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 ɸʅʆʊɸʎɯʗ  

 

ɺʝʜʝʣʴ ɼ.ɺ. ʉʪʽʡʢʽʩʪʴ ʜʦ ʦʢʠʩʥʝʥʥʷ ʪʘ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʘ ʤʽʮʥʽʩʪʴ 

ʫʣʴʪʨʘʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ ʢʦʤʧʦʟʠʮʽʡʥʦʾ ʢʝʨʘʤʽʢʠ ʥʘ ʦʩʥʦʚʽ ZrB 2 ʪʘ ZrB 2ïSiC. 

ʂʚʘʣʽʬʽʢʘʮʽʡʥʘ ʥʘʫʢʦʚʘ ʧʨʘʮʷ ʥʘ ʧʨʘʚʘʭ ʨʫʢʦʧʠʩʫ. 

ɼʠʩʝʨʪʘʮʽʷ ʥʘ ʟʜʦʙʫʪʪʷ ʥʘʫʢʦʚʦʛʦ ʩʪʫʧʝʥʷ ʜʦʢʪʦʨʘ ʬʽʣʦʩʦʬʽʾ ʟʘ ʩʧʝʮʽʘʣʴʥʽʩʪʶ 

132 çʄʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʦè (ʊʝʭʥʽʯʥʽ ʥʘʫʢʠ) ï ɯʥʩʪʠʪʫʪ ʧʨʦʙʣʝʤ ʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʘ ʽʤ. 

ɯ.ʄ. ʌʨʘʥʮʝʚʠʯʘ ʅɸʅ ʋʢʨʘʾʥʠ, ʂʠʾʚ ï 2022. 

ɼʠʩʝʨʪʘʮʽʡʥʫ ʨʦʙʦʪʫ ʧʨʠʩʚʷʯʝʥʦ ʜʦʩʣʽʜʞʝʥʥʶ ʟʘʢʦʥʦʤʽʨʥʦʩʪʝʡ ʚʧʣʠʚʫ 

ʪʫʛʦʧʣʘʚʢʠʭ ʜʦʙʘʚʦʢ (Cr3C2, CrB2, Mo2C, MoSi2, WC, WSi2, W2B5 SiC, HfC, TaC) ʪʘ 

ʪʝʭʥʦʣʦʛʽʡ ʦʪʨʠʤʘʥʥʷ (ʛʘʨʷʯʝ ʧʨʝʩʫʚʘʥʥʷ, ʚʘʢʫʫʤʥʝ ʩʧʽʢʘʥʥʷ ʪʘ ʢʦʤʙʽʥʦʚʘʥʘ 

ʪʝʭʥʦʣʦʛʽ)̫ ʥʘ ʬʦʨʤʫʚʘʥʥʷ ʩʪʨʫʢʪʫʨʥʦ-ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ ʪʘ ʚʣʘʩʪʠʚʦʩʪʝʡ ʢʝʨʘʤʽʢʠ ʥʘ 

ʦʩʥʦʚʽ ʜʠʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ. ʆʩʦʙʣʠʚʘ ʫʚʘʛʘ ʧʨʠʜʽʣʷʻʪʴʩʷ ʩʠʩʪʝʤʽ ZrB2-SiC, ʷʢ 

ʥʘʡʙʽʣʴʰ ʧʝʨʩʧʝʢʪʠʚʥʽʡ ʜʣʷ ʧʨʘʢʪʠʯʥʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ. 

ʊʝʨʤʦʜʠʥʘʤʽʯʥʽ ʨʦʟʨʘʭʫʥʢʠ ʜʣʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʩʢʣʘʜʫ ʢʦʤʧʦʟʠʮʽʡʥʦʾ ʢʝʨʘʤʽʢʠ 

ʥʘ ʦʩʥʦʚʽ ZrB2 ʧʦʢʘʟʘʣʠ, ʱʦ ʜʦʜʘʚʘʥʥʷ ʢʘʨʙʽʜʽʚ (VC, NbC, TiC, HfC, TaC, Mo2C, WC) 

ʪʘ ʩʠʣʽʮʠʜʽʚ (WSi2, MoSi2)  ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʚʟʘʻʤʦʜʽʾ ʤʽʞ ʢʦʤʧʦʥʝʥʪʘʤʠ. ʋ ʚʠʧʘʜʢʫ 

ʜʦʜʘʚʘʥʥʷ ʩʠʣʽʮʠʜʽʚ ʚʟʘʻʤʦʜʽʷ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟ ʫʪʚʦʨʝʥʥʷʤ ʩʪʘʙʽʣʴʥʦʛʦ ʙʦʨʠʜʫ 

ʜʦʙʘʚʢʠ (WB, MoB). ʇʨʠ ʜʦʜʘʚʘʥʥʽ ʢʘʨʙʽʜʥʦʾ ʩʢʣʘʜʦʚʦʾ ʚʟʘʻʤʦʜʽʷ ʚʽʜʙʫʚʘʻʪʴʩʷ, ʫ 

ʧʝʨʰʫ ʯʝʨʛʫ,  ʽʟ ʦʢʩʠʜʘʤʠ (ZrO2, B2O3), ʷʢʽ ʟʥʘʭʦʜʷʪʴʩʷ ʥʘ ʧʦʚʝʨʭʥʽ ʜʠʙʦʨʠʜʫ 

ʮʠʨʢʦʥʽʶ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʫʪʚʦʨʶʻʪʴʩʷ ZrC ʪʘ ʙʦʨʠʜʫ ʜʦʙʘʚʢʠ. ɿʜʘʪʥʽʩʪʴ ʜʦ 

ʚʽʜʥʦʚʣʝʥʥʷ ʦʢʩʠʜʽʚ ʟʨʦʩʪʘʻ ʚ ʨʷʜʽ  VC > NbC > TiC > HfC > TaC > Mo2C > WC.  

ʈʝʟʫʣʴʪʘʪʠ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ ʧʽʜʪʚʝʨʜʞʝʥʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤʠ 

ʜʦʩʣʽʜʞʝʥʥʷʤʠ. ʋ ʨʦʙʦʪʽ ʤʝʪʦʜʦʤ ʛʘʨʷʯʦʛʦ ʧʨʝʩʫʚʘʥʥʷ ʦʪʨʠʤʫʚʘʣʠ ʢʦʤʧʦʟʠʪʠ ʥʘ 

ʦʩʥʦʚʽ ʜʠʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ ʟ ʜʦʙʘʚʢʘʤʠ Cr3C2, CrB2, Mo2C, MoSi2, WC, WSi2, W2B5 ʫ 

ʢʽʣʴʢʦʩʪʽ 3ï20 ʦʙ.%. ʋ ʨʝʟʫʣʴʪʘʪʽ ʚʠʚʯʝʥʥʷ ʩʪʨʫʢʪʫʨʠ ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ 

ʧʦʢʘʟʘʥʦ, ʱʦ ʜʦʜʘʚʘʥʥʷ ʚʞʝ 5 ʦʙ.% ʢʘʨʙʽʜʫ (Cr3C2, Mo2C, WC) ʘʢʪʠʚʫʻ ʧʨʦʮʝʩ 

ʩʧʽʢʘʥʥʷ ʟʘ ʨʘʭʫʥʦʢ ʚʟʘʻʤʦʜʽʾ ʤʽʞ ʢʦʤʧʦʥʝʥʪʘʤʠ ʟ ʫʪʚʦʨʝʥʥʷʤ ʥʦʚʠʭ ʪʫʛʦʧʣʘʚʢʠʭ 

ʩʧʦʣʫʢ. ʂʘʨʙʽʜʥʽ ʜʦʙʘʚʢʠ (Cr3C2, WC, Mo2C), ʷʢʽ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚʚʦʜʠʣʠʩʴ ʫ ʰʠʭʪʫ, 

ʚʽʜʩʫʪʥʽ ʚ ʩʪʨʫʢʪʫʨʽ ʦʪʨʠʤʘʥʦʛʦ ʤʘʪʝʨʽʘʣʫ. ʅʘʪʦʤʽʩʪʴ, ʟʘ ʨʘʭʫʥʦʢ ʨʝʘʢʮʽʾ ʚʟʘʻʤʦʜʽʾ 



ʢʘʨʙʽʜʫ ʽʟ ʦʢʩʠʜʦʤ ʮʠʨʢʦʥʽʶ, ʷʢʠʡ ʚʠʩʪʫʧʘʻ ʚ ʨʦʣʽ ʜʦʤʽʰʢʠ, ʫʪʚʦʨʶʶʪʴʩʷ ʪʚʝʨʜʽ 

ʨʦʟʯʠʥʠ ʥʘ ʦʩʥʦʚʽ ʢʘʨʙʽʜʫ ʮʠʨʢʦʥʽʶ, ʷʢʽ ʻ ʥʘʡʙʽʣʴʰ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ ʩʪʘʙʽʣʴʥʠʤʠ 

ʬʘʟʘʤʠ. ʇʨʠ ʜʦʜʘʚʘʥʥʽ ʩʠʣʽʮʠʜʥʠʭ ʜʦʙʘʚʦʢ (WSi2 ʯʠ MoSi2) ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ 

ʫʪʚʦʨʝʥʥʷ WB ʯʠ MoB, SiC ʪʘ ʣʝʛʢʦʧʣʘʚʢʠʭ ʧʨʦʰʘʨʢʽʚ ʥʘ ʦʩʥʦʚʽ SiO2. ʇʨʠ ʜʦʜʘʚʘʥʥʽ 

CrB2 ʯʠ W2B5 ʫʪʚʦʨʶʶʪʴʩʷ ʪʚʝʨʜʽ ʨʦʟʯʠʥʠ ʥʘ ʦʩʥʦʚʽ ZrB2. ʅʝʟʘʣʝʞʥʦ ʚʽʜ ʚʠʜʫ 

ʜʦʙʘʚʢʠ ʥʘ ʛʨʘʥʠʮʽ ʟʝʨʝʥ ʜʠʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ ʚʽʜʙʫʚʘʻʪʴʩʷ ʫʪʚʦʨʝʥʥʷ ʪʚʝʨʜʠʭ 

ʨʦʟʯʠʥʽʚ ʥʘ ʡʦʛʦ ʦʩʥʦʚʽ ʟ ʬʦʨʤʫʚʘʥʥʷʤ ʩʪʨʫʢʪʫʨʠ ʷʜʨʦ-ʦʙʦʣʦʥʢʘ, ʱʦ ʧʽʜʪʚʝʨʜʞʝʥʦ 

ʟʘ ʤʽʢʨʦʨʝʥʪʝʛʥʦʩʧʝʢʪʨʘʣʴʥʠʤ ʘʥʘʣʽʟʦʤ (ʄʈʉɸ) ʪʘ ʤʝʪʦʜʘʤʠ ʨʝʥʪʛʝʥʽʚʩʴʢʦʾ 

ʜʠʬʨʘʢʮʽʾ (ʈʌɸ).  

ʄʽʮʥʽʩʪʴ ʢʝʨʘʤʽʢʠ ZrB2ïʪʫʛʦʧʣʘʚʢʘ ʩʧʦʣʫʢʘ ʧʨʠ ʢʽʤʥʘʪʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ 

ʩʪʘʥʦʚʠʣʘ 500ï600 ʄʇʘ. ʇʨʠ ʧʽʜʚʠʱʝʥʥʽ ʪʝʤʧʝʨʘʪʫʨʠ ʚʠʧʨʦʙʫʚʘʥʥʷ ʜʦ 1800 Áʉ 

ʤʽʮʥʽʩʪʴ ʤʘʪʝʨʽʘʣʽʚ ʟʥʠʞʫʻʪʴʩʷ ʜʦ 180 ʄʇʘ ʫ ʚʠʧʘʜʢʫ ʩʠʣʽʮʠʜʥʠʭ ʜʦʙʘʚʢʦʢ (MoSi2, 

WSi2), ʫ ʪʦʡ ʯʘʩ ʷʢ ʧʨʠ ʚʚʝʜʝʥʥʽ ʢʘʨʙʽʜʥʠʭ ʜʦʙʘʚʦʢ (Mo2C, WC) ʤʽʮʥʽʩʪʴ ʩʪʘʥʦʚʠʪʴ 

ʚʽʜ 240 ʜʦ 600 ʄʇʘ. ʊʘʢʘ ʨʽʟʥʠʮʷ ʧʦʚôʷʟʘʥʘ ʽʟ ʩʪʨʫʢʪʫʨʦʶ ʪʘ ʬʘʟʦʚʠʤ ʩʢʣʘʜʦʤ: ʫ 

ʤʘʪʝʨʽʘʣʘʭ ʽʟ ʩʠʣʽʮʠʜʥʠʤʠ ʜʦʙʘʚʢʘʤʠ ʥʘ ʛʨʘʥʠʮʷʭ ʟʝʨʝʥ ʧʨʠʩʫʪʥʽ ʣʝʛʢʦʧʣʘʚʢʽ ʬʘʟʠ, ʘ 

ʜʦʜʘʚʘʥʥʷ ʢʘʨʙʽʜʽʚ ʟʤʝʥʰʫʻ ʾʭ ʢʽʣʴʢʽʩʪʴ ʪʘ ʩʧʨʠʷʻ ʫʪʚʦʨʝʥʥʶ ʙʽʣʴʰ ʪʫʛʦʧʣʘʚʢʠʭ 

ʩʧʦʣʫʢ ZrC, MeB (MoB, WB) ʥʘ ʛʨʘʥʠʮʷʭ ʟʝʨʝʥ, ʱʦ ʫʩʢʣʘʜʥʶʻ ʨʫʭ ʪʨʽʱʠʥʠ ʧʽʜ ʯʘʩ 

ʨʫʡʥʫʚʘʥʥʷ. 

ɺʩʪʘʥʦʚʣʝʥʦ ʟʘʣʝʞʥʽʩʪʴ ʩʪʽʡʢʦʩʪʽ ʜʦ ʦʢʠʩʥʝʥʥʷ ʚʽʜ ʚʤʽʩʪʫ ʜʦʙʘʚʢʠ ʜʣʷ 

ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʢʝʨʘʤʽʢ ʩʠʩʪʝʤ ZrB2ïMeC ʪʘ ZrB2ïMeɺ2 ʆʧʪʠʤʫʤ ʢʦʨʦʟʽʡʥʦʾ 

ʩʪʽʡʢʦʩʪʽ ʢʝʨʘʤʽʢʠ ʜʦʩʷʛʘʻʪʴʩʷ ʧʨʠ  ~5 ʦʙ.% ʜʦʙʘʚʢʠ MeC ʘʙʦ Meɺ2. ʄʝʥʰʠʡ ʚʤʽʩʪ 

ʜʦʙʘʚʢʠ ʥʝ ʜʦʟʚʦʣʷʻ ʧʦʚʥʽʩʪʶ ʫʱʽʣʴʥʠʪʠ ʤʘʪʝʨʽʘʣ, ʙʽʣʴʰʠʡ ʚʤʽʩʪ (ʚʽʜ 5 ʦʙ.%)  

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʫʪʚʦʨʝʥʥʷ ʢʨʘʪʝʨʽʚ ʪʘ ʪʨʽʱʠʥ ʚ ʦʢʘʣʠʥʽ ʟʘ ʨʘʭʫʥʦʢ ʥʠʞʯʦʾ ʩʪʽʡʢʦʩʪʽ ʜʦ 

ʦʢʠʩʥʝʥʥʷ ʜʦʙʘʚʢʠ Cr3C2, CrB2, Mo2C,WC ʯʠ W2B5. ʉʠʣʽʮʠʜʥʽ ʜʦʙʘʚʢʠ ʧʽʜʚʠʱʫʶʪʴ 

ʩʪʽʡʢʽʩʪʴ ʜʦ ʦʢʠʩʥʝʥʥʷ ʢʝʨʘʤʽʢʠ ʥʘ ʦʩʥʦʚʽ ZrB2 ʟʘ ʨʘʭʫʥʦʢ ʫʪʚʦʨʝʥʥʷ ʥʘ ʧʦʚʝʨʭʥʽ 

ʩʪʘʙʽʣʴʥʦʛʦ ʙʦʨʦʩʠʣʽʢʘʪʥʦʛʦ ʩʢʣʘ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʥʦʨʤʘʣʴʥʫ ʨʦʙʦʪʫ ʢʦʤʧʦʟʠʪʫ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʽ 1500 Áʉ ʧʨʦʪʷʛʦʤ 50 ʛʦʜ. ʇʨʠ ʚʚʝʜʝʥʽ ʜʦ ʜʠʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ ʜʦʙʘʚʦʢ 

ʢʘʨʙʽʜʽʚ (Mo2C, WC) ʯʠ ʙʦʨʠʜʽʚ (CrB2, W2B5) ʥʘ ʧʦʚʝʨʭʥʽ ʢʦʤʧʦʟʠʪʽʚ ʥʝ ʫʪʚʦʨʶʻʪʴʩʷ 

ʟʘʭʠʩʥʘ ʧʣʽʚʢʘ, ʪʦʤʫ ʚʦʥʠ ʤʦʞʫʪʴ ʧʨʘʮʶʚʘʪʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1500 Áʉ  ʜʦ 5 ʛʦʜ.  



ʋ ʨʦʙʦʪʽ ʘʧʨʦʙʦʚʘʥʦ ʽʜʝʶ ʧʨʦ ʩʪʚʦʨʝʥʥʷ ʢʝʨʘʤʽʢʠ ʥʘ ʦʩʥʦʚʽ ʜʠʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ 

ʟ ʚʠʩʦʢʠʤʠ ʧʦʢʘʟʥʠʢʘʤʠ ʞʘʨʦʩʪʽʡʢʦʩʪʽ ʪʘ ʞʘʨʦʤʽʮʥʦʩʪʽ ʟʘ ʨʘʭʫʥʦʢ ʦʜʥʦʯʘʩʥʦʛʦ 

ʚʚʝʜʝʥʥʷ ʜʦʙʘʚʦʢ ʩʠʣʽʮʠʜʫ ʤʦʣʽʙʜʝʥʫ (MoSi2), ʷʢ ʥʘʡʙʽʣʴʰ ʞʘʨʦʩʪʽʡʢʦʛʦ 

ʢʦʤʧʦʥʝʥʪʘ, ʪʘ ʢʘʨʙʽʜʫ ʚʦʣʴʬʨʘʤʫ (WC), ʷʢ ʥʘʡʙʽʣʴʰ ʞʘʨʦʤʽʮʥʦʛʦ. ɺʠʷʚʣʝʥʦ, ʱʦ ʚ 

ʧʨʦʮʝʩʽ ʦʪʨʠʤʘʥʥʷ ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʩʠʩʪʝʤʠ ZrB2ïMoSi2ïWC ʚʽʜʙʫʚʘʻʪʴʩʷ 

ʭʽʤʽʯʥʘ ʚʟʘʻʤʦʜʽʷ ʤʽʞ ʢʦʤʧʦʥʝʥʪʘʤʠ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʫʪʚʦʨʝʥʥʷ ʥʦʚʠʭ ʬʘʟ (Mo, 

W)B, (Zr, Mo, W)B2 ʪʘ ʧʨʠʩʫʪʥʽʩʪʴ ʦʢʩʠʜʽʚ ZrO2 ʪʘ SiO2). ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʚʤʽʩʪ 15 

ʦʙ.% MoSi2 ʫ ʢʦʤʧʦʟʠʪʽ ZrB2ïMoSi2ïWC ʟʘʙʝʟʧʝʯʫʻ ʩʪʽʡʢʽʩʪʴ ʜʦ ʦʢʠʩʥʝʥʥʷ (10 

ʤʛ/ʩʤ2), ʘʣʝ ʧʨʠ ʮʴʦʤʫ ʟʤʝʥʰʫʻ ʞʘʨʦʤʽʮʥʽʩʪʴ (145 Ñ 35 ʄʇʘ). ʋ ʨʝʟʫʣʴʪʘʪʽ ʟʤʝʥʰʝʥʥʷ 

ʚʤʽʩʪʫ MoSi2 ʜʦ 7,5 ʦʙ.% ʞʘʨʦʤʽʮʥʽʩʪʴ ʧʽʜʚʠʱʫʻʪʴʩʷ (175 Ñ 28 ʄʇʘ), ʦʜʥʘʢ ʮʝ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʦʛʽʨʰʝʥʥʷ ʞʘʨʦʩʪʽʡʢʦʩʪʽ (15 ʤʛ/ʩʤ2). ɺʤʽʩʪ 5 ʦʙ.% WC ʥʝ ʧʨʠʟʚʦʜʠʪʴ 

ʜʦ ʧʦʚʥʦʛʦ ʦʯʠʱʝʥʥʷ ʤʘʪʝʨʽʘʣʫ ZrB2ïMoSi2ïWC ʚʽʜ ʦʢʩʠʜʥʠʭ ʬʘʟ, ʘ ʪʦʤʫ ʥʝ ʚʜʘʻʪʴʩʷ 

ʟʘʙʝʟʧʝʯʠʪʠ ʥʝʦʙʭʽʜʥʠʡ ʨʽʚʝʥʴ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ ʤʽʮʥʦʩʪʽ (>300 ʄʇʘ).  

ɼʣʷ ʦʪʨʠʤʘʥʥʷ ʢʦʤʧʦʟʠʮʽʡʥʦʾ ʢʝʨʘʤʽʢʠ ʥʘ ʦʩʥʦʚʽ ZrB2 ʟ ʦʜʥʦʯʘʩʥʦ ʚʠʩʦʢʦʶ 

ʩʪʽʡʢʽʩʪʶ ʜʦ ʦʢʠʩʥʝʥʥʷ ʪʘ ʚʠʩʦʢʦʶ ʞʘʨʦʤʽʮʥʽʩʪʶ ʙʽʣʴʰ ʧʝʨʩʧʝʢʪʠʚʥʦʶ ʻ ʩʠʩʪʝʤʘ 

ZrB2ï15 ʦʙ. % SiC ʽʟ ʢʘʨʙʽʜʥʠʤʠ ʜʦʙʘʚʢʘʤʠ. ʊʘʢ ʷʢ  ZrB2ï15 ʦʙ. % SiC  ʚʦʣʦʜʽʻ 

ʚʽʜʥʦʩʥʦ ʚʠʩʦʢʦʶ ʩʪʽʡʢʽʩʪʶ ʜʦ ʦʢʠʩʣʝʥʥʷ. ʂʘʨʙʽʜ ʢʨʝʤʥʽʶ ʥʝ ʚʟʘʻʤʦʜʽʻ ʽʟ 

ʢʦʤʧʦʥʝʥʪʘʤʠ ʢʘʨʙʽʜʥʠʭ ʜʦʙʘʚʦʢ ʪʘ ʜʠʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ, ʪʦʤʫ ʩʪʨʫʢʪʫʨʥʦ-ʬʘʟʦʚʠʡ 

ʩʢʣʘʜ ʢʦʤʧʦʟʠʮʽʡʥʦʾ ʢʝʨʘʤʽʢʠ ZrB2ï15 ʦʙ. % SiC ʽʟ ʢʘʨʙʽʜʥʠʤʠ ʜʦʙʘʚʢʘʤʠ (Cr3C2, 

Mo2C, WC, HfC, TaC) ʧʦʜʽʙʥʠʡ ʜʦ ʢʦʤʧʦʟʠʪʽʚ ʧʦʜʚʽʡʥʠʭ ʩʠʩʪʝʤ ZrB2ïMeC. 

ʆʩʥʦʚʥʠʤʠ ʬʘʟʘʤʠ ʨʦʟʨʦʙʣʝʥʠʭ ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʥʘ ʦʩʥʦʚʽ ʜʠʙʦʨʠʜʫ 

ʮʠʨʢʦʥʽʶ ʻ: MeB ʪʘ ʪʚʝʨʜʽ ʨʦʟʯʠʥʠ ʥʘ ʦʩʥʦʚʽ ʢʘʨʙʽʜʫ ʮʠʨʢʦʥʽʶ ʽ ʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ 

(Zr, Me)B2. ʇʦʢʘʟʘʥʦ, ʱʦ ʧʽʜ ʯʘʩ ʛʘʨʷʯʦʛʦ ʧʨʝʩʫʚʘʥʥʷ ʨʦʟʯʠʥʥʽʩʪʴ ʤʝʪʘʣʫ ʚ ZrB2 

ʟʤʝʥʰʫʻʪʴʩʷ ʚ ʨʷʜʫ: W > Mo > Ta > Hf, ʱʦ ʧʽʜʪʚʝʨʜʞʫʻʪʴʩʷ 

ʤʽʢʨʦʨʝʥʪʛʝʥʦʩʧʝʢʪʨʘʣʴʥʠʤ ʪʘ ʨʝʥʪʛʝʥʽʚʩʴʢʠʤ ʘʥʘʣʽʟʘʤʠ. 

ʄʽʮʥʽʩʪʴ ʥʘ ʟʛʠʥ ʢʦʤʧʦʟʠʮʽʡʥʦʾ ʢʝʨʘʤʽʢʠ ZrB2ï15 ʦʙ.% SiCï5 ʦʙ.% MeC (Cr3C2, 

WC, Mo2C, HfC, TaC) ʧʨʠ ʢʽʤʥʘʪʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ ʩʪʘʥʦʚʠʪʴ 400ï600 ʄʇʘ. 

ɺʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʘ ʤʽʮʥʽʩʪʴ ʢʦʤʧʦʟʠʮʽʡʥʦʾ ʢʝʨʘʤʽʢʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1800 Áʉ 

ʟʨʦʩʪʘʻ ʫ ʨʷʜʫ: WC (674 Ñ 52 ʄʇʘ) > HfC (336 Ñ 25 ʄʇʘ) > TaC (308 Ñ 19 ʄʇʘ) > 

Mo2C (193 Ñ 23 ʄʇʘ). ɺʠʚʯʝʥʥʷ ʧʦʚʝʨʭʥʽ ʟʣʘʤʽʚ ʧʦʢʘʟʘʣʦ, ʱʦ ʜʣʷ ʢʦʤʧʦʟʠʪʽʚ ZrB2ï



15 ʦʙ.% SiCï5 ʦʙ.% ʄʦ2ʉ ʭʘʨʘʢʪʝʨʥʦʶ ʻ ʟʥʘʯʥʘ ʧʣʘʩʪʠʯʥʘ ʜʝʬʦʨʤʘʮʽʷ ʟʝʨʝʥ ʧʨʠ 

ʨʫʡʥʫʚʘʥʥʽ. ʋ ʚʠʧʘʜʢʫ ʚʚʝʜʝʥʥʷ ʜʦʙʘʚʦʢ TaC ʯʠ HfC ʜʦ ZrB2ï15 ʦʙ.% SiC 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʝʨʝʚʘʞʥʦ ʽʥʪʝʨʢʨʠʩʪʘʣʽʪʥʝ ʨʫʡʥʫʚʘʥʥʷ ʢʦʤʧʦʟʠʪʽʚ ʟ ʟʥʠʞʝʥʦʶ (<30%) 

ʜʦʣʝʶ ʪʨʘʥʩʢʨʠʩʪʘʣʽʪʥʦʛʦ ʨʫʡʥʫʚʘʥʥʷ. ɼʣʷ ʩʠʩʪʝʤʠ ZrB2ï15 ʦʙ.% SiCï5 ʦʙ.% WC 

ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʥʘʡʙʽʣʴʰʘ ʯʘʩʪʢʘ ʪʨʘʥʩʢʨʠʩʪʘʣʽʪʥʦʛʦ ʨʫʡʥʫʚʘʥʥʷ, ʱʦ ʚʢʘʟʫʻ ʥʘ 

ʧʽʜʚʠʱʝʥʥʷ ʟʝʨʥʦʛʨʘʥʠʯʥʦʾ ʤʽʮʥʦʩʪʽ.  

ɺʠʚʯʝʥʥʷ ʩʪʨʫʢʪʫʨʥʦ-ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ ʢʦʤʧʦʟʠʪʽʚ ʫ ʢʦʤʧʣʝʢʩʽ ʟ 

ʬʨʘʢʪʦʛʨʘʬʽʯʥʠʤʠ ʜʦʩʣʽʜʞʝʥʥʷʤʠ ʧʦʚʝʨʭʥʽ ʟʣʘʤʫ ʜʦʟʚʦʣʠʣʠ ʟʨʦʙʠʪʠ ʧʨʠʧʫʱʝʥʥʷ 

ʧʨʦ ʚʠʟʥʘʯʘʣʴʥʫ ʨʦʣʴ ʚʦʣʴʬʨʘʤ-ʚʤʽʩʥʠʭ ʩʧʦʣʫʢ ʫ ʟʘʙʝʟʧʝʯʝʥʥʷ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ 

ʤʽʮʥʦʩʪʽ ʢʦʤʧʦʟʠʪʽʚ ʥʘ ʦʩʥʦʚʽ ʜʠʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ. ɺʠʩʦʢʘ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʘ 

ʤʽʮʥʽʩʪʴ ʢʝʨʘʤʽʢʠ ZrB2ï15 ʦʙ.% SiCï5 ʦʙ.% WC ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʦʯʠʱʝʥʥʷʤ ʛʨʘʥʠʮʴ 

ʟʝʨʝʥ ʚʽʜ ʦʢʩʠʜʽʚ ʪʘ ʫʪʚʦʨʝʥʥʷʤ (Zr, W)B2 ʥʘ ʛʨʘʥʠʮʷʭ ʟʝʨʝʥ ʟʘ ʨʘʭʫʥʦʢ ʚʟʘʻʤʦʜʽʾ ʧʽʜ 

ʯʘʩ ʛʘʨʷʯʦʛʦ ʧʨʝʩʫʚʘʥʥʷ. ɼʦʩʣʽʜʞʝʥʥʷ ʞʘʨʦʤʽʮʥʦʩʪʽ ʤʦʜʝʣʴʥʦʛʦ ʢʦʤʧʦʟʠʪʫ ZrB2ï15 

ʦʙ.% SiCï5 ʦʙ.% W2B5  (489 Ñ 85 ʄʇʘ ʧʨʠ ʊ = 1800 Áʉ)  ʧʽʜʪʚʝʨʜʠʣʠ ʚʠʟʥʘʯʘʣʴʥʠʡ 

ʚʧʣʠʚ ʫʪʚʦʨʝʥʥʷ (Zr, W)B2 ʥʘ ʛʨʘʥʠʮʷʭ ʟʝʨʝʥ ʫ ʟʘʙʝʟʧʝʯʝʥʥʽ ʚʠʩʦʢʦʾ ʞʘʨʦʤʽʮʥʦʩʪʽ 

ʧʨʠ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʂʦʤʧʦʟʠʪ ZrB2ï15 ʦʙ.% SiCï5 ʦʙ.% WC ʤʘʻ ʚʠʱʫ 

ʤʽʮʥʽʩʪʴ ʧʦʨʽʚʥʷʥʦ ʟ ZrB2ï15 ʦʙ. % SiCï5 ʦʙ.% W2B5 ʟʘ ʨʘʭʫʥʦʢ ʤʝʥʰʦʾ ʢʽʣʴʢʦʩʪʽ 

ʢʠʩʥʶ ʫ ʤʘʪʝʨʽʘʣʽ (~0,5%), ʱʦ ʧʦʷʩʥʶʻʪʴʩʷ ʟʜʘʪʥʽʩʪʶ WC ʜʦ ʚʽʜʥʦʚʣʝʥʥʷ ʦʢʩʠʜʽʚ 

(ZrO2 ʪʘ B2O3). ɼʦʜʘʪʢʦʚʘ ʪʝʨʤʽʯʥʘ ʦʙʨʦʙʢʘ ʫ ʚʘʢʫʫʤʽ ʧʝʨʝʜ ʛʘʨʷʯʠʤ ʧʨʝʩʫʚʘʥʥʷ ʟʘ 

ʪʝʤʧʝʨʘʪʫʨʠ 1600 Áʉ ʜʦʟʚʦʣʷʻ ʟʥʠʟʠʪʠ ʚʤʽʩʪ ʢʠʩʥʶ ʚ ʢʦʤʧʦʟʠʪʽ ZrB2ï15 ʦʙ.% SiCï5 

ʦʙ.% WC ʜʦ 0,1%, ʚʥʘʩʣʽʜʦʢ ʯʦʛʦ ʚʜʘʻʪʴʩʷ ʧʽʜʚʠʱʠʪʠ ʤʽʮʥʽʩʪʴ ʜʦ 797 Ñ 45 ʄʇʘ. 

ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʚʚʝʜʝʥʥʷ ʜʦʙʘʚʦʢ ʢʘʨʙʽʜʽʚ (ʄʦ2ʉ, WC, TaC, HfC) ʜʦ 

ʢʦʤʧʦʟʠʪʫ  ZrB2ï15 ʦʙ.% SiC ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʤʽʥʠ ʤʝʭʘʥʽʟʤʫ ʦʢʠʩʥʝʥʥʷ, ʱʦ ʧʽʜʚʠʱʫʻ 

ʩʪʽʡʢʽʩʪʴ ʜʦ ʦʢʠʩʥʝʥʥʷ ʜʦ ʨʽʚʥʷ ʥʘʡʙʽʣʴʰ ʞʘʨʦʩʪʽʡʢʦʛʦ ʢʦʤʧʦʟʠʪʫ ZrB2ï15 ʦʙ.% 

MoSi2. ʇʽʜ ʯʘʩ ʦʢʠʩʥʝʥʥʷ ʢʝʨʘʤʽʢʠ ʬʦʨʤʫʻʪʴʩʷ ʪʨʠʨʽʚʥʝʚʘ ʦʢʘʣʠʥʘ: ʚʝʨʭʥʽʡ ʰʘʨ ï ʥʘ 

ʦʩʥʦʚʽ B2O3ïSiO2, ʩʝʨʝʜʥʽʡ ï ʥʘ ʦʩʥʦʚʽ ZrO2 ʪʘ ʥʠʞʥʽʡ ï ʟʙʽʜʥʝʥʠʡ ʥʘ ʙʦʨ ʪʘ ʢʨʝʤʥʽʡ.  

ʅʘ ʧʦʯʘʪʢʦʚʽʡ ʩʪʘʜʽʾ ʦʢʠʩʥʝʥʥʷ ʚʽʜʙʫʚʘʻʪʴʩʷ ʚʟʘʻʤʦʜʽʷ ʢʠʩʥʶ ʽʟ ʦʙʦʣʦʥʢʦʶ (Zr, 

Me)B2 ʥʘʚʢʦʣʦ ʟʝʨʝʥ ʜʠʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ.  

ʋ ʚʠʧʘʜʢʫ ʦʙʦʣʦʥʢʠ (Zr, Ta)B2 ʫ ʧʝʨʰʫ ʯʝʨʛʫ ʚʽʜʙʫʚʘʻʪʴʩʷ ʫʪʚʦʨʝʥʥʷ 

ʜʨʽʙʥʦʟʝʨʥʠʩʪʠʭ ʦʢʩʠʜʽʚ ʥʘ ʦʩʥʦʚʽ ʦʢʩʠʜʫ ʪʘʥʪʘʣʫ, ʦʩʢʽʣʴʢʠ ʦʢʠʩʥʝʥʥʷ ʙʦʨʠʜʫ 



ʪʘʥʪʘʣʫ ʻ ʙʽʣʴʰ ʝʥʝʨʛʝʪʠʯʥʦ ʚʠʛʽʜʥʦʶ ʨʝʘʢʮʽʻʶ ʧʦʨʽʚʥʷʥʦ ʟ ʦʢʠʩʥʝʥʥʷʤ ʙʦʨʠʜʫ 

ʮʠʨʢʦʥʽʶ (ʪʦʚʱʠʥʘ ʦʢʘʣʠʥʠ 75 Ñ 6 ʤʢʤ). ʋ ʚʠʧʘʜʢʫ ʦʙʦʣʦʥʦʢ (Zr, ʄʦ)B2 ʘʙʦ (Zr, W)B2  

ʦʢʠʩʥʝʥʥʷ ʚʽʜʙʫʚʘʻʪʴʩʷ ʦʜʥʦʯʘʩʥʦ ʪʘ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʫʪʚʦʨʝʥʥʷʤ MoB ʽ W, 

ʦʩʢʽʣʴʢʠ ʝʥʝʨʛʽʷ ʘʢʪʠʚʘʮʽʾ ʨʽʚʥʘ ʜʣʷ ʜʦʙʘʚʢʠ ʪʘ ʜʠʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ (ʪʦʚʱʠʥʘ ʦʢʘʣʠʥʠ 

134 Ñ 15 ʪʘ 128 Ñ 12 ʤʢʤ ʚʽʜʧʦʚʽʜʥʦ). ɺʥʘʩʣʽʜʦʢ ʚʟʘʻʤʦʜʽʾ ʢʠʩʥʶ ʟ ʦʙʦʣʦʥʢʦʶ (Zr, 

Hf)B2 ʫʪʚʦʨʶʻʪʴʩʷ ʙʽʣʴʰ ʩʪʽʡʢʘ ʜʦ ʦʢʠʩʥʝʥʥʷ ʦʙʦʣʦʥʢʘ ʽʟ ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ (Zr, Hf)O2 

ʽʟ ʷʜʨʦʤ ʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ (ʪʦʚʱʠʥʘ ʦʢʘʣʠʥʠ 70 Ñ 8 ʤʢʤ). ɯʥʰʽ ʬʘʟʠ (ZrC, MeB ʪʘ SiC) 

ʦʢʠʩʥʶʶʪʴʩʷ ʜʦ ʚʽʜʧʦʚʽʜʥʠʭ ʦʢʩʠʜʽʚ (ZrO2, MexOy, SiO2). 

ʋ ʨʦʙʦʪʽ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʬʘʟʦʚʠʡ ʩʢʣʘʜ ʦʢʘʣʠʥʠ, ʷʢʠʡ ʙʫʚ ʩʬʦʨʤʦʚʘʥʠʡ ʚ 

ʧʝʨʰʽ ʭʚʠʣʠʥ ʦʢʠʩʣʝʥʥʷ ʟʘʣʠʰʘʻʪʴʩʷ ʥʝ ʟʤʽʥʥʦʶ ʧʽʜ ʯʘʩ ʜʦʚʛʦʪʨʠʚʘʣʦʛʦ ʦʢʠʩʥʝʥʥʷ 

(ʜʦ 50 ʛʦʜ). ʄʝʪʦʜʘʤʠ ʄʈʉɸ ʪʘ ʈʌɸ ʧʦʢʘʟʘʥʦ, ʱʦ ʧʨʠ ʨʦʟʯʠʥʥʦʩʪʽ ʽʦʥʽʚ ʤʝʪʘʣʽʚ ʚ 

B2O3ïSiO2 ʽʟ ʤʝʥʰʠʤ ʘʪʦʤʥʠʤ ʨʘʜʽʫʩʦʤ (Mo,W, Ta) ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʬʦʨʤʫʚʘʥʥʷ 

ʪʦʥʰʦʛʦ ʰʘʨʫ ʟʘ ʨʘʭʫʥʦʢ ʬʦʨʤʫʚʘʥʥʷ ʙʽʣʴʰ ʱʽʣʴʥʦʾ ʩʪʨʫʢʪʫʨʠ ʩʢʣʘ ʥʘ ʦʩʥʦʚʽ B2O3ï

SiO2 ̔ , ʷʢ ʥʘʩʣʽʜʦʢ, ʫʧʦʚʽʣʴʥʝʥʥʷ ʧʨʦʮʝʩʫ ʜʠʬʫʟʽʾ ʢʠʩʥʶ ʚ ʛʣʠʙʠʥʫ ʤʘʪʝʨʽʘʣʫ. ʊʘʢʦʞ 

ʧʽʜ ʯʘʩ ʜʦʚʛʦʪʨʠʚʘʣʦʾ ʚʠʪʨʠʤʢʠ ʟʙʽʣʴʰʫʻʪʴʩʷ ʢʽʣʴʢʽʩʪʴ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ 

ʤʦʜʠʬʽʢʘʮʽʾ ZrO2. ʊʦʙʪʦ, ʚʽʜʙʫʚʘʻʪʴʩʷ ʬʦʨʤʫʚʘʥʥʷ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ ʦʢʘʣʠʥʠ, ʷʢʘ 

ʟʥʘʯʥʦ ʟʥʠʞʫʻ ʜʠʬʫʟʽʶ ʢʠʩʥʶ ʚ ʢʦʤʧʦʟʠʮʽʡʥʫ ʢʝʨʘʤʽʢʫ ʥʘ ʦʩʥʦʚʽ ZrB2 ʽ ʜʦʟʚʦʣʷʻ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʾʾ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ ʦʢʠʩʥʝʥʥʷ 1500 Áʉ ʟ ʚʠʪʨʠʤʢʦʶ 50 ʛʦʜ.  

ʇʦʢʘʟʘʥʦ, ʱʦ ʪʝʭʥʦʣʦʛʽʷ ʦʪʨʠʤʘʥʥʷ, ʷʢʘ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚʧʣʠʚʘʻ ʥʘ ʩʪʨʫʢʪʫʨʫ, 

ʪʘʢʦʞ ʚʧʣʠʚʘʻ ʥʘ ʩʪʽʡʢʽʩʪʴ ʜʦ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʢʠʩʥʝʥʥʷ. ʋ ʚʠʧʘʜʢʫ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʪʝʭʥʦʣʦʛʽʾ ʚʘʢʫʫʤʥʦʛʦ ʩʧʽʢʘʥʥʷ ʨʦʟʤʽʨ ʟʝʨʝʥ ʙʽʣʴʰʠʡ, ʥʽʞ ʧʨʠ 

ʟʘʩʪʦʩʫʚʘʥʥʽ ʪʝʭʥʦʣʦʛʽʡ ʛʘʨʷʯʦʛʦ ʧʨʝʩʫʚʘʥʥʷ ʪʘ ʢʦʤʙʽʥʦʚʘʥʦʛʦ ʛʘʨʷʯʦʛʦ ʧʨʝʩʫʚʘʥʥʷ. 

ɺ ʪʦʡ ʞʝ ʯʘʩ ʪʦʚʱʠʥʘ ʦʢʘʣʠʥʠ ʥʘ ʦʩʥʦʚʽ ʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ ʙʽʣʴʰʘ ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ 

ʪʝʭʥʦʣʦʛʽʾ  ʚʘʢʫʫʤʥʦʛʦ ʩʧʽʢʘʥʥʷ, ʱʦ ʧʦʚôʷʟʘʥʝ ʽʟ ʤʝʥʰʦʶ ʪʦʚʱʠʥʦʶ ʙʦʨʦʩʠʣʽʢʘʪʥʦʛʦ 

ʩʢʣʘ, ʷʢʝ ʥʘ ʧʦʯʘʪʢʦʚʠʭ ʩʪʘʜʽʷʭ ʚʽʜʽʛʨʘʻ ʨʦʣʴ ʟʘʭʠʩʪʫ ʚʽʜ ʦʢʠʩʥʝʥʥʷ. ʆʜʥʘʢ, ʩʪʽʡʢʽʩʪʴ 

ʜʦ ʦʢʠʩʥʝʥʥʷ ʟʘʣʠʰʘʻʪʴʩʷ ʥʘ ʨʽʚʥʽ ʤʽʞ ʛʘʨʷʯʝʧʨʝʩʦʚʘʥʠʤ ʤʘʪʝʨʽʘʣʦʤ ʽ ʤʘʪʝʨʽʘʣʦʤ, 

ʦʪʨʠʤʘʥʠʤ ʢʦʤʙʽʥʦʚʘʥʦʶ ʪʝʭʥʦʣʦʛʽʻʶ. 

ʊʘʢ ʷʢ ʜʘʥʠʡ ʢʣʘʩ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʧʦʚʠʥʝʥ ʧʦʚʪʦʨʥʦ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʴ, ʤʝʪʦʶ ʮʴʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʙʫʣʦ ʚʠʟʥʘʯʝʥʥʷ ʚʧʣʠʚʫ 

ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʢʠʩʥʝʥʥʷ ʥʘ ʟʘʣʠʰʢʦʚʫ ʤʽʮʥʽʩʪʴ ʢʝʨʘʤʽʢʠ. ʇʦʢʘʟʘʥʦ, ʱʦ 



ʟʘʣʠʰʢʦʚʘ ʤʽʮʥʽʩʪʴ ʢʝʨʘʤʽʢʠ ʥʘ ʦʩʥʦʚʽ ʜʠʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ ʟʘʣʝʞʠʪʴ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ 

ʦʢʠʩʥʝʥʥʷ ʪʘ ʤʦʞʝ ʩʪʘʥʦʚʠʪʠ 50% ʚʽʜ ʧʦʯʘʪʢʦʚʦʛʦ ʟʥʘʯʝʥʥʷ. ʋ ʨʝʟʫʣʴʪʘʪʽ ʜʦʩʣʽʜʞʝʥʴ 

ʧʦʢʘʟʘʥʦ, ʱʦ ʥʘ ʟʘʣʠʰʢʦʚʫ ʤʽʮʥʽʩʪʴ ʚʧʣʠʚʘʻ 3 ʦʩʥʦʚʥʽ ʧʘʨʘʤʝʪʨʠ: ʦʜʥʦʨʽʜʥʽʩʪʴ 

ʦʢʘʣʠʥʠ, ʾʾ ʪʦʚʱʠʥʘ ʪʘ ʨʦʟʤʽʨ ʟʝʨʝʥ ʫ ʩʬʦʨʤʦʚʘʥʽʡ ʦʢʘʣʠʥʽ. ʄʽʥʽʤʘʣʴʥʝ ʟʥʘʯʝʥʥʷ 

ʟʘʣʠʰʢʦʚʦʾ ʤʽʮʥʦʩʪʽ (~50 %) ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʚ ʢʝʨʘʤʽʮʽ ZrB2ï15 ʦʙ. % SiC ʟʘ ʨʘʭʫʥʦʢ 

ʬʦʨʤʫʚʘʥʥʷ ʥʝʦʜʥʦʨʽʜʥʦʾ ʦʢʘʣʠʥʠ ʪʘ ʪʨʽʱʠʥ ʫ ʥʽʡ. ʇʽʜʚʠʱʝʥʥʷ ʟʘʣʠʰʢʦʚʦʾ ʤʽʮʥʦʩʪʽ 

ʜʦ 70ï80% ʙʘʟʦʚʦʾ ʢʝʨʘʤʽʢʠ ZrB2ï15 ʦʙ. % SiC ʤʦʞʣʠʚʝ ʟʘ ʨʘʭʫʥʦʢ ʚʚʝʜʝʥʥʷ Mo2C, 

WC, W2B5, ʱʦ ʜʦʟʦʣʠʪʴ ʧʦʚʪʦʨʥʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʢʝʨʘʤʽʢʫ ʧʽʩʣʷ 

ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʢʠʩʥʝʥʥʷ. 

ʄʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʦʢʠʩʥʝʥʥʷ ʜʦʟʚʦʣʠʣʦ ʚʩʪʘʥʦʚʠʪʠ, ʱʦ ʥʘʡʚʘʞʣʠʚʽʰʠʤʠ 

ʧʘʨʘʤʝʪʨʘʤʠ, ʷʢʽ ʚʠʟʥʘʯʘʶʪʴ ʩʪʽʡʢʽʩʪʴ ʜʦ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʢʠʩʥʝʥʥʷ, ʻ: ʘ) 

ʜʨʫʛʠʡ ʰʘʨ ʚ ʦʢʘʣʠʥʽ,  ʜʝ ʟʥʠʞʝʥʥʷ ʜʠʬʫʟʽʡʥʦʾ ʢʦʥʩʪʘʥʪʠ ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʫʧʦʚʽʣʴʥʝʥʥʷ ʜʠʬʫʟʽʾ ʢʠʩʥʶ ʚ ʛʣʠʙ ʦʢʘʣʠʥʠ ʽ, ʚʽʜʧʦʚʽʜʥʦ, ʧʽʜʚʠʱʫʻ ʩʪʽʡʢʽʩʪʴ ʜʦ 

ʦʢʠʩʥʝʥʥʷ, ʷʢ ʮʝ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʫ ʚʠʧʘʜʢʫ ʫʪʚʦʨʝʥʥʷ (Zr, Hf)O2; ʙ) ʨʦʟʤʽʨ ʟʝʨʥʘ, ʧʨʠ 

ʟʤʝʥʰʝʥʥʽ ʷʢʦʛʦ ʟʙʽʣʴʰʫʻʪʴʩʷ ʡʦʛʦ ʧʠʪʦʤʘ ʧʦʚʝʨʭʥʷ, ʷʢʘ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʪʦʛʦ, ʱʦ 

ʤʘʪʝʨʽʘʣ ʫʪʚʦʨʶʻ ʙʽʣʴʰ ʩʪʽʡʢʠʡ ʙʦʨʦʩʠʣʽʢʘʪʥʠʡ ʰʘʨ ʥʘ ʧʦʚʝʨʭʥʽ.  

ʊʘʢʠʤ ʯʠʥʦʤ, ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʫʣʴʪʨʘʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ ʢʝʨʘʤʽʢʠ ʥʘ ʦʩʥʦʚʽ 

ʜʠʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ ʽʟ ʦʜʥʦʯʘʩʥʦ ʚʠʩʦʢʠʤʠ ʧʦʢʘʟʥʠʢʘʤʠ ʞʘʨʦʤʽʮʥʦʩʪʽ ʪʘ 

ʞʘʨʦʩʪʽʡʢʦʩʪʽ ʥʝʦʙʭʽʜʥʦ: ʬʦʨʤʫʚʘʪʠ ʩʪʨʫʢʪʫʨʫ (ʷʜʨʦ-ʦʙʦʣʦʥʢʘ) ʪʘ ʟʤʝʥʰʫʚʘʪʠ ʚʤʽʩʪ 

ʢʠʩʥʶ ʚ ʤʘʪʝʨʽʘʣʽ, ʱʦ ʢʦʥʪʨʦʣʶʻʪʴʩʷ ʚʠʙʦʨʦʤ ʘʢʪʠʚʫʶʯʦʾ ʜʦʙʘʚʢʠ ʽ ʪʝʭʥʦʣʦʛʽʯʥʠʤʠ 

ʧʘʨʘʤʝʪʨʘʤʠ ʦʪʨʠʤʘʥʥʷ ʢʝʨʘʤʽʢʠ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʜʠʙʦʨʠʜ ʮʠʨʢʦʥʽʶ, ʫʣʴʪʨʘʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʘ ʢʝʨʘʤʽʢʘ, 

ʛʘʨʷʯʝ ʧʨʝʩʫʚʘʥʥʷ, ʚʘʢʫʫʤʥʝ ʩʧʽʢʘʥʥʷ, ʦʢʠʩʥʝʥʥʷ, ʤʽʮʥʽʩʪʴ ʥʘ ʟʛʠʥ, ʟʘʣʠʰʢʦʚʘ 

ʤʽʮʥʽʩʪʴ. 

 

 

 

 

 

 



ABSTRACT 

Vedel D.V. ñOxidation resistance and high temperature strength of ultrahigh 

temperature composite ceramics based on ZrB2 and ZrB2 ï SiCò. 
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The thesis is devoted to the research of the regularities of the influence of refractory 

compounds (Cr3C2, CrB2, Mo2C, MoSi2, WC, WSi2, W2B5, SiC, HfC, TaC) and technologies 

of obtaining (hot pressing, pressureless sintering and combined technology) on the 

formation of structural phase composition and properties of ceramics based on zirconium 

diboride. 

Thermodynamic calculations for predicting the phase composition of composite 

ceramics based on ZrB2 showed that the addition of carbides (VC, NbC, TiC, HfC, TaC, 

Mo2C, WC) or silicides (WSi2, MoSi2) leads to interactions between components. In the 

case of the addition of silicides, the interaction occurs with the formation of a stable mono 

boride (WB, MoB). The carbide additive interacts with oxides (ZrO2, B2O3) located on the 

surface of zirconium diboride, which leads to the formation of ZrC and monoboride. The 

ability to reduce oxides increases in the range VC> NbC> TiC> HfC> TaC> Mo2C> WC. 

The results of thermodynamic calculations were confirmed by experimental studies. 

Composites based on zirconium diboride with the addition of Cr3C2, CrB2, Mo2C, MoSi2, 

WC, WSi2, W2B5 in the amount of 3ï20 vol% were prepared by hot pressing. As a result of 

studying the structure of composite materials it is shown that the addition of 5 vol.% carbide 

(Cr3C2, Mo2C, WC) activates the sintering process due to the interaction between the 

components with the formation of new refractory compounds. The initial carbide additives 

(Cr3C2, WC, Mo2C), which were present in a charge, are absent in the structure of as-sintered 

material. Due to the reaction of the interaction of carbide with zirconium oxide, which acts 

as an impurity, solid solutions based on zirconium carbide are formed, which are the 

most thermodynamically stable phases. The addition of silicide compounds (WSi2 or 

MoSi2), the formation of WB or MoB, SiC and low-melting layers based on SiO2 is 



observed. The addition of CrB2 or W2B5 lead to formation, solid solutions based on ZrB2 

are formed. Independent of the type of additive there are formation of core-shell structures, 

where core is ZrB2 and shell solid is solutions based on ZrB2, which is confirmed by energy 

dispersive spectra (EDS) and X-ray diffraction (XRD). 

The flexural strength of ñZrB2 ï refractory compoundsò at room temperature was 

500ï600 MPa. At 1800 Áʉ flexural strength of materials decreases to 180 MPa in the case 

of silicide additives (MoSi2, WSi2), while with the carbide additives (Mo2C, WC) the 

strength is from 240 to 600 MPa. This difference is related to the structure and phase 

composition: in materials with silicide additives at the grain boundaries there are low-

melting phases, while addition of carbides reduces their number and promotes the formation 

of more refractory compounds ZrC, MeB (MoB, WB) at grain boundaries. 

The dependence of oxidation resistance on the additive amount for composite 

ceramics of ZrB2 ï MeC and ZrB2 ï MeB2 systems has been established. The optimum 

amount of MeC or MeB2 addition for oxidation resistance is ~ 5 vol.%. The lower content 

does not allow to fully densify ceramics, the higher content (from 5 vol.%) results in the 

formation of craters and cracks in the oxide scale due to lower oxidation resistance of the 

additive Cr3C2, CrB2, Mo2C, WC or W2B5. Silicide additives significantly increase the 

oxidation resistance of ZrB2-based ceramics due to the formation of a stable borosilicate 

glass on the surface, which ensures the normal operation of the composite at a temperature 

of 1500 ÁC for 50 hours. In the same time addition of carbides (Mo2C, WC) or borides (CrB2, 

W2B5) to zirconium diboride does not form a protective film on the surface of the 

composites, which decrease operation time to 5 hours at 1500 ÁC. 

The idea of developing ceramics based on zirconium diboride with high oxidation 

resistance and high temperature flexural strength due to the simultaneous introduction of 

additives of molybdenum silicide (MoSi2) as the most oxidation resistant component and 

tungsten carbide addition (WC) which significantly increase high temperature flexural 

strength. It was found that in the process of obtaining composite materials of the ZrB2 ï 

MoSi2 ï WC system there is a chemical interaction between the components, which leads 

to the formation of new phases (Mo, W) B, (Zr, Mo, W) B2 and the presence of oxides ZrO2 

and SiO2. There is the content of 15 vol.% MoSi2 in the composite ZrB2 ï MoSi2 ï WC 



provides oxidation resistance (10 mg / cm2), but high temperature flexural strength (145 Ñ 

35 MPa). As a result of reducing the MoSi2 content to 7.5 vol.%, the high temperature 

flexural strength increases (175 Ñ 28 MPa), but this leads to a decrease of oxidation 

resistance (15 mg / cm2). The content of 5 vol.% WC does not lead to complete purification 

of the material ZrB2 ï MoSi2 ï WC from oxide phases, and therefore it is not possible to 

provide the required level of high temperature strength (> 300 MPa). 

To obtain composite ceramics based on ZrB2 with both high oxidation resistance and 

high temperature strength, the ZrB2ï15 vol. SiC with carbide additives is more perspective. 

Silicon carbide does not interact with the components of carbide additives and zirconium 

diboride, so the structural-phase composition of composite ceramics ZrB2ï15 vol. % SiC 

with carbide additives (Cr3C2, Mo2C, WC, HfC, TaC) is similar to composites of ZrB2 ï 

MeC systems. The main phases of the as-sintered composite materials based on zirconium 

diboride are: MeB, solid solutions based on zirconium carbide and solid solution based on 

zirconium boride (Zr, Me) B2. The solubility of the metal in ZrB2 decreases in the following 

series: W> Mo> Ta> Hf, which is confirmed by EDS and XRD. 

The flexural strength of composite ceramics ZrB2ï15 vol.% SiC ï 5 vol.% MeC 

(Cr3C2, WC, Mo2C, HfC, TaC) at room temperature is 400ï600 MPa. The high-temperature 

strength of composite ceramics at a temperature of 1800 Á ʉ increases in the range: WC (674 

Ñ 52 MPa)> HfC (336 Ñ 25 MPa)> TaC (308 Ñ 19 MPa)> Mo2C (193 Ñ 23 MPa). The study 

of the fracture surface showed that ZrB2ï15 vol.% SiC ï 5 vol.% Mo2C composites are 

characterized by significant plastic deformation of grains during fracture. In the case of the 

addition of TaC or HfC to ZrB2ï15 vol.% SiC, the intercrystalline fracture of composites 

with a reduced (<30%) of transcrystalline fracture occurs. For the ZrB2ï15 vol.% SiC ï 5 

vol.% WC system, the largest amount of transcrystallite fracture is observed, which 

indicates an increase in grain boundary strength. 

The study of the structural-phase composition and fractographic studies of the fracture 

surface allowed to make assumptions about the determining role of tungsten-containing 

compounds in increasing high-temperature strength of composites based on zirconium 

diboride. High high-temperature strength of ceramics ZrB2ï15 vol.% SiC ï 5 vol.% WC is 

provided by purifying grain boundaries from oxides and formation (Zr, W)B2 due to 



interaction during hot pressing. Studies of high temperature strength of the model composite 

ZrB2ï15 vol.% SiC ï 5 vol.% W2B5 (489 Ñ 85 MPa at T = 1800 Áʉ) confirmed the 

determining role of (Zr, W)B2 which form at grain boundaries and provide high temperature 

strength. Composite ZrB2ï15 vol.% SiC ï 5 vol.% WC has higher strength in comparison 

to ZrB2ï15 vol. % SiC ï 5 vol.% W2B5 due to less oxygen in as-sintered material (~ 0.5%), 

which is explained by the ability of WC to reduce oxides (ZrO2 and B2O3). The additional 

heat treatment in vacuum before hot pressing at a temperature of 1600 Á C allows more 

significantly reduce the oxygen content in the composite ZrB2ï15 vol.% SiC ï 5 vol.% WC 

to 0.1%, resulting in increased strength to 797 Ñ 45 MPa. 

It was found that the addition of carbide additives (Mo2C, WC, TaC, HfC) to the 

composite ZrB2ï15 vol.% SiC results in a change of oxidation mechanism, which increases 

the oxidation resistance to the level of the most oxidation resistant composite ZrB2ï15 vol.% 

MoSi2. During oxidation of ceramics, a three-oxide layer is formed: the upper layer is based 

on B2O3 ï SiO2, the middle layer is based on ZrO2 and the lower layer is depleted of boron 

and silicon. At the initial stage of oxidation, oxygen interacts with the (Zr, Me)B2 shell 

around zirconium diboride grains. 

In the case of the (Zr, Ta)B2 shell, fine-grained oxides based on tantalum oxide are 

formed first, because oxidation of tantalum boride is a more energy-efficient reaction 

compared to oxidation of zirconium boride (scale thickness 75 Ñ 6 ɛm). In the case of (Zr, 

Mo)B2 or (Zr, W)B2 shells, oxidation occurs simultaneously and is accompanied by the 

formation of MoB and W, since the activation energy is the same for zirconium additive and 

diboride (scale thickness 134 Ñ 15 and 128 Ñ 12 ɛm, respectively). Due to the interaction of 

oxygen with the shell (Zr, Hf)B2, a more oxidation-resistant shell is formed from a solid 

solution of (Zr, Hf)O2 with a zirconium oxide core (scale thickness 70 Ñ 8 ɛm). Other phases 

(ZrC, MeB and SiC) are oxidized to the corresponding oxides (ZrO2, MexOy, SiO2). 

It was found that during long-term oxidation (up to 50 h) of composite ceramics based 

on ZrB2 the structure of oxide scale unchanged. EDS and XRD methods have shown that 

the solubility of metal ions in B2O3 ï SiO2 with a smaller atomic radius (Mo, W, Ta) leads 

to the formation of a thinner oxide layer due to the formation of a denser glass structure 

based on B2O3 ï SiO2 and, consequently, reduce diffusion of oxygen into the depth of the 



material. Also, during long-term exposure, the amount of high-temperature modification of 

ZrO2 increases. The formation of high-temperature oxide scale, which significantly reduces 

the diffusion of oxygen into composite ceramics based on ZrB2 and allows it to be used at 

an oxidation atmosphere temperature of 1500 ÁC for 50 hours. 

It is shown that the technology of obtaining also influence on the oxidation resistance. 

In the case of pressureless sintering technology, the grain size is larger than in the case of 

hot pressing and combined hot pressing technologies. At the same time, the thickness of the 

scale based on zirconium oxide is greater with the use of pressureless sintering technology, 

which is associated with a smaller thickness of borosilicate glass, which in the initial stages 

plays the role of protection against oxidation. However, the oxidation resistance remains at 

a level between the hot-pressed material and the material obtained by the combined 

technology. 

Since this class of ultra high-temperature materials must be reused, the purpose of the 

next study was to determine the effect of high-temperature oxidation on the residual strength 

of ceramics. It is shown that the residual strength of ceramics based on zirconium diboride 

depends on the oxidation temperature and can be 50% of the initial value. It was shown that 

the residual strength is influenced by 3 main parameters: the homogeneity of the oxide scale, 

its thickness and grain size in the formed oxide scale. The minimum value of residual 

strength (~ 50%) is observed in ceramics ZrB2ï15 vol. % SiC due to the formation of 

inhomogeneous oxide scale and cracks in it. Increasing the residual strength to 70-80% of 

the basic ceramics ZrB2-15 vol. % SiC is possible due to the introduction of Mo2C, WC, 

W2B5, which will allow the reuse of ceramics after high-temperature oxidation. 

Modeling of the oxidation process revealed that the most important parameters that 

determine the oxidation resistance to high-temperature are: a) the second layer in scale, 

where a decrease in diffusion constant slows the diffusion of oxygen deep into the scale in 

case of formation of (Zr, Hf)O2; b) the size of the grain, the reduction of which increases its 

specific surface area, which leads to the fact that the material forms a more stable 

borosilicate layer on the surface. 

Thus, to create ultra-high-temperature ceramics based on zirconium diboride with 

high oxidation resistance and high temperature strength, it is necessary to form a structure 



(core-shell) and reduce the oxygen content in the material controlled by the choice of 

activating additive and technological parameters of ceramics. 

Key words: zirconium diboride, ultrahigh-temperature ceramics, hot pressing, 

pressureless sintering, oxidation, flexural strength, residual strength. 
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1 

 

 

ɺʉʊʋʇ 

 

ɸʢʪʫʘʣʴʥʽʩʪʴ ʪʝʤʠ. ʅʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʠʡ ʧʨʦʛʨʝʩ ʚ ʛʘʣʫʟʽ ʘʚʽʘ-ʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ 

ʚ ʟʥʘʯʥʽʡ ʤʽʨʽ ʚʠʟʥʘʯʘʻʪʴʩʷ ʫʩʧʽʭʘʤʠ ʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʘ. ɿʦʢʨʝʤʘ, ʘʢʪʫʘʣʴʥʦʶ 

ʟʘʜʘʯʝʶ ʻ ʨʦʟʨʦʙʢʘ ʫʣʴʪʨʘ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʭ ʢʝʨʘʤʽʯʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʷʢʽ ʟʜʘʪʥʽ 

ʧʨʘʮʶʚʘʪʠ ʟʘ ʪʝʤʧʝʨʘʪʫʨ ʚʠʱʝ 1600 ʦʉ. ʋʣʴʪʨʘ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʘ ʢʝʨʘʤʽʢʘ (ʋɺʂʊ) 

ʥʝʦʙʭʽʜʥʘ ʜʣʷ ʚʠʨʦʙʥʠʮʪʚʘ ʦʙʪʽʢʘʯʽʚ ʣʽʪʘʣʴʥʠʭ ʘʧʘʨʘʪʽʚ, ʢʦʥʩʪʨʫʢʪʠʚʥʠʭ ʝʣʝʤʝʥʪʽʚ 

ʘʚʽʘʮʽʡʥʠʭ ʪʘ ʨʘʢʝʪʥʠʭ ʛʘʟʦʪʫʨʙʽʥʥʠʭ ʪʘ ʪʫʨʙʦʨʝʘʢʪʠʚʥʠʭ ʜʚʠʛʫʥʽʚ [1]ï[3]. 

ɼʦʩʣʽʜʞʝʥʥʶ ʚʣʘʩʪʠʚʦʩʪʝʡ ʋɺʊʂ, ʘ ʩʘʤʝ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʪʘ ʩʪʽʡʢʦʩʪʽ 

ʜʦ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʢʠʩʣʝʥʥʷ, ʧʨʠʩʚʷʯʝʥʦ ʨʦʙʦʪʠ ʙʘʛʘʪʴʦʭ ʘʚʪʦʨʽʚ: ʇ.ʉ. 

ʂʠʩʣʦʛʦ, ɸ.ɼ. ʇʘʥʘʩʶʢ, ɽ. ʆʧʽʣʠ, ʆ.ʄ. ɻʨʠʛʦʨʴʝʚʘ,  ʃ. ʉʠʣʴʚʝʩʪʨʦʥʽ, ʌ. ʄʦʥʪʝʚʝʨʜʝ 

ʪʘ ɼ. ɿʘʥʛʘ [4], [5], [14], [6]ï[13]. ʅʝʜʦʣʽʢʦʤ ʮʠʭ ʨʦʙʽʪ ʻ ʚʽʜʩʫʪʥʽʩʪʴ ʢʦʤʧʣʝʢʩʥʠʭ 

ʜʦʩʣʽʜʞʝʥʴ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ ʤʽʮʥʦʩʪʽ ʪʘ ʩʪʽʡʢʦʩʪʽ ʜʦ ʦʢʠʩʣʝʥʥʷ ʟʘ ʪʝʤʧʝʨʘʪʫʨ 

1600ʦʉ ʽ ʚʠʱʝ. ɿ ʦʛʣʷʜʫ ʥʘ ʮʝ, ʚ ɯʥʩʪʠʪʫʪʽ ʧʨʦʙʣʝʤ ʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʘ ʽʤ. ɯ. ʄ. 

ʌʨʘʥʮʝʚʠʯʘ ʅɸʅ ʋʢʨʘʾʥʠ ʧʽʜ ʢʝʨʽʚʥʠʮʪʚʦʤ ʯʣ.ïʢʦʨ. ʅɸʅ ʋʢʨʘʾʥʠ ʆ.ʄ. ɻʨʠʛʦʨʴʻʚʘ 

ʙʫʣʦ ʨʦʟʧʦʯʘʪʦ ʮʠʢʣ ʨʦʙʽʪ ʧʦ ʩʪʚʦʨʝʥʥʶ ʫʣʴʪʨʘ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ ʢʝʨʘʤʽʢʠ ʥʘ 

ʦʩʥʦʚʽ ʜʠʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ ʽʟ ʦʜʥʦʯʘʩʥʦ ʚʠʩʦʢʦʶ ʞʘʨʦʩʪʽʡʢʽʩʪʶ ʪʘ ʞʘʨʦʤʽʮʥʽʩʪʶ. 

ɼʠʙʦʨʠʜ ʮʠʨʢʦʥʽʶ ʻ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʤʘʪʝʨʽʘʣʦʤ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʋɺʊʂ, ʦʩʢʽʣʴʢʠ 

ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʚʠʩʦʢʦʶ ʪʝʤʧʝʨʘʪʫʨʦʶ ʧʣʘʚʣʝʥʥʷ, ʩʪʽʡʢʽʩʪʶ ʜʦ ʦʢʠʩʣʝʥʥʷ ʪʘ 

ʪʝʨʤʦʫʜʘʨʫ, ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʶ [1], [15], [16]. ɼʦʩʷʛʥʫʪʠ ʦʜʥʦʯʘʩʥʦ ʚʠʩʦʢʦʾ 

ʞʘʨʦʩʪʽʡʢʦʩʪʽ ʪʘ ʞʘʨʦʤʽʮʥʦʩʪʽ ʤʦʞʥʘ ʰʣʷʭʦʤ ʚʚʝʜʝʥʥʷ ʜʦ ʜʠʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ 

ʜʦʙʘʚʦʢ ʽʥʰʠʭ ʪʫʛʦʧʣʘʚʢʠʭ ʩʧʦʣʫʢ. ɿ ʦʜʥʦʛʦ ʙʦʢʫ, ʚʚʝʜʝʥʥʷ ʜʦʙʘʚʦʢ ʪʫʛʦʧʣʘʚʢʠʭ 

ʢʘʨʙʽʜʽʚ, ʙʦʨʠʜʽʚ ʪʘ ʩʠʣʽʮʠʜʽʚ ʜʦ ʜʠʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ ʩʧʨʠʷʻ ʬʦʨʤʫʚʘʥʥʶ ʥʘ ʧʦʚʝʨʭʥʽ 

ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʟʘʭʠʩʥʠʭ ʦʢʩʠʜʥʠʭ ʧʣʽʚʦʢ, ʷʢʽ ʧʝʨʝʰʢʦʜʞʘʶʪʴ 

ʧʦʜʘʣʴʰʦʤʫ ʦʢʠʩʣʝʥʥʶ ʤʘʪʝʨʽʘʣʫ ʧʨʠ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ [8], [17]ï[19]. ɿ ʽʥʰʦʛʦ 

ʙʦʢʫ, ʚ ʧʨʦʮʝʩʽ ʝʢʩʧʣʫʘʪʘʮʽʾ ʧʨʠ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (Ó1600 ʦʉ) ʜʦʙʘʚʢʠ 

ʪʫʛʦʧʣʘʚʢʠʭ ʩʧʦʣʫʢ ʧʝʨʝʰʢʦʜʞʘʶʪʴ ʧʦʰʠʨʝʥʥʶ ʪʨʽʱʠʥ ʚ ʩʪʨʫʢʪʫʨʽ ʢʦʤʧʦʟʠʮʽʡʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ ʥʘ ʦʩʥʦʚʽ ʜʠʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ [20], ʱʦ ʩʧʨʠʷʪʠʤʝ ʧʽʜʚʠʱʝʥʥʶ 

ʞʘʨʦʤʽʮʥʦʩʪʽ [21]. ɿʘ ʨʘʭʫʥʦʢ ʚʠʙʦʨʫ ʩʪʨʫʢʪʫʨʥʠʭ ʩʢʣʘʜʦʚʠʭ ʽ ʚʘʨʽʶʚʘʥʥʷ 

ʪʝʭʥʦʣʦʛʽʯʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʦʪʨʠʤʘʥʥʷ ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʟôʷʚʣʷʻʪʴʩʷ 
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ʤʦʞʣʠʚʽʩʪʴ ʢʝʨʫʚʘʪʠ ʩʪʨʫʢʪʫʨʥʦ-ʬʘʟʦʚʠʤ ʩʢʣʘʜʦʤ ʪʘ ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʋɺʊʂ ʥʘ ʦʩʥʦʚʽ 

ʜʠʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ. 

ʊʦʤʫ ʢʣʶʯʦʚʠʤ ʤʦʤʝʥʪʦʤ ʩʪʚʦʨʝʥʥʷ ʋɺʊʂ ʥʘ ʦʩʥʦʚʽ ʜʠʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ ʻ 

ʚʠʚʯʝʥʥʷ ʚʧʣʠʚʫ ʪʫʛʦʧʣʘʚʢʠʭ ʜʦʙʘʚʦʢ ʪʘ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʦʪʨʠʤʘʥʥʷ 

ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʥʘ ʬʦʨʤʫʚʘʥʥʷ ʾʭ ʩʪʨʫʢʪʫʨʥʦ-ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ ʪʘ 

ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ. ɼʣʷ ʚʠʨʽʰʝʥʥʷ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʟʘʜʘʯʽ ʨʦʟʨʦʙʢʠ 

ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʥʘ ʦʩʥʦʚʽ ʜʠʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ ʟ ʦʜʥʦʯʘʩʥʦ ʚʠʩʦʢʠʤʠ 

ʞʘʨʦʤʽʮʥʽʩʪʶ ʪʘ ʞʘʨʦʩʪʽʡʢʽʩʪʶ  ʜʦʮʽʣʴʥʦ ʟʘʩʪʦʩʦʚʫʚʘʪʠ ʢʦʤʧʣʝʢʩʥʠʡ ʧʽʜʭʽʜ, ʷʢʠʡ 

ʚʢʣʶʯʘʻ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʨʦʟʨʘʭʫʥʢʠ ʜʣʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ ʋɺʊʂ ʪʘ 

ʚʠʙʦʨʫ ʜʦʙʘʚʦʢ, ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʝ ʚʠʚʯʝʥʥʷ ʚʧʣʠʚʫ ʜʦʙʘʚʦʢ ʥʘ ʩʪʨʫʢʪʫʨʥʦ-ʬʘʟʦʚʠʡ 

ʩʢʣʘʜ, ʤʝʭʘʥʽʯʥʽ ʪʘ ʢʦʨʦʟʽʡʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʚ ʜʽʘʧʘʟʦʥʽ 

ʪʝʤʧʝʨʘʪʫʨ 1400-1600 ʦʉ ʪʘ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʦʢʠʩʣʝʥʥʷ ʢʦʤʧʦʟʠʮʽʡʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ ʟ ʨʽʟʥʠʤʠ ʜʦʙʘʚʢʘʤʠ. ɼʣʷ ʧʦʢʨʘʱʝʥʥʷ ʩʪʘʥʫ ʛʨʘʥʠʮʴ ʟʝʨʝʥ ʢʦʤʧʦʟʠʮʽʡʥʦʾ 

ʢʝʨʘʤʽʢʠ ʥʘ ʦʩʥʦʚʽ ZrB2 ʪʘʢʦʞ ʥʝʦʙʭʽʜʥʘ ʦʧʪʠʤʽʟʘʮʽʷ  ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ 

ʦʪʨʠʤʘʥʥʷ ʋɺʊʂ ʤʝʪʦʜʘʤʠ ʛʘʨʷʯʦʛʦ ʧʨʝʩʫʚʘʥʥʷ ʪʘ ʩʧʽʢʘʥʥʷ ʙʝʟ ʧʨʠʢʣʘʜʘʥʥʷ ʪʠʩʢʫ. 

ɿʚôʷʟʦʢ ʨʦʙʦʪʠ ʟ ʥʘʫʢʦʚʠʤʠ ʧʨʦʛʨʘʤʘʤʠ, ʧʣʘʥʘʤʠ ʪʘ ʪʝʤʘʤʠ. ɼʠʩʝʨʪʘʮʽʡʥʫ 

ʨʦʙʦʪʫ ʚʠʢʦʥʘʥʦ ʚ ʨʘʤʢʘʭ ʥʘʫʢʦʚʠʭ ʧʨʦʛʨʘʤ ɯʥʩʪʠʪʫʪʫ ʧʨʦʙʣʝʤ ʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʘ ʽʤ. 

ɯ. ʄ. ʌʨʘʥʮʝʚʠʯʘ ʅɸʅ ʋʢʨʘʾʥʠ: 

1. ɯɯ-6-20 çɼʦʩʣʽʜʞʝʥʥʷ ʧʨʦʮʝʩʽʚ ʜʝʬʦʨʤʘʮʽʾ ʽ ʨʫʡʥʫʚʘʥʥʷ ʢʝʨʘʤʽʢʠ ʥʘ ʦʩʥʦʚʽ 

ʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ ʜʦ 1800 Áʉ ʽ ʨʦʟʨʦʙʢʘ ʥʦʚʠʭ ʫʣʴʪʨʘʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚè, ˉ ʜʝʨʞʨʝʻʩʪʨʘʮʽʾ  0120U101175, 2020-2021 ʨʨ. 

2. III -5-19 çʅʘʫʢʦʚʽ ʦʩʥʦʚʠ ʩʪʚʦʨʝʥʥʷ ʥʦʚʦʛʦ ʢʣʘʩʫ ʚʦʣʦʢʥʠʩʪʠʭ ʪʘ ʤʘʪʨʠʯʥʠʭ 

ʢʦʤʧʦʟʠʪʽʚ, ʚʢʣʶʯʘʶʯʠ ʩʧʨʷʤʦʚʘʥʦ-ʟʘʢʨʠʩʪʘʣʽʟʦʚʘʥʽ ʝʚʪʝʢʪʠʯʥʽ ʤʘʪʝʨʽʘʣʠ 

ʥʘ ʦʩʥʦʚʽ ʙʦʨʠʜʥʠʭ ʪʘ ʢʘʨʙʽʜʥʠʭ ʩʠʩʪʝʤè,ˉ ʜʝʨʞʨʝʻʩʪʨʘʮʽʾ 0119U100784, 

2019-2021 ʨʨ. 

3. ɯɯɯ-17-18 (ʎ) çʈʦʟʨʦʙʢʘ ʩʢʣʘʜʽʚ ʽ ʪʝʭʥʦʣʦʛʽʡ ʦʜʝʨʞʘʥʥʷ ʢʦʥʩʪʨʫʢʮʽʡʥʦʾ, 

ʫʣʴʪʨʘʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ ʢʝʨʘʤʽʢʠ ʥʘ ʦʩʥʦʚʽ ʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ ʟ 

ʧʽʜʚʠʱʝʥʠʤʠ ʟʥʘʯʝʥʥʷʤʠ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ ʤʽʮʥʦʩʪʽ, ʝʨʦʟʽʡʥʦʾ ʩʪʽʡʢʦʩʪʽ 

ʽ ʩʪʽʡʢʦʩʪʽ ʜʦ ʦʢʠʩʣʝʥʥʷè, ˉ ʜʝʨʞʨʝʻʩʪʨʘʮʽʾ 0118U006290, 2017-2019 ʨʨ. 
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4. III -23-17(ʎ) çʌʽʟʠʢʦ-ʭʽʤʽʯʥʽ ʪʘ ʪʝʭʥʦʣʦʛʽʯʥʽ ʦʩʥʦʚʠ ʦʪʨʠʤʘʥʥʷ 

ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ ʢʝʨʘʤʽʢʠ ʪʘ in-sity ʢʦʤʧʦʟʠʪʽʚ ʥʘ ʙʘʟʽ ʙʝʟʢʠʩʥʝʚʠʭ 

ʪʫʛʦʧʣʘʚʢʠʭ ʩʧʦʣʫʢ ʜʣʷ ʘʚʽʘ-ʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ ʪʘ ʛʘʟʦʪʫʨʙʽʥʥʠʭ ʜʚʠʛʫʥʽʚè, 

ˉ ʜʝʨʞʨʝʻʩʪʨʘʮʽʾ 0117U001059,2017-2021 ʨʨ. 

ʄʝʪʘ ʨʦʙʦʪʠ ʧʦʣʷʛʘʻ ʫ ʨʦʟʨʦʙʮʽ ʢʦʤʧʦʟʠʮʽʡʥʦʾ ʢʝʨʘʤʽʢʠ ʥʘ ʦʩʥʦʚʽ ʜʠʙʦʨʠʜʫ 

ʮʠʨʢʦʥʽʶ ʟ ʜʦʙʘʚʢʘʤʠ ʪʫʛʦʧʣʘʚʢʠʭ ʩʧʦʣʫʢ (SiC, Cr3C2, Mo2C, WC, HfC, TaC, CrB2, 

W2B5, MoSi2) ʟ ʦʜʥʦʯʘʩʥʦ ʚʠʩʦʢʠʤ ʨʽʚʥʝʤ ʤʽʮʥʦʩʪʽ ʪʘ ʩʪʽʡʢʦʩʪʽ ʜʦ 

ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʢʠʩʣʝʥʥʷ ʟʘ ʪʝʤʧʝʨʘʪʫʨ 1600 ʦʉ ʰʣʷʭʦʤ ʜʦʩʣʽʜʞʝʥʥʷ 

ʦʩʦʙʣʠʚʦʩʪʝʡ ʚʧʣʠʚʫ ʪʫʛʦʧʣʘʚʢʠʭ ʜʦʙʘʚʦʢ ʪʘ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʦʪʨʠʤʘʥʥʷ 

ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʥʘ ʾʭ ʩʪʨʫʢʪʫʨʥʦ-ʬʘʟʦʚʠʡ ʩʢʣʘʜ ʪʘ ʝʢʩʧʣʫʘʪʘʮʽʡʥʽ 

ʚʣʘʩʪʠʚʦʩʪʽ.  

ɼʣʷ ʜʦʩʷʛʥʝʥʥʷ ʧʦʩʪʘʚʣʝʥʦʾ ʤʝʪʠ ʚ ʨʘʤʢʘʭ ʚʠʢʦʥʘʥʥʷ ʜʠʩʝʨʪʘʮʽʡʥʦʾ ʨʦʙʦʪʠ 

ʚʠʨʽʰʫʶʪʴʩʷ ʥʘʩʪʫʧʥʽ ʟʘʚʜʘʥʥʷ: 

1.ʊʝʨʤʦʜʠʥʘʤʽʯʥʽ ʨʦʟʨʘʭʫʥʢʠ ʤʦʞʣʠʚʦʩʪʽ ʫʪʚʦʨʝʥʥʷ ʥʦʚʠʭ ʬʘʟ ʚ ʧʨʦʮʝʩʽ 

ʦʪʨʠʤʘʥʥʷ ʪʘ ʦʢʠʩʣʝʥʥʷ ʢʝʨʘʤʽʢʠ ʥʘ ʦʩʥʦʚʽ ʜʠʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ ʟ ʜʦʙʘʚʢʘʤʠ 

ʪʫʛʦʧʣʘʚʢʠʭ ʩʧʦʣʫʢ ɯV-VII ʛʨʫʧʠ 

(CrB2,W2B5,Cr3C2,Mo2C,WC,SiC,MoSi2,WSi2). 

2.ɼʦʩʣʽʜʞʝʥʥʷʧʨʦʮʝʩʽʚ ʬʦʨʤʫʚʘʥʥʷ ʩʪʨʫʢʪʫʨʥʦ-ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ 

ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʩʠʩʪʝʤ çZrB2 - ʪʫʛʦʧʣʘʚʢʘ ʩʧʦʣʫʢʘè ʪʘ ʚʠʚʯʝʥʥʷ 

ʦʩʦʙʣʠʚʦʩʪʝʡ ʚʧʣʠʚʫ ʪʝʭʥʦʣʦʛʽʡ ʦʪʨʠʤʘʥʥʷ ʥʘ ʩʪʨʫʢʪʫʨʫ ʢʦʤʧʦʟʠʪʽʚ 

ʩʠʩʪʝʤʠ ZrB2-SiC-MeC. 

3. ɼʦʩʣʽʜʞʝʥʥʷ ʚʧʣʠʚʫ ʩʪʨʫʢʪʫʨʥʦ ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ ʢʦʤʧʦʟʠʮʽʡʥʦʾ ʢʝʨʘʤʽʢʠ ʥʘ 

ʦʩʥʦʚʽ  ZrB2 ʥʘ ʧʨʦʮʝʩʠ ʦʢʠʩʣʝʥʥʷ ʚ ʜʽʘʧʘʟʦʥʽ 1400-1600 ʦʉ ʪʘ ʤʝʭʘʥʽʯʥʽ 

ʚʣʘʩʪʠʚʦʩʪʽ ʧʨʠ ʢʽʤʥʘʪʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ ʪʘ 1800 ʦʉ 

4. ɺʩʪʘʥʦʚʣʝʥʥʷ ʚʟʘʻʤʦʟʚôʷʟʢʫ ʤʽʞ ʤʽʮʥʽʩʪʶ ʥʘ ʟʛʠʥ, ʟʝʨʥʦ-ʛʨʘʥʠʯʥʦʶ 

ʤʽʮʥʽʩʪʶ ʪʘ ʩʪʽʡʢʽʩʪʶ ʜʦ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʢʠʩʣʝʥʥʷ ʋɺʊʂ ʥʘ ʦʩʥʦʚʽ 

ʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ. 

5. ɺʠʚʯʝʥʥʷ ʚʧʣʠʚʫ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʢʠʩʣʝʥʥʷ ʥʘ ʟʘʣʠʰʢʦʚʫ ʤʽʮʥʽʩʪʴ 

ʢʦʤʧʦʟʠʮʽʡʥʦʾ ʢʝʨʘʤʽʢʠ ʥʘ ʦʩʥʦʚʽ ZrB2 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 1500-1600ʦʉ 
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6. ʄʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʽʚ ʦʢʠʩʣʝʥʥʷ ʢʦʤʧʦʟʠʮʽʡʥʦʾ ʢʝʨʘʤʽʢʠ ʥʘ ʦʩʥʦʚʽ ZrB2 ʚ 

ʜʽʘʧʘʟʦʥʽ ʪʝʤʧʝʨʘʪʫʨ 1400-1600 ʦʉ ʪʘ ʢʽʥʝʪʠʯʥʦʛʦ ʧʨʦʮʝʩʫ ʦʢʠʩʣʝʥʥʷ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʽ 1500 ʦʉ (50 ʛʦʜʠʥ). 

ʆʙôʻʢʪ ʜʦʩʣʽʜʞʝʥʥʷ ï ʧʨʦʮʝʩʠ ʬʦʨʤʫʚʘʥʥʷ ʩʪʨʫʢʪʫʨʠ ʪʘ ʚʣʘʩʪʠʚʦʩʪʝʡ 

ʢʦʤʧʦʟʠʮʽʡʥʦʾ ʋɺʊʂ ʥʘ ʦʩʥʦʚʽ ʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ ʟ ʜʦʙʘʚʢʘʤʠ 

(CrB2,W2B5,Cr3C2,Mo2C,WC,HfC, TaC, SiC,MoSi2,WSi2) ʧʨʠ ʾʭ ʦʪʨʠʤʘʥʥʽ ʤʝʪʦʜʘʤʠ 

ʛʘʨʷʯʦʛʦ ʧʨʝʩʫʚʘʥʥʷ, ʚʘʢʫʫʤʥʦʛʦ ʩʧʽʢʘʥʥʷ ʪʘ ʢʦʤʙʽʥʦʚʘʥʦʾ ʪʝʭʥʦʣʦʛʽʾ. 

ʇʨʝʜʤʝʪ ʜʦʩʣʽʜʞʝʥʥʷ ï ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ ʚʧʣʠʚʫ ʩʪʨʫʢʪʫʨʠ ʋɺʊʂ ʥʘ ʦʩʥʦʚʽ 

ʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ ʥʘ ʩʪʽʡʢʽʩʪʴ ʜʦ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʢʠʩʣʝʥʥʷ ʪʘ ʞʘʨʦʤʽʮʥʽʩʪʴ  

ʄʝʪʦʜʠ ʜʦʩʣʽʜʞʝʥʥʷ ï ʢʦʤʧʦʟʠʮʽʡʥʽ ʤʘʪʝʨʽʘʣʠ ʥʘ ʦʩʥʦʚʽ ʜʠʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ 

ʦʪʨʠʤʫʚʘʣʠ ʤʝʪʦʜʘʤʠ ʛʘʨʷʯʦʛʦ ʧʨʝʩʫʚʘʥʥʷ ʥʘ ʫʩʪʘʥʦʚʮʽ ʉʇɼ-120, ʚʘʢʫʫʤʥʦʛʦ  

ʩʧʽʢʘʥʥʷ ʥʘ ʫʩʪʘʥʦʚʮʽ ʉʐɺʃ 6/025 ʪʘ ʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʢʦʤʙʽʥʦʚʘʥʦʾ ʪʝʭʥʦʣʦʛʽʾ 

(ʚʘʢʫʫʤʥʠʡ ʚʽʜʧʘʣ ʟ ʥʘʩʪʫʧʥʠʤ ʛʘʨʷʯʠʤ ʧʨʝʩʫʚʘʥʥʷʤ); ʩʪʨʫʢʪʫʨʥʦ-ʬʘʟʦʚʠʡ ʩʢʣʘʜ 

ʜʦʩʣʽʜʞʫʚʘʣʠ ʤʝʪʦʜʘʤʠ ʩʢʘʥʫʶʯʦʾ ʝʣʝʢʪʨʦʥʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ ʥʘ ʦʙʣʘʜʥʘʥʥʽ MIRA3 ʟ 

ʝʥʝʨʛʦʜʠʩʧʝʨʩʽʡʥʠʤ ʜʘʪʯʠʢʦʤ (INCA X-Max, OxfordInstruments, Abingdon-on-

Thames, UK), ʦʧʪʠʯʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ (ʄʀʄ-10), ʨʝʥʪʛʝʥʽʚʩʴʢʦʾ ʜʠʬʨʘʢʪʦʤʝʪʨʽʾ (HZG-

4M); ʩʪʽʡʢʽʩʪʴ ʜʦ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʢʠʩʣʝʥʥʷ ʚʠʚʯʘʣʠ ʥʘ ʫʩʪʘʥʦʚʮʽ LHT 01/17 

D (Nabertherm, ʅʽʤʝʯʯʠʥʘ), ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʟʘʩʪʦʩʦʚʫʚʘʣʠ 

ʤʝʪʦʜʠ ʽʥʜʝʥʪʫʚʘʥʥʷ (Falcon 500), ʚʠʟʥʘʯʝʥʥʷ ʤʽʮʥʦʩʪʽ ʥʘ ʟʛʠʥ ʧʨʦʚʦʜʠʣʠ ʧʨʠ 

ʢʽʤʥʘʪʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ ʪʘ ʧʨʠ 1800 ʦʉ (ʅɼʂɯʄɸ 126).  

ʅʘʫʢʦʚʘ ʥʦʚʠʟʥʘ: 

1 ɺʧʝʨʰʝ ʧʨʦʚʝʜʝʥʦ ʩʠʩʪʝʤʘʪʠʯʥʝ ʜʦʩʣʽʜʞʝʥʥʷ ʟʘʢʦʥʦʤʽʨʥʦʩʪʝʡ ʚʧʣʠʚʫ 

ʩʪʨʫʢʪʫʨʥʦ-ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ ʢʦʤʧʦʟʠʮʽʡʥʦʾ ʢʝʨʘʤʽʢʠ ʥʘ ʦʩʥʦʚʽ ZrB2 ʟ  ʜʦʙʘʚʢʘʤʠ 

ʪʫʛʦʧʣʘʚʢʠʭ ʩʧʦʣʫʢ (CrB2, W2B5,  Cr3C2, Mo2C, WC, HfC, TaC, SiC, MoSi2, WSi2) ʥʘ 

ʩʪʽʡʢʽʩʪʴ ʜʦ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʢʠʩʣʝʥʥʷ ʪʘ ʞʘʨʦʤʽʮʥʽʩʪʴ. ɺʚʝʜʝʥʥʷ 

ʪʫʛʦʧʣʘʚʢʠʭ ʜʦʙʘʚʦʢ (SiC, Mo2C, WC, HfC, TaC, W2B5) ʜʦ ʢʝʨʘʤʽʢʠ ʥʘ ʦʩʥʦʚʽ 

ʜʠʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʬʦʨʤʫʚʘʥʥʷ ʩʪʨʫʢʪʫʨʠ çʢʽʣʴʮʝ-ʦʙʦʣʦʥʢʘè ʪʘ 

ʦʯʠʱʝʥʥʷ ʤʽʞʟʝʨʝʥʥʠʭ ʛʨʘʥʠʮʴ ʚʽʜ ʢʠʩʥʶ, ʱʦ ʩʧʨʠʷʻ ʧʽʜʚʠʱʝʥʥʶ ʞʘʨʦʩʪʽʡʢʦʩʪʽ 

ʪʘ ʞʘʨʦʤʽʮʥʦʩʪʽ ʢʦʤʧʦʟʠʪʽʚ. ɺʘʨʽʶʚʘʥʥʷʤ ʩʢʣʘʜʦʤ ʪʫʛʦʧʣʘʚʢʦʾ ʜʦʙʘʚʢʠ ʪʘ 

ʪʝʭʥʦʣʦʛʽʯʥʠʤʠ ʨʝʞʠʤʘʤʠ ʦʪʨʠʤʘʥʥʷ ʢʦʤʧʦʟʠʪʽʚ ʤʦʞʥʘ ʢʝʨʫʚʘʪʠ ʩʪʨʫʢʪʫʨʥʦ-



5 

 

 

ʬʘʟʦʚʠʤ ʩʢʣʘʜʦʤ ʢʦʤʧʦʟʠʮʽʡʥʦʾ ʢʝʨʘʤʽʢʠ ʥʘ ʦʩʥʦʚʽ ʜʠʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ ʪʘ 

ʩʪʚʦʨʶʚʘʪʠ ʤʘʪʝʨʽʘʣʠ ʟ ʦʜʥʦʯʘʩʥʦ ʚʠʩʦʢʦʶ ʩʪʽʡʢʽʩʪʶ ʜʦ ʦʢʠʩʣʝʥʥʷ ʪʘ ʤʽʮʥʽʩʪʶ ʥʘ 

ʟʛʠʥ ʧʨʠ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (ʊ=1600-1800 oʉ). 

2 ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʢʽʣʴʢʽʩʪʶ ʜʦʙʘʚʦʢ ʙʦʨʠʜʽʚ ʯʠ ʢʘʨʙʽʜʽʚ ʧʝʨʝʭʽʜʥʠʭ ʤʝʪʘʣʽʚ ɯV-VI 

ʛʨʫʧʠ ʤʦʞʥʘ ʚʧʣʠʚʘʪʠ ʥʘ ʩʪʽʡʢʽʩʪʴ ʜʦ ʦʢʠʩʣʝʥʥʷ ʢʦʤʧʦʟʠʪʽʚ ʩʠʩʪʝʤ ZrB2-(Cr3C2, 

Mo2C,WC) ʪʘ ZrB2-(CrB2, W2B5). ɺʚʝʜʝʥʥʷ ʜʦʙʘʚʦʢ (Mo2C,WC, W2B5) ʚ ʢʽʣʴʢʦʩʪʽ 5 

ʦʙ.% ʟʘʙʝʟʧʝʯʫʻ ʦʜʥʦʯʘʩʥʦ ʚʠʩʦʢʫ ʩʪʽʡʢʽʩʪʴ ʜʦ ʦʢʠʩʣʝʥʥʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1500 ʦʉ 

ʪʘ ʤʘʢʩʠʤʘʣʴʥʫ ʱʽʣʴʥʽʩʪʴ ʢʦʤʧʦʟʠʪʫ (>98%) ʟʘ ʨʘʭʫʥʦʢ ʚʟʘʻʤʦʜʽʾ ʧʽʜ ʯʘʩ ʛʘʨʷʯʦʛʦ 

ʧʨʝʩʫʚʘʥʥʷ. 

3 ɺʧʝʨʰʝ ʜʦʩʣʽʜʞʝʥʦ ʧʨʦʮʝʩʠ ʦʢʠʩʣʝʥʥʷ ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʥʘ ʦʩʥʦʚʽ ZrB2 ʟ 

ʜʦʙʘʚʢʘʤʠ 15 ʦʙ.% SiC- 5 ʦʙ.% ʢʘʨʙʽʜʫ (Mo2C, WC,HfC, TaC) ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1500 

ʦʉ ʟ ʚʠʪʨʠʤʢʦʶ 50 ʛʦʜʠʥ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʜʦʚʛʦʪʨʠʚʘʣʦʾ ʢʦʨʦʟʽʡʥʦʾ ʩʪʽʡʢʦʩʪʽ 

(ʩʪʽʡʢʦʩʪʽ ʜʦ ʦʢʠʩʣʝʥʥʷ) ʪʘ ʚʧʣʠʚʫ ʦʢʠʩʣʝʥʥʷ ʥʘ ʟʘʣʠʰʢʦʚʫ ʤʽʮʥʽʩʪʴ. ʇʦʢʘʟʘʥʦ, 

ʱʦ ʧʽʩʣʷ ʦʢʠʩʣʝʥʥʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1500 ʦʉ ʟ ʚʠʪʨʠʤʢʦʶ 50 ʛʦʜʠʥ ʤʽʥʽʤʘʣʴʥʘ 

ʤʽʮʥʽʩʪʴ ʢʝʨʘʤʽʢʠ ʥʘ ʦʩʥʦʚʽ ZrB2ʩʪʘʥʦʚʠʪʴ ~60% ʚʽʜ ʧʦʯʘʪʢʦʚʦʾ, ʘ ʧʽʩʣʷ ʦʢʠʩʣʝʥʥʷ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1600ʦʉ ʟ ʚʠʪʨʠʤʢʦʶ ʚ 5 ʛʦʜʠʥ - ~50% ʚʽʜ ʧʦʯʘʪʢʦʚʦʾ.  

4 ɺ ʨʦʙʦʪʽ ʚʧʝʨʰʝ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʢʦʤʙʽʥʦʚʘʥʫ ʪʝʭʥʦʣʦʛʽʶ ʦʪʨʠʤʘʥʥʷ 

ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ ʋɺʊʂ ʥʘ ʦʩʥʦʚʽ ZrB2, ʷʢʘ ʧʦʻʜʥʫʻ ʚ ʩʦʙʽ ʧʦʧʝʨʝʜʥʽʡ 

ʚʘʢʫʫʤʥʠʡ ʚʽʜʧʘʣ ʟ ʧʦʜʘʣʴʰʠʤ ʛʘʨʷʯʠʤ ʧʨʝʩʫʚʘʥʥʷʤ. ɿʘʩʪʦʩʫʚʘʥʥʷ ʨʦʟʨʦʙʣʝʥʦʾ 

ʪʝʭʥʦʣʦʛʽʾ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʫʚʘʪʠ ʢʦʤʧʦʟʠʪʠ ʥʘ ʦʩʥʦʚʽ ZrB2 ʟ ʚʠʱʦʶ ʚ 1,5 ʨʘʟʠ 

ʩʪʽʡʢʽʩʪʶ ʜʦ ʦʢʠʩʣʝʥʥʷ ʪʘ ʤʽʮʥʽʩʪʶ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 1600 ʦʉ ʧʦʨʽʚʥʷʥʦ ʟ 

ʢʦʤʧʦʟʠʪʘʤʠ, ʦʪʨʠʤʘʥʠʤʠ ʤʝʪʦʜʘʤʠ ʛʘʨʷʯʦʛʦ ʧʨʝʩʫʚʘʥʥʷ ʪʘ ʩʧʽʢʘʥʥʷ. 

5 ɼʣʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʧʨʦʮʝʩʫ ʦʢʠʩʣʝʥʥʷ ʢʝʨʘʤʽʢʠ ʥʘ ʦʩʥʦʚʽ ʜʠʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʽ 1500 ʦʉ ʨʦʟʚʠʥʫʪʦ ʤʦʜʝʣʴ ɻʘʣʘʥʦʚʘ ɺ.ɹ. ʜʣʷ ʩʪʨʫʢʪʫʨ ʧʦʚʝʨʭʥʝʚʠʭ 

ʦʢʠʩʣʝʥʠʭ ʰʘʨʽʚ ʢʝʨʘʤʽʢʠ ʥʘ ʦʩʥʦʚʽ ʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ, ʷʢʘ ʚʽʜʨʽʟʥʷʻʪʴʩʷ ʪʠʤ, ʱʦ 

ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʨʝʘʣʴʥʘ ʪʨʴʦʭ ʰʘʨʦʚʘ ʩʪʨʫʢʪʫʨʘ ʦʢʘʣʠʥʠ ʧʦ ʧʝʨʝʪʠʥʫ (ʧʝʨʰʠʡ 

ʰʘʨ-SiO2-B2O3/ ʜʨʫʛʠʡ ʰʘʨ ï ʥʘ ʦʩʥʦʚʽ ZrO2-SiO2/ ʪʨʝʪʽʡ ʰʘʨ ï ʟʙʽʜʥʝʥʥʠʡ ʥʘ ʙʦʨ 

ʪʘ ʢʨʝʤʥʽʡ). 
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ʇʨʘʢʪʠʯʥʝ ʟʥʘʯʝʥʥʷ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ. ʅʘ ʦʩʥʦʚʽ ʧʨʦʚʝʜʝʥʠʭ 

ʜʦʩʣʽʜʞʝʥʴ ʙʫʣʦ ʦʙʨʘʥʦ ʩʢʣʘʜʠ ʪʘ ʨʦʟʨʦʙʣʝʥʦ ʪʝʭʥʦʣʦʛʽʶ ʦʪʨʠʤʘʥʥʷ ʢʦʤʧʦʟʠʮʽʡʥʠʭ 

ʢʝʨʘʤʽʯʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʩʠʩʪʝʤ ZrB2-15%SiC-5 %Mo2C ʪʘ  ZrB2-15%SiC-5 % WC, ʱʦ 

ʤʘʶʪʴ ʦʜʥʦʯʘʩʥʦ ʚʠʩʦʢʽ ʧʦʢʘʟʥʠʢʠ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ ʤʽʮʥʦʩʪʽ ʪʘ ʩʪʽʡʢʦʩʪʽ ʜʦ 

ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʢʠʩʣʝʥʥʷ (ʇʘʪʝʥʪ ˉ143727 ʪʘ ʇʘʪʝʥʪ ˉ 146510).  

ɼʣʷ ɼʇ çɯʚʯʝʥʢʦ-ʇʨʦʛʨʝʩè ʚʠʛʦʪʦʚʣʝʥʦ ʟʨʘʟʢʠ ʢʝʨʘʤʽʢʠ ʥʘ ʦʩʥʦʚʽ ʜʠʙʦʨʠʜʫ 

ʮʠʨʢʦʥʽʶ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʦʩʣʽʜʥʠʭ ʜʝʪʘʣʝʡ ʛʘʟʦʪʫʨʙʽʥʥʦʛʦ ʜʚʠʛʫʥʘ. ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʜʦʩʣʽʜʥʦ-ʚʠʨʦʙʥʠʯʠʭ ʚʠʧʨʦʙʫʚʘʥʴ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʨʦʟʨʦʙʣʝʥʽ ʢʝʨʘʤʽʯʥʽ ʤʘʪʝʨʽʘʣʠ 

ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʢʦʥʫʩʽʚ ʪʘ ʩʝʛʤʝʥʪʽʚ (ɸʢʪ ʚʽʜ 14.09.2021 ʨ.) 

ʇʦʢʘʟʘʥʦ, ʱʦ ʢʝʨʘʤʽʯʥʽ ʤʘʪʝʨʽʘʣʠ ʥʘ ʦʩʥʦʚʽ ʜʠʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ ʤʦʞʥʘ 

ʧʦʚʪʦʨʥʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʧʽʩʣʷ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʢʠʩʣʝʥʥʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 

1500 ʦʉ ʟʘ ʨʘʭʫʥʦʢ ʬʦʨʤʫʚʘʥʥʷ ʥʘ ʾʭ ʧʦʚʝʨʭʥʽ ʙʝʟʜʝʬʝʢʪʥʦʾ ʦʢʘʣʠʥʠ. 

ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ. ʆʩʥʦʚʥʽ ʥʘʫʢʦʚʽ ʨʝʟʫʣʴʪʘʪʠ ʜʠʩʝʨʪʘʮʽʡʥʦʾ 

ʨʦʙʦʪʠ, ʷʢʽ ʚʠʥʦʩʷʪʴʩʷ ʥʘ ʟʘʭʠʩʪ, ʥʘʣʝʞʘʪʴ ʦʩʦʙʠʩʪʦ ʟʜʦʙʫʚʘʯʫ. ɿʜʦʙʫʚʘʯʫ ʥʘʣʝʞʠʪʴ 

ʧʨʦʚʝʜʝʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʚʠʧʨʦʙʫʚʘʥʴ, ʦʙʨʦʙʢʘ ʨʝʟʫʣʴʪʘʪʽʚ ʜʦʩʣʽʜʞʝʥʴ, 

ʧʽʜʛʦʪʦʚʢʘ ʩʪʘʪʝʡ ʜʦ ʜʨʫʢʫ, ʫʯʘʩʪʴ ʫ ʚʽʪʯʠʟʥʷʥʠʭ ʪʘ ʤʽʞʥʘʨʦʜʥʠʭ ʢʦʥʬʝʨʝʥʮʽʷ. ɺʠʙʽʨ 

ʦʙôʻʢʪʽʚ ʜʦʩʣʽʜʞʝʥʥʷ, ʧʦʩʪʘʥʦʚʢʘ ʥʘʫʢʦʚʦʾ ʤʝʪʠ, ʧʣʘʥʫʚʘʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʪʘ  

ʦʙʛʦʚʦʨʝʥʥʷ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʚʠʢʦʥʘʥʦ ʧʽʜ ʢʝʨʽʚʥʠʮʪʚʦʤ ʥʘʫʢʦʚʦʛʦ ʢʝʨʽʚʥʠʢʘ 

ʯʣ.ïʢʦʨ. ʅɸʅ ʋʢʨʘʾʥʠ ʆ. ʄ. ɻʨʠʛʦʨʴʻʚʘ. 

ɼʠʩʝʨʪʘʮʽʡʥʫ ʨʦʙʦʪʫ ʚʠʢʦʥʘʥʦ ʚ ɯʥʩʪʠʪʫʪʽ ʧʨʦʙʣʝʤ ʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʘ ʽʤ. ɯ. ʄ. 

ʌʨʘʥʮʝʚʠʯʘ ʅɸʅ ʋʢʨʘʾʥʠ. ʂʦʤʧʦʟʠʮʽʡʥʽ ʢʝʨʘʤʽʯʥʽ ʤʘʪʝʨʽʘʣʠ ʥʘ ʦʩʥʦʚʽ ʜʠʙʦʨʠʜʫ 

ʮʠʨʢʦʥʽʶ  ʦʪʨʠʤʘʥʦ ʩʫʤʽʩʥʦ  ʟ ʪʝʭʥʦʣʦʛʘʤʠ: ʇ.ɺ. ʄʘʟʫʨʦʤ, ɸ.ɭ. ʆʩʠʧʦʚʠʤ ʪʘʢ.ʪ.ʥ. 

ʆ. ɺ. ʂʦʨʦʪʻʻʚʠʤ. ʈʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʽ ʜʦʩʣʽʜʞʝʥʥʷ  ʚʠʢʦʥʘʥʦ ʩʧʽʣʴʥʦ ʟ ʢ.ʬ.ïʤ.ʥ. 

ʄ. ɼ. ɹʝʛʦʡ. ɼʦʩʣʽʜʞʝʥʥʷ ʩʪʨʫʢʪʫʨʠ ʟʨʘʟʢʽʚ  ʤʝʪʦʜʘʤʠ ʝʣʝʢʪʨʦʥʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ  

ʧʨʦʚʝʜʝʥʦ ʨʘʟʦʤ ʽʟ ʉʢʦʨʠʢʦʤ ʄ.ɸ. ɺʠʤʽʨʠ ʤʽʮʥʦʩʪʽ ʥʘ ʟʛʠʥ ʢʝʨʘʤʽʯʥʠʭ ʤʘʪʝʨʽʘʣʽʚ  

ʚʠʢʦʥʘʥʦ ʟ ʢ.ʬ.ïʤ.ʥ.  ʄ.ʇ. ɹʨʦʜʥʽʢʦʚʩʴʢʠʤ. ʄʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʦʢʠʩʣʝʥʥʷ 

ʧʨʦʚʝʜʝʥʦ ʟʘ ʫʯʘʩʪʶ ʜ.ʬ.ïʤ.ʥ. ɻʘʣʘʥʦʚʘ ɹ.ʆ. 

ɸʧʨʦʙʘʮʽʷ ʨʝʟʫʣʴʪʘʪʽʚ ʜʠʩʝʨʪʘʮʽʾ. ʆʩʥʦʚʥʽ ʨʝʟʫʣʴʪʘʪʠ ʨʦʙʦʪʠ ʜʦʧʦʚʽʜʘʣʠʩʴ 

ʥʘ ʚʽʪʯʠʟʥʷʥʠʭ  ʪʘ ʤʽʞʥʘʨʦʜʥʠʭ ʢʦʥʬʝʨʝʥʮʽʷʭ: VIII ʄʽʞʥʘʨʦʜʥʽʡ ʥʘʫʢʦʚʽʡ 

ʢʦʥʬʝʨʝʥʮʽʾ çʅʦʚʽ ʤʘʪʝʨʽʘʣʠ ʽ ʪʝʭʥʦʣʦʛʽʾ ʚ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽè (ʤ.ʂʠʾʚ, 2016), 
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ʄʽʞʥʘʨʦʜʥʽʡ ʥʘʫʢʦʚʽʡ ʢʦʥʬʝʨʝʥʮʽʾ çʄʘʪʝʨʽʘʣʠ ʜʣʷ ʨʦʙʦʪʠ ʚ ʝʢʩʪʨʝʤʘʣʴʥʠʭ ʫʤʦʚʘʭ-

6è (ʤ. ʂʠʾʚ,2016), ʍ ʄʽʞʥʘʨʦʜʥʽʡ ʢʦʥʬʝʨʝʥʮʽʾ ʩʪʫʜʝʥʪʽʚ, ʘʩʧʽʨʘʥʪʽʚ ʪʘ ʤʦʣʦʜʠʭ 

ʚʯʝʥʠʭ çʇʝʨʩʧʝʢʪʠʚʥʽ ʪʝʭʥʦʣʦʛʽʾ ʥʘ ʦʩʥʦʚʽ ʥʦʚʽʪʥʽʭ ʬʽʟʠʢʦ-ʤʘʪʝʨʽʘʣʦʟʥʘʚʯʠʭ 

ʜʦʩʣʽʜʞʝʥʴ ʪʘ ʢʦʤʧôʶʪʝʨʥʦʛʦ ʢʦʥʩʪʨʫʶʚʘʥʥʷ ʤʘʪʝʨʽʘʣʽʚè (ʤ.ʂʠʾʚ,2017), VI 

ʄʽʞʥʘʨʦʜʥʽʡ ʉʘʤʩʦʥʽʚʩʴʢʽʡ ʢʦʥʬʝʨʝʥʮʽʾ ñʄʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʦ ʪʫʛʦʧʣʘʚʢʠʭ ʩʧʦʣʫʢ 

ʽ ʢʦʤʧʦʥʝʥʪʽʚò (ʋʢʨʘʾʥʘ, ʂʠʾʚ, 22ī24 ʪʨʘʚʥʷ 2018 ʨ.), ʄʽʞʥʘʨʦʜʥʽʡ ʥʘʫʢʦʚʽʡ 

ʢʦʥʬʝʨʝʥʮʽʾ çʊʝʭʥʦʣʦʛʽʷ ʽ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚʦʛʥʝʪʨʠʚʽʚ ʠ ʪʝʭʥʽʯʥʦʾ ʢʝʨʘʤʽʢʠ ʚ 

ʧʨʦʤʠʩʣʦʚʦʩʪʽè (ʤ.ɼʥʽʧʨʦ,2019), 7th International Samsonov conference "Materials 

science of refractory compounds" (Kyiv , 2021) 

ɼʠʩʝʨʪʘʮʽʡʥʘ ʨʦʙʦʪʫ ʙʫʣʦ ʧʨʝʜʩʪʘʚʣʝʥʦ  ʪʘ ʩʭʚʘʣʝʥʦ ʥʘ ʥʘʫʢʦʚʦʤʫ ʩʝʤʽʥʘʨʽ 

ʚʽʜʜʽʣʫ çʂʦʥʩʪʨʫʢʮʽʡʥʦʾ ʢʝʨʘʤʽʢʠ ʪʘ ʢʝʨʤʝʪʽʚè ɯʥʩʪʠʪʫʪʫ ʧʨʦʙʣʝʤ ʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʘ 

ʽʤ. ɯ.ʄ. ʌʨʘʥʮʝʚʠʯʘ ʋʢʨʘʾʥʠ ʚ 2021 ʨ. 

ʇʫʙʣʽʢʘʮʽʾ. ɿʘ ʤʘʪʝʨʽʘʣʘʤʠ ʜʠʩʝʨʪʘʮʽʡʥʦʾ ʨʦʙʦʪʠ ʦʧʫʙʣʽʢʦʚʘʥʦ 14 ʥʘʫʢʦʚʠʭ 

ʧʨʘʮʴ: 8 ʥʘʫʢʦʚʠʭ ʩʪʘʪʝʡ ʫ ʬʘʭʦʚʠʭ ʚʠʜʘʥʥʷʭ, ʱʦ ʽʥʜʝʢʩʫʶʪʴʩʷ ʤʽʞʥʘʨʦʜʥʠʤʠ 

ʥʘʫʢʦʤʝʪʨʠʯʥʠʤʠ ʙʘʟʘʤʠ ʜʘʥʠʭ (Scopus, Web of Science), 2 ʧʘʪʝʥʪʠ ʥʘ ʢʦʨʠʩʥʫ 

ʤʦʜʝʣʴ, 4 ʧʫʙʣʽʢʘʮʽʾ ʟʘ ʤʘʪʝʨʽʘʣʘʤʠ ʜʦʧʦʚʽʜʝʡ ʥʘ ʢʦʥʬʝʨʝʥʮʽʷʭ. 

ʉʪʨʫʢʪʫʨʘ ʪʘ ʦʙʩʷʛ ʜʠʩʝʨʪʘʮʽʾ. ɼʠʩʝʨʪʘʮʽʡʥʘ ʨʦʙʦʪʘ ʩʢʣʘʜʘʻʪʴʩʷ ʟʽ ʚʩʪʫʧʫ, 6 

ʨʦʟʜʽʣʽʚ, ʚʠʩʥʦʚʢʽʚ ʪʘ ʧʝʨʝʣʽʢʫ ʧʦʩʠʣʘʥʴ. ɺʦʥʘ ʤʽʩʪʠʪʴ 13 ʪʘʙʣʠʮʽ, 92 ʨʠʩʫʥʢʠ ʪʘ 

ʩʧʠʩʦʢ ʣʽʪʝʨʘʪʫʨʠ ʫ ʢʽʣʴʢʦʩʪʽ 141 ʜʞʝʨʝʣ. ɿʘʛʘʣʴʥʠʡ ʦʙôʻʤ ʜʠʩʝʨʪʘʮʽʾ  171 ʩʪʦʨʽʥʦʢ. 
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1. ʃɯʊɽʈɸʊʋʈʅʀʁ ʆɻʃʗɼ 

1.1 ʆʙˇʨʫʥʪʫʚʘʥʥʷ ʚʠʙʦʨʫ ʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ ʷʢ ʦʩʥʦʚʠ ʢʦʤʧʦʟʠʮʽʡʥʦʛʦ 

ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʤʘʪʝʨʽʘʣʫ 

 

ʇʦʯʠʥʘʶʯʠ ʟ 50 ʨʦʢʽʚ 20 ʩʪʦʣʽʪʪʷ ʩʪʦʾʪʴ ʟʘʜʘʯʘ ʨʦʟʨʦʙʢʠ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ, ʷʢʽ ʜʣʷ ʚʢʘʟʘʥʠʭ ʮʽʣʝʡ ʦʪʨʠʤʘʣʠ ʥʘʟʚʫ ʫʣʴʪʨʘʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦ ʾ

ʢʝʨʘʤʽʢʠ (ʋɺʊʂ). ʇʦʩʪʘʚʣʝʥʘ ʟʘʜʘʯʘ ʚʠʨʽʰʫʚʘʣʘʩʴ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʭ ʙʦʨʠʜʽʚ (ZrB2, HfB2) ʪʘ ʢʘʨʙʽʜʽʚ (ZrC, HfC). ʉʢʣʘʜʥʦʩʪʽ 

ʦʪʨʠʤʘʥʥʷ ʱʽʣʴʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʥʘ ʾʭ ʦʩʥʦʚʽ ʧʦʪʨʝʙʫʶʪʴ ʜʦʜʘʚʘʥʥʷ ʘʢʪʠʚʘʪʦʨʽʚ 

ʩʧʽʢʘʥʥʷ ʪʘʢʠʭ ʷʢ SiC, Si3N4, B4C, C ʪʘ ʽʥʰʽ. ʇʽʜʚʠʱʝʥʥʷ ʩʪʽʡʢʽʩʪ ̔ʜʦ ʦʢʠʩʥʝʥʥʷ ZrB2, 

HfB2, ZrC, HfC ʜʦʩʷʛʘʣʘʩʴ ʜʦʜʘʚʘʥʥʷʤ ʢʨʝʤʥʽʡ ʚʤʽʩʥʠʭ ʜʦʙʘʚʦʢ (SiC i MoSi2). ʊʦʤʫ 

ʤʘʡʙʫʪʥʽʡ ʨʦʟʚʠʪʦʢ ʨʦʙʽʪ ʩʧʨʷʤʦʚʘʥʠʡ ʥʘ ʫʜʦʩʢʦʥʘʣʝʥʥʷ ʪʝʭʥʦʣʦʛʽʡ ʪʘ ʩʢʣʘʜʫ ʪʘʢʠʭ 

ʤʘʪʝʨʽʘʣʽʚ ʜʣʷ ʨʦʙʦʪʠ ʚ ʝʢʩʪʨʝʤʘʣʴʥʠʭ ʫʤʦʚʘʭ ʝʢʩʧʣʫʘʪʘʮʽʾ, ʱʦ ʻ ʧʨʝʜʤʝʪʦʤ 

ʜʦʩʣʽʜʞʝʥʥʷ ʜʘʥʦʾ ʨʦʙʦʪʠ. 

 

1.1.1. ɿʘʛʘʣʴʥʽ ʚʠʤʦʛʠ ʜʦ ʫʣʴʪʨʘʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ ʢʝʨʘʤʽʢʠ 

 

ɼʣʷ ʤʘʪʝʨʽʘʣʽʚ ʘʚʽʘʮʽʡʥʦʾ ʪʘ ʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ, ʷʢʽ ʧʨʘʮʶʶʪʴ ʚ ʝʢʩʪʨʝʤʘʣʴʥʠʭ 

ʫʤʦʚʘʭ ʝʢʩʧʣʫʘʪʘʮʽʾ ʩʪʘʚʣʷʪʴ ʞʦʨʩʪʢʽ ʚʠʤʦʛʠ. ʊʘʢ, ʥʘʧʨʠʢʣʘʜ, ʚ ʩʫʯʘʩʥʠʭ 

ʘʚʽʘʢʦʩʤʽʯʥʠʭ ʣʽʪʘʣʴʥʠʭ ʘʧʘʨʘʪʘʭ ʪʝʤʧʝʨʘʪʫʨʘ ʥʘ ʧʦʚʝʨʭʥʽ ʤʦʞʝ ʜʦʩʷʛʘʪʠ 2000 Áʉ ʽ 

ʚʠʱʝ, ʟʘ ʨʘʭʫʥʦʢ ʪʝʨʪʷ ʬʶʟʝʣʷʞʫ ʦʙ ʧʦʚʽʪʨʷ. ʎʷ ʪʝʤʧʝʨʘʪʫʨʘ ʟʦʩʝʨʝʜʞʝʥʘ ʥʘ ʥʦʩʦʚʽʡ 

ʢʨʦʤʮʽ ʣʽʪʘʣʴʥʦʛʦ ʘʧʘʨʘʪʫ, ʘ ʪʘʢʦʞ ʥʘ ʛʦʩʪʨʠʭ ʢʨʦʤʢʘʭ ʢʨʠʣ. ʊʦʙʪʦ, ʤʘʪʝʨʽʘʣʠ, ʷʢʽ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʚ ʜʘʥʠʭ ʮʽʣʷʭ, ʧʨʠʡʤʘʶʪʴ ʥʘ ʩʝʙʝ ʥʘʡʙʽʣʴʰʝ ʪʝʧʣʦʚʝ 

ʥʘʚʘʥʪʘʞʝʥʥʷ. ʊʘʢʠʤ ʯʠʥʦʤ, ʽʩʥʫʻ ʨʷʜ ʚʣʘʩʪʠʚʦʩʪʝʡ, ʷʢʠʤʠ ʧʦʚʠʥʝʥ ʚʦʣʦʜʽʪʠ 

ʤʘʪʝʨʽʘʣ, ʧʨʘʮʶʶʯʠʡ ʚ ʜʘʥʠʭ ʫʤʦʚʘʭ ʝʢʩʧʣʫʘʪʘʮʽʾ [15], [22]: 

Å ʊʝʤʧʝʨʘʪʫʨʘ ʧʣʘʚʣʝʥʥʷ ʚʠʱʝ 3000 ʦʉ 

Å ʈʦʙʦʯʘ ʪʝʤʧʝʨʘʪʫʨʘ ʜʦ 2500 ʦʉ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʨʝʩʫʨʩʫ ʪʘ ʩʝʨʝʜʦʚʠʱʘ 

Å ɺʠʩʦʢʘ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ~100 ɺʪ/ʤ ʂ 

Å ʊʝʨʤʦʩʪʽʡʢʽʩʪʴ: ʧʦʢʘʟʥʠʢʠ R>60 ʦʉ, Rǋ>4000 ɺʪ/ʤ  
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Å ʂʦʨʦʟʽʡʥʘ ʩʪʽʡʢʽʩʪʴ ʜʦ 10 ʤʛ/ʩʤ2 ʥʘ ʧʦʚʽʪʨʽ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1500 ʦʉ 

Å ɺʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʘ ʤʽʮʥʽʩʪʴ ʧʨʠ 1500 ʦʉ ʥʝ ʥʠʞʯʝ 300 ʄʇʘ 

 

ʈʘʥʥʽ ʨʦʙʦʪʠ ʚʢʘʟʫʶʪʴ ʥʘ ʧʝʨʩʧʝʢʪʠʚʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʘʙʣʷʮʽʡʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ. ʊʠʧʦʚʠʤ ʧʨʝʜʩʪʘʚʥʠʢʦʤ ʘʙʣʷʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʻ ʩʧʣʘʚʠ ʩʠʩʪʝʤʠ WïAg. 

ʆʜʥʘʢ, ʚʨʘʭʦʚʫʶʯʠ, ʱʦ ʥʦʚʽʪʥʽ ʣʽʪʘʣʴʥʽ ʘʧʘʨʘʪʠ ʧʦʚʠʥʥʽ ʙʫʪʠ ʙʘʛʘʪʦʨʘʟʦʚʦʛʦ 

ʧʨʠʟʥʘʯʝʥʥʷ, ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʘʥʠʭ ʩʧʣʘʚʽʚ ʦʙʤʝʞʝʥʝ. ʎʝ ʧʝʨʰ ʟʘ ʚʩʝ ʧʦʚʷʟʘʥʝ ʽʟ 

ʟʤʽʥʦʶ ʛʝʦʤʝʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʜʝʪʘʣʝʡ, ʘ ʩʘʤʝ ʾʭ ʟʤʝʥʰʝʥʥʷʤ ʚ ʧʨʦʮʝʩʽ 

ʝʢʩʧʣʫʘʪʘʮʽʾ. ʊʘʢʦʞ, ʯʝʨʝʟ ʚʠʩʦʢʫ ʱʽʣʴʥʽʩʪʴ ʚʦʣʴʬʨʘʤʫ, ʟʙʽʣʴʰʫʻʪʴʩʷ ʚʘʛʘ 

ʢʦʥʩʪʨʫʢʮʽʾ, ʱʦ ʥʝʛʘʪʠʚʥʦ ʚʧʣʠʚʘʻ ʥʘ ʪʷʛʦʚʫ ʩʠʣʫ. 

ɺʽʜʧʦʚʽʜʥʦ ʜʦ ʨʠʩʫʥʢʫ 1.1, ʥʘʡʚʠʱʫ ʪʝʤʧʝʨʘʪʫʨʫ ʧʣʘʚʣʝʥʥʷ ʤʘʶʪʴ ʪʫʛʦʧʣʘʚʢʽ 

ʤʝʪʘʣʠ ʪʘ ʪʫʛʦʧʣʘʚʢʽ ʩʧʦʣʫʢʠ ɯV-VI ʛʨʫʧʠ ʧʝʨʝʭʽʜʥʠʭ ʤʝʪʘʣʽʚ. ʊʘʢ ʷʢ ʤʘʪʝʨʽʘʣʠ 

ʧʦʚʠʥʥʽ ʧʨʘʮʶʶʪʴ ʚ ʦʢʠʩʣʶʚʘʣʴʥʦʤʫ ʩʝʨʝʜʦʚʠʱʽ, ʜʦʮʽʣʴʥʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʦʢʩʠʜʠ 

ʮʠʨʢʦʥʽʶ ʯʠ ʛʘʬʥʽʶ. ʆʜʥʘʢ, ʮʽ ʦʢʩʠʜʠ ʤʘʶʪʴ ʧʦʣʽʤʦʨʬʥʝ ʧʝʨʝʪʚʦʨʝʥʥʷ [23] ʽ 

ʯʘʩʪʢʦʚʘ ʯʠ ʧʦʚʥʘ ʾʭ ʩʪʘʙʽʣʽʟʘʮʽʷ Y2O3 ʥʝ ʜʦʟʚʦʣʠʪʴ ʧʦʚʥʽʩʪʶ ʫʥʠʢʥʫʪʠ ʜʘʥʠʭ ʝʬʝʢʪʽʚ 

[23], [24]. ʊʦʤʫ, ʦʩʦʙʣʠʚʫ ʫʚʘʛʫ ʟʚʝʨʪʘʶʪʴ ʥʘ ʩʝʙʝ ʪʫʛʦʧʣʘʚʢʽ ʩʧʦʣʫʢʠ ʥʘ ʦʩʥʦʚʽ 

ʮʠʨʢʦʥʽʶ ʪʘ ʛʘʬʥʽʶ, ʪʘʢ ʷʢ ʙʦʨʠʜʠ, ʢʘʨʙʽʜʠ ʪʘ ʦʢʩʠʜʠ ʮʠʭ ʤʝʪʘʣʽʚ ʤʘʶʪʴ ʪʝʤʧʝʨʘʪʫʨʫ 

ʧʣʘʚʣʝʥʥʷ ʚʠʱʝ 2000 ʦʉ. 

 

ʈʠʩʫʥʦʢ 1.1 ï ʊʝʤʧʝʨʘʪʫʨʠ ʧʣʘʚʣʝʥʥʷ ʪʫʛʦʧʣʘʚʢʠʭ ʤʝʪʘʣʽʚ ʪʘ ʾʭ ʩʧʦʣʫʢ 
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ɿ ʽʥʰʦʛʦ ʙʦʢʫ ʧʦʢʘʟʘʥʦ, ʱʦ ʢʝʨʘʤʽʢʘ ʥʘ ʦʩʥʦʚʽ ʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ ʤʘʻ ʚʠʩʦʢʫ 

ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʥʘ ʨʽʚʥʽ 100 ɺʪ/ʤ ʂ [25], ʱʦ ʜʦʟʚʦʣʷ ̒ʟʤʝʥʰʠʪʠ ʚʥʫʪʨʽʰʥʽ ʪʝʨʤʽʯʥʽ 

ʥʘʧʨʫʛʠ ʚ ʤʘʪʝʨʽʘʣʽ ʟʘ ʨʘʭʫʥʦʢ ʟʤʝʥʰʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʛʨʘʜʽʻʥʪʫ ʧʦ ʧʝʨʝʪʠʥʫ 

ʤʘʪʝʨʽʘʣʫ [26].  

ʗʢ ʩʪʚʝʨʜʞʫʶʪʴ ʘʚʪʦʨʠ ʨʦʙʦʪʠ [27], ʩʪʽʡʢʽʩʪʴ ʙʦʨʠʜʽʚ IV ʛʨʫʧʠ ʜʦ ʦʢʠʩʥʝʥʥʷ 

ʧʨʠ  ʪʝʤʧʝʨʘʪʫʨʽ ʜʦ 1100 ʦʉ ʻ ʥʘʡʚʠʱʦʶ ʪʘ ʟʤʝʥʰʫʻʪʴʩʷ ʚ ʨʷʜʫ HfB2>ZrB2>TiB2. 

ɺʠʩʦʢʘ ʢʦʨʦʟʽʡʥʘ ʩʪʽʡʢʽʩʪʴ ʦʙʫʤʦʚʣʝʥʘ ʫʪʚʦʨʝʥʥʷʤ ʟʘʭʠʩʥʦʾ ʧʣʽʚʢʠ B2O3 ʥʘ ʧʦʚʝʨʭʥʽ 

ʤʘʪʝʨʽʘʣʫ. ʎʽ ʜʘʥʽ ʧʽʜʪʚʝʨʜʞʫʶʪʴʩʷ ʘʚʪʦʨʘʤʠ [28], [29], ʷʢʽ ʚʢʘʟʫʶʪʴ ʥʘ ʥʘʡʚʠʱʫ 

ʩʪʽʡʢʽʩʪʴ ʜʦ ʦʢʠʩʥʝʥʥʷ ʜʚʦʭ ʙʦʨʠʜʽʚ- Zr ʪʘ Hf, ʧʨʠʯʦʤʫ ʜʠʙʦʨʠʜ ʛʘʬʥʽʶ ʤʘʻ ʙʽʣʴʰʫ 

ʩʪʽʡʢʽʩʪʴ ʜʦ ʦʢʠʩʥʝʥʥʷ.  

ɺʨʘʭʦʚʫʶʯʠ ʚʩʽ ʬʘʢʪʦʨʠ, ʘ ʩʘʤʝ ʪʝʤʧʝʨʘʪʫʨʫ ʧʣʘʚʣʝʥʥʷ, ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ, 

ʩʪʽʡʢʽʩʪʴ ʜʦ ʦʢʠʩʥʝʥʥʷ, ʤʠ ʙʘʯʠʤʦ ʱʦ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʤʘʪʝʨʽʘʣʦʤ ʚ ʷʢʦʩʪʽ ʋɺʂʊ ʻ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʠʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ ʯʠ ʛʘʬʥʽʶ. ɺʨʘʭʦʚʫʶʯʠ ʪʝ ʱʦ ʜʘʥʽ ʤʘʪʝʨʽʘʣʠ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʚ ʷʢʦʩʪʽ ʦʙʪʽʢʘʯʽʚ ʣʽʪʘʣʴʥʠʭ ʘʧʘʨʘʪʽʚ ʦʜʥʠʤ ʽʟ ʚʘʞʣʠʚʠʭ ʢʨʠʪʝʨʽʾʚ 

ʻ ʾʭ ʧʠʪʦʤʘ ʚʘʛʘ. ʊʘʢ, ʜʠʙʦʨʠʜ ʛʘʬʥʽʶ ʤʘʻ ʚʠʱʫ ʧʠʪʦʤʫ ʚʘʛʫ (11,3 ʛ/ʩʤ3), ʯʠʤ ʜʠʙʦʨʠʜ 

ʮʠʨʢʦʥʽʶ (6,1 ʛ/ʩʤ3), ʱʦ ʜʦʟʚʦʣʷʻ ʟʤʝʥʰʠʪʠ ʚʘʛʫ ʢʦʥʩʪʨʫʢʮʽʾ. ʊʘʢʦʞ ʚʠʩʦʢʘ ʚʘʨʪʽʩʪʴ 

(~1000 $/ ʢʛ) ʪʘ ʜʝʬʽʮʠʪ ʜʠʙʦʨʠʜʫ ʛʘʬʥʽʶ ʫʩʢʣʘʜʥʶʻ ʡʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚ ʘʚʽʘʮʽʡʥʽʡ 

ʪʘ ʢʦʩʤʽʯʥʽʡ ʪʝʭʥʽʮʽ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʙʦʨʠʜ ʮʠʨʢʦʥʽʶ ʻ ʥʘʡʙʽʣʴʰ ʧʝʨʩʧʝʢʪʠʚʥʦʶ 

ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʶ ʩʧʦʣʫʢʦʶ ʟ ʪʦʯʢʠ ʟʦʨʫ ʩʪʚʦʨʝʥʥʷ ʥʘ ʡʦʛʦ ʦʩʥʦʚʽ 

ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʭ ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʙʘʛʘʪʦʬʫʥʢʮʽʦʥʘʣʴʥʠʭ ʤʘʪʝʨʽʘʣʽʚ. 

1.2 ɺʣʘʩʪʠʚʦʩʪʽ ʤʦʥʦʬʘʟʥʦʛʦ ʜʠʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ  

 

ɼʣʷ ʧʦʯʘʪʢʫ ʩʣʽʜ ʨʦʟʛʣʷʥʫʪʠ ʜʽʘʛʨʘʤʫ ʩʪʘʥʫ ʮʠʨʢʦʥʽʡ-ʙʦʨ (ʨʠʩ.1.2). ɺ ʩʠʩʪʝʤʽ 

ʮʠʨʢʦʥʽʡ ï ʙʦʨ ʽʩʥʫʻ ʜʚʘ ʝʚʪʝʢʪʠʯʥʠʭ ʧʝʨʝʪʚʦʨʝʥʥʷ ʪʘ ʨʷʜ ʭʽʤʽʯʥʠʭ ʩʧʦʣʫʢ ZrB2, 

ZrB12, ZrB. ʅʘʡʙʽʣʴʰ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ ʩʪʽʡʢʦʶ ʭʽʤʽʯʥʦʶ ʩʧʦʣʫʢʦʶ ʻ ʜʠʙʦʨʠʜ 

ʮʠʨʢʦʥʽʶ (ZrB2). ɺʣʘʩʪʠʚʦʩʪʽ ZrB2 ʚʽʜʧʦʚʽʜʥʦ ʜʦ  [30] ʥʘʩʪʧʫʥʽ: ʘ)  ʪʝʤʧʝʨʘʪʫʨʘ 

ʧʣʘʚʣʝʥʥʷ: 3245Áʉ; ʙ)  ʛʫʩʪʠʥʘ: 6,1 
̄

̒̍
Ƞ  ʚ) ʛʝʢʩʘʛʦʥʘʣʴʥʘ ʛʨʘʪʢʘ ʪʠʧʫ ὃὰὄ, ʟ ʧʝʨʽʦʜʦʤ 
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ʘ=0,317 ʥʤ; ʩ=0,354 ʥʤ; ʛ)  ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʽʩʪʴ ~ 11Ŀρπ ˞ Ⱦ̍̍; ʜ)  ʤʦʜʫʣʴ ʖʥʛʘ 500 

ɻʇʘ; ʝ)  ʤʽʮʥʽʩʪʴ ʥʘ ʟʛʠʥ 550 ʄʇʘ; ʟ)  ʪʚʝʨʜʽʩʪʴ 21,9 ɻʇʘ. 

 

ʈʠʩʫʥʦʢ 1.2ï ɼʽʘʛʨʘʤʘ ʩʪʘʥʫ ʮʠʨʢʦʥʽʡ ï ʙʦʨ [31] 

 

ʄʘʶʯʠ ʪʘʢʫ ʚʠʩʦʢʫ ʪʝʤʧʝʨʘʪʫʨʫ ʧʣʘʚʣʝʥʥʷ, ʟʘ ʨʘʭʫʥʦʢ ʢʦʚʘʣʝʥʪʥʦʛʦ ʪʠʧʫ 

ʟʚʷʟʢʫ, ʦʪʨʠʤʘʥʥʷ ʱʽʣʴʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʪʨʘʜʠʮʽʡʥʠʤʠ ʪʝʭʥʦʣʦʛʽʷʤʠ ʻ ʥʝʤʦʞʣʠʚʠʤ. 

ʊʝʭʥʦʣʦʛʽʾ ʦʪʨʠʤʘʥʥʷ ʱʽʣʴʥʦʾ ʢʝʨʘʤʽʢʠ ʜʝʪʘʣʴʥʦ ʦʧʠʩʘʥʽ ʚ ʜʞʝʨʝʣʘʭ [30], [32]ï[34], 

ʜʦ ʮʠʭ ʪʝʭʥʦʣʦʛʽʡ ʚʽʜʥʦʩʷʪʴ: ʛʘʨʷʯʝ ʧʨʝʩʫʚʘʥʥʷ (ɻʇ), ʛʽʜʨʦʩʪʘʪʠʯʥʝ ʧʨʝʩʫʚʘʥʥʷ, 

ʤʝʪʦʜʠ ʢʣʘʩʠʯʥʦʾ ʧʦʨʦʰʢʦʚʦʾ ʤʝʪʘʣʫʨʛʽʾ (ʩʧʽʢʘʥʥʷ ʙʝʟ ʧʨʠʢʣʘʜʘʥʥʷ ʪʠʩʢʫ) ʪʘ ʽʩʢʨʦ 

ʧʣʘʟʤʦʚʝ ʩʧʽʢʘʥʥʷ (ɯʇʉ). 

ɺ ʨʦʙʦʪʽ [34] ʙʫʣʦ ʦʪʨʠʤʘʥʦ ʱʽʣʴʥʠʡ ʤʦʥʦʬʘʟʥʠʡ ʙʦʨʠʜ ʮʠʨʢʦʥʽʶ  ʤʝʪʦʜʦʤ 

ɯʇʉ ʧʨʠ ʧʨʠʢʣʘʜʘʥʥʽ ʚʠʩʦʢʦʛʦ ʦʜʥʦʩʥʦʛʦ  ʪʠʩʢʫ 100 ʄʇʘ ʪʘ ʪʝʤʧʝʨʘʪʫʨʠ 2200 ʦʉ, 

ʩʪʨʫʢʪʫʨʘ ʦʪʨʠʤʘʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʟʦʙʨʘʞʝʥʘ ʥʘ ʨʠʩʫʥʢʫ 1.3. ɺʽʜʧʦʚʽʜʥʦ ʜʦ ʩʪʨʫʢʪʫʨʠ, 

ʧʦʨʠʩʪʽʩʪʴ ʩʢʣʘʜʘʻ 20 ʦʙ.%. ʊʦʙʪʦ, ʥʘʚʽʪʴ ʧʨʠ ʪʘʢʠʭ ʚʠʩʦʢʠʭ ʪʠʩʢʘʭ ʪʘ ʪʝʤʧʝʨʘʪʫʨʽ 

ʦʪʨʠʤʘʥʥʷ ɦ ʽʣʴʥʦʛʦ ʜʠʙʦʨʠʜ ʮʠʨʢʦʥʽʶ ʫʩʢʣʘʜʥʝʥʝ. ʄʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʦʪʨʠʤʘʥʦʾ 

ʢʝʨʘʤʽʢʠ ʤʘʣʠ ʥʘʩʪʫʧʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ: ʤʽʮʥʽʩʪʴ ʥʘ ʟʛʠʥ 416 ʄʇʘ,  ʂ1ʩ  5,46 

ʄʇʘĀʤ1/2 
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ʈʠʩʫʥʦʢ 1.3ï ʉʪʨʫʢʪʫʨʘ ZrB2, ʦʪʨʠʤʘʥʦʛʦ ʤʝʪʦʜʦʤ ʉʇʉ [34] 

 

ʊʘʢ ʷʢ ʦʪʨʠʤʘʪʠ ʙʝʟʧʦʨʠʩʪʠʡ ʤʦʥʦʬʘʟʥʠʡ ʤʘʪʝʨʽʘʣ ʧʨʠ ʪʘʢʠʭ ʫʤʦʚʘʭ ʥʝ 

ʤʦʞʣʠʚʦ, ʦʩʥʦʚʥʦʶ ʟʘʜʘʯʝʶ ʻ ʜʦʩʷʛʥʝʥʥʷ ʱʽʣʴʥʦʛʦ ʩʪʘʥʫ ʚʚʝʜʝʥʥʷʤ ʽʥʰʠʭ 

ʪʫʛʦʧʣʘʚʢʠʭ ʟôʻʜʥʘʥʴ ʚ ʷʢʦʩʪʽ ʩʧʽʢʘʶʯʠʭ ʜʦʙʘʚʦʢ. ɼʦ ʜʦʙʘʚʦʢ, ʷʢʽ ʤʦʞʫʪʴ ʚʠʩʪʫʧʘʪʠ 

ʚ ʨʦʣʽ ʘʢʪʠʚʘʪʦʨʽʚ ʩʪʘʚʣʷʪʴʩʷ ʨʷʜ ʚʠʤʦʛ, ʘ ʩʘʤ: ʟʤʝʥʰʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ ʦʪʨʠʤʘʥʥʷ 

ʢʦʤʧʦʟʠʪʫ, ʟʙʽʣʴʰʫʚʘʪʠ ʤʽʮʥʽʩʪʴ ʧʨʠ ʢʽʤʥʘʪʥʽʡ ʪʘ ʚʠʩʦʢʽʡ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʧʽʜʚʠʱʝʥʥʷ 

ʩʪʽʡʢʽʩʪʴ ʜʦ ʦʢʠʩʥʝʥʥʷ ʪʘ ʟʙʝʨʽʛʘʪʠ ʟʥʘʯʝʥʥʷ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʥʝ ʤʝʥʰʝ ʥʽʞ 60 ɺʪ/ʤ 

ʂ. ɼʦ ʪʘʢʠʭ ʜʦʙʘʚʦʢ ʚʽʜʥʦʩʷʪʴ ʢʘʨʙʽʜʠ, ʥʽʪʨʠʜʠ, ʩʠʣʽʮʠʜʠ, ʚ ʜʝʷʢʠʭ  ʚʠʧʘʜʢʘʭ ʥʘʚʽʪʴ 

ʙʦʨʠʜʠ ʪʘ ʾʭ ʧʦʻʜʥʘʥʥʷ [6], [10], [35]ï[37]. ɻʦʣʦʚʥʠʤ ʬʘʢʪʦʨʦʤ, ʷʢʠʡ ʚʠʟʥʘʯʘʻ 

ʤʝʭʘʥʽʯʥʽ ʽ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʽ ʚʣʘʩʪʠʚʦʩʪʽ, ʻ ʩʪʨʫʢʪʫʨʘ ʦʪʨʠʤʘʥʦʛʦ ʤʘʪʝʨʽʘʣʫ, ʷʢʘ 

ʢʦʥʪʨʦʣʶʻʪʴʩʷ ʪʝʭʥʦʣʦʛʽʻʶ ʽ ʜʦʙʘʚʢʘʤʠ, ʱʦ ʙʫʜʝ ʨʦʟʛʣʷʥʫʪʦ ʥʠʞʯʝ, ʟʘʛʘʣʴʥʠʡ ʦʧʠʩ 

ʷʢʠʭ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʥʘ ʨʠʩʫʥʢʫ 1.4.  
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ʈʠʩʫʥʦʢ  1.4 ï ɿʘʛʘʣʴʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʤʝʪʦʜʫ ʦʪʨʠʤʘʥʥʷ ʽ ʚʚʝʜʝʥʥʷ ʣʝʛʫʶʯʠʭ ʝʣʝʤʝʥʪʽʚ 
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1.3 ɺʧʣʠʚ ʣʝʛʫʶʯʠʭ ʝʣʝʤʝʥʪʽʚ ʥʘ ʩʪʨʫʢʪʫʨʫ, ʬʘʟʦʚʠʡ ʩʢʣʘʜ ʪʘ ʤʝʭʘʥʽʯʥʽ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʥʘ ʦʩʥʦʚʽ  ʜʠʙʦʨʠʜʫ 

ʮʠʨʢʦʥʽʶ 

 

ʅʘʡʙʽʣʴʰ ʚʽʜʦʤʠʤ ʩʧʦʩʦʙʦʤ ʟʥʠʞʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ ʦʪʨʠʤʘʥʥʷ ʪʫʛʦʧʣʘʚʢʠʭ 

ʟôʻʜʥʘʥʴ ʻ ʚʚʝʜʝʥʥʷ ʤʝʪʘʣʽʚ, ʷʢʽ ʚ ʧʨʦʮʝʩʽ ʩʧʽʢʘʥʥʷ ʫʪʚʦʨʶʶʪʴ ʣʝʛʢʦʧʣʘʚʢʽ 

ʝʚʪʝʢʪʠʢʠ. ʗʩʢʨʘʚʠʤ ʧʨʠʢʣʘʜʦʤ ʻ ʚʚʝʜʝʥʥʷ ʯʠʩʪʦʛʦ ʥʽʢʝʣʶ [38]ï[40] ʯʠ ʭʨʦʤʫ [39]. 

ʆʜʥʘʢ, ʚʚʝʜʝʥʥʷ ʚʽʜʥʦʩʥʦ ʣʝʛʢʦʧʣʘʚʢʠʭ ʤʝʪʘʣʽʚ ʧʦʛʽʨʰʫʻ ʝʢʩʧʣʫʘʪʘʮʽʡʥʽ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʘʪʝʨʽʘʣʫ, ʟʥʠʞʫʶʯʠ ʨʦʙʦʯʫ ʪʝʤʧʝʨʘʪʫʨʫ ʤʘʪʝʨʽʘʣʫ ʜʦ ~1000 ʦʉ. ɿ 

ʽʥʰʦʛʦ ʙʦʢʫ, ʚʚʝʜʝʥʥʷ ʪʫʛʦʧʣʘʚʢʠʭ ʤʝʪʘʣʽʚ, ʪʘʢʠʭ ʷʢ W, Nb, Mo, ʧʦʪʨʝʙʫʻ 

ʪʝʤʧʝʨʘʪʫʨ ʩʧʽʢʘʥʥʷ ʧʨʠʙʣʠʟʥʦ 2100 ʦʉ, ʜʦʟʚʦʣʷʶʯʠ ʦʪʨʠʤʘʪʠ ʢʝʨʘʤʽʢʫ ʟ 

ʧʽʜʚʠʱʝʥʦʶ ʩʪʽʡʢʽʩʪʶ ʜʦ ʦʢʠʩʥʝʥʥʷ ʚʥʘʩʣʽʜʦʢ ʣʝʛʫʚʘʥʥʷ B2O3 ʪʫʛʦʧʣʘʚʢʠʤʠ 

ʦʢʩʠʜʘʤʠ W,Nb,Mo [37], [41]. ʆʜʥʘʢ, ʟʘ ʮʠʭ ʪʝʤʧʝʨʘʪʫʨ ʦʪʨʠʤʘʥʥʷ ʜʦʮʽʣʴʥʦ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʚ ʷʢʦʩʪʽ ʘʢʪʠʚʘʪʦʨʽʚ ʪʫʛʦʧʣʘʚʢʽ ʩʧʦʣʫʢʠ, ʷʢʽ ʟʥʘʯʥʦ ʧʦʢʨʘʱʫʶʪʴ 

ʚʣʘʩʪʠʚʦʩʪʽ ʢʦʤʧʦʟʠʪʫ ʥʽʞ W,Nb,Mo. 

ʅʘʡʢʨʘʱʠʤʠ ʘʢʪʠʚʘʪʦʨʘʤʠ ʩʧʽʢʘʥʥʷ ʩʝʨʝʜ ʥʽʪʨʠʜʥʠʭ ʜʦʙʘʚʦʢ ʻ  Si3N4, AlN, 

ʷʢʽ ʟʘ ʩʚʦʻʶ ʧʨʠʨʦʜʦʶ ʚʟʘʻʤʦʜʽʶʪʴ ʟ ʢʠʩʥʝʤ, ʟʤʝʥʰʫʶʯʠ ʾʭ ʚʤʽʩʪ, ʦʯʠʱʘʶʯʠ 

ʛʨʘʥʠʮʽ ʟʝʨʝʥ ʢʝʨʘʤʽʢʠ. ʏʝʨʝʟ ʟʤʝʥʰʝʥʥʷ ʚʤʽʩʪʫ ʢʠʩʥʶ ʚʽʜʙʫʚʘʻʪʴʩʷ ʘʢʪʠʚʘʮʽʷ 

ʧʦʚʝʨʭʥʽ ʨʦʟʜʽʣʫ ʘʪʦʤʽʚ ʙʦʨʫ ʥʘ ʛʨʘʥʠʮʽ, ʷʢʽ ʚ ʩʚʦʶ ʯʝʨʛʫ ʧʽʜʚʠʱʫʶʪʴ ʡʦʛʦ 

ʜʠʬʫʟʽʶ, ʧʨʦ ʱʦ ʩʚʽʜʯʘʪʴ ʜʦʩʣʽʜʞʝʥʥʷ ʘʚʪʦʨʽʚ [30]. ʄʘʪʝʨʽʘʣ, ʷʢʠʡ ʤʽʩʪʠʚ ʚʽʜ 5% 

ʦʙ.  Si3N4, ʦʪʨʠʤʘʥʠʡ ʛʘʨʷʯʠʤ ʧʨʝʩʫʚʘʥʥʷʤ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1700Áʉ ʪʘ ʪʠʩʢʫ 30 

ʄʇʘ ʟ ʚʠʪʨʠʤʢʦʶ ʧʨʦʪʷʛʦʤ 15 ʭʚʠʣʠʥ,  ʤʘʚ ʚʽʜʥʦʩʥʫ ʱʽʣʴʥʽʩʪʴ 98%, ʤʽʮʥʽʩʪʴ ʥʘ 

ʟʛʠʥ 419 ʄʇʘ ʪʘ ʪʨʽʱʠʥʦʩʪʽʡʢʽʩʪʴ 3,8 ʄʇʘĀʤ1/2.  ɿʙʽʣʴʰʝʥʥʷ ʚʤʽʩʪʫ ʜʦ 20 ʦʙ. %,  

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʽʜʚʠʱʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ ʛʘʨʷʯʦʛʦ ʧʨʝʩʫʚʘʥʥʷ ~ 1850 Áʉ, ʟʘ ʨʘʭʫʥʦʢ 

ʫʪʚʦʨʝʥʥʷ ʙʽʣʴʰ ʪʫʛʦʧʣʘʚʢʠʭ ʩʧʦʣʫʢ: BN (ʊʧʣ=3273 ʦʉ ), ZrSi2, ZrN (ʊʧʣ 2980 ʦʉ) 

[11]. 

ʅʽʪʨʠʜ ʘʣʶʤʽʥʽʶ ʘʙʩʦʨʙʫʻ ʟ ʧʦʚʝʨʭʥʽ ʤʘʪʝʨʽʘʣʫ ʢʠʩʝʥʴ, ʚʠʢʦʥʫʶʯʠ ʪʽ ʩʘʤʽ 

ʬʫʥʢʮʽʾ, ʱʦ ʽ ʥʽʪʨʠʜ ʢʨʝʤʥʽʶ. ʊʦʤʫ ʤʘʪʝʨʽʘʣ ʥʘ ʦʩʥʦʚʽ ZrB2, ʷʢʠʡ ʙʫʚ ʦʪʨʠʤʘʥʠʡ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1850 Áʉ, ʪʠʩʢʫ 30 ʄʇʘ, ʟ ʚʠʪʨʠʤʢʦʶ 30 ʭʚʠʣʠʥ, ʤʘʚ ʚʽʜʥʦʩʥʫ 
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ʱʽʣʴʥʽʩʪʴ 92%, ʤʽʮʥʽʩʪʴ ʥʘ ʟʛʠʥ ï 508,  ʪʨʽʱʠʥʦʩʪʽʡʢʽʩʪʴ ï 3,1 ʄʇʘĀʤ1/2, ʚʤʽʩʪ AlN 

ʩʢʣʘʚ 4,6 ʦʙ. % [42].  

ʊʘʢʠʤ ʯʠʥʦʤ, ʚʚʝʜʝʥʥʷ ʥʽʪʨʠʜʽʚ ʚ ʙʦʨʠʜ ʮʠʨʢʦʥʽʶ ʤʦʞʥʘ ʦʧʠʩʘʪʠ 

ʥʘʩʪʫʧʥʠʤʠ ʨʽʚʥʷʥʥʷʤʠ:  

ZrO2(ʪ)+MeN(ʪ)=ZrN(ʪ)+NO(ʛ)         (1.1) 

B2O3(ʪ)+MeN(ʪ)=BN(ʪ)+NO(ʛ)          (1.2) 

 

 ɼʘʥʽ ʨʽʚʥʷʥʥʷ ʨʝʘʢʮʽʾ ʚʢʘʟʫʶʪʴ ʥʘ ʪʝ, ʱʦ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʤʝʥʰʝʥʥʷ ʢʽʣʴʢʦʩʪʽ 

ʦʢʩʠʜʥʠʭ ʩʧʦʣʫʢ ʽ ʪʠʤ ʩʘʤʠʤ ʦʯʠʱʝʥʥʷ ʛʨʘʥʠʮʴ ʟʝʨʝʥ ʦʪʨʠʤʘʥʦʛʦ ʤʘʪʝʨʽʘʣʫ. ʈʘʟʦʤ 

ʽʟ ʪʠʤ ʢʽʣʴʢʽʩʪʴ ʥʽʪʨʠʜʫ ʥʝ ʧʦʚʠʥʥʘ ʧʝʨʝʚʠʱʫʚʘʪʠ 20 ʦʙ. % ʪʘʢ ʷʢ ʚ ʨʝʟʫʣʴʪʘʪʽ 

ʨʝʘʢʮʽʾ ʚʽʜʙʫʚʘʻʪʴʩʷ ʫʪʚʦʨʝʥʥʷ ʙʽʣʴʰ ʪʫʛʦʧʣʘʚʢʠʭ ʩʧʦʣʫʢ, ʱʦ ʧʨʠʟʚʦʜʷʪʴ ʜʦ 

ʧʽʜʚʠʱʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ ʛʘʨʷʯʦʛʦ ʧʨʝʩʫʚʘʥʥʷ. 

ʈʦʟʛʣʷʜʘʶʯʠ ʚʧʣʠʚ ʩʠʣʽʮʠʜʥʠʭ ʜʦʙʘʚʦʢ ʤʦʞʥʘ ʧʨʦʩʣʽʜʢʫʚʘʪʠ ʟʘʛʘʣʴʥʫ 

ʪʝʥʜʝʥʮʽʶ, ʷʢʘ ʚʽʜʤʽʯʝʥʘ ʚ ʨʦʙʦʪʘʭ [10], [30] . ɺʩʽ ʩʠʣʽʮʠʜʠ (ZrSi, MoSi2, Ta5Si3, 

TaSi2, WSi2), ʷʢʽ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʚ ʷʢʦʩʪʽ ʜʦʙʘʚʦʢ, ʻ ʙʽʣʴʰ ʧʣʘʩʪʠʯʥʠʤʠ, ʥʽʞ 

ʜʠʙʦʨʠʜ ʮʠʨʢʦʥʽʶ. ʊʦʤʫ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ > 800 Áʉ ʚʽʜʙʫʚʘʻʪʴʩʷ ʫʱʽʣʴʥʝʥʥʷ, ʷʢʝ 

ʩʫʧʨʦʚʦʜʞʫʻʪʝʩʷ ʧʣʘʩʪʠʯʥʦʶ ʜʝʬʦʨʤʘʮʽʻʶ ʩʠʣʽʮʠʜʫ, ʘ ʦʪʞʝ ʚʽʜʙʫʚʘʻʪʴʩʷ 

ʟʘʪʽʢʘʥʥʷ ʤʘʪʝʨʽʘʣʫ ʚ ʧʦʨʠ. ɯʥʰʠʤ ʚʘʞʣʠʚʠʤ ʬʘʢʪʦʨʦʤ ʻ ʫʪʚʦʨʝʥʥʷ ʩʢʣʦʧʦʜʽʙʥʦʾ 

ʬʘʟʠ, ʷʢʘ ʟʘʡʤʘʻ ʧʨʦʤʽʞʥʝ ʧʦʣʦʞʝʥʥʷ ʤʽʞ ʩʠʣʽʮʠʜʦʤ ʪʘ ʜʠʙʦʨʠʜʦʤ ʮʠʨʢʦʥʽʶ. 

ɺʠʭʦʜʷʯʠ ʟ ʚʠʱʝ ʩʢʘʟʘʥʦʛʦ, ʢʝʨʘʤʽʢʘ ʥʘ ʦʩʥʦʚʽ ʜʠʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ ʽʟ ʩʠʣʽʮʠʜʥʦʶ 

ʜʦʙʘʚʢʦʶ ʤʘʻ ʱʽʣʴʥʽʩʪʴ 98%. 

ʅʘʡʙʽʣʴʰ ʚʽʜʦʤʦʶ ʩʠʣʽʮʠʜʥʦʶ ʜʦʙʘʚʢʦʶ ʜʦ ZrB2 ʻ ʜʠʩʠʣʽʮʠʜ ʤʦʣʽʙʜʝʥʫ 

(MoSi2), ʷʢʠʡ ʟʘʙʝʟʧʝʯʫʻ ʥʘʡʚʠʱʫ ʢʦʨʦʟʽʡʥʽʫ ʩʪʽʡʢʦʩʪʽ ʩʝʨʝʜ ʢʝʨʘʤʽʢ ʥʘ ʦʩʥʦʚʽ 

ʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ [6], [10], [43], [44]. ʆʧʪʠʤʘʣʴʥʘ ʪʝʤʧʝʨʘʪʫʨʘ ʦʪʨʠʤʘʥʥʷ 

ʢʦʤʧʦʟʠʪʫ ʩʠʩʪʝʤʠ ZrB2-MoSi2 ʩʢʣʘʜʘʻ 1800Áʉ. ʗʢ ʚʽʜʦʤʦ, ʥʘ ʩʪʨʫʢʪʫʨʥʠʡ ʩʪʘʥ ʪʘ 

ʚʣʘʩʪʠʚʦʩʪʽ ʚʧʣʠʚʘʻ ʥʝ ʪʽʣʴʢʠ ʘʢʪʠʚʘʪʦʨ ʘ ʽ ʤʝʪʦʜʦ ʦʪʨʠʤʘʥʥʷ. ʊʘʢ ʚ ʨʦʙʦʪʽ ʨʦʙʦʪ ̔

[45] ʨʦʟʛʣʷʜʘʣʠ ʚʧʣʠʚ ʪʝʭʥʦʣʦʛʽʾ ʥʘ ʤʽʢʨʦʩʪʨʫʢʪʫʨʫ ʪʘ ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ 

ʢʝʨʘʤʽʢʠ ZrB2ïMoSi2, ʨʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʥʷ ʥʘʚʝʜʝʥʦ ʚ ʪʘʙʣʠʮʽ 1.1 ʗʢ ʚʠʜʥʦ ʟ 

ʪʘʙʣʠʮʽ 1.1, ʚʩʽ ʤʘʪʨʽʘʣʠ ʙʫʣʠ ʫʱʽʣʴʥʝʥʽ ʤʘʡʞʝ ʜʦ ʪʝʦʨʝʪʠʯʥʦʾ ʱʽʣʴʥʦʩʪʽ, ʪʦʞ 

ʚʧʣʠʚ ʧʦʨʠʩʪʦʩʪʽ ʥʘ ʚʣʘʩʪʠʚʦʩʪʽ ʙʫʚ ʤʽʥʽʤʽʟʦʚʘʥʦ. 
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ʊʘʙʣʠʮʷ 1.1ï ʋʤʦʚʠ ʦʪʨʠʤʘʥʥʷ ʢʦʤʧʦʟʠʪʫ ZrB2ï20% MoSi2 [45] 

ʄʝʪʦʜ 

ʦʪʨʠʤʘʥʥʷ 
ʈʝʞʠʤ ʦʪʨʠʤʘʥʥʷ 

ɺʽʜʥʦʩʥʘ 

ʱʽʣʴʥʽʩʪʴ,

% 

ʈʦʟʤʽʨ 

ʟʝʨʥʘ, 

ʤʢʤ 

ʄʽʮʥʽʩʪʴ ʥʘ 

ʟʛʠʥ ʊ-23 ʦʉ, 

ʄʇʘ 

ʄʽʮʥʽʩʪʴ ʥʘ 

ʟʛʠʥ ʊ-1500 
ʦʉ, ʄʇʘ 

ɯʟʦʪʩʪʘʪ ʧʨʝʩ. 

ʪʘ ʩʧʽʢʘʥʥʷ 
1850ÁC/30ʭʚ./ʘʨʛʦʥ 99,1 2,5 

531 500 

ɻʇ 1750ÁC/20ʭʚ./ʚʘʢʫʫʤ 97,7 1,8 704 333 

ɻʇ 1800ÁC/5ʭʚ./ʚʘʢʫʫʤ 98,1 1,8 552 388 

ɻʇ 1780ÁC/12ʭʚ./ʚʘʢʫʫʤ 99,2 1,5 498 479 

ɯʇʉ 1750ÁC/7ʭʚ./ʚʘʢʫʫʤ 98,1 1,4 643 357 

 

ʌʘʟʦʚʠʡ ʩʢʣʘʜ ʤʘʪʝʨʽʘʣʫ:  ʜʠʙʦʨʠʜ ʮʠʨʢʦʥʽʶ, ʜʠʩʠʣʽʮʠʜ ʤʦʣʽʙʜʝʥʫ, ʘ ʪʘʢʦʞ 

ʥʝʟʥʘʯʥʘ ʢʽʣʴʢʽʩʪʴ  ʁSiO2 (ʨʠʩʫʥʦʢ 1.5). ɼʽʦʢʩʠʜ ʢʨʝʤʥʽʶ ʥʘ ʧʦʯʘʪʢʦʚʠʭ ʩʪʘʜʽʷʭ 

ʫʱʽʣʴʥʝʥʥʷ ʚʠʩʪʫʧʘʻ ʚ ʨʦʣʽ ʬʘʟʠ, ʷʢʘ ʽʥʪʝʥʩʠʬʽʢʫʻ ʧʝʨʝʛʨʫʧʫʚʘʥʥʷ ʯʘʩʪʠʥʦʢ 

ʟʤʝʥʰʫʶʯʠ ʩʠʣʠ ʪʝʨʪʷ ʤʽʞ ʥʠʤʠ. ʋ ʩʚʦʶ ʯʝʨʛʫ  MoSi2 ʧʨʠʛʥʽʯʫʻ  ʨʽʩʪ ʟʝʨʥʘ ZrB2, 

ʱʦ, ʧʦʣʽʧʰʫʻ ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ, ʪʘʙʣʠʮʷ 1.  

 

1 ï ʜʠʙʦʨʠʜ ʮʠʨʢʦʥʽʶ; 2 ï ʜʠʩʠʣʽʮʠʜ ʤʦʣʽʙʜʝʥʫ; 3 ï ʜʽʦʢʩʠʜ 

ʮʠʨʢʦʥʽʶ;4 ï ʜʽʦʢʩʠʜ ʢʨʝʤʥʽʶ; 5 ï ʢʘʨʙʽʜ ʢʨʝʤʥʽʶ 

 

ʈʠʩʫʥʦʢ 1.5ï ʉʪʨʫʢʪʫʨʘ ʢʝʨʘʤʽʢʠ ZrB2 ï  ςπ ʦʙȢ ϷMoSi2, ʦʪʨʠʤʘʥʦʾ ʨʽʟʥʠʤʠ 

ʤʝʪʦʜʘʤʠ [45] 
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ɸʥʘʣʽʟʫʶʯʠ ʮʽ ʜʘʥʽ, ʤʦʞʥʘ ʧʦʙʘʯʠʪʠ, ʱʦ ʧʨʠ ʢʽʤʥʘʪʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ 

ʥʘʡʙʽʣʴʰʫ ʤʽʮʥʽʩʪʴ (704 ʄʇʘ) ʤʘʻ ʤʘʪʝʨʽʘʣ, ʦʪʨʠʤʘʥʠʡ ʛʘʨʷʯʠʤ ʧʨʝʩʫʚʘʥʥʷʤ ʧʨʠ 

ʥʘʡʜʦʚʰʽʡ ʽʟʦʪʝʨʤʽʯʥʽʡ ʚʠʪʨʠʤʮʽ 20 ʭʚ. ʆʜʥʘʢ, ʧʨʠ ʧʽʜʚʠʱʝʥʥʽ ʪʝʤʧʝʨʘʪʫʨʠ ʜʦ 

1500 Áʉ ʤʽʮʥʽʩʪʴ ʤʘʪʝʨʽʘʣʫ ʦʪʨʠʤʘʥʦʛʦ ʜʘʥʠʤ ʩʧʦʩʦʙʦʤ ʨʽʟʢʦ ʟʤʝʥʰʫʻʪʴʩʷ, ʤʘʡʞʝ 

ʚ ʧʦʣʦʚʠʥʫ. ʎʝ ʧʦʚôʷʟʘʥʦ ʽʟ ʥʘʷʚʥʽʩʪʶ ʥʠʟʴʢʦʪʝʤʧʝʨʘʪʫʨʥʠʭ ʬʘʟ (SiO2), ʷʢʽ 

ʟʤʝʥʰʫʶʪʴ ʤʽʮʥʽʩʪʴ ʧʨʠ ʚʠʩʦʢʽʡ ʪʝʤʧʝʨʘʪʫʨʽ. ʄʘʪʝʨʽʘʣ, ʦʪʨʠʤʘʥʠʡ ʛʘʨʷʯʠʤ 

ʧʨʝʩʫʚʘʥʥʷʤ ʟ ʜʦʜʘʚʘʥʥʷʤ ʥʝʚʝʣʠʢʦʾ ʢʽʣʴʢʦʩʪʽ ʚʫʛʣʝʮʶ, ʧʦʢʘʟʘʚ, ʟʙʝʨʝʞʝʥʥʷ 

ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʽ, ʷʢ ʧʨʠ ʢʽʤʥʘʪʥʽʡ ʪʘʢ ʽ ʧʽʜʚʠʱʝʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ ʟʘ ʨʘʭʫʥʦʢ 

ʚʽʜʥʦʚʣʝʥʥʷ, ʚ ʧʨʦʮʝʩʽ ʫʱʽʣʴʥʝʥʥʷ, ʣʝʛʢʦʧʣʘʚʢʠʭ ʩʢʣʘʜʦʚʠʭ ʥʘ ʦʩʥʦʚʽ SiO2. ʊʦʙʪʦ, 

ʥʘ ʤʽʮʥʽʩʪʴ ʧʨʠ ʢʽʤʥʘʪʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ ʦʩʥʦʚʥʠʤ ʬʘʢʪʦʨʦʤ  ʻ ʨʦʟʤʽʨ ʟʝʨʥʘ, ʧʨʠ 

ʧʽʜʚʠʱʝʥʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ-ʩʪʘʥ ʛʨʘʥʠʮʴ ʟʝʨʝʥ. ɺ ʨʦʙʦʪʽ [46] ʧʦʢʘʟʘʥʦ, ʱʦ ʧʨʠ 

ʟʙʽʣʴʰʝʥʥʽ ʚʤʽʩʪʫ MoSi2 (ʚʽʜ 20 ʦʙ.%) ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʘʪʠ ʱʽʣʴʥʽ ʤʘʪʝʨʽʘʣʠ ʧʨʠ 

ʤʝʥʰʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ  (~1700 oC).  

ɺ ʨʦʙʦʪʘʭ ʌʘʨʝʥʛʦʣʴʮʘ [47], [48] ʙʫʣʦ ʧʦʚʥʽʩʪʶ ʚʽʜʧʨʘʮʴʦʚʘʥʦ ʪʝʭʥʦʣʦʛʽʶ 

ʦʪʨʠʤʘʥʥʷ ʢʦʤʧʦʟʠʪʫ ʩʠʩʪʝʤʠ ZrB2ï15 ʦʙ.% MoSi2, ʧʦʢʘʟʘʥʦ, ʱʦ ʟʤʝʥʰʝʥʥʷ 

ʧʦʯʘʪʢʦʚʦʛʦ ʨʦʟʤʽʨʫ ʟʝʨʥʘ ʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ ʪʘ ʜʠʩʠʣʽʮʠʜʫ ʤʦʣʽʙʜʝʤʫ ʜʦʟʚʦʣʠʪʴ 

ʦʪʨʠʤʘʪʠ ʚʠʩʦʢʦʤʽʮʥ ̔ʢʦʤʧʦʟʠʪʠ. ɯʥʰʠʤ ʚʘʞʣʠʚʠʤ ʜʦʩʷʛʥʝʥʥʷʤ ʻ ʪʝ ʱʦ ʚ ʧʨʦʮʝʩʽ 

ʫʱʽʣʴʥʝʥʥʷ ʥʘ ʛʨʘʥʠʮʽ ʟʝʨʝʥ ʚʽʜʙʫʚʘʻʪʴʩʷ ʫʪʚʦʨʝʥʥʷ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʩʢʣʘʜʫ 

(Zr,Mo)B2, ʷʢʽ ʚʧʣʠʚʘʶʪʴ ʥʝ ʪʽʣʴʢʠ ʥʘ ʤʽʮʥʽʩʪʴ ʢʝʨʘʤʽʢʠ, ʘ ʽ ʥʘ ʩʪʽʡʢʽʩʪʴ ʜʦ 

ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʢʠʩʥʝʥʥʷ, ʷʢʘ ʜʝʪʘʣʴʥʦ ʙʫʣʘ ʦʧʠʩʘʥʘ ʚ ʨʦʙʦʪʘʭ [17], [49].   

ʊʘʢʠʤ ʯʠʥʦʤ, MoSi2 ʽʥʪʝʥʩʠʬʽʢʫʻ ʧʨʦʮʝʩ ʫʱʽʣʴʥʝʥʥʷ ʟʘ ʨʘʭʫʥʦʢ ʧʣʘʩʪʠʯʥʦʾ 

ʜʝʬʦʨʤʘʮʽʾ ʪʘ ʧʦʟʠʪʠʚʥʦ ʚʧʣʠʚʘʻ ʥʘ ʤʽʮʥʽʩʪʴ ʷʢ ʧʨʠ ʢʽʤʥʘʪʥʽʡ ʪʘʢ ʽ ʧʽʜʚʠʱʝʥʽʡ 

ʪʝʤʧʝʨʘʪʫʨʽ. 

ɯʥʰʦʶ ʩʠʣʽʮʠʜʥʦ  ʁʜʦʙʘʚʢʦʶ, ʷʢʘ ʧʨʠʚʝʨʪʘʣʘ ʫʚʘʛʫ ʚʯʝʥʠʭ ʻ ʜʠʩʠʣʽʮʠʜ 

ʪʘʥʪʘʣʫ (TaSi2). ɼʝʪʘʣʴʥʠʡ ʘʥʘʣʽʟ ʢʦʤʧʦʟʠʪʫ ZrB2ïTaSi2 , ʪʝʭʥʦʣʦʛʽʷ ʦʪʨʠʤʘʥʥʷ, 

ʩʪʨʫʢʪʫʨʘ ʪʘ ʚʣʘʩʪʠʚʦʩʪʽ ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʚ ʨʦʙʦʪʽ [50]. ʊʘʢ ʷʢ ʜʠʩʠʣʽʮʠʜ ʪʘʥʘʪʣʫ 

ʤʘʻ ʚʠʱʫ ʪʝʤʧʝʨʘʪʫʨʫ ʧʣʘʚʣʝʥʥʷ (Tʧʣ= 2200 ʦʉ) ʯʠʤ ʜʠʩʠʣʽʮʠʜ ʤʦʣʽʙʜʝʥʫ (Tʧʣ= 

2030 ʦʉ), ʪʝʤʧʝʨʘʪʫʨʘ ʫʱʽʣʴʥʝʥʥʷ ZrB2ï15 ʦʙ. % TaSi2  ʩʪʘʥʦʚʠʪʴ 1850 ʦʉ. ʆʜʥʘʢ, 

ʧʨʦʮʝʩ ʩʪʨʫʢʪʫʨʦʫʪʚʦʨʝʥʥʷ ʧʦʜʽʙʥʠʡ. ɺ ʩʪʨʫʢʪʫʨʽ ʙʫʣʦ ʚʠʷʚʣʝʥʦ ZrB2(1), ʪʚʝʨʜʽ 

ʨʦʟʯʠʥʠ (Zr,Ta)B2(2), ʪʘ TaSi2(3), ʨʠʩʫʥʦʢ 1.6. 
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1 ï ʜʠʙʦʨʠʜ ʮʠʨʢʦʥʽʶ; 2ï ʪʚʝʨʜʠʡ ʨʦʟʯʠʥ (Zr,Ta)B2;  

3ï ʜʠʩʠʣʽʮʠʜ ʪʘʥʪʘʣʫ 

ʈʠʩʫʥʦʢ 1.6ï ʉʪʨʫʢʪʫʨʘ ʢʦʤʧʦʟʠʮʽʡʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ZrB2ï15 ʦʙ. %TaSi2, 

ʦʪʨʠʤʘʥʦʛʦ ʚʘʢʫʫʤʥʠʤ ʛʘʨʷʯʠʤ ʧʨʝʩʫʚʘʥʥʷʤ [50] 

 

ʅʘ ʜʫʤʢʫ ʘʚʪʦʨʽʚ, ʫʪʚʦʨʝʥʥʷ ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ (Zr,Ta)B2 ʧʦʚôʷʟʘʥʝ ʽʟ 

ʨʦʟʢʣʘʜʘʥʥʷʤ ʜʠʩʠʣʽʮʠʜʫ ʪʘʥʪʘʣʫ ʪʘ ʡʦʛʦ ʤʦʞʣʠʚʦ  ʁʚʟʘʻʤʦʜʽʻ  ʁʟ ʉʆ, SiO2, B2O3. 

ʄʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʥʘʩʪʫʧʥʽ: ʤʽʮʥʽʩʪʴ ʥʘ ʟʛʠʥ ʧʨʠ ʢʽʤʥʘʪʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ 800Ñ33 

ʄʇʘ, ʪʚʝʨʜʽʩʪʴ 17,8 ɻʇʘ, ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ ʚ 1500 Áʉ ʤʽʮʥʽʩʪʴ ʩʢʣʘʜʘʻ 374Ñ5 ʄʇʘ. 

ʆʜʥʘʢ, ʤʘʶʯʠ ʥʘʡʚʠʱʽ ʧʦʢʘʟʥʠʢʠ ʤʽʮʥʦʩʪʽ ʩʝʨʝʜ ʩʠʣʽʮʠʜʥʠʭ ʜʦʙʘʚʦʢ, ʜʘʥʠʡ 

ʢʦʤʧʦʟʠʪ ʤʘʻ ʥʘʡʛʽʨʰʽ ʧʦʢʘʟʥʠʢʠ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ ʢʦʨʦʟʽʡʥʦʾ ʩʪʽʡʢʦʩʪʽ ʟʘ 

ʨʘʭʫʥʦʢ ʫʪʚʦʨʝʥʥʷ ʬʘʟ, ʷʢʽ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʝʢʩʧʝʨʠʤʝʥʪʫ ʚʠʧʘʨʦʚʫʶʪʴʩʷ ʟ 

ʧʦʚʝʨʭʥʽ [51]. 

ɹʘʟʦʚʠʤ ʢʦʤʧʦʟʠʪʦʤ ʚ ʢʣʘʩʽ ʋɺʊʂ ʚʚʘʞʘʻʪʴʩʷ ZrB2-SiC. ɼʘʥʘ ʩʠʩʪʝʤʘ ʙʫʣʘ  

ʜʦʩʣʽʜʞʝʥʘ ʚ ʙʘʛʘʪʴʦʭ ʨʦʙʦʪʘʭ [20], [32], [52]ï[54]. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʦʧʪʠʤʘʣʴʥʠʡ 

ʚʤʽʩʪ ʢʘʨʽʙʜʫ ʢʨʝʤʽʥʽʶ ʟ ʪʦʯʢʠ ʟʦʨʫ ʫʱʽʣʴʥʝʥʥʷ ʢʝʨʘʤʽʢʠ ʢʦʣʠʚʘʻʪʴʩʷ ʚ ʤʝʞʘʭ ʚʽʜ 

15 ʜʦ 30 ʦʙ.%. ɺʚʝʜʝʥʥʷ ʢʘʨʙʽʜʫ ʢʨʝʤʥʽʶ ʥʝ ʪʽʣʴʢʠ ʽʥʪʝʥʩʠʬʽʢʫʻ ʧʨʦʮʝʩ 

ʫʱʽʣʴʥʝʥʥʷ, ʘ ʪʘʢʦʞ ʟʤʝʥʰʫʻ ʨʝʢʨʠʩʪʘʣʽʟʘʮʽʶ ʜʠʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ ʧʽʜ ʯʘʩ 

ʫʱʽʣʴʥʝʥʥʷ, ʱʦ ʷʢ ʙʫʣʦ ʧʦʢʘʟʘʥʦ ʚʠʱʝ, ʧʦʟʠʪʠʚʥʦ ʚʧʣʠʚʘʻ ʥʘ ʤʽʮʥʽʩʪʴ. ʊʦʤʫ, ʥʘ 

ʢʦʤʧʦʟʠʪʽ ʩʢʣʘʜʫ ZrB2ï30 ʦʙ. %SiC ʙʫʣʦ ʜʦʩʷʛʥʫʪʦ ʤʘʢʩʠʤʘʣʴʥʫ ʤʽʮʥʽʩʪʴ ʧʨʠ 
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ʢʽʤʥʘʪʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ ʤʘʡʞʝ ʚ 1 ɻʇʘ [20], ʮʝ ʩʪʘʣʦ ʧʨʠʯʠʥʦʶ ʜʦʩʣʽʜʞʝʥʥʷ ʚʧʣʠʚ 

ʨʦʟʤʽʨʥʦʛʦ ʝʬʝʢʪʫ ʢʘʨʙʽʜʫ ʢʨʝʤʥʽʶ ʥʘ ʤʽʮʥʽʩʪʴ ʢʝʨʘʤʽʢʠ ʥʘ ʦʩʥʦʚʽ ZrB2. ɺ ʜʘʥʽʡ 

ʨʦʙʦʪʽ [54] ʧʽʜʩʫʤʦʚʘʥʦ, ʱʦ ʨʝʛʫʣʶʚʘʪʠ ʨʦʟʤʽʨ ʯʘʩʪʠʥʦʢ ʤʦʞʣʠʚʦ ʜʚʦʤʘ 

ʩʧʦʩʦʙʘʤʠ: ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʦʨʦʰʢʽʚ, ʷʢʽ ʤʘʶʪʴ ʤʘʣʽ ʨʦʟʤʽʨʠ ʯʘʩʪʠʥʦʢ, ʯʠ 

ʟʤʝʥʰʝʥʥʷʤ ʾʭ ʨʦʟʤʽʨʽʚ ʧʽʜ ʯʘʩ ʦʪʨʠʤʘʥʥʷ ʤʘʪʝʨʽʘʣʫ. ɺʩʽ ʤʘʪʝʨʽʘʣʠ ʙʫʣʦ ʦʪʨʠʤʘʥʦ 

ʨʦʟʤʝʣʦʤ ʫ ʘʪʨʠʪʦʨʥʦʤʫ ʤʣʠʥʽ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʢʫʣʴ ʟ ʢʘʨʙʽʜʫ ʚʦʣʴʬʨʘʤʫ 

ʧʨʦʪʷʛʦʤ 2 ʛʦʜʠʥ ʚ ʩʝʨʝʜʦʚʠʱʽ ʘʮʝʪʦʥʫ, ʚʠʩʫʰʫʚʘʥʥʷʤ ʪʘ ʧʦʜʘʣʴʰʠʤ ʭʦʣʦʜʥʠʤ 

ʬʦʨʤʫʚʘʥʥʷʤ ʧʨʠ ʪʠʩʢʫ 6 ʄʇʘ. ɻʘʨʷʯʝ ʧʨʝʩʫʚʘʥʥʷ ʚʽʜʙʫʚʘʣʦʩʷ ʚ ʜʝʢʽʣʴʢʘ ʝʪʘʧʽʚ: 

ʧʽʜʡʦʤ ʪʝʤʧʝʨʘʪʫʨʠ  ʜʦ 1450Áʉ  ʚ ʚʘʢʫʫʤʽ ʟ ʧʦʜʘʣʴʰʦʶ ʚʠʪʨʠʤʢʦʶ (1 ʛʦʜʠʥʘ), ʧʽʜ 

ʯʘʩ ʷʢʦʾ ʢʘʤʝʨʫ ʟʘʧʦʚʥʶʚʘʣʠ ʘʨʛʦʥʦʤ. ɼʘʣʽ ʧʽʜʡʦʤ ʪʝʤʧʝʨʘʪʫʨʠ ʜʦ 1650 Áʉ ʪʘ 

ʧʨʠʢʣʘʜʘʥʥʷ ʪʠʩʢʫ ʚ 32 ʄʇʘ. ʇʽʩʣʷ ʜʦʩʷʛʥʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ 1900 Áʉ ʚʽʜʙʫʚʘʣʦʩʷ 

ʦʭʦʣʦʜʞʝʥʥʷ. ʉʪʨʫʢʪʫʨʘ ʜʘʥʦʛʦ ʢʦʤʧʦʟʠʪʫ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʫ 1.7. 

 

a ï 18 ʤʢʤ; ʙ ï 12 ʤʢʤ; ʚ ï 8,2 ʤʢʤ; ʛ ï 4,4 ʤʢʤ 

ʈʠʩʫʥʦʢ 1.7ï ʉʪʨʫʢʪʫʨʘ ZrB2ï30 ʦʙ. % SiC ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʨʦʟʤʽʨʫ ʢʘʨʙʽʜʫ 

ʢʨʝʤʥʽʶ [20] 

 

ʗʢ ʚʠʜʥʦ ʟ ʨʠʩʫʥʢʫ 1.7, ʚʩʽ ʩʪʨʫʢʪʫʨʥʽ ʝʣʝʤʝʥʪʠ ʨʦʟʧʦʜʽʣʝʥʽ ʨʽʚʥʦʤʽʨʥʦ. 

ʄʝʪʦʜʦʤ ʈʌɸ ʙʫʣʦ ʚʠʷʚʣʝʥʦ ʫʪʚʦʨʝʥʥʷ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʥʘ ʦʩʥʦʚʽ ʢʦʤʧʦʥʝʥʪʽʚ 

ZrïWïʉ ʜʞʝʨʝʣʦ W ʙʫʣʠ ʨʦʟʤʝʣʴʥʽ ʪʽʣʘ ʚʠʛʦʪʦʚʣʝʥʥʽ ʽʟ WC-Co, ʤʝʭʘʥʽʯʥʽ 
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ʚʣʘʩʪʠʚʦʩʪʽ ʥʘʚʝʜʝʥʦ ʚ ʪʘʙʣʠʮʽ 1.2. ʇʨʠ ʧʽʜʚʠʱʝʥʥʽ ʪʝʤʧʝʨʘʪʫʨʠ ʚʠʧʨʦʙʫʚʘʥʴ ʜʦ 

1800 ʦʉ ʢʦʤʧʦʟʠʮʽʡʥʘ ʢʝʨʘʤʽʢʘ ʥʝ ʟʙʝʨʽʛʘʻ ʟʥʘʯʝʥʥʷ ʤʽʮʥʦʩʪʽ ʚ 1 ɻʇʘ, ʟʥʘʯʝʥʥʷ 

ʤʽʮʥʦʩʪʽ ʩʪʘʥʦʚʠʪʴ 214 ʄʇʘ [21].  

 

ʊʘʙʣʠʮʷ 1.2 ï ʄʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ZrB2ïρυϷSiC ʟʘʣʝʞʥʦ ʚʽʜ ʚʤʽʩʪʫ 

ʢʘʨʙʽʜʫ ʢʨʝʤʥʽʶ [20] 

ʈʦʟʤʽʨ ʟʝʨʥʘ, 

ʤʢʤ 

ʄʽʮʥʽʩʪʴ,ʄʇʘ 

 

ʄʦʜʫʣʴ 

ʖʥʛʘ,ʄʇʘ 
ʊʚʝʨʜʽʩʪʴ, ɻʇʘ 

6,4 ωςτρππ υσςρσ ςρȟχσ πȟφτ 
8,2 ψωςρςπ υστςπ ςρȟςπ πȟσψ 
11,5 ψςυρρψ υσρρτ ςρȟςτ πȟυυ 
11,8 χςτψσ υςπρς ρωȟςχ ρȟχψ 
12,0 τφπτχ υρψρφ ρψȟφτ πȟυτ 
13,0 ςψπστ υπυχ ρψȟσυ ρȟςφ 
18,0 ςτυςσ τψτφ ρχȟςψ ρȟςτ 

 

ʊʦʤʫ ʧʦʯʠʥʘʶʯʠ ʟ 2012 ʨʦʢʫ, ʚʩʝ ʙʽʣʴʰʝ ʨʦʙʽʪ ʧʨʠʜʽʣʷʶʪʴʩ ʤʘʢʩʠʤʽʟʘʮʽʾ 

ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ ʤʽʮʥʦʩʪʽ. ɹʫʣʦ ʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʚ ʩʠʩʪʝʤʽ ZrB2-SiC-WC 

ʟʙʝʨʽʛʘʻʪʴʩʷ ʤʽʮʥʩ̔ʪ,ɹ ʷʢ ʧʨʠʧʨʠ ʢʽʤʥʘʪʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ ʪʘʢ ʽ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ  1600 

ʦʉ [55]. ɺ ʪʦʡ ʞʝ ʯʘʩ, ʘʚʪʦʨʘʤʠ ʽʥʰʦʾ ʩʪʘʪʪʽ ʧʦʢʘʟʘʥʦ, ʱʦ ʟʥʘʯʝʥʥʷ ʤʽʮʥʦʩʪʽ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʽ ʚ 1000 ʦʉ ʩʪʘʥʦʚʠʣʦ 1200 ʄʇʘ, ʱʦ ʙʫʣʦ ʨʝʢʦʨʜʦʤ ʥʘ ʪʦʡ ʯʘʩ [56]. ʊʦʤʫ 

ʚʩʝ ʙʽʣʴʰʝ ʨʦʙʽʪ ʙʫʣʦ ʩʧʨʷʤʦʚʘʥʦ ʥʘ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʮʝʩʽʚ ʟʤʽʮʥʝʥʥʷ ʚ ʩʠʩʪʝʤʽ 

ZrB2-WC ʪʘ ZrB2-SiC-WC [19]. ʄʘʪʝʨʽʘʣ ʩʢʣʘʜʫ ZrB2-30 ʦʙ.% SiC - 5ï10 ʦʙ. %WC 

ʙʫʣʦ ʦʪʨʠʤʘʥʦ ʚʘʢʫʫʤʥʠʤ ʛʘʨʷʯʠʤ ʧʨʝʩʫʚʘʥʥʷʤ. ʅʘ ʧʝʨʰʦʤʫ ʝʪʘʧʽ ʧʨʠʢʣʘʜʘʚʩʷ 

ʪʠʩʢ 30 ʄʇʘ ʪʘ ʥʘʛʨʽʚ ʜʦ ʪʝʤʧʝʨʘʪʫʨʠ 2200Áʉ, ʧʽʩʣʷ ʜʦʩʷʛʥʝʥʥʷ ʮʽʻʾ ʪʝʤʧʝʨʘʪʫʨʠ 

ʪʠʩʢ ʟʙʽʣʴʰʫʚʘʣʠ ʜʦ 40 ʄʇʘ ʪʘ ʚʠʪʨʠʤʫʚʘʣʠ ʧʽʜ ʮʠʤ ʪʠʩʢʦʤ 35 ʭʚʠʣʠʥ. ʉʪʨʫʢʪʫʨʘ 

ʤʘʪʝʨʽʘʣʫ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ W,ZrB, W,ZrC, Si,ZrC, ʚʽʣʴʥʦʛʦ 

ʚʫʛʣʝʮʶ, WB ʪʘ ʜʠʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ ʟ ʨʦʟʤʽʨʦʤ ʟʝʨʥʘ 1,8 ʤʢʤ, ʨʠʩʫʥʦʢ 1.8. 

ʇʦʷʩʥʝʥʥʷ ʧʨʠʯʠʥ ʧʽʜʚʠʱʝʥʥʷ ʤʽʮʥʦʩʪʽ ʘʚʪʦʨʘʤʠ ʙʫʣʦ ʥʘʩʪʫʧʥʠʤ ʧʽʜ ʯʘʩ ʩʧʽʢʘʥʥʷ 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʫʪʚʦʨʝʥʥʷ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ (Zr,W)B2, ʛʨʘʥʠʮ ̔ʤʽʞ ʷʢʠʤʠ ʻ ʯʠʩʪʠʤʠ 

ʚʽʜ ʜʦʤʽʰʦʢ ʯʠ ʽʥʰʠʭ ʤôʷʢʠʭ ʟʝʨʥʦʛʨʘʥʠʯʥʠʭ ʬʘʟ, ʘ ʧʨʦʮʝʩ ʨʫʭʫ ʜʠʩʣʦʢʘʮʽʡ ʯʝʨʝʟ 
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ʢʽʣʴʮʝʚʫ ʩʪʨʫʢʪʫʨʫ ʫʩʢʣʘʜʥʝʥʠʡ, ʪʦʤʫ ʤʽʮʥʽʩʪʴ ʢʦʤʧʦʟʠʪʫ ʟʨʦʩʪʘʻ ʧʨʠ ʧʽʜʚʠʱʝʥʥʽ 

ʪʝʤʧʝʨʘʪʫʨʠ, ʱʦ ʪʘʢʦʞ ʧʽʜʪʚʝʨʜʞʫʚʘʣʦʩʴ ʨʦʙʦʪʘʤʠ [9], [57]. 

 

ʘ ï ZrB2 ï20 ʦʙ.% SiCï5 ʦʙ. %WC;  ʙ ï ZrB2 ï20 ʦʙ. %SiCï10 ʦʙ.%WC 

ʈʠʩʫʥʦʢ 1.8ï ʉʪʨʫʢʪʫʨʘ ʢʦʤʧʦʟʠʮʽʡʥʦʛʦ ʜʠʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ ʟ ʜʦʙʘʚʢʘʤʠ 

ʢʘʨʙʽʜʫ ʚʦʣʴʬʨʘʤʫ [19] 

 

ɿ ʽʥʰʦʛʦ ʙʦʢʫ ʥʘ ʛʨʘʥʠʮʽ ʤʽʞ (Zr,W)B2  ʚʽʜʙʫʚʘʻʪʴʩʷ ʫʪʚʦʨʝʥʥʷ ʩʝʛʨʝʛʦʚʘʥʦʛʦ 

ʯʠʩʪʦʛʦ ʚʦʣʴʬʨʘʤʫ, ʷʢʠʡ ʚʠʥʠʢ ʚ ʨʝʟʫʣʴʪʘʪʽ ʪʦʛʦ, ʱʦ ʤʘʢʩʠʤʘʣʴʥʘ ʢʽʣʴʢʽʩʪʴ 

ʚʦʣʴʬʨʘʤʫ, ʷʢʘ ʤʦʞʝ ʨʦʟʯʠʥʠʪʠʩʷ ʚ ʜʠʙʦʨʠʜʽ ʮʠʨʢʦʥʽʶ, ʩʢʣʘʜʘʻ ʚʩʴʦʛʦ ʣʠʰʝ 5 

ʤʦʣʴ% [13]. ʇʨʠ ʚʠʧʨʦʙʫʚʘʥʥʽ ʥʘ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʫ ʤʽʮʥʽʩʪʴ ʚʽʜʙʫʚʘʻʪʴʩʷ 

ʨʦʟʤôʷʢʰʝʥʥʷ ʚʦʣʴʬʨʘʤʫ ʽ ʚʽʥ ʚʠʩʪʫʧʘʻ ʫ ʨʦʣʽ ʧʦʛʣʠʥʘʯʘ ʜʠʩʣʦʢʘʮʽʡ, ʪʘʢ ʷʢ 

ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʨʝʟʫʣʴʪʘʪʽʚ ʪʨʘʥʩʤʽʩʽʡʥʦʾ ʝʣʝʢʪʨʦʥʥʦʾ ʤʽʢʨʦʩʧʦʧʽʾ ʜʠʩʣʦʢʘʮʽʾ 

ʟʥʘʭʦʜʷʪʴʩʷ ʪʽʣʴʢʠ ʚ ZrB2 [13]. 

ɼʘʥʽ ʪʝʦʨʽʾ ʤʘʶʪʴ ʩʧʽʣʴʥʝ ʜʫʤʢʫ, ʷʢʘ ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ ʱʦ ʚ ʧʨʦʮʝʩʽ ʩʧʽʢʘʥʥʷ 

ʤʘʪʝʨʽʘʣʫ ʚʽʜʙʫʚʘʻʪʴʩʷ ʦʯʠʱʝʥʥʷ ʛʨʘʥʠʮʴ ʟʝʨʝʥ ʚʽʜ ʦʢʩʠʜʽʚ ʟʘ ʨʝʘʢʮʽʻʶ, ʱʦ ʚ ʩʚʦʶ 

ʯʝʨʛʫ ʧʦʟʠʪʠʚʥʦ ʚʧʣʠʚʘʻ ʥʘ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʫ ʤʽʮʥʽʩʪʴ:  

ZrO2(ʪ)+WC(ʪ)Ÿ(Zr,W)C(ʪ)+CO(ʛ)         (1.3) 

ʆʜʥʘʢ, ʚʦʣʦʜʽʶʯʠ ʚʠʩʦʢʠʤʠ ʧʦʢʘʟʥʠʢʘʤʠ ʤʽʮʥʦʩʪʽ ʧʨʠ ʧʽʜʚʠʱʝʥʽʡ 

ʪʝʤʧʝʨʘʪʫʨʽ, ʤʘʪʝʨʽʘʣ ʩʢʣʘʜʫ ZrB2-WC ʜʝʤʦʥʩʪʨʫʻ ʥʠʟʴʢʫ ʩʪʽʡʢʽʩʪʴ ʜʦ ʦʢʠʩʥʝʥʥʷ ʚ 

ʧʦʨʽʚʥʷʥʥʽ ʽʟ ʙʘʟʦʚʦʶ ʢʦʤʧʦʟʠʮʽʡʥʦʶ ʢʝʨʘʤʽʢʦʶ ZrB2-SiC ʟʘ ʨʘʭʫʥʦʢ ʘʢʪʠʚʥʦʛʦ 

ʦʢʠʩʥʝʥʥʷ ʩʧʦʣʫʢ ʚʦʣʴʬʨʘʤʫ [58]. 

ɿ ʽʥʰʦʛʦ ʙʦʢʫ ʚ ʨʦʙʦʪʽ [59] çin situè ʙʫʣʦ ʦʪʨʠʤʘʥʦ ʢʦʤʧʦʟʠʪʠ ZrB2-15%SiC-

MeC, ʜʝ ʄʝ:Nb,Hf,Ta,W. ʇʦʢʘʟʘʥʦ, ʱʦ  ʧʨʦʮʝʩ ʩʪʨʫʢʪʫʨʦʫʪʚʦʨʝʥʥʷ ʥʝ 
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ʚʽʜʨʽʟʥʷʻʪʴʩʷ ʚʽʜ ʩʠʩʪʝʤʠ ZrB2-WC. ʆʩʦʙʣʠʚʽʩʪʴ ʜʘʥʠʭ ʢʦʤʧʦʟʠʪʽʚ ʻ ʫʪʚʦʨʝʥʥʷ 

ʩʪʨʫʢʪʫʨʠ ʷʜʨʦ-ʦʙʦʣʦʥʢʘ, ʜʝ ʢʽʣʴʢʽʩʪʴ ʨʦʟʯʠʥʝʥʦʛʦ ʤʝʪʘʣʫ ʚ ʦʙʦʣʦʥʮʽ ʟʨʦʩʪʘʻ ʚʽʜ 

ʚʦʣʴʬʨʘʤʫ ʜʦ ʥʽʦʙʽʶ. ɸʚʪʦʨʠ ʮʝ ʧʦʚôʷʟʫʶʪʴ ʽʟ ʨʦʟʤʽʨʦʤ ʘʪʦʤʽʚ ʚʧʨʦʚʘʜʞʝʥʦʛʦ 

ʤʝʪʘʣʫ, ʷʢʽ ʚʧʨʦʚʘʜʞʫʪʁʴʩʷ ʫ ʤʝʪʘʣʝʚʫ  ʧʽʜʨʝʰʽʪʢʫ ʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʽʩʥʫʻ ʨʽʟʥʦʤʘʥʽʪʥʘ ʢʽʣʴʢʽʩʪʴ ʨʦʙʽʪ, ʷʢʽ ʧʦʢʘʟʫʶʪʴ, ʱʦ 

ʜʦʜʘʚʘʥʥʷ ʪʫʛʦʧʣʘʚʢʠʭ ʟôʻʜʥʘʥʴ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʦʪʨʠʤʘʥʥʷ ʱʽʣʴʥʦʾ ʢʝʨʘʤʽʢʠ. 

ʆʜʥʘʢ, ʨʽʚʝʥʴ ʬʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʨʽʟʥʠʡ, ʱʦ ʚ ʧʝʨʰʫ ʯʝʨʛʫ ʧʦʚôʷʟʘʥʝ 

ʽʟ ʩʪʨʫʢʪʫʨʥʠʤ ʩʪʘʥʦʤ. ʅʝ ʤʝʥʰ ʚʘʞʣʠʚʠʤ ʬʘʢʪʦʨʦʤ, ʷʢʠʡ ʚʧʣʠʚʘʻ ʥʘ ʩʪʨʫʢʪʫʨʫ ʻ 

ʪʝʭʥʦʣʦʛʽʷ ʦʪʨʠʤʘʥʥʷ ʢʦʤʧʦʟʠʪʫ. ʅʘ ʨʷʜʫ ʽʟ ʦʩʥʦʚʥʦʶ ʪʝʭʥʦʣʦʛʽʻʶ ʚʘʢʫʫʤʥʦʛʦ 

ʛʘʨʷʯʦʛʦ ʧʨʝʩʫʚʘʥʥʷ ʪʘ ʽʩʢʨʦ ʧʣʘʟʤʦʚʦʛʦ ʩʧʽʢʘʥʥʷ ʽʩʥʫʶʪʴ ʤʝʪʦʜʠ ʩʧʽʢʘʥʥʷ ʙʝʟ 

ʧʨʠʢʣʘʜʘʥʥʷ ʪʠʩʢʫ [30], [44], [45], [60]ï[63] . 

 

1.4 ɺʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʘ ʤʽʮʥʽʩʪʴ ʢʝʨʘʤʽʢʠ ʥʘ ʦʩʥʦʚʽ ʜʠʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ 

 

ʗʢ ʚʽʜʦʤʦ, ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʤʘʪʝʨʽʘʣʽʚ ʟʘʣʝʞʥʽ ʚʽʜ ʩʪʨʫʢʪʫʨʥʦʛʦ ʩʪʘʥʫ, 

ʱʦ ʥʝ ʻ ʚʠʢʣʶʯʝʥʥʷʤ ʜʣʷ ʢʝʨʘʤʽʯʥʠʭ ʤʘʪʝʨʽʘʣʽʚ. ʊʘʢ ʷʢ ʙʦʨʠʜ ʮʠʨʢʦʥʽʶ ʤʘʻ 

ʛʝʢʩʘʛʦʥʘʣʴʥʫ ʨʝʰʽʪʢʫ, ʜʣʷ ʧʦʯʘʪʢʫ ʧʦʪʨʽʙʥʦ ʚʠʟʥʘʯʠʪʠ, ʯʠ ʧʨʠʩʫʪʥʷ ʘʥʽʟʦʪʨʦʧʽʷ 

ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ, ʽ ʫ ʚʠʧʘʜʢʫ ʧʨʠʩʫʪʥʦʩʪʽ, ʷʢʠʡ ʾʾ ʚʢʣʘʜ. ɺ ʨʦʙʦʪʽ [64] 

ʦʪʨʠʤʘʥʦ ʪʝʢʩʪʫʨʦʚʘʥʠʡ ʙʦʨʠʜ ʮʠʨʢʦʥʽʶ ʪʘ ʧʦʨʽʚʥʷʥʦ ʡʦʛʦ ʤʝʭʘʥʽʯʥʽ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʧʨʠ ʢʽʤʥʘʪʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ ʪʘ 1650 ʦʉ ʽʟ ʥʝ ʪʝʢʩʪʫʨʦʚʘʥʠʤ. ʇʦʢʘʟʘʥʦ, 

ʱʦ ʘʥʽʟʦʪʨʦʧʽʷ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʩʪʘʥʦʚʠʪʴ 26,4 %, ʘ ʥʘ ʧʦʢʘʟʥʠʢʠ ʤʽʮʥʦʩʪʽ 

ʙʽʣʴʰʝ ʚʧʣʠʚʘʻ ʨʦʟʤʽʨ ʟʝʨʝʥ ʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ, ʥʽʞ ʬʘʢʪʦʨ ʘʥʽʟʦʪʨʦʧʽʾ. 

 ʄʦʥʦʬʘʟʥʠʡ ʜʠʙʦʨʠʜ ʮʠʨʢʦʥʽʶ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʨʦʙʦʪʠ [65] ʧʦʯʠʥʘʻ ʚʪʨʘʯʘʪʠ 

ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ, ʚ ʦʩʦʙʣʠʚʦʩʪʽ ʤʦʜʫʣʴ ʖʥʛʘ, ʚʞʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1400 ʦʉ. 

ʊʘʢʘ ʞ ʩʠʪʫʘʮʽʷ (ʟʤʝʥʰʝʥʥʷ ʤʦʜʫʣʶ ʖʥʛʘ ʽʟ ʧʽʜʚʠʱʝʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨʠ) 

ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʽ ʚ ʩʠʩʪʝʤʽ ZrB2-30 ʦʙ.% SiC [66]. ɺʧʝʨʰʝ ʩʠʩʪʝʤʘʪʠʟʘʮʽʶ 

ʟʘʣʝʞʥʦʩʪʽ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʚ ʨʦʙʦʪʽ [30]. 

ɼʦʧʦʚʥʝʥʥʷ ʮʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʪʘ ʟʘʣʝʞʥʩ̔ʪɹ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʚʽʜ 

ʪʝʤʧʝʨʘʪʫʨʠ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʫ 1.9. 
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ʈʠʩʫʥʦʢ 1.9ï ʊʝʤʧʝʨʘʪʫʨʥʘ ʟʘʣʝʞʥʽʩʪʴ ʤʽʮʥʦʩʪʴ ʥʘ ʟʛʠʥ ʢʝʨʘʤʽʢʠ ʥʘ ʦʩʥʦʚʽ 

ʜʠʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ  [9], [30], [32], [55], [59], [67] 

 

ɼʣʷ ʚʩʽʭ ʢʦʤʧʦʟʠʪʽʚ ʥʘ ʦʩʥʦʚʽ ZrB2 ʪʝʤʧʝʨʘʪʫʨʦʶ ʧʦʯʘʪʢʫ ʨʦʟʤʽʮʥʝʥʥʷ ʻ 

1250 ʦʉ,  ʟʘ ʪʝʤʧʝʨʘʪʫʨ ʚʠʠɦʭ 1400 ʦʉ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʥʘʯʥʘ ʚʪʨʘʪʘ ʤʽʮʥʦʩʪʽ 

ʤʘʪʝʨʽʘʣʽʚ [30]. ɹʘʟʦʚʠʤʠ ʟʥʘʯʝʥʥʷʤʠ ʤʽʮʥʦʩʪʽ ʥʘ ʩʴʦʛʦʜʥʽʰʥʽʡ ʜʝʥʴ ʜʣʷ ʢʝʨʘʤʽʢʠ 

ʥʘ ʦʩʥʦʚʽ ZrB2 ʻ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1500 ʦʉ ʙʽʣʴʰʝ 400 ʄʇʘ, ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 

1800ʦʉ ʙʽʣʴʰʝ 200 ʄʇʘ. ɺ ʧʝʨʰʫ ʯʝʨʛʫ ʧʨʦʮʝʩ ʨʦʟʤʽʮʥʝʥʥʷ ʧʦʚôʷʟʘʥʠʡ ʽʟ 

ʧʨʦʮʝʩʘʤʠ, ʷʢʽ ʚʽʜʙʫʚʘʶʪʴʩʷ ʚ ʤʘʪʝʨʽʘʣʽ ʪʘ ʯʠʩʪʦʪʦʶ ʛʨʘʥʠʮʴ ʟʝʨʝʥ. ʗʢ ʚʽʜʦʤʦ, 

ʜʘʥʠʡ ʢʣʘʩ ʤʘʪʝʨʽʘʣʽʚ (ʢʝʨʘʤʽʢʘ) ʨʫʡʥʫʻʪʴʩʷ ʧʝʨʝʚʘʞʥʦ ʧʦ ʛʨʘʥʠʮʽ ʟʝʨʥʘ, ʪʦʤʫ ʯʠʤ 

ʙʽʣʴʰʝ ʥʘʧʨʫʞʝʥʠʡ ʩʪʘʥ ʛʨʘʥʠʮʽ, ʪʠʤ ʣʝʛʰʝ ʪʨʽʱʠʥʘ ʧʨʦʭʦʜʠʪʴ ʯʝʨʝʟ ʤʘʪʝʨʽʘʣ.  

ʆʩʦʙʣʠʚʫ ʫʚʘʛʫ ʩʣʽʜ ʧʨʠʜʽʣʠʪʠ ʤʘʪʝʨʽʘʣʫ ʩʠʩʪʝʤʠ ZrB2-SiC-WC, ʜʝ ʚʘʨʽʶʶʯʠ 

ʩʢʣʘʜʦʤ ʢʦʤʧʦʥʝʥʪʽʚ ʚ ʩʠʩʪʝʤʽ, ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ ʚʠʩʦʢʦʤʽʮʥʽ ʢʦʤʧʦʟʠʪʠ ʟʘ ʨʘʭʫʥʦʢ 

ʙʝʟʜʝʬʝʢʪʥʠʭ ʪʘ ʯʠʩʪʠʭ ʚʽʜ ʣʝʛʢʦʧʣʘʚʢʠʭ ʛʨʘʥʠʮʴ ʟʝʨʝʥ. 

ɿʘʣʝʞʥʽʩʪʴ ʤʽʮʥʦʩʪʽ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʥʦʾ ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩʫʥʢʫ 1.9. ɯʟ 

ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʩʣʽʜʫʻ, ʱʦ ʥʘʡʙʽʣʴʰ ʩʪʘʙʽʣʴʥʠʤ ʤʘʪʝʨʽʘʣʦʤ, ʜʦ ʪʝʤʧʝʨʘʪʫʨ 
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1200 ʦʉ ̒  ZrB2ïMoSi2 [32]. ɸʚʪʦʨʠ ʨʦʙʽʪ [12, 41] ʩʪʚʝʨʜʞʫʶʪʴ, ʱʦ ʮʝ ʤʦʞʣʠʚʦ ʯʝʨʝʟ 

ʪʝ, ʱʦ ʚ ʜʘʥʦʤʫ ʤʘʪʝʨʽʘʣʽ ʧʨʠ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ʧʨʦʮʝʩʠ 

ʧʣʘʩʪʠʯʥʦʾ ʜʝʬʦʨʤʘʮʽʾ MoSi2, ʷʢʽ ʟʘʧʦʙʽʛʘʶʪʴ ʫʪʚʦʨʝʥʥʶ ʪʘ ʨʦʟʧʦʚʩʶʜʞʝʥʥʶ 

ʪʨʽʱʠʥʠ ʧʦ ʦʙóʻʤʫ ʢʝʨʘʤʽʢʠ. ʇʨʦʪʝ, ʧʽʜʚʠʱʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ ʚʠʧʨʦʙʫʚʘʥʴ ʟʘ 1600 

ʦʉ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʥʘʯʥʦʛʦ ʧʘʜʽʥʥʷ ʤʽʮʥʦʩʪʽ ʟʘ ʨʘʭʫʥʦʢ ʩʠʣʴʥʦʛʦ ʨʦʟʷʤʢʰʝʥʥʷ 

ʟʝʨʥʦʛʨʘʥʠʯʥʠʭ ʬʘʟ ʚ ʤʘʪʝʨʽʘʣʽ. 

ʊʘʢʦʞ ʚ ʨʦʙʦʪʽ [68] ʙʫʣʠ ʩʧʨʦʙʠ ʧʨʦʤʦʜʝʣʶʚʘʪʠ ʧʦʚʝʜʽʥʢʫ ʢʝʨʘʤʽʢʠ ʥʘ 

ʦʩʥʦʚʽ ZrB2 ʧʨʠ ʧʽʜʚʠʱʝʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ, ʚʨʘʭʦʚʫʶʯʠ ʟʘʣʝʞʥʦʩʪʽ ʟʤʝʥʰʝʥʥʷ 

ʤʦʜʫʣʶ ʪʘ ʽʥʰʠʭ ʤʝʭʘʥʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ɺʽʜʧʦʚʽʜʥʦ ʜʦ ʤʦʜʝʣʽ, ʤʘʢʩʠʤʘʣʴʥʘ 

ʤʦʞʣʠʚʘ ʤʽʮʥʽʩʪʴ ʢʝʨʘʤʽʢʠ ʩʠʩʪʝʤʠ ZrB2ï30% SiC ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1800ʦʉ ʤʦʞʝ 

ʙʫʪʠ ʥʘ ʨʽʚʥʽ 400-450 ʄʇʘ. ʆʜʥʘʢ, ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʘʥʽ ʧʦ ʩʠʩʪʝʤʽ ZrB2ï30% SiC 

ʧʦʢʘʟʫʶʪʴ ʤʘʢʩʠʤʘʣʴʥʫ ʤʽʮʥʽʩʪʴ ʚʩʴʦʛʦ ʣʠʰ ʚ 200 ʄʇʘ, ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1800 ʦʉ 

[21]. ʊʘʢʦʞ ʦʧʪʠʤʘʣʴʥʦʶ, ʟ ʪʦʯʢʠ ʟʦʨʫ ʚʠʩʦʢʦʪʝʧʝʨʘʪʫʨʥʦʾ ʤʽʮʥʦʩʪʽ, ʻ ʜʦʙʘʚʢʘ 

ʢʘʨʙʽʜʫ ʚʦʣʴʬʨʘʤʫ, ʨʠʩ.1.9. ʇʽʜʚʠʱʝʥʥʷ ʤʽʮʥʦʩʪʽ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ 

ʦʯʠʱʝʥʥʷ ʛʨʘʥʠʮʴ ʟʝʨʝʥ ʢʝʨʘʤʽʢʠ ʚʽʜ ʣʝʛʢʦʧʣʘʚʢʠʭ (SiO2, B2O3) ʪʘ ʪʫʛʦʧʣʘʚʢʠʭ 

ʦʢʩʠʜʽʚ (ZrO2) ʥʘ ʧʦʚʝʨʭʥʽ, ʱʦ ʚʽʜʧʦʚʽʜʥʦ ʽ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʘʪʠ ʚʠʩʦʢʦʤʽʮʥʠʡ 

ʤʘʪʝʨʽʘʣ.  

ʊʘʢʠʤ ʯʠʥʦʤ, ʛʦʣʦʚʥʠʤʠ ʬʘʢʪʦʨʘʤʠ ʷʢʽ ʚʧʣʠʚʘʶʪʴ ʥʘ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʫ 

ʤʽʮʥʽʩʪʴ ʻ: ʨʦʟʤʽʨ ʟʝʨʥʘ, ʩʪʘʥ ʛʨʘʥʠʮʴ ʟʝʨʝʥ, ʢʽʣʴʢʽʩʪʴ ʘʢʪʠʚʘʪʦʨʫ ʩʧʽʢʘʥʥʷ, ʘ ʩʘʤʝ 

ʛʦʣʦʚʥʝ ʞʦʨʩʪʢʽʩʪʴ ʫʪʚʦʨʝʥʠʭ ʬʘʟ, ʜʝ ʬʦʨʤʫʚʘʥʥʷ ʚʽʣʴʥʠʭ ʚʽʜ ʢʠʩʥʶ ʰʘʨʽʚ 

ʜʦʟʚʦʣʷʻ ʟʘʙʝʟʧʝʯʠʪʠ ʚʠʩʦʢʫ ʤʽʮʥʽʩʪʴ ʧʨʠ ʧʽʜʚʠʱʝʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ. 

 

 

 

1.5  Cʪʽʡʢʽʩʪʴ ʜʦ ʦʢʠʩʥʝʥʥʷ ʢʦʤʧʦʟʠʮʽʡʥʦʾ ʢʝʨʘʤʽʢʠ ʥʘ ʦʩʥʦʚʽ ʜʠʙʦʨʠʜʫ 

ʮʠʨʢʦʥʽʶ 

 

ɼʣʷ ʨʦʟʫʤʽʥʥʷ ʧʨʦʮʝʩʽʚ, ʷʢʽ ʣʝʞʘʪʴ ʚ ʦʩʥʦʚʽ ʦʢʠʩʥʝʥʥʷ ʢʦʤʧʦʟʠʮʽʡʥʦʾ 

ʢʝʨʘʤʽʢʠ ʥʘ ʦʩʥʦʚʽ ʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ, ʜʣʷ ʧʦʯʘʪʢʫ ʩʣʽʜ ʨʦʟʛʣʷʥʫʪʠ, ʷʢ ʚʽʜʙʫʚʘʻʪʴʩʷ 

ʦʢʠʩʥʝʥʥʷ ʯʠʩʪʦʛʦ ʜʠʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ. ʄʦʜʝʣʴ ʦʢʠʩʥʝʥʥʷ ʯʠʩʪʦʛʦ ʜʠʙʦʨʠʜʫ 
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ʮʠʨʢʦʥʽʶ ʙʫʣʦ ʜʦʩʣʽʜʞʝʥʦ ʚ ʨʦʙʦʪʘʭ [27], [28],  ʷʢʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘʩʪʫʧʥʦʶ 

ʩʭʝʤʦʶ, ʨʠʩʫʥʢʫ 1.10). 

 

ʈʠʩʫʥʦʢ 1.10ï ʄʦʜʝʣʴ ʧʦʚʝʜʽʥʢʠ ʜʠʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ ʚ ʩʝʨʝʜʦʚʠʱʽ ʢʠʩʥʶ 

ʧʨʠ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ  [27] 

 

ʗʢ ʚʠʜʥʦ ʽʟ ʜʘʥʦʛʦ ʨʠʩʫʥʢʫ, ʧʨʠ ʚʽʜʥʦʩʥʦ ʥʠʟʴʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (ʜʦ 1000 ʦʉ) 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʙʣʦʢʫʚʘʥʥʷ ʨʫʭʫ ʢʠʩʥʶ ʚ ʩʝʨʝʜʠʥʫ ʤʘʪʝʨʽʘʣʫ ʯʝʨʝʟ ʥʘʷʚʥʽʩʪʴ ʨʽʜʢʦʛʦ 

ʯʠ ʢʨʠʩʪʘʣʽʯʥʦʛʦ ʙʦʨʥʦʛʦ ʘʥʛʽʜʨʠʜʫ (B2O3). ʇʨʦʪʝ, ʧʨʠ ʧʽʜʚʠʱʝʥʥʽ ʪʝʤʧʝʨʘʪʫʨʫ 

(~1650ʦʉ) ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʦʚʥʝ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʙʦʨʥʦʛʦ ʘʥʛʽʜʨʠʜʫ, ʪʘʢ ʷʢ ʧʦʯʘʪʢʦʚʘ 

ʪʝʤʧʝʨʘʪʫʨʘ ʚʠʧʘʨʦʚʫʚʘʥʥʷ B2O3 ʩʢʣʘʜʘʻ 1400 ʦʉ [69]. ʊʘʢʦʞ, ʧʽʜ ʯʘʩ ʦʢʠʩʣʝʥʥʷ 

ZrB2 ʚʽʜʙʫʚʘʻʪʴʩʷ ʬʦʨʤʫʚʘʥʥʷ ZrO2. ɯʥʰʦʶ ʧʨʦʙʣʝʤʦ  ʁ̒  ʧʦʣʽʤʦʨʬʥʝ ʧʝʨʝʪʚʦʨʝʥʥʷ 

ʚ ʜʽʦʢʩʠʜ ̔ʮʠʨʢʦʥʽʶ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1165ʦʉ, ʷʢʝ ʩʧʨʠʯʠʥʶʻ ʚʠʥʠʢʥʝʥʥʷ ʥʘ 

ʧʦʚʝʨʭʥʽ ʤʘʪʝʨʽʘʣʫ ʥʘʧʨʫʞʝʥʴ, ʷʢʽ ʤʦʞʫʪʴ ʩʧʨʠʯʠʥʠʪʠ ʚʽʜʢʦʣ ʧʣʽʚʢʠ. ɺ ʨʦʙʦʪʽ [28], 

ʧʨʦʮʝʩ ʦʢʠʩʥʝʥʥʷ ZrB2 ʚʽʜʙʫʚʘʚʩʷ ʥʘ ʧʦʚʽʪʨʽ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1500ʦʉ, ʚʩʪʘʥʦʚʣʝʥʦ, 

ʱʦ ʤʘʻ ʤʽʩʮʝ ʩʫʪʪʻʚʘ ʜʝʛʨʘʜʘʮʽʷ ʤʘʪʝʨʽʘʣʫ, ʪʘʢ ʷʢ ʪʦʚʱʠʥʘ ʦʢʘʣʠʥʠ ʩʪʘʥʦʚʠʪʴ 

ʙʽʣʴʰʝ 100 ʤʢʤ, ʘ ʘʜʛʝʟʽʷ ʤʽʞ ʦʢʘʣʠʥʦʶ ʽ ʢʝʨʘʤʽʢʦʶ ʥʠʟʴʢʘ, ʨʠʩʫʥʦʢ 1.11. 
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ʈʠʩʫʥʦʢ 1.11 ï ʇʦʧʝʨʝʯʥʠʡ ʰʣʽʬ ZrB2, ʦʢʠʩʣʝʥʦʛʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1500ʦʉ 

ʧʨʦʪʷʛʦʤ 30 ʭʚʠʣʠʥ  [28]   

 

ʇʝʨʰʽ ʨʦʙʦʪʠ ʧʦ ʚʠʚʯʝʥʥʶ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ ʩʪʽʡʢʦʩʪʽ ʜʦ ʦʢʠʩʣʝʥʥʷ 

ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʥʘ ʦʩʥʦʚʽ ʜʠʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ ʙʫʣʦ ʨʦʟʧʦʯʘʪʦ ʧʨʠʙʣʠʟʥʦ 

ʥʘʧʨʠʢʽʥʮʽ ʤʠʥʫʣʦʛʦ ʩʪʦʣʽʪʪʷ ʽ ʦʩʚʽʪʣʝʥʦ ʪʘʢʠʤʠ ʚʯʝʥʠʤʠ, ʷʢ ɽ. ʆʧʽʣʘ ʪʘ ʉ. ʃʝʚʽʥ 

[8] ʚ ʤʽʞʥʘʨʦʜʥʽʡ ʣʽʪʝʨʘʪʫʨʽ ʪʘ ɺ.ʆ. ʃʘʚʨʝʥʢʦʤ ʫ ʚʽʪʯʠʟʥʷʥʽʡ [70]ï[72]. ʄʝʪʦʶ ʮʠʭ 

ʨʦʙʽʪ ʙʫʣʘ ʜʝʤʦʥʩʪʨʘʮʽʷ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ ʢʦʨʦʟʽʡʥʦʾ ʩʪʽʡʢʦʩʪʽ ʯʠʩʪʦʛʦ 

ʜʠʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ ʪʘ ʢʦʤʧʦʟʠʪʽʚ ʥʘ ʡʦʛʦ ʦʩʥʦʚʽ. ɺ ʷʢʦʩʪʽ ʣʝʛʫʚʘʣʴʥʠʭ ʩʧʦʣʫʢ ʙʫʣʦ 

ʚʠʢʦʨʠʩʪʘʥʦ ʢʘʨʙʽʜ ʢʨʝʤʥʽʶ, ʜʠʩʠʣʽʮʠʜ ʪʘʥʪʘʣʫ, ʩʠʣʽʮʠʜʠ ʮʠʨʢʦʥʽʶ ʪʘ ʢʘʨʙʽʜ 

ʪʘʥʪʘʣʫ. ʂʽʣʴʢʽʩʪʴ ʣʝʛʫʶʯʠʭ ʝʣʝʤʝʥʪʽʚ ʩʢʣʘʜʘʣʘ 20 ʦʙ.% ʚʽʜ ʚʩʽʻʾ ʢʦʤʧʦʟʠʮʽʾ. 

ʆʢʠʩʥʝʥʥʷ ʧʨʦʚʦʜʠʣʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1673 ʦʉ ʧʨʦʪʷʛʦʤ 100 ʭʚʠʣʠʥ. ʅʘ ʨʠʩʫʥʢʫ 

1.12 ʟʦʙʨʘʞʝʥʦ ʢʽʥʝʪʠʯʥʽ ʢʨʠʚʽ ʦʢʠʩʥʝʥʥʷ ʢʝʨʘʤʽʢʠ [8]. 

ɸʥʘʣʽʟʫʶʯʠ ʨʝʟʫʣʴʪʘʪʠ, ʤʦʞʥʘ ʧʦʙʘʯʠʪʠ, ʱʦ ʜʦʙʘʚʢʦʶ ʷʢʘ ʟʥʘʯʥʦ ʧʽʜʚʠʱʫʻ 

ʢʦʨʦʟʽʡʥʫ ʩʪʽʡʢʽʩʪʴ ʻ  20 % ʜʠʩʠʣʽʮʠʜʫ ʪʘʥʪʘʣʫ. ɺ ʜʘʥʦʤʫ ʤʘʪʝʨʽʘʣʽ ʫʪʚʦʨʶʻʪʴʩʷ 

ʟʘʭʠʩʥʠʡ ʰʘʨ ʥʘ ʧʦʚʝʨʭʥʽ, ʷʢʠʡ ʙʣʦʢʫʻ ʧʦʜʘʣʴʰʫ ʜʠʬʫʟʽʶ ʢʠʩʥʶ ʚ ʩʝʨʝʜʠʥʫ. ɼʣʷ 

ʚʩʪʘʥʦʚʣʝʥʥʷ ʜʽʡʩʥʦʛʦ ʬʘʟʦʚʦʛʦ ʪʘ ʭʽʤʽʯʥʦʛʦ ʩʢʣʘʜʫ ʦʢʩʠʜʥʦʛʦ ʰʘʨʫ ʧʨʦʚʦʜʠʣʠ 
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ʣʦʢʘʣʴʥʠʡ ʭʽʤʽʯʥʠʡ ʘʥʘʣʽʟ ʧʣʽʚʢʠ. ɹʫʣʦ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʚ ʜʝʷʢʠʭ ʤʽʩʮʷʭ ʻ ʟʘʣʠʰʢʠ 

ʙʦʨʠʜʫ ʪʘʥʪʘʣʫ, ʷʢʠʡ ʥʝ ʙʫʚ ʥʘʡʜʝʥʠʡ ʨʝʥʪʛʝʥʦʬʘʟʦʚʠʤ ʘʥʘʣʽʟʦʤ. 

 

ʈʠʩʫʥʦʢ 1.12ï ɿʘʣʝʞʥʽʩʪʴ ʧʨʠʨʦʩʪʫ ʤʘʩʠ ʚʽʜ ʯʘʩʫ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1627ʦʉ 

ʜʣʷ ʋɺʊʂ ʥʘ ʦʩʥʦʚʽ ʜʠʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ [8] 

 

ɺ ʨʦʙʦʪʽ [60] ʚʠʷʚʣʝʥʦ ʫʪʚʦʨʝʥʥʷ ʩʢʣʦʧʦʜʽʙʥʦʾ ʬʘʟʠ, ʷʢʘ ʤʘʻ ʩʢʣʘʜ 

Ta2O5Ā6ZrO2. ʎʷ ʬʘʟʘ ʻ ʩʪʽʡʢʦʶ ʘʞ ʜʦ ʪʝʤʧʝʨʘʪʫʨ 1973 ʦʉ, ʘ ʫʪʚʦʨʶʻʪʴʩʷ ʧʨʠ 

ʥʝʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (~1450 oC). ʆʜʥʘʢ ʚ ʨʦʙʦʪʽ [51] ʙʫʣʦ ʧʦʢʘʟʘʥʦ, ʱʦ 

ʚʚʝʜʝʥʥʷ ʪʘʥʪʘʣʦʚʤʽʱʫʶʱʠʭ ʜʦʙʘʚʦʢ ʧʦʛʽʨʰʫʻ ʢʦʨʦʟʽʡʥʫ ʩʪʽʡʢʽʩʪʴ ʢʝʨʘʤʽʢʠ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ 1600 ʦʉ ʯʝʨʝʟ ʚʠʩʦʢʫ ʣʝʪʫʯʽʩʪʴ ʩʧʦʣʫʢ ʥʘ ʦʩʥʦʚʽ ʪʘʥʪʘʣʫ.  

ʋ ʨʦʙʦʪʽ ʃ. ʉʽʣʴʚʝʩʪʨʦʥʽ [10] ʙʫʣʦ ʜʦʩʣʽʜʞʝʥʦ ʚʧʣʠʚ ʩʠʣʽʮʠʜʽʚ (ZrSi2, MoSi2, 

TaSi2, WSi2) ʚ ʢʽʣʴʢʦʩʪʽ 15% ʥʘ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʫ ʩʪʽʡʢʽʩʪʴ ʜʦ ʦʢʠʩʣʝʥʥʷ ʚ 

ʽʥʪʝʨʚʘʣʽ ʪʝʤʧʝʨʘʪʫʨ 1200ï1800 ʦʉ ʧʨʦʪʷʛʦʤ 15 ʭʚ. ʄʘʪʝʨʽʘʣ ʽʟ ʜʦʙʘʚʢʦʶ 

ʜʠʩʠʣʽʮʠʜ ʤʦʣʽʙʜʝʥʫ, ʤʘʻ ʥʘʡʚʠʱʫ ʩʪʽʡʢʽʩʪʴ ʜʦ ʦʢʠʩʣʝʥʥʷ ʥʘ ʧʦʚʽʪʨʽ ʜʦ ʪʝʤʧʝʨʘʪʫʨ 

1500 ʦʉ ʯʝʨʝʟ ʫʪʚʦʨʝʥʥʷ ʥʘ ʧʦʚʝʨʭʥʽ SiO2, ʷʢʠʡ ʧʦʚʥʽʩʪʶ ʚʢʨʠʚʘʻ ʢʝʨʘʤʽʯʥʠʡ 

ʤʘʪʝʨʽʘʣ . ʅʘ ʨʠʩʫʥʢʫ 1.13 ʧʨʝʜʩʪʘʚʣʝʥʦ ʟʘʣʝʞʥʽʩʪʴ ʧʨʠʨʦʩʪʫ ʤʘʩʠ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ 

ʜʣʷ ʩʠʩʪʝʤ ZrB2ï15% MeSi2. 

ɺ ʩʚʦʶ ʯʝʨʛʫ, ʘʚʪʦʨ ʚʠʜʽʣʷʻ ʥʘʩʪʫʧʥʽ ʧʨʦʮʝʩʠ, ʷʢʽ ʧʨʦʪʽʢʘʶʪʴ ʧʨʠ 

ʚʽʜʧʦʚʽʜʥʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʇʨʠ 1200 ʦʉ ʚʽʜʙʫʚʘʻʪʴʩʷ ʫʪʚʦʨʝʥʥʷ ʩʢʣʦʧʦʜʽʙʥʠʭ ʬʘʟ 

ʥʘ  ʦʩʥʦʚʽ ʦʢʩʠʜʫ ʢʨʝʤʥʽʶ ʪʘ ʦʢʩʠʜʫ ʙʦʨʫ. 
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ʈʠʩʫʥʦʢ 1.13ï ʇʨʠʨʽʩʪ ʤʘʩʠ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ ʧʨʦʪʷʛʦʤ 15 ʭʚʠʣʠʥ ʜʣʷ 

ʢʦʤʧʦʟʠʪʽʚ ʥʘ ʦʩʥʦʚʽ ʜʠʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ [10] 

 

ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1500 ʦʉ ʥʘʡʙʽʣʴʰʫ ʩʪʽʡʢʽʩʪʴ ʜʦ ʦʢʠʩʥʝʥʥʷ ʜʝʤʦʥʩʪʨʫʶʪʴ 

ʢʦʤʧʦʟʠʪʠ ʟʘ ʫʯʘʩʪʶ  TaSi2 ʽ MoSi2, ʷʢʽ ʤʘʶʪʴ ʥʝʟʥʘʯʥʠʡ ʧʨʠʨʽʩʪ ʚʘʛʠ ʧʽʜ ʯʘʩ 

ʦʢʠʩʥʝʥʥʷ. ʅʘʡʛʽʨʰʝ ʩʝʙʝ ʟʘʨʝʢʦʤʝʥʜʫʚʘʚ ʜʠʩʠʣʽʮʠʜ ʮʠʨʢʦʥʽʶ ʯʝʨʝʟ ʫʪʚʦʨʝʥʥʷ 

ʣʝʛʢʦʧʣʘʚʢʠʭ ʩʠʣʽʢʘʪʽʚ ʮʠʨʢʦʥʽʶ. ʇʨʠ ʦʢʠʩʣʝʥʥʽ ʜʠʩʠʣʽʮʠʜʫ ʚʦʣʴʬʨʘʤʫ 

ʫʪʚʦʨʶʻʪʴʩʷ ʝʚʪʝʢʪʠʢʘ  ZrO2ï WO3, ʷʢʘ ʤʘʻ ʪʦʯʢʫ ʧʣʘʚʣʝʥʥʷ ʟʘ ʪʝʤʧʝʨʘʪʫʨʠ 1300 

ʦʉ[73], [74]. ʋʪʚʦʨʝʥʘ ʨʽʜʠʥʘ ʨʦʟʪʽʢʘʶʯʠʩʴ ʧʦ ʧʦʚʝʨʭʥʽ ʤʘʪʝʨʽʘʣʫ ʨʽʚʥʦʤʽʨʥʦ 

ʚʢʨʠʚʘʻ ʡʦʛʦ ʟʘʭʠʱʘʶʯʠ ʚʽʜ ʧʦʜʘʣʴʰʦʛʦ ʦʢʠʩʣʝʥʥʷ. ɺ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʧʨʦʮʝʩ 

ʦʢʠʩʥʝʥʥʷ ʦʧʠʩʫʻʪʴʩʷ ʥʘʩʪʫʧʥʠʤ ʨʽʚʥʷʥʥʷʤ ʨʝʘʢʮʽʾ: 

(Zr, W)B2+O2 ZrO2+WO3         (1.4)  

ʊʘʢʦʞ ʚʽʜʦʤʦ, ʱʦ ʧʨʠ ʜʘʥʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʧʨʦʮʝʩ ʦʢʠʩʥʝʥʥʷ ʜʠʩʠʣʽʮʠʜʫ 

ʤʦʣʽʙʜʝʥʫ ʧʨʦʪʽʢʘʻ ʟʘ ʥʘʩʪʫʧʥʦʶ ʨʝʘʢʮʽʻʶ: 

MoSi2+B2O3+5/2O2 4SiO2+MoB        (1.5) 

 ʇʨʠ ʮʴʦʤʫ ʫʪʚʦʨʶʶʪʴʩʷ ʚʪʦʨʠʥʥʽ ʬʘʟʠ, ʷʢʽ ʻ ʪʝʞ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʤʠ ʽ 

ʪʦʤʫ ʩʪʽʡʢʽʩʪʴ ʜʦ ʦʢʠʩʥʝʥʥʷ ʥʝ ʟʤʽʥʶʻʪʴʩʷ. ɺ ʩʪʨʫʢʪʫʨʽ ʩʧʝʯʝʥʦʛʦ ʜʠʩʠʣʽʮʠʜʫ 

ʪʘʥʪʘʣʫ ʚʽʜʙʫʚʘʻʪʴʩʷ ʫʪʚʦʨʝʥʥʷ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ (Zr,Ta)B2 ʥʘ ʛʨʘʥʠʮʷʭ ʟʝʨʝʥ, ʘ 

ʧʨʦʮʝʩ ʦʢʠʩʥʝʥʥʷ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟ ʫʪʚʦʨʝʥʥʷʤ ʧʨʦʤʽʞʥʦʾ ʦʢʠʩʜʥʦʾ ʬʘʟʠ: 
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(Zr,Ta)B2+O2 TaZr2.75O8         (1.6) 

 ʅʘʞʘʣʴ ʜʘʥʠʡ ʦʢʩʠʜ ʥʝ ʚʠʚʯʝʥʦ ʜʦʩʢʦʥʘʣʦ, ʧʨʦʪʝ ʚʽʜʦʤʦ, ʱʦ ʚʽʥ ʤʘʻ ʥʠʞʯʫ 

ʪʝʤʧʝʨʘʪʫʨʫ ʧʣʘʚʣʝʥʥʷ, ʥʽʞ ʜʽʦʢʩʠʜ ʮʠʨʢʦʥʽʶ.  

ɺ ʨʦʙʦʪʘʭ, ʷʢʽ ʧʨʠʩʚʷʯʝʥʽ ʚʧʣʠʚʫ ʩʠʣʽʮʠʜʥʠʭ ʜʦʙʘʚʦʢ ʥʘ ʩʪʽʡʢʽʩʪʴ ʜʦ 

ʦʢʠʩʣʝʥʥʷ ʤʦʞʥʘ ʧʽʜʢʨʝʩʣʠʪʠ ʥʘʩʪʫʧʥʽ ʚʠʩʥʦʚʢʠ [6], [10], [17], [35], [58]: 

ɺʠʜ ʜʦʙʘʚʦʢ ʥʝ ʚʧʣʠʚʘʻ ʥʘ ʬʘʟʦʚʠʡ ʩʢʣʘʜ ʩʢʣʘ, ʷʢʝ ʫʪʚʦʨʶʻʪʴʩʷ ʥʘ ʧʦʚʝʨʭʥʽ 

ʤʘʪʝʨʽʘʣʫ, ʦʢʨʽʤ ʜʦʙʘʚʢʠ ʽʟ ʜʠʩʠʣʽʮʠʜʫ ʪʘʥʪʘʣʫ. ʇʨʦʮʝʩ ʦʢʠʩʥʝʥʥʷ ʜʠʙʦʨʠʜʫ 

ʮʠʨʢʦʥʽʶ ʟ ʜʦʙʘʚʢʘʤʠ ʜʠʩʠʣʽʮʠʜʫ ʚʦʣʴʬʨʘʤʫ ʪʘ ʮʠʨʢʦʥʽʶ ʩʭʦʞʠʡ. ʅʘʡʢʨʘʱʦʶ 

ʜʦʙʘʚʢʦʶ ʻ ʜʠʩʠʣʽʮʠʜ ʤʦʣʽʙʜʝʥʫ, ʷʢʠʡ ʜʦʟʚʦʣʷʻ ʤʘʪʝʨʽʘʣʫ ʧʨʘʮʶʚʘʪʠ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʽ 1800 ʦʉ. 

 ʇʨʦʪʝ ʚ ʜʘʥʠʭ ʨʦʙʦʪʘʭ ʧʨʦʮʝʩ ʦʢʠʩʥʝʥʥʷ ʚʽʜʙʫʚʘʚʩʷ ʚʩʴʦʛʦ 15 ʭʚʠʣʠʥ. ʊʦʤʫ, 

ʢ̫ ʚʽʜʦʤʦ, ʧʨʠ ʪʘʢʠʭ ʢʦʨʦʪʢʠʭ ʚʠʪʨʠʤʢʘʭ ʧʨʦʮʝʩ ʦʢʠʩʥʝʥʥʷ ʩʢʦʨʽʰʝ ʚʩʴʦʛʦ 

ʟʘʣʝʞʠʪʴ ʚʽʜ ʷʢʦʩʪʽ ʧʦʚʝʨʭʥʽ ʤʘʪʝʨʽʘʣʫ ʪʘ ʧʦʨʠʩʪʦʩʪʽ, ʥʽʞ ʚʽʜ ʩʪʽʡʢʦʩʪʽ ʜʦ 

ʦʢʠʩʥʝʥʥʷ ʜʘʥʦʛʦ ʤʘʪʝʨʽʘʣʫ. 

 ʋ ʨʦʙʦʪʽ [75]  ʧʦʚʽʜʦʤʣʷʻʪʴʩʷ ʧʨʦ ʦʢʠʩʥʝʥʥʷ ZrB2ï20% MoSi2 ʧʨʦʪʷʛʦʤ 10 ʽ 

100 ʛʦʜʠʥ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʜʦ ʪʝʤʧʝʨʘʪʫʨʠ 1000 ʦʉ ʥʝ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʤʽʥʠ ʤʘʩʠ ʪʘ 

ʛʝʦʤʝʪʨʽʾ ʟʨʘʟʢʫ. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1200ʦʉ ʧʦʯʠʥʘʻʪʴʩʷ ʟʙʽʣʴʰʝʥʥʷ ʤʘʩʠ, ʷʢʝ 

ʩʢʣʘʜʘʻ 100 ʤʛ/ʩʤ2. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1400ʦʉ ʧʨʠʨʽʩʪ ʤʘʩʠ ʩʪʘʥʦʚʠʪʴ 300 ʤʛ/ʩʤ2. 

ʇʨʦʮʝʩ ʦʢʠʩʣʝʥʥʷ ʘʚʪʦʨʠ ʧʦʷʩʥʶʶʪʴ ʪʘʢ: ʥʘ ʧʦʯʘʪʢʦʚʠʭ ʩʪʘʜʽʷʭ MoSi2  

ʧʦʯʠʥʘʻʪʴʩʷ  ʨʦʟʢʣʘʜʘʪʠʩʷ ʜʦ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ ʩʪʘʙʽʣʴʥʦʛʦ ʩʠʣʽʮʠʜʫ ʄʦ5Si3 ʟ 

ʚʠʜʽʣʝʥʥʷʤ ʥʝʚʝʣʠʢʦʾ ʢʽʣʴʢʦʩʪʽ ʢʨʝʤʥʽʶ, ʷʢʠʡ ʚʟʘʻʤʦʜʽʶʯʠ ʟ ʢʠʩʥʝʤ ʫʪʚʦʨʶʻ 

ʢʨʝʤʥʝʟʝʤ (SiO2). ʊʘʢʠʤ ʯʠʥʦʤ, ʫʪʚʦʨʶʻʪʴʩʷ ʟʘʭʠʩʥʠʡ ʰʘʨ, ʷʢʠʡ ʙʣʦʢʫʻ ʧʨʦʮʝʩ 

ʧʦʪʨʘʧʣʷʥʥʷ ʢʠʩʥʶ ʚʩʝʨʝʜʠʥʫ ʤʘʪʝʨʽʘʣʫ. ʇʽʜʚʠʱʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ ʪʘ ʯʘʩʫ 

ʚʠʪʨʠʤʢʠ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʦʚʥʦʛʦ ʨʦʟʢʣʘʜʘʥʥʷ MoSi2 ʪʘ ʬʦʨʤʫʚʘʥʥʷ ʱʽʣʴʥʦʾ 

ʦʢʘʣʠʥʠ. ʆʜʥʘʢ, ʚʠʪʨʠʤʢʘ ʚ 100 ʛʦʜ. ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1400 ʦʉ ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʩʫʪʪʻʚʦʾ ʜʝʛʨʘʜʘʮʽʾ ʤʘʪʝʨʽʘʣʫ ʪʘ ʧʘʜʽʥʥʷ ʤʽʮʥʦʩʪʽ ʥʘ 80 %. 

ʗʢ ʙʫʣʦ ʦʧʠʩʘʥʦ ʚʠʱʝ, ʚʚʝʜʝʥʥʷ ʪʘʢʠʭ ʣʝʛʫʶʯʠʭ ʝʣʝʤʝʥʪʽʚ, ʷʢ 

Si3N4,SiC,TaSi2,Ta5Si3, ʧʽʜʚʠʱʫʻ ʤʝʭʘʥʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʘ ʩʧʨʠʷʻ ʙʽʣʴʰ 

ʽʥʪʝʥʩʠʚʥʦʤʫ ʫʱʽʣʴʥʝʥʥʶ. ʊʦʤʫ ʘʚʪʦʨʘʤʠ ʨʦʙʦʪʠ [35] ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʨʷʜ 
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ʜʦʩʣʽʜʽʚ, ʷʢʽ ʜʦʧʦʤʦʛʣʠ ʚʩʪʘʥʦʚʠʪʠ ʚʧʣʠʚ ʮʠʭ ʝʣʝʤʝʥʪʽʚ ʥʘ ʩʪʽʡʢʽʩʪʴ ʜʦ ʦʢʠʩʥʝʥʥʷ. 

ɺʠʧʨʦʙʫʚʘʥʥʷ ʧʨʦʚʦʜʠʣʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 1200ʦʉï1500ʦʉ ʧʨʦʪʷʛʦʤ 2 ʛʦʜʠʥ.  

ʇʝʨʰʠʤ ʩʣʽʜ ʨʦʟʛʣʷʥʫʪʠ ʚʧʣʠʚ ʚʤʽʩʪʫ Si3N4. ɸʥʘʣʽʟʫʶʯʠ ʨʠʩʫʥʦʢ 1.14, ʤʦʞʥʘ 

ʧʦʙʘʯʠʪʠ, ʱʦ ʦʧʪʠʤʘʣʴʥʠʡ ʚʤʽʩʪ ʥʽʪʨʠʜʫ ʢʨʝʤʥʽʶ ʜʦ ʪʝʤʧʝʨʘʪʫʨ 1400ʦʉ ʩʪʘʥʦʚʠʪʴ 

35 ʦʙ.%. ʎʝ ʽ ʥʝ ʜʠʚʥʦ, ʘʜʞʝ ʜʘʥʠʡ ʤʘʪʝʨʽʘʣ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʚʠʢʣʶʯʥʦ ʜʦ ʪʘʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨ. ɺʠʱʝ ʮʽʻʾ ʪʝʤʧʝʨʘʪʫʨʠ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʦʣʽʤʦʨʬʥʝ ʧʝʨʝʪʚʦʨʝʥʥʷ Si3N4, 

ʷʢʝ ʚ ʩʚʦʶ ʯʝʨʛʫ ʧʦʛʽʨʰʫʻ ʡʦʛʦ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. 

 

ʈʠʩʫʥʦʢ 1.14ï ɿʘʣʝʞʥʽʩʪʴ ʧʨʠʨʦʩʪʫ ʤʘʩʠ ʧʨʠ ʦʢʠʩʣʝʥʥʽ ʢʝʨʘʤʽʢʠ ʥʘ ʦʩʥʦʚʽ 

ʜʠʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ ʧʨʦʪʷʛʦʤ 2 ʛʦʜʠʥ [35] 

 

ɼʠʚʥʦʶ ʻ ʧʦʚʝʜʽʥʢʘ ʢʦʤʧʦʟʠʪʘ ZrB2ï5 ʦʙ. % Si3N4. ʊʘʢ, ʡʦʛʦ ʧʨʠʨʽʩʪ ʤʘʩʠ ʻ 

ʙʽʣʴʰʠʤ, ʥʽʞ ʫ ʯʠʩʪʦʛʦ ʜʠʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ. ʇʨʦʪʝ ʧʽʜ ʯʘʩ ʧʽʜʚʠʱʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ 

ʚ ʩʝʨʝʜʦʚʠʱʽ ʢʠʩʥʶ ʚʽʜʙʫʚʘʻʪʴʩʷ ʫʪʚʦʨʝʥʥʷ NO/NO2, ʷʢʘ ʚʠʧʘʨʦʚʫʻʪʴʩʷ ʽ ʫʪʚʦʨʶʻ 

ʧʦʨʠ. ʅʘʩʪʫʧʥʠʤ ʢʨʦʢʦʤ ʙʫʣʦ ʧʽʜʚʠʱʝʥʥʷ ʩʪʽʡʢʦʩʪʽ ʢʦʤʧʦʟʠʪʫ ZrB2ï20 ʦʙ. % Si3N4 

ʟʘ ʨʘʭʫʥʦʢ ʣʝʛʫʚʘʥʥʷ 10 ʤʦʣ.% TaB2,CrB2.  

ɸʥʘʣʽʟ ʜʘʥʠʭ ʧʦʢʘʟʫʻ, ʱʦ ʥʘʡʢʨʘʱʝ ʩʝʙʝ ʧʨʦʷʚʠʣʘ ʜʦʙʘʚʢʘ ʽʟ ʜʠʙʦʨʠʜʫ 

ʪʘʥʪʘʣʫ ʜʦ ʪʝʤʧʝʨʘʪʫʨ 1400 ʦʉ ʯʝʨʝʟ ʫʪʚʦʨʝʥʥʷ ʥʘ ʧʦʚʝʨʭʥʽ ʩʢʣʘʜʥʠʭ ʦʢʩʠʜʥʠʭ ʬʘʟ, 

ʷʢ ʫ ʚʠʧʘʜʢʫ ʽʟ ʜʦʙʘʚʢʦʶ ʜʠʩʠʣʽʮʠʜʫ ʪʘʥʪʘʣʫ. 

ɺʧʣʠʚ Ta5Si3 ʪʘ TaSi2  ʥʘ ʩʪʽʡʢʽʩʪʴ ʩʠʩʪʝʤʠ ʜʦ ʦʢʠʩʣʝʥʥʷ ʜʦʩʣʽʜʞʫʚʘʚʩʷ ʟ 

ʚʤʽʩʪʦʤ  8,15,31 ʦʙ.% ʪʘ 10,20,30 ʦʙ %, ʚʽʜʧʦʚʽʜʥʦ .  

ɸʥʘʣʽʟʫʶʯʠ ʦʪʨʠʤʘʥʽ ʜʘʥʽ ʤʦʞʥʘ ʧʦʙʘʯʠʪʠ, ʱʦ ʜʦʙʘʚʢʘ ʜʠʩʠʣʽʮʠʜʫ ʪʘʥʪʘʣʫ 

ʚʧʣʠʚʘʻ ʧʦʜʽʙʥʦ ʜʦ ʜʦʙʘʚʢʠ ʥʽʪʨʠʜʫ ʢʨʝʤʥʽʶ: ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ ʚʤʽʩʪʫ ʜʦʙʘʚʢʠ ʨʦʩʪʝ 
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ʢʦʨʦʟʽʡʥʘ ʩʪʽʡʢʽʩʪʴ ʜʦ ʪʝʤʧʝʨʘʪʫʨ  1400ʦʉ. ʑʦ ʩʪʦʩʫʻʪʴʩʷ Ta5Si3, ʩʪʽʡʢʽʩʪʴ ʜʦ 

ʦʢʠʩʣʝʥʥʷ ʟʙʝʨʽʛʘʻʪʴʩʷ ʣʠʰ ʜʦ ʪʝʤʧʝʨʘʪʫʨʠ 1300ʦʉ. ʈʽʟʥʠʮʶ ʚ ʮʠʭ ʜʘʥʠʭ ʤʦʞʥʘ 

ʧʦʷʩʥʠʪʠ ʚʽʜʤʽʥʥʠʤ ʚʤʽʩʪʦʤ ʢʨʝʤʥʽʶ ʚ ʢʦʤʧʦʟʠʪʽ, ʷʢʠʡ ʚʽʜʽʛʨʘʻ ʚʘʞʣʠʚʫ ʨʦʣʴ ʧʽʜ 

ʯʘʩ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʢʠʩʥʝʥʥʷ. ʈʝʥʪʛʝʥʦʬʘʟʦʚʠʤ ʘʥʘʣʽʟʦʤ ʙʫʣʦ 

ʚʩʪʘʥʦʚʣʝʥʦ ʽʩʥʫʚʘʥʥʷ ʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ ʪʘ ʩʢʣʘʜʥʦʛʦ ʦʢʩʠʜʫ TaZr2.75O8. ʇʨʦʪʝ, ʥʝ 

ʙʫʣʦ ʟʥʘʡʜʝʥʦ ʢʨʠʩʪʘʣʽʯʥʠʭ ʬʘʟ ʥʘ ʦʩʥʦʚʽ ʙʦʨʫ ʪʘ ʢʨʝʤʥʽʶ, ʪʦʙʪʦ ʤʦʞʥʘ 

ʧʨʠʧʫʩʪʠʪʠ, ʱʦ ʥʝ ʚʽʜʙʫʣʦʩʷ ʫʪʚʦʨʝʥʥʷ ʢʨʠʩʪʘʣʽʯʥʦʾ ʩʢʣʦʬʘʟʠ, ʷʢʘ ʚ ʩʚʦʶ ʯʝʨʛʫ 

ʢʨʘʱʝ ʟʘʭʠʱʘʻ ʚʽʜ ʧʨʦʥʠʢʥʝʥʥʷ ʢʠʩʥʶ, ʥʽʞ ZrO2, ʪʘ  TaZr2.75O8. 

ʊʦʤʫ ʤʦʞʥʘ ʟʨʦʙʠʪʠ ʥʘʩʪʫʧʥʽ ʚʠʩʥʦʚʢʠ. ʋ ʚʠʧʘʜʢʫ ʷʢʱʦ ʤʘʪʝʨʽʘʣ 

ʧʨʘʮʶʚʘʪʠʤʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 1200ʦʉ, ʪʦ ʥʘʡʢʨʘʱʠʤ ʩʢʣʘʜʦʤ ʙʫʜʝ ZrB2ï15 

ʦʙ%Ta5Si3, ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1300 ʦʉ ï ZrB2ï30 ʦʙ%TaSi2, ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1400ʦʉï 

ZrB2ï25 ʦʙ%SiC/10 ʤʦʣ. %TaB2, ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1500ʦʉï ZrB2ï25 ʦʙ%SiC. ʊʘʢʦʞ 

ʮʽ ʜʘʥʥʽ ʧʽʜʪʚʝʨʜʞʫʶʪʴʩʷ ʝʢʩʧʝʨʠʤʝʥʪʘʤʠ ʉʽʣʴʚʝʩʪʨʦʥʽ [51].  

ʆʜʥʠʤ ʽʟ ʧʝʨʰʠʭ ʘʚʪʦʨʽʚ, ʷʢʠʡ ʟʚʝʨʥʫʚ ʩʚʦʶ ʫʚʘʛʫ ʥʘ ʪʘʢʠʡ ʣʝʛʫʶʯʠ ʝʣʝʤʝʥʪ, 

ʷʢ AlB2 ̒  ɿʘʥʛ [76]. ʗʢ ʧʦʚʽʜʦʤʣʷʻʪʴʩʷ, ʥʘʚʽʪʴ ʥʝʚʝʣʠʢʘ ʢʽʣʴʢʽʩʪʴ 5ï10% ʜʠʙʦʨʠʜʫ 

ʘʣʶʤʽʥʽʶ  ʧʨʠ  ʪʝʤʧʝʨʘʪʫʨʽ ʫʱʽʣʴʥʝʥʥʷ 1900 ʦʉ ʤʦʞʝ  ʩʧʨʠʷʪʠ ʦʪʨʠʤʘʥʥʶ 

ʙʝʟʧʦʨʠʩʪʦʾ  ʢʝʨʘʤʽʢʠ ʥʘ ʦʩʥʦʚʽ ZrB2. ɺ ʧʨʦʮʝʩʽ ʦʢʠʩʥʝʥʥʷ  ʚʽʜʙʫʚʘʶʪʴʩʷ ʥʘʩʪʫʧʽ 

ʨʝʘʢʮʽʾ: 

ZrO2+AlB2

 
ựự (Zr,B)(B,O)2          (1.8) 

(Zr,B)(B,O)2
 
ựựZrB2+ŬAl2O3+B2O3(ʛ)ŷ         (1.9) 

   

ʆʜʥʘʢ, ʧʨʠʨʽʩʪ ʤʘʩʠ ʚ ʜʘʥʠʭ ʤʘʪʝʨʽʘʣʘʭ ʧʨʠ ʚʠʪʨʠʤʮʽ 1500 ʦʉ ʧʨʦʪʷʛʦʤ 4 

ʛʦʜʠʥ ʩʪʘʥʦʚʠʪʴ 30 ʤʛ/ʩʤ2, ʱʦ ʛʽʨʰʝ ʥʽʞ ʜʣʷ ʙʘʟʦʚʦʾ ʢʝʨʘʤʽʢʠ ZrB2ï30%SiC. 

ɯʩʥʫʶʪʴ ʨʦʙʦʪʠ, ʚ ʷʢʠʭ ʜʦ ʩʠʩʪʝʤʠ ZrB2ïSiC ʜʦʜʘʶʪʴ ʱʝ ʦʜʠʥ ʣʝʛʫʶʯʠʡ 

ʝʣʝʤʝʥʪ, ʷʢʠʡ ʧʦʚʠʥʝʥ ʧʽʜʚʠʱʫʚʘʪʠ ʢʦʨʦʟʽʡʥʫ ʩʪʽʡʢʽʩʪʴ ʢʝʨʘʤʽʢʠ. ʆʜʥʠʤ ʽʟ ʪʘʢʠʭ 

ʝʣʝʤʝʥʪʽʚ ʩʪʘʚ ʢʘʨʙʽʜ ʮʠʨʢʦʥʽʶ [77]. ɺʤʽʩʪ ʢʘʨʙʽʜʫ ʮʠʨʢʥʦʶ ʩʪʘʥʦʚʠʚ ʚʽʜ 0 ʜʦ 20%, 

ʯʘʩ ʦʢʠʩʥʝʥʥʷ ʢʦʣʠʚʘʚʩʷ ʚʽʜ 1 ʜʦ 4 ʛʦʜʠʥ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1600 ʦʉ. ʇʽʩʣʷ 

ʧʨʦʚʝʜʝʥʥʷ ʚʠʧʨʦʙʫʚʘʥʴ ʙʫʣʦ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʜʦʙʘʚʢʠ ʢʘʨʙʽʜʫ ʮʠʨʢʦʥʽʶ 

ʥʝʛʘʪʠʚʥʦ ʚʧʣʠʚʘʶʪʴ ʥʘ ʢʦʨʦʟʽʡʥʫ ʩʪʽʡʢʽʩʪʴ, ʪʘʢ ʷʢ ʚʽʥ ʧʦʯʠʥʘʻ ʘʢʪʠʚʥʦ 
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ʦʢʠʩʣʶʚʘʪʠʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ ʤʝʥʰʝ 1000ʦʉ, ʫʪʚʦʨʶʶʯʠ ʧʦʨʠʩʪʫ ʦʢʘʣʠʥʫ ʥʘ 

ʧʦʚʝʨʭʥʽ ʤʘʪʝʨʽʘʣʫ.  

ʗʢ ʙʫʣʦ ʧʦʢʘʟʘʥʦ ʚʠʱʝ, ʩʠʩʪʝʤʘ ZrB2ïSiC ʤʘʻ ʤʽʥʽʤʘʣʴʥʫ ʜʦʧʫʩʪʠʤʫ 

ʤʽʮʥʽʩʪʴ ʧʨʠ ʧʽʜʚʠʱʝʥʽʡ ʪʝʤʧʝʨʘʪʫʨ ʽ ʚʽʜʥʦʩʥʦ ʚʠʩʦʢʫ ʩʪʽʡʢʽʩʪʴ ʜʦ ʦʢʠʩʣʝʥʥʷ. 

ʉʠʩʪʝʤʘ ZrB2ïMoSi2 ʤʘʻ ʟʚʦʨʦʪʥʦʶ ʩʠʪʫʘʮʽʶ. ʆʜʥʠʤ ʽʟ ʤʦʞʣʠʚʦ ʥʘʡʢʨʘʱʠʭ 

ʢʝʨʘʤʽʯʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʤʽʛ ʙʫʪʠ ZrB2ïMoSi2ïSiC [78]. ʇʨʦʮʝʩ ʦʢʠʩʥʝʥʥʷ ʚʽʜʙʫʚʘʚʩʷ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1500 ʦʉ ʧʨʦʪʷʛʦʤ 1-10 ʛʦʜʠʥ. ʇʨʠʨʽʩʪ ʤʘʩʠ ʚʽʜ ʯʘʩʫ ʟʦʙʨʘʞʝʥʦ ʥʘ 

ʨʠʩʫʥʢʫ 1.15. 

 

ʈʠʩʫʥʦʢ 1.15ï ʇʨʠʨʽʩʪ ʤʘʩʠ ʟʨʘʟʢʫ ʚʽʜ ʯʘʩʫ ʜʣʷ ʢʝʨʘʤʽʢʠ  

ʩʠʩʪʝʤʠ  ZrB2ïMoSi2ïSiC [78] 

 

ʇʽʜ ʯʘʩ ʦʢʠʩʣʝʥʥʷ ʟʤʽʥʘ ʷʢ ʛʝʦʤʝʪʨʽʾ, ʪʘʢ ʽ ʤʘʩʠ ʟʨʘʟʢʫ ʧʽʜ ʯʘʩ ʦʢʠʩʥʝʥʥʷ ʻ 

ʤʽʥʽʤʘʣʴʥʦʶ. ʎʝ ʤʦʞʥʘ ʧʦʷʩʥʠʪʠ ʪʠʤ, ʱʦ ʥʘ ʧʦʚʝʨʭʥʽ ʤʘʪʝʨʽʘʣʫ ʚʽʜʙʫʚʘʻʪʴʩʷ 

ʫʪʚʦʨʝʥʥʷ ʩʢʣʘʜʥʠʭ ʦʢʩʠʜʽʚ, ʚ ʧʝʨʰʫ ʯʝʨʛʫ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ZrSiO4. 

ʉʪʽʡʢʽʩʪʴ ʜʦ ʦʢʠʩʥʝʥʥʷ ʜʘʥʦʾ ʩʠʩʪʝʤʠ ʙʫʣʘ ʥʘ ʚʠʩʦʢʦʤʫ ʨʽʚʥʽ, ʦʜʥʘʢ ʚʝʣʠʢʘ 

ʢʽʣʴʢʽʩʪʴ ʜʠʩʣʽʮʠʜʫ ʤʦʣʽʙʜʝʥʫ ʥʝ ʜʦʟʚʦʣʠʣʘ ʟʙʝʨʝʛʪʠ ʚʠʩʦʢʽ ʧʦʢʘʟʥʠʢʠ ʤʽʮʥʦʩʪʽ 

ʢʝʨʘʤʽʢʠ. 

ʗʢ ʙʫʣʦ ʧʦʢʘʟʘʥʦ ʚʠʱʝ ʜʦʙʘʚʢʘ WC ʩʫʪʪʻʚʦ ʧʽʜʚʠʱʫʻ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʫ 

ʤʽʮʥʽʩʪʴ ʢʝʨʘʤʽʢʠ ʥʘ ʦʩʥʦʚʽ ZrB2. ʊʦʤʫ ʚ ʦʜʥʽʡ ʟ ʥʝʜʘʚʥʽʭ ʨʦʙʽʪ [60], ʜʦʩʣʽʜʞʫʚʘʣʠ  

ʚʧʣʠʚ ʢʘʨʙʽʜʫ ʚʦʣʴʬʨʘʤʫ ʥʘ ʩʪʽʡʢʽʩʪʴ ʜʦ ʦʢʠʩʥʝʥʥʷ, ʚʤʽʩʪ ʢʘʨʙʽʜʫ ʚʦʣʴʬʨʘʤʫ 

ʩʢʣʘʜʘʚ ʚʽʜ 0 ʜʦ 6 ʤʦʣ.%. ʗʢ ʙʫʣʦ ʟʘʟʥʘʯʝʥʦ, ʚ ʧʨʦʮʝʩʽ ʦʪʨʠʤʘʥʥʷ ʚʝʩʴ ʢʘʨʙʽʜ 
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ʚʦʣʴʬʨʘʤʫ ʧʝʨʝʭʦʜʠʚ ʚ ʙʦʨʠʜ ʚʦʣʴʬʨʘʤʫ ʪʘ ʪʚʝʨʜʠʡ ʨʦʟʯʠʥ ʥʘ ʦʩʥʦʚʽ ZrB2. 

ʂʽʥʝʪʠʢʫ ʦʢʠʩʥʝʥʥʷ ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩʫʥʢʫ 1.16. 

 

ʈʠʩʫʥʦʢ 1.16ï ɿʘʣʝʞʥʽʩʪʴ ʧʨʠʨʦʩʪʫ ʤʘʩʠ ʚʽʜ ʯʘʩʫ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ  1500 ʦʉ 

ʜʣʷ ʢʝʨʘʤʽʢʠ ZrB2ïWC [60] 

 

ɸʥʘʣʽʟ ʧʦʢʘʟʫʻ, ʱʦ ʥʘʡʢʨʘʱʠʤ ʤʘʪʝʨʽʘʣʦʤ ʫ ʜʘʥʦʤʫ ʚʠʧʘʜʢʫ ʻ ZrB2ï6 ʤʦʣ. 

%WC. ɿʙʽʣʴʰʝʥʥʷ ʚʤʽʩʪʫ > 6 ʤʦʣ.% ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʚʽʜʰʘʨʫʚʘʥʥʷ ʦʢʘʣʠʥʠ ʚʽʜ 

ʤʘʪʝʨʽʘʣʫ, ʟʘ ʨʘʭʫʥʦʢ ʟʥʘʯʥʦʛʦ ʦʢʠʩʣʝʥʥʷ ʩʧʦʣʫʢ ʥʘ ʦʩʥʦʚʽ ʚʦʣʴʬʨʘʤʫ. ɿʤʝʥʰʝʥʥʷ 

ʤʘʩʠ ʧʦʷʩʥʶʻʪʴʩʷ ʚʠʧʘʨʦʚʫʚʘʥʥʷʤ WO3, ʪʘʢ ʷʢ ʜʘʥʘ ʬʘʟʘ ʚ ʢʦʤʧʦʟʠʪʽ ʤʘʻ ʚʠʩʦʢʫ 

ʧʨʫʞʥʽʩʪʴ ʧʘʨʫ. ɺ ʩʚʦʶ ʯʝʨʛʫ, ʧʨʠ ʦʢʠʩʣʝʥʥʽ ʜʠʙʦʨʠʜʫ ʮʠʨʢʦʥʽʶ ʟʘʚʞʜʠ ʧʦʩʪʘʻ 

ʧʠʪʘʥʥʷ ʱʦ ʜʦ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʣʝʪʫʯʠʭ ʬʘʟ ʧʽʜ ʯʘʩ ʦʢʠʩʣʝʥʥʷ (B2O3). ɼʘʥʝ ʧʠʪʘʥʥʷ 

ʙʫʣʦ ʨʦʟʛʣʷʥʫʪʦ ʚ ʨʦʙʦʪʘʭ [37], [41], [69]. 

ʗʢ ʩʪʚʝʨʜʞʫʶʪʴ ʘʚʪʦʨʠ ʨʦʙʽʪʠ [69], ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʙʦʨʥʦʛʦ ʘʥʛʽʜʨʠʜʫ ʻ 

ʘʢʪʠʚʥʠʤ ʽ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1500 ʦʉ ʪʘ ʩʪʘʥʦʚʠʪʴ ʚʠʱʝ 20%. ʆʜʥʘʢ, ʣʝʛʫʚʘʥʥʷ B2O3 

ʪʷʞʢʠʤʠ ʝʣʝʤʝʥʪʘʤʠ, ʷʢ Nb, W, Mo ʜʦʟʚʦʣʷʻ ʧʽʜʚʠʱʠʪʠ ʩʪʽʡʢʽʩʪʴ ʜʦ ʦʢʠʩʥʝʥʥʷ ʟʘ 

ʩʪʘʙʽʣʽʟʘʮʽʾ B2O3, ʨʠʩʫʥʦʢ 1.17. 
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ʈʠʩʫʥʦʢ 1.17 ï ɼʊɸ B2O3 ʧʨʠ ʧʽʜʚʠʱʝʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ [69] 

 

ʇʽʜʚʦʜʷʯʠ ʧʽʜʩʫʤʦʢ  ʩʪʽʡʢʦʩʪʽ ʜʦ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʢʠʩʥʝʥʥʷ ʜʠʙʦʨʠʜʫ 

ʮʠʨʢʦʥʽʶ ʤʦʞʥʘ ʧʦʙʫʜʫʚʘʪʠ ʥʘʩʪʫʧʥʽ ʛʽʩʪʦʛʨʘʤʠ, ʧʨʠʚʝʜʝʥʽ ʥʘ ʨʠʩʫʥʢʫ 1.18. 

ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʧʦʢʘʟʫʶʪʴ, ʱʦ ʥʘʡʙʽʣʴʰʫ ʩʪʽʡʢʽʩʪʴ ʜʝʤʦʥʩʪʨʫʻ ʢʝʨʘʤʽʢʘ ʟ 

ʢʨʝʤʥʽʻʚʤʽʱʫʶʯʠʤʠ ʝʣʝʤʝʥʪʘʤʠ, ʦʩʦʙʣʠʚʦ MoSi2. ɼʘʥʘ ʧʦʚʝʜʽʥʢʘ ʧʦʷʩʥʶʻʪʴʩʷ 

ʫʪʚʦʨʝʥʥʷʤ ʥʘ ʧʦʚʝʨʭʥʽ ʩʪʽʡʢʦʛʦ ʙʦʨʦʩʠʣʽʢʘʪʥʦʛʦ ʪʘ ʬʘʟ ʷʢʽ ʩʪʘʙʽʣʴʥʽ ʧʽʜ ʯʘʩ 

ʦʢʠʩʣʝʥʥʷ[17]. ʇʨʦʤʽʞʥʝ ʧʦʣʦʞʝʥʥʷ ʧʦ ʩʪʽʡʢʦʩʪʽ ʜʦ ʦʢʠʩʥʝʥʥʷ ʟʘʡʤʘʻ ʩʠʩʪʝʤʘ 

ZrB2ïSiC. 

  

aï 1400 ʦʉ ʙï 1500 ʦʉ  
















































































































































































































































































