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ɉɪɨɜɟɞɟɧɨ ɢɫɫɥɟɞɨɜɚɧɢɟ ɩɪɨɰɟɫɫɚ ɫɢɧɬɟɡɚ ɢ ɫɜɨɣɫɬɜ ɦɨɞɢɮɢɰɢɪɨɜɚɧɧɨɣ ɦɚɬɪɢɰɵ ɞɥɹ ɜɵɫɨɤɨɬɟɦɩɟɪɚ-
ɬɭɪɧɵɯ ɤɟɪɚɦɢɱɟɫɤɢɯ ɤɨɦɩɨɡɢɰɢɨɧɧɵɯ ɦɚɬɟɪɢɚɥɨɜ. ɂɫɫɥɟɞɨɜɚɧɵ ɧɟɤɨɬɨɪɵɟ ɬɟɩɥɨɮɢɡɢɱɟɫɤɢɟ ɯɚɪɚɤɬɟɪɢ-
ɫɬɢɤɢ ɦɨɞɟɥɶɧɵɯ ɤɟɪɚɦɢɱɟɫɤɢɯ ɦɚɬɪɢɰ ɫɢɧɬɟɡɢɪɨɜɚɧɧɨɝɨ ɦɚɬɟɪɢɚɥɚ. Ɉɫɧɨɜɧɨɣ ɡɚɞɚɱɟɣ ɞɚɧɧɨɣ ɪɚɛɨɬɵ 
ɹɜɥɹɟɬɫɹ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɩɪɨɬɟɤɚɸɳɢɯ ɜ ɪɟɡɭɥɶɬɚɬɟ ɠɢɞɤɨɮɚɡɧɨɣ ɩɪɨɩɢɬɤɢ ɦɟɬɚɥɥɢɱɟɫɤɢɦɢ ɪɚɫɩɥɚɜɚɦɢ 
ɩɪɨɰɟɫɫɨɜ, ɩɪɢɜɨɞɹɳɢɯ ɤ ɨɛɪɚɡɨɜɚɧɢɸ ɤɟɪɚɦɢɱɟɫɤɨɣ ɦɚɬɪɢɰɵ ɫɥɨɠɧɨɝɨ ɮɚɡɨɜɨɝɨ ɫɨɫɬɚɜɚ. ɇɚ ɦɨɞɟɥɶɧɵɯ 
ɨɛɪɚɡɰɚɯ, ɩɨɜɬɨɪɹɸɳɢɯ ɮɚɡɨɜɵɣ ɫɨɫɬɚɜ ɤɟɪɚɦɢɱɟɫɤɨɣ ɦɚɬɪɢɰɵ, ɢɡɭɱɟɧɚ ɝɢɩɨɬɟɡɚ ɨ ɬɨɦ, ɱɬɨ ɜɚɪɶɢɪɨɜɚ-
ɧɢɟ ɌɄɅɊ ɦɧɨɝɨɮɚɡɧɨɝɨ ɦɚɬɟɪɢɚɥɚ ɩɨɞɱɢɧɹɟɬɫɹ ɜ ɩɟɪɜɨɦ ɩɪɢɛɥɢɠɟɧɢɢ ɡɚɤɨɧɭ ɚɞɞɢɬɢɜɧɨɫɬɢ. 

Ʉɥɸчɟɜыɟ ɫɥɨɜа: ɤɟɪɚɦɢɱɟɫɤɢɟ ɤɨɦɩɨɡɢɰɢɨɧɧɵɟ ɦɚɬɟɪɢɚɥɵ, ɢɧɬɟɪɮɚɡɧɨɟ ɩɨɤɪɵɬɢɟ, ɦɨɞɢɮɢɰɢɪɭɸ-
ɳɢɟ ɞɨɛɚɜɤɢ, ɢɫɤɪɨɜɨɟ ɩɥɚɡɦɟɧɧɨɟ ɫɩɟɤɚɧɢɟ, ɬɟɦɩɟɪɚɬɭɪɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ ɥɢɧɟɣɧɨɝɨ ɪɚɫɲɢɪɟɧɢɹ (ɌɄɅɊ), 
ɨɤɢɫɥɟɧɢɟ. 
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SYNTHESIS  OF  MODEL  HIGH-TEMPERATURE  CERAMIC  MATRICES 

BY  THE  METHOD  OF  SPARK  PLASMA SINTERING 

AND  THE  STUDY  OF  THEIR  PROPERTIES 

FOR  THE  PRODUCTION  OF  COMPOSITE  MATERIALS 

 

The main task of this work is modeling based on thermodynamic calculation of the processes that result from 
liquid-phase impregnation with metal melts, leading to the formation of a ceramic matrix of a complex phase com-
position. Also on model samples that repeat the phase composition of the kermic matrix, the hypothesis that  
the variation of the TCLȿ of multiphase material obeys the additivity law in the first approximation will be tested. 

Keywords: ceramic composite materials, interphase coating, modifying additives, spark plasma sintering, tem-
perature coefficient of linear expansion (TCLE), oxidation. 
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ȼɜɟɞɟɧɢɟ 

ɋɨɜɪɟɦɟɧɧɵɟ ɠɚɪɨɩɪɨɱɧɵɟ ɧɢɤɟɥɟɜɵɟ ɫɩɥɚɜɵ 
ɭɠɟ ɞɨɫɬɢɝɥɢ ɩɪɟɞɟɥɚ ɫɜɨɢɯ ɪɚɛɨɱɢɯ ɬɟɦɩɟɪɚɬɭɪ, 
ɩɨɷɬɨɦɭ ɩɟɪɫɩɟɤɬɢɜɧɵɦɢ ɦɚɬɟɪɢɚɥɚɦɢ ɫ ɪɚɛɨɱɟɣ 
ɬɟɦɩɟɪɚɬɭɪɨɣ >1200°ɋ ɹɜɥɹɸɬɫɹ ɜɵɫɨɤɨɬɟɦɩɟɪɚ-
ɬɭɪɧɵɟ ɤɨɦɩɨɡɢɰɢɨɧɧɵɟ ɦɚɬɟɪɢɚɥɵ ɧɚ ɨɫɧɨɜɟ 
ɤɟɪɚɦɢɱɟɫɤɨɣ ɦɚɬɪɢɰɵ ɢ ɜɨɥɨɤɧɚ ɫ ɢɧɬɟɪɮɚɡɧɵɦ 
ɩɨɤɪɵɬɢɟɦ. 

ȼ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɤɟɪɚɦɢɱɟɫɤɢɟ ɦɚɬɟɪɢɚɥɵ 
ɹɜɥɹɸɬɫɹ ɩɟɪɫɩɟɤɬɢɜɧɵɦɢ ɞɥɹ ɩɪɢɦɟɧɟɧɢɹ ɜ ɪɹɞɟ 
ɧɚɩɪɚɜɥɟɧɢɣ, ɬɚɤɢɯ ɤɚɤ ɦɟɬɚɥɥɭɪɝɢɱɟɫɤɚɹ  
ɩɪɨɦɵɲɥɟɧɧɨɫɬɶ, ɚɬɨɦɧɚɹ ɷɧɟɪɝɟɬɢɤɚ, ɚɜɬɨɦɨɛɢ-
ɥɟɫɬɪɨɟɧɢɟ ɢ ɬ. ɩ. Ɉɞɧɚɤɨ ɞɨ ɫɢɯ ɩɨɪ ɦɟɯɚɧɢɱɟ-
ɫɤɢɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɤɟɪɚɦɢɱɟɫɤɢɯ ɦɚɬɟɪɢɚɥɨɜ,  
ɤɨɬɨɪɵɟ ɨɛɟɫɩɟɱɢɜɚɥɢ ɛɵ ɢɯ ɤɨɧɫɬɪɭɤɰɢɨɧɧɨɟ 
ɩɪɢɦɟɧɟɧɢɟ, ɧɚɯɨɞɹɬɫɹ ɧɚ ɧɟɜɵɫɨɤɨɦ ɭɪɨɜɧɟ. 
Ȼɨɥɶɲɢɧɫɬɜɨ ɤɟɪɚɦɢɤ ɨɛɥɚɞɚɸɬ ɜɵɫɨɤɢɦɢ ɩɨɤɚ-
ɡɚɬɟɥɹɦɢ ɬɜɟɪɞɨɫɬɢ ɢ ɠɟɫɬɤɨɫɬɢ, ɧɨ ɜɦɟɫɬɟ ɫ ɬɟɦ 

ɨɧɢ ɯɚɪɚɤɬɟɪɢɡɭɸɬɫɹ ɜɵɫɨɤɨɣ ɯɪɭɩɤɨɫɬɶɸ, ɤɨɬɨ-
ɪɚɹ ɨɛɭɫɥɚɜɥɢɜɚɟɬ ɫɬɪɟɦɢɬɟɥɶɧɨɟ ɪɚɡɪɭɲɟɧɢɟ 
ɢɡɞɟɥɢɹ ɩɪɢ ɜɨɡɧɢɤɧɨɜɟɧɢɢ ɜ ɧɟɦ ɬɪɟɳɢɧɵ ɤɪɢ-
ɬɢɱɟɫɤɨɝɨ ɪɚɡɦɟɪɚ. ɉɪɢɧɢɦɚɹ ɜɨ ɜɧɢɦɚɧɢɟ ɜɵ-
ɲɟɩɟɪɟɱɢɫɥɟɧɧɨɟ, ɩɟɪɫɩɟɤɬɢɜɧɵɦ ɧɚɩɪɚɜɥɟɧɢ-
ɟɦ ɞɥɹ ɞɨɫɬɢɠɟɧɢɹ ɥɭɱɲɢɯ ɦɟɯɚɧɢɱɟɫɤɢɯ ɯɚɪɚɤ-
ɬɟɪɢɫɬɢɤ ɤɟɪɚɦɢɱɟɫɤɢɯ ɦɚɬɟɪɢɚɥɨɜ ɹɜɥɹɟɬɫɹ 
ɫɨɡɞɚɧɢɟ ɤɨɦɩɨɡɢɰɢɨɧɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɧɚ ɢɯ 
ɨɫɧɨɜɟ. ɋɨɜɪɟɦɟɧɧɵɟ ɢɫɫɥɟɞɨɜɚɧɢɹ ɩɨɤɚɡɵɜɚɸɬ, 
ɱɬɨ ɞɢɫɩɟɪɫɧɨɭɩɪɨɱɧɟɧɧɵɟ ɤɟɪɚɦɢɤɢ, ɚɪɦɢɪɨ-
ɜɚɧɧɵɟ ɞɢɫɤɪɟɬɧɵɦɢ ɜɨɥɨɤɧɚɦɢ, ɧɟ ɩɨɡɜɨɥɹɸɬ 
ɨɛɟɫɩɟɱɢɬɶ ɧɟɨɛɯɨɞɢɦɵɟ ɦɟɯɚɧɢɱɟɫɤɢɟ ɯɚɪɚɤɬɟ-
ɪɢɫɬɢɤɢ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɧɚɢɛɨɥɟɟ ɩɟɪɫɩɟɤɬɢɜ-
ɧɵɦ ɧɚɩɪɚɜɥɟɧɢɟɦ ɞɥɹ ɪɟɲɟɧɢɹ ɷɬɨɣ ɡɚɞɚɱɢ 
ɩɪɟɞɫɬɚɜɥɹɟɬɫɹ ɚɪɦɢɪɨɜɚɧɢɟ ɤɟɪɚɦɢɤɢ ɧɟɩɪɟ-
ɪɵɜɧɵɦɢ ɜɨɥɨɤɧɚɦɢ. 

Ⱥɧɚɥɢɡ ɫɨɜɪɟɦɟɧɧɵɯ ɦɟɬɨɞɨɜ ɩɨɥɭɱɟɧɢɹ ɜɵɫɨ-
ɤɨɬɟɦɩɟɪɚɬɭɪɧɵɯ ɤɟɪɚɦɢɱɟɫɤɢɯ ɤɨɦɩɨɡɢɰɢɨɧɧɵɯ 
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ɦɚɬɟɪɢɚɥɨɜ (ɄɄɆ) ɧɚ ɨɫɧɨɜɟ ɧɟɩɪɟɪɵɜɧɵɯ ɜɨɥɨ-
ɤɨɧ ɩɨɤɚɡɚɥ, ɱɬɨ ɧɚɢɥɭɱɲɢɦɢ ɦɨɠɧɨ ɫɱɢɬɚɬɶ ɫɥɟ-
ɞɭɸɳɢɟ ɬɟɯɧɨɥɨɝɢɢ Д1, 2Ж: ɪɟɚɤɰɢɨɧɧɚɹ ɩɪɨɩɢɬɤɚ 
ɩɨɪɢɫɬɵɯ ɨɛɪɚɡɰɨɜ ɪɚɫɩɥɚɜɨɦ (Reactive Melt Infil-
tration – RMI), ɩɪɨɩɢɬɤɚ ɩɨɪɢɫɬɵɯ ɨɛɪɚɡɰɨɜ ɩɨɥɢ-
ɦɟɪɧɵɦ ɤɟɪɚɦɨɨɛɪɚɡɭɸɳɢɦ ɩɪɟɤɭɪɫɨɪɨɦ ɫ ɩɨ-
ɫɥɟɞɭɸɳɢɦ ɩɢɪɨɥɢɡɨɦ (Polвmer Infiltration And 
Pвrolвsis – PIP) ɢ ɯɢɦɢɱɟɫɤɚɹ ɢɧɮɢɥɶɬɪɚɰɢɹ ɢɡ 
ɝɚɡɨɜɨɣ ɮɚɡɵ (Chemical Vapor Infiltration – CVI). 

Ⱥɧɚɥɢɡɢɪɭɹ ɞɚɧɧɵɟ ɢɫɫɥɟɞɨɜɚɧɢɣ Д3–5Ж, ɫɥɟ-
ɞɭɟɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɄɄɆ ɭɠɟ ɧɚɯɨɞɹɬ ɩɪɢɦɟɧɟɧɢɟ 
ɜ ɚɜɢɚɰɢɨɧɧɨɣ ɬɟɯɧɢɤɟ. Ɉɫɧɨɜɨɣ ɞɥɹ ɤɨɦɩɨɡɢɰɢɣ 
ɫɥɭɠɚɬ ɪɚɡɥɢɱɧɵɟ ɬɢɩɵ ɜɨɥɨɤɨɧ – ɧɚɩɪɢɦɟɪ, ɜɨ-
ɥɨɤɧɚ ɢɡ ɩɨɥɢɚɤɪɢɥɨɧɢɬɪɢɥɚ, ɚ ɬɚɤɠɟ ɜɨɥɨɤɧɚ ɢɡ 
ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɦɚɪɤɢ Hi-Nicalon S. ȼ ɤɚɱɟɫɬɜɟ 
ɨɫɧɨɜɧɵɯ ɦɟɬɨɞɨɜ ɩɨɥɭɱɟɧɢɹ ɞɚɧɧɵɯ ɦɚɬɟɪɢɚɥɨɜ 
ɢɫɩɨɥɶɡɭɸɬɫɹ ɠɢɞɤɨɮɚɡɧɨɟ ɫɢɥɢɰɢɪɨɜɚɧɢɟ ɢ ɯɢ-
ɦɢɱɟɫɤɨɟ ɨɫɚɠɞɟɧɢɟ ɢɡ ɝɚɡɨɜɨɣ ɮɚɡɵ. ɉɪɢɦɟɧɟ-
ɧɢɟ ɩɨɫɥɟɞɧɟɝɨ ɦɟɬɨɞɚ ɩɨɥɭɱɟɧɢɹ ɄɄɆ ɩɪɢɜɨɞɢɬ 
ɤ ɫɨɯɪɚɧɟɧɢɸ ɜ ɝɨɬɨɜɨɦ ɦɚɬɟɪɢɚɥɟ ɨɬɤɪɵɬɨɣ  
ɩɨɪɢɫɬɨɫɬɢ ɧɚ ɭɪɨɜɧɟ ɨɬ 5 ɞɨ 10%. ȼɫɟ ɤɨɦɩɨɡɢ-
ɰɢɨɧɧɵɟ ɦɚɬɟɪɢɚɥɵ ɨɛɥɚɞɚɸɬ ɧɢɡɤɨɣ ɩɥɨɬɧɨ-
ɫɬɶɸ, ɪɚɜɧɨɣ 2–2,5 ɝ/ɫɦ3. 

ɇɚɥɢɱɢɟ ɜ ɯɪɭɩɤɨɣ ɤɟɪɚɦɢɱɟɫɤɨɣ ɦɚɬɪɢɰɟ ɚɪ-
ɦɢɪɭɸɳɟɝɨ ɧɚɩɨɥɧɢɬɟɥɹ (ɜɨɥɨɤɧɚ) ɩɨɡɜɨɥɹɟɬ ɪɟɚ-
ɥɢɡɨɜɚɬɶ ɦɟɯɚɧɢɡɦ ɞɢɫɫɢɩɚɰɢɢ ɷɧɟɪɝɢɢ ɦɚɬɪɢɱ-
ɧɵɯ ɦɢɤɪɨɬɪɟɳɢɧ ɩɭɬɟɦ ɢɯ ɬɨɪɦɨɠɟɧɢɹ ɢ ɨɬɤɥɨ-
ɧɟɧɢɹ ɧɚ ɝɪɚɧɢɰɟ «ɜɨɥɨɤɧɨ/ɦɚɬɪɢɰɚ», ɨɬɫɥɨɟɧɢɹ 
ɜɨɥɨɤɨɧ ɨɬ ɦɚɬɪɢɰɵ ɢ ɩɨɫɥɟɞɭɸɳɟɝɨ ɢɯ ɜɵɬɹɝɢ-
ɜɚɧɢɹ ɢɡ ɦɚɬɪɢɰɵ. Ɉɫɥɚɛɥɟɧɢɟ ɦɟɠɤɨɦɩɨɧɟɧɬɧɨɣ 
ɫɜɹɡɢ ɧɚ ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ «ɜɨɥɨɤɧɨ/ɦɚɬɪɢɰɚ»,  
ɹɜɥɹɸɳɟɟɫɹ ɭɫɥɨɜɢɟɦ ɞɚɧɧɨɝɨ ɦɟɯɚɧɢɡɦɚ, ɞɨɫɬɢ-
ɝɚɟɬɫɹ ɧɚɧɟɫɟɧɢɟɦ ɧɚ ɜɨɥɨɤɧɚ ɬɨɧɤɨɝɨ ɩɪɨɦɟɠɭ-
ɬɨɱɧɨɝɨ ɫɥɨɹ – ɢɧɬɟɪɮɚɡɧɨɝɨ ɩɨɤɪɵɬɢɹ Д6Ж. 

Ɉɫɧɨɜɧɚɹ ɡɚɞɚɱɚ ɞɚɧɧɨɝɨ ɢɫɫɥɟɞɨɜɚɧɢɹ ɡɚɤɥɸɱɚ-
ɟɬɫɹ ɜ ɪɚɡɪɚɛɨɬɤɟ ɧɚɢɛɨɥɟɟ ɨɩɬɢɦɚɥɶɧɵɯ ɩɭɬɟɣ ɫɨ-
ɡɞɚɧɢɹ ɄɄɆ ɧɚ ɨɫɧɨɜɟ ɧɟɩɪɟɪɵɜɧɵɯ ɜɨɥɨɤɨɧ. Ⱦɥɹ 
ɷɬɨɝɨ ɩɪɟɞɩɨɥɚɝɚɟɬɫɹ ɢɫɫɥɟɞɨɜɚɬɶ ɪɚɡɥɢɱɧɵɟ ɤɟɪɚ-
ɦɢɱɟɫɤɢɟ ɫɨɫɬɚɜɵ, ɩɨɥɭɱɚɟɦɵɟ ɜ ɪɟɡɭɥɶɬɚɬɟ ɜɡɚɢɦɨ-
ɞɟɣɫɬɜɢɹ ɦɟɬɚɥɥɢɱɟɫɤɢɯ ɫɩɥɚɜɨɜ ɫ ɭɝɥɟɪɨɞɨɦ. 

ɉɪɢɧɰɢɩɢɚɥɶɧɵɦ ɚɫɩɟɤɬɨɦ, ɯɚɪɚɤɬɟɪɢɡɭɸɳɢɦ 
ɧɨɜɢɡɧɭ ɞɚɧɧɨɝɨ ɢɫɫɥɟɞɨɜɚɧɢɹ, ɹɜɥɹɟɬɫɹ ɨɰɟɧɤɚ 
ɜɨɡɦɨɠɧɨɫɬɢ ɫɢɧɬɟɡɚ ɦɧɨɝɨɮɚɡɧɨɝɨ ɤɟɪɚɦɢɱɟɫɤɨ-
ɝɨ ɦɚɬɟɪɢɚɥɚ ɫ ɡɚɞɚɧɧɵɦ ɞɢɚɩɚɡɨɧɨɦ ɡɧɚɱɟɧɢɣ 
ɬɟɦɩɟɪɚɬɭɪɧɨɝɨ ɤɨɷɮɮɢɰɢɟɧɬɚ ɥɢɧɟɣɧɨɝɨ ɪɚɫɲɢ-
ɪɟɧɢɹ (ɌɄɅɊ). ɉɪɢɦɟɧɟɧɢɟ ɷɜɬɟɤɬɢɱɟɫɤɢɯ ɪɚɫɩɥɚ-
ɜɨɜ Si–Me (ɝɞɟ Me: Ti, Hf) ɩɨɡɜɨɥɹɟɬ ɩɪɨɜɨɞɢɬɶ 
ɩɪɨɩɢɬɤɭ ɩɨɪɢɫɬɵɯ ɭɝɥɟɪɨɞɧɵɯ ɨɛɪɚɡɰɨɜ ɩɪɢ 
ɬɟɦɩɟɪɚɬɭɪɟ ɡɚɦɟɬɧɨ ɧɢɠɟ ɬɟɦɩɟɪɚɬɭɪɵ ɩɥɚɜɥɟ-
ɧɢɹ ɤɪɟɦɧɢɹ ɢ ɦɚɤɫɢɦɚɥɶɧɨ ɭɦɟɧɶɲɢɬɶ (ɢɥɢ ɩɨɥ-
ɧɨɫɬɶɸ ɢɫɤɥɸɱɢɬɶ) ɫɨɞɟɪɠɚɧɢɟ ɫɜɨɛɨɞɧɨɝɨ ɤɪɟɦ-
ɧɢɹ ɜ ɦɚɬɟɪɢɚɥɟ ɜɫɥɟɞɫɬɜɢɟ ɟɝɨ ɡɚɦɟɧɵ ɜɵɫɨɤɨ-
ɬɟɦɩɟɪɚɬɭɪɧɵɦɢ ɫɢɥɢɰɢɞɚɦɢ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ 
ɷɥɟɦɟɧɬɨɜ. Ɂɚɞɚɱɚ ɫɨɝɥɚɫɨɜɚɧɢɹ ɬɟɦɩɟɪɚɬɭɪɧɵɯ 
ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɥɢɧɟɣɧɨɝɨ ɪɚɫɲɢɪɟɧɢɹ ɹɜɥɹɟɬɫɹ 
ɩɟɪɜɨɫɬɟɩɟɧɧɨɣ ɜ ɜɢɞɭ ɬɨɝɨ, ɱɬɨ ɡɧɚɱɟɧɢɟ ɌɄɅɊ 
ɤɚɪɛɢɞɨɤɪɟɦɧɢɟɜɨɝɨ ɢɧɬɟɪɮɚɡɧɨɝɨ ɩɨɤɪɵɬɢɹ ɧɚ 
ɭɝɥɟɪɨɞɧɨɦ ɜɨɥɨɤɧɟ ɪɚɜɧɨ з4,5·10-6 Ʉ-1 ɢ ɡɧɚɱɢ-
ɬɟɥɶɧɨ ɨɬɥɢɱɚɟɬɫɹ ɨɬ ɡɧɚɱɟɧɢɣ ɌɄɅɊ ɫɢɥɢɰɢɞɨɜ 
ɦɟɬɚɥɥɨɜ (Ti, Hf), ɜɯɨɞɹɳɢɯ ɜ ɫɨɫɬɚɜ ɤɟɪɚɦɢɱɟ-

ɫɤɨɣ ɦɚɬɪɢɰɵ. Ⱦɥɹ ɫɨɝɥɚɫɨɜɚɧɢɹ ɡɧɚɱɟɧɢɣ ɌɄɅɊ 
ɤɟɪɚɦɢɱɟɫɤɨɣ ɦɚɬɪɢɰɵ ɢ ɚɪɦɢɪɭɸɳɟɝɨ ɭɝɥɟɪɨɞ-
ɧɨɝɨ ɜɨɥɨɤɧɚ ɩɪɟɞɥɚɝɚɟɬɫɹ ɩɪɨɜɨɞɢɬɶ ɦɨɞɢɮɢɰɢ-
ɪɨɜɚɧɢɟ ɩɨɪɢɫɬɵɯ 2Dɋsic/ɋ ɨɛɪɚɡɰɨɜ ɜɵɫɨɤɨɬɟɦ-
ɩɟɪɚɬɭɪɧɵɦɢ ɦɨɞɢɮɢɰɢɪɭɸɳɢɦɢ ɞɨɛɚɜɤɚɦɢ 
(ɆȾ) – ɧɚɩɪɢɦɟɪ, BN, B4ɋ ɢ ɬ. ɩ., ɫ ɧɢɡɤɢɦɢ ɡɧɚ-
ɱɟɧɢɹɦɢ ɌɄɅɊ. ɇɚ ɨɫɧɨɜɚɧɢɢ ɞɚɧɧɵɯ ɨ ɮɚɡɨɜɨɦ 
ɫɨɫɬɚɜɟ ɤɟɪɚɦɢɱɟɫɤɨɣ ɦɚɬɪɢɰɵ, ɩɨɥɭɱɟɧɧɨɣ ɜ 
ɪɟɡɭɥɶɬɚɬɟ ɩɪɨɩɢɬɤɢ ɩɨɪɢɫɬɵɯ 2Dɋsic/(ɋ–ɆȾ) 
ɨɛɪɚɡɰɨɜ ɷɜɬɟɤɬɢɱɟɫɤɢɦɢ ɤɪɟɦɧɢɣɫɨɞɟɪɠɚɳɢɦɢ 
ɪɚɫɩɥɚɜɚɦɢ, ɩɪɨɜɟɞɟɧ ɫɢɧɬɟɡ ɦɨɞɟɥɶɧɵɯ ɦɚɬɪɢɱ-
ɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɫɨɫɬɚɜɚ SiC–ɏC–XSi2–ɆȾ (ɏ – 
ɦɟɬɚɥɥ) ɦɟɬɨɞɨɦ ɢɫɤɪɨɜɨɝɨ ɩɥɚɡɦɟɧɧɨɝɨ ɫɩɟɤɚɧɢɹ 
(SPS/FAST) [7]. ɇɟɨɛɯɨɞɢɦɨ ɨɬɦɟɬɢɬɶ ɬɚɤɠɟ, ɱɬɨ ɞɥɹ 
ɞɨɫɬɢɠɟɧɢɹ ɧɚɢɛɨɥɶɲɟɣ ɛɥɢɡɨɫɬɢ ɦɨɞɟɥɶɧɵɯ ɨɛɪɚɡ-
ɰɨɜ ɤɟɪɚɦɢɱɟɫɤɢɯ ɦɚɬɪɢɰ ɩɨ ɮɚɡɨɜɨɦɭ ɫɨɫɬɚɜɭ ɢ 
ɫɬɪɭɤɬɭɪɟ, ɫɢɧɬɟɡ ɩɪɨɢɡɜɨɞɢɥɫɹ ɩɭɬɟɦ ɫɩɟɤɚɧɢɹ ɪɟɚɤ-
ɰɢɨɧɧɨɣ ɫɦɟɫɢ ɷɜɬɟɤɬɢɱɟɫɤɢɯ ɫɩɥɚɜɨɜ ɫ ɭɝɥɟɪɨɞɨɦ. 

ɇɚ ɨɫɧɨɜɚɧɢɢ ɦɟɬɨɞɚ ɜɵɫɨɤɨɬɟɦɩɟɪɚɬɭɪɧɨɣ ɞɢ-
ɥɚɬɨɦɟɬɪɢɢ ɩɥɚɧɢɪɭɟɬɫɹ ɢɫɫɥɟɞɨɜɚɬɶ ɦɨɞɟɥɶɧɵɟ 
ɨɛɪɚɡɰɵ ɤɟɪɚɦɢɱɟɫɤɢɯ ɦɚɬɪɢɰ, ɚ ɬɚɤɠɟ ɩɪɨɜɟɪɢɬɶ 
ɝɢɩɨɬɟɡɭ ɨ ɩɪɢɦɟɧɢɦɨɫɬɢ ɡɚɤɨɧɚ ɚɞɞɢɬɢɜɧɨɫɬɢ ɤɚɤ 
ɤ ɦɧɨɝɨɮɚɡɧɨɣ ɦɚɬɪɢɰɟ ɄɄɆ, ɬɚɤ ɢ ɤ ɛɨɥɟɟ ɲɢɪɨɤɨ-
ɦɭ ɫɩɟɤɬɪɭ ɝɟɬɟɪɨɮɚɡɧɵɯ ɤɟɪɚɦɢɱɟɫɤɢɯ ɦɚɬɟɪɢɚɥɨɜ. 

 

Ɇɚɬɟɪɢɚɥɵ ɢ ɦɟɬɨɞɵ 

Ɉɩɪɟɞɟɥɟɧɢɟ ɷɥɟɦɟɧɬɧɨɝɨ ɢ ɮɚɡɨɜɨɝɨ ɫɨɫɬɚɜɚ, 
ɦɨɪɮɨɥɨɝɢɢ ɤɟɪɚɦɢɱɟɫɤɨɝɨ ɤɨɦɩɨɡɢɰɢɨɧɧɨɝɨ 
ɦɚɬɟɪɢɚɥɚ ɩɪɨɜɨɞɢɥɨɫɶ ɜ ɥɚɛɨɪɚɬɨɪɢɢ ɢ ɰɟɧɬɪɟ 
ɤɨɥɥɟɤɬɢɜɧɨɝɨ ɩɨɥɶɡɨɜɚɧɢɹ ɎȽɍɉ «ȼɂȺɆ» ɫ ɩɨ-
ɦɨɳɶɸ ɦɟɬɨɞɨɜ ɊɋȺ, ɊɎȺ ɧɚ ɩɪɢɛɨɪɚɯ ɮɢɪɦɵ 
Bruker (Ƚɟɪɦɚɧɢɹ), ɨɩɬɢɱɟɫɤɨɣ ɢ ɷɥɟɤɬɪɨɧɧɨɣ ɦɢɤ-
ɪɨɫɤɨɩɢɢ (ɦɢɤɪɨɫɤɨɩ Zeiss ɫ ɷɧɟɪɝɨɞɢɫɩɟɪɫɢɨɧɧɵɦ 
SDD-ɞɟɬɟɤɬɨɪɨɦ ɮɢɪɦɵ Oxford Instruments). 

ɋ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɦɟɬɨɞɚ ɢɫɤɪɨɜɨɝɨ ɩɥɚɡɦɟɧ-
ɧɨɝɨ ɫɩɟɤɚɧɢɹ (ɭɫɬɚɧɨɜɤɚ H-HPD 25-SD ɤɨɦɩɚɧɢɢ 
FCT, ɫɩɪɨɟɤɬɢɪɨɜɚɧɧɚɹ ɩɨ ɡɚɤɚɡɭ ɎȽɍɉ 
«ȼɂȺɆ») ɫɢɧɬɟɡɢɪɨɜɚɧɵ ɦɨɞɟɥɶɧɵɟ ɦɚɬɪɢɱɧɵɟ 
ɨɛɪɚɡɰɵ, ɫɯɨɠɢɟ ɩɨ ɫɬɪɭɤɬɭɪɟ ɢ ɮɚɡɨɜɨɦɭ ɫɨɫɬɚɜɭ 
ɫ ɜɵɫɨɤɨɬɟɦɩɟɪɚɬɭɪɧɨɣ ɦɚɬɪɢɰɟɣ ɤɟɪɚɦɢɱɟɫɤɨɝɨ 
ɤɨɦɩɨɡɢɰɢɨɧɧɨɝɨ ɦɚɬɟɪɢɚɥɚ. 

ɋ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɜɵɫɨɤɨɬɟɦɩɟɪɚɬɭɪɧɨɝɨ ɞɢ-
ɥɚɬɨɦɟɬɪɢɱɟɫɤɨɝɨ ɚɧɚɥɢɡɚ ɧɚ ɩɪɢɛɨɪɟ DIL-400 
ɮɢɪɦɵ NETZSCH (Ƚɟɪɦɚɧɢɹ) ɨɩɪɟɞɟɥɟɧɵ ɡɧɚɱɟ-
ɧɢɹ ɌɄɅɊ ɦɨɞɟɥɶɧɵɯ ɦɚɬɪɢɱɧɵɯ ɨɛɪɚɡɰɨɜ, ɚ ɬɚɤ-
ɠɟ ɢɫɫɥɟɞɨɜɚɧɚ ɜɨɡɦɨɠɧɨɫɬɶ ɩɪɨɝɧɨɡɢɪɨɜɚɧɢɹ ɢ 
ɪɟɝɭɥɢɪɨɜɚɧɢɹ ɢɯ ɡɧɚɱɟɧɢɣ ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ɡɚɤɨ-
ɧɨɦ ɚɞɞɢɬɢɜɧɨɫɬɢ. 

ɂɫɫɥɟɞɨɜɚɧɢɟ ɠɚɪɨɫɬɨɣɤɨɫɬɢ ɜɵɫɨɤɨɬɟɦɩɟɪɚ-
ɬɭɪɧɨɝɨ ɤɟɪɚɦɢɱɟɫɤɨɝɨ ɤɨɦɩɨɡɢɰɢɨɧɧɨɝɨ ɦɚɬɟɪɢ-
ɚɥɚ ɫ ɦɨɞɢɮɢɰɢɪɨɜɚɧɧɨɣ ɦɚɬɪɢɰɟɣ ɩɪɢ ɬɟɦɩɟɪɚ-
ɬɭɪɟ ɞɨ 1600°ɋ ɜɵɩɨɥɧɟɧɨ ɜ ɜɵɫɨɤɨɬɟɦɩɟɪɚɬɭɪ-
ɧɵɯ ɤɚɦɟɪɧɵɯ ɩɟɱɚɯ ɬɢɩɚ ɋɇɈɅ ɢ Nabertherm. 

 

Ɋɟɡɭɥɶɬɚɬɵ ɢ ɨɛɫɭɠɞɟɧɢɟ 

Ⱦɥɹ ɡɚɳɢɬɵ ɚɪɦɢɪɭɸɳɢɯ ɜɨɥɨɤɨɧ ɨɬ ɞɟɝɪɚɞɚɰɢɢ 
ɩɪɢ ɠɢɞɤɨɮɚɡɧɨɣ ɩɪɨɩɢɬɤɟ ɪɚɫɩɥɚɜɚɦɢ ɧɟɨɛɯɨɞɢɦɨ 
ɧɚɧɟɫɟɧɢɟ ɫɩɥɨɲɧɨɝɨ ɢɧɬɟɪɮɚɡɧɨɝɨ SiC-ɩɨɤɪɵɬɢɹ 
ɧɚ ɭɝɥɟɪɨɞɧɨɟ ɜɨɥɨɤɧɨ ɦɚɪɤɢ Ɍ-800HB-6000-40B 6K. 
ȼɨɥɨɤɧɨ ɢɦɟɟɬ ɫɥɟɞɭɸɳɢɟ ɦɟɯɚɧɢɱɟɫɤɢɟ  
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ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɩɪɢ ɪɚɫɬɹɠɟɧɢɢ: ɦɨɞɭɥɶ ɭɩɪɭɝɨɫɬɢ 
294 Ƚɉɚ, ɩɪɟɞɟɥ ɩɪɨɱɧɨɫɬɢ 5490 Ɇɉɚ Д8Ж. ɉɨɤɪɵɬɢɟ 
ɧɚɧɨɫɢɥɢ ɦɟɬɨɞɨɦ ɩɪɨɩɢɬɤɢ ɢ ɩɢɪɨɥɢɡɚ ɤɪɟɦɧɢɣɨɪ-
ɝɚɧɢɱɟɫɤɢɯ ɩɪɟɤɭɪɫɨɪɨɜ – ɩɨɥɢɤɚɪɛɨɫɢɥɚɧɚ, ɨɥɢɝɨ-
ɫɢɥɚɡɚɧɚ ɢ ɪɨɥɢɜɫɚɧɚ). Ɇɨɪɮɨɥɨɝɢɹ ɩɨɜɟɪɯɧɨɫɬɢ 
ɢɫɯɨɞɧɨɝɨ ɭɝɥɟɪɨɞɧɨɝɨ ɜɨɥɨɤɧɚ ɢ ɫ ɧɚɧɟɫɟɧɧɵɦ 
ɢɧɬɟɪɮɚɡɧɵɦ SiC-ɩɨɤɪɵɬɢɟɦ ɩɪɟɞɫɬɚɜɥɟɧɚ ɧɚ  
ɪɢɫ. 1. ȼɢɞɧɨ, ɱɬɨ ɩɨɤɪɵɬɢɟ ɢɦɟɟɬ ɫɥɨɢɫɬɵɣ ɯɚɪɚɤ-
ɬɟɪ, ɨɬɥɢɱɚɟɬɫɹ ɜɵɫɨɤɨɣ ɫɩɥɨɲɧɨɫɬɶɸ, ɚ ɫɥɟɞɨɜɚ-
ɬɟɥɶɧɨ, ɞɨɥɠɧɨ ɫɩɨɫɨɛɫɬɜɨɜɚɬɶ ɦɢɧɢɦɢɡɚɰɢɢ ɞɟɝɪɚ-
ɞɚɰɢɢ ɭɝɥɟɪɨɞɧɨɝɨ ɜɨɥɨɤɧɚ ɜ ɩɪɨɰɟɫɫɟ ɠɢɞɤɨɮɚɡ-
ɧɨɣ ɩɪɨɩɢɬɤɢ ɦɟɬɚɥɥɢɱɟɫɤɢɦ ɪɚɫɩɥɚɜɨɦ. 

ɋɥɟɞɭɸɳɢɣ ɜɚɠɧɵɣ ɷɬɚɩ ɪɚɛɨɬɵ – ɩɨɥɭɱɟɧɢɟ 
ɩɪɨɩɢɬɨɱɧɵɯ ɷɜɬɟɤɬɢɱɟɫɤɢɯ ɫɩɥɚɜɨɜ ɛɢɧɚɪɧɵɯ 
ɫɢɫɬɟɦ Si–Hf ɢ Si–Ti. ɗɜɬɟɤɬɢɱɟɫɤɢɟ ɫɨɫɬɚɜɵ 
ɜɤɥɸɱɚɸɬ 8,5% (ɚɬɨɦɧ.) Hf ɢ 16,2% (ɚɬɨɦɧ.) Ti 
ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. Ⱦɥɹ ɩɨɥɭɱɟɧɧɵɯ ɛɢɧɚɪɧɵɯ ɫɩɥɚ-
ɜɨɜ ɢɫɫɥɟɞɨɜɚɥɢ ɢɯ ɬɟɦɩɟɪɚɬɭɪɵ ɩɥɚɜɥɟɧɢɹ ɫ ɩɨ-
ɦɨɳɶɸ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨ-ɫɤɚɧɢɪɭɸɳɟɣ ɤɚɥɨɪɢ-
ɦɟɬɪɢɢ (ȾɋɄ) ɢ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨ-ɬɟɪɦɢɱɟɫɤɨɝɨ 
ɚɧɚɥɢɡɚ (ȾɌȺ). Ɋɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢɣ ɩɪɟɞ-
ɫɬɚɜɥɟɧɵ ɧɚ ɪɢɫ. 2. ɉɪɢɦɟɧɟɧɢɟ ɪɚɡɥɢɱɧɵɯ ɦɟɬɨ-
ɞɨɜ ɨɛɨɫɧɨɜɚɧɨ ɩɨɥɭɱɟɧɢɟɦ ɛɨɥɟɟ ɨɛɴɟɤɬɢɜɧɵɯ 
ɪɟɡɭɥɶɬɚɬɨɜ. 

Ɋɢɫ. 1. Ɇɨɪɮɨɥɨɝɢɹ ɭɝɥɟɪɨɞɧɨɝɨ ɜɨɥɨɤɧɚ ɜ ɢɫɯɨɞɧɨɦ ɫɨɫɬɨɹɧɢɢ (ɚ) ɢ ɫ ɢɧɬɟɪɮɚɡɧɵɦ SiC-ɩɨɤɪɵɬɢɟɦ (ɛ) 

Ɋɢɫ. 2. Ɋɟɡɭɥɶɬɚɬɵ ɨɩɪɟɞɟɥɟɧɢɹ ɬɟɦɩɟɪɚɬɭɪɵ ɩɥɚɜɥɟɧɢɹ ɞɥɹ ɫɩɥɚɜɨɜ ɫɢɫɬɟɦ Si–Hf (ɚ; ɦɟɬɨɞ ȾɌȺ) ɢ Si–Ti  
(ɛ; ɦɟɬɨɞ ȾɋɄ) 

ɚ) ɛ) 
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Ɉ ɧɚɱɚɥɟ ɩɥɚɜɥɟɧɢɹ ɦɨɠɧɨ ɫɭɞɢɬɶ ɩɨ ɧɚɥɢɱɢɸ 
ɷɧɞɨɬɟɪɦɢɱɟɫɤɢɯ ɩɢɤɨɜ ɧɚ ɤɪɢɜɵɯ ȾɋɄ ɢ ȾɌȺ. 
Ʉɚɤ ɜɢɞɧɨ ɢɡ ɪɟɡɭɥɶɬɚɬɨɜ ɷɤɫɩɟɪɢɦɟɧɬɚ, ɡɧɚɱɟɧɢɹ 
ɬɟɦɩɟɪɚɬɭɪɵ ɩɥɚɜɥɟɧɢɹ ɩɨɥɭɱɟɧɧɵɯ ɫɩɥɚɜɨɜ 
ɛɥɢɡɤɢ ɤ ɬɟɨɪɟɬɢɱɟɫɤɢɦ. Ɉɧɢ ɫɨɫɬɚɜɥɹɸɬ з1347°ɋ 
ɞɥɹ ɫɢɫɬɟɦɵ Si–Hf ɢ з1323°ɋ ɞɥɹ ɫɢɫɬɟɦɵ Si–Ti 
ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ Д9Ж. 

Ⱦɥɹ ɫɨɡɞɚɧɢɹ ɦɨɞɟɥɶɧɵɯ ɨɛɪɚɡɰɨɜ ɤɟɪɚɦɢɱɟ-
ɫɤɨɣ ɦɚɬɪɢɰɵ ɧɟɨɛɯɨɞɢɦɨ ɩɨɥɭɱɢɬɶ ɪɟɚɥɶɧɭɸ 
ɫɬɪɭɤɬɭɪɭ ɄɄɆ ɫ ɩɪɢɦɟɧɟɧɢɟɦ ɧɟɩɪɟɪɵɜɧɨɝɨ 
ɭɝɥɟɪɨɞɧɨɝɨ ɜɨɥɨɤɧɚ ɫ ɢɧɬɟɪɮɚɡɧɵɦ ɩɨɤɪɵɬɢɟɦ. 
Ɇɚɬɟɪɢɚɥ ɩɨɥɭɱɚɥɢ ɦɟɬɨɞɨɦ ɠɢɞɤɨɮɚɡɧɨɣ ɩɪɨ-
ɩɢɬɤɢ ɷɜɬɟɤɬɢɱɟɫɤɢɦɢ ɪɚɫɩɥɚɜɚɦɢ ɜ ɜɚɤɭɭɦɧɨɣ 
ɩɟɱɢ ȼɏɌ-3-20-3Ɇ. Ɍɢɩɢɱɧɚɹ ɦɢɤɪɨɫɬɪɭɤɬɭɪɚ, 
ɧɚɛɥɸɞɚɟɦɚɹ ɩɨɫɥɟ ɠɢɞɤɨɮɚɡɧɨɣ ɩɪɨɩɢɬɤɢ, ɩɪɟɞ-
ɫɬɚɜɥɟɧɚ ɧɚ ɪɢɫ. 3. 

Ɋɢɫ. 3. Ɇɢɤɪɨɫɬɪɭɤɬɭɪɚ (×400) ɤɟɪɚɦɢɱɟɫɤɨɝɨ ɤɨɦ-
ɩɨɡɢɰɢɨɧɧɨɝɨ ɦɚɬɟɪɢɚɥɚ, ɩɪɨɩɢɬɚɧɧɨɝɨ ɷɜɬɟɤɬɢɱɟɫɤɢɦ 
ɫɩɥɚɜɨɦ ɫɢɫɬɟɦɵ Si–Hf 

 

ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ ɬɨɬ ɮɚɤɬ, ɱɬɨ ɛɥɚɝɨɞɚɪɹ 
ɧɚɥɢɱɢɸ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɭɝɥɟɪɨɞɧɵɯ ɜɨɥɨɤɨɧ 
ɢɧɬɟɪɮɚɡɧɨɝɨ ɩɨɤɪɵɬɢɹ ɢɡ SiC, ɜ ɫɬɪɭɤɬɭɪɟ ɦɚɬɟ-
ɪɢɚɥɚ ɧɚɛɥɸɞɚɟɬɫɹ ɦɢɧɢɦɚɥɶɧɚɹ ɞɟɝɪɚɞɚɰɢɹ ɚɪ-
ɦɢɪɭɸɳɟɝɨ ɤɨɦɩɨɧɟɧɬɚ Д10Ж. 

ȼɨɫɫɨɡɞɚɧɢɟ ɤɟɪɚɦɢɱɟɫɤɨɣ ɦɚɬɪɢɰɵ ɩɪɨɜɨɞɢ-
ɥɢ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɦɟɬɨɞɚ ɢɫɤɪɨɜɨɝɨ ɩɥɚɡɦɟɧ-
ɧɨɝɨ ɫɩɟɤɚɧɢɹ. ɉɪɟɢɦɭɳɟɫɬɜɨ ɞɚɧɧɨɝɨ ɦɟɬɨɞɚ 
ɡɚɤɥɸɱɚɟɬɫɹ ɜ ɜɵɫɨɤɨɣ ɚɤɬɢɜɚɰɢɨɧɧɨɣ ɫɩɨɫɨɛɧɨ-
ɫɬɢ ɩɪɢ ɫɩɟɤɚɧɢɢ ɱɚɫɬɢɰ. ɗɬɨ, ɜ ɫɜɨɸ ɨɱɟɪɟɞɶ, 
ɫɩɨɫɨɛɫɬɜɭɟɬ ɩɨɥɭɱɟɧɢɸ ɤɟɪɚɦɢɱɟɫɤɢɯ ɦɚɬɟɪɢɚ-
ɥɨɜ ɫ ɦɢɧɢɦɚɥɶɧɨɣ ɩɨɪɢɫɬɨɫɬɶɸ ɢ ɧɚɢɛɨɥɟɟ ɩɨɥ-

ɧɵɦ ɩɪɨɬɟɤɚɧɢɟɦ ɪɟɚɤɰɢɣ. ȼ ɤɚɱɟɫɬɜɟ ɢɫɯɨɞɧɵɯ 
ɤɨɦɩɨɧɟɧɬɨɜ ɢɫɩɨɥɶɡɨɜɚɥɢ ɪɟɚɤɰɢɨɧɧɭɸ ɫɦɟɫɶ 
ɷɜɬɟɤɬɢɱɟɫɤɢɯ ɫɩɥɚɜɨɜ ɫ ɭɝɥɟɪɨɞɨɦ. ɋɩɟɤɚɧɢɟ 
ɩɪɨɜɨɞɢɥɢ ɩɨ ɬɟɦɩɟɪɚɬɭɪɧɨɦɭ ɪɟɠɢɦɭ, ɩɨɥɧɨ-
ɫɬɶɸ ɩɨɜɬɨɪɹɸɳɟɦɭ ɩɪɨɰɟɫɫ ɠɢɞɤɨɮɚɡɧɨɣ ɩɪɨ-
ɩɢɬɤɢ ɩɨɪɢɫɬɨɣ ɭɝɥɟɪɨɞɧɨɣ ɨɫɧɨɜɵ ɷɜɬɟɤɬɢɱɟɫɤɢ-
ɦɢ ɪɚɫɩɥɚɜɚɦɢ. ȼ ɪɟɡɭɥɶɬɚɬɟ ɪɟɚɤɰɢɨɧɧɨɝɨ ɫɩɟɤɚ-
ɧɢɹ ɩɨɥɭɱɟɧɵ ɦɨɞɟɥɶɧɵɟ ɨɛɪɚɡɰɵ ɤɟɪɚɦɢɱɟɫɤɢɯ 
ɦɚɬɪɢɰ, ɩɨɥɧɨɫɬɶɸ ɩɨɜɬɨɪɹɸɳɢɟ ɮɚɡɨɜɵɣ ɫɨɫɬɚɜ 
ɢ ɫɬɪɭɤɬɭɪɭ, ɧɚɛɥɸɞɚɟɦɵɟ ɜ ɤɨɦɩɨɡɢɰɢɨɧɧɨɦ 
ɦɚɬɟɪɢɚɥɟ Д11Ж. ɉɪɢɦɟɪɵ ɫɬɪɭɤɬɭɪ ɦɨɞɟɥɶɧɵɯ 
ɦɚɬɪɢɰ ɩɪɟɞɫɬɚɜɥɟɧɵ ɧɚ ɪɢɫ. 4. 

Ɇɟɬɨɞɨɦ ɪɟɧɬɝɟɧɨɮɚɡɨɜɨɝɨ ɚɧɚɥɢɡɚ ɨɩɪɟɞɟɥɟɧ 
ɤɚɱɟɫɬɜɟɧɧɵɣ ɢ ɤɨɥɢɱɟɫɬɜɟɧɧɵɣ ɮɚɡɨɜɵɣ ɫɨɫɬɚɜ 
ɦɨɞɟɥɶɧɵɯ ɦɚɬɪɢɱɧɵɯ ɨɛɪɚɡɰɨɜ (ɬɚɛɥ. 1). 

Ɋɟɡɭɥɶɬɚɬɵ ɫɜɢɞɟɬɟɥɶɫɬɜɭɸɬ, ɱɬɨ ɦɨɞɟɥɶɧɵɟ 
ɨɛɪɚɡɰɵ ɞɨɫɬɚɬɨɱɧɨ ɬɨɱɧɨ ɩɨɜɬɨɪɹɸɬ ɮɚɡɨɜɵɣ 
ɫɨɫɬɚɜ ɤɟɪɚɦɢɱɟɫɤɨɣ ɦɚɬɪɢɰɵ. ɋɨɞɟɪɠɚɧɢɟ ɩɪɢ-
ɦɟɫɟɣ (HfO2, HfB2) ɜ ɫɨɫɬɚɜɟ SiHfC ɨɛɴɹɫɧɹɟɬɫɹ 
ɡɚɝɪɹɡɧɟɧɧɨɫɬɶɸ ɢɦɢ ɢɫɯɨɞɧɵɯ ɤɨɦɩɨɧɟɧɬɨɜ  
ɷɜɬɟɤɬɢɱɟɫɤɨɝɨ ɫɩɥɚɜɚ. Ɉɞɧɚɤɨ ɧɟɝɚɬɢɜɧɨɝɨ ɜɥɢɹ-
ɧɢɹ ɧɚ ɫɜɨɣɫɬɜɚ ɦɚɬɟɪɢɚɥɚ ɨɧɢ ɨɤɚɡɚɬɶ ɧɟ ɞɨɥɠ-
ɧɵ, ɞɚɠɟ ɧɚɨɛɨɪɨɬ, ɧɚɥɢɱɢɟ ɷɬɢɯ ɤɨɦɩɨɧɟɧɬɨɜ 
ɞɨɥɠɧɨ ɨɛɟɫɩɟɱɢɜɚɬɶ ɜɵɫɨɤɭɸ ɨɤɢɫɥɢɬɟɥɶɧɭɸ 
ɫɬɨɣɤɨɫɬɶ Д12Ж. 

ɂɫɩɵɬɚɧɢɹ ɨɤɢɫɥɢɬɟɥɶɧɨɣ ɫɬɨɣɤɨɫɬɢ ɦɨɞɟɥɶ-
ɧɵɯ ɦɚɬɪɢɱɧɵɯ ɨɛɪɚɡɰɨɜ ɩɪɨɜɨɞɢɥɢ ɩɪɢ ɬɟɦɩɟɪɚ-
ɬɭɪɟ 1500°ɋ ɜ ɚɬɦɨɫɮɟɪɟ «ɫɩɨɤɨɣɧɨɝɨ» ɜɨɡɞɭɯɚ ɜ 
ɬɟɱɟɧɢɟ 45 ɱ – ɤɢɧɟɬɢɤɚ ɨɤɢɫɥɟɧɢɹ ɩɪɟɞɫɬɚɜɥɟɧɚ 
ɧɚ ɪɢɫ. 5. ȼɢɞɧɨ, ɱɬɨ ɧɚɢɛɨɥɶɲɟɣ ɨɤɢɫɥɢɬɟɥɶɧɨɣ 
ɫɬɨɣɤɨɫɬɶɸ ɨɛɥɚɞɚɟɬ ɫɨɫɬɚɜ SiTiC. Ɋɟɡɤɨɟ ɩɚɞɚ-
ɧɢɟ ɦɚɫɫɵ ɜ ɩɟɪɢɨɞ ɨɬ 15 ɞɨ 20 ɱ ɭ ɨɛɪɚɡɰɚ ɫɨɫɬɚ-
ɜɚ SiHfC ɨɛɴɹɫɧɹɟɬɫɹ ɱɚɫɬɢɱɧɵɦ ɪɚɡɪɭɲɟɧɢɟɦ 
ɟɝɨ ɜɫɥɟɞɫɬɜɢɟ ɪɚɫɬɪɟɫɤɢɜɚɧɢɹ Д11Ж. Ɇɨɪɮɨɥɨɝɢɹ 
ɩɨɜɟɪɯɧɨɫɬɢ ɨɛɪɚɡɰɨɜ ɞɨ ɢ ɩɨɫɥɟ ɨɤɢɫɥɟɧɢɹ ɩɪɟɞ-
ɫɬɚɜɥɟɧɚ ɧɚ ɪɢɫ. 6. 

ɇɚɥɢɱɢɟ ɜ ɦɢɤɪɨɫɬɪɭɤɬɭɪɟ ɫɢɥɢɰɢɞɨɜ ɦɟɬɚɥ-
ɥɨɜ ɨɛɟɫɩɟɱɢɜɚɟɬ ɤɟɪɚɦɢɱɟɫɤɨɣ ɦɚɬɪɢɰɟ ɞɨɫɬɚ-
ɬɨɱɧɨ ɛɨɥɶɲɨɟ ɡɧɚɱɟɧɢɟ ɌɄɅɊ Д13Ж. ɋ ɰɟɥɶɸ ɟɝɨ 
ɫɧɢɠɟɧɢɹ ɢ ɩɪɢɛɥɢɠɟɧɢɹ ɤ ɡɧɚɱɟɧɢɸ ɌɄɅɊ ɤɚɪ-
ɛɢɞɚ ɤɪɟɦɧɢɹ ɢɧɬɟɪɮɚɡɧɨɝɨ ɩɨɤɪɵɬɢɹ ɩɪɟɞɩɨɥɚ-
ɝɚɟɬɫɹ ɜɜɨɞɢɬɶ ɜ ɫɬɪɭɤɬɭɪɭ ɜɵɫɨɤɨɬɟɦɩɟɪɚɬɭɪɧɵɟ 
ɦɨɞɢɮɢɰɢɪɭɸɳɢɟ ɞɨɛɚɜɤɢ (ɆȾ) ɫ ɧɢɡɤɢɦ ɡɧɚɱɟ-
ɧɢɟɦ ɌɄɅɊ. Ƚɪɚɮɢɤ, ɢɥɥɸɫɬɪɢɪɭɸɳɢɣ ɢɞɟɸ ɩɨɞ-
ɯɨɞɚ ɢɡɦɟɧɟɧɢɹ ɡɧɚɱɟɧɢɹ ɌɄɅɊ ɤɟɪɚɦɢɱɟɫɤɨɣ 
ɦɚɬɪɢɰɵ, ɩɪɟɞɫɬɚɜɥɟɧ ɧɚ ɪɢɫ. 7 Д14Ж. 

Ɍɚɛɥɢɰɚ 1 

Ɏɚɡɨɜɵɣ ɫɨɫɬɚɜ ɦɨɞɟɥɶɧɵɯ ɦɚɬɪɢɰ 

Ɉɛɪɚɡɟɰ ɫɨɫɬɚɜɚ SiTiC Ɉɛɪɚɡɟɰ ɫɨɫɬɚɜɚ SiHfC 

Ɏɚɡɚ ɋɨɞɟɪɠɚɧɢɟ, % (ɚɬɨɦɧ.) Ɏɚɡɚ ɋɨɞɟɪɠɚɧɢɟ, % (ɚɬɨɦɧ.) 

SiC (ɦɭɚɫɫɚɧɢɬ) 79 
HfSi2 28 

HfO2 20 

TiC 20 
SiC (ɦɭɚɫɫɚɧɢɬ) 20 

Si 15 

TiSi2 1 
HfC 12 

HfB2 5 
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Ɋɢɫ. 4. Ɋɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɦɚɬɪɢɰ ɫɨɫɬɚɜɨɜ SiHfC (ɚ) ɢ SiTiC (ɛ) 

Ɋɢɫ. 5. Ʉɢɧɟɬɢɤɚ ɨɤɢɫɥɟɧɢɹ ɦɨɞɟɥɶɧɵɯ ɨɛɪɚɡɰɨɜ ɜ ɫɪɚɜɧɟɧɢɢ ɫ ɤɚɪɛɢɞɨɦ ɤɪɟɦɧɢɹ (m0, mi – ɢɫɯɨɞɧɚɹ ɦɚɫɫɚ  
ɢ ɦɚɫɫɚ ɩɨɫɥɟ ɢɫɩɵɬɚɧɢɹ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ) 
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Ɉɩɪɟɞɟɥɟɧ ɪɹɞ ɜɟɳɟɫɬɜ (BN, B4C, Si3N4, ɚɥ-
ɦɚɡ), ɢɦɟɸɳɢɯ ɡɧɚɱɟɧɢɟ ɌɄɅɊ ɧɢɠɟ ɡɧɚɱɟɧɢɹ ɞɥɹ 
ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ. Ʉɚɠɞɨɟ ɫɨɟɞɢɧɟɧɢɟ ɨɛɭɫɥɚɜɥɢ-
ɜɚɟɬ ɨɩɪɟɞɟɥɟɧɧɵɟ ɨɝɪɚɧɢɱɟɧɢɹ, ɫɜɹɡɚɧɧɵɟ ɫ ɬɟɪ-
ɦɨɞɢɧɚɦɢɱɟɫɤɨɣ ɫɬɨɣɤɨɫɬɶɸ ɩɪɢ ɜɵɫɨɤɢɯ ɬɟɦɩɟ-
ɪɚɬɭɪɚɯ. ȼ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ɞɚɧ-
ɧɵɦ ɩɨɞɯɨɞɨɦ ɫɢɧɬɟɡɢɪɨɜɚɧ ɨɛɪɚɡɟɰ ɫɨɫɬɚɜɚ  
SiTiC ɫ ɞɨɛɚɜɤɨɣ 15% (ɨɛɴɟɦɧ.) BN. ɇɢɬɪɢɞ ɛɨɪɚ 
ɨɬɥɢɱɚɟɬɫɹ ɯɨɪɨɲɟɣ ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɨɣ ɭɫɬɨɣɱɢ-
ɜɨɫɬɶɸ ɩɪɢ ɜɵɫɨɤɢɯ ɬɟɦɩɟɪɚɬɭɪɚɯ, ɛɥɚɝɨɞɚɪɹ 
ɱɟɦɭ ɜ ɩɪɨɰɟɫɫɟ ɪɟɚɤɰɢɨɧɧɨɝɨ ɫɩɟɤɚɧɢɹ ɧɟ ɨɛɪɚ-

ɡɭɟɬɫɹ ɧɨɜɵɯ ɧɟɠɟɥɚɬɟɥɶɧɵɯ ɮɚɡ. ɋɬɪɭɤɬɭɪɚ ɦɨ-
ɞɢɮɢɰɢɪɨɜɚɧɧɨɣ ɦɚɬɪɢɰɵ ɩɪɟɞɫɬɚɜɥɟɧɚ ɧɚ ɪɢɫ. 8. 

Ⱦɥɹ ɨɰɟɧɤɢ ɜɥɢɹɧɢɹ ɦɨɞɢɮɢɰɢɪɭɸɳɢɯ ɞɨɛɚ-
ɜɨɤ ɧɚ ɡɧɚɱɟɧɢɟ ɌɄɅɊ ɤɟɪɚɦɢɱɟɫɤɨɣ ɦɚɬɪɢɰɵ 
ɩɪɢɧɹɬɨ ɩɨɥɶɡɨɜɚɬɶɫɹ ɡɚɤɨɧɨɦ ɚɞɞɢɬɢɜɧɨɫɬɢ: 

 

(∆L/L0)ɜɨɥɨɤɧɨ=(∆L/L0)ɦɚɬɪɢɰɚ= 

=V1(∆L/L0)+V2(∆L/L0)+V3(∆L/L0)+…+Vi(∆L/L0), 
 

ɝɞɟ L0 – ɢɫɯɨɞɧɚɹ ɞɥɢɧɚ ɨɛɪɚɡɰɚ; ∆L – ɢɡɦɟɧɟɧɢɟ ɞɥɢɧɵ 
ɨɛɪɚɡɰɚ; V1, V2, V3,…, Vi – ɨɛɴɟɦɧɵɟ ɞɨɥɢ ɮɚɡ. 

Ɋɢɫ. 6. Ɇɨɪɮɨɥɨɝɢɹ ɩɨɜɟɪɯɧɨɫɬɢ ɦɨɞɟɥɶɧɵɯ ɨɛɪɚɡɰɨɜ ɩɨɫɥɟ ɨɤɢɫɥɟɧɢɹ ɜ ɬɟɱɟɧɢɟ 45 ɱ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 1500°ɋ 

Ɋɢɫ. 7. ɉɪɟɞɩɨɥɚɝɚɟɦɵɣ ɩɨɞɯɨɞ ɤ ɫɧɢɠɟɧɢɸ ɡɧɚɱɟɧɢɹ ɌɄɅɊ ɤɟɪɚɦɢɱɟɫɤɨɣ ɦɚɬɪɢɰɵ (L0 – ɢɫɯɨɞɧɚɹ ɞɥɢɧɚ  
ɨɛɪɚɡɰɚ; ∆L – ɢɡɦɟɧɟɧɢɟ ɞɥɢɧɵ ɨɛɪɚɡɰɚ) 

Ɋɢɫ. 8. ɋɬɪɭɤɬɭɪɚ ɦɨɞɟɥɶɧɨɣ ɦɚɬɪɢɰɵ ɫɨɫɬɚɜɚ SiTiC, ɦɨɞɢɮɢɰɢɪɨɜɚɧɧɨɣ 15% (ɨɛɴɟɦɧ.) BN 
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ɋɨɝɥɚɫɧɨ ɷɬɨɦɭ ɩɪɚɜɢɥɭ ɜɵɩɨɥɧɟɧɨ ɦɨɞɟɥɢɪɨɜɚ-
ɧɢɟ ɩɨ ɨɩɪɟɞɟɥɟɧɢɸ ɡɧɚɱɟɧɢɣ ɌɄɅɊ ɢɫɯɨɞɹ ɢɡ ɤɨɥɢɱɟ-
ɫɬɜɟɧɧɨɝɨ ɪɟɧɬɝɟɧɨɮɚɡɨɜɨɝɨ ɚɧɚɥɢɡɚ. Ⱦɥɹ ɩɪɨɜɟɪɤɢ 
ɞɚɧɧɨɝɨ ɬɟɨɪɟɬɢɱɟɫɤɨɝɨ ɩɨɞɯɨɞɚ ɩɪɨɜɟɞɟɧ ɷɤɫɩɟɪɢ-
ɦɟɧɬ ɩɨ ɨɩɪɟɞɟɥɟɧɢɸ ɮɚɤɬɢɱɟɫɤɢɯ ɡɧɚɱɟɧɢɣ ɌɄɅɊ ɜ 
ɢɧɬɟɪɜɚɥɟ ɬɟɦɩɟɪɚɬɭɪ 20–1500°ɋ ɞɥɹ ɦɨɞɟɥɶɧɵɯ ɨɛ-
ɪɚɡɰɨɜ ɤɟɪɚɦɢɱɟɫɤɢɯ ɦɚɬɪɢɰ. ɉɨɥɭɱɟɧɧɵɟ ɷɤɫɩɟɪɢ-
ɦɟɧɬɚɥɶɧɵɟ ɤɪɢɜɵɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɧɚ ɪɢɫ. 9. 

Ɂɧɚɱɟɧɢɹ ɌɄɅɊ ɞɥɹ ɢɫɯɨɞɧɵɯ ɦɨɞɟɥɶɧɵɯ ɦɚɬ-
ɪɢɰ ɧɚɯɨɞɹɬɫɹ ɧɚ ɭɪɨɜɧɟ з6·10-6 Ʉ-1. ɋɥɟɞɭɟɬ ɨɬ-
ɦɟɬɢɬɶ, ɱɬɨ ɩɪɢ ɜɜɟɞɟɧɢɢ ɜ ɫɨɫɬɚɜ SiTiC  
15% (ɨɛɴɟɦɧ.) BN ɭɞɚɥɨɫɶ ɫɧɢɡɢɬɶ ɡɧɚɱɟɧɢɟ 
ɌɄɅɊ ɦɨɞɟɥɶɧɨɝɨ ɨɛɪɚɡɰɚ ɧɚ 28% ɢ ɞɨɫɬɢɝɧɭɬɶ 
ɡɧɚɱɟɧɢɹ 4,3·10-6 Ʉ-1. 

Ɍɟɨɪɟɬɢɱɟɫɤɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɤɟɪɚɦɢɱɟɫɤɢɯ ɦɚɬ-
ɪɢɰ, ɩɪɟɞɫɬɚɜɥɟɧɧɨɟ ɜ ɬɚɛɥ. 2, ɢɥɥɸɫɬɪɢɪɭɟɬ ɬɨ, ɱɬɨ 
ɡɚɤɨɧ ɚɞɞɢɬɢɜɧɨɫɬɢ ɜɵɩɨɥɧɹɟɬɫɹ ɧɚɢɥɭɱɲɢɦ ɨɛɪɚ-
ɡɨɦ ɧɚ ɨɛɪɚɡɰɟ ɫɨɫɬɚɜɚ SiTiC, ɜ ɬɨ ɜɪɟɦɹ ɤɚɤ ɧɚ ɨɛɪɚɡ-
ɰɚɯ ɫɨɫɬɚɜɨɜ SiHfC ɢ SiTiC+15% (ɨɛɴɟɦɧ.) BN 
ɧɚɛɥɸɞɚɸɬɫɹ ɫɭɳɟɫɬɜɟɧɧɵɟ ɪɚɫɯɨɠɞɟɧɢɹ ɫ ɬɟɨɪɢɟɣ. 

ȼɵɞɜɢɧɭɬɨ ɩɪɟɞɩɨɥɨɠɟɧɢɟ ɨ ɬɨɦ, ɱɬɨ ɜɤɥɚɞ ɜ 
ɩɨɝɪɟɲɧɨɫɬɶ ɩɪɢ ɬɟɨɪɟɬɢɱɟɫɤɨɦ ɦɨɞɟɥɢɪɨɜɚɧɢɢ 
ɜɧɨɫɢɬ ɩɨɪɢɫɬɨɫɬɶ, ɤɨɬɨɪɚɹ ɩɪɢɫɭɬɫɬɜɭɟɬ ɜ ɪɟɚɥɶ-
ɧɵɯ ɨɛɪɚɡɰɚɯ ɢ ɤɨɬɨɪɭɸ ɧɟ ɭɱɢɬɵɜɚɟɬ ɡɚɤɨɧ ɚɞɞɢ-
ɬɢɜɧɨɫɬɢ. ɂɦɟɧɧɨ ɩɨɪɢɫɬɨɫɬɶ ɨɛɟɫɩɟɱɢɜɚɟɬ ɛɨɥɟɟ 
ɧɢɡɤɨɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɟ ɡɧɚɱɟɧɢɟ ɌɄɅɊ (ɩɨ ɫɪɚɜ-
ɧɟɧɢɸ ɫ ɬɟɨɪɟɬɢɱɟɫɤɢɦ) ɜɜɢɞɭ ɧɚɪɭɲɟɧɢɹ ɫɩɥɨɲɧɨ-
ɫɬɢ ɦɚɬɟɪɢɚɥɚ ɢ ɮɚɤɬɢɱɟɫɤɢ ɦɟɧɶɲɟɝɨ ɨɛɴɟɦɚ ɨɛ-
ɪɚɡɰɚ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɛɟɫɩɨɪɢɫɬɵɦ ɦɚɬɟɪɢɚɥɨɦ Д15Ж. 

 

Ɂɚɤɥɸɱɟɧɢɹ 

ȼ ɪɚɛɨɬɟ ɦɟɬɨɞɨɦ ɢɫɤɪɨɜɨɝɨ ɩɥɚɡɦɟɧɧɨɝɨ 
ɫɩɟɤɚɧɢɹ ɜɵɩɨɥɧɟɧ ɫɢɧɬɟɡ ɦɨɞɟɥɶɧɵɯ ɨɛɪɚɡ-
ɰɨɜ, ɩɨɜɬɨɪɹɸɳɢɯ ɮɚɡɨɜɵɣ ɫɨɫɬɚɜ ɦɚɬɪɢɱɧɵɯ 
ɤɟɪɚɦɢɱɟɫɤɢɯ ɦɚɬɟɪɢɚɥɨɜ. ȼ ɤɚɱɟɫɬɜɟ ɩɪɟɤɭɪ-
ɫɨɪɨɜ ɩɨɥɭɱɟɧɵ ɷɜɬɟɤɬɢɱɟɫɤɢɟ ɫɩɥɚɜɵ ɫɢɫɬɟɦ 
Si–Ti ɢ Si–Hf. ɋ ɩɨɦɨɳɶɸ ɦɟɬɨɞɨɜ ȾɋɄ ɢ ȾɌȺ 
ɭɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɬɟɦɩɟɪɚɬɭɪɵ ɩɥɚɜɥɟɧɢɹ ɩɨɥɭ-
ɱɟɧɧɵɯ ɫɩɥɚɜɨɜ ɛɥɢɡɤɢ ɤ ɬɟɨɪɟɬɢɱɟɫɤɢɦ ɡɧɚɱɟ-
ɧɢɹɦ. ɍɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɩɪɢɦɟɧɟɧɢɟ ɷɜɬɟɤɬɢɱɟ-
ɫɤɢɯ ɫɩɥɚɜɨɜ ɞɥɹ ɩɨɥɭɱɟɧɢɹ ɄɄɆ ɩɨɡɜɨɥɹɟɬ 
ɫɧɢɡɢɬɶ ɬɟɦɩɟɪɚɬɭɪɭ ɠɢɞɤɨɮɚɡɧɨɣ ɩɪɨɩɢɬɤɢ ɧɚ 
80–150°ɋ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɩɪɨɩɢɬɤɨɣ ɪɚɫɩɥɚɜɨɦ 
ɤɪɟɦɧɢɹ. ɇɚ ɨɫɧɨɜɚɧɢɢ ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɨɣ 
ɫɬɨɣɤɨɫɬɢ ɩɪɨɜɟɞɟɧ ɜɵɛɨɪ ɦɨɞɢɮɢɰɢɪɭɸɳɢɯ 
ɞɨɛɚɜɨɤ (BN, B4C, Si3N4, ɚɥɦɚɡ) ɞɥɹ ɪɟɝɭɥɢɪɨ-
ɜɚɧɢɹ ɡɧɚɱɟɧɢɣ ɌɄɅɊ ɜ ɞɢɚɩɚɡɨɧɟ ɬɟɦɩɟɪɚɬɭɪ 
ɨɬ 20 ɞɨ 1500°ɋ. ȼ ɤɚɱɟɫɬɜɟ ɧɚɢɛɨɥɟɟ ɨɩɬɢ-
ɦɚɥɶɧɨɣ ɞɨɛɚɜɤɢ ɜɵɛɪɚɧ BN. ɉɪɨɜɟɞɟɧɨ ɦɨɞɢ-
ɮɢɰɢɪɨɜɚɧɢɟ ɤɟɪɚɦɢɱɟɫɤɨɣ ɦɚɬɪɢɰɵ ɫɨɫɬɚɜɚ 
SiTiC ɧɢɬɪɢɞɨɦ ɛɨɪɚ, ɱɬɨ ɩɨɡɜɨɥɢɥɨ ɫɧɢɡɢɬɶ 
ɡɧɚɱɟɧɢɟ ɌɄɅɊ ɧɚ 28% (ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɢɫɯɨɞ-
ɧɵɦ ɡɧɚɱɟɧɢɟɦ), ɨɞɧɚɤɨ ɜɨɩɪɨɫ ɨ ɜɥɢɹɧɢɢ ɩɨ-
ɪɢɫɬɨɫɬɢ ɧɚ ɡɧɚɱɟɧɢɹ ɌɄɅɊ ɨɫɬɚɟɬɫɹ ɨɬɤɪɵ-
ɬɵɦ. Ɉɩɪɟɞɟɥɟɧɚ ɨɤɢɫɥɢɬɟɥɶɧɚɹ ɫɬɨɣɤɨɫɬɶ ɦɨ-
ɞɟɥɶɧɵɯ ɨɛɪɚɡɰɨɜ ɤɟɪɚɦɢɱɟɫɤɢɯ ɦɚɬɪɢɰ ɫɨɫɬɚ-
ɜɨɜ SiHfC ɢ SiTiC. ɍɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɦɚɬɪɢɰɚ 
ɫɨɫɬɚɜɚ SiTiC ɨɛɥɚɞɚɟɬ ɧɚɢɜɵɫɲɟɣ ɨɤɢɫɥɢɬɟɥɶ-
ɧɨɣ ɫɬɨɣɤɨɫɬɶɸ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 1500°ɋ. 

Ɋɢɫ. 9. ɗɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɟ ɨɩɪɟɞɟɥɟɧɢɟ ɌɄɅɊ ɦɚɬɪɢɰ ɫɨɫɬɚɜɨɜ SiTiC (ɚ), SiHfC (ɛ) ɢ SiTiC+15% (ɨɛɴɟɦɧ.) BN (ɜ) 

Ɍɚɛɥɢɰɚ 2 

Ɋɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɩɨ ɨɩɪɟɞɟɥɟɧɢɸ ɡɧɚɱɟɧɢɣ ɌɄɅɊ (α) 
ɞɥɹ ɦɧɨɝɨɮɚɡɧɵɯ ɤɟɪɚɦɢɱɟɫɤɢɯ ɦɚɬɪɢɰ 

Ɉɛɪɚɡɟɰ ɫɨɫɬɚɜɚ 

SiHfC 

Ɉɛɪɚɡɟɰ ɫɨɫɬɚɜɚ 

SiTiC 

Ɉɛɪɚɡɟɰ ɫɨɫɬɚɜɚ 

SiTiC+15% (ɨɛɴɟɦɧ.) BN 

Ɏɚɡɚ Ʉɨɧɰɟɧɬɪɚɰɢɹ, 
% (ɨɛɴɟɦɧ.) 

ɌɄɅɊ: 
α·106, Ʉ-1

 

Ɏɚɡɚ Ʉɨɧɰɟɧɬɪɚɰɢɹ, 
% (ɨɛɴɟɦɧ.) 

ɌɄɅɊ: 
α·106, Ʉ-1

 

Ɏɚɡɚ Ʉɨɧɰɟɧɬɪɚɰɢɹ, 
% (ɨɛɴɟɦɧ.) 

ɌɄɅɊ:  
α·106, Ʉ-1

 

HfSi2 28 7 SiC 79 4,7 SiC 68 4,7 

HfO2 20 6 TiC 20 7,4 TiC 17 7,4 

SiC 20 5,5 TiSi2 1 12,5 BN 15 3 

Si 15 4,7 – – 

HfC 12 6,8 – – 

HfB2 5 6,6 – – 

αɬɟɨɪ 6,11 αɬɟɨɪ 5,32 αɬɟɨɪ 4,90 

αɷɤɫɩ 6,36 αɷɤɫɩ 5,76 αɷɤɫɩ 4,11 

αɫɪ 6,24 αɫɪ 5,54 αɫɪ 4,51 

ɉɨɝɪɟɲɧɨɫɬɶ: 0,04 ɉɨɝɪɟɲɧɨɫɬɶ: 0,08 ɉɨɝɪɟɲɧɨɫɬɶ: 0,18 
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