚ ɫɨɫɬɚɜɥɹɟɬ 1,86 ɝ/ɫɦ3
. 

Ⱦɥɹ ɭɥɭɱɲɟɧɢɹ ɡɨɥɶ-ɝɟɥɶ ɩɪɨɰɟɫɫɚ ɧɟɨɛɯɨɞɢɦɨ ɩɨɞɝɨɬɚɜɥɢɜɚɬɶ 

ɜɵɫɨɤɨɪɟɚɤɬɢɜɧɵɟ ɩɪɟɤɭɪɫɨɪɵ, ɚ ɡɚɬɟɦ ɭɦɟɧɶɲɢɬɶ ɫɨɞɟɪɠɚɧɢɟ ɤɪɟɦɧɢɹ ɩɪɢ 

ɫɧɢɠɟɧɢɢ ɬɟɦɩɟɪɚɬɭɪɵ. Ɉɞɢɧ ɢɡ ɩɨɞɯɨɞɨɜ ɤ ɭɫɤɨɪɟɧɢɸ ɤɚɪɛɨɬɟɪɦɢɱɟɫɤɨɝɨ 

ɜɨɫɫɬɚɧɨɜɥɟɧɢɹ ɤɪɟɦɧɟɡɟɦɚ ɢ ɭɜɟɥɢɱɟɧɢɹ ɜɵɯɨɞɚ ɩɪɨɞɭɤɬɚ ɛɵɥ ɨɫɭɳɟɫɬɜɥɟɧ ɜ 

ɪɚɛɨɬɟ Д108Ж, ɝɞɟ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɣ ȕ-SiC ɛɵɥ ɩɨɥɭɱɟɧ ɜ ɪɟɡɭɥɶɬɚɬɟ ɩɢɪɨɥɢɡɚ ɩɪɢ 

ɬɟɦɩɟɪɚɬɭɪɟ ɨɤɨɥɨ 1580 ˚ɋ ɜ ɬɟɱɟɧɢɟ 3 ɱ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɤɚɤ ɩɪɟɤɭɪɫɨɪɨɜ 

ɤɪɟɦɧɢɹ ɢ ɭɝɥɟɪɨɞɚ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ ɤɨɥɥɨɢɞɧɨɝɨ ɡɨɥɹ ɤɪɟɦɧɟɡɟɦɚ SiO2 ɢ ɫɚɯɚɪɨɡɵ 

C12H22O11. Ȼɨɪɧɚɹ ɤɢɫɥɨɬɚ H3BO3 ɜ ɜɢɞɟ ɜɨɞɧɨɝɨ ɪɚɫɬɜɨɪɚ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨ 

ɜɜɨɞɢɥɚɫɶ ɜ ɡɨɥɶ. ȼ ɪɟɡɭɥɶɬɚɬɟ ɛɵɥɢ ɫɢɧɬɟɡɢɪɨɜɚɧɵ SiC ɩɨɪɨɲɤɢ ɫ ɪɚɡɦɟɪɚɦɢ 

ɡɟɪɟɧ ɨɤɨɥɨ 100 ɧɦ ɜ ɞɢɚɦɟɬɪɟ, ɯɨɪɨɲɨ ɫɩɟɤɚɟɦɵɟ (87 % ɨɬ ɬɟɨɪɟɬɢɱɟɫɤɨɣ 

ɩɥɨɬɧɨɫɬɢ) ɛɥɚɝɨɞɚɪɹ ɞɨɛɚɜɤɟ ɛɨɪɚ. 

Ɂɨɥɶ-ɝɟɥɶ ɫɢɧɬɟɡ ɹɜɥɹɟɬɫɹ ɞɨɜɨɥɶɧɨ ɞɨɪɨɝɢɦ ɦɟɬɨɞɨɦ ɩɨɥɭɱɟɧɢɹ 

ɤɭɛɢɱɟɫɤɨɝɨ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɞɥɹ ɩɪɨɦɵɲɥɟɧɧɨɝɨ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɜɫɥɟɞɫɬɜɢɟ 

ɩɪɢɦɟɧɟɧɢɹ ɞɨɪɨɝɨɫɬɨɹɳɢɯ ɩɪɟɤɭɪɫɨɪɨɜ, ɬɪɭɞɨɟɦɤɨɣ ɡɚɞɚɱɟɣ ɬɚɤɠɟ ɹɜɥɹɟɬɫɹ 

ɨɛɪɚɛɨɬɤɚ ɠɢɞɤɢɯ ɪɟɚɝɟɧɬɨɜ, ɚ ɤɚɪɛɨɬɟɪɦɢɱɟɫɤɨɟ ɜɨɫɫɬɚɧɨɜɥɟɧɢɟ ɤɪɟɦɧɢɹ 

ɩɪɨɢɡɜɨɞɢɬɫɹ ɩɪɢ ɜɵɫɨɤɨɣ ɬɟɦɩɟɪɚɬɭɪɟ (~1600 ˚C). 
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1.4. Ɋɟɡɭɥɶɬɚɬɵ ɨɛɡɨɪɚ ɥɢɬɟɪɚɬɭɪɵ ɩɨ ɫɩɨɫɨɛɚɦ ɫɢɧɬɟɡɚ SiC 

 

ɉɨ ɪɟɡɭɥɶɬɚɬɚɦ ɨɛɡɨɪɚ ɧɚ ɧɚɫɬɨɹɳɢɣ ɦɨɦɟɧɬ ɫɭɳɟɫɬɜɭɟɬ ɦɧɨɠɟɫɬɜɨ 

ɫɩɨɫɨɛɨɜ ɫɢɧɬɟɡɚ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ. ɉɨɥɭɱɟɧɢɟ ɭɥɶɬɪɚɞɢɫɩɟɪɫɧɵɯ ɩɨɪɨɲɤɨɜ 

ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɜɨɡɦɨɠɧɨ ɧɟɫɤɨɥɶɤɢɦɢ ɦɟɬɨɞɢɤɚɦɢ, ɜ ɱɚɫɬɧɨɫɬɢ, 

ɜɵɫɨɤɨɬɟɦɩɟɪɚɬɭɪɧɵɦ ɫɢɧɬɟɡɨɦ, ɩɥɚɡɦɨɯɢɦɢɱɟɫɤɢɦ ɦɟɬɨɞɨɦ, ɡɨɥɶ-ɝɟɥɶ 

ɫɩɨɫɨɛɨɦ. Ɉɞɧɚɤɨ ɫɭɳɟɫɬɜɭɸɬ ɡɧɚɱɢɬɟɥɶɧɵɟ ɩɪɨɛɥɟɦɵ, ɧɟ ɩɨɡɜɨɥɹɸɳɢɟ 

ɩɪɢɦɟɧɹɬɶ ɞɚɧɧɵɟ ɦɟɬɨɞɵ ɜ ɩɪɨɦɵɲɥɟɧɧɵɯ ɦɚɫɲɬɚɛɚɯ ɢ ɫɜɹɡɚɧɧɵɟ, ɜ 

ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɦɟɬɨɞɚ ɫɢɧɬɟɡɚ, ɱɚɳɟ ɜɫɟɝɨ ɫ ɜɵɫɨɤɨɣ ɫɬɨɢɦɨɫɬɶɸ ɩɪɟɤɭɪɫɨɪɨɜ, 

ɷɧɟɪɝɨɡɚɬɪɚɬɧɨɫɬɶɸ ɬɟɯɧɨɥɨɝɢɣ, ɧɟɞɨɫɬɚɬɨɱɧɨɣ ɞɢɫɩɟɪɫɧɨɫɬɶɸ, ɲɢɪɨɤɢɦ 

ɪɚɫɩɪɟɞɟɥɟɧɢɟɦ ɩɨ ɪɚɡɦɟɪɚɦ, ɧɚɥɢɱɢɟɦ ɩɪɢɦɟɫɟɣ. ɉɨɢɫɤ ɢ ɪɚɡɜɢɬɢɟ ɢɧɵɯ ɩɭɬɟɣ 

ɫɢɧɬɟɡɚ ɧɚɧɨ- ɢ ɭɥɶɬɪɚɞɢɫɩɟɪɫɧɨɝɨ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɹɜɥɹɸɬɫɹ ɚɤɬɭɚɥɶɧɵɦɢ 

ɧɚɭɱɧɨ-ɬɟɯɧɢɱɟɫɤɢɦɢ ɡɚɞɚɱɚɦɢ. Ɉɞɧɢɦ ɢɡ ɜɨɡɦɨɠɧɵɯ ɦɟɬɨɞɨɜ ɩɨɥɭɱɟɧɢɹ 

ɭɥɶɬɪɚɞɢɫɩɟɪɫɧɨɝɨ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɹɜɥɹɟɬɫɹ ɩɪɹɦɨɣ ɞɢɧɚɦɢɱɟɫɤɢɣ ɫɢɧɬɟɡ ɜ 

ɝɢɩɟɪɫɤɨɪɨɫɬɧɨɣ ɫɬɪɭɟ ɤɪɟɦɧɢɣ-ɭɝɥɟɪɨɞɧɨɣ ɷɥɟɤɬɪɨɪɚɡɪɹɞɧɨɣ ɩɥɚɡɦɵ. 
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2. ɆȿɌɈȾɂɄȺ ɉɊɈȼȿȾȿɇɂə ɗɄɋɉȿɊɂɆȿɇɌȺɅɖɇɕɏ ɂ 

ȺɇȺɅɂɌɂɑȿɋɄɂɏ ɂɋɋɅȿȾɈȼȺɇɂɃ 

 

 

 

2.1. ɗɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɣ ɫɬɟɧɞ ɧɚ ɨɫɧɨɜɟ ɟɦɤɨɫɬɧɨɝɨ ɧɚɤɨɩɢɬɟɥɹ ɷɧɟɪɝɢɢ 

 

ɗɤɫɩɟɪɢɦɟɧɬɵ ɩɨ ɫɢɧɬɟɡɭ ɭɥɶɬɪɚɞɢɫɩɟɪɫɧɨɝɨ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ 

ɩɪɨɢɡɜɨɞɢɥɢɫɶ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɤɨɚɤɫɢɚɥɶɧɨɝɨ ɦɚɝɧɢɬɨɩɥɚɡɦɟɧɧɨɝɨ ɭɫɤɨɪɢɬɟɥɹ 

(ɄɆɉɍ) ɢ ɧɚ ɛɚɡɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɫɬɟɧɞɚ ɫ ɟɦɤɨɫɬɧɵɦ ɧɚɤɨɩɢɬɟɥɟɦ ɷɧɟɪɝɢɢ. 

ɗɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɣ ɫɬɟɧɞ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɫɨɜɨɤɭɩɧɨɫɬɶ ɫɢɫɬɟɦ ɢ ɭɫɬɪɨɣɫɬɜ, 

ɨɛɟɫɩɟɱɢɜɚɸɳɢɯ ɛɟɡɨɩɚɫɧɨɟ ɢ ɤɨɪɪɟɤɬɧɨɟ ɩɪɨɜɟɞɟɧɢɟ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɜ ɪɚɦɤɚɯ 

ɪɚɛɨɬ ɩɨ ɫɢɧɬɟɡɭ ɩɨɪɨɲɤɨɜ ɫ ɜɨɡɦɨɠɧɨɫɬɹɦɢ ɢɡɦɟɧɟɧɢɹ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ 

ɩɚɪɚɦɟɬɪɨɜ, ɢɡɦɟɪɟɧɢɹ ɢ ɪɟɝɢɫɬɪɚɰɢɢ ɨɫɧɨɜɧɵɯ ɮɢɡɢɱɟɫɤɢɯ ɜɟɥɢɱɢɧ. Ɉɫɧɨɜɨɣ 

ɦɟɬɨɞɢɤɢ ɩɥɚɡɦɨɞɢɧɚɦɢɱɟɫɤɨɝɨ ɫɢɧɬɟɡɚ (ɉȾɋ) ɭɥɶɬɪɚɞɢɫɩɟɪɫɧɵɯ ɩɨɪɨɲɤɨɜ 

ɹɜɥɹɟɬɫɹ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɝɢɩɟɪɫɤɨɪɨɫɬɧɨɣ ɩɥɚɡɦɟɧɧɨɣ ɫɬɪɭɢ ɤɚɤ ɫɪɟɞɵ ɪɟɚɥɢɡɚɰɢɢ 

ɯɢɦɢɱɟɫɤɢɯ ɪɟɚɤɰɢɣ, ɬɪɟɛɭɸɳɢɯ ɞɥɹ ɫɜɨɟɝɨ ɩɪɨɬɟɤɚɧɢɹ ɩɪɢɥɨɠɟɧɢɹ ɜɵɫɨɤɢɯ 

ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɨɜ. Ƚɟɧɟɪɚɰɢɹ ɩɥɚɡɦɟɧɧɨɣ ɫɬɪɭɢ ɨɫɭɳɟɫɬɜɥɹɟɬɫɹ 

ɩɨɫɪɟɞɫɬɜɨɦ ɭɧɢɤɚɥɶɧɨɝɨ ɫɢɥɶɧɨɬɨɱɧɨɝɨ ɢɦɩɭɥɶɫɧɨɝɨ ɭɫɬɪɨɣɫɬɜɚ – ɄɆɉɍ. 

ɉɢɬɚɧɢɟ ɬɚɤɨɝɨ ɭɫɬɪɨɣɫɬɜɚ ɨɛɟɫɩɟɱɢɜɚɟɬɫɹ ɝɟɧɟɪɚɬɨɪɨɦ ɢɦɩɭɥɶɫɧɨɝɨ ɬɨɤɚ (ȽɂɌ) 

– ɟɦɤɨɫɬɧɵɦ ɧɚɤɨɩɢɬɟɥɟɦ ɷɧɟɪɝɢɢ (ȿɇɗ), ɫɨɫɬɚɜɥɹɸɳɢɦ ɨɫɧɨɜɧɭɸ ɱɚɫɬɶ 

ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɫɬɟɧɞɚ. 

ȼ ɫɨɫɬɚɜɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɫɬɟɧɞɚ ɩɨɦɢɦɨ ȿɇɗ ɜɨɡɦɨɠɧɨ ɜɵɞɟɥɢɬɶ ɟɳɟ 

ɧɟɫɤɨɥɶɤɨ ɫɢɫɬɟɦ: 1) ɫɢɫɬɟɦɚ ɡɚɪɹɞɚ ȿɇɗ (ɫɢɥɨɜɵɟ ɬɪɚɧɫɮɨɪɦɚɬɨɪɵ, 

ɜɵɩɪɹɦɢɬɟɥɢ, ɬɢɪɢɫɬɨɪɧɵɣ ɪɟɝɭɥɹɬɨɪ, ɛɥɨɤ ɡɚɪɹɞɧɵɯ ɪɟɡɢɫɬɨɪɨɜ, ɡɚɪɹɞɧɵɣ 

ɤɨɧɬɭɪ), 2) ɫɢɫɬɟɦɚ ɪɚɡɪɹɞɚ ȿɇɗ (ɛɥɨɤ ɭɩɪɚɜɥɟɧɢɹ ɢɝɧɢɬɪɨɧɚɦɢ, ɢɦɩɭɥɶɫɧɵɟ 

ɬɪɚɧɫɮɨɪɦɚɬɨɪɵ, ɢɝɧɢɬɪɨɧɧɵɟ ɪɚɡɪɹɞɧɢɤɢ, ɪɚɡɪɹɞɧɵɣ ɤɨɧɬɭɪ, ɫɛɨɪɧɵɣ 

ɤɨɥɥɟɤɬɨɪ), 3) ɫɢɫɬɟɦɚ ɭɩɪɚɜɥɟɧɢɹ ɢ ɤɨɧɬɪɨɥɹ (ɩɭɥɶɬ ɭɩɪɚɜɥɟɧɢɹ, ɩɭɥɶɬ 

ɤɨɧɬɪɨɥɹ), 4) ɫɢɫɬɟɦɚ ɫɢɧɯɪɨɧɢɡɚɰɢɢ (ɝɟɧɟɪɚɬɨɪ ɡɚɞɟɪɠɚɧɧɵɯ ɢɦɩɭɥɶɫɨɜ), 5) 

ɫɢɫɬɟɦɚ ɪɟɝɢɫɬɪɚɰɢɢ (ɞɟɥɢɬɟɥɢ ɧɚɩɪɹɠɟɧɢɹ, ɬɪɚɧɫɮɨɪɦɚɬɨɪɵ Ɋɨɝɨɜɫɤɨɝɨ, 
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ɰɢɮɪɨɜɵɟ ɨɫɰɢɥɥɨɝɪɚɮɵ), 6) ɫɢɫɬɟɦɚ ɡɚɳɢɬɵ (ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɚɹ ɛɥɨɤɢɪɨɜɤɚ). 

ɉɪɢɧɰɢɩɢɚɥɶɧɚɹ ɫɯɟɦɚ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɫɢɫɬɟɦ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɫɬɟɧɞɚ 

ɩɪɢɜɟɞɟɧɚ ɧɚ ɪɢɫɭɧɤɟ 2.1.1. 

 

Ɋɢɫɭɧɨɤ 2.1.1 – ɉɪɢɧɰɢɩɢɚɥɶɧɚɹ ɫɯɟɦɚ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɫɨɫɬɚɜɧɵɯ ɫɢɫɬɟɦ 

ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɫɬɟɧɞɚ 

ȿɇɗ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɫɢɫɬɟɦɭ ɜɵɫɨɤɨɜɨɥɶɬɧɵɯ ɤɨɧɞɟɧɫɚɬɨɪɨɜ, 

ɫɨɟɞɢɧɟɧɧɵɯ ɩɚɪɚɥɥɟɥɶɧɨ ɢ ɪɚɛɨɬɚɸɳɢɯ ɜ ɪɟɠɢɦɟ ɡɚɪɹɞ-ɪɚɡɪɹɞ. ȼɵɫɨɤɨɜɨɥɶɬɧɵɟ 

ɤɨɧɞɟɧɫɚɬɨɪɵ ɢɦɟɸɬ ɡɧɚɱɢɬɟɥɶɧɭɸ ɟɦɤɨɫɬɶ ɜ ɭɞɚɪɟ, ɩɨɬɨɦɭ ɩɪɢ ɭɫɥɨɜɢɢ ɦɚɥɵɯ 

ɡɧɚɱɟɧɢɣ ɜɧɭɬɪɟɧɧɢɯ ɫɨɩɪɨɬɢɜɥɟɧɢɣ ɤɨɧɬɭɪɚ ɧɚɤɨɩɢɬɟɥɹ ɢ ɰɟɩɢ 

ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɣ ɭɫɬɚɧɨɜɤɢ ɜɨɡɦɨɠɧɨ ɞɨɫɬɢɱɶ ɢɦɩɭɥɶɫɧɵɯ ɬɨɤɨɜ ɩɨɪɹɞɤɚ 

ɫɨɬɟɧ ɤɢɥɨɚɦɩɟɪ. ɉɪɢ ɷɬɨɦ ɩɚɪɚɥɥɟɥɶɧɨɟ ɫɨɟɞɢɧɟɧɢɟ ɤɨɧɞɟɧɫɚɬɨɪɨɜ ɧɟ ɩɨɡɜɨɥɹɟɬ 

ɩɨɥɭɱɢɬɶ ɨɬɧɨɫɢɬɟɥɶɧɨ ɜɵɫɨɤɨɟ ɧɚɩɪɹɠɟɧɢɟ ɧɚ ɜɵɯɨɞɟ ȿɇɗ. ȿɦɤɨɫɬɧɵɟ ȽɂɌ ɫ 

ɨɞɧɨɣ ɫɬɭɩɟɧɶɸ, ɜɵɩɨɥɧɹɸɳɢɟɫɹ ɩɨɫɪɟɞɫɬɜɨɦ ɩɚɪɚɥɥɟɥɶɧɨɝɨ ɫɨɟɞɢɧɟɧɢɹ 

ɤɨɧɞɟɧɫɚɬɨɪɨɜ, ɨɬɥɢɱɚɸɬɫɹ ɨɬ ɦɧɨɝɨɫɬɭɩɟɧɱɚɬɵɯ Ƚɂɇ ɫ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɵɦ 

ɫɨɟɞɢɧɟɧɢɟɦ ɤɨɧɞɟɧɫɚɬɨɪɨɜ, ɜ ɢɬɨɝɟ ɞɥɹ ȿɇɗ ɜɵɯɨɞɧɨɟ ɧɚɩɪɹɠɟɧɢɟ ɨɩɪɟɞɟɥɹɟɬɫɹ 

ɪɚɛɨɱɢɦ ɧɚɩɪɹɠɟɧɢɟɦ ɤɨɧɞɟɧɫɚɬɨɪɨɜ [109]. 

ɂɫɩɨɥɶɡɨɜɚɧɢɟ ɜ ɤɚɱɟɫɬɜɟ ɢɫɬɨɱɧɢɤɚ ɢɦɩɭɥɶɫɧɨɝɨ ɬɨɤɚ ȿɇɗ ɨɛɭɫɥɨɜɥɟɧɨ 

ɟɝɨ ɢɡɜɟɫɬɧɵɦɢ ɩɪɟɢɦɭɳɟɫɬɜɚɦɢ: 1) ɜɵɫɨɤɚɹ ɦɨɳɧɨɫɬɶ ɢɦɩɭɥɶɫɚ; 2) ɧɚɞɟɠɧɨɫɬɶ 

ɪɚɛɨɬɵ; 3) ɩɪɨɫɬɨɬɚ ɭɫɬɪɨɣɫɬɜɚ; 4) ɭɞɨɛɫɬɜɨ ɨɛɫɥɭɠɢɜɚɧɢɹ; 5) ɦɚɥɚɹ ɜɟɥɢɱɢɧɚ 

ɜɧɭɬɪɟɧɧɟɝɨ ɚɤɬɢɜɧɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ (<10-3
 Ɉɦ) ɢ ɢɧɞɭɤɬɢɜɧɨɫɬɢ (<10-9

 Ƚɧ); 
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6) ɤɨɪɨɬɤɨɟ ɜɪɟɦɹ ɪɚɡɪɹɞɚ (10-4
 – 10

-8
 ɫ); 7) ɜɨɡɦɨɠɧɨɫɬɶ ɞɨɫɬɢɠɟɧɢɹ ɜɵɫɨɤɨɣ 

ɫɤɨɪɨɫɬɢ ɧɚɪɚɫɬɚɧɢɹ ɬɨɤɚ (1013
 Ⱥ/ɫ) Д110, 111Ж. ȼɫɟ ɷɬɢ ɩɪɟɢɦɭɳɟɫɬɜɚ 

ɨɛɟɫɩɟɱɢɜɚɸɬ ɜɵɫɨɤɭɸ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɟɪɟɞɚɱɢ ɧɚɤɨɩɥɟɧɧɨɣ ɷɧɟɪɝɢɢ ɜ ɧɚɝɪɭɡɤɭ. 

Ⱦɥɹ ɨɫɭɳɟɫɬɜɥɟɧɢɹ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɢɫɩɨɥɶɡɨɜɚɥɫɹ ȿɇɗ, 

ɩɪɟɞɫɬɚɜɥɹɸɳɢɣ ɫɨɛɨɣ ɦɨɞɭɥɶɧɨɟ ɭɫɬɪɨɣɫɬɜɨ ɜ ɜɢɞɟ 24 ɫɟɤɰɢɣ, ɤɚɠɞɚɹ ɫɟɤɰɢɹ 

ɜɤɥɸɱɚɟɬ ɜ ɫɟɛɹ 6 ɢɦɩɭɥɶɫɧɵɯ ɤɨɧɞɟɧɫɚɬɨɪɨɜ ɂɋ 5-200 ɟɦɤɨɫɬɶɸ 200 ɦɤɎ. 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ȿɇɗ ɫɩɨɫɨɛɟɧ ɨɛɟɫɩɟɱɢɬɶ ɦɚɤɫɢɦɚɥɶɧɭɸ ɡɚɪɹɞɧɭɸ ɷɧɟɪɝɢɸ 

WC = 360 ɤȾɠ ɩɪɢ ɦɚɤɫɢɦɚɥɶɧɨɣ ɟɦɤɨɫɬɢ C = 28,8 ɦɎ ɢ ɦɚɤɫɢɦɚɥɶɧɨɦ ɡɚɪɹɞɧɨɦ 

ɧɚɩɪɹɠɟɧɢɢ Uзɚɪ = 5,0 ɤȼ. ɇɚ ɪɢɫɭɧɤɟ 2.1.2 ɢɡɨɛɪɚɠɟɧɚ ɩɪɢɧɰɢɩɢɚɥɶɧɚɹ ɫɯɟɦɚ 

ɟɦɤɨɫɬɧɨɝɨ ɧɚɤɨɩɢɬɟɥɹ ɷɧɟɪɝɢɢ. ɉɚɪɚɥɥɟɥɶɧɨ ɫɨɟɞɢɧɟɧɧɵɟ ɤɨɧɞɟɧɫɚɬɨɪɵ C1, C2 

… Cn ɡɚɪɹɠɚɸɬɫɹ ɨɬ ɫɟɬɢ ɩɟɪɟɦɟɧɧɨɝɨ ɬɨɤɚ ɱɟɪɟɡ ɫɢɥɨɜɨɣ ɬɪɚɧɫɮɨɪɦɚɬɨɪ Ɍ ɢ 

ɜɵɩɪɹɦɢɬɟɥɶ ȼ. Ɋɚɡɪɹɞ ɤɨɧɞɟɧɫɚɬɨɪɨɜ ɨɫɭɳɟɫɬɜɥɹɟɬɫɹ ɧɚ ɢɫɩɵɬɭɟɦɵɣ ɨɛɴɟɤɬ 

(ɂɈ) ɢɥɢ ɧɚɝɪɭɡɤɭ ȿɇɗ ɩɨɫɪɟɞɫɬɜɨɦ ɢɝɧɢɬɪɨɧɧɵɯ ɪɚɡɪɹɞɧɢɤɨɜ (Ɋ) ɫ ɢɫɤɪɨɜɵɦ 

ɩɪɨɦɟɠɭɬɤɨɦ, ɧɚ ɤɨɬɨɪɵɣ ɩɨɞɚɟɬɫɹ ɜɵɫɨɤɨɜɨɥɶɬɧɵɣ ɢɦɩɭɥɶɫ ɨɬ ɛɥɨɤɚ 

ɭɩɪɚɜɥɟɧɢɹ ɢɝɧɢɬɪɨɧɚɦɢ (Ȼɍɂ) ɱɟɪɟɡ ɢɦɩɭɥɶɫɧɵɣ ɬɪɚɧɫɮɨɪɦɚɬɨɪ (ɂɌ). 

ɉɨɫɥɟɞɨɜɚɬɟɥɶɧɨ ɫ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɦɢ ɤɨɧɞɟɧɫɚɬɨɪɚɦɢ ɜ ɰɟɩɶ ɡɚɪɹɞɤɢ ɜɤɥɸɱɟɧɵ 

ɫɨɩɪɨɬɢɜɥɟɧɢɹ R1, R2 … Rn, ɤɨɬɨɪɵɟ ɫɥɭɠɚɬ ɞɥɹ ɨɝɪɚɧɢɱɟɧɢɹ ɡɚɪɹɞɧɨɝɨ ɬɨɤɚ. 

 

Ɋɢɫɭɧɨɤ 2.1.2 – ɉɪɢɧɰɢɩɢɚɥɶɧɚɹ ɷɥɟɤɬɪɢɱɟɫɤɚɹ ɫɯɟɦɚ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɫɬɟɧɞɚ 

Ɋɚɡɪɹɞɧɢɤɢ ɜɵɩɨɥɧɹɸɬ ɮɭɧɤɰɢɸ ɤɨɦɦɭɬɢɪɭɸɳɟɝɨ ɭɫɬɪɨɣɫɬɜɚ, 

ɩɪɟɞɧɚɡɧɚɱɟɧɧɨɝɨ ɢɡɨɥɢɪɨɜɚɬɶ ɧɚɝɪɭɡɤɭ ɨɬ ɧɚɤɨɩɢɬɟɥɶɧɨɝɨ ɷɥɟɦɟɧɬɚ ɜɨ ɜɪɟɦɹ 

ɡɚɪɹɞɤɢ ɩɨɫɥɟɞɧɟɝɨ, ɜ ɧɟɨɛɯɨɞɢɦɵɣ ɦɨɦɟɧɬ ɜɤɥɸɱɢɬɶ ɟɝɨ ɧɚ ɧɚɝɪɭɡɤɭ ɢ 
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ɩɪɨɩɭɫɬɢɬɶ ɪɚɡɪɹɞɧɵɣ ɬɨɤ, ɧɟ ɜɧɨɫɹ ɩɪɢ ɷɬɨɦ ɢɡɦɟɧɟɧɢɹ ɜ ɯɚɪɚɤɬɟɪ ɟɝɨ 

ɩɪɨɬɟɤɚɧɢɹ. ɂɝɧɢɬɪɨɧɧɵɟ ɪɚɡɪɹɞɧɢɤɢ ɨɛɥɚɞɚɸɬ ɡɧɚɱɢɬɟɥɶɧɵɦɢ ɞɨɫɬɨɢɧɫɬɜɚɦɢ: 

ɨɧɢ ɦɨɝɭɬ ɤɨɦɦɭɬɢɪɨɜɚɬɶ ɬɨɤɢ ɞɨ 100-300 ɤȺ, ɢɦɟɸɬ ɛɨɥɶɲɭɸ ɩɪɨɩɭɫɤɧɭɸ 

ɫɩɨɫɨɛɧɨɫɬɶ ɩɨ ɡɚɪɹɞɭ, ɩɪɨɬɟɤɚɸɳɟɦɭ ɜ ɩɪɨɰɟɫɫɟ ɤɨɦɦɭɬɚɰɢɢ (ɞɨ 100 Ʉɥ), 

ɪɚɛɨɬɚɸɬ ɜ ɲɢɪɨɤɨɦ ɞɢɚɩɚɡɨɧɟ ɧɚɩɪɹɠɟɧɢɣ ɞɨ 10 ɤȼ, ɥɟɝɤɨ ɭɩɪɚɜɥɹɸɬɫɹ, ɢɦɟɸɬ 

ɛɨɥɶɲɨɣ ɫɪɨɤ ɫɥɭɠɛɵ, ɞɨɩɭɫɤɚɸɬ ɪɚɛɨɬɭ ɜ ɪɟɠɢɦɟ ɩɨɜɬɨɪɹɸɳɢɯɫɹ ɢɦɩɭɥɶɫɨɜ, 

ɹɜɥɹɸɬɫɹ ɤɨɦɩɚɤɬɧɵɦɢ [110]. 

ɋɢɫɬɟɦɚ ɪɟɝɢɫɬɪɚɰɢɢ ɩɪɢɡɜɚɧɚ ɪɟɲɚɬɶ ɡɚɞɚɱɭ ɨɩɪɟɞɟɥɟɧɢɹ ɜɟɥɢɱɢɧ ɬɨɤɨɜ ɢ 

ɧɚɩɪɹɠɟɧɢɣ ɜ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɦ ɩɪɨɰɟɫɫɟ. Ⱦɥɹ ɢɡɦɟɪɟɧɢɹ ɧɚɩɪɹɠɟɧɢɹ ɧɚ 

ɷɥɟɤɬɪɨɞɚɯ ɄɆɉɍ ɢɫɩɨɥɶɡɭɟɬɫɹ ɪɟɡɢɫɬɢɜɧɵɣ ɞɟɥɢɬɟɥɶ ɧɚɩɪɹɠɟɧɢɹ, ɤɨɬɨɪɵɣ 

ɩɪɟɨɛɪɚɡɭɟɬ ɜɵɫɨɤɨɜɨɥɶɬɧɵɣ ɫɢɝɧɚɥ ɜ ɧɢɡɤɨɜɨɥɶɬɧɵɣ, ɫɨɜɦɟɫɬɢɦɵɣ ɫ 

ɷɥɟɤɬɪɨɧɧɵɦ ɢɡɦɟɪɢɬɟɥɶɧɵɦ ɨɛɨɪɭɞɨɜɚɧɢɟɦ (ɰɢɮɪɨɜɵɦ ɨɫɰɢɥɥɨɝɪɚɮɨɦ) ɢ, 

ɬɚɤɢɦ ɨɛɪɚɡɨɦ, ɪɚɫɲɢɪɹɟɬ ɟɝɨ ɞɢɚɩɚɡɨɧ ɢɡɦɟɪɟɧɢɹ. ɉɪɢɧɰɢɩ ɟɝɨ ɪɚɛɨɬɵ 

ɡɚɤɥɸɱɚɟɬɫɹ ɜ ɫɥɟɞɭɸɳɟɦ: ɞɜɚ ɪɟɡɢɫɬɢɜɧɵɯ ɷɥɟɦɟɧɬɚ ɫɨ ɡɧɚɱɢɬɟɥɶɧɵɦ ɨɬɥɢɱɢɟɦ 

ɜɟɥɢɱɢɧ ɫɨɩɪɨɬɢɜɥɟɧɢɹ (R1>>R2) ɫɨɟɞɢɧɹɸɬɫɹ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨ, ɢ ɷɥɟɦɟɧɬ R2 

ɢɫɩɨɥɶɡɭɟɬɫɹ ɜ ɤɚɱɟɫɬɜɟ ɪɵɱɚɝɚ ɧɢɡɤɨɝɨ ɧɚɩɪɹɠɟɧɢɹ. Ⱦɢɚɩɚɡɨɧ ɪɚɛɨɬɵ ɬɚɤɢɯ 

ɭɫɬɪɨɣɫɬɜ ɫɨɫɬɚɜɥɹɟɬ ɞɨ 2 Ɇȼ. ɇɚ ɪɢɫɭɧɤɟ 2.1.3 ɩɨɤɚɡɚɧɚ ɫɯɟɦɚ ɩɨɥɧɨɣ 

ɢɡɦɟɪɢɬɟɥɶɧɨɣ ɫɢɫɬɟɦɵ ɫ ɪɟɡɢɫɬɢɜɧɵɦ ɞɟɥɢɬɟɥɟɦ ɧɚɩɪɹɠɟɧɢɹ. ɋɨɨɬɧɨɲɟɧɢɟ 

ɦɟɠɞɭ ɜɯɨɞɧɵɦ u1(t) ɢ ɜɵɯɨɞɧɵɦ ɧɚɩɪɹɠɟɧɢɟɦ u2(t) ɛɭɞɟɬ ɢɦɟɬɶ ɜɢɞ [112]: 

      2 2
2 1 1

1 2 1

.
R R

u t  = u t u t
R +R R

  (2.1.1) 

Ⱦɥɹ ɢɡɦɟɪɟɧɢɹ ɢɦɩɭɥɶɫɧɨɝɨ ɬɨɤɚ, ɩɪɨɬɟɤɚɸɳɟɝɨ ɩɨ ɫɛɨɪɧɨɦɭ ɤɨɥɥɟɤɬɨɪɭ ɢ 

ɷɥɟɤɬɪɨɞɚɦ ɄɆɉɍ ɩɪɢɦɟɧɹɥɫɹ ɬɪɚɧɫɮɨɪɦɚɬɨɪ, ɢɥɢ ɩɨɹɫ, Ɋɨɝɨɜɫɤɨɝɨ. Ɉɧ 

ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɬɨɪɨɢɞɚɥɶɧɵɣ ɫɨɥɟɧɨɢɞ ɛɟɡ ɫɟɪɞɟɱɧɢɤɚ, ɨɯɜɚɬɵɜɚɸɳɢɣ 

ɩɪɨɜɨɞ ɨɫɧɨɜɧɨɝɨ ɤɨɧɬɭɪɚ, ɩɨ ɤɨɬɨɪɨɦɭ ɩɪɨɬɟɤɚɟɬ ɢɡɦɟɪɹɟɦɵɣ ɬɨɤ i(t), ɬ. ɟ. 

ɹɜɥɹɟɬɫɹ ɜɨɡɞɭɲɧɵɦ ɬɪɚɧɫɮɨɪɦɚɬɨɪɨɦ ɬɨɤɚ. ɉɪɢ ɩɨɦɟɳɟɧɢɢ ɜɨɤɪɭɝ 

ɬɨɤɨɜɟɞɭɳɟɝɨ ɩɪɨɜɨɞɧɢɤɚ ɬɨɪɨɢɞɚɥɶɧɨɣ ɤɚɬɭɲɤɚ ɬɪɚɧɫɮɨɪɦɚɬɨɪɚ Ɋɨɝɨɜɫɤɨɝɨ ɫ N 

ɜɢɬɤɚɦɢ ɢɧɞɭɰɢɪɨɜɚɧɧɨɟ ɧɚɩɪɹɠɟɧɢɟ ui(t) ɫɜɹɡɚɧɨ ɫ ɬɨɤɨɦ i(t) ɜ ɩɪɨɜɨɞɧɢɤɟ 

ɜɵɪɚɠɟɧɢɟɦ: 

 i

dɎ НТ
u (t) = N = M

dt dt
, (2.1.2) 
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ɝɞɟ M – ɜɡɚɢɦɧɚɹ ɢɧɞɭɤɬɢɜɧɨɫɬɶ ɦɟɠɞɭ ɢɡɦɟɪɢɬɟɥɶɧɨɣ ɤɚɬɭɲɤɨɣ ɢ ɩɪɨɜɨɞɧɢɤɨɦ, 

Ɏ – ɦɚɝɧɢɬɧɵɣ ɩɨɬɨɤ ɱɟɪɟɡ ɫɟɱɟɧɢɟ ɜɢɬɤɚ S. Ɂɧɚɤ «ɦɢɧɭɫ», ɤɨɬɨɪɵɣ ɞɨɥɠɟɧ ɛɵɬɶ 

ɜ ɜɵɪɚɠɟɧɢɢ ɩɨ ɡɚɤɨɧɭ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɣ ɢɧɞɭɤɰɢɢ, ɧɟ ɭɱɢɬɵɜɚɟɬɫɹ, ɩɨɫɤɨɥɶɤɭ 

ɬɪɚɧɫɮɨɪɦɚɬɨɪɵ Ɋɨɝɨɜɫɤɨɝɨ ɫɧɚɛɠɚɸɬɫɹ ɡɧɚɤɨɦ ɩɨɥɹɪɧɨɫɬɢ, ɤɨɬɨɪɵɣ ɭɤɚɡɵɜɚɟɬ 

ɧɚɩɪɚɜɥɟɧɢɟ ɬɨɤɚ ɜ ɩɪɨɜɨɞɧɢɤɟ ɬɚɤ, ɱɬɨɛɵ ɩɨɥɭɱɢɬɶ ɩɨɥɨɠɢɬɟɥɶɧɨɟ ɜɵɯɨɞɧɨɟ 

ɧɚɩɪɹɠɟɧɢɟ. ɇɚ ɪɢɫɭɧɤɟ 2.1.4 ɩɪɢɜɟɞɟɧɚ ɩɪɨɫɬɟɣɲɚɹ ɩɪɢɧɰɢɩɢɚɥɶɧɚɹ ɫɯɟɦɚ 

ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɬɪɚɧɫɮɨɪɦɚɬɨɪɚ Ɋɨɝɨɜɫɤɨɝɨ ɞɥɹ ɢɡɦɟɪɟɧɢɹ ɬɨɤɨɜ [112, 113]. 

 

Ɋɢɫɭɧɨɤ 2.1.3 – ɋɢɫɬɟɦɚ ɢɡɦɟɪɟɧɢɹ ɢɦɩɭɥɶɫɧɨɝɨ ɧɚɩɪɹɠɟɧɢɹ ɫ ɪɟɡɢɫɬɢɜɧɵɦ 

ɞɟɥɢɬɟɥɟɦ ɧɚɩɪɹɠɟɧɢɹ ɢ ɰɢɮɪɨɜɵɦ ɪɟɝɢɫɬɪɚɬɨɪɨɦ: 1 – ɪɟɡɢɫɬɢɜɧɵɣ ɞɟɥɢɬɟɥɶ 

ɧɚɩɪɹɠɟɧɢɹ, 2 – ɤɨɚɤɫɢɚɥɶɧɵɣ ɤɚɛɟɥɶ ɜɨɥɧɨɜɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ Z, 3 – ɰɢɮɪɨɜɨɣ 

ɨɫɰɢɥɥɨɝɪɚɮ 

 

Ɋɢɫɭɧɨɤ 2.1.4 –– ɋɢɫɬɟɦɚ ɢɡɦɟɪɟɧɢɹ ɢɦɩɭɥɶɫɧɨɝɨ ɬɨɤɚ ɩɨɫɪɟɞɫɬɜɨɦ 

ɬɪɚɧɫɮɨɪɦɚɬɨɪɚ Ɋɨɝɨɜɫɤɨɝɨ 
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ɇɟɨɛɯɨɞɢɦɵɦ ɲɚɝɨɦ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɬɪɚɧɫɮɨɪɦɚɬɨɪɚ Ɋɨɝɨɜɫɤɨɝɨ 

ɹɜɥɹɟɬɫɹ ɢɧɬɟɝɪɢɪɨɜɚɧɢɟ ɢɧɞɭɰɢɪɨɜɚɧɧɨɝɨ ɧɚɩɪɹɠɟɧɢɹ ui(t), ɤɨɬɨɪɨɟ 

ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɨ ɥɢɲɶ ɩɪɨɢɡɜɨɞɧɨɣ ɬɨɤɚ di(t)/dt ɜ ɢɡɦɟɪɹɟɦɨɣ ɰɟɩɢ. ȼ ɩɚɫɫɢɜɧɨɣ 

ɢɧɬɟɝɪɢɪɭɸɳɟɣ ɫɯɟɦɟ RC-ɤɨɦɩɨɧɟɧɬ ɩɨɞɤɥɸɱɚɟɬɫɹ ɤ ɢɡɦɟɪɢɬɟɥɶɧɨɣ ɤɚɬɭɲɤɟ, ɚ 

ɧɚɩɪɹɠɟɧɢɟ um(t), ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɨɟ ɢɡɦɟɪɹɟɦɨɦɭ ɬɨɤɭ, ɩɨɞɚɟɬɫɹ ɧɚ 

ɤɨɧɞɟɧɫɚɬɨɪ C. Ⱦɟɦɩɮɢɪɭɸɳɢɣ ɪɟɡɢɫɬɨɪ Rd ɩɪɟɞɧɚɡɧɚɱɟɧ ɞɥɹ ɩɨɞɚɜɥɟɧɢɹ 

ɜɵɫɨɤɨɱɚɫɬɨɬɧɵɯ ɤɨɥɟɛɚɧɢɣ, ɩɪɢɫɭɳɢɯ ɢɡɦɟɪɢɬɟɥɶɧɨɣ ɤɚɬɭɲɤɟ. Ⱦɨɫɬɨɢɧɫɬɜɨɦ 

ɬɪɚɧɫɮɨɪɦɚɬɨɪɚ Ɋɨɝɨɜɫɤɨɝɨ ɹɜɥɹɟɬɫɹ ɬɨ, ɱɬɨ ɨɧ ɩɨɡɜɨɥɹɟɬ ɩɪɨɢɡɜɨɞɢɬɶ ɢɡɦɟɪɟɧɢɹ 

ɛɟɡ ɤɨɧɬɚɤɬɚ ɫ ɰɟɩɶɸ ɜɵɫɨɤɨɝɨ ɧɚɩɪɹɠɟɧɢɹ ɢ, ɫɥɟɞɨɜɚɬɟɥɶɧɨ, ɧɟ ɨɤɚɡɵɜɚɟɬ 

ɧɢɤɚɤɨɝɨ ɜɥɢɹɧɢɹ ɧɚ ɨɛɴɟɤɬ ɢɡɦɟɪɟɧɢɹ. 

Ⱦɥɹ ɪɟɝɢɫɬɪɚɰɢɢ ɫɢɝɧɚɥɨɜ ɬɨɤɨɜ ɢ ɧɚɩɪɹɠɟɧɢɣ, ɫɧɹɬɵɯ ɩɨɫɪɟɞɫɬɜɨɦ 

ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ ɬɪɚɧɫɮɨɪɦɚɬɨɪɚ Ɋɨɝɨɜɫɤɨɝɨ ɢ ɞɟɥɢɬɟɥɹ ɧɚɩɪɹɠɟɧɢɹ, ɜ 

ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɦ ɩɪɨɰɟɫɫɟ ɩɪɢɦɟɧɹɸɬɫɹ ɰɢɮɪɨɜɵɟ ɨɫɰɢɥɥɨɝɪɚɮɵ Tektronix 

TDS2012c. 

 

2.2. Ɇɟɬɨɞɢɤɚ ɩɪɨɜɟɞɟɧɢɹ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɩɨ ɩɥɚɡɦɨɞɢɧɚɦɢɱɟɫɤɨɦɭ ɫɢɧɬɟɡɭ 

ɧɚ ɨɫɧɨɜɟ ɤɨɚɤɫɢɚɥɶɧɨɝɨ ɦɚɝɧɢɬɨɩɥɚɡɦɟɧɧɨɝɨ ɭɫɤɨɪɢɬɟɥɹ 

 

ɄɆɉɍ ɨɬɧɨɫɢɬɫɹ ɤ ɤɥɚɫɫɭ ɭɫɤɨɪɢɬɟɥɟɣ ɩɥɚɡɦɵ. ɇɚɢɛɨɥɟɟ ɩɪɨɫɬɵɦ ɢ 

ɩɟɪɜɵɦ ɩɨ ɜɪɟɦɟɧɢ ɭɫɤɨɪɢɬɟɥɟɦ ɩɥɚɡɦɵ ɹɜɥɹɟɬɫɹ ɪɟɥɶɫɨɬɪɨɧ, ɫɨɫɬɨɹɳɢɣ ɢɡ 

ɷɥɟɤɬɪɨɞɨɜ ɜ ɜɢɞɟ ɞɜɭɯ ɩɚɪɚɥɥɟɥɶɧɵɯ ɪɟɥɶɫ ɢ ɭɫɤɨɪɹɸɳɢɣ ɩɥɚɡɦɭ ɩɨɫɪɟɞɫɬɜɨɦ 

ɫɨɛɫɬɜɟɧɧɨɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ. ɉɨɡɞɧɟɟ ɫɬɚɥɢ ɢɫɩɨɥɶɡɨɜɚɬɶ ɫɢɫɬɟɦɭ ɞɜɭɯ 

ɤɨɚɤɫɢɚɥɶɧɵɯ ɷɥɟɤɬɪɨɞɨɜ, ɥɢɛɨ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ, ɥɢɛɨ ɤɨɧɢɱɟɫɤɢɯ. Ʉɨɚɤɫɢɚɥɶɧɵɟ 

ɢɦɩɭɥɶɫɧɵɟ ɭɫɤɨɪɢɬɟɥɢ ɛɵɥɢ ɪɚɡɪɚɛɨɬɚɧɵ ɨɤɨɥɨ 1957 ɝ. ɫɪɚɡɭ ɜ ɧɟɫɤɨɥɶɤɢɯ 

ɥɚɛɨɪɚɬɨɪɢɹɯ ɢ ɫ ɬɟɯ ɩɨɪ ɲɢɪɨɤɨ ɢɫɩɨɥɶɡɭɸɬɫɹ ɞɥɹ ɪɚɡɧɨɨɛɪɚɡɧɵɯ ɰɟɥɟɣ [114]. 

ɄɆɉɍ ɬɚɤɠɟ ɨɬɧɨɫɢɬɫɹ ɤ ɤɥɚɫɫɭ Z-ɩɢɧɱ ɭɫɬɪɨɣɫɬɜ. «ɉɢɧɱ-ɷɮɮɟɤɬ», ɢɥɢ 

«ɩɢɧɱɟɜɚɧɢɟ», ɢɫɩɨɥɶɡɭɟɬɫɹ ɜ ɮɢɡɢɤɟ ɩɥɚɡɦɵ ɤɚɤ ɬɟɪɦɢɧ, ɨɛɨɡɧɚɱɚɸɳɢɣ ɫɠɚɬɢɟ 

ɩɥɚɡɦɵ ɦɚɝɧɢɬɧɵɦ ɩɨɥɟɦ ɩɪɨɬɟɤɚɸɳɟɝɨ ɩɨ ɧɟɣ ɬɨɤɚ. ɗɬɨ ɹɜɥɟɧɢɟ ɩɪɟɞɫɬɚɜɥɹɟɬ 

ɫɨɛɨɣ ɨɞɢɧ ɢɡ ɜɚɪɢɚɧɬɨɜ ɭɫɢɥɟɧɢɹ ɩɟɪɜɢɱɧɨɝɨ ɫɩɨɫɨɛɚ ɩɨɥɭɱɟɧɢɹ ɩɥɚɡɦɵ, 

ɨɫɭɳɟɫɬɜɥɹɟɦɨɝɨ ɡɚ ɫɱɟɬ ɢɨɧɢɡɚɰɢɢ ɢ ɩɨɫɥɟɞɭɸɳɟɝɨ ɨɦɢɱɟɫɤɨɝɨ ɧɚɝɪɟɜɚ 
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ɜɟɳɟɫɬɜɚ ɬɨɤɨɦ, ɩɪɨɬɟɤɚɸɳɢɦ ɦɟɠɞɭ ɚɧɨɞɨɦ ɢ ɤɚɬɨɞɨɦ. Ɍɚɤɨɣ ɫɩɨɫɨɛ ɧɚɝɪɟɜɚ 

ɩɥɚɡɦɵ ɨɬɧɨɫɢɬɫɹ ɤ ɤɚɬɟɝɨɪɢɢ ɤɭɦɭɥɹɬɢɜɧɵɯ ɢ ɢɦɩɭɥɶɫɧɵɯ. ȼ ɩɢɧɱ-ɷɮɮɟɤɬɟ 

ɝɥɚɜɧɨɟ ɞɟɣɫɬɜɭɸɳɟɟ ɧɚɱɚɥɨ – ɷɬɨ ɩɨɧɞɟɪɨɦɨɬɨɪɧɚɹ ɫɢɥɚ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ 

ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ B  ɫ ɩɨɪɨɠɞɚɸɳɢɦ ɟɝɨ ɬɨɤɨɦ I: 

 dF=j×BdV=Idl×B,  (2.1.3) 

ɝɞɟ dl  – ɞɥɢɧɚ ɷɥɟɦɟɧɬɚ ɬɨɤɚ. ɂɦɟɧɧɨ ɷɬɚ ɫɢɥɚ ɫɠɢɦɚɟɬ ɢ ɭɞɟɪɠɢɜɚɟɬ ɩɥɚɡɦɭ 

ɩɢɧɱɚ. Ʉɨɝɞɚ ɬɨɤ Iz ɩɪɨɬɟɤɚɟɬ ɦɟɠɞɭ ɞɜɭɦɹ ɷɥɟɤɬɪɨɞɚɦɢ ɜɞɨɥɶ ɨɫɢ ɫɢɦɦɟɬɪɢɢ 

ɤɚɦɟɪɵ z, ɚ ɰɢɥɢɧɞɪɢɱɟɫɤɚɹ ɤɨɥɨɧɧɚ ɩɥɚɡɦɵ ɫɠɢɦɚɟɬɫɹ ɨɯɜɚɬɵɜɚɸɳɢɦɢ ɟɟ ɩɨ 

ɚɡɢɦɭɬɭ ɦɚɝɧɢɬɧɵɦɢ ɫɢɥɨɜɵɦɢ ɥɢɧɢɹɦɢ ɩɨɥɹ Bφ, ɬɚɤɚɹ ɤɨɧɮɢɝɭɪɚɰɢɹ ɭɫɬɚɧɨɜɤɢ 

ɧɚɡɵɜɚɟɬɫɹ Z-ɩɢɧɱ [115] (ɪɢɫɭɧɨɤ 2.2.1). ȼ ɪɟɡɭɥɶɬɚɬɟ ɩɪɨɬɟɤɚɧɢɹ ɛɨɥɶɲɨɝɨ ɬɨɤɚ 

ɜɧɭɬɪɢ ɩɥɚɡɦɟɧɧɨɝɨ ɤɚɧɚɥɚ ɩɪɨɢɫɯɨɞɢɬ ɪɚɡɨɝɪɟɜ ɜɟɳɟɫɬɜɚ, ɞɚɜɥɟɧɢɟ ɬɚɦ 

ɩɨɜɵɲɚɟɬɫɹ, ɢ ɝɚɡɨɞɢɧɚɦɢɱɟɫɤɢɟ ɫɢɥɵ ɫɬɪɟɦɹɬɫɹ ɪɚɫɲɢɪɢɬɶ ɤɚɧɚɥ. ɉɪɢ 

ɧɟɤɨɬɨɪɨɦ ɧɟɢɡɦɟɧɧɨɦ ɬɨɤɟ ɦɨɠɟɬ ɭɫɬɚɧɨɜɢɬɶɫɹ ɪɚɜɧɨɜɟɫɢɟ ɦɟɠɞɭ 

ɷɥɟɤɬɪɨɞɢɧɚɦɢɱɟɫɤɢɦɢ ɫɢɥɚɦɢ, ɫɠɢɦɚɸɳɢɦɢ ɤɚɧɚɥ, ɢ ɝɚɡɨɞɢɧɚɦɢɱɟɫɤɢɦɢ 

ɫɢɥɚɦɢ, ɪɚɫɲɢɪɹɸɳɢɦɢ ɟɝɨ. ȿɫɥɢ ɬɨɤ ɪɟɡɤɨ ɜɨɡɪɚɫɬɚɟɬ, ɬɨ ɪɟɡɤɨ ɭɜɟɥɢɱɢɜɚɸɬɫɹ 

ɷɥɟɤɬɪɨɞɢɧɚɦɢɱɟɫɤɢɟ ɫɢɥɵ, ɚ ɝɚɡɨɞɢɧɚɦɢɱɟɫɤɢɟ ɫɢɥɵ, ɨɛɭɫɥɨɜɥɟɧɧɵɟ ɧɚɝɪɟɜɨɦ 

ɝɚɡɚ, ɩɪɟɞɫɬɚɜɥɹɸɳɢɦ ɫɨɛɨɣ ɢɧɟɪɰɢɨɧɧɵɣ ɩɪɨɰɟɫɫ, ɧɟ ɦɨɝɭɬ ɜɨɡɪɚɫɬɢ ɞɨɫɬɚɬɨɱɧɨ 

ɛɵɫɬɪɨ. ȼ ɪɟɡɭɥɶɬɚɬɟ ɩɪɨɢɫɯɨɞɢɬ ɫɠɚɬɢɟ ɤɚɧɚɥɚ – ɩɢɧɱ-ɷɮɮɟɤɬ. 

 

Ɋɢɫɭɧɨɤ 2.2.1 – Ʉɥɚɫɫɢɱɟɫɤɢɣ Z-ɩɢɧɱ 

ɋɨɜɨɤɭɩɧɨɫɬɶ ɩɪɨɰɟɫɫɨɜ, ɩɪɨɬɟɤɚɸɳɢɯ ɜ ɄɆɉɍ ɤɚɤ ɨɫɨɛɨɦ ɬɢɩɟ Z-ɩɢɧɱ 

ɭɫɤɨɪɢɬɟɥɹ, ɜɤɥɸɱɚɟɬ ɜ ɫɟɛɹ ɫɥɟɞɭɸɳɢɟ ɫɬɚɞɢɢ: ɧɚɱɚɥɶɧɚɹ ɫɬɚɞɢɹ, ɫɬɚɞɢɹ 
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ɞɜɢɠɟɧɢɹ ɬɨɤɨɜɨ-ɩɥɚɡɦɟɧɧɨɣ ɨɛɨɥɨɱɤɢ, ɫɬɚɞɢɹ ɭɞɟɪɠɚɧɢɹ, ɫɬɚɞɢɹ 

ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɢ ɪɚɡɜɚɥɚ. ɇɚ ɧɚɱɚɥɶɧɨɣ ɫɬɚɞɢɢ ɩɪɢ ɩɨɞɚɱɟ ɧɚɩɪɹɠɟɧɢɹ ɧɚ 

ɩɨɜɟɪɯɧɨɫɬɢ ɢɡɨɥɹɬɨɪɚ, ɪɚɡɞɟɥɹɸɳɟɝɨ ɷɥɟɤɬɪɨɞɵ, ɩɪɨɢɫɯɨɞɢɬ ɪɚɫɩɥɚɜɥɟɧɢɟ 

ɩɪɟɤɭɪɫɨɪɨɜ, ɢɨɧɢɡɚɰɢɹ ɝɚɡɚ ɢ ɩɪɟɤɭɪɫɨɪɨɜ ɜ ɨɬɧɨɫɢɬɟɥɶɧɨ ɬɨɧɤɨɦ ɫɥɨɟ. ȼ 

ɫɥɭɱɚɹɯ ɧɟɩɪɚɜɢɥɶɧɨ ɨɪɝɚɧɢɡɨɜɚɧɧɨɣ ɧɚɱɚɥɶɧɨɣ ɫɬɚɞɢɢ ɩɪɨɛɨɣ ɦɨɠɟɬ ɩɨɣɬɢ ɧɟ 

ɜɛɥɢɡɢ ɩɨɜɟɪɯɧɨɫɬɢ ɢɡɨɥɹɬɨɪɚ ɢ/ɢɥɢ ɧɟɪɚɜɧɨɦɟɪɧɨ, ɢ ɬɨɝɞɚ ɮɢɧɚɥɶɧɵɟ 

ɩɚɪɚɦɟɬɪɵ ɪɚɡɪɹɞɚ ɢ ɩɥɚɡɦɟɧɧɨɣ ɫɬɪɭɢ ɛɭɞɭɬ ɧɟɜɵɫɨɤɢ. Ⱦɥɹ ɭɥɭɱɲɟɧɢɹ 

ɪɚɜɧɨɦɟɪɧɨɫɬɢ ɩɪɨɛɨɹ ɜɨɡɦɨɠɧɨ ɩɪɢɦɟɧɟɧɢɟ ɩɪɟɞɵɨɧɢɡɚɰɢɢ. 

ɉɨ ɦɟɪɟ ɧɚɪɚɫɬɚɧɢɹ ɬɨɤɚ ɩɨɧɞɟɪɨɦɨɬɨɪɧɚɹ ɫɢɥɚ ɭɜɟɥɢɱɢɜɚɟɬɫɹ, ɬɨɤɨɜɨ-

ɩɥɚɡɦɟɧɧɚɹ ɨɛɨɥɨɱɤɚ ɩɵɬɚɟɬɫɹ ɫɯɥɨɩɧɭɬɶɫɹ ɤ ɨɫɢ, ɢ ɧɚɱɢɧɚɟɬɫɹ ɫɬɚɞɢɹ ɞɜɢɠɟɧɢɹ. 

Ɉɞɧɢɦ ɢɡ ɜɚɪɢɚɧɬɨɜ ɞɜɢɠɟɧɢɹ ɹɜɥɹɟɬɫɹ ɦɨɞɟɥɶ «ɦɚɝɧɢɬɧɵɣ ɩɨɪɲɟɧɶ – ɭɞɚɪɧɚɹ 

ɜɨɥɧɚ», ɤɨɝɞɚ ɬɨɤɨɜɵɣ ɫɥɨɣ ɞɜɢɠɟɬɫɹ ɧɚɫɬɨɥɶɤɨ ɛɵɫɬɪɨ, ɱɬɨ ɩɟɪɟɞ ɧɢɦ 

ɨɛɪɚɡɭɟɬɫɹ ɭɞɚɪɧɚɹ ɜɨɥɧɚ, ɜɨ ɮɪɨɧɬɟ ɤɨɬɨɪɨɣ ɩɪɨɢɫɯɨɞɢɬ ɢɨɧɢɡɚɰɢɹ ɜɟɳɟɫɬɜɚ. 

ɉɨɫɥɟ ɫɯɨɠɞɟɧɢɹ ɬɨɤɨɜɨ-ɩɥɚɡɦɟɧɧɨɣ ɨɛɨɥɨɱɤɢ ɤ ɨɫɢ ɭɫɬɚɧɚɜɥɢɜɚɟɬɫɹ 

ɪɚɜɧɨɜɟɫɧɨɟ ɫɨɫɬɨɹɧɢɟ ɩɢɧɱɚ, ɢɥɢ ɪɟɠɢɦ ɭɞɟɪɠɚɧɢɹ. ȼ ɞɚɥɶɧɟɣɲɟɦ, ɧɚ ɫɬɚɞɢɢ 

ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɢ ɪɚɡɜɚɥɚ, ɜ ɩɢɧɱɟ ɪɚɡɜɢɜɚɸɬɫɹ ɫɧɚɱɚɥɚ ɦɚɝɧɢɬɨ-

ɝɢɞɪɨɞɢɧɚɦɢɱɟɫɤɢɟ ɧɟɭɫɬɨɣɱɢɜɨɫɬɢ, ɚ ɡɚɬɟɦ ɜɫɬɭɩɚɸɬ ɜ ɞɟɣɫɬɜɢɟ ɷɮɮɟɤɬɵ 

ɷɥɟɤɬɪɨɧɧɨɣ ɦɚɝɧɢɬɧɨɣ ɝɢɞɪɨɞɢɧɚɦɢɤɢ, ɤɨɬɨɪɚɹ ɯɚɪɚɤɬɟɪɢɡɭɟɬɫɹ ɨɛɪɵɜɚɦɢ ɬɨɤɚ 

ɢ ɪɚɡɪɵɜɚɦɢ ɩɥɚɡɦɟɧɧɨɣ ɨɛɨɥɨɱɤɢ, ɱɬɨ ɜ ɤɨɧɟɱɧɨɦ ɢɬɨɝɟ ɩɪɢɜɨɞɢɬ ɤ ɪɚɡɜɚɥɭ 

ɩɥɚɡɦɟɧɧɨɝɨ ɨɛɪɚɡɨɜɚɧɢɹ. 

ɄɆɉɍ ɜɯɨɞɢɬ ɜ ɤɚɬɟɝɨɪɢɸ Z-ɩɢɧɱ ɭɫɬɪɨɣɫɬɜ, ɧɚɡɵɜɚɟɦɵɯ ɷɥɟɤɬɪɨɞɧɵɦɢ 

ɢɦɩɭɥɶɫɧɵɦɢ ɩɥɚɡɦɟɧɧɵɦɢ ɭɫɤɨɪɢɬɟɥɹɦɢ (ɩɥɚɡɦɟɧɧɵɦɢ ɩɭɲɤɚɦɢ), ɪɚɛɨɬɚ 

ɤɨɬɨɪɵɯ ɨɫɧɨɜɚɧɚ ɧɚ ɩɪɨɯɨɠɞɟɧɢɢ ɬɨɤɚ ɱɟɪɟɡ ɩɥɚɡɦɭ, ɤɨɬɨɪɚɹ ɢɦɟɟɬ 

ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɵɣ ɤɨɧɬɚɤɬ ɫ ɷɥɟɤɬɪɨɞɚɦɢ, ɩɨɞɤɥɸɱɟɧɧɵɦɢ ɤ ɢɫɬɨɱɧɢɤɭ 

ɧɚɩɪɹɠɟɧɢɹ. ɉɪɢɦɟɧɟɧɢɟ ɢɦɩɭɥɶɫɧɨɝɨ ɢɫɬɨɱɧɢɤɚ ɩɢɬɚɧɢɹ ɩɨɡɜɨɥɹɟɬ ɩɨɥɭɱɚɬɶ 

ɦɚɤɫɢɦɚɥɶɧɵɟ ɪɚɡɪɹɞɧɵɟ ɬɨɤɢ ɞɨ 106
 Ⱥ ɩɪɢ ɦɨɳɧɨɫɬɢ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɪɚɡɪɹɞɚ ɜ 

ɭɫɤɨɪɢɬɟɥɟ ɞɨ 10
10

 ȼɬ. ɉɪɨɞɨɥɠɢɬɟɥɶɧɨɫɬɶ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɪɚɡɪɹɞɚ ɢɡɦɟɧɹɟɬɫɹ ɨɬ 

ɧɟɫɤɨɥɶɤɢɯ ɦɢɤɪɨɫɟɤɭɧɞ ɞɨ ɫɨɬɟɧ ɦɢɤɪɨɫɟɤɭɧɞ. 

ɂɦɩɭɥɶɫɧɵɟ ɩɥɚɡɦɟɧɧɵɟ ɭɫɤɨɪɢɬɟɥɢ ɢ ɄɆɉɍ ɜ ɱɚɫɬɧɨɫɬɢ ɨɛɥɚɞɚɸɬ 

ɫɥɟɞɭɸɳɢɦɢ ɞɨɫɬɨɢɧɫɬɜɚɦɢ: 1) ɜ ɷɬɢɯ ɫɢɫɬɟɦɚɯ ɪɟɚɥɢɡɭɸɬɫɹ ɦɨɳɧɨɫɬɢ 



40 

ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɪɚɡɪɹɞɚ, ɧɟ ɞɨɫɬɢɠɢɦɵɟ ɜ ɫɬɚɰɢɨɧɚɪɧɵɯ ɩɥɚɡɦɟɧɧɵɯ ɭɫɤɨɪɢɬɟɥɹɯ 

ɢ ɩɥɚɡɦɨɬɪɨɧɚɯ (ɞɥɹ ɤɨɬɨɪɵɯ ɯɚɪɚɤɬɟɪɧɵ ɞɨɡɜɭɤɨɜɵɟ ɩɥɚɡɦɟɧɧɵɟ ɬɟɱɟɧɢɹ ɢ 

ɦɟɧɶɲɢɟ ɭɪɨɜɧɢ ɷɧɬɚɥɶɩɢɢ ɩɥɚɡɦɟɧɧɨɣ ɫɬɪɭɢ ɢ ɫɨɫɪɟɞɨɬɨɱɟɧɧɨɫɬɢ ɷɧɟɪɝɢɢ); 

2) ɛɥɚɝɨɞɚɪɹ ɜɵɫɨɤɨɣ ɦɨɳɧɨɫɬɢ ɪɚɡɪɹɞɚ ɜɨɡɦɨɠɧɨ ɩɪɨɢɡɜɨɞɢɬɶ ɩɪɨɰɟɫɫ 

ɩɪɢɝɨɬɨɜɥɟɧɢɹ ɪɚɛɨɱɟɝɨ ɜɟɳɟɫɬɜɚ ɜ ɩɪɨɰɟɫɫɟ ɪɚɡɪɹɞɚ; 3) ɫɩɨɫɨɛɧɨɫɬɶ 

ɝɟɧɟɪɢɪɨɜɚɬɶ ɩɥɚɡɦɟɧɧɵɟ ɫɝɭɫɬɤɢ ɩɨɡɜɨɥɹɟɬ ɫɨɡɞɚɜɚɬɶ ɫɚɦɨɪɟɝɭɥɢɪɭɸɳɢɟɫɹ 

ɩɥɚɡɦɟɧɧɵɟ ɤɨɧɮɢɝɭɪɚɰɢɢ ɫ ɜɵɫɨɤɢɦɢ ɡɧɚɱɟɧɢɹɦɢ pT-ɩɚɪɚɦɟɬɪɨɜ; 4) ɩɪɨɛɥɟɦɵ 

ɫɨɝɥɚɫɨɜɚɧɢɹ ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɢ ɦɚɝɧɢɬɧɵɯ ɩɨɥɟɣ ɜ ɪɚɛɨɱɟɦ ɨɛɴɟɦɟ ɹɜɥɹɸɬɫɹ 

ɦɟɧɟɟ ɫɭɳɟɫɬɜɟɧɧɵɦɢ, ɱɟɦ ɜ ɫɥɭɱɚɟ ɫɬɚɰɢɨɧɚɪɧɵɯ ɩɥɚɡɦɟɧɧɵɯ ɭɫɤɨɪɢɬɟɥɟɣ. 

Ʉɪɢɬɟɪɢɟɦ ɪɚɡɞɟɥɟɧɢɹ ɢɦɩɭɥɶɫɧɵɯ ɢ ɫɬɚɰɢɨɧɚɪɧɵɯ (ɢɥɢ ɤɜɚɡɢɫɬɚɰɢɨɧɚɪɧɵɯ) 

ɭɫɤɨɪɢɬɟɥɟɣ ɹɜɥɹɟɬɫɹ ɜɪɟɦɹ τ0 = l0/υ, ɝɞɟ l0 – ɞɥɢɧɚ ɭɫɤɨɪɢɬɟɥɶɧɨɝɨ ɤɚɧɚɥɚ, υ – 

ɯɚɪɚɤɬɟɪɧɚɹ ɫɤɨɪɨɫɬɶ ɩɥɚɡɦɵ. ɉɪɢ ɜɪɟɦɟɧɚɯ ɪɚɡɪɹɞɚ, ɛɥɢɡɤɢɯ ɤ τ0, 

ɨɫɭɳɟɫɬɜɥɹɟɬɫɹ ɢɦɩɭɥɶɫɧɵɣ ɪɟɠɢɦ; ɟɫɥɢ ɞɥɢɬɟɥɶɧɨɫɬɶ ɪɚɡɪɹɞɚ τ>>τ0, ɬɨ 

ɩɪɨɢɫɯɨɞɢɬ ɩɟɪɟɯɨɞ ɜ ɫɬɚɰɢɨɧɚɪɧɵɣ ɪɟɠɢɦ ɢ ɭɯɭɞɲɚɟɬɫɹ ɤɚɱɟɫɬɜɨ ɜɵɯɨɞɹɳɟɝɨ 

ɩɨɬɨɤɚ [115]. 

ɉɪɢɦɟɧɟɧɢɟ ɜ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɢɦɟɧɧɨ ɄɆɉɍ ɨɩɪɟɞɟɥɹɟɬɫɹ ɜɵɲɟɭɤɚɡɚɧɧɵɦɢ 

ɩɪɟɢɦɭɳɟɫɬɜɚɦɢ, ɚ ɬɚɤɠɟ ɫɩɟɰɢɚɥɶɧɵɦɢ ɡɚɞɚɱɚɦɢ. ȼ ɰɟɥɨɦ ɪɹɞɟ ɢɦɩɭɥɶɫɧɵɯ 

ɦɟɬɨɞɨɜ ɱɚɫɬɨ ɛɵɜɚɟɬ ɧɭɠɧɨ ɧɟ ɬɨɥɶɤɨ ɛɵɫɬɪɨ ɜɜɟɫɬɢ ɷɧɟɪɝɢɸ ɜ ɩɥɚɡɦɭ, ɧɨ ɢ 

ɦɝɧɨɜɟɧɧɨ ɫɧɹɬɶ ɜɨɡɞɟɣɫɬɜɢɟ ɢɥɢ ɨɯɥɚɞɢɬɶ ɩɥɚɡɦɭ. Ɍɚɤɚɹ ɧɟɨɛɯɨɞɢɦɨɫɬɶ 

ɫɭɳɟɫɬɜɭɟɬ ɜ ɬɟɯ ɩɪɨɰɟɫɫɚɯ, ɝɞɟ ɰɟɥɶɸ ɪɚɛɨɬɵ ɹɜɥɹɟɬɫɹ ɩɨɥɭɱɟɧɢɟ 

ɦɟɬɚɫɬɚɛɢɥɶɧɵɯ ɫɨɫɬɨɹɧɢɣ ɢɥɢ ɞɢɫɩɟɪɫɧɵɯ ɦɚɬɟɪɢɚɥɨɜ. ɉɥɚɡɦɨɞɢɧɚɦɢɱɟɫɤɢɣ 

ɫɢɧɬɟɡ (ɉȾɋ) ɨɬɧɨɫɢɬɫɹ ɢɦɟɧɧɨ ɤ ɬɚɤɨɣ ɤɚɬɟɝɨɪɢɢ ɦɟɬɨɞɨɜ, ɩɨɫɤɨɥɶɤɭ ɜ ɧɟɦ 

ɩɪɨɢɫɯɨɞɢɬ ɩɟɪɟɜɨɞ ɜɟɳɟɫɬɜɚ, ɧɚɯɨɞɹɳɟɝɨɫɹ ɜ ɠɢɞɤɨɮɚɡɧɨɦ ɫɨɫɬɨɹɧɢɢ, ɜ ɨɛɥɚɫɬɶ 

pT-ɩɚɪɚɦɟɬɪɨɜ, ɝɞɟ ɜɨɡɦɨɠɧɨ ɮɨɪɦɢɪɨɜɚɧɢɟ ɧɨɜɵɯ ɦɚɬɟɪɢɚɥɨɜ ɜ ɧɚɧɨ- ɢ 

ɦɢɤɪɨɪɚɡɦɟɪɧɨɦ ɫɨɫɬɨɹɧɢɢ, ɚ ɡɚɬɟɦ ɟɝɨ ɪɟɡɤɨɟ ɨɯɥɚɠɞɟɧɢɟ. 

ɉɪɢ ɨɫɭɳɟɫɬɜɥɟɧɢɢ ɉȾɋ ɢɫɩɨɥɶɡɨɜɚɥɫɹ ɢɦɩɭɥɶɫɧɵɣ ɫɢɥɶɧɨɬɨɱɧɵɣ 

ɤɨɚɤɫɢɚɥɶɧɵɣ ɦɚɝɧɢɬɨɩɥɚɡɦɟɧɧɵɣ ɭɫɤɨɪɢɬɟɥɶ (ɄɆɉɍ), ɪɚɡɪɚɛɨɬɚɧɧɵɣ ɜ 

Ɍɨɦɫɤɨɦ ɩɨɥɢɬɟɯɧɢɱɟɫɤɨɦ ɭɧɢɜɟɪɫɢɬɟɬɟ Д2Ж. ɋɭɳɟɫɬɜɭɟɬ ɧɟɫɤɨɥɶɤɨ 

ɫɩɟɰɢɮɢɱɟɫɤɢɯ ɦɨɞɢɮɢɤɚɰɢɣ ɄɆɉɍ, ɚɞɚɩɬɢɪɨɜɚɧɧɵɯ ɞɥɹ ɪɟɲɟɧɢɹ ɤɨɧɤɪɟɬɧɵɯ 

ɩɪɢɤɥɚɞɧɵɯ ɡɚɞɚɱ, ɜ ɬɨɦ ɱɢɫɥɟ ɬɚɤɢɯ, ɤɚɤ ɦɟɬɚɧɢɟ ɦɚɤɪɨɬɟɥ, ɩɨɥɭɱɟɧɢɟ 
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ɭɥɶɬɪɚɞɢɫɩɟɪɫɧɵɯ ɩɨɪɨɲɤɨɜ ɪɚɡɥɢɱɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɫɢɫɬɟɦ Ti-N, B-C-N, W-C, 

C-N, ɢ ɞɪ., ɧɚɧɟɫɟɧɢɟ ɩɨɤɪɵɬɢɣ ɧɚ ɦɢɲɟɧɶ. ɋ ɰɟɥɶɸ ɩɨɢɫɤɚ ɪɟɲɟɧɢɹ ɩɪɨɛɥɟɦɵ 

ɩɨɥɭɱɟɧɢɹ ɭɥɶɬɪɚɞɢɫɩɟɪɫɧɨɝɨ ɩɨɪɨɲɤɚ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɩɪɨɜɟɞɟɧ ɰɢɤɥ 

ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɩɨ ɪɚɡɪɚɛɨɬɤɟ ɤɨɧɫɬɪɭɤɰɢɢ ɄɆɉɍ, ɩɪɢɫɩɨɫɨɛɥɟɧɧɨɣ ɞɥɹ ɪɟɲɟɧɢɹ 

ɧɟɬɪɢɜɢɚɥɶɧɨɣ ɡɚɞɚɱɢ. ȼ ɪɚɛɨɬɟ Д116Ж ɩɪɢɜɨɞɹɬɫɹ ɞɚɧɧɵɟ ɨ ɜɨɡɦɨɠɧɨɫɬɢ 

ɩɨɥɭɱɟɧɢɹ ɭɥɶɬɪɚɞɢɫɩɟɪɫɧɨɝɨ ɩɪɨɞɭɤɬɚ ɫɢɫɬɟɦɵ C-N ɫ ɩɨɦɨɳɶɸ ɄɆɉɍ. Ⱥɧɚɥɢɡ 

ɫɢɧɬɟɡɢɪɨɜɚɧɧɨɝɨ ɬɚɤɢɦ ɫɩɨɫɨɛɨɦ ɭɥɶɬɪɚɞɢɫɩɟɪɫɧɨɝɨ ɦɚɬɟɪɢɚɥɚ ɩɨɤɚɡɚɥ ɧɚɥɢɱɢɟ 

ɜ ɩɪɨɞɭɤɬɟ ɮɚɡ ɧɚ ɨɫɧɨɜɟ ɜɨɥɶɮɪɚɦɚ, ɜɨɡɧɢɤɧɨɜɟɧɢɟ ɤɨɬɨɪɵɯ ɫɜɹɡɚɧɨ ɫ 

ɷɥɟɤɬɪɨɷɪɨɡɢɟɣ ɦɚɬɟɪɢɚɥɚ ɰɟɧɬɪɚɥɶɧɨɝɨ ɷɥɟɤɬɪɨɞɚ. ɉɥɨɬɧɵɟ ɩɪɢɦɟɫɧɵɟ ɮɚɡɵ ɜ 

ɱɚɫɬɧɨɫɬɢ ɤɚɪɛɢɞɚ ɜɨɥɶɮɪɚɦɚ (W2C), ɧɟɫɦɨɬɪɹ ɧɚ ɧɟɡɧɚɱɢɬɟɥɶɧɨɟ ɫɨɞɟɪɠɚɧɢɟ ɜ 

ɩɪɨɞɭɤɬɟ (ɩɨɪɹɞɤɚ 2-3% ɨɬ ɜɫɟɣ ɦɚɫɫɵ), ɡɚɬɪɭɞɧɹɸɬ ɩɪɨɜɟɞɟɧɢɟ ɚɧɚɥɢɬɢɱɟɫɤɢɯ 

ɢɫɫɥɟɞɨɜɚɧɢɣ ɩɪɨɞɭɤɬɚ ɫɢɧɬɟɡɚ, ɜ ɱɚɫɬɧɨɫɬɢ, ɞɢɮɪɚɤɰɢɨɧɧɵɦɢ ɢ 

ɷɧɟɪɝɨɞɢɫɩɟɪɫɢɨɧɧɵɦɢ ɦɟɬɨɞɚɦɢ Д117Ж. ɂɫɩɨɥɶɡɨɜɚɧɢɟ ɜɨɥɶɮɪɚɦɨɜɨɝɨ 

ɰɟɧɬɪɚɥɶɧɨɝɨ ɷɥɟɤɬɪɨɞɚ ɹɜɥɹɟɬɫɹ ɫɭɳɟɫɬɜɟɧɧɵɦ ɧɟɞɨɫɬɚɬɤɨɦ ɪɚɡɪɚɛɚɬɵɜɚɟɦɨɣ 

ɬɟɯɧɨɥɨɝɢɢ ɧɚ ɨɫɧɨɜɟ ɄɆɉɍ. ɉɨɷɬɨɦɭ ɡɚɞɚɱɟɣ ɩɪɢ ɪɚɡɪɚɛɨɬɤɟ 

ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɣ ɭɫɬɚɧɨɜɤɢ ɹɜɥɹɥɨɫɶ ɫɨɡɞɚɧɢɟ ɤɨɧɫɬɪɭɤɰɢɢ ɄɆɉɍ, 

ɩɨɡɜɨɥɹɸɳɟɣ ɝɟɧɟɪɢɪɨɜɚɬɶ ɭɝɥɟɪɨɞɧɭɸ ɩɥɚɡɦɟɧɧɭɸ ɫɬɪɭɸ, ɧɟ ɡɚɝɪɹɡɧɟɧɧɭɸ 

ɦɟɬɚɥɥɢɱɟɫɤɢɦɢ ɩɪɢɦɟɫɹɦɢ, ɬ. ɟ. ɦɚɬɟɪɢɚɥɨɦ ɰɟɧɬɪɚɥɶɧɨɝɨ ɷɥɟɤɬɪɨɞɚ. 

ɋ ɰɟɥɶɸ ɫɢɧɬɟɡɚ ɭɥɶɬɪɚɞɢɫɩɟɪɫɧɨɝɨ ɩɪɨɞɭɤɬɚ ɫɢɫɬɟɦɵ Si-C ɪɚɡɪɚɛɨɬɚɧɚ 

ɨɪɢɝɢɧɚɥɶɧɚɹ ɤɨɧɫɬɪɭɤɰɢɹ ɰɟɧɬɪɚɥɶɧɨɝɨ ɷɥɟɤɬɪɨɞɚ ɦɚɝɧɢɬɨɩɥɚɡɦɟɧɧɨɝɨ 

ɭɫɤɨɪɢɬɟɥɹ, ɩɪɢɜɟɞɟɧɧɚɹ ɧɚ ɪɢɫɭɧɤɟ 2.2.2. ɀɟɫɬɤɨ ɡɚɤɪɟɩɥɟɧɧɚɹ ɝɪɚɮɢɬɨɜɚɹ 

ɜɫɬɚɜɤɚ ɩɪɟɞɨɬɜɪɚɳɚɟɬ ɷɥɟɤɬɪɨɷɪɨɡɢɸ ɦɟɬɚɥɥɢɱɟɫɤɢɯ ɱɚɫɬɢɰ ɦɟɬɚɥɥɢɱɟɫɤɨɝɨ 

(ɥɚɬɭɧɧɨɝɨ) ɯɜɨɫɬɨɜɢɤɚ ɜ ɤɚɦɟɪɭ-ɪɟɚɤɬɨɪ (ɄɊ) ɄɆɉɍ, ɚ ɫɥɟɞɨɜɚɬɟɥɶɧɨ, ɢ ɜ 

ɫɢɧɬɟɡɢɪɭɟɦɵɣ ɩɪɨɞɭɤɬ. ȼ ɤɚɧɚɥ ɮɨɪɦɢɪɨɜɚɧɢɹ ɩɥɚɡɦɟɧɧɨɣ ɫɬɪɭɤɬɭɪɵ 

ɡɚɤɥɚɞɵɜɚɥɢɫɶ ɢɫɯɨɞɧɵɟ ɩɪɟɤɭɪɫɨɪɵ – ɫɦɟɫɶ Si ɢ C ɜ ɫɨɨɬɧɨɲɟɧɢɢ, ɛɥɢɡɤɨɦ ɤ 

ɫɬɟɯɢɨɦɟɬɪɢɱɟɫɤɨɦɭ, XRD-ɤɚɪɬɢɧɵ ɤɨɬɨɪɵɯ ɩɪɟɞɫɬɚɜɥɟɧɵ ɧɚ ɪɢɫɭɧɤɟ 2.2.3. 

Ɉɛɳɢɣ ɜɢɞ ɪɚɡɪɚɛɨɬɚɧɧɨɣ ɤɨɧɫɬɪɭɤɰɢɢ ɦɚɝɧɢɬɨɩɥɚɡɦɟɧɧɨɝɨ ɭɫɤɨɪɢɬɟɥɹ 

ɩɪɢɜɟɞɟɧ ɧɚ ɪɢɫɭɧɤɟ 2.2.4. Ɉɩɢɫɵɜɚɟɦɚɹ ɤɨɧɫɬɪɭɤɰɢɹ ɫɬɚɥɚ ɨɫɧɨɜɨɣ ɩɚɬɟɧɬɚ, 

ɩɨɥɭɱɟɧɧɨɝɨ ɝɪɭɩɩɨɣ ɚɜɬɨɪɨɜ, ɜɤɥɸɱɚɸɳɟɣ ɚɜɬɨɪɚ ɞɚɧɧɨɣ ɞɢɫɫɟɪɬɚɰɢɨɧɧɨɣ 

ɪɚɛɨɬɵ [118]. 
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Ɋɢɫɭɧɨɤ 2.2.2 – Ʉɨɧɫɬɪɭɤɰɢɹ ɭɡɥɚ ɰɟɧɬɪɚɥɶɧɨɝɨ ɷɥɟɤɬɪɨɞɚ: 1 – ɰɟɧɬɪɚɥɶɧɵɣ 

ɦɟɬɚɥɥɢɱɟɫɤɢɣ ɷɥɟɤɬɪɨɞ-ɯɜɨɫɬɨɜɢɤ; 2 – ɝɪɚɮɢɬɨɜɚɹ ɜɫɬɚɜɤɚ ɰɟɧɬɪɚɥɶɧɨɝɨ 

ɷɥɟɤɬɪɨɞɚ; 3 – ɫɬɟɤɥɨɩɥɚɫɬɢɤɨɜɵɣ ɢɡɨɥɹɬɨɪ; 4 – ɤɚɧɚɥ ɮɨɪɦɢɪɨɜɚɧɢɹ ɩɥɚɡɦɟɧɧɨɣ 

ɫɬɪɭɤɬɭɪɵ; 5 – ɷɥɟɤɬɪɨɞ-ɫɬɜɨɥ 

 

Ɋɢɫɭɧɨɤ 2.2.3 – XRD-ɤɚɪɬɢɧɵ ɩɪɟɤɭɪɫɨɪɨɜ: ɤɪɟɦɧɢɹ (Si) ɢ ɭɝɥɟɪɨɞɚ (gC) 

 

Ɋɢɫɭɧɨɤ 2.2.4 – ɍɫɬɪɨɣɫɬɜɨ ɄɆɉɍ ɫ ɝɪɚɮɢɬɨɜɵɦɢ ɷɥɟɤɬɪɨɞɚɦɢ: 1) ɯɜɨɫɬɨɜɢɤ 

ɰɟɧɬɪɚɥɶɧɨɝɨ ɷɥɟɤɬɪɨɞɚ, 2) ɩɪɨɯɨɞɧɨɣ ɢɡɨɥɹɬɨɪ, 3) ɨɩɨɪɧɵɣ ɢɡɨɥɹɬɨɪ, 

4) ɫɬɚɥɶɧɨɣ ɤɨɪɩɭɫ, 5) ɫɬɟɤɥɨɩɥɚɫɬɢɤɨɜɵɣ ɢɡɨɥɹɬɨɪ, 6) ɝɪɚɮɢɬɨɜɚɹ ɜɫɬɚɜɤɚ, 

7) ɄɎɉɋ ɫɨ ɫɦɟɫɶɸ ɩɪɟɤɭɪɫɨɪɨɜ Si+C, 8) ɫɬɟɤɥɨɩɥɚɫɬɢɤɨɜɵɣ ɜɤɥɚɞɵɲ, 

9) ɝɪɚɮɢɬɨɜɵɣ ɍɄ, 10) ɨɛɨɣɦɚ ɢɡ ɧɟɪɠɚɜɟɸɳɟɣ ɫɬɚɥɢ, 11) ɢɧɞɭɤɬɨɪ: 

11.1) ɤɨɧɬɚɤɬɧɵɟ ɮɥɚɧɰɵ, 11.2) ɫɨɥɟɧɨɢɞ, 11.3) ɜɢɬɤɨɜɚɹ ɢɡɨɥɹɰɢɹ, 11.4) ɤɨɪɩɭɫ 

ɢɧɞɭɤɬɨɪɚ, 11.5) ɤɨɧɬɚɤɬɧɚɹ ɦɭɮɬɚ, 12) ɫɬɹɠɧɵɟ ɮɥɚɧɰɵ, 13) ɬɨɤɨɜɟɞɭɳɢɟ 
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ɋɩɪɨɟɤɬɢɪɨɜɚɧɧɚɹ ɤɨɧɫɬɪɭɤɰɢɹ ɦɚɝɧɢɬɨɩɥɚɡɦɟɧɧɨɝɨ ɭɫɤɨɪɢɬɟɥɹ ɢɦɟɟɬ 

ɫɥɟɞɭɸɳɢɟ ɤɨɧɫɬɪɭɤɰɢɨɧɧɵɟ ɩɚɪɚɦɟɬɪɵ: ɞɥɢɧɚ ɍɄ lɍК = 169 ɦɦ, ɞɢɚɦɟɬɪ 

ɭɫɤɨɪɢɬɟɥɶɧɨɝɨ ɤɚɧɚɥɚ dɍК = 9,5 ɦɦ, ɞɥɢɧɚ ɤɚɧɚɥɚ ɮɨɪɦɢɪɨɜɚɧɢɹ ɩɥɚɡɦɟɧɧɨɣ 

ɫɬɪɭɤɬɭɪɵ (ɄɎɉɋ) lКɎɉɋ = 10 ɦɦ, ɞɢɚɦɟɬɪ dКɎɉɋ = 8 ɦɦ. ɉɚɪɚɦɟɬɪɵ ɄɊ ɩɪɢ 

ɢɫɬɟɱɟɧɢɢ ɩɥɚɡɦɟɧɧɨɝɨ ɩɨɬɨɤɚ ɜ ɫɜɨɛɨɞɧɨɟ ɩɪɨɫɬɪɚɧɫɬɜɨ ɫɨɫɬɚɜɥɹɥɢ lКɊ = 620 ɦɦ, 

dКɊ = 210 ɦɦ. ɋɩɪɨɟɤɬɢɪɨɜɚɧɧɵɣ ɥɚɛɨɪɚɬɨɪɧɵɣ ɫɬɟɧɞ ɩɪɢɜɟɞɟɧ ɧɚ ɪɢɫɭɧɤɟ 2.2.5. 

 

Ɋɢɫɭɧɨɤ 2.1.5 – Ʉɨɧɫɬɪɭɤɰɢɹ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɣ ɭɫɬɚɧɨɜɤɢ ɩɪɢ ɢɫɬɟɱɟɧɢɢ 

ɋ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɪɚɡɪɚɛɨɬɚɧɧɨɣ ɤɨɧɫɬɪɭɤɰɢɢ ɭɡɥɚ ɰɟɧɬɪɚɥɶɧɨɝɨ ɷɥɟɤɬɪɨɞɚ 

ɩɪɨɜɟɞɟɧɵ ɷɤɫɩɟɪɢɦɟɧɬɵ, ɜ ɪɚɦɤɚɯ ɤɨɬɨɪɵɯ ɪɟɲɚɥɢɫɶ ɪɚɡɥɢɱɧɵɟ ɡɚɞɚɱɢ 

ɩɨɥɭɱɟɧɢɹ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɮɚɡ ɫɢɫɬɟɦɵ Si-C. ɉɟɪɜɨɫɬɟɩɟɧɧɨɣ ɡɚɞɚɱɟɣ 

ɢɫɫɥɟɞɨɜɚɧɢɹ ɹɜɥɹɥɨɫɶ ɩɪɨɜɟɞɟɧɢɟ ɫɟɪɢɢ ɩɪɟɞɜɚɪɢɬɟɥɶɧɵɯ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɫ 

ɰɟɥɶɸ ɞɟɦɨɧɫɬɪɚɰɢɢ ɩɪɢɧɰɢɩɢɚɥɶɧɨɣ ɜɨɡɦɨɠɧɨɫɬɢ ɫɢɧɬɟɡɚ 

ɧɚɧɨɤɪɢɫɬɚɥɥɢɱɟɫɤɨɝɨ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ. ȼɚɠɧɭɸ ɪɨɥɶ ɜ ɩɪɨɰɟɫɫɚɯ ɭɫɤɨɪɟɧɢɹ 

ɩɥɚɡɦɵ ɢɦɟɸɬ ɬɚɤɢɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ, ɤɚɤ ɮɨɪɦɚ ɩɪɨɢɡɜɨɞɧɨɣ ɬɨɤɚ, 

ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɢɡɨɥɹɬɨɪɚ (ɄɎɉɋ), ɞɚɜɥɟɧɢɟ ɢ ɫɨɫɬɚɜ ɝɚɡɨɜɨɣ ɚɬɦɨɫɮɟɪɵ, 

ɡɚɪɹɞɧɵɟ ɧɚɩɪɹɠɟɧɢɟ ɢ ɷɧɟɪɝɢɹ, ɝɟɨɦɟɬɪɢɹ ɢɫɬɟɱɟɧɢɹ ɩɥɚɡɦɟɧɧɨɣ ɫɬɪɭɢ ɢ ɞɪ. 

Д115Ж. ɉɨɷɬɨɦɭ ɜ ɞɚɥɶɧɟɣɲɟɦ ɜɨɡɧɢɤɚɥɚ ɧɟɨɛɯɨɞɢɦɨɫɬɶ ɢɡɭɱɟɧɢɹ ɜɥɢɹɧɢɹ 

ɭɤɚɡɚɧɧɵɯ ɜɵɲɟ ɩɚɪɚɦɟɬɪɨɜ ɧɚ ɩɪɨɰɟɫɫ ɢ ɩɪɨɞɭɤɬ ɩɥɚɡɦɨɞɢɧɚɦɢɱɟɫɤɨɝɨ ɫɢɧɬɟɡɚ 

ɞɥɹ ɩɨɥɭɱɟɧɢɹ ɩɨɪɨɲɤɨɨɛɪɚɡɧɨɝɨ ɦɚɬɟɪɢɚɥɚ ɫ ɬɪɟɛɭɟɦɵɦɢ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦɢ 

(ɮɚɡɨɜɵɦ ɫɨɫɬɚɜɨɦ, ɞɢɫɩɟɪɫɧɨɫɬɶɸ) ɡɚ ɫɱɟɬ ɜɵɹɜɥɟɧɢɹ ɨɩɬɢɦɚɥɶɧɵɯ ɭɫɥɨɜɢɣ 

ɫɢɧɬɟɡɚ. 
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2.3. Ɇɟɬɨɞɢɤɢ ɩɪɨɜɟɞɟɧɢɹ ɚɧɚɥɢɬɢɱɟɫɤɢɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɩɨɪɨɲɤɨɨɛɪɚɡɧɨɝɨ 

ɩɪɨɞɭɤɬɚ 

 

ɉɨɪɨɲɤɢ, ɫɢɧɬɟɡɢɪɨɜɚɧɧɵɟ ɦɟɬɨɞɨɦ ɉȾɋ, ɢɫɫɥɟɞɨɜɚɥɢɫɶ ɛɟɡ 

ɩɪɟɞɜɚɪɢɬɟɥɶɧɨɣ ɨɛɪɚɛɨɬɤɢ ɫ ɩɨɦɨɳɶɸ ɦɟɬɨɞɚ ɪɟɧɬɝɟɧɨɜɫɤɨɣ ɞɢɮɪɚɤɬɨɦɟɬɪɢɢ 

(X-Ray diffraction – XRD) ɧɚ ɞɢɮɪɚɤɬɨɦɟɬɪɟ Shimadzu XRD-7000 (CuKa-

ɢɡɥɭɱɟɧɢɟ, λ = 1,5406 й) ɫɨ ɫɬɭɩɟɧɱɚɬɵɦ ɫɤɚɧɢɪɨɜɚɧɢɟɦ ɜ ɞɢɚɩɚɡɨɧɟ 2θ = 20˚ – 

80˚ (ɫɤɨɪɨɫɬɶ ɫɤɚɧɢɪɨɜɚɧɢɹ – 2˚/ɦɢɧ) ɩɨ ɝɟɨɦɟɬɪɢɢ Ȼɪɷɝɝɚ-Ȼɪɟɧɬɚɧɨ. Ɉɫɨɛɟɧɧɨɫɬɶ 

ɬɚɤɨɣ ɝɟɨɦɟɬɪɢɢ ɪɟɧɬɝɟɧɨɜɫɤɨɣ ɫɴɟɦɤɢ: ɨɬɥɢɱɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɪɚɡɪɟɲɟɧɢɹ, ɮɨɪɦɚ 

ɩɪɨɮɢɥɟɣ ɥɢɧɢɣ, ɛɨɥɶɲɚɹ ɩɪɨɧɢɤɚɸɳɚɹ ɫɩɨɫɨɛɧɨɫɬɶ, ɱɬɨ ɨɛɭɫɥɚɜɥɢɜɚɟɬ 

ɜɵɫɨɤɭɸ ɫɬɚɬɢɫɬɢɤɭ ɤɪɢɫɬɚɥɥɢɬɨɜ ɩɨɪɨɲɤɨɨɛɪɚɡɧɨɝɨ ɨɛɪɚɡɰɚ. 

Ɇɟɬɨɞ XRD ɢɫɩɨɥɶɡɨɜɚɥɫɹ ɞɥɹ ɚɧɚɥɢɡɚ ɮɚɡɨɜɨɝɨ ɢ ɝɪɚɧɭɥɨɦɟɬɪɢɱɟɫɤɨɝɨ 

ɫɨɫɬɚɜɚ ɫɢɧɬɟɡɢɪɨɜɚɧɧɵɯ ɩɨɪɨɲɤɨɜɵɯ ɩɪɨɞɭɤɬɨɜ. ɂɞɟɧɬɢɮɢɤɚɰɢɹ 

ɞɢɮɪɚɤɰɢɨɧɧɵɯ ɩɢɤɨɜ ɩɪɨɜɨɞɢɥɚɫɶ ɫ ɩɨɦɨɳɶɸ ɛɚɡɵ ɞɚɧɧɵɯ PDF4+. 

Ʉɨɥɢɱɟɫɬɜɟɧɧɵɣ ɪɟɧɬɝɟɧɨɫɬɪɭɤɬɭɪɧɵɣ ɚɧɚɥɢɡ (ɊɋȺ) ɞɢɮɪɚɤɰɢɨɧɧɵɯ ɤɚɪɬɢɧ 

(XRD-ɤɚɪɬɢɧ) ɨɫɭɳɟɫɬɜɥɹɥɫɹ ɩɪɨɝɪɚɦɦɧɵɦ ɩɚɤɟɬɨɦ Powder Cell 2.4 ɞɥɹ Windows 

(PCW 2.4), ɜ ɨɫɧɨɜɟ ɤɨɬɨɪɨɝɨ ɥɟɠɢɬ ɦɟɬɨɞ Ɋɢɬɜɟɥɶɞɚ. Ɋɚɫɱɟɬ ɜ ɞɚɧɧɨɦ ɫɥɭɱɚɟ 

ɩɪɨɢɡɜɨɞɢɬɫɹ ɩɭɬɟɦ ɦɢɧɢɦɢɡɚɰɢɢ ɫɭɦɦɵ ɜɡɜɟɲɟɧɧɵɯ ɤɜɚɞɪɚɬɨɜ ɪɚɡɧɢɰɵ ɦɟɠɞɭ 

ɧɚɛɥɸɞɚɟɦɨɣ ɢ ɪɚɫɫɱɢɬɚɧɧɨɣ ɢɧɬɟɧɫɢɜɧɨɫɬɶɸ ɧɚ ɤɚɠɞɨɦ ɷɬɚɩɟ ɰɢɮɪɨɜɨɝɨ 

ɪɚɫɱɟɬɚ ɩɨɪɨɲɤɨɜɨɣ ɞɢɮɪɚɤɬɨɝɪɚɦɦɵ. Ɇɟɬɨɞ Ɋɢɬɜɟɥɶɞɚ ɬɪɟɛɭɟɬ ɡɧɚɧɢɹ 

ɩɪɢɛɥɢɡɢɬɟɥɶɧɨɣ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɵ ɜɫɟɯ ɮɚɡ ɜ ɫɦɟɫɢ Д119]. 

Ⱦɥɹ ɨɰɟɧɤɢ ɦɨɪɮɨɥɨɝɢɢ ɢ ɪɚɡɦɟɪɨɜ ɱɚɫɬɢɰ ɫɢɧɬɟɡɢɪɨɜɚɧɧɵɯ ɩɨɪɨɲɤɨɜ 

ɢɫɩɨɥɶɡɨɜɚɥɢɫɶ ɦɟɬɨɞɵ: 1) ɫɤɚɧɢɪɭɸɳɟɣ ɷɥɟɤɬɪɨɧɧɨɣ ɦɢɤɪɨɫɤɨɩɢɢ (scanning 

electron microscopy – SEM) ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɦɢɤɪɨɫɤɨɩɨɜ: Hitachi TM 3000; 

Quanta 200 3D ɢ JEOL JSM 7500FA ɫ ɩɪɢɫɬɚɜɤɚɦɢ ɷɧɟɪɝɨɞɢɫɩɟɪɫɢɨɧɧɨɣ 

ɫɩɟɤɬɪɨɫɤɨɩɢɢ (energy-dispersive spectroscopy – EDS); 2) ɩɪɨɫɜɟɱɢɜɚɸɳɟɣ 

ɷɥɟɤɬɪɨɧɧɨɣ ɦɢɤɪɨɫɤɨɩɢɢ (transmission electron microscopy – TEM) ɫ 

ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɦɢɤɪɨɫɤɨɩɚ Phillips CM 12; 3) ɩɪɨɫɜɟɱɢɜɚɸɳɟɣ ɷɥɟɤɬɪɨɧɧɨɣ 

ɦɢɤɪɨɫɤɨɩɢɢ ɜɵɫɨɤɨɝɨ ɪɚɡɪɟɲɟɧɢɹ (high resolution TEM – HRTEM) ɫ 

ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɦɢɤɪɨɫɤɨɩɚ JEOL JEM 2100F ɫ ɩɪɢɫɬɚɜɤɨɣ EDS. 
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2.4. Ɇɟɬɨɞɢɤɚ ɩɨɥɭɱɟɧɢɹ ɤɟɪɚɦɢɱɟɫɤɢɯ ɨɛɪɚɡɰɨɜ ɫ ɩɨɦɨɳɶɸ ɦɟɬɨɞɚ 

ɢɫɤɪɨɜɨɝɨ ɩɥɚɡɦɟɧɧɨɝɨ ɫɩɟɤɚɧɢɹ 

 

ȼ ɨɛɥɚɫɬɢ ɩɨɥɭɱɟɧɢɹ ɤɟɪɚɦɢɱɟɫɤɢɯ ɨɛɪɚɡɰɨɜ ɜɵɞɟɥɹɸɬɫɹ ɫɥɟɞɭɸɳɢɟ 

ɧɚɩɪɚɜɥɟɧɢɹ: ɛɟɡɧɚɩɨɪɧɨɟ ɫɩɟɤɚɧɢɟ Д120Ж; ɝɨɪɹɱɟɟ ɩɪɟɫɫɨɜɚɧɢɟ Д121Ж; ɫɩɟɤɚɧɢɟ 

ɩɨɞ ɞɚɜɥɟɧɢɟɦ ɝɚɡɚ Д122Ж; ɝɨɪɹɱɟɟ ɢɡɨɫɬɚɬɢɱɟɫɤɨɟ ɩɪɟɫɫɨɜɚɧɢɟ Д123Ж; ɫɩɟɤɚɧɢɟ ɩɪɢ 

ɫɜɟɪɯɜɵɫɨɤɨɦ ɞɚɜɥɟɧɢɢ Д124Ж; ɢɫɤɪɨɜɨɟ ɩɥɚɡɦɟɧɧɨɟ ɫɩɟɤɚɧɢɟ Д125Ж; ɮɥɷɲ-

ɫɩɟɤɚɧɢɟ (ɦɝɧɨɜɟɧɧɨɟ ɫɩɟɤɚɧɢɟ) Д126]. ɋɪɟɞɢ ɜɫɟɯ ɦɟɬɨɞɨɜ ɤɨɦɩɚɤɬɢɪɨɜɚɧɢɹ 

ɜɵɞɟɥɹɟɬɫɹ ɦɟɬɨɞ ɢɫɤɪɨɜɨɝɨ ɩɥɚɡɦɟɧɧɨɝɨ ɫɩɟɤɚɧɢɹ (ɜ ɚɧɝɥɨɹɡɵɱɧɨɣ ɥɢɬɟɪɚɬɭɪɟ 

ɧɚɢɛɨɥɟɟ ɢɫɩɨɥɶɡɭɟɦɵɣ ɬɟɪɦɢɧ spark plasma sintering – SPS). ɗɬɨɬ ɦɟɬɨɞ 

ɯɚɪɚɤɬɟɪɢɡɭɟɬɫɹ ɨɞɧɨɜɪɟɦɟɧɧɵɦ ɩɪɢɥɨɠɟɧɢɟɦ ɞɚɜɥɟɧɢɹ ɢ ɢɦɩɭɥɶɫɧɨɝɨ ɬɨɤɚ. 

ɉɪɢɧɰɢɩɢɚɥɶɧɚɹ ɫɯɟɦɚ ɭɫɬɪɨɣɫɬɜɚ ɢ ɞɥɹ ɨɫɭɳɟɫɬɜɥɟɧɢɹ SPS ɢ ɨɩɢɫɚɧɢɟ 

ɦɟɯɚɧɢɡɦɚ ɫɩɟɤɚɧɢɹ ɩɪɢɜɟɞɟɧɵ ɧɚ ɪɢɫɭɧɤɟ 2.4.1. Ɍɨɤ ɩɪɨɯɨɞɢɬ ɱɟɪɟɡ ɝɪɚɮɢɬɨɜɭɸ 

ɦɚɬɪɢɰɭ (ɚ ɬɚɤɠɟ ɱɟɪɟɡ ɫɚɦ ɨɛɪɚɡɟɰ ɜ ɫɥɭɱɚɟ ɩɪɨɜɨɞɹɳɢɯ ɦɚɬɟɪɢɚɥɨɜ). ɂɫɯɨɞɧɵɣ 

ɩɨɪɨɲɨɤ ɧɚɝɪɟɜɚɟɬɫɹ ɩɨɫɪɟɞɫɬɜɨɦ ɢɫɤɪɨɜɨɝɨ ɪɚɡɪɹɞɚ ɦɟɠɞɭ ɱɚɫɬɢɰɚɦɢ, ɚ 

ɝɪɚɮɢɬɨɜɚɹ ɦɚɬɪɢɰɚ ɧɚɝɪɟɜɚɟɬɫɹ ɢɦɩɭɥɶɫɧɵɦ ɬɨɤɨɦ, ɩɨɷɬɨɦɭ ɩɨɪɨɲɨɤ 

ɧɚɝɪɟɜɚɟɬɫɹ ɤɚɤ ɜɧɭɬɪɢ, ɬɚɤ ɢ ɫɧɚɪɭɠɢ ɞɥɹ ɩɪɨɜɨɞɹɳɢɯ ɦɚɬɟɪɢɚɥɨɜ, ɜ ɨɬɥɢɱɢɟ ɨɬ 

ɨɛɵɱɧɨɝɨ ɫɩɟɤɚɧɢɹ ɢ ɝɨɪɹɱɟɝɨ ɩɪɟɫɫɨɜɚɧɢɹ, ɝɞɟ ɬɟɩɥɨ ɨɛɟɫɩɟɱɢɜɚɟɬɫɹ ɬɨɥɶɤɨ 

ɜɧɟɲɧɢɦɢ ɧɚɝɪɟɜɚɬɟɥɶɧɵɦɢ ɷɥɟɦɟɧɬɚɦɢ. ɗɬɨ ɩɨɡɜɨɥɹɟɬ ɨɛɟɫɩɟɱɢɬɶ ɨɱɟɧɶ 

ɜɵɫɨɤɭɸ ɫɤɨɪɨɫɬɶ ɧɚɝɪɟɜɚ ɛɟɡ ɩɨɜɪɟɠɞɟɧɢɹ ɨɛɨɪɭɞɨɜɚɧɢɹ ɢ ɨɛɪɚɡɰɚ: ɜ ɬɟɱɟɧɢɟ 

ɦɢɧɭɬ ɦɨɠɧɨ ɩɨɥɭɱɢɬɶ ɩɨɥɧɨɫɬɶɸ ɫɩɟɱɟɧɧɵɣ ɨɛɪɚɡɟɰ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɱɚɫɚɦɢ ɢɥɢ 

ɞɚɠɟ ɞɧɹɦɢ ɩɪɢ ɨɛɵɱɧɨɦ ɫɩɟɤɚɧɢɢ. ȼ ɫɢɥɭ ɨɞɧɨɜɪɟɦɟɧɧɨɫɬɢ ɩɪɢɥɨɠɟɧɢɹ ɤ 

ɨɛɪɚɡɰɭ ɤɚɤ ɞɚɜɥɟɧɢɹ, ɬɚɤ ɢ ɬɟɦɩɟɪɚɬɭɪɵ ɜɨɡɦɨɠɧɨ ɜɵɫɨɤɨɟ ɭɩɥɨɬɧɟɧɢɟ 

ɦɚɬɟɪɢɚɥɚ ɩɪɢ ɛɨɥɟɟ ɧɢɡɤɢɯ ɬɟɦɩɟɪɚɬɭɪɚɯ ɫɩɟɤɚɧɢɹ ɫɪɚɜɧɢɬɟɥɶɧɨ ɫɨ ɫɩɟɤɚɧɢɟɦ 

ɛɟɡ ɞɚɜɥɟɧɢɹ, ɱɬɨ ɩɪɢɜɨɞɢɬ ɤ ɦɟɧɟɟ ɢɧɬɟɧɫɢɜɧɨɦɭ ɪɨɫɬɭ ɡɟɪɧɚ. Ȼɨɥɟɟ ɧɢɡɤɢɟ 

ɬɟɦɩɟɪɚɬɭɪɵ ɩɪɨɰɟɫɫɚ ɢ ɛɨɥɟɟ ɤɨɪɨɬɤɢɟ ɜɪɟɦɟɧɚ ɜɵɞɟɪɠɤɢ ɩɨɡɜɨɥɹɸɬ ɨɛɟɫɩɟɱɢɬɶ 

ɫɩɟɤɚɧɢɟ ɧɚɧɨɞɢɫɩɟɪɫɧɵɯ ɩɨɪɨɲɤɨɜ ɞɨ ɩɨɱɬɢ ɬɟɨɪɟɬɢɱɟɫɤɢɯ ɡɧɚɱɟɧɢɣ ɩɥɨɬɧɨɫɬɢ 

ɫ ɧɚɢɦɟɧɶɲɢɦ ɪɨɫɬɨɦ ɡɟɪɧɚ ɢ ɤɨɦɩɚɤɬɢɪɨɜɚɬɶ ɩɥɨɯɨ ɫɩɟɤɚɟɦɵɟ ɦɚɬɟɪɢɚɥɵ, ɜ ɬɨɦ 

ɱɢɫɥɟ, ɤɚɪɛɢɞ ɤɪɟɦɧɢɹ. 
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Ʉ ɧɚɫɬɨɹɳɟɦɭ ɦɨɦɟɧɬɭ ɢɦɟɟɬɫɹ ɧɟɫɤɨɥɶɤɨ ɨɛɴɹɫɧɟɧɢɣ ɦɟɯɚɧɢɡɦɨɜ 

ɩɪɨɰɟɫɫɚ SPS. Ɉɛɵɱɧɨ ɩɪɨɰɟɫɫ ɫɩɟɤɚɧɢɹ ɪɚɡɞɟɥɹɸɬ ɧɚ ɱɟɬɵɪɟ ɷɬɚɩɚ: ɚɤɬɢɜɚɰɢɸ ɢ 

ɨɱɢɫɬɤɭ ɩɨɪɨɲɤɚ, ɨɛɪɚɡɨɜɚɧɢɟ ɢ ɪɨɫɬ ɫɩɟɤɚɸɳɟɝɨ ɤɚɧɚɥɚ, ɛɵɫɬɪɨɟ ɭɩɥɨɬɧɟɧɢɟ ɢ 

ɭɩɥɨɬɧɟɧɢɟ ɩɪɢ ɩɥɚɫɬɢɱɟɫɤɨɣ ɞɟɮɨɪɦɚɰɢɢ. ɉɟɪɜɵɟ ɞɜɚ ɷɬɚɩɚ ɫɬɢɦɭɥɢɪɭɸɬɫɹ 

ɢɫɤɪɨɜɵɦ ɪɚɡɪɹɞɨɦ ɦɟɠɞɭ ɱɚɫɬɢɰɚɦɢ, ɤɨɬɨɪɵɣ ɭɞɚɥɹɟɬ ɩɨɜɟɪɯɧɨɫɬɧɵɣ ɨɤɫɢɞ ɢ 

ɧɚɝɪɟɜɚɟɬ ɩɨɜɟɪɯɧɨɫɬɶ ɩɨɪɨɲɤɚ. Ʉɚɧɚɥɶɧɵɟ ɨɛɪɚɡɨɜɚɧɢɹ ɨɛɪɚɡɭɸɬɫɹ ɜ ɪɟɡɭɥɶɬɚɬɟ 

ɩɪɨɰɟɫɫɨɜ ɢɫɩɚɪɟɧɢɹ, ɤɨɧɞɟɧɫɚɰɢɢ ɢ ɞɢɮɮɭɡɢɢ. Ɍɪɟɬɶɟɦɭ ɢ ɱɟɬɜɟɪɬɨɦɭ ɷɬɚɩɚɦ 

ɫɩɨɫɨɛɫɬɜɭɟɬ ɬɟɤɭɳɢɣ ɱɟɪɟɡ ɤɚɧɚɥ ɬɨɤ, ɤɨɬɨɪɵɣ ɧɚɝɪɟɜɚɟɬ ɦɚɬɟɪɢɚɥ ɩɨ ɡɚɤɨɧɭ 

Ⱦɠɨɭɥɹ-Ʌɟɧɰɚ. ɋɤɨɪɨɫɬɶ ɭɩɥɨɬɧɟɧɢɹ ɩɨɜɵɲɚɟɬɫɹ (ɬɪɟɬɶɹ ɫɬɭɩɟɧɶ) ɢ ɭɫɢɥɢɜɚɟɬɫɹ 

ɩɪɢ ɩɪɢɥɨɠɟɧɢɢ ɞɚɜɥɟɧɢɹ (ɱɟɬɜɟɪɬɵɣ ɲɚɝ). ɋɬɟɩɟɧɶ ɭɩɥɨɬɧɟɧɢɹ ɨɛɪɚɡɰɚ ɡɚɜɢɫɢɬ 

ɨɬ ɩɪɢɥɨɠɟɧɧɵɯ ɤ ɨɛɪɚɡɰɭ ɞɚɜɥɟɧɢɹ ɢ ɬɟɦɩɟɪɚɬɭɪɵ [127]. 

 

Ɋɢɫɭɧɨɤ 2.4.1 – ɉɪɢɧɰɢɩɢɚɥɶɧɚɹ ɫɯɟɦɚ ɭɫɬɪɨɣɫɬɜɚ ɢ ɦɟɯɚɧɢɡɦɚ SPS 

ɋɢɧɬɟɡɢɪɨɜɚɧɧɵɣ ɉȾɋ ɩɪɨɞɭɤɬ ɢɫɩɨɥɶɡɨɜɚɥɫɹ ɞɥɹ ɩɨɥɭɱɟɧɢɹ ɤɟɪɚɦɢɤɢ ɫ 

ɩɨɦɨɳɶɸ ɦɟɬɨɞɚ SPS. ɉɪɢɦɟɧɹɥɚɫɶ ɫɢɫɬɟɦɚ ɢɫɤɪɨɜɨɝɨ ɩɥɚɡɦɟɧɧɨɝɨ ɫɩɟɤɚɧɢɹ GT 

Advances Technologies SPS10-4. ɉɨɥɭɱɟɧɧɵɟ ɤɟɪɚɦɢɱɟɫɤɢɟ ɨɛɪɚɡɰɵ ɩɨɞɜɟɪɝɚɥɢɫɶ 

ɞɨɩɨɥɧɢɬɟɥɶɧɨɣ ɨɛɪɚɛɨɬɤɟ ɞɥɹ ɢɡɭɱɟɧɢɹ ɦɢɤɪɨɫɬɪɭɤɬɭɪɵ ɩɨɜɟɪɯɧɨɫɬɢ. ɋɧɚɱɚɥɚ 

ɩɪɨɢɡɜɨɞɢɥɚɫɶ ɲɥɢɮɨɜɤɚ ɨɛɪɚɡɰɨɜ (ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɚɥɦɚɡɧɵɯ ɲɥɢɮɨɜɚɥɶɧɵɯ 

ɞɢɫɤɨɜ 54, 18, 6, 3 ɦɤɦ), ɚ ɡɚɬɟɦ ɢɯ ɩɨɥɢɪɨɜɤɚ (ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɩɨɥɢɪɨɜɚɥɶɧɵɯ 

ɬɤɚɧɟɣ 6, 3, 1, 0,25 ɦɤɦ ɢ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɚɥɦɚɡɧɵɯ ɫɭɫɩɟɧɡɢɣ ɢ ɫɦɚɡɨɤ) ɫ 

ɩɨɦɨɳɶɸ ɲɥɢɮɨɜɚɥɶɧɨ-ɩɨɥɢɪɨɜɚɥɶɧɨɝɨ ɫɬɚɧɤɚ FШЫМТЩШХ 1V. Ʉɚɤ ɨɬɦɟɱɚɥɨɫɶ ɜ 

ɨɛɡɨɪɟ ɥɢɬɟɪɚɬɭɪɵ, ɤɚɪɛɢɞ ɤɪɟɦɧɢɹ ɹɜɥɹɟɬɫɹ ɱɪɟɡɜɵɱɚɣɧɨ ɫɬɨɣɤɢɦ ɤ ɜɧɟɲɧɢɦ 
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ɜɨɡɞɟɣɫɬɜɢɹɦ ɦɚɬɟɪɢɚɥɨɦ, ɩɨɷɬɨɦɭ ɛɵɥ ɩɪɨɢɡɜɟɞɟɧ ɬɳɚɬɟɥɶɧɵɣ ɨɛɡɨɪ 

ɜɨɡɦɨɠɧɵɯ ɦɟɬɨɞɨɜ ɬɪɚɜɥɟɧɢɹ ɩɨɜɟɪɯɧɨɫɬɢ ɨɛɪɚɡɰɚ ɞɥɹ ɢɡɭɱɟɧɢɹ 

ɦɢɤɪɨɫɬɪɭɤɬɭɪɵ. ȼ ɢɬɨɝɟ ɛɵɥ ɩɨɞɨɛɪɚɧ ɫɥɟɞɭɸɳɢɣ ɪɟɠɢɦ ɯɢɦɢɱɟɫɤɨɝɨ 

ɬɪɚɜɥɟɧɢɹ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɪɚɫɩɥɚɜɨɜ ɫɨɥɟɣ. ɉɨɥɢɪɨɜɚɧɧɵɟ ɨɛɪɚɡɰɵ ɬɪɚɜɢɥɢ ɜ 

ɪɚɫɩɥɚɜɥɟɧɧɨɣ ɫɨɥɢ KOH-KNO3 (ɦɚɫɫɨɜɨɟ ɫɨɨɬɧɨɲɟɧɢɟ 50:50) ɩɪɢ 480 ˚ɋ ɜ 

ɬɟɱɟɧɢɟ 1 ɦɢɧ ɜ ɧɢɤɟɥɟɜɨɦ ɫɬɚɤɚɧɟ. ɉɨɫɤɨɥɶɤɭ ɩɪɨɰɟɞɭɪɚ ɬɪɚɜɥɟɧɢɹ ɬɪɟɛɭɟɬ 

ɩɪɢɫɭɬɫɬɜɢɹ ɤɢɫɥɨɪɨɞɚ ɞɥɹ ɬɪɚɜɥɟɧɢɹ, ɩɨɷɬɨɦɭ ɩɪɨɰɟɫɫ ɩɪɨɜɨɞɢɥɫɹ ɧɚ ɜɨɡɞɭɯɟ. 

Ɍɪɚɜɥɟɧɢɟ ɩɨɡɜɨɥɢɥɨ ɜɵɹɜɢɬɶ ɦɢɤɪɨɫɬɪɭɤɬɭɪɭ ɩɨɜɟɪɯɧɨɫɬɢ, ɜ ɬɨɦ ɱɢɫɥɟ ɝɪɚɧɢɰɵ 

ɡɟɪɟɧ. 

ɉɨɞɝɨɬɨɜɥɟɧɧɵɟ ɬɚɤɢɦ ɨɛɪɚɡɨɦ ɤɟɪɚɦɢɱɟɫɤɢɟ ɨɛɪɚɡɰɵ ɩɪɢɝɨɞɧɵ ɞɥɹ ɢɯ 

ɞɚɥɶɧɟɣɲɟɝɨ ɢɫɫɥɟɞɨɜɚɧɢɹ, ɜ ɬɨɦ ɱɢɫɥɟ ɞɥɹ ɢɡɭɱɟɧɢɹ ɦɢɤɪɨɫɬɪɭɤɬɭɪɵ ɩɪɨɞɭɤɬɚ 

ɦɟɬɨɞɨɦ ɫɤɚɧɢɪɭɸɳɟɣ ɦɢɤɪɨɫɤɨɩɢɢ (ɦɢɤɪɨɫɤɨɩ Hitachi TM3000), ɢɫɫɥɟɞɨɜɚɧɢɹ 

ɮɢɡɢɤɨ-ɦɟɯɚɧɢɱɟɫɤɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ: ɬɜɟɪɞɨɫɬɢ ɦɟɬɨɞɨɦ ȼɢɤɤɟɪɫɚ (ɬɜɟɪɞɨɦɟɪ 

Galileo IЬШЬМКЧ HV2 OD), ɩɥɨɬɧɨɫɬɢ ɦɟɬɨɞɨɦ ɝɢɞɪɨɫɬɚɬɢɱɟɫɤɨɝɨ ɜɡɜɟɲɢɜɚɧɢɹ. 
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3. ɂɋɋɅȿȾɈȼȺɇɂȿ ȼɅɂəɇɂə ɍɋɅɈȼɂɃ ɂɇɂɐɂɂɊɈȼȺɇɂə 

ȾɍȽɈȼɈȽɈ ɊȺɁɊəȾȺ ɇȺ ɉɊɈɐȿɋɋ ɂ ɉɊɈȾɍɄɌ 

ɉɅȺɁɆɈȾɂɇȺɆɂɑȿɋɄɈȽɈ ɋɂɇɌȿɁȺ 

 

 

 

3.1 ɉɪɢɧɰɢɩɢɚɥɶɧɚɹ ɜɨɡɦɨɠɧɨɫɬɶ ɩɨɥɭɱɟɧɢɹ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɜ 

ɝɢɩɟɪɫɤɨɪɨɫɬɧɨɣ ɩɥɚɡɦɟɧɧɨɣ ɫɬɪɭɟ 

 

Ⱦɥɹ ɞɟɦɨɧɫɬɪɚɰɢɢ ɩɪɢɧɰɢɩɢɚɥɶɧɨɣ ɜɨɡɦɨɠɧɨɫɬɢ ɫɢɧɬɟɡɚ 

ɭɥɶɬɪɚɞɢɫɩɟɪɫɧɨɝɨ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɜ ɝɢɩɟɪɫɤɨɪɨɫɬɧɨɣ ɫɬɪɭɟ ɤɪɟɦɧɢɣ-

ɭɝɥɟɪɨɞɧɨɣ ɷɥɟɤɬɪɨɪɚɡɪɹɞɧɨɣ ɩɥɚɡɦɵ ɩɪɨɜɟɞɟɧɚ ɧɚɱɚɥɶɧɚɹ ɫɟɪɢɹ ɷɤɫɩɟɪɢɦɟɧɬɨɜ 

ɩɪɢ ɩɚɪɚɦɟɬɪɚɯ, ɬɢɩɢɱɧɵɯ ɞɥɹ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɣ ɫɢɫɬɟɦɵ ɫ ɝɪɚɮɢɬɨɜɵɦɢ 

ɷɥɟɤɬɪɨɞɚɦɢ. Ɉɫɧɨɜɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢɣ ɩɨ ɬɟɦɚɬɢɤɟ ɧɚɫɬɨɹɳɟɝɨ 

ɪɚɡɞɟɥɚ ɹɜɥɹɸɬɫɹ ɨɫɧɨɜɨɣ ɪɚɛɨɬ Д128, 129Ж. ɋɨɝɥɚɫɧɨ ɢɡɜɟɫɬɧɵɦ ɞɚɧɧɵɦ Д130], 

ɬɟɦɩɟɪɚɬɭɪɚ ɞɭɝɨɜɨɝɨ ɪɚɡɪɹɞɚ ɜ ɭɝɥɟɪɨɞɧɨɣ ɫɢɫɬɟɦɟ ɫ ɬɨɤɨɦ ɛɨɥɟɟ 100 ɤȺ 

ɫɨɫɬɚɜɥɹɟɬ ɩɨɪɹɞɤɚ 104
 Ʉ, ɱɬɨ ɨɛɟɫɩɟɱɢɜɚɟɬ ɩɟɪɟɯɨɞ ɫɦɟɫɟɜɨɝɨ ɦɚɬɟɪɢɚɥɚ 

ɩɪɟɤɭɪɫɨɪɚ ɜ ɩɥɚɡɦɟɧɧɨɟ ɫɨɫɬɨɹɧɢɟ ɢ ɩɪɨɬɟɤɚɧɢɟ ɩɪɨɰɟɫɫɚ ɩɥɚɡɦɨɯɢɦɢɱɟɫɤɨɝɨ 

ɫɢɧɬɟɡɚ. ɂɫɯɨɞɧɵɟ ɷɧɟɪɝɟɬɢɱɟɫɤɢɟ ɩɚɪɚɦɟɬɪɵ ɩɪɢɧɢɦɚɥɢɫɶ ɜ ɜɢɞɟ ɫɥɟɞɭɸɳɢɯ 

ɡɧɚɱɟɧɢɣ: ɟɦɤɨɫɬɶ ɤɨɧɞɟɧɫɚɬɨɪɧɵɯ ɛɚɬɚɪɟɣ C = 6,0 ɦɎ, ɡɚɪɹɞɧɨɟ ɧɚɩɪɹɠɟɧɢɟ 

Uзɚɪ = 3,5 ɤȼ. 

ɉɪɟɤɭɪɫɨɪɚɦɢ ɉȾɋ ɹɜɥɹɥɢɫɶ ɚɦɨɪɮɧɵɣ ɭɝɥɟɪɨɞ (ɫɚɠɚ) ɢ ɦɢɤɪɨɪɚɡɦɟɪɧɵɣ 

ɩɨɪɨɲɨɤ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɝɨ ɤɪɟɦɧɢɹ. ɉɪɟɤɭɪɫɨɪɵ ɜ ɦɚɫɫɨɜɨɦ ɫɨɨɬɧɨɲɟɧɢɢ (Si:ɋ 

= 2:1) ɦɚɫɫɨɣ з1,0 ɝ ɩɨɦɟɳɚɥɢɫɶ ɜ ɄɎɉɋ. ɍɤɚɡɚɧɧɨɟ ɫɨɨɬɧɨɲɟɧɢɟ ɜɵɛɪɚɧɨ ɤɚɤ 

ɛɥɢɡɤɨɟ ɤ ɫɬɟɯɢɨɦɟɬɪɢɱɟɫɤɨɦɭ ɞɥɹ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ. Ɍɨɤɨɩɪɨɜɨɞɹɳɚɹ ɫɦɟɫɶ 

ɩɪɟɤɭɪɫɨɪɨɜ ɨɞɧɨɜɪɟɦɟɧɧɨ ɜɵɩɨɥɧɹɥɚ ɮɭɧɤɰɢɸ ɩɟɪɟɦɵɱɤɢ ɦɟɠɞɭ ɰɟɧɬɪɚɥɶɧɵɦ 

ɷɥɟɤɬɪɨɞɨɦ ɢ ɷɥɟɤɬɪɨɞɨɦ-ɫɬɜɨɥɨɦ, ɨɛɟɫɩɟɱɢɜɚɹ ɢɧɢɰɢɢɪɨɜɚɧɢɟ ɞɭɝɨɜɨɝɨ ɪɚɡɪɹɞɚ 

ɬɢɩɚ Z-ɩɢɧɱ ɜ ɭɫɤɨɪɢɬɟɥɶɧɨɦ ɤɚɧɚɥɟ ɩɪɢ ɡɚɦɵɤɚɧɢɢ ɤɨɧɬɭɪɚ ɷɥɟɤɬɪɨɩɢɬɚɧɢɹ. 

ɉɪɹɦɨɣ ɉȾɋ ɭɥɶɬɪɚɞɢɫɩɟɪɫɧɨɝɨ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɪɟɚɥɢɡɨɜɚɧ ɩɪɢ 

ɢɫɬɟɱɟɧɢɢ ɩɥɚɡɦɟɧɧɨɣ ɫɬɪɭɢ ɜ ɄɊ, ɡɚɩɨɥɧɟɧɧɭɸ ɚɪɝɨɧɨɦ ɩɪɢ ɧɨɪɦɚɥɶɧɨɦ 
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ɞɚɜɥɟɧɢɢ ɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ. ɉɨɥɭɱɟɧɧɵɣ ɢɦɩɭɥɶɫ ɬɨɤɚ ɞɥɢɬɟɥɶɧɨɫɬɶɸ 

~300 ɦɤɫ ɢɦɟɟɬ ɫɥɟɞɭɸɳɢɟ ɩɚɪɚɦɟɬɪɵ: ɚɦɩɥɢɬɭɞɚ ɬɨɤɚ Im = 101 ɤȺ, ɦɚɤɫɢɦɚɥɶɧɨɟ 

ɧɚɩɪɹɠɟɧɢɟ ɧɚ ɷɥɟɤɬɪɨɞɚɯ ɄɆɉɍ Um = 1,16 ɤȼ, ɦɨɳɧɨɫɬɶ ɪɚɡɪɹɞɚ Pm = 115 Ɇȼɬ, 

ɩɨɞɜɟɞɟɧɧɚɹ ɷɧɟɪɝɢɹ W = 18 ɤȾɠ. ɉɨɥɭɱɟɧɧɵɟ ɨɫɰɢɥɥɨɝɪɚɦɦɵ ɩɪɨɰɟɫɫɚ 

ɩɪɢɜɟɞɟɧɵ ɧɚ ɪɢɫɭɧɤɟ 3.1.1. 

 

Ɋɢɫɭɧɨɤ 3.1.1 – Ɍɢɩɢɱɧɵɟ ɨɫɰɢɥɥɨɝɪɚɦɦɵ ɪɚɛɨɱɟɝɨ ɬɨɤɚ i(t) ɢ ɧɚɩɪɹɠɟɧɢɹ u(t) ɧɚ 

ɷɥɟɤɬɪɨɞɚɯ ɄɆɉɍ, ɤɪɢɜɵɟ ɦɨɳɧɨɫɬɢ p(t) ɢ ɩɨɞɜɟɞɟɧɧɨɣ ɷɧɟɪɝɢɢ w(t) 

ɉɨɫɥɟ ɩɨɥɧɨɝɨ ɨɫɚɠɞɟɧɢɹ ɩɪɨɢɡɜɨɞɢɥɫɹ ɫɛɨɪ ɩɨɪɨɲɤɨɨɛɪɚɡɧɨɝɨ 

ɫɢɧɬɟɡɢɪɨɜɚɧɧɨɝɨ ɩɪɨɞɭɤɬɚ ɫɨ ɫɬɟɧɨɤ ɄɊ. ɉɪɨɞɭɤɬ ɢɦɟɥ ɫɟɪɵɣ ɰɜɟɬ, ɟɝɨ ɦɚɫɫɚ 

ɫɨɫɬɚɜɥɹɥɚ з1 ɝ. Ȼɟɡ ɞɨɩɨɥɧɢɬɟɥɶɧɨɣ ɨɛɪɚɛɨɬɤɢ ɩɪɨɞɭɤɬ ɫɢɧɬɟɡɚ ɢɫɫɥɟɞɨɜɚɥɫɹ 

ɦɟɬɨɞɚɦɢ XRD. ɇɚ ɪɢɫɭɧɤɟ 3.1.2,ɛ ɩɪɢɜɟɞɟɧɚ ɬɢɩɢɱɧɚɹ XRD-ɤɚɪɬɢɧɚ 

ɫɢɧɬɟɡɢɪɨɜɚɧɧɨɝɨ ɩɨɪɨɲɤɚ. ɋɨɜɨɤɭɩɧɨɫɬɶ ɤɨɝɟɪɟɧɬɧɵɯ ɪɟɮɥɟɤɫɨɜ ɩɨɤɚɡɵɜɚɟɬ, 

ɱɬɨ ɩɪɨɞɭɤɬ ɜɤɥɸɱɚɟɬ ɜ ɫɟɛɹ ɧɟɫɤɨɥɶɤɨ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɮɚɡ, ɩɪɟɢɦɭɳɟɫɬɜɟɧɧɨ 

ɨɛɪɚɡɭɟɬɫɹ ɫɬɪɭɤɬɭɪɚ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɤɭɛɢɱɟɫɤɨɣ ɫɢɧɝɨɧɢɢ ȕ-SiC. ɉɹɬɶ 

ɨɫɧɨɜɧɵɯ ɜɵɫɨɤɨɢɧɬɟɧɫɢɜɧɵɯ ɩɢɤɨɜ ɞɢɮɪɚɤɬɨɝɪɚɦɦɵ ɩɪɢ ɭɝɥɚɯ 2θ ≈ 36˚, 41˚, 

60˚, 71˚ ɦɨɝɭɬ ɛɵɬɶ ɩɪɨɢɧɞɟɤɫɢɪɨɜɚɧɵ ɢɧɞɟɤɫɚɦɢ Ɇɢɥɥɟɪɚ ɤɚɤ 111, 200, 220 ɢ 

311 ɪɟɮɥɟɤɫɵ ȕ-SiC (JCPDS № 00-029-1129, ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɚɹ ɝɪɭɩɩɚ F-43m 216). 

Ɍɚɤɠɟ ɢɦɟɸɬɫɹ ɩɢɤɢ ɫɥɚɛɨɣ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɩɪɢ ɭɝɥɚɯ 2θ ≈ 29˚, 26˚, 44˚, 47˚, 

ɤɨɬɨɪɵɟ ɦɨɝɭɬ ɛɵɬɶ ɨɬɧɟɫɟɧɵ ɤ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɦ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɦ ɩɥɨɫɤɨɫɬɹɦ 

ɤɭɛɢɱɟɫɤɨɝɨ ɤɪɟɦɧɢɹ Si (JCPDS № 00-027-1402, ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɚɹ ɝɪɭɩɩɚ F43/d-

32/m 227) ɢ ɭɝɥɟɪɨɞɚ C ɜ ɜɢɞɟ ɝɪɚɮɢɬɚ (JCPDS 00-041-1487, ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɚɹ 

ɝɪɭɩɩɚ P6-3mc 186). Ʉɪɨɦɟ ɬɨɝɨ, ɦɨɠɧɨ ɩɪɟɞɩɨɥɨɠɢɬɶ ɧɚɥɢɱɢɟ ɜ ɩɪɨɞɭɤɬɟ ɢɧɨɣ, 

ɧɟɠɟɥɢ ɝɪɚɮɢɬ, ɱɢɫɬɨ ɭɝɥɟɪɨɞɧɨɣ ɮɚɡɵ – C (Onions) ɢɥɢ ɥɭɤɨɜɢɱɧɵɯ ɫɬɪɭɤɬɭɪ 
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(JCPDS 00-075-0444, ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɚɹ ɝɪɭɩɩɚ R-3m 166), ɝɥɚɜɧɵɣ ɪɟɮɥɟɤɫ (002) 

ɤɨɬɨɪɨɣ ɩɪɨɹɜɥɹɟɬ ɫɟɛɹ ɦɚɤɫɢɦɭɦɨɦ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɧɚ ɞɢɮɪɚɤɬɨɝɪɚɦɦɟ ɩɪɢ ɭɝɥɟ 

2θ ≈ 29˚. Ɉɞɧɚɤɨ, ɫɨɝɥɚɫɧɨ ɮɨɪɦɭɥɟ Ⱦɟɛɚɹ-ɒɟɪɟɪɚ, ɪɚɫɲɢɪɟɧɢɟ ɝɪɚɮɢɬɨɜɨɝɨ ɩɢɤɚ 

ɦɨɠɟɬ ɨɛɴɹɫɧɹɬɶɫɹ ɢ ɜɵɫɨɤɨɣ ɞɢɫɩɟɪɫɧɨɫɬɶɸ ɝɪɚɮɢɬɚ. ɉɨɬɨɦɭ ɜ ɞɚɥɶɧɟɣɲɟɦ ɩɪɢ 

ɤɨɥɢɱɟɫɬɜɟɧɧɵɯ ɪɚɫɱɟɬɚɯ ɞɥɹ ɤɨɪɪɟɤɬɧɨɫɬɢ ɩɨɥɭɱɚɟɦɵɯ ɪɟɡɭɥɶɬɚɬɨɜ ɛɭɞɟɬ 

ɭɱɢɬɵɜɚɬɶɫɹ ɬɨɥɶɤɨ ɮɚɡɚ ɝɪɚɮɢɬɚ. ɋɪɚɜɧɟɧɢɟ ɞɢɮɪɚɤɬɨɝɪɚɦɦɵ ɩɪɨɞɭɤɬɚ ɫ 

ɞɢɮɪɚɤɬɨɝɪɚɦɦɨɣ ɢɫɯɨɞɧɨɝɨ ɤɪɟɦɧɢɹ ɢ ɭɝɥɟɪɨɞɚ (ɪɢɫɭɧɨɤ 3.1.2,ɚ) ɬɚɤɠɟ 

ɩɪɢɜɨɞɢɬ ɤ ɜɵɜɨɞɭ, ɱɬɨ ɩɢɤɢ ɫɥɚɛɨɣ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɨɬɧɨɫɹɬɫɹ ɤ ɮɚɡɚɦ ɤɪɟɦɧɢɹ ɢ 

ɭɝɥɟɪɨɞɚ, ɚɬɨɦɵ ɤɨɬɨɪɵɯ ɧɟ ɜɫɬɭɩɢɥɢ ɜ ɪɟɚɤɰɢɸ ɫɨɟɞɢɧɟɧɢɹ ɦɟɠɞɭ ɫɨɛɨɣ ɫ 

ɨɛɪɚɡɨɜɚɧɢɟɦ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ. 

 

Ɋɢɫɭɧɨɤ 3.1.2 – XRD-ɤɚɪɬɢɧɵ ɫɦɟɫɢ ɩɪɟɤɭɪɫɨɪɨɜ (ɚ) ɢ ɩɨɪɨɲɤɚ ɉȾɋ (ɛ) ɢ 

ɭɜɟɥɢɱɟɧɧɨɟ ɢɡɨɛɪɚɠɟɧɢɟ ɝɥɚɜɧɨɝɨ ɦɚɤɫɢɦɭɦɚ SiC (ɜ) 

ȼɫɟ ɞɢɮɪɚɤɬɨɝɪɚɦɦɵ ɢɦɟɸɬ ɯɚɪɚɤɬɟɪɧɵɣ ɩɢɤ ɧɢɡɤɨɣ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɩɪɢ 

ɭɝɥɚɯ 34˚ ɜɛɥɢɡɢ ɩɢɤɚ ɦɚɤɫɢɦɚɥɶɧɨɣ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ȕ-SiC (111), ɤɨɬɨɪɵɣ 

ɢɡɨɛɪɚɠɟɧ ɧɚ ɪɢɫɭɧɤɟ 3.1.2,ɜ. Ɍɚɤɨɣ ɩɢɤ ɢɦɟɟɬɫɹ ɧɚ XRD-ɤɚɪɬɢɧɚɯ ɜ ɛɨɥɶɲɢɧɫɬɜɟ 

ɢɫɫɥɟɞɨɜɚɧɢɣ ɩɨ ɫɢɧɬɟɡɭ ɧɚɧɨɩɨɪɨɲɤɨɜ SiC. ɋɱɢɬɚɟɬɫɹ, ɱɬɨ ɷɬɨɬ ɩɢɤ 

ɫɜɢɞɟɬɟɥɶɫɬɜɭɟɬ ɨ ɧɚɥɢɱɢɢ ɜ ɫɬɪɭɤɬɭɪɟ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɩɥɨɫɤɢɯ ɞɟɮɟɤɬɨɜ ɢɥɢ 

2D-ɞɟɮɟɤɬɨɜ (ɬɚɤɠɟ ɧɚɡɵɜɚɟɦɵɯ ɞɟɮɟɤɬɚɦɢ ɭɤɥɚɞɤɢ ɢ ɦɢɤɪɨɞɜɨɣɧɢɤɚɦɢ – 



51 

stacking faults SF) [131, 132Ж. ɋɭɳɟɫɬɜɭɟɬ ɢ ɚɥɶɬɟɪɧɚɬɢɜɧɨɟ ɩɪɟɞɫɬɚɜɥɟɧɢɟ ɨ ɬɨɦ, 

ɱɬɨ ɫɥɚɛɵɣ ɩɢɤ ɩɪɢ ɭɝɥɟ 2θ ≈ 33,5˚ ɦɨɠɟɬ ɭɤɚɡɵɜɚɬɶ ɧɚ ɧɟɛɨɥɶɲɨɟ ɫɨɞɟɪɠɚɧɢɟ 

ɝɟɤɫɚɝɨɧɚɥɶɧɨɝɨ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ α-SiC ɜ ɩɪɨɞɭɤɬɟ, ɧɨ ɜ ɬɚɤɨɦ ɫɥɭɱɚɟ ɞɨɥɠɟɧ 

ɧɚɛɥɸɞɚɬɶɫɹ ɧɚɛɨɪ ɨɬɪɚɠɟɧɢɣ, ɪɚɫɩɨɥɨɠɟɧɧɵɯ ɩɪɚɤɬɢɱɟɫɤɢ ɫɢɦɦɟɬɪɢɱɧɨ 

ɨɬɧɨɫɢɬɟɥɶɧɨ ɨɫɧɨɜɧɨɝɨ ɦɚɤɫɢɦɭɦɚ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ȕ-SiC (111) (2θ = 33˚ – 37˚) ɢɡ-

ɡɚ ɯɚɪɚɤɬɟɪɧɨɣ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɢ ɨɬɪɚɠɟɧɢɣ ɝɟɤɫɚɝɨɧɚɥɶɧɨɣ ɮɚɡɵ. Ɉɞɧɚɤɨ ɧɚ 

ɧɚɫɬɨɹɳɟɣ ɞɢɮɪɚɤɬɨɝɪɚɦɦɟ ɧɚɛɥɸɞɚɟɬɫɹ ɚɫɢɦɦɟɬɪɢɹ, ɩɨɷɬɨɦɭ ɞɨɩɭɫɬɢɦ ɜɵɜɨɞ 

ɨɛ ɨɬɫɭɬɫɬɜɢɢ α-SiC ɜ ɩɪɨɞɭɤɬɟ ɫɢɧɬɟɡɚ ɢ ɧɚɥɢɱɢɢ ɩɥɨɫɤɢɯ ɞɟɮɟɤɬɨɜ SF. 

ɇɚ ɨɫɧɨɜɚɧɢɢ ɞɢɮɪɚɤɬɨɝɪɚɦɦɵ ɫɢɧɬɟɡɢɪɨɜɚɧɧɨɝɨ ɩɪɨɞɭɤɬɚ ɩɪɨɢɡɜɨɞɢɥɫɹ 

ɊɋȺ, ɨɫɧɨɜɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɤɨɬɨɪɨɝɨ ɫɜɟɞɟɧɵ ɜ ɬɚɛɥɢɰɟ 3.1.1. ȼ ɬɚɛɥɢɰɟ ɭɤɚɡɚɧɵ 

ɪɚɫɱɟɬɧɵɟ ɡɧɚɱɟɧɢɹ ɫɨɞɟɪɠɚɧɢɹ ɢ ɫɪɟɞɧɢɟ ɪɚɡɦɟɪɵ ɨɛɥɚɫɬɟɣ ɤɨɝɟɪɟɧɬɧɨɝɨ 

ɪɚɫɫɟɹɧɢɹ (ɈɄɊ) ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɤɭɛɢɱɟɫɤɨɣ ɫɢɧɝɨɧɢɢ, ɤɪɟɦɧɢɹ ɢ ɭɝɥɟɪɨɞɚ, ɚ 

ɬɚɤɠɟ ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɝɨ ɮɚɤɬɨɪɚ ɞɨɛɪɨɬɧɨɫɬɢ ɪɚɫɱɟɬɚ s = Rwp/Rexp, ɩɪɢɟɦɥɟɦɵɟ 

ɡɧɚɱɟɧɢɹ ɤɨɬɨɪɨɝɨ ɫɜɢɞɟɬɟɥɶɫɬɜɭɸɬ ɨ ɜɟɪɧɨɫɬɢ ɪɚɫɱɟɬɚ. ɇɚɢɛɨɥɶɲɟɟ ɫɨɞɟɪɠɚɧɢɟ 

ɜ ɩɪɨɞɭɤɬɟ ɫɢɧɬɟɡɚ ɢɦɟɟɬ ȕ-ɮɚɡɚ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ, ɱɬɨ ɩɨɤɚɡɵɜɚɟɬ ɚɞɟɤɜɚɬɧɨɫɬɶ 

ɜɵɛɨɪɚ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɩɚɪɚɦɟɬɪɨɜ ɢ ɞɨɤɚɡɵɜɚɟɬ ɢɫɯɨɞɧɨɟ ɩɪɟɞɩɨɥɨɠɟɧɢɟ ɨ 

ɜɨɡɦɨɠɧɨɫɬɢ ɫɢɧɬɟɡɚ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɜ ɝɢɩɟɪɫɤɨɪɨɫɬɧɨɣ ɫɬɪɭɟ, ɝɟɧɟɪɢɪɭɟɦɨɣ 

ɦɚɝɧɢɬɨɩɥɚɡɦɟɧɧɵɦ ɭɫɤɨɪɢɬɟɥɟɦ. ɋɨɞɟɪɠɚɧɢɟ ɭɝɥɟɪɨɞɚ ɜ ɩɪɨɞɭɤɬɟ ɫɢɧɬɟɡɚ 

ɩɪɟɜɨɫɯɨɞɢɬ ɫɨɞɟɪɠɚɧɢɟ ɤɪɟɦɧɢɹ, ɱɬɨ ɦɨɠɧɨ ɨɛɴɹɫɧɢɬɶ ɪɨɫɬɨɦ ɦɚɫɫɵ ɭɝɥɟɪɨɞɚ ɜ 

ɡɨɧɟ ɯɢɦɢɱɟɫɤɨɣ ɪɟɚɤɰɢɢ ɡɚ ɫɱɟɬ ɝɪɚɮɢɬɚ, ɷɪɨɞɢɪɭɟɦɨɝɨ ɫ ɩɨɜɟɪɯɧɨɫɬɢ ɍɄ. 

ɋɭɞɹ ɩɨ ɜɟɥɢɱɢɧɚɦ ɜɧɭɬɪɟɧɧɢɯ ɭɩɪɭɝɢɯ ɦɢɤɪɨɢɫɤɚɠɟɧɢɣ Δd/d ɢ ɡɧɚɱɟɧɢɹɦ 

ɩɨɫɬɨɹɧɧɨɣ ɪɟɲɟɬɤɢ ɚ, ɤɚɪɛɢɞ ɤɪɟɦɧɢɹ ɫɨ ɫɪɟɞɧɢɦ ɪɚɡɦɟɪɨɦ ɈɄɊ з60 ɧɦ 

ɯɚɪɚɤɬɟɪɢɡɭɟɬɫɹ ɨɩɪɟɞɟɥɟɧɧɵɦ ɭɪɨɜɧɟɦ ɞɟɮɟɤɬɧɨɫɬɢ ɫɬɪɭɤɬɭɪɵ, ɩɨɹɜɥɟɧɢɟ 

ɤɨɬɨɪɨɣ ɨɛɴɹɫɧɹɟɬɫɹ ɞɢɧɚɦɢɱɟɫɤɢɦ ɯɚɪɚɤɬɟɪɨɦ ɫɢɧɬɟɡɚ. 

Ɍɚɛɥɢɰɚ 3.1.1 – Ɉɫɧɨɜɧɵɟ ɞɚɧɧɵɟ ɊɋȺ 

Ɏɚɡɚ 
ɋɨɞɟɪɠɚɧɢɟ, 

% ɦɚɫɫ. 
ɉɚɪɚɦɟɬɪ ɪɟɲɟɬɤɢ, й ɈɄɊ, 

ɧɦ 

Δd/d 
10

-3
 

s = 

Rwp/Rexp ɗɤɫɩ. PDF4+ 

ȕ-SiC 73,0 ɚ = 4,3487 ɚ = 4,3480 61,0 0,3 
Rwp = 25,0 

Rexp =10,0 

s = 2,5 

gC 19,3 
ɚ = 2,4295 

ɫ = 6,7954 

ɚ = 2,4700 

ɫ = 6,7900 
15,0 0,7 

cSi 7,7 ɚ = 5,4054 ɚ = 5,4190 26,0 3,4 
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ɇɚ ɪɢɫɭɧɤɟ 3.1.3,ɚ ɩɨɤɚɡɚɧ ɬɢɩɢɱɧɵɣ SEM-ɫɧɢɦɨɤ (Quanta 200 3D) 

ɫɢɧɬɟɡɢɪɨɜɚɧɧɨɝɨ ɩɨɪɨɲɤɨɨɛɪɚɡɧɨɝɨ ɩɪɨɞɭɤɬɚ, ɞɟɦɨɧɫɬɪɢɪɭɸɳɢɣ ɫɤɨɩɥɟɧɢɟ 

ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɱɚɫɬɢɰ ɫ ɪɚɡɦɟɪɚɦɢ ɧɟ ɛɨɥɟɟ 500 ɧɦ ɜ ɮɨɪɦɟ ɦɧɨɝɨɝɪɚɧɧɢɤɨɜ ɢ 

ɢɯ ɚɝɥɨɦɟɪɚɬɨɜ. Ⱦɥɹ ɜɵɛɪɚɧɧɨɣ ɨɛɥɚɫɬɢ ɞɚɧɧɨɝɨ SEM-ɢɡɨɛɪɚɠɟɧɢɹ ɩɪɨɜɨɞɢɥɫɹ 

ɷɥɟɦɟɧɬɧɵɣ ɚɧɚɥɢɡ. ɇɚ ɪɢɫɭɧɤɟ 3.1.3,ɛ ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɩɪɨɜɟɞɟɧɧɨɝɨ 

ɷɥɟɦɟɧɬɧɨɝɨ ɚɧɚɥɢɡɚ. ɋɨɞɟɪɠɚɧɢɟ ɭɝɥɟɪɨɞɚ ɩɪɚɤɬɢɱɟɫɤɢ ɪɚɜɧɨ ɫɨɞɟɪɠɚɧɢɸ 

ɤɪɟɦɧɢɹ (ɜ ɚɬɨɦɧɨɦ ɫɨɨɬɧɨɲɟɧɢɢ), ɩɪɢɫɭɬɫɬɜɭɟɬ ɧɟɡɧɚɱɢɬɟɥɶɧɵɣ ɢɡɛɵɬɨɤ 

ɫɨɞɟɪɠɚɧɢɹ ɭɝɥɟɪɨɞɚ, ɱɬɨ ɜ ɰɟɥɨɦ ɫɨɝɥɚɫɭɟɬɫɹ ɫ ɜɟɥɢɱɢɧɨɣ ɨɛɳɟɝɨ ɫɨɞɟɪɠɚɧɢɹ 

ɭɝɥɟɪɨɞɚ ɢ ɤɪɟɦɧɢɹ ɩɨ ɞɚɧɧɵɦ БRD-ɚɧɚɥɢɡɚ, ɚ ɬɚɤɠɟ ɢɯ ɢɡɧɚɱɚɥɶɧɵɦ 

ɫɬɟɯɢɨɦɟɬɪɢɱɟɫɤɢɦ ɫɨɨɬɧɨɲɟɧɢɟɦ. ɉɪɢɫɭɬɫɬɜɢɟ ɜ ɩɪɨɞɭɤɬɟ Ag ɢ Al ɨɛɴɹɫɧɹɟɬɫɹ 

ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɦ ɧɚɩɵɥɟɧɢɟɦ ɧɚ ɨɛɪɚɡɟɰ ɞɥɹ ɩɨɥɭɱɟɧɢɹ ɷɥɟɤɬɪɨɩɪɨɜɨɞɹɳɟɝɨ 

ɫɥɨɹ. 

 

Ɋɢɫɭɧɨɤ 3.1.3. SEM-ɫɧɢɦɨɤ ɫɢɧɬɟɡɢɪɨɜɚɧɧɨɝɨ ɩɨɪɨɲɤɚ (ɚ) ɢ ɪɟɡɭɥɶɬɚɬɵ 

ɷɥɟɦɟɧɬɧɨɝɨ ɚɧɚɥɢɡɚ (ɛ) 

ɇɚ ɪɢɫɭɧɤɚɯ 3.1.4,ɚ ɩɨɤɚɡɚɧɵ SEM-ɢɡɨɛɪɚɠɟɧɢɹ (JEOL JSM 7500FA) 

ɫɢɧɬɟɡɢɪɨɜɚɧɧɨɝɨ ɩɨɪɨɲɤɨɨɛɪɚɡɧɨɝɨ ɩɪɨɞɭɤɬɚ. ɉɪɢɜɟɞɟɧɧɨɟ ɫɤɨɩɥɟɧɢɟ ɜ 

ɨɫɧɨɜɧɨɦ ɜɤɥɸɱɚɟɬ ɱɚɫɬɢɰɵ ɜ ɜɢɞɟ ɩɪɢɡɦ ɫ ɨɫɧɨɜɚɧɢɟɦ ɜ ɜɢɞɟ ɬɪɟɭɝɨɥɶɧɢɤɨɜ 

ɥɢɛɨ ɭɫɟɱɟɧɧɵɯ ɬɪɟɭɝɨɥɶɧɢɤɨɜ. ɂɯ ɥɢɧɟɣɧɵɟ ɪɚɡɦɟɪɵ ɨɛɴɟɤɬɨɜ ɞɨɫɬɢɝɚɸɬ 

500 ɧɦ, ɧɨ ɜ ɨɫɧɨɜɧɨɦ ɱɚɫɬɢɰɵ ɢɦɟɸɬ ɪɚɡɦɟɪɵ ɞɨ з100 ɧɦ. ɋɨɞɟɪɠɚɧɢɟ ɬɚɤɨɝɨ 

ɬɢɩɚ ɱɚɫɬɢɰ ɹɜɥɹɟɬɫɹ ɩɪɟɨɛɥɚɞɚɸɳɢɦ; ɨɧɢ ɢɦɟɸɬ ɛɥɢɡɤɭɸ ɮɨɪɦɭ ɢ ɩɨɷɬɨɦɭ 

ɨɬɧɨɫɹɬɫɹ ɤ ɨɞɧɨɣ ɢ ɬɨɣ ɠɟ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɮɚɡɟ. ɇɚ ɪɢɫɭɧɤɟ 3.1.4,ɛ ɩɪɢɜɟɞɟɧɨ 

STEM-ɢɡɨɛɪɚɠɟɧɢɟ, ɤɨɬɨɪɨɟ ɜɤɥɸɱɚɟɬ ɬɢɩɢɱɧɨɟ ɫɤɨɩɥɟɧɢɟ ɱɚɫɬɢɰ ɩɪɨɞɭɤɬɚ. 
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Ʉɚɪɬɵ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɤɪɟɦɧɢɹ ɢ ɭɝɥɟɪɨɞɚ ɞɥɹ ɭɤɚɡɚɧɧɨɝɨ ɫɤɨɩɥɟɧɢɹ, ɤɨɬɨɪɵɟ 

ɩɪɢɜɟɞɟɧɵ ɧɚ ɪɢɫɭɧɤɚɯ 3.1.4,ɜ ɢ 3.1.4,ɝ, ɩɨɥɭɱɟɧɵ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ EDX-

ɚɧɚɥɢɡɚ. ɍɤɚɡɚɧɧɵɟ ɯɢɦɢɱɟɫɤɢɟ ɷɥɟɦɟɧɬɵ ɢɞɟɧɬɢɮɢɰɢɪɨɜɚɧɵ ɜɨ ɜɫɟɯ ɜ ɱɚɫɬɢɰɚɯ 

ɨɫɧɨɜɧɨɝɨ ɬɢɩɚ, ɩɨɷɬɨɦɭ ɷɬɢ ɱɚɫɬɢɰɵ, ɩɨ-ɜɢɞɢɦɨɦɭ, ɨɬɧɨɫɹɬɫɹ ɤ ɫɨɟɞɢɧɟɧɢɸ 

ɤɪɟɦɧɢɹ ɢ ɭɝɥɟɪɨɞɚ. 

 

Ɋɢɫɭɧɨɤ 3.1.4. SEM-ɫɧɢɦɨɤ ɫɢɧɬɟɡɢɪɨɜɚɧɧɨɝɨ ɩɪɨɞɭɤɬɚ (ɚ) ɢ ɪɟɡɭɥɶɬɚɬɵ EDS-

ɚɧɚɥɢɡɚ: STEM-ɫɧɢɦɨɤ (ɛ); C-ɤɚɪɬɢɪɨɜɚɧɢɟ (ɜ); Si-ɤɚɪɬɢɪɨɜɚɧɢɟ (ɝ) 

ȼɵɲɟɩɪɢɜɟɞɟɧɧɵɟ ɞɚɧɧɵɟ ɭɞɚɥɨɫɶ ɩɨɞɬɜɟɪɞɢɬɶ ɢ ɞɨɩɨɥɧɢɬɶ ɪɟɡɭɥɶɬɚɬɚɦɢ 

ɢɫɫɥɟɞɨɜɚɧɢɣ ɦɟɬɨɞɚɦɢ ɌȿɆ, ɜ ɬɨɦ ɱɢɫɥɟ HRTEM. ɇɚ ɪɢɫɭɧɤɟ 3.1.5 ɩɪɢɜɟɞɟɧɵ 

TEM-ɫɧɢɦɤɢ ɩɪɨɞɭɤɬɚ ɫɢɧɬɟɡɚ. Ɉɛɡɨɪɧɵɣ ɫɜɟɬɥɨɩɨɥɶɧɵɣ ɌȿɆ-ɫɧɢɦɨɤ (ɪɢɫɭɧɨɤ 

3.1.5,ɚ) ɞɟɦɨɧɫɬɪɢɪɭɟɬ ɫɤɨɩɥɟɧɢɟ ɱɚɫɬɢɰ ɫɢɧɬɟɡɢɪɨɜɚɧɧɨɝɨ ɩɪɨɞɭɤɬɚ, ɤɨɬɨɪɨɟ 

ɫɨɫɬɨɢɬ ɝɥɚɜɧɵɦ ɨɛɪɚɡɨɦ ɢɡ ɤɪɢɫɬɚɥɥɨɝɪɚɮɢɱɟɫɤɢ ɩɪɚɜɢɥɶɧɨ ɨɮɨɪɦɥɟɧɧɵɯ 

ɨɛɴɟɤɬɨɜ 1, ɩɪɟɞɫɬɚɜɥɹɸɳɢɯ ɫɨɛɨɣ ɜ ɩɥɚɧɟ ɪɚɜɧɨɫɬɨɪɨɧɧɢɟ ɬɪɟɭɝɨɥɶɧɢɤɢ ɫ 

ɭɫɟɱɟɧɧɵɦɢ ɜɟɪɲɢɧɚɦɢ. ɉɪɟɞɫɬɚɜɥɟɧɧɚɹ ɮɨɪɦɚ ɨɛɴɟɤɬɨɜ 1 ɹɜɥɹɟɬɫɹ ɬɢɩɢɱɧɨɣ 

ɞɥɹ ɦɨɧɨɤɪɢɫɬɚɥɥɨɜ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɤɭɛɢɱɟɫɤɨɣ ɫɢɧɝɨɧɢɢ [133]. Ɇɚɤɫɢɦɚɥɶɧɵɣ 

ɪɚɡɦɟɪ ɤɪɢɫɬɚɥɥɨɜ ɫɨɫɬɚɜɥɹɟɬ з500 ɧɦ, ɚ ɩɨ ɬɨɥɳɢɧɟ – з200 ɧɦ. Ɉɛɴɟɤɬɵ 1 

ɨɤɪɭɠɟɧɵ ɦɧɨɝɨɱɢɫɥɟɧɧɵɦɢ ɡɧɚɱɢɬɟɥɶɧɨ ɦɟɧɶɲɢɦɢ ɩɨ ɪɚɡɦɟɪɭ ɨɛɴɟɤɬɚɦɢ 2, 
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ɦɨɪɮɨɥɨɝɢɸ ɤɨɬɨɪɵɯ ɫɥɨɠɧɨ ɨɯɚɪɚɤɬɟɪɢɡɨɜɚɬɶ ɩɪɢ ɬɚɤɨɦ ɪɚɡɪɟɲɟɧɢɢ. Ɍɚɤɠɟ 

ɩɪɨɞɭɤɬ ɜɤɥɸɱɚɟɬ ɧɟɛɨɥɶɲɨɟ ɤɨɥɢɱɟɫɬɜɨ ɨɤɪɭɝɥɵɯ ɨɛɴɟɤɬɨɜ 3 ɫɨ ɫɪɟɞɧɢɦɢ 

ɪɚɡɦɟɪɚɦɢ з25-50 ɧɦ. Ɉɛɴɟɤɬɵ ɬɢɩɨɜ 2 ɢ 3 ɩɪɢɧɚɞɥɟɠɚɬ ɤ ɤɪɟɦɧɢɸ ɢ ɭɝɥɟɪɨɞɭ – 

ɧɟɩɪɨɪɟɚɝɢɪɨɜɚɜɲɢɦ ɩɪɟɤɭɪɫɨɪɚɦ ɫɢɧɬɟɡɚ. ɉɨ ɤɚɪɬɢɧɟ ɷɥɟɤɬɪɨɧɧɨɣ ɞɢɮɪɚɤɰɢɢ 

ɧɚ ɜɵɞɟɥɟɧɧɨɣ ɨɛɥɚɫɬɢ (SAED) (ɪɢɫɭɧɨɤ 3.1.5,ɛ), ɪɚɫɫɱɢɬɚɧɵ ɡɧɚɱɟɧɢɹ 

ɦɟɠɩɥɨɫɤɨɫɬɧɵɯ ɪɚɫɫɬɨɹɧɢɣ ɞɥɹ ɭɤɚɡɚɧɧɵɯ ɧɚ ɪɢɫɭɧɤɟ ɨɬɪɚɠɟɧɢɣ, ɤɨɬɨɪɵɟ 

ɫɨɜɩɚɞɚɸɬ ɫɨ ɫɬɚɧɞɚɪɬɧɵɦɢ ɞɥɹ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɤɭɛɢɱɟɫɤɨɣ ɫɢɧɝɨɧɢɢ. ɇɚ 

ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɬɟɦɧɨɩɨɥɶɧɵɯ ɦɢɤɪɨɫɧɢɦɤɚɯ (ɪɢɫɭɧɤɢ 3.1.5,ɜ ɢ ɝ) ɨɬɱɟɬɥɢɜɨ 

ɜɢɞɧɨ ɫɜɟɱɟɧɢɟ ɨɬɪɚɠɚɸɳɢɯ ɩɥɨɫɤɨɫɬɟɣ ɨɛɴɟɤɬɨɜ 1 ɜ ɫɜɟɬɟ ɤɨɝɟɪɟɧɬɧɵɯ 

ɪɟɮɥɟɤɫɨɜ SiC (111) ɢ (222). ȼ ɫɜɟɬɟ ɷɬɢɯ ɠɟ ɞɢɮɪɚɝɢɪɨɜɚɧɧɵɯ ɩɭɱɤɨɜ 

ɧɚɛɥɸɞɚɟɬɫɹ ɫɜɟɱɟɧɢɟ ɫɪɚɜɧɢɬɟɥɶɧɨ ɦɟɥɤɢɯ ɱɚɫɬɢɰ ɷɬɨɣ ɮɚɡɵ. 

 

Ɋɢɫɭɧɨɤ 3.1.5 – Ⱦɚɧɧɵɟ TEM ɩɪɨɞɭɤɬɚ ɫɢɧɬɟɡɚ: ɫɜɟɬɥɨɩɨɥɶɧɵɦ ɫɧɢɦɨɤ (ɚ), SAED 

(ɛ), ɬɟɦɧɨɩɨɥɶɧɵɟ ɫɧɢɦɤɢ (ɜ, ɝ) 

Ⱦɥɹ ɛɨɥɶɲɟɣ ɭɛɟɞɢɬɟɥɶɧɨɫɬɢ ɪɟɡɭɥɶɬɚɬɨɜ ɧɚ 3.1.6,ɚ ɩɪɢɜɟɞɟɧ 

ɫɜɟɬɥɨɩɨɥɶɧɵɣ ɌȿɆ-ɫɧɢɦɨɤ ɨɞɧɨɝɨ ɢɡ ɧɚɢɛɨɥɟɟ ɤɪɭɩɧɵɯ ɨɛɴɟɤɬɨɜ 1 ɢ SAED, 

ɫɧɹɬɚɹ ɧɚ ɧɟɦ ɢ ɩɪɚɤɬɢɱɟɫɤɢ ɢɞɟɚɥɶɧɚɹ ɩɨ ɪɚɫɩɨɥɨɠɟɧɢɸ ɪɟɮɥɟɤɫɨɜ д111ж ɢ 

ɜɟɥɢɱɢɧɟ ɦɟɠɩɥɨɫɤɨɫɬɧɵɯ ɪɚɫɫɬɨɹɧɢɣ d111 = 0,251032 ɧɦ ɞɥɹ ȕ-SiC. Ɍɚɤɨɣ ɠɟ 

ɨɛɴɟɤɬ ɜ ɢɧɨɦ ɪɚɤɭɪɫɟ ɢ ɫ ɹɜɧɨ ɜɵɞɟɥɹɸɳɟɣɫɹ ɫɢɫɬɟɦɨɣ ɷɤɫɬɢɧɤɰɢɨɧɧɵɯ 

ɤɨɧɬɭɪɨɜ ɩɨɤɚɡɚɧ ɧɚ ɪɢɫɭɧɤɟ 3.1.6,ɛ. ȼ ɫɨɜɨɤɭɩɧɨɫɬɢ, ɩɪɢɜɟɞɟɧɧɵɟ ɧɚ ɪɢɫɭɧɤɚɯ 

3.1.5 ɢ 3.1.6 ɞɚɧɧɵɟ ɨɞɧɨɡɧɚɱɧɨ ɩɨɤɚɡɵɜɚɸɬ, ɱɬɨ ɨɛɴɟɤɬɵ 1 ɹɜɥɹɸɬɫɹ 

ɦɨɧɨɤɪɢɫɬɚɥɥɚɦɢ ɤɭɛɢɱɟɫɤɨɝɨ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ȕ-SiC.  
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Ɋɢɫɭɧɨɤ 3.1.6 – ɌȿɆ-ɫɧɢɦɤɢ ɦɨɧɨɤɪɢɫɬɚɥɥɨɜ SiC ɜ ɩɪɨɞɭɤɬɟ ɉȾɋ (Si:C – 2,5:1): 

ɤɪɭɩɧɵɣ ɦɨɧɨɤɪɢɫɬɚɥɥ ɢ ɫɧɹɬɚɹ ɧɚ ɧɟɦ SAED (ɚ), ɦɨɧɨɤɪɢɫɬɚɥɥ ɫ ɫɢɫɬɟɦɨɣ 

ɷɤɫɬɢɧɤɰɢɨɧɧɵɯ ɤɨɧɬɭɪɨɜ (ɛ) 

Ɏɨɪɦɚ ɛɨɥɶɲɢɧɫɬɜɚ ɤɪɢɫɬɚɥɥɢɬɨɜ ɩɪɨɞɭɤɬɚ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɮɨɪɦɟ ȼɭɥɶɮɚ, 

ɬɢɩɢɱɧɨɣ ɞɥɹ ɫɢɦɦɟɬɪɢɢ 43m  ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ȕ-SiC [134]. Ɍɚɤɨɣ ɬɢɩ ɫɢɦɦɟɬɪɢɢ 

ɜ ɫɨɜɨɤɭɩɧɨɫɬɢ ɫ ɝɪɚɧɟɰɟɧɬɪɢɪɨɜɚɧɧɨɣ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɪɟɲɟɬɤɨɣ (ɢɧɞɟɤɫ F ɜ 

ɨɛɨɡɧɚɱɟɧɢɢ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɣ ɝɪɭɩɩɵ), ɱɬɨ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɧɨɦɟɪɭ 

ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɣ ɝɪɭɩɩɵ 216, ɩɨɥɧɨɫɬɶɸ ɨɬɨɠɞɟɫɬɜɥɹɟɬ ɝɟɨɦɟɬɪɢɱɟɫɤɢ ɤɚɪɛɢɞ 

ɤɪɟɦɧɢɹ ɤɭɛɢɱɟɫɤɨɣ ɫɢɧɝɨɧɢɢ ɫɨ ɫɬɪɭɤɬɭɪɨɣ ɫɮɚɥɟɪɢɬɚ ZnS (ɰɢɧɤɨɜɚɹ ɨɛɦɚɧɤɚ), ɚ 

ɬɚɤɠɟ ɫɬɪɭɤɬɭɪɨɣ ɚɥɦɚɡɚ. Ɉɬɥɢɱɚɸɬɫɹ ɜɫɟ ɭɤɚɡɚɧɧɵɟ ɫɬɪɭɤɬɭɪɵ ɬɨɥɶɤɨ 

ɜɟɥɢɱɢɧɚɦɢ ɩɚɪɚɦɟɬɪɚ ɷɥɟɦɟɧɬɚɪɧɨɣ ɹɱɟɣɤɢ a, ɢ, ɬɚɤɢɦ ɨɛɪɚɡɨɦ, ɱɚɫɬɢɰɵ ɞɚɧɧɵɯ 

ɫɬɪɭɤɬɭɪ ɤɪɢɫɬɚɥɥɢɡɭɸɬɫɹ ɜ ɩɨɥɧɨɫɬɶɸ ɨɞɢɧɚɤɨɜɵɯ ɮɨɪɦɚɯ, ɤɨɬɨɪɵɟ ɫɜɨɞɹɬɫɹ ɤ 

ɝɟɤɫɚɬɟɬɪɚɷɞɪɢɱɟɫɤɨɦɭ ɤɥɚɫɫɭ. Ȼɚɡɨɜɵɦɢ ɮɨɪɦɚɦɢ ɬɚɤɢɯ ɤɪɢɫɬɚɥɥɨɜ ɹɜɥɹɟɬɫɹ 

ɝɟɤɫɚɬɟɬɪɚɷɞɪ ɢ ɟɝɨ ɩɪɨɢɡɜɨɞɧɵɟ – ɬɟɬɪɚɷɞɪ, ɝɟɤɫɚɷɞɪ, ɪɨɦɛɨɞɨɞɷɤɚɷɞɪ, 

ɬɪɢɝɨɧɬɪɢɬɟɬɪɚɷɞɪ, ɬɟɬɪɚɝɨɧɬɪɢɬɟɬɪɚɷɞɪ, ɬɟɬɪɚɝɟɤɫɚɷɞɪ. ɇɚ ɪɢɫɭɧɤɟ 3.1.7 

ɢɡɨɛɪɚɠɟɧɵ ɧɚɢɛɨɥɟɟ ɜɟɪɨɹɬɧɵɟ ɬɟɨɪɟɬɢɱɟɫɤɢɟ ɮɨɪɦɵ ɤɪɢɫɬɚɥɥɨɜ ɫɮɚɥɟɪɢɬɚ (ɚ) 

ɢ ɢɯ ɪɟɚɥɶɧɵɟ ɦɚɤɪɨɪɚɡɦɟɪɧɵɟ ɦɨɧɨɤɪɢɫɬɚɥɥɢɱɟɫɤɢɟ ɚɧɚɥɨɝɢ (ɛ). Ȼɨɥɶɲɚɹ ɱɚɫɬɶ 

ɱɚɫɬɢɰ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɜɢɡɭɚɥɶɧɨ ɛɥɢɡɤɚ ɤ ɭɤɚɡɚɧɧɵɦ ɮɨɪɦɚɦ. ɇɟɢɡɦɟɧɧɨɫɬɶ 

ɩɪɢɧɰɢɩɢɚɥɶɧɵɯ ɮɨɪɦ ɱɚɫɬɢɰ ɪɚɡɧɵɯ ɪɚɡɦɟɪɨɜ ɜɤɭɩɟ ɫ ɧɚɥɢɱɢɟɦ 

ɷɤɫɬɢɧɤɰɢɨɧɧɵɯ ɤɨɧɬɭɪɨɜ ɜɩɨɥɧɟ ɫɨɝɥɚɫɭɟɬɫɹ ɫ ɢɦɟɸɳɢɦɢɫɹ ɞɚɧɧɵɦɢ ɨ 

ɦɟɯɚɧɢɡɦɟ ɪɨɫɬɚ ɤɪɢɫɬɚɥɥɨɜ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ (ɪɢɫɭɧɨɤ 3.1.7,ɜ) [135].  

Ɉɫɧɨɜɧɵɦɢ ɫɜɢɞɟɬɟɥɶɫɬɜɚɦɢ ɦɨɧɨɤɪɢɫɬɚɥɥɢɱɧɨɫɬɢ SiC ɹɜɥɹɟɬɫɹ ɩɨɹɜɥɟɧɢɟ 

ɧɚ ɦɧɨɝɢɯ ɨɛɴɟɤɬɚɯ ɤɨɧɬɭɪɨɜ ɷɤɫɬɢɧɤɰɢɢ ɩɨ ɜɫɟɦɭ ɬɟɥɭ ɤɪɢɫɬɚɥɥɚ, ɤɚɤ ɷɬɨ ɜɢɞɧɨ 

ɩɪɚɤɬɢɱɟɫɤɢ ɧɚ ɜɫɟɯ ɩɪɢɜɟɞɟɧɧɵɯ ɜɵɲɟ TEM-ɫɧɢɦɤɚɯ, ɫɜɟɬɥɨɩɨɥɶɧɵɯ ɢ 
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ɬɟɦɧɨɩɨɥɶɧɵɯ, ɚ ɬɚɤɠɟ ɧɚɥɢɱɢɟ ɞɚɥɶɧɟɝɨ ɩɨɪɹɞɤɚ ɧɚ HRTEM-ɫɧɢɦɤɚɯ. ɉɪɢ ɷɬɨɦ 

ɫɢɧɬɟɡɢɪɨɜɚɧɧɵɟ ɦɨɧɨɤɪɢɫɬɚɥɥɵ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɦɨɝɭɬ ɢɦɟɬɶ ɪɚɡɧɵɟ ɝɚɛɢɬɭɫɵ, 

ɤɚɤ ɷɬɨ ɩɨɤɚɡɚɧɨ ɧɚ ɪɢɫɭɧɤɟ 3.1.8. 

 

Ɋɢɫɭɧɨɤ 3.1.7 – Ɏɨɪɦɵ ɤɪɢɫɬɚɥɥɨɜ ɫɮɚɥɟɪɢɬɚ ɢ SiC: ɬɟɨɪɟɬɢɱɟɫɤɢɟ ɮɨɪɦɵ ɪɨɫɬɚ 

ɤɪɢɫɬɚɥɥɨɜ ɫɮɚɥɟɪɢɬɚ (ɚ), ɦɚɤɪɨɪɚɡɦɟɪɧɵɟ ɤɪɢɫɬɚɥɥɵ ɫɮɚɥɟɪɢɬɚ (ɛ), ɪɨɫɬ 

ɤɪɢɫɬɚɥɥɨɜ ɤɚɪɛɨɪɭɧɞɚ (ɜ) 

 

Ɋɢɫɭɧɨɤ 3.1.8 – TEM-ɫɧɢɦɤɢ ɦɨɧɨɤɪɢɫɬɚɥɥɨɜ SiC ɪɚɡɥɢɱɧɵɯ ɮɨɪɦ 

ȼ ɨɫɧɨɜɧɨɦ, ɱɚɫɬɢɰɵ SiC ɜ ɩɥɚɧɟ ɢɦɟɸɬ ɮɨɪɦɭ ɪɚɜɧɨɫɬɨɪɨɧɧɟɝɨ 

ɬɪɟɭɝɨɥɶɧɢɤɚ ɫ ɨɞɢɧɚɤɨɜɨ ɭɫɟɱɟɧɧɵɦɢ ɜɟɪɲɢɧɚɦɢ ɫ ɪɚɡɥɢɱɧɨɣ ɫɬɟɩɟɧɶɸ 

ɭɫɟɱɟɧɢɹ, ɜɩɥɨɬɶ ɞɨ ɩɪɢɨɛɪɟɬɟɧɢɹ ɮɨɪɦɵ ɪɚɜɧɨɫɬɨɪɨɧɧɟɝɨ ɲɟɫɬɢɭɝɨɥɶɧɢɤɚ. 

ɉɨɹɜɥɟɧɢɟ ɬɚɤɨɝɨ ɪɚɡɧɨɨɛɪɚɡɢɹ ɮɨɪɦ ɦɨɠɟɬ ɨɛɴɹɫɧɹɬɶɫɹ, ɜɨ-ɩɟɪɜɵɯ, 

ɜɨɡɦɨɠɧɨɫɬɶɸ ɩɨɹɜɥɟɧɢɹ ɬɚɤɢɯ ɮɨɪɦ ɜɫɥɟɞɫɬɜɢɟ ɨɫɧɨɜɧɨɝɨ ɡɚɤɨɧɚ 

ɤɪɢɫɬɚɥɥɨɝɪɚɮɢɢ – ɡɚɤɨɧɚ ɩɨɫɬɨɹɧɫɬɜɚ ɭɝɥɨɜ, ɫɨɝɥɚɫɧɨ ɤɨɬɨɪɨɦɭ ɝɚɛɢɬɭɫ 

ɤɪɢɫɬɚɥɥɚ ɦɨɠɟɬ ɦɟɧɹɬɶɫɹ ɩɪɢ ɫɨɯɪɚɧɟɧɢɢ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɡɧɚɱɟɧɢɣ ɭɝɥɨɜ, ɚ 

ɜɨ-ɜɬɨɪɵɯ, ɬɚɤɨɟ ɹɜɥɟɧɢɟ ɟɫɬɟɫɬɜɟɧɧɨ ɞɥɹ ɞɢɧɚɦɢɱɟɫɤɨɝɨ ɧɟɪɚɜɧɨɜɟɫɧɨɝɨ 

ɩɪɨɰɟɫɫɚ. Ȼɥɢɡɤɢɟ ɤ ɭɤɚɡɚɧɧɵɦ ɮɨɪɦɵ ɪɨɫɬɚ ɤɪɢɫɬɚɥɥɢɬɨɜ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ 

ɤɭɛɢɱɟɫɤɨɣ ɫɢɧɝɨɧɢɢ, ɤ ɤɨɬɨɪɨɣ ɨɬɧɨɫɢɬɫɹ ɢ ɜɵɛɪɚɧɧɚɹ ɫɬɪɭɤɬɭɪɧɚɹ ɦɨɞɟɥɶ SiC, 

ɜɵɹɜɥɟɧɵ ɜ ɫɬɚɬɶɹɯ Д72, 107, 136, 137Ж. 

ɉɨ ɫɨɜɨɤɭɩɧɨɫɬɢ TEM-ɢɡɨɛɪɚɠɟɧɢɣ ɜɢɞɧɨ, ɱɬɨ ɬɨɥɳɢɧɚ ɤɪɢɫɬɚɥɥɢɬɨɜ ɜ 

ɛɨɥɶɲɢɧɫɬɜɟ ɫɥɭɱɚɟɜ ɦɟɧɶɲɟ ɢɯ ɯɚɪɚɤɬɟɪɧɵɯ ɪɚɡɦɟɪɨɜ ɜ ɩɥɚɧɟ D. ɉɪɢ ɷɬɨɦ 
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ɩɪɨɫɥɟɠɢɜɚɟɬɫɹ ɬɟɧɞɟɧɰɢɹ ɭɜɟɥɢɱɟɧɢɹ ɨɬɧɨɲɟɧɢɹ ɯɚɪɚɤɬɟɪɧɨɝɨ ɪɚɡɦɟɪɚ D ɤ 

ɬɨɥɳɢɧɟ ɤɪɢɫɬɚɥɥɢɬɨɜ h ɫ ɭɜɟɥɢɱɟɧɢɟɦ D. Ɍɚɤ ɩɪɢ D ɨɤɨɥɨ 100 ɧɦ ɷɬɨ ɨɬɧɨɲɟɧɢɟ 

ɛɥɢɡɤɨ ɤ 1, ɚ ɩɪɢ D ɨɤɨɥɨ 1 ɦɤɦ ɦɨɠɟɬ ɞɨɫɬɢɝɚɬɶ 5 ɢ ɛɨɥɟɟ. Ɉɫɬɚɟɬɫɹ ɧɟ ɫɨɜɫɟɦ 

ɩɨɧɹɬɧɨɣ ɩɪɢɱɢɧɚ ɢɡɦɟɧɟɧɢɹ ɫɬɟɩɟɧɢ ɭɫɟɱɟɧɢɹ ɜɟɪɲɢɧ ɬɪɟɭɝɨɥɶɧɢɤɚ (ɜ ɩɥɚɧɟ). 

ɇɚ ɪɢɫɭɧɤɟ 3.1.9,ɜ ɩɨɤɚɡɚɧ ɭɱɚɫɬɨɤ ɱɚɫɬɢɰɵ ɫ ɩɥɨɬɧɨɭɩɚɤɨɜɚɧɧɵɦɢ 

ɚɬɨɦɧɵɦɢ ɩɥɨɫɤɨɫɬɹɦɢ SiC (111) (d = 2,51 й). ɋɭɞɹ ɩɨ TEM-ɫɧɢɦɤɚɦ ɪɢɫɭɧɤɨɜ 

3.1.9,ɚ ɢ 3.1.9,ɛ, ɱɚɫɬɢɰɵ SiC ɜɤɥɸɱɚɸɬ ɜ ɫɟɛɹ ɩɥɨɫɤɢɟ ɞɟɮɟɤɬɵ SF, ɨɛɧɚɪɭɠɟɧɧɵɟ 

ɪɚɧɟɟ ɩɪɢ ɢɫɫɥɟɞɨɜɚɧɢɢ ɦɟɬɨɞɨɦ XRD. Ɉɛɪɚɡɨɜɚɧɢɟ ɬɚɤɢɯ ɫɬɪɭɤɬɭɪɧɵɯ ɞɟɮɟɤɬɨɜ 

ɨɛɭɫɥɨɜɥɟɧɨ ɧɢɡɤɢɦ ɭɪɨɜɧɟɦ ɷɧɟɪɝɢɢ ɨɛɪɚɡɨɜɚɧɢɹ ɞɟɮɟɤɬɨɜ Д138]. 

 

Ɋɢɫɭɧɨɤ 3.1.9 – Ɋɟɡɭɥɶɬɚɬɵ TEM ɩɪɨɞɭɤɬɚ: ɚ) ɫɜɟɬɥɨɩɨɥɶɧɵɣ TEM-ɫɧɢɦɨɤ ɢ 

SAED, ɛ) ɬɟɦɧɨɩɨɥɶɧɵɣ TEM-ɫɧɢɦɨɤ ɜ ɫɜɟɬɟ ɨɬɪɚɠɚɸɳɢɯ ɩɥɨɫɤɨɫɬɟɣ ɪɟɮɥɟɤɫɚ 

SiC (111), ɜ) ɦɢɤɪɨɫɧɢɦɨɤ ɜɵɫɨɤɨɝɨ ɪɚɡɪɟɲɟɧɢɹ ɭɱɚɫɬɤɚ ɱɚɫɬɢɰɵ SiC 

ɇɚ ɪɢɫɭɧɤɟ 3.1.10 ɩɪɟɞɫɬɚɜɥɟɧɵ HRTEM-ɫɧɢɦɤɢ ɮɪɚɝɦɟɧɬɨɜ ɤɪɭɩɧɨɝɨ 

(ɨɤɨɥɨ 500 ɧɦ) (ɚ) ɢ ɫɪɚɜɧɢɬɟɥɶɧɨ ɦɟɥɤɢɯ (ɛ) ɢ (ɜ) (ɨɤɨɥɨ з50 ɧɦ ɢ з20 ɧɦ 

ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ) ɦɨɧɨɤɪɢɫɬɚɥɥɨɜ, ɤɨɬɨɪɵɟ ɪɚɧɟɟ ɛɵɥɢ ɨɬɧɟɫɟɧɵ ɤ ɤɭɛɢɱɟɫɤɨɣ 

ɮɚɡɟ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ, ɫɭɞɹ ɩɨ ɢɡɦɟɪɟɧɧɵɦ ɜɟɥɢɱɢɧɚɦ ɦɟɠɩɥɨɫɤɨɫɬɧɵɯ 

ɪɚɫɫɬɨɹɧɢɣ. Ⱦɥɹ ɤɪɭɩɧɵɯ ɢ ɦɟɥɤɢɯ ɱɚɫɬɢɰ (ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɨɛɴɟɤɬɚɦ ɬɢɩɚ 1 ɧɚ 

ɩɪɟɞɵɞɭɳɢɯ ɦɢɤɪɨɫɧɢɦɤɚɯ) ɪɚɫɫɱɢɬɚɧɵ ɜɟɥɢɱɢɧɵ ɦɟɠɩɥɨɫɤɨɫɬɧɵɯ ɪɚɫɫɬɨɹɧɢɣ, 

ɤɨɬɨɪɵɟ ɨɤɚɡɚɥɢɫɶ ɩɪɢɦɟɪɧɨ ɨɞɢɧɚɤɨɜɵɦɢ – d = ~0,251 ɧɦ. ɗɬɨɣ ɜɟɥɢɱɢɧɟ 

ɧɚɢɛɨɥɟɟ ɬɨɱɧɨ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɦɟɠɩɥɨɫɤɨɫɬɧɨɟ ɪɚɫɫɬɨɹɧɢɟ ɜ ɧɚɩɪɚɜɥɟɧɢɢ d111 = 

0,251032 ɧɦ ɞɥɹ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɤɭɛɢɱɟɫɤɨɣ ɫɢɧɝɨɧɢɢ [139]. ɋɢɫɬɟɦɚ 

ɩɥɨɫɤɨɫɬɟɣ ɷɬɨɝɨ ɩɪɟɢɦɭɳɟɫɬɜɟɧɧɨɝɨ ɧɚɩɪɚɜɥɟɧɢɹ ɞɚɧɧɨɣ ɮɚɡɵ ɯɨɪɨɲɨ 

ɪɚɡɪɟɲɚɟɬɫɹ ɧɚ HRTEM-ɫɧɢɦɤɚɯ, ɞɚɟɬ ɫɢɥɶɧɟɣɲɢɣ ɪɟɮɥɟɤɫ ɧɚ XRD, ɚ 

ɞɢɮɪɚɝɢɪɨɜɚɧɧɵɟ ɧɚ ɧɟɣ ɩɭɱɤɢ ɷɥɟɤɬɪɨɧɨɜ ɞɚɸɬ ɩɟɪɜɨɟ ɞɟɛɚɟɜɫɤɨɟ ɤɨɥɶɰɨ 
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ɪɟɮɥɟɤɫɨɜ ɧɚ ɜɫɟɯ SAED. Ɉɬɥɢɱɢɬɟɥɶɧɨɣ ɨɫɨɛɟɧɧɨɫɬɶɸ ɧɚɧɨɪɚɡɦɟɪɧɵɯ ɢ 

ɫɭɛɦɢɤɪɨɧɧɵɯ ɤɪɢɫɬɚɥɥɨɜ ȕ-SiC ɹɜɥɹɟɬɫɹ ɨɬɫɭɬɫɬɜɢɟ ɭɩɨɪɹɞɨɱɟɧɧɨɣ ɨɛɨɥɨɱɤɢ, ɧɨ 

ɢɯ ɩɨɜɟɪɯɧɨɫɬɶ ɩɨɤɪɵɬɚ ɞɨɫɬɚɬɨɱɧɨ ɪɚɜɧɨɦɟɪɧɵɦ ɫɥɨɟɦ ɬɨɥɳɢɧɨɣ 1÷3 ɧɦ 

ɩɫɟɜɞɨɚɦɨɪɮɧɨɝɨ ɦɚɬɟɪɢɚɥɚ. 

 

Ɋɢɫɭɧɨɤ 3.1.10 – HRTEM-ɫɧɢɦɤɢ ɤɪɢɫɬɚɥɥɨɜ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ: ɮɪɚɝɦɟɧɬ 

ɤɪɭɩɧɨɝɨ ɦɨɧɨɤɪɢɫɬɚɥɥɚ (ɨɤɨɥɨ 500 ɧɦ) (ɚ), ɦɨɧɨɤɪɢɫɬɚɥɥ ɪɚɡɦɟɪɨɦ ɨɤɨɥɨ 50 ɧɦ 

(ɛ), ɦɨɧɨɤɪɢɫɬɚɥɥ ɪɚɡɦɟɪɨɦ ɨɤɨɥɨ 20 ɧɦ (ɜ) 

ɇɚ ɪɢɫɭɧɤɟ 3.1.11,ɚ ɩɪɢɜɟɞɟɧ HRTEM-ɫɧɢɦɨɤ ɬɢɩɢɱɧɨɝɨ ɧɚɧɨɪɚɡɦɟɪɧɨɝɨ 

(15÷20 ɧɦ) ɨɛɴɟɤɬɚ 3 ɫ ɭɩɨɪɹɞɨɱɟɧɧɨɣ ɫɬɪɭɤɬɭɪɨɣ ɢ ɡɚɦɟɬɧɨɣ ɨɝɪɚɧɤɨɣ. ɉɪɹɦɨɟ 

ɢɡɦɟɪɟɧɢɟ ɦɟɠɩɥɨɫɤɨɫɬɧɨɝɨ ɪɚɫɫɬɨɹɧɢɹ ɞɚɟɬ ɫɪɟɞɧɟɟ ɡɧɚɱɟɧɢɟ 0,312 ɧɦ, ɱɬɨ 

ɩɪɚɤɬɢɱɟɫɤɢ ɫɨɜɩɚɞɚɟɬ ɫɨ ɫɬɚɧɞɚɪɬɧɨɣ ɜɟɥɢɱɢɧɨɣ d111 = 0,312866 ɧɦ ɞɥɹ ɮɚɡɵ 

ɤɭɛɢɱɟɫɤɨɝɨ ɤɪɟɦɧɢɹ ɜ ɧɚɩɪɚɜɥɟɧɢɢ Д139Ж. ɉɨ ɫɨɜɨɤɭɩɧɨɫɬɢ ɩɪɢɜɟɞɟɧɧɵɯ ɞɚɧɧɵɯ 

ɨɛɴɟɤɬɵ 3 ɨɞɧɨɡɧɚɱɧɨ ɢɞɟɧɬɢɮɢɰɢɪɭɸɬɫɹ ɤɚɤ ɧɚɧɨɤɪɢɫɬɚɥɥɵ ɤɭɛɢɱɟɫɤɨɣ ɮɚɡɵ 

ɤɪɟɦɧɢɹ, ɧɟ ɜɫɬɭɩɢɜɲɟɝɨ ɜ ɫɨɟɞɢɧɟɧɢɟ ɫ ɭɝɥɟɪɨɞɨɦ. Ɉɛɴɟɤɬ 3 ɧɚɯɨɞɢɬɫɹ ɧɚ ɛɨɥɟɟ 

ɤɪɭɩɧɨɣ ɱɚɫɬɢɰɟ, ɢɦɟɸɳɟɣ ɤɪɢɫɬɚɥɥɢɱɟɫɤɭɸ ɨɛɨɥɨɱɤɭ. 

ɇɚ ɫɥɟɞɭɸɳɟɦ HRTEM-ɫɧɢɦɤɟ (ɪɢɫɭɧɨɤ 3.1.11,ɛ) ɩɨɤɚɡɚɧɚ ɝɪɭɩɩɚ ɬɚɤɢɯ 

ɱɚɫɬɢɰ ɪɚɡɦɟɪɨɦ 10÷30 ɧɦ ɫ ɯɨɪɨɲɨ ɪɚɡɥɢɱɢɦɵɦ ɞɚɥɶɧɢɦ ɩɨɪɹɞɤɨɦ 

ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɫɟɪɞɰɟɜɢɧɵ. ɂɡɦɟɪɟɧɧɨɟ ɫɪɟɞɧɟɟ ɡɧɚɱɟɧɢɟ ɦɟɠɩɥɨɫɤɨɫɬɧɨɝɨ 

ɪɚɫɫɬɨɹɧɢɹ 0,34 ɧɦ ɧɚɢɛɨɥɟɟ ɬɨɱɧɨ ɫɨɨɬɜɟɬɫɬɜɭɟɬ d002 = 0,3395 ɧɦ ɮɚɡɵ ɝɪɚɮɢɬɚ. 

Ɋɚɫɫɬɨɹɧɢɟ ɦɟɠɞɭ ɩɥɨɫɤɨɫɬɹɦɢ ɫɬɪɭɤɬɭɪɵ ɨɛɨɥɨɱɤɢ ɫɨɫɬɚɜɥɹɟɬ 0,36-0,38 ɧɦ, ɬ. ɟ. 

ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɜɨɡɦɨɠɧɵɦ ɦɟɠɫɥɨɟɜɵɦ ɪɚɫɫɬɨɹɧɢɹɦ ɥɭɤɨɜɢɱɧɵɯ ɢ ɬɭɛɭɥɹɪɧɵɯ 

ɭɝɥɟɪɨɞɧɵɯ ɫɬɪɭɤɬɭɪ Д140Ж. ȼɟɪɨɹɬɧɨ, ɷɪɨɞɢɪɨɜɚɧɧɵɟ ɫ ɷɥɟɤɬɪɨɞɨɜ ɄɆɉɍ 

ɧɚɧɨɤɪɢɫɬɚɥɥɵ ɝɪɚɮɢɬɚ ɹɜɥɹɸɬɫɹ ɡɚɪɨɞɵɲɚɦɢ, ɧɚ ɤɨɬɨɪɵɯ ɩɪɨɢɫɯɨɞɢɬ 

ɮɨɪɦɢɪɨɜɚɧɢɟ ɫɬɪɭɤɬɭɪ, ɛɥɢɡɤɢɯ ɤ ɥɭɤɨɜɢɱɧɵɦ. ȼ ɫɢɥɭ ɧɟɜɵɫɨɤɨɣ ɢ ɩɪɚɤɬɢɱɟɫɤɢ 
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ɨɞɢɧɚɤɨɜɨɣ ɩɥɨɬɧɨɫɬɢ ɦɚɬɟɪɢɚɥɚ ɭɝɥɟɪɨɞɧɵɯ ɧɚɧɨɫɬɪɭɤɬɭɪ ɜ ɛɨɥɶɲɢɧɫɬɜɟ 

ɫɥɭɱɚɟɜ ɩɨ ɌȿɆ ɢ HRTEM ɢɡɨɛɪɚɠɟɧɢɹɦ ɬɪɭɞɧɨ ɨɯɚɪɚɤɬɟɪɢɡɨɜɚɬɶ ɦɨɪɮɨɥɨɝɢɸ 

ɱɚɫɬɢɰ ɜ ɫɤɨɩɥɟɧɢɹɯ, ɤɚɤ ɷɬɨ ɨɬɦɟɱɚɥɨɫɶ ɢ ɜɢɞɧɨ ɧɚ ɪɢɫɭɧɤɟ 3.1.11,ɜ. Ɂɞɟɫɶ 

ɩɨɤɚɡɚɧɚ ɧɚɢɛɨɥɟɟ ɬɢɩɢɱɧɚɹ ɤɚɪɬɢɧɚ ɫɤɨɩɥɟɧɢɹ ɦɧɨɠɟɫɬɜɚ ɭɝɥɟɪɨɞɧɵɯ 

ɧɚɧɨɤɪɢɫɬɚɥɥɨɜ ɜɛɥɢɡɢ ɤɪɭɩɧɵɯ ɱɚɫɬɢɰ ȕ-SiC, ɚ ɬɚɤɠɟ ɷɥɟɤɬɪɨɧɨɝɪɚɦɦɚ ɜɵɫɨɤɨɝɨ 

ɪɚɡɪɟɲɟɧɢɹ ɧɚ ɜɵɞɟɥɟɧɧɨɣ ɨɛɥɚɫɬɢ. ȼ ɨɬɥɢɱɢɟ ɨɬ ɩɪɢɜɟɞɟɧɧɵɯ ɜɵɲɟ SAED, 

ɡɞɟɫɶ ɨɬɱɟɬɥɢɜɨ ɜɵɞɟɥɹɟɬɫɹ ɩɟɪɜɨɟ ɤɨɥɶɰɨ ɢɡ ɦɢɤɪɨɪɟɮɥɟɤɫɨɜ, ɤɨɬɨɪɨɟ 

ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɫɢɫɬɟɦɟ ɩɥɨɫɤɨɫɬɟɣ д002ж ɧɚɧɨɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɭɝɥɟɪɨɞɧɵɯ ɮɚɡ 

(ɝɪɚɮɢɬ, ɥɭɤɨɜɢɱɧɵɟ ɫɬɪɭɤɬɭɪɵ, d = 0,34÷0,36 ɧɦ). 

 

Ɋɢɫɭɧɨɤ 3.1.11 – HRTEM-ɫɧɢɦɤɢ ɧɚɧɨɪɚɡɦɟɪɧɵɯ ɨɛɴɟɤɬɨɜ 2 ɢ 3 ɜ ɩɪɨɞɭɤɬɟ ɉȾɋ: 

ɧɚɧɨɤɪɢɫɬɚɥɥ ɤɪɟɦɧɢɹ (ɚ); ɧɚɧɨɤɪɢɫɬɚɥɥ ɝɪɚɮɢɬɚ ɜ ɭɝɥɟɪɨɞɧɨɣ ɨɛɨɥɨɱɤɟ (ɛ); 

ɧɚɧɨɤɪɢɫɬɚɥɥɵ ɭɝɥɟɪɨɞɧɵɯ ɮɚɡ (ɜ) 

ɉɨ ɫɨɜɨɤɭɩɧɨɫɬɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɞɚɧɧɵɯ, ɩɪɟɞɫɬɚɜɥɟɧɧɵɯ ɜ ɧɚɫɬɨɹɳɟɦ 

ɪɚɡɞɟɥɟ, ɦɨɠɧɨ ɭɬɜɟɪɠɞɚɬɶ ɨ ɜɨɡɦɨɠɧɨɫɬɢ ɫɢɧɬɟɡɚ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɤɭɛɢɱɟɫɤɨɣ 

ɫɢɧɝɨɧɢɢ ɜ ɝɢɩɟɪɫɤɨɪɨɫɬɧɨɣ ɫɬɪɭɟ Si-C ɷɥɟɤɬɪɨɪɚɡɪɹɞɧɨɣ ɩɥɚɡɦɵ, ɢɫɬɟɤɚɸɳɟɣ ɢɡ 

ɄɆɉɍ. ȕ-SiC ɮɨɪɦɢɪɭɟɬɫɹ ɜ ɜɢɞɟ ɦɨɧɨɤɪɢɫɬɚɥɥɨɜ ɪɚɡɦɟɪɚɦɢ ɨɬ з10 ɞɨ 500 ɧɦ ɫ 

ɤɪɢɫɬɚɥɥɨɝɪɚɮɢɱɟɫɤɢɦ ɨɮɨɪɦɥɟɧɢɟɦ, ɛɥɢɡɤɢɦ ɤ ɢɞɟɚɥɶɧɨɦɭ. ȼ ɩɪɨɞɭɤɬɟ 

ɩɪɢɫɭɬɫɬɜɭɸɬ ɮɚɡɵ ɧɟɩɪɨɪɟɚɝɢɪɨɜɚɜɲɢɯ ɩɪɟɤɭɪɫɨɪɨɜ ɤɪɟɦɧɢɹ ɢ ɭɝɥɟɪɨɞɚ ɜ ɜɢɞɟ 

ɱɚɫɬɢɰ ɞɨ ɧɟɫɤɨɥɶɤɢɯ ɞɟɫɹɬɤɨɜ ɧɦ. ɉɪɢɫɭɬɫɬɜɢɟ ɬɚɤɢɯ ɜɟɳɟɫɬɜ ɜ ɩɪɨɞɭɤɬɟ 

ɫɢɧɬɟɡɚ ɹɜɥɹɟɬɫɹ ɧɟɠɟɥɚɬɟɥɶɧɵɦ ɢ ɜɵɹɜɥɹɟɬ ɧɟɨɛɯɨɞɢɦɨɫɬɶ ɩɪɨɜɟɞɟɧɢɹ 

ɞɚɥɶɧɟɣɲɢɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɩɨ ɨɩɬɢɦɢɡɚɰɢɢ ɩɪɨɰɟɫɫɚ ɉȾɋ ɜ ɫɢɫɬɟɦɟ Si-C ɢ 

ɫɨɡɞɚɧɢɸ ɫɪɟɞɫɬɜ ɭɩɪɚɜɥɟɧɢɹ ɮɚɡɨɜɵɦ ɢ ɝɪɚɧɭɥɨɦɟɬɪɢɱɟɫɤɢɦ ɫɨɫɬɚɜɨɦ ɩɪɨɞɭɤɬɚ. 
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3.2. ɂɫɩɨɥɶɡɨɜɚɧɢɟ ɪɚɡɧɵɯ ɫɩɨɫɨɛɨɜ ɢɧɢɰɢɢɪɨɜɚɧɢɹ ɩɥɚɡɦɟɧɧɨɝɨ ɩɨɬɨɤɚ ɢ 

ɢɯ ɜɥɢɹɧɢɟ ɧɚ ɫɢɧɬɟɡɢɪɭɟɦɵɣ ɩɪɨɞɭɤɬ 

 

ɋɭɞɹ ɩɨ ɬɢɩɢɱɧɨɣ ɨɫɰɢɥɥɨɝɪɚɦɦɟ ɬɨɤɚ (ɪɢɫɭɧɨɤ 3.1.1), ɫɭɳɟɫɬɜɭɟɬ ɜɪɟɦɹ 

ɩɪɟɞɵɨɧɢɡɚɰɢɢ Д115Ж – ɜɪɟɦɹ ɫ ɩɨɞɚɱɢ ɧɚɩɪɹɠɟɧɢɹ ɞɨ ɜɨɡɧɢɤɧɨɜɟɧɢɹ ɩɥɚɡɦɟɧɧɨɣ 

ɫɬɪɭɢ ɢ ɧɚɱɚɥɚ ɟɟ ɭɫɤɨɪɟɧɢɹ, ɜɤɥɸɱɚɸɳɟɟ, ɩɪɟɠɞɟ ɜɫɟɝɨ, ɜɪɟɦɹ ɪɚɡɨɝɪɟɜɚ 

ɢɫɯɨɞɧɨɣ ɫɦɟɫɢ. ɉɨ-ɜɢɞɢɦɨɦɭ, ɜɪɟɦɹ ɩɪɟɞɵɨɧɢɡɚɰɢɢ ɨɤɚɡɵɜɚɟɬ ɡɧɚɱɢɬɟɥɶɧɨɟ 

ɜɥɢɹɧɢɟ ɧɚ ɮɚɡɨɜɵɣ ɫɨɫɬɚɜ ɤɨɧɟɱɧɨɝɨ ɩɪɨɞɭɤɬɚ, ɩɨɫɤɨɥɶɤɭ ɢɦɟɧɧɨ ɜ ɷɬɨɬ ɦɨɦɟɧɬ 

ɩɪɨɢɫɯɨɞɢɬ ɛɨɥɟɟ ɩɥɚɜɧɵɣ ɥɢɛɨ ɛɨɥɟɟ ɫɤɚɱɤɨɨɛɪɚɡɧɵɣ ɩɟɪɟɯɨɞ ɢɫɯɨɞɧɵɯ 

ɪɟɚɝɟɧɬɨɜ ɜ ɩɥɚɡɦɟɧɧɨɟ ɫɨɫɬɨɹɧɢɟ, ɬ. ɟ. ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɪɨɰɟɫɫɚ ɫɢɧɬɟɡɚ ɞɨɥɠɧɚ 

ɡɚɜɢɫɟɬɶ ɨɬ ɬɨɝɨ, ɧɚɫɤɨɥɶɤɨ ɢɫɯɨɞɧɵɟ ɩɪɟɤɭɪɫɨɪɵ «ɩɨɞɝɨɬɨɜɥɟɧɵ» ɧɚ ɷɬɚɩɟ 

ɩɪɟɞɵɨɧɢɡɚɰɢɢ. ɗɬɨ ɨɩɪɟɞɟɥɹɟɬɫɹ ɭɫɥɨɜɢɹɦɢ ɢɧɢɰɢɢɪɨɜɚɧɢɹ ɞɭɝɨɜɨɝɨ ɪɚɡɪɹɞɚ, ɜ 

ɨɫɨɛɟɧɧɨɫɬɢ ɫɩɨɫɨɛɨɦ ɢɧɢɰɢɢɪɨɜɚɧɢɹ ɢ ɧɚɱɚɥɶɧɵɦ ɫɨɩɪɨɬɢɜɥɟɧɢɟɦ ɩɟɪɟɦɵɱɤɢ. 

ɋ ɰɟɥɶɸ ɨɩɪɟɞɟɥɟɧɢɹ ɧɚɢɛɨɥɟɟ ɷɮɮɟɤɬɢɜɧɨɝɨ ɫɩɨɫɨɛɚ ɢɧɢɰɢɢɪɨɜɚɧɢɹ 

ɞɭɝɨɜɨɝɨ ɪɚɡɪɹɞɚ ɜ ɍɄ ɄɆɉɍ ɜ ɪɚɛɨɬɟ ɪɚɫɫɦɨɬɪɟɧɵ ɞɜɚ ɜɚɪɢɚɧɬɚ ɢɫɩɨɥɧɟɧɢɹ 

ɪɚɡɪɭɲɚɟɦɨɣ ɬɨɤɨɩɪɨɜɨɞɹɳɟɣ ɩɟɪɟɦɵɱɤɢ ɦɟɠɞɭ ɝɪɚɮɢɬɨɜɵɦɢ ɰɟɧɬɪɚɥɶɧɵɦ 

ɷɥɟɤɬɪɨɞɨɦ ɢ ɩɨɜɟɪɯɧɨɫɬɶɸ ɍɄ, ɩɪɟɞɫɬɚɜɥɟɧɧɵɟ ɧɚ ɪɢɫɭɧɤɟ 3.2.1: ɜ ɜɢɞɟ 

ɭɝɥɟɪɨɞɧɵɯ ɜɨɥɨɤɨɧ (ɚ), ɧɚɬɹɝɢɜɚɟɦɵɯ ɢɡ ɞɧɚ ɄɎɉɋ ɞɨ ɜɧɟɲɧɟɣ ɤɨɧɭɫɨɨɛɪɚɡɧɨɣ 

ɩɨɜɟɪɯɧɨɫɬɢ ɢɡɨɥɹɬɨɪɚ – ɦɟɫɬɚ ɫɨɩɪɢɤɨɫɧɨɜɟɧɢɹ ɫ ɷɥɟɤɬɪɨɞɨɦ-ɫɬɜɨɥɨɦ, ɢ ɩɭɬɟɦ 

ɝɪɚɮɢɬɢɡɚɰɢɢ ɩɨɜɟɪɯɧɨɫɬɢ ɢɡɨɥɹɬɨɪɚ ɜ ɄɎɉɋ (ɛ) – ɧɚɧɟɫɟɧɢɟɦ ɬɨɧɤɨɝɨ ɫɥɨɹ 

ɝɪɚɮɢɬɨɜɨɝɨ ɚɷɪɨɡɨɥɹ ɧɚ ɜɧɭɬɪɟɧɧɸɸ ɩɨɜɟɪɯɧɨɫɬɶ ɄɎɉɋ, ɚ ɬɚɤɠɟ ɩɨɜɟɪɯɧɨɫɬɶ 

ɡɚɥɨɠɟɧɧɨɣ ɜ ɄɎɉɋ Si-C ɫɦɟɫɢ. 

 

Ɋɢɫɭɧɨɤ 3.2.1 – ɂɡɨɛɪɚɠɟɧɢɟ ɭɡɥɚ ɰɟɧɬɪɚɥɶɧɨɝɨ ɷɥɟɤɬɪɨɞɚ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ: 

ɚ) ɭɝɥɟɜɨɥɨɤɨɧ; ɛ) ɝɪɚɮɢɬɢɡɚɰɢɢ; 1 – ɰɟɧɬɪɚɥɶɧɵɣ ɷɥɟɤɬɪɨɞ, 2 – ɢɡɨɥɹɬɨɪ 

ɰɟɧɬɪɚɥɶɧɨɝɨ ɷɥɟɤɬɪɨɞɚ, 3 – ɝɪɚɮɢɬɨɜɚɹ ɜɫɬɚɜɤɚ, 4 – ɄɎɉɋ, 5 – ɝɪɚɮɢɬɨɜɵɣ ɍɄ 
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ɗɤɫɩɟɪɢɦɟɧɬɵ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɪɚɡɧɵɯ ɫɩɨɫɨɛɨɜ ɢɧɢɰɢɢɪɨɜɚɧɢɹ 

ɩɥɚɡɦɟɧɧɨɣ ɫɬɪɭɢ ɩɪɨɜɟɞɟɧɵ ɩɪɢ ɨɞɢɧɚɤɨɜɵɯ ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɚɯ ɢ 

ɷɤɫɩɥɭɚɬɚɰɢɨɧɧɵɯ ɭɫɥɨɜɢɹɯ: ɟɦɤɨɫɬɶ ɤɨɧɞɟɧɫɚɬɨɪɧɵɯ ɛɚɬɚɪɟɣ C = 6 ɦɎ, Uзɚɪ = 

3,0 ɤȼ. ɉɥɚɡɦɟɧɧɵɣ ɜɵɫɬɪɟɥ ɩɪɨɢɡɜɨɞɢɥɫɹ ɜ ɝɟɪɦɟɬɢɱɧɵɣ ɨɛɴɟɦ ɄɊ, 

ɧɚɩɨɥɧɟɧɧɵɣ ɚɪɝɨɧɨɦ ɩɪɢ ɧɨɪɦɚɥɶɧɵɯ ɭɫɥɨɜɢɹɯ. ɉɪɢ ɩɪɨɜɟɞɟɧɢɢ ɷɤɫɩɟɪɢɦɟɧɬɨɜ 

ɩɪɟɞɩɨɥɚɝɚɥɨɫɶ, ɱɬɨ ɫɩɨɫɨɛ ɢɧɢɰɢɢɪɨɜɚɧɢɹ ɞɭɝɨɜɨɝɨ ɪɚɡɪɹɞɚ ɛɭɞɟɬ ɜɥɢɹɬɶ ɧɚ 

ɮɚɡɨɜɵɣ ɫɨɫɬɚɜ ɩɪɨɞɭɤɬɚ ɫɢɧɬɟɡɚ ɩɨɫɪɟɞɫɬɜɨɦ ɢɡɦɟɧɟɧɢɹ ɜɪɟɦɟɧɢ ɢ ɯɚɪɚɤɬɟɪɚ 

ɩɟɪɟɯɨɞɚ ɫɦɟɫɢ ɩɪɟɤɭɪɫɨɪɨɜ ɜ ɩɥɚɡɦɟɧɧɨɟ ɫɨɫɬɨɹɧɢɟ. ȼɚɠɧɟɣɲɢɦ ɩɨɤɚɡɚɬɟɥɟɦ, 

ɩɨɡɜɨɥɹɸɳɢɦ ɩɪɨɫɥɟɞɢɬɶ ɷɬɭ ɡɚɜɢɫɢɦɨɫɬɶ, ɹɜɥɹɟɬɫɹ, ɨɱɟɜɢɞɧɨ, ɮɨɪɦɚ 

ɨɫɰɢɥɥɨɝɪɚɦɦ ɪɚɛɨɱɟɝɨ ɬɨɤɚ ɩɥɚɡɦɟɧɧɨɣ ɩɟɪɟɦɵɱɤɢ ɢ ɧɚɩɪɹɠɟɧɢɹ ɧɚ ɷɥɟɤɬɪɨɞɚɯ. 

ɇɚ ɪɢɫɭɧɤɚɯ 3.2.2 ɢɡɨɛɪɚɠɟɧɵ ɨɫɰɢɥɥɨɝɪɚɦɦɵ ɪɚɛɨɱɟɝɨ ɧɚɩɪɹɠɟɧɢɹ u(t) ɢ ɬɨɤɚ 

i(t) (ɚ ɢ ɛ), ɤɪɢɜɵɟ ɦɨɳɧɨɫɬɢ p(t) ɢ ɬɨɤɚ i(t) (ɜ ɢ ɝ) ɜɨ ɜɫɟɯ ɷɤɫɩɟɪɢɦɟɧɬɚɯ, ɧɚ 

ɨɫɧɨɜɚɧɢɢ ɨɫɰɢɥɥɨɝɪɚɦɦ ɪɚɫɫɱɢɬɚɧɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɩɚɪɚɦɟɬɪɵ, 

ɩɪɢɜɟɞɟɧɧɵɟ ɜ ɬɚɛɥɢɰɟ 3.2.1. 

 

Ɋɢɫɭɧɨɤ 3.2.2 – Ɉɫɰɢɥɥɨɝɪɚɦɦɵ ɪɚɛɨɱɟɝɨ ɧɚɩɪɹɠɟɧɢɹ u(t) ɢ ɬɨɤɚ i(t) (ɚ ɢ ɛ), 

ɤɪɢɜɵɟ ɦɨɳɧɨɫɬɢ p(t) ɢ ɬɨɤɚ i(t) (ɜ ɢ ɝ) ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɭɝɥɟɜɨɥɨɤɨɧ (1) ɢ 

ɝɪɚɮɢɬɢɡɚɰɢɢ (2) 
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Ɍɚɛɥɢɰɚ 3.2.1 – ɗɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɩɚɪɚɦɟɬɪɵ ɫɟɪɢɢ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɫ ɪɚɡɧɵɦ 

ɫɩɨɫɨɛɨɦ ɢɧɢɰɢɢɪɨɜɚɧɢɹ ɩɥɚɡɦɟɧɧɨɣ ɫɬɪɭɢ: ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɭɝɥɟɜɨɥɨɤɨɧ (1) 

ɢ ɝɪɚɮɢɬɢɡɚɰɢɢ (2) 

№ R0, Ɉɦ Δt, ɦɫ Um, ɤȼ Im, ɤȺ Pm, Ɇȼɬ W, ɤȾɠ 

1 1 10 1,55 87,0 165,9 19 

2 10000 68 1,48 93,4 135,0 17 

Ɇɨɦɟɧɬ ɜɪɟɦɟɧɢ Δt ɹɜɥɹɟɬɫɹ ɧɚɱɚɥɨɦ ɪɚɛɨɬɵ ɄɆɉɍ. ȼ ɷɬɨɬ ɦɨɦɟɧɬ ɩɨ 

ɡɚɦɤɧɭɬɨɦɭ ɤɨɧɬɭɪɭ, ɜɤɥɸɱɚɸɳɟɦɭ ɤɨɧɞɟɧɫɚɬɨɪɧɵɟ ɛɚɬɚɪɟɢ ɟɦɤɨɫɬɧɨɝɨ 

ɧɚɤɨɩɢɬɟɥɹ ɷɧɟɪɝɢɢ, ɰɟɧɬɪɚɥɶɧɵɣ ɷɥɟɤɬɪɨɞ ɢ ɷɥɟɤɬɪɨɞ-ɫɬɜɨɥ, ɧɚɱɢɧɚɟɬ ɩɪɨɬɟɤɚɬɶ 

ɭɜɟɥɢɱɢɜɚɸɳɢɣɫɹ ɜɨ ɜɪɟɦɟɧɢ ɬɨɤ i(t). ɉɨ ɬɚɛɥɢɰɟ 3.2.1 ɜɢɞɧɨ, ɱɬɨ ɨɫɧɨɜɧɵɟ 

ɷɧɟɪɝɟɬɢɱɟɫɤɢɟ ɩɚɪɚɦɟɬɪɵ ɧɟ ɨɬɥɢɱɚɸɬɫɹ ɫɭɳɟɫɬɜɟɧɧɨ (ɜ ɫɥɭɱɚɟ ɢɫɩɨɥɶɡɨɜɚɧɢɹ 

ɝɪɚɮɢɬɢɡɚɰɢɢ ɩɪɢɫɭɬɫɬɜɭɟɬ ɞɚɠɟ ɧɟɤɨɬɨɪɨɟ ɫɧɢɠɟɧɢɟ ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ 

ɩɚɪɚɦɟɬɪɨɜ), ɱɬɨ ɩɨɡɜɨɥɹɟɬ ɫɪɚɜɧɢɜɚɬɶ ɪɟɡɭɥɶɬɚɬɵ ɩɪɨɜɟɞɟɧɧɵɯ ɫɟɪɢɣ 

ɷɤɫɩɟɪɢɦɟɧɬɨɜ. ɉɪɢ ɧɚɥɢɱɢɢ ɧɟɤɨɬɨɪɵɯ ɧɟɡɧɚɱɢɬɟɥɶɧɵɯ ɨɬɥɢɱɢɣ ɨɫɰɢɥɥɨɝɪɚɦɦ 

ɬɨɤɚ ɢ ɧɚɩɪɹɠɟɧɢɹ ɜ ɪɚɛɨɱɟɦ ɪɟɠɢɦɟ ɧɚɛɥɸɞɚɸɬɫɹ ɜɚɠɧɵɟ ɨɬɥɢɱɢɹ ɜ 

ɨɫɰɢɥɥɨɝɪɚɦɦɚɯ ɜ ɞɨɤɨɦɦɭɬɚɰɢɨɧɧɨɦ ɩɟɪɢɨɞɟ. 

ȼ ɫɥɭɱɚɟ (1) ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɭɝɥɟɜɨɥɨɤɨɧ ɧɚɱɚɥɶɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ 

ɤɨɬɨɪɵɯ R0 ɫɨɫɬɚɜɥɹɟɬ ɩɨɪɹɞɤɚ 1,0 Ɉɦ, ɬɨɤ ɪɚɡɪɹɞɚ ɧɚɱɢɧɚɟɬ ɩɪɨɬɟɤɚɬɶ ɫ ɦɨɦɟɧɬɚ 

t = 0 ɩɪɢɥɨɠɟɧɢɹ ɧɚɩɪɹɠɟɧɢɹ, ɤɚɤ ɜɢɞɧɨ ɧɚ ɪɢɫɭɧɤɟ 3.3.2 (ɤɪɢɜɵɟ 1). ɗɬɨ 

ɩɪɢɜɨɞɢɬ ɤ ɷɥɟɤɬɪɢɱɟɫɤɨɦɭ ɜɡɪɵɜɭ ɩɪɨɜɨɞɧɢɤɨɜ – ɭɝɥɟɪɨɞɧɵɯ ɜɨɥɨɤɨɧ. ɉɨɞ 

ɞɟɣɫɬɜɢɟɦ ɜɨɡɧɢɤɲɟɝɨ ɢɦɩɭɥɶɫɚ ɦɨɳɧɨɫɬɢ, ɩɨɤɚɡɚɧɧɨɝɨ ɧɚ ɪɢɫɭɧɤɟ 3.3.2,ɜ, ɝ, 

ɩɪɨɢɫɯɨɞɢɬ ɜɵɛɪɨɫ ɢɡ ɄɎɉɋ ɩɨɪɨɲɤɨɨɛɪɚɡɧɨɣ ɦɚɫɫɵ ɩɪɟɤɭɪɫɨɪɨɜ Si+ɋ, ɱɬɨ 

ɭɦɟɧɶɲɚɟɬ ɜɟɪɨɹɬɧɨɫɬɶ ɢɯ ɩɨɥɧɨɣ ɜɨɡɝɨɧɤɢ ɜ ɩɥɚɡɦɟɧɧɨɟ ɫɨɫɬɨɹɧɢɟ ɢ ɜɵɫɨɤɨ-

ɷɮɮɟɤɬɢɜɧɨɝɨ ɩɪɨɬɟɤɚɧɢɹ ɜ ɞɚɥɶɧɟɣɲɟɦ ɩɥɚɡɦɨɯɢɦɢɱɟɫɤɨɝɨ ɫɢɧɬɟɡɚ ȕ-SiC. 

ȼɟɪɨɹɬɧɚɹ ɮɟɧɨɦɟɧɨɥɨɝɢɱɟɫɤɚɹ ɦɨɞɟɥɶ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɜɡɪɵɜɚ ɭɝɥɟɜɨɥɨɤɨɧ 

ɩɪɟɞɫɬɚɜɥɟɧɚ ɧɚ ɪɢɫɭɧɤɟ 3.2.3,ɚ. Ⱦɥɢɬɟɥɶɧɨɫɬɶ ɷɥɟɤɬɪɨɜɡɪɵɜɧɨɝɨ ɢɦɩɭɥɶɫɚ 

ɦɨɳɧɨɫɬɢ ɚɦɩɥɢɬɭɞɨɣ ɞɨ 80 Ɇȼɬ ɫɨɫɬɚɜɥɹɟɬ ɨɤɨɥɨ 10 ɦɤɫ. Ɍɨɤ ɞɨɫɬɢɝɚɟɬ ɭɪɨɜɧɹ 

ɜ ɧɟɫɤɨɥɶɤɨ ɤɢɥɨɚɦɩɟɪ ɢ ɫɧɢɠɚɟɬɫɹ ɩɪɚɤɬɢɱɟɫɤɢ ɞɨ ɧɭɥɹ. ɉɨɫɥɟ ɷɬɨɝɨ ɩɪɨɢɫɯɨɞɢɬ 

ɩɨɜɬɨɪɧɵɣ ɩɪɨɛɨɣ ɢɨɧɢɡɢɪɨɜɚɧɧɨɝɨ ɩɪɨɦɟɠɭɬɤɚ ɢ ɮɨɪɦɢɪɨɜɚɧɢɟ ɞɭɝɨɜɨɣ ɫɬɚɞɢɢ 

ɪɚɡɪɹɞɚ ɫ ɩɨɜɵɲɟɧɧɵɦ ɭɪɨɜɧɟɦ ɦɨɳɧɨɫɬɢ ɧɚ ɧɚɱɚɥɶɧɨɦ ɷɬɚɩɟ ɭɫɤɨɪɟɧɢɹ 

ɩɥɚɡɦɟɧɧɨɣ ɫɬɪɭɤɬɭɪɵ. 
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Ɋɢɫɭɧɨɤ 3.2.3 – Ɏɟɧɨɦɟɧɨɥɨɝɢɱɟɫɤɢɟ ɦɨɞɟɥɢ ɜɨɡɝɨɧɤɢ ɩɪɟɤɭɪɫɨɪɨɜ ɜ ɫɥɭɱɚɟ 

ɢɧɢɰɢɢɪɨɜɚɧɢɹ ɩɥɚɡɦɟɧɧɨɝɨ ɩɨɬɨɤɚ ɩɨɫɪɟɞɫɬɜɨɦ ɭɝɥɟɪɨɞɧɵɯ ɜɨɥɨɤɨɧ (ɚ) ɢ 

ɝɪɚɮɢɬɢɡɚɰɢɢ (ɛ). ɗɬɚɩɵ ɜɨɡɝɨɧɤɢ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɭɝɥɟɪɨɞɧɵɯ ɜɨɥɨɤɨɧ: 

1 – ɢɫɯɨɞɧɨɟ ɫɨɫɬɨɹɧɢɟ (ɬɨɥɫɬɵɟ ɥɢɧɢɢ – ɭɝɥɟɪɨɞɧɵɟ ɜɨɥɨɤɧɚ), 2 – ɷɥɟɤɬɪɢɱɟɫɤɢɣ 

ɜɡɪɵɜ ɜɨɥɨɤɨɧ, 3 – ɨɛɪɚɡɨɜɚɧɢɟ ɞɭɝɨɜɨɝɨ ɪɚɡɪɹɞɚ ɢ ɞɜɢɠɟɧɢɟ ɨɛɪɚɡɨɜɚɜɲɟɣɫɹ 

ɩɥɚɡɦɟɧɧɨɣ ɫɬɪɭɢ (ɬɨɧɤɢɟ ɱɟɪɧɵɟ ɥɢɧɢɢ ɫɡɚɞɢ – ɝɪɚɧɢɰɵ ɩɥɚɡɦɟɧɧɨɝɨ ɩɨɬɨɤɚ, 

ɬɨɥɫɬɵɟ ɱɟɪɧɵɟ ɥɢɧɢɢ – ɝɨɥɨɜɧɚɹ ɭɞɚɪɧɚɹ ɜɨɥɧɚ). ɗɬɚɩɵ ɜɨɡɝɨɧɤɢ ɩɪɢ 

ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɝɪɚɮɢɬɢɡɚɰɢɢ: 1 – ɧɚɱɚɥɶɧɨɟ ɫɨɫɬɨɹɧɢɟ (ɬɨɥɫɬɵɟ ɥɢɧɢɢ – ɫɥɨɣ 

ɝɪɚɮɢɬɨɜɨɝɨ ɚɷɪɨɡɨɥɹ), 2 – ɩɪɨɰɟɫɫ ɩɪɟɞɵɨɧɢɡɚɰɢɢ (ɬɨɥɫɬɵɟ ɢ ɬɨɧɤɢɟ ɥɢɧɢɢ 

ɜɧɭɬɪɢ ɄɎɉɋ – ɤɚɧɚɥɵ ɩɨɜɵɲɟɧɧɨɣ ɩɪɨɜɨɞɢɦɨɫɬɢ), 3 – ɨɛɪɚɡɨɜɚɧɢɟ «ɝɨɪɹɱɢɯ 

ɬɨɱɟɤ» (Θmax) ɢ ɬɟɩɥɨɜɨɣ ɩɪɨɛɨɣ 

ȼ ɫɥɭɱɚɟ (ɛ) ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɝɪɚɮɢɬɢɡɚɰɢɢ ɩɨɜɟɪɯɧɨɫɬɢ ɢɡɨɥɹɬɨɪɚ ɩɪɢ 

R0 ɨɤɨɥɨ 10000 Ɉɦ ɷɥɟɤɬɪɨɜɡɪɵɜɚ ɧɟ ɩɪɨɢɫɯɨɞɢɬ ɢ ɡɧɚɱɢɬɟɥɶɧɨ ɭɜɟɥɢɱɢɜɚɟɬɫɹ 

ɞɥɢɬɟɥɶɧɨɫɬɶ ɢɧɬɟɪɜɚɥɚ ɜɪɟɦɟɧɢ ɞɨ ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɝɨ ɦɨɦɟɧɬɚ Δt2, ɤɚɤ ɷɬɨ ɜɢɞɧɨ 

ɧɚ ɪɢɫɭɧɤɟ 3.2.2 (ɤɪɢɜɵɟ 2). ɉɪɨɬɟɤɚɸɳɢɟ ɜ ɬɟɱɟɧɢɟ ɷɬɨɝɨ ɩɟɪɢɨɞɚ ɜɪɟɦɟɧɢ ɞɨ Δt2 

ɩɪɨɰɟɫɫɵ ɯɨɪɨɲɨ ɨɩɢɫɵɜɚɸɬɫɹ ɬɟɨɪɢɟɣ ɬɟɩɥɨɜɨɝɨ ɩɪɨɛɨɹ, ɨɛɭɫɥɨɜɥɟɧɧɨɝɨ 

ɬɟɩɥɨɜɵɦɢ ɩɪɨɰɟɫɫɚɦɢ, ɩɪɨɬɟɤɚɸɳɢɦɢ ɜ ɦɚɬɟɪɢɚɥɟ ɩɪɢ ɜɨɡɞɟɣɫɬɜɢɢ ɧɚ ɧɟɝɨ 

ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɥɹ. ɗɬɨɬ ɜɢɞ ɩɪɨɛɨɹ ɩɪɨɢɫɯɨɞɢɬ ɩɪɢ ɩɨɜɵɲɟɧɧɨɣ 

ɩɪɨɜɨɞɢɦɨɫɬɢ ɬɜɟɪɞɵɯ ɞɢɷɥɟɤɬɪɢɤɨɜ ɢ ɛɨɥɶɲɢɯ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɨɬɟɪɹɯ ɜ 
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ɪɟɡɭɥɶɬɚɬɟ ɩɪɨɬɟɤɚɧɢɹ ɬɨɤɚ ɜɧɭɬɪɢ ɞɢɷɥɟɤɬɪɢɤɚ Д141Ж. ɋɨɫɬɚɜ ɦɟɠɷɥɟɤɬɪɨɞɧɨɝɨ 

ɩɪɨɫɬɪɚɧɫɬɜɚ ɷɥɟɤɬɪɢɱɟɫɤɢ ɧɟɨɞɧɨɪɨɞɟɧ, ɩɨɫɤɨɥɶɤɭ ɭɝɥɟɪɨɞɧɵɣ ɫɥɨɣ ɩɟɪɟɦɵɱɤɢ 

ɢ ɦɚɬɟɪɢɚɥ ɩɪɟɤɭɪɫɨɪɨɜ, ɡɚɤɥɚɞɵɜɚɟɦɵɯ ɜ ɄɎɉɋ, ɨɛɥɚɞɚɸɬ ɩɪɨɜɨɞɢɦɨɫɬɶɸ. ɉɪɢ 

ɩɨɞɚɱɟ ɧɚɩɪɹɠɟɧɢɹ ɜɨɡɧɢɤɚɟɬ ɦɧɨɠɟɫɬɜɨ ɞɢɫɤɪɟɬɧɵɯ ɤɚɧɚɥɨɜ ɩɨɜɵɲɟɧɧɨɣ 

ɩɪɨɜɨɞɢɦɨɫɬɢ, ɨɛɟɫɩɟɱɢɜɚɸɳɢɯ Ⱦɠɨɭɥɟɜ ɪɚɡɨɝɪɟɜ ɩɟɪɟɦɵɱɤɢ ɢ ɦɚɫɫɵ 

ɩɪɟɤɭɪɫɨɪɨɜ ɜ ɄɎɉɋ. ɗɬɨ ɩɪɢɜɨɞɢɬ ɤ ɟɳɟ ɛɨɥɶɲɟɦɭ ɧɚɪɚɫɬɚɧɢɸ ɬɨɤɚ ɜ ɰɟɩɢ, ɬɚɤ 

ɤɚɤ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɦɟɠɷɥɟɤɬɪɨɞɧɨɝɨ ɭɱɚɫɬɤɚ ɪɟɡɤɨ (ɷɤɫɩɨɧɟɧɰɢɚɥɶɧɨ) 

ɭɦɟɧɶɲɚɟɬɫɹ. ɉɪɨɢɫɯɨɞɢɬ ɧɚɪɭɲɟɧɢɟ ɬɟɩɥɨɜɨɝɨ ɪɚɜɧɨɜɟɫɢɹ, ɩɪɨɰɟɫɫ ɫɬɚɧɨɜɢɬɫɹ 

ɥɚɜɢɧɨɨɛɪɚɡɧɵɦ: ɩɪɨɜɨɞɢɦɨɫɬɶ ɢ ɬɟɦɩɟɪɚɬɭɪɚ ɜɡɚɢɦɧɨ «ɪɚɫɤɚɱɢɜɚɸɬ» ɞɪɭɝ 

ɞɪɭɝɚ. ȼ ɢɬɨɝɟ ɩɪɨɢɫɯɨɞɢɬ ɞɚɥɶɧɟɣɲɟɟ ɧɚɪɚɫɬɚɧɢɟ ɬɟɩɥɚ ɜɩɥɨɬɶ ɞɨ ɦɨɦɟɧɬɚ, 

ɤɨɝɞɚ ɤɨɥɢɱɟɫɬɜɨ ɬɟɩɥɨɬɵ, ɤɨɬɨɪɨɟ ɜɵɞɟɥɹɟɬɫɹ ɜ ɨɛɴɟɦɟ ɄɎɉɋ ɡɚ ɫɱɟɬ 

ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɨɬɟɪɶ, ɩɪɟɜɵɲɚɟɬ ɤɨɥɢɱɟɫɬɜɨ ɬɟɩɥɨɬɵ, ɤɨɬɨɪɨɟ ɫɢɫɬɟɦɚ 

ɫɩɨɫɨɛɧɚ ɪɚɫɫɟɢɜɚɬɶ ɜ ɬɟɤɭɳɢɯ ɭɫɥɨɜɢɹɯ Д142Ж. ɗɬɨ ɦɨɦɟɧɬ ɬɟɩɥɨɜɨɝɨ ɪɚɡɪɭɲɟɧɢɹ 

ɦɚɬɟɪɢɚɥɚ, ɢɧɵɦɢ ɫɥɨɜɚɦɢ, ɜɨɡɧɢɤɚɟɬ ɬɟɩɥɨɜɨɣ ɩɪɨɛɨɣ Д143Ж ɫ ɩɨɫɥɟɞɭɸɳɢɦ 

ɮɨɪɦɢɪɨɜɚɧɢɟɦ ɩɥɚɡɦɟɧɧɨɣ ɫɬɪɭɤɬɭɪɵ ɞɭɝɨɜɨɝɨ ɪɚɡɪɹɞɚ. 

Ɏɟɧɨɦɟɧɨɥɨɝɢɱɟɫɤɚɹ ɤɚɪɬɢɧɚ ɪɚɡɜɢɬɢɹ ɬɟɩɥɨɜɨɝɨ ɩɪɨɛɨɹ ɩɪɢɜɟɞɟɧɚ ɧɚ 

ɪɢɫɭɧɤɟ 3.2.3,ɛ. ɇɚ ɧɟɣ ɥɢɧɢɹɦɢ ɩɨɤɚɡɚɧɵ ɩɨɥɟ ɝɪɚɞɢɟɧɬɚ ɬɟɦɩɟɪɚɬɭɪɵ ɢ ɤɚɧɚɥɵ 

ɩɨɜɵɲɟɧɧɨɣ ɩɪɨɜɨɞɢɦɨɫɬɢ. ɇɚɥɢɱɢɟ ɝɪɚɞɢɟɧɬɚ ɬɟɦɩɟɪɚɬɭɪ ɩɨ ɬɨɥɳɢɧɟ ɫɦɟɫɢ ɜ 

ɄɎɉɋ ɜɟɞɟɬ ɤ ɢɫɤɚɠɟɧɢɸ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɥɹ. ȼ ɢɬɨɝɟ ɤɚɧɚɥɵ ɩɨɜɵɲɟɧɧɨɣ 

ɩɪɨɜɨɞɢɦɨɫɬɢ ɫɥɢɜɚɸɬɫɹ, ɩɨɹɜɥɹɸɬɫɹ ɬɚɤ ɧɚɡɵɜɚɟɦɵɟ «ɝɨɪɹɱɢɟ ɬɨɱɤɢ» («hot 

spots») Д144Ж. Ʉɚɧɚɥ ɬɟɩɥɨɜɨɝɨ ɩɪɨɛɨɹ ɪɚɡɜɢɜɚɟɬɫɹ ɢɦɟɧɧɨ ɨɬ ɬɚɤɢɯ ɝɨɪɹɱɢɯ ɬɨɱɟɤ 

ɤ ɷɥɟɤɬɪɨɞɚɦ. ɋɜɨɸ ɪɨɥɶ ɜ ɬɟɩɥɨɜɨɦ ɩɪɨɛɨɟ ɦɨɠɟɬ ɢɝɪɚɬɶ ɢ ɩɨɪɢɫɬɨɫɬɶ 

ɩɨɪɨɲɤɨɨɛɪɚɡɧɨɝɨ ɦɚɬɟɪɢɚɥɚ, ɚ ɬɚɤɠɟ ɜɨɡɦɨɠɧɨɟ ɧɚɥɢɱɢɟ ɜ ɧɟɦ ɦɨɥɟɤɭɥ 

ɤɢɫɥɨɪɨɞɚ. ȼ ɩɨɪɚɯ ɜɨɡɧɢɤɚɸɬ ɧɚɢɛɨɥɶɲɢɟ ɪɟɥɚɤɫɚɰɢɨɧɧɵɟ ɩɨɬɟɪɢ ɢ ɩɥɨɬɧɨɫɬɶ 

ɬɨɤɚ ɢ ɜɵɞɟɥɹɟɬɫɹ ɛɨɥɶɲɟɟ ɤɨɥɢɱɟɫɬɜɨ ɬɟɩɥɨɬɵ, ɱɬɨ ɦɨɠɟɬ ɩɪɢɜɨɞɢɬɶ ɤ 

ɜɨɡɧɢɤɧɨɜɟɧɢɸ ɢɨɧɢɡɚɰɢɨɧɧɨɝɨ ɩɪɨɛɨɹ ɤɚɤ ɪɚɡɧɨɜɢɞɧɨɫɬɢ ɬɟɩɥɨɜɨɝɨ ɩɪɨɛɨɹ 

[145, 146]. 

ȼɪɟɦɹ ɪɚɡɜɢɬɢɹ ɬɟɩɥɨɜɨɝɨ ɩɪɨɛɨɹ ɨɰɟɧɢɜɚɟɬɫɹ ɩɨ ɮɨɪɦɭɥɟ (3.2.1): 
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ɉɪɢ ɧɚɩɪɹɠɟɧɧɨɫɬɢ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɥɹ ɜ ɄɎɉɋ E = 3∙105
 ȼ/ɦ ɢ 

ɬɟɨɪɟɬɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɚɯ ɤɪɟɦɧɢɹ (ɭɞɟɥɶɧɚɹ ɩɪɨɜɨɞɢɦɨɫɬɶ Ȗ = 833,3 Ɉɦ-1∙ɦ-1
, 

ɬɟɦɩɟɪɚɬɭɪɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ α = 1,7∙10-3
 Ʉ-1, ɭɞɟɥɶɧɚɹ ɬɟɩɥɨɟɦɤɨɫɬɶ c = 

714 Ⱦɠ/ɤɝ∙Ʉ, ɩɥɨɬɧɨɫɬɶ ρ = 2328 ɤɝ/ɦ3) ɪɚɫɱɟɬɧɨɟ ɜɪɟɦɹ ɜɨɡɧɢɤɧɨɜɟɧɢɹ ɩɪɨɛɨɹ 

ɫɨɫɬɚɜɥɹɟɬ tɩɪ = 54,6∙10-6
 ɫ, ɱɬɨ ɫɨɩɨɫɬɚɜɢɦɨ ɫɨ ɜɪɟɦɟɧɟɦ Δt2 = 68 ɦɤɫ, 

ɨɩɪɟɞɟɥɟɧɧɵɦ ɩɨ ɨɫɰɢɥɥɨɝɪɚɦɦɚɦ ɪɟɚɥɶɧɨɝɨ ɩɪɨɰɟɫɫɚ. ɗɬɨ ɫɜɢɞɟɬɟɥɶɫɬɜɭɟɬ ɨ 

ɬɟɩɥɨɜɨɦ ɯɚɪɚɤɬɟɪɟ ɩɪɨɛɨɹ ɜ ɄɎɉɋ ɩɪɢ ɢɧɢɰɢɢɪɨɜɚɧɢɢ ɞɭɝɨɜɨɝɨ ɪɚɡɪɹɞɚ ɫ 

ɩɨɦɨɳɶɸ ɝɪɚɮɢɬɢɡɚɰɢɢ ɩɨɜɟɪɯɧɨɫɬɢ ɢɡɨɥɹɬɨɪɚ ɜ ɭɫɥɨɜɢɹɯ ɡɚɩɨɥɧɟɧɢɹ ɄɎɉɋ 

ɫɦɟɫɶɸ ɩɪɟɤɭɪɫɨɪɨɜ Si+C. ɉɪɢ ɷɬɨɦ ɩɪɨɢɫɯɨɞɢɬ ɧɚɝɪɟɜ ɢ ɩɟɪɟɜɨɞ ɜ ɩɥɚɡɦɟɧɧɨɟ, 

ɯɢɦɢɱɟɫɤɢ ɚɤɬɢɜɧɨɟ ɫɨɫɬɨɹɧɢɟ ɜɫɟɣ ɦɚɫɫɵ ɩɨɪɨɲɤɨɨɛɪɚɡɧɵɯ ɩɪɟɤɭɪɫɨɪɨɜ ɡɚ 

ɜɪɟɦɹ ɪɚɡɜɢɬɢɹ ɬɟɩɥɨɜɨɝɨ ɩɪɨɛɨɹ ɢɥɢ ɜɪɟɦɹ ɩɪɟɞɵɨɧɢɡɚɰɢɢ. ȼɨɡɧɢɤɧɨɜɟɧɢɟ ɜ 

ɞɚɧɧɨɣ ɫɢɫɬɟɦɟ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɪɨɛɨɹ ɢɫɤɥɸɱɟɧɨ, ɩɨɫɤɨɥɶɤɭ ɨɧ ɜɨɡɧɢɤɚɟɬ ɜ 

ɦɚɬɟɪɢɚɥɟ ɬɨɝɞɚ, ɤɨɝɞɚ ɩɨɥɧɨɫɬɶɸ ɢɫɤɥɸɱɟɧɵ ɧɟ ɬɨɥɶɤɨ ɬɟɩɥɨɜɵɟ ɩɪɨɰɟɫɫɵ ɜ 

ɧɟɦ, ɧɨ ɢ ɭɫɬɪɚɧɟɧɵ ɬɚɤɢɟ ɩɨɛɨɱɧɵɟ ɩɪɢɱɢɧɵ, ɤɚɤ ɩɨɜɟɪɯɧɨɫɬɧɵɟ ɪɚɡɪɹɞɵ, 

ɢɨɧɢɡɚɰɢɹ ɜɨɡɞɭɲɧɵɯ ɜɤɥɸɱɟɧɢɣ ɜ ɫɚɦɨɦ ɞɢɷɥɟɤɬɪɢɤɟ Д147Ж. 

ɉɨɥɭɱɟɧɧɵɟ ɜ ɩɪɨɰɟɫɫɟ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɫ ɪɚɡɧɵɦ ɫɩɨɫɨɛɨɦ ɢɧɢɰɢɢɪɨɜɚɧɢɹ 

ɩɨɪɨɲɤɨɨɛɪɚɡɧɵɟ ɩɪɨɞɭɤɬɵ ɢɫɫɥɟɞɨɜɚɧɵ ɦɟɬɨɞɨɦ XRD. ɇɚ ɪɢɫɭɧɤɟ 3.2.4 

ɩɪɢɜɟɞɟɧɵ ɜ ɫɪɚɜɧɟɧɢɢ XRD-ɤɚɪɬɢɧɵ. ɋɨɜɨɤɭɩɧɨɫɬɶ ɤɨɝɟɪɟɧɬɧɵɯ ɪɟɮɥɟɤɫɨɜ 

ɩɨɤɚɡɵɜɚɟɬ ɫɨɞɟɪɠɚɧɢɟ ɜ ɩɪɨɞɭɤɬɟ ɫɢɧɬɟɡɚ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɮɚɡ, ɧɚɛɨɪ ɤɨɬɨɪɵɯ 

ɩɨɥɧɨɫɬɶɸ ɢɞɟɧɬɢɱɟɧ ɫɨɫɬɚɜɭ, ɢɞɟɧɬɢɮɢɰɢɪɨɜɚɧɧɨɦɭ ɜ ɪɚɡɞɟɥɟ 3.1.1. ɋɨɝɥɚɫɧɨ 

ɞɚɧɧɵɦ ɊɋȺ ɩɪɨɞɭɤɬɨɜ (ɬɚɛɥɢɰɚ 3.2.2), ɜ ɫɥɭɱɚɟ ɝɪɚɮɢɬɢɡɚɰɢɢ ɢɦɟɟɬ ɦɟɫɬɨ 

ɡɧɚɱɢɬɟɥɶɧɨɟ ɩɨɜɵɲɟɧɢɟ ɫɨɞɟɪɠɚɧɢɹ ɮɚɡɵ ȕ-SiC ɩɪɢ ɦɢɧɢɦɚɥɶɧɨɦ ɫɨɞɟɪɠɚɧɢɢ 

ɧɟɩɪɨɪɟɚɝɢɪɨɜɚɜɲɢɯ ɩɪɟɤɭɪɫɨɪɨɜ. ɗɬɨ ɫɜɹɡɚɧɨ ɫ ɢɡɦɟɧɟɧɢɟɦ ɯɚɪɚɤɬɟɪɚ ɩɟɪɢɨɞɚ 

ɩɪɟɞɵɨɧɢɡɚɰɢɢ: ɩɪɨɰɟɫɫ, ɛɥɢɡɤɢɣ ɤ ɷɥɟɤɬɪɨɜɡɪɵɜɭ ɜ ɫɥɭɱɚɟ ɢɫɩɨɥɶɡɨɜɚɧɢɹ 

ɭɝɥɟɜɨɥɨɤɨɧ, ɫɩɨɫɨɛɫɬɜɭɟɬ ɪɟɡɤɨɦɭ ɜɵɛɪɨɫɭ ɩɨɪɨɲɤɨɨɛɪɚɡɧɨɣ ɦɚɫɫɵ ɜ 

ɭɫɤɨɪɢɬɟɥɶɧɵɣ ɤɚɧɚɥ ɢ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ ɦɟɧɟɟ ɷɮɮɟɤɬɢɜɧɨɦɭ ɜɨɜɥɟɱɟɧɢɸ 

ɩɪɟɤɭɪɫɨɪɨɜ ɜ ɯɢɦɢɱɟɫɤɭɸ ɪɟɚɤɰɢɸ; ɜ ɫɥɭɱɚɟ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɝɪɚɮɢɬɢɡɚɰɢɢ 

ɭɞɚɟɬɫɹ ɭɠɟ ɧɚ ɫɬɚɞɢɢ ɩɪɟɞɵɨɧɢɡɚɰɢɢ ɩɪɨɜɟɫɬɢ ɚɤɬɢɜɚɰɢɸ ɢɫɯɨɞɧɨɝɨ ɫɵɪɶɹ ɢ 

ɛɨɥɟɟ ɩɥɚɜɧɨ ɜɜɟɫɬɢ ɟɝɨ ɜ ɡɨɧɭ ɯɢɦɢɱɟɫɤɨɣ ɪɟɚɤɰɢɢ. Ɋɚɡɥɢɱɢɟ ɜ ɫɬɟɩɟɧɢ ɜɜɨɞɚ 

ɩɪɟɤɭɪɫɨɪɨɜ ɜ ɯɢɦɢɱɟɫɤɭɸ ɪɟɚɤɰɢɸ ɩɨɞɬɜɟɪɠɞɚɟɬɫɹ ɦɧɨɝɨɤɪɚɬɧɵɦ ɭɦɟɧɶɲɟɧɢɟɦ 
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ɪɚɫɱɟɬɧɨɣ ɜɟɥɢɱɢɧɵ ɈɄɊ ɤɪɟɦɧɢɹ ɜ ɫɥɭɱɚɟ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɝɪɚɮɢɬɢɡɚɰɢɢ. ɗɬɨ 

ɨɡɧɚɱɚɟɬ, ɱɬɨ ɩɪɢ ɩɪɢɦɟɧɟɧɢɢ ɭɝɥɟɜɨɥɨɤɨɧ ɢɫɯɨɞɧɵɟ ɩɪɟɤɭɪɫɨɪɵ, ɜ ɱɚɫɬɧɨɫɬɢ 

ɤɪɟɦɧɢɣ, ɱɚɫɬɢɱɧɨ ɛɵɥɢ ɜɵɛɪɨɲɟɧɵ ɜ ɭɫɤɨɪɢɬɟɥɶɧɵɣ ɤɚɧɚɥ ɢɡ ɄɎɉɋ ɜ 

ɪɟɡɭɥɶɬɚɬɟ ɢɦɩɭɥɶɫɚ ɦɨɳɧɨɫɬɢ, ɩɨɷɬɨɦɭ ɜ ɤɨɧɟɱɧɨɦ ɩɪɨɞɭɤɬɟ ɩɪɢɫɭɬɫɬɜɭɸɬ 

ɤɪɭɩɧɵɟ ɱɚɫɬɢɰɵ ɧɟɩɪɨɪɟɚɝɢɪɨɜɚɜɲɟɝɨ ɤɪɟɦɧɢɹ. 

 

Ɋɢɫɭɧɨɤ 3.2.4 – XRD-ɤɚɪɬɢɧɵ ɩɪɨɞɭɤɬɨɜ, ɫɢɧɬɟɡɢɪɨɜɚɧɧɵɯ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ 

ɭɝɥɟɜɨɥɨɤɨɧ ɢ ɝɪɚɮɢɬɢɡɚɰɢɢ 

Ɍɚɛɥɢɰɚ 3.2.2 – Ɋɟɡɭɥɶɬɚɬɵ ɊɋȺ ɩɪɨɞɭɤɬɨɜ ɫɢɧɬɟɡɚ 

№ ɋɩɨɫɨɛ ɢɧɢɰɢɚɰɢɢ 
 Ɏɚɡɨɜɵɣ ɫɨɫɬɚɜ; ɈɄɊ 

s = Rwp/Rexp 
 SiC Si C 

1 ɭɝɥɟɜɨɥɨɤɧɚ 
ω, % 50,5 31,7 17,8 Rwp=26,6 

Rexp=17,5 

s = 1,52 ɈɄɊ, ɧɦ 105 98 15 

2 ɝɪɚɮɢɬɢɡɚɰɢɹ 
ω, % 91,7 5,4 2,9 Rwp=28,7 

Rexp=15,1 

s = 1,90 ɈɄɊ, ɧɦ 63 20 22 

Ɋɟɡɭɥɶɬɚɬɵ ɊɋȺ ɩɨɞɬɜɟɪɠɞɚɸɬɫɹ ɚɧɚɥɢɡɨɦ ɩɪɟɞɫɬɚɜɥɟɧɧɵɯ ɧɚ ɪɢɫɭɧɤɟ 

3.2.5 SEM ɢ TEM-ɫɧɢɦɤɨɜ ɩɨɪɨɲɤɨɜ, ɫɢɧɬɟɡɢɪɨɜɚɧɧɵɯ ɩɪɢ ɪɚɡɧɵɯ ɫɩɨɫɨɛɚɯ 

ɢɧɢɰɢɢɪɨɜɚɧɢɹ. Ʉɚɤ SEM, ɬɚɤ ɢ TEM ɦɢɤɪɨɫɧɢɦɤɢ ɞɟɦɨɧɫɬɪɢɪɭɸɬ ɬɢɩɢɱɧɵɟ 

ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɟ ɱɚɫɬɢɰɵ, ɤɨɬɨɪɵɟ ɜ ɨɫɧɨɜɧɨɦ ɢɦɟɸɬ ɪɚɡɦɟɪɵ ɧɟ ɛɨɥɟɟ 500 ɧɦ ɢ 

ɪɚɡɥɢɱɢɦɵɟ ɮɨɪɦɵ ɦɧɨɝɨɝɪɚɧɧɢɤɨɜ. Ɋɚɡɧɢɰɚ ɦɟɠɞɭ ɫɢɧɬɟɡɢɪɨɜɚɧɧɵɦɢ 

ɩɪɨɞɭɤɬɚɦɢ ɡɚɤɥɸɱɚɟɬɫɹ ɜ ɬɨɦ, ɱɬɨ ɩɪɨɞɭɤɬ, ɩɨɥɭɱɟɧɧɵɣ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ 

ɭɝɥɟɜɨɥɨɤɨɧ, ɫɨɞɟɪɠɢɬ ɤɪɭɩɧɵɟ (> 1 ɦɤɦ) ɨɛɴɟɤɬɵ ɧɟɩɪɚɜɢɥɶɧɨɣ ɮɨɪɦɵ (1). 

Ɍɚɤɢɟ ɨɛɴɟɤɬɵ (1) ɢɞɟɧɬɢɮɢɰɢɪɭɸɬɫɹ ɩɨ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɦ SAED ɢ 
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ɬɟɦɧɨɩɨɥɶɧɵɦ ɫɧɢɦɤɚɦ (ɪɢɫɭɧɨɤ 3.2.5,ɜ) ɤɚɤ ɤɭɛɢɱɟɫɤɢɣ ɤɪɟɦɧɢɣ. ɉɨ-ɜɢɞɢɦɨɦɭ, 

ɨɧɢ ɩɪɟɞɫɬɚɜɥɹɸɬ ɫɨɛɨɣ ɞɟɮɨɪɦɢɪɨɜɚɧɧɵɟ ɱɚɫɬɢɰɵ ɢɫɯɨɞɧɨɝɨ 

ɧɟɢɨɧɢɡɢɪɨɜɚɧɧɨɝɨ ɤɪɟɦɧɢɟɜɨɝɨ ɩɪɟɤɭɪɫɨɪɚ, ɤɨɬɨɪɵɣ ɛɵɥ ɜɵɛɪɨɲɟɧ ɢɡ ɄɎɉɋ 

ɩɨɞ ɞɟɣɫɬɜɢɟɦ ɝɟɧɟɪɢɪɭɟɦɨɝɨ ɢɦɩɭɥɶɫɚ ɦɨɳɧɨɫɬɢ. ɇɚɪɹɞɭ ɫ ɤɪɭɩɧɵɦɢ 

ɱɚɫɬɢɰɚɦɢ ɤɪɟɦɧɢɹ ɜ ɩɪɨɞɭɤɬɟ ɫɨɞɟɪɠɚɬɫɹ ɬɢɩɢɱɧɵɟ ɱɚɫɬɢɰɵ ȕ-SiC (2). 

 

Ɋɢɫɭɧɨɤ 3.2.5 – Ɍɢɩɢɱɧɵɟ SEM (ɚ, ɝ) TEM (ɛ, ɜ, ɞ, ɟ) ɢɡɨɛɪɚɠɟɧɢɹ ɩɪɨɞɭɤɬɨɜ, 

ɫɢɧɬɟɡɢɪɨɜɚɧɧɵɯ ɩɪɢ ɢɧɢɰɢɢɪɨɜɚɧɢɢ ɪɚɡɪɹɞɚ ɩɭɬɟɦ ɭɝɥɟɪɨɞɧɵɯ ɜɨɥɨɤɨɧ (ɚ-ɜ) ɢ 

ɝɪɚɮɢɬɢɡɚɰɢɟɣ (ɝ-ɟ) 

ɋɭɞɹ ɩɨ TEM-ɫɧɢɦɤɚɦ ɧɚ ɪɢɫɭɧɤɚɯ 3.2.4, ɞ, ɟ, ɩɪɨɞɭɤɬ, ɫɢɧɬɟɡɢɪɨɜɚɧɧɵɣ ɫ 

ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɝɪɚɮɢɬɢɡɚɰɢɢ, ɜ ɨɫɧɨɜɧɨɦ ɜɤɥɸɱɚɟɬ ɜ ɫɟɛɹ ɱɚɫɬɢɰɵ ɜ ɮɨɪɦɟ 

ɭɫɟɱɟɧɧɵɯ ɩɢɪɚɦɢɞ ɫ ɬɪɟɭɝɨɥɶɧɵɦ ɨɫɧɨɜɚɧɢɟɦ (2), ɥɢɧɟɣɧɵɣ ɪɚɡɦɟɪ ɤɨɬɨɪɵɯ 

ɫɨɫɬɚɜɥɹɟɬ ɞɨ 250 ɧɦ, ɬɨɥɳɢɧɚ – ɞɨ 80 ɧɦ. Ɉɞɧɨɪɨɞɧɵɣ ɯɚɪɚɤɬɟɪ ɦɢɤɪɨɫɬɪɭɤɬɭɪɵ 

ɨɛɪɚɡɰɚ ɩɨɞɬɜɟɪɠɞɚɟɬ SAED, ɤɨɬɨɪɚɹ ɢɦɟɟɬ ɛɨɥɟɟ ɜɵɪɚɠɟɧɧɵɣ ɯɚɪɚɤɬɟɪ ɢ 

ɜɤɥɸɱɚɟɬ ɜ ɫɟɛɹ ɬɨɥɶɤɨ ɫɢɫɬɟɦɭ ɞɟɛɚɟɜɫɤɢɯ ɤɨɥɟɰ ɤɭɛɢɱɟɫɤɨɝɨ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ, 

ɧɨ ɩɪɚɤɬɢɱɟɫɤɢ ɧɟ ɫɨɞɟɪɠɢɬ ɪɟɮɥɟɤɫɨɜ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɢɧɵɦ ɩɨɛɨɱɧɵɦ ɮɚɡɚɦ. 

Ȼɨɥɶɲɢɧɫɬɜɨ ɱɚɫɬɢɰ (2) ɢɞɟɧɬɢɮɢɰɢɪɨɜɚɧɵ ɩɨ ɬɟɦɧɨɩɨɥɶɧɵɦ ɦɢɤɪɨɫɧɢɦɤɚɦ ɤɚɤ 
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ɤɭɛɢɱɟɫɤɢɣ ɤɚɪɛɢɞ ɤɪɟɦɧɢɹ ȕ-SiC. Ʉɪɭɩɧɵɟ ɱɚɫɬɢɰɵ ɢɫɯɨɞɧɨɝɨ ɤɪɟɦɧɢɹ ɜ 

ɩɪɨɞɭɤɬɟ ɨɬɫɭɬɫɬɜɭɸɬ. Ʉɪɨɦɟ ɬɨɝɨ, ɜ ɫɥɭɱɚɟ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɝɪɚɮɢɬɢɡɚɰɢɢ 

ɱɚɫɬɢɰɵ ɩɪɨɞɭɤɬɚ ɩɨɥɭɱɚɸɬɫɹ ɛɨɥɟɟ «ɨɮɨɪɦɥɟɧɧɵɦɢ» ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ 

ɭɫɬɚɧɨɜɥɟɧɧɵɦɢ ɮɨɪɦɚɦɢ ɞɥɹ ɫɜɨɟɣ ɫɢɧɝɨɧɢɢ, ɱɬɨ ɩɨɞɱɟɪɤɢɜɚɟɬɫɹ ɨɬɱɟɬɥɢɜɵɦɢ 

ɷɤɫɬɢɧɤɰɢɨɧɧɵɦɢ ɤɨɧɬɭɪɚɦɢ ɢ, ɩɨ-ɜɢɞɢɦɨɦɭ, ɬɚɤɠɟ ɫɜɹɡɚɧɨ ɫ ɩɨɞɝɨɬɨɜɤɨɣ ɧɚ 

ɷɬɚɩɟ ɩɪɟɞɵɨɧɢɡɚɰɢɢ. 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɢɡɦɟɧɟɧɢɟ ɫɩɨɫɨɛɚ ɢɧɢɰɢɢɪɨɜɚɧɢɹ ɩɥɚɡɦɟɧɧɨɣ ɫɬɪɭɢ 

ɜɥɢɹɟɬ, ɩɪɟɠɞɟ ɜɫɟɝɨ, ɧɚ ɜɪɟɦɹ ɛɟɫɬɨɤɨɜɨɣ ɩɚɭɡɵ Δt. ȼ ɫɥɭɱɚɟ ɢɫɩɨɥɶɡɨɜɚɧɢɹ 

ɭɝɥɟɜɨɥɨɤɨɧ ɧɚɛɥɸɞɚɟɬɫɹ ɩɪɨɰɟɫɫ, ɛɥɢɡɤɢɣ ɤ ɷɥɟɤɬɪɨɜɡɪɵɜɭ ɩɪɨɜɨɞɧɢɤɨɜ ɫ 

ɩɨɫɥɟɞɭɸɳɢɦ ɱɚɫɬɢɱɧɵɦ ɜɵɛɪɨɫɨɦ ɢɫɯɨɞɧɨɣ ɩɨɪɨɲɤɨɨɛɪɚɡɧɨɣ ɦɚɫɫɵ ɢɡ ɄɎɉɋ 

ɜ ɍɄ, ɱɬɨ ɩɪɢɜɨɞɢɬ ɤ ɧɟɩɨɥɧɨɣ ɢɨɧɢɡɚɰɢɢ ɩɪɟɤɭɪɫɨɪɨɜ ɢ ɩɨɧɢɠɟɧɧɨɦɭ 

ɫɨɞɟɪɠɚɧɢɸ ɮɚɡɵ ȕ-SiC ɜ ɫɨɫɬɚɜɟ ɩɪɨɞɭɤɬɚ ɩɪɢ ɩɪɢɫɭɬɫɬɜɢɢ ɤɪɭɩɧɵɯ ɱɚɫɬɢɰ 

ɤɪɟɦɧɢɹ. ɉɪɢɦɟɧɟɧɢɟ ɝɪɚɮɢɬɢɡɚɰɢɢ ɩɪɢɜɨɞɢɬ ɤ ɭɜɟɥɢɱɟɧɢɸ ɜɪɟɦɟɧɢ Δt ɢ 

ɩɪɟɞɵɨɧɢɡɚɰɢɢ ɩɪɟɤɭɪɫɨɪɨɜ ɧɚ ɷɬɚɩɟ ɮɨɪɦɢɪɨɜɚɧɢɹ ɞɭɝɨɜɨɝɨ ɪɚɡɪɹɞɚ, ɛɨɥɟɟ 

ɩɨɥɧɨɦɭ ɩɪɨɬɟɤɚɧɢɸ ɯɢɦɢɱɟɫɤɨɣ ɪɟɚɤɰɢɢ ɢ ɜɨɡɪɚɫɬɚɧɢɸ ɫɨɞɟɪɠɚɧɢɹ ȕ-SiC. 

Ʉɪɨɦɟ ɬɨɝɨ, ɫɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ ɜɵɫɨɤɭɸ ɬɟɯɧɨɥɨɝɢɱɧɨɫɬɶ ɫɩɨɫɨɛɚ ɢɧɢɰɢɢɪɨɜɚɧɢɹ 

ɫ ɝɪɚɮɢɬɢɡɚɰɢɟɣ ɩɨɜɟɪɯɧɨɫɬɢ ɢɡɨɥɹɬɨɪɚ, ɨɛɟɫɩɟɱɢɜɚɸɳɟɝɨ ɩɪɨɫɬɨɬɭ ɩɨɞɝɨɬɨɜɤɢ 

ɭɫɤɨɪɢɬɟɥɹ ɢ ɧɚɞɟɠɧɨɫɬɶ ɟɝɨ ɪɚɛɨɬɵ. 
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3.3. ȼɥɢɹɧɢɟ ɧɚɱɚɥɶɧɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɪɚɡɪɭɲɚɟɦɨɣ ɭɝɥɟɪɨɞɧɨɣ 

ɩɟɪɟɦɵɱɤɢ ɧɚ ɩɪɨɰɟɫɫ ɢ ɩɪɨɞɭɤɬ ɩɥɚɡɦɨɞɢɧɚɦɢɱɟɫɤɨɝɨ ɫɢɧɬɟɡɚ 

 

ȼ ɩɪɨɰɟɫɫɟ ɩɪɨɜɟɞɟɧɢɹ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɫ ɢɡɦɟɧɟɧɢɟɦ ɫɩɨɫɨɛɚ 

ɢɧɢɰɢɢɪɨɜɚɧɢɹ ɞɭɝɨɜɨɝɨ ɪɚɡɪɹɞɚ ɜɨɡɧɢɤɥɚ ɡɚɞɚɱɚ ɨɩɬɢɦɢɡɚɰɢɢ ɩɪɨɰɟɫɫɚ 

ɩɪɟɞɵɨɧɢɡɚɰɢɢ. ɉɨ-ɜɢɞɢɦɨɦɭ, ɞɥɢɬɟɥɶɧɨɫɬɶ ɢ ɯɚɪɚɤɬɟɪ ɩɪɨɰɟɫɫɚ ɩɪɟɞɵɨɧɢɡɚɰɢɢ 

ɞɨɥɠɧɵ ɡɚɜɢɫɟɬɶ ɨɬ ɧɚɱɚɥɶɧɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ R0 ɪɚɡɪɭɲɚɟɦɨɣ ɭɝɥɟɪɨɞɧɨɣ 

ɩɟɪɟɦɵɱɤɢ. ȼ ɫɜɹɡɢ ɫ ɷɬɢɦ ɩɪɨɜɟɞɟɧɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɢɫɫɥɟɞɨɜɚɧɢɹ ɜɥɢɹɧɢɹ 

ɷɬɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɧɚ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɉȾɋ ɢ ɟɝɨ ɩɪɨɞɭɤɬɚ. R0 ɢɡɦɟɧɹɥɨɫɶ ɜ 

ɞɢɚɩɚɡɨɧɟ ɨɬ 80 ɞɨ 16000 Ɉɦ ɩɭɬɟɦ ɢɡɦɟɧɟɧɢɹ ɬɨɥɳɢɧɵ ɭɝɥɟɪɨɞɧɨɣ ɩɟɪɟɦɵɱɤɢ, 

ɧɚɧɨɫɢɦɨɣ ɧɚ ɩɨɜɟɪɯɧɨɫɬɶ ɢɡɨɥɹɬɨɪɚ ɫ ɩɨɦɨɳɶɸ ɝɪɚɮɢɬɨɜɨɝɨ ɚɷɪɨɡɨɥɹ. ȼɟɥɢɱɢɧɚ 

ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɩɨɫɬɨɹɧɧɨ ɤɨɧɬɪɨɥɢɪɨɜɚɥɚɫɶ ɜ ɬɟɱɟɧɢɟ ɫɛɨɪɤɢ Z-ɩɢɧɱ ɭɫɤɨɪɢɬɟɥɹ 

ɢ ɜɫɟɣ ɭɫɬɚɧɨɜɤɢ ɩɨɫɪɟɞɫɬɜɨɦ ɨɦɦɟɬɪɚ. Ɉɫɧɨɜɧɵɟ ɢɫɯɨɞɧɵɟ ɞɚɧɧɵɟ ɢ 

ɷɧɟɪɝɟɬɢɱɟɫɤɢɟ ɩɚɪɚɦɟɬɪɵ ɩɥɚɡɦɟɧɧɵɯ ɜɵɫɬɪɟɥɨɜ ɫɜɟɞɟɧɵ ɜ ɬɚɛɥɢɰɟ 3.3.1. ȼɨ 

ɜɫɟɯ ɷɤɫɩɟɪɢɦɟɧɬɚɯ ɡɚɪɹɞɧɨɟ ɧɚɩɪɹɠɟɧɢɟ ɫɨɫɬɚɜɥɹɥɨ Uзɚɪ = 3,0 ɤȼ, ɟɦɤɨɫɬɶ 

ɤɨɧɞɟɧɫɚɬɨɪɧɵɯ ɛɚɬɚɪɟɣ – C = 6,0 ɦɎ. ȼɚɪɶɢɪɨɜɚɧɢɟ ɧɚɱɚɥɶɧɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ 

ɭɝɥɟɪɨɞɧɨɣ ɩɟɪɟɦɵɱɤɢ ɞɨɫɬɢɝɚɥɨɫɶ ɩɨɫɪɟɞɫɬɜɨɦ ɢɡɦɟɧɟɧɢɹ ɬɨɥɳɢɧɵ ɫɥɨɹ 

ɝɪɚɮɢɬɢɡɚɰɢɢ. 

Ɍɚɛɥɢɰɚ 3.3.1 – ɉɚɪɚɦɟɬɪɵ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɫ ɪɚɡɧɵɦ ɧɚɱɚɥɶɧɵɦ ɫɨɩɪɨɬɢɜɥɟɧɢɟɦ 

ɭɝɥɟɪɨɞɧɨɣ ɩɟɪɟɦɵɱɤɢ R0 

№ 1 2 3 4 5 6 7 8 9 

R0, Ɉɦ 80 100 150 3000 8500 10000 12000 14000 16000 

Δt, ɦɤɫ 49,4 58,0 60,0 60,4 65,2 68,0 68,8 72,4 77,2 

Um, ɤȼ 1,23 0,97 0,93 1,04 1,44 1,48 1,03 1,12 1,02 

Im, ɤȺ 126,5 104,6 108,1 97,5 104 97,4 96,9 97,9 108 

Pm, Ɇȼɬ 165,9 108,8 120,9 143,6 127,2 164,7 101,9 122,4 114 

P(5), Ɇȼɬ 32 20 13 8 7 8 9 10 12 

W, ɤȾɠ 17,5 17,0 17,5 18,1 16,8 19,0 16,0 18,9 17,3 

ɇɚ ɪɢɫɭɧɤɚɯ 3.3.1 ɢ 3.3.2 ɩɪɢɜɟɞɟɧɵ ɬɢɩɢɱɧɵɟ ɨɫɰɢɥɥɨɝɪɚɦɦɵ u(t), i(t) ɢ 

ɤɪɢɜɵɟ ɦɨɳɧɨɫɬɢ p(t), ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ ɧɟɤɨɬɨɪɵɦ ɯɚɪɚɤɬɟɪɧɵɦ ɫɥɭɱɚɹɦ ɢ 

ɜɟɥɢɱɢɧɚɦ R0. ȼ ɨɛɳɟɦ, ɢɡɦɟɧɟɧɢɟ R0 ɫɥɚɛɨ ɨɬɪɚɠɚɟɬɫɹ ɧɚ ɨɫɧɨɜɧɵɯ ɩɚɪɚɦɟɬɪɚɯ 

ɪɚɛɨɬɵ ɄɆɉɍ, ɦɚɤɫɢɦɚɥɶɧɨɦ ɬɨɤɟ ɢɦɩɭɥɶɫɚ ɷɥɟɤɬɪɨɩɢɬɚɧɢɹ Im, ɦɨɳɧɨɫɬɢ Pm ɢ 

ɜɟɥɢɱɢɧɟ ɩɨɞɜɟɞɟɧɧɨɣ ɤ ɭɫɤɨɪɢɬɟɥɸ ɷɧɟɪɝɢɢ W. Ɉɞɧɚɤɨ ɧɚɛɥɸɞɚɟɬɫɹ 
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ɡɚɤɨɧɨɦɟɪɧɚɹ ɬɟɧɞɟɧɰɢɹ ɦɨɧɨɬɨɧɧɨɝɨ ɭɜɟɥɢɱɟɧɢɹ ɞɥɢɬɟɥɶɧɨɫɬɢ ɩɪɟɞɞɭɝɨɜɨɝɨ 

ɷɬɚɩɚ ɞɨ ɦɨɦɟɧɬɚ Δt ɨɬ з50 ɞɨ з80 ɦɤɫ ɫ ɭɜɟɥɢɱɟɧɢɟɦ R0. Ɉɛɭɫɥɨɜɥɟɧɨ ɷɬɨ 

ɫɧɢɠɟɧɢɟɦ ɬɨɤɚ ɩɪɟɞɞɭɝɨɜɨɝɨ ɷɬɚɩɚ ɩɪɢ ɩɨɫɬɨɹɧɧɨɦ ɧɚɩɪɹɠɟɧɢɢ ɢɫɬɨɱɧɢɤɚ Uзɚɪ ɢ 

ɡɚɦɟɞɥɟɧɢɟɦ ɩɪɨɰɟɫɫɚ ɜɨɡɝɨɧɤɢ ɩɪɟɤɭɪɫɨɪɨɜ ɢ ɩɪɟɞɵɨɧɢɡɚɰɢɢ ɪɚɡɪɹɞɧɨɝɨ ɩɪɨɦɟ-

ɠɭɬɤɚ ɜ ɄɎɉɋ. 

 

Ɋɢɫɭɧɨɤ 3.3.1 – Ɉɫɰɢɥɥɨɝɪɚɦɦɵ ɪɚɛɨɱɟɝɨ ɧɚɩɪɹɠɟɧɢɹ u(t) ɢ ɬɨɤɚ i(t) ɩɪɢ ɜɟɥɢɱɢɧɟ 

ɢɫɯɨɞɧɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɩɟɪɟɦɵɱɤɢ R0 = 80 Ɉɦ (1), R0 = 100 Ɉɦ (2), 

R0 = 8000 Ɉɦ (3), R0 = 14000 Ɉɦ (4) 

 

Ɋɢɫɭɧɨɤ 3.3.2 – Ʉɪɢɜɵɟ ɦɨɳɧɨɫɬɢ p(t) ɢ ɨɫɰɢɥɥɨɝɪɚɦɦɵ ɬɨɤɚ i(t) ɩɪɢ ɜɟɥɢɱɢɧɟ 

ɢɫɯɨɞɧɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɩɟɪɟɦɵɱɤɢ R0 = 80 Ɉɦ (1), R0 = 100 Ɉɦ (2), 

R0 = 8000 Ɉɦ (3), R0 = 14000 Ɉɦ (4) 

ɉɨɥɭɱɟɧɧɵɟ ɩɨɪɨɲɤɨɨɛɪɚɡɧɵɟ ɩɪɨɞɭɤɬɵ ɉȾɋ ɢɫɫɥɟɞɨɜɚɥɢɫɶ ɦɟɬɨɞɨɦ 

XRD. ɇɚ ɪɢɫɭɧɤɟ 3.3.3 ɩɪɟɞɫɬɚɜɥɟɧɵ XRD-ɤɚɪɬɢɧɵ ɩɪɨɞɭɤɬɨɜ, ɩɨɥɭɱɟɧɧɵɯ ɩɪɢ 

ɪɚɡɧɨɦ ɧɚɱɚɥɶɧɨɦ ɫɨɩɪɨɬɢɜɥɟɧɢɢ ɭɝɥɟɪɨɞɧɨɣ ɩɟɪɟɦɵɱɤɢ. ɉɨ XRD-ɤɚɪɬɢɧɚɦ 
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ɢɞɟɧɬɢɮɢɰɢɪɭɟɬɫɹ ɧɚɥɢɱɢɟ ɬɪɟɯ ɨɫɧɨɜɧɵɯ ɞɥɹ ɫɢɫɬɟɦɵ Si-C ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ 

ɮɚɡ: ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɤɭɛɢɱɟɫɤɨɣ ɫɢɧɝɨɧɢɢ SiC, ɤɪɟɦɧɢɹ ɤɭɛɢɱɟɫɤɨɣ ɫɢɧɝɨɧɢɢ Si, 

ɭɝɥɟɪɨɞɚ ɜ ɮɨɪɦɟ ɝɪɚɮɢɬɚ gC. ɉɪɢ ɢɡɦɟɧɟɧɢɢ ɜɟɥɢɱɢɧɵ R0 ɦɟɧɹɟɬɫɹ ɫɨɨɬɧɨɲɟɧɢɟ 

ɢɧɬɟɧɫɢɜɧɨɫɬɟɣ ɨɫɧɨɜɧɵɯ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɮɚɡ. Ɍɚɤ, ɧɚɢɛɨɥɶɲɚɹ ɜɵɫɨɬɚ 

ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɩɢɤɨɜ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɨɬɧɨɫɢɬɟɥɶɧɨ ɩɢɤɨɜ ɢɧɵɯ ɮɚɡ 

ɡɚɮɢɤɫɢɪɨɜɚɧɚ ɜ ɷɤɫɩɟɪɢɦɟɧɬɟ ɫ ɫɨɩɪɨɬɢɜɥɟɧɢɟɦ R0 = 8500 Ɉɦ, ɧɚɢɦɟɧɶɲɚɹ – ɜ 

ɷɤɫɩɟɪɢɦɟɧɬɟ ɫ ɫɨɩɪɨɬɢɜɥɟɧɢɟɦ R0 = 80 Ɉɦ. 

 

Ɋɢɫɭɧɨɤ 3.3.3 – XRD-ɤɚɪɬɢɧɵ ɩɪɨɞɭɤɬɨɜ, ɩɨɥɭɱɟɧɧɵɯ ɩɪɢ ɪɚɡɧɨɣ ɜɟɥɢɱɢɧɟ 

ɧɚɱɚɥɶɧɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɭɝɥɟɪɨɞɧɨɣ ɩɟɪɟɦɵɱɤɢ 

Ɋɟɡɭɥɶɬɚɬɵ ɊɋȺ ɩɪɢɜɟɞɟɧɵ ɜ ɬɚɛɥɢɰɟ 3.3.2. Ⱦɥɹ ɭɞɨɛɫɬɜɚ ɚɧɚɥɢɡɚ ɢ 

ɜɵɹɜɥɟɧɢɹ ɡɚɜɢɫɢɦɨɫɬɟɣ, ɭɱɟɬɚ ɜɥɢɹɸɳɢɯ ɮɚɤɬɨɪɨɜ ɧɚɢɛɨɥɟɟ ɜɚɠɧɵɟ ɜɟɥɢɱɢɧɵ 

ɬɚɛɥɢɰ 3.3.1 ɢ 3.3.2 ɫɜɟɞɟɧɵ ɜ ɟɞɢɧɵɣ ɝɪɚɮɢɤ ɧɚ ɪɢɫɭɧɤɟ 3.3.4. ɇɚ ɷɬɚɩɟ ɪɨɫɬɚ R0 

ɞɨ 8500 Ɉɦ ɧɚɛɥɸɞɚɟɬɫɹ ɩɨɜɵɲɟɧɢɟ ɫɨɞɟɪɠɚɧɢɹ ɮɚɡɵ ȕ-SiC ɞɨ ɦɚɤɫɢɦɚɥɶɧɨɝɨ 
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ɭɪɨɜɧɹ з99 %. ɉɪɨɢɫɯɨɞɢɬ ɷɬɨ ɧɚ ɮɨɧɟ ɫɧɢɠɟɧɢɹ ɫɤɨɪɨɫɬɢ ɪɨɫɬɚ ɦɨɳɧɨɫɬɢ 

ɧɚɱɚɥɶɧɨɝɨ ɷɬɚɩɚ ɪɚɡɜɢɬɢɹ ɞɭɝɨɜɨɣ ɫɬɚɞɢɢ ɢ ɭɫɤɨɪɟɧɢɹ ɩɥɚɡɦɵ. ɇɚ ɷɬɨ ɭɤɚɡɵɜɚɟɬ 

ɜɡɚɢɦɧɨɟ ɪɚɫɩɨɥɨɠɟɧɢɟ ɤɪɢɜɵɯ p(t) 1, 2 ɢ 3 ɧɚ ɪɢɫɭɧɤɟ 3.3.2, ɧɚɱɚɥɨ ɤɨɬɨɪɵɯ 

ɫɜɟɞɟɧɨ ɤ ɦɨɦɟɧɬɭ Δt – ɜɨɡɧɢɤɧɨɜɟɧɢɹ ɞɭɝɨɜɨɣ ɫɬɚɞɢɢ, ɢ ɜɟɥɢɱɢɧɵ ɦɨɳɧɨɫɬɟɣ 

P(5) ɜ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ t = 5 ɦɤɫ. ɉɨ-ɜɢɞɢɦɨɦɭ, ɜ ɪɚɫɫɦɚɬɪɢɜɚɟɦɵɯ ɭɫɥɨɜɢɹɯ R0 = 

8500 Ɉɦ ɹɜɥɹɟɬɫɹ ɨɩɬɢɦɚɥɶɧɵɦ ɢ ɨɛɟɫɩɟɱɢɜɚɟɬ ɧɚɢɛɨɥɟɟ ɩɨɥɧɭɸ ɜɨɡɝɨɧɤɭ 

ɩɪɟɤɭɪɫɨɪɨɜ ɜ ɩɥɚɡɦɟɧɧɨɟ ɫɨɫɬɨɹɧɢɟ. 

Ɍɚɛɥɢɰɚ 3.4.2 – Ɋɟɡɭɥɶɬɚɬɵ ɊɋȺ ɩɪɨɞɭɤɬɨɜ, ɩɨɥɭɱɟɧɧɵɯ ɩɪɢ ɪɚɡɧɨɣ ɜɟɥɢɱɢɧɟ 

ɧɚɱɚɥɶɧɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɭɝɥɟɪɨɞɧɨɣ ɩɟɪɟɦɵɱɤɢ R0 

№ R0, Ɉɦ 
Ɏɚɡɨɜɵɣ ɫɨɫɬɚɜ; ɈɄɊ 

Rwp/Rexp 
 SiC Si C 

1 80 
ω, % 53,4 17,8 28,8 Rwp = 23,9 

Rexp = 19,7 ɈɄɊ, ɧɦ 40 94 10 

2 100 
ω, % 58,3 13,4 28,3 Rwp = 24,5 

Rexp = 19,6 ɈɄɊ, ɧɦ 37 69 11 

3 150 
ω, % 79,7 4,9 15,4 Rwp = 29,6 

Rexp = 23,4 ɈɄɊ, ɧɦ 33 35 9 

4 3000 
ω, % 97,0 2,0 1,0 Rwp = 22,2 

Rexp = 20,4 ɈɄɊ, ɧɦ 40 20 18 

5 8500 
ω, % 98,7 0,8 0,5 Rwp = 24,2 

Rexp = 11,5 ɈɄɊ, ɧɦ 43 21 21 

6 10000 
ω, % 92,1 4,0 3,9 Rwp = 23,5 

Rexp = 17,8 ɈɄɊ, ɧɦ 66 25 17 

7 12000 
ω, % 89,4 2,1 8,5 Rwp = 28,7 

Rexp = 9,1 ɈɄɊ, ɧɦ 83 20 16 

8 14000 
ω, % 88,8 1,2 10,0 Rwp = 25,1 

Rexp = 8,8 ɈɄɊ, ɧɦ 93 25 22 

9 16000 
ω, % 77,8 8,5 13,7 Rwp = 26,0 

Rexp = 9,5 ɈɄɊ, ɧɦ 116 15 12 

ɋɧɢɠɟɧɢɟ R0 ɞɨ ɭɪɨɜɧɹ ɩɨɪɹɞɤɚ 100 Ɉɦ ɩɪɢɜɨɞɢɬ ɤ ɩɨɜɵɲɟɧɢɸ ɫɤɨɪɨɫɬɢ 

ɪɨɫɬɚ ɦɨɳɧɨɫɬɢ ɧɚɱɚɥɶɧɨɝɨ ɷɬɚɩɚ (ɤɪɢɜɚɹ 1, 2 ɧɚ ɪɢɫɭɧɤɟ 3.3.2), 

ɩɪɢɛɥɢɠɚɸɳɟɝɨɫɹ ɤ ɤɪɢɜɨɣ 1, ɱɬɨ ɩɪɨɜɨɰɢɪɭɟɬ ɡɧɚɱɢɬɟɥɶɧɵɣ ɜɵɛɪɨɫ 

ɧɟɢɨɧɢɡɢɪɨɜɚɧɧɨɝɨ ɤɪɟɦɧɢɹ ɢ ɫɧɢɠɟɧɢɟ ɫɨɞɟɪɠɚɧɢɹ ȕ-SiC ɞɨ 50,0-60,0 % 
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(ɬɚɛɥɢɰɚ 3.3.1). ɋ ɞɪɭɝɨɣ ɫɬɨɪɨɧɵ, ɩɨɜɵɲɟɧɢɟ R0 ɞɨ 10000÷16000 Ɉɦ ɬɚɤɠɟ 

ɫɨɩɪɨɜɨɠɞɚɟɬɫɹ ɫɧɢɠɟɧɢɟɦ ɫɨɞɟɪɠɚɧɢɹ ȕ-SiC, ɧɨ ɦɟɧɟɟ ɡɧɚɱɢɬɟɥɶɧɵɦ. ɉɪɢ ɷɬɨɦ 

ɬɚɤ ɠɟ ɩɨɜɵɲɚɟɬɫɹ ɫɤɨɪɨɫɬɶ ɪɨɫɬɚ p(t) (ɤɪɢɜɚɹ 4, ɪɢɫɭɧɨɤ 3.3.2) ɢ 

ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ ɡɧɚɱɟɧɢɹ P(5). ɗɬɢ ɮɚɤɬɵ ɞɚɸɬ ɨɫɧɨɜɚɧɢɹ ɩɪɟɞɩɨɥɨɠɢɬɶ, ɱɬɨ 

ɩɪɢ R0 ɩɨɪɹɞɤɚ 10000 Ɉɦ ɜɨɡɦɨɠɧɨ ɩɟɪɟɤɪɵɬɢɟ ɩɪɨɜɨɞɹɳɟɝɨ ɫɥɨɹ ɩɟɪɟɦɵɱɤɢ ɜ 

ɄɎɉɋ, ɜ ɤɨɬɨɪɨɦ ɩɪɨɢɫɯɨɞɢɬ ɧɚɝɪɟɜ ɢ ɜɨɡɝɨɧɤɚ ɩɪɟɤɭɪɫɨɪɨɜ, ɫ 

«ɩɪɟɠɞɟɜɪɟɦɟɧɧɵɦ» ɨɛɪɚɡɨɜɚɧɢɟɦ ɤɚɧɚɥɚ ɜɵɫɨɤɨɣ ɩɪɨɜɨɞɢɦɨɫɬɢ ɢ ɧɚɱɚɥɨɦ 

ɞɭɝɨɜɨɣ ɫɬɚɞɢɢ. ɉɪɢ ɷɬɨɦ ɧɟɛɨɥɶɲɨɟ ɤɨɥɢɱɟɫɬɜɨ ɩɪɟɤɭɪɫɨɪɨɜ ɬɚɤɠɟ ɛɭɞɟɬ 

ɜɵɧɟɫɟɧɨ ɩɥɚɡɦɟɧɧɨɣ ɫɬɪɭɟɣ ɜ ɤɚɦɟɪɭ-ɪɟɚɤɬɨɪ. 

 

Ɋɢɫɭɧɨɤ 3.3.4 – ȼɥɢɹɧɢɟ ɜɟɥɢɱɢɧɵ ɧɚɱɚɥɶɧɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɭɝɥɟɪɨɞɧɨɣ 

ɩɟɪɟɦɵɱɤɢ ɧɚ ɡɧɚɱɟɧɢɟ ɦɨɳɧɨɫɬɢ P(5), ɜɪɟɦɹ ɛɟɫɬɨɤɨɜɨɣ ɩɚɭɡɵ Δt ɢ ɫɨɞɟɪɠɚɧɢɟ 

ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ω(SiC) 

Ɋɟɡɭɥɶɬɚɬɵ TEM ɜɨ ɦɧɨɝɨɦ ɩɨɞɬɜɟɪɠɞɚɸɬ ɜɵɜɨɞɵ ɢɡ ɪɟɡɭɥɶɬɚɬɨɜ ɊɋȺ. ɇɚ 

ɫɜɟɬɥɨɩɨɥɶɧɵɯ ɫɧɢɦɤɚɯ, ɩɨɥɭɱɟɧɧɵɯ ɞɥɹ ɩɨɪɨɲɤɨɨɛɪɚɡɧɵɯ ɩɪɨɞɭɤɬɨɜ ɢɡ 

ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɫ ɦɚɥɵɦ ɫɨɩɪɨɬɢɜɥɟɧɢɟɦ (ɩɪɢ ɦɢɧɢɦɚɥɶɧɨɦ ɫɨɩɪɨɬɢɜɥɟɧɢɢ R = 

80 Ɉɦ), ɜɢɞɧɵ ɪɚɡɧɨɨɛɪɚɡɧɵɟ ɩɨ ɮɨɪɦɟ ɢ ɪɚɡɦɟɪɚɦ ɱɚɫɬɢɰɵ (ɪɢɫɭɧɨɤ 3.3.5). ɇɚ 

ɬɢɩɢɱɧɨɦ ɫɤɨɩɥɟɧɢɢ ɩɪɢɫɭɬɫɬɜɭɸɬ ɬɪɚɞɢɰɢɨɧɧɵɟ ɞɥɹ ɩɨɪɨɲɤɨɜ, ɩɨɥɭɱɟɧɧɵɯ ɜ 

ɩɪɟɞɵɞɭɳɢɯ ɷɤɫɩɟɪɢɦɟɧɬɚɯ, ɱɚɫɬɢɰɵ ɬɪɟɭɝɨɥɶɧɨɨɛɪɚɡɧɨɣ ɢ ɲɟɫɬɢɝɪɚɧɧɨɣ 

ɮɨɪɦɵ, ɤɨɬɨɪɵɟ, ɤɚɤ ɪɚɧɟɟ ɭɫɬɚɧɨɜɥɟɧɨ, ɩɪɢɧɚɞɥɟɠɚɬ ɮɚɡɟ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ 

ɤɭɛɢɱɟɫɤɨɣ ɫɢɧɝɨɧɢɢ. Ɉɬɪɚɠɚɸɳɢɟ ɩɥɨɫɤɨɫɬɢ ɧɚɫɬɨɹɳɢɯ ɱɚɫɬɢɰ, ɤɚɤ ɨɠɢɞɚɥɨɫɶ, 

ɫɜɟɬɹɬɫɹ ɧɚ ɬɟɦɧɨɩɨɥɶɧɵɯ ɫɧɢɦɤɚɯ, ɩɨɥɭɱɟɧɧɵɯ ɜ ɫɜɟɬɟ ɪɟɮɥɟɤɫɨɜ SiC (111). 
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Ɍɚɤɢɯ ɱɚɫɬɢɰ ɨɬɧɨɫɢɬɟɥɶɧɨ ɧɟɦɧɨɝɨ ɧɚ ɦɢɤɪɨɫɧɢɦɤɚɯ, ɤɪɨɦɟ ɬɨɝɨ, ɨɧɢ ɢɦɟɸɬ 

ɦɟɧɶɲɢɟ ɪɚɡɦɟɪɵ (ɞɨ 100 ɧɦ). ȼ ɫɤɨɩɥɟɧɢɹɯ ɱɚɫɬɢɰ ɫɨɞɟɪɠɚɬɫɹ ɬɚɤɠɟ ɞɨɜɨɥɶɧɨ 

ɤɪɭɩɧɵɟ ɨɛɴɟɤɬɵ ɢɫɤɚɠɟɧɧɨɣ ɮɨɪɦɵ, ɩɨ ɪɚɡɦɟɪɚɦ ɜ ɧɟɫɤɨɥɶɤɨ ɪɚɡ ɩɪɟɜɵɲɚɸɳɢɟ 

ɱɚɫɬɢɰɵ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ (ɨɬ ɧɟɫɤɨɥɶɤɢɯ ɫɨɬɟɧ ɧɦ ɞɨ 1 ɦɤɦ). ɑɚɫɬɢɰɚ ɞɚɧɧɨɝɨ 

ɬɢɩɚ ɫɧɹɬɚ ɜ ɭɜɟɥɢɱɟɧɧɨɦ ɪɚɡɦɟɪɟ ɜ ɫɜɟɬɥɨɦ ɩɨɥɟ (ɪɢɫɭɧɨɤ 3.3.6,ɚ), ɝɞɟ ɜɢɞɧɚ ɟɟ 

ɞɟɮɟɤɬɧɨɫɬɶ. ɇɚ SAED ɧɚɫɬɨɹɳɟɝɨ ɫɤɨɩɥɟɧɢɹ ɢɦɟɸɬɫɹ ɹɜɧɵɟ ɪɟɮɥɟɤɫɵ 

ɦɨɧɨɤɪɢɫɬɚɥɥɢɱɟɫɤɨɝɨ ɬɢɩɚ (ɞɜɚ ɩɪɨɬɢɜɨɩɨɥɨɠɧɵɯ ɪɟɮɥɟɤɫɚ) (ɜɫɬɚɜɤɚ ɤ ɪɢɫɭɧɤɭ 

3.3.6,ɚ), ɤɨɬɨɪɵɟ ɨɬɧɨɫɹɬɫɹ ɤ ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɣ ɱɚɫɬɢɰɟ. ɉɪɢ ɫɴɟɦɤɟ ɜ ɬɟɦɧɵɯ 

ɩɨɥɹɯ ɜ ɫɜɟɬɟ ɞɚɧɧɵɯ ɪɟɮɥɟɤɫɨɜ, ɤɨɬɨɪɵɟ, ɤɚɤ ɜɵɹɫɧɢɥɨɫɶ, ɨɬɧɨɫɹɬɫɹ ɤ ɮɚɡɟ 

ɤɪɟɦɧɢɹ, ɫɜɟɬɹɬɫɹ ɨɬɪɚɠɚɸɳɢɟ ɩɥɨɫɤɨɫɬɢ ɱɚɫɬɢɰɵ, ɩɪɢɱɟɦ ɡɚɦɟɬɧɚ ɟɟ ɫɢɥɶɧɨ 

ɢɫɤɚɠɟɧɧɚɹ ɫɬɪɭɤɬɭɪɚ (ɪɢɫɭɧɨɤ 3.3.6,ɛ). 

 

Ɋɢɫɭɧɨɤ 3.3.5 – Ɋɟɡɭɥɶɬɚɬɵ TEM ɩɪɨɞɭɤɬɚ, ɩɨɥɭɱɟɧɧɨɝɨ ɩɪɢ ɧɚɢɦɟɧɶɲɟɦ 

ɫɨɩɪɨɬɢɜɥɟɧɢɢ R0 = 80 Ɉɦ 

 

Ɋɢɫɭɧɨɤ 3.3.6 – Ɋɟɡɭɥɶɬɚɬɵ TEM ɩɪɨɞɭɤɬɚ, ɩɨɥɭɱɟɧɧɨɝɨ ɩɪɢ ɧɚɢɦɟɧɶɲɟɦ 

ɫɨɩɪɨɬɢɜɥɟɧɢɢ R0 = 80 Ɉɦ 
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ɉɨɞɨɛɧɵɟ ɩɨ ɮɨɪɦɟ ɢ ɪɚɡɦɟɪɚɦ ɱɚɫɬɢɰɵ, ɨɬɧɨɫɹɳɢɟɫɹ ɤ ɤɪɟɦɧɢɸ, ɹɜɥɹɸɬɫɹ 

ɧɟ ɱɟɦ ɢɧɵɦ, ɤɚɤ ɱɚɫɬɢɰɚɦɢ ɢɫɯɨɞɧɨɝɨ, ɡɚɤɥɚɞɵɜɚɟɦɨɝɨ ɜ ɄɎɉɋ ɤɚɤ ɩɪɟɤɭɪɫɨɪɚ, 

ɤɪɟɦɧɢɹ, ɤɨɬɨɪɵɣ ɧɟ ɩɪɨɪɟɚɝɢɪɨɜɚɥ ɫ ɭɝɥɟɪɨɞɨɦ, ɚ ɛɵɥ ɥɢɲɶ ɜɵɧɟɫɟɧ ɭɞɚɪɧɨɣ 

ɜɨɥɧɨɣ ɝɢɩɟɪɫɤɨɪɨɫɬɧɨɣ ɫɬɪɭɢ ɩɥɚɡɦɵ ɢɡ ɍɄ ɜ ɄɊ. Ɉɞɧɚɤɨ ɷɬɢ ɱɚɫɬɢɰɵ ɱɚɫɬɢɱɧɨ 

ɩɨɞɜɟɪɝɥɢɫɶ ɜɥɢɹɧɢɸ ɷɬɨɣ ɫɬɪɭɢ, ɷɬɨ ɩɪɨɹɜɥɹɟɬɫɹ ɜ ɢɯ ɜɵɫɨɤɨɣ ɞɟɮɟɤɬɧɨɫɬɢ, 

ɤɨɬɨɪɚɹ ɬɚɤɠɟ ɜɨɡɧɢɤɥɚ ɜɫɥɟɞɫɬɜɢɟ ɞɥɢɬɟɥɶɧɨɝɨ ɜɨɡɞɟɣɫɬɜɢɹ ɧɚ ɤɪɢɫɬɚɥɥɢɱɟɫɤɭɸ 

ɫɬɪɭɤɬɭɪɭ ɩɪɢ ɨɛɪɚɛɨɬɤɟ ɜ ɲɚɪɨɜɨɣ ɦɟɥɶɧɢɰɟ. Ɍɨ, ɱɬɨ ɱɚɫɬɢɰɵ ɢɫɯɨɞɧɨɝɨ 

ɤɪɟɦɧɢɹ ɧɟ ɜɫɬɭɩɢɥɢ ɜ ɯɢɦɢɱɟɫɤɭɸ ɪɟɚɤɰɢɸ ɫɢɧɬɟɡɚ, ɦɨɠɧɨ ɨɛɴɹɫɧɢɬɶ 

ɧɟɞɨɫɬɚɬɨɱɧɵɦ ɜɪɟɦɟɧɟɦ ɚɤɬɢɜɚɰɢɢ ɢɫɯɨɞɧɨɝɨ ɩɨɪɨɲɤɚ. ɇɟ ɩɪɨɬɢɜɨɪɟɱɢɬ ɷɬɢɦ 

ɩɪɟɞɩɨɥɨɠɟɧɢɹɦ ɢ ɦɚɥɵɟ ɪɚɡɦɟɪɵ ɱɚɫɬɢɰ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ: ɜɪɟɦɹ ɢɯ ɪɨɫɬɚ 

ɱɪɟɡɜɵɱɚɣɧɨ ɨɝɪɚɧɢɱɟɧɨ ɜɜɢɞɭ ɧɟɩɨɞɝɨɬɨɜɥɟɧɧɨɫɬɢ ɩɪɟɤɭɪɫɨɪɨɜ ɤ ɫɢɧɬɟɡɭ. 

ɂɧɚɹ ɫɢɬɭɚɰɢɹ ɧɚɛɥɸɞɚɟɬɫɹ ɜ ɩɪɨɬɢɜɨɩɨɥɨɠɧɨɦ ɩɨ ɩɚɪɚɦɟɬɪɚɦ 

ɷɤɫɩɟɪɢɦɟɧɬɟ ɫ ɧɚɢɛɨɥɶɲɢɦ ɧɚɱɚɥɶɧɵɦ ɫɨɩɪɨɬɢɜɥɟɧɢɟɦ ɭɝɥɟɪɨɞɧɨɣ ɩɟɪɟɦɵɱɤɢ 

R0 = 16000 Ɉɦ. ɇɚ ɪɢɫɭɧɤɟ 3.3.7 ɩɪɢɜɟɞɟɧɵ ɦɢɤɪɨɫɧɢɦɤɢ ɩɪɨɞɭɤɬɚ, ɩɨɥɭɱɟɧɧɨɝɨ 

ɩɪɢ ɬɚɤɢɯ ɭɫɥɨɜɢɹɯ. ɋɜɟɬɥɨɩɨɥɶɧɵɣ TEM-ɫɧɢɦɨɤ (ɪɢɫɭɧɨɤ 3.3.7,ɚ) 

ɞɟɦɨɧɫɬɪɢɪɭɟɬ ɫɤɨɩɥɟɧɢɟ ɨɛɴɟɤɬɨɜ, ɫɪɟɞɢ ɤɨɬɨɪɵɯ ɨɞɧɨɡɧɚɱɧɨ ɩɪɢɫɭɬɫɬɜɭɸɬ 

ɱɚɫɬɢɰɵ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɪɚɡɦɟɪɚɦɢ ɞɨ 200 ɧɦ, ɩɥɨɫɤɨɫɬɢ ɤɨɬɨɪɵɯ ɞɚɸɬ 

ɨɬɪɚɠɟɧɢɹ ɜ ɬɟɦɧɵɯ ɩɨɥɹɯ (ɪɢɫɭɧɨɤ 3.3.7,ɛ). ɉɨɦɢɦɨ ɧɢɯ ɜ ɩɪɨɞɭɤɬɟ ɢɦɟɸɬɫɹ 

ɱɚɫɬɢɰɵ ɦɟɥɤɨɣ ɮɪɚɤɰɢɢ (ɞɨ 50 ɧɦ), ɤɨɬɨɪɵɟ ɫ ɩɨɦɨɳɶɸ ɬɟɦɧɨɩɨɥɶɧɵɯ 

ɢɡɨɛɪɚɠɟɧɢɣ ɢɞɟɧɬɢɮɢɰɢɪɭɸɬɫɹ ɤɚɤ ɩɪɢɧɚɞɥɟɠɚɳɢɟ ɤɪɟɦɧɢɸ. ɇɚ SAED 

ɫɨɞɟɪɠɚɬɫɹ ɪɟɮɥɟɤɫɵ ɬɨɱɟɱɧɨɝɨ ɯɚɪɚɤɬɟɪɚ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ ɦɟɠɩɥɨɫɤɨɫɬɧɨɦɭ 

ɪɚɫɫɬɨɹɧɢɸ ɤɪɟɦɧɢɹ, ɨɞɧɚɤɨ ɢɯ ɪɚɫɩɨɥɨɠɟɧɢɟ ɯɚɪɚɤɬɟɪɧɨ ɞɥɹ 

ɩɨɥɢɤɪɢɫɬɚɥɥɢɱɟɫɤɨɝɨ ɩɪɨɞɭɤɬɚ, ɧɟɠɟɥɢ ɦɨɧɨɤɪɢɫɬɚɥɥɚ (ɤɚɤ ɜ ɩɪɨɲɥɨɦ 

ɷɤɫɩɟɪɢɦɟɧɬɟ ɫ ɧɚɢɦɟɧɶɲɢɦ ɫɨɩɪɨɬɢɜɥɟɧɢɟɦ). Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɤɪɟɦɧɢɣ ɜ 

ɩɪɨɞɭɤɬɟ ɫɢɧɬɟɡɚ ɜ ɫɥɭɱɚɟ ɧɚɢɛɨɥɶɲɟɝɨ ɧɚɱɚɥɶɧɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɭɝɥɟɪɨɞɧɨɣ 

ɩɟɪɟɦɵɱɤɢ R0 = 16000 Ɉɦ ɩɪɟɞɫɬɚɜɥɟɧ ɝɨɪɚɡɞɨ ɛɨɥɟɟ ɦɟɥɤɢɦɢ ɱɚɫɬɢɰɚɦɢ ɩɨ 

ɫɪɚɜɧɟɧɢɸ ɫ ɩɪɨɞɭɤɬɨɦ, ɩɨɥɭɱɟɧɧɨɦ ɩɪɢ ɧɚɢɦɟɧɶɲɟɦ ɫɨɩɪɨɬɢɜɥɟɧɢɢ R0 = 80 Ɉɦ. 

Ɍɚɤɚɹ ɬɟɧɞɟɧɰɢɹ ɨɛɴɹɫɧɹɟɬɫɹ ɬɟɦ, ɱɬɨ ɭɜɟɥɢɱɟɧɢɟ ɧɚɱɚɥɶɧɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ 

ɭɝɥɟɪɨɞɧɨɣ ɩɟɪɟɦɵɱɤɢ R0 ɩɪɢɜɨɞɢɬ ɤ ɛɨɥɶɲɟɦɭ ɜɪɟɦɟɧɢ ɛɟɫɬɨɤɨɜɨɣ ɩɚɭɡɵ Δt ɢ 

ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ ɛɨɥɟɟ ɩɨɥɧɨɣ ɚɤɬɢɜɚɰɢɢ ɩɪɟɤɭɪɫɨɪɨɜ, ɡɚɥɨɠɟɧɧɵɯ ɜ ɄɎɉɋ, ɧɚ 
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ɷɬɚɩɟ ɩɪɟɞɵɨɧɢɡɚɰɢɢ. ȼ ɯɨɞɟ ɚɤɬɢɜɚɰɢɢ ɢ ɩɨɫɥɟɞɭɸɳɟɝɨ ɜɨɡɞɟɣɫɬɜɢɹ ɩɥɚɡɦɵ 

ɩɪɟɤɭɪɫɨɪɵ ɭɫɩɟɜɚɸɬ ɪɚɫɩɥɚɜɢɬɶɫɹ, ɩɨɬɨɦɭ ɬɚ ɱɚɫɬɶ ɩɪɟɤɭɪɫɨɪɨɜ, ɤɨɬɨɪɚɹ ɧɟ 

ɜɫɬɭɩɢɥɚ ɜ ɯɢɦɢɱɟɫɤɭɸ ɪɟɚɤɰɢɸ, ɮɨɪɦɢɪɭɟɬɫɹ ɢɡ ɠɢɞɤɨɮɚɡɧɨɝɨ ɫɨɫɬɨɹɧɢɹ ɜ ɜɢɞɟ 

ɦɟɥɤɢɯ ɱɚɫɬɢɰ. Ɉɞɧɚɤɨ ɩɪɢ ɷɬɨɦ ɢɡ-ɡɚ ɨɬɧɨɫɢɬɟɥɶɧɨ ɜɵɫɨɤɨɝɨ ɡɧɚɱɟɧɢɹ P(5), 

ɤɨɬɨɪɨɟ ɭɤɚɡɵɜɚɟɬ ɧɚ ɩɟɪɟɤɪɵɬɢɟ ɩɪɨɜɨɞɹɳɟɝɨ ɫɥɨɹ ɩɟɪɟɦɵɱɤɢ ɜ ɄɎɉɋ, 

ɧɟɛɨɥɶɲɨɟ ɤɨɥɢɱɟɫɬɜɨ ɩɪɟɤɭɪɫɨɪɨɜ ɜ ɜɢɞɟ ɬɚɤɢɯ ɦɟɥɤɢɯ ɱɚɫɬɢɰ ɜɵɧɨɫɢɬɫɹ 

ɩɥɚɡɦɟɧɧɨɣ ɫɬɪɭɟɣ ɜ ɤɚɦɟɪɭ-ɪɟɚɤɬɨɪ. 

 

Ɋɢɫɭɧɨɤ 3.4.7 – Ɋɟɡɭɥɶɬɚɬɵ TEM ɩɪɨɞɭɤɬɚ, ɩɨɥɭɱɟɧɧɨɝɨ ɩɪɢ ɧɚɢɦɟɧɶɲɟɦ 

ɫɨɩɪɨɬɢɜɥɟɧɢɢ R0 = 16000 Ɉɦ 

ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɩɪɢ ɪɚɫɫɦɨɬɪɟɧɢɢ ɫɬɪɭɤɬɭɪɵ ɩɪɨɞɭɤɬɚ ɫ ɬɨɱɤɢ 

ɡɪɟɧɢɹ ɩɪɢɫɭɬɫɬɜɢɹ ɩɪɟɤɭɪɫɨɪɨɜ ɜ ɨɫɧɨɜɧɨɦ ɭɩɨɦɢɧɚɥɫɹ ɤɪɟɦɧɢɣ. ɗɬɚ ɮɚɡɚ 

ɢɞɟɧɬɢɮɢɰɢɪɭɟɬɫɹ ɜ ɩɪɨɞɭɤɬɟ ɜɫɥɟɞɫɬɜɢɟ ɛɨɥɶɲɨɣ ɜɟɥɢɱɢɧɵ ɈɄɊ. ɑɢɫɬɨ 

ɭɝɥɟɪɨɞɧɵɟ ɫɬɪɭɤɬɭɪɵ ɫɥɚɛɨ ɢɞɟɧɬɢɮɢɰɢɪɭɸɬɫɹ ɤɚɤ ɧɚ SAED, ɬɚɤ ɢ ɧɚ 

ɦɢɤɪɨɫɧɢɦɤɚɯ ɜɫɥɟɞɫɬɜɢɟ ɦɚɥɨɝɨ ɪɚɡɦɟɪɚ ɱɚɫɬɢɰ, ɮɚɤɬɢɱɟɫɤɢ ɩɪɟɞɫɬɚɜɥɟɧɧɵɯ ɜ 

ɜɢɞɟ ɩɫɟɜɞɨɚɦɨɪɮɧɨɣ ɮɪɚɤɰɢɢ. ɉɨɬɨɦɭ ɨɛɫɬɨɹɬɟɥɶɧɵɣ ɚɧɚɥɢɡ ɱɚɫɬɢɰ ɭɝɥɟɪɨɞɚ 

ɤɪɚɣɧɟ ɡɚɬɪɭɞɧɟɧ, ɨɞɧɚɤɨ ɜɵɜɨɞɵ ɨ ɜɜɟɞɟɧɢɢ ɩɪɟɤɭɪɫɨɪɨɜ ɜ ɫɢɫɬɟɦɭ, ɫɞɟɥɚɧɧɵɟ 

ɩɨɫɪɟɞɫɬɜɨɦ ɢɡɭɱɟɧɢɹ ɱɚɫɬɢɰ ɤɪɟɦɧɢɹ, ɦɨɝɭɬ ɛɵɬɶ ɨɬɧɟɫɟɧɵ ɢ ɤ ɭɝɥɟɪɨɞɭ. 
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ɇɚɢɛɨɥɟɟ ɭɫɩɟɲɧɵɦ ɷɤɫɩɟɪɢɦɟɧɬɨɦ ɫ ɬɨɱɤɢ ɡɪɟɧɢɹ ɮɚɡɨɜɨɝɨ ɫɨɫɬɚɜɚ 

ɩɪɨɞɭɤɬɚ ɹɜɥɹɥɫɹ ɷɤɫɩɟɪɢɦɟɧɬ, ɩɪɨɜɟɞɟɧɧɵɣ ɩɪɢ ɧɚɱɚɥɶɧɨɦ ɫɨɩɪɨɬɢɜɥɟɧɢɢ 

ɭɝɥɟɪɨɞɧɨɣ ɩɟɪɟɦɵɱɤɢ R0 = 8300 Ɉɦ. ɉɨ ɪɟɡɭɥɶɬɚɬɚɦ ɊɋȺ, ɩɪɨɞɭɤɬ ɞɚɧɧɨɝɨ 

ɷɤɫɩɟɪɢɦɟɧɬɚ ɫɨɞɟɪɠɢɬ 98,7 % ɮɚɡɵ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ, ɱɬɨ ɩɨɞɬɜɟɪɠɞɚɟɬɫɹ 

ɪɟɡɭɥɶɬɚɬɚɦɢ TEM. ɇɚ ɪɢɫɭɧɤɟ 3.3.8,ɚ ɩɪɢɜɟɞɟɧ ɫɜɟɬɥɨɩɨɥɶɧɵɣ ɦɢɤɪɨɫɧɢɦɨɤ, 

ɤɨɬɨɪɵɣ ɫɨɞɟɪɠɢɬ ɩɪɟɢɦɭɳɟɫɬɜɟɧɧɨ ɱɚɫɬɢɰɵ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ, ɨɬɪɚɠɚɸɳɢɟ 

ɩɥɨɫɤɨɫɬɢ ɤɨɬɨɪɵɯ ɫɜɟɬɹɬɫɹ ɜ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɬɟɦɧɵɯ ɩɨɥɹɯ (ɪɢɫɭɧɨɤ 3.3.8,ɛ). 

ɉɨ SAED ɬɚɤɠɟ ɢɞɟɧɬɢɮɢɰɢɪɭɟɬɫɹ ɬɨɥɶɤɨ ɮɚɡɚ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɤɭɛɢɱɟɫɤɨɣ 

ɫɢɧɝɨɧɢɢ. Ʉɚɤ ɩɨ ɜɧɟɲɧɟɦɭ ɜɢɞɭ, ɬɚɤ ɢ SAED ɱɚɫɬɢɰ ɩɪɢɦɟɫɧɵɯ ɮɚɡ ɧɟ ɧɚɣɞɟɧɨ. 

Ʉɪɨɦɟ ɬɨɝɨ, ɩɪɨɞɭɤɬ ɹɜɥɹɟɬɫɹ ɛɨɥɟɟ ɨɞɧɨɪɨɞɧɵɦ ɢ ɜɵɪɚɠɟɧɧɵɦ ɧɟ ɬɨɥɶɤɨ ɩɨ 

ɤɪɢɫɬɚɥɥɨɝɪɚɮɢɱɟɫɤɨɦɭ ɬɢɩɭ ɱɚɫɬɢɰ, ɧɨ ɢ ɩɨ ɝɚɛɢɬɭɫɭ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɨɛɴɟɤɬɨɜ: 

ɜ ɨɫɧɨɜɧɨɦ ɫɨɞɟɪɠɚɬɫɹ ɬɨɥɶɤɨ ɱɚɫɬɢɰɵ ɜ ɜɢɞɟ ɬɪɟɭɝɨɥɶɧɢɤɨɜ ɫ ɭɫɟɱɟɧɧɵɦɢ 

ɜɟɪɲɢɧɚɦɢ.  

 

Ɋɢɫɭɧɨɤ 3.3.8 – Ɋɟɡɭɥɶɬɚɬɵ TEM ɩɪɨɞɭɤɬɚ, ɩɨɥɭɱɟɧɧɨɝɨ ɩɪɢ ɫɨɩɪɨɬɢɜɥɟɧɢɢ 

R0 = 8500 Ɉɦ 

ɑɚɫɬɢɰɵ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɩɪɟɢɦɭɳɟɫɬɜɟɧɧɨɝɨ ɬɢɩɚ ɩɪɢɜɟɞɟɧɵ ɧɚ ɪɢɫɭɧɤɚɯ 

3.3.9 ɢ 3.3.10. Ʉɚɤ ɧɚ ɫɜɟɬɥɨɩɨɥɶɧɵɯ, ɬɚɤ ɢ ɧɚ ɬɟɦɧɨɩɨɥɶɧɵɯ ɫɧɢɦɤɚɯ ɯɨɪɨɲɨ 

ɩɪɨɹɜɥɹɟɬɫɹ ɧɟɫɤɨɥɶɤɨ ɢɫɤɚɠɟɧɧɚɹ ɦɨɧɨɤɪɢɫɬɚɥɥɢɱɟɫɤɚɹ ɫɬɪɭɤɬɭɪɚ ɬɚɤɢɯ ɱɚɫɬɢɰ, 

ɨɱɟɜɢɞɧɚɹ ɢɡ ɢɫɤɚɠɟɧɧɨɫɬɢ ɷɤɫɬɢɧɤɰɢɨɧɧɵɯ ɤɨɧɬɭɪɨɜ ɨɛɴɟɤɬɨɜ. ȿɳɟ ɛɨɥɟɟ 

ɯɨɪɨɲɨ ɩɪɨɹɜɥɹɟɬɫɹ ɢɫɤɚɠɟɧɧɨɫɬɶ ɧɚ ɫɧɢɦɤɚɯ ɛɨɤɨɜɨɝɨ ɜɢɞɚ ɯɚɪɚɤɬɟɪɧɨɣ 

ɱɚɫɬɢɰɵ (ɪɢɫɭɧɨɤ 3.3.11,ɚ ɢ ɛ). Ɂɞɟɫɶ ɬɚɤɠɟ ɜɨɡɦɨɠɧɨ ɨɰɟɧɢɬɶ ɢ ɬɨɥɳɢɧɭ ɱɚɫɬɢɰɵ 

– 30 ɧɦ ɩɪɢ ɥɢɧɟɣɧɨɦ ɪɚɡɦɟɪɟ ɱɚɫɬɢɰɵ 200 ɧɦ. ȼ ɨɫɧɨɜɧɨɦ ɷɦɩɢɪɢɱɟɫɤɢ 
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ɭɫɬɚɧɨɜɥɟɧɧɨɟ ɨɰɟɧɨɱɧɨɟ ɫɨɨɬɧɨɲɟɧɢɟ ɬɨɥɳɢɧɵ ɢ ɥɢɧɟɣɧɨɝɨ ɪɚɡɦɟɪɚ ɱɚɫɬɢɰ – 

1:9-10. ɗɬɨ ɞɚɟɬ ɜɨɡɦɨɠɧɨɫɬɶ ɧɚɡɵɜɚɬɶ ɱɚɫɬɢɰɵ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɭɩɥɨɳɟɧɧɵɦɢ 

ɫɬɪɭɤɬɭɪɚɦɢ. 

 

Ɋɢɫɭɧɨɤ 3.3.9 – Ɋɟɡɭɥɶɬɚɬɵ TEM ɩɪɨɞɭɤɬɚ, ɩɨɥɭɱɟɧɧɨɝɨ ɩɪɢ ɫɨɩɪɨɬɢɜɥɟɧɢɢ 

R0 = 8500 Ɉɦ 

 

Ɋɢɫɭɧɨɤ 3.3.10 – Ɋɟɡɭɥɶɬɚɬɵ TEM ɩɪɨɞɭɤɬɚ, ɩɨɥɭɱɟɧɧɨɝɨ ɩɪɢ ɫɨɩɪɨɬɢɜɥɟɧɢɢ 

R0 = 8500 Ɉɦ 

ɗɮɮɟɤɬɢɜɧɨɫɬɶ ɉȾɋ ɩɪɢ ɫɨɩɪɨɬɢɜɥɟɧɢɢ R0 = 8500 Ɉɦ ɨɩɪɟɞɟɥɹɟɬɫɹ ɬɟɦ, 

ɱɬɨ ɡɞɟɫɶ ɞɨɫɬɢɝɚɟɬɫɹ ɛɨ́ɥɶɲɚɹ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɷɤɫɩɟɪɢɦɟɧɬɨɦ ɫ ɫɨɩɪɨɬɢɜɥɟɧɢɟɦ 

R0 = 80 Ɉɦ ɜɟɥɢɱɢɧɚ ɛɟɫɬɨɤɨɜɨɣ ɩɚɭɡɵ, ɱɬɨ ɨɛɟɫɩɟɱɢɜɚɟɬ ɩɨɥɧɨɰɟɧɧɭɸ 

ɩɨɞɝɨɬɨɜɤɭ ɩɪɟɤɭɪɫɨɪɨɜ ɧɚ ɫɬɚɞɢɢ ɩɪɟɞɵɨɧɢɡɚɰɢɢ, ɚ ɬɚɤɠɟ ɛɨ́ɥɶɲɚɹ ɜɟɥɢɱɢɧɚ ɩɨ 

ɫɪɚɜɧɟɧɢɸ ɫ ɷɤɫɩɟɪɢɦɟɧɬɨɦ ɫ ɫɨɩɪɨɬɢɜɥɟɧɢɟɦ R0 = 16000 Ɉɦ ɭɫɥɨɜɧɨɝɨ ɜɪɟɦɟɧɢ 

ɤɜɚɡɢɫɬɚɰɢɨɧɚɪɧɨɝɨ ɪɟɠɢɦɚ, ɱɬɨ ɨɛɭɫɥɚɜɥɢɜɚɟɬ ɩɪɚɤɬɢɱɟɫɤɢ ɩɨɥɧɨɟ ɩɪɨɬɟɤɚɧɢɟ 

ɯɢɦɢɱɟɫɤɨɣ ɪɟɚɤɰɢɢ ɫɨɟɞɢɧɟɧɢɹ ɚɬɨɦɨɜ ɤɪɟɦɧɢɹ ɢ ɭɝɥɟɪɨɞɚ. 
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Ɋɢɫɭɧɨɤ 3.3.11 – Ɋɟɡɭɥɶɬɚɬɵ TEM ɩɪɨɞɭɤɬɚ, ɩɨɥɭɱɟɧɧɨɝɨ ɩɪɢ ɫɨɩɪɨɬɢɜɥɟɧɢɢ R0 = 

8300 Ɉɦ 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɜ ɧɚɫɬɨɹɳɟɦ ɪɚɡɞɟɥɟ ɢɫɫɥɟɞɨɜɚɧɨ ɜɥɢɹɧɢɟ ɜɟɥɢɱɢɧɵ 

ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɦɟɠɷɥɟɤɬɪɨɞɧɨɝɨ ɩɪɨɫɬɪɚɧɫɬɜɚ ɧɚ ɩɪɨɰɟɫɫ ɢ ɩɪɨɞɭɤɬ ɉȾɋ. 

ȼɚɠɧɟɣɲɢɦɢ ɩɨɤɚɡɚɬɟɥɹɦɢ, ɨɩɪɟɞɟɥɹɸɳɢɦɢ ɮɚɡɨɜɵɣ ɫɨɫɬɚɜ ɩɪɨɞɭɤɬɚ, ɹɜɥɹɸɬɫɹ 

ɜɪɟɦɹ ɛɟɫɬɨɤɨɜɨɣ ɩɚɭɡɵ Δt ɢ ɭɫɥɨɜɧɵɣ ɭɪɨɜɟɧɶ ɧɚɱɚɥɶɧɨɣ ɦɨɳɧɨɫɬɢ P(5). 

ɂɦɟɧɧɨ ɫɨɟɞɢɧɟɧɢɟ ɷɬɢɯ ɩɨɤɚɡɚɬɟɥɟɣ ɩɨɡɜɨɥɢɥɨ ɨɛɴɹɫɧɢɬɶ ɪɟɡɭɥɶɬɚɬɵ ɚɧɚɥɢɡɚ 

ɩɪɨɞɭɤɬɨɜ, ɩɨɥɭɱɟɧɧɵɯ ɩɪɢ ɪɚɡɧɨɦ ɫɨɩɪɨɬɢɜɥɟɧɢɢ ɦɟɠɷɥɟɤɬɪɨɞɧɨɝɨ 

ɩɪɨɫɬɪɚɧɫɬɜɚ. ɉɪɢ ɡɧɚɱɟɧɢɹɯ R0 = 80 – 8500 Ɉɦ ɩɪɨɹɜɥɹɟɬɫɹ ɜɥɢɹɧɢɟ ɜɪɟɦɟɧɢ 

ɛɟɫɬɨɤɨɜɨɣ ɩɚɭɡɵ, ɚ ɩɪɢ R0 = 8500 – 16000 Ɉɦ ɫɬɚɧɨɜɢɬɫɹ ɡɧɚɱɢɦɵɦ ɢɡɦɟɧɟɧɢɟ 

ɭɪɨɜɧɹ ɧɚɱɚɥɶɧɨɣ ɦɨɳɧɨɫɬɢ. ɗɬɨ ɩɪɢɜɨɞɢɬ ɤ ɬɨɦɭ, ɱɬɨ ɧɚɢɛɨɥɟɟ ɨɩɬɢɦɚɥɶɧɨɝɨ 

ɫɨɫɬɚɜɚ ɩɪɨɞɭɤɬɚ ɜɨɡɦɨɠɧɨ ɞɨɫɬɢɱɶ ɩɪɢ ɫɨɩɪɨɬɢɜɥɟɧɢɢ ɦɟɠɷɥɟɤɬɪɨɞɧɨɝɨ 

ɩɪɨɫɬɪɚɧɫɬɜɚ ɜ ɩɪɟɞɟɥɚɯ 5000 – 8500 Ɉɦ. 
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4. ɂɋɋɅȿȾɈȼȺɇɂȿ ȼɅɂəɇɂə ɗɄɋɉȿɊɂɆȿɇɌȺɅɖɇɕɏ ɂ 

ɄɈɇɋɌɊɍɄɐɂɈɇɇɕɏ ɉȺɊȺɆȿɌɊɈȼ ɇȺ ɎȺɁɈȼɕɃ ɂ 

ȽɊȺɇɍɅɈɆȿɌɊɂɑȿɋɄɂɃ ɋɈɋɌȺȼ ɉɊɈȾɍɄɌȺ 

ɉɅȺɁɆɈȾɂɇȺɆɂɑȿɋɄɈȽɈ ɋɂɇɌȿɁȺ 

 

 

 

4.1. ȼɥɢɹɧɢɟ ɫɨɨɬɧɨɲɟɧɢɹ ɡɚɤɥɚɞɵɜɚɟɦɵɯ ɜ ɤɚɧɚɥ ɮɨɪɦɢɪɨɜɚɧɢɹ 

ɩɥɚɡɦɟɧɧɨɣ ɫɬɪɭɤɬɭɪɵ ɩɪɟɤɭɪɫɨɪɨɜ 

 

ɉɪɨɰɟɫɫ ɉȾɋ ɜ ɰɟɥɨɦ ɨɩɪɟɞɟɥɹɟɬɫɹ ɩɚɪɚɦɟɬɪɚɦɢ ɞɭɝɨɜɨɝɨ ɪɚɡɪɹɞɚ ɦɟɠɞɭ 

ɝɪɚɮɢɬɨɜɵɦ ɰɟɧɬɪɚɥɶɧɵɦ ɷɥɟɤɬɪɨɞɨɦ ɢ ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɩɨɜɟɪɯɧɨɫɬɶɸ 

ɝɪɚɮɢɬɨɜɨɝɨ ɍɄ, ɭɫɤɨɪɹɟɦɨɝɨ ɜ ɤɨɚɤɫɢɚɥɶɧɨɣ ɫɢɫɬɟɦɟ ɫ ɤɨɧɤɪɟɬɧɨɣ ɝɟɨɦɟɬɪɢɟɣ. 

ȼ ɢɞɟɚɥɢɡɢɪɨɜɚɧɧɵɯ ɭɫɥɨɜɢɹɯ ɦɚɫɫɨɜɨɟ ɫɨɨɬɧɨɲɟɧɢɟ ɩɨɪɨɲɤɨɨɛɪɚɡɧɵɯ 

ɩɪɟɤɭɪɫɨɪɨɜ ɞɨɥɠɧɨ ɫɨɨɬɜɟɬɫɬɜɨɜɚɬɶ ɫɬɟɯɢɨɦɟɬɪɢɢ SiC ɢ ɛɵɬɶ ɪɚɜɧɵɦ Si:C – 

2,3:1. Ɉɞɧɚɤɨ ɜ ɪɟɚɥɶɧɵɯ ɭɫɥɨɜɢɹɯ ɤɪɨɦɟ ɡɚɤɥɚɞɵɜɚɟɦɨɝɨ ɜ ɄɎɉɋ ɭɝɥɟɪɨɞɚ ɜ 

ɫɢɧɬɟɡɟ ɭɱɚɫɬɜɭɸɬ ɢ ɚɤɬɢɜɧɵɣ ɢɨɧɢɡɢɪɨɜɚɧɧɵɣ ɭɝɥɟɪɨɞ, ɷɪɨɞɢɪɨɜɚɧɧɵɣ ɫ 

ɤɨɧɬɚɤɬɧɵɯ ɝɪɚɮɢɬɨɜɵɯ ɩɨɜɟɪɯɧɨɫɬɟɣ ɷɥɟɤɬɪɨɞɨɜ ɩɪɢ ɝɨɪɟɧɢɢ ɫɢɥɶɧɨɬɨɱɧɨɝɨ 

ɞɭɝɨɜɨɝɨ ɪɚɡɪɹɞɚ. ɗɬɨ ɧɟɨɛɯɨɞɢɦɨ ɭɱɢɬɵɜɚɬɶ ɩɪɢ ɨɩɬɢɦɢɡɚɰɢɢ ɩɪɨɰɟɫɫɚ ɉȾɋ 

SiC. Ɍɟɨɪɟɬɢɱɟɫɤɢ ɷɬɨ ɭɱɟɫɬɶ ɞɥɹ ɪɟɚɥɶɧɨɝɨ ɭɫɬɪɨɣɫɬɜɚ ɧɟɜɨɡɦɨɠɧɨ ɢɡ-ɡɚ 

ɜɨɡɦɨɠɧɨɝɨ ɜɥɢɹɧɢɹ ɛɨɥɶɲɨɝɨ ɱɢɫɥɚ ɮɚɤɬɨɪɨɜ. ɋɩɟɰɢɚɥɶɧɵɟ ɷɤɫɩɟɪɢɦɟɧɬɵ ɩɨ 

ɨɩɪɟɞɟɥɟɧɢɸ ɷɥɟɤɬɪɨɷɪɨɡɢɨɧɧɨɝɨ ɢɡɧɨɫɚ ɝɪɚɮɢɬɨɜɵɯ ɷɥɟɤɬɪɨɞɨɜ ɞɚɥɢ ɥɢɲɶ 

ɨɪɢɟɧɬɢɪɨɜɨɱɧɵɟ ɜɟɥɢɱɢɧɵ 0,02 ɝ ɩɪɢ ɭɤɚɡɚɧɧɵɯ ɜɵɲɟ ɤɨɧɫɬɪɭɤɬɢɜɧɵɯ ɢ 

ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɚɯ ɄɆɉɍ. ɉɨɷɬɨɦɭ ɜ ɪɚɛɨɬɟ ɩɪɨɜɟɞɟɧɵ 

ɰɟɥɟɧɚɩɪɚɜɥɟɧɧɵɟ ɞɥɹ ɤɨɧɤɪɟɬɧɵɯ ɭɫɥɨɜɢɣ ɢɫɫɥɟɞɨɜɚɧɢɹ (Uзɚɪ = 3,0 ɤȼ, C = 

6 ɦɎ), ɜ ɪɚɦɤɚɯ ɤɨɬɨɪɵɯ ɦɚɫɫɨɜɨɟ ɫɨɨɬɧɨɲɟɧɢɟ ɩɪɟɤɭɪɫɨɪɨɜ Si:C ɢɡɦɟɧɹɥɨɫɶ ɜ 

ɡɚɜɟɞɨɦɨ ɪɚɫɲɢɪɟɧɧɨɦ ɞɢɚɩɚɡɨɧɟ ɨɬ 1,5:1 ɞɨ 9,0:1. Ɇɚɫɫɨɜɵɟ ɫɨɨɬɧɨɲɟɧɢɹ 

ɩɪɟɤɭɪɫɨɪɨɜ (Si:C)ɦ. ɩɟɪɟɫɱɢɬɚɧɵ ɜ ɚɬɨɦɧɵɟ (Si:C)ɚɬ (ɬɚɛɥɢɰɚ 4.1.1). ȼ ɪɟɡɭɥɶɬɚɬɟ 

ɩɪɨɜɟɞɟɧɢɹ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɩɨɥɭɱɟɧɵ ɩɪɨɞɭɤɬɵ, ɤɨɬɨɪɵɟ ɢɫɫɥɟɞɨɜɚɥɢɫɶ ɦɟɬɨɞɨɦ 

XRD. ɇɚ ɪɢɫɭɧɤɟ 4.1.1 ɩɪɢɜɟɞɟɧɵ ɩɨɥɭɱɟɧɧɵɟ XRD-ɤɚɪɬɢɧɵ. ɇɚ ɧɢɯ ɡɚɦɟɬɧɨ 
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ɢɡɦɟɧɟɧɢɟ ɫɨɨɬɧɨɲɟɧɢɹ ɦɚɤɫɢɦɭɦɨɜ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ 

ɫɨɨɬɧɨɲɟɧɢɹ ɩɪɟɤɭɪɫɨɪɨɜ: ɩɪɢ ɤɪɚɣɧɢɯ ɫɨɨɬɧɨɲɟɧɢɹɯ ɧɚɛɥɸɞɚɟɬɫɹ ɢɡɛɵɬɨɤ 

ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɝɨ ɩɪɟɤɭɪɫɨɪɚ ɜ ɤɨɧɟɱɧɨɦ ɩɪɨɞɭɤɬɟ. ȼ ɬɚɛɥɢɰɟ 4.1.1 ɩɪɢɜɟɞɟɧɵ 

ɪɟɡɭɥɶɬɚɬɵ ɊɋȺ. 

Ɍɚɛɥɢɰɚ 4.1.1 – ɉɚɪɚɦɟɬɪɵ ɩɪɨɜɟɞɟɧɧɵɯ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɢ ɞɚɧɧɵɟ ɊɋȺ 

№ ɷɤɫɩ. (Si:C)ɦ (Si:C)ɚɬ 
ȕ-SТC SТ C 

ɦɚɫɫ.% ɦɚɫɫ.% ɦɚɫɫ.% 

1 1,5:1 0,40:0,60 74,7 4,3 20,9 

2 2,3:1 0,50:0,50 86,5 4,6 8,9 

3 3,0:1 0,56:0,44 92,8 2,3 4,9 

4 9,0:1 0,80:0,20 66,7 31,6 1,7 

 

Ɋɢɫɭɧɨɤ 4.1.1 – XRD-ɤɚɪɬɢɧɵ ɩɪɨɞɭɤɬɨɜ ɫɢɧɬɟɡɚ, ɩɨɥɭɱɟɧɧɵɯ ɩɪɢ ɪɚɡɧɨɦ 

ɦɚɫɫɨɜɨɦ ɫɨɨɬɧɨɲɟɧɢɢ ɩɪɟɤɭɪɫɨɪɨɜ (Si:C)m 

ɉɨ ɪɟɡɭɥɶɬɚɬɚɦ ɊɋȺ ɩɨɫɬɪɨɟɧɵ ɡɚɜɢɫɢɦɨɫɬɢ ɫɨɞɟɪɠɚɧɢɹ ɪɚɡɥɢɱɧɵɯ ɮɚɡ ɜ 

ɤɨɧɟɱɧɨɦ ɩɪɨɞɭɤɬɟ ɫɢɧɬɟɡɚ ɨɬ ɫɨɨɬɧɨɲɟɧɢɹ ɩɪɟɤɭɪɫɨɪɨɜ ɜ ɢɫɯɨɞɧɨɣ ɫɦɟɫɢ, 

ɢɡɨɛɪɚɠɟɧɧɵɟ ɧɚ ɪɢɫɭɧɤɟ 4.1.2. Ɇɚɤɫɢɦɚɥɶɧɨɟ ɫɨɞɟɪɠɚɧɢɟ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ 

(~93 %) ɨɛɧɚɪɭɠɟɧɨ ɜ ɩɪɨɞɭɤɬɟ ɫ ɫɨɨɬɧɨɲɟɧɢɟɦ ɩɪɟɤɭɪɫɨɪɨɜ (Si:C)ɚɬ = 0,56:0,44, ɚ 

ɧɟ, ɤɚɤ ɫɥɟɞɨɜɚɥɨ ɨɠɢɞɚɬɶ, (Si:C)ɚɬ = 0,50:0,50, ɬ. ɟ. ɩɪɢ ɧɟɤɨɬɨɪɨɦ ɢɡɛɵɬɤɟ 

ɤɪɟɦɧɢɹ. Ɍɚɤ ɩɪɨɢɫɯɨɞɢɬ ɜɫɥɟɞɫɬɜɢɟ ɭɜɟɥɢɱɟɧɢɹ ɫɨɞɟɪɠɚɧɢɹ ɭɝɥɟɪɨɞɚ ɜ 

ɩɥɚɡɦɟɧɧɨɦ ɩɨɬɨɤɟ ɢɡ-ɡɚ ɷɥɟɤɬɪɨɷɪɨɡɢɢ ɝɪɚɮɢɬɨɜɨɝɨ ɭɫɤɨɪɢɬɟɥɶɧɨɝɨ ɤɚɧɚɥɚ. 
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ɉɪɨɞɭɤɬɵ ɫɢɧɬɟɡɚ ɩɪɨɚɧɚɥɢɡɢɪɨɜɚɧɵ ɦɟɬɨɞɚɦɢ TEM. ɇɚ ɪɢɫɭɧɤɟ 4.1.3 

ɩɪɢɜɟɞɟɧɵ TEM-ɫɧɢɦɤɢ ɩɪɨɞɭɤɬɚ ɫ ɢɡɛɵɬɨɱɧɵɦ ɫɨɞɟɪɠɚɧɢɟɦ ɭɝɥɟɪɨɞɚ ɜ ɫɦɟɫɢ 

ɩɪɟɤɭɪɫɨɪɨɜ. ɇɚ ɫɜɟɬɨɥɨɩɨɥɶɧɨɦ ɦɢɤɪɨɫɧɢɦɤɟ (ɪɢɫɭɧɨɤ 4.1.3,ɚ) ɡɚɦɟɬɧɵ, ɤɚɤ 

ɦɢɧɢɦɭɦ, ɬɪɢ ɬɢɩɚ ɨɛɴɟɤɬɨɜ, ɤɨɬɨɪɵɟ ɬɚɤɠɟ ɢɡɨɛɪɚɠɟɧɵ ɜ ɭɜɟɥɢɱɟɧɧɨɦ ɜɢɞɟ ɧɚ 

ɪɢɫɭɧɤɟ 4.1.4. ɑɚɫɬɢɰɵ ɬɢɩɚ 1 (ɪɢɫɭɧɨɤ 4.1.4,ɚ) – ɬɢɩɢɱɧɵɟ ɦɨɧɨɤɪɢɫɬɚɥɥɵ 

ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ, ɞɚɸɳɢɟ ɡɚ ɫɱɟɬ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɩɥɨɫɤɨɫɬɟɣ 

ɧɚɢɛɨɥɶɲɭɸ ɱɚɫɬɶ ɪɟɮɥɟɤɫɨɜ ɧɚ SAED (ɪɢɫɭɧɨɤ 4.1.3,ɛ). ɋɴɟɦɤɚ ɜ ɬɟɦɧɨɦ ɩɨɥɟ 

(ɪɢɫɭɧɨɤ 4.1.3,ɝ), ɩɨɥɭɱɟɧɧɨɦ ɩɪɢ ɫɞɜɢɝɟ ɚɩɟɪɬɭɪɧɨɣ ɞɢɚɮɪɚɝɦɵ ɜ ɨɛɥɚɫɬɶ ɬɚɤɢɯ 

ɪɟɮɥɟɤɫɨɜ, ɩɨɡɜɨɥɢɥɚ ɨɞɧɨɡɧɚɱɧɨ ɢɯ ɢɞɟɧɬɢɮɢɰɢɪɨɜɚɬɶ ɤɚɤ ɤɚɪɛɢɞ ɤɪɟɦɧɢɹ. 

 

Ɋɢɫɭɧɨɤ 4.1.2 – Ɂɚɜɢɫɢɦɨɫɬɢ ɫɨɞɟɪɠɚɧɢɹ ɪɚɡɥɢɱɧɵɯ ɮɚɡ ɜ ɤɨɧɟɱɧɨɦ ɩɪɨɞɭɤɬɟ 

Ʉɪɨɦɟ ɱɚɫɬɢɰ ȕ-SiC ɨɛɧɚɪɭɠɟɧɵ ɱɚɫɬɢɰɵ ɬɢɩɚ 2, ɤɨɬɨɪɵɟ ɩɪɟɞɫɬɚɜɥɹɸɬ 

ɫɨɛɨɣ ɦɟɥɤɢɟ ɨɛɴɟɤɬɵ ɞɨ 10-20 ɧɦ (ɪɢɫɭɧɨɤ 4.1.4,ɜ). ɗɬɢ ɱɚɫɬɢɰɵ, ɫɭɞɹ ɩɨ 

ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɦɭ ɬɟɦɧɨɩɨɥɶɧɨɦɭ TEM-ɫɧɢɦɤɭ (ɪɢɫɭɧɨɤ 4.1.3,ɜ), ɩɪɢɧɚɞɥɟɠɚɬ 

ɱɢɫɬɨ ɭɝɥɟɪɨɞɧɵɦ ɮɚɡɚɦ, ɜ ɱɚɫɬɧɨɫɬɢ ɝɪɚɮɢɬɭ, ɢ ɫɢɫɬɟɦɟ ɢɯ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ 

ɩɥɨɫɤɨɫɬɟɣ ɨɬɜɟɱɚɟɬ ɛɥɢɡɤɨɟ ɤ ɰɟɧɬɪɚɥɶɧɨɦɭ ɩɭɱɤɭ ɪɚɡɦɵɬɨɟ ɝɚɥɨ ɧɚ SAED 

(ɪɢɫɭɧɨɤ 4.1.3,ɛ). ɇɚ ɪɢɫɭɧɤɟ 4.1.5,ɚ ɪɚɫɫɦɚɬɪɢɜɚɟɦɵɟ ɱɚɫɬɢɰɵ ɢɡɨɛɪɚɠɟɧɵ ɜ 

ɭɜɟɥɢɱɟɧɧɨɦ ɜɢɞɟ: ɨɧɢ ɢɦɟɸɬ ɧɟɨɩɪɟɞɟɥɟɧɧɭɸ ɮɨɪɦɭ ɢ ɦɨɪɮɨɥɨɝɢɸ ɢ ɫɨɛɪɚɧɵ ɜ 

ɩɥɨɬɧɵɟ ɚɝɥɨɦɟɪɚɬɵ. ɋɨɨɬɜɟɬɫɬɜɭɸɳɟɟ ɬɟɦɧɨɟ ɩɨɥɟ (ɪɢɫɭɧɨɤ 4.1.5,ɜ) ɨɞɧɨɡɧɚɱɧɨ 

ɢɞɟɧɬɢɮɢɰɢɪɭɟɬ ɦɟɥɤɢɟ ɱɚɫɬɢɰɵ ɤɚɤ ɩɪɢɧɚɞɥɟɠɚɳɢɟ ɮɚɡɟ ɝɪɚɮɢɬɚ. 
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Ɋɢɫɭɧɨɤ 4.1.3 – Ɇɢɤɪɨɫɧɢɦɤɢ ɩɪɨɞɭɤɬɚ ɫ ɢɡɛɵɬɤɨɦ ɭɝɥɟɪɨɞɚ 

 

Ɋɢɫɭɧɨɤ 4.1.4 – Ɇɢɤɪɨɫɧɢɦɤɢ ɩɪɨɞɭɤɬɚ ɫ ɢɡɛɵɬɤɨɦ ɭɝɥɟɪɨɞɚ 

Ʉɪɨɦɟ ɦɟɥɤɢɯ ɱɚɫɬɢɰ (ɛɥɢɡɤɢɯ ɤ ɚɦɨɪɮɧɨɦɭ ɦɚɬɟɪɢɚɥɭ) ɭɝɥɟɪɨɞ 

ɮɨɪɦɢɪɭɟɬɫɹ ɜ ɜɢɞɟ ɤɪɭɩɧɵɯ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɱɚɫɬɢɰ. Ɍɚɤ, ɨɛɧɚɪɭɠɟɧɵ ɱɚɫɬɢɰɵ 

ɬɢɩɚ 3, ɤɨɬɨɪɵɟ ɩɪɟɞɫɬɚɜɥɹɸɬ ɫɨɛɨɣ ɨɛɪɚɡɨɜɚɧɢɹ ɞɨ 400 ɧɦ, ɨɤɪɭɠɟɧɧɵɟ ɩɥɨɬɧɨɣ 

ɨɛɨɥɨɱɤɨɣ (ɪɢɫɭɧɨɤ 4.1.4, ɜ). Ɉɬɧɨɫɢɬɟɥɶɧɚɹ ɬɨɥɳɢɧɚ ɨɛɨɥɨɱɤɢ ɦɨɠɟɬ ɨɬɥɢɱɚɬɶɫɹ 

ɜ ɱɚɫɬɢɰɚɯ ɬɚɤɨɝɨ ɬɢɩɚ. ɑɚɫɬɢɰɚ ɫ ɛɨɥɟɟ ɬɨɥɫɬɨɣ ɨɛɨɥɨɱɤɨɣ ɩɪɢɜɟɞɟɧɚ ɧɚ 

ɫɜɟɬɥɨɩɨɥɶɧɨɦ ɫɧɢɦɤɟ (ɪɢɫɭɧɨɤ 4.1.6,ɚ). Ɉɛɨɥɨɱɤɚ ɭɤɚɡɚɧɧɨɝɨ ɨɛɴɟɤɬɚ ɨɛɥɚɞɚɟɬ 
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ɫɢɫɬɟɦɨɣ ɧɟɪɨɜɧɵɯ ɷɤɫɬɢɧɤɰɢɨɧɧɵɯ ɤɨɧɬɭɪɨɜ, ɤɨɬɨɪɵɟ ɩɪɟɤɪɚɫɧɨ ɩɨɤɚɡɵɜɚɟɬ ɟɟ 

ɞɟɮɟɤɬɧɭɸ ɤɪɢɫɬɚɥɥɢɱɟɫɤɭɸ ɫɬɪɭɤɬɭɪɭ, ɱɬɨ ɟɳɟ ɛɨɥɟɟ ɨɬɱɟɬɥɢɜɨ ɩɪɨɹɜɥɹɟɬɫɹ ɧɚ 

ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɦɢɤɪɨɫɧɢɦɤɚɯ ɜ ɬɟɦɧɨɦ ɩɨɥɟ (ɪɢɫɭɧɨɤ 4.1.6,ɛ). Ʉɪɨɦɟ ɬɨɝɨ, 

ɬɟɦɧɨɩɨɥɶɧɵɣ ɫɧɢɦɨɤ ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ ɩɪɢ ɫɜɟɱɟɧɢɢ ɨɛɨɥɨɱɤɢ ɱɚɫɬɢɰɵ 

ɩɨɥɧɨɫɬɶɸ ɨɬɫɭɬɫɬɜɭɟɬ ɫɜɟɱɟɧɢɟ ɜ ɬɟɥɟ ɭɤɚɡɚɧɧɨɝɨ ɨɛɴɟɤɬɚ. 

 

Ɋɢɫɭɧɨɤ 4.1.5 – Ɇɢɤɪɨɫɧɢɦɤɢ ɩɪɨɞɭɤɬɚ ɫ ɢɡɛɵɬɤɨɦ ɭɝɥɟɪɨɞɚ 

 

Ɋɢɫɭɧɨɤ 4.1.6 – Ɇɢɤɪɨɫɧɢɦɤɢ ɩɪɨɞɭɤɬɚ ɫ ɢɡɛɵɬɤɨɦ ɭɝɥɟɪɨɞɚ 

ȼ ɩɪɨɞɭɤɬɟ ɫ ɢɡɛɵɬɤɨɦ ɭɝɥɟɪɨɞɧɨɝɨ ɩɪɟɤɭɪɫɨɪɚ ɩɪɢɫɭɬɫɬɜɭɟɬ ɟɳɟ ɨɞɢɧ ɜɢɞ 

ɤɪɭɩɧɵɯ ɨɛɪɚɡɨɜɚɧɢɣ – ɨɛɴɟɤɬɵ ɬɢɩɚ 4 (ɪɢɫɭɧɨɤ 4.1.7). ɗɬɨ ɤɪɭɩɧɵɟ 

ɜɵɫɨɤɨɞɟɮɟɤɬɧɵɟ ɨɛɴɟɤɬɵ ɫ ɫɟɤɬɨɪɧɨɣ ɚɧɚɧɚɫɨɩɨɞɨɛɧɨɣ ɫɬɪɭɤɬɭɪɨɣ. 

Ʉɪɢɫɬɚɥɥɢɱɟɫɤɢɟ ɩɥɨɫɤɨɫɬɢ ɫɟɤɬɨɪɨɜ ɬɚɤɨɝɨ ɪɨɞɚ ɱɚɫɬɢɰɵ ɫɜɟɬɹɬɫɹ ɩɪɢ ɫɞɜɢɝɟ 

ɚɩɟɪɬɭɪɧɨɣ ɞɢɚɮɪɚɝɦɵ ɜ ɨɛɥɚɫɬɶ ɪɟɮɥɟɤɫɨɜ ɝɪɚɮɢɬɚ (ɪɢɫɭɧɨɤ 4.1.7,ɛ). ɉɨ-

ɜɢɞɢɦɨɦɭ, ɱɚɫɬɢɰɵ ɬɢɩɚ 4 ɹɜɥɹɸɬɫɹ ɛɨɥɟɟ ɡɚɤɨɧɱɟɧɧɵɦɢ ɢ ɫɮɨɪɦɢɪɨɜɚɧɧɵɦɢ 

ɱɚɫɬɢɰɚɦɢ ɬɢɩɚ 3: ɜ ɩɪɨɰɟɫɫɟ ɪɨɫɬɚ ɨɛɴɟɤɬɨɜ ɬɢɩɚ 4 ɨɛɨɥɨɱɤɢ ɩɪɨɪɚɫɬɚɥɢ ɜɝɥɭɛɶ 
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ɤɪɢɫɬɚɥɥɨɜ, ɨɛɪɚɡɭɹ ɫɟɤɬɨɪɚ. SAED, ɜɤɥɸɱɚɸɳɢɟ ɱɚɫɬɢɰɵ ɬɢɩɚ 3 ɢ ɬɢɩɚ 4, 

ɫɯɨɞɧɵ ɢ ɯɚɪɚɤɬɟɪɢɡɭɸɬɫɹ ɧɚɛɨɪɨɦ ɨɬɱɟɬɥɢɜɵɯ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɪɟɮɥɟɤɫɨɜ 

ɧɚɪɹɞɭ ɫ ɝɚɥɨ, ɯɚɪɚɤɬɟɪɧɵɦ ɞɥɹ ɚɝɥɨɦɟɪɚɬɨɜ ɫ ɦɟɥɤɨɣ ɭɝɥɟɪɨɞɧɨɣ ɮɪɚɤɰɢɟɣ. 

 

Ɋɢɫɭɧɨɤ 4.1.7 – Ɇɢɤɪɨɫɧɢɦɤɢ ɩɪɨɞɭɤɬɚ ɫ ɢɡɛɵɬɤɨɦ ɭɝɥɟɪɨɞɚ 

ɂɧɚɹ ɫɢɬɭɚɰɢɹ ɧɚɛɥɸɞɚɟɬɫɹ ɜ ɩɪɨɞɭɤɬɟ, ɩɨɥɭɱɟɧɧɨɦ ɢɡ ɫɦɟɫɢ ɩɪɟɤɭɪɫɨɪɨɜ ɫ 

ɢɡɛɵɬɤɨɜ ɤɪɟɦɧɢɹ. ɇɚ ɪɢɫɭɧɤɟ 4.1.8 ɩɪɢɜɟɞɟɧɵ ɦɢɤɪɨɫɧɢɦɤɢ ɬɚɤɨɝɨ ɩɪɨɞɭɤɬɚ. ɇɚ 

ɫɜɟɬɥɨɩɨɥɶɧɨɦ ɫɧɢɦɤɟ (ɪɢɫɭɧɨɤ 4.1.8,ɚ) ɩɪɢɜɟɞɟɧɨ ɫɤɨɩɥɟɧɢɟ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ 

ɨɛɴɟɤɬɨɜ, ɤɨɬɨɪɵɟ ɦɨɠɧɨ ɪɚɡɞɟɥɢɬɶ ɧɚ ɞɜɟ ɪɚɡɥɢɱɧɵɟ ɮɪɚɤɰɢɢ. Ɉɞɧɚ ɮɪɚɤɰɢɹ – 

ɱɚɫɬɢɰɵ ɬɢɩɚ 1 (ɩɨ ɨɛɨɡɧɚɱɟɧɢɹɦ ɩɪɟɞɵɞɭɳɟɝɨ ɩɪɨɞɭɤɬɚ), ɬɢɩɢɱɧɵɟ ɞɥɹ ɤɚɪɛɢɞɚ 

ɤɪɟɦɧɢɹ ɢ ɢɦɟɸɳɢɟ ɮɨɪɦɵ ɬɪɟɭɝɨɥɶɧɢɤɨɜ, ɜ ɬɨɦ ɱɢɫɥɟ ɫ ɭɫɟɱɟɧɧɵɦɢ 

ɜɟɪɲɢɧɚɦɢ, ɢ ɲɟɫɬɢɭɝɨɥɶɧɢɤɨɜ. Ʌɢɧɟɣɧɵɟ ɪɚɡɦɟɪɵ ɱɚɫɬɢɰ ɬɚɤɨɣ ɮɪɚɤɰɢɢ 

ɞɨɫɬɢɝɚɸɬ 250 ɧɦ. ɉɨ SAED ɨɞɧɨɡɧɚɱɧɨ ɢɞɟɧɬɢɮɢɰɢɪɭɸɬɫɹ ɤɚɤ ȕ-SiC. 

Ɋɟɡɤɨ ɨɬɥɢɱɚɸɬɫɹ ɩɨ ɫɜɨɟɣ ɮɨɪɦɟ ɨɬ ɱɚɫɬɢɰ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɨɛɴɟɤɬɵ 

ɞɪɭɝɨɣ ɮɪɚɤɰɢɢ – ɷɬɨ ɨɤɪɭɝɥɵɟ ɱɚɫɬɢɰɵ (ɢɧɨɝɞɚ ɧɟɦɧɨɝɨ ɨɜɚɥɶɧɵɟ) ɧɟɫɤɨɥɶɤɨ 

ɦɟɧɶɲɟɝɨ ɪɚɡɦɟɪɚ – ɞɨ 120 ɧɦ. Ɋɚɧɟɟ ɬɚɤɨɝɨ ɪɨɞɚ ɱɚɫɬɢɰɵ ɛɵɥɢ ɨɬɧɟɫɟɧɵ ɤ ɮɚɡɟ 

ɤɪɟɦɧɢɹ, ɷɬɨɬ ɜɵɜɨɞ ɩɨɞɬɜɟɪɞɢɥɫɹ ɢ ɜ ɧɚɫɬɨɹɳɟɦ ɫɥɭɱɚɟ. SAED (ɪɢɫɭɧɨɤ 4.1.8,ɚ) 

ɜɤɥɸɱɚɟɬ ɜ ɫɟɛɹ ɞɟɛɚɟɜɫɤɢɟ ɤɨɥɶɰɚ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ ɧɟ ɬɨɥɶɤɨ ɤɭɛɢɱɟɫɤɨɦɭ 

ɤɚɪɛɢɞɭ ɤɪɟɦɧɢɹ, ɧɨ ɢ ɤɭɛɢɱɟɫɤɨɦɭ ɤɪɟɦɧɢɸ. ɗɬɢ ɤɨɥɶɰɚ ɩɪɟɞɫɬɚɜɥɹɸɬ ɫɨɛɨɣ 

ɫɨɜɨɤɭɩɧɨɫɬɶ ɦɧɨɝɨɱɢɫɥɟɧɧɵɯ ɨɬɞɟɥɶɧɵɯ ɪɟɮɥɟɤɫɨɜ. Ɍɚɤɨɣ ɮɚɤɬ ɜɤɭɩɟ ɫ ɬɟɦ, ɱɬɨ 

ɱɚɫɬɢɰɵ ɢɦɟɸɬ ɷɤɫɬɢɧɤɰɢɨɧɧɵɟ ɤɨɧɬɭɪɚ, ɤɨɬɨɪɵɟ ɩɪɨɹɜɥɹɸɬɫɹ ɤɚɤ ɜ ɫɜɟɬɥɨɦ, ɬɚɤ 

ɢ ɜ ɬɟɦɧɨɦ ɩɨɥɹɯ, ɝɨɜɨɪɢɬ ɨ ɬɨɦ, ɱɬɨ ɱɚɫɬɢɰɵ ɤɪɟɦɧɢɹ ɹɜɥɹɸɬɫɹ 

ɦɨɧɨɤɪɢɫɬɚɥɥɚɦɢ. Ɍɚɤɢɟ ɤɪɢɫɬɚɥɥɵ ɤɪɟɦɧɢɹ ɩɨɹɜɢɥɢɫɶ ɜ ɪɟɡɭɥɶɬɚɬɟ 
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ɪɚɫɩɥɚɜɥɟɧɢɹ ɤɪɟɦɧɢɟɜɨɝɨ ɩɪɟɤɭɪɫɨɪɚ, ɤɨɬɨɪɵɣ, ɨɞɧɚɤɨ, ɧɟ ɩɪɨɪɟɚɝɢɪɨɜɚɥ ɫ 

ɭɝɥɟɪɨɞɨɦ, ɹɜɥɹɜɲɢɦɫɹ ɜ ɧɚɫɬɨɹɳɟɦ ɷɤɫɩɟɪɢɦɟɧɬɟ ɥɢɦɢɬɢɪɭɸɳɢɦ ɪɟɚɝɟɧɬɨɦ. 

 

Ɋɢɫɭɧɨɤ 4.1.8 – Ɇɢɤɪɨɫɧɢɦɤɢ ɩɪɨɞɭɤɬɚ ɫ ɢɡɛɵɬɤɨɦ ɤɪɟɦɧɢɹ 

ɉɪɢɦɟɪɵ ɱɚɫɬɢɰ ɤɪɟɦɧɢɹ ɩɪɢɜɟɞɟɧɵ ɧɚ ɪɢɫɭɧɤɟ 4.1.9. Ɂɞɟɫɶ ɩɪɨɹɜɥɹɟɬɫɹ, 

ɱɬɨ ɤɪɟɦɧɢɣ ɮɨɪɦɢɪɭɟɬɫɹ ɜ ɜɢɞɟ ɱɚɫɬɢɰ, ɡɧɚɱɢɬɟɥɶɧɨ ɨɬɥɢɱɚɸɳɢɯɫɹ ɩɨ 

ɪɚɡɦɟɪɚɦ: ɤɪɭɩɧɵɟ ɱɚɫɬɢɰɵ 50-100 ɧɦ, ɦɟɥɤɢɟ ɱɚɫɬɢɰɵ ɞɨ ɧɟɫɤɨɥɶɤɢɯ ɞɟɫɹɬɤɨɜ 

ɧɦ. Ɍɢɩɢɱɧɚɹ ɤɪɭɩɧɚɹ ɱɚɫɬɢɰɚ ɪɚɡɦɟɪɨɦ ~100 ɧɦ ɩɪɢɜɟɞɟɧɚ ɧɚ ɪɢɫɭɧɤɟ 4.1.10. 

Ʉɚɤ ɜ ɫɜɟɬɥɨɦ, ɬɚɤ ɢ ɜ ɬɟɦɧɨɦ ɩɨɥɹɯ, ɜɢɞɧɚ ɫɟɤɬɨɪɧɚɹ ɫɬɪɭɤɬɭɪɚ ɞɚɧɧɨɣ ɱɚɫɬɢɰɵ, 

ɱɬɨ ɡɚɦɟɬɧɨ ɢ ɧɚ ɞɪɭɝɢɯ ɦɢɤɪɨɫɧɢɦɤɚɯ (ɤɪɭɩɧɚɹ ɱɚɫɬɢɰɚ ɧɚ ɪɢɫɭɧɤɟ 4.1.9,ɛ), ɱɬɨ 

ɭɤɚɡɵɜɚɟɬ ɧɚ ɜɨɡɦɨɠɧɨɟ ɭɱɚɫɬɢɟ ɦɟɯɚɧɢɡɦɚ ɞɜɨɣɧɢɤɨɜɚɧɢɹ ɩɪɢ ɨɛɪɚɡɨɜɚɧɢɢ 

ɱɚɫɬɢɰ ɬɚɤɨɝɨ ɬɢɩɚ. 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɜ ɧɚɫɬɨɹɳɟɦ ɪɚɡɞɟɥɟ ɭɫɬɚɧɨɜɥɟɧɨ ɫɨɨɬɧɨɲɟɧɢɟ 

ɩɪɟɤɭɪɫɨɪɨɜ, ɨɩɬɢɦɚɥɶɧɨɟ ɞɥɹ ɩɨɥɭɱɟɧɢɹ ɩɪɨɞɭɤɬɚ ɫ ɜɵɫɨɤɢɦ ɫɨɞɟɪɠɚɧɢɟɦ 

ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ. ɉɪɨɞɭɤɬɵ, ɩɨɥɭɱɟɧɧɵɟ ɩɪɢ ɧɟɤɨɬɨɪɨɦ ɢɡɛɵɬɤɟ ɬɨɝɨ ɢɥɢ ɢɧɨɝɨ 

ɩɪɟɤɭɪɫɨɪɚ, ɫɨɞɟɪɠɚɬ ɜ ɫɟɛɟ ɮɚɡɵ ɩɪɟɤɭɪɫɨɪɨɜ, ɤɨɬɨɪɵɟ, ɨɞɧɚɤɨ, ɹɜɥɹɸɬɫɹ 
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ɜɬɨɪɢɱɧɵɦ ɦɚɬɟɪɢɚɥɨɦ, ɨɛɪɚɡɨɜɚɜɲɢɦɫɹ ɜ ɪɟɡɭɥɶɬɚɬɟ ɪɚɫɩɥɚɜɚ ɢɫɯɨɞɧɨɝɨ 

ɦɚɬɟɪɢɚɥɚ, ɡɚɥɨɠɟɧɧɨɝɨ ɜ ɄɎɉɋ. ɋ ɭɱɟɬɨɦ ɩɨɥɭɱɟɧɧɵɯ ɪɟɡɭɥɶɬɚɬɨɜ ɜɫɟ 

ɩɨɫɥɟɞɭɸɳɢɟ ɷɤɫɩɟɪɢɦɟɧɬɵ ɩɪɨɜɟɞɟɧɵ ɩɪɢ ɢɫɯɨɞɧɨɦ ɦɚɫɫɨɜɨɦ ɫɨɨɬɧɨɲɟɧɢɢ 

ɩɪɟɤɭɪɫɨɪɨɜ – 3,0:1. 

 

Ɋɢɫɭɧɨɤ 4.1.9 – Ɇɢɤɪɨɫɧɢɦɤɢ ɩɪɨɞɭɤɬɚ ɫ ɢɡɛɵɬɤɨɦ ɤɪɟɦɧɢɹ 

 

Ɋɢɫɭɧɨɤ 4.1.10 – Ɇɢɤɪɨɫɧɢɦɤɢ ɩɪɨɞɭɤɬɚ ɫ ɢɡɛɵɬɤɨɦ ɤɪɟɦɧɢɹ 
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4.2. ȼɥɢɹɧɢɟ ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɨɜ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɢɦɩɭɥɶɫɚ ɩɪɢ 

ɢɫɬɟɱɟɧɢɢ ɩɥɚɡɦɟɧɧɨɣ ɫɬɪɭɢ ɜ ɫɜɨɛɨɞɧɨɟ ɩɪɨɫɬɪɚɧɫɬɜɨ 

 

ɗɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɟ ɢɫɫɥɟɞɨɜɚɧɢɟ ɜɥɢɹɧɢɹ ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɨɜ 

ɢɦɩɭɥɶɫɚ ɷɥɟɤɬɪɨɩɢɬɚɧɢɹ, ɚ ɬɚɤɠɟ ɧɚɤɚɩɥɢɜɚɟɦɨɣ ɷɧɟɪɝɢɢ WC, ɚɦɩɥɢɬɭɞɵ 

ɢɦɩɭɥɶɫɚ ɬɨɤɚ Im, ɧɚɩɪɹɠɟɧɢɹ ɧɚ ɞɭɝɨɜɨɦ ɪɚɡɪɹɞɟ Um (ɜ ɦɨɦɟɧɬ ɦɚɤɫɢɦɭɦɚ ɬɨɤɚ), 

ɦɚɤɫɢɦɚɥɶɧɨɣ ɦɨɳɧɨɫɬɢ Pm, ɩɨɞɜɟɞɟɧɧɨɣ ɷɧɟɪɝɢɢ W ɢ ɞɥɢɬɟɥɶɧɨɫɬɢ 

ɤɜɚɡɢɫɬɚɰɢɨɧɚɪɧɨɝɨ ɪɟɠɢɦɚ tкɜ (ɜɪɟɦɹ ɦɟɠɞɭ ɷɤɫɬɪɟɦɭɦɚɦɢ ɩɪɨɢɡɜɨɞɧɨɣ ɬɨɤɚ) ɜɨ 

ɜɫɟɯ ɫɥɭɱɚɹɯ ɨɫɭɳɟɫɬɜɥɹɥɨɫɶ ɡɚ ɫɱɟɬ ɢɡɦɟɧɟɧɢɹ ɡɚɪɹɞɧɨɝɨ ɧɚɩɪɹɠɟɧɢɹ Uзɚɪ ȿɇɗ 

ɨɬ 2,0 ɞɨ 3,5 ɤȼ ɩɪɢ ɩɨɫɬɨɹɧɧɨɣ ɟɦɤɨɫɬɢ C = 6 ɦɎ. ɉɪɢ ɷɬɨɦ ɢɫɫɥɟɞɨɜɚɧɢɟ 

ɬɚɤɨɜɨɝɨ ɜɥɢɹɧɢɹ ɩɪɨɢɡɜɨɞɢɥɨɫɶ ɩɪɢ ɭɱɟɬɟ ɜɢɞɚ ɫɬɪɭɣɧɨɝɨ ɬɟɱɟɧɢɹ ɜ ɄɊ 

(ɫɜɨɛɨɞɧɚɹ ɫɬɪɭɹ ɢɥɢ ɢɦɩɚɤɬɧɚɹ ɫɬɪɭɹ, ɜɡɚɢɦɨɞɟɣɫɬɜɭɸɳɚɹ ɫ ɩɥɨɫɤɨɣ ɦɟɞɧɨɣ 

ɩɪɟɝɪɚɞɨɣ). 

ȼ ɧɚɫɬɨɹɳɟɦ ɪɚɡɞɟɥɟ ɢɫɫɥɟɞɭɟɬɫɹ ɜɥɢɹɧɢɟ ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɨɜ 

ɢɦɩɭɥɶɫɚ ɷɥɟɤɬɪɨɩɢɬɚɧɢɹ ɧɚ ɮɚɡɨɜɵɣ ɢ ɝɪɚɧɭɥɨɦɟɬɪɢɱɟɫɤɢɣ ɫɨɫɬɚɜ 

ɫɢɧɬɟɡɢɪɭɟɦɨɝɨ ɩɪɨɞɭɤɬɚ ɜ ɭɫɥɨɜɢɹɯ ɫɜɨɛɨɞɧɨɝɨ ɢɫɬɟɱɟɧɢɹ ɩɥɚɡɦɟɧɧɨɝɨ ɩɨɬɨɤɚ ɜ 

ɄɊ. Ɉɛɴɟɦ ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɝɟɪɦɟɬɢɱɧɨɣ ɄɊ, ɡɚɩɨɥɧɟɧɧɨɣ ɚɪɝɨɧɨɦ, ɫɨɫɬɚɜɥɹɥ V = 

0,0215 ɦ3
. ɇɚ ɪɢɫɭɧɤɟ 4.2.1 ɩɪɢɜɟɞɟɧɵ ɬɢɩɢɱɧɵɟ ɨɫɰɢɥɥɨɝɪɚɦɦɵ ɢɦɩɭɥɶɫɚ 

ɪɚɛɨɱɟɝɨ ɬɨɤɚ i(t), ɧɚɩɪɹɠɟɧɢɹ ɧɚ ɷɥɟɤɬɪɨɞɚɯ ɭɫɤɨɪɢɬɟɥɹ u(t), ɤɪɢɜɵɟ ɦɨɳɧɨɫɬɢ 

ɪɚɡɪɹɞɚ p(t) ɢ ɜɵɞɟɥɹɸɳɟɣɫɹ ɜ ɭɫɤɨɪɢɬɟɥɶɧɨɦ ɤɚɧɚɥɟ ɷɧɟɪɝɢɢ w(t) ɜ ɩɪɨɰɟɫɫɟ 

ɪɚɛɨɬɵ ɄɆɉɍ. ɉɪɨɜɟɞɟɧɨ ɱɟɬɵɪɟ ɫɟɪɢɢ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɩɪɢ ɪɚɡɧɨɦ ɧɚɩɪɹɠɟɧɢɢ 

Uзɚɪ; ɞɨɫɬɢɝɧɭɬɵɟ ɷɧɟɪɝɟɬɢɱɟɫɤɢɟ ɩɚɪɚɦɟɬɪɵ, ɜ ɬɨɦ ɱɢɫɥɟ ɦɚɤɫɢɦɚɥɶɧɵɟ ɪɚɛɨɱɢɣ 

ɬɨɤ Im ɢ ɪɚɛɨɱɟɟ ɧɚɩɪɹɠɟɧɢɟ Um, ɦɚɤɫɢɦɚɥɶɧɚɹ ɦɨɳɧɨɫɬɶ ɩɥɚɡɦɟɧɧɨɝɨ ɪɚɡɪɹɞɚ 

Um, ɩɨɞɜɟɞɟɧɧɚɹ ɷɧɟɪɝɢɹ W ɩɪɢɜɟɞɟɧɵ ɜ ɬɚɛɥɢɰɟ 4.2.1. ɋɭɞɹ ɩɨ ɮɨɪɦɚɦ 

ɨɫɰɢɥɥɨɝɪɚɦɦ, ɩɪɨɰɟɫɫ ɩɪɨɬɟɤɚɟɬ ɨɞɢɧɚɤɨɜɵɦ ɨɛɪɚɡɨɦ ɜ ɷɤɫɩɟɪɢɦɟɧɬɚɯ, 

ɨɬɥɢɱɚɸɬɫɹ ɬɨɥɶɤɨ ɭɪɨɜɟɧɶ ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɨɜ. ɋ ɭɜɟɥɢɱɟɧɢɟɦ ɡɚɪɹɞɧɨɣ 

ɷɧɟɪɝɢɢ ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɦɚɤɫɢɦɚɥɶɧɵɣ ɪɚɛɨɱɢɣ ɬɨɤ ɢ ɪɚɛɨɱɟɟ ɧɚɩɪɹɠɟɧɢɟ, ɚ ɬɚɤɠɟ 

ɦɨɳɧɨɫɬɶ ɪɚɡɪɹɞɚ. Ɍɚɤɠɟ ɫ ɪɨɫɬɨɦ ɷɧɟɪɝɢɢ ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɜɟɥɢɱɢɧɚ ɭɫɥɨɜɧɨɝɨ 

ɜɪɟɦɟɧɢ ɤɜɚɡɢɫɬɚɰɢɨɧɚɪɧɨɝɨ ɪɟɠɢɦɚ, ɱɬɨ ɦɨɠɟɬ ɨɬɪɚɠɚɬɶ ɪɚɡɥɢɱɢɹ ɜ ɩɪɨɰɟɫɫɟ 

ɫɢɧɬɟɡɚ ɤɨɧɟɱɧɨɝɨ ɩɪɨɞɭɤɬɚ. 
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Ɋɢɫɭɧɨɤ 4.2.1 – Ɍɢɩɢɱɧɵɟ ɨɫɰɢɥɥɨɝɪɚɦɦɵ ɪɚɛɨɱɟɝɨ ɬɨɤɚ i(t), ɧɚɩɪɹɠɟɧɢɹ ɧɚ 

ɷɥɟɤɬɪɨɞɚɯ ɭɫɤɨɪɢɬɟɥɹ u(t), ɤɪɢɜɵɟ ɦɨɳɧɨɫɬɢ ɪɚɡɪɹɞɚ p(t) ɢ ɩɨɞɜɟɞɟɧɧɨɣ ɷɧɟɪɝɢɢ 

w(t) ɩɥɚɡɦɟɧɧɨɝɨ ɜɵɫɬɪɟɥɚ ɩɪɢ: ɚ) Uзɚɪ = 2,0 ɤȼ; ɛ) Uзɚɪ = 2,5 ɤȼ; ɜ) Uзɚɪ = 3,0 ɤȼ; 

ɝ) Uзɚɪ = 3,5 ɤȼ 

Ɍɚɛɥɢɰɚ 4.2.1 – ɗɧɟɪɝɟɬɢɱɟɫɤɢɟ ɩɚɪɚɦɟɬɪɵ ɫɟɪɢɢ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɫ ɪɚɡɧɨɣ 

ɜɟɥɢɱɢɧɨɣ ɩɨɞɜɟɞɟɧɧɨɣ ɷɧɟɪɝɢɢ 

№ ɷɤɫɩ. Uзɚɪ, ɤȼ Im, ɤȺ Um, ɤȼ Pm, Ɇȼɬ W, ɤȾɠ tкɜ, ɦɤɫ 

1 3,5 129,0 1,54 186,0 28,0 202,4 

2 3,0 103,0 1,40 146,0 21,0 201,2 

3 2,5 86,0 1,26 110,0 16,0 182,0 

4 2,0 74,0 0,90 62,0 11,0 174,8 

ȼ ɪɟɡɭɥɶɬɚɬɟ ɩɪɨɜɟɞɟɧɢɹ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɩɨɥɭɱɟɧɵ ɩɪɨɞɭɤɬɵ, ɤɨɬɨɪɵɟ 

ɢɫɫɥɟɞɨɜɚɥɢɫɶ ɦɟɬɨɞɨɦ XRD. ɉɨɥɭɱɟɧɧɵɟ XRD-ɤɚɪɬɢɧɵ ɩɪɢɜɟɞɟɧɵ ɧɚ ɪɢɫɭɧɤɟ 

4.2.2. Ɋɟɡɭɥɶɬɚɬɵ ɊɋȺ ɩɪɨɞɭɤɬɨɜ ɫɢɧɬɟɡɚ ɩɪɢɜɟɞɟɧɵ ɜ ɬɚɛɥɢɰɟ 4.2.2. ɉɪɨɞɭɤɬ 

ɫɨɫɬɨɢɬ ɢɡ ɬɪɟɯ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɮɚɡ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɫɬɪɭɤɬɭɪɧɵɦ ɦɨɞɟɥɹɦ 
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ɤɭɛɢɱɟɫɤɨɝɨ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ȕ-SiC, ɤɭɛɢɱɟɫɤɨɝɨ ɤɪɟɦɧɢɹ cSi, ɝɪɚɮɢɬɚ gC. 

ɍɜɟɥɢɱɟɧɢɟ ɭɪɨɜɧɹ ɩɨɞɜɟɞɟɧɧɨɣ ɷɧɟɪɝɢɢ ɜɥɟɱɟɬ ɡɚ ɫɨɛɨɣ ɭɜɟɥɢɱɟɧɢɟ ɫɨɞɟɪɠɚɧɢɹ 

ɜ ɩɪɨɞɭɤɬɟ ɮɚɡɵ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ. ɂɡɜɟɫɬɧɨ ɢ ɨɱɟɜɢɞɧɨ, ɱɬɨ ɩɪɢ ɧɟɢɡɦɟɧɧɨɣ 

ɝɟɨɦɟɬɪɢɢ ɍɄ ɭɜɟɥɢɱɟɧɢɟ ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɨɜ ɞɨɥɠɧɨ ɜɵɪɚɡɢɬɶɫɹ 

ɩɨɜɵɲɟɧɢɟɦ ɬɟɦɩɟɪɚɬɭɪɵ ɷɥɟɤɬɪɨɪɚɡɪɹɞɧɨɣ ɩɥɚɡɦɵ, ɭɜɟɥɢɱɟɧɢɟɦ ɭɫɤɨɪɟɧɢɹ 

ɩɥɚɡɦɟɧɧɨɣ ɫɬɪɭɤɬɭɪɵ ɜ ɍɄ ɢ ɭɜɟɥɢɱɟɧɢɟɦ ɧɚɱɚɥɶɧɨɣ ɫɤɨɪɨɫɬɢ ɫɬɪɭɢ ɧɚ ɜɵɯɨɞɟ 

ɢɡ ɍɄ, ɱɬɨ ɩɪɢɜɨɞɢɬ ɤ ɩɨɜɵɲɟɧɢɸ ɫɬɟɩɟɧɢ ɢɨɧɢɡɚɰɢɢ ɩɪɟɤɭɪɫɨɪɨɜ ɢ ɛɨɥɟɟ 

ɩɨɥɧɨɦɭ ɩɪɨɬɟɤɚɧɢɸ ɩɥɚɡɦɨɯɢɦɢɱɟɫɤɨɝɨ ɫɢɧɬɟɡɚ Si ɢ C. ɉɪɚɤɬɢɱɟɫɤɨɟ 

ɩɨɫɬɨɹɧɫɬɜɨ ɪɚɡɦɟɪɨɜ ɈɄɊ ɨɛɴɹɫɧɹɟɬɫɹ ɞɨɦɢɧɢɪɨɜɚɧɢɟɦ, ɜ ɩɪɨɬɢɜɨɛɨɪɫɬɜɟ ɫ 

ɩɨɜɵɲɚɸɳɢɦɫɹ ɬɟɩɥɨɜɵɦ ɜɨɡɞɟɣɫɬɜɢɟɦ, ɮɚɤɬɨɪɚ ɫɤɨɪɨɫɬɢ ɪɚɫɩɵɥɟɧɢɹ, 

ɨɯɥɚɠɞɟɧɢɹ ɢ ɤɪɢɫɬɚɥɥɢɡɚɰɢɢ ɢɡ ɠɢɞɤɨɣ ɮɚɡɵ SiC, ɟɫɬɟɫɬɜɟɧɧɨ ɜɨɡɪɚɫɬɚɸɳɟɣ ɫ 

ɪɨɫɬɨɦ ɫɤɨɪɨɫɬɢ ɝɨɥɨɜɧɨɣ ɭɞɚɪɧɨɣ ɜɨɥɧɵ ɫɜɨɛɨɞɧɨɣ ɫɜɟɪɯɡɜɭɤɨɜɨɣ ɫɬɪɭɢ, ɫ 

ɩɨɜɟɪɯɧɨɫɬɢ ɤɨɬɨɪɨɣ ɩɪɨɢɫɯɨɞɢɬ ɪɚɫɩɵɥɟɧɢɟ. 

 

Ɋɢɫɭɧɨɤ 4.2.2 – XRD-ɤɚɪɬɢɧɵ ɩɪɨɞɭɤɬɨɜ ɫɢɧɬɟɡɚ 

Ɍɚɛɥɢɰɚ 4.2.2 – Ⱦɚɧɧɵɟ ɊɋȺ ɩɪɨɞɭɤɬɨɜ ɫɢɧɬɟɡɚ 

        Ɏɚɡɚ 

W, ɤȾɠ 

SiC Si C 

% ɦɚɫɫ. ɈɄɊ, ɧɦ % ɦɚɫɫ. ɈɄɊ, ɧɦ % ɦɚɫɫ. ɈɄɊ, ɧɦ 

1. 28 ɤȾɠ 95,1 60 3,1 40 1,8 21 

2. 21 ɤȾɠ 92,5 50 5,8 60 1,7 20 

3. 16 ɤȾɠ 84,0 55 7,5 33 8,5 19 

4. 11 ɤȾɠ 64,4 55 20,3 70 15,3 17 

ɉɪɨɞɭɤɬɵ ɫɢɧɬɟɡɚ ɩɪɨɚɧɚɥɢɡɢɪɨɜɚɧɵ ɦɟɬɨɞɚɦɢ TEM. ɇɚ ɪɢɫɭɧɤɟ 4.2.3 

ɢɡɨɛɪɚɠɟɧɵ TEM-ɫɧɢɦɤɢ ɩɪɨɞɭɤɬɚ, ɩɨɥɭɱɟɧɧɨɝɨ ɩɪɢ ɧɢɡɤɨɦ ɷɧɟɪɝɟɬɢɱɟɫɤɨɦ 



91 

ɭɪɨɜɧɟ (W = 11 ɤȾɠ). ɉɨ ɫɜɟɬɥɨɩɨɥɶɧɨɦɭ TEM-ɫɧɢɦɤɭ (ɪɢɫɭɧɨɤ 4.3.2,ɚ) ɜ 

ɩɪɨɞɭɤɬɟ ɪɚɡɥɢɱɢɦɵ ɧɟɫɤɨɥɶɤɨ ɮɪɚɤɰɢɣ ɨɛɴɟɤɬɨɜ. ɇɚɢɛɨɥɟɟ ɜɵɞɟɥɹɸɬɫɹ 

ɤɪɢɫɬɚɥɥɢɱɟɫɤɢ ɨɮɨɪɦɥɟɧɧɵɟ ɨɛɴɟɤɬɵ 1, ɤɨɬɨɪɵɟ ɹɜɥɹɸɬɫɹ ɬɢɩɢɱɧɵɦɢ ɞɥɹ 

ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ. Ɉɧɢ ɦɨɝɭɬ ɛɵɬɶ ɢɡɨɛɪɚɠɟɧɵ ɧɚ ɦɢɤɪɨɫɧɢɦɤɚɯ ɤɚɤ ɜ ɜɢɞɟ 

ɬɪɟɭɝɨɥɶɧɨɨɛɪɚɡɧɵɯ ɜ ɩɥɚɧɟ (ɪɢɫɭɧɨɤ 4.2.3,ɜ), ɬɚɤ ɢ ɜ ɜɢɞɟ ɥɟɠɚɳɢɯ ɧɚ ɛɨɤɨɜɵɯ 

ɝɪɚɧɹɯ (ɪɢɫɭɧɨɤ 4.2.3,ɚ). Ɍɚɤɢɟ ɱɚɫɬɢɰɵ ɢɦɟɸɬ ɪɚɡɦɟɪɵ ɞɨ ~ 150 ɧɦ, ɨɞɧɚɤɨ ɬɚɤɢɟ 

ɨɧɢ ɧɟɦɧɨɝɨɱɢɫɥɟɧɧɵ. Ȼɨɥɶɲɢɧɫɬɜɨ ɱɚɫɬɢɰ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɢɦɟɸɬ ɪɚɡɦɟɪɵ 

ɩɨɪɹɞɤɚ 70 ɧɦ. ɉɪɢɫɭɬɫɬɜɢɟ ɮɚɡɵ ɤɚɪɛɢɞ ɤɪɟɦɧɢɹ ɜ ɩɪɨɞɭɤɬɟ ɩɨɞɬɜɟɪɠɞɚɟɬɫɹ 

SAED, ɝɞɟ ɜɵɞɟɥɹɸɬɫɹ ɞɟɛɚɟɜɫɤɢɟ ɤɨɥɶɰɚ ɞɢɚɦɟɬɪɚ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɝɨ 

ɦɟɠɩɥɨɫɤɨɫɬɧɨɦɭ ɪɚɫɫɬɨɹɧɢɸ ȕ-SiC. Ʉɪɨɦɟ ɬɨɝɨ, ɩɨ SAED ɨɩɪɟɞɟɥɟɧɨ 

ɩɪɢɫɭɬɫɬɜɢɟ ɜ ɩɪɨɞɭɤɬɟ ɢ ɢɧɵɯ ɮɚɡ: ɤɪɟɦɧɢɹ, ɩɪɟɞɫɬɚɜɥɟɧɧɨɝɨ ɜ ɜɢɞɟ 

ɧɟɦɧɨɝɨɱɢɫɥɟɧɧɵɯ ɬɨɱɟɱɧɵɯ ɪɟɮɥɟɤɫɨɜ Si (111), ɢ ɭɝɥɟɪɨɞɚ, ɩɪɟɞɫɬɚɜɥɟɧɧɨɝɨ ɜ 

ɜɢɞɟ ɯɚɪɚɤɬɟɪɧɨɝɨ ɚɦɨɪɮɧɨɝɨ ɝɚɥɨ C (002). ɇɚ ɨɫɧɨɜɚɧɢɢ ɜɵɜɨɞɨɜ ɩɪɟɞɵɞɭɳɢɯ 

ɝɥɚɜ ɨ ɮɨɪɦɟ ɢ ɦɨɪɮɨɥɨɝɢɢ ɱɚɫɬɢɰ ɧɟɩɪɨɪɟɚɝɢɪɨɜɚɜɲɢɯ ɩɪɟɤɭɪɫɨɪɨɜ, ɚ ɬɚɤɠɟ 

ɚɧɚɥɢɡɚ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɬɟɦɧɨɩɨɥɶɧɵɯ ɫɧɢɦɤɨɜ ɦɨɠɧɨ ɜɵɞɜɢɧɭɬɶ 

ɩɪɟɞɩɨɥɨɠɟɧɢɹ ɨɬɧɨɫɢɬɟɥɶɧɨ ɮɚɡɨɜɨɣ ɩɪɢɧɚɞɥɟɠɧɨɫɬɢ ɮɪɚɤɰɢɣ ɜ ɧɚɫɬɨɹɳɟɦ 

ɩɪɨɞɭɤɬɟ: ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɟ ɨɛɴɟɤɬɵ 2 ɨɤɪɭɝɥɨɣ ɮɨɪɦɵ ɫɪɟɞɧɢɯ ɪɚɡɦɟɪɨɜ (ɞɨ 40-

50 ɧɦ) ɩɪɢɧɚɞɥɟɠɚɬ ɮɚɡɟ ɤɪɟɦɧɢɹ, ɚ ɦɟɥɤɢɟ (ɞɨ 10-20 ɧɦ) ɚɦɨɪɮɨɩɨɞɨɛɧɵɟ 

ɱɚɫɬɢɰɵ 3 ɧɟɨɩɪɟɞɟɥɟɧɧɨɣ ɮɨɪɦɵ ɹɜɥɹɸɬɫɹ ɭɝɥɟɪɨɞɧɵɦɢ ɫɬɪɭɤɬɭɪɚɦɢ. 

ɉɨɦɢɦɨ ɭɩɨɦɹɧɭɬɵɯ ɪɚɧɟɟ ɮɪɚɤɰɢɣ 1-3 ɜ ɩɪɨɞɭɤɬɟ ɩɪɢɫɭɬɫɬɜɭɸɬ 

ɫɪɚɜɧɢɬɟɥɶɧɨ ɤɪɭɩɧɵɟ (ɞɨ 500 ɧɦ) ɢ ɩɥɨɬɧɵɟ ɨɛɪɚɡɨɜɚɧɢɹ 4, ɧɟ ɩɪɨɫɜɟɱɢɜɚɟɦɵɟ 

ɷɥɟɤɬɪɨɧɧɵɦ ɩɭɱɤɨɦ ɢ ɢɡɨɛɪɚɠɟɧɧɵɟ ɧɚ ɪɢɫɭɧɤɟ 4.2.4,ɚ. SAED ɫɤɨɩɥɟɧɢɹ 

(ɪɢɫɭɧɤɟ 4.2.4,ɛ) ɫɨɞɟɪɠɢɬ ɞɜɚ ɫɢɦɦɟɬɪɢɱɧɵɯ ɪɟɮɥɟɤɫɚ, ɪɚɫɩɨɥɨɠɟɧɢɟ ɤɨɬɨɪɵɯ 

ɨɬɜɟɱɚɟɬ ɦɟɠɩɥɨɫɤɨɫɬɧɨɦɭ ɪɚɫɫɬɨɹɧɢɸ ɤɭɛɢɱɟɫɤɨɣ ɮɚɡɵ ɤɪɟɦɧɢɹ. Ɍɚɤɢɟ 

ɫɢɦɦɟɬɪɢɱɧɵɟ ɪɟɮɥɟɤɫɵ ɝɨɜɨɪɹɬ ɨ ɦɨɧɨɤɪɢɫɬɚɥɥɢɱɧɨɫɬɢ ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɝɨ 

ɨɛɪɚɡɨɜɚɧɢɹ. ɇɚ ɬɟɦɧɨɩɨɥɶɧɨɦ ɫɧɢɦɤɟ ɪɢɫɭɧɤɟ 4.2.4,ɜ, ɩɨɥɭɱɟɧɧɨɦ ɩɪɢ ɫɞɜɢɝɟ 

ɚɩɟɪɬɭɪɧɨɣ ɞɢɚɮɪɚɝɦɵ ɜ ɨɛɥɚɫɬɶ ɞɚɧɧɵɯ ɫɢɦɦɟɬɪɢɱɧɵɯ ɪɟɮɥɟɤɫɨɜ, ɫɜɟɬɹɬɫɹ 

ɨɬɪɚɠɚɸɳɢɟ ɩɥɨɫɤɨɫɬɢ ɞɚɧɧɨɣ ɱɚɫɬɢɰɵ, ɡɚɦɟɬɧɚ ɢɫɤɚɠɟɧɧɚɹ ɫɬɪɭɤɬɭɪɚ ɱɚɫɬɢɰɵ. 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɜ ɩɪɨɞɭɤɬɟ ɫɢɧɬɟɡɚ ɤɪɟɦɧɢɣ ɩɪɟɞɫɬɚɜɥɟɧ ɜ ɜɢɞɟ ɪɚɡɧɵɯ ɨɛɴɟɤɬɨɜ. 

ɑɚɫɬɢɰɵ ɧɚɧɨɦɟɬɪɨɜɨɝɨ ɩɨɪɹɞɤɚ ɬɢɩɚ 2 ɨɛɪɚɡɨɜɚɥɢɫɶ ɢɡ ɠɢɞɤɨɮɚɡɧɨɝɨ ɫɭɛɫɬɪɚɬɚ 
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ɩɭɬɟɦ ɛɵɫɬɪɨɣ ɡɚɤɚɥɤɢ, ɧɟ ɭɫɩɟɜ ɜɫɬɭɩɢɬɶ ɜ ɪɟɚɤɰɢɸ ɫ ɭɝɥɟɪɨɞɨɦ. Ʉɪɭɩɧɵɟ 

ɱɚɫɬɢɰɵ 4 ɦɨɝɭɬ ɹɜɥɹɬɶɫɹ ɨɫɤɨɥɤɚɦɢ ɦɢɤɪɨɧɧɵɯ ɱɚɫɬɢɰ ɢɫɯɨɞɧɨɝɨ ɤɪɟɦɧɢɹ, 

ɡɚɤɥɚɞɵɜɚɟɦɨɝɨ ɜ ɤɚɧɚɥ ɮɨɪɦɢɪɨɜɚɧɢɹ ɩɥɚɡɦɟɧɧɨɣ ɫɬɪɭɤɬɭɪɵ. ɋɭɞɹ ɩɨ 

ɩɪɢɫɭɬɫɬɜɢɸ ɜ ɩɪɨɞɭɤɬɟ ɱɚɫɬɢɰ ɧɟɩɪɨɪɟɚɝɢɪɨɜɚɜɲɢɯ ɩɪɟɤɭɪɫɨɪɨɜ, ɭɪɨɜɧɹ 

ɩɨɞɜɟɞɟɧɧɨɣ ɷɧɟɪɝɢɢ ɧɟɞɨɫɬɚɬɨɱɧɨ ɤɚɤ ɞɥɹ ɬɨɝɨ, ɱɬɨɛɵ ɩɟɪɟɜɟɫɬɢ ɜɫɸ ɦɚɫɫɭ 

ɡɚɥɨɠɟɧɧɵɯ ɜ ɄɎɉɋ ɩɪɟɤɭɪɫɨɪɨɜ (ɜ ɨɫɨɛɟɧɧɨɫɬɢ ɤɪɟɦɧɢɹ) ɜ ɠɢɞɤɨɮɚɡɧɵɣ 

ɫɭɛɫɬɪɚɬ, ɬɚɤ ɢ ɞɥɹ ɨɛɟɫɩɟɱɟɧɢɹ ɩɪɨɯɨɠɞɟɧɢɹ ɛɨɥɟɟ ɩɨɥɧɨɣ ɯɢɦɢɱɟɫɤɨɣ ɪɟɚɤɰɢɢ 

ɫɨɟɞɢɧɟɧɢɹ ɤɪɟɦɧɢɹ ɢ ɭɝɥɟɪɨɞɚ, ɧɚɯɨɞɹɳɢɯɫɹ ɜ ɠɢɞɤɨɮɚɡɧɨɦ ɫɨɫɬɨɹɧɢɢ. 

 

Ɋɢɫɭɧɨɤ 4.2.3 – Ɋɟɡɭɥɶɬɚɬɵ TEM ɩɪɨɞɭɤɬɚ, ɩɨɥɭɱɟɧɧɨɝɨ ɩɪɢ W = 11 ɤȾɠ 

 

Ɋɢɫɭɧɨɤ 4.2.4 – Ɋɟɡɭɥɶɬɚɬɵ TEM ɩɪɨɞɭɤɬɚ, ɩɨɥɭɱɟɧɧɨɝɨ ɩɪɢ W = 11 ɤȾɠ 
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ɇɚ ɪɢɫɭɧɤɟ 4.2.5 ɢɡɨɛɪɚɠɟɧ ɬɢɩɢɱɧɵɣ ɫɜɟɬɥɨɩɨɥɶɧɵɣ TEM-ɫɧɢɦɨɤ 

ɫɤɨɩɥɟɧɢɹ ɱɚɫɬɢɰ, ɯɚɪɚɤɬɟɪɧɵɣ ɞɥɹ ɷɤɫɩɟɪɢɦɟɧɬɨɜ, ɩɪɨɜɨɞɢɦɵɯ ɩɪɢ ɩɥɚɡɦɟɧɧɨɦ 

ɜɵɫɬɪɟɥɟ ɜ ɫɜɨɛɨɞɧɨɟ ɩɪɨɫɬɪɚɧɫɬɜɨ ɩɪɢ ɜɵɫɨɤɨɦ ɭɪɨɜɧɟ ɷɧɟɪɝɢɢ (Uзɚɪ = 3,5 ɤȼ). ȼ 

ɩɪɨɞɭɤɬɟ ɞɨɦɢɧɢɪɭɸɬ ɤɪɢɫɬɚɥɥɨɝɪɚɮɢɱɟɫɤɢ ɩɪɚɜɢɥɶɧɨ ɨɮɨɪɦɥɟɧɧɵɟ ɱɚɫɬɢɰɵ 

ɪɚɡɦɟɪɚɦɢ ɞɨ ɧɟɫɤɨɥɶɤɢɯ ɫɨɬɟɧ ɧɚɧɨɦɟɬɪɨɜ, ɩɪɢɧɚɞɥɟɠɚɳɢɟ ɮɚɡɟ ɤɚɪɛɢɞɚ 

ɤɪɟɦɧɢɹ. ɏɚɪɚɤɬɟɪɧɵɟ ɱɚɫɬɢɰɵ ɬɪɟɭɝɨɥɶɧɨɨɛɪɚɡɧɨɣ ɮɨɪɦɵ ɩɪɢɫɭɬɫɬɜɭɸɬ ɧɚ 

ɪɢɫɭɧɤɟ 4.2.5,ɚ ɜ ɡɧɚɱɢɬɟɥɶɧɨɦ ɤɨɥɢɱɟɫɬɜɟ. ɇɚ SAED (ɪɢɫɭɧɨɤ 4.2.5,ɛ) ɧɚɢɛɨɥɟɟ 

ɹɜɧɵɦɢ ɹɜɥɹɸɬɫɹ ɞɟɛɚɟɜɫɤɢɟ ɤɨɥɶɰɚ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ ɮɚɡɟ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ 

ɤɭɛɢɱɟɫɤɨɣ ɫɢɧɝɨɧɢɢ, ɱɬɨ ɞɨɤɚɡɵɜɚɟɬ ɩɪɟɢɦɭɳɟɫɬɜɟɧɧɨɟ ɫɨɞɟɪɠɚɧɢɟ ɜ ɩɪɨɞɭɤɬɟ 

ɷɬɨɣ ɮɚɡɵ. ɉɪɢ ɫɞɜɢɝɟ ɚɩɟɪɬɭɪɧɨɣ ɞɢɚɮɪɚɝɦɵ ɜ ɫɬɨɪɨɧɭ ɪɟɮɥɟɤɫɨɜ, 

ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɤɭɛɢɱɟɫɤɨɣ ɮɚɡɟ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ, ɧɚ ɬɟɦɧɨɩɨɥɶɧɨɦ TEM-

ɫɧɢɦɤɟ (ɪɢɫɭɧɨɤ 4.2.5,ɜ) ɫɜɟɬɹɬɫɹ ɨɬɪɚɠɚɸɳɢɟ ɩɥɨɫɤɨɫɬɢ ɱɚɫɬɢɰ 

ɩɪɟɢɦɭɳɟɫɬɜɟɧɧɨɝɨ ɬɢɩɚ. ɑɚɫɬɢɰɚ ɚɧɚɥɨɝɢɱɧɨɝɨ ɬɢɩɚ, ɧɨ ɞɪɭɝɨɣ, ɲɟɫɬɢɭɝɨɥɶɧɨɣ, 

ɮɨɪɦɵ ɩɪɢɜɟɞɟɧɚ ɧɚ ɪɢɫɭɧɨɤ 4.2.6 ɜ ɫɜɟɬɥɨɩɨɥɶɧɨɦ (ɚ) ɢ ɬɟɦɧɨɩɨɥɶɧɨɦ 

ɢɡɨɛɪɚɠɟɧɢɹɯ (ɛ). ɋɥɟɞɭɟɬ ɬɚɤɠɟ ɡɚɦɟɬɢɬɶ, ɱɬɨ ɜ ɩɪɨɞɭɤɬɟ ɩɪɚɤɬɢɱɟɫɤɢ 

ɨɬɫɭɬɫɬɜɭɸɬ ɱɚɫɬɢɰɵ, ɤɨɬɨɪɵɟ ɜɨɡɦɨɠɧɨ ɨɬɧɟɫɬɢ ɤ ɮɚɡɚɦ ɩɪɢɦɟɫɟɣ, ɧɚ SAED 

ɬɚɤɠɟ ɨɬɫɭɬɫɬɜɭɸɬ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ ɪɟɮɥɟɤɫɵ. 

 

Ɋɢɫɭɧɨɤ 4.2.5 – Ɋɟɡɭɥɶɬɚɬɵ TEM ɩɪɨɞɭɤɬɚ, ɩɨɥɭɱɟɧɧɨɝɨ ɩɪɢ W = 28 ɤȾɠ  
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Ɋɢɫɭɧɨɤ 4.2.6 – Ɋɟɡɭɥɶɬɚɬɵ TEM ɩɪɨɞɭɤɬɚ, ɩɨɥɭɱɟɧɧɨɝɨ ɩɪɢ W = 28 ɤȾɠ  

ɋɬɚɬɢɫɬɢɱɟɫɤɚɹ ɨɛɪɚɛɨɬɤɚ ɢɦɟɸɳɢɯɫɹ ɦɢɤɪɨɫɧɢɦɤɨɜ ɩɨɡɜɨɥɢɥɚ ɩɨɫɬɪɨɢɬɶ 

ɝɢɫɬɨɝɪɚɦɦɵ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɱɚɫɬɢɰ ɩɨ ɪɚɡɦɟɪɚɦ (ɪɢɫɭɧɨɤ 4.2.7). Ɉɧɢ ɛɥɢɡɤɢ ɤ 

ɧɨɪɦɚɥɶɧɨɦɭ ɡɚɤɨɧɭ ɪɚɫɩɪɟɞɟɥɟɧɢɹ, ɧɟɡɧɚɱɢɬɟɥɶɧɨ ɨɬɥɢɱɚɸɬɫɹ ɩɨ ɮɨɪɦɟ ɢ 

ɩɨɤɚɡɵɜɚɸɬ ɧɟɛɨɥɶɲɨɟ ɭɜɟɥɢɱɟɧɢɟ ɫɪɟɞɧɟɝɨ ɪɚɡɦɟɪɚ, ɫɨɩɨɫɬɚɜɥɟɧɧɨɝɨ ɫ 

ɪɚɡɦɟɪɚɦɢ ɈɄɊ ɩɪɢ W ɛɨɥɟɟ 20 ɤȾɠ. ɉɪɢ ɩɪɨɜɟɞɟɧɢɢ ɷɤɫɩɟɪɢɦɟɧɬɚ ɫ ɢɫɬɟɱɟɧɢɟɦ 

ɩɥɚɡɦɟɧɧɨɝɨ ɩɨɬɨɤɚ ɜ ɫɜɨɛɨɞɧɨɟ ɩɪɨɫɬɪɚɧɫɬɜɨ ɧɚ ɪɚɡɦɟɪ ɱɚɫɬɢɰ ɩɪɚɤɬɢɱɟɫɤɢ ɧɟ 

ɜɥɢɹɟɬ ɷɧɟɪɝɟɬɢɤɚ ɩɪɨɰɟɫɫɚ ɫɢɧɬɟɡɚ (ɜ ɞɢɚɩɚɡɨɧɟ ɷɧɟɪɝɢɢ ɨɬ 11 ɞɨ 28 ɤȾɠ). 

 

Ɋɢɫɭɧɨɤ 4.2.7 – Ɋɚɫɩɪɟɞɟɥɟɧɢɟ ɱɚɫɬɢɰ ɩɪɨɞɭɤɬɨɜ ɩɨ ɪɚɡɦɟɪɚɦ 

ɉɨ ɫɨɜɨɤɭɩɧɨɫɬɢ ɞɚɧɧɵɯ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɜ ɭɫɥɨɜɢɹɯ ɫɜɨɛɨɞɧɨɣ ɩɥɚɡɦɟɧɧɨɣ 

ɫɬɪɭɢ, ɩɪɢ ɢɡɦɟɧɟɧɢɢ ɷɧɟɪɝɟɬɢɤɢ ɩɪɨɰɟɫɫɚ ɫɢɧɬɟɡɚ ɡɚɦɟɱɟɧɵ ɢɡɦɟɧɟɧɢɹ ɮɚɡɨɜɨɝɨ 

ɫɨɫɬɚɜɚ, ɡɚɜɢɫɢɦɨɫɬɢ ɞɢɫɩɟɪɫɧɨɫɬɢ ɫɢɧɬɟɡɢɪɨɜɚɧɧɵɯ ɩɪɨɞɭɤɬɨɜ ɨɬ ɡɧɚɱɟɧɢɹ 

ɩɨɞɜɟɞɟɧɧɨɣ ɤ ɫɢɫɬɟɦɟ ɷɧɟɪɝɢɢ ɜɵɹɜɢɬɶ ɧɟ ɭɞɚɥɨɫɶ.  
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4.3. ȼɥɢɹɧɢɟ ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɨɜ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɢɦɩɭɥɶɫɚ ɧɚ 

ɮɚɡɨɜɵɣ ɢ ɝɪɚɧɭɥɨɦɟɬɪɢɱɟɫɤɢɣ ɫɨɫɬɚɜ ɩɪɢ ɜɨɡɞɟɣɫɬɜɢɢ ɩɥɚɡɦɟɧɧɨɣ ɫɬɪɭɢ ɧɚ 

ɦɟɞɧɭɸ ɩɪɟɝɪɚɞɭ 

 

ȼ ɧɚɫɬɨɹɳɟɦ ɪɚɡɞɟɥɟ ɪɚɫɫɦɨɬɪɟɧɨ ɜɥɢɹɧɢɟ ɢɡɦɟɧɟɧɢɹ ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ 

ɩɚɪɚɦɟɬɪɨɜ ɧɚ ɮɚɡɨɜɵɣ ɢ ɝɪɚɧɭɥɨɦɟɬɪɢɱɟɫɤɢɣ ɫɨɫɬɚɜ ɩɪɨɞɭɤɬɚ ɉȾɋ ɩɪɢ 

ɢɫɬɟɱɟɧɢɢ ɩɥɚɡɦɟɧɧɨɝɨ ɩɨɬɨɤɚ ɧɚ ɦɟɞɧɭɸ ɩɪɟɝɪɚɞɭ (ɢɦɩɚɤɬɧɚɹ ɫɜɟɪɯɡɜɭɤɨɜɚɹ 

ɫɬɪɭɹ), ɪɚɫɩɨɥɨɠɟɧɧɭɸ ɧɚ ɪɚɫɫɬɨɹɧɢɢ l = 25 ɦɦ ɨɬ ɫɪɟɡɚ ɍɄ ɢ ɩɟɪɩɟɧɞɢɤɭɥɹɪɧɨ ɤ 

ɟɝɨ ɩɪɨɞɨɥɶɧɨɣ ɨɫɢ. Ɉɫɧɨɜɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢɣ ɩɨ ɬɟɦɚɬɢɤɟ ɧɚɫɬɨɹɳɟɝɨ 

ɪɚɡɞɟɥɚ ɥɟɝɥɢ ɜ ɨɫɧɨɜɭ ɪɚɛɨɬ Д128, 148Ж. ɉɪɢɦɟɧɟɧɢɟ ɦɟɞɧɨɣ ɩɪɟɝɪɚɞɵ 

ɨɛɭɫɥɚɜɥɢɜɚɥɨɫɶ ɩɪɟɞɩɨɥɨɠɟɧɢɟɦ ɨ ɛɨɥɟɟ ɞɥɢɬɟɥɶɧɨɦ ɫɨɯɪɚɧɟɧɢɢ 

ɤɜɚɡɢɫɬɚɰɢɨɧɚɪɧɨɝɨ ɪɟɠɢɦɚ, ɜ ɬɟɱɟɧɢɟ ɤɨɬɨɪɨɝɨ ɞɨɥɠɟɧ ɧɚɛɥɸɞɚɬɶɫɹ ɪɨɫɬ ɱɚɫɬɢɰ 

ɩɪɨɞɭɤɬɚ ɫɢɧɬɟɡɚ. ɂɫɬɟɱɟɧɢɟ ɩɥɚɡɦɟɧɧɨɝɨ ɩɨɬɨɤɚ ɨɫɭɳɟɫɬɜɥɹɥɨɫɶ ɜ ɝɟɪɦɟɬɢɱɧɵɣ 

ɨɛɴɟɦ ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɄɊ (V = 0,0023 ɦ3), ɡɚɩɨɥɧɟɧɧɨɣ ɚɪɝɨɧɨɦ. 

Ʉɚɤ ɢ ɩɪɢ ɢɫɬɟɱɟɧɢɢ ɩɥɚɡɦɟɧɧɨɣ ɫɬɪɭɢ ɜ ɫɜɨɛɨɞɧɨɟ ɩɪɨɫɬɪɚɧɫɬɜɨ ɄɊ, 

ɭɩɪɚɜɥɟɧɢɟ ɩɨɞɜɟɞɟɧɧɨɣ ɷɧɟɪɝɢɟɣ WC ɜ ɷɤɫɩɟɪɢɦɟɧɬɚɯ ɫ ɢɦɩɚɤɬɧɨɣ 

ɫɜɟɪɯɡɜɭɤɨɜɨɣ ɫɬɪɭɟɣ ɨɫɭɳɟɫɬɜɥɹɥɨɫɶ ɩɨɫɪɟɞɫɬɜɨɦ ɢɡɦɟɧɟɧɢɹ ɡɚɪɹɞɧɨɝɨ 

ɧɚɩɪɹɠɟɧɢɹ Uзɚɪ ɩɪɢ ɩɨɫɬɨɹɧɫɬɜɟ ɟɦɤɨɫɬɢ ɤɨɧɞɟɧɫɚɬɨɪɧɵɯ ɛɚɬɚɪɟɣ C = 6 ɦɎ. ɇɚ 

ɪɢɫɭɧɤɟ 4.3.1 ɩɪɢɜɟɞɟɧɵ ɬɢɩɢɱɧɵɟ ɨɫɰɢɥɥɨɝɪɚɦɦɵ ɢɦɩɭɥɶɫɚ ɪɚɛɨɱɟɝɨ ɬɨɤɚ i(t), 

ɧɚɩɪɹɠɟɧɢɹ ɧɚ ɷɥɟɤɬɪɨɞɚɯ ɭɫɤɨɪɢɬɟɥɹ u(t), ɤɪɢɜɵɟ ɦɨɳɧɨɫɬɢ ɪɚɡɪɹɞɚ p(t) ɢ 

ɩɨɞɜɟɞɟɧɧɨɣ ɷɧɟɪɝɢɢ w(t) ɜ ɩɪɨɰɟɫɫɟ ɪɚɛɨɬɵ ɄɆɉɍ. ɉɪɨɜɟɞɟɧɨ ɱɟɬɵɪɟ ɫɟɪɢɢ 

ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɩɪɢ ɪɚɡɧɨɦ ɧɚɩɪɹɠɟɧɢɢ ȿɇɗ Uзɚɪ; ɞɨɫɬɢɝɧɭɬɵɟ ɷɧɟɪɝɟɬɢɱɟɫɤɢɟ 

ɩɚɪɚɦɟɬɪɵ, ɜ ɬɨɦ ɱɢɫɥɟ ɦɚɤɫɢɦɚɥɶɧɵɟ ɪɚɛɨɱɢɣ ɬɨɤ Im ɢ ɪɚɛɨɱɟɟ ɧɚɩɪɹɠɟɧɢɟ Um, 

ɦɚɤɫɢɦɚɥɶɧɚɹ ɦɨɳɧɨɫɬɶ ɩɥɚɡɦɟɧɧɨɝɨ ɪɚɡɪɹɞɚ Um, ɩɨɞɜɟɞɟɧɧɚɹ ɷɧɟɪɝɢɹ W, 

ɩɪɢɜɟɞɟɧɵ ɜ ɬɚɛɥɢɰɟ 4.3.1. Ʉɪɨɦɟ ɬɨɝɨ, ɜ ɬɚɛɥɢɰɟ ɩɪɢɜɟɞɟɧɵ ɡɧɚɱɟɧɢɹ ɜɟɥɢɱɢɧɵ 

ɭɫɥɨɜɧɨɝɨ ɜɪɟɦɟɧɢ ɤɜɚɡɢɫɬɚɰɢɨɧɚɪɧɨɝɨ ɪɟɠɢɦɚ tкɜ. ȼɫɟ ɩɪɢɜɟɞɟɧɧɵɟ ɜ ɬɚɛɥɢɰɟ 

ɷɧɟɪɝɟɬɢɱɟɫɤɢɟ ɩɚɪɚɦɟɬɪɵ ɜɨɡɪɚɫɬɚɸɬ ɫ ɪɨɫɬɨɦ ɷɧɟɪɝɢɢ, ɭɜɟɥɢɱɟɧɢɟ ɜɟɥɢɱɢɧɵ 

ɭɫɥɨɜɧɨɝɨ ɜɪɟɦɟɧɢ ɤɜɚɡɢɫɬɚɰɢɨɧɚɪɧɨɝɨ ɪɟɠɢɦɚ tкɜ ɫɜɢɞɟɬɟɥɶɫɬɜɭɟɬ ɨ ɜɟɪɨɹɬɧɨɦ 

ɩɪɨɬɟɤɚɧɢɢ ɛɨɥɟɟ ɩɨɥɧɨɝɨ ɩɪɨɰɟɫɫɚ ɫɢɧɬɟɡɚ ɜ ɫɥɭɱɚɟ ɩɨɜɵɲɟɧɧɨɝɨ ɡɧɚɱɟɧɢɹ 

ɩɨɞɜɟɞɟɧɧɨɣ ɷɧɟɪɝɢɢ. 
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Ɍɚɛɥɢɰɚ 4.3.1 – ɗɧɟɪɝɟɬɢɱɟɫɤɢɟ ɩɚɪɚɦɟɬɪɵ ɫɟɪɢɢ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɫ ɪɚɡɧɨɣ 

ɜɟɥɢɱɢɧɨɣ ɩɨɞɜɟɞɟɧɧɨɣ ɷɧɟɪɝɢɢ 

№ ɷɤɫɩ. Uзɚɪ, ɤȼ Im, ɤȺ Um, ɤȼ Pm, Ɇȼɬ W, ɤȾɠ tкɜ, ɦɤɫ 

1 3,5 111,0 1,8 204,0 30,0 203,6 

2 3,0 98,0 1,3 123,0 19,0 202,4 

3 2,5 76,0 1,1 76,0 13,0 190,4 

4 2,0 65,0 1,0 65,0 10,0 149,2 

 

Ɋɢɫɭɧɨɤ 4.3.1 – Ɍɢɩɢɱɧɵɟ ɨɫɰɢɥɥɨɝɪɚɦɦɵ ɪɚɛɨɱɟɝɨ ɬɨɤɚ i(t), ɧɚɩɪɹɠɟɧɢɹ ɧɚ 

ɷɥɟɤɬɪɨɞɚɯ ɭɫɤɨɪɢɬɟɥɹ u(t), ɤɪɢɜɵɟ ɦɨɳɧɨɫɬɢ ɪɚɡɪɹɞɚ p(t) ɢ ɩɨɞɜɟɞɟɧɧɨɣ ɷɧɟɪɝɢɢ 

w(t) ɩɥɚɡɦɟɧɧɨɝɨ ɜɵɫɬɪɟɥɚ ɩɪɢ: ɚ) Uзɚɪ = 2,0 ɤȼ; ɛ) Uзɚɪ = 2,5 ɤȼ; ɜ) Uзɚɪ = 3,0 ɤȼ; ɝ) 

Uзɚɪ = 3,5 ɤȼ 

ɇɚ ɪɢɫɭɧɤɟ 4.3.2 ɩɪɢɜɟɞɟɧɵ ɞɢɮɪɚɤɬɨɝɪɚɦɦɵ ɩɪɨɞɭɤɬɨɜ, ɜ ɬɚɛɥɢɰɟ 4.3.2 

ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɊɋȺ. ȼɫɟ ɫɢɧɬɟɡɢɪɨɜɚɧɧɵɟ ɩɪɨɞɭɤɬɵ ɜɤɥɸɱɚɸɬ ɜ ɫɟɛɹ 

ɬɪɢ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɟ ɮɚɡɵ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ ɪɚɧɟɟ ɢɫɩɨɥɶɡɭɟɦɵɦ ɫɬɪɭɤɬɭɪɧɵɦ 
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ɦɨɞɟɥɹɦ ɤɭɛɢɱɟɫɤɨɝɨ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ȕ-SiC, ɤɭɛɢɱɟɫɤɨɝɨ ɤɪɟɦɧɢɹ cSi ɢ ɝɪɚɮɢɬɚ 

gC. ɋ ɢɡɦɟɧɟɧɢɟɦ ɷɧɟɪɝɟɬɢɤɢ ɩɪɨɰɟɫɫɚ ɧɚɛɥɸɞɚɟɬɫɹ ɢɡɦɟɧɟɧɢɟ ɫɨɨɬɧɨɲɟɧɢɹ 

ɦɚɤɫɢɦɭɦɨɜ ɢɧɬɟɧɫɢɜɧɨɫɬɟɣ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɪɟɮɥɟɤɫɨɜ ɪɚɡɥɢɱɧɵɯ ɮɚɡ. 

 

Ɋɢɫɭɧɨɤ 4.3.2 – XRD-ɤɚɪɬɢɧɵ ɩɪɨɞɭɤɬɨɜ ɫɢɧɬɟɡɚ 

Ɍɚɛɥɢɰɚ 4.3.2 – Ɋɟɡɭɥɶɬɚɬɵ ɊɋȺ ɩɪɨɞɭɤɬɨɜ ɫɢɧɬɟɡɚ 

         Ɏɚɡɚ 

W, ɤȾɠ 

SiC Si C 

% ɦɚɫɫ. ɈɄɊ, ɧɦ % ɦɚɫɫ. ɈɄɊ, ɧɦ % ɦɚɫɫ. ɈɄɊ, ɧɦ 

1. 30 ɤȾɠ 90,0 90 3,5 40 6,5 20 

2. 19 ɤȾɠ 80,0 75 13,0 65 7,0 35 

3. 13 ɤȾɠ 73,0 70 19,0 80 8,0 20 

4. 10 ɤȾɠ 60,0 35 24,0 20 16,0 10 

ɋɨɝɥɚɫɧɨ ɪɟɡɭɥɶɬɚɬɚɦ ɊɋȺ (ɬɚɛɥɢɰɚ 4.3.2), ɜ ɤɚɠɞɨɣ ɫɟɪɢɢ ɷɤɫɩɟɪɢɦɟɧɬɨɜ 

ɩɪɟɢɦɭɳɟɫɬɜɟɧɧɨ ɨɛɪɚɡɭɟɬɫɹ ȕ-SiC. Ɋɨɫɬ ɩɨɞɜɟɞɟɧɧɨɣ ɷɧɟɪɝɢɢ W ɩɪɢɜɨɞɢɬ ɤ 

ɭɜɟɥɢɱɟɧɢɸ ɦɚɫɫɨɜɨɝɨ ɫɨɞɟɪɠɚɧɢɹ SiC ɢ ɭɦɟɧɶɲɟɧɢɸ ɤɨɥɢɱɟɫɬɜɚ ɮɚɡ 

ɩɪɟɤɭɪɫɨɪɨɜ – ɤɪɟɦɧɢɹ ɢ ɭɝɥɟɪɨɞɚ, ɬ. ɟ. ɨɫɭɳɟɫɬɜɥɹɟɬɫɹ ɛɨɥɟɟ ɷɮɮɟɤɬɢɜɧɨɟ 

ɤɚɪɛɢɞɨɨɛɪɚɡɨɜɚɧɢɟ ɜɫɥɟɞɫɬɜɢɟ ɛɨɥɟɟ ɩɨɥɧɨɣ ɢɨɧɢɡɚɰɢɢ ɩɪɟɤɭɪɫɨɪɨɜ. ɗɬɨ 

ɩɪɨɢɫɯɨɞɢɬ ɩɨ ɩɪɢɱɢɧɟ ɪɨɫɬɚ ɫɤɨɪɨɫɬɢ ɞɜɢɠɟɧɢɹ ɫɬɪɭɢ ɫ ɭɜɟɥɢɱɟɧɢɟɦ ɬɨɤɚ Д149Ж 

ɢ ɫɥɟɞɭɸɳɟɝɨ ɡɚ ɧɢɦ ɩɨɜɵɲɟɧɢɹ pT-ɩɚɪɚɦɟɬɪɨɜ ɜ ɝɨɥɨɜɧɨɦ ɫɤɚɱɤɟ ɭɩɥɨɬɧɟɧɢɹ 

ɩɥɚɡɦɟɧɧɨɣ ɫɬɪɭɢ ɜ ɍɄ. Ɉɞɧɚɤɨ, ɜ ɫɪɚɜɧɟɧɢɢ ɫ ɪɟɡɭɥɶɬɚɬɚɦɢ ɩɪɢ ɫɜɨɛɨɞɧɨɦ 

ɢɫɬɟɱɟɧɢɢ ɢɡ ɍɄ, ɡɚɦɟɬɧɨ ɫɭɳɟɫɬɜɟɧɧɨɟ ɢɡɦɟɧɟɧɢɟ, ɜɵɪɚɠɟɧɧɨɟ ɡɧɚɱɢɬɟɥɶɧɵɦ 

ɫɧɢɠɟɧɢɟɦ ɫɨɞɟɪɠɚɧɢɹ ɮɚɡɵ ȕ-SiC ɜɨ ɜɫɟɦ ɞɢɚɩɚɡɨɧɟ ɢɡɦɟɧɟɧɢɹ W ɩɪɢ 

ɫɨɯɪɚɧɟɧɢɢ ɡɚɤɨɧɨɦɟɪɧɨɫɬɢ ɪɨɫɬɚ ɞɨɥɢ ȕ-SiC ɫ ɭɜɟɥɢɱɟɧɢɟɦ W. ɇɚɢɛɨɥɟɟ 
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ɜɟɪɨɹɬɧɨɣ ɩɪɢɱɢɧɨɣ ɷɬɨɝɨ ɹɜɥɹɟɬɫɹ ɨɫɚɠɞɟɧɢɟ ɫɢɧɬɟɡɢɪɨɜɚɧɧɨɝɨ SiC ɧɚ 

ɩɨɜɟɪɯɧɨɫɬɢ ɦɟɞɧɨɣ ɩɪɟɝɪɚɞɵ ɜɫɥɟɞɫɬɜɢɟ ɛɵɫɬɪɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɧɚ ɧɚɱɚɥɶɧɨɦ 

ɷɬɚɩɟ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ. 

ȼ ɬɚɛɥɢɰɟ 4.3.2 ɩɪɢɜɟɞɟɧɵ ɫɪɟɞɧɢɟ ɪɚɡɦɟɪɵ ɈɄɊ, ɤɨɬɨɪɵɟ ɭɜɟɥɢɱɢɜɚɸɬɫɹ ɫ 

ɪɨɫɬɨɦ ɩɨɞɜɟɞɟɧɧɨɣ ɷɧɟɪɝɢɢ. ɂɡɜɟɫɬɧɨ, ɱɬɨ ɩɪɢ ɫɜɟɪɯɡɜɭɤɨɜɨɦ ɜɡɚɢɦɨɞɟɣɫɬɜɢɢ ɭ 

ɩɨɜɟɪɯɧɨɫɬɢ ɩɪɟɝɪɚɞɵ ɮɨɪɦɢɪɭɟɬɫɹ ɢɧɞɭɰɢɪɨɜɚɧɧɵɣ ɫɤɚɱɨɤ ɭɩɥɨɬɧɟɧɢɹ, ɜ 

ɤɨɬɨɪɨɦ ɫɤɨɪɨɫɬɶ ɦɚɫɫɨɩɟɪɟɧɨɫɚ ɫɧɢɠɚɟɬɫɹ ɞɨ ɞɨɡɜɭɤɨɜɨɣ, ɜɵɪɚɫɬɚɸɬ ɞɚɜɥɟɧɢɟ ɢ 

ɬɟɦɩɟɪɚɬɭɪɚ ɜɟɳɟɫɬɜɚ (ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɨ W). Ʉɚɤ ɫɥɟɞɫɬɜɢɟ, ɡɚɦɟɞɥɹɟɬɫɹ 

ɬɟɩɥɨɨɬɜɨɞ ɨɬ ɦɚɫɫɵ ɠɢɞɤɨɮɚɡɧɨɝɨ ɩɪɨɞɭɤɬɚ ɫɢɧɬɟɡɚ, ɩɨɜɵɲɚɸɬɫɹ ɞɥɢɬɟɥɶɧɨɫɬɶ 

ɩɪɨɰɟɫɫɚ ɤɪɢɫɬɚɥɥɢɡɚɰɢɢ ɢ ɜɪɟɦɹ ɪɨɫɬɚ ɤɪɢɫɬɚɥɥɢɬɨɜ ɪɚɫɩɵɥɹɟɦɨɝɨ ɦɚɬɟɪɢɚɥɚ. 

ɗɬɨ ɨɛɟɫɩɟɱɢɜɚɟɬ ɪɨɫɬ ɪɚɡɦɟɪɨɜ ɤɪɢɫɬɚɥɥɨɜ ɢ, ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɭɜɟɥɢɱɟɧɢɟ 

ɫɪɟɞɧɢɯ ɪɚɡɦɟɪɨɜ ɈɄɊ ɮɚɡɵ ȕ-SiC ɜ ɫɪɚɜɧɟɧɢɢ ɫ ɚɧɚɥɨɝɢɱɧɵɦɢ ɜɟɥɢɱɢɧɚɦɢ ɜ 

ɫɥɭɱɚɟ ɫɜɨɛɨɞɧɨɝɨ ɬɟɱɟɧɢɹ. ɉɪɢ ɷɬɨɦ ɦɚɤɫɢɦɚɥɶɧɵɦ ɪɚɡɦɟɪɚɦ ɈɄɊ, ɩɨɥɭɱɚɟɦɵɦ 

ɩɪɢ ɧɚɢɛɨɥɶɲɟɣ W, ɫɨɨɬɜɟɬɫɬɜɭɟɬ, ɫɨɝɥɚɫɧɨ ɊɋȺ, ɦɢɧɢɦɚɥɶɧɵɣ ɭɪɨɜɟɧɶ 

ɦɢɤɪɨɢɫɤɚɠɟɧɢɣ Δd/d ɢ ɞɟɮɟɤɬɧɨɫɬɢ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɵ ȕ-SiC. 

ɇɚ ɪɢɫɭɧɤɟ 4.3.3 ɩɪɢɜɟɞɟɧɵ ɪɟɡɭɥɶɬɚɬɵ TEM ɩɪɨɞɭɤɬɚ, ɩɨɥɭɱɟɧɧɨɝɨ ɩɪɢ 

ɦɚɤɫɢɦɚɥɶɧɨɣ ɩɨɞɜɟɞɟɧɧɨɣ ɷɧɟɪɝɢɢ W = 30 ɤȾɠ (ɬɚɛɥɢɰɚ 4.3.1, ɩɨɡɢɰɢɹ 1). 

ɋɜɟɬɥɨɩɨɥɶɧɵɣ ɦɢɤɪɨɫɧɢɦɨɤ (ɪɢɫɭɧɨɤ 4.3.3,ɚ) ɞɟɦɨɧɫɬɪɢɪɭɟɬ ɫɤɨɩɥɟɧɢɟ, 

ɫɨɫɬɨɹɳɟɟ ɢɡ ɬɪɟɯ ɫɢɥɶɧɨ ɨɬɥɢɱɚɸɳɢɯɫɹ ɩɨ ɪɚɡɦɟɪɚɦ ɮɪɚɤɰɢɣ. ɇɚɢɛɨɥɟɟ ɦɟɥɤɚɹ 

ɮɪɚɤɰɢɹ ɫɨɫɬɨɢɬ ɢɡ ɱɚɫɬɢɰ ɧɟɨɩɪɟɞɟɥɟɧɧɨɣ ɮɨɪɦɵ ɫ ɪɚɡɦɟɪɚɦɢ ɦɟɧɟɟ з20 ɧɦ 

(ɪɢɫɭɧɨɤ 4.3.3,ɛ). ɑɚɫɬɢɰɵ ɩɪɨɦɟɠɭɬɨɱɧɨɣ ɮɪɚɤɰɢɢ ɪɚɡɦɟɪɚɦɢ ɞɨ з200 ɧɦ, ɤɚɤ 

ɜɢɞɧɨ ɧɚ ɪɢɫɭɧɤɟ 4.3.3,ɛ, ɢɦɟɸɬ ɪɚɡɥɢɱɧɭɸ ɩɥɨɬɧɨɫɬɶ ɧɚ TEM-ɢɡɨɛɪɚɠɟɧɢɢ, 

ɦɨɪɮɨɥɨɝɢɸ ɢ ɮɨɪɦɵ: ɫɮɟɪɢɱɟɫɤɢɟ, ɨɝɪɚɧɟɧɧɵɟ ɢ ɛɟɫɮɨɪɦɟɧɧɵɟ. 

Ⱦɨɦɢɧɢɪɭɸɳɚɹ ɩɨ ɨɛɴɟɦɭ ɢ, ɜɢɞɢɦɨ, ɩɨ ɦɚɫɫɟ ɤɪɭɩɧɚɹ ɮɪɚɤɰɢɹ ɫ ɪɚɡɦɟɪɚɦɢ 

ɜɩɥɨɬɶ ɞɨ з1,0 ɦɤɦ, ɩɪɟɞɫɬɚɜɥɟɧɚ ɱɚɫɬɢɰɚɦɢ ɫ ɛɥɢɡɤɢɦ ɤ «ɢɞɟɚɥɶɧɨɦɭ» 

ɤɪɢɫɬɚɥɥɨɝɪɚɮɢɱɟɫɤɢɦ ɨɮɨɪɦɥɟɧɢɟɦ, ɫɭɞɹ ɩɨ TEM-ɢɡɨɛɪɚɠɟɧɢɹɦ ɧɚ ɪɢɫɭɧɤɟ 

4.3.3,ɜ. SAED (ɪɢɫɭɧɨɤ 4.3.4,ɚ) ɧɚ ɨɛɥɚɫɬɢ, ɜɵɞɟɥɟɧɧɨɣ ɧɚ ɪɢɫɭɧɤɟ 4.3.3,ɚ, ɧɨɫɢɬ 

ɬɨɱɟɱɧɨ-ɤɨɥɶɰɟɜɨɣ ɯɚɪɚɤɬɟɪ, ɨɛɭɫɥɨɜɥɟɧɧɵɣ ɨɱɟɧɶ ɲɢɪɨɤɢɦ ɪɚɫɩɪɟɞɟɥɟɧɢɟɦ ɩɨ 

ɪɚɡɦɟɪɚɦ ɱɚɫɬɢɰ. Ɋɚɡɦɟɳɟɧɧɵɣ ɪɹɞɨɦ ɬɟɦɧɨɩɨɥɶɧɵɣ TEM-ɫɧɢɦɨɤ (ɪɢɫɭɧɨɤ 

4.3.4,ɛ) ɮɪɚɝɦɟɧɬɚ ɫɤɨɩɥɟɧɢɹ ɩɨɥɭɱɟɧ ɩɪɢ ɫɦɟɳɟɧɢɢ ɚɩɟɪɬɭɪɧɨɣ ɞɢɚɮɪɚɝɦɵ ɜ 



99 

ɨɬɦɟɱɟɧɧɭɸ ɧɚ SAED ɨɛɥɚɫɬɶ ɩɟɪɜɨɝɨ ɞɢɮɮɭɡɢɨɧɧɨɝɨ ɝɚɥɨ ɫ ɨɬɞɟɥɶɧɵɦɢ 

ɬɨɱɟɱɧɵɦɢ ɪɟɮɥɟɤɫɚɦɢ, ɬ. ɟ. ɜ ɫɜɟɬɟ ɞɢɮɪɚɝɢɪɨɜɚɧɧɵɯ ɩɭɱɤɨɜ ɧɚ ɩɥɨɫɤɨɫɬɹɯ (002) 

ɭɝɥɟɪɨɞɧɵɯ ɮɚɡ ɢ ɩɥɨɫɤɨɫɬɹɯ (111) ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɝɨ ɤɪɟɦɧɢɹ, ɩɪɢɫɭɬɫɬɜɭɸɳɢɯ 

(ɫɭɞɹ ɩɨ XRD) ɜ ɧɟɛɨɥɶɲɨɦ ɤɨɥɢɱɟɫɬɜɟ ɢ ɢɦɟɸɳɢɯ ɛɥɢɡɤɢɟ ɡɧɚɱɟɧɢɹ 

ɦɟɠɩɥɨɫɤɨɫɬɧɵɯ ɪɚɫɫɬɨɹɧɢɣ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ dC(002) = 0,3395 ɧɦ ɢ dSi(111) = 

0,312866 ɧɦ. ɋɭɞɹ ɩɨ ɫɜɟɬɹɳɢɦɫɹ ɨɛɥɚɫɬɹɦ ɧɚ ɷɬɢɯ ɬɟɦɧɨɩɨɥɶɧɵɯ ɫɧɢɦɤɚɯ, 

ɭɝɥɟɪɨɞɧɵɟ ɮɚɡɵ ɢ ɤɪɟɦɧɢɣ ɩɪɟɞɫɬɚɜɥɟɧɵ ɜ ɩɪɨɞɭɤɬɟ ɧɚɧɨɞɢɫɩɟɪɫɧɵɦɢ 

ɮɪɚɤɰɢɹɦɢ. ɉɪɢɱɟɦ ɜ ɩɪɨɦɟɠɭɬɨɱɧɨɣ ɮɪɚɤɰɢɢ ɫ ɪɚɡɦɟɪɚɦɢ ɞɨ 200 ɧɦ 

ɧɚɛɥɸɞɚɟɬɫɹ ɫɜɟɱɟɧɢɟ ɤɨɧɬɭɪɨɜ ɜ ɬɟɥɚɯ ɨɤɪɭɝɥɵɯ ɮɨɪɦ. 

 

Ɋɢɫɭɧɨɤ 4.3.3 – Ɋɟɡɭɥɶɬɚɬɵ TEM ɩɪɨɞɭɤɬɚ, ɩɨɥɭɱɟɧɧɨɝɨ ɩɪɢ W = 30 ɤȾɠ 

ɂɧɞɟɤɫɚɰɢɹ SAED ɧɚ ɪɢɫɭɧɤɟ 4.3.4,ɚ ɩɨɤɚɡɵɜɚɟɬ ɧɚɥɢɱɢɟ ɞɪɭɝɢɯ ɫɥɚɛɵɯ 

ɨɬɪɚɠɟɧɢɣ ɮɚɡ ɨɫɬɚɜɲɢɯɫɹ ɩɪɟɤɭɪɫɨɪɨɜ. ɇɚɢɛɨɥɟɟ ɢɧɬɟɧɫɢɜɧɵɟ ɬɨɱɟɱɧɵɟ 

ɪɟɮɥɟɤɫɵ ɨɞɧɨɡɧɚɱɧɨ ɫɨɨɬɜɟɬɫɬɜɭɸɬ ȕ-SiC, ɩɪɟɞɫɬɚɜɥɟɧɧɨɣ ɜ ɩɪɨɞɭɤɬɟ ɧɚɢɛɨɥɟɟ 

ɤɪɭɩɧɨɣ ɮɪɚɤɰɢɟɣ. ɇɚ ɪɢɫɭɧɤɟ 4.3.4,ɜ ɩɨɤɚɡɚɧɚ SAED, ɫɧɹɬɚɹ ɧɚ ɝɪɭɩɩɟ ɤɪɭɩɧɵɯ 

ɱɚɫɬɢɰ ɫ ɯɚɪɚɤɬɟɪɧɨɣ ɨɝɪɚɧɤɨɣ. ɇɚ ɪɢɫɭɧɤɟ 4.3.4,ɝ ɩɪɟɞɫɬɚɜɥɟɧɨ ɬɢɩɢɱɧɨɟ 

ɬɟɦɧɨɩɨɥɶɧɨɟ TEM-ɢɡɨɛɪɚɠɟɧɢɟ ɜ ɫɜɟɬɟ ɞɢɮɪɚɝɢɪɨɜɚɧɧɨɝɨ ɩɭɱɤɚ ɧɚ ɩɚɤɟɬɚɯ 

ɩɥɨɫɤɨɫɬɟɣ SiC (111), ɧɚ ɤɨɬɨɪɨɦ ɜɢɞɧɵ ɹɪɤɨ ɫɜɟɬɹɳɢɟɫɹ ɤɨɧɬɭɪɵ ɷɬɢɯ 

ɩɥɨɫɤɨɫɬɟɣ, ɫɜɢɞɟɬɟɥɶɫɬɜɭɸɳɢɟ ɨ ɦɨɧɨɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɟ ɬɚɤɨɝɨ ɬɢɩɚ 

ɤɪɭɩɧɵɯ ɢ ɫɪɟɞɧɢɯ ɩɨ ɪɚɡɦɟɪɚɦ ɨɛɴɟɤɬɨɜ. 
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Ɋɢɫɭɧɨɤ 4.3.4 – Ɋɟɡɭɥɶɬɚɬɵ TEM, ɩɨɥɭɱɟɧɧɨɝɨ ɩɪɢ W = 30 ɤȾɠ 

ȼ ɤɚɱɟɫɬɜɟɧɧɨɦ ɨɬɧɨɲɟɧɢɢ ɮɪɚɤɰɢɨɧɧɵɣ ɫɨɫɬɚɜ ɩɪɨɞɭɤɬɚ ɉȾɋ ɧɟ 

ɢɡɦɟɧɹɟɬɫɹ ɫ ɭɦɟɧɶɲɟɧɢɟɦ ɩɨɞɜɨɞɢɦɨɣ ɤ ɄɆɉɍ ɷɧɟɪɝɢɢ ɞɨ 19 ɤȾɠ ɢ ɞɨ 13 ɤȾɠ, 

ɫɭɞɹ ɩɨ TEM-ɞɚɧɧɵɦ, ɩɪɟɞɫɬɚɜɥɟɧɧɵɦ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ ɧɚ ɪɢɫɭɧɤɟ 4.3.5 ɢ ɪɢɫɭɧɤɟ 

4.3.6. Ɉɞɧɚɤɨ ɦɨɠɧɨ ɨɬɦɟɬɢɬɶ ɡɚɦɟɬɧɭɸ ɬɟɧɞɟɧɰɢɸ ɭɦɟɧɶɲɟɧɢɹ ɤɨɥɢɱɟɫɬɜɚ 

ɯɨɪɨɲɨ ɨɝɪɚɧɟɧɧɵɯ ɱɚɫɬɢɰ ɨɱɟɧɶ ɛɨɥɶɲɢɯ ɪɚɡɦɟɪɨɜ, ɛɨɥɟɟ з200 ɧɦ, ɫ 

ɭɦɟɧɶɲɟɧɢɟɦ ɷɧɟɪɝɟɬɢɤɢ ɩɪɨɰɟɫɫɚ. ȼɢɡɭɚɥɶɧɨ ɨɰɟɧɢɜɚɟɦɨɟ ɱɢɫɥɨ ɱɚɫɬɢɰ 

ɩɪɨɦɟɠɭɬɨɱɧɨɣ ɮɪɚɤɰɢɢ (ɞɨ 200 ɧɦ) ɫɬɚɧɨɜɢɬɫɹ ɛɨɥɶɲɟ. ɉɪɢ ɷɬɨɦ ɡɚɦɟɬɧɨ 

ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɤɨɥɢɱɟɫɬɜɨ ɱɚɫɬɢɰ ɨɤɪɭɝɥɨɣ ɮɨɪɦɵ, ɤɨɬɨɪɵɟ ɦɟɬɨɞɨɦ SAED ɢ 

ɬɟɦɧɨɩɨɥɶɧɵɯ ɢɡɨɛɪɚɠɟɧɢɣ ɢɞɟɧɬɢɮɢɰɢɪɭɸɬɫɹ ɤɚɤ ɤɪɢɫɬɚɥɥɢɬɵ ɤɪɟɦɧɢɹ. SAED 

ɨɛɥɚɫɬɢ ɩɪɨɞɭɤɬɚ ɫɢɧɬɟɡɚ ɩɪɢ 19 ɤȾɠ (ɪɢɫɭɧɨɤ 4.3.5) ɫɨɫɬɨɢɬ ɢɡ ɹɜɧɨ 

ɜɵɪɚɠɟɧɧɵɯ ɞɢɫɤɪɟɬɧɵɯ ɤɨɥɟɰ, ɫɨɫɬɚɜɥɟɧɧɵɯ ɬɨɱɟɱɧɵɦɢ ɪɟɮɥɟɤɫɚɦɢ 

ɞɨɦɢɧɢɪɭɸɳɟɣ ɮɚɡɵ SiC. ɗɬɨ ɨɛɭɫɥɨɜɥɟɧɨ ɬɟɦ, ɱɬɨ ɩɨɞɚɜɥɹɸɳɟɟ ɛɨɥɶɲɢɧɫɬɜɨ 

ɱɚɫɬɢɰ ɷɬɨɣ ɮɚɡɵ ɢɦɟɟɬ ɪɚɡɦɟɪ ɦɟɧɟɟ з200 ɧɦ ɢ ɩɪɨɫɜɟɱɢɜɚɸɬɫɹ ɷɥɟɤɬɪɨɧɧɵɦ 

ɩɭɱɤɨɦ. 
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Ɋɢɫɭɧɨɤ 4.3.5 – Ɋɟɡɭɥɶɬɚɬɵ TEM ɩɪɨɞɭɤɬɚ, ɩɨɥɭɱɟɧɧɨɝɨ ɩɪɢ W = 19 ɤȾɠ 

 

Ɋɢɫɭɧɨɤ 4.3.6 – Ɋɟɡɭɥɶɬɚɬɵ TEM ɩɪɨɞɭɤɬɚ, ɩɨɥɭɱɟɧɧɨɝɨ ɩɪɢ W = 13 ɤȾɠ 

Ⱥɧɚɥɨɝɢɱɧɨ ɦɨɠɧɨ ɬɪɚɤɬɨɜɚɬɶ ɞɚɧɧɵɟ ɧɚ ɪɢɫɭɧɤɟ 4.3.6 ɞɥɹ ɩɪɨɞɭɤɬɚ, 

ɫɢɧɬɟɡɢɪɨɜɚɧɧɨɝɨ ɩɪɢ W = 13 ɤȾɠ. ȼ ɫɨɫɬɚɜɟ ɟɝɨ ɨɛɪɚɡɰɚ ɨɫɬɚɸɬɫɹ ɟɞɢɧɢɱɧɵɟ 
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ɨɛɴɟɤɬɵ ɛɨɥɶɲɢɯ ɪɚɡɦɟɪɨɜ, ɨɤɨɥɨ 1 ɦɤɦ, ɧɨ ɪɚɡɦɟɪɵ ɛɨɥɶɲɢɧɫɬɜɚ ɱɚɫɬɢɰ 

ɩɪɨɦɟɠɭɬɨɱɧɨɣ ɮɪɚɤɰɢɢ ɜ ɫɪɟɞɧɟɦ ɫɬɚɧɨɜɹɬɫɹ ɟɳɟ ɦɟɧɶɲɟ, ɱɟɦ ɜ ɩɪɟɞɵɞɭɳɟɦ 

ɫɥɭɱɚɟ (W = 19 ɤȾɠ). Ⱦɚɧɧɵɟ TEM-ɢɫɫɥɟɞɨɜɚɧɢɣ ɧɚ ɪɢɫɭɧɤɟ 4.3.7 ɞɥɹ ɩɪɨɞɭɤɬɚ 

ɫɢɧɬɟɡɚ ɩɪɢ W = 10 ɤȾɠ ɞɟɦɨɧɫɬɪɢɪɭɸɬ ɪɟɡɤɨɟ ɢɡɦɟɧɟɧɢɟ ɮɪɚɤɰɢɨɧɧɨɝɨ ɢ 

ɮɚɡɨɜɨɝɨ ɫɨɫɬɚɜɚ ɩɨɪɨɲɤɚ. ɉɨ-ɜɢɞɢɦɨɦɭ, ɬɚɤɨɣ ɭɪɨɜɟɧɶ ɷɧɟɪɝɟɬɢɤɢ ɩɪɨɰɟɫɫɚ 

ɛɥɢɡɨɤ ɤ ɩɨɪɨɝɨɜɨɦɭ ɜ ɨɬɧɨɲɟɧɢɢ ɨɛɟɫɩɟɱɟɧɢɹ pT-ɩɚɪɚɦɟɬɪɨɜ ɫɢɧɬɟɡɚ ɤɚɪɛɢɞɚ 

ɤɪɟɦɧɢɹ. Ʉɪɨɦɟ ɬɨɝɨ, ɜ ɞɚɧɧɨɦ ɷɤɫɩɟɪɢɦɟɧɬɟ ɞɨɫɬɢɝɚɟɬɫɹ ɦɢɧɢɦɚɥɶɧɨɟ ɡɧɚɱɟɧɢɟ 

ɜɟɥɢɱɢɧɵ ɭɫɥɨɜɧɨɝɨ ɜɪɟɦɟɧɢ ɤɜɚɡɢɫɬɚɰɢɨɧɚɪɧɨɝɨ ɪɟɠɢɦɚ. ɗɬɨ ɨɛɭɫɥɚɜɥɢɜɚɟɬ 

ɧɟɩɨɥɧɨɬɭ ɩɪɨɰɟɫɫɚ ɫɢɧɬɟɡɚ. ɇɚ ɫɜɟɬɥɨɩɨɥɶɧɨɦ TEM-ɫɧɢɦɤɟ (ɪɢɫɭɧɨɤ 4.3.7,ɚ) 

ɜɢɞɧɨ ɩɨɞɚɜɥɹɸɳɟɟ ɩɪɟɨɛɥɚɞɚɧɢɟ ɧɚɧɨɞɢɫɩɟɪɫɧɨɣ ɮɪɚɤɰɢɢ ɦɚɬɟɪɢɚɥɚ ɜ ɜɢɞɟ 

ɤɪɭɩɧɵɯ ɨɤɪɭɝɥɵɯ ɨɛɴɟɤɬɨɜ, ɫɥɚɛɨ ɩɪɨɫɜɟɱɢɜɚɟɦɵɯ ɷɥɟɤɬɪɨɧɧɵɦ ɩɭɱɤɨɦ, 

ɪɚɡɦɟɪɨɦ ɨɤɨɥɨ з100 ɧɦ, ɢ ɨɱɟɧɶ ɤɪɭɩɧɵɯ ɚɝɪɟɝɚɬɨɜ, ɫɨɫɬɨɹɳɢɯ ɢɡ ɫɨɟɞɢɧɟɧɧɵɯ 

ɫɮɟɪɨɢɞɚɥɶɧɵɯ ɨɛɴɟɤɬɨɜ ɢɡ ɧɢɡɤɨɩɥɨɬɧɨɝɨ ɦɚɬɟɪɢɚɥɚ. Ɉɛɴɟɤɬɵ ɫ ɩɪɚɜɢɥɶɧɨɣ 

ɨɝɪɚɧɤɨɣ, ɯɚɪɚɤɬɟɪɧɨɣ ɞɥɹ ɱɚɫɬɢɰ SiC, ɜ ɨɛɪɚɡɰɟ ɩɪɢɫɭɬɫɬɜɭɸɬ ɜ ɨɝɪɚɧɢɱɟɧɧɨɦ 

ɤɨɥɢɱɟɫɬɜɟ. ɇɚ ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɣ SAED (ɪɢɫɭɧɨɤ 4.3.7) ɧɚɛɥɸɞɚɸɬɫɹ ɛɭɤɜɚɥɶɧɨ 

ɟɞɢɧɢɱɧɵɟ ɢɧɬɟɧɫɢɜɧɵɟ ɪɟɮɥɟɤɫɵ SiC (111), ɚ ɬɚɤɠɟ (200) ɢ (220). ɇɚ 

ɬɟɦɧɨɩɨɥɶɧɵɯ TEM-ɫɧɢɦɤɚɯ ɜ ɫɜɟɬɟ ɭɤɚɡɚɧɧɵɯ ɨɬɪɚɠɟɧɢɣ (ɪɢɫɭɧɨɤ 4.3.7,ɛ ɢ 

ɪɢɫɭɧɨɤ 4.3.7,ɜ) ɤɪɨɦɟ ɩɥɨɫɤɨɫɬɟɣ ɜ ɤɪɢɫɬɚɥɥɢɬɚɯ SiC ɫɪɟɞɧɢɯ ɪɚɡɦɟɪɨɜ ɹɪɤɨ 

ɜɵɫɜɟɱɢɜɚɸɬɫɹ ɢ ɤɪɢɫɬɚɥɥɢɬɵ ɷɬɨɣ ɮɚɡɵ ɜ ɧɚɧɨɞɢɫɩɟɪɫɧɨɣ ɮɪɚɤɰɢɢ. 

ɉɪɟɨɛɥɚɞɚɸɳɢɟ ɜ ɨɛɪɚɡɰɟ ɨɛɴɟɤɬɵ, ɨɩɢɫɚɧɧɵɟ ɜɵɲɟ, ɨɫɬɚɸɬɫɹ ɬɟɦɧɵɦɢ ɢ 

ɩɪɟɞɫɬɚɜɥɹɸɬ, ɩɨ-ɜɢɞɢɦɨɦɭ, ɩɫɟɜɞɨɚɦɨɪɮɧɵɟ ɤɪɟɦɧɢɣ ɢ ɭɝɥɟɪɨɞ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ, 

ɞɚɸɳɢɟ ɞɢɮɮɭɡɧɵɟ ɝɚɥɨ ɧɚ ɩɪɢɜɟɞɟɧɧɨɣ SAED. 

ɋɬɚɬɢɫɬɢɱɟɫɤɚɹ ɨɛɪɚɛɨɬɤɚ ɛɨɥɶɲɨɝɨ ɱɢɫɥɚ TEM-ɫɧɢɦɤɨɜ ɩɪɨɞɭɤɬɨɜ ɫɢɧɬɟɡɚ 

ɩɪɢ ɪɚɡɧɵɯ ɜɟɥɢɱɢɧɚɯ ɩɨɞɜɟɞɟɧɧɨɣ ɷɧɟɪɝɢɢ ɩɪɢ ɜɵɛɨɪɤɚɯ ɧɟ ɦɟɧɟɟ 103
 ɨɛɴɟɤɬɨɜ 

ɩɨɡɜɨɥɢɥɚ ɩɨɫɬɪɨɢɬɶ ɝɢɫɬɨɝɪɚɦɦɵ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɝɨ ɡɚɤɨɧɚ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɩɨ 

ɯɚɪɚɤɬɟɪɧɨɦɭ ɪɚɡɦɟɪɭ ɤɪɢɫɬɚɥɥɢɬɨɜ SiC, ɤɨɬɨɪɵɟ ɩɪɢɜɟɞɟɧɵ ɧɚ ɪɢɫɭɧɤɟ 4.3.8. ɂɯ 

ɫɪɚɜɧɟɧɢɟ ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ ɩɪɢ ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɣ ɫɯɟɦɟ ɜɨɡɞɟɣɫɬɜɢɹ ɩɥɚɡɦɟɧɧɨɣ 

ɫɬɪɭɢ ɧɚ ɩɥɨɫɤɭɸ ɩɪɟɝɪɚɞɭ ɡɚɤɨɧ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɛɥɢɡɨɤ ɤ ɧɨɪɦɚɥɶɧɨɦɭ, ɚ 

ɫɪɟɞɧɢɣ ɯɚɪɚɤɬɟɪɧɵɣ ɪɚɡɦɟɪ ɤɪɢɫɬɚɥɥɢɬɨɜ ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɨɬ з60 ɧɦ ɞɨ з140 ɧɦ ɫ 

ɪɨɫɬɨɦ ɩɨɞɜɟɞɟɧɧɨɣ ɷɧɟɪɝɢɢ ɤ ɭɫɤɨɪɢɬɟɥɸ ɨɬ з10 ɞɨ з30 ɤȾɠ. ɉɪɢ ɷɬɨɦ 
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ɫɭɳɟɫɬɜɟɧɧɨ ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɱɢɫɥɨ ɱɚɫɬɢɰ ɫ ɪɚɡɦɟɪɚɦɢ ɩɨɪɹɞɤɚ 100 ɧɦ ɜɩɥɨɬɶ ɞɨ 

ɜɟɥɢɱɢɧɵ ɨɤɨɥɨ 1 ɦɤɦ. ɉɪɢ W ɛɨɥɟɟ 13 ɤȾɠ ɡɚɤɨɧ ɭɜɟɥɢɱɟɧɢɹ ɫɪɟɞɧɟɝɨ ɪɚɡɦɟɪɚ 

ɱɚɫɬɢɰ ɧɨɫɢɬ ɩɪɚɤɬɢɱɟɫɤɢ ɥɢɧɟɣɧɵɣ ɯɚɪɚɤɬɟɪ, ɤɚɤ ɷɬɨ ɜɢɞɧɨ ɧɚ ɜɫɬɚɜɤɟ ɤ 

ɪɢɫɭɧɤɭ 4.3.8. 

 

Ɋɢɫɭɧɨɤ 4.3.7 – Ɋɟɡɭɥɶɬɚɬɵ TEM ɩɪɨɞɭɤɬɚ, ɩɨɥɭɱɟɧɧɨɝɨ ɩɪɢ W = 10 ɤȾɠ 

 

Ɋɢɫɭɧɨɤ 4.3.8 – Ɋɚɫɩɪɟɞɟɥɟɧɢɹ ɩɨ ɪɚɡɦɟɪɚɦ ɱɚɫɬɢɰ ɜ ɷɤɫɩɟɪɢɦɟɧɬɚɯ ɫ ɪɚɡɥɢɱɧɨɣ 

ɩɨɞɜɟɞɟɧɧɨɣ ɷɧɟɪɝɢɟɣ (1 – W = 30 ɤȾɠ, 2 – W = 19 ɤȾɠ, 3 – W = 13 ɤȾɠ, 4 – W = 

10 ɤȾɠ), ɚ ɬɚɤɠɟ ɡɚɜɢɫɢɦɨɫɬɶ ɫɪɟɞɧɟɝɨ ɪɚɡɦɟɪɚ ɱɚɫɬɢɰ ɨɬ ɜɟɥɢɱɢɧɵ ɩɨɞɜɟɞɟɧɧɨɣ 

ɷɧɟɪɝɢɢ (ɜɫɬɚɜɤɚ ɤ ɪɢɫɭɧɤɭ)  
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ɇɚ ɨɫɧɨɜɚɧɢɢ ɩɪɟɞɫɬɚɜɥɟɧɧɵɯ ɜ ɪɚɡɞɟɥɟ ɞɚɧɧɵɯ ɦɨɠɧɨ ɡɚɤɥɸɱɢɬɶ, ɱɬɨ 

ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɭɫɬɚɧɨɜɥɟɧɨ ɭɜɟɥɢɱɟɧɢɟ ɫɪɟɞɧɟɝɨ ɪɚɡɦɟɪɚ ɤɪɢɫɬɚɥɥɢɬɨɜ ɢ 

ɫɨɞɟɪɠɚɧɢɹ SiC ɫ ɪɨɫɬɨɦ W ɜ ɭɫɥɨɜɢɹɯ ɢɦɩɚɤɬɧɨɣ ɫɬɪɭɢ. ɍɜɟɥɢɱɟɧɢɟ ɫɨɞɟɪɠɚɧɢɹ 

ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɨɛɴɹɫɧɹɟɬɫɹ, ɩɨ-ɜɢɞɢɦɨɦɭ, ɪɨɫɬɨɦ pT-ɩɚɪɚɦɟɬɪɨɜ ɜ 

ɢɧɞɭɰɢɪɨɜɚɧɧɨɦ ɨɤɨɥɨ ɦɟɞɧɨɣ ɩɪɟɝɪɚɞɵ ɫɤɚɱɤɟ ɭɩɥɨɬɧɟɧɢɹ ɫ ɪɨɫɬɨɦ ɫɤɨɪɨɫɬɢ 

ɜɫɥɟɞɫɬɜɢɟ ɪɨɫɬɚ ɩɨɞɜɟɞɟɧɧɨɣ ɷɧɟɪɝɢɢ, ɚ ɭɜɟɥɢɱɟɧɢɟ ɪɚɡɦɟɪɨɜ ɱɚɫɬɢɰ ɫɜɹɡɚɧɨ ɫ 

ɭɜɟɥɢɱɟɧɢɟɦ ɜɪɟɦɟɧɢ ɤɪɢɫɬɚɥɥɢɡɚɰɢɢ ɱɚɫɬɢɰ ɜɫɥɟɞɫɬɜɢɟ ɧɚɥɢɱɢɹ ɩɪɟɝɪɚɞɵ, 

ɩɨɡɜɨɥɹɸɳɟɣ ɫɞɟɪɠɢɜɚɬɶ ɪɚɫɩɵɥɟɧɢɟ ɩɥɚɡɦɟɧɧɨɝɨ ɩɨɬɨɤɚ ɩɨ ɨɛɴɟɦɭ ɄɊ. 

ɋɪɚɜɧɟɧɢɟ ɪɟɡɭɥɶɬɚɬɨɜ ɚɧɚɥɢɡɚ ɩɪɨɞɭɤɬɨɜ, ɩɨɥɭɱɟɧɧɵɯ ɩɪɢ ɫɜɨɛɨɞɧɨɣ ɢ 

ɢɦɩɚɤɬɧɨɣ ɫɬɪɭɟ (ɪɢɫɭɧɨɤ 4.3.9) ɩɨɤɚɡɚɥɨ, ɱɬɨ ɝɟɨɦɟɬɪɢɹ ɢɫɬɟɱɟɧɢɹ ɩɥɚɡɦɟɧɧɨɝɨ 

ɩɨɬɨɤɚ ɢɡ ɍɄ ɹɜɥɹɟɬɫɹ ɮɚɤɬɨɪɨɦ, ɫɥɚɛɨ ɜɥɢɹɸɳɢɦ ɧɚ ɮɚɡɨɜɵɣ ɫɨɫɬɚɜ: ɜ ɨɛɨɢɯ 

ɫɥɭɱɚɹɯ ɡɚɮɢɤɫɢɪɨɜɚɧ ɪɨɫɬ ɫɨɞɟɪɠɚɧɢɹ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ 

ɩɨɞɜɟɞɟɧɧɨɣ ɷɧɟɪɝɢɢ. Ɉɞɧɚɤɨ ɨɧɚ ɡɧɚɱɢɬɟɥɶɧɨ ɜɥɢɹɟɬ ɧɚ ɝɪɚɧɭɥɨɦɟɬɪɢɱɟɫɤɢɣ 

ɫɨɫɬɚɜ ɩɪɨɞɭɤɬɚ ɫɢɧɬɟɡɚ: ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɢɦɩɚɤɬɧɨɣ ɫɬɪɭɢ ɭɞɚɥɨɫɶ ɞɨɛɢɬɶɫɹ 

ɪɨɫɬɚ ɫɪɟɞɧɟɝɨ ɪɚɡɦɟɪɚ ɱɚɫɬɢɰ ɩɨɫɪɟɞɫɬɜɨɦ ɭɜɟɥɢɱɟɧɢɹ W, ɩɪɢ ɨɬɫɭɬɫɬɜɢɢ 

ɩɪɟɝɪɚɞɵ ɜɨɡɦɨɠɧɨ ɩɨɥɭɱɚɬɶ ɩɪɨɞɭɤɬ ɪɚɡɧɨɝɨ ɮɚɡɨɜɨɝɨ ɫɨɫɬɚɜɚ, ɧɨ ɫ ɩɨɫɬɨɹɧɧɵɦ 

ɫɪɟɞɧɢɦ ɪɚɡɦɟɪɨɦ ɱɚɫɬɢɰ ɨɫɧɨɜɧɨɣ ɮɚɡɵ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ.  

 

Ɋɢɫɭɧɨɤ 4.3.9 – Ɂɚɜɢɫɢɦɨɫɬɢ ɫɨɞɟɪɠɚɧɢɹ ω ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ, ɤɪɟɦɧɢɹ ɢ ɭɝɥɟɪɨɞɚ 

ɜ ɩɪɨɞɭɤɬɟ, ɚ ɬɚɤɠɟ ɪɚɡɦɟɪɚ ɈɄɊ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɨɬ ɜɟɥɢɱɢɧɵ ɩɨɞɜɟɞɟɧɧɨɣ 

ɷɧɟɪɝɢɢ W: ɡɟɥɟɧɵɣ ɰɜɟɬ – ɢɫɬɟɱɟɧɢɟ ɩɥɚɡɦɟɧɧɨɝɨ ɩɨɬɨɤɚ ɧɚ ɦɟɞɧɭɸ ɩɪɟɝɪɚɞɭ; 

ɤɪɚɫɧɵɣ ɰɜɟɬ – ɢɫɬɟɱɟɧɢɟ ɩɥɚɡɦɟɧɧɨɝɨ ɩɨɬɨɤɚ ɜ ɫɜɨɛɨɞɧɨɟ ɩɪɨɫɬɪɚɧɫɬɜɨ 



105 

4.4. ȼɥɢɹɧɢɟ ɞɚɜɥɟɧɢɹ ɝɚɡɨɨɛɪɚɡɧɨɣ ɚɬɦɨɫɮɟɪɵ ɤɚɦɟɪɵ-ɪɟɚɤɬɨɪɚ ɧɚ ɩɪɨɞɭɤɬ 

ɩɥɚɡɦɨɞɢɧɚɦɢɱɟɫɤɨɝɨ ɫɢɧɬɟɡɚ 

 

ɉɥɨɬɧɨɫɬɶ ɜɧɟɲɧɟɣ ɩɨɤɨɹɳɟɣɫɹ ɢɧɟɪɬɧɨɣ (ɚɪɝɨɧ) ɝɚɡɨɨɛɪɚɡɧɨɣ ɫɪɟɞɵ, ɜ 

ɤɨɬɨɪɭɸ ɩɪɨɢɫɯɨɞɢɬ ɫɜɨɛɨɞɧɨɟ ɢɫɬɟɱɟɧɢɟ ɩɥɚɡɦɟɧɧɨɣ ɫɬɪɭɢ ɢ ɪɚɫɩɵɥɟɧɢɟ ɟɟ 

ɦɚɬɟɪɢɚɥɚ, ɹɜɥɹɟɬɫɹ ɜɚɠɧɵɦ ɮɚɤɬɨɪɨɦ, ɨɩɪɟɞɟɥɹɸɳɢɦ ɬɟɩɥɨɨɬɜɨɞ, ɨɯɥɚɠɞɟɧɢɟ, 

ɤɪɢɫɬɚɥɥɢɡɚɰɢɸ ɦɚɬɟɪɢɚɥɚ ɢ ɪɚɡɦɟɪ ɱɚɫɬɢɰ ɩɨɪɨɲɤɚ. ȼ ɷɤɫɩɟɪɢɦɟɧɬɚɯ ɩɨ 

ɢɫɫɥɟɞɨɜɚɧɢɸ ɜɥɢɹɧɢɹ ɷɬɨɝɨ ɮɚɤɬɨɪɚ, ɩɥɨɬɧɨɫɬɶ ɚɪɝɨɧɚ ɜɚɪɶɢɪɨɜɚɥɚɫɶ ɡɚ ɫɱɟɬ 

ɢɡɦɟɧɟɧɢɹ ɧɚɱɚɥɶɧɨɝɨ ɞɚɜɥɟɧɢɹ p0 ɜ ɄɊ ɨɬ 0,1 ɚɬɦ ɞɨ 5,0 ɚɬɦ ɩɪɢ ɤɨɦɧɚɬɧɨɣ 

ɬɟɦɩɟɪɚɬɭɪɟ. Ɉɫɬɚɥɶɧɵɟ ɤɨɧɫɬɪɭɤɰɢɨɧɧɵɟ ɢ ɷɧɟɪɝɟɬɢɱɟɫɤɢɟ ɩɚɪɚɦɟɬɪɵ 

ɨɫɬɚɜɚɥɢɫɶ ɩɨɫɬɨɹɧɧɵɦɢ, ɩɨɬɨɦɭ ɡɧɚɱɟɧɢɹ ɦɚɤɫɢɦɚɥɶɧɵɯ ɪɚɛɨɱɢɯ ɬɨɤɚ ɢ 

ɧɚɩɪɹɠɟɧɢɹ ɜ ɩɪɨɰɟɫɫɟ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɨɫɬɚɜɚɥɢɫɶ ɩɪɚɤɬɢɱɟɫɤɢ ɧɟɢɡɦɟɧɧɵɦɢ. 

Ɇɨɳɧɨɫɬɶ ɪɚɡɪɹɞɚ ɢ ɩɨɞɜɟɞɟɧɧɚɹ ɷɧɟɪɝɢɹ ɫɨɫɬɚɜɥɹɥɢ ɜ ɫɪɟɞɧɟɦ 120 Ɇȼɬ ɢ 

30 ɤȾɠ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. 

ȼ ɷɤɫɩɟɪɢɦɟɧɬɚɯ ɫ ɪɚɡɧɵɦ ɞɚɜɥɟɧɢɟɦ ɝɚɡɨɨɛɪɚɡɧɨɣ ɚɬɦɨɫɮɟɪɵ 

ɩɪɨɢɡɜɨɞɢɥɚɫɶ ɜɵɫɨɤɨɫɤɨɪɨɫɬɧɚɹ ɜɢɞɟɨɫɴɟɦɤɚ, ɮɢɤɫɢɪɭɸɳɚɹ ɢɫɬɟɱɟɧɢɟ 

ɩɥɚɡɦɟɧɧɨɣ ɫɬɪɭɢ ɜ ɝɚɡɨɨɛɪɚɡɧɭɸ ɫɪɟɞɭ ɄɊ. ɇɚ ɪɢɫɭɧɤɟ 4.4.1 ɢɡɨɛɪɚɠɟɧɵ 

ɝɪɚɮɢɤɢ ɩɨɥɭɱɟɧɧɵɯ ɡɚɜɢɫɢɦɨɫɬɟɣ ɫɤɨɪɨɫɬɢ ɢɫɬɟɱɟɧɢɹ ɩɥɚɡɦɟɧɧɨɝɨ ɩɨɬɨɤɚ ɨɬ 

ɪɚɫɫɬɨɹɧɢɹ ɞɨ ɫɬɜɨɥɚ. Ƚɪɚɮɢɤɢ ɩɨɤɚɡɵɜɚɸɬ, ɱɬɨ ɫ ɪɨɫɬɨɦ p0 ɫɢɥɶɧɨ ɭɦɟɧɶɲɚɟɬɫɹ 

ɧɚɱɚɥɶɧɚɹ ɫɤɨɪɨɫɬɶ ɫɬɪɭɢ ɧɚ ɫɪɟɡɟ ɍɄ υ(t) ɢ ɫɬɟɩɟɧɶ ɟɟ ɡɚɬɭɯɚɧɢɹ ɜ ɩɪɨɫɬɪɚɧɫɬɜɟ. 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ p0 ɧɚ ɩɪɨɰɟɫɫ ɮɨɪɦɢɪɨɜɚɧɢɹ ɱɚɫɬɢɰ 

ɫɢɧɬɟɡɢɪɭɟɦɨɣ ɮɚɡɵ ɜɥɢɹɸɬ ɞɜɚ ɩɪɨɬɢɜɨɛɨɪɫɬɜɭɸɳɢɯ ɮɚɤɬɨɪɚ: ɩɨɜɵɲɟɧɢɟ 

ɩɥɨɬɧɨɫɬɢ ɫɪɟɞɵ ɨɛɟɫɩɟɱɢɜɚɟɬ ɭɫɢɥɟɧɢɟ ɬɟɩɥɨɨɬɜɨɞɚ, ɚ ɫɧɢɠɟɧɢɟ ɫɤɨɪɨɫɬɢ 

ɭɦɟɧɶɲɚɟɬ ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɬɟɩɥɨɨɬɜɨɞɚ ɨɬ ɧɚɧɨɤɚɩɟɥɶ ɫɢɧɬɟɡɢɪɨɜɚɧɧɨɝɨ 

ɦɚɬɟɪɢɚɥɚ ɢ ɫɩɨɫɨɛɫɬɜɭɟɬ ɪɨɫɬɭ ɤɪɢɫɬɚɥɥɨɜ. 

ɉɨɥɭɱɟɧɧɵɟ ɩɪɢ ɪɚɡɧɨɦ ɞɚɜɥɟɧɢɢ ɩɪɨɞɭɤɬɵ ɢɫɫɥɟɞɨɜɚɥɢɫɶ ɦɟɬɨɞɨɦ XRD. 

ɇɚ ɪɢɫɭɧɤɟ 4.4.2 ɩɪɢɜɟɞɟɧɵ XRD-ɤɚɪɬɢɧɵ ɩɪɨɞɭɤɬɨɜ. ȼ ɫɨɫɬɚɜ ɜɫɟɯ ɩɪɨɞɭɤɬɨɜ 

ɜɯɨɞɢɬ ɬɚ ɠɟ ɫɨɜɨɤɭɩɧɨɫɬɶ ɮɚɡ, ɱɬɨ ɢ ɜ ɩɪɨɲɥɵɯ ɷɤɫɩɟɪɢɦɟɧɬɚɯ, ɩɪɨɜɟɞɟɧɧɵɯ 

ɩɪɢ ɧɨɪɦɚɥɶɧɨɦ ɞɚɜɥɟɧɢɢ. Ɉɞɧɚɤɨ ɩɪɢ ɷɬɨɦ XRD-ɤɚɪɬɢɧɵ ɨɬɥɢɱɚɸɬɫɹ ɦɟɠɞɭ 
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ɫɨɛɨɣ ɜɵɫɨɬɨɣ ɦɚɤɫɢɦɭɦɨɜ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɧɟɩɪɨɪɟɚɝɢɪɨɜɚɜɲɢɯ ɩɪɟɤɭɪɫɨɪɨɜ, 

ɨɫɨɛɟɧɧɨ ɡɧɚɱɢɬɟɥɶɧɵ ɢɡɦɟɧɟɧɢɹ ɜ ɫɥɭɱɚɟ ɫ ɩɨɜɵɲɟɧɧɵɦ ɞɚɜɥɟɧɢɟɦ. 

 

Ɋɢɫɭɧɨɤ 4.4.1 – ɋɤɨɪɨɫɬɢ ɢɫɬɟɱɟɧɢɹ ɩɥɚɡɦɟɧɧɨɝɨ ɩɨɬɨɤɚ v(t) ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ 

ɪɚɫɫɬɨɹɧɢɹ ɞɨ ɫɬɜɨɥɚ l 

 

Ɋɢɫɭɧɨɤ 4.4.2 – XRD-ɤɚɪɬɢɧɵ ɩɪɨɞɭɤɬɨɜ ɫɢɧɬɟɡɚ, ɩɨɥɭɱɟɧɧɵɯ ɩɪɢ ɪɚɡɧɨɦ 

ɞɚɜɥɟɧɢɢ ɝɚɡɨɨɛɪɚɡɧɨɣ ɚɬɦɨɫɮɟɪɵ ɄɊ 

ȼɥɢɹɧɢɟ ɞɚɜɥɟɧɢɹ ɧɚ ɮɚɡɨɜɵɣ ɫɨɫɬɚɜ ɩɨɤɚɡɚɧɨ ɜ ɯɨɞɟ ɊɋȺ. ɉɪɨɢɡɜɟɞɟɧɧɵɣ 

ɪɚɫɱɟɬ, ɪɟɡɭɥɶɬɚɬɵ ɤɨɬɨɪɨɝɨ ɩɪɢɜɟɞɟɧɵ ɜ ɬɚɛɥɢɰɟ 4.4.1, ɩɨɤɚɡɵɜɚɟɬ 

ɫɭɳɟɫɬɜɨɜɚɧɢɟ ɬɟɧɞɟɧɰɢɣ ɜɨ ɜɥɢɹɧɢɢ ɞɚɜɥɟɧɢɹ ɧɚ ɮɚɡɨɜɵɣ ɫɨɫɬɚɜ ɢ ɈɄɊ ɤɚɪɛɢɞɚ 
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ɤɪɟɦɧɢɹ. ɇɚ ɪɢɫɭɧɤɟ 4.4.3 ɩɪɢɜɟɞɟɧɵ ɡɚɜɢɫɢɦɨɫɬɢ ɫɨɞɟɪɠɚɧɢɹ ɪɚɡɥɢɱɧɵɯ ɮɚɡ ɨɬ 

ɜɟɥɢɱɢɧɵ ɞɚɜɥɟɧɢɹ. ȼɢɞɧɨ, ɱɬɨ ɫɭɳɟɫɬɜɭɟɬ ɨɩɬɢɦɚɥɶɧɚɹ ɜɟɥɢɱɢɧɚ ɞɚɜɥɟɧɢɹ p = 

1,5 ɚɬɦ, ɩɪɢ ɤɨɬɨɪɨɣ ɞɨɫɬɢɝɚɟɬɫɹ ɦɚɤɫɢɦɚɥɶɧɚɹ ɱɢɫɬɨɬɚ ɩɪɨɞɭɤɬɚ – 98,6 %. 

ɋɧɢɠɟɧɢɟ ɥɢɛɨ ɭɜɟɥɢɱɟɧɢɟ ɞɚɜɥɟɧɢɹ ɄɊ ɩɪɢɜɨɞɢɬ ɤ ɫɧɢɠɟɧɢɸ ɫɨɞɟɪɠɚɧɢɹ 

ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɜ ɩɪɨɞɭɤɬɟ ɫɢɧɬɟɡɚ. ɉɪɢ ɧɢɡɤɨɦ ɜɧɟɲɧɟɦ ɞɚɜɥɟɧɢɢ p0 ɩɨɪɹɞɤɚ 

0,1 ɚɬɦ ɫɨɞɟɪɠɚɧɢɟ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɜ ɩɪɨɞɭɤɬɟ ɫɧɢɠɚɟɬɫɹ ɞɨ з90 % ɢɡ-ɡɚ 

ɩɨɜɵɲɟɧɢɹ ɫɤɨɪɨɫɬɢ ɩɥɚɡɦɟɧɧɨɣ ɫɬɪɭɢ ɜ ɍɄ ɢ, ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɭɦɟɧɶɲɟɧɢɹ 

ɷɥɟɤɬɪɨɷɪɨɡɢɨɧɧɨɣ ɧɚɪɚɛɨɬɤɢ ɚɤɬɢɜɧɨɝɨ ɭɝɥɟɪɨɞɚ. ȿɝɨ ɧɟɞɨɫɬɚɬɨɤ ɜ ɪɟɚɤɰɢɨɧɧɨɣ 

ɡɨɧɟ ɩɥɚɡɦɟɧɧɨɣ ɫɬɪɭɢ ɩɪɢɜɨɞɢɬ ɤ ɭɜɟɥɢɱɟɧɢɸ ɫɨɞɟɪɠɚɧɢɹ ɧɟ ɜɫɬɭɩɢɜɲɟɝɨ ɜ 

ɪɟɚɤɰɢɸ ɤɪɟɦɧɢɹ. ɍɜɟɥɢɱɟɧɢɟ ɞɚɜɥɟɧɢɹ p0 ɛɨɥɟɟ 1,5 ɚɬɦ ɬɚɤɠɟ ɩɪɢɜɨɞɢɬ ɤ 

ɫɧɢɠɟɧɢɸ ɜɵɯɨɞɚ ȕ-SiC. ɇɚɢɛɨɥɟɟ ɜɟɪɨɹɬɧɨɣ ɩɪɢɱɢɧɨɣ ɷɬɨɝɨ ɫɥɟɞɭɟɬ ɫɱɢɬɚɬɶ 

ɬɨɪɦɨɠɟɧɢɟ ɝɨɥɨɜɧɨɣ ɭɞɚɪɧɨɣ ɜɨɥɧɵ ɢ ɪɚɫɲɢɪɟɧɢɟ ɝɪɚɧɢɰ ɭɞɚɪɧɨ-ɜɨɥɧɨɜɨɣ 

ɫɬɪɭɤɬɭɪɵ ɫɜɟɪɯɡɜɭɤɨɜɨɝɨ ɬɟɱɟɧɢɹ ɞɨ ɫɬɟɧɤɢ ɄɊ, ɧɚ ɤɨɬɨɪɨɣ ɩɪɨɢɫɯɨɞɢɬ 

ɨɫɚɠɞɟɧɢɟ ɱɚɫɬɢ ɫɢɧɬɟɡɢɪɨɜɚɧɧɨɝɨ ɦɚɬɟɪɢɚɥɚ. ȼ ɪɟɡɭɥɶɬɚɬɟ ɜ ɫɨɛɪɚɧɧɨɦ 

ɞɢɫɩɟɪɫɧɨɦ ɩɪɨɞɭɤɬɟ ɧɚɛɥɸɞɚɟɬɫɹ ɫɧɢɠɟɧɢɟ ɫɨɞɟɪɠɚɧɢɹ ȕ-SiC ɢ ɭɜɟɥɢɱɟɧɢɟ 

ɤɨɥɢɱɟɫɬɜɚ ɱɚɫɬɢɰ ɩɪɟɤɭɪɫɨɪɨɜ. ɂɫɤɥɸɱɢɬɶ ɷɬɨɬ ɢɫɤɭɫɫɬɜɟɧɧɵɣ ɮɚɤɬɨɪ, ɩɨ-

ɜɢɞɢɦɨɦɭ, ɦɨɠɧɨ ɭɜɟɥɢɱɟɧɢɟɦ ɝɚɛɚɪɢɬɨɜ ɄɊ. 

Ɍɚɛɥɢɰɚ 4.4.1 – Ɋɟɡɭɥɶɬɚɬɵ ɊɋȺ ɩɪɨɞɭɤɬɨɜ ɫɢɧɬɟɡɚ 

p, ɚɬɦ 
Ɏɚɡɨɜɵɣ ɫɨɫɬɚɜ; ɈɄɊ 

  SТC SТ ɋ 

0,1 
ω, % 88,4 3,8 7,8 

ɈɄɊ, ɧɦ 48 51 16 

0,5 
ω, % 90,4 8,7 0,9 

ɈɄɊ, ɧɦ 48 68 17 

1,0 
ω, % 91,2 3,8 5 

ɈɄɊ, ɧɦ 47 86 19 

1,5 
ω, % 98,6 0,8 0,6 

ɈɄɊ, ɧɦ 43 16 31 

3,0 
ω, % 91,4 3,8 4,8 

ɈɄɊ, ɧɦ 39 16 17 

5,0 
ω, % 68,1 19,5 12,4 

ɈɄɊ, ɧɦ 30 136 11 

Ɍɚɤɠɟ ɩɪɢ ɚɧɚɥɢɡɟ ɞɚɧɧɵɯ ɬɚɛɥɢɰɵ 4.4.1 ɦɨɠɧɨ ɡɚɦɟɬɢɬɶ ɬɟɧɞɟɧɰɢɢ ɜ 

ɢɡɦɟɧɟɧɢɢ ɪɚɡɦɟɪɚ ɈɄɊ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɜɟɥɢɱɢɧɵ ɞɚɜɥɟɧɢɹ ɝɚɡɨɨɛɪɚɡɧɨɣ 

ɚɬɦɨɫɮɟɪɵ ɄɊ. ɉɪɢ ɭɜɟɥɢɱɟɧɢɢ ɞɚɜɥɟɧɢɹ ɧɚɛɥɸɞɚɟɬɫɹ ɫɥɚɛɨɟ ɭɦɟɧɶɲɟɧɢɟ 
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ɪɚɡɦɟɪɚ ɈɄɊ ɢ, ɤɨɫɜɟɧɧɨ, ɡɧɚɱɟɧɢɹ ɫɪɟɞɧɟɝɨ ɪɚɡɦɟɪɚ ɤɪɢɫɬɚɥɥɨɜ. Ɍɚɤɨɟ ɜɥɢɹɧɢɟ 

ɞɚɜɥɟɧɢɹ ɚɬɦɨɫɮɟɪɵ ɄɊ ɨɛɭɫɥɨɜɥɟɧɨ ɬɟɦ, ɱɬɨ ɬɟɩɥɨɨɛɦɟɧ ɩɪɨɢɫɯɨɞɢɬ ɩɨ-ɪɚɡɧɨɦɭ 

ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɩɥɨɬɧɨɫɬɢ ɝɚɡɨɨɛɪɚɡɧɨɣ ɫɪɟɞɵ: ɭɜɟɥɢɱɟɧɢɟ ɞɚɜɥɟɧɢɹ ɩɪɢɜɨɞɢɬ ɤ 

ɛɨɥɟɟ ɢɧɬɟɧɫɢɜɧɨɦɭ ɨɬɜɨɞɭ ɬɟɩɥɨɜɨɣ ɷɧɟɪɝɢɢ ɨɬ ɠɢɞɤɨɮɚɡɧɨɝɨ ɫɭɛɫɬɪɚɬɚ, 

ɨɛɪɚɡɨɜɚɧɧɨɝɨ ɩɥɚɡɦɟɧɧɵɦ ɩɨɬɨɤɨɦ, ɫɥɟɞɨɜɚɬɟɥɶɧɨ, ɫɨɤɪɚɳɚɟɬɫɹ ɜɪɟɦɹ 

ɤɪɢɫɬɚɥɥɢɡɚɰɢɢ ɱɚɫɬɢɰ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɡɚɤɨɧɨɦɟɪɧɨ, ɱɬɨ ɩɪɢ ɛɨɥɶɲɟɦ ɞɚɜɥɟɧɢɢ 

ɚɬɦɨɫɮɟɪɵ ɄɊ ɨɛɪɚɡɭɸɬɫɹ ɱɚɫɬɢɰɵ ɦɟɧɶɲɟɝɨ ɪɚɡɦɟɪɚ. 

 

Ɋɢɫɭɧɨɤ 4.4.3 – Ɂɚɜɢɫɢɦɨɫɬɶ ɫɨɞɟɪɠɚɧɢɹ ɪɚɡɥɢɱɧɵɯ ɮɚɡ ɜ ɩɪɨɞɭɤɬɟ ɫɢɧɬɟɡɚ ɢ 

ɪɚɡɦɟɪɚ ɈɄɊ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɨɬ ɜɟɥɢɱɢɧɵ ɞɚɜɥɟɧɢɹ ɚɬɦɨɫɮɟɪɵ ɄɊ 

ɉɪɨɞɭɤɬɵ ɉȾɋ, ɩɪɨɜɟɞɟɧɧɨɝɨ ɩɪɢ ɭɫɥɨɜɢɹɯ ɪɚɡɧɨɝɨ ɞɚɜɥɟɧɢɹ ɚɬɦɨɫɮɟɪɵ 

ɄɊ, ɩɪɨɚɧɚɥɢɡɢɪɨɜɚɧɵ ɦɟɬɨɞɚɦɢ TEM. ɇɚ ɪɢɫɭɧɤɟ 4.4.4 ɩɪɢɜɟɞɟɧɵ ɪɟɡɭɥɶɬɚɬɵ 

ɦɢɤɪɨɫɤɨɩɢɢ ɞɥɹ ɩɪɨɞɭɤɬɚ ɫ ɩɨɜɵɲɟɧɧɵɦ ɞɚɜɥɟɧɢɟɦ ɚɬɦɨɫɮɟɪɵ p = 5 ɚɬɦ. ȼ 

ɫɨɫɬɚɜ ɩɪɢɜɟɞɟɧɧɨɝɨ ɫɤɨɩɥɟɧɢɹ ɜɯɨɞɹɬ ɱɚɫɬɢɰɵ ɪɚɡɧɨɝɨ ɦɨɪɮɨɥɨɝɢɱɟɫɤɨɝɨ ɬɢɩɚ, 

ɤɨɬɨɪɵɟ ɪɚɡɥɢɱɚɸɬɫɹ, ɜ ɬɨɦ ɱɢɫɥɟ ɢ ɩɨ ɪɚɡɦɟɪɚɦ. ɇɚ ɫɜɟɬɥɨɩɨɥɶɧɨɦ ɦɢɤɪɨɫɧɢɦɤɟ 

(ɪɢɫɭɧɨɤ 4.4.4,ɚ) ɢɡɨɛɪɚɠɟɧɵ ɱɚɫɬɢɰɵ 1 ɪɚɡɦɟɪɚɦɢ ɨɤɨɥɨ 40-50 ɧɦ. ɗɬɢ ɱɚɫɬɢɰɵ 

ɢɦɟɸɬ ɤɪɢɫɬɚɥɥɢɱɟɫɤɭɸ ɫɬɪɭɤɬɭɪɭ, ɨɞɧɚɤɨ ɞɚɥɟɤɢ ɨɬ ɛɨɥɟɟ ɫɨɜɟɪɲɟɧɧɵɯ 

ɦɧɨɝɨɝɪɚɧɧɵɯ ɫɬɪɭɤɬɭɪ, ɤɨɬɨɪɵɟ ɩɪɢɜɨɞɢɥɢɫɶ ɜ ɩɪɨɲɥɵɯ ɷɤɫɩɟɪɢɦɟɧɬɚɯ ɢ 

ɢɞɟɧɬɢɮɢɰɢɪɨɜɚɥɢɫɶ ɤɚɤ ɱɚɫɬɢɰɵ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɤɭɛɢɱɟɫɤɨɣ ɫɢɧɝɨɧɢɢ, ɢ 

ɧɚɩɨɦɢɧɚɸɬ ɲɚɪɨɨɛɪɚɡɧɵɟ ɫɬɪɭɤɬɭɪɵ. SAED ɫɤɨɩɥɟɧɢɹ (ɪɢɫɭɧɨɤ 4.4.4,ɛ) 

ɩɨɤɚɡɚɥɚ, ɱɬɨ ɩɨɞɚɜɥɹɸɳɟɟ ɛɨɥɶɲɢɧɫɬɜɨ ɢɡɨɛɪɚɠɟɧɧɵɯ ɱɚɫɬɢɰ ɨɬɧɨɫɢɬɫɹ ɤ ɮɚɡɟ 

ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ. ɍɤɚɡɚɧɧɵɟ ɱɚɫɬɢɰɵ 1 ɬɚɤɠɟ, ɫɭɞɹ ɩɨ ɬɟɦɧɨɩɨɥɶɧɨɦɭ ɫɧɢɦɤɭ 

(ɪɢɫɭɧɨɤ 4.4.4,ɜ), ɩɪɢɧɚɞɥɟɠɚɬ ɮɚɡɟ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ. ɂɫɬɢɧɧɚɹ ɮɨɪɦɚ ɬɚɤɢɯ 

ɱɚɫɬɢɰ ɫɬɚɧɨɜɢɬɫɹ ɨɱɟɜɢɞɧɨɣ ɢɡ ɚɧɚɥɢɡɚ ɬɟɦɧɨɩɨɥɶɧɵɯ ɢɡɨɛɪɚɠɟɧɢɣ, 
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ɩɨɥɭɱɟɧɧɵɯ ɞɥɹ ɩɨɞɨɛɧɵɯ ɱɚɫɬɢɰ ɧɟɫɤɨɥɶɤɨ ɛɨɥɶɲɟɝɨ ɪɚɡɦɟɪɚ (60-70 ɧɦ). ɇɚ 

ɫɜɟɬɥɨɩɨɥɶɧɵɯ ɫɧɢɦɤɚɯ (ɪɢɫɭɧɨɤ 4.4.5,ɚ) ɨɧɢ ɜ ɩɥɚɧɟ ɩɪɟɞɫɬɚɜɥɹɸɬ ɢɡ ɫɟɛɹ 

ɤɪɭɝɥɵɟ ɨɛɴɟɤɬɵ, ɨɞɧɚɤɨ, ɫɭɞɹ ɩɨ ɬɟɦɧɨɩɨɥɶɧɵɦ ɫɧɢɦɤɚɦ ɜ ɫɜɟɬɟ ɪɟɮɥɟɤɫɨɜ SiC 

(ɪɢɫɭɧɨɤ 4.4.5,ɛ), ɷɬɢ ɨɛɴɟɤɬɵ ɧɚ ɫɚɦɨɦ ɞɟɥɟ ɹɜɥɹɸɬɫɹ ɩɪɢɡɦɚɦɢ, ɜ ɨɫɧɨɜɚɧɢɢ 

ɤɨɬɨɪɵɯ ɥɟɠɚɬ ɦɧɨɝɨɭɝɨɥɶɧɢɤɢ (ɩɨ-ɜɢɞɢɦɨɦɭ, ɲɟɫɬɢɭɝɨɥɶɧɢɤɢ). Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, 

ɛɨɥɶɲɢɧɫɬɜɨ ɱɚɫɬɢɰ ɩɪɨɞɭɤɬɚ, ɨɬɧɟɫɟɧɧɵɯ ɤ SiC, ɢɦɟɸɬ ɧɟ ɨɱɟɧɶ ɨɬɱɟɬɥɢɜɨ 

ɜɵɪɚɠɟɧɧɵɟ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɟ ɮɨɪɦɵ, ɬɢɩɢɱɧɵɟ ɞɥɹ ɞɚɧɧɨɣ ɯɢɦɢɱɟɫɤɨɣ ɮɚɡɵ. 

 

Ɋɢɫɭɧɨɤ 4.4.4 – Ɋɟɡɭɥɶɬɚɬɵ TEM ɩɪɨɞɭɤɬɚ, ɩɨɥɭɱɟɧɧɨɝɨ ɩɪɢ p = 5 ɚɬɦ 

 

Ɋɢɫɭɧɨɤ 4.4.5 – Ɋɟɡɭɥɶɬɚɬɵ TEM ɩɪɨɞɭɤɬɚ, ɩɨɥɭɱɟɧɧɨɝɨ ɩɪɢ p = 5 ɚɬɦ 

ɋɬɨɢɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ, ɩɨɦɢɦɨ ɭɤɚɡɚɧɧɵɯ ɱɚɫɬɢɰ 1, ɜ ɩɪɨɞɭɤɬɟ ɫɨɞɟɪɠɚɬɫɹ ɢ 

ɱɚɫɬɢɰɵ 2, ɬɪɚɞɢɰɢɨɧɧɵɟ ɩɨ ɫɜɨɟɣ ɦɨɪɮɨɥɨɝɢɢ ɞɥɹ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ 

(ɬɪɟɭɝɨɥɶɧɢɤɢ ɫ ɭɫɟɱɟɧɧɵɦɢ ɜɟɪɲɢɧɚɦɢ, ɲɟɫɬɢɭɝɨɥɶɧɢɤɢ), ɜ ɡɧɚɱɢɬɟɥɶɧɨ 

ɦɟɧɶɲɟɦ ɤɨɥɢɱɟɫɬɜɟ. ɋɭɞɹ ɩɨ ɪɢɫɭɧɤɚɦ 4.4.5 ɢ 4.4.6, ɬɚɤɢɟ ɱɚɫɬɢɰɵ, ɤɚɤ ɩɪɚɜɢɥɨ, 

ɤɪɭɩɧɟɟ ɩɨ ɫɜɨɟɦɭ ɪɚɡɦɟɪɭ, ɜɩɥɨɬɶ ɞɨ 200 ɧɦ. ɂɯ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɟ ɩɥɨɫɤɨɫɬɢ 

ɨɬɪɚɠɚɸɬɫɹ ɜ ɫɜɟɬɟ ɪɟɮɥɟɤɫɨɜ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɧɚ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ 

ɬɟɦɧɨɩɨɥɶɧɵɯ ɫɧɢɦɤɚɯ (ɪɢɫɭɧɨɤ 4.4.6,ɛ). 
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Ɋɢɫɭɧɨɤ 4.4.6 – Ɋɟɡɭɥɶɬɚɬɵ TEM ɩɪɨɞɭɤɬɚ, ɩɨɥɭɱɟɧɧɨɝɨ ɩɪɢ p = 5 ɚɬɦ 

Ʉɪɨɦɟ ɱɚɫɬɢɰ ɨɫɧɨɜɧɨɝɨ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɝɨ ɬɢɩɚ, ɨɬɧɟɫɟɧɧɨɝɨ ɤ SiC, ɜ 

ɩɪɨɞɭɤɬɟ ɩɪɢɫɭɬɫɬɜɭɸɬ ɱɚɫɬɢɰɵ, ɤɨɬɨɪɵɟ ɦɨɠɧɨ ɫɨɨɬɧɟɫɬɢ ɫ ɮɚɡɚɦɢ 

ɧɟɩɪɨɪɟɚɝɢɪɨɜɚɜɲɢɯ ɩɪɟɤɭɪɫɨɪɨɜ. ɑɚɫɬɢɰɵ ɪɚɡɧɨɝɨ ɦɨɪɮɨɥɨɝɢɱɟɫɤɨɝɨ ɬɢɩɚ 

ɩɪɢɜɟɞɟɧɵ ɧɚ ɪɢɫɭɧɤɟ 4.4.7. Ɂɞɟɫɶ ɜɢɞɧɨ ɩɪɢɫɭɬɫɬɜɢɟ ɤɚɤ ɱɚɫɬɢɰ, ɪɚɧɟɟ 

ɨɬɧɟɫɟɧɧɵɯ ɤ SiC (ɬɢɩɵ 1 ɢ 2), ɬɚɤ ɢ ɫɬɪɭɤɬɭɪ ɢɧɨɝɨ ɮɚɡɨɜɨɝɨ ɫɨɫɬɚɜɚ, ɫɭɞɹ ɩɨ ɢɯ 

ɦɨɪɮɨɥɨɝɢɢ ɢ ɪɚɡɦɟɪɚɦ (ɬɢɩɵ 3, 4 ɢ 5). ɑɚɫɬɢɰɵ 3 ɛɥɢɡɤɢ ɤ ɤɪɭɝɥɨɣ ɮɨɪɦɟ ɜ 

ɩɥɚɧɟ, ɨɞɧɚɤɨ ɢɯ ɪɚɡɦɟɪɵ ɦɟɧɶɲɟ ɱɚɫɬɢɰ ɬɢɩɚ 1 – ɞɨ 20-30 ɧɦ. ɉɨɯɨɠɢɟ 

ɫɬɪɭɤɬɭɪɵ ɪɚɧɟɟ ɛɵɥɢ ɢɞɟɧɬɢɮɢɰɢɪɨɜɚɧɵ ɤɚɤ ɱɢɫɬɵɣ ɤɪɟɦɧɢɣ. 

 

Ɋɢɫɭɧɨɤ 4.4.7 – Ɋɟɡɭɥɶɬɚɬɵ TEM ɩɪɨɞɭɤɬɚ, ɩɨɥɭɱɟɧɧɨɝɨ ɩɪɢ p = 5 ɚɬɦ 

Ɏɚɡɨɜɚɹ ɩɪɢɧɚɞɥɟɠɧɨɫɬɶ ɬɚɤɨɝɨ ɬɢɩɚ ɱɚɫɬɢɰ ɱɚɫɬɢɱɧɨ ɩɨɞɬɜɟɪɠɞɚɟɬɫɹ ɢ ɜ 

ɧɚɫɬɨɹɳɟɦ ɷɤɫɩɟɪɢɦɟɧɬɟ. ɇɚ ɫɜɟɬɥɨɩɨɥɶɧɨɦ ɫɧɢɦɤɟ (ɪɢɫɭɧɨɤ 4.4.8,ɚ) ɩɪɢɜɟɞɟɧɨ 

ɬɢɩɢɱɧɨɟ ɫɤɨɩɥɟɧɢɟ ɞɥɹ ɷɤɫɩɟɪɢɦɟɧɬɚ; ɩɪɟɞɫɬɚɜɥɟɧɧɵɟ ɨɛɴɟɤɬɵ ɨɞɧɨɡɧɚɱɧɨ ɧɟ 

ɫɨɨɬɜɟɬɫɬɜɭɸɬ ɮɨɪɦɟ ɢ ɪɚɡɦɟɪɚɦ ɤɚɪɛɢɞɨɤɪɟɦɧɢɟɜɵɯ ɱɚɫɬɢɰ. Ɂɞɟɫɶ 

ɩɪɢɫɭɬɫɬɜɭɸɬ ɧɟɦɧɨɝɨɱɢɫɥɟɧɧɵɟ ɨɛɴɟɤɬɵ 3, ɤɨɬɨɪɵɟ ɫɜɟɬɹɬɫɹ ɩɪɢ ɫɞɜɢɝɟ 
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ɚɩɟɪɬɭɪɧɨɣ ɞɢɚɮɪɚɝɦɵ ɜ ɨɛɥɚɫɬɶ ɪɟɮɥɟɤɫɨɜ ɤɪɟɦɧɢɹ Si(111). ɉɪɢ ɷɬɨɦ 

ɨɞɧɨɡɧɚɱɧɚɹ ɢɞɟɧɬɢɮɢɤɚɰɢɹ ɱɚɫɬɢɰ ɧɟɜɨɡɦɨɠɧɚ ɜ ɫɢɥɭ ɧɚɥɢɱɢɹ SAED ɪɟɮɥɟɤɫɨɜ 

ɤɪɟɦɧɢɹ ɢ ɭɝɥɟɪɨɞɚ ɢ, ɫɚɦɨɟ ɝɥɚɜɧɨɟ, ɢɯ ɛɥɢɡɨɫɬɢ ɦɟɠɞɭ ɫɨɛɨɣ (dSi(111) = 

0,312866 ɧɦ ɢ dC(002) = 0,339500 ɧɦ), ɱɬɨ ɧɟ ɩɨɡɜɨɥɹɟɬ ɩɪɟɞɟɥɶɧɨ ɱɟɬɤɨ ɭɫɬɚɧɨɜɢɬɶ 

ɚɩɟɪɬɭɪɧɭɸ ɞɢɚɮɪɚɝɦɭ ɜ ɫɢɥɭ ɟɟ ɪɚɡɦɟɪɨɜ. ɇɚ ɪɢɫɭɧɤɟ 4.4.8, ɩɨɦɢɦɨ ɱɚɫɬɢɰ, 

ɨɬɧɟɫɟɧɧɵɯ ɤ ɤɪɟɦɧɢɸ, ɢɦɟɸɬɫɹ ɢ ɛɨɥɟɟ ɦɟɥɤɢɟ ɱɚɫɬɢɰɵ 4 – ɪɚɡɦɟɪɚɦɢ ɞɨ 10 ɧɦ, 

ɧɚɩɨɦɢɧɚɸɳɢɟ ɚɦɨɪɮɧɭɸ ɮɪɚɤɰɢɸ. ȼɤɭɩɟ ɫ ɩɪɢɫɭɬɫɬɜɢɟɦ ɧɚ SAED (ɪɢɫɭɧɨɤ 

4.4.8,ɚ) ɚɦɨɪɮɧɨɝɨ ɝɚɥɨ ɷɬɢ ɱɚɫɬɢɰɵ ɦɨɠɧɨ ɢɞɟɧɬɢɮɢɰɢɪɨɜɚɬɶ ɤɚɤ ɚɦɨɪɮɧɵɣ 

ɭɝɥɟɪɨɞ ɜ ɜɢɞɟ ɝɪɚɮɢɬɚ. 

 

Ɋɢɫɭɧɨɤ 4.4.8 – Ɋɟɡɭɥɶɬɚɬɵ TEM ɩɪɨɞɭɤɬɚ, ɩɨɥɭɱɟɧɧɨɝɨ ɩɪɢ p = 5 ɚɬɦ 

Ʉɪɨɦɟ ɦɟɥɤɢɯ ɱɚɫɬɢɰ ɭɝɥɟɪɨɞ ɮɨɪɦɢɪɭɟɬɫɹ ɜ ɞɚɧɧɨɦ ɩɨɪɨɲɤɟ ɢ ɜ ɜɢɞɟ 

ɛɨɥɟɟ ɤɪɭɩɧɵɯ ɨɛɪɚɡɨɜɚɧɢɣ ɫ ɨɛɨɥɨɱɤɚɦɢ ɢ ɫ ɫɟɤɬɨɪɚɦɢ – ɨɛɴɟɤɬɵ 5 ɧɚ 

ɫɜɟɬɥɨɩɨɥɶɧɨɦ ɫɧɢɦɤɟ (ɪɢɫɭɧɨɤ 4.4.9,ɚ). Ɍɚɤɨɝɨ ɬɢɩɚ ɱɚɫɬɢɰɵ ɧɚɣɞɟɧɵ ɜ ɩɪɨɞɭɤɬɟ 

ɫ ɜɵɫɨɤɢɦ ɫɨɞɟɪɠɚɧɢɟɦ ɭɝɥɟɪɨɞɚ ɜ ɫɦɟɫɢ ɩɪɟɤɭɪɫɨɪɨɜ (ɫɦ. ɪɚɡɞɟɥ 4.1). ɋɴɟɦɤɚ 

ɫɤɨɩɥɟɧɢɹ, ɫɨɞɟɪɠɚɳɟɝɨ ɨɛɴɟɤɬɵ 5, ɜ ɬɟɦɧɨɦ ɩɨɥɟ (ɪɢɫɭɧɨɤ 4.4.9,ɛ) ɬɚɤɠɟ 

ɩɨɤɚɡɚɥɚ, ɱɬɨ ɞɚɧɧɵɟ ɱɚɫɬɢɰɵ ɦɨɝɭɬ ɛɵɬɶ ɨɬɧɟɫɟɧɵ ɤ ɭɝɥɟɪɨɞɭ. Ɍɚɤɠɟ ɫɬɨɢɬ 

ɨɬɦɟɬɢɬɶ, ɱɬɨ SAED (ɜɫɬɚɜɤɚ ɤ ɪɢɫɭɧɤɭ 4.4.9,ɚ) ɜɤɥɸɱɚɟɬ ɜ ɫɟɛɹ ɨɬɞɟɥɶɧɵɟ 

ɪɟɮɥɟɤɫɵ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ ɦɟɠɩɥɨɫɤɨɫɬɧɨɦɭ ɪɚɫɫɬɨɹɧɢɸ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ 

ɩɥɨɫɤɨɫɬɟɣ ɝɪɚɮɢɬɚ ɢ, ɬɚɤɢɦ ɨɛɪɚɡɨɦ, ɤɪɭɩɧɵɦ ɨɛɴɟɤɬɚɦ 5, ɩɨɦɢɦɨ ɚɦɨɪɮɧɨɝɨ 

ɝɚɥɨ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɝɨ ɦɟɥɤɢɦ ɱɚɫɬɢɰɚɦ. 
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Ɋɢɫɭɧɨɤ 4.4.9 – Ɋɟɡɭɥɶɬɚɬɵ TEM ɩɪɨɞɭɤɬɚ, ɩɨɥɭɱɟɧɧɨɝɨ ɩɪɢ p = 5 ɚɬɦ 

ɂɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɩɨɥɭɱɟɧɵ ɞɥɹ ɨɛɪɚɡɰɨɜ, ɩɨɥɭɱɟɧɧɵɯ ɩɪɢ ɧɚɢɦɟɧɶɲɟɦ 

ɞɚɜɥɟɧɢɢ ɚɬɦɨɫɮɟɪɵ ɄɊ. ɇɚ ɪɢɫɭɧɤɟ 4.4.10,ɚ ɩɪɢɜɟɞɟɧ ɫɜɟɬɥɨɩɨɥɶɧɵɣ 

ɦɢɤɪɨɫɧɢɦɨɤ ɩɪɨɞɭɤɬɚ, ɩɨɥɭɱɟɧɧɨɝɨ ɩɪɢ ɧɚɢɦɟɧɶɲɟɦ ɞɚɜɥɟɧɢɢ ɚɬɦɨɫɮɟɪɵ (p = 

0,1 ɚɬɦ), ɧɚ ɤɨɬɨɪɨɦ ɢɡɨɛɪɚɠɟɧɵ ɱɚɫɬɢɰɵ ɪɚɡɦɟɪɚɦɢ ɛɨɥɟɟ 150 ɧɦ. Ȼɨɥɶɲɢɧɫɬɜɨ 

ɢɫɫɥɟɞɨɜɚɧɧɵɯ ɩɨɞɨɛɧɵɯ ɱɚɫɬɢɰ ɢɦɟɸɬ ɤɪɢɫɬɨɥɥɨɝɪɚɮɢɱɟɫɤɢ ɩɪɚɜɢɥɶɧɭɸ 

ɮɨɪɦɭ, ɯɚɪɚɤɬɟɪɧɭɸ ɞɥɹ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ. Ɏɚɡɨɜɚɹ ɩɪɢɧɚɞɥɟɠɧɨɫɬɶ ɱɚɫɬɢɰ 

ɩɨɞɬɜɟɪɠɞɟɧɚ ɫɴɟɦɤɨɣ ɜ ɬɟɦɧɵɯ ɩɨɥɹɯ ɜ ɫɜɟɬɟ ɪɟɮɥɟɤɫɨɜ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ SiC 

(111), ɚ ɬɚɤɠɟ SAED, ɫɨɞɟɪɠɚɳɟɣ ɨɬɞɟɥɶɧɵɟ ɧɟɦɧɨɝɨɱɢɫɥɟɧɧɵɟ ɪɟɮɥɟɤɫɵ, 

ɯɚɪɚɤɬɟɪɧɵɟ ɞɥɹ ɭɤɚɡɚɧɧɵɯ ɦɨɧɨɤɪɢɫɬɚɥɥɨɜ. ɑɚɫɬɢɰɵ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɨɤɪɭɠɟɧɵ 

ɝɨɪɚɡɞɨ ɛɨɥɟɟ ɦɟɥɤɢɦɢ ɱɚɫɬɢɰɚɦɢ ɪɚɡɦɟɪɚɦɢ ɞɨ 30-40 ɧɦ, ɛɥɢɡɤɢɦɢ ɤ ɨɤɪɭɝɥɨɣ 

ɮɨɪɦɟ. ɋɭɞɹ ɩɨ ɩɪɢɫɭɬɫɬɜɢɸ ɜ ɞɚɧɧɨɦ ɩɪɨɞɭɤɬɟ ɮɚɡ ɤɪɟɦɧɢɹ ɢ ɭɝɥɟɪɨɞɚ (ɩɨ 

ɊɋȺ), ɞɚɧɧɵɟ ɱɚɫɬɢɰɵ ɩɪɢɧɚɞɥɟɠɚɬ ɮɚɡɚɦ ɧɟɩɪɨɪɟɚɝɢɪɨɜɚɜɲɢɯ ɩɪɟɤɭɪɫɨɪɨɜ. ȼ 

ɰɟɥɨɦ, ɩɪɨɞɭɤɬ, ɫɢɧɬɟɡɢɪɨɜɚɧɧɵɣ ɩɪɢ ɛɨɥɶɲɟɦ ɞɚɜɥɟɧɢɢ ɚɬɦɨɫɮɟɪɵ ɄɊ, ɫɨɫɬɨɢɬ 

ɢɡ ɛɨɥɶɲɢɯ ɩɨ ɪɚɡɦɟɪɚɦ ɱɚɫɬɢɰ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɩɪɨɞɭɤɬɨɦ, ɩɨɥɭɱɟɧɧɵɦ ɩɪɢ 

ɧɚɢɛɨɥɶɲɟɦ ɞɚɜɥɟɧɢɢ p = 5,0 ɚɬɦ. 

ɇɚ ɪɢɫɭɧɤɟ 4.4.10 ɩɪɢɜɟɞɟɧɵ ɪɟɡɭɥɶɬɚɬɵ TEM ɩɪɨɞɭɤɬɚ, ɩɨɥɭɱɟɧɧɨɝɨ ɩɪɢ 

ɨɩɬɢɦɚɥɶɧɨɦ ɫ ɬɨɱɤɢ ɡɪɟɧɢɹ ɮɚɡɨɜɨɝɨ ɫɨɫɬɚɜɚ ɞɚɜɥɟɧɢɢ. ɇɚ ɫɜɟɬɥɨɩɨɥɶɧɨɦ 

ɫɧɢɦɤɟ (ɪɢɫɭɧɨɤ 4.4.10,ɚ) ɭɤɚɡɚɧɵ ɞɜɚ ɬɢɩɚ ɱɚɫɬɢɰ – 1 ɢ 2, ɤɨɬɨɪɵɟ ɨɬɦɟɱɚɥɢɫɶ 

ɩɪɢ ɚɧɚɥɢɡɟ ɦɢɤɪɨɫɧɢɦɤɨɜ ɧɚ ɪɢɫɭɧɤɚɯ 4.4.4 ɢ 4.4.5. Ɉɛɚ ɬɢɩɚ ɱɚɫɬɢɰ 

ɫɨɨɬɜɟɬɫɬɜɭɸɬ ɤɚɪɛɢɞɭ ɤɪɟɦɧɢɹ, ɫɭɞɹ ɩɨ ɬɟɦɧɨɩɨɥɶɧɵɦ ɫɧɢɦɤɚɦ (ɪɢɫɭɧɨɤ 

4.4.11,ɛ). ɉɪɢ ɷɬɨɦ ɬɢɩ ɱɚɫɬɢɰ 1 ɢɦɟɟɬ ɛɨɥɟɟ ɩɪɚɜɢɥɶɧɵɟ ɮɨɪɦɵ, ɜ ɬɨɦ ɱɢɫɥɟ ɢ 
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ɩɪɢ ɫɴɟɦɤɟ ɜ ɫɜɟɬɥɵɯ ɩɨɥɹɯ. Ȼɨɥɟɟ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢ ɨɮɨɪɦɥɟɧɧɵɦɢ ɢ ɛɥɢɡɤɢɦɢ ɤ 

ɬɪɟɭɝɨɥɶɧɢɤɚɦ ɜ ɩɥɚɧɟ ɜɵɝɥɹɞɹɬ ɢ ɱɚɫɬɢɰɵ ɬɢɩɚ 2. Ɇɟɥɤɢɯ ɱɚɫɬɢɰ ɪɚɡɦɟɪɚɦɢ ɞɨ 

30-40 ɧɦ ɧɚ ɫɧɢɦɤɚɯ ɨɛɧɚɪɭɠɢɬɶ ɧɟ ɭɞɚɥɨɫɶ, ɱɬɨ ɝɨɜɨɪɢɬ ɨ ɩɪɚɤɬɢɱɟɫɤɢ ɩɨɥɧɨɦ 

ɨɬɫɭɬɫɬɜɢɢ ɜ ɫɨɫɬɚɜɟ ɩɪɨɞɭɤɬɚ ɧɟɩɪɨɪɟɚɝɢɪɨɜɚɜɲɢɯ ɩɪɟɤɭɪɫɨɪɨɜ. 

 

Ɋɢɫɭɧɨɤ 4.4.10 – Ɋɟɡɭɥɶɬɚɬɵ TEM ɩɪɨɞɭɤɬɚ, ɩɨɥɭɱɟɧɧɨɝɨ ɩɪɢ p = 1 ɚɬɦ 

 

Ɋɢɫɭɧɨɤ 4.4.11 – Ɋɟɡɭɥɶɬɚɬɵ TEM ɩɪɨɞɭɤɬɚ, ɩɨɥɭɱɟɧɧɨɝɨ ɩɪɢ p = 1,5 ɚɬɦ 

ɉɨ ɪɟɡɭɥɶɬɚɬɚɦ ɚɧɚɥɢɡɚ ɦɢɤɪɨɫɧɢɦɤɨɜ ɩɪɨɞɭɤɬɨɜ, ɩɨɥɭɱɟɧɧɵɯ ɩɪɢ ɪɚɡɧɨɦ 

ɞɚɜɥɟɧɢɢ ɚɬɦɨɫɮɟɪɵ, ɩɨɫɬɪɨɟɧɵ ɝɢɫɬɨɝɪɚɦɦɵ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɱɚɫɬɢɰ ɩɨ ɪɚɡɦɟɪɚɦ 

(ɪɢɫɭɧɨɤ 4.4.12), ɜɵɛɨɪɤɚ ɫɨɫɬɚɜɥɹɥɚ ɨɤɨɥɨ 1000 ɨɛɴɟɤɬɨɜ. ɉɨɥɭɱɟɧɧɵɟ 

ɝɢɫɬɨɝɪɚɦɦɵ ɨɬɪɚɠɚɸɬ ɪɚɧɟɟ ɫɞɟɥɚɧɧɵɟ ɩɪɟɞɜɚɪɢɬɟɥɶɧɵɟ ɜɵɜɨɞɵ ɩɨ ɚɧɚɥɢɡɭ 

ɨɬɞɟɥɶɧɵɯ ɦɢɤɪɨɫɧɢɦɤɨɜ, ɚ ɬɚɤɠɟ ɜɵɜɨɞɵ ɊɋȺ. Ɉɱɟɜɢɞɧɨ, ɱɬɨ ɜɟɥɢɱɢɧɚ 

ɞɚɜɥɟɧɢɹ ɝɚɡɨɨɛɪɚɡɧɨɣ ɚɬɦɨɫɮɟɪɵ ɄɊ ɜɥɢɹɟɬ ɧɚ ɪɚɡɦɟɪ ɫɢɧɬɟɡɢɪɨɜɚɧɧɵɯ ɱɚɫɬɢɰ 

ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ. ɋɧɢɠɟɧɢɟ ɞɚɜɥɟɧɢɟ ɩɪɢɜɨɞɢɬ ɤ ɫɭɠɟɧɢɸ ɲɢɪɢɧɵ ɝɢɫɬɨɝɪɚɦɦɵ 

ɢ ɤ ɫɦɟɳɟɧɢɸ ɟɟ ɩɢɤɚ ɜ ɫɬɨɪɨɧɭ ɭɦɟɧɶɲɟɧɢɹ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɫɪɟɞɧɢɣ ɪɚɡɦɟɪ 

ɱɚɫɬɢɰ ɫɨɤɪɚɳɚɟɬɫɹ ɫ ɪɨɫɬɨɦ ɞɚɜɥɟɧɢɹ. 

ɚ)

200 ɧɦ

ɛ)

1

2

Siɋ (200)

Siɋ (111)

2
200 ɧɦ
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ɉɨ ɪɟɡɭɥɶɬɚɬɚɦ ɚɧɚɥɢɡɚ ɷɤɫɩɟɪɢɦɟɧɬɨɜ, ɩɨɥɭɱɟɧɧɵɯ ɩɪɢ ɢɫɬɟɱɟɧɢɢ 

ɝɢɩɟɪɫɤɨɪɨɫɬɧɨɣ ɩɥɚɡɦɟɧɧɨɣ ɫɬɪɭɢ ɜ ɚɬɦɨɫɮɟɪɭ ɄɊ ɪɚɡɧɨɝɨ ɞɚɜɥɟɧɢɹ, ɨɬɦɟɱɟɧɨ 

ɜɥɢɹɧɢɟ ɩɨɫɥɟɞɧɟɝɨ ɤɚɤ ɧɚ ɮɚɡɨɜɵɣ, ɬɚɤ ɢ ɧɚ ɝɪɚɧɭɥɨɦɟɬɪɢɱɟɫɤɢɣ ɫɨɫɬɚɜ 

ɩɪɨɞɭɤɬɚ. ɇɚɢɛɨɥɟɟ ɨɩɬɢɦɚɥɶɧɵɦ ɜɵɝɥɹɞɢɬ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɫɪɟɞɧɟɝɨ ɞɚɜɥɟɧɢɹ p = 

1,5 ɚɬɦ, ɩɪɢ ɤɨɬɨɪɨɦ ɩɨɥɭɱɟɧ ɩɪɨɞɭɤɬ ɫ 98 %-ɧɵɦ ɫɨɞɟɪɠɚɧɢɟɦ ɮɚɡɵ ɤɚɪɛɢɞɚ 

ɤɪɟɦɧɢɹ ɢ ɫɪɟɞɧɢɦ ɟɟ ɪɚɡɦɟɪɨɦ ɨɤɨɥɨ 60 ɧɦ. ɋɧɢɠɟɧɢɟ ɢɥɢ ɩɨɜɵɲɟɧɢɟ ɞɚɜɥɟɧɢɹ 

ɄɊ ɨɬɧɨɫɢɬɟɥɶɧɨ ɷɬɨɣ ɬɨɱɤɢ ɩɪɢɜɨɞɢɬ ɤ ɢɡɦɟɧɟɧɢɸ ɮɚɡɨɜɨɝɨ ɫɨɫɬɚɜɚ ɜ 

ɨɬɪɢɰɚɬɟɥɶɧɭɸ ɫɬɨɪɨɧɭ.  

 

Ɋɢɫɭɧɨɤ 4.4.12 – Ƚɢɫɬɨɝɪɚɦɦɵ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɱɚɫɬɢɰ ɩɨ ɪɚɡɦɟɪɚɦ ɜ ɱɟɬɵɪɟɯ 

ɷɤɫɩɟɪɢɦɟɧɬɚɯ ɫ ɪɚɡɧɵɦ ɞɚɜɥɟɧɢɟɦ ɚɬɦɨɫɮɟɪɵ ɄɊ 
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4.5. ȼɥɢɹɧɢɟ ɬɟɦɩɟɪɚɬɭɪɵ ɝɚɡɨɨɛɪɚɡɧɨɣ ɚɬɦɨɫɮɟɪɵ ɤɚɦɟɪɵ-ɪɟɚɤɬɨɪɚ ɧɚ 

ɩɪɨɞɭɤɬ ɩɥɚɡɦɨɞɢɧɚɦɢɱɟɫɤɨɝɨ ɫɢɧɬɟɡɚ ɢ ɢɫɫɥɟɞɨɜɚɧɢɟ ɟɝɨ 

ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɫɜɨɣɫɬɜ 

 

ɉɪɢ ɩɨɫɬɨɹɧɧɵɯ ɩɚɪɚɦɟɬɪɚɯ ɩɥɚɡɦɨɞɢɧɚɦɢɱɟɫɤɨɣ ɫɢɫɬɟɦɵ ɢ ɢɡɦɟɧɟɧɢɢ 

ɧɚɱɚɥɶɧɨɣ ɬɟɦɩɟɪɚɬɭɪɵ t0 ɜɧɟɲɧɟɣ ɝɚɡɨɨɛɪɚɡɧɨɣ ɫɪɟɞɵ ɞɨɥɠɧɨ ɢɡɦɟɧɹɬɶɫɹ ɜɪɟɦɹ 

ɫɨɯɪɚɧɟɧɢɹ ɭɫɥɨɜɢɣ ɜ ɫɤɚɱɤɟ ɭɩɥɨɬɧɟɧɢɹ ɝɨɥɨɜɧɨɣ ɭɞɚɪɧɨɣ ɜɨɥɧɵ, ɧɟɨɛɯɨɞɢɦɵɯ 

ɞɥɹ ɩɪɨɬɟɤɚɧɢɹ ɩɥɚɡɦɨɯɢɦɢɱɟɫɤɨɝɨ ɫɢɧɬɟɡɚ SiC, ɢ ɜɪɟɦɹ ɤɪɢɫɬɚɥɥɢɡɚɰɢɢ ɩɪɢ 

ɜɵɫɨɤɨɫɤɨɪɨɫɬɧɨɦ ɪɚɫɩɵɥɟɧɢɢ ɠɢɞɤɨɣ ɮɚɡɵ ɫɢɧɬɟɡɢɪɨɜɚɧɧɵɯ ɦɚɬɟɪɢɚɥɨɜ. ȼ 

ɫɜɹɡɢ ɫ ɷɬɢɦ ɜ ɪɚɛɨɬɟ ɩɪɨɜɟɞɟɧɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɢɫɫɥɟɞɨɜɚɧɢɹ ɜɥɢɹɧɢɹ ɷɬɨɝɨ 

ɮɚɤɬɨɪɚ ɧɚ ɮɚɡɨɜɵɣ ɫɨɫɬɚɜ ɩɨɪɨɲɤɨɨɛɪɚɡɧɨɝɨ ɩɪɨɞɭɤɬɚ ɫɢɧɬɟɡɚ, ɪɚɡɦɟɪɵ ɱɚɫɬɢɰ-

ɤɪɢɫɬɚɥɥɢɬɨɜ SiC ɢ ɟɝɨ ɫɬɪɭɤɬɭɪɧɵɟ ɩɚɪɚɦɟɬɪɵ. Ɍɟɦɩɟɪɚɬɭɪɚ t0 ɢɡɦɟɧɹɥɚɫɶ ɨɬ -25 

˚C ɞɨ +75 ˚C ɩɪɢ ɩɪɨɱɢɯ ɨɞɢɧɚɤɨɜɵɯ ɢ ɛɥɢɡɤɢɯ ɤ ɨɩɬɢɦɚɥɶɧɵɦ ɩɚɪɚɦɟɬɪɚɯ 

ɫɢɫɬɟɦɵ ɉȾɋ. ɉɚɪɚɦɟɬɪɵ ɩɪɨɜɟɞɟɧɧɨɣ ɫɟɪɢɢ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɫ ɢɡɦɟɧɟɧɢɟɦ 

ɬɟɦɩɟɪɚɬɭɪɵ ɩɪɢɜɟɞɟɧɵ ɜ ɬɚɛɥɢɰɟ 4.5.1. ɗɤɫɩɟɪɢɦɟɧɬɵ ɩɪɨɜɨɞɢɥɢɫɶ ɩɪɢ ɛɥɢɡɤɢɯ 

ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɚɯ (ɦɚɤɫɢɦɚɥɶɧɨɣ Pmax ɢ ɫɪɟɞɧɟɣ Pɫɪ ɦɨɳɧɨɫɬɹɯ ɪɚɡɪɹɞɚ, 

ɡɧɚɱɟɧɢɢ ɜɵɞɟɥɢɜɲɟɣɫɹ ɷɧɟɪɝɢɢ W). Ɉɞɢɧɚɤɨɜɵɣ ɭɪɨɜɟɧɶ ɷɧɟɪɝɟɬɢɤɢ ɜ 

ɷɤɫɩɟɪɢɦɟɧɬɚɯ ɢ ɛɥɢɡɤɢɟ ɡɧɚɱɟɧɢɹ ɜɟɥɢɱɢɧɵ ɭɫɥɨɜɧɨɝɨ ɜɪɟɦɟɧɢ 

ɤɜɚɡɢɫɬɚɰɢɨɧɚɪɧɨɝɨ ɪɟɠɢɦɚ tкɜ ɭɤɚɡɵɜɚɟɬ ɧɚ ɬɨ, ɱɬɨ, ɫɤɨɪɟɟ ɜɫɟɝɨ, ɬɟɦɩɟɪɚɬɭɪɚ 

ɝɚɡɨɨɛɪɚɡɧɨɣ ɚɬɦɨɫɮɟɪɵ ɄɊ ɫɥɚɛɨ ɜɥɢɹɟɬ ɧɚ ɮɚɡɨɜɵɣ ɫɨɫɬɚɜ, ɩɪɟɠɞɟ ɜɫɟɝɨ, ɧɚ 

ɫɨɞɟɪɠɚɧɢɟ ɮɚɡɵ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ, ɧɨ ɨɤɚɡɵɜɚɟɬ ɫɭɳɟɫɬɜɟɧɧɨɟ ɜɥɢɹɧɢɟ ɧɚ 

ɮɨɪɦɢɪɨɜɚɧɢɟ ɱɚɫɬɢɰ ɤɨɧɟɱɧɨɝɨ ɩɪɨɞɭɤɬɚ, ɬ. ɟ. ɧɚ ɞɢɫɩɟɪɫɧɨɫɬɶ. 

Ɍɚɛɥɢɰɚ 4.5.1 – ɉɚɪɚɦɟɬɪɵ ɩɪɨɜɟɞɟɧɧɵɯ ɷɤɫɩɟɪɢɦɟɧɬɨɜ 

№ t0, 
o
C tкɜ, ɦɤɫ Imax, Ⱥ Umax, ɤȼ Pmax, Ɇȼɬ Pɫɪ, Ɇȼɬ W, ɤȾɠ 

1 -25 183,6 111 0,9 101 59,2 15,5 

2 25 184,8 98 1,2 110 52,6 16,2 

3 75 182,8 96 0,9 105 53,6 15,8 

ɉɨɪɨɲɤɢ, ɫɢɧɬɟɡɢɪɨɜɚɧɧɵɟ ɦɟɬɨɞɨɦ ɉȾɋ, ɢɫɫɥɟɞɨɜɚɥɢɫɶ ɦɟɬɨɞɨɦ XRD. 

XRD-ɤɚɪɬɢɧɵ ɩɨɪɨɲɤɨɨɛɪɚɡɧɵɯ ɩɪɨɞɭɤɬɨɜ, ɫɢɧɬɟɡɢɪɨɜɚɧɧɵɯ ɩɪɢ ɪɚɡɧɵɯ 

ɬɟɦɩɟɪɚɬɭɪɚɯ ɚɬɦɨɫɮɟɪɵ ɄɊ, ɩɨɤɚɡɚɧɵ ɧɚ ɪɢɫɭɧɤɟ 4.5.1. Ⱦɢɮɪɚɤɬɨɝɪɚɦɦɵ 

ɫɢɧɬɟɡɢɪɨɜɚɧɧɵɯ ɩɪɨɞɭɤɬɨɜ ɩɨɤɚɡɵɜɚɸɬ ɩɪɟɢɦɭɳɟɫɬɜɟɧɧɨɟ ɨɛɪɚɡɨɜɚɧɢɟ 

ɫɬɪɭɤɬɭɪɵ ȕ-SiC ɜɨ ɜɫɟɯ ɫɥɭɱɚɹɯ. Ɍɚɤɠɟ ɢɦɟɸɬɫɹ ɩɢɤɢ ɫɥɚɛɨɣ ɢɧɬɟɧɫɢɜɧɨɫɬɢ, 
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ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ ɩɪɟɤɭɪɫɨɪɚɦ Si ɢ C. ȼ ɬɚɛɥɢɰɟ 4.5.2 ɩɪɢɜɟɞɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɊɋȺ 

ɩɪɨɞɭɤɬɨɜ ɫɢɧɬɟɡɚ: ɪɚɫɱɟɬɧɵɟ ɡɧɚɱɟɧɢɹ ɫɨɞɟɪɠɚɧɢɹ ɢ ɨɛɥɚɫɬɟɣ ɤɨɝɟɪɟɧɬɧɨɝɨ 

ɪɚɫɫɟɹɧɢɹ (ɈɄɊ) ȕ-SiC, Si ɢ C. ɍɜɟɥɢɱɟɧɧɵɣ ɦɚɤɫɢɦɭɦ ɢɧɬɟɧɫɢɜɧɨɫɬɢ, 

ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɣ ɝɪɭɩɩɟ ɤɪɢɫɬɚɥɥɨɝɪɚɮɢɱɟɫɤɢɯ ɩɥɨɫɤɨɫɬɟɣ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɫ 

ɢɧɞɟɤɫɚɦɢ Ɇɢɥɥɟɪɚ (111), ɩɪɢɜɟɞɟɧ ɧɚ ɪɢɫɭɧɤɟ 4.5.2. ɂɡ ɪɢɫɭɧɤɚ ɜɢɞɧɚ ɪɚɡɧɚɹ 

ɲɢɪɢɧɚ ɦɚɤɫɢɦɭɦɨɜ ɢɧɬɟɧɫɢɜɧɨɫɬɢ XRD-ɤɚɪɬɢɧ ɩɪɨɞɭɤɬɨɜ, ɩɨɥɭɱɟɧɧɵɯ ɩɪɢ 

ɪɚɡɧɵɯ ɬɟɦɩɟɪɚɬɭɪɚɯ. ȼ ɱɚɫɬɧɨɫɬɢ, ɧɚ ɪɢɫɭɧɤɟ ɭɤɚɡɚɧɨ ɪɚɡɥɢɱɢɟ ɜ ɜɟɥɢɱɢɧɟ 

«ɩɨɥɭɲɢɪɢɧɵ» – ɲɢɪɢɧɵ ɩɢɤɚ ɧɚ ɩɨɥɨɜɢɧɟ ɜɵɫɨɬɵ FWHM (Full Width at Half 

Maximum), ɤɨɬɨɪɚɹ ɜ ɫɜɨɸ ɨɱɟɪɟɞɶ ɧɚɩɪɹɦɭɸ ɫɜɹɡɚɧɚ ɫ ɢɧɬɟɝɪɚɥɶɧɨɣ ɲɢɪɢɧɨɣ 

ɦɚɤɫɢɦɭɦɚ ɢɧɬɟɧɫɢɜɧɨɫɬɢ, ɯɚɪɚɤɬɟɪɢɡɭɸɳɟɣ ɱɟɪɟɡ ɮɨɪɦɭɥɭ Ⱦɟɛɚɹ-ɒɟɪɟɪɚ 

ɪɚɡɦɟɪ ɈɄɊ, ɚ ɡɧɚɱɢɬ ɢ ɤɨɫɜɟɧɧɨ ɫɪɟɞɧɢɣ ɪɚɡɦɟɪ ɤɪɢɫɬɚɥɥɢɬɨɜ. ɋɪɚɜɧɟɧɢɟ 

ɪɟɡɭɥɶɬɚɬɨɜ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɫ ɪɚɡɧɵɦɢ ɭɫɥɨɜɢɹɦɢ ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ ɜɟɥɢɱɢɧɚ ɈɄɊ 

ȕ-SiC ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɨɬ з30 ɞɨ з100 ɧɦ ɩɪɢ ɪɨɫɬɟ ɬɟɦɩɟɪɚɬɭɪɵ ɝɚɡɨɨɛɪɚɡɧɨɣ 

ɫɪɟɞɵ. ɉɪɢ ɷɬɨɦ ɢɡɦɟɧɟɧɢɟ ɬɟɦɩɟɪɚɬɭɪɵ ɜɥɢɹɟɬ ɢ ɧɚ ɮɚɡɨɜɵɣ ɫɨɫɬɚɜ ɩɪɨɞɭɤɬɨɜ 

ɫɢɧɬɟɡɚ, ɚ ɢɦɟɧɧɨ ɧɚ ɫɨɞɟɪɠɚɧɢɟ ɜ ɩɪɨɞɭɤɬɟ ɮɚɡɵ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ, ɭɜɟɥɢɱɟɧɢɟ 

ɤɨɬɨɪɨɝɨ ɝɨɜɨɪɢɬ ɨ ɜɤɥɚɞɟ ɪɨɫɬɚ ɬɟɦɩɟɪɚɬɭɪɵ ɫɪɟɞɵ ɄɊ ɜ ɭɜɟɥɢɱɟɧɢɟ ɜɪɟɦɟɧɢ, 

ɤɨɝɞɚ ɫɨɯɪɚɧɹɸɬɫɹ ɜɵɫɨɤɢɟ ɷɧɟɪɝɟɬɢɱɟɫɤɢɟ ɩɚɪɚɦɟɬɪɵ ɜ ɝɨɥɨɜɧɨɦ ɫɤɚɱɤɟ 

ɭɩɥɨɬɧɟɧɢɹ ɩɥɚɡɦɟɧɧɨɣ ɫɬɪɭɢ, ɧɟɨɛɯɨɞɢɦɵɟ ɞɥɹ ɩɪɨɬɟɤɚɧɢɹ ɫɢɧɬɟɡɚ SiC. 

 

Ɋɢɫɭɧɨɤ 4.5.1 – XRD-ɤɚɪɬɢɧɵ ɩɪɨɞɭɤɬɨɜ 
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ȼɚɠɧɨɣ ɨɫɨɛɟɧɧɨɫɬɶɸ ɩɨɪɨɲɤɨɜ SiC, ɫɢɧɬɟɡɢɪɨɜɚɧɧɵɯ ɩɪɢ ɩɨɧɢɠɟɧɧɨɣ 

ɬɟɦɩɟɪɚɬɭɪɟ t0 = -25 ˚C, ɹɜɥɹɟɬɫɹ ɧɟ ɬɨɥɶɤɨ ɡɚɦɟɬɧɨɟ ɭɦɟɧɶɲɟɧɢɟ ɪɚɡɦɟɪɨɜ 

ɦɨɧɨɤɪɢɫɬɚɥɥɨɜ, ɧɨ ɢ ɨɳɭɬɢɦɨɟ ɩɨɜɵɲɟɧɢɟ ɜɧɭɬɪɟɧɧɢɯ ɦɢɤɪɨɢɫɤɚɠɟɧɢɣ 

ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɪɟɲɟɬɤɢ ɱɚɫɬɢɰ SiC Δd/d ≈ 0,8∙10-3
 ɜ ɫɪɚɜɧɟɧɢɢ ɫ ɢɯ ɩɪɚɤɬɢɱɟɫɤɢ 

ɨɞɢɧɚɤɨɜɵɦ ɡɧɚɱɟɧɢɟɦ Δd/d ≈ 0,3∙10-3
 ɞɥɹ ɩɨɪɨɲɤɨɜ, ɫɢɧɬɟɡɢɪɨɜɚɧɧɵɯ ɩɪɢ 

ɤɨɦɧɚɬɧɨɣ ɢ ɩɨɜɵɲɟɧɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ. Ɉɛ ɷɬɨɦ ɫɜɢɞɟɬɟɥɶɫɬɜɭɟɬ ɢ ɫɭɳɟɫɬɜɟɧɧɨɟ 

ɭɦɟɧɶɲɟɧɢɟ ɪɚɫɱɟɬɧɨɝɨ ɡɧɚɱɟɧɢɹ ɩɚɪɚɦɟɬɪɚ ɪɟɲɟɬɤɢ a = 4,3566 й ɨɬɧɨɫɢɬɟɥɶɧɨ 

ɡɧɚɱɟɧɢɣ ɞɥɹ ɭɫɥɨɜɢɣ ɤɨɦɧɚɬɧɨɣ ɢ ɩɨɜɵɲɟɧɧɨɣ ɬɟɦɩɟɪɚɬɭɪɵ, ɚ ɬɚɤɠɟ 

ɨɬɧɨɫɢɬɟɥɶɧɨ a = 4,3589 й ɧɚɢɛɨɥɟɟ ɛɥɢɡɤɨɣ ɤ ɧɢɦ ɫɬɪɭɤɬɭɪɧɨɣ ɦɨɞɟɥɢ ȕ-SiC. 

Ɍɚɛɥɢɰɚ 4.5.2 – Ɋɟɡɭɥɶɬɚɬɵ ɊɋȺ ɩɪɨɞɭɤɬɨɜ 

№ 
t0, 
˚
C 

Ɏɚɡɨɜɵɣ ɫɨɫɬɚɜ; ɈɄɊ dɫɪ, 

ɧɦ 

dɫɪ(95), 

ɧɦ 

L(95), 

ɧɦ 

dɩк, 

ɧɦ 

ωɩк, 

ɧɦ 

dmax, 

ɧɦ  SiC Si ɋ 

1 -25 
ω, % 77,0 11,8 11,2 

65 64 
30-

130 
60 22,0 250 

ɈɄɊ, ɧɦ 33 44 15 

2 25 
ω, % 81,9 8,2 9,8 

90 87 
40-

180 
70 19,9 340 

ɈɄɊ, ɧɦ 71 68 17 

3 75 
ω, % 91,2 3,8 5,0 

98 90,5 
40-

220 
80 20,1 430 

ɈɄɊ, ɧɦ 96 86 19 

 

Ɋɢɫɭɧɨɤ 4.5.2 – ɂɡɨɛɪɚɠɟɧɢɟ ɦɚɤɫɢɦɭɦɚ ɢɧɬɟɧɫɢɜɧɨɫɬɢ (111) SiC XRD-ɤɚɪɬɢɧ 

ɩɪɨɞɭɤɬɨɜ, ɩɨɥɭɱɟɧɧɵɯ ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɬɟɦɩɟɪɚɬɭɪɚɯ ɄɊ 

ɇɚ ɪɢɫɭɧɤɚɯ 4.5.3,ɚ,ɛ,ɜ ɩɨɤɚɡɚɧɵ ɫɜɟɬɥɨɩɨɥɶɧɵɟ TEM-ɫɧɢɦɤɢ ɩɪɨɞɭɤɬɨɜ, 

ɩɨɥɭɱɟɧɧɵɯ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ ɚɬɦɨɫɮɟɪɵ ɄɊ t = -25, 25 ɢ 75 ˚C ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. 

ɉɪɨɞɭɤɬɵ ɜ ɨɫɧɨɜɧɨɦ ɜɤɥɸɱɚɸɬ ɜ ɫɟɛɹ ɱɚɫɬɢɰɵ ɜ ɜɢɞɟ ɭɩɥɨɳɟɧɧɵɟ ɩɪɢɡɦɵ ɫ 

ɝɪɚɞ
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ɬɪɟɭɝɨɥɶɧɵɦ ɨɫɧɨɜɚɧɢɟɦ, ɤɨɬɨɪɵɟ ɪɚɧɟɟ ɧɟɨɞɧɨɤɪɚɬɧɨ ɢɞɟɧɬɢɮɢɰɢɪɨɜɚɥɢɫɶ ɤɚɤ 

ȕ-SiC. ɂɯ ɲɢɪɢɧɚ ɫɨɫɬɚɜɥɹɟɬ ɞɨ 250 ɧɦ, ɬɨɥɳɢɧɚ ɞɨ 80 ɧɦ. 

 

Ɋɢɫɭɧɨɤ 4.5.3 – ɋɜɟɬɥɨɩɨɥɶɧɵɟ TEM-ɫɧɢɦɤɢ ɞɥɹ ɩɪɨɞɭɤɬɨɜ, ɩɨɥɭɱɟɧɧɵɯ ɩɪɢ 

ɬɟɦɩɟɪɚɬɭɪɟ: ɚ) t0 = -25 ˚C, ɛ) t0 = 25 ˚C, ɜ) t0 = 75 ˚C 

ɉɪɢ ɫɪɚɜɧɟɧɢɢ TEM-ɫɧɢɦɤɨɜ ɨɛɪɚɡɰɨɜ, ɩɨɥɭɱɟɧɧɵɯ ɩɪɢ ɪɚɡɧɵɯ 

ɬɟɦɩɟɪɚɬɭɪɚɯ (ɪɢɫɭɧɤɢ 4.5.4,ɚ,ɛ,ɜ), ɦɨɠɧɨ ɡɚɦɟɬɢɬɶ, ɱɬɨ ɩɪɨɞɭɤɬɵ ɢɦɟɸɬ ɫɯɨɞɧɵɣ 

ɦɨɪɮɨɥɨɝɢɱɟɫɤɢɣ ɫɨɫɬɚɜ, ɨɞɧɚɤɨ ɱɚɫɬɢɰɵ, ɩɨɥɭɱɟɧɧɵɟ ɩɪɢ t0 = 75 ˚C, ɢɦɟɸɬ 

ɛɨɥɟɟ ɱɟɬɤɭɸ ɤɪɢɫɬɚɥɥɢɱɟɫɤɭɸ ɨɝɪɚɧɤɭ ɢ ɜ ɨɫɧɨɜɧɨɦ ɛɨɥɟɟ ɩɪɚɜɢɥɶɧɭɸ ɮɨɪɦɭ, 

ɫɨɨɬɜɟɬɫɬɜɭɸɳɭɸ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɣ ɝɪɭɩɩɟ SiC. ȼɵɫɨɤɨɧɚɩɪɹɠɟɧɧɨɟ ɫɨɫɬɨɹɧɢɟ 

ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɵ ɱɚɫɬɢɰ SiC, ɩɨɥɭɱɟɧɧɵɯ ɩɪɢ t0 = -25 ˚C, 

ɢɥɥɸɫɬɪɢɪɭɟɬ ɫɪɚɜɧɟɧɢɟ ɫɜɟɬɥɨɩɨɥɶɧɵɯ ɢ ɬɟɦɧɨɩɨɥɶɧɵɯ TEM-ɫɧɢɦɤɨɜ (ɪɢɫɭɧɨɤ 

4.5.4), ɩɨɥɭɱɟɧɧɵɯ ɜ ɫɜɟɬɟ ɪɟɮɥɟɤɫɨɜ (220) ɢ (111).  

 

Ɋɢɫɭɧɨɤ 4.5.4 – TEM-ɫɧɢɦɤɢ ɩɪɨɞɭɤɬɨɜ, ɩɨɥɭɱɟɧɧɵɯ ɩɪɢ ɪɚɡɧɵɯ ɬɟɦɩɟɪɚɬɭɪɚɯ 

ɄɊ: ɚ, ɛ – ɩɪɢ t = -25 ˚C, ɜ, ɝ – t = 25 ˚C 

Ⱦɥɹ ɭɫɥɨɜɢɣ ɫɢɧɬɟɡɚ ɩɪɢ t0 = -25 ˚C ɷɤɫɬɢɧɤɰɢɨɧɧɵɟ ɤɨɧɬɭɪɵ ɜ ɬɟɥɚɯ 

ɤɪɢɫɬɚɥɥɢɬɨɜ ɢɦɟɸɬ ɢɫɤɚɠɟɧɧɵɟ ɨɱɟɪɬɚɧɢɹ ɜ ɨɬɥɢɱɢɟ ɨɬ ɩɪɚɤɬɢɱɟɫɤɢ ɢɞɟɚɥɶɧɵɯ 

ɝɟɨɦɟɬɪɢɱɟɫɤɢɯ ɨɱɟɪɬɚɧɢɣ ɤɨɧɬɭɪɨɜ ɜ ɬɚɤɢɯ ɱɚɫɬɢɰɚɯ, ɩɨɥɭɱɟɧɧɵɯ ɜ ɭɫɥɨɜɢɹɯ 
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ɩɨɜɵɲɟɧɧɵɯ ɬɟɦɩɟɪɚɬɭɪ. ɉɪɢ ɷɬɨɦ ɪɚɡɦɟɪ ɱɚɫɬɢɰ ɩɪɨɞɭɤɬɚ ɫ ɭɜɟɥɢɱɟɧɢɟɦ 

ɬɟɦɩɟɪɚɬɭɪɵ ɭɜɟɥɢɱɢɜɚɟɬɫɹ, ɩɨɹɜɥɹɸɬɫɹ ɤɪɭɩɧɵɟ ɱɚɫɬɢɰɵ ɞɨ 400-500 ɧɦ. 

ɋɬɚɬɢɫɬɢɱɟɫɤɚɹ ɨɛɪɚɛɨɬɤɚ ɞɚɧɧɵɯ TEM ɩɨɡɜɨɥɢɥɚ ɩɨɫɬɪɨɢɬɶ ɜ ɫɪɚɜɧɟɧɢɢ 

ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɱɚɫɬɢɰ ɩɨ ɪɚɡɦɟɪɚɦ ɩɪɨɞɭɤɬɨɜ, ɩɨɥɭɱɟɧɧɵɯ ɩɪɢ ɪɚɡɥɢɱɧɵɯ 

ɬɟɦɩɟɪɚɬɭɪɚɯ (ɪɢɫɭɧɨɤ 4.5.5), ɜɵɛɨɪɤɚ ɫɨɫɬɚɜɥɹɥɚ ɧɟ ɦɟɧɟɟ 1000 ɨɛɴɟɤɬɨɜ. ɉɨ 

ɝɢɫɬɨɝɪɚɦɦɟ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɱɚɫɬɢɰ ɜ ɫɥɭɱɚɟ ɫ ɩɨɧɢɠɟɧɧɨɣ ɬɟɦɩɟɪɚɬɭɪɨɣ ɡɚɦɟɬɧɨ 

ɫɭɳɟɫɬɜɟɧɧɨɟ ɫɭɠɟɧɢɟ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɢ ɛɨ́ɥɶɲɚɹ ɜɟɥɢɱɢɧɚ ɦɚɤɫɢɦɭɦɚ, ɬ. ɟ. 

ɛɨɥɶɲɢɧɫɬɜɨ ɱɚɫɬɢɰ ɧɚɯɨɞɹɬɫɹ ɜ ɨɱɟɧɶ ɭɡɤɨɦ ɞɢɚɩɚɡɨɧɟ ɨɬɧɨɫɢɬɟɥɶɧɨ ɡɧɚɱɟɧɢɹ 

ɦɚɤɫɢɦɭɦɚ ɝɢɫɬɨɝɪɚɦɦɵ dɩк = 60 ɧɦ.  

 

Ɋɢɫɭɧɨɤ 4.5.5 – Ƚɢɫɬɨɝɪɚɦɦɵ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɱɚɫɬɢɰ ɩɪɨɞɭɤɬɨɜ ɩɨ ɪɚɡɦɟɪɚɦ 

ɉɪɢ ɷɬɨɦ ɩɪɢ ɫɧɢɠɟɧɢɢ ɬɟɦɩɟɪɚɬɭɪɵ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɱɚɫɬɢɰ ɫɦɟɫɬɢɥɨɫɶ ɜ 

ɫɬɨɪɨɧɭ ɭɦɟɧɶɲɟɧɢɹ ɫɪɟɞɧɟɝɨ ɪɚɡɦɟɪɚ dɩк = 65 ɧɦ ɨɬɧɨɫɢɬɟɥɶɧɨ ɝɢɫɬɨɝɪɚɦɦ 

ɩɪɨɞɭɤɬɨɜ ɫ ɛɨɥɟɟ ɜɵɫɨɤɨɣ ɬɟɦɩɟɪɚɬɭɪɨɣ (dɫɪ = 90 ɧɦ ɩɪɢ t = 25 ˚C, dɫɪ = 98 ɧɦ 

ɩɪɢ t = 75 ˚C), ɱɬɨ ɦɨɠɧɨ ɫɜɹɡɚɬɶ ɫ ɭɫɥɨɜɢɹɦɢ ɡɚɤɚɥɤɢ ɫɢɧɬɟɡɢɪɭɟɦɨɝɨ ɩɪɨɞɭɤɬɚ: 

ɜ ɝɨɥɨɜɧɨɦ ɫɤɚɱɤɟ ɭɩɥɨɬɧɟɧɢɹ ɩɥɚɡɦɟɧɧɨɝɨ ɩɨɬɨɤɚ, ɢɫɬɟɤɚɸɳɟɝɨ ɢɡ ɝɪɚɮɢɬɨɜɨɝɨ 

ɫɬɜɨɥɚ ɭɫɤɨɪɢɬɟɥɹ, ɢɡ ɠɢɞɤɨɣ ɮɚɡɵ ɫɢɧɬɟɡɢɪɭɟɬɫɹ ɤɚɪɛɢɞ ɤɪɟɦɧɢɹ, ɩɨɫɥɟ ɱɟɝɨ ɨɧ 

ɪɚɫɩɵɥɹɟɬɫɹ ɜ ɨɯɥɚɠɞɟɧɧɨɟ ɩɪɨɫɬɪɚɧɫɬɜɨ ɄɊ, ɚ ɬɚɤɠɟ ɧɚ ɟɟ ɨɯɥɚɠɞɟɧɧɭɸ 

ɩɨɜɟɪɯɧɨɫɬɶ, ɱɬɨ ɩɪɢɜɨɞɢɬ ɤ ɛɨɥɟɟ ɛɵɫɬɪɨɣ ɨɫɬɚɧɨɜɤɟ ɩɪɨɰɟɫɫɚ ɤɪɢɫɬɚɥɥɢɡɚɰɢɢ ɢ 

ɮɨɪɦɢɪɨɜɚɧɢɹ ɩɨɪɨɲɤɨɨɛɪɚɡɧɨɝɨ ɩɪɨɞɭɤɬɚ, ɫɥɟɞɨɜɚɬɟɥɶɧɨ, ɦɟɧɶɲɟɦɭ ɫɪɟɞɧɟɦɭ 

ɪɚɡɦɟɪɭ ɱɚɫɬɢɰ ɩɪɨɞɭɤɬɚ ɫɢɧɬɟɡɚ. ɋɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɞɥɹ ɫɥɭɱɚɹ ɫ ɭɜɟɥɢɱɟɧɢɟɦ 

ɬɟɦɩɟɪɚɬɭɪɵ ɚɬɦɨɫɮɟɪɵ ɄɊ ɯɚɪɚɤɬɟɪɟɧ ɨɛɪɚɬɧɵɣ ɩɪɨɰɟɫɫ: ɜɫɥɟɞɫɬɜɢɟ ɭɜɟɥɢɱɟɧɢɹ 

ɬɟɦɩɟɪɚɬɭɪɵ ɨɤɪɭɠɚɸɳɟɣ ɫɪɟɞɵ ɩɪɨɢɫɯɨɞɢɬ ɞɨɩɨɥɧɢɬɟɥɶɧɵɣ ɩɨɞɜɨɞ ɷɧɟɪɝɢɢ ɜ 
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ɩɪɨɰɟɫɫɟ ɤɪɢɫɬɚɥɥɢɡɚɰɢɢ ɢ ɮɨɪɦɢɪɨɜɚɧɢɹ ɩɪɨɞɭɤɬɚ, ɜ ɪɟɡɭɥɶɬɚɬɟ ɱɟɝɨ ɜɪɟɦɹ 

ɷɬɨɝɨ ɩɪɨɰɟɫɫɚ ɭɜɟɥɢɱɢɜɚɟɬɫɹ, ɚ ɫɪɟɞɧɢɣ dɫɪ ɢ ɦɚɤɫɢɦɚɥɶɧɵɣ dmax ɪɚɡɦɟɪɵ ɱɚɫɬɢɰ 

ɜɨɡɪɚɫɬɚɸɬ, ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɲɢɪɢɧɚ ɪɚɫɩɪɟɞɟɥɟɧɢɹ 95 % ɱɚɫɬɢɰ L(95). Ⱦɨɥɹ ɱɚɫɬɢɰ 

ɧɚ ɦɚɤɫɢɦɭɦɟ ɪɚɫɩɪɟɞɟɥɟɧɢɹ (ωɩк) ɩɪɢ ɷɬɨɦ ɨɫɬɚɟɬɫɹ ɩɪɚɤɬɢɱɟɫɤɢ ɩɨɫɬɨɹɧɧɨɣ ɜ 

ɤɚɠɞɨɦ ɩɪɨɞɭɤɬɟ. Ⱦɥɹ ɜɢɡɭɚɥɢɡɚɰɢɢ ɜɵɹɜɥɟɧɧɵɯ ɜ ɪɚɛɨɬɟ ɡɚɜɢɫɢɦɨɫɬɟɣ 

ɩɨɫɬɪɨɟɧɵ ɝɪɚɮɢɤɢ (ɪɢɫɭɧɨɤ 4.5.6). 

 

Ɋɢɫɭɧɨɤ 4.5.6 – Ɂɚɜɢɫɢɦɨɫɬɢ ɫɨɞɟɪɠɚɧɢɹ ɮɚɡ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ω(SiC), ɤɪɟɦɧɢɹ 

ω(Si) ɢ ɭɝɥɟɪɨɞɚ ω(C) ɜ ɩɪɨɞɭɤɬɚɯ ɫɢɧɬɟɡɚ, ɈɄɊ SiC, ɩɢɤɨɜɨɝɨ (dɩк) ɢ ɫɪɟɞɧɟɝɨ 

(dɫɪ) ɪɚɡɦɟɪɨɜ ɱɚɫɬɢɰ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ ɚɬɦɨɫɮɟɪɵ ɄɊ t0 

ɋ ɰɟɥɶɸ ɨɩɪɟɞɟɥɟɧɢɹ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɩɪɨɞɭɤɬɚ ɉȾɋ 

ɛɵɥɢ ɩɪɨɜɟɞɟɧɵ ɨɩɬɢɱɟɫɤɢɟ ɢɫɫɥɟɞɨɜɚɧɢɹ ɨɛɪɚɡɰɨɜ ɦɟɬɨɞɨɦ ɫɩɟɤɬɪɨɫɤɨɩɢɢ 

ɞɢɮɮɭɡɧɨɝɨ ɨɬɪɚɠɟɧɢɹ. ȼ ɱɚɫɬɧɨɫɬɢ ɨɰɟɧɟɧɚ ɲɢɪɢɧɚ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ, ɤɨɬɨɪɚɹ 

ɧɚɢɛɨɥɟɟ ɩɨɥɧɨ ɯɚɪɚɤɬɟɪɢɡɭɟɬ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɟ ɫɜɨɣɫɬɜɚ ɩɨɪɨɲɤɨɨɛɪɚɡɧɵɯ 

ɨɛɪɚɡɰɨɜ. ȼɵɛɨɪ ɨɩɬɢɱɟɫɤɢɯ ɢɫɫɥɟɞɨɜɚɧɢɣ, ɜ ɱɚɫɬɧɨɫɬɢ ɢɫɫɥɟɞɨɜɚɧɢɣ ɫɩɟɤɬɪɨɜ 

ɨɬɪɚɠɟɧɢɹ, ɨɩɪɟɞɟɥɹɟɬɫɹ ɬɟɦ, ɱɬɨ ɨɩɬɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ ɜ ɲɢɪɨɤɨɦ ɢɧɬɟɪɜɚɥɟ ɞɥɢɧ 

ɜɨɥɧ ɬɟɫɧɨ ɫɜɹɡɚɧɵ ɫ ɨɫɨɛɟɧɧɨɫɬɹɦɢ ɡɨɧɧɨɣ ɫɬɪɭɤɬɭɪɵ, ɤɨɧɰɟɧɬɪɚɰɢɟɣ ɧɨɫɢɬɟɥɟɣ 

ɡɚɪɹɞɚ ɢ ɩɪɢɦɟɫɟɣ, ɯɚɪɚɤɬɟɪɨɦ ɩɪɨɰɟɫɫɨɜ ɪɚɫɫɟɹɧɢɹ ɧɨɫɢɬɟɥɟɣ ɡɚɪɹɞɚ ɢ ɩɨɬɨɦɭ 

ɧɚɩɪɹɦɭɸ ɨɬɪɚɠɚɸɬ ɩɪɨɬɟɤɚɸɳɢɟ ɮɢɡɢɱɟɫɤɢɟ ɩɪɨɰɟɫɫɵ ɜ ɩɨɥɭɩɪɨɜɨɞɧɢɤɟ [150]. 

Ʉɪɨɦɟ ɬɨɝɨ, ɷɬɨɬ ɦɟɬɨɞ ɧɟ ɩɪɟɞɴɹɜɥɹɟɬ ɨɫɨɛɵɯ ɬɪɟɛɨɜɚɧɢɣ ɤ ɮɨɪɦɟ ɢ ɪɚɡɦɟɪɚɦ 

ɨɛɪɚɡɰɚ ɢ ɨɛɟɫɩɟɱɢɜɚɟɬ ɞɨɫɬɚɬɨɱɧɨ ɜɵɫɨɤɭɸ ɬɨɱɧɨɫɬɶ ɢɡɦɟɪɟɧɢɣ [151]. 

ɉɪɢ ɩɪɨɜɟɞɟɧɢɢ ɨɩɬɢɱɟɫɤɢɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɢɫɩɨɥɶɡɨɜɚɥɫɹ ɫɩɟɤɬɪɨɮɨɬɨɦɟɬɪ 

Cary 100 Scan. Ɂɚɜɢɫɢɦɨɫɬɢ ɤɨɷɮɮɢɰɢɟɧɬɚ ɞɢɮɮɭɡɧɨɝɨ ɨɬɪɚɠɟɧɢɹ R (%) ɨɬ ɞɥɢɧɵ 

ɜɨɥɧɵ λ ɩɨɥɭɱɟɧɵ ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ ɜ ɢɧɬɟɪɜɚɥɟ 200-800 ɧɦ ɢ 
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ɢɡɨɛɪɚɠɟɧɵ ɧɚ ɪɢɫɭɧɤɟ 4.5.7, ɝɞɟ R = I/I0 = R∞ɨɛɪ/R∞ɫɬ (I0 – ɢɧɬɟɧɫɢɜɧɨɫɬɶ 

ɩɚɞɚɸɳɟɝɨ ɧɚ ɨɛɪɚɡɟɰ ɫɜɟɬɚ, I – ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɨɬɪɚɠɟɧɧɨɝɨ ɨɬ ɨɛɪɚɡɰɚ ɫɜɟɬɚ; R∞ 

– ɨɬɧɨɫɢɬɟɥɶɧɨɟ ɞɢɮɮɭɡɧɨɟ ɨɬɪɚɠɟɧɢɟ ɛɟɫɤɨɧɟɱɧɨ ɬɨɥɫɬɨɝɨ, ɧɟɩɪɨɡɪɚɱɧɨɝɨ ɫɥɨɹ, 

ɱɬɨ ɢɦɟɟɬ ɦɟɫɬɨ ɞɥɹ ɦɟɥɤɢɯ ɩɨɪɨɲɤɨɜ ɩɪɚɤɬɢɱɟɫɤɢ ɩɪɢ ɬɨɥɳɢɧɟ ɜ ɧɟɫɤɨɥɶɤɨ 

ɦɢɥɥɢɦɟɬɪɨɜ; R∞ɨɛɪ – ɞɢɮɮɭɡɧɨɟ ɨɬɪɚɠɟɧɢɟ ɨɛɪɚɡɰɚ; R∞ɫɬ – ɞɢɮɮɭɡɧɨɟ ɨɬɪɚɠɟɧɢɟ 

ɫɬɚɧɞɚɪɬɚ), ɢɧɚɱɟ ɧɚɡɵɜɚɟɦɵɟ ɫɩɟɤɬɪɚɦɢ ɨɬɪɚɠɟɧɢɹ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, 

ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɫɧɹɬɚɹ ɡɚɜɢɫɢɦɨɫɬɶ R(λ) ɨɬɪɚɠɚɟɬ ɞɨɥɸ ɨɬɪɚɠɟɧɧɨɝɨ ɨɬ 

ɩɨɜɟɪɯɧɨɫɬɢ ɧɚɧɨɤɪɢɫɬɚɥɥɨɜ ɩɨɪɨɲɤɚ ɫɜɟɬɚ. ɂɫɫɥɟɞɨɜɚɧɢɹ ɩɪɨɜɟɞɟɧɵ ɞɥɹ 

ɩɨɪɨɲɤɨɨɛɪɚɡɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɉȾɋ, ɩɨɥɭɱɟɧɧɵɯ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ ɄɊ -25 ˚C ɢ 75 

˚C, ɜ ɫɜɹɡɢ ɫ ɧɚɢɛɨɥɟɟ ɡɧɚɱɢɬɟɥɶɧɵɦ ɨɬɥɢɱɢɟɦ ɝɪɚɧɭɥɨɦɟɬɪɢɱɟɫɤɨɝɨ ɫɨɫɬɚɜɚ ɢ 

ɦɨɪɮɨɥɨɝɢɢ ɫɢɧɬɟɡɢɪɭɟɦɵɯ ɱɚɫɬɢɰ ɞɚɧɧɵɯ ɨɛɪɚɡɰɨɜ. ȼ ɤɚɱɟɫɬɜɟ ɫɬɚɧɞɚɪɬɚ 

ɢɡɦɟɪɟɧɢɹ ɢɫɩɨɥɶɡɨɜɚɥɫɹ ɩɨɪɨɲɨɤ MgO (5 % ɢɡɭɱɚɟɦɨɝɨ ɨɛɪɚɡɰɚ + 95 % MgO). 

ɋɭɞɹ ɩɨ ɩɨɥɭɱɟɧɧɵɦ ɫɩɟɤɬɪɚɦ, ɧɚɢɛɨɥɶɲɟɟ ɨɬɪɚɠɟɧɢɟ ɜ ɨɛɨɢɯ ɫɥɭɱɚɹɯ 

ɧɚɛɥɸɞɚɟɬɫɹ ɜ ɨɛɥɚɫɬɢ ɜɢɞɢɦɨɝɨ ɢɡɥɭɱɟɧɢɹ. ɉɪɢ ɷɬɨɦ ɤɪɚɣ ɨɩɬɢɱɟɫɤɨɝɨ 

ɩɨɝɥɨɳɟɧɢɹ ɜ ɫɥɭɱɚɟ ɩɪɨɞɭɤɬɚ, ɩɨɥɭɱɟɧɧɨɝɨ ɩɪɢ ɧɚɢɛɨɥɶɲɟɣ ɬɟɦɩɟɪɚɬɭɪɟ ɄɊ, 

ɫɦɟɳɟɧ ɨɬ ɭɥɶɬɪɚɮɢɨɥɟɬɨɜɨɣ ɤ ɜɢɞɢɦɨɣ ɨɛɥɚɫɬɢ. 

 

Ɋɢɫɭɧɨɤ 4.5.7 – ɋɩɟɤɬɪɵ ɞɢɮɮɭɡɧɨɝɨ ɨɬɪɚɠɟɧɢɹ ɩɪɨɞɭɤɬɨɜ ɉȾɋ 

Ɉɩɪɟɞɟɥɟɧɢɟ ɲɢɪɢɧɵ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ ɛɵɥɨ ɩɪɨɢɡɜɟɞɟɧɨ ɩɨ ɤɪɚɸ 

ɨɫɧɨɜɧɨɣ ɩɨɥɨɫɵ ɨɩɬɢɱɟɫɤɨɝɨ ɩɨɝɥɨɳɟɧɢɹ. Ⱦɥɹ ɷɬɨɝɨ ɩɨɥɭɱɟɧɧɵɟ ɫɩɟɤɬɪɵ 
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ɨɬɪɚɠɟɧɢɹ ɩɪɟɨɛɪɚɡɨɜɚɧɵ ɩɨɫɪɟɞɫɬɜɨɦ ɤɥɚɫɫɢɱɟɫɤɨɣ ɮɭɧɤɰɢɢ Ƚɭɪɟɜɢɱɚ-

Ʉɭɛɟɥɤɢ-Ɇɭɧɤɚ [152, 153] F(R), ɤɨɬɨɪɚɹ ɱɢɫɥɟɧɧɨ ɪɚɜɧɚ ɜɟɥɢɱɢɧɟ ɤɨɷɮɮɢɰɢɟɧɬɚ 

ɩɨɝɥɨɳɟɧɢɹ α (ɨ.ɟ.): 
2

ɨɛɪ

ɨɛɪ

(1-R )
F(R) α

2R




  . 

ɇɟɩɨɫɪɟɞɫɬɜɟɧɧɵɣ ɪɚɫɱɟɬ ɲɢɪɢɧɵ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ ɩɪɨɢɡɜɨɞɢɥɫɹ ɩɨ 

ɝɪɚɮɢɱɟɫɤɨɣ ɤɪɢɜɨɣ ɩɪɨɢɡɜɟɞɟɧɢɹ ɮɭɧɤɰɢɢ Ƚɭɪɟɜɢɱɚ-Ʉɭɛɟɥɤɢ-Ɇɭɧɤɚ ɢ ɷɧɟɪɝɢɢ 

ɩɨɬɨɤɚ E = Сν, ɬ.ɟ. ɮɭɧɤɰɢɢ [F(R)· Сν]
1/2

 = f(Сν), ɜ ɫɢɥɭ ɬɨɝɨ, ɱɬɨ ɤɚɪɛɢɞ ɤɪɟɦɧɢɹ 

ɹɜɥɹɟɬɫɹ ɧɟɩɪɹɦɨɡɨɧɧɵɦ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɦ ɢ ɩɨɬɨɦɭ ɜ ɫɥɭɱɚɟ ɧɟɩɪɹɦɵɯ 

ɩɟɪɟɯɨɞɨɜ ɤɨɷɮɮɢɰɢɟɧɬ ɩɨɝɥɨɳɟɧɢɹ ɮɨɬɨɧɚ ɫ ɩɨɝɥɨɳɟɧɢɟɦ ɮɨɧɨɧɚ 

ɩɪɨɩɨɪɰɢɨɧɚɥɟɧ (Сν−Eg+Eph)
2
, ɝɞɟ Eph — ɷɧɟɪɝɢɹ ɮɨɧɨɧɚ, Eg – ɲɢɪɢɧɚ 

ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ [154, 155]. Ʉɪɢɜɵɟ [F(R)· Сν]
1/2

 ɞɥɹ ɫɢɧɬɟɡɢɪɨɜɚɧɧɵɯ ɩɨɪɨɲɤɨɜ 

ɩɪɢɜɟɞɟɧɵ ɧɚ ɪɢɫɭɧɤɟ 4.5.8. ɋɚɦɵɣ ɞɥɢɧɧɵɣ ɥɢɧɟɣɧɵɣ ɭɱɚɫɬɨɤ ɤɪɚɹ ɩɨɥɨɫɵ 

ɩɨɝɥɨɳɟɧɢɹ ɷɤɫɬɪɚɩɨɥɢɪɨɜɚɥɫɹ ɧɚ ɨɫɶ ɚɛɫɰɢɫɫ, ɢ ɬɨɱɤɚ ɩɟɪɟɫɟɱɟɧɢɹ ɤɚɫɚɬɟɥɶɧɨɣ ɫ 

ɨɫɶɸ ɫɨɨɬɜɟɬɫɬɜɨɜɚɥɚ ɲɢɪɢɧɟ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ. ɉɪɢ ɷɧɟɪɝɢɢ ɮɨɬɨɧɚ Сν>Eg 

ɧɚɛɥɸɞɚɟɬɫɹ ɫɢɥɶɧɨɟ ɩɨɝɥɨɳɟɧɢɟ, ɨɛɭɫɥɨɜɥɟɧɧɨɟ ɩɟɪɟɯɨɞɚɦɢ ɷɥɟɤɬɪɨɧɨɜ ɢɡ 

ɜɚɥɟɧɬɧɨɣ ɡɨɧɵ ɜ ɡɨɧɭ ɩɪɨɜɨɞɢɦɨɫɬɢ. Ⱦɥɹ ɮɨɬɨɧɨɜ ɫ ɷɧɟɪɝɢɹɦɢ Сν<Eg ɬɚɤɨɟ 

ɩɨɝɥɨɳɟɧɢɟ ɨɬɫɭɬɫɬɜɭɟɬ. 

 

Ɋɢɫɭɧɨɤ 4.5.8 – Ɂɚɜɢɫɢɦɨɫɬɶ ɤɨɷɮɮɢɰɢɟɧɬɚ ɩɨɝɥɨɳɟɧɢɹ ɨɬ ɷɧɟɪɝɢɢ ɮɨɬɨɧɚ ɜ 

ɩɨɥɭɩɪɨɜɨɞɧɢɤɚɯ ɫ ɧɟɩɪɹɦɵɦɢ ɩɟɪɟɯɨɞɚɦɢ 

ȼ ɪɟɡɭɥɶɬɚɬɟ ɪɚɫɫɱɢɬɚɧɵ ɡɧɚɱɟɧɢɹ ɲɢɪɢɧɵ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ ɞɥɹ SiC, 

ɩɨɥɭɱɟɧɧɨɝɨ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ ɄɊ -25 ˚C, Eg1 = 3,81 ɷȼ ɢ ɞɥɹ SiC, ɩɨɥɭɱɟɧɧɨɝɨ ɩɪɢ 
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ɬɟɦɩɟɪɚɬɭɪɟ ɄɊ 75 ˚C, Eg2 = 3,52 ɷȼ. Ɋɚɡɥɢɱɢɟ ɜ ɜɟɥɢɱɢɧɟ Eg ɧɚɩɪɹɦɭɸ ɫɜɹɡɚɧɨ ɫɨ 

ɫɪɟɞɧɢɦ ɪɚɡɦɟɪɨɦ ɱɚɫɬɢɰ ɩɪɨɞɭɤɬɚ: ɭɦɟɧɶɲɟɧɢɟ ɫɪɟɞɧɟɝɨ ɪɚɡɦɟɪɚ ɱɚɫɬɢɰ ɨɬ dɫɪβ 

= 98 ɧɦ ɜ ɫɥɭɱɚɟ ɬɟɦɩɟɪɚɬɭɪɵ ɄɊ 75 ˚C ɞɨ dɫɪ1 = 65 ɧɦ ɜ ɫɥɭɱɚɟ ɬɟɦɩɟɪɚɬɭɪɵ 

ɄɊ -25 ˚C ɩɪɢɜɨɞɢɬ ɤ ɭɜɟɥɢɱɟɧɢɸ ɲɢɪɢɧɵ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ ɨɬ Eg2 = 3,52 ɷȼ ɞɨ 

Eg1 = 3,81 ɷȼ, ɱɬɨ ɧɚɯɨɞɢɬ ɫɜɨɟ ɨɬɪɚɠɟɧɢɟ ɢ ɩɨɞɬɜɟɪɠɞɟɧɢɟ ɜ ɥɢɬɟɪɚɬɭɪɧɵɯ 

ɞɚɧɧɵɯ ɞɥɹ ɫɬɪɭɤɬɭɪ ɪɚɡɧɨɝɨ ɮɚɡɨɜɨɝɨ ɫɨɫɬɚɜɚ [156, 157, 158]. Ʉɪɨɦɟ ɬɨɝɨ, 

ɭɜɟɥɢɱɟɧɢɟ ɲɢɪɢɧɵ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ ɦɨɠɟɬ ɛɵɬɶ ɫɜɹɡɚɧɨ ɫ ɪɨɫɬɨɦ ɞɟɮɟɤɬɧɨɫɬɢ 

ɫɬɪɭɤɬɭɪɵ ɜ ɫɥɭɱɚɟ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɨɯɥɚɠɞɟɧɧɨɣ ɄɊ ɢ ɫɨɡɞɚɧɢɹ ɛɨɥɟɟ ɞɢɧɚɦɢɱɧɵɯ 

ɭɫɥɨɜɢɣ ɤɪɢɫɬɚɥɥɢɡɚɰɢɢ ɢ ɡɚɤɚɥɤɢ ɱɚɫɬɢɰ ɩɪɨɞɭɤɬɚ, ɱɬɨ ɨɛɴɹɫɧɹɟɬɫɹ ɷɮɮɟɤɬɨɦ 

Ȼɭɪɲɬɟɣɧɚ – Ɇɨɫɫɚ [159]. 

ɉɨ ɪɟɡɭɥɶɬɚɬɚɦ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɞɚɧɧɵɯ ɩɨ ɢɫɫɥɟɞɨɜɚɧɢɸ ɨɩɬɢɱɟɫɤɢɯ 

ɫɜɨɣɫɬɜ ɫɢɧɬɟɡɢɪɨɜɚɧɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɜɢɞɧɨ, ɱɬɨ ɉȾɋ ɩɨɡɜɨɥɹɟɬ ɩɨɥɭɱɚɬɶ 

ɩɪɨɞɭɤɬ ɫ ɫɭɳɟɫɬɜɟɧɧɨ ɨɬɥɢɱɚɸɳɢɦɢɫɹ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɦɢ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦɢ. 

ɍɜɟɥɢɱɟɧɢɟ ɲɢɪɢɧɵ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ ɫ ɩɨɦɨɳɶɸ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɛɨɥɟɟ 

ɞɢɫɩɟɪɫɧɨɝɨ ɩɪɨɞɭɤɬɚ ɞɚɟɬ ɜɨɡɦɨɠɧɨɫɬɶ ɪɚɫɲɢɪɟɧɢɹ ɪɚɛɨɱɢɯ ɬɟɦɩɟɪɚɬɭɪ 

ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɭɫɬɪɨɣɫɬɜ ɧɚ ɛɚɡɟ ɫɢɧɬɟɡɢɪɨɜɚɧɧɨɝɨ ɦɚɬɟɪɢɚɥɚ, ɚ ɬɚɤɠɟ 

ɫɨɡɞɚɧɢɹ ɧɚ ɟɝɨ ɨɫɧɨɜɟ ɭɫɬɪɨɣɫɬɜ ɧɚɧɨɷɥɟɤɬɪɨɧɢɤɢ ɫ ɭɥɭɱɲɟɧɧɵɦɢ 

ɷɤɫɩɥɭɚɬɚɰɢɨɧɧɵɦɢ ɫɜɨɣɫɬɜɚɦɢ: ɧɚɧɨ- ɢ ɦɢɤɪɨ-ɷɥɟɤɬɪɨɦɟɯɚɧɢɱɟɫɤɢɯ ɫɢɫɬɟɦ, 

ɧɚɧɨɫɟɧɫɨɪɨɜ, ɧɚɧɨ- ɢ ɦɢɤɪɨɪɟɡɨɧɚɬɨɪɨɜ [160, 161]. 

ɉɨ ɫɨɜɨɤɭɩɧɨɫɬɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɪɟɡɭɥɶɬɚɬɨɜ, ɩɪɢɜɟɞɟɧɧɵɯ ɜ ɞɚɧɧɨɦ 

ɪɚɡɞɟɥɟ, ɡɚ ɫɱɟɬ ɢɡɦɟɧɟɧɢɹ ɬɟɦɩɟɪɚɬɭɪɵ ɝɚɡɨɨɛɪɚɡɧɨɣ ɚɬɦɨɫɮɟɪɵ ɄɊ ɜɨɡɦɨɠɧɨ 

ɨɛɪɚɡɨɜɚɧɢɟ ɩɪɨɞɭɤɬɚ ɉȾɋ ɫ ɫɨɞɟɪɠɚɧɢɟɦ SiC ɞɨ 90 % ɦɚɫɫɵ, ɩɪɢ ɷɬɨɦ ɪɚɡɦɟɪɵ 

ɢ ɫɨɞɟɪɠɚɧɢɟ ɱɚɫɬɢɰ SiC ɪɚɫɬɭɬ ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ ɬɟɦɩɟɪɚɬɭɪɵ ɚɬɦɨɫɮɟɪɵ ɄɊ. ɗɬɚ 

ɡɚɜɢɫɢɦɨɫɬɶ ɨɛɴɹɫɧɹɟɬɫɹ ɬɟɦ, ɱɬɨ ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ ɬɟɦɩɟɪɚɬɭɪɵ ɨɤɪɭɠɚɸɳɟɣ 

ɫɪɟɞɵ ɩɪɨɢɫɯɨɞɢɬ ɞɨɩɨɥɧɢɬɟɥɶɧɵɣ ɩɨɞɜɨɞ ɷɧɟɪɝɢɢ ɜ ɩɪɨɰɟɫɫɟ ɮɨɪɦɢɪɨɜɚɧɢɹ ɢ 

ɤɪɢɫɬɚɥɥɢɡɚɰɢɢ ɱɚɫɬɢɰ ɩɪɨɞɭɤɬɚ, ɜ ɪɟɡɭɥɶɬɚɬɟ ɱɟɝɨ ɜɪɟɦɹ ɩɪɨɰɟɫɫɚ 

ɤɪɢɫɬɚɥɥɢɡɚɰɢɢ ɭɜɟɥɢɱɢɜɚɟɬɫɹ, ɱɬɨ ɩɪɹɦɨ ɜɥɢɹɟɬ ɧɚ ɪɨɫɬ ɫɪɟɞɧɟɝɨ ɪɚɡɦɟɪɚ ɱɚɫɬɢɰ 

ɩɪɨɞɭɤɬɚ. Ʉɪɨɦɟ ɷɬɨɝɨ, ɩɪɨɞɭɤɬɵ, ɩɨɥɭɱɚɟɦɵɟ ɩɪɢ ɪɚɡɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ ɄɊ, 

ɫɩɨɫɨɛɧɵ ɩɪɨɹɜɥɹɬɶ ɡɧɚɱɢɬɟɥɶɧɨ ɨɬɥɢɱɚɸɳɢɟɫɹ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɟ ɫɜɨɣɫɬɜɚ. 
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5. ɉɈɅɍɑȿɇɂȿ ɄȿɊȺɆɂɑȿɋɄɂɏ ɈȻɊȺɁɐɈȼ ɇȺ ɈɋɇɈȼȿ ɄȺɊȻɂȾȺ 

ɄɊȿɆɇɂə ɋ ɉɈɆɈЩɖɘ ɆȿɌɈȾȺ ɂɋɄɊɈȼɈȽɈ ɉɅȺɁɆȿɇɇɈȽɈ 

ɋɉȿɄȺɇɂə 

 

 

 

ɇɚɫɬɨɹɳɚɹ ɝɥɚɜɚ ɩɨɫɜɹɳɟɧɚ ɢɫɩɨɥɶɡɨɜɚɧɢɸ ɩɨɪɨɲɤɨɨɛɪɚɡɧɨɝɨ ɩɪɨɞɭɤɬɚ 

ɩɥɚɡɦɨɞɢɧɚɦɢɱɟɫɤɨɝɨ ɫɢɧɬɟɡɚ ɞɥɹ ɫɨɡɞɚɧɢɹ ɧɚ ɟɝɨ ɨɫɧɨɜɟ ɨɛɴɟɦɧɨɝɨ 

ɤɟɪɚɦɢɱɟɫɤɨɝɨ ɦɚɬɟɪɢɚɥɚ. Ɋɚɡɧɨɨɛɪɚɡɧɵɟ ɜɵɞɚɸɳɢɟɫɹ ɦɟɯɚɧɢɱɟɫɤɢɟ, 

ɬɟɩɥɨɮɢɡɢɱɟɫɤɢɟ ɢ ɪɚɞɢɚɰɢɨɧɧɵɟ ɫɜɨɣɫɬɜɚ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɭɤɚɡɚɧɵ ɜ ɝɥɚɜɟ 1. 

ɇɚɥɢɱɢɟ ɭ SiC ɬɚɤɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɞɚɟɬ ɜɨɡɦɨɠɧɨɫɬɶ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɩɨɥɭɱɟɧɧɨɝɨ 

ɨɛɴɟɦɧɨɝɨ ɩɪɨɞɭɤɬɚ ɞɥɹ ɪɚɡɧɨɨɛɪɚɡɧɵɯ ɩɪɢɥɨɠɟɧɢɣ ɜ ɫɮɟɪɟ ɚɛɪɚɡɢɜɧɨɝɨ ɢ 

ɚɪɯɢɨɫɬɪɨɝɨ ɢɧɫɬɪɭɦɟɧɬɚ, ɯɢɦɢɱɟɫɤɢ, ɦɟɯɚɧɢɱɟɫɤɢ ɢ ɢɡɧɨɫɨɫɬɨɣɤɢɯ 

ɤɟɪɚɦɢɱɟɫɤɢɯ ɢɡɞɟɥɢɣ ɞɥɹ ɩɪɢɦɟɧɟɧɢɹ ɜ ɚɷɪɨɤɨɫɦɢɱɟɫɤɨɣ, ɦɚɲɢɧɨɫɬɪɨɢɬɟɥɶɧɨɣ 

ɢ ɚɬɨɦɧɨɣ ɨɬɪɚɫɥɹɯ. ɋ ɞɪɭɝɨɣ ɫɬɨɪɨɧɵ, ɜɚɠɧɨɫɬɶ ɩɨɥɭɱɟɧɢɹ ɤɟɪɚɦɢɱɟɫɤɨɝɨ 

ɦɚɬɟɪɢɚɥɚ ɨɛɭɫɥɚɜɥɢɜɚɟɬɫɹ ɬɟɦ, ɱɬɨ ɟɞɢɧɫɬɜɟɧɧɨɣ ɜɨɡɦɨɠɧɨɫɬɶɸ ɨɰɟɧɢɬɶ 

ɬɟɩɥɨɮɢɡɢɱɟɫɤɢɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɩɪɨɞɭɤɬɚ ɉȾɋ, ɤɨɬɨɪɵɟ ɩɨɡɜɨɥɹɸɬ ɫɭɞɢɬɶ ɨɛ 

ɭɪɨɜɧɟ ɦɨɳɧɨɫɬɢ ɷɥɟɤɬɪɨɬɟɯɧɢɱɟɫɤɢɯ ɢɡɞɟɥɢɣ ɧɚ ɟɝɨ ɨɫɧɨɜɟ, ɹɜɥɹɟɬɫɹ ɢɯ 

ɢɡɦɟɪɟɧɢɟ ɧɚ ɩɪɢɦɟɪɟ ɨɛɴɟɦɧɨɝɨ ɦɚɬɟɪɢɚɥɚ. 

Ɉɞɧɚɤɨ ɢɫɫɥɟɞɨɜɚɧɢɟ ɢ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɫɜɨɣɫɬɜ ɨɛɴɟɦɧɨɝɨ SiC ɦɨɠɟɬ ɛɵɬɶ 

ɡɚɬɪɭɞɧɟɧɨ ɫɥɨɠɧɨɫɬɹɦɢ ɩɪɢ ɩɨɥɭɱɟɧɢɢ ɤɟɪɚɦɢɱɟɫɤɢɯ ɨɛɪɚɡɰɨɜ. Ɍɚɤ, ɩɪɨɰɟɫɫ 

ɭɩɥɨɬɧɟɧɢɹ SiC ɨɱɟɧɶ ɫɥɨɠɧɨ ɨɫɭɳɟɫɬɜɥɹɟɬɫɹ ɢɡ-ɡɚ ɫɢɥɶɧɨɣ ɤɨɜɚɥɟɧɬɧɨɣ ɫɜɹɡɢ, 

ɤɨɬɨɪɚɹ ɹɜɥɹɟɬɫɹ ɩɪɟɩɹɬɫɬɜɢɟɦ ɞɥɹ ɞɢɮɮɭɡɢɢ ɜɚɤɚɧɫɢɣ ɢ ɩɪɢɜɨɞɢɬ ɤ ɨɱɟɧɶ 

ɦɟɞɥɟɧɧɨɣ ɫɚɦɨɞɢɮɮɭɡɢɢ (ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɧɢɡɤɨɦɭ ɤɨɷɮɮɢɰɢɟɧɬɭ 

ɫɚɦɨɞɢɮɮɭɡɢɢ) [162]. ɂɡ-ɡɚ ɷɬɨɝɨ ɬɜɟɪɞɨɮɚɡɧɨɟ ɭɩɥɨɬɧɟɧɢɟ, ɤɨɧɬɪɨɥɢɪɭɟɦɨɟ 

ɞɢɮɮɭɡɢɟɣ, ɞɥɹ SiC ɧɟɨɫɭɳɟɫɬɜɢɦɨ. ȼɨ ɜɪɟɦɹ ɫɩɟɤɚɧɢɹ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ 

ɩɪɟɞɩɨɱɬɢɬɟɥɶɧɟɟ ɩɪɨɢɫɯɨɞɢɬ ɩɪɨɰɟɫɫ ɭɤɪɭɩɧɟɧɢɹ, ɚ ɧɟ ɭɩɥɨɬɧɟɧɢɹ, ɱɬɨ ɬɚɤɠɟ 

ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɬɪɭɞɧɨɫɬɶ ɞɥɹ ɩɨɥɧɨɝɨ ɭɩɥɨɬɧɟɧɢɹ ɦɚɬɟɪɢɚɥɚ. ɉɪɟɢɦɭɳɟɫɬɜɨ 

ɩɪɨɰɟɫɫɚ ɭɤɪɭɩɧɟɧɢɹ ɫɜɹɡɚɧɨ ɫ ɬɟɦ, ɱɬɨ SiC ɢɦɟɟɬ ɨɬɧɨɫɢɬɟɥɶɧɨ ɜɵɫɨɤɨɟ 

ɞɚɜɥɟɧɢɟ ɩɚɪɨɜ. Ɇɟɧɶɲɢɟ ɡɟɪɧɚ ɫ ɢɯ ɧɟɛɨɥɶɲɢɦɢ ɪɚɞɢɭɫɚɦɢ ɤɪɢɜɢɡɧɵ ɢɦɟɸɬ 
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ɬɟɧɞɟɧɰɢɸ «ɢɫɩɚɪɹɬɶɫɹ» ɢ «ɤɨɧɞɟɧɫɢɪɨɜɚɬɶɫɹ» ɧɚ ɛɨɥɟɟ ɤɪɭɩɧɵɯ ɱɚɫɬɢɰɚɯ, ɱɬɨ 

ɩɪɢɜɨɞɢɬ ɤ ɭɤɪɭɩɧɟɧɢɸ ɦɢɤɪɨɫɬɪɭɤɬɭɪɵ ɛɟɡ ɭɫɬɪɚɧɟɧɢɹ ɩɨɪɵ. ɗɬɨ ɞɟɥɚɟɬ 

ɩɪɨɰɟɫɫ ɫɩɟɤɚɧɢɹ ɢ ɦɟɯɚɧɢɡɦ ɭɩɥɨɬɧɟɧɢɹ ɤɨɜɚɥɟɧɬɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɧɚɩɨɞɨɛɢɟ 

ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɨɬɥɢɱɧɵɦ ɨɬ ɢɨɧɧɵɯ ɢɥɢ ɦɟɬɚɥɥɢɱɟɫɤɢɯ [163]. 

ɍɩɥɨɬɧɟɧɢɟ SiC, ɬɚɤɢɦ ɨɛɪɚɡɨɦ, ɬɪɟɛɭɟɬ ɩɪɢɥɨɠɟɧɢɹ ɜɵɫɨɤɢɯ ɬɟɦɩɟɪɚɬɭɪɵ 

ɢ ɞɚɜɥɟɧɢɹ Д164]. Ɍɚɤ, ɤɚɪɛɢɞɨɤɪɟɦɧɢɟɜɚɹ ɤɟɪɚɦɢɤɚ ɫ ɩɥɨɬɧɨɫɬɶɸ 99,5 % ɦɨɠɟɬ 

ɛɵɬɶ ɩɨɥɭɱɟɧɚ ɦɟɬɨɞɨɦ ɝɨɪɹɱɟɝɨ ɩɪɟɫɫɨɜɚɧɢɹ ɩɪɢ 2500 ˚C ɢ 50 ɤɛɚɪ Д165Ж. Ɉɞɧɚɤɨ 

ɩɪɢɦɟɧɟɧɢɟ ɜɵɫɨɤɢɯ ɬɟɦɩɟɪɚɬɭɪ ɜɵɡɵɜɚɟɬ ɱɪɟɡɜɵɱɚɣɧɵɣ ɪɨɫɬ ɡɟɪɧɚ ɜɫɥɟɞɫɬɜɢɟ 

ɛɨɥɟɟ ɢɧɬɟɧɫɢɜɧɵɯ ɩɪɨɰɟɫɫɨɜ ɞɢɮɮɭɡɢɢ ɢ ɦɢɝɪɚɰɢɢ Д163]. əɜɥɟɧɢɟ ɪɨɫɬɚ ɡɟɪɧɚ 

ɤɪɚɣɧɟ ɧɟɠɟɥɚɬɟɥɶɧɨ, ɩɨɫɤɨɥɶɤɭ ɧɟ ɩɨɡɜɨɥɹɟɬ ɫɨɯɪɚɧɢɬɶ ɧɚɧɨɫɬɪɭɤɬɭɪɭ, ɤɪɨɦɟ 

ɬɨɝɨ, ɢɡɜɟɫɬɧɨ, ɱɬɨ ɬɜɟɪɞɨɫɬɶ ɢ ɜɹɡɤɨɫɬɶ ɪɚɡɪɭɲɟɧɢɹ ɭɦɟɧɶɲɚɸɬɫɹ ɫ ɭɜɟɥɢɱɟɧɢɟɦ 

ɪɚɡɦɟɪɚ ɡɟɪɧɚ (ɜɩɥɨɬɶ ɞɨ 10 ɧɦ) ɢɡ-ɡɚ ɷɮɮɟɤɬɨɜ ɏɨɥɥɚ-ɉɟɬɱɚ [166 167]. Ⱦɨɛɢɬɶɫɹ 

ɩɨɥɭɱɟɧɢɹ ɜɵɫɨɤɨɩɥɨɬɧɨɣ (ɯɨɬɹ ɛɵ ɞɨ ɡɧɚɱɟɧɢɹ ɨɬɧɨɫɢɬɟɥɶɧɨɣ ɩɥɨɬɧɨɫɬɢ 80 %) 

ɤɚɪɛɢɞɨɤɪɟɦɧɢɟɜɨɣ ɤɟɪɚɦɢɤɢ ɩɪɢ ɧɢɡɤɢɯ ɬɟɦɩɟɪɚɬɭɪɚɯ ɫɩɟɤɚɧɢɹ (ɞɨ 1800 ˚C) ɛɟɡ 

ɩɪɢɦɟɧɟɧɢɹ ɨɫɨɛɵɯ ɫɪɟɞɫɬɜ ɧɟɜɨɡɦɨɠɧɨ. Ʉɪɨɦɟ ɬɨɝɨ, ɞɥɹ ɫɨɯɪɚɧɟɧɢɹ ɫɬɪɭɤɬɭɪɵ ȕ 

ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɧɟɨɛɯɨɞɢɦɨ ɩɪɢɦɟɧɹɬɶ ɨɬɧɨɫɢɬɟɥɶɧɨ ɧɢɡɤɢɟ ɬɟɦɩɟɪɚɬɭɪɵ 

ɫɩɟɤɚɧɢɹ ɜɫɥɟɞɫɬɜɢɟ ɮɚɡɨɜɨɝɨ ɩɟɪɟɯɨɞɚ α→ȕ ɮɚɡ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɩɪɢ 

ɬɟɦɩɟɪɚɬɭɪɚɯ T > 1800 ˚C [168]. ȼɨɡɦɨɠɧɨɫɬɶ ɩɟɪɟɯɨɞɚ ɮɚɡɵ ȕ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɜ 

α-ɮɚɡɭ ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɧɚ ɤɨɝɟɪɟɧɬɧɵɯ ɢ ɧɟɤɨɝɟɪɟɧɬɧɵɯ ɝɪɚɧɢɰɚɯ ɞɜɨɣɧɢɤɨɜɵɯ 

ɫɬɪɭɤɬɭɪ ɢ ɜɛɥɢɡɢ ɞɟɮɟɤɬɨɜ ɭɤɥɚɞɤɢ Д164]. Ʉɚɤ ɩɨɤɚɡɚɧɨ ɜ ɩɪɟɞɵɞɭɳɢɯ ɪɚɡɞɟɥɚɯ, 

ɩɨɥɭɱɚɟɦɵɟ ɜ ɉȾɋ ɱɚɫɬɢɰɵ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɯɚɪɚɤɬɟɪɢɡɭɸɬɫɹ ɧɚɥɢɱɢɟɦ ɬɚɤɢɯ 

ɞɟɮɟɤɬɨɜ ɭɤɥɚɞɤɢ (SF), ɱɬɨ ɦɨɠɟɬ ɩɪɢɜɟɫɬɢ ɤ α→ȕ ɩɟɪɟɯɨɞɭ ɩɪɢ ɫɩɟɤɚɧɢɹɯ ɫ 

ɜɵɫɨɤɨɣ ɬɟɦɩɟɪɚɬɭɪɨɣ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɬɪɟɛɭɟɬɫɹ ɩɪɨɜɟɫɬɢ ɩɨɢɫɤ 

ɞɨɩɨɥɧɢɬɟɥɶɧɵɯ ɫɪɟɞɫɬɜ ɞɥɹ ɫɩɟɤɚɧɢɹ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɢ ɩɨɥɭɱɟɧɢɹ ɧɚ ɟɝɨ 

ɨɫɧɨɜɟ ɜɵɫɨɤɨɩɥɨɬɧɨɣ ɤɟɪɚɦɢɤɢ. ɇɚɢɛɨɥɟɟ ɩɟɪɫɩɟɤɬɢɜɧɵɦ ɩɭɬɟɦ ɞɥɹ ɩɨɥɭɱɟɧɢɹ 

ɧɚɧɨɫɬɪɭɤɬɭɪɢɪɨɜɚɧɧɨɣ ɤɟɪɚɦɢɤɢ ɹɜɥɹɟɬɫɹ ɦɟɬɨɞ ɢɫɤɪɨɜɨɝɨ ɩɥɚɡɦɟɧɧɨɝɨ 

ɫɩɟɤɚɧɢɹ, ɫɭɬɶ ɢ ɞɨɫɬɨɢɧɫɬɜɚ ɤɨɬɨɪɨɝɨ ɩɪɢɜɟɞɟɧɵ ɜ ɪɚɡɞɟɥɟ 2.4. 

ȼ ɪɚɦɤɚɯ ɪɟɲɟɧɢɹ ɡɚɞɚɱɢ ɩɨɥɭɱɟɧɢɹ ɜɵɫɨɤɨɩɥɨɬɧɨɣ ɢ ɦɟɥɤɨɡɟɪɧɢɫɬɨɣ 

ɤɟɪɚɦɢɤɢ ɩɪɨɜɟɞɟɧ ɰɢɤɥ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɪɚɛɨɬ ɩɨ ɫɩɟɤɚɧɢɸ 

ɩɨɪɨɲɤɨɨɛɪɚɡɧɨɝɨ ɩɪɨɞɭɤɬɚ ɫɢɫɬɟɦɵ Si-C. ȼ ɩɟɪɜɨɦ ɰɢɤɥɟ ɷɤɫɩɟɪɢɦɟɧɬɨɜ 
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ɩɪɨɰɟɫɫ ɫɩɟɤɚɧɢɹ ɨɫɭɳɟɫɬɜɥɹɥɫɹ ɛɟɡ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɫɩɟɤɚɸɳɢɯ ɞɨɛɚɜɨɤ. ȼɨ-

ɩɟɪɜɵɯ, ɛɵɥɚ ɩɪɨɜɟɞɟɧɚ ɫɟɪɢɹ ɷɤɫɩɟɪɢɦɟɧɬɨɜ (ɫɟɪɢɹ 1) ɩɨ ɩɨɥɭɱɟɧɢɸ 

ɤɟɪɚɦɢɱɟɫɤɢɯ ɦɚɬɟɪɢɚɥɨɜ ɢɡ ɤɨɦɦɟɪɱɟɫɤɨɝɨ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ (SiCɤɨɦ). Ⱦɥɹ ɷɬɨɣ 

ɰɟɥɢ ɢɫɩɨɥɶɡɨɜɚɥɫɹ ɦɢɤɪɨɲɥɢɮɩɨɪɨɲɨɤ ɢɡ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ F1200 (ɪɚɡɦɟɪ ɡɟɪɧɚ 

3 ɦɤɦ). ɗɬɨɬ ɩɨɪɨɲɨɤ ɩɨɞɜɟɪɝɚɥɫɹ ɢɡɦɟɥɶɱɟɧɢɸ ɜ ɲɚɪɨɜɨɣ ɦɟɥɶɧɢɰɟ ɜ ɬɟɱɟɧɢɟ 6 

ɱɚɫɨɜ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɲɚɪɨɜ ɢ ɮɨɪɦɵ ɢɡ ɧɢɬɪɢɞɚ ɤɪɟɦɧɢɹ. ȼ ɫɨɫɬɚɜ ɩɪɨɞɭɤɬɚ 

ɜɯɨɞɢɬ ɩɪɟɢɦɭɳɟɫɬɜɟɧɧɨ α-ɮɚɡɚ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ (>98 %). ɂɫɩɨɥɶɡɨɜɚɧɢɟ α-ɮɚɡɵ 

ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɹɜɥɹɟɬɫɹ ɞɨɩɭɫɬɢɦɵɦ, ɩɨɫɤɨɥɶɤɭ ɩɪɨɰɟɫɫɵ ɫɩɟɤɚɧɢɹ ɜ ɫɥɭɱɚɟ 

ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɜ ɤɚɱɟɫɬɜɟ ɢɫɯɨɞɧɨɝɨ ɦɚɬɟɪɢɚɥɚ ɪɚɡɧɵɯ ɩɨɥɢɬɢɩɧɵɯ ɦɨɞɢɮɢɤɚɰɢɣ 

ɦɚɥɨ ɨɬɥɢɱɚɸɬɫɹ ɞɨ ɬɟɦɩɟɪɚɬɭɪ з1800 ˚C [152]. 

ɋɥɟɞɭɸɳɚɹ ɫɟɪɢɹ ɷɤɫɩɟɪɢɦɟɧɬɨɜ (ɫɟɪɢɹ 2) ɤɚɫɚɥɚɫɶ ɩɨɥɭɱɟɧɢɹ 

ɤɟɪɚɦɢɱɟɫɤɨɝɨ ɦɚɬɟɪɢɚɥɚ ɢɡ ɩɪɨɞɭɤɬɚ ɉȾɋ. Ⱦɥɹ ɷɬɨɣ ɰɟɥɢ ɢɫɩɨɥɶɡɨɜɚɥɢɫɶ 

ɩɨɪɨɲɤɨɨɛɪɚɡɧɵɟ ɩɪɨɞɭɤɬɵ ɫ ɧɚɢɛɨɥɶɲɢɦ ɫɨɞɟɪɠɚɧɢɟɦ SiC (>93 %) ɫɨ ɫɪɟɞɧɢɦ 

ɪɚɡɦɟɪɨɦ ɱɚɫɬɢɰ з70 ɧɦ. ɇɚ ɪɢɫɭɧɤɟ 5.1 ɩɪɢɜɟɞɟɧɵ ɦɢɤɪɨɫɧɢɦɤɢ ɢɫɯɨɞɧɵɯ 

ɩɨɪɨɲɤɨɜ ɞɥɹ ɫɩɟɤɚɧɢɹ ɤɟɪɚɦɢɱɟɫɤɢɯ ɨɛɪɚɡɰɨɜ: ɢɡɦɟɥɶɱɟɧɧɵɣ ɤɨɦɦɟɪɱɟɫɤɢɣ 

ɩɨɪɨɲɨɤ SiC (ɚ) ɢ ɩɪɨɞɭɤɬ ɩɥɚɡɦɨɞɢɧɚɦɢɱɟɫɤɨɝɨ ɫɢɧɬɟɡɚ (ɛ). Ʉɪɨɦɟ ɬɨɝɨ, 

ɨɫɭɳɟɫɬɜɥɹɥɚɫɶ ɫɟɪɢɹ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɩɨ ɩɨɥɭɱɟɧɢɸ ɤɟɪɚɦɢɱɟɫɤɢɯ ɨɛɪɚɡɰɨɜ ɢɡ 

ɤɨɦɦɟɪɱɟɫɤɨɝɨ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɫ ɞɨɛɚɜɥɟɧɢɟɦ 5 % ɩɪɨɞɭɤɬɚ ɉȾɋ. 

ɉɪɟɞɩɨɥɚɝɚɥɨɫɶ, ɱɬɨ ɬɚɤɨɣ ɩɭɬɶ ɦɨɠɟɬ ɨɛɟɫɩɟɱɢɬɶ ɡɚɩɨɥɧɟɧɢɟ ɩɨɪ ɦɟɠɞɭ 

ɦɢɤɪɨɧɧɵɦɢ ɡɟɪɧɚɦɢ ɦɟɥɤɨɞɢɫɩɟɪɫɧɨɣ ɮɪɚɤɰɢɟɣ ɢ, ɤɚɤ ɫɥɟɞɫɬɜɢɟ, ɛɨɥɟɟ ɩɨɥɧɨɟ 

ɭɩɥɨɬɧɟɧɢɟ ɦɚɬɟɪɢɚɥɚ. 

 

Ɋɢɫɭɧɨɤ 5.1 – Ɇɢɤɪɨɫɧɢɦɤɢ ɢɫɯɨɞɧɵɯ ɩɨɪɨɲɤɨɜ: ɢɡɦɟɥɶɱɟɧɧɵɣ ɤɨɦɦɟɪɱɟɫɤɢɣ 

ɩɨɪɨɲɨɤ SiC (ɚ) ɢ ɩɪɨɞɭɤɬ ɩɥɚɡɦɨɞɢɧɚɦɢɱɟɫɤɨɝɨ ɫɢɧɬɟɡɚ (ɛ) 
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Ⱦɥɹ ɨɫɭɳɟɫɬɜɥɟɧɢɹ ɫɩɟɤɚɧɢɹ ɜɵɛɪɚɧ ɫɥɟɞɭɸɳɢɣ ɪɟɠɢɦ: ɬɟɦɩɟɪɚɬɭɪɚ 

ɫɩɟɤɚɧɢɹ T = 1800 ˚C, ɜɵɞɟɪɠɤɚ ɬɟɦɩɟɪɚɬɭɪɵ Δt = 10 ɦɢɧ, ɫɤɨɪɨɫɬɶ ɧɚɝɪɟɜɚ ΔT/Δt 

= 100 ˚C/ɦɢɧ, ɞɚɜɥɟɧɢɟ p = 60 Ɇɉɚ. Ⱦɚɧɧɵɣ ɪɟɠɢɦ ɜɵɛɪɚɧ, ɢɫɯɨɞɹ ɢɡ 

ɥɢɬɟɪɚɬɭɪɧɵɯ ɞɚɧɧɵɯ ɢ ɡɚɞɚɱɢ ɨɝɪɚɧɢɱɟɧɢɹ ɪɨɫɬɚ ɡɟɪɧɚ. ȼ ɬɚɛɥɢɰɟ 5.1 ɩɪɢɜɟɞɟɧɵ 

ɩɚɪɚɦɟɬɪɵ ɪɟɠɢɦɚ ɫɩɟɤɚɧɢɹ ɢ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɤɨɧɟɱɧɨɝɨ ɨɛɴɟɦɧɨɝɨ ɩɪɨɞɭɤɬɚ. 

Ɂɧɚɱɟɧɢɹ ɨɬɧɨɫɢɬɟɥɶɧɨɣ ɩɥɨɬɧɨɫɬɢ ɪɚɫɫɱɢɬɚɧɵ ɢɫɯɨɞɹ ɢɡ ɪɚɡɧɵɯ ɡɧɚɱɟɧɢɣ 

ɬɟɨɪɟɬɢɱɟɫɤɨɣ ɩɥɨɬɧɨɫɬɢ ɞɥɹ ɪɚɡɧɵɯ ɩɨɥɢɬɢɩɢɱɟɫɤɢɯ ɦɨɞɢɮɢɤɚɰɢɣ SiC: ρɬɟɨɪ(α-

SiC) = 3,210 ɝ/ɫɦ3
, ρɬɟɨɪ(ȕ-SiC) = 3,166 ɝ/ɫɦ3

. Ɂɚɜɢɫɢɦɨɫɬɢ ɬɟɦɩɟɪɚɬɭɪɵ, ɞɚɜɥɟɧɢɹ ɢ 

ɩɥɨɬɧɨɫɬɢ ɨɬ ɜɪɟɦɟɧɢ ɩɪɢɜɟɞɟɧɵ ɧɚ ɪɢɫɭɧɤɟ 5.2 (ɩɪɢɦɟɪ ɞɥɹ ɫɟɪɢɢ 

ɷɤɫɩɟɪɢɦɟɧɬɨɜ 1). Ʉɚɤ ɜɢɞɧɨ ɢɡ ɝɪɚɮɢɤɨɜ, ɩɪɨɞɭɤɬ ɫɩɟɤɚɥɫɹ ɜ ɬɟɱɟɧɢɢ 15-20 ɦɢɧ, 

ɱɬɨ ɹɜɥɹɟɬɫɹ ɩɪɟɢɦɭɳɟɫɬɜɨɦ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɱɚɫɚɦɢ ɢɥɢ ɞɚɠɟ ɞɧɹɦɢ ɩɪɢ 

ɨɛɵɱɧɨɦ ɫɩɟɤɚɧɢɢ. ɋɭɞɹ ɩɨ ɤɪɢɜɨɣ ɩɥɨɬɧɨɫɬɢ, ɩɪɨɰɟɫɫ ɭɩɥɨɬɧɟɧɢɹ ɩɪɨɢɫɯɨɞɢɥ 

ɫɥɚɛɨ. ȼ ɢɬɨɝɟ ɞɨɫɬɢɝɧɭɬɨ ɡɧɚɱɟɧɢɟ ɩɥɨɬɧɨɫɬɢ 70 % ɨɬ ρɬɟɨɪ. 

Ɍɚɛɥɢɰɚ 5.1 – ɉɚɪɚɦɟɬɪɵ ɩɟɪɜɨɝɨ ɰɢɤɥɚ ɷɤɫɩɟɪɢɦɟɧɬɨɜ 

№ ɉɪɟɤɭɪɫɨɪɵ 

ɉɚɪɚɦɟɬɪɵ ɫɩɟɤɚɧɢɹ 

ρ, ɝ/ɫɦ3
 

ρ, 

% ɬɟɨɪ. Hɫɪ, Ƚɉɚ T, 

˚C 

p, 

Ɇɉɚ 

ΔT/Δt, 

K/ɦɢɧ 

tɜɵɞ, 

ɦɢɧ 

1 SiCɤɨɦ 

1800 60 100 10 

2,250 70,0 1,40±0,5 

2 
SiCɤɨɦ:SiCɩɥɚɡɦ= 

0,95:0,05 
2,330 73,1 2,20±0,6 

3 SiCɩɥɚɡɦ 2,635 82,4 5,71±0,3 

 

Ɋɢɫɭɧɨɤ 5.2 – Ɋɟɠɢɦ ɫɩɟɤɚɧɢɹ: T – ɬɟɦɩɟɪɚɬɭɪɚ ɫɩɟɤɚɧɢɹ, p – ɞɚɜɥɟɧɢɟ 

ɇɚ ɪɢɫɭɧɤɟ 5.3 ɞɥɹ ɫɪɚɜɧɟɧɢɹ ɩɪɢɜɟɞɟɧɵ XRD-ɤɚɪɬɢɧɵ ɩɨɥɭɱɟɧɧɵɯ 

ɤɟɪɚɦɢɱɟɫɤɢɯ ɨɛɪɚɡɰɨɜ, ɩɨ ɤɨɬɨɪɵɦ ɜɢɞɧɨ, ɱɬɨ ɜ ɩɪɨɰɟɫɫɟ ɫɩɟɤɚɧɢɹ ɮɚɡɨɜɵɯ 

ɩɟɪɟɯɨɞɨɜ ɧɟ ɩɪɨɢɫɯɨɞɢɥɨ. ɋɪɚɜɧɟɧɢɟ ɞɚɧɧɵɯ ɷɤɫɩɟɪɢɦɟɧɬɨɜ, ɩɪɢɜɟɞɟɧɧɵɯ ɜ 
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ɬɚɛɥɢɰɟ 5.1, ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɬɨɥɶɤɨ SiCɩɥɚɡɦ ɞɚɠɟ ɩɪɢ ɨɬɧɨɫɢɬɟɥɶɧɨ 

ɧɢɡɤɨɣ ɬɟɦɩɟɪɚɬɭɪɟ ɫɩɟɤɚɧɢɹ TSPS = 1800 ˚C ɨɛɟɫɩɟɱɢɜɚɟɬ ɩɨɥɭɱɟɧɢɟ ɛɨɥɟɟ 

ɩɥɨɬɧɨɣ ɤɟɪɚɦɢɤɢ ɫ ɛɨɥɟɟ ɜɵɫɨɤɨɣ ɦɢɤɪɨɬɜɟɪɞɨɫɬɶɸ Hɫɪ = 5,71±0,3 Ƚɉɚ, ɩɨ 

ɫɪɚɜɧɟɧɢɸ ɫ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦɢ ɤɟɪɚɦɢɤɢ ɢɡ SiCɤɨɦ.  

ɇɚ ɪɢɫɭɧɤɚɯ 5.4 ɩɪɢɜɟɞɟɧɵ ɦɢɤɪɨɫɧɢɦɤɢ ɲɥɢɮɨɜ ɩɨɜɟɪɯɧɨɫɬɢ ɨɛɪɚɡɰɨɜ. ɂɡ 

ɫɪɚɜɧɟɧɢɹ SEM-ɫɧɢɦɤɨɜ ɧɚ ɪɢɫɭɧɤɚɯ 5.4 ɚ ɢ ɛ ɜɢɞɧɨ, ɱɬɨ ɤɟɪɚɦɢɱɟɫɤɢɣ ɦɚɬɟɪɢɚɥ 

ɢɡ ɫɢɧɬɟɡɢɪɨɜɚɧɧɨɝɨ ȕ-SiC ɨɬɥɢɱɚɟɬɫɹ ɛɨɥɟɟ ɦɟɥɤɨɡɟɪɧɢɫɬɨɣ ɦɢɤɪɨɫɬɪɭɤɬɭɪɨɣ ɢ 

ɧɚɥɢɱɢɟɦ ɡɧɚɱɢɬɟɥɶɧɨ ɦɟɧɶɲɢɯ ɩɨ ɪɚɡɦɟɪɚɦ ɩɨɪ. ɉɨɜɵɲɟɧɢɟ TSPS ɤɨɧɟɱɧɨ ɞɚɟɬ 

ɩɨɜɵɲɟɧɢɟ ɦɟɯɚɧɢɱɟɫɤɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ, ɧɨ ɩɪɢɜɨɞɢɬ ɤ ɫɭɳɟɫɬɜɟɧɧɨɦɭ ɪɨɫɬɭ 

ɪɚɡɦɟɪɨɜ ɡɟɪɟɧ ɦɢɤɪɨɫɬɪɭɤɬɭɪɵ, ɫɧɢɠɚɹ ɩɪɟɢɦɭɳɟɫɬɜɨ ɢɫɩɨɥɶɡɨɜɚɧɢɹ 

ɭɥɶɬɪɚɞɢɫɩɟɪɫɧɨɝɨ ɫɵɪɶɹ. ɉɨɥɭɱɟɧɧɨɝɨ ɪɟɡɭɥɶɬɚɬɚ ɧɟɞɨɫɬɚɬɨɱɧɨ, ɱɬɨ 

ɞɟɦɨɧɫɬɪɢɪɭɟɬɫɹ ɨɬɧɨɫɢɬɟɥɶɧɨ ɧɢɡɤɢɦɢ ɜɟɥɢɱɢɧɚɦɢ ɬɜɟɪɞɨɫɬɢ (1,4 – 5,7 Ƚɉɚ). 

Ɋɟɡɭɥɶɬɚɬɵ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɩɨɞɬɜɟɪɞɢɥɢ ɢɡɜɟɫɬɧɭɸ ɜɨɡɦɨɠɧɨɫɬɶ ɩɨɜɵɲɟɧɢɹ 

ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɤɟɪɚɦɢɤɢ ɢɡ ɧɢɡɤɨɞɢɫɩɟɪɫɧɨɝɨ ɫɵɪɶɹ, ɜ ɱɚɫɬɧɨɫɬɢ ɤɨɦɦɟɪɱɟɫɤɨɝɨ 

SiC, ɩɭɬɟɦ ɜɜɟɞɟɧɢɹ ɧɟɛɨɥɶɲɨɝɨ ɤɨɥɢɱɟɫɬɜɚ (ɨɤɨɥɨ 5 %) ɭɥɶɬɪɚɞɢɫɩɟɪɫɧɨɝɨ 

ɩɨɪɨɲɤɚ ɉȾɋ, ɤɨɬɨɪɵɣ ɩɪɢ ɯɨɪɨɲɟɦ ɩɟɪɟɦɟɲɢɜɚɧɢɢ ɡɚɩɨɥɧɹɟɬ ɩɪɨɫɬɪɚɧɫɬɜɨ 

ɦɟɠɞɭ ɤɪɭɩɧɵɦɢ ɦɢɤɪɨɧɧɵɦɢ ɱɚɫɬɢɰɚɦɢ ɢ ɨɛɟɫɩɟɱɢɜɚɟɬ ɫɧɢɠɟɧɢɟ ɩɨɪɢɫɬɨɫɬɢ 

ɤɟɪɚɦɢɤɢ (ɩ. 2, ɬɚɛɥɢɰɚ 5.1). 

 

Ɋɢɫɭɧɨɤ 5.3 – XRD ɤɟɪɚɦɢɱɟɫɤɢɯ ɨɛɪɚɡɰɨɜ, ɩɨɥɭɱɟɧɧɵɯ ɧɚ ɨɫɧɨɜɟ SiCɤɨɦ, SiCɩɥɚɡɦ, 

SiCɤɨɦ+Al(4 %)+B(2 %)+C(2 %), SiCɩɥɚɡɦ+Al(4 %)+B(2 %)+C(2 %); SiCɤɨɦ – ɤɨɦɦɟɪ-

ɱɟɫɤɢɣ ɩɨɪɨɲɨɤ α-SiC, SiCɩɥɚɡɦ – ȕ-SiC ɉȾɋ 
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Ɋɢɫɭɧɨɤ 5.4 – Ɇɢɤɪɨɫɧɢɦɤɢ ɲɥɢɮɨɜ ɩɨɜɟɪɯɧɨɫɬɢ ɤɟɪɚɦɢɱɟɫɤɢɯ ɨɛɪɚɡɰɨɜ, 

ɩɨɥɭɱɟɧɧɵɯ ɢɡ ɤɨɦɦɟɪɱɟɫɤɨɝɨ ɦɚɬɟɪɢɚɥɚ (ɚ) ɢ ɩɪɨɞɭɤɬɚ ɉȾɋ (ɛ) 

Ʉɚɤ ɜɢɞɧɨ ɢɡ ɩɪɢɜɟɞɟɧɧɵɯ ɜɵɲɟ ɪɟɡɭɥɶɬɚɬɨɜ, ɩɪɢɦɟɧɟɧɢɟ ɢɫɤɪɨɜɨɝɨ 

ɩɥɚɡɦɟɧɧɨɝɨ ɫɩɟɤɚɧɢɹ ɫɚɦɨ ɩɨ ɫɟɛɟ ɧɟ ɦɨɠɟɬ ɢɡɛɚɜɢɬɶ ɩɪɨɰɟɫɫ ɫɩɟɤɚɧɢɹ 

ɤɚɪɛɢɞɨɤɪɟɦɧɢɟɜɨɣ ɤɟɪɚɦɢɤɢ ɫɥɨɠɧɨɫɬɟɣ, ɫɜɹɡɚɧɧɵɯ ɫ ɤɨɦɩɚɤɬɢɪɨɜɚɧɢɟɦ 

ɩɪɨɞɭɤɬɚ. Ɂɚɞɚɱɚ ɩɨɥɭɱɟɧɢɹ ɜɵɫɨɤɨɩɥɨɬɧɨɝɨ ɨɛɴɟɦɧɨɝɨ ɦɚɬɟɪɢɚɥɚ ɜ ɬɚɤɨɦ ɫɥɭɱɚɟ 

ɩɪɟɞɫɬɚɜɥɹɟɬɫɹ ɧɟɬɪɢɜɢɚɥɶɧɨɣ. ɇɚɢɛɨɥɟɟ ɭɫɩɟɲɧɵɦ ɩɪɟɞɫɬɚɜɥɹɟɬɫɹ ɩɭɬɶ 

ɜɜɟɞɟɧɢɹ ɜ ɫɨɫɬɚɜ ɢɫɯɨɞɧɨɝɨ ɩɪɨɞɭɤɬɚ ɞɨɩɨɥɧɢɬɟɥɶɧɵɯ ɫɩɟɤɚɸɳɢɯ ɞɨɛɚɜɨɤ. 

ɋɪɟɞɢ ɬɚɤɢɯ ɞɨɛɚɜɨɤ ɜɵɞɟɥɹɸɬɫɹ ɛɟɡɨɤɫɢɞɧɵɟ ɢ ɨɤɫɢɞɧɵɟ ɜɟɳɟɫɬɜɚ. ɉɟɪɜɚɹ 

ɝɪɭɩɩɚ ɜɟɳɟɫɬɜ ɜɤɥɸɱɚɟɬ ɜ ɫɟɛɹ, ɩɪɟɠɞɟ ɜɫɟɝɨ, ɛɨɪ Д169Ж, ɚ ɬɚɤɠɟ ɫɦɟɫɢ ɫ ɟɝɨ 

ɜɤɥɸɱɟɧɢɟɦ B-C [170, 171], Al-B-C [172Ж ɢ ɞɪ. ȼɤɥɸɱɟɧɢɟ ɛɨɪɚ ɞɚɠɟ ɜ ɤɨɥɢɱɟɫɬɜɟ 

0,5-1,0 ɦɚɫ. % ɫɩɨɫɨɛɫɬɜɭɟɬ ɫɧɢɠɟɧɢɸ ɩɨɜɟɪɯɧɨɫɬɧɨɣ ɷɧɟɪɝɢɢ ɢ ɷɧɟɪɝɢɢ 

ɚɤɬɢɜɚɰɢɢ ɩɪɨɰɟɫɫɚ ɚɬɨɦɧɨɣ ɞɢɮɮɭɡɢɢ ɱɚɫɬɢɰ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ, ɬɚɤɢɦ ɨɛɪɚɡɨɦ, 

ɦɚɬɟɪɢɚɥ ɫɩɨɫɨɛɟɧ ɫɩɟɤɚɬɶɫɹ ɛɟɡ ɭɱɚɫɬɢɹ ɠɢɞɤɨɣ ɮɚɡɵ Д170, 173Ж. ɗɮɮɟɤɬɢɜɧɨɫɬɶ 

ɜɜɟɞɟɧɢɹ ɛɨɪɚ ɩɨɜɵɲɚɟɬɫɹ ɜ ɩɪɢɫɭɬɫɬɜɢɢ ɭɝɥɟɪɨɞɚ, ɩɨɫɤɨɥɶɤɭ ɜ ɬɚɤɨɦ ɫɥɭɱɚɟ 

ɨɛɪɚɡɭɟɬɫɹ ɢ ɠɢɞɤɚɹ ɮɚɡɚ, ɜɵɡɵɜɚɸɳɚɹ ɭɫɢɥɟɧɧɭɸ ɞɢɮɮɭɡɢɸ Д163Ж. ɇɨ ɢ 

ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɬɨɥɶɤɨ B ɢ C ɛɭɞɟɬ ɧɟ ɞɨ ɤɨɧɰɚ ɷɮɮɟɤɬɢɜɧɵɦ ɞɥɹ ɬɚɤɨɝɨ 

ɚɤɬɢɜɢɪɨɜɚɧɧɨɝɨ ɩɪɨɰɟɫɫɚ ɫɩɟɤɚɧɢɹ. ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɚɥɸɦɢɧɢɣ ɛɭɞɟɬ ɹɜɥɹɬɶɫɹ 

ɧɚɢɛɨɥɟɟ ɨɩɬɢɦɚɥɶɧɨɣ ɞɨɛɚɜɤɨɣ ɞɥɹ ɫɩɟɤɚɧɢɹ SiC [174Ж. Ⱦɨɛɚɜɥɟɧɢɟ ɚɥɸɦɢɧɢɹ 

ɬɚɤɠɟ ɫɩɨɫɨɛɫɬɜɭɟɬ ɩɨɜɵɲɟɧɢɸ ɜɟɥɢɱɢɧɵ ɜɹɡɤɨɫɬɢ ɪɚɡɪɭɲɟɧɢɹ Д175]. 

Ⱦɨɛɚɜɥɟɧɢɟ ɨɤɫɢɞɧɵɯ ɜɟɳɟɫɬɜ ɬɚɤɠɟ ɫɩɨɫɨɛɫɬɜɭɟɬ ɛɨɥɟɟ ɭɫɩɟɲɧɨɦɭ 

ɩɪɨɬɟɤɚɧɢɸ ɩɪɨɰɟɫɫɨɜ ɫɩɟɤɚɧɢɹ. Ɉɤɫɢɞɧɵɟ ɞɨɛɚɜɤɢ ɜ ɩɪɨɰɟɫɫɟ ɠɢɞɤɨɮɚɡɧɨɝɨ 

ɫɩɟɤɚɧɢɹ ɩɟɪɟɯɨɞɹɬ ɜ ɨɤɫɢɞɧɵɣ ɪɚɫɩɥɚɜ (ɱɚɫɬɨ ɷɜɬɟɤɬɢɱɟɫɤɨɝɨ ɫɨɫɬɚɜɚ), ɤɨɬɨɪɵɣ 
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ɫɦɚɱɢɜɚɟɬ ɩɨɜɟɪɯɧɨɫɬɶ ɱɚɫɬɢɰ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɢ, ɬɚɤɢɦ ɨɛɪɚɡɨɦ, ɨɛɟɫɩɟɱɢɜɚɟɬ 

ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɭɩɥɨɬɧɟɧɢɹ Д176Ж. ȼɵɛɨɪ ɨɤɫɢɞɧɵɯ ɞɨɛɚɜɨɤ ɱɪɟɡɜɵɱɚɣɧɨ ɲɢɪɨɤ, 

ɧɨ ɛɨɥɟɟ ɢɫɩɨɥɶɡɭɟɦɵɦɢ ɹɜɥɹɸɬɫɹ Al2O3 ɢ Y2O3, ɚ ɬɚɤɠɟ ɢɯ ɫɦɟɫɶ Д177]. 

ɉɪɢɦɟɧɟɧɢɟ ɪɚɡɥɢɱɧɵɯ ɫɩɟɤɚɸɳɢɯ ɞɨɛɚɜɨɤ ɜɚɠɧɨ ɧɟ ɬɨɥɶɤɨ ɞɥɹ 

ɨɫɭɳɟɫɬɜɥɟɧɢɹ ɩɪɨɰɟɫɫɚ ɫɩɟɤɚɧɢɹ, ɧɨ ɢ ɞɥɹ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɦɚɬɟɪɢɚɥɚ: ɜ 

ɱɚɫɬɧɨɫɬɢ, ɦɟɯɚɧɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ (ɬɜɟɪɞɨɫɬɶ, ɩɪɨɱɧɨɫɬɶ ɧɚ ɢɡɝɢɛ, ɦɨɞɭɥɶ ɘɧɝɚ ɢ 

ɞɪ.) ɞɥɹ ɨɛɪɚɡɰɨɜ ɫ ɩɪɢɦɟɧɟɧɢɟɦ ɫɩɟɤɚɸɳɢɯ ɞɨɛɚɜɨɤ, ɤɚɤ ɩɪɚɜɢɥɨ, ɜɵɲɟ, ɱɟɦ ɛɟɡ 

ɢɯ ɢɫɩɨɥɶɡɨɜɚɧɢɹ. Ɍɚɤɨɟ ɩɨɜɟɞɟɧɢɟ ɨɛɴɹɫɧɹɟɬɫɹ ɯɚɪɚɤɬɟɪɧɨɣ ɪɚɡɧɢɰɟɣ ɜ 

ɩɪɨɱɧɨɫɬɢ ɫɰɟɩɥɟɧɢɹ ɡɟɪɟɧ ɢɡ-ɡɚ ɩɪɢɫɭɬɫɬɜɢɹ ɫɩɟɤɚɸɳɢɯ ɞɨɛɚɜɨɤ Д163]. 

ȼ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ɥɢɬɟɪɚɬɭɪɧɵɦɢ ɞɚɧɧɵɦɢ ɛɵɥ ɨɫɭɳɟɫɬɜɥɟɧ ɩɨɞɛɨɪ 

ɫɩɟɤɚɸɳɢɯ ɞɨɛɚɜɨɤ. ȼɨ ɜɬɨɪɨɦ ɰɢɤɥɟ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɞɥɹ ɫɩɟɤɚɧɢɹ 

ɤɚɪɛɢɞɨɤɪɟɦɧɢɟɜɨɣ ɤɟɪɚɦɢɤɢ ɢɫɩɨɥɶɡɨɜɚɥɢɫɶ ɞɨɛɚɜɤɢ ɛɟɡɨɤɫɢɞɧɨɝɨ ɢ ɨɤɫɢɞɧɨɝɨ 

ɬɢɩɚ: ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ Al(4 %)+B(2 %)+C(2 %) ɢ Al2O3(5,7 %)+Y2O3(4,3 %). ȼ 

ɬɚɛɥɢɰɟ 5.2 ɩɪɢɜɟɞɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɜɬɨɪɨɝɨ ɰɢɤɥɚ ɷɤɫɩɟɪɢɦɟɧɬɨɜ. ɋɟɪɢɢ 

ɷɤɫɩɟɪɢɦɟɧɬɨɜ 4 ɢ 5 ɩɪɨɜɨɞɢɥɢɫɶ ɫ ɰɟɥɶɸ ɜɵɹɜɥɟɧɢɹ ɧɚɢɛɨɥɟɟ ɨɩɬɢɦɚɥɶɧɨɣ 

ɫɩɟɤɚɸɳɟɣ ɞɨɛɚɜɤɢ. Ⱦɥɹ ɷɬɨɝɨ ɢɫɩɨɥɶɡɨɜɚɥɫɹ SiCɤɨɦ. ɇɚɢɛɨɥɟɟ ɫɭɳɟɫɬɜɟɧɧɵɣ 

ɷɮɮɟɤɬ ɩɨɜɵɲɟɧɢɹ ɮɢɡɢɤɨ-ɦɟɯɚɧɢɱɟɫɤɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ SiC-ɤɟɪɚɦɢɤɢ 

ɞɨɫɬɢɝɚɟɬɫɹ ɡɚ ɫɱɟɬ ɜɜɟɞɟɧɢɹ ɜ ɢɫɯɨɞɧɭɸ ɲɢɯɬɭ ɜɵɫɨɤɨɞɢɫɩɟɪɫɧɵɯ ɥɟɝɢɪɭɸɳɢɯ 

ɞɨɛɚɜɨɤ Al(4 %)+B(2 %)+C(2 %) (ɩ.ɩ. 4 ɬɚɛɥɢɰɵ 5.2). Ʉɟɪɚɦɢɤɚ, ɩɨɥɭɱɚɟɦɚɹ ɩɪɢ 

ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɞɚɧɧɨɣ ɛɟɡɨɤɫɢɞɧɨɣ ɞɨɛɚɜɤɢ, ɞɟɦɨɧɫɬɪɢɪɨɜɚɥɚ ɛɨɥɟɟ ɜɵɫɨɤɢɟ 

ɦɟɯɚɧɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ, ɱɟɦ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɧɚɢɛɨɥɟɟ ɪɚɫɩɪɨɫɬɪɚɧɟɧɧɨɣ 

ɨɤɫɢɞɧɨɣ ɞɨɛɚɜɤɢ Al2O3(5,7 %)+Y2O3(4,3 %) (ɩ.ɩ. 5 ɬɚɛɥɢɰɵ 5.2). 

Ɍɚɛɥɢɰɚ 5.2 – ɉɚɪɚɦɟɬɪɵ ɜɬɨɪɨɝɨ ɰɢɤɥɚ ɷɤɫɩɟɪɢɦɟɧɬɨɜ 

№ ɉɪɟɤɭɪɫɨɪɵ 
ɋɩɟɤɚɸɳɚɹ 
ɞɨɛɚɜɤɚ, % 

ɉɚɪɚɦɟɬɪɵ ɫɩɟɤɚɧɢɹ 

ρ, ɝ/ɫɦ3
 

ρ, 

% ɬɟɨɪ. Hɫɪ, Ƚɉɚ 
T, ˚C p, Ɇɉɚ 

ΔT/Δt, 

K/ɦɢɧ 

tɜыɞ, 

ɦɢɧ 

4 SiCɤɨɦ 
Al(4 %)+B(2 %)+

C(2 %) 

1800 60 100 10 

3,03 94,6 22,8±0,3 

5 SiCɤɨɦ 
Al2O3 (5,7 %)+ 

+Y2O3(4,3 %) 
2,99 92,3 11,5±0,3 

6 
SiCɤɨɦ:SiCɩɥɚɡɦ

= 0,80:0,20 

Al(4 %)+B(2 %)+

C(2 %) 
3,06 95,0 23,4±0,3 

7 SiCɩɥɚɡɦ** 
Al(4 %)+B(2 %)+

C(2 %) 
3,12 98,5 25,9±0,3 
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ɉɪɢ ɫɩɟɤɚɧɢɢ ɞɨɛɚɜɤɢ Al-B-C, ɩɪɟɞɩɨɥɨɠɢɬɟɥɶɧɨ, ɨɛɟɫɩɟɱɢɜɚɸɬ ɩɨɹɜɥɟɧɢɟ 

ɠɢɞɤɨɣ ɮɚɡɵ ɜ ɦɟɠɡɟɪɟɧɧɵɯ ɡɚɡɨɪɚɯ, ɨɛɪɚɡɨɜɚɧɢɟ ɦɟɠɡɟɪɟɧɧɵɯ ɝɪɚɧɢɱɧɵɯ ɫɥɨɟɜ 

ɢ ɤɨɧɫɨɥɢɞɚɰɢɸ ɡɟɪɟɧ SiC, ɩɨɞɚɜɥɹɹ ɩɪɨɰɟɫɫ ɬɟɪɦɢɱɟɫɤɨɣ ɪɟɤɪɢɫɬɚɥɥɢɡɚɰɢɢ ɜɨ 

ɜɫɟɯ ɪɚɫɫɦɚɬɪɢɜɚɟɦɵɯ ɫɥɭɱɚɹɯ. ɋɦɟɫɶ Al-B-C ɢɫɩɨɥɶɡɨɜɚɥɚɫɶ ɞɥɹ ɩɨɥɭɱɟɧɢɹ 

ɤɟɪɚɦɢɤɢ ɧɚ ɨɫɧɨɜɟ ɩɪɨɞɭɤɬɚ ɉȾɋ (ɫɟɪɢɹ 7). ɇɚ ɪɢɫɭɧɤɟ 5.5 ɩɪɢɜɟɞɟɧɵ  ɜ 

ɫɪɚɜɧɟɧɢɢ ɪɟɧɬɝɟɧɨɜɫɤɢɟ ɞɢɮɪɚɤɬɨɝɪɚɦɦɵ ɤɟɪɚɦɢɱɟɫɤɢɯ ɨɛɪɚɡɰɨɜ, ɩɨɥɭɱɟɧɧɵɯ 

ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɞɨɛɚɜɤɢ Al-B-C ɢ ɩɨɤɚɡɵɜɚɸɳɢɟ ɨɬɫɭɬɫɬɜɢɟ ɮɚɡɨɜɵɯ 

ɩɟɪɟɯɨɞɨɜ. Ʉɪɨɦɟ ɬɨɝɨ, ɨɫɭɳɟɫɬɜɥɟɧɚ ɫɟɪɢɹ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɩɨ ɫɩɟɤɚɧɢɸ 

ɤɨɦɦɟɪɱɟɫɤɨɝɨ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɫ ɞɨɛɚɜɥɟɧɢɟɦ 20 % ɩɨɪɨɲɤɚ ɉȾɋ (ɨɛɪɚɡɟɰ 6). 

 

Ɋɢɫɭɧɨɤ 5.5 – XRD ɤɟɪɚɦɢɱɟɫɤɢɯ ɨɛɪɚɡɰɨɜ, ɩɨɥɭɱɟɧɧɵɯ ɧɚ ɨɫɧɨɜɟ 

SiCɤɨɦ+Al(4 %)+B(2 %)+C(2 %), SiCɩɥɚɡɦ+Al(4 %)+B(2 %)+C(2 %); 

SiCɤɨɦ – ɤɨɦɦɟɪɱɟɫɤɢɣ ɩɨɪɨɲɨɤ α-SiC, SiCɩɥɚɡɦ – ȕ-SiC ɉȾɋ 

ɇɚ SEM-ɫɧɢɦɤɚɯ ɲɥɢɮɨɜ ɷɬɢɯ ɨɛɪɚɡɰɨɜ ɧɚ ɪɢɫɭɧɤɟ 5.6,ɜ ɢ ɝ ɜɢɞɧɨ 

ɨɛɪɚɡɨɜɚɧɢɟ ɧɢɡɤɨɩɨɪɢɫɬɨɣ ɢ ɛɨɥɟɟ ɩɥɨɬɧɨɣ ɦɢɤɪɨɫɬɪɭɤɬɭɪɵ ɤɟɪɚɦɢɤɢ ɤɚɤ ɜ 

ɫɥɭɱɚɟ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɧɚɧɨɞɢɫɩɟɪɫɧɨɝɨ ɤɨɦɦɟɪɱɟɫɤɨɝɨ SiC, ɬɚɤ ɢ ɜ ɫɥɭɱɚɟ 

ɩɪɢɦɟɧɟɧɢɹ ɫɢɧɬɟɡɢɪɨɜɚɧɧɨɝɨ SiC ɤɭɛɢɱɟɫɤɨɣ ɫɢɧɝɨɧɢɢ. ȼ ɨɛɨɢɯ ɫɥɭɱɚɹɯ 

ɪɚɡɦɟɪɵ ɡɟɪɟɧ ɫɬɪɭɤɬɭɪɵ ɤɟɪɚɦɢɤɢ ɫɨɩɨɫɬɚɜɢɦɵ ɫ ɪɚɡɦɟɪɚɦɢ ɱɚɫɬɢɰ ɢɫɯɨɞɧɵɯ 

ɩɨɪɨɲɤɨɜ. 

ɉɨɷɬɨɦɭ ɦɨɠɧɨ ɭɬɜɟɪɠɞɚɬɶ, ɱɬɨ ɧɚɢɛɨɥɟɟ ɜɵɫɨɤɢɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ, 

ɭɤɚɡɚɧɧɵɟ ɜ ɩ. 7 ɬɚɛɥɢɰɵ 5.2 ɨɛɭɫɥɨɜɥɟɧɵ ɜ ɨɫɧɨɜɧɨɦ ɫɨɯɪɚɧɟɧɢɟɦ 

ɫɭɛɦɢɤɪɨɧɧɨɣ ɫɬɪɭɤɬɭɪɵ ɤɟɪɚɦɢɤɢ. ȼɤɥɚɞ ɮɚɤɬɨɪɚ ɫɭɛɦɢɤɪɨɧɧɨɣ ɫɬɪɭɤɬɭɪɵ 

ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɩɪɢ ɭɱɟɬɟ ɬɨɝɨ, ɱɬɨ ɮɢɡɢɤɨ-ɦɟɯɚɧɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ SiC 
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ɝɟɤɫɚɝɨɧɚɥɶɧɨɣ ɫɢɧɝɨɧɢɢ, ɩɨ ɧɟɤɨɬɨɪɵɦ ɞɚɧɧɵɦ, ɦɨɝɭɬ ɩɪɟɜɨɫɯɨɞɢɬɶ ɫɜɨɣɫɬɜɚ 

ɤɭɛɢɱɟɫɤɨɝɨ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ. ɉɪɨɦɟɠɭɬɨɱɧɵɣ ɪɟɡɭɥɶɬɚɬ ɩɨ ɦɟɯɚɧɢɱɟɫɤɢɦ 

ɫɜɨɣɫɬɜɚɦ ɡɚɮɢɤɫɢɪɨɜɚɧ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɫɦɟɫɢ ɤɨɦɦɟɪɱɟɫɤɨɝɨ ɩɨɪɨɲɤɚ ɢ 

ɩɪɨɞɭɤɬɚ ɉȾɋ (ρ = 95 %, H = 23,4 Ƚɉɚ). ɉɨ ɫɨɜɨɤɭɩɧɨɫɬɢ ɩɪɟɞɫɬɚɜɥɟɧɧɵɯ ɞɚɧɧɵɯ 

ɩɨɫɬɪɨɟɧɚ ɡɚɜɢɫɢɦɨɫɬɶ ɡɧɚɱɟɧɢɹ ɬɜɟɪɞɨɫɬɢ ɨɛɪɚɡɰɨɜ ɨɬ ɩɥɨɬɧɨɫɬɢ, ɤɨɬɨɪɚɹ 

ɯɨɪɨɲɨ ɨɩɢɫɵɜɚɟɬɫɹ ɥɢɧɢɟɣ ɬɪɟɧɞɚ (ɪɢɫɭɧɨɤ 5.7). ɇɚɢɛɨɥɟɟ ɜɵɫɨɤɢɟ ɩɥɨɬɧɨɫɬɶ ɢ 

ɬɜɟɪɞɨɫɬɶ ɞɨɫɬɢɝɧɭɬɵ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɩɨɪɨɲɤɚ ɉȾɋ ɤɚɤ ɢɫɯɨɞɧɨɝɨ ɦɚɬɟɪɢɚɥɚ 

ɞɥɹ ɫɩɟɤɚɧɢɹ. ɍɥɭɱɲɟɧɢɹ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɤɟɪɚɦɢɤɢ ɜɨɡɦɨɠɧɨ ɞɨɫɬɢɱɶ ɩɪɢ 

ɞɨɛɚɜɥɟɧɢɢ ɜ ɤɪɭɩɧɨɡɟɪɧɢɫɬɵɣ ɢɫɯɨɞɧɵɣ ɦɚɬɟɪɢɚɥ ɞɨɥɢ ɩɪɨɞɭɤɬɚ ɉȾɋ. 

 

Ɋɢɫɭɧɨɤ 5.6 – Ɇɢɤɪɨɫɬɪɭɤɬɭɪɚ ɨɛɪɚɡɰɨɜ, ɩɨɥɭɱɟɧɧɵɯ ɢɡ ɤɨɦɦɟɪɱɟɫɤɨɝɨ 

ɦɚɬɟɪɢɚɥɚ (ɚ) ɢ ɩɪɨɞɭɤɬɚ ɉȾɋ (ɛ) ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɫɩɟɤɚɸɳɟɣ ɞɨɛɚɜɤɢ Al-B-C 

 

Ɋɢɫɭɧɨɤ 5.7 – Ɂɚɜɢɫɢɦɨɫɬɶ ɬɜɟɪɞɨɫɬɢ ɤɟɪɚɦɢɱɟɫɤɢɯ ɨɛɪɚɡɰɨɜ ɨɬ ɩɥɨɬɧɨɫɬɢ 

(ɧɭɦɟɪɚɰɢɹ ɫɟɪɢɣ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɩɨ ɬɚɛɥɢɰɚɦ 5.1 ɢ 5.2) 

ȼ ɡɚɤɥɸɱɟɧɢɟ ɩɪɨɜɟɞɟɧɨ ɢɫɫɥɟɞɨɜɚɧɢɟ ɬɟɩɥɨɩɪɨɜɨɞɧɨɫɬɢ ɩɨɥɭɱɟɧɧɵɯ 

ɤɟɪɚɦɢɱɟɫɤɢɯ ɨɛɪɚɡɰɨɜ ɦɟɬɨɞɨɦ ɥɚɡɟɪɧɨɣ ɜɫɩɵɲɤɢ ɧɚ ɚɧɚɥɢɡɚɬɨɪɟ DLF 1200 
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(TA Instruments). ɇɚ ɪɢɫɭɧɤɟ 5.8 ɢɡɨɛɪɚɠɟɧɵ ɡɧɚɱɟɧɢɹ ɤɨɷɮɮɢɰɢɟɧɬɚ 

ɬɟɩɥɨɩɪɨɜɨɞɧɨɫɬɢ ɤɟɪɚɦɢɱɟɫɤɢɯ ɦɚɬɟɪɢɚɥɨɜ ɜ ɬɟɦɩɟɪɚɬɭɪɧɨɦ ɯɨɞɟ ɜ ɞɢɚɩɚɡɨɧɟ 

ɞɨ 800 ˚C. Ⱦɥɹ ɫɪɚɜɧɟɧɢɹ ɩɪɢɜɟɞɟɧɵ ɡɚɜɢɫɢɦɨɫɬɢ ɞɥɹ ɨɛɪɚɡɰɨɜ, ɩɨɥɭɱɟɧɧɵɯ ɩɪɢ 

ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɪɚɡɧɨɝɨ ɪɨɞɚ ɫɩɟɤɚɸɳɢɯ ɞɨɛɚɜɨɤ – ɛɟɡɨɤɫɢɞɧɵɯ Al-B-C ɢ 

ɨɤɫɢɞɧɵɯ Al2O3-Y2O3. 

 

Ɋɢɫɭɧɨɤ 5.8 – Ɍɟɦɩɟɪɚɬɭɪɧɚɹ ɡɚɜɢɫɢɦɨɫɬɶ ɤɨɷɮɮɢɰɢɟɧɬɚ ɬɟɩɥɨɩɪɨɜɨɞɧɨɫɬɢ 

ɩɨɥɭɱɟɧɧɵɯ ɤɟɪɚɦɢɱɟɫɤɢɯ ɦɚɬɟɪɢɚɥɨɜ ɫ ɪɚɡɧɵɦɢ ɫɩɟɤɚɸɳɢɦɢ ɞɨɛɚɜɤɚɦɢ 

ɉɨ ɩɪɢɜɟɞɟɧɧɵɦ ɝɪɚɮɢɤɚɦ, ɨɱɟɜɢɞɧɨ, ɱɬɨ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɛɟɡɨɤɫɢɞɧɵɯ 

ɫɩɟɤɚɸɳɢɯ ɞɨɛɚɜɨɤ ɩɨɡɜɨɥɹɟɬ ɡɧɚɱɢɬɟɥɶɧɨ ɩɨɜɵɫɢɬɶ ɤɨɷɮɮɢɰɢɟɧɬ 

ɬɟɩɥɨɩɪɨɜɨɞɧɨɫɬɢ ɜɨ ɜɫɟɦ ɢɧɬɟɪɜɚɥɟ ɢɫɫɥɟɞɭɟɦɵɯ ɬɟɦɩɟɪɚɬɭɪ. ȼ ɱɚɫɬɧɨɫɬɢ, ɩɪɢ 

ɬɟɦɩɟɪɚɬɭɪɟ 27 ˚C ɡɚɮɢɤɫɢɪɨɜɚɧɵ ɡɧɚɱɟɧɢɹ λ = 73 ȼɬ/ɦ·Ʉ ɞɥɹ ɨɛɪɚɡɰɚ ɫ ɞɨɛɚɜɤɨɣ 

Al-B-C ɢ λ = 54 ȼɬ/ɦ·Ʉ ɞɥɹ ɨɛɪɚɡɰɚ ɫ ɞɨɛɚɜɤɨɣ Al2O3-Y2O3. ɉɨɥɭɱɟɧɧɵɟ ɡɧɚɱɟɧɢɹ 

ɫɨɨɬɜɟɬɫɬɜɭɸɬ ɢɡɜɟɫɬɧɵɦ ɥɢɬɟɪɚɬɭɪɧɵɦ ɞɚɧɧɵɦ. SiC ɢɦɟɟɬ ɨɱɟɧɶ ɜɵɫɨɤɢɣ 

ɬɟɨɪɟɬɢɱɟɫɤɢɣ ɤɨɷɮɮɢɰɢɟɧɬ ɬɟɩɥɨɩɪɨɜɨɞɧɨɫɬɢ λɬɟɨɪ = 490 ȼɬ/ɦ·Ʉ, ɨɞɧɚɤɨ 

ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɨɩɪɟɞɟɥɹɟɦɚɹ ɬɟɩɥɨɩɪɨɜɨɞɧɨɫɬɶ ɩɨɥɢɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ SiC-

ɤɟɪɚɦɢɤɢ ɫɭɳɟɫɬɜɟɧɧɨ ɧɢɠɟ, ɱɟɦ ɭ ɦɨɧɨɤɪɢɫɬɚɥɥɨɜ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ (30-

270 ȼɬ/ɦ·Ʉ) [178, 179]. ɍɦɟɧɶɲɟɧɢɟ ɬɟɩɥɨɩɪɨɜɨɞɧɨɫɬɢ ɜ ɫɥɭɱɚɟ 

ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɪɟɡɭɥɶɬɚɬɨɜ ɨɬɧɨɫɢɬɟɥɶɧɨ ɬɟɨɪɟɬɢɱɟɫɤɢɯ ɜɟɥɢɱɢɧ 

ɨɛɭɫɥɨɜɥɟɧɨ ɩɨɜɵɲɟɧɧɵɦ ɪɚɫɫɟɹɧɢɟɦ ɮɨɧɨɧɨɜ ɜ ɩɨɥɢɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɤɟɪɚɦɢɤɟ 

[180]. ɇɚ ɪɚɫɫɟɹɧɢɟ ɮɨɧɨɧɨɜ ɜ ɩɨɥɢɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɤɟɪɚɦɢɤɟ ɜɥɢɹɸɬ ɜɧɭɬɪɟɧɧɢɟ 

ɫɜɨɣɫɬɜɚ ɡɟɪɟɧ, ɞɟɮɟɤɬɵ ɢ ɧɚɥɢɱɢɟ ɡɟɪɧɨɝɪɚɧɢɱɧɵɯ ɮɚɡ [181, 182]. ɉɨɫɥɟɞɧɟɟ 
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ɨɛɫɬɨɹɬɟɥɶɫɬɜɨ ɨɛɴɹɫɧɹɟɬ ɪɚɡɥɢɱɢɹ ɜ ɤɨɷɮɮɢɰɢɟɧɬɟ ɬɟɩɥɨɩɪɨɜɨɞɧɨɫɬɢ 

ɩɨɥɭɱɟɧɧɨɣ ɤɟɪɚɦɢɤɢ, ɩɨɫɤɨɥɶɤɭ ɭɤɚɡɚɧɧɵɟ ɜɢɞɵ ɞɨɛɚɜɨɤ ɮɨɪɦɢɪɭɸɬ 

ɦɟɠɡɟɪɟɧɧɵɟ ɝɪɚɧɢɰɵ ɪɚɡɧɵɯ ɬɟɩɥɨɮɢɡɢɱɟɫɤɢɯ ɫɜɨɣɫɬɜ. 

ɉɨɥɭɱɟɧɧɵɟ ɡɧɚɱɟɧɢɹ ɤɨɷɮɮɢɰɢɟɧɬɚ ɬɟɩɥɨɩɪɨɜɨɞɧɨɫɬɢ ɬɚɤɠɟ ɩɨɤɚɡɵɜɚɸɬ 

ɜɨɡɦɨɠɧɨɫɬɶ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɫɢɧɬɟɡɢɪɭɟɦɨɝɨ ɦɚɬɟɪɢɚɥɚ ɞɥɹ ɫɨɡɞɚɧɢɹ ɧɚ ɟɝɨ 

ɨɫɧɨɜɟ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɭɫɬɪɨɣɫɬɜ ɫ ɜɵɫɨɤɢɦ ɭɪɨɜɧɟɦ ɩɪɨɩɭɫɤɚɟɦɨɣ 

ɦɨɳɧɨɫɬɢ ɢ ɫɢɥɨɜɨɣ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɨɣ ɬɟɯɧɢɤɢ ɩɪɢ ɨɛɟɫɩɟɱɟɧɢɢ ɬɪɟɛɭɟɦɨɝɨ 

ɭɪɨɜɧɹ ɬɟɩɥɨɨɬɜɨɞɚ [183]. 

ɉɨ ɪɟɡɭɥɶɬɚɬɚɦ ɰɢɤɥɚ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɪɚɛɨɬ ɩɨ ɤɨɦɩɚɤɬɢɪɨɜɚɧɢɸ 

ɦɚɬɟɪɢɚɥɚ ɧɚ ɨɫɧɨɜɟ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɭɞɚɥɨɫɶ ɜɵɹɜɢɬɶ ɨɩɬɢɦɚɥɶɧɵɟ ɭɫɥɨɜɢɹ ɞɥɹ 

ɩɨɥɭɱɟɧɢɹ ɤɟɪɚɦɢɱɟɫɤɢɯ ɨɛɪɚɡɰɨɜ ɫ ɜɵɫɨɤɢɦɢ ɦɟɯɚɧɢɱɟɫɤɢɦɢ ɢ 

ɬɟɩɥɨɮɢɡɢɱɟɫɤɢɦɢ ɫɜɨɣɫɬɜɚɦɢ. ɇɚɢɛɨɥɟɟ ɜɵɞɚɸɳɢɟɫɹ ɫɜɨɣɫɬɜɚ ɞɟɦɨɧɫɬɪɢɪɭɟɬ 

ɤɟɪɚɦɢɤɚ ɫ ɞɨɛɚɜɥɟɧɢɟɦ ɫɩɟɤɚɸɳɢɯ ɞɨɛɚɜɨɤ ɫɨɫɬɚɜɚ Al-B-C. ɂɫɩɨɥɶɡɨɜɚɧɢɟ 

ɧɚɧɨɞɢɫɩɟɪɫɧɨɝɨ ɩɪɨɞɭɤɬɚ ɩɪɢ ɤɨɦɩɚɤɬɢɪɨɜɚɧɢɢ ɩɨɡɜɨɥɹɟɬ ɫɭɳɟɫɬɜɟɧɧɨ 

ɭɥɭɱɲɢɬɶ ɤɨɧɟɱɧɵɟ ɫɜɨɣɫɬɜɚ ɨɛɪɚɡɰɨɜ. ɉɨɥɭɱɚɟɦɵɟ ɤɟɪɚɦɢɱɟɫɤɢɟ ɨɛɪɚɡɰɵ ɦɨɝɭɬ 

ɩɪɢɦɟɧɹɬɶɫɹ ɞɥɹ ɫɨɡɞɚɧɢɹ ɢɡɧɨɫɨɫɬɨɣɤɢɯ, ɯɢɦɢɱɟɫɤɢ ɢ ɠɚɪɨɫɬɨɣɤɢɯ ɞɟɬɚɥɟɣ, 

ɢɫɩɨɥɶɡɭɟɦɵɯ ɜ ɷɤɫɬɪɟɦɚɥɶɧɵɯ ɭɫɥɨɜɢɹɯ ɷɤɫɩɥɭɚɬɚɰɢɢ, ɞɥɹ ɫɨɡɞɚɧɢɹ 

ɷɥɟɤɬɪɨɬɟɯɧɢɱɟɫɤɢɯ ɭɫɬɪɨɣɫɬɜ, ɮɭɧɤɰɢɨɧɢɪɭɸɳɢɯ ɜ ɷɤɫɬɪɟɦɚɥɶɧɵɯ ɭɫɥɨɜɢɹɯ. 
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ɁȺɄɅɘɑȿɇɂȿ 

 

 

 

ȼ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ɢɫɯɨɞɧɵɦɢ ɰɟɥɶɸ ɢ ɡɚɞɚɱɚɦɢ ɜ ɧɚɫɬɨɹɳɟɦ ɢɫɫɥɟɞɨɜɚɧɢɢ 

ɩɪɨɜɟɞɟɧ ɰɢɤɥ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɪɚɛɨɬ ɩɨ ɫɢɧɬɟɡɭ ɭɥɶɬɪɚɞɢɫɩɟɪɫɧɨɝɨ ɤɚɪɛɢɞɚ 

ɤɪɟɦɧɢɹ ɜ ɝɢɩɟɪɫɤɨɪɨɫɬɧɨɣ ɫɬɪɭɟ ɤɪɟɦɧɢɣ-ɭɝɥɟɪɨɞɧɨɣ ɷɥɟɤɬɪɨɪɚɡɪɹɞɧɨɣ ɩɥɚɡɦɵ. 

ȼ ɪɚɦɤɚɯ ɩɪɨɜɟɞɟɧɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɩɨɥɭɱɟɧɵ ɫɥɟɞɭɸɳɢɟ ɪɟɡɭɥɶɬɚɬɵ: 

1) ɉɨɤɚɡɚɧɚ ɜɨɡɦɨɠɧɨɫɬɶ ɫɢɧɬɟɡɚ ɭɥɶɬɪɚɞɢɫɩɟɪɫɧɨɝɨ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ 

ȕ-SiC ɫ ɦɨɧɨɤɪɢɫɬɚɥɥɢɱɟɫɤɢɦ ɫɬɪɨɟɧɢɟɦ ɱɚɫɬɢɰ ɦɟɬɨɞɨɦ ɉȾɋ ɧɚ ɨɫɧɨɜɟ 

ɢɦɩɭɥɶɫɧɨɝɨ ɜɵɫɨɤɨɜɨɥɶɬɧɨɝɨ ɤɨɚɤɫɢɚɥɶɧɨɝɨ ɦɚɝɧɢɬɨɩɥɚɡɦɟɧɧɨɝɨ ɭɫɤɨɪɢɬɟɥɹ ɫ 

ɝɪɚɮɢɬɨɜɵɦɢ ɷɥɟɤɬɪɨɞɚɦɢ. ɋɢɧɬɟɡɢɪɨɜɚɧɧɵɟ ɱɚɫɬɢɰɵ ɦɨɝɭɬ ɢɫɩɨɥɶɡɨɜɚɬɶɫɹ ɞɥɹ 

ɫɨɡɞɚɧɢɹ ɧɚ ɢɯ ɨɫɧɨɜɟ ɭɫɬɪɨɣɫɬɜ ɧɚɧɨɷɥɟɤɬɪɨɧɢɤɢ ɫ ɭɥɭɱɲɟɧɧɵɦɢ 

ɷɤɫɩɥɭɚɬɚɰɢɨɧɧɵɦɢ ɫɜɨɣɫɬɜɚɦɢ: ɧɚɧɨ- ɢ ɦɢɤɪɨɷɥɟɤɬɪɨɦɟɯɚɧɢɱɟɫɤɢɯ ɫɢɫɬɟɦ, 

ɧɚɧɨɫɟɧɫɨɪɨɜ, ɧɚɧɨ- ɢ ɦɢɤɪɨɪɟɡɨɧɚɬɨɪɨɜ. 

2) ɉɪɨɜɟɞɟɧɨ ɢɫɫɥɟɞɨɜɚɧɢɟ ɜɥɢɹɧɢɹ ɭɫɥɨɜɢɣ ɢɧɢɰɢɢɪɨɜɚɧɢɹ ɞɭɝɨɜɨɝɨ 

ɪɚɡɪɹɞɚ ɜ ɭɫɤɨɪɢɬɟɥɶɧɨɦ ɤɚɧɚɥɟ ɧɚ ɩɪɨɰɟɫɫ ɢ ɩɪɨɞɭɤɬ ɉȾɋ. ɇɚɢɛɨɥɟɟ 

ɨɩɬɢɦɚɥɶɧɵɦ ɫɩɨɫɨɛɨɦ ɢɧɢɰɢɢɪɨɜɚɧɢɹ ɩɥɚɡɦɟɧɧɨɣ ɫɬɪɭɢ ɹɜɥɹɟɬɫɹ 

ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɝɪɚɮɢɬɢɡɚɰɢɢ. 

3) ɉɨɥɭɱɟɧɚ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɚɹ ɡɚɜɢɫɢɦɨɫɬɶ ɮɚɡɨɜɨɝɨ ɫɨɫɬɚɜɚ ɩɪɨɞɭɤɬɚ 

ɫɢɧɬɟɡɚ ɨɬ ɧɚɱɚɥɶɧɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɭɝɥɟɪɨɞɧɨɣ ɩɟɪɟɦɵɱɤɢ. Ɇɚɤɫɢɦɚɥɶɧɨɟ 

ɫɨɞɟɪɠɚɧɢɟ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɞɨɫɬɢɝɚɟɬɫɹ ɩɪɢ R0 = 8500 Ɉɦ. 

4) Ɉɩɪɟɞɟɥɟɧɨ ɜɥɢɹɧɢɟ ɩɨɞɜɟɞɟɧɧɨɣ ɷɧɟɪɝɢɢ ɧɚ ɮɚɡɨɜɵɣ ɢ 

ɝɪɚɧɭɥɨɦɟɬɪɢɱɟɫɤɢɣ ɫɨɫɬɚɜ ɩɪɨɞɭɤɬɚ ɫɢɧɬɟɡɚ ɩɪɢ ɢɦɩɚɤɬɧɨɣ ɢ ɫɜɨɛɨɞɧɨɣ 

ɩɥɚɡɦɟɧɧɨɣ ɫɬɪɭɟ. ɇɚɢɛɨɥɶɲɚɹ ɞɨɥɹ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɢ ɞɨɫɬɢɝɚɟɬɫɹ ɩɪɢ 

W = 30 ɤȾɠ ɩɪɢ ɢɫɬɟɱɟɧɢɢ ɩɥɚɡɦɟɧɧɨɝɨ ɩɨɬɨɤɚ ɜ ɫɜɨɛɨɞɧɨɟ ɩɪɨɫɬɪɚɧɫɬɜɨ 

ɤɚɦɟɪɵ-ɪɟɚɤɬɨɪɚ. 

5) Ɉɩɪɟɞɟɥɟɧɨ ɜɥɢɹɧɢɟ ɫɨɨɬɧɨɲɟɧɢɹ ɩɪɟɤɭɪɫɨɪɨɜ ɧɚ ɮɚɡɨɜɵɣ ɫɨɫɬɚɜ 

ɩɪɨɞɭɤɬɚ ɫɢɧɬɟɡɚ. Ɉɩɬɢɦɚɥɶɧɵɦ ɹɜɥɹɟɬɫɹ ɦɚɫɫɨɜɨɟ ɫɨɨɬɧɨɲɟɧɢɟ ɩɪɟɤɭɪɫɨɪɨɜ 

Si:C – 3,0:1 



136 

6) ɉɨɥɭɱɟɧɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɮɚɡɨɜɨɝɨ ɢ 

ɝɪɚɧɭɥɨɦɟɬɪɢɱɟɫɤɨɝɨ ɫɨɫɬɚɜɚ ɩɪɨɞɭɤɬɚ ɨɬ ɭɫɥɨɜɢɣ ɜɧɟɲɧɟɣ ɝɚɡɨɨɛɪɚɡɧɨɣ ɫɪɟɞɵ 

ɄɊ (ɞɚɜɥɟɧɢɹ ɢ ɬɟɦɩɟɪɚɬɭɪɵ). Ɇɚɤɫɢɦɚɥɶɧɨɟ ɫɨɞɟɪɠɚɧɢɟ ɮɚɡɵ ȕ-SiC ɞɨɫɬɢɝɚɟɬɫɹ 

ɩɪɢ ɞɚɜɥɟɧɢɢ ɢ ɬɟɦɩɟɪɚɬɭɪɟ ɄɊ p = 1,5 ɚɬɦ. ɢ t = 75 ˚ɋ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. 

7) ɉɨɤɚɡɚɧɚ ɜɨɡɦɨɠɧɨɫɬɶ ɪɟɝɭɥɢɪɨɜɚɧɢɹ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɫɜɨɣɫɬɜ 

ɧɚɧɨɪɚɡɦɟɪɧɵɯ ɱɚɫɬɢɰ ɫɢɧɬɟɡɢɪɨɜɚɧɧɨɝɨ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɡɚ ɫɱɟɬ ɢɡɦɟɧɟɧɢɹ 

ɞɢɫɩɟɪɫɧɨɫɬɢ ɢ ɞɟɮɟɤɬɧɨɫɬɢ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɵ. ɒɢɪɢɧɚ ɡɚɩɪɟɳɟɧɧɨɣ 

ɡɨɧɵ ɨɛɪɚɡɰɨɜ ɥɟɠɢɬ ɜ ɞɢɚɩɚɡɨɧɟ ɨɬ ~3,5 ɞɨ ~3,8 ɷȼ.  

8) ɗɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɩɨɤɚɡɚɧɚ ɜɨɡɦɨɠɧɨɫɬɶ ɤɨɦɩɚɤɬɢɪɨɜɚɧɢɹ ɩɪɨɞɭɤɬɚ 

ɉȾɋ ɦɟɬɨɞɨɦ ɢɫɤɪɨɜɨɝɨ ɩɥɚɡɦɟɧɧɨɝɨ ɫɩɟɤɚɧɢɹ ɢ ɩɨɥɭɱɟɧɢɹ ɩɥɨɬɧɨɣ ɤɟɪɚɦɢɤɢ (ρ 

= 98,5 %) ɫ ɜɵɫɨɤɨɣ ɬɜɟɪɞɨɫɬɶɸ (H = 25,9 Ƚɉɚ). 

9) Ɉɩɪɟɞɟɥɟɧɵ ɨɩɬɢɦɚɥɶɧɵɟ ɭɫɥɨɜɢɹ ɩɨɥɭɱɟɧɢɹ ɤɟɪɚɦɢɱɟɫɤɢɯ ɨɛɪɚɡɰɨɜ ɧɚ 

ɨɫɧɨɜɟ ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɫ ɜɵɫɨɤɢɦɢ ɮɢɡɢɤɨ-ɦɟɯɚɧɢɱɟɫɤɢɦɢ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦɢ: 

ɞɚɜɥɟɧɢɟ p = 60 Ɇɉɚ, ɬɟɦɩɟɪɚɬɭɪɚ T = 1800 ˚ɋ, ɫɤɨɪɨɫɬɶ ɧɚɝɪɟɜɚ ΔT/Δt = 

100 K/ɦɢɧ., ɜɪɟɦɹ ɜɵɞɟɪɠɤɢ Δt = 10 ɦɢɧ., ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɫɩɟɤɚɸɳɟɣ ɞɨɛɚɜɤɢ 

Al:B:C ɜ ɫɨɨɬɧɨɲɟɧɢɢ 4:2:2 %). 

10) ɉɨɤɚɡɚɧɚ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɛɟɡɨɤɫɢɞɧɵɯ ɞɨɛɚɜɨɤ ɞɥɹ 

ɭɥɭɱɲɟɧɢɹ ɬɟɩɥɨɮɢɡɢɱɟɫɤɢɯ ɫɜɨɣɫɬɜ ɫɩɟɱɟɧɧɨɝɨ SiC. Ⱦɥɹ ɤɟɪɚɦɢɱɟɫɤɢɯ ɨɛɪɚɡɰɨɜ 

ɩɨɥɭɱɟɧɵ ɡɧɚɱɟɧɢɹ ɤɨɷɮɮɢɰɢɟɧɬɚ ɬɟɩɥɨɩɪɨɜɨɞɧɨɫɬɢ ɛɨɥɟɟ 70 ȼɬ/ɦ·Ʉ, ɱɬɨ 

ɭɩɪɨɳɚɟɬ ɩɪɨɛɥɟɦɭ ɬɟɩɥɨɨɬɜɨɞɚ ɢ ɩɨɡɜɨɥɹɟɬ ɩɨɜɵɫɢɬɶ ɦɨɳɧɨɫɬɶ 

ɷɥɟɤɬɪɨɬɟɯɧɢɱɟɫɤɢɯ ɭɫɬɪɨɣɫɬɜ. 

 

 

 

Ⱥɜɬɨɪ ɜɵɪɚɠɚɟɬ ɩɪɢɡɧɚɬɟɥɶɧɨɫɬɶ ɢ ɛɥɚɝɨɞɚɪɧɨɫɬɶ ɫɜɨɟɦɭ ɧɚɭɱɧɨɦɭ 

ɪɭɤɨɜɨɞɢɬɟɥɸ ɩɪɨɮɟɫɫɨɪɭ Ɉɗɗ ɂɒɗ Ɍɉɍ, ɞ.ɬ.ɧ., ɫ.ɧ.ɫ. ɋɢɜɤɨɜɭ Ⱥɥɟɤɫɚɧɞɪɭ 

Ⱥɧɚɬɨɥɶɟɜɢɱɭ, ɚ ɬɚɤɠɟ ɤɨɥɥɟɤɬɢɜɭ ɧɚɭɱɧɨɣ ɝɪɭɩɩɵ «Ʌɚɛɨɪɚɬɨɪɢɹ 

ɦɚɝɧɢɬɨɩɥɚɡɦɟɧɧɵɯ ɬɟɯɧɨɥɨɝɢɣ» ɢ ɜ ɨɫɨɛɟɧɧɨɫɬɢ ɞɨɰɟɧɬɚɦ ɂɜɚɲɭɬɟɧɤɨ Ⱥ.ɋ. ɢ 

Ɋɚɯɦɚɬɭɥɥɢɧɭ ɂ.Ⱥ. ɡɚ ɨɤɚɡɚɧɧɭɸ ɩɨɦɨɳɶ ɢ ɪɟɤɨɦɟɧɞɚɰɢɢ ɜ ɜɵɩɨɥɧɟɧɢɢ ɪɚɛɨɬɵ. 

  



137 

ɋɉɂɋɈɄ ɅɂɌȿɊȺɌɍɊɕ 
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