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ɸʅʆʊɸʎɯʗ 

ʇʨʠʩʷʞʥʶʢ ʇ.ʄ. ʅʘʫʢʦʚʽ ʦʩʥʦʚʠ ʬʦʨʤʫʚʘʥʥʷ ʟʥʦʩʦʫʜʘʨʦʪʨʠʚʢʠʭ ʧʦʢʨʠʪʪʽʚ 

ʩʠʩʪʝʤʠ çʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʘ ʩʪʘʣʴ ï ʪʫʛʦʧʣʘʚʢʽ ʩʧʦʣʫʢʠè ʝʣʝʢʪʨʦʜʫʛʦʚʠʤ 

ʥʘʧʣʘʚʣʝʥʥʷʤ.  ʂʚʘʣʽʬʽʢʘʮʽʡʥʘ ʥʘʫʢʦʚʘ ʧʨʘʮʷ ʥʘ ʧʨʘʚʘʭ ʨʫʢʦʧʠʩʫ.  

ɼʠʩʝʨʪʘʮʽʷ ʥʘ ʟʜʦʙʫʪʪʷ ʥʘʫʢʦʚʦʛʦ ʩʪʫʧʝʥʷ ʜʦʢʪʦʨʘ ʪʝʭʥʽʯʥʠʭ ʥʘʫʢ ʟʘ 

ʩʧʝʮʽʘʣʴʥʽʩʪʶ 05.02.01 çʄʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʦè. ï ɯʚʘʥʦ-ʌʨʘʥʢʽʚʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ 

ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʥʘʬʪʠ ʽ ʛʘʟʫ ʄʽʥʽʩʪʝʨʩʪʚʘ ʦʩʚʽʪʠ ʽ ʥʘʫʢʠ ʋʢʨʘʾʥʠ; 

ʅʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ çʃʴʚʽʚʩʴʢʘ ʧʦʣʽʪʝʭʥʽʢʘè ʄʽʥʽʩʪʝʨʩʪʚʘ ʦʩʚʽʪʠ ʽ ʥʘʫʢʠ 

ʋʢʨʘʾʥʠ,  ʃʴʚʽʚ, 2024.  

ɼʠʩʝʨʪʘʮʽʷ ʧʨʠʩʚʷʯʝʥʘ ʪʝʦʨʝʪʠʯʥʦʤʫ ʪʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤʫ ʨʦʟʨʦʙʣʝʥʥʶ 

ʟʥʦʩʦʫʜʘʨʦʪʨʠʚʢʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ çʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʘ ʩʪʘʣʴ ï ʪʫʛʦʧʣʘʚʢʽ ʩʧʦʣʫʢʠè 

ʤʝʞʘʭ ʩʠʩʪʝʤ ʣʝʛʫʚʘʥʥʷ Fe-Mn-Nb-Ti-Mo-V-Si-C ʪʘ Fe-Mn-Mo-B-ʉ, ʷʢʽ ʧʨʠʟʥʘʯʝʥʽ ʜʣʷ 

ʝʣʝʢʪʨʦʜʫʛʦʚʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʦʨʦʰʢʦʚʠʭ ʝʣʝʢʪʨʦʜʥʠʭ ʤʘʪʝʨʽʘʣʽʚ 

(ʫ ʚʠʛʣʷʜʽ ʩʪʨʽʯʦʢ ʪʘ ʝʣʝʢʪʨʦʜʽʚ ʜʣʷ ʝʣʝʢʪʨʦʜʫʛʦʚʦʛʦ ʤʝʭʘʥʽʟʦʚʘʥʦʛʦ ʪʘ ʨʫʯʥʦʛʦ 

ʥʘʧʣʘʚʣʝʥʥʷ, ʚʽʜʧʦʚʽʜʥʦ). ʆʩʦʙʣʠʚʽʩʪʶ ʜʘʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʻ ʟʘʙʝʟʧʝʯʝʥʥʷ ʫ 

ʧʦʚʝʨʭʥʝʚʠʭ ʰʘʨʘʭ ʧʦʻʜʥʘʥʥʷ ʜʠʩʧʝʨʩʽʡʥʦʛʦ ʪʘ ʜʝʬʦʨʤʘʮʽʡʥʦʛʦ ʟʤʽʮʥʝʥʥʷ, ʷʢʝ 

ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʤʘʪʨʠʯʥʦ-ʘʨʤʦʚʘʥʦʶ ʩʪʨʫʢʪʫʨʦʶ ʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫ, ʜʝ ʨʦʣʴ 

ʤʘʪʨʠʮʽ ʚʠʢʦʥʫʻ ʤʘʨʛʘʥʮʝʚʠʡ ʘʫʩʪʝʥʽʪ, ʱʦ ʟʤʽʮʥʶʻʪʴʩʷ ʟʘ ʜʠʥʘʤʽʯʥʠʭ ʪʘ ʚʠʩʦʢʠʭ 

ʧʠʪʦʤʠʭ ʥʘʚʘʥʪʘʞʝʥʴ ʟʘ ʤʝʭʘʥʽʟʤʦʤ ʤʽʢʨʦʜʚʽʡʥʠʢʫʚʘʥʥʷ, ʘ ʨʦʣʴ ʘʨʤʽʚʥʠʭ ʬʘʟ ʪʚʝʨʜʽ 

ʨʦʟʯʠʥʠ ʥʘ ʦʩʥʦʚʽ ʪʫʛʦʧʣʘʚʢʠʭ ʢʘʨʙʽʜʽʚ ʩʠʩʪʝʤʠ Nb-Ti-Mo-V-C (ʧʨʦʩʪʦʨʦʚʘ ʛʨʫʧʘ Fm-

3m) ʪʘ ʧʦʪʨʽʡʥʠʭ ʙʦʨʠʜʽʚ Mo2(Fe,Mn)B2. 

ʈʦʟʨʦʙʣʝʥʦ ʪʘ ʟʘʭʠʱʝʥʦ ʧʘʪʝʥʪʘʤʠ ʋʢʨʘʾʥʠ (ˉ 119278, ˉ 122253, ˉ 122254, 

ˉ 139773, ˉ126751, ˉ125009) ʟʘʩʦʙʠ ʪʘ ʤʝʪʦʜʠʢʠ ʧʨʠʟʥʘʯʝʥʽ ʜʣʷ ʧʦʨʽʚʥʷʣʴʥʦʾ 

ʦʮʽʥʢʠ ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ ʥʘʧʣʘʚʣʝʥʠʭ ʧʦʢʨʠʪʪʽʚ ʟʘ ʫʤʦʚ ʟʥʦʰʫʚʘʥʥʷ ʧʦ ʚʽʣʴʥʦʤʫ 

ʘʙʨʘʟʠʚʫ, ʫʜʘʨʥʦ-ʘʙʨʘʟʠʚʥʦʛʦ ʪʘ ʛʘʟʦʘʙʨʘʟʠʚʥʦʛʦ ʟʥʦhʫʚʘʥʥʷ, ʘ ʪʘʢʦʞ ʰʣʷʭʦʤ 

ʩʢʣʝʨʦʤʝʪʨʠʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ. ʈʦʟʨʦʙʣʝʥʦ ʪʝʭʥʦʣʦʛʽʶ ʚʠʛʦʪʦʚʣʝʥʥʷ ʝʣʝʢʪʨʦʜʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ ʜʣʷ ʝʣʝʢʪʨʦʜʫʛʦʚʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ ʫ ʚʠʛʣʷʜʽ ʧʦʨʦʰʢʦʚʠʭ ʩʪʨʽʯʦʢ, 

ʦʩʥʦʚʥʠʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ ʷʢʠʭ ʻ ʪʫʛʦʧʣʘʚʢʽ ʢʘʨʙʽʜʠ (TiC, NbC, VC ʪʘ Mo2C), ʧʦʨʦʰʢʠ 

ʯʠʩʪʠʭ ʤʝʪʘʣʽʚ (Mo, Ti, Mn ʪʘ ʽʥ.), ʢʘʨʙʽʜ ʙʦʨʫ, ʛʨʘʬʽʪ, ʬʝʨʦʤʘʨʛʘʥʝʮʴ, 
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ʬʝʨʦʩʠʣʽʢʦʤʘʨʛʘʥʝʮʴ, ʘ ʪʘʢʦʞ ʢʦʤʧʦʥʝʥʪʠ ʷʢʽ ʟʘʙʝʟʧʝʯʫʶʪʴ ʩʪʘʙʽʣʴʥʽʩʪʴ ʛʦʨʽʥʥʷ 

ʜʫʛʠ (ʬʪʦʨʠʩʪʠʡ ʢʘʣʴʮʽʡ) ʪʘ ʾʾ ʟʘʭʠʩʪ (ʨʫʪʠʣ).  

ʇʨʦʚʝʜʝʥʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʤʘʨʛʘʥʮʝʚʦʛʦ ʘʫʩʪʝʥʽʪʫ ʽʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʤʝʩʩʙʘʫʨʽʚʩʴʢʦʾ ʩʧʝʢʪʨʦʩʢʦʧʽʾ ʪʘ ʨʝʥʪʛʝʥʽʚʩʴʢʦʛʦ ʬʘʟʦʚʦʛʦ ʘʥʘʣʽʟʫ ʪʘ, 

ʥʘ ʦʩʥʦʚʽ ʮʴʦʛʦ, ʨʦʟʨʦʙʣʝʥʦ ʤʦʜʝʣʴ ʡʦʛʦ ʢʨʠʩʪʘʣʽʯʥʦʾ ʩʪʨʫʢʪʫʨʠ ʫ ʚʠʛʣʷʜʽ ʥʘʜʛʨʘʪʢʠ 

ʽʟ ʘʥʪʠʬʝʨʦʤʘʛʥʽʪʥʠʤ ʫʧʦʨʷʜʢʫʚʘʥʥʷʤ, ʷʢʘ ʚʽʜʧʦʚʽʜʘʻ ʬʦʨʤʫʣʴʥʦʤʫ ʩʢʣʘʜʫ 

C1Fe24Mn8 ʪʘ ʜʦʟʚʦʣʷʻ ʧʨʦʚʦʜʠʪʠ ʨʦʟʨʘʭʫʥʢʠ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʪʘ ʤʝʭʘʥʽʯʥʠʭ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʽʟ ʚʠʩʦʢʦʶ ʚʽʜʧʦʚʽʜʥʽʩʪʶ ʜʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ.  

ɺ ʨʘʤʢʘʭ ʪʝʦʨʽʾ ʬʫʥʢʮʽʦʥʘʣʫ ʝʣʝʢʪʨʦʥʥʦʾ ʛʫʩʪʠʥʠ ʪʘ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʤʝʪʦʜʫ 

ʚʽʨʪʫʘʣʴʥʦʛʦ ʢʨʠʩʪʘʣʽʯʥʦʛʦ ʥʘʙʣʠʞʝʥʥʷ ʙʫʣʦ ʚʠʢʦʥʘʥʦ ʨʦʟʨʘʭʫʥʢʠ ʝʣʝʢʪʨʦʥʥʦʾ 

ʙʫʜʦʚʠ ʪʘ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ (ʤʦʜʫʣʽʚ ʧʨʫʞʥʦʩʪʽ, ʪʚʝʨʜʦʩʪʽ ʪʘ 

ʪʨʽʱʠʥʦʩʪʽʡʢʦʩʪʽ) ʜʣʷ 15-ʪʠ ʢʘʨʙʽʜʥʠʭ ʬʘʟ ʧʨʦʩʪʦʨʦʚʦʾ ʛʨʫʧʠ Fm-3m, ʷʢʽ 

ʧʨʝʜʩʪʘʚʣʷʶʪʴ ʩʦʙʦʶ ʷʢ ʯʠʩʪʽ ʢʘʨʙʽʜʠ (TiC, NbC, VC ʪʘ Mo2C) ʪʘʢ ʽ ʨʦʟʯʠʥʠ ʥʘ ʾʭ 

ʦʩʥʦʚʽ ʽʟ ʝʢʚʽʤʦʣʷʨʥʠʤ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʤ ʤʝʪʘʣʝʚʠʭ ʢʦʤʧʦʥʝʥʪʽʚ. ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʧʨʦʚʝʜʝʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ ʙʫʣʦ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʥʘʡʙʽʣʴʰ ʦʧʪʠʤʘʣʴʥʘ ʢʦʤʙʽʥʘʮʽ ̫

ʬʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚʣʘʩʪʠʚʘ ʜʣʷ ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ (Nb,Ti,Mo)C. ʎʝ 

ʜʦʟʚʦʣʠʣʦ ʨʝʢʦʤʝʥʜʫʚʘʪʠ ʜʘʥʫ ʬʘʟʫ, ̫ ʢ ʘʨʤʽʚʥʫ ʜʣʷ ʥʘʧʣʘʚʣʝʥʠʭ ʧʦʢʨʠʪʪʽʚ ʥʘ ʦʩʥʦʚʽ 

ʟʘʣʽʟʘ. ʂʨʽʤ ʮʴʦʛʦ, ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʨʦʟʨʘʭʫʥʢʠ ʟʦʥʥʦʾ ʩʪʨʫʢʪʫʨʠ, ʝʣʝʢʪʨʦʥʥʠʭ, 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʪʘ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʜʣʷ ʧʦʪʨʽʡʥʠʭ ʪʝʪʨʘʛʦʥʘʣʴʥʠʭ ʙʦʨʠʜʽʚ 

Mo2FeB2 ʪʘ Mo2MnB2 (ʧʨʦʩʪʦʨʦʚʘ ʛʨʫʧʘ P4/mbm). ʋ ʨʝʟʫʣʴʪʘʪʽ ʙʫʣʦ ʚʩʪʘʥʦʚʣʝʥʦ 

ʧʨʠʥʮʠʧʦʚʫ ʤʦʞʣʠʚʽʩʪʴ ʬʦʨʤʫʚʘʥʥʷ ʥʝʚʧʦʨʷʜʢʦʚʘʥʠʭ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ 

Mo2(Fex,Mn1-x)B2, ʫ ʷʢʠʭ ʧʽʜʚʠʱʝʥʥʷ ʚʤʽʩʪʫ Mn ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʨʦʩʪʘʥʥʷ 

ʤʽʢʨʦʪʚʝʨʜʦʩʪʽ ʚʽʜ 23 ʜʦ 24.5 ɻʇʘ, ʱʦ ʨʦʙʠʪʴ ʜʘʥʫ ʬʘʟʘ ʧʝʨʩʧʝʢʪʠʚʥʦʶ ʜʣʷ ʘʨʤʫʚʘʥʥʷ 

ʧʦʢʨʠʪʪʽʚ ʥʘ ʦʩʥʦʚʽ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʦʾ ʩʪʘʣʽ. 

ɯʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʤʝʪʦʜʠʢ ʤʦʜʝʣʶʚʘʥʥʷ ʥʝʚʧʦʨʷʜʢʦʚʘʥʠʭ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ, 

ʪʘʢʠʭ ʷʢ ʢʣʘʩʪʝʨʥʝ ʨʦʟʰʠʨʝʥʥʷ ʪʘ ʚʠʢʦʨʠʩʪʘʥʥʷ ʩʧʝʮʽʘʣʴʥʠʭ ʢʚʘʟʽʥʝʚʧʦʨʷʜʢʦʚʘʥʠʭ 

ʩʪʨʫʢʪʫʨ ̔ ʟ ʧʦʜʘʣʴʰʦʶ ʝʢʩʪʨʘʧʦʣʷʮʽʻ ʁʜʘʥʠʭ ʤʝʪʦʜʘʤʠ ʤʦʣʝʢʫʣʷʨʥʦʾ ʜʠʥʘʤʽʢʠ ʙʫʣʦ 

ʚʩʪʘʥʦʚʣʝʥʦ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʧʘʨʘʤʝʪʨʠ, ʷʢʽ ʚʠʟʥʘʯʘʶʪʴ ʭʘʨʘʢʪʝʨ ʨʦʟʯʠʥʥʦʩʪʽ Mn ʫ 

ʢʘʨʙʽʜʥʠʭ (TiC, NbC, VC ʪʘ Mo2C) ʪʘ ʙʦʨʠʜʥʠʭ (Mo2FeB2). ɰʭ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʦʟʚʦʣʠʣʦ 

ʨʦʟʨʦʙʠʪʠ ʙʘʟʫ ʜʘʥʠʭ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʬʫʥʢʮʽʡ, ʽʥʪʝʛʨʦʚʘʥʫ ʫ ʧʨʦʛʨʘʤʥʽ ʟʘʩʦʙʠ, ʷʢʽ 
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ʙʘʟʫʶʪʴʩʷ ʥʘ ʤʝʪʦʜʠʮʽ CALPHAD , ʪʘʢʽ ʷʢ OpenCalphad ʪʘ Thermo-Calc. ʊʘʢʠʤ ʯʠʥʦʤ 

ʙʫʣʦ ʚʠʟʥʘʯʝʥʦ ʢʦʥʮʝʥʪʨʘʮʽʡʥʦ-ʪʝʤʧʝʨʘʪʫʨʥʽ ʽʥʪʝʨʚʘʣʠ, ʧʝʨʩʧʝʢʪʠʚʥʽ ʜʣʷ 

ʨʦʟʨʦʙʣʝʥʥʷ ʩʧʣʘʚʽʚ ʜʣʷ ʥʘʧʣʘʚʣʝʥʥʷ, ʷʢʽ ʟʘʙʝʟʧʝʯʫʶʪʴ ʛʝʪʝʨʦʬʘʟʦʚʫ ʤʘʪʨʠʯʥʦ-

ʘʨʤʦʚʘʥʫ ʩʪʨʫʢʪʫʨʫ ʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫ, ʩʧʨʠʷʪʣʠʚʫ ʽʟ ʧʦʟʠʮʽʾ ʟʘʙʝʟʧʝʯʝʥʥʷ 

ʟʥʦʩʦʫʜʘʨʦʪʨʠʚʢʦʩʪʽ ʫ ʩʧʣʘʚʘʭ ʩʠʩʪʝʤ ʣʝʛʫʚʘʥʥʷ Fe-Mn-Nb-Ti-Mo-V-Si-C ʪʘ Fe-Mn-

Mo-B-ʉ. 

ʈʦʟʨʘʭʦʚʘʥʦ ʪʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʚʠʟʥʘʯʝʥʦ ʪʝʨʤʽʯʥʠʡ ʮʠʢʣ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ 

ʥʘʧʣʘʚʣʝʥʥʶ ʧʦʨʦʰʢʦʚʦʶ ʩʪʨʽʯʢʦʶ, ʷʢʘ ʟʘʙʝʟʧʝʯʫʻ ʫ ʩʪʨʫʢʪʫʨʽ ʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫ 

ʦʜʥʦʬʘʟʦʚʫ ʩʪʨʫʢʪʫʨʫ ʤʘʨʛʘʥʮʝʚʦʛʦ ʘʫʩʪʝʥʽʪʫ. ʎʝ ʜʦʟʚʦʣʠʣʦ ʨʦʟʨʘʭʫʚʘʪʠ ʜʠʬʫʟʽʡʥʽ 

ʧʨʦʮʝʩʠ ʫ ʧʨʦʮʝʩʽ ʟʘʪʚʝʨʜʽʥʥʷ ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ ʟʘ ʥʝʨʽʚʥʦʚʘʞʥʠʭ ʫʤʦʚ ʪʘ 

ʚʩʪʘʥʦʚʠʪʠ ʢʽʥʝʪʠʢʫ ʚʠʜʽʣʝʥʥʷ ʮʝʤʝʥʪʠʪʫ ʽʟ ʘʫʩʪʝʥʽʪʫ ʨʽʟʥʦʛʦ ʩʢʣʘʜʫ. ɿʘ 

ʨʝʟʫʣʴʪʘʪʘʤʠ ʮʴʦʛʦ, ̔ ʟ ʤʝʪʦʶ ʛʘʣʴʤʫʚʘʥʥʷ ʚʠʜʽʣʝʥʥʷ ʮʝʤʝʥʪʠʪʫ, ʙʫʣʦ ʟʘʧʨʦʧʦʥʦʚʘʥʦ 

ʚʚʦʜʠʪʠ ʜʦ ʩʢʣʘʜʫ ʰʠʭʪʠ ʧʦʨʦʰʢʦʚʠʭ ʝʣʝʢʪʨʦʜʥʠʭ ʤʘʪʝʨʽʘʣʽʚ Si ʫ ʢʽʣʴʢʦʩʪʽ 4 ʤʘʩ. %, 

ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʙʽʣʴʰʝʥʥʷ ʪʨʠʚʘʣʦʩʪ̔ ̔ ʥʢʫʙʘʮʽʡʥʦʛʦ ʧʝʨʽʦʜʫ ʚʠʜʽʣʝʥʥʷ ʮʝʤʝʥʪʠʪʫ 

ʥʘ 3ï4 ʧʦʨʷʜʢʠ ʪʘ ʟʘʙʝʟʧʝʯʫ ̒ʦʜʥʦʬʘʟʦʚʫ ʘʫʩʪʝʥʽʪʥʫ ʩʪʨʫʢʪʫʨʫ ʫ ʧʦʚʝʨʭʥʝʚʦʤʫ ʰʘʨʽ. 

ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʜʦʩʣʽʜʞʝʥʦ ʤʽʢʨʦʩʪʨʫʢʪʫʨʫ ʪʘ ʬʘʟʦʚʠʡ ʩʢʣʘʜ ʧʦʢʨʠʪʪʽʚ 

ʩʠʩʪʝʤ çʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʘ ʩʪʘʣʴʧʨʦʩʪʠʡ ʢʘʨʙʽʜè ʪʘ ʧʦʢʘʟʘʥʦ, ʱʦ ʤʦʨʬʦʣʦʛʽʷ 

ʢʘʨʙʽʜʥʠʭ ʬʘʟ ʩʫʪʪʻʚʦ ʟʘʣʝʞʠʪʴ ʚʽʜ ʚʠʜʫ ʪʠʧʫ ʚʠʙʨʘʥʦʾ ʬʘʟʠ, ʪʘʢ ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ 

NbC ʪʘ TiC ʘʨʤʽʚʥʽ ʬʘʟʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʢʫʙʦʾʜʥʦ  ʁʬʦʨʤʦ  ʁ ʪʘ ʻ ʨʽʚʥʦʤʽʨʥʦ 

ʨʦʟʧʦʜʽʣʝʥ ̔ʚ ʘʫʩʪʝʥʽʪʥʽʡ ʤʘʪʨʠʮʽ, ʪʦʜʽ ʷʢ ʧʨʠ ʣʝʛʫʚʘʥʥʽ VC ʪʘ Mo2C ʢʘʨʙʽʜʥʽ ʬʘʟʠ 

ʚʠʜʽʣʷʶʪʴʩʷ ʫ ʚʠʛʣʷʜʽ ʧʨʦʰʘʨʢʽʚ ʧʦ ʛʨʘʥʠʮʷʭ ʘʫʩʪʝʥʽʪʥʠʭ ʟʝʨʝʥ. ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʘʥʘʣʽʟʫ ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ ʪʘ ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ ʫ ʩʠʩʪʝʤʘʭ Fe  ʩʢʣʘʜʥʠʡ ʢʘʨʙʽʜ ʩʠʩʪʝʤʠ 

Ti-Nb-Mo-V-C ʙʫʣʦ ʚʩʪʘʥʦʚʣʝʥʦ ʥʘʷʚʥʽʩʪʴ ʩʪʘʙʽʣʴʥʦʛʦ ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ (Nb,Mo,Ti)C. 

ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʪʝʦʨʝʪʠʯʥʦʛʦ ʘʥʘʣʽʟʫ ʪʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ, ʘ 

ʪʘʢʦʞ ʩʧʽʚʩʪʘʚʣʝʥʥʷ ʭʘʨʘʢʪʝʨʫ ʬʦʨʤʫʚʘʥʥʷ ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ ʪʘ ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ ʫ 

ʩʠʩʪʝʤʘʭ çʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʘ ʩʪʘʣʴʧʨʦʩʪʠʡ ʢʘʨʙʽʜè ʪʘ çFe  ʩʢʣʘʜʥʠʡ ʢʘʨʙʽʜè ʙʫʣʦ, 

ʦʧʪʠʤʽʟʦʚʘʥʦ ʝʣʝʤʝʥʪʥʠʡ ʩʢʣʘʜ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ çʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʘ ʩʪʘʣʴ

ʪʫʛʦʧʣʘʚʢʽ ʩʧʦʣʫʢʠè. ʊʘʢʠʤ ʯʠʥʦʤ ʙʫʣʦ ʨʦʟʨʦʙʣʝʥʦ ʧʦʨʦʰʢʦʚʽ ʩʪʨʽʯʢʠ, ʷʢʽ 

ʚʽʜʧʦʚʽʜʘʶʪʴ ʪʠʧʘʤʠ ʥʘʧʣʘʚʣʝʥʦʛʦ ʤʝʪʘʣʫ 360ɻ15ʄ6ɹ6ʊ3ʉ3ʌ (ʩʠʩʪʝʤʘ ʣʝʛʫʚʘʥʥʷ 

Fe-Mn-Nb-Ti-Mo-V-Si-C) ʪʘ 70ʄ24ɻ13ʈ3 (Fe-Mn-Mo-B-ʉ), ʧʨʠʟʥʘʯʝʥʠʭ ʜʣʷ 
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ʥʘʧʣʘʚʣʝʥʥʷ ʧʦʢʨʠʪʪʽʚ ʥʘ ʨʦʙʦʯʽ ʧʦʚʝʨʭʥʽ ʜʝʪʘʣʝʡ, ʱʦ ʧʨʘʮʶʶʪʴ ʟʘ ʫʤʦʚ ʫʜʘʨʥʦ-

ʘʙʨʘʟʠʚʥʦʛʦ ʟʥʦʰʫʚʘʥʥʷ, ʜʝ ʚʢʣʘʜ ʫʜʘʨʥʦʛʦ ʘʙʦ ʘʙʨʘʟʠʚʥʦʛʦ ʻ ʜʦʤʽʥʫʶʯʠʤ, 

ʚʽʜʧʦʚʽʜʥʦ.  

ʇʨʦʚʝʜʝʥʦ ʪʨʠʙʦʪʝʭʥʽʯʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʨʦʟʨʦʙʣʝʥʠʭ ʩʧʣʘʚʽʚ 360ɻ15ʄ6ɹ6ʊ3ʉ3ʌ 

ʪʘ 70ʄ24ɻ13ʈ3 ʪʘ ʚʠʷʚʣʝʥʦ, ʱʦ ʜʣʷ ʩʧʣʘʚʫ 70ʄ24ɻ13ʈ3 ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʪʽʩʥʠʡ 

ʢʦʨʝʣʷʮʽʡʥʠʡ ʟʚô̫ ʟʦʢ ʤʽʞ ʩʢʣʝʨʦʤʝʪʨʠʯʥʦ  ʁʪʚʝʨʜʽʩʪʶ ʪʘ ʘʙʨʘʟʠʚʥʦʶ ʟʥʦʩʦʪʨʠʚʢʽʩʪʶ, 

ʟʦʢʨʝʤʘ ʩʢʣʝʨʦʤʝʪʨʠʯʥʘ ʪʚʝʨʜʽʩʪʴ ʰʘʨʫ, ʥʘʧʣʘʚʣʝʥʦʛʦ ʩʧʣʘʚʦʤ 70ʄ24ɻ13ʈ3 

ʩʪʘʥʦʚʠʪʴ ~22.5 ɻʇʘ ɦ ʦ ʻ ʚʠʱʠʤ ʧʦʨʽʚʥʷʥʦ ʽʟ ʩʪʘʣʣʶ ʉʪ.3 ʫ 5.6 ʨʘʟʠ. ɿʘ ʫʤʦʚ ʫʜʘʨʥʦ-

ʘʙʨʘʟʠʚʥʦʛʦ ʟʥʦʰʫʚʘʥʥʷ ʧʦʚʝʨʭʥʝʚ ̔ ʰʘʨʠ, ʥʘʧʣʘʚʣʝʥʽ ʨʦʟʨʦ ʩʧʣʘʚʦʤ 

360ɻ15ʄ6ɹ6ʊ3ʉ3ʌ ʻ ʽʜʝʥʪʠʯʥʦʶ ʜʦ ʰʚʠʜʢʦʟʘʣʴʥʦʾ ʩʪʘʣʽ ʤʘʨʢʠ ʈ6ʄ5 ʪʘ ʻ ʚʠʱʦʶ 

ʧʦʨʽʚʥʷʥʦ ʽʟ ʩʧʣʘʚʦʤ OK13MN (ʚʠʨʦʙʥʠʮʪʚʘ ESAB, ʐʚʝʮʽʷ ʫ ~3 ʨʘʟʠ. ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʪʨʠʙʦʪʝʭʥʽʯʥʠʭ ʚʠʧʨʦʙʫʚʘʥʴ ʩʧʣʘʚʫ 360ɻ15ʄ6ɹ6ʊ3ʉ3ʌ ʟʘ ʫʤʦʚ ʪʝʨʪʷ ʢʦʚʟʘʥʥʷ ʧʦ 

ʩʪʘʣʝʚʦʤʫ ʢʦʥʪʨʪʽʣʫ, ʙʫʣʦ ʚʠʷʚʣʝʥʦ, ʢʦʥʪʘʢʪʥʦʾ ʚʟʘʻʤʦʜʽʾ ʧʨʦʭʦʜʠʪʴ ʧʨʦʮʝʩ 

ʜʝʬʦʨʤʘʮʽʡʥʝ ʟʤʽʮʥʝʥʥʷ ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ ʥʘ ʛʣʠʙʠʥʫ ~200 ʤʢʤ, ʷʢʝ ʧʨʦʷʚʣʷʻʪʴʩʷ 

ʫ ʧʽʜʚʠʱʝʥʥʽ ʤʽʢʨʦʪʚʝʨʜʦʩʪʽ ʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫ ʚʽʜ 4.5ï5.5 ɻʇʘ ʜʦ 6ï8 ɻʇʘ. 

ʊʨʠʙʦʚʠʧʨʦʙʦʚʫʚʘʥʥʷ ʟʘ ʫʤʦʚ ʛʘʟʦʘʙʨʘʟʠʚʥʦʛʦ ʟʥʦʰʫʚʘʥʥʷ ʧʦʢʘʟʘʣʠ, ʱʦ ʟʘ ʢʫʪʽʚ 

ʘʪʘʢʠ 90Ü ʟʥʦʩʦʪʨʠʚʢʽʩʪʴ ʰʘʨʽʚ, ʥʘʧʣʘʚʣʝʥʠʭ ʩʧʣʘʚʦʤ 360ɻ15ʄ6ɹ6ʊ3ʉ3ʌ ʧʝʨʝʚʠʱʫʻ 

ʟʥʦʩʦʪʨʠʚʢʽʩʪʴ ʚʠʩʦʢʦʭʨʦʤʠʩʪʠʭ ʩʝʨʽʡʥʠʭ ʩʧʣʘʚʽʚ Tï560 ʚ 1.4 ʨʘʟʠ, ʱʦ 

ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ ʜʝʬʦʨʤʘʮʽʡʥʦʛʦ ʟʤʽʮʥʝʥʥʷ ʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫ. ɿʘ ʫʤʦʚ 

ʪʝʨʪʷ ʧʦ ʥʝʟʘʢʨʽʧʣʝʥʦʤʫ ʘʙʨʘʟʠʚʫ ʙʫʣʦ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʩʝʨʝʜ ʜʦʩʣʽʜʞʝʥʠʭ 

ʙʝʟʚʦʣʴʬʨʘʤʦʚʠʭ ʩʧʣʘʚʽʚ (ʷʢ ʩʝʨʽʡʥʠʭ ʪʘʢ ʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ) ʥʘʡʚʠʱʠʤ ʨʽʚʥʝʤ 

ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʩʧʣʘʚ 70ʄ24ɻ13ʈ3, ʷʢʠʡ ʟʘ ʟʥʦʩʦʪʨʠʚʢʽʩʪʶ 

ʧʦʩʪʫʧʘʻʪʴʩʷ ʩʝʨʽʡʥʦʤʫ ʚʦʣʴʬʨʘʤʦʚʦʤʫ ʩʧʣʘʚʫ ʩʠʩʪʝʤʠ WCïNi ʤʘʨʢʠ EnDOtec 

DO*611x  (ʚʠʨʦʙʥʠʮʪʚʘ Castolin Eutectic, ʉʐɸ).  

ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʧʨʦʤʠʩʣʦʚʠʭ ʚʠʧʨʦʙʦʚʫʚʘʥʴ ʝʣʝʢʪʨʦʜʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʱʦ 

ʟʘʙʝʟʧʝʯʫʶʪʴ ʪʠʧ ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ 360ɻ15ʄ6ɹ6ʊ3ʉ3ʌ ʜʦʟʚʦʣʠʣʦ ʧʨʦʚʝʩʪʠ 

ʨʝʩʪʘʚʨʘʮʽʶ ʛʝʦʤʝʪʨʽʾ ʨʦʙʦʯʠʭ ʧʦʚʝʨʭʦʥʴ ʨʦʪʦʨʽʚ ʨʦʟʤʦʣʴʥʠʭ ʘʛʨʝʛʘʪʽʚ 

PULVOMATIC ʤʦʜʝʣʽ 1145 ʽʟ ʚʠʨʦʙʥʠʮʪʚʘ ʱʝʙʝʥʶ, ʚʽʜʥʦʚʣʝʥʥʷ ʪʘ ʧʽʜʚʠʱʝʥʥʷ 

ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ ʟʘʤʢʽʚ ʙʫʨʦʚʠʭ ʪʨʫʙ, ʢʦʥʪʘʢʪʥʠʭ ʧʦʚʝʨʭʦʥʴ ʘʚʪʦʟʯʝʧʫ ʧʘʩʘʞʠʨʩʴʢʠʭ 

ʚʘʛʦʥʽʚ. ʇʨʦʤʠʩʣʦʚʽ ʚʠʧʨʦʙʦʚʫʚʘʥʥʷ ʩʧʣʘʚʫ 70ʄ24ɻ13ʈ3 ʜʘʣʠ ʤʦʞʣʠʚʽʩʪʴ 
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ʨʝʢʦʤʝʥʜʫʚʘʪʠ ʾʭ ʜʣʷ, ʧʽʜʚʠʱʝʥʥʷ ʜʦʚʛʦʚʽʯʥʦʩʪʽ ʢʦʨʧʫʩʽʚ ʦʙʝʨʪʦʚʠʭ ʨʽʟʮʽʚ ʛʽʨʥʠʯʠʭ 

ʪʘ ʜʦʨʦʞʥʽʭ ʤʘʰʠʥ, ʨʝʩʪʘʚʨʘʮʽʶ ʪʘ ʧʽʜʚʠʱʝʥʥʷ ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ ʨʦʙʦʯʠʭ ʧʦʚʝʨʭʦʥʴ 

ʟʝʤʣʝʨʠʡʥʦʾ ʪʝʭʥʽʢʠ ʱʦ ʧʨʘʮʶʻ ʫ ʩʝʨʝʜʦʚʠʱʽ ʧʽʱʘʥʦ-ʛʨʘʚʽʡʥʦʾ ʩʫʤʽʰʽ, ʘ ʪʘʢʦʞ ʜʣʷ 

ʧʽʜʚʠʱʝʥʥʷ ʙʘʣʽʩʪʠʯʥʦʾ ʩʪʽʡʢʦʩʪʽ ʩʪʘʣʝʚʠʭ ʙʨʦʥʝʧʣʘʩʪʠʥ ʽʟ ʩʪʘʣʽ  ArmoxÈ 440T 

ʚʽʜʧʦʚʽʜʥʦ ʜʦ 4-ʛʦ ʢʣʘʩʫ ʟʘʭʠʩʪʫ. 

ʅʘʫʢʦʚʘ ʥʦʚʠʟʥʘ ʨʝʟʫʣʴʪʘʪʽʚ: 

1. ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʢʦʥʮʝʧʮʽʶ ʨʦʟʨʦʙʣʝʥʥʷ ʟʥʦʩʦʫʜʘʨʦʪʨʠʚʢʠʭ ʩʧʣʘʚʽʚ ʜʣʷ 

ʝʣʝʢʪʨʦʜʫʛʦʚʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ, ʷʢʘ ˇʨʫʥʪʫʻʪʴʩʷ ʥʘ ʧʦʻʜʥʘʥʥʽ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʛʦ 

ʘʥʘʣʽʟʫ, ʤʦʜʝʣʶʚʘʥʥʷ ʥʝʚʧʦʨʷʜʢʦʚʘʥʠʭ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʚ ʨʘʤʢʘʭ ʪʝʦʨʽʾ 

ʬʫʥʢʮʽʦʥʘʣʫ ʝʣʝʢʪʨʦʥʥʦʾ ʛʫʩʪʠʥʠ, ʜʦʩʣʽʜʞʝʥ ɹ ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ, ʩʪʨʫʢʪʫʨʠ ʪʘ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʜʣʷ ʩʠʩʪʝʤ ʣʝʛʫʚʘʥʥʷ Fe-Ti-Nb-Mo-V-Mn-Si-C ʪʘ Fe-Mn-Mo-B-C. 

2. ɺʧʝʨʰʝ, ʥʘ ʦʩʥʦʚʽ ʘʥʘʣʽʟʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʤʝʩʩʙʘʫʝʨʽʚʩʴʢʠʭ ʩʧʝʢʪʨʽʚ 

ʣʝʛʦʚʘʥʦʛʦ ʤʘʨʛʘʥʮʝʚʦʛʦ ʘʫʩʪʝʥʽʪʫ, ʩʬʦʨʤʦʚʘʥʦʛʦ ʧʽʜ ʯʘʩ ʝʣʝʢʪʨʦʜʫʛʦʚʦʛʦ 

ʧʣʘʚʣʝʥʥʷ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʫ ʡʦʛʦ ʢʨʠʩʪʘʣʽʯʥʽʡ ˇʨʘʪʮʽ ʥʘʡʙʽʣʴʰ ʡʤʦʚʽʨʥʠʤʠ 

ʨʦʟʪʘʰʫʚʘʥʥʷʤʠ Mn ʻ ʧʝʨʰʘ ʪʘ ʜʨʫʛʘ ʢʦʦʨʜʠʥʘʮʽʡʥʽ ʩʬʝʨʠ ʧʦ ʚʽʜʥʦʰʝʥʥʶ ʜʦ ʘʪʦʤʘ 

ʚʫʛʣʝʮʶ, ʷʢʠʡ ʟʥʘʭʦʜʠʪʴʩʷ ʫ ʮʝʥʪʨʘʣʴʥʽʡ ʦʢʪʘʝʜʨʠʯʥʽʡ ʧʦʨʽ, ʱʦ ʜʦʟʚʦʣʠʣʦ ʩʪʚʦʨʠʪʠ 

ʤʦʜʝʣʴ ʢʨʠʩʪʘʣʽʯʥʦʾ ʩʪʨʫʢʪʫʨʠ ʤʘʨʛʘʥʮʝʚʦʛʦ ʘʫʩʪʝʥʽʪʫ ʫ ʚʠʛʣʷʜʽ ʥʘʜˇʨʘʪʢʠ ʽʟ 

ʘʥʪʠʬʝʨʦʤʘʛʥʽʪʥʠʤ ʫʧʦʨʷʜʢʫʚʘʥʥʷʤ, ʷʢʘ ʤʽʩʪʠʪʴ 33 ʘʪʦʤʠ (C1Fe24Mn8) ʪʘ 

ʨʦʟʨʘʭʫʚʘʪʠ ʡʦʛʦ ʬʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ, ʱʦ ʚʧʣʠʚʘʶʪʴ ʥʘ ʭʘʨʘʢʪʝʨ 

ʜʝʬʦʨʤʘʮʽʡʥʦʛʦ ʟʤʽʮʥʝʥʥʷ. 

3. ʆʪʨʠʤʘʣʘ ʧʦʜʘʣʴʰʠʡ ʨʦʟʚʠʪʦʢ ʪʝʦʨʽʷ ʤʦʜʝʣʶʚʘʥʥʷ ʥʝʚʧʦʨʷʜʢʦʚʘʥʠʭ 

ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʥʘ ʦʩʥʦʚʽ ʪʫʛʦʧʣʘʚʢʠʭ ʩʧʦʣʫʢ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʽʜʭʦʜʽʚ 

ʚʽʨʪʫʘʣʴʥʦʛʦ ʢʨʠʩʪʘʣʽʯʥʦʛʦ ʥʘʙʣʠʞʝʥʥʷ, ʩʧʝʮʽʘʣʴʥʠʭ ʢʚʘʟʽʥʝʚʧʦʨʷʜʢʦʚʘʥʠʭ 

ʩʪʨʫʢʪʫʨ ʪʘ ʢʣʘʩʪʝʨʥʦʛʦ ʨʦʟʰʠʨʝʥʥʷ, ʱʦ ʜʦʟʚʦʣʠʣʦ ʚʩʪʘʥʦʚʠʪʠ ʦʧʪʠʤʘʣʴʥʠʡ ʩʢʣʘʜ 

ʢʘʨʙʽʜʥʦʾ ((Nb0.3Ti0.3Mo0.3)C) ʪʘ ʙʦʨʠʜʥʦʾ (Mo2(Fe0.75Mn0.25)B2) ʬʘʟ, ʜʣʷ ʟʤʽʮʥʝʥʥʷ 

ʥʘʧʣʘʚʣʝʥʠʭ ʰʘʨʽʚ ʥʘ ʦʩʥʦʚʽ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʠʭ ʩʪʘʣʝʡ. 

4. ɺʧʝʨʰʝ, ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʨʦʟʨʘʭʫʥʢʽʚ ʫ ʨʘʤʢʘʭ DFT, ʦʪʨʠʤʘʥʦ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʧʘʨʘʤʝʪʨʠ, ʷʢʽ ʚʠʟʥʘʯʘʶʪʴ ʨʦʟʯʠʥʥʽʩʪʴ Mn ʫ ʬʘʟʘʭ (M,Mn)C, ʜʝ 

M=Nb, Ti, Mo ʪʘ V (ʧʨʦʩʪʦʨʦʚʘ ʛʨʫʧʘ Fmï3m) ʪʘ Mo2(Fex,Mn1-x)B2 (ʧʨʦʩʪʦʨʦʚʘ ʛʨʫʧʘ 

P4/mbm), ʱʦ ʜʦʟʚʦʣʠʣʦ ʨʦʟʨʦʙʠʪʠ ʙʘʟʫ ʜʘʥʠʭ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʬʫʥʢʮʽʡ ʜʣʷ 
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ʨʦʟʨʘʭʫʥʢʫ ʬʘʟʦʚʦʾ ʨʽʚʥʦʚʘʛʠ ʤʝʪʦʜʦʤ CALPHAD ʫ ʩʠʩʪʝʤʘʭ ʣʝʛʫʚʘʥʥʷ Fe-Mn-M-Si-

C ʪʘ Fe-Mn-Mo-B-C ʪʘ ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʭ ʜʽʘʧʘʟʦʥʘʭ, ʱʦ ʚʽʜʧʦʚʽʜʘʶʪʴ ʪʠʧʦʚʠʤ 

ʝʣʝʤʝʥʪʥʠʤ ʩʢʣʘʜʘʤ ʧʦʢʨʠʪʪʽʚ, ʥʘʧʣʘʚʣʝʥʠʭ ʧʦʨʦʰʢʦʚʠʤʠ ʝʣʝʢʪʨʦʜʥʠʤʠ 

ʤʘʪʝʨʽʘʣʘʤʠ. 

5. ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʥʦʚʠʡ ʝʤʧʽʨʠʯʥʠʡ ʧʘʨʘʤʝʪʨ (ŭɛ=+22905 ɼʞ/ʤʦʣʴ), ʷʢʠʡ 

ʟʘʙʝʟʧʝʯʫʻ ʧʽʜʚʠʱʝʥʥʷ ʪʦʯʥʦʩʪʽ ʨʦʟʨʘʭʫʥʢʫ ʝʥʝʨʛʽʾ ʬʦʨʤʫʚʘʥʥʷ ʙʦʨʠʜʥʠʭ ʬʘʟ 

ʤʦʣʽʙʜʝʥʫ ʚ ʨʘʤʢʘʭ DFT ʜʦ ʨʽʚʥʷ Ñ1 ʢʢʘʣ/ʤʦʣʴ ʪʘ ʚʧʝʨʰʝ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʝʥʝʨʛʽʷ 

ʬʦʨʤʫʚʘʥʥʷ ʪʝʪʨʘʛʦʥʘʣʴʥʦʛʦ ʙʦʨʠʜʫ Mo2MnB2  (ʧʨʦʩʪʦʨʦʚʘ ʛʨʫʧʘ P4/mbm) ʩʪʘʥʦʚʠʪʴ 

ï44698 ɼʞ/ʤʦʣʴ. 

6. ɺʧʝʨʰʝ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʜʦʜʘʪʢʦʚʝ ʣʝʛʫʚʘʥʥʷ ʰʠʭʪʠ ʧʦʨʦʰʢʦʚʠʭ ʝʣʝʢʪʨʦʜʽʚ, 

ʷʢʽ ʟʘʙʝʟʧʝʯʫʶʪʴ ʫ ʩʪʨʫʢʪʫʨʽ ʥʘʧʣʘʚʣʝʥʦʛʦ ʧʦʢʨʠʪʪʷ ʤʘʨʛʘʥʮʝʚʠʡ ʘʫʩʪʝʥʽʪ ʢʘʨʙʽʜʘʤʠ 

Nb ʪʘ Ti ʫ ʢʽʣʴʢʦʩʪʽ ʜʦ 20 ʦʙ. % ʟʘʙʝʟʧʝʯʫʻ ʬʦʨʤʫʚʘʥʥʷ ʘʫʩʪʝʥʽʪʦ-ʢʘʨʙʽʜʥʦʾ ʩʪʨʫʢʪʫʨʠ, 

ʜʝ ʢʘʨʙʽʜʥʽ ʬʘʟʠ ʩʝʨʝʜʥʽʤ ʨʦʟʤʽʨʦʤʠ 4 ʤʢʤ ʽ 2 ʤʢʤ, ʚʽʜʧʦʚʽʜʥʦ, ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ 

ʢʫʙʦʾʜʥʦʶ ʬʦʨʤʦʶ ʪʘ ʨʽʚʥʦʤʽʨʥʠʤ ʨʦʟʪʘʰʫʚʘʥʥʷʤ, ʚ ʪʦʡ ʯʘʩ ʷʢ ʣʝʛʫʚʘʥʥʷ ʢʘʨʙʽʜʘʤʠ 

Mo ʪʘ V ʚ ʘʥʘʣʦʛʽʯʥʠʭ ʢʽʣʴʢʦʩʪʷʭ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʚʠʜʽʣʝʥʥʷ ʢʘʨʙʽʜʥʠʭ ʬʘʟ ʫ ʚʠʛʣʷʜʽ 

ʧʨʦʰʘʨʢʽʚ ʧʦ ʛʨʘʥʠʮʷʭ ʘʫʩʪʝʥʽʪʥʠʭ ʟʝʨʝʥ, ʨʘʟʦʤ ʽʟ ʮʠʤ ʫ ʚʩʽʭ ʚʠʧʘʜʢʘʭ ʫ ʩʪʨʫʢʪʫʨʽ 

ʚʠʷʚʣʝʥʦ ʤʘʨʛʘʥʮʝʚʠʡ ʘʫʩʪʝʥʽʪ, ʘ ʧʦʢʨʠʪʪʷ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʟʜʘʪʥʽʩʪʶ ʜʦ ʥʘʢʣʝʧʫ. 

7. ɺʧʝʨʰʝ ʜʦʩʣʽʜʞʝʥʦ ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ ʬʦʨʤʫʚʘʥʥʷ ʩʪʨʫʢʪʫʨʠ ʪʘ ʬʘʟʦʚʦʛʦ 

ʩʢʣʘʜʫ ʩʧʣʘʚʽʚ ʜʣʷ ʥʘʧʣʘʚʣʝʥʥʷ ʥʘ ʦʩʥʦʚʽ Fe, ʣʝʛʦʚʘʥʦʛʦ ʝʢʚʽʤʦʣʷʨʥʠʤʠ ʢʽʣʴʢʦʩʪʷʤʠ 

ʢʘʨʙʽʜʽʚ ʫ ʢʦʤʙʽʥʘʮʽʷʭ NbC, NbC+Mo2C, NbC+Mo2C+TiC ʪʘ NbC+Mo2C+TiC+VC ʪʘ 

ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʪʘʢʝ ʣʝʛʫʚʘʥʥʷ ʧʨʠʟʚʦʜʠʪʴ, ʚʽʜʧʦʚʽʜʥʦ, ʜʦ ʬʦʨʤʫʚʘʥʥʷ: ʩʪʘʙʽʣʴʥʦʾ 

ʢʘʨʙʽʜʥʦʾ ɻʎʂ ʬʘʟʠ, ʨʦʟʯʠʥʫ (Nb,Mo)ʉ, ʷʢʠʡ ʩʧʽʚʽʩʥʫʻ ʽʟ ʢʘʨʙʽʜʦʤ M6C, ʨʦʟʯʠʥʫ 

(Nb0.3Ti0.3Mo0.3)ʉ ʪʘ ʨʦʟʯʠʥʫ (Nb,Ti,Mo,V)ʉ, ʷʢʠʡ ʩʧʽʚʽʩʥʫʻ ʽʟ ɖ-ʢʘʨʙʽʜʦʤ, ʱʦ 

ʜʦʟʚʦʣʠʣʦ ʦʪʨʠʤʘʪʠ ʨʦʟʯʠʥ (Nb0.3Ti0.3Mo0.3)ʉ ʫ ʚʠʛʣʷʜʽ ʘʨʤʽʚʥʦʾ ʬʘʟʠ ʜʣʷ 

ʤʘʨʛʘʥʮʝʚʦʛʦ ʘʫʩʪʝʥʽʪʫ ʪʘ ʨʦʟʨʦʙʠʪʠ ʩʧʣʘʚ ʜʣʷ ʥʘʧʣʘʚʣʝʥʥʷ ʩʢʣʘʜʫ 

360ɻ15ʄ6ɹ6ʊ3ʉ3ʌ, ʷʢʠʡ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʨʽʚʥʝʤ ʪʚʝʨʜʦʩʪʽ: 47 HRC ï ʫ ʚʠʭʽʜʥʦʤʫ 

ʩʪʘʥʽ ʪʘ 57 HRC ʧʽʩʣʷ ʜʝʬʦʨʤʘʮʽʡʥʦʛʦ ʟʤʽʮʥʝʥʥʷ, ʘ ʪʘʢʦʞ ʘʙʨʘʟʠʚʥʦʶ 

ʟʥʦʩʦʪʨʠʚʢʽʩʪʶ, ʥʘ ʨʽʚʥʽ ʧʦʢʨʠʪʪʽʚ, ʥʘʧʣʘʚʣʝʥʠʭ ʩʝʨʽʡʥʠʤʠ ʚʠʩʦʢʦʭʨʦʤʠʩʪʠʤʠ 

ʩʧʣʘʚʘʤʠ ʊï620, ʧʦʨʷʜ ʽʟ ʫʜʘʨʦʪʨʠʚʢʽʩʪʶ ʚʠʱʦʶ, ʧʦʨʽʚʥʷʥʦ ʟ ʥʠʤʠ, ʥʘ ʧʦʨʷʜʦʢ.   
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8. ɺʧʝʨʰʝ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʚʚʝʜʝʥʥʷ ʜʦ ʩʢʣʘʜʫ ʰʠʭʪʠ ʧʦʨʦʰʢʦʚʠʭ ʝʣʝʢʪʨʦʜʽʚ, 

ʷʢʽ ʟʘʙʝʟʧʝʯʫʶʪʴ ʬʦʨʤʫʚʘʥʥʷ ʫ ʧʦʢʨʠʪʪʽ ʩʪʨʫʢʪʫʨʠ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʦʾ ʩʪʘʣʽ 

ʨʝʘʢʮʽʡʥʦʾ ʩʫʤʽʰʽ Mo+B4C ʽʟ ʝʢʚʽʤʦʣʷʨʥʦʶ ʢʽʣʴʢʽʩʪʶ Mo ʪʘ B ʧʨʠʟʚʦʜʠʪʴ ʜʦ in-situ 

ʬʦʨʤʫʚʘʥʥʷ ʫ ʧʨʦʮʝʩʽ ʥʘʧʣʘʚʣʝʥʥʷ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʥʘ ʦʩʥʦʚʽ ʪʫʛʦʧʣʘʚʢʠʭ 

ʧʦʪʨʽʡʥʠʭ ʙʦʨʠʜʽʚ Mo2(Fe0.75Mn0.25)B2 ʫ ʚʠʛʣʷʜʽ ʬʘʟ ʽʟ ʦʛʨʘʥʝʥʦʶ ʬʦʨʤʦʶ, ʨʦʟʤʽʨʘʤʠ 

ʚʽʜ 5 ʜʦ 30 ʤʢʤ ʪʘ ʤʽʢʨʦʪʚʝʨʜʽʩʪʶ ~23 ɻʇʘ, ʥʘʷʚʥʽʩʪʴ ʷʢʠʭ ʫ ʢʽʣʴʢʦʩʪʽ ~30 ʦʙ. % 

ʜʦʟʚʦʣʷʻ ʟʘʙʝʟʧʝʯʠʪʠ ʪʚʝʨʜʽʩʪʴ 63ï65 HRC (ʪʠʧ ʥʘʧʣʘʚʣʝʥʦʛʦ ʤʝʪʘʣʫ 70ʄ24ɻ13ʈ3) 

ʪʘ ʘʙʨʘʟʠʚʥʫ ʟʥʦʩʦʪʨʠʚʢʽʩʪʴ ʥʘʧʣʘʚʣʝʥʠʭ ʧʦʢʨʠʪʪʽʚ, ʥʘ ʨʽʚʥʽ ʧʦʢʨʠʪʪʽʚ ʦʜʝʨʞʘʥʠʭ 

ʰʣʷʭʦʤ ʥʘʧʣʘʚʣʝʥʥʷ ʩʝʨʽʡʥʠʤʠ ʚʦʣʴʬʨʘʤʦʚʠʤʠ ʩʧʣʘʚʘʤʠ ʩʠʩʪʝʤ WC-Ni ʪʘ WC-Fe. 

ʇʨʘʢʪʠʯʥʘ ʮʽʥʥʽʩʪʴ ʦʜʝʨʞʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ. 

1. ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʧʨʦʚʝʜʝʥʠʭ ʪʝʦʨʝʪʠʯʥʠʭ ʪʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ, 

ʘ ʪʘʢʦʞ ʩʪʝʥʜʦʚʠʭ ʪʘ ʧʨʦʤʠʩʣʦʚʠʭ ʚʠʧʨʦʙʫʚʘʥʴ ʙʫʣʦ ʨʦʟʨʦʙʣʝʥʦ ʪʘ ʚʧʨʦʚʘʜʞʝʥʦ ʫ 

ʚʠʨʦʙʥʠʮʪʚʦ ʥʘ ʙʘʟʽ ʊʟʆɺ ʄʅɺʎ ñɽʧʩʽʣʦʥ ʃʊɼò ʜʚʘ ʪʠʧʠ ʥʦʚʠʭ ʧʦʨʦʰʢʦʚʠʭ 

ʝʣʝʢʪʨʦʜʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʩʢʣʘʜʫ 360ɻ15ʄ6ɹ6ʊ3ʉ3ʌ (ʤʘʨʢʘ ʉʇ-ʂʈ-1-1ʂ) ʪʘ 

70ʄ24ɻ13ʈ3 (ʤʘʨʢʘ ʉʇ-ʂʈ-1-1ɹ) ʜʣʷ ʥʘʧʣʘʚʣʝʥʥʷ (ʫ ʚʠʛʣʷʜʽ ʜʨʦʪʽʚ ʪʘ ʩʪʨʽʯʦʢ) ʪʘ 

ʪʝʭʥʦʣʦʛʽʶ ʥʘʥʝʩʝʥʥʷ ʧʦʢʨʠʪʪʽʚ.  

2. ɿʥʦʩʦʪʨʠʚʢʝ ʥʘʧʣʘʚʣʝʥʥʷ ʨʦʟʨʦʙʣʝʥʠʤ ʩʧʣʘʚʦʤ 360ɻ15ʄ6ɹ6ʊ3ʉ3ʌ 

ʘʧʨʦʙʦʚʘʥʦ ʪʘ ʚʧʨʦʚʘʜʞʝʥʦ ʥʘ ʧʽʜʧʨʠʻʤʩʪʚʘʭ, ʟʦʢʨʝʤʘ ʥʘ çɸʊ ɯʚʘʥʦ-ʌʨʘʥʢʽʚʩʴʢʠʡ 

ʣʦʢʦʤʦʪʠʚʦʨʝʤʦʥʪʥʠʡ ʟʘʚʦʜè ʜʣʷ ʚʽʜʥʦʚʣʝʥʥʷ ʨʦʙʦʯʠʭ ʧʦʚʝʨʭʦʥʴ ʘʚʪʦʟʯʝʧʽʚ ʉɸï3, 

ʇʨɸʊ çʇʦʙʝʨʝʞʩʴʢʠʡ ʟʘʚʦʜ ʧʨʝʩʦʚʠʭ ʘʛʨʝʛʘʪʽʚè ʟ ʤʝʪʦʶ ʨʝʩʪʘʚʨʘʮʽʾ ʟʘʤʢʽʚ 

ʙʫʨʠʣʴʥʠʭ ʪʨʫʙ ʤʘʨʢʠ ɿʇʂ-127 (D=127 ʤʤ ʟʘ ɻʆʉʊ ʈ 50864-96), ʘ ʪʘʢʦʞ ʜʣʷ 

ʨʝʩʪʘʚʨʘʮʽʾ ʨʦʙʦʯʠʭ ʧʦʚʝʨʭʦʥʴ ʨʦʪʦʨʽʚ ʜʨʦʙʘʨʦʢ PULVOMATIC ʤʦʜʝʣʽ 1145 ʽʟ 

ʚʠʨʦʙʥʠʮʪʚʘ ʱʝʙʥʶ. 

3. ʈʦʟʨʦʙʣʝʥʠʡ ʩʧʣʘʚ 70ʄ24ɻ13ʈ3 ʙʫʣʦ ʟʘʩʪʦʩʦʚʘʥʦ ʜʣʷ ʟʤʽʮʥʝʥʥʷ ʢʦʨʧʫʩʽʚ 

ʢʦʥʽʯʥʠʭ ʨʽʟʮʽʚ ʛʽʨʥʠʯʠʭ ʤʘʰʠʥ ʪʘ ʜʦʨʦʞʥʽʭ ʬʨʝʟ Wirtgen 1000 DC (çʂʇ 

ʄʫʥʽʮʠʧʘʣʴʥʘ ʜʦʨʦʞʥʷ ʢʦʤʧʘʥʽʷè), ʟʫʙʽʚ ʝʢʩʢʘʚʘʪʦʨʽʚ JCB, ʚʠʛʦʪʦʚʣʝʥʠʭ ʽʟ ʩʪʘʣʽ 

ɻʘʜʬʽʣʴʜʘ, ʘ ʪʘʢʦʞ ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ ʙʘʣʽʩʪʠʯʥʦʾ ʩʪʽʡʢʦʩʪʽ ʙʨʦʥʝʧʣʘʩʪʠʥ ʜʣʷ ʟʘʭʠʩʪʫ 

ʦʩʦʙʦʚʦʛʦ ʩʢʣʘʜʫ ʽʟ ʩʪʘʣʽ ArmoxÈ 440T ʚʽʜʧʦʚʽʜʥʦ ʜʦ 4-ʛʦ ʢʣʘʩʫ ʟʘʭʠʩʪʫ. 

4. ʈʦʟʨʦʙʣʝʥʦ ʙʘʟʫ ʜʘʥʠʭ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʬʫʥʢʮʽʡ (ʬʦʨʤʘʪ TDB) 

ʙʘʛʘʪʦʢʦʤʧʦʥʝʪʥʠʭ ʩʠʩʪʝʤ Fe-Ti-Nb-Mo-V-Mn-Si-C ʪʘ Fe-Mn-Mo-B-C, ʷʢʘ 
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ʽʥʪʝʛʨʫʻʪʴʩʷ ʫ ʩʫʯʘʩʥʽ ʢʦʤʝʨʮʽʡʥʽ (Thermo-ʉalc) ʪʘ ʥʝʢʦʤʝʨʮʽʡʥʽ (OpenCalphad) 

ʧʨʦʛʨʘʤʥʽ ʟʘʩʦʙʠ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʜʽʘʛʨʘʤ ʬʘʟʦʚʦʾ ʨʽʚʥʦʚʘʛʠ.  

5. ʈʦʟʨʦʙʣʝʥʦ ʧʨʠʩʪʨʦʾ ʪʘ ʤʝʪʦʜʠ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʘʙʨʘʟʠʚʥʦʾ ʟʥʦʩʦʩʪʽʡʢʦʩʪʽ ʟʘ 

ʫʤʦʚ ʛʘʟʦʘʙʨʘʟʠʚʥʦʛʦ ʟʥʦʰʫʚʘʥʥʷ ʪʘ ʟʥʦʰʫʚʘʥʥʷ ʧʦ ʟʘʢʨʽʧʣʝʥʦʤʫ ʪʘ ʥʝʟʘʢʨʽʧʣʝʥʦʤʫ 

ʘʙʨʘʟʠʚʫ, ʷʢʽ ʟʘʭʠʱʝʥʦ ʧʘʪʝʥʪʘʤʠ ʋʢʨʘʾʥʠ (ˉ 119278, ˉ 122253, ˉ 122254, ˉ 

139773, ˉ126751, ˉ125009). 

6. ʈʝʟʫʣʴʪʘʪʠ ʜʠʩʝʨʪʘʮʽʡʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʚʧʨʦʚʘʜʞʝʥʦ ʫ ʥʘʚʯʘʣʴʥʠʡ ʧʨʦʮʝʩ 

ɯʌʅʊʋʅɻ ʜʣʷ ʧʽʜʛʦʪʦʚʢʠ ʙʘʢʘʣʘʚʨʽʚ ʟʽ ʩʧʝʮʽʘʣʴʥʦʩʪʽ 131 ʇʨʠʢʣʘʜʥʘ ʤʝʭʘʥʽʢʘ 

(ʜʠʩʮʠʧʣʽʥʘ çʄʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʦè) ʪʘ ʜʦʢʪʦʨʽʚ ʬʽʣʦʩʦʬʽʾ ʟʽ ʩʧʝʮʽʘʣʴʥʦʩʪʽ 132 

ʄʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʦ (ʜʠʩʮʠʧʣʽʥʠ çʄʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʦè ʪʘ çʇʦʨʦʰʢʦʚʘ ʤʝʪʘʣʫʨʛʽʷè).  

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʥʘʧʣʘʚʣʝʥʥʷ, ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʘ ʩʪʘʣʴ, ʪʫʛʦʧʣʘʚʢʽ ʩʧʦʣʫʢʠ, 

ʟʥʦʩʦʪʨʠʚʢʽʩʪʴ, ʫʜʘʨʥʦ-ʘʙʨʘʟʠʚʥʝ ʟʥʦʰʫʚʘʥʥʷ, ʥʝʚʧʦʨʷʜʢʦʚʘʥʽ ʪʚʝʨʜʽ ʨʦʟʯʠʥʠ, 

ʜʝʬʦʨʤʘʮʽʡʥʝ ʟʤʽʮʥʝʥʥʷ, ʪʝʨʤʦʜʠʥʘʤʽʯʥʝ ʤʦʜʝʣʶʚʘʥʥʷ. 

ABSTRACT 

Prysyazhnyuk P.M. Scientific foundations of the formation of the impact-wear-

resistant coatings in the çhigh-manganese steel - refractory compoundsè system by arc 

hardfacing. ï Manuscript.  

Thesis for the Doctorôs degree of Engineering Sciences in the specialty 05.02.01 

ñMaterials Scienceò. ï Ivano-Frankivsk National Technical University of Oil and Gas of the 

Ministry of Education and Science of Ukraine; Lviv Polytechnic National University of the 

Ministry of Education and Science of Ukraine, Lviv, 2024.  

The dissertation is devoted to the theoretical and experimental development of wear-

resistant alloys of the çhigh-manganese steel ï refractory compoundsè system within the 

alloying systems Fe-Mn-Nb-Ti-Mo-V-Si-C and Fe-Mn-Mo-B-C, intended for arc 

hardfacing using powder electrode materials (in the form of wires and electrodes for arc 

automatized and manual welding, respectively). A distinctive feature of these materials is 

the provision of a combination of dispersion and deformation strengthening in the surface 

layers, which is achieved by its matrix-reinforced structure, where manganese austenite 

serves as the matrix, strengthened under dynamic and high specific loads by the mechanism 

of microtwinning, and refractory solid solution phases based on carbides of the Nb-Ti-Mo-
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V-C system (space group Fm-3m) and ternary borides Mo2(Fe,Mn)B2 serve as reinforcing 

phases. 

Devices and methodologies have been developed and patented in Ukraine (Nos. 

119278, 122253, 122254, 139773, 126751, 125009) for the comparative assessment of the 

wear resistance of deposited coatings under conditions of wear by non-fixed abrasive, 

impact-abrasion, and gas-abrasion wear, as well as through sclerometric studies. A 

technology has been developed for the production of electrode materials for arc welding in 

the form of powder wires, the main components of which are refractory carbides (TiC, NbC, 

VC, and Mo2C), powders of pure metals (Mo, Ti, Mn, etc.), boron carbide, graphite, 

ferromanganese, ferrosilicomanganese, as well as components providing arc stability 

(calcium fluoride) and its protection (rutile). 

Experimental studies of manganese austenite were conducted using Mºssbauer 

spectroscopy and X-ray phase analysis. Based on this, a model of its crystal structure was 

developed in the form of a supercell with antiferromagnetic ordering, corresponding to the 

formula C1Fe24Mn8. This model allows to calculate of thermodynamic and mechanical 

properties with high correspondence to experimental data. 

Within the framework of density functional theory and using the virtual crystal 

approximation method, calculations of the electronic structure and mechanical properties 

(elastic moduli, hardness, and fracture toughness) were performed for 15 carbide phases of 

space group Fm-3m. These phases include pure carbides (TiC, NbC, VC, and Mo2C) as well 

as their solid solutions with equimolar ratios of metal components. The results of the 

calculations revealed that the most optimal combination of physical and mechanical 

characteristics is exhibited by the solid solution (Nb, Ti, Mo)C. This allowed to reccomend 

this phase as a reinforcement for iron-based deposited coatings. 

Additionally, calculations of the band structure, electronic, thermodynamic, and 

mechanical properties were conducted for ternary tetragonal borides Mo2FeB2 and 

Mo2MnB2 (space group P4/mbm). As a result, it was established that there is a fundamental 

possibility of forming disordered solid solutions Mo2(Fex, Mn1-x)B2, where an increase in 

Mn content leads to an increase in microhardness from 23 to 24.5 GPa, making this phase 

promising candidate for reinforcing coatings based on high-manganese steel. 
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Using techniques for modeling disordered solid solutions, such as cluster expansion 

and the utilization of special quasirandom structures with subsequent data extrapolation by 

molecular dynamics methods, thermodynamic parameters determining the solubility 

characteristics of Mn in carbides (TiC, NbC, VC, and Mo2C) and boride (Mo2FeB2) were 

established. Their utilization allowed for the development of a thermodynamic functions 

database integrated into software tools based on the CALPHAD methodology, such as 

OpenCalphad and Thermo-Calc. Thus, concentration-temperature intervals were identified 

that are promising for the development of hardfacing alloys, providing a heterogeneous 

matrix-reinforced structure of the surface layer, conducive to wear resistance in alloying 

systems Fe-Mn-Nb-Ti-Mo-V-Si-C and Fe-Mn-Mo-B-C. 

The thermal cycle corresponding to welding with a powder wire was calculated and 

experimentally determined, ensuring a single-phase structure of manganese austenite in the 

surface layer. This enabled the calculation of diffusion processes during the solidification 

of the deposited layer under non-equilibrium conditions and the establishment of the kinetics 

of cementite precipitation from austenite of different compositions. Based on these results, 

in order to retard cementite precipitation, it was proposed to add 4 wt.% of Si into the 

composition of the powder electrode materials, leading to an increase in the duration of the 

incubation period of cementite precipitation by 3ï4 orders and providing a single-phase 

austenitic structure in the surface layer. 

The microstructure and phase composition of coatings of the çhigh-manganese steel 

- simple carbideè system were experimentally investigated, demonstrating that the 

morphology of carbide phases significantly depends on the type of selected phase. For 

instance, when using NbC and TiC as reinforcing phases, they exhibit a cuboidal shape and 

are uniformly distributed in the austenitic matrix, whereas with VC and Mo2C doping, 

carbide phases segregate into layers along the boundaries of austenitic grains. 

Microstructure analysis and phase composition in Fe ï complex carbide systems of the Ti-

Nb-Mo-V-C were found to have a stable solid solution (Nb, Mo, Ti)C. 

Based on theoretical analysis, experimental studies, and comparison of the formation 

characteristics of microstructure and phase composition in the çhigh-manganese steel ï 

simple carbideè and çFe ï complex carbideè systems, the elemental composition of alloys 
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in the çhigh-manganese steel ï refractory compoundè system was optimized. Thus, powder 

wires were developed corresponding to the types of deposited metal 360G15M6B6T3S3F 

(alloying system Fe-Mn-Nb-Ti-Mo-V-Si-C) and 70M24G13R3 (Fe-Mn-Mo-B-C), intended 

for depositing coatings on working surfaces of parts subjected to impact-abrasion wear 

conditions, where the contribution of impact or abrasion is dominant, respectively. 

Tribology studies were conducted on the developed alloys 360G15M6B6T3S3F and 

70M24G13R3, revealing noteworthy findings. In the case of alloy 70M24G13R3, a strong 

correlation was observed between sclerometric hardness and abrasion wear resistance. 

Specifically, the deposited layer by alloy 70M24G13R3 exhibited a sclerometric hardness 

of approximately ~22.5 GPa, surpassing St.3 steel by a factor of 5.6. Under impact-abrasive 

wear conditions, surface layers deposited by alloy 360G15M6B6T3S3F matched high-speed 

steel grade R6M5 and outperformed the OK13MN alloy (manufactured by ESAB, Sweden) 

by about 3 times. 

Moreover, tribology tests of alloy 360G15M6B6T3S3F under sliding friction against 

a steel counterbody revealed a phenomenon of deformation strengthening, reaching a depth 

of ~200 Õm. This led to a notable increase in the microhardness of the surface layer from 

4.5ï5.5 GPa to 6ï8 GPa. 

Further tribotesting under gas-abrasion wear conditions demonstrated that at attack 

angles of 90Ü, the wear resistance of layers deposited by alloy 360G15M6B6T3S3F 

surpassed that of high-chromium series alloys Tï560 by 1.4 times, owing to the deformation 

strengthening effect on the surface layer. 

Additionally, when subjected to friction against an unfixed abrasive, it was observed 

that among the investigated tungsten-free alloys (both serial and experimental), the alloy 

70M24G13R3 exhibited the highest level of wear resistance. However, it fell short in wear 

resistance compared to the serial tungsten alloy of the WCïNi system, brand EnDOtec 

DO*611x (produced by Castolin Eutectic, USA). 

Based on industrial tests of developed electrode materials providing the type of 

deposited layer 360G15M6B6T3S3F, it was possible to carry out restoration of the geometry 

of the working surfaces of rotors of PULVOMATIC crusher (model 1145) used in gravel 

production, as well as restoration and enhancement of the wear resistance by hardbanding 
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and contact surfaces of passenger train couplings. Industrial tests of alloy 70M24G13R3 

allowed recommending them for increasing the durability of bodies of conical picks used in 

mining and road machinery, restoration and enhancement of the wear resistance of working 

surfaces of earthmoving equipment operating in sand-gravel mixtures, and also for 

improving the ballistic resistance of steel armor plates made of ArmoxÈ 440T steel 

according to the 4th protection class. 

The scientific novelty of the obtained results. 

1. The concept for the development of impact and wear-resistant alloys for electric 

arc hardfacing has been proposed, which is based on a combination of thermodynamic 

analysis, modeling of disordered solid solutions within the framework of density functional 

theory, investigations of the phase composition, structure, and properties for the alloying 

systems Fe-Ti-Nb-Mo-V-Mn-Si-C and Fe-Mn-Mo-B-C. 

2. For the first time, based on the analysis of experimental Mºssbauer spectra of 

alloyed manganese austenite formed during arc melting, it was established that the most 

probable locations of Mn in its crystalline lattice are the first and second coordination 

spheres relative to the carbon atom located in the central octahedral pore. This allowed for 

the creation of a model of the crystalline structure of manganese austenite in the form of a 

super lattice with antiferromagnetic ordering, containing 33 atoms (C1Fe24Mn8), and to 

calculate its physico-mechanical properties affecting the nature of deformation 

strengthening. 

3. The theory of modeling disordered solid solutions based on refractory compounds 

using virtual crystal approximation, special quasirandom structures, and cluster expansion 

has further developed. This allowed establishing the optimal composition of carbide 

((Nb0.3Ti 0.3Mo0.3)C) and boride (Mo2(Fe0.75Mn0.25)B2) phases for strengthening deposited 

layers based on high-manganese steels. 

4. For the first time, using DFT calculations, thermodynamic parameters determining 

the solubility of Mn in phases (M,Mn)C, where M=Nb, Ti, Mo, and V (spatial group Fmï

3m) and Mo2(Fex,Mn1-x)B2 (spatial group P4/mbm), have been obtained. This has allowed 

the development of a thermodynamic database for calculating phase equilibrium using the 

CALPHAD method in Fe-Mn-M-Si-C and Fe-Mn-Mo-B-C alloying systems and 
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concentration ranges corresponding to typical elemental compositions of coatings deposited 

by powder electrode materials. 

5. A new empirical parameter (ŭɛ=+22905 J/mol) was proposed, which increases the 

accuracy of calculating the energy of formation of molybdenum boride phases within DFT 

to the level of Ñ1 kcal/mol, and for the first time, it was established that the formation energy 

of tetragonal boride Mo2MnB2 (space group P4/mbm) is -44698 J/mol. 

6. It was first established that additional alloying of the charge of powder electrode 

materials providing manganese austenite structure in the deposited coating with Nb and Ti 

carbides up to 20 wt.% ensures the formation of an austenite-carbide structure, where 

carbide phases with average sizes of 4 Õm and 2 Õm, respectively, are characterized by 

cuboid shape and uniform distribution, while alloying with Mo and V carbides in similar 

quantities leads to the formation of carbide phases in the form of layers along the boundaries 

of austenitic grains. In all cases, manganese austenite was found in the structure, and the 

coatings were characterized by ability to deformation strengthening. 

7. For the first time, the regularities of structure formation and phase composition of 

alloys for deposition based on Fe, alloyed with equimolar amounts of carbides in 

combinations of NbC, NbC+Mo2C, NbC+Mo2C+TiC, and NbC+Mo2C+TiC+VC were 

investigated, and it was established that such alloying leads, accordingly, to the formation 

of: a stable carbide FCC phase, a (Nb,Mo)C solution, which coexists with carbide M6C, a 

(Nb0.3Ti0.3Mo0.3)C solution, and a (Nb,Ti,Mo,V)C solution, which coexists with ɖ-carbide, 

allowing to obtain a solution (Nb0.3Ti0.3Mo0.3)C in the form of an reinforcing phase for 

manganese austenite and to develop a composition for deposition 360G15M6B6T3S3F, 

characterized by a hardness level: 47 HRC in the initial state and 57 HRC after deformation 

strengthening, as well as abrasive wear resistance, at the level of coatings deposited by serial 

high-chromium alloys Tï620, with higher impact resistance compared to them, by an order 

of magnitude. 

8. It was first established that the addition to the charge of powder electrode materials 

providing the formation of a high-manganese steel structure in the coating of a reactive 

mixture Mo+B4C with an equimolar amount of Mo and B leads to in-situ formation in the 

deposition process of solid solutions based on refractory ternary borides Mo2(Fe0.75Mn0.25)B2 
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in the form of phases with faceted shapes, sizes from 5 to 30 Õm, and microhardness ~23 

GPa, the presence of which in an amount of ~30 wt.% allows to provide a hardness of 63ï

65 HRC (type of deposited layer 70M24G13P3) and abrasive wear resistance of deposited 

coatings, at the level of coatings obtained by deposition of serial tungsten alloys WC-Ni and 

WC-Fe. 

The practical significance of the obtained results. 

1. As a result of theoretical and experimental studies, as well as laboratoty and 

industrial tests, two types of new powder electrode materials were developed and 

implemented into production by LLC MNVC "Epsilon LTD". These materials are 

composed of 360G15M6B6T3C3F (brand SP-KR-1-1K) and 70M24G13P3 (brand SP-KR-

1-1B) for surfacing (in the form of wires and strips) and hardfacing technology. 

2. The wear-resistant hardfacing using the developed alloy 360G15M6B6T3C3F has 

been tested and implemented in enterprises, including at "Ivano-Frankivsk Locomotive 

Repair Plant" for restoring the working surfaces of SA-3 automatic couplers, at PJSC 

"Poberzhsky Press Aggregate Plant" for the hardbanding of drilling pipes of the ZPK-127 

brand (D=127 according to GOST R 50864-96), and also for the restoration of working 

surfaces of PULVOMATIC crusher rotors model 1145 from gravel production. 

3.The developed alloy 70M24G13P3 has been applied to strengthen the bodies of 

conical picks of mining machines and Wirtgen 1000 DC road mills ("Municipal Road 

Company"), teeth of JCB excavators made of Hadfield steel, and also to improve the ballistic 

resistance of armor plates for personnel protection made of ArmoxÈ 440T steel according 

to the 4th protection class. 

4. A database of thermodynamic functions (TDB format) for multicomponent systems 

Fe-Ti-Nb-Mo-V-Mn-Si-C and Fe-Mn-Mo-B-C has been developed and integrated into 

modern commercial (Thermo-Calc) and non-commercial (OpenCalphad) software tools for 

calculating phase equilibrium diagrams. 

5. Devices and methods for determining abrasive wear resistance under conditions of 

gas-abrasive wear and wear by fixed and unfixed abrasives have been developed and 

patented in Ukraine (Nos. 119278, 122253, 122254, 139773, 126751, 125009). 
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6. The results of the dissertation research have been implemented into the educational 

process of Ivano-Frankivsk National Technical University of Oil and Gas for bachelor's 

degree programs in Applied Mechanics (discipline "Materials Science") and for PhD 

programs in Materials Science (disciplines "Materials Science" and "Powder Metallurgy"). 

Keywords: hardfacing, high manganese steel, refractory compounds, wear resistance, 

impact-abrasive wear, disordered solid solutions, deformation strengthening, 

thermodynamic modeling. 
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ʇɽʈɽʃɯʂ ʋʄʆɺʅʀʍ ʇʆɿʅɸʏɽʅʔ ɯ ʉʂʆʈʆʏɽʅʔ 

TWIP ð Twinnig Induced Plasticity (ʧʣʘʩʪʠʯʥʽʩʪʴ ʩʧʨʠʯʠʥʝʥʘ 

ʜʚʽʡʥʠʢʫʚʘʥʥʷʤ) 

TRIP ð  Transformation Induced Placticity (ʧʣʘʩʪʠʯʥʽʩʪʴ ʩʧʨʠʯʠʥʝʥʘ 

ʬʘʟʦʚʠʤ  ʧʝʨʝʭʦʜʦʤ) 

SQS ð  Special Quasirandom Structures (ʩʧʝʮʽʘʣʴʥʽ ʢʚʘʟʽʥʝʧʦʨʷʜʢʦʚʘʥʽ 

ʩʪʨʫʢʪʨʠ ʜʣʷ ʽʤʽʪʘʮʽʾ ʥʝʚʧʦʨʷʜʢʦʚʘʥʠʭ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ) 

CALPHAD ð  CALculation of PHAse Diagrams (ʨʦʟʨʘʭʫʥʦʢ ʬʘʟʦʚʠʭ ʜʽʘʛʨʘʤ) 

DFT ð  Density Fuctional Theory (ʪʝʦʨʽʷ ʬʫʥʢʮʽʦʥʘʣʫ ʝʣʝʢʪʨʦʥʥʦʾ 

ʛʫʩʪʠʥʠ) 

EAM ð  Embedded Atom Model (ʤʦʜʝʣʴ ʟʘʥʫʨʝʥʦʛʦ ʘʪʦʤʘ ) 

GGA ð General Gradient Approximation (ʫʟʘʛʘʣʴʥʝʥʝ ʛʨʘʜʽʻʥʪʥʝ 

ʥʘʙʣʠʞʝʥʥʷ)  

PBE ð  ʦʙʤʽʥʥʦ-ʢʦʨʝʣʷʮʽʡʥʠʡ ʬʫʥʢʮʽʦʥʘʣ ʇʝʜʴʶ-ɹʝʨʢʝ-ɽʨʥʟʝʨʛʦʬʘ  

CEF ð  ʉompound Energy Formalism (ʬʦʨʤʘʣʽʟʤ ʝʥʝʨʛʽʾ ʩʧʦʣʫʢ ʍʽʣʣʝʨʪʘ) 

XRD, ʈʌɸ, ð  X-ray diffraction, ʈʝʥʛʝʥʽʚʩʴʢʠʡ ʬʘʟʦʚʠʡ ʘʥʘʣʽʟ 

in situ ð  ʌʦʨʤʫʚʘʥʥʷ ʬʘʟ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʫ ʧʨʦʮʝʩʽ ʦʪʨʠʤʘʥʥʷ ʤʘʪʝʨʽʘʣʫ 

(ʧʦʢʨʠʪʪʷ) 

ʉɺʉ ð  ʩʘʤʦʧʦʰʠʨʶʶʯʠʡ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʡ ʩʠʥʪʝʟ 

ab initio ð  ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʽʯʥʽ ʨʦʟʨʘʭʫʥʢʠ ʽʟ ʧʝʨʰʠʭ ʧʨʠʥʮʠʧʽʚ 

PAW ð  Projector Augmented Waves (ʧʩʝʚʜʦʧʦʪʝʥʮʽʘʣʠ ʜʣʷ ʧʨʦʝʢʮiʡʥʠʭ 

ʧʨʠʻʜʥʘʥʠʭ ʭʚʠʣʴ) 

DFPT ð  Density Functional Perturbation Theory (ʪʝʦʨʽʷ ʟʙʫʨʝʥʴ ʜʣʷ 

ʬʫʥʢʮʽʦʥʘʣʫ ʝʣʝʢʪʨʦʥʥʦʾ ʛʫʩʪʠʥʠ) 
QHA ð  Quasiharmonic Approximation (ʤʝʪʦʜ ʢʚʘʟʽʛʘʨʤʦʥʽʡʥʦʛʦ 

ʥʘʙʣʠʞʝʥʥʷ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ) 
Ὂ ð ʚ̔ ʣʴʥʘ ʝʥʝʨʛʽʷ ɻʝʣʴʤʛʦʣʴʮʘ 
G ð  ʚ̔ ʣʴʥʘ ʝʥʝʨʛʽʷ ɻʽʙʙʩʘ 
Ὄ ð  ʝʥʪʘʣʴʧʽʷ 
S ð  ʝʥʪʨʦʧʽʷ 

ʉp, Cv ð  ʪʝʧʣʦʻʤʥʽʩʪʴ ʟʘ ʩʪʘʣʦʛʦ ʪʠʩʢʫ ʪʘ ʦʙôʻʤʫ, ʚʽʜʧʦʚʽʜʥʦ  
T, Tc ð  ʪʝʤʧʝʨʘʪʫʨʘ ʪʘ ʪʝʤʧʝʨʘʪʫʨʘ ʂʶʨʽ, ʚʽʜʧʦʚʽʜʥʦ 

V ð ʦʙôʻʤ  
E ð ʤʦʜʫʣʴ ʖʥʛʘ 

EOS ð Equation Of State (ʨʽʚʥʷʥʥʷ ʩʪʘʥʫ) 
B ð ʤʦʜʫʣʴ ʚʩʝʙʽʯʥʦʛʦ ʩʪʠʩʢʫ 
G ð ʤʦʜʫʣʴ ʟʩʫʚʫ 

’ ð ʢʦʝʬʽʮʽʻʥʪ ʇʫʘʩʩʦʥʘ 

ὅ  ð ʢʦʤʧʦʥʝʥʪʠ ʤʘʪʨʠʮʽ ʞʦʨʩʪʢʦʩʪʽ ʢʨʠʩʪʘʣʽʯʥʦʾ ʩʪʨʫʢʪʫʨʠ 

VRH ð Voight-Reuss-Hill  (ʫʩʝʨʝʜʝʥʝʥʘ ʤʦʜʝʣʴ ʨʦʟʨʘʭʫʢʫ ʤʦʜʫʣʽʚ 

ʧʨʫʞʥʦʩʪʽ ʌʦʡʛʪʘ-ʈʦʡʩʘ-ʍʽʣʣʘ) 
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Ὄὠ ð ʪʚʝʨʜʽʩʪʴ ʟʘ ɺʽʢʢʝʨʩʦʤ 

ὑ  ð ʢʨʠʪʠʯʥʠʡ ʢʦʝʬʽʮʽʻʥʪ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʥʘʧʨʫʞʝʥʴ I-ʦʾ ʤʦʜʠ 

ʨʫʡʥʫʚʘʥʥʷ 

Ὁ ð ʝʥʝʨʛʽʷ ʬʦʨʤʫʚʘʥʥʷ 

Ὸ  ð ʪʝʤʧʝʨʘʪʫʨʘ ɼʝʙʘʷ 

SCF ð Self-Consistent Field (ʩʘʤʦʫʟʛʦʜʞʝʥʝ ʧʦʣʝ) 

SIM ð Structure Inversion Method (ʤʝʪʦʜ ʩʪʨʫʢʪʫʨʥʦʾ ʽʥʚʝʨʩʽʾ ʜʣʷ 

ʛʝʥʝʨʫʚʘʥʥʷ ʢʣʘʩʪʝʨʥʠʭ ʩʪʨʫʢʪʫʨ) 

ECI ð Effective Cluster Interactions (ʝʬʝʢʪʠʚʥʽ ʢʣʘʩʪʝʨʥʽ ʚʟʘʻʤʦʜʽʾ)  

OM ð ʦʧʪʠʯʥʘ ʤʽʢʨʦʩʢʦʧʽʷ  

SEM ð Scanning Electron Microscopy (ʩʢʘʥʽʚʥʘ ʨʘʩʪʨʦʚʘ ʝʣʝʢʪʨʦʥʥʘ 

ʤʽʢʨʦʩʢʦʧʽʾ) 

EDS ð Energy Dispersive X-ray Spectroscopy (ʝʥʝʨʛʦʜʠʩʧʝʨʩʽʡʥʘ 

ʨʝʥʪʛʝʥʽʚʩʴʢʘ ʩʧʝʢʪʨʦʩʢʦʧʽʷ) 

BSD ð Back Scattered electron Diffraction (ʤʽʢʨʦʩʢʦʧʽʯʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʚ 

ʨʝʞʠʤʽ ʦʙʝʨʥʝʥʦ ʚʽʜʙʠʪʠʭ ʝʣʝʢʪʨʦʥʽʚ) 

MS ð ʤʝʩʙʘʫʝʨʽʚʩʴʢʘ ʩʧʝʢʪʨʦʩʢʦʧʽ ̫

Ὄ ð ʪʚʝʨʜʽʩʪʴ, ʚʠʤʽʨʷʥʘ ʤʝʪʦʜʦʤ ʩʢʣʝʨʦʤʝʪʨʽʾ  

DOS ð Density Of States (ʛʫʩʪʠʥʘ ʝʣʝʢʪʨʦʥʥʠʭ ʩʪʘʥʽʚ) 

ELF ð Electron Localization Function (ʬʫʥʢʮʽʷ ʣʦʢʘʣʽʟʘʮʽʾ ʝʣʝʢʪʨʦʥʽʚ) 

FS ð Fermi Surface (ʧʦʚʝʨʭʥʷ ʌʝʨʤʽ) 

EF ð  ʨʽʚʝʥʴ ʌʝʨʤʽ 

BZ ð Brillouin  Zone (ʧʝʨʰʘ ʟʦʥʘ ɹʨʽʣʣʶʝʥʘ) 

ὣ ð  ʫʟʘʛʘʣʴʥʝʥʠʡ ʧʘʨʘʤʝʪʨ ʦʧʪʠʤʽʟʘʮʽʾ 

RDG ð Reduced Density Gradient (ʟʚʝʜʝʥʠʡ ʛʨʘʜʽʻʥʪ ʝʣʝʢʪʨʦʥʥʦʾ ʛʫʩʪʠʥʠ) 

CE ð Cluster Expansion (ʢʣʘʩʪʝʨʥʝ ʨʦʟʰʠʨʝʥʥʷ) 

‘ ð ʭʽʤʽʯʥʠʡ ʧʦʪʝʥʮʽʘʣ 

ὒ ð ʧʘʨʘʤʝʪʨ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʾ ʚʟʘʻʤʦʜʽʾ ʤʽʞ ʢʦʤʧʦʥʝʥʪʘʤʠ ʫ ʬʘʟʽ 

SER ð Stable Element Reference (ʩʪʘʥʜʘʨʪʥʠʡ ʩʪʘʥ ) 

MC ð ʢʘʨʙʽʜʥʽ ʬʘʟʠ ʽʟ ʩʪʨʫʢʪʫʨʦʶ NaCl 
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ɺʉʊʋʇ 

ɸʢʪʫʘʣʴʥʽʩʪʴ ʪʝʤʠ. ʉʧʝʮʠʬʽʢʘ ʨʦʙʦʪʠ ʙʘʛʘʪʴʦʭ ʚʠʜʽʚ ʩʪʘʣʝʚʠʭ ʜʝʪʘʣʝʡ 

ʧʝʨʝʨʦʙʥʦʛʦ, ʨʦʟʤʝʣʴʥʦʛʦ, ʟʝʤʣʝʨʠʡʥʦʛʦ, ʥʘʬʪʦʛʘʟʦʚʦʛʦ, ʚʫʛʣʝʚʠʜʦʙʫʚʥʦʛʦ 

ʦʙʣʘʜʥʘʥʥʷ, ʪʦʱʦ ʧʦʪʨʝʙʫʻ ʧʦʻʜʥʘʥʥʷ ʚʠʩʦʢʦʾ ʩʪʽʡʢʦʩʪʽ ʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫ 

ʤʘʪʝʨʽʘʣʫ ʟʘ ʫʤʦʚ ʫʜʘʨʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ ʪʘ ʘʙʨʘʟʠʚʥʦʾ ʟʥʦʩʦʩʪʽʡʢʦʩʪʽ. ʗʢ ʧʨʘʚʠʣʦ, 

ʟʘʙʝʟʧʝʯʝʥʥʷ ʪʘʢʦʛʦ ʧʦʻʜʥʘʥʥʷ ʚʣʘʩʪʠʚʦʩʪʝʡ ʚʠʢʣʠʢʘʻ ʨʷʜ ʤʘʪʝʨʽʘʣʦʟʥʘʚʯʠʭ ʧʨʦʙʣʝʤ, 

ʦʩʢʽʣʴʢʠ ʟʘʙʝʟʧʝʯʝʥʥʷ ʘʙʨʘʟʠʚʥʦʾ ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ ʩʪʘʣʝʚʠʭ ʧʦʚʝʨʭʦʥʴ ʰʣʷʭʦʤ 

ʦʪʨʠʤʘʥʥʷ ʫ ʩʪʨʫʢʪʫʨʽ ʚʠʩʦʢʦʾ ʢʦʥʮʝʥʪʨʘʮʽʾ ʢʘʨʙʽʜʥʠʭ ʪʘ (ʘʙʦ) ʙʦʨʠʜʥʠʭ ʬʘʟ, ʟʦʢʨʝʤʘ 

ʭʨʦʤʠʩʪʠʭ, ʫ ʙʽʣʴʰʦʩʪʽ ʚʠʧʘʜʢʽʚ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʨʽʟʢʦʛʦ ʟʥʠʞʝʥʥʷ ʪʨʽʱʠʥʦʩʪʽʡʢʦʩʪʽ 

ʥʘʧʣʘʚʣʝʥʦʛʦ ʤʝʪʘʣʫ ʚʥʘʩʣʽʜʦʢ ʢʨʠʭʢʦʛʦ ʨʫʡʥʫʚʘʥʥʷ ʷʢ ʘʨʤʽʚʥʠʭ ʬʘʟ, ʪʘʢ ʽ 

ʩʪʨʫʢʪʫʨʥʠʭ ʩʢʣʘʜʦʚʠʭ (ʥʘʩʘʤʧʝʨʝʜ ʝʚʪʝʢʪʠʢ) ʟʘ ʾʭ ʫʯʘʩʪʶ. ɺʠʢʦʨʠʩʪʘʥʥʷ 

ʚʦʣʴʬʨʘʤʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ ʜʣʷ ʥʘʧʣʘʚʣʝʥʥʷ (ʟʝʨʥʦʚʦʛʦ ʪʘ ʩʬʝʨʠʯʥʦʛʦ ʨʝʣʽʪʫ), ʟ ʦʛʣʷʜʫ 

ʥʘ ʩʪʽʡʢʠʡ ʪʨʝʥʜ ʜʦ ʟʨʦʩʪʘʥʥʷ ʮʽʥ ʚʦʣʴʬʨʘʤʦʚʦʾ ʩʠʨʦʚʠʥʠ ʥʘ ʩʚʽʪʦʚʦʤʫ ʨʠʥʢʫ, ʷʢʠʡ 

ʧʦʩʠʣʶʻʪʴʩʷ ʧʨʦʪʷʛʦʤ ʦʩʪʘʥʥʽʭ ʨʦʢʽʚ, ʫ ʙʽʣʴʰʦʩʪʽ ʚʠʧʘʜʢʽʚ ʟʥʘʯʥʦ ʟʥʠʞʫʻ 

ʨʝʥʪʘʙʝʣʴʥʽʩʪʴ ʧʨʦʚʝʜʝʥʥʷ ʧʨʦʮʝʩʽʚ ʟʤʽʮʥʝʥʥʷ ʪʘ ʚʽʜʥʦʚʣʝʥʥʷ ʜʝʪʘʣʝʡ. ɿ ʦʛʣʷʜʫ ʥʘ 

ʮʝ, ʧʝʨʩʧʝʢʪʠʚʥʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ ʜʣʷ ʥʘʧʣʘʚʣʝʥʥʷ ʻ ʪʘʢʽ, ʱʦ ʟʘʙʝʟʧʝʯʫʶʪʴ 

ʬʦʨʤʫʚʘʥʥʷ ʫ ʩʪʨʫʢʪʫʨʽ ʧʦʢʨʠʪʪʷ ʪʫʛʦʧʣʘʚʢʠʭ ʩʧʦʣʫʢ ʊi, Nb, Mo, V ʪʘ ʽʥ. ʽʟ ʚʠʩʦʢʦʶ 

(ʙʽʣʴʰʝ 20 ɻʇʘ) ʤʽʢʨʦʪʚʝʨʜʽʩʪʶ, ʘ ʩʠʨʦʚʠʥʘ ʜʣʷ ʾʭ ʚʠʛʦʪʦʚʣʝʥʥʷ ʰʠʨʦʢʦ 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʥʢʫ ʫ ʚʠʛʣʷʜʽ ʧʦʨʦʰʢʽʚ ʩʧʦʣʫʢ ʪʘ ʤʝʪʘʣʽʚ ʽ ʬʝʨʦʩʧʣʘʚʽʚ ʽʟ 

ʧʦʨʽʚʥʷʥʦ ʥʠʟʴʢʦʶ ʚʘʨʪʽʩʪʶ. 

 ɿ ʽʥʰʦʛʦ ʙʦʢʫ ʟʘʙʝʟʧʝʯʝʥʥʷ ʫʜʘʨʥʦʾ ʩʪʽʡʢʦʩʪʽ ʥʘʧʣʘʚʣʝʥʠʭ ʧʦʢʨʠʪʪʽʚ ʟʘʟʚʠʯʘʡ 

ʜʦʩʷʛʘʻʪʴʩʷ ʰʣʷʭʦʤ ʚʠʢʦʨʠʩʪʘʥʥʷ ʩʧʣʘʚʽʚ ʟʜʘʪʥʠʭ ʫ ʧʨʦʮʝʩʽ ʜʠʥʘʤʽʯʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ 

ʟʘʟʥʘʚʘʪʠ ʬʘʟʦʚʠʭ ʧʝʨʝʭʦʜʽʚ ʘʙʦ ʩʫʙʩʪʨʫʢʪʫʨʥʦʛʦ ʟʤʽʮʥʝʥʥʷ ʰʣʷʭʦʤ 

ʤʽʢʨʦʜʚʽʡʥʠʢʫʚʘʥʥʷ. ʊʘʢʠʤ ʯʠʥʦʤ, ʥʘʡʙʽʣʴʰ ʧʦʰʠʨʝʥʠʤʠ ʫ ʧʨʘʢʪʠʮʽ 

ʝʣʝʢʪʨʦʜʫʛʦʚʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ ʫʜʘʨʦʩʪʽʡʢʠʭ ʧʦʢʨʠʪʪʽʚ ʻ ʩʧʣʘʚʠ ʩʠʩʪʝʤʠ ʣʝʛʫʚʘʥʥʷ Fe-

Mn-C (ʽʥʢʦʣʠ Fe-Mn-Cr-C) ʽʟ ʝʣʝʤʝʥʪʥʠʤ ʩʢʣʘʜʦʤ, ʱʦ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʘʪʠ ʫ ʧʦʢʨʠʪʪʷʭ 

ʩʪʨʫʢʪʫʨʥʽ ʘʥʘʣʦʛʠ TWIP ʘʙʦ TRIP ʩʪʘʣʝʡ. ʆʜʥʘʢ, ʘʙʨʘʟʠʚʥʘ ʟʥʦʩʦʩʪʽʡʢʽʩʪʴ ʪʘʢʠʭ 

ʧʦʢʨʠʪʪʽʚ ʟʘ ʫʤʦʚ ʙʝʟʫʜʘʨʥʦʛʦ ʘʙʨʘʟʠʚʥʦʛʦ ʟʥʦʰʫʚʘʥʥʷ, ʜʝ ʜʦʤʽʥʫʻ ʤʽʢʨʦʨʽʟʘʥʥʷ, ʻ 
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ʧʦʨʽʚʥʷʥʦ ʥʠʟʴʢʦʶ ʪʘ ʟʥʘʭʦʜʠʪʴʩʷ ʥʘ ʨʽʚʥʽ ʩʝʨʝʜʥʴʦʚʫʛʣʝʮʝʚʠʭ ʩʪʘʣʝʡ ʙʝʟ 

ʪʝʨʤʦʦʙʨʦʙʢʠ.   

 ʇʨʦʙʣʝʤʽ ʩʪʚʦʨʝʥʥʷ ʧʦʢʨʠʪʪʽʚ ʥʘ ʦʩʥʦʚʽ ʟʘʣʽʟʘ ʽʟ ʚʠʩʦʢʦʶ ʟʥʦʩʦ- ʪʘ 

ʪʨʽʱʠʥʦʩʪʽʡʢʽʩʪʶ ʧʨʠʩʷʯʝʥʽ ʨʦʙʦʪʠ ɿ.ɸ. ɼʫʨʷʛʽʥʦʾ, ʃ.ʉ. ʄʘʣʽʥʦʚʘ, ʄ.ɯ. ʇʘʰʝʯʢʘ, ʆ.ɺ. 

ʇʠʣʠʧʯʝʥʢʘ, ɯ.ʂ. ʇʦʭʦʜʥʽ, ɻ.ɺ. ʇʦʭʤʫʨʩʴʢʦʾ, ɺ.ɯ. ʇʦʭʤʫʨʩʴʢʦʛʦ,  ʄ.ʄ. ʉʪʫʜʝʥʪʘ, ɺ.ɺ. 

ʏʠʛʘʨʴʦʚʘ, ʃ.ɼ. ʃʫʮʘʢʘ, ɼ.ʃ. ʃʫʮʘʢʘ, R. Choteborsky, V. Jankauskas, D. J., J. Wang  ʪʘ 

ʽʥ., ʜʦʩʣʽʜʞʝʥʥʷ ʬʽʟʠʢʦ-ʭʽʤʽʯʥʦʾ ʚʟʘʻʤʦʜʽʾ ʫ ʩʠʩʪʝʤʘʭ ʪʫʛʦʧʣʘʚʢʘ ʩʧʦʣʫʢʘ ï ʩʪʘʣʴ, 

ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʟʥʦʩʦʩʪʽʡʢʠʭ ʧʦʢʨʠʪʪʽʚ ʪʘ ʪʝʦʨʝʪʠʯʥʠʭ ʘʩʧʝʢʪʽʚ 

ʤʦʜʝʣʶʚʘʥʥʷ ʘʫʩʪʝʥʽʪʥʦʾ ʩʪʨʫʢʪʫʨʠ ʧʨʦʚʝʜʝʥʽ ʫ ʧʨʘʮʷʭ ɻ.ɸ. ɹʘʛʣʶʢʘ, ʇ.ɯ. ʃʦʙʦʜʠ, 

ɸ.ɸ. ɹʦʥʜʘʨʘ, ʊ.ʗ. ɺʝʣʽʢʘʥʦʚʦʾ, ɸ.ɼ. ʇʘʥʘʩʶʢ, ʊ.ʄ. ʈʘʜʯʝʥʢʘ, ɺ.ɸ. ʊʘʪʘʨʝʥʢʘ, ɸ.ʄ. 

ʊʠʤʦʰʝʚʩʴʢʦʛʦ, D. Djurovic, B. Hallstedt, W. Huang, E. Kozeschnik, L. Kunz, J. Miettinen, 

A. Ostapovets, A. Van de Walle, ʪʘ ʽʥ.  

 ʉʝʨʝʜ ʦʩʥʦʚʥʠʭ ʪʨʫʜʥʦʱʽʚ ʚʠʙʦʨʫ ʩʠʩʪʝʤʠ ʣʝʛʫʚʘʥʥʷ ʧʦʢʨʠʪʪʽʚ ʽʟ 

ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʠʭ ʩʪʘʣʝʡ ʻ ʟʘʙʝʟʧʝʯʝʥʥʷ ʾʭ ʘʙʨʘʟʠʚʥʦʾ ʟʥʦʩʦʩʪʽʡʢʦʩʪʽ ʰʣʷʭʦʤ 

ʬʦʨʤʫʚʘʥʥʷ ʫ ʩʪʨʫʢʪʫʨʽ ʪʚʝʨʜʠʭ ʪʫʛʦʧʣʘʚʢʠʭ ʬʘʟ ʧʦʨʷʜ ʽʟ ʟʙʝʨʝʞʝʥʥʷʤ ʟʜʘʪʥʦʩʪʽ ʜʦ 

ʽʥʪʝʥʩʠʚʥʦʛʦ ʟʤʽʮʥʝʥʥʷ ʧʽʜ ʯʘʩ ʧʣʘʩʪʠʯʥʦʾ ʜʝʬʦʨʤʘʮʽʾ, ʩʧʨʠʯʠʥʝʥʦʾ ʜʠʥʘʤʽʯʥʠʤʠ 

ʥʘʚʘʥʪʘʞʝʥʥʷʤʠ, ʪʦʙʪʦ ʝʬʝʢʪʠʚʥʠʡ ʨʦʟʧʦʜʽʣ ʨʦʟʯʠʥʝʥʦʛʦ ʤʘʨʛʘʥʮʶ ʤʽʞ ʘʫʩʪʝʥʽʪʦʤ 

ʪʘ ʘʨʤ̔ʚʥʦʶ ʬʘʟʦʶ. ʂʨʽʤ ʪʦʛʦ, ʚʘʞʣʠʚʠʤ, ʽʟ ʧʨʘʢʪʠʯʥʦʾ ʪʦʯʢʠ ʟʦʨʫ, ʘʩʧʝʢʪʦʤ ʻ 

ʪʝʭʥʦʣʦʛʽʯʥʽʩʪʴ ʥʘʥʝʩʝʥʥʷ ʧʦʢʨʠʪʪʽʚ ʥʘʧʣʘʚʣʝʥʥʷʤ, ʷʢʘ ʚʠʟʥʘʯʘʻʪʴʩʷ ʣʝʛʢʽʩʪʶ 

ʬʦʨʤʫʚʘʥʥʷ ʰʚʘ, ʚʽʜʩʫʪʥʽʩʪʶ ʜʝʬʝʢʪʽʚ ʪʘ ʧʦʪʨʝʙʠ ʫ ʧʨʦʚʝʜʝʥʥʽ ʩʫʧʫʪʥʴʦʾ ʘʙʦ 

ʟʘʚʝʨʰʘʣʴʥʦʾ ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ. 

 ɸʥʘʣʽʟ ʨʝʟʫʣʴʪʘʪʽʚ ʩʫʯʘʩʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʧʦʢʘʟʫʻ, ʱʦ ʧʨʠ ʚʠʙʦʨʽ ʩʠʩʪʝʤ 

ʣʝʛʫʚʘʥʥʷ ʤʘʪʝʨʽʘʣʽʚ ʜʣʷ ʥʘʧʣʘʚʣʝʥʥʷ ʧʨʦʷʚʣʷʻʪʴʩʷ ʪʝʥʜʝʥʮʽʷ ʜʦ ʰʠʨʰʦʛʦ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ, ʫ ʪʦʤʫ ʯʠʩʣʽ, ʡ ʚʠʩʦʢʦʝʥʪʨʦʧʽʡʥʠʭ ʩʧʣʘʚʽʚ ʪʘ 

ʢʘʨʙʽʜʽʚ ʧʝʨʝʭʽʜʥʠʭ ʤʝʪʘʣʽʚ. ʊʘʢʽ ʧʽʜʭʦʜʠ ʻ ʧʝʨʩʧʝʢʪʠʚʥʠʤʠ ʜʣʷ ʨʦʟʨʦʙʣʝʥʥʷ ʥʦʚʠʭ 

ʩʠʩʪʝʤ ʣʝʛʫʚʘʥʥʷ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʠʭ ʩʪʘʣʝʡ ʟ ʧʦʟʠʮʽʾ ʟʘʙʝʟʧʝʯʝʥʥʷ ʬʦʨʤʫʚʘʥʥʷ ʫ 

ʩʪʨʫʢʪʫʨʽ ʩʪʘʙʽʣʴʥʠʭ ʢʘʨʙʽʜʥʠʭ ʬʘʟ ʦʧʪʠʤʘʣʴʥʦʛʦ, ʟ ʧʦʟʠʮʽʾ ʟʘʙʝʟʧʝʯʝʥʥʷ 

ʟʥʦʩʦʫʜʘʨʦʪʨʠʚʢʦʩʪʽ, ʩʢʣʘʜʫ. ɯʥʰʠʤ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʥʘʧʨʷʤʢʦʤ ʩʪʚʦʨʝʥʥʷ ʪʘʢʠʭ 

ʧʦʢʨʠʪʪʽʚ, ʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʣʷ ʥʘʧʣʘʚʣʝʥʥʷ ʧʦʨʦʰʢʦʚʠʭ ʝʣʝʢʪʨʦʜʽʚ, ʰʠʭʪʘ ʷʢʠʭ 

ʤʽʩʪʠʪʴ ʨʝʘʢʮʽʡʥʽ ʩʫʤʽʰʽ, ʱʦ ʟʘʙʝʟʧʝʯʫʶʪʴ in-situ ʬʦʨʤʫʚʘʥʥʷ ʪʚʝʨʜʠʭ ʬʘʟ ʫ 
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ʩʪʨʫʢʪʫʨʽ ʤʘʨʛʘʥʮʝʚʦʾ ʩʪʘʣʽ. ʊʘʢʠʤ ʯʠʥʦʤ, ʨʦʟʨʦʙʣʝʥʥʷ ʥʦʚʠʭ ʥʘʫʢʦʚʠʭ ʦʩʥʦʚ 

ʩʪʚʦʨʝʥʥʷ ʟʥʦʩʦ- ʪʘ ʫʜʘʨʦʪʨʠʚʢʠʭ ʧʦʢʨʠʪʪʽʚ ʥʘ ʦʩʥʦʚʽ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʠʭ ʩʪʘʣʝʡ, ʷʢʝ 

ʙʘʟʫʻʪʴʩʷ ʥʘ ʚʠʙʦʨʽ ʦʧʪʠʤʘʣʴʥʦʾ ʩʠʩʪʝʤʠ ʾʭ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʦʛʦ ʣʝʛʫʚʘʥʥʷ 

ʪʫʛʦʧʣʘʚʢʠʤʠ ʢʘʨʙʽʜʘʤʠ, ʘ ʪʘʢʦʞ ʰʣʷʭʦʤ ʬʦʨʤʫʚʘʥʥʷ ʟʥʦʩʦʪʨʠʚʢʠʭ ʬʘʟ 

ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʫ ʧʨʦʮʝʩʽ ʝʣʝʢʪʨʦʜʫʛʦʚʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ ʻ ʘʢʪʫʘʣʴʥʦʶ ʥʘʫʢʦʚʦ-

ʧʨʠʢʣʘʜʥʦʶ ʧʨʦʙʣʝʤʦʶ ʚ ʛʘʣʫʟʽ ʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʘ, ʚʠʨʽʰʝʥʥʷ ʷʢʦʾ ʜʦʟʚʦʣʷʻ 

ʦʪʨʠʤʫʚʘʪʠ ʧʦʢʨʠʪʪʷ ʜʣʷ ʟʤʽʮʥʝʥʥʷ ʨʦʙʦʯʠʭ ʧʦʚʝʨʭʦʥʴ ʦʙʣʘʜʥʘʥʥʷ, ʷʢʝ ʧʨʘʮʶʻ ʟʘ 

ʫʤʦʚ ʧʦʻʜʥʘʥʥʷ ʫʜʘʨʥʦʛʦ ʪʘ ʘʙʨʘʟʠʚʥʦʛʦ ʟʥʦʰʫʚʘʥʥʷ ʽʟ ʨʽʟʥʦʶ ʯʘʩʪʢʦʶ ʚʧʣʠʚʫ 

ʢʦʞʥʦʛʦ ʟ ʥʠʭ.   

ɿʚôʷʟʦʢ ʨʦʙʦʪʠ ʟ ʥʘʫʢʦʚʠʤʠ ʧʨʦʛʨʘʤʘʤʠ, ʧʣʘʥʘʤʠ, ʪʝʤʘʤʠ. ɼʠʩʝʨʪʘʮʽʡʥʘ 

ʨʦʙʦʪʘ ʚʠʢʦʥʘʥʘ ʥʘ ʢʘʬʝʜʨʽ ʙʫʜʽʚʥʠʮʪʚʘ ʪʘ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʠʭ ʩʧʦʨʫʜ ɯʚʘʥʦ-

ʌʨʘʥʢʽʚʩʴʢʦʛʦ ʥʘʮʽʦʥʘʣʴʥʦʛʦ ʪʝʭʥʽʯʥʦʛʦ ʫʥʽʚʝʨʩʠʪʝʪʫ ʥʘʬʪʠ ʽ ʛʘʟʫ (ɯʌʅʊʋʅɻ), ʻ 

ʩʢʣʘʜʦʚʦʶ ʯʘʩʪʠʥʦʶ ʥʘʫʢʦʚʦʾ ʪʝʤʘʪʠʢʠ ɯʌʅʊʋʅɻ ʽ, ʟʦʢʨʝʤʘ, ʤʽʩʪʠʪʴ ʨʝʟʫʣʴʪʘʪʠ, 

ʦʪʨʠʤʘʥʽ ʚ ʤʝʞʘʭ ʥʘʫʢʦʚʦ-ʜʦʩʣʽʜʥʠʭ ʨʦʙʽʪ, ʱʦ ʚʠʢʦʥʫʚʘʣʠʩʴ ʟʘ ʨʘʭʫʥʦʢ ʚʠʜʘʪʢʽʚ 

ʜʝʨʞʙʶʜʞʝʪʫ: çʈʦʟʨʦʙʣʝʥʥʷ ʜʠʩʧʝʨʩʥʦ-ʟʤʽʮʥʝʥʠʭ ʢʦʤʧʦʟʠʪʥʠʭ ʧʦʢʨʠʪʴ ʜʣʷ ʜʝʪʘʣʝʡ 

ʪʘ ʽʥʩʪʨʫʤʝʥʪʽʚ, ʷʢʽ ʝʢʩʧʣʫʘʪʫʶʪʴʩʷ ʚ ʘʙʨʘʟʠʚʥʠʭ ʪʘ ʘʛʨʝʩʠʚʥʠʭ ʩʝʨʝʜʦʚʠʱʘʭè (ʥʦʤʝʨ 

ʜʝʨʞʘʚʥʦʾ ʨʝʻʩʪʨʘʮʽʾ 0139U005993, 2017ï2018 ʨʨ.) (ʚʠʢʦʥʘʚʝʮʴ), çʈʦʟʨʦʙʢʘ ʤʝʪʦʜʽʚ ʽ 

ʟʘʩʦʙʽʚ ʧʽʜʚʠʱʝʥʥʷ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʦʙʦʯʠʭ ʧʦʚʝʨʭʦʥʴ ʪʝʭʥʽʯʥʦʛʦ 

ʦʩʥʘʱʝʥʥʷ ʦʙôʻʢʪʽʚ ʙʝʟʧʝʢʦʚʦʾ ʽʥʬʨʘʩʪʨʫʢʪʫʨʠè (ʥʦʤʝʨ ʜʝʨʞʘʚʥʦʾ ʨʝʻʩʪʨʘʮʽʾ ʈʂ 

0120U102113, 2020ï2021 ʨʨ.) (ʚʽʜʧʦʚʽʜʘʣʴʥʠʡ ʚʠʢʦʥʘʚʝʮʴ), çʈʦʟʨʦʙʢʘ ʝʢʦʣʦʛʽʯʥʦ 

ʯʠʩʪʦʾ ʪʝʭʥʦʣʦʛʽʾ ʭʨʦʤʫʚʘʥʥʷ ʫ ʧʨʦʪʦʯʥʦʤʫ ʝʣʝʢʪʨʦʣʽʪʽ ʜʦʚʛʦʤʽʨʥʠʭ ʜʝʪʘʣʝʡ ʟʽ 

ʩʢʣʘʜʥʦʶ ʪʦʧʦʣʦʛʽʻʶ ʧʦʚʝʨʭʥʽ (ʥʦʤʝʨ ʜʝʨʞʘʚʥʦʾ ʨʝʻʩʪʨʘʮʽʾ ʈʂ 0121U109591, 2021ï

2022 ʨ.ʨ.) (ʚʠʢʦʥʘʚʝʮʴ), çʈʦʟʨʦʙʣʝʥʥʷ ʢʦʥʩʪʨʫʢʮʽʡ ʪʘ ʪʝʭʥʦʣʦʛʽʡ ʚʠʛʦʪʦʚʣʝʥʥʷ, 

ʟʘʭʠʩʪʫ ʽ ʨʝʤʦʥʪʫ ʥʘʨʽʟʝʚʠʭ ʟôʻʜʥʘʥʴ ʟ ʧʦʢʨʘʱʝʥʠʤʠ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠè (ʥʦʤʝʨ ʜʝʨʞʘʚʥʦʾ ʨʝʻʩʪʨʘʮʽʾ 0122U002082, 2022-2023 ʨ.ʨ.) 

(ʚʠʢʦʥʘʚʝʮʴ), ʈʦʟʨʦʙʣʝʥʥʷ ʤʘʪʝʨʽʘʣʽʚ ʜʣʷ ʥʘʥʝʩʝʥʥʷ ʟʥʦʩʦʫʜʘʨʦʪʨʠʚʢʠʭ ʧʦʢʨʠʪʪʽʚ 

ʩʠʩʪʝʤʠ çʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʘ ʩʪʘʣʴ ï ʪʫʛʦʧʣʘʚʢʽ ʩʧʦʣʫʢʠè ʝʣʝʢʪʨʦʜʫʛʦʚʠʤ 

ʥʘʧʣʘʚʣʝʥʥʷʤ (ʥʦʤʝʨ ʜʝʨʞʘʚʥʦʾ ʨʝʻʩʪʨʘʮʽʾ 0123U101858, 2023-2025 ʨ.ʨ.) (ʢʝʨʽʚʥʠʢ 

ʪʝʤʠ), ʘ ʪʘʢʦʞ ʛʨʘʥʪʫ ʂʦʨʦʣʽʚʩʴʢʦʛʦ ʊʦʚʘʨʠʩʪʚʘ (UK) çTungsten-free superhard 
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materials: Earth-abundant metal ternary borides solid solutionsè (ˉ IES\R2\232244 

(Worktribe ID: 12795268, 2023-2024 ʨ.ʨ.): (ʢʦʦʨʜʠʥʘʪʦʨ ʽʟ ʙʦʢʫ ʋʢʨʘʾʥʠ). 

ʄʝʪʘ  ̔ʟʘʚʜʘʥʥʷ ʜʦʩʣʽʜʞʝʥʥʷ.  ʄʝʪʘ ï ʚʩʪʘʥʦʚʠʪʠ ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ ʬʦʨʤʫʚʘʥʥʷ 

ʩʪʨʫʢʪʫʨʠ, ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ ʽ ʚʣʘʩʪʠʚʦʩʪʝʡ ʝʣʝʢʪʨʦʜʫʛʦʚʠʭ ʥʘʧʣʘʚʣʝʥʠʭ ʧʦʢʨʠʪʪʽʚ ʥʘ 

ʦʩʥʦʚʽ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʦʾ ʩʪʘʣʽ ʪʘ ʨʦʟʨʦʙʠʪʠ ʥʦʚʽ ʩʠʩʪʝʤʠ ʾʭ ʣʝʛʫʚʘʥʥʷ ʪʫʛʦʧʣʘʚʢʠʤʠ 

ʩʧʦʣʫʢʘʤʠ ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʦʜʥʦʯʘʩʥʦ ʚʠʩʦʢʦʾ ʟʥʦʩʦ- ʪʘ ʫʜʘʨʦʪʨʠʚʢʦʩʪʽ ʧʦʚʝʨʭʦʥʴ 

ʩʪʘʣʝʚʠʭ ʜʝʪʘʣʝʡ. 

ɼʣʷ ʜʦʩʷʛʥʝʥʥʷ ʧʦʩʪʘʚʣʝʥʦʾ ʤʝʪʠ ʥʝʦʙʭʽʜʥʦ ʚʠʨʽʰʠʪʠ ʪʘʢʽ ʦʩʥʦʚʥʽ ʟʘʚʜʘʥʥʷ: 

 ï ʨʦʟʨʦʙʠʪʠ ʤʦʜʝʣʴ ʢʨʠʩʪʘʣʽʯʥʦʾ ʩʪʨʫʢʪʫʨʠ ʤʘʨʛʘʥʮʝʚʦʛʦ ʘʫʩʪʝʥʽʪʫ ʜʣʷ 

ʪʝʦʨʝʪʠʯʥʦʛʦ ʘʥʘʣʽʟʫ ʡʦʛʦ ʬʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚ ʨʘʤʢʘʭ ʪʝʦʨʽʾ 

ʬʫʥʢʮʽʦʥʘʣʫ ʝʣʝʢʪʨʦʥʥʦʾ ʛʫʩʪʠʥʠ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʩʫʯʘʩʥʠʭ ʧʨʦʛʨʘʤʥʠʭ ʟʘʩʦʙʽʚ; 

 ï ʚʠʟʥʘʯʠʪʠ ʦʧʪʠʤʘʣʴʥʠʡ ʩʢʣʘʜ ʘʨʤʽʚʥʠʭ ʬʘʟ ʜʣʷ ʧʦʢʨʠʪʪʽʚ ʥʘ ʦʩʥʦʚʽ 

ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʦʾ ʩʪʘʣʽ, ʰʣʷʭʦʤ ʪʝʦʨʝʪʠʯʥʦʛʦ ʘʥʘʣʽʟʫ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ, 

ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʪʘ ʝʣʝʢʪʨʦʥʥʦʾ ʩʪʨʫʢʪʫʨʠ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʥʘ ʦʩʥʦʚʽ 

ʢʘʨʙʽʜʥʠʭ ʬʘʟ ʽʟ ʩʪʨʫʢʪʫʨʦʶ NaCl ʩʠʩʪʝʤʠ Ti-Nb-Mo-V-C ʽʟ ʝʢʚʽʤʦʣʷʨʥʠʤ ʚʤʽʩʪʦʤ 

ʤʝʪʘʣʝʚʠʭ ʢʦʤʧʦʥʝʥʪʽʚ, ʘ ʪʘʢʦʞ ʪʝʪʨʘʛʦʥʘʣʴʥʠʭ ʙʦʨʠʜʽʚ Mo2(Fe1-x,Mnx)B2;  

 ï ʚʩʪʘʥʦʚʠʪʠ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʧʘʨʘʤʝʪʨʠ, ʷʢʽ ʚʠʟʥʘʯʘʶʪʴ ʨʦʟʯʠʥʥʽʩʪʴ Mn ʫ 

ʢʘʨʙʽʜʥʠʭ ʬʘʟʘʭ ʽʟ ʩʪʨʫʢʪʫʨʦʶ NaCl ʩʠʩʪʝʤʠ Ti-Nb-Mo-V-C ʽ ʧʦʪʨʽʡʥʦʤʫ ʙʦʨʠʜʽ 

Mo2FeB2 ʪʘ, ʥʘ ʦʩʥʦʚʽ ʮʴʦʛʦ, ʨʦʟʨʦʙʠʪʠ ʙʘʟʫ ʜʘʥʠʭ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʬʫʥʢʮʽʡ ʜʣʷ 

ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ ʩʧʣʘʚʽʚ ʜʣʷ ʥʘʧʣʘʚʣʝʥʥʷ ʩʠʩʪʝʤ ʣʝʛʫʚʘʥʥʷ Fe-Ti-Mo-

Nb-V-Mn-C-Si ʪʘ Fe-Mo-Mn-B-C ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʝʪʦʜʠʢʠ CALPHAD. 

 ï ʧʨʦʚʝʩʪʠ ʘʥʘʣʽʟ ʚʧʣʠʚʫ ʣʝʛʫʚʘʥʥʷ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʦʾ ʩʪʘʣʽ ʢʨʝʤʥʽʻʤ ʥʘ 

ʬʦʨʤʫʚʘʥʥʷ ʾ ʭ ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ ʟʘ ʨʽʚʥʦʚʘʞʥʠʭ ʫʤʦʚ ʪʘ ʢʽʥʝʪʠʢʫ ʚʠʜʽʣʝʥʥʷ ʮʝʤʝʥʪʠʪʫ 

ʟʘ ʥʝʨʽʚʥʦʚʘʞʥʠʭ ʫʤʦʚ, ʷʢʽ ʚʽʜʧʦʚʽʜʘʶʪʴ ʪʝʨʤʽʯʥʦʤʫ ʮʠʢʣʫ ʝʣʝʢʪʨʦʜʫʛʦʚʦʛʦ 

ʥʘʧʣʘʚʣʝʥʥʷ ʧʦʢʨʠʪʪʽʚ ʧʦʨʦʰʢʦʚʠʤʠ ʝʣʝʢʪʨʦʜʘʤʠ; 

ï ʜʦʩʣʽʜʠʪʠ ʬʘʟʦʚʠʡ ʩʢʣʘʜ, ʤʽʢʨʦʩʪʨʫʢʪʫʨʫ ʪʘ ʚʣʘʩʪʠʚʦʩʪʽ ʥʘʧʣʘʚʣʝʥʠʭ 

ʧʦʢʨʠʪʪʽʚ ʩʠʩʪʝʤ çʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʘ ʩʪʘʣʴ ï ʧʨʦʩʪʠʡ ʢʘʨʙʽʜè, çFe ï ʩʢʣʘʜʥʠʡ ʢʘʨʙʽʜè, 

ʪʘ çʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʘ ʩʪʘʣʴ ï ʧʦʪʨʽʡʥʠʡ ʙʦʨʠʜè ʪʘ ʦʧʪʠʤʽʟʫʚʘʪʠ ʩʠʩʪʝʤʠ ʣʝʛʫʚʘʥʥʷ 

ʧʦʨʦʰʢʦʚʠʭ ʝʣʝʢʪʨʦʜʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʱʦ ʟʘʙʝʟʧʝʯʫʶʪʴ ʩʪʨʫʢʪʫʨʫ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʦʾ 

TWIP ʩʪʘʣʽ, ʘʨʤʦʚʘʥʦʾ ʪʫʛʦʧʣʘʚʢʠʤʠ ʩʧʦʣʫʢʘʤʠ; 
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ï ʨʦʟʨʦʙʠʪʠ ʥʦʚʽ ʪʘ ʫʜʦʩʢʦʥʘʣʠʪʠ ʽʩʥʫʶʯʽ ʤʝʪʦʜʠʢʠ ʚʠʟʥʘʯʝʥʥʷ ʘʙʨʘʟʠʚʥʦʾ ʪʘ 

ʫʜʘʨʥʦ-ʘʙʨʘʟʠʚʥʦʾ ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ ʥʘʧʣʘʚʣʝʥʠʭ ʧʦʢʨʠʪʪʽʚ ʪʘ ʧʨʦʚʝʩʪʠ ʧʦʨʽʚʥʷʣʴʥʠʡ 

ʘʥʘʣʽʟ ʨʦʟʨʦʙʣʝʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʽʟ ʩʝʨʽʡʥʠʤʠ; 

ï ʨʦʟʨʦʙʠʪʠ ʧʦʨʦʰʢʦʚʽ ʝʣʝʢʪʨʦʜʥʽ ʤʘʪʝʨʽʘʣʠ ʪʘ ʪʝʭʥʦʣʦʛʽʶ ʥʘʧʣʘʚʣʝʥʥʷ ʽʟ ʾʭ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ, ʜʣʷ ʟʤʽʮʥʝʥʥʷ ʨʦʙʦʯʠʭ ʧʦʚʝʨʭʦʥʴ ʜʝʪʘʣʝʡ ʽ ʚʫʟʣʽʚ ʧʝʨʝʨʦʙʥʦʛʦ, 

ʟʝʤʣʝʨʠʡʥʦʛʦ, ʛʽʨʥʠʯʦʛʦ, ʥʘʬʪʦʛʘʟʦʚʦʛʦ ʪʘ ʽʥ. ʦʙʣʘʜʥʘʥʥʷ. 

ʆʙôʻʢʪ ʜʦʩʣʽʜʞʝʥʥʷ. ʇʨʦʮʝʩʠ ʬʦʨʤʫʚʘʥʥʷ ʧʦʢʨʠʪʪʽʚ ʩʠʩʪʝʤʠ 

çʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʘ ʩʪʘʣʴ ï ʪʫʛʦʧʣʘʚʢʽ ʩʧʦʣʫʢʠè ʧʽʜ ʯʘʩ ʥʘʧʣʘʚʣʝʥʥʷ ʧʦʨʦʰʢʦʚʠʤʠ 

ʝʣʝʢʪʨʦʜʥʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ. 

ʇʨʝʜʤʝʪ ʜʦʩʣʽʜʞʝʥʥʷ. ɿʘʢʦʥʦʤʽʨʥʦʩʪʽ ʬʦʨʤʫʚʘʥʥʷ ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ ʽ 

ʩʪʨʫʢʪʫʨʠ ʧʦʢʨʠʪʪʽʚ ʩʠʩʪʝʤʠ ʩʠʩʪʝʤʠ çʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʘ ï ʪʫʛʦʧʣʘʚʢʘ ʩʧʦʣʫʢʘè ʫ 

ʧʨʦʮʝʩʽ ʝʣʝʢʪʨʦʜʫʛʦʚʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ ʪʘ ʾʭ ʟʥʦʩʦʪʨʠʚʢʽʩʪʴ, ʟʘʣʝʞʥʦ ʚʽʜ 

ʢʦʤʧʦʥʝʥʪʥʦʛʦ ʩʢʣʘʜʫ ʧʦʨʦʰʢʦʚʠʭ ʝʣʝʢʪʨʦʜʥʠʭ ʤʘʪʝʨʽʘʣʽʚ. 

ʄʝʪʦʜʠ ʜʦʩʣʽʜʞʝʥʥʷ. ʊʝʦʨʝʪʠʯʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʚʦʜʠʣʠʩʴ ʰʣʷʭʦʤ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʬʘʟʦʚʦʾ ʨʽʚʥʦʚʘʛʠ ʫ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤʘʭ 

ʤʝʪʦʜʦʤ CALPHAD ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʧʽʜˇʨʘʪʢʦʚʦʾ ʤʦʜʝʣʽ ʪʘ ʘʣʛʦʨʠʪʤʫ ʤʽʥʽʤʽʟʘʮʽʾ 

ʚʽʣʴʥʦʾ ʝʥʝʨʛʽʾ ʄ. ʍʽʣʣʝʨʪʘ, ʘ ʪʘʢʦʞ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʨʦʟʨʘʭʫʥʢʽʚ ʫ ʨʘʤʢʘʭ ʪʝʦʨʽʾ 

ʬʫʥʢʮʽʦʥʘʣʫ ʝʣʝʢʪʨʦʥʥʦʾ ʛʫʩʪʠʥʠ (DFT) ʚ ʫʟʘʛʘʣʴʥʝʥʦʤʫ ʛʨʘʜʽʻʥʪʥʦʤʫ ʥʘʙʣʠʞʝʥʥʽ 

(GGA) ʽʟ ʦʙʤʽʥʥʦ-ʢʦʨʝʣʷʮʽʡʥʠʤʠ ʬʫʥʢʮʽʦʥʘʣʘʤʠ ʇʝʨʜʴʶ-ɹʫʨʢʝ-ɽʨʥʟʝʨʛʦʬʘ (PBE) 

ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʢʨʠʩʪʘʣʽʯʥʦʾ ʩʪʨʫʢʪʫʨʠ, ʝʥʝʨʛʝʪʠʯʥʠʭ ʪʘ ʤʝʭʘʥʽʯʥʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ. 

ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʚʦʜʠʣʠʩʴ ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʩʢʘʥʽʚʥʦʾ 

ʝʣʝʢʪʨʦʥʥʦʾ ʪʘ ʦʧʪʠʯʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ, ʤʽʢʨʦʨʝʥʪʛʝʥʦʩʧʝʢʪʨʘʣʴʥʦʛʦ ʪʘ ʨʝʥʪʛʝʥʽʚʩʴʢʦʛʦ 

ʬʘʟʦʚʦʛʦ ʘʥʘʣʽʟʫ, ʤʝʩʩʙʘʫʝʨʽʚʩʴʢʦʾ ʩʧʝʢʪʨʦʩʢʦʧʽʾ, ʤʝʪʦʜʽʚ ʚʠʟʥʘʯʝʥʥʷ ʪʚʝʨʜʦʩʪʽ ʪʘ 

ʪʨʽʱʠʥʦʩʪʽʡʢʦʩʪʽ, ʪʨʠʙʦʪʝʭʥʽʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ, ʩʢʣʝʨʦʤʝʪʨʽʾ, ʨʦʟʨʦʙʣʝʥʠʭ ʪʘ 

ʫʜʦʩʢʦʥʘʣʝʥʠʭ ʤʝʪʦʜʠʢ ʚʠʟʥʘʯʝʥʥʷ ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ ʟʘ ʫʤʦʚ ʘʙʨʘʟʠʚʥʦʛʦ, ʛʘʟʦ- ʪʘ  

ʫʜʘʨʥʦ-ʘʙʨʘʟʠʚʥʦʛʦ ʟʥʦʰʫʚʘʥʥ.̫  

ʅʘʫʢʦʚʘ ʥʦʚʠʟʥʘ ʨʝʟʫʣʴʪʘʪʽʚ: 

1. ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʢʦʥʮʝʧʮʽʶ ʨʦʟʨʦʙʣʝʥʥʷ ʟʥʦʩʦʫʜʘʨʦʪʨʠʚʢʠʭ ʩʧʣʘʚʽʚ ʜʣʷ 

ʝʣʝʢʪʨʦʜʫʛʦʚʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ, ʷʢʘ ˇʨʫʥʪʫʻʪʴʩʷ ʥʘ ʧʦʻʜʥʘʥʥʽ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʛʦ 
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ʘʥʘʣʽʟʫ, ʤʦʜʝʣʶʚʘʥʥʷ ʥʝʚʧʦʨʷʜʢʦʚʘʥʠʭ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʚ ʨʘʤʢʘʭ ʪʝʦʨʽʾ 

ʬʫʥʢʮʽʦʥʘʣʫ ʝʣʝʢʪʨʦʥʥʦʾ ʛʫʩʪʠʥʠ, ʜʦʩʣʽʜʞʝʥ ɹ ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ, ʩʪʨʫʢʪʫʨʠ ʪʘ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʜʣʷ ʩʠʩʪʝʤ ʣʝʛʫʚʘʥʥʷ Fe-Ti-Nb-Mo-V-Mn-Si-C ʪʘ Fe-Mn-Mo-B-C. 

2. ɺʧʝʨʰʝ, ʥʘ ʦʩʥʦʚʽ ʘʥʘʣʽʟʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʤʝʩʩʙʘʫʝʨʽʚʩʴʢʠʭ ʩʧʝʢʪʨʽʚ 

ʣʝʛʦʚʘʥʦʛʦ ʤʘʨʛʘʥʮʝʚʦʛʦ ʘʫʩʪʝʥʽʪʫ, ʩʬʦʨʤʦʚʘʥʦʛʦ ʧʽʜ ʯʘʩ ʝʣʝʢʪʨʦʜʫʛʦʚʦʛʦ 

ʧʣʘʚʣʝʥʥʷ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʫ ʡʦʛʦ ʢʨʠʩʪʘʣʽʯʥʽʡ ˇʨʘʪʮʽ ʥʘʡʙʽʣʴʰ ʡʤʦʚʽʨʥʠʤʠ 

ʨʦʟʪʘʰʫʚʘʥʥʷʤʠ Mn ʻ ʧʝʨʰʘ ʪʘ ʜʨʫʛʘ ʢʦʦʨʜʠʥʘʮʽʡʥʽ ʩʬʝʨʠ ʧʦ ʚʽʜʥʦʰʝʥʥʶ ʜʦ ʘʪʦʤʘ 

ʚʫʛʣʝʮʶ, ʷʢʠʡ ʟʥʘʭʦʜʠʪʴʩʷ ʫ ʮʝʥʪʨʘʣʴʥʽʡ ʦʢʪʘʝʜʨʠʯʥʽʡ ʧʦʨʽ, ʱʦ ʜʦʟʚʦʣʠʣʦ ʩʪʚʦʨʠʪʠ 

ʤʦʜʝʣʴ ʢʨʠʩʪʘʣʽʯʥʦʾ ʩʪʨʫʢʪʫʨʠ ʤʘʨʛʘʥʮʝʚʦʛʦ ʘʫʩʪʝʥʽʪʫ ʫ ʚʠʛʣʷʜʽ ʥʘʜˇʨʘʪʢʠ ʽʟ 

ʘʥʪʠʬʝʨʦʤʘʛʥʽʪʥʠʤ ʫʧʦʨʷʜʢʫʚʘʥʥʷʤ, ʷʢʘ ʤʽʩʪʠʪʴ 33 ʘʪʦʤʠ (C1Fe24Mn8) ʪʘ 

ʨʦʟʨʘʭʫʚʘʪʠ ʡʦʛʦ ʬʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ, ʦɦ ʚʧʣʠʚʘʶʪʴ ʥʘ ʭʘʨʘʢʪʝʨ 

ʜʝʬʦʨʤʘʮʽʡʥʦʛʦ ʟʤʽʮʥʝʥʥʷ. 

3. ʆʪʨʠʤʘʣʘ ʧʦʜʘʣʴʰʠʡ ʨʦʟʚʠʪʦʢ ʪʝʦʨʽʷ ʤʦʜʝʣʶʚʘʥʥʷ ʥʝʚʧʦʨʷʜʢʦʚʘʥʠʭ 

ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʥʘ ʦʩʥʦʚʽ ʪʫʛʦʧʣʘʚʢʠʭ ʩʧʦʣʫʢ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʽʜʭʦʜʽʚ 

ʚʽʨʪʫʘʣʴʥʦʛʦ ʢʨʠʩʪʘʣʽʯʥʦʛʦ ʥʘʙʣʠʞʝʥʥʷ, ʩʧʝʮʽʘʣʴʥʠʭ ʢʚʘʟʽʥʝʚʧʦʨʷʜʢʦʚʘʥʠʭ 

ʩʪʨʫʢʪʫʨ ʪʘ ʢʣʘʩʪʝʨʥʦʛʦ ʨʦʟʰʠʨʝʥʥʷ, ʱʦ ʜʦʟʚʦʣʠʣʦ ʚʩʪʘʥʦʚʠʪʠ ʦʧʪʠʤʘʣʴʥʠʡ ʩʢʣʘʜ 

ʢʘʨʙʽʜʥʦʾ ((Nb0.3Ti0.3Mo0.3)C) ʪʘ ʙʦʨʠʜʥʦʾ (Mo2(Fe0.75Mn0.25)B2) ʬʘʟ, ʜʣʷ ʟʤʽʮʥʝʥʥʷ 

ʥʘʧʣʘʚʣʝʥʠʭ ʰʘʨʽʚ ʥʘ ʦʩʥʦʚʽ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʠʭ ʩʪʘʣʝʡ. 

4. ɺʧʝʨʰʝ, ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʨʦʟʨʘʭʫʥʢʽʚ ʫ ʨʘʤʢʘʭ DFT, ʦʪʨʠʤʘʥʦ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʧʘʨʘʤʝʪʨʠ, ʷʢʽ ʚʠʟʥʘʯʘʶʪʴ ʨʦʟʯʠʥʥʽʩʪʴ Mn ʫ ʬʘʟʘʭ (M,Mn)C, ʜʝ 

M=Nb, Ti, Mo ʪʘ V (ʧʨʦʩʪʦʨʦʚʘ ʛʨʫʧʘ Fmï3m) ʪʘ Mo2(Fex,Mn1-x)B2 (ʧʨʦʩʪʦʨʦʚʘ ʛʨʫʧʘ 

P4/mbm), ʱʦ ʜʦʟʚʦʣʠʣʦ ʨʦʟʨʦʙʠʪʠ ʙʘʟʫ ʜʘʥʠʭ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʬʫʥʢʮʽʡ ʜʣʷ 

ʨʦʟʨʘʭʫʥʢʫ ʬʘʟʦʚʦʾ ʨʽʚʥʦʚʘʛʠ ʤʝʪʦʜʦʤ CALPHAD ʫ ʩʠʩʪʝʤʘʭ ʣʝʛʫʚʘʥʥʷ Fe-Mn-M-Si-

C ʪʘ Fe-Mn-Mo-B-C ʪʘ ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʭ ʜʽʘʧʘʟʦʥʘʭ, ʱʦ ʚʽʜʧʦʚʽʜʘʶʪʴ ʪʠʧʦʚʠʤ 

ʝʣʝʤʝʥʪʥʠʤ ʩʢʣʘʜʘʤ ʧʦʢʨʠʪʪʽʚ, ʥʘʧʣʘʚʣʝʥʠʭ ʧʦʨʦʰʢʦʚʠʤʠ ʝʣʝʢʪʨʦʜʥʠʤʠ 

ʤʘʪʝʨʽʘʣʘʤʠ. 

5. ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʥʦʚʠʡ ʝʤʧʽʨʠʯʥʠʡ ʧʘʨʘʤʝʪʨ (ŭɛ=+22905 ɼʞ/ʤʦʣʴ), ʷʢʠʡ 

ʟʘʙʝʟʧʝʯʫʻ ʧʽʜʚʠʱʝʥʥʷ ʪʦʯʥʦʩʪʽ ʨʦʟʨʘʭʫʥʢʫ ʝʥʝʨʛʽʾ ʬʦʨʤʫʚʘʥʥʷ ʙʦʨʠʜʥʠʭ ʬʘʟ 

ʤʦʣʽʙʜʝʥʫ ʚ ʨʘʤʢʘʭ DFT ʜʦ ʨʽʚʥʷ Ñ1 ʢʢʘʣ/ʤʦʣʴ ʪʘ ʚʧʝʨʰʝ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʝʥʝʨʛʽ ̫
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ʬʦʨʤʫʚʘʥʥʷ ʪʝʪʨʘʛʦʥʘʣʴʥʦʛʦ ʙʦʨʠʜʫ Mo2MnB2  (ʧʨʦʩʪʦʨʦʚʘ ʛʨʫʧʘ P4/mbm) ʩʪʘʥʦʚʠʪʴ 

ï44698 ɼʞ/ʤʦʣʴ. 

6. ɺʧʝʨʰʝ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʜʦʜʘʪʢʦʚʝ ʣʝʛʫʚʘʥʥʷ ʰʠʭʪʠ ʧʦʨʦʰʢʦʚʠʭ ʝʣʝʢʪʨʦʜʽʚ, 

ʷʢʽ ʟʘʙʝʟʧʝʯʫʶʪʴ ʫ ʩʪʨʫʢʪʫʨʽ ʥʘʧʣʘʚʣʝʥʦʛʦ ʧʦʢʨʠʪʪʷ ʤʘʨʛʘʥʮʝʚʠʡ ʘʫʩʪʝʥʽʪ ʢʘʨʙʽʜʘʤʠ 

Nb ʪʘ Ti ʫ ʢʽʣʴʢʦʩʪʽ ʜʦ 20 ʦʙ. % ʟʘʙʝʟʧʝʯʫʻ ʬʦʨʤʫʚʘʥʥʷ ʘʫʩʪʝʥʽʪʦ-ʢʘʨʙʽʜʥʦʾ ʩʪʨʫʢʪʫʨʠ, 

ʜʝ ʢʘʨʙʽʜʥʽ ʬʘʟʠ ʩʝʨʝʜʥʽʤ ʨʦʟʤʽʨʦʤʠ 4 ʤʢʤ ʽ 2 ʤʢʤ, ʚʽʜʧʦʚʽʜʥʦ, ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ 

ʢʫʙʦʾʜʥʦʶ ʬʦʨʤʦʶ ʪʘ ʨʽʚʥʦʤʽʨʥʠʤ ʨʦʟʪʘʰʫʚʘʥʥʷʤ, ʚ ʪʦʡ ʯʘʩ ʷʢ ʣʝʛʫʚʘʥʥʷ ʢʘʨʙʽʜʘʤʠ 

Mo ʪʘ V ʚ ʘʥʘʣʦʛʽʯʥʠʭ ʢʽʣʴʢʦʩʪʷʭ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʚʠʜʽʣʝʥʥʷ ʢʘʨʙʽʜʥʠʭ ʬʘʟ ʫ ʚʠʛʣʷʜʽ 

ʧʨʦʰʘʨʢʽʚ ʧʦ ʛʨʘʥʠʮʷʭ ʘʫʩʪʝʥʽʪʥʠʭ ʟʝʨʝʥ, ʨʘʟʦʤ ʽʟ ʮʠʤ ʫ ʚʩʽʭ ʚʠʧʘʜʢʘʭ ʫ ʩʪʨʫʢʪʫʨʽ 

ʚʠʷʚʣʝʥʦ ʤʘʨʛʘʥʮʝʚʠʡ ʘʫʩʪʝʥʽʪ, ʘ ʧʦʢʨʠʪʪʷ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʟʜʘʪʥʽʩʪʶ ʜʦ ʥʘʢʣʝʧʫ. 

7. ɺʧʝʨʰʝ ʜʦʩʣʽʜʞʝʥʦ ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ ʬʦʨʤʫʚʘʥʥʷ ʩʪʨʫʢʪʫʨʠ ʪʘ ʬʘʟʦʚʦʛʦ 

ʩʢʣʘʜʫ ʩʧʣʘʚʽʚ ʜʣʷ ʥʘʧʣʘʚʣʝʥʥʷ ʥʘ ʦʩʥʦʚʽ Fe, ʣʝʛʦʚʘʥʦʛʦ ʝʢʚʽʤʦʣʷʨʥʠʤʠ ʢʽʣʴʢʦʩʪʷʤʠ 

ʢʘʨʙʽʜʽʚ ʫ ʢʦʤʙʽʥʘʮʽʷʭ NbC, NbC+Mo2C, NbC+Mo2C+TiC ʪʘ NbC+Mo2C+TiC+VC ʪʘ 

ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʪʘʢʝ ʣʝʛʫʚʘʥʥʷ ʧʨʠʟʚʦʜʠʪʴ, ʚʽʜʧʦʚʽʜʥʦ, ʜʦ ʬʦʨʤʫʚʘʥʥʷ: ʩʪʘʙʽʣʴʥʦʾ 

ʢʘʨʙʽʜʥʦʾ ɻʎʂ ʬʘʟʠ, ʨʦʟʯʠʥʫ (Nb,Mo)ʉ, ʷʢʠʡ ʩʧʽʚʽʩʥʫʻ ʽʟ ʢʘʨʙʽʜʦʤ M6C, ʨʦʟʯʠʥʫ 

(Nb0.3Ti0.3Mo0.3)ʉ ʪʘ ʨʦʟʯʠʥʫ (Nb,Ti,Mo,V)ʉ, ʷʢʠʡ ʩʧʽʚʽʩʥʫʻ ʽʟ ɖ-ʢʘʨʙʽʜʦʤ, ʱʦ 

ʜʦʟʚʦʣʠʣʦ ʦʪʨʠʤʘʪʠ ʨʦʟʯʠʥ (Nb0.3Ti0.3Mo0.3)ʉ ʫ ʚʠʛʣʷʜʽ ʘʨʤʽʚʥʦʾ ʬʘʟʠ ʜʣʷ 

ʤʘʨʛʘʥʮʝʚʦʛʦ ʘʫʩʪʝʥʽʪʫ ʪʘ ʨʦʟʨʦʙʠʪʠ ʩʧʣʘʚ ʜʣʷ ʥʘʧʣʘʚʣʝʥʥʷ ʩʢʣʘʜʫ 

360ɻ15ʄ6ɹ6ʊ3ʉ3ʌ, ʷʢʠʡ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʨʽʚʥʝʤ ʪʚʝʨʜʦʩʪʽ: 47 HRC ï ʫ ʚʠʭʽʜʥʦʤʫ 

ʩʪʘʥʽ ʪʘ 57 HRC ʧʽʩʣʷ ʜʝʬʦʨʤʘʮʽʡʥʦʛʦ ʟʤʽʮʥʝʥʥʷ, ʘ ʪʘʢʦʞ ʘʙʨʘʟʠʚʥʦʶ 

ʟʥʦʩʦʪʨʠʚʢʽʩʪʶ, ʥʘ ʨʽʚʥʽ ʧʦʢʨʠʪʪʽʚ, ʥʘʧʣʘʚʣʝʥʠʭ ʩʝʨʽʡʥʠʤʠ ʚʠʩʦʢʦʭʨʦʤʠʩʪʠʤʠ 

ʩʧʣʘʚʘʤʠ ʊï620, ʧʦʨʷʜ ʽʟ ʫʜʘʨʦʪʨʠʚʢʽʩʪʶ ʚʠʱʦʶ, ʧʦʨʽʚʥʷʥʦ ʟ ʥʠʤʠ, ʥʘ ʧʦʨʷʜʦʢ.   

8. ɺʧʝʨʰʝ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʚʚʝʜʝʥʥʷ ʜʦ ʩʢʣʘʜʫ ʰʠʭʪʠ ʧʦʨʦʰʢʦʚʠʭ ʝʣʝʢʪʨʦʜʽʚ, 

ʷʢʽ ʟʘʙʝʟʧʝʯʫʶʪʴ ʬʦʨʤʫʚʘʥʥʷ ʫ ʧʦʢʨʠʪʪʽ ʩʪʨʫʢʪʫʨʠ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʦʾ ʩʪʘʣʽ 

ʨʝʘʢʮʽʡʥʦʾ ʩʫʤʽʰʽ Mo+B4C ʽʟ ʝʢʚʽʤʦʣʷʨʥʦʶ ʢʽʣʴʢʽʩʪʶ Mo ʪʘ B ʧʨʠʟʚʦʜʠʪʴ ʜʦ in-situ 

ʬʦʨʤʫʚʘʥʥʷ ʫ ʧʨʦʮʝʩʽ ʥʘʧʣʘʚʣʝʥʥʷ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʥʘ ʦʩʥʦʚʽ ʪʫʛʦʧʣʘʚʢʠʭ 

ʧʦʪʨʽʡʥʠʭ ʙʦʨʠʜʽʚ Mo2(Fe0.75Mn0.25)B2 ʫ ʚʠʛʣʷʜʽ ʬʘʟ ʽʟ ʦʛʨʘʥʝʥʦʶ ʬʦʨʤʦʶ, ʨʦʟʤʽʨʘʤʠ 

ʚʽʜ 5 ʜʦ 30 ʤʢʤ ʪʘ ʤʽʢʨʦʪʚʝʨʜʽʩʪʶ ~23 ɻʇʘ, ʥʘʷʚʥʽʩʪʴ ʷʢʠʭ ʫ ʢʽʣʴʢʦʩʪʽ ~30 ʦʙ. % 

ʜʦʟʚʦʣʷʻ ʟʘʙʝʟʧʝʯʠʪʠ ʪʚʝʨʜʽʩʪʴ 63ï65 HRC (ʪʠʧ ʥʘʧʣʘʚʣʝʥʦʛʦ ʤʝʪʘʣʫ 70ʄ24ɻ13ʈ3) 
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ʪʘ ʘʙʨʘʟʠʚʥʫ ʟʥʦʩʦʪʨʠʚʢʽʩʪʴ ʥʘʧʣʘʚʣʝʥʠʭ ʧʦʢʨʠʪʪʽʚ, ʥʘ ʨʽʚʥʽ ʧʦʢʨʠʪʪʽʚ ʦʜʝʨʞʘʥʠʭ 

ʰʣʷʭʦʤ ʥʘʧʣʘʚʣʝʥʥʷ ʩʝʨʽʡʥʠʤʠ ʚʦʣʴʬʨʘʤʦʚʠʤʠ ʩʧʣʘʚʘʤʠ ʩʠʩʪʝʤ WC-Ni ʪʘ WC-Fe. 

ʇʨʘʢʪʠʯʥʘ ʮʽʥʥʽʩʪʴ ʦʜʝʨʞʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ. 

1. ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʧʨʦʚʝʜʝʥʠʭ ʪʝʦʨʝʪʠʯʥʠʭ ʪʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ, 

ʘ ʪʘʢʦʞ ʩʪʝʥʜʦʚʠʭ ʪʘ ʧʨʦʤʠʩʣʦʚʠʭ ʚʠʧʨʦʙʫʚʘʥʴ ʙʫʣʦ ʨʦʟʨʦʙʣʝʥʦ ʪʘ ʚʧʨʦʚʘʜʞʝʥʦ ʫ 

ʚʠʨʦʙʥʠʮʪʚʦ ʥʘ ʙʘʟʽ ʊʟʆɺ ʄʅɺʎ ñɽʧʩʽʣʦʥ ʃʊɼò ʜʚʘ ʪʠʧʠ ʥʦʚʠʭ ʧʦʨʦʰʢʦʚʠʭ 

ʝʣʝʢʪʨʦʜʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʩʢʣʘʜʫ 360ɻ15ʄ6ɹ6ʊ3ʉ3ʌ (ʤʘʨʢʘ ʉʇ-ʂʈ-1-1ʂ) ʪʘ 

70ʄ24ɻ13ʈ3 (ʤʘʨʢʘ ʉʇ-ʂʈ-1-1ɹ) ʜʣʷ ʥʘʧʣʘʚʣʝʥʥʷ (ʫ ʚʠʛʣʷʜʽ ʜʨʦʪʽʚ ʪʘ ʩʪʨʽʯʦʢ) ʪʘ 

ʪʝʭʥʦʣʦʛʽʶ ʥʘʥʝʩʝʥʥʷ ʧʦʢʨʠʪʪʽʚ.  

2. ɿʥʦʩʦʪʨʠʚʢʝ ʥʘʧʣʘʚʣʝʥʥʷ ʨʦʟʨʦʙʣʝʥʠʤ ʩʧʣʘʚʦʤ 360ɻ15ʄ6ɹ6ʊ3ʉ3ʌ 

ʘʧʨʦʙʦʚʘʥʦ ʪʘ ʚʧʨʦʚʘʜʞʝʥʦ ʥʘ ʧʽʜʧʨʠʻʤʩʪʚʘʭ, ʟʦʢʨʝʤʘ ʥʘ çɸʊ ɯʚʘʥʦ-ʌʨʘʥʢʽʚʩʴʢʠʡ 

ʣʦʢʦʤʦʪʠʚʦʨʝʤʦʥʪʥʠʡ ʟʘʚʦʜè ʜʣʷ ʚʽʜʥʦʚʣʝʥʥʷ ʨʦʙʦʯʠʭ ʧʦʚʝʨʭʦʥʴ ʘʚʪʦʟʯʝʧʽʚ ʉɸï3, 

ʇʨɸʊ çʇʦʙʝʨʝʞʩʴʢʠʡ ʟʘʚʦʜ ʧʨʝʩʦʚʠʭ ʘʛʨʝʛʘʪʽʚè ʟ ʤʝʪʦʶ ʨʝʩʪʘʚʨʘʮʽʾ ʟʘʤʢʽʚ 

ʙʫʨʠʣʴʥʠʭ ʪʨʫʙ ʤʘʨʢʠ ɿʇʂ-127 (D=127 ʤʤ ʟʘ ɻʆʉʊ ʈ 50864-96), ʘ ʪʘʢʦʞ ʜʣʷ 

ʨʝʩʪʘʚʨʘʮʽʾ ʨʦʙʦʯʠʭ ʧʦʚʝʨʭʦʥʴ ʨʦʪʦʨʽʚ ʜʨʦʙʘʨʦʢ PULVOMATIC ʤʦʜʝʣʽ 1145 ʽʟ 

ʚʠʨʦʙʥʠʮʪʚʘ ʱʝʙʥʶ. 

3. ʈʦʟʨʦʙʣʝʥʠʡ ʩʧʣʘʚ 70ʄ24ɻ13ʈ3 ʙʫʣʦ ʟʘʩʪʦʩʦʚʘʥʦ ʜʣʷ ʟʤʽʮʥʝʥʥʷ ʢʦʨʧʫʩʽʚ 

ʢʦʥʽʯʥʠʭ ʨʽʟʮʽʚ ʛʽʨʥʠʯʠʭ ʤʘʰʠʥ ʪʘ ʜʦʨʦʞʥʽʭ ʬʨʝʟ Wirtgen 1000 DC (çʂʇ 

ʄʫʥʽʮʠʧʘʣʴʥʘ ʜʦʨʦʞʥʷ ʢʦʤʧʘʥʽʷè), ʟʫʙʽʚ ʝʢʩʢʘʚʘʪʦʨʽʚ JCB, ʚʠʛʦʪʦʚʣʝʥʠʭ ʽʟ ʩʪʘʣʽ 

ɻʘʜʬʽʣʴʜʘ, ʘ ʪʘʢʦʞ ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ ʙʘʣʽʩʪʠʯʥʦʾ ʩʪʽʡʢʦʩʪʽ ʙʨʦʥʝʧʣʘʩʪʠʥ ʜʣʷ ʟʘʭʠʩʪʫ 

ʦʩʦʙʦʚʦʛʦ ʩʢʣʘʜʫ ʽʟ ʩʪʘʣʽ ArmoxÈ 440T ʚʽʜʧʦʚʽʜʥʦ ʜʦ 4-ʛʦ ʢʣʘʩʫ ʟʘʭʠʩʪʫ. 

4. ʈʦʟʨʦʙʣʝʥʦ ʙʘʟʫ ʜʘʥʠʭ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʬʫʥʢʮʽʡ (ʬʦʨʤʘʪ TDB) 

ʙʘʛʘʪʦʢʦʤʧʦʥʝʪʥʠʭ ʩʠʩʪʝʤ Fe-Ti-Nb-Mo-V-Mn-Si-C ʪʘ Fe-Mn-Mo-B-C, ʷʢʘ 

ʽʥʪʝʛʨʫʻʪʴʩʷ ʫ ʩʫʯʘʩʥʽ ʢʦʤʝʨʮʽʡʥʽ (Thermo-ʉalc) ʪʘ ʥʝʢʦʤʝʨʮʽʡʥʽ (OpenCalphad) 

ʧʨʦʛʨʘʤʥʽ ʟʘʩʦʙʠ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʜʽʘʛʨʘʤ ʬʘʟʦʚʦʾ ʨʽʚʥʦʚʘʛʠ.  

5. ʈʦʟʨʦʙʣʝʥʦ ʧʨʠʩʪʨʦʾ ʪʘ ʤʝʪʦʜʠ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʘʙʨʘʟʠʚʥʦʾ ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ ʟʘ 

ʫʤʦʚ ʛʘʟʦʘʙʨʘʟʠʚʥʦʛʦ ʟʥʦʰʫʚʘʥʥʷ ʪʘ ʟʥʦʰʫʚʘʥʥʷ ʧʦ ʟʘʢʨʽʧʣʝʥʦʤʫ ʪʘ ʥʝʟʘʢʨʽʧʣʝʥʦʤʫ 

ʘʙʨʘʟʠʚʫ, ʷʢʽ ʟʘʭʠʱʝʥʦ ʧʘʪʝʥʪʘʤʠ ʋʢʨʘʾʥʠ (ˉ 119278, ˉ 122253, ˉ 122254, ˉ 

139773, ˉ126751, ˉ125009). 



 

 

38 

6. ʈʝʟʫʣʴʪʘʪʠ ʜʠʩʝʨʪʘʮʽʡʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʚʧʨʦʚʘʜʞʝʥʦ ʫ ʥʘʚʯʘʣʴʥʠʡ ʧʨʦʮʝʩ 

ɯʌʅʊʋʅɻ ʜʣʷ ʧʽʜʛʦʪʦʚʢʠ ʙʘʢʘʣʘʚʨʽʚ ʟʽ ʩʧʝʮʽʘʣʴʥʦʩʪʽ 131 ʇʨʠʢʣʘʜʥʘ ʤʝʭʘʥʽʢʘ 

(ʜʠʩʮʠʧʣʽʥʘ çʄʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʦè) ʪʘ ʜʦʢʪʦʨʽʚ ʬʽʣʦʩʦʬʽʾ ʟʽ ʩʧʝʮʽʘʣʴʥʦʩʪʽ 132 

ʄʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʦ (ʜʠʩʮʠʧʣʽʥʠ çʄʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʦè ʪʘ çʇʦʨʦʰʢʦʚʘ ʤʝʪʘʣʫʨʛʽʷè).  

ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ.  

ʇʨʠ ʧʨʦʚʝʜʝʥʥʽ ʜʦʩʣʽʜʞʝʥʴ, ʨʝʟʫʣʴʪʘʪʠ ʷʢʠʭ ʦʧʫʙʣʽʢʦʚʘʥʦ ʫ ʩʧʽʚʘʚʪʦʨʩʪʚʽ, 

ʘʚʪʦʨʫ ʥʘʣʝʞʘʪʴ: ʬʦʨʤʫʣʶʚʘʥʥʷ ʟʘʚʜʘʥʴ ʜʦʩʣʽʜʞʝʥʥʷ [1,2,6,8,10,27, 

33,35,36,38,39,46], ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʦʩʣʽʜʥʠʭ ʟʨʘʟʢʽʚ ʪʘ ʧʨʦʚʝʜʝʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʽʚ [5,15, 

17,20,31,32,49], ʘʥʘʣʽʟ ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ ʪʘ ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ [2,7,11,19,24,26,40,43,44], 

ʦʙˇʨʫʥʪʫʚʘʥʥʷ ʧʣʘʥʽʚ ʝʢʩʧʝʨʠʤʝʥʪʽʚ [6,13,22,25,27,34,37,47,], ʧʨʦʚʝʜʝʥʥʷ 

ʨʦʟʨʘʭʫʥʢʽʚ [3,14,18,21,28,29,41,50,51], ʘʥʘʣʽʟ, ʽʥʪʝʨʧʨʝʪʘʮʽʷ ʪʘ ʩʠʩʪʝʤʘʪʠʟʘʮʽʷ 

ʨʝʟʫʣʴʪʘʪʽʚ [4,7,16,25,26,28,40,42,45,48], ʬʦʨʤʫʣʶʚʘʥʥʷ ʚʠʩʥʦʚʢʽʚ [5,9,19,12,23, 

30,40,41]. 

ɿʜʦʙʫʚʘʯ ʚʠʩʣʦʚʣʶʻ ʛʣʠʙʦʢʫ ʧʦʜʷʢʫ ʈʦʧôʷʢʫ ʃʶʙʦʤʠʨʫ ʗʨʦʩʣʘʚʦʚʠʯʫ, 

ʜʦʢʪʦʨʫ ʪʝʭʥʽʯʥʠʭ ʥʘʫʢ, ʧʨʦʬʝʩʦʨʫ, ʧʨʦʬʝʩʦʨʫ ʢʘʬʝʜʨʠ ʢʦʤʧôʶʪʝʨʠʟʦʚʘʥʦʛʦ 

ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ ɯʚʘʥʦ-ʌʨʘʥʢʽʚʩʴʢʦʛʦ ʥʘʮʽʦʥʘʣʴʥʦʛʦ ʪʝʭʥʽʯʥʦʛʦ ʫʥʽʚʝʨʩʠʪʝʪʫ 

ʥʘʬʪʠ ʽ ʛʘʟʫ ʟʘ ʢʦʥʩʫʣʴʪʫʚʘʥʥʷ ʪʘ ʚʩʝʙʽʯʥʫ ʧʽʜʪʨʠʤʢʫ ʧʽʜ ʯʘʩ ʧʽʜʛʦʪʦʚʢʠ ʜʠʩʝʨʪʘʮʽʾ. 

ɸʚʪʦʨ ʚʠʩʣʦʚʣʶʻ ʚʜʷʯʥʽʩʪʴ ʟʘ ʜʦʧʦʤʦʛʫ ʫ ʧʨʦʚʝʜʝʥʥʽ ʩʧʽʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʤʝʪʦʜʦʤ 

ʝʣʝʢʪʨʦʥʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ ʜ.ʪ.ʥ., ʩ.ʥ.ʩ. ʉ.ɸ. ʂʦʨʥʽʶ , ʜ.ʪ.ʥ., ʩ.ʥ.ʩ., ɺ.ɸ. ɺʠʥʘʨʶ ʪʘ ʢ.ʪ.ʥ., 

ʤ.ʥ.ʩ. ʄ.ʗ. ɻʦʣʦʚʯʫʢʫ; ʤʝʩʩʙʘʫʝʨʽʚʩʴʢʦʾ ʩʧʝʢʪʨʦʩʢʦʧʽʾ ï ʜ.ʬ-ʤ.ʥ., ʧʨʦʬ. ɺ.ʆ. 

ʂʦʮʶʙʠʥʩʴʢʦʤʫ; ʨʝʥʪʛʝʥʽʚʩʴʢʦʛʦ ʬʘʟʦʚʦʛʦ ʘʥʘʣʽʟʫ ï ʢ.ʭ.ʥ. ɺ.ɺ. ɹʝʨʝʟʦʚʮʶ, 

ʧʨʦʚʝʜʝʥʥʷ ʪʝʦʨʝʪʠʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʚʠʩʦʢʦʧʨʦʜʫʢʪʠʚʥʦʛʦ 

ʢʣʘʩʪʝʨʘ ï PhD, Di Tommaso D. ɺʠʛʦʪʦʚʣʝʥʥʷ ʜʦʩʣʽʜʥʠʭ ʪʘ ʧʨʦʤʠʩʣʦʚʠʭ ʟʨʘʟʢʽʚ 

ʝʣʝʢʪʨʦʜʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʜʣʷ ʥʘʥʝʩʝʥʥʷ ʧʦʢʨʠʪʪʽʚ ʧʨʦʚʦʜʠʣʦʩʴ ʩʧʽʣʴʥʦ ʽʟ ʢ.ʪ.ʥ. ʃ.ɼ 

ʃʫʮʘʢʦʤ, ʚʠʟʥʘʯʝʥʥʷ ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ ʟʘ ʫʤʦʚ ʘʙʨʘʟʠʚʥʦʛʦ ʟʥʦʰʫʚʘʥʥʽ ï ʢ.ʪ.ʥ. 

ʃʫʮʘʢʦʤ ɼ.ʃ. ʪʘ ʜʦʮ. ɹʫʨʜʦʶ ʄ.ʁ. ɸʚʪʦʨ ʚʠʩʣʦʚʣʶʻ ʚʜʷʯʥʽʩʪʴ ʢʦʣʝʢʪʠʚʫ ʊʟʆɺ 

ʄʽʞʛʘʣʫʟʝʚʠʡ ʥʘʫʢʦʚʦ-ʚʠʨʦʙʥʠʯʠʡ ʮʝʥʪʨ çɽʧʩʽʣʦʥ ʃʊɼè ʪʘ ʜʠʨʝʢʪʦʨʫ ʢ.ʪ.ʥ. 

ʇʠʣʠʧʯʝʥʢʫ ʆ.ɺ. ʟʘ ʥʘʜʘʥʥʷ ʧʨʘʢʪʠʯʥʠʭ ʪʘ ʤʝʪʦʜʠʯʥʠʭ ʨʝʢʦʤʝʥʜʘʮʽʡ, ʦʙʣʘʜʥʘʥʥʷ 

ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʝʣʝʢʪʨʦʜʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʪʘ ʧʨʦʚʝʜʝʥʥʷ ʜʦʩʣʽʜʥʦʛʦ ʪʘ ʧʨʦʤʠʩʣʦʚʦʛʦ 

ʥʘʧʣʘʚʣʝʥʥʷ.  
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ɸʧʨʦʙʘʮʽʷ ʨʝʟʫʣʴʪʘʪʽʚ ʜʠʩʝʨʪʘʮʽʾ. 

ʆʩʥʦʚʥʽ ʨʝʟʫʣʴʪʘʪʠ ʜʠʩʝʨʪʘʮʽʾ ʜʦʧʦʚʽʜʘʣʠʩʷ, ʦʙʛʦʚʦʨʶʚʘʣʠʩʷ ʪʘ ʦʪʨʠʤʘʣʠ 

ʧʦʟʠʪʠʚʥʫ ʦʮʽʥʢʫ ʥʘ ʚʽʪʯʠʟʥʷʥʠʭ ʪʘ ʤʽʞʥʘʨʦʜʥʠʭ ʢʦʥʬʝʨʝʥʮʽʷʭ: çʄʘʰʠʥʠ, 

ʦʙʣʘʜʥʘʥʥʷ ʽ ʤʘʪʝʨʽʘʣʠ ʜʣʷ ʥʘʨʦʱʫʚʘʥʥʷ ʚʽʪʯʠʟʥʷʥʦʛʦ ʚʠʜʦʙʫʪʢʫ ʪʘ ʜʠʚʝʨʩʠʬʽʢʘʮʽʾ 

ʧʦʩʪʘʯʘʥʥʷ ʥʘʬʪʠ ʽ ʛʘʟʫè (ɯʚʘʥʦ-ʌʨʘʥʢʽʚʩʴʢ, 2016); çNDT Days 2016 çXXXI  

International Conference ĂDefectoscopiaô16òè (Sozopol, 2016.); çʇʽʜʚʠʱʝʥʥʷ ʥʘʜʽʡʥʦʩʪʽ 

ʤʘʰʠʥ ʽ ʦʙʣʘʜʥʘʥʥʷè (ʂʽʨʦʚʦʛʨʘʜ, 2016, 2018); çX Miňdzynarodowa konferencja 

techniki urabianiaè (Krak·w, 2017); çʀʥʞʝʥʝʨʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʨʝʥʥʦʚʘʮʠʷ ʠʟʜʝʣʠʡè 

(ʉʚʘʣʷʚʘ, 2018); çʇʽʜʚʠʱʝʥʥʷ ʥʘʜʽʡʥʦʩʪʽ ʤʘʰʠʥ ʽ ʦʙʣʘʜʥʘʥʥʷ. Increase of Machine and 

Equipment Reliabilityè (ʂʨʦʧʠʚʥʠʮʴʢʠʡ, 2019); ç17th International Freik Conference on 

Physics and Technology of Thin Films and Nanosystems, ICPTTFNè (ɯʚʘʥʦ-ʌʨʘʥʢʽʚʩʴʢ, 

2019); çʀʥʞʝʥʝʨʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʨʝʥʦʚʘʮʠʷ ʠʟʜʝʣʠʡè (ʂʠʾʚ, 2020); çITTAP 2021 The 

1st International Workshop on Information Technologies: Theoretical and Applied 

Problems 2021è, (ʊʝʨʥʦʧʽʣʴ, 2021); çHERVICON+PUMPS-2020è (ʉʫʤʠ, 2020); 1-ʰʘ 

ʚʽʨʪʫʘʣʴʥʘ ʄʽʞʥʘʨʦʜʥʘ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʘ ʢʦʥʬʝʨʝʥʮʽʷ çʇʦʰʢʦʜʞʝʥʥʷ ʤʘʪʝʨʽʘʣʽʚ ʧʽʜ 

ʯʘʩ ʝʢʩʧʣʫʘʪʘʮʽʾ, ʤʝʪʦʜʠ ʡʦʛʦ ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ ʽ ʧʨʦʛʥʦʟʫʚʘʥʥʷè (ʊʝʨʥʦʧʽʣʴ, 2021); 

çɸʢʪʫʘʣʴʥʽ ʥʘʧʨʷʤʠ ʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʘ: ʟʙʽʣʴʰʝʥʥʷ ʨʝʩʫʨʩʫ ʢʦʥʩʪʨʫʢʮʽʡ ʥʘ ʦʩʥʦʚʽ 

ʢʦʥʚʝʨʛʝʥʮʽʾ ʩʫʯʘʩʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʦʙʨʦʙʢʠ ʤʘʪʝʨʽʘʣʽʚè (ʍʘʨʢʽʚ, 2020). çʄʘʪʝʨʽʘʣʠ ʪʘ 

ʪʝʭʥʦʣʦʛʽʾ ʚ ʽʥʞʝʥʝʨʽʾ (MTɯ-2023): ʽʥʞʝʥʝʨʽʷ, ʤʘʪʝʨʽʘʣʠ, ʪʝʭʥʦʣʦʛʽʾ, ʪʨʘʥʩʧʦʨʪè 

(ʃʫʮʴʢ, 2023).  

ʇʫʙʣʽʢʘʮʽʾ. ɿʘ ʪʝʤʦʶ ʜʠʩʝʨʪʘʮʽʾ ʦʧʫʙʣʽʢʦʚʘʥʦ 51 ʥʘʫʢʦʚʘ ʧʨʘʮʽ, ʽʟ ʥʠʭ 28 ʩʪʘʪʝʡ  

ʫ ʥʘʫʢʦʚʠʭ ʧʝʨʽʦʜʠʯʥʠʭ ʚʠʜʘʥʥʷʭ ʋʢʨʘʾʥʠ ʪʘ ʽʥʰʠʭ ʢʨʘʾʥ, ʽʟ ʷʢʠʭ 15 ʫ ʚʠʜʘʥʥʷʭ, ʱʦ 

ʽʥʜʝʢʩʫʶʪʴʩʷ ʫ ʥʘʫʢʦʤʝʪʨʠʯʥʠʭ ʙʘʟʘʭ Scopus ʪʘ (ʘʙʦ) Web of Science, 2 ʨʦʟʜʽʣʠ ʫ 

ʢʦʣʝʢʪʠʚʥʠʭ ʤʦʥʦʛʨʘʬʽʷʭ, 4 ʪʝʟʠ ʢʦʥʬʝʨʝʥʮʽʡ, ʱʦ ʽʥʜʝʢʩʫʶʪʴʩʷ ʫ Scopus 10 ï 

ʤʘʪʝʨʽʘʣʽʚ ʪʘ ʪʝʟ ʜʦʧʦʚʽʜʝʡ ʥʘ ɺʩʝʫʢʨʘʾʥʩʴʢʠʭ ʪʘ ʤʽʞʥʘʨʦʜʥʠʭ ʢʦʥʬʝʨʝʥʮʽʷʭ, 6 

ʧʘʪʝʥʪʽʚ ʋʢʨʘʾʥʠ ʥʘ ʚʠʥʘʭʽʜ, 1 ï ʧʘʪʝʥʪ ʋʢʨʘʾʥʠ ʥʘ ʢʦʨʠʩʥʫ ʤʦʜʝʣʴ.  

ʉʪʨʫʢʪʫʨʘ ʽ ʦʙʩʷʛ ʨʦʙʦʪʠ. ɼʠʩʝʨʪʘʮʽʷ ʩʢʣʘʜʘʻʪʴʩʷ ʟʽ ʚʩʪʫʧʫ, 7 ʨʦʟʜʽʣʽʚ, ʷʢʽ 

ʤʽʩʪʷʪʴ 185 ʨʠʩʫʥʢʽʚ ʪʘ 17 ʪʘʙʣʠʮʴ, ʟʘʛʘʣʴʥʠʭ ʚʠʩʥʦʚʢʽʚ, ʘ ʪʘʢʦʞ ʩʧʠʩʢʫ 

ʚʠʢʦʨʠʩʪʘʥʠʭ ʜʞʝʨʝʣ ʽʟ 303 ʥʘʡʤʝʥʫʚʘʥʴ ʪʘ ʜʦʜʘʪʢʽʚ. ʆʙʩʷʛ ʦʩʥʦʚʥʦʛʦ ʪʝʢʩʪʫ 

ʜʠʩʝʨʪʘʮʽʾ ʩʪʘʥʦʚʠʪʴ 309 ʩʪʦʨʽʥʦʢ, ʘ ʧʦʚʥʠʡ ʦʙʩʷʛ ʨʦʙʦʪʠ ï 384 ʩʪʦʨʽʥʢʠ. 
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ʈʆɿɼɯʃ 1 

ɸʅɸʃɯɿ Cʋʏɸʉʅʀʍ ʄɸʊɽʈɯɸʃɯɺ ʊɸ ʊɽʍʅʆʃʆɻɯʁ ɰʍ 

ʅɸʇʃɸɺʃɽʅʅʗ ɼʃʗ ʆʊʈʀʄɸʅʅʗ ɿʅʆʉʆ- ʊɸ ʋɼɸʈʆʊʈʀɺʂʀʍ 

ʇʆʂʈʀʊʊɯɺ ʅɸ ʆʉʅʆɺɯ ɺʀʉʆʂʆʄɸʈɻɸʅʎɽɺʀʍ ʉʊɸʃɽʁ ɯ 

ʇɽʈʉʇɽʂʊʀɺʅʀʍ ʉʀʉʊɽʄʀ ɰʍ ʃɽɻʋɺɸʅʅʗ 

ɸʥʘʣʽʟ ʦʩʥʦʚʥʠʭ ʩʫʯʘʩʥʠʭ ʥʘʧʨʷʤʢʽʚ ʽʥʞʝʥʝʨʽʾ ʧʦʚʝʨʭʥʽ ʩʧʨʷʤʦʚʘʥʠʭ ʥʘ 

ʧʽʜʚʠʱʝʥʥʷ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʪʘʣʝʚʠʭ ʧʦʚʝʨʭʦʥʴ, ʷʢʽ ʧʨʘʮʶʶʪʴ ʫ 

ʩʢʣʘʜʥʠʭ ʫʤʦʚʘʭ, ʚʠʢʣʠʢʘʥʠʭ ʘʙʨʘʟʠʚʥʠʤ ʟʥʦʰʫʚʘʥʥʷʤ ʟʘ ʟʥʘʯʥʠʭ ʫʜʘʨʥʠʭ 

ʥʘʚʘʥʪʘʞʝʥʴ ʧʦʢʘʟʫʻ, ʱʦ ʝʣʝʢʪʨʦʜʫʛʦʚʝ ʥʘʧʣʘʚʣʝʥʥʷ ʧʦʢʨʠʪʪʽʚ ʽʟ ʚʠʩʦʢʦʣʝʛʦʚʘʥʠʭ 

ʩʧʣʘʚʽʚ ʟʘʣʠʰʘʻʪʴʩʷ ʦʜʥʠʤ ʽʟ ʥʘʡʙʽʣʴʰ ʝʬʝʢʪʠʚʥʠʭ, ʨʝʥʪʘʙʝʣʴʥʠʭ ʪʘ ʪʝʭʥʦʣʦʛʽʯʥʦ 

ʛʥʫʯʢʠʭ ʤʝʪʦʜʽʚ ʟʘʙʝʟʧʝʯʝʥʥʷ ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ [1,2]. ʇʦʰʠʨʝʥʠʤ ʧʽʜʭʦʜʦʤ ʫ 

ʨʦʟʨʦʙʣʝʥʥʽ ʝʣʝʢʪʨʦʜʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʜʣʷ ʥʘʧʣʘʚʣʝʥʥʷ, ʻ ʚʠʙʽʨ ʾʭ ʩʠʩʪʝʤ ʣʝʛʫʚʘʥʥʷ ʽʟ 

ʤʽʨʢʫʚʘʥʴ ʟʘʙʝʟʧʝʯʝʥʥʷ ʝʣʝʤʝʥʪʥʦʛʦ ʩʢʣʘʜʫ ʽʜʝʥʪʠʯʥʦʛʦ ʜʦ ʙʘʟʦʚʠʭ ʩʪʘʣʝʡ [3] 

(ʰʚʠʜʢʦʨʽʞʫʯʠʭ, ʪʠʧʫ Hardox, ʞʘʨʦ-, ʢʦʨʦʟʽʡʥʦ-,  ʟʥʦʩʦʪʨʠʚʢʠʭ ʪʘ ʽʥ.). ʎʝ ʜʦʟʚʦʣʷʻ 

ʟʘʙʝʟʧʝʯʠʪʠ ʽʜʝʥʪʠʯʥʠʡ ʝʣʝʤʝʥʪʥʠʡ ʩʢʣʘʜ ʧʦʢʨʠʪʪʷ ʪʘ ʦʩʥʦʚʠ, ʦʜʥʘʢ ʚʨʘʭʦʚʫʶʯʠ 

ʩʧʝʮʠʬʽʢʫ ʩʪʨʫʢʪʫʨʦʫʪʚʦʨʝʥʥʷ ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ, ʦʧʪʠʤʘʣʴʥʠʡ ʨʽʚʝʥʴ ʡʦʛʦ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʤʦʞʝ ʙʫʪʠ ʟʘʙʝʟʧʝʯʝʥʠʡ ʣʠʰʝ ʟʘ ʫʤʦʚ ʧʨʦʚʝʜʝʥʥʷ ʥʝʦʙʭʽʜʥʦʾ ʪʝʨʤʽʯʥʦʾ 

ʦʙʨʦʙʢʠ, ʷʢʘ ʥʝ ʟʘʚʞʜʠ ʙʫʜʝ ʦʧʪʠʤʘʣʴʥʦʶ ʜʣʷ ʦʩʥʦʚʥʦʛʦ ʤʘʪʝʨʽʘʣʫ. ʗʩʢʨʘʚʠʤ 

ʧʨʠʢʣʘʜʦʤ ʮʴʦʛʦ, ʻ ʥʘʧʣʘʚʣʝʥʥʷ ʩʝʨʽʡʥʠʤʠ ʝʣʝʢʪʨʦʜʥʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ ʥʘ ʦʩʥʦʚʽ 

ʰʚʠʜʢʦʨʽʞʫʯʦʾ ʩʪʘʣʽ ï OK Tooltrode 60 ʙʨʝʥʜʫ ESAB [4] ʪʘ ʾʭ ʘʥʘʣʦʛʘʤʠ ʽʥʰʠʭ ʙʨʝʥʜʽʚ, 

ʷʢʝ ʧʦʨʷʜ ʽʟ ʩʫʧʫʪʥʽʤ ʥʘʛʨʽʚʘʥʥʷʤ ʫ ʧʨʦʮʝʩʽ ʥʘʧʣʘʚʣʝʥʥʷ, ʚʠʤʘʛʘʻ ʥʝʦʙʭʽʜʥʦʾ ʜʣʷ 

ʰʚʠʜʢʦʨʽʞʫʯʠʭ ʩʪʘʣʝʡ ʪʝʨʤʦʦʙʨʦʙʢʠ, ʷʢʫ ʟʜʽʡʩʥʶʶʪʴ ʰʣʷʭʦʤ ʙʘʛʘʪʦʢʨʘʪʥʦʛʦ 

ʚʽʜʧʫʩʢʘʥʥʷ  ʥʘʧʣʘʚʣʝʥʦʛʦ ʧʦʢʨʠʪʪʷ. ʎʝ ʥʝʛʘʪʠʚʥʦ ʧʦʟʥʘʯʘʻʪʴʩʷ ʷʢ ʥʘ ʨʝʥʪʘʙʝʣʴʥʦʩʪʽ 

ʟʥʦʩʦʪʨʠʚʢʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ ʪʘʢ ʽ ʥʘ ʡʦʛʦ ʪʝʭʥʦʣʦʛʽʯʥʦʩʪʽ, ʦʩʦʙʣʠʚʦ ʫ ʚʠʧʘʜʢʫ 

ʚʝʣʠʢʦʛʘʙʘʨʠʪʥʠʭ ʜʝʪʘʣʝʡ. ɿ ʮʽʻʾ ʧʦʟʠʮʽʾ, ʥʘʧʣʘʚʣʝʥʥʷ ʫʜʘʨʦʩʪʽʡʢʠʭ ʧʦʢʨʠʪʪʽʚ 

ʤʘʪʝʨʽʘʣʘʤʠ ʘʥʘʣʦʛʽʯʥʠʤʠ ʟʘ ʭʽʤʽʯʥʠʤ ʩʢʣʘʜʦʤ ʜʦ ʙʘʟʦʚʠʭ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʠʭ ʩʪʘʣʝʡ 

ʤʘʻ ʩʫʪʪʻʚʽ ʧʝʨʝʚʘʛʠ, ʦʩʢʽʣʴʢʠ ʥʝʦʙʭʽʜʥʦʩʪʽ ʫ ʢʽʥʮʝʚʽʡ ʪʝʨʤʽʯʥʽʡ ʦʙʨʦʙʮʽ ʥʘʧʣʘʚʣʝʥʠʭ 

ʰʘʨʽʚ ʥʝʤʘʻ. ʆʜʥʘʢ, ʟʘ ʫʤʦʚ ʧʦʚʽʣʴʥʦʛʦ ʦʭʦʣʦʜʞʝʥʥʷ ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ, 

ʬʦʨʤʫʚʘʥʥʷ ʧʦʚʥʽʩʪʶ ʦʜʥʦʬʘʟʦʚʦʾ ʘʫʩʪʝʥʽʪʥʦʾ ʩʪʨʫʢʪʫʨʠ, ʦʧʪʠʤʘʣʴʥʦʾ ʜʣʷ 
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ʟʘʙʝʟʧʝʯʝʥʥʷ ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ ʥʝ ʟʘʚʞʜʠ ʜʦʩʷʛʘʻʪʴʩʷ, ʪʦʤʫ ʩʠʩʪʝʤʘ ʣʝʛʫʚʘʥʥʷ ʪʘʢʠʭ 

ʝʣʝʢʪʨʦʜʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʧʦʪʨʝʙʫʻ ʚʥʝʩʝʥʥʷ ʢʦʨʝʢʪʠʚ ʫ ʥʘʧʨʷʤʢʫ ʟʘʙʝʟʧʝʯʝʥʥʷ 

ʩʪʘʙʽʣʴʥʦʩʪʽ ʘʫʩʪʝʥʽʪʥʦʾ ʪʘ ʫʩʢʣʘʜʥʝʥʥʷ ʬʦʨʤʫʚʘʥʥʷ ʮʝʤʝʥʪʠʪʥʦʾ ʬʘʟ.  ɯʥʰʦʶ 

ʚʘʞʣʠʚʦʶ ʧʝʨʝʚʘʛʦʶ ʥʘʧʣʘʚʣʝʥʥʷ ʤʘʪʝʨʽʘʣʘʤʠ ʥʘ ʦʩʥʦʚʽ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʠʭ ʩʪʘʣʝʡ, 

ʟʦʢʨʝʤʘ ʫ ʚʠʛʣʷʜʽ ʧʦʨʦʰʢʦʚʠʭ ʩʪʨʽʯʦʢ, ʻ ʤʦʞʣʠʚʽʩʪʴ ʜʦʜʘʚʘʥʥʷ ʜʦ ʾʭ ʩʢʣʘʜʫ ʟʥʘʯʥʦʾ 

(ʜʦ 20 ʘʪ. %) ʢʽʣʴʢʦʩʪʽ ʢʘʨʙʽʜʦʫʪʚʦʨʶʶʯʠʭ ʪʘ/ʘʙʦ ʙʦʨʠʜʦʫʪʚʦʨʶʶʯʠʭ  ʝʣʝʤʝʥʪʽʚ, ʪʦʜʽ 

ʷʢ ʜʦʜʘʚʘʥʥʷ ʪʘʢʠʭ ʝʣʝʤʝʥʪʽʚ ʫ ʣʠʪʫ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʫ ʩʪʘʣʴ ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʧʦʛʽʨʰʝʥʥʷ ʣʠʚʘʨʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ, ʘʞ ʜʦ ʚʠʥʠʢʥʝʥʥʷ ʪʨʽʱʠʥ ʫ ʚʠʣʠʚʢʘʭ ʟʘ ʚʤʽʩʪʫ 

ʣʝʛʫʶʯʠʭ ʝʣʝʤʝʥʪʽʚ ʫ ʢʽʣʴʢʦʩʪʷʭ ʧʦʥʘʜ 1ï2 ʤʘʩ. % [5,6]. ʂʣʘʩʠʯʥʽ ʧʽʜʭʦʜʠ, ʷʢʽ 

ʧʦʣʷʛʘʶʪʴ ʫ ʧʦʻʜʥʘʥʥʽ ʚʠʩʦʢʦʭʨʦʤʠʩʪʠʭ ʪʘ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʠʭ ʩʧʣʘʚʽʚ, ʥʘʧʨʠʢʣʘʜ ʫ 

ʪʘʢʠʭ ʝʣʝʢʪʨʦʜʥʠʭ ʩʧʣʘʚʘʭ ʷʢ ʎʅ-11 (250ʍ10ɻ10), ʕʊʅ-2 (300ʍ7ɻ6ʉ), ʩʪʘʣʽʥʽʪ 

(350ʍ7ɻ7ʉ) ʥʝ ʟʘʙʝʟʧʝʯʫʶʪʴ ʚʠʩʦʢʦʛʦ ʨʽʚʥʷ ʫʜʘʨʦʩʪʽʡʢʦʩʪʽ ʪʘ ʜʝʬʦʨʤʘʮʽʡʥʦʛʦ 

ʟʤʽʮʥʝʥʥʷ ʯʝʨʝʟ ʥʘʷʚʥʽʩʪʴ ʞʦʨʩʪʢʦʛʦ ʢʘʨʢʘʩʫ ʽʟ ʝʚʪʝʢʪʠʢʠ ʥʘ ʦʩʥʦʚʽ ʢʘʨʙʽʜʽʚ M7C3, 

ʷʢʘ ʫʪʚʦʨʶʻ ʟʘʤʢʥʫʪʽ ʦʙôʻʤʠ ʽʟ ʘʫʩʪʝʥʽʪʥʦʶ ʬʘʟʦʶ ʪʘ ʦʙʤʝʞʫʻ ʧʨʦʩʪʽʨ ʜʣʷ ʾʾ 

ʟʤʽʮʥʝʥʥʷ ʰʣʷʭʦʤ ʜʝʬʦʨʤʘʮʽʾ. ɺʽʜʧʦʚʽʜʥʦ, ʟʘ ʫʤʦʚ ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʘʪʝʨʽʘʣʽʚ ʪʘʢʦʛʦ 

ʪʠʧʫ, ʩʫʪʪʻʚʦʾ ʨʽʟʥʠʮʽ ʤʽʞ ʪʚʝʨʜʽʩʪʶ ʫ ʚʠʭʽʜʥʦʤʫ ʪʘ ʥʘʢʣʝʧʘʥʦʤʫ ʩʪʘʥʽ ʜʣʷ 

ʥʘʧʣʘʚʣʝʥʠʭ ʰʘʨʽʚ ʥʝ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ.  

ʊʘʢʠʤ ʯʠʥʦʤ, ʜʣʷ ʧʦʚʝʨʭʥʝʚʠʭ ʰʘʨʽʚ ʥʘ ʦʩʥʦʚʽ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʠʭ ʩʪʘʣʝʡ 

ʥʘʡʙʽʣʴʰ ʩʧʨʠʷʪʣʠʚʦʶ ʻ ʤʘʪʨʠʯʥʦ-ʘʨʤʦʚʘʥʘ ʩʪʨʫʢʪʫʨʘ, ʷʢʘ ʤʦʞʝ ʙʫʪʠ ʦʪʨʠʤʘʥʘ, 

ʟʦʢʨʝʤʘ ʰʣʷʭʦʤ ʣʝʛʫʚʘʥʥʷ ʪʫʛʦʧʣʘʚʢʠʤʠ ʧʝʨʝʭʽʜʥʠʤʠ ʤʝʪʘʣʘʤʠ IV-VI  ʛʨʫʧʠ 

ʧʝʨʽʦʜʠʯʥʦʾ ʩʠʩʪʝʤʠ ʝʣʝʤʝʥʪʽʚ ʫ ʨʽʟʥʠʭ ʢʦʤʙʽʥʘʮʽʷʭ ʽʟ ʚʫʛʣʝʮʝʤ ʪʘ ʙʦʨʦʤ, ʷʢʽ 

ʟʘʙʝʟʧʝʯʫʶʪʴ ʫʪʚʦʨʝʥʥʷ ʪʚʝʨʜʠʭ ʘʨʤʽʚʥʠʭ ʬʘʟ. ʉʝʨʝʜ ʦʩʥʦʚʥʠʭ ʚʠʤʦʛ ʜʦ ʪʘʢʠʭ ʬʘʟ 

ʤʦʞʥʘ ʚʠʜʽʣʠʪʠ ʥʘʩʪʫʧʥʽ: ʚʠʩʦʢʘ ʪʝʨʤʦʜʠʥʘʤʽʯʥʘ ʩʪʘʙʽʣʴʥʽʩʪʴ ʟʘ ʫʤʦʚ 

ʝʣʝʢʪʨʦʜʫʛʦʚʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ ʪʘ ʪʫʛʦʧʣʘʚʢʽʩʪʴ; ʭʘʨʘʢʪʝʨ ʩʪʨʫʢʪʫʨʦʫʪʚʦʨʝʥʥʷ, ʱʦ 

ʟʘʙʝʟʧʝʯʫʻ ʾʭ ʚʠʜʽʣʝʥʥʷ ʫ ʚʠʛʣʷʜʽ ʨʽʚʥʦʤʽʨʥʦ ʨʦʟʧʦʜʽʣʝʥʠʭ ʚʢʣʶʯʝʥʴ ʫ ʩʪʨʫʢʪʫʨʽ 

ʩʪʘʣʽ, ʷʢʽ ʥʝ ʫʪʚʦʨʶʶʪʴ ʢʘʨʢʘʩʥʠʭ ʩʪʨʫʢʪʫʨ ʪʘ, ʚʽʜʧʦʚʽʜʥʦ, ʟʘʙʝʟʧʝʯʫʶʪʴ 

ʢʦʤʧʦʟʠʮʽʡʥʫ ʙʫʜʦʚʫ ʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫ; ʚʠʩʦʢʘ ʟʤʦʯʫʚʘʥʽʩʪʴ ʨʦʟʧʣʘʚʦʤ 

ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʦʾ ʩʪʘʣʽ ʧʦʨʷʜ ʽʟ ʥʠʟʴʢʦʶ ʚʟʘʻʤʥʦʶ ʨʦʟʯʠʥʥʽʩʪʶ, ʦʩʦʙʣʠʚʦ ʧʦ 

ʚʽʜʥʦʰʝʥʥʶ ʜʦ Mn ʚ ʘʨʤʽʚʥʽʡ ʬʘʟʽ. ʂʨʽʤ ʮʴʦʛʦ, ʩʠʩʪʝʤʘ ʣʝʛʫʚʘʥʥʷ ʝʣʝʢʪʨʦʜʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ ʧʦʚʠʥʥʘ ʟʘʙʝʟʧʝʯʫʚʘʪʠ ʜʦʩʪʘʪʥʽʡ ʨʽʚʝʥʴ ʪʝʭʥʦʣʦʛʽʯʥʦʩʪʽ ʥʘʧʣʘʚʣʝʥʥʷ, 
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ʷʢʠʡ ʚʠʟʥʘʯʘʻʪʴʩʷ ʣʝʛʢʽʩʪʶ ʬʦʨʤʫʚʘʥʥʷ ʰʚʘ ʪʘ ʨʦʟʪʽʢʘʥʥʷ ʨʦʟʧʣʘʚʫ, ʩʪʘʙʽʣʴʥʦʩʪʽ 

ʛʦʨʽʥʥʷ ʜʫʛʠ, ʚʽʜʩʫʪʥʦʩʪʽ ʧʦʨ, ʪʨʽʱʠʥ ʣʽʢʚʘʮʽʡ ʽ ʪ. ʧ. ɺʨʘʭʦʚʫʶʯʠ ʥʝʦʙʭʽʜʥʽʩʪʴ 

ʟʘʙʝʟʧʝʯʝʥʥʷ ʩʫʢʫʧʥʦʩʪʽ ʚʠʱʝ ʥʘʚʝʜʝʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʨʦʟʨʦʙʣʝʥʥʷ ʩʠʩʪʝʤʠ 

ʣʝʛʫʚʘʥʥʷ ʧʝʨʝʜʙʘʯʘʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ ʽʟ ʧʨʦʛʥʦʟʦʚʘʥʠʤ 

ʬʘʟʦʚʠʤ ʩʢʣʘʜʦʤ ʧʦʨʷʜ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʤʝʪʦʜʠʢ ʚʠʟʥʘʯʝʥʥʷ ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ ʟʘ 

ʨʽʟʥʠʤʠ ʩʭʝʤʘʤʠ ʚʟʘʻʤʦʜʽʾ ʽʟ ʘʙʨʘʟʠʚʥʠʤ ʩʝʨʝʜʦʚʠʱʝʤ.  

 

1.1 ʋʷʚʣʝʥʥʷ ʧʨʦ ʤʝʭʘʥʽʟʤʠ ʟʤʽʮʥʝʥʥʷ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʠʭ ʩʪʘʣʝʡ 

1.1.1 ʉʢʣʘʜ ʪʘ ʚʣʘʩʪʠʚʦʩʪʽ ʩʝʨʽʡʥʠʭ ʟʥʦʩʦʪʨʠʚʢʠʭ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʠʭ ʩʪʘʣʝʡ 

ɺʠʩʦʢʦʤʘʨʛʘʥʮʝʚʽ ʩʪʘʣʽ ʻ ʧʝʨʰʠʤʠ ʚʠʩʦʢʦʣʝʛʦʚʘʥʠʤʠ ʩʪʘʣʷʤʠ, ʚʠʨʦʙʠ ʽʟ ʷʢʠʭ 

ʧʦʯʘʣʠ ʚʠʛʦʪʦʚʣʷʪʠ ʩʝʨʽʡʥʦ. ɰʭ ʩʢʣʘʜ ʙʫʣʦ ʟʘʧʘʪʝʥʪʦʚʘʥʦ ʈ. ɸ. ɻʘʜʬʽʣʴʜʦʤ (R.A. 

Hadfield) ʧʘʪʝʥʪʘʤʠ ɸʥʛʣʽʾ ˉ 200 ʪʘ ʉʐɸ ˉ 303150 ʫ 1883 ʪʘ 1884 ʨ., ʚʽʜʧʦʚʽʜʥʦ. 

ɺʤʽʩʪ Mn ʫ ʪʘʢʠʭ ʩʪʘʣʷʭ ʟʥʘʭʦʜʠʚʩʷ ʫ ʜʦʩʠʪʴ ʰʠʨʦʢʦʤʫ ʜʽʘʧʘʟʦʥʽ 7ï20 ʤʘʩ. %, ʘ ʚʤʽʩʪ 

C ï ʫ ʜʽʘʧʘʟʦʥʽ ʢʦʥʮʝʥʪʨʘʮʽʡ ʭʘʨʘʢʪʝʨʥʠʭ ʜʣʷ ʩʪʘʣʝʡ, ʙʝʟ ʚʢʘʟʘʥʥʷ ʢʦʥʢʨʝʪʥʠʭ 

ʟʥʘʯʝʥʴ. ʇʦʩʪʫʧʦʚʝ ʚʜʦʩʢʦʥʘʣʝʥʥʷ ʩʢʣʘʜʫ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʠʭ ʩʪʘʣʝʡ ʜʦʟʚʦʣʠʣʦ 

ʚʩʪʘʥʦʚʠʪʠ ʦʧʪʠʤʘʣʴʥʽ ʟʥʘʯʝʥʥʷ ʩʧʽʚʚʽʜʥʦʰʝʥʴ ʤʽʞ Fe, C ʪʘ Mn  ʜʣʷ ʦʪʨʠʤʘʥʥʷ 

ʚʠʩʦʢʦʛʦ ʢʦʤʧʣʝʢʩʫ ʪʘʢʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʷʢ ʪʚʝʨʜʽʩʪʴ, ʧʣʘʩʪʠʯʥʽʩʪʴ ʪʘ ʟʜʘʪʥʽʩʪʴ ʜʦ 

ʽʥʪʝʥʩʠʚʥʦʛʦ ʜʝʬʦʨʤʘʮʽʡʥʦʛʦ ʟʤʽʮʥʝʥʥʷ.  

 ʊʠʧʦʚʠʤ ʧʨʝʜʩʪʘʚʥʠʢʦʤ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʠʭ ʣʠʪʠʭ ʩʪʘʣʝʡ ʻ ʩʪʘʣʴ 110ɻ13ʃ, ʱʦ 

ʚʠʛʦʪʦʚʣʷʻʪʴʩʷ ʟʘ ɻʆʉʊ 977-88 ʪʘ ʾʾ ʘʥʘʣʦʛʠ, ʱʦ ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʩʚʽʪʦʚʦʤʫ ʨʠʥʢʫ 

(ʪʘʙʣ. 1.1) ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʟʜʘʪʥʽʩʪʶ ʜʦ ʝʢʩʧʣʫʘʪʘʮʽʡʥʦʛʦ ʟʤʽʮʥʝʥʥʷ ʫ ʜʽʘʧʘʟʦʥʽ ʚʽʜ 

200ï300 ʜʦ 450ï550 HB, ʘ ʭʘʨʘʢʪʝʨ ʢʨʠʚʦʾ ʜʝʬʦʨʤʘʮʽʷ ʟʤʽʮʥʝʥʥʷ ʻ ʙʣʠʟʴʢʠʤ ʜʦ 

ʣʽʥʽʡʥʦʾ ʟʘʣʝʞʥʦʩʪʽ [7]. ʊʘʢʠʡ ʭʘʨʘʢʪʝʨ ʟʤʽʥʠ ʚʣʘʩʪʠʚʦʩʪʝʡ ʤʦʞʝ ʙʫʪʠ ʦʪʨʠʤʘʥʠʡ 

ʣʠʰʝ ʟʘ ʫʤʦʚʠ ʥʘʷʚʥʦʩʪʽ ʧʦʚʥʽʩʪʶ ʘʫʩʪʝʥʽʪʥʦʾ ʩʪʨʫʢʪʫʨʠ, ʷʢʘ ʟʘ ʩʪʘʥʜʘʨʪʥʠʭ ʫʤʦʚ ʻ 

ʥʝʩʪʘʙʽʣʴʥʦʶ. ʊʦʤʫ ʥʝʦʙʭʽʜʥʠʤ ʝʪʘʧʦʤ ʫ ʪʝʨʤʽʯʥʽʡ ʦʙʨʦʙʮʽ ʪʘʢʠʭ ʩʪʘʣʝʡ ʻ 

ʪʝʨʤʦʦʙʨʦʙʢʘ, ʷʢʘ ʧʦʣʷʛʘʻ ʫ ʘʫʩʪʝʥʽʟʘʮʽʾ ʟʘ ʪʝʤʧʝʨʘʪʫʨ 1100 ï 1150 Áʉ ʪʘ ʧʦʜʘʣʴʰʦʤʫ 

ʰʚʠʜʢʦʤʫ ʦʭʦʣʦʜʞʝʥʥʽ, ʥʘʧʨʠʢʣʘʜ ʰʣʷʭʦʤ ʛʘʨʪʫʚʘʥʥʷ ʫ ʚʦʜʽ, ʷʢʘ ʟʘʙʝʟʧʝʯʫʻ 

ʥʘʷʚʥʽʩʪʴ ʫ ʩʪʨʫʢʪʫʨʽ ʤʝʪʘʩʪʘʙʽʣʴʥʦʛʦ ʘʫʩʪʝʥʽʪʫ. 
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 ʊʘʙʣʠʮʷ 1.1 ï ʇʦʨʽʚʥʷʣʴʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʠʭ ʩʪʘʣʝʡ, 

ʧʨʝʜʩʪʘʚʣʝʥʠʭ ʥʘ ʩʚʽʪʦʚʦʤʫ ʨʠʥʢʫ [8] 

ʂʨʘʾʥʘ 
ʄʘʨʢʘ 

(ʩʪʘʥʜʘʨʪ) 

ɺʤʽʩʪ ʦʩʥʦʚʥʠʭ ʣʝʛʫʶʯʠʭ ʝʣʝʤʝʥʪʽʚ 
ů0.2. 

ʄʇʘ 

ůʚ. 

ʄʇʘ 

HB 

(ʧʽʩʣʷ 

ʣʠʪʚʘ) 

ŭ. 

% C Mn Si Cr 

ʋʢʨʘʾʥʘ ʪʘ ʢʨʘʾʥʠ 

ʉʅɼ 

110G13L 

(GOST) 
0.9ï1.2 

11.5-

14.5 
0.4ï0.9 Ò 0.3 

355ï

400 

735ï

800 
190 25 

ʉʐɸ 

A128 grade A 

(AISI) 

 

1.2 12.5 0.4 1.5 350 800 200 ï 

ʅʽʤʝʯʯʠʥʘ (ɭʉ) 

 

GX120Mn12 

X120Mn12, 

1.3401 

 (ISO, DIN) 

1.2 12 0.4 1.5 350 
800ï

1000 
ï 40 

ɸʚʩʪʨʽʷ B¥HLER 

K700 

(ʙʨʝʥʜ) 

1.23 12.5 0.40 ï 350 
800ï

1000 
ï 35 

ʌʨʘʥʮʽʷ Z120M12M 

(AFNOR NF) 
1.1ï1.4 11ï14 Ò 1 ï 

300ï

500 
ï 

250 

 

45 

ʗʧʦʥʽʷ SCMn H12 

(JIS) 
1.05ï

1.35 
16ï19 0.3ï0.9 1.5ï2.5 ï ï 300 

ï 

ʂʠʪʘʡ ZGMn13-1 

(GB) 
1ï1.45 11ï14 ï 0.3ï1 ï 

635ï

637 
229 20 

 

1.1.2 ʊʝʦʨʝʪʠʯʥʽ ʧʽʜʭʦʜʠ ʜʣʷ ʦʧʠʩʫ ʤʝʭʘʥʽʟʤʽʚ ʜʝʬʦʨʤʘʮʽʡʥʦʛʦ ʟʤʽʮʥʝʥʥʷ 

ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʠʭ ʩʪʘʣʝʡ 

 ɸʥʘʣʽʟ ʜʘʥʠʭ, ʥʘʚʝʜʝʥʠʭ ʫ ʨʦʙʦʪʘʭ [7,9,10] ʧʦʢʘʟʫʻ, ʱʦ ʜʝʬʦʨʤʘʮʽʡʥʝ 

ʟʤʽʮʥʝʥʥʷ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʦʾ ʩʪʘʣʽ ʤʦʞʝ ʚʽʜʙʫʚʘʪʠʩʴ ʰʣʷʭʦʤ ʜʚʽʡʥʠʢʫʚʘʥʥʷ, 

ʫʪʚʦʨʝʥʥʷ ʤʘʨʪʝʥʩʠʪʫ ʜʝʬʦʨʤʘʮʽʾ ʘʙʦ ʦʜʥʦʯʘʩʥʠʤ ʨʦʟʚʠʪʢʦʤ ʮʠʭ ʧʨʦʮʝʩʽʚ. 

ɼʦʤʽʥʫʶʯʠʡ ʚʧʣʠʚ ʪʦʛʦ ʯʠ ʽʥʰʦʛʦ ʤʝʭʘʥʽʟʤʫ ʚʠʟʥʘʯʘʻʪʴʩʷ ʝʥʝʨʛʽʻʶ ʜʝʬʝʢʪʽʚ 

ʟʘʧʘʢʫʚʘʥʥʷ (ὛὊὉ), ʷʢʘ ʫ ʩʚʦʶ ʯʝʨʛʫ ʻ ʩʢʣʘʜʥʦʶ ʬʫʥʢʮʽʻʶ ʚʽʜ ʝʣʝʤʝʥʪʥʦʛʦ ʩʢʣʘʜʫ, 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʘ ʦʩʦʙʣʠʚʦʩʪʝʡ ʜʝʬʦʨʤʘʮʽʾ ʥʘ ʤʽʢʨʦʨʽʚʥʽ. 

ɺʽʜʧʦʚʽʜʥʦ ʜʦ ʤʦʜʝʣʽ ʟʘʧʨʦʧʦʥʦʚʘʥʦʾ ʫ ʨʦʙʦʪʽ [9], ὛὊὉ ʤʦʞʝ ʙʫʪʠ ʚʠʟʥʘʯʝʥʘ ʷʢ ʩʫʤʘ 

ʚʢʣʘʜʫ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʬʘʟʦʚʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ, ʥʘ ʛʨʘʥʠʮʽ ʽʟ ʚʠʭʽʜʥʠʤ ʘʫʩʪʝʥʽʪʦʤ 

(ὛὊὉ), ʚʧʣʠʚʫ ʝʥʝʨʛʽʾ ʤʽʢʨʦʜʝʬʦʨʤʘʮʽʡ (ὛὊὉ) ʪʘ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʝʨʝʧʘʜʫ ʫ ʟʦʥʽ 

ʜʝʬʦʨʤʘʮʽʾ (æὛὊὉ): 

ὛὊὉὛὊὉὛὊὉ ὛὊὉ, (1.1) 

ʜʝ ʟʥʘʯʝʥʥʷ ʧʘʨʘʤʝʪʨʘ SFEi ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʜʘʥʠʭ ʨʦʙʦʪʠ [11]  ʨʦʟʨʘʭʦʚʫʻʪʴʩʷ ʟʘ 

ʬʦʨʤʫʣʦʶ:  

ὛὊὉ ςẗ”ẗῳὋὝ ςẗ„, (1.2) 



 

 

44 

ʫ ʷʢʽʡ ɟɸ ī ʤʦʣʷʨʥʘ ʱʽʣʴʥʽʩʪʴ ʧʦʚʝʨʭʥʽ ʫ ʧʣʦʱʠʥʽ {111}, ʤʦʣʴ/ʤ
2; ῳὋὝ  ī 

ʪʝʤʧʝʨʘʪʫʨʥʘ ʟʘʣʝʞʥʽʩʪʴ ʤʦʣʷʨʥʦʾ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʬʘʟʦʚʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ ʜʣʷ ʜʘʥʦʛʦ 

ʝʣʝʤʝʥʪʥʦʛʦ ʩʢʣʘʜʫ ʘʫʩʪʝʥʽʪʥʦʾ ʬʘʟʠ; ůʝ ī ʝʤʧʽʨʠʯʥʠʡ ʧʘʨʘʤʝʪʨ, ʱʦ ʭʘʨʘʢʪʝʨʠʟʫʻ 

ʝʥʝʨʛʽʶ, ʷʢʘ ʧʨʠʧʘʜʘʻ ʥʘ ʦʜʠʥʠʮʶ ʧʣʦʱʽ ʤʽʞ ʘʫʩʪʝʥʽʪʦʤ ʪʘ ʤʘʨʪʝʥʩʠʪʦʤ, ʷʢʠʡ 

ʫʪʚʦʨʶʻʪʴʩʷ ʫ ʨʝʟʫʣʴʪʘʪʽ ʜʝʬʦʨʤʘʮʽʾ (ʜʣʷ ʘʫʩʪʝʥʽʪʥʠʭ ʤʘʨʛʘʥʮʝʚʠʭ ʩʪʘʣʝʡ ůʝ = 

8 ʤɼʞ/ʤ2 [12]). ɺʧʣʠʚ ʤʽʢʨʦʜʝʬʦʨʤʘʮʽʡ ʟʘ ʜʘʥʠʤʠ [13] ʚʠʟʥʘʯʘʻʪʴʩʷ ʟʘ ʨʽʚʥʷʥʥʷʤ: 

ὛὊὉ
ẗ ẗẗ ẗ

Ѝẗẗ
ẗὃ Ȣ , 

(1.3) 

ʜʝ ὑ , ʪʘ ‫  ï ʢʦʥʩʪʘʥʪʠ, ʷʢʽ ʟʘʣʝʞʘʪʴ ʚʽʜ ʛʝʦʤʝʪʨʽʾ ʢʨʠʩʪʘʣʽʯʥʦʾ ˇʨʘʪʢʠ, ʷʢʽ ʜʣʷ 

ʘʫʩʪʝʥʽʪʫ ʩʪʘʥʦʚʣʷʪʴ 28 ʪʘ 1/6, ʚʽʜʧʦʚʽʜʥʦ; ὥ ï ʧʘʨʘʤʝʪʨ ʢʨʠʩʪʘʣʽʯʥʦʾ ˇʨʘʪʢʠ; Ὃ ï 

ʤʦʜʫʣʴ ʟʩʫʚʫ; ‐  ï ʫʩʝʨʝʜʥʝʥʘ ʤʽʢʨʦʜʝʬʦʨʤʘʮʽʷ ʢʨʠʩʪʘʣʫ ʥʘ ʚʽʜʩʪʘʥʽ 50 ¡ ʫ ʥʘʧʨʷʤʢʫ 

ʢʨʠʩʪʘʣʽʯʥʦʾ ˇʨʘʪʢʠ; Ὢï ʡʤʦʚʽʨʥʽʩʪʴ ʫʪʚʦʨʝʥʥʷ ʜʝʬʝʢʪʽʚ ʟʘʧʘʢʫʚʘʥʥʷ; ὃ ï ʢʦʝʬʽʮʽʻʥʪ 

ʘʥʽʟʦʪʨʦʧʽʾ, ʟʘʧʨʦʧʦʥʦʚʘʥʠʡ ɿʝʥʥʝʨʦʤ [14], ̫ ʢʠʡ ʚʠʟʥʘʯʘʻʪʴʩʷ ʥʘ ʦʩʥʦʚʽ ʢʦʤʧʦʥʝʥʪʽʚ 

ʪʝʥʟʦʨʘ ʧʨʫʞʥʦʩʪʽ ὅ  ʪʘ ʜʣʷ ʢʨʠʩʪʘʣʽʚ ʽʟ ʢʫʙʽʯʥʦʶ ʩʠʤʝʪʨʽʻʶ :  

ὃ . (1.4) 

ɿʤʽʥʘ ʝʥʝʨʛʽʾ ʜʝʬʝʢʪʽʚ ʟʘʧʘʢʫʚʘʥʥʷ, ʷʢʘ ʩʧʨʠʯʠʥʝʥʘ ʪʝʧʣʦʪʦʶ, ʱʦ ʛʝʥʝʨʫʻʪʴʩʷ  ʫ 

ʧʨʦʮʝʩʽ ʧʣʘʩʪʠʯʥʦʾ ʜʝʬʦʨʤʘʮʽʾ ʟʘ ʜʘʥʠʤʠ ʥʘʚʝʜʝʥʠʤʠ ʫ ʨʦʙʦʪʽ [15] ʨʦʟʨʘʭʦʚʫʻʪʴʩʷ ʷʢ: 

ὛὊὉ ὛὊὉẗὝ ᷿
ẗ
ẗ„‐ẗὨ‐ ὛὊὉὝ , (1.5) 

ʜʝ ”  ï ʛʫʩʪʠʥʘ ʬʘʟʠ; Ὕ ï ʪʝʤʧʝʨʘʪʫʨʘ ʜʦ ʜʝʬʦʨʤʘʮʽʾ, „‐ ʪʘ ‐ ī ʥʘʧʨʫʞʝʥʥʷ ʪʘ 

ʜʝʬʦʨʤʘʮʽʷ, ʚʽʜʧʦʚʽʜʥʦ; –  ï ʢʦʝʬʽʮʽʻʥʪ, ʷʢʠʡ ʚʨʘʭʦʚʫʻ ʪʝʧʣʦʚʽ ʚʪʨʘʪʠ (ʟʘ ʾʭ 

ʚʽʜʩʫʪʥʦʩʪʽ – ρȢ  ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘ ʧʝʨʝʚʽʨʢʘ ʨʽʚʥʷʥʥʷ (1.1) ʜʣʷ 

ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʠʭ (22ï26 % Mn ) ʩʪʘʣʝʡ (ʨʠʩ. 1.1, ʘ, ʙ) ʧʦʢʘʟʫʻ, ʱʦ ʜʣʷ ʚʤʽʩʪʫ 

ʚʫʛʣʝʮʶ ʜʦ 0.4 ʤʘʩ. % ʜʝʬʦʨʤʘʮʽʡʥʝ ʟʤʽʮʥʝʥʥʷ ʚʽʜʙʫʚʘʻʪʴʩʷ ʰʣʷʭʦʤ ʤʘʨʪʝʥʩʠʪʥʦʛʦ 

ʧʝʨʝʪʚʦʨʝʥʥʷ ʘʙʦ (ʜʣʷ ʢʦʥʮʝʥʪʨʘʮʽʡ C ~0.4) ʦʜʥʘʢʦʚʦʛʦ ʚʢʣʘʜʫ ʤʘʨʪʝʥʩʠʪʥʦʛʦ 

ʧʝʨʝʪʚʦʨʝʥʥʷ ʪʘ ʤʽʢʨʦʜʚʽʡʥʠʢʫʚʘʥʥʷ. ʇʽʜʚʠʱʝʥʥʷ ʚʤʽʩʪʫ ʚʫʛʣʝʮʶ ʧʦʥʘʜ 0.4 ʤʘʩ. % 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʪʦʛʦ, ʱʦ ʤʝʭʘʥʽʟʤ ʟʤʽʮʥʝʥʥʷ ʟʘ ʨʘʭʫʥʦʢ ʜʚʽʡʥʠʢʫʚʘʥʥʷ ʩʪʘʻ 

ʜʦʤʽʥʫʶʯʠʤ ʪʘ, ʟʘ ʢʦʥʮʝʥʪʨʘʮʽʡ ʱʦ ʧʝʨʝʚʠʱʫʶʪʴ 0.6 ʤʘʩ. %, ʤʘʨʪʝʥʩʠʪʥʘ ʬʘʟʘ ʫ 

ʩʪʨʫʢʪʫʨʽ ʧʨʘʢʪʠʯʥʦ ʥʝ ʚʠʷʚʣʷʻʪʴʩʷ.  
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 ɺʟʘʻʤʦʟʚ'ʷʟʦʢ ʤʽʞ ʝʥʝʨʛʽʻʶ ʜʝʬʝʢʪʽʚ ʟʘʧʘʢʫʚʘʥʥʷ ʪʘ ʤʝʭʘʥʽʟʤʦʤ 

ʜʝʬʦʨʤʘʮʽʡʥʦʛʦ ʟʤʽʮʥʝʥʥʷ ʤʘʨʛʘʥʮʝʚʦʛʦ ʘʫʩʪʝʥʽʪʫ ʪʘʢʦʞ ʙʫʣʦ ʚʠʷʚʣʝʥʦ ʫ ʨʦʙʦʪʽ [16], 

ʷʢ ʟʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʪʝʦʨʝʪʠʯʥʦʛʦ ʘʥʘʣʽʟʫ ʪʘʢ ʽ ʤʽʢʨʦʩʢʦʧʽʯʥʠʭ ʪʘ ʬʨʘʢʪʦʛʨʘʬʽʯʥʠʭ 

ʜʦʩʣʽʜʞʝʥʴ ʟʨʘʟʢʽʚ ʽʟ ʚʠʩʦʤʘʨʛʘʥʮʝʚʠʭ ʩʪʘʣʝʡ (ʽʟ 0.6ï0.8 ʤʘʩ. % ʉ), ʷʢʽ ʚʠʧʨʦʙʦʚʫʚʘʣʠ 

ʥʘ ʤʽʮʥʽʩʪʴ ʧʽʜ ʯʘʩ ʨʦʟʪʷʛʫʚʘʥʥʷ. ʋʟʘʛʘʣʴʥʝʥʘ ñʢʘʨʪʘò ʧʨʠʥʘʣʝʞʥʦʩʪʽ 

ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʠʭ ʩʪʘʣʝʡ ʜʦ ʢʣʘʩʫ TRIP ʘʙʦ TWIP ʩʪʘʣʝʡ, ʟʘʣʝʞʥʦ ʚʽʜ ʟʥʘʯʝʥʥʷ 

ʝʥʝʨʛʽʾ ʜʝʬʝʢʪʽʚ ʟʘʧʘʢʫʚʘʥʥʷ (ʨʠʩ. 1.2, ʘ) ʧʦʢʘʟʫʻ, ʱʦ ʝʥʝʨʛʝʪʠʯʥʘ ʤʝʞʘ, ʚʠʱʝ ʷʢʦʾ  

ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʤʽʮʥʝʥʥʷ ʰʣʷʭʦʤ ʫʪʚʦʨʝʥʥʷ ʜʚʽʡʥʠʢʽʚ ʜʝʬʦʨʤʘʮʽʾ (ʨʠʩ. 1.2, ʙ) 

ʩʪʘʥʦʚʠʪʴ 20 ʤɼʞ/ʤ2, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʜʘʥʠʤ ʥʘʚʝʜʝʥʠʤ ʫ ʨʦʙʦʪʽ [9]. ʊʘʢʠʡ ʧʝʨʝʭʽʜ ʤʽʞ 

ʤʝʭʘʥʽʟʤʘʤʠ ʟʤʽʮʥʝʥʥʷ ʥʘ ʜʫʤʢʫ ʘʚʪʦʨʽʚ [16] ʧʦʚ'ʷʟʘʥʠʡ ʫ ʪʦʤʫ ʯʠʩʣʽ ʽʟ ʬʦʨʤʫʚʘʥʥʷʤ 

ʩʪʽʡʢʠʭ ʢʣʘʩʪʝʨʽʚ CMn6, ʷʢʽ ʬʦʨʤʫʶʪʴʩʷ ʥʘʚʢʦʣʦ ʘʪʦʤʫ, ʚʫʛʣʝʮʶ, ʨʦʟʤʽʱʝʥʦʛʦ ʫ 

ʮʝʥʪʨʘʣʴʥʽʡ ʦʢʪʘʝʜʨʠʯʥʽʡ ʧʦʨʽ ˇʨʘʪʢʠ ʘʫʩʪʝʥʽʪʫ. 

 

  
ʘ ʙ 

ʈʠʩʫʥʦʢ 1.1 ï ɺʧʣʠʚ ʚʤʽʩʪʫ C  ʫ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʠʭ ʩʪʘʣʷʭ ʥʘ ʝʥʝʨʛʽʶ ʜʝʬʝʢʪʽʚ 

ʟʘʧʘʢʫʚʘʥʥʷ ʪʘ ʜʦʤʽʥʫʶʯʠʡ ʤʝʭʘʥʽʟʤ ʜʝʬʦʨʤʘʮʽʡʥʦʛʦ ʟʤʽʮʥʝʥʥʷ (ʘ) ʽ ʦʙ'ʻʤʥʫ ʯʘʩʪʢʫ 

ʬʘʟ ʫ ʜʝʬʦʨʤʦʚʘʥʠʭ ʟʨʘʟʢʘʭ (ʙ) ʟʘ ʜʘʥʠʤʠ [9] 

 

ʊʘʢʠʤ ʯʠʥʦʤ, ʫʟʘʛʘʣʴʥʝʥʥʷ ʨʝʟʫʣʴʪʘʪʽʚ ʜʘʥʠʭ ʨʦʙʽʪ [9,16,17]  ʧʦʢʘʟʫʻ, ʱʦ 

ʦʧʪʠʤʘʣʴʥʠʡ ʢʦʤʧʣʝʢʩ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʠʭ ʩʪʘʣʝʡ 

ʧʨʠʧʘʜʘʻ ʥʘ ʟʥʘʯʝʥʥʷ ʝʥʝʨʛʽʾ ʜʝʬʝʢʪʽʚ ʟʘʧʘʢʫʚʘʥʥʷ ʫ ʜʽʘʧʘʟʦʥʽ 20ï40 ʤɼʞ/ʤ2. ɰʭ 

ʩʪʨʫʢʪʫʨʘ ʧʽʜ ʯʘʩ ʨʦʟʚʠʪʢʫ ʜʝʬʦʨʤʘʮʽʾ ʟʘʟʥʘʻ ʜʚʽʡʥʠʢʫʚʘʥʥʷ, ʷʢʝ, ʚ ʦʩʥʦʚʥʦʤʫ, 

ʟʘʙʝʟʧʝʯʫʻ ʜʝʬʦʨʤʘʮʽʡʥʝ ʟʤʽʮʥʝʥʥʷ ʰʣʷʭʦʤ ʧʨʦʷʚʫ ʜʠʥʘʤʽʯʥʦʛʦ ʝʬʝʢʪʫ ʍʦʣʣʘ-
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ʇʝʪʯʘ ʟʘ ʨʘʭʫʥʦʢ ʫʪʚʦʨʝʥʥʷ ʚʥʫʪʨʽʰʥʴʦʟʝʨʥʦʚʠʭ ʙʘʨ'ʻʨʽʚ, ʷʢʽ ʛʘʣʴʤʫʶʪʴ (ʩʢʦʨʦʯʫʶʪʴ 

ʧʨʦʙʽʛ) ʜʠʩʣʦʢʘʮʽʡ. ʇʝʨʝʚʘʞʥʘ ʙʽʣʴʰʽʩʪʴ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʠʭ ʩʪʘʣʝʡ, ʷʢʽ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʝʪʘʣʝʡ, ʱʦ ʝʢʩʧʣʫʘʪʫʶʪʴʩʷ ʟʘ ʫʤʦʚ ʫʜʘʨʥʦ-

ʘʙʨʘʟʠʚʥʦʛʦ ʟʥʦʰʫʚʘʥʥʷ ʚʽʜʥʦʩʠʪʴʩʷ ʩʘʤʝ ʜʦ ʪʘʢʦʛʦ ʪʠʧʫ, ʪʦʤʫ ʚʠʙʽʨ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ 

ʤʽʞ Mn ʪʘ C ʫ ʩʪʘʣʝʚʽʡ ʦʩʥʦʚʽ ʧʦʢʨʠʪʪʽʚ ʜʣʷ ʾʭ ʟʤʽʮʥʝʥʥʷ ʪʘ (ʘʙʦ) ʚʽʜʥʦʚʣʝʥʥʷ 

ʧʦʚʠʥʝʥ ʚʽʜʧʦʚʽʜʘʪʠ ʘʥʘʣʦʛʽʯʥʽʡ ʝʥʝʨʛʝʪʠʯʥʽʡ ʦʙʣʘʩʪʽ ʜʝʬʝʢʪʽʚ ʟʘʧʘʢʫʚʘʥʥʷ.  

 

 
 

ʘ ʙ 

ʈʠʩʫʥʦʢ 1.2 ï ɽʥʝʨʛʝʪʠʯʥʘ ñʢʘʨʪʘò ʧʦʜʽʣʫ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʠʭ ʩʪʘʣʝʡ ʥʘ TRIP 

ʪʘ TWIP ʢʣʘʩʠ (ʘ) ʪʘ ʤʦʨʬʦʣʦʛʽʷ ʜʚʽʡʥʠʢʽʚ ʜʝʬʦʨʤʘʮʽʾ (ʧʦʢʘʟʘʥʦ ʩʪʨʽʣʢʘʤʠ) ʫ 

ʜʝʬʦʨʤʦʚʘʥʽʡ TWIP ʩʪʘʣʽ (ʙ), ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʜʘʥʠʭ [16]  

 

1.2 ʊʝʦʨʝʪʠʯʥʽ ʤʝʪʦʜʠ ʤʦʜʝʣʶʚʘʥʥʷ ʘʫʩʪʝʥʽʪʥʦʾ ʬʘʟʠ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʾʾ ʬʽʟʠʢʦ-

ʤʝʭʘʥʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

1.2.1 ʇʝʨʰʦʧʨʠʥʮʠʧʥʽ (ab initio) ʤʝʪʦʜʠ ʤʦʜʝʣʶʚʘʥʥʷ ʘʫʩʪʝʥʽʪʥʦʾ ʩʪʨʫʢʪʫʨʠ  

ʂʨʠʩʪʘʣʽʯʥʘ ʩʪʨʫʢʪʫʨʘ ʪʘ ʝʣʝʢʪʨʦʥʥʘ ʙʫʜʦʚʘ ʻ ʢʣʶʯʦʚʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ 

ʤʘʨʛʘʥʮʝʚʦʛʦ ʘʫʩʪʝʥʽʪʫ, ʷʢʽ ʚʠʟʥʘʯʘʶʪʴ ʨʽʚʝʥʴ ʡʦʛʦ ʬʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ. 

ɺʢʘʟʘʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʠʟʥʘʯʘʶʪʴ ʨʽʚʝʥʴ ʩʪʘʙʽʣʴʥʦʩʪʽ ʩʪʨʫʢʪʫʨʠ, ʟʥʘʯʝʥʥʷ ʧʨʫʞʥʠʭ 

ʢʦʥʩʪʘʥʪ, ʘ ʪʘʢʦʞ ʝʥʝʨʛʝʪʠʯʥʠʡ ʩʪʘʥ ʢʨʠʩʪʘʣʫ ʪʘ, ʚʽʜʧʦʚʽʜʥʦ, ʝʥʝʨʛʽʶ ʜʝʬʝʢʪʽʚ 

ʟʘʧʘʢʫʚʘʥʥʷ (SFE), ʷʢʘ ʻ ʚʠʟʥʘʯʘʣʴʥʦʶ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʶ ʜʣʷ ʧʨʠʥʮʠʧʦʚʦʾ 

ʤʦʞʣʠʚʦʩʪʽ ʧʨʦʭʦʜʞʝʥʥʽ ʜʝʬʦʨʤʘʮʽʡʥʦʛʦ ʟʤʽʮʥʝʥʥʷ ʤʘʨʛʘʥʮʝʚʠʭ ʩʪʘʣʝʡ ʰʣʷʭʦʤ 
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ʜʚʽʡʥʠʢʫʚʘʥʥʷ (TWIP) ʘʙʦ ʧʣʘʩʪʠʯʥʦʩʪʽ ʥʘʚʝʜʝʥʦʾ ʧʝʨʝʪʚʦʨʝʥʥʷʤ (TRIP). ʇʨʠ ʮʴʦʤʫ, 

ʦʩʦʙʣʠʚʦ ʚʘʞʣʠʚʦʶ ʻ ʦʮʽʥʢʘ ʚʧʣʠʚʫ ʨʦʟʯʠʥʝʥʠʭ ʣʝʛʫʶʯʠʭ ʝʣʝʤʝʥʪʽʚ ʚ ʤʘʨʛʘʥʮʝʚʦʤʫ 

ʘʫʩʪʝʥʽʪʽ, ʥʘ ʡʦʛʦ ʩʪʘʙʽʣʴʥʽʩʪʴ ʪʘ ʬʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ʂʨʽʤ ʪʦʛʦ, ʫ 

ʧʨʦʮʝʩʽ ʥʘʥʝʩʝʥʥʷ ʧʦʢʨʠʪʪʽʚ ʽʟ ʤʘʨʛʘʥʮʝʚʠʭ ʩʪʘʣʝʡ ʤʝʪʦʜʦʤ ʥʘʧʣʘʚʣʝʥʥʷ ʚʘʞʣʠʚʦʶ 

ʻ ʦʮʽʥʢʘ ʚʧʣʠʚʫ ʣʝʛʫʚʘʥʥʷ ʥʘ ʪʝʧʣʦʬʽʟʠʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʷʢʽ ʬʽʛʫʨʫʶʪʴ ʫ ʨʽʟʥʠʭ 

ʤʝʪʦʜʠʢʘʭ ʨʦʟʨʘʭʫʥʢʫ ʪʝʤʧʝʨʘʪʫʨʥʠʭ ʧʦʣʽʚ.  

ʆʜʥʽʻʶ ʽʟ ʧʦʰʠʨʝʥʠʭ ʩʫʯʘʩʥʠʭ ʤʝʪʦʜʠʢ ʫ ʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʽ, ʷʢʘ ʜʦʟʚʦʣʷʻ 

ʤʦʜʝʣʶʚʘʪʠ ʢʨʠʩʪʘʣʽʯʥʫ ʩʪʨʫʢʪʫʨʫ ʪʘ ʚʠʟʥʘʯʘʪʠ ʾʾ ʚʣʘʩʪʠʚʦʩʪʽ ʫ ʜʘʥʠʡ ʯʘʩ ʻ 

ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʽʯʥʽ ʨʦʟʨʘʭʫʥʢʠ ʟʘ ʤʝʪʦʜʠʢʦʶ ʂʦʥʘ-ʐʝʤʘ [18] ʚ ʨʘʤʢʘʭ ʪʝʦʨʽʾ 

ʬʫʥʢʮʽʦʥʘʣʫ ʛʫʩʪʠʥʠ (DFT) ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʥʘʙʦʨʫ ʙʘʟʠʩʫ ʧʣʦʩʢʠʭ ʭʚʠʣʴ ʪʘ 

ʧʩʝʚʜʦʧʦʪʝʥʮʽʘʣʽʚ [19]. ʊʘʢʽ ʨʦʟʨʘʭʫʥʢʠ ʟʘʟʚʠʯʘʡ ʧʨʦʚʦʜʷʪʴʩʷ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʧʨʦʛʨʘʤʥʠʭ ʟʘʩʦʙʽʚ, ʪʘʢʠʭ ʷʢ Vienna Ab initio Simulation Package (VASP) [20], 

Cambridge Serial Total Energy Package (CASTEP) [21], Quantum espresso (QE) (opEn  

Source  Package for Research  in  Electronic  Structure, Simulation, and Optimization) 

[22]. ʆʩʥʦʚʥʠʤʠ ʦʙʤʝʞʝʥʥʷʤʠ ʚʢʘʟʘʥʦʾ ʤʝʪʦʜʠʢʠ ʻ ʩʢʣʘʜʥʽʩʪʴ ʤʦʜʝʣʶʚʘʥʥʷ 

ʥʝʚʧʦʨʷʜʢʦʚʘʥʠʭ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ, ʜʦ ʷʢʠʭ ʚʽʜʥʦʩʠʪʴʩʷ ʘʫʩʪʝʥʽʪʥʘ ʬʘʟʘ ʚ ʩʪʘʣʷʭ. ʎʝ 

ʚʝʜʝ ʜʦ ʥʝʦʙʭʽʜʥʦʩʪʽ ʾʭ ʧʨʝʜʩʪʘʚʣʝʥʥʷ ʫ ʚʠʛʣʷʜʽ ʥʘʜˇʨʘʪʦʢ ʽʟ ʚʧʦʨʷʜʢʦʚʘʥʠʭ ʪʚʝʨʜʠʭ 

ʨʦʟʯʠʥʽʚ, ʷʢʽ ʽʤʽʪʫʶʪʴ ʦʢʨʝʤʽ ʚʠʧʘʜʢʠ ʥʝʚʧʦʨʷʜʢʦʚʘʥʦʾ ʩʪʨʫʢʪʫʨʠ. ʊʘʢʝ 

ʧʨʝʜʩʪʘʚʣʝʥʥʷ ʥʝʚʧʦʨʷʜʢʦʚʘʥʦʛʦ ʨʦʟʯʠʥʫ ʚʠʤʘʛʘʻ ʧʨʦʚʝʜʝʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ 

ʜʦʩʣʽʜʞʝʥʴ ʽʟ ʚʠʟʥʘʯʝʥʥʷ ʥʘʡʙʽʣʴʰ ʡʤʦʚʽʨʥʠʭ ʚʫʟʣʽʚ ˇʨʘʪʢʠ, ʟʘʡʥʷʪʠʭ ʘʪʦʤʘʤʠ 

ʢʦʥʢʨʝʪʥʦʛʦ ʝʣʝʤʝʥʪʫ ʘʙʦ ʜʦʜʘʪʢʦʚʠʭ ʪʝʦʨʝʪʠʯʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ ʧʦ ʚʩʪʘʥʦʚʣʝʥʥʶ 

ʦʩʥʦʚʥʠʭ ʩʪʘʥʽʚ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʦʾ ʩʠʩʪʝʤʠ ʩʝʨʝʜ ʤʦʞʣʠʚʠʭ ʢʦʥʬʽʛʫʨʘʮʽʡ ʘʪʦʤʽʚ. 

ʆʜʥʠʤ ʽʟ ʜʦʩʪʘʪʥʴʦ ʥʘʜʽʡʥʠʭ ʤʝʪʦʜʽʚ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʥʝʚʧʦʨʷʜʢʦʚʘʥʠʭ ʪʚʝʨʜʠʭ 

ʨʦʟʯʠʥʽʚ ʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʩʧʝʮʽʘʣʴʥʠʭ ʢʚʘʟʽʥʝʚʧʦʨʷʜʢʦʚʘʥʠʭ ʩʪʨʫʢʪʫʨ (SQS)) [23], 

ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʷʢʦʛʦ ʝʥʝʨʛʝʪʠʯʥʠʡ ʩʪʘʥ ʪʘʢʦʛʦ ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ ʤʦʞʝ ʙʫʪʠ 

ʚʠʟʥʘʯʝʥʠʡ ʥʘ ʦʩʥʦʚʽ ʢʦʨʝʣʷʮʽʡʥʦʛʦ ʟʚôʷʟʢʫ ʤʽʞ ʝʥʝʨʛʽʷʤʠ ʦʢʨʝʤʠʭ ʩʪʨʫʢʪʫʨ ï 

ʢʣʘʩʪʝʨʽʚ, ʷʢʽ ʤʽʩʪʷʪʴ ʥʘʙʦʨʠ ʥʘʡʙʽʣʴʰ ʤʦʞʣʠʚʠʭ ʢʦʤʙʽʥʘʮʽʡ ʘʪʦʤʽʚ. ʇʨʦʛʨʘʤʥʘ 

ʨʝʘʣʽʟʘʮʽʷ ʜʘʥʦʛʦ ʤʝʪʦʜʫ ʟʜʽʡʩʥʝʥʘ Axel van de Walle ʫ ʧʨʦʛʨʘʤʥʦʤʫ ʢʦʤʧʣʝʢʩʽ ATAT 

(Alloy Theoretic Automated Toolkit) [24], ʷʢʠʡ ʜʦʟʚʦʣʷʻ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʨʽʟʥʽ 

ʧʨʦʛʨʘʤʥʽ ʢʦʜʠ (VASP, CASTEP, QE ʪʘ ʽʥ.) ʜʣʷ ʚʩʪʘʥʦʚʣʝʥʥʷ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ 
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ʚʣʘʩʪʠʚʦʩʪʝʡ ʥʝʚʧʦʨʷʜʢʦʚʘʥʠʭ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ. ʎʝ ʜʘʻ ʤʦʞʣʠʚʽʩʪʴ ʦʪʨʠʤʫʚʘʪʠ 

ʟʥʘʯʝʥʥʷ ʥʘʜʣʠʰʢʦʚʠʭ ʚʽʣʴʥʠʭ ʝʥʝʨʛʽʾ ʨʦʟʯʠʥʝʥʥʷ ʪʠʭ ʯʠ ʽʥʰʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʚ 

ʘʫʩʪʝʥʽʪʥʽʡ ʬʘʟʽ ʪʘ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʾʾ ʩʪʘʙʽʣʴʥʦʩʪʽ ʤʝʪʦʜʦʤ CALPHAD. ɸʥʘʣʦʛʽʯʥʠʤ 

ʯʠʥʦʤ ʤʦʞʥʘ ʧʨʦʚʦʜʠʪʠ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʭʘʨʘʢʪʝʨʫ ʨʦʟʯʠʥʝʥʥʷ Mn ʪʘ Fe ʚ ʘʨʤʽʚʥʠʭ 

ʬʘʟʘʭ, ʱʦ ʚʭʦʜʷʪʴ ʜʦ ʩʢʣʘʜʫ ʧʦʢʨʠʪʪʽʚ (ʢʘʨʙʽʜʽʚ, ʙʦʨʠʜʽʚ, ʽ ʪ. ʜ.). 

ʉʫʪʪʻʚʠʤ ʦʙʤʝʞʝʥʥʷʤ ʧʽʜʭʦʜʽʚ DFT ʧʽʜ ʯʘʩ ʚʠʟʥʘʯʝʥʥʷ ʤʝʭʘʥʽʯʥʠʭ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʻ ʪʝ, ʱʦ ʫ ʟʘʛʘʣʴʥʦʤʫ ʚʠʧʘʜʢʫ ʚʦʥʠ ʧʨʦʚʦʜʷʪʴʩʷ ʜʣʷ ʙʝʟʜʝʬʝʢʪʥʠʭ 

ʩʪʨʫʢʪʫʨ ʟʘ ʪʝʤʧʝʨʘʪʫʨʠ 0 K, ʪʦʤʫ ʚʽʜʦʙʨʘʞʘʶʪʴ ʣʠʰʝ ʪʝʦʨʝʪʠʯʥʽ ʟʥʘʯʝʥʥʷ 

ʤʝʭʘʥʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʥʘʧʨʠʢʣʘʜ ʪʚʝʨʜʦʩʪʽ. ʊʘʢʠʤ ʯʠʥʦʤ, ʧʽʜ ʯʘʩ ʘʥʘʣʽʟʫ 

ʨʝʘʣʴʥʠʭ ʤʝʪʘʣʝʚʠʭ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʚʦʥʠ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʣʠʰʝ ʜʣʷ 

ʘʥʘʣʽʟʫ ʷʢʽʩʥʦʾ ʢʘʨʪʠʥʠ ʚʧʣʠʚʫ ʨʦʟʯʠʥʝʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ. 

ʈʦʟʚʠʪʦʢ ʥʦʚʠʭ ʪʘ ʧʦʩʪʽʡʥʝ ʚʜʦʩʢʦʥʘʣʝʥʥʷ ʽʩʥʫʶʯʠʭ ʘʣʛʦʨʠʪʤʽʚ DFT 

ʨʦʟʨʘʭʫʥʢʽʚ ʚʣʘʩʪʠʚʦʩʪʝʡ ʢʨʠʩʪʘʣʽʯʥʠʭ ʩʪʨʫʢʪʫʨ ʟʫʤʦʚʣʶʻ ʾʭ ʙʽʣʴʰ  ʰʠʨʦʢʝ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʾʭ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʥʘʡʙʽʣʴʰ ʚʘʞʣʠʚʠʭ ʬʘʟ ʫ ʩʪʘʣʷʭ, ʟʦʢʨʝʤʘ ʘʫʩʪʝʥʽʪʫ 

ʨʽʟʥʦʛʦ ʩʢʣʘʜʫ. ɸʚʪʦʨʘʤʠ [25] ʜʣʷ ʚʠʚʯʝʥʥʷ ʚʧʣʠʚʫ ʜʦʙʘʚʦʢ Si ʪʘ Al ʥʘ ʧʨʫʞʥʽ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʩʪʨʫʢʪʫʨʫ ʪʘ ʝʥʝʨʛʝʪʠʯʥʠʡ ʩʪʘʥ ʥʽʢʝʣʴ-ʭʨʦʤʦʚʦʛʦ ʘʫʩʪʝʥʽʪʫ 

ʧʨʦʚʝʜʝʥʦ ʤʦʜʝʣʶʚʘʥʥʷ ʡʦʛʦ ʢʨʠʩʪʘʣʽʯʥʦʾ ʩʪʨʫʢʪʫʨʠ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʬʦʨʤʫʣʠ 

Fe8Cr4Ni4.  ɼʣʷ ʽʤʽʪʘʮʽʾ ʥʝʚʧʦʨʷʜʢʦʚʘʥʦʛʦ ʨʦʟʯʠʥʫ ʘʪʦʤʠ ʨʦʟʯʠʥʝʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ 

ʙʫʣʠ ʩʠʤʝʪʨʠʯʥʦ ʨʦʟʪʘʰʦʚʘʥʽ ʫ ʚʫʟʣʘʭ ɻʎʂ ʥʘʜˇʨʘʪʢʠ: 2Ĭ2Ĭ1 ʥʘ ʦʩʥʦʚʽ ɔ-Fe, ʷʢʘ 

ʤʽʩʪʠʣʘ 16 ʘʪʦʤʽʚ. ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʧʨʦʚʝʜʝʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ ʙʫʣʦ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ 

ʨʦʟʯʠʥʝʥʥʷ Si ʚ ʘʫʩʪʝʥʽʪʽ ʚʢʘʟʘʥʦʛʦ ʩʢʣʘʜʫ, ʜʦʜʘʪʢʦʚʦ ʣʝʛʦʚʘʥʦʛʦ Al ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʟʥʠʞʝʥʥʷ ʧʨʫʞʥʠʭ ʢʦʥʩʪʘʥʪ ʽ ʪʝʦʨʝʪʠʯʥʦʾ ʪʚʝʨʜʦʩʪʽ ʪʘ ʟʨʦʩʪʘʥʥʷ ʧʣʘʩʪʠʯʥʦʩʪʽ ʪʘ 

ʢʦʝʬʽʮʽʻʥʪʫ ʇʫʘʩʩʦʥʘ. ʇʨʠ ʮʴʦʤʫ ʪʝʨʤʦʜʠʥʘʤʽʯʥʘ ʪʘ ʝʣʝʢʪʨʦʭʽʤʽʯʥʘ ʩʪʘʙʽʣʴʥʽʩʪʴ 

(ʨʦʟʨʘʭʦʚʘʥʘ ʟʘ ʢʽʣʴʢʽʩʪʶ ʝʣʝʢʪʨʦʥʽʚ ʥʘ ʨʽʚʥʽ ʌʝʨʤʽ) ʩʫʪʪʻʚʦ ʟʨʦʩʪʘʶʪʴ. ɺʠʟʥʘʯʝʥʥʷ 

ʚʧʣʠʚʫ ʨʦʟʯʠʥʝʥʦʛʦ ʘʟʦʪʫ ʥʘ ʢʨʠʩʪʘʣʽʯʥʫ ʩʪʨʫʢʪʫʨʫ ʪʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʫʞʥʦʩʪʽ 

ʤʘʨʛʘʥʮʝʚʦʭʨʦʤʠʩʪʦʛʦ ʘʫʩʪʝʥʽʪʫ ʽʟ ʬʦʨʤʫʣʴʥʠʤ ʩʢʣʘʜʦʤ Fe18Cr6Mn8 ʤʝʪʦʜʦʤ 

ʤʦʜʝʣʶʚʘʥʥʷ ʚ ʨʘʤʢʘʭ DFT ʧʨʦʚʝʜʝʥʦ ʫ ʨʦʙʦʪʽ [26]. ʃʝʛʦʚʘʥʠʡ ʘʟʦʪʦʤ 

ʭʨʦʤʦʤʘʨʛʘʥʮʝʚʠʡ ʘʫʩʪʝʥʽʪ ʤʦʜʝʣʶʚʘʣʠ ʫ ʚʠʛʣʷʜʽ  ʥʘʜˇʨʘʪʢʠ ʥʘ ʦʩʥʦʚʽ ɔ-Fe, ʷʢʘ 

ʤʽʩʪʠʣʘ 32 ʩʠʤʝʪʨʠʯʥʦ ʨʦʟʪʘʰʦʚʘʥʽ ʫ ʚʫʟʣʘʭ ʤʝʪʘʣʝʚʽ ʘʪʦʤʠ, ʪʘ ʦʜʠʥ ʘʪʦʤ ʘʟʦʪʫ 

ʨʦʟʤʽʱʝʥʠʡ ʫ ʮʝʥʪʨʘʣʴʥʽʡ ʦʢʪʘʝʜʨʠʯʥʽʡ ʧʦʨʽ. ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʦʟʨʘʭʫʥʢʽʚ 



 

 

49 

ʧʨʦʚʝʜʝʥʠʭ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʨʦʛʨʘʤʥʦʛʦ ʢʦʜʫ CASTEP ʜʣʷ ʝʥʝʨʛʽʾʚʽʜʩʽʢʘʥʥʷ 350 ʝɺ 

ʙʫʣʦ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʧʘʨʘʤʝʪʨ ˇʨʘʪʢʠ ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ Fe18Cr6Mn8 ʧʨʠ ʨʦʟʯʠʥʝʥʥʽ 

ʘʟʦʪʫ ʟʙʽʣʴʰʫʻʪʴʩʷ ʽʟ 3.507 ʜʦ 3.522 , ʘ ʚʝʣʠʯʠʥʘ ʡʦʛʦ ʝʥʝʨʛʽ ʾʬʦʨʤʫʚʘʥʥʷ ʟʨʦʩʪʘʻ ʫ 

2 2.5 ʨʘʟʠ. ʎʝ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʟʙʽʣʴʰʝʥʥʷʤ ʟʥʘʯʝʥʴ ʤʦʜʫʣʽʚ B ʪʘ G ʪʘ ʟʥʠʞʝʥʥʷʤ 

ʢʦʝʬʽʮʽʻʥʪʫ ʇʫʘʩʩʦʥʘ. ʋʩʽ ʜʦʩʣʽʜʞʝʥʽ ʩʪʨʫʢʪʫʨʠ ʽʟ ʨʽʟʥʠʤ ʚʟʘʻʤʥʠʤ ʨʦʟʪʘʰʫʚʘʥʥʷʤ 

ʘʪʦʤʽʚ Fe ʪʘ Cr, ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʢʨʠʪʝʨʽʶ B/G [27] ʚʽʜʥʦʩʷʪʴʩʷ ʜʦ ʧʣʘʩʪʠʯʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ: B/G = 2.25 3.25 (ʚʠʱʝ ʥʽʞ 1.75). ʄʦʜʝʣʶʚʘʥʥʷ ʘʫʩʪʝʥʽʪʫ ʽʟ ʨʽʟʥʠʤ ʚʤʽʩʪʦʤ 

ʚʫʛʣʝʮʶ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʝʤʧʽʨʠʯʥʦʾ ʤʦʜʝʣʽ ʟʘʥʫʨʝʥʦʛʦ ʘʪʦʤʘ EAM ʧʨʦʚʝʜʝʥʦ ʫ 

ʨʦʙʦʪʽ [28], ʜʝ ʚʽʥ ʙʫʚ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʫ ʚʠʛʣʷʜʽ ʥʘʜˇʨʘʪʦʢ 5Ĭ5Ĭ5 ʥʘ ʦʩʥʦʚʽ ɻʎʂ ˇʨʘʪʢʠ, 

ʷʢʽ ʤʽʩʪʠʣʠ 125 ʘʪʦʤʽʚ Fe ʫ ʚʫʟʣʘʭ ʢʨʠʩʪʘʣʽʯʥʦʾ ˇʨʘʪʢʠ ʪʘ 1, 7 ʪʘ 9 ʘʪʦʤʽʚ ʉ, 

ʨʦʟʪʘʰʦʚʘʥʦʛʦ ʚ ʦʢʪʘʝʜʨʠʯʥʠʭ ʧʦʨʘʭ. ʈʝʟʫʣʴʪʘʪʠ ʧʨʦʚʝʜʝʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ 

ʧʦʢʘʟʘʣʠ ʥʝʣʽʥʽʡʥʝ ʟʨʦʩʪʘʥʥʷ ʤʦʜʫʣʽʚ ʧʨʫʞʥʦʩʪʽ ʪʘ ʟʩʫʚʫ ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ ʢʽʣʴʢʦʩʪʽ 

ʨʦʟʯʠʥʝʥʦʛʦ C, ʷʢʝ ʚʠʨʘʟʥʦ ʧʨʦʷʚʣʷʻʪʴʩʷ ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ ʢʽʣʴʢʦʩʪʽ ʨʦʟʯʠʥʝʥʦʛʦ 

ʚʫʛʣʝʮʶ ʧʦʥʘʜ 5 ʘʪ. %. ɺʠʟʥʘʯʝʥʥʷ ʤʝʞʽ ʪʝʢʫʯʦʩʪʽ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʠʭ ʩʪʘʣʝʡ 

ʣʝʛʦʚʘʥʠʭ Al ʥʘ ʦʩʥʦʚʽ ʤʦʜʝʣʽ, ʱʦ ʚʢʣʶʯʘʣʘ ʫ ʩʝʙʝ DFT ʨʦʟʨʘʭʫʥʢʠ ʚʢʣʘʜʫ ʝʥʝʨʛʽʾ 

ʙʣʠʞʥʴʦʛʦ ʫʧʦʨʷʜʢʫʚʘʥʥʷ [29] ʧʨʦʚʝʜʝʥʦ ʫ ʨʦʙʦʪʽ [30]. ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ ʨʦʙʽʪ [25,26,28] 

ʟʘʤʽʩʪʴ ʥʘʜˇʨʘʪʦʢ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʦʩʥʦʚʽ ʨʦʟʨʘʭʫʥʢʫ ʝʥʝʨʛʽʾ ʢʣʘʩʪʝʨʽʚ 

ʽʟ ɻʎʂ ˇʨʘʪʢʦʶ ʽ ʦʢʪʘʝʜʨʠʯʥʦʶ ʮʝʥʪʨʘʣʴʥʦʶ ʧʦʨʦʶ ʟʘʧʦʚʥʝʥʦʶ ʚʫʛʣʝʮʝʤ. ʂʽʣʴʢʽʩʪʴ 

ʪʘ ʢʦʥʬʽʛʫʨʘʮʽʷ ʨʦʟʪʘʰʫʚʘʥʥʷ ʘʪʦʤʽʚ ʧʨʦʚʦʜʠʣʘʩʴ ʥʘ ʦʩʥʦʚʽ ʧʦʰʫʢʫ ʢʨʠʩʪʘʣʽʯʥʠʭ 

ʩʪʨʫʢʪʫʨ ʽʟ ʥʘʡʥʠʞʯʦʶ ʝʥʝʨʛʽʻʶ ʬʦʨʤʫʚʘʥʥʷ. ʋ ʨʝʟʫʣʴʪʘʪʽ ʙʫʣʦ ʚʠʷʚʣʝʥʦ 6 

ʩʪʘʙʽʣʴʥʠʭ ʩʪʨʫʢʪʫʨ ʽʟ ʥʘʩʪʫʧʥʠʤ ʬʦʨʤʫʣʴʥʠʤ ʩʢʣʘʜʦʤ: Fe6Al8C, Fe5MnAl8C, 

Fe4Mn2Al8C, Fe7Al7C, Mn6Al l8C ʪʘ Fe3Mn3Al8C. ɽʢʩʪʨʘʧʦʣʷʮʽʷ ʜʘʥʠʭ ʦʪʨʠʤʘʥʠʭ ʜʣʷ 

ʥʘʚʝʜʝʥʠʭ ʩʪʨʫʢʪʫʨ ʜʦ ʩʢʣʘʜʫ ʩʝʨʽʡʥʠʭ ʘʫʩʪʝʥʽʪʥʠʭ ʩʪʘʣʝʡ ʜʦʟʚʦʣʠʣʘ ʚʠʟʥʘʯʠʪʠ 

ʛʨʘʥʠʮʶ ʤʽʮʥʦʩʪʽ ʽʟ ʧʦʭʠʙʢʦʶ ~10 %. ɺʠʚʯʝʥʥʷ ʚʧʣʠʚʫ Ni ʪʘ Co ʥʘ ʝʣʝʢʪʨʦʥʥʫ 

ʩʪʨʫʢʪʫʨʫ ʪʘ ʧʨʫʞʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʘʫʩʪʝʥʽʪʫ ʽʟ ʬʦʨʤʫʣʴʥʠʤ ʩʢʣʘʜʦʤ Fe4C 

ʧʨʦʚʝʜʝʥʦ ʫ ʨʦʙʦʪʽ [31]. ʄʦʜʝʣʶʚʘʥʥʷ ʧʨʦʚʦʜʠʣʠ ʚ ʨʘʤʢʘʭ DFT ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʢʦʜʫ CASTEP ʜʣʷ ʩʪʨʫʢʪʫʨ ʽʟ ɻʎʂ ˇʨʘʪʢʦʶ, ʫ ʷʢʠʭ ʘʪʦʤʠ Fe ʟʘʤʽʥʶʚʘʣʠ ʘʪʦʤʘʤʠ Co 

ʪʘ Ni ʫ ʨʽʚʥʠʭ ʧʨʦʧʦʨʮʽʷʭ ʪʘ ʢʽʣʴʢʦʩʪʽ ~20 ʘʪ. %. ʆʪʨʠʤʘʥʽ ʨʽʚʥʦʚʘʞʥʽ ʩʪʨʫʢʪʫʨʠ 

ʭʘʨʘʢʪʝʨʠʟʫʚʘʣʠʩʴ ʥʘʷʚʥʽʩʪʶ ʪʝʪʨʘʛʦʥʘʣʴʥʦʾ ɻʎʂ ˇʨʘʪʢʠ ʟʽ ʟʤʽʥʝʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ 

(ʘ = 3.7367ï3.7451 ʪʘ ʩ = 3.7843ï3.8061) ʧʦʨʽʚʥʷʥʦ ʽʟ ʘʫʩʪʝʥʽʪʦʤ ʩʢʣʘʜʫ Fe4C (ʘ = 
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3.7478 ). ʋʩʽ ʤʦʜʝʣʴʥʽ ʩʪʨʫʢʪʫʨʠ ʚʽʜʧʦʚʽʜʘʣʠ ʢʨʠʪʝʨʽʷʤ ʤʝʭʘʥʽʯʥʦʾ ʩʪʘʙʽʣʴʥʦʩʪʽ ʪʘ 

ʙʫʣʠ ʧʣʘʩʪʠʯʥʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ ʟʘ ʢʨʠʪʝʨʽʻʤ B/G. ʇʨʠ ʮʴʦʤʫ, ʫ ʟʘʛʘʣʴʥʦʤʫ ʚʠʧʘʜʢʫ 

ʦʜʥʦʯʘʩʥʝ ʨʦʟʯʠʥʝʥʥʷ Co ʪʘ Ni ʚ ʘʫʩʪʝʥʽʪʽ ʽʟ ʬʦʨʤʫʣʦʶ Fe4C ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʦʤʽʪʥʦʛʦ 

ʟʥʠʞʝʥʥʷ ʡʦʛʦ ʧʣʘʩʪʠʯʥʦʩʪʽ. ɸʥʘʣʽʟ ʟʥʘʯʝʥʴ ʨʦʟʨʘʭʦʚʘʥʠʭ ʧʨʫʞʥʠʭ ʢʦʥʩʪʘʥʪ ʜʣʷ 

ʩʪʨʫʢʪʫʨ ʽʟ ʨʽʟʥʠʤ ʨʦʟʪʘʰʫʚʘʥʥʷʤ ʘʪʦʤʽʚ ʧʦʢʘʟʫʻ, ʱʦ ʫ ʟʘʛʘʣʴʥʦʤʫ ʚʠʧʘʜʢʫ 

ʦʜʥʦʯʘʩʥʝ ʨʦʟʯʠʥʝʥʥʷ Ni ʪʘ Co ʚʝʜʝ ʜʦ ʧʽʜʚʠʱʝʥʥʷ ʟʥʘʯʝʥʴ G ʪʘ ʟʤʝʥʰʝʥʥʷ ʟʥʘʯʝʥʥʷ 

B. ʂʦʤʧʣʝʢʩʥʠʡ ʧʽʜʭʽʜ ʜʦ ʚʠʟʥʘʯʝʥʥʷ ʧʨʫʞʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʦʛʦ 

ʘʫʩʪʝʥʽʪʫ ʨʝʘʣʽʟʦʚʘʥʦ ʫ ʨʦʙʦʪʽ [13], ʜʝ ʧʘʨʘʣʝʣʴʥʦ ʽʟ DFT ʨʦʟʨʘʭʫʥʢʘʤʠ ʧʨʦʚʦʜʠʣʠ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʤʝʪʦʜʦʤ ʥʘʥʦʽʥʜʝʥʪʫʚʘʥʥʷ. ɿʨʘʟʢʠ ʜʣʷ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʧʨʝʜʩʪʘʚʣʷʣʠ ʩʦʙʦʶ ʧʦʢʨʠʪʪʷ, ʥʘʥʝʩʝʥʽ ʤʝʪʦʜʦʤ 

ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʦʟʧʠʣʝʥʥʷ ʪʘ ʩʧʣʘʚʠ ʽʟ ʯʠʩʪʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʽʟ ʚʤʽʩʪʦʤ ʉ 0.5ï3.0 ʘʪ. % 

ʪʘ Mn ʚʽʜ 28 30 ʘʪ. %. ʇʦʨʽʚʥʷʥʥʷ ʨʦʟʨʘʭʦʚʘʥʠʭ ʪʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʚʝʣʠʯʠʥ 

ʧʘʨʘʤʝʪʨʽʚ ˇʨʘʪʦʢ ʘʫʩʪʝʥʽʪʫ ʨʽʟʥʦʛʦ ʩʢʣʘʜʫ ʧʦʢʘʟʫʻ, ʱʦ ʟʥʘʯʝʥʥʷ ʨʦʟʨʘʭʦʚʘʥʠʭ 

ʚʝʣʠʯʠʥ (3.51 3.54 ) ʻ ʥʠʞʯʠʤʠ ʧʦʨʽʚʥʷʥʦ ʽʟ ʨʦʟʨʘʭʦʚʘʥʠʤʠ (3.59 3.61). ʆʜʥʘʢ, 

ʪʝʥʜʝʥʮʽʷ ʜʦ ʟʙʽʣʴʰʝʥʥʷ ʧʘʨʘʤʝʪʨʫ ˇʨʘʪʢʠ ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ ʚʤʽʩʪʫ Mn ʪʘ C 

ʚʽʜʦʙʨʘʞʘʻʪʴʩʷ ʷʢ ʫ ʨʦʟʨʘʭʫʥʢʘʭ ʪʘʢ ʽ ʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʨʝʟʫʣʴʪʘʪʘʭ. 

ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʟʥʘʯʝʥʥʷ ʤʦʜʫʣʷ ʖʥʛʘ ʦʧʠʩʫʶʪʴʩʷ ʪʝʦʨʝʪʠʯʥʠʤʠ ʨʦʟʨʘʭʫʥʢʘʤʠ ʽʟ 

ʪʦʯʥʽʩʪʶ ~15 % ʪʘ ʟʥʘʭʦʜʷʪʴʩʷ ʫ ʤʝʞʘʭ 185 220 ɻʇa, ʘ ʧʽʜʚʠʱʝʥʥʷ ʚʤʽʩʪʫ ʚʫʛʣʝʮʶ ʫ 

ʤʝʞʘʭ 0 3 ʘʪ. % ʥʝ ʚʝʜʝ ʜʦ ʧʦʤʽʪʥʦʛʦ ʧʽʜʚʠʱʝʥʥʷ ʾʭ ʟʥʘʯʝʥʥʷ.  

ʋʟʘʛʘʣʴʥʝʥʥʷ ʥʘʚʝʜʝʥʠʭ ʣʽʪʝʨʘʪʫʨʥʠʭ ʜʘʥʠʭ ʧʦʢʘʟʫʻ, ʱʦ ʜʣʷ ʣʝʛʦʚʘʥʦʛʦ   

ʘʫʩʪʝʥʽʪʫ ʽʟ ʩʫʤʘʨʥʠʤ ʚʤʽʩʪʦʤ ʣʝʛʫʶʯʠʭ ʝʣʝʤʝʥʪʽʚ, ʨʦʟʯʠʥʝʥʠʭ ʰʣʷʭʦʤ ʟʘʤʽʱʝʥʥʷ 

Ò  50 ʘʪ. % ʪʘ ʚʤʽʩʪʦʤ ʉ Ò 3 ʘʪ. % ʧʘʨʘʤʝʪʨʠ ˇʨʘʪʢʠ ʟʥʘʭʦʜʷʪʴʩʷ ʚ ʤʝʞʘʭ ~3.45 3.6 . 

ʈʦʟʨʘʭʦʚʘʥʽ ʟʥʘʯʝʥʥʷ ʤʦʜʫʣʽʚ ʧʨʫʞʥʦʩʪʽ E, B ʪʘ G ʟʥʘʭʦʜʷʪʴʩʷ ʚ ʤʝʞʘʭ 185  346, 150

280 ʪʘ 70 150, ʚʽʜʧʦʚʽʜʥʦ. ɼʘʥʽ, ʷʢʽ ʥʘʡʙʽʣʴʰ ʪʦʯʥʦ ʦʧʠʩʫʶʪʴ ʨʝʟʫʣʴʪʘʪʠ 

ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʙʫʣʦ ʦʪʨʠʤʘʥʦ ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ ʫʟʘʛʘʣʴʥʝʥʦʾ ʛʨʘʜʽʻʥʪʥʦʾ 

ʘʧʨʦʢʩʠʤʘʮʽʾ (GGA) ʪʘ ʬʫʥʢʮʽʦʥʘʣʫ ʇʝʜʴʶ-ɹʝʨʢʝ-ɽʨʥʟʝʨʛʦʬʘ (PBE) ʽʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʨʦʛʨʘʤʥʠʭ ʢʦʜʽʚ CASTEP ʪʘ VASP. ʆʪʞʝ, ʧʨʝʜʩʪʘʚʣʝʥʥʷ 

ʢʨʠʩʪʘʣʽʯʥʦʾ ʩʪʨʫʢʪʫʨʠ ʘʫʩʪʝʥʽʪʫ ʫ ʚʠʛʣʷʜʽ ʥʘʜˇʨʘʪʦʢ ʥʘ ʦʩʥʦʚʽ ɻʎʂ ˇʨʘʪʢʠ ʽʟ 

ʦʢʪʘʝʜʨʠʯʥʠʤʠ ʧʦʨʘʤʠ, ʟʘʧʦʚʥʝʥʠʤʠ ʘʪʦʤʘʤʠ ʚʫʛʣʝʮʶ ʜʦʟʚʦʣʷʻ ʽʟ ʜʦʩʪʘʪʥʴʦʶ 

ʪʦʯʥʽʩʪʶ ʧʨʦʛʥʦʟʫʚʘʪʠ ʚʣʘʩʪʠʚʦʩʪʽ ʨʝʘʣʴʥʦʾ ʘʫʩʪʝʥʽʪʥʦʾ ʥʝʚʧʦʨʷʜʢʦʚʘʥʦʾ ʩʪʨʫʢʪʫʨʠ. 
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1.2.2 ʊʝʨʤʦʜʠʥʘʤʽʯʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʘʫʩʪʝʥʽʪʥʦʾ ʬʘʟʠ ʪʘ ʽʥʰʠʭ ʬʘʟ 

ʚʧʨʦʚʘʜʞʝʥʥʷ 

 ɼʣʷ ʘʥʘʣʽʟʫ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʘʫʩʪʝʥʽʪʫ ʪʘ ʽʥʰʠʭ ʬʘʟ 

ʚʧʨʦʚʘʜʞʝʥʥʷ ʥʘʡʙʽʣʴʰ ʪʦʯʥʽ ʨʝʟʫʣʴʪʘʪʠ ʜʘʻ ʤʝʪʦʜʠʢʘ CALPHAD, ɦ ʦ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ 

ʚ ʨʘʤʢʘʭ ʬʦʨʤʘʣʽʟʤʫ CEF ʨʦʟʚʠʥʫʪʦʛʦ ʄ. ʍʽʣʣʝʨʪʦʤ [32], ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʷʢʦʛʦ 

ʘʫʩʪʝʥʽʪʥʘ ʬʘʟʘ ʤʦʞʝ ʙʫʪʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʷʢ ʪʘʢʘ, ʱʦ ʩʢʣʘʜʘʻʪʴʩʷ ʽʟ ʜʚʦʭ ʧʽʜˇʨʘʪʦʢ, ʫ 

ʷʢʽʡ ʦʜʥʘ ʟʘʧʦʚʥʝʥʘ ʘʪʦʤʘʤʠ Fe, Mn ʪʘ  ʣʝʛʫʶʯʠʤʠ ʝʣʝʤʝʥʪʘʤʠ, ʪʘʢʠʤʠ ʷʢ Cr, Ti, Nb, 

Si ʪʘ ʽʥ. [33], ʘ ʽʥʰʘ ʘʪʦʤʘʤʠ ʚʧʨʦʚʘʜʞʝʥʥʷ (C, N, B ʪʘ ʽʥ.) ʪʘ ʚʘʢʘʥʩʽʷʤʠ. ʎʝ ʜʦʟʚʦʣʷʻ 

ʧʨʦʚʦʜʠʪʠ ʦʮʽʥʢʫ ʚʽʣʴʥʦʾ ʝʥʝʨʛʽʾ Ὃ  ʜʣʷ ʘʫʩʪʝʥʽʪʥʦʾ ʬʘʟʠ ʪʘ ʽʥʰʠʭ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ 

ʚʧʨʦʚʘʜʞʝʥʥʷ, ʷʢʽ ʤʦʞʫʪʴ ʙʫʪʠ ʦʧʠʩʘʥʽ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʜʚʦʭ ʧʽʜˇʨʘʪʦʢ ʟʘ ʨʽʚʥʷʥʥʷʤ: 

Ὃ ώώὋȡ ὙὝ ώὰὲώ ὥẗ ώὰὲώ Ὃ Ὃȟ (1.6) 

ʜʝ i=Fe, Mn ʪʘ ʽʥ., a k =C, B ʪʘ ʚʘʢʘʥʩʽʾ (va); Ὃȡï ʝʥʝʨʛʽʷ ʯʠʩʪʠʭ ʢʦʤʧʦʥʝʥʪʽʚ (ʬʘʟ); 

a ï ʢʽʣʴʢʽʩʪʴ ʤʽʩʮʴ ʫ ʧʽʜˇʨʘʪʮʽ, ʪʘʢʠʭ ʷʢ ʦʢʪʘ ï ʽ ʪʝʪʨʘʝʜʨʠʯʥʠʭ ʧʦʨʠ, ʷʢʽ ʧʨʠʧʘʜʘʶʪʴ 

ʥʘ ʦʜʠʥ ʤʝʪʘʣʝʚʠʡ ʘʪʦʤ ʪʘ ʤʦʞʫʪʴ ʙʫʪʠ ʟʘʡʥʷʪʽ ʚʘʢʘʥʩʽʷʤʠ ʘʙʦ ʘʪʦʤʘʤʠ 

ʚʧʨʦʚʘʜʞʝʥʥʷ; ώ ʪʘ ώ ï ʯʘʩʪʢʠ ʘʪʦʤʽʚ ʚʧʨʦʚʘʜʞʝʥʥʷ (ʚʘʢʘʥʩʽʡ) ʪʘ ʤʝʪʘʣʝʚʠʭ ʘʪʦʤʽʚ, 

ʚʽʜʧʦʚʽʜʥʦ; Ὃ  ï ʥʘʜʣʠʰʢʦʚʘ ʚʽʣʴʥʘ ʝʥʝʨʛʽʷ, ʷʢʘ ʟʘʣʝʞʠʪʴ ʚʽʜ ʭʘʨʘʢʪʝʨʫ ʨʦʟʯʠʥʝʥʥʷ 

ʢʦʤʧʦʥʝʥʪʽʚ; Ὃ  ï ʝʥʝʨʛʝʪʠʯʥʠʡ ʚʢʣʘʜ ʤʘʛʥʽʪʥʦʛʦ ʫʧʦʨʷʜʢʫʚʘʥʥʷ.  ʋ ʟʘʛʘʣʴʥʦʤʫ 

ʚʠʛʣʷʜʽ ʟʘʣʝʞʥʽʩʪʴ (1.6) ʤʦʞʝ ʪʘʢʦʞ ʚʠʢʦʨʠʩʪʘʥʘ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʪʝʤʧʝʨʘʪʫʨʥʠʭ 

ʟʘʣʝʞʥʦʩʪʝʡ ʚʽʣʴʥʦʾ ʝʥʝʨʛʽʾ ʬʘʟ ʚʧʨʦʚʘʜʞʝʥʥʷ ʪʠʧʫ MeC, MeB2 ʽ ʪ. ʧ.  

 

1.3 ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʝ ʚʠʟʥʘʯʝʥʥʷ ʚʧʣʠʚʫ ʣʝʛʫʚʘʥʥʷ ʜʝʷʢʠʤʠ ʧʝʨʝʭʽʜʥʠʤʠ 

ʤʝʪʘʣʘʤʠ ʥʘ ʩʪʨʫʢʪʫʨʫ ʪʘ ʚʣʘʩʪʠʚʦʩʪʽ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʠʭ ʩʪʘʣʝʡ 

 ʈʘʮʽʦʥʘʣʴʥʠʤ ʰʣʷʭʦʤ ʧʽʜʚʠʱʝʥʥʷ ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ ʚʠʣʠʚʢʽʚ ʽʟ 

ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʠʭ ʩʪʘʣʝʡ ʟʘ ʫʤʦʚ ʘʙʨʘʟʠʚʥʦʛʦ ʟʥʦʰʫʚʘʥʥʷ ʻ ʚʚʝʜʝʥʥʷ ʜʦ ʾʭ ʩʢʣʘʜʫ 

ʪʫʛʦʧʣʘʚʢʠʭ ʤʝʪʘʣʽʚ IV ï VI ʛʨʫʧʠ ʧʝʨʽʦʜʠʯʥʦʾ ʩʠʩʪʝʤʠ ʝʣʝʤʝʥʪʽʚ, ʪʘʢʠʭ ʷʢ Ti, V, Cr, 

Zr, Nb, Mo ʧʦʨʷʜ ʽʟ C ʪʘ B ̔ ʟ ʨʦʟʨʘʭʫʥʢʫ ʥʘ ʫʪʚʦʨʝʥʥʷ ʚʽʜʧʦʚʽʜʥʠʭ ʢʘʨʙʽʜʽʚ ʪʘ ʙʦʨʠʜʽʚ. 

ɿʦʢʨʝʤʘ ʜʣʷ ʙʘʟʦʚʦʾ ʩʠʩʪʝʤʠ Feï13Mnï1C, ʷʢ ʣʝʛʫʶʯʠʡ ʝʣʝʤʝʥʪ ʟʥʘʯʥʠʡ ʽʥʪʝʨʝʩ 

ʧʨʝʜʩʪʘʚʣʷʻ Ti, ʦʩʢʽʣʴʢʠ ʚʽʥ ʫʪʚʦʨʶʻ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ ʩʪʽʡʢʠʡ ʢʘʨʙʽʜ TiC ʽʟ ʚʠʩʦʢʦʶ 
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ʤʽʢʨʦʪʚʝʨʜʽʩʪʶ (~30 ɻʇʘ). ɿʘ ʜʘʥʠʤʠ [34] ʣʝʛʫʚʘʥʥʷ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʦʾ ʩʪʘʣʽ Ti ʫ 

ʜʽʘʧʘʟʦʥʽ ʢʦʥʮʝʥʪʨʘʮʽʡ 0.4ï2.5 ʟʘʙʝʟʧʝʯʫʻ ʥʘʷʚʥʽʩʪʴ ʫ ʩʪʨʫʢʪʫʨʽ ʣʠʪʦʾ ʩʪʘʣʽ 

ʨʽʚʥʦʤʽʨʥʦ ʨʦʟʧʦʜʽʣʝʥʦʛʦ TiC ʨʦʟʤʽʨʘʤʠ 10ï20 ʤʢʤ (ʨʠʩ. 1.3, ʘ). ʇʦʨʷʜ ʽʟ TiC ʫ 

ʩʪʨʫʢʪʫʨʽ ʪʘʢʦʞ ʙʫʣʦ ʚʠʷʚʣʝʥʦ ʮʝʤʝʥʪʠʪ (Fe,Mn)3C, ʷʢʠʡ ʚ ʦʩʥʦʚʥʦʤʫ ʚʠʜʽʣʠʚʩʷ ʧʦ 

ʛʨʘʥʠʮʷʭ ʘʫʩʪʝʥʽʪʥʠʭ ʟʝʨʝʥ ʪʘ ʥʘʚʢʦʣʦ TiC. ʊʝʨʤʽʯʥʘ ʦʙʨʦʙʢʘ, ʷʢʘ ʧʦʣʷʛʘʣʘ ʫ 

ʥʘʛʨʽʚʘʥʥʽ ʜʦ 1050 Áʉ, ʽʟʦʪʝʨʤʽʯʥʽʡ ʚʠʪʨʠʤʮʽ ʪʘ ʥʘʩʪʫʧʥʦʤʫ ʰʚʠʜʢʦʤʫ ʦʭʦʣʦʜʞʝʥʥʽ 

ʰʣʷʭʦʤ ʟʘʥʫʨʝʥʥʷ ʫ ʚʦʜʫ ʟʘʙʝʟʧʝʯʠʣʘ ʧʨʘʢʪʠʯʥʦ ʧʦʚʥʝ ʫʩʫʥʝʥʥʷ ʮʝʤʝʥʪʠʪʫ ʪʘ, 

ʚʽʜʧʦʚʽʜʥʦ, ʽʩʥʫʚʘʥʥʷ ʜʚʦʬʘʟʦʚʦʾ ʩʪʨʫʢʪʫʨʠ ɸ+TiC. ɼʦʜʘʚʘʥʥʷ Ti ʟʘʙʝʟʧʝʯʠʣʦ ʪʘʢʦʞ 

ʩʫʪʪʻʚʝ ʟʨʦʩʪʘʥʥʷ ʪʚʝʨʜʦʩʪʽ ʥʝʜʝʬʦʨʤʦʚʘʥʦʾ ʩʪʘʣʽ, ʟʦʢʨʝʤʘ ʧʨʠ ʜʦʜʘʚʘʥʥʽ 2 % Ti 

ʪʚʝʨʜʽʩʪʴ ʩʪʘʥʦʚʠʣʘ 5.1 ɻʇʘ , ʱʦ ʥʘ 2 ɻʇʘ ʧʝʨʝʚʠʱʫʻ ʪʚʝʨʜʽʩʪʴ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʦʾ 

ʩʪʘʣʽ ʫ ʚʠʭʽʜʥʦʤʫ ʩʪʘʥʽ.  

 ʆʩʥʦʚʥʦʶ ʤʝʪʦʶ ʣʝʛʫʚʘʥʥʷ ʣʠʪʠʭ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʠʭ ʩʪʘʣʝʡ ʪʫʛʦʧʣʘʚʢʠʤʠ 

ʤʝʪʘʣʘʤʠ ʟʘ ʣʽʪʝʨʘʪʫʨʥʠʤʠ ʜʘʥʠʤʠ ʻ ʧʽʜʚʠʱʝʥʥʷ ʾʭ ʤʽʮʥʦʩʪʽ ʪʘ ʫʜʘʨʥʦʾ ʚ'ʷʟʢʦʩʪʽ ʟʘ 

ʨʘʭʫʥʦʢ ʧʦʜʨʽʙʥʝʥʥʷ ʩʪʨʫʢʪʫʨʠ ʰʣʷʭʦʤ ʤʦʜʠʬʽʢʫʚʘʥʥʷ. ɿʦʢʨʝʤʘ, ʟʘ ʜʘʥʠʤʠ ʨʦʙʦʪʠ 

[35] ʟʘʩʪʦʩʫʚʘʥʥʷ  Hf  ʜʣʷ ʤʦʜʠʬʽʢʫʚʘʥʥʷ ʣʠʪʦʾ ʩʪʘʣʽ ɻʘʜʬʽʣʴʜʘ ʽʟ 1.2 ʤʘʩ. % C ʪʘ 12 

ʤʘʩ. % Mn ʜʦʟʚʦʣʠʣʦ ʟʤʝʥʰʠʪʠ ʩʝʨʝʜʥʽʡ ʨʦʟʤʽʨ ʟʝʨʝʥ ʫ 5 ʨʘʟʽʚ (ʚʽʜ 3000 ʜʦ 600 ʤʢʤ) 

(ʨʠʩ. 1.3, ʙ) ʪʘ ʩʫʪʪʻʚʦ ʧʽʜʚʠʱʠʪʠ ʨʽʚʝʥʴ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ, ʥʘʩʘʤʧʝʨʝʜ 

ʫʜʘʨʥʦʾ ʚ'ʷʟʢʦʩʪʽ ʪʘ ʤʽʮʥʦʩʪʽ (ʥʘ 88 ʪʘ 37 %, ʚʽʜʧʦʚʽʜʥʦ). ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʬʨʘʢʪʦʛʨʘʬʽʯʥʦʛʦ ʘʥʘʣʽʟʫ ʟʨʫʡʥʦʚʘʥʠʭ ʫ ʧʨʦʮʝʩʽ ʤʝʭʘʥʽʯʥʠʭ ʚʠʧʨʦʙʫʚʘʥʴ ʟʨʘʟʢʽʚ 

ʙʫʣʦ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʫ ʤʦʜʠʬʽʢʦʚʘʥʠʭ ʟʨʘʟʢʘʭ ʛʫʩʪʠʥʘ ʜʚʽʡʥʠʢʽʚ ʜʝʬʦʨʤʘʮʽʾ ʻ 

ʚʠʱʦʶ ʥʘ ~46 %.  

 ʋ ʨʦʙʦʪʽ [36] ʜʦʩʣʽʜʞʫʚʘʣʠ ʚʧʣʠʚ Mo ʥʘ ʩʪʨʫʢʪʫʨʫ, ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ 

ʥʘʧʣʘʚʣʝʥʠʭ ʰʘʨʽʚ (ʟʚʘʨʥʠʭ ʰʚʽʚ), ʷʢʽ ʦʪʨʠʤʫʚʘʣʠ ʥʘʧʣʘʚʣʝʥʥʷʤ ʧʦʨʦʰʢʦʚʠʤʠ 

ʜʨʦʪʘʤʠ ʽʟ ʚʠʩʦʢʠʤ ʚʤʽʩʪʦʤ Mn (~13 ʤʘʩ. %) ʪʘ ʚʫʛʣʝʮʶ (~1.2 ʤʘʩ. %). ʉʪʨʫʢʪʫʨʘ 

ʦʪʨʠʤʘʥʠʭ ʧʦʢʨʠʪʪʽʚ ʙʝʟ ʜʦʙʘʚʦʢ Mo ʩʢʣʘʜʘʣʘʩʴ ʽʟ ʟʝʨʝʥ ʘʫʩʪʝʥʽʪʫ ʧʦ ʛʨʘʥʠʮʷʭ ʷʢʠʭ 

ʙʫʣʘ ʚʠʷʚʣʝʥʘ ʧʨʘʢʪʠʯʥʦ ʩʫʮʽʣʴʥʘ ʩʽʪʢʘ ʽʟ ʢʘʨʙʽʜʽʚ ʮʝʤʝʥʪʠʪʥʦʛʦ ʪʠʧʫ, ʬʦʨʤʫʣʴʥʦʛʦ 

ʩʢʣʘʜʫ Fe1.8Mn1.2C. ʇʦ ʤʽʨʽ ʜʦʜʘʚʘʥʥʷ ʫ ʩʢʣʘʜ ʰʠʭʪʠ Mo ʜʦ 2.2 ʤʘʩ. % ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ 

ʩʫʪʪʻʚʽ ʩʪʨʫʢʪʫʨʥʽ ʟʤʽʥʠ, ʷʢʽ ʧʦʚ'ʷʟʘʥʽ ʽʟ ʚʠʥʠʢʥʝʥʥʷʤ  ʥʦʚʦʾ ʢʘʨʙʽʜʥʦʾ ʬʘʟʠ 

(ʽʜʝʥʪʠʬʽʢʦʚʘʥʦʾ ʟʘ ʜʘʥʠʤʠ XRD, ʷʢ Mo2C) ʽ, ʷʢ ʥʘʩʣʽʜʦʢ, ʩʫʪʪʻʚʦʛʦ ʟʤʝʥʰʝʥʥʷ 

ʩʫʮʽʣʴʥʦʩʪʽ ʩʽʪʢʠ ʽʟ ʢʘʨʙʽʜʽʚ ʮʝʤʝʥʪʠʪʥʦʛʦ ʪʠʧʫ: ʩʝʨʝʜʥʷ ʧʨʦʪʷʞʥʽʩʪʴ ʢʘʨʙʽʜʥʦʾ ʬʘʟʠ 
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ʚʟʜʦʚʞ ʛʨʘʥʠʮʴ ʟʝʨʝʥ ʟʤʝʥʰʫʻʪʴʩʷ ʚʽʜ 572 ʜʦ 98 ʤʢʤ (ʨʠʩ. 1.3, ʚ). ʊʘʢʽ ʩʪʨʫʢʪʫʨʥʽ 

ʟʤʽʥʠ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʟʨʦʩʪʘʥʥʷ ʤʽʮʥʦʩʪʽ ʧʽʜ ʯʘʩ ʨʦʟʪʷʛʫʚʘʥʥʷ (ʚʽʜ 1039 ʜʦ 1114 ʄʇʘ), 

ʧʣʘʩʪʠʯʥʦʩʪʽ (ʚʽʜʥʦʩʥʝ ʚʠʜʦʚʞʝʥʥʷ ʟʨʦʩʪʘʻ ʥʘ 3 %), ʘ ʪʘʢʦʞ ʜʦ ʟʥʘʯʥʦʛʦ ʧʽʜʚʠʱʝʥʥʷ 

ʪʚʝʨʜʦʩʪʽ (ʚʽʜ 3 ʜʦ 4.5 ɻʇʘ) ʪʘ ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ ʟʘ ʫʤʦʚ ʪʝʨʪʷ ʧʦ ʚʽʣʴʥʦʤʫ ʘʙʨʘʟʠʚʫ ʚ 

1.5 ʨʘʟʠ.  

ɺʧʣʠʚ ʤʽʢʨʦʣʝʛʫʚʘʥʥʷ Nb ʥʘ ʚʣʘʩʪʠʚʦʩʪʽ ʣʠʪʦʾ ʩʪʘʣʽ ɻʘʜʬʽʣʴʜʘ ʧʨʦʚʝʜʝʥʦ 

ʘʚʪʦʨʘʤʠ ʨʦʙʦʪʠ [5], ʫ ʷʢʽʡ ʚʩʪʘʥʦʚʣʝʥʦ ʱʦ ʜʦʜʘʚʘʥʥʷ 0.1 ʤʘʩ. % Nb ʟʘʙʝʟʧʝʯʫʻ 

ʧʦʤʽʪʥʝ ʧʦʜʨʽʙʥʝʥʥʷ ʘʫʩʪʝʥʽʪʥʠʭ ʟʝʨʝʥ ʚʽʜ 150 ʜʦ 100 ʤʢʤ ʟʘ ʨʘʭʫʥʦʢ ʚʠʜʽʣʝʥʥʷ ʫ 

ʩʪʨʫʢʪʫʨʽ ʜʠʩʧʝʨʩʥʠʭ ʚʢʣʶʯʝʥʴ NbC (ʨʠʩ. 1.3, ʛ). ʎʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʦʤʽʪʥʦʛʦ 

ʧʽʜʚʠʱʝʥʥʷ ʨʽʚʥʷ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʪʘ ʟʙʽʣʴʰʝʥʥʷ  ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ ʟʘ ʫʤʦʚ 

ʪʝʨʪʷ ʢʦʚʟʘʥʥʷ ʧʦ ʢʦʥʪʨʪʽʣʫ ʽʟ ʪʚʝʨʜʦʛʦ ʩʧʣʘʚʫ ʧʨʘʢʪʠʯʥʦ ʫ 2 ʨʘʟʠ. ʇʦʜʽʙʥʝ 

ʧʽʜʚʠʱʝʥʥʷ ʘʙʨʘʟʠʚʥʦʾ ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ  ʣʠʪʦʾ ʩʪʘʣʽ ɻʘʜʬʽʣʴʜʘ (ʽʟ ʚʤʽʩʪʦʤ Mn ʪʘ ʉ ~ 

14 ʪʘ 1.6 ʤʘʩ. %, ʚʽʜʧʦʚʽʜʥʦ)  ʚʠʷʚʣʝʥʝ ʘʚʪʦʨʦʤ ʨʦʙʦʪʠ [37]. ɿʘ ʾʾ ʨʝʟʫʣʴʪʘʪʘʤʠ  

ʜʦʜʘʚʘʥʥʷ ~4 ʤʘʩ. % Nb ʰʣʷʭʦʤ ʚʚʝʜʝʥʥʷ ʬʝʨʦʥʽʦʙʽʶ ʫ ʨʦʟʧʣʘʚ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʦʾ 

ʩʪʘʣʽ ʟʘʙʝʟʧʝʯʫʻ ʧʽʜʚʠʱʝʥʥʷ ʾʾ ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ ʧʨʘʢʪʠʯʥʦ ʫ 3 ʨʘʟʠ. ʉʪʨʫʢʪʫʨʘ 

ʣʝʛʦʚʘʥʦʾ ʣʠʪʦʾ ʩʪʘʣʽ ʩʢʣʘʜʘʻʪʴʩʷ ʽʟ ʘʫʩʪʝʥʽʪʫ, ʫ ʮʝʥʪʨʘʣʴʥʠʭ ʦʙʣʘʩʪʷʭ ʟʝʨʝʥ ʷʢʦʛʦ 

ʤʽʩʪʠʪʩɹʷ NbC, ʱʦ ʫʪʚʦʨʶʻ ʢʦʥʛʣʦʤʝʨʘʪʠ ʨʦʟʤʽʨʘʤʠ ʜʦ 25 ʤʢʤ.  

 ʃʝʛʫʚʘʥʥʷ ʩʪʘʣʽ ɻʘʜʬʽʣʴʜʘ V ʫ ʢʽʣʴʢʦʩʪʽ 5.5 ʤʘʩ. % [6] ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʬʦʨʤʫʚʘʥʥʷ ʘʫʩʪʝʥʽʪʦ-ʢʘʨʙʽʜʥʦʾ ʩʪʨʫʢʪʫʨʠ, ʫ ʷʢʽʡ ʢʘʨʙʽʜʥʽ ʬʘʟʠ VxCy ʤʘʶʪʴ 

ʚʠʜʦʚʞʝʥʫ ʬʦʨʤʫ ʙʝʟ ʚʠʨʘʟʥʦʾ ʛʝʦʤʝʪʨʽʾ ʪʘ ʨʦʟʪʘʰʦʚʫʶʪʴʩʷ ʷʢ ʧʦ ʛʨʘʥʠʮʷʭ 

ʘʫʩʪʝʥʽʪʥʠʭ ʟʝʨʝʥ ʪʘʢ ʽ ʫ ʾʭ ʮʝʥʪʨʘʣʴʥʠʭ ʦʙʣʘʩʪʷʭ (ʨʠʩ. 1.3, ʜ). ʅʘʷʚʥʽʩʪʴ ʫ ʩʪʨʫʢʪʫʨʽ 

ʢʘʨʙʽʜʥʦʾ ʬʘʟʠ ʜʦʟʚʦʣʷʻ ʧʽʜʚʠʱʠʪʠ ʾʾ ʘʙʨʘʟʠʚʥʫ ʟʥʦʩʦʩʪʽʡʢʽʩʪʴ ʫ 2.5ï3 ʨʘʟʠ.    

 ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ ʪʘʢʠʭ ʝʣʝʤʝʥʪʽʚ, ʷʢ Ti, Nb, V ʪʘ Hf ʜʦʜʘʚʘʥʥʷ ʥʝʟʥʘʯʥʠʭ 

ʢʽʣʴʢʦʩʪʝʡ (ʜʦ 2 ʤʘʩ. %) Cr ʥʝ ʧʝʨʝʰʢʦʜʞʘʻ ʫʪʚʦʨʝʥʥʶ ʢʘʨʙʽʜʥʦʾ ʩʽʪʢʠ ʥʘʚʢʦʣʦ ʟʝʨʝʥ 

ʤʘʨʛʘʥʮʝʚʦʛʦ ʘʫʩʪʝʥʽʪʫ, ʘ ʥʘʚʧʘʢʠ ʩʧʨʠʷʻ ʟʙʽʣʴʰʝʥʥʶ ʾʾ ʩʫʮʽʣʴʥʦʩʪʽ ʪʘ ʫʢʨʫʧʥʝʥʥʶ. 

ʊʘʢʠʡ ʭʘʨʘʢʪʝʨ ʬʦʨʤʫʚʘʥʥʷ ʩʪʨʫʢʪʫʨʠ ʟʫʤʦʚʣʝʥʠʡ ʚʠʩʦʢʦʶ ʨʦʟʯʠʥʥʽʩʪʶ Cr ʫ 

ʮʝʤʝʥʪʠʪʽ, ʥʘʩʣʽʜʢʦʤ ʯʦʛʦ ʻ ʬʦʨʤʫʚʘʥʥʷ ʩʪʘʙʽʣʴʥʦʾ ʬʘʟʠ (Fe, Mn, Cr)3C ʧʦ ʛʨʘʥʠʮʷʭ 

ʘʫʩʪʝʥʽʪʥʠʭ ʟʝʨʝʥ, ʷʢʘ ʥʝ ʤʦʞʝ ʙʫʪʠ ʫʩʫʥʫʪʘ ʘʫʩʪʝʥʽʟʘʮʽʻʶ ʥʘʚʽʪʴ ʟʘ ʪʨʠʚʘʣʠʭ 

ʽʟʦʪʝʨʤʽʯʥʠʭ ʚʠʪʨʠʤʦʢ (ʨʠʩ. 1.3, ʝ). ʈʘʟʦʤ ʟ ʮʠʤ, Cr ʪʘʢʦʞ ʜʦʙʨʝ ʨʦʟʯʠʥʷʻʪʴʩʷ ʚ 
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ʘʫʩʪʝʥʽʪʥʽʡ ʬʘʟʽ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʩʫʪʪʻʚʦʛʦ ʟʙʽʣʴʰʝʥʥʷ ʾʾ ʤʽʢʨʦʪʚʝʨʜʦʩʪʽ ʚʽʜ ~3.7 ʜʦ 

4.6ï48 ɻʇʘ.  

ʇʨʦʚʝʜʝʥʠʡ ʧʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ ʚʧʣʠʚʫ ʣʝʛʫʚʘʥʥʷ ʪʫʛʦʧʣʘʚʢʠʤʠ ʤʝʪʘʣʘʤʠ ʥʘ 

ʩʪʨʫʢʪʫʨʫ ʪʘ ʚʣʘʩʪʠʚʦʩʪʽ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʦʾ ʩʪʘʣʽ ʧʦʢʘʟʫʻ, ʱʦ ʩʪʫʧʽʥʴ ʛʘʣʴʤʫʚʘʥʥʷ 

ʫʪʚʦʨʝʥʥʷ ʮʝʤʝʥʪʠʪʥʦʾ ʬʘʟʠ ʪʠʤ ʚʠʱʠʡ ʯʠʤ ʙʽʣʴʰ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ ʩʪʘʙʽʣʴʥʦʶ ʻ 

ʢʘʨʙʽʜʥʘ ʬʘʟʘ. ɯʟ ʮʽʻʾ ʧʦʟʠʮʽʾ, ʘ ʪʘʢʦʞ ʟ ʤʝʪʦʶ ʟʘʙʝʟʧʝʯʝʥʥʷ ʽʥʪʝʥʩʠʬʽʢʘʮʽʾ 

ʩʫʙʩʪʨʫʢʪʫʨʥʦʛʦ ʟʤʽʮʥʝʥʥʷ, ʥʘʡʙʽʣʴʰ ʨʘʮʽʦʥʘʣʴʥʦ ʧʨʦʚʦʜʠʪʠ ʣʝʛʫʚʘʥʥʷ Ti, Nb ʪʘ Hf 

ʽʟ ʨʦʟʨʘʭʫʥʢʫ ʥʘ ʫʪʚʦʨʝʥʥʷ ʚʽʜʧʦʚʽʜʥʠʭ ʤʦʥʦʢʘʨʙʽʜʽʚ. ʆʜʥʘʢ, ʚʨʘʭʦʚʫʶʯʠ ʱʦ 

ʢʘʨʙʽʜʥʽ ʬʘʟʠ, ʷʢʽ ʬʦʨʤʫʶʪʴʩʷ ʫ ʩʪʨʫʢʪʫʨʽ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʦʾ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ 

ʚʠʩʦʢʦʶ ʜʠʩʧʝʨʩʥʽʩʪʶ ʚʦʥʠ ʙʫʜʫʪʴ ʩʣʘʙʦ ʧʨʦʪʠʜʽʷʪʠ ʘʙʨʘʟʠʚʥʦʤʫ ʟʥʦʰʫʚʘʥʥʶ ʟʘ 

ʤʝʭʘʥʽʟʤʦʤ ʤʽʢʨʦʨʽʟʘʥʥʷ (ʪʫʛʦʧʣʘʚʢʽ ʬʘʟʠ ʙʫʜʫʪʴ ʚʽʜʜʽʣʷʪʠʩʴ ʨʘʟʦʤ ʽʟ 

ʤʽʢʨʦʩʪʨʫʞʢʦʶ), ʦʩʦʙʣʠʚʦ ʟʘ ʫʤʦʚ ʨʦʙʦʪʠ ʫ ʩʝʨʝʜʦʚʠʱʽ, ʷʢʝ ʤʽʩʪʠʪʴ ʛʨʫʙʦʜʠʩʧʝʨʩʥʽ 

ʘʙʨʘʟʠʚʥʽ ʯʘʩʪʠʥʢʠ. ɿʘ ʪʘʢʠʭ ʫʤʦʚ ʙʽʣʴʰ ʚʠʧʨʘʚʜʘʥʠʤ ʻ ʣʝʛʫʚʘʥʥʷ V, Mo  ʪʘ Cr, ʷʢʝ 

ʟʘʙʝʟʧʝʯʫʻ ʫʪʚʦʨʝʥʥʷ ʢʨʫʧʥʠʭ ʢʘʨʙʽʜʥʠʭ ʚʢʣʶʯʝʥʴ, ʧʨʦʪʝ ʾʭ ʧʝʨʝʚʘʞʥʘ ʣʦʢʘʣʽʟʘʮʽʷ 

ʧʦ ʛʨʘʥʠʮʷʭ ʘʫʩʪʝʥʽʪʥʠʭ ʟʝʨʝʥ, ʧʦʨʷʜ ʽʟ ʪʝʥʜʝʥʮʽʻʶ ʜʦ ʬʦʨʤʫʚʘʥʥʷ ʢʘʨʢʘʩʥʦʾ ʙʫʜʦʚʠ, 

ʥʝʛʘʪʠʚʥʦ ʚʽʜʦʙʨʘʞʘʻʪʴʩʷ ʥʘ ʧʣʘʩʪʠʯʥʦʩʪʽ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʦʾ  ʩʪʘʣʽ.  

   
ʘ ʙ ʚ 

   
ʛ ʜ ʝ 

ʈʠʩʫʥʦʢ 1.3 ï ʉʪʨʫʢʪʫʨʘ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʦʾ ʩʪʘʣʽ, ʣʝʛʦʚʘʥʦʾ ʪʫʛʦʧʣʘʚʢʠʤʠ 

ʤʝʪʘʣʘʤʠ (ʢʘʨʙʽʜʘʤʠ): ʘ ï Ti [34]; ʙ ï Hf [35]; ʚ ï Mo [36]; ʛ ï Nb [5]; ʜ ï V [6]; ʝ ï Cr 

[38] 
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ɿ ʦʛʣʷʜʫ ʥʘ ʥʘʚʝʜʝʥʽ ʧʝʨʝʚʘʛʠ ʪʘ ʥʝʜʦʣʽʢʠ ʦʜʥʦʢʦʤʧʦʥʝʥʪʥʦʛʦ ʣʝʛʫʚʘʥʥʷ 

ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʦʾ ʩʪʘʣʽ ʪʫʛʦʧʣʘʚʢʠʤʠ ʤʝʪʘʣʘʤʠ ʤʦʞʥʘ ʟʨʦʙʠʪʠ ʚʠʩʥʦʚʦʢ, ʱʦ 

ʦʧʪʠʤʘʣʴʥʠʤ  ̒ʬʦʨʤʫʚʘʥʥʷ ʩʢʣʘʜʥʦʣʝʛʦʚʘʥʠʭ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ, ʫ ʷʢʠʭ ʦʯʽʢʫʚʘʥʦ 

ʨʦʟʚʠʚʘʶʪʴʩʷ ʩʠʥʝʨʛʝʪʠʯʥʽ ʝʬʝʢʪʠ ʰʣʷʭʦʤ ʚʠʜʽʣʝʥʥʷ ʢʘʨʙʽʜʥʠʭ ʬʘʟ, ʷʢʽ ʤʽʩʪʷʪʴ 4 ʪʘ 

ʙʽʣʴʰʝ ʤʝʪʘʣʝʚʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʫ ʩʧʽʚʽʜʥʦʰʝʥʥʷʭ ʙʣʠʟʴʢʠʭ ʜʦ ʝʢʚʽʤʦʣʷʨʥʠʭ. ʊʘʢʽ 

ʬʘʟʠ ʻ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ ʩʪʘʙʽʣʴʥʠʤʠ ʧʨʠ ʧʦʜʘʣʴʰʠʭ ʮʠʢʣʘʭ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʧʨʦʮʝʩʫ 

ʬʦʨʤʫʚʘʥʥʷ ʧʦʢʨʠʪʪʽʚ.  

 

1.4 ʄʘʪʝʨʽʘʣʠ ʜʣʷ ʝʣʝʢʪʨʦʜʫʛʦʚʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ ʥʘ ʦʩʥʦʚʽ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʠʭ 

ʩʪʘʣʝʡ 

ɼʦʩʚʽʜ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚʠʩʦʢʦʭʨʦʤʠʩʪʠʭ ʩʧʣʘʚʽʚ, ʷʢʽ ʟʘʙʝʟʧʝʯʫʶʪʴ ʜʦʝʚʪʝʢʪʠʯʥʫ 

(ʘʫʩʪʝʥʽʪ+M7C3) ʩʪʨʫʢʪʫʨʫ ʥʘʧʣʘʚʣʝʥʠʭ ʧʦʢʨʠʪʪʽʚ ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ 

ʟʥʦʩʦʫʜʘʨʦʪʨʠʚʢʦʩʪʽ ʚʠʨʦʙʽʚ ʽʟ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʠʭ ʩʪʘʣʝʡ ʧʦʢʘʟʫʻ, ʱʦ ʚʠʙʽʨ ʪʘʢʦʛʦ 

ʤʘʪʝʨʽʘʣʫ, ʫ ʧʝʨʝʚʘʞʥʽʡ ʙʽʣʴʰʦʩʪʽ ʚʠʧʘʜʢʽʚ, ʥʝ ʻ ʦʧʪʠʤʘʣʴʥʠʤ. ɿʦʢʨʝʤʘ, ʟʘ ʜʘʥʠʤʠ 

[39] ʧʦʢʨʠʪʪʷ ʩʠʩʪʝʤʠ Fe-C3.5-Cr22.5, ʥʘʥʝʩʝʥʽ ʥʘ ʧʦʚʝʨʭʥʶ ʟʨʘʟʢʽʚ ʽʟ 

ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʦʾ ʩʪʘʣʽ ʥʝ ʟʘʙʝʟʧʝʯʫʶʪʴ ʧʽʜʚʠʱʝʥʥʷ ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ ʟʘ ʫʤʦʚ ʫʜʘʨʥʦ-

ʘʙʨʘʟʠʚʥʦʛʦ ʟʥʦʰʫʚʘʥʥʷ. ʉʪʝʥʜʦʚʽ ʚʠʧʨʦʙʦʚʫʚʘʥʥʷ ʟʨʘʟʢʽʚ ʫ ʩʝʨʝʜʦʚʠʱʘʭ ʛʨʘʥʽʪʫ ʪʘ 

ʢʚʘʨʮʦʚʦʛʦ ʧʽʩʢʫ ʧʦʢʘʟʘʣʠ, ʱʦ ʟʥʦʩʦʫʜʘʨʦʪʨʠʚʢʽʩʪʴ ʟʨʘʟʢʽʚ ʽʟ ʩʪʘʣʽ ɻʘʜʬʽʣʴʜʘ ʙʝʟ 

ʥʘʧʣʘʚʣʝʥʥʷ ʻ ʚʠʱʦʶ ʧʦʨʽʚʥʷʥʦ ʽʟ ʥʘʧʣʘʚʣʝʥʠʤʠ ʥʘ 17 ʪʘ 36 %, ʚʽʜʧʦʚʽʜʥʦ. ʇʦʨʷʜ ʟ 

ʮʠʤ, ʟʙʽʣʴʰʝʥʥʷ ʛʣʠʙʠʥʠ ʧʨʦʧʣʘʚʣʝʥʥʷ ʦʩʥʦʚʥʦʛʦ ʤʝʪʘʣʫ ʪʘ ʬʦʨʤʫʚʘʥʥʷʤ 

ʧʝʨʝʭʽʜʥʦʾ ʟʦʥʠ ʽʟ ʚʠʩʦʢʠʤ ʚʤʽʩʪʦʤ Mn ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʜʝʷʢʦʛʦ ʧʽʜʚʠʱʝʥʥʷ 

ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ, ʷʢʝ ʟʫʤʦʚʣʝʥʝ ʧʽʜʚʠʱʝʥʥʷʤ ʯʘʩʪʢʠ ʤʘʨʛʘʥʮʝʚʦʛʦ ʘʫʩʪʝʥʽʪʫ ʫ 

ʧʦʚʝʨʭʥʝʚʦʤʫ ʰʘʨʽ.  

 ʊʘʢʠʤ ʯʠʥʦʤ, ʥʘʡʙʽʣʴʰ ʦʧʪʠʤʘʣʴʥʠʤʠ ʜʣʷ ʥʘʧʣʘʚʣʝʥʥʷ ʧʦʢʨʠʪʪʽʚ ʥʘ ʜʝʪʘʣʽ ʽʟ 

ʚʠʩʦʢʦʤʘʨʛʘʮʝʚʠʭ ʩʪʘʣʝʡ ʻ ʤʘʪʝʨʽʘʣʠ, ʢʦʤʧʦʥʝʥʪʥʠʡ ʩʢʣʘʜ ʷʢʠʭ, ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʘʪʠ 

ʫ ʧʦʢʨʠʪʪʽ ʟʥʘʯʥʫ ʢʽʣʴʢʽʩʪʴ ʤʘʨʛʘʥʮʝʚʦʛʦ ʘʫʩʪʝʥʽʪʫ. ʆʜʥʘʢ, ʥʝ ʟʚʘʞʘʶʯʠ ʥʘ ʰʠʨʦʢʠʡ 

ʩʧʝʢʪʨ ʝʣʝʢʪʨʦʜʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʜʣʷ ʥʘʥʝʩʝʥʥʷ ʟʥʦʩʦʪʨʠʚʢʠʭ ʧʦʢʨʠʪʪʽʚ ʤʝʪʦʜʦʤ 

ʝʣʝʢʪʨʦʜʫʛʦʚʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ, ʷʢʽ ʧʨʦʧʦʥʫʶʪʴʩʷ ʪʘʢʠʤʠ ʧʨʦʚʽʜʥʠʤʠ ʢʦʤʧʘʥʽʷʤʠ, ʷʢ 

Lastek (ɹʝʣʴʛʽʷ), ESAB (ʐʚʝʮʽʷ) ʪʘ ʽʥ. ʘʩʦʨʪʠʤʝʥʪ ʝʣʝʢʪʨʦʜʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʷʢʽ 

ʧʨʠʜʘʪʥʽ ʜʣʷ ʥʘʥʝʩʝʥʥʷ ʧʦʢʨʠʪʪʽʚ, ʱʦ ʧʨʘʮʶʶʪʴ ʟʘ ʫʜʘʨʥʠʭ ʥʘʚʘʥʪʘʞʝʥʥʴ ʻ 
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ʦʙʤʝʞʝʥʠʡ ʪʘ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʛʦʣʦʚʥʠʤ ʯʠʥʦʤ ʤʘʪʝʨʽʘʣʘʤʠ ʩʠʩʪʝʤʠ Fe-13Mn-1C. 

ʆʧʪʠʤʘʣʴʥʠʡ ʢʦʤʧʣʝʢʩ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʩʧʣʘʚʽʚ ʜʘʥʦʾ ʩʠʩʪʝʤʠ ʜʦʩʷʛʘʻʪʴʩʷ 

ʟʘ ʫʤʦʚ ʬʦʨʤʫʚʘʥʥʷ ʦʜʥʦʬʘʟʦʚʦʾ ʘʫʩʪʝʥʽʪʥʦʾ ʩʪʨʫʢʪʫʨʠ. ɿʘ ʜʘʥʠʤʠ [40] ʧʦʷʚʘ ʫ 

ʩʪʨʫʢʪʫʨʽ ʬʝʨʠʪʦ-ʢʘʨʙʽʜʥʦʾ ʩʫʤʽʰʽ ʚʝʜʝ ʜʦ ʟʥʘʯʥʦʛʦ ʟʥʠʞʝʥʥʷ ʧʣʘʩʪʠʯʥʦʩʪʽ, ʪʘ ʧʨʠ ʾʾ 

ʢʽʣʴʢʦʩʪʽ ~20 ʤʘʩ. % ʚʽʜʥʦʩʥʝ ʚʠʜʦʚʞʝʥʥʷ ʟʥʠʞʫʻʪʴʩʷ ʫ 7 ʨʘʟʽʚ. ɿʘ ʨʽʚʥʦʚʘʞʥʠʭ ʫʤʦʚ 

ʦʭʦʣʦʜʞʝʥʥʷ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʨʦʟʨʘʭʦʚʘʥʦʾ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ (ʨʠʩ. 1.4) ʽʟ ʘʫʩʪʝʥʽʪʫ 

ʩʧʦʯʘʪʢʫ ʚʠʜʽʣʷʻʪʴʩʷ ʮʝʤʝʥʪʠʪ, ʘ ʜʘʣʽ ʩʫʤʽʰ ʬʝʨʠʪ+(Fe,Mn)3C, ʷʢʘ ʽʩʥʫʻ ʫ ʨʽʚʥʦʚʘʟʽ 

ʽʟ ʘʫʩʪʝʥʽʪʦʤ ʫ ʜʦʩʠʪʴ ʰʠʨʦʢʦʤʫ ʪʝʤʧʝʨʘʪʫʨʥʦʤʫ ʽʥʪʝʨʚʘʣʽ. ʗʢ ʧʦʢʘʟʘʣʠ ʜʦʩʣʽʜʞʝʥʥʷ 

ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ ʩʪʘʣʽ ʫ ʣʠʪʦʤʫ ʩʪʘʥʽ ʙʝʟ ʪʝʨʤʦʦʙʨʦʙʢʠ ʚʠʜʽʣʝʥʥʷ ʮʝʤʝʥʪʠʪʫ ʪʘ ʩʫʤʽʰʽ 

ʬʝʨʠʪ+(Fe,Mn)3C ʛʦʣʦʚʥʠʤ ʯʠʥʦʤ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʦ ʛʨʘʥʠʮʷʭ ʘʫʩʪʝʥʽʪʥʠʭ ʟʝʨʝʥ. 

ʉʫʤʽʰ ʬʝʨʠʪ+(Fe,Mn)3C ʤʘʻ ʚʠʩʦʢʦʜʠʩʧʝʨʩʥʫ ʧʣʘʩʪʠʥʯʘʩʪʫ  ʙʫʜʦʚʫ ʝʚʪʝʢʪʦʾʜʥʦʛʦ 

ʪʠʧʫ (ʤʽʞʧʣʘʩʪʠʥʯʘʩʪʘ ʚʽʜʩʪʘʥʴ ʩʪʘʥʦʚʠʪʴ 30Ñ7 ʥʤ).  

 

 

ʈʠʩʫʥʦʢ 1.4 ï ʇʦʣʽʪʝʨʤʽʯʥʝ ʩʽʯʝʥʥʷ ʩʠʩʪʝʤʠ Fe-Mn-C ʧʦ ʣʽʥʽʾ Mn=13 ʪʘ 

ʩʪʨʫʢʪʫʨʘ  ʩʪʘʣʽ Fe-13Mn-1C ʫ ʚʠʭʽʜʥʦʤʫ ʩʪʘʥʽ ʧʽʩʣʷ ʣʠʪʚʘ [40]  

 

ʇʨʠʢʣʘʜʘʤʠ ʤʘʪʝʨʽʘʣʽʚ ʜʣʷ ʥʘʧʣʘʚʣʝʥʥʷ ʩʠʩʪʝʤʠ Fe-13Mn-1C ʻ ʝʣʝʢʪʨʦʜʠ 

Lastek 22 ʪʘ ESAB OK13Mn. ɹʝʟʧʦʩʝʨʝʜʥʴʦ ʧʽʩʣʷ ʥʘʧʣʘʚʣʝʥʥʷ ʚʢʘʟʘʥʠʤʠ 

ʝʣʝʢʪʨʦʜʥʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ ʪʚʝʨʜʽʩʪʴ ʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫ ʩʪʘʥʦʚʠʪʴ ~220 HV, ʘ ʧʽʩʣʷ 

ʭʦʣʦʜʥʦʾ ʧʣʘʩʪʠʯʥʦʾ ʜʝʬʦʨʤʘʮʽʾ ~450 HV. ɼʣʷ ʤʽʥʽʤʽʟʘʮʽʾ ʧʨʦʮʝʩʽʚ ʚʠʜʽʣʝʥʥʷ 
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ʮʝʤʝʥʪʠʪʫ ʪʘ ʬʝʨʠʪʫ ʚʠʨʦʙʥʠʢʠ ʝʣʝʢʪʨʦʜʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʚʢʘʟʫʶʪʴ ʥʘ ʥʝʦʙʭʽʜʥʽʩʪʴ 

ʟʘʙʝʟʧʝʯʝʥʥʷ ʷʢʦʤʦʛʘ ʚʠʱʦʾ ʰʚʠʜʢʦʩʪʽ ʦʭʦʣʦʜʞʝʥʥʷ ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ. ʎʝ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʚʠʥʠʢʥʝʥʥʷ ʨʷʜʫ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʪʨʫʜʥʦʱʽʚ, ʦʩʦʙʣʠʚʦ ʧʨʠ ʥʘʧʣʘʚʣʝʥʥʽ 

ʥʠʟʴʢʦʛʘʙʘʨʠʪʥʠʭ ʪʘ ʪʦʥʢʦʩʪʽʥʥʠʭ ʜʝʪʘʣʝʡ ʪʘ ʽʥʰʠʭ ʧʦʚʝʨʭʦʥʴ, ʽʥʪʝʥʩʠʚʥʽʩʪʴ 

ʪʝʧʣʦʚʽʜʚʝʜʝʥʥʷ ʚʽʜ ʷʢʠʭ ʻ ʥʠʟʴʢʦʶ. ʋ ʜʝʷʢʠʭ ʚʠʧʘʜʢʘʭ ʦʙʤʘʟʢʘ ʩʪʝʨʞʥʝʚʠʭ 

ʝʣʝʢʪʨʦʜʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʜʣʷ ʥʘʧʣʘʚʣʝʥʥʷ ʥʘ ʦʩʥʦʚʽ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʦʾ ʩʪʘʣʽ ʘʙʦ 

ʰʠʭʪʘ ʧʦʨʦʰʢʦʚʠʭ ʩʪʨʽʯʦʢ ʤʽʩʪʠʪʴ ʥʝʟʥʘʯʥʽ (ʜʦ ~5 ʤʘʩ. %) ʜʦʙʘʚʢʠ ʥʽʢʝʣʶ, ʧʦʨʦʰʢʽʚ 

ʬʝʨʦʪʠʪʘʥʫ ʪʘ ʘʣʶʤʽʥʽʶ [41]. ɺ ʦʩʥʦʚʥʦʤʫ ʨʦʣʴ ʪʘʢʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʟʚʦʜʠʪʴʩʷ ʜʦ 

ʧʽʜʚʠʱʝʥʥʷ ʩʪʘʙʽʣʴʥʦʩʪʽ ʘʫʩʪʝʥʽʪʫ, ʧʦʢʨʘʱʝʥʥʷ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʧʨʦʮʝʩʫ 

ʥʘʧʣʘʚʣʝʥʥʷ ʽ ʟʘʭʠʩʪʫ ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ ʚʽʜ ʘʪʤʦʩʬʝʨʥʦʛʦ ʚʧʣʠʚʫ ʪʘ ʥʝ ʤʘʻ 

ʧʨʠʥʮʠʧʦʚʦʛʦ ʟʥʘʯʝʥʥʷ ʜʣʷ ʭʘʨʘʢʪʝʨʫ ʬʦʨʤʫʚʘʥʥʷ ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ. ɹʽʣʴʰ 

ʨʘʜʠʢʘʣʴʥʠʤ ʤʝʪʦʜʦʤ ʧʽʜʚʠʱʝʥʥʷ ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ ʧʦʢʨʠʪʪʽʚ ʥʘ ʦʩʥʦʚʽ 

ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʠʭ ʩʪʘʣʝʡ ʻ ʚʚʝʜʝʥʥʷ ʜʦ ʝʣʝʢʪʨʦʜʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʟʥʘʯʥʠʭ ʢʽʣʴʢʦʩʪʝʡ 

Cr ï 12 %. ʊʘʢʽ ʤʘʪʝʨʽʘʣʠ, ʟʦʢʨʝʤʘ, ʦʧʠʩʘʥʽ ʫ ʨʦʙʦʪʘʭ ɺ.ʃ. ʄʘʣʽʥʦʚʘ [42,43], ʟʘ 

ʨʝʟʫʣʴʪʘʪʘʤʠ ʷʢʠʭ ʨʦʟʨʦʙʣʝʥʦ ʩʢʣʘʜʠ ʧʦʨʦʰʢʦʚʠʭ ʩʪʨʽʯʦʢ ʜʣʷ ʝʣʝʢʪʨʦʜʫʛʦʚʦʛʦ 

ʥʘʧʣʘʚʣʝʥʥʷ ʜʝʪʘʣʝʡ, ʱʦ ʧʨʘʮʶʶʪʴ ʟʘ ʫʤʦʚ ʫʜʘʨʥʠʭ ʪʘ (ʘʙʦ) ʚʠʩʦʢʠʭ ʧʠʪʦʤʠʭ 

ʥʘʚʘʥʪʘʞʝʥʴ. ʉʝʨʝʜ ʥʠʭ, ʟʘ ʟʜʘʪʥʽʩʪʶ ʜʦ ʽʥʪʝʥʩʠʚʥʦʛʦ ʜʝʬʦʨʤʘʮʽʡʥʦʛʦ ʟʤʽʮʥʝʥʥʷ,  

ʤʦʞʥʘ ʚʠʜʽʣʠʪʠ ʝʣʝʢʪʨʦʜʥʽ ʤʘʪʝʨʽʘʣʠ, ʷʢʽ ʟʘʙʝʟʧʝʯʫʶʪʴ ʩʢʣʘʜ ʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫ, ʱʦ 

ʚʽʜʧʦʚʽʜʘʶʪʴ ʚʠʩʦʢʦʣʝʛʦʚʘʥʠʤ ʚʠʩʦʢʦ- 100ʍ6ɻ11ʌʊ [44] ʪʘ ʥʠʟʴʢʦʚʫʛʣʝʮʝʚʽʡ ʩʪʘʣʷʤ 

14ʍ12ɻ12ʉʊ [45]. ʇʦʢʨʠʪʪʷ ʪʠʧʫ 100ʍ6ɻ11ʌʊ ʽʟ ʩʪʨʫʢʪʫʨʦʶ ʘʫʩʪʝʥʽʪ+ʝʚʪʝʢʪʠʢʘ 

(ʘʫʩʪʝʥʽʪ+ʄ7ʉ3) ʪʘ ʥʝʟʥʘʯʥʦʶ ʢʽʣʴʢʽʩʪʶ ʢʘʨʙʽʜʽʚ ʪʠʧʫ ʄʉ, ʨʦʟʪʘʰʦʚʘʥʠʭ ʧʦ ʪʽʣʫ 

ʘʫʩʪʝʥʽʪʥʠʭ ʟʝʨʝʥ ʨʝʢʦʤʝʥʜʫʶʪʴʩʷ ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ ʟʥʦʩʦʩʪʽʡʢʦʩʪʽ ʨʦʙʦʯʠʭ ʝʣʝʤʝʥʪʽʚ 

ʨʦʟʤʦʣʴʥʦ-ʜʨʦʙʠʣʴʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ, ʭʨʝʩʪʦʚʠʥ ʟʘʣʽʟʥʠʯʥʠʭ ʢʦʣʽʡ, ʥʦʞʽʚ ʜʣʷ 

ʭʦʣʦʜʥʦʛʦ ʨʽʟʘʥʥʷ ʤʝʪʘʣʽʚ.  ʊʚʝʨʜʽʩʪʴ ʪʘʢʠʭ ʧʦʢʨʠʪʪʽʚ ʫ ʧʨʦʮʝʩʽ ʝʢʩʧʣʫʘʪʘʮʽʡʥʦʛʦ 

ʟʤʽʮʥʝʥʥʷ ʟʨʦʩʪʘʻ ʚʽʜ 24ï28 ʜʦ 50 HRC. ɼʣʷ ʧʦʢʨʠʪʪʽʚ ʪʠʧʫ 14ʍ12ɻ12ʉʊ ʭʘʨʘʢʪʝʨʥʘ 

ʧʨʘʢʪʠʯʥʦ ʧʦʚʥʽʩʪʶ ʘʫʩʪʝʥʽʪʥʘ ʩʪʨʫʢʪʫʨʘ ʪʘ ʟʜʘʪʥʽʩʪʴ  ʜʦ ʟʤʽʮʥʝʥʥʷ  ʫ ʧʨʦʮʝʩʽ 

ʧʣʘʩʪʠʯʥʦʾ ʜʝʬʦʨʤʘʮʽʾ ʚʽʜ ~220 ʜʦ ~460 HB. ʊʘʢʽ ʧʦʢʨʠʪʪʷ ʨʝʢʦʤʝʥʜʦʚʘʥʦ ʥʘʥʦʩʠʪʠ 

ʥʘ ʨʦʙʦʯʽ ʧʦʚʝʨʭʥʽ ʚʘʞʢʦʥʘʚʘʥʪʘʞʝʥʠʭ ʢʨʘʥʦʚʠʭ ʢʦʣʽʩ ʪʘ ʜʝʪʘʣʝʡ ʧʨʝʩʦʚʦʛʦ 

ʦʙʣʘʜʥʘʥʥʷ. ʈʘʟʦʤ ʟ ʮʠʤ, ʤʘʢʩʠʤʘʣʴʥʠʡ ʨʽʚʝʥʴ ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ, ʚʠʟʥʘʯʝʥʦʾ ʟʘ ʚʪʨʘʪʦʶ 

ʤʘʩʠ ʰʣʷʭʦʤ ʪʨʠʙʦʪʝʭʥʽʯʥʠʭ ʚʠʧʨʦʙʦʚʫʚʘʥʥʷʭ, ʜʣʷ ʧʦʢʨʠʪʪʽʚ ʪʠʧʫ 14ʍ12ɻ12ʉʊ ʥʝ 
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ʚʽʜʧʦʚʽʜʘʻ ʤʘʢʩʠʤʫʤʫ ʪʚʝʨʜʦʩʪʽ ʥʘʢʣʝʧʘʥʦʛʦ ʰʘʨʫ, ʘ ʚʽʜʧʦʚʽʜʘʻ ʜʽʘʧʘʟʦʥʫ ʪʚʝʨʜʦʩʪʽ 

~350ï370 HB. ʎʝ ʤʦʞʝ ʩʚʽʜʯʠʪʠ ʧʨʦ ʪʝ, ʱʦ ʫ ʧʨʦʮʝʩʽ ʜʝʬʦʨʤʘʮʽʡʥʦʛʦ ʟʤʽʮʥʝʥʥʷ 

ʥʘʢʦʧʠʯʫʶʪʴʩʷ ʜʝʬʝʢʪʠ ʩʪʨʫʢʪʫʨʠ, ʷʢʽ ʻ ʧʨʠʯʠʥʦʶ ʚʽʜʰʘʨʫʚʘʥʥʷ ʟʥʘʯʥʠʭ ʦʙ'ʻʤʽʚ 

ʤʘʪʝʨʽʘʣʫ. ɿ ʤʝʪʦʶ ʤʽʥʽʤʽʟʘʮʽʾ ʚʧʣʠʚʫ ʮʝʤʝʥʪʠʪʥʦʾ ʬʘʟʠ ʥʘ ʬʦʨʤʫʚʘʥʥʷ ʧʦʢʨʠʪʪʽʚ 

ʩʠʩʪʝʤʠ Fe-12Mn-1.1C ʟʘ ʝʣʝʢʪʨʦʜʫʛʦʚʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ ʧʦʨʦʰʢʦʚʠʤʠ ʜʨʦʪʘʤʠ, 

ʘʚʪʦʨʘʤʠ ʨʦʙʦʪʠ [46] ʧʨʦʚʦʜʠʣʦʩʴ ʢʦʤʧʣʝʢʩʥʝ ʣʝʛʫʚʘʥʥʷ ʰʠʭʪʠ ʝʣʝʢʪʨʦʜʽʚ V ʪʘ Si ʫ 

ʢʽʣʴʢʦʩʪʷʭ 1.2 ʪʘ 2.4 ʤʘʩ. %, ʚʽʜʧʦʚʽʜʥʦ. ʋ ʨʝʟʫʣʴʪʘʪʽ ʙʫʣʦ ʦʪʨʠʤʘʥʦ ʙʘʛʘʪʦʰʘʨʦʚʽ 

ʧʦʢʨʠʪʪʷ, ʫ ʩʪʨʫʢʪʫʨʽ ʷʢʠʭ ʧʨʠʩʫʪʥʽʡ ʘʫʩʪʝʥʽʪ, ʱʦ ʚʠʜʽʣʷʻʪʴʩʷ ʫ ʚʠʛʣʷʜʽ ʜʝʥʜʨʠʪʥʠʭ 

ʢʨʠʩʪʘʣʽʪʽʚ ʪʘ ʬʝʨʠʪ, ʱʦ ʣʦʢʘʣʽʟʫʻʪʴʩʷ ʫ ʤʽʞʜʝʥʜʨʠʪʥʦʤʫ ʧʨʦʩʪʦʨʽ. ʂʘʨʙʽʜ ʚʘʥʘʜʽʶ 

(VC) ʫ ʢʽʣʴʢʦʩʪʽ ~5.6 % ʟʥʘʭʦʜʠʪʴʩʷ ʫ ʮʝʥʪʨʘʣʴʥʠʭ ʦʙʣʘʩʪʷʭ ʘʫʩʪʝʥʽʪʥʠʭ ʜʝʥʜʨʠʪʽʚ ʫ 

ʚʠʛʣʷʜʽ ʦʛʨʘʥʝʥʠʭ ʬʘʟ ʨʦʟʤʽʨʘʤʠ ʜʦ 2 ʤʢʤ. ʅʘʷʚʥʽʩʪʴ ʢʘʨʙʽʜʥʦʾ ʬʘʟʠ ʜʦʟʚʦʣʷʻ 

ʦʪʨʠʤʘʪʠ ʪʚʝʨʜʽʩʪʴ ʧʦʢʨʠʪʪʷ ʥʘ ʨʽʚʥʽ 31ï34 HRC, ɦ ʦ ʧʝʨʝʚʠʱʫʻ ʪʚʝʨʜʽʩʪʴ ʧʦʢʨʠʪʪʽʚ 

ʽʟ ʩʪʨʫʢʪʫʨʦʶ ʥʝʣʝʛʦʚʘʥʦʛʦ ʤʘʨʛʘʥʮʝʚʦʛʦ ʘʫʩʪʝʥʽʪʫ ʥʘ ~10 HRC. ʇʦʧʨʠ ʮʝ, ʥʘʷʚʥʽʩʪʴ 

ʫ ʩʪʨʫʢʪʫʨʠ ʟʥʘʯʥʦʾ ʢʽʣʴʢʦʩʪʽ ʬʝʨʠʪʥʦʾ ʬʘʟʠ ( ~28 ʦʙ. %) ʥʝ ʜʦʟʚʦʣʷʻ ʝʬʝʢʪʠʚʥʦ 

ʟʘʙʝʟʧʝʯʫʚʘʪʠ ʝʢʩʧʣʫʘʪʘʮʽʡʥʝ ʟʤʽʮʥʝʥʥʷ ʥʘʥʝʩʝʥʠʭ ʧʦʢʨʠʪʪʽʚ. ʆʪʞʝ, ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʜʣʷ ʣʝʛʫʚʘʥʥʷ ʯʠʩʪʠʭ ʢʘʨʙʽʜʦʫʪʚʦʨʶʶʯʠʭ ʝʣʝʤʝʥʪʽʚ ʟʘʙʝʟʧʝʯʫʻ ʚʽʜʩʫʪʥʽʩʪʴ 

ʥʝʙʘʞʘʥʠʭ ʬʘʟ ʮʝʤʝʥʪʠʪʥʦʛʦ ʪʠʧʫ ʧʦ ʛʨʘʥʠʮʷʭ ʟʝʨʝʥ ʪʘ ʚʽʜʯʫʪʥʦʛʦ ʨʦʩʪʫ ʪʚʝʨʜʦʩʪʽ, 

ʦʜʥʘʢ ʥʝ ʻ ʦʧʪʠʤʘʣʴʥʠʤ, ʦʩʢʽʣʴʢʠ ʧʨʠʟʚʦʜʠʪʴ ʜʦ  ʫʪʚʦʨʝʥʥʷ ʬʝʨʠʪʫ, ʷʢʠʡ ʥʝʛʘʪʠʚʥʦ 

ʚʧʣʠʚʘʻ ʥʘ ʜʝʬʦʨʤʘʮʽʡʥʝ ʟʤʽʮʥʝʥʥʷ. Jankauskas ʪʘ ʽʥ. [47] ʚʠʚʯʘʣʠ ʚʧʣʠʚ ʣʝʛʫʚʘʥʥʷ 

ʥʘ ʪʚʝʨʜʽʩʪʴ ʪʘ ʫʜʘʨʥʫ ʟʥʦʩʦʪʨʠʚʢʽʩʪʴ ʝʣʝʢʪʨʦʜʫʛʦʚʠʭ ʧʦʢʨʠʪʪʽʚ ʥʘ ʦʩʥʦʚʽ ʩʠʩʪʝʤʠ 

Fe-Mn-C. ʈʝʟʫʣʴʪʘʪʠ ʧʦʢʘʟʘʣʠ, ʱʦ ʧʝʨʝʭʽʜ ʚʽʜ ʩʠʩʪʝʤʠ ʣʝʛʫʚʘʥʥʷ Fe-Mn-C ʜʦ ʩʠʩʪʝʤʠ 

Fe-Mn-W-C (ʚʤʽʩʪ W ï 19 ʤʘʩ. %) ʚʠʭʽʜʥʘ ʪʚʝʨʜʽʩʪʴ ʧʦʢʨʠʪʪʽʚ ʟʨʦʩʪʘʻ ʚʽʜ 11 HRC ʜʦ 

36 HRC. ʇʦʢʨʠʪʪʷ ʩʢʣʘʜʘʶʪʴʩʷ ʽʟ ʘʫʩʪʝʥʽʪʫ ʪʘ ʢʘʨʙʽʜʽʚ (ʮʝʤʝʥʪʠʪʥʦʛʦ ʪʠʧʫ, 

ʚʦʣʴʬʨʘʤʫ ʪʘ ʪʠʧʫ ʄ6ʉ).  ʇʽʩʣʷ ʜʦʙʘʚʢʠ ʜʦ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ Fe-Mn-W-C ~4 ʤʘʩ. % Mo 

ʪʚʝʨʜʽʩʪʴ ʟʙʽʣʴʰʫʻʪʴʩʷ ʜʦ 44 HRC ʧʨʠ ʮʴʦʤʫ ʧʦʷʚʠ ʥʦʚʠʭ ʬʘʟ ʥʘ ʜʠʬʨʘʢʪʦʛʨʘʤʽ ʥʝ 

ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ. 

ʄʘʩʰʪʘʙʥʠʡ (ʙʽʣʴʰʝ 100 ʟʨʘʟʢʽʚ) ʧʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ ʟʘ ʫʤʦʚ 

ʪʝʨʪʷ ʧʦ ʥʝʟʘʢʨʽʧʣʝʥʦʤʫ ʘʙʨʘʟʠʚʫ  ʧʦʢʨʠʪʪʽʚ ʥʘ ʦʩʥʦʚʽ Fe ʨʽʟʥʠʭ ʩʪʨʫʢʪʫʨʥʠʭ ʪʠʧʽʚ, 

ʥʘʧʣʘʚʣʝʥʠʭ  ʝʣʝʢʪʨʦʜʫʛʦʚʠʤ ʤʝʪʦʜʦʤ, ʧʨʦʚʝʜʝʥʠʡ ʫ ʨʦʙʦʪʽ [48] ʧʦʢʘʟʫʻ, ʱʦ 

ʧʦʢʨʠʪʪʷ ʽʟ ʩʪʨʫʢʪʫʨʦʶ ʤʘʨʛʘʥʮʝʚʦʛʦ ʘʫʩʪʝʥʽʪʫ ʟʥʘʯʥʦ (ʧʨʘʢʪʠʯʥʦ ʥʘ ʧʦʨʷʜʦʢ) 
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ʧʦʩʪʫʧʘʶʪʴʩʷ ʧʦʢʨʠʪʪʷʤ ʽʟ ʟʘʝʚʪʝʢʪʠʯʥʦʶ ʩʪʨʫʢʪʫʨʦʶ (M7C3+ʝʚʪʝʢʪʠʢʘ 

(ʘʫʩʪʝʥʽʪ+M7C3)), ʦʪʨʠʤʘʥʠʤʠ ʝʣʝʢʪʨʦʜʫʛʦʚʠʤ ʥʘʧʣʘʚʣʝʥʥʷʤ ʚʠʩʦʢʦʭʨʦʤʠʩʪʠʤʠ 

ʩʧʣʘʚʘʤʠ ʩʠʩʪʝʤʠ Fe-20Cr-4C. ʂʨʽʤ ʮʴʦʛʦ, ʘʫʩʪʝʥʽʪʥʽ ʧʦʢʨʠʪʪʷ ʧʦʩʪʫʧʘʶʪʴʩʷ ʟʘ 

ʟʥʦʩʦʪʨʠʚʢʽʩʪʶ ʧʦʢʨʠʪʪʷʤ ʽʟ ʤʘʨʪʝʥʩʠʪʥʦʶ ʪʘ ʬʝʨʠʪʦ-ʙʝʡʥʽʪʥʦʶ ʩʪʨʫʢʪʫʨʦʶ ʫ ~2 ʪʘ 

~1.5 ʨʘʟʠ, ʚʽʜʧʦʚʽʜʥʦ. ʊʘʢʠʤ ʯʠʥʦʤ, ʚʩʪʘʥʦʚʣʝʥʘ ʟʥʦʩʦʪʨʠʚʢʽʩʪʴ ʧʦʢʨʠʪʪʽʚ ʥʘ ʦʩʥʦʚʽ 

ʤʘʨʛʘʥʮʝʚʦʛʦ ʘʫʩʪʝʥʽʪʫ ʟʘ ʫʤʦʚ ʙʝʟʫʜʘʨʥʦʛʦ ʘʙʨʘʟʠʚʥʦʛʦ ʟʥʦʰʫʚʘʥʥʷ ʟʥʘʭʦʜʠʪʴʩʷ ʥʘ 

ʨʽʚʥʽ ʜʦʝʚʪʝʢʪʦʾʜʥʠʭ ʩʝʨʝʜʥʴʦʚʫʛʣʝʮʝʚʠʭ ʩʪʘʣʝʡ.   

ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʘʥʘʣʽʟʫ ʭʽʤʽʯʥʦʛʦ ʩʢʣʘʜʫ ʥʘʧʣʘʚʣʝʥʠʭ ʰʘʨʽʚ ʥʘ ʦʩʥʦʚʽ 

ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʦʾ ʩʪʘʣʽ, ʷʢʠʡ ʛʘʨʘʥʪʫʶʪʴ ʚʠʨʦʙʥʠʢʠ ʝʣʝʢʪʨʦʜʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, 

ʥʘʡʙʽʣʴʰ ʧʨʝʜʩʪʘʚʣʝʥʠʭ ʥʘ ʩʚʽʪʦʚʦʤʫ ʨʠʥʢʫ ʙʨʝʥʜʽʚ, ʤʦʞʥʘ ʚʠʜʽʣʠʪʠ ʪʨʠ ʦʩʥʦʚʥʽ 

ʩʠʩʪʝʤʠ ʣʝʛʫʚʘʥʥʷ : Fe-Mn-C, Fe-Mn-Cr-C ʪʘ Fe-Mn-Cr-Ni-C. ʄʘʪʝʨʽʘʣʠ ʩʠʩʪʝʤʠ 

ʣʝʛʫʚʘʥʥʷ Fe-Mn-C ̫ ʢ ʧʨʘʚʠʣʦ ʤʽʩʪʷʪʴ 12 16 ʤʘʩ. % Mn ʪʘ ~1 ʤʘʩ. % ʚʫʛʣʝʮʶ. ʊʘʢʠʡ 

ʭʽʤʽʯʥʠʡ ʩʢʣʘʜ ʚʽʜʧʦʚʽʜʘʻ ʣʠʪʠʤ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʠʤ ʩʪʘʣʷʤ (ʩʪʘʣʷʤ ɻʘʜʬʽʣʴʜʘ) ʽʟ 

ʘʫʩʪʝʥʽʪʥʦʶ ʩʪʨʫʢʪʫʨʦʶ ʪʘ ʧʝʨʝʜʙʘʯʘʻ ʟʤʽʮʥʝʥʥʷ ʟʘ TWIP - ʤʝʭʘʥʽʟʤʦʤ. ʄʘʪʝʨʽʘʣʠ  

ʩʠʩʪʝʤʠ  Fe-Mn-Cr-C, ʷʢ ʧʨʘʚʠʣʦ ʤʽʩʪʷʪʴ Cr ʫ ʟʥʘʯʥʽʡ ʢʽʣʴʢʦʩʪʽ (ʧʨʠʙʣʠʟʥʦ ʨʽʚʥʽʡ 

ʢʽʣʴʢʦʩʪʽ Mn) ʪʘ ʚʤʽʩʪ ʚʫʛʣʝʮʶ ~0.5 ʤʘʩ. %. ɿʘ ʪʘʢʠʭ ʥʠʟʴʢʠʭ ʢʦʥʮʝʥʪʨʘʮʽʡ ʚʫʛʣʝʮʶ 

ʚʧʣʠʚ Cr, ʷʢ ʢʘʨʙʽʜʦʫʪʚʦʨʶʶʯʦʛʦ ʝʣʝʤʝʥʪʫ ʟʥʘʯʥʦ ʥʽʚʝʣʶʻʪʴʩʷ, ʪʦʤʫ, ʛʦʣʦʚʥʠʤ 

ʯʠʥʦʤ, ʡʦʛʦ ʧʨʠʩʫʪʥʽʩʪʴ  ʟʘʙʝʟʧʝʯʫʻ  ʧʽʜʚʠʱʫʻ ʢʦʨʦʟʽʡʥʫ ʪʨʠʚʢʽʩʪʴ ʥʘʧʣʘʚʣʝʥʦʛʦ 

ʰʘʨʫ. ɼʣʷ ʧʦʢʨʠʪʪʽʚ ʩʠʩʪʝʤʠ ʣʝʛʫʚʘʥʥʷ Fe-Mn-Cr-Ni-C ʭʘʨʘʢʪʝʨʥʠʤ ʻ ʥʘʷʚʥʽʩʪʴ 

ʦʜʨʘʟʫ ʜʚʦʭ ʝʣʝʤʝʥʪʽʚ, ʱʦ ʩʪʘʙʽʣʽʟʫʶʪʴ ʘʫʩʪʝʥʽʪʥʫ ʬʘʟʫ  Mn ʪʘ Ni ʫ ʧʨʘʢʪʠʯʥʦ 

ʨʽʚʥʦʤʫ ʤʘʩʦʚʦʤʫ ʩʧʽʚʚʽʜʥʦʰʝʥʥʽ (ʧʦ ~7 ʤʘʩ. %). ɺʠʢʦʨʠʩʪʘʥʥʷ ʜʝʬʽʮʠʪʥʦʛʦ Ni ʫ 

ʢʦʤʙʽʥʘʮʽʾ ʽʟ Mn ʫ ʧʝʨʰʫ ʯʝʨʛʫ ʟʫʤʦʚʣʝʥʦ ʪʠʤ, ʱʦ ʪʘʢʝ ʧʦʻʜʥʘʥʥʷ ʝʣʝʤʝʥʪʽʚ ʩʫʪʪʻʚʦ 

ʟʥʠʞʫʻ ʩʭʠʣʴʥʽʩʪʴ ʜʦ ʫʪʚʦʨʝʥʥʷ ʛʘʨʷʯʠʭ ʪʨʽʱʠʥ ʫ ʧʨʦʮʝʩʽ ʥʘʧʣʘʚʣʝʥʥʷ. ɺʤʽʩʪ Cr ʫ 

ʧʦʢʨʠʪʪʷʭ ʜʘʥʦʾ ʩʠʩʪʝʤʠ ʣʝʛʫʚʘʥʥʷ ʩʪʘʥʦʚʠʪʴ 17 19 ʤʘʩ. %, ʱʦ ʜʦʟʚʦʣʷʻ ʟʘʙʝʟʧʝʯʠʪʠ 

ʥʝʦʙʭʽʜʥʠʡ ʨʽʚʝʥʴ ʢʦʨʦʟʽʡʥʦʾ ʪʨʠʚʢʦʩʪʽ. ʂʦʥʮʝʥʪʨʘʮʽʷ ʚʫʛʣʝʮʶ ʫ ʧʦʢʨʠʪʪʷʭ ʩʠʩʪʝʤʠ 

Fe-Mn-Cr-Ni-C ʻ ʥʘʡʥʠʞʯʦʶ ʩʝʨʝʜ ʨʦʟʛʣʷʥʫʪʠʭ ʪʘ ʩʪʘʥʦʚʠʪʴ ~0.1 ʤʘʩ. %. ɿʘ ʪʘʢʦʾ 

ʢʦʥʮʝʥʪʨʘʮʽʾ ʣʝʛʫʶʯʠʭ ʝʣʝʤʝʥʪʽʚ ʪʘ ʚʫʛʣʝʮʶ ʟʤʽʮʥʝʥʥʷ ʫ ʧʨʦʮʝʩʽ ʧʣʘʩʪʠʯʥʦʾ 

ʜʝʬʦʨʤʘʮʽʾ ʧʨʦʭʦʜʠʪʴ ʟʘ ʤʝʭʘʥʽʟʤʦʤ ʭʘʨʘʢʪʝʨʥʠʤ ʜʣʷ TRIP ʩʪʘʣʝʡ. ɿ ʤʝʪʦʶ 

ʧʦʜʨʽʙʥʝʥʥʷ ʟʝʨʥʦʚʦʾ ʩʪʨʫʢʪʫʨʠ ʪʘ ʧʽʜʚʠʱʝʥʥʷ ʘʙʨʘʟʠʚʥʦʾ ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ ʩʝʨʽʡʥʽ 

ʧʦʢʨʠʪʪʷ ʥʘ ʦʩʥʦʚʽ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʦʾ ʩʪʘʣʽ ʣʝʛʫʶʪʴ ʥʝʟʥʘʯʥʦʶ ʢʽʣʴʢʽʩʪʶ (~1 ʤʘʩ. %) 
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ʢʘʨʙʽʜʦʫʪʚʦʨʶʶʯʠʭ ʝʣʝʤʝʥʪʽʚ  Mo ʪʘ V, ʘ ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ ʪʝʭʥʦʣʦʛʽʯʥʠʭ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʧʨʦʚʦʜʷʪʴ ʣʝʛʫʚʘʥʥʷ ʥʝʟʥʘʯʥʦʶ ʢʽʣʴʢʽʩʪʶ (ʜʦ 1 ʤʘʩ. %) Si. ʅʝʟʘʣʝʞʥʦ 

ʚʽʜ ʚʠʙʨʘʥʦʾ ʩʠʩʪʝʤʠ ʣʝʛʫʚʘʥʥʷ (TWIP ʯʠ TWIP ʢʣʘʩʫ) ʨʽʚʝʥʴ ʪʚʝʨʜʦʩʪʽ ʟʘ ɺʽʢʢʝʨʩʦʤ 

ʫ ʚʠʭʽʜʥʦʤʫ ʪʘ ʥʘʢʣʝʧʘʥʦʤʫ ʩʪʘʥʽ ʩʪʘʥʦʚʠʪʴ 2ï2.5 ɻʇʘ ʪʘ 4ï4.5 ɻʇʘ, ʚʽʜʧʦʚʽʜʥʦ. 

ʆʩʥʦʚʥʦʶ ʪʝʭʥʦʣʦʛʽʯʥʦʶ ʦʩʦʙʣʠʚʽʩʪʶ ʥʘʧʣʘʚʣʝʥʥʷ ʧʦʢʨʠʪʪʽʚ ʥʘ ʦʩʥʦʚʽ 

ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʠʭ ʩʪʘʣʝʡ ʫʩʽʭ ʩʠʩʪʝʤ ʣʝʛʫʚʘʥʥʷ ʻ ʥʝʦʙʭʽʜʥʽʩʪʴ ʟʘʙʝʟʧʝʯʝʥʥʷ 

ʚʠʩʦʢʠʭ ʰʚʠʜʢʦʩʪʝʡ ʦʭʦʣʦʜʞʝʥʥʷ ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ ʜʣʷ ʬʽʢʩʫʚʘʥʥʷ ʧʦʚʥʽʩʪʶ 

ʘʫʩʪʝʥʽʪʥʦʾ ʩʪʨʫʢʪʫʨʠ, ʷʢʘ ʟʜʘʪʥʘ ʜʦ ʽʥʪʝʥʩʠʚʥʦʛʦ ʜʝʬʦʨʤʘʮʽʡʥʦʛʦ ʟʤʽʮʥʝʥʥʷ. ɺ 

ʦʢʨʝʤʠʭ ʚʠʧʘʜʢʘʭ, ʥʘʧʨʠʢʣʘʜ ʟʘ ʫʤʦʚ ʙʘʛʘʪʦʰʘʨʦʚʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ, ʥʝʦʙʭʽʜʥʦʶ 

ʪʝʭʥʦʣʦʛʽʯʥʦʶ ʦʧʝʨʘʮʽʻʶ ʻ ʧʨʦʢʦʚʫʚʘʥʥʷ ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ, ʫ ʧʨʦʮʝʩʽ ʡʦʛʦ 

ʦʭʦʣʦʜʞʝʥʥʷ, ʟ ʤʝʪʦʶ ʟʥʷʪʪʷ ʚʥʫʪʨʽʰʥʽʭ ʥʘʧʨʫʞʝʥʴ. 

ʋʟʘʛʘʣʴʥʝʥʥʷ ʜʘʥʠʭ ʱʦʜʦ ʩʠʩʪʝʤ ʣʝʛʫʚʘʥʥʷ ʩʝʨʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʜʣʷ 

ʥʘʧʣʘʚʣʝʥʥʷ ʧʦʢʨʠʪʪʽʚ ʥʘ ʦʩʥʦʚʽ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʦʾ ʩʪʘʣʽ ʧʨʦʚʽʜʥʠʭ ʩʚʽʪʦʚʠʭ 

ʚʠʨʦʙʥʠʢʽʚ ʧʦʢʘʟʫʻ, ʱʦ ʦʩʥʦʚʥʠʤ ʥʘʧʨʷʤʢʦʤ ʧʽʜʚʠʱʝʥʥʷ ʾʭ ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ ʟʘ ʫʤʦʚ 

ʘʙʨʘʟʠʚʥʦʾ ʜʽʾ ʻ ʣʝʛʫʚʘʥʥʷ ʟʥʘʯʥʠʤʠ ʢʽʣʴʢʦʩʪʷʤʠ Cr ʽʟ ʨʦʟʨʘʭʫʥʢʫ ʥʘ ʫʪʚʦʨʝʥʥʷ  

ʢʘʨʙʽʜʥʦʾ ʬʘʟʠ M7C3, ʫ ʩʢʣʘʜʽ ʝʚʪʝʢʪʠʢʠ ʽʟ ʘʫʩʪʝʥʽʪʦʤ ʧʦ ʘʥʘʣʦʛʽʾ ʽʟ ʩʠʩʪʝʤʘʤʠ 

ʣʝʛʫʚʘʥʥʷ ʧʝʨʝʚʘʞʥʦʾ ʙʽʣʴʰʦʩʪʽ ʚʠʩʦʢʦʭʨʦʤʠʩʪʠʭ ʩʧʣʘʚʽʚ, ʱʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʜʣʷ 

ʟʥʦʩʦʪʨʠʚʢʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ ʟʘ ʫʤʦʚ ʙʝʟʫʜʘʨʥʦʛʦ ʘʙʨʘʟʠʚʥʦʛʦ ʟʥʦʰʫʚʘʥʥʷ. ʆʜʥʘʢ, 

ʚʨʘʭʦʚʫʶʯʠ ʱʦ Cr ʚʽʜʥʦʩʠʪʴʩʷ ʜʦ ʝʣʝʤʝʥʪʽʚ, ʱʦ ʟʥʘʯʥʦ ʩʪʘʙʽʣʽʟʫʶʪʴ ʬʝʨʠʪʥʫ ʬʘʟʫ ʫ 

ʩʪʘʣʷʭ, ʪʘʢʠʡ ʩʧʦʩʽʙ ʣʝʛʫʚʘʥʥʷ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʥʠʞʝʥʥʷ ʩʪʘʙʽʣʴʥʦʩʪʽ ʤʘʨʛʘʥʮʝʚʦʛʦ 

ʘʫʩʪʝʥʽʪʫ ʪʘ, ʚʽʜʧʦʚʽʜʥʦ, ʚʪʨʘʪʠ ʧʦʢʨʠʪʪʷʤ ʟʜʘʪʥʦʩʪʽ ʜʦ ʥʘʢʣʝʧʫ. ʋ ʨʝʟʫʣʴʪʘʪʽ ʮʴʦʛʦ 

ʚʠʥʠʢʘʻ ʧʨʦʙʣʝʤʘ ʥʝʦʙʭʽʜʥʦʩʪʽ ʜʦʜʘʪʢʦʚʦʾ ʩʪʘʙʽʣʽʟʘʮʽʾ ʘʫʩʪʝʥʽʪʫ, ʷʢʫ ʪʨʘʜʠʮʽʡʥʦ 

ʚʠʨʽʰʫʶʪʴ ʟʘ ʨʘʭʫʥʦʢ ʜʦʜʘʚʘʥʥʷ ʩʠʣʴʥʦʛʦ ʩʪʘʙʽʣʽʟʘʪʦʨʘ ʘʫʩʪʝʥʽʪʫ  ʜʝʬʽʮʠʪʥʦʛʦ 

ʥʽʢʝʣʶ. ʊʘʢʽ ʧʽʜʭʦʜʠ ʥʝ ʻ ʦʧʪʠʤʘʣʴʥʠʤʠ ʟ ʧʦʟʠʮʽʾ ʨʝʥʪʘʙʝʣʴʥʦʩʪʽ ʧʨʦʮʝʩʫ 

ʥʘʧʣʘʚʣʝʥʥʷ ʟ ʤʝʪʦʶ ʚʽʜʥʦʚʣʝʥʥʷ ʛʝʦʤʝʪʨʠʯʥʠʭ ʨʦʟʤʽʨʽʚ ʢʨʫʧʥʦʛʘʙʘʨʠʪʥʠʭ ʜʝʪʘʣʝʡ 

ʽʟ ʟʥʘʯʥʠʤ ʟʥʦʩʦʤ. ʈʽʚʝʥʴ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʩʝʨʽʡʥʠʭ ʧʦʢʨʠʪʪʽʚ ʪʘʢʦʞ ʥʝ 

ʻ ʦʧʪʠʤʘʣʴʥʠʤ, ʦʩʢʽʣʴʢʠ ʦʩʥʦʚʥʘ ʢʘʨʙʽʜʥʘ ʬʘʟʘ (M7C3), ʱʦ ʫʪʚʦʨʶʻʪʴʩʷ ʫ ʧʦʢʨʠʪʪʷʭ 

ʩʠʩʪʝʤ ʣʝʛʫʚʘʥʥʷ Fe-Mn-Cr-C ʪʘ Fe-Mn-Cr-Ni-C ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʤʽʢʨʦʪʚʝʨʜʽʩʪʶ 

13 16 ɻʇʘ, ʷʢʘ ʻ ʩʫʪʪʻʚʦ ʥʠʞʯʦʶ ʧʦʨʽʚʥʷʥʦ ʽʟ ʤʽʢʨʦʪʚʝʨʜʽʩʪʶ ʢʘʨʙʽʜʥʠʭ ʬʘʟ ʽʥʰʠʭ 

ʧʝʨʝʭʽʜʥʠʭ ʤʝʪʘʣʽʚ (TiC, NbC, VC, Mo2C). ʂʨʽʤ ʪʦʛʦ, ʽʥʪʝʥʩʠʚʥʝ ʨʦʟʯʠʥʝʥʥʷ Mn ʫ 
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ʢʘʨʙʽʜʥʽʡ ʬʘʟʽ M7C3 ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʥʠʞʝʥʥʷ ʾʾ ʤʽʢʨʦʪʚʝʨʜʦʩʪʽ ʪʘ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ 

ʟʙʽʜʥʝʥʥʷʤ ʘʫʩʪʝʥʽʪʥʦʾ ʬʘʟʠ ʤʘʨʛʘʥʮʝʤ, ʷʢʝ ʥʝʛʘʪʠʚʥʦ ʚʽʜʦʙʨʘʞʘʻʪʴʩʷ ʥʘ ʾʾ 

ʚʣʘʩʪʠʚʦʩʪʷʭ. ʎʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʥʝʦʙʭʽʜʥʦʩʪʽ ʧʦʰʫʢʫ ʥʦʚʠʭ ʩʠʩʪʝʤ ʣʝʛʫʚʘʥʥʷ 

ʧʦʢʨʠʪʪʽʚ ʥʘ ʦʩʥʦʚʽ ʚʠʩʦʢʦ ʤʘʨʛʘʥʮʝʚʦʾ ʩʪʘʣʽ ʟʘ ʫʯʘʩʪʶ ʢʦʤʧʦʥʝʥʪʽʚ, ʱʦ ʤʦʞʫʪʴ 

ʫʪʚʦʨʶʚʘʪʠ ʪʚʝʨʜʽ ʪʫʛʦʧʣʘʚʢʽ ʬʘʟʠ. 



 

 

62 

 

ʊʘʙʣʠʮʷ 1.2 ï ʇʦʨʽʚʥʷʣʴʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʩʝʨʽʡʥʠʭ ʝʣʝʢʪʨʦʜʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʥʘ ʦʩʥʦʚʽ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʠʭ ʩʪʘʣʝʡ 

ɹʨʝʥʜ ʂʨʘʾʥʘ ʄʘʨʢʘ 

ɺʤʽʩʪ ʣʝʛʫʶʯʠʭ ʝʣʝʤʝʥʪʽʚ ʫ ʥʘʧʣʘʚʣʝʥʦʤʫ ʰʘʨʽ, 

ʤʘʩ. % (ʨʝʰʪʘ Fe) 

ʊʚʝʨʜʽʩʪʴ 

ʜʦ ʥʘʢʣʝʧʫ / 

ʧʽʩʣʷ ʥʘʢʣʝʧʫ ʉ Mn Cr Ni Mo Si V 

1 2 3 4 5 6 7 8 9 10 11 

ESAB ʐʚʝʮʽʷ 

OK-14MnNi [49] 0.8 14  3.5  Ò0.3  
160 ï 200 HB/ 

42  46 HRC 

Tubrodur 15.65 

[50] 
0.3 13.5 15.5 1.8 0.8 0.6 0.8 

190 ï 240 HB/ 

400 ï500 HB 

KOBELCO ʗʧʦʥʽʷ 
DW-H11 [51] 0.84 14.17    0.68  2.33 ɻʇʘ/ 

DW-H16 [51] 0.6 16.76 16.21   0.51  2.78 ɻʇʘ/ 

WODON ʂʠʪʘʡ 

WD-D256 [52] 0.5 1.1 10 17      170 HB/ 

WD-D115 [52] 0.45 1 14 18      /50 HRC 

CORODUR ʅʽʤʝʯʯʠʥʘ 

250 K [53] 0.5 16.0 14 1.2 0.5 0.4 0.2 
220  250/ 

500 HB 

200 K  [53] 0.1 6.0 19 8.5  0.4  

180  200/ 

400 HB 
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ʇʨʦʜʦʚʞʝʥʥʷ ʪʘʙʣʠʮʽ 1.2 

1 2 3 4 5 6 7 8 9 10 11 

CASTOLIN 

EUTECTIC 
ʉʐɸ 

XHD 646 [54] 0.1 5 7 17 19 7 9    
1.5  1.9 ɻʇʘ/ 

4.3 ɻʇʘ 

EnDOtecÈ 

DO*02 [55] 
 ~13      

87  90 HRB/ 

30  35 HRC 

LASTEK ɹʝʣʴʛʽʷ Lastek-22 [56] 1 1.5 11.5 14   0.6 0.9 
0.5

0.8 
 
200  250 HB/ 

42  50 HRC 

Welding alloys 

group 

ɺʝʣʠʢʘ 

ɹʨʠʪʘʥʽʷ 

Hardface NM14-O 

[57] 
1 14    0.5  

200 HB/ 

46 HRC 

Hyundai 

welding 

ʇʽʚʜʝʥʥʘ 

ʂʦʨʝʷ 
S-13MN.B [58] 0.38 14.5 1.16  1.57 0.06  

220 HB/ 

480 HB 

MAGMAWELD ʊʫʨʝʯʯʠʥʘ EH 247 [59] 0.7 13.5 3.3 3.1    
225 HB/ 

450 HB 

DURWELD ʇʦʣʴʱʘ 
14Mn4Cr [60] 

0.9 13.5 3.7 3.5 0.7   
220 HB/ 

50 HRC 

AWELD ɯʪʘʣʽʷ 

MF7-GF-200-

KNP [61] 1 14 4 0.6  0.4  

200  230 HB 

/450 HB 
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ʇʨʦʜʦʚʞʝʥʥʷ ʪʘʙʣʠʮʽ 1.2 

1 2 3 4 5 6 7 8 9 10 11 

ALLOYS 

INTERNATIONAL 
ɸʚʩʪʨʘʣʽʷ Al-1705Mn [62] 0.5 16 13   0.3  

210 HB 

/450 HB 

PHILARC ʌʽʣʽʧʧʽʥʠ 
PHILHARD NiMn 

[63] 
0.54 13.70 0.53 3.8 0.53   

2.0  2.2 ɻʇʘ / 

4.5  5.3 ɻʇʘ  

D & H Welding 

electrodes 
ɯʥʜʽʷ 

CRONIMANGAN 

 [64] 
0.09 5 19 9  0.55  

2.0  2.5 ɻʇʘ/ 

500 HB 

ʉʋʄʀ-ɽʃɽʂʊʈʆɼ 

ʋʢʨʘʾʥʘ 

ʎʅʀʀʅ-4 

[65] 
0.6 12.4 26.3 2.7    

28 HRC/ 

30 HRC 

ʆʆʆ ʊʄ.ɺɽʃʊɽʂ 
ɺɽʃʊɽʂ-ʅ240 

[66] 
0.3 13.5 15.5 1.9 1.2 0.6 0.6 

190  250 HB/ 

42 51  HRC  
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 1.5 ʇʝʨʩʧʝʢʪʠʚʠ ʚʠʢʦʨʠʩʪʘʥʥʷ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʢʘʨʙʽʜʥʠʭ ʩʠʩʪʝʤ ʜʣʷ 

ʨʦʟʨʦʙʣʝʥʥʷ ʟʥʦʩʦʫʜʘʨʦʪʨʠʚʢʠʭ ʧʦʢʨʠʪʪʽʚ ʥʘ ʦʩʥʦʚʽ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʦʾ ʩʪʘʣʽ 

 ʅʝ ʟʚʘʞʘʶʯʠ ʥʘ ʪʝ, ʱʦ ʥʘʡʙʽʣʴʰ ʧʦʰʠʨʝʥʠʤʠ ʩʝʨʽʡʥʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ ʜʣʷ 

ʝʣʝʢʪʨʦʜʫʛʦʚʦʛʦ ʥʘʥʝʩʝʥʥʷ ʟʥʦʩʦʩʪʽʡʢʠʭ ʧʦʢʨʠʪʪʽʚ ʻ ʚʠʩʦʢʦʭʨʦʤʠʩʪʽ ʩʧʣʘʚʠ ʥʘ 

ʦʩʥʦʚʽ ʟʘʣʽʟʘ, ʦʩʥʦʚʥʦʶ ʩʪʨʫʢʪʫʨʥʦʶ ʩʢʣʘʜʦʚʦʶ ʷʢʠʭ ʻ ʢʘʨʙʽʜʥʘ ʬʘʟʘ M7C3 ʾʭ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʘʻ ʨʷʜ ʩʫʪʪʻʚʠʭ ʦʙʤʝʞʝʥʴ, ʦʩʥʦʚʥʠʤ ʽʟ ʷʢʠʭ ʻ ʥʝʧʨʠʧʫʩʪʠʤʽʩʪʴ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʟʘ ʫʤʦʚ ʚʠʩʦʢʠʭ ʜʠʥʘʤʽʯʥʠʭ ʪʘ (ʘʙʦ) ʮʠʢʣʽʯʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ. ʎʝ 

ʟʫʤʦʚʣʝʥʦ ʷʢ ʛʨʫʙʦʟʝʨʥʠʩʪʦʶ ʩʪʨʫʢʪʫʨʦʶ, ʪʘʢʠʭ ʧʦʢʨʠʪʪʽʚ ʪʘʢ ʽ ʥʠʟʴʢʦʶ 

ʪʨʽʱʠʥʦʩʪʽʡʢʽʩʪʶ ʢʘʨʙʽʜʥʦʾ ʬʘʟʠ. ɿʦʢʨʝʤʘ, ʧʽʜ ʯʘʩ ʽʥʜʝʥʪʫʚʘʥʥʷ ʢʘʨʙʽʜʥʦʾ ʬʘʟʠ 

M7C3 ʧʽʨʘʤʽʜʦʶ ɺʽʢʢʝʨʩʘ, ʧʨʦʚʝʜʝʥʦʛʦ ʫ ʨʦʙʦʪʽ [67] ʟʘ ʥʝʟʥʘʯʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ 

ʥʘ ʽʥʜʝʥʪʦʨ (~100 ʛʨ) ʽʟ ʢʨʘʾʚ ʚʽʜʙʠʪʢʘ  ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʨʽʩʪ ʪʨʽʱʠʥ, ʜʦʚʞʠʥʘ ʷʢʠʭ, 

ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʤʝʪʦʜʠʢʠ ɽʚʘʥʩʘ-ʏʘʨʣʴʟʘ [68], ʩʚʽʜʯʠʪʴ ʧʨʦ ʚʢʨʘʡ ʥʠʟʴʢʠʡ ʨʽʚʝʥʴ 

ʪʨʽʱʠʥʦʩʪʽʡʢʦʩʪʽ (ʨʠʩ. 1.5). ʂʨʽʤ ʪʦʛʦ, ʦʛʨʘʥʝʥʘ ʪʘ ʚʠʜʦʚʞʝʥʘ ʬʦʨʤʘ ʢʘʨʙʽʜʥʠʭ 

ʬʘʟ ʻ ʧʨʠʯʠʥʦʶ ʚʠʥʠʢʥʝʥʥʷ ʢʦʥʮʝʥʪʨʘʪʦʨʽʚ ʥʘʧʨʫʞʝʥʴ ʧʽʜ ʯʘʩ ʮʠʢʣʽʯʥʠʭ 

ʥʘʚʘʥʪʘʞʝʥʥʷʭ ʪʘ ʧʦʩʪʫʧʦʚʦʛʦ ʚʠʢʨʠʰʫʚʘʥʥʷ ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ. ʎʝ ʦʙʤʝʞʫʻ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʪʘʢʠʭ ʩʧʣʘʚʽʚ ʜʣʷ ʟʤʽʮʥʝʥʥʷ ʨʦʙʦʯʠʭ ʧʦʚʝʨʭʦʥʴ ʦʙʣʘʜʥʘʥʥʷ, ʷʢʝ 

ʧʨʘʮʶʻ ʟʘ ʫʤʦʚ ʩʢʣʘʜʥʦʛʦ ʥʘʧʨʫʞʝʥʦʛʦ ʩʪʘʥʫ ʫ ʩʫʢʫʧʥʦʩʪʽ ʽʟ ʘʙʨʘʟʠʚʥʠʤ 

ʟʥʦʰʫʚʘʥʥʷʤ. ɼʣʷ ʫʤʦʚ ʨʦʙʦʪʠ, ʷʢʽ ʩʫʧʨʦʚʦʜʞʫʶʪʴʩʷ ʫʜʘʨʥʦ-ʘʙʨʘʟʠʚʥʠʤ 

ʟʥʦʰʫʚʘʥʥʷʤ ʥʘʡʙʽʣʴʰ ʩʧʨʠʷʪʣʠʚʠʤʠ ʻ ʧʦʢʨʠʪʪʷ ʽʟ ʢʦʤʧʦʟʠʪʥʦʶ ʤʘʪʨʠʯʥʦ-

ʘʨʤʦʚʘʥʦʶ ʙʫʜʦʚʦʶ, ʫ ʷʢʽʡ ʘʨʤʽʚʥʽ ʬʘʟʠ ʤʘʶʪʴ ʚʠʛʣʷʜ ʨʽʚʥʦʤʽʨʥʦ ʨʦʟʧʦʜʽʣʝʥʠʭ 

ʚʠʩʦʢʦʤʦʜʫʣʴʥʠʭ ʚʢʣʶʯʝʥʴ ʨʽʚʥʦʚʽʩʥʦʾ ʬʦʨʤʠ ʫ ʤʽʮʥʽʡ ʪʘ ʧʣʘʩʪʠʯʥʽʡ ʤʘʪʨʠʮʽ 

[69]. ʊʘʢʘ ʩʪʨʫʢʪʫʨʘ ʤʦʞʝ ʙʫʪʠ ʦʪʨʠʤʘʥʘ ʰʣʷʭʦʤ ʚʠʢʦʨʠʩʪʘʥʥʷ, ʷʢ ʚʠʭʽʜʥʠʭ 

ʢʦʤʧʦʥʝʥʪʽʚ ʪʫʛʦʧʣʘʚʢʠʭ ʢʘʨʙʽʜʽʚ, ʷʢʽ ʻ ʩʣʘʙʦʨʦʟʯʠʥʥʠʤʠ ʫ ʟʘʣʽʟʽ ʪʘ ʩʪʘʣʷʭ. ɼʦ, 

ʪʘʢʠʭ ʩʧʦʣʫʢ, ʟʦʢʨʝʤʘ ʚʽʜʥʦʩʷʪʴʩʷ ʪʘʢʽ ʬʘʟʠ ʚʧʨʦʚʘʜʞʝʥʥʷ ʷʢ NbC, TiC, VC ʪʘ 

Mo2C. ʆʜʥʘʢ, ʚʠʢʦʨʠʩʪʘʥʥʷ ʚʢʘʟʘʥʠʭ ʩʧʦʣʫʢ ʫ ʯʠʩʪʦʤʫ ʚʠʛʣʷʜʽ, ʻ ʥʝ ʟʘʚʞʜʠ 

ʦʙˇʨʫʥʪʦʚʘʥʠʤ, ʷʢ ʽʟ ʧʦʟʠʮʽʾ ʟʘʙʝʟʧʝʯʝʥʥʷ ʥʝʦʙʭʽʜʥʦʛʦ ʨʽʚʥʷ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʘʢ ʽ ʟ ʤʽʨʢʫʚʘʥʴ ʨʝʥʪʘʙʝʣʴʥʦʩʪʽ ʪʝʭʥʦʣʦʛʽʾ ʟʤʽʮʥʝʥʥʷ ʧʦʚʝʨʭʦʥʴ. 

ɿ ʦʛʣʷʜʫ ʥʘ ʮʝ, ʨʦʟʨʦʙʣʝʥʥʷ ʪʘʢʠʭ ʧʦʢʨʠʪʪʽʚ ʙʽʣʴʰ ʨʘʮʽʦʥʘʣʴʥʦ ʧʨʦʚʦʜʠʪʠ 

ʰʣʷʭʦʤ ʚʠʢʦʨʠʩʪʘʥʥʷ ʢʦʤʙʽʥʘʮʽʡ ʜʘʥʠʭ ʢʘʨʙʽʜʥʠʭ ʬʘʟ ʽʟ ʨʦʟʨʘʭʫʥʢʫ ʥʘ 
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ʦʪʨʠʤʘʥʥʷ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʽʟ ʧʽʜʚʠʱʝʥʦʶ ʤʽʢʨʦʪʚʝʨʜʽʩʪʶ, ʪʨʽʱʠʥʦʩʪʽʡʢʽʩʪʶ, 

ʭʽʤʽʯʥʦʶ ʪʘ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʶ ʩʪʘʙʽʣʴʥʽʩʪʶ. 

ʘ 

ʙ 

ʈʠʩʫʥʦʢ 1.5 ï ʉʪʨʫʢʪʫʨʘ ʧʦʢʨʠʪʪʷ, ʥʘʧʣʘʚʣʝʥʦʛʦ ʟʘʝʚʪʝʢʪʠʯʥʠʤ 

ʚʠʩʦʢʦʭʨʦʤʠʩʪʠʤ ʩʧʣʘʚʦʤ (ʘ) ʪʘ ʭʘʨʘʢʪʝʨ ʧʦʰʠʨʝʥʥʷ ʪʨʽʱʠʥ ʧʽʩʣʷ 

ʤʽʢʨʦʽʥʜʝʥʪʫʚʘʥʥʷ ʢʘʨʙʽʜʥʦʾ ʬʘʟʠ M7C3  (ʙ) [67] 

 

 ʇʽʜʭʦʜʠ, ʱʦ ʧʦʣʷʛʘʶʪʴ ʫ ʬʦʨʤʫʚʘʥʥʽ ʩʢʣʘʜʥʠʭ ʩʪʘʙʽʣʴʥʠʭ 

ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ, ʫ ʷʢʠʭ ʤʦʞʣʠʚʽ ʩʫʪʪʻʚʽ ʧʨʦʷʚʠ 

ʩʠʥʝʨʛʝʪʠʯʥʦʛʦ ʝʬʝʢʪʽʚ  ʣʝʞʘʪʴ ʚ ʦʩʥʦʚʽ ʢʦʥʮʝʧʮʽʾ ʦʪʨʠʤʘʥʥʷ 

ʚʠʩʦʢʦʝʥʪʨʦʧʽʡʥʠʭ ʢʘʨʙʽʜʽʚ, ʫ ʷʢʠʭ ʤʝʪʘʣʝʚʽ ʢʦʤʧʦʥʝʥʪʠ (ʫ ʢʽʣʴʢʦʩʪʽ 4 ʽ ʙʽʣʴʰʝ) 

ʟʥʘʭʦʜʷʪʴʩʷ ʫ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʭ, ʙʣʠʟʴʢʠʭ ʜʦ ʝʢʚʽʤʦʣʷʨʥʠʭ [70]. ʊʘʢʽ ʪʚʝʨʜʽ 

ʨʦʟʯʠʥʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʝʢʩʪʨʝʤʘʣʴʥʠʤ ʨʽʚʥʝʤ ʬʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʱʦ ʻ ʩʫʪʪʻʚʦ ʚʠʱʠʤʠ ʧʦʨʽʚʥʷʥʦ ʽʟ ʚʠʭʽʜʥʠʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ 

(ʧʨʦʩʪʠʤʠ ʢʘʨʙʽʜʘʤʠ). ʗʩʢʨʘʚʠʤ ʧʨʠʢʣʘʜʦʤ ʦʪʨʠʤʘʥʥʷ ʝʢʩʪʨʝʤʘʣʴʥʦʛʦ 

ʟʥʘʯʝʥʥʷ ʪʚʝʨʜʦʩʪʽ ʟʘ ʫʤʦʚ ʚʠʢʦʨʠʩʪʘʥʥʷ ʢʘʨʙʽʜʥʠʭ ʬʘʟ ʚ ʝʢʚʽʤʦʣʷʨʥʠʭ 

ʢʽʣʴʢʦʩʪʷʭ ʻ ʜʘʥʽ ʨʦʙʦʪʠ [71], ʫ ʷʢʽʡ ʧʨʦʚʦʜʠʣʠ ʝʣʝʢʪʨʦʽʤʧʫʣʴʩʥʝ ʩʧʽʢʘʥʥʷ 
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ʧʦʨʦʰʢʽʚ ʢʘʨʙʽʜʽʚ HfC, TaC, ZrC ʪʘ NbC ʟʘ ʪʝʤʧʝʨʘʪʫʨʠ 2300 Áʉ. ʆʪʨʠʤʘʥʠʡ ʫ 

ʨʝʟʫʣʴʪʘʪʽ ʤʘʪʝʨʽʘʣ ʭʘʨʘʢʪʝʨʠʟʫʚʘʚʩʷ ʦʜʥʦʬʘʟʦʚʦʶ ɻʎʂ ʩʪʨʫʢʪʫʨʦʶ ʪʘ 

ʤʽʢʨʦʪʚʝʨʜʽʩʪʶ ~36 ɻʇʘ, ʱʦ ʧʝʨʝʚʠʱʫʻ ʟʥʘʯʝʥʥʷ ʪʚʝʨʜʦʩʪʽ ʫʩʽʭ ʦʢʨʝʤʦ ʚʟʷʪʠʭ 

ʚʠʢʦʨʠʩʪʘʥʠʭ ʢʘʨʙʽʜʥʠʭ ʬʘʟ (ʩʝʨʝʜ ʷʢʠʭ ʤʘʢʩʠʤʘʣʴʥʝ ʟʥʘʯʝʥʥʷ ʩʪʘʥʦʚʠʪʴ 31.5 

ɻʇʘ ʜʣʷ HfC) ʪʘ ʟʥʘʯʝʥʥʷ ʤʽʢʨʦʪʚʝʨʜʦʩʪʽ ʦʪʨʠʤʘʥʦʾ ʬʘʟʠ, ʨʦʟʨʘʭʦʚʘʥʝ ʟʘ 

ʧʨʘʚʠʣʦʤ ʩʫʤʽʰʝʡ (27.7 ɻʇʘ). ʇʦʨʷʜ ʟ ʮʠʤ, ʘʚʪʦʨʠ ʚʢʘʟʫʶʪʴ ʥʘ ʧʽʜʚʠʱʝʥʽ 

ʟʥʘʯʝʥʥʷ ʤʽʢʨʦʪʚʝʨʜʦʩʪʽ (~33 ɻʇʘ) ʧʦʜʚʽʡʥʦʛʦ ʢʘʨʙʽʜʫ (Hf,Ta)C.  

ʂʨʽʤ ʪʦʛʦ, ʚʠʩʦʢʦʝʥʪʨʦʧʽʡʥʠʤ ʢʘʨʙʽʜʘʤ ʚʣʘʩʪʠʚʘ ʚʠʩʦʢʘ ʪʝʨʤʦʜʠʥʘʤʽʯʥʘ 

ʩʪʘʙʽʣʴʥʽʩʪʴ, ʱʦ ʜʦʟʚʦʣʷʻ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʾʭ ʫ ʚʠʩʦʢʦʝʥʝʨʛʝʪʠʯʥʠʭ ʧʨʦʮʝʩʘʭ 

ʥʘʥʝʩʝʥʥʷ ʧʦʢʨʠʪʪʽʚ ʟʘ ʫʯʘʩʪʽ ʨʽʜʢʦʾ ʤʝʪʘʣʝʚʦʾ ʬʘʟʠ. ʋ ʨʦʙʦʪʽ [72] ʨʦʟʛʣʷʥʫʪʦ 

ʬʦʨʤʫʚʘʥʥʷ ʩʪʨʫʢʪʫʨʠ ʚʠʩʦʢʦʝʥʪʨʦʧʽʡʥʠʭ ʢʝʨʘʤʽʯʥʠʭ ʤʘʪʝʨʽʘʣʽʚ (HEC) ʫ 

ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤʘʭ Hf-Mo-Ta-Ti-C(B), ʦʪʨʠʤʘʥʠʭ ʰʣʷʭʦʤ 

ʝʣʝʢʪʨʦʽʤʧʫʣʴʩʥʦʛʦ ʧʣʘʟʤʦʚʦʛʦ ʩʧʽʢʘʥʥʷ (SPS). ʗʢ ʚʠʭʽʜʥʽ ʤʘʪʝʨʽʘʣʠ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʩʫʤʽʰ ʧʦʨʦʰʢʽʚ ʢʘʨʙʽʜʽʚ ʟ ʨʦʟʤʽʨʘʤʠ ʯʘʩʪʠʥʦʢ 1-5 ʤʢʤ ʽʟ 

ʤʦʣʷʨʥʠʤ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʤ HfC:Mo2C:TaC:TiC ʨʽʚʥʠʤ 2:1:2:2. ʈʝʟʫʣʴʪʘʪʠ 

ʜʦʩʣʽʜʞʝʥʥʷ ʟʨʘʟʢʽʚ ʩʧʝʯʝʥʠʭ ʧʨʠ 1800 Áʉ ʧʦʢʘʟʘʣʠ, ʱʦ ʾʭ ʩʪʨʫʢʪʫʨʘ ʥʝ ʻ 

ʦʜʥʦʬʘʟʦʚʦʶ, ʭʘʨʘʢʪʝʨʥʦʶ ʜʣʷ ʚʠʩʦʢʦʝʥʪʨʦʧʽʡʥʦʾ ʢʝʨʘʤʽʢʠ, ʘ ʩʢʣʘʜʘʻʪʴʩʷ ʽʟ 

ʜʚʦʭ ʢʘʨʙʽʜʥʠʭ ʬʘʟ ʽʟ ɻʎʂ ʨ̌ʘʪʢʘʤʠ ʚ ʦʜʥʽʡ ʽʟ ʥʠʭ ʦʩʥʦʚʥʠʡ ʤʝʪʘʣʝʚʠʡ 

ʢʦʤʧʦʥʝʥʪ ʢʘʨʙʽʜʥʦʾ ʬʘʟʠ Ta (Ti ʪʘ Hf ï ʧʨʘʢʪʠʯʥʦ ʚʽʜʩʫʪʥʽ, Mo ï ʥʝʟʥʘʯʥʘ 

ʢʽʣʴʢʽʩʪʴ), ʘ ʚ ʽʥʰʽʡ ʫ ʜʦʩʪʘʪʥʽʡ ʢʽʣʴʢʦʩʪʽ ʙʫʣʠ ʧʨʠʩʫʪʥʽ ʫʩʽ ʯʦʪʠʨʠ ʢʦʤʧʦʥʝʥʪʠ, 

ʦʜʥʘʢ ʘʪʦʤʥʝ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʤʽʞ Hf:Mo:Ti:Ta ʩʪʘʥʦʚʠʣʦ 2.5:2.4:1.8:1, ʪʦʙʪʦ ʚ 

ʝʢʚʽʤʦʣʷʨʥʦʤʫ ʩʧʽʚʚʽʜʥʦʰʝʥʥʽ ʟʥʘʭʦʜʠʣʠʩʴ ʣʠʰʝ Hf ʪʘ Mo. ʇʨʠ ʟʤʝʥʰʝʥʥʽ 

ʨʦʟʤʽʨʽʚ ʯʘʩʪʠʥʦʢ ʧʦʨʦʰʢʫ ʜʦ 1ï2 ʤʢʤ ʪʘ ʜʦʜʘʚʘʥʥʷ ʜʦ ʩʫʤʽʰʽ ʘʢʪʠʚʫʶʯʦʾ 

ʜʦʙʘʚʢʠ B4C ʩʧʦʩʪʝʨʽʛʘʣʦʩʴ ʫʪʚʦʨʝʥʥʷ ʣʠʰʝ ʦʜʥʽʻʾ ʢʘʨʙʽʜʥʦʾ ʬʘʟʠ ʽʟ ɻʎʂ 

ʨ̌ʘʪʢʦʶ, ʫ ʷʢʽʡ ʙʫʣʦ ʚʠʷʚʣʝʥʦ ʧʨʠʩʫʪʥʽʩʪʴ ʫʩʽʭ ʢʦʤʧʦʥʝʥʪʽʚ ʫ ʩʧʽʚʚʽʜʥʦʰʝʥʥʽ 

ʙʣʠʟʴʢʦʤʫ ʜʦ ʝʢʚʽʘʪʦʤʥʦʛʦ (1:0.7:0.8:1). ʊʘʢʠʡ ʭʘʨʘʢʪʝʨ ʬʦʨʤʫʚʘʥʥʷ ʩʪʨʫʢʪʫʨʠ 

ʩʚʽʜʯʠʪʴ ʧʨʦ ʪʝ, ʱʦ ʬʘʟʠ, ʫ ʷʢʠʭ ʻ ʩʫʪʪʻʚʘ ʨʽʟʥʠʮʷ ʫ ʢʽʣʴʢʦʩʪʽ ʤʝʪʘʣʝʚʠʭ 

ʢʦʤʧʦʥʝʥʪʽʚ ʢʘʨʙʽʜʥʦʾ ʬʘʟʠ ʻ ʧʨʦʤʽʞʥʠʤʠ ʪʚʝʨʜʠʤʠ ʨʦʟʯʠʥʘʤʠ ʫ ʧʨʦʮʝʩʽ 

ʬʦʨʤʫʚʘʥʥʷ ʩʪʘʙʽʣʴʥʦʾ ʢʘʨʙʽʜʥʦʾ ʬʘʟʠ ʽʟ ɻʎʂ ̌ʨʘʪʢʦʶ ʪʘ ʨʽʚʥʠʤ 
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ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʤ ʢʦʤʧʦʥʝʥʪʽʚ. ʄʽʢʨʦʪʚʝʨʜʽʩʪʴ ʦʪʨʠʤʘʥʦʾ ʬʘʟʠ (23.2 ɻʇʘ) ʻ 

ʙʣʠʟʴʢʦʶ ʜʦ ʨʦʟʨʘʭʦʚʘʥʦʾ ʟʘ ʧʨʘʚʠʣʦʤ ʩʫʤʽʰʝʡ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʚʠʟʥʘʯʝʥʥʷ ʥʝʦʙʭʽʜʥʠʭ ʫʤʦʚ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ ʢʦʤʧʣʝʢʩʥʠʭ 

ʢʘʨʙʽʜʥʠʭ ʬʘʟ ʽʟ ʢʽʣʴʢʽʩʪʶ ʤʝʪʘʣʝʚʠʭ ʢʦʤʧʦʥʝʥʪʽʚ, ʙʣʠʟʴʢʦʶ ʜʦ ʝʢʚʽʤʦʣʷʨʥʦʾ 

ʚʽʜʢʨʠʚʘʻ ʤʦʞʣʠʚʽʩʪʴ ʩʪʚʦʨʝʥʥʷ ʧʦʢʨʠʪʪʽʚ ʽʟ ʧʨʠʥʮʠʧʦʚʦ ʥʦʚʠʤʠ ʢʦʤʙʽʥʘʮʽʷʤʠ 

ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʪʘʢʠʭ ʷʢ ʧʦʻʜʥʘʥʥʷ ʪʨʽʱʠʥʦʩʪʽʡʢʦʩʪʽ ʪʘ 

ʪʚʝʨʜʦʩʪʽ, ʘʥʪʠʬʨʠʢʮʽʡʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʽ ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ ʽ ʪ. ʜ.  

ʌʦʨʤʫʚʘʥʥʷ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʢʘʨʙʽʜʥʠʭ ʬʘʟ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʧʽʜ ʯʘʩ 

ʥʘʥʝʩʝʥʥʷ ʧʦʢʨʠʪʪʽʚ ʜʦʩʠʪʴ ʙʘʛʘʪʴʦʭ ʩʠʩʪʝʤ ʣʝʛʫʚʘʥʥʷ [73]. ɿʦʢʨʝʤʘ, ʘʚʪʦʨʘʤʠ 

ʨʦʙʦʪʠ [74] ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʜʦʩʣʽʜʞʝʥʥʷ ʚʧʣʠʚʫ ʣʝʛʫʚʘʥʥʷ ʢʦʤʝʨʮʽʡʥʠʭ ʩʧʣʘʚʽʚ 

ʜʣʷ ʟʥʦʩʦʩʪʽʡʢʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ ʩʠʩʪʝʤʠ Fe-Cr-ʉ ʢʘʨʙʽʜʦʫʪʚʦʨʶʶʯʠʤʠ 

ʝʣʝʤʝʥʪʘʤʠ ʫ ʥʘʩʪʫʧʥʠʭ ʢʦʤʙʽʥʘʮʽʷʭ: MoïTi, MoïW ʪʘ MoïNbïWïVïTi. ʉʣʽʜ 

ʟʘʟʥʘʯʠʪʠ, ʱʦ ʚ ʦʩʪʘʥʥʴʦʤʫ ʚʠʧʘʜʢʫ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʤʽʞ ʣʝʛʫʶʯʠʤʠ 

ʢʦʤʧʦʥʝʥʪʘʤʠ (ʘʪ. %) ʩʪʘʥʦʚʠʣʦ 1:0.95:0.93:0.28:0.03. ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʪʨʠʙʦʪʝʭʥʽʯʥʠʭ ʚʠʧʨʦʙʦʚʫʚʘʥʴ ʥʘʥʝʩʝʥʠʭ ʰʘʨʽʚ ʙʫʣʦ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ 

ʥʘʡʚʠʱʦʶ ʟʥʦʩʦʪʨʠʚʢʽʩʪʶ ʟʘ ʫʤʦʚ ʪʝʨʪ ̫ ʧʦ ʟʘʢʨʽʧʣʝʥʦʤʫ ʘʙʨʘʟʠʚʫ 

ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʩʧʣʘʚ, ʷʢʠʡ ʤʽʩʪʠʪʴ ʫʩʽ ʧôʷʪʴ ʣʝʛʫʶʯʠʭ ʝʣʝʤʝʥʪʽʚ. ɼʦʩʣʽʜʞʝʥʥʷ 

ʡʦʛʦ ʩʪʨʫʢʪʫʨʠ ʧʦʢʘʟʘʣʠ ʥʘʷʚʥʽʩʪʴ ʪʫʛʦʧʣʘʚʢʦʾ ʬʘʟʠ ʽʟ ʧʦʨʽʚʥʷʥʦ ʚʠʩʦʢʦʶ 

ʛʫʩʪʠʥʦʶ, ʷʢʘ ʚʠʜʽʣʷʻʪʴʩʷ ʫ ʚʠʛʣʷʜʽ ʬʘʟ ʨʦʟʤʽʨʘʤʠ ~5 ʤʢʤ, ʬʦʨʤʘ ʷʢʠʭ ʙʣʠʟʴʢʘ 

ʜʦ ʢʫʙʽʯʥʦʾ. ɸʥʘʣʽʟ ʭʽʤʽʯʥʦʛʦ ʩʢʣʘʜʫ ʜʘʥʦʾ ʬʘʟʠ ʧʦʢʘʟʫʻ ʥʘʷʚʥʽʩʪʴ ʫ ʥʽʡ ʩʣʽʜʽʚ 

ʫʩʽʭ ʪʫʛʦʧʣʘʚʢʠʭ ʣʝʛʫʶʯʠʭ ʝʣʝʤʝʥʪʽʚ, ʘ ʭʘʨʘʢʪʝʨ ʾʾ ʨʦʟʪʘʰʫʚʘʥʥʷ ï ʫ 

ʮʝʥʪʨʘʣʴʥʠʭ ʦʙʣʘʩʪʷʭ ʧʝʨʚʠʥʥʠʭ ʪʘ ʝʚʪʝʢʪʠʯʥʠʭ ʢʘʨʙʽʜʽʚ ʭʨʦʤʫ ʩʚʽʜʯʠʪʴ ʧʨʦ ʪʝ, 

ʱʦ ʚʦʥʘ ʢʨʠʩʪʘʣʽʟʫʻʪʴʩʷ ʟʘ ʚʠʩʦʢʦʾ ʪʝʤʧʝʨʘʪʫʨʠ ʪʘ ʚʠʢʦʥʫʻ ʨʦʣʴ ʤʦʜʠʬʽʢʘʪʦʨʘ 

ʩʪʨʫʢʪʫʨʠ. ɿʘ ʜʘʥʠʤʠ ʨʦʙʦʪʠ [75] ʫ ʨʝʟʫʣʴʪʘʪʽ ʣʝʛʫʚʘʥʥʷ ʚʠʩʦʢʦʭʨʦʤʠʩʪʠʭ 

ʩʧʣʘʚʽʚ ʜʣʷ ʥʘʧʣʘʚʣʝʥʥʷ ʦʜʥʦʯʘʩʥʦ Mo, W ʪʘ Nb ʫ ʥʘʧʣʘʚʣʝʥʦʤʫ ʰʘʨʽ 

ʬʦʨʤʫʻʪʴʩʷ ʬʘʟʘ ʧʨʠʟʤʘʪʠʯʥʦʾ  ʬʦʨʤʠ ʽʟ (ʨʦʟʤʽʨʘʤʠ ~20 ʤʢʤ), ʫ ʷʢʽʡ ʘʪʦʤʥʝ 

ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʝʣʝʤʝʥʪʽʚ C:Mo:Cr:W:Nb ʩʪʘʥʦʚʠʪʴ 1:0.75:1.1:1.1:0.4. ɺʢʘʟʘʥʘ 

ʬʘʟʘ ʩʧʽʚʽʩʥʫʻ ʽʟ ʢʘʨʙʽʜʘʤʠ ʥʽʦʙʽʶ ʪʘ ʢʘʨʙʽʜʘʤʠ ʟʘʣʽʟʘ-ʭʨʦʤʫ. ɿʥʦʩʦʪʨʠʚʢʽʩʪʴ 

ʧʦʢʨʠʪʪʽʚ, ʷʢʽ ʤʽʩʪʠʣʠ ʜʘʥʫ ʬʘʟʫ ʟʘ ʫʤʦʚ ʪʝʨʪʷ ʧʦ ʥʝʟʘʢʨʽʧʣʝʥʦʤʫ ʘʙʨʘʟʠʚʫ ʪʘ ʚ 
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ʫʤʦʚʘʭ ʘʝʨʦʘʙʨʘʟʠʚʥʦʾ ʝʨʦʟʽʾ ʻ ʚʠʱʦʶ ʧʦʨʽʚʥʷʥʦ ʽʟ ʧʦʢʨʠʪʪʷʤʠ, ʷʢʽ ʤʽʩʪʷʪʴ ~ 40 

ʦʙ. % ʩʬʝʨʠʯʥʦʛʦ ʨʝʣʽʪʫ.  

ʆʪʞʝ, ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʧʨʦʚʝʜʝʥʦʛʦ ʘʥʘʣʽʟʫ ʣʽʪʝʨʘʪʫʨʥʠʭ ʜʘʥʠʭ ʚʠʜʥʦ, ʱʦ ʫ 

ʩʠʩʪʝʤʘʭ ʽʟ ʢʘʨʙʽʜʘʤʠ NbC, Mo2C, TiC ʪʘ VC ʤʦʞʣʠʚʝ ʫʪʚʦʨʝʥʥʷ ʢʦʤʧʣʝʢʩʥʠʭ 

ʢʘʨʙʽʜʥʠʭ ʬʘʟ, ʷʢ ʫ ʧʨʦʮʝʩʽ ʢʨʠʩʪʘʣʽʟʘʮʽʾ ʽʟ ʨʦʟʧʣʘʚʫ ʪʘʢ ʽ ʧʨʠ ʚʟʘʻʤʦʜʽʾ ʫ ʪʚʝʨʜʽʡ 

ʬʘʟʽ. ʎʝ ʩʪʚʦʨʶʻ ʧʝʨʝʜʫʤʦʚʠ ʜʣʷ ʾʭ ʚʠʢʦʨʠʩʪʘʥʥʷ, ʷʢ ʢʦʤʧʦʥʝʥʪʽʚ ʤʘʪʝʨʽʘʣʽʚ ʜʣʷ 

ʥʘʧʣʘʚʣʝʥʥʷ ʽʟ ʢʦʤʧʣʝʢʩʥʠʤ ʣʝʛʫʚʘʥʥʷʤ. 

 

 1.6 ʆʩʦʙʣʠʚʦʩʪʽ ʨʦʟʨʦʙʣʝʥʥʷ ʟʥʦʩʦʫʜʘʨʦʪʨʠʚʢʠʭ ʧʦʢʨʠʪʪʽʚ ʥʘ ʦʩʥʦʚʽ 

ʩʠʩʪʝʤ ʣʝʛʫʚʘʥʥʷ Fe-Mn-(M)-B-C 

 1.6.1 ʌʦʨʤʫʚʘʥʥʷ ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ ʪʘ ʚʣʘʩʪʠʚʦʩʪʽ ʧʦʢʨʠʪʪʽʚ ʥʘ ʦʩʥʦʚʽ 

ʚʠʩʦʢʦʤʘʨʛʘʥʝʮʝʚʠʭ ʩʪʘʣʝʡ, ʣʝʛʦʚʘʥʠʭ ʙʦʨʦʤ 

 ʈʦʟʨʦʙʣʝʥʥʷ ʧʦʢʨʠʪʪʽʚ ʩʠʩʪʝʤʠ Fe-Mn-B-C, ʷʢʽ ʥʘʥʦʩʷʪʴʩʷ ʤʝʪʦʜʦʤ 

ʝʣʝʢʪʨʦʜʫʛʦʚʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ, ʘ ʪʘʢʦʞ ʚʠʚʯʝʥʥʷ ʭʘʨʘʢʪʝʨʫ ʬʦʨʤʫʚʘʥʥʷ ʾʭ 

ʩʪʨʫʢʪʫʨʠ ʪʘ ʚʣʘʩʪʠʚʦʩʪʝʡ ʧʨʦʚʝʜʝʥʦ ʫ ʨʦʙʦʪʘʭ ʄ. ʇʘʰʝʯʢʘ [76ï81]. 

ʍʘʨʘʢʪʝʨʥʦʶ ʦʩʦʙʣʠʚʽʩʪʶ ʪʘʢʠʭ ʧʦʢʨʠʪʪʽʚ [82] ʻ ʥʘʙʣʠʞʝʥʽʩʪʴ ʾʭ ʭʽʤʽʯʥʦʛʦ 

ʩʢʣʘʜʫ ʜʦ ʢʦʥʮʝʥʪʨʘʮʽʾ ʝʣʝʤʝʥʪʽʚ ʫ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʽʡ ʝʚʪʝʢʪʠʮʽ, ʷʢʘ 

ʩʢʣʘʜʘʻʪʴʩʷ ʽʟ ʤʘʨʛʘʥʮʝʚʦʛʦ ʘʙʦ ʤʘʨʛʘʥʮʝʚʦʥʽʢʝʣʝʚʦʛʦ ʘʫʩʪʝʥʽʪʫ (ʬʝʨʠʪʫ), 

ʢʘʨʙʽʜʥʦʾ ʬʘʟʠ ʮʝʤʝʥʪʠʪʥʦʛʦ ʪʠʧʫ ʽʟ ʚʠʩʦʢʠʤ ʚʤʽʩʪʦʤ ʤʘʨʛʘʥʮʶ ʪʘ ʬʦʨʤʫʣʴʥʠʤ 

ʩʢʣʘʜʦʤ Fe0.4Mn3.6C ʽ ʙʦʨʠʜʫ ʟʘʣʽʟʘ Fe2B, ʷʢʠʡ ʚʠʜʽʣʷʻʪʴʩʷ ʫ ʚʠʛʣʷʜʽ ʜʠʩʧʝʨʩʥʠʭ 

ʚʢʣʶʯʝʥʴ. ɼʦʜʘʪʢʦʚʝ ʣʝʛʫʚʘʥʥʷ Ni ʪʘ Cr ʟʘʙʝʟʧʝʯʫʶʪʴ ʧʽʜʚʠʱʝʥʥʷ ʩʪʘʙʽʣʴʥʦʩʪʽ 

ʘʫʩʪʝʥʽʪʥʦʾ ʬʘʟʠ ʪʘ ʜʠʩʧʝʨʩʽʡʥʦʛʦ ʟʤʽʮʥʝʥʥʷ ʰʣʷʭʦʤ ʚʠʜʽʣʝʥʥʷ ʫ ʩʪʨʫʢʪʫʨʽ 

ʢʘʨʙʽʜʽʚ ʪʠʧʫ M7C3, ʚʽʜʧʦʚʽʜʥʦ. ʊʘʢʠʡ ʬʘʟʦʚʠʡ ʩʢʣʘʜ ʻ ʩʧʨʠʷʪʣʠʚʠʤ ʽʟ ʧʦʟʠʮʽʾ 

ʟʘʙʝʟʧʝʯʝʥʥʷ ʪʨʽʱʠʥʦʩʪʽʡʢʦʩʪʽ ʥʘʧʣʘʚʣʝʥʦʛʦ ʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫ, ʦʩʢʽʣʴʢʠ ʬʘʟʘ 

Fe0.4Mn3.6C ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ  ʧʽʜʚʠʱʝʥʦʶ ʧʣʘʩʪʠʯʥʽʩʪʶ ʧʦʨʽʚʥʷʥʦ ʽʟ 

ʮʝʤʝʥʪʠʪʦʤ, ʘ ʨʦʟʯʠʥʝʥʥʷ Mn ʚ ʘʫʩʪʝʥʽʪʽ ʟʘʙʝʟʧʝʯʫʻ ʡʦʛʦ ʜʝʬʦʨʤʘʮʽʡʥʝ 

ʟʤʽʮʥʝʥʥʷ ʟʘ ʤʝʭʘʥʽʟʤʘʤʠ ʘʥʘʣʦʛʽʯʥʠʤʠ ʪʠʤ, ʱʦ ʚʣʘʩʪʠʚʽ ʜʣʷ TWIP/TRIP ʩʪʘʣʝʡ.  

ʍʘʨʘʢʪʝʨʥʦʶ ʦʩʦʙʣʠʚʽʩʪʶ ʪʘʢʠʭ ʧʦʢʨʠʪʪʽʚ ʻ ʚʠʩʦʢʠʡ ʨʽʚʝʥʴ 

ʘʥʪʠʬʨʠʢʮʽʡʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʪʘ ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ ʟʘ ʫʤʦʚ ʩʫʭʦʛʦ ʪʝʨʪʷ ʢʦʚʟʘʥʥʷ 

ʧʦ ʩʪʘʣʝʚʦʤʫ ʢʦʥʪʨʪʽʣʫ ʫ ʚʠʩʦʢʦʥʘʚʘʥʪʘʞʝʥʠʭ ʧʘʨʘʭ ʪʝʨʪʷ [83]. ɿʦʢʨʝʤʘ, ʷʢ 
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ʧʦʢʘʟʘʥʦ ʫ ʨʦʙʦʪʘʭ [76,77,80,82] ʟʘ ʪʘʢʠʭ ʫʤʦʚ ʚʠʧʨʦʙʦʚʫʚʘʥʥʷ ʚʠʩʦʢʠʡ ʨʽʚʝʥʴ 

ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ  ʪʝʨʤʽʯʥʦ ʘʢʪʠʚʦʚʘʥʦʾ ʜʠʬʫʟʽʾ Si, B ʪʘ 

C ʥʘ ʢʦʥʪʘʢʪʥʽ ʧʦʚʝʨʭʥʽ ʽʟ ʥʘʩʪʫʧʥʠʤ ʬʦʨʤʫʚʘʥʥʷʤ ʦʢʩʠʜʥʠʭ ʬʘʟ [84] B2O3, SiO2, 

FeO, Fe3O4, Cr2O3, Fe2O3, ʥʘʷʚʥʽʩʪʴ ʷʢʠʭ ʫ ʟʦʥʽ ʪʨʠʙʦʢʦʥʪʘʢʪʫ ʩʧʨʠʷʻ ʟʥʠʞʝʥʥʶ 

ʢʦʝʬʽʮʽʻʥʪʫ ʪʝʨʪʷ ʪʘ ʧʽʜʚʠʱʝʥʥʶ ʢʦʨʦʟʽʡʥʦʾ ʩʪʽʡʢʦʩʪʽ, ʘ ʪʘʢʦʞ ʚʽʣʴʥʦʛʦ ʚʫʛʣʝʮʶ, 

ʷʢʠʡ ʚʠʢʦʥʫʻ ʨʦʣʴ ʪʚʝʨʜʦʛʦ ʤʘʩʪʠʣʘ ʪʘ ʟʥʘʯʥʦ ʟʤʝʥʰʫʻ ʨʽʚʝʥʴ ʘʜʛʝʟʽʡʥʦʾ 

ʚʟʘʻʤʦʜʽʾ ʢʦʥʪʘʢʪʫʶʯʠʭ ʧʦʚʝʨʭʦʥʴ. ɿʥʦʩʦʪʨʠʚʢʽʩʪʴ  ʧʦʢʨʠʪʪʽʚ ʩʠʩʪʝʤʠ 

ʣʝʛʫʚʘʥʥʷ, ʚʠʟʥʘʯʝʥʘ ʟʘ ʫʤʦʚ ʪʝʨʪʷ ʢʦʚʟʘʥʥʷ ʻ ʫʜʚʽʯʽ ʚʠʱʦʶ ʥʽʞ ʜʣʷ ʩʝʨʽʡʥʠʭ 

ʥʘʧʠʣʝʥʠʭ ʧʦʢʨʠʪʪʽʚ ʩʠʩʪʝʤʠ Ni-Cr-B-Si ʤʘʨʢʠ ʇɻ-ʉʈ3 [82]. ɺʘʞʣʠʚʦ ʟʘʟʥʘʯʠʪʠ, 

ʱʦ ʜʣʷ ʧʦʢʨʠʪʪʽʚ ʜʘʥʦʾ ʩʠʩʪʝʤʠ ʥʝ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʦʜʥʦʟʥʘʯʥʦʾ ʢʦʨʝʣʷʮʽʾ ʤʽʞ 

ʪʚʝʨʜʽʩʪʶ ʪʘ ʟʥʦʩʦʪʨʠʚʢʽʩʪʶ ʟʘ ʫʤʦʚ ʪʝʨʪʷ ʢʦʚʟʘʥʥʷ. ʇʨʦ ʮʝ ʩʚʽʜʯʘʪʴ ʜʘʥʽ 

ʧʦʨʽʚʥʷʣʴʥʦʛʦ ʘʥʘʣʽʟʫ ʜʣʷ ʧʦʢʨʠʪʪʽʚ, ʷʢʽ ʩʫʪʪʻʚʦ ʚʽʜʨʽʟʥʷʣʠʩʴ ʟʘ ʚʤʽʩʪʦʤ Mn ʫ 

ʜʽʘʧʘʟʦʥʽ ʚʽʜ 0.2 ʜʦ 13 ʤʘʩ. % [80]. ʁʦʛʦ ʨʝʟʫʣʴʪʘʪʠ ʧʦʢʘʟʫʶʪʴ ʱʦ ʟʥʦʩʦʪʨʠʚʢʽʩʪʴ 

ʧʦʢʨʠʪʪʽʚ ʽʟ ʪʚʝʨʜʽʩʪʶ 49 HRC (ʚʤʽʩʪ Mn ï 7.3 %) ʟʘ ʧʽʜʚʠʱʝʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ (15 

ʄʇʘ) ʻ ʚʠʱʦʶ ʧʨʘʢʪʠʯʥʦ ʫ 1.7 ʨʘʟʠ ʧʦʨʽʚʥʷʥʦ ʽʟ ʧʦʢʨʠʪʪʷʤʠ ʽʟ ʪʚʝʨʜʽʩʪʶ 60 HRC 

(ʚʤʽʩʪ Mn ï 10.76ï13.05).  

ʊʝʭʥʦʣʦʛʽʯʥʽʩʪʴ ʝʚʪʝʢʪʠʯʥʠʭ ʧʦʢʨʠʪʪʽʚ ʩʠʩʪʝʤʠ Fe-Mn-B-C ʻ ʜʦʩʪʘʪʥʴʦ 

ʚʠʩʦʢʦʶ ʪʘ ʜʦʟʚʦʣʷʻ ʧʨʦʚʦʜʠʪʠ ʾʭ ʥʘʥʝʩʝʥʥʷ ʥʝ ʣʠʰʝ ʝʣʝʢʪʨʦʜʫʛʦʚʠʤ 

ʥʘʧʣʘʚʣʝʥʥʷʤ, ʘ ʪʘʢʦʞ ʤʝʪʦʜʘʤʠ ʧʣʘʟʤʦʚʦʛʦ [85], ʽʥʜʫʢʮʽʡʥʦʛʦ ʪʘ ʧʽʯʥʦʛʦ 

ʥʘʧʣʘʚʣʝʥʥʷ [81], ʘ ʪʘʢʦʞ ʤʝʪʦʜʘʤʠ ʥʘʧʠʣʝʥʥʷ [80].  

 ɺʨʘʭʦʚʫʶʯʠ ʝʢʦʥʦʤʥʫ ʩʠʩʪʝʤʫ ʣʝʛʫʚʘʥʥʷ ʧʦʨʷʜ ʽʟ ʚʠʩʦʢʠʤ ʨʽʚʥʝʤ 

ʟʥʦʩʦʩʪʽʡʢʦʩʪʽ ʚʠʩʦʢʦʶ ʷʢʽʩʪʶ ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ (ʟ ʤʽʨʢʫʚʘʥʴ ʚʽʜʩʫʪʥʦʩʪʽ ʧʦʨ 

ʪʘ ʪʨʽʱʠʥ) ʧʦʢʨʠʪʪʷ ʩʠʩʪʝʤʠ Fe-Mn-B-C, ʣʝʛʦʚʘʥʽ ʉr, Si ʪʘ Ni ʨʝʢʦʤʝʥʜʫʶʪʴʩʷ 

ʜʣʷ ʟʥʦʩʦʪʨʠʚʢʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ ʥʦʞʽʚ ʦʙʣʘʜʥʘʥʥʷ ʟ ʧʦʜʨʽʙʥʝʥʥʷ ʘʚʪʦʤʦʙʽʣʴʥʠʭ 

ʰʠʥ [79], ʨʦʙʦʯʠʭ ʧʦʚʝʨʭʦʥʴ ʦʙʣʘʜʥʘʥʥʷ ʜʣʷ ʣʽʢʚʽʜʘʮʽʾ ʘʚʘʨʽʡʥʠʭ ʩʠʪʫʘʮʽʡ ʪʘ 

ʧʦʞʝʞʦʛʘʩʽʥʥʷ [80,85], ʘ ʪʘʢʦʞ ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ ʨ̌ʫʥʪʦʦʙʨʦʙʥʠʭ 

ʤʘʰʠʥ ʪʘ ʽʥʰʦʛʦ ʦʙʣʘʜʥʘʥʥʷ, ʷʢʝ ʝʢʩʧʣʫʘʪʫʻʪʴʩʷ ʚ ʘʛʨʘʨʥʽʡ ʧʨʦʤʠʩʣʦʚʦʩʪʽ [81].  
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 1.6.2 ɺʠʢʦʨʠʩʪʘʥʥʷ ʨʝʘʢʮʽʡʥʠʭ ʩʫʤʽʰʝʡ ʪʫʛʦʧʣʘʚʢʠʭ ʤʝʪʘʣʽʚ ʽʟ ʢʘʨʙʽʜʦʤ 

ʙʦʨʫ ʫ ʩʢʣʘʜʽ ʩʠʩʪʝʤ ʣʝʛʫʚʘʥʥʷ ʦʩʥʦʚʽ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʠʭ ʩʪʘʣʝʡ 

ʇʝʨʩʧʝʢʪʠʚʥʠʤ ʧʽʜʭʦʜʦʤ ʜʦ ʩʪʚʦʨʝʥʥʷ ʟʥʦʩʦ- ʪʘ ʫʜʘʨʦʪʨʠʚʢʠʭ ʧʦʢʨʠʪʪʽʚ 

ʽʟ ʚʠʨʘʟʥʦʶ ʛʝʪʝʨʦʬʘʟʦʚʦʶ ʤʝʪʘʣʦʙʦʨʠʜʥʦʶ ʙʫʜʦʚʦʶ ʻ ʟʘʙʝʟʧʝʯʝʥʥʷ 

ʬʦʨʤʫʚʘʥʥʷ ʘʨʤʽʚʥʠʭ ʬʘʟ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʫ ʧʨʦʮʝʩʽ ʥʘʧʣʘʚʣʝʥʥʷ (in situ), ʷʢʝ 

ʜʦʩʷʛʘʻʪʴʩʷ ʰʣʷʭʦʤ ʚʠʢʦʨʠʩʪʘʥʥʷ ʫ ʩʢʣʘʜʽ ʰʠʭʪʠ ʝʣʝʢʪʨʦʜʥʠʭ ʤʘʪʝʨʽʘʣʽʚ 

ʨʝʘʢʮʽʡʥʠʭ ʩʫʤʽʰʝʡ, ʷʢʽ ʤʽʩʪʷʪʴ ʥʝʦʙʭʽʜʥʽ ʢʦʤʧʦʥʝʥʪʠ [86ï88]. ʆʜʥʠʤ ʽʟ ʧʝʨʰʠʭ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʫ ʧʨʦʮʝʩʽ ʥʘʧʣʘʚʣʝʥʥʷ in situ ʬʦʨʤʫʚʘʥʥʷ ʪʚʝʨʜʠʭ ʬʘʟ ʟʘ ʨʘʭʫʥʦʢ 

ʩʘʤʦʧʦʰʠʨʶʶʯʦʛʦ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʩʠʥʪʝʟʫ (ʉɺʉ) ʙʫʣʦ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʆ. 

ɺ. ʇʠʣʠʧʯʝʥʢʦʤ [89] ʪʘ ʩʪʘʣʦ ʦʩʥʦʚʦʶ ʜʣʷ ʨʦʟʨʦʙʣʝʥʥʷ ʮʽʣʦʛʦ ʨʷʜʫ ʩʝʨʽʡʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ ʜʣʷ ʟʥʦʩʦʪʨʠʚʢʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ ʚʠʨʦʙʥʠʮʪʚʘ ʊʟʆɺ ʄʅɺʎ ñɽʧʩʽʣʦʥ 

ʃʊɼò. ʗʢ ʧʦʢʘʟʘʥʦ ʫ ʨʦʙʦʪʽ [90] ʧʝʨʝʭʽʜ ʚʽʜ ʩʠʩʪʝʤʠ ʣʝʛʫʚʘʥʥʷ ʤʝʪʘʣ ï ʚʫʛʣʝʮʴ 

ʜʦ ʩʠʩʪʝʤʠ ʤʝʪʘʣ ï ʙʦʨ ʘʙʦ ʤʝʪʘʣ ï ʙʦʨ ï ʚʫʛʣʝʮʴ ʜʣʷ ʰʠʭʪʠ ʧʦʨʦʰʢʦʚʠʭ 

ʝʣʝʢʪʨʦʜʽʚ ʻ ʙʽʣʴʰ ʨʘʮʽʦʥʘʣʴʥʠʤ, ʦʩʢʽʣʴʢʠ ʜʦʟʚʦʣʷʻ ʫ ʧʨʦʮʝʩʽ ʥʘʧʣʘʚʣʝʥʥʷ 

ʟʘʙʝʟʧʝʯʠʪʠ in situ ʬʦʨʤʫʚʘʥʥʷ ʫ ʩʪʨʫʢʪʫʨʽ ʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫ ʤʘʩʠʚʥʠʭ 

ʙʦʨʠʜʥʠʭ ʬʘʟ ʽʟ ʚʠʩʦʢʦʶ ʤʽʢʨʦʪʚʝʨʜʽʩʪʶ, ʷʢʽ ʟʘʙʝʟʧʝʯʫʶʪʴ ʝʬʝʢʪʠʚʥʫ ʧʨʦʪʠʜʽʶ 

ʘʙʨʘʟʠʚʥʦʤʫ ʟʥʦʰʫʚʘʥʥʶ. ʉʝʨʝʜ ʩʧʦʣʫʢ ʪʫʛʦʧʣʘʚʢʠʭ ʤʝʪʘʣʽʚ, ʦʪʨʠʤʘʥʠʭ in situ 

ʽʟ ʧʦʨʦʰʢʦʚʠʭ ʩʫʤʽʰʝʡ Me+B4C ʥʘ ʜʘʥʠʡ ʯʘʩ ʥʘʡʙʽʣʴʰ ʚʠʚʯʝʥʦʶ ʟʘʣʠʰʘʻʪʴʩʷ 

ʩʠʩʪʝʤʘ TiïB4C. ʈʝʟʫʣʴʪʘʪ ʚʟʘʻʤʦʜʽʾ ʢʦʤʧʦʥʝʥʪʽʚ ʫ ʚʢʘʟʘʥʽʡ ʩʠʩʪʝʤʽ ʟʚʦʜʠʪʴʩʷ ʜʦ 

ʦʪʨʠʤʘʥʥʷ TiB2 ʪʘ Tiʉ ʫ ʯʠʩʪʦʤʫ ʚʠʛʣʷʜʽ ʘʙʦ ʚʠʛʣʷʜʽ ʚʢʣʶʯʝʥʴ ʫ ʤʘʪʨʠʮʽ ʽʟ 

ʚʠʙʨʘʥʦʛʦ ʩʧʣʘʚʫ. ʋ ʨʦʙʦʪʽ [91] ʧʦʢʘʟʘʥʦ ʤʦʞʣʠʚʽʩʪʴ ʬʦʨʤʫʚʘʥʥʷ ʧʦʚʝʨʭʥʝʚʦʛʦ 

ʰʘʨʫ ʟʤʽʮʥʝʥʦʛʦ in situ ʯʘʩʪʠʥʢʘʤʠ TiB2 ʪʘ Tiʉ ʫ ʧʨʦʮʝʩʽ ʨʝʘʢʮʽʡʥʦʛʦ ʟʚʘʨʶʚʘʥʥʷ 

ʪʝʨʪʷʤ ʽʟ ʧʝʨʝʤʽʰʫʚʘʥʥʷʤ ʟʘ ʨʘʭʫʥʦʢ ʜʦʜʘʚʘʥʥʷ B4C ʫ ʟʦʥʫ ʟʚʘʨʶʚʘʥʥʷ. 

ʊʚʝʨʜʽʩʪʴ ʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫ ʪʠʪʘʥʦʚʦʛʦ ʩʧʣʘʚʫ ʧʽʩʣʷ ʪʘʢʦʾ ʦʙʨʦʙʢʠ ʟʨʦʩʪʘʻ 

ʧʨʘʢʪʠʯʥʦ ʫ 2 ʨʘʟʠ. ʉʧʦʣʫʢʠ TiB2 ʪʘ Tiʉ, cʠʥʪʝʟʦʚʘʥʽ in situ, ʙʫʣʦ ʚʠʷʚʣʝʥʦ ʪʘʢʦʞ 

ʽ ʧʨʠ ʣʘʟʝʨʥʦʤʫ ʥʘʥʝʩʝʥʥʽ (laser cladding) ʧʦʢʨʠʪʪʽʚ ʽʟ ʩʫʤʽʰʽ ʧʦʨʦʰʢʽʚ Ni, Cr, Ti 

ʪʘ B4C [92]. ʇʦʢʨʠʪʪʷ ʤʘʻ ʚʠʨʘʟʥʫ ʛʝʪʝʨʦʬʘʟʦʚʫ ʩʪʨʫʢʪʫʨʫ, ʱʦ ʩʢʣʘʜʘʻʪʴʩʷ ʽʟ 

ʢʨʫʧʥʠʭ ʬʘʟ TiB2, ʷʢʽ ʫ ʧʣʦʱʠʥʽ ʰʣʽʬʘ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʛʦʣʯʘʩʪʦʶ ʦʛʨʘʥʝʥʦʶ 

ʬʦʨʤʦʶ, ʪʘ ʝʚʪʝʢʪʠʢʠ ʽʟ ʟʥʘʯʥʠʤ ʚʤʽʩʪʦʤ TiC. ʊʘʢʠʤ ʧʦʢʨʠʪʪʷʤ ʚʣʘʩʪʠʚʘ ʚʠʩʦʢʘ 

ʤʽʢʨʦʪʚʝʨʜʽʩʪʴ ~12 ɻʇʘ ʪʘ ʟʥʦʩʦʪʨʠʚʢʽʩʪʴ ʟʘ ʫʤʦʚ ʪʝʨʪʷ ʧʦ ʟʘʢʨʽʧʣʝʥʦʤʫ 



 

 

72 

ʘʙʨʘʟʠʚʫ. ɸʥʘʣʦʛʽʯʥʠʡ ʭʘʨʘʢʪʝʨ ʬʦʨʤʫʚʘʥʥʷ ʩʧʦʣʫʢ ʪʠʪʘʥʫ ʚʽʜʙʫʚʘʻʪʴʩʷ ʪʘʢʦʞ 

ʫ ʧʨʦʮʝʩʽ ʝʣʝʢʪʨʦʜʫʛʦʚʦʛʦ ʥʘʥʝʩʝʥʥ ̫ ʧʦʢʨʠʪʪʽʚ ʥʝʧʣʘʚʢʠʤ (ʚʦʣʴʬʨʘʤʦʚʠʤ) 

ʝʣʝʢʪʨʦʜʦʤ ʧʦʧʝʨʝʜʥʴʦ ʥʘʥʝʩʝʥʠʭ ʩʫʤʽʰʝʡ Ti ʪʘ B4C ̔ ʟ ʨʽʟʥʠʤ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʤ 

ʢʦʤʧʦʥʝʥʪʽʚ (5:1, 3:1 ʪʘ 3:2) [93]. ʈʝʟʫʣʴʪʘʪʠ ʤʽʢʨʦʩʢʦʧʽʯʥʦʛʦ ʪʘ ʨʝʥʛʝʥʽʚʩʴʢʦʛʦ 

ʬʘʟʦʚʦʛʦ ʘʥʘʣʽʟʫ ʧʦʢʘʟʘʣʠ, ʱʦ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ ʥʝ ʚʧʣʠʚʘʻ ʥʘ 

ʧʨʠʥʮʠʧʦʚʫ ʤʦʞʣʠʚʽʩʪʴ ʬʦʨʤʫʚʘʥʥʷ ʩʧʦʣʫʢ ʪʠʪʘʥʫ, ʘ ʣʠʰʝ ʥʘ ʷʢʽʩʪʴ ʟʚôʷʟʢʫ ʤʽʞ 

ʧʦʢʨʠʪʪʷʤ ʪʘ ʦʩʥʦʚʦʶ. ʗʢʽʩʪʴ ʩʧʣʘʚʣʝʥʥʷ ʧʦʢʨʠʪʪʷ ʟ ʦʩʥʦʚʦʶ ʧʦʢʨʘʱʫʻʪʴʩʷ ʧʨʠ 

ʟʙʽʣʴʰʝʥʥʽ ʚʤʽʩʪʫ Ti, ʘ ʘʙʨʘʟʠʚʥʘ ʟʥʦʩʦʪʨʠʚʢʽʩʪʴ ʟʘʢʦʥʦʤʽʨʥʦ ʟʨʦʩʪʘʻ ʧʨʠ 

ʟʙʽʣʴʰʝʥʥʽ ʚʤʽʩʪʫ B4C. ʈʘʟʦʤ ʟ ʮʠʤ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʚʠʩʦʢʘ ʧʦʨʠʩʪʽʩʪʴ 

ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ (ʨʦʟʤʽʨʠ ʦʢʨʝʤʠʭ ʧʦʨ ʩʪʘʥʦʚʣʷʪʴ ~200 ʤʢʤ, ʘ ʾʭ 

ʢʦʥʛʣʦʤʝʨʘʪʠ ʟʘ ʨʦʟʤʽʨʘʤʠ ʻ ʩʧʽʚʤʽʨʥʠʤʠ ʟ ʪʦʚʱʠʥʦʶ ʧʦʢʨʠʪʪʷ) ʪʘ ʥʠʟʴʢʘ 

ʪʦʚʱʠʥʘ ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ. ɽʬʝʢʪʠʚʥʠʤ ʩʧʦʩʦʙʦʤ ʧʽʜʚʠʱʝʥʥʷ ʪʝʭʥʦʣʦʛʽʯʥʦʩʪʽ, 

ʟʥʦʩʦʩʪʨʠʚʢʦʩʪʽ ʪʘ ʪʨʽʱʠʥʦʩʪʽʡʢʦʩʪʽ ʧʦʢʨʠʪʪʽʚ ʥʘ ʦʩʥʦʚʽ ʩʠʩʪʝʤʠ Fe-Ti-B-C ʻ 

ʨʦʟʰʠʨʝʥʥʷ ʩʠʩʪʝʤʠ ʣʝʛʫʚʘʥʥʷ ʟʘ ʨʘʭʫʥʦʢ ʪʫʛʦʧʣʘʚʢʠʭ ʤʝʪʘʣʽʚ, ʷʢʽ ʜʦʙʨʝ 

ʨʦʟʯʠʥʷʶʪʴʩʷ ʫ ʩʧʦʣʫʢʘʭ Ti (TiC, TiB2). ɿʦʢʨʝʤʘ, ʟʘ ʜʘʥʠʤʠ [94] ʧʽʜ ʯʘʩ 

ʦʪʨʠʤʘʥʥʷ ʧʦʢʨʠʪʪʽʚ ʩʠʩʪʝʤʠ Fe-Ti-B-C ʽʟ ʜʦʙʘʚʢʘʤʠ Mo ʤʝʪʦʜʦʤ ʣʘʟʝʨʥʦʛʦ 

ʥʘʥʝʩʝʥʥʷ ʩʫʤʽʰʽ ʧʦʨʦʰʢʽʚ ʬʝʨʦʩʧʣʘʚʽʚ ʪʘ B4C ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʧʽʜʚʠʱʝʥʥʷ 

ʚʤʽʩʪʫ Mo ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʥʘʯʥʦʛʦ ʧʦʜʨʽʙʥʝʥʥʷ ʩʪʨʫʢʪʫʨʠ. ʇʦ ʤʽʨʽ ʟʙʽʣʴʰʝʥʥ ̫

ʚʤʽʩʪʫ Mo ʜʦ ~8 ʤʘʩ. % ʨʦʟʤʽʨʠ (Ti,Mo)B2 ʪʘ (Ti,Mo)C ʟʤʝʥʰʫʶʪʴʩʷ ʚʽʜ ~100 ʜʦ 

~10 ʤʢʤ, ʘ ʪʚʝʨʜʽʩʪʴ ʧʦʢʨʠʪʪʷ ʟʨʦʩʪʘʻ ʚʽʜ 9 ʜʦ 13 ɻʇʘ.  

 ʇʝʨʝʚʘʛʠ ʚʠʢʦʨʠʩʪʘʥʥʷ ʨʝʘʢʮʽʡʥʠʭ ʩʫʤʽʰʝʡ, ʨʦʟʨʘʭʦʚʘʥʠʭ ʥʘ 

ʧʨʦʭʦʜʞʝʥʥʷ ʧʨʦʮʝʩʽʚ in situ ʬʦʨʤʫʚʘʥʥʷ ʩʪʨʫʢʪʫʨʠ ʥʘʜ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʧʦʧʝʨʝʜʥʴʦ ʩʠʥʪʝʟʦʚʘʥʠʭ ʩʧʦʣʫʢ ʧʦʢʘʟʘʥʦ ʫ ʨʦʙʦʪʽ [95]. ɰɰ ʘʚʪʦʨʠ ʜʦʩʣʽʜʞʫʚʘʣʠ 

ʢʦʤʧʦʟʠʪʠ ʽʟ ʪʠʪʘʥʦʚʦʶ ʤʘʪʨʠʮʝʶ, ʦʪʨʠʤʘʥʽ ʤʝʪʦʜʦʤ ʛʘʨʷʯʦʛʦ ʧʨʝʩʫʚʘʥʥʷ ʽʟ 

ʩʫʤʽʰʽ ʧʦʨʦʰʢʽʚ TiC ʪʘ TiB2 ʧʦʨʽʚʥʷʥʦ ʽʟ ʪʘʢʠʤʠ ʞ, ʦʪʨʠʤʘʥʠʤʠ in situ ʽʟ 

ʨʝʘʢʮʽʡʥʦʾ ʩʫʤʽʰʽ Ti ʪʘ B4C. ʇʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ ʚʣʘʩʪʠʚʦʩʪʝʡ ʢʦʤʧʦʟʠʪʽʚ, ʽʟ 

ʦʜʥʘʢʦʚʠʤ ʬʘʟʦʚʠʤ ʩʢʣʘʜʦʤ, ʧʦʢʘʟʫʻ ʱʦ ʘʙʨʘʟʠʚʥʘ ʟʥʦʩʦʪʨʠʚʢʽʩʪʴ ʢʦʤʧʦʟʠʪʽʚ, 

ʦʪʨʠʤʘʥʠʭ in situ ʻ ʚʠʱʦʶ ʫ ~1.5 ʨʘʟʠ. ɼʣʷ ʥʘʧʣʘʚʣʝʥʠʭ ʧʦʢʨʠʪʪʽʚ ʟʤʽʮʥʝʥʠʭ 

ʪʫʛʦʧʣʘʚʢʠʤʠ ʬʘʟʘʤʠ ʾʭ in situ ʬʦʨʤʫʚʘʥʥʷ ʪʘʢʦʞ ʤʘʻ ʨʷʜ ʩʫʪʪʻʚʠʭ ʧʝʨʝʚʘʛ 

ʧʦʨʽʚʥʷʥʦ ʽʟ ʚʚʝʜʝʥʥʷʤ ʫ ʟʦʥʫ ʥʘʧʣʘʚʣʝʥʥʷ ʧʦʧʝʨʝʜʥʴʦ ʩʠʥʪʝʟʦʚʘʥʠʭ ʩʧʦʣʫʢ. 
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ʉʝʨʝʜ ʥʠʭ ʦʩʥʦʚʥʠʤʠ ʻ ʚʠʱʘ ʟʤʦʯʫʚʘʥʽʩʪʴ ʪʫʛʦʧʣʘʚʢʠʭ ʬʘʟ ʤʝʪʘʣʝʚʠʤ 

ʨʦʟʧʣʘʚʦʤ [96], ʘ ʪʘʢʦʞ ʙʽʣʴʰ ʜʨʽʙʥʦʟʝʨʥʠʩʪʘ [97] ʪʘ ʨʽʚʥʦʚʽʩʥʘ [98] ʩʪʨʫʢʪʫʨʠ. 

 ɯʥʰʽ ʪʫʛʦʧʣʘʚʢʽ ʤʝʪʘʣʠ (ʦʢʨʽʤ Ti) ʫ ʩʫʤʽʰʘʭ ʽʟ ʢʘʨʙʽʜʦʤ ʙʦʨʫ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ, ʟʦʢʨʝʤʘ ʜʣʷ ʦʪʨʠʤʘʥʥʷ in situ ʢʦʤʧʦʟʠʪʽʚ ʪʘ ʚʠʩʦʢʦʯʠʩʪʠʭ 

ʩʧʦʣʫʢ. ʅʘʧʨʠʢʣʘʜ, ʘʚʪʦʨʘʤʠ [99] ʽʟ ʩʫʤʽʰʽ ʜʠʩʧʝʨʩʥʠʭ ʧʦʨʦʰʢʽʚ Co, Zr ʪʘ B4C 

ʤʝʪʦʜʦʤ ʩʧʽʢʘʥʥʷ ʟʘ ʪʝʤʧʝʨʘʪʫʨ ~1200 Áʉ ʙʫʣʦ ʦʪʨʠʤʘʥʦ ZrB2, ZrC ʪʘ ʧʦʪʨʽʡʥʫ 

ʙʦʨʠʜʥʫ ʬʘʟʫ ZrCo3B2. ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ XRD ʩʣʽʜʽʚ ʚʠʭʽʜʥʦʛʦ B4C ʩʝʨʝʜ 

ʧʨʦʜʫʢʪʽʚ ʚʟʘʻʤʦʜʽʾ ʥʝ ʙʫʣʦ ʚʠʷʚʣʝʥʦ, ʱʦ ʙʫʣʦ ʩʚʽʜʯʝʥʥʷʤ ʧʦʚʥʦʪʠ ʧʨʦʭʦʜʞʝʥʥʷ 

ʨʝʘʢʮʽʾ. ʇʦʜʽʙʥʠʤ ʯʠʥʦʤ, ʟʘ ʨʘʭʫʥʦʢ ʧʨʦʭʦʜʞʝʥʥʷ ʉɺʉ ʫ ʩʠʩʪʝʤʽ CuïZrïBïC 

ʙʫʣʦ ʦʪʨʠʤʘʥʦ ʬʘʟʠ  ZrB2 ʪʘ ZrC ʫ ʤʽʜʥʽʡ ʤʘʪʨʠʮʽ [100]. ɹʦʨʠʜʠ VB2 ʪʘ (Ti,V)B2 

ʙʫʣʠ ʚʠʷʚʣʝʥʽ ʘʚʪʦʨʘʤʠ [101], ʫ ʧʨʦʮʝʩʽ ʦʪʨʠʤʘʥʥʷ ʢʦʤʧʦʟʠʪʽʚ ʥʘ ʦʩʥʦʚʽ B4C, 

ʤʝʪʦʜʦʤ ʛʘʨʷʯʦʛʦ ʧʨʝʩʫʚʘʥʥʷ ʩʫʤʽʰʝʡ ʧʦʨʦʰʢʽʚ B4C, TiH2 ʪʘ VC ʟʘ 2200 Áʉ. 

ɸʚʪʦʨʠ ʨʦʙʦʪʠ [102] ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʤʝʪʦʜʫ ʣʘʟʝʨʥʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ 

ʧʦʧʝʨʝʜʥʴʦ ʥʘʧʨʝʩʦʚʘʥʦʾ ʥʘ ʩʪʘʣʝʚʫ ʧʽʜʢʣʘʜʢʫ ʩʫʤʽʰʽ ʬʝʨʦʚʘʥʘʜʽʶ ʪʘ B4C, 

ʦʪʨʠʤʘʣʠ ʧʦʢʨʠʪʪʷ, ʟʤʽʮʥʝʥʝ ʬʘʟʦʶ VC ʫ ʚʠʛʣʷʜʽ ʜʝʥʜʨʠʪʽʚ ʽʟ ʢʚʽʪʢʦʧʦʜʽʙʥʦʶ 

ʩʪʨʫʢʪʫʨʦʶ, ʘ ʪʘʢʦʞ ʙʦʨʠʜʘʤʠ VBx ̔  Fe2B. ɺʦʥʦ ʭʘʨʘʢʪʝʨʠʟʫʚʘʣʦʩʴ ʪʚʝʨʜʽʩʪʶ ~12 

ɻʇʘ ʚʠʩʦʢʦʶ  ʟʥʦʩʦʪʨʠʚʢʽʩʪʶ ʟʘ ʫʤʦʚ ʩʫʭʦʛʦ ʪʝʨʪʷ ʢʦʚʟʘʥʥʷ ʧʦ ʩʪʘʣʝʚʦʤʫ 

ʢʦʥʪʨʪʽʣʫ.  

 ɸʥʘʣʽʟ ʚʠʱʝʥʘʚʝʜʝʥʠʭ ʜʘʥʠʭ ʧʦ ʦʪʨʠʤʘʥʥʶ ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʽʟ 

ʤʝʪʘʣʝʚʦʶ ʤʘʪʨʠʮʝʶ ʪʘ ʧʦʢʨʠʪʪʽʚ ʥʘ ʩʪʘʣʝʚʠʭ ʧʦʚʝʨʭʥʷʭ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʨʝʘʢʮʽʡʥʠʭ ʩʫʤʽʰʝʡ ʤʝʪʘʣʽʚ ʽʟ ʢʘʨʙʽʜʦʤ ʙʦʨʫ ʧʦʢʘʟʫʻ, ʱʦ ʫ ʚʠʧʘʜʢʫ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʝʪʘʣʽʚ IV-ʦʾ ʛʨʫʧʠ ʧʝʨʽʦʜʠʯʥʦʾ ʩʠʩʪʝʤʠ ʝʣʝʤʝʥʪʽʚ ʪʘʢʠʭ, ʷʢ Ti ʪʘ 

Zr [91ï93,95,99,100] ʧʨʦʭʦʜʠʪʴ in situ ʬʦʨʤʫʚʘʥʥʷ ʢʘʨʙʽʜʽʚ ʪʘ ʚʽʜʧʦʚʽʜʥʠʭ 

ʜʠʙʦʨʠʜʽʚ, ʪʦʜʽ ʷʢ ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʦʨʽʚʥʷʥʦ ʤʝʥʰ ʘʢʪʠʚʥʠʭ ʤʝʪʘʣʽʚ V-ʦʾ ʛʨʫʧʠ (V, 

Nb) [102] ʩʪʘʙʽʣʴʥʠʤʠ, ʫ ʧʦʢʨʠʪʪʷʭ ʥʘ ʦʩʥʦʚʽ ʟʘʣʽʟʘ, ʻ ʣʠʰʝ ʾʭ ʢʘʨʙʽʜʥʽ ʬʘʟʠ, ʘ 

ʟʘʤʽʩʪʴ ʚʽʜʧʦʚʽʜʥʠʭ ʜʠʙʦʨʠʜʽʚ ʛʦʣʦʚʥʠʤ ʯʠʥʦʤ ʫʪʚʦʨʶʶʪʴʩʷ ʙʦʨʠʜʠ ʟʘʣʽʟʘ ʪʘ 

ʨʦʟʯʠʥʠ ʥʘ ʾʭ ʦʩʥʦʚʽ, ʷʢʽ ʤʘʶʪʴ ʧʦʨʽʚʥʷʥʦ ʥʠʟʴʢʠʡ ʨʽʚʝʥʴ ʤʝʭʘʥʽʯʥʠʭ 

ʚʣʘʩʪʠʚʦʩʪʝʡ. ʄʝʪʘʣʠ VI-ʦʾ ʛʨʫʧʠ  Mo ʪʘ W, ʧʨʠʥʮʠʧʦʚʦ ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʟʘ 

ʭʘʨʘʢʪʝʨʦʤ ʬʦʨʤʫʚʘʥʥʷ ʢʘʨʙʽʜʥʦʾ ʬʘʟʠ ʫ ʩʧʣʘʚʘʭ ʽʟ ʟʘʣʽʟʦʤ, ʦʩʢʽʣʴʢʠ ʷʢ ʟʘ 

ʨʽʚʥʦʚʘʞʥʠʭ ʫʤʦʚ ʪʘʢ ʽ ʫ ʧʨʦʮʝʩʽ ʥʘʧʣʘʚʣʝʥʥʷ ʚʦʥʠ ʫʪʚʦʨʶʶʪʴ ʢʘʨʙʽʜʥʽ ʬʘʟʠ 
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ʪʠʧʫ Fe3Me3C ï ʦʩʥʦʚʥʦʾ ʢʘʨʙʽʜʥʦʾ ʬʘʟʠ ʰʚʠʜʢʦʨʽʞʫʯʠʭ ʩʪʘʣʝʡ [96]. ʂʨʽʤ ʪʦʛʦ, 

ʘʥʘʣʽʟ ʜʽʘʛʨʘʤ ʩʪʘʥʫ ʨʽʚʥʦʚʘʞʥʠʭ ʩʠʩʪʝʤ Fe-Mo-B [103,104] ʪʘ Fe-W-B [105,106] 

ʧʦʢʘʟʫʻ, ʱʦ ʫ ʜʘʥʠʭ ʩʠʩʪʝʤʘʭ ʩʪʘʙʽʣʴʥʠʤʠ ʻ ʧʦʪʨʽʡʥʽ ʙʦʨʠʜʥʽ ʬʘʟʠ FexMeyBz. 

ʉʝʨʝʜ ʥʠʭ ʦʩʦʙʣʠʚʦ ʮʽʥʥʦʶ ʽʟ ʧʦʟʠʮʽʾ ʟʘʙʝʟʧʝʯʝʥʥʷ ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ ̒  ʪʘʢ ʟʚʘʥʘ Ű2 

ï ʬʘʟʘ ʽʟ ʪʝʪʨʘʛʦʥʘʣʴʥʦʶ ˇʨʘʪʢʦʶ (ʧʨʦʩʪʦʨʦʚʘ ʛʨʫʧʘ P4/mbm) ʪʘ ʬʦʨʤʫʣʴʥʠʤ 

ʩʢʣʘʜʦʤ Mo2FeB2, ʷʢʫ ʦʩʪʘʥʥʽʤ ʯʘʩʦʤ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ 

ʙʝʟʚʦʣʴʬʨʘʤʦʚʠʭ ʢʝʨʤʝʪʽʚ ʟʽ ʩʪʘʣʝʚʦʶ ʟʚôʷʟʢʦʶ [107] ʪʘ ʜʣʷ ʥʘʥʝʩʝʥʥʷ 

ʟʥʦʩʦʪʨʠʚʢʠʭ ʧʦʢʨʠʪʪʽʚ [108].  

 

1.7 ɸʥʘʣʽʟ ʧʨʠʯʠʥ ʚʠʭʦʜʫ ʟ ʣʘʜʫ ʜʝʪʘʣʝʡ ʦʙʣʘʜʥʘʥʥʷ, ʱʦ ʝʢʩʧʣʫʘʪʫʻʪʴʩʷ 

ʟʘ ʫʤʦʚ ʫʜʘʨʥʦ-ʘʙʨʘʟʠʚʥʦʛʦ ʟʥʦʰʫʚʘʥʥʷ 

 ʋʜʘʨʥʦ-ʘʙʨʘʟʠʚʥʝ ʟʥʦʰʫʚʘʥʥʷ ʻ ʧʦʰʠʨʝʥʦʶ ʧʨʠʯʠʥʦʶ ʚʠʭʦʜʫ ʟ ʣʘʜʫ 

ʦʙʣʘʜʥʘʥʥʷ ʫ ʪʘʢʠʭ ʩʝʢʪʦʨʘʭ ʢʨʠʪʠʯʥʦʾ ʽʥʬʨʘʩʪʨʫʢʪʫʨʠ ʷʢ ʧʘʣʠʚʥʦ-

ʝʥʝʨʛʝʪʠʯʥʠʡ (ʪʝʧʣʦʚʘ, ʥʘʬʪʦʛʘʟʦʚʘ ʪʘ ʚʽʜʥʦʚʣʶʚʘʣʴʥʘ ʝʥʝʨʛʝʪʠʢʘ), 

ʪʨʘʥʩʧʦʨʪʥʠʡ (ʪʝʭʥʽʯʥʝ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʪʨʘʥʩʧʦʨʪʥʦʾ ʽʥʬʨʘʩʪʨʫʢʪʫʨʠ), 

ʧʨʦʤʠʩʣʦʚʠʡ (ʚʠʜʦʙʫʚʘʥʥʷ ʚʫʛʽʣʣʷ, ʛʽʨʥʠʯʦ-ʤʝʪʘʣʫʨʛʽʡʥʠʡ ʢʦʤʧʣʝʢʩ, 

ʚʠʨʦʙʥʠʮʪʚʦ ʥʝʦʨʛʘʥʽʯʥʠʭ ʪʘ ʽʥ. ʨʝʯʦʚʠʥ), ʦʙʦʨʦʥʥʠʡ (ʟʚʝʜʝʥʥʷ ʫʢʨʽʧʨʘʡʦʥʽʚ ʪʘ 

ʽʥʰʠʭ ʟʘʭʠʩʥʠʭ ʩʧʦʨʫʜ). ʗʩʢʨʘʚʠʤʠ ʧʨʠʢʣʘʜʘʤʠ ʪʘʢʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʻ ʨʦʟʤʝʣʴʥʽ 

ʘʛʨʝʛʘʪʠ ʨʽʟʥʠʭ ʢʦʥʩʪʨʫʢʮʽʡ, ʟʝʤʣʝʨʠʡʥʽ ʤʘʰʠʥʠ ʪʘ ʩʽʣʴʩʴʢʦʛʦʩʧʦʜʘʨʩʴʢʘ 

ʪʝʭʥʽʢʘ, ʚʫʛʽʣʴʥʽ ʢʦʤʙʘʡʥʠ ʽ ʜʦʨʦʞʥʴʦ-ʨʝʤʦʥʪʥʝ ʦʙʣʘʜʥʘʥʥʷ ʽ ʪ. ʧ.   

 

 1.7.1 ɼʝʪʘʣʽ ʨʦʟʤʝʣʴʥʠʭ ʘʛʨʝʛʘʪʽʚ 

 ʄʦʣʦʪʢʦʚʽ ʜʨʦʙʘʨʢʠ (ʨʠʩ. 1.6, ʘ), ʱʦ ʰʠʨʦʢʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʫ ʛʽʨʥʠʯʦ-

ʚʠʜʦʙʫʚʥʽʡ, ʧʝʨʝʨʦʙʥʽʡ ʪʘ ʮʝʤʝʥʪʥʽʡ ʛʘʣʫʟʷʭ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʥʘʜʟʚʠʯʘʡʥʦ 

ʚʘʞʢʠʤʠ ʫʤʦʚʘʤʠ ʨʦʙʦʪʠ ʦʩʥʦʚʥʠʭ ʨʦʙʦʯʠʭ ʝʣʝʤʝʥʪʽʚ ï ʤʦʣʦʪʢʽʚ, ʷʢʽ 

ʩʧʨʠʯʠʥʝʥʽ ʧʦʻʜʥʘʥʥʷʤ ʟʥʘʯʥʠʭ ʜʠʥʘʤʽʯʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ ʪʘ ʢʦʥʪʘʢʪʫ ʽʟ 

ʩʝʨʝʜʦʚʠʱʝʤ ʽʟ ʚʠʩʦʢʦʶ ʘʙʨʘʟʠʚʥʦʶ ʟʜʘʪʥʽʩʪʶ.  ʄʦʣʦʪʢʠ ʪʘʢʠʭ ʜʨʦʙʘʨʦʢ, ʷʢ 

ʧʨʘʚʠʣʦ ʚʠʛʦʪʦʚʣʷʶʪʴ ʽʟ ʚʠʩʦʭʨʦʤʠʩʪʠʭ ʯʘʚʫʥʽʚ, ʽʟ ʚʠʩʦʢʠʤ ʚʤʽʩʪʦʤ ʢʘʨʙʽʜʥʠʭ 

ʬʘʟ ʪʠʧʫ ʄ7ʉ3 [109] ʪʘ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʠʭ ʩʪʘʣʝʡ (ʩʪʘʣʝʡ ɻʘʜʬʽʣʴʜʘ) [110]. ɼʘʥʽ, 

ʦʪʨʠʤʘʥʽ ʫ ʨʦʙʦʪʽ [109] ʟʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʘʥʘʣʽʟʫ ʝʢʩʧʣʫʘʪʘʮʽʾ ʜʨʦʙʘʨʦʢ, 
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ʦʩʥʘʱʝʥʠʭ ʤʦʣʦʪʢʘʤʠ ʽʟ ʚʠʩʦʢʦʭʨʦʤʠʩʪʦʛʦ ʯʘʚʫʥʫ, ʪʚʝʨʜʽʩʪʶ ~6.9 ɻʇʘ ʽʟ 

ʚʠʩʦʢʠʤ ʚʤʽʩʪʦʤ ʝʚʪʝʢʪʠʢʠ (ʤʘʨʪʝʥʩʠʪ + M7C3) ʧʽʜ ʯʘʩ ʧʦʜʨʽʙʥʝʥʥʷ ʚʽʜʥʦʩʥʦ 

ʤô̫ ʢʦʛʦ ʤʽʥʝʨʘʣʫ (3ï3.5 ʟʘ ʄʦʦʩʦʤ) ʙʘʨʠʪʫ (BaSO4), ʷʢʠʡ ʥʘʜʭʦʜʠʚ ʥʘ 

ʨʦʟʤʝʣʶʚʘʥʥʷ ʫ ʚʠʛʣʷʜʽ ʢʫʩʢʽʚ ʨʦʟʤʽʨʘʤʠ ʜʦ 100 ʤʤ, ʧʦʢʘʟʘʣʠ, ʱʦ ʟʘ ʪʘʢʠʭ ʫʤʦʚ, 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʚʠʩʦʢʦʭʨʦʤʠʩʪʦʛʦ ʯʘʚʫʥʫ ʥʝ ʻ ʨʘʮʽʦʥʘʣʴʥʠʤ. ʗʢ ʧʦʢʘʟʘʚ ʘʥʘʣʽʟ 

ʟʥʦʰʝʥʠʭ ʤʦʣʦʪʢʽʚ (ʨʠʩ. 1.6, ʙ) ʥʘ ʾʭ ʧʦʚʝʨʭʥʽ ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ʦʜʥʦʯʘʩʥʦ ʩʣʽʜʠ 

ʘʙʨʘʟʠʚʥʦʛʦ ʟʥʦʰʫʚʘʥʥʷ (ʨʦʙʦʯʽ ʧʦʚʝʨʭʥʽ) ʪʘ ʚʠʢʨʠʰʫʚʘʥʥʷ (ʧʦ ʫʩʴʦʤʫ ʪʽʣʫ 

ʜʝʪʘʣʝʡ). ʇʨʦʚʝʜʝʥʠʡ ʘʥʘʣʽʟ ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ ʟʥʦʰʝʥʠʭ ʧʦʚʝʨʭʦʥʴ ʤʦʣʦʪʢʽʚ (ʨʠʩ. 

1.7) ʧʦʢʘʟʘʚ, ʱʦ ʚʦʥʠ ʤʽʩʪʷʪʴ ʩʣʽʜʠ ʢʨʠʭʢʦʛʦ ʨʫʡʥʫʚʘʥʥʷ, ʷʢʽ ʧʨʦʷʚʣʷʶʪʴʩʷ ʥʘ 

ʧʦʚʝʨʭʥʽ ʫ ʚʠʛʣʷʜʽ ʢʨʘʪʝʨʽʚ, ʢʦʥʪʫʨʠ ʷʢʠʭ ʤʽʩʪʷʪʴ ʢʦʥʮʝʥʪʨʘʪʦʨʠ ʥʘʧʨʫʞʝʥʴ. ɰʭ 

ʥʘʷʚʥʽʩʪʴ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʚʠʥʠʢʥʝʥʥʷ ʩʽʪʢʠ ʪʨʽʱʠʥ ʧʦ ʢʨʠʭʢʠʭ ʩʪʨʫʢʪʫʨʥʠʭ 

ʩʢʣʘʜʦʚʠʭ ʤʘʪʝʨʽʘʣʫ (ʨʠʩ. 1.7, ʘ). ʋ ʨʝʟʫʣʴʪʘʪʽ ʨʦʟʚʠʪʢʫ ʪʘ ʨʦʩʪʫ ʪʨʽʱʠʥ 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʚʽʜʰʘʨʫʚʘʥʥʷ ʦʙô̒ ʤʽʚ ʤʘʪʝʨʽʘʣʫ, ʷʢʝ ʟʥʘʯʥʦ ʧʝʨʝʚʠʱʫʻ ʦʙô̒ ʤʠ 

ʚʠʜʘʣʝʥʽ ʰʣʷʭʦʤ ʤʽʢʨʦʨʽʟʘʥʥʷ (ʨʠʩ. 1.7, ʙ).  

ɸʥʘʣʽʟ ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ ʤʦʣʦʪʢʽʚ ʜʨʦʙʘʨʦʢ, ʚʠʛʦʪʦʚʣʝʥʠʭ ʽʟ ʩʪʘʣʽ ɻʘʜʬʽʣʴʜʘ 

ʚ ʫʤʦʚʘʭ ʧʦʜʨʽʙʥʝʥʥʷ ʤʽʥʝʨʘʣʴʥʦʾ ʩʠʨʦʚʠʥʠ ʧʨʦʚʝʜʝʥʠʡ ʫ ʨʦʙʦʪʽ [111] ʧʦʢʘʟʫʻ, 

ʱʦ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʟʥʦʰʫʚʘʥʥʷ ʾʭ ʨʦʙʦʯʠʭ ʧʦʚʝʨʭʦʥʴ ʩʫʪʪʻʚʦ ʟʘʣʝʞʠʪʴ ʚʽʜ 

ʛʣʠʙʠʥʠ ʟʥʦʰʝʥʦʛʦ ʰʘʨʫ: ʧʦʚʝʨʭʥʝʚʽ ʰʘʨʠ ʪʦʚʱʠʥʦʶ 3ï5 ʤʤ ʜʝʤʦʥʩʪʨʫʶʪʴ 

ʚʠʩʦʢʫ ʟʥʦʩʦʪʨʠʚʢʽʩʪʴ, ʪʦʜʽ ʷʢ ʧʦ ʤʽʨʽ ʧʨʦʩʫʚʘʥʥʷ ʚʛʣʠʙ ʤʘʪʝʨʽʘʣʫ 

ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʥʝʣʽʥʽʡʥʝ ʟʨʦʩʪʘʥʥʷ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʟʥʦʰʫʚʘʥʥʷ, ʷʢʝ ʰʚʠʜʢʦ 

ʧʝʨʝʨʦʩʪʘʻ ʫ ʢʘʪʘʩʪʨʦʬʽʯʥʝ (ʨʠʩ. 1.8). ɸʚʪʦʨʠ ʧʦʚôʷʟʫʶʪʴ ʪʘʢʠʡ ʭʘʨʘʢʪʝʨ ʟʤʽʥʠ 

ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʟʥʦʰʫʚʘʥʥʷ ʽʟ ʦʩʦʙʣʠʚʦʩʪʷʤʠ ʬʦʨʤʫʚʘʥʥʷ ʩʪʨʫʢʪʫʨʠ ʫ ʧʨʦʮʝʩʽ 

ʢʨʠʩʪʘʣʽʟʘʮʽʾ ʚʠʣʠʚʢʽʚ, ʘ ʩʘʤʝ ʥʘʷʚʥʽʩʪʶ ʫ ʧʦʚʝʨʭʥʝʚʦʤʫ ʰʘʨʽ ʜʨʽʙʥʦʟʝʨʥʠʩʪʦʾ 

ʩʪʨʫʢʪʫʨʠ (ʚʥʘʩʣʽʜʦʢ ʚʠʩʦʢʠʭ ʰʚʠʜʢʦʩʪʝʡ ʧʝʨʝʦʭʦʣʦʜʞʝʥʥʷ) ʪʘ ʫʢʨʫʧʥʝʥʥʷʤ 

ʟʝʨʝʥ ʧʦ ʤʽʨʽ ʧʨʦʩʫʚʘʥʥʷ ʚʛʣʠʙ ʤʘʪʝʨʽʘʣʫ. ʂʨʽʤ ʪʦʛʦ, ʟʥʦʩʦʪʨʠʚʢʽʩʪʴ ʣʠʪʠʭ 

ʤʦʣʦʪʢʽʚ ʜʦʜʘʪʢʦʚʦ ʟʥʠʞʫʻʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ ʥʘʷʚʥʦʩʪʽ ʫ ʩʪʨʫʢʪʫʨʽ ʜʝʬʝʢʪʽʚ, 

ʪʠʧʦʚʠʭ ʜʣʷ ʣʠʪʚʘ, ʪʘʢʠʭ ʷʢ ʥʝʤʝʪʘʣʝʚʽ ʚʢʣʶʯʝʥʥʷ ʪʘ ʧʦʨʠ.  
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ʘ ʙ 

ʈʠʩʫʥʦʢ 1.6 ï ɿʘʛʘʣʴʥʠʡ ʚʠʛʣʷʜ ʤʦʣʦʪʢʦʚʦʾ ʜʨʦʙʘʨʢʠ (ʘ) ʪʘ ʭʘʨʘʢʪʝʨ 

ʟʥʦʰʫʚʘʥʥʷ ʤʦʣʦʪʢʽʚ ʚʠʛʦʪʦʚʣʝʥʠʭ ʽʟ ʚʠʩʦʢʦʭʨʦʤʠʩʪʦʛʦ ʯʘʚʫʥʫ (ʙ) [109] 

 

  

ʘ ʙ 

ʈʠʩʫʥʦʢ 1.7 ï ʍʘʨʘʢʪʝʨ ʨʫʡʥʫʚʘʥʥʷ ʧʦʚʝʨʭʦʥʴ ʤʦʣʦʪʢʽʚ ʜʨʦʙʘʨʦʢ: ʘ ï 

ʫʪʚʦʨʝʥʥʷ ʩʽʪʢʠ ʤʽʢʨʦʪʨʽʱʠʥ; ʙ ï ʩʣʽʜʠ ʚʠʢʨʠʰʫʚʘʥʥʷ ʪʘ ʘʙʨʘʟʠʚʥʦʛʦ 

ʟʥʦʰʫʚʘʥʥʷ [109] 

 

 ʈʠʩʫʥʦʢ 1.8 ï ʍʘʨʘʢʪʝʨ ʟʥʦʰʫʚʘʥʥʷ ʙʠʣ ʤʦʣʦʪʢʦʚʠʭ ʜʨʦʙʘʨʦʢ , 

ʚʠʛʦʪʦʚʣʝʥʠʭ ʽʟ ʩʪʘʣʽ ɻʘʜʬʽʣʴʜʘ ʟʘ ʜʘʥʠʤʠ [111]: 1 ï ʤʦʣʦʪʢʠ ʫ ʚʠʭʽʜʥʦʤʫ ʩʪʘʥʽ, 

2ï4 ï ʧʽʩʣʷ ʝʢʩʧʣʫʘʪʘʮʽʾ 

 

4 23 1

4 ʩʤ
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 ɿ ʤʝʪʦʶ ʚʠʙʦʨʫ ʦʧʪʠʤʘʣʴʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʨʦʙʦʯʠʭ 

ʝʣʝʤʝʥʪʽʚ ʤʦʣʦʪʢʦʚʠʭ ʜʨʦʙʘʨʦʢ ʜʣʷ ʧʦʪʨʝʙ ʮʝʤʝʥʪʥʦʾ ʧʨʦʤʠʩʣʦʚʦʩʪʽ ʫ ʨʦʙʦʪʽ 

[110] ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʧʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ ʪʠʧʦʚʦʾ ʩʪʘʣʽ ɻʘʜʬʽʣʴʜʘ (ʚʤʽʩʪ ʉ ï 1.3 % 

ʪʘ Mn ï 14  ʤʘʩ. %) ʽʟ ʘʫʩʪʝʥʽʪʥʦʶ ʩʪʨʫʢʪʫʨʦʶ ʪʘ ʚʠʩʦʢʦʭʨʦʤʠʩʪʦʛʦ ʯʘʚʫʥʫ (C ï 

2.9 % ʪʘ Cr ï 17 ʤʘʩ. % ) ʰʣʷʭʦʤ ʧʨʦʚʝʜʝʥʥʷ ʪʨʠʙʦʪʝʭʥʽʯʥʠʭ ʚʠʧʨʦʙʫʚʘʥʴ ʟʘ 

ʩʭʝʤʦʶ ñʧʘʣʝʮʴ (ʩʪʘʣʝʚʠʡ ʩʬʝʨʠʯʥʠʡ ʽʥʜʝʥʪʦʨ) ï ʜʠʩʢ (ʟʨʘʟʢʠ ʜʦʩʣʽʜʞʫʚʘʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ)ò ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʩʪʘʥʜʘʨʪʫ ASTM G99. ʈʝʟʫʣʴʪʘʪʠ ʧʦʢʘʟʘʣʠ, ʱʦ ʟʘ 

ʥʠʟʴʢʠʭ ʥʘʚʘʥʪʘʞʝʥʴ (114 ʅ), ʷʢʽ ʽʤʽʪʫʶʪʴ ʨʦʟʤʝʣʶʚʘʥʥʷ ʚʽʜʥʦʩʥʦ ʤ'ʷʢʠʭ ʧʦʨʽʜ, 

ʟʥʦʩʦʪʨʠʚʢʽʩʪʴ ʜʦʩʣʽʜʞʝʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʻ ʧʨʘʢʪʠʯʥʦ ʽʜʝʥʪʠʯʥʦʶ, ʦʜʥʘʢ ʟʘ 

ʧʽʜʚʠʱʝʥʥʷ ʥʘʚʘʥʪʘʞʝʥʥʷ ʜʦ 190 ʅ ʩʪʘʣʴ ɻʘʜʬʽʣʴʜʘ ʜʝʤʦʥʩʪʨʫʻ ʫʜʚʽʯʽ ʥʠʞʯʫ 

ʟʥʦʩʦʪʨʠʚʢʽʩʪʴ ʥʽʞ ʚʠʩʦʢʦʭʨʦʤʠʩʪʠʡ ʯʘʚʫʥ. ɺʠʤʽʨʶʚʘʥʥʷ ʪʚʝʨʜʦʩʪʽ 

ʜʦʩʣʽʜʞʝʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʫ ʚʠʭʽʜʥʦʤʫ ʩʪʘʥʽ ʪʘ ʫ ʪʨʝʢʘʭ ʟʘʣʠʰʝʥʠʭ ʧʽʩʣʷ 

ʪʨʠʙʦʪʝʭʥʽʯʥʠʭ ʚʠʧʨʦʙʫʚʘʥʴ ʧʦʢʘʟʘʣʠ, ʱʦ ʜʣʷ ʟʨʘʟʢʽʚ ʽʟ ʩʪʘʣʽ ɻʘʜʬʽʣʴʜʘ 

ʪʚʝʨʜʽʩʪʴ ʟʨʦʩʪʘʻ ʚʽʜ 28 ʜʦ 52 HRC, ʪʦʜʽ ʷʢ ʜʣʷ ʚʠʩʦʢʦʭʨʦʤʠʩʪʦʛʦ ʯʘʚʫʥʫ ï ʚʽʜ 

57 ʜʦ 63 HRC. ʈʘʟʦʤ ʟ ʮʠʤ, ʟʥʦʩ ʢʦʥʪʨʪʽʣʘ ʪʘ ʢʦʝʬʽʮʽʻʥʪ ʪʝʨʪʷ ʫ ʪʨʠʙʦʩʧʨʷʞʝʥʥʽ 

ʟʽ ʩʪʘʣʣʶ ɻʘʜʬʽʣʴʜʘ ʻ ʫ 2ï3 ʨʘʟʠ ʥʠʞʯʠʤ ʥʽʞ ʽʟ ʚʠʩʦʭʨʦʤʠʩʪʠʤ ʯʘʚʫʥʦʤ.  

ʊʘʢʠʤ ʯʠʥʦʤ, ʘʥʘʣʽʟ ʜʘʥʠʭ ʨʦʙʽʪ [109ï111] ʧʦʢʘʟʫʻ, ʱʦ ʥʘ ʝʪʘʧʽ 

ʜʠʥʘʤʽʯʥʦʛʦ ʚʧʨʦʚʘʜʞʝʥʥʷ ʘʙʨʘʟʠʚʫ (ʢʫʩʢʽʚ ʧʦʨʦʜʠ) ʫ ʧʦʚʝʨʭʥʶ ʨʦʙʦʯʠʭ 

ʝʣʝʤʝʥʪʽʚ ʥʘʡʙʽʣʴʰ ʝʬʝʢʪʠʚʥʘ ʧʨʦʪʠʜʽʷ ʟʥʦʰʫʚʘʥʥʶ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ 

ʽʥʪʝʥʩʠʚʥʠʤ ʜʝʬʦʨʤʘʮʽʡʥʠʤ ʟʤʽʮʥʝʥʥʷʤ ʟʘ ʨʘʭʫʥʦʢ ʩʫʙʩʪʨʫʢʪʫʨʥʦʛʦ ʟʤʽʮʥʝʥʥʷ 

ʩʪʘʣʽ, ʪʦʜʽ ʷʢ ʫ ʧʨʦʮʝʩʽ ʧʨʦʢʦʚʟʫʚʘʥʥʷ ʘʙʨʘʟʠʚʥʦʾ ʯʘʩʪʠʥʢʠ ʧʨʦʪʠʜʽʷ 

ʟʥʦʰʫʚʘʥʥʶ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʥʘʷʚʥʽʩʪʶ ʩʪʨʫʢʪʫʨʥʠʭ ʩʢʣʘʜʦʚʠʭ ʽʟ ʧʽʜʚʠʱʝʥʦʶ 

ʤʽʢʨʦʪʚʝʨʜʽʩʪʶ.  

ɸʥʘʣʽʟ ʚʽʜʧʨʘʮʴʦʚʘʥʠʭ ʧʣʠʪ ʱʦʢʦʚʠʭ ʜʨʦʙʘʨʦʢ (ʨʠʩ. 1.9) ʧʨʦʚʝʜʝʥʠʡ ʫ 

ʨʦʙʦʪʽ [40] ʧʦʢʘʟʫʻ, ʱʦ ʧʽʜ ʜʽʻʶ ʫʜʘʨʥʦ-ʘʙʨʘʟʠʚʥʦʛʦ ʟʥʦʰʫʚʘʥʥʷ ʚʽʜʙʫʚʘʻʪʴʩʷ 

ʧʨʘʢʪʠʯʥʦ ʧʦʚʥʘ ʚʪʨʘʪʘ ʛʝʦʤʝʪʨʽʾ ʨʦʙʦʯʠʭ ʚʠʩʪʫʧʽʚ (ʦʩʦʙʣʠʚʦ ʫ ʮʝʥʪʨʘʣʴʥʠʭ 

ʟʦʥʘʭ), ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʨʽʟʢʦʛʦ ʟʥʠʞʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʧʦʜʨʽʙʥʝʥʥʷ ʩʠʨʦʚʠʥʠ.  
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ʈʠʩʫʥʦʢ 1.9 ï ʍʘʨʘʢʪʝʨ ʟʥʦʰʫʚʘʥʥʷ ʧʣʠʪ ʱʦʢʦʚʠʭ ʜʨʦʙʘʨʦʢ ʟʘ ʜʘʥʠʤʠ [40]  

 

ʄʽʢʨʦʩʢʦʧʽʯʥʽ ʪʘ ʤʽʢʨʦʜʶʨʦʤʝʪʨʠʯʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʜʽʣʷʥʦʢ, ʷʢʽ 

ʧʨʠʣʷʛʘʶʪʴ ʜʦ ʨʦʙʦʯʠʭ ʧʦʚʝʨʭʦʥʴ ʧʦʢʘʟʫʶʪʴ, ʱʦ ʾʭ ʩʪʨʫʢʪʫʨʘ ʩʢʣʘʜʘʻʪʴʩʷ ʽʟ 

ʘʫʩʪʝʥʽʪʫ, ʚʥʫʪʨʽʰʥʴʦʟʝʨʥʦʚʘ ʙʫʜʦʚʘ ʷʢʦʛʦ ʚʽʜʨʽʟʥʷʻʪʴʩʷ ʚʽʜ ʚʠʭʽʜʥʦʛʦ ʩʪʘʥʫ 

(ʨʠʩ. 1.10, ʘ) ʩʚʽʜʯʠʪʴ ʧʨʦ ʩʫʙʩʪʨʫʢʪʫʨʥʝ ʟʤʽʮʥʝʥʥʷ, ʷʢʝ ʧʨʦʭʦʜʠʪʴ ʰʣʷʭʦʤ 

ʤʽʢʨʦʜʚʽʡʥʠʢʫʚʘʥʥʷ (ʨʠʩ. 1.10, ʙ). ʊʚʝʨʜʽʩʪʴ ʧʦʚʝʨʭʥʽ ʥʘ ʚʽʜʩʪʘʥʽ ~500 ʤʢʤ ʚʽʜ 

ʨʦʙʦʯʦʾ ʧʦʚʝʨʭʥʽ ʩʪʘʥʦʚʠʪʴ 6ī7 ɻʇʘ ʽ ʜʘʣʽ ʧʣʘʚʥʦ ʟʥʠʞʫʻʪʴʩʷ ʜʦ ʟʥʘʯʝʥʥʷ ʜʦ 

ʟʥʘʯʝʥʥʷ 3 ɻʇʘ (ʪʚʝʨʜʽʩʪʴ ʤʘʨʛʘʥʮʝʚʦʛʦ ʘʫʩʪʝʥʽʪʫ ʧʽʩʣʷ ʣʠʪʚʘ) ʥʘ ʚʽʜʩʪʘʥʽ 4 ʤʤ 

ʚʽʜ ʟʦʥʠ ʢʦʥʪʘʢʪʫ. ʅʝ ʟʚʘʞʘʶʯʠ ʥʘ ʧʽʜʚʠʱʝʥʫ ʤʽʢʨʦʪʚʝʨʜʽʩʪʴ ʧʦʚʝʨʭʥʝʚʠʭ ʰʘʨʽʚ 

ʨʝʟʫʣʴʪʘʪʠ ʩʢʣʝʨʦʤʝʪʨʠʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ̔ʥʜʝʥʪʦʨʫ ʈʦʢʚʝʣʣʘ 

ʥʝ ʧʦʢʘʟʫʶʪʴ ʟʥʘʯʥʦʛʦ ʧʽʜʚʠʱʝʥʥʷ ʦʧʦʨʫ ʟʥʷʪʪʶ ʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫ, ʦʜʥʘʢ 

ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʟʘʣʝʞʥʽʩʪʴ ʜʘʥʦʾ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʽʜ ʧʝʨʝʚʘʞʥʦʾ 

ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʦʾ ʦʨʽʻʥʪʘʮʽʾ ʟʝʨʝʥ, ʘ, ʚʽʜʧʦʚʽʜʥʦ, ʽ ʢʽʣʴʢʽʩʪʶ ʩʠʩʪʝʤ ʢʦʚʟʘʥʥʷ, 

ʷʢʽ ʟʘʙʝʟʧʝʯʫʶʪʴ ʧʨʦʭʦʜʞʝʥʥʷ ʤʽʢʨʦʜʚʽʡʥʠʢʫʚʘʥʥʷ. 

 

10 ʩʤ
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ʈʠʩʫʥʦʢ 1.10 ï ʉʪʨʫʢʪʫʨʘ ʤʘʪʝʨʽʘʣʫ ʧʣʠʪ ʱʦʢʦʚʠʭ ʜʨʦʙʘʨʦʢ ʫ ʚʠʭʽʜʥʦʤʫ 

ʩʪʘʥʽ (ʘ) ʪʘ ʫ ʧʨʠʧʦʚʝʨʭʥʝʚʦʤʫ ʰʘʨʽ ʧʽʩʣʷ ʝʢʩʧʣʫʘʪʘʮʽʡʥʦʛʦ ʟʤʽʮʥʝʥʥʷ (ʙ) [40] 

 

ʋ ʨʦʙʦʪʽ [112] ʧʨʦʚʦʜʠʚʩʷ ʧʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʢʦʥʫʩʽʚ ʜʨʦʙʘʨʢʠ (ʚʝʨʭʥʴʦʛʦ ʪʘ ʥʠʞʥʴʦʛʦ), ʦʪʨʠʤʘʥʠʭ ʤʝʪʦʜʦʤ 

ʣʠʪʚʘ, ʽʟ ʜʚʦʭ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʠʭ ʩʪʘʣʝʡ, ʷʢʽ ʚʽʜʨʽʟʥʷʣʠʩʴ ʚʤʽʩʪʦʤ Mn (12 ʪʘ 14 

ʤʘʩ. %). ɺʤʽʩʪ ʚʫʛʣʝʮʶ ʫ ʩʪʘʣʷʭ ʩʪʘʥʦʚʠʚ 1.4 ʤʘʩ. %, ʘ ʢʦʥʮʝʥʪʨʘʮʽʷ ʽʥʰʠʭ 

ʣʝʛʫʶʯʠʭ ʝʣʝʤʝʥʪʽʚ (Mo, Nb, Cr ʪʘ Si) ʙʫʣʘ ʦʜʥʘʢʦʚʦʶ ʪʘ ʥʝ ʧʝʨʝʚʠʱʫʚʘʣʘ 1 

ʤʘʩ. %. ʇʨʦʤʠʩʣʦʚʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʚʦʜʠʣʠ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʨʦʤʠʩʣʦʚʦʾ 

ʜʨʦʙʘʨʢʠ Sandvik CR660 ʟʘ ʫʤʦʚ ʧʦʜʨʽʙʥʝʥʥʷ ʜʦʣʦʤʽʪʦʚʦʾ ʧʦʨʦʜʠ, ʦʜʥʘʢʦʚʦʛʦ 

ʬʨʘʢʮʽʡʥʦʛʦ ʪʘ ʢʦʤʧʦʥʝʥʪʥʦʛʦ ʩʢʣʘʜʫ. ʆʮʽʥʢʘ ʧʨʘʮʝʟʜʘʪʥʦʩʪʽ ʚʠʟʥʘʯʘʣʘʩʴ ʟʘ 

ʟʤʽʥʦʶ ʤʘʩʠ ʨʦʙʦʯʠʭ ʝʣʝʤʝʥʪʽʚ, ʛʝʦʤʝʪʨʽʾ ʾʭ ʨʦʙʦʯʠʭ ʧʦʚʝʨʭʦʥʴ ʪʘ, ʷʢ ʥʘʩʣʽʜʦʢ, 

ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʨʦʟʤʝʣʶʚʘʥʥʷ. ʈʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʥʷ ʚʽʜʧʨʘʮʴʦʚʘʥʠʭ 

ʧʦʚʝʨʭʦʥʴ ʢʦʥʫʩʽʚ ʧʦʢʘʟʘʣʠ, ʱʦ ʧʦʨʷʜ ʽʟ ʪʨʝʢʘʤʠ, ʷʢʽ ʫʪʚʦʨʠʣʠʩʴ ʚʥʘʩʣʽʜʦʢ 

ʧʝʨʝʢʦʯʫʚʘʥʥʷ ʧʦʨʦʜʠ, ʥʘ ʧʦʚʝʨʭʥʽ ʧʨʠʩʫʪʥʽ ʩʣʽʜʠ ʢʨʠʭʢʦʛʦ ʨʫʡʥʫʚʘʥʥʷ ʫ 

ʚʠʛʣʷʜʽ ʪʨʽʱʠʥ (ʨʠʩ. 1.11). ɰʭ ʫʪʚʦʨʝʥʥʷ ʧʦʚ'ʷʟʘʥʝ ʽʟ ʚʠʩʦʢʦʶ ʢʦʥʮʝʥʪʨʘʮʽʻʶ 

ʢʘʨʙʽʜʥʠʭ ʬʘʟ ʮʝʤʝʥʪʠʪʥʦʛʦ ʪʠʧʫ, ʷʢʽ ʣʦʢʘʣʽʟʫʶʪʴʩʷ ʧʦ ʛʨʘʥʠʮʷʭ ʘʫʩʪʝʥʽʪʥʠʭ 

ʟʝʨʝʥ.  

ɸʫʩʪʝʥʽʪ

10 ʤʢʤ

(Fe,Mn)C3

ɼʝʬʦʨʤʘʮʽʡʥʽ

ʜʚʽʡʥʠʢʠ

ɸʫʩʪʝʥʽʪ

10 ʤʢʤ
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ʈʠʩʫʥʦʢ 1.11 ï ʍʘʨʘʢʪʝʨ ʟʥʦʩʫ ʧʨʦʬʽʣʶ ʨʦʙʦʯʠʭ ʧʦʚʝʨʭʦʥʴ ʢʦʥʫʩʥʠʭ 

ʜʨʦʙʘʨʦʢ ʪʘ ʤʽʢʨʦʩʪʨʫʢʪʫʨʘ ʟʥʦʰʝʥʦʛʦ ʰʘʨʫ  [112]  

 

ʇʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ ʤʽʢʨʦʪʚʝʨʜʦʩʪʽ, ʚʠʤʽʨʷʥʦʾ ʧʦ ʥʦʨʤʘʣʽ ʚʽʜ ʨʦʙʦʯʦʾ 

ʧʦʚʝʨʭʥʽ ʧʦʢʘʟʫʻ, ʱʦ ʭʘʨʘʢʪʝʨ ʜʝʬʦʨʤʘʮʽʡʥʦʛʦ ʟʤʽʮʥʝʥʥʷ ʜʣʷ ʢʦʥʫʩʽʚ, 

ʚʠʛʦʪʦʚʣʝʥʠʭ ʽʟ ʦʙʦʭ ʩʪʘʣʝʡ (ʽʟ 12 ʪʘ 14 ʤʘʩ. % Mn) ʧʨʘʢʪʠʯʥʦ ʦʜʥʘʢʦʚʠʡ:  

ʤʽʢʨʦʪʚʝʨʜʽʩʪʴ, ʚʠʤʽʨʷʥʘ ʧʦ ʥʦʨʤʘʣʽ ʜʦ ʨʦʙʦʯʦʾ ʧʦʚʝʨʭʥʽ ʥʘ ʚʽʜʩʪʘʥʽ ~500 ʤʢʤ 

ʩʪʘʥʦʚʠʪʴ 5.5ï7 ɻʇʘ, ʘ ʧʦ ʤʽʨʽ ʧʨʦʩʫʚʘʥʥʷ ʚʛʣʠʙ ʤʘʪʝʨʽʘʣʫ ʧʣʘʚʥʦ ʟʥʠʞʫʻʪʴʩʷ ʪʘ 

ʜʦʩʷʛʘʻ ʚʠʭʽʜʥʦʾ ʪʚʝʨʜʦʩʪʽ ʤʘʨʛʘʥʮʝʚʦʛʦ ʘʫʩʪʝʥʽʪʫ ī 3 ɻʇʘ ʥʘ ʚʽʜʩʪʘʥʽ 3 ʤʤ ʚʽʜ 

ʧʦʚʝʨʭʥʽ. ʅʝ ʟʚʘʞʘʶʯʠ ʥʘ ʦʜʥʘʢʦʚʠʡ ʭʘʨʘʢʪʝʨ ʨʦʟʧʦʜʽʣʫ ʤʽʢʨʦʪʚʝʨʜʦʩʪʽ ʫ 

ʧʦʚʝʨʭʥʝʚʠʭ ʰʘʨʘʭ ʟʥʦʩʦʪʨʠʚʢʽʩʪʴ ʩʪʘʣʽ ʽʟ ʚʤʽʩʪʦʤ 16 % Mn ʻ ʚʠʱʦʶ ʥʘ ~16 % 

ʧʨʠ ʦʮʽʥʶʚʘʥʥʽ ʟʘ ʚʪʨʘʪʦʶ ʤʘʩʠ ʽ ʥʘ ~ 29 % ī ʟʘ ʧʨʦʜʫʢʪʠʚʥʽʩʪʶ ʨʦʟʤʝʣʶʚʘʥʥʷ 

ʧʦʨʦʜʠ. ʊʘʢʝ ʧʽʜʚʠʱʝʥʥʷ ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ ʧʦʚ'ʷʟʘʥʝ ʟʽ ʟʥʠʞʝʥʥʷʤ ʩʪʫʧʝʥʶ 

ʚʠʜʽʣʝʥʥʷ ʢʘʨʙʽʜʥʠʭ ʬʘʟ ʧʦ ʛʨʘʥʠʮʷʭ ʟʝʨʝʥ ʧʦ ʤʽʨʽ ʟʙʽʣʴʰʝʥʥʷ ʚʤʽʩʪʫ Mn ʪʘ, 

ʚʽʜʧʦʚʽʜʥʦ, ʧʽʜʚʠʱʝʥʥʷ ʩʪʘʙʽʣʴʥʦʩʪʽ ʘʫʩʪʝʥʽʪʥʦʾ ʬʘʟʠ (ʧʽʜʚʠʱʝʥʥʷ ʨʦʟʯʠʥʥʦʩʪʽ 

ʢʘʨʙʽʜʥʠʭ ʬʘʟ ʚ ʘʫʩʪʝʥʽʪʽ). 

 

1.7.2 ɼʝʪʘʣʽ ʟʝʤʣʝʨʠʡʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ 

ʇʨʘʢʪʠʢʘ  ʚʠʢʦʨʠʩʪʘʥʥʷ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʦʾ ʩʪʘʣʽ ʫ ʯʠʩʪʦʤʫ ʚʠʛʣʷʜʽ ʜʣʷ 

ʚʠʛʦʪʦʚʣʝʥʥʷ ʟʫʙʽʚ ʢʦʚʰʦʚʠʭ ʝʢʩʢʘʚʘʪʦʨʽʚ ʻ ʥʝ ʟʘʚʞʜʠ ʚʠʧʨʘʚʜʘʥʦʶ, ʦʩʦʙʣʠʚʦ 

ʂʽʥʮʝʚʠʡ
ʧʨʦʬʽʣʴ ʇʦʯʘʪʢʦʚʠʡ

   ʧʨʦʬʽʣʴ ʇʦʯʘʪʢʦʚʠʡ
   ʧʨʦʬʽʣʴ 

ʂʽʥʮʝʚʠʡ
ʧʨʦʬʽʣʴ 

1551 ʤʤ

1420 ʤʤ

5
2
7
 
ʤ
ʤ

100 ʤʢʤ

ɻʨʘʥʠʮʽ ʟʝʨʝʥɽʢʩʧʣʫʪʘʮʽʡʥʽ 

ʪʨʽʱʠʥʠ
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ʜʣʷ ʝʢʩʧʣʫʘʪʘʮʽʾ ʫ ʩʝʨʝʜʦʚʠʱʘʭ, ʱʦ ʤʽʩʪʷʪʴ ʧʦʨʦʜʠ ʽʟ ʚʠʩʦʢʦʶ ʘʙʨʘʟʠʚʥʦʶ 

ʟʜʘʪʥʽʩʪʶ. ʇʨʦ ʮʝ ʩʚʽʜʯʘʪʴ ʜʘʥʽ ʨʦʙʦʪʠ [113], ʫ ʷʢʽʡ ʧʨʦʚʦʜʠʣʠ ʩʧʦʩʪʝʨʝʞʝʥʥʷ ʟʘ 

ʟʥʦʰʫʚʘʥʥʷʤ ʟʫʙʽʚ ʝʢʩʢʘʚʘʪʦʨʘ ɽʂɻ-5 ʟʘ ʫʤʦʚ ʝʢʩʧʣʫʘʪʘʮʽʾ ʫ ʩʝʨʝʜʦʚʠʱʽ ʛʨʘʥʽʪʫ 

ʪʘ ʚʠʷʚʠʣʠ ʾʭ ʥʠʟʴʢʫ ʩʪʽʡʢʽʩʪʴ: 1.5ï2 ʜʥʽ ʥʦʨʤʘʣʴʥʦʾ ʝʢʩʧʣʫʘʪʘʮʽʾ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ 

20 ʪ ʪʨʘʥʩʧʦʨʪʦʚʘʥʦʾ ʧʦʨʦʜʠ. ɸʥʘʣʽʟ ʟʥʦʰʝʥʠʭ ʟʫʙʽʚ ʧʦʢʘʟʘʚ ʥʘʷʚʥʽʩʪʴ ʨʽʟʥʠʭ 

ʚʠʜʽʚ ʟʥʦʰʫʚʘʥʥʷ, ʥʘ ʨʽʟʥʠʭ ʧʦʚʝʨʭʥʷʭ. ʅʘ ʚʝʨʭʥʽʡ ʧʦʚʝʨʭʥʽ (ʨʠʩ. 1.12, ʘ) 

ʜʦʤʽʥʫʶʯʠʤ ʻ ʫʜʘʨʥʝ ʟʥʦʰʫʚʘʥʥʷ, ʘ ʥʘ ʥʠʞʥʽʡ ï ʘʙʨʘʟʠʚʥʝ, ʟʘ ʤʝʭʘʥʽʟʤʦʤ 

ʤʽʢʨʦʨʽʟʘʥʥʷ (ʨʠʩ. 1.12, ʙ). ɿʘ ʪʘʢʠʭ ʫʤʦʚ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʘʙʨʘʟʠʚʥʦʛʦ ʟʥʦʰʫʚʘʥʥʷ 

ʫ ʧʨʦʮʝʩʽ ʝʢʩʧʣʫʘʪʘʮʽʾ ʙʫʣʘ ʥʘʩʪʽʣʴʢʠ ʚʠʩʦʢʦʶ, ʱʦ ʧʝʨʽʦʜʠʯʥʦ ʧʨʦʚʦʜʠʣʦʩʴ 

ʧʝʨʝʟʘʢʨʽʧʣʝʥʥʷ ʟʫʙʽʚ ʽʟ ʧʦʚʦʨʦʪʦʤ ʥʘ 180Á. ɿʥʘʯʝʥʥʷ ʪʚʝʨʜʦʩʪʽ ʧʦʚʝʨʭʥʝʚʦʛʦ 

ʰʘʨʫ ʧʽʩʣʷ ʝʢʩʧʣʫʘʪʘʮʽʾ ʩʪʘʥʦʚʠʣʦ ~50 HRC ʪʘ ʧʝʨʝʚʠʱʫʚʘʣʦ ʪʚʝʨʜʽʩʪʴ ʩʪʘʣʽ ʫ 

ʣʠʪʦʤʫ ʩʪʘʥʽ ʥʘ 17 HRC. ɺ ʪʦʡ ʞʝ ʯʘʩ ʟʘ ʫʤʦʚ ʨʦʙʦʪʠ ʫ ʩʝʨʝʜʦʚʠʱʽ ʤʘʨʤʫʨʫ 

(ʧʦʨʦʜʠ ʽʟ ʟʥʘʯʥʦ ʥʠʞʯʦʶ ʤʽʢʨʦʪʚʝʨʜʽʩʪʶ ʥʽʞ ʛʨʘʥʽʪ) ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʧʦʨʽʚʥʷʥʦ 

ʚʠʩʦʢʘ ʪʚʝʨʜʽʩʪʴ ʣʠʪʠʭ ʟʫʙʽʚ, ʘ ʥʘ ʧʦʚʝʨʭʥʷʭ ʚʽʜʩʫʪʥʽ ʦʟʥʘʢʠ ʘʙʨʘʟʠʚʥʦʛʦ 

ʟʥʦʰʫʚʘʥʥʷ ʫ ʚʠʛʣʷʜʽ ʨʠʩʦʢ ʧʦʜʨʷʧʠʥ ʪʘ ʽʥ. 

ɿ ʤʝʪʦʶ ʚʠʙʦʨʫ ʥʘʡʙʽʣʴʰ ʨʘʮʽʦʥʘʣʴʥʦʾ ʩʠʩʪʝʤʠ ʣʝʛʫʚʘʥʥʷ ʝʣʝʢʪʨʦʜʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ ʜʣʷ ʟʤʽʮʥʝʥʥʷ ʟʫʙʽʚ ʝʢʩʢʘʚʘʪʦʨʽʚ ʘʚʪʦʨʘʤʠ [114] ʙʫʣʦ ʟʘʩʪʦʩʦʚʘʥʦ 

ʢʦʤʙʽʥʦʚʘʥʝ ʙʘʛʘʪʦʰʘʨʦʚʝ  ʥʘʧʣʘʚʣʝʥʥʷ ʤʘʪʝʨʽʘʣʘʤʠ ʩʠʩʪʝʤʠ Fe-C3.6-Cr32 

(ʤʘʨʢʘ ABRADUR 58) ʪʘ Fe-C0.12-Mn7-Cr19-Ni9 (ʤʘʨʢʘ INOX B 18/8/6) ʽʟ 

ʟʘʝʚʪʝʢʪʠʯʥʦʶ ʘʫʩʪʝʥʽʪʥʦ-ʢʘʨʙʽʜʥʦʶ ʪʘ ʘʫʩʪʝʥʽʪʥʦʶ ʩʪʨʫʢʪʫʨʦʶ, ʚʽʜʧʦʚʽʜʥʦ. 
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 ʈʠʩʫʥʦʢ 1.12 ï ɿʥʦʩ ʚʝʨʭʥʴʦʾ (ʘ) ʪʘ ʥʠʞʥʴʦʾ (ʙ) ʧʦʚʝʨʭʦʥʴ ʟʫʙʘ ʝʢʩʢʘʚʘʪʦʨʘ 

ʧʨʠ ʨʦʙʦʪʽ ʫ ʩʝʨʝʜʦʚʠʱʽ ʛʨʘʥʽʪʫ [113]  
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ʈʝʟʫʣʴʪʘʪʠ ʧʨʦʚʝʜʝʥʠʭ ʪʨʠʙʦʪʝʭʥʽʯʥʠʭ ʪʘ ʧʨʦʤʠʩʣʦʚʠʭ ʚʠʧʨʦʙʫʚʘʥʴ 

ʥʘʧʣʘʚʣʝʥʠʭ ʧʦʢʨʠʪʪʽʚ ʧʦʢʘʟʘʣʠ ʱʦ ʪʘʢʘ ʢʦʤʙʽʥʘʮʽʷ ʝʣʝʤʝʥʪʽʚ ʜʦʟʚʦʣʷʻ ʜʦʩʷʛʪʠ 

ʧʽʜʚʠʱʝʥʥʷ ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ ʟʘ ʫʤʦʚ ʫʜʘʨʥʦ-ʘʙʨʘʟʠʚʥʦʛʦ ʟʥʦʰʫʚʘʥʥʷ ʧʨʘʢʪʠʯʥʦ 

ʫ 3 ʨʘʟʠ ʟʘ ʨʘʭʫʥʦʢ ʧʦʻʜʥʘʥʥʷ ʫ ʩʪʨʫʢʪʫʨʽ ʧʣʘʩʪʠʯʥʦʛʦ ʥʽʢʝʣʴʤʘʨʛʘʥʮʝʚʦʛʦ 

ʘʫʩʪʝʥʽʪʫ ʪʘ ʝʚʪʝʢʪʠʯʥʠʭ ʢʘʨʙʽʜʽʚ ʭʨʦʤʫ. ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʘʥʘʣʽʟʫ ʟʥʦʰʝʥʠʭ 

ʧʦʚʝʨʭʦʥʴ ʥʘʧʣʘʚʣʝʥʠʭ ʟʫʙʽʚ ʧʽʩʣʷ ʧʨʦʤʠʩʣʦʚʦʾ ʝʢʩʧʣʫʘʪʘʮʽʾ ʧʨʦʪʷʛʦʤ 1600 ʛʦʜ 

ʘʚʪʦʨʠ [113] ʚʢʘʟʫʶʪʴ ʥʘ ʙʽʣʴʰ ʽʥʪʝʥʩʠʚʥʝ ʟʥʦʰʫʚʘʥʥʷ ʪʠʣʴʥʦʾ ʧʦʚʝʨʭʥʽ (ʨʠʩ. 

1.13, ʘ) (ʧʨʘʢʪʠʯʥʦ ʫ 3 ʨʘʟʠ ʚʠʱʝ) ʥʽʞ ʬʨʦʥʪʘʣʴʥʦʾ (ʨʠʩ. 1.13, ʙ). ʂʨʽʤ ʪʦʛʦ, 

ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʟʘʣʝʞʥʽʩʪʴ ʨʽʚʥʷ ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ ʚʽʜ ʩʧʦʩʦʙʫ ʥʘʢʣʘʜʘʥʥʷ 

ʥʘʧʣʘʚʣʝʥʠʭ ʚʘʣʠʢʽʚ ʥʘ ʨʦʙʦʯʽ ʧʦʚʝʨʭʥʽ: ʥʘʡʥʠʞʯʠʡ ʟʥʦʩ ʙʫʣʦ ʚʠʷʚʣʝʥʦ ʧʨʠ 

ʧʝʨʝʭʨʝʩʥʦʤʫ ʥʘʧʣʘʚʣʝʥʥʽ ʚʘʣʠʢʽʚ.  
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 ʈʠʩʫʥʦʢ 1.13 ï ʍʘʨʘʢʪʝʨ ʟʥʦʰʫʚʘʥʥʷ ʬʨʦʥʪʘʣʴʥʦʾ (ʘ) ʪʘ ʪʠʣʴʥʦʾ (ʙ) 

ʧʦʚʝʨʭʦʥʴ ʟʫʙʽʚ ʝʢʩʢʘʚʘʪʦʨʘ ʫ ʧʨʦʮʝʩʽ ʝʢʩʧʣʫʘʪʘʮʽʾ ʧʨʦʪʷʛʦʤ 1600 ʛʦʜ [114]  

 

ʅʘʧʣʘʚʣʝʥʥʷ ʧʝʨʝʭʨʝʩʥʠʤʠ ʚʘʣʠʢʘʤʠ ʝʣʝʢʪʨʦʜʥʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ ʩʠʩʪʝʤʠ 

Fe-C1.75-Cr25-Mn1.23 (ʤʘʨʢʘ SURODUR) ʙʫʣʦ ʪʘʢʦʞ ʝʬʝʢʪʠʚʥʦ ʟʘʩʪʦʩʦʚʘʥʦ ʫ 

ʨʦʙʦʪʽ [115] ʟ ʤʝʪʦʶ ʧʽʜʚʠʱʝʥʥʷ ʟʥʦʩʦʩʪʽʡʢʦʩʪʽ ʟʫʙʽʚ ʝʢʩʢʘʚʘʪʦʨʽʚ, 

ʚʠʛʦʪʦʚʣʝʥʠʭ ʽʟ ʩʝʨʝʜʥʴʦʚʫʛʣʝʮʝʚʦʾ ʥʠʟʴʢʦʣʝʛʦʚʘʥʦʾ ʩʪʘʣʽ ʟʘ ʫʤʦʚ ʨʦʙʦʪʠ ʫ 

ʩʝʨʝʜʦʚʠʱʽ ʙʘʟʘʣʴʪʫ. ʇʽʩʣʷ ʥʘʧʣʘʚʣʝʥʥʷ ʧʨʦʚʦʜʠʣʠ ʚʽʜʧʫʩʢʘʥʥʷ ʥʘʧʣʘʚʣʝʥʦʛʦ 

ʰʘʨʫ ʚ ʜʽʘʧʘʟʦʥʽ ʪʝʤʧʝʨʘʪʫʨ 400ï600 Üʉ, ʷʢʝ ʜʦʟʚʦʣʠʣʦ ʦʪʨʠʤʘʪʠ ʩʪʨʫʢʪʫʨʫ 

ʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫ, ʱʦ ʩʢʣʘʜʘʣʘʩʴ ʽʟ ʜʨʽʙʥʦʜʠʩʧʝʨʩʥʦʛʦ ʤʘʨʪʝʥʩʠʪʫ ʪʘ 

ʟʝʨʥʠʩʪʠʭ ʬʝʨʠʪʦ-ʮʝʤʝʥʪʠʪʥʠʭ ʩʫʤʽʰʝʡ ʽʟ ʪʚʝʨʜʽʩʪʶ ~ 52 HRC. ʅʝ ʟʚʘʞʘʶʯʠ ʥʘ 
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ʪʝ, ʱʦ ʧʽʜʚʠʱʝʥʥʷ ʜʦʚʛʦʚʽʯʥʦʩʪʽ ʟʫʙʽʚ ʟʘʚʜʷʢʠ ʚʠʢʦʨʠʩʪʘʥʥʶ ʥʘʧʣʘʚʣʝʥʥʷ 

ʩʢʣʘʣʦ 30 %, ʥʝʦʙʭʽʜʥʽʩʪʴ ʫ ʧʨʦʚʝʜʝʥʥʽ ʜʦʜʘʪʢʦʚʦʾ ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ ʩʫʪʪʻʚʦ 

ʫʩʢʣʘʜʥʶʻ ʧʨʘʢʪʠʢʫ ʚʠʢʦʨʠʩʪʘʥʥʷ ʪʘʢʠʭ ʝʣʝʢʪʨʦʜʽʚ, ʦʩʦʙʣʠʚʦ ʜʣʷ ʤʘʩʠʚʥʠʭ ʘʙʦ 

ʟʫʙʽʚ ʝʢʩʢʘʚʘʪʦʨʽʚ, ʧʨʠʚʘʨʝʥʠʭ ʜʦ ʢʦʚʰʘ.   

ʉʠʩʪʝʤʘʪʠʯʥʝ ʚʠʚʯʝʥʥʷ ʧʨʦʮʝʩʫ ʟʥʦʰʫʚʘʥʥʷ ʟʫʙʽʚ ʝʢʩʢʘʚʘʪʦʨʽʚ, 

ʚʠʛʦʪʦʚʣʝʥʠʭ ʟʽ ʩʪʘʣʽ ɻʘʜʬʽʣʴʜʘ (ʤʘʨʢʘ ZGMn13) ʫ ʧʨʦʮʝʩʽ ʧʨʦʤʠʩʣʦʚʦʛʦ 

ʨʦʟʨʦʙʣʝʥʥʷ ʤʝʪʘʣʝʚʠʭ ʨʫʜ ʜʦʟʚʦʣʠʣʦ ʘʚʪʦʨʘʤ ʨʦʙʦʪʠ [116] ʟʘʧʨʦʧʦʥʫʚʘʪʠ 

ʫʟʘʛʘʣʴʥʝʥʫ ʩʭʝʤʫ ʧʨʦʮʝʩʫ ʾʭ ʟʥʦʰʫʚʘʥʥʷ (ʨʠʩ. 1.14, ʘ), ʷʢʘ ʫʟʛʦʜʞʫʻʪʴʩʷ ʽʟ 

ʜʘʥʠʤʠ ʨʦʙʽʪ [113,114] ʪʘ ʧʦʣʷʛʘʻ ʫ ʚʩʪʘʥʦʚʣʝʥʥʽ ʥʝʨʽʚʥʦʤʽʨʥʦʩʪʽ ʟʥʦʰʫʚʘʥʥʷ 

ʚʝʨʭʥʴʦʾ ʪʘ ʥʠʞʥʴʦʾ ʧʦʚʝʨʭʦʥʴ ʟʫʙʽʚ. ʈʝʟʫʣʴʪʘʪʠ ʚʠʤʽʨʶʚʘʥʥʷ ʤʽʢʨʦʪʚʝʨʜʦʩʪʽ ʫ 

ʧʨʠʧʦʚʝʨʭʝʚʦʤʫ ʰʘʨʽ (ʨʠʩ. 1.14, ʙ) ʟʥʦʰʝʥʠʭ ʟʫʙʽʚ ʧʦʢʘʟʫʶʪʴ, ʱʦ ʤʘʢʩʠʤʘʣʴʥʠʡ 

ʨʽʚʝʥʴ ʜʝʬʦʨʤʘʮʽʡʥʦʛʦ ʟʤʽʮʥʝʥʥʷ (ʪʦʯʢʘ 5, ʨʠʩ. 1.14, ʚ) ʜʦʩʷʛʘʻʪʴʩʷ ʫ ʚʝʨʭʥʽʡ 

ʯʘʩʪʠʥʽ ʟʫʙʘ, ʪʦʜʽ ʷʢ ʧʦ ʤʽʨʽ ʧʝʨʝʭʦʜʫ ʜʦ ʡʦʛʦ ʥʠʞʥʴʦʾ ʯʘʩʪʠʥʠ ʩʪʫʧʽʥʴ 

ʜʝʬʦʨʤʘʮʽʡʥʦʛʦ ʟʤʽʮʥʝʥʥʷ ʧʣʘʚʥʦ ʟʥʠʞʫʻʪʴʩʷ ʪʘ ʧʨʦʷʚʣʷʻʪʴʩʷ ʫ ʟʥʠʞʝʥʥʽ 

ʤʽʢʨʦʪʚʝʨʜʦʩʪʽ ʚʽʜ 4 ʜʦ 2.1 ɻʇʘ (ʪʚʝʨʜʽʩʪʴ ʩʪʘʣʽ ZGMn13). 

ʅʝʜʦʩʪʘʪʥʷ, ʜʣʷ ʧʨʦʪʠʜʽʾ ʘʙʨʘʟʠʚʥʦʤʫ ʟʥʦʰʫʚʘʥʥʶ, ʪʚʝʨʜʽʩʪʴ ʥʠʞʥʴʦʾ 

ʧʦʚʝʨʭʥʽ ʟʫʙʽʚ ʝʢʩʢʘʚʘʪʦʨʽʚ, ʚʠʛʦʪʦʚʣʝʥʠʭ ʽʟ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʦʾ ʩʪʘʣʽ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʥʝʦʙʭʽʜʥʦʩʪʽ ʧʦʰʫʢʫ ʥʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ ʪʘ ʩʧʦʩʦʙʽʚ ʾʭ ʥʘʥʝʩʝʥʥʷ ʥʘ 

ʨʦʙʦʯʽ ʧʦʚʝʨʭʥʽ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʣʘʟʝʨʥʦʛʦ ʥʘʥʝʩʝʥʥʷ ʧʦʢʨʠʪʪʽʚ ʩʠʩʪʝʤʠ Fe-Nb-C 

ʽʟ ʟʘʙʝʟʧʝʯʝʥʥʷʤ ʧʨʦʛʥʦʟʦʚʘʥʦʛʦ ʚʤʽʩʪʫ ʢʘʨʙʽʜʥʦʾ ʬʘʟʠ ʫ ʧʦʚʝʨʭʥʝʚʦʤʫ ʰʘʨʽ 

(40ï80 ʤʘʩ. %) ʜʣʷ ʟʤʽʮʥʝʥʥʷ ʨʦʙʦʯʠʭ ʧʦʚʝʨʭʦʥʴ ʟʫʙʽʚ ʝʢʩʢʘʚʘʪʦʨʽʚ ʦʧʠʩʘʥʦ ʫ 

ʨʦʙʦʪʽ [117]. 

 

ʈʠʩʫʥʦʢ 1.14 ï ʍʘʨʘʢʪʝʨ ʟʥʦʰʫʚʘʥʥʷ ʪʘ ʨʦʟʧʦʜʽʣ ʪʚʝʨʜʦʩʪʽ ʫ 

ʧʨʠʧʦʚʝʨʭʥʝʚʦʤʫ ʰʘʨʽ ʜʣʷ ʟʫʙʽʚ ʝʢʩʢʘʚʘʪʦʨʘ, ʚʠʛʦʪʦʚʣʝʥʠʭ ʟʽ ʩʪʘʣʽ ɻʘʜʬʽʣʴʜʘ 

(ʟʘ ʜʘʥʠʤʠ [116]) 
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ʗʢ ʚʠʭʽʜʥʠʡ ʤʘʪʝʨʽʘʣ ʜʣʷ ʥʘʥʝʩʝʥʥʷ ʧʦʢʨʠʪʪʽʚ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʧʦʨʦʰʦʢ 

ʬʝʨʦʥʽʦʙʽʶ ʩʠʩʪʝʤʠ Fe-Nb35-C5-Al7-Ti2.5. ʇʦʢʨʠʪʪʷ ʙʫʣʦ ʥʘʥʝʩʝʥʦ ʥʘ ʟʫʙʠ 

ʝʢʩʢʘʚʘʪʦʨʽʚ Volvo, ʷʢʽ ʧʨʘʮʶʶʪʴ ʫ ʛʽʨʥʠʯʦʨʫʜʥʽʡ ʧʨʦʤʠʩʣʦʚʦʩʪʽ. ʆʪʨʠʤʘʥʠʡ 

ʧʦʚʝʨʭʥʝʚʠʡ ʰʘʨ ʭʘʨʘʢʪʝʨʠʟʫʚʘʚʩʷ ʚʠʨʘʟʥʦʶ ʛʝʪʝʨʦʬʘʟʦʚʦʶ ʢʦʤʧʦʟʠʪʥʦʶ 

ʩʪʨʫʢʪʫʨʦʶ, ʷʢʘ ʩʢʣʘʜʘʣʘʩʴ ʽʟ ʚʝʣʠʢʦʾ ʢʽʣʴʢʦʩʪʽ (~ 60 ʦʙ. %) ʦʛʨʘʥʝʥʠʭ ʬʘʟ NbC 

ʨʦʟʤʽʨʘʤʠ 10ï30 ʤʢʤ, ʨʽʚʥʦʤʽʨʥʦ ʨʦʟʪʘʰʦʚʘʥʠʭ ʫ ʚôʷʟʢʽʡ ʩʪʘʣʝʚʽʡ ʤʘʪʨʠʮʽ. 

ʈʝʟʫʣʴʪʘʪʠ ʧʨʦʤʠʩʣʦʚʠʭ ʚʠʧʨʦʙʫʚʘʥʴ ʧʦʢʘʟʘʣʠ, ʱʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʪʘʢʦʛʦ 

ʧʦʢʨʠʪʪʷ ʜʦʟʚʦʣʷʻ ʟʥʠʟʠʪʠ ʤʘʩʦʚʫ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʘʙʨʘʟʠʚʥʦʛʦ ʟʥʦʰʫʚʘʥʥʷ ʫ 2 

ʨʘʟʠ. ʆʜʥʘʢ, ʥʝʟʥʘʯʥʘ ʤʘʢʩʠʤʘʣʴʥʦ ʤʦʞʣʠʚʘ ʪʦʚʱʠʥʘ ʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫ (1.5 

ʤʤ), ʷʢʘ ʤʦʞʝ ʙʫʪʠ ʦʪʨʠʤʘʥʘ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʥʘʚʝʜʝʥʦʛʦ ʤʝʪʦʜʫ ʧʦʨʷʜ ʽʟ 

ʥʠʟʴʢʦʶ ʛʥʫʯʢʽʩʪʶ ʪʝʭʥʦʣʦʛʽʾ ʥʘʥʝʩʝʥʥʷ, ʥʝ ʜʘʶʪʴ ʤʦʞʣʠʚʽʩʪʴ ʰʠʨʦʢʦʾ 

ʧʨʘʢʪʠʯʥʦʾ ʨʝʘʣʽʟʘʮʽʾ ʪʘʢʦʛʦ ʤʝʪʦʜʫ ʟʤʽʮʥʝʥʥʷ ʟʫʙʽʚ ʝʢʩʢʘʚʘʪʦʨʽʚ. ɺʠʢʦʨʠʩʪʘʥʥʷ 

ʘʚʪʦʨʘʤʠ [118] ʩʢʣʘʜʥʦʾ ʩʠʩʪʝʤʠ ʣʝʛʫʚʘʥʥʷ Fe-C-V-Cr-Nb-W ʜʣʷ ʧʦʨʦʰʢʦʚʠʭ 

ʩʪʨʽʯʦʢ ʟʘ ʫʤʦʚ ʝʣʝʢʪʨʦʜʫʛʦʚʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ ʧʦʢʨʠʪʪʽʚ ʥʘ ʦʩʥʦʚʫ ʽʟ ʩʪʘʣʽ Hardox 

450 ʜʦʟʚʦʣʠʣʦ ʦʪʨʠʤʘʪʠ ʧʦʚʝʨʭʥʝʚʠʡ ʰʘʨ ʪʦʚʱʠʥʦʶ ~2 ʤʤ ʽʟ ʤʽʢʨʦʪʚʝʨʜʽʩʪʶ ~ 

12 ɻʇʘ, ʷʢʘ ʜʦʩʷʛʘʻʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ ʬʦʨʤʫʚʘʥʥʷ ʫ ʩʪʨʫʢʪʫʨʽ ʢʦʤʧʣʝʢʩʥʠʭ 

ʢʘʨʙʽʜʽʚ ʪʠʧʫ M23C6 ʪʘ MC. ɿʥʦʩʦʪʨʠʚʢʽʩʪʴ ʪʘʢʦʛʦ ʧʦʢʨʠʪʪʷ ʟʘ ʜʘʥʠʤʠ ʘʚʪʦʨʽʚ ʫ 

140ï150 ʨʘʟʽʚ ʧʝʨʝʚʠʱʫʻ ʟʥʦʩʦʪʨʠʚʢʽʩʪʴ ʩʪʘʣʽ Hardox 450.  

ɼʣʷ ʟʤʽʮʥʝʥʥʷ ʨʦʙʦʯʠʭ ʧʦʚʝʨʭʦʥʴ ˇʨʫʥʪʦʦʙʨʦʙʥʠʭ ʤʘʰʠʥ ʫ ʨʦʙʦʪʽ [119] 

ʧʨʦʧʦʥʫʻʪʴʩʷ ʧʨʦʚʦʜʠʪʠ ʤʦʜʠʬʽʢʫʚʘʥʥʷ ʩʪʨʫʢʪʫʨʠ ʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫ ʩʪʘʣʝʚʠʭ 

ʜʝʪʘʣʝʡ ʰʣʷʭʦʤ ʝʣʝʢʪʨʦʜʫʛʦʚʦʛʦ ʥʘʚʫʛʣʝʮʶʚʘʥʥʷ ʧʦʚʝʨʭʥʽ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʦʙʤʽʜʥʝʥʦʛʦ ʚʫʛʽʣʴʥʦʛʦ ʝʣʝʢʪʨʦʜʫ. ʊʘʢʘ ʦʙʨʦʙʢʘ ʜʦʟʚʦʣʠʣʘ ʦʪʨʠʤʘʪʠ ʫ ʩʪʨʫʢʪʫʨʽ 

ʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫ ʚʽʜʙʽʣʝʥʠʡ ʯʘʚʫʥ ʪʘ ʜʦʩʷʛʪʠ ʨʽʚʝʥʴ ʪʚʝʨʜʦʩʪʽ ~60 HRC, ʦʜʥʘʢ 

ʪʝʭʥʦʣʦʛʽʯʥʽʩʪʴ ʧʨʦʮʝʩʫ ʪʘ ʷʢʽʩʪʴ ʥʘʧʣʘʚʣʝʥʠʭ ʧʦʢʨʠʪʪʽʚ ʧʦʪʨʝʙʫʻ ʩʫʪʪʻʚʦʛʦ 

ʧʦʜʘʣʴʰʦʛʦ ʫʜʦʩʢʦʥʘʣʝʥʥʷ. 

ʋ ʨʦʙʦʪʽ [120] ʧʨʦʚʦʜʠʚʩʷ ʧʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ ʜʦʣʽʪ ʯʠʟʝʣʴʥʠʭ ʧʣʫʛʽʚ ʜʣʷ 

ʛʣʠʙʠʥʥʦʛʦ ʨʦʟʨʠʭʣʶʚʘʥʥʷ ˇʨʫʥʪʫ, ʫ ʚʠʭʽʜʥʦʤʫ ʩʪʘʥʽ ʪʘ ʥʘʧʣʘʚʣʝʥʠʭ ʨʽʟʥʠʤʠ 

ʤʘʪʝʨʽʘʣʘʤʠ ʝʣʝʢʪʨʦʜʫʛʦʚʠʤ ʩʧʦʩʦʙʦʤ (ʨʠʩ. 1.15). ʗʢ ʤʘʪʝʨʽʘʣʠ ʜʣʷ ʥʘʧʣʘʚʣʝʥʥʷ 

ʙʫʣʦ ʚʠʢʦʨʠʩʪʘʥʦ ʝʣʝʢʪʨʦʜʠ ʙʨʝʥʜʫ GeKa (ʊʫʨʝʯʯʠʥʘ) ʽʟ ʚʠʩʦʢʦʭʨʦʤʠʩʪʦʾ (7.5 
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ʤʘʩ. % ʉ) ʩʪʘʣʽ, ʜʦʜʘʪʢʦʚʦʛʦ ʣʝʛʦʚʘʥʦʾ Mo ʪʘ V (ʤʘʨʢʘ EH-600), ʥʠʟʴʢʦʣʝʛʦʚʘʥʦʾ 

ʩʪʘʣʽ (EH-350) ʪʘ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʦʾ (13.5 ʤʘʩ. % Mn) ʩʪʘʣʽ (EH-14Mn).  

 

 

 ʈʠʩʫʥʦʢ 1.15 ï ɼʦʣʦʪʘ ʯʠʟʝʣʴʥʠʭ ʧʣʫʛʽʚ ʜʣʷ ʛʣʠʙʦʢʦʛʦ ʨʦʟʨʠʭʣʶʚʘʥʥʷ 

ʨ̌ʫʥʪʫ ʫ ʚʠʭʽʜʥʦʤʫ ʩʪʘʥʽ ʪʘ ʥʘʧʣʘʚʣʝʥʽ ʨʽʟʥʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ [120] 

 

ʉʪʝʥʜʦʚʽ ʚʠʧʨʦʙʦʚʫʚʘʥʥʷ ʜʦʣʽʪ ʟʘ ʫʤʦʚ, ʱʦ ʽʤʽʪʫʶʪʴ ʧʨʦʮʝʩ 

ʨʦʟʨʠʭʣʶʚʘʥʥʷ ʧʦʢʘʟʘʣʠ, ʱʦ ʟʘ ʟʥʘʯʝʥʥʷʤʠ ʚʽʜʥʦʩʥʦʾ ʟʥʦʩʦʩʦʪʨʠʚʢʦʩʪʽ, ʜʦʣʦʪʘ, 

ʥʘʧʣʘʚʣʝʥʽ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʦʶ ʩʪʘʣʣʶ ʩʫʪʪʻʚʦ (ʧʨʘʢʪʠʯʥʦ ʫʜʚʽʯʽ) ʧʦʩʪʫʧʘʶʪʴʩʷ 

ʜʦʣʦʪʘʤ, ʥʘʧʣʘʚʣʝʥʠʤ ʝʣʝʢʪʨʦʜʥʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ ʤʘʨʢʠ EH-600, ʧʦʨʷʜ ʟ ʮʠʤ ʾʭ 

ʟʥʦʩʦʪʨʠʚʢʽʩʪʴ ʻ ʚʠʱʦʶ ʥʘ ~40 % ʥʽʞ ʜʦʣʽʪ ʙʝʟ ʥʘʧʣʘʚʣʝʥʥʷ. ʊʘʢʦʞ, ʟʘ 

ʨʝʟʫʣʴʪʘʪʘʤʠ ʣʘʙʦʨʘʪʦʨʥʠʭ ʜʦʩʣʽʜʞʝʥʴ, ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʯʽʪʢʘ ʢʦʨʝʣʷʮʽʷ ʤʽʞ 

ʪʚʝʨʜʽʩʪʶ ʪʘ ʟʥʦʩʦʪʨʠʚʢʽʩʪʶ. ʇʨʦʪʝ, ʟʘ ʫʤʦʚ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʚʠʧʨʦʙʫʚʘʥʴ ʧʽʜ 

ʯʘʩ ʨʦʟʨʦʙʣʝʥʥ ̫ ʨʝʘʣʴʥʦʛʦ ˇʨʫʥʪʫ ʟʥʦʩʦʪʨʠʚʢʽʩʪʴ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʦʾ ʩʪʘʣʽ 

ʟʨʦʩʪʘʻ ʪʘ ʻ ʩʧʽʚʤʽʨʥʦʶ ʽʟ ʚʠʩʦʢʦʭʨʦʤʠʩʪʠʤʠ ʧʦʢʨʠʪʪʷʤʠ. ʂʨʽʤ ʪʦʛʦ, ʟʘ ʪʘʢʠʭ 

ʫʤʦʚ, ʣʽʥʽʡʥʽʩʪʴ ʚʟʘʻʤʦʟʚ'ʷʟʢʫ ʤʽʞ ʪʚʝʨʜʽʩʪʶ ʧʦʚʝʨʭʦʥʴ ʪʘ ʟʥʦʩʦʩʪʽʡʢʽʩʪʶ 

ʚʠʨʘʞʝʥʘ ʟʥʘʯʥʦ ʩʣʘʙʰʝ. ʊʘʢʠʡ ʭʘʨʘʢʪʝʨ ʧʽʜʚʠʱʝʥʥʷ ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ ʧʦʢʨʠʪʪʽʚ 

ʽʟ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʦʾ ʩʪʘʣʽ ʧʨʠ ʧʝʨʝʭʦʜʽ ʚʽʜ ʩʪʝʥʜʦʚʠʭ ʜʦ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ 

ʚʠʧʨʦʙʫʚʘʥʴ, ʦʯʝʚʠʜʥʦ ʚʠʢʣʠʢʘʥʠʡ ʪʠʤ, ʱʦ ʫ ʨʝʘʣʴʥʦʤʫ ʨʦʙʦʯʦʤʫ ʩʝʨʝʜʦʚʠʱʽ 

ʤʽʩʪʷʪʴʩʷ ʪʚʝʨʜʽ ʚʢʣʶʯʝʥʥʷ ʨʽʟʥʦʾ ʜʠʩʧʝʨʩʥʦʩʪʽ, ʷʢʽ ʚʜʘʨʷʶʯʠʩʴ ʫ ʧʦʚʝʨʭʥʶ 

ʜʦʣʽʪ ʚʠʢʣʠʢʘʶʪʴ ʟʤʽʮʥʝʥʥʷ ʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫ. 

ɹʝʟ 

ʥʘʧʣʘʚʣʝʥʷ
EH-600 EH-350 EH-14Mn
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 1.7.3 ʈʽʟʮʽ ʚʫʛʽʣʴʥʠʭ ʢʦʤʙʘʡʥʽʚ ʪʘ ʜʦʨʦʞʥʽʭ ʬʨʝʟ 

 ɸʥʘʣʽʟ ʝʢʩʧʣʫʘʪʘʮʽʡʥʦʾ ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ ʨʽʟʮʽʚ ʚʠʨʦʙʥʠʮʪʚʘ Wirtgen, 

Sandvik, Betek, Caterpilar, ʧʨʠʟʥʘʯʝʥʠʭ ʜʣʷ ʦʙʝʨʪʦʚʦʛʦ ʨʫʡʥʫʚʘʥʥʷ 

ʘʩʬʘʣʴʪʦʙʝʪʦʥʫ ʪʘ ʟʘ ʫʤʦʚ ʚʠʜʦʙʫʚʘʥʥʷ ʚʫʛʽʣʣʷ ʧʦʢʘʟʫʻ, ʱʦ ʟʥʘʯʥʠʡ ʚʧʣʠʚ ʥʘ ʾʭ 

ʜʦʚʛʦʚʽʯʥʽʩʪʴ ʤʘʻ ʥʝ ʣʠʰʝ ʟʥʦʩʦʪʨʠʚʢʽʩʪʴ ʪʚʝʨʜʦʩʧʣʘʚʥʠʭ ʥʘʢʦʥʝʯʥʠʢʽʚ, ʘ ʡ 

ʧʦʚʝʨʭʥʽ ʢʦʨʧʫʩʫ ʨʽʟʮʷ, ʦʩʢʽʣʴʢʠ ʫ ʙʘʛʘʪʴʦʭ ʚʠʧʘʜʢʘʭ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ 

ʚʠʢʨʠʰʫʚʘʥʥʷ ʧʨʘʮʝʟʜʘʪʥʠʭ ʪʚʝʨʜʦʩʧʣʘʚʥʠʭ ʚʩʪʘʚʦʢ ʯʝʨʝʟ ʽʥʪʝʥʩʠʚʥʝ ʫʜʘʨʥʦ-

ʘʙʨʘʟʠʚʥʝ ʟʥʦʰʫʚʘʥʥʷ ʤʘʪʝʨʽʘʣʫ ʢʦʨʧʫʩʫ. ɺʠʨʽʰʝʥʥʷ ʚʢʘʟʘʥʦʾ ʧʨʦʙʣʝʤʠ 

ʰʣʷʭʦʤ ʝʣʝʢʪʨʦʜʫʛʦʚʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ ʟʥʦʩʦʪʨʠʚʢʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ ʨʦʟʛʣʷʥʫʪʦ ʫ 

ʨʦʙʦʪʽ [121]. 

 ɸʚʪʦʨʘʤʠ ʨʦʙʦʪʠ [122] ʧʨʦʚʦʜʠʣʠʩʴ ʜʦʩʣʽʜʞʝʥʥʷ ʚʠʩʦʢʦʤʘʨʛʘʮʝʚʦʾ ʩʪʘʣʽ, 

ʷʢ ʤʘʪʝʨʽʘʣʫ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʚʩʪʘʚʦʢ ʨʽʟʮʽʚ ʚʠʜʦʙʫʚʥʠʭ ʚʫʛʽʣʴʥʠʭ ʢʦʤʙʘʡʥʽʚ 

(ʨʠʩ.  1.16).  ɼʣʷ ʧʽʜʚʠʱʝʥʥʷ ʘʙʨʘʟʠʚʥʦʾ ʟʥʦʩʦʩʪʨʠʚʢʦʩʪʽ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʽ ʩʪʘʣʽ 

ʽʟ ʚʤʽʩʪʦʤ Mn (9.8ï14.3) ʣʝʛʫʚʘʣʠ V (5.5ï8.1), ʰʣʷʭʦʤ ʜʦʜʘʚʘʥʥʷ ʬʝʨʦʚʘʥʘʜʽʶ ʫ 

ʨʦʟʧʣʘʚ ʩʪʘʣʽ ʤʘʨʢʠ L120G13H. ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʘʥʘʣʽʟʫ ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ, 

ʦʪʨʠʤʘʥʠʭ  ʚʠʣʠʚʢʽʚ ʙʫʣʦ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʚʦʥʘ ʩʢʣʘʜʘʻʪʴʩʷ ʽʟ ʘʫʩʪʝʥʽʪʥʦʾ 

ʦʩʥʦʚʠ (ʤʘʪʨʠʮʽ), ʫ ʷʢʽʡ ʨʽʚʥʦʤʽʨʥʦ ʨʦʟʧʦʜʽʣʝʥʽ ʦʛʨʘʥʝʥʽ ʚʢʣʶʯʝʥʥʷ 

ʤʦʥʦʢʘʨʙʽʜʫ ʚʘʥʘʜʽʶ, ʨʦʟʤʽʨʘʤʠ ~ 10 ʤʢʤ ʪʘ ʤʽʢʨʦʪʚʝʨʜʽʩʪʶ ~26.5 ɻʇʘ. 

 

  

ʘ ʙ 

 ʈʠʩʫʥʦʢ 1.16 ï ʈʽʟʝʮʴ ʚʫʛʽʣʴʥʦʛʦ ʢʦʤʙʘʡʥʫ (ʘ), ʦʩʥʘʱʝʥʠʡ ʚʩʪʘʚʢʦʶ ʽʟ 

ʚʠʩʦʢʦʤʘʨʛʘʮʝʚʦʾ ʩʪʘʣʽ (ʙ) [122] 

 

 ʗʢ ʧʦʢʘʟʘʣʠ ʩʪʝʥʜʦʚʽ ʚʠʧʨʦʙʦʚʫʚʘʥʥʷ, ʘʙʨʘʟʠʚʥʘ ʟʥʦʩʦʪʨʠʚʢʽʩʪʴ 

ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʦʾ ʩʪʘʣʽ, ʣʝʛʦʚʘʥʦʾ ʚʘʥʘʜʽʻʤ ʟʘ ʫʤʦʚ ʘʙʨʘʟʠʚʥʦʛʦ ʟʥʦʰʫʚʘʥʥʷ ʻ 

ʫʜʚʽʯʽ ʚʠʱʦʶ ʧʦʨʽʚʥʷʥʦ ʽʟ ʩʪʘʥʜʘʨʪʥʦʶ, ʱʦ ʜʦʟʚʦʣʠʣʦ ʨʝʢʦʤʝʥʜʫʚʘʪʠ ʾʾ ʜʣʷ 

ʚʠʛʦʪʦʚʣʝʥʥʷ ʚʩʪʘʚʦʢ ʜʣʷ ʨʽʟʮʽʚ ʚʫʛʽʣʴʥʠʭ ʢʦʤʙʘʡʥʽʚ. 

A
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 ʊʘʢʠʤ ʯʠʥʦʤ, ʧʨʦʚʝʜʝʥʠʡ ʘʥʘʣʽʟ ʥʘʡʙʽʣʴʰ ʭʘʨʘʢʪʝʨʥʠʭ ʨʦʙʦʯʠʭ ʝʣʝʤʝʥʪʽʚ 

ʦʙʣʘʜʥʘʥʥʷ ʽʟ ʚʠʩʦʢʦʤʘʨʛʘʥʝʮʝʚʠʭ ʩʪʘʣʝʡ, ʱʦ ʧʨʘʮʶʶʪʴ ʟʘ ʫʤʦʚ ʫʜʘʨʥʦ-

ʘʙʨʘʟʠʚʥʦʛʦ ʟʥʦʰʫʚʘʥʥʷ ʧʦʢʘʟʫʻ, ʱʦ ʥʘʡʙʽʣʴʰ ʩʧʨʠʷʪʣʠʚʦʶ ʩʪʨʫʢʪʫʨʦʶ 

ʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫ ʜʣʷ ʫʤʦʚ ʙʘʛʘʪʦʢʨʘʪʥʦʛʦ ʩʪʘʪʠʯʥʦʛʦ ʪʘ ʜʠʥʘʤʽʯʥʦʛʦ 

ʚʧʨʦʚʘʜʞʝʥʥʷ ʘʙʨʘʟʠʚʥʠʭ ʯʘʩʪʠʥʦʢ  ʫ ʧʦʚʝʨʭʥʶ ʻ ʦʜʥʦʬʘʟʦʚʘ ʩʪʨʫʢʪʫʨʘ 

ʤʘʨʛʘʥʮʝʚʦʛʦ ʘʫʩʪʝʥʽʪʫ, ʦʜʥʘʢ ʟʘ ʫʤʦʚ ʧʨʦʢʦʚʟʫʚʘʥʥʷ ʘʙʨʘʟʠʚʥʠʭ ʯʘʩʪʠʥʦʢ, ʷʢʝ 

ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʧʨʦʮʝʩʘʤʠ ʤʽʢʨʦʨʽʟʘʥʥʷ ʪʘʢʘ ʩʪʨʫʢʪʫʨʘ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ 

ʥʠʟʴʢʦʶ ʟʥʦʩʦʪʨʠʚʢʽʩʪʶ. ʆʜʥʠʤ ʽʟ ʩʧʦʩʦʙʽʚ ʧʨʦʪʠʜʽʾ ʨʦʟʚʠʪʢʫ ʟʥʦʰʫʚʘʥʥʷ ʫ 

ʨʝʟʫʣʴʪʘʪʽ ʤʽʢʨʦʨʽʟʘʥʥʷ ʜʣʷ ʧʦʢʨʠʪʪʽʚ ʽʟ ʘʫʩʪʝʥʽʪʥʦʶ ʩʪʨʫʢʪʫʨʦʶ ʻ ʟʘʙʝʟʧʝʯʝʥʥʷ 

ʬʦʨʤʫʚʘʥʥʷ ʫ ʮʝʥʪʨʘʣʴʥʠʭ ʦʙʣʘʩʪʷʭ ʘʫʩʪʝʥʽʪʥʠʭ ʟʝʨʝʥ, ʚʢʣʶʯʝʥʴ ʬʘʟ ʽʟ ʚʠʩʦʢʦʶ 

ʤʽʢʨʦʪʚʝʨʜʽʩʪʶ ʧʦʨʷʜ ʽʟ ʤʽʥʽʤʽʟʘʮʽʻʶ ʬʦʨʤʫʚʘʥʥʷ ʧʦ ʛʨʘʥʠʮʷʭ ʘʫʩʪʝʥʽʪʥʠʭ ʟʝʨʝʥ 

ʢʘʨʙʽʜʥʠʭ ʬʘʟ ʮʝʤʝʥʪʠʪʥʦʛʦ ʪʠʧʫ.  
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1.8 ʇʦʩʪʘʥʦʚʢʘ ʤʝʪʠ ʪʘ ʟʘʚʜʘʥʴ ʜʦʩʣʽʜʞʝʥʴ 

 ʋʟʘʛʘʣʴʥʝʥʥʷ ʣʽʪʝʨʘʪʫʨʥʠʭ ʜʘʥʠʭ ʧʦʢʘʟʫʻ, ʱʦ ʤʝʭʘʥʽʟʤ ʟʤʽʮʥʝʥʥʷ 

ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʠʭ ʩʪʘʣʝʡ ʻ ʚʠʚʯʝʥʠʡ ʜʦʩʪʘʪʥʴʦ ʧʦʚʥʦ, ʛʦʣʦʚʥʠʤ ʯʠʥʦʤ ʟʘ 

ʨʘʭʫʥʦʢ ʟʘʩʪʦʩʫʚʘʥʥʷ ʝʥʝʨʛʝʪʠʯʥʦʛʦ ʧʽʜʭʦʜʫ ʧʦ ʚʽʜʥʦʰʝʥʥʶ ʜʦ ʜʝʬʝʢʪʽʚ 

ʟʘʧʘʢʫʚʘʥʥʷ ʚ ʘʫʩʪʝʥʽʪʥʽʡ ʬʘʟʽ, ʟʘʣʝʞʥʦ ʚʽʜ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʫ ʥʽʡ ʨʦʟʯʠʥʝʥʠʭ C 

ʪʘ Mn. ʆʜʥʘʢ, ʥʘʚʽʪʴ ʟʘ ʥʘʡʙʽʣʴʰ ʩʧʨʠʷʪʣʠʚʠʭ ʝʥʝʨʛʝʪʠʯʥʠʭ ʫʤʦʚ ʜʣʷ 

ʧʨʦʭʦʜʞʝʥʥʷ ʜʝʬʦʨʤʘʮʽʡʥʦʛʦ ʟʤʽʮʥʝʥʥʷ, ʫ ʨʝʘʣʴʥʠʭ ʫʤʦʚʘʭ ʝʢʩʧʣʫʘʪʘʮʽʾ 

ʚʠʨʦʙʠ ʽʟ ʣʠʪʠʭ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʠʭ ʩʪʘʣʝʡ ʜʝʤʦʥʩʪʨʫʶʪʴ ʥʠʟʴʢʫ ʟʥʦʩʦʪʨʠʚʢʽʩʪʴ, 

ʫ ʚʠʧʘʜʢʘʭ ʢʦʣʠ ʧʨʦʮʝʩ ʟʥʦʰʫʚʘʥʥʷ ʫʩʢʣʘʜʥʶʻʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ ʤʽʢʨʦʨʽʟʘʥʥʷ 

ʘʙʨʘʟʠʚʥʠʤʠ ʯʘʩʪʠʥʢʘʤʠ. ʅʘʧʣʘʚʣʝʥʥʷ ʨʦʙʦʯʠʭ ʧʦʚʝʨʭʦʥʴ ʪʘʢʠʭ ʜʝʪʘʣʝʡ, ʷʢʝ 

ʟʘʟʚʠʯʘʡ ʧʨʦʚʦʜʠʪʴʩʷ ʩʝʨʽʡʥʠʤʠ ʝʣʝʢʪʨʦʜʥʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ, ʝʣʝʤʝʥʪʥʠʡ ʩʢʣʘʜ 

ʷʢʠʭ ʚʽʜʪʚʦʨʶʻ ʩʠʩʪʝʤʫ ʣʝʛʫʚʘʥʥʷ ʙʘʟʦʚʦʾ ʩʪʘʣʽ, ʜʦʟʚʦʣʷʻ ʚʽʜʥʦʚʠʪʠ ʛʝʦʤʝʪʨʽʶ, 

ʧʨʦʪʝ ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʨʦʪʠʜʽʾ ʘʙʨʘʟʠʚʥʦʤʫ ʟʥʦʰʫʚʘʥʥʶ ʟʘʣʠʰʘʻʪʴʩʷ ʥʠʟʴʢʦʶ. ʋ 

ʜʝʷʢʠʭ ʚʠʧʘʜʢʘʭ ʚʦʥʘ ʻ ʥʠʞʯʦʶ ʧʦʨʽʚʥʷʥʦ ʽʟ ʙʘʟʦʚʦʶ ʩʪʘʣʣʶ ʯʝʨʝʟ ʚʠʜʽʣʝʥʥʷ ʫ 

ʩʪʨʫʢʪʫʨʽ ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ ʬʘʟ ʮʝʤʝʥʪʠʪʥʦʛʦ ʪʠʧʫ, ʟʙʘʛʘʯʝʥʠʭ Mn. ɺʠʨʽʰʝʥʥʷ 

ʧʨʦʙʣʝʤʠ ʟʘʙʝʟʧʝʯʝʥʥʷ ʘʙʨʘʟʠʚʥʦʾ ʟʥʦʩʦʩʪʽʡʢʦʩʪʽ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʠʭ ʩʪʘʣʝʡ ʟʘ 

ʫʤʦʚ ʧʝʨʝʭʦʜʫ ʜʦ ʙʝʟʫʜʘʨʥʦʛʦ ʟʥʦʰʫʚʘʥʥʷ ʨʷʜ ʘʚʪʦʨʽʚ ʚʙʘʯʘʶʪʴ ʫ ʨʦʟʰʠʨʝʥʥʽ 

ʩʠʩʪʝʤʠ ʣʝʛʫʚʘʥʥʷ ʩʝʨʽʡʥʠʭ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʠʭ ʩʪʘʣʝʡ, ʟʘ ʨʘʭʫʥʦʢ ʜʦʜʘʚʘʥʥʷ 

ʩʠʣʴʥʠʭ ʢʘʨʙʽʜʦʫʪʚʦʨʶʶʯʠʭ ʝʣʝʤʝʥʪʽʚ ʪʘʢʠʭ ʷʢ, Ti, Nb, V, Mo ʪʘ Cr. ʊʘʢʠʡ ʧʽʜʭʽʜ 

ʥʝ ʜʦʟʚʦʣʷʻ ʟʥʘʯʥʦ ʧʽʜʚʠʱʠʪʠ ʨʽʚʝʥʴ ʟʥʦʩʦʪʨʠʚʢʽʩʪʴ, ʦʩʢʽʣʴʢʠ ʚʥʘʩʣʽʜʦʢ 

ʩʧʝʮʠʬʽʢʠ ʪʝʭʥʦʣʦʛʽʾ ʦʪʨʠʤʘʥʥʷ ʚʠʨʦʙʽʚ ʤʝʪʦʜʦʤ ʣʠʪʚʘ, ʤʘʢʩʠʤʘʣʴʥʽ 

ʢʦʥʮʝʥʪʨʘʮʽʾ ʪʘʢʠʭ ʝʣʝʤʝʥʪʽʚ ʥʝ ʤʦʞʫʪʴ ʧʝʨʝʚʠʱʫʚʘʪʠ 1ï2 ʤʘʩ. %. ʊʘʢʠʭ 

ʦʙʤʝʞʝʥʴ, ʟʥʘʯʥʦʶ ʤʽʨʦʶ, ʧʦʟʙʘʚʣʝʥʽ ʤʝʪʦʜʠ ʥʘʧʣʘʚʣʝʥʥʷ ʧʦʨʦʰʢʦʚʠʤʠ 

ʝʣʝʢʪʨʦʜʥʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ, ʫ ʷʢʠʭ ʢʽʣʴʢʽʩʪʴ ʣʝʛʫʶʯʠʭ ʝʣʝʤʝʥʪʽʚ ʤʦʞʝ ʜʦʩʷʛʘʪʠ 

~ 40 ʦʙ. %. ʉʝʨʝʜ ʚʽʜʦʤʠʭ ʩʠʩʪʝʤ ʣʝʛʫʚʘʥʥʷ  ʤʘʪʝʨʽʘʣʽʚ ʜʣʷ ʥʘʧʣʘʚʣʝʥʥʷ ʜʝʪʘʣʝʡ 

ʽʟ ʚʠʩʦʢʦʤʘʨʛʘʮʝʚʠʭ ʩʪʘʣʝʡ ʥʘʡʙʽʣʴʰ ʧʦʰʠʨʝʥʠʤʠ ʻ ʜʚʘ ʧʽʜʭʦʜʠ : ʨʦʟʨʦʙʣʝʥʥʷ 

ʩʠʩʪʝʤ ʣʝʛʫʚʘʥʥʷ, ʷʢʽ ʻ ʧʨʘʢʪʠʯʥʦ ʽʜʝʥʪʠʯʥʠʤʠ ʜʦ ʙʘʟʦʚʠʭ ʩʪʘʣʝʡ ʪʘ ʦʜʥʦʯʘʩʥʝ 

ʣʝʛʫʚʘʥʥʷ ʚʠʩʦʢʠʤʠ (~15 ʤʘʩ. %) ʢʽʣʴʢʦʩʪʷʤʠ Mn ʪʘ Cr. ʆʩʥʦʚʥʠʤʠ ʥʝʜʦʣʽʢʘʤʠ 

ʪʘʢʠʭ ʧʦʢʨʠʪʪʽʚ ʻ ʥʠʟʴʢʘ ʘʙʨʘʟʠʚʥʘ ʟʥʦʩʦʪʨʠʚʢʽʩʪʴ ʪʘ ʯʘʩʪʢʦʚʘ ʘʙʦ ʧʦʚʥʘ ʚʪʨʘʪʘ 

ʟʜʘʪʥʦʩʪʽ ʜʦ ʜʝʬʦʨʤʘʮʽʡʥʦʛʦ ʟʤʽʮʥʝʥʥʷ, ʚʽʜʧʦʚʽʜʥʦ. ʎʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ 
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ʥʝʦʙʭʽʜʥʦʩʪʽ ʜʦʩʣʽʜʞʝʥʥʷ ʥʦʚʠʭ ʩʠʩʪʝʤ ʣʝʛʫʚʘʥʥʷ ʧʦʢʨʠʪʪʽʚ ʥʘ ʦʩʥʦʚʽ 

ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʠʭ ʩʪʘʣʝʡ, ʷʢʽ ʙʘʟʫʶʪʴʩʷ ʥʘ ʧʨʠʥʮʠʧʦʚʦ ʽʥʰʠʭ ʧʽʜʭʦʜʘʭ, ʩʝʨʝʜ 

ʷʢʠʭ ʧʝʨʩʧʝʢʪʠʚʥʠʤʠ, ʟʦʢʨʝʤʘ ʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʢʘʨʙʽʜʥʠʭ 

ʩʠʩʪʝʤ ʪʘ ʨʝʘʢʮʽʡʥʠʭ ʩʫʤʽʰʝʡ, ʷʢʽ ʟʘʙʝʟʧʝʯʫʶʪʴ in situ ʬʦʨʤʫʚʘʥʥʷ ʘʨʤʽʚʥʠʭ ʬʘʟ. 

ʈʘʟʦʤ ʟ ʮʠʤ, ʜʦʜʘʪʢʦʚʠʭ ʜʦʩʣʽʜʞʝʥʴ ʧʦʪʨʝʙʫʻ ʽ ʚʧʣʠʚ ʩʢʣʘʜʫ ʤʘʨʛʘʥʮʝʚʦʛʦ 

ʘʫʩʪʝʥʽʪʫ ʥʘ ʡʦʛʦ ʩʪʘʙʽʣʴʥʽʩʪʴ ʪʘ ʩʧʨʠʷʪʣʠʚʠʡ ʭʘʨʘʢʪʝʨ ʬʦʨʤʫʚʘʥʥʷ ʬʘʟʦʚʦʛʦ 

ʩʢʣʘʜʫ ʧʨʠ ʥʘʧʣʘʚʣʝʥʥʽ ʰʣʷʭʦʤ ʤʽʥʽʤʽʟʘʮʽʾ ʚʧʣʠʚʫ ʬʘʟ ʮʝʤʝʥʪʠʪʥʦʛʦ ʪʠʧʫ ï 

ʥʘʡʙʽʣʴʰ ʥʝʙʝʟʧʝʯʥʠʭ ʩʪʨʫʢʪʫʨʥʠʭ ʩʢʣʘʜʦʚʠʭ, ʱʦ ʟʥʠʞʫʶʪʴ ʫʜʘʨʥʫ ʩʪʽʡʢʽʩʪʴ.  

ʊʘʢʠʤ ʯʠʥʦʤ, ʤʝʪʦʶ ʨʦʙʦʪʠ ʙʫʣʦ ʚʩʪʘʥʦʚʠʪʠ ʚʩʪʘʥʦʚʠʪʠ ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ 

ʬʦʨʤʫʚʘʥʥʷ ʩʪʨʫʢʪʫʨʠ, ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ ʽ ʚʣʘʩʪʠʚʦʩʪʝʡ ʝʣʝʢʪʨʦʜʫʛʦʚʠʭ 

ʥʘʧʣʘʚʣʝʥʠʭ ʧʦʢʨʠʪʪʽʚ ʥʘ ʦʩʥʦʚʽ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʦʾ ʩʪʘʣʽ ʪʘ ʨʦʟʨʦʙʠʪʠ ʥʦʚʽ 

ʩʠʩʪʝʤʠ ʾʭ ʣʝʛʫʚʘʥʥʷ ʪʫʛʦʧʣʘʚʢʠʤʠ ʩʧʦʣʫʢʘʤʠ ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʦʜʥʦʯʘʩʥʦ 

ʚʠʩʦʢʦʾ ʟʥʦʩʦ- ʪʘ ʫʜʘʨʦʪʨʠʚʢʦʩʪʽ ʧʦʚʝʨʭʦʥʴ ʩʪʘʣʝʚʠʭ ʜʝʪʘʣʝʡ. 

ɼʣʷ ʜʦʩʷʛʥʝʥʥʷ ʧʦʩʪʘʚʣʝʥʦʾ ʤʝʪʠ ʥʝʦʙʭʽʜʥʦ ʚʠʨʽʰʠʪʠ ʪʘʢʽ ʦʩʥʦʚʥʽ ʟʘʚʜʘʥʥʷ: 

 ï ʨʦʟʨʦʙʠʪʠ ʤʦʜʝʣʴ ʢʨʠʩʪʘʣʽʯʥʦʾ ʩʪʨʫʢʪʫʨʠ ʤʘʨʛʘʥʮʝʚʦʛʦ ʘʫʩʪʝʥʽʪʫ ʜʣʷ 

ʪʝʦʨʝʪʠʯʥʦʛʦ ʘʥʘʣʽʟʫ ʡʦʛʦ ʬʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚ ʨʘʤʢʘʭ ʪʝʦʨʽʾ 

ʬʫʥʢʮʽʦʥʘʣʫ ʝʣʝʢʪʨʦʥʥʦʾ ʛʫʩʪʠʥʠ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʩʫʯʘʩʥʠʭ ʧʨʦʛʨʘʤʥʠʭ 

ʟʘʩʦʙʽʚ; 

 ï ʚʠʟʥʘʯʠʪʠ ʦʧʪʠʤʘʣʴʥʠʡ ʩʢʣʘʜ ʘʨʤʽʚʥʠʭ ʬʘʟ ʜʣʷ ʧʦʢʨʠʪʪʽʚ ʥʘ ʦʩʥʦʚʽ 

ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʦʾ ʩʪʘʣʽ, ʰʣʷʭʦʤ ʪʝʦʨʝʪʠʯʥʦʛʦ ʘʥʘʣʽʟʫ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ, 

ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʪʘ ʝʣʝʢʪʨʦʥʥʦʾ ʩʪʨʫʢʪʫʨʠ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʥʘ ʦʩʥʦʚʽ 

ʢʘʨʙʽʜʥʠʭ ʬʘʟ ʽʟ ʩʪʨʫʢʪʫʨʦʶ NaCl ʩʠʩʪʝʤʠ Ti-Nb-Mo-V-C ʽʟ ʝʢʚʽʤʦʣʷʨʥʠʤ 

ʚʤʽʩʪʦʤ ʤʝʪʘʣʝʚʠʭ ʢʦʤʧʦʥʝʥʪʽʚ, ʘ ʪʘʢʦʞ ʪʝʪʨʘʛʦʥʘʣʴʥʠʭ ʙʦʨʠʜʽʚ Mo2(Fe1-

x,Mnx)B2;  

 ï ʚʩʪʘʥʦʚʠʪʠ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʧʘʨʘʤʝʪʨʠ, ʷʢʽ ʚʠʟʥʘʯʘʶʪʴ ʨʦʟʯʠʥʥʽʩʪʴ Mn ʫ 

ʢʘʨʙʽʜʥʠʭ ʬʘʟʘʭ ʽʟ ʩʪʨʫʢʪʫʨʦʶ NaCl  ʩʠʩʪʝʤʠ Ti-Nb-Mo-V-C ʽ ʧʦʪʨʽʡʥʦʤʫ ʙʦʨʠʜʽ 

Mo2FeB2 ʪʘ, ʥʘ ʦʩʥʦʚʽ ʮʴʦʛʦ, ʨʦʟʨʦʙʠʪʠ ʙʘʟʫ ʜʘʥʠʭ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʬʫʥʢʮʽʡ ʜʣʷ 

ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ ʩʧʣʘʚʽʚ ʜʣʷ ʥʘʧʣʘʚʣʝʥʥʷ ʩʠʩʪʝʤ ʣʝʛʫʚʘʥʥʷ Fe-

Ti-Mo-Nb-V-Mn-C-Si ʪʘ Fe-Mo-Mn-B-C ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʝʪʦʜʠʢʠ CALPHAD. 
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 ï ʧʨʦʚʝʩʪʠ ʘʥʘʣʽʟ ʚʧʣʠʚʫ ʣʝʛʫʚʘʥʥʷ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʦʾ ʩʪʘʣʽ ʢʨʝʤʥʽʻʤ ʥʘ 

ʬʦʨʤʫʚʘʥʥʷ ʾʭ ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ ʟʘ ʨʽʚʥʦʚʘʞʥʠʭ ʫʤʦʚ ʪʘ ʢʽʥʝʪʠʢʫ ʚʠʜʽʣʝʥʥʷ 

ʮʝʤʝʥʪʠʪʫ ʟʘ ʥʝʨʽʚʥʦʚʘʞʥʠʭ ʫʤʦʚ, ʷʢʽ ʚʽʜʧʦʚʽʜʘʶʪʴ ʪʝʨʤʽʯʥʦʤʫ ʮʠʢʣʫ 

ʝʣʝʢʪʨʦʜʫʛʦʚʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ ʧʦʢʨʠʪʪʽʚ ʧʦʨʦʰʢʦʚʠʤʠ ʝʣʝʢʪʨʦʜʘʤʠ; 

ï ʜʦʩʣʽʜʠʪʠ ʬʘʟʦʚʠʡ ʩʢʣʘʜ, ʤʽʢʨʦʩʪʨʫʢʪʫʨʫ ʪʘ ʚʣʘʩʪʠʚʦʩʪʽ ʥʘʧʣʘʚʣʝʥʠʭ 

ʧʦʢʨʠʪʪʽʚ ʩʠʩʪʝʤ çʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʘ ʩʪʘʣʴ ï ʧʨʦʩʪʠʡ ʢʘʨʙʽʜè, çFe ï ʩʢʣʘʜʥʠʡ 

ʢʘʨʙʽʜè, ʪʘ çʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʘ ʩʪʘʣʴ ï ʧʦʪʨʽʡʥʠʡ ʙʦʨʠʜè ʪʘ ʦʧʪʠʤʽʟʫʚʘʪʠ 

ʩʠʩʪʝʤʠ ʣʝʛʫʚʘʥʥʷ ʧʦʨʦʰʢʦʚʠʭ ʝʣʝʢʪʨʦʜʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʱʦ ʟʘʙʝʟʧʝʯʫʶʪʴ 

ʩʪʨʫʢʪʫʨʫ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʦʾ TWIP ʩʪʘʣʽ, ʘʨʤʦʚʘʥʦʾ ʪʫʛʦʧʣʘʚʢʠʤʠ ʩʧʦʣʫʢʘʤʠ; 

ï ʨʦʟʨʦʙʠʪʠ ʥʦʚʽ ʪʘ ʫʜʦʩʢʦʥʘʣʠʪʠ ʽʩʥʫʶʯʽ ʤʝʪʦʜʠʢʠ ʚʠʟʥʘʯʝʥʥʷ ʘʙʨʘʟʠʚʥʦʾ 

ʪʘ ʫʜʘʨʥʦ-ʘʙʨʘʟʠʚʥʦʾ ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ ʥʘʧʣʘʚʣʝʥʠʭ ʧʦʢʨʠʪʪʽʚ ʪʘ ʧʨʦʚʝʩʪʠ 

ʧʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ ʨʦʟʨʦʙʣʝʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʽʟ ʩʝʨʽʡʥʠʤʠ; 

ï ʨʦʟʨʦʙʠʪʠ ʧʦʨʦʰʢʦʚʽ ʝʣʝʢʪʨʦʜʥʽ ʤʘʪʝʨʽʘʣʠ ʪʘ ʪʝʭʥʦʣʦʛʽʶ ʥʘʧʣʘʚʣʝʥʥʷ ̔ ʟ 

ʾʭ ʚʠʢʦʨʠʩʪʘʥʥʷʤ, ʜʣʷ ʟʤʽʮʥʝʥʥʷ ʨʦʙʦʯʠʭ ʧʦʚʝʨʭʦʥʴ ʜʝʪʘʣʝʡ ʽ ʚʫʟʣʽʚ 

ʧʝʨʝʨʦʙʥʦʛʦ, ʟʝʤʣʝʨʠʡʥʦʛʦ, ʛʽʨʥʠʯʦʛʦ, ʥʘʬʪʦʛʘʟʦʚʦʛʦ ʪʘ ʽʥ. ʦʙʣʘʜʥʘʥʥʷ. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

91 

ʈʆɿɼɯʃ 2 

ʄɸʊɽʈɯɸʃʀ ʊɸ ʄɽʊʆɼʀʂɸ ɼʆʉʃɯɼɾɽʅʔ 

2.1 ʄʝʪʦʜʠʢʘ ʤʦʜʝʣʶʚʘʥʥʷ ʢʨʠʩʪʘʣʽʯʥʠʭ ʩʪʨʫʢʪʫʨ ʬʘʟ ʫ ʩʠʩʪʝʤʽ 

çʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʘ ʩʪʘʣʴ ï ʪʫʛʦʧʣʘʚʢʽ ʩʧʦʣʫʢʠè ʪʘ ʾʭ ʚʣʘʩʪʠʚʦʩʪʝʡ, ʰʣʷʭʦʤ 

ʧʝʨʰʦʧʨʠʥʮʠʧʥʠʭ (ab initio) ʨʦʟʨʘʭʫʥʢʽʚ 

2.1.1 ʆʩʥʦʚʥʽ ʧʨʦʛʨʘʤʥʽ ʟʘʩʦʙʠ ʪʘ ʘʧʘʨʘʪʥʝ ʟʘʙʝʟʧʝʯʝʥʥʷ  

 ʆʩʥʦʚʥʠʡ ʦʙ'ʻʤ ʨʦʟʨʘʭʫʥʢʽʚ ʱʦʜʦ ʚʩʪʘʥʦʚʣʝʥʥʷ ʩʪʨʫʢʪʫʨʠ ʪʘ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʥʘʡʙʽʣʴʰ ʚʘʞʣʠʚʠʭ ʬʘʟ (ʘʫʩʪʝʥʽʪʥʦʾ ʤʘʪʨʠʮʽ ʪʘ ʘʨʤʽʚʥʠʭ ʚʢʣʶʯʝʥʴ) 

ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʫ ʨʘʤʢʘʭ DFT, ʰʣʷʭʦʤ ʽʪʝʨʘʮʽʡʥʦʛʦ ʨʦʟʚ'ʷʟʢʫ (ʫ ʥʘʙʣʠʞʝʥʥʽ 

ʩʘʤʦʫʟʛʦʜʞʝʥʦʛʦ ʧʦʣʷ) ʨʽʚʥʷʥʴ ʂʦʥʘ-ʐʝʤʘ ʜʣʷ 3D ʩʪʨʫʢʪʫʨ [18]  ʽʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʣʦʩʢʠʭ ʭʚʠʣʴ, ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʪʝʦʨʝʤʠ ɹʣʦʭʘ [123], ʚʠʨʘʞʝʥʠʭ 

ʯʝʨʝʟ ʥʘʙʦʨʠ ʝʤʧʽʨʠʯʥʠʭ ʧʩʝʚʜʦʧʦʪʝʥʮʽʘʣʽʚ [124].  ʆʧʠʩ ʦʙʤʽʥʥʦ-ʢʦʨʝʣʷʮʽʡʥʦʛʦ 

ʧʦʪʝʥʮʽʘʣʫ ʧʨʦʚʦʜʠʚʩʷ ʤʝʪʦʜʦʤ ʫʟʘʛʘʣʴʥʝʥʦʾ ʛʨʘʜʽʻʥʪʥʦʾ ʘʧʨʦʢʩʠʤʘʮʽʾ (GGA) ʫ 

ʧʨʝʜʩʪʘʚʣʝʥʥʽ ʇʝʜʴʶ-ɹʫʨʢʝ-ɽʨʥʟʝʨʛʦʬʘ (PBE) [125]. ɼʣʷ ʽʥʪʝʛʨʫʚʘʥʥʷ 

ʧʝʨʽʦʜʠʯʥʦʾ ʭʚʠʣʴʦʚʦʾ ʬʫʥʢʮʽʾ ʚ ʧʝʨʰʽʡ ʟʦʥʽ ɹʨʽʣʣʶʝʥʘ ʦʙʝʨʥʝʥʦʾ ˇʨʘʪʢʠ 

ʧʨʦʚʦʜʠʣʠ ʾʾ ʨʦʟʙʠʪʪʷ ʥʘ n1Ĭn2Ĭn3 ʩʽʪʢʫ k-ʪʦʯʦʢ ʟʘ ʩʭʝʤʦʶ ʄʦʥʭʦʨʩʪʘ-ʇʝʢʘ [126]. 

ɼʣʷ ʘʚʪʦʤʘʪʠʯʥʦʛʦ ʨʦʟʙʠʪʪʷ ʥʘ ʩʪʘʥʜʘʨʪʥʽ ʩʽʪʢʠ ʫ ʚʠʧʘʜʢʫ ʨʦʟʨʘʭʫʥʢʫ 

ʦʜʥʦʪʠʧʥʠʭ ʩʪʨʫʢʪʫʨ ʚʠʢʦʨʠʩʪʦʚʫʚʘʚʩʷ ʤʝʪʦʜ ʚʠʟʥʘʯʝʥʥʷ k-ʪʦʯʦʢ, ʱʦ 

ʧʨʠʧʘʜʘʶʪʴ ʥʘ ʦʜʠʥ ʘʪʦʤ ʦʙʝʨʥʝʥʦʾ ˇʨʘʪʢʠ (KPPRA). ɺ ʫʩʽʭ ʚʠʧʘʜʢʘʭ ʙʫʣʦ 

ʟʘʜʘʥʦ ʟʥʘʯʝʥʥʷ KPPRA Ó 1000 (ʟʘ ʫʤʦʚ ʧʨʦʚʝʜʝʥʥʷ ʚʠʩʦʢʦʪʦʯʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ 

ʟʦʥʥʦʾ ʩʪʨʫʢʪʫʨʠ ʟʥʘʯʝʥʥʷ KPPRA ʩʪʘʥʦʚʠʣʦ 4000). ɼʣʷ ʧʨʦʚʝʜʝʥʥʷ 

ʧʝʨʰʦʧʨʠʥʮʠʧʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ ʙʫʣʦ ʚʠʢʦʨʠʩʪʘʥʦ ʥʘʩʪʫʧʥʽ ab-initio ʢʦʜʠ: 

CASTEP [21] v. 19.11 ʪʘ v. 20.11 (ʘʢʘʜʝʤʽʯʥʘ ʣʽʮʝʥʟʽʷ 240A5JJ) ʽʟ ʥʘʙʦʨʦʤ 

ʫʣʴʪʨʘʤ'ʷʢʠʭ [124] ʧʩʝʚʜʦʧʦʪʝʥʮʽʘʣʽʚ, ʱʦ ʛʝʥʝʨʫʚʘʣʠʩʴ ʫ ʧʨʦʮʝʩʽ ʨʦʟʨʘʭʫʥʢʫ, 

ʪʠʧʫ OTFG-QC5 ʪʘ OTFG-ʉ19; Quantum Espresso [22] v.6.8 ʪʘ v.7 ʽʟ ʥʘʙʦʨʦʤ 

ʧʩʝʚʜʦʧʦʪʝʥʮʽʘʣʽʚ GBRV v.1.5 [127]; VASP v.6.1. [19,20] ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʧʩʝʚʜʦʧʦʪʝʥʮʽʘʣʽʚ ʜʣʷ ʧʨʦʝʢʮiʡʥʠʭ ʧʨʠʻʜʥʘʥʠʭ ʭʚʠʣʴ (PAW) [128]. 

 ʃʽʮʝʥʟʽʡʥʽ ʚʝʨʩʽʾ ʢʦʜʽʚ VASP (ʣʽʮʝʥʟʽʷ ʢʦʨʠʩʪʫʚʘʯʘ ˉ 20-0253) ʪʘ CASTEP 

(ʣʽʮʝʥʟʽʷ ʢʦʨʠʩʪʫʚʘʯʘ ˉ 240A5JJ) ʚʩʪʘʥʦʚʣʝʥʽ ʥʘ ʢʣʘʩʪʝʨʽ (HPC) Apocrita ʥʘ ʙʘʟʽ 

ʃʦʥʜʦʥʩʴʢʦʛʦ ʫʥʽʚʝʨʩʠʪʝʪʫ ʢʦʨʦʣʝʚʠ ʄʘʨʽʾ (QMUL) ʙʫʣʦ ʚʠʢʦʨʠʩʪʘʥʦ ʰʣʷʭʦʤ 



 

 

92 

ʜʠʩʪʘʥʮʽʡʥʦʛʦ ʜʦʩʪʫʧʫ (ʟʘʨʝʻʩʪʨʦʚʘʥʠʡ ʢʦʨʠʩʪʫʚʘʯ mpx564). ɼʣʷ ʨʦʟʨʘʭʫʥʢʽʚ 

ʙʫʣʦ ʚʠʙʨʘʥʦ ʧʽʜʩʠʩʪʝʤʫ SDV ʢʣʘʩʪʝʨʘ, ʷʢʘ ʩʢʣʘʜʘʣʘʩʴ ʽʟ 32 ʢʦʤʧ'ʶʪʝʨʽʚ, ʢʦʞʝʥ 

ʽʟ ʷʢʠʭ ʤʽʩʪʠʪʴ ʜʚʘ 12-ʪʠ ʷʜʝʨʥʠʭ ʧʨʦʮʝʩʦʨʠ Core Intel Xeon Gold 6126 (Skylake) 

ʪʘ 192 ɻʙ ʦʧʝʨʘʪʠʚʥʦʾ ʧʘʤ'ʷʪʽ. ʇʝʨʝʜʘʯʘ ʟʘʚʜʘʥʴ ʥʘ ʢʣʘʩʪʝʨ ʟʜʽʡʩʥʶʚʘʣʘʩʴ ʯʝʨʝʟ 

ʩʠʩʪʝʤʫ Univa Grid Engine ʰʣʷʭʦʤ ʾʭ ʧʨʝʜʩʪʘʚʣʝʥʥʷ ʫ ʚʠʛʣʷʜʽ Bash-ʩʢʨʠʧʪʽʚ. 

ʈʦʟʨʘʭʫʥʢʠ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʢʣʘʩʪʝʨʘ ʧʨʦʚʦʜʠʣʠʩʴ ʫ ʩʧʽʚʧʨʘʮʽ ʽʟ ʜʦʢʪʦʨʦʤ 

ɼʝʚʽʩʦʤ ɼʽ ʊʦʤʤʘʩʦ, ʢʝʨʽʚʥʠʢʦʤ ʜʦʩʣʽʜʥʦʾ ʛʨʫʧʠ ʥʘ ʙʘʟʽ ʐʢʦʣʠ ɹʽʦʣʦʛʽʯʥʠʭ ʽ 

ʍʽʤʽʯʥʠʭ ʅʘʫʢ (QMUL).  

ɻʨʘʬʽʯʥʘ ʽʥʪʝʨʧʨʝʪʘʮʽʷ ʧʝʨʝʜ- ʪʘ ʧʦʩʪʧʨʦʮʝʩʦʨʥʠʡ ʘʥʘʣʽʟ ʜʘʥʠʭ 

ʧʨʦʚʦʜʠʚʩʷ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʪʘʢʠʭ ʧʨʦʛʨʘʤʥʠʭ ʟʘʩʦʙʽʚ ʷʢ Amsterdam Modelling 

Suite (ʣʽʮʝʥʟʽʷ ʢʦʨʠʩʪʫʚʘʯʘ ˉ u24392), XCrySDen [129], C2x [130] Vesta3 [131(p. 

3)] ʪʘ Burai [132].     

  

2.1.2 ʄʝʪʦʜʠʢʘ ʚʠʟʥʘʯʝʥʥʷ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʯʠʩʪʠʭ ʬʘʟ 

ʩʪʝʭʽʦʤʝʪʨʠʯʥʠʭ ʩʧʦʣʫʢ 

 ʈʦʟʨʘʭʫʥʦʢ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʯʠʩʪʠʭ ʬʘʟ ʧʨʦʚʦʜʠʚʩʷ 

ʰʣʷʭʦʤ ʚʠʟʥʘʯʝʥʥʷ ʬʦʥʦʥʥʦʛʦ ʩʧʝʢʪʨʫ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʢʦʜʫ VASP ʫ ʧʦʻʜʥʘʥʥʽ 

ʽʟ ʢʦʜʦʤ Phonopy [133]. ʈʦʟʨʘʭʫʥʢʠ ʧʨʦʚʦʜʠʣʠʩʴ ʜʣʷ ʤʘʩʠʚʥʠʭ ʥʘʜˇʨʘʪʦʢ (2Ĭ2Ĭ2) 

ʚ ʨʘʤʢʘʭ ʪʝʦʨʽʾ ʟʙʫʨʝʥʴ ʜʣʷ ʬʫʥʢʮʽʦʥʘʣʫ ʝʣʝʢʪʨʦʥʥʦʾ ʛʫʩʪʠʥʠ (DFPT) [134] 

ʤʝʪʦʜʦʤ ʣʽʥʽʡʥʦʛʦ ʚʽʜʛʫʢʫ, ʘ ʾʭ ʦʩʥʦʚʥʠʤ ʨʝʟʫʣʴʪʘʪʦʤ ʙʫʣʦ ʚʩʪʘʥʦʚʣʝʥʥʷ ʩʠʣ ʱʦ 

ʜʽʶʪʴ ʥʘ ʘʪʦʤʠ ʟʘ ʨʽʟʥʠʭ ʟʤʽʱʝʥʴ (ʢʦʣʠʚʘʥʴ) ʫ ʢʨʠʩʪʘʣʽʯʥʽʡ ˇʨʘʪʮʽ. 

ɹʝʟʧʦʩʝʨʝʜʥʴʦ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʚʠʟʥʘʯʘʣʠʩʴ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʧʽʜʭʦʜʫ ʛʘʨʤʦʥʽʡʥʦʾ ʘʧʨʦʢʩʠʤʘʮʽʾ, ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʷʢʦʛʦ ʜʣʷ ʢʨʠʩʪʘʣʽʚ, ʫ ʷʢʠʭ 

ʘʪʦʤʠ Ὧ ʨʦʟʪʘʰʦʚʘʥʽ ʫ ʨʽʚʥʦʚʘʞʥʠʭ ʧʦʟʠʮʽʷʭ ὶὰὯ ʚʽʜʧʦʚʽʜʥʠʭ ʢʨʠʩʪʘʣʽʯʥʠʭ 

ˇʨʘʪʦʢ ὰ ʪʘ ʤʘʶʪʴ ʤʦʞʣʠʚʽʩʪʴ ʢʦʣʠʚʘʥʥʷ ʚʽʜʥʦʩʥʦ ʨʽʚʥʦʚʘʞʥʠʭ ʧʦʟʠʮʽʡ ʥʘ 

ʚʝʣʠʯʠʥʠ όὰὯ, ʧʦʪʝʥʮʽʘʣʴʥʘ ʝʥʝʨʛʽʷ, ʧʨʝʜʩʪʘʚʣʝʥʘ ʫ ʚʠʛʣʷʜʽ ʨʷʜʫ, ʙʫʜʝ 

ʚʠʟʥʘʯʘʪʠʩʴ ʷʢ: 

    В В   ὰὯό ὰὯ В В   ὰὯȟὰὯ ό ὰὯό ὰὯ

Ȧ
В В   ὰὯȟὰὯὰὯ ό ὰὯό ὰὯ ό ὰὯ Ễ

, 

 

(2.1) 
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ʜʝ ‌, ‍ ʪʘ ‎ ʧʦʢʘʟʫʶʪʴ ʥʘʧʨʷʤʢʠ ʦʩʝʡ, ʘ ʢʦʝʬʽʮʽʻʥʪʠ ʨʷʜʫ :  ,   ὰὯ, 

  ὰὯȟὰὯ ,    ὰὯȟὰὯὰὯ  ʧʨʝʜʩʪʘʚʣʷʶʪʴ ʩʦʙʦʶ ʢʦʥʩʪʘʥʪʠ ʩʠʣʦʚʦʾ 

ʚʟʘʻʤʦʜʽʾ 0, 1, 2 ʪʘ 3-ʛʦ ʧʦʨʷʜʢʽʚ, ʚʽʜʧʦʚʽʜʥʦ. ɿʘ ʤʘʣʠʭ ʧʝʨʝʤʽʱʝʥʴ ʪʘ ʧʦʩʪʽʡʥʦʛʦ 

ʦʙ'ʻʤʫ, ʚʠʟʥʘʯʝʥʥʷ ʘʪʦʤʥʠʭ ʚʽʙʨʘʮʽʡ ʤʦʞʝ ʙʫʪʠ ʟʜʽʡʩʥʝʥʦ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʢʦʥʩʪʘʥʪ ʜʨʫʛʦʛʦ ʧʦʨʷʜʢʫ, ʘ ʜʣʷ ʚʠʱʠʭ ʧʦʨʷʜʢʽʚ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ DFPT. 

ʇʝʨʝʭʽʜ ʚʽʜ ʧʘʨʘʤʝʪʨʽʚ ʱʦ ʚʠʟʥʘʯʘʶʪʴ ʧʦʪʝʥʮʽʘʣʴʥʫ ʝʥʝʨʛʽʶ ʪʘ ʩʠʣʘʤʠ ʱʦ ʜʽʶʪʴ 

ʥʘ ʘʪʦʤʠ ʚʠʨʘʞʘʻʪʴʩʷ ʷʢ: Ὂ ὰὯ  ʪʘ  ʜʣʷ ʩʠʣ 

ʧʝʨʰʦʛʦ ʪʘ ʜʨʫʛʦʛʦ ʧʦʨʷʜʢʫ ʚʽʜʧʦʚʽʜʥʦ. ɺʟʘʻʤʦʟʚ'ʷʟʦʢ ʤʽʞ ʝʥʝʨʛʝʪʠʯʥʠʤ ʩʪʘʥʦʤ 

ʢʨʠʩʪʘʣʫ ʽʟ ʟʤʽʱʝʥʠʤʠ ʘʪʦʤʘʤʠ ʪʘ ʢʦʣʠʚʥʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, ʦʪʨʠʤʘʥʠʡ ʫ 

ʨʝʟʫʣʴʪʘʪʽ ʚʠʟʥʘʯʝʥʥʷ ʚʣʘʩʥʠʭ ʟʥʘʯʝʥʴ ʜʣʷ ʜʠʥʘʤʽʯʥʦʾ ʤʘʪʨʠʮʽ ʤʘʻ ʚʠʛʣʷʜ :   

В Ὀ qeq ‫qeq , (2.2) 

ʜʝ Ὀ q В
ȟ
Ὡq ,  ά  ï ʤʘʩʠ ʘʪʦʤʽʚ ʚʠʜʫ Ὧ, q ï 

ʭʚʠʣʴʦʚʠʡ ʚʝʢʪʦʨ, Ὦ ï ʜʠʩʧʝʨʩʽʡʥʦʾ ʢʨʠʚʦʾ, ‫q  ï ʬʦʥʦʥʥʘ ʯʘʩʪʦʪʘ, eq  ï 

ʧʦʣʷʨʠʟʘʮʽʡʥʠʡ ʚʝʢʪʦʨ, ʷʢʠʡ ʤʽʩʪʠʪʴ ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ ʢʦʣʝʢʪʠʚʥʝ ʧʝʨʝʤʽʱʝʥʥʷ 

ʘʪʦʤʽʚ. ʌʦʥʦʥʥʘ ʛʫʩʪʠʥʘ ʩʪʘʥʽʚ ʚʠʟʥʘʯʘʻʪʴʩʷ ʷʢ : 

Ὣ‫ В ‫‏ ‫qq , (2.3) 

ʜʝ ὔ ï ʢʽʣʴʢʽʩʪʴ ʝʣʝʤʝʥʪʘʨʥʠʭ ʢʨʠʩʪʘʣʽʯʥʠʭ ʢʦʤʽʨʦʢ ʫ ʢʨʠʩʪʘʣʽ. ɿʘ ʚʽʜʦʤʦʛʦ 

ʨʦʟʧʦʜʽʣʦʤ ʬʦʥʦʥʥʠʭ ʯʘʩʪʦʪ ʧʦ ʟʦʥʽ ɹʨʽʣʣʶʝʥʘ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʚʠʟʥʘʯʘʣʠ ʟʘ ʨʽʚʥʷʥʥʷʤʠ : 

Ὁ Ὕ В ᴐ‫q ᴐ qq , (2.4) 

ὅ Ὕ В ὅq В Ὧ
ᴐ q

ᴐ q▒

ᴐ q
qq , 

(2.5) 

Ὂ Ὕ В ᴐ‫q ὯὝВ ὰὲρ Ὡ
ᴐ q

qq , (2.6) 
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ὛὝ В ᴐ‫qὧέὸὬ
ᴐ q

ὯὝВ ὰὲςίὭὲὬ
ᴐ q

qq , (2.7) 

ʜʝ Ὁ  ï ʝʥʝʨʛʽʷ ʬʦʥʦʥʥʦʾ ʩʠʩʪʝʤʠ, ὅ ï ʪʝʧʣʦʻʤʥʽʩʪʴ ʟʘ ʩʪʘʣʦʛʦ ʦʙôʻʤʫ, Ὂ  ï 

ʚʽʙʨʘʮʽʡʥʠʡ ʚʢʣʘʜ ʚ ʝʥʝʨʛʽʶ ɻʝʣʴʤʛʦʣʴʮʘ, Ὓ ï ʝʥʪʨʦʧʽʷ, ᴐ ï ʟʚʝʜʝʥʘ ʩʪʘʣʘ ʇʣʘʥʢʘ. 

ʅʘʡʙʽʣʴʰ ʚʘʞʣʠʚʦʶ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʶ ʜʣʷ ʦʧʠʩʫ ʯʠʩʪʠʭ ʬʘʟ ʫ 

ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤʘʭ ʻ ʪʝʧʣʦʻʤʥʽʩʪʴ ʟʘ ʩʪʘʣʦʛʦ ʪʠʩʢʫ ὅ , ʪʦʤʫ ʜʣʷ 

ʦʪʨʠʤʘʥʥʷ ʜʘʥʦʾ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʚʽʜʦʤʠʭ ʟʥʘʯʝʥʴ ὅ 

ʧʨʦʚʦʜʠʣʠ ʨʦʟʨʘʭʫʥʢʠ ʤʝʪʦʜʦʤ ʢʚʘʟʽʛʘʨʤʦʥʽʡʥʦʛʦ ʥʘʙʣʠʞʝʥʥʷ (QHA), ʷʢʠʡ 

ʙʘʟʫʻʪʴʩʷ ʥʘ ʨʦʟʨʘʭʫʥʢʫ ʬʦʥʦʥʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʜʣʷ ʥʘʜʛʨʘʪʦʢ ʽʟ ʨʽʟʥʠʤʠ 

ʦʙôʻʤʘʤʠ ʪʘ ʧʦʜʘʣʴʰʦʾ ʘʧʨʦʢʩʠʤʘʮʽʾ ʦʪʨʠʤʘʥʠʭ ʜʘʥʠʭ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʙʝʟʨʦʟʤʽʨʥʦʛʦ ʧʘʨʘʤʝʪʨʫ ɻʨʶʥʘʡʟʝʥʘ : 

‎
ὠ

‫q ὠ

‬‫q ὠ

‬ὠ
q

ὅq

ὅ
ȟ (2.8) 

ʇʝʨʝʭʽʜ ʚʽʜ ʝʥʝʨʛʽʾ ɻʝʣʴʤʛʦʣʴʮʘ ʜʦ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʧʨʦʚʦʜʠʣʠ ʚʽʜʧʦʚʽʜʥʦ ʜʦ 

ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ : 

ὋὝȟὖ άὭὲὊὝȟὠ ὖὠ, (2.9) 

ʜʝ ὊὝȟὠ ʤʦʞʝ ʙʫʪʠ ʧʨʝʜʩʪʘʚʣʝʥʦ ʷʢ ʩʫʤʫ ʧʦʚʥʦʾ ʝʥʝʨʛʽʾ Ὁὠ, ʱʦ ʧʨʠʧʘʜʘʻ ʥʘ 

ˇʨʘʪʢʫ ʪʘ ʚʽʙʨʘʮʽʡʥʦʛʦ ʚʢʣʘʜʫ ʫ ʚʽʣʴʥʫ ʝʥʝʨʛʽʶ ʨʦʟʨʘʭʦʚʘʥʦʛʦ ʟʘ ʨʽʚʥʷʥʥʷʤ (2.6). 

ʄʽʥʽʤʽʟʘʮʽʶ ʟʘ ʦʙôʻʤʦʤ ʧʨʦʚʦʜʠʣʠ ʥʘ ʦʩʥʦʚʽ ʚʠʟʥʘʯʝʥʥʷ 10 ʟʥʘʯʝʥʴ ʝʥʝʨʛʽʾ ʜʣʷ 

ʥʘʜ̌ʨʘʪʦʢ, ʱʦ ʚʽʜʨʽʟʥʷʣʠʩʴ ʟʘ ʦʙôʻʤʦʤ ʚʽʜ ʨʽʚʥʦʚʘʞʥʦʛʦ ʟʥʘʯʝʥʥʷ ʟ ʢʨʦʢʦʤ 2 % 

(ʧʦ 5 ʟʥʘʯʝʥʴ ʫ ʩʪʦʨʦʥʫ ʟʤʝʥʰʝʥʥʷ ʪʘ ʟʙʽʣʴʰʝʥʥʷ). ɸʧʨʦʢʩʠʤʘʮʽʶ ʧʨʦʚʦʜʠʣʠ 

ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʨʽʚʥʷʥʥʷ ʩʪʘʥʫ (EOS) ʟʘʧʨʦʧʦʥʦʚʘʥʦʛʦ ʫ ʨʦʙʦʪʽ [135]. ʅʘ ʦʩʥʦʚʽ 

ʨʦʟʨʘʭʦʚʘʥʦʛʦ ʟʘ ʨʽʚʥʷʥʥʷʤ (2.9) ʟʥʘʯʝʥʥʷ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʟʥʘʯʝʥʥʷ ʦʙôʻʤʥʦʛʦ 

ʤʦʜʫʣʷ ʚʩʝʙʽʯʥʦʛʦ ʩʪʠʩʢʫ ʚʠʟʥʘʯʘʣʠ ʷʢ : 

ὄ ὠ
ȟ

ȟ
. (2.10) 

ɿʘ ʚʽʜʦʤʠʤʠ ʟʥʘʯʝʥʥʷʤʠ ‎ ʪʘ ὄ , ʢʦʝʬʽʮʽʻʥʪ ʪʝʨʤʽʯʥʦʛʦ ʨʦʟʰʠʨʝʥʥʷ ʪʘ 

ʪʝʤʧʝʨʘʪʫʨʥʫ ʟʘʣʝʞʥʽʩʪʴ ʪʝʧʣʦʻʤʥʦʩʪʽ ʟʘ ʩʪʘʣʦʛʦ ʪʠʩʢʫ ʚʠʟʥʘʯʘʣʠ ʟʘ 

ʬʦʨʤʫʣʘʤʠ :  
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‌Ὕ  , (2.11) 

ὅ Ὕ ὅ ρ ‌‎ὝȢ (2.12) 

 

2.1.3  ʄʝʪʦʜʠʢʘ ʚʠʟʥʘʯʝʥʥʷ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ 

ʆʮʽʥʢʘ ʨʽʚʥʷ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʥʘ ʦʩʥʦʚʽ ʜʘʥʠʭ ʦʪʨʠʤʘʥʠʭ ʽʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ab initio ʢʦʜʽʚ ʧʝʨʝʜʙʘʯʘʻ ʚʠʟʥʘʯʝʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ ʪʝʥʟʦʨʘ  

ʤʦʜʫʣʽʚ ʧʨʫʞʥʦʩʪʽ ὅ , ʷʢʽ ʧʦʚôʷʟʫʶʪʴ ʧʦʟʜʦʚʞʥʶ ʜʝʬʦʨʤʘʮʽʶ (‐ ) ʪʘ 

ʨʦʟʪʷʛʫʶʯʝ ʥʘʧʨʫʞʝʥʥʷ („ ) ʜʣʷ ʩʪʨʫʢʪʫʨ ʽʟ ʦʧʪʠʤʽʟʦʚʘʥʦʶ ʛʝʦʤʝʪʨʽʻʶ 

ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʫʟʘʛʘʣʴʥʝʥʦʛʦ ʟʘʢʦʥʫ ɻʫʢʘ [136] : 

„ ὅ ‐  (2.13) 

ɼʣʷ ʤʘʨʛʘʥʮʝʚʦʛʦ ʘʫʩʪʝʥʽʪʫ ʽ ʪʫʛʦʧʣʘʚʢʠʭ ʩʧʦʣʫʢ ʽʟ ɻʎʂ ʩʪʨʫʢʪʫʨʦʶ (ʪʫʛʦʧʣʘʚʢʽ 

ʢʘʨʙʽʜʠ) ʪʘ ʩʢʣʘʜʥʠʭ ʙʦʨʠʜʥʠʭ ʬʘʟ ʽʟ ʪʝʪʨʘʛʦʥʘʣʴʥʦʶ ˇʨʘʪʢʦʶ  

ʚʠʢʦʨʠʩʪʦʚʫʚʘʚʩʷ ʟʘʧʠʩ ʪʝʥʟʦʨʘ ʤʦʜʫʣʽʚ ʧʨʫʞʥʦʩʪʽ (ʤʘʪʨʠʮʽ ʞʦʨʩʪʢʦʩʪʽ) ʽʟ 

ʰʽʩʪʴʤʘ ʥʝʟʘʣʝʞʥʠʤʠ  ʧʨʫʞʥʠʤʠ ʢʦʥʩʪʘʥʪʘʤʠ : 

ụ
Ụ
Ụ
Ụ
Ụ
ợ
ὅ ὅ ὅ π π π
ὅ ὅ ὅ π π π
ὅ ὅ ὅ π π π
π π π ὅ π π
π π π π ὅ π
π π π π π ὅ Ứ

ủ
ủ
ủ
ủ
Ủ

, (2.14) 

ʜʝ ὅ ὅ , ὅ ὅ , ὅ ὅ , ὅ ὅ , ὅ ὅ  ʪʘ ὅ ὅ . 

ɺʠʩʥʦʚʦʢ ʧʨʦ ʤʝʭʘʥʽʯʥʫ ʩʪʘʙʽʣʴʥʽʩʪʴ ʥʘ ʦʩʥʦʚʽ ʟʥʘʯʝʥʴ ʧʨʫʞʥʠʭ ʢʦʥʩʪʘʥʪ 

ʧʨʦʚʦʜʠʚʩʷ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʢʨʠʪʝʨʽʾʚ ʟʘʧʨʦʧʦʥʦʚʘʥʠʭ ʫ ʨʦʙʦʪʽ [137], ʷʢʽ ʜʣʷ 

ʢʫʙʽʯʥʦʾ ʪʘ ʪʝʪʨʘʛʦʥʘʣʴʥʦʾ ʢʨʠʩʪʘʣʽʯʥʠʭ ʩʠʩʪʝʤ ʟʘʧʠʩʫʶʪʴʩʷ, ʚʽʜʧʦʚʽʜʥʦ, ʷʢ: 

ὅ ὅ π, ὅ ςὅ π, ὅ π; (2.15) 

ὅ ȿὅ ȿ, ςὅ ὅ ὅ ὅ , ὅ π, ὅ πȢ (2.16) 

ɿʘ ʚʽʜʦʤʠʭ ʟʥʘʯʝʥʴ ʧʨʫʞʥʠʭ ʢʦʥʩʪʘʥʪ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʫʩʝʨʝʜʥʝʥʦʾ ʤʦʜʝʣʽ 

ʌʦʡʛʪʘ-ʈʦʡʩʘ-ʍʽʣʣʘ (VRH) [138] ʧʨʦʚʦʜʠʣʦʩʴ ʚʠʟʥʘʯʝʥʥʷ ʤʦʜʫʣʷ ʦʙôʻʤʥʦʛʦ 

ʩʪʠʩʢʫ (ὄ) ʪʘ ʤʦʜʫʣʷ ʟʩʫʚʫ (Ὃ) ʜʣʷ ʧʦʣʽʢʨʠʩʪʘʣʽʯʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʟʦʢʨʝʤʘ ʟʘ  

ʌʦʡʛʪʦʤ ʾʭ ʨʦʟʨʘʭʦʚʫʚʘʣʠ ʷʢ: 
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ὄ ὅ ὅ ὅ ὅ ὅ ὅ , (2.17) 

Ὃ ὅ ὅ ὅ ὅ ὅ ὅ ὅ ὅ ὅ , (2.18) 

ʟʘ ʈʦʡʩʦʤ : 

ὄ Ὓ Ὓ Ὓ ςὛ Ὓ Ὓ , (2.19) 

Ὃ ρυτὛ Ὓ Ὓ Ὓ Ὓ Ὓ σὛ Ὓ Ὓ , (2.20) 

ʜʝ Ὓ ï ʢʦʤʧʦʥʝʥʪʠ ʤʘʪʨʠʮʽ ʧʽʜʜʘʪʣʠʚʦʩʪʽ. ʊʘʢʠʤ ʯʠʥʦʤ, ʟʥʘʯʝʥʥʷ ʟʘ 

ʫʩʝʨʝʜʥʝʥʦʶ ʩʭʝʤʦʶ ʍʽʣʣʘ (VRH) ʨʦʟʨʘʭʫʥʦʢ ʧʨʦʚʦʜʠʚʩʷ ʟʘ ʬʦʨʤʫʣʘʤʠ: 

ὄ , (2.21) 

Ὃ . (2.22) 

ɼʘʣʽ ʟʘ ʚʽʜʦʤʠʤʠ ʟʥʘʯʝʥʥʷʤʠ ὄ ʪʘ Ὃ ʙʫʣʦ ʨʦʟʨʘʭʦʚʘʥʦ ʤʦʜʫʣʴ ʖʥʛʘ (Ὁ) ʪʘ 

ʢʦʝʬʽʮʽʻʥʪ ʇʫʘʩʩʦʥʘ (’) ʟʘ ʬʦʨʤʫʣʘʤʠ : 

Ὁ , (2.23) 

’ . (2.24) 

 ʆʜʥʽʻʶ ʽʟ ʥʘʡʙʽʣʴʰ ʚʘʞʣʠʚʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʟʥʦʩʦʩʪʨʠʚʢʦʩʪʽ, 

ʷʢʘ ʤʦʞʝ ʙʫʪʠ ʦʪʨʠʤʘʥʘ ʥʘ ʦʩʥʦʚʽ ʚʽʜʦʤʠʭ ʟʥʘʯʝʥʴ ʤʦʜʫʣʽʚ ʧʨʫʞʥʦʩʪʽ ʻ ʪʚʝʨʜʽʩʪʴ 

ʟʘ ɺʽʢʢʝʨʩʦʤ (Ὄὠ), ʷʢʘ ʟʘ ʜʘʥʠʤʠ X. Chen [139] ʜʣʷ ʩʧʦʣʫʢ ʽʟ ʚʠʩʦʢʦʶ ʯʘʩʪʢʦʶ 

ʢʦʚʘʣʝʥʪʥʦʛʦ ʟʚôʷʟʢʫ ʽʟ ʜʦʩʪʘʪʥʴʦʶ ʪʦʯʥʽʩʪʶ ʘʧʨʦʢʩʠʤʫʻʪʴʩʷ ʝʤʧʽʨʠʯʥʠʤ 

ʨʽʚʥʷʥʥʷʤ: 

Ὄ ςὯὋ Ȣ σ, (2.25) 

ʜʝ Ὧ ʧʨʝʜʩʪʘʚʣʷʻ ʩʦʙʦʶ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ , ʚʽʜʦʤʝ ʧʽʜ ʥʘʟʚʦʶ ʢʨʠʪʝʨʽʷ ʇôʶ (Pugh) 

[27] (ʟʘ ʦʙʝʨʥʝʥʠʭ ʟʥʘʯʝʥʴ ʢʨʠʪʝʨʽʶ ʚʠʱʝ 1.75 ʤʘʪʝʨʽʘʣʠ ʢʣʘʩʠʬʽʢʫʶʪʴ ʷʢ 

ʧʣʘʩʪʠʯʥʽ, ʥʠʞʯʝ ï ʢʨʠʭʢʽ). ʈʽʚʥʷʥʥʷ (2.25) ʙʫʣʦ ʫʜʦʩʢʦʥʘʣʝʥʦ ʘʚʪʦʨʘʤʠ ʨʦʙʦʪʠ 

[140] ʟ ʤʝʪʦʶ ʧʦʟʙʘʚʣʝʥʥʷ ʚʽʜ ʤʦʞʣʠʚʠʭ ʥʝʛʘʪʠʚʥʠʭ ʟʥʘʯʝʥʴ ʪʚʝʨʜʦʩʪʽ ʜʣʷ 

ʜʝʷʢʠʭ ʩʧʦʣʫʢ ʪʘ ʥʘʙʫʣʦ ʚʠʛʣʷʜʫ : 

Ὄ πȢωςὯȢ ὋȢ Ȣ (2.26) 

ɺʽʜʧʦʚʽʜʥʦ ʜʦ ʜʘʥʠʭ ʨʦʙʦʪʠ [141] ʜʣʷ ʨʷʜʫ ʢʝʨʘʤʽʯʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʽʟ ʢʦʚʘʣʝʥʪʥʠʤ 

ʘʙʦ ʽʦʥʥʠʤ ʪʠʧʦʤ ʭʽʤʽʯʥʦʛʦ ʟʚ'ʷʟʢʫ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʟʥʘʯʥʘ ʢʦʨʝʣʷʮʽʷ ʪʚʝʨʜʦʩʪʽ 



 

 

97 

ʟʘ ɺʽʢʢʝʨʩʦʤ ʽʟ ʤʦʜʫʣʝʤ ʖʥʛʘ ʪʘ ʢʦʝʬʽʮʽʻʥʪʦʤ ʇʫʘʩʩʦʥʘ, ʷʢʘ ʦʧʠʩʫʻʪʴʩʷ 

ʚʠʜʦʟʤʽʥʝʥʦʶ ʬʦʨʤʫʣʦʶ (2.25):  

Ὄ πȢπωφ
ρ ψȢυ’ ρωȢυ’ Ὁ

ρ χȢυ’ ρςȢς’ ρωȢφ’
ȟ 

(2.27) 

ɯʥʰʦʶ ʚʘʞʣʠʚʦʶ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʶ ʢʝʨʘʤʽʯʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʷʢʘ ʤʦʞʝ ʚʠʟʥʘʯʝʥʘ 

ʥʘ ʦʩʥʦʚʽ ʚʽʜʦʤʠʭ ʧʨʫʞʥʠʭ ʢʦʥʩʪʘʥʪ ʻ ʪʨʽʱʠʥʦʩʪʽʡʢʽʩʪʴ, ʚʠʨʘʞʝʥʘ ʯʝʨʝʟ 

ʢʨʠʪʠʯʥʠʡ ʢʦʝʬʽʮʽʻʥʪ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʥʘʧʨʫʞʝʥʴ I-ʦʾ ʤʦʜʠ ʨʫʡʥʫʚʘʥʥʷ (ὑ ), ʷʢʠʡ 

ʟʘ ʜʘʥʠʤʠ [141] ʤʦʞʝ ʙʫʪʠ ʨʦʟʨʘʭʦʚʘʥʠʡ ʟʘ ʝʤʧʽʨʠʯʥʦʶ ʬʦʨʤʫʣʦʶ : 

ὑ Ὢ ‌ ὠ ‒’Ὁ , (2.28) 

ʜʝ Ὢ  ï ʝʤʧʽʨʠʯʥʠʡ ʬʘʢʪʦʨ, ʱʦ ʚʠʟʥʘʯʘʻ ʨʽʚʝʥʴ ʝʣʝʢʪʨʦʥʝʛʘʪʠʚʥʦʩʪʽ, 

‌ï  ʢʦʥʩʪʘʥʪʘ, ʷʢʘ ʟʘʣʝʞʠʪʴ ʚʽʜ ʭʘʨʘʢʪʝʨʫ ʭʽʤʽʯʥʦʛʦ ʟʚ'ʷʟʢʫ ʫ ʤʘʪʝʨʽʘʣʽ (ʜʣʷ 

ʢʦʚʘʣʝʥʪʥʦʛʦ ʪʘ ʽʦʥʥʦʛʦ ʟʥʘʯʝʥʥʷ ‌  ʻ ʨʽʚʥʠʤ 8840 ɻʇʘ),  ὠï ʦʙ'ʻʤ, ʷʢʠʡ 

ʧʨʠʧʘʜʘʻ ʥʘ 1 ʘʪʦʤ (¡3), ‒’ ï ʝʤʧʽʨʠʯʥʘ ʬʫʥʢʮʽʷ ʜʣʷ ʘʧʨʦʢʩʠʤʘʮʽʾ ʢʦʝʬʽʮʽʻʥʪʫ 

ʇʫʘʩʩʦʥʘ. 

ʈʦʟʨʘʭʫʥʦʢ ʧʨʫʞʥʠʭ ʢʦʥʩʪʘʥʪ ʜʣʷ ʤʘʨʛʘʥʮʝʚʦʛʦ ʘʫʩʪʝʥʽʪʫ ʢʘʨʙʽʜʽʚ ʽʟ 

ʩʪʨʫʢʪʫʨʦʶ NaCl ʧʨʦʚʦʜʠʚʩʷ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʢʦʜʫ CASTEP 19.11 ʫ ʧʦʻʜʥʘʥʥʽ 

ʽʟ ʢʦʜʦʤ Elastics Constants, ʨʦʟʨʦʙʣʝʥʦʛʦ A. Walker [142(p.)] ʪʘ ʧʨʠʟʥʘʯʝʥʦʛʦ ʜʣʷ 

ʛʝʥʝʨʫʚʘʥʥʷ ʪʘ ʘʥʘʣʽʟʫ ʥʘʧʨʫʞʝʥʴ ʫ ʜʝʬʦʨʤʦʚʘʥʠʭ ˇʨʘʪʢʘʭ ʟʘ ʤʝʪʦʜʠʢʦʶ 

ʦʧʠʩʘʥʦʶ ʫ ʨʦʙʦʪʽ [143]. ʋ ʚʠʧʘʜʢʫ ʩʢʣʘʜʥʠʭ ʙʦʨʠʜʽʚ ʨʦʟʨʘʭʫʥʦʢ ʧʨʦʚʦʜʠʚʩʷ ʟʘ 

ʘʥʘʣʦʛʽʯʥʦʶ ʤʝʪʦʜʠʢʦʶ, ʦʜʥʘʢ ʽʟ ʫʨʘʭʫʚʘʥʥʷʤ ʤʘʛʥʽʪʥʦʛʦ ʫʧʦʨʷʜʢʫʚʘʥʥʷ. ɼʣʷ 

ʮʴʦʛʦ ʙʫʣʦ ʚʠʢʦʨʠʩʪʘʥʦ ʢʦʜ VASP ʫ ʢʦʤʙʽʥʘʮʽʾ ʽʟ ʧʨʦʛʨʘʤʦʶ ʘʥʘʣʽʟʫ ʨʝʟʫʣʴʪʘʪʽʚ 

ʨʦʟʨʘʭʫʥʢʽʚ VASPKIT v. 1.3.5. [144].  

ʋ ʙʘʛʘʪʴʦʭ ʚʠʧʘʜʢʘʭ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʢʦʨʝʣʷʮʽʡʥʠʡ ʟʚ'ʷʟʦʢ ʤʽʞ 

ʤʝʭʘʥʽʯʥʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʬʘʟ ʚʧʨʦʚʘʜʞʝʥʥʷ ʽʟ ɻʎʂ ʪʘ ʪʝʪʨʘʛʦʥʘʣʴʥʠʤʠ 

ʩʪʨʫʢʪʫʨʘʤʠ (ʢʘʨʙʽʜʠ, ʙʦʨʠʜʠ) ʪʘ ʾʭ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʶ ʩʪʘʙʽʣʴʥʽʩʪʶ. ɰɰ ʢʨʠʪʝʨʽʻʤ, 

ʟʦʢʨʝʤʘ ʻ ʝʥʝʨʛʽʷ ʬʦʨʤʫʚʘʥʥʷ ʬʘʟʠ ʟʘʜʘʥʦʾ ʢʨʠʩʪʘʣʽʯʥʦʾ ʩʪʨʫʢʪʫʨʠ ʽʟ ʝʣʝʤʝʥʪʽʚ, 

ʷʢʘ ʚʠʟʥʘʯʘʣʘʩʴ ʷʢ: 

Ὁ
В

Ὁ ВὔὉ , (2.29) 

ʜʝ Ὁ ï ʧʦʚʥʘ ʝʥʝʨʛʽʷ ʢʨʠʩʪʘʣʫ ʥʘ ʘʪʦʤ, ὔ ï ʘʪʦʤʠ, ʱʦ ʫʪʚʦʨʶʶʪʴ ʩʪʨʫʢʪʫʨʫ, 

Ὁ   ï ʝʥʝʨʛʽʾ (ʥʘ ʘʪʦʤ) ʥʘʡʙʽʣʴʰ ʩʪʘʙʽʣʴʥʠʭ ʢʨʠʩʪʘʣʽʯʥʠʭ ʩʪʨʫʢʪʫʨ ʽʟ ʘʪʦʤʽʚ ὔ.   
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ɿʘ ʚʽʜʦʤʠʤʠ ʟʥʘʯʝʥʥʷʤ ʧʨʫʞʥʠʭ ʢʦʥʩʪʘʥʪ ʙʫʣʦ ʨʦʟʨʘʭʦʚʘʥʦ ʧʦʟʜʦʚʞʥʶ (ὺ)  ʪʘ 

ʧʦʧʝʨʝʯʥʫ (ὺ) ʩʢʣʘʜʦʚʽ ʰʚʠʜʢʦʩʪʝʡ ʧʦʰʠʨʝʥʥʷ ʟʚʫʢʦʚʠʭ ʭʚʠʣʴ ʟʘ ʨʽʚʥʷʥʥʷʤʠ 

ʟʘʧʨʦʧʦʥʦʚʘʥʠʤʠ ʫ ʨʦʙʦʪʽ [145]: 

ὺ , ὺ , (2.30) 

ʚʽʜʧʦʚʽʜʥʘ ʩʝʨʝʜʥʷ ʰʚʠʜʢʽʩʪʴ ʧʦʰʠʨʝʥʥʷ ʟʚʫʢʫ ʚʠʨʘʞʘʻʪʴʩʷ, ʷʢ : 

ὺ . (2.31) 

ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʨʦʟʨʘʭʦʚʘʥʽ ʟʘ ʬʦʨʤʫʣʦʶ (2.31) ʟʥʘʯʝʥʥʷ (ὺ) ʜʣʷ ʤʦʜʝʣʴʥʠʭ 

ʩʪʨʫʢʪʫʨ ʙʫʣʦ ʨʦʟʨʘʭʦʚʘʥʦ ʪʝʤʧʝʨʘʪʫʨʫ ɼʝʙʘʷ, ʚʘʞʣʠʚʫ ʭʘʨʘʢʪʝʨʠʩʪʠʢʫ, ʷʢʘ 

ʪʽʩʥʦ ʢʦʨʝʣʶʻ ʽʟ ʨʷʜʦʤ ʬʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʚʘʞʣʠʚʠʭ ʽʟ ʪʦʯʢʠ 

ʟʦʨʫ ʨʦʟʨʦʙʣʝʥʥʷ ʟʥʦʩʦʪʨʠʚʢʠʭ ʩʧʣʘʚʽʚ (ʧʨʫʞʥʠʤʠ ʢʦʥʩʪʘʥʪʘʤʠ; ʝʥʝʨʛʽʷʤʠ 

ʘʢʪʠʚʘʮʽʾ ʜʠʬʫʟʽʾ, ʧʦʚʝʨʭʥʽ, ʛʨʘʥʠʮʴ ʟʝʨʝʥ ʪʘ ʬʦʨʤʫʚʘʥʥʷ ʜʝʬʝʢʪʽʚ, 

ʪʝʤʧʝʨʘʪʫʨʦʶ ʧʣʘʚʣʝʥʥʷ; ʢʦʝʬʽʮʽʻʥʪʦʤ ʪʝʨʤʽʯʥʦʛʦ ʨʦʟʰʠʨʝʥʥʷ). ʇʨʠ 

ʨʦʟʨʘʭʫʥʢʘʭ ʾʾ ʟʥʘʯʝʥʴ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʬʦʨʤʫʣʫ: 

Ὸ
Ὤ

Ὧ

σὲ

τ“ὠ
ὺȢ (2.32) 

 

2.1.4 ɺʩʪʘʥʦʚʣʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʢʨʠʩʪʘʣʽʯʥʦʾ ʩʪʨʫʢʪʫʨʠ ʪʘ ʤʝʭʘʥʽʯʥʠʭ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʥʘ ʦʩʥʦʚʽ ʪʫʛʦʧʣʘʚʢʠʭ ʩʧʦʣʫʢ ʤʝʪʦʜʦʤ 

ʚʽʨʪʫʘʣʴʥʦʛʦ ʢʨʠʩʪʘʣʽʯʥʦʛʦ ʥʘʙʣʠʞʝʥʥʷ 

 ɺʠʟʥʘʯʝʥʥʷ ʚʣʘʩʪʠʚʦʩʪʝʡ ʥʝʚʧʦʨʷʜʢʦʚʘʥʠʭ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʽʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʤʝʪʦʜʫ ʚʽʨʪʫʘʣʴʥʦʛʦ ʢʨʠʩʪʘʣʽʯʥʦʛʦ ʥʘʙʣʠʞʝʥʥʷ (VCA) ʚ ʨʘʤʢʘʭ 

DFT ʻ ʝʬʝʢʪʠʚʥʠʤ ʤʝʪʦʜʦʤ ʜʦʩʷʛʥʝʥʥʷ ʟʘʜʦʚʽʣʴʥʦʾ ʪʦʯʥʦʩʪʽ ʨʦʟʨʘʭʫʥʢʽʚ ʧʨʠ 

ʧʦʨʽʚʥʷʥʦ ʥʠʟʴʢʠʭ ʟʘʪʨʘʪʘʭ ʦʙʯʠʩʣʶʚʘʣʴʥʦʾ ʧʦʪʫʞʥʦʩʪʽ. ʆʩʥʦʚʥʠʤ ʦʙʤʝʞʝʥʥʷʤ 

ʜʘʥʦʛʦ ʤʝʪʦʜʫ ʻ ʥʠʟʴʢʘ ʪʦʯʥʽʩʪʴ ʧʨʠ ʚʠʟʥʘʯʝʥʥʽ ʥʘʜʣʠʰʢʦʚʠʭ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʬʘʟ (ʪʘʢʠʭ ʷʢ ʝʥʪʘʣʴʧʽʷ ʪʘ ʝʥʝʨʛʽʷ ɻʽʙʙʩʘ ʟʤʽʰʫʚʘʥʥʷ) 

ʚʧʨʦʚʘʜʞʝʥʥʷ, ʷʢʽ ʧʨʦʷʚʣʷʶʪʴ ʩʫʪʪʻʚʽ ʚʽʜʭʠʣʝʥʥʷ ʚʽʜ ʧʨʘʚʠʣʘ ɺʝʛʘʨʜʘ. ʈʘʟʦʤ ʟ 

ʮʠʤ ʚʽʜʦʤʽ ʧʨʠʢʣʘʜʠ ʫʩʧʽʰʥʦʛʦ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʧʨʫʞʥʠʭ ʢʦʥʩʪʘʥʪ ʜʣʷ ʪʚʝʨʜʠʭ 
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ʨʦʟʯʠʥʽʚ ʥʘ ʦʩʥʦʚʽ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ, ʟʦʢʨʝʤʘ ʫ ʨʦʙʦʪʽ [146] ʽʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʢʦʜʫ CASTEP ʙʫʣʦ ʨʦʟʨʘʭʦʚʘʥʦ ʧʘʨʘʤʝʪʨʠ ˇʨʘʪʦʢ 

ʚʠʩʦʢʦʝʥʪʨʦʧʽʡʥʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ  FeCoNiCr, ʷʢʽ ʟʥʘʭʦʜʷʪʴʩʷ ʫ ʭʦʨʦʰʽʡ 

ʚʽʜʧʦʚʽʜʥʦʩʪʽ ʽʟ ʥʘʷʚʥʠʤʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤʠ ʜʘʥʠʤʠ. ɺʣʘʩʪʠʚʦʩʪʽ 

ʚʠʩʦʢʦʝʥʪʨʦʧʽʡʥʠʭ ʢʘʨʙʽʜʥʠʭ ʬʘʟ (HECs) ʩʠʩʪʝʤʠ Ti-Zr-Hf-V-Nb-Ta-C ʤʝʪʦʜʦʤ 

VCA ʙʫʣʦ ʜʦʩʪʘʪʥʴʦ ʪʦʯʥʦ ʚʠʟʥʘʯʝʥʦ ʘʚʪʦʨʘʤʠ [147], ʱʦ ʜʘʣʦ ʤʦʞʣʠʚʽʩʪʴ ʚʠʙʨʘʪʠ 

ʥʘʡʙʽʣʴʰ ʦʧʪʠʤʘʣʴʥʠʡ ʢʦʤʧʦʥʝʥʪʥʠʡ ʩʢʣʘʜ ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʜʦʩʣʽʜʥʠʭ ʢʘʨʙʽʜʽʚ 

TiHfVTaC.  

 ʆʩʥʦʚʥʘ ʢʦʥʮʝʧʮʽʷ, VCA, ʷʢʘ ʙʫʣʘ ʚʠʢʦʨʠʩʪʘʥʘ ʧʽʜ ʯʘʩ ʜʦʩʣʽʜʞʝʥʴ ʬʘʟ 

ʪʠʧʫ (A1-xBx)C, ʱʦ ʧʨʝʜʩʪʘʚʣʷʣʠ ʢʘʨʙʽʜʠ ʽʟ ʩʪʨʫʢʪʫʨʦʶ NaCl ʪʘ ʩʢʣʘʜʥʽ ʙʦʨʠʜʠ  

A1-xBx(Mo,B)2 ʽʟ ʪʝʪʨʘʛʦʥʘʣʴʥʦʶ ʩʪʨʫʢʪʫʨʦʶ ʧʦʣʷʛʘʣʘ ʚ ʫʩʝʨʝʜʥʝʥʥʽ 

ʧʩʝʚʜʦʧʦʪʝʥʮʽʘʣʽʚ ʚʽʜʧʦʚʽʜʥʠʭ ʬʘʟ : AC ̔  BC  ʪʘ A(Mo,B)2 ̔  B(Mo,B)2, ʚʽʜʧʦʚʽʜʥʦ. 

 ʈʝʟʫʣʴʪʫʶʯʽ ʧʩʝʚʜʦʧʦʪʝʥʮʽʘʣʠ ʜʣʷ ʬʘʟ, ʱʦ ʽʤʽʪʫʶʪʴ ʪʚʝʨʜʽ ʨʦʟʯʠʥʠ 

ʨʦʟʨʘʭʦʚʫʚʘʣʠ ʟʘ ʬʦʨʤʫʣʦʶ:  

ὠ ὶ ρ ὼὠ ȟ ὶ ὼὠ ȟ ὶȟ (2.33) 

ʜʝ ὼ ï ʬʨʘʢʮʽʷ. ɺ ʨʘʤʢʘʭ DFT  ʜʣʷ ʩʠʩʪʝʤʠ, ʱʦ ʤʽʩʪʠʪʴ ὔ  ʚʘʣʝʥʪʥʠʭ ʝʣʝʢʪʨʦʥʽʚ 

ʧʦʚʥʘ ʝʥʝʨʛʽʷ (Ὁ) ʙʫʣʦ ʧʨʝʜʩʪʘʚʣʝʥʦ ʷʢ : 

Ὁ ‰ ȟὙ  

Ὗ Ὑ ‰
ρ

ς
​ ὠ

ρ

ς
ὨὶὨὶ

ὲὶὲὶ

ȿὶ ὶȿ
Ὁ ὲȟ 

 

(2.34) 

ʜʝ Ὑ  ʧʦʢʘʟʫʻ ʨʦʟʪʘʰʫʚʘʥʥʷ ʚʫʟʣʘ ʢʨʠʩʪʘʣʽʯʥʦʾ ˇʨʘʪʢʠ Ὅ ʽʟ ʚʽʜʧʦʚʽʜʥʠʤ 

ʧʩʝʚʜʦʧʦʪʝʥʮʽʘʣʦʤ  ὠ , ὲὶ ï ʝʣʝʢʪʨʦʥʥʘ ʛʫʩʪʠʥʘ, Ὁ  ï ʦʙʤʽʥʥʦ-ʢʦʨʝʣʷʮʽʡʥʘ 

ʝʥʝʨʛʽʷ, Ὗ Ὑ  ï ʝʥʝʨʛʽʷ ʽʦʥʥʦʾ ʚʟʘʻʤʦʜʽʾ ὠ  ï ʟʦʚʥʽʰʥʽʡ ʧʩʝʚʜʦʧʦʪʝʥʮʽʘʣ, 

ʷʢʠʡ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʧʽʜʭʦʜʫ VCA ʜʣʷ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʥʘ ʦʩʥʦʚʽ ʢʘʨʙʽʜʥʠʭ ʽ 

ʙʦʨʠʜʥʠʭ ʬʘʟ ʙʫʣʦ ʨʦʟʨʘʭʦʚʘʥʦ ʟʘ ʬʦʨʤʫʣʦʶ:  

ὠ ὶȟὶ ύ ὠ ὶ Ὑȟὶ Ὑ ȟ (2.35) 

ʜʝ ὠ  ï ʧʩʝʚʜʦʧʦʪʝʥʮʽʘʣ ʜʣʷ ʜʘʥʦʛʦ ʤʝʪʘʣʝʚʦʛʦ ʢʦʤʧʦʥʝʥʪʫ ὓ, ʨʦʟʪʘʰʦʚʘʥʦʛʦ ʫ 

ʚʫʟʣʽ Ὅ, ʘ ύ  ï ʧʦʢʘʟʫʻ ʡʦʛʦ ʚʽʜʥʦʩʥʠʡ ʚʤʽʩʪ, ʪʘʢ ʱʦ ʟʘʛʘʣʴʥʠʡ ʚʤʽʩʪ ʫ ʢʦʞʥʦʤʫ 



 

 

100 

ʚʫʟʣʽ ʩʪʘʥʦʚʠʪʴ 1. ʇʨʠ ʚʠʙʦʨʽ ʚʫʟʣʽʚ ʢʨʠʩʪʘʣʽʯʥʠʭ ˇʨʘʪʦʢ ʜʣʷ ʽʤʽʪʘʮʽʾ ʪʚʝʨʜʠʭ 

ʨʦʟʯʠʥʽʚ ʟʘʤʽʱʝʥʥʷ ʜʣʷ ʤʦʜʝʣʴʥʠʭ ʩʪʨʫʢʪʫʨ ʪʫʛʦʧʣʘʚʢʠʭ ʢʘʨʙʽʜʽʚ ʪʘ ʙʦʨʠʜʽʚ 

(ʨʠʩ. 2.1) ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʾʭ ʫʤʦʚʥʝ ʨʦʟʙʠʪʪʷ ʥʘ ʧʽʜˇʨʘʪʢʠ ʟʘʡʥʷʪʠʭ ʜʘʥʠʤ ʪʠʧʦʤ 

ʘʪʦʤʽʚ. ʊʘʢ ʤʦʜʝʣʽ ʪʫʛʦʧʣʘʚʢʠʭ ʢʘʨʙʽʜʽʚ ʪʠʧʫ MC ʽʟ ɻʎʂ ʩʪʨʫʢʪʫʨʦʶ 

(ʧʨʦʩʪʦʨʦʚʘ ʛʨʫʧʘ Fm-3m) ʤʽʩʪʠʣʠ ʦʜʥʫ ʧʽʜˇʨʘʪʢʫ ʟʘʧʦʚʥʝʥʫ ʘʪʦʤʘʤʠ ʚʫʛʣʝʮʶ ʘ 

ʽʥʰʫ ï ʤʝʪʘʣʝʚʠʤʠ ʘʪʦʤʘʤʠ (ὓ), ʷʢʽ ʧʨʝʜʩʪʘʚʣʷʣʠ ʩʦʙʦʶ ʯʠʩʪʽ Ti, Nb, V, Mo ʪʘ 

ʾʭ ʨʽʟʥʽ ʢʦʤʙʽʥʘʮʽʾ ʚ ʝʢʚʽʤʦʣʷʨʥʠʭ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʭ. ɼʣʷ ʙʦʨʠʜʥʠʭ ʬʘʟ 

ʪʝʪʨʘʛʦʥʘʣʴʥʘ ˇʨʘʪʢʘ ʧʨʦʩʪʦʨʦʚʦʾ ʛʨʫʧʠ P4/mbm ʤʽʩʪʠʣʘ ʪʨʠ ʧʽʜˇʨʘʪʢʠ 

ʟʘʧʦʚʥʝʥʠʭ, ʚʽʜʧʦʚʽʜʥʦ, ʘʪʦʤʘʤʠ B, Mo ʪʘ ʤʝʪʘʣʝʚʠʤʠ ʘʪʦʤʘʤʠ (ὓ), ʨʦʣʴ ʷʢʠʭ 

ʚʠʢʦʥʫʚʘʣʠ ʨʽʟʥʽ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ Fe ʪʘ Mn. ɼʣʷ ʢʘʨʙʽʜʥʠʭ ʬʘʟ ʨʦʟʨʘʭʫʥʦʢ 

ʤʝʪʦʜʦʤ VCA ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʢʦʜʫ CASTEP. ʈʝʣʘʢʩʘʮʽʶ 

ʩʪʨʫʢʪʫʨʠ ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʘʣʛʦʨʠʪʤʫ BFGS [148] ʟʘ ʤʝʪʦʜʦʤ 

GGA ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʦʙʤʽʥʥʦ-ʢʦʨʝʣʷʮʽʡʥʦʛʦ ʬʫʥʢʮʽʦʥʘʣʫ PBE. ɺʟʘʻʤʦʜʽʶ 

ʝʣʝʢʪʨʦʥʽʚ ʽʟ ʷʜʨʦʤ ʦʧʠʩʫʚʘʣʠ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʫʣʴʪʨʘʤôʷʢʠʭ ʧʦʪʝʥʮʽʘʣʽʚ 

ɺʘʥʜʝʨʙʽʣʴʜʪʘ v. C19, ʷʢʽ ʢʦʤʧʽʣʶʚʘʣʠʩʴ ʫ ʧʨʦʮʝʩʽ ʨʦʟʨʘʭʫʥʢʫ. ɯʥʪʝʛʨʫʚʘʥʥʷ ʧʦ 

ʧʝʨʰʽʡ ʟʦʥʽ ɹʨʽʣʣʶʝʥʘ ʙʫʣʦ ʟʜʽʡʩʥʝʥʦ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʩʽʪʢʠ k-ʪʦʯʦʢ ʽʟ 

ʨʦʟʙʠʪʪʷʤ 8Ĭ8Ĭ8. ʈʦʟʨʘʭʫʥʦʢ ʧʨʦʚʦʜʠʚʩʷ ʥʘ ʚʽʜʪʠʥʢʫ ʝʥʝʨʛʽʾ ʧʣʦʩʢʠʭ ʭʚʠʣʴ 520 

ʝɺ, ʘ ʟʙʽʞʥʽʩʪʴ ʩʘʤʦʫʟʛʦʜʞʝʥʦʛʦ ʧʦʣʷ (SCF) ʚʚʘʞʘʣʘʩʴ ʜʦʩʷʛʥʫʪʦʶ ʟʘ ʟʥʘʯʝʥʴ 

ʝʥʝʨʛʽʾ < 10-5 ʝɺ/ʘʪʦʤ, ʩʠʣʽ, ʱʦ ʜʽʶʪʴ ʥʘ ʽʦʥʠ < 3Ŀ10-2 ʝɺ /¡, ʽ ʤʘʢʩʠʤʘʣʴʥʦʤʫ 

ʥʘʧʨʫʞʝʥʥʶ  < 5Ŀ10-2 ɻʇʘ. ʇʽʩʣʷ ʜʦʩʷʛʥʝʥʥʷ ʨʽʚʥʦʚʘʞʥʦʾ ʛʝʦʤʝʪʨʽʾ (ʨʝʣʘʢʩʘʮʽʾ 

ʩʪʨʫʢʪʫʨʠ) ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʧʨʫʞʥʠʭ ʢʦʥʩʪʘʥʪ ʪʘ ʧʦʜʘʣʴʰʦʛʦ ʚʠʟʥʘʯʝʥʥʷ 

ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʙʫʣʦ ʚʠʢʦʨʠʩʪʘʥʦ ʤʝʪʦʜ ñʥʘʧʨʫʞʝʥʥʷ ï ʜʝʬʦʨʤʘʮʽʷò ʽʟ 

ʘʤʧʣʽʪʫʜʦʶ ʜʝʬʦʨʤʘʮʽʾ 0.03 ¡ . 
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ʈʠʩʫʥʦʢ 2.1 ï ʄʦʜʝʣʴʥʽ ʩʪʨʫʢʪʫʨʠ ʪʫʛʦʧʣʘʚʢʠʭ ʩʧʦʣʫʢ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ 

ʧʘʨʘʤʝʪʨʽʚ ʩʪʨʫʢʪʫʨʠ ʪʘ ʚʣʘʩʪʠʚʦʩʪʝʡ ʤʝʪʦʜʦʤ VCA : ʘ ï ʢʘʨʙʽʜʥʽ ʬʘʟʠ; ʙ ï 

ʩʢʣʘʜʥʽ ʙʦʨʠʜʥʽ ʬʘʟʠ 

 

2.1.5 ʄʝʪʦʜʠʢʘ ab initio ʦʮʽʥʢʠ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ 

ʥʝʚʧʦʨʷʜʢʦʚʘʥʠʭ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ  

 ɼʣʷ ʚʠʟʥʘʯʝʥʥʷ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ, ʷʢʽ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴ 

ʟʜʘʪʥʽʩʪʴ ʦʢʨʝʤʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʫʪʚʦʨʶʚʘʪʠ ʩʪʘʙʽʣʴʥʽ ʪʚʝʨʜʽ ʨʦʟʯʠʥʠ ʙʫʣʦ 

ʚʠʢʦʨʠʩʪʘʥʦ ʤʝʪʦʜʠʢʠ, ʷʢʽ ʙʘʟʫʶʪʴʩʷ ʥʘ ab initio ʨʦʟʨʘʭʫʥʢʘʭ ʝʥʝʨʛʝʪʠʯʥʦʛʦ 

ʩʪʘʥʫ ʢʨʠʩʪʘʣʽʯʥʠʭ ʩʪʨʫʢʪʫʨ ï ʢʣʘʩʪʝʨʽʚ, ʱʦ ʽʤʽʪʫʶʪʴ ʯʘʩʪʢʦʚʽ ʚʠʧʘʜʢʠ ʪʚʝʨʜʦʛʦ 

ʨʦʟʯʠʥʫ. ɼʦ ʤʝʪʦʜʠʢ ʛʝʥʝʨʘʮʽʾ ʪʘʢʠʭ ʩʪʨʫʢʪʫʨ-ʢʣʘʩʪʝʨʽʚ ʚʽʜʥʦʩʠʪʴʩʷ ʤʝʪʦʜ 

ʩʪʨʫʢʪʫʨʥʦʾ ʽʥʚʝʨʩʽʾ (SIM), ʚʽʜʦʤʠʡ ʷʢ ʤʝʪʦʜ ʂʦʥʥʦʣʽ-ɺʽʣʴʷʤʩʘ [149]. ɺʽʥ 

ʧʝʨʝʜʙʘʯʘʻ ʛʝʥʝʨʫʚʘʥʥʷ ʢʣʘʩʪʝʨʽʚ ʥʘ ʦʩʥʦʚʽ ʧʨʠʩʚʦʻʥʥʷ ʟʥʘʯʝʥʴ ʜʝʷʢʽʡ ʟʤʽʥʥʽʡ 

„, ʷʢʘ ʚʠʟʥʘʯʘʻ ʭʘʨʘʢʪʝʨ ʟʘʧʦʚʥʝʥʥʷ Ὥ - ʪʦʛʦ ʚʫʟʣʘ ʨ̌ʘʪʢʠ ʘʪʦʤʦʤ ʧʝʚʥʦʛʦ ʚʠʜʫ 

ʪʘ ʜʣʷ ʙʽʥʘʨʥʦʾ ʩʠʩʪʝʤʠ ʥʘʙʫʚʘʻ ʟʥʘʯʝʥʥʷ ç+1è ʘʙʦ ç-1è. ɺʠʢʦʨʠʩʪʘʥʥʷ ʜʘʥʦʾ 

ʤʝʪʦʜʠʢʠ ʙʫʣʦ ʟʜʽʡʩʥʝʥʦ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʨʦʛʨʘʤʥʦʛʦ ʢʦʜʫ ATAT, ʫ ̫ʢʠʡ 

ʽʥʪʝʛʨʦʚʘʥʦ ʤʦʜʫʣʴ ʜʣʷ ʛʝʥʝʨʘʮʽʾ ʢʣʘʩʪʝʨʽʚ ʜʣʷ ʥʝʚʧʦʨʷʜʢʦʚʘʥʠʭ ʪʚʝʨʜʠʭ 

ʨʦʟʯʠʥʽʚ MAPS (MIT Ab initio Phase Stability) [150]. ɺʨʘʭʦʚʫʶʯʠ, ʱʦ ʜʘʥʽ, 

ʦʪʨʠʤʘʥʽ ʥʘ ʦʩʥʦʚʽ ab initio ʨʦʟʨʘʭʫʥʢʽʚ ʩʧʨʘʚʝʜʣʠʚʽ ʜʣʷ 0  K, ʾʭ ʝʢʩʪʨʘʧʦʣʷʮʽʶ 

ʜʦ ʪʝʤʧʝʨʘʪʫʨ ʚʘʞʣʠʚʠʭ ʽʟ ʧʨʘʢʪʠʯʥʦʾ ʪʦʯʢʠ ʟʦʨʫ (ʜʦ 2000  K) ʙʫʣʦ ʟʜʽʡʩʥʝʥʦ ʽʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʢʦʤʙʽʥʘʮʽʾ ʧʽʜʭʦʜʫ ʄʦʥʪʝ-ʂʘʨʣʦ ʪʘ ʚʝʣʠʢʦʛʦ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʡ 
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ʧʦʪʝʥʮʽʘʣʫ, ʨʝʘʣʽʟʦʚʘʥʦʛʦ ʫ ʧʨʦʛʨʘʤʥʦʤʫ ʢʦʜʽ emc2 (Easy Monte Carlo code) 

[151]. ʗʢ ʚʠʭʽʜʥ ̔ʜʘʥ̔ ʜʣʷ ʝʢʩʪʨʘʧʦʣʷʮʽʾ ʙʫʣʦ ʚʠʢʦʨʠʩʪʘʥʦ ʨʝʟʫʣʴʪʘʪʠ ʘʥʘʣʽʟʫ 

ʢʣʘʩʪʝʨʥʦʾ ʚʟʘʻʤʦʜʽʾ ECI ʫ ʢʽʣʴʢʦʩʪʽ ʧʦʥʘʜ 30 ʥʘʜˇʨʘʪʦʢ, ʷʢʽ ʽʤʽʪʫʶʪʴ 

ʥʝʚʧʦʨʷʜʢʦʚʘʥʽ ʪʚʝʨʜʽ ʨʦʟʯʠʥʠ ʟʘʤʽʱʝʥʥʷ. ʆʪʨʠʤʘʥʽ ʜʘʥʽ ʙʫʣʦ ʧʨʝʜʩʪʘʚʣʝʥʦ ʫ 

ʚʠʛʣʷʜʽ ʥʘʙʦʨʫ ʜʘʥʠʭ ʫ ʬʦʨʤʘʪʽ, ʧʨʠʜʘʪʥʦʤʫ ʜʣʷ ʢʦʥʚʝʨʪʘʮʽʾ ʫ ʬʦʨʤʘʪ TDB, ʱʦ 

ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʘʥʘʣʽʟʫ ʜʘʥʠʭ ʤʝʪʦʜʦʤ CALPHAD  ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʤʦʜʫʣʷ ʜʣʷ ʦʧʪʠʤʽʟʘʮʽʾ ʜʘʥʠʭ PARROT [152]. ʗʢ ʘʣʴʪʝʨʥʘʪʠʚʥʠʡ ʜʦ ʤʝʪʦʜʫ SIM, 

ʙʫʣʦ ʚʠʢʦʨʠʩʪʘʥʦ ʤʝʪʦʜ ʛʝʥʝʨʫʚʘʥʥʷ ʩʧʝʮʽʘʣʴʥʠʭ ʢʚʘʟʽʥʝʚʧʦʨʷʜʢʦʚʘʥʠʭ 

ʩʪʨʫʢʪʫʨ SQS [153] ʫ ʚʠʛʣʷʜʽ ʦʙʤʝʞʝʥʦʛʦ ʥʘʙʦʨʫ ʥʘʜʨ̌ʘʪʦʢ, ʷʢʽ ʤʽʩʪʷʪʴ ʥʘʡʙʽʣʴʰ 

ʚʘʞʣʠʚʽ ʢʦʤʙʽʥʘʮʽʾ ʝʣʝʤʝʥʪʽʚ. ɺʨʘʭʦʚʫʶʯʠ ʩʪʨʫʢʪʫʨʥʽ ʦʩʦʙʣʠʚʦʩʪʽ ʬʘʟ  (ʨʠʩ. 2.1), 

ʚʠʙʨʘʥʠʭ ʷʢ ʘʨʤʽʚʥʽ, ʘʥʘʣʽʟ ʢʦʤʧʣʝʢʩʥʠʭ ʙʦʨʠʜʥʠʭ ʬʘʟ ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʽʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʽʜʭʦʜʫ SIM, ʘ ʜʣʷ ʘʥʘʣʽʟʫ ʢʘʨʙʽʜʥʠʭ ʬʘʟ ʤʝʪʦʜ SQS, ʚʽʜʧʦʚʽʜʥʦ 

ʜʦ ʘʣʛʦʨʠʪʤʫ, ʥʘʚʝʜʝʥʦʛʦ ʥʘ ʨʠʩ. 2.2.  

 

ʈʠʩʫʥʦʢ 2.2 ï ʋʟʘʛʘʣʴʥʝʥʠʡ ʘʣʛʦʨʠʪʤ ʚʠʟʥʘʯʝʥʥʷ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʬʘʟ ʛʘ ʦʩʥʦʚʽ ʨʦʟʨʘʭʫʥʢʽʚ ʚ ʨʘʤʢʘʭ DFT 
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2.2 ʄʝʪʦʜʠʢʘ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʛʦ ʘʥʘʣʽʟʫ ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ ʩʧʣʘʚʽʚ ʜʣʷ 

ʥʘʧʣʘʚʣʝʥʥʷ ʚ ʨʘʤʢʘʭ ʤʝʪʦʜʠʢʠ CALPHAD 

ʈʦʟʨʦʙʣʝʥʥʷ ʥʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ ʜʣʷ ʥʘʥʝʩʝʥʥʷ ʟʥʦʩʦʪʨʠʚʢʠʭ ʧʦʢʨʠʪʪʽʚ, ʷʢʽ 

ʧʨʠʟʥʘʯʝʥʽ ʜʣʷ ʫʤʦʚ ʨʦʙʦʪʠ, ʱʦ ʩʫʧʨʦʚʦʜʞʫʶʪʴʩʷ ʽʥʪʝʥʩʠʚʥʠʤ ʫʜʘʨʥʦ-

ʘʙʨʘʟʠʚʥʠʤ ʟʥʦʰʫʚʘʥʥʷʤ ʩʠʩʪʝʤʠ çʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʘ ʩʪʘʣʴ ï ʪʫʛʦʧʣʘʚʢʽ 

ʩʧʦʣʫʢʠè ʧʝʨʝʜʙʘʯʘʻ ʘʥʘʣʽʟ ʩʠʩʪʝʤ ʥʘ ʦʩʥʦʚʽ ʟʘʣʽʟʘ ʽʟ ʚʠʩʦʢʠʤ ʚʤʽʩʪʦʤ ʣʝʛʫʶʯʠʭ 

ʝʣʝʤʝʥʪʽʚ. ʋ ʪʘʢʠʭ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤʘʭ ʣʝʛʫʚʘʥʥʷ ʤʦʞʝ ʬʦʨʤʫʚʘʪʠʩʷ 

ʟʥʘʯʥʘ ʢʽʣʴʢʽʩʪ ɹʬʘʟ, ʪʦʤʫ  ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ ʧʦʢʨʠʪʪʽʚ ʥʘ ʾʭ ʦʩʥʦʚʽ 

ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʩʠʩʪʝʤʘʪʠʟʘʮʽʾ ʣʽʪʝʨʘʪʫʨʥʠʭ ʜʘʥʠʭ ʱʦʜʦ ʜʽʘʛʨʘʤ ʩʪʘʥʫ, ʷʢʽ 

ʤʽʩʪʷʪʴ ʥʝʦʙʭʽʜʥʽ ʢʦʤʧʦʥʝʥʪʠ ʻ ʤʘʣʦ ʽʥʬʦʨʤʘʪʠʚʥʠʤ, ʟ ʦʛʣʷʜʫ ʥʘ ʚʽʜʩʫʪʥʽʩʪʴ 

ʥʝʦʙʭʽʜʥʠʭ ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʭ ʜʽʘʧʘʟʦʥʽʚ, ʭʘʨʘʢʪʝʨʥʠʭ ʜʣʷ ʟʥʦʩʦʪʨʠʚʢʠʭ ʩʧʣʘʚʽʚ. 

ɿ ʽʥʰʦʛʦ ʙʦʢʫ, ʧʦʰʫʢ ʙʘʞʘʥʦʛʦ ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ ʰʣʷʭʦʤ ʝʤʧʽʨʠʯʥʦʛʦ ʧʽʜʙʦʨʫ 

ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʝʣʝʤʝʥʪʽʚ ʻ ʥʘʜʟʚʠʯʘʡʥʦ ʪʨʫʜʦʤʽʩʪʢʠʤ. ɿ ʦʛʣʷʜʫ ʥʘ ʮʝ, ʜʣʷ ʪʘʢʠʭ 

ʩʠʩʪʝʤ ʨʘʮʽʦʥʘʣʴʥʦ ʟʘʩʪʦʩʦʚʫʚʘʪʠ ʤʝʪʦʜʠʢʠ ʚʠʟʥʘʯʝʥʥʷ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ ʯʝʨʝʟ ʝʢʩʪʨʘʧʦʣʷʮʽ ʁʜʘʥʠʭ, ʚʽʜʦʤʠʭ 

ʜʣʷ ʩʢʣʘʜʦʚʠʭ ʩʠʩʪʝʤ ʥʠʞʯʦʛʦ ʧʦʨʷʜʢʫ ʤʝʪʦʜʘʤʠ ʢʦʤʧôʶʪʝʨʥʦʾ ʪʝʨʤʦʜʠʥʘʤʽʢʠ. 

ʅʘ ʪʘʢʠʭ ʧʽʜʭʦʜʘʭ ʙʘʟʫʻʪʴʩʷ ʤʝʪʦʜʠʢʘ, ʚʽʜʦʤʘ ʧʽʜ ʥʘʟʚʦʶ CALPHAD [154], ʷʢʘ ʫ 

ʜʘʥʠʡ ʯʘʩ ʰʠʨʦʢʦ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʫ ʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʽ ʜʣʷ ʟʘʜʘʯ ʧʦʚôʷʟʘʥʠʭ ʽʟ 

ʨʦʟʨʦʙʣʝʥʥʷʤ ʥʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ ʥʘ ʦʩʥʦʚʽ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ ʽʟ 

ʧʨʦʛʥʦʟʦʚʘʥʦ ʚʠʩʦʢʠʤ ʨʽʚʥʝʤ ʚʣʘʩʪʠʚʦʩʪʝʡ. ʅʝ ʟʚʘʞʘʶʯʠ ʥʘ ʪʝ, ʱʦ 

ʤʘʪʝʤʘʪʠʯʥʠʡ ʘʧʘʨʘʪ ʤʝʪʦʜʫ CALPHAD ʙʘʟʫʻʪʴʩʷ ʥʘ ʧʽʜʭʦʜʘʭ ʟʘʧʨʦʧʦʥʦʚʘʥʠʭ 

ʄʘʪʩʦʤ ʍʽʣʣʝʨʪʦʤ [155], ʷʢʽ ʧʽʟʥʽʰʝ ʙʫʣʦ ʫʟʘʛʘʣʴʥʝʥʦ ʫ ʚʠʛʣʷʜʽ ʢʦʥʮʝʧʮʽʾ CEF 

[32], ʧʨʦʛʨʘʤʥʝ ʟʘʙʝʟʧʝʯʝʥʥʷ ʜʣʷ ʾʾ ʨʝʘʣʽʟʘʮʽʾ  ̒ ʜʦʩʠʪʴ ʨʽʟʥʦʤʘʥʽʪʥʠʤ ʪʘ 

ʧʨʝʜʩʪʘʚʣʝʥʝ ʪʘʢʠʤʠ ʧʨʦʛʨʘʤʥʠʤʠ ʟʘʩʦʙʘʤʠ, ʷʢ Thermo-calc [152], OpenCalphad 

[156], MatCalc [157], Pandat [158], FactSage [159], JmatPro [160] ʪʘ ʽʥ. ʅʝ 

ʟʚʘʞʘʶʯʠ ʥʘ ʨʽʟʥʝ ʚʠʢʦʥʘʥʥʷ ʮʝʥʪʨʘʣʴʥʦʶ ʟʘʜʘʯʝʶ ʫʩʽʭ ʧʨʦʛʨʘʤʥʠʭ ʟʘʩʦʙʽʚ  ̒

ʧʦʰʫʢ ʤʽʥʽʤʫʤʫ ʚʽʣʴʥʦʾ ʝʥʝʨʛʽʾ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʦʾ ʩʠʩʪʝʤʠ ʟʘʣʝʞʥʦ ʚʽʜ 

ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ ʧʨʠ ʟʘʜʘʥʠʭ ʫʤʦʚʘʭ (ʪʝʤʧʝʨʘʪʫʨʘ, ʪʠʩʢ). 

ʂʦʨʝʢʪʥʽʩʪʴ ʨʝʟʫʣʴʪʘʪʽʚ ʨʦʟʨʘʭʫʥʢʽʚ ʟʘ ʪʘʢʦʶ ʤʝʪʦʜʠʢʦʶ ʚʠʟʥʘʯʘʻʪʴʩʷ ʦʙôʻʤʦʤ 

ʪʘ ʜʦʩʪʦʚʽʨʥʽʩʪʶ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʜʣʷ ʩʢʣʘʜʦʚʠʭ ʩʠʩʪʝʤ, ʷʢʽ 
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ʚʠʙʨʘʥʦ ʜʣʷ ʝʢʩʪʨʘʧʦʣʷʮʽʾ, ʘ ʪʘʢʦʞ ʘʜʝʢʚʘʪʥʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʥʷ ʤʦʜʝʣʝʡ ʬʘʟ ʫ 

ʩʠʩʪʝʤʽ.  

ɼʣʷ ʚʠʢʦʥʘʥʥʷ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʫ ʨʦʙʦʪʽ ʙʫʣʦ ʚʠʢʦʨʠʩʪʘʥʦ 

ʣʽʮʝʥʟʽʡʥʫ ʚʝʨʩʽʶ ʧʨʦʛʨʘʤʠ Thermo-Calc 2023a (ʣʽʮʝʥʟʽʷ ˉ Lic-103339, ʥʘʜʘʥʘ 

ʇʨʠʩʷʞʥʶʢʫ ʇ.ʄ.), ʘ ʪʘʢʦʞ OpenCalphad v.6 (GPL ʣʽʮʝʥʟʽʷ) ʽʟ ʽʥʪʝʨʬʝʡʩʦʤ 

OpenCalphad CAE (ʣʽʮʝʥʟʽʷ ˉ IR94-A911-IIRY-4XIQ-CH5I). ɹʘʟʫʶʯʠʩʴ ʥʘ ʘʥʘʣʽʟʽ 

ʣʽʪʝʨʘʪʫʨʥʠʭ ʜʘʥʠʭ, ʦʩʥʦʚʥʠʤʠ ʩʠʩʪʝʤʘʤʠ ʣʝʛʫʚʘʥʥʷ, ʚ ʤʝʞʘʭ ʷʢʠʭ ʧʨʦʚʦʜʠʚʩʷ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʡ ʘʥʘʣʽʟ ʜʣʷ ʨʦʟʨʦʙʣʝʥʥʷ ʟʥʦʩʦʫʜʘʨʦʩʪʽʡʢʠʭ ʧʦʢʨʠʪʪʽʚ, ʙʫʣʠ Fe-

Mn-Ti-Nb-Mo-V-C-Si ʪʘ Fe-Mn-Mo-B-C, ʷʢʽ ʧʝʨʝʜʙʘʯʘʶʪʴ ʦʪʨʠʤʘʥʥʷ 

ʛʝʪʝʨʦʬʘʟʦʚʠʭ ʩʧʣʘʚʽʚ ʽʟ ʘʫʩʪʝʥʽʪʦ-ʢʘʨʙʽʜʥʦʶ ʪʘ ʘʫʩʪʝʥʽʪʦ-ʙʦʨʠʜʥʦʶ 

ʩʪʨʫʢʪʫʨʘʤʠ, ʚʽʜʧʦʚʽʜʥʦ. 

 

2.3 ʄʘʪʝʨʽʘʣʠ ʪʘ ʤʝʪʦʜʠʢʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ 

2.3.1 ɺʠʭʽʜʥʽ ʤʘʪʝʨʽʘʣʠ ʪʘ ʤʝʪʦʜʠʢʘ ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʦʩʣʽʜʥʠʭ ʟʨʘʟʢʽʚ 

ʊʠʧʦʚʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ, ʷʢ ̔ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʫ ʩʧʣʘʚʘʭ ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ 

ʫʜʘʨʥʦ-ʘʙʨʘʟʠʚʥʦʾ ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ  ̒ʢʘʨʙʽʜʥʽ ʬʘʟʠ ʚʦʣʴʬʨʘʤʫ (WC ʪʘ W2C) . 

ʆʜʥʘʢ, ʚʘʨʪʽʩʪʴ ʩʠʨʦʚʠʥʠ ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʢʘʨʙʽʜʥʠʭ ʬʘʟ ʚʦʣʴʬʨʘʤʫ ʟʥʘʯʥʦ ʟʨʦʩʣʘ 

ʧʨʦʪʷʛʦʤ ʦʩʪʘʥʥʽʭ ʜʝʩʷʪʠʣʽʪʴ ʪʘ ʧʦʢʘʟʫʻ ʧʦʜʘʣʴʰʫ ʪʝʥʜʝʥʮʽʶ ʜʦ ʟʨʦʩʪʘʥʥʷ. 

ʄʘʪʝʨʽʘʣʠ ʥʘ ʦʩʥʦʚʽ WC, ʟʘʚʜʷʢʠ ʾʭ ʫʥʽʚʝʨʩʘʣʴʥʦʩʪʽ, ʰʠʨʦʢʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʚ 

ʨʽʟʥʠʭ ʛʘʣʫʟʷʭ, ʪʘʢʠʭ ʷʢ ʦʙʨʦʙʢʘ ʤʘʪʝʨʽʘʣʽʚ, ʦʙʣʘʜʥʘʥʥʷ ʜʣʷ ʥʘʬʪʠ ʽ ʛʘʟʫ, ʛʽʨʥʠʯʽ 

ʤʘʰʠʥʠ, ʢʝʨʤʝʪʠ, ʟʥʦʩʦʪʨʠʚʢʽ ʩʧʣʘʚʠ ʪʘ ʧʦʢʨʠʪʪʷ. ɺ ʦʩʪʘʥʥʴʦʤʫ ʚʠʧʘʜʢʫ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʚʦʣʴʬʨʘʤʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ ʻ ʥʝ ʟʘʚʞʜʠ ʚʠʧʨʘʚʜʘʥʠʤ, ʦʩʢʽʣʴʢʠ ʨʷʜ 

ʩʧʦʣʫʢ ʧʝʨʝʭʽʜʥʠʭ ʤʝʪʘʣʽʚ ʜʝʤʦʥʩʪʨʫʶʪʴ ʩʧʽʚʤʽʨʥʫ ʘʙʦ ʚʠʱʫ ʤʽʢʨʦʪʚʝʨʜʽʩʪʴ 

ʧʦʨʷʜ ʽʟ ʚʽʜʥʦʩʥʦ ʥʠʟʴʢʦʶ ʚʘʨʪʽʩʪʶ ʟʘ ʜʘʥʠʤʠ ɻʝʦʣʦʛʽʯʥʦʛʦ ʪʦʚʘʨʠʩʪʚʘ ʉʐɸ 

(USGS) (ʨʠʩ. 2.3).  
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ʈʠʩʫʥʦʢ 2.3 ï ʇʦʨʽʚʥʷʣʴʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʚʘʨʪʦʩʪʽ ʪʫʛʦʧʣʘʚʢʠʭ ʤʝʪʘʣʽʚ 

ʷʢʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʫ ʩʧʣʘʚʘʭ ʜʣʷ ʥʘʧʣʘʚʣʝʥʥʷ ʪʘ ʪʚʝʨʜʦʩʪʽ ʾʭ ʢʘʨʙʽʜʥʠʭ ʬʘʟ 

 

ʂʨʽʤ ʪʦʛʦ, ʢʘʨʙʽʜʠ ʚʦʣʴʬʨʘʤʫ ʽʥʪʝʥʩʠʚʥʦ ʚʟʘʻʤʦʜʽʶʪʴ ʽʟ ʨʦʟʧʣʘʚʦʤ 

ʚʠʩʦʤʘʨʛʘʥʮʝʚʦʾ ʩʪʘʣʽ [161] ʽʟ ʥʘʩʪʫʧʥʠʤ ʫʪʚʦʨʝʥʥʷʤ ʩʢʣʘʜʥʠʭ ʢʘʨʙʽʜʥʠʭ ʬʘʟ 

ʪʠʧʫ (W,Fe,Mn)6C. ɸʣʴʪʝʨʥʘʪʠʚʥʽ ʜʦ ʚʦʣʴʬʨʘʤʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ ʚʠʩʦʢʦʭʨʦʤʠʩʪʽ 

ʩʧʣʘʚʠ ʥʝ ʨʘʮʽʦʥʘʣʴʥʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʟʘ ʫʤʦʚ ʫʜʘʨʥʦ-ʘʙʨʘʟʠʚʥʦʛʦ ʟʥʦʰʫʚʘʥʥʷ 

ʯʝʨʝʟ ʥʠʟʴʢʠʡ ʨʽʚʝʥʴ ʪʨʽʰʠʥʦʩʪʽʡʢʦʩʪʽ [67]. ɺʠʭʦʜʷʯʠ ʽʟ ʮʴʦʛʦ ʦʩʥʦʚʥʠʤʠ 

ʚʠʭʽʜʥʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ çʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʘ ʩʪʘʣʴ 

ï ʢʘʨʙʽʜè ʙʫʣʠ ʪʫʛʦʧʣʘʚʢʽ ʢʘʨʙʽʜʠ NbC (ʊʋ 6.09.03.6-75), TiC (ʊʋ 6.09.492-75, 

ʊʋ 6.09.03.427-76 (ʧʩʝʚʜʦʧʣʘʚʣʝʥʠʡ ʢʘʨʙʽʜ ʪʠʪʘʥʫ)), VC (ʊʋ 6.09.03.5-75) ʪʘ 

Mo2C (ʊʋ 6-09.03.363-75), ʤʦʨʬʦʣʦʛʽʶ ʧʦʨʦʰʢʽʚ ʷʢʠʭ ʥʘʚʝʜʝʥʦ ʥʘ ʨʠʩ. 2.4.  
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ʈʠʩʫʥʦʢ 2.4 ï ʄʦʨʬʦʣʦʛʽʷ ʧʦʨʦʰʢʽʚ ʢʘʨʙʽʜʥʠʭ ʬʘʟ, ʚʠʢʦʨʠʩʪʘʥʠʭ ʜʣʷ 

ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʦʩʣʽʜʥʠʭ ʩʧʣʘʚʽʚ ʜʣʷ ʥʘʧʣʘʚʣʝʥʥʷ : ʘ ï NbC, ʙ ï TiC, ʚ ï VC, ʛ ï 

Mo2C 

 

ʗʢ ʚʠʜʥʦ ʽʟ ʨʠʩʫʥʢʫ ʚʠʭʽʜʥʽ ʯʘʩʪʠʥʢʠ NbC ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʬʦʨʤʦʶ 

ʙʣʠʟʴʢʦʶ ʜʦ ʩʬʝʨʠʯʥʦʾ ʪʘ ʩʝʨʝʜʥʽʤ ʨʦʟʤʽʨʦʤ ~1 ʤʢʤ (ʨʠʩ. 2.4, ʘ). ɺʠʢʦʨʠʩʪʘʥʽ 

ʢʘʨʙʽʜʠ ʧʩʝʚʜʦʧʣʘʚʣʝʥʦʛʦ TiC (ʨʠʩ. 2.3, ʙ) ʪʘ Mo2C ʭʘʨʘʢʪʝʨʠʟʫʚʘʣʠʩʴ 

ʦʛʨʘʥʝʥʦʶ ʬʦʨʤʦʶ ʪʘ ʨʦʟʤʽʨʘʤʠ ʚʽʜ ~50 ʜʦ ~100 ʤʢʤ, ʪʦʜʽ ʷʢ ʧʦʨʦʰʢʠ VC 

ʧʨʝʜʩʪʘʚʣʷʣʠ ʩʦʙʦʶ, ʷʢ ʜʠʩʧʝʨʩʥʽ ʯʘʩʪʠʥʢʠ ʪʘʢ ʽ ʢʦʥʛʣʦʤʝʨʘʪʠ ʨʦʟʤʽʨʘʤʠ ʜʦ 200 

ʤʢʤ. ʂʘʨʙʽʜʥʽ ʬʘʟʠ ʽʟ ʜʘʥʠʤ ʬʨʘʢʮʽʡʥʠʤ ʩʢʣʘʜʦʤ ʜʦʟʚʦʣʷʶʪʴ ʟʘʙʝʟʧʝʯʠʪʠ 

ʚʠʩʦʢʠʡ ʨʽʚʝʥʴ ʪʝʭʥʦʣʦʛʽʯʥʦʩʪʽ ʚʠʛʦʪʦʚʣʝʥʥʷ ʧʦʨʦʰʢʦʚʠʭ ʝʣʝʢʪʨʦʜʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ, ʚʨʘʭʦʚʫʶʯʠ ʱʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚʠʢʣʶʯʥʦ ʜʨʽʙʥʦʜʠʩʧʝʨʩʥʠʭ ʧʦʨʦʰʢʽʚ 

ʥʝ ʜʦʟʚʦʣʷʻ ʟʘʙʝʟʧʝʯʝʥʥʷ ʥʝʦʙʭʽʜʥʦʛʦ ʨʽʚʥʷ ʩʠʧʫʯʦʩʪʽ ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʚʠʩʦʢʦʛʦ 

ʨʽʚʥʷ ʢʦʝʬʽʮʽʻʥʪʫ ʟʘʧʦʚʥʝʥʥʷ ʧʦʨʦʰʢʦʚʦʾ ʩʪʨʽʯʢʠ.  
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ɼʣʷ ʦʪʨʠʤʘʥʥʷ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ çʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʘ ʩʪʘʣʴ ï ʙʦʨʠʜʥʘ ʬʘʟʘè, 

ʷʢ ʦʩʥʦʚʥʽ ʢʦʤʧʦʥʝʥʪʠ ʙʫʣʦ ʚʠʢʦʨʠʩʪʘʥʦ ʢʘʨʙʽʜ ʙʦʨʫ (B4C) ʬʨʘʢʮʽʾ F120 (ʇʈɸʊ 

"ɿɸʇʆʈɯɾɸɹʈɸɿʀɺ") ʪʘ ʧʦʨʦʰʢʠ ʤʦʣʽʙʜʝʥʫ ʤʘʨʦʢ ʇʄ ʪʘ ʄʇʂ (GrandLada 

Co., ʃʊɼ) (ʨʠʩ. 2.5).  

 

  
ʘ ʙ 

  

ʚ ʛ 

ʈʠʩʫʥʦʢ 2.5 ï ʄʦʨʬʦʣʦʛʽʷ ʧʦʨʦʰʢʫ ʢʘʨʙʽʜʫ ʙʦʨʫ B4C ʟʘ ʨʽʟʥʠʭ ʟʙʽʣʴʰʝʥʴ 

x100  (ʘ) ʪʘ x500 (ʙ) ʽ ʧʦʨʦʰʢʽʚ ʤʦʣʽʙʜʝʥʫ ʤʘʨʦʢ ʇʄ (ʚ)  ʪʘ ʄʇʂ (ʛ), 

ʚʠʢʦʨʠʩʪʘʥʠʭ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʧʦʨʦʰʢʦʚʠʭ ʩʪʨʽʯʦʢ 

 

ʄʦʨʬʦʣʦʛʽʷ ʚʠʢʦʨʠʩʪʘʥʦʛʦ ʧʦʨʦʰʢʫ B4C ʭʘʨʘʢʪʝʨʠʟʫʚʘʣʘʩʴ ʢʦʣʦʪʦʶ 

ʬʦʨʤʦʶ ʪʘ ʨʦʟʤʽʨʘʤʠ ʯʘʩʪʠʥʦʢ ʚʽʜ 45 ʜʦ 250 ʤʢʤ (ʨʠʩ. 2.5, ʘ, ʙ), ʘ ʧʦʨʦʰʢʠ 

ʤʦʣʽʙʜʝʥʫ ʤʘʣʠ ʬʦʨʤʫ ʙʣʠʟʴʢʫ ʜʦ ʩʬʝʨʠʯʥʦʾ ʪʘ ʨʦʟʤʽʨʠ ʚʽʜ 1 ʜʦ 5 ʤʢʤ. ʊʘʢʠʤ 

ʯʠʥʦʤ, ʪʝʭʥʦʣʦʛʽʯʥʽʩʪʴ ʧʨʦʮʝʩʫ ʚʠʛʦʪʦʚʣʝʥʥʷ ʝʣʝʢʪʨʦʜʥʠʭ ʩʪʨʽʯʦʢ 

ʟʘʙʝʟʧʝʯʫʚʘʣʘʩʴ ʧʦʻʜʥʘʥʥʷʤ ʬʨʘʢʮʽʡʥʦʛʦ ʩʢʣʘʜʫ ʪʘ ʤʦʨʬʦʣʦʛʽʯʥʠʭ 
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ʦʩʦʙʣʠʚʦʩʪʝʡ ʥʘʚʝʜʝʥʠʭ ʧʦʨʦʢhʽʚ. ʂʨʽʤ ʮʴʦʛʦ, ʜʦʜʘʪʢʦʚʦ ʙʫʣʦ ʟʘʩʪʦʩʦʚʘʥʦ 

ʧʦʨʦʰʢʠ ʨʫʪʠʣʫ ʪʘ ʬʪʦʨʠʩʪʦʛʦ ʢʘʣʴʮʽʶ, ʷʢ ʪʝʭʥʦʣʦʛʽʯʥʽ ʜʦʙʘʚʢʠ ʜʣʷ 

ʧʦʢʨʘʱʝʥʥʷ ʩʪʘʙʽʣʴʥʦʩʪʽ ʛʦʨʽʥʥʷ ʜʫʛʠ ʪʘ ʟʘʭʠʩʪʫ ʚʽʜ ʘʪʤʦʩʬʝʨʥʦʛʦ ʚʧʣʠʚʫ. 

ɼʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʥʝʦʙʭʽʜʥʦʛʦ ʚʤʽʩʪʫ ʤʘʨʛʘʥʮ ʁ ʙʫʣʦ ʚʠʢʦʨʠʩʪʘʥʦ 

ʣʝʛʫʚʘʥʥʷʤ ʢʦʤʙʽʥʘʮʽ̒ ʶ ʧʦʨʦʰʢʽʚ Mn  (ʤʘʨʢʘ ʄʅ997 (ɻʆʉʊ 6008-90)) ʪʘ 

ʬʝʨʦʩʠʣʽʢʦʤʘʨʛʘʥʮʶ ʤʘʨʢʠ ʄʅʉ17 (ɻʆʉʊ 4756-91, ISO 5447-80), ʚʠʨʦʙʥʠʮʪʚʘ 

ɸʊ "ʅʽʢʦʧʦʣʴʩʴʢʠʡ ʟʘʚʦʜ ʬʝʨʦʩʧʣʘʚʽʚ". 

ʊʝʭʥʦʣʦʛʽʯʥʠʡ ʧʨʦʮʝʩ ʚʠʛʦʪʦʚʣʝʥʥʷ ʧʦʨʦʰʢʦʚʠʭ ʩʪʨʽʯʦʢ ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ 

ʥʘ ʙʘʟʽ ʊʟʆɺ ʄʅɺʎ "ɽʧʩʽʣʦʥ ʃʊɼ" ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʩʪʝʥʜʫ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ 

ʝʣʝʢʪʨʦʜʥʠʭ ʤʘʪʝʨʽʘʣʽʚ (ʨʠʩ. 2.6, ʘ) ʫ ʚʠʛʣʷʜʽ ʦʜʥʦʟʘʤʢʦʚʦʾ ʧʦʨʦʰʢʦʚʦʾ ʩʪʨʽʯʢʠ 

(ʨʠʩ. 2.6, ʙ). ʉʪʝʥʜ ʚʠʛʦʪʦʚʣʝʥʥʷ ʝʣʝʢʪʨʦʜʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʩʢʣʘʜʘʻʪʴʩʷ ʽʟ ʜʦʟʘʪʦʨʘ 

ʜʣʷ ʨʝʛʫʣʴʦʚʘʥʦʾ ʧʦʜʘʯʽ ʧʦʨʦʰʢʦʚʦʾ ʩʫʤʽʰʽ (ʧʦʟ.1, ʨʠʩ. 2.6, ʘ), ʨʦʣʠʢʽʚ ʜʣʷ 

ʬʦʨʤʫʚʘʥʥʷ (ʧʦʟ.2, ʨʠʩ. 2.6, ʘ), ʨʦʣʠʢʽʚ ʜʣʷ ʧʦʜʘʯʽ ʩʪʨʽʯʢʠ ʽʟ ʥʠʟʴʢʦʚʫʛʣʝʮʝʚʦʾ 

ʩʪʘʣʽ 08ʢʧ (ɼʉʊʋ EN 10139:2018) ʰʠʨʠʥʦʶ 20 ʤʤ ʪʘ ʪʦʚʱʠʥʦʶ 0.5 ʤʤ (ʧʦʟ. 3, 

ʨʠʩ. 2.6, ʘ), ʤʝʭʘʥʽʟʤʫ ʜʣʷ ʧʦʜʘʯʽ ʩʝʨʜʝʯʥʠʢʘ ʽʟ ʧʦʨʦʰʢʦʚʦʾ ʩʪʨʽʯʢʠ (ʟʘ 

ʥʝʦʙʭʽʜʥʦʩʪʽ) (ʧʦʟ. 4, ʨʠʩ. 2.6, ʘ), ʚʠʪʷʞʥʦʾ ʚʝʥʪʠʣʷʮʽʾ (ʧʦʟ. 5, ʨʠʩ. 2.5, ʘ)), ʙʣʦʢʫ 

ʢʝʨʫʚʘʥʥʷ (ʧʦʟ. 6, ʨʠʩ. 2.6, ʘ)) ʪʘ ʨʽʟʮʽʚ ʜʣʷ ʨʦʟʨʽʟʘʥʥʷ ʩʪʨʽʯʢʠ ʥʘ ʝʣʝʢʪʨʦʜʠ 

ʜʦʚʞʠʥʦʶ 400 ʤʤ (ʟʘ ʥʝʦʙʭʽʜʥʦʩʪʽ).  

 

 

 

ʘ ʙ 

ʈʠʩʫʥʦʢ 2.6 ï ʉʪʝʥʜ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʧʦʨʦʰʢʦʚʠʭ ʩʪʨʽʯʦʢ (ʧʦʟʥʘʯʝʥʥʷ ʚ 

ʪʝʢʩʪʽ) (ʘ) ʪʘ ʾʭ ʢʦʥʩʪʨʫʢʮʽʷ (ʙ)  

 

ʆʮʽʥʢʘ ʩʪʫʧʝʥʷ ʟʘʧʦʚʥʝʥʥʷ ʦʙʦʣʦʥʢʠ ( ὑ̈ ) ʰʠʭʪʦʶ ʧʨʦʚʦʜʠʣʦʩʴ ʟʘ 

ʬʦʨʤʫʣʦʶ: 
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ὑ̈ ρππ  
ὡ̆ ̌ ρππ

ὡ̏ ̂
ȟ (2.36) 

ʜʝ ὡ̆  ̌ï ʤʘʩʘ ʝʣʝʢʪʨʦʜʫ ʟʘʧʦʚʥʝʥʦʛʦ ʰʠʭʪʦʶ, ὡ̏  ̂ï ʤʘʩʘ ʦʙʦʣʦʥʢʠ ʙʝʟ ʰʠʭʪʠ 

(28 ʛʨ.). ʇʘʨʘʤʝʪʨ ὑ̈  ʙʫʣʦ ʚʠʟʥʘʯʝʥʦ ʟʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʟʚʘʞʫʚʘʥʥʷ ʥʝ ʤʝʥʰʝ 

ʪʨʴʦʭ ʝʣʝʢʪʨʦʜʽʚ ʢʦʞʥʦʛʦ ʪʠʧʫ. ʉʢʣʘʜ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʝʣʝʢʪʨʦʜʽʚ ʜʣʷ 

ʜʦʩʣʽʜʞʝʥʴ ʥʘʚʝʜʝʥʦ ʫ ʪʘʙʣʠʮʽ 2.1. 

 

ʊʘʙʣʠʮʷ 2.1 ï ɽʣʝʤʝʥʪʥʠʡ ʩʢʣʘʜ ʥʘʧʣʘʚʣʝʥʠʭ ʧʦʢʨʠʪʪʽʚ, ʥʘʧʣʘʚʣʝʥʠʭ ʽʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʧʦʨʦʰʢʦʚʠʭ ʩʪʨʽʯʦʢ 

ʉʠʩʪʝʤʘ ʣʝʛʫʚʘʥʥʷ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ 

ʝʣʝʢʪʨʦʜʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ 

ɽʣʝʤʝʥʪʥʠʡ ʩʢʣʘʜ, ʤʘʩ. % 

Fe Mn Si C Nb V Ti Mo B Cr 

Cʪʘʣʴ ʨʝʰʪʘ 19.0 4.0 2.0 -      

Cʪʘʣʴ-NbC ʨʝʰʪʘ 15.1 3.2 3.7 18.1      

ʉʪʘʣʴ -VC ʨʝʰʪʘ 16.3 3.6 4.0  10.8     

ʉʪʘʣʴ-TiC ʨʝʰʪʘ 16.4 3.6 4.1   10.2    

ʉʪʘʣʴ-Mo2C ʨʝʰʪʘ 16.4 3.6 4.1    10.3   

Fe-NbC ʨʝʰʪʘ - - 2.2 16.8      

Fe-(Nb,Mo)C ʨʝʰʪʘ - - 2.2 8.4   8.7   

Fe-(Nb,Mo,V)C ʨʝʰʪʘ - - 2.6 6.7 3.65  6.9   

Fe-(Nb,Mo,V,Ti)C ʨʝʰʪʘ - - 1.9 7.7 4.2 3.9 7.9   

Fe-Mo-B ʨʝʰʪʘ - - -    24 2.7  

Fe-Mo-B4C ʨʝʰʪʘ - - 0.75    24 2.7  

ʉʪʘʣʴ-Mo-B4C ʨʝʰʪʘ 13.7 - 0.75    24 2.7  

ʉʪʘʣʴ-Mo-B4C ʨʝʰʪʘ 14.7  0.8    17.8 2.0  

ʉʪʘʣʴ-Mo-B4C ʨʝʰʪʘ 14.0  0.77    21.5 2.4  

ʉʪʘʣʴ-Mo-B4C ʨʝʰʪʘ 13.3  0.73    25.0 2.8  

ʉʪʘʣʴ-Mo-B4C ʨʝʰʪʘ 11.0  0.6    35.8 4.0  

ʉʪʘʣʴ- M7C3 ʨʝʰʪʘ 10  3.0   4.0   10.0 

ʉʪʘʣʴ-TiB2-TiC ʨʝʰʪʘ 7 3.0 0.7   16.0  24  
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2.3.2 ɺʠʟʥʘʯʝʥʥʷ ʬʘʟʦʚʦʛʦ, ʝʣʝʤʝʥʪʥʦʛʦ ʩʢʣʘʜʫ ʪʘ ʧʘʨʘʤʝʪʨʽʚ ʩʪʨʫʢʪʫʨʠ  

ɺʠʟʥʘʯʝʥʥʷ ʝʣʝʤʝʥʪʥʦʛʦ ʪʘ ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ, ʘ ʪʘʢʦʞ ʦʮʽʥʢʘ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ ʧʨʦʚʦʜʠʣʦʩʴ ʰʣʷʭʦʤ ʧʦʻʜʥʘʥʥʷ ʤʝʪʦʜʽʚ 

ʦʧʪʠʯʥʦʾ ʤʢ̔ʨʦʩʢʦʧʽʾ, ʩʢʘʥʽʚʥʦʾ ʨʘʩʪʨʦʚʦʾ ʝʣʝʢʪʨʦʥʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ (SEM), 

ʝʥʝʨʛʦʜʠʩʧʝʨʩʽʡʥʦʾ ʨʝʥʪʛʝʥʽʚʩʴʢʦʾ ʩʧʝʢʪʨʦʩʢʦʧʽʾ (EDS), ʨʝʥʪʛʝʥʽʚʩʴʢʦʛʦ 

ʬʘʟʦʚʦʛʦ ʘʥʘʣʽʟʫ (XRD) ʤʝʩʙʘʫʝʨʽʚʩʴʢʦʾ ʩʧʝʢʪʨʦʩʢʦʧʽʾ, ʨʝʥʪʛʝʥʽʚʩʴʢʦʛʦ 

ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ (XSF) ʪʘ ʤʽʢʨʦʜʶʨʦʤʝʪʨʠʯʥʦʛʦ ʘʥʘʣʽʟʫ.  

ɼʦʩʣʽʜʞʝʥʥʷ ʥʘʧʣʘʚʣʝʥʠʭ ʧʦʢʨʠʪʪʽʚ ʤʝʪʦʜʦʤ ʩʚʽʪʣʦʚʦʾ ʤʽʢʨʦʩʢʦʧʽʾ ʪʘ 

ʤʽʢʨʦʜʶʨʦʤʝʪʨʠʯʥʦʛʦ ʘʥʘʣʽʟʫ ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʤʝʪʘʣʦʛʨʘʬʽʯʥʦʛʦ ʤʽʢʨʦʩʢʦʧʫ ʄʄʈ-4 ʪʘ ʤʽʢʨʦʪʚʝʨʜʦʤʽʨʫ ʇʄʊ-3ʄ, ʦʩʥʘʱʝʥʠʭ 

ʮʠʬʨʦʚʦʶ ʢʘʤʝʨʦʶ-ʦʢʫʣʷʨʦʤ UCMOS05100KPA ʽʟ ʧʨʦʛʨʘʤʥʠʤ ʟʘʙʝʟʧʝʯʝʥʥʷʤ 

ToupView , ʧʨʠʟʥʘʯʝʥʦʛʦ ʜʣʷ ʘʥʘʣʽʟʫ ʦʪʨʠʤʘʥʠʭ ʟʥʽʤʢʽʚ. ɺʠʟʥʘʯʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ 

ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ (ʨʦʟʧʦʜʽʣ ʬʘʟ ʟʘ ʨʦʟʤʽʨʘʤʠ, ʢʽʣʴʢʽʩʥʠʡ ʘʥʘʣʽʟ ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ) 

ʧʨʦʚʦʜʠʚʩʷ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʨʦʛʨʘʤʠ ImageJ [162]. 

  ʄʽʢʨʦʩʪʨʫʢʪʫʨʫ ʥʘʧʣʘʚʣʝʥʠʭ ʧʦʢʨʠʪʪʽʚ ʤʝʪʦʜʦʤ SEM ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʽʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʩʢʘʥʽʚʥʦʛʦ ʝʣʝʢʪʨʦʥʥʦʛʦ ʤʽʢʨʦʩʢʦʧʫ ZEISS EVO40XVP, 

ʦʩʥʘʱʝʥʦʛʦ ʩʠʩʪʝʤʦʶ ʨʝʥʪʛʝʥʽʚʩʴʢʠʤ ʘʥʘʣʽʟʘʪʦʨʦʤ INCA Energy ʪʘ 

ʝʥʝʨʛʦʜʠʩʧʝʨʩʽʡʥʠʤ ʩʧʝʢʪʨʦʤʝʪʨʦʤ INCA ENERGY 350 ̔ ʟ Li ʜʝʪʝʢʪʦʨʦʤ ʧʣʦʱʝʶ 

10 ʤʤ2, ʷʢʠʡ ʜʦʟʚʦʣʷʻ ʟʘʙʝʟʧʝʯʠʪʠ ʣʦʢʘʣʴʥʽʩʪʴ ʘʥʘʣʽʟʫ ʚʽʜ 1 ʤʢʤ. ʊʘʢʦʞ ʜʣʷ 

ʜʦʩʣʽʜʞʝʥʴ ʙʫʣʦ ʚʠʢʦʨʠʩʪʘʥʦ ʝʣʝʢʪʨʦʥʥʠʡ ʤʽʢʨʦʩʢʦʧ Phenom XL  (Nanoscience 

Instruments, USA). ɿʘʣʝʞʥʦ ʚʽʜ ʟʘʜʘʯ ʜʦʩʣʽʜʞʝʥʴ (ʤʦʨʬʦʣʦʛʽʷ ʧʦʚʝʨʭʥʽ, ʬʘʟʦʚʠʡ 

ʩʢʣʘʜ, ʛʫʩʪʠʥʘ ʬʘʟ) ʝʣʝʢʪʨʦʥʥʦ-ʤʽʢʨʦʩʢʦʧʽʯʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʚʦʜʠʣʠʩʴ ʫ 

ʨʝʞʠʤʽ SEM  ʘʙʦ ʫ ʨʝʞʠʤʽ ʜʠʬʨʘʢʮʽʾ ʦʙʝʨʥʝʥʦ ʚʽʜʙʠʪʠʭ ʝʣʝʢʪʨʦʥʽʚ BSD. 

ɼʦʩʣʽʜʞʝʥʥʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʙʘʟʽ ʎʝʥʪʨʫ ʢʦʣʝʢʪʠʚʥʦʛʦ ʢʦʨʠʩʪʫʚʘʥʥʷ ʥʘʫʢʦʚʠʤʠ 

ʧʨʠʣʘʜʘʤʠ (ʎʂʂʅʇ): ñʎʝʥʪʨ ʝʣʝʢʪʨʦʥʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ ʪʘ ʨʝʥʪʛʝʥʽʚʩʴʢʦʛʦ 

ʤʽʢʨʦʘʥʘʣʽʟʫò (ʌʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤ. ɻ.ɺ. ʂʘʨʧʝʥʢʘ ʅɸʅʋ) 

ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʢʨʠʩʪʘʣʽʯʥʦʾ ʩʪʨʫʢʪʫʨʠ ʤʝʪʦʜʦʤ 

ʤʝʩʩʙʘʫʝʨʽʚʩʴʢʦʾ ʩʧʝʢʪʨʦʩʢʦʧʽʾ ʧʨʦʚʦʜʠʣʠ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʷʜʝʨʥʠʭ ʛʘʤʘ-

ʨʝʟʦʥʘʥʩʥʠʭ ʩʧʝʢʪʨʦʤʝʪʨʽʚ ʗɻʈʉ-4ʄ ʪʘ MS-1104 Em (ʨʠʩ. 2.7). ɽʣʝʢʪʨʦʥʥʽ 

ʤʝʩʙʘʫʝʨʽʚʩʴʢʽ ʩʧʝʢʪʨʠ Fe57 ʦʪʨʠʤʫʚʘʣʠ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ Co57 ʫ ʭʨʦʤʦʚʽʡ 

http://www.ipm.lviv.ua/cem/incaenergy350.pdf
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ʤʘʪʨʠʮʽ, ʷʢ ʜʞʝʨʝʣʘ ɔ-ʢʚʘʥʪʽʚ ʪʘ ʢʘʣʽʙʨʫʚʘʥʥʽ ʽʟʦʤʝʪʨʠʯʥʠʭ ʟʩʫʚʽʚ ʚʽʜʥʦʩʥʦ 

ʥʽʪʨʦʧʨʫʩʠʜʫ ʥʘʪʨʽʶ. 

 

  
ʘ ʙ 

  ʈʠʩʫʥʦʢ 2.7  ï ɿʘʛʘʣʴʥʠʡ ʚʠʛʣʷʜ (ʘ) ʪʘ ʩʭʝʤʘ (ʙ) ʦʙʣʘʜʥʘʥʥʷ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ 

ʧʘʨʘʤʝʪʨʽʚ ʩʪʨʫʢʪʫʨʠ ʤʝʪʦʜʦʤ ʤʝʩʙʘʫʝʨʽʚʩʴʢʦʾ ʩʧʝʢʪʨʦʩʢʦʧʽʾ 

 

 ɸʥʘʣʽʟ ʤʝʪʦʜʦʤ XRD, ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʜʠʬʨʘʢʪʦʤʝʪʨʽʚ 

Shimadzu XRD-7000 ʪʘ ɼʈʆʅ ï 3ʄ ʪʘ  ʫ ʬʽʣʴʪʨʦʚʘʥʦʤʫ ʉuKŬ ʚʠʧʨʦʤʽʥʶʚʘʥʥʽ ʽʟ 

ʧʦʜʘʣʴʰʠʤ ʦʙʨʦʙʢʦʶ ʜʠʬʨʘʢʪʦʛʨʘʤ ʤʝʪʦʜʦʤ ʈʽʪʚʝʣʴʜʘ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʧʨʦʛʨʘʤʥʦʛʦ ʢʦʤʧʣʝʢʩʫ Match! [163(p. 53227)]. ɼʣʷ ʚʠʟʥʘʯʝʥʥʷ ʭʽʤʽʯʥʦʛʦ ʩʢʣʘʜʫ  

ʚʠʭʽʜʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʪʘʢʦʞ ʙʫʣʦ ʚʠʢʦʨʠʩʪʘʥʦ ʤʝʪʦʜ ʨʝʥʪʛʝʥʽʚʩʴʢʦʛʦ 

ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʘʥʘʣʽʟʫ (ʘʥʘʣʽʟʘʪʦʨ ʝʣʝʤʝʥʪʥʦʛʦ ʩʢʣʘʜʫ ʩʧʣʘʚʽʚ  ñEXPERT 3Lò). 

ɼʦʩʣʽʜʞʝʥʥʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʙʘʟʽ ʎʝʥʪʨʫ ʢʦʣʝʢʪʠʚʥʦʛʦ ʢʦʨʠʩʪʫʚʘʥʥʷ ʥʘʫʢʦʚʠʤ 

ʦʙʣʘʜʥʘʥʥʷʤ ñʃʘʙʦʨʘʪʦʨʽʷ ʥʘʥʦʪʝʭʥʦʣʦʛʽʡ ʜʣʷ ʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʘ, ʝʥʝʨʛʝʪʠʢʠ ʪʘ 

ʤʝʜʠʮʠʥʠò (ʇʨʠʢʘʨʧʘʪʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʽʤ. ɺʘʩʠʣʷ ʉʪʝʬʘʥʠʢʘ). 

ɼʣʷ ʜʦʩʣʽʜʞʝʥʴ ʤʝʪʦʜʘʤʠ MS ʪʘ XRD, ʷʢ ʚʠʭʽʜʥʽ  ʤʘʪʝʨʽʘʣʠ ʙʫʣʦ 

ʚʠʢʦʨʠʩʪʘʥʦ ʜʠʩʧʝʨʩʥʽ ʯʘʩʪʠʥʢʠ (ʨʠʩ. 2.8), ʦʪʨʠʤʘʥʽ ʽʟ ʧʦʚʝʨʭʥʝʚʠʭ ʥʘʧʣʘʚʣʝʥʠʭ 

ʰʘʨʽʚ, ʰʣʷʭʦʤ ʾʭ ʤʝʭʘʥʽʯʥʦʛʦ ʦʙʨʦʙʣʝʥʥʷ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʘʣʤʘʟʥʦʛʦ 

ʰʣʽʬʫʚʘʣʴʥʦʛʦ ʽʥʩʪʨʫʤʝʥʪʫ. 
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ʘ ʙ 

ʈʠʩʫʥʦʢ 2.8  ï ʄʦʨʬʦʣʦʛʽʷ ʧʦʨʦʰʢʦʚʠʭ ʟʨʘʟʢʽʚ, ʜʣʷ ʧʨʦʚʝʜʝʥʥʷ 

ʜʦʩʣʽʜʞʝʥʴ ʤʝʪʦʜʘʤʠ MS ʪʘ XRD 

 

2.4 ɺʠʟʥʘʯʝʥʥʷ ʤʝʭʘʥʽʯʥʠʭ, ʪʨʠʙʦʪʝʭʥʽʯʥʠʭ ʪʘ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

2.4.1 ɺʠʟʥʘʯʝʥʥʷ ʤʘʢʨʦ- ʪʘ ʤʽʢʨʦʪʚʝʨʜʦʩʪʽ ʧʦʢʨʠʪʪʽʚ ʧʨʷʤʠʤʠ 

(ʽʥʜʝʥʪʫʚʘʥʥʥʷ) ʪʘ ʥʝʧʨʷʤʠʤʠ ʤʝʪʦʜʘʤʠ  

ɺʠʤʽʨʶʚʘʥʥʷ ʤʘʢʨʦ- ʪʘ ʤʽʢʨʦʪʚʝʨʜʦʩʪʽ ʥʘʧʣʘʚʣʝʥʠʭ ʧʦʢʨʠʪʪʽʚ ʙʫʣʦ 

ʧʨʦʚʝʜʝʥʦ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʩʪʘʥʜʘʨʪʥʠʭ ʤʝʪʦʜʠʢ. ʗʢ ʦʙʣʘʜʥʘʥʥʷ ʜʣʷ 

ʚʠʤʽʨʶʚʘʥʥʷ ʤʝʪʦʜʦʤ ʽʥʜʝʥʪʫʚʘʥʥʷ  ʙʫʣʦ ʚʠʢʦʨʠʩʪʘʥʦ ʪʚʝʨʜʦʤʽʨ ʟʘ 

ʈʦʢʚʝʣʣʦʤ ʪʠʧʫ ʊʂ-2ʄ ̔ʟ ʚʠʤʽʨʶʚʘʥʥʷʤʠ ʟʘ ʰʢʘʣʘʤʠ A ʪʘ ʉ ʟʘ ʥʘʚʘʥʪʘʞʝʥʴ 

100 ʢʛʩ ʪʘ 150  ʢʛʩ, ʚʽʜʧʦʚʽʜʥʦ. ɼʣʷ ʦʮʽʥʢʠ ʩʪʫʧʝʥʶ ʚʧʣʠʚʫ ʜʝʬʦʨʤʘʮʽʡʥʦʛʦ 

ʟʤʽʮʥʝʥʥʷ ʥʘ ʨʽʚʝʥʴ ʪʚʝʨʜʦʩʪʽ ʙʫʣʦ ʟʜʽʡʩʥʝʥʦ ʜʝʬʦʨʤʘʮʽʶ ʧʦʚʝʨʭʥʝʚʠʭ ʰʘʨʽʚ 

ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʪʚʝʨʜʦʤʽʨʫ ɹʨʽʥʝʣʷ ʊʐ ʽʟ ʽʥʜʝʥʪʦʨʦʤ ʫ ʚʠʛʣʷʜʽ ʢʫʣʴʢʠ ʽʟ 

ʚʦʣʴʬʨʘʤʦʚʦʛʦ ʪʚʝʨʜʦʛʦ ʩʧʣʘʚʫ, ʜʽʘʤʝʪʨʦʤ 10 ʤʤ. ɼʣʷ ʧʦʨʽʚʥʷʣʴʥʦʛʦ ʘʥʘʣʽʟʫ 

ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʚʠʤʽʨʶʚʘʥʥʷ ʪʚʝʨʜʦʩʪʽ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʜʠʥʘʤʽʯʥʦʛʦ 

ʪʚʝʨʜʦʤʽʨʫ ʊɼ-32 (ʨʠʩ. 2.9). 

ɼʣʷ ʚʠʟʥʘʯʝʥʥʷ ʤʽʢʨʦʪʚʝʨʜʦʩʪʽ ʦʢʨʝʤʠʭ ʬʘʟ ʪʘ ʩʪʨʫʢʪʫʨʥʠʭ ʩʢʣʘʜʦʚʠʭ 

ʙʫʣʦ ʚʠʢʦʨʠʩʪʘʥʦ ʤʽʢʨʦʪʚʝʨʜʦʤʽʨ ʇʄʊ-3ʄ. ʅʘʚʘʥʪʘʞʝʥʥʷʭ ʥʘ ʽʥʜʝʥʪʦʨ 

(ʧʽʨʘʤʽʜʫ ɺʽʢʢʝʨʩʘ), ʟʘʣʝʞʥʦ ʚʽʜ ʨʦʟʤʽʨʫ ʩʪʨʫʢʪʫʨʥʠʭ ʩʢʣʘʜʦʚʠʭ, ʩʪʘʥʦʚʠʣʦ 

100 ʪʘ 200 ʢʛʩ. ɿʥʘʯʝʥʥʷ ʤʽʢʨʦʪʚʝʨʜʦʩʪʽ ʨʦʟʨʘʭʦʚʫʚʘʣʦʩʴ ʟʘ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʪʨʴʦʭ ʚʠʤʽʨʶʚʘʥʴ.  
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ʈʠʩʫʥʦʢ 2.9 ï ɿʘʛʘʣʴʥʠʡ ʚʠʛʣʷʜ ʧʨʦʮʝʩʫ ʚʠʤʽʨʶʚʘʥʥʷ ʪʚʝʨʜʦʩʪʽ ʽʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʜʠʥʘʤʽʯʥʦʛʦ ʪʚʝʨʜʦʤʽʨʫ ʊɼ-32 

 

2.4.2 ɺʠʟʥʘʯʝʥʥʷ ʪʚʝʨʜʦʩʪʽ ʤʝʪʦʜʦʤ ʩʢʣʝʨʦʤʝʪʨʽʾ  

 ʂʦʤʧʣʝʢʩʥʠʡ ʘʥʘʣʽʟ ʟʘʣʝʞʥʦʩʪʽ ʤʽʞ ʪʚʝʨʜʽʩʪʶ, ʚʠʤʽʨʷʥʦʶ ʤʝʪʦʜʦʤ 

ʽʥʜʝʥʪʫʚʘʥʥʷ ʪʘ ʟʥʦʩʦʪʨʠʚʢʽʩʪʶ, ʧʨʦʚʝʜʝʥʠʡ ʫ ʨʦʙʦʪʽ [164] (ʨʠʩ. 2.10) ʧʦʢʘʟʫʻ, 

ʱʦ ʣʽʥʽʡʥʘ ʢʦʨʝʣʷʮʽʷ ʤʽʞ ʚʢʘʟʘʥʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʣʠʰʝ ʜʣʷ 

ʚʠʩʦʢʦʯʠʩʪʠʭ ʤʝʪʘʣʽʚ ʽʟ ɻʎʂ ʪʘ ʆʎʂ ʩʪʨʫʢʪʫʨʦʶ, ʚʫʛʣʝʮʝʚʠʭ ʩʪʘʣʝʡ ʫ 

ʚʽʜʧʘʣʝʥʦʤʫ ʩʪʘʥʽ, ʯʠʩʪʠʭ ʢʝʨʘʤʽʯʥʠʭ ʤʘʪʝʨʽʘʣʽʚ (ʜʦ ʧʝʚʥʦʾ ʤʝʞʽ). ɼʣʷ 

ʘʫʩʪʝʥʽʪʥʠʭ ʚʠʩʦʢʦʤʘʨʛʘʮʝʚʠʭ ʩʪʘʣʝʡ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʩʢʣʘʜʥʘ ʟʘʣʝʞʥʽʩʪʴ ʤʽʞ 

ʪʚʝʨʜʽʩʪʶ ʪʘ ʟʥʦʩʦʪʨʠʚʢʽʩʪʶ, ʷʢʘ ʦʧʠʩʫʻʪʴʩʷ ʢʨʠʚʦʶ ʽʟ ʤʘʢʩʠʤʫʤʦʤ. ʎʝ 

ʚʠʢʣʠʢʘʥʦ ʜʝʬʦʨʤʘʮʽʡʥʠʤ ʟʤʽʮʥʝʥʥʷʤ ʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫ ʫ ʧʨʦʮʝʩʽ 

ʽʥʜʝʥʪʫʚʘʥʥʷ. ɺʠʭʦʜʷʯʠ ʽʟ ʮʴʦʛʦ ʜʣʷ ʙʽʣʴʰ ʦʙôʻʢʪʠʚʥʦʾ ʦʮʽʥʢʠ ʪʚʝʨʜʦʩʪʽ, ʷʢ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʱʦ ʚʠʟʥʘʯʘʻ ʟʥʦʩʦʪʨʠʚʢʽʩʪʴ ʟʘ ʫʤʦʚ ʘʙʨʘʟʠʚʥʦʛʦ ʟʥʦʰʫʚʘʥʥʷ ʾʾ 

ʚʠʤʽʨʶʚʘʥʥʷ ʧʨʦʚʦʜʠʣʦʩʴ ʤʝʪʦʜʘʤʠ ʩʢʣʝʨʦʤʝʪʨʽʾ.   
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ʈʠʩʫʥʦʢ 2.10 ï ɺʟʘʻʤʦʟʚôʷʟʦʢ ʤʽʞ ʪʚʝʨʜʽʩʪʶ ʪʘ ʘʙʨʘʟʠʚʥʦʶ 

ʟʥʦʩʦʪʨʠʚʢʽʩʪʶ ʜʣʷ ʨʷʜʫ ʢʦʥʩʪʨʫʢʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʟʘ ʜʘʥʠʤʠ [164] 

  

ʉʢʣʝʨʦʤʝʪʨʠʯʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʚʦʜʠʣʠʩʴ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʩʧʝʮʽʘʣʴʥʦ 

ʨʦʟʨʦʙʣʝʥʦʛʦ ʪʘ ʟʘʧʘʪʝʥʪʦʚʘʥʦʛʦ ʣʘʙʦʨʘʪʦʨʥʦʛʦ ʩʢʣʝʨʦʤʝʪʨʘ [165] (ʨʠʩ. 2.11), 

ʷʢʠʡ, ʟʦʢʨʝʤʘ, ʜʦʟʚʦʣʷʻ ʧʨʦʚʦʜʠʪʠ ʜʦʩʣʽʜʞʝʥʥʷ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʽʨʘʤʽʜʠ 

ɺʽʢʢʝʨʩʘ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ɻʆʉʊ 21318ï75 ñʀʟʤʝʨʝʥʠʝ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ ʮʘʨʘʧʘʥʠʝʤ 

ʘʣʤʘʟʥʳʤʠ ʥʘʢʦʥʝʯʥʠʢʘʤʠò.  

 

ʈʠʩʫʥʦʢ 2.11 ï ɿʘʛʘʣʴʥʠʡ ʚʠʛʣʷʜ ʣʘʙʦʨʘʪʦʨʥʦʛʦ ʩʢʣʝʨʦʤʝʪʨʘ  

 

ɼʣʷ ʥʘʥʝʩʝʥʥʷ ʧʦʜʨʷʧʠʥ (ʩʢʨʝʪʯ-ʪʝʩʪʽʚ) ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʘʩʴ ʩʭʝʤʘ 

ʨʦʟʪʘʰʫʚʘʥʥʷ ʧʽʨʘʤʽʜʠ ñʨʝʙʨʦʤ ʚʧʝʨʝʜò ʟʘ  ʥʘʚʘʥʪʘʞʝʥʥʴ Ὂ=1 ʅ ʪʘ 2 H. ɸʥʘʣʽʟ 

ʛʝʦʤʝʪʨʽʾ ʧʦʜʨʷʧʠʥ ʧʨʦʚʦʜʠʚʩʷ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʦʧʪʠʯʥʦʾ ʪʘ ʝʣʝʢʪʨʦʥʥʦʾ 
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ʤʽʢʨʦʩʢʦʧʽʾ. ʆʩʥʦʚʥʠʤ ʢʨʠʪʝʨʽʻʤ ʜʣʷ ʦʮʽʥʢʠ ʩʢʣʝʨʦʤʝʪʨʠʯʥʦʾ ʪʚʝʨʜʦʩʪʽ (Ὄ ) 

ʙʫʣʘ ʰʠʨʠʥʘ ʪʨʝʢʫ ὦ (ʨʠʩ. 2.12, ʘ), ʷʢ ʤʘʪʝʨʽʘʣ ʜʣʷ ʧʦʨʽʚʥʷʥʥʷ ʙʫʣʦ ʚʠʙʨʘʥʦ 

ʩʪʘʣʴ 45 (ʙʝʟ ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ) (ʨʠʩ. 2.12, ʘ), ʘ ʨʦʟʨʘʭʫʥʦʢ ʧʨʦʚʦʜʠʣʠ ʟʘ 

ʬʦʨʤʫʣʦʶ: 

Ὄ
σȢχψςὊ

ὦ
 (2.37) 

 

 
ʘ ʙ 

ʈʠʩʫʥʦʢ 2.12 ï ɻʝʦʤʝʪʨʽʷ ʪʨʝʢʫ ʟʘʣʠʰʝʥʦʛʦ ʧʽʩʣʷ ʩʢʨʝʪʯ-ʪʝʩʪʽʚ (ʘ) 

ʨʝʟʫʣʴʪʘʪʠ ʩʢʣʝʨʦʤʝʪʨʠʯʥʠʭ ʚʠʧʨʦʙʦʚʫʚʘʥʴ ʩʪʘʣʽ 45 (ʙ) 

 

2.4.3 ɺʠʟʥʘʯʝʥʥʷ ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ ʟʘ ʫʤʦʚ ʫʜʘʨʥʦ-ʘʙʨʘʟʠʚʥʦʛʦ ʟʥʦʰʫʚʘʥʥʷ 

ʋʜʘʨʥʦ-ʘʙʨʘʟʠʚʥʫ ʟʥʦʩʦʪʨʠʚʢʽʩʪʴ ʟʨʘʟʢʽʚ ʽʟ ʥʘʧʣʘʚʣʝʥʠʤʠ ʧʦʢʨʠʪʪʷʤʠ 

ʙʫʣʦ ʚʠʟʥʘʯʝʥʦ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʚʠʧʨʦʙʫʚʘʣʴʥʦʛʦ ʩʪʝʥʜʫ (ʨʠʩ. 2.13), ʷʢʠʡ 

ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʢʫʣʘʯʢʦʚʦʛʦ ʤʝʭʘʥʽʟʤʫ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʧʽʜʡʦʤ ʫʜʘʨʥʠʢʘ 

ʦʩʥʘʱʝʥʦʛʦ ʪʚʝʨʜʦʩʧʣʘʚʥʠʤ ʥʘʢʦʥʝʯʥʠʢʦʤ ʽʟ ʪʚʝʨʜʦʛʦ ʩʧʣʘʚʫ ʤʘʨʢʠ ɺʂ6 ʪʘ 

ʡʦʛʦ ʚʽʣʴʥʝ ʧʘʜʽʥʥʷ ʽʟ ʟʘʜʘʥʠʤ ʥʘʚʘʥʪʘʞʝʥʥʷʤ. ʋʜʘʨʥʝ ʥʘʚʘʥʪʘʞʝʥʥʷ ʫ 

ʧʨʠʩʫʪʥʦʩʪʽ ʘʙʨʘʟʠʚʥʦʛʦ ʧʨʦʰʘʨʢʫ ʥʘʥʦʩʠʣʠ ʧʦ ʟʨʘʟʢʘʭ, ʷʢ ̔ʙʫʣʠ ʟʘʬʽʢʩʦʚʘʥʦ ʫ 

ʪʨʠʤʘʯʽ ʜʣʷ ʟʨʘʟʢʽʚ. ʗʢ ʘʙʨʘʟʠʚʥʝ ʩʝʨʝʜʦʚʠʱʝ ʙʫʣʦ ʚʠʢʦʨʠʩʪʘʥʦ ʜʨʽʙ ʽʟ ʙʽʣʦʛʦ 

ʯʘʚʫʥʫ (ɼʏʂ ɼʉʊʋ3184-95) , ʱʦ ʭʘʨʘʢʪʝʨʠʟʫʚʘʚʩʷ ʢʦʣʦʪʦʶ ʬʦʨʤʦ  ʁʯʘʩʪʠʥʦʢ ʽʟ 

ʩʝʨʝʜʥʽʤ ʨʦʟʤʽʨʦʤ 1 ʤʤ. ʇʠʪʦʤʘ ʝʥʝʨʛʽʷ ʫʜʘʨʫ ʩʪʘʥʦʚʠʣʘ 2.4 ɼʞ/ʩʤĮ, ʘ ʯʘʩ 

ʚʠʧʨʦʙʫʚʘʥʥʷ ʜʣʷ ʢʦʞʥʦʛʦ ʟʨʘʟʢʘ ʩʪʘʥʦʚʠʚ 2 ʛʦʜ.  
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ʈʠʩʫʥʦʢ 2.13 ï ʉʪʝʥʜ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ ʟʘ ʫʤʦʚ ʫʜʘʨʥʦ-

ʘʙʨʘʟʠʚʥʦʛʦ ʟʥʦʰʫʚʘʥʥʷ 

 

2.4.4 ɺʠʟʥʘʯʝʥʥʷ ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ ʟʘ ʫʤʦʚ ʪʝʨʪʷ ʢʦʚʟʘʥʥʷ ʧʦ ʤʝʪʘʣʝʚʦʤʫ 

ʢʦʥʪʨʪʽʣʫ 

ɿ ʤʝʪʦʶ ʚʠʟʥʘʯʝʥʥʷ ʧʨʘʮʝʟʜʘʪʥʦʩʪʽ ʥʘʧʣʘʚʣʝʥʠʭ ʧʦʢʨʠʪʪʽʚ ʟʘ ʫʤʦʚ ʪʝʨʪʷ 

ʢʦʚʟʘʥʥʷ ʧʦ ʤʝʪʘʣʝʚʦʤʫ ʢʦʥʪʨʪʽʣʫ ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʪʨʠʙʦʪʝʭʥʽʯʥʽ 

ʚʠʧʨʦʙʦʚʫʚʘʥʥʷ ʟʘ ʩʭʝʤʦʶ ʜʚʦʭ ʧʝʨʝʭʨʝʩʥʠʭ ʮʠʣʽʥʜʨʽʚ. ʅʘʧʣʘʚʣʝʥʥ ̫

ʟʥʦʩʦʪʨʠʚʢʦʛʦ ʩʧʣʘʚʫ ʧʨʦʚʦʜʠʣʠ ʥʘ ʮʠʣʽʥʜʨʠʯʥʫ ʧʦʚʝʨʭʥʶ ʨʦʣʠʢʘ ʽʟ ʩʪʘʣʽ 45, 

ʱʦ ʦʙʝʨʪʘʚʩʷ ʫ ʧʨʦʮʝʩʽ ʚʠʧʨʦʙʦʚʫʚʘʥʴ. ʗʢ ʤʝʪʘʣʝʚʝ ʢʦʥʪʨʪʽʣʦ ʙʫʣʦ ʚʠʢʦʨʠʩʪʘʥʦ 

ʮʠʣʽʥʜʨʠʯʥʠʡ ʟʨʘʟʦʢ ʽʟ ʪʝʨʤʦʦʙʨʦʙʣʝʥʦʾ ʩʪʘʣʽ ʐʍ15. ʊʨʠʙʦʪʝʭʥʽʯʥʽ 

ʚʠʧʨʦʙʦʚʫʚʘʥʥʷ ʧʨʦʚʦʜʠʣʠ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʤʦʜʝʨʥʽʟʦʚʘʥʦʛʦ ʪʨʠʙʦʤʝʪʨʘ 

ʉʄʎ-2, ʦʩʥʘʱʝʥʦʛʦ ʩʠʩʪʝʤʦʶ ʥʘʚʘʥʪʘʞʝʥʥʷ ʧʘʨʠ ʪʝʨʪʷ ʫ ʚʠʛʣʷʜʽ ʜʚʦʭ 

ʜʚʦʧʣʝʯʠʭ ʚʘʞʝʣʽʚ (ʨʠʩ. 2.14). ʐʚʠʜʢʽʩʪʴ ʦʙʝʨʪʘʥʥʷ ʨʦʣʠʢʘ ʽʟ ʥʘʧʣʘʚʣʝʥʠʤ 

ʧʦʢʨʠʪʪʷʤ ʩʪʘʥʦʚʠʣʘ 300 ʦʙ/ʭʚ, ʥʘʚʘʥʪʘʞʝʥʥʷ ʥʘ ʧʘʨʫ ʪʝʨʪʷ ʩʪʘʥʦʚʠʣʘ 300 ʅ, ʘ 

ʪʨʠʚʘʣʽʩʪʴ ʢʦʞʥʦʛʦ ʝʢʩʧʝʨʠʤʝʥʪʫ ʩʢʣʘʜʘʣʘ 30 ʭʚ. ɯʟ ʤʝʪʦʶ ʟʘʙʝʟʧʝʯʝʥʥʷ ʫʤʦʚ 

ʪʝʨʪʷ, ʷʢʽ ʽʤʽʪʫʶʪʴ ʫʤʦʚʠ ʨʦʙʦʪʠ ʨʝʘʣʴʥʦʾ ʧʘʨʠ ʪʝʨʪʷ ʙʫʨʦʚʦʛʦ ʟʘʤʢʘ ʽʟ ʦʙʩʘʜʥʦʶ 

ʢʦʣʦʥʦ,ʁ ʷʢ ʨʦʙʦʯʝ ʩʝʨʝʜʦʚʠʱʝ ʚʠʢʦʨʠʩʪʦʚʫʚʘʚʩʷ ʛʣʠʥʠʩʪʠʡ ʙʫʨʦʚʠʡ ʨʦʟʯʠʥ. 
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ʈʠʩʫʥʦʢ 2.14 ï ɺʫʟʦʣ ʜʣʷ ʪʨʠʙʦʪʝʭʥʽʯʥʠʭ ʚʠʧʨʦʙʦʚʫʚʘʥʴ ʟʘ ʫʤʦʚ ʪʝʨʪʷ 

ʥʘʧʣʘʚʣʝʥʠʭ ʧʦʢʨʠʪʪʽʚ ʧʦ ʤʝʪʘʣʝʚʦʤʫ ʢʦʥʪʨʪʽʣʫ ʟʤʦʥʪʦʚʘʥʠʡ ʥʘ ʤʘʰʠʥʽ ʪʝʨʪʷ 

ʉʄʎ-2 

 

ʈʽʚʝʥʴ ʟʥʦʰʫʚʘʥʥʷ ʜʦʩʣʽʜʥʠʭ ʟʨʘʟʢʽʚ ʙʫʣʦ ʚʠʤʽʨʷʥʦ h ʣʷʭʦʤ ʾʭ ʟʚʘʞʫʚʘʥʥʷ 

ʜʦ ʪʘ ʧʽʩʣʷ ʪʨʠʙʦʪʝʭʥʽʯʥʠʭ ʚʠʧʨʦʙʫʚʘʥʴ ʟ ʪʦʯʥʽʩʪʶ ʜʦ 1 ʤʛ. ɼʣʷ ʫʥʽʬʽʢʘʮʽʾ ʨʽʚʥʷ 

ʟʥʦʰʫʚʘʥʥʷ ʜʣʷ ʤʘʪʝʨʽʘʣʽʚ ʟ ʨʽʟʥʦʶ ʛʫʩʪʠʥʦʶ, ʚʪʨʘʪʫ ʤʘʩʠ ʙʫʣʦ ʧʝʨʝʚʝʜʝʥʦ ʥʘ 

ʟʥʦʩ ʟʘ ʦʙô̒ ʤʦʤ [166].  

 

2.4.5 ɺʠʟʥʘʯʝʥʥʷ ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ ʟʘ ʫʤʦʚ ʛʘʟʦʘʙʨʘʟʠʚʥʦʛʦ ʟʥʦʰʫʚʘʥʥʷ 

ɿʥʦʩʦʪʨʠʚʢʽʩʪʴ ʨʦʟʨʦʙʣʝʥʠʭ ʧʦʢʨʠʪʪʽʚ ʟʘ ʫʤʦʚ ʘʝʨʦʘʙʨʘʟʠʚʥʦʾ ʝʨʦʟʽʾ ʙʫʣʦ 

ʧʨʦʚʝʜʝʥʦ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʚʽʜʮʝʥʪʨʦʚʦʛʦ ʧʨʠʩʢʦʨʶʚʘʯʘ ʂʣʝʡʩʘ (ʎʋʂ) (ʨʠʩ. 

2.15), ʚʽʜʧʦʚʽʜʥʦ ʜʦ ɻʆʉʊ 23.201 ï 78 çʆʙʝʩʧʝʯʝʥʠʝ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʠ ʠʟʜʝʣʠʡ. 

ʄʝʪʦʜ ʠʩʧʳʪʘʥʠʷ ʤʘʪʝʨʠʘʣʦʚ ʠ ʧʦʢʨʳʪʠʡ ʥʘ ʛʘʟʦʘʙʨʘʟʠʚʥʦʝ ʠʟʥʘʰʠʚʘʥʠʝ ʩ 

ʧʦʤʦʱʴʶ ʮʝʥʪʨʦʙʝʞʥʦʛʦ ʫʩʢʦʨʠʪʝʣʷè. ʗʢ ʝʪʘʣʦʥ ʜʣʷ ʦʮʽʥʢʠ ʨʽʚʥʷ ʟʥʦʩʫ ʙʫʣʦ 

ʚʠʢʦʨʠʩʪʘʥʦ ʩʪʘʣʴ 45 ʫ ʚʽʜʧʘʣʝʥʦʤʫ ʩʪʘʥʽ (ʪʚʝʨʜʽʩʪʴ ~1.7 ɻʇʘ). ɺʽʜʥʦʩʥʫ 

ʟʥʦʩʦʪʨʠʚʢʽʩʪʴ (ʧʦʨʽʚʥʷʥʦ ʽʟ ʝʪʘʣʦʥʥʠʤʠ ʟʨʘʟʢʘʤʠ) ʚʠʟʥʘʯʘʣʠ ʟʘ ʬʦʨʤʫʣʦʶ: 
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‐
Ў ̆̓̆ ̋̒̐

Ў ̆̋̒̐̆̓
, (2.38) 

ʜʝ ЎÍ̆  ̓ʪʘ Ўά̆ ̋̒̐ ʚʪʨʘʪʠ ʤʘʩʠ, ʘ ”̆  ̓ʪʘ ”̆ ̋̒̐ ʧʠʪʦʤʽ ʤʘʩʠ ʝʪʘʣʦʥʥʦʛʦ ʪʘ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʟʨʘʟʢʽʚ. ʗʢ ʘʙʨʘʟʠʚ ʙʫʣʦ ʚʠʢʦʨʠʩʪʘʥʦ ʢʚʘʨʮʝʚʠʡ ʧʽʩʦʢ 

(çALFA-QUARTZè, ʋʢʨʘʾʥʘ) ʽʟ ʬʨʘʢʮʽʡʥʠʤ ʩʢʣʘʜʦʤ 0.2ï0.4 ʤʤ, ʘ ʡʦʛʦ ʚʠʪʨʘʪʠ 

ʩʪʘʥʦʚʠʣʠ ~5 ʢʛ ʥʘ ʩʝʨʽʶ ʟʨʘʟʢʽʚ. ʆʮʽʥʢʘ ʨʽʚʥʷ ʟʥʦʩʫ ʧʨʦʚʦʜʠʣʘʩʴ hʣʷʭʦʤ 

ʟʚʘʞʫʚʘʥʷ ʥʘ ʣʘʙʦʨʘʪʦʨʥʠʭ ʚʘʛʘʭ  ɺʃɸ-200 (ɸɼɺ-200ʄ) ʽʟ  ʪʦʯʥʽʩʪʶ 0.1 ʤʛ. 

 

 

ʈʠʩʫʥʦʢ 2.15 ï ɿʘʛʘʣʴʥʠʡ ʚʠʛʣʷʜ ʚʽʜʮʝʥʪʨʦʚʦʛʦ ʧʨʠʩʢʦʨʶʚʘʯʘ ʂʣʝʡʩʘ ʜʣʷ 

ʚʠʧʨʦʙʫʚʘʥʴ ʟʘ ʫʤʦʚ ʘʝʨʦʘʙʨʘʟʠʚʥʦʾ ʝʨʦʟʽʾ 

 

2.4.6 ɺʠʟʥʘʯʝʥʥʷ ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ ʟʘ ʫʤʦʚ ʟʥʦʰʫʚʘʥʥʷ ʧʦ ʚʽʣʴʥʦʤʫ ʘʙʨʘʟʠʚʫ 

ɺʠʟʥʘʯʝʥʥʷ ʟʥʦʩʦʪʨʠʚʢʦʩʪʽ ʟʘ ʫʤʦʚ ʪʝʨʪʷ ʧʦ ʚʽʣʴʥʦʤʫ ʘʙʨʘʟʠʚʫ 

ʧʨʦʚʦʜʠʣʠʩʴ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʩʪʘʥʜʘʨʪʫ ɻʆʉʊ 23.208-79 ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʣʘʙʦʨʘʪʦʨʥʦʛʦ ʩʪʝʥʜʫ, ʥʘʚʝʜʝʥʦʛʦ ʥʘ ʨʠʩ. 2.16. ʆʮʽʥʶʚʘʥʥʷ ʨʽʚʥʷ ʟʥʦʰʫʚʘʥʥʷ 

ʧʨʦʚʦʜʠʣʦʩʴ ʷʢ ʟʘ ʚʪʨʘʪʦʶ ʤʘʩʠ ʪʘ ʟʘ ʦʙôʻʤʦʤ ʚʠʪʝʨʪʦʾ ʣʫʥʢʠ. ʊʨʠʚʘʣʽʩʪʴ 

ʪʨʠʙʝʭʥʽʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʩʪʘʥʦʚʠʣʘ 1 ʛʦʜ ʜʣʷ ʢʦʞʥʦʛʦ ʟʨʘʟʢʘ ʽʟ ʫʨʘʭʫʚʘʥʥʷʤ 

ʨʝʢʦʤʝʥʜʘʮʽʡ ʥʘʚʝʜʝʥʠʭ ʚ ʨʦʙʦʪʽ [167]. 

ɼʣʷ ʧʦʨʽʚʥʷʣʴʥʦʛʦ ʘʥʘʣʽʟʫ ʙʫʣʦ ʚʠʙʨʘʥʦ ʩʝʨʽʡʥʠʡ ʚʦʣʴʬʨʘʤʦʚʠʡ ʤʘʪʝʨʽʘʣ 

ʩʠʩʪʝʤʠ WC-Ni, ʩʧʣʘʚ EnDOtec DO*611 ʪʘ ʚʠʩʦʢʦʭʨʦʤʠʩʪʠʡ ʩʧʣʘʚ EnDOtec 

DO*332  (Castolin Eutectic, USA), ʘ ʪʘʢʦʞ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʩʧʣʘʚʠ ʩʠʩʪʝʤ 

ʣʝʛʫʚʘʥʥʷ Fe-Ti-Mn-B-C, Fe-Cr-Mn-C, Fe-Ti-Nb-V-Mo-Mn-C ʪʘ Fe-Mo-Mn-B-C. 
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ʧʦ ʚʽʣʴʥʦʤʫ ʘʙʨʘʟʠʚʫ  
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2.5. ɺʠʩʥʦʚʢʠ ʜʦ ʨʦʟʜʽʣʫ 2 

1. ɼʣʷ ʧʨʦʚʝʜʝʥʥʷ ʪʝʦʨʝʪʠʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʽʟ ʘʥʘʣʽʟʫ ʢʨʠʩʪʘʣʽʯʥʦʾ 

ʩʪʨʫʢʪʫʨʠ, ʤʝʭʘʥʽʯʥʠʭ ʪʘ ʪʝʨʤʦʜʠʥʘʤʽʯʥʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʢʣʶʯʦʚʠʭ ʬʘʟ ʙʫʣʦ 

ʚʠʙʨʘʥʦ ʨʦʟʨʘʭʫʥʢʠ ʚ ʨʘʤʢʘʭ DFT ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʩʫʧʝʨʢʦʤʧôʶʪʝʨʘ HPC 

Apocrita ʪʘ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʣʽʮʝʟʦʚʘʥʠʭ ʧʨʦʛʨʘʤʥʠʭ ʢʦʜʽʚ VASP, CASTEP ʪʘ 

Quantum Espresso, ʘ ʪʘʢʦʞ ʧʨʦʛʨʘʤʥʽ ʟʘʩʦʙʽʚ (ATAT) ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ 

ʥʝʚʧʦʨʷʜʢʦʚʘʥʠʭ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʤʝʪʦʜʘʤʠ SIM ʪʘ SQS. 

2. ʊʝʦʨʝʪʠʯʥʝ ʚʠʟʥʘʯʝʥʥʷ ʨʽʚʥʦʚʘʞʥʦʛʦ ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ ʩʧʣʘʚʽʚ ʜʣʷ 

ʥʘʧʣʘʚʣʝʥʥʷ ʜʣʷ ʧʦʰʫʢʫ ʾʭ ʦʧʪʠʤʘʣʴʥʦʛʦ ʢʦʤʧʦʥʝʥʪʥʦʛʦ ʩʢʣʘʜʫ ʧʨʦʚʦʜʠʣʦʩʴ ʚ 

ʨʘʤʢʘʭ ʤʝʪʦʜʫ CALPHAD ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʨʦʛʨʘʤʥʦʛʦ ʧʘʢʝʪʫ Thermo-Calc 

2022 ʪʘ ʨʦʟʨʦʙʣʝʥʦʾ ʙʘʟʠ ʜʘʥʠʭ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʬʫʥʢʮʽʡ ʜʣʷ ʩʠʩʪʝʤ ʙʫʣʠ Fe-

Mn-Ti-Nb-Mo-V-C-Si  ʪʘ Fe-Mn-Mo-B-C. 

3. ʄʘʪʝʨʽʘʣʠ ʜʣʷ ʥʘʧʣʘʚʣʝʥʥʷ ʚʠʛʦʪʦʚʣʷʣʠ ʫ ʚʠʛʣʷʜʽ ʦʜʥʦʟʘʤʢʦʚʠʭ 

ʧʦʨʦʰʢʦʚʠʭ ʩʪʨʽʯʦʢ ʟʘʧʦʚʥʝʥʠʭ ʩʫʤʽʰʘʤʠ ʧʦʨʦʰʢʽʚ NbC, TiC, VC, Mo2C, B4C, 

Mo,CaF2 ,Mn, ʨʫʪʠʣʫ ʪʘ ʬʝʨʦʩʠʣʽʢʦʤʘʨʛʘʥʮʶ, ʘ ʥʘʧʣʘʚʣʝʥʥʷ ̔ ʟ ʾʭ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʩʪʘʣʴ 45 ʥʘ ʧʦʩʪʽʡʥʦʤʫ ʩʪʨʫʤʽ ʟʚʦʨʦʪʥʦʾ ʧʦʣʷʨʥʦʩʪʽ. 

4. ɼʣʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʩʪʨʫʢʪʫʨʠ ʪʘ ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ 

ʥʘʧʣʘʚʣʝʥʠʭ ʰʘʨʽʚ ʙʫʣʦ ʚʠʢʦʨʠʩʪʘʥʦ ʢʦʤʙʽʥʘʮʽʶ ʝʣʝʢʪʨʦʥʥʦʾ ʪʘ ʦʧʪʠʯʥʦʾ 

ʤʽʢʨʦʩʢʦʧʽʾ, ʨʝʥʪʛʝʥʽʚʩʴʢʦʛʦ ʬʘʟʦʚʦʛʦ ʪʘ ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʘʥʘʣʽʟʫ, 

ʤʝʩʙʘʫʝʨʽʚʩʴʢʦʾ ʩʧʝʢʪʨʦʩʢʦʧʽʾ ʪʘ ʤʽʢʨʦʨʝʥʛʝʥʦʩʧʝʢʨʘʣʴʥʦʛʦ ʘʥʘʣʽʟʫ.  

5. ɼʣʷ ʦʮʽʥʢʠ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʙʫʣʦ ʚʠʙʨʘʥʦ ʤʝʪʦʜʠ ʚʠʤʨ̔ʶʚʘʥʥʷ 

ʤʘʢʨʦ- ʪʘ ʤʽʢʨʦʪʚʝʨʜʦʩʪʽ ʤʝʪʦʜʘʤʠ ʽʥʜʝʥʪʫʚʘʥʥʷ ʤʝʪʦʜʘʤʠ ʽʥʜʝʥʪʫʚʘʥʥʷ, 

ʜʠʥʘʤʽʯʥʦʾ ʪʚʝʨʜʦʤʝʪʨʽʾ ʘ ʪʘʢʦʞ ʩʢʣʝʨʦʤʝʪʨʠʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ (ʩʢʨʝʪʯ-ʪʝʩʪʽʚ), ʘ 

ʝʢʩʧʣʫʪʘʪʘʮʽʡʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʮʽʥʶʚʘʣʠ ʟʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʪʨʠʙʦʪʝʭʥʽʯʥʠʭ 

ʚʠʧʨʦʚʦʙʫʚʘʥʴ ʟʘ ʫʤʦʚ ʪʝʨʪʷ ʧʦ ʚʽʣʴʥʦʤʫ ʘʙʨʘʟʠʚʫ, ʫʜʘʨʥʦ-ʘʙʨʘʟʠʚʥʦʛʦ 

ʟʥʦʰʫʚʘʥʥʷ, ʘʝʨʦʘʙʨʘʟʠʚʥʦʾ ʝʨʦʟʽʾ ʪʘ ʪʝʨʪʷ ʧʦ ʤʝʪʘʣʝʚʦʤʫ ʢʦʥʪʨʪʽʣʫ.  
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ʈʆɿɼɯʃ 3 

ʊɽʆʈɽʊʀʏʅʀʁ ɸʅɸʃɯɿ ʂʈʀʉʊɸʃɯʏʅʆɰ ʉʊʈʋʂʊʋʈʀ ʊɸ 

ɺʃɸʉʊʀɺʆʉʊɽʁ ʌɸɿ ʋ ʉʀʉʊɽʄɯ  çɺʀʉʆʂʆʄɸʈɻɸʅɽʎɽɺɸ ʉʊɸʃʔ 

 ʊʋɻʆʇʃɸɺʂɯ ʉʇʆʃʋʂʀè ʅɸ ʆʉʅʆɺɯ ʇɽʈʐʆʇʈʀʅʎʀʇʅʀʍ 

ʈʆɿʈɸʍʋʅʂɯɺ 

3.1 ʉʪʨʫʢʪʫʨʘ ʽ ʚʣʘʩʪʠʚʦʩʪʽ ʤʘʨʛʘʥʮʝʚʦʛʦ ʘʫʩʪʝʥʽʪʫ 

ɯʟ ʤʝʪʦʶ ʧʦʙʫʜʦʚʠ ʜʦʩʪʦʚʽʨʥʦʾ ʤʦʜʝʣʽ ʢʨʠʩʪʘʣʽʯʥʦʾ ʩʪʨʫʢʪʫʨʠ  

ʤʘʨʛʘʥʮʝʚʦʛʦ ʘʫʩʪʝʥʽʪʫ, ʷʢʠʡ ʻ ʦʩʥʦʚʥʦʶ ʬʘʟʦʶ ʫ ʧʦʢʨʠʪʪʷʭ, ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʤʝʪʦʜʦʤ ʨʝʥʪʛʝʥʽʚʩʴʢʦʛʦ ʬʘʟʦʚʦʛʦ ʘʥʘʣʽʟʫ ʪʘ 

ʤʝʩʩʙʘʫʝʨʽʚʩʴʢʦʾ ʩʧʝʢʪʨʦʩʢʦʧʽʾ. ɼʣʷ ʮʴʦʛʦ, ʰʣʷʭʦʤ ʝʣʝʢʪʨʦʜʫʛʦʚʦʛʦ ʩʧʣʘʚʣʝʥʥʷ 

ʬʝʨʦʤʘʨʛʘʥʮʶ ʪʘ ʥʠʟʴʢʦʚʫʛʣʝʮʝʚʦʾ ʩʪʘʣʽ ʙʫʣʦ ʚʠʛʦʪʦʚʣʝʥʦ ʜʦʩʣʽʜʥʽ ʟʨʘʟʢʠ, 

ʩʢʣʘʜ ʷʢʠʭ ʟʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʝʥʛʝʥʦʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʘʥʘʣʽʟʫ ʚʽʜʧʦʚʽʜʘʚ 

ʥʘʩʪʫʧʥʦʤʫ ʩʢʣʘʜʫ, ʤʘʩ. % : Mn ~ 19, C ~ 1.5, ʨʝʰʪʘ Fe. 

 ʈʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʴ ʜʦʩʣʽʜʥʠʭ ʟʨʘʟʢʽʚ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʠʭ ʩʪʘʣʝʡ 

ʣʠʪʦʤʫ ʪʘ ʜʝʬʦʨʤʦʚʘʥʦʤʫ ʩʪʘʥʽ ʤʝʪʦʜʦʤ ʤʝʩʩʙʘʫʝʨʽʚʩʴʢʦʾ ʩʧʝʢʪʨʦʩʢʦʧʽʾ (ʨʠʩ. 

3.1) ʧʦʢʘʟʘʣʠ, ʱʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʡ ʩʧʝʢʪʨ ʤʘʨʛʘʥʮʝʚʦʛʦ ʘʫʩʪʝʥʽʪʫ ʚ ʦʙʦʭ 

ʚʠʧʘʜʢʘʭ ʬʦʨʤʫʻʪʴʩʷ ʢʦʤʙʽʥʘʮʽʻʶ ʜʫʙʣʝʪʥʠʭ ʪʘ ʩʠʥʛʣʝʪʥʠʭ ʢʦʤʧʦʥʝʥʪ. ʇʨʠ 

ʮʴʦʤʫ ʧʨʦʷʚʫ ʷʜʝʨʥʦʛʦ ʝʬʝʢʪʫ ɿʝʝʤʘʥʘ ʥʝ ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ, ʱʦ ʩʚʽʜʯʠʪʴ ʧʨʦ 

ʚʽʜʩʫʪʥʽʩʪʴ ʷʜʝʨ 57Fe ʫ ʤʘʛʥʽʪʦʚʧʦʨʷʜʢʦʚʘʥʦʤʫ ʩʪʘʥʽ, ʭʘʨʘʢʪʝʨʥʦʤʫ ʜʣʷ 

ʬʝʨʦʤʘʛʥʝʪʠʢʽʚ. ʊʘʢʠʤ ʯʠʥʦʤ, ʤʦʞʥʘ ʩʪʚʝʨʜʞʫʚʘʪʠ, ʱʦ ʬʘʟʠ ʥʘ ʦʩʥʦʚʽ Ŭ-Fe ʪʘ 

Fe ʽʟ ʛʝʢʩʘʛʦʥʘʣʴʥʦʶ ˇʨʘʪʢʦʶ  ʚʽʜʩʫʪʥʽ ʽ ʚʩʽ ʘʪʦʤʠ Fe ʟʥʘʭʦʜʷʪʴʩʷ ʚ 

ʘʪʠʬʝʨʦʤʘʛʥʽʪʥʦʤʫ ʩʪʘʥʽ ʷʢ ʫ ʣʠʪʦʤʫ (ʨʠʩ. 3.1, ʘ) ʪʘʢ ʽ ʚ ʥʘʢʣʝʧʘʥʦʤʫ ʩʪʘʥʽ (ʨʠʩ. 

3.1, ʙ). ɺʽʜʧʦʚʽʜʥʦ ʜʦ ʮʴʦʛʦ ʦʩʥʦʚʥʠʤ ʤʝʭʘʥʽʟʤʦʤ ʥʘʢʣʝʧʫ ʻ ʜʝʬʦʨʤʘʮʽʡʥʝ 

ʜʚʽʡʥʠʢʫʚʘʥʥʷ (TWIP), ʷʢʝ ʥʝ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʬʘʟʦʚʠʤʠ ʧʝʨʝʪʚʦʨʝʥʥʷʤʠ. 

ɿʘʩʪʦʩʦʚʫʶʯʠ ʧʨʦʛʨʘʤʥʝ ʟʘʙʝʟʧʝʯʝʥʥʷ UNIVEM-MS ʟʘ ʫʤʦʚʠ ʟʘʜʘʥʥʷ 

ʣʦʨʝʥʮʽʚʩʴʢʦʾ ʬʦʨʤʠ ʨʝʟʦʥʘʥʩʥʠʭ ʣʽʥʽʡ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʡ ʩʧʝʢʪʨ ʙʫʣʦ 

ʧʨʝʜʩʪʘʚʣʝʥʦ ʷʢ ʩʫʧʝʨʧʦʟʠʮʽʶ ʜʚʦʭ ʜʫʙʣʝʪʥʠʭ ʪʘ ʦʜʥʽʻʾ ʩʠʥʛʣʝʪʥʦʾ ʢʦʤʧʦʥʝʥʪ, 

ʷʢʽ ʚʽʜʧʦʚʽʜʘʶʪʴ ʨʝʟʦʥʘʥʩʥʦʤʫ ʧʦʛʣʠʥʘʥʥʶ ʷʜʨʘʤʠ 57Fe, ʱʦ ʟʥʘʭʦʜʷʪʴʩʷ  ʚ 

ʢʨʠʩʪʘʣʽʯʥʦ-ʥʝʢʚʽʚʘʣʝʥʪʥʠʭ ʧʦʟʠʮʽʷʭ ˇʨʘʪʢʠ. ʈʦʟʨʘʭʫʥʢʦʚʽ ʟʥʘʯʝʥʥʷ 
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ʭʘʨʘʢʪʝʨʠʩʪʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʢʦʤʧʦʥʝʥʪ  ʩʧʝʢʪʨʫ (ʽʟʦʤʝʨʥʠʡ ʟʩʫʚ, ʢʚʘʜʨʫʧʦʣʴʥʝ 

ʨʦʟʱʝʧʣʝʥʥʷ)  ʜʦʙʨʝ ʫʟʛʦʜʞʫʶʪʴʩʷ ʟ ʜʘʥʠʤʠ, ʦʪʨʠʤʘʥʠʤʠ ʘʚʪʦʨʘʤʠ [168] ʧʨʠ 

ʘʥʘʣʽʟʽ ʩʧʝʢʪʨʽʚ FeïC ʘʫʩʪʝʥʽʪʫ (ʊʘʙʣ. 3.1).  

 

ʘ 
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ʈʠʩʫʥʦʢ 3.1 ï ɸʥʘʣʽʟ ʤʝʩʩʙʘʫʝʨʽʚʩʴʢʠʭ ʩʧʝʢʪʨʽʚ ʜʦʩʣʽʜʥʦʾ 

ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʦʾ ʩʪʘʣʽ ʫ ʣʠʪʦʤʫ (ʘ) ʪʘ ʜʝʬʦʨʤʦʚʘʥʦʤʫ ʩʪʘʥʽ (ʙ)  

 


