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ɸʅʆʊɸʎɯʗ 

 

ɸʛʨʘʚʘʣ ʇ.ɻ. ʊʝʨʤʦʜʠʥʘʤʽʢʘ ʽ ʬʘʟʦʚʽ ʧʝʨʝʪʚʦʨʝʥʥʷ ʚ 

ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʘʤʦʨʬʦʫʪʚʦʨʶʶʯʠʭ ʩʠʩʪʝʤʘʭ ʧʝʨʝʭʽʜʥʠʭ ʤʝʪʘʣʽʚ. ï 

ʂʚʘʣʽʬʽʢʘʮʽʡʥʘ ʥʘʫʢʦʚʘ ʧʨʘʮʷ ʥʘ ʧʨʘʚʘʭ ʨʫʢʦʧʠʩʫ. 

ɼʠʩʝʨʪʘʮʽʷ ʥʘ ʟʜʦʙʫʪʪʷ ʥʘʫʢʦʚʦʛʦ ʩʪʫʧʝʥʷ ʜʦʢʪʦʨʘ ʭʽʤʽʯʥʠʭ ʥʘʫʢ ʟʘ 

ʩʧʝʮʽʘʣʴʥʽʩʪʶ 02.00.04 ï ʬʽʟʠʯʥʘ ʭʽʤʽʷ. ï ɼʦʥʙʘʩʴʢʘ ʜʝʨʞʘʚʥʘ ʤʘʰʠʥʦʙʫʜʽʚʥʘ 

ʘʢʘʜʝʤʽʷ, ʂʨʘʤʘʪʦʨʩʴʢ.ï ɯʥʩʪʠʪʫʪ ʧʨʦʙʣʝʤ ʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʘ 

ʽʤ. ɯ.ʄ. ʌʨʘʥʮʝʚʠʯʘ ʅɸʅ ʋʢʨʘʾʥʠ, ʂʠʾʚ, 2021. 

 

ɼʠʩʝʨʪʘʮʽʷ ʧʨʠʩʚʷʯʝʥʘ ʚʩʪʘʥʦʚʣʝʥʥʶ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ 

ʤʝʪʘʣʽʯʥʠʭ ʨʦʟʧʣʘʚʽʚ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʘʤʦʨʬʦʫʪʚʦʨʶʶʯʠʭ ʩʠʩʪʝʤ 

ʧʝʨʝʭʽʜʥʠʭ ʤʝʪʘʣʽʚ, ʚʠʟʥʘʯʝʥʥʶ ʾʭ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʩʢʣʘʜʫ, ʪʝʤʧʝʨʘʪʫʨʠ ʽ ʯʠʩʣʘ 

ʢʦʤʧʦʥʝʥʪʽʚ ʩʠʩʪʝʤ ʪʘ ʚʠʷʚʣʝʥʥʽ ʬʘʢʪʦʨʽʚ, ʱʦ ʚʠʟʥʘʯʘʶʪʴ ʾʭ ʟʜʘʪʥʽʩʪʴ ʜʦ 

ʘʤʦʨʬʽʟʘʮʽʾ ʚ ʫʤʦʚʘʭ ʥʝʨʽʚʥʦʚʘʞʥʦʛʦ ʩʠʥʪʝʟʫ. ɼʦʩʣʽʜʞʝʥʥʷ ʪʘʢʦʞ ʙʫʣʠ 

ʩʧʨʷʤʦʚʘʥʽ ʥʘ ʤʦʜʝʣʶʚʘʥʥʷ ʨʽʚʥʦʚʘʞʥʠʭ ʪʘ ʤʝʪʘʩʪʘʙʽʣʴʥʠʭ ʬʘʟʦʚʠʭ 

ʧʝʨʝʪʚʦʨʝʥʴ ʟʘ ʾʭ ʫʯʘʩʪʶ ʽ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʭ ʦʙʣʘʩʪʝʡ 

ʘʤʦʨʬʽʟʘʮʽʾ. 

ʄʝʪʦʜʦʤ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ ʢʘʣʦʨʠʤʝʪʨʽʾ ʙʫʣʦ ʚʠʟʥʘʯʝʥʦ ʝʥʪʘʣʴʧʽʾ 

ʟʤʽʰʫʚʘʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ ʫ ʨʦʟʧʣʘʚʘʭ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ FeïTi, FeïZr, 

FeïHf ʽ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ CoïCuïTi, CoïCuïZr, CuïFeïTi, CuïFeïZr, 

CuïFeïHf, CuïNiïTi, CuïNiïHf, CuïTiïZr, CuïTiïHf, NiïTiïZr ʽ NiïTiïHf. ɿ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʨʽʚʥʷʥʥʷ ʈʝʜʣʽʭʘ-ʂʽʩʪʝʨʘ-ʄʫʜʞʽʘʥʫ ʚʠʢʦʥʘʥʦ ʦʧʠʩ ʽʟʦʪʝʨʤ 

ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʚ ʜʦʩʣʽʜʞʝʥʠʭ ʩʠʩʪʝʤʘʭ. ʇʦʢʘʟʘʥʦ, ʱʦ ʤʽʞ 

ʢʦʤʧʦʥʝʥʪʘʤʠ ʨʦʟʧʣʘʚʽʚ ʚʽʜʙʫʚʘʻʪʴʩʷ ʽʥʪʝʥʩʠʚʥʘ ʭʽʤʽʯʥʘ ʚʟʘʻʤʦʜʽʷ, ʷʢʘ 

ʚʠʨʘʞʘʻʪʴʩʷ ʚ ʧʝʨʝʚʘʞʥʦ ʚʽʜôʻʤʥʠʭ ʟʥʘʯʝʥʥʷʭ ʧʘʨʮʽʘʣʴʥʠʭ ʝʥʪʘʣʴʧʽʡ 

ʟʤʽʰʫʚʘʥʥʷ ʪʠʪʘʥʫ, ʮʠʨʢʦʥʽʶ ʪʘ ʛʘʬʥʽʶ ʽ ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ. 

ɸʥʘʣʽʟ ʪʦʧʦʣʦʛʽʾ ʽʟʦʪʝʨʤ ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ 

ʨʦʟʧʣʘʚʽʚ ʧʨʠ 1873 ʂ ʚʢʘʟʫʻ ʥʘ ʪʝ, ʱʦ ʚ ʨʦʟʛʣʷʥʫʪʠʭ ʩʠʩʪʝʤʘʭ ʚʠʟʥʘʯʥʫ ʨʦʣʴ 

ʚʽʜʽʛʨʘʶʪʴ ʧʦʜʚʽʡʥʽ ʚʟʘʻʤʦʜʽʾ, ʚ ʷʢʠʭ ʨʦʣʴ ʘʢʮʝʧʪʦʨʘ ʝʣʝʢʪʨʦʥʽʚ ʧʨʠʧʘʜʘʻ ʥʘ 
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ʧʝʨʝʭʽʜʥʠʡ ʤʝʪʘʣ ʜʨʫʛʦʾ ʧʦʣʦʚʠʥʠ 3d-ʨʷʜʫ (Fe, Co, Ni, Cu), ʘ ʨʦʣʴ ʜʦʥʦʨʘ 

ʝʣʝʢʪʨʦʥʽʚ ï ʥʘ IVB-ʤʝʪʘʣ (Ti, Zr, Hf). 

ɺ ʨʘʤʢʘʭ ʤʦʜʝʣʽ ʘʩʦʮʽʡʦʚʘʥʦʛʦ ʨʦʟʯʠʥʫ (ʄɸʈ) ʚ ʫʩʴʦʤʫ ʽʥʪʝʨʚʘʣʽ 

ʩʢʣʘʜʽʚ ʪʘ ʰʠʨʦʢʦʤʫ ʽʥʪʝʨʚʘʣʽ ʪʝʤʧʝʨʘʪʫʨ ʙʫʣʠ ʦʧʠʩʘʥʽ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ 

ʬʫʥʢʮʽʾ ʟʤʽʰʫʚʘʥʥʷ ʨʦʟʧʣʘʚʽʚ ʜʦʩʣʽʜʞʝʥʠʭ ʩʠʩʪʝʤ ʪʘ ʧʦʢʘʟʘʥʦ, ʱʦ ʚʣʘʩʪʠʚʽ ʾʤ 

ʧʝʨʝʚʘʞʥʽ ʚʽʜôʻʤʥʽ ʚʽʜʭʠʣʝʥʥʷ ʚʽʜ ʽʜʝʘʣʴʥʦʩʪʽ ʟʙʽʣʴʰʫʶʪʴʩʷ ʟʽ ʟʥʠʞʝʥʥʷʤ 

ʪʝʤʧʝʨʘʪʫʨʠ. ʉʪʚʦʨʝʥʦ ʪʝʨʤʦʜʠʥʘʤʽʯʥʫ ʙʘʟʫ ʜʘʥʠʭ, ʱʦ ʦʧʠʩʫʻ ʬʫʥʢʮʽʾ 

ʟʤʽʰʫʚʘʥʥʷ ʘʤʦʨʬʦʫʪʚʦʨʶʶʯʠʭ ʨʦʟʧʣʘʚʽʚ ʩʝʤʠʢʦʤʧʦʥʝʥʪʥʦʾ ʩʠʩʪʝʤʠ Coï

CuïFeïNiïTiïZrïHf, ʷʢʘ ʙʘʟʫʻʪʴʩʷ ʥʘ ʩʘʤʦʫʟʛʦʜʞʝʥʠʭ ʧʘʨʘʤʝʪʨʘʭ ʄɸʈ ʽ 

ʤʘʪʝʤʘʪʠʯʥʠʭ ʤʦʜʝʣʷʭ ʜʣʷ ʨʦʟʧʣʘʚʽʚ 21 ʜʚʦ- ʽ 16 ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ. 

ʆʪʨʠʤʘʥʘ ʙʘʟʘ ʜʘʥʠʭ ʙʫʣʘ ʚʠʢʦʨʠʩʪʘʥʘ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʪʝʤʧʝʨʘʪʫʨʥʦʾ ʽ 

ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʾ ʟʘʣʝʞʥʦʩʪʝʡ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʬʫʥʢʮʽʡ ʟʤʽʰʫʚʘʥʥʷ 

ʨʦʟʧʣʘʚʽʚ ʯʦʪʠʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ CuïNiïTiïZr, CuïNiïTiïHf, CuïNiïZrï

Hf, CuïTiïZrïHf, NiïTiïZrïHf, ʧôʷʪʠʢʦʤʧʦʥʝʥʪʥʦʾ ʩʠʩʪʝʤʠ CuïNiïTiïZrïHf ʽ 

ʨʦʟʨʘʭʫʥʢʫ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʬʫʥʢʮʽʡ ʟʤʽʰʫʚʘʥʥʷ ʝʢʚʽʘʪʦʤʥʠʭ 

ʧôʷʪʠʢʦʤʧʦʥʝʥʪʥʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ CoïCuïFeïNiïTiïZrïHf. ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʨʦʟʨʘʭʫʥʢʽʚ ʚʠʟʥʘʯʝʥʽ ʚʽʜʥʦʩʥʽ ʚʥʝʩʢʠ ʽʜʝʘʣʴʥʦʾ ʽ ʥʘʜʣʠʰʢʦʚʦʾ ʩʢʣʘʜʦʚʠʭ ʚ 

ʝʥʝʨʛʽʶ ɻʽʙʙʩʘ ʟʤʽʰʫʚʘʥʥʷ, ʽ ʧʦʢʘʟʘʥʦ, ʱʦ ʧʨʠ ʟʥʠʞʝʥʥʽ ʪʝʤʧʝʨʘʪʫʨʠ ʚʽʜ 1873 

ʂ ʜʦ 800 ʂ ʚʥʝʩʦʢ ʽʜʝʘʣʴʥʦʾ ʩʢʣʘʜʦʚʦʾ ʟʤʝʥʰʫʻʪʴʩʷ  ʟ 65...85%  ʜʦ 20...45%. 

ɺ ʨʘʤʢʘʭ ʄɸʈ ʨʦʟʨʘʭʦʚʘʥʦ ʩʢʣʘʜ ʘʩʦʮʽʡʦʚʘʥʦʛʦ ʨʦʟʯʠʥʫ ʽ ʦʮʽʥʝʥʦ 

ʩʪʫʧʽʥʴ ʙʣʠʞʥʴʦʛʦ ʭʽʤʽʯʥʦʛʦ ʧʦʨʷʜʢʫ ʷʢ ʩʫʤʘʨʥʦʾ ʤʦʣʴʥʦʾ ʯʘʩʪʢʠ ʘʩʦʮʽʘʪʽʚ 

Ɇxʘssoc ʚ ʨʦʟʧʣʘʚʘʭ ʜʚʦ-, ʪʨʠ-, ʯʦʪʠʨʠ- ʽ ʧôʷʪʠʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ. ʇʦʢʘʟʘʥʦ, 

ʱʦ ʧʨʠ ʟʥʠʞʝʥʥʽ ʪʝʤʧʝʨʘʪʫʨʠ ʩʪʫʧʽʥʴ ʙʣʠʞʥʴʦʛʦ ʭʽʤʽʯʥʦʛʦ ʧʦʨʷʜʢʫ ʚ 

ʨʦʟʧʣʘʚʘʭ ʘʤʦʨʬʦʫʪʚʦʨʶʶʯʠʭ ʩʠʩʪʝʤ ʟʙʽʣʴʰʫʻʪʴʩʷ. ɿ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʝʤʧʽʨʠʯʥʦʛʦ ʧʨʘʚʠʣʘ ʽʥʪʝʨʧʨʝʪʦʚʘʥʽ ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ ʦʙʣʘʩʪʽ ʘʤʦʨʬʽʟʘʮʽʾ ʜʣʷ 

ʨʦʟʧʣʘʚʽʚ CuïTiïZr, CuïNiïTi, CuïNiïZr CuïNiïHf ʽ NiïTiïZr ʪʘ ʧʨʦʛʥʦʟʦʚʘʥʽ 

ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ ʦʙʣʘʩʪʽ ʘʤʦʨʬʽʟʘʮʽʾ ʨʦʟʧʣʘʚʽʚ CoïCuïTi, CoïCuïZr, CoïCuï

Hf, CuïFeïTi, CuïFeïZr, CuïFeïHf, CuïTiïHf, CuïZrïHf, NiïTiïHf, NiïZrïHf, 

CuïNiïTiïHf, CuïNiïTiïZr, CuïNiïZrïHf, CuïTiïZrïHf, NiïTiïZrïHf ̔  CuïNiï

TiïZrïHf.  
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ɺ ʨʘʤʢʘʭ CALPHAD-ʤʝʪʦʜʫ ʚʧʝʨʰʝ ʚʠʢʦʥʘʥʦ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʡ ʦʧʠʩ 

ʩʠʩʪʝʤʠ CuïTiïHf ʽ ʨʦʟʨʦʙʣʝʥʦ ʥʦʚʽ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʦʧʠʩʠ ʩʠʩʪʝʤ TiïZr ʪʘ 

CuïTiïZr. ɼʣʷ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ ʨʦʟʨʘʭʦʚʘʥʦ ʽʟʦʪʝʨʤʽʯʥʽ ʧʝʨʝʪʠʥʠ, 

ʧʦʣʽʪʝʨʤʽʯʥʽ ʧʝʨʝʨʽʟʠ, ʧʨʦʝʢʮʽʾ ʧʦʚʝʨʭʦʥʴ ʣʽʢʚʽʜʫʩʘ ʪʘ ʩʦʣʽʜʫʩʘ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ 

ʽ ʧʨʝʜʩʪʘʚʣʝʥʦ ʨʝʘʢʮʽʡʥʽ ʩʭʝʤʠ. 

ɺ ʨʘʤʢʘʭ CALPHAD-ʤʝʪʦʜʫ ʨʦʟʨʦʙʣʝʥʦ ʙʘʟʫ ʜʘʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʤʦʜʝʣʝʡ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʨʦʟʧʣʘʚʽʚ ʽ ʛʨʘʥʠʯʥʠʭ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʥʘ 

ʦʩʥʦʚʽ ʯʠʩʪʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʜʣʷ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʦʾ ʩʠʩʪʝʤʠ CoïCuïFeïNiï

TiïZrïHf. ʋ ʙʘʟʽ ʜʘʥʠʭ ʟʽʙʨʘʥʘ ʽʥʬʦʨʤʘʮʽʷ ʧʨʦ ʧʘʨʘʤʝʪʨʠ ʤʦʜʝʣʝʡ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʪʘ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʜʚʘʜʮʷʪʠ 

ʦʜʥʽʻʾ ʜʚʦʢʦʤʧʦʥʝʥʪʥʦʾ ʩʠʩʪʝʤʠ Coï( Fe, Ni, Ti, Zr, Hf), Cuï(Co, Fe, Ni, Ti, Zr, 

Hf), Feï(Ni, Ti, Zr, Hf), Niï(Ti, Zr, Hf) ʽ Hfï(Ti, Zr), ʽ TiïZr ʪʘ ʧʨʦ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʨʦʟʧʣʘʚʽʚ ʰʽʩʪʥʘʜʮʷʪʠ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ 

CoïCuï(Ti, Zr, Hf), CuïFeï(Ti, Zr, Hf), CuïNiï(Ti, Zr, Hf), CuïTiï(Zr, Hf), Cuï

ZrïHf, NiïTiï(Zr, Hf), NiïZrïHf ʽ TiïZrïHf. ʇʨʝʜʩʪʘʚʣʝʥʽ ʚ ʙʘʟʽ ʜʘʥʠʭ 

ʧʘʨʘʤʝʪʨʠ ʤʦʜʝʣʝʡ ʥʘʜʣʠʰʢʦʚʦʾ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʙʫʣʠ ʚʠʢʦʨʠʩʪʘʥʽ ʜʣʷ 

ʨʦʟʨʘʭʫʥʢʫ ʤʝʪʘʩʪʘʙʽʣʴʥʠʭ ʬʘʟʦʚʠʭ ʧʝʨʝʪʚʦʨʝʥʴ ʟ ʫʯʘʩʪʶ ʧʝʨʝʦʭʦʣʦʜʞʝʥʠʭ 

ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʪʘ ʛʨʘʥʠʯʥʠʭ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ Feï

(Ti, Zr,Hf) ʪʘ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ CoïCuï(Ti, Zr, Hf), CuïFeï(Ti, Zr, Hf), 

CuïNiï(Ti, Zr, Hf), CuïTiï(Zr, Hf), CuïZrïHf, NiïTiï(Zr, Hf), NiïZrïHf ʽ 

ʧʨʦʛʥʦʟʦʚʘʥʽ ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ ʦʙʣʘʩʪʽ ʘʤʦʨʬʽʟʘʮʽʾ ʧôʷʪʠʢʦʤʧʦʥʝʥʪʥʦʾ ʩʠʩʪʝʤʠ 

CuïNiïTiïZrïHf, ʘ ʪʘʢʦʞ ʾʾ ʛʨʘʥʠʯʥʠʭ ʯʦʪʠʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ. 

ʈʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʽʚ ʫʟʘʛʘʣʴʥʝʥʽ ʟ ʚʽʜʦʤʦʶ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʶ 

ʽʥʬʦʨʤʘʮʽʻʶ ʧʨʦ ʩʢʣʘʜʠ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ. 

ʅʘʫʢʦʚʘ ʥʦʚʠʟʥʘ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʧʦʣʷʛʘʻ ʚ ʥʘʩʪʫʧʥʦʤʫ: 

ï ʜʦʩʣʽʜʞʝʥʦ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ 

ʩʠʩʪʝʤ CoïCuïTi, CoïCuïZr, CuïFeïTi, CuïFeïZr, CuïFeïHf, CuïNiïTi, Cuï

NiïHf, CuïTiïZr, CuïTiïHf, NiïTiïZr, NiïTiïHf ʪʘ ʦʜʝʨʞʘʥʦ ʥʦʚʽ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʘʥʽ ʜʣʷ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʨʦʟʧʣʘʚʽʚ FeïTi, FeïZr ʽ FeïHf; 
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ï ʨʦʟʛʣʷʥʫʪʘ ʪʦʧʦʣʦʛʽʷ ʽʟʦʪʝʨʤ ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ 

ʜʦʩʣʽʜʞʝʥʠʭ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʨʦʟʧʣʘʚʽʚ ʧʨʠ 1873 ʂ ʽ ʚʠʟʥʘʯʝʥʘ ʨʦʣʴ 

ʧʦʜʚʽʡʥʠʭ ʚʟʘʻʤʦʜʽʡ ʢʦʤʧʦʥʝʥʪʽʚ; 

ï ʚ ʨʘʤʢʘʭ ʄɸʈ ʚ ʰʠʨʦʢʦʤʫ ʽʥʪʝʨʚʘʣʽ ʪʝʤʧʝʨʘʪʫʨ ʨʦʟʨʘʭʦʚʘʥʽ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʬʫʥʢʮʽʾ ʟʤʽʰʫʚʘʥʥʷ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʨʦʟʧʣʘʚʽʚ FeïTi, FeïZr 

ʪʘ FeïHf ʽ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʨʦʟʧʣʘʚʽʚ CoïCuïTi, CoïCuïZr, CoïCuïHf, Cuï

FeïTi, CuïFeïZr, CuïFeïHf, CuïNiïTi, CuïNiïZr, CuïNiïHf, CuïTiïZr, CuïTiï

Hf, CuïZrïHf, NiïTiïZr, NiïTiïHf, NiïZrïHf ʽ ʚʠʟʥʘʯʝʥʘ ʾʭ ʟʘʣʝʞʥʽʩʪʴ ʚʽʜ 

ʪʝʤʧʝʨʘʪʫʨʠ; 

ï ʚ ʨʘʤʢʘʭ ʄɸʈ ʩʪʚʦʨʝʥʦ ʙʘʟʫ ʜʘʥʠʭ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʘʤʦʨʬʦʫʪʚʦʨʶʶʯʠʭ ʨʦʟʧʣʘʚʽʚ ʩʠʩʪʝʤʠ 

CoïCuïFeïNiïTiïZrïHf, ʟ ʾʾ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʨʦʟʨʘʭʦʚʘʥʽ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ 

ʬʫʥʢʮʽʾ ʟʤʽʰʫʚʘʥʥʷ ʨʦʟʧʣʘʚʽʚ ʩʠʩʪʝʤ CuïNiïTiïZr, CuïNiïTiïHf ʽ CuïNiïTiï

ZrïHf ʪʘ ʝʢʚʽʘʪʦʤʥʠʭ ʧôʷʪʠʢʦʤʧʦʥʝʥʪʥʠʭ ʨʦʟʧʣʘʚʽʚ ʩʠʩʪʝʤʠ CoïCuïFeïNiï

TiïZrïHf, ʚʠʟʥʘʯʝʥʽ ʚʽʜʥʦʩʥʽ ʚʥʝʩʢʠ ʽʜʝʘʣʴʥʦʾ ʪʘ ʥʘʜʣʠʰʢʦʚʦʾ ʩʢʣʘʜʦʚʠʭ ʚ 

ʝʥʝʨʛʽʶ ɻʽʙʙʩʘ ʟʤʽʰʫʚʘʥʥʷ; 

ï ʚ ʨʘʤʢʘʭ ʄɸʈ ʨʦʟʨʘʭʦʚʘʥʦ ʩʢʣʘʜ ʘʩʦʮʽʡʦʚʘʥʦʛʦ ʨʦʟʯʠʥʫ ʽ ʦʮʽʥʝʥʦ 

ʩʪʫʧʽʥʴ ʙʣʠʞʥʴʦʛʦ ʭʽʤʽʯʥʦʛʦ ʧʦʨʷʜʢʫ ʷʢ ʩʫʤʘʨʥʦʾ ʤʦʣʴʥʦʾ ʯʘʩʪʢʠ ʘʩʦʮʽʘʪʽʚ 

Ɇxʘssoc ʚ ʨʦʟʧʣʘʚʘʭ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ FeïTi, FeïZr ʽ FeïHf, 

ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ CoïCuïTi, CoïCuïZr, CoïCuïHf, CuïFeïTi, CuïFeï

Zr, CuïFeïHf, CuïNiïTi, CuïNiïZr, CuïNiïHf, CuïTiïZr, CuïTiïHf, CuïZrïHf, 

NiïTiïZr, NiïTiïHf, NiïZrïHf, ʯʦʪʠʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ CuïNiïTiïHf, Cuï

NiïTiïZr, CuïNiïZrïHf, CuïTiïZrïHf, NiïTiïZrïHf ʽ ʧôʷʪʠʢʦʤʧʦʥʝʥʪʥʦʾ 

ʩʠʩʪʝʤʠ CuïNiïTiïZrïHf, ʽ ʚʠʟʥʘʯʝʥʘ ʟʘʣʝʞʥʽʩʪʴ ʩʪʫʧʝʥʶ ʙʣʠʞʥʴʦʛʦ 

ʭʽʤʽʯʥʦʛʦ ʧʦʨʷʜʢʫ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ; 

ï ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʝʤʧʽʨʠʯʥʦʛʦ ʧʨʘʚʠʣʘ ʽʥʪʝʨʧʨʝʪʦʚʘʥʽ ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ 

ʦʙʣʘʩʪʽ ʘʤʦʨʬʽʟʘʮʽʾ ʨʦʟʧʣʘʚʽʚ CuïTiïZr, CuïNiïTi, CuïNiïZr CuïNiïHf ʽ Niï

TiïZr ʽ ʧʨʦʛʥʦʟʦʚʘʥʽ ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ ʦʙʣʘʩʪʽ ʘʤʦʨʬʽʟʘʮʽʾ ʨʦʟʧʣʘʚʽʚ CoïCuïTi, 

CoïCuïZr, CoïCuïHf, CuïFeïTi, CuïFeïZr, CuïFeïHf, CuïTiïHf, CuïZrïHf, 
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NiïTiïHf, NiïZrïHf, CuïNiïTiïHf, CuïNiïTiïZr, CuïNiïZrïHf, CuïTiïZrïHf, 

NiïTiïZrïHf ʪʘ CuïNiïTiïZrïHf; 

ï ʚ ʨʘʤʢʘʭ CALPHAD-ʤʝʪʦʜʫ ʚʠʢʦʥʘʥʦ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʡ ʦʧʠʩ 

ʧʦʪʨʽʡʥʦʾ ʩʠʩʪʝʤʠ CuïTiïHf ʽ ʨʦʟʨʦʙʣʝʥʦ ʥʦʚʽ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʦʧʠʩʠ ʩʠʩʪʝʤ 

TiïZr ʪʘ CuïTiïZr, ʪʘ ʨʦʟʨʘʭʦʚʘʥʦ ʬʘʟʦʚʽ ʜʽʘʛʨʘʤʠ, ʷʢʽ ʜʣʷ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ 

ʩʠʩʪʝʤ ʧʨʝʜʩʪʘʚʣʝʥʽ ʷʢ ʥʘʙʽʨ ʽʟʦʪʝʨʤʽʯʥʠʭ ʧʝʨʝʪʠʥʽʚ, ʧʦʣʽʪʝʨʤʽʯʥʠʭ ʧʝʨʝʨʽʟʽʚ, 

ʧʨʦʝʢʮʽʡ ʧʦʚʝʨʭʦʥʴ ʣʽʢʚʽʜʫʩʘ ʪʘ ʩʦʣʽʜʫʩʘ ʽ ʨʝʘʢʮʽʡʥʠʭ ʩʭʝʤ; 

ï ʚ ʨʘʤʢʘʭ CALPHAD-ʤʝʪʦʜʫ ʨʦʟʨʦʙʣʝʥʦ ʙʘʟʫ ʜʘʥʠʭ ʧʘʨʘʤʝʪʨʽʚ 

ʤʦʜʝʣʝʡ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʨʦʟʧʣʘʚʽʚ ʽ ʛʨʘʥʠʯʥʠʭ ʪʚʝʨʜʠʭ 

ʨʦʟʯʠʥʽʚ ʥʘ ʦʩʥʦʚʽ ʯʠʩʪʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʩʠʩʪʝʤʠ CoïCuïFeïNiïTiïZrïHf ʜʣʷ 

ʩʧʨʷʤʦʚʘʥʦʛʦ ʧʦʰʫʢʫ ʩʢʣʘʜʽʚ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ; 

ï ʚ ʨʘʤʢʘʭ CALPHAD-ʤʝʪʦʜʫ ʨʦʟʨʘʭʦʚʘʥʽ ʤʝʪʘʩʪʘʙʽʣʴʥʽ ʬʘʟʦʚʽ ʜʽʘʛʨʘʤʠ 

ʟʘ ʫʯʘʩʪʶ ʧʝʨʝʦʭʦʣʦʜʞʝʥʠʭ ʨʦʟʧʣʘʚʽʚ ʜʚʦ-, ʪʨʠ-, ʯʦʪʠʨʠ- ̔  ʧôʷʪʠʢʦʤʧʦʥʝʥʪʥʠʭ 

ʩʠʩʪʝʤ, ʽ ʥʘ ʧʽʜʩʪʘʚʽ ʧʦʜʽʙʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ ʢʦʨʝʢʪʥʦ ʽʥʪʝʨʧʨʝʪʦʚʘʥʽ ʚʽʜʦʤʽ ʟ 

ʝʢʩʧʝʨʠʤʝʥʪʫ ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ ʦʙʣʘʩʪʽ ʫʪʚʦʨʝʥʥʷ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ ʪʘ 

ʧʨʦʛʥʦʟʦʚʘʥʽ ʚʽʜʧʦʚʽʜʥʽ ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ ʦʙʣʘʩʪʽ ʜʣʷ ʥʝʜʦʩʣʽʜʞʝʥʠʭ ʩʠʩʪʝʤ. 

ʇʨʘʢʪʠʯʥʘ ʟʥʘʯʠʤʽʩʪʴ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ. ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ 

ʜʘʥʽ ʧʨʦ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʽ ʨʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ 

ʬʫʥʢʮʽʡ ʟʤʽʰʫʚʘʥʥʷ ʨʦʟʧʣʘʚʽʚ Feï(Ti, Zr, Hf), CoïCuïTi, CoïCuïZr, CuïFeïTi, 

CuïFeïZr, CuïFeïHf, CuïNiïTi, CuïNiïHf, CuïTiïZr, CuïTiïHf, NiïTiïZr, Niï

TiïHf ʩʫʪʪʻʚʦ ʜʦʧʦʚʥʷʪʴ ʽʩʥʫʶʯʫ ʽʥʬʦʨʤʘʮʽʶ ʟ ʪʝʨʤʦʜʠʥʘʤʽʢʠ 

ʘʤʦʨʬʦʦʫʪʚʦʨʶʶʯʠʭ ʩʠʩʪʝʤ. ɺʦʥʠ ʫʚʽʡʰʣʠ ʚ ʙʘʟʠ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʜʘʥʠʭ ʽ 

ʜʦʚʽʜʥʠʢʦʚʽ ʤʘʪʝʨʽʘʣʠ, ʥʘʜʘʶʪʴ ʨʦʟʫʤʽʥʥʷ ʟʤʽʥʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʭʽʤʽʯʥʦʛʦ 

ʟʚôʷʟʢʫ ʽ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʬʫʥʢʮʽʡ ʟʤʽʰʫʚʘʥʥʷ ʚ ʛʦʤʦʣʦʛʽʯʥʠʭ ʨʷʜʘʭ ʩʠʩʪʝʤ 

(Fe, Co, Ni, Cu)ï(Ti, Zr, Hf), CoïCuï(Ti, Zr, Hf), CuïNiï(Ti, Zr, Hf), CuïFeï(Ti, 

Zr, Hf) ʪʘ ʽʥ. 

ʇʨʝʜʩʪʘʚʣʝʥʽ ʚ ʨʦʙʦʪʽ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʦʧʠʩʠ ʩʠʩʪʝʤ TiïZr, CuïTiïZr, 

CuïTiïHf ʽ ʨʦʟʨʘʭʦʚʘʥʽ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ, ʘ ʪʘʢʦʞ ʨʦʟʨʦʙʣʝʥʽ ʙʘʟʠ ʜʘʥʠʭ ʜʣʷ 

ʩʧʨʷʤʦʚʘʥʦʛʦ ʧʦʰʫʢʫ ʩʢʣʘʜʽʚ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ CoïCuïFeïNiïTiï

ZrïHf ʻ ʥʘʫʢʦʚʦʶ ʦʩʥʦʚʦʶ ʜʣʷ ʨʦʟʨʦʙʢʠ ʥʦʚʠʭ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ 



7 

ʤʘʪʝʨʽʘʣʽʚ ʮʴʦʛʦ ʢʣʘʩʫ. ɰʭ ʧʨʘʢʪʠʯʥʘ ʮʽʥʥʽʩʪʴ ʜʦʚʝʜʝʥʘ ʚʞʝ ʚ ʩʘʤʽʡ ʨʦʙʦʪʽ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʜʣʷ ʚʘʞʣʠʚʠʭ ʧʨʠʢʣʘʜʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ, ʘ ʩʘʤʝ: 

ï ʚʠʟʥʘʯʝʥʥʷ ʢʽʣʴʢʽʩʥʦʛʦ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʩʢʣʘʜʦʚʠʭ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ 

ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʨʦʟʧʣʘʚʽʚ ʚ ʰʠʨʦʢʦʤʫ ʽʥʪʝʨʚʘʣʽ ʪʝʤʧʝʨʘʪʫʨ, ʱʦ ʻ 

ʚʘʞʣʠʚʠʤ ʜʣʷ ʨʦʟʫʤʽʥʥʷ ʦʩʥʦʚ ʦʪʨʠʤʘʥʥʷ ʥʝ ʪʽʣʴʢʠ ʘʤʦʨʬʥʠʭ ɺɽʉ ʘʣʝ ʡ 

ʽʥʰʠʭ ʚʠʩʦʢʦʝʥʪʨʦʧʽʡʥʠʭ ʬʘʟ ʥʘ ʦʩʥʦʚʽ ʧʝʨʝʭʽʜʥʠʭ ʤʝʪʘʣʽʚ; 

ï ʨʦʟʨʘʭʫʥʢʫ ʤʝʪʘʩʪʘʙʽʣʴʥʠʭ ʬʘʟʦʚʠʭ ʜʽʘʛʨʘʤ ʟʘ ʫʯʘʩʪʶ 

ʧʝʨʝʦʭʦʣʦʜʞʝʥʠʭ ʨʦʟʧʣʘʚʽʚ, ʷʢʽ  ʚʢʘʟʫʶʪʴ ʥʘ ʧʝʨʩʧʝʢʪʠʚʥʽ ʩʢʣʘʜʠ ʘʤʦʨʬʥʠʭ 

ʩʧʣʘʚʽʚ ʽ ʻ ʮʽʢʘʚʠʤʠ ʜʣʷ  ʬʘʭʽʚʮʽʚ ʚ ʛʘʣʫʟʽ ʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʘ; 

ï ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʭ ʦʙʣʘʩʪʝʡ ʘʤʦʨʬʽʟʘʮʽʾ ʨʦʟʧʣʘʚʽʚ, ʱʦ 

ʩʢʣʘʜʘʻ ʧʽʜˇʨʫʥʪʷ ʜʣʷ ʧʨʘʢʪʠʯʥʦʛʦ ʦʜʝʨʞʘʥʥʷ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ ʽ ʚʠʨʦʙʽʚ ʟ 

ʥʠʭ. 

ʇʨʝʜʩʪʘʚʣʝʥʘ ʚ ʨʦʙʦʪʽ ʙʘʟʘ ʧʘʨʘʤʝʪʨʽʚ ʤʦʜʝʣʝʡ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʬʘʟ ʩʠʩʪʝʤʠ CoïCuïFeïNiïTiïZrïHf ʤʦʞʝ ʙʫʪʠ ʰʠʨʦʢʦ 

ʚʠʢʦʨʠʩʪʘʥʘ ʽʥʰʠʤʠ ʥʘʫʢʦʚʮʷʤʠ (ʬʘʭʽʚʮʷʤʠ ʚ ʛʘʣʫʟʷʭ ʬʽʟʠʯʥʦʾ ʭʽʤʽʾ, 

ʭʽʤʽʯʥʦʛʦ ʪʘ ʬʽʟʠʯʥʦʛʦ ʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʘ, ʪʦʥʢʦʛʦ ʤʝʪʘʣʫʨʛʽʡʥʦʛʦ ʩʠʥʪʝʟʫ, 

ʪʝʦʨʽʾ ʤʝʪʘʣʫʨʛʽʡʥʠʭ ʪʘ ʣʠʚʘʨʥʠʭ ʧʨʦʮʝʩʽʚ) ʟʘʜʣʷ ʨʦʟʨʘʭʫʥʢʽʚ ʽ ʥʘʫʢʦʚʦʛʦ 

ʘʥʘʣʽʟʫ, ʚ ʪʦʤʫ ʯʠʩʣʽ, ʢʦʥʮʝʧʪʫʘʣʴʥʦ ʚʽʜʤʽʥʥʠʭ ʚʽʜ ʟʘʩʪʦʩʦʚʘʥʠʭ ʚ ʜʘʥʽʡ 

ʨʦʙʦʪʽ.  

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʘ ʢʘʣʦʨʠʤʝʪʨʽʷ, ʝʥʪʘʣʴʧʽʾ 

ʟʤʽʰʫʚʘʥʥʷ, ʩʧʣʘʚʠ ʥʘ ʦʩʥʦʚʽ ʟʘʣʽʟʘ, ʢʦʙʘʣʴʪʫ, ʥʽʢʝʣʶ, ʤʽʜʽ, ʪʠʪʘʥʫ, ʮʠʨʢʦʥʽʶ 

ʽ ʛʘʬʥʽʶ, ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ, ʤʦʜʝʣʴ ʘʩʦʮʽʡʦʚʘʥʦʛʦ 

ʨʦʟʯʠʥʫ, CALPHAD-ʤʝʪʦʜ, ʩʪʘʙʽʣʴʥʽ ʪʘ ʤʝʪʘʩʪʘʙʽʣʴʥʽ ʬʘʟʦʚʽ ʜʽʘʛʨʘʤʠ, 

ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ ʦʙʣʘʩʪʽ ʘʤʦʨʬʽʟʘʮʽʾ ʨʦʟʧʣʘʚʽʚ 
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The thesis is devoted to the investigation of thermodynamic properties of 

multicomponent melts of glass-forming systems of transition metals. Their 

dependence on the composition determination, temperature and number of system 

components was determined and factors that determine their ability to form an 

amorphous phase in nonequilibrium synthesis were identified. The research was also 

pointed to modeling of equilibrium and metastable phase diagrams with 

participation of supercooled melts and predicting of their concentration regions of 

amorphization.  

The enthalpies of mixing of the components in the binary FeïTi, FeïZr, Feï

Hf and in the ternary CoïCuïTi, CoïCuïZr, CuïFeïTi, CuïFeïZr, CuïFeïHf, Cuï

NiïTi, CuïNiïHf, CuïTiïZr, CuïTiïHf, NiïTiïZr ʽ NiïTiïHf systems were 

determined by high temperature calorimetry. The isotherms of integral enthalpy of 

mixing in the investigated systems were described using RedlichïKisterïMuggianu 

equation. It is shown that there is an intense chemical interaction between the 

components of the melts, which is expressed in the mostly negative values of the 

mixing enthalpies. Analysis of the topology of isotherms of the integral enthalpy of 

mixing of three-component melts at 1873 K indicates that pair interactions play a 

significant role in the considered systems. The role of electron acceptor in the 

interaction belongs to the Fe, Co, Ni, Cu, and the role of electron donor belongs to 

the Ti, Zr, Hf. 
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Within the framework of the associated solution model (ASM), the 

thermodynamic mixing functions of melts of the investigated systems were 

described over the entire composition range and in a wide temperature range, and it 

was shown that the inherent for them mostly negative deviations from ideality 

increase with decreasing temperature. A thermodynamic database that describes the 

functions of glass-forming melts of the CoïCuïFeïNiïTiïZrïHf system is created. 

This database is based on self-consistent parameters ASM and mathematical models 

for melts of 21 binary and 16 ternary systems. The obtained database has been used 

for modeling of the temperature and concentration dependences of the 

thermodynamic mixing functions of liquid alloys of the quaternary CuïNiïTiïZr, 

CuïNiïTiïHf, CuïNiïZrïHf, CuïTiïZrïHf, NiïTiïZrïHf and the quinary CuïNiï

TiïZrïHf systems and for calculation of thermodynamic functions of mixing of 21 

equiatomic quinary liquid alloys of the CoïCuïFeïNiïTiïZrïHf system. The 

relative contributions of the ideal and excess components to the Gibbs mixing energy 

were determined by the calculation. It was shown that when the temperature 

decreases from 1873 K to 800 K, the contribution of the ideal component decreases 

from 65 ... 85% to 20 ... 45%. 

The composition of the associated solution was calculated within the 

framework of ASM and the degree of short-range chemical order was estimated as 

the total molar fraction of Ɇxʘssoc associates in the melts of two-, three-, four- and 

five-component systems. It was shown that the degree of the short-range chemical 

order in the melts of glass-forming systems is significant and increases with 

decreasing of temperature. Using the empirical rule, the concentration regions of 

amorphization for CuïTiïZr, CuïNiïTi, CuïNiïZr CuïNiïHf and NiïTiïZr melts 

were interpreted, and the concentration regions of amorphization were predicted for 

CoïCuïTi, CoïCuïZr, CoïCuïHf, CuïFeïTi, CuïFeïZr, CuïFeïHf, CuïTiïHf, 

CuïZrïHf, NiïTiïHf, NiïZrïHf, CuïNiïTiïHf, CuïNiïTiïZr, CuïNiïZrïHf, Cuï

TiïZrïHf, NiïTiïZrïHf and CuïNiïTiïZrïHf melts. 

Within the framework of the CALPHAD method, the thermodynamic 

description of the CuïTiïHf system has been performed for the first time, and new 
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thermodynamic descriptions of the TiïZr and CuïTiïZr systems have been 

developed. For three-component systems, isothermal sections, polythermal sections, 

projections of the liquidus and solidus surfaces of the phase diagram were calculated, 

and reaction schemes were presented. 

Within the framework of the CALPHAD method, a database of parameters of 

models of thermodynamic properties of melts and boundary solid solutions based on 

pure components for the multicomponent CoïCuïFeïNiïTiïZrïHf system was 

developed. The database contains information on the parameters of models of 

thermodynamic properties of liquid alloys and solid solutions of twenty-one binary 

Coï( Fe, Ni, Ti, Zr, Hf), Cuï(Co, Fe, Ni, Ti, Zr, Hf), Feï(Ni, Ti, Zr, Hf), Niï(Ti, Zr, 

Hf), Hfï(Ti, Zr), TiïZr systems and sixteen ternary CoïCuï(Ti, Zr, Hf), CuïFeï(Ti, 

Zr, Hf), CuïNiï(Ti, Zr, Hf), CuïTiï(Zr, Hf), CuïZrïHf, NiïTiï(Zr, Hf), NiïZrïHf, 

and TiïZrïHf systems. The parameters of the models of excess Gibbs energy 

presented in the database were used for the calculation of metastable phase 

transformations with the participation of supercooled liquid alloys and boundary 

solid solutions of the binary Feï(Ti, Zr,Hf) systems and of the ternary CoïCuï(Ti, 

Zr, Hf), CuïFeï(Ti, Zr, Hf), CuïNiï(Ti, Zr, Hf), CuïTiï(Zr, Hf), CuïZrïHf, Niï

Tiï(Zr, Hf), NiïZrïHf systems. Also, the concentration regions of amorphization of 

the quinary CuïNiïTiïZrïHf system and of the corresponding boundary quaternary 

systems were predicted. The results of the calculations are generalized with the 

known experimental information about the compositions of amorphous alloys. 

The scientific novelty of the obtained results is as follows: 

- enthalpies of mixing were investigated for liquid alloys of ternary CoïCuïTi, Coï

CuïZr, CuïFeïTi, CuïFeïZr, CuïFeïHf, CuïNiïTi, CuïNiïHf, CuïTiïZr, CuïTiï

Hf, NiïTiïZr, NiïTiïHf systems, and new experimental data were obtained for 

binary FeïTi, FeïZr and FeïHf melts; 

- the topology of isotherms of integral enthalpy of mixing is considered for 

investigated ternary melts at 1873 K and the role of double interactions of 

components is defined; 
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- within the framework of ASM, the thermodynamic mixing functions of binary Feï

Ti, FeïZr, and FeïHf melts and ternary CoïCuïTi, CoïCuïZr, CoïCuïHf, CuïFeï

Ti, CuïFeïZr, CuïFeïHf, CuïNiïTi, CuïNiïZr, CuïNiïHf, CuïTiïZr, CuïTiïHf, 

CuïZrïHf, NiïTiïZr, NiïTiïHf, NiïZrïHf melts was calculated in a wide range of 

temperatures and their temperature dependence was determined; 

- database for calculating the thermodynamic properties of multicomponent 

amorphous melts of the CoïCuïFeïNiïTiïZrïHf system was created within the 

framework of ASM. Using this database the thermodynamic mixing functions of the 

melts of the CuïNiïTiïZr, CuïNiïTiïHf and CuïNiïTiïZrïHf systems, 

equiatomic five-component melts of the CoïCuïFeïNiïTiïZrïHf system were 

calculated, and the relative contributions of the ideal and excess components to the 

Gibbs mixing energy were determined; 

- within the framework of ASM, the composition of the associated solution and the 

degree of short-range chemical order as the total molar fraction of associates, ʅx͊ǎsoc, 

in melts of binary FeïTi, FeïZr and FeïHf systems, ternary CoïCuïTi, CoïCuïZr, 

CoïCuïHf, CuïFeïTi, CuïFeïZr, CuïFeïHf, CuïNiïTi, CuïNiïZr, CuïNiïHf, 

CuïTiïZr, CuïTiïHf, CuïZrïHf, NiïTiïZr, NiïTiïHf, NiïZrïHf systems, 

quaternary CuïNiïTiïHf, CuïNiïTiïZr, CuïNiïZrïHf, CuïTiïZrïHf, NiïTiïZrï

Hf systems and the quinary CuïNiïTiïZrïHf system were calculated. Also, the 

temperature dependence for the degree of short-range chemical order was 

determined; 

- the composition ranges of amorphization of CuïTiïZr, CuïNiïTi, CuïNiïZr Cuï

NiïHf and NiïTiïZr melts were interpreted using the empirical rule and the 

composition ranges of amorphization of CoïCuïTi, CoïCuïZr, CoïCuïHf, CuïFeï

Ti, CuïFeïZr, CuïFeïHf, CuïTiïHf, CuïZrïHf, NiïTiïHf, NiïZrïHf, CuïNiïTiï

Hf, CuïNiïTiïZr, CuïNiïZrïHf, CuïTiïZrïHf, NiïTiïZrïHf and CuïNiïTiïZrï

Hf melts were predicted; 

- within the framework of CALPHAD-method the thermodynamic assessment of the 

ternary system CuïTiïHf has been performed and new thermodynamic assessments 

of the TiïZr and CuïTiïZr systems have been developed. The phase diagrams of 
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three-component systems are presented as a set of isothermal sections, polythermal 

sections, liquidus, and solidus projections and reaction schemes; 

- within the framework of CALPHAD method, a database of parameters of models of 

thermodynamic properties of melts and boundary solid solutions based on pure 

components of the CoïCuïFeïNiïTiïZrïHf system was developed for the directed 

search of amorphous alloy compositions; 

- within the framework of CALPHAD method, metastable phase diagrams with the 

participation of supercooled melts of two-, three-, four- and five-component systems 

were calculated. The concentration regions of formation of amorphous alloys known 

from the experiment were correctly interpreted and concentration regions of 

amorphization were predicted for unexplored systems on the base of such 

calculations. 

The practical significance of the obtained results. Experimental data on 

enthalpies of mixing and results of modeling of thermodynamic mixing functions of 

Feï(Ti, Zr, Hf), CoïCuïTi, CoïCuïZr, CuïFeïTi, CuïFeïZr, CuïFeïHf, CuïNiï

Ti, CuïNiïHf, CuïTiïZr, CuïTiïHf, NiïTiïZr, NiïTiïHf melts will significantly 

supplement the existing information on the thermodynamics of amorphous systems. 

They are included in thermodynamic databases and reference materials, provide an 

understanding of changes in the characteristics of chemical bonding and 

thermodynamic mixing functions in homologous series of (Fe, Co, Ni, Cu)ï(Ti, Zr, 

Hf), CoïCuï(Ti, Zr, Hf), CuïNiï(Ti, Zr, Hf), CuïFeï(Ti, Zr, Hf) systems and 

others. 

Thermodynamic assessments of the TiïZr, CuïTiïZr, CuïTiïHf systems and 

calculated phase diagrams, as well as databases for the directional search of 

compositions of amorphous alloys of CoïCuïFeïNiïTiïZrïHf system, are 

developed. This database is the scientific basis for the development of new 

multicomponent materials of this class. Their practical value is proved already in the 

work by using for important applied calculations, namely: 

- estimation of the quantitative ratio of components of Gibbs energy of 

multicomponent melts in a wide temperature range, which is important for 
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understanding the basics of obtaining not only amorphous high entropy alloys 

but also other high-entropy phases based on transition metals; 

- calculation of metastable phase diagrams with the participation of 

supercooled melts, which indicate the promising compositions of amorphous 

alloys and are of interest to specialists in the field of materials science; 

- predicting the concentration regions of amorphization of melts, which forms 

the basis for the practical production of amorphous alloys and products from 

them. 

The database of parameters of models of thermodynamic properties of phases 

of the CoïCuïFeïNiïTiïZrïHf system can be widely used by other scientists 

(specialists in physical chemistry, chemical and physical materials science, precise 

metallurgical synthesis, a theory of metallurgical and foundry processes) for 

calculations and scientific analysis, including conceptually different from those used 

in this work. 

Keywords: high-temperature calorimetry, enthalpies of mixing, alloys based 

on iron, cobalt, nickel, copper, titanium, zirconium and hafnium, thermodynamic 

properties of liquid alloys, associated solution model, CALPHAD method, stable 

and metastable diagrams, concentration regions of amorphization of melts 
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ʉʇʀʉʆʂ ʆʇʋɹʃɯʂʆɺɸʅʀʍ ʇʈɸʎʔ ɿɸ ʊɽʄʆʖ ɼʀʉɽʈʊɸʎɯɰ 

 

ʄʦʥʦʛʨʘʬʽʾ 1 

ʊʫʨʯʘʥʽʥ ʄ. ɸ., ɸʛʨʘʚʘʣ ʇ. ɻ.  ʊʝʨʤʦʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʨʦʟʧʣʘʚʽʚ ʪʘ 

ʬʘʟʦʚʽ ʧʝʨʝʪʚʦʨʝʥʥʷ ʚ ʘʤʦʨʬʦʫʪʚʦʨʶʶʯʽʡ ʩʠʩʪʝʤʽ CuïNiïTiïZrïHf: ʤʦʥʦʛʨʘʬʽʷ. 

ï ʂʨʘʤʘʪʦʨʩʴʢ: ɼɼʄɸ, 2018. ï 268 ʩ. ï ISBN 978-966-379-834-9. (ʆʩʦʙʠʩʪʠʡ 

ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: ʚʠʢʦʥʘʥʥʷ ʨʦʟʨʘʭʫʥʢʽʚ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ 

ʨʦʟʧʣʘʚʽʚ ʪʘ ʬʘʟʦʚʠʭ ʧʝʨʝʪʚʦʨʝʥʴ ʩʠʩʪʝʤʠ CuïNiïTiïZrïHf, ʫʯʘʩʪʴ ʚ ʦʙʛʦʚʦʨʝʥʥʽ 
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Ceram. ï 2017. ï Vol. 55, No. 11-12. ï P. 707-716. ï DOI: 

https://doi.org/10.1007/s11106-017-9858-8. (ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: 

ʧʣʘʥʫʚʘʥʥʷ, ʧʽʜʛʦʪʦʚʢʘ ʪʘ ʧʨʦʚʝʜʝʥʥʷ ʢʘʣʦʨʠʤʝʪʨʠʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ, ʦʙʨʦʙʢʘ 

ʨʝʟʫʣʴʪʘʪʽʚ ʝʢʩʧʝʨʠʤʝʥʪʽʚ, ʫʯʘʩʪʴ ʫ ʦʙʛʦʚʦʨʝʥʥʽ ʨʝʟʫʣʴʪʘʪʽʚ ʪʘ ʥʘʧʠʩʘʥʥʽ 

ʩʪʘʪʪʽ) 

ɺʠʜʘʥʥʷ ʽʥʜʝʢʩʫʻʪʴʩʷ ʙʘʟʘʤʠ ʜʘʥʠʭ Scopus ʪʘ WoS.  
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15. ʊʫʨʯʘʥʽʥ ʄ. ɸ., ɸʛʨʘʚʘʣ ʇ. ɻ., ɺʦʜʦʧô̫ ʥʦʚʘ ɸ. ɸ. ʊʝʨʤʦʜʠʥʘʤʽʯʥʝ 

ʤʦʜʝʣʶʚʘʥʥʷ ʬʘʟʦʚʠʭ ʨʽʚʥʦʚʘʛ ʚ ʩʠʩʪʝʤʽ CuïHfïTi // ʉʦʚʨʝʤʝʥʥʳʝ ʧʨʦʙʣʝʤʳ 

ʬʠʟʠʯʝʩʢʦʛʦ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ. ʊʨʫʜʳ ʀʥʩʪʠʪʫʪʘ ʧʨʦʙʣ. ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʠʤ. 

ʀ. ʅ. ʌʨʘʥʮʝʚʠʯʘ ʅɸʅʋ. ʉʝʨʠʷ ñʌʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʦʩʥʦʚʳ ʪʝʭʥʦʣʦʛʠʠ 

ʧʦʨʦʰʢʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚò. ï ʂʠʝʚ, 2017. ï ˉ26 ï C. 236ï241 (ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ 

ʟʜʦʙʫʚʘʯʘ: ʧʽʜʙʽʨ ʪʘ ʘʥʘʣʽʟ ʣʽʪʝʨʘʪʫʨʥʦʾ ʽʥʬʦʨʤʘʮʽʾ, ʧʽʜʛʦʪʦʚʢʘ ʪʘ ʧʨʦʚʝʜʝʥʥʷ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʛʦ ʦʧʠʩʫ ʩʠʩʪʝʤʠ CuïTiïHf, ʨʦʟʨʘʭʫʥʦʢ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ, ʦʙʨʦʙʢʘ 

ʪʘ ʦʙʛʦʚʦʨʝʥʥʷ ʨʝʟʫʣʴʪʘʪʽʚ ʨʦʟʨʘʭʫʥʢʽʚ, ʫʯʘʩʪʴ ʫ ʥʘʧʠʩʘʥʥʽ ʩʪʘʪʪʽ) 

16. Agraval P. G., Dreval L. A., Turchanin M. A. ɯnteraction of components 

in CuïFe glass-forming melts with titanium, zirconium, and hafnium. I. Calorimetric 

Study of Mixing Enthalpies // Powder Metall. Met. Ceram. ï 2017. ï Vol. 56., No. 

3-4. ï P. 231ï238. ï DOI: https://doi.org/10.1007/s11106-017-9890-8. (ʆʩʦʙʠʩʪʠʡ 

ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: ʧʽʜʙʽʨ ʪʘ ʘʥʘʣʽʟ ʣʽʪʝʨʘʪʫʨʥʦʾ ʽʥʬʦʨʤʘʮʽʾ, ʦʧʠʩ 

ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʾ ʟʘʣʝʞʥʦʩʪʽ ʝʥʪʘʣʴʧʽʡ ʟʤʽʰʫʚʘʥʥʷ, ʫʯʘʩʪʴ ʫ ʦʙʛʦʚʦʨʝʥʥ ̔

ʨʝʟʫʣʴʪʘʪʽʚ ʪʘ ʥʘʧʠʩʘʥʥʽ ʩʪʘʪʪʽ) 

ɺʠʜʘʥʥʷ ʽʥʜʝʢʩʫʻʪʴʩʷ ʙʘʟʘʤʠ ʜʘʥʠʭ Scopus ʪʘ WoS.  

17. Agraval P. G., Dreval L. A., Turchanin M. A. ɯnteraction of components 

in CuïFe glass-forming melts with titanium, zirconium, and hafnium. II. 

TemperatureïConcentration Dependence of Thermodynamic Mixing Functions // 

Powder Metall. Met. Ceram. ï 2017. ï Vol. 56., No. 5ï6. ï P. 323ï332. ï DOI: 

https://doi.org/10.1007/s11106-017-9900-x. (ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: ʧʽʜʙʽʨ 

ʪʘ ʘʥʘʣʽʟ ʣʽʪʝʨʘʪʫʨʥʦʾ ʽʥʬʦʨʤʘʮʽʾ, ʨʦʟʨʘʭʫʥʢʠ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ 

ʨʦʟʧʣʘʚʽʚ ʚ ʨʘʤʢʘʭ ʄɸʈ, ʫʯʘʩʪʴ ʚ ʦʙʛʦʚʦʨʝʥʥ ̔ʨʝʟʫʣʴʪʘʪʽʚ ʪʘ ʥʘʧʠʩʘʥʥʽ ʩʪʘʪʪʽ) 

ɺʠʜʘʥʥʷ ʽʥʜʝʢʩʫʻʪʴʩʷ ʙʘʟʘʤʠ ʜʘʥʠʭ Scopus ʪʘ WoS.  

18. Agraval P. G., Dreval L. A., Turchanin M. A. Interaction of Components 

in CuïFe Glass-Forming Melts with Titanium, Zirconium, and Hafnium. III. 

Modeling of Metastable Phase Transformations with Participation of Liquid Phase 

//Powder Metallurgy and Metall Ceramics ï 2017. ï Vol. 56., No. 7ï8. ï P. 463ï

472. ï DOI: https://doi.org/10.1007/s11106-017-9917-1. (ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ 

ʟʜʦʙʫʚʘʯʘ: ʧʽʜʙʽʨ ʪʘ ʘʥʘʣʽʟ ʣʽʪʝʨʘʪʫʨʥʦʾ ʽʥʬʦʨʤʘʮʽʾ, ʫʯʘʩʪʴ ʚ ʨʦʟʨʦʙʮʽ ʤʝʪʦʜʠʢʠ 
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ʤʦʜʝʣʶʚʘʥʥʷ ʤʝʪʘʩʪʘʙʽʣʴʥʠʭ ʬʘʟʦʚʠʭ ʧʝʨʝʪʚʦʨʝʥʴ, ʨʦʟʨʘʭʫʥʦʢ ʤʝʪʘʩʪʘʙʽʣʴʥʠʭ 

ʬʘʟʦʚʠʭ ʜʽʘʛʨʘʤ, ʫʯʘʩʪʴ ʚ ʦʙʛʦʚʦʨʝʥʥ ̔ʨʝʟʫʣʴʪʘʪʽʚ ʪʘ ʥʘʧʠʩʘʥʥʽ ʩʪʘʪʪʽ) 

ɺʠʜʘʥʥʷ ʽʥʜʝʢʩʫʻʪʴʩʷ ʙʘʟʘʤʠ ʜʘʥʠʭ Scopus ʪʘ WoS.  

19. Dreval L. A., Agraval P. G., Turchanin M. A. Calorimetric investigation 

of the mixing enthalpy of liquid CoïCuïTi alloys at 1873 K // Phys. Chem. Liquids 

ï 2018. ï Vol. 56, No. 5. ï P. 674-684. ï DOI: 

https://doi.org/10.1080/00319104.2017.1376058. (ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: 

ʧʣʘʥʫʚʘʥʥʷ, ʧʽʜʛʦʪʦʚʢʘ ʪʘ ʧʨʦʚʝʜʝʥʥʷ ʢʘʣʦʨʠʤʝʪʨʠʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ, ʦʙʨʦʙʢʘ 

ʨʝʟʫʣʴʪʘʪʽʚ ʝʢʩʧʝʨʠʤʝʥʪʽʚ, ʫʯʘʩʪʴ ʚ ʦʙʛʦʚʦʨʝʥʥʽ ʨʝʟʫʣʴʪʘʪʽʚ ʪʘ ʥʘʧʠʩʘʥʥʽ 

ʩʪʘʪʪʽ) 

ɺʠʜʘʥʥʷ 2-ʛʦ ʢʚʘʨʪʠʣʶ ʽʥʜʝʢʩʫʻʪʴʩʷ ʙʘʟʘʤʠ ʜʘʥʠʭ Scopus ʪʘ WoS.  

20. Turchanin M. A., Agraval P. G., Velikanova T. Ya., & Vodopyanova 

A. A.  ʈredicting the composition ranges of amorphization for multicomponent melts in 

the framework of the CALPHAD method // Powder Metallurgy and Metal Ceramics ï 

2018. ï Vol. 57, No. 1ï2ï P.57ï70. ï DOI: https://doi.org/10.1007/s11106-018-9955-3. 

(ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: ʧʽʜʙʽʨ ʪʘ ʘʥʘʣʽʟ ʣʽʪʝʨʘʪʫʨʥʦʾ ʽʥʬʦʨʤʘʮʽʾ, ʫʯʘʩʪʴ 

ʚ ʨʦʟʨʦʙʮʽ ʤʝʪʦʜʠʢʠ ʤʦʜʝʣʶʚʘʥʥʷ ʤʝʪʘʩʪʘʙʽʣʴʥʠʭ ʬʘʟʦʚʠʭ ʧʝʨʝʪʚʦʨʝʥʴ, 

ʨʦʟʨʘʭʫʥʦʢ ʤʝʪʘʩʪʘʙʽʣʴʥʠʭ ʬʘʟʦʚʠʭ ʜʽʘʛʨʘʤ, ʫʯʘʩʪʴ ʚ ʦʙʛʦʚʦʨʝʥʥʽ ʨʝʟʫʣʴʪʘʪʽʚ 

ʪʘ ʥʘʧʠʩʘʥʥʽ ʩʪʘʪʪʽ) 

ɺʠʜʘʥʥʷ ʽʥʜʝʢʩʫʻʪʴʩʷ ʙʘʟʘʤʠ ʜʘʥʠʭ Scopus ʪʘ WoS.  

21. Agraval P. G., Turchanin M. A., Vodopyanova A. A. and Dreval L. A. Mixing 

Enthalpies of Liquid CuïHfïTi Alloys Studied by High-Temperature Calorimetry // Powder 

Metallurgy and Metal Ceramics ï2018. ï Vol. 57. ï P.344ï348. ï DOI: 

https://doi.org/10.1007/s11106-018-9989-6. (ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: ʧʣʘʥʫʚʘʥʥʷ, 

ʧʽʜʛʦʪʦʚʢʘ ʪʘ ʧʨʦʚʝʜʝʥʥʷ ʢʘʣʦʨʠʤʝʪʨʠʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ, ʦʙʨʦʙʢʘ ʨʝʟʫʣʴʪʘʪʽʚ 

ʝʢʩʧʝʨʠʤʝʥʪʽʚ, ʫʯʘʩʪʴ ʫ ʦʙʛʦʚʦʨʝʥʥʽ ʨʝʟʫʣʴʪʘʪʽʚ ʪʘ ʥʘʧʠʩʘʥʥʽ ʩʪʘʪʪʽ) 

ɺʠʜʘʥʥʷ ʽʥʜʝʢʩʫʻʪʴʩʷ ʙʘʟʘʤʠ ʜʘʥʠʭ Scopus ʪʘ WoS.  

22. ʊʫʨʯʘʥʠʥ ʄ. ɸ., ɸʛʨʘʚʘʣ ʇ. ɻ., ɺʦʜʦʧʴʷʥʦʚʘ ɸ. ɸ. ʊʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʘʤʦʨʬʦʦʙʨʘʟʫʶʱʠʭ ʞʠʜʢʠʭ ʩʧʣʘʚʦʚ // ʋʢʨ. ʍʽʤ. 

ɾʫʨ. ï2018. ï ʊ.84, ˉ 5 ï ʉ. 34ï49. (ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: ʧʽʜʙʽʨ ʪʘ ʘʥʘʣʽʟ 
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ʣʽʪʝʨʘʪʫʨʥʦʾ ʽʥʬʦʨʤʘʮʽʾ, ʨʦʟʨʘʭʫʥʦʢ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ 

ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʨʦʟʧʣʘʚʽʚ, ʫʯʘʩʪʴ ʚ ʦʙʛʦʚʦʨʝʥʥ ̔ʨʝʟʫʣʴʪʘʪʽʚ ʪʘ ʥʘʧʠʩʘʥʥʽ 

ʩʪʘʪʪʽ) 

23. Turchanin M., Agraval P., Dreval L., Vodopyanova A. Calorimetric 

Investigation of the Mixing Enthalpy of Liquid Hf-Ni-Ti Alloys and 

Thermodynamic Properties and Chemical Ordering in Quaternary Liquid Cu-Hf-Ni-

Ti Alloys // J. Phase Equilib. Diffus. ï 2020. ï Vol.41, No.4. ï P.469-490. ïDOI: 

https://doi.org/10.1007/s11669-020-00806-4. (ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: 

ʧʣʘʥʫʚʘʥʥʷ, ʧʽʜʛʦʪʦʚʢʘ ʪʘ ʧʨʦʚʝʜʝʥʥʷ ʢʘʣʦʨʠʤʝʪʨʠʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ, ʦʙʨʦʙʢʘ 

ʨʝʟʫʣʴʪʘʪʽʚ ʝʢʩʧʝʨʠʤʝʥʪʽʚ, ʨʦʟʨʘʭʫʥʦʢ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʪʘ  

ʩʢʣʘʜʫ ʘʩʦʮʽʡʦʚʘʥʦʛʦ ʨʦʟʯʠʥʫ, ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʾ ʦʙʣʘʩʪʽ 

ʘʤʦʨʬʽʟʘʮʽʾ, ʫʯʘʩʪʴ ʚ ʦʙʛʦʚʦʨʝʥʥʽ ʨʝʟʫʣʴʪʘʪʽʚ ʪʘ ʥʘʧʠʩʘʥʥʽ ʩʪʘʪʪʽ) 

ɺʠʜʘʥʥʷ 2-ʛʦ ʢʚʘʨʪʠʣʶ ʽʥʜʝʢʩʫʻʪʴʩʷ ʙʘʟʘʤʠ ʜʘʥʠʭ Scopus ʪʘ WoS.  

 

ʅʘʫʢʦʚ ̔ʩʪʘʪʪʽ, ʷʢʽ ʜʦʜʘʪʢʦʚʦ ʨʦʟʢʨʠʚʘʶʪʴ ʨʝʟʫʣʴʪʘʪʠ ʜʠʩʝʨʪʘʮʽʾ 

 

1. ɸʙʜʫʣʦʚ ɸ.ʈ., ʊʫʨʯʘʥʠʥ ʄ.ɸ., ɸʛʨʘʚʘʣ ʇ.ɻ. ʇʨʠʤʝʥʝʥʠʝ ʤʦʜʝʣʠ 

ʠʜʝʘʣʴʥʦʛʦ ʘʩʩʦʮʠʠʨʦʚʘʥʥʦʛʦ ʨʘʩʪʚʦʨʘ ʜʣʷ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʦʙʣʘʩʪʝʡ 

ʘʤʦʨʬʠʟʘʮʠʠ ʪʨʝʭʢʦʤʧʦʥʝʥʪʥʳʭ ʨʘʩʧʣʘʚʦʚ // ʄʝʪʘʣʣʦʬʠʟʠʢʘ ʠ ʥʦʚʝʡʰʠʝ 

ʪʝʭʥʦʣʦʛʠʠ. ï 2006. ï ʊ. 28. ï ʉ. 121ï130. (ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: ʧʽʜʙʽʨ 

ʪʘ ʘʥʘʣʽʟ ʣʽʪʝʨʘʪʫʨʥʦʾ ʽʥʬʦʨʤʘʮʽʾ, ʨʦʟʨʘʭʫʥʢʠ ʚ ʨʘʤʢʘʭ ʄɸʈ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʨʦʟʧʣʘʚʽʚ ʪʘ ʩʢʣʘʜʫ ʘʩʦʮʽʡʦʚʘʥʦʛʦ ʨʦʟʯʠʥʫ, ʦʙʛʦʚʦʨʝʥʥʷ 

ʨʝʟʫʣʴʪʘʪʽʚ, ʫʯʘʩʪʴ ʫ ʥʘʧʠʩʘʥʥʽ ʩʪʘʪʪʽ) 

ɺʠʜʘʥʥʷ ʽʥʜʝʢʩʫʻʪʴʩʷ ʙʘʟʘʤʠ ʜʘʥʠʭ Scopus ʪʘ Web of Science (WoS).   

2. Abdulov A., Turchanin M., Agraval P. & Dreval L. Modern approaches to 

prediction of composition ranges of glass formation in metallic systems // 

Proceedings of 9th Int. Conf. RaDMI. ï 2009. ï Vol. 2. ï P. 965-973. (ʆʩʦʙʠʩʪʠʡ 

ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: ʫʯʘʩʪʴ ʫ ʟʙʦʨʽ ʪʘ ʘʥʘʣʽʟʽ ʣʽʪʝʨʘʪʫʨʠ, ʨʦʟʨʘʭʫʥʦʢ 

ʤʝʪʘʩʪʘʙʽʣʴʥʠʭ ʬʘʟʦʚʠʭ ʜʽʘʛʨʘʤ, ʦʙʛʦʚʦʨʝʥʥʷ ʨʝʟʫʣʴʪʘʪʽʚ, ʫʯʘʩʪʴ ʫ ʥʘʧʠʩʘʥʥʽ 

ʩʪʘʪʪʽ) 



21 

3. ɸʛʨʘʚʘʣ ʇ. ɻ., ɸʙʜʫʣʦʚ ɸ. ʈ., ɼʨʝʚʘʣʴ ʃ. ɸ., ʊʫʨʯʘʥʠʥ ʄ. ɸ. 
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ɺʉʊʋʇ 

 

ɸʢʪʫʘʣʴʥʽʩʪʴ ʪʝʤʠ. ʈʦʟʚʠʪʦʢ ʚʠʨʦʙʥʠʮʪʚ, ʱʦ ʚʽʜʧʦʚʽʜʘʶʪʴ ʥʦʚʠʤ 

ʪʝʭʥʦʣʦʛʽʯʥʠʤ ʫʢʣʘʜʘʤ, ʧʦʪʨʝʙʫʻ ʥʦʚʠʭ ʤʝʪʘʣʝʚʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʷʢʽ ʟʘ ʩʚʦʾʤʠ 

ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʧʝʨʝʚʝʨʰʫʶʪʴ ʪʨʘʜʠʮʽʡʥʽ ʩʧʣʘʚʠ. ʊʘʢʠʤʠ ʻ ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ, ʷʢʽ 

ʜʝʤʦʥʩʪʨʫʶʪʴ ʫʥʽʢʘʣʴʥʠʡ ʢʦʤʧʣʝʢʩ ʥʘʜʟʚʠʯʘʡʥʠʭ ʤʝʭʘʥʽʯʥʠʭ (ʪʚʝʨʜʽʩʪʴ, 

ʤʽʮʥʽʩʪʴ, ʧʣʘʩʪʠʯʥʽʩʪʴ), ʭʽʤʽʯʥʠʭ (ʢʦʨʦʟʽʡʥʘ ʩʪʽʡʢʽʩʪʴ, ʟʜʘʪʥʽʩʪʴ ʧʦʛʣʠʥʘʪʠ ʛʘʟʠ, 

ʢʘʪʘʣʽʟʫʚʘʪʠ ʭʽʤʽʯʥʽ ʧʨʦʮʝʩʠ), ʤʘʛʥʽʪʥʠʭ ʽ ʝʣʝʢʪʨʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ [1]. 

ɸʤʦʨʬʥʽ ʩʧʣʘʚʠ ʽ ʚʠʨʦʙʠ ʟ ʥʠʭ ʦʜʝʨʞʫʶʪʴ ʷʢ ʧʨʠ ʚʝʣʠʢʠʭ ʰʚʠʜʢʦʩʪʷʭ 

ʦʭʦʣʦʜʞʝʥʥʷ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ (105 ï 106 K/ʩ) ʫ ʚʠʛʣʷʜʽ ʩʪʨʽʯʦʢ, ʣʫʩʦʯʦʢ ʽ 

ʧʦʨʦʰʢʽʚ, ʪʘʢ ʽ ʧʨʠ ʧʦʤʽʨʥʠʭ ʰʚʠʜʢʦʩʪʷʭ ʦʭʦʣʦʜʞʝʥʥʷ (102 ï 103 K/ʩ) [2], 

ʙʣʠʟʴʢʠʭ ʜʦ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʫʤʦʚ ʪʨʘʜʠʮʽʡʥʦʾ ʣʠʚʘʨʥʦʾ ʪʝʭʥʦʣʦʛʽʾ, ʫ ʚʠʛʣʷʜʽ 

ʦʙô̒ ʤʥʠʭ ʣʠʪʠʭ ʚʠʨʦʙʽʚ. ɺʘʞʣʠʚʠʤʠ ʧʨʝʜʩʪʘʚʥʠʢʘʤʠ ʮʠʭ ʢʣʘʩʽʚ ʤʘʪʝʨʽʘʣʽʚ ʻ 

ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʽ ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ, ʫʪʚʦʨʝʥʽ ʧʝʨʝʭʽʜʥʠʤʠ ʤʝʪʘʣʘʤʠ. ʗʢ 

ʧʨʘʚʠʣʦ, ʜʦ ʾʭ ʩʢʣʘʜʫ ʚʭʦʜʷʪʴ ʤʝʪʘʣʠ ʧʦʯʘʪʢʫ ʧʝʨʝʭʽʜʥʠʭ ʨʷʜʽʚ ï ʪʠʪʘʥ, 

ʮʠʨʢʦʥʽʡ, ʛʘʬʥʽʡ ï ʽ ʤʝʪʘʣʠ ʜʨʫʛʦʾ ʧʦʣʦʚʠʥʠ 3d-ʨʷʜʫ ï ʟʘʣʽʟʦ, ʢʦʙʘʣʴʪ, ʥʽʢʝʣʴ, 

ʤʽʜʴ [3, 4, 5]. ʊʦʙʪʦ, ʩʘʤʝ ʭʽʤʽʯʥʘ ʚʟʘʻʤʦʜʽʷ ʮʠʭ ʝʣʝʤʝʥʪʽʚ ʚʠʟʥʘʯʘʻ ʟʜʘʪʥʽʩʪʴ 

ʨʦʟʧʣʘʚʽʚ ʜʦ ʘʤʦʨʬʽʟʘʮʽʾ. 

ʅʝʟʚʘʞʘʶʯʠ ʥʘ ʪʝ, ʱʦ ʤʦʞʣʠʚʽʩʪʴ ʨʦʟʨʦʙʢʠ ʽ ʚʠʢʦʨʠʩʪʘʥʥʷ ʘʤʦʨʬʥʠʭ 

ʩʧʣʘʚʽʚ ʟʜʘʻʪʴʩʷ ʰʠʨʦʢʦʶ ʽ ʙʘʛʘʪʦʦʙʽʮʷʶʯʦʶ, ʢʦʣʦ ʚʽʜʦʤʠʭ 

ʘʤʦʨʬʦʫʪʚʦʨʶʶʯʠʭ ʩʠʩʪʝʤ ʽ ʩʢʣʘʜʽʚ ʟʘʣʠʰʘʻʪʴʩʷ ʦʙʤʝʞʝʥʠʤ. ʊʘʢʘ ʩʠʪʫʘʮʽʷ 

ʩʢʣʘʣʘʩʴ ʯʝʨʝʟ ʚʽʜʩʫʪʥʽʩʪʴ ʩʠʩʪʝʤʘʪʠʯʥʦʛʦ ʪʝʦʨʝʪʠʯʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʷʚʠʱʘ, 

ʘʜʞʝ ʦʩʥʦʚʥʠʡ ʥʘʛʦʣʦʩ ʚ ʧʦʧʝʨʝʜʥʽʭ ʜʦʩʣʽʜʞʝʥʥʷʭ ʙʫʚ ʟʨʦʙʣʝʥʠʡ ʥʘ ʧʦʰʫʢ 

ʥʦʚʠʭ ʪʦʯʢʦʚʠʭ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʢʣʘʜʽʚ. ɯ ʷʢʱʦ ʜʣʷ ʥʠʭ ʫʤʦʚʠ ʦʜʝʨʞʘʥʥʷ, 

ʩʪʨʫʢʪʫʨʘ, ʤʝʭʘʥʽʯʥʽ ʪʘ ʜʝʷʢʽ ʽʥʰʽ ʬʽʟʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ, ʷʢ ʧʨʘʚʠʣʦ, ʻ 

ʜʦʩʣʽʜʞʝʥʠʤʠ, ʾʭ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʪʘ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ 

ʨʦʟʧʣʘʚʽʚ, ʟ ʷʢʠʭ ʚʦʥʠ ʫʪʚʦʨʶʶʪʴʩʷ, ʟʘʣʠʰʘʶʪʴʩʷ ʤʘʡʞʝ ʥʝʚʽʜʦʤʠʤʠ. 

ʅʘʫʢʦʚʮʷʤʠ ʨʽʟʥʠʭ ʰʢʽʣ ʙʫʣʠ ʟʘʧʨʦʧʦʥʦʚʘʥʽ ʝʤʧʽʨʠʯʥʽ ʢʨʠʪʝʨʽʾ ʧʦʰʫʢʫ 

ʩʢʣʘʜʽʚ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ [6], ʧʝʨʝʚʘʞʥʘ ʙʽʣʴʰʽʩʪʴ ʟ ʷʢʠʭ ʙʘʟʫʶʪʴʩʷ ʥʘ ʜʘʥʠʭ 

ʧʨʦ ʧʘʨʘʤʝʪʨʠ ʘʪʦʤʥʦʾ ʙʫʜʦʚʠ ʽ ʬʽʟʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʝʣʝʤʝʥʪʽʚ, ʱʦ ʾʭ ʫʪʚʦʨʶʶʪʴ. 
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ɺ ʜʝʷʢʠʭ ʽʟ ʟʘʧʨʦʧʦʥʦʚʘʥʠʭ ʢʨʠʪʝʨʽʾʚ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʧʝʚʥʽ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ 

ʤʽʨʢʫʚʘʥʥʷ, ʷʢʽ ʦʙʤʝʞʫʶʪʴʩʷ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʬʘʟ, 

ʚʠʟʥʘʯʝʥʠʭ ʣʠʰʝ ʟʘ ʩʘʤʠʤʠ ʩʧʨʦʱʝʥʠʤʠ ʥʘʙʣʠʞʝʥʥʷʤʠ, ʪʘʢʠʤʠ ʷʢ ʤʦʜʝʣʴ 

ʨʝʛʫʣʷʨʥʦʛʦ ʨʦʟʯʠʥʫ [7] ʘʙʦ ʥʘʧʽʚʝʤʧʽʨʠʯʥʘ ʤʦʜʝʣʴ ʄʽʻʜʝʤʠ [8]. ɺ ʪʦʡ ʞʝ ʯʘʩ, 

ʩʫʯʘʩʥʘ ʣʽʪʝʨʘʪʫʨʘ ʤʽʩʪʠʪʴ ʧʨʘʢʪʠʯʥʦ ʚʠʯʝʨʧʥʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʫ ʽʥʬʦʨʤʘʮʽʶ 

ʧʨʦ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʨʦʟʧʣʘʚʽʚ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ, ʱʦ 

ʫʪʚʦʨʶʶʪʴ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʽ ʘʤʦʨʬʦʫʪʚʦʨʶʶʯʽ ʨʦʟʧʣʘʚʠ ʧʝʨʝʭʽʜʥʠʭ ʤʝʪʘʣʽʚ. 

ʅʘ ʤʦʤʝʥʪ ʧʦʯʘʪʢʫ ʚʠʢʦʥʘʥʥʷ ʜʘʥʦʾ ʨʦʙʦʪʠ ʪʘʢʦʞ ʙʫʣʠ ʚʽʜʦʤʽ ʜʘʥʽ ʧʨʦ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʨʦʟʧʣʘʚʽʚ ʦʢʨʝʤʠʭ 

ʘʤʦʨʬʦʫʪʚʦʨʶʶʯʠʭ ʩʠʩʪʝʤ ʧʝʨʝʭʽʜʥʠʭ ʤʝʪʘʣʽʚ. 

ʊʦʤʫ ʘʢʪʫʘʣʴʥʠʤʠ ʟʘʚʜʘʥʥʷʤʠ ʬʽʟʠʯʥʦʾ ʭʽʤʽʾ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ 

ʤʝʪʘʣʝʚʠʭ ʩʠʩʪʝʤ, ʷʢ ʪʝʦʨʝʪʠʯʥʦʾ ʦʩʥʦʚʠ ʭʽʤʽʯʥʦʛʦ ʽ ʬʽʟʠʯʥʦʛʦ 

ʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʘ, ʻ ʫʟʘʛʘʣʴʥʝʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ ʧʨʦ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʬʘʟ ʚ ʛʨʘʥʠʯʥʠʭ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤʘʭ, 

ʜʦʧʦʚʥʝʥʥʷ ʥʝʦʙʭʽʜʥʦʾ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʾ ʽʥʬʦʨʤʘʮʽʾ ʧʨʦ ʛʨʘʥʠʯʥʽ ʜʚʦ- ʽ 

ʪʨʠʢʦʤʧʦʥʝʥʪʥʽ ʩʠʩʪʝʤʠ, ʫʟʘʛʘʣʴʥʝʥʥʷ ʮʽʻʾ ʽʥʬʦʨʤʘʮʽʾ ʚ ʨʘʤʢʘʭ ʙʘʟ ʜʘʥʠʭ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʬʘʟ, ʨʦʟʨʦʙʢʘ ʤʝʪʦʜʠʢʠ ʚʠʟʥʘʯʝʥʥʷ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʬʘʟ ʽ ʤʦʜʝʣʶʚʘʥʥʷ 

ʨʽʚʥʦʚʘʞʥʠʭ ʽ ʤʝʪʘʩʪʘʙʽʣʴʥʠʭ ʬʘʟʦʚʠʭ ʧʝʨʝʪʚʦʨʝʥʴ ʟʘ ʾʭ ʫʯʘʩʪʶ. ɺʘʞʣʠʚʠʤ 

ʧʠʪʘʥʥʷʤ ʪʝʦʨʝʪʠʯʥʠʭ ʦʩʥʦʚ ʩʪʚʦʨʝʥʥʷ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ ʻ ʨʦʟʨʦʙʢʘ ʤʝʪʦʜʽʚ 

ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʭ ʦʙʣʘʩʪʝʡ ʘʤʦʨʬʽʟʘʮʽʾ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ 

ʨʦʟʧʣʘʚʽʚ. 

ʅʘʫʢʦʚʫ ʦʩʥʦʚʫ ʚʠʨʽʰʝʥʥʷ ʮʠʭ ʟʘʚʜʘʥʴ ʩʪʘʥʦʚʣʷʪʴ ʪʨʠ ʙʘʟʦʚʽ ʩʢʣʘʜʦʚʽ. 

ʇʝʨʰʦʶ ʩʢʣʘʜʦʚʦʶ ʻ ʩʫʯʘʩʥʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʤʝʪʦʜʠ ʜʦʩʣʽʜʞʝʥʴ, ʷʢʽ 

ʜʦʟʚʦʣʷʶʪʴ ʚʠʟʥʘʯʘʪʠ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʨʦʟʧʣʘʚʽʚ ʧʝʨʝʭʽʜʥʠʭ 

ʤʝʪʘʣʽʚ ʽ ʧʘʨʘʤʝʪʨʠ ʬʘʟʦʚʠʭ ʧʝʨʝʪʚʦʨʝʥʴ ʟʘ ʾʭ ʫʯʘʩʪʶ. ɼʨʫʛʘ ʩʢʣʘʜʦʚʘ ʙʘʟʫʻʪʴʩʷ 

ʥʘ ʩʫʯʘʩʥʠʭ ʤʝʪʦʜʘʭ ʤʦʜʝʣʶʚʘʥʥʷ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʬʘʟ ʚ 

ʰʠʨʦʢʦʤʫ ʽʥʪʝʨʚʘʣʽ ʪʝʤʧʝʨʘʪʫʨ, ʚʣʘʩʪʠʚʦʤʫ ʜʣʷ ʧʝʨʝʙʽʛʫ ʘʤʦʨʬʽʟʘʮʽʾ ʨʦʟʧʣʘʚʽʚ 

ʧʝʨʝʭʽʜʥʠʭ ʤʝʪʘʣʽʚ. ɼʣʷ ʚʠʨʽʰʝʥʥʷ ʮʴʦʛʦ ʟʘʚʜʘʥʥʷ ʘʢʪʫʘʣʴʥʦʶ ʻ ʤʦʜʝʣʴ 

ʘʩʦʮʽʡʦʚʘʥʦʛʦ ʨʦʟʯʠʥʫ (ʄɸʈ), ʷʢʘ ʟʘ ʬʽʟʠʯʥʠʤʠ ʧʨʠʥʮʠʧʘʤʠ ʚʽʜʧʦʚʽʜʘʻ 
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ʭʘʨʘʢʪʝʨʫ ʚʟʘʻʤʦʜʽʾ ʢʦʤʧʦʥʝʥʪʽʚ ʚ ʨʦʟʧʣʘʚʘʭ ʘʤʦʨʬʦʫʪʚʦʨʶʶʯʠʭ ʩʠʩʪʝʤ. 

ʅʘʨʝʰʪʽ, ʪʨʝʪʴʦʶ ʩʢʣʘʜʦʚʦʶ ʻ ʤʝʪʦʜ CALculation of PHAse Diagram 

(CALPHAD) ï ʩʫʯʘʩʥʘ ʤʝʪʦʜʠʢʘ, ʷʢʘ ʜʦʟʚʦʣʷʻ ʤʦʜʝʣʶʚʘʪʠ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ 

ʚʣʘʩʪʠʚʦʩʪʽ ʬʘʟ ʽ ʬʘʟʦʚʽ ʨʽʚʥʦʚʘʛʠ ʚ ʤʫʣʴʪʽʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤʘʭ, 

ʩʘʤʦʫʟʛʦʜʞʫʚʘʪʠ ʮʽ ʜʘʥʽ ʚ ʨʘʤʢʘʭ ʩʪʚʦʨʝʥʥʷ ʙʘʟ ʜʘʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʤʦʜʝʣʝʡ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʬʘʟ ʽ ʧʨʦʚʦʜʠʪʠ ʨʦʟʨʘʭʫʥʢʠ ʨʽʚʥʦʚʘʞʥʠʭ ʽ 

ʤʝʪʘʩʪʘʙʽʣʴʥʠʭ ʬʘʟʦʚʠʭ ʧʝʨʝʪʚʦʨʝʥʴ ʚ ʪʘʢʠʭ ʩʠʩʪʝʤʘʭ. 

ɿʚô̫ ʟʦʢ ʨʦʙʦʪʠ ʟ ʥʘʫʢʦʚʠʤʠ ʧʨʦʛʨʘʤʘʤʠ, ʧʣʘʥʘʤʠ, ʪʝʤʘʤʠ. ʊʝʤʘ 

ʜʠʩʝʨʪʘʮʽʾ ʻ ʩʢʣʘʜʦʚʦʶ ʯʘʩʪʠʥʦʶ ʩʠʩʪʝʤʘʪʠʯʥʠʭ ʥʘʫʢʦʚʦ-ʜʦʩʣʽʜʥʠʭ ʨʦʙʽʪ, ʷʢʽ 

ʧʨʦʚʦʜʷʪʴʩʷ ʚ ʃʘʙʦʨʘʪʦʨʽʾ ʬʽʟʠʢʦ-ʭʽʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʤʝʪʘʣʝʚʠʭ ʨʦʟʧʣʘʚʽʚ 

ɼʦʥʙʘʩʴʢʦʾ ʜʝʨʞʘʚʥʦʾ ʤʘʰʠʥʦʙʫʜʽʚʥʦʾ ʘʢʘʜʝʤʽʾ (ɼɼʄɸ) ʟʘ ʨʘʭʫʥʦʢ ʢʦʰʪʽʚ 

ʜʝʨʞʘʚʥʦʛʦ ʙʶʜʞʝʪʫ: 0106U001621 çʊʝʨʤʦʜʠʥʘʤʽʯʥʝ ʜʦʩʣʽʜʞʝʥʥʷ 

ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʨʦʟʧʣʘʚʽʚ ʽ ʤʦʜʝʣʶʚʘʥʥʷ ʾʭ ʦʙô̒ ʤʥʦʾ ʘʤʦʨʬʽʟʘʮʽʾè (2006ï

2008 ʨʨ.); 0112U001245 çʊʝʨʤʦʜʠʥʘʤʽʯʥʝ ʜʦʩʣʽʜʞʝʥʥʷ ʚʟʘʻʤʦʜʽʾ ʢʦʤʧʦʥʝʥʪʽʚ 

ʨʦʟʧʣʘʚʽʚ ʘʤʦʨʬʦʫʪʚʦʨʶʶʯʠʭ ʩʠʩʪʝʤ ʪʘ ʨʦʟʚʠʪʦʢ ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ 

ʧʨʠʥʮʠʧʽʚ ʩʪʚʦʨʝʥʥʷ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚè (2012ï2014 ʨʨ.); 0115U003181 

çʊʝʨʤʦʜʠʥʘʤʽʯʥʝ ʜʦʩʣʽʜʞʝʥʥʷ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʨʦʟʧʣʘʚʽʚ ʧʝʨʝʭʽʜʥʠʭ 

ʤʝʪʘʣʽʚ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʢʨʠʩʪʘʣʽʯʥʠʭ ʪʘ ʘʤʦʨʬʥʠʭ ʚʠʩʦʢʦʝʥʪʨʦʧʽʡʥʠʭ ʩʧʣʘʚʽʚè 

(2015ï2017 ʨʨ.); 0112U006709 çɹʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʽ ʨʦʟʧʣʘʚʠ ʜʣʷ ʩʪʚʦʨʝʥʥʷ 

ʚʠʩʦʢʦʝʥʪʨʦʧʽʡʥʠʭ ʩʧʣʘʚʽʚ: ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ, ʬʘʟʦʚʽ ʨʽʚʥʦʚʘʛʠ, 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʽ ʧʨʠʥʮʠʧʠ ʨʦʟʨʦʙʢʠè (2014ï2019 ʨʨ.), ʘ ʪʘʢʦʞ ʚ ʨʘʤʢʘʭ 

ʤʽʞʥʘʨʦʜʥʠʭ ʥʘʫʢʦʚʠʭ ʧʨʦʛʨʘʤ çBinary Evaluation Programè ʽ ç Ternary 

Evaluation Programè, ʷʢʽ ʧʨʦʚʦʜʷʪʴʩʷ Materials Science International Team 

(ʐʪʫʪʛʘʨʪ, ʅʽʤʝʯʯʠʥʘ). 

ʄʝʪʘ ʽ ʟʘʜʘʯʽ ʜʦʩʣʽʜʞʝʥʥʷ. ʆʩʥʦʚʥʘ ʤʝʪʘ ʨʦʙʦʪʠ ʧʦʣʷʛʘʣʘ ʫ 

ʚʩʪʘʥʦʚʣʝʥʥʽ ʬʽʟʠʢʦ-ʭʽʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʤʝʪʘʣʽʯʥʠʭ ʨʦʟʧʣʘʚʽʚ 

ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʘʤʦʨʬʦʫʪʚʦʨʶʶʯʠʭ ʩʠʩʪʝʤ ʧʝʨʝʭʽʜʥʠʭ ʤʝʪʘʣʽʚ, 

ʚʠʟʥʘʯʝʥʥʽ ʾʭ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʩʢʣʘʜʫ, ʪʝʤʧʝʨʘʪʫʨʠ ʽ ʯʠʩʣʘ ʢʦʤʧʦʥʝʥʪʽʚ ʩʠʩʪʝʤ 

ʪʘ ʚʠʷʚʣʝʥʥʽ ʬʘʢʪʦʨʽʚ, ʱʦ ʚʠʟʥʘʯʘʶʪʴ ʾʭ ʟʜʘʪʥʽʩʪʴ ʜʦ ʘʤʦʨʬʽʟʘʮʽʾ ʚ ʫʤʦʚʘʭ 

ʥʝʨʽʚʥʦʚʘʞʥʦʛʦ ʩʠʥʪʝʟʫ. ɼʦʩʣʽʜʞʝʥʥʷ ʪʘʢʦʞ ʙʫʣʠ ʩʧʨʷʤʦʚʘʥʽ ʥʘ ʤʦʜʝʣʶʚʘʥʥʷ 
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ʨʽʚʥʦʚʘʞʥʠʭ ʪʘ ʤʝʪʘʩʪʘʙʽʣʴʥʠʭ ʬʘʟʦʚʠʭ ʧʝʨʝʪʚʦʨʝʥʴ ʟʘ ʾʭ ʫʯʘʩʪʶ ʽ 

ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʭ ʦʙʣʘʩʪʝʡ ʘʤʦʨʬʽʟʘʮʽʾ. 

ɼʣʷ ʜʦʩʷʛʥʝʥʥʷ ʤʝʪʠ ʩʣʽʜ ʙʫʣʦ ʨʦʟʚô̫ ʟʘʪʠ ʥʘʩʪʫʧʥʽ ʟʘʜʘʯʽ: 

ï ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʢʘʣʦʨʠʤʝʪʨʠʯʥʠʤ ʤʝʪʦʜʦʤ ʚʠʟʥʘʯʠʪʠ ʝʥʪʘʣʴʧʽʾ 

ʟʤʽʰʫʚʘʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ ʫ ʨʦʟʧʣʘʚʘʭ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ Feï(Ti, Zr, Hf) 

ʽ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ CoïCuï(Ti, Zr), CuïFeï(Ti, Zr, Hf), CuïNiï(Ti, Hf), 

CuïTiï(Zr, Hf), NiïTiï(Zr, Hf) ʽ ʚ ʨʘʤʢʘʭ ʤʘʪʝʤʘʪʠʯʥʠʭ ʤʦʜʝʣʝʡ ʥʘʜʘʪʠ ʦʧʠʩ 

ʽʟʦʪʝʨʤʘʤ ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʚ ʥʠʭ; 

ï ʜʣʷ ʨʦʟʧʣʘʚʽʚ Feï(Ti, Zr, Hf), CoïCuï(Ti, Zr, Hf), CuïFeï(Ti, Zr, Hf), 

CuïNiï(Ti, Zr, Hf), CuïTiï(Zr, Hf), (Cu, Ni)ïZrïHf, NiïTiï(Zr, Hf) ʚ ʨʘʤʢʘʭ 

ʄɸʈ ʚ ʫʩʴʦʤʫ ʽʥʪʝʨʚʘʣʽ ʩʢʣʘʜʽʚ ʪʘ ʰʠʨʦʢʦʤʫ ʽʥʪʝʨʚʘʣʽ ʪʝʤʧʝʨʘʪʫʨ 

ʨʦʟʨʘʭʦʚʘʪʠ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʬʫʥʢʮʽʾ ʟʤʽʰʫʚʘʥʥʷ; 

ï ʨʦʟʨʦʙʠʪʠ ʪʝʨʤʦʜʠʥʘʤʽʯʥʫ ʙʘʟʫ ʜʘʥʠʭ, ʱʦ ʦʧʠʩʫʻ ʬʫʥʢʮʽʾ ʟʤʽʰʫʚʘʥʥʷ 

ʘʤʦʨʬʦʫʪʚʦʨʶʶʯʠʭ ʨʦʟʧʣʘʚʽʚ ʩʝʤʠʢʦʤʧʦʥʝʥʪʥʦʾ ʩʠʩʪʝʤʠ CoïCuïFeïNiïTiï

ZrïHf, ʷʢʘ ʙʘʟʫʻʪʴʩʷ ʥʘ ʩʘʤʦʫʟʛʦʜʞʝʥʠʭ ʧʘʨʘʤʝʪʨʘʭ ʄɸʈ ʽ ʤʘʪʝʤʘʪʠʯʥʠʭ 

ʤʦʜʝʣʷʭ ʜʣʷ ʨʦʟʧʣʘʚʽʚ 21 ʜʚʦ- ʽ 16 ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ; 

ï ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʙʘʟʠ ʜʘʥʠʭ ʧʨʦʚʝʩʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʪʝʤʧʝʨʘʪʫʨʥʦʾ ʽ 

ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʾ ʟʘʣʝʞʥʦʩʪʝʡ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʬʫʥʢʮʽʡ ʟʤʽʰʫʚʘʥʥʷ 

ʨʦʟʧʣʘʚʽʚ ʯʦʪʠʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ CuïNiïTiïZr, CuïNiïTiïHf, CuïNiïZrï

Hf, CuïTiïZrïHf, NiïTiïZrïHf, ʧô̫ ʪʠʢʦʤʧʦʥʝʥʪʥʦʾ ʩʠʩʪʝʤʠ CuïNiïTiïZrïHf ʽ 

ʨʦʟʨʘʭʦʚʘʪʠ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʬʫʥʢʮʽʾ ʟʤʽʰʫʚʘʥʥʷ ʝʢʚʽʘʪʦʤʥʠʭ 

ʧô̫ ʪʠʢʦʤʧʦʥʝʥʪʥʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ CoïCuïFeïNiïTiïZrïHf; 

ï ʧʦʰʠʨʠʪʠ ʟʘʧʨʦʧʦʥʦʚʘʥʫ ʨʘʥʽʰʝ ʜʣʷ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʨʦʟʧʣʘʚʽʚ 

ʤʝʪʦʜʠʫ ʚʠʟʥʘʯʝʥʥʷ ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʭ ʦʙʣʘʩʪʝʡ ʘʤʦʨʬʽʟʘʮʽʾ ʤʝʪʘʣʝʚʠʭ 

ʨʦʟʧʣʘʚʽʚ, ʱʦ ʙʘʟʫʻʪʴʩʷ ʥʘ ʦʮʽʥʮʽ ʚ ʥʠʭ ʩʪʫʧʝʥʷ ʙʣʠʞʥʴʦʛʦ ʭʽʤʽʯʥʦʛʦ ʧʦʨʷʜʢʫ, 

ʥʘ ʨʦʟʧʣʘʚʠ ʪʨʠ-, ʯʦʪʠʨʠ- ʽ ʧô̫ ʪʠʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ;  

ï ʚ ʨʘʤʢʘʭ ʄɸʈ ʦʮʽʥʠʪʠ ʩʪʫʧʽʥʴ ʙʣʠʞʥʴʦʛʦ ʭʽʤʽʯʥʦʛʦ ʧʦʨʷʜʢʫ ʚ 

ʨʦʟʧʣʘʚʘʭ ʜʚʦ-, ʪʨʠ-, ʯʦʪʠʨʠ- ʽ ʧô̫ ʪʠʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ ʽ ʧʦʙʫʜʦʚʘʪʠ ʢʘʨʪʠ 

ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʭ ʦʙʣʘʩʪʝʡ ʘʤʦʨʬʽʟʘʮʽʾ ʨʦʟʧʣʘʚʽʚ; 
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ï ʚ ʨʘʤʢʘʭ CALPHAD-ʤʝʪʦʜʫ ʚʠʢʦʥʘʪʠ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʡ ʦʧʠʩ ʩʠʩʪʝʤʠ 

CuïTiïHf , ʨʦʟʨʦʙʠʪʠ ʥʦʚʽ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʦʧʠʩʠ ʩʠʩʪʝʤ TiïZr ʪʘ CuïTiïZr ʽ 

ʨʦʟʨʘʭʦʚʘʪʠ ʥʦʚʽ ʚʝʨʩʽʾ ʜʽʘʛʨʘʤ ʩʪʘʥʫ; 

ï ʚ ʨʘʤʢʘʭ CALPHAD-ʤʝʪʦʜʫ ʨʦʟʨʦʙʠʪʠ ʪʝʨʤʦʜʠʥʘʤʽʯʥʫ ʙʘʟʫ ʜʘʥʠʭ, 

ʷʢʘ ʜʦʟʚʦʣʷʻ ʧʨʦʚʦʜʠʪʠ ʨʦʟʨʘʭʫʥʢʠ ʜʽʘʛʨʘʤʠ ʤʝʪʘʩʪʘʙʽʣʴʥʠʭ ʧʝʨʝʪʚʦʨʝʥʴ ʟʘ 

ʫʯʘʩʪʶ ʧʝʨʝʦʭʦʣʦʜʞʝʥʦʾ ʨʽʜʠʥʠ ʽ ʢʦʥʢʫʨʫʶʯʠʭ ʛʨʘʥʠʯʥʠʭ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ 

ʥʘ ʦʩʥʦʚʽ ʯʠʩʪʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʚ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʽʡ ʩʠʩʪʝʤʽ CoīCuīFeï

NiīTiīZrīHf; 

ï ʚ ʨʘʤʢʘʭ CALPHAD-ʤʝʪʦʜʫ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʙʘʟʠ ʜʘʥʠʭ ʨʦʟʨʘʭʫʚʘʪʠ 

ʤʝʪʘʩʪʘʙʽʣʴʥʽ ʬʘʟʦʚʽ ʜʽʘʛʨʘʤʠ ʟʘ ʫʯʘʩʪʶ ʧʝʨʝʦʭʦʣʦʜʞʝʥʠʭ ʨʦʟʧʣʘʚʽʚ ʽ 

ʧʨʦʛʥʦʟʫʚʘʪʠ ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ ʦʙʣʘʩʪʽ ʘʤʦʨʬʽʟʘʮʽʾ ʜʣʷ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ 

ʩʠʩʪʝʤ CoïCuï(Ti, Zr, Hf), CuïFeï(Ti, Zr, Hf), CuïNiï(Ti, Zr, Hf), CuïTiï(Zr, 

Hf), (Cu, Ni)ïZrïHf, NiïTiï(Zr, Hf), ʯʦʪʠʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ CuīNiīTiīZr 

ʪʘ CuīNiīTiīHf ʽ ʧô̫ ʪʠʢʦʤʧʦʥʝʥʪʥʦʾ ʩʠʩʪʝʤʠ CuīNiīTiīZrīHf. 

ʆʙô̒ ʢʪʠ ʜʦʩʣʽʜʞʝʥʥʷ ï ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ 

ʧʝʨʝʭʽʜʥʠʭ ʤʝʪʘʣʽʚ; ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ ʾʭ ʟʤʽʥʠ ʚ ʰʠʨʦʢʠʭ ʽʥʪʝʨʚʘʣʘʭ 

ʢʦʥʮʝʥʪʨʘʮʽʡ ʽ ʪʝʤʧʝʨʘʪʫʨ, ʨʽʚʥʦʚʘʞʥʽ ʽ ʤʝʪʘʩʪʘʙʽʣʴʥʽ ʬʘʟʦʚʽ ʧʝʨʝʪʚʦʨʝʥʥʷʤʠ 

ʟʘ ʾʭ ʫʯʘʩʪʶ, ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʬʘʢʪʦʨʠ ʽ ʬʘʢʪʦʨʠ ʘʪʦʤʥʦʾ ʙʫʜʦʚʠ ʨʽʜʢʠʭ 

ʩʧʣʘʚʽʚ, ʱʦ ʚʠʟʥʘʯʘʶʪʴ ʾʭ ʩʭʠʣʴʥʽʩʪʴ ʜʦ ʘʤʦʨʬʽʟʘʮʽʾ, ʤʦʞʣʠʚʽʩʪʴ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʮʠʭ ʬʘʢʪʦʨʽʚ ʜʣʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʭ ʦʙʣʘʩʪʝʡ 

ʦʪʨʠʤʘʥʥʷ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ. 

ʇʨʝʜʤʝʪ ʜʦʩʣʽʜʞʝʥʥʷ ï ʨʦʟʧʣʘʚʠ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ Feï(Ti, Zr, 

Hf), ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ CoïCuï(Ti, Zr, Hf), CuïFeï(Ti, Zr, Hf), CuïNiï

(Ti, Zr, Hf), CuïTiï(Zr, Hf), (Cu, Ni)ïZrïHf, NiïTiï(Zr, Hf), ʯʦʪʠʨʠ- ʽ 

ʧô̫ ʪʠʢʦʤʧʦʥʝʥʪʥʽ ʩʧʣʘʚʠ ʩʠʩʪʝʤʠ CoïCuïFeïNiïTiïZrïHf. 

ʄʝʪʦʜʠ ʜʦʩʣʽʜʞʝʥʥʷ ï ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʘ ʽʟʦʧʝʨʠʙʦʣʽʯʥʘ 

ʢʘʣʦʨʠʤʝʪʨʽʷ ʜʣʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʚʠʟʥʘʯʝʥʥʷ ʝʥʪʘʣʴʧʽʾ ʫʪʚʦʨʝʥʥʷ ʨʽʜʢʠʭ 

ʩʧʣʘʚʽʚ; ʤʦʜʝʣʴ ʘʩʦʮʽʡʦʚʘʥʦʛʦ ʨʦʟʯʠʥʫ (ʄɸʈ) ʜʣʷ ʪʝʦʨʝʪʠʯʥʦʛʦ ʚʠʟʥʘʯʝʥʥʷ 

ʪʝʤʧʝʨʘʪʫʨʥʦ-ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʾ ʟʘʣʝʞʥʦʩʪʽ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ 

ʨʦʟʧʣʘʚʽʚ ʽ ʘʥʘʣʽʟʫ ʧʘʨʘʤʝʪʨʽʚ ʘʪʦʤʥʦʛʦ ʫʧʦʨʷʜʢʫʚʘʥʥʷ ʚ ʥʠʭ; CALPHAD-
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ʤʝʪʦʜ ʜʣʷ ʪʝʦʨʝʪʠʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʨʽʚʥʦʚʘʞʥʠʭ ʪʘ ʤʝʪʘʩʪʘʙʽʣʴʥʠʭ ʬʘʟʦʚʠʭ 

ʧʝʨʝʪʚʦʨʝʥʴ ʟʘ ʫʯʘʩʪʶ ʨʦʟʧʣʘʚʽʚ. 

ʅʘʫʢʦʚʘ ʥʦʚʠʟʥʘ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʧʦʣʷʛʘʻ ʚ ʥʘʩʪʫʧʥʦʤʫ: 

ï ʜʦʩʣʽʜʞʝʥʦ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ 

ʩʠʩʪʝʤ CoïCuïTi, CoïCuïZr, CuïFeïTi, CuïFeïZr, CuïFeïHf, CuïNiïTi, Cuï

NiïHf, CuïTiïZr, CuïTiïHf, NiïTiïZr, NiïTiïHf ʪʘ ʦʜʝʨʞʘʥʦ ʥʦʚʽ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʘʥʽ ʜʣʷ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʨʦʟʧʣʘʚʽʚ FeïTi, FeïZr ʽ FeïHf; 

ï ʨʦʟʛʣʷʥʫʪʘ ʪʦʧʦʣʦʛʽʷ ʽʟʦʪʝʨʤ ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ 

ʜʦʩʣʽʜʞʝʥʠʭ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʨʦʟʧʣʘʚʽʚ ʧʨʠ 1873 ʂ ʽ ʚʠʟʥʘʯʝʥʘ ʨʦʣʴ 

ʧʦʜʚʽʡʥʠʭ ʚʟʘʻʤʦʜʽʡ ʢʦʤʧʦʥʝʥʪʽʚ; 

ï ʚ ʨʘʤʢʘʭ ʄɸʈ ʚ ʰʠʨʦʢʦʤʫ ʽʥʪʝʨʚʘʣʽ ʪʝʤʧʝʨʘʪʫʨ ʨʦʟʨʘʭʦʚʘʥʽ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʬʫʥʢʮʽʾ ʟʤʽʰʫʚʘʥʥʷ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʨʦʟʧʣʘʚʽʚ FeïTi, FeïZr 

ʪʘ FeïHf ʽ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʨʦʟʧʣʘʚʽʚ CoïCuïTi, CoïCuïZr, CoïCuïHf, Cuï

FeïTi, CuïFeïZr, CuïFeïHf, CuïNiïTi, CuïNiïZr, CuïNiïHf, CuïTiïZr, CuïTiï

Hf, CuïZrïHf, NiïTiïZr, NiïTiïHf, NiïZrïHf ʽ ʚʠʟʥʘʯʝʥʘ ʾʭ ʟʘʣʝʞʥʽʩʪʴ ʚʽʜ 

ʪʝʤʧʝʨʘʪʫʨʠ; 

ï ʚ ʨʘʤʢʘʭ ʄɸʈ ʩʪʚʦʨʝʥʦ ʙʘʟʫ ʜʘʥʠʭ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʘʤʦʨʬʦʫʪʚʦʨʶʶʯʠʭ ʨʦʟʧʣʘʚʽʚ ʩʠʩʪʝʤʠ 

CoïCuïFeïNiïTiïZrïHf, ʟ ʾʾ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʨʦʟʨʘʭʦʚʘʥʽ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ 

ʬʫʥʢʮʽʾ ʟʤʽʰʫʚʘʥʥʷ ʨʦʟʧʣʘʚʽʚ ʩʠʩʪʝʤ CuïNiïTiïZr, CuïNiïTiïHf ʽ CuïNiïTiï

ZrïHf ʪʘ ʝʢʚʽʘʪʦʤʥʠʭ ʧô̫ ʪʠʢʦʤʧʦʥʝʥʪʥʠʭ ʨʦʟʧʣʘʚʽʚ ʩʠʩʪʝʤʠ CoïCuïFeïNiï

TiïZrïHf, ʚʠʟʥʘʯʝʥʽ ʚʽʜʥʦʩʥʽ ʚʥʝʩʢʠ ʽʜʝʘʣʴʥʦʾ ʪʘ ʥʘʜʣʠʰʢʦʚʦʾ ʩʢʣʘʜʦʚʠʭ ʚ 

ʝʥʝʨʛʽʶ ɻʽʙʙʩʘ ʟʤʽʰʫʚʘʥʥʷ; 

ï ʚ ʨʘʤʢʘʭ ʄɸʈ ʨʦʟʨʘʭʦʚʘʥʦ ʩʢʣʘʜ ʘʩʦʮʽʡʦʚʘʥʦʛʦ ʨʦʟʯʠʥʫ ʽ ʦʮʽʥʝʥʦ 

ʩʪʫʧʽʥʴ ʙʣʠʞʥʴʦʛʦ ʭʽʤʽʯʥʦʛʦ ʧʦʨʷʜʢʫ ʷʢ ʩʫʤʘʨʥʦʾ ʤʦʣʴʥʦʾ ʯʘʩʪʢʠ ʘʩʦʮʽʘʪʽʚ 

Ɇxʘssoc ʚ ʨʦʟʧʣʘʚʘʭ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ FeïTi, FeïZr ʽ FeïHf, 

ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ CoïCuïTi, CoïCuïZr, CoïCuïHf, CuïFeïTi, CuïFeï

Zr, CuïFeïHf, CuïNiïTi, CuïNiïZr, CuïNiïHf, CuïTiïZr, CuïTiïHf, CuïZrïHf, 

NiïTiïZr, NiïTiïHf, NiïZrïHf, ʯʦʪʠʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ CuïNiïTiïHf, Cuï

NiïTiïZr, CuïNiïZrïHf, CuïTiïZrïHf, NiïTiïZrïHf ʽ ʧô̫ ʪʠʢʦʤʧʦʥʝʥʪʥʦʾ 
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ʩʠʩʪʝʤʠ CuïNiïTiïZrïHf, ʽ ʚʠʟʥʘʯʝʥʘ ʟʘʣʝʞʥʽʩʪʴ ʩʪʫʧʝʥʶ ʙʣʠʞʥʴʦʛʦ 

ʭʽʤʽʯʥʦʛʦ ʧʦʨʷʜʢʫ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ; 

ï ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʝʤʧʽʨʠʯʥʦʛʦ ʧʨʘʚʠʣʘ ʽʥʪʝʨʧʨʝʪʦʚʘʥʽ ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ 

ʦʙʣʘʩʪʽ ʘʤʦʨʬʽʟʘʮʽʾ ʨʦʟʧʣʘʚʽʚ CuïTiïZr, CuïNiïTi, CuïNiïZr CuïNiïHf ̔  NiïTiï

Zr ̔  ʧʨʦʛʥʦʟʦʚʘʥʽ ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ ʦʙʣʘʩʪʽ ʘʤʦʨʬʽʟʘʮʽʾ ʨʦʟʧʣʘʚʽʚ CoïCuïTi, Coï

CuïZr, CoïCuïHf, CuïFeïTi, CuïFeïZr, CuïFeïHf, CuïTiïHf, CuïZrïHf, Niï

TiïHf, NiïZrïHf, CuïNiïTiïHf, CuïNiïTiïZr, CuïNiïZrïHf, CuïTiïZrïHf, Niï

TiïZrïHf ʪʘ CuïNiïTiïZrïHf; 

ï ʚ ʨʘʤʢʘʭ CALPHAD-ʤʝʪʦʜʫ ʚʠʢʦʥʘʥʦ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʡ ʦʧʠʩ 

ʧʦʪʨʽʡʥʦʾ ʩʠʩʪʝʤʠ CuïTiïHf ʽ ʨʦʟʨʦʙʣʝʥʦ ʥʦʚʽ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʦʧʠʩʠ ʩʠʩʪʝʤ 

TiïZr ʪʘ CuïTiïZr, ʪʘ ʨʦʟʨʘʭʦʚʘʥʦ ʬʘʟʦʚʽ ʜʽʘʛʨʘʤʠ, ʷʢʽ ʜʣʷ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ 

ʩʠʩʪʝʤ ʧʨʝʜʩʪʘʚʣʝʥʽ ʷʢ ʥʘʙʽʨ ʽʟʦʪʝʨʤʽʯʥʠʭ ʧʝʨʝʪʠʥʽʚ, ʧʦʣʽʪʝʨʤʽʯʥʠʭ ʧʝʨʝʨʽʟʽʚ, 

ʧʨʦʝʢʮʽʡ ʧʦʚʝʨʭʦʥʴ ʣʽʢʚʽʜʫʩʘ ʪʘ ʩʦʣʽʜʫʩʘ ʽ ʨʝʘʢʮʽʡʥʠʭ ʩʭʝʤ; 

ï ʚ ʨʘʤʢʘʭ CALPHAD-ʤʝʪʦʜʫ ʨʦʟʨʦʙʣʝʥʦ ʙʘʟʫ ʜʘʥʠʭ ʧʘʨʘʤʝʪʨʽʚ 

ʤʦʜʝʣʝʡ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʨʦʟʧʣʘʚʽʚ ʽ ʛʨʘʥʠʯʥʠʭ ʪʚʝʨʜʠʭ 

ʨʦʟʯʠʥʽʚ ʥʘ ʦʩʥʦʚʽ ʯʠʩʪʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʩʠʩʪʝʤʠ CoïCuïFeïNiïTiïZrïHf ʜʣʷ 

ʩʧʨʷʤʦʚʘʥʦʛʦ ʧʦʰʫʢʫ ʩʢʣʘʜʽʚ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ; 

ï ʚ ʨʘʤʢʘʭ CALPHAD-ʤʝʪʦʜʫ ʨʦʟʨʘʭʦʚʘʥʽ ʤʝʪʘʩʪʘʙʽʣʴʥʽ ʬʘʟʦʚʽ ʜʽʘʛʨʘʤʠ 

ʟʘ ʫʯʘʩʪʶ ʧʝʨʝʦʭʦʣʦʜʞʝʥʠʭ ʨʦʟʧʣʘʚʽʚ ʜʚʦ-, ʪʨʠ-, ʯʦʪʠʨʠ- ̔  ʧô̫ ʪʠʢʦʤʧʦʥʝʥʪʥʠʭ 

ʩʠʩʪʝʤ, ʽ ʥʘ ʧʽʜʩʪʘʚʽ ʧʦʜʽʙʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ ʢʦʨʝʢʪʥʦ ʽʥʪʝʨʧʨʝʪʦʚʘʥʽ ʚʽʜʦʤʽ ʟ 

ʝʢʩʧʝʨʠʤʝʥʪʫ ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ ʦʙʣʘʩʪʽ ʫʪʚʦʨʝʥʥʷ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ ʪʘ 

ʧʨʦʛʥʦʟʦʚʘʥʽ ʚʽʜʧʦʚʽʜʥʽ ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ ʦʙʣʘʩʪʽ ʜʣʷ ʥʝʜʦʩʣʽʜʞʝʥʠʭ ʩʠʩʪʝʤ. 

ʇʨʘʢʪʠʯʥʘ ʟʥʘʯʠʤʽʩʪʴ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ. ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ 

ʜʘʥʽ ʧʨʦ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʽ ʨʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ 

ʬʫʥʢʮʽʡ ʟʤʽʰʫʚʘʥʥʷ ʨʦʟʧʣʘʚʽʚ Feï(Ti, Zr, Hf), CoïCuïTi, CoïCuïZr, CuïFeïTi, 

CuïFeïZr, CuïFeïHf, CuïNiïTi, CuïNiïHf, CuïTiïZr, CuïTiïHf, NiïTiïZr, Niï

TiïHf ʩʫʪʪʻʚʦ ʜʦʧʦʚʥʷʪʴ ʽʩʥʫʶʯʫ ʽʥʬʦʨʤʘʮʽʶ ʟ ʪʝʨʤʦʜʠʥʘʤʽʢʠ 

ʘʤʦʨʬʦʦʫʪʚʦʨʶʶʯʠʭ ʩʠʩʪʝʤ. ɺʦʥʠ ʫʚʽʡʰʣʠ ʚ ʙʘʟʠ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʜʘʥʠʭ ʽ 

ʜʦʚʽʜʥʠʢʦʚʽ ʤʘʪʝʨʽʘʣʠ, ʥʘʜʘʶʪʴ ʨʦʟʫʤʽʥʥʷ ʟʤʽʥʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʭʽʤʽʯʥʦʛʦ 

ʟʚô̫ ʟʢʫ ʽ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʬʫʥʢʮʽʡ ʟʤʽʰʫʚʘʥʥʷ ʚ ʛʦʤʦʣʦʛʽʯʥʠʭ ʨʷʜʘʭ ʩʠʩʪʝʤ 
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(Fe, Co, Ni, Cu)ï(Ti, Zr, Hf), CoïCuï(Ti, Zr, Hf), CuïNiï(Ti, Zr, Hf), CuïFeï(Ti, Zr, 

Hf) ʪʘ ʽʥ. 

ʇʨʝʜʩʪʘʚʣʝʥʽ ʚ ʨʦʙʦʪʽ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʦʧʠʩʠ ʩʠʩʪʝʤ TiïZr, CuïTiïZr, Cuï

TiïHf ʽ ʨʦʟʨʘʭʦʚʘʥʽ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ, ʘ ʪʘʢʦʞ ʨʦʟʨʦʙʣʝʥʽ ʙʘʟʠ ʜʘʥʠʭ ʜʣʷ 

ʩʧʨʷʤʦʚʘʥʦʛʦ ʧʦʰʫʢʫ ʩʢʣʘʜʽʚ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ CoïCuïFeïNiïTiï

ZrïHf ʻ ʥʘʫʢʦʚʦʶ ʦʩʥʦʚʦʶ ʜʣʷ ʨʦʟʨʦʙʢʠ ʥʦʚʠʭ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʤʘʪʝʨʽʘʣʽʚ 

ʮʴʦʛʦ ʢʣʘʩʫ. ɰʭ ʧʨʘʢʪʠʯʥʘ ʮʽʥʥʽʩʪʴ ʜʦʚʝʜʝʥʘ ʚʞʝ ʚ ʩʘʤʽʡ ʨʦʙʦʪʽ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʜʣʷ ʚʘʞʣʠʚʠʭ ʧʨʠʢʣʘʜʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ, ʘ ʩʘʤʝ: 

ï ʚʠʟʥʘʯʝʥʥʷ ʢʽʣʴʢʽʩʥʦʛʦ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʩʢʣʘʜʦʚʠʭ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ 

ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʨʦʟʧʣʘʚʽʚ ʚ ʰʠʨʦʢʦʤʫ ʽʥʪʝʨʚʘʣʽ ʪʝʤʧʝʨʘʪʫʨ, ʱʦ ʻ 

ʚʘʞʣʠʚʠʤ ʜʣʷ ʨʦʟʫʤʽʥʥʷ ʦʩʥʦʚ ʦʪʨʠʤʘʥʥʷ ʥʝ ʪʽʣʴʢʠ ʘʤʦʨʬʥʠʭ ɺɽʉ ʘʣʝ ʡ ̔ ʥʰʠʭ 

ʚʠʩʦʢʦʝʥʪʨʦʧʽʡʥʠʭ ʬʘʟ ʥʘ ʦʩʥʦʚʽ ʧʝʨʝʭʽʜʥʠʭ ʤʝʪʘʣʽʚ; 

ï ʨʦʟʨʘʭʫʥʢʫ ʤʝʪʘʩʪʘʙʽʣʴʥʠʭ ʬʘʟʦʚʠʭ ʜʽʘʛʨʘʤ ʟʘ ʫʯʘʩʪʶ ʧʝʨʝʦʭʦʣʦʜʞʝʥʠʭ 

ʨʦʟʧʣʘʚʽʚ, ʷʢʽ  ʚʢʘʟʫʶʪʴ ʥʘ ʧʝʨʩʧʝʢʪʠʚʥʽ ʩʢʣʘʜʠ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ ʽ ʻ ʮʽʢʘʚʠʤʠ 

ʜʣʷ  ʬʘʭʽʚʮʽʚ ʚ ʛʘʣʫʟʽ ʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʘ; 

ï ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʭ ʦʙʣʘʩʪʝʡ ʘʤʦʨʬʽʟʘʮʽʾ ʨʦʟʧʣʘʚʽʚ, ʱʦ 

ʩʢʣʘʜʘʻ ʧʽʜˇʨʫʥʪʷ ʜʣʷ ʧʨʘʢʪʠʯʥʦʛʦ ʦʜʝʨʞʘʥʥʷ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ ʽ ʚʠʨʦʙʽʚ ʟ ʥʠʭ. 

ʇʨʝʜʩʪʘʚʣʝʥʘ ʚ ʨʦʙʦʪʽ ʙʘʟʘ ʧʘʨʘʤʝʪʨʽʚ ʤʦʜʝʣʝʡ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʬʘʟ ʩʠʩʪʝʤʠ CoïCuïFeïNiïTiïZrïHf ʤʦʞʝ ʙʫʪʠ ʰʠʨʦʢʦ 

ʚʠʢʦʨʠʩʪʘʥʘ ʽʥʰʠʤʠ ʥʘʫʢʦʚʮʷʤʠ (ʬʘʭʽʚʮʷʤʠ ʚ ʛʘʣʫʟʷʭ ʬʽʟʠʯʥʦʾ ʭʽʤʽʾ, ʭʽʤʽʯʥʦʛʦ 

ʪʘ ʬʽʟʠʯʥʦʛʦ ʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʘ, ʪʦʥʢʦʛʦ ʤʝʪʘʣʫʨʛʽʡʥʦʛʦ ʩʠʥʪʝʟʫ, ʪʝʦʨʽʾ 

ʤʝʪʘʣʫʨʛʽʡʥʠʭ ʪʘ ʣʠʚʘʨʥʠʭ ʧʨʦʮʝʩʽʚ) ʟʘʜʣʷ ʨʦʟʨʘʭʫʥʢʽʚ ʽ ʥʘʫʢʦʚʦʛʦ ʘʥʘʣʽʟʫ, ʚ 

ʪʦʤʫ ʯʠʩʣʽ, ʢʦʥʮʝʧʪʫʘʣʴʥʦ ʚʽʜʤʽʥʥʠʭ ʚʽʜ ʟʘʩʪʦʩʦʚʘʥʠʭ ʚ ʜʘʥʽʡ ʨʦʙʦʪʽ.  

ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ. ʌʦʨʤʫʣʶʚʘʥʥʷ ʤʝʪʠ ʪʘ ʟʘʜʘʯ 

ʜʦʩʣʽʜʞʝʥʥʷ, ʚʠʙʽʨ ʦʙô̒ ʢʪʽʚ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʚʝʜʝʥʦ ʨʘʟʦʤ ʟ ʥʘʫʢʦʚʠʤ 

ʢʦʥʩʫʣʴʪʘʥʪʦʤ.  

ʇʽʜʛʦʪʦʚʢʘ, ʧʨʦʚʝʜʝʥʥʷ ʪʘ ʦʙʨʦʙʢʘ ʨʝʟʫʣʴʪʘʪʽʚ ʢʘʣʦʨʠʤʝʪʨʠʯʥʠʭ 

ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʟʜʽʡʩʥʶʚʘʣʠ ʨʘʟʦʤ ʟ ʢ.ʭ.ʥ. ɸʙʜʫʣʦʚʠʤ ʆ. ʈ., ʢ.ʭ.ʥ. ɼʨʝʚʘʣʴ ʃ. 

ʆ., ʢ.ʭ.ʥ. ɺʦʜʦʧô̫ ʥʦʚʦʶ ɻ. ʆ. ɸʥʘʣʽʟ ʣʽʪʝʨʘʪʫʨʥʠʭ ʜʘʥʠʭ, ʾʭ ʧʽʜʛʦʪʦʚʢʘ ʜʦ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʛʦ ʦʧʠʩʫ ʩʠʩʪʝʤ, ʨʦʟʨʦʙʢʘ ʩʧʝʮʽʘʣʽʟʦʚʘʥʦʛʦ ʧʨʦʛʨʘʤʥʦʛʦ 
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ʟʘʙʝʟʧʝʯʝʥʥʷ ʜʣʷ ʢʦʤʧôʁ ʪʝʨʥʦʾ ʦʙʨʦʙʢʠ ʨʝʟʫʣʴʪʘʪʽʚ ʢʘʣʦʨʠʤʝʪʨʠʯʥʠʭ 

ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʚʠʢʦʥʘʥʽ ʜʠʩʝʨʪʘʥʪʦʤ ʦʩʦʙʠʩʪʦ.  

ʈʦʟʨʘʭʫʥʢʠ ʚ ʨʘʤʢʘʭ ʄɸʈ, ʨʦʟʨʦʙʢʘ ʤʦʜʝʣʝʡ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʬʘʟ ʽ ʨʦʟʨʘʭʫʥʢʠ ʚ ʨʘʤʢʘʭ CALPHAD-ʤʝʪʦʜʫ ʩʪʘʙʽʣʴʥʠʭ ʪʘ 

ʤʝʪʘʩʪʘʙʽʣʴʥʠʭ ʬʘʟʦʚʠʭ ʧʝʨʝʪʚʦʨʝʥʴ ʚ ʜʚʦ- ʪʘ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤʘʭ 

ʚʠʢʦʥʘʥʽ ʚ ʩʧʽʚʘʚʪʦʨʩʪʚʽ ʟ ʢ.ʭ.ʥ. ɸʙʜʫʣʦʚʠʤ ʆ. ʈ., ʢ.ʭ.ʥ. ɼʨʝʚʘʣʴ ʃ. ʆ.  ̔ʢ.ʭ.ʥ. 

ɺʦʜʦʧô̫ ʥʦʚʦʶ ɻ. ʆ. ʈʦʟʨʘʭʫʥʢʠ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʨʦʟʧʣʘʚʽʚ ʽ 

ʤʝʪʘʩʪʘʙʽʣʴʥʠʭ ʬʘʟʦʚʠʭ ʧʝʨʝʪʚʦʨʝʥʴ ʚ ʯʦʪʠʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤʘʭ 

ʚʠʢʦʥʘʥʽ ʩʧʽʣʴʥʦ ʟ ʢ.ʭ.ʥ. ɺʦʜʦʧô̫ ʥʦʚʦʶ ɻ. ʆ., ʘ ʜʣʷ ʧô̫ ʪʠʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ 

ʚʠʢʦʥʘʥʽ ʜʠʩʝʨʪʘʥʪʦʤ ʦʩʦʙʠʩʪʦ. 

ʈʝʟʫʣʴʪʘʪʠ ʢʘʣʦʨʠʤʝʪʨʠʯʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʽʚ, ʨʦʟʨʘʭʫʥʢʽʚ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʬʘʟ, ʩʪʘʙʽʣʴʥʠʭ ʪʘ ʤʝʪʘʩʪʘʙʽʣʴʥʠʭ ʬʘʟʦʚʠʭ 

ʧʝʨʝʪʚʦʨʝʥʴ ʦʙʛʦʚʦʨʝʥʽ ʟ ʥʘʫʢʦʚʠʤ ʢʦʥʩʫʣʴʪʘʥʪʦʤ ʽ ʩʧʽʚʘʚʪʦʨʘʤʠ ʩʪʘʪʝʡ. 

ʈʝʟʫʣʴʪʘʪʠ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʦʧʠʩʽʚ ʩʠʩʪʝʤ CuïTiïZr ʽ CuïTiïHf ʦʙʛʦʚʦʨʝʥʽ ʟ 

ʜ.ʭ.ʥ., ʧʨʦʬ. ɺʝʣʠʢʘʥʦʚʦʶ ʊ. ʗ. ʆʩʥʦʚʥʽ ʨʝʟʫʣʴʪʘʪʠ ʨʦʙʦʪʠ ʪʘ ʚʠʩʥʦʚʢʠ 

ʦʙʛʦʚʦʨʶʚʘʣʠʩʷ ʟ ʥʘʫʢʦʚʠʤ ʢʦʥʩʫʣʴʪʘʥʪʦʤ, ʷʢʦʤʫ ʘʚʪʦʨ ʚʠʩʣʦʚʣʶʻ ʛʣʠʙʦʢʫ 

ʚʜʷʯʥʽʩʪʴ ʟʘ ʮʽʥʥʽ ʧʦʨʘʜʠ ʽ ʜʠʩʢʫʩʽʾ ʟ ʧʠʪʘʥʴ ʜʠʩʝʨʪʘʮʽʡʥʦʾ ʨʦʙʦʪʠ. 

ɸʧʨʦʙʘʮʽʷ ʨʝʟʫʣʴʪʘʪʽʚ ʜʠʩʝʨʪʘʮʽʾ. ʆʩʥʦʚʥʽ ʨʝʟʫʣʴʪʘʪʠ ʙʫʣʠ 

ʧʦʚʽʜʦʤʣʝʥʽ ʥʘ ʪʘʢʠʭ ʤʽʞʥʘʨʦʜʥʠʭ ʢʦʥʬʝʨʝʥʮʽʷʭ ʪʘ ʩʝʤʽʥʘʨʘʭ: 19th MSIT 

meeting «International Seminar on Multicomponent Heterogeneous Equilibria» 

(ʈʽʥʛʙʝʨʛ, ʅʽʤʝʯʯʠʥʘ, 2005), International Conference ñModern Materials 

Science: Achievements and Problemsò(ʂʠʾʚ, 2005), 15th International Conference 

«Solid Compounds of Transition Elements SCTEô06è (ʂʨʘʢʽʚ, ʇʦʣʴʱʘ, 2006), 

ʂʠʝʚʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ çʅʄʊ-2006è (ʂʠʾʚ, 2006); 

ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çHighMatTechè (ʂʠʾʚ, 2007), çCALPHAD 

XXXIX  International Conferenceè (ʏʝʜʞʫ-ʜʦ, ʈʝʩʧʫʙʣʽʢʘ ʂʦʨʝʷ, 2010), 5th 

International Conference «Physics of Liquid Matter: Modern Problemsè (ʂʠʾʚ, 

2010), «XI  International Conference on Crystal Chemistry of Intermetallic 

Compoundsè (ʃʴʚʽʚ, 2010), 17th International conference on solid compounds of 

transition elements (ɸʥʥʝʩʽ, ʌʨʘʥʮʽʷ, 2010),  III  International Conference 
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«HighMatTechè (ʂʠʾʚ, 2011), 27th MSIT Meeting «International Seminar on 

Heterogeneous Multicomponent Equilibria» (ʈʽʥʛʙʝʨʛ, ʅʽʤʝʯʯʠʥʘ, 2013), XIV 

International scientific conference «New technologies and achievements in 

metallurgy, materials engineering and production engineering» (ʏʝʥʩʪʦʭʦʚʘ, 

ʇʦʣʴʱʘ, 2013), «XII International Conference on Crystal Chemistry of 

Intermetallic Compounds», (ʃʴʚʽʚ, 2013), VI  International conference «Physics of 

disordered systemsè (ʃʴʚʽʚ, 2013), XVI International scientific conference ñNew 

technologies and achievements in metallurgy, materials engineering and production 

engineeringò (ʏʝʥʩʪʦʭʦʚʘ, ʇʦʣʴʱʘ, 2015), «CALPHAD XLIV International 

Conferenceè (ʃʦʘʥʦ, ɯʪʘʣʽʷ, 2015), European Congress and Exhibition on 

Advanced Materials and Processes «EUROMAT 2015è  (ɺʘʨʰʘʚʘ, ʇʦʣʴʱʘ, 2015),  

XVIII International scientific conference ñNew technologies and achievements in 

metallurgy, materials engineering and production engineeringò (ʏʝʥʩʪʦʭʦʚʘ, 

ʇʦʣʴʱʘ, 2017), IïVɯɯ ʄʽʞʥʘʨʦʜʥʘ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʘ ʢʦʥʬʝʨʝʥʮʽʷ 

çʇʝʨʩʧʝʢʪʠʚʥʽ ʪʝʭʥʦʣʦʛʽʾ, ʤʘʪʝʨʽʘʣʠ ʡ ʦʙʣʘʜʥʘʥʥʷ ʚ ʣʠʚʘʨʥʦʤʫ ʚʠʨʦʙʥʠʮʪʚʽè 

(ʂʨʘʤʘʪʦʨʩʴʢ, 2008ï2019). 

ʇʫʙʣ̔ʢʘʮʽʾ. ɿʘ ʤʘʪʝʨʽʘʣʘʤʠ ʜʠʩʝʨʪʘʮʽʾ ʦʧʫʙʣʽʢʦʚʘʥʦ 1 ʤʦʥʦʛʨʘʬʽʶ, 29 

ʩʪʘʪʝʡ ʫ ʥʘʫʢʦʚʠʭ ʞʫʨʥʘʣʘʭ (ʟ ʷʢʠʭ 23 ʩʪʘʪʪʽ ʫ ʚʠʜʘʥʥʷʭ, ʱʦ ʻ ʬʘʭʦʚʠʤʠ ʘʙʦ 

ʽʥʜʝʢʩʫʶʪʴʩʷ ʙʘʟʘʤʠ ʜʘʥʠʭ Scopus ʪʘ Web of Science, 8 ʟ ʥʠʭ ʦʧʫʙʣʽʢʦʚʘʥʽ ʫ 

ʚʠʜʘʥʥʷʭ ʧʝʨʰʦʛʦ ʪʘ ʜʨʫʛʦʛʦ ʢʚʘʨʪʠʣʽʚ) ʪʘ 34 ʪʝʟʠ ʜʦʧʦʚʽʜʝʡ. 

ʉʪʨʫʢʪʫʨʘ ʽ ʦʙʩʷʛ ʜʠʩʝʨʪʘʮʽʾ. ɼʠʩʝʨʪʘʮʽʷ ʩʢʣʘʜʘʻʪʴʩʷ ʟʽ ʚʩʪʫʧʫ, ʩʝʤʠ 

ʨʦʟʜʽʣʽʚ, ʚʠʩʥʦʚʢʽʚ, ʩʧʠʩʢʫ ʚʠʢʦʨʠʩʪʘʥʠʭ ʣʽʪʝʨʘʪʫʨʥʠʭ ʜʞʝʨʝʣ ʽʟ 323 

ʥʘʡʤʝʥʫʚʘʥʴ ʽ ʩʝʤʠ ʜʦʜʘʪʢʽʚ. ʄʘʪʝʨʽʘʣʠ ʜʠʩʝʨʪʘʮʽʾ ʚʠʢʣʘʜʝʥʽ ʥʘ 452 ʩʪʦʨʽʥʢʘʭ, 

ʥʘʨʘʭʦʚʫʶʪʴ 139 ʨʠʩʫʥʢʽʚ ʪʘ 46 ʪʘʙʣʠʮʴ. 
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ʈʆɿɼɯʃ 1  

ʃɯʊɽʈɸʊʋʈʅɯ ɼɸʅɯ ʇʈʆ ʊɽʈʄʆɼʀʅɸʄɯʏʅɯ ɺʃɸʉʊʀɺʆʉʊɯ 

ʈʆɿʇʃɸɺɯɺ ɯ ʉʂʃɸɼʀ ɸʄʆʈʌʅʀʍ ʉʇʃɸɺɯɺ ɿɸʃɯɿɸ, ʂʆɹɸʃʔʊʋ, 

ʅɯʂɽʃʖ ɯ ʄɯɼɯ ɿ ʊʀʊɸʅʆʄ, ʎʀʈʂʆʅɯɭʄ ɯ ɻɸʌʅɯɭʄ 

 

 

ɯʥʪʝʨʝʩ ʜʦ ʩʠʩʪʝʤ ʟʘʣʽʟʘ, ʢʦʙʘʣʴʪʫ, ʥʽʢʝʣʶ ʽ ʤʽʜʽ ʟ ʪʠʪʘʥʦʤ, ʮʠʨʢʦʥʽʻʤ ʽ 

ʛʘʬʥʽʻʤ, ʚ ʮʽʣʦʤʫ, ʽ ʜʦ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ 

ʨʦʟʧʣʘʚʽʚ ʥʘ ʦʩʥʦʚʽ ʮʠʭ ʤʝʪʘʣʽʚ, ʟʦʢʨʝʤʘ, ʦʙʫʤʦʚʣʝʥʠʡ ʦʪʨʠʤʘʥʥʷʤ ʚ ʮʠʭ 

ʩʠʩʪʝʤʘʭ ʜʚʦ-, ʪʨʠ- ʽ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ. ɼʘʥʽ ʧʨʦ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʚʽʜʧʦʚʽʜʥʠʭ ʨʦʟʧʣʘʚʽʚ ʫ ʰʠʨʦʢʦʤʫ ʽʥʪʝʨʚʘʣʽ 

ʪʝʤʧʝʨʘʪʫʨ ʽ ʢʦʥʮʝʥʪʨʘʮʽʡ ʻ ʥʘʫʢʦʚʦʶ ʦʩʥʦʚʦʶ ʜʣʷ ʚʜʦʩʢʦʥʘʣʝʥʥʷ ʪʝʭʥʦʣʦʛʽʡ 

ʦʜʝʨʞʘʥʥʷ ʽ ʧʦʰʫʢʫ ʥʦʚʠʭ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ. ɯʥʬʦʨʤʘʮʽʷ ʧʨʦ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ 

ʚʣʘʩʪʠʚʦʩʪʽ ʨʽʚʥʦʚʘʞʥʠʭ ʽ ʧʝʨʝʦʭʦʣʦʜʞʝʥʠʭ ʨʦʟʧʣʘʚʽʚ ʫ ʚʽʜʧʦʚʽʜʥʠʭ ʩʠʩʪʝʤʘʭ 

ʥʝʦʙʭʽʜʥʘ ʜʣʷ ʟʽʩʪʘʚʣʝʥʥʷ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʾ ʩʪʘʙʽʣʴʥʦʩʪʽ ʬʘʟ, ʷʢʽ ʢʦʥʢʫʨʫʶʪʴ 

ʚ ʭʦʜʽ ʘʤʦʨʬʽʟʘʮʽʾ, ʢʽʣʴʢʽʩʥʦʛʦ ʦʧʠʩʫ ʮʴʦʛʦ ʬʝʥʦʤʝʥʘ ʽ ʚʠʟʥʘʯʝʥʥʷ ʬʘʢʪʦʨʽʚ, 

ʷʢʽ ʥʘ ʥʴʦʛʦ ʚʧʣʠʚʘʶʪʴ. 

ʊʘʢʘ ʽʥʬʦʨʤʘʮʽʷ ʧʦʪʨʽʙʥʘ ʜʣʷ ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʦʞʣʠʚʦʩʪʝʡ CALPHAD-

ʤʝʪʦʜʫ, ʚ ʨʘʤʢʘʭ ʷʢʦʛʦ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʬʘʟ ʧʘʨʘʤʝʪʨʠʟʫʶʪʴʩʷ ʥʘ 

ʦʩʥʦʚʽ ʦʜʥʦʯʘʩʥʦʾ ʦʧʪʠʤʽʟʘʮʽʾ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ ʧʨʦ ʾʭ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʽ ʬʘʟʦʚʽ ʨʽʚʥʦʚʘʛʠ ʚ ʩʠʩʪʝʤʘʭ. ʉʧʝʮʽʘʣʴʥʽ 

ʧʦʣʽʥʦʤʽʘʣʴʥʽ ʽ ʬʝʥʦʤʝʥʦʣʦʛʽʯʥʽ ʤʦʜʝʣʽ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʚ CALPHAD-

ʤʝʪʦʜʽ, ʜʦʟʚʦʣʷʶʪʴ ʦʧʠʩʫʚʘʪʠ ʝʥʝʨʛʽʶ ɻʽʙʙʩʘ ʟʤʽʰʫʚʘʥʥʷ ʩʧʣʘʚʫ, ʚʠʜʽʣʷʪʠ ʚ 

ʥʽʡ ʝʥʪʘʣʴʧʽʡʥʫ ʽ ʝʥʪʨʦʧʽʡʥʫ ʩʢʣʘʜʦʚʽ, ʘ ʪʘʢʦʞ ʢʦʨʝʢʪʥʦ ʚʽʜʪʚʦʨʶʚʘʪʠ 

ʭʘʨʘʢʪʝʨ ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʾ ʽ ʪʝʤʧʝʨʘʪʫʨʥʦʾ ʟʘʣʝʞʥʦʩʪʝʡ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ 

ʚʣʘʩʪʠʚʦʩʪʝʡ.  

ɺ ʜʘʥʽʡ ʨʦʙʦʪʽ ʧʝʨʝʜʙʘʯʘʻʪʴʩʷ ʟʘʣʫʯʝʥʥʷ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʜʘʥʠʭ ʜʦ 

ʘʥʘʣʽʟʫ ʧʨʦʮʝʩʽʚ ʘʤʦʨʬʽʟʘʮʽʾ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʫʷʚʣʝʥʴ ʬʝʥʦʤʝʥʦʣʦʛʽʯʥʦʾ 

ʤʦʜʝʣʽ ʘʩʦʮʽʡʦʚʘʥʦʛʦ ʨʦʟʯʠʥʫ (ʄɸʈ). ʇʘʨʘʤʝʪʨʠ ʄɸʈ ʤʦʞʫʪʴ ʙʫʪʠ ʟʥʘʡʜʝʥʽ 
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ʧʽʜ ʯʘʩ ʦʧʠʩʫ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ, ʚʽʜʦʤʠʭ ʟ ʝʢʩʧʝʨʠʤʝʥʪʫ, ʘʙʦ ʧʨʠ 

ʚʠʨʽʰʝʥʥʽ ʙʽʣʴʰ ʟʘʛʘʣʴʥʠʭ ʟʘʜʘʯ ʚ ʨʘʤʢʘʭ CALPHAD-ʤʝʪʦʜʫ.  

ɸʣʝ ʙʫʜʴ-ʷʢʝ ʪʝʨʤʦʜʠʥʘʤʽʯʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʤʘʻ ʙʘʟʫʚʘʪʠʩʴ ʥʘ ʤʘʩʠʚʽ 

ʜʦʩʪʦʚʽʨʥʦʾ ʽ ʥʝʩʫʧʝʨʝʯʣʠʚʦʾ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʾ ʽʥʬʦʨʤʘʮʽʾ. ʊʦʤʫ ʫ ʜʘʥʦʤʫ 

ʨʦʟʜʽʣʽ ʨʦʟʛʣʷʥʫʪʽ ʽ ʫʟʘʛʘʣʴʥʝʥʽ ʣʽʪʝʨʘʪʫʨʥʽ ʜʘʥʽ ʧʨʦ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ 

ʚʣʘʩʪʠʚʦʩʪʽ ʨʦʟʧʣʘʚʽʚ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʘʤʦʨʬʦʫʪʚʦʨʶʶʯʠʭ ʩʠʩʪʝʤ ʟ̔ 

ʩʠʣʴʥʦʶ ʚʟʘʻʤʦʜʽʻʶ ʢʦʤʧʦʥʝʥʪʽʚ ï Coï(Ti, Zr, Hf), Cuï(Ti, Zr, Hf), Feï

(Ti, Zr, Hf) ʽ Niï(Ti, Zr, Hf. ʊʘʢʦʞ ʜʦ ʨʦʟʛʣʷʜʫ ʟʘʣʫʯʝʥʽ ʜʘʥʽ ʧʨʦ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤ ʽʟ 

ʩʣʘʙʢʦʶ ʚʟʘʻʤʦʜʽʻʶ ʢʦʤʧʦʥʝʥʪʽʚ ï Cuï(Co, Fe, Ni) ʪʘ Tiï(Zr, Hf), ʷʢʽ ʚʭʦʜʷʪʴ 

ʷʢ ʛʨʘʥʠʯʥʽ ʜʦ ʩʢʣʘʜʫ ʩʠʩʪʝʤ ʟ ʙʽʣʴʰʠʤ ʯʠʩʣʦʤ ʢʦʤʧʦʥʝʥʪʽʚ. ʆʩʦʙʣʠʚʘ ʫʚʘʛʘ 

ʥʘʜʘʥʘ ʧʠʪʘʥʥʷʤ, ʧʦʚô̫ ʟʘʥʠʤ ʟ ʪʝʤʧʝʨʘʪʫʨʥʦʶ ʟʘʣʝʞʥʽʩʪʶ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ 

ʬʫʥʢʮʽʡ ʟʤʽʰʫʚʘʥʥʷ ʨʦʟʧʣʘʚʽʚ. 

ʃʽʪʝʨʘʪʫʨʥʠʡ ʧʦʰʫʢ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʾ ʽʥʬʦʨʤʘʮʽʾ ʧʨʦ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ 

ʚʣʘʩʪʠʚʦʩʪʽ ʨʦʟʧʣʘʚʽʚ ʧô̫ ʪʥʘʜʮʷʪʠ ʘʤʦʨʬʦʫʪʚʦʨʶʶʯʠʭ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ 

ʩʠʩʪʝʤ CoïCuï(Ti, Zr, Hf), CuïFeï(Ti, Zr, Hf), CuïNiï(Ti, Zr, Hf), CuïTiï(Zr, 

Hf), NiïTiï(Zr, Hf), (Cu, Ni)ïZrïHf ʧʨʘʢʪʠʯʥʦ ʥʝ ʜʘʚ ʨʝʟʫʣʴʪʘʪʽʚ (ʟʘ 

ʚʠʢʣʶʯʝʥʥʷʤ ʨʦʟʧʣʘʚʽʚ ʩʠʩʪʝʤʠ CuïNiïZr). ʇʨʦʪʝ ʚʽʥ ʜʦʟʚʦʣʠʚ ʚʧʝʨʰʝ 

ʩʠʩʪʝʤʘʪʠʟʫʚʘʪʠ ʽ ʫʟʘʛʘʣʴʥʠʪʠ ʜʘʥʽ ʧʨʦ ʩʢʣʘʜʠ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʽ 

ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ ʮʠʭ ʩʠʩʪʝʤ. ʎʷ ʽʥʬʦʨʤʘʮʽʷ ʪʘʢʦʞ 

ʚʢʣʶʯʝʥʘ ʚ ʜʘʥʠʡ ʨʦʟʜʽʣ. 

 

1.1 ʊʝʨʤʦʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʛʨʘʥʠʯʥʠʭ 

ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ 

 

1.1.1 ʉʠʩʪʝʤʘ CoïCu 

 

ɽʥʪʘʣʴʧʽʾ ʫʪʚʦʨʝʥʥʷ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ CoïCu ʙʫʣʠ ʚʠʚʯʝʥʽ 

ʢʘʣʦʨʠʤʝʪʨʠʯʥʠʭ ʤʝʪʦʜʘʤʠ ʚ ʨʦʙʦʪʘʭ [9ï13]. ʋ ʨʦʙʦʪʽ [9] ʧʘʨʮʽʘʣʴʥʽ ʝʥʪʘʣʴʧʽʾ 

ʟʤʽʰʫʚʘʥʥʷ ʢʦʙʘʣʴʪʫ ʟ ʤʽʜʜʶ ʙʫʣʠ ʜʦʩʣʽʜʞʝʥʽ ʧʨʠ 1473 ʂ ʚ ʽʥʪʝʨʚʘʣʽ ʩʢʣʘʜʽʚ 
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xCo = 0 ï 0,06 (ʨʠʩ. 1.1, ʘ). ʄʘʢʩʠʤʫʤ ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʚ ʮʽʡ 

ʨʦʙʦʪʽ ʥʝ ʙʫʚ ʜʦʩʷʛʥʫʪʠʡ. ʋ [10] ʜʦʩʣʽʜʞʝʥʥʷ ʙʫʣʠ ʧʨʦʚʝʜʝʥʽ ʧʨʠ 1834 ʂ ʚ 

ʽʥʪʝʨʚʘʣʽ ʢʦʥʮʝʥʪʨʘʮʽʡ 0,09 < xCo < 0,93 (ʨʠʩ. 1.1, ʘ). ʄʘʢʩʠʤʫʤ ʽʥʪʝʛʨʘʣʴʥʦʾ 

ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ 9,7 ʢɼʞ/ʤʦʣʴ ʙʫʣʦ ʚʩʪʘʥʦʚʣʝʥʦ ʧʦʙʣʠʟʫ ʝʢʚʽʘʪʦʤʥʦʛʦ 

ʩʢʣʘʜʫ. ɺ [11] ʧʨʠ 1385 ʂ ʙʫʣʘ ʚʠʟʥʘʯʝʥʘ ʧʝʨʰʘ ʝʥʪʘʣʴʧʽʷ ʨʦʟʯʠʥʝʥʥʷ 

ʧʝʨʝʦʭʦʣʦʜʞʝʥʦʛʦ ʨʽʜʢʦʛʦ ʢʦʙʘʣʴʪʫ ʫ ʤʽʜʽ, ʷʢʘ ʩʢʣʘʣʘ 46,0 ʢɼʞ/ʤʦʣʴ. 

ʆʪʨʠʤʘʥʘ ʫ [12] ʧʨʠ 1823 ʂ ʽʟʦʪʝʨʤʘ ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʜʦʙʨʝ 

ʫʟʛʦʜʞʫʻʪʴʩʷ ʟ ʜʘʥʠʤʠ ʽʥʰʠʭ ʘʚʪʦʨʽʚ, ʨʠʩ. 1.1, ʘ. ɺʩʪʘʥʦʚʣʝʥʝ [12] ʟʥʘʯʝʥʥʷ 

ʤʘʢʩʠʤʫʤʘ ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ 6,9 + 0,9 ʢɼʞ/ʤʦʣʴ ʧʨʠ 

ʭʉʦ = 0,60 ʚʢʘʟʫʻ ʥʘ ʟʘʜʦʚʽʣʴʥʫ ʟʛʦʜʫ ʟ ʜʘʥʠʤʠ [9]. 

ɸʢʪʠʚʥʦʩʪʽ ʢʦʤʧʦʥʝʥʪʽʚ ʨʦʟʧʣʘʚʽʚ ʤʽʜʽ ʽ ʢʦʙʘʣʴʪʫ ʙʫʣʠ ʜʦʩʣʽʜʞʝʥʽ 

ʨʽʟʥʠʤʠ ʤʝʪʦʜʘʤʠ ʚ [14ï17], ʨʠʩ. 1.1, ʙ. ʋ ʨʦʙʦʪʽ [14] ʘʢʪʠʚʥʦʩʪʽ ʤʽʜʽ ʽ 

ʢʦʙʘʣʴʪʫ ʙʫʣʠ ʚʠʚʯʝʥʽ ʤʘʩ-ʩʧʝʢʪʨʦʤʝʪʨʠʯʥʠʤ ʤʝʪʦʜʦʤ ʧʨʠ 1823 ʂ ʫ ʚʩʴʦʤʫ 

ʽʥʪʝʨʚʘʣʽ ʩʢʣʘʜʽʚ. ɼʘʥʽ [16] ʧʨʦ ʘʢʪʠʚʥʽʩʪʴ ʢʦʤʧʦʥʝʥʪʽʚ ʫ ʨʽʜʢʠʭ ʩʧʣʘʚʘʭ 

ʩʠʩʪʝʤʠ CoïCu ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʤʝʪʦʜʦʤ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʧʦʪʦʢʫ ʧʨʠ 1793 ʂ ʚ 

ʫʩʴʦʤʫ ʽʥʪʝʨʚʘʣʽ ʢʦʥʮʝʥʪʨʘʮʽʡ. ɺ ʨʦʙʦʪʽ [15] ʘʢʪʠʚʥʦʩʪʽ ʢʦʙʘʣʴʪʫ ʙʫʣʠ 

ʜʦʩʣʽʜʞʝʥʽ ʤʝʪʦʜʦʤ ʝʣʝʢʪʨʦ-ʨʫʰʽʡʥʦʾ ʩʠʣʠ ʧʨʠ 1773 ʂ ʽ 1473 ʂ ʧʨʠ 

0,03 < xCo < 0,70 ʽ 0,03 < xCo < 0,06 ʚʽʜʧʦʚʽʜʥʦ. ɼʘʥʽ ʧʨʦ ʘʢʪʠʚʥʽʩʪʴ ʤʽʜʽ ʽ 

ʢʦʙʘʣʴʪʫ ʚ ʨʦʟʧʣʘʚʘʭ ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʤʝʪʦʜʦʤ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ ʤʘʩ-

ʩʧʝʢʪʨʦʤʝʪʨʽʾ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1810 ʂ ̔ 0,14 < xCo < 0,75 [17]. ʈʝʟʫʣʴʪʘʪʠ ʨʦʙʽʪ 

[14,17], ʦʪʨʠʤʘʥʽ ʚ ʽʥʪʝʨʚʘʣʽ ʪʝʤʧʝʨʘʪʫʨ 1810ï1823 ʂ, ʟʘʜʦʚʽʣʴʥʦ 

ʫʟʛʦʜʞʫʶʪʴʩʷ ʤʽʞ ʩʦʙʦʶ. ɸʢʪʠʚʥʽʩʪʴ ʢʦʙʘʣʴʪʫ, ʦʪʨʠʤʘʥʘ ʚ [15] ʧʨʠ 1773 ʂ, 

ʜʝʤʦʥʩʪʨʫʻ ʙʽʣʴʰ ʚʽʜô̒ ʤʥʽ ʚʽʜʭʠʣʝʥʥʷ ʚʽʜ ʽʜʝʘʣʴʥʦʩʪʽ, ʥʽʞ ʜʘʥʽ [14,17]. 

ɿʽʩʪʘʚʣʝʥʥʷ ʜʘʥʠʭ [14ï17], ʦʪʨʠʤʘʥʠʭ ʧʨʠ ʨʽʟʥʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʩʚʽʜʯʠʪʴ ʧʨʦ 

ʪʝʤʧʝʨʘʪʫʨʥʫ ʟʘʣʝʞʥʽʩʪʴ ʘʢʪʠʚʥʦʩʪʝʡ ʢʦʙʘʣʴʪʫ ʽ ʤʽʜʽ ʚ ʨʽʜʢʠʭ ʨʦʟʧʣʘʚʘʭ. 

ʅʘ ʨʠʩ. 1.1 ʧʦʢʘʟʘʥʽ ʨʦʟʨʘʭʦʚʘʥʽ ʟʛʽʜʥʦ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʛʦ ʦʧʠʩʫ 

ʩʠʩʪʝʤʠ CoïCu [13] ʽʟʦʪʝʨʤʠ ȹmʅ ʽ aMe ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ. ʗʢ ʚʠʜʥʦ ʟ ʮʴʦʛʦ 

ʨʠʩʫʥʢʘ, ʜʣʷ ʝʥʪʘʣʴʧʽʡ ʟʤʽʰʫʚʘʥʥʷ ʽ ʘʢʪʠʚʥʦʩʪʝʡ ʢʦʤʧʦʥʝʥʪʽʚ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ 

ʩʠʩʪʝʤʠ ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ʟʥʘʯʥʽ ʜʦʜʘʪʥʽ ʚʽʜʭʠʣʝʥʥʷ ʚʽʜ ʽʜʝʘʣʴʥʦʩʪʽ.  
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         ʘ)                ʙ) 

ʈʠʩ. 1.1 ï ʊʝʨʤʦʜʠʥʘʤʽʯʥʽ ʬʫʥʢʮʽʾ ʟʤʽʰʫʚʘʥʥʷ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤ 

CoïCu: ʘ) ʽʥʪʝʛʨʘʣʴʥʘ ʝʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ ȹmH, ʢɼʞ/ʤʦʣʴ;  

ʙ) ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʘʢʪʠʚʥʦʩʪʽ aCo ʽ aCu ʢʦʤʧʦʥʝʥʪʽʚ 

 

1.1.2 ʉʠʩʪʝʤʠ CoïTi, CoïZr ʽ CoïHf 

 

ɺ ʩʠʩʪʝʤʽ CoïTi ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʙʫʣʠ ʜʦʩʣʽʜʞʝʥʽ ʚ 

[18ï20], ʨʝʟʫʣʴʪʘʪʠ ʷʢʠʭ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 1.2, ʘ. ɺ [19] ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ 

ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʙʫʣʠ ʜʦʩʣʽʜʞʝʥʽ ʚ ʦʙʣʘʩʪʽ ʩʢʣʘʜʽʚ xTi = 0ï0,44 ʧʨʠ 2000 ʂ; ʚ [18] 

ï xTi = 0ï0,33 ʧʨʠ 1873 ʂ ʽ ʚ [20] ï xTi = 0ï0,57 ʧʨʠ 1873 ʂ. ʗʢ ʚʠʜʥʦ ʟ 

ʨʠʩ. 1.2, ʘ, ̔ ʥʪʝʛʨʘʣʴʥʘ ʝʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ ʨʦʟʧʣʘʚʽʚ ȹmʅ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ 

ʟʥʘʯʥʠʤʠ ʚʽʜô̒ ʤʥʠʤʠ ʚʝʣʠʯʠʥʘʤʠ, ʱʦ ʚʢʘʟʫʻ ʥʘ ʩʠʣʴʥʫ ʤʽʞʯʘʩʪʠʥʢʦʚʫ 

ʚʟʘʻʤʦʜʽʶ ʢʦʤʧʦʥʝʥʪʽʚ ʚ ʨʦʟʧʣʘʚʘʭ. ʎʷ ʬʫʥʢʮʽʷ ʜʦʩʷʛʘʻ ʤʽʥʽʤʘʣʴʥʦʛʦ 

ʟʥʘʯʝʥʥʷ ʧʦʙʣʠʟʫ ʝʢʚʽʘʪʦʤʥʦʛʦ ʩʢʣʘʜʫ. 

ɺ ʨʦʙʦʪʽ [21] ʤʝʪʦʜʦʤ ʚʠʤʽʨʶʚʘʥʥʷ ʚʽʜʥʦʰʝʥʥʷ ʽʥʪʝʥʩʠʚʥʦʩʪʝʡ ʽʦʥʥʠʭ 

ʧʦʪʦʢʽʚ ʢʦʤʧʦʥʝʥʪʽʚ ʙʫʣʠ ʚʠʚʯʝʥʽ ʘʢʪʠʚʥʦʩʪʽ ʢʦʤʧʦʥʝʥʪʽʚ ʚ ʨʽʜʢʠʭ ʩʧʣʘʚʘʭ 

ʩʠʩʪʝʤʠ ʟʘ 1873 ʂ ʽ 1973 ʂ ʫ ʚʩʴʦʤʫ ʽʥʪʝʨʚʘʣʽ ʩʢʣʘʜʽʚ. ɺʩʪʘʥʦʚʣʝʥʦ ʩʠʣʴʥʽ 

ʚʽʜô̒ ʤʥʽ ʚʽʜʭʠʣʝʥʥʷ ʚʽʜ ʽʜʝʘʣʴʥʦʩʪʽ. ʅʘ ʨʠʩ. 1.2, ʙ ʥʘʚʝʜʝʥʦ ʽʟʦʪʝʨʤʠ 

ʘʢʪʠʚʥʦʩʪʝʡ ʢʦʤʧʦʥʝʥʪʽʚ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʢʦʙʘʣʴʪʫ ʟ ʪʠʪʘʥʦʤ ʧʨʠ 1873 ʂ ʽ 

1973 ʂ.   
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  ʘ)               ʙ) 

  
ʚ)                ʛ) 

  
ʜ)                ʝ) 

ʈʠʩ. 1.2 ï ʊʝʨʤʦʜʠʥʘʤʽʯʥʽ ʬʫʥʢʮʽʾ ʟʤʽʰʫʚʘʥʥʷ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤ  

Coï(Ti, Zr, Hf): ʘ, ʚ, ʜ) ʽʥʪʝʛʨʘʣʴʥʘ ʝʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ ȹmH, 

ʢɼʞ/ʤʦʣʴ; ʙ, ʛ, ʝ) ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʘʢʪʠʚʥʦʩʪʽ  aCo ʽ aMe ʢʦʤʧʦʥʝʥʪʽʚ 
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ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʮʽʻʾ ʨʦʙʦʪʠ ʤʽʥʽʤʘʣʴʥʝ ʟʥʘʯʝʥʥʷ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʟʤʽʰʫʚʘʥʥʷ 

ʩʪʘʥʦʚʠʪʴ ï32,1 ʢɼʞ/ʤʦʣʴ ʧʨʠ 1873 ʂ ʽ ï30,9 ʢɼʞ/ʤʦʣʴ ʧʨʠ 1973 ʂ (xTi = 0,51). 

ɺ ʨʦʙʦʪʽ [20] ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʙʫʣʠ ʦʧʠʩʘʥʽ 

ʤʦʜʝʣʣʶ ʽʜʝʘʣʴʥʦʛʦ ʘʩʦʮʽʡʦʚʘʥʦʛʦ ʨʦʟʯʠʥʫ ʟ ʥʘʙʦʨʦʤ ʘʩʦʮʽʘʪʽʚ Co2Ti, CoTi ʪʘ 

CoTi2 ʟ ʥʘʩʪʫʧʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ: ȹassocHCo2Ti = ï123,2 ʢɼʞ/ʤʦʣʴ, ȹassocSCo2Ti = ï

50,5 ɼʞ/(ʤʦʣʴÖʂ), ȹassocHCoTi = ï115,2 ʢɼʞ/ʤʦʣʴ, ȹassocSCoTi = ï51,6 ɼʞ/(ʤʦʣʴÖʂ), 

ȹassocHCoTi2 = ï123,2 ʢɼʞ/ʤʦʣʴ, ȹassocSCoTi2 = ï50,5 ɼʞ/(ʤʦʣʴÖʂ). ʈʝʟʫʣʴʪʘʪʠ 

ʨʦʟʨʘʭʫʥʢʽʚ [20] ʬʫʥʢʮʽʡ ȹmʅ ʠ aCo ʽ aMe ʥʘʚʝʜʝʥʽ ʥʘ ʨʠʩ. 1.2, ʘ ʪʘ ʙ, 

ʙʝʟʧʝʨʝʨʚʥʠʤʠ ʣʽʥʽʷʤʠ. 

ɼʦʩʣʽʜʞʝʥʥʷ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʨʦʟʧʣʘʚʽʚ ʩʠʩʪʝʤʠ CoïZr (ʨʠʩ. 1.2, ʚ) 

ʙʫʣʠ ʚʠʢʦʥʘʥʽ ʨʽʟʥʠʤʠ ʛʨʫʧʘʤʠ ʘʚʪʦʨʽʚ [20, 22, 23]. ɺ [22] ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ 

ʙʫʣʠ ʚʠʚʯʝʥʽ ʚ ʽʥʪʝʨʚʘʣʽ ʩʢʣʘʜʽʚ xZr = 0ï0,49 ʧʨʠ 1963 ʂ; ʚ [23] ï ʚ ʽʥʪʝʨʚʘʣʽ 

ʩʢʣʘʜʽʚ xZr = 0ï0,30 ʽ ʧʨʠ 1873 ʂ ʽ ʚ [20] ï ʚ ʽʥʪʝʨʚʘʣʽ ʩʢʣʘʜʽʚ xZr = 0ï0,52 ʽ ʧʨʠ 

1873 ʂ. ɺʩʪʘʥʦʚʣʝʥʝ ʚ [20] ʰʣʷʭʦʤ ʘʧʨʦʢʩʠʤʘʮʽʾ ʟʥʘʯʝʥʥʷ ʤʽʥʽʤʫʤʫ 

ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ï38,0 ° 6,9 ʢɼʞ/ʤʦʣʴ ʜʫʞʝ ʙʣʠʟʴʢʝ ʜʦ 

ʚʝʣʠʯʠʥʠ ʧʨʝʜʩʪʘʚʣʝʥʦʾ [22]. ʆʜʥʘʢ, ʩʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ, ʟʛʽʜʥʦ ʟ [20] ʤʽʥʽʤʫʤ 

ȹmȼ ʟʥʘʭʦʜʠʪʴʩʷ ʧʨʠ xZr = 0,64, ʪʦʙʪʦ ʧʨʠ ʙʽʣʴʰ ʚʠʩʦʢʠʭ ʢʦʥʮʝʥʪʨʘʮʽʷʭ 

ʮʠʨʢʦʥʽʶ. ɼʘʥʽ, ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 1.2, ʚ, ʜʝʤʦʥʩʪʨʫʶʪʴ ʟʥʘʯʥʽ ʚʽʜô̒ ʤʥʽ 

ʚʝʣʠʯʠʥʠ ʽ ʟʘʜʦʚʽʣʴʥʦ ʫʟʛʦʜʞʫʶʪʴʩʷ ʦʜʠʥ ʟ ʦʜʥʠʤ ʟʘ ʘʙʩʦʣʶʪʥʦʶ ʚʝʣʠʯʠʥʦʶ. 

ɺ ʨʦʙʦʪʽ [20] ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʙʫʣʠ ʦʧʠʩʘʥʽ 

ʄɸʈ ʟ ʥʘʙʦʨʦʤ ʘʩʦʮʽʘʪʽʚ Co3Zr, CoZr, CoZr2, ʷʢʽ ʤʘʣʠ ʥʘʩʪʫʧʥʽ ʧʘʨʘʤʝʪʨʠ: 

ȹassocHCo3Zr = ï161,2 ʢɼʞ/ʤʦʣʴ, ȹassocSCo3Zr = ï70,7 ɼʞ/(ʤʦʣʴÖʂ), ȹassocHCoZr = ï

104,3 ʢɼʞ/ʤʦʣʴ, ȹassocSCo3Zr = ï42,8 ɼʞ/(ʤʦʣʴÖʂ), ȹassocHCoZr2 = ï168,7 ʢɼʞ/ʤʦʣʴ, 

ȹassocSCoZr2 = ï68,3 ɼʞ/(ʤʦʣʴÖʂ). ʈʦʟʨʘʭʦʚʘʥʽ ʟʘ ʄɸʈ ʽʟʦʪʝʨʤʠ ʽʥʪʝʛʨʘʣʴʥʦʾ 

ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʽ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʘʢʪʠʚʥʦʩʪʝʡ ʧʦʢʘʟʘʥʽ ʥʘ ʨʠʩ. 1.2, ʚ ʪʘ 

ʛ, ʙʝʟʧʝʨʝʨʚʥʠʤʠ ʣʽʥʽʷʤʠ. 

ɽʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ CoïHf ʚʧʝʨʰʝ ʙʫʣʠ 

ʚʠʚʯʝʥʽ ʚ ʨʦʙʦʪʽ [20] ʧʨʠ 1923 ʂ ʚ ʽʥʪʝʨʚʘʣʽ ʩʢʣʘʜʽʚ xHf =0ï0,50. ɿʥʘʯʝʥʥʷ 

ʤʽʥʽʤʫʤʫ ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʩʢʣʘʣʦ -39,7 ° 1,6 ʢɼʞ/ʤʦʣʴ ʧʨʠ 
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xHf = 0,49. ɿʛʽʜʥʦ ʨʠʩ. 1.2, ʜ, ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʢʦʙʘʣʴʪʫ ʽ ʛʘʬʥʽʶ 

ʜʝʤʦʥʩʪʨʫʶʪʴ ʟʥʘʯʥʽ ʚʽʜô̒ ʤʥʽ ʚʝʣʠʯʠʥʠ. 

ʊʝʨʤʦʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ CoïHf ʚ [20] ʙʫʣʠ 

ʦʧʠʩʘʥʽ ʤʦʜʝʣʣʶ ɸʈ ʟ ʥʘʙʦʨʦʤ ʘʩʦʮʽʘʪʽʚ Co2Hf, CoHf, CoHf2, ʷʢʽ ʤʘʣʠ ʪʘʢʽ 

ʧʘʨʘʤʝʪʨʠ: ȹassocHCo2Hf = ï150,5 ʢɼʞ/ʤʦʣʴ, ȹassocSCo2Hf = ï57,5 ɼʞ/(ʤʦʣʴÖʂ), 

ȹassocHCoHf = ï127,2 ʢɼʞ/ʤʦʣʴ, ȹassocSCoHf = ï53,1 ɼʞ/(ʤʦʣʴÖʂ), ȹassocHCoHf2 = ï150,5 

ʢɼʞ/ʤʦʣʴ, ȹassocSCoHf2 = ï57,4 ɼʞ/(ʤʦʣʴÖʂ). ʅʘ ʨʠʩ. 1.2, ʜ ʠ ʝ, ʙʝʟʧʝʨʝʨʚʥʠʤʠ 

ʣʽʥʽʷʤʠ ʧʦʢʘʟʘʥʽ ʨʦʟʨʘʭʦʚʘʥʽ ʟʘ ʤʦʜʝʣʣʶ ɸʈ ʽʟʦʪʝʨʤʠ ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ 

ʟʤʽʰʫʚʘʥʥʷ ʽ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʘʢʪʠʚʥʦʩʪʝʡ. 

 

1.1.3 ʉʠʩʪʝʤʠ CuïFe ʪʘ CuïNi 

 

ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʘʥʽ ʧʨʦ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ 

CuïFe ʦʪʨʠʤʘʥʽ ʚ ʨʦʙʦʪʘʭ [12, 24ï30] ʤʝʪʦʜʘʤʠ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ 

ʢʘʣʦʨʠʤʝʪʨʽʾ. ʅʘ ʨʠʩ. 1.3, ʘ ʣʽʥʽʷʤʠ ʧʦʢʘʟʘʥʽ ʟʥʘʯʝʥʥʷ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ, 

ʨʦʟʨʘʭʦʚʘʥʽ ʧʨʠ 1873 ʽ 1673 ʂ ʟʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʛʦ ʦʧʠʩʫ 

ʩʠʩʪʝʤʠ [30, 31]. ɼʘʥʽ ʧʨʦ ʘʢʪʠʚʥʦʩʪ̔ ʢʦʤʧʦʥʝʥʪʽʚ ʚ ʨʦʟʧʣʘʚʘʭ ʩʠʩʪʝʤʠ CuïFe 

ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʨʽʟʥʠʤʠ ʘʚʪʦʨʘʤʠ [14, 29, 32ï35], ʨʠʩ. 1.3, ʙ. ʅʘ ʮʴʦʤʫ ʨʠʩʫʥʢʫ 

ʪʘʢʦʞ ʧʦʢʘʟʘʥʽ ʨʦʟʨʘʭʦʚʘʥʽ ʚʽʜʧʦʚʽʜʥʦ ʜʦ [30, 31] ʘʢʪʠʚʥʦʩʪʽ ʤʽʜʽ ʽ ʟʘʣʽʟʘ ʧʨʠ 

1873 ʂ.  

ʊʝʨʤʦʜʠʥʘʤʽʯʥʽ ʬʫʥʢʮʽʾ ʟʤʽʰʫʚʘʥʥʷ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ CuïFe ï ʝʥʪʘʣʴʧʽʷ 

ʟʤʽʰʫʚʘʥʥʷ ʽ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʘʢʪʠʚʥʦʩʪʽ ï ʫ ʚʩʴʦʤʫ ʽʥʪʝʨʚʘʣʽ ʩʢʣʘʜʽʚ 

ʜʝʤʦʥʩʪʨʫʶʪʴ ʜʦʜʘʪʥʽ ʚʽʜʭʠʣʝʥʥʷ ʚʽʜ ʽʜʝʘʣʴʥʦʩʪʽ, ʨʠʩ. 1.3, ʘ  ̔ʙ. ʋ ʨʝʟʫʣʴʪʘʪʽ 

ʟʽʩʪʘʚʣʝʥʥʷ ʜʘʥʠʭ ʧʨʦ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʚ ʩʠʩʪʝʤʽ ʧʨʠ 1873 K [12] ʽ ʧʨʠ 

1673 ʂ [30] ʙʫʣʦ ʚʽʜʤʽʯʝʥʦ, ʱʦ ʜʣʷ ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ 

ʭʘʨʘʢʪʝʨʥʘ ʪʝʤʧʝʨʘʪʫʨʥʘ ʟʘʣʝʞʥʽʩʪʴ, ʷʢʘ ʚʠʨʘʞʘʻʪʴʩʷ ʚ ʟʨʦʩʪʘʥʥʽ ʜʦʜʘʪʥʠʭ 

ʟʥʘʯʝʥʴ ȹmʅ ʧʨʠ ʟʥʠʞʝʥʥʽ ʪʝʤʧʝʨʘʪʫʨʠ [30,31]. 
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         ʘ)                ʙ) 

  
         ʚ)                 ʛ) 

ʈʠʩ. 1.3 ï ʊʝʨʤʦʜʠʥʘʤʽʯʥʽ ʬʫʥʢʮʽʾ ʟʤʽʰʫʚʘʥʥʷ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤ 

CuïFe ʪʘ CuïNi: ʘ, ʚ) ʽʥʪʝʛʨʘʣʴʥʘ ʝʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ ȹmH, 

ʢɼʞ/ʤʦʣʴ; ʙ, ʛ) ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʘʢʪʠʚʥʦʩʪʽ aCu ʽ aMe ʢʦʤʧʦʥʝʥʪʽʚ 

 

ɽʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ CuïNi ʙʫʣʘ ʜʦʩʣʽʜʞʝʥʘ ʚ 

ʨʦʙʦʪʘʭ [9, 10, 27, 36ï39], ʨʠʩ. 1.3, ʚ. ʋ ʚʩʽʭ ʨʦʙʦʪʘʭ ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʜʦʜʘʪʥʽ 

ʟʥʘʯʝʥʥʷ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ. ɺ ʨʘʙʦʪʘʭ [40ï43] ʙʫʣʠ ʚʠʚʯʝʥʽ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʘʢʪʠʚʥʦʩʪʽ ʤʽʜʽ ʽ ʥʽʢʝʣʶ ʚ ʨʽʜʢʠʭ ʩʧʣʘʚʘʭ ʩʠʩʪʝʤʠ. 

ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʟʥʘʯʝʥʥʷ ʘʢʪʠʚʥʦʩʪʝʡ ʢʦʤʧʦʥʝʥʪʽʚ ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ 

ʨʠʩ. 1.3, ʜ, ʟ ʷʢʦʛʦ ʚʠʜʥʦ, ʱʦ ʜʣʷ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʬʫʥʢʮʽʡ ʨʦʟʧʣʘʚʽʚ 

ʭʘʨʘʢʪʝʨʥʽ ʜʦʜʘʪʥʽ ʚʽʜʭʠʣʝʥʥʷ ʚʽʜ ʽʜʝʘʣʴʥʦʩʪʽ. 
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ʅʘ ʨʠʩ. 1.3, ʚ  ̔ʜ ʧʨʝʜʩʪʘʚʣʝʥʽ ʽʟʦʪʝʨʤʠ ʬʫʥʢʮʽʡ ȹmʅ ʪʘ aMe ʜʣʷ ʨʽʜʢʠʭ 

ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ, ʨʦʟʨʘʭʦʚʘʥʽ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʾ ʦʧʠʩʫ [44]. ʗʢ 

ʚʠʜʥʦ ʟ ʨʠʩ. 1.3, ʚ  ̔ʜ, ʜʣʷ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ 

ʩʠʩʪʝʤʠ ʭʘʨʘʢʪʝʨʥʽ ʥʝʚʝʣʠʢʽ ʜʦʜʘʪʥʽ ʚʽʜʭʠʣʝʥʥʷ ʚʽʜ ʽʜʝʘʣʴʥʦʩʪʽ, ʱʦ ʩʚʽʜʯʠʪʴ 

ʧʨʦ ʩʣʘʙʢʫ ʤʽʞʯʘʩʪʠʥʢʦʚʠʫ ʚʟʘʻʤʦʜʽʶ ʫ ʨʽʜʢʦʤʫ ʩʪʘʥʽ. 

 

1.1.4 ʉʠʩʪʝʤʠ CuïTi, CuïZr ʽ CuïHf 

 

ɽʥʪʘʣʴʧʽʾ ʫʪʚʦʨʝʥʥʷ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʚ ʩʠʩʪʝʤʽ CuïTi ʙʫʣʠ ʚʠʚʯʝʥʽ ʚ [45, 46] 

ʢʘʣʦʨʠʤʝʪʨʠʯʥʠʤ ʤʝʪʦʜʦʤ, ʨʠʩ. 1.4, ʘ. ɺ [45] ʜʦʩʣʽʜʞʝʥʥʷ ʙʫʣʠ ʧʨʦʚʝʜʝʥʽ ʧʨʠ 

xTi = 0ï0,55 ʪʘ 1873 ʂ, ʘ ʚ [46] ï xTi = 0ï0,59 ʪʘ 1573 ʂ. ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʘʥʽ ʧʨʦ 

ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʤʽʜʽ ʪʘ ʪʠʪʘʥʫ, ʨʠʩ. 1.4, ʘ, ʜʝʤʦʥʩʪʨʫʶʪʴ ʚʽʜô̒ ʤʥʽ ʚʝʣʠʯʠʥʠ 

ʚ ʫʩʴʦʤʫ ʽʥʪʝʨʚʘʣʽ ʩʢʣʘʜʽʚ. ɺ [45, 46] ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʤʽʥʽʤʫʤ 

ʬʫʥʢʮʽʾ ȹmH ʟʤʽʱʝʥʠʡ ʚ ʦʙʣʘʩʪʴ ʩʧʣʘʚʽʚ, ʙʘʛʘʪʠʭ ʥʘ ʪʠʪʘʥ. ɿʽʩʪʘʚʣʝʥʥʷ ʜʘʥʠʭ, 

ʦʪʨʠʤʘʥʠʭ ʧʨʠ 1573 ʽ 1873 ʂ, ʚʢʘʟʫʻ ʥʘ ʪʝʤʧʝʨʘʪʫʨʥʫ ʟʘʣʝʞʥʽʩʪʴ ʽʥʪʝʛʨʘʣʴʥʦʾ 

ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ, ʱʦ ʚʠʨʘʞʘʻʪʴʩʷ ʚ ʟʨʦʩʪʘʥʥʽ ʘʙʩʦʣʶʪʥʠʭ ʟʥʘʯʝʥʴ ȹmʅ ʧʨʠ 

ʟʤʝʥʰʝʥʥʽ ʪʝʤʧʝʨʘʪʫʨʠ. 

ɺ [47] ʝʬʫʟʽʡʥʠʤ ʤʝʪʦʜʦʤ ʙʫʣʠ ʚʠʚʯʝʥʽ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʘʢʪʠʚʥʦʩʪʽ ʤʽʜʽ 

ʚ ʨʦʟʧʣʘʚʘʭ ʤʽʜʴïʪʠʪʘʥ ʧʨʠ 1496 ʂ ʚ ʽʥʪʝʨʚʘʣʽ 0,1< xTi <0,59 (ʨʠʩ. 1.4, ʙ). ɼʣʷ 

ʘʢʪʠʚʥʦʩʪʽ ʤʽʜʽ ʚ ʨʦʟʧʣʘʚʘʭ CuïTi ʭʘʨʘʢʪʝʨʥʽ ʚʽʜôʻʤʥʽ ʚʽʜʭʠʣʝʥʥʷ ʚʽʜ ʟʘʢʦʥʫ 

ʈʘʫʣʷ. ʊʘʢʠʤ ʯʠʥʦʤ, ʚʩʽ ʚʽʜʦʤʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʘʥʽ ʧʨʦ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ 

ʚʣʘʩʪʠʚʦʩʪʽ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ CuïTi ʚʢʘʟʫʶʪʴ ʥʘ ʾʭ ʟʥʘʯʥʽ ʚʽʜôʻʤʥʽ 

ʚʽʜʭʠʣʝʥʥʷ ʚʽʜ ʽʜʝʘʣʴʥʦʩʪʽ. 

ɺ [46, 48] ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʙʫʣʠ ʦʧʠʩʘʥʽ ʤʦʜʝʣʣʶ 

ɸʈ ʟ ʥʘʙʦʨʦʤ ʘʩʦʮʽʘʪʽʚ CuTi ʪʘ CuTi2, ʱʦ ʤʘʶʪʴ ʪʘʢʽ ʧʘʨʘʤʝʪʨʠ: ȹassocHCuTi = ï

29,5 ʢɼʞ/ʤʦʣʴ, ȹassocSCuTi = ï10,0 ɼʞ/(ʤʦʣʴÖʂ), ȹassocHCuTi2 = ï67,5 ʢɼʞ/ʤʦʣʴ, 

ȹassocSCuTi2 = ï23,7 ɼʞ/(ʤʦʣʴÖʂ). ʈʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʫ ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ 

ʟʤʽʰʫʚʘʥʥʷ ʽ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʘʢʪʠʚʥʦʩʪʝʡ ʢʦʤʧʦʥʝʥʪʽʚ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ CuïTi 

ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʥʘʚʝʜʝʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʧʦʢʘʟʘʥʽ ʨʠʩ. 1.4, ʘ ̔  ʙ, ʣʽʥʽʷʤʠ. 
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     ʘ)                 ʙ) 

  
  ʚ)              ʛ) 

  
  ʜ)                ʝ) 

ʈʠʩ. 1.4 ï ʊʝʨʤʦʜʠʥʘʤʽʯʥʽ ʬʫʥʢʮʽʾ ʟʤʽʰʫʚʘʥʥʷ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤ  

Cuï(Ti, Zr, Hf): ʘ, ʚ, ʜ) ʽʥʪʝʛʨʘʣʴʥʘ ʝʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ ȹmH, 

ʢɼʞ/ʤʦʣʴ; ʙ, ʛ, ʝ) ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʘʢʪʠʚʥʦʩʪʽ  aCu ʽ aMe ʢʦʤʧʦʥʝʥʪʽʚ 
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ɺ ʩʠʩʪʝʤʽ CuïZr ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʙʫʣʠ ʜʦʩʣʽʜʞʝʥʽ 

ʨʽʟʥʠʤʠ ʛʨʫʧʘʤʠ ʘʚʪʦʨʽʚ [45, 49ï57], ʨʠʩ. 1.4, ʚ. ɹʫʣʦ ʦʪʨʠʤʘʥʦ ʰʽʩʪʴ ʽʟʦʪʝʨʤ 

ʚ ʽʥʪʝʨʚʘʣʽ ʪʝʤʧʝʨʘʪʫʨ 1373ï1973 ʂ. ɼʦʩʣʽʜʞʝʥʥʷ ʬʫʥʢʮʽʾ ȹmʅ ʙʫʣʠ 

ʧʨʦʚʝʜʝʥʽ: ʧʨʠ 1373 ʂ ʪʘ xZr = 0ï0,70 [49]; ʧʨʠ 1443 ʂ ʪʘ xZr = 0,04ï0,67 [57]; 

ʧʨʠ 1473 ʂ ʪʘ xZr = 0ï0,47 [51]; ʧʨʠ 1480 ʂ ʪʘ xZr = 0ï0,26 [50]; ʧʨʠ 1480 ʂ ʪʘ 

xZr = 0ï0,7 [56]; ʧʨʠ 1573 ʂ ʪʘ xZr = 0ï0,53 [54, 55]; ʧʨʠ 1873 ʂ ʪʘ xZr = 0ï0,55 

[52, 55]. 

ɯʟʦʪʝʨʤʠ ̔ ʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʨʦʟʧʣʘʚʽʚ CuïZr, ʟʦʙʨʘʞʝʥʽ ʥʘ 

ʨʠʩ. 1.4, ʚ, ʚʢʘʟʫʶʪʴ ʥʘ ʩʠʣʴʥʫ ʤʽʞʯʘʩʪʠʥʢʦʚʫ ʚʟʘʻʤʦʜʽʶ ʢʦʤʧʦʥʝʥʪʽʚ ʚ 

ʨʦʟʧʣʘʚʘʭ, ʱʦ ʚʠʨʘʞʘʻʪʴʩʷ ʫ ʚʽʜô̒ ʤʥʠʭ ʚʝʣʠʯʠʥʘʭ ʬʫʥʢʮʽʾ ȹmH, ʷʢʘ ʜʦʩʷʛʘʻ 

ʤʽʥʽʤʫʤʫ ʧʦʙʣʠʟʫ ʝʢʚʽʘʪʦʤʥʦʛʦ ʩʢʣʘʜʫ. ʉʣʽʜ ʟʘʟʥʘʯʠʪʠ ʪʝ, ʱʦ ʟʛʽʜʥʦ ʟ ʜʘʥʠʤʠ 

[54] ʪʘ [45], ʦʪʨʠʤʘʥʠʤʠ ʚ ʨʘʤʢʘʭ ʦʜʥʽʻʾ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʾ ʤʝʪʦʜʠʢʠ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ 1573 ʽ 1873 ʂ ʚʽʜʧʦʚʽʜʥʦ, ʬʫʥʢʮʽʷ ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ 

ʟʤʽʰʫʚʘʥʥʷ ʜʝʤʦʥʩʪʨʫʻ ʪʝʤʧʝʨʘʪʫʨʥʫ ʟʘʣʝʞʥʽʩʪʴ. 

ʊʝʨʤʦʜʠʥʘʤʽʯʥʽ ʘʢʪʠʚʥʦʩʪʽ ʤʽʜʽ ʽ ʮʠʨʢʦʥʽʶ ʚ ʨʽʜʢʠʭ ʩʧʣʘʚʘʭ ʩʠʩʪʝʤʠ ʙʫʣʠ 

ʜʦʩʣʽʜʞʝʥʽ ʘʚʪʦʨʘʤʠ ʨʦʙʽʪ [51, 58, 59], ʨʠʩ. 1.4, ʛ. ɼʘʥʥʽ [59] ʧʨʦ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ 

ʘʢʪʠʚʥʦʩʪʽ ʤʽʜʽ ʽ ʮʠʨʢʦʥʽʶ, ʦʪʨʠʤʘʥʽ ʧʨʠ 1473 ʂ ʽ 1673 ʂ, ʪʘʢʦʞ ʚʢʘʟʫʶʪʴ ʥʘ 

ʪʝʤʧʝʨʘʪʫʨʥʫ ʟʘʣʝʞʥʽʩʪʴ, ï ʟʽ ʟʥʠʞʝʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨʠ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʙʽʣʴʰʝʥʥʷ 

ʚʽʜô̒ ʤʥʠʭ ʚʽʜʭʠʣʝʥʴ ʚʽʜ ʽʜʝʘʣʴʥʦʩʪʽ. 

ɼʣʷ ʦʧʠʩʫ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ CuïZr ʚ [60] 

ʙʫʣʘ ʚʠʢʦʨʠʩʪʘʥʘ ʤʦʜʝʣʴ ɸʈ ʟ ʘʩʦʮʽʘʪʘʤʠ Cu2Zr, CuZr ʽ CuZr2, ʱʦ ʤʘʶʪʴ 

ʧʘʨʘʤʝʪʨʠ: ȹassocHCu2Zr = ï66,6 ʢɼʞ/ʤʦʣʴ, ȹassocSCu2Zr = ï21,3 ɼʞ/(ʤʦʣʴÖʂ), 

ȹasscoHCuZr = ï70,5 ʢɼʞ/ʤʦʣʴ, ȹassocSCuZr = 31,9 ɼʞ/(ʤʦʣʴÖʂ), 

ȹassocHCuZr2 = 63,6  ʢɼʞ/ʤʦʣʴ, ȹasSCuZr2 = ï16,6 ɼʞ/(ʤʦʣʴÖʂ). ʈʦʟʨʘʭʦʚʘʥʽ 

ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʤʦʜʝʣʽ ɸʈ ʽʟʦʪʝʨʤʠ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʨʽʜʢʠʭ 

ʩʧʣʘʚʽʚ ʧʦʢʘʟʘʥʽ ʥʘ ʨʠʩ. 1.4, ʚ ʽ ʛ, ʣʽʥʽʷʤʠ. 

ɽʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʤʽʜʽ ʽ ʛʘʬʥʽʶ ʙʫʣʠ ʚʠʚʯʝʥʽ 

ʢʘʣʦʨʠʤʝʪʨʠʯʥʠʤʠ ʤʝʪʦʜʘʤʠ ʚ ʨʦʙʦʪʘʭ [49, 61, 62], ʨʠʩ. 1.4, ʜ: ʧʨʠ 1373 ʂ ʪʘ 

xHf = 0ï0,40 [49]; ʧʨʠ 1650 ʂ ʪʘ xHf = 0ï0,50 [62]; ʧʨʠ 1873 ʂ ʪʘ xHf = 0ï0,57 [61]. 



55 

ɺʦʥʠ ʜʝʤʦʥʩʪʨʫʶʪʴ ʚʽʜô̒ ʤʥʽ ʚʝʣʠʯʠʥʠ ʚ ʫʩʴʦʤʫ ʜʦʩʣʽʜʞʝʥʦʤʫ ʽʥʪʝʨʚʘʣʽ ʩʢʣʘʜʽʚ 

ʨʠʩ. 1.4, ʜ. 

ʗʢ ʚʠʜʥʦ ʥʘ ʨʠʩ. 1.4, ʜ, ʟʥʘʯʝʥʥʷ ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʤʽʜʽ 

ʽ ʛʘʬʥʽʶ ʥʘʚʝʜʝʥʽ ʟʛʽʜʥʦ ʟ ʜʘʥʠʤʠ ʨʦʙʽʪ [49, 61, 62], ʟʘʜʦʚʽʣʴʥʦ ʫʟʛʦʜʞʫʶʪʴʩʷ 

ʤʽʞ ʩʦʙʦʶ. ʄʽʥʽʤʫʤ ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʟʤʽʱʝʥʠʡ ʚ ʦʙʣʘʩʪʴ 

ʩʧʣʘʚʽʚ, ʙʘʛʘʪʠʭ ʛʘʬʥʽʻʤ. ʄʦʞʥʘ ʚʽʜʟʥʘʯʠʪʠ, ʱʦ ʟ ʧʽʜʚʠʱʝʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨʠ 

ʟʥʘʯʝʥʥʷ ȹmȼ ʩʪʘʶʪʴ ʤʝʥʰ ʚʽʜô̒ ʤʥʠʤʠ. ʅʘʡʙʽʣʴʰ ʷʩʢʨʘʚʦ ʪʝʤʧʝʨʘʪʫʨʥʘ 

ʟʘʣʝʞʥʽʩʪʴ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʧʨʦʷʚʣʷʻʪʴʩʷ ʜʣʷ ʧʝʨʰʦʾ ʝʥʪʘʣʴʧʽʾ 

ʟʤʽʰʫʚʘʥʥʷ ʛʘʬʥʽʶ, ʷʢʘ ʧʨʠ 1373 ʂ ʩʪʘʥʦʚʠʪʴ ï77,8 ʢɼʞ/ʤʦʣʴ [49] ʽ 

ʟʙʽʣʴʰʫʻʪʴʩʷ ʜʦ ï61,4 ʢɼʞ/ʤʦʣʴ [61] ʧʨʠ ʧʽʜʚʠʱʝʥʥʽ ʪʝʤʧʝʨʘʪʫʨʠ ʜʦ 1873 ʂ. 

ʋ ʨʦʙʦʪʽ [63] ʝʬʬʫʟʽʡʥʠʤ ʤʝʪʦʜʦʤ ʂʥʫʜʩʝʥʘ ʧʨʠ 1623 ʂ ʚ ʽʥʪʝʨʚʘʣʽ 

ʩʢʣʘʜʽʚ xHf = 0ï0,8 ʙʫʣʘ ʚʠʚʯʝʥʘ ʪʝʨʤʦʜʠʥʘʤʽʯʥʘ ʘʢʪʠʚʥʽʩʪʴ ʤʽʜʽ, ʨʠʩ. 1.4, ʝ. 

ʎʷ ʬʫʥʢʮʽʷ ʜʝʤʦʥʩʪʨʫʻ ʚʽʜô̒ ʤʥʽ ʚʽʜʭʠʣʝʥʥʷ ʚʽʜ ʽʜʝʘʣʴʥʦʩʪʽ. ʄʽʥʽʤʫʤ 

ʥʘʜʣʠʰʢʦʚʦʾ ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʟʛʽʜʥʦ [63] ʩʢʣʘʚ ï7,1 ʢɼʞ/ʤʦʣʴ ʧʨʠ 

xHf = 0,30ï0,40. 

ɺ [64] ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʬʫʥʢʮʽʾ ʟʤʽʰʫʚʘʥʥʷ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ CuïHf ʙʫʣʠ 

ʦʧʠʩʘʥʽ ʤʦʜʝʣʣʶ ɸʈ ʟ ʥʘʙʦʨʦʤ ʘʩʦʮʽʘʪʽʚ CuHf ʠ CuHf3 ʟ ʥʘʩʪʫʧʥʠʤʠ 

ʧʘʨʘʤʝʪʨʘʤʠ: ȹassocHCuHf = ï60,5 ʢɼʞ/ʤʦʣʴ, ȹassocSCuHf = ï20,2 ɼʞ/(ʤʦʣʴÖʂ), 

ȹassocHCuHf3 = ï127,2 ʢɼʞ/ʤʦʣʴ, ȹassocSCuHf3 = ï46,0 ɼʞ/(ʤʦʣʴÖʂ). ʈʦʟʨʘʭʦʚʘʥʽ ʧʦ 

ʤʦʜʝʣʽ ɸʈ [64] ʽʟʦʪʝʨʤʠ ʥʘʜʣʠʰʢʦʚʠʭ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ 

ʨʦʟʧʣʘʚʽʚ ʩʠʩʪʝʤʠ CuïHf  ʧʦʢʘʟʘʥʽ ʥʘ ʨʠʩ. 1.4, ʜ ʽ ʝ ʣʽʥʽʷʤʠ. 

 

1.1.5 ʉʠʩʪʝʤʠ FeïTi, FeïZr ʪʘ FeïHf 

 

ɽʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ FeïTi ʙʫʣʠ ʜʦʩʣʽʜʞʝʥʽ 

ʢʘʣʦʨʠʤʝʪʨʠʯʥʠʤʠ ʤʝʪʦʜʘʤʠ ʚ ʨʦʙʦʪʘʭ [65ï68], ʨʠʩ. 1.5, ʘ. ʂʦʥʮʝʥʪʨʘʮʽʡʥʘ 

ʟʘʣʝʞʥʽʩʪʴ ʵʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʙʫʣʘ ʚʠʚʯʝʥʘ ʚ ʽʥʪʝʨʚʘʣʘʭ ʩʢʣʘʜʽʚ xTi = 0ï0,42 

ʧʨʠ 2000 ʂ [66], xTi = 0ï0,40 ʧʨʠ 1960 ʂ [67] ʽ xTi = 0ï0,40 ʧʨʠ 1873 ʂ [68]. ɺ 

[65] ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʙʫʣʠ ʜʦʩʣʽʜʞʝʥʽ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʣʝʚʽʪʘʮʽʡʥʦʾ  
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  ʘ)                 ʙ) 

  
 ʚ)                ʛ) 

  
 ʜ)                ʝ) 

ʈʠʩ. 1.5 ï ʊʝʨʤʦʜʠʥʘʤʽʯʥʽ ʬʫʥʢʮʽʾ ʟʤʽʰʫʚʘʥʥʷ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤ  

Feï(Ti, Zr, Hf): ʘ, ʚ, ʜ) ʽʥʪʝʛʨʘʣʴʥʘ ʝʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ ȹmH, 

ʢɼʞ/ʤʦʣʴ; ʙ, ʛ, ʝ) ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʘʢʪʠʚʥʦʩʪʽ aFe ʽ aMe ʢʦʤʧʦʥʝʥʪʽʚ 
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ʢʘʣʦʨʠʤʝʪʨʽʾ ʚ ʽʥʪʝʨʚʘʣʘʭ ʩʢʣʘʜʽʚ xTi = 0ï0,42 ʧʨʠ 1950 ʂ ʪʘ xTi = 0,69ï1 ʧʨʠ 

2112 ʂ. 

ɺʽʜʧʦʚʽʜʥʦ ʜʦ ʦʜʝʨʞʘʥʠʭ ʜʘʥʠʭ, ʝʥʪʘʣʴʧʽʾ ʫʪʚʦʨʝʥʥʷ ʨʦʟʧʣʘʚʽʚ ʻ 

ʚʽʜôʻʤʥʠʤʠ ʚʝʣʠʯʠʥʘʤʠ. ɼʘʥʽ ʨʽʟʥʠʭ ʘʚʪʦʨʽʚ ʜʝʤʦʥʩʪʨʫʶʪʴ ʜʝʷʢʫ ʨʦʟʙʽʞʥʽʩʪʴ ʟʘ 

ʘʙʩʦʣʶʪʥʦʶ ʚʝʣʠʯʠʥʦʶ. ʇʦʣʦʞʝʥʥʷ ʤʽʥʽʤʫʤʫ ʬʫʥʢʮʽʾ ȹmʅ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʥʝ 

ʚʩʪʘʥʦʚʣʝʥʦ. 

ɺ [69, 70] ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʘʢʪʠʚʥʦʩʪʽ ʟʘʣʽʟʘ ʽ ʪʠʪʘʥʫ ʚ ʨʽʜʢʠʭ ʩʧʣʘʚʘʭ 

ʩʠʩʪʝʤʠ FeïTi ʙʫʣʠ ʜʦʩʣʽʜʞʝʥʽ ʤʘʩ-ʩʧʝʢʪʨʦʤʝʪʨʠʯʥʠʤ ʤʝʪʦʜʦʤ ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʝʬʫʟʽʡʥʦʾ ʢʦʤʽʨʢʠ ʂʥʫʜʩʝʥʘ. ʗʢ ʚʠʜʥʦ ʟ ʨʠʩ. 1.5, ʙ, 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʘʢʪʠʚʥʦʩʪʽ ʢʦʤʧʦʥʝʥʪʽʚ ʚ ʨʦʟʧʣʘʚʘʭ ʩʠʩʪʝʤʠ ʧʨʠ 1873 ʂ 

ʜʝʤʦʥʩʪʨʫʶʪʴ ʚʽʜôʻʤʥʽ ʚʽʜʭʠʣʝʥʥʷ ʚʽʜ ʽʜʝʘʣʴʥʦʩʪʽ. 

ʈʦʟʨʘʭʦʚʘʥʽ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʛʦ ʦʧʠʩʫ ʩʠʩʪʝʤʠ FeïTi, 

ʧʨʝʜʩʪʘʚʣʝʥʦʛʦ ʚ [71], ʽʟʦʪʝʨʤʠ ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʽ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʘʢʪʠʚʥʦʩʪʝʡ ʢʦʤʧʦʥʝʥʪʽʚ ʨʽʜʢʠʭ ʧʦʢʘʟʘʥʽ ʥʘ ʨʠʩ. 1.5, ʘ ʠ ʙ 

ʰʪʨʠʭʦʚʠʤʠ ʣʽʥʽʷʤʠ. 

ɺ ʩʠʩʪʝʤʽ FeïZr ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʙʫʣʠ ʜʦʩʣʽʜʞʝʥʽ 

ʨʽʟʥʠʤʠ ʛʨʫʧʘʤʠ ʘʚʪʦʨʽʚ [72ï75], ʨʠʩ. 1.5, ʚ. ɺ ʨʦʙʦʪʘʭ [72ï74] ʜʦʩʣʽʜʞʝʥʥʷ 

ʙʫʣʠ ʧʨʦʚʝʜʝʥʽ ʢʘʣʦʨʠʤʝʪʨʠʯʥʠʤ ʤʝʪʦʜʦʤ ʚ ʦʙʣʘʩʪʽ ʩʧʣʘʚʽʚ, ʙʘʛʘʪʠʭ ʥʘ ʟʘʣʽʟʦ. 

ʇʨʠ ʮʴʦʤʫ ʙʫʣʠ ʚʠʟʥʘʯʝʥʽ ʪʨʠ ʽʟʦʪʝʨʤʠ ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ: ʚ 

ʽʥʪʝʨʚʘʣʽ ʩʢʣʘʜʽʚ xZr = 0ï0,4 ʧʨʠ 1900 ʂ [72]; xZr = 0ï0,5 ʧʨʠ 1963 ʂ [73] ʽ 

xZr = 0ï0,267 ʧʨʠ 1923 ʂ [74]. ʑʝ ʜʚʽ ʽʟʦʪʝʨʤʠ ʙʫʣʠ ʦʜʝʨʞʘʥʽ ʤʝʪʦʜʦʤ 

ʣʝʚʽʪʘʮʽʡʥʦʾ ʢʘʣʦʨʠʤʝʪʨʽʾ ʚ ʦʙʣʘʩʪʽ ʩʢʣʘʜʽʚ xZr = 0,43ï1,0 ʧʨʠ 2180 ʂ ʽ 

xZr = 0,42ï1,0 ʧʨʠ 2280 ʂ [75]. 

ɯʟʦʪʝʨʤʠ ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʨʦʟʧʣʘʚʽʚ FeïZr (ʨʠʩ. 1.5, ʚ) 

ʚʢʘʟʫʶʪʴ ʥʘ ʩʠʣʴʥʫ ʤʽʞʯʘʩʪʠʥʢʦʚʫ ʚʟʘʻʤʦʜʽʶ ʢʦʤʧʦʥʝʥʪʽʚ ʚ ʨʦʟʧʣʘʚʘʭ, ʱʦ 

ʚʽʜʦʙʨʘʞʘʻʪʴʩʷ ʚ ʚʽʜô̒ ʤʥʠʭ ʚʝʣʠʯʠʥʘʭ ȹmʅ. ɼʘʥʘ ʬʫʥʢʮʽʷ ʜʦʩʷʛʘʻ 

ʤʽʥʽʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʥʷ ʧʦʙʣʠʟʫ ʝʢʚʽʘʪʦʤʥʦʛʦ ʩʢʣʘʜʫ, ʥʘ ʱʦ ʚʢʘʟʫʶʪʴ ʜʘʥʽ 

ʨʦʙʽʪ [73, 75]. ʉʧʽʚʩʪʘʚʣʝʥʥʷ ʨʝʟʫʣʴʪʘʪʽʚ ʨʽʟʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ 

ʜʦʩʣʽʜʞʝʥʴ ʚʢʘʟʫʻ ʥʘ ʟʥʘʯʥʠʡ ʨʦʟʢʠʜ ʜʘʥʠʭ ʟ ȹmʅ ʟʘ ʘʙʩʦʣʶʪʥʠʤʠ 
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ʟʥʘʯʝʥʥʷʤʠ, ʱʦ ʥʝ ʜʦʟʚʦʣʷʻ ʟʨʦʙʠʪʠ ʚʠʩʥʦʚʦʢ ʧʨʦ ʥʘʷʚʥʽʩʪʴ ʪʝʤʧʝʨʘʪʫʨʥʦʾ 

ʟʘʣʝʞʥʦʩʪʽ ʮʽʻʾ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʾ ʬʫʥʢʮʽʾ. 

ʊʝʨʤʦʜʠʥʘʤʽʯʥʘ ʘʢʪʠʚʥʽʩʪʴ ʟʘʣʽʟʘ ʚ ʨʽʜʢʠʭ ʩʧʣʘʚʘʭ ʟ ʮʠʨʢʦʥʽʻʤ ʙʫʣʘ 

ʚʠʚʯʝʥʘ ʤʘʩ-ʩʧʝʢʪʨʦʤʝʪʨʠʯʥʠʤ ʤʝʪʦʜʦʤ ʟʘ ʜʦʧʦʤʦʛʦʶ ʝʬʫʟʽʾ ʂʥʫʜʩʝʥʘ ʥʘ 

ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʤʫ ʚʽʜʨʽʟʢʫ xZr = 0,561ï0,872 ʧʨʠ 1873 ʂ [76], ʨʠʩ.1.5, ʛ. 

ʅʘ ʨʠʩ.1.5, ʚ ʠ ʛ ʙʝʟʧʝʨʝʨʚʥʠʤʠ ʣʽʥʽʷʤʠ ʧʦʢʘʟʘʥʽ ʨʦʟʨʘʭʦʚʘʥʽ ʧʦ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʤʫ ʦʧʠʩʫ [77] ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʽ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ 

ʘʢʪʠʚʥʦʩʪʽ ʢʦʤʧʦʥʝʥʪʽʚ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ FeïZr. 

ɺ [78] ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʨʦʟʧʣʘʚʽʚ ʟʘʣʽʟʘ ʟ ʛʘʬʥʽʻʤ ʚʠʚʯʝʥʽ 

ʢʘʣʦʨʠʤʝʪʨʠʯʥʠʤ ʤʝʪʦʜʦʤ ʧʨʠ 1870 ʂ ʽ ʚ ʽʥʪʝʨʚʘʣʽ ʩʢʣʘʜʽʚ xHf = 0ï0,06, 

ʨʠʩ. 1.5, ʜ. ɺʩʪʘʥʦʚʣʝʥʦ ʝʢʟʦʪʝʨʤʽʯʥʠʡ ʭʘʨʘʢʪʝʨ ʝʥʪʘʣʴʧʽʾ ʫʪʚʦʨʝʥʥʷ ʨʽʜʢʠʭ 

ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ FeïHf.  

ɸʚʪʦʨʘʤʠ [79] ʧʨʠ ʦʧʪʠʤʽʟʘʮʽʾ ʜʘʥʠʭ ʧʦ ʩʪʘʙʽʣʴʥʠʭ ʬʘʟʦʚʠʭ ʨʽʚʥʦʚʘʛʘʭ 

ʩʠʩʪʝʤʠ FeïHf ʜʣʷ ʦʧʠʩʫ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ 

ʩʠʩʪʝʤʠ ʙʫʚ ʚʠʢʦʨʠʩʪʘʥʠʡ ʤʝʪʦʜ ʂʘʧʪʘʷ [80]. ʆʪʨʠʤʘʥʽ ʧʘʨʘʤʝʪʨʠ 

ʤʘʪʝʤʘʪʠʯʥʦʾ ʤʦʜʝʣʽ [79] ʙʫʣʠ ʚʠʢʦʨʠʩʪʘʥʽ ʥʘʤʠ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʽʟʦʪʝʨʤ 

ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʽ ʘʢʪʠʚʥʦʩʪʽ ʢʦʤʧʦʥʝʥʪʽʚ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ, 

ʨʠʩ. 1.5 ʜ  ̔ʝ. ɿʛʽʜʥʦ ʟ ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʦʟʨʘʭʫʥʢʽʚ ʧʨʠ 1873 ʂ, ʤʽʥʽʤʫʤ ʬʫʥʢʮʽʾ 

ȹmH ʩʪʘʥʦʚʠʪʴ ï27,6 ʢɼʞ/ʤʦʣʴ ʧʨʠ xHf = 0,48. ɼʣʷ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʾ ʘʢʪʠʚʥʦʩʪʽ 

ʟʘʣʽʟʘ ʽ ʛʘʬʥʽʶ ʪʘʢʦʞ ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ʚʽʜô̒ ʤʥʽ ʚʽʜʭʠʣʝʥʥʷ ʚʽʜ ʽʜʝʘʣʴʥʦʩʪʽ. 

 

1.1.6 ʉʠʩʪʝʤʠ NiïTi, NiïZr ʽ NiïHf 

 

ɼʦʩʣʽʜʞʝʥʥʷ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʨʦʟʧʣʘʚʽʚ ʩʠʩʪʝʤʠ NiïTi (ʨʠʩ. 1.6, ʘ) 

ʙʫʣʠ ʚʠʢʦʥʘʥʽ ʚ ʨʦʙʦʪʘʭ [81ï85]. ɺ [81] ʜʦʩʣʽʜʞʝʥʥʷ ʙʫʣʠ ʧʨʦʚʝʜʝʥʽ ʧʨʠ 

2000 ʂ ʚ ʽʥʪʝʨʚʘʣʽ ʩʢʣʘʜʽʚ xTi = 0ï0,44; ʚ [82] ʧʨʠ 1786ï1803 ʂ ʪʘ xTi = 0ï0,20; 

ʚ [83] ʧʨʠ 1741 ʪʘ 1838 ʂ (xTi = 0ï0,49 ʽ xTi = 0ï0,34 ʚʽʜʧʦʚʽʜʥʦ); ʚ [84] ʧʨʠ 

1800 ʂ (xTi = 0ï0,413) ʪʘ 1980 ʂ (xTi = 0ï0,444 ʪʘ xTi = 0,654ï1,0); ʚ [85] ʧʨʠ 

1873 ʂ ʪʘ xTi = 0ï0,6. ɿʽʩʪʘʚʣʝʥʥʷ ʚʩʽʭ ʦʪʨʠʤʘʥʠʭ ʜʘʥʠʭ ʧʦ ʬʫʥʢʮʽʾ ȹmH ʚʢʘʟʫʻ 

ʥʘ ʾʭ ʟʘʜʦʚʽʣʴʥʝ ʫʟʛʦʜʞʝʥʥʷ. 
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      ʘ)                ʙ)  

  
  ʚ)                ʛ)  

  
   ʜ)                 ʝ)  

ʈʠʩ. 1.6 ï ʊʝʨʤʦʜʠʥʘʤʽʯʥʽ ʬʫʥʢʮʽʾ ʟʤʽʰʫʚʘʥʥʷ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤ  

Niï(Ti, Zr, Hf): ʘ, ʚ, ʜ) ʽʥʪʝʛʨʘʣʴʥʘ ʝʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ ȹmH, 

ʢɼʞ/ʤʦʣʴ; ʙ, ʛ, ʝ) ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʘʢʪʠʚʥʦʩʪʽ aNi i aMe ʢʦʤʧʦʥʝʥʪʽʚ 
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ɿʛʽʜʥʦ ʨʠʩ. 1.6, ʘ ʜʣʷ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʥʽʢʝʣʶ ʟ ʪʠʪʘʥʦʤ 

ʭʘʨʘʢʪʝʨʥʽ ʟʥʘʯʥʽ ʚʽʜôʻʤʥʽ ʚʝʣʠʯʠʥʠ. ʇʦʨʽʚʥʷʥʥʷ ʨʝʟʫʣʴʪʘʪʽʚ, ʦʪʨʠʤʘʥʠʭ [84] 

ʧʨʠ 1980 ʂ, [85] ʧʨʠ 1873 ʂ ʪʘ [83] ʧʨʠ 1741ï1838 ʂ ʧʦʢʘʟʫʻ, ʱʦ, ʬʫʥʢʮʽʷ ȹmH 

ʜʝʤʦʥʩʪʨʫʻ ʪʝʤʧʝʨʘʪʫʨʥʫ ʟʘʣʝʞʥʽʩʪʴ ï ʟ ʧʦʥʠʞʝʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨʠ 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʨʦʩʪʘʥʥʷ ʾʾ ʘʙʩʦʣʶʪʥʠʭ ʟʥʘʯʝʥʴ. 

ɺʠʚʯʝʥʥʷ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʘʢʪʠʚʥʦʩʪʝʡ ʥʽʢʝʣʶ ʽ ʪʠʪʘʥʫ ʙʫʣʦ ʚʠʢʦʥʘʥʦ ʚ 

[86] ʝʬʫʟʽʡʥʠʤ ʤʝʪʦʜʦʤ ʂʥʫʜʩʝʥʘ ʧʨʠ 1773, 1873 ʪʘ 1973 ʂ, ʨʠʩ. 1.6, ʙ. ɼʣʷ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʘʢʪʠʚʥʦʩʪʝʡ ʥʽʢʝʣʶ ʽ ʪʠʪʘʥʫ ʚ ʨʦʟʧʣʘʚʘʭ ʩʠʩʪʝʤʠ ʭʘʨʘʢʪʝʨʥʽ 

ʟʥʘʯʥʽ ʚʽʜô̒ ʤʥʽ ʚʽʜʭʠʣʝʥʥʷ ʚʽʜ ʟʘʢʦʥʫ ʈʘʫʣʷ. ɼʣʷ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʾ ʘʢʪʠʚʥʦʩʪʽ 

ʥʽʢʝʣʶ, ʨʠʩ. 1.6, ʙ, ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʪʝʤʧʝʨʘʪʫʨʥʘ ʟʘʣʝʞʥʽʩʪʴ, ʷʢʘ ʚʠʨʘʞʘʻʪʴʩʷ 

ʚ ʟʤʝʥʰʝʥʥʽ ʚʽʜô̒ ʤʥʽʭ ʚʽʜʭʠʣʝʥʴ ʚʽʜ ʽʜʝʘʣʴʥʦʩʪʽ ʟʽ ʟʨʦʩʪʘʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨʠ. 

ʊʝʨʤʦʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʥʽʢʝʣʶ ʽ ʪʠʪʘʥʫ ʚ [87] ʙʫʣʠ 

ʦʧʠʩʘʥʽ ʤʦʜʝʣʣʶ ɸʈ ʟ ʥʘʙʦʨʦʤ ʘʩʦʮʽʘʪʽʚ Ni3Ti ʪʘ NiTi ʟ ʧʘʨʘʤʝʪʨʘʤʠ: 

ȹassocHNi3Ti = ï207,3 ʢɼʞ/ʤʦʣʴ, ȹassocSNi3Ti = ï71,17 ɼʞ/(ʤʦʣʴÖʂ), ȹassocHNiTi = ï

98,6 ʢɼʞ/ʤʦʣʴ, ȹassocSNiTi = ï24,16 ɼʞ/(ʤʦʣʴÖʂ). ʅʘ ʨʠʩ. 1.3, ʘ ʽ ʙ, ʨʝʟʫʣʴʪʘʪʠ 

ʨʦʟʨʘʭʫʥʢʫ ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʽ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʘʢʪʠʚʥʦʩʪʝʡ 

ʢʦʤʧʦʥʝʥʪʽʚ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʥʽʢʝʣʴïʪʠʪʘʥʫ ʧʦʢʘʟʘʥʽ ʣʽʥʽʷʤʠ. 

ɽʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʥʽʢʝʣʶ ʽ ʮʠʨʢʦʥʽʶ 

ʙʫʣʠ ʚʠʚʯʝʥʽ ʢʘʣʦʨʠʤʝʪʨʠʯʥʠʤʠ ʤʝʪʦʜʘʤʠ ʚ ʨʦʙʦʪʘʭ. ʗʢ ʚʠʜʥʦ ʟ ʨʠʩ. 1.6, ʚ, 

ʟʛʽʜʥʦ ʟ [55] ʤʽʥʽʤʫʤ ʬʫʥʢʮʽʾ ȹmʅ ʟʤʽʱʝʥʦ ʚ ʦʙʣʘʩʪʴ ʩʧʣʘʚʽʚ, ʙʘʛʘʪʠʭ ʥʘ 

ʥʽʢʝʣʴ. ɿʛʽʜʥʦ ʟ ʜʘʥʠʤʠ [55, 88ï91] ̔ ʟʦʪʝʨʤʠ ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ 

ʜʝʤʦʥʩʪʨʫʶʪʴ ʪʝʤʧʝʨʘʪʫʨʥʫ ʟʘʣʝʞʥʽʩʪʴ, ʷʢʘ ʚʠʨʘʞʘʻʪʴʩʷ ʚ ʟʙʽʣʴʰʝʥʥʽ 

ʚʽʜô̒ ʤʥʠʭ ʟʥʘʯʝʥʴ ȹmʅ ʧʨʠ ʟʤʝʥʰʝʥʥʽ ʪʝʤʧʝʨʘʪʫʨʠ. 

ʊʝʨʤʦʜʠʥʘʤʽʯʥʽ ʘʢʪʠʚʥʦʩʪʽ ʥʽʢʝʣʶ ʽ ʮʠʨʢʦʥʽʶ ʚ ʨʽʜʢʠʭ ʽ ʪʚʝʨʜʠʭ 

ʩʧʣʘʚʘʭ ʩʠʩʪʝʤʠ ʙʫʣʠ ʚʠʚʯʝʥʽ ʤʘʩ-ʩʧʝʢʪʨʦʤʝʪʨʠʯʥʠʤ ʤʝʪʦʜʦʤ ʂʥʫʜʩʝʥʘ ʚ 

ʽʥʪʝʨʚʘʣʽ ʪʝʤʧʝʨʘʪʫʨ 971ï1896 ʂ ʽ ʫ ʚʩʴʦʤʫ ʽʥʪʝʨʚʘʣʽ ʩʢʣʘʜʽʚ [92]. ʅʘ ʨʠʩ. 

1.6, ʛ ʥʘʚʝʜʝʥʽ ʟʥʘʯʝʥʥʷ aMe ʚ ʨʽʜʢʠʭ ʩʧʣʘʚʘʭ ʩʠʩʪʝʤʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1823 ʂ. 

ʗʢ ʚʠʜʥʦ ʟ ʨʠʩʫʥʢʘ, ʜʣʷ ʮʠʭ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ 

ʪʘʢʦʞ ʭʘʨʘʢʪʝʨʥʽ ʚʽʜô̒ ʤʥʽ ʚʽʜʭʠʣʝʥʥʷ ʚʽʜ ʽʜʝʘʣʴʥʦʩʪʽ. 
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ɼʣʷ ʦʧʠʩʫ ʝʥʪʘʣʴʧʽʡ ʟʤʽʰʫʚʘʥʥʷ ʪʘ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʘʢʪʠʚʥʦʩʪʝʡ 

ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ NiïZr ʚ [85] ʙʫʣʘ ʚʠʢʦʨʠʩʪʘʥʘ ʤʦʜʝʣʴ ɸʈ ʟ ʘʩʦʮʽʘʪʘʤʠ Ni3Zr ʪʘ 

NiZr, ʱʦ ʤʘʶʪʴ ʧʘʨʘʤʝʪʨʠ: ȹassocHNi3Zr = ï234,9 ʢɼʞ/ʤʦʣʴ, ȹassocSNi3Zr = ï85,6 

ɼʞ/(ʤʦʣʴÖʂ), ȹassocHNiZr = ï107,5 ʢɼʞ/ʤʦʣʴ, ȹassocSNiZr = ï29,6 ɼʞ/(ʤʦʣʴÖʂ). 

ʈʦʟʨʘʭʦʚʘʥʽ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʤʦʜʝʣʽ ɸʈ ʽʟʦʪʝʨʤʠ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ 

ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʧʦʢʘʟʘʥʽ ʥʘ ʨʠʩ. 1.6, ʚ ʽ ʛ ʣʽʥʽʷʤʠ. 

ɽʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ NiïHf ʙʫʣʠ ʚʠʚʯʝʥʽ 

ʢʘʣʦʨʠʤʝʪʨʠʯʥʠʤʠ ʤʝʪʦʜʘʤʠ ʚ ʨʦʙʦʪʘʭ [85, 93, 94], ʨʠʩ. 1.6, ʜ. ɼʦʩʣʽʜʞʝʥʥʷ 

ʙʫʣʠ ʧʨʦʚʝʜʝʥʽ ʪʽʣʴʢʠ ʚ ʦʙʣʘʩʪʽ ʩʧʣʘʚʽʚ, ʙʘʛʘʪʠʭ ʥʘ ʥʽʢʝʣʴ: ʧʨʠ 1743 ʂ ʚ 

ʽʥʪʝʨʚʘʣʽ ʩʢʣʘʜʽʚ xHf = 0ï0,34 [93]; ʧʨʠ 1770 ʂ ʪʘ xHf = 0ï0,40 [94]; ʧʨʠ 1873 ʂ 

ʪʘ xHf = 0ï0,48 [85]. ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʘʥʽ ʧʨʦ ʝʥʪʘʣʴʧʽʶ ʟʤʽʰʫʚʘʥʥʷ ʚ 

ʩʠʩʪʝʤʽ ʥʽʢʝʣʴïʛʘʬʥʽʡ, ʨʠʩ. 1.6, ʜ, ʜʝʤʦʥʩʪʨʫʶʪʴ ʚʽʜô̒ ʤʥʽ ʚʝʣʠʯʠʥʠ ʚ ʫʩʴʦʤʫ 

ʚʠʚʯʝʥʦʤʫ ʽʥʪʝʨʚʘʣʽ ʩʢʣʘʜʽʚ. 

ʗʢ ʚʠʜʥʦ ʟ ʨʠʩ. 1.6, ʜ, ʟʛʽʜʥʦ [85] ʤʽʥʽʤʫʤ ʬʫʥʢʮʽʾ ȹmʅ ʟʤʽʱʝʥʠʡ ʚ 

ʦʙʣʘʩʪʴ ʩʧʣʘʚʽʚ, ʙʘʛʘʪʠʭ ʥʽʢʝʣʝʤ. ɿʛʽʜʥʦ ʟ ʜʘʥʠʤʠ ʨʦʙʽʪ ʨʽʟʥʠʭ ʘʚʪʦʨʽʚ 

[85,93,94] ʽʟʦʪʝʨʤʠ ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʜʝʤʦʥʩʪʨʫʶʪʴ 

ʪʝʤʧʝʨʘʪʫʨʥʫ ʟʘʣʝʞʥʽʩʪʴ, ʷʢʘ ʧʦʣʷʛʘʻ ʚ ʟʨʦʩʪʘʥʥʽ ʘʙʩʦʣʶʪʥʠʭ ʟʥʘʯʝʥʴ ȹmʅ 

ʧʨʠ ʟʤʝʥʰʝʥʥʽ ʪʝʤʧʝʨʘʪʫʨʠ. 

ɺ ʨʦʙʦʪʽ [95] ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʨʦʟʧʣʘʚʽʚ ʙʫʣʠ ʜʦʩʣʽʜʞʝʥʽ 

ʤʘʩ-ʩʧʝʢʪʨʦʤʝʪʨʠʯʥʠʤ ʤʝʪʦʜʦʤ ʂʥʫʜʩʝʥʘ ʚ ʦʙʣʘʩʪʽ ʪʝʤʧʝʨʘʪʫʨ 1200ï1673 ʂ 

ʫ ʚʩʴʦʤʫ ʽʥʪʝʨʚʘʣʽ ʩʢʣʘʜʽʚ. ʆʪʨʠʤʘʥʽ ʟʥʘʯʝʥʥʷ ʘʢʪʠʚʥʦʩʪʽ ʢʦʤʧʦʥʝʥʪʽʚ ʨʽʜʢʠʭ 

ʩʧʣʘʚʽʚ ʧʨʠ 1673 ʂ ʧʦʢʘʟʘʥʽ ʥʘ ʨʠʩ. 1.6, ʝ ʩʠʤʚʦʣʘʤʠ. ɿ ʮʴʦʛʦ ʨʠʩʫʥʢʘ ʚʠʜʥʦ, 

ʱʦ ʜʣʷ ʘʢʪʠʚʥʦʩʪʝʡ ʥʽʢʝʣʶ ʽ ʛʘʬʥʽʶ ʭʘʨʘʢʪʝʨʥʽ ʟʥʘʯʥʽ ʚʽʜô̒ ʤʥʽ ʚʽʜʭʠʣʝʥʥʷ ʚʽʜ 

ʽʜʝʘʣʴʥʦʩʪʽ. 

ʊʝʨʤʦʜʠʥʘʤʽʯʥʽ ʬʫʥʢʮʽʾ ʟʤʽʰʫʚʘʥʥʷ, ʭʘʨʘʢʪʝʨʥʽ ʜʣʷ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ 

ʩʠʩʪʝʤʠ NiïHf, ʩʚʽʜʯʘʪʴ ʧʨʦ ʩʠʣʴʥʫ ʚʟʘʻʤʦʜʽʶ ʨʽʟʥʦʩʦʨʪʥʠʭ ʘʪʦʤʽʚ ʫ 

ʨʦʟʧʣʘʚʘʭ. ʎʝ ʜʦʟʚʦʣʠʣʦ ʦʧʠʩʘʪʠ ʾʭ ʤʦʜʝʣʣʶ ɸʈ ʟ ʥʘʙʦʨʦʤ ʘʩʦʮʽʘʪʽʚ Ni3Hf ʪʘ 

NiHf ʟ ʧʘʨʘʤʝʪʨʘʤʠ: ȹassocHNi3Hf = ï282,6 ʢɼʞ/ʤʦʣʴ, ȹassocSNi3Hf = ï127,2 

ɼʞ/(ʤʦʣʴÖʂ), ȹassocHNiHf = ï133,8 ʢɼʞ/ʤʦʣʴ, ȹassocSNiHf = ï53,9 ɼʞ/(ʤʦʣʴÖʂ) [85]. 

ʅʘ ʨʠʩ. 1.6, ʜ ʽ ʝ, ʨʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʫ ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʽ 
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ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʘʢʪʠʚʥʦʩʪʝʡ ʢʦʤʧʦʥʝʥʪʽʚ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʥʽʢʝʣʴïʛʘʬʥʽʡ 

ʧʦʢʘʟʘʥʽ ʣʽʥʽʷʤʠ.  

 

1.1.7 ʉʠʩʪʝʤʠ TiïZr ʪʘ TiïHf 

 

ɼʦʩʣʽʜʞʝʥʥʷ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʚ ʮʠʭ ʩʠʩʪʝʤʘʭ ʫʪʨʫʜʥʝʥʦ 

ʯʝʨʝʟ ʪʝ, ʱʦ ʤʝʪʘʣʘʤ, ʷʢʽ ʾʭ ʩʢʣʘʜʘʶʪʴ, ʧʦʨʷʜ ʟ ʚʠʩʦʢʠʤʠ ʪʝʤʧʝʨʘʪʫʨʘʤʠ 

ʧʣʘʚʣʝʥʥʷ ʚʣʘʩʪʠʚʘ ʚʠʩʦʢʘ ʭʽʤʽʯʥʘ ʘʢʪʠʚʥʽʩʪʴ ʫ ʨʽʜʢʦʤʫ ʩʪʘʥʽ.  

ɺ [96] ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ 

ʩʠʩʪʝʤʠ TiïZr ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʣʝʚʽʪʘʮʽʡʥʫ ʢʘʣʦʨʠʤʝʪʨʽʶ. ɯʥʪʝʛʨʘʣʴʥʘ 

ʝʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ ʚ ʩʠʩʪʝʤʽ ʙʫʣʘ ʜʦʩʣʽʜʞʝʥʘ ʟ ʙʦʢʫ ʪʠʪʘʥʫ ʽ ʟ ʙʦʢʫ 

ʮʠʨʢʦʥʽʶ, ʨʠʩ. 1.7, ʘ. ɿ ʙʦʢʫ ʪʠʪʘʥʫ ʙʫʣʦ ʚʠʢʦʥʘʥʦ ʜʚʘ ʝʢʩʧʝʨʠʤʝʥʪʠ ʧʨʠ 

2112 ʂ ʽ ʦʜʠʥ ʝʢʩʧʝʨʠʤʝʥʪ ʧʨʠ 2260 ʂ. ʇʨʠ ʮʴʦʤʫ ʙʫʚ ʦʭʦʧʣʝʥʠʡ ʽʥʪʝʨʚʘʣ 

ʩʢʣʘʜʽʚ xZr = 0ï0,31. ɿ ʙʦʢʫ ʮʠʨʢʦʥʽʶ ʙʫʣʦ ʚʠʢʦʥʘʥʦ ʪʨʠ ʝʢʩʧʝʨʠʤʝʥʪʠ ʚ 

ʽʥʪʝʨʚʘʣʽ 2337ï2347 ʂ ʽ ʙʫʚ ʦʭʦʧʣʝʥʠʡ ʽʥʪʝʨʚʘʣ ʩʢʣʘʜʽʚ xZr = 0,418ï1. ʅʘ 

ʨʠʩ. 1.7, ʘ  ̔ʙ, ʣʽʥʽʷʤʠ ʧʦʢʘʟʘʥʽ ʨʦʟʨʘʭʦʚʘʥʽ ʟʘ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʤ ʦʧʠʩʦʤ [60] 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ TiïZr, ʟʛʽʜʥʦ ʟ ʷʢʠʤʠ 

ʪʠʪʘʥ ʽ ʮʠʨʢʦʥʽʡ ʜʝʤʦʥʩʪʨʫʶʪʴ ʩʣʘʙʢʫ ʚʟʘʻʤʦʜʽʶ. ɽʥʝʨʛʽʷ ɻʽʙʙʩʘ ʨʽʜʢʠʭ 

ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ TiïZr ʦʧʠʩʘʥʘ ʚʠʨʘʟʦʤ ȹmG ex,L = ï21700 + 14,7ʊ ɼʞ/ʤʦʣʴ, ʜʝ 

ʊ ï ʪʝʤʧʝʨʘʪʫʨʘ, ʂ. 

ʊʝʨʤʦʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ TiïHf ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʚʠʚʯʝʥʽ ʥʝ ʙʫʣʠ. ʋ [97] ʙʫʣʦ ʚʠʢʦʥʘʥʦ ʪʝʨʤʦʜʠʥʘʤʽʯʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʬʘʟʦʚʠʭ 

ʨʽʚʥʦʚʘʛ ʽ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʬʘʟ ʩʠʩʪʝʤʠ TiïHf. ʊʠʪʘʥ ʽ ʛʘʬʥʽʡ 

ʥʝʦʙʤʝʞʝʥʦ ʨʦʟʯʠʥʥʽ ʦʜʠʥ ʚ ʦʜʥʦʤʫ, ʷʢ ʚ ʨʽʜʢʦʤʫ, ʪʘʢ ʽ ʫ ʪʚʝʨʜʦʤʫ ʩʪʘʥʽ. 

ʂʨʠʚʽ ʣʽʢʚʽʜʫʩʘ ʽ ʩʦʣʽʜʫʩʘ ʨʦʟʪʘʰʦʚʘʥʽ ʧʦʙʣʠʟʫ ʦʜʠʥ ʦʜʥʦʛʦ. ʄʽʞ 

ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʤʠ ʤʦʜʠʬʽʢʘʮʽʷʤʠ ʪʠʪʘʥʫ ʽ ʛʘʬʥʽʶ ʫʪʚʦʨʶʻʪʴʩʷ 

ʥʝʦʙʤʝʞʝʥʠʡ ʨʷʜ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʟ ʆʎʂ ʨ̌ʘʪʢʦʶ (ɓTi, ɓHf). 

ʅʠʟʴʢʦʪʝʤʧʝʨʘʪʫʨʥʽ ʤʦʜʠʬʽʢʘʮʽʾ ʪʠʪʘʥʫ ʽ ʛʘʬʥʽʶ ʫʪʚʦʨʶʶʪʴ ʦʙʣʘʩʪʴ 

ʙʝʟʧʝʨʝʨʚʥʠʭ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʟ ɻʑʇ ̌ʨʘʪʢʦʶ (ŬTi, ŬHf). 
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   ʘ)                ʙ) 

  

       ʚ)                ʛ) 

 

ʈʠʩ. 1.7 ï ʊʝʨʤʦʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤ TiïZr ʽ TiïHf:  

ʘ, ʚ) ʽʥʪʝʛʨʘʣʴʥʘ ʝʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ ȹmH, ʢɼʞ/ʤʦʣʴ; ʙ, ʛ) 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʘʢʪʠʚʥʦʩʪʽ aTi ʽ aMe ʢʦʤʧʦʥʝʥʪʽʚ  

 

 

ɽʥʝʨʛʽʷ ɻʽʙʙʩʘ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ TiïHf ʙʫʣʘ ʦʧʠʩʘʥʘ ʚʠʨʘʟʦʤ  

ȹmG ex,L = ï4993,5 ï 7,10316ʊ ɼʞ/ʤʦʣʴ, ʜʝ ʊ ï ʪʝʤʧʝʨʘʪʫʨʘ, ʂ. ɼʣʷ ʧʦʙʫʜʦʚʠ 

ʜʘʥʦʾ ʤʦʜʝʣʽ ʘʚʪʦʨʠ [97] ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʪʽʣʴʢʠ ʣʽʪʝʨʘʪʫʨʥʽ ʜʘʥʽ ʧʨʦ 

ʩʪʘʙʽʣʴʥʽ ʬʘʟʦʚʽ ʨʽʚʥʦʚʘʛʠ. ʈʦʟʨʘʭʦʚʘʥʽ ʟʘ ʮʽʻʶ ʤʦʜʝʣʣʶ ʽʟʦʪʝʨʤʠ 
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ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ TiïHf ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 

1873  ʂ ʥʘʚʝʜʝʥʽ ʥʘ ʨʠʩ. 1.7, ʚ  ̔ʛ. ʗʢ ʚʠʜʥʦ ʟ ʨʠʩ. 1.7, ʚ  ̔ʛ, ʝʥʪʘʣʴʧʽʾ 

ʟʤʽʰʫʚʘʥʥʷ ʽ ʘʢʪʠʚʥʦʩʪʽ ʢʦʤʧʦʥʝʥʪʽʚ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ TiïHf ʜʝʤʦʥʩʪʨʫʶʪʴ 

ʥʝʟʥʘʯʥʽ ʚʽʜʭʠʣʝʥʥʷ ʚʽʜ ʽʜʝʘʣʴʥʦʩʪʽ. 

 

1.2 ɺʽʜʦʤʽ ʟ ʣʽʪʝʨʘʪʫʨʠ ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ ʟʤʽʥʠ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʨʦʟʧʣʘʚʽʚ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ (Co, Ni, Cu)ï(Ti, Zr, Hf) 

 

ʗʢ ʩʚʽʜʯʘʪʴ ʥʘʚʝʜʝʥʽ ʚʠʱʝ ʨʝʟʫʣʴʪʘʪʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ, 

ʜʣʷ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ (Co, Ni, Cu)ï(Ti, Zr, Hf) 

ʭʘʨʘʢʪʝʨʥʽ ʩʠʣʴʥʽ ʚʽʜô̒ ʤʥʽ ʚʽʜʭʠʣʝʥʥʷ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʚʽʜ 

ʽʜʝʘʣʴʥʦʩʪʽ, ʨʠʩ. 1.2, 1.4 ʽ 1.6. ɽʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ 

ʜʝʤʦʥʩʪʨʫʶʪʴ ʽʩʪʦʪʥʽ ʚʽʜô̒ ʤʥʽ ʟʥʘʯʝʥʥʷ [18ï20,22,23,45,46,49ï51,55ï

57,62,81ï85,88ï91,93,94]. ʊʝʨʤʦʜʠʥʘʤʽʯʥʠʤ ʘʢʪʠʚʥʦʩʪʷʤ ʢʦʤʧʦʥʝʥʪʽʚ ʪʘʢʦʞ 

ʚʣʘʩʪʠʚʽ ʟʥʘʯʥʽ ʚʽʜô̒ ʤʥʠʤʠ ʚʽʜʭʠʣʝʥʥʷ ʚʽʜ ʽʜʝʘʣʴʥʦʩʪʽ 

[21,47,51,58,59,63,86,92,95]. 

ɿʽʩʪʘʚʣʝʥʥʷʤ ʽʟʦʪʝʨʤ ʝʥʪʘʣʴʧʽʡ ʟʤʽʰʫʚʘʥʥʷ ʩʠʩʪʝʤ CuïTi [45,46,52], 

CuïZr [45,50ï52,56,57], CuïHf [49,52,62], NiïTi [83ï85], NiïZr [85,88,90,91] ʽ 

NiïHf [85,93,94], ʦʪʨʠʤʘʥʠʭ ʧʨʠ ʨʽʟʥʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʙʫʣʦ ʧʦʢʘʟʘʥʦ 

[46,54,55,60,64], ʱʦ ʾʭ ʪʝʤʧʝʨʘʪʫʨʥʘ ʟʘʣʝʞʥʽʩʪʴ ʧʦʣʷʛʘʻ ʫ ʟʤʝʥʰʝʥʥʽ 

ʘʙʩʦʣʶʪʥʠʭ ʟʥʘʯʝʥʴ ʟ ̔ʟʨʦʩʪʘʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨʠ, ʨʠʩ. 1.4, ʘ, ʚ, ʜ, ʽ 1.6, ʘ, ʚ, ʜ. 

ʅʘ ʟʤʝʥʰʝʥʥʷ ʟ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʠ ʚʽʜʭʠʣʝʥʴ ʚʽʜ ʽʜʝʘʣʴʥʦʩʪʽ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʨʦʟʧʣʘʚʽʚ ʪʘʢʦʞ ʚʢʘʟʫʶʪʴ ʨʝʟʫʣʴʪʘʪʠ 

ʜʦʩʣʽʜʞʝʥʥʷ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʘʢʪʠʚʥʦʩʪʝʡ ʢʦʤʧʦʥʝʥʪʽʚ ʩʠʩʪʝʤ CoïTi [21], 

CuïZr [59] ʽ NiïTi [86], ʨʠʩ. 1.2, ʙ, ʨʠʩ. 1.4, ʛ ʽ ʨʠʩ. 1.6, ʙ.  

ɸʥʘʣʽʟ ʟʤʽʥ ʧʝʨʰʠʭ ʝʥʪʘʣʴʧʽʡ ʟʤʽʰʫʚʘʥʥʷ ʽ ʤʽʥʽʤʘʣʴʥʠʭ ʟʥʘʯʝʥʴ 

ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ ʚ ʛʦʤʦʣʦʛʽʯʥʠʭ ʨʷʜʘʭ 

(Co, Ni, Cu)ï(Ti, Zr, Hf), ʚʠʢʦʥʘʥʠʡ ʫ [20,61,85], ʧʦʢʘʟʫʻ, ʱʦ ʚʦʥʠ ʤʦʞʫʪʴ ʙʫʪʠ 

ʩʧʽʚʩʪʘʚʣʝʥʥʽ ʟ ʭʘʨʘʢʪʝʨʦʤ ʟʤʽʥ ʝʣʝʢʪʨʦʭʽʤʽʯʥʦʛʦ ʬʘʢʪʦʨʘ, ʱʦ ʚʠʟʥʘʯʘʻ 

ʚʽʜô̒ ʤʥʠʡ ʚʥʝʩʦʢ ʚ ʝʥʝʨʛʝʪʠʢʫ ʧʨʦʮʝʩʫ ʫʪʚʦʨʝʥʥʷ ʩʧʣʘʚʽʚ. ʋ ʨʦʟʛʣʷʥʫʪʠʭ 
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ʩʠʩʪʝʤʘʭ ʝʣʝʤʝʥʪʘʤʠ ʟ ʥʘʡʙʽʣʴʰʦʶ ʝʣʝʢʪʨʦʥʝʛʘʪʠʚʥʽʩʪʶ ʚ ʧʘʨʘʭ ʽ, ʦʪʞʝ, 

ʘʢʮʝʧʪʦʨʦʤ ʝʣʝʢʪʨʦʥʽʚ ʻ ʢʦʙʘʣʴʪ, ʥʽʢʝʣʴ ʽ ʤʽʜʴ [98]. ɿʙʽʣʴʰʝʥʥʶ 

ʝʢʟʦʪʝʨʤʽʯʥʦʩʪʽ ʝʥʪʘʣʴʧʽʡ ʟʤʽʰʫʚʘʥʥʷ ʟ ʨʦʩʪʦʤ ʘʪʦʤʥʦʛʦ ʥʦʤʝʨʘ IVB-ʤʝʪʘʣʫ, 

ʱʦ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ, ʚʽʜʧʦʚʽʜʘʻ ʟʤʝʥʰʝʥʥʷ 

ʝʣʝʢʪʨʦʥʝʛʘʪʠʚʥʦʩʪʽ ʢʦʤʧʦʥʝʥʪʽʚ ʚ ʨʷʜʫ Ti­Zr­Hf ʪʘ ʧʦʚô̫ ʟʘʥʝ ʟ ʮʠʤ 

ʟʙʽʣʴʰʝʥʥʷ ʨʽʟʥʠʮʽ ʝʣʝʢʪʨʦʥʝʛʘʪʠʚʥʦʩʪʝʡ ʚ ʧʘʨʽ (Co, Ni, Cu)ïMe [99]. 

ɺʝʣʠʢʘ ʨʽʟʥʠʮʷ ʝʣʝʢʪʨʦʥʝʛʘʪʠʚʥʦʩʪʝʡ ʢʦʤʧʦʥʝʥʪʽʚ, ʟʥʘʯʥʽ ʚʽʜô̒ ʤʥʽ 

ʪʝʧʣʦʪʠ ʾʭ ʩʧʣʘʚʦʫʪʚʦʨʝʥʥʷ, ʟʥʘʭʦʜʞʝʥʥʷ ʤʽʥʽʤʫʤʽʚ ʽʥʪʝʛʨʘʣʴʥʠʭ ʝʥʪʘʣʴʧʽʡ 

ʟʤʽʰʫʚʘʥʥʷ ʚ ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʾ ʦʙʣʘʩʪʽ ʽʩʥʫʚʘʥʥʷ ʥʘʡʙʽʣʴʰ ʪʫʛʦʧʣʘʚʢʠʭ 

ʽʥʪʝʤʝʪʘʣʽʜʽʚ ʜʦʟʚʦʣʠʣʦ ʘʚʪʦʨʘʤ [20, 61, 85] ʚʠʩʣʦʚʠʪʠ ʧʨʠʧʫʱʝʥʥʷ ʧʨʦ 

ʤʦʞʣʠʚʫ ʣʦʢʘʣʽʟʘʮʽʶ ʭʽʤʽʯʥʦʛʦ ʟʚô̫ ʟʢʫ ʚ ʨʦʟʛʣʷʥʫʪʠʭ ʤʝʪʘʣʝʚʠʭ ʨʦʟʧʣʘʚʘʭ ʽ, 

ʷʢ ʥʘʩʣʽʜʦʢ, ʧʨʦ ʚʠʥʠʢʥʝʥʥʷ ʚ ʥʠʭ ʩʪʨʫʢʪʫʨʥʦ-ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʭ 

ʥʝʦʜʥʦʨʽʜʥʦʩʪʝʡ ʪʠʧʫ ʭʽʤʽʯʥʦʾ ʩʧʦʣʫʢʠ. ʅʘ ʢʦʨʠʩʪʴ ʦʩʪʘʥʥʴʦʛʦ ʧʨʠʧʫʱʝʥʥʷ 

ʩʚʽʜʯʠʪʴ ʟʛʘʜʘʥʘ ʚʠʱʝ ʪʝʤʧʝʨʘʪʫʨʥʘ ʟʘʣʝʞʥʽʩʪʴ ʝʥʪʘʣʴʧʽʡ ʟʤʽʰʫʚʘʥʥʷ ʽ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʘʢʪʠʚʥʦʩʪʝʡ ʢʦʤʧʦʥʝʥʪʽʚ ʩʠʩʪʝʤ, ʷʢʘ ʩʚʽʜʯʘʪʴ ʧʨʦ ʜʦʜʘʪʥʽ 

ʟʥʘʯʝʥʥʷ ʥʘʜʣʠʰʢʦʚʦʾ ʪʝʧʣʦʻʤʥʦʩʪʽ ʨʦʟʧʣʘʚʽʚ [99,100] ̔  ʤʦʞʣʠʚʦʩʪʽ ʽʩʥʫʚʘʥʥʷ 

ʚ ʥʠʭ ʚʧʦʨʷʜʢʫʚʘʥʥʷ ʟʘ ʪʠʧʦʤ ʭʽʤʽʯʥʦʾ ʩʧʦʣʫʢʠ. 

 

 

1.3 ʈʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʪʝʤʧʝʨʘʪʫʨʥʦ-ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʾ ʟʘʣʝʞʥʦʩʪʽ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʨʦʟʧʣʘʚʽʚ (Co, Ni, Cu)ï(Ti, Zr, Hf) 

 

ʂʽʣʴʢʽʩʥʠʡ ʦʧʠʩ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʨʦʟʧʣʘʚʽʚ ʟ ʫʨʘʭʫʚʘʥʥʷʤ 

ʽʜʝʡ ʧʨʦ ʫʪʚʦʨʝʥʥʷ ʚ ʥʠʭ ʩʪʨʫʢʪʫʨʥʦ-ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʭ ʥʝʦʜʥʦʨʽʜʥʦʩʪʝʡ ʧʦ ʪʠʧʫ 

ʭʽʤʽʯʥʦʾ ʩʧʦʣʫʢʠ ʙʫʣʦ ʥʘʜʘʥʦ ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʽ ʘʩʦʮʽʡʦʚʘʥʦʛʦ ʨʦʟʯʠʥʫ. ɿʛʽʜʥʦ ʽʟ 

ʟʘʧʨʦʧʦʥʦʚʘʥʠʤʠ ʚ [20, 46, 60, 64, 85, 87] ʤʦʜʝʣʷʤʠ, ʮʷ ʪʝʥʜʝʥʮʽʷ ʟʙʝʨʽʛʘʻʪʴʩʷ ʚ 

ʰʠʨʦʢʦʤʫ ʽʥʪʝʨʚʘʣʽ ʪʝʤʧʝʨʘʪʫʨ, ʱʦ ʦʭʦʧʣʶʻ ʦʙʣʘʩʪʴ ʽʩʥʫʚʘʥʥʷ ʨʽʚʥʦʚʘʞʥʠʭ 

ʨʦʟʧʣʘʚʽʚ ʽ ʦʙʣʘʩʪʴ ʾʭ ʧʝʨʝʦʭʦʣʦʜʞʝʥʥʷ ʘʞ ʜʦ ʪʝʤʧʝʨʘʪʫʨ ʘʤʦʨʬʽʟʘʮʽʾ, ʨʠʩ. 1.8ï

1.10. ɿ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʠ ʽʥʪʝʛʨʘʣʴʥʽ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ȹmʅ ʤʦʥʦʪʦʥʥʦ 

ʟʤʝʥʰʫʶʪʴʩʷ ʟʘ ʘʙʩʦʣʶʪʥʦʶ ʚʝʣʠʯʠʥʦʶ, ʘ ʟ ʧʦʥʠʞʝʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨʠ ʘʞ ʜʦ 
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ʦʙʣʘʩʪʽ ʽʩʥʫʚʘʥʥʷ ʧʝʨʝʦʭʦʣʦʜʞʝʥʠʭ ʨʦʟʧʣʘʚʽʚ ï ʟʙʽʣʴʰʫʶʪʴʩʷ. ɯʟʦʪʝʨʤʠ ȹmʅ ʧʨʠ 

ʟʥʘʯʥʦʤʫ ʧʝʨʝʛʨʽʚʽ ʚʠʱʝ ʣʽʥʽʾ ʣʽʢʚʽʜʫʩʘ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʧʣʘʚʥʠʤ 

ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʤ ʭʦʜʦʤ. ʅʠʞʯʝ ʪʝʤʧʝʨʘʪʫʨʠ ʣʽʢʚʽʜʫʩʘ, ʚ ʦʙʣʘʩʪʽ ʟʥʘʯʥʠʭ 

ʧʝʨʝʦʭʦʣʦʜʞʝʥʴ ʜʝʤʦʥʩʪʨʫʶʪʴ ʛʦʩʪʨʽ ʤʽʥʽʤʫʤʠ ʽ ʟʣʘʤʠ. 

ʅʘʜʣʠʰʢʦʚʘ ʪʝʧʣʦʻʤʥʽʩʪʴ ʨʦʟʧʣʘʚʽʚ ex
m PCD  ʻ ʜʦʜʘʪʥʦʶ ʚʝʣʠʯʠʥʦʶ ʚ 

ʫʩʴʦʤʫ ʽʥʪʝʨʚʘʣʽ ʪʝʤʧʝʨʘʪʫʨ ʽ ʢʦʥʮʝʥʪʨʘʮʽʡ. ɼʣʷ ʮʽʻʾ ʬʫʥʢʮʽʾ ʭʘʨʘʢʪʝʨʥʘ 

ʩʢʣʘʜʥʘ ʪʝʤʧʝʨʘʪʫʨʥʦ-ʢʦʥʮʝʥʪʨʘʮʽʡʥʘ ʟʘʣʝʞʥʽʩʪʴ. ʇʨʠ ʩʠʣʴʥʦʤʫ 

ʧʝʨʝʦʭʦʣʦʜʞʝʥʥʽ ʤʘʢʩʠʤʫʤʠ ʽʟʦʪʝʨʤ ʩʪʘʶʪʴ ʛʦʩʪʨʽʰʠʤʠ, ʘʞ ʜʦ ʧʦʷʚʠ ʥʘ ʥʠʭ 

ʪʦʯʦʢ ʟʣʘʤʫ. ɼʣʷ ʩʧʣʘʚʫ ʢʦʞʥʦʛʦ ʩʢʣʘʜʫ ʥʘʜʣʠʰʢʦʚʘ ʪʝʧʣʦʻʤʥʽʩʪʴ 

ʜʝʤʦʥʩʪʨʫʻ ʥʘʩʪʫʧʥʫ ʪʝʤʧʝʨʘʪʫʨʥʫ ʟʘʣʝʞʥʽʩʪʴ: ʧʨʠ ʟʥʠʞʝʥʥʽ ʪʝʤʧʝʨʘʪʫʨʠ ʟ 

ʦʙʣʘʩʪʽ ʩʠʣʴʥʦʛʦ ʧʝʨʝʛʨʽʚʫ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʜʦ ʪʝʤʧʝʨʘʪʫʨ ʨʽʚʥʦʚʘʞʥʦʾ 

ʢʨʠʩʪʘʣʽʟʘʮʽʾ ʨʦʟʧʣʘʚʽʚ ex
m PCD  ʟʙʽʣʴʰʫʻʪʴʩʷ, ʧʨʦʭʦʜʠʪʴ ʯʝʨʝʟ ʤʘʢʩʠʤʫʤ ʽ 

ʧʦʪʽʤ ʩʧʘʜʘʻ ʚ ʦʙʣʘʩʪʽ ʧʝʨʝʦʭʦʣʦʜʞʝʥʥʷ. ɼʣʷ ʩʠʩʪʝʤ CoïTi, CoïZr, CoïHf, Cuï

Zr ʽ NiïHf ʮʷ ʪʝʥʜʝʥʮʽʷ ʪʝʤʧʝʨʘʪʫʨʥʦʾ ʟʘʣʝʞʥʦʩʪʽ ʥʘʜʣʠʰʢʦʚʦʾ ʪʝʧʣʦʻʤʥʦʩʪʽ 

ʚʠʨʘʞʝʥʘ ʙʽʣʴʰ ʷʩʢʨʘʚʦ, ʘ ʚ ʦʙʣʘʩʪʽ ʽʩʥʫʚʘʥʥʷ ʧʝʨʝʦʭʦʣʦʜʞʝʥʠʭ ʨʦʟʧʣʘʚʽʚ ʮʠʭ 

ʩʠʩʪʝʤ ex
m PCD  ʩʧʘʜʘʻ ʧʨʘʢʪʠʯʥʦ ʜʦ ʥʫʣʷ. ɼʣʷ ʥʘʜʣʠʰʢʦʚʦʾ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ 

ʨʦʟʧʣʘʚʽʚ ex
mGD  ʟʽ ʟʥʠʞʝʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨʠ ʚʽʜ ʦʙʣʘʩʪʽ ʽʩʥʫʚʘʥʥʷ ʩʪʘʙʽʣʴʥʠʭ 

ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʘʞ ʜʦ ʦʙʣʘʩʪʽ ʧʝʨʝʦʭʦʣʦʜʞʝʥʥʷ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʤʦʥʦʪʦʥʥʝ 

ʟʤʝʥʰʝʥʥʷ ʟʥʘʯʝʥʴ. ʊʘʢʠʤ ʯʠʥʦʤ, ʟʽ ʟʥʠʞʝʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨʠ ʚʥʝʩʦʢ ex
mGD  ʚ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʫ ʩʪʘʙʽʣʴʥʽʩʪʴ ʨʦʟʧʣʘʚʽʚ ʟʙʽʣʴʰʫʻʪʴʩʷ. 

ɿ ʨʠʩʫʥʢʽʚ, ʱʦ ʧʨʝʜʩʪʘʚʣʷʶʪʴ ʪʝʤʧʝʨʘʪʫʨʥʦ-ʢʦʥʮʝʥʪʨʘʮʽʡʥʫ ʟʘʣʝʞʥʽʩʪʴ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʾ ʘʢʪʠʚʥʦʩʪʽ ʢʦʙʘʣʴʪʫ, ʤʽʜʽ ʽ ʥʽʢʝʣʶ, ʚʠʜʥʦ, ʱʦ ʜʣʷ ʮʠʭ 

ʬʫʥʢʮʽʡ ʭʘʨʘʢʪʝʨʥʝ ʟʙʽʣʴʰʝʥʥʷ ʚʽʜô̒ ʤʥʠʭ ʚʽʜʭʠʣʝʥʴ ʚʽʜ ʽʜʝʘʣʴʥʦʩʪʽ ʟʽ 

ʟʥʠʞʝʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨʠ. ʇʨʠ ʟʥʘʯʥʠʭ ʧʝʨʝʦʭʦʣʦʜʞʝʥʥʷʭ ʚ ʰʠʨʦʢʠʭ 

ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʭ ʽʥʪʝʨʚʘʣʘʭ ʟʥʘʯʝʥʥʷ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʘʢʪʠʚʥʦʩʪʝʡ 

ʢʦʤʧʦʥʝʥʪʽʚ ʨʦʟʧʣʘʚʽʚ ʤʘʣʦ ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʚʽʜ ʥʫʣʷ. 
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ʈʠʩ. 1.8 ï ʊʝʤʧʝʨʘʪʫʨʥʦ-ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ ʟʘʣʝʞʥʦʩʪʽ ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ 

ʟʤʽʰʫʚʘʥʥʷ ȹmʅ (ʢɼʞ/ʤʦʣʴ), ʥʘʜʣʠʰʢʦʚʦʾ ʪʝʧʣʦʻʤʥʦʩʪʽ ex
m PCD  

(ɼʞ/(ʤʦʣʴÖʂ)), ʥʘʜʣʠʰʢʦʚʦʾ ʝʥʝʨʛʽʾ ex
mGD  (ʢɼʞ/ʤʦʣʴ) ʽ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʾ 

ʘʢʪʠʚʥʦʩʪʽ ʢʦʙʘʣʴʪʫ aCo ʨʦʟʧʣʘʚʽʚ ʩʠʩʪʝʤ CoïTi, CoïZr ʽ CoïHf [20]  
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ʈʠʩ. 1.9 ï ʊʝʤʧʝʨʘʪʫʨʥʦ-ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ ʟʘʣʝʞʥʦʩʪʽ ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ 

ʟʤʽʰʫʚʘʥʥʷ ȹmʅ (ʢɼʞ/ʤʦʣʴ), ʥʘʜʣʠʰʢʦʚʦʾ ʪʝʧʣʦʻʤʥʦʩʪʽ ex
m PCD  

(ɼʞ/(ʤʦʣʴÖʂ)), ʥʘʜʣʠʰʢʦʚʦʾ ʝʥʝʨʛʽʾ ex
mGD  (ʢɼʞ/ʤʦʣʴ) ʽ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʾ 

ʘʢʪʠʚʥʦʩʪʽ ʤʽʜʽ aCu ʨʦʟʧʣʘʚʽʚ ʩʠʩʪʝʤ CuïTi, CuïZr ʪʘ CuïHf [46,60,64] 
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ʈʠʩ. 1.10 ï ʊʝʤʧʝʨʘʪʫʨʥʦ-ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ ʟʘʣʝʞʥʦʩʪʽ ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ 

ʟʤʽʰʫʚʘʥʥʷ ȹmʅ (ʢɼʞ/ʤʦʣʴ), ʥʘʜʣʠʰʢʦʚʦʾ ʪʝʧʣʦʻʤʥʦʩʪʽ ex
m PCD  

(ɼʞ/(ʤʦʣʴÖʂ)), ʥʘʜʣʠʰʢʦʚʦʾ ʝʥʝʨʛʽʾ ex
mGD  (ʢɼʞ/ʤʦʣʴ) ʽ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʾ 

ʘʢʪʠʚʥʦʩʪʽ ʥʽʢʝʣʶ aNi ʨʦʟʧʣʘʚʽʚ ʩʠʩʪʝʤ NiïTi, NiïZr ʪʘ NiïHf [85,87] 
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1.4 ʊʝʨʤʦʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ 

ʩʠʩʪʝʤ 

 

ɼʦ ʧʨʦʚʝʜʝʥʥʷ ʜʘʥʦʛʦ ʮʠʢʣʫ ʜʦʩʣʽʜʞʝʥʴ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ 

ʨʦʟʧʣʘʚʽʚ ʟʘʟʥʘʯʝʥʠʭ ʚ ʨʦʙʦʪʽ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ ʚ ʣʽʪʝʨʘʪʫʨʽ ʙʫʣʠ 

ʚʽʜʦʤʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʘʥʽ ʪʽʣʴʢʠ ʜʣʷ ʩʠʩʪʝʤʠ CuïNiïZr.  

ʇʘʨʮʽʘʣʴʥʽ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʤʽʜʽ, ʥʽʢʝʣʶ ʪʘ ʮʠʨʢʦʥʽʶ ʩʠʩʪʝʤʠ Cuï

NiïZr ʙʫʣʠ ʚʠʚʯʝʥʽ ʤʝʪʦʜʦʤ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ ʢʘʣʦʨʠʤʝʪʨʽʾ ʧʨʠ 1565 ʂ 

[91] ʫʟʜʦʚʞ ʜʚʦʭ ʧʨʦʤʝʥʝʚʠʭ ʨʦʟʨʽʟʽʚ ʟ ʧʦʩʪʽʡʥʠʤ ʚʽʜʥʦʰʝʥʥʷʤ 

xNi/xZr = 0,64/0,36 ʠ 0,36/0,64 ʚ ʽʥʪʝʨʚʘʣʽ ʩʢʣʘʜʽʚ xCu = 0,31ï1. ɿ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʦʪʨʠʤʘʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ ʧʨʦ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʨʦʟʧʣʘʚʽʚ 

ʩʠʩʪʝʤ NiïZr ʽ CuïNiïZr, ʘ ʪʘʢʦʞ ʜʘʥʠʭ ʧʨʦ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʚ 

ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʛʨʘʥʠʯʥʠʭ ʩʠʩʪʝʤʘʭ CuïZr ʪʘ CuïNi, ʘʚʪʦʨʘʤʠ [91] ʙʫʣʦ 

ʦʪʨʠʤʘʥʦ ʨʽʚʥʷʥʥʷ, ʱʦ ʦʧʠʩʫʻ ʢʦʥʮʝʥʪʨʘʮʽʡʥʫ ʟʘʣʝʞʥʽʩʪʴ ʬʫʥʢʮʽʾ 

ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʨʦʟʧʣʘʚʽʚ: 

m Cu Ni Ni Cu Zr Cu(11,1 (1,1) ) ( 42,9 44,2H x x x x x xD = + + - - + 

5 4 7 2
Cu Ni Zr Zr30,2 ) ( 130,0 7,45 10 / 3,89 10 / 464x x x T T x+ + - - Ö + Ö + + 

4 2 3 4
Zr Zr Zr Zr Cu Ni Zr6,43 10 / 1769 2047 +811 ) ( 570,4+x T x x x x x x+ Ö + - + - 

 2 2
Zr Zr Ni3010,9 3349,8 942,8 )x x x+ - -  ʢɼʞ/ʤʦʣʴ.     (1.1) 

 

ʈʠʩ. 1.11 ï ɯʥʪʝʛʨʘʣʴʥʘ ʝʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ (ʢɼʞ/ʤʦʣʴ) ʨʦʟʧʣʘʚʽʚ ʩʠʩʪʝʤʠ 

ʩʠʩʪʝʤʠ CuïNiïZr ʧʨʠ 1565 ʂ [91] 
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ʗʢ ʚʠʜʥʦ ʟ ʨʠʩ. 1.11, ʥʘ ʷʢʦʤʫ ʧʨʝʜʩʪʘʚʣʝʥʘ ʽʟʦʪʝʨʤʘ ʽʥʪʝʛʨʘʣʴʥʦʾ 

ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʩʠʩʪʝʤʠ CuïNiïZr [91], ʨʦʟʨʘʭʦʚʘʥʘ ʚʽʜʧʦʚʽʜʥʦ ʜʦ (1.1), 

ʜʣʷ ʜʘʥʦʾ ʬʫʥʢʮʽʾ ʧʨʘʢʪʠʯʥʦ ʚ ʫʩʴʦʤʫ ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʤʫ ʽʥʪʝʨʚʘʣʽ ʭʘʨʘʢʪʝʨʥʽ 

ʚʽʜô̒ ʤʥʽ ʟʥʘʯʝʥʥʷ. ʄʘʢʩʠʤʫʤ ʬʫʥʢʮʽʾ mHD  ʧʦʚô̫ ʟʘʥʠʡ ʟ ʽʥʪʝʛʨʘʣʴʥʦʶ 

ʝʥʪʘʣʴʧʽʻʶ ʟʤʽʰʫʚʘʥʥʷ ʚ ʜʚʦʢʦʤʧʦʥʝʥʪʥʽʡ ʩʠʩʪʝʤʽ CuïNi, ʘ ʤʽʥʽʤʫʤ ʟ 

ʤʽʥʽʤʘʣʴʥʠʤ ʟʥʘʯʝʥʥʷʤ ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʚ ʜʚʦʢʦʤʧʦʥʝʥʪʥʽʡ 

ʩʠʩʪʝʤʽ NiïZr. ʎʽ ʜʘʥʽ ʙʫʜʫʪʴ ʚʠʢʦʨʠʩʪʘʥʽ ʚ ʧʦʜʘʣʴʰʦʤʫ ʘʥʘʣʽʟʽ. 

 

1.5 ʉʢʣʘʜʠ ʜʚʦ- ʽ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ  

 

ʗʢ ʙʫʣʦ ʟʘʟʥʘʯʝʥʦ ʫ ɺʩʪʫʧʽ, ʽʥʪʝʨʝʩ ʜʦ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ 

ʨʽʜʢʠʭ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤ, ʱʦ ʚʽʜʥʦʩʷʪʴʩʷ ʜʦ ʛʦʤʦʣʦʛʽʯʥʠʭ 

ʨʷʜʽʚ CoïCuï(Ti, Zr, Hf), CuïFeï(Ti, Zr, Hf), CuïNiï(Ti, Zr, Hf), (Cu, Ni)ïZrï

Hf, CuïTiï(Zr, Hf) ʪʘ NiïTiï(Zr, Hf), ʧʦʚô̫ ʟʘʥʠʡ, ʚ ʧʝʨʰʫ ʯʝʨʛʫ, ʟ ʤʦʞʣʠʚʦʩʪʶ 

ʦʪʨʠʤʘʥʥʷ ʟ ʥʠʭ (ʘʙʦ ʟ̔ ʙʽʣʴʰ ʩʢʣʘʜʥʠʭ ʨʦʟʧʣʘʚʽʚ ʥʘ ʾʭ ʦʩʥʦʚʽ) ʘʤʦʨʬʥʠʭ 

ʩʧʣʘʚʽʚ. ʇʨʦ ʮʝ ʩʚʽʜʯʠʪʴ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʣʽʪʝʨʘʪʫʨʽ ʽʥʬʦʨʤʘʮʽʷ ʧʨʦ ʩʢʣʘʜʠ 

ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ ʛʨʘʥʠʯʥʠʭ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʽ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ. 

ʃʽʪʝʨʘʪʫʨʥʠʡ ʧʦʰʫʢ ʧʦʢʘʟʘʚ, ʱʦ ʟ ʜʚʘʥʘʜʮʷʪʠ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ 

(Fe, Co, Ni, Cu)ï(Ti, Zr, Hf) ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ ʙʫʣʠ ʦʜʝʨʞʘʥʽ ʟ ʨʦʟʧʣʘʚʽʚ 

ʦʜʠʥʘʜʮʷʪʠ ʟ ʥʠʭ (ʚʠʢʣʶʯʝʥʥʷ ʩʪʘʥʦʚʣʷʪʴ ʨʦʟʧʣʘʚʠ ʩʠʩʪʝʤʠ FeïTi). ɿ 

ʧô̫ ʪʥʘʜʮʷʪʠ ʟʘʟʥʘʯʝʥʠʭ ʚʠʱʝ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ ʟʜʘʪʥʽʩʪʴ ʫʪʚʦʨʶʚʘʪʠ 

ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ ʚʠʷʚʠʣʠ ʪʨʠʥʘʜʮʷʪʴ ʩʠʩʪʝʤ. ʊʘʢʽ ʩʧʣʘʚʠ ʙʫʣʠ ʦʜʝʨʞʘʥʽ 

ʟʘʛʘʨʪʫʚʘʥʥʷʤ ʨʦʟʧʣʘʚʽʚ ʧʨʠ ʰʚʠʜʢʦʩʪʷʭ ʦʭʦʣʦʜʞʝʥʥʷ 105ī106 K/ʩ ʫ ʚʠʛʣʷʜʽ 

ʪʦʥʢʠʭ ʩʪʨʽʯʦʢ ʘʙʦ ʣʫʩʦʢ. ɺ ʧʦʜʘʣʴʰʦʤʫ ʙʫʜʝʤʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʜʣʷ ʥʠʭ 

ʚʠʟʥʘʯʝʥʥʷ çʰʚʠʜʢʦʟʘʛʘʨʪʦʚʘʥʽ ʘʤʦʨʬʥʽ ʩʧʣʘʚʠè. ʂʨʽʤ ʪʦʛʦ ʜʦʩʣʽʜʥʠʢʘʤʠ 

ʙʫʣʦ ʧʦʢʘʟʘʥʦ, ʱʦ ʨʦʟʧʣʘʚʠ ʜʚʦʭ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʽ ʧô̫ ʪʠ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ 

ʩʠʩʪʝʤ ʟ ʯʠʩʣʘ ʧʝʨʝʨʘʭʦʚʘʥʠʭ ʚʠʱʝ ʜʝʤʦʥʩʪʨʫʶʪʴ ʝʢʩʪʨʘʦʨʜʠʥʘʨʥʫ 

ʩʭʠʣʴʥʽʩʪʴ ʜʦ ʘʤʦʨʬʽʟʘʮʽʾ, ʱʦ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʫʚʘʪʠ ʟ ʥʠʭ ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ ʧʨʠ 

ʥʠʟʴʢʠʭ ʰʚʠʜʢʦʩʪʷʭ ʦʭʦʣʦʜʞʝʥʥʷ 10 ï 102 K/ʩ, ʷʢʽ ʻ ʙʣʠʟʴʢʠʤʠ ʜʦ 

ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʫʤʦʚ ʪʨʘʜʠʮʽʡʥʦʾ ʣʠʚʘʨʥʦʾ ʪʝʭʥʦʣʦʛʽʾ ʽ ʜʦʟʚʦʣʷʶʪʴ ʦʪʨʠʤʘʪʠ 
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ʣʠʪʽ ʚʠʨʦʙʠ ʟ ʪʦʚʱʠʥʦʶ ʩʪʽʥʢʠ ʚ ʜʝʢʽʣʴʢʘ ʤʽʣʽʤʝʪʨʽʚ ʽ ʙʽʣʴʰʝ. ɺ ʧʦʜʘʣʴʰʦʤʫ 

ʙʫʜʝʤʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʜʣʷ ʥʠʭ ʚʠʟʥʘʯʝʥʥʷ çʦʙô̒ ʤʥʽ ʘʤʦʨʬʥʽ ʩʧʣʘʚʠè. 

ʅʠʞʯʝ, ʚ ʜʘʥʦʤʫ ʧʽʜʨʦʟʜʽʣʽ ʩʠʩʪʝʤʘʪʠʟʦʚʘʥʘ ʽʥʬʦʨʤʘʮʽʷ ʧʨʦ ʩʢʣʘʜʠ 

ʰʚʠʜʢʦʟʘʛʘʨʪʦʚʘʥʠʭ ʽ ʦʙô̒ ʤʥʠʭ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ, ʷʢʽ ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ 

ʨʠʩʫʥʢʘʭ ʟʘʧʦʚʥʝʥʠʤʠ ʩʠʤʚʦʣʘʤʠ ʥʘ ʚʽʜʧʦʚʽʜʥʠʭ ʩʪʦʨʦʥʘʭ ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʛʦ 

ʪʨʠʢʫʪʥʠʢʘ ʜʣʷ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʧʣʘʚʽʚ ʪʘ ʧʦʨʦʞʥʠʩʪʠʤʠ ʩʠʤʚʦʣʘʤʠ ʚ 

ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʤʫ ʪʨʠʢʫʪʥʠʢʫ ʜʣʷ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʩʧʣʘʚʽʚ. ʉʢʣʘʜʠ 

ʰʚʠʜʢʦʟʘʛʘʨʪʦʚʘʥʠʭ ʪʘ ʦʙô̒ ʤʥʠʭ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ, ʪʝʤʧʝʨʘʪʫʨʠ ʾʭ 

ʢʨʠʩʪʘʣʽʟʘʮʽʾ ʊʭ (ʷʢ ʪʝʤʧʝʨʘʪʫʨʘ, ʱʦ ʧʝʚʥʠʤ ʯʠʥʦʤ ʥʘʙʣʠʞʝʥʘ ʜʦ ʪʝʤʧʝʨʘʪʫʨʠ 

ʘʤʦʨʬʽʟʘʮʽʾ Tg [6,101]) ʪʘ ʫʤʦʚʠ ʦʜʝʨʞʘʥʥʷ ʧʨʝʜʩʪʘʚʣʝʥʽ ʚ ɼʦʜʘʪʢʫ ɹ ʜʣʷ 

ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ ʽ ʚ ɼʦʜʘʪʢʫ ɺ ʜʣʷ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ. 

ɸʚʪʦʨʘʤʠ ʨʦʙʽʪ [102ï105] ʤʝʪʦʜʦʤ ʩʧʽʥʽʥʛʫʚʘʥʥʷ ʙʫʣʠ ʦʪʨʠʤʘʥʽ 

ʘʤʦʨʬʥʽ ʩʪʨʽʯʢʠ ʩʧʣʘʚʽʚ CoïZr ʚ ʽʥʪʝʨʚʘʣʽ ʢʦʥʮʝʥʪʨʘʮʽʡ ʚʽʜ 7 ʜʦ 80 % (ʘʪ.) 

ʮʠʨʢʦʥʽʶ. ɺ [105] ʙʫʣʦ ʚʩʪʘʥʦʚʣʝʥʦ ʫʪʚʦʨʝʥʥʷ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ ʚ ʽʥʪʝʨʚʘʣʽ 

ʩʢʣʘʜʽʚ ʚʽʜ 23 ʜʦ 37 % (ʘʪ.) ʮʠʨʢʦʥʽʶ. ɺ [106] ʤʝʪʦʜʦʤ ʩʧʽʥʽʥʛʫʚʘʥʥʷ ʙʫʣʠ 

ʦʪʨʠʤʘʥʽ ʰʚʠʜʢʦʟʘʛʘʨʪʦʚʘʥʽ ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ CoïHf ʜʣʷ ʪʨʴʦʭ ʩʢʣʘʜʽʚ ʚ 

ʽʥʪʝʨʚʘʣʽ ʚʽʜ 9 ʜʦ 78 % (ʘʪ.)  ʛʘʬʥʽʶ. 

ɺ ʨʦʙʦʪʘʭ [107ï113] ʙʫʣʦ ʧʦʢʘʟʘʥʦ, ʱʦ ʤʝʪʦʜʘʤʠ ʰʚʠʜʢʦʛʦ 

ʟʘʛʘʨʪʫʚʘʥʥʷ ʤʦʞʫʪʴ ʙʫʪʠ ʦʪʨʠʤʘʥʽ ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ ʩʠʩʪʝʤʠ CuïTi ʚ ʽʥʪʝʨʚʘʣʽ 

ʩʢʣʘʜʽʚ ʚʽʜ 25 ʜʦ 72 % (ʘʪ.) ʪʠʪʘʥʫ. ɸʚʪʦʨʘʤʠ [114ï122] ʧʦʢʘʟʘʥʘ ʤʦʞʣʠʚʽʩʪʴ 

ʦʪʨʠʤʘʥʥʷ ʰʚʠʜʢʦʟʘʛʘʨʪʦʚʘʥʠʭ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ CuïZr ʚ ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʤʫ 

ʽʥʪʝʨʚʘʣʽ ʚʽʜ 30 ʜʦ 74 % (ʘʪ.) ʮʠʨʢʦʥʽʶ. ɺ [117ï119, 123,124] ʤʝʪʦʜʦʤ 

ʩʧʽʥʽʥʛʫʚʘʥʥʷ ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʰʚʠʜʢʦʟʘʛʘʨʪʦʚʘʥʽ ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ CuïHf ʚ 

ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʤʫ ʽʥʪʝʨʚʘʣʽ ʚʽʜ 30 ʜʦ 70 % (ʘʪ.) ʛʘʬʥʽʶ. ɸʤʦʨʬʥʽ ʩʪʨʽʯʢʠ ʟ 

ʩʧʣʘʚʽʚ NiïTi ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʚ ʽʥʪʝʨʚʘʣʽ ʩʢʣʘʜʽʚ ʚʽʜ 27 ʜʦ 70 % (ʘʪ.) ʪʠʪʘʥʫ 

[111, 125, 126]. ɺ [117, 127ï131] ʙʫʣʦ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʰʚʠʜʢʦʟʘʛʘʨʪʦʚʘʥʽ 

ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ ʩʠʩʪʝʤʠ NiïZr ʤʦʞʫʪʴ ʙʫʪʠ ʦʪʨʠʤʘʥʽ ʚ ʽʥʪʝʨʚʘʣʽ ʢʦʥʮʝʥʪʨʘʮʽʡ 

ʚʽʜ 10 ʜʦ 78 % (ʘʪ.) ʮʠʨʢʦʥʽʶ. ɸʚʪʦʨʘʤʠ [106, 117, 132] ʙʫʣʦ ʧʦʢʘʟʘʥʦ, ʱʦ 

ʤʝʪʦʜʦʤ ʩʧʽʥʽʥʛʫʚʘʥʥʷ ʤʦʞʫʪʴ ʙʫʪʠ ʦʪʨʠʤʘʥʽ ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ NiïHf ʚ ʦʙʣʘʩʪʽ 

ʩʢʣʘʜʽʚ ʚʽʜ 11 ʜʦ 80 % (ʘʪ.) ʛʘʬʥʽʶ. 
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ɸʚʪʦʨʘʤʠ [104, 122, 127, 133ï135] ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʘʤʦʨʬʥʽ ʩʪʨʽʯʢʠ FeïZr 

ʚ ʽʥʪʝʨʚʘʣʽ ʩʢʣʘʜʽʚ ʚʽʜ 7 ʜʦ 82 % (ʘʪ.) ʮʠʨʢʦʥʽʶ. ɿʘ ʜʘʥʠʤʠ [136ï138] ʚ ʭʦʜʽ 

ʰʚʠʜʢʦʛʦ ʟʘʛʘʨʪʫʚʘʥʥʷ ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ ʩʠʩʪʝʤʠ FeïHf ʚ 

ʽʥʪʝʨʚʘʣʽ ʩʢʣʘʜʽʚ ʚʽʜ 8 ʜʦ 82 % (ʘʪ.) ʛʘʬʥʽʶ. 

ɸʚʪʦʨʘʤʠ [119, 139ï142] ʙʫʣʦ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʤʝʪʦʜʦʤ ʣʠʪʪʷ ʚ ʤʽʜʥʫ 

ʬʦʨʤʫ ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ ʦʙô̒ ʤʥʽ ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ ʚ ʩʠʩʪʝʤʘʭ CuïZr ʽ CuïHf. ʊʘʢ 

ʚ [119] ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʧʦ ʜʚʘ ʦʙô̒ ʤʥʠʭ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʠ ʩʠʩʪʝʤ CuïZr ʽ CuïHf 

ʫ ʬʦʨʤʽ ʩʪʨʠʞʥʽʚ ʜʽʘʤʝʪʨʦʤ 1,0 ʤʤ ʽ 1,5 ʤʤ. ɺ [139] ʪʘʢʦʞ ʤʝʪʦʜʦʤ ʣʠʪʪʷ ʙʫʣʠ 

ʦʪʨʠʤʘʥʽ ʪʨʠ ʦʙô̒ ʤʥʽ ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ ʩʠʩʪʝʤʠ CuïZr ʚ ʽʥʪʝʨʚʘʣʽ ʩʢʣʘʜʽʚ ʚʽʜ 36 

ʜʦ 40 % (ʘʪ.) ʮʠʨʢʦʥʽʶ. ɺ ʨʦʙʦʪʽ [140] ʚ ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʤʫ ʽʥʪʝʨʚʘʣʽ ʚʽʜ 32 ʜʦ 

40 % (ʘʪ.) ʛʘʬʥʽʶ ʤʝʪʦʜʦʤ ʣʠʪʪʷ ʚ ʤʽʜʥʠʡ ʢʦʢʽʣʴ ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʦʙô̒ ʤʥʽ 

ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ ʩʠʩʪʝʤʠ CuïHf ʪʦʚʱʠʥʦʶ ʚʽʜ 0,5 ʜʦ 2 ʤʤ. ʅʘʡʙʽʣʴʰʘ ʪʦʚʱʠʥʘ 

(2 ʤʤ) ʙʫʣʘ ʦʪʨʠʤʘʥʘ ʜʣʷ ʩʢʣʘʜʫ Cu66Hf34. ɺ [141] ʤʝʪʦʜʦʤ ʣʠʪʪʷ ʙʫʣʦ 

ʦʪʨʠʤʘʥʦ ʝʢʚʽʘʪʦʤʥʠʡ ʦʙô̒ ʤʥʠʡ ʘʤʦʨʬʥʠʡ ʩʧʣʘʚ ʩʠʩʪʝʤʠ CuïZr ʜʽʘʤʝʪʨʦʤ 2 

ʤʤ. ɺ [142] ʪʘʢʦʞ ʤʝʪʦʜʦʤ ʣʠʪʪʷ ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʦʙô̒ ʤʥʽ ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ 

ʩʠʩʪʝʤʠ CuïZr ʚ ʽʥʪʝʨʚʘʣʽ ʩʢʣʘʜʽʚ ʚʽʜ 34 ʜʦ 52 % (ʘʪ.) ʮʠʨʢʦʥʽʶ. ɯʥʬʦʨʤʘʮʽʷ 

ʧʨʦ ʦʪʨʠʤʘʥʥʷ ʦʙô̒ ʤʥʠʭ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ ʚ ʩʠʩʪʝʤʘʭ CoïTi, CoïZr, CoïHf, 

CuïTi, FeïTi, FeïZr, FeïHf, NiïTi, NiïZr ʽ NiïHf ʚ ʣʽʪʝʨʘʪʫʨʽ ʥʘ ʜʘʥʠʡ ʤʦʤʝʥʪ 

ʚʽʜʩʫʪʥʷ. 

ɺ ʩʠʩʪʝʤʽ CoïCuïTi ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ ʙʫʣʠ ʦʜʝʨʞʘʥʽ ʰʚʠʜʢʠʤ ʟʘʛʘʨʪʫʚʘʥʥʷʤ 

ʟ ʨʽʜʠʥʠ ʧʨʠ ʜʦʩʣʽʜʞʝʥʥʽ ʧʝʨʝʨʽʟʫ CoTiïCuTi [143]. ɿʛʽʜʥʦ ʜʦ ʮʠʭ ʜʘʥʠʭ ʘʤʦʨʬʥʠʡ 

ʩʪʘʥ ʙʫʣʦ ʦʜʝʨʞʘʥʦ ʚ ʩʧʣʘʚʘʭ ʟ xCo = 0ï0,15 (ʨʠʩ. 1.12, a). 

ʊʨʠʢʦʤʧʦʥʝʥʪʥʽ ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ CoïCuïZr ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʤʝʪʦʜʦʤ 

ʟʘʛʘʨʪʫʚʘʥʥʷ ʫ ʚʠʛʣʷʜʽ ʘʤʦʨʬʥʠʭ ʩʪʨʽʯʦʢ ʚ ʨʦʙʦʪʘʭ [144ï146], ʨʠʩ. 1.12, ʙ. ɿʘ 

ʜʘʥʠʤʠ [144] ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ ʩʢʣʘʜʽʚ Co40,8Cu27,2Zr32 ʽ Co37,8Cu25,2Zr37 ʧʽʩʣʷ 

ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ ʜʝʤʦʥʩʪʨʫʶʪʴ ʜʚʦʬʘʟʥʫ ʘʤʦʨʬʥʫ ʩʪʨʫʢʪʫʨʫ (ʫʪʚʦʨʶʶʪʴ 

ʘʤʦʨʬʥʽ ʢʦʤʧʦʟʠʪʠ). ɯʥʬʦʨʤʘʮʽʷ ʧʨʦ ʫʪʚʦʨʝʥʥʷ ʦʙô̒ ʤʥʠʭ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ ʚ 

ʮʽʡ ʪʨʠʢʦʤʧʦʥʝʥʪʥʽʡ ʩʠʩʪʝʤʽ ʚʽʜʦʤʘ ʪʽʣʴʢʠ ʜʣʷ ʛʨʘʥʠʯʥʦʾ ʩʠʩʪʝʤʠ CuïZr, ʨʠʩ. 

1.12, ʚ. 
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ʈʠʩ. 1.12 ï ʉʢʣʘʜʠ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ: ʘ) ʰʚʠʜʢʦʟʘʛʘʨʪʦʚʘʥʽ ʩʧʣʘʚʠ CoïCuïTi;  

ʙ) ʰʚʠʜʢʦʟʘʛʘʨʪʦʚʘʥʽ ʩʧʣʘʚʠ CoïCuïZr; ʚ) ʦʙô̒ ʤʥʽ ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ 

CoïCuïZr; ʛ) ʰʚʠʜʢʦʟʘʛʘʨʪʦʚʘʥʽ ʩʧʣʘʚʠ CoïCuïHf; ʜ) ʦʙô̒ ʤʥʽ 

ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ CoïCuïHf 
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ɯʥʬʦʨʤʘʮʽʷ ʧʨʦ ʫʪʚʦʨʝʥʥʷ ʰʚʠʜʢʦʟʘʛʘʨʪʦʚʘʥʠʭ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ CoïCuï

Hf ʚʽʜʦʤʘ ʪʽʣʴʢʠ ʜʣʷ ʛʨʘʥʠʯʥʠʭ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ CoïHf ʠ CuïHf, ʨʠʩ. 

1.12, ʛ. ʆʙô̒ ʤʥʽ ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ ʦʜʝʨʞʘʥʽ ʪʽʣʴʢʠ ʚ ʛʨʘʥʠʯʥʽʡ ʩʠʩʪʝʤʽ CuïHf, ʨʠʩ. 

1.12, ʜ. 

ɺ ʩʠʩʪʝʤʽ CuïFeïTi ʘʤʦʨʬʥʽ ʩʪʨʽʯʢʠ ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʰʚʠʜʢʠʤ 

ʟʘʛʘʨʪʫʚʘʥʥʷʤ ʟ ʨʦʟʧʣʘʚʽʚ Cu35Fe5Ti60, Cu45Fe5Ti50, Cu55Fe5Ti40 ʚ ʨʦʙʦʪʽ [147], 

ʨʠʩ. 1.13, ʘ. ɺ [143] ʙʫʣʠ ʦʜʝʨʞʘʥʽ ʘʤʦʨʬʥʽ ʩʪʨʽʯʢʠ ʩʢʣʘʜʽʚ Cu47,5Fe5Ti47,5, 

Cu45Fe10Ti45, Cu42,5Fe15Ti42,5 ʽ Cu40Fe20Ti40. ɯʥʬʦʨʤʘʮʽʷ ʧʨʦ ʦʜʝʨʞʘʥʥʷ ʚ ʮʽʡ 

ʩʠʩʪʝʤʽ ʦʙô̒ ʤʥʠʭ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ ʚʽʜʩʫʪʥʷ. 

ɸʤʦʨʬʥʽ ʩʪʨʽʯʢʠ ʚ ʽʥʪʝʨʚʘʣʽ ʩʢʣʘʜʽʚ ʚʽʜ 20 ʜʦ 76 % (ʘʪ.) ʮʠʨʢʦʥʽʶ ʙʫʣʠ 

ʦʜʝʨʞʘʥʽ ʚ ʨʦʙʦʪʘʭ [122, 148] h ʚʠʜʢʠʤ ʟʘʛʘʨʪʫʚʘʥʥʷʤ ʨʦʟʧʣʘʚʽʚ ʩʠʩʪʝʤʠ CuïFeï

Zr, ʨʠʩ. 1.13, ʙ. ʆʙô̒ ʤʥʽ ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ ʚ ʥʽʡ ʫʪʚʦʨʶʶʪʴʩʷ ʪʽʣʴʢʠ ʚ ʛʨʘʥʠʯʥʽʡ 

ʙʽʥʘʨʥʽʡ ʩʠʩʪʝʤʽ CuïZr, ʨʠʩ. 1.13, ʚ. ɼʣʷ ʩʠʩʪʝʤʠ CuïFeïHf ʜʦʩʪʫʧʥʘ ʽʥʬʦʨʤʘʮʽʷ 

ʧʨʦ ʫʪʚʦʨʝʥʥʷ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ ʪʽʣʴʢʠ ʚ ʛʨʘʥʠʯʥʠʭ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤʘʭ 

CuïHf ʽ FeïHf, ʨʠʩ. 1.13, ʛ ̔ ʜ. 

ʅʘ ʨʠʩ. 1.14, ʘ ʧʦʢʘʟʘʥʽ ʩʢʣʘʜʠ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ CuïNiïTi, 

ʦʪʨʠʤʘʥʽ ʤʝʪʦʜʦʤ ʩʧʽʥʽʥʛʫʚʘʥʥʷ ʚ [111, 149ï151]. ʗʢ ʚʠʜʥʦ ʟ ʨʠʩʫʥʢʘ, 

ʨʦʟʧʣʘʚʠ ʘʤʦʨʬʽʟʫʶʪʴʩʷ ʚ ʦʙʣʘʩʪʽ ʩʢʣʘʜʽʚ ʟ xTi = 0,15ï0,75. ɿʛʽʜʥʦ ʟ [151, 152] 

ʚ ʜʘʥʽʡ ʩʠʩʪʝʤʽ ʤʝʪʦʜʦʤ ʣʠʪʪʷ ʚ ʤʽʜʥʠʡ ʢʦʢʽʣʴ ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʦʙô̒ ʤʥʽ ʘʤʦʨʬʥʽ 

ʩʧʣʘʚʠ. ʨʠʩ. 1.14, ʙ. ɺ [152] ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʪʨʠ ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ ʩʢʣʘʜʽʚ 

Cu43Ni7Ti50, Cu39Ni8Ti53 ʽ Cu36Ni9Ti55 ʫ ʚʠʛʣʷʜʽ ʧʨʫʪʢʽʚ ʪʦʚʱʠʥʦʶ ʚʽʜ 1 ʜʦ 1,5 

ʤʤ. ɺ [151] ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʪʨʠ ʘʤʦʨʬʥʽ ʩʧʣʘʚʫ ʩʢʣʘʜʫ Cu50ïxNixTi50 ʟ x = 5, 8 ʽ 

11 ʫ ʬʦʨʤʽ ʩʪʨʠʞʥʽʚ ʟ ʜʽʘʤʝʪʨʦʤ 2 ʤʤ. 

ʅʘ ʨʠʩ. 1.14, ʚ ʧʦʢʘʟʘʥʽ ʩʢʣʘʜʠ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ CuïNiïZr, 

ʦʪʨʠʤʘʥʽ ʤʝʪʦʜʦʤ ʩʧʽʥʽʥʛʫʚʘʥʥʷ ʚ [117, 153, 154]. ɿʛʽʜʥʦ ʜʘʥʦʛʦ ʨʠʩʫʥʢʫ, 

ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ ʤʦʞʫʪʴ ʙʫʪʠ ʦʪʨʠʤʘʥʽ ʤʝʪʦʜʦʤ ʰʚʠʜʢʦʛʦ ʟʘʛʘʨʪʫʚʘʥʥʷ ʚ 

ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʾ ʦʙʣʘʩʪʽ ʟ xZr = 0,30ï0,70. ʉʢʣʘʜʠ ʦʙô̒ ʤʥʠʭ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ, 

ʦʪʨʠʤʘʥʠʭ ʘʚʪʦʨʘʤʠ [155, 156], ʧʨʠʚʝʜʝʥʽ ʥʘ ʨʠʩ. 1.14, ʛ. ɺ [155] ʤʝʪʦʜʦʤ 

ʣʠʪʪʷ ʚ ʤʽʜʥʠʡ ʚʦʜʦʦʭʦʣʦʜʞʫʻʤʠʡ ʢʦʢʽʣʴ ʦʪʨʠʤʘʥʦ 8 ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ ʚ 

ʦʙʣʘʩʪʽ ʩʢʣʘʜʽʚ ʟ xZr = 0,56ï0,64 ʽ xCu = 0,18ï0,26 ʫ ʬʦʨʤʽ ʩʪʨʠʞʥʽʚ ʜʽʘʤʝʪʨʦʤ 1 
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ʤʤ. ɺ [156] ʦʪʨʠʤʘʥʦ ʦʙô̒ ʤʥʠʡ ʘʤʦʨʬʥʠʡ ʩʧʣʘʚ ʩʢʣʘʜʫ Zr50Cu40Ni10 

ʧʨʠʟʤʘʪʠʯʥʦʾ ʬʦʨʤʠ ʪʦʚʱʠʥʦʶ 2 ʤʤ ʪʘ ʰʠʨʠʥʦʶ 3 ʤʤ. 

 
ʘ) 

  
 ʙ)               ʚ) 

  
 ʛ)              ʜ) 

ʈʠʩ. 1.13 ï ʉʢʣʘʜʠ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ: ʘ) ʰʚʠʜʢʦʟʘʛʘʨʪʦʚʘʥʽ ʩʧʣʘʚʠ CuïFeïTi;  

ʙ) ʰʚʠʜʢʦʟʘʛʘʨʪʦʚʘʥʽ ʩʧʣʘʚʠ CuïFeïZr; ʚ) ʦʙô̒ ʤʥʽ ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ 

CuïFeïZr; ʛ) ʰʚʠʜʢʦʟʘʛʘʨʪʦʚʘʥʽ ʩʧʣʘʚʠ CuïFeïHf; ʜ) ʦʙô̒ ʤʥʽ 

ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ CuïFeïHf 
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       ʘ)             ʙ) 

  

         ʚ)             ʛ) 

  

ʜ)       ʝ) 

 

ʈʠʩ. 1.14 ï ʉʢʣʘʜʠ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ: ʘ) ʰʚʠʜʢʦʟʘʛʘʨʪʦʚʘʥʽ ʩʧʣʘʚʠ CuïNiïTi;  

ʙ) ʦʙô̒ ʤʥʽ ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ CuïNiïTi; ʚ) ʰʚʠʜʢʦʟʘʛʘʨʪʦʚʘʥʽ ʩʧʣʘʚʠ Cuï

NiïZr; ʛ) ʦʙô̒ ʤʥʽ ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ CuïNiïZr; ʜ) ʰʚʠʜʢʦʟʘʛʘʨʪʦʚʘʥʽ 

ʩʧʣʘʚʠ CuïNiïHf; ʝ) ʦʙô̒ ʤʥʽ ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ CuïNiïHf 
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ʉʢʣʘʜʠ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ CuïNiïHf, ʦʪʨʠʤʘʥʽ ʤʝʪʦʜʦʤ ʩʧʽʥʽʥʛʫʚʘʥʥʷ ʚ 

[117], ʥʘʚʝʜʝʥʽ ʥʘ ʨʠʩ. 1.14, ʜ. ɿ ʨʠʩʫʥʢʫ ʚʠʜʥʦ, ʱʦ ʘʤʦʨʬʽʟʘʮʽʷ ʨʦʟʧʣʘʚʽʚ 

ʧʝʨʝʙʽʛʘʻ ʚ ʦʙʣʘʩʪʽ ʩʢʣʘʜʽʚ xHf = 0,20ï0,75. ɺ ʣʽʪʝʨʘʪʫʨʽ ʚʽʜʩʫʪʥʽ ʜʘʥʽ ʧʨʦ 

ʦʪʨʠʤʘʥʥʷ ʦʙô̒ ʤʥʠʭ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ. ɯʩʥʫʻ ʪʽʣʴʢʠ ʽʥʬʦʨʤʘʮʽʷ ʧʨʦ 

ʦʪʨʠʤʘʥʥʷ ʪʘʢʠʭ ʩʧʣʘʚʽʚ ʫ ʜʚʦʢʦʤʧʦʥʝʥʪʥʽʡ ʩʠʩʪʝʤʽ CuïHf, ʨʠʩ. 1.14, ʝ. 

ɸʤʦʨʬʽʟʘʮʽʷ ʨʦʟʧʣʘʚʽʚ ʪʨʠʢʦʤʧʦʥʝʥʪʥʦʾ ʩʠʩʪʝʤʠ CuïTiïZr ʰʚʠʜʢʠʤ 

ʟʘʛʘʨʪʫʚʘʥʥʷʤ ʟ ʨʽʜʠʥʠ ʙʫʣʘ ʜʦʩʣʽʜʞʝʥʘ ʚ ʨʷʜʽ ʨʦʙʽʪ [113, 118, 157ï169], 

ʨʝʟʫʣʴʪʘʪʠ ʷʢʠʭ ʫʟʘʛʘʣʴʥʝʥʽ ʥʘ ʨʠʩ. 1.15, ʘ. ɿʛʽʜʥʦ ʟ ʥʠʤ, ʰʚʠʜʢʦʟʘʛʘʨʪʦʚʘʥʽ 

ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ ʤʦʞʫʪʴ ʙʫʪʠ ʦʪʨʠʤʘʥʽ ʚ ʢʦʥʮʝʥʪʨʘʮʽʡʥʽʡ ʦʙʣʘʩʪʽ xCu = 0,30ï

0,65. ʂʨʽʤ ʪʦʛʦ, ʚ ʩʠʩʪʝʤʽ ʚ ʰʠʨʦʢʽʡ ʢʦʥʮʝʥʪʨʘʮʽʡʥʽʡ ʦʙʣʘʩʪʽ ʧʨʠ ʥʝʚʠʩʦʢʠʭ 

ʰʚʠʜʢʦʩʪʷʭ ʦʭʦʣʦʜʞʝʥʥʷ ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʦʙô̒ ʤʥʽ ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ 

[118, 142, 159, 162, 163, 170ï177], ʨʠʩ. 1.15, ʙ. ɺ [159] ʤʝʪʦʜʦʤ ʣʠʪʪʷ ʧʽʜ 

ʪʠʩʢʦʤ ʙʫʣʦ ʦʪʨʠʤʘʥʦ ʜʚʘ ʩʧʣʘʚʠ Cu50Ti35Zr15 ʽ Cu50Ti10Zr40 ʫ ʚʠʛʣʷʜʽ ʧʨʫʪʢʽʚ 

ʜʽʘʤʝʪʨʦʤ ʙʣʠʟʴʢʦ 1 ʤʤ. ɺ [118] ʦʪʨʠʤʘʥʦ 3 ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʠ ʩʢʣʘʜʫ Cu60Ti40ï

xZrx (x = 10, 20 ʽ 30) ʜʽʘʤʝʪʨʦʤ ʜʦ 4 ʤʤ. ɸʤʦʨʬʥʽ ʩʧʣʘʚʠ ʩʢʣʘʜʫ Cu50TixZr50ïx 

(x = 0ï50) ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʤʝʪʦʜʘʤʠ ʩʧʽʥʽʥʛʫʚʘʥʥʷ ʪʘ ʣʠʪʪʷ ʚ ʤʽʜʥʫ ʬʦʨʤʫ ʚ 

[162], ʧʨʠ ʮʴʦʤʫ ʩʧʣʘʚ Cu50Ti7,5Zr47,5 ʦʪʨʠʤʘʥʠʡ ʚ ʬʦʨʤʽ ʩʪʨʠʞʥʷ ʜʽʘʤʝʪʨʦʤ 5 

ʤʤ. ɺ [170] ʣʠʪʪʷʤ ʧʽʜ ʥʠʟʴʢʠʤ ʪʠʩʢʦʤ ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʦʙô̒ ʤʥʽ ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ 

ʚ ʦʙʣʘʩʪʽ ʩʢʣʘʜʽʚ ʟ xTi = 0,075ï0,165 ʽ xCu = 0,47ï0,64. ɸʚʪʦʨʘʤʠ ʨʦʙʦʪʠ [163] 

ʤʝʪʦʜʘʤʠ ʩʧʽʥʥʽʥʛʫʚʘʥʥʷ ʪʘ ʣʠʪʪʷ ʚ ʤʽʜʥʫ ʬʦʨʤʫ ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʘʤʦʨʬʥʽ 

ʩʧʣʘʚʠ ʚ ʦʙʣʘʩʪʽ ʩʢʣʘʜʽʚ xCu = 0,51ï0,52 ʽ xTi = 0,06ï0,09. ɺ [173] ʣʠʪʪʷʤ ʚ ʤʽʜʥʫ 

ʬʦʨʤʫ ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʦʙô̒ ʤʥʽ ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ ʚ ʦʙʣʘʩʪʽ ʩʢʣʘʜʽʚ ʟ xCu = 0,60 ʽ 

xTi = 0,03ï0,10. ʉʧʣʘʚ ʩʢʣʘʜʫ Cu60Ti7Zr33 ʙʫʣʦ ʦʪʨʠʤʘʥʦ ʫ ʚʠʛʣʷʜʽ ʧʨʫʪʢʘ 

ʜʽʘʤʝʪʨʦʤ 4 ʤʤ. ɿ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʤʝʪʦʜʫ ʣʠʪʪʷ ʧʽʜ ʥʠʟʴʢʠʤ ʪʠʩʢʦʤ ʦʪʨʠʤʘʥʦ 

ʪʨʠ ʩʧʣʘʚʠ ʚ ʦʙʣʘʩʪʽ ʩʢʣʘʜʽʚ ʟ xCu = 0,50 ʽ xTi = 0,025ï0,075 [174]. ʎʠʤ ʞʝ 

ʤʝʪʦʜʦʤ ʚ [175] ʙʫʣʦ ʦʪʨʠʤʘʥʦ ʜʚʘ ʩʧʣʘʚʠ ʩʢʣʘʜʽʚ Cu56Ti28Zr16 ̔  Cu56,4Ti9,8Zr33,8. 

ʄʝʪʦʜ ʣʠʪʪʷ ʧʽʜ ʪʠʩʢʦʤ ʙʫʣʦ ʚʠʢʦʨʠʩʪʘʥʦ ʚ [176] ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʯʦʪʠʨʴʦʭ 

ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ ʚ ʦʙʣʘʩʪʽ ʩʢʣʘʜʽʚ ʟ xCu = 0,50 ʽ xTi = 0,02ï0,08. ɺʽʜʧʦʚʽʜʥʦ ʜʦ 

ʨʠʩ. 1.15, ʙ ʦʙô̒ ʤʥʽ ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ ʪʨʠʢʦʤʧʦʥʝʥʪʥʦʾ ʩʠʩʪʝʤʠ CuïTiïZr 

ʤʦʞʫʪʴ ʙʫʪʠ ʦʪʨʠʤʘʥʽ ʚ ʢʦʥʮʝʥʪʨʘʮʽʡʥʽʡ ʦʙʣʘʩʪʽ xCu = 0,47ï0,60. 
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ʘ)      ʙ) 

  
     ʚ)       ʛ) 

  
     ʜ)       ʝ) 

ʈʠʩ. 1.15 ï ʉʢʣʘʜʠ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ: ʘ) ʰʚʠʜʢʦʟʘʛʘʨʪʦʚʘʥʽ ʩʧʣʘʚʠ CuïTiïZr;  

ʙ) ʦʙô̒ ʤʥʽ ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ CuïTiïZr; ʚ) ʰʚʠʜʢʦʟʘʛʘʨʪʦʚʘʥʽ ʩʧʣʘʚʠ 

CuïTiïHf; ʛ) ʦʙô̒ ʤʥʽ ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ CuïTiïHf; ʜ) 

ʰʚʠʜʢʦʟʘʛʘʨʪʦʚʘʥʽ ʩʧʣʘʚʠ CuïZrïHf; ʝ) ʦʙô̒ ʤʥʽ ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ 

CuïZrïHf 
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ɺ [118, 164, 178] ʤʝʪʦʜʦʤ ʩʧʽʥʽʥʛʫʚʘʥʥʷ ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʘʤʦʨʬʥʽ ʩʪʨʽʯʢʠ 

ʜʣʷ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ CuïTiïHf, ʩʢʣʘʜʠ ʷʢʠʭ ʥʘʚʝʜʝʥʦ ʥʘ ʨʠʩ. 1.15, ʚ: 

Cu60HfxTi40ïx (x = 5, 10, 15, 20, 30 ʠ 40) [118]; Cu55Hf45ïTix (x = 5ï45) ʽ Cu65Hf35ï

Tix (x = 5ï35) [178]; Cu50Hf25Ti25 [164]. ɯʥʬʦʨʤʘʮʽʷ [118, 178, 179] ʧʨʦ ʩʢʣʘʜʠ 

ʦʙô̒ ʤʥʠʭ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ CuïTiïHf ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 1.15, ʛ. ɺ 

[118] ʣʠʪʪʷʤ ʚ ʤʽʜʥʠʡ ʢʦʢʽʣʴ ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʦʙô̒ ʤʥʽ ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ ʩʠʩʪʝʤʠ 

CuïTiïHf ʪʦʚʱʠʥʦʶ ʚʽʜ 2 ʜʦ 4 ʤʤ. ɸʤʦʨʬʥʠʡ ʩʧʣʘʚ ʥʘʡʙʽʣʴʰʦʾ ʪʦʚʱʠʥʠ (4 

ʤʤ) ʤʘʚ ʩʢʣʘʜ Cu60Hf25Ti15. ɺ [178] ʤʝʪʦʜʦʤ ʚʩʤʦʢʪʫʚʘʥʥʷ ʚ ʤʽʜʥʠʡ ʢʦʢʽʣʴ 

ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʦʙô̒ ʤʥʽ ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ ʪʦʚʱʠʥʦʶ 2 ʤʤ ʜʣʷ ʩʢʣʘʜʽʚ Cu55Hf45ï

xTix (x = 15ï30) ʽ Cu65Hf35ïxTix (x = 5, 15 ʽ 20). ʊʦʚʱʠʥʘ ʦʢʨʝʤʠʭ ʩʧʣʘʚʽʚ 

ʜʦʩʷʛʘʣʘ 4 ʤʤ. ɺ [179] ʤʝʪʦʜʦʤ ʣʠʪʪʷ ʚ ʤʽʜʥʠʡ ʢʦʢʽʣʴ ʜʣʷ ʩʧʣʘʚʽʚ CuxHfyTi100ï

xïy (x =57,5ï62,5; y =22,5ï28,75) ʦʪʨʠʤʘʥʽ ʦʙô̒ ʤʥʽ ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ ʪʦʚʱʠʥʦʶ 

ʚʽʜ 2,4 ʜʦ 4 ʤʤ, ʽ ʪʦʚʱʠʥʦʶ 6 ʤʤ ʜʣʷ ʩʢʣʘʜʽʚ Cu57.5Hf27.5Ti15 ʪʘ Cu60Hf27,5Ti12,5.  

ɺ [164] ʤʝʪʦʜʦʤ ʩʧʽʥʽʥʛʫʚʘʥʥʷ ʙʫʣʘ ʦʪʨʠʤʘʥʘ ʘʤʦʨʬʥʘ ʩʪʨʽʯʢʘ ʜʣʷ 

ʩʧʣʘʚʫ Cu50Hf25Zr25, ʨʠʩ. 1.15, ʜ. ʃʽʪʝʨʘʪʫʨʥʽ ʜʘʥʽ ʧʨʦ ʤʦʞʣʠʚʽʩʪʴ ʦʜʝʨʞʘʥʥʷ  

ʦʙô̒ ʤʥʠʭ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ CuïZrïHf ʥʘʷʚʥʽ ʪʽʣʴʢʠ ʜʣʷ ʛʨʘʥʠʯʥʠʭ ʙʽʥʘʨʥʠʭ 

ʩʠʩʪʝʤ CuïZr ʽ CuïHf, ʨʠʩ. 1.15, ʝ. 

ɺ [154, 180ï183] ʤʝʪʦʜʦʤ ʩʧʽʥʽʥʛʫʚʘʥʥʷ ʙʫʣʠ ʦʪʨʠʤʘʥʽ 

ʰʚʠʜʢʦʟʘʛʘʨʪʦʚʘʥʽ ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ NiïTiïZr, ʨʠʩ. 1.16, ʘ. ɺ [154] ʦʪʨʠʤʘʥʽ 

ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ ʩʢʣʘʜʫ (Ni33Zr67)1ïxTix (x = 0,05ï0,25). ɺ [180] ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ 

ʦʜʝʨʞʘʥʽ ʫʟʜʦʚʞ ʧʝʨʝʨʽʟʫ NiTi2ïNiZr2. ɺ [181] ʦʪʨʠʤʘʥʦ ʜʚʘ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʠ 

ʩʢʣʘʜʽʚ Ni25Zr20Ti55 ʽ Ni20Zr55Ti25. ɺ [182] ʦʪʨʠʤʘʥʦ ʜʚʘ ʩʧʣʘʚʠ ʩʢʣʘʜʽʚ 

Ni17Zr41,5Ti41,5 ʽ Ni50Zr25Ti25. ɺ [183] ʦʪʨʠʤʘʥʽ ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ ʩʢʣʘʜʫ NixZr90ï

xTi10 (x = 25ï45). ʃʽʪʝʨʘʪʫʨʥʽ ʜʘʥʽ ʧʨʦ ʤʦʞʣʠʚʦʩʪʽ ʫʪʚʦʨʝʥʥʷ ʦʙô̒ ʤʥʠʭ 

ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ NiïTiïZr ʦʙʤʝʞʫʶʪʴʩʷ ʜʘʥʠʤʠ [184], ʟʛʽʜʥʦ ʟ ʷʢʠʤʠ 

ʦʪʨʠʤʘʥʦ ʩʧʣʘʚ ʩʢʣʘʜʫ Ni45Zr35Ti20, ʨʠʩ. 1.16, ʙ. 

ɺ [182] ʤʝʪʦʜʦʤ ʩʧʽʥʽʥʛʫʚʘʥʥʷ ʙʫʚ ʦʪʨʠʤʘʥʠʡ ʘʤʦʨʬʥʠʡ ʩʧʣʘʚ ʩʢʣʘʜʫ 

Ni17Hf41,5Ti41,5 (ʨʠʩ. 1.16, ʚ). ʃʽʪʝʨʘʪʫʨʥʘ ʽʥʬʦʨʤʘʮʽʷ ʧʨʦ ʤʦʞʣʠʚʦʩʪʽ 

ʦʪʨʠʤʘʥʥʷ ʦʙô̒ ʤʥʠʭ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ NiïTiïHf ʚʽʜʩʫʪʥʷ.  
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              ʘ)             ʙ) 

         
        ʚ)             ʛ) 

ʈʠʩ. 1.16 ï ʉʢʣʘʜʠ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ: ʘ) ʰʚʠʜʢʦʟʘʛʘʨʪʦʚʘʥʽ ʩʧʣʘʚʠ NiïTiïZr;  

ʙ) ʦʙô̒ ʤʥʽ ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ NiïTiïZr; ʚ) ʰʚʠʜʢʦʟʘʛʘʨʪʦʚʘʥʽ ʩʧʣʘʚʠ 

NiïTiïHf; ʛ) ʰʚʠʜʢʦʟʘʛʘʨʪʦʚʘʥʽ ʩʧʣʘʚʠ NiïZrïHf 

 

ɯʥʬʦʨʤʘʮʽʷ ʧʨʦ ʤʦʞʣʠʚʽʩʪʴ ʦʜʝʨʞʘʥʥʷ ʰʚʠʜʢʦʟʘʛʘʨʪʦʚʘʥʠʭ ʩʧʣʘʚʽʚ 

ʩʠʩʪʝʤʠ NiïZrïHf ʥʘʚʝʜʝʥʘ ʚ ʨʦʙʦʪʘʭ [185, 186], ʨʠʩ. 1.16, ʛ. ɺ [185] ʙʫʣʠ 

ʦʜʝʨʞʘʥʽ ʘʤʦʨʬʥʽ ʩʪʨʽʯʢʠ ʩʢʣʘʜʽʚ Ni33Zr10,05Hf56,95, Ni33Zr20,1Hf46,9, 

Ni33Zr33,5Hf33,5 ʽ Ni33Zr53,6Hf13,4, ʘ ʚ [186] ï Ni64Zr33Hf3, Ni64Zr30Hf6, Ni64Zr27Hf9, 

Ni64Zr24Hf12, Ni64Zr18Hf18, Ni64Zr9Hf27. ʃʽʪʝʨʘʪʫʨʥʽ ʜʘʥʽ ʧʨʦ ʫʪʚʦʨʝʥʥ ̫ʦʙô̒ ʤʥʠʭ 

ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ NiïZrïHf ʚʽʜʩʫʪʥʽ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʫʟʘʛʘʣʴʥʶʶʯʠ ʨʦʟʛʣʷʥʫʪʫ ʚ ʮʴʦʤʫ ʨʦʟʜʽʣʽ ʽʥʬʦʨʤʘʮʽʶ, 

ʤʦʞʥʘ ʚʽʜʟʥʘʯʠʪʠ, ʱʦ ʟ ʪʦʯʢʠ ʟʦʨʫ ʪʝʨʤʦʜʠʥʘʤʽʢʠ ʨʦʟʧʣʘʚʽʚ ʽ ʾʭ ʟʜʘʪʥʦʩʪʽ ʜʦ 

ʘʤʦʨʬʽʟʘʮʽʾ ʨʦʟʛʣʷʥʫʪʽ ʜʚʦʢʦʤʧʦʥʝʥʪʥʽ ʩʠʩʪʝʤʠ ʻ ʟʥʘʯʥʦ ʙʽʣʴʰ ʜʦʩʣʽʜʞʝʥʠʤʠ 

ʫ ʧʦʨʽʚʥʷʥʥʽ ʟ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʤʠ ʩʠʩʪʝʤʘʤʠ. ʊʝʨʤʦʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ 

ʨʦʟʧʣʘʚʽʚ ʢʦʞʥʦʾ ʟ̔ ʩʠʩʪʝʤ (Fe, Co, Ni, Cu)ï(Ti, Zr, Hf) ʙʫʣʠ ʦʙô̒ ʢʪʦʤ 



82 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ (ʭʦʯʘ ʽ ʥʝ ʜʣʷ ʢʦʞʥʦʾ ʚ ʜʦʩʪʘʪʥʽʡ ʤʽʨʽ) ʽ 

ʪʽʣʴʢʠ ʜʣʷ ʪʨʴʦʭ ʩʠʩʪʝʤ, ʘ ʩʘʤʝ CoïTi, CoïHf ʽ FeïTi, ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʡ 

ʽʥʪʝʨʚʘʣ ʘʤʦʨʬʽʟʘʮʽʾ ʻ ʥʝʜʦʩʣʽʜʞʝʥʠʤ ʘʙʦ ʜʦʩʣʽʜʞʝʥʠʤ ʪʽʣʴʢʠ ʯʘʩʪʢʦʚʦ. 

ʊʝʨʤʦʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʨʦʟʧʣʘʚʽʚ ʨʦʟʛʣʷʥʫʪʠʭ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ 

ʩʠʩʪʝʤ ʥʝ ʜʦʩʣʽʜʞʝʥʽ (ʟʘ ʚʠʢʣʶʯʝʥʥʷʤ ʩʠʩʪʝʤʠ CuïNiïZr). 

ʈʦʟʛʣʷʥʫʪʽ ʪʨʠʢʦʤʧʦʥʝʥʪʥʽ ʩʠʩʪʝʤʠ ʟʘ ʩʪʘʥʦʤ ʜʦʩʣʽʜʞʝʥʥʷ 

ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʭ ʦʙʣʘʩʪʝʡ ʘʤʦʨʬʽʟʘʮʽʾ ʨʦʟʧʣʘʚʽʚ ʤʦʞʥʘ ʫʤʦʚʥʦ ʧʦʜʽʣʠʪʠ ʥʘ 

ʪʨʠ ʛʨʫʧʠ. ʇʝʨʰʫ ʛʨʫʧʫ ʩʢʣʘʜʘʶʪʴ ʩʠʩʪʝʤʠ, ʚ ʷʢʠʭ ʪʘʢʽ ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ 

ʦʙʣʘʩʪʽ ʜʦʩʣʽʜʞʝʥʽ ʜʝʪʘʣʴʥʦ: CuïNiïTi, CuïNiïZr, CuïNiïHf, CuïTiïZr ʽ Niï

TiïZr. ɼʣʷ ʮʠʭ ʩʠʩʪʝʤ ʜʘʥʽ ʧʨʦ ʩʢʣʘʜʠ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʽ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ 

ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ ʜʦʙʨʝ ʫʟʛʦʜʞʫʶʪʴʩʷ ʽ ʚʟʘʻʤʥʦ ʜʦʧʦʚʥʶʶʪʴ ʦʜʥʝ ʦʜʥʦʛʦ. 

ɼʨʫʛʫ ʛʨʫʧʫ ʩʢʣʘʜʘʶʪʴ ʩʠʩʪʝʤʠ, ʚ ʷʢʠʭ ʢʦʥʮʝʥʪʨʘʮʽʡʥʘ ʦʙʣʘʩʪʴ ʘʤʦʨʬʽʟʘʮʽʾ 

ʜʦʩʣʽʜʞʝʥʘ ʯʘʩʪʢʦʚʦ: CoïCuïZr, CuïFeïTi, CuïFeïZr, CuïTiïHf ʽ NiïZrïHf. ɺ 

ʪʘʢʠʭ ʩʠʩʪʝʤʘʭ ʚʽʜʦʤʽ ʩʢʣʘʜʠ ʘʤʦʨʬʥʠʭ ʩʧʣʘʚʽʚ ʥʦʩʷʪʴ ʬʨʘʛʤʝʥʪʘʨʥʠʡ 

ʭʘʨʘʢʪʝʨ ʽ ʧʦʪʨʝʙʫʶʪʴ ʫʪʦʯʥʝʥʥ ̫ʤʝʪʦʜʘʤʠ ʝʢʩʧʝʨʠʤʝʥʪʫ ʪʘ/ʘʙʦ ʥʘʫʢʦʚʦʛʦ 

ʧʨʦʛʥʦʟʫʚʘʥʥʷ. ɼʦ ʪʨʝʪʴʦʾ ʛʨʫʧʠ ʚʽʜʥʦʩʷʪʴʩʷ ʩʠʩʪʝʤʠ, ʚ ʷʢʠʭ ʢʦʥʮʝʥʪʨʘʮʽʡʥʘ 

ʦʙʣʘʩʪʴ ʚʠʚʯʝʥʘ ʧʝʨʝʚʘʞʥʦ ʜʣʷ ʛʨʘʥʠʯʥʠʭ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ: CoïCuï

Ti, CoïCuïHf, CuïFeïHf, CuïZrïHf ʽ NiïTiïHf. ɺ ʪʘʢʠʭ ʩʠʩʪʝʤʘʭ 

ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ ʦʙʣʘʩʪʽ ʘʤʦʨʬʽʟʘʮʽʾ ʨʦʟʧʣʘʚʽʚ ʧʦʪʨʝʙʫʶʪʴ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʽ ʪʝʦʨʝʪʠʯʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ. 

ʇʨʠ ʮʴʦʤʫ, ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʘʥʽ ʧʨʦ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ 

ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʨʦʟʧʣʘʚʽʚ ʨʦʟʛʣʷʥʫʪʠʭ ʩʠʩʪʝʤ, ʷʢ ʙʫʣʦ ʟʘʟʥʘʯʝʥʦ ʚʠʱʝ, 

ʦʙʤʝʞʫʶʪʴʩʷ ʪʽʣʴʢʠ ʩʠʩʪʝʤʦʶ CuïNiïZr ʽ, ʪʠʤ ʩʘʤʠʤ, ʟʥʘʯʥʦ ʚʽʜʩʪʘʶʪʴ ʚʽʜ 

ʩʪʘʥʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʾʭ ʟʜʘʪʥʦʩʪʽ ʜʦ ʘʤʦʨʬʽʟʘʮʽʾ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʽ ʪʝʦʨʝʪʠʯʥʝ ʤʦʜʝʣʶʚʘʥʥʷ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʘʤʦʨʬʦʫʪʚʦʨʶʶʯʠʭ ʨʦʟʧʣʘʚʽʚ 

ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ ʤʝʪʘʣʽʚ ʜʨʫʛʦʾ ʧʦʣʦʚʠʥʠ 3d-ʨʷʜʫ ʟ IVɺ-ʤʝʪʘʣʘʤʠ ʻ 

ʘʢʪʫʘʣʴʥʠʤ ʟʘʚʜʘʥʥʷʤ ʩʫʯʘʩʥʦʾ ʬʽʟʠʢʦ-ʭʽʤʽʯʥʦʾ ʪʝʦʨʽʾ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ 

ʤʝʪʘʣʝʚʠʭ ʨʦʟʯʠʥʽʚ. ɺʠʨʽʰʝʥʥʷ ʮʴʦʛʦ ʟʘʚʜʘʥʥʷ ʩʧʨʠʷʪʠʤʝ ʧʦʧʦʚʥʝʥʥʶ 

ʽʩʥʫʶʯʦʾ ʽʥʬʦʨʤʘʮʽʾ ʧʨʦ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʨʦʟʧʣʘʚʽʚ 

ʘʤʦʨʬʦʦʫʪʚʦʨʶʶʯʠʭ ʩʠʩʪʝʤ ʽ ʟô̫ ʩʫʚʘʥʥʶ ʟʘʢʦʥʦʤʽʨʥʦʩʪʝʡ ʭʽʤʽʯʥʦʾ ʚʟʘʻʤʦʜʽʾ 

ʤʝʪʘʣʽʚ ʚ ʥʠʭ. 

  



83 

ʈʆɿɼɯʃ 2 

ʄɽʊʆɼʀʂʀ ɽʂʉʇɽʈʀʄɽʅʊɸʃʔʅʆɻʆ ɼʆʉʃɯɼɾɽʅʅʗ ʊɸ 

ʄʆɼɽʃʖɺɸʅʅʗ ʊɽʈʄʆɼʀʅɸʄɯʏʅʀʍ ɺʃɸʉʊʀɺʆʉʊɽʁ ʈɯɼʂʀʍ 

ʉʇʃɸɺɯɺ ɯ ʌɸɿʆɺʀʍ ʈɯɺʅʆɺɸɻ 

 

 

2.1 ʄʝʪʦʜʠʢʘ ʢʘʣʦʨʠʤʝʪʨʠʯʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ 

ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ 

 

2.1.1 ʂʦʥʩʪʨʫʢʮʽʷ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ ʽʟʦʧʝʨʠʙʦʣʽʯʥʦʾ 

ʢʘʣʦʨʠʤʝʪʨʠʯʥʦʾ ʫʩʪʘʥʦʚʢʠ 

 

ɽʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʪʘ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʨʽʜʢʠʭ 

ʩʧʣʘʚʽʚ ʙʫʣʠ ʜʦʩʣʽʜʞʝʥʽ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ 

ʽʟʦʧʝʨʠʙʦʣʽʯʥʦʛʦ ʢʘʣʦʨʠʤʝʪʨʘ, ʢʦʥʩʪʨʫʢʮʽʷ ʷʢʦʛʦ, ʤʝʪʦʜʠʢʠ ʧʨʦʚʝʜʝʥʥʷ 

ʝʢʩʧʝʨʠʤʝʥʪʫ ʽ ʦʙʨʦʙʢʠ ʡʦʛʦ ʨʝʟʫʣʴʪʘʪʽʚ ʙʫʣʠ ʜʝʪʘʣʴʥʦ ʦʧʠʩʘʥʽ ʨʘʥʽʰʝ ʚ 

[187, 188]. ʂʘʣʦʨʠʤʝʪʨ ʚʠʛʦʪʦʚʣʝʥʦ ʥʘ ʙʘʟʽ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ ʚʘʢʫʫʤʥʦʾ ʧʝʯʽ 

ʉʐɺʃ-0.6.2/16-ʄ01. ɼʦ ʩʢʣʘʜʫ ʫʩʪʘʥʦʚʢʠ ʚʭʦʜʷʪʴ: ʩʠʩʪʝʤʘ ʚʘʢʫʫʤʫʚʘʥʥʷ ʽ 

ʥʘʧʫʩʢʫ ʽʥʝʨʪʥʦʛʦ ʛʘʟʫ, ʚʣʘʩʥʝ ʢʘʣʦʨʠʤʝʪʨ (ʨʠʩ. 2.1), ʩʠʩʪʝʤʘ ʨʝʛʫʣʶʚʘʥʥʷ ʽ 

ʘʚʪʦʤʘʪʠʯʥʦʛʦ ʧʽʜʪʨʠʤʘʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ, ʚʠʤʽʨʶʚʘʣʴʥʘ ʩʠʩʪʝʤʘ.  

ʇʝʨʝʜ ʧʦʯʘʪʢʦʤ ʝʢʩʧʝʨʠʤʝʥʪʫ ʢʘʤʝʨʫ, ʱʦ ʤʽʩʪʠʪʴ ʢʘʣʦʨʠʤʝʪʨ ʽ ʥʘʛʨʽʚʘʯ, 

ʚʘʢʫʫʤʫʶʪʴ ʽ ʟʘʧʦʚʥʶʶʪʴ ʽʥʝʨʪʥʠʤ ʛʘʟʦʤ. ɼʦ ʩʢʣʘʜʫ ʩʠʩʪʝʤʠ ʚʘʢʫʫʤʫʚʘʥʥʷ ʽ 

ʥʘʧʫʩʢʫ ʽʥʝʨʪʥʦʛʦ ʛʘʟʫ ʚʭʦʜʷʪʴ: ʬʦʨʚʘʢʫʫʤʥʠʡ ʥʘʩʦʩ 2ʅɺʈ-5ɼʄ, ʜʠʬʫʟʽʡʥʠʡ 

ʥʘʩʦʩ ʅ-05, ʜʞʝʨʝʣʦ ʽʥʝʨʪʥʦʛʦ ʛʘʟʫ, ʤʘʥʦʚʘʢʫʫʤʝʪʨ ʽ ʚʘʢʫʫʤʝʪʨ ɺʀʊ-3, ʚʘʢʫʫʤʥʠʡ 

ʟʘʪʚʦʨ ʽ ʩʠʩʪʝʤʫ ʚʘʢʫʫʤʥʠʭ ʢʨʘʥʽʚ. ɿʘʣʠʰʢʦʚʠʡ ʪʠʩʢ ʫ ʚʘʢʫʫʤʥʽʡ ʢʘʤʝʨʽ ʧʽʩʣʷ 

ʚʘʢʫʫʤʫʚʘʥʥʷ ʥʝ ʧʝʨʝʚʠʱʫʚʘʚ 5Ŀ10 ï2 ʇʘ. ɽʢʩʧʝʨʠʤʝʥʪʠ ʧʨʦʚʦʜʠʣʠʩʷ ʚ ʘʪʤʦʩʬʝʨʽ 

ʘʨʛʦʥʫ ʧʨʠ ʤʘʢʩʠʤʘʣʴʥʦʤʫ ʥʘʜʣʠʰʢʦʚʦʤʫ ʪʠʩʢʫ 5Ŀ104 ʇʘ. 

ʅʘ ʨʠʩ. 2.1 ʥʘʚʝʜʝʥʦ ʩʭʝʤʫ ʮʝʥʪʨʘʣʴʥʦʾ ʯʘʩʪʠʥʠ ʢʘʣʦʨʠʤʝʪʨʘ. 

ʂʘʣʦʨʠʤʝʪʨʠʯʥʘ ʢʦʤʽʨʢʘ (1) ʟʨʦʙʣʝʥʘ ʟ ʤʦʣʽʙʜʝʥʫ ʽ ʤʽʩʪʠʪʴ ʟʤʦʥʪʦʚʘʥʫ ʚ ʥʽʡ 

ʚʠʤʽʨʶʚʘʣʴʥʫ ʜʠʬʝʨʝʥʮʽʘʣʴʥʫ ʪʝʨʤʦʙʘʪʘʨʝʶ (2) ʽ ʪʠʛʝʣʴ (3) ʟ ʜʦʩʣʽʜʞʫʚʘʥʦʶ   
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ʨʝʯʦʚʠʥʦʶ (4). ʂʦʤʽʨʢʘ (1) ʧʦʤʽʱʝʥʘ ʚ ʧʦʨʦʞʥʠʩʪʫ ʯʘʩʪʠʥʫ ʤʘʩʠʚʥʦʛʦ 

ʤʦʣʽʙʜʝʥʦʚʦʛʦ ʙʣʦʢʫ (5), ʚʩʪʘʥʦʚʣʝʥʦʛʦ ʚʩʝʨʝʜʠʥʽ ʽʟʦʪʝʨʤʽʯʥʦʾ ʟʦʥʠ 

ʚʦʣʴʬʨʘʤʦʚʦʛʦ ʥʘʛʨʽʚʘʯʘ (6), ʦʪʦʯʝʥʦʛʦ ʜʣʷ ʟʤʝʥʰʝʥʥʷ ʪʝʧʣʦʚʪʨʘʪ ʙʣʦʢʦʤ 

ʝʢʨʘʥʽʚ (7) ʟ ʪʦʥʢʠʭ ʣʠʩʪʽʚ ʤʦʣʽʙʜʝʥʫ. ɺʠʩʦʢʘ ʪʝʤʧʝʨʘʪʫʨʘ ʚ ʢʘʣʦʨʠʤʝʪʨʠʯʥʦʾ 

ʢʘʤʝʨʽ ʩʪʚʦʨʶʻʪʴʩʷ ʨʦʟʩʽʶʚʘʥʥʷʤ ʚʝʣʠʢʦʾ ʧʦʪʫʞʥʦʩʪʽ ʥʘ U-ʦʙʨʘʟʥʦʤʫ 

ʥʘʛʨʽʚʘʯʽ (6). ɺʠʩʦʪʘ ʥʘʛʨʽʚʘʯʘ ï 310 ʤʤ, ʚʥʫʪʨʽʰʥʽʡ ʜʽʘʤʝʪʨ 80 ʤʤ. ɼʣʷ 

ʚʠʤʽʨʶʚʘʥʥʷ ʟ ʚʠʩʦʢʦʶ ʪʦʯʥʽʩʪʶ ʪʝʤʧʝʨʘʪʫʨʠ ʝʢʩʧʝʨʠʤʝʥʪʫ, ʱʦ ʜʦʨʽʚʥʶʻ 

ʪʝʤʧʝʨʘʪʫʨʽ ʙʣʦʢʫ (5), ʚ ʥʴʦʤʫ ʟʤʦʥʪʦʚʘʥʘ ʙʘʪʘʨʝʷ ʪʝʨʤʦʧʘʨ (8), ʷʢʘ 

ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʪʨʴʦʭ ʧʦʩʣʽʜʦʚʥʦ ʚʢʣʶʯʝʥʠʭ ʚʦʣʴʬʨʘʤ-ʨʝʥʽʻʚʠʭ ʪʝʨʤʦʧʘʨ (9). 

ɹʣʦʢ (5) ʚʠʢʦʥʫʻ ʬʫʥʢʮʽʾ ʽʟʦʪʝʨʤʽʯʥʦʾ ʦʙʦʣʦʥʢʠ. ɺʝʣʠʢʘ ʤʘʩʘ ʙʣʦʢʫ (2,9 ʢʛ), ʽ, 

ʦʪʞʝ, ʡʦʛʦ ʚʝʣʠʢʘ ʪʝʧʣʦʻʤʥʽʩʪʴ, ʩʧʨʠʷʻ ʟʛʣʘʜʞʫʚʘʥʥʶ ʢʦʣʠʚʘʥʴ ʪʝʤʧʝʨʘʪʫʨʠ 

ʥʘʛʨʽʚʘʯʘ, ʱʦ, ʧʦʨʷʜ ʟ ʚʠʩʦʢʦʶ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʶ ʤʘʪʝʨʽʘʣʫ, ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʫʪʚʦʨʝʥʥʷ ʚ ʧʦʨʦʞʥʠʩʪʽʡ ʚʥʫʪʨʽʰʥʽʡ ʯʘʩʪʠʥ ̔ ʙʣʦʢʫ (5) ʧʨʦʩʪʦʨʫ, ʱʦ 

ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʦʜʥʦʨʽʜʥʽʩʪʶ ʪʘ ʙʝʟʛʨʘʜʜʽʻʥʪʥʽʩʪʶ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ  

(
210T -ºÐ

d
 ʂ/ʤʤ).  

ʊʠʛʝʣʴ, ʢʦʤʽʨʢʘ ʽ ʙʣʦʢ ʽʟʦʣʴʦʚʘʥʽ ʦʜʠʥ ʚʽʜ ʦʜʥʦʛʦ ʧʨʦʢʣʘʜʢʘʤʠ ʽ 

ʧʽʜʩʪʘʚʢʘʤʠ ʟ ʘʣʫʥʜʫ (10) ʜʣʷ ʧʦʣʽʧʰʝʥʥʷ ʫʤʦʚ ʾʭ ʪʝʨʤʦʩʪʘʪʫʚʘʥʥʷ. ɽʣʝʢʪʨʦʜʠ 

(11) ʜʠʬʝʨʝʥʮʽʘʣʴʥʦʾ ʪʝʨʤʦʙʘʪʘʨʝʾ (2) ʚʠʚʝʜʝʥʽ ʥʘʟʦʚʥʽ ʯʝʨʝʟ ʦʪʚʦʨʠ ʚ ʥʠʞʥʽʡ 

ʯʘʩʪʠʥʽ ʤʦʣʽʙʜʝʥʦʚʦʛʦ ʙʣʦʢʫ, ʧʨʦʢʣʘʜʢʘʭ ʟ ʘʣʫʥʜʫ (10) ʪʘ ʥʠʞʥʽʡ ʢʨʠʰʮʽ 

ʙʣʦʢʘ ʝʢʨʘʥʽʚ (12). ʋ ʚʝʨʭʥʽʡ ʯʘʩʪʠʥʽ ʙʣʦʢʫ (5) ʪʘ ʚʝʨʭʥʽʡ ʢʨʠʰʮʽ ʙʣʦʢʘ 

ʝʢʨʘʥʽʚ (13) ʚʠʢʦʥʘʥʦ ʦʪʚʽʨ, ʯʝʨʝʟ ʷʢʠʡ ʚʩʪʘʥʦʚʣʝʥʦ ʪʨʫʙʢʫ ʩʢʠʜʘʥʥʷ (14) 

ʟʨʘʟʢʽʚ ʚ ʪʠʛʝʣʴ (3). ʅʘ ʚʝʨʭʥʽʡ ʢʽʥʝʮʴ ʪʨʫʙʢʠ ʩʢʠʜʘʥʥʷ (14) ʥʘʜʽʚʘʻʪʴʩʷ 

ʩʧʨʷʤʦʚʫʶʯʘ ʚʦʨʦʥʢʘ (15), ʱʦ ʩʣʫʞʠʪʴ ʦʜʥʦʯʘʩʥʦ ʜʣʷ ʾʾ ʮʝʥʪʨʫʚʘʥʥʷ. ɿʨʘʟʢʠ 

ʧʦʪʨʘʧʣʷʶʪʴ ʚ ʚʦʨʦʥʢʫ ʟ ʜʚʦʭô̫ ʨʫʩʥʦʛʦ ʙʘʨʘʙʘʥʥʦʛʦ ʜʦʟʘʪʦʨʘ (16), 

ʚʩʪʘʥʦʚʣʝʥʦʛʦ ʥʘ ʢʨʠʰʮʽ ʧʝʯʽ. ʈʦʟʨ̔ʟ 3D-ʤʦʜʝʣ ̔ ʮʝʥʪʨʘʣʴʥʦ ʾ ʯʘʩʪʠʥʠ 

ʢʘʣʦʨʠʤʝʪʨʘ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 2.2.  

ɼʦ ʩʢʣʘʜʫ ʚʠʤʽʨʶʚʘʣʴʥʦʾ ʩʠʩʪʝʤʠ ʚʭʦʜʷʪʴ ʪʝʨʤʦʧʘʨʥʠʡ ʜʘʪʯʠʢ ʽ ʜʚʽ 

ʧʘʨʘʣʝʣʴʥʽ ʩʠʩʪʝʤʠ ʨʝʻʩʪʨʘʮʽʾ ʩʠʛʥʘʣʫ. ʊʝʨʤʦʧʘʨʥʠʡ ʜʘʪʯʠʢ ʩʢʣʘʜʘʻʪʴʩʷ ʟ 

ʪʨʴʦʭ ʧʦʩʣʽʜʦʚʥʦ ʚʢʣʶʯʝʥʠʭ ʚʦʣʴʬʨʘʤ-ʨʝʥʽʻʚʠʭ ʪʝʨʤʦʧʘʨ (9), ʱʦ ʩʣʫʞʘʪʴ ʜʣʷ 

ʚʠʤʽʨʶʚʘʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ ʙʣʦʢʫ, ʷʢʘ ʜʦʨʽʚʥʶʻ ʪʝʤʧʝʨʘʪʫʨʽ ʝʢʩʧʝʨʠʤʝʥʪʫ, ʽ 
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ʜʠʬʝʨʝʥʮʽʘʣʴʥʦʾ ʙʘʪʘʨʝʾ ʪʝʨʤʦʧʘʨ (2). ʊʝʧʣʦʚʠʡ ʧʦʪʽʢ, ʱʦ ʚʠʥʠʢʘʻ ʤʽʞ 

ʚʝʨʭʥʽʤʠ (17) ʽ ʥʠʞʥʽʤʠ (18) ʩʧʘʷʤʠ ʜʠʬʝʨʝʥʮʽʘʣʴʥʦʾ ʪʝʨʤʦʙʘʪʘʨʝʾ, ʬʽʢʩʫʻʪʴʩʷ 

ʩʠʩʪʝʤʘʤʠ ʨʝʻʩʪʨʘʮʽʾ ʩʠʛʥʘʣʫ. ʏʫʪʣʠʚʽʩʪʴ ʜʠʬʝʨʝʥʮʽʘʣʴʥʦʾ ʙʘʪʘʨʝʾ ʪʝʨʤʦʧʘʨ 

ʟʘʣʝʞʠʪʴ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ ʽ ʟʤʽʥʶʻʪʴʩʷ ʚʽʜ 0,04 ʤɺ/ɺʪ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1500 ʂ 

ʜʦ 0,02 ʤɺ/ɺʪ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1900 ʂ. ʏʘʩʪʠʥʘ ʩʠʛʥʘʣʫ ʢʦʤʧʝʥʩʫʻʪʴʩʷ ʥʘ 

ʧʦʪʝʥʮʽʦʤʝʪʨʽ ʈ-363, ʘ ʜʨʫʛʘ ʯʘʩʪʠʥʘ, ʧʦʩʠʣʶʻʪʴʩʷ ʽ ʧʦʜʘʻʪʴʩʷ ʜʣʷ ʨʝʻʩʪʨʘʮʽʾ 

ʥʘ ʩʘʤʦʧʠʩʥʠʡ ʧʦʪʝʥʮʽʦʤʝʪʨ ʂʉʇ-4, ʜʝ ʟʘʧʠʩʫʻʪʴʩʷ ʫ ʚʠʛʣʷʜʽ ʢʨʠʚʠʭ 

ʪʝʧʣʦʦʙʤʽʥʫ (ʨʠʩ. 2.3 ʽ 2.4). 

 

 

ʈʠʩ. 2.2 ï ʈʦʟʨ̔ʟ 3D-ʤʦʜʝʣ ̔ʮʝʥʪʨʘʣʴʥʦ ʾʯʘʩʪʠʥʠ ʢʘʣʦʨʠʤʝʪʨʫ (ʧʦʷʩʥʝʥʥʷ ʚ 

ʪʝʢʩʪʽ) 
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ʈʠʩ. 2.3 ï ɯʥʪʝʨʬʝʡʩ ʧʨʦʛʨʘʤʠ çPeak processingè (ʧʦʷʩʥʝʥʥʷ ʚ ʪʝʢʩʪʽ) 

 

ʇʘʨʘʣʝʣʴʥʦ ʩʠʛʥʘʣ ʟ ʪʝʨʤʦʧʘʨʥʦʛʦ ʜʘʪʯʠʢʘ ʨʝʻʩʪʨʫʻʪʴʩʷ 

ʙʘʛʘʪʦʬʫʥʢʮʽʦʥʘʣʴʥʦʶ ʩʠʩʪʝʤʦʶ ʟʙʦʨʫ ʜʘʥʠʭ ɽ-270, ʫʢʦʤʧʣʝʢʪʦʚʘʥʦʶ ʜʚʦʤʘ 

ʩʫʙʤʦʜʫʣʷʤʠ ï ʚʠʤʽʨʶʚʘʯʘʤʠ ʥʘʧʨʫʛʠ ʪʝʨʤʦʧʘʨ ʟ ʜʽʘʧʘʟʦʥʦʤ ʚʠʤʽʨʶʚʘʥʴ ʚʽʜ 

ï25 ʜʦ +75ʤɺ, ʨʦʟʨʷʜʥʽʩʪʶ 15 ʙʽʪ ʽ ʧʦʭʠʙʢʦʶ ʦʮʠʬʨʦʚʫʚʘʥʥʷ 4 ʤʢɺ (ʧʨʠ 

ʯʘʩʪʦʪʽ 5 ɻʮ). ʄʦʜʫʣʴ ʧʽʜʢʣʶʯʝʥʦ ʜʦ USB-ʽʥʪʝʨʬʝʡʩʫ ʢʦʤʧôʁ ʪʝʨʘ, ʚ ʷʢʦʤʫ 

ʧʨʘʮʶʻ ʩʧʝʮʽʘʣʴʥʝ ʧʨʦʛʨʘʤʥʝ ʟʘʙʝʟʧʝʯʝʥʥʷ çE-270winè, ʱʦ ʟʘʧʠʩʫʻ ʜʘʥʽ ʚ 

ʧʘʤô̫ ʪʽ ʢʦʤʧôʁ ʪʝʨʘ ʽ ʟʘʙʝʟʧʝʯʫʻ ʚʽʟʫʘʣʴʥʠʡ ʢʦʥʪʨʦʣʴ ʟʘ ʭʦʜʦʤ ʝʢʩʧʝʨʠʤʝʥʪʫ. 

ʅʘʜʘʣʽ, ʟʘ ʜʦʧʦʤʦʛʦʶ ʨʦʟʨʦʙʣʝʥʦʾ ʚ ʣʘʙʦʨʘʪʦʨʽʾ ʧʨʦʛʨʘʤʠ çPeak processingè, 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʦʙʨʦʙʢʘ ʤʘʩʠʚʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʪʨʠʤʘʥʠʭ ʜʘʥʠʭ, ʟ ʤʝʪʦʶ 

ʨʦʟʨʘʭʫʥʢʫ ʧʣʦʱ ʬʽʛʫʨ ʪʝʧʣʦʦʙʤʽʥʫ, ʟʘʧʠʩʘʥʠʭ ʚ ʭʦʜʽ ʝʢʩʧʝʨʠʤʝʥʪʫ. ʅʘ 

ʨʠʩ. 2.3 ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʽʥʪʝʨʬʝʡʩ ʜʘʥʦʾ ʧʨʦʛʨʘʤʠ. ʋ ʥʴʦʤʫ ʤʦʞʥʘ ʚʠʜʽʣʠʪʠ 

ʢʽʣʴʢʘ ʬʫʥʢʮʽʦʥʘʣʴʥʠʭ ʚʽʢʦʥ. ɿʘʧʠʩʘʥʽ ʚ ʭʦʜʽ ʝʢʩʧʝʨʠʤʝʥʪʫ ʬʽʛʫʨʠ 

ʪʝʧʣʦʦʙʤʽʥʫ ʚʠʚʦʜʷʪʴʩʷ ʫ ʚʽʢʥʽ ˉ 1, ʟʙʽʣʴʰʝʥʫ ʜʽʣʷʥʢʫ ʷʢʦʛʦ, ʜʝʤʦʥʩʪʨʫʻ  

t, ʭʚ 

t, ʭʚ 

t, ʭʚ 
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a) 

 
ʙ) 

 
ʚ) 

ʈʠʩ. 2.4 ï ʊʠʧʦʚʠʡ ʚʠʜ ʢʘʣʦʨʠʤʝʪʨʠʯʥʠʭ ʧʽʢʽʚ ʧʨʠ ʚʠʚʯʝʥʥʽ ʝʥʪʘʣʴʧʽʾ 

ʟʤʽʰʫʚʘʥʥʷ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ CoïCuïZr: ʘ) ʧʽʢ ʧʨʠ 

ʢʘʣʽʙʨʫʚʘʥʥʽ ʟʨʘʟʢʘʤʠ ʢʦʙʘʣʴʪʫ; ʙ) ʧʽʢ ʧʨʠ ʨʦʟʯʠʥʝʥʥʽ ʟʨʘʟʢʽʚ 

ʮʠʨʢʦʥʽʶ; ʚ) ʧʽʢ ʧʨʠ ʢʘʣʽʙʨʫʚʘʥʥʽ ʟʨʘʟʢʘʤʠ ʚʦʣʴʬʨʘʤʫ 

 

ʚʽʢʥʦ ˉ 3. ɿʤʽʥʘ ʪʝʤʧʝʨʘʪʫʨʠ ʙʣʦʢʫ ʽ ʪʝʤʧʝʨʘʪʫʨʠ ʥʘʛʨʽʚʘʯʘ ʚ ʧʝʚʥʠʡ ʤʦʤʝʥʪ 

ʯʘʩʫ ʧʦʢʘʟʘʥʘ ʫ ʚʽʢʥʽ ˉ 2. ʈʦʟʨʘʭʫʥʢʠ ʧʣʦʱ ʢʨʠʚʠʭ ʪʝʧʣʦʦʙʤʽʥʫ TdtDñ  

ʟʜʽʡʩʥʶʻʪʴʩʷ ʫ ʚʽʢʥʽ ˉ 4 ʰʣʷʭʦʤ ʚʠʟʥʘʯʝʥʥʷ ʪʦʯʢʠ ʧʦʯʘʪʢʫ ʟʘʧʠʩʫ ʧʽʢʘ t0 ʽ 

ʪʦʯʢʠ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʤʦʤʝʥʪʫ ʟʘʢʽʥʯʝʥʥʷ ʪʝʧʣʦʦʙʤʽʥʫ tÐ ʚ ʨʝʟʫʣʴʪʘʪʽ ʚʟʘʻʤʦʜʽʾ 

ʚʚʝʜʝʥʦʛʦ ʟʨʘʟʢʘ ʤʝʪʘʣʫ-ʜʦʙʘʚʢʠ ʚ ʪʠʛʝʣʴ ʟ ʨʽʜʢʠʤ ʨʦʟʧʣʘʚʦʤ. ʇʽʩʣʷ 

ʚʠʟʥʘʯʝʥʥʷ ʢʦʦʨʜʠʥʘʪ ʮʠʭ ʪʦʯʦʢ ʨʦʟʨʘʭʦʚʫʻʪʴʩʷ ʧʣʦʱʘ ʬʽʛʫʨʠ ʪʝʧʣʦʦʙʤʽʥʫ, 

ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʪʝʧʣʦʚʦʤʫ ʝʬʝʢʪʫ ʚʟʘʻʤʦʜʽʾ ʜʦʙʘʚʢʠ ʟ ʨʦʟʧʣʘʚʦʤ ʚ ʪʠʛʣʽ. ʅʘ ʨʠʩ. 

2.4, ʚ ʷʢʦʩʪʽ ʧʨʠʢʣʘʜʫ, ʥʘʚʝʜʝʥʽ ʢʘʣʦʨʠʤʝʪʨʠʯʥʽ ʧʽʢʠ, ʦʪʨʠʤʘʥʽ ʧʨʠ ʚʠʚʯʝʥʥʽ 

ʝʥʪʘʣʴʧʽʡ ʟʤʽʰʫʚʘʥʥʷ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ CoïCuïZr. 

t, ʭʚ 
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ʈʝʛʫʣʶʚʘʥʥʷ ʪʘ ʧʽʜʪʨʠʤʢʘ ʪʝʤʧʝʨʘʪʫʨʠ ʟʜʽʡʩʥʶʻʪʴʩʷ ʙʣʦʢʦʤ ɹʈ 

ʧʨʝʮʠʟʽʡʥʦʛʦ ʧʨʦʛʨʘʤʥʦʛʦ ʪʝʨʤʦʨʝʛʫʣʷʪʦʨʘ ʈʀʌ-101, ʧʽʜʢʣʶʯʝʥʦʛʦ ʜʦ 

ʧʝʨʚʠʥʥʦʾ ʦʙʤʦʪʢʠ ʧʦʥʠʞʫʶʯʦʛʦ ʪʨʘʥʩʬʦʨʤʘʪʦʨʘ. ɿʽ ʚʪʦʨʠʥʥʦʾ ʦʙʤʦʪʢʠ 

ʧʦʪʫʞʥʽʩʪʴ ʧʦʜʘʻʪʴʩʷ ʥʘ ʚʦʣʴʬʨʘʤʦʚʠʡ ʥʘʛʨʽʚʘʯ. ɸʚʪʦʤʘʪʠʯʥʘ ʧʽʜʪʨʠʤʢʘ 

ʪʝʤʧʝʨʘʪʫʨʠ ʟʜʽʡʩʥʶʻʪʴʩʷ ʚ ʤʝʞʘʭ ± 0,2 ʂ ʚ ʨʦʙʦʯʦʤʫ ʽʥʪʝʨʚʘʣʽ ʪʝʤʧʝʨʘʪʫʨ 

1000ï2000 ʂ. 

 

2.1.2 ʄʝʪʦʜʠʢʠ ʧʨʦʚʝʜʝʥʥʷ ʢʘʣʦʨʠʤʝʪʨʠʯʥʦʛʦ ʝʢʩʧʝʨʠʤʝʥʪʫ ʽ ʦʙʨʦʙʢʠ 

ʡʦʛʦ ʨʝʟʫʣʴʪʘʪʽʚ 

 

ʇʦ ʭʦʜʫ ʝʢʩʧʝʨʠʤʝʥʪʫ ʧʦʩʣʽʜʦʚʥʦ ʚ ʨʦʟʧʣʘʚ ʚʚʦʜʠʣʠʩʴ ʜʦʙʘʚʢʠ 

ʢʦʤʧʦʥʝʥʪʽʚ ʘʙʦ ʝʪʘʣʦʥʥʠʭ ʨʝʯʦʚʠʥ ʽʟ ʨʦʟʪʘʰʦʚʘʥʦʛʦ ʥʘ ʢʨʠʰʮʽ ʧʝʯʽ 

ʙʘʨʘʙʘʥʥʦʛʦ ʜʦʟʘʪʦʨʘ ʽ ʨʝʻʩʪʨʘʮʽʾ ʚʽʜʧʦʚʽʜʥʠʭ ʢʨʠʚʠʭ ʪʝʧʣʦʦʙʤʽʥʫ. 

ʊʝʧʣʦʚʠʡ ʝʬʝʢʪ ʧʨʦʮʝʩʫ, ʱʦ ʧʝʨʝʙʽʛʘʻ, ʦʮʽʥʶʚʘʣʠ ʟʘ ʧʣʦʱʝʶ ʧʽʜ 

ʢʨʠʚʦʶ ʪʝʧʣʦʦʙʤʽʥʫ, ʷʢʘ ʚʽʜʧʦʚʽʜʘʻ ʟʥʘʯʝʥʥʶ ʽʥʪʝʛʨʘʣʘ TdtDñ  (ʨʠʩ. 2.5). ʅʘ 

ʦʩʽ ʯʘʩʫ ʮʴʦʛʦ ʨʠʩʫʥʢʘ t0 ï ʯʘʩ ʧʦʯʘʪʢʫ ʪʝʧʣʦʦʙʤʽʥʫ; tÐ ï ʯʘʩ ʟʘʢʽʥʯʝʥʥʷ 

ʪʝʧʣʦʦʙʤʽʥʫ ʨʦʟʯʠʥʫ ʟ ʦʙʦʣʦʥʢʦʶ.  

ɼʣʷ ʚʠʟʥʘʯʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʘ ʪʝʧʣʦʦʙʤʽʥʫ K ʚ ʢʦʞʥʦʤʫ ʜʦʩʣʽʜʽ 

ʧʨʦʚʦʜʠʣʦʩʴ ʢʘʣʽʙʨʫʚʘʥʥʷ ʢʘʣʦʨʠʤʝʪʨʘ ʰʣʷʭʦʤ ʩʢʠʜʘʥʥʷ ʚ ʪʠʛʝʣʴ ʟʨʘʟʢʽʚ 

ʤʝʪʘʣʫ ʨʦʟʯʠʥʥʠʢʘ ʥʘ ʧʦʯʘʪʢʫ ʝʢʩʧʝʨʠʤʝʥʪʫ ʽ ʟʨʘʟʢʽʚ ʚʦʣʴʬʨʘʤʫ ʚ ʢʽʥʮʽ 

ʜʦʩʣʽʜʫ. ʂʦʝʬʽʮʽʻʥʪ ʪʝʧʣʦʦʙʤʽʥʫ ʜʣʷ i-ʛʦ ʟʨʘʟʢʘ ʨʦʟʨʘʭʦʚʫʚʘʣʠ ʟʘ ʬʦʨʤʫʣʦʶ: 

298K
T

i
i

H n

Tdt

D
=-

Dñ
,     (2.1) 

ʜʝ 298
THD  ï ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʘ ʩʢʣʘʜʦʚʘ ʝʥʪʘʣʴʧʽʾ ʝʪʘʣʦʥʥʦʾ ʨʝʯʦʚʠʥʠ; ni ï 

ʯʠʩʣʦ ʤʦʣʝʡ ʝʪʘʣʦʥʥʦʾ ʨʝʯʦʚʠʥʠ. ʈʦʟʨʘʭʫʥʦʢ ʧʣʦʱʽ ʧʽʜ ʢʨʠʚʦʶ ʪʝʧʣʦʦʙʤʽʥʫ 

TdtDñ  ʟʜʽʡʩʥʶʻʪʴʩʷ ʰʣʷʭʦʤ ʯʠʩʝʣʴʥʦʛʦ ʽʥʪʝʛʨʫʚʘʥʥʷ ʚʽʜ ʯʘʩʫ ʧʦʯʘʪʢʫ 

ʪʝʧʣʦʦʙʤʽʥʫ t0 ʜʦ ʯʘʩʫ ʟʘʢʽʥʯʝʥʥʷ ʧʨʦʮʝʩʫ ʪʝʧʣʦʦʙʤʽʥʫ tÐ. ʈʦʟʤʽʨʥʽʩʪʴ 

ʢʦʝʬʽʮʽʻʥʪʫ ʪʝʧʣʦʦʙʤʽʥʫ ï ʢɼʞ/(ʤɺĿʩ). 
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ʈʠʩ. 2.5 ï ʂʨʠʚʘ ʪʝʧʣʦʦʙʤʽʥʫ ʽ ʧʦʷʩʥʝʥʥʷ ʜʦ ʤʝʪʦʜʠʢʠ ʚʠʟʥʘʯʝʥʥʷ ʪʝʧʣʦʚʠʭ 

ʝʬʝʢʪʽʚ ʟʘ ʧʣʦʱʝʶ ʢʘʣʦʨʠʤʝʪʨʠʯʥʦʛʦ ʧʽʢʘ 

 

ʇʨʠ ʦʙʨʦʙʮʽ ʨʝʟʫʣʴʪʘʪʽʚ ʚʝʣʠʢʦʾ ʢʽʣʴʢʦʩʪʽ ʝʢʩʧʝʨʠʤʝʥʪʽʚ (ʩʦʪʥʽ 

ʥʝʟʘʣʝʞʥʠʭ ʜʦʩʣʽʜʞʝʥʴ) ʙʫʣʦ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʢʦʝʬʽʮʽʻʥʪ ʪʝʧʣʦʦʙʤʽʥʫ 

ʢʘʣʦʨʠʤʝʪʨʘ ʚ ʭʦʜʽ ʝʢʩʧʝʨʠʤʝʥʪʫ ʟʘʣʠʰʘʻʪʴʩʷ ʥʝʟʤʽʥʥʠʤ ʘʙʦ ʟʘʣʝʞʠʪʴ 

ʣʽʥʽʡʥʦ ʚʽʜ ʢʽʣʴʢʦʩʪʽ ʨʝʯʦʚʠʥʠ ʚ ʪʠʛʣʽ. ʊʘʢʘ ʟʘʣʝʞʥʽʩʪʴ ʤʦʞʝ ʙʫʪʠ ʧʦʚô̫ ʟʘʥʘ ʟ 

ʜʚʦʤʘ ʦʩʥʦʚʥʠʤʠ ʧʨʠʯʠʥʘʤʠ: ʟʙʽʣʴʰʝʥʥʷʤ ʩʫʤʘʨʥʦʾ ʪʝʧʣʦʻʤʥʦʩʪʽ ʪʠʛʣʷ ʟ 

ʨʦʟʧʣʘʚʦʤ ʽ ʟʙʽʣʴʰʝʥʥʷʤ ʧʦʚʝʨʭʥʽ ʨʦʟʧʣʘʚʫ. ʆʙʠʜʚʽ ʧʨʠʯʠʥʠ ʧʨʠʟʚʦʜʷʪʴ ʜʦ 

ʟʤʽʥ ʫʤʦʚ ʪʝʧʣʦʦʙʤʽʥʫ ʫ ʢʘʣʦʨʠʤʝʪʨʠʯʥʽʡ ʢʦʤʽʨʮʽ. ɺ ʪʘʢʦʤʫ ʚʠʧʘʜʢʫ 

ʟʘʣʝʞʥʽʩʪʴ ʢʦʝʬʽʮʽʻʥʪʘ ʪʝʧʣʦʦʙʤʽʥʫ ʢʘʣʦʨʠʤʝʪʨʘ ʚʽʜ ʤʘʩʠ ʩʧʣʘʚʫ ʤʦʞʝ ʙʫʪʠ 

ʦʧʠʩʘʥʘ ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ 

ʂi = am + b,      (2.2) 

 

ʜʝ a ʽ b ï ʢʦʝʬʽʮʽʻʥʪʠ ʣʽʥʽʡʥʦʾ ʨʝʛʨʝʩʽʾ, ʱʦ ʚʠʟʥʘʯʘʶʪʴʩʷ ʟʘ ʤʝʪʦʜʦʤ 

ʥʘʡʤʝʥʰʠʭ ʢʚʘʜʨʘʪʽʚ; m ï ʤʘʩʘ ʩʧʣʘʚʫ ʚ ʪʠʛʣʽ, ʛ. ʇʨʠʢʣʘʜʠ ʟʘʣʝʞʥʦʩʪʽ 

ʢʦʝʬʽʮʽʻʥʪʘ ʪʝʧʣʦʦʙʤʽʥʫ ʢʘʣʦʨʠʤʝʪʨʘ ʚ ʭʦʜʽ ʜʝʷʢʠʭ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʧʦʢʘʟʘʥʽ ʥʘ 

ʨʠʩ. 2.6. 
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ʈʠʩ. 2.6 ï ʇʨʠʢʣʘʜʠ ʟʘʣʝʞʥʦʩʪʽ ʢʦʝʬʽʮʽʻʥʪʫ ʪʝʧʣʦʦʙʤʽʥʫ ʢʘʣʦʨʠʤʝʪʨʘ ʚʽʜ 

ʤʘʩʠ ʨʦʟʧʣʘʚʫ ʚ ʪʠʛʣʽ  

 

ɿʥʘʶʯʠ, ʪʘʢʠʤ ʯʠʥʦʤ, ʢʦʝʬʽʮʽʝʥʪ ʪʝʧʣʦʙʤʽʥʫ ʢʘʣʦʨʠʤʝʪʨʘ, ʤʦʞʥʘ 

ʧʝʨʝʡʪʠ ʜʦ ʨʦʟʨʘʭʫʥʢʫ ʪʝʧʣʦʚʦʛʦ ʝʬʝʢʪʫ Q1, ʷʢʠʡ ʩʫʧʨʦʚʦʜʞʫ ̒ ʧʨʦʮʝʩ 

ʚʟʘʻʤʦʜʽʾ ʜʦʙʘʚʢʠ ʤʝʪʘʣʫ ʟ ʨʦʟʧʣʘʚʦʤ ʚ ʪʠʛʣʽ. ʊʝʧʣʦʚʠʡ ʝʬʝʢʪ Q1 ʩʢʣʘʜʘʻʪʴʩʷ 

ʟ ʪʝʧʣʦʚʦʛʦ ʝʬʝʢʪʫ ʟʤʽʰʫʚʘʥʥʷ ʜʦʙʘʚʢʠ ʟ ʨʦʟʧʣʘʚʦʤ Qʟʤ ʽ ʪʝʧʣʦʪʠ ʥʝʦʙʭʽʜʥʦʾ 

ʜʣʷ ʥʘʛʨʽʚʫ ʜʦʙʘʚʢʠ ʚʽʜ 298 ʂ ʜʦ ʪʝʤʧʝʨʘʪʫʨʠ ʜʦʩʣʽʜʫ T. ʊʘʢʠʤ ʯʠʥʦʤ, ʟ 

ʫʨʘʭʫʚʘʥʥʷʤ ʪʦʛʦ, ʱʦ ʧʨʠ ʧʦʟʠʪʠʚʥʦʤʫ ʪʝʧʣʦʚʦʤʫ ʝʬʝʢʪʽ ʚ ʷʜʨʽ ʢʘʣʦʨʠʤʝʪʨʘ 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʤʝʥʰʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ, ʨʽʚʥʷʥʥʷ ʪʝʧʣʦʚʦʛʦ ʙʘʣʘʥʩʫ ʤʘʻ ʚʠʛʣʷʜ 

Q1 = ï ni 298
THD  ï Qʟʤ.          (2.3) 

ɺʠʟʥʘʯʠʚʰʠ ʟ (2.3) Qʟʤ, ʦʪʨʠʤʘʻʤʦ 

Qʟʤ = ï ni 298
THD  ï Q1.         (2.4) 
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ʎʷ ʚʝʣʠʯʠʥʘ ʤʦʞʝ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʘ ʷʢ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʽʥʪʝʛʨʘʣʴʥʦʾ 

ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʨʦʟʧʣʘʚʽʚ [189, 190], ʪʘʢ ʽ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʧʘʨʮʽʘʣʴʥʦʾ 

ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʢʦʤʧʦʥʝʥʪʘ [53, 187, 188, 191ï193]. 

ʄʘʩʠ ʟʨʘʟʢʽʚ ʜʦʙʘʚʢʠ ʤʝʪʘʣʫ Me ʙʫʣʠ ʧʽʜʽʙʨʘʥʽ ʪʘʢʠʤ ʯʠʥʦʤ, ʱʦʙ ʧʨʠ 

ʾʭ ʨʦʟʯʠʥʝʥʥʽ ʩʢʣʘʜ ʨʦʟʧʣʘʚʫ ʟʤʽʥʶʚʘʚʩʷ ʥʝ ʙʽʣʴʰʝ, ʥʽʞ ʥʘ ȹxMe = 0,010ï0,015. 

ʎʝ ʜʦʟʚʦʣʠʣʦ ʟʘ ʧʣʦʱʝʶ ʧʽʜ ʢʨʠʚʦʶ ʪʝʧʣʦʦʙʤʽʥʫ ʨʦʟʨʘʭʫʚʘʪʠ ʧʘʨʮʽʘʣʴʥʫ 

ʝʥʪʘʣʴʧʽʶ ʟʤʽʰʫʚʘʥʥʷ ʜʦʙʘʚʢʠ Me 

m Me 298

0

t
T

i t

K
H H Tdt

n

¤
D =-D - Dñ .    (2.5) 

ʋ ʨʦʙʦʪʽ ʙʫʣʠ ʧʨʦʚʝʜʝʥʽ ʝʢʩʧʝʨʠʤʝʥʪʠ ʧʦ ʚʠʚʯʝʥʥʶ ʝʥʪʘʣʴʧʽʡ 

ʟʤʽʰʫʚʘʥʥʷ ʚ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʽ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʨʦʟʧʣʘʚʘʭ. ʋ ʚʠʧʘʜʢʫ 

ʙʽʥʘʨʥʠʭ ʨʦʟʧʣʘʚʽʚ ʩʭʝʤʘ ʧʨʦʚʝʜʝʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʫ ʧʦʣʷʛʘʣʘ ʫ ʜʦʜʘʚʘʥʥʽ ʜʦ 

ʨʽʜʢʦʛʦ ʨʦʟʧʣʘʚʫ ʤʝʪʘʣʘ-ʨʦʟʯʠʥʥʠʢʘ ʟʨʘʟʢʽʚ ʝʪʘʣʦʥʥʠʭ ʨʝʯʦʚʠʥ (ʥʘ ʧʦʯʘʪʢʫ 

ʝʢʩʧʝʨʠʤʝʥʪʫ ï ʟʨʘʟʢʽʚ ʤʝʪʘʣʫ-ʨʦʟʯʠʥʥʠʢʘ, ʚ ʢʽʥʮʽ ʝʢʩʧʝʨʠʤʝʥʪʫ ï 

ʚʦʣʴʬʨʘʤʫ) ʽ ʟʨʘʟʢʽʚ ʜʨʫʛʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ ʙʽʥʘʨʥʦʛʦ ʩʧʣʘʚʫ 

[194]. ʉʭʝʤʠ ʧʨʦʚʝʜʝʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʫ ʚʠʧʘʜʢʫ ʜʦʩʣʽʜʞʝʥʥʷ 

ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʨʦʟʧʣʘʚʽʚ ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 2.7. ɿʛʽʜʥʦ ʩʭʝʤʠ, 

ʜʦʩʣʽʜʞʝʥʥʷ ʧʘʨʮʽʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʪʨʝʪʴʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʉ ʚ 

ʨʽʜʢʠʭ ʩʧʣʘʚʘʭ ʪʨʠʢʦʤʧʦʥʝʥʪʥʦʾ ʩʠʩʪʝʤʠ ɸïɺïʉ ʚʠʢʦʥʫʚʘʣʠʩʷ ʚʟʜʦʚʞ ʨʦʟʨʽʟʫ 

ʟ ʧʦʩʪʽʡʥʠʤ ʚʽʜʥʦʰʝʥʥʷʤ xɸ/xɺ, ʩʪʘʨʪʫʶʯʠ ʟ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʨʦʟʧʣʘʚʽʚ ɸïɺ 

[192, 193]. 

ʅʘ ʧʦʯʘʪʢʫ ʢʦʞʥʦʛʦ ʝʢʩʧʝʨʠʤʝʥʪʫ ʪʠʛʝʣʴ ʤʽʩʪʠʪʴ ʧʦʯʘʪʢʦʚʫ ʥʘʚʘʞʢʫ 

ʤʝʪʘʣʫïʨʦʟʯʠʥʥʠʢʘ ɸ. ʂʘʣʽʙʨʫʚʘʥʥʷ ʢʘʣʦʨʠʤʝʪʨʘ ʟʜʽʡʩʥʶʚʘʣʠ ʜʦʜʘʚʘʥʥʷʤ 

ʜʝʩʷʪʠ ʟʨʘʟʢʽʚ ʤʝʪʘʣʫ-ʨʦʟʯʠʥʥʠʢʘ ɸ. ɼʣʷ ʦʪʨʠʤʘʥʥʷ ʙʽʥʘʨʥʦʛʦ ʩʧʣʘʚʫ ɸïB 

ʥʝʦʙʭʽʜʥʦʛʦ ʩʢʣʘʜʫ ʚ ʪʠʛʝʣʴ ʟ ʤʝʪʘʣʦʤ-ʨʦʟʯʠʥʥʠʢʦʤ ʚʚʦʜʠʣʠʩʷ ʜʦʙʘʚʢʠ 

ʜʨʫʛʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ɺ. ʇʽʩʣʷ ʪʨʠʚʘʣʦʾ ʚʠʪʨʠʤʢʠ ʟ ʤʝʪʦʶ ʚʠʨʽʚʥʶʚʘʥʥʷ 

ʭʽʤʽʯʥʦʛʦ ʩʢʣʘʜʫ ʨʦʟʧʣʘʚʫ ɸïɺ, ʚ ʪʠʛʝʣʴ ʚʚʦʜʠʣʠʩʷ ʜʦʙʘʚʢʠ ʪʨʝʪʴʦʛʦ 

ʢʦʤʧʦʥʝʥʪʘ ʉ, ʧʘʨʮʽʘʣʴʥʫ ʝʥʪʘʣʴʧʽʶ ʟʤʽʰʫʚʘʥʥʷ ʷʢʦʛʦ ʨʦʟʨʘʭʦʚʫʚʘʣʠ ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʨʽʚʥʷʥʥʷ (2.5). ɺ ʢʽʥʮʽ ʢʦʞʥʦʛʦ ʝʢʩʧʝʨʠʤʝʥʪʫ ʚ ʪʠʛʝʣʴ ʟ 

ʨʦʟʧʣʘʚʦʤ ʚʚʦʜʠʣʠ ʰʽʩʪʴ ʢʘʣʽʙʨʫʚʘʣʴʥʠʭ ʟʨʘʟʢʽʚ ʚʦʣʴʬʨʘʤʫ. 
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ʈʠʩ. 2.7 ï ʉʭʝʤʠ ʧʨʦʚʝʜʝʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʟ ʚʠʚʯʝʥʥʷ ʧʘʨʮʽʘʣʴʥʠʭ ʝʥʪʘʣʴʧʽʡ 

ʟʤʽʰʫʚʘʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ B ʽ C ʚ ʨʦʟʧʣʘʚʘʭ ʩʠʩʪʝʤʠ AïBïC 

 

ɼʦʩʪʦʚʽʨʥʽʩʪʴ ʦʪʨʠʤʘʥʠʭ ʥʘ ʥʘʰʽʡ ʢʘʣʦʨʠʤʝʪʨʠʯʥʽʡ ʫʩʪʘʥʦʚʮʽ 

ʨʝʟʫʣʴʪʘʪʽʚ ʙʫʣʘ ʧʝʨʝʚʽʨʝʥʘ ʧʨʠ ʜʦʩʣʽʜʞʝʥʥʽ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʭ ʩʢʣʘʜʦʚʠʭ 

ʝʥʪʘʣʴʧʽʡ ʯʠʩʪʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʽ ʪʝʩʪʦʚʠʭ ʩʠʩʪʝʤ [187,195] (ʩʠʩʪʝʤʘ CuïGe), 

[196] (ʩʠʩʪʝʤʘ CuïZn), [197] (ʩʠʩʪʝʤʘ CuïFe). 

 

2.1.3 ʄʝʪʦʜʠʢʘ ʘʧʨʦʢʩʠʤʘʮʽʾ ʨʝʟʫʣʴʪʘʪʽʚ ʝʢʩʧʝʨʠʤʝʥʪʫ 

 

ʈʝʟʫʣʴʪʘʪʠ ʚʠʚʯʝʥʥʷ ʧʘʨʮʽʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʤʝʪʘʣʫ B ʚ 

ʙʽʥʘʨʥʦʤʫ ʨʦʟʧʣʘʚʽ ʩʠʩʪʝʤʠ AïB ʦʧʠʩʫʚʘʣʠʩʷ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ŬB-ʬʫʥʢʮʽʾ 

2
B m B BŬ /(1 )H x=D - , ʢʦʥʮʝʥʪʨʘʮʽʡʥʫ ʟʘʣʝʞʥʽʩʪʴ ʷʢʦʾ ʧʨʝʜʩʪʘʚʣʷʣʠ 

ʧʦʣʽʥʦʤʽʘʣʴʥʠʤʠ ʤʦʜʝʣʷʤʠ ʧʦ ʤʝʪʦʜʫ ʥʘʡʤʝʥʰʠʭ ʢʚʘʜʨʘʪʽʚ ʟʘ ʤʝʪʦʜʠʢʦʶ 

[195]. ʇʨʦʮʝʜʫʨʘ ʘʧʨʦʢʩʠʤʘʮʽʾ ŬB-ʬʫʥʢʮʽʾ ʟʘʩʥʦʚʘʥʘ ʥʘ ʧʦʙʫʜʦʚʽ ʣʽʥʽʡʥʦʾ 

ʱʦʜʦ ʧʘʨʘʤʝʪʨʽʚ ʤʦʜʝʣʽ 

ɖ(x) = ɗ0ű0(x) + ɗ1ű1(x) + ... + ɗrűr(x),      (2.6) 

ʜʝ ű0(x), ű1(x),..., űr(x) ï ʟʘʜʘʥʽ ʙʘʟʠʩʥʽ ʬʫʥʢʮʽʾ, ʽ ʟʥʘʭʦʜʞʝʥʥʽ ʥʘʙʦʨʫ ʩʪʘʣʠʭ 

ʢʦʝʬʽʮʽʻʥʪʽʚ { }iq  ʟ ʫʤʦʚʠ ʜʦʩʷʛʥʝʥʥʷ ʤʽʥʽʤʫʤʫ ʩʫʤʠ ʢʚʘʜʨʘʪʽʚ ʧʦʭʠʙʦʢ 

ä -a=
i

2
ii )]ɖ([ɓ x . 

ʅʘʡʯʘʩʪʽʰʝ ʜʣʷ ʘʧʨʦʢʩʠʤʘʮʽʾ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʤʦʜʝʣʽ ʟ ʧʨʦʩʪʠʤʠ 
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ʧʦʣʽʥʦʤʘʤʠ, ʷʢʽ ʤʘʶʪʴ ʚʠʛʣʷʜ ɖ(x) = ɗ0 + ɗ1x + ... + ɗrx
r. ʆʜʥʘʢ ʧʨʠ ʚʠʨʽʰʝʥʥʽ 

ʟʘʜʘʯʽ ʘʧʨʦʢʩʠʤʘʮʽʾ ʪʘʢʘ ʤʦʜʝʣʴ ʤʘʻ ʨʷʜ ʩʝʨʡʦʟʥʠʭ ʥʝʜʦʣʽʢʽʚ, ʦʩʥʦʚʥʠʤʠ ʟ 

ʷʢʠʭ ʻ ʩʠʣʴʥʘ ʣʽʥʽʡʥʘ ʟʘʣʝʞʥʽʩʪʴ ʢʦʝʬʽʮʽʻʥʪʽʚ ʽ ʥʝʙʝʟʧʝʢʘ ʥʘʢʦʧʠʯʝʥʥʷ 

ʧʦʤʠʣʦʢ ʦʢʨʫʛʣʝʥʥʷ ʧʨʠ ʨʦʙʦʪʽ ʥʘ ɽʆʄ, ʱʦ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʧʨʠʥʮʠʧʦʚʦʾ 

ʥʝʤʦʞʣʠʚʦʩʪʽ ʘʜʝʢʚʘʪʥʦʛʦ ʦʧʠʩʫ ʩʢʣʘʜʥʠʭ ʬʫʥʢʮʽʦʥʘʣʴʥʠʭ ʟʘʣʝʞʥʦʩʪʝʡ. ʎʽ 

ʪʨʫʜʥʦʱʽ ʤʦʞʫʪʴ ʙʫʪʠ ʧʦʜʦʣʘʥʽ ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ ʚ ʷʢʦʩʪʽ ʙʘʟʠʩʥʠʭ ʬʫʥʢʮʽʡ 

ʦʨʪʦʛʦʥʘʣʴʥʠʭ ʘʙʦ ʦʨʪʦʥʦʨʤʦʚʘʥʠʭ ʧʦʣʽʥʦʤʽʚ [195]. ɿʥʘʭʦʜʞʝʥʥʷ 

ʢʦʝʬʽʮʽʻʥʪʽʚ ʚʽʜʧʦʚʽʜʥʠʭ ʦʨʪʦʥʦʨʤʦʚʘʥʠʭ ʙʘʟʠʩʥʠʭ ʬʫʥʢʮʽʡ ʤʠ ʧʨʦʚʦʜʠʣʠ 

ʨʝʢʫʨʩʠʚʥʠʤ ʤʝʪʦʜʦʤ ʌʦʨʩʘʡʪʘ [198]. ʅʘʜʘʣʽ ʢʦʝʬʽʮʽʻʥʪʠ ʤʦʜʝʣʝʡ ʟ 

ʦʨʪʦʥʦʨʤʦʚʘʥʠʤʠ ʧʦʣʽʥʦʤʘʤʠ ʧʝʨʝʨʘʭʦʚʫʚʘʣʠ ʚ ʢʦʝʬʽʮʽʻʥʪʠ ʤʦʜʝʣʝʡ ʟ 

ʧʨʦʩʪʠʤʠ ʧʦʣʽʥʦʤʘʤʠ. ʋ ʧʽʜʩʫʤʢʫ ʬʫʥʢʮʽʷ ʧʘʨʮʽʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ 

ʤʝʪʘʣʫ B ʚ ʨʦʟʧʣʘʚʽ, ʦʧʠʩʫʻʪʴʩʷ ʥʘʩʪʫʧʥʠʤ ʚʠʨʘʟʦʤ 

m BHD (ʭB) = (1 ï xB)2(b0 + b1xB + b2
2
Bx + é + bj

jxB ).                  (2.7) 

ʜʝ bj ï ʢʦʝʬʽʮʽʻʥʪ ʚʽʜʧʦʚʽʜʥʦʾ ʤʦʜʝʣʽ ʜʣʷ ŬB-ʬʫʥʢʮʽʾ ʧʘʨʮʽʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ 

ʟʤʽʰʫʚʘʥʥʷ ʤʝʪʘʣʫ B. ʄʠ ʚʚʘʞʘʣʠ, ʱʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʘʥʽ, ʷʢʽ ʻ ʬʫʥʢʮʽʷʤʠ 

ʨʷʜʫ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚʠʤʽʨʶʚʘʥʠʭ ʚʝʣʠʯʠʥ (ʪʝʤʧʝʨʘʪʫʨʠ, ʧʣʦʱ ʧʽʜ ʢʨʠʚʠʤʠ 

ʬʽʛʫʨ ʪʝʧʣʦʦʙʤʽʥʫ, ʤʘʩ ʜʦʙʘʚʦʢ ʤʝʪʘʣʽʚ) ʽ ʪʘʙʣʠʯʥʠʭ ʟʥʘʯʝʥʴ ʝʥʪʘʣʴʧʽʡ ʯʠʩʪʠʭ 

ʢʦʤʧʦʥʝʥʪʽʚ , ʥʝʩʫʪʴ ʚ ʩʦʙʽ ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ ʚʠʧʘʜʢʦʚ ̔ʧʦʭʠʙʢʠ ʚʠʤʽʨʽʚ. ɿ 

ʤʝʪʦʶ ʚʠʟʥʘʯʝʥʥʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʦʟʩʽʶʚʘʥʥʷ ʚʩʽ ʦʪʨʠʤʘʥʽ ʟʥʘʯʝʥʥʷ ʚʚʘʞʘʣʠ 

ʥʝʟʘʣʝʞʥʠʤʠ ʽ ʪʘʢʠʤʠ, ʱʦ ʤʘʶʪʴ ʦʜʥʘʢʦʚʫ ʪʦʯʥʽʩʪʴ. 

ʉʪʫʧʽʥʴ ʧʦʣʽʥʦʤʘ, ʱʦ ʘʜʝʢʚʘʪʥʦ ʦʧʠʩʫʻ ʜʘʥʽ, ʚʠʟʥʘʯʘʣʠ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʢʨʠʪʝʨʽʶ ʌʽʰʝʨʘ ʧʨʠ ʜʦʚʽʨʯʽʡ ʡʤʦʚʽʨʥʦʩʪʽ 95%. ʈʦʟʨʘʭʫʥʢʠ ʧʨʦʚʦʜʠʣʠ ʟʘ 

ʧʨʦʛʨʘʤʦʶ ONPFC [195]. ʇʨʦʛʨʘʤʘ ʟʘʙʝʟʧʝʯʫʚʘʣʘ ʦʧʠʩ ʩʫʢʫʧʥʦʩʪʽ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʪʨʠʤʘʥʠʭ ʟʥʘʯʝʥʴ ʧʘʨʮʽʘʣʴʥʠʭ ʝʥʪʘʣʴʧʽʡ ʤʦʜʝʣʣʶ ʟ 

ʦʨʪʦʥʦʨʤʦʚʘʥʠʤʠ ʧʦʣʽʥʦʤʘʤʠ, ʨʦʟʨʘʭʫʥʦʢ ʪʨʴʦʭ ʝʥʪʘʣʴʧʽʡ ʩʠʩʪʝʤʠ (ʜʚʦʭ 

ʧʘʨʮʽʘʣʴʥʠʭ ʽ ʽʥʪʝʛʨʘʣʴʥʦʾ) ʟ ʜʦʚʽʨʯʠʤʠ ʽʥʪʝʨʚʘʣʘʤʠ, ʱʦ ʜʦʨʽʚʥʶʶʪʴ ʜʚʦʤ 

ʩʝʨʝʜʥʴʦʢʚʘʜʨʘʪʠʯʥʠʤ ʚʽʜʭʠʣʝʥʥʷʤ ʦʧʠʩʫʚʘʥʦʾ ʬʫʥʢʮʽʾ, ʽ ʨʦʟʨʘʭʫʥʦʢ 

ʢʦʝʬʽʮʽʻʥʪʽʚ ʜʣʷ ʣʽʥʽʡʥʦʾ ʤʦʜʝʣʽ ʟ ʧʨʦʩʪʠʤʠ ʧʦʣʽʥʦʤʘʤʠ, ʱʦ ʦʧʠʩʫʻ 

ʢʦʥʮʝʥʪʨʘʮʽʡʥʫ ʟʘʣʝʞʥʽʩʪʴ ʚʠʚʯʝʥʦʾ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʾ ʚʣʘʩʪʠʚʦʩʪʽ. 
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ɯʥʪʝʛʨʘʣʴʥʘ ʝʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ ʽ ʧʘʨʮʽʘʣʴʥʘ ʚʣʘʩʪʠʚʽʩʪʴ ʢʦʤʧʦʥʝʥʪʘ 

ɸ ʨʦʟʨʘʭʦʚʫʚʘʣʠ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʨʽʚʥʷʥʥʷ ɻʽʙʙʩʘ-ɼʶʛʝʤʘ 

 

B
m B

m B B2
0 B

(1 ) d
(1 )

x H
H x x

x

D
D = - ñ

-
, (2.8) 

ʽ ʙʫʣʠ ʧʨʝʜʩʪʘʚʣʝʥʽ ʤʦʜʝʣʷʤʠ ʟ ʧʨʦʩʪʠʤʠ ʧʦʣʽʥʦʤʘʤʠ 

 m B B B B
0

( ) (1 )
N

i
i

i

H x x x q x
=

D = - ä , 
2

m A B B B
0

 ( )
N

i
i

i

H x x a x
=

D = ä , (2.9) 

ʜʝ qj, aj - ʢʦʝʬʽʮʽʻʥʪʠ ʚʽʜʧʦʚʽʜʥʠʭ ʤʦʜʝʣʝʡ ʜʣʷ Ŭ-ʬʫʥʢʮʽʾ ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ 

ʟʤʽʰʫʚʘʥʥʷ ʽ ʧʘʨʮʽʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʢʦʤʧʦʥʝʥʪʘ ɸ. 

ʂʦʝʬʽʮʽʻʥʪʠ ʤʦʜʝʣʝʡ (2.7)ï(2.9) ʧʦʚô̫ ʟʘʥʽ ʤʽʞ ʩʦʙʦʶ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʤʠ 

))(1( 1+-+= iii qqia , ii qib )1( += , )2)/(1(1 ++-= + iibba iii . 

ʇʨʠ ʚʠʚʯʝʥʥʽ ʧʘʨʮʽʘʣʴʥʠʭ ʝʥʪʘʣʴʧʽʡ ʟʤʽʰʫʚʘʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ 

ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʨʦʟʧʣʘʚʽʚ, ʦʪʨʠʤʘʥʽ ʟʘ ʦʜʥʽʻʶ ʽʟ ʩʭʝʤ (ʨʠʩ. 2.7) ʽ ʨʦʟʨʘʭʦʚʘʥʽ 

ʟʘ ʨʽʚʥʷʥʥʷʤ (2.5) ʜʘʥʽ ʧʨʦ ʧʘʨʮʽʘʣʴʥʫ ʝʥʪʘʣʴʧʽʶ ʟʤʽʰʫʚʘʥʥʷ ʢʦʤʧʦʥʝʥʪʘ C 

ʧʽʜʜʘʚʘʣʠ ʘʧʨʦʢʩʠʤʘʮʽʾ, ʧʦʜʽʙʥʽʡ ʜʦ ʚʠʢʦʨʠʩʪʘʥʽʡ ʜʣʷ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ 

ʩʠʩʪʝʤ. ʋ ʧʽʜʩʫʤʢʫ ʬʫʥʢʮʽʷ ʧʘʨʮʽʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʢʦʤʧʦʥʝʥʪʘ C 

ʫʟʜʦʚʞ ʜʦʩʣʽʜʞʝʥʦʛʦ ʨʦʟʨʽʟʫ ʦʧʠʩʫʚʘʣʘʩʷ ʥʘʩʪʫʧʥʠʤ ʚʠʨʘʟʦʤ 

 

m CHD (ʭC) = (1 ï xC)2(b0 + b1xC + b2
2
Cx + é + bj

jxC),                  (2.10) 

 

ʜʝ bj ï ʢʦʝʬʽʮʽʻʥʪ ʚʽʜʧʦʚʽʜʥʦʾ ʤʦʜʝʣʽ ʜʣʷ ŬC-ʬʫʥʢʮʽʾ ʧʘʨʮʽʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ 

ʟʤʽʰʫʚʘʥʥʷ ʢʦʤʧʦʥʝʥʪʘ C.  

ɯʥʪʝʛʨʘʣʴʥʫ ʝʥʪʘʣʴʧʽʶ ʟʤʽʰʫʚʘʥʥʷ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʩʧʣʘʚʽʚ 

ʨʦʟʨʘʭʦʚʫʚʘʣʠ ʰʣʷʭʦʤ ʽʥʪʝʛʨʫʚʘʥʥʷ ʨʽʚʥʷʥʥʷ ɻʽʙʙʩʘ-ɼʶʛʝʤʘ ʟʘ ʬʦʨʤʫʣʦʶ  

 

C
m C

m C m 0 C2C
0 C /A B

(1 x ) d
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x

x

x x

H
H H x

x
=

è øD
D = - D +é ùñ

-é ùê ú

,           (2.11) 
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ʜʝ mHD  ï ʽʥʪʝʛʨʘʣʴʥʘ ʝʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ ʫʟʜʦʚʞ ʨʦʟʨʽʟʫ ʟ ʧʦʩʪʽʡʥʠʤ 

ʚʽʜʥʦʰʝʥʥʷʤ ʤʦʣʷʨʥʠʭ ʯʘʩʪʦʢ ʧʝʨʰʦʛʦ ʽ ʜʨʫʛʦʛʦ ʢʦʤʧʦʥʝʥʪʽʚ xɸ ʽ xɺ;  

m CHD  ï ʧʘʨʮʽʘʣʴʥʘ ʝʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ ʪʨʝʪʴʦʛʦ ʢʦʤʧʦʥʝʥʪʘ C ʧʨʠ ʡʦʛʦ 

ʚʤʽʩʪʽ ʚ ʨʦʟʧʣʘʚʽ xʉ; m 0Cx
H =D  ï ʽʥʪʝʛʨʘʣʴʥʘ ʝʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ ʫ ʚʠʭʽʜʥʽʡ 

ʙʽʥʘʨʥʽʡ ʩʠʩʪʝʤʽ ɸïɺ ʧʨʠ ʩʧʽʚʚʽʜʥʦʰʝʥʥʽ ʢʦʥʮʝʥʪʨʘʮʽʡ xA/xB. ʈʦʟʨʘʭʫʥʢʠ 

ʧʨʦʚʦʜʠʣʠ ʟʘ ʧʨʦʛʨʘʤʦʶ TERNARY (ʧʨʦʛʨʘʤʘ ʨʦʟʨʦʙʣʝʥʘ ʚ ʂʠʾʚʩʴʢʦʤʫ 

ʅʘʮʽʦʥʘʣʴʥʦʤʫ ʋʥʽʚʝʨʩʠʪʝʪʽ ʽʤʝʥʽ ʊʘʨʘʩʘ ʐʝʚʯʝʥʢʘ). ʇʨʦʛʨʘʤʘ ʟʘʙʝʟʧʝʯʫʻ 

ʦʧʠʩ ʩʫʢʫʧʥʦʩʪʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʪʨʠʤʘʥʠʭ ʟʥʘʯʝʥʴ ʧʘʨʮʽʘʣʴʥʠʭ ʝʥʪʘʣʴʧʽʡ 

ʫ ʚʠʛʣʷʜʽ ŬC-ʬʫʥʢʮʽʾ ʤʦʜʝʣʣʶ ʟ ʦʨʪʦʥʦʨʤʦʚʘʥʠʤʠ ʧʦʣʽʥʦʤʘʤʠ, ʨʦʟʨʘʭʫʥʦʢ 

ʜʚʦʭ ʝʥʪʘʣʴʧʽʡ ʩʠʩʪʝʤʠ (ʧʘʨʮʽʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ m CHD  ʽ ʽʥʪʝʛʨʘʣʴʥʦʾ mHD ) ʟ 

ʜʦʚʽʨʯʠʤʠ ʽʥʪʝʨʚʘʣʘʤʠ, ʨʽʚʥʠʤʠ ʜʚʦʤ ʩʝʨʝʜʥʴʦʢʚʘʜʨʘʪʠʯʥʠʤ ʚʽʜʭʠʣʝʥʥʷʤ 

ʟʛʣʘʜʞʫʶʯʦʾ ʬʫʥʢʮʽʾ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʾ ʧʦʭʠʙʢʠ ʫ ʚʠʟʥʘʯʝʥʥʽ 

m 0Cx
H =D , ʽ ʨʦʟʨʘʭʫʥʦʢ ʢʦʝʬʽʮʽʻʥʪʽʚ ʜʣʷ ʣʽʥʽʡʥʦʾ ʤʦʜʝʣʽ ʟ ʧʨʦʩʪʠʤʠ 

ʧʦʣʽʥʦʤʘʤʠ, ʱʦ ʦʧʠʩʫʻ ʢʦʥʮʝʥʪʨʘʮʽʡʥʫ ʟʘʣʝʞʥʽʩʪʴ ŬC-ʬʫʥʢʮʽʾ ʚʠʚʯʝʥʦʾ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʾ ʚʣʘʩʪʠʚʦʩʪʽ. 

ʅʘʩʪʫʧʥʠʡ ʝʪʘʧ ʧʦʣʷʛʘʚ ʫ ʦʧʠʩʽ ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʾ ʟʘʣʝʞʥʦʩʪʽ ʽʟʦʪʝʨʤʠ 

ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʪʨʠʢʦʤʧʦʥʝʥʪʥʦʾ ʩʠʩʪʝʤʠ ʫ ʚʩʽʡ 

ʢʦʥʮʝʥʪʨʘʮʽʡʥʽʡ ʦʙʣʘʩʪʽ. ɼʣʷ ʮʴʦʛʦ ʬʫʥʢʮʽʷ ȹmʅ ʙʫʣʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʚʠʨʘʟʫ ʈʝʜʣʽʭʘ-ʂʽʩʪʝʨʘ-ʄʫʜʞʽʘʥʫ [199] 
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+ - Öä + xɸxɺxʉ(xɸ AA + xB AB + xC AC),  (2.12) 

 

ʜʝ A B
i A -

 , B C
i A -  ʪʘ A C

i A -  ï ʧʘʨʘʤʝʪʨʠ ʬʦʨʤʫʣʠ ʈʝʜʣʽʭʘ-ʂʽʩʪʝʨʘ, ʱʦ 

ʦʧʠʩʫʶʪʴ ʝʥʪʘʣʴʧʽʶ ʟʤʽʰʫʚʘʥʥʷ ʫ ʚʽʜʧʦʚʽʜʥʽʡ ʜʚʦʢʦʤʧʦʥʝʥʪʥʽʡ ʩʠʩʪʝʤʽ; 

ɜ ï ʩʪʫʧʽʥʴ ʧʦʣʽʥʦʤʘ ʈʝʜʣʽʭʘ-ʂʽʩʪʝʨʘ ʫ ʚʽʜʧʦʚʽʜʥʽʡ ʙʽʥʘʨʥʽʡ ʩʠʩʪʝʤʽ;  
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AA, AB, ʽ AC
 
 ï ʢʦʝʬʽʮʽʻʥʪʠ ʤʦʜʝʣʽ, ʱʦ ʚʨʘʭʦʚʫʶʪʴ ʚʥʝʩʦʢ ʤʝʪʘʣʫ ʚ ʧʦʪʨʽʡʥʫ 

ʚʟʘʻʤʦʜʽʶ ʚ ʩʠʩʪʝʤʽ AïBïC.  

ʇʘʨʘʤʝʪʨʠ A B
i A -

 , B C
i A - , ʪʘ A C

i A -  ʧʨʠʡʤʘʣʠ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʤʦʜʝʣʽ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʚʽʜʧʦʚʽʜʥʦʾ ʜʚʦʢʦʤʧʦʥʝʥʪʥʦʾ ʩʠʩʪʝʤʠ. 

ʂʦʝʬʽʮʽʻʥʪʠ AA, AB, ʽ AC ʟʥʘʭʦʜʠʣʠ ʟʘ ʤʝʪʦʜʦʤ ʥʘʡʤʝʥʰʠʭ ʢʚʘʜʨʘʪʽʚ ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʢʘʣʦʨʠʤʝʪʨʠʯʥʠʭ ʜʘʥʠʭ, ʦʪʨʠʤʘʥʠʭ ʚ ʜʘʥʽʡ ʨʦʙʦʪʽ. 

ʆʧʪʠʤʽʟʘʮʽʷ ʮʠʭ ʧʘʨʘʤʝʪʨʽʚ ʙʫʣʘ ʚʠʢʦʥʘʥʘ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʨʦʛʨʘʤʠ 

«Thermo-Calc». 

 

2.2 ʄʝʪʦʜʠʢʘ ʦʧʠʩʫ ʪʝʤʧʝʨʘʪʫʨʥʦ-ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʾ ʟʘʣʝʞʥʦʩʪʽ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʨʦʟʧʣʘʚʽʚ ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʽ ʘʩʦʮʽʡʦʚʘʥʦʛʦ 

ʨʦʟʯʠʥʫ 

 

ʊʝʤʧʝʨʘʪʫʨʥʦ-ʢʦʥʮʝʥʪʨʘʮʽʡʥʘ ʟʘʣʝʞʥʽʩʪʴ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʨʦʟʧʣʘʚʽʚ ʜʚʦʭ-, ʪʨʴʦʭ- ʽ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ, ʱʦ 

ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʚʽʜô̒ ʤʥʠʤʠ ʚʽʜʭʠʣʝʥʥʷʤʠ ʚʽʜ ʽʜʝʘʣʴʥʦʩʪʽ, ʤʦʞʫʪʴ ʙʫʪʠ 

ʦʧʠʩʘʥʘ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʤʦʜʝʣʽ ʘʩʦʮʽʡʦʚʘʥʦʛʦ ʨʦʟʯʠʥʫ (Mɸʈ). ʆʩʥʦʚʥʽ 

ʧʦʣʦʞʝʥʥʷ ʤʦʜʝʣʽ ʪʘ ʾʾ ʬʦʨʤʘʣʽʟʤ ʙʫʣʠ ʥʘʚʝʜʝʥʽ ʫ ʬʫʥʜʘʤʝʥʪʘʣʴʥʽʡ ʨʦʙʦʪʽ 

[200], ʘ ʚ ʟʘʩʪʦʩʫʚʘʥʥʽ ʜʦ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʬʫʥʢʮʽʡ ʟʤʽʰʫʚʘʥʥʷ ʨʦʟʧʣʘʚʽʚ 

ʧʝʨʝʭʽʜʥʠʭ ʤʝʪʘʣʽʚ ʚ [99, 201, 202]. ɺ ʨʘʤʢʘʭ ʄɸʈ ʧʝʨʝʜʙʘʯʘʻʪʴʩʷ, ʱʦ ʜʣʷ 

ʩʠʩʪʝʤ ʟ̔ ʩʠʣʴʥʦʶ ʚʟʘʻʤʦʜʽʻʶ ʢʦʤʧʦʥʝʥʪʽʚ ʪʝʤʧʝʨʘʪʫʨʥʦ-ʢʦʥʮʝʥʪʨʘʮʽʡʥʘ 

ʟʘʣʝʞʥʽʩʪʴ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʨʦʟʧʣʘʚʫ ʤʦʞʝ ʙʫʪʠ ʧʦʚô̫ ʟʘʥʘ ʟ 

ʫʧʦʨʷʜʢʫʚʘʥʥʷʤ ʚ ʥʴʦʤʫ ʯʘʩʪʠʥʦʢ ʟʘ ʧʨʠʥʮʠʧʦʤ ʙʣʠʟʴʢʦʛʦ ʭʽʤʽʯʥʦʛʦ ʧʦʨʷʜʢʫ 

(chemical short-range order), ʽʥʘʢʰʝ ʢʘʞʫʯʠ, ʟ ʫʪʚʦʨʝʥʥʷʤ ʘʩʦʮʽʘʪʽʚ. ɸʩʦʮʽʘʪʠ 

ʤʦʞʥʘ ʪʨʘʢʪʫʚʘʪʠ ʷʢ ʚʽʜʥʦʩʥʦ ʩʪʽʡʢʫ ʢʦʥʬʽʛʫʨʘʮʽʶ ʛʨʫʧʠ ʯʘʩʪʠʥʦʢ, ʯʘʩ ʞʠʪʪʷ 

ʷʢʦʾ ʙʽʣʴʰʝ ʧʝʨʽʦʜʫ ʤʽʞʯʘʩʪʠʥʢʦʚʠʭ ʢʦʣʠʚʘʥʴ [203]. ʊʘʢʠʤ ʯʠʥʦʤ, ʚ 

ʘʩʦʮʽʡʦʚʘʥʠʭ ʨʦʟʧʣʘʚʘʭ ʚʽʜô̒ ʤʥʽ ʚʽʜʭʠʣʝʥʥʷ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʬʫʥʢʮʽʡ 

ʟʤʽʰʫʚʘʥʥʷ ʚʽʜ ʟʘʢʦʥʫ ʈʘʫʣʷ ʤʦʞʫʪʴ ʙʫʪʠ ʧʦʚô̫ ʟʘʥʽ ʟ ʚʟʘʻʤʦʜʽʻʶ, ʱʦ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʫʪʚʦʨʝʥʥʷ ʘʩʦʮʽʘʪʽʚ [202]. ɼʘʥʘ ʤʦʜʝʣʴ ʧʝʨʝʜʙʘʯʘʻ ʽʩʥʫʚʘʥʥʷ ʚ 
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ʨʦʟʧʣʘʚʽ ʜʠʥʘʤʽʯʥʦʾ ʨʽʚʥʦʚʘʛʠ ʤʽʞ ʨʽʟʥʦʩʦʨʪʥʠʤʠ ʦʜʥʦʘʪʦʤʥʠʤʠ ʯʘʩʪʠʥʢʘʤʠ 

ʽ ʘʩʦʮʽʘʪʘʤʠ ʟ ʥʠʭ.  

 

2.2.1 ɼʚʦʢʦʤʧʦʥʝʥʪʥʽ ʩʠʩʪʝʤʠ 

 

ɺ ʨʘʤʢʘʭ ʤʦʜʝʣʽ ʽʜʝʘʣʴʥʦʛʦ ʘʩʦʮʽʡʦʚʘʥʦʛʦ ʨʦʟʯʠʥʫ (ʄɸʈ) ʨʝʘʣʴʥʠʡ 

ʨʦʟʯʠʥ AïB ʨʦʟʛʣʷʜʘʶʪʴ ʷʢ ʽʜʝʘʣʴʥʫ ʩʫʤʽʰ ʤʦʥʦʤʝʨʽʚ (!, ") ʽ ʘʩʦʮʽʘʪʽʚ 

A Bi jn n
, ʱʦ ʫʪʚʦʨʶʶʪʴʩʷ ʟ ʥʠʭ, ʨʽʚʥʦʚʘʞʥʠʡ ʩʢʣʘʜ ʷʢʦʾ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ 

ʧʨʦʪʽʢʘʥʥʷʤ N ʨʝʘʢʮʽʡ [99, 201, 202] 

 1 1A B A Bn n i jn n
i j+ ª . (2.13) 

ʋ ʥʘʙʣʠʞʝʥʥʽ ʽʜʝʘʣʴʥʦʛʦ ʘʩʦʮʽʡʦʚʘʥʦʛʦ ʨʦʟʯʠʥʫ ʚʩʽ ʡʦʛʦ ʢʦʤʧʦʥʝʥʪʠ ï 

ʤʦʥʦʤʝʨʠ ʽ ʘʩʦʮʽʘʪʠ ï ʫʪʚʦʨʶʶʪʴ ʽʜʝʘʣʴʥʠʡ ʨʦʟʯʠʥ. ʊʦʤʫ ʜʣʷ ʢʦʝʬʽʮʽʻʥʪʽʚ 

ʘʢʪʠʚʥʦʩʪʽ ʢʦʤʧʦʥʝʥʪʽʚ ʘʩʦʮʽʡʦʚʘʥʦʛʦ ʨʦʟʯʠʥʫ ʤʦʞʝʤʦ ʟʘʧʠʩʘʪʠ 

A B A B1 1
1.

i jn n
g g g= = = 

ʊʦʜʽ ʨʽʚʥʦʚʘʞʥʠʡ ʩʢʣʘʜ ʨʝʘʢʮʽʾ (2.13) ʤʦʞʝ ʙʫʪʠ ʨʦʟʨʘʭʦʚʘʥʠʡ ʥʘ ʧʽʜʩʪʘʚʽ 

ʚʽʜʧʦʚʽʜʥʠʭ N ʨʽʚʥʷʥʴ ʟʘʢʦʥʫ ʜʽʶʯʠʭ ʤʘʩ: 

 

A B1 1

K n
n i jn n

x

x x
= , (2.14) 

ʜʝ Kn   ï ʢʦʥʩʪʘʥʪʘ ʨʽʚʥʦʚʘʛʠ ʨʝʘʢʮʽʾ ʫʪʚʦʨʝʥʥʷ n-ʦʛʦ ʘʩʦʮʽʘʪʫ A Bi jn n
;  

nx ï ʤʦʣʷʨʥʘ ʯʘʩʪʢʘ n-ʦʛʦ ʘʩʦʮʽʘʪʫ A Bi jn n
;  

A1
x , B1

x  ï ʤʦʣʴʥʽ ʜʦʣʽ ʤʦʥʦʤʝʨʽʚ ʚ ʘʩʦʮʽʡʦʚʘʥʦʤʫ ʨʦʟʯʠʥʽ. ʗʢ ʬʦʨʤʘ ʧʦʜʘʥʥʷ 

ʪʝʤʧʝʨʘʪʫʨʥʦʾ ʟʘʣʝʞʥʦʩʪʽ ʢʦʥʩʪʘʥʪʠ ʨʽʚʥʦʚʘʛʠ ʚʽʜʧʦʚʽʜʥʦʾ ʨʝʘʢʮʽʾ ʘʩʦʮʽʘʮʽʾ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʾʾ ʟʚô̫ ʟʦʢ ʟ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʘʩʦʮʽʘʪʽʚ, 

ʱʦ ʫʪʚʦʨʶʶʪʴʩʷ: 

 assoc assocȹ ȹ
K exp( )

R R

n n
n

S H

T
= - , (2.15) 

ʜʝ assocȹ nS ï ʝʥʪʨʦʧʽʷ ʫʪʚʦʨʝʥʥʷ n-ʦʛʦ ʘʩʦʮʽʘʪʫ A Bi jn n
;  
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assocȹ nH  ï ʝʥʪʘʣʴʧʽʷ ʫʪʚʦʨʝʥʥʷ n-ʦʛʦ ʘʩʦʮʽʘʪʫ A Bi jn n
. ʋ ʮʴʦʤʫ ʚʠʧʘʜʢʫ 

ʤʦʜʝʣʴ ʷʚʣʷʻ ʩʦʙʦʶ ʩʠʩʪʝʤʫ ʥʝʣʽʥʽʡʥʠʭ ʨʽʚʥʷʥʴ, ʧʘʨʘʤʝʪʨʘʤʠ ʷʢʦʾ ʻ ʚʠʙʨʘʥʽ 

ʯʠʩʣʦ N ʽ ʩʢʣʘʜ ʘʩʦʮʽʘʪʽʚ, ʘ ʪʘʢʦʞ ʧʘʨʘʤʝʪʨʠ ʾʭ ʫʪʚʦʨʝʥʥʷ assocȹ nS   ̔ assocȹ nH

: 

 assoc assoc
A B1 1

ȹ ȹ
exp( )

R R

i jn n n n
n

S H
x x x

T
= - , (2.16) 

 
N N

A AA1
1 1

[1 ( 1) ] ]n n n n n

n n

a x x i j x i x

= =

= = + + - -ä ä , (2.17) 

 
N N

B BB1
1 1

[1 ( 1) ] ]n n n n n

n n

a x x i j x j x

= =

= = + + - -ä ä , (2.18) 

 
N

BA 11
1

1n

n

x x x

=

+ + =ä , (2.19) 

 

N

assoc A B

1
m N

1

ȹ

ȹ

1 ( 1)

ni jn n
n

n n n

n

H x

H

i j x

=

=

=

+ + -

ä

ä

, (2.20) 

ʜʝ A A1
a x¹ , B B1

a x¹  ï ʘʢʪʠʚʥʦʩʪʽ ʢʦʤʧʦʥʝʥʪʽʚ ʚ ʨʦʟʧʣʘʚʽ, ʝʢʚʽʚʘʣʝʥʪʥʽ 

ʤʦʣʴʥʠʤ ʜʦʣʷʤ ʚʽʜʧʦʚʽʜʥʠʭ ʤʦʥʦʤʝʨʽʚ; 

Ax , Bx  ï ʤʦʣʴʥʽ ʜʦʣʽ ʢʦʤʧʦʥʝʥʪʽʚ; 

mȹ H  ï ʽʥʪʝʛʨʘʣʴʥʘ ʝʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ. ʌʽʟʠʯʥʘ ʢʘʨʪʠʥʘ ʚʟʘʻʤʦʜʽʾ ʚ 

ʨʦʟʧʣʘʚʘʭ ʥʘʢʣʘʜʘʻ ʥʘ ʨʽʰʝʥʥʷ ʩʠʩʪʝʤʠ ʨʽʚʥʷʥʴ ʄɸʈ ʨʷʜ ʜʦʜʘʪʢʦʚʠʭ ʫʤʦʚ: 

 

 0 < aA < 1; (2.21) 

 0 < aB < 1; (2.22) 

 0 < xn < 1; (2.23) 

 assocȹ nH < 0; (2.24) 

 assocȹ nS < 0. (2.25) 
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2.2.2 ʊʨʠʢʦʤʧʦʥʝʥʪʥʽ ʩʠʩʪʝʤʠ 

 

ɼʣʷ ʪʨʠʢʦʤʧʦʥʝʥʪʥʦʛʦ ʨʽʜʢʦʛʦ ʩʧʣʘʚʫ ʩʠʩʪʝʤʠ ɸïɺïʉ, ʚ ʷʢʦʤʫ ʩʠʣʴʥʘ 

ʚʟʘʻʤʦʜʽʷ ʚʽʜʙʫʚʘʻʪʴʩʷ ʤʽʞ ʘʪʦʤʘʤʠ ʩʠʩʪʝʤ AïC ʽ BïC, ʘ ʚ ʩʠʩʪʝʤʽ AïB ʪʘʢʘ 

ʚʟʘʻʤʦʜʽʷ ʚʽʜʩʫʪʥʷ, ʤʦʞʫʪʴ ʙʫʪʠ ʟʘʧʠʩʘʥʽ ʨʽʚʥʷʥʥʷ ʨʝʘʢʮʽʡ ʘʩʦʮʽʘʮʽʾ ʪʠʧʫ 

 1 1A C A Cj j a cj j
a c+ ª , (2.26) 

 1 1B C B Ck k b ck k
b c+ ª , (2.27) 

ʜʝ 1A , 1B , 1C  ï ʦʜʥʦʘʪʦʤʥʽ ʥʝʘʩʦʮʽʡʦʚʘʥʽ ʢʦʤʧʦʥʝʥʪʠ ʘʩʦʮʽʡʦʚʘʥʦʛʦ ʨʦʟʯʠʥʫ 

(ʤʦʥʦʤʝʨʠ);  

A Ca cj j
, B Cb ck k

ï ʜʚʦʢʦʤʧʦʥʝʥʪʥʽ ʘʩʦʮʽʘʪʠ, ʱʦ ʫʪʚʦʨʠʣʠʩʷ ʟ ʤʦʥʦʤʝʨʽʚ; 

ja , jc , kb , i kc   ï ʩʪʝʭʽʦʤʝʪʨʽʯʥʽ ʢʦʝʬʽʮʽʻʥʪʠ ʚʽʜʧʦʚʽʜʥʠʭ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ 

ʘʩʦʮʽʘʪʽʚ. 

ɽʥʝʨʛʽʷ ɻʽʙʙʩʘ ʟʤʽʰʫʚʘʥʥʷ ʪʨʠʢʦʤʧʦʥʝʥʪʥʦʛʦ ʨʦʟʧʣʘʚʫ ʩʠʩʪʝʤʠ AïBïC 

ʤʦʞʝ ʙʫʪʠ ʦʧʠʩʘʥʘ ʚʠʨʘʟʦʤ 

 L ex,L
m A B C m A B C

A,B,C

( , , , ) R ln( ) ȹ ( , , , )i i
i

G x x x T T x x G x x x T
=

D = +ä , (2.28) 

ʜʝ ex,L
m A B Cȹ ( , , , )G x x x T  ï ʥʘʜʣʠʰʢʦʚʘ ʩʢʣʘʜʦʚʘ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʟʤʽʰʫʚʘʥʥʷ, ʷʢʘ 

ʤʦʞʝ ʙʫʪʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʟʘ ʜʦʧʦʤʦʛʦʶ ʥʘʩʪʫʧʥʦʛʦ ʚʠʨʘʟʫ: 

ex,L ex,L ex,L
m A B C m A C m B CA C B C( , , , ) ( , , ) ( , , )G x x x T G x x T G x x T- -D =D +D + 

 ex,L ex,L
m A B m A B CA A B C( , , )  ( , , , )BG x x T G x x x T- - -+D + D . (2.29) 

ɺ ʜʘʥʦʤʫ ʚʠʧʘʜʢʫ ʩʢʣʘʜʦʚʽ ex,L
m A CA C( , , )G x x T-D  ʽ ex,L

m B CB C( , , )G x x T-D  

ʧʨʝʜʩʪʘʚʣʷʶʪʴ ʥʘʜʣʠʰʢʦʚʫ ʝʥʝʨʛʽʶ ɻʽʙʙʩʘ ʟʤʽʰʫʚʘʥʥʷ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤ 

AïC ʽ BïC. ʎʽ ʩʢʣʘʜʦʚʽ ʤʦʞʫʪʴ ʙʫʪʠ ʦʧʠʩʘʥʽ ʤʦʜʝʣʣʶ ɸʈ, ʧʘʨʘʤʝʪʨʘʤʠ ʷʢʦʾ ʻ 

ʯʠʩʣʦ ʘʩʦʮʽʘʪʽʚ N = J + K (J ï ʯʠʩʣʦ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʘʩʦʮʽʘʪʽʚ, ʫʪʚʦʨʝʥʥʷ 

ʷʢʠʭ ʨʦʟʛʣʷʜʘʻʪʴʩʷ ʫ ʨʦʟʧʣʘʚʘʭ ʩʠʩʪʝʤʠ ɸïʉ, K ï ʫ ʨʦʟʧʣʘʚʘʭ ʩʠʩʪʝʤʠ ɺïʉ), 
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ʾʭ ʩʢʣʘʜ A Ca cj j
, B Cb ck k

ʝʥʪʘʣʴʧʽʾ assoc A Cȹ
a cj j

H , assoc B Cȹ
b ck k

H ʽ ʝʥʪʨʦʧʽʾ 

assoc A Cȹ
a cj j

S , assoc B Cȹ
b ck k

S  ʾʭ ʫʪʚʦʨʝʥʥʷ: 

 
ex,L

m A C assoc A C assoc A CA C( , , )= (ȹ ,ȹ )
a c a cj j j j

G x x T f H S-D  (2.30) 

 
ex,L

m B C assoc B C assoc B CB C( , , ) (ȹ ,ȹ )
b c b ck k k k

G x x T f H S-D = . (2.31) 

ʉʢʣʘʜʦʚʘ ex,L
m A BA B ( , , )G x x T-D  ʻ ʥʘʜʣʠʰʢʦʚʦʶ ʝʥʝʨʛʽʻʶ ɻʽʙʙʩʘ ʟʤʽʰʫʚʘʥʥʷ 

ʨʦʟʧʣʘʚʫ ʩʠʩʪʝʤʠ AïB, ʷʢʘ ʤʦʞʝ ʙʫʪʠ ʦʧʠʩʘʥʘ ʤʘʪʝʤʘʪʠʯʥʦʶ ʤʦʜʝʣʣʶ ʥʘ 

ʦʩʥʦʚʽ ʧʦʣʽʥʦʤʽʚ ʈʝʜʣʽʭʘ-ʂʽʩʪʝʨʘ 

ex,L L L L
m A B A B A B A B A B A BA B

0

( , , ) ( ln )( )
m

i i i i

i

G x x T x x A B T C T T x x- - --
=

D = + + -ä ,(2.32) 

ʜʝ m ï ʩʪʫʧʽʥʴ ʧʦʣʽʥʦʤʘ ʈʝʜʣʽʭʘ-ʂʽʩʪʝʨʘ; 

L
A B

i A - , L
A B

iB -  ʪʘ LA B
iC -  ï ʢʦʝʬʽʮʽʻʥʪʠ ʤʦʜʝʣʽ. 

ʈʦʟʛʣʷʥʫʪʠʡ ʚʠʧʘʜʦʢ ʧʝʨʝʜʙʘʯʘʻ, ʱʦ ʚ ʪʨʠʢʦʤʧʦʥʝʥʪʥʦʤʫ ʨʦʟʧʣʘʚʽ ʥʝ 

ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʩʠʣʴʥʘ ʧʦʪʨʽʡʥʘ ʚʟʘʻʤʦʜʽʷ, ʚʨʘʭʫʚʘʥʥʷ ʷʢʦʾ ʚʠʤʘʛʘʣʦ ʙʠ ʚʟʷʪʠ 

ʜʦ ʫʚʘʛʠ ʫʪʚʦʨʝʥʥʷ ʧʦʪʨʽʡʥʠʭ ʘʩʦʮʽʘʪʽʚ, ʘ ʥʝʟʥʘʯʥʠʡ ʧʦ ʘʙʩʦʣʶʪʥʽʡ ʚʝʣʠʯʠʥʽ 

ʜʦʜʘʪʥʠʡ ʘʙʦ ʚʽʜô̒ ʤʥʠʡ ʚʥʝʩʦʢ ʧʦʪʨʽʡʥʦʾ ʚʟʘʻʤʦʜʽʾ ʤʦʞʝ ʙʫʪʠ ʢʦʨʝʢʪʥʦ 

ʚʨʘʭʦʚʘʥʠʡ ʟʘ ʜʦʧʦʤʦʛʦʶ ʚʠʨʘʟʫ  

 ex,L
m A B C A B C A A B B C CA B C( , , , ) ( )G x x x T x x x x L x L x L- -D = + + , (2.33) 

ʜʝ LA, LB ʽ LC ʢʦʝʬʽʮʽʻʥʪʠ ʤʦʜʝʣʽ, ʱʦ ʦʧʠʩʫʶʪʴ ʚʥʝʩʦʢ ʚʽʜʧʦʚʽʜʥʦʛʦ 

ʢʦʤʧʦʥʝʥʪʘ ʚ ʧʦʪʨʽʡʥʫ ʚʟʘʻʤʦʜʽʶ, ʢʦʞʝʥ ʟ ʷʢʠʭ ʤʦʞʝ ʙʫʪʠ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʷʢ 

LMe = AMe + BMeT + CMeTlnT.  

ʈʽʚʥʦʚʘʛʘ ʨʝʘʢʮʽʡ (2.26) ʽ (2.27) ʧʽʜʣʷʛʘʻ ʜʽʾ ʟʘʢʦʥʫ ʜʽʶʯʠʭ ʤʘʩ ʽ 

ʚʠʟʥʘʯʘʻʪʴʩʷ ʧʘʨʘʤʝʪʨʘʤʠ ʤʦʜʝʣʽ. ʋ ʥʘʙʣʠʞʝʥʥʽ ʽʜʝʘʣʴʥʦʛʦ ʘʩʦʮʽʡʦʚʘʥʦʛʦ 

ʨʦʟʯʠʥʫ ʚʩʽ ʡʦʛʦ ʢʦʤʧʦʥʝʥʪʠ ï ʤʦʥʦʤʝʨʠ ʽ ʘʩʦʮʽʘʪʠ ï ʫʪʚʦʨʶʶʪʴ ʽʜʝʘʣʴʥʠʡ 

ʨʦʟʯʠʥ. ʊʦʤʫ ʜʣʷ ʢʦʝʬʽʮʽʻʥʪʽʚ ʘʢʪʠʚʥʦʩʪʽ ʢʦʤʧʦʥʝʥʪʽʚ ʘʩʦʮʽʡʦʚʘʥʦʛʦ ʨʦʟʯʠʥʫ 

ʤʦʞʝʤʦ ʟʘʧʠʩʘʪʠ 

A B ʉ A C B C1 1 1
1.

a c b cj j k k
g g g g g= = = = = 
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ʊʦʜʽ ʢʦʥʩʪʘʥʪʠ ʨʽʚʥʦʚʘʛʠ ʚʽʜʧʦʚʽʜʥʠʭ ʨʝʘʢʮʽʡ ʘʩʦʮʽʘʮʽʾ ʤʦʞʫʪʴ ʙʫʪʠ 

ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ: 

 
A C

A1 1

K
a cj j

j a cj j
C

x

x x

= , (2.34) 

 
C

1 1

K
Bb ck k

k b ck k
B C

x

x x
= . (2.35) 

ʗʢ ʥʘʡʙʽʣʴʰ ʟʨʫʯʥʘ ʬʦʨʤʘ ʧʦʜʘʥʥʷ ʪʝʤʧʝʨʘʪʫʨʥʦʾ ʟʘʣʝʞʥʦʩʪʽ ʢʦʥʩʪʘʥʪʠ 

ʨʽʚʥʦʚʘʛʠ (2.34) ʨʝʘʢʮʽʾ ʘʩʦʮʽʘʮʽʾ (2.26) ʤʦʞʝ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʠʡ ʾʾ ʟʚô̫ ʟʦʢ ʟ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʫʪʚʦʨʝʥʥʷ ʘʩʦʮʽʘʪʽʚ: 

 
assoc A C assoc A Cȹ ȹ

K exp( )
R R

a c a cj j j j
j

S H

T
= - , (2.36) 

ʜʝ assoc A Cȹ
a cj j

H  ʽ assoc A Cȹ
a cj j

S  ï ʝʥʪʘʣʴʧʽʷ ʽ ʝʥʪʨʦʧʽʾ ʫʪʚʦʨʝʥʥʷ ʘʩʦʮʽʘʪʘ 

A Ca cj j
, ʷʢʽ ʚ ʧʦʜʘʣʴʰʦʤʫ ʧʦʟʥʘʯʝʥʽ ʷʢ ȹassocHj ʽ ȹassocSj.  

ɼʣʷ ʨʝʘʢʮʽʾ (2.27) ʪʝʤʧʝʨʘʪʫʨʥʘ ʟʘʣʝʞʥʽʩʪʴ ʢʦʥʩʪʘʥʪʠ ʨʽʚʥʦʚʘʛʠ (2.35) 

ʤʘʻ ʚʠʛʣʷʜ 

 
assoc B C assoc B Cȹ ȹ

K exp( )
R R

b c b ck k k k
k

S H

T
= - , (2.36) 

ʜʝ assoc B Cȹ
b ck k

H  ʽ assoc B C
k k

ȹ
b c

S  ï ʝʥʪʘʣʴʧʽʷ ʽ ʝʥʪʨʦʧʽʾ ʫʪʚʦʨʝʥʥʷ ʘʩʦʮʽʘʪʘ 

" # , ʷʢʽ ʚ ʧʦʜʘʣʴʰʦʤʫ ʧʦʟʥʘʯʝʥʽ ʷʢ ȹassocHk ʽ ȹassocSk.  

ʉʢʣʘʜ ʘʩʦʮʽʡʦʚʘʥʦʛʦ ʨʦʟʯʠʥʫ ʽ ʡʦʛʦ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʤʦʞʫʪʴ 

ʙʫʪʠ ʨʦʟʨʘʭʦʚʘʥʽ ʨʽʰʝʥʥʷʤ ʩʠʩʪʝʤʠ N + 5 = J + K + 5 ʥʝʣʽʥʽʡʥʠʭ ʨʽʚʥʷʥʴ 

(2.37)ï(2.43): 

 
assoc assoc

A C1 1

ȹ ȹ
exp( )

R R

a cj j j j
j

S H
x x x

T
= - , (2.37) 

 assoc assoc
B C1 1

ȹ ȹ
exp( )

R R

b ck k k k
k

S H
x x x

T
= - , (2.38) 

 
N J+K J

A A A1
1 1

[1+ ( 1) ] ]j k n n j j
n j

a x x a b c x a x
=

= =

= = + + - -ä ä  (2.39) 
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N J+K K

B B B1
1 1

[1+ ( 1) ] ]j k n n k k
n k

a x x a b c x b x
=

= =

= = + + - -ä ä  (2.40) 

 
N J+K N J+K

C C C1
1 1

[1+ ( 1) ] ]j k n n n n
n n

a x x a b c x c x
= =

= =

= = + + - -ä ä  (2.41) 

 
N=J+K

A B C1 1 1
1

1n
n

x x x x
=

+ + + =ä  (2.42) 

 

J K

assoc assoc m A B m A B C
1 1

m N J K

1

ȹ ȹ

ȹ

1 ( 1)

j j k k
j k

j k n n
n

H x H x H H

H

a b c x

- - -
= =

= +

=

+ +D +Dä ä

=

+ + + -ä

, (2.43) 

ʜʝ ὼ , ὼ ,  ὼ ï ʤʦʣʴʥʽ ʜʦʣʽ ʤʦʥʦʤʝʨʽʚ ʚ ʘʩʦʮʽʡʦʚʘʥʦʤʫ ʨʦʟʯʠʥʽ; 

ὼ, ὼ, ὼ ï ʤʦʣʴʥʽ ʜʦʣʽ ʢʦʤʧʦʥʝʥʪʽʚ A, B ʽ C ʚ ʩʧʣʘʚʽ; 

xj, xk ʽ xn ï ʤʦʣʴʥʽ ʜʦʣʽ ʘʩʦʮʽʘʪʽʚ ʚ ʘʩʦʮʽʡʦʚʘʥʦʤʫ ʨʦʟʯʠʥʽ; 

aA, aB ʽ aC ï ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʘʢʪʠʚʥʦʩʪʽ ʢʦʤʧʦʥʝʥʪʽʚ ʚ ʨʦʟʧʣʘʚʽ; 

ȹmH ï ʽʥʪʝʛʨʘʣʴʥʘ ʝʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ ʨʦʟʧʣʘʚʫ; 

m A BH -D  ï ʽʥʪʝʛʨʘʣʴʥʘ ʝʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ ʚ ʩʠʩʪʝʤʽ AïB ʽ m A B CH - -D  ï 

ʚʥʝʩʦʢ ʧʦʪʨʽʡʥʦʾ ʚʟʘʻʤʦʜʽʾ ʚ ʽʥʪʝʛʨʘʣʴʥʫ ʝʥʪʘʣʴʧʽʶ ʟʤʽʰʫʚʘʥʥʷ. ɺʥʝʩʦʢ ʚ 

ʝʥʪʘʣʴʧʽʶ ʟʤʽʰʫʚʘʥʥʷ, ʧʦʚô̫ ʟʘʥʠʡ ʽʟ ʚʟʘʻʤʦʜʽʻʶ ʢʦʤʧʦʥʝʥʪʽʚ ʚ ʩʠʩʪʝʤʽ AïB, 

ʤʦʞʝ ʙʫʪʠ ʦʙʯʠʩʣʝʥʠʡ ʚʽʜʧʦʚʽʜʥʦ ʜʦ (2.32) ʟʘ ʬʦʨʤʫʣʦʶ 

 

 m A B A B A B A B A B0( )( )i i iv
iH x x A C T x x- - -=D = - -ä . (2.44) 

 

ʇʨʠ ʥʘʷʚʥʦʩʪʽ ʟʥʘʯʥʦʛʦ ʚʽʜô̒ ʤʥʦʛʦ ʚʥʝʩʢʫ ʧʦʪʨʽʡʥʦʾ ʚʟʘʻʤʦʜʽʾ ʚ 

ʝʥʪʘʣʴʧʽʶ ʟʤʽʰʫʚʘʥʥʷ ʨʦʟʧʣʘʚʫ ʤʦʞʥʘ ʧʨʠʧʫʩʪʠʪʠ ʫʪʚʦʨʝʥʥʷ ʚ ʨʦʟʧʣʘʚʘʭ 

ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʘʩʦʮʽʘʪʽʚ. ʋ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʚ ʜʦʧʦʚʥʝʥʥʷ ʜʦ ʧʨʝʜʩʪʘʚʣʝʥʠʭ 

ʚʠʱʝ J + K  ʨʝʘʢʮʽʡ ʫʪʚʦʨʝʥʥʷ ʧʦʜʚʽʡʥʠʭ ʘʩʦʮʽʘʪʽʚ (2.26) ʽ (2.27) ʚ ʨʦʟʧʣʘʚʽ 

ʤʦʞʝ ʧʨʦʪʽʢʘʪʠ ʅ ʨʝʘʢʮʽʡ 

 ahA1 + bhB1 + chC1 ź A B Ca b ch h h
, (2.45) 
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ʜʝ ah, bh ʽ ch ï ʩʪʝʭʽʦʤʝʪʨʠʯʥʽ ʢʦʝʬʽʮʽʻʥʪʠ ʧʦʪʨʽʡʥʠʭ ʘʩʦʮʽʘʪʽʚ, ʫʪʚʦʨʝʥʥʷ ʷʢʠʭ 

ʨʦʟʛʣʷʜʘʻʪʴʩʷ ʫ ʨʦʟʧʣʘʚʘʭ ɸïɺïʉ. ʇʨʠ ʮʴʦʤʫ ʧʝʨʝʜʙʘʯʘʻʪʴʩʷ, ʱʦ 

A B C 1
a b ch h h

g =. 

ʂʦʥʩʪʘʥʪʠ ʨʽʚʥʦʚʘʛʠ ʮʠʭ ʨʝʘʢʮʽʡ ʤʘʶʪʴ ʚʠʛʣʷʜ 

 
A B C

A B C1 1 1

K
a b ch h h

h a b ch h h

x

x x x
= , (2.46) 

ʘ ʾʭ ʪʝʤʧʝʨʘʪʫʨʥʘ ʟʘʣʝʞʥʽʩʪʴ ï  

 
assoc A B C assoc A B Cȹ ȹ

K exp( )
R R

a b c a b ch h h h h h
h

S H

T
= -  (2.47) 

ʜʝ assoc A B Cȹ
a b ch h h

H  ʪʘ assoc A B Cȹ
a b ch h h

S  ï ʝʥʪʘʣʴʧʽʾ ʽ ʝʥʪʨʦʧʽʾ ʫʪʚʦʨʝʥʥʷ 

ʧʦʪʨʽʡʥʠʭ ʘʩʦʮʽʘʪʽʚ, ʷʢʽ ʚ ʧʦʜʘʣʴʰʦʤʫ ʧʦʟʥʘʯʝʥʽ ʷʢ ȹassocHh ʠ ȹassocSh. 

ɺ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʧʘʨʘʤʝʪʨʠ ʤʦʜʝʣʽ ʤʦʞʫʪʴ ʙʫʪʠ ʟʥʘʡʜʝʥʽ ʨʽʰʝʥʥʷʤ 

ʩʠʩʪʝʤʠ N + 6 = J + K + ʅ + 6 ʥʝʣʽʥʽʡʥʠʭ ʨʽʚʥʷʥʴ (2.48)ï(2.55) 

 
assoc assoc

A C1 1

ȹ ȹ
exp( )

R R

a cj j j j
j

S H
x x x

T
= - , (2.48) 

 assoc assoc
B C1 1

ȹ ȹ
exp( )

R R

b ck k k k
k

S H
x x x

T
= - , (2.49) 

 assoc assoc
B C1 1 1

ȹ ȹ
exp( )

R R

a b ch h h h h
h A

S H
x x x x

T
= - , (2.50) 

 
N=J+K+H N=J+H

A A A1
1 1

[1+ ( 1) ] ]n n n n n n
n n

a x x a b c x a x
= =

= = + + - -ä ä  (2.51) 

 
N=J+K+H N=K+H

B B B1
1 1

[1+ ( 1) ] ]n n n n n n
n n

a x x a b c x b x
= =

= = + + - -ä ä  (2.52) 

 
N=J+K+H N=J+K+H

C C C1
1 1

[1+ ( 1) ] ]n n n n n n
n n

a x x a b c x c x
= =

= = + + - -ä ä  (2.53) 

 
N=J+K+H

A B C1 1 1
1

1n
n

x x x x
=

+ + + =ä  (2.54) 
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J K H

assoc assoc assoc m A B
1 1 1

m N=J+K+H

1

ȹ ȹ ȹ

ȹ

1 ( 1)

j j k k h h
j k h

n n n n
n

H x H x H x H

H

a b c x

-
= = =

=

å õ
+ + +Dä ä äæ öæ ö

ç ÷=

+ + + -ä

 (2.55) 

ɺʩʽ ʧʦʜʘʣʴʰʽ ʨʦʟʨʘʭʫʥʢʠ ʧʨʦʚʦʜʠʣʠ ʚ ʧʨʠʧʫʱʝʥʥʽ ʧʨʦ ʥʝʟʘʣʝʞʥʽʩʪʴ 

ʧʨʠʡʥʷʪʠʭ ʧʘʨʘʤʝʪʨʽʚ ʤʦʜʝʣʽ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ. ʌʽʟʠʯʥʘ ʢʘʨʪʠʥʘ ʚʟʘʻʤʦʜʽʾ ʚ 

ʨʦʟʧʣʘʚʘʭ ʥʘʢʣʘʜʘʻ ʥʘ ʨʽʰʝʥʥʷ ʜʘʥʦʾ ʩʠʩʪʝʤʠ ʨʽʚʥʷʥʴ, ʢʨʽʤ ʚʠʢʦʥʘʥʥʷ ʫʤʦʚ 

(2.21)ï(2.25), ʜʦʜʘʪʢʦʚʫ ʫʤʦʚʫ 

 0 < aC < 1; (2.56) 

 

2.2.3 ʇʨʦʮʝʜʫʨʘ ʟʥʘʭʦʜʞʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʤʦʜʝʣʽ ʘʩʦʮʽʡʦʚʘʥʦʛʦ ʨʦʟʯʠʥʫ  

 

ʇʘʨʘʤʝʪʨʠ ʤʦʜʝʣʽ ʽʜʝʘʣʴʥʦʛʦ ʘʩʦʮʽʡʦʚʘʥʦʛʦ ʨʦʟʯʠʥʫ ï ʩʢʣʘʜ ʽ ʯʠʩʣʦ 

ʘʩʦʮʽʘʪʽʚ N, ʝʥʪʘʣʴʧʽʾ assocȹ nH  ̔  ʝʥʪʨʦʧʽʾ assocȹ nS  ʾ ʭ ʫʪʚʦʨʝʥʥʷ ï ʤʦʞʫʪʴ ʙʫʪʠ 

ʟʥʘʡʜʝʥʽ ʧʨʠ ʾʭ ʦʧʪʠʤʽʟʘʮʽʾ ʱʦʜʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʟʥʘʯʝʥʴ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʬʫʥʢʮʽʡ ʨʦʟʧʣʘʚʽʚ ï ʝʥʪʘʣʴʧʽʡ ʟʤʽʰʫʚʘʥʥʷ ʽ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʘʢʪʠʚʥʦʩʪʝʡ ʢʦʤʧʦʥʝʥʪʽʚ. ɼʝʪʘʣʴʥʦ ʧʠʪʘʥʥʷ ʦʧʠʩʫ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʨʦʟʧʣʘʚʽʚ ʙʫʣʠ ʨʦʟʛʣʷʥʫʪʽ ʚ 

[202]. ʅʘʡʙʽʣʴʰ ʩʫʙô̒ ʢʪʠʚʥʠʤ ʤʦʤʝʥʪʦʤ ʧʨʠ ʧʦʙʫʜʦʚʽ ʤʦʜʝʣʽ ʘʩʦʮʽʡʦʚʘʥʦʛʦ 

ʨʦʟʯʠʥʫ ʻ ʚʠʙʽʨ ʩʢʣʘʜʫ ʽ ʯʠʩʣʘ ʫʪʚʦʨʶʚʘʥʠʭ ʘʩʦʮʽʘʪʽʚ. ʇʨʠ ʮʴʦʤʫ 

ʽʥʬʦʨʤʘʮʽʻʶ, ʷʢʘ ʩʣʫʞʠʪʴ ʜʣʷ ʾʭ ʧʨʘʚʠʣʴʥʦʛʦ ʚʠʙʦʨʫ, ʻ ʜʘʥʽ ʧʨʦ ʤʦʨʬʦʣʦʛʽʯʥʽ 

ʦʩʦʙʣʠʚʦʩʪʽ ʜʽʘʛʨʘʤ ʩʪʘʥʫ ʩʠʩʪʝʤ ʽ ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʡ ʭʽʜ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ 

ʬʫʥʢʮʽʡ ʟʤʽʰʫʚʘʥʥʷ ʨʦʟʧʣʘʚʽʚ. ʗʢ ʙʫʣʦ ʧʦʢʘʟʘʥʦ ʚ ʨʦʙʦʪʘʭ [202,204], 

ʢʝʨʫʶʯʠʩʴ ʬʦʨʤʘʣʴʥʠʤʠ ʦʟʥʘʢʘʤʠ, ʚʜʘʻʪʴʩʷ ʧʽʜʽʙʨʘʪʠ ʦʧʪʠʤʘʣʴʥʽ ʯʠʩʣʦ ʽ 

ʩʢʣʘʜ ʘʩʦʮʽʘʪʽʚ, ʱʦ ʜʦʟʚʦʣʷʶʪʴ ʘʜʝʢʚʘʪʥʦ ʦʧʠʩʘʪʠ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʬʫʥʢʮʽʾ 

ʟʤʽʰʫʚʘʥʥʷ ʨʦʟʧʣʘʚʽʚ. 

ʇʨʦʮʝʜʫʨʘ ʦʧʠʩʫ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ 

ʨʦʟʧʣʘʚʽʚ ʚ ʨʘʤʢʘʭ ʄɸʈ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʥʘʩʪʫʧʥʠʭ ʦʧʝʨʘʮʽʡ: ʦʧʠʩʫ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʨʦʟʧʣʘʚʽʚ ʚ ʛʨʘʥʠʯʥʠʭ 

ʩʠʩʪʝʤʘʭ; ʟô̫ ʩʫʚʘʥʥʷ ʥʝʦʙʭʽʜʥʦʩʪʽ ʟʘʣʫʯʝʥʥʷ ʫʷʚʣʝʥʴ ʧʨʦ ʫʪʚʦʨʝʥʥʷ ʚ 
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ʪʨʠʢʦʤʧʦʥʝʥʪʥʦʤʫ ʨʦʟʧʣʘʚʽ ʧʦʪʨʽʡʥʠʭ ʘʩʦʮʽʘʪʽʚ; ʟʥʘʭʦʜʞʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ 

ʧʦʪʨʽʡʥʠʭ ʘʩʦʮʽʘʪʽʚ ʘʙʦ ʧʘʨʘʤʝʪʨʽʚ ʤʘʪʝʤʘʪʠʯʥʠʭ ʤʦʜʝʣʝʡ, ʱʦ ʦʧʠʩʫʶʪʴ 

ʚʥʝʩʦʢ ʧʦʪʨʽʡʥʦʾ ʚʟʘʻʤʦʜʽʾ. 

ʇʠʪʘʥʥʷ ʧʨʦ ʥʝʦʙʭʽʜʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚ ʤʦʜʝʣʽ ʘʩʦʮʽʡʦʚʘʥʦʛʦ ʨʦʟʯʠʥʫ 

ʪʨʠʢʦʤʧʦʥʝʥʪʥʦʛʦ ʨʦʟʧʣʘʚʫ ʧʘʨʘʤʝʪʨʽʚ, ʷʢʽ ʧʦʚô̫ ʟʘʥʽ ʟ ʫʪʚʦʨʝʥʥʷʤ ʧʦʪʨʽʡʥʠʭ 

ʘʩʦʮʽʘʪʽʚ, ʤʦʞʝ ʙʫʪʠ ʚʠʨʽʰʝʥʝ ʥʘ ʧʽʜʩʪʘʚʽ ʘʥʘʣʽʟʫ ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʛʦ ʭʦʜʫ 

ʚʽʜʧʦʚʽʜʥʠʭ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʬʫʥʢʮʽʡ ʟʤʽʰʫʚʘʥʥʷ, ʥʘʷʚʥʦʩʪʽ, ʟʥʘʢʫ ʽ 

ʭʘʨʘʢʪʝʨʫ ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʾ ʟʘʣʝʞʥʦʩʪʽ ʧʦʪʨʽʡʥʦʛʦ ʚʥʝʩʢʫ ʪʘ ʽʥʬʦʨʤʘʮʽʾ ʧʨʦ 

ʤʦʨʬʦʣʦʛʽʯʥʽ ʦʩʦʙʣʠʚʦʩʪʽ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʪʨʠʢʦʤʧʦʥʝʥʪʥʦʾ ʩʠʩʪʝʤʠ, ʚ ʧʝʨʰʫ 

ʯʝʨʛʫ, ʧʨʦ ʫʪʚʦʨʝʥʥʷ ʽ ʭʘʨʘʢʪʝʨ ʧʣʘʚʣʝʥʥʷ ʾʾ ʧʦʪʨʽʡʥʠʭ ʬʘʟ. 

ɿʥʘʭʦʜʞʝʥʥʷ ʝʥʪʘʣʴʧʽʾ ʽ ʝʥʪʨʦʧʽʾ ʫʪʚʦʨʝʥʥʷ ʧʦʪʨʽʡʥʠʭ ʘʩʦʮʽʘʪʽʚ 

ʟʜʽʡʩʥʶʚʘʣʠ ʟʘ ʤʝʪʦʜʦʤ ʥʘʡʤʝʥʰʠʭ ʢʚʘʜʨʘʪʽʚ ʧʨʠ ʘʧʨʦʢʩʠʤʘʮʽʾ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʬʫʥʢʮʽʡ ʟʤʽʰʫʚʘʥʥʷ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʨʦʟʧʣʘʚʽʚ ʧʨʠ 

ʬʽʢʩʦʚʘʥʠʭ ʟʥʘʯʝʥʥʷʭ ʧʘʨʘʤʝʪʨʽʚ ʜʣʷ ʚʽʜʧʦʚʽʜʥʠʭ ʛʨʘʥʠʯʥʠʭ 

ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ. ʇʦʜʽʙʥʠʡ ʧʽʜʭʽʜ ʤʘʻ ʨʷʜ ʧʝʨʝʚʘʛ. ʇʦ-ʧʝʨʰʝ, ʤʦʞʝ 

ʙʫʪʠ ʩʪʚʦʨʝʥʘ ʙʘʟʘ ʤʦʜʝʣʝʡ ʘʩʦʮʽʡʦʚʘʥʦʛʦ ʨʦʟʯʠʥʫ ʨʦʟʧʣʘʚʽʚ ʛʨʘʥʠʯʥʠʭ 

ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ. ʇʦ-ʜʨʫʛʝ, ʪʘʢʘ ʙʘʟʘ ʤʦʞʝ ʙʫʪʠ ʟ ʫʩʧʽʭʦʤ 

ʚʠʢʦʨʠʩʪʘʥʘ ʜʣʷ ʦʧʠʩʫ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʨʦʟʧʣʘʚʽʚ 

ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ, ʱʦ ʤʘʶʪʴ ʩʫʤʽʞʥʽ ʜʚʦʢʦʤʧʦʥʝʥʪʥʽ ʩʠʩʪʝʤʠ. ʇʦ-

ʪʨʝʪʻ, ʧʨʠ ʧʦʜʽʙʥʦʤʫ ʧʽʜʭʦʜʽ ʚ ʨʘʤʢʘʭ CALPHAD-ʤʝʪʦʜʫ [205,206] ʜʣʷ 

ʟʥʘʭʦʜʞʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʧʦʪʨʽʡʥʠʭ ʘʩʦʮʽʘʪʽʚ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʥʝ 

ʪʽʣʴʢʠ ʜʘʥʽ ʧʨʦ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʨʦʟʧʣʘʚʽʚ, ʘ ʡ 

ʽʥʬʦʨʤʘʮʽʷ ʧʨʦ ʬʘʟʦʚʽ ʨʽʚʥʦʚʘʛʠ ʟʘ ʫʯʘʩʪʶ ʨʦʟʧʣʘʚʽʚ ʚ ʪʨʠʢʦʤʧʦʥʝʥʪʥʽʡ 

ʩʠʩʪʝʤʽ. ʇʦ-ʯʝʪʚʝʨʪʝ, ʧʦʜʽʙʥʠʡ ʧʽʜʭʽʜ ʤʦʞʝ ʙʫʪʠ ʨʦʟʰʠʨʝʥʠʡ ʜʣʷ 

ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ. 

 

2.2.4 ɹʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʽ ʩʠʩʪʝʤʠ 

 

ɼʣʷ ʦʧʠʩʫ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʨʽʜʢʦʛʦ ʩʧʣʘʚʫ ʤʦʞʝ ʙʫʪʠ ʧʨʠʡʥʷʪʝ ʥʘʩʪʫʧʥʝ 

ʧʨʠʧʫʱʝʥʥʷ: ʧʨʠ ʦʧʠʩʽ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ 
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ʨʦʟʧʣʘʚʽʚ (ʚʪʽʤ, ʷʢ ʽ ʽʥʰʠʭ ʨʦʟʯʠʥʥʠʭ ʬʘʟ) ʩʠʩʪʝʤ ʜʦʩʠʪʴ ʚʨʘʭʦʚʫʚʘʪʠ 

ʭʘʨʘʢʪʝʨʥʽ ʜʣʷ ʥʠʭ ʧʘʨʥʽ ʽ ʧʦʪʨʽʡʥʽ ʚʟʘʻʤʦʜʽʾ ʢʦʤʧʦʥʝʥʪʽʚ. ɼʘʥʝ ʧʨʠʧʫʱʝʥʥʷ 

ʥʝ ʻ ʙʝʟʧʽʜʩʪʘʚʥʠʤ, ʽ ˇʨʫʥʪʫʻʪʴʩʷ ʥʘ ʙʘʛʘʪʦʤʫ ʧʨʘʢʪʠʯʥʦʤʫ ʜʦʩʚʽʜʽ, 

ʥʘʢʦʧʠʯʝʥʦʤʫ ʧʨʠ ʨʦʟʨʦʙʮʽ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʙʘʟ ʜʘʥʠʭ, ʱʦ ʦʧʠʩʫʶʪʴ 

ʚʣʘʩʪʠʚʦʩʪʽ ʬʘʟ ʽ ʬʘʟʦʚʽ ʨʽʚʥʦʚʘʛʠ ʚ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤʘʭ, ʙʘʟʦʚʠʭ 

ʜʣʷ ʨʦʟʨʦʙʢʠ ʩʪʘʣʝʡ [207], ʩʧʣʘʚʽʚ ʥʘ ʦʩʥʦʚʽ ʤʽʜʽ [208], ʥʽʢʝʣʶ [209], ʘʣʶʤʽʥʽʶ 

[210] ʪʘ ʽʥ. ɺ ʧʦʜʽʙʥʠʭ ʙʘʟʘʭ ʜʘʥʠʭ ʧʨʘʢʪʠʯʥʦ ʧʦʚʥʽʩʪʶ ʚʽʜʩʫʪʥʽ ʧʘʨʘʤʝʪʨʠ, 

ʱʦ ʚʽʜʧʦʚʽʜʘʶʪʴ ʟʘ ʯʝʪʚʝʨʥʽ ʚʟʘʻʤʦʜʽʾ ʢʦʤʧʦʥʝʥʪʽʚ ʚ ʩʠʩʪʝʤʘʭ ʽ ʟʘ ʚʟʘʻʤʦʜʽʾ 

ʙʽʣʴʰ ʚʠʩʦʢʦʛʦ ʧʦʨʷʜʢʫ. 

ɼʣʷ ʦʧʠʩʫ ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʾ ʽ ʪʝʤʧʝʨʘʪʫʨʥʦʾ ʟʘʣʝʞʥʦʩʪʽ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ 

ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʦʛʦ ʨʽʜʢʦʛʦ ʩʧʣʘʚʫ ʩʠʩʪʝʤʠ AïBïCïDïEï ... ʙʫʣʦ 

ʚʠʢʦʨʠʩʪʘʥʦ ʚʠʨʘʟ 

 L L L
A B C m A

A,...

( , , ,..., ) ( ( ) ) ( ,..., )SER
i i i

i

G x x x T x G T H G x T
=

= - +Dä , (2.57) 

ʜʝ L ( ) SER
i iG T H-  ï ʝʥʝʨʛʽʷ ɻʽʙʙʩʘ ʯʠʩʪʦʛʦ ʨʽʜʢʦʛʦ ʝʣʝʤʝʥʪʫ 

i = A, B, C, D, E, é, ʱʦ ʨʦʟʨʘʭʦʚʫʻʪʴʩʷ ʟʘ ʧʘʨʘʤʝʪʨʘʤʠ ʙʘʟʠ ʜʘʥʠʭ SGTE 

[211]; L
m A B C( , , ,..., )G x x x TD  ï ʝʥʝʨʛʽʷ ɻʽʙʙʩʘ ʟʤʽʰʫʚʘʥʥʷ, ʚ ʷʢʫ ʚʭʦʜʷʪʴ 

ʽʜʝʘʣʴʥʘ ʽ ʥʘʜʣʠʰʢʦʚʘ ʩʢʣʘʜʦʚʽ: 

 
L ex,L

m A B C m A
A,...

( , , ,..., ) R ln ( ,..., )i i
i

G x x x T T x x G x T
=

D = +Dä . (2.58) 

ɺ ʨʘʤʢʘʭ ʧʨʠʡʥʷʪʦʾ ʥʘʤʠ ʛʽʧʦʪʝʟʠ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʬʫʥʢʮʽʾ ʟʤʽʰʫʚʘʥʥʷ 

ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʦʛʦ ʨʦʟʯʠʥʫ ʤʦʞʫʪʴ ʙʫʪʠ ʦʧʠʩʘʥʽ ʥʘ ʦʩʥʦʚʽ ʚʨʘʭʫʚʘʥʥʷ ʚʩʽʭ 

ʘʢʪʫʘʣʴʥʠʭ ʧʘʨʥʠʭ ʽ ʧʦʪʨʽʡʥʠʭ ʚʟʘʻʤʦʜʽʡ ʫ ʥʴʦʤʫ: 

 
L ex,L

m A B C m A
A,...

( , , ,..., ) R ln ( ,..., )i i
i

G x x x T T x x G x T
=

D = +Dä . (2.60) 

ɺ ʨʘʤʢʘʭ ʧʨʠʡʥʷʪʦʾ ʥʘʤʠ ʛʽʧʦʪʝʟʠ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʬʫʥʢʮʽʾ ʟʤʽʰʫʚʘʥʥʷ 

ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʦʛʦ ʨʦʟʯʠʥʫ ʤʦʞʫʪʴ ʙʫʪʠ ʦʧʠʩʘʥʽ ʥʘ ʦʩʥʦʚʽ ʚʨʘʭʫʚʘʥʥʷ ʚʩʽʭ 

ʘʢʪʫʘʣʴʥʠʭ ʧʘʨʥʠʭ ʽ ʧʦʪʨʽʡʥʠʭ ʚʟʘʻʤʦʜʽʡ ʫ ʥʴʦʤʫ: 
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L ex,L
m A B C A,... m A BA B( , , ,..., ) R ln ( , , )i i iG x x x T T x x G x x T= -D = +D +ä

ex,L ex,L ex,L
m A C m A D m A EA C A D A E( , , ) ( , , ) ( , , )G x x T G x x T G x x T- - -+D +D +D + 

ex,L ex,L ex,L
m B C m B D m B EB D B EB C( , , ) ( , , ) ( , , )G x x T G x x T G x x T- --+D +D +D + 

ex,L ex,L ex,L
m C D m C E m D ED EC D C E( , , ) ( , , ) ( , , ) ...G x x T G x x T G x x T-- -+D +D +D + + 

ex,L ex,L
m A B C m A B DA B C A B D( , , , ) ( , , , )G x x x T G x x x T- - - -+D +D + 

ex,L ex,L
m A B E m A C DA B E A C D( , , , ) ( , , , )G x x x T G x x x T- - - -+D +D + 

ex,L ex,L
m A C E m A D EA C E A D E( , , , ) ( , , , )G x x x T G x x x T- - - -+D +D + 

ex,L ex,L
m B C D m B C EB C D B C E( , , , ) ( , , , )G x x x T G x x x T- - - -+D +D + 

ex,L ex,L
m B D E m C D EB D E C D E( , , , ) ( , , , ) ...G x x x T G x x x T- - - -+D +D + 

ɺ ʦʩʥʦʚʫ ʪʘʢʦʛʦ ʧʽʜʭʦʜʫ ʧʦʢʣʘʜʝʥʦ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʡ ʦʧʠʩ ʥʘʜʣʠʰʢʦʚʦʾ 

ʩʢʣʘʜʦʚʦʾ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ex,L
m A B C( , , , )G x x x TD  ʪʨʠʢʦʤʧʦʥʝʥʪʥʦʛʦ ʨʦʟʯʠʥʫ, 

ʷʢʠʡ ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ ʧʫʥʢʪʽ 2.2.2 ʟʘ ʜʦʧʦʤʦʛʦʶ ʚʠʨʘʟʫ (2.29). 

 

2.3 ʄʝʪʦʜʠʢʘ ʤʦʜʝʣʶʚʘʥʥʷ ʬʘʟʦʚʠʭ ʨʽʚʥʦʚʘʛ ʚ ʨʘʤʢʘʭ CALPHAD-

ʤʝʪʦʜʫ 

 

ʋ ʜʘʥʽʡ ʨʦʙʦʪʽ ʥʘʙʽʨ ʩʘʤʦʫʟʛʦʜʞʝʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ 

ʤʦʜʝʣʝʡ ʬʘʟ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʽ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ 

ʜʘʥʠʤ ʧʨʦ ʾʭ ʨʽʚʥʦʚʘʞʥʽ ʧʝʨʝʪʚʦʨʝʥʥʷʭ ʽ ʧʨʦ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ, ʙʫʚ 

ʦʪʨʠʤʘʥʠʡ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ CALPHAD-ʤʝʪʦʜʫ [205,206,212]. ʋ CALPHAD-

ʤʝʪʦʜʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘ ʽʥʬʦʨʤʘʮʽʷ ʧʨʦ ʩʠʩʪʝʤʫ ʢʦʥʚʝʨʪʫʻʪʴʩʷ ʚ 

ʦʧʪʠʤʽʟʫʻʤʽ ʧʘʨʘʤʝʪʨʠ ʤʦʜʝʣʝʡ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʚʽʜʧʦʚʽʜʥʠʭ ʬʘʟ. ʊʝʨʤʽʥ 

"ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʡ ʦʧʠʩ" ʩʠʩʪʝʤʠ ʦʟʥʘʯʘʻ ʪʝ, ʱʦ ʧʘʨʘʤʝʪʨʠ ʤʦʜʝʣʝʡ ʦʪʨʠʤʘʥʽ 

ʪʘʢ, ʱʦ ʤʦʞʫʪʴ ʙʫʪʠ ʨʦʟʨʘʭʦʚʘʥʽ ʥʝ ʪʽʣʴʢʠ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʬʘʟ, 

ʘʣʝ ʽ ʬʘʟʦʚʘ ʜʽʘʛʨʘʤʘ ʩʠʩʪʝʤʠ. ʈʦʟʨʘʭʫʥʦʢ ʬʘʟʦʚʠʭ ʨʽʚʥʦʚʘʛ ʚ ʩʠʩʪʝʤʽ ʚʠʤʘʛʘʻ 

ʤʽʥʽʤʽʟʘʮʽʾ ʩʫʤʠ ʟʥʘʯʝʥʴ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʚʩʽʭ ʬʘʟ, ʱʦ ʚʭʦʜʷʪʴ ʜʦ ʾʾ ʩʢʣʘʜʫ 
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 minG n Gf f

f

= =ä , (2.61) 

 

ʜʝ nf ï ʯʠʩʣʦ ʤʦʣʝʡ ʬʘʟʠ f; Gf ï ʝʥʝʨʛʽʷ ɻʽʙʙʩʘ ʬʘʟʠ.  

ʊʦʤʫ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʢʦʞʥʦʾ ʬʘʟʠ, ʷʢʘ ʙʝʨʝ ʫʯʘʩʪʴ ʚ 

ʨʽʚʥʦʚʘʟʽ, ʧʦʚʠʥʥʽ ʙʫʪʠ ʦʧʠʩʘʥʽ ʚʽʜʧʦʚʽʜʥʠʤʠ ʤʦʜʝʣʷʤʠ, ʷʢʽ ʜʣʷ ʯʠʩʪʠʭ 

ʨʝʯʦʚʠʥ ʧʦʚʠʥʥʽ ʚʨʘʭʦʚʫʚʘʪʠ ʪʝʤʧʝʨʘʪʫʨʥʫ ʟʘʣʝʞʥʽʩʪʴ, ʘ ʜʣʷ ʬʘʟ, ʱʦ ʤʘʶʪʴ 

ʦʙʣʘʩʪʴ ʛʦʤʦʛʝʥʥʦʩʪʽ, ï ʪʝʤʧʝʨʘʪʫʨʥʦ-ʢʦʥʮʝʥʪʨʘʮʽʡʥʫ ʟʘʣʝʞʥʽʩʪʴ ʝʥʝʨʛʽʾ 

ɻʽʙʙʩʘ. 

2.3.1 ʇʨʦʮʝʜʫʨʘ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʛʦ ʦʧʠʩʫ ʩʠʩʪʝʤ 

 

ʈʦʟʨʘʭʫʥʦʢ ʜʽʘʛʨʘʤ ʩʪʘʥʫ ʩʠʩʪʝʤ ʚʠʢʦʥʫʻʪʴʩʷ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʤʘʪʝʤʘʪʠʯʥʦʛʦ ʘʧʘʨʘʪʫ CALPHAD-ʤʝʪʦʜʫ [205]. ɼʣʷ ʨʝʘʣʽʟʘʮʽʾ ʪʘʢʠʭ 

ʨʦʟʨʘʭʫʥʢʽʚ ʩʪʚʦʨʝʥʽ ʩʧʝʮʽʘʣʽʟʦʚʘʥʽ ʧʨʦʛʨʘʤʥʽ ʧʘʢʝʪʠ: Lukas program [213], 

Thermo-Calc [214], ChemSage [215], MTDATA [216], Pandat [217], OpenCalphad 

[218]. 

ɺ ʨʘʤʢʘʭ CALPHAD-ʤʝʪʦʜʫ ʚʠʢʦʥʫʻʪʴʩʷ ʥʘʩʪʫʧʥʘ ʧʦʩʣʽʜʦʚʥʽʩʪʴ 

ʦʩʥʦʚʥʠʭ ʦʧʝʨʘʮʽʡ [206,214,219]. ʅʘ ʧʝʨʰʦʤʫ ʝʪʘʧʽ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʛʦ ʦʧʠʩʫ 

ʩʠʩʪʝʤʠ ʧʨʦʚʦʜʷʪʴ ʟʙʽʨ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʾ ʽʥʬʦʨʤʘʮʽʾ ʧʨʦ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ 

ʚʣʘʩʪʠʚʦʩʪʽ ʬʘʟ ʽ ʬʘʟʦʚʽ ʨʽʚʥʦʚʘʛʠ ʚ ʩʠʩʪʝʤʽ. ɿʽʙʨʘʥʘ ʽʥʬʦʨʤʘʮʽʷ ʢʨʠʪʠʯʥʦ 

ʦʮʽʥʶʻʪʴʩʷ, ʚʠʟʥʘʯʘʶʪʴʩʷ ʯʠʩʪʦʪʘ ʧʨʦʚʝʜʝʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʽ ʚʝʣʠʯʠʥʠ 

ʟʘʣʫʯʝʥʠʭ ʫ ʚʠʤʽʨʶʚʘʥʥʷ ʧʦʭʠʙʦʢ, ʚʠʢʣʶʯʘʶʪʴʩʷ ʩʫʧʝʨʝʯʣʠʚʽ ʽ ʧʦʤʠʣʢʦʚʽ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʘʥʽ. ɺʝʣʠʢʝ ʟʥʘʯʝʥʥʷ ʥʘ ʜʘʥʦʤʫ ʝʪʘʧʽ ʚʽʜʽʛʨʘʻ ʧʝʨʝʚʽʨʢʘ 

ʚʽʜʧʦʚʽʜʥʦʩʪʽ ʧʝʨʚʠʥʥʦʾ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʾ ʽʥʬʦʨʤʘʮʽʾ ʽʩʥʫʶʯʠʤ 

ʪʝʦʨʝʪʠʯʥʠʤ ʢʦʥʮʝʧʮʽʷʤ 

ʅʘʩʪʫʧʥʠʡ ʝʪʘʧ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʛʦ ʦʧʠʩʫ ʩʠʩʪʝʤʠ ʧʦʚô̫ ʟʘʥʠʡ ʟ 

ʨʦʟʨʦʙʢʦʶ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʤʦʜʝʣʝʡ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʢʦʞʥʦʾ ʟ ʬʘʟ. ɿʘ ʩʚʦʻʶ 

ʩʪʨʫʢʪʫʨʦʶ ʤʦʜʝʣʴ ʧʦʚʠʥʥʘ ʙʫʪʠ ʘʜʝʢʚʘʪʥʘ ʥʘʷʚʥʽʡ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽʡ 

ʽʥʬʦʨʤʘʮʽʾ, ʷʢ ʧʨʦ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪ ̔ ʬʘʟʠ, ʪʘʢ ʽ ʧʨʦ ʭʘʨʘʢʪʝʨ 
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ʬʘʟʦʚʠʭ ʧʝʨʝʪʚʦʨʝʥʴ ʟʘ ʾʾ ʫʯʘʩʪʶ.  

ʅʘ ʪʨʝʪʴʦʤʫ ʝʪʘʧʽ ʚʠʢʦʥʫʻʪʴʩʷ ʧʦʰʫʢ ʦʧʪʠʤʘʣʴʥʠʭ ʟʥʘʯʝʥʴ ʧʘʨʘʤʝʪʨʽʚ 

ʤʦʜʝʣʝʡ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʬʘʟ. ʆʧʪʠʤʽʟʘʮʽʷ ʧʘʨʘʤʝʪʨʽʚ ʤʦʜʝʣʝʡ ʻ ʥʘʡʙʽʣʴʰ 

ʩʢʣʘʜʥʠʤ ʟʘʚʜʘʥʥʷʤ ʧʨʠ ʧʨʦʚʝʜʝʥʥʽ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʛʦ ʦʧʠʩʫ ʩʠʩʪʝʤʠ. 

ʆʧʪʠʤʽʟʘʮʽʶ ʧʘʨʘʤʝʪʨʽʚ ʤʦʜʝʣʝʡ ʥʝʦʙʭʽʜʥʦ ʧʦʯʠʥʘʪʠ ʟ ʤʽʥʽʤʘʣʴʥʦʛʦ ʥʘʙʦʨʫ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʾ ʽʥʬʦʨʤʘʮʽʾ. ʋ ʨʘʟʽ ʚʠʢʦʥʘʥʥʷ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʛʦ ʦʧʠʩʫ 

ʜʚʦʢʦʤʧʦʥʝʥʪʥʦʾ ʩʠʩʪʝʤʠ ʚ ʷʢʦʩʪʽ ʚʠʭʽʜʥʠʭ ʜʘʥʠʭ ʜʦʩʠʪʴ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ 

ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ ʥʦʥʚʘʨʽʘʥʪʥʽ ʧʝʨʝʪʚʦʨʝʥʥʷ ʚ ʩʠʩʪʝʤʽ, ʪʝʤʧʝʨʘʪʫʨʠ ʽ ʩʢʣʘʜʠ 

ʪʦʯʦʢ ʢʦʥʛʨʫʝʥʪʥʦʛʦ ʧʣʘʚʣʝʥʥʷ, ʘ ʪʘʢʦʞ ʜʘʥʠʭ ʧʨʦ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ 

ʚʣʘʩʪʠʚʦʩʪʽ ʬʘʟ ʜʚʦʢʦʤʧʦʥʝʥʪʥʦʾ ʩʠʩʪʝʤʠ. ɿʘʣʫʯʝʥʥʷ ʨʝʰʪʠ ʚʽʜʽʙʨʘʥʦʾ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʾ ʽʥʬʦʨʤʘʮʽʾ ʚʽʜʙʫʚʘʻʪʴʩʷ ʚ ʪʦʡ ʤʦʤʝʥʪ, ʢʦʣʠ ʻ ʨʦʙʦʯʠʡ 

ʚʘʨʽʘʥʪ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʛʦ ʦʧʠʩʫ, ʧʘʨʘʤʝʪʨʠ ʤʦʜʝʣʝʡ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʬʘʟ ʷʢʦʛʦ 

ʜʦʟʚʦʣʷʶʪʴ ʥʝ ʪʽʣʴʢʠ ʷʢʽʩʥʦ ʚʽʜʦʙʨʘʟʠʪʠ ʦʩʦʙʣʠʚʦʩʪʽ ʭʘʨʘʢʪʝʨʫ ʚʟʘʻʤʦʜʽʾ ʤʽʞ 

ʢʦʤʧʦʥʝʥʪʘʤʠ ʩʠʩʪʝʤʠ, ʘ ʡ ʢʽʣʴʢʽʩʥʦ ʧʽʜʪʚʝʨʜʠʪʠ ʧʨʘʚʠʣʴʥʽʩʪʴ ʦʙʨʘʥʠʭ ʜʣʷ 

ʦʧʠʩʫ ʤʦʜʝʣʝʡ ʽ ʥʘʧʨʷʤʦʢ ʦʧʪʠʤʽʟʘʮʽʾ ʾʭ ʧʘʨʘʤʝʪʨʽʚ. ʆʧʪʠʤʽʟʘʮʽʷ ʧʘʨʘʤʝʪʨʽʚ 

ʤʦʜʝʣʝʡ ʻ ʽʪʝʨʘʮʽʡʥʦʶ ʧʨʦʮʝʜʫʨʦʶ. 

ʇʨʠ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʤʫ ʦʧʠʩʽ ʪʨʠʢʦʤʧʦʥʝʥʪʥʦʾ ʩʠʩʪʝʤʠ ʩʧʦʯʘʪʢʫ 

ʬʽʢʩʫʶʪʴʩʷ ʧʘʨʘʤʝʪʨʠ ʤʦʜʝʣʝʡ ʜʣʷ ʛʨʘʥʠʯʥʠʭ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ, ʘ 

ʧʦʪʽʤ ʦʧʪʠʤʽʟʫʶʪʴʩʷ ʟʥʘʯʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʤʦʜʝʣʝʡ ʧʦʪʨʽʡʥʠʭ ʬʘʟ ʚʽʜʧʦʚʽʜʥʦ 

ʜʦ ʦʧʠʩʘʥʦʾ ʚʠʱʝ ʧʨʦʮʝʜʫʨʠ. ʌʽʢʩʫʚʘʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʤʦʜʝʣʝʡ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʬʘʟ ʩʠʩʪʝʤʠ ʧʨʠ ʧʝʨʝʭʦʜʽ ʜʦ ʩʠʩʪʝʤʠ ʟ 

ʙʽʣʴʰʠʤ ʯʠʩʣʦʤ ʢʦʤʧʦʥʝʥʪʽʚ ʻ ʥʝʦʙʭʽʜʥʦʶ ʫʤʦʚʦʶ ʩʪʚʦʨʝʥʥʷ ʙʘʟʠ ʜʘʥʠʭ. 

ʇʨʠ ʧʨʦʚʝʜʝʥʥʽ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʛʦ ʦʧʠʩʫ ʩʠʩʪʝʤʠ ʪʘʢʽ ʦʧʝʨʘʮʽʾ, ʷʢ ʫʪʦʯʥʝʥʥʷ 

ʩʪʨʫʢʪʫʨʠ ʤʦʜʝʣʝʡ ʬʘʟ, ʫʪʦʯʥʝʥʥʷ ʟʥʘʯʝʥʴ ʾʭ ʧʘʨʘʤʝʪʨʽʚ ʽ ʚʠʢʦʥʘʥʥʷ 

ʧʝʨʝʚʽʨʦʯʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʽ ʬʘʟʦʚʠʭ ʨʽʚʥʦʚʘʛ, 

ʷʢ ʧʨʘʚʠʣʦ, ʙʘʛʘʪʦʨʘʟʦʚʦ ʧʦʚʪʦʨʶʶʪʴʩʷ ʜʦ ʜʦʩʷʛʥʝʥʥʷ ʦʧʪʠʤʘʣʴʥʠʭ 

ʨʝʟʫʣʴʪʘʪʽʚ.  

ʆʪʨʠʤʘʥʠʡ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʡ ʦʧʠʩ ʩʠʩʪʝʤʠ ʤʦʞʝ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʠʡ 

ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʬʘʟ, ʩʪʘʙʽʣʴʥʠʭ ʬʘʟʦʚʠʭ 

ʨʽʚʥʦʚʘʛ ʽ ʤʝʪʘʩʪʘʙʽʣʴʥʠʭ ʬʘʟʦʚʠʭ ʧʝʨʝʪʚʦʨʝʥʴ. ʅʘʙʽʨ ʧʘʨʘʤʝʪʨʽʚ, ʱʦ 
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ʦʧʠʩʫʶʪʴ ʝʥʝʨʛʽʶ ɻʽʙʙʩʘ ʬʘʟ, ʤʦʞʝ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʠʡ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʙʘʟ ʜʘʥʠʭ ʽ ʤʦʞʝ ʙʫʪʠ ʧʦʢʣʘʜʝʥʠʡ ʚ ʦʩʥʦʚʫ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʛʦ ʦʧʠʩʫ ʩʠʩʪʝʤʠ ʙʽʣʴʰ ʚʠʩʦʢʦʛʦ ʨʽʚʥʷ. 

ʋ ʜʘʥʽʡ ʨʦʙʦʪʽ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʡ ʦʧʠʩ ʩʠʩʪʝʤ ʧʨʦʚʦʜʠʚʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʧʨʦʛʨʘʤʠ Thermo-Calc for Academic Use. ʏʘʩʪʠʥʘ ʨʦʟʨʘʭʫʥʢʽʚ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʬʘʟ ʽ ʬʘʟʦʚʠʭ ʨʽʚʥʦʚʘʛ ʪʘʢʦʞ ʙʫʣʘ ʚʠʢʦʥʘʥʘ ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʜʝʤʦ-ʚʝʨʩʽʾ ʧʨʦʛʨʘʤʠ Pandat ʬʽʨʤʠ Computherm LLC ʪʘ 

ʤʦʞʣʠʚʦʩʪʝʡ ʧʨʦʝʢʪʫ OpenCalphad. 

 

2.3.2 ʄʦʜʝʣʶʚʘʥʥʷ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʯʠʩʪʠʭ ʝʣʝʤʝʥʪʽʚ 

 

ʋ ʜʘʥʽʡ ʨʦʙʦʪʽ ʜʣʷ ʦʧʠʩʫ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʯʠʩʪʠʭ ʝʣʝʤʝʥʪʽʚ ʚʠʢʦʨʠʩʪʘʥʘ 

ʙʘʟʘ ʩʘʤʦʫʟʛʦʜʞʝʥʠʭ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʜʘʥʠʭ [211] ɭʚʨʦʧʝʡʩʴʢʦʾ ʅʘʫʢʦʚʦʾ 

ɻʨʫʧʠ ʧʦ ʊʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ɼʘʥʠʭ SGTE. ʋ ʮʽʡ ʙʘʟʽ ʜʘʥʠʭ ʝʥʝʨʛʽʷ ɻʽʙʙʩʘ ʜʣʷ 

ʢʦʞʥʦʾ ʬʘʟʠ, ʷʢʫ ʤʦʞʝ ʫʪʚʦʨʶʚʘʪʠ ʜʘʥʠʡ ʝʣʝʤʝʥʪ ʚ ʩʪʘʙʽʣʴʥʠʭ ʽ 

ʤʝʪʘʩʪʘʙʽʣʴʥʠʭ ʫʤʦʚʘʭ, ʘ ʪʘʢʦʞ ʜʣʷ ʢʦʞʥʦʾ ʬʘʟʠ, ʷʢʫ ʚʽʥ ʤʦʞʝ ʫʪʚʦʨʶʚʘʪʠ, 

ʨʦʟʯʠʥʷʶʯʠʩʴ ʘʙʦ ʚʟʘʻʤʦʜʽʶʯʽ ʟ ʽʥʰʠʤʠ ʝʣʝʤʝʥʪʘʤʠ, ʧʨʝʜʩʪʘʚʣʝʥʽ ʫ ʬʦʨʤʽ 

ʩʪʫʧʝʥʝʚʦʛʦ ʨʷʜʫ ʧʦ ʪʝʤʧʝʨʘʪʫʨʽ 

 Ḡ ï HSER = a + bT + cTln(T) + dT2 + eT-1 + fT3 + gT-9 + hT7 + kT4, (2.62) 

ʜʝ ̄G ï HSER ï ʝʥʝʨʛʽʷ ɻʽʙʙʩʘ ʧʦ ʚʽʜʥʦʰʝʥʥʶ ʜʦ ʝʥʪʘʣʴʧʽʾ ʝʣʝʤʝʥʪʘ ʚ 

ʩʪʘʥʜʘʨʪʥʦʤʫ ʩʪʘʥʽ (SER ï the Stable Element Reference state), ʚ ʷʢʦʩʪʽ ʷʢʦʛʦ 

ʚʠʙʠʨʘʻʪʴʩʷ ʬʘʟʘ, ʩʪʘʙʽʣʴʥʘ ʧʨʠ ʪʠʩʢʫ 105 ʇʘ ʽ ʪʝʤʧʝʨʘʪʫʨʽ 298,15 ʂ; a, b, c, d, 

e, f, g, h ʠ k ï ʢʦʝʬʽʮʽʻʥʪʠ. ɿ ʮʴʦʛʦ ʚʠʨʘʟʫ ʜʣʷ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʤʦʞʫʪʴ ʙʫʪʠ 

ʦʮʽʥʝʥʽ ʽʥʰʽ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ: 

ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʘ ʩʢʣʘʜʦʚʘ ʝʥʪʘʣʴʧʽʾ ï 

 HT ï H 2̄98 = a ï cT ï dT2 + 2eT-1 ï 2fT3 + 10gT-9 ï 6hT7 ï 3kT4; (2.63) 

ʝʥʪʨʦʧʽʷ ï 

 ST = ï b ï c ï cln(T) ï 2dT + eT-2 ï 3fT2 + 9gT-10 ï 7hT6 ï 4kT3; (2.64) 

ʪʝʧʣʦʻʤʥʽʩʪʴ ï 

 CP = ï c ï 2dT ï 2eT-2 ï 6fT2 ï 90gT-10 ï 42hT6 ï 12kT3.  (2.65) 



112 

ʈʽʚʥʷʥʥʷ (2.62), ʱʦ ʤʽʩʪʷʪʴ ʜʘʥʽ ʢʦʝʬʽʮʽʻʥʪʠ, ʦʧʠʩʫʶʪʴ ʝʥʝʨʛʽʶ ɻʽʙʙʩʘ ʚ 

ʩʪʘʥʜʘʨʪʥʦʤʫ ʩʪʘʥʽ ʤʝʪʘʣʽʚ, ʧʦʟʥʘʯʝʥʦʤʫ ʽʥʜʝʢʩʦʤ SER (ɻʑʋ ï ʜʣʷ Co, Ti, Zr, 

Hf, ɻʎʂ ï ʜʣʷ Cu ʽ Ni, ʆʎʂ ï ʜʣʷ Fe), ʚ ʩʪʘʥʽ, ʩʪʘʙʽʣʴʥʦʤʫ ʘʞ ʜʦ ʪʝʤʧʝʨʘʪʫʨʠ 

ʧʣʘʚʣʝʥʥʷ (ʆʎʂ ï ʜʣʷ Ti, Zr ʽ Hf, ɻʎʂ ï ʜʣʷ Co), ʚ ʨʽʜʢʦʤʫ ʩʪʘʥʽ ʝʣʝʤʝʥʪʽʚ ʽ ʚ 

ʤʝʪʘʩʪʘʙʽʣʴʥʠʭ ʩʪʘʥʘʭ ʝʣʝʤʝʥʪʽʚ (ʆʎʂ ï ʜʣʷ Co ʽ Cu, ɻʎʂ ï ʜʣʷ Ti, Zr, Hf, 

ɻʑʋ ï ʜʣʷ Cu, Ni, Fe). 

 

2.3.3 ʄʦʜʝʣʶʚʘʥʥʷ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʬʘʟ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ 

 

ʊʝʤʧʝʨʘʪʫʨʥʦ-ʢʦʥʮʝʥʪʨʘʮʽʡʥʘ ʟʘʣʝʞʥʽʩʪʴ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʨʽʜʢʦʾ ʘʙʦ 

ʪʚʝʨʜʦʾ ʨʦʟʯʠʥʥʦʾ ʬʘʟʠ ◖ ʙʫʣʘ ʦʧʠʩʘʥʘ ʚʠʨʘʟʦʤ 

 

SER SER
A B A A B BBA( , , ) ( ( ) ) ( ( ) )G x x T x G T H x G T Hf f f= - + - + 

 

ex, mag,
m A B A B

A,B

R ln( ) ( , , ) ( , , )j j
j

T x x G x x T G x x Tf f

=

+ +D +Dä

 (2.66) 

 

ʜʝ Ax , Bx  ï ʤʦʣʴʥʽ ʜʦʣʽ ʢʦʤʧʦʥʝʥʪʽʚ ɸ ʽ B; 

SER
AA ( )G T Hf - , SER

BB( )G T Hf -  ï ʝʥʝʨʛʽʷ ɻʽʙʙʩʘ ʯʠʩʪʠʭ ʝʣʝʤʝʥʪʽʚ A ʽ B, ʷʢʽ 

ʧʝʨʝʙʫʚʘʶʪʴ ʫ ʚʽʜʧʦʚʽʜʥʦʤʫ ʩʪʘʥʽ [211]; 

ex,
m A B( , , )G x x TfD  ï ʥʘʜʣʠʰʢʦʚʘ ʩʢʣʘʜʦʚʘ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʬʘʟʠ ◖; 

mag,
A B( , , )G x x TfD  ï ʚʥʝʩʦʢ ʚ ʝʥʝʨʛʽʶ ɻʽʙʙʩʘ, ʧʦʚô̫ ʟʘʥʠʡ ʟ ʤʘʛʥʽʪʥʠʤ 

ʫʧʦʨʷʜʢʫʚʘʥʥʷʤ ʚ ʪʚʝʨʜʦʤʫ ʨʦʟʯʠʥʽ. 

ɼʣʷ ʦʧʠʩʫ ex,L
mGD  ʨʦʟʧʣʘʚʽʚ ʩʠʩʪʝʤ (Co, Cu, Fe, Ni)ï(Ti, Zr, Hf), ʱʦ 

ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʩʠʣʴʥʦʶ ʤʽʞʯʘʩʪʠʥʢʦʚʦʶ ʚʟʘʻʤʦʜʽʻʶ ʢʦʤʧʦʥʝʥʪʽʚ, ʙʫʣʘ 

ʚʠʢʦʨʠʩʪʘʥʘ ʄɸʈ, ʤʝʪʦʜʠʢʘ ʟʘʩʪʦʩʫʚʘʥʥʷ ʷʢʦʾ ʥʘʚʝʜʝʥʘ ʚ ʧʽʜʨʦʟʜʽʣʽ 2.2. ɺ 

ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʥʘʜʣʠʰʢʦʚʽ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʬʫʥʢʮʽʾ ʟʤʽʰʫʚʘʥʥʷ ʨʦʟʯʠʥʫ 

ʚʠʟʥʘʯʘʶʪʴʩʷ ʧʘʨʘʤʝʪʨʘʤʠ ʄɸʈ ï ʯʠʩʣʦʤ ʘʩʦʮʽʘʪʽʚ, ʾʭ ʩʢʣʘʜʦʤ, ʝʥʪʘʣʴʧʽʷʤʠ 

ʽ ʝʥʪʨʦʧʽʷʤʠ ʫʪʚʦʨʝʥʥʷ 
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 ex,L
m A B assoc n assoc n( , , ) ( , )G x x T f H SD = D D , (2.67) 

ʜʝ assoc nHD  ʽ assoc nSD  ï ʝʥʪʘʣʴʧʽʾ ʽ ʝʥʪʨʦʧʽʾ ʫʪʚʦʨʝʥʥʷ ʘʩʦʮʽʘʪʽʚ n-ʦʛʦ ʪʠʧʫ.  

ɼʣʷ ʦʧʠʩʫ ʥʘʜʣʠʰʢʦʚʦʾ ʩʢʣʘʜʦʚʦʾ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʬʘʟ 

ʚʩʽʭ ʙʽʥʘʨʥʠʭ ʩʠʩʪʝʤ, ʘ ʪʘʢʦʞ ʨʽʜʢʦʾ ʬʘʟʠ ʩʠʩʪʝʤ CoïFe, CoïNi, CoïCu, CuïFe, 

CuïNi, FeïNi, HfïTi, HfïZr ʽ TiïZr, ʙʫʣʘ ʚʠʢʦʨʠʩʪʘʥʘ ʤʘʪʝʤʘʪʠʯʥʘ ʤʦʜʝʣʴ ʥʘ 

ʦʩʥʦʚʽ ʧʦʣʽʥʦʤʽʚ ʈʝʜʣʽʭʘ-ʂʽʩʪʝʨʘ:  

ex,
m A B A B A BA B A B

0

( , , ) ( )i i

i

G x x T x x L x x
n

f f
- -

=

D = - =ä  

 
1

A B A BA B A B A B A B
0

( ln )( )i i i i i

i

x x A B T C T T D T x x
n

f f f f -
- - - -

=

= + + + -ä , (2.68) 

ʜʝ v ï ʩʪʫʧʽʥʴ ʧʦʣʽʥʦʤʘ ʈʝʜʣʽʭʘ-ʂʽʩʪʝʨʘ;  

A B
iLf-  ï ʢʦʤʧʣʝʢʩʥʠʡ ʧʘʨʘʤʝʪʨ ʜʣʷ ʬʘʟʠ ◖; 

A B
i Af- , A B

iBf- , A B
iCf- , A B

iDf-  ï ʢʦʝʬʽʮʽʻʥʪʠ ʤʦʜʝʣʽ ʜʣʷ ʬʘʟʠ ◖.  

ɼʣʷ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʤʘʛʥʽʪʥʠʡ ʚʥʝʩʦʢ ʚ ʝʥʝʨʛʽʶ ɻʽʙʙʩʘ ʨʦʟʨʘʭʦʚʫʻʪʴʩʷ 

ʟʘ ʤʝʪʦʜʠʢʦʶ [220]: 

 mag, 
A B A B cr A B0ȹ ( , , ) R (ln ( , ) 1) ( ( , ))G x x T T B x x g T / T x xff f= + , (2.69) 

ʜʝ cr A B( , )T x xf  ï ʪʝʤʧʝʨʘʪʫʨʘ ʂʶʨʽ ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ; 

A B0 ( , )B x xf
 ï ʩʝʨʝʜʥʽʡ ʤʘʛʥʽʪʥʠʡ ʤʦʤʝʥʪ, ʷʢʠʡ ʧʨʠʧʘʜʘʻ ʥʘ ʦʜʠʥ ʘʪʦʤ ʪʚʝʨʜʦʛʦ 

ʨʦʟʯʠʥʫ. ʂʦʥʮʝʥʪʨʘʮʽʡʥʘ ʟʘʣʝʞʥʽʩʪʴ ʪʝʤʧʝʨʘʪʫʨʠ ʂʶʨʽ cr A B( , )T x xf  ʽ 

ʩʝʨʝʜʥʴʦʛʦ ʤʘʛʥʽʪʥʦʛʦ ʤʦʤʝʥʪʫ A B0 ( , )B x xf  ʨʦʟʨʘʭʦʚʘʥʘ ʟʘ ʥʘʩʪʫʧʥʠʤʠ 

ʚʠʨʘʟʘʤʠ: 

 cr A B A B A Bcr cr crA B A B
( , )T x x x T x T x x Tf f ff ¯ ¯

-
= + + , (2.70) 

 A B A B A B0 0 0 crA B A B
( , )B x x x B x B x x Bf f f f

-
= + + , (2.71) 

ʜʝ 
crA

Tf¯ , 
crB

Tf¯  ï ʪʝʤʧʝʨʘʪʫʨʘ ʂʶʨʽ ʯʠʩʪʠʭ ʝʣʝʤʝʥʪʽʚ A ʽ B, [211]; 

0A
Bf , 

0B
Bf  ï ʩʝʨʝʜʥʽʡ ʤʘʛʥʽʪʥʠʡ ʤʦʤʝʥʪ ʜʣʷ ʯʠʩʪʠʭ ʝʣʝʤʝʥʪʽʚ A ʽ B, [211]; 
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crA B
Tf

-
 ï ʧʘʨʘʤʝʪʨ, ʱʦ ʦʧʠʩʫʻ ʢʦʥʮʝʥʪʨʘʮʽʡʥʫ ʟʘʣʝʞʥʽʩʪʴ ʪʝʤʧʝʨʘʪʫʨʠ ʂʶʨʽ 

ʜʣʷ ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ ◖ ʩʠʩʪʝʤʠ AïB; 

crA B
Bf

-
 ï ʧʘʨʘʤʝʪʨ, ʱʦ ʦʧʠʩʫʻ ʢʦʥʮʝʥʪʨʘʮʽʡʥʫ ʟʘʣʝʞʥʽʩʪʴ ʩʝʨʝʜʥʴʦʛʦ 

ʤʘʛʥʽʪʥʦʛʦ ʤʦʤʝʥʪʫ ʜʣʷ ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ ◖ ʩʠʩʪʝʤʠ AïB. 

ɼʣʷ ̔ʥʪʝʨʤʝʪʘʣʽʯʥʦʾ ʩʧʦʣʫʢʠ AkBl, ʱʦ ʥʝ ʤʘʻ ʦʙʣʘʩʪʽ ʛʦʤʦʛʝʥʥʦʩʪʽ 

ʪʝʤʧʝʨʘʪʫʨʥʘ ʟʘʣʝʞʥʽʩʪʴ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʚ ʨʦʟʨʘʭʫʥʢʫ ʥʘ ʦʜʠʥ ʤʦʣʴ ʘʪʦʤʽʚ ʙʫʣʘ 

ʦʧʠʩʘʥʘ ʤʦʜʝʣʣʶ 

A B SER SER SER SER
A A B B( ) ( ) ( )k l

k l
G T G H G H

k l k l
= - + - +
+ +

 

 
A B A Bk l k l

f fH S T+D -D + cTln(T) + dT2 + eT-1. (2.72) 

ʜʝ 
A Bk l

f HD , A Bk l
f SD  ï ʝʥʪʘʣʴʧʽʷ ʽ ʝʥʪʨʦʧʽʷ ʫʪʚʦʨʝʥʥʷ ʩʧʦʣʫʢʠ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʽ 298 ʂ; c, d, e ï ʢʦʝʬʽʮʽʻʥʪʠ, ʱʦ ʦʧʠʩʫʶʪʴ ʪʝʤʧʝʨʘʪʫʨʥʫ 

ʟʘʣʝʞʥʽʩʪʴ ʾʾ ʪʝʧʣʦʻʤʥʦʩʪʽ. ɺ ʨʦʟʛʣʷʥʫʪʠʭ ʩʠʩʪʝʤʘʭ ʧʦʜʽʙʥʘ ʤʦʜʝʣʴ ʙʫʣʘ 

ʚʠʢʦʨʠʩʪʘʥʘ ʜʣʷ ʦʧʠʩʫ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʽʥʪʝʨʤʝʪʘʣʽʯʥʠʭ 

ʩʧʦʣʫʢ Cu2Ti, Cu3Ti2, Cu4Ti3, CuTi2, Cu5Zr, Cu51Zr14, Cu8Zr3, Cu10Zr7, CuZr2, 

CuZr, Cu5Hf, Cu51Hf14, Cu8Hf3, Cu10Hf7, CuHf2. 

ʋ ʜʘʥʽʡ ʨʦʙʦʪʽ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ 

ʽʥʪʝʨʤʝʪʘʣʽʯʥʠʭ ʬʘʟ ʟ ʦʙʣʘʩʪʶ ʛʦʤʦʛʝʥʥʦʩʪʽ ʙʫʚ ʚʠʢʦʨʠʩʪʘʥʠʡ Compound 

Energy Formalism (CEF) [206,221]. ɼʣʷ ʦʧʠʩʫ ʦʙʣʘʩʪʽ ʛʦʤʦʛʝʥʥʦʩʪʽ ʪʘʢʦʾ 

ʩʧʦʣʫʢʠ ʤʦʞʝ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʘ ʧʽʜʨ̌ʘʪʢʦʚʘ ʬʦʨʤʫʣʘ (A, B)k:(A, B)l. ʋ ʮʽʡ 

ʬʦʨʤʫʣʽ ʧʝʨʰʦʶ ʧʽʜʨ̌ʘʪʢʦʶ ʧʨʠʡʥʷʪʘ ʧʽʜʨ̌ʘʪʢʘ ʝʣʝʤʝʥʪʘ A, ʘ ʜʨʫʛʦʶ ï 

ʧʽʜ̌ʨʘʪʢʘ ʝʣʝʤʝʥʪʘ B. ʇʽʜʢʨʝʩʣʝʥʠʡ ʛʦʣʦʚʥʠʡ ʢʦʤʧʦʥʝʥʪ ʫ ʚʽʜʧʦʚʽʜʥʽʡ 

ʧʽʜ̌ʨʘʪʮʽ. ɺ ʨʘʤʢʘʭ CEF ʪʝʤʧʝʨʘʪʫʨʥʦ-ʢʦʥʮʝʥʪʨʘʮʽʡʥʘ ʟʘʣʝʞʥʽʩʪʴ ʝʥʝʨʛʽʾ 

ɻʽʙʙʩʘ ʪʘʢʦʾ ʩʧʦʣʫʢʠ AkBl ʚ ʨʦʟʨʘʭʫʥʢʫ ʥʘ ʦʜʠʥ ʤʦʣʴ ʘʪʦʤʽʚ, ʦʧʠʩʫʻʪʴʩʷ 

ʚʠʨʘʟʦʤ [206,221] 

A B A B A BA B 1 2 1 2 1 2
B A A A B B AA:A A:B B:A( , ) k l k l k lk lG x T y y G y y G y y G= + + + 

A B1 2 1 1 1 1
B B A A B BB:B R [ ( ln ln )k l ky y G T y y y y

k l
+ + + +

+
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A B A B2 2 2 2 1 1 2 2
A A B B A B A BA,B:A A,B:B( ln ln )] [ ]k l k ll

y y y y y y y L y L
k l
+ + + + +
+

 

 
A B A B2 2 1 1

A B A BA:A,B A:A,B[ ]k l k ly y y L y L+ +  (2.73) 

ʜʝ s
Ay , s By  ï ʯʘʩʪʢʘ ʢʦʤʧʦʥʝʥʪʽʚ ʚ ʧʽʜʨ̌ʘʪʮʽ s; 

A B
A:A

k lG , 
A B
A:B

k lG , 
A B
B:A

k lG  ̔  
A B
B:B

k lG  

ï ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʫʪʚʦʨʝʥʥʷ ʛʽʧʦʪʝʪʠʯʥʠʭ ʩʧʦʣʫʢ ʟ ʘʥʘʣʦʛʽʯʥʦʶ ʩʪʨʫʢʪʫʨʦʶ, ʚ 

ʷʢʠʭ ʢʦʞʥʘ ʟ ʧʽʜʨ̌ʘʪʦʢ ʟʘʡʥʷʪʘ ʘʪʦʤʘʤʠ ʢʦʤʧʦʥʝʥʪʽʚ, ʟʘʟʥʘʯʝʥʠʭ ʫ ʥʠʞʥʴʦʤʫ 

ʽʥʜʝʢʩʽ; 
A B
A,B:A

k lL , 
A B
A,B:B

k lL , 
A B
A:A,B

k lL  ʽ 
A B
B:A,B

k lL  ï ʧʘʨʘʤʝʪʨʠ, ʱʦ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴ 

ʚʟʘʻʤʦʜʽʶ ʢʦʤʧʦʥʝʥʪʽʚ ʚ ʧʽʜʨ̌ʘʪʢʘʭ. ʏʘʩʪʢʠ ʢʦʤʧʦʥʝʥʪʽʚ A ʽ B ʚ ʧʽʜʨ̌ʘʪʮʽ s 

ʨʦʟʨʘʭʦʚʫʶʪʴʩʷ ʟʛʽʜʥʦ ʟ ʥʘʩʪʫʧʥʠʤʠ ʚʠʨʘʟʘʤʠ: 

A
A

s
s

s

n
y

N
= ; B

B

s
s

s

n
y

N
= , 

ʜʝ A
sn , B

sn  ï ʯʠʩʣʦ ʤʽʩʮʴ, ʷʢʽ ʟʘʡʤʘʶʪʴ ʘʪʦʤʠ ʢʦʤʧʦʥʝʥʪʽʚ ʚ ʜʘʥʽʡ ʧʽʜʨ̌ʘʪʮʽ; 

sN  ï ʟʘʛʘʣʴʥʝ ʯʠʩʣʦ ʤʽʩʮʴ ʚ ʜʘʥʽʡ ʧʽʜʨ̌ʘʪʮʽ. ʄʦʣʴʥʽ ʜʦʣʽ ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʘ 

ʧʦʚô̫ ʟʘʥʽ ʟ ʤʦʣʴʥʠʤʠ ʯʘʩʪʢʘʤʠ ʢʦʤʧʦʥʝʥʪʽʚ ʚ ʧʽʜʨ̌ʘʪʢʘʭ ʥʘʩʪʫʧʥʠʤʠ 

ʚʠʨʘʟʘʤʠ: 

2

A
1

A

s s

s
s

s

N y

x
N

=
ä

=
ä

, 

2

B
1

B

s s

s
s

s

N y

x
N

=
ä

=
ä

. 

ɼʣʷ ʩʧʦʣʫʢʠ AkBl ʟ ʚʫʟʴʢʦʶ ʦʙʣʘʩʪʶ ʛʦʤʦʛʝʥʥʦʩʪʽ ʝʥʝʨʛʽʷ ɻʽʙʙʩʘ 

ʫʪʚʦʨʝʥʥʷ ʛʽʧʦʪʝʪʠʯʥʠʭ ʩʧʦʣʫʢ 
A B
A:A

k lG , 
A B
A:B

k lG , 
A B
B:A

k lG  ʽ 
A B
B:B

k lG  ʦʧʠʩʫʻʪʴʩʷ 

ʚʠʨʘʟʘʤʠ [222]: 

 
A B SER SER

A CuA:A [( ) ]k lG G H F= - +, (2.74) 

A B SER SER SER SER
A A B BA:B ( ) ( )k l k l

G G H G H
k l k l
= - + - +
+ +

 

 
A B

( )k l
f G T+D , (2.75) 

 
A B SER SER

B BB:B [( ) ]k lG G H F= - +, (2.76) 
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A B A B A B A B

B:BB:A A:A A:B
k l k l k l k lG G G G= + - . (2.77) 

ʜʝ 
A B

( )k l
f G TD ï ʝʥʝʨʛʽʷ ɻʽʙʙʩʘ ʫʪʚʦʨʝʥʥʷ ʩʧʦʣʫʢʠ;  

F ï ʧʘʨʘʤʝʪʨ, ʱʦ ʚʨʘʭʦʚʫʻ ʝʥʝʨʛʽʶ ɻʽʙʙʩʘ ʫʪʚʦʨʝʥʥʷ ʩʧʦʣʫʢʠ ʟ 

ʘʥʪʠʩʪʨʫʢʪʫʨʥʠʤʠ ʘʪʦʤʘʤʠ.  

ʇʘʨʘʤʝʪʨʠ, ʱʦ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴ ʚʟʘʻʤʦʜʽʶ ʢʦʤʧʦʥʝʥʪʽʚ ʚ ʧʽʜʨ̌ʘʪʢʘʭ, 

ʦʧʠʩʫʶʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʦʣʽʥʦʤʽʚ ʈʝʜʣʽʭʘ-ʂʽʩʪʝʨʘ [222]: 

 
A B 1 v 1 v 1 1 v

A BA,B:A
0

( )( )
n

k l

v

L A B T y - y
=

= +ä , (2.78) 

 
A B 1 v 1 v 1 1 v

A BA,B:B
0

( )( )
n

k l

v

L A B T y - y
=

= +ä ,  (2.79) 

 
A B 2 v 2 v 2 2 v

A AA:A,B
0

( )( )
n

k l

v

L A B T y - y
=

= +ä , (2.80) 

 
A B 2 v 2 v 2 2 v

A BB:A,B
0

( )( )
n

k l

v

L A B T y - y
=

= +ä , (2.81) 

ʜʝ s vA , s vB  ï ʧʘʨʘʤʝʪʨʠ, ʱʦ ʦʧʠʩʫʶʪʴ ʥʘʜʣʠʰʢʦʚʫ ʩʢʣʘʜʦʚʫ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʚ 

ʧʽʜ̌ʨʘʪʮʽ s. ɼʘʥʘ ʤʦʜʝʣʴ ʙʫʣʘ ʚʠʢʦʨʠʩʪʘʥʘ ʜʣʷ ʦʧʠʩʫ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʬʘʟ Cu4Ti, 

CuTi. 

ɿ ʚʠʨʘʟʫ (2.73) ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʦʙʤʝʞʝʥʴ 1
Ay =1, 1 By =0, 2 Ay =0 ʽ 2

By =1 

ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ ʚʠʨʘʟ ʜʣʷ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʽʥʪʝʨʤʝʪʘʣʽʯʥʦʾ ʩʧʦʣʫʢʠ AkBl, ʱʦ ʥʝ 

ʤʘʻ ʦʙʣʘʩʪʽ ʛʦʤʦʛʝʥʥʦʩʪʽ (2.72). 

 

2.3.4 ʄʦʜʝʣʶʚʘʥʥʷ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʬʘʟ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ 

 

ɼʣʷ ʦʧʠʩʫ ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʾ ʽ ʪʝʤʧʝʨʘʪʫʨʥʦʾ ʟʘʣʝʞʥʦʩʪʝʡ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ 

ʪʨʠʢʦʤʧʦʥʝʥʪʥʦʛʦ ʨʽʜʢʦʛʦ ʘʙʦ ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ f ʙʫʣʦ ʚʠʢʦʨʠʩʪʘʥʦ ʚʠʨʘʟ 

SER
A B C i ii

i A,B,C A,B,C

( , , , ) ( ( ) ) R ln( )i i
i

G x x x T x G T H T x xf f

= =

= - + +ä ä  
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mag,ex,

m A B C m A B Cȹ ( , , , )+ȹ ( , , , )G x x x T G x x x T
ff+ , (2.82) 

ʜʝ SER
ii ( )G T Hf -  ï ʝʥʝʨʛʽʷ ɻʽʙʙʩʘ ʯʠʩʪʦʛʦ ʝʣʝʤʝʥʪʘ i = A, B, C ʟʽ ʩʪʨʫʢʪʫʨʦʶ 

◖; 

ex,
m A B Cȹ ( , , , )G x x x Tf  ï ʥʘʜʣʠʰʢʦʚʘ ʩʢʣʘʜʦʚʘ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʨʦʟʯʠʥʫ ◖, ʷʢʘ 

ʙʫʣʘ ʦʧʠʩʘʥʘ ʟʘ ʜʦʧʦʤʦʛʦʶ ʨʽʚʥʷʥʥʷ ʈʝʜʣʽʭʘ-ʂʽʩʪʝʨʘ-ʄʫʜʞʽʘʥʫ [199] 

ex, ex,ex,
m A B C m A B m A CA B A C( , , , ) ( , , ) ( , , )G x x x T G x x T G x x Tf ff

- -D =D +D + 

 ex, ex,
m B C m A B CB C A B C( , , ) ( , , , )G x x T G x x x Tf f

- - -+D +D . (2.83) 

ʜʝ ex,
m A BA B ( , , )G x x Tf

-D , ex,
m A CA C( , , )G x x Tf

-D , ex,
m B CB C( , , )G x x Tf

-D  ï ʥʘʜʣʠʰʢʦʚʘ 

ʝʥʝʨʛʽʷ ɻʽʙʙʩʘ ʨʦʟʯʠʥʫ ◖ ʚ ʙʽʥʘʨʥʠʭ ʩʠʩʪʝʤʘʭ AïB,  

AïC ʽ ɺīʉ; 

ex,
m A B CA B C( , , , )G x x x Tf

- -D  ï ʚʥʝʩʦʢ ʚʽʜ ʧʦʪʨʽʡʥʦʾ ʚʟʘʻʤʦʜʽʾ ʢʦʤʧʦʥʝʥʪʽʚ A, B ʽ C; 

mag,
m A B Cȹ ( , , , )G x x x T

f  ï ʚʥʝʩʦʢ, ʧʦʚô̫ ʟʘʥʠʡ ʟ ʚʧʣʠʚʦʤ ʧʦʪʨʽʡʥʦʾ ʚʟʘʻʤʦʜʽʾ 

ʢʦʤʧʦʥʝʥʪʽʚ ʪʘ ʤʘʛʥʽʪʥʠʤ ʫʧʦʨʷʜʢʫʚʘʥʥʷʤ ʚ ʪʚʝʨʜʦʤʫ ʨʦʟʯʠʥʽ. ʋ ʙʽʥʘʨʥʠʭ 

ʩʠʩʪʝʤʘʭ ʜʣʷ ʦʧʠʩʫ ʾʭ ʥʘʜʣʠʰʢʦʚʦʾ ʝʥʝʨʛʽʾ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʚʠʨʘʟʠ 

(2.67) ʽ (2.68). ɼʣʷ ʨʦʟʯʠʥʽʚ ʚʥʝʩʦʢ ʚʽʜ ʧʦʪʨʽʡʥʦʾ ʚʟʘʻʤʦʜʽʾ ʢʦʤʧʦʥʝʥʪʽʚ A, B ʽ 

C ʚʠʟʥʘʯʘʻʪʴʩʷ ʚʠʨʘʟʦʤ 

 
ex,

m A B C A B C A B CBA B C A C( , , , ) ( )G x x x T x x x x L x L x Lf f f f
- -D = + + , (2.84) 

ʜʝ ALf, BLf ̔  CLf ï ʧʘʨʘʤʝʪʨʠ ʤʦʜʝʣʽ, ʱʦ ʦʧʠʩʫʶʪʴ ʧʦʪʨʽʡʥʫ ʚʟʘʻʤʦʜʽʶ ʽ ʤʦʞʫʪʴ 

ʙʫʪʠ ʧʨʝʜʩʪʘʚʣʝʥʽ ʚʠʨʘʟʦʤ Me Me MeL A B Tf f f= + , ʜʝ MeAf , MeBf  ï ʢʦʝʬʽʮʽʻʥʪʠ 

ʤʦʜʝʣʽ ʜʣʷ ʨʦʟʯʠʥʫ. 

ɼʣʷ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʚʥʝʩʦʢ mag,
m A B Cȹ ( , , , )G x x x T

f  ʦʧʠʩʫʻʪʴʩʷ 

ʬʦʨʤʫʣʦʶ, ʧʦʜʽʙʥʦʾ ʜʦ ʨʽʚʥʷʥʥʷ (2.69) 

mag, 
A B C A B C cr A B C0ȹ ( , , , ) R (ln ( , , ) 1) ( ( , , ))G x x x T T B x x x g T / T x x xff f= + .  (2.85) 

ʂʦʥʮʝʥʪʨʘʮʽʡʥʘ ʟʘʣʝʞʥʽʩʪʴ ʪʝʤʧʝʨʘʪʫʨʠ ʂʶʨʽ cr A B C( , , )T x x xf  ʽ ʩʝʨʝʜʥʴʦʛʦ 

ʤʘʛʥʽʪʥʦʛʦ ʤʦʤʝʥʪʫ A B C0 ( , , )B x x xf
 ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘʩʪʫʧʥʠʤʠ ʚʠʨʘʟʘʤʠ: 
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cr A B C A B C A B A Ccr cr cr cr crA B C A B A C
( , , )T x x x x T x T x T x x T x x Tf f f f ff ¯ ¯ ¯

- -
= + + + + + 

 
,A ,B ,C

B C A B C A cr B cr C crcrB C
( )x x T x x x x T x T x Tf f f f

-
+ + + + ,  (2.86) 

A B C A B C A B A C0 0 0 0 0 0A B C A B A C
( , , )B x x x x B x B x B x x B x x Bf f f f f f¯ ¯ ¯

- -
= + + + + + 

 
,A ,B ,C

B C A B C A B C0 0 00B C
( )x x B x x x x B x B x Bf f f f

-
+ + + + , (2.87) 

ʜʝ 
crA

Tf¯ , 
crB

Tf¯ , 
crC

Tf¯  ï ʪʝʤʧʝʨʘʪʫʨʘ ʂʶʨʽ ʯʠʩʪʠʭ ʝʣʝʤʝʥʪʽʚ A, B ʽ C, [211]; 

0A
Bf , 

0B
Bf , 

0C
Bf¯  ï ʩʝʨʝʜʥʽʡ ʤʘʛʥʽʪʥʠʡ ʤʦʤʝʥʪ ʜʣʷ ʯʠʩʪʠʭ ʝʣʝʤʝʥʪʽʚ A, B ̔  C, 

[211]; 

crA B
Tf

-
, 

crA C
Tf

-
, 

crB C
Tf
-

 ï ʧʘʨʘʤʝʪʨʠ, ʱʦ ʦʧʠʩʫʶʪʴ ʢʦʥʮʝʥʪʨʘʮʽʡʥʫ ʟʘʣʝʞʥʽʩʪʴ 

ʪʝʤʧʝʨʘʪʫʨʠ ʂʶʨʽ ʜʣʷ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ◖ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ AïB, AïC 

ʽ BïC; 

crA B
Bf

-
, 

0A C
Bf
-

, 
0B C

Bf
-

 ï ʧʘʨʘʤʝʪʨʠ, ʱʦ ʦʧʠʩʫʶʪʴ ʢʦʥʮʝʥʪʨʘʮʽʡʥʫ ʟʘʣʝʞʥʽʩʪʴ 

ʩʝʨʝʜʥʴʦʛʦ ʤʘʛʥʽʪʥʦʛʦ ʤʦʤʝʥʪʫ ʜʣʷ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ◖ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ 

ʩʠʩʪʝʤ AïB, AïC ʽ BïC; 

,A
crTf , ,B

crTf , ,C
crTf  ï ʧʘʨʘʤʝʪʨʠ, ʱʦ ʦʧʠʩʫʶʪʴ ʚʧʣʠʚ ʧʦʪʨʽʡʥʦʾ ʚʟʘʻʤʦʜʽʾ 

ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ ʥʘ ʪʝʤʧʝʨʘʪʫʨʫ ʂʶʨʽ; 

,A
0Bf , ,B

0Bf , ,C
0Bf  ï ʧʘʨʘʤʝʪʨʠ, ʱʦ ʦʧʠʩʫʶʪʴ ʚʧʣʠʚ ʧʦʪʨʽʡʥʦʾ ʚʟʘʻʤʦʜʽʾ 

ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ ʥʘ ʩʝʨʝʜʥʽʡ ʤʘʛʥʽʪʥʠʡ ʤʦʤʝʥʪ. 

ɼʣʷ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ ʟ̔ ʩʠʣʴʥʦʶ 

ʤʽʞʯʘʩʪʠʥʢʦʚʦʶ ʚʟʘʻʤʦʜʽʻʶ ʢʦʤʧʦʥʝʥʪʽʚ ʝʥʝʨʛʽʷ ɻʽʙʙʩʘ ʟʤʽʰʫʚʘʥʥʷ 

ʪʨʠʢʦʤʧʦʥʝʥʪʥʦʛʦ ʨʦʟʧʣʘʚʫ ʦʧʠʩʫʻʪʴʩʷ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʤʝʪʦʜʠʢʠ, ʥʘʚʝʜʝʥʦʾ ʚ 

ʧʽʜʨʦʟʜʽʣʽ 2.2.  

ʈʦʟʛʣʷʥʝʤʦ ʚ ʨʘʤʢʘʭ CEF ʤʦʜʝʣʴ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ 

ʩʧʦʣʫʢʠ Akʄʝl, ʱʦ ʤʘʻ ʦʙʣʘʩʪʴ ʛʦʤʦʛʝʥʥʦʩʪʽ ʚ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʽ 

ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤʘʭ. ɼʣʷ ʦʧʠʩʫ ʦʙʣʘʩʪʽ ʛʦʤʦʛʝʥʥʦʩʪʽ ʪʘʢʦʾ ʩʧʦʣʫʢʠ 

ʤʦʞʝ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʘ ʧʽʜʨ̌ʘʪʢʦʚʘ ʬʦʨʤʫʣʘ (A, B)k:(A, B, C)l. ʋ ʮʽʡ ʬʦʨʤʫʣʽ 
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ʧʝʨʰʦʶ ʧʽʜʨ̌ʘʪʢʦʶ ʧʨʠʡʥʷʪʘ ʧʽʜʨ̌ʘʪʢʘʭ ʝʣʝʤʝʥʪʘ A, ʘ ʜʨʫʛʦʶ ï ʧʽʜ̌ʨʘʪʢʘ 

ʝʣʝʤʝʥʪʘ B. ʇʽʜʢʨʝʩʣʝʥʠʡ ʛʦʣʦʚʥʠʡ ʢʦʤʧʦʥʝʥʪ ʫ ʚʽʜʧʦʚʽʜʥʽʡ ʧʽʜʨ̌ʘʪʮʽ. ɿʛʽʜʥʦ 

CEF ʪʝʤʧʝʨʘʪʫʨʥʦ-ʢʦʥʮʝʥʪʨʘʮʽʡʥʘ ʟʘʣʝʞʥʽʩʪʴ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʩʧʦʣʫʢʠ Akʄʝl, ʚ 

ʨʦʟʨʘʭʫʥʢʫ ʥʘ ʦʜʠʥ ʤʦʣʴ ʘʪʦʤʽʚ, ʦʧʠʩʫʻʪʴʩʷ ʚʠʨʘʟʦʤ: 

A B A B A BA B 1 2 1 2 1 2
A A A B A CA:A A:B A:C

k l k l k lk lG y y G y y G y y G= + + + 

A B A B A B1 2 1 2 1 2
B A B B B CB:BB:A B:C

k
R [

k l
k l k l k ly y G y y G y y G T+ + + + ³

+
 

1 1 1 1 2 2 2 2
A A B B A A B B

l
( y ln ln ) ( ln ln

k l
y y y y y y y³ + + + +

+
 

A B A B A B2 2 1 1 2 2 2
C C A B A B CA,B:A A,B:B A,B:Cln )] [ ]k l k l k ly y y y y L y L y L+ + + + + 

A B A B A B2 2 1 1 2 2 1
A B A B A C AA:A,B B:A,B A:A,C[ ] [k l k l k ly y y L y L y y y L+ + + +, 

 
A B A B A B1 2 2 1 1

B B C A BB:A,C A:B,C B:B,C] [ ]k l k l k ly L y y y L y L+ + +  (2.88) 

ʜʝ 1 Ay , 1
By , 2

Ay , 2
By  ʽ 2 Cy  ï ʯʘʩʪʢʠ ʢʦʤʧʦʥʝʥʪʽʚ ʫ ʧʝʨʰʽʡ ʽ ʜʨʫʛʽʡ 

ʧʽʜ̌ʨʘʪʢʘʭ; 

A B
A:A

k lG , 
A B
A:B

k lG , 
A B
A:C

k lG , 
A B
B:A

k lG , 
A B
B:B

k lG  ʽ 
A B
B:C

k lG  ï ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʫʪʚʦʨʝʥʥʷ 

ʛʽʧʦʪʝʪʠʯʥʠʭ ʩʧʦʣʫʢ, ʚ ʷʢʠʭ ʧʽʜˇʨʘʪʢʠ ʟʘʡʥʷʪʽ ʘʪʦʤʘʤʠ ʝʣʝʤʝʥʪʽʚ, ʟʘʟʥʘʯʝʥʠʭ 

ʚʥʠʟʫ; 

A B
A,B:B

k lL , 
A B
A,B:B

k lL , 
A B
A,B:C

k lL , 
A B
A:B,C

k lL , 
A B
A:A,B

k lL , 
A B
B:A,B

k lL , 
A B
A:A,C

k lL , 

A B
B:A,C

k lL , 
A B
A:B,C

k lL  ʽ 
A B
B:B,C

k lL  ï ʧʘʨʘʤʝʪʨʠ, ʱʦ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴ ʚʟʘʻʤʦʜʽʶ 

ʢʦʤʧʦʥʝʥʪʽʚ ʚ ʧʽʜʨ̌ʘʪʢʘʭ. ɼʘʥʘ ʤʦʜʝʣʴ ʙʫʣʘ ʚʠʢʦʨʠʩʪʘʥʘ ʜʣʷ ʦʧʠʩʫ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʽʥʪʝʨʤʝʪʘʣʽʯʥʦʾ ʩʧʦʣʫʢʠ CuTi ʚ ʩʠʩʪʝʤʘʭ Cuï

HfïTi ʪʘ CuïTiïZr. 

ɼʣʷ ʩʧʦʣʫʢʠ AkBl, ʷʢʘ ʥʝ ʤʘʻ ʦʙʣʘʩʪʽ ʛʦʤʦʛʝʥʥʦʩʪʽ ʚ ʜʚʦʢʦʤʧʦʥʝʥʪʥʽʡ 

ʩʠʩʪʝʤʽ ʽ ʜʝʤʦʥʩʪʨʫʻ ʦʙʤʝʞʝʥʫ ʨʦʟʯʠʥʥʽʩʪʴ ʪʨʝʪʴʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʚ ʥʽʡ ʘʙʦ ʧʦʚʥʫ 

ʚʟʘʻʤʥʫ ʨʦʟʯʠʥʥʽʩʪʴ ʜʚʦʭ ʝʣʝʤʝʥʪʽʚ ʫ ʚʠʧʘʜʢʫ ʽʟʦʩʪʨʫʢʪʫʨʥʠʭ ʩʧʦʣʫʢ AkBl, ʽ Akʉl, 

ʤʦʞʥʘ ʟʘʧʠʩʘʪʠ ʫʟʘʛʘʣʴʥʝʥʫ ʧʜ̔̌ʨʘʪʢʦʚʫ ʬʦʨʤʫʣʫ (A)k:(B, C)l. ɽʥʝʨʛʽʷ ɻʽʙʙʩʘ ʪʘʢʦʾ 

ʩʧʦʣʫʢʠ ʤʦʞʝ ʦʧʠʩʫʚʘʪʠʩʷ ʚʠʨʘʟʦʤ, ʷʢʠʡ ʦʪʨʠʤʘʥʦ ʟ (2.88): 
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A Me A MeA Me 2 2 2 2
B C B BA:B A:C R ( lnk l k lk l

l
G y G y G T y y

k l
= + + +

+
 

 
A Me2 2 2 2

C C B C A:B,Cln ) k ly y y y L+ + , (2.89) 

ʜʝ 2
By ʽ 2 Cy  ï ʯʘʩʪʢʘ ʢʦʤʧʦʥʝʥʪʽʚ ʫ ʜʨʫʛʽʡ ʧʽʜʨ̌ʘʪʮʽ;  

A Me
A:B

k lG  ʽ 
A Me
A:C

k lG ï ʝʥʝʨʛʽʷ ɻʽʙʙʩʘ ʧʦʜʚʽʡʥʠʭ ʩʧʦʣʫʢ AkBl ʽ AkCl,, ʚ ʷʢʠʭ ʜʨʫʛʘ 

ʧʽʜ̌ʨʘʪʢʘʭ ʧʦʚʥʽʩʪʶ ʟʘʡʥʷʪʘ ʝʣʝʤʝʥʪʦʤ B ʘʙʦ C; 

A Me
A:B,C

k lL ï ʧʘʨʘʤʝʪʨ, ʱʦ ʭʘʨʘʢʪʝʨʠʟʫʻ ʚʟʘʻʤʦʜʽʶ B ʽ C ʫ ʜʨʫʛʽʡ ʧʽʜʨ̌ʘʪʮʽ. ʊʘʢʘ 

ʤʦʜʝʣʴ ʙʫʣʘ ʚʠʢʦʨʠʩʪʘʥʘ ʜʣʷ ʦʧʠʩʫ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ 

ʽʥʪʝʨʤʝʪʘʣʽʯʥʠʭ ʩʧʦʣʫʢ: Cu5Hf, Cu51Hf14, Cu10Zr7, Cu3Ti2, Cu4Ti3, g ʚ ʩʠʩʪʝʤʽ 

CuïHfïTi; Cu51Zr14, Cu10Zr7, CuZr, g ʚ ʩʠʩʪʝʤʽ CuïTiïZr. 

ɼʣʷ ʪʦʯʢʦʚʦʾ ʩʧʦʣʫʢʠ AkBlCm ʪʨʠʢʦʤʧʦʥʝʥʪʥʦʾ ʩʠʩʪʝʤʠ ʪʝʤʧʝʨʘʪʫʨʥʘ 

ʟʘʣʝʞʥʽʩʪʴ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʚ ʨʦʟʨʘʭʫʥʢʫ ʥʘ ʦʜʠʥ ʤʦʣʴ ʘʪʦʤʽʚ ʨʦʟʨʘʭʦʚʫʻʪʴʩʷ ʟʘ 

ʚʠʨʘʟʦʤ 

 

 , (2.90) 

ʜʝ ,  ï ʝʥʪʘʣʴʧʽʷ ʽ ʝʥʪʨʦʧʽʷ ʫʪʚʦʨʝʥʥʷ ʩʧʦʣʫʢʠ. 

ɼʣʷ ʦʧʠʩʫ ʚ ʨʘʤʢʘʭ CEF ʩʧʦʣʫʢʠ AkBlCm, ʱʦ ʤʘʻ ʦʙʣʘʩʪʴ ʛʦʤʦʛʝʥʥʦʩʪʽ 

ʚ ʪʨʠʢʦʤʧʦʥʝʥʪʥʽʡ ʩʠʩʪʝʤʽ, ʤʦʞʥʘ ʟʘʩʪʦʩʫʚʘʪʠ ʧʽʜʨ̌ʘʪʢʦʚʫ ʬʦʨʤʫʣʫ 

ʟʘʛʘʣʴʥʦʛʦ ʚʠʛʣʷʜʫ (A, C)k:(A, B)l:(B, C)m [222]. ʊʦʜʽ ʝʥʝʨʛʽʷ ɻʽʙʙʩʘ ʧʦʪʨʽʡʥʦʾ 

ʩʧʦʣʫʢʠ ʜʣʷ ʦʜʥʦʛʦ ʤʦʣʷ ʘʪʦʤʽʚ ʤʦʞʝ ʙʫʪʠ ʨʦʟʨʘʭʦʚʘʥʘ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʚʠʨʘʟʫ: 

A A1 2 3
B C : :

A,C  A,B  B,C

( , , )
B C B Ck l m k l m

p q r p q r
p q r

G x x T y y y G
= = =

= +ä ä ä  

1 1 2 2

A,C A,B

RT[ ln lnp p q q
p q

k l
y y y y
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+ Ö + Ö +ä ä
+ + + +
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A2 2 1 3
A B :A,B:

A,C B,C

B Ck l m
p r p r

p r

y y y y L
= =

+ +ä ä  

 
A3 3 1 2

B C : :B,C
A,C A,B

B Ck l m
p q p q

p q

y y y y L
= =

+ ä ä  (2.91) 

ʜʝ A
sy , B

sy  ʽ C
sy  ï ʯʘʩʪʢʠ ʢʦʤʧʦʥʝʥʪʽʚ ʫ ʧʽʜʨ̌ʘʪʮʽ s (s = 1, 2, 3); 

A
: :

B Ck l m
p q rG  ï ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʛʽʧʦʪʝʪʠʯʥʠʭ ʩʧʦʣʫʢ ʟ ʘʥʘʣʦʛʽʯʥʦʶ ʩʪʨʫʢʪʫʨʦʶ, ʚ 

ʷʢʠʭ ʢʦʞʥʘ ʟ ʧʽʜˇʨʘʪʦʢ ʟʘʡʥʷʪʘ ʘʪʦʤʘʤʠ ʢʦʤʧʦʥʝʥʪʽʚ, ʟʘʟʥʘʯʝʥʠʭ ʚ ʥʠʞʥʴʦʤʫ 

ʽʥʜʝʢʩʽ; 

A
A,C: :

B Ck l m
q rL , 

A
:A,B:

B Ck l m
p rL  ʽ 

A
: :B,C

B Ck l m
p qL  ï ʧʘʨʘʤʝʪʨʠ, ʱʦ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴ ʧʘʨʥʫ 

ʚʟʘʻʤʦʜʽʶ ʢʦʤʧʦʥʝʥʪʽʚ ʚ ʧʽʜʨ̌ʘʪʢʘʭ. ʊʘʢʘ ʤʦʜʝʣʴ ʙʫʣʘ ʚʠʢʦʨʠʩʪʘʥʘ ʜʣʷ ʦʧʠʩʫ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʽʥʪʝʨʤʝʪʘʣʽʯʥʦʾ ʩʧʦʣʫʢʠ Ű1 ʚ ʩʠʩʪʝʤʽ  

CuïTiïZr. 

ʈʦʟʛʣʷʥʫʪʽ ʚ ʮʴʦʤʫ ʨʦʟʜʽʣʽ ʤʝʪʦʜʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʽ ʪʝʦʨʝʪʠʯʥʠʭ 

ʜʦʩʣʽʜʞʝʥʴ ʩʢʣʘʜʘʶʪʴ ʦʩʥʦʚʫ ʜʣʷ ʨʝʘʣʽʟʘʮʽʾ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʛʦ ʧʽʜʭʦʜʫ ʜʦ 

ʨʦʟʛʣʷʜʫ ʬʝʥʦʤʝʥʫ ʘʤʦʨʬʽʟʘʮʽʾ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʨʦʟʧʣʘʚʽʚ ʧʝʨʝʭʽʜʥʠʭ 

ʤʝʪʘʣʽʚ. ʇʨʠ ʮʴʦʤʫ ʦʜʝʨʞʘʥʽ ʢʘʣʦʨʠʤʝʪʨʠʯʥʦʶ ʤʝʪʦʜʠʢʦʶ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ 

ʜʘʥʽ ʧʨʦ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʨʦʟʧʣʘʚʽʚ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʣʷ 

ʤʦʜʝʣʶʚʘʥʥʷ ʪʝʤʧʝʨʘʪʫʨʥʦ-ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʾ ʟʘʣʝʞʥʦʩʪʽ ʥʘʜʣʠʰʢʦʚʠʭ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʬʫʥʢʮʽʡ ʟʤʽʰʫʚʘʥʥʷ ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʽ ʘʩʦʮʽʡʦʚʘʥʦʛʦ 

ʨʦʟʯʠʥʫ, ʦʩʥʦʚʥʽ ʧʦʣʦʞʝʥʥʷ ʷʢʦʾ ʛʘʨʤʦʥʽʡʥʦ ʧʦʻʜʥʫʶʪʴʩʷ ʟ ʫʷʚʣʝʥʥʷʤʠ ʧʨʦ 

ʘʤʦʨʬʦʫʪʚʦʨʶʶʯʽ ʨʦʟʧʣʘʚʠ, ʷʢ ʧʨʦ ʩʠʩʪʝʤʫ ʩʠʣʴʥʦ ʚʟʘʻʤʦʜʽʶʯʠʭ ʯʘʩʪʦʢ. ɿ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʦʪʨʠʤʘʥʠʭ ʤʦʜʝʣʝʡ ʘʩʦʮʽʡʦʚʘʥʦʛʦ ʨʦʟʯʠʥʫ ʚ ʨʘʤʢʘʭ 

CALPHAD-ʤʝʪʦʜʫ ʚʠʢʦʥʫʻʪʴʩʷ ʤʦʜʝʣʶʚʘʥʥʷ ʩʪʘʙʽʣʴʥʠʭ ʪʘ ʤʝʪʘʩʪʘʙʽʣʴʥʠʭ 

ʬʘʟʦʚʠʭ ʧʝʨʝʪʚʦʨʝʥʴ ʟʘ ʫʯʘʩʪʶ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ. 
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ʈʆɿɼɯʃ 3 

ɽʅʊɸʃʔʇɯɰ ɿʄɯʐʋɺɸʅʅʗ ɼɺʆʂʆʄʇʆʅɽʅʊʅʀʍ Feï(Ti, Zr, Hf) ɯ 

ʊʈʀʂʆʄʇʆʅɽʅʊʅʀʍ CoïCuï(Ti, Zr), CuïFeï(Ti, Zr, Hf), CuïNiï(Ti, Hf), 

(Cu, Ni)ïTiï(Zr, Hf) ʈɯɼʂʀʍ ʉʇʃɸɺɯɺ 

 

 

ʋ ʮʴʦʤʫ ʨʦʟʜʽʣʽ ʧʨʝʜʩʪʘʚʣʝʥʽ ʨʝʟʫʣʴʪʘʪʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ 

ʢʘʣʦʨʠʤʝʪʨʠʯʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʨʦʟʧʣʘʚʽʚ 

ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ FeïTi, FeïZr ʪʘ FeïHf ʽ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ Coï

CuïTi, CoïCuïZr, CuïFeïTi, CuïFeïZr, CuïFeïHf, CuïNiïTi, CuïNiïZr, Cuï

NiïHf, CuïTiïZr, CuïTiïHf, NiïTiïZr, NiïTiïHf. ɺ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤʘʭ 

ʙʫʣʦ ʫʪʦʯʥʝʥʦ ʢʦʥʮʝʥʪʨʘʮʽʡʥʫ ʟʘʣʝʞʥʽʩʪʴ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ. ɺ 

ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʨʦʟʧʣʘʚʘʭ ʮʷ ʬʫʥʢʮʽʷ ʙʫʣʘ ʜʦʩʣʽʜʞʝʥʘ ʚʧʝʨʰʝ.  

ʇʨʠ ʧʨʦʚʝʜʝʥʥʽ ʢʘʣʦʨʠʤʝʪʨʠʯʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʙʫʣʠ ʚʠʢʦʨʠʩʪʘʥʽ 

ʤʝʪʘʣʠ ʪʘʢʠʭ ʤʘʨʦʢ: ʟʘʣʽʟʦ ʢʘʨʙʦʥʽʣʴʥʝ ʢʣʘʩʫ ɸï2 (99,95 ʤʘʩ. %); 

ʝʣʝʢʪʨʦʣʽʪʠʯʥʽ ʢʦʙʘʣʴʪ, ʥʽʢʝʣʴ ʽ ʤʽʜʴ (99,99 ʤʘʩ. %); ʡʦʜʠʜʥʠʡ ʛʘʬʥʽʡ ʽ 

ʮʠʨʢʦʥʽʡ (99,96 ʤʘʩ. %); ʡʦʜʠʜʥʠʡ ʪʠʪʘʥ (99,94 ʤʘʩ. %); ʚʦʣʴʬʨʘʤ ʤʘʨʢʠ ɸï2 

(99,96 ʤʘʩ. %). ɺ ʷʢʦʩʪʽ ʢʦʥʪʝʡʥʝʨʽʚ ʜʣʷ ʨʦʟʧʣʘʚʽʚ ʩʣʫʞʠʣʠ ʪʠʛʣʽ ʟ 

ʩʪʘʙʽʣʽʟʦʚʘʥʦʛʦ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ ʜʽʘʤʝʪʨʦʤ 20 ʤʤ ʽ ʦʙô̒ ʤʦʤ 5 ʩʤ3. ɺʩʽ 

ʝʢʩʧʝʨʠʤʝʥʪʠ ʧʨʦʚʦʜʠʣʠʩʷ ʚ ʘʪʤʦʩʬʝʨʽ ʘʨʛʦʥʫ ʚʠʩʦʢʦʾ ʯʠʩʪʦʪʠ 99,993 % (ʦʙ.). 

ʋ ʜʘʥʽʡ ʨʦʙʦʪʽ ʧʨʠ ʦʙʨʦʙʮʽ ʨʝʟʫʣʴʪʘʪʽʚ ʢʘʣʦʨʠʤʝʪʨʠʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʚ 

ʷʢʦʩʪʽ ʩʪʘʥʜʘʨʪʥʦʛʦ ʩʪʘʥʫ ʜʣʷ ʟʘʣʽʟʘ, ʢʦʙʘʣʴʪʫ, ʥʽʢʝʣʶ ʽ ʤʽʜʽ ʙʫʣʠ ʧʨʠʡʥʷʪʽ 

ʯʠʩʪʽ ʨʽʜʢʽ ʤʝʪʘʣʠ. ɼʣʷ ʛʘʬʥʽʶ, ʮʠʨʢʦʥʽʶ ʽ ʪʠʪʘʥʫ, ʪʝʤʧʝʨʘʪʫʨʘ ʧʣʘʚʣʝʥʥʷ 

ʷʢʠʭ ʙʫʣʘ ʚʠʱʘ ʟʘ ʪʝʤʧʝʨʘʪʫʨʫ ʝʢʩʧʝʨʠʤʝʥʪʫ, ʚ ʷʢʦʩʪʽ ʩʪʘʥʜʘʨʪʥʦʛʦ ʩʪʘʥʫ 

ʙʫʣʦ ʦʙʨʘʥʦ ʨʽʜʢʠʡ ʧʝʨʝʦʭʦʣʦʜʞʝʥʠʡ ʜʦ ʪʝʤʧʝʨʘʪʫʨʠ ʝʢʩʧʝʨʠʤʝʥʪʫ ʤʝʪʘʣ. 

ɼʣʷ ʚʦʣʴʬʨʘʤʫ, ʷʢʠʡ ʚʠʢʦʨʠʩʪʦʚʫʚʘʚʩʷ ʚ ʝʢʩʧʝʨʠʤʝʥʪʘʭ ʷʢ ʽʥʝʨʪʥʠʡ 

ʢʘʣʽʙʨʫʚʘʣʴʥʠʡ ʤʘʪʝʨʽʘʣ, ʚ ʷʢʦʩʪʽ ʩʪʘʥʜʘʨʪʥʦʛʦ ʩʪʘʥʫ ʙʫʚ ʧʨʠʡʥʷʪʠʡ ʯʠʩʪʠʡ 

ʪʚʝʨʜʠʡ ʚʦʣʴʬʨʘʤ. ɼʦʚʽʜʢʦʚʽ ʜʘʥʽ ʧʨʦ ʟʥʘʯʝʥʥʷ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ 

ʩʢʣʘʜʦʚʦʾ ʤʝʪʘʣʽʚ ʽ ʾʭ ʪʝʤʧʝʨʘʪʫʨ ʧʣʘʚʣʝʥʥʷ ʟʛʽʜʥʦ [211] ʧʨʝʜʩʪʘʚʣʝʥʽ ʚ ʪʘʙʣ. 

3.1. 
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ʊʘʙʣʠʮʷ 3.1 

ɼʦʚʽʜʢʦʚʽ ʜʘʥʽ ʧʨʦ ʪʝʤʧʝʨʘʪʫʨʠ ʧʣʘʚʣʝʥʥʷ ʤʝʪʘʣʽʚ ʊʧʣ ʽ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʽ 

ʩʢʣʘʜʦʚʽ ʾʭ ʝʥʪʘʣʴʧʽʾ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ ʝʢʩʧʝʨʠʤʝʥʪʫ T [211] 

ʄʝʪʘʣ ʊʧʣ, ʂ ʊ, ʂ 298
THD , ʢɼʞ/ʤʦʣʴ 

Fe 1811 1873 75,32 

 ï 1923 77,62 

Co 1768 1873 75,01 

Ni 1728 1873 71,18 

Cu 1358 1873 58,73 

Ti*  1941 1873 66,82 

Zr*  2128 1873 70,89 

 ï 1923 72,91 

Hf*  2506 1873 79,07 

W 3695 1873 41,61 

 ï 1923 42,96 

* ʉʪʘʥʜʘʨʪʥʠʡ ʩʪʘʥ ï ʨʽʜʢʠʡ ʧʝʨʝʦʭʦʣʦʜʞʝʥʠʡ ʤʝʪʘʣ 

 

3.1 ʈʝʟʫʣʴʪʘʪʠ ʢʘʣʦʨʠʤʝʪʨʠʯʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ 

ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤ Feï(Ti, Zr, Hf) 

 

3.1.1 ɽʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ FeïTi 

 

ʇʘʨʮʽʘʣʴʥʽ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʪʠʪʘʥʫ m Ti
HD  ʚ ʨʦʟʧʣʘʚʘʭ FeïTi ʙʫʣʠ 

ʜʦʩʣʽʜʞʝʥʽ ʚ ʭʦʜʽ ʜʚʦʭ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʧʨʠ 1873 ʂ ʚ ʽʥʪʝʨʚʘʣʽ ʩʢʣʘʜʽʚ xTi = 0ï

0,55 [194,223]. ʆʪʨʠʤʘʥʽ ʟʥʘʯʝʥʥʷ ʬʫʥʢʮʽʾ ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 3.1, ʥʘ ʷʢʦʤʫ 

ʚʦʥʠ ʧʦʢʘʟʘʥʽ ʨʽʟʥʠʤʠ ʩʠʤʚʦʣʘʤʠ. ʗʢ ʚʠʜʥʦ ʟ ʨʠʩʫʥʢʫ, ʨʝʟʫʣʴʪʘʪʠ ʜʚʦʭ 

ʥʝʟʘʣʝʞʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʜʦʙʨʝ ʫʟʛʦʜʞʫʶʪʴʩʷ ʦʜʠʥ ʟ ʦʜʥʠʤ.  

ʇʘʨʮʽʘʣʴʥʘ ʝʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ ʪʠʪʘʥʫ ʚ ʜʦʩʣʽʜʞʝʥʦʤʫ ʽʥʪʝʨʚʘʣʽ 

ʩʢʣʘʜʽʚ ʙʫʣʘ ʦʧʠʩʘʥʘ ʚʠʨʘʟʦʤ 

 2
m Ti TiTi

(1 ) ( 68,4 58,6 )H x xD = - - -  ʢɼʞ/ʤʦʣʴ. (3.1) 
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ʈʠʩ. 3.1 ï ʇʘʨʮʽʘʣʴʥʘ ʝʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ ʪʠʪʘʥʫ m Ti
HD  (ʢɼʞ/ʤʦʣʴ) ʽ 

ʽʥʪʝʛʨʘʣʴʥʘ ʝʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ ȹmʅ (ʢɼʞ/ʤʦʣʴ) ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ 

ʩʠʩʪʝʤʠ FeïTi ʧʨʠ 1873 ʂ [194,223] 
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ʊʘʙʣʠʮʷ 3.2 

ɽʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ ʩʠʩʪʝʤʠ FeïTi ʧʨʠ 1873 ʂ, ʢɼʞ/ʤʦʣʴ 

xTi m Ti
2HD ° s m Fe

2HD ° s ȹmʅ ± 2ů 

0,0 ï68 ± 5 0 0 

0,1 ï60 ± 3 ï0,40± 0,03 ï6,4 ± 0,3 

0,2 ï51 ± 2 ï2,0± 0,1 ï11,9 ± 0,4 

0,3 ï42 ± 1 ï5,1± 0,2 ï16 ± 1 

0,4 ï33 ± 1 ï10± 1 ï19 ± 1 

0,5 ï24 ± 1 ï17± 1 ï21 ± 1 

0,6 ï17± 1 ï27± 2 ï21 ± 1 

 

ɰʾ ʟʥʘʯʝʥʥʷ ʧʨʠ ʥʝʩʢʽʥʯʝʥʥʦʤʫ ʨʦʟʚʝʜʝʥʥʽ ʩʪʘʥʦʚʠʪʴ 

m Ti 68 5H¤D =- ° ʢɼʞ/ʤʦʣʴ. ʈʦʟʨʘʭʦʚʘʥʘ ʚʽʜʧʦʚʽʜʥʦ ʜʦ (3.1) ʬʫʥʢʮʽʷ m Ti
HD

ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 3.1 ʙʝʟʧʝʨʝʨʚʥʦʶ ʣʽʥʽʻʶ ʚ ʜʦʩʣʽʜʞʝʥʽʡ ʢʦʥʮʝʥʪʨʘʮʽʡʥʽʡ 

ʦʙʣʘʩʪʽ ʽ ʰʪʨʠʭʦʚʦʶ ʣʽʥʽʻʶ ʚ ʦʙʣʘʩʪʽ ʝʢʩʪʨʘʧʦʣʷʮʽʾ. ɰʾ ʟʥʘʯʝʥʥʷ ʪʘʢʦʞ 

ʧʨʝʜʩʪʘʚʣʝʥʽ ʚ ʪʘʙʣ. 3.2. 

ʂʦʥʮʝʥʪʨʘʮʽʡʥʘ ʟʘʣʝʞʥʽʩʪʴ ʬʫʥʢʮʽʾ ȹmʅ ʧʨʠ 1873 ʂ ʚ ʽʥʪʝʨʚʘʣʽ ʩʢʣʘʜʽʚ 

xTi = 0ï0,55 ʙʫʣʘ ʦʧʠʩʘʥʘ ʨʽʚʥʷʥʥʷʤ 

 ȹmʅ = xTi (1ïxTi)(ï68,4 ï 29,3ĀxTi) ʢɼʞ/ʤʦʣʴ. (3.2) 

ɽʢʩʪʨʘʧʦʣʷʮʽʷ ʮʽʻʾ ʟʘʣʝʞʥʦʩʪʽ ʥʘ ʥʝʜʦʩʣʽʜʞʝʥʠʡ ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʡ ʽʥʪʝʨʚʘʣ 

ʜʘʻ ʚʝʣʠʯʠʥʫ ʤʽʥʽʤʫʤʫ ʬʫʥʢʮʽʾ ȹmʅ = ï21 ± 1 ʢɼʞ/ʤʦʣʴ ʧʨʠ xTi = 0,55, 

ʨʠʩ. 3.1. ɿ ʦʛʣʷʜʫ ʥʘ ʧʦʭʠʙʢʫ ʚʠʟʥʘʯʝʥʥʷ, ʤʦʞʥʘ ʟʨʦʙʠʪʠ ʚʠʩʥʦʚʦʢ ʧʨʦ ʪʝ, ʱʦ 

ʜʣʷ ʥʝʾ ʻ ʭʘʨʘʢʪʝʨʥʠʤ ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʡ ʭʽʜ, ʙʣʠʟʴʢʠʡ ʜʦ ʩʠʤʝʪʨʠʯʥʦʛʦ ʱʦʜʦ 

ʝʢʚʽʘʪʦʤʥʦʛʦ ʩʢʣʘʜʫ. ʋ ʪʘʙʣ. 3.2 ʥʘʚʝʜʝʥʽ ʟʥʘʯʝʥʥʷ ʧʦʚʥʦʛʦ ʥʘʙʦʨʫ ʝʥʪʘʣʴʧʽʡ 

ʟʤʽʰʫʚʘʥʥʷ ʨʦʟʧʣʘʚʽʚ FeïTi ʧʨʠ 1873 ʂ ʨʘʟʦʤ ʟ ʜʦʚʽʨʯʠʤʠ ʽʥʪʝʨʚʘʣʘʤʠ. 

ɺ̔ ʜô̒ ʤʥʽ ʟʥʘʯʝʥʥʷ ʧʘʨʮʽʘʣʴʥʠʭ ʪʘ ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʡ ʩʚʽʜʯʘʪʴ ʧʨʦ 

ʽʥʪʝʥʩʠʚʥʫ ʚʟʘʻʤʦʜʽʶ ʢʦʤʧʦʥʝʥʪʽʚ. 

 

3.1.2 ɽʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ FeïZr 

 

ʇʘʨʮʽʘʣʴʥʘ ʝʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ ʮʠʨʢʦʥʽʶ ʚ ʨʽʜʢʠʭ ʩʧʣʘʚʘʭ ʟʘʣʽʟʦï

ʮʠʨʢʦʥʽʡ ʙʫʣʘ ʚʠʚʯʝʥʘ ʚ ʽʥʪʝʨʚʘʣʽ ʩʢʣʘʜʽʚ xZr = 0ï0,29 [204,223] ʚ ʭʦʜʽ 
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ʯʦʪʠʨʴʦʭ ʥʝʟʘʣʝʞʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʧʨʠ 1923 ʂ, ʨʝʟʫʣʴʪʘʪʠ ʷʢʠʭ ʨʽʟʥʠʤʠ 

ʩʠʤʚʦʣʘʤʠ ʧʦʢʘʟʘʥʽ ʥʘ ʨʠʩ. 3.2. ʆʪʨʠʤʘʥʽ ʟʥʘʯʝʥʥʷ ʙʫʣʠ ʦʧʠʩʘʥʽ ʨʽʚʥʷʥʥʷʤ 

ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʾ ʟʘʣʝʞʥʦʩʪʽ 

 

 
2

m Zr Zr Zr(1 ) ( 87,1 40,4 )H x xD = - - +  ʢɼʞ/ʤʦʣʴ. (3.3) 

 

ʇʝʨʰʘ ʝʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ ʮʠʨʢʦʥʽʶ ʩʢʣʘʣʘ ï 87 ° 4 ʢɼʞ/ʤʦʣʴ. ʈʦʟʨʘʭʦʚʘʥʽ 

ʚʽʜʧʦʚʽʜʥʦ ʜʦ (3.3) ʥʘ ʚʩʴʦʤʫ ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʤʫ ʚʽʜʨʽʟʢʫ ʟʥʘʯʝʥʥʷ ʬʫʥʢʮʽʾ 

m ZrHD  ʧʦʢʘʟʘʥʽ ʥʘ ʨʠʩ. 3.2 ʣʽʥʽʻʶ, ʰʪʨʠʭʦʚʘ ʯʘʩʪʠʥʘ ʷʢʦʾ ʚʽʜʧʦʚʽʜʘʻ ʦʙʣʘʩʪʽ 

ʝʢʩʪʨʘʧʦʣʷʮʽʾ.  

ʂʦʥʮʝʥʪʨʘʮʽʡʥʘ ʟʘʣʝʞʥʽʩʪʴ ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʩʠʩʪʝʤʠ 

ʙʫʣʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚʠʨʘʟʦʤ 

 

 DmH = xZr(1 ï xZr)( ï87,1 + 20,2·xZr) ʢɼʞ/ʤʦʣʴ. (3.4) 

 

ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʜʦʩʣʽʜʞʝʥʥʷ ʜʘʥʘ ʬʫʥʢʮʽʷ ʜʝʤʦʥʩʪʨʫʻ ʚʽʜô̒ ʤʥʽ ʟʥʘʯʝʥʥʷ, ʷʢʽ 

ʩʚʽʜʯʘʪʴ ʧʨʦ ʽʥʪʝʥʩʠʚʥʫ ʚʟʘʻʤʦʜʽʶ ʢʦʤʧʦʥʝʥʪʽʚ ʚ ʨʽʜʢʠʭ ʩʧʣʘʚʘʭ. ʄʽʥʽʤʘʣʴʥʝ 

ʟʥʘʯʝʥʥʷ ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ, ʟʥʘʡʜʝʥʝ ʝʢʩʪʨʘʧʦʣʷʮʽʻʶ 

ʨʽʚʥʷʥʥʷ (3.4) ʥʘ ʥʝʜʦʩʣʽʜʞʝʥʫ ʢʦʥʮʝʥʪʨʘʮʽʡʥʫ ʦʙʣʘʩʪʴ, ʩʢʣʘʣʦ  

ï19 ° 2 ʢɼʞ/ʤʦʣʴ ʧʨʠ xZr = 0,45, ʨʠʩ. 3.2. ɺʝʣʠʯʠʥʠ ʪʨʴʦʭ ʝʥʪʘʣʴʧʽʡ 

ʟʤʽʰʫʚʘʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ ʨʘʟʦʤ ʽʟ ʜʦʚʽʨʯʠʤʠ 

ʽʥʪʝʨʚʘʣʘʤʠ ʥʘʚʝʜʝʥʽ ʚ ʪʘʙʣ. 3.3.  

 

ʊʘʙʣʠʮʷ 3.3 

ɽʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ ʩʠʩʪʝʤʠ FeïZr ʧʨʠ 1923 ʂ, ʢɼʞ/ʤʦʣʴ 

xZr m ZrHD ± 2ů m FeHD ± 2ů ȹmʅ ± 2ů 

0,0 ï87 ° 4 0 0 

0,1 ï67 ° 2 ï1,00 ° 0,03 ï7,7 ° 0,2 

0,2 ï51 ° 2 ï4,0 ° 0,1 ï13,3 ° 0,5 

0,3 ï37 ° 2 ï8,6 ° 0,4 ï17 ° 1 
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ʈʠʩ. 3.2 ï ʇʘʨʮʽʘʣʴʥʘ ʝʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ ʮʠʨʢʦʥʽʶ m ZrHD  ʽ ʽʥʪʝʛʨʘʣʴʥʘ 

ʝʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ ȹmʅ (ʢɼʞ/ʤʦʣʴ) ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ FeïZr 

ʧʨʠ 1923 ʂ [204,223] 
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3.1.3 ɽʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ FeïHf 

 

ɼʦʩʣʽʜʞʝʥʥʷ ʧʘʨʮʽʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʛʘʬʥʽʶ m HfHD  ʚ 

ʨʦʟʧʣʘʚʘʭ ʩʠʩʪʝʤʠ FeïHf ʙʫʣʦ ʚʠʢʦʥʘʥʦ ʚ ʭʦʜʽ ʜʚʦʭ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʧʨʠ 1873 ʂ 

[223,224] ʚ ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʤʫ ʽʥʪʝʨʚʘʣʽ xHf = 0ï0,15. ʆʜʝʨʞʘʥʽ ʟʥʘʯʝʥʥʷ 

ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʧʦʤʽʪʥʠʤ ʨʦʟʢʠʜʦʤ, ʷʢʠʡ ʩʚʽʜʯʠʪʴ ʧʨʦ ʥʝʩʪʘʙʽʣʴʥʽʩʪʴ 

ʨʦʟʯʠʥʝʥʥʷ ʪʚʝʨʜʠʭ ʟʨʘʟʢʽʚ ʛʘʬʥʽʶ ʚ ʨʽʜʢʦʤʫ ʟʘʣʽʟʽ ʟʘ ʪʘʢʠʭ ʫʤʦʚ. ʇʨʠ 

ʧʝʨʝʚʠʱʝʥʥʽ ʢʦʥʮʝʥʪʨʘʮʽʾ xHf = 0,06 ʨʦʟʢʠʜ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʟʥʘʯʝʥʴ ʩʪʘʻ 

ʩʠʣʴʥʽʰʠʤ, ʘ ʥʘ ʧʦʚʝʨʭʥʽ ʩʧʣʘʚʫ ʟʘʣʠʰʘʶʪʴʩʷ ʥʝʨʦʟʯʠʥʝʥʽ ʪʚʝʨʜʽ ʟʨʘʟʢʠ 

ʛʘʬʥʽʶ. ɿ ʮʽʻʾ ʧʨʠʯʠʥʠ ʜʘʥʽ, ʦʪʨʠʤʘʥʽ ʜʣʷ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʟ xHf > 0,06, ʥʝ ʙʫʣʠ 

ʚʠʢʦʨʠʩʪʘʥʽ ʧʨʠ ʧʦʜʘʣʴʰʽʡ ʘʧʨʦʢʩʠʤʘʮʽʾ. ʆʪʨʠʤʘʥʽ ʟʥʘʯʝʥʥʷ m HfHD ʚ 

ʨʦʟʧʣʘʚʘʭ ʩʠʩʪʝʤʠ ʟʘʣʽʟʦïʛʘʬʥʽʡ ʧʨʠ 1873 ʂ ʪʘ xHf = 0ï0,06 ʧʦʢʘʟʘʥʽ ʨʽʟʥʠʤʠ 

ʩʠʤʚʦʣʘʤʠ ʥʘ ʨʠʩ. 3.3. ʗʢ ʚʠʜʥʦ ʟ ʨʠʩʫʥʢʫ, ʨʝʟʫʣʴʪʘʪʠ ʜʚʦʭ ʝʢʩʧʝʨʠʤʝʥʪʽʚ, ʥʝ 

ʟʚʘʞʘʶʯʠ ʥʘ ʟʥʘʯʥʠʡ ʨʦʟʢʠʜ ʟʥʘʯʝʥʴ, ʟʘʜʦʚʽʣʴʥʦ ʫʟʛʦʜʞʫʶʪʴʩʷ ʦʜʠʥ ʟ ʦʜʥʠʤ.  

ʇʘʨʮʽʘʣʴʥʘ ʝʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ ʛʘʬʥʽʶ ʜʝʤʦʥʩʪʨʫʻ  ʚʽʜô̒ ʤʥʽ ʟʥʘʯʝʥʥʷ, 

ʷʢʽ ʚ ʽʥʪʝʨʚʘʣʽ ʩʢʣʘʜʽʚ xHf = 0ï0,10 ʙʫʣʠ ʦʧʠʩʘʥʘ ʚʠʨʘʟʦʤ 

 

 
2

m Hf Hf128(1 )H xD =- - , ʢɼʞ/ʤʦʣʴ. (3.5) 

 

ʇʝʨʰʘ ʝʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ ʛʘʬʥʽʶ ʟ̔ ʟʘʣʽʟʦʤ ʩʢʣʘʣʘ  

m HfH¤D = ï128 ± 3 ʢɼʞ/ʤʦʣʴ. 

ɯʥʪʝʛʨʘʣʴʥʘ ʝʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ ʧʨʠ 1873 ʂ ʽ 

xHf = 0ï0,10 ʙʫʣʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʨʽʚʥʷʥʥʷʤ 

 

 ȹmʅ = ï128 xHf (1ïxHf) ʢɼʞ/ʤʦʣʴ. (3.6) 
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ʈʠʩ. 3.3 ï ʇʘʨʮʽʘʣʴʥʘ ʝʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ ʛʘʬʥʽʶ m HfHD  (ʢɼʞ/ʤʦʣʴ) ʽ 

ʽʥʪʝʛʨʘʣʴʥʘ ʝʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ ȹmʅ (ʢɼʞ/ʤʦʣʴ) ʨʽʜʢʠʭ 

ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ FeïHf ʧʨʠ 1873 ʂ [223,224] 
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ʊʘʙʣʠʮʷ 3.4 

ɽʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ ʚ ʩʠʩʪʝʤʽ FeïHf ʧʨʠ 1873 ʂ, ʢɼʞ/ʤʦʣʴ 

 

xHf m Hf 2HD ° s m Fe 2HD ° s ȹmʅ ± 2ů 

0,0 ï128 ± 3 0 0 

0,025 ï122 ° 3 ï0,08 ° 0,02 ï3,1 ° 0,1 

0,050 ï116 ° 3 ï0,3 ° 0,1 ï6,1 ° 0,2 

0,075 ï110 ° 3 ï0,7 ° 0,2 ï8,9 ° 0,2 

0,100 ï104 ° 3 ï1,2 ° 0,3 ï11,5 ° 0,3 

 

ɽʢʩʪʨʘʧʦʣʷʮʽʷ ʮʽʻʾ ʟʘʣʝʞʥʦʩʪʽ ʥʘ ʥʝʜʦʩʣʽʜʞʝʥʠʡ ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʡ ʽʥʪʝʨʚʘʣ 

ʜʘʻ ʦʨʽʻʥʪʦʚʥʝ ʟʥʘʯʝʥʥʷ ʤʽʥʽʤʫʤʫ ʬʫʥʢʮʽʾ ï32 ʢɼʞ/ʤʦʣʴ ʧʨʠ ʝʢʚʽʘʪʦʤʥʦʤʫ 

ʩʢʣʘʜʽ. ɺ ʪʘʙʣ. 3.4 ʥʘʚʝʜʝʥʽ ʟʥʘʯʝʥʥʷ ʬʫʥʢʮʽʡ m HfHD , m FeHD  ʠ ȹmʅ ʨʘʟʦʤ ʟ 

ʜʦʚʽʨʯʠʤʠ ʽʥʪʝʨʚʘʣʘʤʠ. 

 

3.2 ɽʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ CoïʉuïTi 

 

ɺ ʮʽʡ ʨʦʙʦʪʽ ʧʘʨʮʽʘʣʴʥʽ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʪʠʪʘʥʫ m TiHD  ʚ ʨʽʜʢʠʭ 

ʩʧʣʘʚʘʭ ʩʠʩʪʝʤʠ CoïCuïTi ʙʫʣʠ ʜʦʩʣʽʜʞʝʥʽ [225,226] ʧʨʠ 1873 ʂ ʚ ʽʥʪʝʨʚʘʣʽ 

ʩʢʣʘʜʽʚ xTi = 0ï0,62 ʜʣʷ ʧʝʨʝʨʽʟʽʚ xCo/xCu = 3 ʽ xCo/xCu = 1/3 ʽ xTi = 0ï0,54 ʜʣʷ 

ʧʝʨʝʨʽʟʫ xCo/xCu = 1. ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʟʥʘʯʝʥʥʷ ʧʘʨʮʽʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ 

ʟʤʽʰʫʚʘʥʥʷ ʪʠʪʘʥʫ m TiHD  ʧʦʢʘʟʘʥʽ ʩʠʤʚʦʣʘʤʠ ʥʘ ʨʠʩ. 3.4, ʘ. ɼʣʷ ʧʝʨʝʨʽʟʫ 

xCo/xCu = 1 ʙʫʣʠ ʚʠʢʦʥʘʥʽ ʜʚʘ ʥʝʟʘʣʝʞʥʽ ʜʦʩʣʽʜʞʝʥʥʷ, ʨʝʟʫʣʴʪʘʪʠ ʷʢʠʭ ʧʦʢʘʟʘʥʽ 

ʨʽʟʥʠʤʠ ʩʠʤʚʦʣʘʤʠ ʪʘ ʩʚʽʜʯʘʪʴ ʧʨʦ ʜʦʙʨʫ ʚʽʜʪʚʦʨʶʚʘʥʽʩʪʴ ʨʝʟʫʣʴʪʘʪʽʚ 

ʚʠʤʽʨʶʚʘʥʴ. 

ʂʦʥʮʝʥʪʨʘʮʽʡʥʘ ʟʘʣʝʞʥʽʩʪʴ ʬʫʥʢʮʽʾ m TiHD  ʙʫʣʘ ʦʧʠʩʘʥʘ ʥʘʩʪʫʧʥʠʤʠ 

ʚʠʨʘʟʘʤʠ: 

ʫʟʜʦʚʞ ʧʝʨʝʨʽʟʫ xCo/xCu = 3 ï 

 2 2
m Ti Ti Ti Ti (1 ) ( 127,5 218,2 652,5 )H x x xD = - - - +  ʢɼʞ/ʤʦʣʴ; (3.7) 

ʫʟʜʦʚʞ ʧʝʨʝʨʽʟʫ xCo/xCu = 1 ï 
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    ʘ)          ʙ) 

ʈʠʩ. 3.4 ï ʇʘʨʮʽʘʣʴʥʘ ʝʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ ʪʠʪʘʥʫ m TiHD  (ʘ) ʪʘ ʽʥʪʝʛʨʘʣʴʥʘ 

ȹmʅ (ʙ) ʝʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ CoïCuïTi 

ʧʨʠ 1873 ʂ, ʢɼʞ/ʤʦʣʴ [225,226]  

 

 2 2
m Ti Ti Ti Ti (1 ) ( 129,7 46,7 259,7 )H x x xD = - - + +  ʢɼʞ/ʤʦʣʴ; (3.8) 

ʫʟʜʦʚʞ ʧʝʨʝʨʽʟʫ xCo/xCu = 1/3 ï 

 2
m Ti Ti Ti (1 ) ( 106,9 165,1 )H x xD = - - +  ʢɼʞ/ʤʦʣʴ. (3.9) 

ʈʦʟʨʘʭʦʚʘʥʽ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʨʽʚʥʷʥʴ (3.7)ï(3.9) ʟʥʘʯʝʥʥʷ ʧʘʨʮʽʘʣʴʥʦʾ 

ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʪʠʪʘʥʫ ʧʨʝʜʩʪʘʚʣʝʥʽ ʚ ʪʘʙʣ. 3.5 ʟ ʜʦʚʽʨʯʠʤʠ ʽʥʪʝʨʚʘʣʘʤʠ, 

ʨʽʚʥʠʤʠ ʜʚʦʤ ʩʝʨʝʜʥʴʦʢʚʘʜʨʘʪʠʯʥʠʤ ʚʽʜʭʠʣʝʥʥʷʤ ʟʛʣʘʜʞʫʶʯʦʾ ʬʫʥʢʮʽʾ. ɺʦʥʠ 

ʪʘʢʦʞ ʧʦʢʘʟʘʥʽ ʥʘ ʨʠʩ. 3.4, ʘ ʙʝʟʧʝʨʝʨʚʥʠʤʠ ʣʽʥʽʷʤʠ. 

ʈʝʟʫʣʴʪʘʪʠ ʢʘʣʦʨʠʤʝʪʨʠʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʧʦʢʘʟʘʣʠ, ʱʦ ʧʘʨʮʽʘʣʴʥʘ 

ʝʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ ʪʠʪʘʥʫ ʻ ʚʽʜô̒ ʤʥʦʶ ʧʨʘʢʪʠʯʥʦ ʫ ʚʩʴʦʤʫ ʜʦʩʣʽʜʞʝʥʦʤʫ 
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ʽʥʪʝʨʚʘʣʽ ʩʢʣʘʜʽʚ, ʱʦ ʩʚʽʜʯʠʪʴ ʧʨʦ ʩʠʣʴʥʫ ʤʽʞʯʘʩʪʠʥʢʦʚʫ ʚʟʘʻʤʦʜʽʶ 

ʢʦʤʧʦʥʝʥʪʽʚ ʨʦʟʧʣʘʚʽʚ CoïCuïTi. ɼʣʷ ʚʩʽʭ ʧʝʨʝʨʽʟʽʚ ʥʘʡʙʽʣʴʰʽ ʟʘ ʘʙʩʦʣʶʪʥʦʶ 

ʚʝʣʠʯʠʥʦʶ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʜʦʩʷʛʘʶʪʴʩʷ ʧʨʠ ʥʝʩʢʽʥʯʝʥʥʦʤʫ ʨʦʟʚʝʜʝʥʥʽ ʽ 

ʩʢʣʘʜʘʶʪʴ m Ti
H¤D  = ï128 ± 21 ʢɼʞ/ʤʦʣʴ (ʧʝʨʝʨʽʟ xCo/xCu = 3), m Ti

H¤D  =  

= ï130 ± 12 ʢɼʞ/ʤʦʣʴ (ʧʝʨʝʨʽʟ xCo/xCu = 1) ʽ m Ti
H¤D  = ï107 ± 11 ʢɼʞ/ʤʦʣʴ 

(ʧʝʨʝʨʽʟ xCo/xCu = 1/3). ʋʟʜʦʚʞ ʚʩʽʭ ʚʠʚʯʝʥʠʭ ʧʝʨʝʨʽʟʽʚ ʬʫʥʢʮʽʷ m TiHD  

ʜʝʤʦʥʩʪʨʫʻ ʤʦʥʦʪʦʥʥʝ ʟʤʝʥʰʝʥʥʷ ʚʽʜô̒ ʤʥʠʭ ʚʽʜʭʠʣʝʥʴ ʚʽʜ ʽʜʝʘʣʴʥʦʩʪʽ ʟ 

ʨʦʩʪʦʤ ʚʤʽʩʪʫ ʪʠʪʘʥʫ ʚ ʨʦʟʧʣʘʚʽ. ʋ ʜʦʩʣʽʜʞʝʥʽʡ ʦʙʣʘʩʪʽ ʩʢʣʘʜʽʚ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ 

ʚʤʽʩʪʫ ʢʦʙʘʣʴʪʫ ʟʥʘʯʝʥʥʷ ʧʘʨʮʽʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʪʠʪʘʥʫ ʧʦʩʪʫʧʦʚʦ 

ʟʤʝʥʰʫʶʪʴʩʷ ʚʽʜ ʚʝʣʠʯʠʥ, ʭʘʨʘʢʪʝʨʥʠʭ ʜʣʷ ʙʽʥʘʨʥʦʾ ʩʠʩʪʝʤʠ CuïTi [46], ʜʦ 

ʟʥʘʯʝʥʴ, ʱʦ ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ʚ ʩʠʩʪʝʤʽ CoïTi [20]. 

 

ʊʘʙʣʠʮʘ 3.5 

ʇʘʨʮʽʘʣʴʥʘ ʝʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ ʪʠʪʘʥʫ ʽ ʽʥʪʝʛʨʘʣʴʥʘ ʝʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ 

ʨʦʟʧʣʘʚʽʚ ʩʠʩʪʝʤʠ CoïCuïTi ʧʨʠ 1873 ʂ, ʨʦʟʨʘʭʦʚʘʥʽ ʧʨʠ ʦʢʨʫʛʣʝʥʠʭ 

ʩʢʣʘʜʘʭ, ʢɼʞ/ʤʦʣʴ 

xTi m Ti 2HD ° s ȹmʅ ± 2ů m Ti 2HD ° s ȹmʅ ± 2ů m Ti 2HD ° s ȹmʅ ± 2ů 

ʇʝʨʝʨʽʟ xCo/xCu = 3 ʇʝʨʝʨʽʟ xCo/xCu = 1 ʇʝʨʝʨʽʟ xCo/xCu = 1/3 

0 ï128 ± 21 6 ± 1 ï130 ± 12 7 ± 1 ï107 ± 11 6 ± 1 

0,1 ï116 ± 9 ï7 ± 2 ï99 ± 5 ï5 ± 2 ï73 ± 7 ï4 ± 1 

0,2 ï93 ± 6 ï18 ± 2 ï71 ± 5 ï14 ± 2 ï47 ± 4 ï10 ± 2 

0,3 ï66 ± 5 ï25 ± 3 ï45 ± 4 ï19 ± 3 ï28 ± 3 ï13 ± 2 

0,4 ï40 ± 4 ï29 ± 3 ï25 ± 3 ï22 ± 3 ï15 ± 2 ï14 ± 2 

0,5 ï18 ± 2 ï29 ± 3 ï10 ± 2 ï21 ± 3 ï6 ± 2 ï14 ± 2 

0,6 ï4 ± 2 ï25 ± 4 ï1 ± 3 ï18 ± 5 ï1 ± 2 ï12 ± 3 

0,65 1 ± 3 ï22 ± 5 1 ± 2 ï15 ± 6 1 ± 1 ï10 ± 3 

 

ɿʥʘʯʝʥʥʷ ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʚ ʩʠʩʪʝʤʽ  

CoïCuïTi ʫʟʜʦʚʞ ʜʦʩʣʽʜʞʝʥʠʭ ʧʝʨʝʨʽʟʽʚ ʙʫʣʠ ʨʦʟʨʘʭʦʚʘʥʽ ʟʘ ʬʦʨʤʫʣʦʶ (2.11). 

ʅʝʦʙʭʽʜʥʘ ʜʣʷ ʨʦʟʨʘʭʫʥʢʽʚ ʽʥʬʦʨʤʘʮʽʷ ʧʨʦ ʽʥʪʝʛʨʘʣʴʥʫ ʝʥʪʘʣʴʧʽʶ ʟʤʽʰʫʚʘʥʥʷ 

ʚ ʜʚʦʢʦʤʧʦʥʝʥʪʥʽʡ ʩʠʩʪʝʤʽ CoïCu ʙʫʣʘ ʧʨʠʡʥʷʪʘ ʚʽʜʧʦʚʽʜʥʦ ʜʦ [12]. 

ʈʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʫ ȹmʅ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʨʦʟʧʣʘʚʽʚ ʟ ʜʦʚʽʨʯʠʤʠ 
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ʽʥʪʝʨʚʘʣʘʤʠ ʥʘʚʝʜʝʥʽ ʚ ʪʘʙʣ. 3.5 ʽ ʧʦʢʘʟʘʥʽ ʥʘ ʨʠʩ. 3.4, ʙ ʩʠʤʚʦʣʘʤʠ.  

ʗʢ ʚʠʜʥʦ ʟ ʜʘʥʠʭ ʪʘʙʣ. 3.5 ʽ ʨʠʩ. 3.4,ʙ, ʚ ʜʦʩʣʽʜʞʝʥʽʡ ʢʦʥʮʝʥʪʨʘʮʽʡʥʽʡ 

ʦʙʣʘʩʪʽ ʬʫʥʢʮʽʷ ȹmʅ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʻ ʟʥʘʢʦʟʤʽʥʥʦʶ: 

ʜʦʜʘʪʥʽ ʟʥʘʯʝʥʥʷ ʧʨʠ ʥʠʟʴʢʦʤʫ ʚʤʽʩʪʽ ʪʠʪʘʥʫ ʟʤʽʥʶʶʪʴʩʷ ʚʽʜô̒ ʤʥʠʤʠ ʟ ʡʦʛʦ 

ʟʨʦʩʪʘʥʥʷʤ. ɼʣʷ ʢʦʞʥʦʛʦ ʟ ʜʦʩʣʽʜʞʝʥʠʭ ʧʝʨʝʨʽʟʽʚ ʥʘ ʽʟʦʪʝʨʤʽ ʬʫʥʢʮʽʾ ȹmʅ 

ʤʦʞʥʘ ʚʽʜʟʥʘʯʠʪʠ ʤʽʥʽʤʫʤ, ʷʢʠʡ ʩʪʘʥʦʚʠʪʴ: ȹmʅ = ï30 ± 3 ʢɼʞ/ʤʦʣʴ ʧʨʠ 

xTi = 0,45 (ʧʝʨʝʨʽʟ xCo/xCu = 3), ȹmʅ = ï22 ± 3 ʢɼʞ/ʤʦʣʴ ʧʨʠ xTi = 0,43 (ʧʝʨʝʨʽʟ 

xCo/xCu = 1) ʽ ȹmʅ = ï14 ± 2 ʢɼʞ/ʤʦʣʴ ʧʨʠ xTi = 0,40 (ʧʝʨʝʨʽʟ xCo/xCu = 1/3).  

ʂʦʥʮʝʥʪʨʘʮʽʡʥʘ ʟʘʣʝʞʥʽʩʪʴ ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʚ ʫʩʽʡ 

ʦʙʣʘʩʪʽ ʩʢʣʘʜʽʚ ʙʫʣʘ ʦʧʠʩʘʥʘ ʟʛʽʜʥʦ (2.12). ʋ ʜʘʥʽʡ ʨʦʙʦʪʽ ʧʘʨʘʤʝʪʨʠ ʤʦʜʝʣʝʡ, 

ʱʦ ʚʨʘʭʦʚʫʶʪʴ ʧʦʜʚʽʡʥʽ ʚʟʘʻʤʦʜʽʾ ʚ ʙʽʥʘʨʥʠʭ ʩʠʩʪʝʤʘʭ CoïTi, CuïTi ʽ CoïCu, 

ʙʫʣʠ ʧʨʠʡʥʷʪʽ ʚʽʜʧʦʚʽʜʥʦ ʜʦ [20], [46]  ̔ [13]. ʆʧʪʠʤʽʟʘʮʽʷ ʧʘʨʘʤʝʪʨʽʚ, ʷʢʽ 

ʚʨʘʭʦʚʫʶʪʴ ʧʦʪʨʽʡʥʫ ʚʟʘʻʤʦʜʽʶ ʚ ʩʠʩʪʝʤʽ, ʙʫʣʘ ʚʠʢʦʥʘʥʘ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʜʘʥʠʭ ʧʨʦ ʽʥʪʝʛʨʘʣʴʥʫ ʝʥʪʘʣʴʧʽʶ, ʦʜʝʨʞʘʥʠʭ ʚ ʮʽʡ ʨʦʙʦʪʽ. ʆʪʨʠʤʘʥʠʡ ʚʠʨʘʟ 

ʤʘʻ ʚʠʛʣʷʜ 

 

ȹmʅ = xCoxCu(34709,9 ï 1164,9(xCuï xCo) + 9639,0(xCuï xCo)
2) +  

+xCoxTi(ï133546 + 22711(xCo ï xTi) + 4656(xCo ï xTi)
2 ï 29641(xCo ï 

ï xTi)
3) + xCuxTi(ï39412,5 + 23495(xCu ï xTi) ï 9850(xCu ï xTi)

2) +  

 + xCoxCuxTi(ï361381xCo ï 188606xCu + 240821xTi) ɼʞ/ʤʦʣʴ. (3.10) 

 

ɯʥʪʝʛʨʘʣʴʥʘ ʝʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ CoïCuïTi ʧʨʠ 1873 ʂ, 

ʨʦʟʨʘʭʦʚʘʥʘ ʚʽʜʧʦʚʽʜʥʦ ʜʦ (3.10), ʧʦʢʘʟʘʥʘ ʙʝʟʧʝʨʝʨʚʥʠʤʠ ʣʽʥʽʷʤʠ ʥʘ ʨʠʩ. 3.4,ʙ 

ʽ ʫ ʚʠʛʣʷʜʽ ʥʘʙʦʨʫ ʽʟʦʝʥʪʘʣʴʧʽʡʥʠʭ ʣʽʥʽʡ ʥʘ ʨʠʩ. 3.5. ʌʫʥʢʮʽʷ ȹmʅ ʥʘʙʫʚʘʻ 

ʚʽʜô̒ ʤʥʠʭ ʟʥʘʯʝʥʴ ʧʨʘʢʪʠʯʥʦ ʫ ʚʩʴʦʤʫ ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʤʫ ʪʨʠʢʫʪʥʠʢʫ. ɼʦʜʘʪʥʽ 

ʟʥʘʯʝʥʥʷ ʚʣʘʩʪʠʚʽ ʣʠʰʝ ʜʣʷ ʚʫʟʴʢʦʾ ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʾ ʦʙʣʘʩʪʽ, ʱʦ ʧʨʠʤʠʢʘʻ ʜʦ 

ʜʚʦʢʦʤʧʦʥʝʥʪʥʦʾ ʩʠʩʪʝʤʠ CoïCu. ʄʽʥʽʤʘʣʴʥʝ ʟʥʘʯʝʥʥʷ ʚʽʜʧʦʚʽʜʘʻ ʙʽʥʘʨʥʽʡ 

ʩʠʩʪʝʤʽ CoïTi ʽ ʩʢʣʘʜʘʻ ȹmʅ = ï33 ʢɼʞ/ʤʦʣʴ ʧʨʠ ʭTi å 0,55 ʚʽʜʧʦʚʽʜʥʦ ʜʦ  
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ʈʠʩ. 3.5 ï ɯʟʦʪʝʨʤʘ ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ȹmʅ (ʢɼʞ/ʤʦʣʴ) 

ʨʦʟʧʣʘʚʽʚ ʩʠʩʪʝʤʠ CoïCuïTi ʧʨʠ 1873 ʂ 

 

[20]. ʄʘʢʩʠʤʘʣʴʥʝ ʟʥʘʯʝʥʥʷ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʚ ʜʚʦʢʦʤʧʦʥʝʥʪʥʽʡ ʩʠʩʪʝʤʽ Coï

Cu ʽ ʩʢʣʘʜʘʻ 9 ʢɼʞ/ʤʦʣʴ ʧʨʠ ʭCo å 0,49 ʚʽʜʧʦʚʽʜʥʦ ʜʦ [13]. ɺʽʜ`ʻʤʥʽ ʟʥʘʯʝʥʥʷ 

ʬʫʥʢʮʽʾ ȹmʅ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʨʦʟʧʣʘʚʽʚ ʦʙʫʤʦʚʣʝʥʽ ʭʘʨʘʢʪʝʨʦʤ ʚʽʜʭʠʣʝʥʴ 

ʚʽʜ ʽʜʝʘʣʴʥʦʩʪʽ ʚ ʩʠʩʪʝʤʘʭ CoïTi ʽ CuïTi, ʱʦ ʜʘʻ ʟʤʦʛʫ ʛʦʚʦʨʠʪʠ ʧʨʦ 

ʜʦʤʽʥʫʶʯʫ ʨʦʣʴ ʚʽʜʧʦʚʽʜʥʠʭ ʧʘʨʥʠʭ ʚʟʘʻʤʦʜʽʡ CoTi ʽ CuTi ʚ ʝʥʝʨʛʝʪʠʮʽ 

ʫʪʚʦʨʝʥʥʷ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ CoïCuïTi. 

 

3.3 ɽʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ CoïʉuïZr 

 

ɼʦʩʣʽʜʞʝʥʥʷ ʧʘʨʮʽʘʣʴʥʠʭ ʝʥʪʘʣʴʧʽʡ ʟʤʽʰʫʚʘʥʥʷ ʮʠʨʢʦʥʽʶ m ZrHD  ʚ 

ʨʽʜʢʠʭ ʩʧʣʘʚʘʭ ʩʠʩʪʝʤʠ CoïCuïZr ʚʠʢʦʥʫʚʘʣʦʩʷ ʧʨʠ 1873 ʂ. ʇʘʨʮʽʘʣʴʥʽ 

ʚʣʘʩʪʠʚʦʩʪʽ ʮʠʨʢʦʥʽʶ m ZrHD  ʙʫʣʠ ʚʠʚʯʝʥʽ ʚ ʽʥʪʝʨʚʘʣʽ ʩʢʣʘʜʽʚ xZr = 0ï0,55 

ʫʟʜʦʚʞ ʧʝʨʝʨʽʟʽʚ xCo/xCu = 3, 1, 1/3 [227,228]. ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʟʥʘʯʝʥʥʷ 

ʬʫʥʢʮʽʾ m ZrHD  ʜʣʷ ʜʦʩʣʽʜʞʝʥʠʭ ʧʝʨʝʨʽʟʽʚ ʧʦʢʘʟʘʥʽ ʩʠʤʚʦʣʘʤʠ ʥʘ ʨʠʩ. 3.6, ʘ. 
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    ʘ)          ʙ) 

ʈʠʩ. 3.6 ï ʇʘʨʮʽʘʣʴʥʘ ʝʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ m ZrHD  (ʘ) ʪʘ ʽʥʪʝʛʨʘʣʴʥʘ 

ʝʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ ȹmʅ (ʙ) ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ  

CoïCuïZr ʧʨʠ 1873 ʂ, ʢɼʞ/ʤʦʣʴ, [227,228]  

 

ʂʦʥʮʝʥʪʨʘʮʽʡʥʘ ʟʘʣʝʞʥʽʩʪʴ ʧʘʨʮʽʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʮʠʨʢʦʥʽʶ 

ʙʫʣʘ ʦʧʠʩʘʥʘ ʥʘʩʪʫʧʥʠʤʠ ʚʠʨʘʟʘʤʠ: 

ʫʟʜʦʚʞ ʧʝʨʝʨʽʟʫ xCo/xCu = 3  

2
m Zr Zr Zr (1 ) ( 137,9 619,9H x xD = - - - + 

 2 3
Zr Zr3707,6 4329,0 )x x+ -  ʢɼʞ/ʤʦʣʴ; (3.11) 

ʫʟʜʦʚʞ ʧʝʨʝʨʽʟʫ xCo/xCu = 1 ï 

 2
m Zr Zr Zr (1 ) ( 155,1 250,9 )H x xD = - - +  ʢɼʞ/ʤʦʣʴ; (3.12) 

ʫʟʜʦʚʞ ʧʝʨʝʨʽʟʫ xCo/xCu = 1/3 ï 

 2
m Zr Zr Zr (1 ) ( 130,4 167,6 )H x xD = - - +  ʢɼʞ/ʤʦʣʴ. (3.13) 
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ʈʦʟʨʘʭʦʚʘʥʽ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʨʽʚʥʷʥʴ (3.11)ï(3.13) ʟʥʘʯʝʥʥʷ ʬʫʥʢʮʽʾ m ZrHD  

ʧʨʝʜʩʪʘʚʣʝʥʽ ʚ ʪʘʙʣ. 3.6 ʽ ʥʘ ʨʠʩ. 3.6, ʘ ʟ ʜʦʚʽʨʯʠʤʠ ʽʥʪʝʨʚʘʣʘʤʠ, ʨʽʚʥʠʤʠ ʜʚʦʤ 

ʩʝʨʝʜʥʴʦʢʚʘʜʨʘʪʠʯʥʠʤ ʚʽʜʭʠʣʝʥʥʷʤ ʬʫʥʢʮʽʾ. ɺʠʟʥʘʯʝʥʽ ʟʥʘʯʝʥʥʷ ʧʘʨʮʽʘʣʴʥʦʾ 

ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʮʠʨʢʦʥʽʶ ʻ ʚʽʜô̒ ʤʥʠʤʠ, ʱʦ ʚʢʘʟʫʻ ʥʘ ʩʠʣʴʥʫ 

ʤʽʞʯʘʩʪʠʥʢʦʚʫ ʚʟʘʻʤʦʜʽʶ ʢʦʤʧʦʥʝʥʪʽʚ ʨʦʟʧʣʘʚʽʚ CoïCuïZr. ɼʣʷ ʧʝʨʝʨʽʟʽʚ 

xCo/xCu = 1, 1/3 ʥʘʡʙʽʣʴʰʽ ʟʘ ʘʙʩʦʣʶʪʥʦʶ ʚʝʣʠʯʠʥʦʶ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ 

ʜʦʩʷʛʘʶʪʴʩʷ ʧʨʠ ʥʝʩʢʽʥʯʝʥʥʦʤʫ ʨʦʟʚʝʜʝʥʥʽ ʽ ʩʢʣʘʜʘʶʪʴ m Zr
H¤D  = 

= ï155 ± 10 ʢɼʞ/ʤʦʣʴ ʽ m Zr
H¤D  = ï130 ± 22 ʢɼʞ/ʤʦʣʴ, ʚʽʜʧʦʚʽʜʥʦ. ʋʟʜʦʚʞ ʮʠʭ 

ʧʝʨʝʨʽʟʽʚ ʬʫʥʢʮʽʷ m ZrHD  ʜʝʤʦʥʩʪʨʫʻ ʤʦʥʦʪʦʥʥʝ ʟʤʝʥʰʝʥʥʷ ʚʽʜô̒ ʤʥʠʭ 

ʚʽʜʭʠʣʝʥʴ ʚʽʜ ʽʜʝʘʣʴʥʦʩʪʽ ʟʽ ʟʨʦʩʪʘʥʥʷʤ ʚʤʽʩʪʫ ʮʠʨʢʦʥʽʶ ʚ ʨʦʟʧʣʘʚʽ. ʋʟʜʦʚʞ 

ʧʝʨʝʨʽʟʫ xCo/xCu = 3 ʬʫʥʢʮʽʷ m ZrHD  ʧʨʠʭʦʜʠʪʴ ʯʝʨʝʟ ʤʽʥʽʤʫʤ  

ï145 ± 10 ʢɼʞ/ʤʦʣʴ ʧʨʠ xZr = 0,04 ʽ ʥʘʜʘʣʽ ʟʨʦʩʪʘʻ. 

 

ʊʘʙʣʠʮʘ 3.6 

ʇʘʨʮʽʘʣʴʥʘ ʝʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ ʮʠʨʢʦʥʽʶ ʽ ʽʥʪʝʛʨʘʣʴʥʘ ʝʥʪʘʣʴʧʽʷ 

ʟʤʽʰʫʚʘʥʥʷ ʨʦʟʧʣʘʚʽʚ ʩʠʩʪʝʤʠ CoïCuïZr ʧʨʠ 1873 ʂ, ʨʦʟʨʘʭʦʚʘʥʽ ʧʨʠ 

ʦʢʨʫʛʣʝʥʠʭ ʩʢʣʘʜʘʭ, ʢɼʞ/ʤʦʣʴ 

xZr m Zr 2HD ° s ȹmʅ Ñ2ů m Zr 2HD ° s ȹmʅ Ñ2ů m Zr 2HD ° s ȹmʅ Ñ2ů 

ʇʝʨʝʨʽʟ xCo/xCu = 3 ʇʝʨʝʨʽʟ xCo/xCu = 1 xCo/xCu = 1/3 

0 ï138 ± 18 6 ± 1 ï155 ± 10 7 ± 1 ï130 ± 22 6 ± 1 

0,1 ï135 ± 7 ï9 ± 1 ï105 ± 6 ï7 ± 2 ï92 ± 13 ï6 ± 2 

0,2 ï95 ± 5 ï21 ± 2 ï67 ± 3 ï15 ± 2 ï62 ± 8 ï14 ± 2 

0,3 ï52 ± 4 ï27 ± 2 ï39 ± 2 ï20 ± 2 ï39 ± 5 ï18 ± 3 

0,4 ï25 ± 3 ï28 ± 3 ï20 ± 2 ï21 ± 2 ï23 ± 5 ï20 ± 4 

0,5 ï16 ± 5 ï27 ± 6 ï7 ± 2 ï20 ± 3 ï12 ± 4 ï19 ± 5 

0,55 ï16 ± 7 ï26 ± 9 ï3 ± 2 ï18 ± 3 ï8 ± 4 ï18 ± 5 

 

ɿʥʘʯʝʥʥʷ ʬʫʥʢʮʽʾ ȹmʅ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ CoïCuïZr ʫʟʜʦʚʞ ʜʦʩʣʽʜʞʝʥʠʭ 

ʧʝʨʝʨʽʟʽʚ ʙʫʣʠ ʨʦʟʨʘʭʦʚʘʥʽ ʟʘ ʬʦʨʤʫʣʦʶ (2.11). ɼʣʷ ʮʴʦʛʦ ʙʫʣʠ ʚʠʢʦʨʠʩʪʘʥʘ 

ʽʥʬʦʨʤʘʮʽʷ ʧʨʦ ʽʥʪʝʛʨʘʣʴʥʫ ʝʥʪʘʣʴʧʽʶ ʟʤʽʰʫʚʘʥʥʷ ʚ ʜʚʦʢʦʤʧʦʥʝʥʪʥʽʡ ʩʠʩʪʝʤʽ 

CoïCu ʚʽʜʧʦʚʽʜʥʦ ʜʦ [12]. ʈʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʫ ȹmʅ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ 
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ʨʦʟʧʣʘʚʽʚ ʨʘʟʦʤ ʟ ʜʦʚʽʨʯʠʤʠ ʽʥʪʝʨʚʘʣʘʤʠ ʥʘʚʝʜʝʥʽ ʚ ʪʘʙʣ. 3.6, ʘ ʪʘʢʦʞ ʧʦʢʘʟʘʥʽ 

ʥʘ ʨʠʩ. 3.6, ʙ ʩʠʤʚʦʣʘʤʠ. ɺ ʜʦʩʣʽʜʞʝʥʽʡ ʢʦʥʮʝʥʪʨʘʮʽʡʥʽʡ ʦʙʣʘʩʪʽ ʬʫʥʢʮʽʷ ȹmʅ 

ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʻ ʟʥʘʢʦʟʤʽʥʥʦʶ. ɼʣʷ ʢʦʞʥʦʛʦ ʟ ʧʝʨʝʨʽʟʽʚ 

ʤʦʞʥʘ ʚʽʜʟʥʘʯʠʪʠ ʤʽʥʽʤʫʤʠ ȹmʅ, ʷʢʽ ʩʪʘʥʦʚʣʷʪʴ: ȹmʅ = ï28 ± 3 ʢɼʞ/ʤʦʣʴ ʧʨʠ 

xZr = 0,38 (ʧʝʨʝʨʽʟ xCo/xCu = 3), ȹmʅ = ï21 ± 2 ʢɼʞ/ʤʦʣʴ ʧʨʠ xZr = 0,39 (ʧʝʨʝʨʽʟ 

xCo/xCu = 1) ʽ ȹmʅ = ï20 ± 3 ʢɼʞ/ʤʦʣʴ ʧʨʠ xZr = 0,40 (ʧʝʨʝʨʽʟ xCo/xCu = 1/3). 

ʊʘʢʠʤ ʯʠʥʦʤ, ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʚʤʽʩʪʫ ʢʦʙʘʣʴʪʫ ʤʦʞʥʘ ʚʽʜʟʥʘʯʠʪʠ ʟʨʦʩʪʘʥʥʷ 

ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʚʟʘʻʤʦʜʽʾ ʢʦʤʧʦʥʝʥʪʽʚ ʨʦʟʧʣʘʚʽʚ. 

ʂʦʥʮʝʥʪʨʘʮʽʡʥʘ ʟʘʣʝʞʥʽʩʪʴ ʬʫʥʢʮʽʾ ȹmʅ ʫ ʚʩʽʡ ʦʙʣʘʩʪʽ ʩʢʣʘʜʽʚ ʙʫʣʘ 

ʦʧʠʩʘʥʘ ʟʛʽʜʥʦ (2.12). ʇʘʨʘʤʝʪʨʠ ʤʦʜʝʣʝʡ, ʱʦ ʚʨʘʭʦʚʫʶʪʴ ʧʦʜʚʽʡʥʽ ʚʟʘʻʤʦʜʽʾ 

ʚ ʙʽʥʘʨʥʠʭ ʩʠʩʪʝʤʘʭ CoïCu, CoïZr ʽ CuïZr, ʙʫʣʠ ʧʨʠʡʥʷʪʽ ʚʽʜʧʦʚʽʜʥʦ ʜʦ [13], 

[20] ʽ [54]. ʆʧʪʠʤʽʟʘʮʽʷ ʧʘʨʘʤʝʪʨʽʚ, ʷʢʽ ʚʨʘʭʦʚʫʶʪʴ ʧʦʪʨʽʡʥʫ ʚʟʘʻʤʦʜʽʶ ʚ 

ʩʠʩʪʝʤʽ, ʙʫʣʘ ʚʠʢʦʥʘʥʘ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʥʘʚʝʜʝʥʠʭ ʚʠʱʝ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ 

ʜʘʥʠʭ ʧʨʦ ʽʥʪʝʛʨʘʣʴʥʫ ʝʥʪʘʣʴʧʽʶ. ʆʪʨʠʤʘʥʠʡ ʚʠʨʘʟ ʤʘʻ ʚʠʛʣʷʜ: 

 

ȹmʅ = xCoxCu(34709,9 ï 1164,9(xCuï xCo) + 9639,0(xCuï xCo)
2) +  

+xCoxZr(ï145330 + 47190(xCo ï xZr) ï 72680(xCo ï xZr)
2 + 21070(xCo ï xZr)

3) + 

+ xCuxZr(ï69220 ï 5075·(xCu ï xZr) + 12820·(xCu ï xZr)
2) +  

 + xCoxCuxZr(ï239249xCo ï 187104xCu + 357057xZr) ɼʞ/ʤʦʣʴ. (3.14) 

 

ʗʢ ʚʠʜʥʦ ʟ ʨʠʩ. 3.6, ʙ, ʥʘ ʷʢʦʤʫ ʨʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʽʚ ʚʽʜʧʦʚʽʜʥʦ ʜʦ (3.14) 

ʧʦʢʘʟʘʥʽ ʙʝʟʧʝʨʝʨʚʥʠʤʠ ʣʽʥʽʷʤʠ, ʚʮʽʣʦʤʫ ʙʫʣʘ ʜʦʩʷʛʥʫʪʘ ʟʘʜʦʚʽʣʴʥʘ ʪʦʯʥʽʩʪʴ 

ʘʧʨʦʢʩʠʤʘʮʽʾʾ ʨʝʟʫʣʴʪʘʪʽʚ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ. ʈʦʟʙʽʞʥʽʩʪʴ ʤʽʞ 

ʨʦʟʨʘʭʦʚʘʥʠʤʠ ʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤʠ ʟʥʘʯʝʥʥʷʤʠ ʧʝʨʝʚʠʱʫʝ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʫ ʧʦʭʠʙʢʫ ʪʽʣʴʢʠ ʚ ʦʙʣʘʩʪʽ ʩʢʣʘʜʽʚ ʟ xZr > 0,45 ʜʣʷ ʧʝʨʝʨʽʟʽʚ 

xCo/xCu = 3 ʽ xCo/xCu = 1. 

ʅʘ ʨʠʩ. 3.7 ʪʦʧʦʣʦʛʽʷ ʧʦʚʝʨʭʥʽ ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʨʽʜʢʠʭ 

ʩʧʣʘʚʽʚ CoïCuïZr ʧʨʠ 1873 ʂ ʚʽʜʧʦʚʽʜʥʦ ʜʦ (3.14) ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ 

ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʤʫ ʪʨʠʢʫʪʥʠʢʫ ʫ ʚʠʛʣʷʜʽ ʥʘʙʦʨʫ ʽʟʦʝʥʪʘʣʴʧʽʡʥʠʭ ʣʽʥʽʡ. 
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ʈʠʩ. 3.7 ï ɯʟʦʪʝʨʤʘ ʽʥʪʝʛʨʘʣʴʥʦʾ ʝʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ȹmʅ (ʢɼʞ/ʤʦʣʴ) ʨʽʜʢʠʭ 

ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ CoïCuïZr ʧʨʠ 1873 ʂ 

 

ʌʫʥʢʮʽʷ ȹmʅ ʥʘʙʫʚʘʻ ʚʽʜô̒ ʤʥʠʭ ʟʥʘʯʝʥʴ ʧʨʘʢʪʠʯʥʦ ʫ ʚʩʴʦʤʫ 

ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʤʫ ʪʨʠʢʫʪʥʠʢʫ. ɼʦʜʘʪʥʽ ʟʥʘʯʝʥʥʷ ʚʣʘʩʪʠʚʽ ʜʣʷ ʚʫʟʴʢʦʾ 

ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʾ ʦʙʣʘʩʪʽ, ʱʦ ʧʨʠʤʠʢʘʻ ʜʦ ʜʚʦʢʦʤʧʦʥʝʥʪʥʦʾ ʩʠʩʪʝʤʠ CoïCu. 

ʄʽʥʽʤʘʣʴʥʝ ʟʥʘʯʝʥʥʷ ʜʘʥʦʾ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʾ ʬʫʥʢʮʽʾ ʚʽʜʧʦʚʽʜʘʻ ʙʽʥʘʨʥʽʡ 

ʩʠʩʪʝʤʽ CoïZr ʽ ʩʢʣʘʜʘʻ ȹmʅ = ï38 ʢɼʞ/ʤʦʣʴ ʧʨʠ ʭZr å 0,64 ʟʛʽʜʥʦ ʟ [20]. 

ʄʘʢʩʠʤʘʣʴʥʝ ʟʥʘʯʝʥʥʷ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʚ ʜʚʦʢʦʤʧʦʥʝʥʪʥʽʡ ʩʠʩʪʝʤʽ CoïCu ʽ 

ʩʢʣʘʜʘʻ 9 ʢɼʞ/ʤʦʣʴ ʧʨʠ ʭCo å 0,49 ʚʽʜʧʦʚʽʜʥʦ ʜʦ [13]. ɺʽʜ`ʻʤʥʽ ʟʥʘʯʝʥʥʷ 

ʬʫʥʢʮʽʾ ȹmʅ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʨʦʟʧʣʘʚʽʚ ʦʙʫʤʦʚʣʝʥʽ ʭʘʨʘʢʪʝʨʦʤ ʚʽʜʭʠʣʝʥʴ 

ʚʽʜ ʽʜʝʘʣʴʥʦʩʪʽ ʜʘʥʦʾ ʬʫʥʢʮʽʾ ʚ ʩʠʩʪʝʤʘʭ CoïZr ʽ CuïZr, ʱʦ ʚʢʘʟʫʻ ʥʘ 

ʜʦʤʽʥʫʚʘʥʥʷ ʚʽʜʧʦʚʽʜʥʠʭ ʧʘʨʥʠʭ ʚʟʘʻʤʦʜʽʡ ʚ ʝʥʝʨʛʝʪʠʮʽ ʫʪʚʦʨʝʥʥʷ ʨʽʜʢʠʭ 

ʩʧʣʘʚʽʚ CoïCuïZr. 

 

3.4 ɽʥʪʘʣʴʧʽʾ ʟʤʽʰʫʚʘʥʥʷ ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ CuïFeïTi 

 

ʇʘʨʮʽʘʣʴʥʘ ʝʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ ʪʠʪʘʥʫ ʚ ʩʠʩʪʝʤʽ CuïFeïTi ʙʫʣʘ 

ʜʦʩʣʽʜʞʝʥʘ [229,230] ʧʨʠ 1873 ʂ ʫʟʜʦʚʞ ʪʨʴʦʭ ʧʨʦʤʝʥʝʚʠʭ ʧʝʨʝʨʽʟʽʚ ʟ 

ʧʦʩʪʽʡʥʠʤ ʚʽʜʥʦʰʝʥʥʷʤ xFe/xCu = 1/3, 1 ʽ 3  ʚ ʥʘʩʪʫʧʥʠʭ ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʭ 

ʽʥʪʝʨʚʘʣʘʭ: xTi = 0ï0,60 (ʧʝʨʝʨʽʟ xCu/xFe = 3), xTi = 0ï0,55 (ʧʝʨʝʨʽʟ xCu/xFe = 1) ʽ 
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xTi = 0ï0,53 (ʧʝʨʝʨʽʟ xCu/xFe = 1/3), ʨʠʩ. 3.8, ʘ. ɰɰ ʢʦʥʮʝʥʪʨʘʮʽʡʥʘ ʟʘʣʝʞʥʽʩʪʴ 

ʙʫʣʘ ʦʧʠʩʘʥʘ ʥʘʩʪʫʧʥʠʤ ʨʽʚʥʷʥʥʷʤ: 

ʫʟʜʦʚʞ ʧʝʨʝʨʽʟʫ ʟ ʧʦʩʪʽʡʥʠʤ ʚʽʜʥʦʰʝʥʥʷʤ xCu/xFe = 3  

 m TiHD  = (1 ï xTi)
2(ï49,2 ï 51,4ĀxTi + 164,1Ā2

Tix )  ʢɼʞ/ʤʦʣʴ, (3.15) 

ʫʟʜʦʚʞ ʧʝʨʝʨʽʟʫ xCu/xFe = 1 ï  

 m TiHD  = (1 ï xTi)
2(ï59,1 ï 47,4ĀxTi + 236,8Ā2

Tix )  ʢɼʞ/ʤʦʣʴ, (3.16) 

ʫʟʜʦʚʞ ʧʝʨʝʨʽʟʫ xCu/xFe = 1/3 ï  

 m TiHD  = (1 ï xTi)
2(ï57,2 ï 100,9ĀxTi + 399,9Ā2

Tix )  ʢɼʞ/ʤʦʣʴ. (3.17) 

 

    
    ʘ)          ʙ) 

ʈʠʩ. 3.8 ï ʇʘʨʮʽʘʣʴʥʘ ʝʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ ʪʠʪʘʥʫ m TiHD  (ʘ) ʪʘ ʽʥʪʝʛʨʘʣʴʥʘ 

ʝʥʪʘʣʴʧʽʷ ʟʤʽʰʫʚʘʥʥʷ ȹmʅ (ʙ) ʨʽʜʢʠʭ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ CuïFeï

Ti ʧʨʠ 1873 ʂ, ʢɼʞ/ʤʦʣʴ, [229,230]  








































































































































































































































































































































































































































































































































































































































