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ʧʨʦʜʦʣʞʘʝʪ ʪʨʘʜʠʮʠʠ ʝʞʝʛʦʜʥʳʭ ʢʦʥʢʫʨʩʦʚ ʥʘʫʯʥʳʭ ʨʘʙʦʪ ʩʦʪʨʫʜʥʠʢʦʚ 
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ʇʈʆɻʈɸʄʄɸ 

ɽʞʝʛʦʜʥʦʡ ʥʘʫʯʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʀʉʄɸʅ 
ʉʝʩʩʠʷ ˉ 1. 

03 ʘʧʨʝʣʷ 2019 ʛ., 10-00 (ʧʨʝʜʩʝʜʘʪʝʣʴ ʩʝʩʩʠʠ ï ʯʣ.-ʢʦʨʨ. ʈɸʅ ʄ.ʀ. ɸʣʳʤʦʚ) 

1. ʐʢʘʜʠʥʩʢʠʡ ʂ.ɻ., ʆʟʝʨʢʦʚʩʢʘʷ ʅ.ʀ., ʂʨʠʰʝʥʠʢ ʇ.ʄ. ɹɽɿɻɸɿʆɺʆɽ 

ɻʆʈɽʅʀɽ ɺʓʉʆʂʆʕʅɽʈɻɽʊʀʏɽʉʂʆʁ ʕʄʋʃʔʉʀʀ ɺ ʋʉʃʆɺʀʗʍ 

ɻʈɸɺʀʊɸʎʀʆʅʅʆɻʆ ʉʀʃʆɺʆɻʆ ɺʆɿɼɽʁʉʊɺʀʗ  

2. ɸʣʜʫʰʠʥ ɸ.ʇ. ʆ ʉʊɸɹʀʃʀɿɸʎʀʀ ʌʈʆʅʊɸ ɻʆʈɽʅʀʗ ɺ ʇʈʆʊʆʏʅʆʄ ʉɺʉ 

ʈɽɸʂʊʆʈɽ 

3. ʂʨʠʰʝʥʠʢ ʇ.ʄ., ʂʦʩʪʠʥ ʉ.ɺ. ʂʆʅʂʋʈɽʅʎʀʗ ʇʈʆʎɽʉʉʆɺ ʊɽʇʃʆ- ʀ 

ʄɸʉʉʆʆɹʄɽʅɸ ʇʈʀ ʇʈʆʍʆɾɼɽʅʀʀ ɺʆʃʅʓ ɻʆʈɽʅʀʗ ɻɽʊɽʈʆɻɽʅʅʆʁ 

ʉʀʉʊɽʄʓ ʏɽʈɽɿ ʇʈɽɻʈɸɼʋ  

4. ʈʫʙʮʦʚ ʅ.ʄ., ʎʚʝʪʢʦʚ ɻ.ʀ., ʏʝʨʥʳʰ ɺ.ʀ. ɺɿɸʀʄʆɼɽʁʉʊɺʀɽ ʇʃɸʄɪʅ 

ʈɸɿɹɸɺʃɽʅʅʓʍ ʄɽʊɸʅʆ ï ʂʀʉʃʆʈʆɼʅʓʍ ʉʄɽʉɽʁ ʉ ʇʈɽʇʗʊʉʊɺʀʗʄʀ 

ʂʆʅʀʏɽʉʂʆʁ ʌʆʈʄʓ 

5. ʈʦʛʘʯʝʚ ʉ.ɸ. ʄʆʃɽʂʋʃʗʈʅʆ-ɼʀʅɸʄʀʏɽʉʂʆɽ ʄʆɼɽʃʀʈʆɺɸʅʀɽ 

ʇʈʆʎɽʉʉɸ ʊɺɽʈɼʆʌɸɿʅʆɻʆ ɻʆʈɽʅʀʗ ɺ ʉʀʉʊɽʄɽ TI-AL 

6. ʃʠʩʠʥʘ ʊ.ɻ., ʉʝʧʣʷʨʩʢʠʡ ɹ.ʉ., ʂʦʯʝʪʢʦʚ ʈ.ɸ. ʋʉʃʆɺʀʗ ʈɽɸʃʀɿɸʎʀʀ 

ʂʆʅɺɽʂʊʀɺʅʆɻʆ ʈɽɾʀʄɸ ɻʆʈɽʅʀʗ ɺ ɻʈɸʅʋʃʀʈʆɺɸʅʅʆʁ ʉʄɽʉʀ Ti + xC 

7. ʈʫʙʮʦʚ ʅ.ʄ., ʎʚʝʪʢʦʚ ɻ.ʀ., ʏʝʨʥʳʰ ɺ.ʀ. ʆʉʆɹɽʅʅʆʉʊʀ 

ɺʆʉʇʃɸʄɽʅɽʅʀʗ ʀ ɻʆʈɽʅʀʗ ʉʄɽʉɽʁ ɺʆɼʆʈʆɼ-ɺʆɿɼʋʍ ʀ ɺʆɼʆʈʆɼ-

ʄɽʊɸʅ-ɺʆɿɼʋʍ ʅɸɼ ʇʆɺɽʈʍʅʆʉʊʔʖ ʄɽʊɸʃʃʀʏɽʉʂʆɻʆ ʇɸʃʃɸɼʀʗ 

 

ʉʝʩʩʠʷ ˉ 2. 

03 ʘʧʨʝʣʷ 2019 ʛ., 14-30 (ʧʨʝʜʩʝʜʘʪʝʣ ɹï ʢ.ʬ.-ʤ.ʥ. ɺ.ɺ. ɻʨʘʯʝʚ) 

1. ʖʭʚʠʜ ɺ.ʀ., ʉʠʣʷʢʦʚ ʉ.ʃ., ɻʦʨʰʢʦʚ ɺ.ɸ., ʀʛʥʘʪʴʝʚʘ ʊ.ʀ. ʆ ʄɽʍɸʅʀɿʄɽ 

ʌʆʈʄʀʈʆɺɸʅʀʗ ʃʀʊʓʍ ʆʂʉʀʅʀʊʈʀɼʆɺ ɸʃʖʄʀʅʀʗ ʇʈʀ ɻʆʈɽʅʀʀ 

ʉʄɽʉɽʁ ʊɽʈʄʀʊʅʆɻʆ ʊʀʇɸ 

2. ɹʘʨʠʥʦʚʘ ʊ.ɺ., ɹʘʨʠʥʦʚ ɺ.ʖ., ʂʦʚʘʣʝʚ ʀ.ɼ., ʉʝʤʝʥʦʚʘ ɺ.ʅ., ɸʢʦʧʜʞʘʥʷʥ 

ʊ.ɻ., ʄʫʭʠʥʘ ʅ.ʀ. CɺC 2D ï ʅɸʅʆʈɸɿʄɽʈʅʓʍ ʇʆʈʆʐʂʆɺ Si2N2O 

3. ɿʘʢʦʨʞʝʚʩʢʠʡ ɺ.ɺ., ʄʫʭʠʥʘ ʅ.ʀ., ʂʦʚʘʣʝʚ ʀ.ɼ. 

ʉɸʄʆʈɸʉʇʈʆʉʊʈɸʅʗʖʑʀʁʉʗ ɺʓʉʆʂʆʊɽʄʇɽʈɸʊʋʈʅʓʁ ʉʀʅʊɽɿ Ŭ-Si3N4 ʉ 

ʋʏɸʉʊʀɽʄ ɻɸʃʆɻɽʅʀɼʆɺ ʅɸʊʈʀʗ 

4. ɹʫʩʫʨʠʥʘ ʄ.ʃ., ʉʳʯʝʚ ɸ.ɽ., ʂʦʚʘʣʝʚ ʀ.ɼ., ʂʘʨʧʦʚ ɸ.ɺ., ʉʘʯʢʦʚʘ ʅ.ɺ. 

ʉɸʄʆʈɸʉʇʈʆʉʊʈɸʅʗʖʑʀʁʉʗ ɺʓʉʆʂʆʊɽʄʇɽʈɸʊʋʈʅʓʁ ʉʀʅʊɽɿ ɺ 

ʉʀʉʊɽʄɽ 2Co-Ti-Al  

5. ʊʘʨʘʩʦʚ ɸ.ɻ., ʉʪʫʜʝʥʠʢʠʥ ʀ.ɸ., ɻʨʠʛʦʨʷʥ ʈ.ɸ. ʊɽʈʄʀʏɽʉʂʀ 

ʉʆʇʈʗɾɽʅʅʓʁ ʇʈʆʎɽʉʉ ʉɺʉ ɺ ɻʀɹʈʀɼʅʆʁ ʉʀʉʊɽʄɽ Ti-Al-O2 

6. ʂʦʯʝʪʢʦʚ ʈ.ɸ., ʉʝʧʣʷʨʩʢʠʡ ɹ.ʉ., ʃʠʩʠʥʘ ʊ.ɻ., ɸʙʟʘʣʦʚ ʅ.ʀ. 

ʀʉʉʃɽɼʆɺɸʅʀɽ ʊɽʈʄʀʏɽʉʂʀ ʉʆʇʈʗɾɽʅʅʓʍ ʈɽɸʂʎʀʁ ʉɺʉ ʇʈʆʎɽʉʉɸʍ 

ʅɸ ʇʈʀʄɽʈɽ ɻʈɸʅʋʃʀʈʆɺɸʅʅʆʁ ʉʆʉʊɸɺʅʆʁ ʉʄɽʉʀ (Ni+Al)-(Ti+C) 

7. ɸʥʜʨʝʝʚ ɼ.ɽ., ɺʜʦʚʠʥ ʖ.ʉ., ʖʭʚʠʜ ɺ.ʀ., ʉʘʯʢʦʚʘ ʅ.ɺ., ʂʦʚʘʣʝʚ ʀ.ɼ. 

ɻʆʈɽʅʀɽ ʀ ʍʀʄʀʏɽʉʂʆɽ ʇʈɽɺʈɸʑɽʅʀɽ ɺ ɺʓʉʆʂʆʕʂɿʆʊɽʈʄʀʏɽʉʂʀʍ 

ʉʄɽʉʗʍ ʅɸ ʆʉʅʆɺɽ MoO3/Al /Si/B 
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ʉʝʩʩʠʷ ˉ 3. 

04 ʘʧʨʝʣʷ 2019 ʛ., 10-00 (ʧʨʝʜʩʝʜʘʪʝʣʴ ï  ʜ.ʬ.-ʤ.ʥ. ɸ.ʉ. ʈʦʛʘʯʝʚ) 

1. ʈʫʙʮʦʚ ʅ.ʄ., ʎʚʝʪʢʦʚ ɻ.ʀ., ʏʝʨʥʳʰ ɺ.ʀ. ʌɸʂʊʆʈʓ, ʆʇʈɽɼɽʃʗʖʑʀɽ 

ɼʃʀʅʋ ʉʂɸʏʂɸ ʇʃɸʄɽʅʀ ʇʆʉʃɽ ʇʈʆʅʀʂʅʆɺɽʅʀʗ ʏɽʈɽɿ ʄɸʃʆɽ 

ʆʊɺɽʈʉʊʀɽ 

2. ʉʘʣʘʤʘʪʦʚ ɺ.ɻ., ʂʠʨʜʷʰʢʠʥ ɸ.ʀ. ʆɹ ʆʉʆɹɽʅʅʆʉʊʗʍ 

ʂʆʈʆʊʂʆɺʆʃʅʆɺʆɻʆ ʕʄʀʉʉʀʆʅʅʆɻʆ ʉʇɽʂʊʈɸ ʈɽɸʂʎʀʁ ʉɺʉ  

3. ɺʘʜʯʝʥʢʦ ʉ.ɻ., ʉʫʚʦʨʦʚʘ ɽ.ɺ., ʈʦʛʘʯʝʚ ɸ.ʉ.  ʄʆɼɽʃʀʈʆɺɸʅʀɽ 

ʇʈʆʎɽʉʉɸ ɻɽʊɽʈʆɻɽʅʅʆɻʆ ɻʆʈɽʅʀʗ 

4. ʏʫʝʚ ʀ.ʀ., ʂʦʚʘʣʝʚ ɼ.ʖ., ʂʦʥʦʚʘʣʠʭʠʥ ʉ.ɺ., ɻʫʜʘ ʉ.ɸ. ʈɸʉʏɽʊʓ 

ʄɽʊʆɼʆʄ ʌʋʅʂʎʀʆʅɸʃɸ ʇʃʆʊʅʆʉʊʀ ʉʊɸɹʀʃʔʅʆʉʊʀ ʂɸʇʇɸ ʌɸɿ 

Me3+XW10-XC3+Y (Mʝ=Fe,Co,Ni) 

5. ʑʫʢʠʥ ɸ.ʉ., ʂʦʥʦʚʘʣʠʭʠʥ ʉ.ɺ., ʂʦʚʘʣʸʚ ɼ.ʖ., ʉʳʯʸʚ ɸ.ɽ. 

ʂʈʀʉʊɸʃʃʆɻʈɸʌʀʏɽʉʂʆɽ ʀʉʉʃɽɼʆɺɸʅʀɽ ʉɺʉ-ʇʈʆɼʋʂʊʆɺ ɺ ʉʀʉʊɽʄɽ 

Ta-Ni-Al  

6. ʂʦʚʘʣʝʚ ɼ.ʖ., ʂʦʯʝʪʦʚ ʅ.ɸ., ʈʦʛʘʯʝʚ ɸ.ʉ., Fourmont ɸ. 

ʈɽʅʊɻɽʅʆʉʊʈʋʂʊʋʈʅʓɽ ʀʉʉʃɽɼʆɺɸʅʀʗ ʉʊɸɹʀʃʔʅʆʉʊʀ ʉʊʈʋʂʊʋʈʓ ʀ 

ʌɸɿʆɺʆɻʆ ʉʆʉʊɸɺɸ ɺʓʉʆʂʆʕʅʊʈʆʇʀʁʅʓʍ ʉʇʃɸɺʆɺ FeNiCoCrMn ʀ 

FeNiCoCrTi ʇʈʀ ʊɽʄʇɽʈɸʊʋʈɸʍ ɼʆ 1000ÁC 

7. ʇʫʛʘʯʝʚʘ ɽ.ɺ., ɹʦʨʱ ɺ.ʅ., ʑʝʨʙʘʢʦʚ ɺ.ɸ. ʂɸʊɸʃʀɿɸʊʆʈʓ ɻʃʋɹʆʂʆɻʆ 

ʆʂʀʉʃɽʅʀʗ ʀ ɻʀɼʈʀʈʆɺɸʅʀʗ ʅɸ ʅʆʉʀʊɽʃɽ TiB2-Al2O3 ʉ ʂʆɹɸʃʔʊʆɺʆʁ 

ɸʂʊʀɺʅʆʁ ʌɸɿʆʁ 
 

ʉʝʩʩʠʷ ˉ 4  

04 ʘʧʨʝʣʷ 2019 ʛ., 14-30 (ʧʨʝʜʩʝʜʘʪʝʣʴ ï  ʜ.ʪ.ʥ. ɺ.ʅ. ʉʘʥʠʥ) 

1. ʑʝʨʙʘʢʦʚ ɺ.ɸ., ɻʨʷʜʫʥʦʚ ɸ.ʅ., ɺʘʜʯʝʥʢʦ ʉ.ɻ. ʆɼʅʆʉʊɸɼʀʁʅʓʁ ʉʇʆʉʆɹ 

ʇʆʃʋʏɽʅʀʗ ʋʃʔʊʈɸʊʋɻʆʇʃɸɺʂʆɻʆ ʂʆʄʇʆɿʀʊɸ ʅɸ ʆʉʅʆɺɽ ʉʀʉʊɽʄʓ 

TaCïZrC 

2. ʑʝʨʙʘʢʦʚ ɸ.ɺ., ʑʝʨʙʘʢʦʚ ɺ.ɸ., ɺʘʜʯʝʥʢʦ ʉ.ɻ. ɺʃʀʗʅʀɽ 

ʄɽʍɸʅʀʏɽʉʂʆɻʆ ɸʂʊʀɺʀʈʆɺɸʅʀʗ ʅɸ ʌʆʈʄʀʈʆɺɸʅʀɽ 

ʄʀʂʈʆʉʊʈʋʂʊʋʈʓ ʂʆʄʇʆɿʀʊʆɺ TiB2ïCrB ʠ ZrB2ïCrB, ʇʆʃʋʏɽʅʅʓʍ 

ʕʃɽʂʊʈʆʊɽʇʃʆɺʓʄ ɺɿʈʓɺʆʄ ʇʆɼ ɼɸɺʃɽʅʀɽʄ 

3. ʂʦʯʝʪʦʚ ʅ.ɸ., ʉʝʧʣʷʨʩʢʠʡ ɹ.ʉ. ɿɸʂʆʅʆʄɽʈʅʆʉʊʀ ɻʆʈɽʅʀʗ ʀ 

ʌɸɿʆɺʓʁ ʉʆʉʊɸɺ ʂʆʅɼɽʅʉʀʈʆɺɸʅʅʓʍ ʇʈʆɼʋʂʊʆɺ ʆɹʈɸɿʎʆɺ ʀɿ 

ʀʉʍʆɼʅʆʁ ʀ ɸʂʊʀɺʀʈʆɺɸʅʅʓʍ ʉʄɽʉɽʁ Ti+Ni ʇʈʀ ʀɿʄɽʅɽʅʀʀ 

ʅɸʏɸʃʔʅʆʁ ʊɽʄʇɽʈɸʊʋʈʓ 

4. ʄʠʣʦʩʝʨʜʦʚ ʇ.ɸ., ɻʦʨʰʢʦʚ ɺ.ɸ., ʖʭʚʠʜ ɺ.ʀ., ʍʦʤʝʥʢʦ ʅ.ʖ., ʉʘʯʢʦʚʘ ʅ.ɺ. 

ʉɺʉ - ʄɽʊɸʃʃʋʈɻʀʗ ɹʆʈʀɼʆɺ ʍʈʆʄɸ ʀ ʊʀʊɸʅɸ ʀɿ ʊɽʈʄʀʊʅʓʍ ʉʄɽʉɽʁ ʉ 

ʀʉʇʆʃʔɿʆɺɸʅʀɽʄ ʍʈʆʄɸʊʆɺ ʂɸʃʔʎʀʗ 

5. ʄʘʣʘʭʦʚ ɸ.ʖ., ʉʘʡʢʦʚ ʀ.ɺ., ɼʝʥʠʩʦʚ ʀ.ɺ., ʈʦʤʘʥʮʝʚ ɹ.ɸ., ɻʘʤʠʥ ʖ.ɺ. 

ʈɸɿʈɸɹʆʊʂɸ ʂʆʄɹʀʅʀʈʆɺɸʅʅʆʁ ʊɽʍʅʆʃʆɻʀʀ ʇʆʃʋʏɽʅʀʗ 

ɼɺʋʍʉʃʆʁʅʓʍ ʎʀʃʀʅɼʈʀʏɽʉʂʀʍ ʀɿɼɽʃʀʁ 

6. ʀʢʦʨʥʠʢʦʚ ɼ.ʄ., ʖʭʚʠʜ ɺ.ʀ., ɸʥʜʨʝʝʚ ɼ.ɽ., ʉʘʥʠʥ ɺ.ʅ. ʇʆʃʋʏɽʅʀɽ 

ɸɿʆʊʀʈʆɺɸʅʅʓʍ ʉʊɸʃɽʁ ʄɽʊʆɼʆʄ ʎɽʅʊʈʆɹɽɾʅʆʁ ʉɺʉ-ʄɽʊɸʃʃʋʈɻʀʀ 

ɼʃʗ ʈɽʐɽʅʀʗ ɿɸɼɸʏ ʇʆ ʆʉɺʆɽʅʀʖ ɸʈʂʊʀʂʀ 

7. ʅʦʥʷʢ ɼ.ɺ., ʇʝʨʚʫʭʠʥʘ ʆ.ʃ. ʕɺʆʃʖʎʀʗ ɿʆʅ ʂʆʅʎɽʅʊʈɸʎʀʀ 

ʅɸʇʈʗɾɽʅʀʁ ɺ ɹʀʄɽʊɸʃʃɽ ɺ ʇʈʆʎɽʉʉɽ ɽɻʆ ʇʈʆʀɿɺʆɼʉʊɺɸ   



8 

 

DOI:10.30826/ISMAN2019-01 

 

ʆ ʉʊɸɹʀʃʀɿɸʎʀʀ ʌʈʆʅʊɸ ɻʆʈɽʅʀʗ ɺ ʇʈʆʊʆʏʅʆʄ ʉɺʉ 

ʈɽɸʂʊʆʈɽ 

 

ɸ.ʇ. ɸʣʜʫʰʠʥ 

 
ʌʝʜʝʨʘʣʴʥʦʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʙʶʜʞʝʪʥʦʝ ʫʯʨʝʞʜʝʥʠʝ ʥʘʫʢʠ ʀʥʩʪʠʪʫʪ ʩʪʨʫʢʪʫʨʥʦʡ ʤʘʢʨʦʢʠʥʝʪʠʢʠ ʠ 

ʧʨʦʙʣʝʤ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʠʤ. ɸ.ɻ. ʄʝʨʞʘʥʦʚʘ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ, ʏʝʨʥʦʛʦʣʦʚʢʘ, ʈʦʩʩʠʷ 

 

analdushin@mail.ru 

 

ʆʩʥʦʚʫ ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʫʯʝʥʠʷ ʤʘʪʝʨʠʘʣʦʚ ʤʝʪʦʜʦʤ ʩʘʤʦʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʛʦʩʷ 

ʚr ʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʩʠʥʪʝʟʘ (ʉɺʉ) ʩʦʩʪʘʚʣʷʝʪ ʧʨʦʮʝʩʩ ʩʞʠʛʘʥʠʷ ʧʦʨʦʰʢʦʚ ʚ 

ʟʘʤʢʥʫʪʳʭ ʨʝʘʢʪʦʨʘʭ ʧʝʨʠʦʜʠʯʝʩʢʦʛʦ ʜʝʡʩʪʚʠʷ [1, 2]. ʇʦʣʥʳʡ ʮʠʢʣ ʨʘʙʦʪʳ ʪʘʢʦʛʦ 

ʨʝʘʢʪʦʨʘ ʚʢʣʶʯʘʝʪ ʥʝʩʢʦʣʴʢʦ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʩʪʘʜʠʡ, ʚ ʨʷʜʫ ʢʦʪʦʨʳʭ, ʢʘʢ 

ʩʦʙʩʪʚʝʥʥʦ ʩʠʥʪʝʟ, ʪʘʢ ʠ ʨʷʜ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʭ ʚʨʝʤʷʟʘʪʨʘʪʥʳʭ ʦʧʝʨʘʮʠʡ: ʟʘʛʨʫʟʢʘ, 

ʦʭʣʘʞʜʝʥʠʝ, ʚʳʛʨʫʟʢʘ, ʦʯʠʩʪʢʘ ʨʝʘʢʪʦʨʘ. ʅʘʨʷʜʫ ʩ ʧʝʨʠʦʜʠʯʝʩʢʠʤʠ ʨʝʘʢʪʦʨʘʤʠ ʚ 

ʭʠʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʨʝʘʢʪʦʨ rʥʝʧʨʝʨʳʚʥʦʛʦ ʜʝʡʩʪʚʠʷ, ʙʦʣʝʝ 

ʵʬʬʝʢʪʠʚʥʳʝ (ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʝʨʠʦʜʠʯʝʩʢʠʤʠ) ʧʨʠ ʥʘʨʘʙʦʪʢʝ ʙʦʣʴʰʠʭ ʧʘʨʪʠʡ 

ʧʨʦʜʫʢʪʘ. ʕʪʠ ʨʝʘʢʪʦʨ rʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʫʩʪʨʦʡʩʪʚʘ ʦʪʢʨʳʪʦʛʦ ʪʠʧʘ ʩ ʧʦʩʪʦʷʥʥʦʡ 

ʧʦʜʘʯʝʡ ʨʝʘʛʝʥʪʦʚ ʥʘ ʚʭʦʜʝ ʠ ʦʪʪʦʢʦʤ ʧʨʦʜʫʢʪʦʚ ʥʘ ʚʳʭʦʜʝ ʠʟ ʨʝʘʢʪʦʨʘ. ɺ ʥʘʩʪʦʷʱʝʡ 

ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚʦʧʨʦʩ ʦ ʧʨʠʥʮʠʧʠʘʣʴʥʦʡ ʚʦʟʤʦʞʥʦʩʪʠ ʨʝʘʣʠʟʘʮʠʠ ʧʨʦʮʝʩʩʦʚ 

ʩʘʤʦʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʛʦʩʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʩʠʥʪʝʟʘ ʧʦʨʦʰʢʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ 

ʨʝʘʢʪʦʨʘʭ ʥʝʧʨʝʨʳʚʥʦʛʦ ʜʝʡʩʪʚʠʷ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʠʟʦʪʝʨʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ 

ʭʠʤʠʯʝʩʢʦʛʦ ʩʠʥʪʝʟʘ ʩ ʥʝʧʨʝʨʳʚʥʦʡ ʢʦʥʚʝʨʩʠʝʡ ʚʝʱʝʩʪʚʘ ʧʦ ʭʦʜʫ ʝʛʦ ʜʚʠʞʝʥʠʷ ʚ 

ʢʘʥʘʣʝ ʨʝʘʢʪʦʨʘ, ʧʨʦʮʝʩʩʳ ʉɺʉ ʧʨʦʪʝʢʘʶʪ ʚ ʘʚʪʦʚʦʣʥʦʚʦʤ ʬʨʦʥʪʘʣʴʥʦʤ ʨʝʞʠʤʝ, ʧʨʠ 

ʢʦʪʦʨʦʤ ʦʙʨʘʟʦʚʘʥʠʝ ʧʨʦʜʫʢʪʦʚ ʧʨʦʠʩʭʦʜʠʪ ʚ ʩʨʘʚʥʠʪʝʣʴʥʦ ʫʟʢʦʡ ʟʦʥʝ ʛʦʨʝʥʠʷ, 

ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʡʩʷ ʩʦ ʩʢʦʨʦʩʪʴʶ U ʥʘʚʩʪʨʝʯʫ ʧʦʪʦʢʫ ʨʝʘʛʝʥʪʦʚ.  

ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʧʨʦʮʝʩʩʘ ʉɺʉ ʚ ʧʨʦʪʦʯʥʦʤ ʨʝʘʢʪʦʨʝ ʧʦʢʘʟʘʥʦ ʥʘ 

ʨʠʩʫʥʢʝ 1. ʕʣʝʢʪʨʦʧʨʠʚʦʜ (1) ʚʠʥʪʦʚʦʛʦ ʰʥʝʢʘ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʦʜʘʯʫ ʰʠʭʪʳ ʠʟ ʙʫʥʢʝʨʘ 

(2) ʚ ʪʨʫʙʯʘʪʳʡ ʨʝʘʢʪʦʨ. ɺ ʥʘʯʘʣʝ ʧʨʦʮʝʩʩʘ ʨʝʘʢʪʦʨ ʟʘʧʦʣʥʷʝʪʩʷ ʨʝʘʢʮʠʦʥʥʦʡ ʰʠʭʪʦʡ 

(3), ʧʦʩʣʝ ʯʝʛʦ ʧʨʦʠʟʚʦʜʠʪʩʷ ʠʥʠʮʠʠʨʦʚʘʥʠʝ ʚʦʣʥʳ ʛʦʨʝʥʠ ̫ (5), ʙʝʛʫʱʝʡ ʧʦ 

ʥʝʧʦʜʚʠʞʥʦʡ ʰʠʭʪʝ. ɼʣʷ ʨʝʘʣʠʟʘʮʠʠ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʨʝʞʠʤʘ ʨʘʙʦʪʳ ʨʝʘʢʪʦʨʘ 

ʥʝʦʙʭʦʜʠʤʦ ʩʪʘʙʠʣʠʟʠʨʦʚʘʪʴ ʬʨʦʥʪ ʨʝʘʢʮʠʠ ʚʥʫʪʨʠ ʨʝʘʢʪʦʨʘ ʧʫʪʝʤ ʚʩʪʨʝʯʥʦʡ ʧʦʜʘʯʠ 

ʰʠʭʪʳ. ɺʦʧʨʦʩ ʦ ʛʦʨʝʥʠʠ ʚ ʧʦʪʦʢʝ ʨʝʘʛʝʥʪʘ, ʚʧʝʨʚʳʝ ʧʦʩʪʘʚʣʝʥʥʳʡ ʗ.ɹ. ɿʝʣʴʜʦʚʠʯʝʤ 

[3], ʨʘʩʩʤʘʪʨʠʚʘʣʩʷ ʚ ʨʷʜʝ ʨʘʙʦʪ [4, 5]. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʧʦʜʘʯʝ ʨʝʘʛʠʨʫʶʱʝʡ 

mailto:analdushin@mail.ru
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ʩʤʝʩʠ ʩʦ ʩʢʦʨʦʩʪʴʶ V , ʤʝʥʴʰʝʡ ʥʦʨʤʘʣʴʥʦʡ ʩʢʦʨʦʩʪʠ ʛʦʨʝʥʠʷ U , ʟʦʥʘ ʨʝʘʢʮʠʠ 

ʩʪʘʙʠʣʠʟʠʨʫʝʪʩʷ ʥʘ ʥʝʢʦʪʦʨʦʤ ʨʘʩʩʪʦʷʥʠʠ fX  ʦʪ ʚʭʦʜʘ ʚ ʨʝʘʢʪʦʨ. ɺ ʧʨʠʙʣʠʞʝʥʠʠ 

ʫʟʢʦʡ ʟʦʥʳ ʨʝʘʢʮʠʠ ʚʝʣʠʯʠʥʘ fX  ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ: 

0 ln(1 )
2 ln( / )

f

U Z
X L

V V U
= - .      (1) 

ɿʜʝʩʴ 0 /L Uc=  ï ʰʠʨʠʥʘ ʧʨʦʛʨʝʪʦʛʦ ʩʣʦʷ ʚ ʙʝʛʫʱʝʡ ʚʦʣʥʝ ʛʦʨʝʥʠʷ, cï 

ʪʝʤʧʝʨʘʪʫʨʦʧʨʦʚʦʜʥʦʩʪʴ ʰʠʭʪʳ, Zï ʯʠʩʣʦ ɿʝʣʴʜʦʚʠʯʘ. 

 

ʈʠʩ. 1. ʇʨʠʥʮʠʧʠʘʣʴʥʘʷ ʩʭʝʤʘ ʧʨʦʪʦʯʥʦʛʦ ʉɺʉ ʨʝʘʢʪʦʨʘ ʥʝʧʨʝʨʳʚʥʦʛʦ ʜʝʡʩʪʚʠʷ. 

1 ï ʵʣʝʢʪʨʦʧʨʠʚʦʜ ʚʠʥʪʦʚʦʛʦ ʰʥʝʢʘ, 2 ï ʙʫʥʢʝʨ, 3 ï ʰʠʭʪʘ, 4 ï ʰʥʝʢ, 5 ï ʟʦʥʘ ʛʦʨʝʥʠʷ,  

6 ï ʧʨʦʜʫʢʪʳ ʩʠʥʪʝʟʘ, 7 ï ʩʪʝʥʢʠ ʨʝʘʢʪʦʨʘ 

 

ʌʫʥʢʮʠʷ ( )fX V  ʠʤʝʝʪ ʥʝʤʦʥʦʪʦʥʥʳʡ ʭʘʨʘʢʪʝʨ (ʨʠʩʫʥʦʢ 2). ʇʨʠ ʯʠʩʣʝʥʥʦʤ 

ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʫʜʘʝʪʩʷ ʚʦʩʧʨʦʠʟʚʝʩʪʠ ʣʠʰʴ ʦʜʥʫ ï ʚʦʟʨʘʩʪʘʶʱʫʶ ʚʝʪʚʴ ʟʘʚʠʩʠʤʦʩʪʠ 

ʢʦʦʨʜʠʥʘʪʳ ʬʨʦʥʪʘ ʦʪ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ ʨʝʘʛʠʨʫʶʱʝʡ ʩʤʝʩʠ. ʇʨʠ ʫʤʝʥʴʰʝʥʠʠ ʩʢʦʨʦʩʪʠ 

ʧʦʪʦʢʘ ʥʠʞʝ ʧʦʨʦʛʦʚʦʛʦ ʟʥʘʯʝʥʠʷ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤʫ ʤʠʥʠʤʫʤʫ ʥʘ ʢʨʠʚʦʡ ( )fX V , 

ʨʝʞʠʤ ʛʦʨʝʥʠʷ ʥʝ ʧʦʜʜʝʨʞʠʚʘʝʪʩʷ. 

ʅʘ ʨʠʩʫʥʢʝ 3 ʧʦʢʘʟʘʥʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʨʝʘʛʝʥʪʘ ʚ 

ʨʝʘʢʪʦʨʝ, ʧʦʣʫʯʝʥʥʝr ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʝʰʝʥʠʷ ʥʝʩʪʘʮʠʦʥʘʨʥʦʡ ʟʘʜʘʯʠ ʦ ʧʨʦʪʝʢʘʥʠʠ 

ʧʨʦʮʝʩʩʘ ʉɺʉ ʚ ʫʩʣʦʚʠʷʭ ʧʨʦʪʦʯʥʦʛʦ ʨʝʘʢʪʦʨʘ ʩ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ ( 0T T= ) 

ʩʤʝʩʠ ʥʘ ʚʭʦʜʝ ʚ ʨʝʘʢʪʦʨ. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʟʥʘʯʝʥʠʡ ʦʧʨʝʜʝʣʷʶʱʠʭ ʧʘʨʘʤʝʪʨʦʚ ʤʦʞʝʪ 

ʨʝʘʣʠʟʦʚʘʪʴʩʷ ʩʪʘʮʠʦʥʘʨʥʳʡ ʨʝʞʠʤ ʩ ʥʝ ʤʝʥʷʶʱʠʤʩʷ ʚʦ ʚʨʝʤʝʥʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ 

ʚʝʣʠʯʠʥ ʠʣʠ ʘʚʪʦʢʦʣʝʙʘʪʝʣʴʥʳʡ ʨʝʞʠʤ ʩ ʦʩʮʠʣʣʠʨʫʶʱʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʪʝʤʧʝʨʘʪʫʨʳ, 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʠ ʢʦʦʨʜʠʥʘʪʳ ʟʦʥʳ ʨʝʘʢʮʠʠ.  
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ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʨʘʩʩʪʦʷʥʠʷ ʬʨʦʥʪʘ ʛʦʨʝʥʠʷ ʦʪ ʚʭʦʜʘ ʚ ʨʝʘʢʪʦʨ ʦʪ ʩʢʦʨʦʩʪʠ ʧʦʜʘʯʠ 

ʰʠʭʪʳ 

 

 

ʈʠʩ. 3. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʤʛʥʦʚʝʥʥʳʭ ʟʥʘʯʝʥʠʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʛʦʨʶʯʝʛʦ ( )a x  ʠ 

ʙʝʟʨʘʟʤʝʨʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ 0( ) ( ) / ( )ʛ ʛT x T T T T= - - ʚ ʨʝʘʢʪʦʨʝ. ɸ ï ʩʪʘʮʠʦʥʘʨʥʳʡ 

ʨʝʞʠʤ, ɺ ï ʘʚʪʦʢʦʣʝʙʘʪʝʣʴʥʳʡ. ʂʨʠʚʘʷ ( )rT t ʧʦʢʘʟʳʚʘʝʪ ʠʟʤʝʥʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʚ 

ʪʦʯʢʝ ʤʘʢʩʠʤʫʤʘ ʩʢʦʨʦʩʪʠ ʪʝʧʣʦʚʳʜʝʣʝʥʠʷ 

 

ʇʨʠʙʣʠʞʝʥʥʘʷ ʦʮʝʥʢʘ (1) ʠ ʯʠʩʣʝʥʥʳʝ ʨʘʩʯʝʪʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʜʣʷ 

ʩʪʘʙʠʣʠʟʘʮʠʠ ʟʦʥʳ ʨʝʘʢʮʠʠ ʚʙʣʠʟʠ ʚʭʦʜʘ ʜʣʠʥʘ ʨʝʘʢʪʦʨʘ ʜʦʣʞʥʘ ʧʨʝʚʳʰʘʪʴ 

ʥʝʢʦʪʦʨʳʡ ʢʨʠʪʠʯʝʩʢʠʡ ʨʘʟʤʝʨ ʧʦʨʷʜʢʘ ʰʠʨʠʥʳ ʟʦʥʳ ʛʦʨʝʥʠʷ, ʘ ʩʢʦʨʦʩʪʴ ʧʦʜʘʯʠ 

ʰʠʭʪʳ ʜʦʣʞʥʘ ʙʳʪʴ ʤʝʥʴʰʝ, ʯʝʤ ʩʢʦʨʦʩʪʴ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʬʨʦʥʪʘ ʨʝʘʢʮʠʠ ʧʦ 

ʥʝʧʦʜʚʠʞʥʦʡ ʩʤʝʩʠ. ʇʨʘʢʪʠʯʝʩʢʘʷ ʨʝʘʣʠʟʘʮʠʷ ʨʝʞʠʤʘ ʩʪʘʙʠʣʠʟʘʮʠʠ ʟʦʥʳ ʛʦʨʝʥʠʷ 

ʚʙʣʠʟʠ ʚʭʦʜʘ ʚ ʨʝʘʢʪʦʨ ʩʠʣʴʥʦ ʟʘʪʨʫʜʥʝʥʘ, ʧʦʩʢʦʣʴʢʫ ʧʨʝʜʧʦʣʘʛʘʝʪ ʧʦʛʣʦʱʝʥʠʝ 

ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ ʠʟ ʟʦʥʳ ʨʝʘʢʮʠʠ ʚ ʩʚʝʞʫʶ ʩʤʝʩʴ ʥʝʢʠʤ ʦʭʣʘʞʜʘʶʱʠʤ ʘʛʝʥʪʦʤ. ɹʦʣʝʝ 

ʨʝʘʣʠʩʪʠʯʥʳʤ ʷʚʣʷʝʪʩʷ ʚʘʨʠʘʥʪ ʬʠʢʩʘʮʠʠ ʟʦʥʳ ʛʦʨʝʥʠʷ ʚ ʛʣʫʙʠʥʝ ʨʝʘʢʪʦʨʘ ʥʘ 

ʨʘʩʩʪʦʷʥʠʷʭ, ʩʫʱʝʩʪʚʝʥʥʦ ʧʨʝʚʦʩʭʦʜʷʱʠʭ ʰʠʨʠʥʫ ʟʦʥʳ ʛʦʨʝʥʠʷ, ʥʝ ʪʨʝʙʫʶʱʠʡ 

ʦʭʣʘʞʜʝʥʠʷ ʚʪʝʢʘʶʱʝʛʦ ʨʝʘʛʝʥʪʘ. ʆʜʥʘʢʦ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʩʧʝʮʠʘʣʴʥʦʝ ʫʩʪʨʦʡʩʪʚʦ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʝ ʩʪʘʙʠʣʠʟʘʮʠʶ ʟʦʥʳ ʛʦʨʝʥʠʷ. ɺʘʨʠʘʥʪʦʤ 
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ʪʘʢʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʤʦʞʝʪ ʙʳʪʴ ʩʠʩʪʝʤʘ, ʧʦʜʜʝʨʞʠʚʘʶʱʘʷ ʧʦʩʪʦʷʥʩʪʚʦ ʪʝʤʧʝʨʘʪʫʨʳ ʚ 

ʟʘʜʘʥʥʦʡ ʪʦʯʢʝ ʨʝʘʢʪʦʨʘ ʧʫʪʸʤ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʩʢʦʨʦʩʪʠ ʧʦʜʘʯʠ ʰʠʭʪʳ Vʚ ʨʝʘʢʪʦʨ.  

ʅʘ ʨʠʩʫʥʢʝ 4 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʮʝʩʩʘ 

ʉɺʉ ʚ ʧʨʦʪʦʯʥʦʤ ʨʝʘʢʪʦʨʝ ʚ ʫʩʣʦʚʠʷʭ ʢʦʨʨʝʣʷʮʠʠ ʧʦʪʦʢʘ Vʩʦ ʟʥʘʯʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ 

T  ʚ ʟʘʜʘʥʥʦʡ ʪʦʯʢʝ …z ʨʝʘʢʪʦʨʘ.  

 

ʈʠʩ. 4. ʊʝʤʧʝʨʘʪʫʨʥʦʝ ʧʦʣʝ ʚ ʨʝʘʢʪʦʨʝ ʚʳʪʝʩʥʝʥʠʷ ʧʨʠ ʩʪʘʙʠʣʠʟʘʮʠʠ ʟʦʥʳ ʩʠʥʪʝʟʘ 

ʧʦʩʨʝʜʩʪʚʦʤ ʢʦʨʨʝʣʷʮʠʠ ʩʢʦʨʦʩʪʠ ʧʦʜʘʯʠ ʰʠʭʪʳ V  ʠ ʟʥʘʯʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʚ 

ʟʘʜʘʥʥʦʡ ʪʦʯʢʝ …z  ʨʝʘʢʪʦʨʘ 

 

ʅʘʯʘʣʦʤ ʧʨʦʮʝʩʩʘ (0t= ) ʷʚʣʷʝʪʩʷ ʧʦʜʘʯʘ ʧʦʜʞʠʛʘʶʱʝʛʦ ʠʤʧʫʣʴʩʘ ʥʘ ʚʳʭʦʜʝ ʠʟ 

ʨʝʘʢʪʦʨʘ ὼ ὒ, ʠʥʠʮʠʠʨʫʶʱʝʛʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʚʦʥʳ ʨʝʘʢʮʠʠ ʧʦ ʥʝʧʦʜʚʠʞʥʦʡ 

ʰʠʭʪʝ, ʟʘʧʦʣʥʷʶʱʝʡ ʨʝʘʢʪʦʨ. ɺ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ὸ ὸz ʜʘʪʯʠʢ, ʫʩʪʘʥʦʚʣʝʥʥʳʡ ʥʘ 

ʚʳʙʨʘʥʥʦʤ ʨʘʩʩʪʦʷʥʠʠ *X  ʦʪ ʚʭʦʜʘ ʚ ʨʝʘʢʪʦʨ, ʬʠʢʩʠʨʫʝʪ ʧʦʚʳʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ 

*( )T X  ʜʦ ʚʳʙʨʘʥʥʦʛʦ (ʙʣʠʟʢʦʛʦ ʢ 0T ) ʟʥʘʯʝʥʠʷ *T , ʠ ʚʢʣʶʯʘʝʪʩʷ ʧʦʜʘʯʘ ʰʠʭʪʳ ʩʦ 

ʩʢʦʨʦʩʪʴʶ ὠz ὒὸzϳ . ɺ ʜʘʣʴʥʝʡʰʝʤ ʩʢʦʨʦʩʪʴ ʧʦʜʘʯʠ V  ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʧʨʠ ʧʦʚʳʰʝʥʠʠ 

ʪʝʤʧʝʨʘʪʫʨʳ *( )T X  ʠʣʠ ʫʤʝʥʴʰʘʝʪʩʷ ʚ ʩʣʫʯʘʝ ʝʸ ʧʦʥʠʞʝʥʠʷ ʧʦ ʟʘʜʘʥʥʦʤʫ ʘʣʛʦʨʠʪʤʫ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʫʜʘʝʪʩʷ ʩʪʘʙʠʣʠʟʠʨʦʚʘʪʴ ʟʦʥʫ ʛʦʨʝʥʠʷ ʚ ʦʢʨʝʩʪʥʦʩʪʠ ʚʳʙʨʘʥʥʦʡ ʪʦʯʢʠ 

… …z, ʢʘʢ ʚ ʩʣʫʯʘʝ ʩʪʘʮʠʦʥʘʨʥʦʛʦ, ʪʘʢ ʠ ʘʚʪʦʢʦʣʝʙʘʪʝʣʴʥʦʛʦ ʨʝʞʠʤʦʚ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʚʦʣʥʳ ʨʝʘʢʮʠʠ.  

ʇʨʝʜʣʦʞʝʥʥʘʷ ʩʭʝʤʘ ʩʪʘʙʠʣʠʟʘʮʠʠ ʥʝ ʷʚʣʷʝʪʩʷ ʝʜʠʥʩʪʚʝʥʥʦ ʚʦʟʤʦʞʥʦʡ, ʥʦ 

ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚʧʦʣʥʝ ʨʝʘʣʠʩʪʠʯʥʳʤ ʚʘʨʠʘʥʪʦʤ ʦʨʛʘʥʠʟʘʮʠʠ ʥʝʧʨʝʨʳʚʥʦʛʦ ʧʨʦʮʝʩʩʘ 

ʉɺʉ ʚ ʧʨʦʪʦʯʥʦʤ ʨʝʘʢʪʦʨʝ ʚʳʪʝʩʥʝʥʠʷ. 
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ɻʆʈɽʅʀɽ ʀ ʍʀʄʀʏɽʉʂʆɽ ʇʈɽɺʈɸʑɽʅʀɽ ɺ 

ɺʓʉʆʂʆʕʂɿʆʊɽʈʄʀʏɽʉʂʀʍ ʉʄɽʉʗʍ ʅɸ ʆʉʅʆɺɽ 

MoO3/Al/Si/B 

 

ɼ.ɽ. ɸʥʜʨʝʝʚ*, ʖ.ʉ. ɺʜʦʚʠʥ, ɺ.ʀ. ʖʭʚʠʜ, ʅ.ɺ. ʉʘʯʢʦʚʘ, ʀ.ɼ. ʂʦʚʘʣʝʚ 

ʌʝʜʝʨʘʣʴʥʦʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʙʶʜʞʝʪʥʦʝ ʫʯʨʝʞʜʝʥʠʝ ʥʘʫʢʠ ʀʥʩʪʠʪʫʪ ʩʪʨʫʢʪʫʨʥʦʡ ʤʘʢʨʦʢʠʥʝʪʠʢʠ ʠ 

ʧʨʦʙʣʝʤ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʠʤ. ɸ.ɻ. ʄʝʨʞʘʥʦʚʘ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ, ʏʝʨʥʦʛʦʣʦʚʢʘ, ʈʦʩʩʠʷ 
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ʆʜʥʠʤ ʠʟ ʚʘʞʥʝʡʰʠʭ ʜʦʩʪʦʠʥʩʪʚ ʉɺʉ-ʧʨʦʮʝʩʩʦʚ ʷʚʣʷʝʪʩʷ ʩʧʦʩʦʙʥʦʩʪʴ 

ʩʦʟʜʘʚʘʪʴ ʥʦʚʳʝ ʵʬʬʝʢʪʠʚʥʳʝ ʤʘʪʝʨʠʘʣʳ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʭʦʜʝ ʙʳʩʪʨʳʭ ʭʠʤʠʯʝʩʢʠʭ 

ʧʨʝʚʨʘʱʝʥʠʡ. ʕʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʥʝʦʙʳʯʥʳʤʠ ʫʩʣʦʚʠʷʤʠ ʩʠʥʪʝʟʘ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʤʠʩʷ 

ʚʳʩʦʢʠʤʠ ʪʝʤʧʝʨʘʪʫʨʘʤʠ (4000Á ʉ). ʅʝʦʙʳʯʥʳʝ ʫʩʣʦʚʠʷ ʩʠʥʪʝʟʘ ʧʨʠʚʦʜʷʪ ʢ ʪʦʤʫ, ʯʪʦ 

ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʉɺʉ-ʧʨʦʜʫʢʪʦʚ ʦʪʣʠʯʘʶʪʩʷ ʦʪ ʘʥʘʣʦʛʠʯʥʳʭ ʧʨʦʜʫʢʪʦʚ, 

ʧʦʣʫʯʝʥʥʳʭ ʜʨʫʛʠʤʠ ʤʝʪʦʜʘʤʠ, ʪ.ʝ., ʢʘʢ ʧʨʘʚʠʣʦ, ʧʨʠʭʦʜʠʪʩʷ ʠʤʝʪʴ ʜʝʣʦ ʩ ʥʦʚʳʤʠ 

ʤʘʪʝʨʠʘʣʘʤʠ [1]. ʊʘʢʠʤʠ ʤʘʪʝʨʠʘʣʘʤʠ ʤʦʛʫʪ ʙʳʪʴ ʞʘʨʦʧʨʦʯʥʳʝ ʢʦʤʧʦʟʠʮʠʦʥʥʳʝ 

ʤʘʪʝʨʠʘʣʳ ʠʣʠ ʩʫʧʝʨʩʧʣʘʚʳ. ɺ ʧʨʝʜʳʜʫʱʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ, ʚ ʨʘʤʢʘʭ ʝʚʨʦʧʝʡʩʢʦʛʦ 

ʧʨʦʝʢʪʘ çUltra high temperature materials for turbinesè (ULTMAT), ʤʝʪʦʜʘʤʠ ʧʦʨʦʰʢʦʚʦʡ 

ʤʝʪʘʣʣʫʨʛʠʠ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʣʝʛʠʨʦʚʘʥʥʳʝ ʩʧʣʘʚʳ ʤʦʣʠʙʜʝʥʘ ʩ ʢʨʝʤʥʠʝʤ ʠ ʙʦʨʦʤ, 

ʧʦʢʘʟʘʚʰʠʝ ʨʝʢʦʨʜʥʦ ʚʳʩʦʢʠʝ ʞʘʨʦʧʨʦʯʥʦʩʪʴ ʠ ʞʘʨʦʩʪʦʡʢʦʩʪʴ ʧʦ ʩʨʘʚʥʝʥʠʶ c 

ʥʠʢʝʣʝʚʳʤʠ ʩʫʧʝʨʩʧʣʘʚʘʤʠ [2]. 

ʊʝʤʧʝʨʘʪʫʨʘ ʧʣʘʚʣʝʥʠʷ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʩʠʣʠʮʠʜʦʚ 

ʤʦʣʠʙʜʝʥʘ ʩ ʣʝʛʠʨʫʶʱʠʤʠ ʜʦʙʘʚʢʘʤʠ (Nb, B, C ʠ ʜʨ.) ʤʦʞʝʪ ʧʨʝʚʳʰʘʪʴ 1900Á C. ʕʪʠ 

ʤʘʪʝʨʠʘʣʳ ʦʙʣʘʜʘʶʪ ʚʳʩʦʢʦʡ ʧʨʦʯʥʦʩʪʴʶ ʠ ʩʪʦʡʢʦʩʪʴʶ ʢ ʦʢʠʩʣʝʥʠʶ, ʘ ʧʦ ʪʝʤʧʝʨʘʪʫʨʝ 

ï ʥʘ 150Á ʙʦʣʴʰʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʥʠʢʝʣʝʚʳʤʠ ʩʫʧʝʨʩʧʣʘʚʘʤʠ. ʊʘʢʞʝ ʦʥʠ ʠʤʝʶʪ 

ʙʦʣɹʰʦʡ ʧʦʪʝʥʮʠʘʣ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʚ ʘʚʠʘʮʠʦʥʥʦʤ ʜʚʠʛʘʪʝʣʝʩʪʨʦʝʥʠʠ. 

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʣʦʩʴ ʧʦʣʫʯʝʥʠʝ ʚ ʨʝʞʠʤʝ ʛʦʨʝʥʠʷ ʣʠʪʳʭ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ Mo-Si-B (Moï96,2%; Siï2,8%; Bï1,0%.) ʤʝʪʦʜʦʤ ʮʝʥʪʨʦʙʝʞʥʦʡ 

ʉɺʉ-ʤʝʪʘʣʣʫʨʛʠʠ ʧʨʠ ʘʪʤʦʩʬʝʨʥʦʤ ʜʘʚʣʝʥʠʠ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʩʫʧʝʨʩʧʣʘʚʦʚ 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʚʳʩʦʢʦʵʢʟʦʪʝʨʤʠʯʝʩʢʠʝ ʩʤʝʩʠ ʥʘ ʦʩʥʦʚʝ MoO3/Al /Si/B. 

ʉʤʝʩʠ ʦʢʠʩʣʦʚ ʤʝʪʘʣʣʦʚ ʩ ʘʣʶʤʠʥʠʝʤ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʉɺʉ-

ʤʝʪʘʣʣʫʨʛʠʠ. ʅʘʤʠ ʙʳʣʘ ʚʳʙʨʘʥʘ ʩʠʩʪʝʤʘ ʢʦʤʧʦʥʝʥʪʦʚ ʠʟ ʦʢʩʠʜʘ ʤʦʣʠʙʜʝʥʘ ʠ 
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ʘʣʶʤʠʥʠʷ [3]. ɺʦʩʩʪʘʥʦʚʣʝʥʠʝ ʦʢʩʠʜʘ ʤʦʣʠʙʜʝʥʘ ʦʧʠʩʳʚʘʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʫʨʘʚʥʝʥʠʝʤ 

ʭʠʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ: 

MoO3+2Al  Ÿ Mo+Al 2O3      (1) 

ɼʣʷ ʵʪʦʡ ʩʠʩʪʝʤʳ (1) ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʨʘʩʯʸʪʳ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ 

çThermoè. ɺ ʪʘʙʣʠʮʝ 1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʫʤʤʘʨʥʳʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ ʠ 

ʛʘʟʦʦʙʨʘʟʥʳʭ ʧʨʦʜʫʢʪʦʚ ʵʪʦʡ ʩʠʩʪʝʤʳ. 

ʊʘʙʣʠʮʘ 1 

ʊʛʦʨ., ęʂ ʇʨʦʜʫʢʪʳ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ, % ʚʝʩ 

Mo Al 2O3 ɻʘʟʦʚʘʷ ʬʘʟʘ 

3808 43,5 46,5 10,0 

 

ʇʦʣʫʯʝʥʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʩʦʩʪʘʚʠʣʘ ʊʛ=3808 K ʧʨʠ 1 ʘʪʤ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʜʘʥʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʛʦʨʝʥʠʷ, ʧʦʟʚʦʣʷʝʪ ʚʚʦʜʠʪʴ Si ʠ ɺ, ʢʦʪʦʨʳʝ ʙʫʜʫʪ ʨʘʩʪʚʦʨʷʪʴʩʷ ʚ 

ʨʘʩʧʣʘʚʝ, ʦʙʨʘʟʫʷ ʣʠʪʦʡ ʧʨʦʜʫʢʪ Mo-Si-B, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʨʦʚʝʜʝʥʠʶ 

ʵʢʩʧʝʨʠʤʝʥʪʘ. 

ɼʣʷ ʩʠʥʪʝʟʘ Mo-Si-B ʠʩʧʦʣʴʟʦʚʘʣʠ ʢʦʤʙʠʥʘʮʠʶ ʚʳʩʦʢʦʵʢʟʦʪʝʨʤʠʯʝʩʢʦʡ 

(MoO3/Al/Si/B) ʠ ʥʠʟʢʦʵʢʟʦʪʝʨʤʠʯʝʩʢʦʡ (Mo/Si/B) ʩʤʝʩʝʡ. ɺ ʰʠʨʦʢʦʤ ʠʥʪʝʨʚʘʣʝ ʠʭ 

ʩʦʦʪʥʦʰʝʥʠʡ (Ŭ) ʪʝʤʧʝʨʘʪʫʨʘ ʛʦʨʝʥʠʷ ʧʨʝʚʳʰʘʝʪ 3000Á ʉ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ 

ʧʨʦʜʫʢʪʳ ʛʦʨʝʥʠʷ ʚ ʣʠʪʦʤ ʚʠʜʝ. ɺ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʩʦʩʪʘʚʦʚ ʙʳʣʠ ʚʟʷʪʳ ʩʤʝʩʠ, 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʪʘʙʣʠʮʝ 2. 

ʊʘʙʣʠʮʘ 2 

ˉ ʩʤʝʩʠ MoO3 Al  Si B Mo 

1 71,6 26,5 1,4 0,5 - 

2 - - 2,8 1,0 96,2 

 

ɺ ʭʦʜʝ ʨʘʩʯʸʪʦʚ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ ʚʣʠʷʥʠʝ ʩʦʦʪʥʦʰʝʥʠʷ ʩʦʩʪʘʚʦʚ ˉ 1 ʠ ˉ 2 ʥʘ 

ʨʘʩʯʸʪʥʳʝ ʪʝʤʧʝʨʘʪʫʨʫ (ʊʛ) ʠ ʩʦʩʪʘʚ (ai) ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ (C) ʠ ʛʘʟʦʦʙʨʘʟʥʳʭ (G) 

ʧʨʦʜʫʢʪʦʚ ʛʦʨʝʥʠʷ, ʨʠʩʫʥʦʢ 1. 

ɺ ʠʥʪʝʨʚʘʣʝ Ŭ = 0 õ 45% ʊʛ ʧʨʝʚʳʰʘʝʪ ʪʝʤʧʝʨʘʪʫʨʫ ʧʣʘʚʣʝʥʠʷ (ʊʧʣ.) ʜʣʷ Mo ʠ 

Al 2O3; ʜʣʷ Ŭ Ó40% ʚ ʩʦʩʪʘʚʝ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ ʧʨʦʜʫʢʪʦʚ ʧʦʷʚʣʷʝʪʩʷ Si ʠ B; ʚ 

ʠʥʪʝʨʚʘʣʝ Ŭ = 0 õ 45%, ʚ ʢʦʥʝʯʥʳʭ ʧʨʦʜʫʢʪʘʭ ʧʨʠʩʫʪʩʪʚʫʝʪ ʟʥʘʯʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ 

ʛʘʟʦʚ (ʧʨʠʯʠʥʘ ʨʘʟʙʨʦʩʘ ʧʨʠ ʛʦʨʝʥʠʠ). 

ɺʳʩʦʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʛʦʨʝʥʠʷ ʩʤʝʩʝʡ ʧʨʠʚʦʜʠʪ ʢ ʠʥʪʝʥʩʠʚʥʦʤʫ 

ʛʘʟʦʦʙʨʘʟʦʚʘʥʠʶ ʠ ʨʘʟʙʨʦʩʫ ʨʘʩʧʣʘʚʘ ʧʨʠ ʘʪʤʦʩʬʝʨʥʦʤ ʜʘʚʣʝʥʠʠ, ʧʦʵʪʦʤʫ ʜʣʷ 

ʧʦʜʘʚʣʝʥʠʷ ʨʘʟʙʨʦʩʘ ʉɺʉïʤʝʪʘʣʣʫʨʛʠʶ ʦʩʫʱʝʩʪʚʣʷʣʠ ʚ ʮʝʥʪʨʦʙʝʞʥʦʡ ʫʩʪʘʥʦʚʢʝ ʧʦʜ 

ʚʦʟʜʝʡʩʪʚʠʝʤ ʧʝʨʝʛʨʫʟʢʠ (a/g).  
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ɺ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʩʤʝʩʠ ʩʞʠʛʘʣʠ ʚ ʢʚʘʨʮʝʚʳʭ ʩʪʘʢʘʥʯʠʢʘʭ ʜʠʘʤʝʪʨʦʤ d=20 ʤʤ 

(ʤʘʩʩʘ ʩʤʝʩʠ m=15õ20 ʛ.) ɹʦʣʝʝ ʧʦʜʨʦʙʥʦ ʤʝʪʦʜʠʢʘ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʦʧʠʩʘʥʘ 

ʚ ʧʨʝʜʳʜʫʱʠʭ ʧʫʙʣʠʢʘʮʠʷʭ ʘʚʪʦʨʦʚ. 

 
ʈʠʩ. 1. ɺʣʠʷʥʠʝ ʩʦʦʪʥʦʰʝʥʠʷ ʩʦʩʪʘʚʦʚ ˉ 1 ʠ ˉ 2 ʥʘ ʨʘʩʯʸʪʥʳʝ ʪʝʤʧʝʨʘʪʫʨʫ (ʊʛ) ʠ 

ʩʦʩʪʘʚ (ai) ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ (C) ʠ ʛʘʟʦʦʙʨʘʟʥʳʭ (G) ʧʨʦʜʫʢʪʦʚ ʛʦʨʝʥʠʷ 

 

ɹʳʣʠ ʧʨʦʚʝʜʝʥʳ ʜʚʝ ʩʝʨʠʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ. ɺ ʧʝʨʚʦʡ ʩʝʨʠʠ ʧʨʠ ʟʘʜʘʥʥʦʡ 

ʚʝʣʠʯʠʥʝ ʧʝʨʝʛʨʫʟʢʠ ʚʘʨʴʠʨʦʚʘʣʠ ʩʦʦʪʥʦʰʝʥʠʝ ʤʘʩʩ ʚʳʩʦʢʦʵʢʟʦʪʝʨʤʠʯʝʩʢʦʛʦ 

(MoO3/Al/Si/B) ʠ ʥʠʟʢʦʵʢʟʦʪʝʨʤʠʯʝʩʢʦʛʦ (Mo/Si/B) ʩʦʩʪʘʚʦʚ ʚ ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ (Ŭ). Ŭ  

ʨʘʩʩʯʠʪʳʚʘʣʠ ʧʦ ʬʦʨʤʫʣʝ: Ŭ=M2/(M1+M2)Ŀ100%, ʛʜʝ M1 ï ʤʘʩʩʘ ʚʳʩʦʢʦ-

ʵʢʟʦʪʝʨʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ (MoO3/Al/Si/B), ʘ M2- ʤʘʩʩʘ ʥʠʟʢʦʵʢʟʦʪʝʨʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ 

(Mo/Si/B) ʚ ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ. ʈʘʩʯʸʪʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʮʝʣʝʚʳʭ ʵʣʝʤʝʥʪʦʚ (Mo, Si ʠ B) ʚ 

ʦʙʦʠʭ ʩʦʩʪʘʚʘʭ ʙʳʣʦ ʦʜʠʥʘʢʦʚʳʤ: Mo-96,2; Sið2,8; B-1,0. 

ɺʦ ʚʪʦʨʦʡ ʩʝʨʠʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʜʣʷ ʩʦʩʪʘʚʘ, ʚʳʙʨʘʥʥʦʛʦ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʧʝʨʚʦʡ 

ʩʝʨʠʠ, ʠʟʫʯʝʥʦ ʚʣʠʷʥʠʝ ʧʝʨʝʛʨʫʟʢʠ (a/g). 

ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʦʧʨʝʜʝʣʷʣʠ ʣʠʥʝʡʥʫʶ ʩʢʦʨʦʩʪʴ ʛʦʨʝʥʠʷ (u), ʦʪʥʦʩʠʪʝʣʴʥʫʶ 

ʧʦʪʝʨʶ ʤʘʩʩʳ ʧʨʠ ʛʦʨʝʥʠʠ (ɖ1) ʠ ʧʦʣʥʦʪʫ ʚʳʭʦʜʘ ʮʝʣʝʚʳʭ ʵʣʝʤʝʥʪʦʚ ʚ ʩʣʠʪʦʢ (ɖ2). 

ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʘʩʩʯʠʪʳʚʘʣʠ ʧʦ ʬʦʨʤʫʣʘʤ: u = h/tʛ, ɖ1 = [(m1-m2)/m1]Ŀ100%, ɖ2 = 

(m/mʨ)Ŀ100%, ʛʜʝ h ï ʚʳʩʦʪʘ ʩʣʦʷ ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ, tʛ ï ʚʨʝʤʷ ʛʦʨʝʥʠʷ ʩʣʦʷ, m1 ʠ m2 ï 

ʤʘʩʩʳ ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ ʠ ʧʨʦʜʫʢʪʦʚ ʛʦʨʝʥʠʷ, m ʠ mʨ ï ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʠ ʨʘʩʯʸʪʥʘʷ 

ʤʘʩʩʳ ʩʣʠʪʢʘ. 

ʀʟ ʨʝʟʫʣʴʪʘʪʦʚ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʩʣʝʜʫʝʪ, ʯʪʦ u ʠ ɖ1 ʫʤʝʥʴʰʘʶʪʩʷ, ʘ ɖ2 ʚʦʟʨʘʩʪʘʝʪ 

ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ Ŭ ʦʪ 0 ʜʦ 30% ʚʝʩ., ʨʠʩʫʥʦʢ 2. ʇʨʠ Ŭ>30% ʧʦʣʥʦʪʘ ʚʳʭʦʜʘ ʮʝʣʝʚʦʛʦ 

ʧʨʦʜʫʢʪʘ ʚ ʩʣʠʪʦʢ ʨʝʟʢʦ ʩʥʠʞʘʝʪʩʷ. ʇʨʠ Ŭ= 75õ80 % ʥʘʩʪʫʧʘʝʪ ʧʨʝʜʝʣ ʛʦʨʝʥʠʷ, ʠ ʜʘʣʝʝ 
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ʛʨʘʚʠʪʘʮʠʦʥʥʘʷ ʩʝʧʘʨʘʮʠʷ ʥʝ ʧʨʦʠʩʭʦʜʠʪ. C ʨʦʩʪʦʤ ʧʝʨʝʛʨʫʟʢʠ (a) ʦʪ 1 ʜʦ 400 g -  u ʠ 

ɖ2 ʚʦʟʨʘʩʪʘʶʪ, ʘ ɖ1 ʟʘʤʝʪʥʦ ʫʤʝʥʴʰʘʝʪʩʷ, ʨʠʩʫʥʦʢ 3. 

ʀʟ ʨʠʩʫʥʢʦʚ 2 ʠ 3 ʩʣʝʜʫʝʪ, ʯʪʦ ʦʧʪʠʤʘʣʴʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʜʣʷ ʧʦʣʫʯʝʥʠʷ, 

ʣʠʪʦʛʦ Mo-Si-B, ʷʚʣʷʶʪʩʷ Ŭ=30õ40% ʚʝʩ. ʠ ʧʝʨʝʛʨʫʟʢʘ 300õ400g. 

 
ʈʠʩ. 2. ɺʣʠʷʥʠʝ Ŭ ʥʘ u, ɖ1 ʠ ɖ2 ʧʨʠ a/g=40 

 

 

ʈʠʩ. 3. ɺʣʠʷʥʠʝ a/g ʥʘ u, ɖ1 ʠ ɖ2 ʧʨʠ Ŭ=30% 
 

ʇʨʦʜʫʢʪʳ ʛʦʨʝʥʠʷ ʩʤʝʩʠ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʵʪʠʭ ʫʩʣʦʚʠʷʭ, ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ 

ʩʣʠʪʦʢ, ʯʸʪʢʦ ʨʘʟʜʝʣʝʥʥʳʡ ʥʘ ʜʚʘ ʩʣʦʷ: ʥʠʞʥʠʡ ʩʣʦʡ ï ʵʪʦ ʣʠʪʦʡ Mo-Si-B (ʮʝʣʝʚʦʡ 

ʧʨʦʜʫʢʪ), ʘ ʚʝʨʭʥʠʡ ʩʣʦʡ ï ʵʪʦ ʦʢʩʠʜ Al 2O3 (ʰʣʘʢʦʚʳʡ ʧʨʦʜʫʢʪ). 

ʇʦ ʜʘʥʥʳʤ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ ʢʦʤʧʦʟʠʮʠʦʥʥʳʡ ʤʘʪʝʨʠʘʣ Mo-Si-B, 

ʩʦʜʝʨʞʠʪ ʪʨʠ ʬʘʟʳ ï Mo, Mo5SiB2 ʠ Mo3Si, ʨʠʩʫʥʦʢ 4. 
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ʌʘʟʦʚʳʡ ʩʦʩʪʘʚ ʢʦʥʝʯʥʳʭ ʧʨʦʜʫʢʪʦʚ ʛʦʨʝʥʠʷ ʦʧʨʝʜʝʣʷʣʠ ʥʘ ʨʝʥʪʛʝʥʦʚʩʢʦʤ 

ʜʠʬʨʘʢʪʦʤʝʪʨʝ ɼʈʆʅ-3ʄ. ɺ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʠʟʣʫʯʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ 

ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʪʨʫʙʢʘ ʪʠʧʘ ɹʉɺï27 ʩ ʤʝʜʥʳʤ ʘʥʦʜʦʤ (ɚ = 1,54178 ¡). 

 
ʈʠʩ. 4. ʈʝʥʪʛʝʥʦʛʨʘʤʤʘ ʣʠʪʦʛʦ Mo-Si-B 

 

ʅʘ ʨʠʩʫʥʢʝ 5 (ʘ, ʙ) ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʥʪʛʝʥʦʛʨʘʤʤʳ ʜʚʫʭ ʣʠʪʳʭ ʦʙʨʘʟʮʦʚ ʩ 

ʧʝʨʝʛʨʫʟʢʦʡ (g) 40 ʠ 400 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʠʟ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ Mo-Si-B ʩ 

ʦʧʪʠʤʘʣʴʥʳʤ ʨʘʟʙʘʚʣʝʥʠʝʤ Ŭ= 30% ʚʝʩ. 

 
(ʘ)       (ʙ) 

 

ʈʠʩ. 5. ʈʝʥʪʛʝʥʦʛʨʘʤʤʳ ʣʠʪʦʛʦ Mo-Si-B, Ŭ= 30% ʚʝʩ. ʘ) 40 g, ʙ) 400 g 

 
 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʠ ʩʪʨʫʢʪʫʨʳ ʧʨʦʜʫʢʪʦʚ ʩʠʥʪʝʟʘ 

ʠʩʧʦʣʴʟʦʚʘʣʠ ʘʚʪʦʵʤʠʩʩʠʦʥʥʳʡ ʩʢʘʥʠʨʫʶʱʠʡ ʵʣʝʢʪʨʦʥʥʳʡ ʤʠʢʨʦʩʢʦʧ Carl Zeiss Ultra 

plus ʥʘ ʙʘʟʝ Ultra 55. ʇʨʝʜʩʪʘʚʣʝʥʥʘ ̫ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ Mo-

Si-B ʥʘ ʨʠʩʫʥʢʝ 6 ʠ ʝʛʦ ʵʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ ʚ ʪʘʙʣʠʮʝ 3 ʚʳʷʚʠʣʠ, ʯʪʦ ʢʨʫʧʥʳʝ ʟʸʨʥʘ 

ʨʘʩʪʚʦʨʘ Mo-Si (ʟʦʥʳ 1 ʠ 2 ʩʚʝʪʣʦ-ʩʝʨʦʛʦ ʮʚʝʪʘ) ʦʢʨʫʞʝʥʳ ʛʨʘʥʠʮʘʤʠ, ʩʦʩʪʦʷʱʠʤʠ ʠʟ 

Mo-Si-Al  (ʟʦʥʳ 3 ʠ 4 ʩʝʨʦʛʦ ʮʚʝʪʘ). ɺ ʦʙʲʸʤʝ ʛʨʘʥʠʮ ʠʤʝʶʪʩʷ ʚʢʣʶʯʝʥʠʷ ʠʟ Mo-Si-B-Al  
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(ʟʦʥʳ 5 ʠ 6 ʪʸʤʥʦ-ʩʝʨʦʛʦ ʮʚʝʪʘ). ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʜʘʥʥʳʭ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ ʠ 

ʩʢʘʥʠʨʫʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʟʦʥʳ 1 ʠ 2 ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ 

ʨʘʩʪʚʦʨ ʩ ʨʝʰʸʪʢʦʡ ʤʦʣʠʙʜʝʥʘ, ʟʦʥʳ 3 ʠ 4 ï  ʬʘʟʫ ʥʘ ʦʩʥʦʚʝ Mo3Si, ʘ ʟʦʥʳ 5 ʠ 6 ï  ʬʘʟʫ 

ʥʘ ʦʩʥʦʚʝ Mo5SiB2. 

 

ʈʠʩ. 6. ʉʪʨʫʢʪʫʨʘ ʢʦʤʧʦʟʠʪʘ Mo-Si-B, Ŭ=30%, a=400g 

ɺʳʚʦʜʳ 

1. ɺ ʨʝʞʠʤʝ ʛʦʨʝʥʠʷ ʚʳʩʦʢʦʵʢʟʦʪʝʨʤʠʯʝʩʢʠʭ ʩʤʝʩʝʡ ʥʘ ʦʩʥʦʚʝ MoO3/Al /Si/B 

ʧʦʣʫʯʝʥʳ ʣʠʪʳʝ ʢʦʤʧʦʟʠʮʠʦʥʥʳʝ ʤʘʪʝʨʠʘʣʳ ʩ ʟʘʜʘʥʥʳʤ ʩʦʩʪʘʚʦʤ (Mo-96,2%; 

Sið2,8%; B-1,0%.). 

2. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʠʥʪʝʛʨʘʣʴʥʳʭ ʩʤʝʩʝʡ, ʚʢʣʶʯʘʶʱʠʭ 

ʚʳʩʦʢʦʵʢʟʦʪʝʨʤʠʯʝʩʢʫʶ (MoO3/Al/Si/B) ʠ ʥʠʟʢʦʵʢʟʦʪʝʨʤʠʯʝʩʢʫʶ (Mo/Si/B) 

ʩʤʝʩʠ, ʠ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʧʨʦʮʝʩʩ ʧʝʨʝʛʨʫʟʢʠ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʩʠʣʠʢʦʙʦʨʠʜʳ 

ʤʦʣʠʙʜʝʥʘ, ʙʣʠʟʢʠʝ ʧʦ ʩʦʩʪʘʚʫ ʢ ʧʦʣʫʯʝʥʥʳʤ ʧʨʦʤʳʰʣʝʥʥʳʤʠ ʤʝʪʦʜʘʤʠ, 

ʢʦʪʦʨʳʝ ʦʙʣʘʜʘʶʪ ʚʳʩʦʢʦʡ ʞʘʨʦʧʨʦʯʥʦʩʪʴʶ ʠ ʞʘʨʦʩʪʦʡʢʦʩʪʴʶ. 

3. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚʘʨʠʘʮʠʷ ʩʦʩʪʘʚʘ ʩʤʝʩʠ ʠ ʚʝʣʠʯʠʥʳ ʧʝʨʝʛʨʫʟʢʠ ʧʦʟʚʦʣʷʝʪ 

ʫʧʨʘʚʣʷʪʴ ʧʘʨʘʤʝʪʨʘʤʠ ʛʦʨʝʥʠʷ, ʩʦʩʪʘʚʦʤ ʠ ʩʪʨʫʢʪʫʨʦʡ ʩʠʣʠʢʦʙʦʨʠʜʦʚ 

ʤʦʣʠʙʜʝʥʘ. 

4. ʅʘ ʦʩʥʦʚʝ ʮʝʥʪʨʦʙʝʞʥʦʡ ʉɺʉ-ʤʝʪʘʣʣʫʨʛʠʠ ʨʘʟʨʘʙʦʪʘʥ ʥʘʫʯʥʳʡ ʧʦʜʭʦʜ, 

ʧʦʟʚʦʣʷʶʱʠʡ ʧʦʣʫʯʘʪʴ ʪʫʛʦʧʣʘʚʢʠʝ ʩʠʣʠʢʦʙʦʨʠʜʳ ʤʦʣʠʙʜʝʥʘ, ʧʝʨʩʧʝʢʪʠʚʥʳʝ 

ʜʣʷ ʘʚʠʘʮʠʦʥʥʦʛʦ ʜʚʠʛʘʪʝʣʝʩʪʨʦʝʥʠʷ. 

ʃʠʪʝʨʘʪʫʨʘ 

[1] ʉʘʤʦʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʡʩʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ ʩʠʥʪʝʟ: ʉʙʦʨʥʠʢ ʩʪʘʪʝʡ ʧʦʜ 

ʨʝʜ. ʖ.ʄ. ʄʘʢʩʠʤʦʚʘ, ʀʟʜ-ʚʦ ʊʦʤ. ʫʥ-ʪʘ, ʊʦʤʩʢ, 1991, ʩ. 198. 

[2] S. Drawin, J.F. Justin. Advanced Lightweight Silicide and Nitride Based Materials for 

Turbo-Engine Applications. AerospaceLab, 2011, p. 13. 

 ̄ Mo Si B Al 

1 98.1 0.7 - 1.2 

2 97.7 1.0 - 1.3 

3 92.5 5.8 - 1.7 

4 92.5 5.9 - 1.6 

5 93.7 4.7 0.9 0.7 

6 94.7 4.7 - 0.6 
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[3] ʀ.ʉ. ɻʦʨʜʦʧʦʣʦʚʘ, ɸ.ɸ. ʐʠʨʷʝʚ, ɺ.ʀ. ʖʭʚʠʜ. ɺʣʠʷʥʠʝ ʜʘʚʣʝʥʠʷ ʥʘ ʩʦʩʪʘʚ 

ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ ʠ ʛʘʟʦʦʙʨʘʟʥʳʭ ʧʨʦʜʫʢʪʦʚ ʛʦʨʝʥʠʷ ʚ ʩʠʩʪʝʤʘʭ ʦʢʩʠʜ 

ʤʝʪʘʣʣʘ-ʘʣʶʤʠʥʠʡ. ʇʨʝʧʨʠʥʪ ʀʉʄɸʅ, 1989, ʩ. 19 
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CɺC ʏʀʉʊʓʍ 2D ï ʅɸʅʆʇʆʈʆʐʂʆɺ Si2N2O 

 

ʊ.ɺ. ɹʘʨʠʥʦʚʘ*, ɺ.ʖ. ɹʘʨʠʥʦʚ, ʀ.ɼ. ʂʦʚʘʣʝʚ, ɺ.ʅ. ʉʝʤʝʥʦʚʘ, ʊ.ɻ. ɸʢʦʧʜʞʘʥʷʥ,  

ʅ.ʀ. ʄʫʭʠʥʘ1 

 

ʌʝʜʝʨʘʣʴʥʦʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʙʶʜʞʝʪʥʦʝ ʫʯʨʝʞʜʝʥʠʝ ʥʘʫʢʠ ʀʥʩʪʠʪʫʪ ʩʪʨʫʢʪʫʨʥʦʡ ʤʘʢʨʦʢʠʥʝʪʠʢʠ ʠ 

ʧʨʦʙʣʝʤ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʠʤ. ɸ.ɻ. ʄʝʨʞʘʥʦʚʘ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ, ʏʝʨʥʦʛʦʣʦʚʢʘ, ʈʦʩʩʠʷ 

 

* tbarinova@ism.ac.ru 

 

ʆʢʩʠʥʠʪʨʠʜ ʢʨʝʤʥʠʷ Si2N2O ʷʚʣʷʝʪʩʷ ʤʥʦʛʦʦʙʝʱʘʶʱʠʤ ʠʩʭʦʜʥʳʤ 

ʩʦʝʜʠʥʝʥʠʝʤ, ʩʧʦʩʦʙʥʳʤ ʟʘʤʝʥʠʪʴ Si3N4 ʧʨʠ ʩʦʟʜʘʥʠʠ ʰʠʨʦʢʦʛʦ ʢʣʘʩʩʘ ʩʦʚʨʝʤʝʥʥʳʭ 

ʢʝʨʘʤʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʭ ʜʣʷ ʨʘʙʦʪʳ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, 

ʙʦʣʴʰʠʭ ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʛʨʫʟʢʘʭ ʠ ʚ ʘʛʨʝʩʩʠʚʥʳʭ ʩʨʝʜʘʭ ʙʣʘʛʦʜʘʨʷ ʨʷʜʫ ʮʝʥʥʳʭ 

ʩʚʦʡʩʪʚ, ʪʘʢʠʭ ʢʘʢ ʚʳʩʦʢʘʷ ʩʪʦʡʢʦʩʪʴ ʢ ʪʝʨʤʦʫʜʘʨʫ, ʚʳʩʦʢʘʷ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʘʷ 

ʩʪʘʙʠʣʴʥʦʩʪʴ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ 2100 ʂ, ʦʪʣʠʯʥʘʷ ʫʩʪʦʡʯʠʚʦʩʪʴ ʢ ʦʢʠʩʣʝʥʠʶ ʥʘ ʚʦʟʜʫʭʝ 

ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ 1900 ʂ, ʥʠʟʢʘʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ [1-5]. ʆʜʥʘʢʦ ʜʣʷ 

ʧʦʣʫʯʝʥʠʷ ʢʘʯʝʩʪʚʝʥʥʦʡ Si2N2O-ʢʝʨʘʤʠʢʠ ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʯʠʩʪʳʝ ʧʦʨʦʰʢʠ, 

ʩʚʦʙʦʜʥʳʝ ʦʪ ʧʨʠʤʝʩʝʡ Si, SiO2 ʠ Si3N4   ʚ ʚʠʜʝ ʥʘʥʦʜʠʩʧʝʨʩʥʳʭ ʠʣʠ ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʳʭ 

ʧʦʨʦʰʢʦʚ.  

ʇʦʣʫʯʠʪʴ ʤʝʪʦʜʦʤ CɺC ʤʦʥʦʬʘʟʥʳʡ Si2N2O ʥʝ ʫʜʘʣʦʩʴ, ʥʝʩʤʦʪʨʷ ʥʘ 

ʨʘʟʙʘʚʣʝʥʠʝ ʩʤʝʩʠ Si+SiO2 ʢʦʥʝʯʥʳʤ ʧʨʦʜʫʢʪʦʤ ʛʦʨʝʥʠʷ Si2N2O ʠ ʩʥʠʞʝʥʠʝ ʊʛ ʜʦ 

1800ʂ [4] ʠʣʠ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʦʨʦʰʢʘ Si ʩ ʫʟʢʠʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʯʘʩʪʠʮ (ʦʪ 1 ʜʦ 5 

ʤʢʤ) ʠ ʨʘʟʙʘʚʣʝʥʠʝ ʩʤʝʩʠ Si3N4 [5]. ʂʦʥʝʯʥʳʡ ʧʨʦʜʫʢʪ ʛʦʨʝʥʠʷ ʩʦʜʝʨʞʘʣ ʚ ʥʝʙʦʣʴʰʠʭ 

ʢʦʣʠʯʝʩʪʚʘʭ Si ʠ Ŭ- ʠ ɓ-Si3N4 [5] ʠʣʠ ɓ-Si3N4 [4].  

ʉɺʉ Si2N2O ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ Si ʠ Siʆ2 

ʧʨʦʪʝʢʘʝʪ ʚ ʜʚʝ ʩʪʘʜʠʠ [4]:  

1) 3 Si + 2N2 Ÿ Si3N4, æHę= - 393.90 kJ/0.5 mol, 

2) Siʆ2 + Si3N4 Ÿ 2Si2N2O, æHę= - 98.33 kJ/0.5 mol. 

ʅʘ ʧʝʨʚʦʡ ʩʪʘʜʠʠ ʩʠʥʪʝʟʘ ʦʙʨʘʟʫʝʪʩʷ ɓ-ʤʦʜʠʬʠʢʘʮʠʷ Si3N4 [4] . ʇʨʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ Siʆ2 ʠ ɓ-Si3N4 ʦʙʨʘʟʫʶʪʩʷ ʘʛʣʦʤʝʨʘʪʳ ʢʨʠʩʪʘʣʣʦʚ Si2N2O ʩ ʨʘʟʤʝʨʘʤʠ 

5 ʤʢʤ ʠ ʙʦʣʝʝ.  

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʙʳʣʦ ʧʦʣʫʯʝʥʠʝ ʚ ʨʝʞʠʤʝ ʉɺʉ ʤʦʥʦʬʘʟʥʦʛʦ ʧʦʨʦʰʢʘ 

Si2N2O ʚ ʚʠʜʝ ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʳʭ ʠʣʠ ʥʘʥʦʜʠʩʧʝʨʩʥʳʭ ʯʘʩʪʠʮ. 
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ɸʥʘʣʠʟ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʧʦʟʚʦʣʠʣ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʝʩʣʠ ʧʦʣʫʯʠʪʴ ʥʘ 

ʧʝʨʚʦʡ ʩʪʘʜʠʠ ʩʠʥʪʝʟʘ ʧʨʠ ʘʟʦʪʠʨʦʚʘʥʠʠ ʢʨʝʤʥʠʷ Ŭ-Si3N4, ʦʙʣʘʜʘʶʱʠʡ 

ʪʦʥʢʦʜʠʩʧʝʨʩʥʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʪʦ, ʚʝʨʦʷʪʥʦ, ʧʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʚʪʦʨʦʡ ʩʪʘʜʠʠ Si2N2O 

ʙʫʜʝʪ ʧʦʣʫʯʝʥ ʪʘʢʞʝ ʚ ʚʠʜʝ ʥʘʥʦʜʠʩʧʝʨʩʥʳʭ ʠʣʠ ʩʫʙʤʠʢʨʦʥʥʳʭ ʯʘʩʪʠʮ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ 

Ŭ-Si3N4 ʚ ʩʦʩʪʘʚ ʰʠʭʪʳ 3Si+SiO2 ʚʚʦʜʠʣʠ ʜʦʙʘʚʢʠ FeCl3Ŀ6H2O. ʇʨʠ ʚʳʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʩʠʥʪʝʟʘ FeCl3Ŀ6H2O ʧʦʜʚʝʨʛʘʝʪʩʷ ʪʝʨʤʠʯʝʩʢʦʤʫ ʨʘʟʣʦʞʝʥʠʶ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ 

ʢʦʥʝʯʥʳʭ ʧʨʦʜʫʢʪʦʚ ʧʦ ʩʣʝʜʫʶʱʝʡ ʩʭʝʤʝ:  

2 FeCl3 Ö 6H2O Ÿ Fe2O3(s) +6 HCl(g) + 9ʅ2ʆ(g). 

ʆʙʨʘʟʦʚʘʥʠʝ ʘʢʪʠʚʥʳʭ ʧʨʦʜʫʢʪʦʚ ʨʘʩʧʘʜʘ ï Fe2O3 (ʩ ʧʦʩʣʝʜʫʶʱʠʤ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʝʤ ʜʦ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ Fe) ʠ HCl ʩʧʦʩʦʙʩʪʚʫʝʪ ʧʦʣʥʦʪʝ ʧʨʦʭʦʞʜʝʥʠʷ 

ʨʝʘʢʮʠʠ ʘʟʦʪʠʨʦʚʘʥʠʷ ʢʨʝʤʥʠʷ ʠ ʧʝʨʝʥʦʩʫ ʢʨʝʤʥʠʷ ʚ ʛʘʟʦʚʫʶ ʬʘʟʫ, ʛʜʝ ʧʨʦʪʝʢʘʶʪ 

ʨʝʘʢʮʠʠ ʦʙʨʘʟʦʚʘʥʠʷ Ŭ-Si3N4. ʇʨʠʩʫʪʩʪʚʠʝ ʚ ʨʝʘʢʮʠʦʥʥʦʡ ʩʠʩʪʝʤʝ ʙʦʣʴʰʦʛʦ 

ʢʦʣʠʯʝʩʪʚʘ ʛʘʟʦʦʙʨʘʟʥʳʭ ʧʨʦʜʫʢʪʦʚ ʨʘʟʣʦʞʝʥʠʷ ʭʣʦʨʥʦʛʦ ʞʝʣʝʟʘ ʧʨʠʚʦʜʠʪ ʢ 

ʧʦʜʘʚʣʝʥʠʶ ʧʨʦʮʝʩʩʦʚ ʘʛʣʦʤʝʨʘʮʠʠ ʠ ʩʦʙʠʨʘʪʝʣʴʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʦʙʨʘʟʫʶʱʠʭʩʷ 

ʯʘʩʪʠʮ ʧʨʦʜʫʢʪʦʚ ʛʦʨʝʥʠʷ, ʯʪʦ ʚʘʞʥʦ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʳʭ ʠ 

ʥʘʥʦʜʠʩʧʝʨʩʥʳʭ ʧʦʨʦʰʢʦʚ.  

ɺ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʠ Si ʤʘʨʢʠ ʂʈʆ ʧʦʣʠʜʠʩʧʝʨʩʥʦʛʦ ʩʦʩʪʘʚʘ ʩʦ ʩʨʝʜʥʠʤ 

ʜʠʘʤʝʪʨʦʤ ʯʘʩʪʠʮ 12 ʤʢʤ; ʧʦʨʦʰʦʢ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ SiO2,; ʧʦʨʦʰʦʢ ʘʤʦʨʬʥʦʛʦ SiO2; 

ʢʨʠʩʪʘʣʣʦʛʠʜʨʘʪ ʭʣʦʨʥʦʛʦ ʞʝʣʝʟʘ FeCl3Ŀ6H2O. ʄʦʣʴʥʦʝ ʩʦʦʪʥʦʰʝʥʠʝ Si ʠ SiO2 

ʩʦʩʪʘʚʣʷʣʦ 3:1. ʉʤʝʰʠʚʘʥʠʝ ʰʠʭʪʦʚʳʭ ʩʦʩʪʘʚʦʚ ʦʩʫʱʝʩʪʚʣʷʣʠ ʚ ʬʘʨʬʦʨʦʚʦʡ ʩʪʫʧʢʝ. 

ʅʘʚʝʩʢʠ ʰʠʭʪʳ ʚʝʩʦʤ ʜʦ 30 ʛ ʥʘʩʳʧʥʦʡ ʧʣʦʪʥʦʩʪʠ ʧʦʤʝʱʘʣʠ ʚ ʢʚʘʨʮʝʚʳʡ ʩʪʘʢʘʥ 

ʜʠʘʤʝʪʨʦʤ 40 ʤʤ ʠ ʚʳʩʦʪʦʡ ʜʦ 70 ʤʤ ʠ ʩʞʠʛʘʣʠ ʚ ʩʦʩʫʜʝ ʧʦʩʪʦʷʥʥʦʛʦ ʜʘʚʣʝʥʠʷ 

ʦʙʲʝʤʦʤ 1,4 ʣ. ʉʞʠʛʘʥʠʝ ʰʠʭʪʦʚʳʭ ʦʙʨʘʟʮʦʚ ʧʨʦʚʦʜʠʣʠ ʚ ʘʪʤʦʩʬʝʨʝ ʘʟʦʪʘ. ʉʪʘʢʘʥ 

ʨʘʩʧʦʣʘʛʘʣʠ ʛʦʨʠʟʦʥʪʘʣʴʥʦ, ʦʙʨʘʟʝʮ ʰʠʭʪʳ ʟʘʞʠʛʘʣʠ ʩ ʦʪʢʨʳʪʦʛʦ ʪʦʨʮʘ ʨʘʩʢʘʣʝʥʥʦʡ 

ʚʦʣʴʬʨʘʤʦʚʦʡ ʩʧʠʨʘʣʴʶ ʯʝʨʝʟ ʧʨʦʤʝʞʫʪʦʯʥʳʡ ʩʣʦʡ ʧʦʨʦʰʢʘ ʪʠʪʘʥʘ. ʊʝʤʧʝʨʘʪʫʨʫ 

ʛʦʨʝʥʠʷ (ʊʛ) ʦʧʨʝʜʝʣʷʣʠ ʩ ʧʦʤʦʱʴʶ ʚʦʣʴʬʨʘʤ-ʨʝʥʠʝʚʳʭ ʪʝʨʤʦʧʘʨ (ɺʈ-5/20). 

ʊʝʨʤʦʧʘʨʳ ʫʩʪʘʥʘʚʣʠʚʘʣʠ ʚ ʮʝʥʪʨʝ ʰʠʭʪʦʚʦʛʦ ʦʙʨʘʟʮʘ. ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ (ʈʌɸ) 

ʧʨʦʚʦʜʠʣʠ ʥʘ ʜʠʬʬʨʘʢʪʦʤʝʪʨʝ ɼʈʆʅ-3ʄ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʉuʂŬ ʠʟʣʫʯʝʥʠʷ. 

ʉʦʦʪʥʦʰʝʥʠʝ ʤʝʞʜʫ ʬʘʟʘʤʠ ʧʨʦʜʫʢʪʘ ʨʘʩʩʯʠʪʳʚʘʣʠ ʧʦ ʤʝʪʦʜʫ ʢʦʨʫʥʜʦʚʳʭ ʯʠʩʝʣ. 

ʄʦʨʬʦʣʦʛʠʶ ʧʨʦʜʫʢʪʦʚ ʠʟʫʯʘʣʠ ʩ ʧʦʤʦʱʴʶ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ LEO_1450 c 

ʚʩʪʨʦʝʥʥʳʤ ʨʝʥʪʛʝʥʦʚʩʢʠʤ ʘʥʘʣʠʟʘʪʦʨʦʤ INCA ENERGY 350 (EDS). 

ʉʠʥʪʝʟ ʧʨʦʚʦʜʠʣʠ ʧʦ ʩʭʝʤʝ: 3Si+SiO2 +0,015 -0,03 FeCl3Ŀ6H2O, PN2= 4ï10 ʄʇʘ.  

ʊʛ ʜʣʷ ʰʠʭʪʦʚʦʛʦ ʩʦʩʪʘʚʘ 3Si +SiO2(ʢʨʠʩʪ.)+0,015 FeCl3Ŀ6H2O FC ʧʨʠ PN2=10 ʄʇʘ 

ʩʦʩʪʘʚʠʣʘ 2120 Ñ 50 ʂ. 
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ʅʘ ʨʠʩʫʥʢʝ 1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʘʥʥʳʝ ʈʌɸ ʜʣʷ ʧʨʦʜʫʢʪʦʚ ʛʦʨʝʥʠʷ ʩʤʝʩʝʡ 

3Si+SiO2(ʢʨʠʩʪ.)+0,015 FeCl3Ŀ6H2O (PN2=5 ʄʇʘ) (ʩʦʩʪʘʚ 1) ʠ 3 Si+SiO2(ʢʨʠʩʪ.)+0,03 

FeCl3Ŀ6H2O (PN2=10 ʄʇʘ) (ʩʦʩʪʘʚ 2) ï ʚ ʦʙʦʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦʣʫʯʝʥ ʤʦʥʦʬʘʟʥʳʡ 

Si2N2O.  

 

ʈʠʩ. 1. ɼʘʥʥʳʝ ʈʌɸ ʜʣʷ ʩʦʩʪʘʚʦʚ 1 ʠ 2 

 

ʀʟʫʯʝʥʠʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʧʦʢʘʟʘʣʦ, ʯʪʦ Si2N2O ʜʣʷ ʜʚʫʭ ʠʩʩʣʝʜʦʚʘʥʥʳʭ 

ʩʦʩʪʘʚʦʚ ʩʦʩʪʦʠʪ ʠʟ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʚʦʣʦʢʦʥ. ʈʘʟʥʠʮʘ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʚʦʣʦʢʥʘ 

ʩʦʩʪʘʚʘ 1 ʧʦʩʪʨʦʝʥʳ ʩʫʙʤʠʢʨʦʥʥʳʤʠ ʢʨʠʩʪʘʣʣʘʤʠ ʩ ʨʘʟʤʝʨʘʤʠ ʜʦ 500 ʥʤ (ʨʠʩʫʥʦʢ 2), ʘ 

ʚʦʣʦʢʥʘ ʩʦʩʪʘʚʘ 2 ʦʙʨʘʟʦʚʘʥʳ ʥʘʥʦʨʘʟʤʝʨʥʳʤʠ ʢʨʠʩʪʘʣʣʘʤʠ (ʨʠʩʫʥʦʢ 3). 

 

ʈʠʩ. 2. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʠ ʪʠʧʳ ʚʦʣʦʢʦʥ Si2N2O ʩʦʩʪʘʚʘ 1 
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ʈʠʩ. 3. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʠ ʪʠʧʳ ʚʦʣʦʢʦʥ Si2N2O ʩʦʩʪʘʚʘ 2 

ʅʘ ʨʠʩʫʥʢʘʭ 4 ʠ 5 ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʧʨʦʜʫʢʪʦʚ 

ʛʦʨʝʥʠʷ ʦʪ ʥʘʯʘʣʴʥʦʛʦ ʜʘʚʣʝʥʠʷ ʘʟʦʪʘ ʠ ʦʪ ʩʦʜʝʨʞʘʥʠʷ FeCl3Ŀ6H2O, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʀʟ ʨʠʩʫʥʢʦʚ 4 ʠ 5 ʚʠʜʥʦ, ʯʪʦ ʩʫʱʝʩʪʚʫʶʪ ʦʧʪʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʥʘʯʘʣʴʥʦʛʦ 

ʜʘʚʣʝʥʠʷ ʘʟʦʪʘ ʠ ʢʦʣʠʯʝʩʪʚʘ ʚʚʦʜʠʤʦʡ ʜʦʙʘʚʢʠ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʤʦʥʦʬʘʟʥʦʛʦ 

ʧʨʦʜʫʢʪʘ ʛʦʨʝʥʠʷ.  

 

ʈʠʩ. 4. ɿʘʚʠʩʠʤʦʩʪʠ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʧʨʦʜʫʢʪʦʚ ʛʦʨʝʥʠʷ ʩʦʩʪʘʚʘ 3Si+SiO2(ʢʨʠʩʪ.)+0,015 

FeCl3Ŀ6H2O ʦʪ ʥʘʯʘʣʴʥʦʛʦ ʜʘʚʣʝʥʠʷ ʘʟʦʪʘ (PN2) 

 

 

ʈʠʩ. 5. ɿʘʚʠʩʠʤʦʩʪʴ ʚʳʭʦʜʘ Si2N2O ʦʪ ʩʦʜʝʨʞʘʥʠʷ ʚ ʰʠʭʪʝ ʜʦʙʘʚʦʢ FeCl3Ŀ6H2O, 

PN2=5ʄʧʘ 
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ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʰʠʭʪʦʚʦʤ ʩʦʩʪʘʚʝ 1 ʘʤʦʨʬʥʦʡ ʬʦʨʤʳ SiO2 ʧʨʠʚʝʣʦ ʢ 

ʧʦʣʫʯʝʥʠʶ ʙʦʣʝʝ ʪʦʥʢʠʭ ʚʦʣʦʢʦʥ Si2N2O (ʪʦʣʱʠʥʘ ʚʦʣʦʢʦʥ ʩʦʩʪʘʚʠʣʘ 30-50ʥʤ), ʯʝʤ 

ʧʨʠ ʧʨʠʤʝʥʝʥʠʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʦʨʤʳ SiO2 ʚ ʩʦʩʪʘʚʘʭ 1 ʠ 2, ʢʘʢ ʵʪʦ ʚʠʜʥʦ ʠʟ 

ʨʠʩʫʥʢʘ 6. 

 

ʈʠʩ. 6. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ Si2N2O (SiO2 ïʘʤʦʨʬʥʳʡ) 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʣ ʧʦʣʫʯʝʥ ʤʦʥʦʬʘʟʥʳʡ Si2N2O, 

ʩʦʩʪʦʷʱʠʡ ʠʟ ʚʦʣʦʢʦʥ, ʦʙʨʘʟʦʚʘʥʥʳʭ ʩʫʙʤʠʢʨʦʥʥʳʤʠ ʠʣʠ ʥʘʥʦʨʘʟʤʝʨʥʳʤʠ ʯʘʩʪʠʮʘʤʠ 

ʨʘʟʣʠʯʥʦʡ ʤʦʨʬʦʣʦʛʠʠ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʨʘʟʤʝʨʘʤʠ ʠ ʬʦʨʤʦʡ ʦʙʨʘʟʫʶʱʠʭʩʷ ʢʨʠʩʪʘʣʣʦʚ 

ʤʦʞʥʦ ʫʧʨʘʚʣʷʪʴ, ʤʝʥʷʷ ʢʦʣʠʯʝʩʪʚʦ ʜʦʙʘʚʢʠ ʭʣʦʨʥʦʛʦ ʞʝʣʝʟʘ ʠ ʠʩʧʦʣʴʟʫʷ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʠʣʠ ʘʤʦʨʬʥʫʶ ʬʦʨʤʫ ʠʩʭʦʜʥʦʛʦ SiO2.  

ʅʘ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘʭ ʧʨʦʜʫʢʪʦʚ ʛʦʨʝʥʠʷ ʰʠʭʪʦʚʳʭ ʩʤʝʩʝʡ ʥʝ ʦʙʥʘʨʫʞʝʥʦ 

ʨʝʬʣʝʢʩʦʚ, ʧʨʠʥʘʜʣʝʞʘʱʠʭ ʞʝʣʝʟʫ ʠʣʠ ʝʛʦ ʩʦʝʜʠʥʝʥʠʷʤ. ʉʦʜʝʨʞʘʥʠʝ ʞʝʣʝʟʘ ʚ 

ʧʨʦʜʫʢʪʘʭ ʛʦʨʝʥʠʷ ʰʠʭʪʦʚʦʛʦ ʩʦʩʪʘʚʘ 3Si +SiO2+0,01FC (PN2 = 10 ʄʇʘ) ʩʦʩʪʘʚʠʣʦ 

ʤʝʥʝʝ 0,3ʤʘʩ.% (ʜʘʥʥʳʝ ʭʠʤʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ).  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʌʌʀ ˉ16-03-00360. 

ɼʣʷ ʚʳʧʦʣʥʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʣʦ ʧʨʠʚʣʝʯʝʥʦ ʦʙʦʨʫʜʦʚʘʥʠʝ ʈʘʩʧʨʝʜʝʣʝʥʥʦʛʦ 

ʎʝʥʪʨʘ ʂʦʣʣʝʢʪʠʚʥʦʛʦ ʇʦʣʴʟʦʚʘʥʠʷ ʀʉʄɸʅ. 

ʃʠʪʝʨʘʪʫʨʘ 
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ʉʀʅʊɽɿ ɺ ʉʀʉʊɽʄɽ 2CO-Ti-Al 
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ʆʜʥʠʤ ʠʟ ʧʦʜʭʦʜʦʚ ʚ ʩʦʟʜʘʥʠʠ ʥʦʚʳʭ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ 

ʩʠʩʪʝʤʳ Ti-Al  ʷʚʣʷʝʪʩʷ ʣʝʛʠʨʦʚʘʥʠʝ ʨʘʟʣʠʯʥʳʤʠ ʜʦʙʘʚʢʘʤʠ, ʚ ʪʦʤ ʯʠʩʣʝ ʤʝʪʘʣʣʘʤʠ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʩʚʦʡʩʪʚ ʩʦʝʜʠʥʝʥʠʡ ʥʘ ʦʩʥʦʚʝ  ʪʨʦʡʥʳʭ ʠʥʪʝʨʤʝʪʘʣʣʠʜʥʳʭ ʩʠʩʪʝʤ Ti-Al-

Me ʨʘʩʰʠʨʠʣʦ ʚʦʟʤʦʞʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʪʘʢʠʭ ʠʥʪʝʨʤʝʪʘʣʣʠʜʦʚ ʥʝ ʪʦʣʴʢʦ ʚ 

ʢʘʯʝʩʪʚʝ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʥʦ ʠ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ 

ʵʣʝʢʪʨʦʥʠʢʠ. ʆʜʥʠʤʠ ʠʟ ʪʘʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʷʚʣʷʶʪʩʷ ʩʧʣʘʚʳ ɻʝʡʩʣʝʨʘ ï ʪʨʦʡʥʳʝ 

ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʝ ʩʦʝʜʠʥʝʥʠʷ ʦʙʱʝʡ ʬʦʨʤʫʣʳ X2YZ, ʛʜʝ X,Y ï ʧʝʨʝʭʦʜʥʳʝ 

ʤʝʪʘʣʣʳ, Z ï ʵʣʝʤʝʥʪʳ III-IV ʛʨʫʧʧ. ʉʧʣʘʚʳ ɻʝʡʩʣʝʨʘ ʧʨʦʷʚʣʷʶʪ ʩʚʦʡʩʪʚʘ ʧʘʤʷʪʠ 

ʬʦʨʤʳ, ʩʚʝʨʭʫʧʨʫʛʦʩʪʠ, ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʠʝ ʠ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ, ʘ ʪʘʢʞʝ 

ʠʤʝʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʫʧʨʘʚʣʝʥʠʷ ʵʪʠʤʠ ʵʬʬʝʢʪʘʤʠ ʩ ʧʦʤʦʱʴʶ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ [1]. 

ʉʦʝʜʠʥʝʥʠʝ Co2TiAl  ʥʘ ʦʩʥʦʚʝ ʪʨʦʡʥʦʡ ʠʥʪʝʨʤʝʪʘʣʣʠʜʥʦʡ ʩʠʩʪʝʤʳ ʉo-Ti-Al  ʦʪʥʦʩʠʪʩʷ 

ʢ ʩʧʣʘʚʘʤ ɻʝʡʩʣʝʨʘ [1]. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʝʜʠʥʩʪʚʝʥʥʳʤ ʩʧʦʩʦʙʦʤ ʧʦʣʫʯʝʥʠʷ ʬʘʟʳ ɻʝʡʩʣʝʨʘ Co2TiAl  

ʷʚʣʷʝʪʩʷ ʧʨʷʤʦʝ ʩʧʣʘʚʣʝʥʠʝ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʦʤʧʦʥʝʥʪʦʚ ʚ ʜʫʛʦʚʳʭ ʧʝʯʘʭ ʚ ʘʪʤʦʩʬʝʨʝ 

ʘʨʛʦʥʘ. ɺ ʢʘʯʝʩʪʚʝ ʘʣʴʪʝʨʥʘʪʠʚʳ ʪʘʢʦʤʫ ʚʝʩʴʤʘ ʜʣʠʪʝʣʴʥʦʤʫ, ʪʨʫʜʦ- ʠ ʵʥʝʨʛʦʝʤʢʦʤʫ 

ʧʨʦʮʝʩʩʫ ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥ ʧʨʦʮʝʩʩ ʩʠʥʪʝʟʘ Co2TiAl  ʤʝʪʦʜʦʤ 

ʩʘʤʦʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʛʦʩʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʩʠʥʪʝʟʘ (ʉɺʉ), ʠʟʫʯʝʥʳ 

ʦʩʦʙʝʥʥʦʩʪʠ ʬʦʨʤʠʨʦʚʘʥʠʷ, ʩʪʨʫʢʪʫʨʘ ʠ ʩʚʦʡʩʪʚʘ ʧʦʣʫʯʝʥʥʦʛʦ ʧʨʦʜʫʢʪʘ, ʘ ʪʘʢʞʝ 

ʧʨʠʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʬʘʟʳ ɻʝʡʩʣʝʨʘ, 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʡ ʤʝʪʦʜʦʤ ʉɺʉ, ʩ ʣʠʪʝʨʘʪʫʨʥʳʤʠ ʜʘʥʥʳʤʠ. 

ɺ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʧʦʨʦʰʢʠ Co (ʨʘʟʤʝʨʦʤ ~ 20 ʤʢʤ), Ti (ʇʊʄ, 

ʨʘʟʤʝʨʦʤ ~ 11 ʤʢʤ) ʠ Al (ɸʉɼ-4, ʨʘʟʤʝʨʦʤ ~ 6 ʤʢʤ). ʀʩʭʦʜʥʳʝ ʧʦʨʦʰʢʠ ʩʤʝʰʠʚʘʣʠʩʴ 

ʜʦ ʧʦʣʫʯʝʥʠʷ ʦʜʥʦʨʦʜʥʦʡ ʩʤʝʩʠ ʩʦʩʪʘʚʘ (2Co+Ti+Al), ʠʟ ʢʦʪʦʨʦʡ ʧʨʝʩʩʦʚʘʣʠʩʴ 

ʦʙʨʘʟʮʳ ʧʨʷʤʦʫʛʦʣʴʥʦʛʦ ʩʝʯʝʥʠʷ ʨʘʟʤʝʨʦʤ 15x10x3 ʤʤ ʤʘʩʩʦʡ 5 ʛ. ʉʧʨʝʩʩʦʚʘʥʥʳʝ 

ʦʙʨʘʟʮʳ ʧʦʤʝʱʘʣʠʩʴ ʚ ʧʝʯʴ, ʛʜʝ ʦʩʫʱʝʩʪʚʣʷʣʩʷ, ʥʘʛʨʝʚ ʩʦ ʩʢʦʨʦʩʪʴʶ ~100Ü ʉ/ʤʠʥ ʜʦ 
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ʤʦʤʝʥʪʘ ʠʥʠʮʠʠʨʦʚʘʥʠʷ ʉɺʉ-ʨʝʘʢʮʠʠ. ʊʝʤʧʝʨʘʪʫʨʘ ʨʝʛʠʩʪʨʠʨʦʚʘʣʘʩʴ ʪʝʨʤʦʧʘʨʦʡ 

ɺʈ5/20. ʉʠʥʪʝʟ ʧʨʦʚʦʜʠʣʩʷ ʢʘʢ ʚ ʚʘʢʫʫʤʝ ʧʨʠ ʜʘʚʣʝʥʠʠ 13,3Ὴ10-2 ʇʘ, ʪʘʢ ʠ ʚ ʘʪʤʦʩʬʝʨʝ 

ʘʨʛʦʥʘ ~ 105 ʇʘ. ʂʘʢ ʧʦʢʘʟʘʣʠ ʵʢʩʧʝʨʠʤʝʥʪʳ, ʩʠʥʪʝʟ ʧʨʦʜʫʢʪʘ  ʚ ʩʠʩʪʝʤʝ 2Co-Ti-Al 

ʧʨʦʠʩʭʦʜʠʪ ʚ ʨʝʞʠʤʝ ʪʝʧʣʦʚʦʛʦ ʚʟʨʳʚʘ. ʈʝʘʢʮʠʷ ʦʜʥʦʚʨʝʤʝʥʥʦ ʧʨʦʪʝʢʘʝʪ ʚʦ ʚʩʝʤ 

ʦʙʲʝʤʝ ʦʙʨʘʟʮʘ, ʧʨʠ ʵʪʦʤ ʤʘʢʩʠʤʘʣʴʥʘʷ ʩʢʦʨʦʩʪʴ ʧʦʜʲʝʤʘ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦʩʪʠʛʘʣʘ 

3500Ü ʉ/ʩʝʢ. ʊʝʤʧʝʨʘʪʫʨʘ ʥʘʯʘʣʘ ʉɺʉ-ʨʝʘʢʮʠʠ ʚ ʚʘʢʫʫʤʝ (ʨʠʩʫʥʦʢ 1) ʩʦʩʪʘʚʣʷʝʪ 565Üʉ, 

ʯʪʦ ʧʦʯʪʠ ʥʘ 100Üʉ ʥʠʞʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʣʘʚʣʝʥʠʷ Al ʠ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʥʘʯʘʣʝ 

ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʧʨʦʪʝʢʘʥʠʷ ʨʝʘʢʮʠʠ. ʄʘʢʩʠʤʘʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʦʙʨʘʟʮʘ ʚ ʫʩʣʦʚʠʷʭ 

ʪʝʧʣʦʚʦʛʦ ʚʟʨʳʚʘ ʚ ʚʘʢʫʫʤʝ ʩʦʩʪʘʚʣʷʝʪ 1470Üʉ. 

 

ʈʠʩ. 1. ʊʝʨʤʦʛʨʘʤʤʳ ʧʨʦʮʝʩʩʘ ʛʦʨʝʥʠʷ ʦʙʨʘʟʮʦʚ ʩʦʩʪʘʚʘ (2Co+Ti+Al) ʚ ʚʘʢʫʫʤʝ ʠ 

ʘʨʛʦʥʝ 

ʇʨʠ ʛʦʨʝʥʠʠ ʚ ʘʪʤʦʩʬʝʨʝ ʘʨʛʦʥʘ (~105 ʇʘ) ʪʝʤʧʝʨʘʪʫʨʘ ʠʥʠʮʠʠʨʦʚʘʥʠʷ ʨʝʘʢʮʠʠ 

ʚʳʰʝ ʠ ʩʦʩʪʘʚʣʷʝʪ 690 Üʉ. ʉʢʦʨʦʩʪɹ ʦʭʣʘʞʜʝʥʠʷ ʦʙʨʘʟʮʦʚ ʚ ʩʨʝʜʝ ʘʨʛʦʥʘ ʪʘʢʞʝ ʚʳʰʝ, 

ʯʝʤ ʚ ʚʘʢʫʫʤʝ, ʯʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʙʦʣʝʝ ʚʳʩʦʢʠʤ ʪʝʧʣʦʦʪʚʦʜʦʤ. ʄʘʢʩʠʤʘʣʴʥʘʷ 

ʪʝʤʧʝʨʘʪʫʨʘ ʛʦʨʝʥʠʷ ʚ ʩʨʝʜʝ ʘʨʛʦʥʘ ï 1476Üʉ, ʯʪʦ ʙʣʠʟʢʦ ʢ ʪʝʤʧʝʨʘʪʫʨʝ ʧʣʘʚʣʝʥʠʷ ʉʦ 

(1494Üʉ). 
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ʈʠʩ. 2. ɼʠʬʨʘʢʪʦʛʨʘʤʤʘ ʧʨʦʜʫʢʪʦʚ ʛʦʨʝʥʠʷ ʩʠʩʪʝʤʳ 2Co-Ti-Al  

ʈʌɸ ʤʘʪʝʨʠʘʣʘ (ʨʠʩʫʥʦʢ 2), ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʚ ʚʘʢʫʫʤʝ, ʧʦʢʘʟʘʣ ʥʘʣʠʯʠʝ 

ʬʘʟʳ Co2AlTi  ï ʬʘʟʳ ɻʝʡʩʣʝʨʘ, ʤʘʩʩʦʚʦʝ ʩʦʜʝʨʞʘʥʠʝ ʢʦʪʦʨʦʡ ʩʦʩʪʘʚʠʣʦ 99 ʤʘʩʩ.%. 

ʆʙʱʝʝ ʩʦʜʝʨʞʘʥʠʝ ʧʨʠʤʝʩʥʳʭ ʬʘʟ Co3Ti, Co2Ti  ʥʝ ʧʨʝʚʳʰʘʝʪ 1 ʤʘʩʩ.% ʇʘʨʘʤʝʪʨ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ Co2TiAl ʩʦʩʪʘʚʠʣ a=5.8433Ñ0.0002, ʯʪʦ ʩʦʧʦʩʪʘʚʠʤʦ ʩ 

ʨʝʟʫʣʴʪʘʪʘʤʠ ʜʨʫʛʠʭ ʘʚʪʦʨʦʚ [2-4] ʉʦʝʜʠʥʝʥʠʝ ʠʤʝʝʪ ʛʨʘʥʝʮʝʥʪʨʠʨʦʚʘʥʥʫʶ 

ʢʫʙʠʯʝʩʢʫʶ ʨʝʰʝʪʢʫ (Fm3m), ʩʪʨʫʢʪʫʨʥʳʡ ʧʨʦʪʦʪʠʧ AlCu2Mn.  

 

(ʘ)       (ʙ) 

ʈʠʩ. 3. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʠ ʜʘʥʥʳʝ ʵʥʝʨʛʦ-ʜʠʩʧʝʨʩʠʦʥʥʦʛʦ ʘʥʘʣʠʟʘ ʧʨʦʜʫʢʪʦʚ ʛʦʨʝʥʠʷ 

ʩʤʝʩʠ 2Co-Ti-Al  

ʄʘʪʝʨʠʘʣ ʠʤʝʝʪ ʦʜʥʦʨʦʜʥʫʶ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ (ʨʠʩʫʥʦʢ 3ʘ), ʩʦʩʪʦʷʱʫʶ ʠʟ 

ʦʢʨʫʛʣʳʭ ʟʝʨʝʥ ʪʨʦʡʥʦʡ ʬʘʟʳ Co2TiAl  ʩʦ ʩʨʝʜʥʠʤ ʨʘʟʤʝʨʦʤ 20 ʤʢʤ. ʈʝʟʫʣʴʪʘʪʳ 

ʵʥʝʨʛʦ-ʜʠʩʧʝʨʩʠʦʥʥʦʛʦ ʘʥʘʣʠʟʘ ʧʦʜʪʚʝʨʜʠʣʠ ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʦʩʥʦʚʥʦʡ ʬʘʟʳ 

Co2TiAl (ʪʦʯʢʠ 5, 6, ʨʠʩʫʥʦʢ 3ʙ). ʇʦ ʛʨʘʥʠʮʘʤ ʟʝʨʝʥ ʠʤʝʝʪʩʷ ʪʦʥʢʘʷ ʧʨʦʩʣʦʡʢʘ (ʤʝʥʝʝ 

1 ʤʢʤ) ʥʘ ʦʩʥʦʚʝ ʠʥʪʝʨʤʝʪʘʣʣʠʜʘ ʧʝʨʝʤʝʥʥʦʛʦ ʩʦʩʪʘʚʘ TiCox (ʪʦʯʢʠ 1,3,4, ʨʠʩʫʥʦʢ 

3ʙ). ɺ ʤʠʢʨʦʩʪʨʫʢʪʫʨʝ ʦʙʨʘʟʮʘ ʟʘʤʝʪʥʦ ʥʘʣʠʯʠʝ ʧʦʨ, ʢʦʪʦʨʳʝ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ 
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ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʧʦ ʛʨʘʥʠʮʘʤ ʟʝʨʝʥ. ʇʣʦʪʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ ʩʦʩʪʘʚʠʣʘ 5.9 ʛ/ʩʤ3, ʯʪʦ ʥʠʞʝ 

ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʧʣʦʪʥʦʩʪʠ 6.4 ʛ/ʩʤ3 ʠ ʦʙʫʩʣʦʚʣʝʥʦ ʧʦʨʠʩʪʦʩʪʴʶ ʦʙʨʘʟʮʘ.  

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʠʥʘʤʠʢʠ ʬʘʟʦʚʦʛʦ ʧʨʝʚʨʘʱʝʥʠʷ ʚ ʩʠʩʪʝʤʝ 2Co-Ti-Al ʚ 

ʧʨʦʮʝʩʩʝ ʉɺʉ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʝʪʦʜ ʚʨʝʤʷ ʨʘʟʨʝʰʘʶʱʝʡ ʜʠʥʘʤʠʯʝʩʢʦʡ ʨʝʥʪʛʝʥʦʛʨʘʬʠʠ 

[5]. ʈʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʬʘʟʦʦʙʨʘʟʦʚʘʥʠʝ ʧʨʦʭʦʜʠʪ ʥʝʩʢʦʣʴʢʦ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ 

ʩʪʘʜʠʡ (ʨʠʩʫʥʦʢ 4). ʅʘ ʜʠʬʨʘʢʮʠʦʥʥʦʤ ʧʦʣʝ ʧʨʠ ʥʘʛʨʝʚʝ ʦʪ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 

ʪʝʤʧʝʨʘʪʫʨʳ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʥʘʙʣʶʜʘʶʪʩʷ ʪʦʣʴʢʦ ʣʠʥʠʠ ʠʩʭʦʜʥʳʭ ʨʝʘʛʝʥʪʦʚ Ti, Al ʠ 

Co ʢʫʙʠʯʝʩʢʦʡ ʠ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ. ʇʨʠ ʵʢʟʦʪʝʨʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ, ʢʦʪʦʨʘʷ 

ʠʥʠʮʠʠʨʦʚʘʣʘʩʴ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʙʣʠʟʢʦʡ ʢ ʪʝʤʧʝʨʘʪʫʨʝ ʧʣʘʚʣʝʥʠʷ Al, ʣʠʥʠʠ 

ʠʩʭʦʜʥʳʭ ʨʝʘʛʝʥʪʦʚ ʠʩʯʝʟʘʶʪ ʟʘ ʚʨʝʤʷ, ʥʝ ʧʨʝʚʳʰʘʶʱʝʝ 1 ʩʝʢʫʥʜʳ. ʇʦʩʣʝ 

ʠʩʯʝʟʥʦʚʝʥʠʷ ʣʠʥʠʡ ʠʩʭʦʜʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʩʤʝʩʠ ʥʘ ʜʠʬʨʘʢʮʠʦʥʥʦʤ ʧʦʣʝ ʚʦʟʥʠʢʘʶʪ 

ʣʠʥʠʠ 200 ʠ 220 ʬʘʟʳ Co2TiAl. ɼʘʣʝʝ ʥʘʙʣʶʜʘʝʪʩʷ ʨʝʟʢʦʝ ʩʤʝʱʝʥʠʝ ʵʪʠʭ ʣʠʥʠʡ ʚ 

ʦʙʣʘʩʪʴ ʙʦʣʴʰʠʭ ʫʛʣʦʚ ʚʩʣʝʜʩʪʚʠʝ ʦʭʣʘʞʜʝʥʠʷ ʦʙʨʘʟʮʘ ʧʦʩʣʝ ʧʨʦʪʝʢʘʥʠʷ ʨʝʘʢʮʠʠ ʟʘ 

ʩʯʝʪ ʠʥʪʝʥʩʠʚʥʦʛʦ ʪʝʧʣʦʦʪʚʦʜʘ ʚ ʩʨʝʜʝ ʛʝʣʠʷ ʚ ʦʪʩʫʪʩʪʚʠʠ ʚʥʝʰʥʝʛʦ ʧʦʜʚʦʜʘ ʪʝʧʣʘ. 

ʏʝʨʝʟ 9 ʩʝʢʫʥʜ ʧʦʩʣʝ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʥʘ ʜʠʬʨʘʢʮʠʦʥʥʦʤ ʧʦʣʝ ʧʦʷʚʣʷʶʪʩʷ ʩʣʘʙʳʝ 

ʜʠʬʨʘʢʮʠʦʥʥʳʝ ʣʠʥʠʠ, ʠʜʝʥʪʠʬʠʮʠʨʫʝʤʳʝ ʢʘʢ ʣʠʥʠʠ 111 ʠ 114 ʠʥʪʝʨʤʝʪʘʣʣʠʜʦʚ 

Co3Ti ʠ Co2Ti ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʈʌɸ ʧʦʚʝʨʭʥʦʩʪʠ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʧʨʦʜʫʢʪʘ ʧʦʩʣʝ 

ʦʭʣʘʞʜʝʥʠʷ ʧʦʢʘʟʘʣ, ʯʪʦ ʦʩʥʦʚʥʦʡ ʬʘʟʦʡ ʷʚʣʷʝʪʩʷ ʬʘʟʘ Co2TiAl , ʩʦʜʝʨʞʘʥʠʝ ʢʦʪʦʨʦʡ 

ʩʦʩʪʘʚʠʣʦ 72 ʤʘʩʩ.%. ʉʦʜʝʨʞʘʥʠʝ ʚʪʦʨʠʯʥʳʭ ʬʘʟ ï ʠʥʪʝʨʤʝʪʘʣʣʠʜʦʚ Co3Ti, Co2Ti ʠ 

Al 2O3, ʩʦʩʪʘʚʠʣʦ 2, 10 ʠ 16 ʤʘʩʩ.% ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.  

T

ɺʨʝʤʷ, ʩ  

ʈʠʩ. 4. ɼʠʬʨʘʢʮʠʦʥʥʘʷ ʢʘʨʪʠʥʘ ʬʘʟʦʚʳʭ ʧʨʝʚʨʘʱʝʥʠʡ ʧʨʠ ʩʠʥʪʝʟʝ ʚ ʨʝʞʠʤʝ ʪʝʧʣʦʚʦʛʦ 

ʚʟʨʳʚʘ ʚ ʩʠʩʪʝʤʝ 2Co-Ti-Al  

ɼʘʥʥʳʝ ʚʨʝʤʷʨʘʟʨʝʰʘʶʱʝʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʠ ʭʘʨʘʢʪʝʨ ʪʝʨʤʦʛʨʘʤʤ 

ʧʨʦʮʝʩʩʘ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʦʙʨʘʟʦʚʘʥʠʝ ʬʘʟʳ Co2AlTi ʧʨʦʪʝʢʘʝʪ ʚ ʪʝʯʝʥʠʝ 1 ʩʝʢ. 
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ʀʟʚʝʩʪʥʦ [6], ʯʪʦ ʤʘʢʩʠʤʘʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʪʝʧʣʦʚʦʛʦ ʚʟʨʳʚʘ ʚ ʩʠʩʪʝʤʝ Ti+Al  

ʩʦʩʪʘʚʣʷʣʘ 1450 Üʉ. ʄʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʚʝʜʫʱʝʡ ʨʝʘʢʮʠʡ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʚ 

ʩʠʩʪʝʤʝ 2Co-Ti-Al  ʷʚʣʷʝʪʩʷ ʨʝʘʢʮʠʷ (Ti+Al ). ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʧʨʦʠʩʭʦʜʠʪ ʧʣʘʚʣʝʥʠʝ Al ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 650 Üʉ ʠ ʟʘʨʦʞʜʝʥʠʝ ʟʝʨʝʥ ʠʥʪʝʨʤʝʪʘʣʣʠʜʘ 

TiAl 3 ʧʫʪʝʤ ʜʠʬʬʫʟʠʠ ʘʪʦʤʦʚ Al ʠʟ ʨʘʩʧʣʘʚʘ ʚ ʨʝʰʝʪʢʫ ʯʘʩʪʠʮ Ti. ʂʦʵʬʬʠʮʠʝʥʪ 

ʜʠʬʬʫʟʠʠ Al ʚ Ŭ-Ti ʩʦʩʪʘʚʣʷʝʪ ʧʨʠʤʝʨʥʦ 5Ŀ10ī18 ʤ2/ʩ, ʘ ʚ ɓ-Ti ð 3 10ī14 ʤ2/ʩ, ʧʦʵʪʦʤʫ 

ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʚʝʜʫʱʝʤ ʤʝʭʘʥʠʟʤʝ ʉɺʉ-ʨʝʘʢʮʠʠ ʟʘ ʩʯʝʪ ʜʠʬʬʫʟʠʠ Al ʚ ɓ-Ti. 

ɺʚʝʜʝʥʠʝ ʚ ʨʝʘʢʮʠʦʥʥʳʡ ʩʦʩʪʘʚ ʢʦʙʘʣʴʪʘ ʧʨʠʚʦʜʠʪ ʢ ʧʦʥʠʞʝʥʠʶ ʪʝʤʧʝʨʘʪʫʨʳ 

ʧʝʨʝʭʦʜʘ Ŭ Ÿ ɓ ʪʠʪʘʥʘ ʩ 885Áʉ ʜʦ 758ï806Áʉ [7]. ʈʘʩʪʚʦʨʠʤʦʩʪʴ ʉʦ ʚ ɸl ʧʨʠ 

ʵʚʪʝʢʪʠʯʝʩʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʥʝ ʧʨʝʚʳʰʘʝʪ 0,009ʘʪ.%. ʈʘʩʪʚʦʨʠʤʦʩʪʴ ɸl ʚ Ů-ʉʦ ʪʘʢʞʝ 

ʧʨʘʢʪʠʯʝʩʢʠ ʨʘʚʥʘ ʥʫʣʶ. ʈʘʩʪʚʦʨʠʤʦʩʪʴ Co ʚ ʠʥʪʝʨʤʝʪʘʣʣʠʜʘʭ AlTix ʜʦʩʪʘʪʦʯʥʦ 

ʚʳʩʦʢʘʷ ʠ ʩʦʩʪʘʚʣʷʝʪ 2,3ï9,6 ʘʪ.%. ʈʘʩʪʚʦʨʠʤʦʩʪʴ Al ʚ ʠʥʪʝʨʤʝʪʘʣʣʠʜʘʭ TiCox, ʘ ʪʘʢʞʝ 

ʚ Co ʠ Ti ʩʦʩʪʘʚʣʷʝʪ 6,8-13,7 ʘʪ.%. ʈʘʩʪʚʦʨʠʤʦʩʪʴ Co ʚ Ti ʩʦʩʪʘʚʣʷʝʪ 10,3 ʘʪ.%, ʘ Ti ʚ 

Co ï 8,5 ʘʪ.% [7]. ʄʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʦʙʨʘʟʦʚʘʥʠʝ Co2AlTi ʧʨʦʪʝʢʘʝʪ ʟʘ ʩʯʝʪ 

ʨʘʩʪʚʦʨʝʥʠʷ ʘʪʦʤʦʚ ʉʦ ʚ ʨʘʩʧʣʘʚʝ Ti-Al . 

ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʧʦʢʘʟʘʣʠ 

ʥʘʣʠʯʠʝ ʧʝʪʝʣʴ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʛʠʩʪʝʨʝʟʠʩʘ. ʄʘʢʩʠʤʘʣʴʥʘʷ ʚʝʣʠʯʠʥʘ ʫʜʝʣʴʥʦʡ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʩʦʩʪʘʚʠʣʘ 1,64 ɸ ʤ2/ʢʛ. 

ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʧʦʢʘʟʳʚʘʶʪ 

ʚʝʣʠʯʠʥʫ 1,35 Õɋm, ʯʪʦ ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʘʙʦʪʳ [8, 9].  
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ʛʦʨʝʥʠʷ, ʠʣʣʶʩʪʨʠʨʫʶʱʠʝ ʵʩʪʘʬʝʪʥʳʡ ʠʣʠ ʢʚʘʟʠʛʦʤʦʛʝʥʥʳʡ ʤʝʭʘʥʠʟʤ ʧʝʨʝʜʘʯʠ ʪʝʧʣʘ 

[1-6], (ʧʦʜʨʦʙʥʳʡ ʦʙʟʦʨ ʪʘʢʞʝ ʜʘʥ ʚ ʨʘʙʦʪʝ [7]), ʥʝ ʧʦʣʫʯʠʣʠ ʜʦʩʪʘʪʦʯʥʦʡ ʥʘʛʣʷʜʥʦʡ 

ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʥʘ ʧʨʦʩʪʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʤʦʜʝʣʷʭ. ʄʦʜʝʣʠ, ʧʨʝʜʣʦʞʝʥʥʳʝ ʚ 

ʨʘʙʦʪʘʭ [8-10], ʥʝ ʤʦʛʫʪ ʫʯʠʪʳʚʘʪʴ ʧʦʨʠʩʪʦʩʪʴ ʠʣʠ ʨʘʟʙʘʚʣʝʥʠʝ ʩʤʝʩʠ ʠʥʝʨʪʥʦʡ 

ʜʦʙʘʚʢʦʡ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʣʦʞʝʥʘ ʜʚʫʤʝʨʥʘʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʤʦʜʝʣʴ 

ʛʝʪʝʨʦʛʝʥʥʦʛʦ ʛʦʨʝʥʠʷ. ɺ ʵʪʦʡ ʤʦʜʝʣʠ ʦʙʨʘʟʮʳ ʢʦʥʩʪʨʫʠʨʫʶʪʩʷ ʠʟ ʦʪʜʝʣʴʥʳʭ 

ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʤʠʢʨʦʪʘʙʣʝʪʦʢ, ʢʦʪʦʨʳʝ ʠʛʨʘʶʪ ʨʦʣʴ ʯʘʩʪʠʮ ʚ ʨʝʘʣʴʥʳʭ ʩʤʝʩʷʭ. 

ʇʨʝʜʩʪʘʚʣʝʥʥʘʷ ʤʦʜʝʣʴ ʧʦʟʚʦʣʷʝʪ ʨʘʩʧʦʣʘʛʘʪʴ ʪʘʙʣʝʪʢʠ ʩ ʧʣʦʪʥʦʡ ʠ ʥʝʧʣʦʪʥʦʡ 

ʫʧʘʢʦʚʢʦʡ, ʤʦʜʝʣʠʨʦʚʘʪʴ ʚʣʠʷʥʠʝ ʠʥʝʨʪʥʦʛʦ ʨʘʟʙʘʚʠʪʝʣʷ ʠ ʧʝʨʢʦʣʷʮʠʦʥʥʳʡ ʤʝʭʘʥʠʟʤ 

ʛʦʨʝʥʠʷ. ʂʨʦʤʝ ʪʦʛʦ, ʵʪʘ ʤʦʜʝʣʴ ʧʦʟʚʦʣʷʝʪ ʠʟʤʝʥʷʪʴ ʫʩʣʦʚʠʷ ʪʝʧʣʦ - ʠ ʤʘʩʩʦʧʝʨʝʜʘʯʠ 

ʥʘ çʙʦʢʦʚʳʭè ʛʨʘʥʠʮʘʭ ʦʙʨʘʟʮʦʚ ʟʘ ʩʯʝʪ ʫʢʣʘʜʢʠ ʥʘ ʥʠʭ ʠʥʝʨʪʥʳʭ ʪʘʙʣʝʪʦʢ. ʊʘʙʣʝʪʢʠ 

ʤʦʛʫʪ ʪʘʢʞʝ ʫʢʣʘʜʳʚʘʪʴʩʷ ʥʘ ʙʦʢʦʚʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ʠ ʩʦʩʪʘʚʣʷʪʴ ʥʝʩʢʦʣʴʢʦ ʩʣʦʝʚ. ʅʘ 

ʨʠʩʫʥʢʝ 1 ʧʦʢʘʟʘʥʳ ʨʘʟʣʠʯʥʳʝ ʩʧʦʩʦʙʳ ʫʢʣʘʜʢʠ ʤʠʢʨʦʪʘʙʣʝʪʦʢ, çʚʘʢʘʥʩʠʠè ʠʣʠ ʧʦʨʳ 

ʠ ʠʥʝʨʪʥʳʝ ʯʘʩʪʠʮʳ ʤʦʛʫʪ ʙʳʪʴ ʨʘʩʧʦʣʦʞʝʥʳ ʨʝʛʫʣʷʨʥʳʤ ʠʣʠ ʭʘʦʪʠʯʝʩʢʠʤ ʩʧʦʩʦʙʦʤ. 

 

ʈʠʩ. 1. ʉʭʝʤʳ ʧʣʦʪʥʦʡ ʠ ʥʝʧʣʦʪʥʦʡ ʫʢʣʘʜʢʠ ʤʠʢʨʦʪʘʙʣʝʪʦʢ. 1ï ʠʩʭʦʜʥʘʷ ʪʘʙʣʝʪʢʘ, 2 ï 

ʠʥʝʨʪʥʘʷ ʪʘʙʣʝʪʢʘ, 3 ï ʧʦʨʘ, 4 ï ʠʥʠʮʠʠʨʫʶʱʘʷ ʩʧʠʨʘʣʴ 
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ʈʠʩ. 2. ʀʩʭʦʜʥʳʝ ʦʙʨʘʟʮʳ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʩʧʦʩʦʙʘʭ ʠʭ ʢʦʥʩʪʨʫʠʨʦʚʘʥʠʷ, ʢʘʜʨʳ 

ʚʠʜʝʦʩʲʝʤʢʠ ʠ ʚʠʜ ʦʙʨʘʟʮʦʚ ʧʦʩʣʝ ʛʦʨʝʥʠʷ. a, b ï t=1,2 c; c, d ï t=1 c 

ʊʘʙʣʝʪʢʠ ʜʠʘʤʝʪʨʦʤ 1 ʤʤ ʠ ʚʳʩʦʪʦʡ 1,3 ʤʤ ʧʨʝʩʩʦʚʘʣʠ ʠʟ ʧʦʨʦʰʢʘ ʛʘʬʥʠʷ 

ʤʘʨʢʠ ɻʌʅ-1. ʇʣʦʪʥʦʩʪʴ ʦʙʨʘʟʮʦʚ, ʩʧʨʝʩʩʦʚʘʥʥʳʭ ʚ ʨʘʟʥʦʝ ʚʨʝʤʷ ʚ ʪʝʯʝʥʠʝ 3 ʤʝʩʷʮʝʚ, 

ʩʦʩʪʘʚʣʷʝʪ 7,073 Ñ0,005 ʛ/ʩʤ3, ʠʣʠ 0,536 ʦʪ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʧʣʦʪʥʦʩʪʠ. ɼʣʷ 
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çʨʘʟʙʘʚʣʝʥʠʷè ʠ ʙʨʦʥʠʨʦʚʘʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʠ ʩʛʦʨʝʚʰʠʝ ʚ ʧʨʝʜʳʜʫʱʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ 

ʪʘʙʣʝʪʢʠ. ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠ ʥʘ ʚʦʟʜʫʭʝ. ʇʨʦʮʝʩʩ ʛʦʨʝʥʠʷ ʟʘʧʠʩʳʚʘʣʠ ʥʘ 

ʚʠʜʝʦʢʘʤʝʨʫ ʩ ʯʘʩʪʦʪʦʡ 50 ʢʘʜʨʦʚ ʚ ʩʝʢʫʥʜʫ. ʇʝʨʝʭʦʜʥʳʝ ʧʨʦʮʝʩʩʳ ʧʨʠ ʧʝʨʝʜʘʯʝ 

ʛʦʨʝʥʠʷ ʤʝʞʜʫ ʪʘʙʣʝʪʢʘʤʠ ʬʠʢʩʠʨʦʚʘʣʠ ʥʘ ʢʦʤʧʴʶʪʝʨʝ ʩ ʧʦʤʦʱʴʶ ʬʦʪʦʜʘʪʯʠʢʘ, 

ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʥʘ ʦʙʨʘʟʝʮ ʯʝʨʝʟ ʱʝʣʝʚʦʡ ʢʦʣʣʠʤʘʪʦʨ. 

ʅʘ ʨʠʩʫʥʢʝ 2 ʧʦʢʘʟʘʥʳ ʠʩʭʦʜʥʳʝ ʦʙʨʘʟʮʳ, ʢʘʜʨʳ ʧʨʦʮʝʩʩʘ ʛʦʨʝʥʠʷ ʠ 

ʦʙʨʘʟʫʶʱʠʝʩʷ ʧʨʦʜʫʢʪʳ. ʇʨʠ ʙʨʦʥʠʨʦʚʘʥʠʠ ʙʦʢʦʚʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʬʨʦʥʪ ʛʦʨʝʥʠʷ 

ʧʨʘʢʪʠʯʝʩʢʠ ʧʨʷʤʦʡ, ʧʨʠ ʦʪʢʨʳʪʳʭ ʙʦʢʦʚʳʭ ʧʦʚʝʨʭʥʦʩʪʷʭ ʬʨʦʥʪ ʛʦʨʝʥʠʷ ʠʟʛʠʙʘʝʪʩʷ. 

ʕʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʢʘʢ ʩ ʬʠʣʴʪʨʘʮʠʦʥʥʳʤʠ ʟʘʪʨʫʜʥʝʥʠʷʤʠ, ʪʘʢ ʠ ʩ ʪʝʧʣʦʦʪʜʘʯʝʡ 

ʚ ʙʨʦʥʠʨʫʶʱʠʡ ʩʣʦʡ ʪʘʙʣʝʪʦʢ.  

 

ʈʠʩ. 3. ɿʘʚʠʩʠʤʦʩʪʴ ʢʦʦʨʜʠʥʘʪʳ ʬʨʦʥʪʘ ʧʨʠ ʛʦʨʝʥʠʠ ʦʜʥʦʛʦ ʨʷʜʘ ʪʘʙʣʝʪʦʢ 

 

 

ʈʠʩ. 4. ɿʘʚʠʩʠʤʦʩʪʴ ʩʢʦʨʦʩʪʠ ʛʦʨʝʥʠʷ ʦʪ ʯʠʩʣʘ ʨʷʜʦʚ ʪʘʙʣʝʪʦʢ, ʩʧʦʩʦʙʘ ʠʭ ʫʢʣʘʜʢʠ ʠ 

çʙʨʦʥʠʨʦʚʘʥʠʷè ʦʙʨʘʟʮʘ: 1 ï ʙʨʦʥʠʨʦʚʘʥʥʳʡ, ʧʣʦʪʥʦʫʧʘʢʦʚʘʥʥʳʡ; 2 ï ʙʨʦʥʠʨʦʚʘʥʥʳʡ, 

ʥʝ ʧʣʦʪʥʦʫʧʘʢʦʚʘʥʥʳʡ, 3 ï ʥʝ ʙʨʦʥʠʨʦʚʘʥʥʳʡ, ʧʣʦʪʥʦʫʧʘʢʦʚʘʥʥʳʡ; 4 ï ʥʝ 

ʙʨʦʥʠʨʦʚʘʥʥʳʡ, ʥʝ ʧʣʦʪʥʦʫʧʘʢʦʚʘʥʥʳʡ; 5 ï ʙʨʦʥʠʨʦʚʘʥʥʳʡ, ʧʣʦʪʥʦʫʧʘʢʦʚʘʥʥʳʡ ʩ 

ʠʥʝʨʪʥʳʤ çʨʘʟʙʘʚʠʪʝʣʝʤè; 6 ï ʙʨʦʥʠʨʦʚʘʥʥʳʡ, ʥʝ ʧʣʦʪʥʦʫʧʘʢʦʚʘʥʥʳʡ, çʧʦʨʠʩʪʳʡè 
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ɺ ʧʦʣʴʟʫ ʧʦʩʣʝʜʥʝʛʦ ʧʨʝʜʧʦʣʦʞʝʥʠʷ ʛʦʚʦʨʷʪ ʵʢʩʧʝʨʠʤʝʥʪʳ ʩ ʛʦʨʝʥʠʝʤ ʧʣʦʩʢʠʭ 

ʣʝʥʪ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʦʢʘʪʢʦʡ ʩʤʝʩʝʡ Ti+xB [11], ʥʝʩʤʦʪʨʷ ʥʘ ʧʨʠʥʮʠʧʠʘʣʴʥʦʝ ʨʘʟʣʠʯʠʝ 

ʩʠʩʪʝʤ ʪʚʝʨʜʦʝ ï ʛʘʟ ʠ ʪʚʝʨʜʦʝ ï ʪʚʝʨʜʦʝ. ʅʘ ʥʘʯʘʣʴʥʳʭ ʫʯʘʩʪʢʘʭ ʛʦʨʝʥʠʝ ʧʨʘʢʪʠʯʝʩʢʠ 

ʚʦ ʚʩʝʭ ʩʣʫʯʘʷʭ ʥʝ ʩʪʘʮʠʦʥʘʨʥʦʝ, ʧʨʠʯʝʤ ʵʪʦ ʧʨʦʷʚʣʷʝʪʩʷ ʜʘʞʝ ʧʨʠ ʛʦʨʝʥʠʠ ʦʙʨʘʟʮʦʚ, 

ʩʦʩʪʦʷʱʠʭ ʠʟ ʦʜʥʦʛʦ ʨʷʜʘ ʪʘʙʣʝʪʦʢ (ʨʠʩʫʥʦʢ 3). ʇʦʵʪʦʤʫ ʩʨʝʜʥʷʷ ʩʢʦʨʦʩʪʴ ʛʦʨʝʥʠʷ 

ʦʙʨʘʟʮʦʚ ʦʧʨʝʜʝʣʷʣʘʩʴ ʥʘ ʩʪʘʮʠʦʥʘʨʥʦʤ ʫʯʘʩʪʢʝ ʧʦ ʦʩʝʚʦʡ ʣʠʥʠʠ. 

ɺʣʠʷʥʠʝ ʨʘʟʙʘʚʣʝʥʠʷ ʠ ʧʦʨʠʩʪʦʩʪʠ ʠʣʣʶʩʪʨʠʨʫʝʪʩʷ ʥʘ ʨʠʩʫʥʢʝ 4 ʪʦʯʢʘʤʠ 5 ʠ 6. 

ʈʘʟʙʘʚʣʝʥʠʝ ʠ ʧʦʨʠʩʪʦʩʪʴ ʧʨʠʚʦʜʷʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʩʢʦʨʦʩʪʠ ʛʦʨʝʥʠʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʘʥʘʣʦʛʠʯʥʳʤʠ ʥʝ ʨʘʟʙʘʚʣʝʥʥʳʤʠ ʠ çʙʝʩʧʦʨʠʩʪʳʤʠè ʦʙʨʘʟʮʘʤʠ. ʕʪʦ ʦʙʫʩʣʦʚʣʝʥʦ 

ʧʦʚʝʨʭʥʦʩʪʥʳʤ ʨʝʞʠʤʦʤ ʛʦʨʝʥʠʷ. ʇʝʨʝʭʦʜʥʳʡ ʧʨʦʮʝʩʩ ʧʨʠ ʧʝʨʝʜʘʯʝ ʛʦʨʝʥʠʷ ʦʪ ʦʜʥʦʡ 

ʪʘʙʣʝʪʢʠ ʢ ʜʨʫʛʦʡ ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʚʢʣʶʯʘʝʪ ʪʨʠ ʩʪʘʜʠʠ: ʚʩʧʳʰʢʘ ʧʨʠ ʦʢʦʥʯʘʥʠʠ 

ʛʦʨʝʥʠʷ, ʜʝʧʨʝʩʩʠʷ, ʚʩʧʳʰʢʘ ʧʨʠ ʥʘʯʘʣʝ ʛʦʨʝʥʠʷ ʩʣʝʜʫʶʱʝʡ ʪʘʙʣʝʪʢʠ. ɺ ʟʘʚʠʩʠʤʦʩʪʠ 

ʦʪ ʢʘʯʝʩʪʚʘ ʢʦʥʪʘʢʪʘ ʤʝʞʜʫ ʪʘʙʣʝʪʢʘʤʠ, ʦʧʨʝʜʝʣʷʝʤʦʛʦ ʫʩʠʣʠʝʤ ʩʞʘʪʠʷ ʤʝʞʜʫ ʥʠʤʠ ʠ 

ʩʧʦʩʦʙʦʤ ʫʢʣʘʜʢʠ, ʥʝʢʦʪʦʨʳʝ ʩʪʘʜʠʠ ʥʝ ʥʘʙʣʶʜʘʶʪʩʷ.  

ʅʘ ʨʠʩʫʥʢʝ 5 ʧʦʢʘʟʘʥʘ ʟʘʧʠʩʴ ʕɼʉ ʬʦʪʦʜʘʪʯʠʢʘ ʧʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʚʦʣʥʳ 

ʛʦʨʝʥʠʷ ʧʦ ʨʷʜʫ ʣʝʞʘʱʠʭ ʪʘʙʣʝʪʦʢ. ɺʝʨʪʠʢʘʣʴʥʳʤʠ ʣʠʥʠʷʤʠ ʧʦʢʘʟʘʥʳ ʛʨʘʥʠʮʳ 

ʪʘʙʣʝʪʦʢ. ɺ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʥʘ ʛʨʘʥʠʮʘʭ ʧʨʦʷʚʣʷʶʪʩʷ ʚʩʝ ʩʪʘʜʠʠ ʧʝʨʝʭʦʜʥʦʛʦ ʧʨʦʮʝʩʩʘ. 

 

ʈʠʩ. 5. ʀʟʤʝʥʝʥʠʝ ʷʨʢʦʩʪʠ ʩʚʝʯʝʥʠʷ ʧʨʠ ʛʦʨʝʥʠʠ ʨʷʜʘ ʪʘʙʣʝʪʦʢ 

ɿʘʢʣʶʯʝʥʠʝ 

ʇʨʝʜʣʦʞʝʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʤʦʜʝʣʴ, ʧʦʟʚʦʣʷʶʱʘʷ ʥʘʛʣʷʜʥʦ ʠʤʠʪʠʨʦʚʘʪʴ 

ʧʨʦʮʝʩʩ ʛʝʪʝʨʦʛʝʥʥʦʛʦ ʛʦʨʝʥʠʷ ʩ ʫʯʝʪʦʤ ʧʦʨʠʩʪʦʩʪʠ, ʨʘʟʙʘʚʣʝʥʠʷ, ʧʣʦʪʥʦʩʪʠ ʫʧʘʢʦʚʢʠ. 

ɼʘʥʥʳʡ ʧʦʜʭʦʜ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʝʟʝʥ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʪʝʭʥʦʛʝʥʥʳʭ ʠ ʣʝʩʥʳʭ 

ʧʦʞʘʨʦʚ.   
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ʂʝʨʘʤʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ ʠʟ ʥʠʪʨʠʜʘ ʢʨʝʤʥʠʷ ʥʘʰʣʠ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʜʣʷ 

ʧʨʦʠʟʚʦʜʩʪʚʘ ʢʦʥʩʪʨʫʢʮʠʦʥʥʦʡ ʠ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʢʝʨʘʤʠʢʠ, ʨʘʙʦʪʘʶʱʝʡ ʚ 

ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʛʨʫʟʦʢ. ɺʦ ʤʥʦʛʦʤ 

ʧʨʦʯʥʦʩʪʥʳʝ ʩʚʦʡʩʪʚʘ ʢʝʨʘʤʠʢʠ ʟʘʚʠʩʷʪ ʦʪ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠʩʭʦʜʥʳʭ ʧʦʨʦʰʢʦʚ ʥʠʪʨʠʜʘ 

ʢʨʝʤʥʠʷ. ʆʜʥʠʤ ʠʟ ʚʘʞʥʳʭ ʧʘʨʘʤʝʪʨʦʚ, ʚʣʠʷʶʱʠʤ ʥʘ ʩʚʦʡʩʪʚʘ ʢʝʨʘʤʠʢʠ, ʷʚʣʷʝʪʩʷ 

ʨʘʟʤʝʨ ʠ ʬʦʨʤʘ ʯʘʩʪʠʮ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʢʝʨʘʤʠʢʠ ʤʝʪʦʜʦʤ ʛʦʨʷʯʝʛʦ ʧʨʝʩʩʦʚʘʥʠʷ 

ʠʩʧʦʣʴʟʫʪʁʩʷ ʧʦʨʦʰʢʠ ʩ ʚʳʩʦʢʦʡ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ (10-15 ʤ2/ʛ.) ʠ ʨʘʚʥʦʦʩʥʦʡ 

ʬʦʨʤʦʡ ʯʘʩʪʠʮ. ʇʨʠ ʩʧʝʢʘʥʠʠ ʥʠʪʨʠʜʘ ʢʨʝʤʥʠʷ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʟʘʛʦʪʦʚʦʢ Si3N4 ʤʝʪʦʜʦʤ 

ʰʣʠʢʝʨʥʦʛʦ ʣʠʪʴʷ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʙʦʣʝʝ ʢʨʫʧʥʳʝ ʧʦʨʦʰʢʠ ʩ ʫʜʝʣʴʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʴʶ 5-7 ʤ2/ʛ. ʏʪʦʙʳ ʧʨʝʜʫʩʤʦʪʨʝʪʴ ʫʩʘʜʢʫ ʢʝʨʘʤʠʢʠ ʚ ʪʨʝʭ ʧʣʦʩʢʦʩʪʷʭ ʧʨʠ 

ʩʧʝʢʘʥʠʠ ʪʘʢʞʝ ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʦʨʦʰʢʠ ʩ ʨʘʚʥʦʦʩʥʦʡ ʬʦʨʤʦʡ ʯʘʩʪʠʮ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʬʦʨʤʘ ʯʘʩʪʠʮ ʪʘʢʞʝ ʚʘʞʥʘ, ʢʘʢ ʭʠʤʠʯʝʩʢʠʡ ʠ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ. 

ʇʦʨʦʰʦʢ ʥʠʪʨʠʜʘ ʢʨʝʤʥʠʷ ʚ ʦʩʥʦʚʥʦʤ ʧʦʣʫʯʘʶʪ ʧʝʯʥʳʤ ʩʧʦʩʦʙʦʤ [1, 2 ,3] ʠ 

ʤʝʪʦʜʦʤ ʩʠʥʪʝʟʘ ʠ ʨʘʟʣʦʞʝʥʠʷ ʜʠʠʤʠʜʘ ʢʨʝʤʥʠʷ [4]. ʇʨʦʮʝʩʩ ʩʠʥʪʝʟʘ ʫʧʨʘʚʣʷʝʤ ʠ 

ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʧʦʨʦʰʦʢ ʥʠʪʨʠʜʘ ʢʨʝʤʥʠʷ ʩ ʟʘʜʘʥʥʳʤ ʭʠʤʠʯʝʩʢʠʤ ʠ ʬʘʟʦʚʳʤ 

ʩʦʩʪʘʚʦʤ. ʆʜʥʘʢʦ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʯʘʩʪʠʮ ʨʘʚʥʦʦʩʥʦʡ ʬʦʨʤʳ ʚʳʧʦʣʥʷʶʪʩʷ ʦʧʝʨʘʮʠʠ 

ʠʟʤʝʣʴʯʝʥʠʷ ʠ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʧʨʦʜʫʢʪʦʚ ʩʠʥʪʝʟʘ. 

ʇʨʠ ʧʦʣʫʯʝʥʠʠ ʘʣʴʬʘ ʬʘʟʳ ʥʠʪʨʠʜʘ ʢʨʝʤʥʠʷ ʚ ʨʝʞʠʤʝ ʛʦʨʝʥʠʷ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʨʝʞʠʤʘ ʩʠʥʪʝʟʘ ʚ ʩʦʩʪʘʚ ʰʠʭʪʳ ʚʚʦʜʷʪʩʷ ʛʘʟʠʬʠʮʠʨʫʶʱʠʝʩʷ 

ʜʦʙʘʚʢʠ, ʪʘʢʠʝ ʢʘʢ NH4Cl, NH4F. ʏʘʩʪʠʮʳ ʥʠʪʨʠʜʘ ʢʨʝʤʥʠʷ, ʧʦʣʫʯʝʥʥʳʝ ʪʘʢʠʤ 

ʩʧʦʩʦʙʦʤ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʠʪʝʚʠʜʥʳʤʠ ʢʨʠʩʪʘʣʣʘʤʠ ʠ  ʠʤʝʶʪ ʪʦʥʢʦʚʦʣʦʢʥʠʩʪʫʶ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ. ʊʘʢʘʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʬʦʨʤʠʨʫʝʪʩʷ ʟʘ ʩʯʝʪ ʨʝʘʣʠʟʘʮʠʠ ʛʘʟʦʬʘʟʥʦʛʦ 

ʤʝʭʘʥʠʟʤʘ ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʦʚʘʥʠʷ [5]. ʇʨʠ ʧʦʣʫʯʝʥʠʠ ʘʣʴʬʘ ʬʘʟʳ ʥʠʪʨʠʜʘ ʢʨʝʤʥʠʷ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʫʙʤʠʢʨʦʥʥʦʛʦ ʧʦʨʦʰʢʘ ʢʨʝʤʥʠʷ ʙʝʟ ʜʦʙʘʚʦʢ NH4Cl, NH4F ʪʘʢ ʞʝ 
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ʨʝʘʣʠʟʫʝʪʩʷ ʛʘʟʦʬʘʟʥʳʡ ʤʝʭʘʥʠʟʤ ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʦʚʘʥʠʷ, ʚ ʢʦʪʦʨʦʤ ʫʯʘʩʪʚʫʶʪ ʦʢʩʠʜ ʠ 

ʩʫʙʦʢʩʠʜ ʢʨʝʤʥʠʷ. ʇʨʠ ʵʪʦʤ ʦʙʨʘʟʫʶʪʩʷ ʯʘʩʪʠʮʳ ʫʜʣʠʥʝʥʥʦʡ ʬʦʨʤʳ [6]. ʇʦʩʢʦʣʴʢʫ 

ʯʘʩʪʠʮʳ ʥʠʪʨʠʜʘ ʢʨʝʤʥʠʷ ʫʜʣʠʥʝʥʥʦʡ ʬʦʨʤʳ ʦʙʨʘʟʫʶʪʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʛʘʟʦʬʘʟʥʳʭ 

ʨʝʘʢʮʠʡ, ʪʦ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʯʘʩʪʠʮ ʨʘʚʥʦʦʩʥʦʡ ʬʦʨʤʳ ʥʝʦʙʭʦʜʠʤʦ ʩʦʟʜʘʪʴ ʫʩʣʦʚʠʷ 

ʩʠʥʪʝʟʘ, ʢʦʪʦʨʳʝ ʧʨʝʧʷʪʩʪʚʫʶʪ ʨʝʘʣʠʟʘʮʠʠ ʛʘʟʦʬʘʟʥʦʛʦ ʤʝʭʘʥʠʟʤʘ 

ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʦʚʘʥʠʷ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʥʝ ʠʟʫʯʝʥʦ ʚʣʠʷʥʠʝ ʧʣʝʥʢʦʦʙʨʘʟʫʶʱʠʭ, ʪ.ʝ. 

ʥʝ ʛʘʟʠʬʠʮʠʨʫʶʱʠʭʩʷ ʩʦʣʝʚʳʭ ʜʦʙʘʚʦʢ, ʥʘ ʧʨʦʮʝʩʩ ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʦʚʘʥʠʷ ʧʨʠ ʉɺʉ 

Si3N4. ɺ ʨʘʙʦʪʘʭ ʧʦ ʩʠʥʪʝʟʫ ʥʠʪʨʠʜʘ ʢʨʝʤʥʠʷ ʤʝʪʦʜʦʤ ʉɺʉ-ʘʟ, ʧʨʠ ʢʦʪʦʨʦʤ ʚ ʢʘʯʝʩʪʚʝ 

ʧʦʙʦʯʥʦʛʦ ʧʨʦʜʫʢʪʘ ʦʙʨʘʟʫʶʪʩʷ NaF ʠʣʠ NaCl, ʥʝ ʦʧʠʩʘʥʦ ʚʣʠʷʥʠʝ ʛʘʣʦʛʝʥʠʜʦʚ ʥʘʪʨʠʷ 

ʥʘ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ ʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʥʠʪʨʠʜʘ ʢʨʝʤʥʠʷ [7]. ɺ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʨʘʙʦʪʝ 

ʧʦʢʘʟʘʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦ ʚʣʠʷʥʠʶ ʜʦʙʘʚʦʢ ʣʝʛʢʦʧʣʘʚʢʠʭ ʩʦʣʝʡ ʥʘ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʠ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ ʥʠʪʨʠʜʘ ʢʨʝʤʥʠʷ. 

ɼʣʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠ ʙʘʟʦʚʳʡ ʩʦʩʪʘʚ ʰʠʭʪʳ Si+Si3N4. ɺ ʢʘʯʝʩʪʚʝ 

ʜʦʙʘʚʢʠ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʚʦʜʦʨʘʩʪʚʦʨʠʤʳʝ, ʣʝʛʢʦʧʣʘʚʢʠʝ ʩʦʣʠ ʥʘʪʨʠʷ, ʪʘʙʣʠʮʘ 1.  

ʊʘʙʣʠʮʘ 1. ʍʘʨʘʢʪʝʨʠʩʪʠʢʘ ʠʩʭʦʜʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʰʠʭʪʳ 

ʅʘʠʤʝʥʦʚʘʥʠʝ ʊʝʤʧʝʨʘʪʫʨʘ 

ʧʣʘʚʣʝʥʠʷ 

Áʉ 

ʊʝʤʧʝʨʘʪʫʨʘ 

ʢʠʧʝʥʠʷ 

Áʉ 

ʉʨʝʜʥʠʡ 

ʜʠʘʤʝʪʨ ʯʘʩʪʠʮ, 

d50 ʤʢʤ 

Sʫʜ. ʤ2/ʛ. Ŭ-ʬʘʟʘ, 

%ʤʘʩʩ. 

Si 1420 ~3300 2-2,5 5-6  

Si3N4 1900 ʚʦʟʛ. - 0,5-3,0 3-4 96-98 

NaF 992 1704 200   

NaCl 801 1465 200   

 

ʉʠʥʪʝʟ ʧʨʦʚʦʜʠʣʠ ʧʨʠ ʤʠʥʠʤʘʣʴʥʦʤ ʩʦʜʝʨʞʘʥʠʠ ʢʨʝʤʥʠʷ ʚ ʰʠʭʪʝ 23ï28% ʜʣʷ 

ʨʘʟʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ. ʉʦʜʝʨʞʘʥʠʝ ʩʦʣʝʡ ʚ ʰʠʭʪʝ 1ï3%ʤʘʩʩ. ʉʤʝʰʠʚʘʥʠʝ 

ʢʦʤʧʦʥʝʥʪʦʚ ʰʠʭʪʳ ʧʨʦʚʦʜʠʣʠ ʚ ʰʘʨʦʚʦʡ ʤʝʣʴʥʠʮʝ ʚ ʪʝʯʝʥʠʝ 1 ʯʘʩʘ. ʅʘʯʘʣʴʥʦʝ 

ʜʘʚʣʝʥʠʝ ʘʟʦʪʘ 60 ʘʪʤ. ʄʘʩʩʘ ʰʠʭʪʳ 3,0 ʢʛ. ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠ ʚ ʧʨʦʤʳʰʣʝʥʥʦʤ 

ʉɺʉ ʨʝʘʢʪʦʨʝ ʦʙʲʝʤʦʤ 30ʣ. ʄʦʨʬʦʣʦʛʠʶ ʧʨʦʜʫʢʪʦʚ ʩʠʥʪʝʟʘ ʠʟʫʯʘʣʠ ʩ ʧʦʤʦʱʴʶ 

ʵʣʝʢʪʨʦʥʥʦ-ʩʢʘʥʠʨʫʶʱʝʛʦ ʤʠʢʨʦʩʢʦʧʘ LEO 1450 ʬʠʨʤʳ çCarl Zeiss SMT AG 

Companyè. ʌʘʟʦʚʳʡ ʩʦʩʪʘʚ ʧʨʦʜʫʢʪʦʚ ʩʠʥʪʝʟʘ ʦʧʨʝʜʝʣʷʣʠ ʩ ʧʦʤʦʱʴʶ ʜʠʬʨʘʢʪʦʤʝʪʨʘ 

çɼʨʦʥ 3ʄè. ʄʘʩʩʦʚʦʝ ʩʦʜʝʨʞʘʥʠʝ ʘʣʴʬʘ ʬʘʟʳ ʦʧʨʝʜʝʣʷʣʠ ʧʦ ʤʝʪʦʜʠʢʝ ʦʧʠʩʘʥʥʦʡ ʚ 

[8]. ʊʝʤʧʝʨʘʪʫʨʳ ʛʦʨʝʥʠʷ ʠʟʤʝʨʷʣʠ ʩ ʧʦʤʦʱʴʶ ʪʝʨʤʦʧʘʨʳ ɺʈ5-ɺʈ20. 

ɺʣʠʷʥʠʝ ʬʪʦʨʠʩʪʦʛʦ ʥʘʪʨʠʷ 

ʇʨʠ ʠʟʫʯʝʥʠʠ ʚʣʠʷʥʠʷ ʬʪʦʨʠʩʪʦʛʦ ʥʘʪʨʠʷ ʥʘ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʧʦʣʫʯʝʥʥʦʛʦ Si3N4 

ʠ ʧʘʨʘʤʝʪʨʳ ʩʠʥʪʝʟʘ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʚʚʝʜʝʥʠʠ 1 ʤʘʩ.% NaF ʚ ʩʦʩʪʘʚ ʰʠʭʪʳ 

ʧʨʦʜʫʢʪ ʩʠʥʪʝʟʘ ʬʦʨʤʠʨʫʝʪʩʷ ʚ ʚʠʜʝ ʢʦʥʛʣʦʤʝʨʘʪʦʚ, ʢʦʪʦʨʳʝ ʩʦʩʪʦʷʪ ʠʟ ʯʘʩʪʠʮ 

ʨʘʚʥʦʦʩʥʦʡ ʬʦʨʤʳ ʨʘʟʤʝʨʦʤ 0,5ï3ʤʢʤ (ʨʠʩʫʥʦʢ 1). ʇʨʠ ʩʥʠʞʝʥʠʠ ʩʦʜʝʨʞʘʥʠʷ 
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ʢʨʝʤʥʠʷ ʚ ʰʠʭʪʝ ʩ 28 ʜʦ 24 ʤʘʩ.% ʪʝʤʧʝʨʘʪʫʨʘ ʛʦʨʝʥʠʷ ʩʥʠʟʠʣʘʩʴ ʦʪ 1849Áʉ ʜʦ 1713Áʉ. 

ʉʦʜʝʨʞʘʥʠʝ ʤʝʣʢʠʭ ʯʘʩʪʠʮ ʚʦʟʨʘʩʣʦ, ʘ ʜʠʘʧʘʟʦʥ ʨʘʟʤʝʨʦʚ ʯʘʩʪʠʮ ʩʦʩʪʘʚʠʣ 0,3ï3ʤʢʤ 

(ʨʠʩʫʥʦʢ 2). ʅʝʩʤʦʪʨʷ ʥʘ ʫʤʝʥʴʰʝʥʠʝ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ ʫʜʝʣʴʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʜʣʷ ʚʩʝʭ 

ʦʙʨʘʟʮʦʚ ʩʦʩʪʘʚʠʣʘ 3,4 ʤ2/ʛ. (ʚʠʜʠʤʦ ʠʟ-ʟʘ ʢʦʥʩʦʣʠʜʘʮʠʠ ʯʘʩʪʠʮ Si3N4  ʩ ʧʦʤʦʱʴʶ 

ʬʪʦʨʠʩʪʦʛʦ ʥʘʪʨʠʷ). ʉʦʜʝʨʞʘʥʠʝ ʘʣʴʬʘ-ʬʘʟʳ ʜʣʷ 28% Si ʩʥʠʟʠʣʦʩʴ ʩ 97 % ʜʦ 96 ʤʘʩ.%, 

ʘ ʜʣʷ 24 ʤʘʩ.%. Si ʚʦʟʨʦʩʣʘ ʜʦ 98 ʤʘʩ.%. ʇʨʠ ʫʚʝʣʠʯʝʥʠ ʩʦʣʝʚʦʡ ʜʦʙʘʚʢʠ ʜʦ 3 ʤʘʩ.%, 

ʪʝʤʧʝʨʘʪʫʨʘ ʛʦʨʝʥʠʷ ʩʦʩʪʘʚʠʣʘ 1773Á ʉ. ʉʦʜʝʨʞʘʥʠʝ ʘʣʴʬʘ-ʬʘʟʳ ʚ ʧʨʦʜʫʢʪʝ ʩʠʥʪʝʟʘ 

ʟʥʘʯʠʪʝʣʴʥʦ ʫʤʝʥʴʰʠʣʦʩʴ ʩ 97 ʜʦ 91 ʤʘʩ.%. ɺʠʜʠʤʦ, ʟʥʘʯʠʪʝʣʴʥʦʝ ʩʥʠʞʝʥʠʝ ʘʣʴʬʘ- 

ʬʘʟʳ ʧʨʦʠʟʦʰʣʦ ʠʟ-ʟʘ ʫʚʝʣʠʯʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ NaF ʚ ʰʠʭʪʝ. ʇʨʦʜʫʢʪ ʩʠʥʪʝʟʘ ʩʦʩʪʦʷʣ ʠʟ 

ʢʦʥʛʣʦʤʝʨʘʪʦʚ, ʦʙʨʘʟʦʚʘʥʥʳʭ ʚ ʦʩʥʦʚʥʦʤ ʨʘʚʥʦʦʩʥʳʤʠ ʯʘʩʪʠʮʘʤʠ ʨʘʟʤʝʨʦʤ 0,5ï3 ʤʢʤ, 

ʩ ʧʨʝʦʙʣʘʜʘʥʠʝʤ ʯʘʩʪʠʮ ʨʘʟʤʝʨʦʤ ʙʦʣʝʝ 1 ʤʢʤ. ʊʘʢʞʝ ʧʨʠʩʫʪʩʪʚʫʶʪ ʫʜʣʠʥʝʥʥʳʝ 

ʯʘʩʪʠʮʳ, ʢʦʪʦʨʳʝ ʠʤʝʶʪ ʦʛʨʘʥʢʫ, ʧʨʠʩʫʱʫʶ ʙʝʪʘ-ʬʘʟʝ Si3N4 (ʨʠʩʫʥʦʢ 3). ʋʜʝʣʴʥʘʷ 

ʧʦʚʝʨʭʥʦʩʪʴ ʩʦʩʪʘʚʠʣʘ 2,6 ʤ2/ʛ. ʈʌɸ ʥʝ ʧʦʢʘʟʘʣ ʥʘʣʠʯʠʷ NaF ʚ ʧʨʦʜʫʢʪʝ ʩʠʥʪʝʟʘ. 

ʇʦʩʢʦʣʴʢʫ ʦʩʥʦʚʥʳʝ ʧʠʢʠ NaF ʩʦʚʧʘʜʘʶʪ ʩ ʧʠʢʘʤʠ ʘʣʴʬʘ-ʬʘʟʳ ʥʠʪʨʠʜʘ ʢʨʝʤʥʠʷ, ʠʭ 

ʥʝʣʴʟʷ ʚʳʜʝʣʠʪʴ ʦʪʜʝʣʴʥʦ.  

 

ʈʠʩ. 1. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ Si3N4. Si-28ʤʘʩ.%. NaF-1ʤʘʩ.%. ʊʛʦʨ.=1849Á ʉ 

 

ʈʠʩ. 2. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ Si3N4. Si-24ʤʘʩ.%. NaF-1ʤʘʩ.%. ʊʛʦʨ.=1713Á ʉ 
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ʆʜʥʘʢʦ, ʧʦʵʣʝʤʝʥʪʥʳʡ ʘʥʘʣʠʟ, ʧʨʦʚʝʜʝʥʥʳʡ ʤʝʪʦʜʦʤ ʵʥʝʨʛʦ-ʜʠʩʧʝʨʩʠʦʥʥʦʛʦ 

ʨʘʩʩʝʠʚʘʥʠʷ, ʧʦʢʘʟʘʣ ʥʘʣʠʯʠʝ ʚ ʦʙʨʘʟʮʘʭ Si3N4 ʘʪʦʤʦʚ ʬʪʦʨʘ ʠ ʥʘʪʨʠʷ ʚ ʢʦʣʠʯʝʩʪʚʝ 0,7-

1,3 ʤʘʩ.%. ʅʘʣʠʯʠʝ NaF ʟʘʬʠʢʩʠʨʦʚʘʥʦ ʚ ʪʦʯʢʝ ʠʟʤʝʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ, ʢʘʢ ʥʘ ʛʣʫʙʠʥʝ 

40 ʤʤ, ʪʘʢ ʠ ʚ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʤ, ʙʦʣʝʝ ʭʦʣʦʜʥʦʤ ʩʣʦʝ ʩʧʝʢʘ.  

 

ʈʠʩ. 3. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ Si3N4. Si-26ʤʘʩ.%. NaF-3ʤʘʩ.%. ʊʛʦʨ.=1773Á ʉ 

ʈʘʩʯʝʪ ʨʘʚʥʦʚʝʩʥʦʛʦ ʩʦʩʪʘʚʘ ʩ ʫʯʘʩʪʠʝʤ ʬʪʦʨʠʩʪʦʛʦ ʥʘʪʨʠʷ ʜʣʷ ʫʩʣʦʚʠʡ 

ʩʠʥʪʝʟʘ ʧʦʢʘʟʘʣ ʦʙʨʘʟʦʚʘʥʠʝ Si3N4 , Siʞʠʜʢ, Naʛʘʟ, SiF, ʘ ʪʘʢʞʝ Na2SiO3 ʚ ʚʠʜʝ ʞʠʜʢʦʩʪʠ. 

ʉʠʣʠʢʘʪ ʥʘʪʨʠʷ ʚʠʜʠʤʦ ʦʙʨʘʟʫʝʪʩʷ ʚ ʚʠʜʝ ʧʣʝʥʢʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ ʢʨʝʤʥʠʷ ʧʨʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ NaF ʩ ʦʢʩʠʜʥʦʡ ʧʣʝʥʢʦʡ ʢʨʝʤʥʠʷ ʧʦ ʨʝʘʢʮʠʠ 

Si+SiO2+NaF=Na2SiO3+SiF. ʇʦʩʢʦʣʴʢʫ ʩʠʣʠʢʘʪ ʥʘʪʨʠʷ ʠʤʝʝʪ ʙʦʣʝʝ ʚʳʩʦʢʫʶ 

ʪʝʤʧʝʨʘʪʫʨʫ ʧʣʘʚʣʝʥʠʷ (1089Á ʉ) ʠ ʢʠʧʝʥʠʷ, ʯʝʤ ʬʪʦʨʠʩʪʳʡ ʥʘʪʨʠʡ, ʧʣʝʥʢʘ Na2SiO3, 

ʚʠʜʠʤʦ, ʧʨʝʧʷʪʩʪʚʫʝʪ ʛʘʟʠʬʠʢʘʮʠʠ ʢʨʝʤʥʠʷ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʨʝʘʣʠʟʘʮʠʠ ʛʘʟʦʬʘʟʥʦʛʦ 

ʤʝʭʘʥʠʟʤʘ ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʦʚʘʥʠʷ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʞʠʜʢʘʷ ʬʘʟʘ ʠ ʥʘʣʠʯʠʝ ʘʪʦʤʦʚ 

ʢʠʩʣʦʨʦʜʘ ʚ ʩʠʣʠʢʘʪʝ ʥʘʪʨʠʷ ʤʦʛʫʪ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʬʘʟʦʚʦʤʫ ʧʝʨʝʭʦʜʫ, ʩʦʛʣʘʩʥʦ 

ʧʨʠʥʷʪʦʡ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʪʝʦʨʠʠ ʧʦ ʤʝʭʘʥʠʟʤʫ çʨʘʩʪʚʦʨʝʥʠʷ-ʦʩʘʞʜʝʥʠʷè 

ʦʩʫʱʝʩʪʚʣʷʝʤʦʛʦ ʯʝʨʝʟ ʞʠʜʢʫʶ ʬʘʟʫ [9, 10]. ʊʦ ʝʩʪʴ ʩʠʣʠʢʘʪ ʥʘʪʨʠʷ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ 

ʚʳʧʦʣʥʷʝʪ ʠ ʨʦʣʴ ʩʧʝʢʘʶʱʝʡ ʜʦʙʘʚʢʠ. 

ɺʣʠʷʥʠʝ ʭʣʦʨʠʩʪʦʛʦ ʥʘʪʨʠʷ 

ʇʨʠ ʚʚʝʜʝʥʠʠ ʚ ʩʦʩʪʘʚ ʰʠʭʪʳ 1 ʤʘʩ.%. ʭʣʦʨʠʩʪʦʛʦ ʥʘʪʨʠʷ ʪʝʤʧʝʨʘʪʫʨʘ ʛʦʨʝʥʠʷ 

ʠʟʤʝʥʷʣʘʩʴ ʦʪ 1677 ʜʦ 1615Á ʉ ʜʣʷ 26 ʠ 24 ʤʘʩ.%. Si ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʯʘʩʪʠʮʘʤʠ ʨʘʚʥʦʦʩʥʦʡ ʠ ʫʜʣʠʥʝʥʥʦʡ ʬʦʨʤʳ (ʨʠʩʫʥʦʢ 4). ʇʨʠ ʩʥʠʞʝʥʠʠ 

ʪʝʤʧʝʨʘʪʫʨʳ ʛʦʨʝʥʠ ̫ʩʦʜʝʨʞʘʥʠʝ ʯʘʩʪʠʮ ʫʜʣʠʥʝʥʥʦʡ ʬʦʨʤʳ ʚʦʟʨʘʩʪʘʝʪ (ʨʠʩʫʥʦʢ 5). 

ʉʦʜʝʨʞʘʥʠʝ ʘʣʴʬʘ-ʬʘʟʳ ʚʦʟʨʦʩʣʦ ʥʘ 2 ʤʘʩ.% ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʩʭʦʜʥʦʡ ʰʠʭʪʦʡ. ʇʨʠ 

ʚʚʝʜʝʥʠʠ 3 ʤʘʩ.%. NaCl ʚ ʰʠʭʪʫ ʪʝʤʧʝʨʘʪʫʨʘ ʛʦʨʝʥʠʷ ʩʦʩʪʘʚʠʣʘ 1802Á ʉ ʜʣʷ 26 ʤʘʩ.% 

Si. ʉʦʜʝʨʞʘʥʠʝ ʘʣʴʬʘ-ʬʘʟʳ ʥʝ ʠʟʤʝʥʠʣʦʩʴ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʩʭʦʜʥʦʡ ʰʠʭʪʦʡ. 
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ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʪʘʢʞʝ ʧʨʝʜʩʪʘʚʣʝʥʘ ʯʘʩʪʠʮʘʤʠ ʨʘʚʥʦʦʩʥʦʡ ʠ ʫʜʣʠʥʝʥʥʦʡ ʬʦʨʤʳ 

(ʨʠʩʫʥʦʢ 6).  

 

ʈʠʩ. 4. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ Si3N4. Si-26ʤʘʩ.%. NaCl-1ʤʘʩ.%. ʊʛʦʨ.=1677Á ʉ 

 

ʈʠʩ. 5. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ Si3N4. Si-24ʤʘʩ.%. NaCl-1ʤʘʩ.%. ʊʛʦʨ.=1615Á ʉ 

 

ʈʠʩ. 6. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ Si3N4. Si-26ʤʘʩ.%. NaCl-3ʤʘʩ.%. ʊʛʦʨ.=1785Á ʉ 

 

ʋʜʝʣʴʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ Si3N4 ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʭʣʦʨʠʩʪʦʛʦ ʥʘʪʨʠʷ ʚ ʢʦʣʠʯʝʩʪʚʝ 

1-3 ʤʘʩ.% ʠ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ ʛʦʨʝʥʠʷ 1615ï1802Á ʉ ʜʣʷ ʚʩʝʭ ʦʙʨʘʟʮʦʚ 

ʥʘʭʦʜʠʣʘʩʴ ʚ ʜʠʘʧʘʟʦʥʝ 3,7ï4,2ʤ2/ʛ. ʈʘʟʤʝʨʳ ʠ ʬʦʨʤʘ ʯʘʩʪʠʮ ʥʝ ʠʟʤʝʥʠʣʠʩʴ. ʈʌɸ 

ʧʦʢʘʟʘʣ ʥʘʣʠʯʠʝ NaCl ʚʦ ʚʩʝʭ ʦʙʨʘʟʮʘʭ Si3N4. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʬʘʟʘ NaCl ʧʨʠʩʫʪʩʪʚʫʝʪ 
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ʪʦʣʴʢʦ ʚ ʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʣʦʝ ʩʧʝʢʘ. ɺʠʜʠʤʦ, ʚ ʧʨʦʮʝʩʩʝ ʛʦʨʝʥʠʷ ʰʠʭʪʳ, NaCl 

ʠʩʧʘʨʷʝʪʩʷ ʚ ʮʝʥʪʨʘʣʴʥʦʡ, ʙʦʣʝʝ ʛʦʨʷʯʝʡ ʦʙʣʘʩʪʠ ʚʦʣʥʳ ʛʦʨʝʥʠʷ ʠ ʢʦʥʜʝʥʩʠʨʫʝʪʩʷ ʚ 

ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʤ, ʙʦʣʝʝ ʭʦʣʦʜʥʦʤ ʩʣʦʝ ʩʧʝʢʘ. 

ʆʙʨʘʟʦʚʘʥʠʝ ʯʘʩʪʠʮ ʥʠʪʝʚʠʜʥʳʭ ʢʨʠʩʪʘʣʣʦʚ Si3N4 ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʨʝʘʣʠʟʘʮʠʠ 

ʛʘʟʦʬʘʟʥʦʛʦ ʤʝʭʘʥʠʟʤʘ ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʦʚʘʥʠʷ. ʈʘʩʯʝʪ ʨʘʚʥʦʚʝʩʥʦʛʦ ʩʦʩʪʘʚʘ ʩ ʫʯʘʩʪʠʝʤ 

ʭʣʦʨʠʩʪʦʛʦ ʥʘʪʨʠʷ ʜʣʷ ʫʩʣʦʚʠʡ ʩʠʥʪʝʟʘ ʧʦʤʠʤʦ ʥʠʪʨʠʜʘ ʢʨʝʤʥʠʷ ʧʦʢʘʟʘʣ ʥʘʣʠʯʠʝ 

Naʛʘʟ, SiCl, SiO, Siʞʠʜʢ, ʢʦʪʦʨʳʝ, ʚʠʜʠʤʦ, ʩʧʦʩʦʙʩʪʚʫʶʪ ʯʘʩʪʠʯʥʦʡ ʨʝʘʣʠʟʘʮʠʠ 

ʛʘʟʦʬʘʟʥʦʛʦ ʤʝʭʘʥʠʟʤʘ ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʦʚʘʥʠʷ. ʀʟ-ʟʘ ʥʠʟʢʦʡ ʪʝʤʧʝʨʘʪʫʨʘ ʢʠʧʝʥʠʷ NaCl 

ʚʦʟʤʦʞʥʘ ʨʝʘʢʮʠʷ NaClʛʘʟ+Siʞʠʜʢ=SiCl+Naʛʘʟ ʢʦʪʦʨʘʷ ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʠʥʪʝʟ Si3N4 ʧʦ 

ʨʝʘʢʮʠʠ SiCl+Naʛʘʟ+N2=Si3N4+NaCl ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʯʘʩʪʠʮ ʠʛʦʣʴʯʘʪʦʡ 

ʬʦʨʤʳ. ʇʨʠ ʵʪʦʤ NaCl ʢʦʥʜʝʥʩʠʨʫʝʪʩʷ ʚ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʣʦʝ ʩʧʝʢʘ. ʉʣʝʜʫʝʪ ʦʙʨʘʪʠʪʴ 

ʚʥʠʤʘʥʠʝ, ʯʪʦ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 3 ʤʘʩ. % ʜʦʙʘʚʢʠ NaCl ʩʦʜʝʨʞʘʥʠʝ ʘʣʴʬʘ-ʬʘʟʳ ʥʝ 

ʫʤʝʥʴʰʘʝʪʩʷ ʧʨʠ ʊʛʦʨ.=1802Áʉ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ NaF. ʕʪʦ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʪʝʤ, ʯʪʦ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ NaCl ʚ ʚʦʣʥʝ ʛʦʨʝʥʠʷ ʦʙʨʘʟʫʝʪʩʷ ʣʝʪʫʯʠʡ ʩʫʙʦʢʩʠʜ ʢʨʝʤʥʠʷ (SiO), 

ʢʦʪʦʨʳʡ ʠʩʧʘʨʷʝʪʩʷ ʠʟ ʟʦʥʳ ʨʝʘʢʮʠʠ, ʪʝʤ ʩʘʤʳʤ ʥʝ ʫʯʘʩʪʚʫʷ ʚ ʬʘʟʦʚʦʤ ʧʝʨʝʭʦʜʝ, ʚ 

ʦʪʣʠʯʠʝ ʦʪ NaF, ʢʦʪʦʨʳʡ ʦʙʨʘʟʫʝʪ ʞʠʜʢʫʶ ʬʘʟʫ ʩʠʣʠʢʘʪʘ ʥʘʪʨʠʷ.  

ɿʘʢʣʶʯʝʥʠʝ 

ʆʙʨʘʟʮʳ ʥʠʪʨʠʜʘ ʢʨʝʤʥʠʷ, ʧʦʣʫʯʝʥʥʳʝ ʩ ʫʯʘʩʪʠʝʤ ʬʪʦʨʠʩʪʦʛʦ ʥʘʪʨʠʷ, ʙʳʣʠ 

ʠʟʤʝʣʴʯʝʥʳ ʢʝʨʘʤʠʯʝʩʢʠʤʠ ʰʘʨʘʤʠ ʚ ʚʦʜʝ ʚ ʪʝʯʝʥʠʝ 1 ʯʘʩʘ ʜʣʷ ʨʘʟʨʫʰʝʥʠʷ 

ʢʦʥʛʣʦʤʝʨʘʪʦʚ ʠ ʫʜʘʣʝʥʠʷ ʬʪʦʨʠʩʪʦʛʦ ʥʘʪʨʠʷ. ʅʠʪʨʠʜ ʢʨʝʤʥʠʷ ʦʪʜʝʣʠʣʠ ʦʪ ʨʘʩʪʚʦʨʘ 

NaF ʩ ʧʦʤʦʱʴʶ ʚʘʢʫʫʤ ʬʠʣʴʪʨʘ ʠ ʧʨʦʤʳʣʠ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʦʡ. ʇʦʩʣʝ ʩʫʰʢʠ 

ʥʠʪʨʠʜ ʢʨʝʤʥʠʷ ʜʝʟʘʛʣʦʤʝʨʠʨʦʚʘʣʠ ʥʘ ʩʪʨʫʡʥʦʡ ʤʝʣʴʥʠʮʝ. ʂʦʥʝʯʥʳʡ ʧʨʦʜʫʢʪ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʦʨʦʰʦʢ ʩ ʨʘʚʥʦʦʩʥʦʡ ʬʦʨʤʦʡ ʯʘʩʪʠʮ, ʧʦʣʠʜʠʩʧʝʨʩʥʳʤ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ. ʉʨʝʜʥʠʡ ʜʠʘʤʝʪʨ ʯʘʩʪʠʮ, d50, ʩʦʩʪʘʚʠʣ 1,2ï1,5 ʤʢʤ, ʫʜʝʣʴʥʘʷ 

ʧʦʚʝʨʭʥʦʩʪʴ 5ï6 ʤ2/ʛ.  

ɺʳʚʦʜʳ 

ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʜʦʙʘʚʢʠ NaF ʬʦʨʤʠʨʦʚʘʣʠʩʴ ʯʘʩʪʠʮʳ Si3N4 ʨʘʚʥʦʦʩʥʦʡ 

ʬʦʨʤʳ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʩʦʜʝʨʞʘʥʠʷ NaF ʚ ʰʠʭʪʝ ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ 

ʘʣʴʬʘ-ʬʘʟʳ. ʈʘʟʤʝʨ ʯʘʩʪʠʮ ʫʤʝʥʴʰʘʝʪʩʷ ʧʨʠ ʩʥʠʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʩʠʥʪʝʟʘ. 

ʋʚʝʣʠʯʝʥʠʝ ʜʦʣʠ NaF ʦʪ 1 ʜʦ 3ʤʘʩʩ%. ʥʝ ʚʣʠʷʝʪ ʥʘ ʨʘʟʤʝʨ ʯʘʩʪʠʮ. ʈʘʟʤʝʨ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʯʘʩʪʠʮ Si3N4 ʩʦʠʟʤʝʨʠʤ ʩ ʨʘʟʤʝʨʦʤ ʯʘʩʪʠʮ ʠʩʭʦʜʥʦʛʦ ʧʦʨʦʰʢʘ 

ʢʨʝʤʥʠʷ. ʆʙʨʘʟʦʚʘʥʠʝ ʯʘʩʪʠʮ ʨʘʚʥʦʦʩʥʦʡ ʬʦʨʤʳ ʩʚʷʟʘʥʦ, ʚʠʜʪʤʦ, ʩ ʥʠʟʢʦʡ 

ʪʝʤʧʝʨʘʪʫʨʦʡ ʧʣʘʚʣʝʥʠʷ ʠ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ ʢʠʧʝʥʠʷ NaF ʠ Na2SiO3. ʄʦʞʥʦ 

ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʧʣʝʥʢʘ NaF ʠ Na2SiO3 ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʧʣʠ ʢʨʝʤʥʠʷ ʧʨʝʧʷʪʩʪʚʫʝʪ 
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ʝʛʦ ʠʩʧʘʨʝʥʠʶ, ʘ ʧʨʦʮʝʩʩ ʘʟʦʪʠʨʦʚʘʥʠʷ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʧʨʦʪʝʢʘʝʪ ʚ ʜʠʬʬʫʟʠʦʥʥʦʤ 

ʨʝʞʠʤʝ ʚ ʦʙʲʝʤʝ ʢʘʧʣʠ ʞʠʜʢʦʛʦ ʢʨʝʤʥʠʷ.  

ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʜʦʙʘʚʢʠ NaCl ʬʦʨʤʠʨʦʚʘʣʠʩʴ ʯʘʩʪʠʮʳ Si3N4 ʨʘʚʥʦʦʩʥʦʡ ʠ 

ʠʛʦʣʴʯʘʪʦʡ ʬʦʨʤʳ. ʆʙʨʘʟʦʚʘʥʠʶ ʠʛʦʣʴʯʘʪʳʭ ʯʘʩʪʠʮ ʩʧʦʩʦʙʩʪʚʫʝʪ, ʚʠʜʠʤʦ, ʥʠʟʢʘʷ 

ʪʝʤʧʝʨʘʪʫʨʘ ʢʠʧʝʥʠʷ NaCl ʠ, ʚʦʟʤʦʞʥʦ, ʨʝʘʢʮʠʷ NaClʧʘʨ+Siʞ = SiClʛʘʟ+Naʧʘʨ, ʢʦʪʦʨʘʷ 

ʩʪʠʤʫʣʠʨʫʝʪ ʨʝʘʣʠʟʘʮʠʶ ʛʘʟʦʬʘʟʥʦʛʦ ʤʝʭʘʥʠʟʤʘ ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʦʚʘʥʠʷ. ʋʜʝʣʴʥʘʷ 

ʧʦʚʝʨʭʥʦʩʪʴ ʥʠʪʨʠʜʘ ʢʨʝʤʥʠʷ, ʧʦʣʫʯʝʥʥʦʛʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʦʙʘʚʢʠ NaCl, ʙʦʣʴʰʝ, 

ʯʝʤ ʩ NaF. ɺʦʟʤʦʞʥʦ ʵʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝʤ ʯʘʩʪʠʮ ʠʛʦʣʴʯʘʪʦʡ ʬʦʨʤʳ. 
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ʭʣʘʜʦʩʪʦʡʢʠʝ ʩʪʘʣʠ ʩ ʚʳʩʦʢʦʡ ʧʨʦʯʥʦʩʪʴʶ, ʨʘʙʦʪʘʶʱʠʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʥʠʞʝ ï30Áʉ. 

ʆʩʥʦʚʥʳʤʠ ʣʝʛʠʨʫʶʱʠʤʠ ʵʣʝʤʝʥʪʘʤʠ ʚ ʩʪʘʣʠ ʷʚʣʷʶʪʩʷ Cr, Mn, Ni. ɼʦʧʦʣʥʠʪʝʣʴʥʦ, ʚ 

ʩʦʩʪʘʚ ʭʣʘʜʦʩʪʦʡʢʠʭ ʩʪʘʣʝʡ ʤʦʛʫʪ ʙʳʪʴ ʚʚʝʜʝʥʳ ʥʝʙʦʣʴʰʠʝ ʜʦʙʘʚʢʠ Si, Mo, V ʠ ʜʨ., 

ʩʫʱʝʩʪʚʝʥʥʦ ʧʦʚʳʰʘʶʱʠʝ ʧʨʦʯʥʦʩʪʴ ʩʪʘʣʠ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ [1, 2]. ɹʦʣʝʝ 

ʚʩʝʛʦ ʩʪʘʣʴ ʦʭʨʫʧʯʠʚʘʶʪ ʧʨʠʤʝʩʠ S ʠ P, ʘ ʪʘʢʞʝ ʉ, ʧʦʵʪʦʤʫ ʜʣʷ ʧʨʘʢʪʠʢʠ ʙʦʣʴʰʦʡ 

ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʶʪ ʥʠʟʢʦʫʛʣʝʨʦʜʠʩʪʳʝ ʣʝʛʠʨʦʚʘʥʥʳʝ ʩʪʘʣʠ ʩ ʤʘʣʳʤ ʩʦʜʝʨʞʘʥʠʝʤ S 

ʠ P. 

ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚʚʝʜʝʥʠʝ ʜʦʙʘʚʦʢ ʘʟʦʪʘ ʚ ʩʪʘʣʴ ʫʤʝʥʴʰʘʝʪ ʭʨʫʧʢʦʩʪʴ ʠ 

ʫʚʝʣʠʯʠʚʘʝʪ ʭʣʘʜʦʩʪʦʡʢʦʩʪʴ. ʈʘʩʪʚʦʨʠʤʦʩʪʴ ʘʟʦʪʘ ʚ ʩʪʘʣʠ ʧʨʠ ʘʪʤʦʩʬʝʨʥʦʤ ʜʘʚʣʝʥʠʠ 

ʥʝ ʧʨʝʚʳʰʘʝʪ 0,3 ʤʘʩʩ. %. ʂʦʨʨʦʟʠʦʥʥʦʩʪʦʡʢʠʝ ʩʪʘʣʠ ʤʘʨʪʝʥʩʠʪʥʦʛʦ (ʩ ʩʦʜʝʨʞʘʥʠʝʤ 

ʘʟʦʪʘ ʜʦ 0,1%) ʠ ʘʫʩʪʝʥʠʪʦ-ʤʘʨʪʝʥʩʠʪʥʦʛʦ ʢʣʘʩʩʦʚ (ʩ ʩʦʜʝʨʞʘʥʠʝʤ ʘʟʦʪʘ ʜʦ 0,15%) 

ʚʳʧʣʘʚʣʷʶʪ ʚ ʦʪʢʨʳʪʳʭ ʠʥʜʫʢʮʠʦʥʥʳʭ ʠʣʠ ʜʫʛʦʚʳʭ ʧʝʯʘʭ ʧʨʠ ʘʪʤʦʩʬʝʨʥʦʤ ʜʘʚʣʝʥʠʠ. 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʙʦʣʝʝ ʚʳʩʦʢʦʛʦ ʩʦʜʝʨʞʘʥʠʷ ʘʟʦʪʘ ʨʘʟʨʘʙʦʪʘʥʦ ʥʦʚʦʝ ʦʙʦʨʫʜʦʚʘʥʠʝ, 

ʧʦʟʚʦʣʷʶʱʝʝ ʧʨʦʚʦʜʠʪʴ ʧʣʘʚʢʫ ʧʦʜ ʜʘʚʣʝʥʠʝʤ ʘʟʦʪʘ [3, 4]. ɼʣʷ ʚʚʝʜʝʥʠʷ ʘʟʦʪʘ ʚ ʩʪʘʣʴ 

ʠʩʧʦʣʴʟʫʶʪ, ʢʘʢ ʧʨʘʚʠʣʦ, ʛʘʟʦʦʙʨʘʟʥʳʡ ʘʟʦʪ ʠʣʠ ʘʟʦʪʩʦʜʝʨʞʘʱʫʶ ʣʠʛʘʪʫʨʫ (ʥʠʪʨʠʜʳ 

ʤʝʪʘʣʣʦʚ ʠʣʠ ʘʟʦʪʠʨʦʚʘʥʥʳʝ ʬʝʨʨʦʩʧʣʘʚʳ). ʀʟʚʝʩʪʝʥ ʧʦʜʭʦʜ, ʠʩʧʦʣʴʟʫʶʱʠʡ 

ʘʣʶʤʠʥʦʪʝʨʤʠʶ ʧʦʜ ʜʘʚʣʝʥʠʝʤ ʘʟʦʪʘ ʠ ʩ ʜʦʙʘʚʢʘʤʠ ʘʟʦʪʩʦʜʝʨʞʘʱʝʡ ʣʠʛʘʪʫʨʳ [5]. ɼʣʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʙʘʟʦʚʳʡ ʩʦʩʪʘʚ, ʮʝʣʝʚʳʤ ʧʨʦʜʫʢʪʦʤ 

ʭʠʤʠʯʝʩʢʦʛʦ ʧʨʝʚʨʘʱʝʥʠʷ ʢʦʪʦʨʦʛʦ ʷʚʣʷʝʪʩʷ ʣʝʛʠʨʦʚʘʥʥʘʷ ʩʪʘʣʴ (ʪʘʙʣʠʮʘ 1). 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʘʟʦʪʠʨʦʚʘʥʥʦʡ ʩʪʘʣʠ ʚ ʙʘʟʦʚʫʶ ʩʤʝʩʴ ʚʚʦʜʠʣʠ ʜʦʙʘʚʢʫ, 

ʚʢʣʶʯʘʶʱʫʶ ʢʦʤʙʠʥʘʮʠʶ Cr2N ʠ Cr: ɹʉ + X (Cr) +Y (Cr2N). ɺʘʨʠʘʮʠʷ ʩʦʦʪʥʦʰʝʥʠʷ 
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ʤʘʩʩ Cr2N ʠ Cr ʧʦʟʚʦʣʷʣʘ ʠʟʤʝʥʷʪʴ ʩʦʜʝʨʞʘʥʠʝ ʘʟʦʪʘ ʚ ʩʪʘʣʠ, ʩʦʭʨʘʥʷʷ ʩʦʜʝʨʞʘʥʠʝ 

ʭʨʦʤʘ ʧʦʩʪʦʷʥʥʳʤ.  

 

ʊʘʙʣʠʮʘ 1. ʈʘʩʯʝʪʥʳʡ ʩʦʩʪʘʚ ʙʘʟʦʚʦʡ ʩʤʝʩʠ (ɹʉ) ʠ ʩʪʘʣʠ ʠʟ ʥʝʛʦ 

ɹʘʟʦʚʘʷ ʩʤʝʩʴ, ʤʘʩʩ.%  ʉʦʩʪʘʚ ʩʪʘʣʠ, ʤʘʩʩ.%  

Fe2O3 Al  MnO2 NiO MoO3 V2O5 SiO2 Fe Mn Ni Mo V Si 

51.3 25.7 14.7 6.8 0.7 0.3 0.5 70.0 18.3 10.0 1.0 0.3 0.4 

 

ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʙʳʣʦ ʠʟʫʯʝʥʦ ʚʣʠʷʥʠʝ ʧʝʨʝʛʨʫʟʢʠ (ʘ) ʥʘ ʛʦʨʝʥʠʝ ʩʤʝʩʠ  

Fe2O3/MnO/NiO/MoO3/V2O5/SiO2/Al /Cr, ʮʝʣʝʚʳʤ ʧʨʦʜʫʢʪʦʤ ʭʠʤʠʯʝʩʢʦʛʦ ʧʨʝʚʨʘʱʝʥʠʷ 

ʢʦʪʦʨʦʡ ʷʚʣʷʝʪʩʷ ʩʪʘʣʴ, ʣʝʛʠʨʦʚʘʥʥʘʷ Cr, Mn, Ni, Mo, V ʠ Si. ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʦʢʘʟʘʣʦ, 

ʯʪʦ ʧʨʠ 1g ʛʦʨʝʥʠʝ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʩʠʣʴʥʳʤ ʨʘʟʙʨʦʩʦʤ ʩʤʝʩʠ, ʘ ʧʝʨʝʛʨʫʟʢʘ ʧʦʜʘʚʣʷʝʪ 

ʨʘʟʙʨʦʩ. ʇʨʦʜʫʢʪʳ ʛʦʨʝʥʠʷ ï  ʩʪʘʣʴ ʠ ʰʣʘʢ ï ʠʤʝʶʪ ʣʠʪʦʡ ʚʠʜ. 

ʇʨʠ a = 1g ʦʥʠ ʧʣʦʭʦ ʨʘʟʜʝʣʷʶʪʩʷ, ʘ ʧʨʠ a = 50g ï ʨʘʟʜʝʣʝʥʳ ʥʘ 2 ʩʣʦʷ ʠ 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʤʝʶʪ ʩʮʝʧʣʝʥʠʷ. ɺ ʜʘʣʴʥʝʡʰʝʤ ʚʩʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠ ʧʨʠ 

ʧʝʨʝʛʨʫʟʢʝ, ʘ = 50g. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚʦ ʚʩʝʭ ʠʟʫʯʝʥʥʳʭ ʠʥʪʝʨʚʘʣʘʭ ʢʦʥʮʝʥʪʨʘʮʠʡ Cr 

ʠ Cr2N ʩʤʝʩʠ ʩʦʭʨʘʥʷʶʪ ʩʧʦʩʦʙʥʦʩʪʴ ʢ ʛʦʨʝʥʠʶ, ɖ1 ʠ ɖ2 ʩʣʘʙʦ ʠʟʤʝʥʷʶʪʩʷ, ʘ ʧʨʦʜʫʢʪʳ 

ʛʦʨʝʥʠʷ ʭʦʨʦʰʦ ʨʘʟʜʝʣʷʶʪʩʷ. 

ɺ ʦʩʥʦʚʥʦʡ ʩʝʨʠʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʙʳʣʦ ʠʟʫʯʝʥʦ ʚʣʠʷʥʠʝ ʩʦʜʝʨʞʘʥʠʷ Cr2N ʥʘ 

ʠʥʪʝʛʨʘʣʴʥʳʡ ʭʠʤʠʯʝʩʢʠʡ (ʨʠʩʫʥʦʢ 1) ʠ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚʳ ʩʪʘʣʠ (ʨʠʩʫʥʦʢ 2), ʩʪʨʫʢʪʫʨʫ 

ʩʪʘʣʠ (ʨʠʩʫʥʦʢ 3). 

 

ʈʠʩ. 1. ɺʣʠʷʥʠʝ ʩʦʜʝʨʞʘʥʠʷ Cr2N ʥʘ ʠʥʪʝʛʨʘʣʴʥʳʡ ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʩʪʘʣʠ. ʀʩʭʦʜʥʘʷ 

ʩʤʝʩʴ: X (Fe2O3/MnO/NiO/MoO3/V2O5/SiO2/Al ) + Y Cr+ Z Cr2N, ʛʜʝ Ŭ Cr2N = m(Cr2N) / 

m(Cr2N) + m(Cr) 100% 

 

-2 0 2 4 6 8 10 12 14

0,0

0,5

1,0

1,5

2,0

10

20

30

40

50

Cr
2
N

Fe

Cr

V
N

Si

Mo

Mn

Ni

a,% 



45 

 

 

ʈʠʩ. 2. ʈʝʥʪʛʝʥʦʛʨʘʤʤʘ ʩʪʘʣʠ. ʀʩʭʦʜʥʘʷ ʩʤʝʩʴ: ɹʉ ï 88,3; ʍ ï 5,0; Y ï 6,7 

 
 

 

   

   
ʈʠʩ. 3. ʂʘʨʪʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʦʩʥʦʚʥʳʭ ʵʣʝʤʝʥʪʦʚ ʚ ʩʪʘʣʠ. ʀʩʭʦʜʥʘʷ ʩʤʝʩʴ: ɹʉ ï 88,3;  

ʍ ï 5,0; Y ï 6,7 

 

ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʩ ʨʦʩʪʦʤ ʩʦʜʝʨʞʘʥʠʷ Cr2N ʚ ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ (Y) 

ʩʦʜʝʨʞʘʥʠʝ ʘʟʦʪʘ ʚ ʩʪʘʣʠ ʚ ʥʘʯʘʣʝ ʚʦʟʨʘʩʪʘʝʪ ʜʦ 0,3 ï 0,4 ʤʘʩʩ.%, ʜʘʣʝʝ ï ʥʝ ʤʝʥʷʝʪʩʷ 
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(ʨʠʩʫʥʦʢ 1). ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩʦʜʝʨʞʘʥʠʝ N ʜʣʷ Y Ó 3,4 ʠ Mn ʜʣʷ 0 Ò Y Ò 13,3 ʚ 

ʩʪʘʣʠ, ʧʦʣʫʯʝʥʥʦʝ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ (ʨʠʩʫʥʦʢ 1), ʩʫʱʝʩʪʚʝʥʥʦ ʤʝʥʴʰʝ ʨʘʩʯʝʪʥʳʭ 

ʟʥʘʯʝʥʠʡ (ʪʘʙʣʠʮʘ 2). ʉʦʜʝʨʞʘʥʠʝ ʚʩʝʭ ʜʨʫʛʠʭ ʵʣʝʤʝʥʪʦʚ ʚ ʩʪʘʣʠ ʠʟʤʝʥʷʝʪʩʷ ʩʣʘʙʦ ʠ 

ʙʣʠʟʢʦ ʢ ʨʘʩʯʝʪʥʳʤ ʟʥʘʯʝʥʠʷʤ. ʇʦ ʜʘʥʥʳʤ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ ʩʪʘʣʴ ʠʤʝʝʪ 

ʨʝʰʝʪʢʫ ɔ-Fe (ʨʠʩʫʥʦʢ 2). ʉʤʝʱʝʥʠʝ ʧʠʢʦʚ ʠ ʠʭ ʫʰʠʨʝʥʠʝ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ 

ʨʘʩʪʚʦʨʝʥʠʠ ʣʝʛʠʨʫʶʱʠʭ ʵʣʝʤʝʥʪʦʚ ʚ ɔ-Fe. 

ʀʩʭʦʜʷ ʠʟ ʧʨʝʜʩʪʘʚʣʝʥʠʡ, ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʨʘʥʝʝ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʉɺʉ-

ʤʝʪʘʣʣʫʨʛʠʠ, ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʩʣʝʜʫʶʱʫʶ ʜʠʥʘʤʠʢʫ ʧʨʦʮʝʩʩʦʚ ʧʦʣʫʯʝʥʠʷ 

ʘʟʦʪʠʨʦʚʘʥʥʦʡ ʩʪʘʣʠ. ɺʦ ʬʨʦʥʪʝ ʛʦʨʝʥʠʷ ʩʤʝʩʠ 

Fe2O3/MnO/NiO/MoO3/V2O5/SiO2/Al /Cr/Cr2N ʧʨʦʪʝʢʘʝʪ ʭʠʤʠʯʝʩʢʦʝ ʧʨʝʚʨʘʱʝʥʠʝ. 

ʇʨʦʜʫʢʪʘʤʠ ʭʠʤʠʯʝʩʢʦʛʦ ʧʨʝʚʨʘʱʝʥʠʷ ʷʚʣʷʶʪʩʷ ʩʪʘʣʴ Fe/Cr/Mn/Ni/Mo/V/Si/N ʠ ʰʣʘʢ 

(Al 2O3). ɺʳʩʦʢʠʡ ʪʝʧʣʦʚʦʡ ʵʬʬʝʢʪ ʨʝʘʢʮʠʠ ʧʦʟʚʦʣʷʝʪ ʨʝʘʣʠʟʦʚʘʪʴ ʪʝʤʧʝʨʘʪʫʨʫ 

ʛʦʨʝʥʠʷ, ʧʨʝʚʳʰʘʶʱʫʶ ʪʝʤʧʝʨʘʪʫʨʫ ʧʣʘʚʣʝʥʠʷ ʩʪʘʣʠ ʠ ʰʣʘʢʘ. ʀʟ ʨʘʩʧʣʘʚʘ ʧʨʦʜʫʢʪʦʚ 

ʛʦʨʝʥʠʷ ʬʦʨʤʠʨʫʝʪʩʷ ʜʚʫʭʬʘʟʥʳʡ ʨʘʩʧʣʘʚ, ʚ ʢʦʪʦʨʦʤ ʰʣʘʢ ʦʙʨʘʟʫʝʪ ʩʧʣʦʰʥʫʶ ʩʨʝʜʫ, 

ʘ ʩʪʘʣʴ ʨʘʩʧʨʝʜʝʣʝʥʘ ʚ ʥʝʤ ʚ ʚʠʜʝ ʢʘʧʝʣʴ. ʇʦ ʤʝʨʝ ʧʝʨʝʤʝʱʝʥʠʷ ʬʨʦʥʪʘ ʛʦʨʝʥʠʷ ʚʳʩʦʪʘ 

ʩʣʦʷ ʨʘʩʧʣʘʚʘ ʫʚʝʣʠʯʠʚʘʝʪʩʷ. ɺ ʩʣʦʝ ʬʦʨʤʠʨʫʝʪʩʷ ʛʨʘʜʠʝʥʪ ʪʝʤʧʝʨʘʪʫʨʳ. ʇʦ ʵʪʦʡ 

ʧʨʠʯʠʥʝ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʛʨʘʚʠʪʘʮʠʠ (ʠʣʠ ʧʝʨʝʛʨʫʟʢʠ) ʨʘʟʚʠʚʘʝʪʩʷ ʛʨʘʚʠʪʘʮʠʦʥʥʘʷ 

ʢʦʥʚʝʢʮʠʷ. ʉʢʦʨʦʩʪʴ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʜʚʠʞʝʥʠʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʯʠʩʣʦʤ ɻʨʘʩʛʦʬʘ. 

ʉʦʛʣʘʩʥʦ ʢʨʠʪʝʨʠʶ, ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʛʨʘʜʠʝʥʪʘ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʚʝʣʠʯʠʥʳ ʧʝʨʝʛʨʫʟʢʠ 

ʩʢʦʨʦʩʪʴ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʜʚʠʞʝʥʠʷ ʚʦʟʨʘʩʪʘʝʪ. ʂʦʥʚʝʢʪʠʚʥʦʝ ʜʚʠʞʝʥʠʝ ʥʘʜ ʬʨʦʥʪʦʤ 

ʛʦʨʝʥʠʷ ʧʨʠʚʦʜʠʪ ʢ ʠʥʪʝʥʩʠʚʥʦʤʫ ʧʝʨʝʤʝʰʠʚʘʥʠʶ ʨʘʩʧʣʘʚʘ, ʫʚʝʣʠʯʝʥʠʶ ʧʦʣʥʦʪʳ 

ʭʠʤʠʯʝʩʢʦʛʦ ʧʨʝʚʨʘʱʝʥʠʷ ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ ʠ ʬʦʨʤʠʨʦʚʘʥʠʶ ʦʜʥʦʨʦʜʥʦʛʦ ʩʦʩʪʘʚʘ 

ʧʨʦʜʫʢʪʦʚ ʛʦʨʝʥʠʷ (ʢʘʧʝʣʴ ʩʪʘʣʠ ʠ ʰʣʘʢʘ).   

ʇʦʩʣʝ ʟʘʚʝʨʰʝʥʠʷ ʛʦʨʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʜʚʠʞʝʥʠʷ ʩʥʠʞʘʝʪʩʷ ʠ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʛʨʘʚʠʪʘʮʠʦʥʥʘʷ ʩʝʧʘʨʘʮʠʷ ʧʨʦʜʫʢʪʦʚ ʛʦʨʝʥʠʷ. ɺ ʦʧʪʠʤʘʣʴʥʳʭ 

ʫʩʣʦʚʠʷʭ ʧʦʣʥʦʪʘ ʛʨʘʚʠʪʘʮʠʦʥʥʦʡ ʩʝʧʘʨʘʮʠʠ ʙʣʠʟʢʘ ʢ ʨʘʩʯʝʪʥʦʡ, ʠ ʧʦʩʣʝ ʦʭʣʘʞʜʝʥʠʷ ʠ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʬʦʨʤʠʨʫʝʪʩʷ ʜʚʫʭʩʣʦʡʥʳʡ ʧʨʦʜʫʢʪ ï  ʩʪʘʣʴ ʠ ʰʣʘʢ. 

ʃʠʪʝʨʘʪʫʨʘ 

[1] ʖ.ɸ ʐʫʣʴʪʝ, ʍʣʘʜʥʦʩʪʦʡʢʠʝ ʩʪʘʣʠ, ʄʦʩʢʚʘ, ʄʝʪʘʣʣʫʨʛʠʷ, 1970, ʩ. 223.  

[2] ɺ.ʇ. ʃʘʨʠʦʥʦʚ, ɺ.ʈ. ʂʫʟʴʤʠʥ, ʆ.ʀ. ʉʣʝʧʮʦʚ, ɸ.ʄ. ɹʦʣʴʰʘʢʦʚ ʠ ʜʨ., 

ʍʣʘʜʦʩʪʦʡʢʦʩʪʴ ʤʘʪʝʨʠʘʣʦʚ ʠ ʵʣʝʤʝʥʪʦʚ ʢʦʥʩʪʨʫʢʮʠʡ: ʈʝʟʫʣʴʪʘʪʳ ʠ ʧʝʨʩʧʝʢʪʠʚʳ. 

ʇʨʦʯʥʦʩʪʴ, ʨʝʩʫʨʩ ʠ ʜʠʘʛʥʦʩʪʠʢʘ ʵʣʝʤʝʥʪʦʚ ʤʝʪʘʣʣʦʢʦʥʩʪʨʫʢʮʠʡ, ʅʦʚʦʩʠʙʠʨʩʢ, 

ʅʘʫʢʘ, 2005, ʩ. 290.  



47 

 

[3] ʉ.ɸ. ʂʨʳʣʦʚ, ɸ.ɻ. ɽʚʛʝʥʦʚ, ɸ.ʀ. ʑʝʨʙʘʢʦʚ, ɸ.ɸ. ʄʘʢʘʨʦʚ, ʊʨʫʜʳ ɺʀɸʄ, 41(5), 

(2016) 1. 

[4] ʎ.ɺ. ʈʘʰʝʚ, ɺʳʩʦʢʦʘʟʦʪʠʩʪʳʝ ʩʪʘʣʠ. ʄʝʪʘʣʣʫʨʛʠʷ ʧʦʜ ʜʘʚʣʝʥʠʝʤ, ʉʦʬʠʷ, ʇʨʦʬ. 

ʄʘʨʠʥ ɼʨʠʥʦʚ, 1995, ʩ.272. 

[5] ʀ.ɺ. ʉʘʧʝʛʠʥʘ, ɻ.ɸ. ɼʦʨʦʬʝʝʚ, ʄ.ʀ. ʄʦʢʨʫʰʠʥʘ, ɹ.ɽ. ʇʫʰʢʘʨʝʚ, ɺ.ʀ. ʃʘʜʴʷʥʦʚ. 

ʇʠʩʴʤʘ ʦ ʤʘʪʝʨʠʘʣʘʭ, 7(2), (2017) 137. 

 

  

https://elibrary.ru/author_items.asp?authorid=643236
https://elibrary.ru/author_items.asp?authorid=503662
https://elibrary.ru/contents.asp?id=34235375


48 

 

DOI:10.30826/ISMAN2019-08 

 

ʀʉʉʃɽɼʆɺɸʅʀɽ ʉʊɸɹʀʃʔʅʆʉʊʀ ʉʊʈʋʂʊʋʈʓ ʀ ʌɸɿʆɺʆɻʆ 

ʉʆʉʊɸɺɸ ɺʓʉʆʂʆʕʅʊʈʆʇʀʁʅʓʍ ʉʇʃɸɺʆɺ FeNiCoCrX, ɻɼɽ 

X = Mn, Ti, Al ʇʈʀ ʊɽʄʇɽʈɸʊʋʈɸʍ ɼʆ 1000ᴈ 

ɼ.ʖ. ʂʦʚʘʣʝʚ*1, ʅ.ɸ. ʂʦʯʝʪʦʚ1, ɸ.ʉ. ʈʦʛʘʯʝʚ1, A. Fourmont2 

1ʌʝʜʝʨʘʣʴʥʦʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʙʶʜʞʝʪʥʦʝ ʫʯʨʝʞʜʝʥʠʝ ʥʘʫʢʠ ʀʥʩʪʠʪʫʪ ʩʪʨʫʢʪʫʨʥʦʡ ʤʘʢʨʦʢʠʥʝʪʠʢʠ ʠ 

ʧʨʦʙʣʝʤ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʠʤ. ɸ.ɻ. ʄʝʨʞʘʥʦʚʘ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ, ʏʝʨʥʦʛʦʣʦʚʢʘ, ʈʦʩʩʠʷ 
2 Laboratoire ICB, CNRS/Universit® Bourgogne Franche Comt®, Dijon. France 

 

*kovalev@ism.ac.ru 

ɺʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʝ ʩʧʣʘʚʳ (ɺʕʉ), ʩʦʜʝʨʞʘʱʠʝ ʥʝ ʤʝʥʝʝ 5 ʵʣʝʤʝʥʪʦʚ ʚ 

ʵʢʚʠʘʪʦʤʥʦʤ ʩʦʦʪʥʦʰʝʥʠʠ, ʦʙʨʘʟʫʶʪ ʬʘʟʳ ʥʘ ʦʩʥʦʚʝ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʟʘʤʝʱʝʥʠʷ ʩ 

bcc ʠʣʠ fcc ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ. ʌʦʨʤʠʨʦʚʘʥʠʝ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʟʘʤʝʱʝʥʠʷ 

ʩ ʧʨʦʩʪʳʤʠ ʩʪʨʫʢʪʫʨʥʳʤʠ ʪʠʧʘʤʠ ʩʪʘʥʦʚʠʪʩʷ ʚʦʟʤʦʞʥʳʤ ʙʣʘʛʦʜʘʨʷ ʚʳʩʦʢʠʤ 

ʟʥʘʯʝʥʠʷʤ ʵʥʪʨʦʧʠʠ ʩʤʝʰʝʥʠʷ Smix > 13 ɼʞ/ʤʦʣʴÅʂ ʚ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ 

ʵʢʚʠʘʪʦʤʥʳʭ ʩʧʣʘʚʘʭ, ʢʦʪʦʨʘʷ ʧʦʥʠʞʘʝʪ ʩʚʦʙʦʜʥʫʶ ʵʥʝʨʛʠʶ ʩʠʩʪʝʤʳ. 

ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʨʝʰʝʪʢʘ ɺʕʉ ʥʘ ʦʩʥʦʚʝ ʘʪʦʤʦʚ ʨʘʟʥʦʨʦʜʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʠʤʝʶʱʠʭ 

ʨʘʟʣʠʯʥʦʝ ʵʣʝʢʪʨʦʥʥʦʝ ʩʪʨʦʝʥʠʝ ʠ ʘʪʦʤʥʳʝ ʨʘʜʠʫʩʳ, ʩʫʱʝʩʪʚʝʥʥʦ ʠʩʢʘʞʝʥʘ. 

ɺʩʣʝʜʩʪʚʠʝ ʵʪʦʛʦ ɺʕʉ ʦʙʣʘʜʘʶʪ ʚʳʩʦʢʠʤʠ ʧʦʢʘʟʘʪʝʣʷʤʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ. ɼʣʷ 

ʥʠʭ ʭʘʨʘʢʪʝʨʥʳ ʩʦʯʝʪʘʥʠʝ ʧʨʦʯʥʦʩʪʠ ʠ ʧʣʘʩʪʠʯʥʦʩʪʠ, ʚʳʩʦʢʘʷ ʪʚʝʨʜʦʩʪʴ ʠ 

ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ. ʄʥʦʛʠʝ ɺʕʉ ʧʦ ʞʘʨʦʩʪʦʡʢʦʩʪʠ ʠ ʞʘʨʦʧʨʦʯʥʦʩʪʠ ʢʦʥʢʫʨʠʨʫʶʪ ʩʦ 

ʩʧʣʘʚʘʤʠ ʩʧʝʮʠʘʣʴʥʦʛʦ ʥʘʟʥʘʯʝʥʠʷ. ɺʳʩʦʢʠʡ ʫʨʦʚʝʥʴ ʧʨʦʯʥʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʨʠ 

ʧʦʚʳʰʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʚʦʟʤʦʞʥʦʩʪʴ ʜʠʩʧʝʨʩʠʦʥʥʦʛʦ ʫʧʨʦʯʥʝʥʠʷ ʜʝʣʘʶʪ 

ʧʨʠʚʣʝʢʘʪʝʣʴʥʳʤ ʧʨʠʤʝʥʝʥʠʝ ɺʕʉ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʠʟʜʝʣʠʷʭ, ʵʢʩʧʣʫʘʪʠʨʫʝʤʳʭ 

ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ɺʕʉ ʪʨʘʜʠʮʠʦʥʥʦ ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʠʝ ʤʝʪʦʜʳ. ʄʝʥʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥ ʤʝʪʦʜ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʩʧʣʘʚʣʝʥʠʷ ʧʨʠ 

ʚʩrʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʝ (ɺʕʄʆ) ʧʦʨʦʰʢʦʚʦʡ ʤʥʦʛʦʵʣʝʤʝʥʪʥʦʡ ʩʤʝʩʠ. 

ɹʦʣʴʰʦʝ ʚʥʠʤʘʥʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʧʨʠʚʣʝʢʘʝʪ ʩʝʤʝʡʩʪʚʦ ɺʕʉ ʥʘ ʦʩʥʦʚʝ 3d ï 

ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʩʦʩʪʘʚʘ FeNiCoCrX, ʛʜʝ X = Al , Ti, Cu, V ʠʣʠ Mn [1-5]. ʆʙʱʠʤ 

ʷʜʨʦʤ ʵʪʦʛʦ ʩʝʤʝʡʩʪʚʘ ʷʚʣʷʝʪʩʷ ʯʝʪʳʨʝʭʢʦʤʧʦʥʝʥʪʥʳʡ ʪʚʝʨʜʳʡ ʨʘʩʪʚʦʨ CoCrFeNi ʩ fcc 

ʩʪʨʫʢʪʫʨʦʡ, ʢʦʪʦʨʳʡ ʩʯʠʪʘʝʪʩʷ ʪʝʨʤʠʯʝʩʢʠ ʩʪʘʙʠʣʴʥʦʡ ʬʘʟʦʡ ʚ ʙʦʣʴʰʠʥʩʪʚʝ 

ʧʫʙʣʠʢʘʮʠʡ [6, 7]. ʆʜʥʘʢʦ, ʥʝʜʘʚʥʦ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʵʪʘ ʬʘʟʘ ʷʚʣʷʝʪʩʷ 

ʤʝʪʘʩʪʘʙʠʣʴʥʦʡ ʠ ʥʘʯʠʥʘʝʪ ʨʘʩʧʘʜʘʪʴʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 750Á ʉ [8]. ʀʩʩʣʝʜʦʚʘʥʠʝ 
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ʩʪʘʙʠʣʴʥʦʩʪʠ ɺʕɸ ʧʨʠ ʧʦʚʳʰʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʷʚʣʷʝʪʩʷ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ, ʨʝʰʝʥʠʝ ʢʦʪʦʨʦʡ ʠʤʝʝʪ ʢʣʶʯʝʚʦʝ ʟʥʘʯʝʥʠʝ ʜʣʷ ʩʦʟʜʘʥʠʷ ʥʦʚʳʭ 

ʤʘʪʝʨʠʘʣʦʚ. ʎʝʣʴ ʨʘʙʦʪʳ ʩʦʩʪʦʷʣʘ ʚ ʠʩʩʣʝʜʦʚʘʥʠʠ ʵʚʦʣʶʮʠʠ ʩʪʨʫʢʪʫʨʳ ʠ ʬʘʟʦʚʦʛʦ 

ʩʦʩʪʘʚʘ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʭ ʧʦʨʦʰʢʦʚʳʭ ʩʧʣʘʚʦʚ ʥʘ ʦʩʥʦʚʝ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ 

ʩʠʩʪʝʤ FeNiCoCrMn ʠ FeNiCoCrTi, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ɺʕʄʆ. 

ɺʕʉ ʧʦʣʫʯʘʣʠ ʤʝʪʦʜʦʤ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʩʤʝʩʝʡ 

ʧʦʨʦʰʢʦʚ 5 ʵʣʝʤʝʥʪʦʚ Fe-Ni-Co-Cr-ʍ, ʛʜʝ X=Mn, Ti, Al  ʚʟʷʪʳʭ ʚ ʵʢʚʠʘʪʦʤʥʦʤ 

ʩʦʦʪʥʦʰʝʥʠʠ. ʆʙʨʘʙʦʪʢʘ ʧʨʦʚʦʜʠʣʘʩʴ ʚ ʰʘʨʦʚʦʡ ʧʣʘʥʝʪʘʨʥʦʡ ʤʝʣʴʥʠʮʝ çɸʢʪʠʚʘʪʦʨ-

2Sè. ʉʢʦʨʦʩʪʴ ʚʨʘʱʝʥʠʷ ʧʣʘʥʝʪʘʨʥʦʛʦ ʜʠʩʢʘ ʩʦʩʪʘʚʣʷʣʘ 700 ʦʙ/ʤʠʥ, ʙʘʨʘʙʘʥʦʚ ï 1400 

ʦʙ/ʤʠʥ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʩʪʘʙʠʣʴʥʦʩʪʠ ɺʕʉ ʧʨʦʚʦʜʠʣʠ ʤʝʪʦʜʦʤ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ 

ʨʝʥʪʛʝʥʦʛʨʘʬʠʠ ʚ ʠʥʪʝʨʚʘʣʝ 25ï1000Á ʉ. ʅʘʛʨʝʚ ʚʝʣʠ ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʧʨʠʩʪʘʚʢʝ 

ʅʊʂ2000 çAnton Paarè ʢ ʜʠʬʨʘʢʪʦʤʝʪʨʫ ARL`XTRA, ʠʟʣʫʯʝʥʠʝ CuKŬ. ʇʦʨʦʰʢʦʚʳʡ 

ʩʧʣʘʚ ʩʣʦʝʤ ʪʦʣʱʠʥʦʡ ʦʢʦʣʦ 100 ʤʢʤ ʥʘʥʦʩʠʣʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʚʦʣʴʬʨʘʤʦʚʦʛʦ 

ʥʘʛʨʝʚʘʪʝʣʷ. ɼʣʷ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʠʟʤʝʨʝʥʠʡ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʪʝʨʤʦʧʘʨʘ ɺʈ5/20. ʅʘʛʨʝʚ 

ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʚ ʚʘʢʫʫʤʝ 2Ö10-3 ʇʘ. ʇʨʠ ʤʘʢʩʠʤʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 1000Á ʉ ʦʩʪʘʪʦʯʥʦʝ 

ʜʘʚʣʝʥʠʝ ʚ ʢʘʤʝʨʝ ʩʦʩʪʘʚʣʷʣʦ 8Ö10-3 ʇʘ. ʈʝʛʠʩʪʨʘʮʠʶ ʨʝʥʪʛʝʥʦʛʨʘʤʤ ʧʨʦʚʦʜʠʣʠ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ 25ÁC, 600ÁC, 800ÁC ʠ 1000Áʉ. ʅʘʛʨʝʚ ʜʦ ʪʝʤʧʝʨʘʪʫʨ ʠʟʦʪʝʨʤʠʯʝʩʢʦʡ 

ʚʳʜʝʨʞʢʠ ʚʝʣʠ ʩʦ ʩʢʦʨʦʩʪʴʶ 100 ʛʨʘʜ/ʤʠʥ. ʇʦʩʣʝ ʜʦʩʪʠʞʝʥʠʷ ʟʘʜʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ 

ʩʣʝʜʦʚʘʣʘ ʚʳʜʝʨʞʢʘ ʚ ʪʝʯʝʥʠʝ 4 ʤʠʥʫʪ. ɼʘʣʝʝ ʧʨʦʚʦʜʠʣʠ ʩʲʝʤʢʫ ʨʝʥʪʛʝʥʦʛʨʘʤʤ ʩ 

ʰʘʛʦʤ 0.02Á ʠ ʚʨʝʤʝʥʝʤ ʥʘʙʦʨʘ 2 ʩʝʢʫʥʜʳ ʚ ʪʦʯʢʝ. ʈʌɸ ʧʦʨʦʰʢʦʚ ʜʦ ʠ ʧʦʩʣʝ ɺʕʄʆ, ʘ 

ʪʘʢʞʝ ʧʦʩʣʝ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʧʨʦʚʦʜʠʣʩʷ ʥʘ ʜʠʬʨʘʢʪʦʤʝʪʨʘʭ ɼʈʆʅ-3ʄ 

ʥʘ ʠʟʣʫʯʝʥʠʷʭ CrKŬ ʠ FeKŬ. ɼʣʷ ʧʨʝʮʠʟʠʦʥʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ 

ʷʯʝʡʢʠ ʧʦʩʣʝ ʦʪʞʠʛʘ ʚ ʠʩʩʣʝʜʫʝʤʳʡ ʩʧʣʘʚ ʜʦʙʘʚʣʷʣʩʷ ʵʪʘʣʦʥ Si (NIST SRM 640D). 

ʉʧʣʘʚ FeNiCoCrMn 

ʈʌɸ ʩʧʣʘʚʘ FeNiCoCrMn ʧʦʩʣʝ ɺʕʄʆ ʧʦʢʘʟʘʣ, ʯʪʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʙʨʘʙʦʪʢʠ 

ʬʦʨʤʠʨʫʝʪʩʷ ʦʜʥʦʬʘʟʥʳʡ ʪʚʝʨʜʳʡ ʨʘʩʪʚʦʨ ʥʘ ʦʩʥʦʚʝ fcc ʩʪʨʫʢʪʫʨʳ. ɼʠʬʨʘʢʮʠʦʥʥʳʝ 

ʣʠʥʠʠ ʩʧʣʘʚʘ ʩʫʱʝʩʪʚʝʥʥʦ ʫʰʠʨʝʥʳ (ʨʠʩʫʥʦʢ 1ʙ), ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʚʳʩʦʢʦʡ 

ʩʪʝʧʝʥʠ ʜʝʬʝʢʪʥʦʩʪʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʘ ʧʦʩʣʝ ɺʕʄʆ. 

ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʨʝʥʪʛʝʥʦʛʨʘʤʤ (ʨʠʩʫʥʦʢ 2) ʧʨʠ ʥʘʛʨʝʚʝ ʠʩʩʣʝʜʫʝʤʦʛʦ 

ʤʘʪʝʨʠʘʣʘ ʦʪʦʙʨʘʞʝʥʘ ʚ ʚʠʜʝ ʧʦʣʷ, ʛʜʝ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʣʠʥʠʠ 

ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʩʪʝʧʝʥʠ ʧʦʯʝʨʥʝʥʠʷ. ʉʣʝʚʘ ʧʨʠʚʝʜʝʥʳ ʨʝʥʪʛʝʥʦʛʨʘʤʤʳ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʠʟʦʪʝʨʤʠʯʝʩʢʦʡ ʚʳʜʝʨʞʢʠ 600ÁC, 800ÁC ʠ 1000Áʉ, ʘ ʪʘʢʞʝ ʠʩʭʦʜʥʘʷ ʠ 

ʢʦʥʝʯʥʘʷ ʨʝʥʪʛʝʥʦʛʨʘʤʤʳ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ɸʥʘʣʠʟ ʜʠʬʨʘʢʮʠʦʥʥʳʭ 
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ʜʘʥʥʳʭ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʥʘʛʨʝʚʝ ʩʧʣʘʚʘ FeNiCoCrMn, ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 

ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʠʩʭʦʜʠʪ ʩʥʠʞʝʥʠʝ ʜʝʬʝʢʪʥʦʩʪʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ, ʯʪʦ 

ʦʪʨʘʞʘʝʪʩʷ ʥʘ ʰʠʨʠʥʝ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʣʠʥʠʡ. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʧʨʠ ʥʘʛʨʝʚʝ ʠʜʫʪ 

ʜʠʬʬʫʟʠʦʥʥʳʝ ʧʨʦʮʝʩʩʳ, ʧʨʠʚʦʜʷʱʠʝ ʤʘʪʝʨʠʘʣ ʚ ʨʘʚʥʦʚʝʩʥʦʝ ʩʦʩʪʦʷʥʠʝ ʟʘ ʩʯʝʪ 

ʫʤʝʥʴʰʝʥʠʷ ʜʝʬʝʢʪʥʦʩʪʠ ʠ ʨʝʣʘʢʩʘʮʠʠ ʤʠʢʨʦʥʘʧʨʷʞʝʥʠʡ, ʚʦʟʥʠʢʘʶʱʠʭ ʧʨʠ ɺʕʄʆ. 

ʆʮʝʥʢʘ, ʚʳʧʦʣʥʝʥʥʘʷ ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ ʪʦʣʴʢʦ ʚʢʣʘʜʘ ʜʠʩʧʝʨʩʥʦʩʪʠ ʚ ʫʰʠʨʝʥʠʝ 

ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʣʠʥʠʠ, ʧʦʢʘʟʘʣʘ, ʯʪʦ ʧʦʩʣʝ ɺʕʄʆ ʨʘʟʤʝʨ ʆʂʈ ʩʦʩʪʘʚʠʣ 12 ʥʤ, ʘ ʧʦʩʣʝ 

ʠʟʦʪʝʨʤʠʯʝʩʢʦʛʦ ʦʪʞʠʛʘ ʧʨʦʠʟʦʰʣʦ ʝʛʦ ʫʚʝʣʠʯʝʥʠʝ ʜʦ 230 ʥʤ. ʆʜʥʦʬʘʟʥʳʡ ʩʧʣʘʚ 

FeNiCoCrMn, ʩʬʦʨʤʠʨʦʚʘʚʰʠʡʩʷ ʧʦʩʣʝ ɺʕʄʆ, ʩʦʭʨʘʥʷʝʪ ʠʩʭʦʜʥʫʶ 

ʛʨʘʥʝʮʝʥʪʨʠʨʦʚʘʥʥʫʶ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʧʨʠ ʥʘʛʨʝʚʝ ʜʦ 1000Áʉ ʠ 

ʧʦʩʣʝʜʫʶʱʝʤ ʦʭʣʘʞʜʝʥʠʠ, ʪ.ʝ. ʥʝ ʠʩʧʳʪʳʚʘʝʪ ʧʦʣʠʤʦʨʬʥʳʭ ʠ ʬʘʟʦʚʳʭ ʧʨʝʚʨʘʱʝʥʠʡ. 

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʚ ʠʩʩʣʝʜʦʚʘʥʥʦʤ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ ʩʧʣʘʚ FeNiCoCrMn, 

ʧʦʣʫʯʝʥʥʳʡ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʦʡ, ʷʚʣʷʝʪʩʷ ʩʪʘʙʠʣʴʥʳʤ 

ʩʦʝʜʠʥʝʥʠʝʤ. 
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ʈʠʩ. 1 ʈʝʥʪʛʝʥʦʛʨʘʤʤʳ ʩʧʣʘʚʘ FeNiCoCrMn (ʠʟʣʫʯʝʥʠʝ Cr Ka): ʘ ï ʠʩʭʦʜʥʘʷ ʩʤʝʩʴ; ʙ ï 

ʧʦʩʣʝ ɺʕʄʆ ʚ ʪʝʯʝʥʠʝ 5 ʤʠʥʫʪ; ʚ ï ʧʦʩʣʝ ɺʕʄʆ ʠ ʠʟʦʪʝʨʤʠʯʝʩʢʦʛʦ ʦʪʞʠʛʘ ʧʨʠ 

T=1000Áʉ  
 

ʆʯʝʚʠʜʥʦ, ʯʪʦ ʧʨʠ ʥʘʛʨʝʚʝ ʠʜʫʪ ʜʠʬʬʫʟʠʦʥʥʳʝ ʧʨʦʮʝʩʩʳ, ʧʨʠʚʦʜʷʱʠʝ ʤʘʪʝʨʠʘʣ 

ʚ ʨʘʚʥʦʚʝʩʥʦʝ ʩʦʩʪʦʷʥʠʝ ʟʘ ʩʯʝʪ ʫʤʝʥʴʰʝʥʠ ̫ ʜʝʬʝʢʪʥʦʩʪʠ ʠ ʨʝʣʘʢʩʘʮʠʠ 

ʤʠʢʨʦʥʘʧʨʷʞʝʥʠʡ, ʚʦʟʥʠʢʘʶʱʠʭ ʧʨʠ ɺʕʄʆ. ʆʜʥʦʬʘʟʥʳʡ ʩʧʣʘʚ FeNiCoCrMn, 

ʩʬʦʨʤʠʨʦʚʘʚʰʠʡʩʷ ʧʦʩʣʝ ɺʕʄʆ, ʩʦʭʨʘʥʷʝʪ ʠʩʭʦʜʥʫʶ ʛʨʘʥʝʮʝʥʪʨʠʨʦʚʘʥʥʫʶ 
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ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʧʨʠ ʥʘʛʨʝʚʝ ʜʦ 1000Á ʉ ʠ ʧʦʩʣʝʜʫʶʱʝʤ ʦʭʣʘʞʜʝʥʠʠ, ʪ.ʝ. ʥʝ 

ʠʩʧʳʪʳʚʘʝʪ ʧʦʣʠʤʦʨʬʥʳʭ ʠ ʬʘʟʦʚʳʭ ʧʨʝʚʨʘʱʝʥʠʡ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʚ ʠʩʩʣʝʜʦʚʘʥʥʦʤ 

ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ ʩʧʣʘʚ FeNiCoCrMn, ʧʦʣʫʯʝʥʥʳʡ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʡ 

ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʦʡ, ʷʚʣʷʝʪʩʷ ʩʪʘʙʠʣʴʥʳʤ ʩʦʝʜʠʥʝʥʠʝʤ. 
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ʈʠʩ. 2. ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʨʝʥʪʛʝʥʦʛʨʘʤʤ ʧʨʠ ʥʘʛʨʝʚʝ ʩʧʣʘʚʘ FeNiCoCrMn 

ʉʧʣʘʚ FeNiCoCrTi  

ʈʌɸ ʩʧʣʘʚʘ FeNiCoCrTi ʧʦʩʣʝ ɺʕʄʆ ʧʦʢʘʟʘʣ, ʯʪʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʙʨʘʙʦʪʢʠ 

ʦʙʨʘʟʫʝʪʩʷ ʜʚʫʭʬʘʟʥʳʡ ʩʧʣʘʚ, ʚ ʩʦʩʪʘʚ ʢʦʪʦʨʦʛʦ ʚʭʦʜʷʪ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʟʘʤʝʱʝʥʠʷ 

ʥʘ ʦʩʥʦʚʝ fcc ʠ bcc ʬʘʟ (ʨʠʩʫʥʦʢ 3). ɼʠʬʨʘʢʮʠʦʥʥʳʝ ʣʠʥʠʠ ʩʧʣʘʚʘ ʫʰʠʨʝʥʳ, ʘ 

ʩʦʦʪʥʦʰʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʧʠʢ-ʬʦʥ ʩʫʱʝʩʪʚʝʥʥʦ ʥʠʞʝ, ʯʝʤ ʫ ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ. 

ʆʯʝʚʠʜʥʦ, ʯʪʦ ɺʕʄʆ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʦʡ ʩʤʝʩʠ FeNiCoCrTi ʧʨʠʚʦʜʠʪ ʢ 

ʬʦʨʤʠʨʦʚʘʥʠʶ ʥʝʨʘʚʥʦʚʝʩʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʡʩʷ ʚʳʩʦʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ 

ʜʝʬʝʢʪʦʚ ʠ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʳʭ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʩʦʩʪʘʚʘ. ɺ ʦʪʣʠʯʠʝ ʦʪ ɺʕʄʆ ʩʤʝʩʠ, 

ʩʦʜʝʨʞʘʱʝʡ ʚʤʝʩʪʦ ʪʠʪʘʥʘ ʤʘʨʛʘʥʝʮ, ʚ ʢʦʪʦʨʦʡ ʥʘʙʣʶʜʘʝʪʩʷ ʬʦʨʤʠʨʦʚʘʥʠʝ 

ʦʜʥʦʬʘʟʥʦʛʦ ʩʧʣʘʚʘ, ʘʢʪʠʚʘʮʠʷ ʩʤʝʩʠ, ʩʦʜʝʨʞʘʱʝʡ ʪʠʪʘʥ, ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ  

ʜʚʫʭʬʘʟʥʦʛʦ ʧʨʦʜʫʢʪʘ. ɸʥʘʣʠʟ ʜʘʥʥʳʭ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʨʝʥʪʛʝʥʦʛʨʘʬʠʠ (ʨʠʩʫʥʦʢ 

4), ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʥʘʛʨʝʚʝ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʦʛʦ ʩʧʣʘʚʘ FeNiCoCrTi ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ 

ʠʟʦʪʝʨʤʠʯʝʩʢʘʷ ʚʳʜʝʨʞʢʘ ʧʨʠ 600Áʉ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʫʟʢʦʡ ʜʠʬʨʘʢʮʠʦʥʥʦʡ 

ʣʠʥʠʠ 110 bccïʬʘʟʳ, ʯʪʦ ʛʦʚʦʨʠʪ ʦ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʠ ʩʦʚʝʨʰʝʥʩʪʚʘ ʝʝ ʩʪʨʫʢʪʫʨʳ. ʇʨʠ 

ʵʪʦʤ ʣʠʥʠʷ fccïʬʘʟʳ ʦʩʪʘʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʰʠʨʦʢʦʡ (ʨʠʩʫʥʦʢ 4). ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ 

ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 800Áʉ, ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʣʠʥʠʠ 110 bccïʬʘʟʳ 
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ʩʫʱʝʩʪʚʝʥʥʦ ʫʤʝʥʴʰʘʝʪʩʷ, ʠ ʧʨʠ 1000Áʉ ʦʥʘ ʠʩʯʝʟʘʝʪ. ʆʜʥʦʚʨʝʤʝʥʥʦ ʥʘʙʣʶʜʘʝʪʩʷ 

ʫʚʝʣʠʯʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʣʠʥʠʡ 111 ʠ 200 fccïʬʘʟʳ ʠ ʠʭ ʩʫʞʝʥʠʝ. 
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ʈʠʩ. 3. ʈʝʥʪʛʝʥʦʛʨʘʤʤʳ ʩʧʣʘʚʘ FeNiCoCrTi (ʠʟʣʫʯʝʥʠʝ Fe Ka): ʘ ï ʠʩʭʦʜʥʘʷ ʩʤʝʩʴ; ʙ ï 

ʧʦʩʣʝ ɺʕʄʆ ʚ ʪʝʯʝʥʠʝ 30 ʤʠʥʫʪ; ʚ ï ʧʦʩʣʝ ɺʕʄʆ ʠ ʠʟʦʪʝʨʤʠʯʝʩʢʦʛʦ ʦʪʞʠʛʘ ʧʨʠ 

T=1000Áʉ  
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ʈʠʩ. 4. ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʨʝʥʪʛʝʥʦʛʨʘʤʤ ʧʨʠ ʥʘʛʨʝʚʝ  ʩʧʣʘʚʘ FeNiCoCrTi 

ʇʦʣʫʯʝʥʥʳʡ ʨʝʟʫʣʴʪʘʪ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʧʝʨʝʭʦʜʝ bcc ­ fcc ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

ʚʳʰʝ 800Áʉ, ʘʥʘʣʦʛʠʯʥʦʤ ʧʦʣʠʤʦʨʬʥʦʤʫ ʧʨʝʚʨʘʱʝʥʠʶ ʬʝʨʨʠʪïʘʫʩʪʝʥʠʪ. 
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ʉʫʱʝʩʪʚʝʥʥʦʝ ʩʫʞʝʥʠʝ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʣʠʥʠʡ fccïʬʘʟʳ ʦʙʫʩʣʦʚʣʝʥʦ ʢʘʢ ʩʥʠʞʝʥʠʝʤ 

ʜʝʬʝʢʪʥʦʩʪʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ, ʚʳʟʚʘʥʥʦʡ ɺʕʄʆ, ʪʘʢ ʠ ʜʠʬʬʫʟʠʦʥʥʳʤ 

ʚʳʨʘʚʥʠʚʘʝʤ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ ʩʧʣʘʚʘ ʧʦ ʟʝʨʥʫ. ʆʙʨʘʟʦʚʘʚʰʠʡʩʷ ʧʨʠ 1000Áʉ 

ʩʧʣʘʚ FeNiCoCrTi ʩ fcc ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ ʧʨʠ ʧʦʩʣʝʜʫʶʱʝʤ ʦʭʣʘʞʜʝʥʠʠ 

ʦʩʪʘʝʪʩʷ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʦʜʥʦʬʘʟʥʳʤ. ɺ ʢʦʥʝʯʥʦʤ ʧʨʦʜʫʢʪʝ ʧʦʩʣʝ ʦʭʣʘʞʜʝʥʠʷ 

ʜʦʤʠʥʠʨʫʶʱʝʡ ʷʚʣʷʝʪʩʷ fccïʬʘʟʘ ʪʚʸʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ʩ ʧʘʨʘʤʝʪʨʦʤ ʵʣʝʤʝʥʪʘʨʥʦʡ 

ʷʯʝʡʢʠ ʘ=3.5780 ¡. ɺʤʝʩʪʝ ʩ ʪʝʤ, ʥʘ ʨʝʥʪʛʝʥʦʛʨʘʤʤʝ ʩʧʣʘʚʘ ʧʦʩʣʝ ʦʭʣʘʞʜʝʥʠʷ 

ʧʨʠʩʫʪʩʪʚʫʝʪ ʩʣʘʙʘʷ ʜʠʬʨʘʢʮʠʦʥʥʘʷ ʣʠʥʠʷ, ʫʛʣʦʚʦʝ ʧʦʣʦʞʝʥʠʝ ʢʦʪʦʨʦʡ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʣʠʥʠʠ 110 bccïʬʘʟʳ (ʨʠʩʫʥʦʢ 3ʚ).  

ʉʧʣʘʚ FeNiCoCrAl  

ʈʌɸ ʩʧʣʘʚʘ FeNiCoCrAl ʧʦʩʣʝ ɺʕʄʆ ʧʦʢʘʟʘʣ, ʯʪʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʙʨʘʙʦʪʢʠ 

ʦʙʨʘʟʫʝʪʩʷ ʦʜʥʦʬʘʟʥʳʡ bcc ʪʚʝʨʜʳʡ ʨʘʩʪʚʦʨ. ɼʠʬʨʘʢʮʠʦʥʥʳʝ ʣʠʥʠʠ ʩʧʣʘʚʘ 

ʩʫʱʝʩʪʚʝʥʥʦ ʫʰʠʨʝʥʳ (ʨʠʩʫʥʦʢ 5ʙ), ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʥʠʟʢʦʡ ʩʪʝʧʝʥʠ 

ʢʨʠʩʪʘʣʣʠʯʥʦʩʪʠ, ʚʩʣʝʜʩʪʚʠʝ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʠ ʜʝʬʝʢʪʥʦʩʪʠ ʧʦʩʣʝ ɺʕʄʆ. ʇʨʠ 

ʠʟʦʪʝʨʤʠʯʝʩʢʦʡ ʚʳʜʝʨʞʢʝ ʚ ʪʝʯʝʥʠʝ 2 ʯʘʩʦʚ ʧʨʠ 600Áʉ ʠ 2 ʯʘʩʦʚ ʧʨʠ 800Áʉ ʤʘʪʝʨʠʘʣ 

ʦʩʪʘʝʪʩʷ ʦʜʥʦʬʘʟʥʳʤ. ʅʘʛʨʝʚ ʜʦ 1000Áʉ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʠ ʨʦʩʪʫ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʣʠʥʠʡ ʬʘʟ fcc ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ʠ ʠʥʪʝʨʤʝʪʘʣʣʠʜʥʦʡ ů ʬʘʟ.r ʇʦʩʣʝ ʦʭʣʘʞʜʝʥʠʷ ʩʧʣʘʚ 

ʩʦʜʝʨʞʠʪ fcc ʠ bcc ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʠ ů ʬʘʟʫ.  
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ʈʠʩ. 5.  ʈʝʥʪʛʝʥʦʛʨʘʤʤʳ ʩʧʣʘʚʘ FeNiCoCrAl (ʠʟʣʫʯʝʥʠʝ Fe Ka): ʘ ï ʠʩʭʦʜʥʘʷ ʩʤʝʩʴ; ʙ ï 

ʧʦʩʣʝ ɺʕʄʆ ʚ ʪʝʯʝʥʠʝ 30 ʤʠʥʫʪ; ʚ ï ʧʦʩʣʝ ɺʕʄʆ ʠ ʠʟʦʪʝʨʤʠʯʝʩʢʦʛʦ ʦʪʞʠʛʘ ʧʨʠ 

T=1000ᴈ 
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ʈʠʩ. 6. ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʨʝʥʪʛʝʥʦʛʨʘʤʤ ʧʨʠ ʥʘʛʨʝʚʝ  ʩʧʣʘʚʘ FeNiCoCrAl 

ɺ ʪʘʙʣʠʮʝ 1 ʧʨʠʚʝʜʝʥʳ ʧʘʨʘʤʝʪʨʳ ʷʯʝʡʢʠ ʬʘʟ ʚ ʠʩʩʣʝʜʫʝʤʦʡ ʩʠʩʪʝʤʝ, 

ʦʪʥʦʩʷʱʠʭʩʷ ʢ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʝ Fm3m (fcc ʬʘʟʳ). ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʤʝʪʨʠʢʠ 

ʷʯʝʡʢʠ ɺʕʉ FeNiCoCrMn ʠ FeNiCoCrTi ʩ ʠʟʚʝʩʪʥʳʤʠ ʬʘʟʘʤʠ, ʚʢʣʶʯʘʶʱʠʤʠ 

ʧʝʨʝʭʦʜʥʳʝ ʤʝʪʘʣʣʳ, ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʧʦʣʫʯʝʥʥʳʝ ʩʧʣʘʚʳ ʠʤʝʶʪ ʧʘʨʘʤʝʪʨ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ, ʙʣʠʟʢʠʡ ʢ ʪʨʦʡʥʳʤ ʩʦʝʜʠʥʝʥʠʷʤ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʩʠʩʪʝʤʳ.  

ʊʘʙʣʠʮʘ 1. ʇʘʨʘʤʝʪʨʳ ʷʯʝʡʢʠ fcc ʬʘʟ 

ʌʘʟʘ ICDD PDF2 Card  ̄ ʇʘʨʘʤʝʪʨ ʷʯʝʡʢʠ, ¡ 

Ni 04-0850 3.5238 

Co 15-0806 3.5447 

g-Fe 88-2324 3.4300 

Cr0.7Fe0.36Ni2.9 33-0945 3.5537 

FeNiCoCrMn 

ɺʕʄʆ+ʦʪʞʠʛ 

- 3.565(3) 

FeNiCoCrTi - 3.578(0) 

FeNiCoCrAl - 3.586(6) 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʭ ʩʧʣʘʚʦʚ FeNiCoCrMn, 

FeNiCoCrTi ʠ FeNiCoCrAl, ʧʦʣʫʯʝʥʥʳʭ ɺʕʄʆ, ʧʦʢʘʟʘʣʠ, ʯʪʦ ʪʦʣʴʢʦ ʩʧʣʘʚ, 

ʩʦʜʝʨʞʘʱʠʡ Mn, ʦʩʪʘʝʪʩʷ ʩʪʘʙʠʣʴʥʳʤ ʠ ʩʦʭʨʘʥʷʝʪ fcc ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ 

ʧʦʩʣʝ ʥʘʛʨʝʚʘ ʜʦ 1000Áʉ. ɺ ʩʧʣʘʚʘʭ FeNiCoCrTi ʠ FeNiCoCrAl ʧʨʠ ʦʪʞʠʛʝ ʥʘʙʣʶʜʘʝʪʩʷ 

ʬʦʨʤʠʨʦʚʘʥʠʝ bcc ʬʘʟʳ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ʠ ʠʥʪʝʨʤʝʪʘʣʣʠʜʥʦʡ s-ʬʘʟʳ. 
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ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ ʜʦ 1000Áʉ ɺʕʉ FeNiCoCrMn ʷʚʣʷʝʪʩʷ 

ʥʘʠʙʦʣʝʝ ʩʪʘʙʠʣʴʥʳʤ ʩʦʝʜʠʥʝʥʠʝʤ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ, ɻʨʘʥʪ ˉ 18-53-15006 (ʩʦʚʤʝʩʪʥʘʷ 

ʈʦʩʩʠʡʩʢʦ-ʌʨʘʥʮʫʟʩʢʘʷ ʇʨʦʛʨʘʤʤʘ ʈʌʌʀïʅʎʅʀ). 
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ʛʨʘʥʫʣʠʨʦʚʘʥʥʘʷ ʰʠʭʪʘ, ʩʦʩʪʦʷʱʘʷ ʠʟ ʧʝʨʝʤʝʰʘʥʥʳʭ ʤʝʞʜʫ ʩʦʙʦʡ ʛʨʘʥʫʣ ʨʘʟʥʦʛʦ 

ʩʦʩʪʘʚʘ. ɺ ʪʘʢʦʤ ʩʣʫʯʘʝ ʩʢʦʨʦʩʪʴ ʪʝʧʣʦʦʙʤʝʥʘ ʤʝʞʜʫ ʜʦʥʦʨʦʤ ʠ ʘʢʮʝʧʪʦʨʦʤ 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʨʘʟʤʝʨʘ ʚʩʝʡ ʰʠʭʪʳ, ʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʣʠʰʴ ʨʘʟʤʝʨʘʤʠ 

ʠʩʧʦʣʴʟʫʝʤʳʭ ʛʨʘʥʫʣ. ʇʨʝʠʤʫʱʝʩʪʚʦʤ ʪʘʢʦʛʦ ʩʧʦʩʦʙʘ ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ 

ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʷ ʧʨʦʮʝʩʩʘ, ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʦʛʦ ʚ ʣʘʙʦʨʘʪʦʨʥʳʭ ʫʩʣʦʚʠʷʭ, ʙʝʟ 

ʠʟʤʝʥʝʥʠʷ ʝʛʦ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠ ʩʚʦʡʩʪʚ ʮʝʣʝʚʦʛʦ ʧʨʦʜʫʢʪʘ ʩʠʥʪʝʟʘ. 

ɺ ʢʘʯʝʩʪʚʝ ʪʝʨʤʠʯʝʩʢʠ ʩʦʧʨʷʞʝʥʥʦʡ ʩʠʩʪʝʤʳ ʙʳʣʘ ʚʳʙʨʘʥʘ ʛʨʘʥʫʣʠʨʦʚʘʥʥʘʷ 

ʩʤʝʩʴ, ʩʦʩʪʦʷʱʘʷ ʠʟ ʦʪʜʝʣʴʥʳʭ ʛʨʘʥʫʣ Ti+C ʠ Ni+Al. ʆʩʦʙʝʥʥʦʩʪʴʶ ʜʘʥʥʦʡ ʩʤʝʩʠ, 

ʷʚʣʷʝʪʩʷ ʩʦʯʝʪʘʥʠʝ ʙʳʩʪʨʦ ʛʦʨʷʱʝʛʦ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʩʦʩʪʘʚʘ Ti+C (ʜʦʥʦʨ) ʩ 

ʤʝʜʣʝʥʥʦ ʛʦʨʷʱʠʤ Ni+Al (ʘʢʮʝʧʪʦʨ). ɸʜʠʘʙʘʪʠʯʝʩʢʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʛʦʨʝʥʠʷ ʩʤʝʩʝʡ 

Ti+C ʠ Ni+Al, ʨʘʩʩʯʠʪʘʥʥʳʝ ʧʦ ʧʨʦʛʨʘʤʤʝ THERMO (http://www.ism.ac.ru/thermo) 

ʩʦʩʪʘʚʣʷʶʪ 3290 ʂ ʜʣʷ ʩʤʝʩʠ Ti+C ʠ 1912 ʂ ʜʣʷ ʩʤʝʩʠ Ni+Al. ɺ ʨʷʜʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ 

ʛʨʘʥʫʣʳ Ni+Al ʟʘʤʝʥʷʣʠʩʴ ʥʘ ʠʥʝʨʪʥʳʝ ʛʨʘʥʫʣʳ Al2O3 ʩʦ ʩʭʦʞʠʤʠ 

ʛʨʘʥʫʣʦʤʝʪʨʠʯʝʩʢʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ.  

ʀʩʧʦʣʴʟʫʝʤʳʝ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʭʦʜʥʳʝ ʚʝʱʝʩʪʚʘ ʠ ʠʭ ʢʨʘʪʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ 1. 

ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʨʘʚʥʦʤʝʨʥʦʛʦ ʟʘʞʠʛʘʥʠʷ ʢʘʢ ʩʦʩʪʘʚʥʦʡ ʛʨʘʥʫʣʠʨʦʚʘʥʥʦʡ 

ʰʠʭʪʳ, ʪʘʢ ʠ ʰʠʭʪʳ ʠʟ ʛʨʘʥʫʣ Ni+Al ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʧʦʜʞʠʛʘʶʱʘʷ 

ʟʘʩʳʧʢʘ ʠʟ 0.8õ1 ʛ ʛʨʘʥʫʣ Ti+C. ʌʦʪʦʛʨʘʬʠʷ ʢʚʘʨʮʝʚʦʡ ʪʨʫʙʢʠ ʩ ʛʨʘʥʫʣʠʨʦʚʘʥʥʦʡ 

ʩʤʝʩʴʶ (Ni+Al)ï(Ti+C) ʠ ʧʦʜʞʠʛʘʶʱʝʡ ʧʦʜʩʳʧʢʦʡ ʠʟ ʛʨʘʥʫʣ Ti+C ʩʚʝʨʭʫ ʧʦʢʘʟʘʥʘ ʥʘ 

ʨʠʩʫʥʢʝ 1. 
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ʊʘʙʣʠʮʘ 1. ʇʨʠʤʝʥʷʝʤʳʝ ʚʝʱʝʩʪʚʘ ʠ ʨʝʘʛʝʥʪʳ. 

ɺʝʱʝʩʪʚʦ ʄʘʨʢʘ 
ʈʘʟʤʝʨʳ ʯʘʩʪʠʮ 

ʜʦ 50% ʤʘʩʩ. ʜʦ 90% ʤʘʩʩ. 

ʊʠʪʘʥ ʇʊʄ-1 < 105 ʤʢʤ < 169 ʤʢʤ 

ʉʘʞʘ ʇ-803 < 2,5 ʤʢʤ < 4 ʤʢʤ 

ɸʣʶʤʠʥʠʡ ɸʉɼ-4 < 11 ʤʢʤ < 16 ʤʢʤ 

ʅʠʢʝʣ ɹ ʇʅʕ-1 < 43 ʤʢʤ < 51 ʤʢʤ 

ɸʨʛʦʥ 1 ʩʦʨʪ (99,987%)   

ɸʟʦʪ 1 ʩʦʨʪ (99,987%)   

4% ʩʧʠʨʪʦʚʦʡ ʨʘʩʪʚʦʨ ʧʦʣʠʚʠʥʠʣʙʫʪʠʨʘʣʷ SD-4 

 

 

ʈʠʩ. 1. ɺʥʝʰʥʠʡ ʚʠʜ ʩʤʝʩʠ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʛʨʘʥʫʣ Ti+C (ʙʦʣʝʝ ʪʝʤʥʳʝ) ʠ Ni+Al (ʙʦʣʝʝ 

ʩʚʝʪʣʳʝ) ʩ ʧʦʜʞʠʛʘʶʱʝʡ ʧʦʜʩʳʧʢʦʡ Ti+C ʚʚʝʨʭʫ 

ʇʨʝʜʚʘʨʠʪʝʣʴʥʦ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʧʘʨʘʤʝʪʨʳ ʛʦʨʝʥʠʷ ʢʘʞʜʦʡ ʠʟ 

ʛʨʘʥʫʣʠʨʦʚʘʥʥʳʭ ʩʤʝʩʝʡ Ti+C ʠ Ni+Al ʚ ʦʪʜʝʣʴʥʦʩʪʠ. ʈʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʦʚ 

ʧʦʢʘʟʘʣʠ, ʯʪʦ ʩʢʦʨʦʩʪʴ ʛʦʨʝʥʠʷ ʛʨʘʥʫʣʠʨʦʚʘʥʥʦʡ ʩʤʝʩʠ Ni+Al ʧʨʠʤʝʨʥʦ ʚ 7 ʨʘʟ ʤʝʥʴʰʝ 

ʩʢʦʨʦʩʪʠ ʛʦʨʝʥʠʷ ʛʨʘʥʫʣʠʨʦʚʘʥʥʦʡ ʩʤʝʩʠ Ti+C: 3 ʤʤ/ʩ ʠ 22 ʤʤ/ʩ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.   

ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ ʛʦʨʝʥʠʶ ʩʦʩʪʘʚʥʦʡ ʩʤʝʩʠ (Ni+Al)ï(Ti+C) ʩʥʘʯʘʣʘ ʙʳʣʘ 

ʠʩʧʦʣʴʟʦʚʘʥʘ ʰʠʭʪʘ ʩ ʦʙʲʸʤʥʳʤ ʩʦʦʪʥʦʰʝʥʠʝʤ ʛʨʘʥʫʣ ʜʦʥʦʨʘ ʠ ʘʢʮʝʧʪʦʨʘ 50%/50%, 

ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʤʘʩʩʦʚʦʤʫ ʩʦʦʪʥʦʰʝʥʠʶ 64%(Ni+Al)/36%(Ti+C). ʆʜʥʘʢʦ ʧʨʠ 

ʛʦʨʝʥʠʠ ʜʘʥʥʦʡ ʩʤʝʩʠ ʥʘʙʣʶʜʘʣʦʩʴ ʭʘʦʪʠʯʥʦʝ ʠʩʢʨʠʚʣʝʥʠʝ ʬʨʦʥʪʘ, ʭʘʨʘʢʪʝʨʥʦʝ ʜʣʷ 
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ʛʦʨʝʥʠʷ ʨʘʟʙʘʚʣʝʥʥʳʭ ʩʤʝʩʝʡ ʚʙʣʠʟʠ ʧʨʝʜʝʣʦʚ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ 

ʩʪʘʙʠʣʴʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʩʦʜʝʨʞʘʥʠʝ ʜʦʥʦʨʥʦʡ ʩʤʝʩʠ Ti+C ʚ ʰʠʭʪʝ ʙʳʣʦ ʫʚʝʣʠʯʝʥʦ ʜʦ 

60% ʚ ʦʙʲʝʤʥʳʭ ʜʦʣʷʭ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʦʩʪʘʚʫ 54%(Ni+Al)/46%(Ti+C) ʚ ʤʘʩʩʦʚʳʭ 

ʜʦʣʷʭ. ʈʘʩʯʝʪʥʘʷ ʘʜʠʘʙʘʪʠʯʝʩʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʛʦʨʝʥʠʷ ʪʘʢʦʡ ʩʤʝʩʠ 2518 ʂ, ʯʪʦ 

ʟʥʘʯʠʪʝʣʴʥʦ ʚʳʰʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʣʘʚʣʝʥʠʷ ʥʠʢʝʣʠʜʘ ʘʣʶʤʠʥʠʷ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ 

ʩʦʩʪʘʚʘ (1912 ʂ). ʉʨʝʜʥʷʷ ʩʢʦʨʦʩʪʴ ʛʦʨʝʥʠʷ ʪʘʢʦʡ ʰʠʭʪʳ ʩʦʩʪʘʚʠʣʘ 12.5 ʤʤ/ʩ. 

ʋʯʠʪʳʚʘʷ, ʯʪʦ ʩʢʦʨʦʩʪʴ ʛʦʨʝʥʠʷ ʩʤʝʩʠ, ʩʦʩʪʦʷʱʝʡ ʪʦʣʴʢʦ ʠʟ ʛʨʘʥʫʣ ʩʦʩʪʘʚʘ Ni+Al 

ʥʘʤʥʦʛʦ ʥʠʞʝ, ʯʝʤ ʩʢʦʨʦʩʪʴ ʛʦʨʝʥʠʷ ʩʦʩʪʘʚʥʦʡ ʩʤʝʩʠ ʠ ʩʦʩʪʦʷʱʝʡ ʪʦʣʴʢʦ ʠʟ ʛʨʘʥʫʣ 

Ti+C, ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʚ ʩʤʝʰʘʥʥʦʡ ʛʨʘʥʫʣʠʨʦʚʘʥʥʦʡ ʰʠʭʪʝ (Ni+Al)ï(Ti+C) 

ʚʦ ʬʨʦʥʪʝ ʨʝʘʢʮʠʠ ʛʨʘʥʫʣʳ Ni+Al ʚʝʜʫʪ ʩʝʙʷ ʢʘʢ ʠʥʝʨʪʥʳʝ ʯʘʩʪʠʮʳ, ʪʦ ʝʩʪʴ 

ʚʦʩʧʣʘʤʝʥʷʶʪʩʷ ʠ ʩʛʦʨʘʶʪ ʫʞʝ ʧʦʩʣʝ ʧʨʦʭʦʞʜʝʥʠʷ ʚʠʜʠʤʦʛʦ ʬʨʦʥʪʘ ʛʦʨʝʥʠʷ. ɼʣʷ 

ʧʨʦʚʝʨʢʠ ʵʪʦʛʦ ʧʨʝʜʧʦʣʦʞʝʥʠʷ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʳ, ʛʜʝ ʛʨʘʥʫʣʳ Ni+Al ʚ 

ʰʠʭʪʝ ʙʳʣʠ ʟʘʤʝʥʝʥʳ ʥʘ ʠʥʝʨʪʥʳʝ ʛʨʘʥʫʣʳ Al2O3 ʪʘʢʦʛʦ ʞʝ ʨʘʟʤʝʨʘ ʠ ʚ ʪʘʢʦʤ ʞʝ 

ʤʘʩʩʦʚʦʤ ʩʦʦʪʥʦʰʝʥʠʠ 54%Al2O3/46%(Ti+C). ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʪʘʢʘʷ 

ʩʤʝʩʴ ʥʝ ʩʧʦʩʦʙʥʘ ʢ ʛʦʨʝʥʠʶ ï ʥʝ ʚʦʩʧʣʘʤʝʥʷʣʩʷ ʜʘʞʝ ʚʝʨʭʥʠʡ ʩʣʦʡ ʟʘʩʳʧʢʠ ʧʦʜ 

ʜʝʡʩʪʚʠʝʤ ʜʣʠʪʝʣʴʥʦʛʦ ʧʨʦʛʨʝʚʘ ʨʘʩʢʘʣʝʥʥʦʡ ʩʧʠʨʘʣʴʶ ʠʣʠ ʧʦʜʞʠʛʘʶʱʝʡ ʟʘʩʳʧʢʦʡ. 

ʕʪʦʪ ʧʦʟʚʦʣʷʝʪ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʚ ʪʝʨʤʠʯʝʩʢʠ ʩʦʧʨʷʞʝʥʥʦʡ ʛʨʘʥʫʣʠʨʦʚʘʥʥʦʡ ʩʤʝʩʠ 

(Ni+Al)ï(Ti+C) ʟʘʞʠʛʘʥʠʝ ʛʨʘʥʫʣ Ni+Al ʧʨʦʠʩʭʦʜʠʪ ʚʦ ʬʨʦʥʪʝ ʛʦʨʝʥʠʷ. ɺʘʞʥʦ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʦʜʫʢʪʳ ʛʦʨʝʥʠʷ ʩʦʩʪʘʚʥʦʡ ʩʤʝʩʠ (Ni+Al)ï(Ti+C) ʥʝ ʩʧʝʢʘʣʠʩʴ ʠ 

ʦʙʨʘʟʝʮ ʣʝʛʢʦ ʨʘʟʜʝʣʷʣʩʷ ʥʘ ʦʪʜʝʣʴʥʳʝ ʛʨʘʥʫʣʳ ʚʨʫʯʥʫʶ ʙʝʟ ʢʘʢʠʭ-ʣʠʙʦ 

ʧʨʠʩʧʦʩʦʙʣʝʥʠʡ. ʕʪʦ ʜʦʚʦʣʴʥʦ ʥʝʦʞʠʜʘʥʥʳʡ ʨʝʟʫʣʴʪʘʪ, ʧʦʪʦʤʫ ʯʪʦ ʘʜʠʘʙʘʪʠʯʝʩʢʘʷ 

ʪʝʤʧʝʨʘʪʫʨʘ ʛʦʨʝʥʠʷ ʪʘʢʦʡ ʩʤʝʩʠ ʥʘʤʥʦʛʦ ʧʨʝʚʳʰʘʝʪ ʪʝʤʧʝʨʘʪʫʨʫ ʧʣʘʚʣʝʥʠʷ ʥʠʢʝʣʠʜʘ 

ʘʣʶʤʠʥʠʷ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ, ʠ ʩʣʝʜʦʚʘʣʦ ʦʞʠʜʘʪʴ ʝʛʦ ʨʘʩʪʝʢʘʥʠʷ ʧʦ 

ʛʨʘʥʫʣʘʤ ʢʘʨʙʠʜʘ ʪʠʪʘʥʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʪʘʢʦʡ ʨʝʘʣʠʟʘʮʠʠ ʧʨʦʮʝʩʩʘ ʧʦʷʚʣʷʝʪʩʷ 

ʚʦʟʤʦʞʥʦʩʪʴ ʚʳʜʝʣʝʥʠʷ ʣʝʛʢʦʜʨʦʙʷʱʝʛʦʩʷ ʮʝʣʝʚʦʛʦ ʧʨʦʜʫʢʪʘ ʠʟ ʩʤʝʩʠ ʤʝʭʘʥʠʯʝʩʢʠ 

(ʟʘ ʩʯʝʪ ʨʘʟʥʳʭ ʨʘʟʤʝʨʦʚ ʛʨʘʥʫʣ ʘʢʮʝʧʪʦʨʘ ʠ ʜʦʥʦʨʘ, ʨʘʟʥʳʭ ʧʣʦʪʥʦʩʪʝʡ, ʦʪʣʠʯʥʳʭ 

ʤʘʛʥʠʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠ ʪ.ʜ.) 

ɺʳʚʦʜʳ 

ʀʟʫʯʝʥʳ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʛʦʨʝʥʠʷ ʪʝʨʤʠʯʝʩʢʠ ʩʦʧʨʷʞʝʥʥʦʡ ʛʨʘʥʫʣʠʨʦʚʘʥʥʦʡ 

ʩʤʝʩʠ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʩʤʝʩʠ ʛʨʘʥʫʣ ʨʘʟʥʦʛʦ ʩʦʩʪʘʚʘ Ni+Al ʠ Ti+C, ʦʪʣʠʯʘʶʱʠʭʩʷ 

ʩʢʦʨʦʩʪʴʶ ʠ ʪʝʤʧʝʨʘʪʫʨʦʡ ʛʦʨʝʥʠʷ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʜʦʢʘʟʘʥʦ, ʯʪʦ ʚʦʩʧʣʘʤʝʥʝʥʠʝ ʘʢʮʝʧʪʦʨʥʳʭ ʛʨʘʥʫʣ Ni+Al 

ʧʨʦʠʩʭʦʜʠʪ ʚʦ ʬʨʦʥʪʝ ʛʦʨʝʥʠʷ. 
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ʆʧʨʝʜʝʣʝʥʦ ʚʨʝʤʷ ʚʳʨʘʚʥʠʚʘʥʠʷ ʪʝʤʧʝʨʘʪʫʨ ʜʦʥʦʨʥʦʡ ʠ ʘʢʮʝʧʪʦʨʥʦʡ ʩʤʝʩʠ, 

ʢʦʪʦʨʦʝ ʦʢʘʟʘʣʦʩʴ ʩʫʱʝʩʪʚʝʥʥʦ ʤʝʥʴʰʝ ʚʨʝʤʝʥʠ ʦʩʪʳʚʘʥʠʷ ʚʩʝʛʦ ʦʙʨʘʟʮʘ, ʯʪʦ 

ʧʦʟʚʦʣʷʝʪ ʤʘʩʰʪʘʙʠʨʦʚʘʪʴ ʧʨʦʮʝʩʩ, ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʳʡ ʚ ʣʘʙʦʨʘʪʦʨʥʳʭ ʫʩʣʦʚʠʷʭ, ʙʝʟ 

ʠʟʤʝʥʝʥʠʷ ʝʛʦ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠ ʩʚʦʡʩʪʚ ʮʝʣʝʚʦʛʦ ʧʨʦʜʫʢʪʘ ʩʠʥʪʝʟʘ.  

ʅʘ ʧʨʠʤʝʨʝ ʩʤʝʩʠ (Ni+Al)ï(Ti+C) ʧʦʢʘʟʘʥʦ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʛʨʘʥʫʣʠʨʦʚʘʥʥʳʭ ʩʤʝʩʝʡ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʩʦʧʨʷʞʝʥʥʳʭ ʪʝʨʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʧʦʟʚʦʣʷʝʪ 

ʧʦʣʫʯʘʪʴ ʧʨʦʜʫʢʪʳ ʛʦʨʝʥʠʷ ʚ ʚʠʜʝ ʣʝʛʢʦ ʨʘʟʨʫʰʘʝʤʦʛʦ ʦʙʨʘʟʮʘ, ʜʘʞʝ ʝʩʣʠ ʪʝʤʧʝʨʘʪʫʨʘ 

ʧʣʘʚʣʝʥʠʷ ʧʨʦʜʫʢʪʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʘʢʮʝʧʪʦʨʥʦʡ ʩʤʝʩʠ ʤʝʥʴʰʝ ʘʜʠʘʙʘʪʠʯʝʩʢʦʡ 

ʪʝʤʧʝʨʘʪʫʨʳ ʛʦʨʝʥʠʷ. 
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ɿɸʂʆʅʆʄɽʈʅʆʉʊʀ ɻʆʈɽʅʀʗ ʀ ʌɸɿʆɺʓʁ ʉʆʉʊɸɺ 

ʂʆʅɼɽʅʉʀʈʆɺɸʅʅʓʍ ʇʈʆɼʋʂʊʆɺ ʆɹʈɸɿʎʆɺ ʀɿ ʀʉʍʆɼʅʆʁ 

ʀ ɸʂʊʀɺʀʈʆɺɸʅʅʓʍ ʉʄɽʉɽʁ Ti+Ni ʇʈʀ ʀɿʄɽʅɽʅʀʀ 

ʅɸʏɸʃʔʅʆʁ ʊɽʄʇɽʈɸʊʋʈʓ 

 

ʅ.ɸ. ʂʦʯʝʪʦʚ*, ɹ.ʉ. ʉʝʧʣʷʨʩʢʠʡ 

 
ʌʝʜʝʨʘʣʴʥʦʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʙʶʜʞʝʪʥʦʝ ʫʯʨʝʞʜʝʥʠʝ ʥʘʫʢʠ ʀʥʩʪʠʪʫʪ ʩʪʨʫʢʪʫʨʥʦʡ ʤʘʢʨʦʢʠʥʝʪʠʢʠ ʠ 

ʧʨʦʙʣʝʤ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʠʤ. ɸ.ɻ. ʄʝʨʞʘʥʦʚʘ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ, ʏʝʨʥʦʛʦʣʦʚʢʘ, ʈʦʩʩʠʷ 
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ʉʧʣʘʚʳ ʥʘ ʦʩʥʦʚʝ ʥʠʢʝʣʠʜʘ ʪʠʪʘʥʘ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʶʪʩʷ ʚ ʤʝʜʠʮʠʥʝ ʠ ʪʝʭʥʠʢʝ. 

ʉʦʚʨʝʤʝʥʥʳʤ ʩʧʦʩʦʙʦʤ ʧʦʣʫʯʝʥʠʷ ʠʥʪʝʨʤʝʪʘʣʣʠʜʦʚ ʷʚʣʷʝʪʩʷ ʩʠʥʪʝʟ ʩ ʧʦʤʦʱʴʶ 

ʛʦʨʝʥʠʷ, ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴʩʷ ʢʘʢ ʚ ʨʝʞʠʤʝ ʧʦʩʣʦʡʥʦʛʦ ʛʦʨʝʥʠʷ (ʉɺʉ) [1-3], 

ʪʘʢ ʠ ʚ ʨʝʞʠʤʝ ʪʝʧʣʦʚʦʛʦ ʚʟʨʳʚʘ [4-8]. ʇʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʥʦʨʤʘʣʴʥʳʭ 

ʫʩʣʦʚʠʷʭ ʥʝ ʫʜʘʝʪʩʷ ʨʝʘʣʠʟʦʚʘʪʴ ʧʨʦʮʝʩʩ ʛʦʨʝʥʠʷ ʚ ʩʠʩʪʝʤʝ Ti+Ni. ɼʣʷ ʨʝʘʣʠʟʘʮʠʠ 

ʵʪʦʛʦ ʧʨʦʮʝʩʩʘ ʚ ʜʘʥʥʦʡ ʩʠʩʪʝʤʝ ʦʙʳʯʥʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʡ ʥʘʛʨʝʚ, ʣʠʙʦ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʘʷ ʤʝʭʘʥʠʯʝʩʢʘʷ ʘʢʪʠʚʘʮʠʷ (ʄɸ) ʩʤʝʩʠ [8-10]. ʇʨʦʰʣʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 

[12-14] ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚ ʩʤʝʩʷʭ ʤʝʪʘʣʣʦʚ ʚ ʨʝʟʫʣʴʪʘʪʝ ʄɸ ʬʦʨʤʠʨʫʶʪʩʷ ʢʦʤʧʦʟʠʪʥʳʝ 

ʯʘʩʪʠʮʳ, ʩʦʩʪʦʷʱʠʝ ʠʟ ʩʣʦʝʚ ʠʩʭʦʜʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ. ʈʘʥʝʝ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ 

ʧʦʨʦʰʢʘʭ ʤʝʪʘʣʣʦʚ ʧʦʩʣʝ ʄɸ [15], ʠ, ʚ ʯʘʩʪʥʦʩʪʠ, ʚ ʘʢʪʠʚʠʨʦʚʘʥʥʦʡ ʩʤʝʩʠ Ti+Ni [9] 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʨʝʘʛʝʥʪʦʚ ʚ ʚʦʣʥʝ ʛʦʨʝʥʠʷ ʤʦʞʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʚ ʨʝʞʠʤʝ ʨʝʘʢʮʠʦʥʥʦʡ 

ʜʠʬʬʫʟʠʠ. ʃʦʛʠʯʥʦ ʟʘʜʘʪʴʩʷ ʚʦʧʨʦʩʦʤ ï ʢʘʢʦʚʘ ʧʨʠʯʠʥʘ ʛʦʨʝʥʠʷ ʚ ʩʣʫʯʘʝ ʥʝ 

ʘʢʪʠʚʠʨʦʚʘʥʥʦʡ ʩʤʝʩʠ, ʢʦʛʜʘ ʥʝʪ ʢʦʤʧʦʟʠʪʥʳʭ ʯʘʩʪʠʮ? ʆʜʥʦʡ ʠʟ ʚʦʟʤʦʞʥʳʭ ʧʨʠʯʠʥ 

ʤʦʞʝʪ ʙʳʪʴ ʦʙʨʘʟʦʚʘʥʠʝ ʞʠʜʢʦʡ ʬʘʟʳ ʠʟ-ʟʘ ʧʦʚʳʰʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʚʦ ʬʨʦʥʪʝ 

ʛʦʨʝʥʠʷ ʧʨʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʤ ʥʘʛʨʝʚʝ ʦʙʨʘʟʮʘ. 

ʊʘʢʞʝ ʙʳʣʘ ʧʦʩʪʘʚʣʝʥʘ ʟʘʜʘʯʘ ï ʚʳʷʩʥʠʪʴ, ʦʪʣʠʯʘʝʪʩʷ ʣʠ ʤʝʭʘʥʠʟʤ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʨʝʘʛʝʥʪʦʚ ʧʨʠ ʛʦʨʝʥʠʠ ʘʢʪʠʚʠʨʦʚʘʥʥʦʡ ʩʤʝʩʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʠʩʭʦʜʥʦʡ ʩʤʝʩʴʶ. ɹʫʜʝʪ ʣʠ ʦʙʨʘʟʦʚʳʚʘʪʴʩʷ ʞʠʜʢʘʷ ʬʘʟʘ ʚ ʵʪʦʤ ʩʣʫʯʘʝ? 

ʄʝʪʦʜʠʢʘ ʵʢʩʧʝʨʠʤʝʥʪʦʚ 

ɺ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʧʦʨʦʰʦʢ ʥʠʢʝʣʷ ʤʘʨʢʠ ʇʅʂ ʠ ʧʦʨʦʰʦʢ ʪʠʪʘʥʘ ʤʘʨʢʠ 

ʇʊʆʄ. ʉʨʝʜʥʠʡ ʨʘʟʤʝʨ ʯʘʩʪʠʮ ʥʠʢʝʣʷ ʩʦʩʪʘʚʣʷʣ 10 ʤʢʤ, ʪʠʪʘʥʘ ï 50 ʤʢʤ. 
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ʄɸ ʵʢʚʠʤʦʣʷʨʥʦʡ ʩʤʝʩʠ ʧʦʨʦʰʢʦʚ Ti+Ni ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʚ ʤʝʭʘʥʦʘʢʪʠʚʘʪʦʨʝ 

ɸɻʆ-2 ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʪʘʣʴʥʳʭ ʰʘʨʦʚ ʜʠʘʤʝʪʨʦʤ 9 ʤʤ ʧʨʠ ʫʩʢʦʨʝʥʠʠ 90 g [12-15]. 

ʇʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ ʄɸ ʩʦʩʪʘʚʣʷʣʘ 5 ʠ 9 ʤʠʥ. 

ʎʠʣʠʥʜʨʠʯʝʩʢʠʝ ʧʨʝʩʩʦʚʘʥʥʳʝ ʦʙʨʘʟʮʳ ʜʠʘʤʝʪʨʦʤ 10 ʤʤ ʠ ʚʳʩʦʪʦʡ ʦʢʦʣʦ 15 

ʤʤ ʧʦʣʫʯʘʣʠ ʜʚʫʭʩʪʦʨʦʥʥʠʤ ʭʦʣʦʜʥʳʤ ʧʨʝʩʩʦʚʘʥʠʝʤ. 

ʇʨʦʮʝʩʩʳ ʛʦʨʝʥʠʷ ʠ ʪʝʧʣʦʚʦʛʦ ʚʟʨʳʚʘ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʚ ʢʘʤʝʨʝ ʧʦʩʪʦʷʥʥʦʛʦ 

ʜʘʚʣʝʥʠʷ ʚ ʩʨʝʜʝ ʘʨʛʦʥʘ ʧʨʠ ʜʘʚʣʝʥʠʠ 1 ʘʪʤ. ʇʨʝʜʚʘʨʠʪʝʣʴʥʳʡ ʥʘʛʨʝʚ ʦʙʨʘʟʮʦʚ 

ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʩ ʧʦʤʦʱʴʶ ʥʘʛʨʝʚʘ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʪʦʢʦʤ ʤʦʣʠʙʜʝʥʦʚʦʡ ʧʨʦʚʦʣʦʢʠ, 

ʦʢʨʫʞʘʶʱʝʡ ʠʩʩʣʝʜʫʝʤʳʡ ʦʙʨʘʟʝʮ. ʅʘʯʘʣʴʥʘʷ ʠ ʤʘʢʩʠʤʘʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʳ ʛʦʨʝʥʠʷ ʠ 

ʪʝʧʣʦʚʦʛʦ ʚʟʨʳʚʘ ʠʟʤʝʨʷʣʠʩʴ ʚʦʣʴʬʨʘʤ-ʨʝʥʠʝʚʦʡ ʪʝʨʤʦʧʘʨʦʡ ɺʈ5/ɺʈ20. 

ʈʝʟʫʣʴʪʘʪʳ ʠ ʦʙʩʫʞʜʝʥʠʝ 

ɺ ʩʤʝʩʷʭ ʧʦʩʣʝ ʄɸ ʫʜʘʣʦʩʴ ʨʝʘʣʠʟʦʚʘʪʴ ʧʨʦʮʝʩʩ ʛʦʨʝʥʠʷ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ. ɺ ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ ʙʝʟ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʧʦʜʦʛʨʝʚʘ ʧʨʦʮʝʩʩ ʛʦʨʝʥʠʷ 

ʨʝʘʣʠʟʦʚʘʪʴ ʥʝ ʫʜʘʣʦʩʴ, ʤʠʥʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʥʘʯʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ, ʧʨʠ ʢʦʪʦʨʦʡ 

ʫʜʘʣʦʩʴ ʨʝʘʣʠʟʦʚʘʪʴ ʛʦʨʝʥʠʝ ʚ ʦʙʨʘʟʮʘʭ ʠʟ ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ, ʩʦʩʪʘʚʠʣʦ 130Á ʉ. ʇʨʠ 

ʥʘʛʨʝʚʝ ʜʦ 190Á ʉ  ʚ ʘʢʪʠʚʠʨʦʚʘʥʥʳʭ ʩʤʝʩʷʭ ʧʨʦʠʩʭʦʜʠʣ ʪʝʧʣʦʚʦʡ ʚʟʨʳʚ. ʇʦʩʣʝ 5 ʤʠʥ 

ʄɸ ʤʘʢʩʠʤʘʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʛʦʨʝʥʠʷ ʩʤʝʩʠ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʥʘʯʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ, ʘ 

ʧʦʩʣʝ 9 ʤʠʥ ʄɸ ʤʘʢʩʠʤʘʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʳ ʛʦʨʝʥʠʷ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʨʦʩʪʦʤ ʥʘʯʘʣʴʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʳ. ɼʘʥʥʳʡ ʬʘʢʪ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʩʚʷʟʘʥ ʩ ʙʦʣʝʝ ʧʦʣʥʦʡ ʛʣʫʙʠʥʦʡ 

ʧʨʝʚʨʘʱʝʥʠʷ ʠʩʭʦʜʥʳʭ ʨʝʘʛʝʥʪʦʚ ʚ ʩʣʫʯʘʝ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʄɸ 9 ʤʠʥ. 

ʉʢʦʨʦʩʪʴ ʛʦʨʝʥʠʷ ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʥʘʯʘʣʴʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʳ. ɺʦ ʚʩʝʤ ʠʩʩʣʝʜʦʚʘʥʥʦʤ ʜʠʘʧʘʟʦʥʝ ʟʥʘʯʝʥʠʡ ʥʘʯʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ 

(130Áʉï276Áʉ) ʨʝʘʣʠʟʫʝʪʩʷ ʧʨʦʮʝʩʩ ʧʦʩʣʦʡʥʦʛʦ ʛʦʨʝʥʠʷ (ʨʠʩʫʥʦʢ 1). ɺ ʩʣʫʯʘʝ 

ʘʢʪʠʚʠʨʦʚʘʥʥʦʡ ʩʤʝʩʠ ʧʦʩʣʝ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʧʦʚʳʰʝʥʠʷ ʩʢʦʨʦʩʪʠ ʛʦʨʝʥʠʷ ʩ 2 ʜʦ 25 

ʤʤ/ʩ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 20Áʉï120Áʉ ʜʘʣʴʥʝʡʰʝʝ ʧʦʚʳʰʝʥʠʝ ʥʘʯʘʣʴʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʩʢʦʨʦʩʪʠ ʛʦʨʝʥʠʷ. ʇʨʠ ʧʦʚʳʰʝʥʠʠ ʥʘʯʘʣʴʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 190Á ʉ ʚ ʄɸ ʩʤʝʩʠ ʧʨʦʠʩʭʦʜʠʪ ʪʝʧʣʦʚʦʡ ʚʟʨʳʚ. ɸʥʘʣʦʛʠʯʥʳʝ 

ʨʝʟʫʣʴʪʘʪʳ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʜʣʷ ʄɸ ʩʤʝʩʠ ʚ ʨʘʙʦʪʝ [9, 10]. ʆʜʥʘʢʦ ʩʪʘʜʠʷ ʫʤʝʥʴʰʝʥʠʷ 

ʩʢʦʨʦʩʪʠ ʛʦʨʝʥʠʷ ʧʨʠ ʧʦʚʳʰʝʥʠʠ ʥʘʯʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʚ [9, 10] ʟʘʢʘʥʯʠʚʘʣʘʩʴ ʥʝ 

ʪʝʧʣʦʚʳʤ ʚʟʨʳʚʦʤ ʩʤʝʩʠ, ʘ ʧʨʝʢʨʘʱʝʥʠʝʤ ʛʦʨʝʥʠʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʙʦʣʴʰʝʡ 300Á ʉ. 

ɸʚʪʦʨʳ ʨʘʙʦʪʳ [9, 10] ʦʙʲʷʩʥʷʶʪ ʫʤʝʥʴʰʝʥʠʝ ʩʢʦʨʦʩʪʠ ʚ ʦʙʣʘʩʪʠ ʧʦʚʳʰʝʥʥʳʭ 

ʪʝʤʧʝʨʘʪʫʨ ʦʪʞʠʛʦʤ ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʜʝʬʝʢʪʦʚ, ʩʦʟʜʘʥʥʳʭ ʚ ʨʝʟʫʣʴʪʘʪʝ ʘʢʪʠʚʘʮʠʠ, ʯʪʦ ʠ 

ʚʝʜʝʪ ʢ ʩʥʠʞʝʥʠʶ ʩʢʦʨʦʩʪʠ ʛʦʨʝʥʠʷ. ʀʭ ʦʪʩʫʪʩʪʚʠʝ (ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʜʝʬʝʢʪʦʚ) 

ʧʨʠʚʦʜʠʪ ʢ ʥʝʚʦʟʤʦʞʥʦʩʪʠ ʠʥʠʮʠʠʨʦʚʘʥʠʷ ʛʦʨʝʥʠʷ. ɼʨʫʛʠʤ ʦʙʲʷʩʥʝʥʠʝʤ 
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ʥʘʙʣʶʜʘʝʤʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʩʢʦʨʦʩʪʠ ʛʦʨʝʥʠʷ ʦʪ ʥʘʯʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʷʚʣʷʝʪʩʷ 

ʦʙʨʘʟʦʚʘʥʠʝ ʚ ʄɸ ʩʤʝʩʠ ʥʝʩʪʘʙʠʣʴʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ [16]. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʄɸ 

ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʧʝʨʝʥʘʩʳʱʝʥʥʳʭ ʨʘʩʪʚʦʨʦʚ ʩ ʤʘʣʳʤ 

ʨʘʟʤʝʨʦʤ ʢʨʠʩʪʘʣʣʠʪʦʚ, ʢʦʪʦʨʳʝ ʚʩʣʝʜʩʪʚʠʝ ʠʟʤʝʥʝʥʠʡ ʩʪʨʫʢʪʫʨʳ ʤʦʛʫʪ ʦʙʣʘʜʘʪʴ 

ʫʥʠʢʘʣʴʥʳʤʠ ʨʝʘʢʮʠʦʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ [13]. ʀʤʝʥʥʦ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʥʝʩʪʘʙʠʣʴʥʳʭ 

ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʘʚʪʦʨʳ ʩʪʘʪʴʠ ʩʚʷʟʳʚʘʶʪ ʥʝʦʙʳʯʥʦʝ ʧʦʚʝʜʝʥʠʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʩʢʦʨʦʩʪʠ ʛʦʨʝʥʠʷ ʦʪ ʥʘʯʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʄɸ ʩʤʝʩʷʭ. 

 

ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʴ ʩʢʦʨʦʩʪʝʡ ʛʦʨʝʥʠʷ ʦʪ ʥʘʯʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʜʣʷ ʩʤʝʩʝʡ Ti+Ni:

  ï ʠʩʭʦʜʥʘʷ ʩʤʝʩʴ,  + ï ʄɸ 5 ʤʠʥ  ʩʤʝʩʴ 

ʀʟʫʯʝʥʠʝ ʦʙʨʘʟʮʦʚ ʧʨʦʜʫʢʪʦʚ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʚ ʧʨʦʮʝʩʩʝ ʛʦʨʝʥʠʷ ʦʙʨʘʟʮʦʚ ʠʟ 

ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ ʦʙʨʘʟʫʝʪʩʷ ʞʠʜʢʘʷ ʬʘʟʘ, ʧʝʨʚʦʥʘʯʘʣʴʥʘʷ ʮʠʣʠʥʜʨʠʯʝʩʢʘʷ ʬʦʨʤʘ 

ʦʙʨʘʟʮʦʚ ʠʟʤʝʥʷʝʪʩʷ. ʕʪʦ ʠʟʤʝʥʝʥʠʝ ʧʝʨʚʦʥʘʯʘʣʴʥʦʡ ʬʦʨʤʳ ʩʪʘʥʦʚʠʪʩʷ ʙʦʣʝʝ 

ʟʘʤʝʪʥʳʤ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʥʘʯʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʛʦʨʝʥʠʷ. ʆʙʨʘʟʮʳ ʧʨʦʜʫʢʪʦʚ ʠʟ 

ʘʢʪʠʚʠʨʦʚʘʥʥʳʭ ʩʤʝʩʝʡ ʥʝ ʩʦʜʝʨʞʘʪ ʩʣʝʜʦʚ ʧʣʘʚʣʝʥʠʷ. ʂʘʢ ʧʦʩʣʝ ʛʦʨʝʥʠʷ, ʪʘʢ ʠ ʧʦʩʣʝ 

ʪʝʧʣʦʚʦʛʦ ʚʟʨʳʚʘ ʧʝʨʚʦʥʘʯʘʣʴʥʘʷ ʬʦʨʤʘ ʦʙʨʘʟʮʦʚ ʠʟ ʄɸ ʩʤʝʩʝʡ ʩʦʭʨʘʥʷʝʪʩʷ. ʅʘ 

ʨʠʩʫʥʢʝ 1 ʝʩʪʴ ʥʝʙʦʣʴʰʘʷ ʦʙʣʘʩʪʴ ʥʘʯʘʣʴʥʳʭ ʪʝʤʧʝʨʘʪʫʨ, ʛʜʝ ʫʜʘʣʦʩʴ ʠʥʠʮʠʠʨʦʚʘʪʴ 

ʧʦʩʣʦʡʥʦʝ ʛʦʨʝʥʠʝ ʢʘʢ ʚ ʘʢʪʠʚʠʨʦʚʘʥʥʳʭ, ʪʘʢ ʠ ʚ ʠʩʭʦʜʥʳʭ ʩʤʝʩʷʭ. ɽʩʪʝʩʪʚʝʥʥʦ, 

ʚʦʟʥʠʢʘʝʪ ʚʦʧʨʦʩ: ʢʘʢ ʧʨʠ ʦʜʥʦʡ ʠ ʪʦʡ ʞʝ ʥʘʯʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʠʩʭʦʜʥʳʭ ʩʤʝʩʷʭ 

ʜʦʩʪʠʛʘʝʪʩʷ ʪʝʤʧʝʨʘʪʫʨʘ ʧʣʘʚʣʝʥʠʷ, ʘ ʚ ʘʢʪʠʚʠʨʦʚʘʥʥʳʭ ʥʝʪ. ʆʪʚʝʪ ʥʘ ʵʪʦʪ ʚʦʧʨʦʩ 

ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʦʙʨʘʟʮʳ ʠʟ ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ ʛʦʨʷʪ ʚ ʥʝʩʪʘʮʠʦʥʘʨʥʦʤ ʨʝʞʠʤʝ, ʢʦʛʜʘ 

ʩʪʘʜʠʷ ʜʝʧʨʝʩʩʠʠ ʩʤʝʥʷʝʪʩʷ ʙʳʩʪʨʳʤ ʩʛʦʨʘʥʠʝʤ ʧʨʦʛʨʝʪʦʛʦ ʩʣʦʷ ʚʝʱʝʩʪʚʘ, 

ʦʙʨʘʟʦʚʘʚʰʝʛʦʩʷ ʥʘ ʩʪʘʜʠʠ ʜʝʧʨʝʩʩʠʠ. ʇʨʠ ʩʛʦʨʘʥʠʠ ʧʨʦʛʨʝʪʦʛʦ ʩʣʦʷ ʪʝʤʧʝʨʘʪʫʨʘ 

ʛʦʨʝʥʠʷ ʧʨʝʚʳʰʘʝʪ ʘʜʠʘʙʘʪʠʯʝʩʢʫʶ ʪʝʤʧʝʨʘʪʫʨʫ ʛʦʨʝʥʠʷ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ 

ʞʠʜʢʦʡ ʬʘʟʳ ʠ ʧʦʟʚʦʣʷʝʪ ʨʝʘʣʠʟʦʚʘʪʴ ʧʨʦʮʝʩʩ ʛʦʨʝʥʠʷ ʚ ʦʙʨʘʟʮʝ ʠʟ ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ. 
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ɿʘʢʣʶʯʝʥʠʝ 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʫʩʪʘʥʦʚʣʝʥʳ ʦʙʣʘʩʪʠ ʨʝʘʣʠʟʘʮʠʠ ʧʦʩʣʦʡʥʦʛʦ ʨʝʞʠʤʘ ʛʦʨʝʥʠʷ ʚ 

ʠʩʭʦʜʥʦʡ ʠ ʘʢʪʠʚʠʨʦʚʘʥʥʳʭ ʩʤʝʩʷʭ Ti+Ni. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʥʘʛʨʝʚʝ ʜʦ 190Á ʉ  ʚ 

ʘʢʪʠʚʠʨʦʚʘʥʥʳʭ ʩʤʝʩʷʭ ʧʨʦʠʩʭʦʜʠʪ ʪʝʧʣʦʚʦʡ ʚʟʨʳʚ. ʇʨʝʜʣʦʞʝʥʦ ʦʙʲʷʩʥʝʥʠʝ 

ʫʤʝʥʴʰʝʥʠʷ ʩʢʦʨʦʩʪʠ ʛʦʨʝʥʠʷ ʘʢʪʠʚʠʨʦʚʘʥʥʦʡ ʩʤʝʩʠ ʚ ʦʙʣʘʩʪʠ ʧʦʚʳʰʝʥʥʳʭ 

ʥʘʯʘʣʴʥʳʭ ʪʝʤʧʝʨʘʪʫʨ. ɼʘʥʦ ʦʙʲʷʩʥʝʥʠʝ ʨʘʟʣʠʯʥʳʭ ʤʝʭʘʥʠʟʤʦʚ ʨʝʘʣʠʟʘʮʠʠ 

ʧʦʩʣʦʡʥʦʛʦ ʨʝʞʠʤʘ ʛʦʨʝʥʠʷ ʚ ʩʤʝʩʠ ʠʟ ʠʩʭʦʜʥʳʭ ʠ ʄɸ ʧʦʨʦʰʢʦʚ ʧʨʠ ʦʜʠʥʘʢʦʚʦʡ 

ʥʘʯʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʨʘʟʣʠʯʠʝ ʚ ʤʝʭʘʥʠʟʤʘʭ ʛʦʨʝʥʠʷ ʩʤʝʩʠ ʠʟ 

ʠʩʭʦʜʥʳʭ ʧʦʨʦʰʢʦʚ ʠ ʄɸ ʩʤʝʩʠ ʧʨʠʚʦʜʠʪ ʢ ʨʘʟʣʠʯʥʦʤʫ ʬʘʟʦʚʦʤʫ ʩʦʩʪʘʚʫ ʧʨʦʜʫʢʪʦʚ 

ʛʦʨʝʥʠʷ. ʈʝʟʫʣʴʪʘʪʳ ʜʘʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʦʛʫʪ ʥʘʡʪʠ ʧʨʠʤʝʥʝʥʠʷ ʜʣʷ ʦʧʪʠʤʠʟʘʮʠʠ 

ʧʨʦʮʝʩʩʘ ʧʦʣʫʯʝʥʠʷ ʩʧʣʘʚʦʚ ʩ ʧʘʤʷʪʴʶ ʬʦʨʤʳ ʥʘ ʦʩʥʦʚʝ ʥʠʢʝʣʠʜʘ ʪʠʪʘʥʘ. 
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ʇʈʆʍʆɾɼɽʅʀʀ ɺʆʃʅʓ ɻʆʈɽʅʀʗ ɻɽʊɽʈʆɻɽʅʅʆʁ ʉʀʉʊɽʄʓ 
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ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʧʦʪʝʨʝ ʫʩʪʦʡʯʠʚʦʩʪʠ ʧʣʦʩʢʦʛʦ ʬʨʦʥʪʘ ʛʦʨʝʥʠʷ ʚʦʟʤʦʞʥʦ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʥʝʦʜʥʦʨʦʜʥʳʭ ʚʦʣʥʦʚʳʭ ʨʝʞʠʤʦʚ [1, 2]. ʅʝʫʩʪʦʡʯʠʚʦʩʪʴ ʧʣʦʩʢʦʛʦ 

ʬʨʦʥʪʘ ʦʪʨʘʞʘʝʪʩʷ ʥʘ ʦʩʥʦʚʥʳʭ ʟʘʢʦʥʦʤʝʨʥʦʩʪʷʭ ʧʨʦʭʦʞʜʝʥʠʷ ʛʦʨʝʥʠʷ ʚ 

ʤʥʦʛʦʩʣʦʡʥʳʭ ʩʠʩʪʝʤ, ʚ ʪʦʤ ʯʠʩʣʝ ʧʨʦʭʦʞʜʝʥʠʷ ʯʝʨʝʟ ʧʨʝʛʨʘʜʫ.  

ɺ ʨʘʙʦʪʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʫʝʪʩʷ ʧʝʨʝʭʦʜ ʛʦʨʝʥʠʷ ʩʣʦʷ ʧʦʨʦʰʢʘ ʪʠʪʘʥʘ 

ʯʝʨʝʟ ʧʨʝʛʨʘʜʫ ʩʣʦʞʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʩ ʫʯʝʪʦʤ ʚʦʟʤʦʞʥʦʡ ʧʦʪʝʨʠ ʫʩʪʦʡʯʠʚʦʩʪʠ 

ʧʣʦʩʢʦʛʦ ʬʨʦʥʪʘ. ʆʩʦʙʝʥʥʦʩʪʴʶ ʠʩʩʣʝʜʫʝʤʦʛʦ ʧʨʦʮʝʩʩʘ ʷʚʣʷʝʪʩʷ ʥʘʣʠʯʠʝ 

ʢʦʥʢʫʨʠʨʫʶʱʠʭ ʧʨʦʮʝʩʩʦʚ ʪʝʧʣʦ- ʠ ʤʘʩʩʦʧʝʨʝʥʦʩʘ, ʢʦʪʦʨʳʝ ʦʧʨʝʜʝʣʷʶʪ ʭʘʨʘʢʪʝʨ 

ʧʝʨʝʭʦʜʥʦʛʦ ʧʨʦʮʝʩʩʘ ʛʦʨʝʥʠʷ. ʀʟʫʯʝʥʦ ʚʣʠʷʥʠʝ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ ʬʘʢʪʦʨʦʚ 

ʩʪʨʫʢʪʫʨʳ ʚʦʣʥʦʦʙʨʘʟʥʦʛʦ ʬʨʦʥʪʘ ʛʦʨʝʥʠʷ ʩʣʦʷ ʧʦʨʦʰʢʘ ʪʠʪʘʥʘ ʠ ʬʦʨʤʳ ʠʥʝʨʪʥʦʡ 

ʧʨʝʛʨʘʜʳ ʥʘ ʥʝʩʪʘʮʠʦʥʘʨʥʫʶ ʜʠʥʘʤʠʢʫ ʧʝʨʝʭʦʜʥʦʛʦ ʧʨʦʮʝʩʩʘ ʛʦʨʝʥʠʷ. ʇʨʦʚʦʜʠʪʩʷ 

ʘʥʘʣʠʟ ʚʣʠʷʥʠʷ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʛʦʨʶʯʝʛʦ ʢʦʤʧʦʥʝʥʪʘ ʚ ʟʦʥʫ ʨʝʘʢʮʠʠ ʠ 

ʪʝʧʣʦʧʝʨʝʥʦʩʘ ʥʘ ʧʝʨʝʭʦʜʥʳʝ ʧʨʦʮʝʩʩʳ. ʇʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʦʧʪʠʤʠʟʘʮʠʠ ʛʦʨʝʥʠʷ 

ʩʣʦʝʚʳʭ ʩʠʩʪʝʤ ʟʘ ʩʯʸʪ ʘʢʢʫʤʫʣʷʮʠʠ ʪʝʧʣʘ ʥʘ ʛʨʘʥʠʮʝ ʢʦʥʪʘʢʪʘ ʩʣʦʸʚ. ʋʩʪʘʥʦʚʣʝʥʦ, 

ʯʪʦ ʘʥʘʣʠʟ ʧʨʦʮʝʩʩʦʚ ʛʦʨʝʥʠʷ ʚ ʵʪʠʭ ʫʩʣʦʚʠʷʭ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʤʝʪʦʜʳ ʫʧʨʘʚʣʝʥʠʷ 

ʟʘʞʠʛʘʥʠʝʤ ʠ ʧʝʨʝʭʦʜʥʳʤʠ ʧʨʦʮʝʩʩʘʤʠ ʛʦʨʝʥʠʷ ʧʦʨʠʩʪʳʭ ʩʣʦʝʚ. ʀʥʠʮʠʠʨʦʚʘʥʠʝ 

ʛʦʨʝʥʠʷ ʟʘ ʧʨʝʛʨʘʜʦʡ ʟʘʚʠʩʠʪ ʦʪ ʩʦʚʦʢʫʧʥʦʩʪʠ ʬʘʢʪʦʨʦʚ: ʘʢʢʫʤʫʣʷʮʠʠ ʪʝʧʣʘ ʫ 

ʦʩʥʦʚʘʥʠʷ ʢʣʠʥʦʚʠʜʥʦʡ ʧʨʝʛʨʘʜʳ ʠʤʝʶʱʝʡ ʬʦʨʤʫ ʪʫʧʦʛʦ ʫʛʣʘ ʠ ʜʦʩʪʘʪʦʯʥʦʛʦ ʧʦʜʚʦʜʘ 

ʚʦʟʜʫʰʥʦʡ ʩʤʝʩʠ ʢ ʵʪʦʡ ʦʙʣʘʩʪʠ.  

ɺ ʢʘʯʝʩʪʚʝ ʤʦʜʝʣʴʥʦʡ ʩʠʩʪʝʤʳ ʨʘʩʩʤʘʪʨʠʚʘʣʦʩʴ ʛʦʨʝʥʠʝ ʩʣʦʷ ʧʦʨʦʰʢʘ ʪʠʪʘʥʘ ʩ 

ʚʥʝʜʨʸʥʥʦʡ ʧʦʧʝʨʝʯʥʦʡ ʧʨʝʛʨʘʜʦʡ. ɻʦʨʝʥʠʝ ʨʝʘʣʠʟʦʚʳʚʘʣʦʩʴ ʚ ʚʦʟʜʫʰʥʦʡ ʘʪʤʦʩʬʝʨʝ 

ʧʨʠ ʥʦʨʤʘʣʴʥʳʭ ʜʘʚʣʝʥʠʷʭ. ʅʘʣʠʯʠʝ ʧʨʠʤʝʩʠ ʚʦʜʦʨʦʜʘ ʚ ʠʩʭʦʜʥʦʤ ʧʦʨʦʰʢʝ ʪʠʪʘʥʘ ʠ 

ʧʨʠʤʝʨʥʦ ʦʜʥʦʛʦ ʧʨʦʮʝʥʪʘ ʘʨʛʦʥʘ ʚ ʚʦʟʜʫʭʝ ʧʦʟʚʦʣʠʣʦ ʨʘʩʩʤʦʪʨʝʪʴ ʣʠʤʠʪʠʨʫʶʱʝʝ 
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ʚʣʠʷʥʠʝ ʩʢʦʨʦʩʪʠ ʛʘʟʦʦʙʤʝʥʘ ʥʘ ʠʩʩʣʝʜʫʝʤʳʡ ʧʨʦʮʝʩʩ ʧʝʨʝʭʦʜʘ ʚʦʣʥʳ ʛʦʨʝʥʠʷ ʯʝʨʝʟ 

ʬʠʛʫʨʥʫʶ ʧʨʝʛʨʘʜʫ.  

ʇʨʠ ʛʦʨʝʥʠʠ ʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ ʩʣʦʷ ʧʦʨʦʰʢʘ ʪʠʪʘʥʘ ʥʘ ʦʪʢʨʳʪʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʚʦʩʭʦʜʷʱʠʭ ʥʘʜ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʦʥʦʡ ʢʦʥʚʝʢʪʠʚʥʳʭ ʛʘʟʦʚʳʭ 

ʧʦʪʦʢʦʚ ʩʪʠʤʫʣʠʨʫʝʪ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʝ ʪʝʯʝʥʠʝ ʚʦʟʜʫʭʘ. ʕʪʠ ʪʝʯʝʥʠʷ ʧʨʝʧʷʪʩʪʚʫʶʪ 

ʧʦʜʚʦʜʫ ʘʢʪʠʚʥʳʭ ʛʘʟʦʦʙʨʘʟʥʳʭ ʨʝʘʛʝʥʪʦʚ (ʢʠʩʣʦʨʦʜʘ ʠ ʘʟʦʪʘ) ʚ ʟʦʥʫ ʨʝʘʢʮʠʠ. 

ʈʝʘʣʠʟʫʝʪʩʷ ʦʜʥʦ ʠʟ ʫʩʣʦʚʠʡ ʧʦʪʝʨʠ ʫʩʪʦʡʯʠʚʦʩʪʠ ʧʣʦʩʢʦʛʦ ʬʨʦʥʪʘ ʛʦʨʝʥʠʷ ʧʦʨʠʩʪʳʭ 

ʩʨʝʜ ï ʦʛʨʘʥʠʯʝʥʥʳʡ ʧʦʜʚʦʜ ʛʘʟʦʦʙʨʘʟʥʳʭ ʨʝʘʛʝʥʪʦʚ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʧʦʷʚʣʷʝʪʩʷ 

ʚʦʟʤʦʞʥʦʩʪʴ ʬʦʨʤʠʨʦʚʘʥʠʷ ʙʠʬʨʦʥʪʘʣʴʥʦʡ ʚʦʣʥʦʚʦʡ ʩʪʨʫʢʪʫʨʳ, ʢʦʛʜʘ ʩʨʘʟʫ ʟʘ 

ʬʨʦʥʪʦʤ ʛʦʨʝʥʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʚʦʩʭʦʜʷʱʠʡ ʧʨʦʟʨʘʯʥʳʡ ʙʝʩʮʚʝʪʥʳʡ ʧʘʨʦʛʘʟʦʚʳʡ ʧʦʪʦʢ 

ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʩʣʘʙʦ ʦʢʨʘʰʝʥʥʦʛʦ ʧʣʘʤʝʥʠ, ʧʦʜ ʢʦʪʦʨʳʤ ʧʨʝʢʨʘʱʘʝʪʩʷ ʛʦʨʝʥʠʝ ʩʣʦʷ 

ʧʦʨʦʰʢʘ. ʉʣʝʜʦʤ ʟʘ ʵʪʦʡ ʟʦʥʦʡ ʥʘʙʣʶʜʘʝʪʩʷ ʚʪʦʨʠʯʥʳʡ ʬʨʦʥʪ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʟʘ ʥʠʤ 

ʟʦʥʦʡ ʜʦʛʦʨʘʥʠʷ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʜʚʫʭ ʨʘʟʜʝʣʴʥʳʭ ʟʦʥ ʨʝʘʢʮʠʡ 

ʩʚʷʟʘʥʦ ʩ ʘʢʢʫʤʫʣʷʮʠʝʡ ʘʪʤʦʩʬʝʨʥʦʛʦ ʘʨʛʦʥʘ ʠ ʚʳʜʝʣʝʥʠʝʤ ʚʦʜʦʨʦʜʘ ʠʟ ʧʦʨʦʰʢʘ 

ʪʠʪʘʥʘ, ʩʛʦʨʘʶʱʝʛʦ ʚ ʚʠʜʝ ʧʨʦʟʨʘʯʥʦʛʦ ʩʣʘʙʦ ʦʢʨʘʰʝʥʥʦʛʦ (ʠʟ-ʟʘ ʥʘʣʠʯʠʷ ʧʨʠʤʝʩʝʡ) 

ʧʣʘʤʝʥʠ ʥʘʜ ʨʘʩʢʘʣʸʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʧʦʣʫʧʨʦʜʫʢʪʘ ʛʦʨʝʥʠʷ ʧʦʨʦʰʢʘ. 

ʇʝʨʚʳʡ ʬʨʦʥʪ ʷʚʣʷʝʪʩʷ ʚʩʪʨʝʯʥʳʤ ʥʘʙʝʛʘʶʱʝʤʫ ʚʦʟʜʫʰʥʦʤʫ ʧʦʪʦʢʫ, ʘ ʚʪʦʨʦʡ 

ʬʨʦʥʪ ï ʩʧʫʪʥʳʡ. ʇʨʠ ʚʩʪʨʝʯʥʦʡ ʬʠʣʴʪʨʘʮʠʠ ʛʘʟʘ ʛʣʫʙʠʥʘ ʧʨʝʚʨʘʱʝʥʠʷ ʪʠʪʘʥʘ ʚ ʟʦʥʝ 

ʨʝʘʢʮʠʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʧʝʨʝʥʦʩʘ ʘʢʪʠʚʥʦʛʦ ʛʘʟʘ ʚ ʟʦʥʫ ʨʝʘʢʮʠʠ ʠ 

ʩʢʦʨʦʩʪʴʶ ʭʠʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ. ʄʝʞʜʫ ʥʠʤʠ ʥʘʜ ʧʦʚʝʨʭʥʦʩʪʴʶ ʩʣʦʷ ʥʘʙʣʶʜʘʣʩʷ 

ʬʘʢʝʣ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʧʘʨʦʚ ʚʦʜʳ ʢʘʢ ʨʝʟʫʣʴʪʘʪ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚʳʜʝʣʠʚʰʝʛʦʩʷ ʠʟ 

ʧʦʨʦʰʢʘ ʪʠʪʘʥʘ ʚʦʜʦʨʦʜʘ ʩ ʢʠʩʣʦʨʦʜʦʤ ʚʦʟʜʫʭʘ.  

ɻʦʨʝʥʠʝ ʚʦ ʚʩʪʨʝʯʥʦʤ ʨʝʞʠʤʝ, ʥʘʣʠʯʠʝ ʚʦʩʭʦʜʷʱʝʛʦ ʧʘʨʦʛʘʟʦʚʦʛʦ ʧʦʪʦʢʘ ʥʘʜ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʦʥʦʡ ʨʝʘʢʮʠʠ ʠ ʧʨʦʜʫʢʪʦʚ ʛʦʨʝʥʠʷ ʧʨʠʚʦʜʠʪ ʢ ʥʝʧʦʣʥʦʪʝ 

ʧʨʝʚʨʘʱʝʥʠʷ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʡ ʬʘʟʳ. ʅʝʭʚʘʪʢʘ ʘʢʪʠʚʥʦʛʦ ʛʘʟʘ ʚ ʟʦʥʝ ʨʝʘʢʮʠʠ ʠ 

ʪʝʧʣʦʧʦʪʝʨʠ ʩʧʦʩʦʙʩʪʚʫʶʪ ʧʦʪʝʨʝ ʫʩʪʦʡʯʠʚʦʩʪʠ ʧʣʦʩʢʦʛʦ ʬʨʦʥʪʘ [1, 2]. ʇʨʠ 

ʠʩʢʨʠʚʣʝʥʠʠ ʧʣʦʩʢʦʛʦ ʬʨʦʥʪʘ ʫʩʢʦʨʝʥʥʦʤʫ ʩʛʦʨʘʥʠʶ ʚʦʛʥʫʪʦʛʦ ʫʯʘʩʪʢʘ, ʧʦʣʫʯʘʶʱʝʤʫ 

ʙʦʣʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ ʪʝʧʣʘ ʦʪ ʧʨʦʜʫʢʪʦʚ ʛʦʨʝʥʠʷ, ʧʨʝʧʷʪʩʪʚʫʝʪ ʩʥʠʞʝʥʠʝ ʩʢʦʨʦʩʪʠ 

ʧʦʜʚʦʜʘ ʦʢʠʩʣʠʪʝʣʷ ʠʟ-ʟʘ ʚʦʩʭʦʜʷʱʝʛʦ ʧʦʪʦʢʘ ʧʨʠʤʝʩʥʳʭ ʛʘʟʦʚ. ʅʘʧʨʦʪʠʚ, ʚʳʧʫʢʣʳʡ 

ʚʳʩʪʫʧ ʚʝʜʫʱʝʛʦ ʬʨʦʥʪʘ ʛʦʨʝʥʠʷ ʠʤʝʝʪ ʣʫʯʰʠʝ ʫʩʣʦʚʠʷ ʜʣʷ ʧʦʩʪʫʧʣʝʥʠʷ 

ʛʘʟʦʦʙʨʘʟʥʦʛʦ ʦʢʠʩʣʠʪʝʣʷ, ʥʦ ʵʪʦʤʫ ʩʦʧʫʪʩʪʚʫʝʪ ʠ ʫʚʝʣʠʯʝʥʠʝ ʨʘʩʩʝʠʚʘʥʠʷ ʪʝʧʣʘ ʠʟ 

ʟʦʥʳ ʛʦʨʝʥʠʷ.  
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ʆʪʤʝʯʝʥʥʘʷ ʦʩʦʙʝʥʥʦʩʪʴ ʧʨʦʪʝʢʘʥʠʷ ʪʝʧʣʦ-ʛʘʟʦʦʙʤʝʥʘ ʚ ʟʦʥʝ ʵʢʟʦʪʝʨʤʠʯʝʩʢʦʡ 

ʨʝʘʢʮʠʠ, ʬʦʨʤʠʨʦʚʘʥʠʝ çʫʩʪʦʡʯʠʚʦʛʦè ʚʦʣʥʦʦʙʨʘʟʥʦʛʦ ʬʨʦʥʪʘ ʚ ʚʦʩʧʣʘʤʝʥʠʪʝʣʝ, 

ʦʯʝʚʠʜʥʦ, ʚʣʠʷʝʪ ʥʘ ʧʝʨʝʭʦʜ ʛʦʨʝʥʠʷ ʯʝʨʝʟ ʠʥʝʨʪʥʫʶ ʧʨʝʛʨʘʜʫ.  

ʇʨʠ ʘʥʘʣʠʟʝ ʧʝʨʝʭʦʜʘ ʛʦʨʝʥʠʷ ʯʝʨʝʟ ʧʨʝʛʨʘʜʫ ʚ ʚʠʜʝ ʥʠʢʝʣʝʚʦʡ ʣʝʥʪʳ ʚ ʬʦʨʤʝ 

ʢʣʠʥʘ, ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʥʘʚʩʪʨʝʯʫ ʬʨʦʥʪʫ, ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚʝʨʰʠʥʘ ʢʣʠʥʘ ʠʟ-ʟʘ 

ʨʘʩʩʝʠʚʘʥʠʷ ʪʝʧʣʘ, ʥʝʩʤʦʪʨʷ ʥʘ ʣʫʯʰʠʝ ʫʩʣʦʚʠʷ ʛʘʟʦʦʙʤʝʥʘ, ʤʦʞʝʪ ʦʢʘʟʘʪʴʩʷ ʥʝ 

ʙʣʘʛʦʧʨʠʷʪʥʦʡ ʜʣʷ ʠʥʠʮʠʠʨʦʚʘʥʠʷ ʟʘʞʠʛʘʥʠʷ ʟʘ ʧʨʝʛʨʘʜʦʡ (ʜʣʷ ʚʳʩʦʢʦ 

ʘʢʪʠʚʠʨʦʚʘʥʥʦʡ ʵʢʟʦʪʝʨʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ) (ʨʠʩʫʥʦʢ 1).  

 

ʈʠʩ. 1. ɿʘʞʠʛʘʥʠʝ ʠ ʧʝʨʝʭʦʜʥʦʡ ʧʨʦʮʝʩʩ ʛʦʨʝʥʠʷ. ʊʦʥʢʠʝ ʩʪʨʝʣʢʠ ï ʥʘʧʨʘʚʣʝʥʠʝ 

ʜʘʣʴʥʝʡʰʝʛʦ ʜʚʠʞʝʥʠʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʛʦʨʝʥʠʷ ʩʣʦʷ ʧʦʨʦʰʢʘ ʪʠʪʘʥʘ ʟʘ ʧʨʝʛʨʘʜʦʡ, 

ʪʦʣʩʪʘʷ ʩʪʨʝʣʢʘ ï ʥʘʧʨʘʚʣʝʥʠʝ ʦʙʱʝʛʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʬʨʦʥʪʘ ʛʦʨʝʥʠʷ 

 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʨʘʟʚʠʪʠʝ ʧʝʨʝʭʦʜʥʦʛʦ ʨʝʞʠʤʘ ʛʝʪʝʨʦʛʝʥʥʦʛʦ ʛʦʨʝʥʠʷ ʟʘʚʠʩʠʪ 

ʦʪ ʧʘʨʘʤʝʪʨʦʚ ʨʘʟʥʦʥʘʧʨʘʚʣʝʥʥʦʛʦ ʜʝʡʩʪʚʠʷ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʢʨʠʚʠʟʥʳ ʧʨʝʛʨʘʜʳ ʠʣʠ ʝʸ 

ʬʦʨʤʳ. ʂʘʢ ʩʣʝʜʩʪʚʠʝ, ʛʦʨʝʥʠʝ ʟʘ ʧʨʝʛʨʘʜʦʡ, ʧʦ ʢʨʘʷʤ ʦʩʥʦʚʘʥʠʷ ʢʣʠʥʘ, ʦʧʝʨʝʞʘʝʪ 

ʛʦʨʝʥʠʝ ʧʦ ʮʝʥʪʨʫ ï ʤʝʩʪʦʧʦʣʦʞʝʥʠʷ ʦʩʪʨʠʷ ʢʣʠʥʘ. ɻʦʨʝʥʠʝ ʟʘ ʧʨʝʛʨʘʜʦʡ 

ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʦʪ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʦʯʘʛʦʚ ʚʜʦʣʴ ʠʥʝʨʪʥʦʡ ʧʨʝʛʨʘʜʳ ʚ 

ʧʦʜʞʠʛʘʝʤʦʤ ʩʣʦʝ. ɿʘʞʠʛʘʥʠʝ ʩʣʦʷ ʠ ʧʝʨʝʭʦʜʥʦʡ ʧʨʦʮʝʩʩ ʛʦʨʝʥʠʷ ʟʘ ʦʩʪʨʠʸʤ 

ʢʣʠʥʦʦʙʨʘʟʥʦʡ ʧʨʝʛʨʘʜʳ ʟʘʧʘʟʜʳʚʘʝʪ ʠʟ-ʟʘ ʙʣʦʢʠʨʦʚʘʥʠʷ ʧʦʜʚʦʜʘ ʚʦʟʜʫʭʘ ʚʦʩʭʦʜʷʱʠʤ 

ʧʦʪʦʢʦʤ ʧʘʨʦʛʘʟʦʚʦʡ ʩʤʝʩʠ ʥʘʜ ʙʦʢʦʚʳʤʠ ʫʯʘʩʪʢʘʤʠ ʩ ʦʧʝʨʝʞʘʶʱʠʤ ʛʦʨʝʥʠʝʤ. 

ʇʨʠ ʘʥʘʣʠʟʝ ʧʝʨʝʭʦʜʘ ʬʨʦʥʪʘ ʛʦʨʝʥʠʷ ʧʦʨʦʰʢʘ ʪʠʪʘʥʘ ʯʝʨʝʟ ʬʠʛʫʨʥʫʶ ʧʨʝʛʨʘʜʫ 

ʚ ʚʠʜʝ ʢʣʠʥʘ, ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʧʦ ʥʘʧʨʘʚʣʝʥʠʶ ʛʦʨʝʥʠʷ, ʧʦʢʘʟʘʥʦ, ʯʪʦ ʛʦʨʝʥʠʝ ʚʥʫʪʨʠ 

ʢʣʠʥʘ ʥʝ ʜʦʩʪʠʛʘʝʪ ʝʛʦ ʦʩʪʨʠʷ, ʯʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʨʘʩʩʝʠʚʘʥʠʝʤ ʪʝʧʣʘ. ʕʪʦʪ ʨʝʟʫʣʴʪʘʪ 

ʢʘʯʝʩʪʚʝʥʥʦ ʩʦʚʧʘʜʘʝʪ ʩ ʚʳʚʦʜʘʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʛʦʨʝʥʠʷ ʙʝʟʛʘʟʦʚʳʭ ʩʠʩʪʝʤ ʚ ʢʣʠʥʝ 

[3]. ɻʦʨʝʥʠʝ ʩʣʦʷ ʪʠʪʘʥʘ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʣʠʤʠʪʠʨʫʝʪʩʷ ʥʝ ʧʦʜʚʦʜʦʤ ʚʦʟʜʫʰʥʦʡ ʩʤʝʩʠ ʚ 

ʟʦʥʫ ʨʝʘʢʮʠʠ, ʘ ʪʝʧʣʦʧʦʪʝʨʷʤʠ ʚ ʠʥʝʨʪʥʫʶ ʧʨʝʛʨʘʜʫ. ɿʘ ʧʨʝʛʨʘʜʦʡ ʛʦʨʝʥʠʝ ʥʘʯʠʥʘʣʦʩʴ 

ʦʪ ʩʬʦʨʤʠʨʦʚʘʚʰʠʭʩʷ ʦʯʘʛʦʚ ʫ ʦʩʥʦʚʘʥʠʷ ʢʣʠʥʘ. ʅʘʙʣʶʜʘʣʦʩʴ ʦʧʝʨʝʞʘʶʱʝʝ ʛʦʨʝʥʠʝ 

ʚʜʦʣʴ ʛʨʘʥʠʮʳ ʢʣʠʥʦʚʠʜʥʦʡ ʧʨʝʛʨʘʜʳ ʧʦ ʧʨʦʛʨʝʪʦʤʫ ʧʦʨʦʰʢʫ (ʨʠʩʫʥʦʢ 2). 
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ʈʠʩ. 2. ɿʘʞʠʛʘʥʠʝ ʫ ʦʩʥʦʚʘʥʠʷ ʢʣʠʥʦʦʙʨʘʟʥʦʡ ʧʨʝʛʨʘʜʳ. ʅʘʧʨʘʚʣʝʥʠʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ 

ʛʦʨʝʥʠʷ ʦʪ ʦʯʘʛʦʚ ʚʜʦʣʴ ʩʪʝʥʦʢ ʧʨʝʛʨʘʜʳ ʫʢʘʟʘʥʦ ʪʦʥʢʠʤʠ ʩʪʨʝʣʢʘʤʠ 

 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʠʥʠʮʠʠʨʦʚʘʥʠʝ ʛʦʨʝʥʠʷ ʟʘ ʧʨʝʛʨʘʜʦʡ ʟʘʚʠʩʠʪ ʦʪ ʩʦʚʦʢʫʧʥʦʩʪʠ 

ʬʘʢʪʦʨʦʚ: ʘʢʢʫʤʫʣʷʮʠʠ ʪʝʧʣʘ ʫ ʦʩʥʦʚʘʥʠʷ ʢʣʠʥʦʚʠʜʥʦʡ ʧʨʝʛʨʘʜʳ, ʠʤʝʶʱʝʡ ʬʦʨʤʫ 

ʪʫʧʦʛʦ ʫʛʣʘ, ʠ ʜʦʩʪʘʪʦʯʥʦʛʦ ʧʦʜʚʦʜʘ ʚʦʟʜʫʰʥʦʡ ʩʤʝʩʠ ʢ ʵʪʦʡ ʦʙʣʘʩʪʠ. ɺʝʨʰʠʥʘ ʢʣʠʥʘ 

ʠʟ-ʟʘ ʨʘʩʩʝʠʚʘʥʠʷ ʪʝʧʣʘ, ʥʝʩʤʦʪʨʷ ʥʘ ʣʫʯʰʠʝ ʫʩʣʦʚʠʷ ʛʘʟʦʦʙʤʝʥʘ, ʤʦʞʝʪ ʦʢʘʟʘʪʴʩʷ ʥʝ 

ʙʣʘʛʦʧʨʠʷʪʥʦʡ ʜʣʷ ʠʥʠʮʠʠʨʦʚʘʥʠʷ ʟʘʞʠʛʘʥʠʷ ʟʘ ʧʨʝʛʨʘʜʦʡ (ʜʣʷ ʚʳʩʦʢʦ 

ʘʢʪʠʚʠʨʦʚʘʥʥʦʡ ʵʢʟʦʪʝʨʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ).    

ʇʦʢʘʟʘʥʦ, ʯʪʦ, ʩʦʧʦʩʪʘʚʣʷʷ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʵʣʝʤʝʥʪʦʚ ʧʨʝʛʨʘʜʳ 

ʠ ʫʩʪʘʥʦʚʠʚʰʝʡʩʷ ʣʠʥʠʠ ʬʨʦʥʪʘ, ʤʦʞʥʦ ʜʘʪʴ ʧʨʦʛʥʦʟʠʨʫʶʱʠʝ ʦʮʝʥʢʠ ʧʝʨʝʭʦʜʥʦʛʦ 

ʧʨʦʮʝʩʩʘ ʛʝʪʝʨʦʛʝʥʥʦʛʦ ʛʦʨʝʥʠʷ ʩʣʦʝʚʦʡ ʩʠʩʪʝʤʳ. ʀʟ ʨʝʟʫʣʴʪʘʪʦʚ ʦʧʳʪʦʚ ʩʣʝʜʫʝʪ, ʯʪʦ 

ʝʩʪʴ, ʧʦ ʢʨʘʡʥʝʡ ʤʝʨʝ, ʜʚʘ ʦʧʪʠʤʘʣʴʥʳʭ ʟʥʘʯʝʥʠʷ, ʠ ʦʙʘ ʦʪʣʠʯʥʳ ʦʪ ʧʣʦʩʢʦʡ ʧʨʝʛʨʘʜʳ 

ï ʦʜʠʥ ʜʣʷ ʚʳʩʪʫʧʘ ʠ ʦʜʠʥ ʜʣʷ ʝʸ ʚʧʘʜʠʥʳ, ʨʘʟʤʝʨʳ ʢʦʪʦʨʳʭ ʧʦʜʣʝʞʘʪ ʦʧʨʝʜʝʣʝʥʠʶ. 

ʅʝʦʙʭʦʜʠʤʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʦʣʫʯʝʥʳ ʠʟ ʘʥʘʣʠʟʘ ʚʠʜʝʦʟʘʧʠʩʠ ʛʦʨʝʥʠʷ ʩʣʦʷ ʪʠʪʘʥʘ, 

ʥʘʯʠʥʘʷ ʩʦ ʚʨʝʤʝʥʠ ʫʩʪʘʥʦʚʣʝʥʠʷ ʬʦʨʤʳ ʠ ʢʨʠʚʠʟʥʳ ʬʨʦʥʪʘ. ʇʨʦʚʝʜʝʥ ʢʨʠʪʝʨʠʘʣʴʥʳʡ 

ʘʥʘʣʠʟ ʦʧʪʠʤʘʣʴʥʳʭ ʫʩʣʦʚʠʡ ʧʝʨʝʭʦʜʘ ʬʨʦʥʪʘ ʛʦʨʝʥʠʷ ʯʝʨʝʟ ʬʠʛʫʨʥʫʶ ʧʨʝʛʨʘʜʫ. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʤʦʜʝʣʴ ʧʨʝʛʨʘʜʳ ʚ ʚʠʜʝ çʢʣʠʥʘè ʧʨʠʤʝʥʠʤʘ ʜʣʷ ʦʮʝʥʢʠ 

ʫʩʪʦʡʯʠʚʦʩʪʠ ʧʝʨʝʭʦʜʥʦʛʦ ʨʝʞʠʤʘ ʛʦʨʝʥʠʷ. ʇʦʣʫʯʝʥ ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʠʡ ʢʨʠʪʝʨʠʡ 

ʜʣʷ ʦʮʝʥʢʠ ʭʘʨʘʢʪʝʨʘ ʧʝʨʝʭʦʜʥʦʛʦ ʨʝʞʠʤʘ ʛʦʨʝʥʠʷ ʚ ʫʩʣʦʚʠʷʭ ʨʘʟʨʫʰʝʥʠʷ ʧʣʦʩʢʦʡ 

ʩʪʨʫʢʪʫʨʳ ʬʨʦʥʪʘ. ɸʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʤʠʥʠʤʘʣʴʥʦʝ ʚʨʝʤʷ ʟʘʞʠʛʘʥʠʷ 

ʠ ʨʘʟʚʠʪʠʝ ʧʝʨʝʭʦʜʥʦʛʦ ʧʨʦʮʝʩʩʘ ʟʘʚʠʩʷʪ ʢʘʢ ʦʪ ʬʦʨʤʳ ʠʥʝʨʪʥʦʡ ʧʨʝʛʨʘʜʳ, ʪʘʢ ʠ ʦʪ 

ʬʨʦʥʪʘ. ʇʦʢʘʟʘʥʦ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʟʥʘʯʝʥʠʡ ʢʨʠʚʠʟʥʳ ʚʳʩʪʫʧʘ ʠ ʚʧʘʜʠʥʳ ʣʠʥʠʠ ʬʨʦʥʪʘ, 

ʧʨʠ ʢʦʪʦʨʦʤ ʩʦʙʣʶʜʘʝʪʩʷ ʦʧʪʠʤʘʣʴʥʦʝ ʩʦʦʪʥʦʰʝʥʠʝ ʟʥʘʯʝʥʠʡ ʧʝʨʝʜʘʯʠ ʪʝʧʣʘ 

ʢʦʥʜʫʢʪʠʚʥʳʤ ʤʝʭʘʥʠʟʤʦʤ ʠ ʤʘʩʩʦʦʙʤʝʥʘ ʚ ʧʝʨʝʭʦʜʥʦʤ ʨʝʞʠʤʝ ʛʦʨʝʥʠʷ.  
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(0.5 Ò x Ò 1) ʚ ʩʧʫʪʥʦʤ ʧʦʪʦʢʝ ʘʟʦʪʘ ʧʨʠ ʧʝʨʝʧʘʜʘʭ ʜʘʚʣʝʥʠʷ ʥʠʞʝ 1õ2 ʘʪʤ ʙʳʣʦ 

ʧʦʢʘʟʘʥʦ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʘʙʦʪʘʭ [1, 2]. ʂʦʥʚʝʢʪʠʚʥʳʤ ʨʝʞʠʤʦʤ ʤʳ ʥʘʟʳʚʘʝʤ 

ʧʨʦʮʝʩʩ ʛʦʨʝʥʠʷ, ʚ ʢʦʪʦʨʦʤ ʧʝʨʝʥʦʩ ʪʝʧʣʘ ʬʠʣʴʪʨʫʶʱʠʤʩʷ ʛʘʟʦʤ ʠʛʨʘʝʪ ʚʝʜʫʱʫʶ ʨʦʣʴ 

ʚ ʤʝʭʘʥʠʟʤʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʚʦʣʥʳ ʛʦʨʝʥʠʷ ʠ ʦʙʝʩʧʝʯʠʚʘʝʪ ʙʦʣʝʝ ʚʳʩʦʢʫʶ ʩʢʦʨʦʩʪʴ 

ʬʨʦʥʪʘ ʛʦʨʝʥʠʷ, ʯʝʤ ʚ ʢʦʥʜʫʢʪʠʚʥʦʤ ʨʝʞʠʤʝ. ʂʦʥʜʫʢʪʠʚʥʳʤ ʤʳ ʥʘʟʳʚʘʝʤ ʪʘʢʦʡ 

ʨʝʞʠʤ ʛʦʨʝʥʠʷ, ʢʦʛʜʘ ʧʦʪʦʢ ʪʝʧʣʘ ʠʟ ʟʦʥʳ ʨʝʘʢʮʠʠ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʢʦʥʜʫʢʪʠʚʥʦʡ 

ʪʝʧʣʦʧʝʨʝʜʘʯʝʡ [3]. ɿʘʚʠʩʠʤʦʩʪʴ ʩʢʦʨʦʩʪʠ ʛʦʨʝʥʠʷ ʦʪ ʦʧʨʝʜʝʣʷʶʱʠʭ ʧʘʨʘʤʝʪʨʦʚ ʚ 

ʧʦʪʦʢʝ ʛʘʟʘ ʜʣʷ ʢʦʥʜʫʢʪʠʚʥʦʛʦ ʨʝʞʠʤʘ ʦʧʠʩʳʚʘʝʪʩʷ ʪʝʦʨʠʝʡ ʬʠʣʴʪʨʘʮʠʦʥʥʦʛʦ ʛʦʨʝʥʠʷ 

(ʊʌɻ) [3]. ʉʦʛʣʘʩʥʦ ʊʌɻ ʧʨʠʨʦʩʪ ʩʢʦʨʦʩʪʠ ʛʦʨʝʥʠʷ ʚ ʧʦʪʦʢʝ ʛʘʟʘ ʧʨʷʤʦ 

ʧʨʦʧʦʨʮʠʦʥʘʣʝʥ ʫʜʝʣʴʥʦʤʫ ʤʘʩʩʦʚʦʤʫ ʧʦʪʦʢʫ ʛʘʟʘ ʠ ʝʛʦ ʪʝʧʣʦʝʤʢʦʩʪʠ. ɺ ʥʘʩʪʦʷʱʝʡ 

ʨʘʙʦʪʝ ʨʘʩʯʝʪʥʳʤ ʧʫʪʝʤ ʧʦʣʫʯʝʥ ʦʪʚʝʪ ʥʘ ʚʦʧʨʦʩ ʦʙ ʦʙʣʘʩʪʠ ʨʝʘʣʠʟʘʮʠʠ ʢʦʥʚʝʢʪʠʚʥʦʛʦ 

ʨʝʞʠʤʘ ʛʦʨʝʥʠʷ ʠ ʭʘʨʘʢʪʝʨʝ ʟʘʚʠʩʠʤʦʩʪʠ ʩʢʦʨʦʩʪʠ ʛʦʨʝʥʠʷ ʚ ʵʪʦʤ ʨʝʞʠʤʝ ʦʪ ʨʘʩʭʦʜʘ 

ʛʘʟʘ ʜʣʷ ʛʨʘʥʫʣʠʨʦʚʘʥʥʳʭ ʩʤʝʩʝʡ Ti + ʭC ʩ ʫʯʝʪʦʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ 

ʨʘʙʦʪʳ [2].   

ʉʢʦʨʦʩʪʴ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʨʝʞʠʤʘ ʛʦʨʝʥʠʷ (ʚʦʣʥʳ ʚʦʩʧʣʘʤʝʥʝʥʠʷ) ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʧʦ ʬʦʨʤʫʣʝ:  

Ὗ Ὠὸϳ       (1) 

ʛʜʝ d ï ʨʘʟʤʝʨ ʛʨʘʥʫʣʳ (d = 1 ʤʤ), t ï ʚʨʝʤʷ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʛʨʘʥʫʣʳ. ɺʨʝʤʷ 

ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʛʨʘʥʫʣʳ ʬʠʣʴʪʨʫʶʱʠʤʩʷ ʛʘʟʦʤ t, ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʠʟ ʚʳʨʘʞʝʥʠʡ ʜʣʷ 

ʥʘʛʨʝʚʘ ʧʦʣʫʙʝʩʢʦʥʝʯʥʦʛʦ ʪʝʣʘ ʧʨʠ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʷʭ ʪʨʝʪʴʝʛʦ ʨʦʜʘ [4]: 
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ʛʜʝ Tig ï ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʚʝʨʭʥʦʩʪʠ ʛʨʘʥʫʣʳ ʚ ʤʦʤʝʥʪ ʚʦʩʧʣʘʤʝʥʝʥʠʷ, T0 ï ʥʘʯʘʣʴʥʘʷ 

ʪʝʤʧʝʨʘʪʫʨʘ ʛʨʘʥʫʣʠʨʦʚʘʥʥʦʡ ʩʤʝʩʠ, Tg ï ʪʝʤʧʝʨʘʪʫʨʘ ʛʦʨʝʥʠʷ ʩʤʝʩʠ, ʜʦʧʦʣʥʠʪʝʣʴʥʘʷ 

ʬʫʥʢʮʠʷ ʦʰʠʙʦʢ •‫ Ὡὼὴ‫ Ͻρ ὩὶὪ‫ , ʘʨʛʫʤʝʥʪ ʢʦʪʦʨʦʡ:  

‫4ȟ4ȟ 4 ‌ᶻὗ Ͻ
Ѝ Ͻ

. 

ɿʜʝʩʴ ‌ᶻὗ  ī ʢʦʵʬʬʠʮʠʝʥʪ ʤʝʞʬʘʟʦʚʦʛʦ ʪʝʧʣʦʦʙʤʝʥʘ, ὗ ï ʦʙʲʝʤʥʳʡ ʨʘʩʭʦʜ 

ʛʘʟʘ, ɚ ï ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ, a ï ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʤʧʝʨʘʪʫʨʦʧʨʦʚʦʜʥʦʩʪʠ 

ʛʨʘʥʫʣʳ. ʋʯʠʪʳʚʘʷ (1), ʩʢʦʨʦʩʪʴ ʚʦʣʥʳ ʚʦʩʧʣʘʤʝʥʝʥʠʷ u ʚʳʨʘʞʘʝʪʩʷ ʩʣʝʜʫʶʱʠʤ 

ʦʙʨʘʟʦʤ:  

Õ1 ‌ᶻὗ ‫Ͻ‗ϳ Ͻ.     (2) 

ʊʝʤʧʝʨʘʪʫʨʘ ʧʦʚʝʨʭʥʦʩʪʠ ʛʨʘʥʫʣʳ ʚ ʤʦʤʝʥʪ ʚʦʩʧʣʘʤʝʥʝʥʠʷ Tig ʨʘʚʥʘ 

ʪʝʤʧʝʨʘʪʫʨʝ ŬŸɓ ʧʝʨʝʭʦʜʘ ʚ ʪʠʪʘʥʝ (1155 ʂ) ʧʨʠ ʛʦʨʝʥʠʠ ʚ ʧʦʪʦʢʝ ʘʟʦʪʘ ʠ ʪʝʤʧʝʨʘʪʫʨʝ 

ʧʣʘʚʣʝʥʠʷ ʪʠʪʘʥʘ (1933 ʂ) ʧʨʠ ʛʦʨʝʥʠʠ ʚ ʧʦʪʦʢʝ ʘʨʛʦʥʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ 

ʚʳʯʠʩʣʝʥʠʷ ʟʘʚʠʩʠʤʦʩʪʠ ʩʢʦʨʦʩʪʠ ʛʦʨʝʥʠʷ ʦʪ ʨʘʩʭʦʜʘ ʛʘʟʘ ʥʝʦʙʭʦʜʠʤʦ ʟʥʘʪʴ 

ʟʘʚʠʩʠʤʦʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʦʙʤʝʥʘ ʛʨʘʥʫʣ ʩ ʛʘʟʦʤ Ŭ*(Q). ɼʣʷ ʧʦʨʠʩʪʦʛʦ ʚʝʱʝʩʪʚʘ 

ʠʟʚʝʩʪʥʦ ʚʳʨʘʞʝʥʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʦʙʤʝʥʘ ʦʪ ʚʝʣʠʯʠʥʳ ʛʘʟʦʚʦʛʦ 

ʧʦʪʦʢʘ Ŭ [5]: 

ɻ1 ”ϽὗϽὧϽὖὶϳ Ͻρ ‐ Ͻɰ‐Ⱦτ,   (3) 

ʛʜʝ Ɋ(Ů) = 0.508 ï 0.56 Ŀ (1 - Ů) ʧʨʠ Ů < 0.4, Ɋ(Ů) = 1 ï 1.164 Ŀ (1 - Ů)2/3 ʧʨʠ Ů > 0.4. ɿʜʝʩʴ 

ὖὶ ï ʯʠʩʣʦ ʇʨʘʥʜʪʣʷ (ʧʨʠʥʠʤʘʣʦʩʴ ʨʘʚʥʳʤ 0,8 ʜʣʷ ʘʟʦʪʘ ʠ 0,6 ʜʣʷ ʘʨʛʦʥʘ), 0 < Ů < 1 ï 

ʦʪʢʨʳʪʘʷ ʧʦʨʠʩʪʦʩʪʴ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʡ ʩʨʝʜʳ (ʚ ʦʮʝʥʢʘʭ ʧʨʠʥʠʤʘʣʦʩʴ Ů = 0.5), ɟg ï 

ʧʣʦʪʥʦʩʪʴ ʛʘʟʘ, ʩg ï ʪʝʧʣʦʝʤʢʦʩʪʴ ʛʘʟʘ.   

ʉʨʘʚʥʠʤ ʨʘʩʩʯʠʪʘʥʥʦʝ ʧʦ ʬʦʨʤʫʣʝ (3) ʟʥʘʯʝʥʠʝ Ŭ (800 ʣ/ʯ) = 262 ɺʪ/(ʤ2Ŀʂ), ʠ 

ʟʥʘʯʝʥʠʝ Ŭ*(800 ʣ/ʯ) = 2711 ɺʪ/(ʤ2Ŀʂ), ʚʳʯʠʩʣʝʥʥʦʝ ʚ [2] ʥʘ ʦʩʥʦʚʘʥʠʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʜʣʷ ʛʨʘʥʫʣʠʨʦʚʘʥʥʦʡ ʩʤʝʩʠ Ti + C ʚ ʧʦʪʦʢʝ ʘʟʦʪʘ. 

ʇʦʩʣʝʜʥʝʝ ʧʨʠʤʝʨʥʦ ʚ 10.4 ʨʘʟʘ ʙʦʣʴʰʝ ʟʥʘʯʝʥʠʷ Ŭ, ʨʘʩʩʯʠʪʘʥʥʦʛʦ ʧʦ ʬʦʨʤʫʣʝ (3). 

ʉʯʠʪʘʷ, ʯʪʦ ʬʦʨʤʫʣʳ (3) ʧʨʘʚʠʣʴʥʦ ʦʪʨʘʞʘʶʪ ʟʘʚʠʩʠʤʦʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʦʙʤʝʥʘ 

ʦʪ ʨʘʩʭʦʜʘ ʛʘʟʘ ʩ ʪʦʯʥʦʩʪʴʶ ʜʦ ʤʥʦʞʠʪʝʣʷ Ŭ*/Ŭ å 10.4, ʟʥʘʯʝʥʠʷ ʵʬʬʝʢʪʠʚʥʳʭ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʪʝʧʣʦʦʙʤʝʥʘ ʜʣʷ ʜʨʫʛʠʭ ʨʘʩʭʦʜʦʚ ʛʘʟʘ Ŭ*(Q) = 10,4ĿŬ(Q). 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʢʦʥʚʝʢʪʠʚʥʳʡ ʨʝʞʠʤ ʥʘʙʣʶʜʘʣʩʷ ʚ ʘʟʦʪʝ, ʥʦ ʤʦʞʥʦ ʦʮʝʥʠʪʴ 

ʩʢʦʨʦʩʪʴ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʛʦʨʝʥʠʷ ʠ ʚ ʘʨʛʦʥʝ. ʇʦʩʢʦʣʴʢʫ ʚʳʨʘʞʝʥʠʝ (3) ʥʝ ʩʦʜʝʨʞʘʪ 

ʪʝʧʣʦʬʠʟʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʤʝʩʝʡ, ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʵʬʬʝʢʪʠʚʥʳʭ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʪʝʧʣʦʦʙʤʝʥʘ ʩʤʝʩʠ Ti + C ʩ ʘʟʦʪʦʤ ʠ ʘʨʛʦʥʦʤ ʧʨʠ ʪʝʭ ʞʝ ʨʘʩʭʦʜʘʭ ʛʘʟʘ 
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ʧʨʠʤʝʥʠʤʳ ʜʣʷ ʩʤʝʩʝʡ Ti + 0.5C ʠ Ti + 0.75C [2]. ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʩʢʦʨʦʩʪʝʡ 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʢʚʘʜʨʘʪʠʯʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ Q, ʢʦʪʦʨʘʷ ʷʚʣʷʝʪʩʷ ʩʣʝʜʩʪʚʠʝʤ 

ʢʚʘʜʨʘʪʠʯʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʩʢʦʨʦʩʪʠ ʛʦʨʝʥʠʷ ʦʪ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʦʙʤʝʥʘ Ŭ*. 

ʈʘʩʯʝʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʩʢʦʨʦʩʪʝʡ ʛʦʨʝʥʠʷ u ʦʪ ʚʝʣʠʯʠʥʳ ʧʦʪʦʢʘ ʘʟʦʪʘ ʵʪʠʭ ʩʤʝʩʝʡ ʚ 

ʢʦʥʚʝʢʪʠʚʥʦʤ ʨʝʞʠʤʝ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʝ 1 (ʢʨʠʚʳʝ 1, 3, 5). ɼʣʷ ʵʪʠʭ ʞʝ ʩʤʝʩʝʡ ʥʘ 

ʨʠʩʫʥʢʝ ʧʦʢʘʟʘʥʳ ʩʢʦʨʦʩʪʠ ʛʦʨʝʥʠʷ uf, ʨʘʩʩʯʠʪʘʥʥʳʝ ʧʦ ʪʝʦʨʠʠ ʬʠʣʴʪʨʘʮʠʦʥʥʦʛʦ 

ʛʦʨʝʥʠʷ [3] (ʢʦʥʜʫʢʪʠʚʥʦʡ ʨʝʞʠʤ ʛʦʨʝʥʠʷ, ʧʨʷʤʳʝ 2, 4, 6), ʚ ʢʦʪʦʨʳʭ ʪʦʯʢʠ ʧʨʠ Q = 0 

ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʠʟ ʨʘʙʦʪʳ [2].  

 

ʈʠʩ. 1. ʂʨʠʚʳʝ 1,2,3 - ʟʘʚʠʩʠʤʦʩʪʠ ʩʢʦʨʦʩʪʠ ʛʦʨʝʥʠʷ u ʦʪ ʚʝʣʠʯʠʥʳ ʧʦʪʦʢʘ ʘʟʦʪʘ ʚ 

ʢʦʥʚʝʢʪʠʚʥʦʤ ʨʝʞʠʤʝ ʧʨʠ T0 = 300 ʂ, ʊig = 1155 K ʜʣʷ ʟʥʘʯʝʥʠʡ ʊg: 1 ï 3300 ʂ, 3 ï 3100 

ʂ, 5 ï 2600 ʂ. ʇʨʷʤʳʝ 2, 4, 6 ï ʩʢʦʨʦʩʪʠ ʨʘʩʩʯʠʪʘʥʥʳʝ ʧʦ ʪʝʦʨʠʠ ʬʠʣʴʪʨʘʮʠʦʥʥʦʛʦ 

ʛʦʨʝʥʠʷ ʜʣʷ ʩʤʝʩʝʡ Ti + C, Ti + 0.75C, Ti + 0.5C, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

 

ʀʟ ʬʠʟʠʯʝʩʢʠʭ ʩʦʦʙʨʘʞʝʥʠʡ ʷʩʥʦ, ʯʪʦ ʧʨʠ ʛʦʨʝʥʠʠ ʩʤʝʩʠ ʨʝʘʣʠʟʫʝʪʩʷ ʪʦʪ 

ʨʝʞʠʤ, ʢʦʪʦʨʳʡ ʦʙʝʩʧʝʯʠʚʘʝʪ ʙʦʣʝʝ ʚʳʩʦʢʫʶ ʩʢʦʨʦʩʪʴ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʬʨʦʥʪʘ. 

ʇʦʵʪʦʤʫ, ʪʦʯʢʠ ʧʝʨʝʩʝʯʝʥʠʷ ʢʨʠʚʳʭ 1 ʠ 2 (ʜʣʷ ʩʤʝʩʠ Ti + C), 3 ʠ 4 (ʜʣʷ ʩʤʝʩʠ Ti + 

0.75C), 5 ʠ 6 (ʜʣʷ ʩʤʝʩʠ Ti + 0.5C) ʥʘ ʨʠʩʫʥʢʝ 1 ʦʧʨʝʜʝʣʷʶʪ ʨʘʩʯʝʪʥʫʶ ʛʨʘʥʠʮʫ 

ʧʝʨʝʭʦʜʘ ʦʪ ʢʦʥʜʫʢʪʠʚʥʦʛʦ ʢ ʢʦʥʚʝʢʪʠʚʥʦʤʫ ʨʝʞʠʤʫ ʛʦʨʝʥʠʷ ʚ ʩʧʫʪʥʦʤ ʧʦʪʦʢʝ ʘʟʦʪʘ.  

ʈʘʩʯʝʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚ ʧʦʪʦʢʝ ʘʨʛʦʥʘ ʨʝʘʣʠʟʘʮʠʷ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʨʝʞʠʤʘ ʧʨʠ 

ʨʘʩʭʦʜʘʭ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʫʩʣʦʚʠʷʤ ʵʢʩʧʝʨʠʤʝʥʪʘ [2], ʥʝʚʦʟʤʦʞʥʘ. ʇʨʠ ʘʥʘʣʠʟʝ 

ʚʣʠʷʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʊig ʩʤʝʩʠ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʯʝʤ ʚʳʰʝ ʪʝʤʧʝʨʘʪʫʨʘ 

ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʛʨʘʥʫʣʳ, ʪʝʤ ʧʨʠ ʙʦʣʴʰʠʭ ʟʥʘʯʝʥʠʷʭ ʧʦʪʦʢʘ ʛʘʟʘ ʨʝʘʣʠʟʫʝʪʩʷ 

ʢʦʥʚʝʢʪʠʚʥʳʡ ʨʝʞʠʤ ʛʦʨʝʥʠʷ.  

ɼʣʷ ʛʦʨʝʥʠʷ ʛʨʘʥʫʣʠʨʦʚʘʥʥʦʡ ʩʤʝʩʠ Ti + 0.5C ʚ ʘʟʦʪʝ ʚʳʧʦʣʥʝʥʘ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʧʨʦʚʝʨʢʘ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʤʝʪʦʜʘ ʦʧʨʝʜʝʣʝʥʠʷ ʛʨʘʥʠʮʳ ʧʝʨʝʭʦʜʘ 

ʤʝʞʜʫ ʢʦʥʜʫʢʪʠʚʥʳʤ ʠ ʢʦʥʚʝʢʪʠʚʥʳʤ ʨʝʞʠʤʦʤ [6]. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ 
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ʛʨʘʥʠʮʳ ʨʝʞʠʤʘ ʦʮʝʥʠʚʘʣʦʩʴ ʧʦ ʢʦʦʨʜʠʥʘʪʘʤ ʪʦʯʢʠ ʧʝʨʝʩʝʯʝʥʠʷ ʧʨʷʤʳʭ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʣʠʥʝʡʥʦʡ ʵʢʩʪʨʘʧʦʣʷʮʠʠ ʣʝʚʦʡ ʠ ʧʨʘʚʦʡ ʚʝʪʚʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ 

ʢʨʠʚʦʡ. ʆʢʘʟʘʣʦʩʴ, ʯʪʦ ʧʨʝʜʣʦʞʝʥʥʳʡ ʤʝʪʦʜ ʨʘʩʯʝʪʘ ʧʨʠʚʦʜʠʪ ʢ ʧʦʣʥʦʤʫ 

ʢʘʯʝʩʪʚʝʥʥʦʤʫ ʩʦʚʧʘʜʝʥʠʶ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʟʘʚʠʩʠʤʦʩʪʝʡ 

ʩʢʦʨʦʩʪʠ ʛʦʨʝʥʠʷ ʦʪ ʨʘʩʭʦʜʘ ʘʟʦʪʘ ʠ ʭʦʨʦʰʝʤʫ ʢʦʣʠʯʝʩʪʚʝʥʥʦʤʫ ʩʦʚʧʘʜʝʥʠʶ ʨʘʩʭʦʜʦʚ 

ʛʘʟʘ ʥʘ ʛʨʘʥʠʮʝ ʨʝʞʠʤʦʚ.  

ʇʦʣʫʯʝʥʥʳʝ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʝʟʫʣʴʪʘʪʳ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ 

ʦʙʲʷʩʥʝʥʠʷ ʠ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʩʢʘʯʢʦʦʙʨʘʟʥʦʛʦ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʙʳʩʪʨʳʭ ʚʝʨʭʦʚʳʭ 

ʣʝʩʥʳʭ ʧʦʞʘʨʦʚ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʩʢʦʨʦʩʪʠ ʚʝʪʨʘ. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʧʝʨʝʭʦʜ ʚ ʙʳʩʪʨʳʡ 

ʢʦʥʚʝʢʪʠʚʥʳʡ ʨʝʞʠʤ ʛʦʨʝʥʠʷ ʨʝʘʣʠʟʫʝʪʩʷ ʧʨʠ ʙʦʣʴʰʠʭ ʧʦʪʦʢʘʭ ʛʘʟʘ (ʙʦʣʴʰʘʷ 

ʩʢʦʨʦʩʪʴ ʚʝʪʨʘ) ʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʦʩʧʣʘʤʝʥʝʥʠʷ, ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʷ ʣʝʩʦʚ ʚ ʧʝʨʠʦʜ 

ʟʘʩʫʭʠ. 
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ɸ.ʖ. ʄʘʣʘʭʦʚ1, ʀ.ɺ. ʉʘʡʢʦʚ1, ʀ.ɺ. ɼʝʥʠʩʦʚ1, ɹ.ɸ. ʈʦʤʘʥʮʝʚ2, ʖ.ɺ. ɻʘʤʠʥ2 

 
1ʌʝʜʝʨʘʣʴʥʦʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʙʶʜʞʝʪʥʦʝ ʫʯʨʝʞʜʝʥʠʝ ʥʘʫʢʠ ʀʥʩʪʠʪʫʪ ʩʪʨʫʢʪʫʨʥʦʡ ʤʘʢʨʦʢʠʥʝʪʠʢʠ ʠ 
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çʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʀʉʠʉè, ʄʦʩʢʚʘ 
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ʂʦʥʩʪʨʫʢʮʠʦʥʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʥʘʭʦʜʷʩʴ ʚ ʨʘʟʣʠʯʥʳʭ ʫʩʣʦʚʠʷʭ ʵʢʩʧʣʫʘʪʘʮʠʠ, 

ʧʦʜʚʝʨʛʘʶʪʩʷ ʢʦʨʨʦʟʠʦʥʥʳʤ ʨʘʟʨʫʰʝʥʠʷʤ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʪʦʨʳʭ ʩʦʢʨʘʱʘʝʪʩʷ ʩʨʦʢ ʠʭ 

ʩʣʫʞʙʳ [1-2]. ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʧʨʦʯʥʦʩʪʥʳʭ, ʘʥʪʠʢʦʨʨʦʟʠʦʥʥʳʭ ʠ ʜʨʫʛʠʭ 

ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʭ ʩʚʦʡʩʪʚ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʨʠʤʝʥʷʶʪ ʧʣʘʢʠʨʦʚʘʥʠʝ, 

ʪ.ʝ. ʥʘʥʝʩʝʥʠʝ ʨʘʟʣʠʯʥʳʤʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤʠ ʩʧʦʩʦʙʘʤʠ ʩʣʦʷ ʩ ʦʩʦʙʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʥʘ 

ʨʘʙʦʯʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ʠʟʜʝʣʠʷ. ʆʩʥʦʚʥʦʡ ʩʣʦʡ ʦʙʝʩʧʝʯʠʚʘʝʪ ʪʨʝʙʫʝʤʫʶ ʧʨʦʯʥʦʩʪʴ, 

ʩʪʦʡʢʦʩʪʴ ʧʨʠ ʫʜʘʨʥʳʭ ʥʘʛʨʫʟʢʘʭ ʢʦʥʩʪʨʫʢʮʠʠ ʚ ʮʝʣʦʤ. ʇʣʘʢʠʨʫʶʱʠʡ ʩʣʦʡ ʟʘʱʠʱʘʝʪ 

ʜʝʪʘʣʠ ʦʪ ʙʳʩʪʨʦʛʦ ʚʳʭʦʜʘ ʠʟ ʩʪʨʦʷ ʚʩʣʝʜʩʪʚʠʝ ʨʘʟʨʫʰʝʥʠʷ ʤʘʪʝʨʠʘʣʘ ʧʦʜ 

ʚʦʟʜʝʡʩʪʚʠʝʤ ʘʛʨʝʩʩʠʚʥʳʭ ʩʨʝʜ [3-4]. ɹʠʤʝʪʘʣʣʠʯʝʩʢʠʝ ʪʨʫʙʳ ʠ ʧʨʫʪʢʠ ʩ ʵʪʦʡ ʪʦʯʢʠ 

ʟʨʝʥʠʷ ʧʦʟʚʦʣʷʶʪ ʧʦʚʳʰʘʪʴ ʩʨʦʢ ʵʢʩʧʣʫʘʪʘʮʠʠ ʦʙʦʨʫʜʦʚʘʥʠʷ ʟʘ ʩʯʝʪ ʧʦʚʳʰʝʥʠʷ 

ʢʦʨʨʦʟʠʦʥʥʦʡ ʩʪʦʡʢʦʩʪʠ ʨʘʙʦʯʝʛʦ ʩʣʦʷ. ʇʨʦʠʟʚʦʜʩʪʚʦ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʠ 

ʤʦʥʦʤʝʪʘʣʣʠʯʝʩʢʠʭ ʪʨʫʙ ʨʘʟʣʠʯʘʝʪʩʷ ʣʠʰʴ ʪʝʤ, ʯʪʦ ʧʘʨʘʤʝʪʨʳ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ 

ʧʨʦʮʝʩʩʦʚ ʜʦʣʞʥʳ ʦʙʝʩʧʝʯʠʪʴ, ʢʨʦʤʝ ʦʙʳʯʥʳʭ ʢʘʯʝʩʪʚʝʥʥʳʭ ʧʦʢʘʟʘʪʝʣʝʡ, ʩʦʭʨʘʥʝʥʠʝ 

ʩʚʦʡʩʪʚ ʢʘʞʜʦʛʦ ʤʝʪʘʣʣʘ ʠ ʧʨʦʯʥʦʝ ʠʭ ʩʮʝʧʣʝʥʠʝ. ɺʘʞʥʝʡʰʠʤʠ ʫʩʣʦʚʠʷʤʠ 

ʧʨʦʠʟʚʦʜʩʪʚʘ ʪʘʢʠʭ ʪʨʫʙ ʷʚʣʷʝʪʩʷ ʢʘʯʝʩʪʚʝʥʥʦʝ ʠʟʛʦʪʦʚʣʝʥʠʝ ʟʘʛʦʪʦʚʢʠ ʠ ʦʧʪʠʤʘʣʴʥʳʡ 

ʚʳʙʦʨ ʩʧʦʩʦʙʘ ʦʙʨʘʙʦʪʢʠ, ʪʝʤʧʝʨʘʪʫʨʥʦ-ʩʢʦʨʦʩʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ, ʩʪʝʧʝʥʠ ʜʝʬʦʨʤʘʮʠʠ, 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʩʤʘʟʦʢ ʠ ʢʘʣʠʙʨʦʚʢʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ [5]. 

ʇʨʦʠʟʚʦʜʩʪʚʦ ʛʦʨʷʯʝʢʘʪʘʥʳʭ ʙʝʩʰʦʚʥʳʭ ʪʨʫʙ ʚʢʣʶʯʘʝʪ ʩʣʝʜʫʶʱʠʝ ʦʩʥʦʚʥʳʝ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʦʧʝʨʘʮʠʠ: ʥʘʛʨʝʚ ʟʘʛʦʪʦʚʢʠ, ʧʦʣʫʯʝʥʠʝ ʧʦʣʦʡ ʛʠʣʴʟʳ, ʧʦʜʦʛʨʝʚ 

ʛʠʣʴʟʳ (ʧʨʠ ʥʝʦʙʭʦʜʠʤʦʩʪʠ), ʧʦʣʫʯʝʥʠʝ ʪʨʫʙʳ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʨʘʟʤʝʨʦʚ (ʨʘʩʢʘʪʢʘ 

ʛʠʣʴʟʳ ʚ ʪʨʫʙʫ), ʧʦʜʦʛʨʝʚ ʪʨʫʙʳ (ʧʨʠ ʥʝʦʙʭʦʜʠʤʦʩʪʠ), ʦʢʦʥʯʘʪʝʣʴʥʫʶ ʬʦʨʤʦʚʢʫ ʪʨʫʙʳ 

ʧʦ ʜʠʘʤʝʪʨʫ ʠ ʪʦʣʱʠʥʝ ʩʪʝʥʢʠ [6]. ɺ ʢʘʯʝʩʪʚʝ ʟʘʛʦʪʦʚʦʢ ʜʣʷ ʛʦʨʷʯʝʡ ʧʨʦʢʘʪʢʠ 

ʠʩʧʦʣʴʟʫʶʪ ʜʚʫʭʩʣʦʡʥʳʝ ʮʠʣʠʥʜʨʠʯʝʩʢʠʝ ʩʧʣʦʰʥʳʝ ʠʣʠ ʧʦʣʳʝ ʟʘʛʦʪʦʚʢʠ, ʧʦʣʫʯʝʥʥʳʝ 
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ʨʘʟʣʠʯʥʳʤʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤʠ ʩʧʦʩʦʙʘʤʠ: ʥʘʧʣʘʚʢʦʡ, ʮʝʥʪʨʦʙʝʞʥʳʤ ʣʠʪʴʝʤ, 

ʧʨʝʩʩʦʚʘʥʠʝʤ, ʩʚʘʨʢʦʡ ʚʟʨʳʚʦʤ ʠ ʪ.ʧ. 

ʉʚʘʨʢʘ ʚʟʨʳʚʦʤ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʤʥʦʛʠʭ ʜʨʫʛʠʭ ʩʧʦʩʦʙʦʚ ʠʟʛʦʪʦʚʣʝʥʠʷ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʪʨʫʙ ʠ ʩʪʝʨʞʥʝʡ, ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʢʘʢ ʛʦʪʦʚʳʝ, ʪʘʢ ʠ ʧʝʨʝʜʝʣʴʥʳʝ 

ʟʘʛʦʪʦʚʢʠ ʧʨʘʢʪʠʯʝʩʢʠ ʩ ʣʶʙʳʤ ʩʦʯʝʪʘʥʠʝʤ ʩʣʦʝʚ ʠ ʨʘʟʤʝʨʦʚ ʧʨʠ ʤʠʥʠʤʘʣʴʥʳʭ 

ʟʘʪʨʘʪʘʭ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ. ʇʨʠ ʵʪʦʤ ʚ ʧʨʦʮʝʩʩʝ ʦʪʨʘʙʦʪʢʠ ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʫʯʝʥʠʷ 

ʜʚʫʭʩʣʦʡʥʳʭ ʠʟʜʝʣʠʡ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʬʦʨʤʳ ʤʝʪʦʜʦʤ ʠʤʧʫʣʴʩʥʦʛʦ ʥʘʛʨʫʞʝʥʠʷ 

ʟʘʨʷʜʦʤ ʚʟʨʳʚʯʘʪʦʛʦ ʚʝʱʝʩʪʚʘ ʥʝʦʙʭʦʜʠʤʦ ʨʝʰʘʪʴ ʧʨʦʙʣʝʤʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʩʦʭʨʘʥʝʥʠʝʤ 

ʮʝʣʦʩʪʥʦʩʪʠ ʩʦʙʨʘʥʥʳʭ ʜʝʪʘʣʝʡ ʚ ʧʨʦʮʝʩʩʝ ʚʟʨʳʚʥʦʛʦ ʧʣʘʢʠʨʦʚʘʥʠʷ, ʜʦʩʪʠʞʝʥʠʝʤ 

ʤʠʥʠʤʘʣʴʥʦʛʦ ʫʨʦʚʥʷ ʜʝʬʦʨʤʘʮʠʡ, ʘ ʪʘʢʞʝ ʦʙʝʩʧʝʯʝʥʠʝʤ ʢʘʯʝʩʪʚʝʥʥʦʛʦ ʠ 

ʨʘʚʥʦʧʨʦʯʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʩʚʘʨʠʚʘʝʤʳʭ ʵʣʝʤʝʥʪʦʚ ʥʘ ʨʘʩʩʪʦʷʥʠʠ ʙʦʣʝʝ 10 ʜʠʘʤʝʪʨʦʚ 

ʪʨʫʙʳ. 

ʆʯʝʚʠʜʥʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʧʣʘʢʠʨʦʚʘʥʠʷ ʩʧʣʦʰʥʦʡ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʟʘʛʦʪʦʚʢʠ 

ʧʝʨʝʜ ʧʣʘʢʠʨʦʚʘʥʠʝʤ ʧʦʣʦʡ ʟʘʛʦʪʦʚʢʠ ʷʚʣʷʝʪʩʷ ʦʪʩʫʪʩʪʚʠʝ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʚ 

ʩʧʝʮʠʘʣʴʥʳʭ ʤʝʨʘʭ ʧʦ ʧʨʝʜʦʪʚʨʘʱʝʥʠʶ ʥʝʞʝʣʘʪʝʣʴʥʦʡ ʜʝʬʦʨʤʘʮʠʠ ʧʣʘʢʠʨʫʝʤʦʛʦ 

ʢʦʤʧʦʥʝʥʪʘ [7]. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʠ ʘʧʨʦʙʠʨʦʚʘʥʘ ʤʝʪʦʜʠʢʘ ʧʦʣʫʯʝʥʠʷ 

ʜʚʫʭʩʣʦʡʥʳʭ ʩʪʝʨʞʥʝʡ ʠ ʪʨʫʙ ʩ ʥʘʨʫʞʥʳʤ ʢʦʨʨʦʟʠʦʥʥʦʩʪʦʡʢʠʤ ʩʣʦʝʤ. ʆʩʥʦʚʥʳʝ 

ʵʪʘʧʳ ʧʦʣʫʯʝʥʠʷ ʚʢʣʶʯʘʣʠ ʚ ʩʝʙʷ ʩʚʘʨʢʫ ʚʟʨʳʚʦʤ ʠ ʛʦʨʷʯʫʶ ʧʨʦʢʘʪʢʫ/ʧʨʦʰʠʚʢʫ. 

ɺ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʪʨʫʙʳ ʠʟ ʢʦʨʨʦʟʠʦʥʥʦʩʪʦʡʢʦʡ 

ʩʪʘʣʠ 08ʍ18ʅ10ʊ ʠ ʩʪʝʨʞʥʠ ʠʟ ʢʦʥʩʪʨʫʢʮʠʦʥʥʦʡ ʩʪʘʣʠ 20, ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʨʘʟʤʝʨʳ 

ʢʦʪʦʨʳʭ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ 1. 

ʊʘʙʣʠʮʘ 1. ɻʝʦʤʝʪʨʠʯʝʩʢʠʝ ʨʘʟʤʝʨʳ ʠʩʭʦʜʥʳʭ ʟʘʛʦʪʦʚʦʢ 

ʄʘʪʝʨʠʘʣ ʅʘʨʫʞʥʳʡ ʜʠʘʤʝʪʨ, 

ʤʤ 

ʊʦʣʱʠʥʘ ʩʪʝʥʢʠ ɼʣʠʥʘ, ʤʤ 

ʊʨʫʙʘ 

08ʍ18ʅ10ʊ 

34 5 800 

ʊʨʫʙʘ 

08ʍ18ʅ10ʊ 

28 2 1500 

ʉʪʝʨʞʝʥʴ ʩʪʘʣʴ 

20 

20 - 800 ; 1500 

 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʙʠʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʩʪʝʨʞʥʷ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʚʝ ʩʭʝʤʳ ʩʙʦʨʢʠ 

(ʨʠʩʫʥʢʠ 1ʘ ʠ 1ʙ). ʉʦʛʣʘʩʥʦ ʩʭʝʤʘʤ, ʚʥʫʪʨʴ ʪʨʫʙʳ 3 ʠʟ ʢʦʨʨʦʟʠʦʥʥʦʩʪʦʡʢʦʡ ʩʪʘʣʠ 

08ʍ18ʅ10ʊ ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʩʪʝʨʞʝʥʴ 7 ʠʟ ʩʪʘʣʠ 20. ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʪʨʝʙʫʝʤʦʛʦ 

ʟʘʟʦʨʘ ʤʝʞʜʫ ʟʘʛʦʪʦʚʢʘʤʠ ʠ ʚʦ ʠʟʙʝʞʘʥʠʝ ʧʦʧʘʜʘʥʠʷ ʚ ʥʝʛʦ ʧʨʦʜʫʢʪʦʚ ʜʝʪʦʥʘʮʠʠ 
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ʚʟʨʳʚʯʘʪʦʛʦ ʚʝʱʝʩʪʚʘ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʩʧʝʮʠʘʣʴʥʳʝ ʢʨʳʰʢʠ 1 ʠ 4. ʉʦʙʨʘʥʥʳʝ ʪʘʢʠʤ 

ʦʙʨʘʟʦʤ ʩʭʝʤʳ ʧʦʤʝʱʘʣʠʩʴ ʥʘ ʧʝʩʯʘʥʫʶ ʦʩʥʦʚʫ.  

ɺ ʩʭʝʤʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʛʝʣʠʷ (ʨʠʩʫʥʦʢ 1ʙ) ʚ ʪʨʫʙʝ ʫʩʪʘʥʘʚʣʠʚʘʣʠʩʴ ʰʪʫʮʝʨʘ 

6 ʜʣʷ ʟʘʧʦʣʥʝʥʠʷ ʩʚʘʨʦʯʥʦʛʦ ʟʘʟʦʨʘ ʠʥʝʨʪʥʳʤ ʛʘʟʦʤ. 

   

ʘ ʙ ɺ 

ʈʠʩ. 1. ʉʭʝʤʳ ʩʙʦʨʦʢ ʠʩʭʦʜʥʳʭ ʵʣʝʤʝʥʪʦʚ ʧʦʜ ʩʚʘʨʢʫ ʚʟʨʳʚʦʤ: ʘ ï ʩʭʝʤʘ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʦʟʜʫʭʘ; ʙ ï ʩʭʝʤʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʛʝʣʠʷ; ʚ ï ʩʙʦʨʢʘ ʥʘ ʧʦʣʠʛʦʥʝ 

 

ʇʨʦʰʠʚʢʘ ʚʳʧʦʣʥʷʣʘʩʴ ʥʘ ʜʚʫʭʚʘʣʢʦʚʦʤ ʧʨʦʰʠʚʥʦʤ ʩʪʘʥʝ ʚʠʥʪʦʚʦʡ ʧʨʦʢʘʪʢʠ 

ʄʀʉʠʉ-130ɼ ʩ ʙʦʯʢʦʚʠʜʥʳʤʠ ʙʠʢʦʥʠʯʝʩʢʠʤʠ ʚʘʣʢʘʤʠ (ʨʠʩʫʥʦʢ 2). ʋʛʦʣ ʧʦʜʘʯʠ ï 15 

ʛʨʘʜʫʩʦʚ. ɺ ʢʘʯʝʩʪʚʝ ʥʘʧʨʘʚʣʷʶʱʝʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʣʠʥʝʡʢʠ ʠʟ 

ʙʠʜʫʣʦʠʜʥʦʛʦ ʯʫʛʫʥʘ. ʇʨʦʰʠʚʢʘ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʥʘ ʦʧʨʘʚʢʝ ʜʠʘʤʝʪʨʦʤ 19,5 ʤʤ ʩ 

ʢʦʥʠʯʝʩʢʦʡ ʬʦʨʤʦʡ ʨʘʙʦʯʝʡ ʯʘʩʪʠ.  

 

ʈʠʩ. 2. ʉʭʝʤʘ ʦʯʘʛʘ ʜʝʬʦʨʤʘʮʠʠ ʧʨʦʰʠʚʥʦʛʦ ʩʪʘʥʘ 

 

ʀʩʭʦʜʥʳʝ ʟʘʛʦʪʦʚʢʠ ʥʘʛʨʝʚʘʣʠʩʴ ʚ ʢʘʤʝʨʥʦʡ ʧʝʯʠ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ. 

ʊʝʤʧʝʨʘʪʫʨʘ ʥʘʛʨʝʚʘ ʠʩʭʦʜʥʳʭ ʟʘʛʦʪʦʚʦʢ ʧʝʨʝʜ ʧʨʦʢʘʪʢʦʡ ï 1160õ1180 Áʉ. 
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ʇʨʦʢʘʪʢʘ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʥʘ ʪʨʝʭʚʘʣʢʦʚʦʤ ʤʠʥʠʩʪʘʥʝ ʨʘʜʠʘʣʴʥʦ-ʩʜʚʠʛʦʚʦʡ 

ʧʨʦʢʘʪʢʠ 14ï40 ʧʦ ʤʘʨʰʨʫʪʫ 24 Ÿ 22 Ÿ 19 Ÿ 16 Ÿ 12 ʤʤ. ʋʛʦʣ ʧʦʜʘʯʠ ʨʘʙʦʯʠʭ 

ʚʘʣʢʦʚ 18 ʛʨʘʜʫʩʦʚ. ʇʦʩʣʝ ʢʘʞʜʦʛʦ ʧʨʦʭʦʜʘ ʥʘ ʣʝʥʪʦʯʥʦʡ ʧʠʣʝ ʩ ʦʜʥʦʛʦ ʪʦʨʮʘ ʙʳʣ 

ʦʪʨʝʟʘʥ ʪʝʤʧʣʝʪ. ʇʝʨʝʜ ʩʣʝʜʫʶʱʠʤ ʧʨʦʭʦʜʦʤ ʧʨʫʪʦʢ ʧʦʜʦʛʨʝʚʘʣʩʷ ʚ ʧʝʯʠ ʜʦ 

ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʢʘʪʢʠ. 

ʇʦʩʣʝ ʧʨʦʰʠʚʢʠ ʠ ʧʨʦʢʘʪʢʠ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʛʠʣʴʟʳ ʥʘʨʫʞʥʳʤ ʜʠʘʤʝʪʨʦʤ 32 ʤʤ 

ʩ ʪʦʣʱʠʥʦʡ ʩʪʝʥʢʠ 6 ʤʤ ʠ ʩʪʝʨʞʥʠ (ʨʠʩʫʥʦʢ 3). 

 

ʘ 

 

ɹ 

ʈʠʩ. 3.  ʇʦʣʫʯʝʥʥʳʝ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ ʧʦʩʣʝ ʛʦʨʷʯʝʡ ʜʝʬʦʨʤʘʮʠʠ: ʘ ï ʚʥʝʰʥʠʡ 

ʚʠʜ ʦʙʨʘʟʮʦʚ; ʙ ï ʦʙʨʘʟʝʮ ʧʦʩʣʝ ʠʩʧʳʪʘʥʠʷ ʥʘ ʩʧʣʶʱʠʚʘʥʠʝ 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʚʘʨʢʦʡ ʚʟʨʳʚʦʤ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʜʚʫʭʩʣʦʡʥʳʝ ʩʪʝʨʞʥʠ ʩ 

ʩʦʯʝʪʘʥʠʝʤ ʩʣʦʝʚ ʩʪʘʣʴ 20+08ʍ18ʅ10ʊ ʧʦ ʩʭʝʤʘʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʛʝʣʠʷ ʠ ʚʦʟʜʫʭʘ ʚ 

ʢʘʯʝʩʪʚʝ ʘʪʤʦʩʬʝʨ ʩʚʘʨʦʯʥʦʛʦ ʟʘʟʦʨʘ. ʋʣʴʪʨʘʟʚʫʢʦʚʦʡ ʢʦʥʪʨʦʣʴ ʩʧʣʦʰʥʦʩʪʠ 

ʩʦʝʜʠʥʝʥʠʷ ʠ ʚʠʟʫʘʣʴʥʦ-ʠʟʤʝʨʠʪʝʣʴʥʳʡ ʢʦʥʪʨʦʣʴ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʢʘʟʘʣʠ, ʯʪʦ 

ʠʩʧʦʣʴʟʫʝʤʳʝ ʨʝʞʠʤʳ ʩʚʘʨʢʠ ʚʟʨʳʚʦʤ ʦʙʝʩʧʝʯʠʣʠ ʧʨʘʢʪʠʯʝʩʢʠ 100% ʩʧʣʦʰʥʦʩʪʴ 

ʩʣʦʝʚ. ʇʦʣʫʯʝʥʥʳʝ ʩʚʘʨʢʦʡ ʚʟʨʳʚʦʤ ʜʚʫʭʩʣʦʡʥʳʝ ʩʪʝʨʞʥʠ ʧʦʜʚʝʨʛʘʣʠʩʴ ʛʦʨʷʯʝʡ 

ʜʝʬʦʨʤʘʮʠʠ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʪʦʨʦʡ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʝ ʪʨʫʙʳ ʠ ʩʪʝʨʞʥʠ. 

ʄʝʭʘʥʠʯʝʩʢʠʝ ʠʩʧʳʪʘʥʠʷ ʥʘ ʩʧʣʶʱʠʚʘʥʠʝ ʧʦʢʘʟʘʣʠ ʭʦʨʦʰʫʶ ʧʨʦʯʥʦʩʪʴ ʩʮʝʧʣʝʥʠʷ 

ʩʣʦʝʚ ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ ʪʨʝʱʠʥ ʥʘ ʛʨʘʥʠʮʝ ʩʦʝʜʠʥʝʥʠʷ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ ʚ ʨʘʤʢʘʭ ʧʨʦʝʢʪʘ 

ˉ 17-08-01248_a. 

ʃʠʪʝʨʘʪʫʨʘ 

[1] ɺ.ɺ. ɹʘʪʨʘʢʦʚ, ʂʦʨʨʦʟʠʷ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ɻʘʟʳ ʠ ʥʝʦʨʛʘʥʠʯʝʩʢʠʝ 
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ɹʦʨʠʜʳ ʪʠʪʘʥʘ ʠ ʭʨʦʤʘ ʧʨʠʤʝʥʷʶʪʩʷ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʞʘʨʦʧʨʦʯʥʳʭ, 

ʦʛʥʝʫʧʦʨʥʳʭ ʠ ʠʟʥʦʩʦʩʪʦʡʢʠʭ ʩʧʣʘʚʦʚ ʠ ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚ r ʜʣʷ ʨʝʞʫʱʠʭ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʚ ʢʝʨʤʝʪʘʭ ʜʣʷ ʷʜʝʨʥʦʡ ʪʝʭʥʠʢʠ, ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ 

ʯʝʭʣʦʚ ʪʝʨʤʦʧʘʨ ʧʦʛʨʫʞʝʥʠʷ ʠ ʪ.ʜ. ʇʦʨʦʰʦʢ ʙʦʨʠʜʘ ʭʨʦʤʘ ʧʨʠʤʝʥʷʶʪ ʚ ʩʦʩʪʘʚʝ 

ʨʘʟʣʠʯʥʳʭ ʞʘʨʦʧʨʦʯʥʳʭ ʩʧʣʘʚʦʚ ʪʠʧʘ ʙʦʨʦʣʠʪʦʚ ʧʨʠ ʟʥʘʯʠʪʝʣʴʥʳʭ ʥʘʛʨʫʟʢʘʭ ʠ 

ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʘ ʪʘʢʞʝ ʜʣʷ ʩʦʟʜʘʥʠʷ ʠʟʥʦʩʦʩʪʦʡʢʠʭ ʥʘʧʣʘʚʦʯʥʳʭ ʩʧʣʘʚʦʚ (ɹʍ-

2, ʂɹʍ). ɹʦʨʠʜʳ ʪʠʪʘʥʘ ʠ ʭʨʦʤʘ ʦʙʣʘʜʘʶʪ ʥʝʦʛʨʘʥʠʯʝʥʥʦʡ ʚʟʘʠʤʥʦʡ ʨʘʩʪʚʦʨʠʤʦʩʪʴʶ. 

ʉʠʩʪʝʤʘ Ti-Cr-B ʠʤʝʝʪ ʪʚʝʨʜʦʩʪʴ ʚʳʰʝ ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʠ, ʩ ʥʝʜʘʚʥʠʭ ʧʦʨ, 

ʠʥʪʝʥʩʠʚʥʦ ʠʩʩʣʝʜʫʝʪʩʷ ʢʘʢ ʧʝʨʩʧʝʢʪʠʚʥʳʡ ʤʘʪʝʨʠʘʣ ʜʣʷ ʷʜʝʨʥʦʡ ʵʥʝʨʛʝʪʠʢʠ. ɼʣʷ 

ʩʦʟʜʘʥʠʷ ʜʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʠʭ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʥʘʠʙʦʣʝʝ ʰʠʨʦʢʦ 

ʠʩʧʦʣʴʟʫʶʪ ʤʝʪʦʜʳ ʧʣʘʚʣʝʥʠʷ ʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʢʦʥʩʦʣʠʜʘʮʠʠ (ʩʧʝʢʘʥʠʝ ʠ 

ʛʦʨʷʯʝʝ ʧʨʝʩʩʦʚʘʥʠʝ) ʠʟ ʩʤʝʩʝʡ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʧʦʨʦʰʢʘ ʠ ʯʠʩʪʳʭ ʧʦʨʦʰʢʦʚ ʙʦʨʘ ʠʣʠ 

ʩʘʞʠ ʚ ʚʘʢʫʫʤʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 1800ï2200 Áʉ. ʂʝʨʘʤʠʢʘ ʥʘ ʦʩʥʦʚʝ ʙʦʨʠʜʦʚ ʭʨʦʤʘ, 

ʦʩʦʙʝʥʥʦ CrB2, ʦʙʣʘʜʘʝʪ ʫʥʠʢʘʣʴʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ: ʚʳʩʦʢʘʷ ʪʚʝʨʜʦʩʪʴ (20ï22 ɻʇʘ), 

ʚʳʩʦʢʘ ̫ ʪʝʤʧʝʨʘʪʫʨʘ ʧʣʘʚʣʝʥʠʷ (2200 Áʉ), ʭʦʨʦʰʠʡ ʤʦʜʫʣʴ ʫʧʨʫʛʦʩʪʠ (211 ɻʇʘ), 

ʭʦʨʦʰʘ ̫ ʩʪʦʡʢʦʩʪʴ ʢ ʦʢʠʩʣʝʥʠʶ, ʚʳʩʦʢʘ ̫ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ, ʥʠʟʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ 

ʪʝʨʤʠʯʝʩʢʦʛʦ ʨʘʩʰʠʨʝʥʠʷ, ʚʳʩʦʢʘʷ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ ʠ ʭʠʤʠʯʝʩʢʘʷ ʠʥʝʨʪʥʦʩʪʴ [1, 2]. 

ʕʪʠ ʦʪʣʠʯʥʳʝ ʩʚʦʡʩʪʚʘ ʧʦʟʚʦʣʷʶʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʙʦʨʠʜ ʭʨʦʤʘ ʚ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʘ ʜʣʷ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʠʟʜʝʣʠʡ ʠ ʪʚʝʨʜʳʭ ʧʦʢʨʳʪʠʡ ʥʘ ʨʝʞʫʱʠʭ 

ʠʥʩʪʨʫʤʝʥʪʘʭ [3]. 

ɹʦʨʠʜʳ ʪʠʪʘʥʘ ʠ ʭʨʦʤʘ ʪʘʢʞʝ ʧʦʣʫʯʘʶʪ ʤʝʪʦʜʦʤ ʉɺʉ-ʤʝʪʘʣʣʫʨʛʠʠ ʠʟ ʩʤʝʩʝʡ ʥʘ 

ʦʩʥʦʚʝ ʦʢʩʠʜʦʚ ʭʨʦʤʘ (CrO3), ʪʠʪʘʥʘ (TiO2), ʙʦʨʘ (B2O3) ʠ ʘʣʶʤʠʥʠʷ. ʆʪ CrO3 ʙʳʣʦ 

ʨʝʰʝʥʦ ʦʪʢʘʟʘʪʴʩʷ ʚʩʣʝʜʩʪʚʠʝ ʝʛʦ ʪʦʢʩʠʯʥʦʩʪʠ [4] ʠ ʪʝʨʤʠʯʝʩʢʦʡ ʥʝʩʪʘʙʠʣʴʥʦʩʪʠ. ɺ 
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ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩʠʩʪʝʤ ʥʘ ʦʩʥʦʚʝ ʭʨʦʤʘʪʘ 

ʢʘʣʴʮʠʷ CaCrO4, ʯʘʩʪʠʯʥʦ ʦʧʫʙʣʠʢʦʚʘʥʥʳʝ ʚ ʨʘʙʦʪʝ [5]. 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʙʦʨʠʜʦʚ ʭʨʦʤʘ ʠʩʧʦʣʴʟʦʚʘʣʠ ʩʭʝʤʫ:  

CaCrO4+Al+nB Ÿ CrxBy +Al2O3+CaO, 

ʛʜʝ ʢʦʣʠʯʝʩʪʚʦ ʙʦʨʘ (n) ʙʨʘʣʦʩʴ ʠʟ ʨʘʩʯʸʪʘ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʬʘʟ Cr2B, CrB, Cr3B4, CrB2. 

ʊʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ ʨʘʩʯʝʪʳ ʧʦ ʧʨʦʛʨʘʤʤʝ THERMO ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚ ʩʤʝʩʠ ʩ 

ʫʚʝʣʠʯʝʥʠʝʤ ʜʦʣʠ ʙʦʨʘ ʪʝʤʧʝʨʘʪʫʨʘ ʛʦʨʝʥʠʷ ʧʨʠ P=5 ʄʇʘ ʩʥʠʞʘʝʪʩʷ ʦʪ 3394 K ʜʦ 

2588 K (ʨʠʩʫʥʦʢ 1ʘ). 

ʈʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʚ ʙʦʤʙʝ ʧʦʩʪʦʷʥʥʦʛʦ ʜʘʚʣʝʥʠʷ V=3,5 ʣʠʪʨʘ ʧʨʠ 

ʥʘʯʘʣʴʥʦʤ ʜʘʚʣʝʥʠʠ 50 ʘʪʤ. ʧʦʢʘʟʘʣʠ (ʨʠʩʫʥʦʢ 1ʙ), ʯʪʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʜʦʣʠ ʙʦʨʘ ʚ 

ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ ʩʢʦʨʦʩʪʴ ʛʦʨʝʥʠʷ (U) ʠ ʚʝʣʠʯʠʥʘ ʜʠʩʧʝʨʛʠʨʦʚʘʥʠʷ (ɖ2) ʩʥʠʞʘʶʪʩʷ. 

ɺʳʭʦʜ ʮʝʣʝʚʦʛʦ ʧʨʦʜʫʢʪʘ (ɖ1) ʨʘʩʪʝʪ ʜʦ 26% ʧʨʠ n = 4,9, ʟʘʪʝʤ ʩʥʠʞʘʝʪʩʷ ʜʦ 18% ʧʨʠ 

n=9,3. 

   

  a      ʙ 

ʈʠʩ. 1. ɺʣʠʷʥʠʝ ʩʦʜʝʨʞʘʥʠʷ ʙʦʨʘ ʚ ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ ʥʘ: a) ʘʜʠʘʙʘʪʠʯʝʩʢʫʶ ʪʝʤʧʝʨʘʪʫʨʫ 

ʛʦʨʝʥʠʷ (ʊ); ʙ) ʥʘ ʩʢʦʨʦʩʪʴ ʛʦʨʝʥʠʷ (U), ʚʳʭʦʜ ʮʝʣʝʚʦʛʦ ʧʨʦʜʫʢʪʘ (ɖ1) ʠ ʚʝʣʠʯʠʥʫ 

ʜʠʩʧʝʨʛʠʨʦʚʘʥʠʷ(ɖ2) 

 

ʌʘʟʦʚʳʡ ʩʦʩʪʘʚ ʧʨʦʜʫʢʪʘ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 2. ʆʩʥʦʚʫ ʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʧʨʦʜʫʢʪʦʚ ʩʦʩʪʘʚʣʷʶʪ ʨʘʟʣʠʯʥʳʝ ʙʦʨʠʜʳ, ʘʣʶʤʠʥʠʜ ʭʨʦʤʘ ʠ ʩʚʦʙʦʜʥʳʡ ʘʣʶʤʠʥʠʡ. 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʪʠʪʘʥʦʭʨʦʤʦʚʦʛʦ ʙʦʨʠʜʘ ʙʳʣ ʧʨʦʚʝʜʝʥ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʡ 

ʘʥʘʣʠʟ ʩʤʝʩʝʡ ʥʘ ʦʩʥʦʚʝ ʜʚʫʭ ʩʭʝʤ ʭʠʤʠʯʝʩʢʦʛʦ ʧʨʝʚʨʘʱʝʥʠʷ:  

CaCrO4 + 2Al + 2B = CrB2 + Al2O3 +CaO    1 

3TiO2 +4Al + 6B Ÿ3TiB2 +2Al2O3     2 

ʉʦʛʣʘʩʥʦ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʤ ʨʘʩʯʝʪʘʤ ʧʨʦʜʫʢʪʘʤʠ ʭʠʤʠʯʝʩʢʦʛʦ ʧʨʝʚʨʘʱʝʥʠʷ 

ʩʤʝʩʠ ʷʚʣʷʶʪʩʷ çʤʝʪʘʣʣʠʯʝʩʢʠʡè (Cr-B-Ti-Al) ʠ ʦʢʩʠʜʥʳʡ (Al 2O3-B2Ca3O6) ʨʘʩʧʣʘʚʳ. ʉ 

ʨʦʩʪʦʤ Ŭ, ʛʜʝ Ŭ = [M2/(M1+M2)]Ŀ100 %/,: ʄ1 ï ʤʘʩʩʘ ʩʤʝʩʠ 1, ʘ ʄ2 ï ʤʘʩʩʘ ʩʤʝʩʠ 2, 
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ʩʦʜʝʨʞʘʥʠʝ çʤʝʪʘʣʣʠʯʝʩʢʦʡè ʬʘʟʳ ʧʨʦʜʫʢʪʦʚ ʛʦʨʝʥʠʷ (ʘ) ʨʘʩʪʝʪ, ʪʝʤʧʝʨʘʪʫʨʘ ʛʦʨʝʥʠʷ 

ʧʣʘʚʥʦ ʩʥʠʞʘʝʪʩʷ ʦʪ 2656 ʂ ʜʦ 2590 ʂ ʧʨʠ Ŭ = 80%, ʟʘʪʝʤ ʠʜʝʪ ʨʝʟʢʦʝ ʧʘʜʝʥʠʝ ʜʦ 2450 

ʂ  (ʨʠʩʫʥʦʢ 3).  

 

ʈʠʩʫʥʦʢ 2. ɺʣʠʷʥʠʝ ʩʦʜʝʨʞʘʥʠʷ B ʚ ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ (n) ʥʘ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ 

ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʧʨʦʜʫʢʪʘ. 

1 ï n=2,5% ʚʝʩ.; 2 ï n=4,9% ʚʝʩ.; 3 ï n= 6,4% ʚʝʩ.; 4 ï n= 9,3% ʚʝʩ. 

 

 

 

ʈʠʩ. 3. ʈʝʟʫʣʴʪʘʪʳ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʩʠʩʪʝʤʳ CaCrO4 +TiO2+Al+B  

 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʦʢʘʟʘʣʠ (ʨʠʩʫʥʦʢ 4), ʯʪʦ ʚʩʣʝʜʩʪʚʠʝ ʥʠʟʢʦʡ ʨʘʩʯʝʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʳ ʛʦʨʝʥʠʷ, ʩʤʝʩʠ ʩʧʦʩʦʙʥʳ ʢ ʛʦʨʝʥʠʶ ʚ ʠʥʪʝʨʚʘʣʝ Ŭ 0ï20%. ʉ ʫʚʝʣʠʯʝʥʠʝʤ 

Ŭ ʩʢʦʨʦʩʪʴ ʛʦʨʝʥʠʷ ʩʥʠʞʘʝʪʩʷ ʦʪ 11 ʤʤ/ʩ ʜʦ 7ʤʤ/ʩ, ʧʨʠʨʦʩʪ ʜʘʚʣʝʥʠʷ ʚ ʨʝʘʢʪʦʨʝ ȹʈ 

ʪʘʢʞʝ ʩʥʠʞʘʝʪʩʷ ʦʪ 13,5 ʘʪʤ ʜʦ 8 ʘʪʤ. ɺʳʭʦʜ ʮʝʣʝʚʦʛʦ ʧʨʦʜʫʢʪʘ ʩ ʫʚʝʣʠʯʝʥʠʝʤ Ŭ 
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ʩʥʠʞʘʝʪʩʷ ʠ ʧʨʝʜʝʣ ʬʘʟʦʨʘʟʜʝʣʝʥʠʷ ʥʘʩʪʫʧʘʝʪ ʧʨʠ Ŭ = 15%. ɺʝʣʠʯʠʥʘ ʜʠʩʧʝʨʛʠʨʦʚʘʥʠʷ 

ʪʘʢʞʝ ʫʤʝʥʴʰʘʝʪʩʷ. 

   

ʘ       ʙ 

ʈʠʩ. 4. ɺʣʠʷʥʠʝ Ŭ ʥʘ ʩʢʦʨʦʩʪʴ ʛʦʨʝʥʠʷ U ʠ ʧʨʠʨʦʩʪ ʜʘʚʣʝʥʠʷ ȹP ʚ ʨʝʘʢʪʦʨʝ (ʘ), ʥʘ 

ʚʳʭʦʜ ʮʝʣʝʚʦʛʦ ʧʨʦʜʫʢʪʘ ɖ1 ʠ ʨʘʟʙʨʦʩ ʧʨʦʜʫʢʪʦʚ ʛʦʨʝʥʠʷ ɖ2 (ʙ). Ŭ = ʄ2/(ʄ1+ʄ2) 

Ĭ100%, ʛʜʝ ʄ1 ï ʤʘʩʩʘ ʩʤʝʩʠ ʧʦ ʩʭʝʤʝ 1, ʄ2 ï ʤʘʩʩʘ ʩʤʝʩʠ ʧʦ ʩʭʝʤʝ 2 

ɼʣʷ ʨʘʩʰʠʨʝʥʠʷ ʧʨʝʜʝʣʘ ʬʘʟʦʨʘʟʜʝʣʝʥʠʷ ʙʳʣ ʧʨʦʚʝʜʝʥ ʵʢʩʧʝʨʠʤʝʥʪ ʥʘ ʩʤʝʩʠ 

ʧʨʠ Ŭ = 20, ʚ ʢʦʪʦʨʫʶ ʚʚʦʜʠʣʠ 20% ʚʳʩʦʢʦʵʢʟʦʪʝʨʤʠʯʝʩʢʦʡ ʜʦʙʘʚʢʠ CaO2+Al. ɺ 

ʨʝʟʫʣʴʪʘʪʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʫʜʘʣʦʩʴ ʜʦʙʠʪʴʩʷ ʬʘʟʦʨʘʟʜʝʣʝʥʠʷ, ʥʦ ʙʦʨʠʜʥʳʡ ʩʣʠʪʦʢ ʚ ʚʠʜʝ 

ʢʘʧʝʣʴ ʜʠʘʤʝʪʨʦʤ ʦʪ 1 ʜʦ 5 ʤʤ ʙʳʣ ʨʘʩʧʨʝʜʝʣʝʥ ʚ ʦʢʩʠʜʥʦʤ ʩʣʠʪʢʝ ʠ ʧʣʦʭʦ ʦʪʜʝʣʷʣʩʷ 

ʦʪ ʥʝʛʦ.  

ʈʝʥʪʛʝʥʦʛʨʘʬʠʯʝʩʢʠʡ ʘʥʘʣʠʟ (ʨʠʩʫʥʦʢ 5) ʧʦʢʘʟʘʣ, ʯʪʦ ʧʨʦʜʫʢʪ ʧʦʣʫʯʠʣʩʷ 

ʤʥʦʛʦʬʘʟʥʳʤ. ʆʩʥʦʚʥʦʡ ʬʘʟʦʡ ʷʚʣʷʝʪʩʷ ʪʠʪʘʥʦʭʨʦʤʦʚʳʡ ʙʦʨʠʜ Cr0,5Ti0,5B2, ʪʘʢʞʝ ʚ 

ʦʙʨʘʟʮʝ ʧʨʠʩʫʪʩʪʚʫʶʪ ʙʦʨʠʜʳ ʭʨʦʤʘ CrB2 ʠ Cr3B4, ʘʣʶʤʠʥʠʜʳ ʪʠʪʘʥʘ, ʢʘʨʙʠʜ 

ʤʦʣʠʙʜʝʥʘ ʠ ʬʘʟʘ Cr0.85Al 0.15B2.   

 

   (ʘ)     (ʙ) 

ʈʠʩ. 5. ʈʝʥʪʛʝʥʦʛʨʘʤʤʘ ʦʙʨʘʟʮʘ ʩʠʩʪʝʤʳ CaCrO4 +TiO2+Al+B  

ʧʨʠ Ŭ = 10% (ʘ) ʠ Ŭ = 20% (ʙ) 
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ʄʠʢʨʦʩʪʨʫʢʪʫʨʥʳʡ ʘʥʘʣʠʟ ʦʙʨʘʟʮʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ Ŭ = 10 ʠ 20%, ʧʨʠʚʝʜʝʥ ʥʘ 

ʨʠʩʫʥʢʘʭ 6 ʠ 7. 

 

 

 ̄ B O Al  Ti Cr Mo 

1 31,4  1,2 1,1 57,6 8,7 

2 30,6  1,2 1,1 58,7 8,4 

3 36,3  1,1 2,4 49,7 10,5 

4 38,2  1,8 2,3 47,5 10,2 

5 41,5  0,7 26,3 20,3 11,2 

6 38,6  0,4 32,9 16,3 11,8 

7 45,5  0,4 18,0 28,0 8,0 

8 47,3  0,3 17,8 27,5 7,1 

9  37,0 57,4 1,3 3,4 0,9 

10  31,6 37,8 8,2 18,4 4,1 
 

ʈʠʩ. 6. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʦʙʨʘʟʘ Ŭ = 10%. ʕʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ ʚ %, ʚʝʩ. 

 

 

 ̄ B Al  Ti Cr 

1 23,6 1,0 2,9 72,5 

2 22,1 0,9 3,5 73,5 

3 39,1 0,4 27,8 32,7 

4 40,6 0,5 24,5 34,4 

5 37,5 0,6 39,2 22,7 

6 38,8 0,4 32,7 28,2 

7 39,9 0,3 35,9 24,0 

8 39,2 0,7 34,3 25,8 

Sum 32,8 0,9 18,6 47,8 
 

ʈʠʩ. 7. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʦʙʨʘʟʘ Ŭ = 20%. ʕʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ ʚ %, ʚʝʩ. 

 

ʅʘ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘʭ ʚʠʜʥʦ, ʯʪʦ ʚ ʦʙʦʠʭ ʩʣʫʯʘʷʭ CrB2 ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʦʡ ʬʘʟʦʡ 

(ʩʚʝʪʣʦʩʝʨʘʷ ʦʩʥʦʚʘ), ʚ ʢʦʪʦʨʦʡ ʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝʣʝʥ ʪʠʪʘʥʦʭʨʦʤʦʚʳʡ ʙʦʨʠʜ 

(ʪʝʤʥʦʩʝʨʳʝ ʚʢʣʶʯʝʥʠʷ) ʠ ʧʨʠʩʫʪʩʪʚʫʝʪ ʦʢʩʠʜʥʘʷ ʬʘʟʘ Al 2O3. ʅʘ ʤʠʢʨʦʩʪʨʫʢʪʫʨʝ 

ʦʙʨʘʟʮʘ ʧʨʠ Ŭ = 20% ʚʠʜʥʦ, ʯʪʦ ʚʢʣʶʯʝʥʠʷ ʪʠʪʘʥʦʭʨʦʤʦʚʦʛʦ ʙʦʨʠʜʘ ʙʦʣʝʝ ʨʘʚʥʦʤʝʨʥʦ 

ʨʘʩʧʨʝʜʝʣʝʥʳ ʧʦ ʦʙʨʘʟʮʫ. ʕʪʦ ʜʘʝʪ ʙʦʣʝʝ ʚʳʩʦʢʫ  ʁʪʝʤʧʝʨʘʪʫʨʫ ʩʠʥʪʝʟʘ ʠ ʙʦʣʝʝ ʜʦʣʛʦʝ 

ʚʨʝʤ ̫ʞʠʟʥʠ ʨʘʩʧʣʘʚʘ, ʚ ʢʦʪʦʨʦʤ ʚʦʩʩʪʘʥʦʚʣʝʥʥʳʡ ʪʠʪʘʥ ʨʝʘʛʠʨʫʝʪ ʩ ʙʦʨʠʜʦʤ ʭʨʦʤʘ. 

ɺʳʚʦʜʳ 

1. ʀʟ ʨʝʟʫʣʴʪʘʪʦʚ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩʣʝʜʫʝʪ, ʯʪʦ ʟʘʤʝʥʘ CrO3 ʚ 

ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ ʥʘ ʤʘʣʦʛʠʛʨʦʩʢʦʧʠʯʥʳʡ ʩʪʘʙʠʣʴʥʳʡ CaCrO4 ʧʦʟʚʦʣʷʝʪ ʩʦʭʨʘʥʠʪʴ 
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ʚʳʩʦʢʫʶ ʵʥʝʨʛʝʪʠʢʫ ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ ʠ ʩʧʦʩʦʙʥʦʩʪʴ ʩʤʝʩʠ ʢ ʛʦʨʝʥʠʶ, ʘ ʪʘʢʞʝ ʧʦʣʫʯʘʪʴ 

ʪʫʛʦʧʣʘʚʢʠʝ ʢʘʨʙʠʜʳ ʠ ʙʦʨʠʜʳ ʭʨʦʤʘ ʚ ʣʠʪʦʤ ʚʠʜʝ. 

2. ʀʟʫʯʝʥʳ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʛʦʨʝʥʠʷ ʠ ʘʚʪʦʚʦʣʥʦʚʦʛʦ ʭʠʤʠʯʝʩʢʦʛʦ ʧʨʝʚʨʘʱʝʥʠʷ 

ʚʳʩʦʢʦʵʢʟʦʪʝʨʤʠʯʝʩʢʠʭ ʩʦʩʪʘʚʦʚ CaCrO4/Al /B ʠ CaCrO4/TiO2/Al /B. ʇʦʢʘʟʘʥʦ, ʯʪʦ 

ʩʤʝʩʠ ʩʧʦʩʦʙʥʳ ʛʦʨʝʪʴ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʩʦʜʝʨʞʘʥʠʷ B. ʇʨʠ ʜʦʙʘʚʣʝʥʠʠ ʚ ʩʤʝʩʴ ʥʘ 

ʧʦʣʫʯʝʥʠʝ CrB2 ʩʤʝʩʠ 2 ʧʨʝʜʝʣ ʬʘʟʦʨʘʟʜʝʣʝʥʠʷ ʥʘʩʪʫʧʘʝʪ ʧʨʠ Ŭ = 15% 

3. ʈʝʥʪʛʝʥʦʛʨʘʤʤʘ ʧʨʦʜʫʢʪʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʧʨʠ Ŭ = 10%, ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʫʜʘʣʦʩʴ 

ʧʦʣʫʯʠʪʴ ʪʠʪʘʥʦ-ʭʨʦʤʦʚʳʡ ʙʦʨʠʜ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʚʳʩʦʢʦʵʢʟʦʪʝʨʤʠʯʝʩʢʦʡ ʜʦʙʘʚʢʠ 

CaO2+Al  ʜʣʷ ʫʚʝʣʠʯʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʛʦʨʝʥʠʷ ʧʦʟʚʦʣʠʣʦ ʨʘʩʰʠʨʠʪʴ ʧʨʝʜʝʣʳ 

ʬʘʟʦʨʘʟʜʝʣʝʥʠʷ ʠ ʧʦʣʫʯʠʪʴ ʢʦʤʧʦʟʠʮʠʦʥʥʳʡ ʤʘʪʝʨʠʘʣ ʚ ʩʠʩʪʝʤʝ Cr-Ti-B. 
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ʅʘʩʪʦʷʱʘʷ ʨʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʚʦʧʨʦʩʫ ʚʣʠʷʥʠʷ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʚʦʟʜʝʡʩʪʚʠʡ ʠ 

ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʥʘ ʫʨʦʚʝʥʴ ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚʦ ʚʩʝʤ ʦʙʲʝʤʝ 

ʙʠʤʝʪʘʣʣʘ ʥʝʨʘʟʨʫʰʘʶʱʠʤ ʤʝʪʦʜʦʤ ʤʘʛʥʠʪʥʦʡ ʧʘʤʷʪʠ. 

ɼʘʥʥʳʡ ʤʝʪʦʜ ʦʩʥʦʚʘʥ ʥʘ ʨʝʛʠʩʪʨʘʮʠʠ ʩʦʙʩʪʚʝʥʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ 

ʨʘʩʩʝʠʚʘʥʠʷ (ʉʄʇʈ), ʚʦʟʥʠʢʘʶʱʠʭ ʚ ʟʦʥʘʭ ʫʩʪʦʡʯʠʚʳʭ ʧʦʣʦʩ ʩʢʦʣʴʞʝʥʠʷ ʚ ʤʘʛʥʠʪʥʦʤ 

ʧʦʣʝ ɿʝʤʣʠ [1]. ɺʦʟʥʠʢʥʦʚʝʥʠʝ ʉʄʇʈ ʦʙʫʩʣʦʚʣʝʥʦ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʜʦʤʝʥʦʚ ʠ ʠʭ 

ʨʦʩʪʦʤ ʥʘ ʩʢʦʧʣʝʥʠʠ ʜʠʩʣʦʢʘʮʠʡ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʠ ʚ ʟʦʥʘʭ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʥʘʧʨʷʞʝʥʠʡ. ʆʪʤʝʪʠʤ, ʯʪʦ ʩ ʠʩʢʫʩʩʪʚʝʥʥʳʤ ʥʘʤʘʛʥʠʯʠʚʘʥʠʝʤ ʚ ʤʝʪʘʣʣʘʭ ʪʘʢʦʡ 

ʠʩʪʦʯʥʠʢ ʠʥʬʦʨʤʘʮʠʠ, ʢʘʢ ʩʦʙʩʪʚʝʥʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ, ʧʦʣʫʯʠʪʴ ʥʝʚʦʟʤʦʞʥʦ. ʊʦʣʴʢʦ 

ʚ ʤʘʣʦʤ ʚʥʝʰʥʝʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ, ʢʘʢʠʤ ʷʚʣʷʝʪʩʷ ʧʦʣʝ ɿʝʤʣʠ, ʢʦʛʜʘ ʵʥʝʨʛʠʷ 

ʜʝʬʦʨʤʘʮʠʠ ʥʘ ʧʦʨʷʜʦʢ ʧʨʝʚʦʩʭʦʜʠʪ ʵʥʝʨʛʠʶ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʪʘʢʘʷ 

ʠʥʬʦʨʤʘʮʠʷ ʬʦʨʤʠʨʫʝʪʩʷ ʠ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥʘ [2]. 

ʉʫʱʝʩʪʚʫʶʱʠʝ ʤʝʪʦʜʠʢʠ ʦʧʨʝʜʝʣʝʥʠʷ ʟʦʥ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʘʧʨʷʞʝʥʠʡ ʤʝʪʦʜʦʤ 

ʤʘʛʥʠʪʥʦʡ ʧʘʤʷʪʠ ʤʝʪʘʣʘ ʥʘʧʨʘʚʣʝʥʳ ʥʘ ʢʦʥʪʨʦʣʴ ʦʙʦʨʫʜʦʚʘʥʠʷ, ʢʦʥʩʪʨʫʢʮʠʡ ʠ 

ʦʪʜʝʣʴʥʳʭ ʜʝʪʘʣʝʡ, ʥʘʧʨʠʤʝʨ, ʣʦʧʘʪʢʘ ʧʘʨʦʚʦʡ ʪʫʨʙʠʥʳ [2]. ʂʘʢ ʧʨʘʚʠʣʦ, ʜʘʥʥʳʝ ʫʟʣʳ 

ʠʟʛʦʪʘʚʣʠʚʘʶʪʩʷ ʠʟ ʤʘʪʝʨʠʘʣʦʚ, ʢʦʪʦʨʳʝ ʩʦʜʝʨʞʘʪ ʦʜʠʥ ʩʣʦʡ ʤʝʪʘʣʣʦʚ. ʉʪʦʠʪ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ ʜʘʥʥʳʭ ʦʙ ʠʩʩʣʝʜʦʚʘʥʠʠ ʵʚʦʣʶʮʠʠ ʥʘʧʨʷʞʝʥʥʦ-

ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʠʟʜʝʣʠʡ, ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʠʟ ʙʠʤʝʪʘʣʣʘ, ʤʝʪʦʜʦʤ 

ʤʘʛʥʠʪʥʦʡ ʧʘʤʷʪʠ ʤʝʪʘʣʣʘ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʥʝʪ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʛʣʘʚʥʦʡ ʟʘʜʘʯʝʡ 

ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʤʝʪʦʜʠʢʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʙʠʤʝʪʘʣʣʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʩʚʘʨʢʦʡ ʚʟʨʳʚʦʤ, ʥʝʨʘʟʨʫʰʘʶʱʠʤ ʤʝʪʦʜʦʤ 

ʤʘʛʥʠʪʥʦʡ ʧʘʤʷʪʠ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʦʧʨʝʜʝʣʝʥʠʝ ʟʦʥ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʘʧʨʷʞʝʥʠʡ 

ʙʠʤʝʪʘʣʣʘ.  

ʉʢʘʥʠʨʦʚʘʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʦʚʦʜʠʣʠ ʥʘ ʠʩʭʦʜʥʳʭ ʤʘʪʝʨʠʘʣʘʭ ʧʦʩʣʝ ʩʚʘʨʢʠ 

ʚʟʨʳʚʦʤ ʠ ʧʦʩʣʝ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ. ʆʩʥʦʚʥʦʡ ʩʣʦʡ ʙʠʤʝʪʘʣʣʘ ï ʢʦʥʩʪʨʫʢʮʠʦʥʥʘʷ ʩʪʘʣʴ 
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ʤʘʨʢʠ 09ɻ2ʉ, ʧʣʘʢʠʨʫʶʱʠʡ ʩʣʦʡ ʙʠʤʝʪʘʣʣʘ ï ʢʦʨʨʦʟʠʦʥʥʦʩʪʦʡʢʘʷ ʞʘʨʦʧʨʦʯʥʘʷ ʩʪʘʣʴ 

ʤʘʨʢʠ 08ʍ13. ʅʘʛʨʫʞʝʥʠʝ ʧʣʘʩʪʠʥ ʧʨʦʚʦʜʠʣʠ ʧʦ ʧʘʨʘʣʣʝʣʴʥʦʡ ʩʭʝʤʝ ʥʘ ʦʧʦʨʝ ʠʟ 

ʧʝʩʯʘʥʦʛʦ ʛʨʫʥʪʘ ʧʨʠ VD = 2350 ʤ/ʩ, r =1,2. ʉʢʘʥʠʨʦʚʘʥʠʝ ʦʙʲʝʢʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʩ ʧʦʤʦʱʴʶ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʩʠʩʪʝʤʳ ʀʂʅ-4ʄ-16 ʩʦ ʩʢʘʥʠʨʫʶʱʠʤ 

ʫʩʪʨʦʡʩʪʚʦʤ ʊʠʧ 1. ʆʙʨʘʙʦʪʢʘ ʧʦʣʫʯʝʥʥʳʭ ʤʘʛʥʠʪʦʛʨʘʤʤ ʦʩʫʱʝʩʪʚʠʣʘʩʴ ʚ 

ʧʨʦʛʨʘʤʤʥʦʤ ʦʙʝʩʧʝʯʝʥʠʠ MMMS 3.0. ʉʢʘʥʠʨʦʚʘʥʠʝ ʙʠʤʝʪʘʣʣʘ 09ɻ2ʉ+08ʍ13 

ʛʘʙʘʨʠʪʘʤʠ 14(10+4)Ĭ250Ĭ999 ʤʤ ʧʨʦʚʦʜʠʣʠ ʥʝʨʘʟʨʫʰʘʶʱʠʤ ʤʝʪʦʜʦʤ ʄʄʇ ʩʦ 

ʩʪʦʨʦʥʳ ʦʩʥʦʚʥʦʛʦ ʠ ʧʣʘʢʠʨʫʶʱʝʛʦ ʩʣʦʷ ʧʦ ʪʝʤ ʞʝ ʣʠʥʠʷʤ ʩʢʘʥʠʨʦʚʘʥʠʷ. 

ʂʘʯʝʩʪʚʝʥʥʳʤ ʢʨʠʪʝʨʠʝʤ ʟʦʥ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʘʧʨʷʞʝʥʠʡ ʜʣʷ ʤʝʪʦʜʘ ʤʘʛʥʠʪʥʦʡ 

ʧʘʤʷʪʠ ʤʝʪʘʣʣʦʚ ʩʣʫʞʠʪ ʥʘʣʠʯʠʝ ʚ ʠʩʩʣʝʜʫʝʤʦʡ ʟʦʥʝ ʣʠʥʠʡ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭʩʷ 

ʩʤʝʥʦʡ ʟʥʘʢʘ ʥʦʨʤʘʣʴʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʨʘʩʩʝʠʚʘʥʠʷ Hp. ʇʨʠ ʵʪʦʤ 

ʣʠʥʠʷ Hp=0 ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʣʠʥʠʷʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʘʧʨʷʞʝʥʠʡ [3].   

ʇʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʤʘʛʥʠʪʦʛʨʘʤʤ ʚʳʷʚʣʝʥʦ, ʯʪʦ ʚ ʠʩʭʦʜʥʳʭ ʤʘʪʝʨʠʘʣʘʭ 

ʥʘʙʣʶʜʘʶʪʩʷ ʟʦʥʳ ʩ ʨʝʟʢʠʤ ʠʟʤʝʥʝʥʠʝʤ ʟʥʘʯʝʥʠʡ ʛʨʘʜʠʝʥʪʘ ʧʦʣʷ (dH/dx) ʧʦ ʜʣʠʥʝ 

ʦʙʨʘʟʮʦʚ (ʨʠʩʫʥʢʠ 1ʘ, 1ʙ). ʕʪʠ ʦʙʣʘʩʪʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʟʦʥʘʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʘʧʨʷʞʝʥʠʡ 

ʚ ʠʩʭʦʜʥʦʤ ʤʘʪʝʨʠʘʣʝ, ʢʦʪʦʨʳʝ ʨʘʩʧʦʣʦʞʝʥʳ ʥʘ ʥʘʯʘʣʴʥʳʭ ʠ ʢʦʥʝʯʥʳʭ ʫʯʘʩʪʢʘʭ 

ʦʩʥʦʚʥʦʛʦ ʤʝʪʘʣʣʘ (ʨʠʩʫʥʦʢ 1ʘ). ʀʜʝʥʪʠʯʥʘʷ ʢʘʨʪʠʥʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʦʨʤʘʣʴʥʦʡ 

ʩʦʩʪʘʚʣʷʶʱʝʡ ʧʦʣʷ Hp ʠ ʟʥʘʯʝʥʠʷ ʛʨʘʜʠʝʥʪʘ ʧʦʣʷ (dH/dx) ʧʦ ʜʣʠʥʝ ʥʘʙʣʶʜʘʝʪʩʷ ʠ ʚ 

ʧʣʘʢʠʨʫʶʱʝʤ ʩʣʦʝ (ʨʠʩʫʥʦʢ 1ʙ). ɺʦʟʥʠʢʥʦʚʝʥʠʝ ʜʘʥʥʳʭ ʟʦʥ ʩʚʷʟʘʥʦ ʩ ʧʣʘʩʪʠʯʝʩʢʠʤ 

ʜʝʬʦʨʤʠʨʦʚʘʥʠʝʤ ʵʪʠʭ ʟʦʥ ʧʨʠ ʨʝʟʢʝ ʠʩʭʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʦʜ ʪʨʝʙʫʝʤʳʡ ʨʘʟʤʝʨ ʜʣʷ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʥʘ ʛʠʣʴʦʪʠʥʝ. ʆʪʤʝʪʠʤ, ʯʪʦ ʢʨʠʪʠʯʝʩʢʠʭ ʠʟʤʝʥʝʥʠʡ ʟʥʘʯʝʥʠʡ ʛʨʘʜʠʝʥʪʘ 

ʧʦʣʷ (dH/dx) ʧʦ ʦʩʪʘʣʴʥʦʤʫ ʦʙʲʝʤʫ ʠʩʭʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ. ʇʦʷʚʣʝʥʠʝ 

ʵʪʠʭ ʟʦʥ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, ʯʪʦ ʚ ʧʨʦʮʝʩʩʝ ʩʚʘʨʢʠ ʚʟʨʳʚʦʤ ʚʦʟʥʠʢʘʝʪ ʩʣʦʞʥʦʝ 

ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ, ʢʦʪʦʨʦʝ ʩʚʷʟʘʥʥʦ ʩ ʜʝʬʦʨʤʘʮʠʷʤʠ ʠʟʛʠʙʘ, 

ʢʦʪʦʨʳʝ ʥʘʙʣʶʜʘʶʪʩʷ ʚ ʥʘʯʘʣʝ ʧʨʦʮʝʩʩʘ. ɼʘʣʝʝ ʧʨʦʠʩʭʦʜʠʪ ʠʟʤʝʥʝʥʠʝ ʚʠʜʘ 

ʜʝʬʦʨʤʘʮʠʠ ʥʘ ʩʜʚʠʛʦʚʫʶ (ʣʠʥʝʡʥʫʶ), ʪ.ʝ ʚʦʟʥʠʢʘʶʪ ʤʝʭʘʥʠʟʤʳ ʨʘʩʪʷʞʝʥʠʷ ʚ ʩʨʝʜʥʝʡ 

ʯʘʩʪʠ ʙʠʤʝʪʘʣʣʘ, ʢʦʪʦʨʳʝ ʧʨʠʚʦʜʷʪ ʢ ʣʘʚʠʥʦʦʙʨʘʟʥʦʤʫ ʧʨʦʮʝʩʩʫ ʣʠʥʝʡʥʦʡ 

ʜʝʬʦʨʤʘʮʠʠ. 

ʇʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʤʘʛʥʠʪʦʛʨʘʤʤ ʙʠʤʝʪʘʣʣʘ ʙʳʣ ʚʳʷʚʣʝʥ ʨʦʩʪ ʟʥʘʯʝʥʠʡ 

ʛʨʘʜʠʝʥʪʘ ʧʦʣʷ (dH/dx) ʧʦ ʜʣʠʥʝ, ʘ ʪʘʢʞʝ ʫʚʝʣʠʯʝʥʠʝ ʢʦʣʠʯʝʩʪʚʘ ʟʦʥ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʥʘʧʨʷʞʝʥʠʠ (ʨʠʩʫʥʢʠ 2ʘ ʠ 2ʙ). ʊʘʢʞʝ ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩʦ ʩʪʦʨʦʥʳ ʦʩʥʦʚʥʦʛʦ ʩʣʦʷ 

ʫʨʦʚʝʥʴ ʛʨʘʜʠʝʥʪʘ ʧʦʣʷ (dH/dx) ʧʦ ʜʣʠʥʝ ʚʳʰʝ, ʯʝʤ ʩʦ ʩʪʦʨʦʥʳ ʧʣʘʢʠʨʫʶʱʝʛʦ, ʵʪʦ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, ʯʪʦ ʚ ʧʨʦʮʝʩʩʝ ʩʚʘʨʢʠ ʦʩʥʦʚʥʦʡ ʩʣʦʡ ʧʨʝʪʝʨʧʝʚʘʝʪ ʙʦʣʝʝ 

ʠʥʪʝʥʩʠʚʥʫʶ ʧʣʘʩʪʠʯʝʩʢʫʶ ʜʝʬʦʨʤʘʮʠʶ. ʀʟ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʩʭʝʤ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʟʦʥ 
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ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʘʧʨʷʞʝʥʠʡ ʜʣʷ ʙʠʤʝʪʘʣʣʘ 09ɻ2ʉ+08ʍ13 ʤʦʞʥʦ ʥʘʙʣʶʜʘʪʴ 

ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʜʘʥʥʳʭ ʟʦʥ: ʚ ʥʘʯʘʣʝ ʧʨʦʮʝʩʩʘ ʩʚʘʨʢʠ ʚʟʨʳʚʦʤ, ʚ 

ʩʨʝʜʥʝʡ ʯʘʩʪʠ ʙʠʤʝʪʘʣʣʘ ʠ ʥʘ ʢʦʥʝʯʥʦʤ ʝʛʦ ʫʯʘʩʪʢʝ. 

 
ʘ) 

 
ʙ) 

ʈʠʩ. 1. ʉʭʝʤʘ ʨʘʩʧʦʣʦʞʝʥʠʷ ʟʦʥ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʘʧʨʷʞʝʥʠʡ ʜʦ ʩʚʘʨʢʠ ʚʟʨʳʚʦʤ 

ʠʩʭʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʛʜʝ ʘ ï ʧʣʘʢʠʨʫʶʱʠʡ ʩʣʦʡ 08ʍ13; ʙ ï ʦʩʥʦʚʥʦʡ ʩʣʦʡ 09ɻ2ʉ 

 

 
ʘ) 

 
ʙ) 

ʈʠʩ. 2. ʉʭʝʤʘ ʨʘʩʧʦʣʦʞʝʥʠʷ ʟʦʥ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʘʧʨʷʞʝʥʠʡ ʙʠʤʝʪʘʣʣʘ, ʛʜʝ ʘ ï 

ʨʘʩʧʦʣʦʞʝʥʠʝ ʟʦʥ ʂʅ ʚ ʧʣʘʢʠʨʫʶʱʝʤ ʩʣʦʝ; ʙ ï ʨʘʩʧʦʣʦʞʝʥʠʝ ʟʦʥ ʂʅ ʚ ʦʩʥʦʚʝ 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʝʪʦʜʠʢʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʚʦʣʶʮʠʠ ʥʘʧʨʷʞʝʥʥʦ-

ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʜʦ ʠ ʧʦʩʣʝ ʩʚʘʨʢʠ ʚʟʨʳʚʦʤ ʤʘʪʝʨʠʘʣʦʚ ʥʝʨʘʟʨʫʰʘʶʱʠʤ 
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ʤʝʪʦʜʦʤ ʤʘʛʥʠʪʥʦʡ ʧʘʤʷʪʠ ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʠʪʴ ʟʦʥʳ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʘʧʨʷʞʝʥʠʡ ʚ 

ʙʠʤʝʪʘʣʣʝ. 

ɺʳʷʚʣʝʥʦ, ʯʪʦ ʧʦʩʣʝ ʩʚʘʨʢʠ ʚʟʨʳʚʦʤ ʫʨʦʚʝʥʴ ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʧʦ ʚʩʝʤʫ ʦʙʲʝʤʫ ʙʠʤʝʪʘʣʣʘ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʩʭʦʜʥʳʤʠ 

ʤʘʪʝʨʠʘʣʘʤʠ ʜʦ ʩʚʘʨʢʠ ʚʟʨʳʚʦʤ, ʠ ʨʘʩʧʦʣʦʞʝʥʠʝ ʟʦʥ ʩ ʤʘʢʩʠʤʘʣʴʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ 

ʥʘʧʨʷʞʝʥʠʡ ʦʧʨʝʜʝʣʷʝʪʩʷ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʜʝʬʦʨʤʘʮʠʠ ʚ ʵʪʠʭ ʟʦʥʘʭ. 

ʋʩʪʘʥʦʚʣʝʥʳ ʪʨʠ ʭʘʨʘʢʪʝʨʥʳʝ ʟʦʥʳ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʘʧʨʷʞʝʥʠʡ ʧʦʩʣʝ ʩʚʘʨʢʠ 

ʚʟʨʳʚʦʤ: ʧʝʨʚʘʷ ï ʜʝʬʦʨʤʘʮʠʷ ʠʟʛʠʙʘ ʚ ʥʘʯʘʣʝ ʧʨʦʮʝʩʩʘ ʩʚʘʨʢʠ ʚʟʨʳʚʦʤ; ʚʪʦʨʘʷ ï 

ʥʘʯʘʣʦ ʧʨʦʮʝʩʩʘ ʣʠʥʝʡʥʦʡ ʜʝʬʦʨʤʘʮʠʠ; ʪʨʝʪʴʷ ï ʣʘʚʠʥʦʦʙʨʘʟʥʳʡ ʧʨʦʮʝʩʩ ʣʠʥʝʡʥʦʡ 

ʜʝʬʦʨʤʘʮʠʠ ʥʘ ʢʦʥʝʯʥʦʤ ʫʯʘʩʪʢʝ ʙʠʤʝʪʘʣʣʘ.  

ʋʢʘʟʘʥʥʘʷ ʤʝʪʦʜʠʢʘ ʧʨʠʤʝʥʷʣʘʩʴ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʦʧʪʠʤʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ 

ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʙʠʤʝʪʘʣʣʘ ʧʨʠ ʩʥʷʪʠʠ ʦʩʪʘʪʦʯʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʜʣʷ ʧʘʨʳ ʩʪʘʣʴ+ʪʠʪʘʥ. 

ʉʧʝʮʠʬʠʢʘ ʧʨʦʮʝʩʩʘ ʩʚʘʨʢʠ ʚʟʨʳʚʦʤ ʦʧʨʝʜʝʣʷʝʪ ʥʝʢʦʪʦʨʳʝ ʦʩʦʙʝʥʥʦʩʪʠ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʦʩʪʘʪʦʯʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʧʨʠ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʝ: ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, 

ʩʥʠʤʘʶʪʩʷ ʩʚʘʨʦʯʥʳʝ ʥʘʧʨʷʞʝʥʠʷ, ʩ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʚʦʟʥʠʢʘʝʪ ʥʦʚʦʝ ʧʦʣʝ ʦʩʪʘʪʦʯʥʳʭ 

ʥʘʧʨʷʞʝʥʠʡ, ʚʳʟʚʘʥʥʦʝ ʨʘʟʣʠʯʠʝʤ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʣʠʥʝʡʥʦʛʦ ʨʘʩʰʠʨʝʥʠʷ: ʚ ʩʪʘʣʠ ï 

ʨʘʩʪʷʞʝʥʠʷ, ʚ ʪʠʪʘʥʝ ï ʩʞʘʪʠʷ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʤʝʪʦʜʦʤ ʤʘʛʥʠʪʥʦʡ ʧʘʤʷʪʠ ʤʝʪʘʣʣʘ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʥʘʛʨʝʚʝ ʜʦ 460 Ñ 20Áʉ ʠ ʦʭʣʘʞʜʝʥʠʠ ʩ ʧʝʯʴʶ ʜʦ 200Áʉ ʫʨʦʚʝʥʴ 

ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʩʥʠʞʘʝʪʩʷ ʚ 3ï4 ʨʘʟʘ ʠ ʫʤʝʥʴʰʘʝʪʩʷ 

ʧʨʦʪʷʞʸʥʥʦʩʪʴ ʟʦʥ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʘʧʨʷʞʝʥʠʡ ʥʘ 20ï30% ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʫʨʦʚʥʝʤ ʜʦ 

ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ. 

ʃʠʪʝʨʘʪʫʨʘ 
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ʂɸʊɸʃʀɿɸʊʆʈʓ ɻʃʋɹʆʂʆɻʆ ʆʂʀʉʃɽʅʀʗ ʀ ɻʀɼʈʀʈʆɺɸʅʀʗ 

ʅɸ ʅʆʉʀʊɽʃɽ TiB2ïAl2O3 ʉ ʂʆɹɸʃʔʊʆɺʆʁ ɸʂʊʀɺʅʆʁ ʌɸɿʆʁ 

 

ɽ.ɺ. ʇʫʛʘʯʝʚʘ, ɺ.ʅ. ɹʦʨʱ, ɺ.ɸ. ʑʝʨʙʘʢʦʚ  

 

ʌʝʜʝʨʘʣʴʥʦʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʙʶʜʞʝʪʥʦʝ ʫʯʨʝʞʜʝʥʠʝ ʥʘʫʢʠ ʀʥʩʪʠʪʫʪ ʩʪʨʫʢʪʫʨʥʦʡ ʤʘʢʨʦʢʠʥʝʪʠʢʠ ʠ 

ʧʨʦʙʣʝʤ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʠʤ. ɸ.ɻ. ʄʝʨʞʘʥʦʚʘ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ, ʏʝʨʥʦʛʦʣʦʚʢʘ, ʈʦʩʩʠʷ 
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ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʙʦʣʴʰʠʥʩʪʚʦ ʧʨʠʤʝʥʷʝʤʳʭ ʚ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ 

ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʩʣʦʞʥʳʝ ʩʠʩʪʝʤʳ, ʩʦʩʪʦʷʱʠʝ ʠʟ ʥʦʩʠʪʝʣʷ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʝʛʦ ʚ ʦʩʥʦʚʥʦʤ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʘʪʘʣʠʟʘʪʦʨʘ, ʠ 

ʥʘʥʝʩʝʥʥʦʡ ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʘʢʪʠʚʥʦʡ ʬʘʟʳ (ɸʌ). ʇʨʦʠʟʚʦʜʩʪʚʦ ʪʘʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ 

ʷʚʣʷʝʪʩʷ ʤʥʦʛʦʩʪʘʜʠʡʥʳʤ ʠ ʩʣʦʞʥʳʤ ʧʨʦʮʝʩʩʦʤ. ɿʘʜʘʯʘ ʧʦʠʩʢʘ ʙʦʣʝʝ ʧʨʦʩʪʳʭ ʤʝʪʦʜʦʚ 

ʧʦʣʫʯʝʥʠʷ ʚʳʩʦʢʦʘʢʪʠʚʥʳʭ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʙʣʦʢʦʚ ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʣʦʞʝʥ ʤʝʪʦʜ ʧʦʣʫʯʝʥʠʷ ʧʦʨʠʩʪʳʭ ʙʣʦʢʦʚ ʥʘ ʦʩʥʦʚʝ 

ʤʘʪʨʠʮʳ TiB2ïAl2O3 ʩ ʨʘʩʧʨʝʜʝʣʝʥʥʳʤ ʚ ʥʝʡ ʠʥʪʝʨʤʝʪʘʣʣʠʜʥʳʤ ʧʨʝʢʫʨʩʦʨʦʤ ɸʌ ʚ 

ʭʦʜʝ ʦʜʥʦʩʪʘʜʠʡʥʦʛʦ ʤʝʪʦʜʘ  ʩʘʤʦʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʛʦʩʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʩʠʥʪʝʟʘ 

(ʉɺʉ), ʠ ʢʘʪʘʣʠʟʘʪʦʨʳ ʥʘ ʠʭ ʦʩʥʦʚʝ. ʌʦʨʤʠʨʦʚʘʥʠʝ ɸʌ ʯʝʨʝʟ ʠʥʪʝʨʤʝʪʘʣʣʠʜʥʳʡ 

ʧʨʝʢʫʨʩʦʨ ʙʳʣʦ ʦʩʥʦʚʘʥʦ ʥʘ ʨʝʟʫʣʴʪʘʪʘʭ ʥʘʰʠʭ ʧʨʝʜʳʜʫʱʠʭ ʨʘʙʦʪ [1-2]. ʆʩʥʦʚʥʘʷ 

ʠʜʝʷ ʟʘʢʣʶʯʘʣʘʩʴ ʚ ʪʦʤ, ʯʪʦ ʚ ʩʠʣʫ ʚʳʩʦʢʠʭ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʥʦʩʠʪʝʣʷ, ʚ 

ʪʦʤ ʯʠʩʣʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʣʘʚʣʝʥʠʷ, ʧʦʩʣʝ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʨʦʮʝʩʩʘ ʫʞʝ 

ʩʬʦʨʤʠʨʦʚʘʚʰʠʡʩʷ ʠ ʟʘʪʚʝʨʜʝʚʰʠʡ ʧʦʨʠʩʪʳʡ ʙʣʦʢ ʧʨʦʧʠʪʳʚʘʣʩʷ ʝʱʝ ʞʠʜʢʠʤ 

ʠʥʪʝʨʤʝʪʘʣʣʠʜʦʤ, ʯʪʦ ʠ ʥʘʰʣʦ ʩʚʦʝ ʧʦʜʪʚʝʨʞʜʝʥʠʝ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ.  

ʇʨʦʮʝʩʩ ʧʦʣʫʯʝʥʠʷ ʙʦʨʠʜʘ ʪʠʪʘʥʘ ʤʝʪʦʜʦʤ ʉɺʉ ʠʟʚʝʩʪʝʥ ʜʘʚʥʦ ʠ ʭʦʨʦʰʦ 

ʠʟʫʯʝʥ. ʇʨʠ ʜʦʙʘʚʣʝʥʠʠ ʚ ʠʩʭʦʜʥʫʶ ʰʠʭʪʫ ʢʦʙʘʣʴʪʘ ʠ ʘʣʶʤʠʥʠʷ ʣʝʛʢʦ ʧʦʣʫʯʠʪʴ 

ʧʦʨʠʩʪʳʡ ʢʦʤʧʦʟʠʪʥʳʡ ʙʦʨʠʜʥʦ ï ʦʢʩʠʜʥʳʡ ʥʦʩʠʪʝʣʴ ʩ ʨʘʩʧʨʝʜʝʣʝʥʥʳʤ ʚ ʥʝʤ 

ʠʥʪʝʨʤʝʪʘʣʣʠʜʦʤ. 

ʀʥʪʝʨʤʝʪʘʣʣʠʜʥʳʡ ʧʨʝʢʫʨʩʦʨ ʘʢʪʠʚʥʦʡ ʬʘʟʳ ʧʦ ʜʘʥʥʦʡ ʩʭʝʤʝ ʧʦʣʫʯʘʝʪʩʷ 

ʵʣʝʤʝʥʪʥʳʤ ʩʠʥʪʝʟʦʤ. 

ʉʠʥʪʝʟ ʧʦʨʠʩʪʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʙʣʦʢʦʚ ʧʨʦʚʦʜʠʣʩʷ ʧʦ ʩʣʝʜʫʶʱʝʡ ʨʝʘʢʮʠʠ: 

3 TiO2 + 3 B2O3 + (10+3ʭ) Al + ʭ Co Ÿ 3 TiB2 +5 Al2O3 + ʭ CoAl3 

mailto:*help@ism.ac.ru
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ʇʨʝʜʣʦʞʝʥʥʳʡ ʩʧʦʩʦʙ ʚʢʣʶʯʘʝʪ ʩʣʝʜʫʶʱʠʝ ʩʪʘʜʠʠ. ʇʦʨʦʰʢʠ ʠʩʭʦʜʥʳʭ 

ʨʝʘʛʝʥʪʦʚ ʩʤʝʰʠʚʘʣʠ ʠ ʧʨʝʩʩʦʚʘʣʠ ʚ ʪʘʙʣʝʪʢʠ ʜʠʘʤʝʪʨʦʤ 12 ʤʤ ʠ ʤʘʩʩʦʡ 3 ʛ. 

ʅʘʯʘʣʴʥʫʶ ʦʪʥʦʩʠʪʝʣʴʥʫʶ ʧʣʦʪʥʦʩʪʴ ʚʘʨʴʠʨʦʚʘʣʠ ʚ ʠʥʪʝʨʚʘʣʝ 60ï70%. ʈʝʘʢʮʠʶ 

ʩʠʥʪʝʟʘ ʠʥʠʮʠʠʨʦʚʘʣʠ ʥʘ ʚʦʟʜʫʭʝ ʩ ʧʦʤʦʱʴʶ ʨʘʩʢʘʣʝʥʥʦʡ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʪʦʢʦʤ 

ʚʦʣʴʬʨʘʤʦʚʦʡ ʩʧʠʨʘʣʠ. ɿʦʥʘ ʨʝʘʢʮʠʠ ʨʘʩʧʨʦʩʪʨʘʥʷʣʘʩʴ ʧʦ ʦʙʨʘʟʮʫ ʚʦ ʬʨʦʥʪʘʣʴʥʦʤ 

ʨʝʞʠʤʝ ʟʘ ʩʯʝʪ ʩʠʣʴʥʦ ʵʢʟʦʪʝʨʤʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠʩʭʦʜʥʳʭ ʨʝʘʛʝʥʪʦʚ. 

ʆʩʪʳʚʰʠʡ ʉɺʉ-ʧʨʦʜʫʢʪ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʨʘʢʪʠʯʝʩʢʠ ʛʦʪʦʚʳʡ ʢʘʪʘʣʠʪʠʯʝʩʢʠʡ ʙʣʦʢ 

ʩ ʨʘʜʠʘʣʴʥʳʤʠ ʭʦʨʦʰʦ ʧʨʦʥʠʮʘʝʤʳʤʠ ʢʘʥʘʣʘʤʠ ʜʠʘʤʝʪʨʦʤ ʧʦʨʷʜʢʘ 1 ʤʤ, ʩ ʧʦʨʠʩʪʦʡ 

ʚʥʫʪʨʝʥʥʝʡ ʧʦʚʝʨʭʥʦʩʪʴʶ, ʧʦʢʨʳʪʦʡ ʘʣʶʤʠʥʠʜʘʤʠ ʉʦ. ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ (ʈʌɸ) 

ʩʦʩʪʘʚʘ ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʙʣʦʢʘ ʩ ʨʘʩʧʨʝʜʝʣʝʥʥʦʡ ʠʥʪʝʨʤʝʪʘʣʣʠʜʥʦʡ ʬʘʟʦʡ ʧʦʢʘʟʘʣ, ʯʪʦ ʚ 

ʦʙʨʘʟʮʝ ʬʦʨʤʠʨʫʶʪʩʷ ʩʣʝʜʫʶʱʠʝ ʬʘʟʳ: TiB2, TiO2, TiCo, Al2O3 ʢʫʙ, Al2O3 ʨʦʤʙ, CoAl. 

ɹʦʣʝʝ ʠʥʪʝʥʩʠʚʥʳ ʧʠʢʠ TiB2 ʠ Al2O3, ʪʘʢ ʢʘʢ ʠʤʝʥʥʦ ʵʪʠ ʩʦʝʜʠʥʝʥʠʷ ʷʚʣʷʶʪʩʷ 

ʦʩʥʦʚʥʦʡ ʤʘʪʨʠʮʝʡ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʙʣʦʢʘ. ɺ ʧʨʦʮʝʩʩʝ ʩʠʥʪʝʟʘ ʯʘʩʪʴ ʢʦʙʘʣʴʪʘ ʫʭʦʜʠʪ ʚ 

ʥʝʮʝʣʝʚʫʶ ʬʘʟʫ TiCo, ʦʜʥʘʢʦ ʵʪʦ ʥʝ ʦʢʘʟʳʚʘʝʪ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʚʣʠʷʥʠʷ ʥʘ ʘʢʪʠʚʥʦʩʪʴ 

ʧʦʣʫʯʘʝʤʦʛʦ ʢʘʪʘʣʠʟʘʪʦʨʘ. ʄʠʢʨʦʬʦʪʦʛʨʘʬʠʷ ʫʯʘʩʪʢʘ ʙʣʦʢʘ ʩ ʚʳʭʦʜʷʱʝʡ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʴ ʧʦʨʦʡ, ʧʦʣʫʯʝʥʥʘʷ ʥʘ ʩʢʘʥʠʨʫʶʱʝʤ ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ (ʉʕʄ), 

ʧʨʠʚʦʜʠʪʩʷ ʥʘ ʨʠʩʫʥʢʝ 1. 

 

ʈʠʩ. 1. ʄʦʨʬʦʣʦʛʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʙʣʦʢʘ ʧʦʩʣʝ ʩʠʥʪʝʟʘ 

ʉʪʨʫʢʪʫʨʘ ʙʣʦʢʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʳʡ ʚʳʩʦʢʦʧʦʨʠʩʪʳʡ ʩʧʝʢ ʩ 

ʚʳʨʦʩʰʠʤʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʨʳ ʚʦʣʦʩʢʘʤʠ ʩʫʙʤʠʢʨʦʥʥʦʛʦ ʜʠʘʤʝʪʨʘ (ʨʠʩʫʥʦʢ 1). 

ɺʝʨʦʷʪʥʦ, ʵʪʦ ʚʠʩʢʝʨʳ Al2O3, ʦʙʨʘʟʦʚʘʚʰʠʝʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʢʠʩʣʝʥʠʷ ʧʘʨʦʚ ʘʣʶʤʠʥʠʷ 

ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ. 

ʕʪʦʪ ʙʣʦʢ ʚ ʜʘʣʴʥʝʡʰʝʤ ʧʦʜʚʝʨʛʘʣʠ ʱʝʣʦʯʥʦʤʫ ʪʨʘʚʣʝʥʠʶ ʠ ʩʪʘʙʠʣʠʟʘʮʠʠ 

ʨʘʩʪʚʦʨʦʤ ʅ2ʆ2 ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʘ ʝʛʦ ʧʦʚʝʨʭʥʦʩʪʠ ʦʢʩʦ-ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʡ 
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ʬʘʟʳ ʥʘ ʦʩʥʦʚʝ ʢʦʙʘʣʴʪʘ. ʇʦʩʣʝ ʚʳʱʝʣʘʯʠʚʘʥʠʷ ʠʟ ʠʩʭʦʜʥʦʛʦ ʙʣʦʢʘ ʧʨʘʢʪʠʯʝʩʢʠ 

ʧʦʣʥʦʩʪʴʶ ʫʜʘʣʷʝʪʩʷ ʘʣʶʤʠʥʠʡ, ʚʭʦʜʷʱʠʡ ʚ ʩʦʩʪʘʚ ʬʘʟʳ CoAl. ʆʙ ʵʪʦʤ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʧʦʪʝʨʷ ʚʝʩʘ ʧʨʠ ʚʳʱʝʣʘʯʠʚʘʥʠʠ, ʘ ʪʘʢ ʞʝ ʨʝʟʫʣʴʪʘʪʳ ʈʌɸ (ʨʠʩʫʥʦʢ 2). 

ʆʙʨʘʟʝʮ ʩʦʜʝʨʞʠʪ ʟʥʘʯʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʝʥʪʛʝʥʦʘʤʦʨʬʥʦʡ ʬʘʟʳ, ʯʪʦ ʛʦʚʦʨʠʪ ʦ 

ʚʳʩʦʢʦʜʝʬʝʢʪʥʦʡ ʩʪʨʫʢʪʫʨʝ ʠ ʥʘʣʠʯʠʠ ʤʝʣʢʦʜʠʩʧʝʨʩʥʳʭ ʯʘʩʪʠʮ. ʆʩʥʦʚʥʳʝ ʬʘʟʳ, 

ʧʨʠʩʫʪʩʪʚʫʶʱʠʝ ʚ ʢʘʪʘʣʠʟʘʪʦʨʝ, ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʬʘʟʘʤ ʠʩʭʦʜʥʦʛʦ ʙʣʦʢʘ: TiB2, TiCo, 

Al2O3ʢʫʙ, Al2O3ʨʦʤʙ. ʌʘʟʫ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʢʦʙʘʣʴʪʘ ʥʝ ʫʜʘʝʪʩʷ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʪʴ, ʪʘʢ ʢʘʢ 

ʝʛʦ ʢʦʣʠʯʝʩʪʚʦ ʥʝ ʚʝʣʠʢʦ, ʘ ʨʘʟʤʝʨ ʟʝʨʝʥ ʤʘʣ.  

 

ʈʠʩ. 2. ʉʧʝʢʪʨ ʈʌɸ ʛʦʪʦʚʦʛʦ ʢʘʪʘʣʠʟʘʪʦʨʘ. 1 ï TiB2, 2 ï TiCo, 3 ï Al2O3 ʨʦʤʙ, 4 ï Al2O3 ʢʫʙ 

ʇʦʚʝʨʭʥʦʩʪʴ ʢʘʪʘʣʠʟʘʪʦʨʘ ʠʤʝʝʪ ʩʣʦʞʥʫʶ ʤʦʨʬʦʣʦʛʠʶ ʩ ʜʚʫʭʫʨʦʚʥʝʚʦʡ 

ʩʪʨʫʢʪʫʨʦʡ, ʥʘʙʣʶʜʘʝʤʫʶ ʥʘ ʨʠʩʫʥʢʝ 3.  

 

ʈʠʩ. 3. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʧʦʚʝʨʭʥʦʩʪʠ (ʉʕʄ) ʛʦʪʦʚʦʛʦ ʢʘʪʘʣʠʟʘʪʦʨʘ 

ʆʩʥʦʚʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ ʚʳʩʰʝʛʦ ʫʨʦʚʥʷ ʷʚʣʷʶʪʩʷ ʧʨʷʤʦʫʛʦʣʴʥʳʝ ʛʨʘʥʫʣʳ ʩʦ 

ʩʛʣʘʞʝʥʥʳʤʠ ʢʨʘʷʤʠ. ʅʠʟʰʠʡ ʫʨʦʚʝʥʴ ʧʨʝʜʩʪʘʚʣʝʥ ʧʦʢʨʳʚʘʶʱʠʤʠ ʵʪʠ ʛʨʘʥʫʣʳ 

ʥʘʥʦʨʘʟʤʝʨʥʳʤʠ ʚʦʣʦʩʢʘʤʠ ʠʣʠ ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʣʘʩʪʠʥʘʤʠ, ʪʦʣʱʠʥʘ ʢʦʪʦʨʳʭ ʧʦʨʷʜʢʘ 40ï50 ʥʤ. ʊʦʥʢʘʷ ʩʪʨʫʢʪʫʨʘ ɸʌ ʷʚʣʷʝʪʩʷ 
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ʧʨʠʯʠʥʦʡ ʟʥʘʯʠʪʝʣʴʥʦʛʦ (ʜʦ 8 ʤ2/ʛ) ʧʦʚʳʰʝʥʠʷ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʪʘʣʠʟʘʪʦʨʘ, ʪʘʢ 

ʢʘʢ ʫʜʝʣʴʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʩʘʤʦʛʦ ʥʦʩʠʪʝʣʷ ʦʯʝʥʴ ʥʠʟʢʘʷ (ʜʦʣʠ ʤ2/ʛ). 

ɹʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʘʢʪʠʚʥʦʩʪʴ ʧʦʣʫʯʝʥʥʦʛʦ ʢʘʪʘʣʠʟʘʪʦʨʘ ʚ ʨʝʘʢʮʠʷʭ ʛʣʫʙʦʢʦʛʦ 

ʦʢʠʩʣʝʥʠʷ ʉʆ ʠ ʧʨʦʧʘʥʘ. ɸʢʪʠʚʥʦʩʪʴ ʚ ʨʝʘʢʮʠʠ ʦʢʠʩʣʝʥʠʷ ʉʆ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʘ 

(ʨʠʩʫʥʦʢ 4). ʉʆ ʩʛʦʨʘʝʪ ʧʦʣʥʦʩʪʴʶ ʫʞʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 250Á ʉ. 100% ʢʦʥʚʝʨʩʠʠ 

ʧʨʦʧʘʥʘ ʚ ʠʩʩʣʝʜʦʚʘʥʥʦʤ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ ʥʝ ʜʦʩʪʠʛʘʝʪʩʷ.  

 

ʈʠʩ. 4. ɿʘʚʠʩʠʤʦʩʪʠ ʢʦʥʚʝʨʩʠʠ ʉʆ (1) ʠ ʧʨʦʧʘʥʘ (2) ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʧʨʦʮʝʩʩʝ 

ʛʣʫʙʦʢʦʛʦ ʦʢʠʩʣʝʥʠʷ. ʆʙʲʝʤʥʘʷ ʩʢʦʨʦʩʪʴ ʛʘʟʘ 500 ʤʣ/ʤʠʥ. 

ʂʘʪʘʣʠʟʘʪʦʨ ʙʳʣ ʪʘʢʞʝ ʠʩʧʳʪʘʥ ʚ ʨʝʘʢʮʠʠ ʛʠʜʨʠʨʦʚʘʥʠʷ CO2. ʆʩʥʦʚʥʳʤʠ 

ʧʨʦʜʫʢʪʘʤʠ ʧʨʦʮʝʩʩʘ ʷʚʣʷʶʪʩʷ ʉʆ, ʤʝʪʘʥ ʠ ʚʦʜʘ. ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ ʨʠʩʫʥʢʘ 5, ʚʳʭʦʜ 

ʤʝʪʘʥʘ ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ ʤʘʢʩʠʤʫʤ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 300Á ʉ, ʧʦʩʣʝ ʯʝʛʦ ʥʘʯʠʥʘʝʪʩʷ ʨʦʩʪ 

ʚʳʭʦʜʘ ʧʦʙʦʯʥʦʛʦ ʧʨʦʜʫʢʪʘ ï ʉʆ. ʂʦʥʚʝʨʩʠʷ ʉʆ2 ʧʨʠ 300Áʉ ʩʦʩʪʘʚʣʷʝʪ 72,7% ʧʨʠ 

100% ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʧʦ ʤʝʪʘʥʫ.  

 

ʈʠʩ. 5. ɿʘʚʠʩʠʤʦʩʪʠ ʢʦʥʮʝʥʪʨʘʮʠʡ ʉʆ2, ʉʆ ʠ ʤʝʪʘʥʘ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʧʨʦʮʝʩʩʝ 

ʛʠʜʨʠʨʦʚʘʥʠʷ ʉʆ2. ʆʙʲʝʤʥʘʷ ʩʢʦʨʦʩʪʴ ʛʘʟʘ 50 ʤʣ/ʤʠʥ. 1 ï ʤʝʪʘʥ, 2 ï ʉʆ2, 3 ï ʉʆ 
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ʇʦʣʫʯʝʥʥʳʝ ʢʘʪʘʣʠʟʘʪʦʨʳ ʠʤʝʶʪ ʭʦʨʦʰʦ ʩʬʦʨʤʠʨʦʚʘʥʥʫʶ ʧʦʨʠʩʪʫʶ ʩʪʨʫʢʪʫʨʫ, 

ʚʳʩʦʢʫʶ ʧʨʦʯʥʦʩʪʴ, ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʫʶ ʫʜʝʣʴʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ. ʅʝʧʦʩʨʝʜʩʪʚʝʥʥʦ 

ʧʦʩʣʝ ʩʠʥʪʝʟʘ ʦʥʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʧʨʦʜʫʢʪ, ʪʨʝʙʫʶʱʠʡ ʤʠʥʠʤʘʣʴʥʦʡ ʜʦʨʘʙʦʪʢʠ 

ʜʣʷ ʜʘʣʴʥʝʡʰʝʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʜʥʦʩʪʘʜʠʡʥʳʡ ʤʝʪʦʜ ʉɺʉ ʷʚʣʷʝʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʧʦʜʭʦʜʦʤ 

ʜʣʷ ʩʠʥʪʝʟʘ ʥʘʥʝʩʝʥʥʳʭ ʚʳʩʦʢʦʘʢʪʠʚʥʳʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʩ ʘʢʪʠʚʥʦʡ ʬʘʟʦʡ, 

ʨʘʩʧʨʝʜʝʣʝʥʥʦʡ ʚ ʚʳʩʦʢʦʧʦʨʠʩʪʦʡ ʢʝʨʘʤʠʯʝʩʢʦʡ ʤʘʪʨʠʮʝ ʩ ʚʳʩʦʢʠʤʠ ʬʠʟʠʢʦ-

ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. 

ʃʠʪʝʨʘʪʫʨʘ 
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ɺʚʝʜʝʥʠʝ 

ʇʦʜʭʦʜ ʢ ʠʩʩʣʝʜʦʚʘʥʠʶ ʧʨʦʮʝʩʩʦʚ, ʧʨʦʠʩʭʦʜʷʱʠʭ ʚ ʤʘʪʝʨʠʘʣʘʭ ʥʘ ʥʘʥʦʫʨʦʚʥʝ, 

ʤʝʪʦʜʦʤ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚʩʝ ʯʘʱʝ ʧʨʠʤʝʥʷʝʪʩʷ ʚ 

ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ. ʆʜʥʘʢʦ ʨʘʙʦʪ, ʧʨʠʤʝʥʷʶʱʠʭ ʵʪʦʪ ʧʦʜʭʦʜ ʢ ʠʩʩʣʝʜʦʚʘʥʠʶ 

ʧʨʦʮʝʩʩʦʚ ʪʚʝʨʜʦʧʣʘʤʝʥʥʦʛʦ ʛʦʨʝʥʠʷ,  ʧʦʢʘ ʦʩʪʘʝʪʩʷ ʥʝʤʥʦʛʦ. ʀʟ ʥʠʭ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ 

ʨʘʙʦʪʫ [1], ʨʘʩʩʤʘʪʨʠʚʘʶʱʫʶ ʧʨʦʮʝʩʩ ʩʧʝʢʘʥʠʷ ʜʚʫʭ ʩʬʝʨʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʠʟ ʥʠʢʝʣʷ ʠ 

ʘʣʶʤʠʥʠʷ. ʊʘʢʞʝ ʟʘʩʣʫʞʠʚʘʝʪ ʚʥʠʤʘʥʠʷ ʨʘʙʦʪʘ ʧʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʶ ʚʦʣʥʳ ʛʦʨʝʥʠʷ ʧʦ 

ʤʥʦʛʦʩʣʦʡʥʦʡ ʨʝʘʢʮʠʦʥʥʦʡ ʥʘʥʦʧʣʝʥʢʝ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʥʠʢʝʣʷ ʠ ʘʣʶʤʠʥʠʷ [2]. ɺ 

ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʤʳ ʧʨʠʤʝʥʠʤ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʠʡ ʧʦʜʭʦʜ ʢ ʧʨʦʮʝʩʩʫ ʛʦʨʝʥʠʷ ʚ 

ʩʠʩʪʝʤʝ Ti/Al [3]. 

ʄʦʜʝʣʴʥʘʷ ʩʠʩʪʝʤʘ ʠ ʨʝʟʫʣʴʪʘʪʳ 

ʄʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʘʢʝʪʘ LAMMPS [4]. ʇʦʪʝʥʮʠʘʣ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʜʣʷ ʘʪʦʤʦʚ ʪʠʪʘʥʘ ʠ 

ʘʣʶʤʠʥʠʷ ʙʳʣ ʚʟʷʪ ʠʟ ʨʘʙʦʪʳ [5]. ɺ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʩʫʱʝʩʪʚʫʝʪ ʥʝʩʢʦʣʴʢʦ ʧʦʜʭʦʜʦʚ ʢ 

ʠʩʩʣʝʜʦʚʘʥʠʶ ʧʨʦʮʝʩʩʘ ʛʦʨʝʥʠʷ ʚ ʩʠʩʪʝʤʝ TiïAl. ʇʝʨʚʳʡ ʤʝʪʦʜ ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʩʧʝʢʘʥʠʠ ʩʬʝʨʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʪʠʪʘʥʘ ʠ ʘʣʶʤʠʥʠʷ ʨʘʟʣʠʯʥʦʛʦ ʨʘʜʠʫʩʘ ʠ ʧʨʠ ʨʘʟʣʠʯʥʦʡ 

ʥʘʯʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ɺʪʦʨʦʡ ʧʦʜʭʦʜ ʩʦʩʪʦʠʪ ʚ ʠʩʩʣʝʜʦʚʘʥʠʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ 

ʚʦʣʥʳ ʛʦʨʝʥʠʷ ʧʦ ʤʥʦʛʦʩʣʦʡʥʦʡ ʨʝʘʢʮʠʦʥʥʦʡ ʥʘʥʦʧʣʝʥʢʝ, ʩʦʩʪʦʷʱʝʡ ʠʟ 

ʯʝʨʝʜʫʶʱʠʭʩʷ ʩʣʦʝʚ ʪʠʪʘʥʘ ʠ ʘʣʶʤʠʥʠʷ.  

ʈʘʩʩʤʦʪʨʠʤ ʩʥʘʯʘʣʘ ʧʝʨʚʳʡ ʤʝʪʦʜ. ʄʦʜʝʣʠʨʫʝʤʘʷ ʩʠʩʪʝʤʘ ʩʦʩʪʦʷʣʘ ʠʟ ʯʘʩʪʠʮʳ 

ʪʠʪʘʥʘ ʨʘʜʠʫʩʦʤ 3 ʥʤ (ʢʦʣʠʯʝʩʪʚʦ ʘʪʦʤʦʚ 6338) ʠ ʯʘʩʪʠʮʳ ʘʣʶʤʠʥʠʷ ʨʘʜʠʫʩʦʤ 2,95 ʥʤ 

(ʢʦʣʠʯʝʩʪʚʦ ʘʪʦʤʦʚ 6530). ɺ ʥʘʯʘʣʴʥʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ʯʘʩʪʠʮʳ ʢʘʩʘʶʪʩʷ ʜʨʫʛ ʜʨʫʛʘ 

(ʨʠʩʫʥʦʢ 1). ʅʘʯʘʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʩʠʩʪʝʤʳ ʨʘʚʥʷʣʘʩʴ 800 K. ʀʟʤʝʥʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ 

ʩʠʩʪʝʤʳ ʚʦ ʚʨʝʤʝʥʠ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 2. ʊʝʤʧʝʨʘʪʫʨʘ ʧʣʘʚʣʝʥʠʷ ʘʣʶʤʠʥʠʷ ʨʘʚʥʘ 

933 K, ʥʦ ʩʪʦʠʪ ʫʯʝʩʪʴ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʜʣʷ ʥʝʙʦʣʴʰʠʭ ʯʘʩʪʠʮ ʪʝʤʧʝʨʘʪʫʨʘ ʧʣʘʚʣʝʥʠʷ 
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ʙʫʜʝʪ ʥʘ ʥʝʩʢʦʣʴʢʦ ʩʦʪʝʥ ʛʨʘʜʫʩʦʚ ʤʝʥʴʰʝ, ʯʝʤ ʪʝʤʧʝʨʘʪʫʨʘ ʧʣʘʚʣʝʥʠʷ ʙʦʣʴʰʦʛʦ 

ʥʝʧʨʝʨʳʚʥʦʛʦ ʙʨʫʩʢʘ.  

 

ʈʠʩ. 1. ʉʧʝʢʘʥʠʝ ʯʘʩʪʠʮ ʪʠʪʘʥʘ ʠ ʘʣʶʤʠʥʠʷ. ʉʠʩʪʝʤʳ ʧʦʢʘʟʘʥʳ ʚ ʩʨʝʟʝ, ʧʨʦʭʦʜʷʱʝʤ 

ʯʝʨʝʟ ʮʝʥʪʨʳ ʩʬʝʨ. ɾʝʣʪʳʝ ʩʬʝʨʳ ï ʘʪʦʤʳ ʘʣʶʤʠʥʠʷ, ʢʨʘʩʥʳʝ ï ʘʪʦʤʳ ʪʠʪʘʥʘ. 

ʇʦʢʘʟʘʥʦ ʠʟʤʝʥʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʚʦ ʚʨʝʤʝʥʠ 

ʇʦʵʪʦʤʫ, ʫʞʝ ʚ ʥʘʯʘʣʴʥʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ʯʘʩʪʠʮʘ ʘʣʶʤʠʥʠʷ ʥʘʭʦʜʠʪʩʷ ʚ 

ʦʢʦʣʦ ʨʘʩʧʣʘʚʣʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ. ʂʨʘʡʥʠʝ ʪʦʯʢʠ ʩʬʝʨ ʥʘʭʦʜʷʪʩʷ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 0.2 ʥʤ 

ʜʨʫʛ ʦʪ ʜʨʫʛʘ, ʵʪʦʛʦ ʨʘʩʩʪʦʷʥʠʷ ʭʚʘʪʘʝʪ, ʯʪʦʙʳ ʘʪʦʤʳ ʪʠʪʘʥʘ ʠ ʘʣʶʤʠʥʠʷ ʚʩʪʫʧʠʣʠ ʚʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʥʘ ʛʨʘʥʠʮʝ. ɹʦʣʝʝ ʧʣʘʩʪʠʯʥʳʡ ʘʣʶʤʠʥʠʡ ʥʘʯʠʥʘʝʪ ʧʦʢʨʳʚʘʪʴ ʯʘʩʪʠʮʫ 

ʪʠʪʘʥʘ ʧʦ ʚʩʝʡ ʧʦʚʝʨʭʥʦʩʪʠ. ɺʧʣʦʪʴ ʜʦ 5 ʥʩ ʪʝʤʧʝʨʘʪʫʨʘ ʚ ʦʙʨʘʟʮʝ ʨʘʩʪʝʪ ʚ ʦʩʥʦʚʥʦʤ ʟʘ 

ʩʯʝʪ ʦʙʨʘʟʦʚʘʥʠʷ ʧʨʦʜʫʢʪʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮʳ ʪʠʪʘʥʘ. ʄʦʣʝʢʫʣʷʨʥʦ-

ʜʠʥʘʤʠʯʝʩʢʠʡ ʨʘʩʯʝʪ ʧʦʢʘʟʘʣ, ʯʪʦ ʜʠʬʬʫʟʠʷ ʘʪʦʤʦʚ ʪʠʪʘʥʘ ʚ ʘʣʶʤʠʥʠʠ ʤʘʣʘ, ʚʧʣʦʪʴ 

ʜʦ 1100 K. ʇʦ ʜʦʩʪʠʞʝʥʠʶ ʪʝʤʧʝʨʘʪʫʨʳ ʚ 1200 K ʯʘʩʪʠʮʘ ʪʠʪʘʥʘ ʩʦʭʨʘʥʷʝʪ ʩʚʦʶ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ, ʙʫʜʫʯʠ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʦʩʪʴʶ çʦʙʝʨʥʫʪʦʡè 

ʘʣʶʤʠʥʠʝʚʳʤ ʩʣʦʝʤ, ʧʨʠ ʵʪʦʤ ʚʳʜʝʣʝʥʠʝ ʪʝʧʣʘ ʠʜʝʪ ʟʘ ʩʯʝʪ ʜʠʬʬʫʟʠʠ ʘʪʦʤʦʚ ʪʠʪʘʥʘ ʩ 

ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʞʠʜʢʠʡ ʘʣʶʤʠʥʠʡ. ʕʪʦ ʢʘʨʜʠʥʘʣʴʥʳʤ ʦʙʨʘʟʦʤ ʤʝʥʷʝʪ ʩʢʦʨʦʩʪʴ 

ʧʨʦʮʝʩʩʘ ʠ ʥʘʙʣʶʜʘʝʪʩʷ ʩʢʘʯʢʦʦʙʨʘʟʥʳʡ ʨʦʩʪ ʪʝʤʧʝʨʘʪʫʨʳ ʚʦ ʚʨʝʤʝʥʥʦʤ ʠʥʪʝʨʚʘʣʝ ʦʪ 

5.7 ʥʩ ʜʦ 6.1 ʥʩ. (ʨʠʩʫʥʦʢ 2). ʊʝʤʧʝʨʘʪʫʨʘ ʯʘʩʪʠʮʳ ʧʦʩʣʝ ʩʠʥʪʝʟʘ ʩʦʩʪʘʚʣʷʝʪ 1550 K. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʪʝʤʧʝʨʘʪʫʨʘ ʚ ʦʙʨʘʟʮʝ ʚʳʨʦʩʣʘ ʥʘ 750 K.  
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ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʩʨʝʜʥʝʡ ʪʝʤʧʝʨʘʪʫʨʳ ʩʠʩʪʝʤʳ ʦʪ ʚʨʝʤʝʥʠ 

ɽʩʣʠ ʥʘʯʘʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʯʘʩʪʠʮ ʦʢʘʞʝʪʩʷ ʥʠʞʝ ʥʝʢʦʪʦʨʦʛʦ ʧʦʨʦʛʦʚʦʛʦ 

ʟʥʘʯʝʥʠʷ, ʪʦ ʩʧʝʢʘʥʠʝ ʯʘʩʪʠʮ ʥʝ ʧʨʦʠʟʦʡʜʝʪ ʚʦʚʩʝ. ʕʪʦ ʧʦʨʦʛʦʚʦʝ ʟʥʘʯʝʥʠʝ ʟʘʚʠʩʠʪ ʦʪ 

ʨʘʜʠʫʩʘ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʯʘʩʪʠʮ. ʏʠʩʣʝʥʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ ʧʦʢʘʟʘʣ, ʯʪʦ ʜʣʷ ʯʘʩʪʠʮ 

ʨʘʜʠʫʩʦʤ 2 ʥʤ ʵʪʘ ʧʦʨʦʛʦʚʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʨʘʚʥʘ 650 K. ɸ ʩ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʠ ʩʢʦʨʦʩʪʴ ʧʦʣʥʦʛʦ ʧʨʝʚʨʘʱʝʥʠʷ ʠʩʭʦʜʥʳʭ ʨʝʘʛʝʥʪʦʚ. ʇʨʠ ʥʘʯʘʣʴʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ ʨʘʚʥʦʡ 700 K ʩʠʩʪʝʤʘ ʧʦʣʥʦʩʪʴʶ ʧʨʦʨʝʘʛʠʨʫʝʪ ʟʘ 0.9 ʥʩ; ʧʨʠ 800 K ï ʟʘ 0.3 

ʥʩ; ʧʨʠ 900 K ï ʟʘ 0.18 ʥʩ; ʧʨʠ 1000 K ï ʟʘ 0.12 ʥʩ.  

ɺʪʦʨʦʡ ʧʦʜʭʦʜ ʢ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʟʘʢʣʶʯʘʣʩʷ ʚ ʩʦʟʜʘʥʠʠ ʤʥʦʛʦʩʣʦʡʥʦʡ ʩʠʩʪʝʤʳ, 

ʩʦʩʪʦʷʱʝʡ ʠʟ ʩʣʦʝʚ ʪʠʪʘʥʘ (ʢʦʣʠʯʝʩʪʚʦ ʘʪʦʤʦʚ 52800) ʠ ʘʣʶʤʠʥʠʷ (ʢʦʣʠʯʝʩʪʚʦ ʘʪʦʤʦʚ 

51660). ʅʘʯʘʣʴʥʫʶ ʩʪʨʫʢʪʫʨʫ ʤʦʞʥʦ ʫʚʠʜʝʪʴ ʚ ʧʨʘʚʦʡ ʧʦʣʦʚʠʥʝ ʨʠʩʫʥʢʘ (ʨʠʩʫʥʦʢ 3ʙ). 

ʈʘʟʤʝʨʳ ʩʠʩʪʝʤʳ ʩʦʩʪʘʚʣʷʣʠ 166 ʥʤ ʚ ʜʣʠʥʫ, 81 ʥʤ ʚ ʰʠʨʠʥʫ ʠ 1,3 ʥʤ ʚ ʚʳʩʦʪʫ. ɺʜʦʣʴ 

ʦʩʝʡ y ʠ z ʙʳʣʠ ʚʟʷʪʳ ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ. ʅʘʯʘʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ 

ʨʘʚʥʷʣʘʩʴ 700 K. ɿʘʞʠʛʘʥʠʝ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʧʫʪʝʤ ʧʦʚʳʰʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʣʝʚʦʡ 

ʯʘʩʪʠ ʦʙʨʘʟʮʘ, ʨʘʟʤʝʨʦʤ 25 ʥʤ ʧʦ ʦʩʠ x, ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ ʚ 1500 K. ʅʘ ʨʠʩʫʥʢʝ 3ʘ 

ʠʟʦʙʨʘʞʝʥ ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʧʨʦʬʠʣʴ ʩʠʩʪʝʤʳ ʩʧʫʩʪʷ 1,8 ʥʩ ʧʦʩʣʝ ʟʘʞʠʛʘʥʠʷ. ɸʣʶʤʠʥʠʡ 

ʚ ʟʦʥʝ ʧʨʦʛʨʝʚʘ ʥʘʭʦʜʠʪʩʷ ʚ ʞʠʜʢʦʡ ʬʘʟʝ, ʪʠʪʘʥ ï ʚ ʪʚʝʨʜʦʡ (ʨʠʩʫʥʦʢ 3ʚ). ɺ ʟʦʥʝ 

ʨʝʘʢʮʠʠ ʜʠʬʬʫʟʠʷ ʘʪʦʤʦʚ ʪʠʪʘʥʘ ʚ ʘʣʶʤʠʥʠʡ ʩʫʱʝʩʪʚʝʥʥʦ ʚʦʟʨʘʩʪʘʝʪ. ɺʧʦʣʥʝ 

ʧʨʠʤʝʥʠʤʳʤ ʜʣʷ ʪʘʢʦʡ ʩʠʩʪʝʤʳ ʦʢʘʟʳʚʘʝʪʩʷ ʧʨʠʙʣʠʞʝʥʠʝ ʫʟʢʦʡ ʟʦʥʳ ʨʝʘʢʮʠʠ. ɿʘ 

ʬʨʦʥʪʦʤ ʛʦʨʝʥʠʷ ʠʟ ʨʘʩʧʣʘʚʘ ʥʘʯʠʥʘʝʪ ʬʦʨʤʠʨʦʚʘʪʴʩʷ ʟʝʨʥʠʩʪʘʷ ʩʪʨʫʢʪʫʨʘ (ʨʠʩʫʥʦʢ 

3ʚ). ɸʜʠʘʙʘʪʠʯʝʩʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʛʦʨʝʥʠʷ ʩʦʩʪʘʚʠʣʘ 1500 K.  
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ʈʠʩ. 3. ʊʝʤʧʝʨʘʪʫʨʥʳʡ ʧʨʦʬʠʣʴ (ʘ) ʠ ʘʪʦʤʘʨʥʳʡ ʚʠʜ ʩʠʩʪʝʤʳ (ʙ). ɾʝʣʪʳʤʠ ʠ ʢʨʘʩʥʳʤʠ 

ʩʬʝʨʘʤʠ ʠʟʦʙʨʘʞʝʥʳ ʘʪʦʤʳ ʘʣʶʤʠʥʠʷ ʠ ʪʠʪʘʥʘ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʅʘ ʨʠʩʫʥʢʝ (ʚ) 

ʟʝʣʝʥʳʤ ʮʚʝʪʦʤ ʦʙʦʟʥʘʯʝʥʳ ʘʪʦʤʳ, ʧʨʠʥʘʜʣʝʞʘʱʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʝ 

 

ɺʳʚʦʜʳ 

ʄʦʣʝʢʫʣʷʨʥʦ ʜʠʥʘʤʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦʟʚʦʣʷʝʪ ʟʘʛʣʷʥʫʪʴ ʚ ʪʝ ʨʘʟʤʝʨʳ ʠ 

ʩʠʩʪʝʤ, ʠ ʚ ʪʘʢʠʝ ʤʘʣʳʝ ʚʨʝʤʝʥʘ, ʢʦʪʦʨʳʝ ʧʦʢʘ ʩʣʘʙʦ ʜʦʩʪʫʧʥʳ ʜʣʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʥʘʥʦʯʘʩʪʠʮʳ ʯʘʩʪʦ ʦʙʣʘʜʘʶʪ 

ʬʠʟʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʩʠʣʴʥʦ ʦʪʣʠʯʘʶʱʠʤʠʩʷ ʦʪ ʩʚʦʡʩʪʚ ʨʝʘʣʴʥʳʭ ʩʳʧʫʯʠʭ 

ʤʘʪʝʨʠʘʣʦʚ, ʥʝʢʦʪʦʨʳʝ ʨʝʟʫʣʴʪʘʪʳ ʚʩʝ ʞʝ ʤʦʞʥʦ ʩʨʘʚʥʠʪʴ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ 

ʜʘʥʥʳʤʠ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʨʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʛʦʨʝʥʠʷ ʚ ʩʠʩʪʝʤʝ TiAl 

ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʜʣʷ ʨʝʘʢʮʠʠ ʜʦʩʪʘʪʦʯʥʦ ʦʜʥʦʛʦ ʨʘʩʧʣʘʚʣʝʥʥʦʛʦ ʨʝʘʛʝʥʪʘ, ʘ ʚʪʦʨʦʡ 

ʤʦʞʝʪ ʦʩʪʘʚʘʪʴʩʷ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʝ. ʊʘʢʞʝ ʧʦʢʘʟʘʥʦ ʩʫʱʝʩʪʚʦʚʘʥʠʝ 

ʥʝʢʦʪʦʨʦʡ ʧʨʝʜʝʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ, ʧʦʩʣʝ ʢʦʪʦʨʦʡ ʩʫʱʝʩʪʚʝʥʥʦ ʚʦʟʨʘʩʪʘʝʪ ʜʠʬʬʫʟʠʷ 

ʘʪʦʤʦʚ ʪʠʪʘʥʘ ʚ ʨʘʩʧʣʘʚʣʝʥʥʳʡ ʘʣʶʤʠʥʠʡ.  
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ʅʝʰʪʘʪʥʳʝ ʩʠʪʫʘʮʠʠ, ʩʚʷʟʘʥʥʳʝ ʩ ʚʦʩʧʣʘʤʝʥʝʥʠʷʤʠ, ʤʦʛʫʪ ʧʨʠʚʝʩʪʠ ʢ ʧʦʪʝʨʷʤ 

ʯʝʣʦʚʝʯʝʩʢʠʭ ʞʠʟʥʝʡ ʠ ʧʦʚʨʝʞʜʝʥʠʷʤ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʭ ʧʦʤʝʱʝʥʠʡ. ʆʜʥʘ ʠʟ ʧʨʦʙʣʝʤ 

ʚʟʨʳʚʦʙʝʟʦʧʘʩʥʦʩʪʠ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦʙʳ ʫʩʪʨʘʥʠʪʴ ʠʣʠ ʤʠʥʠʤʠʟʠʨʦʚʘʪʴ ʧʦʩʣʝʜʩʪʚʠʷ 

ʩʣʫʯʘʡʥʳʭ ʚʦʩʧʣʘʤʝʥʝʥʠʡ ʠ ʚʟʨʳʚʦʚ ʚ ʧʝʨʝʨʘʙʘʪʳʚʘʶʱʠʭ ʦʪʨʘʩʣʷʭ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ. 

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʵʪʦʡ ʮʝʣʠ ʥʝʦʙʭʦʜʠʤʦ ʠʤʝʪʴ ʜʦʩʪʦʚʝʨʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ 

ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʚʟʨʳʚʦʚ ʤʝʪʘʥʘ ʚ ʦʙʲʝʤʘʭ ʩʣʦʞʥʦʡ ʛʝʦʤʝʪʨʠʠ [1]. ʄʦʜʝʣʠʨʦʚʘʥʠʝ 

ʚ ʤʘʣʳʭ ʦʙʲʸʤʘʭ ʧʨʠ ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʠʟʢʠʭ ʜʘʚʣʝʥʠʷʭ ʷʚʣʷʝʪʩʷ ʚʝʩʴʤʘ ʞʝʣʘʪʝʣʴʥʳʤ 

ʜʣʷ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʦʞʠʜʘʝʤʳʭ ʚ ʙʦʣʴʰʦʤ ʤʘʩʰʪʘʙʝ ʵʬʬʝʢʪʦʚ ʠ ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʝʝ 

ʟʘʪʨʘʪʥʦ. ʇʨʠ ʚʟʨʳʚʘʭ ʛʘʟʘ, ʠʤʝʶʱʠʭ ʤʝʩʪʦ ʚ ʧʝʨʝʨʘʙʘʪʳʚʘʶʱʠʭ ʦʪʨʘʩʣʷʭ 

ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ, ʬʦʨʤʘ ʧʨʝʧʷʪʩʪʚʠʡ ʠ ʯʠʩʣʦ ʠ ʤʝʩʪʦʧʦʣʦʞʝʥʠʝ ʦʪʚʝʨʩʪʠʡ ʚ ʥʠʭ 

ʷʚʣʷʶʪʩʷ ʧʘʨʘʤʝʪʨʘʤʠ, ʢʦʪʦʨʳʝ ʦʧʨʝʜʝʣʷʶʪ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʪʘʢʠʭ ʚʟʨʳʚʦʚ. ɺ 

ʣʠʪʝʨʘʪʫʨʝ ʩʫʱʝʩʪʚʫʝʪ ʚʝʩʴʤʘ ʦʛʨʘʥʠʯʝʥʥʘʷ ʠʥʬʦʨʤʘʮʠʷ ʦ ʨʦʣʠ ʵʪʠʭ ʧʘʨʘʤʝʪʨʦʚ [2]. 

ʇʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʧʨʦʮʝʩʩʦʚ ʜʦʟʚʫʢʦʚʦʛʦ ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʛʦʨʝʥʠʷ 

ʧʨʠʙʣʠʞʝʥʠʝ ʤʘʣʦʛʦ ʯʠʩʣʘ ʄʘʭʘ (ʘʢʫʩʪʠʯʝʩʢʦʝ ʧʨʠʙʣʠʞʝʥʠʝ) ʜʣʷ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ-

ʉʪʦʢʩʘ ʚ ʩʞʠʤʘʝʤʦʡ ʨʝʘʛʠʨʫʶʱʝʡ ʩʨʝʜʝ ʷʚʣʷʝʪʩʷ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦʡ ʦʩʥʦʚʦʡ ʜʣʷ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʘ ʢʘʯʝʩʪʚʝʥʥʦʤ ʫʨʦʚʥʝ. ʇʣʘʤʷ ʟʘʨʘʥʝʝ ʧʝʨʝʤʝʰʘʥʥʦʡ ʩʤʝʩʠ 

ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʩʥʘʯʘʣʘ ʢʘʢ ʣʘʤʠʥʘʨʥʳʡ ʬʨʦʥʪ, ʢʦʪʦʨʳʡ ʚʦʟʤʫʱʘʝʪʩʷ ʧʨʠ 

ʧʨʦʥʠʢʥʦʚʝʥʠʠ ʯʝʨʝʟ ʧʨʝʧʷʪʩʪʚʠʷ ʠ ʩʪʘʥʦʚʠʪʩʷ ʪʫʨʙʫʣʝʥʪʥʳʤ, ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʤʩʷ ʩ 

ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʩʢʦʨʦʩʪʴʶ [2].  

ʈʘʥʝʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʣʘʤʷ ʨʘʟʙʘʚʣʝʥʥʦʡ ʤʝʪʘʥʦ-ʢʠʩʣʦʨʦʜʥʦʡ ʩʤʝʩʠ ʥʝ 

ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ ʢʦʥʬʫʟʦʨ ʩ ʝʜʠʥʩʪʚʝʥʥʳʤ ʦʪʚʝʨʩʪʠʝʤ ʚ ʮʝʥʪʨʝ, ʧʨʠ ʵʪʦʤ ʧʣʘʤʷ 

ʩʚʦʙʦʜʥʦ ʧʨʦʥʠʢʘʝʪ ʯʝʨʝʟ ʜʠʬʬʫʟʦʨ. ʇʨʠ ʪʝʭ ʞʝ ʩʘʤʳʭ ʫʩʣʦʚʠʷʭ ʧʨʝʜʝʣ 

ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʤʝʪʘʥʦ-ʢʠʩʣʦʨʦʜʥʦʛʦ ʧʣʘʤʝʥʠ ʯʝʨʝʟ ʜʠʬʬʫʟʦʨ ʤʥʦʛʦ ʤʝʥʴʰʝ, ʯʝʤ ʚ 

ʩʣʫʯʘʝ ʢʦʥʬʫʟʦʨʘ, ʧʦʵʪʦʤʫ ʢʦʥʬʫʟʦʨ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʝ 
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ʬʠʟʠʯʝʩʢʦʝ ʫʩʪʨʦʡʩʪʚʦ ʜʣʷ ʧʦʜʘʚʣʝʥʠʷ ʧʣʘʤʝʥʠ [2]. ɼʘʥʥʳʝ ʧʦ ʦʩʦʙʝʥʥʦʩʪʷʤ 

ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʧʣʘʤʝʥʠ ʯʝʨʝʟ ʢʦʥʠʯʝʩʢʦʝ ʧʨʝʧʷʪʩʪʚʠʝ ʩ ʮʝʥʪʨʘʣʴʥʳʤ ʦʪʚʝʨʩʪʠʝʤ ʧʨʠ 

ʥʘʣʠʯʠʠ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʦʪʚʝʨʩʪʠʡ ʥʘ ʦʙʨʘʟʫʶʱʠʭ ʢʦʥʫʩʘ ʚ ʣʠʪʝʨʘʪʫʨʝ ʦʪʩʫʪʩʪʚʫʶʪ. 

ʊʘʢʠʝ ʦʪʚʝʨʩʪʠʷ ʤʦʛʫʪ ʧʦʟʚʦʣʠʪʴ ʩʙʨʦʩʠʪʴ ʜʘʚʣʝʥʠʝ, ʚʦʟʥʠʢʘʶʱʝʝ ʧʨʠ ʧʨʠʙʣʠʞʝʥʠʠ 

ʬʨʦʥʪʘ ʧʣʘʤʝʥʝʥʠ ʢ ʩʪʝʥʢʝ ʠ ʧʨʦʜʣʠʪʴ ʚʨʝʤʷ ʵʢʩʧʣʫʘʪʘʮʠʠ ʢʦʥʬʫʟʦʨʘ ʢʘʢ ʫʩʪʨʦʡʩʪʚʘ, 

ʧʦʜʘʚʣʷʶʱʝʛʦ ʧʣʘʤʷ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʫʩʪʘʥʦʚʣʝʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʧʣʘʤʝʥʠ ʯʝʨʝʟ 

ʢʦʥʫʩ ʩ ʮʝʥʪʨʘʣʴʥʳʤ ʦʪʚʝʨʩʪʠʝʤ ʠ ʦʪʚʝʨʩʪʠʷʤʠ ʥʘ ʦʙʨʘʟʫʶʱʠʭ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʡ ʢʘʢ 

ʢʦʥʬʫʟʦʨ ʠ ʢʘʢ ʜʠʬʬʫʟʦʨ. ʆʩʫʱʝʩʪʚʣʝʥʦ ʢʘʯʝʩʪʚʝʥʥʦʝ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

ʥʘʙʣʶʜʘʝʤʳʭ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʥʘ ʦʩʥʦʚʝ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ-ʉʪʦʢʩʘ ʚ ʩʞʠʤʘʝʤʦʡ 

ʨʝʘʛʠʨʫʶʱʝʡ ʩʨʝʜʝ ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʤʘʣʦʛʦ ʯʠʩʣʘ ʄʘʭʘ.  

ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠ ʩʦ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʤʠ ʩʤʝʩʷʤʠ ʤʝʪʘʥʘ ʩ 

ʢʠʩʣʦʨʦʜʦʤ, ʨʘʟʙʘʚʣʝʥʥʳʤʠ ʫʛʣʝʢʠʩʣʳʤ ʛʘʟʦʤ CO2 ʠ ʘʨʛʦʥʦʤ Ar ʧʨʠ ʥʘʯʘʣʴʥʳʭ 

ʜʘʚʣʝʥʠʷʭ 150ï200 ʊʦʨʨ ʠ ʥʘʯʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 298 K ʚ ʛʦʨʠʟʦʥʪʘʣʴʥʦ 

ʨʘʩʧʦʣʦʞʝʥʥʦʤ ʮʠʣʠʥʜʨʠʯʝʩʢʦʤ ʢʚʘʨʮʝʚʦʤ ʨʝʘʢʪʦʨʝ 70 ʩʤ ʜʣʠʥʦʡ ʠ 14 ʩʤ ʚ ʜʠʘʤʝʪʨʝ 

[2]. ʇʣʘʩʪʠʢʦʚʘʷ ʚʦʨʦʥʢʘ d = 14 ʩʤ ʩ ʮʝʥʪʨʘʣʴʥʳʤ ʦʪʚʝʨʩʪʠʝʤ ʠ ʜʚʫʤʷ ʦʪʚʝʨʩʪʠʷʤʠ 

(ʢʘʞʜʦʝ ï 17 ʤʤ ʚ ʜʠʘʤʝʪʨʝ) ʥʘ ʦʙʨʘʟʫʶʱʠʭ ʢʦʥʫʩʘ (ʫʛʣʳ ʨʘʩʢʨʳʪʠʷ ʢʦʥʫʩʦʚ 

ʩʦʩʪʘʚʣʷʣʠ 45Á, 55Á ʠ 83Á, ʨʠʩʫʥʦʢ 1) ʙʳʣʘ ʦʨʠʝʥʪʠʨʦʚʘʥʘ ʢʘʢ ʜʠʬʬʫʟʦʨ ʠʣʠ ʢʘʢ 

ʢʦʥʬʫʟʦʨ ʠ ʧʦʤʝʱʝʥʘ ʚ ʮʝʥʪʨʝ ʨʝʘʢʪʦʨʘ. ɻʦʨʶʯʫʶ ʩʤʝʩʴ (15.4% CH4 + 30.8% O2 + 46% 

CO2 + 7.8%) Kr ʩʦʩʪʘʚʣʷʣʠ ʜʦ ʵʢʩʧʝʨʠʤʝʥʪʘ; CO2 ʜʦʙʘʚʣʷʣʠ, ʯʪʦʙʳ ʫʤʝʥʴʰʠʪʴ 

ʩʢʦʨʦʩʪʴ ʬʨʦʥʪʘ ʧʣʘʤʝʥʠ ʠ ʫʣʫʯʰʠʪʴ ʢʘʯʝʩʪʚʦ ʩʲʝʤʢʠ; Ar ʜʦʙʘʚʣʷʣʠ, ʯʪʦʙʳ 

ʫʤʝʥʴʰʠʪʴ ʧʦʨʦʛ ʠʥʠʮʠʠʨʦʚʘʥʠʷ ʠʩʢʨʦʚʦʛʦ ʨʘʟʨʷʜʘ.  

 

ʈʠʩ. 1. ʇʨʝʧʷʪʩʪʚʠʝ ʢʦʥʠʯʝʩʢʦʡ ʬʦʨʤʳ ʩ ʪʨʝʤʷ ʦʪʚʝʨʩʪʠʷʤʠ (ʫʛʦʣ ʨʘʩʢʨʳʪʠʷ 83Á) 

 

ʈʝʘʢʪʦʨ ʟʘʧʦʣʥʷʣʠ ʩʤʝʩʴʶ ʜʦ ʥʝʦʙʭʦʜʠʤʦʛʦ ʜʘʚʣʝʥʠʷ. ɿʘʪʝʤ ʦʩʫʱʝʩʪʚʣʷʣʠ 

ʠʩʢʨʦʚʦʡ ʨʘʟʨʷʜ. ʉʢʦʨʦʩʪʥʫʶ ʢʠʥʦʩʲʝʤʢʫ ʜʠʥʘʤʠʢʠ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʦʩʫʱʝʩʪʚʣʷʣʠ ʩ 
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ʙʦʢʦʚʦʡ ʩʪʦʨʦʥʳ ʨʝʘʢʪʦʨʘ [2] ʩ ʧʦʤʦʱʴʶ ʮʚʝʪʥʦʡ ʮʠʬʨʦʚʦʡ ʢʘʤʝʨʳ Casio Exilim F1 

Pro (ʯʘʩʪʦʪʘ ʢʘʜʨʦʚ 600 ʩï1). ʆʜʥʦʚʨʝʤʝʥʥʫʶ ʨʝʛʠʩʪʨʘʮʠʶ ʨʘʜʠʢʘʣʦʚ CH* ʧʨʠ 431 ʥʤ 

ʦʩʫʱʝʩʪʚʣʷʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʘʤʝʨʳ Casio Exilim F1 Pro, ʩʥʘʙʞʸʥʥʦʡ 

ʠʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʳʤ ʬʠʣʴʪʨʦʤ 430Ñ15 ʥʤ. ʀʟʤʝʥʝʥʠʝ ʜʘʚʣʝʥʠʷ ʧʨʠ ʛʦʨʝʥʠʠ 

ʨʝʛʠʩʪʨʠʨʦʚʘʣʠ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʤ ʜʘʪʯʠʢʦʤ, ʩʠʛʥʘʣ ʢʦʪʦʨʦʛʦ ʩʠʠʥʭʨʦʥʠʟʠʨʦʚʘʣʠ ʩ 

ʠʩʢʨʦʚʳʤ ʨʘʟʨʷʜʦʤ. ɸʢʫʩʪʠʯʝʩʢʠʝ ʢʦʣʝʙʘʥʠʷ ʨʝʛʠʩʪʨʠʨʦʚʘʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ ʤʠʢʨʦʬʦʥʘ Ritmix.     

 

ʈʠʩ. 2. ɺʠʜʝʦʢʘʜʨʳ ʩʢʦʨʦʩʪʥʦʡ ʢʠʥʦʩʲʸʤʢʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʬʨʦʥʪʘ ʧʣʘʤʝʥʠ ʯʝʨʝʟ 

ʢʦʥʠʯʝʩʢʦʝ ʧʨʝʧʷʪʩʪʚʠʝ ʩ ʮʝʥʪʨʘʣʴʥʳʤ ʦʪʚʝʨʩʪʠʝʤ ʠ ʜʚʫʤʷ ʦʪʚʝʨʩʪʠʷʤʠ ʥʘ 

ʦʙʨʘʟʫʶʱʠʭ ʢʦʥʫʩʘ: a) ï ʢʦʥʬʫʟʦʨ (ʫʛʦʣ ʨʘʩʢʨʳʪʠʷ ʢʦʥʫʩʘ 55Á), ʙ) ï ʜʠʬʬʫʟʦʨ (ʫʛʦʣ 

ʨʘʩʢʨʳʪʠʷ ʢʦʥʫʩʘ 55Á), ʚ) ï ʢʦʥʬʫʟʦʨ (ʫʛʦʣ ʨʘʩʢʨʳʪʠʷ ʢʦʥʫʩʘ 83Á), ʛ) ï ʢʦʥʬʫʟʦʨ (ʫʛʦʣ 

ʨʘʩʢʨʳʪʠʷ ʢʦʥʫʩʘ 83Á), ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʳʡ ʬʠʣʴʪʨ 430 ʥʤ ʧʦʤʝʱʝʥ ʧʝʨʝʜ 

ʚʠʜʝʦʢʘʤʝʨʦʡ; ʜ) ï ʜʠʬʬʫʟʦʨ (ʫʛʦʣ ʨʘʩʢʨʳʪʠʷ ʢʦʥʫʩʘ 83Á), ʝ) ï ʜʠʬʬʫʟʦʨ (ʫʛʦʣ 

ʨʘʩʢʨʳʪʠʷ ʢʦʥʫʩʘ 83Á), ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʳʡ ʬʠʣʴʪʨ 430 ʥʤ ʧʦʤʝʱʝʥ ʧʝʨʝʜ ʢʘʤʝʨʦʡ. 

ʅʘʯʘʣʴʥʦʝ ʜʘʚʣʝʥʠʝ 165 ʊʦʨʨ. ʏʠʩʣʦ ʥʘ ʢʘʜʨʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʦʨʷʜʢʦʚʦʤʫ ʥʦʤʝʨʫ 

ʚʠʜʝʦʢʘʜʨʘ ʧʦʩʣʝ ʤʦʤʝʥʪʘ ʠʥʠʮʠʠʨʦʚʘʥʠʷ 

 

ʊʠʧʠʯʥʳʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʚʠʜʝʦʢʘʜʨʦʚ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʬʨʦʥʪʘ ʧʣʘʤʝʥʠ ʚ 

ʛʦʨʶʯʝʡ ʩʤʝʩʠ ʧʨʠ ʥʘʯʘʣʴʥʦʤ ʜʘʚʣʝʥʠʠ 165 ʊʦʨʨ ʯʝʨʝʟ ʢʦʥʠʯʝʩʢʦʝ ʧʨʝʧʷʪʩʪʚʠʝ, 

ʦʨʠʝʥʪʠʨʦʚʘʥʥʦʝ ʢʘʢ ʢʦʥʬʫʟʦʨ a), ʚ), ʛ) ʠ ʢʘʢ ʜʠʬʬʫʟʦʨ ʙ), ʜ), ʝ), ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ 

ʨʠʩʫʥʢʝ 2 ʜʣʷ ʫʛʣʦʚ ʨʘʩʢʨʳʪʠʷ ʢʦʥʫʩʘ 55Á ʠ 83Á. ɺ ʥʘʰʠʭ ʫʩʣʦʚʠʷʭ ʧʣʘʤʷ ʧʨʦʥʠʢʘʝʪ 

ʪʦʣʴʢʦ ʯʝʨʝʟ ʮʝʥʪʨʘʣʴʥʦʝ ʦʪʚʝʨʩʪʠʝ ʜʠʬʬʫʟʦʨʘ (ʨʠʩʫʥʦʢ 2). ʇʨʠ ʵʪʦʤ ʧʣʘʤʷ ʧʨʦʥʠʢʘʝʪ 

ʪʦʣʴʢʦ ʯʝʨʝʟ ʙʦʢʦʚʳʝ ʦʪʚʝʨʩʪʠʷ ʢʦʥʬʫʟʦʨʘ ʧʨʠ ʫʛʣʝ ʨʘʩʢʨʳʪʠʷ ʢʦʥʫʩʘ 55Á (ʨʠʩʫʥʦʢ 2a, 

ʢʘʜʨʳ 21, 22; ʨʠʩʫʥʦʢ 2ʚ, ʢʘʜʨ 19). ʇʨʦʥʠʢʥʦʚʝʥʠʝ ʧʣʘʤʝʥʠ ʯʝʨʝʟ ʢʦʥʬʫʟʦʨ 

ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʨʝʟʢʠʤ ʠ ʛʨʦʤʢʠʤ ʟʚʫʢʦʤ, ʧʨʠ ʵʪʦʤ ʜʚʝʨʮʘ ʙʝʟʦʧʘʩʥʦʩʪʠ ʦʪʢʨʳʚʘʝʪʩʷ. 
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ʈʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʧʣʘʤʝʥʠ ʯʝʨʝʟ ʜʠʬʬʫʟʦʨ ʥʝ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʨʝʟʢʠʤ ʟʚʫʢʦʚʳʤ 

ʵʬʬʝʢʪʦʤ. 

ʅʘ ʨʠʩʫʥʢʝ 3 ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʘʢʫʩʪʠʯʝʩʢʦʡ ʘʤʧʣʠʪʫʜʳ ʦʪ ʚʨʝʤʝʥʠ 

ʧʨʠ ʧʨʦʥʠʢʥʦʚʝʥʠʠ ʧʣʘʤʝʥʠ ʯʝʨʝʟ ʢʦʥʬʫʟʦʨ (ʨʠʩʫʥʦʢ 3a) ʠ ʜʠʬʬʫʟʦʨ (ʨʠʩʫʥʦʢ 3ʙ). ʈʷʜ 

ʚʠʜʝʦʢʘʜʨʦʚ ʠʟ ʨʠʩʫʥʢʦʚ 2a ʠ 2ʙ ʧʨʠʚʝʜʝʥ ʥʘ ʨʠʩʫʥʢʝ 3; ʮʝʥʪʨ ʚʠʜʝʦʢʘʜʨʘ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʝʢʫʱʝʤʫ ʚʨʝʤʝʥʠ. ʆʪʩʶʜʘ ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʥʘʪʫʨʥʳʡ 

ʵʢʩʧʝʨʠʤʝʥʪ ʩ ʢʦʥʬʫʟʦʨʦʤ ʩ ʫʛʣʦʤ ʨʘʩʢʨʳʪʠʷ ʤʝʥʝʝ 83Á ʚ ʙʦʣʴʰʦʤ ʤʘʩʰʪʘʙʝ ʧʨʠ 

ʘʪʤʦʩʬʝʨʥʦʤ ʜʘʚʣʝʥʠʠ ʦʧʘʩʝʥ ʜʣʷ ʮʝʣʦʩʪʥʦʩʪʠ ʫʩʪʘʥʦʚʢʠ ʠ ʜʣʷ ʞʠʟʥʠ ʧʝʨʩʦʥʘʣʘ.  

 

ʈʠʩ. 3. ɿʘʚʠʩʠʤʦʩʪʠ ʘʤʧʣʠʪʫʜ ʘʢʫʩʪʠʯʝʩʢʠʭ ʢʦʣʝʙʘʥʠʡ ʦʪ ʚʨʝʤʝʥʠ ʧʨʠ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʧʣʘʤʝʥʠ ʧʨʠ ʥʘʯʘʣʴʥʦʤ ʜʘʚʣʝʥʠʠ 165 ʊʦʨʨ; a) ʢʦʥʬʫʟʦʨ; ʙ) ʜʠʬʬʫʟʦʨ 

 

ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʫʛʣʘ ʨʘʩʢʨʳʪʠʷ ʧʣʘʤʷ ʥʘʯʠʥʘʝʪ ʧʨʦʥʠʢʘʪʴ ʯʝʨʝʟ ʮʝʥʪʨʘʣʴʥʦʝ 

ʦʪʚʝʨʩʪʠʝ ʜʠʬʬʫʟʦʨʘ (ʨʠʩʫʥʦʢ 2ʚ, ʢʘʜʨʳ 19, 20). ʋʢʘʞʝʤ, ʯʪʦ ʜʠʘʤʝʪʨʳ ʦʪʚʝʨʩʪʠʡ ʚ 

ʢʦʥʠʯʝʩʢʦʤ ʧʨʝʧʷʪʩʪʚʠʠ ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʝ, ʯʝʤ ʤʠʥʠʤʘʣʴʥʳʡ ʜʠʘʤʝʪʨ 

ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʧʣʘʤʝʥʠ ʯʝʨʝʟ ʧʣʦʩʢʦʝ ʧʨʝʧʷʪʩʪʚʠʝ ʩ ʝʜʠʥʩʪʚʝʥʥʳʤ ʮʝʥʪʨʘʣʴʥʳʤ 

ʦʪʚʝʨʩʪʠʝʤ (20 ʤʤ [2]). ʇʦʵʪʦʤʫ, ʧʨʠ ʦʮʝʥʢʝ ʧʦʞʘʨʥʦʡ ʙʝʟʦʧʘʩʥʦʩʪʠ ʧʦʤʝʱʝʥʠʷ ʩ 

ʥʝʩʢʦʣʴʢʠʤʠ ʧʨʦʸʤʘʤʠ ʚʝʣʠʯʠʥʫ ʤʠʥʠʤʘʣʴʥʦʛʦ ʨʘʟʤʝʨʘ ʝʜʠʥʩʪʚʝʥʥʦʛʦ ʦʪʚʝʨʩʪʠʷ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʥʝ ʩʣʝʜʫʝʪ, ʧʦʩʢʦʣʴʢʫ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʢʦʣʠʯʝʩʪʚʘ ʦʪʚʝʨʩʪʠʡ ʜʠʘʤʝʪʨ 

ʦʪʚʝʨʩʪʠʷ, ʜʦʩʪʘʪʦʯʥʦʛʦ ʜʣʷ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʧʣʘʤʝʥʠ, ʫʤʝʥʴʰʘʝʪʩʷ. 

ʘ 

ʙ 



102 

 

ʇʨʠ ʦʧʠʩʘʥʠʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʧʣʘʤʝʥʠ ʚ ʜʚʫʤʝʨʥʦʤ ʢʘʥʘʣʝ ʦʩʫʱʝʩʪʚʣʝʥʦ 

ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ-ʉʪʦʢʩʘ ʜʣʷ ʩʞʠʤʘʝʤʦʡ 

ʨʝʘʛʠʨʫʶʱʝʡ ʩʨʝʜʳ ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʤʘʣʦʛʦ ʯʠʩʣʘ ʄʘʭʘ [2]. ʋʩʣʦʚʠʝ ʠʥʠʮʠʠʨʦʚʘʥʠʷ 

ʙʳʣʦ ʚʟʷʪʦ ʢʘʢ T = 10 ʥʘ ʛʨʘʥʠʮʝ ʢʘʥʘʣʘ; ʚ ʩʝʨʝʜʠʥʝ ʢʘʥʘʣʘ ʥʘʭʦʜʠʣʦʩʴ ʧʨʝʧʷʪʩʪʚʠʝ 

ʢʦʥʠʯʝʩʢʦʡ ʬʦʨʤʳ ʩ ʜʚʫʤʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤʠ ʦʪʚʝʨʩʪʠʷʤʠ ʥʘ ʦʙʨʘʟʫʶʱʠʭ ʢʦʥʫʩʘ. 

ɻʨʘʥʠʯʥʳʤʠ ʫʩʣʦʚʠʷʤʠ (ʚʢʣʶʯʘʷ ʧʨʝʧʷʪʩʪʚʠʝ) ʙʳʣʠ Cx = 0, Cy = 0, n = 0, u = 0, v = 0, rx 

= 0, ry = 0, Tt = T ï T0 (ʠʥʜʝʢʩʳ x, y, t ʦʟʥʘʯʘʶʪ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʠʝ ʧʦ x, y, t). 

ʍʠʤʠʯʝʩʢʘʷ ʨʝʘʢʮʠʷ ʙʳʣʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʨʝʘʢʮʠʝʡ ɸʨʨʝʥʠʫʩʘ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ [2]. 

 

ʈʠʩ. 4. ʈʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʨʘʩʯʸʪʘ ʧʨʦʮʝʩʩʘ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʧʣʘʤʝʥʠ ʯʝʨʝʟ 

ʧʨʝʧʷʪʩʪʚʠʝ ʢʦʥʠʯʝʩʢʦʡ ʬʦʨʤʳ: a) ï ʠʟʤʝʥʝʥʠʝ ʙʝʟʨʘʟʤʝʨʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠ 

ʧʨʦʥʠʢʥʦʚʝʥʠʠ ʧʣʘʤʝʥʠ ʯʝʨʝʟ ʢʦʥʬʫʟʦʨ, ʫʛʦʣ ʨʘʩʢʨʳʪʠʷ 100Á; ʙ) ï ʠʟʤʝʥʝʥʠʝ 

ʙʝʟʨʘʟʤʝʨʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʧʣʘʤʝʥʠ ʯʝʨʝʟ ʢʦʥʬʫʟʦʨ, ʫʛʦʣ 

ʨʘʩʢʨʳʪʠʷ 150Á; ʚ) ï ʠʟʤʝʥʝʥʠʝ ʙʝʟʨʘʟʤʝʨʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ 

ʧʣʘʤʝʥʠ ʯʝʨʝʟ ʜʠʬʬʫʟʦʨ, ʫʛʦʣ ʨʘʩʢʨʳʪʠʷ 100Á.  

ʐʢʘʣʘ ʙʝʟʨʘʟʤʝʨʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʝʜʩʪʘʚʣʝʥʘ ʩʧʨʘʚʘ 

 

ʈʝʟʫʣʴʪʘʪʳ ʚʳʯʠʩʣʝʥʠʡ ʥʘʭʦʜʷʪʩʷ ʚ ʢʘʯʝʩʪʚʝʥʥʦʤ ʩʦʛʣʘʩʠʠ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʤʠ 

(ʨʠʩʫʥʦʢ 2), ʘ ʠʤʝʥʥʦ: ʧʣʘʤʷ ʧʨʦʥʠʢʘʝʪ ʯʝʨʝʟ ʜʠʬʬʫʟʦʨ (ʨʠʩʫʥʦʢ 4ʚ); ʧʣʘʤʷ ʥʝ 

ʧʨʦʥʠʢʘʝʪ ʯʝʨʝʟ ʮʝʥʪʨʘʣʴʥʦʝ ʦʪʚʝʨʩʪʠʝ ʢʦʥʬʫʟʦʨʘ ʩ ʫʛʣʦʤ ʨʘʩʢʨʳʪʠʷ ʤʝʥʝʝ 100Á 

(ʨʠʩʫʥʦʢ 4a). ʇʨʠ ʙʦʣʴʰʝʤ ʫʛʣʝ ʨʘʩʢʨʳʪʠʷ (150Á, ʨʠʩʫʥʦʢ 4ʙ) ʧʣʘʤʷ ʧʨʦʥʠʢʘʝʪ ʯʝʨʝʟ 

ʚʩʝ ʪʨʠ ʦʪʚʝʨʩʪʠʷ ʚ ʢʦʥʬʫʟʦʨʝ ʚ ʢʘʯʝʩʪʚʝʥʥʦʤ ʩʦʛʣʘʩʠʠ ʩ ʵʢʩʧʝʨʠʤʝʥʪʦʤ (ʨʠʩʫʥʦʢ 2). 

ʆʪʤʝʪʠʤ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʧʣʦʩʢʦʛʦ ʧʨʝʧʷʪʩʪʚʠʷ ʩ ʪʨʝʤʷ ʦʪʚʝʨʩʪʠʷʤʠ (ʦʜʥʦ ʠʟ ʥʠʭ ï 

ʮʝʥʪʨʘʣʴʥʦʝ, ʫʛʦʣ ʨʘʩʢʨʳʪʠʷ 180Á), ʧʣʘʤʷ ʧʨʦʥʠʢʘʝʪ ʯʝʨʝʟ ʢʘʞʜʦʝ ʠʟ ʵʪʠʭ ʪʨʝʭ 

ʦʪʚʝʨʩʪʠʡ [3]. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʢʘʯʝʩʪʚʝʥʥʦʝ ʨʘʩʩʤʦʪʨʝʥʠʝ (ʝʜʠʥʩʪʚʝʥʥʘʷ ʨʝʘʢʮʠʷ ʚʤʝʩʪʦ 

ʧʦʣʥʦʛʦ ʭʠʤʠʯʝʩʢʦʛʦ ʤʝʭʘʥʠʟʤʘ, ʜʚʫʭʤʝʨʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʠ ʪ.ʜ.) ʥʝ ʧʦʟʚʦʣʷʝʪ 

ʧʦʣʫʯʠʪʴ ʪʦʯʥʦʝ ʟʥʘʯʝʥʠʝ ʫʛʣʘ ʨʘʩʢʨʳʪʠʷ, ʧʨʠ ʢʦʪʦʨʦʤ ʧʣʘʤʷ ʥʘʯʠʥʘʝʪ ʧʨʦʥʠʢʘʪʴ 

ʯʝʨʝʟ ʮʝʥʪʨʘʣʴʥʦʝ ʦʪʚʝʨʩʪʠʝ ʢʦʥʬʫʟʦʨʘ. ʂʨʦʤʝ ʪʦʛʦ, ʪʘʢʦʝ ʢʘʯʝʩʪʚʝʥʥʦʝ ʦʪʣʠʯʠʝ ʦʪ 
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ʧʨʦʮʝʩʩʘ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʧʣʘʤʝʥʠ ʯʝʨʝʟ ʧʣʦʩʢʦʝ ʧʨʝʧʷʪʩʪʚʠʝ ʩ ʮʝʥʪʨʘʣʴʥʳʤ 

ʦʪʚʝʨʩʪʠʝʤ ʫʢʘʟʳʚʘʝʪ ʥʘ ʟʥʘʯʠʤʫʶ ʨʦʣʴ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʘʢʫʩʪʠʯʝʩʢʠʭ ʢʦʣʝʙʘʥʠʡ 

ʨʝʘʢʪʦʨʘ, ʩʦʜʝʨʞʘʱʝʛʦ ʢʦʥʠʯʝʩʢʫʶ ʧʦʣʦʩʪʴ, ʩ ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʤʩʷ ʬʨʦʥʪʦʤ ʛʦʨʝʥʠʷ 

ʜʘʞʝ ʚ ʩʣʫʯʘʝ ʜʦʟʚʫʢʦʚʦʛʦ ʧʣʘʤʝʥʠ.  

ʃʠʪʝʨʘʪʫʨʘ  
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ʀʟʚʝʩʪʥʦ, ʯʪʦ ʤʝʪʘʥ ʠ ʢʠʩʣʦʨʦʜ ʥʘ ʥʘʛʨʝʪʦʡ ʧʣʘʪʠʥʦʚʦʡ ʧʨʦʚʦʣʦʢʝ ʤʦʛʫʪ ʚʳʜʝʣʠʪʴ 

ʟʥʘʯʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʪʝʧʣʘ ʚ ʪʝʤʥʦʚʦʡ ʨʝʘʢʮʠʠ [1]. ʀʥʪʝʨʝʩ ʢ ʢʘʪʘʣʠʪʠʯʝʩʢʠʤ 

ʧʨʦʮʝʩʩʘʤ ʦʢʠʩʣʝʥʠʷ ʠ ʠʭ ʤʝʭʘʥʠʟʤʘʤ ʧʦʩʪʦʷʥʥʦ ʨʘʩʪʸʪ ʚ ʩʚʷʟʠ ʩ ʰʠʨʦʢʠʤʠ 

ʧʝʨʩʧʝʢʪʠʚʘʤʠ ʧʨʠʤʝʥʝʥʠʷ ʵʪʦʡ ʪʝʭʥʦʣʦʛʠʠ ʧʨʠ ʛʦʨʝʥʠʠ ʚ ʩʠʩʪʝʤʘʭ ʧʨʦʠʟʚʦʜʩʪʚʘ 

ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ (ʜʣʷ ʫʤʝʥʴʰʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʤʝʪʘʥʘ ʚ ʚʦʟʜʫʭʝ) ʠ ʚ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʢʦʥʚʝʨʪʝʨʦʚ ʚ ʪʨʘʥʩʧʦʨʪʥʳʭ ʩʨʝʜʩʪʚʘʭ (ʯʪʦʙʳ ʫʤʝʥʴʰʠʪʴ ʫʨʦʚʥʠ 

ʚʳʙʨʦʩʦʚ ʚʨʝʜʥʳʭ ʛʘʟʦʚ). ɸʢʪʫʘʣʝʥ ʚʦʧʨʦʩ ʦʙʝʩʧʝʯʝʥʠʷ ʚʦʜʦʨʦʜʥʦʡ ʙʝʟʦʧʘʩʥʦʩʪʠ ʥʘ ɸʕʉ 

ʩ ʧʦʤʦʱʴʶ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʜʦʞʠʛʘʪʝʣʝʡ [2]. ʉʫʱʝʩʪʚʫʝʪ ʪʘʢʞʝ ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ ʢ 

ʢʘʪʘʣʠʪʠʯʝʩʢʦʤʫ ʧʘʨʮʠʘʣʴʥʦʤʫ ʦʢʠʩʣʝʥʠʶ, ʧʨʠʚʦʜʷʱʝʤʫ ʢ ʧʨʦʤʝʞʫʪʦʯʥʳʤ ʧʨʦʜʫʢʪʘʤ, 

ʢʦʪʦʨʳʝ ʢʨʘʡʥʝ ʚʘʞʥʳ ʧʨʠ ʩʠʥʪʝʟʝ ʮʝʣʝʚʳʭ ʧʨʦʤʳʰʣʝʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ. ʄʝʭʘʥʠʟʤ 

ʦʢʠʩʣʝʥʠʷ ʚʦʜʦʨʦʜʘ ʠ ʫʛʣʝʚʦʜʦʨʦʜʦʚ ʥʘ ʙʣʘʛʦʨʦʜʥʳʭ ʤʝʪʘʣʣʘʭ ʢ ʥʘʩʪʦʷʱʝʤʫ ʚʨʝʤʝʥʠ 

ʥʝʜʦʩʪʘʪʦʯʥʦ ʧʦʥʷʪ. ʆʪʤʝʪʠʤ, ʯʪʦ ʙʣʘʛʦʨʦʜʥʳʝ ʤʝʪʘʣʣʳ ʦʙʨʘʟʫʶʪ ʦʢʩʠʜʳ, ʢʦʪʦʨʳʝ, ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʠʭ ʨʝʘʢʮʠʦʥʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ, ʦʧʨʝʜʝʣʷʶʪ ʩʢʦʨʦʩʪʴ ʠ ʤʝʭʘʥʠʟʤ 

ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ; ʵʪʦ ʟʘʤʝʪʥʦ ʫʩʣʦʞʥʷʝʪ ʧʦʠʩʢ ʦʧʪʠʤʘʣʴʥʳʭ ʫʩʣʦʚʠʡ ʢʘʪʘʣʠʟʘ. 

ʅʘʧʨʠʤʝʨ, Pd ʣʝʛʢʦ ʧʝʨʝʭʦʜʠʪ ʚ PdO ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ~ 1100 K, ʦʜʥʘʢʦ PtO2 ʫʞʝ 

ʨʘʟʣʘʛʘʝʪʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʚʳʰʝ 825 K.  

ʈʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʚʳʷʚʣʝʥʠʶ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʛʦʨʝʥʠʷ ʚʦʜʦʨʦʜʘ ʠ ʩʤʝʩʝʡ 

ʚʦʜʦʨʦʜʘ ʩ ʤʝʪʘʥʦʤ ʥʘʜ ʤʝʪʘʣʣʠʯʝʩʢʠʤ Pd. 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠ ʚ ʥʘʛʨʝʚʘʝʤʦʤ ʛʦʨʠʟʦʥʪʘʣʴʥʦʤ ʮʠʣʠʥʜʨʠʯʝʩʢʦʤ 

ʨʝʘʢʪʦʨʝ ʠʟ ʥʝʨʞʘʚʝʶʱʝʡ ʩʪʘʣʠ ʜʣʠʥʦʡ 25 ʩʤ ʠ ʜʠʘʤʝʪʨʦʤ 12 ʩʤ, ʦʙʦʨʫʜʦʚʘʥʥʦʤ 

ʨʘʟʙʦʨʥʳʤʠ ʢʨʳʰʢʘʤʠ ʠ ʦʧʪʠʯʝʩʢʠʤ ʢʚʘʨʮʝʚʳʤ ʦʢʥʦʤ ʚ ʦʜʥʦʡ ʠʟ ʢʨʳʰʝʢ (ʨʠʩʫʥʦʢ 1).  
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ʈʠʩ. 1. ɹʣʦʢ-ʩʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ. 1 ï ʨʝʘʢʪʦʨ, 2 ï ʥʘʛʨʝʚʘʪʝʣʴ, 3 ï 

ʘʩʙʝʩʪʦʚʘʷ ʠʟʦʣʷʮʠʷ, 4 ï ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʝ ʢʣʘʧʘʥʳ, 5 ï ʙʘʣʣʦʥ ʩ ʛʘʟʦʚʦʡ ʩʤʝʩʴʶ, 6 ï 

ʮʠʬʨʦʚʘʷ ʚʠʜʝʦʢʘʤʝʨʘ, 7 ï ʦʧʪʠʯʝʩʢʦʝ ʦʢʥʦ, 8 ï ʜʘʪʯʠʢ ʜʘʚʣʝʥʠʷ, 9 ï Aʎʇ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ ʠ ʢʦʤʧʴʶʪʝʨ, 10 ï ʤʠʣʣʠʚʦʣʴʪʤʝʪʨ, 11 ï ʤʦʩʪ ʋʠʪʩʪʦʥʘ, Pd ʩʧʠʨʘʣʴ ï 

ʦʜʥʦ ʠʟ ʧʣʝʯ ʤʦʩʪʘ 

 

ʊʦʯʥʦʩʪʴ ʠʟʤʝʨʝʥʠʡ ʪʝʤʧʝʨʘʪʫʨʳ ʩʦʩʪʘʚʣʷʣʘ 0.3 K. ʆʪʢʘʯʘʥʥʳʡ ʠ ʥʘʛʨʝʪʳʡ ʜʦ 

ʥʫʞʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʨʝʘʢʪʦʨ ʙʳʩʪʨʦ ʟʘʧʦʣʥʷʣʠ ʛʘʟʦʚʦʡ ʩʤʝʩʴʶ ʠʟ ʙʫʬʝʨʥʦʛʦ ʦʙʲʝʤʘ ʜʦ 

ʥʝʦʙʭʦʜʠʤʦʛʦ ʜʘʚʣʝʥʠʷ. ɼʣʷ ʦʪʢʨʳʪʠʷ ʠ ʟʘʢʨʳʪʠʷ ʛʘʟʦʚʳʭ ʢʦʤʤʫʥʠʢʘʮʠʡ ʠʩʧʦʣʴʟʦʚʘʣʠ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʝ ʢʣʘʧʘʥʳ. ɼʘʚʣʝʥʠʝ ʚ ʧʨʦʮʝʩʩʝ ʥʘʧʫʩʢʘ ʠ ʛʦʨʝʥʠʷ ʨʝʛʠʩʪʨʠʨʦʚʘʣʠ ʩ 

ʧʦʤʦʱʴʶ ʪʝʥʟʦʨʝʟʠʩʪʠʚʥʦʛʦ ʜʘʪʯʠʢʘ çʂʘʨʘʪ-ɼʀè, ʩʠʛʥʘʣ ʩ ʢʦʪʦʨʦʛʦ ʧʦʜʘʚʘʣʠ ʯʝʨʝʟ ɸʎʇ 

ʥʘ ʢʦʤʧʴʶʪʝʨ. Pd ʧʨʦʚʦʣʦʢʫ (ʚ ʨʷʜʝ ʦʧʳʪʦʚ ï Pt ʧʨʦʚʦʣʦʢʫ 99.9% Pt) ʜʣʠʥʦʡ 80 ʤʤ ʠ 

ʜʠʘʤʝʪʨʦʤ 0.3 ʤʤ ʚ ʚʠʜʝ ʩʧʠʨʘʣʠ ʧʦʤʝʱʘʣʠ ʚ ʨʝʘʢʪʦʨ. ʕʪʫ ʧʨʦʚʦʣʦʢʫ ʠʩʧʦʣʴʟʦʚʘʣʠ ʜʣʷ 

ʠʥʠʮʠʠʨʦʚʘʥʠʷ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʛʦʨʶʯʝʡ ʩʤʝʩʠ. ʊʘʢʞʝ ʧʨʦʚʦʣʦʢʫ ʧʦʜʢʣʶʯʘʣʠ ʚ ʢʘʯʝʩʪʚʝ 

ʧʣʝʯʘ ʤʦʩʪʘ ʋʠʪʩʪʦʥʘ. ʈʝʛʠʩʪʨʘʮʠ ʁʚʦʩʧʣʘʤʝʥʝʥʠʷ ʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʬʨʦʥʪʘ ʧʣʘʤʝʥʠ 

ʌʇ ʦʩʫʱʝʩʪʚʣʷʣʠ ʯʝʨʝʟ ʦʧʪʠʯʝʩʢʦʝ ʦʢʥʦ ʮʚʝʪʥʦʡ ʩʢʦʨʦʩʪʥʦʡ ʢʠʥʦʢʘʤʝʨʦʡ Casio Exilim 

F1 Pro (600 ʢʘʜʨʦʚ ʚ ʩʝʢʫʥʜʫ). ʇʝʨʝʜ ʢʘʞʜʳʤ ʦʧʳʪʦʤ ʨʝʘʢʪʦʨ ʦʪʢʘʯʠʚʘʣʠ ʜʦ 0.1 ʊʦʨʨ. 

ʆʙʱʝʝ ʜʘʚʣʝʥʠʝ ʚ ʨʝʘʢʪʦʨʝ ʠ ʜʘʚʣʝʥʠʝ ʚ ʙʫʬʝʨʥʦʤ ʦʙʲʸʤʝ ʢʦʥʪʨʦʣʠʨʦʚʘʣʠ ʤʘʥʦʤʝʪʨʦʤ. 

ʀʩʧʦʣʴʟʦʚʘʣʠ ʭʠʤʠʯʝʩʢʠ ʯʠʩʪʳʝ ʛʘʟʳ ʠ 99.85% Pd. 

ʅʘ ʨʠʩʫʥʢʝ 2ʘ ʧʨʠʚʝʜʝʥʳ ʪʠʧʠʯʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʦʜʥʦʚʨʝʤʝʥʥʦʡ ʨʝʛʠʩʪʨʘʮʠʠ 

ʠʟʤʝʥʝʥʠʷ ʜʘʚʣʝʥʠʷ (ʘ) ʠ ʠʟʤʝʥʝʥʠʷ ʩʦʧʨʦʪʠʚʣʝʥʠʷ Pd ʧʨʦʚʦʣʦʢʠ (ʙ, ʚ) ʧʨʠ 

ʚʦʩʧʣʘʤʝʥʝʥʠʠ ʩʤʝʩʠ 40% ʅ2- ʚʦʟʜʫʭ ʧʨʠ 1280 C. ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ 2ʘ, ʦʙʱʝʝ 

ʜʘʚʣʝʥʠʝ ʚ ʨʝʘʢʪʦʨʝ ʜʦʩʪʠʛʘʝʪ 1 ʘʪʤ ʜʦ ʤʦʤʝʥʪʘ ʚʦʩʧʣʘʤʝʥʝʥʠʷ, ʪ.ʝ. ʚʦʩʧʣʘʤʝʥʝʥʠʝ 

ʧʨʦʠʩʭʦʜʠʪ ʧʦʩʣʝ ʟʘʚʝʨʰʝʥʠʷ ʥʘʧʫʩʢʘ ʛʘʟʘ. ʇʦʩʢʦʣʴʢʫ ʧʨʦʚʦʣʦʢʘ ʥʝ ʧʨʦʛʨʝʚʘʝʪʩʷ 

ʦʜʥʦʨʦʜʥʦ ʟʘ ʩʯʸʪ ʪʝʧʣʦʦʪʚʦʜʘ ʚ ʤʝʩʪʘʭ ʧʘʡʢʠ, ʪʦ ʟʘʚʠʩʠʤʦʩʪʴ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʦʪ ʚʨʝʤʝʥʠ 

ʙʦʣʝʝ ʠʥʝʨʮʠʦʥʥʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʨʠʚʦʡ ʜʘʚʣʝʥʠʷ. ʊʦʯʢʘ ʠʟʣʦʤʘ ʵʪʦʡ ʟʘʚʠʩʠʤʦʩʪʠ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʦʧʨʦʪʠʚʣʝʥʠʶ ʚ ʤʦʤʝʥʪ ʚʦʩʧʣʘʤʝʥʝʥʠʷ. 
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ʂʘʣʠʙʨʦʚʢʫ ʧʦ ʪʝʤʧʝʨʘʪʫʨʝ ʧʨʦʚʦʜʠʣʠ, ʠʟʤʝʥʷʷ ʪʝʤʧʝʨʘʪʫʨʫ ʨʝʘʢʪʦʨʘ. ʆʜʥʘʢʦ 

ʪʝʤʧʝʨʘʪʫʨʘ, ʠʟʤʝʨʝʥʥʘʷ ʧʦʩʨʝʜʩʪʚʦʤ Pd ʧʨʦʚʦʣʦʢʠ, ʷʚʣʷʝʪʩʷ ʥʠʞʥʝʡ ʛʨʘʥʠʮʝʡ ʨʝʘʣʴʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʳ ʦʯʘʛʘ ʚʦʩʧʣʘʤʝʥʝʥʠʷ [3]. ʆʩʥʦʚʥʦʡ ʨʝʟʫʣʴʪʘʪ ʵʢʩʧʝʨʠʤʝʥʪʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʪʦʤ, ʯʪʦ ʪʝʤʧʝʨʘʪʫʨʘ ʨʝʘʢʪʦʨʘ ʧʨʠ ʚʦʩʧʣʘʤʝʥʝʥʠʠ ʩʤʝʩʠ 40%H2ïʚʦʟʜʫʭ ʥʘʜ Pd (108ÁC, 1 

ʘʪʤ) ʧʦ ʢʨʘʡʥʝʡ ʤʝʨʝ ʥʘ ~ 160Á ʤʝʥʴʰʝ, ʯʝʤ ʥʘʜ ʧʦʚʝʨʭʥʦʩʪʴʶ Pt (260ÁC, 1 ʘʪʤ, 40% H2ï

ʚʦʟʜʫʭ) [3]. ʆʪʤʝʪʠʤ, ʯʪʦ ʨʘʟʦʛʨʝʚ, ʨʝʛʠʩʪʨʠʨʫʝʤʳʡ ʥʘ Pd ʧʨʦʚʦʣʦʢʝ, ʥʝʜʦʩʪʘʪʦʯʝʥ ʜʣʷ 

ʪʝʨʤʠʯʝʩʢʦʛʦ ʠʥʠʮʠʠʨʦʚʘʥʠʷ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʩʤʝʩʠ 40%H2ïʚʦʟʜʫʭ [4]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʚʢʣʘʜ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʚ ʧʨʷʤʦʝ ʠʥʠʮʠʠʨʦʚʘʥʠʝ ʛʦʨʝʥʠʷ ʚʦʜʦʨʦʜʘ 

ʥʘʜ Pd, ʚ ʦʪʣʠʯʠʝ ʦʪ Pt, ʚʝʩʴʤʘ ʟʘʤʝʪʝʥ. ʅʘʧʦʤʥʠʤ, ʯʪʦ ʨʦʣʴ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʥʘ 

Pt ʧʦʚʝʨʭʥʦʩʪʠ ʟʘʢʣʶʯʘʝʪʩʷ ʣʠʰʴ ʚ ʨʘʟʦʛʨʝʚʝ ʧʦʚʝʨʭʥʦʩʪʠ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ 

ʚʦʩʧʣʘʤʝʥʝʥʠʷ; ʨʦʣʴ ʵʤʠʩʩʠʠ ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʦʚ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʥʝʟʥʘʯʠʪʝʣʴʥʘ. 

 

ʈʠʩ. 2. ʘ ï ʦʜʥʦʚʨʝʤʝʥʥʘʷ ʨʝʛʠʩʪʨʘʮʠʷ ʨʘʟʦʛʨʝʚʘ ʠ ʩʨʝʜʥʝʡ ʪʝʤʧʝʨʘʪʫʨʳ Pd ʩʧʠʨʘʣʠ ʧʨʠ 

ʠʥʠʮʠʠʨʦʚʘʥʠʠ ʧʘʣʣʘʜʠʝʤ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʩʤʝʩʠ 40%ʅ2ïʚʦʟʜʫʭʦʤ: T0=128oC, P0=1.08 ʘʪʤ; 

ʙ ï ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʚʠʜʝʦʢʘʜʨʦʚ ʠʥʠʮʠʠʨʦʚʘʥʥʦʛʦ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʩʤʝʩʠ 40%ʅ2ï

ʚʦʟʜʫʭ: T0=120oC, P0=1.25 ʘʪʤ, 600 ʢʘʜʨʦʚ/c; ʚ ï ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʚʠʜʝʦʢʘʜʨʦʚ 

ʠʥʠʮʠʠʨʦʚʘʥʥʦʛʦ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʡ ʩʤʝʩʠ (80% ʅ2 + 20% ʉʅ4)ʩʪʝʭʠʦʤ + 

ʚʦʟʜʫʭ: T0=190oC, P0=1.17 ʘʪʤ, 600 ʢʘʜʨʦʚ/c 

 

ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʟʚʠʪʠʝ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʧʣʘʤʝʥʠ ʚ 40%-ʡ 

ʩʤʝʩʠ H2ïʚʦʟʜʫʭʘ ʠ (80% ʅ2 + 20% ʉʅ4)ʩʪʝʭʠʦʤ + ʚʦʟʜʫʭ ʙʳʣʦ ʠʩʩʣʝʜʦʚʘʥʦ ʥʘʜ Pd 

ʧʨʦʚʦʣʦʢʦʡ (ʨʠʩʫʥʢʠ 2ʙ, 2ʚ). ʊʦʯʥʦ ʪʘʢ ʞʝ, ʢʘʢ ʚ ʩʣʫʯʘʝ Pt, Pd ʨʘʩʢʘʣʷʝʪʩʷ ʜʦ ʠ ʧʦʩʣʝ 

ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʠʟ-ʟʘ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʥʘ ʝʛʦ ʧʦʚʝʨʭʥʦʩʪʠ. ɺʠʜʥʦ, ʯʪʦ ʚ 

ʧʨʠʩʫʪʩʪʚʠʠ Pd ʧʨʦʚʦʣʦʢʠ ʷʯʝʠʩʪʘʷ ʩʪʨʫʢʪʫʨʘ ʬʨʦʥʪʘ ʧʣʘʤʝʥʠ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʜʣʷ ʧʦʚʝʨʭʥʦʩʪʠ Pt [3, 4]. ʕʪʦ ʧʨʦʠʩʭʦʜʠʪ ʠʟ-ʟʘ ʙʦʣʴʰʝʡ 

ʩʪʘʙʠʣʴʥʦʩʪʠ PdO ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʠʦʢʩʠʜʦʤ ʧʣʘʪʠʥʳ PtO2. ʏʪʦʙʳ ʚʳʷʚʠʪʴ ʚʢʣʘʜ 

ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʨʝʘʢʮʠʡ (ʚʢʣʶʯʘʷ ʪʝ, ʢʦʪʦʨʳʝ ʦʪʚʝʪʩʪʚʝʥʥʳ ʟʘ ʥʘʛʨʝʚʘʥʠʝ Pd ʧʨʦʚʦʣʦʢʠ), 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʧʨʝʜʝʣʠʣʠ ʪʝʤʧʝʨʘʪʫʨʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʢʦʥʮʝʥʪʨʘʮʠʠ ʅ2 ʥʘ ʧʨʝʜʝʣʝ 

ʙ 

ʚ 

ʘ 
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ʠʥʠʮʠʠʨʦʚʘʥʥʦʛʦ ʚʦʩʧʣʘʤʝʥʝʥʠʷ. ʇʨʝʜʝʣʳ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʭ ʩʤʝʩʝʡ 6 õ 

40% H2 + ʚʦʟʜʫʭ (ʦʙʦʟʥʘʯʝʥʥʳʝ ʢʨʝʩʪʠʢʘʤʠ) ʠ (20õ60%H2 + 80õ40%CH4) ʩʪʝʭʠʦʤ + ʚʦʟʜʫʭ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 3a. ʂʘʢ ʚʠʜʥʦ, Pd ʧʨʦʚʦʣʦʢʘ ʧʦʜʞʠʛʘʝʪ ʩʤʝʩʴ 40%H2ïʚʦʟʜʫʭ ʚ 

ʨʝʘʢʪʦʨʝ, ʢʦʪʦʨʳʡ ʥʘʛʨʝʪ ʪʦʣʴʢʦ ʜʦ 70ÁC. ɼʣʷ ʩʨʘʚʥʝʥʠʷ, ʚʦʩʧʣʘʤʝʥʝʥʠʝ ʪʦʡ ʞʝ ʩʤʝʩʠ Pt 

ʧʨʦʚʦʣʦʢʦʡ ʪʨʝʙʫʝʪ ʥʘʛʨʝʚʘʥʠʷ ʜʦ 260ÁC [4]. 

 

ʈʠʩ. 3. ɻʨʘʬʠʢʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ: a ï ʢɻʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ 

ʪʝʤʧʝʨʘʪʫʨʳ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʥʘ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʤ ʧʨʝʜʝʣʝ ʦʪ ʩʦʜʝʨʞʘʥʠʷ ʚʦʜʦʨʦʜʘ ʚ 

ʩʤʝʩʠ, ʢʨʝʩʪʠʢʠ ʦʪʥʦʩʷʪʩʷ ʢ ʩʤʝʩʠ ʚʦʜʦʨʦʜ-ʚʦʟʜʫʭ; ʙ ï ʛʨʘʬʠʢ ʥʘ ʨʠʩ. 3ʘ ʚ ɸʨʨʝʥʠʫʩʦʚʳʭ 

ʢʦʦʨʜʠʥʘʪʘʭ 

 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ, ʤʠʥʠʤʘʣʴʥʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ H2 ʥʘ ʧʨʝʜʝʣʝ ʩʦʩʪʘʚʣʷʝʪ 

ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ 5%, ʯʪʦ ʦʯʝʥʴ ʙʣʠʟʢʦ ʢ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʤʫ ʧʨʝʜʝʣʫ ʚʦʩʧʣʘʤʝʥʝʥʠʷ H2 

ʧʨʠ ʘʪʤʦʩʬʝʨʥʦʤ ʜʘʚʣʝʥʠʠ ʧʨʠ ʠʥʠʮʠʠʨʦʚʘʥʠʠ ʠʩʢʨʦʡ [5]. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ CH4 ʚ 

ʩʤʝʩʷʭ H2ïCH4ïʚʦʟʜʫʭ ʨʝʘʛʠʨʫʝʪ ʪʦʣʴʢʦ ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ, ʘ ʥʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ Pd. ʆʪʤʝʪʠʤ 

ʪʘʢʞʝ, ʯʪʦ Pt ʧʨʚʦʣʦʢʘ ʪʦʛʦ ʞʝ ʩʘʤʦʛʦ ʨʘʟʤʝʨʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʨʝʘʢʪʦʨʘ ʜʦ 450ÁC ʥʝ 

ʟʘʞʠʛʘʝʪ ʥʠ ʦʜʥʫ ʠʟ ʩʤʝʩʝʡ (20õ60%H2 + 80õ40%CH4)ʩʪʝʭʠʦʤ + ʚʦʟʜʫʭ. ʅʘʦʙʦʨʦʪ, Pd 

ʧʨʦʚʦʣʦʢʘ ʟʘʞʠʛʘʝʪ ʩʤʝʩʠ (30õ60% H2 + 70õ40%CH4) ʩʪʝʭʠʦʤ + ʚʦʟʜʫʭ (ʢʨʫʞʢʠ ʥʘ ʨʠʩʫʥʢʝ 

3a). ʆʜʥʘʢʦ ʩʤʝʩʴ (20% H2 + 80%CH4) ʩʪʝʭʠʦʤ + ʚʦʟʜʫʭ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʜʦ 450ÁC ʟʘʞʝʯʴ 

Pd ʧʨʦʚʦʣʦʢʦʡ ʥʝ ʫʜʘʣʦʩʴ, ʚʝʨʦʷʪʥʦ ʧʦʪʦʤʫ, ʯʪʦ ʢʦʥʮʝʥʪʨʘʮʠʷ H2 ʚ ʩʤʝʩʠ (2.2%) 

ʦʢʘʟʘʣʘʩʴ ʥʠʞʝ, ʯʝʤ ʥʘ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʤ ʧʨʝʜʝʣʝ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʩʤʝʩʝʡ ʚʦʜʦʨʦʜʘ ʩ 

ʚʦʟʜʫʭʦʤ [5].  

ɿʘʚʠʩʠʤʦʩʪʴ ʜʦʣʠ H2 ʚ ʛʦʨʶʯʠʭ ʩʤʝʩʷʭ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʢʦʦʨʜʠʥʘʪʘʭ ɸʨʨʝʥʠʫʩʘ 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 3ʙ. ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ, ʵʪʘ ʟʘʚʠʩʠʤʦʩʪʴ ʤʦʞʝʪ ʙʳʪʴ 

ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʥʘ ʧʨʷʤʦʡ ʣʠʥʠʝʡ (ʢʦʵʬʬʠʮʠʝʥʪ ʢʦʨʨʝʣʷʮʠʠ 0.98). ʀʟ ʨʠʩʫʥʢʘ 3ʙ ʤʳ 

ʤʦʞʝʤ ʧʨʠʡʪʠ ʢ ʟʘʢʣʶʯʝʥʠʶ, ʯʪʦ ʟʘʚʠʩʠʤʦʩʪʴ ʜʣʷ ʩʤʝʩʝʡ H2ïCH4ïʚʦʟʜʫʭ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʪʦʣʴʢʦ ʜʦʣʝʡ H2 ʚ ʩʤʝʩʠ. ʄʳ ʦʛʨʘʥʠʯʠʣʠʩʴ 40% H2 ʚ ʩʤʝʩʠ, ʧʦʪʦʤʫ ʯʪʦ ʧʦʩʣʝ 

ʜʘʣʴʥʝʡʰʝʛʦ ʫʚʝʣʠʯʝʥʠʷ ʩʦʜʝʨʞʘʥʠʷ H2 ʨʝʘʢʮʠʷ ʦʢʠʩʣʝʥʠʷ ʚʦʜʦʨʦʜʘ ʟʘʤʝʜʣʷʝʪʩʷ [5]. ʇʦ 
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ʵʪʦʡ ʧʨʠʯʠʥʝ ʚʝʣʠʯʠʥʘ ʵʬʬʝʢʪʠʚʥʦʡ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ, ʧʦʣʫʯʝʥʥʘʷ ʥʠʞʝ, ʷʚʣʷʝʪʩʷ 

ʪʦʣʴʢʦ ʦʮʝʥʢʦʡ.  

ʆʩʪʘʥʦʚʠʤʩʷ ʥʘ ʬʠʟʠʯʝʩʢʦʤ ʩʤʳʩʣʝ ʧʦʣʫʯʝʥʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ. ɼʣʷ 

ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʡ ʩʤʝʩʠ 2H2+O2, ʥʠʞʥʠʡ ʧʨʝʜʝʣ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʧʨʠ ʥʠʟʢʠʭ ʜʘʚʣʝʥʠʷʭ 

ʦʧʠʩʳʚʘʝʪʩʷ ʩʦʦʪʥʦʰʝʥʠʝʤ 2k2 (O2)lim=k4 ʪ.ʝ. (O2)lim=1/2(H2) lim=k4/k2, ʛʜʝ k4 ï ʢʦʥʩʪʘʥʪʘ 

ʩʢʦʨʦʩʪʠ ʛʝʪʝʨʦʛʝʥʥʦʛʦ ʦʙʨʳʚʘ (ʩʣʘʙʦ ʟʘʚʠʩʷʱʘʷ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ) ʠ k2 ï ʘʢʪʠʚʠʨʦʚʘʥʥʘʷ 

ʢʦʥʩʪʘʥʪʘ ʩʢʦʨʦʩʪʠ ʨʘʟʚʝʪʚʣʝʥʠʷ (16.7 ʢʢʘʣ/ʤʦʣʴ [5]). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʳ ʧʦʣʫʯʘʝʤ 

ʟʘʚʠʩʠʤʦʩʪʴ ɸʨʨʝʥʠʫʩʘ ln(H2)lim ʦʪ 1/T ʩ ʧʦʣʦʞʠʪʝʣʴʥʳʤ ʥʘʢʣʦʥʦʤ. ʆʯʝʚʠʜʥʦ, ʯʪʦ 

ʛʝʪʝʨʦʛʝʥʥʘʷ ʧʨʠʨʦʜʘ ʧʨʦʮʝʩʩʘ ʥʘ Pd ʟʘʤʝʪʥʦ ʫʩʣʦʞʥʷʝʪ ʘʥʘʣʠʟ. ʆʜʥʘʢʦ, ʤʦʞʥʦ 

ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʧʨʠ ʢʘʪʘʣʠʪʠʯʝʩʢʦʤ ʦʢʠʩʣʝʥʠʠ H2 ʩʢʦʨʦʩʪʴ ʨʝʘʢʮʠʠ ʟʘʚʠʩʠʪ, ʛʣʘʚʥʳʤ 

ʦʙʨʘʟʦʤ, ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ H2. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʡ ʵʥʝʨʛʠʠ 

ʘʢʪʠʚʘʮʠʠ ʧʨʦʮʝʩʩʘ ʩʦʩʪʘʚʣʷʝʪ E=3.5Ñ1 ʢʢʘʣ/ʤʦʣʴ, ʢʦʪʦʨʦʝ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ 

ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʧʨʦʮʝʩʩʦʚ [6]. ɼʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʦʙʝʩʧʝʯʠʪʴ ʚʦʩʧʣʘʤʝʥʝʥʠʝ, ʜʦʣʞʝʥ 

ʧʨʦʠʟʦʡʪʠ ʮʠʢʣ ʨʝʘʢʮʠʡ, ʚ ʢʦʪʦʨʳʭ ʧʨʦʠʩʭʦʜʠʪ ʨʘʟʚʝʪʚʣʝʥʠʝ. ɸʢʪʠʚʠʨʦʚʘʥʥʘʷ (E=16.7 

ʢʢʘʣ/ʤʦʣʴ [5] ʛʦʤʦʛʝʥʥʘʷ ʨʝʘʢʮʠʷ ʨʘʟʚʝʪʚʣʝʥʠʷ H+O2ŸO + ʆʅ ʷʚʣʷʝʪʩʷ ʩʘʤʦʡ ʤʝʜʣʝʥʥʦʡ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʨʝʘʢʮʠʝʡ ʮʠʢʣʘ. ʇʦʵʪʦʤʫ ʵʥʝʨʛʠʷ ʘʢʪʠʚʘʮʠʠ ʨʘʟʚʝʪʚʣʝʥʠʷ ʜʦʣʞʥʘ 

ʦʧʨʝʜʝʣʷʪʴ ʪʝʤʧʝʨʘʪʫʨʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʧʦʣʥʦʛʦ ʧʨʦʮʝʩʩʘ, ʢʘʢ ʵʪʦ ʧʨʦʠʩʭʦʜʠʪ ʜʣʷ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʩ ʤʝʪʘʣʣʠʯʝʩʢʦʡ Pt [4]. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʚ ʩʣʫʯʘʝ Pd ʧʨʦʮʝʩʩ ʨʘʟʚʝʪʚʣʝʥʠʷ 

ʤʦʞʝʪ ʠʤʝʪʴ ʛʝʪʝʨʦʛʝʥʥʫʶ ʧʨʠʨʦʜʫ, ʧʦʪʦʤʫ ʯʪʦ ʵʬʬʝʢʪʠʚʥʘʷ ʵʥʝʨʛʠʷ ʘʢʪʠʚʘʮʠʠ ʙʣʠʟʢʘ ʢ 

~ 3.5 ʢʢʘʣ/ʤʦʣʴ. ɺʦʟʤʦʞʥʘ ʨʝʘʣʠʟʘʮʠ ̫ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʨʘʟʚʝʪʚʣʝʥʠʷ. ʕʪʦʡ ʨʝʘʢʮʠʝʡ 

ʤʦʞʝʪ ʙʳʪʴ ʨʝʘʢʮʠʷ H + HO2Ÿ 2 ʆʅ, ʚ ʢʦʪʦʨʦʡ ʦʪʥʦʩʠʪʝʣʴʥʦ ʤʘʣʦʘʢʪʠʚʥʳʡ ʨʘʜʠʢʘʣ HO2 

ʧʨʝʚʨʘʱʘʝʪʩʷ ʚ ʘʢʪʠʚʥʳʡ ʆʅ. ʂʘʢ ʧʦʢʘʟʘʥʦ ʚ [5], ʫʯʸʪ ʵʪʦʡ ʨʝʘʢʮʠʠ ʧʦʟʚʦʣʷʝʪ ʦʙʲʷʩʥʠʪʴ 

ʨʘʩʰʠʨʝʥʠʝ ʦʙʣʘʩʪʠ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʘʪʦʤʦʚ H, ʛʝʥʝʨʠʨʫʝʤʳʭ ʚʥʝʰʥʠʤ 

ʠʩʪʦʯʥʠʢʦʤ. ɺ ʥʘʰʝʤ ʩʣʫʯʘʝ ʠʩʪʦʯʥʠʢ ʘʪʦʤʦʚ ʅ ï ʛʝʪʝʨʦʛʝʥʥʘʷ ʨʝʘʢʮʠʷ ʦʢʠʩʣʝʥʠʷ 

ʚʦʜʦʨʦʜʘ ʥʘ Pd. ʋʢʘʞʝʤ, ʯʪʦ ʧʦʣʫʯʝʥʥʘʷ ʧʨʠʙʣʠʟʠʪʝʣʴʥʘʷ ʚʝʣʠʯʠʥʘ E ʥʘʨʷʜʫ ʩ 

ʨʝʟʫʣʴʪʘʪʘʤʠ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʤʠ ʥʘ ʨʠʩʫʥʢʘʭ 2a ʠ 2ʙ, ʤʦʞʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʚ 

ʧʨʘʢʪʠʯʝʩʢʦʤ ʧʨʠʤʝʥʝʥʠʠ ʜʣʷ ʦʮʝʥʢʠ ʚʦʩʧʣʘʤʝʥʷʝʤʦʩʪʠ ʩʤʝʩʝʡ H2ïCH4ïʚʦʟʜʫʭ ʚ 

ʧʨʠʩʫʪʩʪʚʠʠ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʧʘʣʣʘʜʠʷ.  

ʀʪʘʢ, ʚ ʨʘʙʦʪʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʪʝʤʧʝʨʘʪʫʨʘ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʩʤʝʩʠ 

40%H2ïʚʦʟʜʫʭ ʥʘʜ ʤʝʪʘʣʣʠʯʝʩʢʠʤ Pd (70ÁC, 1 ʘʪʤ) ʥʘ ~ 200Á ʥʠʞʝ, ʯʝʤ ʥʘʜ ʧʦʚʝʨʭʥʦʩʪʴʶ 

Pt (260ÁC, 1 ʘʪʤ). ʂʨʦʤʝ ʪʦʛʦ, Pd ʧʨʦʚʦʣʦʢʘ ʠʥʠʮʠʠʨʫʝʪ ʚʦʩʧʣʘʤʝʥʝʥʠʝ ʩʤʝʩʝʡ (H2 ʥʘ 

30õ60% + 70õ40%CH4) ʩʪʝʭʠʦʤ + ʚʦʟʜʫʭ; Pt ʧʨʦʚʦʣʦʢʘ ʪʦʛʦ ʞʝ ʨʘʟʤʝʨʘ ʥʝ ʤʦʞʝʪ ʟʘʞʝʯʴ ʵʪʠ 

ʩʤʝʩʠ ʜʦ 450ÁC. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʢʘʪʘʣʠʪʠʯʝʩʢʘʷ ʘʢʪʠʚʥʦʩʪʴ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ Pd ʚʳʰʝ, 

ʯʝʤ ʧʣʘʪʠʥʳ.  
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ʇʦʢʘʟʘʥʦ, ʯʪʦ ʷʯʝʠʩʪʘʷ ʩʪʨʫʢʪʫʨʘ ʬʨʦʥʪʘ ʧʣʘʤʝʥʠ ʧʨʠ ʚʦʩʧʣʘʤʝʥʝʥʠʠ ʥʘ Pd 

ʧʨʦʚʦʣʦʢʝ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ Pt. 

ʇʦʵʪʦʤʫ Pd ʙʦʣʝʝ ʧʨʠʤʝʥʠʤ ʜʣʷ ʚʦʜʦʨʦʜʥʳʭ ʨʝʢʦʤʙʠʥʘʪʦʨʦʚ ʚ ɸʕʉ, ʧʦʩʢʦʣʴʢʫ 

ʢʘʪʘʣʠʪʠʯʝʩʢʠʝ ʯʘʩʪʠʮʳ ʥʝ ʧʦʷʚʣʷʶʪʩʷ ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ Pt.  

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʡ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ʧʨʦʮʝʩʩʘ ʩʦʩʪʘʚʣʷʝʪ 

3.5Ñ1 ʢʢʘʣ/ʤʦʣʴ, ʯʪʦ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʧʨʦʮʝʩʩʦʚ. ʕʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ 

ʟʥʘʯʠʤʫʶ ʨʦʣʴ ʪʝʤʥʦʚʦʡ ʨʝʘʢʮʠʠ ʨʘʩʭʦʜʦʚʘʥʠʷ H2 ʠ O2 ʥʘ Pd, ʥʘʙʣʶʜʘʝʤʦʡ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʧʨʠ ʥʠʟʢʠʭ ʜʘʚʣʝʥʠʷʭ. ʅʘʣʠʯʠʝ ʵʪʦʡ ʨʝʘʢʮʠʠ ʫʤʝʥʴʰʘʝʪ ʚʝʨʦʷʪʥʦʩʪʴ 

ʩʣʫʯʘʡʥʦʛʦ ʚʟʨʳʚʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ Pt. 
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ʆʜʥʦʡ ʠʟ ʥʝʨʝʰʝʥʥʳʭ ʧʨʦʙʣʝʤ ʤʝʭʘʥʠʢʠ ʞʠʜʢʦʩʪʠ ʷʚʣʷʝʪʩʷ ʪʝʦʨʝʪʠʯʝʩʢʦʝ 

ʦʧʠʩʘʥʠʝ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʠ ʨʦʩʪʘ ʚʦʟʤʫʱʝʥʠʡ ʚ ʣʘʤʠʥʘʨʥʦʤ ʧʦʪʦʢʝ, ʢʦʪʦʨʳʝ ʧʨʠʚʦʜʷʪ 

ʢ ʪʫʨʙʫʣʝʥʪʥʦʤʫ ʪʝʯʝʥʠʶ. ʅʝʩʤʦʪʨʷ ʥʘ ʤʥʦʞʝʩʪʚʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ 

ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʧʨʠʯʠʥʘ ʥʘʨʫʰʝʥʠʷ ʣʘʤʠʥʘʨʥʦʩʪʠ ʧʦʪʦʢʘ ʛʘʟʘ ʠ 

ʧʦʷʚʣʝʥʠʷ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ, ʥʘʧʨʠʤʝʨ, ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʧʨʝʧʷʪʩʪʚʠʡ ʚ ʢʨʫʛʣʳʭ ʪʨʫʙʘʭ, 

ʦʩʪʘʝʪʩʷ ʥʝ ʜʦ ʢʦʥʮʘ ʷʩʥʳʤ [1]. ɹʳʣʦ ʧʦʢʘʟʘʥʦ [2], ʯʪʦ ʚʦʩʧʣʘʤʝʥʝʥʠʝ 

ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʡ ʤʝʪʘʥʦ-ʢʠʩʣʦʨʦʜʥʦʡ ʩʤʝʩʠ (ʜʘʚʣʝʥʠʝ ʜʦ 200 ʊʦʨʨ) ʧʦʩʣʝ 

ʦʜʠʥʦʯʥʦʛʦ ʧʨʝʧʷʪʩʪʚʠʷ ʩ ʤʘʣʳʤ ʢʨʫʛʣʳʤ ʦʪʚʝʨʩʪʠʝʤ ʥʘʙʣʶʜʘʝʪʩʷ ʥʘ ʥʝʢʦʪʦʨʦʤ 

ʨʘʩʩʪʦʷʥʠʠ ʧʦʩʣʝ ʧʨʝʧʷʪʩʪʚʠʷ, ʘ ʥʝ ʩʨʘʟʫ ʧʦʩʣʝ ʥʝʛʦ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʶ ʧʣʘʤʝʥʠ ʯʝʨʝʟ ʧʨʝʧʷʪʩʪʚʠʷ ʩ 

ʦʪʚʝʨʩʪʠʷʤʠ ʩʬʝʨʠʯʝʩʢʦʡ ʠ ʧʨʷʤʦʫʛʦʣʴʥʦʡ ʬʦʨʤʳ, ʨʘʟʤʝʱʸʥʥʳʤʠ ʚ ʮʠʣʠʥʜʨʠʯʝʩʢʦʤ 

ʢʘʥʘʣʝ. ʎʝʣʴ ʨʘʙʦʪʳ ʩʦʩʪʦʷʣʘ ʚ ʪʦʤ, ʯʪʦʙʳ ʫʩʪʘʥʦʚʠʪʴ ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʦʥʠʢʥʦʚʝʥʠʷ 

ʬʨʦʥʪʘ ʧʣʘʤʝʥʠ (ʌʇ) ʯʝʨʝʟ ʧʨʷʤʦʫʛʦʣʴʥʳʝ ʦʪʚʝʨʩʪʠʷ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʨʫʛʣʳʤʠ, ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʢʦʨʦʩʪʥʦʡ ʢʠʥʦʩʲʸʤʢʠ ʧʣʘʤʝʥʠ ʠ ʚʠʟʫʘʣʠʟʘʮʠʠ ʛʘʟʦʚʦʛʦ ʧʦʪʦʢʘ. ɺ 

ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʦ ʷʚʣʝʥʠʝ ʫʩʢʦʨʝʥʠʷ ʧʝʨʚʦʥʘʯʘʣʴʥʦ ʤʝʜʣʝʥʥʦʛʦ ʧʣʘʤʝʥʠ 

ʨʘʟʙʘʚʣʝʥʥʳʭ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʭ ʩʤʝʩʝʡ ʤʝʪʘʥ-ʚʦʟʜʫʭ ʦʜʠʥʦʯʥʳʤʠ ʧʨʝʧʷʪʩʪʚʠʷʤʠ 

ʨʘʟʣʠʯʥʦʡ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʬʦʨʤʳ.  

ʈʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʧʣʘʤʝʥʠ ʚ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʭ ʩʤʝʩʷʭ ʤʝʪʘʥʘ ʩ ʢʠʩʣʦʨʦʜʦʤ, 

ʨʘʟʙʘʚʣʝʥʥʳʭ CO2 ʠ Kr, ʧʨʠ ʥʘʯʘʣʴʥʳʭ ʜʘʚʣʝʥʠʷʭ ʚ ʜʠʘʧʘʟʦʥʝ 100ï200 ʊʦʨʨ ʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 298 K ʠʩʩʣʝʜʦʚʘʣʠ ʚ ʦʪʢʘʯʠʚʘʝʤʦʤ ʛʦʨʠʟʦʥʪʘʣʴʥʦ ʨʘʩʧʦʣʦʞʝʥʥʦʤ 

ʮʠʣʠʥʜʨʠʯʝʩʢʦʤ ʢʚʘʨʮʝʚʦʤ ʨʝʘʢʪʦʨʝ [3] (ʨʠʩʫʥʦʢ 1). ʊʦʥʢʠʝ ʧʨʝʧʷʪʩʪʚʠʷ ʜʠʘʤʝʪʨʦʤ 14 

ʩʤ ʩ ʧʨʷʤʦʫʛʦʣʴʥʳʤʠ ʦʪʚʝʨʩʪʠʷʤʠ (7 ʠ 10 ʤʤ ʰʠʨʠʥʦʡ ʠ 65 ʤʤ ʜʣʠʥʦʡ) ʠ 

ʩʬʝʨʠʯʝʩʢʠʤʠ ʜʠʘʤʝʪʨʦʤ 20 ʠ 25 ʤʤ ʧʦʤʝʱʘʣʠ ʚʝʨʪʠʢʘʣʴʥʦ ʚ ʮʝʥʪʨʝ ʨʝʘʢʪʦʨʘ. ɺ 

ʦʪʜʝʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʨʷʤʦʫʛʦʣʴʥʦʝ ʦʪʚʝʨʩʪʠʝ 10 ʤʤ ʰʠʨʠʥʦʡ ʠ 65 ʤʤ ʜʣʠʥʦʡ 

ʙʳʣʦ ʟʘʢʨʳʪʦ ʞʝʣʝʟʥʦʡ ʩʝʪʢʦʡ ʩ ʷʯʝʡʢʘʤʠ ʨʘʟʤʝʨʦʤ 0.5 ʤʤ. ʈʝʛʠʩʪʨʘʮʠʶ ʛʘʟʦʚʦʛʦ 
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ʧʦʪʦʢʘ ʦʙʝʩʧʝʯʠʚʘʣʠ ʧʫʪʸʤ ʦʩʚʝʱʝʥʠʷ ʧʣʦʩʢʠʤ ʣʘʟʝʨʥʳʤ ʧʫʯʢʦʤ ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʳʭ 

ʯʘʩʪʠʮ MgCO3, ʫʥʦʩʠʤʳʭ ʩ ʧʦʣʢʠ (14) ʧʦʪʦʢʦʤ ʛʘʟʘ ʧʨʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʧʣʘʤʝʥʠ 

ʩʣʝʚʘ ʥʘʧʨʘʚʦ. ɻʦʨʶʯʘʷ ʩʤʝʩʴ (15.4% CH4 + 30.8% O2 + 46% CO2 + 7.8% Kr) 

ʩʦʩʪʘʚʣʷʣʘʩʴ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ: CO2 ʜʦʙʘʚʣʷʣʠ, ʯʪʦʙʳ ʫʤʝʥʴʰʠʪʴ ʩʢʦʨʦʩʪʴ ʌʇ ʠ ʪʝʤ 

ʩʘʤʳʤ ʧʦʚʳʩʠʪʴ ʢʘʯʝʩʪʚʦ ʩʲʝʤʢʠ; Kr ʜʦʙʘʚʣʷʣʠ, ʯʪʦʙʳ ʫʤʝʥʴʰʠʪʴ ʧʦʨʦʛ ʨʘʟʨʷʜʘ. 

ʈʝʘʢʪʦʨ ʟʘʧʦʣʥʷʣʠ ʩʤʝʩʴʶ ʜʦ ʥʝʦʙʭʦʜʠʤʦʛʦ ʜʘʚʣʝʥʠʷ. ɿʘʪʝʤ ʠʥʠʮʠʠʨʦʚʘʣʠ ʧʨʦʙʝʛ 

ʧʣʘʤʝʥʠ. ʈʝʛʠʩʪʨʘʮʠʶ ʜʠʥʘʤʠʢʠ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʌʇ ʦʩʫʱʝʩʪʚʣʷʣʠ 

ʩʙʦʢʫ ʮʚʝʪʥʦʡ ʩʢʦʨʦʩʪʥʦʡ ʮʠʬʨʦʚʦʡ ʢʘʤʝʨʦʡ Casio Exilim F1 Pro (600 ʩï1). 

 

ʈʠʩ. 1. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʫʩʪʘʥʦʚʢʘ. 1 ï ʢʚʘʨʮʝʚʳʡ ʨʝʘʢʪʦʨ 14 ʩʤ ʚ ʜʠʘʤʝʪʨʝ ʠ 

ʜʣʠʥʦʡ 70 ʩʤ, 2 ï ʰʣʶʟ ʠʟ ʥʝʨʞʘʚʝʶʱʝʡ ʩʪʘʣʠ, 3 ï ʧʨʦʢʣʘʜʢʘ ʠʟ ʚʠʪʦʥʘ, 4 ï ʜʚʝʨʮʘ ʠʟ 

ʥʝʨʞʘʚʝʶʱʝʡ ʩʪʘʣʠ, 5 ï ʵʣʝʢʪʨʦʜʳ ʠʩʢʨʦʚʦʛʦ ʟʘʞʠʛʘʥʠʷ, 6 ï ʠʩʪʦʯʥʠʢ ʧʠʪʘʥʠʷ, 7 ï 

ʩʢʦʨʦʩʪʥʘʷ ʚʠʜʝʦʢʘʤʝʨʘ, 8 ï ʨʝʣʴʩ, 9 ï ʦʧʪʠʯʝʩʢʦʝ ʦʢʥʦ, 10 ï ʧʦʚʦʨʦʪʥʦʝ ʟʝʨʢʘʣʦ, 11 ï 

ʧʣʦʩʢʠʡ ʣʘʟʝʨʥʳʡ ʧʫʯʦʢ, 12 ï ʢʦʨʦʪʢʦʬʦʢʫʩʥʘʷ ʣʠʥʟʘ, 13 ï ʣʘʟʝʨ (534 ʥʤ), 14 ï 

ʨʝʟʝʨʚʫʘʨ ʩ ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʳʤ ʧʦʨʦʰʢʦʤ, 15 ï ʧʨʝʧʷʪʩʪʚʠʝ ʩ ʦʪʚʝʨʩʪʠʝʤ. ɼʘʪʯʠʢ 

ʜʘʚʣʝʥʠʷ ʨʘʟʤʝʱʝʥ ʥʘ ʜʚʝʨʮʝ 4 

 

ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʚʠʜʝʦʢʘʜʨʦʚ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʧʣʘʤʝʥʠ ʛʦʨʶʯʝʡ ʩʤʝʩʠ ʯʝʨʝʟ 

ʢʨʫʛʣʳʝ ʠ ʧʨʷʤʦʫʛʦʣʴʥʳʝ ʦʪʚʝʨʩʪʠʷ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 2. ʅʘ ʨʠʩʫʥʢʝ 2ʘ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʚʠʜʝʦʢʘʜʨʳ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʧʣʘʤʝʥʠ ʯʝʨʝʟ ʧʨʷʤʦʫʛʦʣʴʥʦʝ ʦʪʚʝʨʩʪʠʝ 

ʠhʨʠʥʦʡ 7 ʤʤ. ʌʇ ʥʝ ʧʨʦʥʠʢʘʝʪ ʯʝʨʝʟ ʧʨʝʧʷʪʩʪʚʠʝ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʩʫʱʝʩʪʚʦʚʘʥʠʝ 

ʧʨʝʜʝʣʘ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʧʣʘʤʝʥʠ ʧʦ ʰʠʨʠʥʝ ʱʝʣʠ, ʧʦʩʢʦʣʴʢʫ ʌʇ ʧʨʦʥʠʢʘʝʪ ʯʝʨʝʟ ʱʝʣʴ 

ʰʠʨʠʥʦʡ 10 ʤʤ (ʨʠʩʫʥʦʢ 2ʚ). ɺʦʩʧʣʘʤʝʥʝʥʠʝ ʧʦʩʣʝ ʧʨʦʭʦʞʜʝʥʠʷ ʌʇ ʯʝʨʝʟ 

ʧʨʝʧʷʪʩʪʚʠʝ ʧʨʦʠʩʭʦʜʠʪ ʥʝ ʩʨʘʟʫ ʧʦʩʣʝ ʧʨʝʧʷʪʩʪʚʠʷ. ʇʝʨʚʳʡ ʦʯʘʛ ʚʦʩʧʣʘʤʝʥʝʥʠʷ 

ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʡ ʙʣʠʟʦʩʪʠ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʝʧʷʪʩʪʚʠʷ ʚ ʦʪʣʠʯʠʝ ʦʪ 

ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʌʇ ʯʝʨʝʟ ʢʨʫʛʣʦʝ ʦʪʚʝʨʩʪʠʝ (ʨʠʩʫʥʦʢ 2ʙ), ʢʦʛʜʘ ʥʘʙʣʶʜʘʝʪʩʷ çʩʢʘʯʦʢ 

ʧʣʘʤʝʥʠè ʧʦʩʣʝ ʧʨʝʧʷʪʩʪʚʠʷ (çʩʢʘʯʦʢ ʧʣʘʤʝʥʠè ï ʨʘʩʩʪʦʷʥʠʝ, ʥʘ ʢʦʪʦʨʦʤ ʚʦʟʥʠʢʘʝʪ 

ʌʇ ʧʦʟʘʜʠ ʧʨʝʧʷʪʩʪʚʠʷ). ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ 2ʜ (ʢʘʜʨʳ 24, 25) ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʩʝʪʢʠ 

ʥʘ ʧʨʷʤʦʫʛʦʣʴʥʦʤ ʧʨʝʧʷʪʩʪʚʠʠ ʰʠʨʠʥʦʡ 10 ʤʤ ʥʘʙʣʶʜʘʝʪʩʷ ʚʪʦʨʦʡ çʩʢʘʯʦʢ ʧʣʘʤʝʥʠè. 
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ʈʠʩ. 2. ʉʢʦʨʦʩʪʥʘʷ ʩʲʸʤʢʘ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʌʇ: ʘ ï ʯʝʨʝʟ ʧʨʷʤʦʫʛʦʣʴʥʦʝ ʦʪʚʝʨʩʪʠʝ 7 

ʤʤ ʰʠʨʠʥʦʡ ʠ 65 ʤʤ ʜʣʠʥʦʡ; ʙ ï ʯʝʨʝʟ ʢʨʫʛʣʦʝ ʦʪʚʝʨʩʪʠʝ 25 ʤʤ ʚ ʜʠʘʤʝʪʨʝ, ʚ ï ʯʝʨʝʟ 

ʧʨʷʤʦʫʛʦʣʴʥʦʝ ʦʪʚʝʨʩʪʠʝ 10 ʤʤ ʰʠʨʠʥʦʡ ʠ 65 ʤʤ ʜʣʠʥʦʡ (ʱʝʣʴ ʨʘʩʧʦʣʦʞʝʥʘ 

ʚʝʨʪʠʢʘʣʴʥʦ); ʛ ï ʯʝʨʝʟ ʧʨʷʤʦʫʛʦʣʴʥʦʝ ʦʪʚʝʨʩʪʠʝ 10 ʤʤ ʰʠʨʠʥʦʡ ʠ 65 ʤʤ ʜʣʠʥʦʡ (ʱʝʣʴ 

ʨʘʩʧʦʣʦʞʝʥʘ ʛʦʨʠʟʦʥʪʘʣʴʥʦ); ʜ ï ʯʝʨʝʟ ʧʨʷʤʦʫʛʦʣʴʥʦʝ ʦʪʚʝʨʩʪʠʝ 10 ʤʤ ʰʠʨʠʥʦʡ ʠ 65 

ʤʤ ʜʣʠʥʦʡ, ʟʘʢʨʳʪʦʝ ʩʝʪʢʦʡ (ʱʝʣʴ ʨʘʟʤʝʱʝʥʘ ʚʝʨʪʠʢʘʣʴʥʦ). ʅʘʯʘʣʴʥʦʝ ʜʘʚʣʝʥʠʝ 170 

ʤʤ ʨʪ. ʩʪ. ʎʠʬʨʘ ʥʘ ʢʘʜʨʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʦʨʷʜʢʦʚʦʤʫ ʥʦʤʝʨʫ ʢʘʜʨʘ ʧʦʩʣʝ 

ʠʥʠʮʠʠʨʦʚʘʥʠʷ. 600 ʩ-1 

 

ʈʝʟʫʣʴʪʘʪʳ ʚʠʟʫʘʣʠʟʘʮʠʠ ʛʘʟʦʚʦʛʦ ʧʦʪʦʢʘ ʩ ʧʦʤʦʱʴʶ ʦʩʚʝʱʝʥʠʷ ʩʜʫʚʘʝʤʳʭ 

ʧʦʪʦʢʦʤ ʛʘʟʘ ʠʟ ʨʝʟʝʨʚʫʘʨʘ 14 (ʨʠʩʫʥʦʢ 1) ʯʘʩʪʠʮ MgCO3 ʧʦʩʣʝ ʢʨʫʛʣʳʭ ʠ 

ʧʨʷʤʦʫʛʦʣʴʥʳʭ ʦʪʚʝʨʩʪʠʡ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 3. ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ 3, 

ʧʣʦʪʥʦʩʪʴ ʧʦʪʦʢʘ ʧʦʩʣʝ ʧʨʝʧʷʪʩʪʚʠʷ ʠʤʝʝʪ ʜʚʘ ʤʘʢʩʠʤʫʤʘ: ʧʝʨʚʳʡ ï ʦʢʦʣʦ 

ʧʨʝʧʷʪʩʪʚʠʷ, ʚʪʦʨʦʡ ï ʟʘʤʝʪʥʦ ʜʘʣʴʰʝ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʝʧʷʪʩʪʚʠʷ. ʈʘʩʩʪʦʷʥʠʝ 

ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʚʪʦʨʦʛʦ ʤʘʢʩʠʤʫʤʘ ʧʣʦʪʥʦʩʪʠ ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʨʘʩʩʪʦʷʥʠʝʤ 

ʚʦʟʥʠʢʥʦʚʝʥʠʷ çʩʢʘʯʢʘ ʧʣʘʤʝʥʠè ʯʝʨʝʟ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʧʨʝʧʷʪʩʪʚʠʝ; ʚ ʧʨʠʩʫʪʩʪʚʠʠ 

ʩʝʪʢʠ ʧʣʘʤʷ ʚʦʟʥʠʢʘʝʪ ʥʘ ʙ ʣʴʰʝʤ ʨʘʩʩʪʦʷʥʠʠ ʢʘʢ ʧʦʩʣʝ ʢʨʫʛʣʦʛʦ, ʪʘʢ ʠ ʧʦʩʣʝ 

ʧʨʷʤʦʫʛʦʣʴʥʦʛʦ ʦʪʚʝʨʩʪʠʡ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʚʝʣʠʯʠʥʦʡ çʩʢʘʯʢʘ ʧʣʘʤʝʥʠè ʯʝʨʝʟ 

ʦʪʚʝʨʩʪʠʝ ʙʝʟ ʩʝʪʢʠ. 

ʏʪʦʙʳ ʚʳʷʚʠʪʴ ʦʩʥʦʚʥʳʝ ʬʘʢʪʦʨʳ, ʚʣʠʷʶʱʠʝ ʥʘ ʜʣʠʥʫ çʩʢʘʯʢʘ ʧʣʘʤʝʥʠè ʧʨʠ 

ʧʨʦʥʠʢʥʦʚʝʥʠʠ ʌʇ ʯʝʨʝʟ ʤʘʣʳʝ ʦʪʚʝʨʩʪʠʷ, ʩʨʘʚʥʠʤ ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʌʇ 

ʯʝʨʝʟ ʢʨʫʛʣʳʝ ʠ ʧʨʷʤʦʫʛʦʣʴʥʳʝ ʦʪʚʝʨʩʪʠʷ. ʀʟ ʨʠʩʫʥʢʘ 3 ʚʠʜʥʦ, ʯʪʦ ʟʘʜʦʣʛʦ ʜʦ ʢʦʥʪʘʢʪʘ 

ʌʇ ʩ ʧʨʝʧʷʪʩʪʚʠʝʤ ʤʝʣʢʠʝ ʯʘʩʪʠʮʳ, ʦʩʚʝʱʝʥʥʳʝ ʣʘʟʝʨʥʳʤ ʧʫʯʢʦʤ, ʫʞʝ ʥʘʯʠʥʘʶʪ 

ʧʝʨʝʤʝʱʘʪʴʩʷ, ʪ.ʝ. ʚ ʛʘʟʝ ʧʦʟʘʜʠ ʧʨʝʧʷʪʩʪʚʠʷ ʬʦʨʤʠʨʫʝʪʩʷ ʧʝʨʚʦʥʘʯʘʣʴʥʦ 

ʥʝʚʦʟʤʫʱʸʥʥʘʷ ʟʘʪʦʧʣʝʥʥʘʷ ʩʪʨʫʷ. ʇʦʩʣʝ ʢʦʥʪʘʢʪʘ ʌʇ ʩ ʧʨʝʧʷʪʩʪʚʠʝʤ ʚ ʵʪʦʡ 

ʟʘʪʦʧʣʝʥʥʦʡ ʩʪʨʫʝ ʚʦʟʥʠʢʘʶʪ ʧʝʨʚʠʯʥʳʝ ʦʯʘʛʠ ʚʦʩʧʣʘʤʝʥʝʥʠʷ (ʣʦʢʘʣʴʥʳʝ ʦʙʲʝʤʳ, 
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ʩʦʜʝʨʞʘʱʠʝ ʛʘʟ, ʥʘʛʨʝʪʳʡ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ ʛʦʨʝʥʠʷ ʠ ʘʢʪʠʚʥʳʝ ʮʝʥʪʨʳ ʛʦʨʝʥʠʷ). 

ʄʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʧʝʨʚʠʯʥʳʝ ʦʯʘʛʠ ʜʚʠʞʫʪʩʷ ʚ ʟʘʪʦʧʣʝʥʥʦʡ ʩʪʨʫʝ ʚ ʪʝʯʝʥʠʝ 

ʧʝʨʠʦʜʘ ʟʘʜʝʨʞʢʠ  ʚʦʩʧʣʘʤʝʥʝʥʠʷ, ʠ ʟʘʪʝʤ ʧʨʦʠʩʭʦʜʠʪ ʚʦʩʧʣʘʤʝʥʝʥʠʝ. ʉʢʘʟʘʥʥʦʝ ʥʝ 

ʩʦʛʣʘʩʫʝʪʩʷ ʩ [4], ʛʜʝ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʌʇ ʯʝʨʝʟ ʦʪʚʝʨʩʪʠʷ ʪʫʨʙʫʣʠʟʘʮʠʷ 

ʧʦʪʦʢʘ ʧʨʠʚʦʜʠʪ ʢ ʧʦʜʘʚʣʝʥʠʶ ʧʣʘʤʝʥʠ ʧʦʟʘʜʠ ʦʪʚʝʨʩʪʠʷ ʥʘ ʫʯʘʩʪʢʝ ʜʦ ʚʦʟʥʠʢʥʦʚʝʥʠʷ 

ʛʦʨʝʥʠʷ. 

 

ʈʠʩ. 3. ʉʢʦʨʦʩʪʥʘʷ ʢʠʥʦʩʲʸʤʢʘ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʌʇ ʩ ʚʠʟʫʘʣʠʟʘʮʠʝʡ ʛʘʟʦʚʦʛʦ ʧʦʪʦʢʘ: 

ʘ ï ʯʝʨʝʟ ʢʨʫʛʣʦʝ ʦʪʚʝʨʩʪʠʝ 25 ʤʤ ʚ ʜʠʘʤʝʪʨʝ; ʙ ï ʯʝʨʝʟ ʧʨʷʤʦʫʛʦʣʴʥʦʝ ʦʪʚʝʨʩʪʠʝ 10 ʤʤ 

ʰʠʨʠʥʦʡ ʠ 65 ʤʤ ʜʣʠʥʦʡ (ʱʝʣʴ ʚʝʨʪʠʢʘʣʴʥʘʷ); ʚ ï ʯʝʨʝʟ ʧʨʷʤʦʫʛʦʣʴʥʦʝ ʦʪʚʝʨʩʪʠʝ 10 

ʤʤ ʰʠʨʠʥʦʡ ʠ 65 ʤʤ ʜʣʠʥʦʡ (ʱʝʣʴ ʛʦʨʠʟʦʥʪʘʣʴʥʘʷ); ʛ ï ʯʝʨʝʟ ʧʨʷʤʦʫʛʦʣʴʥʦʝ ʦʪʚʝʨʩʪʠʝ 

10 ʤʤ ʰʠʨʠʥʦʡ ʠ 65 ʤʤ ʜʣʠʥʦʡ, ʟʘʢʨʳʪʦʝ ʩʝʪʢʦʡ (ʱʝʣʴ ʛʦʨʠʟʦʥʪʘʣʴʥʘʷ). ʅʘʯʘʣʴʥʦʝ 

ʜʘʚʣʝʥʠʝ 170 ʤʤ ʨʪ. ʩʪ. ʎʠʬʨʘ ʥʘ ʢʘʜʨʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʦʨʷʜʢʦʚʦʤʫ ʥʦʤʝʨʫ ʢʘʜʨʘ ʧʦʩʣʝ 

ʠʥʠʮʠʠʨʦʚʘʥʠʷ.  300 ʩ-1 

 

ʆʮʝʥʠʤ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʚʨʝʤʷ t ʜʚʠʞʝʥʠʷ ʧʝʨʚʠʯʥʦʛʦ ʦʯʘʛʘ ʚ ʟʘʪʦʧʣʝʥʥʦʡ 

ʩʪʨʫʝ ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʥʝʩʞʠʤʘʝʤʦʡ ʩʨʝʜʳ [5]. ɼʣʷ ʦʩʝʚʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʩʢʦʨʦʩʪʠ Lv  ʚ 

ʧʣʦʩʢʦʧʘʨʘʣʣʝʣʴʥʦʤ ʧʦʪʦʢʝ 0 1 2 0 1 0 41Lv / v . / ( . x / L . )= - ; ʚ ʦʩʝʩʠʤʤʝʪʨʠʯʥʦʤ ʧʦʪʦʢʝ 

0 0 96 0 07 0 29vR / v / /( . x / R . )= - . ɿʜʝʩʴ 0v  ï ʩʢʦʨʦʩʪʴ ʧʣʘʤʝʥʠ ʚ ʤʦʤʝʥʪ ʢʦʥʪʘʢʪʘ ʌʇ ʩ 

ʧʨʝʧʷʪʩʪʚʠʝʤ, x ï ʢʦʦʨʜʠʥʘʪʘ, L ï ʰʠʨʠʥʘ ʧʨʷʤʦʫʛʦʣʴʥʦʡ ʱʝʣʠ, R ï ʨʘʜʠʫʩ ʢʨʫʛʣʦʛʦ 

ʦʪʚʝʨʩʪʠʷ, ʯʠʩʣʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ï ʵʤʧʠʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʠʟ [5]. ʊʦʛʜʘ 

0

0 41

x

L L

.

t dx /( v / v )=ñ  ʠ ʦʪʥʦʰʝʥʠʝ R Lt / t  [4] ʜʣʷ ʦʜʠʥʘʢʦʚʳʭ ʟʥʘʯʝʥʠʡ ʚʝʨʭʥʝʛʦ ʧʨʝʜʝʣʘ 

ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ x = 10 ʩʦʩʪʘʚʣʷʝʪ ~ 4; ʜʣʷ x = 3 ʩʦʩʪʘʚʣʷʝʪ ~ 2. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʚ 

ʩʣʫʯʘʝ ʧʣʦʩʢʦʧʘʨʘʣʣʝʣʴʥʦʛʦ ʧʦʪʦʢʘ ʧʝʨʚʠʯʥʳʡ ʦʯʘʛ ʧʝʨʝʤʝʱʘʝʪʩʷ ʥʘ ʨʘʩʩʪʦʷʥʠʝ x ʟʘ 

a 

ʚ 

ʙ 

ʛ 
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ʚʨʝʤʷ ʥʘʤʥʦʛʦ ʤʝʥʴʰʝʝ, ʯʝʤ ʚ ʩʣʫʯʘʝ ʦʩʝʩʠʤʤʝʪʨʠʯʥʦʛʦ ʧʦʪʦʢʘ. ʇʦʵʪʦʤʫ ʟʘ ʚʨʝʤʷ 

ʟʘʜʝʨʞʢʠ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʧʝʨʚʠʯʥʳʡ ʦʯʘʛ ʧʝʨʝʤʝʩʪʠʪʩʷ ʜʘʣʴʰʝ ʦʪ ʧʨʝʧʷʪʩʪʚʠʷ, ʯʝʤ ʚ 

ʩʣʫʯʘʝ ʦʩʝʩʠʤʤʝʪʨʠʯʥʦʛʦ ʧʦʪʦʢʘ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʦʧʳʪ ʧʦʢʘʟʳʚʘʝʪ (ʨʠʩʫʥʦʢ 2ʙ, 2ʛ), 

ʯʪʦ ʚʦʩʧʣʘʤʝʥʝʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʨʘʥʴʰʝ ʚ ʩʣʫʯʘʝ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʌʇ ʯʝʨʝʟ 

ʧʨʷʤʦʫʛʦʣʴʥʦʝ ʦʪʚʝʨʩʪʠʝ, ʘ ʥʝ ʢʨʫʛʣʦʝ. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʝʩʣʠ ʙʳ çʩʢʘʯʦʢ ʧʣʘʤʝʥʠè 

ʦʧʨʝʜʝʣʷʣʩʷ ʟʘʜʝʨʞʢʦʡ ʚʦʩʧʣʘʤʝʥʝʥʠʷ, ʪʦ ʜʣʠʥʘ çʩʢʘʯʢʘ ʧʣʘʤʝʥʠè ʙʳʣʘ ʙʳ ʤʝʥʴʰʝʡ 

ʜʣʷ ʢʨʫʛʣʦʛʦ ʦʪʚʝʨʩʪʠʷ, ʯʪʦ ʧʨʦʪʠʚʦʨʝʯʠʪ ʵʢʩʧʝʨʠʤʝʥʪʫ. 

ʆʙʲʷʩʥʝʥʠʝ ʤʦʞʝʪ ʙʳʪʴ ʩʣʝʜʫʶʱʠʤ. ɺ [4] ʦʧʨʝʜʝʣʠʣʠ ʢʦʦʨʜʠʥʘʪʫ ʣʘʤʠʥʘʨʥʦ-

ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ ʚ ʟʘʪʦʧʣʝʥʥʦʡ ʩʪʨʫʝ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʡ Re. ʇʦʢʘʟʘʥʦ, 

ʯʪʦ ʜʣʠʥʘ ʣʘʤʠʥʘʨʥʦʛʦ ʫʯʘʩʪʢʘ ʚ ʧʣʦʩʢʦʤ ʧʦʪʦʢʝ ʚ 2ï5 ʨʘʟ ʤʝʥʴʰʝ, ʯʝʤ ʚ 

ʦʩʝʩʠʤʤʝʪʨʠʯʥʦʤ. ʄʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʚʝʣʠʯʠʥʘ çʩʢʘʯʢʘ ʧʣʘʤʝʥʠè ʚ 

ʟʘʪʦʧʣʝʥʥʦʡ ʩʪʨʫʝ, ʩʬʦʨʤʠʨʦʚʘʥʥʦʡ ʧʦʩʣʝ ʦʪʚʝʨʩʪʠʷ, ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʨʝʤʝʥʝʤ ʧʝʨʝʭʦʜʘ 

ʦʪ ʣʘʤʠʥʘʨʥʦʛʦ ʪʝʯʝʥʠʷ ʢ ʪʫʨʙʫʣʝʥʪʥʦʤʫ, ʘ ʥʝ ʟʘʜʝʨʞʢʦʡ ʚʦʩʧʣʘʤʝʥʝʥʠʷ. ʉʣʘʙʦʝ 

ʚʣʠʷʥʠʝ ʩʢʦʨʦʩʪʠ ʨʝʘʢʮʠʠ ʛʦʨʝʥʠʷ ʥʘ ʜʣʠʥʫ ʩʢʘʯʢʘ ʧʣʘʤʝʥʠ ï ʜʨʫʛʘʷ ʧʨʠʯʠʥʘ ʚ ʧʦʣʴʟʫ 

ʧʨʠʚʝʜʝʥʥʦʛʦ ʦʙʲʷʩʥʝʥʠʷ. ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʚʢʣʘʜ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ ʠ ʭʠʤʠʯʝʩʢʠʭ 

ʬʘʢʪʦʨʦʚ ʥʘ ʚʝʣʠʯʠʥʫ ʩʢʘʯʢʘ ʧʣʘʤʝʥʠ ʙʳʣ ʦʮʝʥʝʥ ʩ ʧʦʤʦʱʴʶ ʯʠʩʣʝʥʥʦʛʦ ʘʥʘʣʠʟʘ 

ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ-ʉʪʦʢʩʘ ʜʣʷ ʩʞʠʤʘʝʤʦʡ ʨʝʘʛʠʨʫʶʱʝʡ ʩʨʝʜʳ ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʤʘʣʦʛʦ 

ʯʠʩʣʘ ʄʘʭʘ ʜʣʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʌʇ ʚ ʜʚʫʤʝʨʥʦʤ ʢʘʥʘʣʝ. ɸʥʘʣʠʟʠʨʦʚʘʣʠ 

ʧʨʦʥʠʢʥʦʚʝʥʠʝ ʌʇ ʯʝʨʝʟ ʦʩʝʩʠʤʤʝʪʨʠʯʥʦʝ ʧʨʝʧʷʪʩʪʚʠʝ ʚ ʪʨʝʭ ʢʘʥʘʣʘʭ ʨʘʟʣʠʯʥʦʡ 

ʰʠʨʠʥʳ. ʀʩʧʦʣʴʟʦʚʘʣʩʷ ʧʨʦʩʪʝʡʰʠʡ ʮʝʧʥʦʡ ʤʝʭʘʥʠʟʤ [2]. ʈʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʌʇ ʯʝʨʝʟ ʦʪʚʝʨʩʪʠʝ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 4. 

ɻʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ (ʚʢʣʶʯʘʷ ʦʪʚʝʨʩʪʠʝ) ʙʳʣʠ C  = 0, u = 0, v = 0,  p = 0, n  = 0x x x  

(ʨʠʩʫʥʦʢ 4, I) n = 0 (ʨʠʩ. 4, II), ʠ t 0T = T - T   ʛʜʝ x - ʙʝʟʨʘʟʤʝʨʥʘʷ ʢʦʦʨʜʠʥʘʪʘ. ɺ ʢʘʥʘʣʝ 

ʥʘʭʦʜʠʣʦʩʴ ʚʝʨʪʠʢʘʣʴʥʦ ʨʘʩʧʦʣʦʞʝʥʥʦʝ ʧʨʝʧʷʪʩʪʚʠʝ ʩ ʦʩʝʩʠʤʤʝʪʨʠʯʥʳʤ ʦʪʚʝʨʩʪʠʝʤ. 

ʂʘʢ ʚʠʜʥʦ, ʨʝʟʫʣʴʪʘʪʳ ʚʳʯʠʩʣʝʥʠʡ ʜʣʷ 0nx=  (ʨʠʩʫʥʦʢ 4 I) ʠ 0n=  (ʨʠʩʫʥʦʢ 4 II) 

ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʯʝʤ ʤʝʥʴʰʝ ʰʠʨʠʥʘ ʢʘʥʘʣʘ, ʪʝʤ ʢʦʨʦʯʝ çʩʢʘʯʦʢ ʧʣʘʤʝʥʠè. ʂʨʦʤʝ 

ʪʦʛʦ, ʚ ʩʣʫʯʘʝ 0n=  (ʨʠʩʫʥʦʢ 4 II) ʛʠʙʝʣʴ ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʦʚ ʛʦʨʝʥʠʷ ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ 

ʢʘʞʜʦʤ ʩʦʫʜʘʨʝʥʠʠ ʧʨʦʤʝʞʫʪʦʯʥʦʡ ʯʘʩʪʠʮʳ ʩʦ ʩʪʝʥʢʦʡ, ʪ.ʝ. ʩʢʦʨʦʩʪʴ ʛʠʙʝʣʠ ʘʢʪʠʚʥʳʭ 

ʮʝʥʪʨʦʚ ʚʳʰʝ, ʯʝʤ ʜʣʷ ʩʣʫʯʘʷ 0nx= . ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʚʝʣʠʯʠʥʘ ʧʝʨʠʦʜʘ ʟʘʜʝʨʞʢʠ 

ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʜʣʷ 0n=  ʜʦʣʞʥʘ ʙʳʪʴ ʙʦʣʴʰʝ, ʯʝʤ ʜʣʷ 0nx= , ʠ ʚʝʣʠʯʠʥʘ çʩʢʘʯʢʘ 

ʧʣʘʤʝʥʠè ʜʦʣʞʥʘ ʙʳʪʴ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʙʦʣʴʰʝ ʜʣʷ 0n= . ʕʪʦ ʧʨʦʪʠʚʦʨʝʯʠʪ 

ʚʳʯʠʩʣʝʥʠʷʤ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ [4] ʜʝʤʦʥʩʪʨʠʨʫʶʪ 
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ʫʚʝʣʠʯʝʥʠʝ ʚʨʝʤʝʥʠ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ ʚ ʪʨʫʙʘʭ ʧʨʠ 

ʫʚʝʣʠʯʝʥʠʠ ʜʠʘʤʝʪʨʘ ʪʨʫʙʳ. ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ ʨʠʩʫʥʢʘ 4, ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ 

ʵʢʩʧʝʨʠʤʝʥʪʘ ʩʦʛʣʘʩʫʶʪʩʷ ʠʤʝʥʥʦ ʩ ʦʧʳʪʥʳʤʠ ʜʘʥʥʳʤʠ [4], ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʚ 

ʧʦʣʴʟʫ ʦʩʥʦʚʥʦʛʦ ʚʢʣʘʜʘ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ ʬʘʢʪʦʨʦʚ ʚ ʚʝʣʠʯʠʥʫ çʩʢʘʯʢʘ ʧʣʘʤʝʥʠè. 

 

 

ʈʠʩ. 4. ʈʘʩʯʸʪ ʠʟʤʝʥʝʥʠʷ ʙʝʟʨʘʟʤʝʨʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʮʝʩʩʘ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʌʇ 

ʯʝʨʝʟ ʦʪʚʝʨʩʪʠʝ, a, b, c ï ʨʘʟʣʠʯʥʳʝ ʟʥʘʯʝʥʠʷ ʰʠʨʠʥʳ ʢʘʥʘʣʘ (1, 0.8, 0.6 ʚ ʙʝʟʨʘʟʤʝʨʥʳʭ 

ʝʜʠʥʠʮʘʭ); I ï nɝ = 0; II  ï n= 0. ʐʢʘʣʘ ʙʝʟʨʘʟʤʝʨʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʊ ʧʨʝʜʩʪʘʚʣʝʥʘ ʩʧʨʘʚʘ 
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ɹʳʩʪʨʦʧʨʦʪʝʢʘʶʱʠʝ ʨʝʘʢʮʠʠ ʛʦʨʝʥʠʷ ʛʘʟʦʚʳʭ ʠ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ ʩʠʩʪʝʤ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 1500õ2000ʂ ʠ ʙʦʣʝʝ ʦʪʥʦʩʷʪʩʷ ʢ ʯʠʩʣʫ ʟʥʘʯʠʤʳʭ ʜʣʷ ʧʨʘʢʪʠʢʠ 

ʭʠʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ, ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʤʳʭ ʚ ʩʦʚʨʝʤʝʥʥʦʡ ʵʥʝʨʛʝʪʠʢʝ, ʤʝʪʘʣʣʫʨʛʠʠ 

ʠ ʨʘʢʝʪʥʦʡ ʪʝʭʥʠʢʝ [1, 2]. ʆʜʥʠʤ ʠʟ ʤʝʪʦʜʦʚ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʢʦʥʪʨʦʣʷ ʛʦʨʝʥʠʷ ʷʚʣʷʝʪʩʷ 

ʘʥʘʣʠʟ ʩʧʝʢʪʨʘ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʨʝʘʛʠʨʫʶʱʠʭ ʩʠʩʪʝʤ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ 

ʧʦʣʫʯʘʪʴ ʚʘʞʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦ ʢʠʥʝʪʠʢʝ ʧʨʝʚʨʘʱʝʥʠʡ, ʪʝʢʫʱʝʤ ʩʦʩʪʘʚʝ ʠ 

ʪʝʤʧʝʨʘʪʫʨʝ ʧʨʦʜʫʢʪʦʚ. ʉʦʛʣʘʩʥʦ ʩʫʱʝʩʪʚʫʶʱʠʤ ʧʨʝʜʩʪʘʚʣʝʥʠʷʤ, ʠʟʣʫʯʝʥʠʝ ʠʤʝʝʪ 

ʭʝʤʠʣʶʤʠʥʝʩʮʝʥʪʥʫʶ ʠʣʠ ʪʝʨʤʠʯʝʩʢʫʶ ʧʨʠʨʦʜʫ, ʧʨʠ ʵʪʦʤ ʛʨʘʥʠʮʘ ʵʤʠʩʩʠʦʥʥʦʛʦ 

ʩʧʝʢʪʨʘ ʚ ʦʙʣʘʩʪʠ ʢʦʨʦʪʢʠʭ ʜʣʠʥ ʚʦʣʥ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʝʣʠʯʠʥʦʡ ʤʘʢʩʠʤʘʣʴʥʦʡ ʵʥʝʨʛʠʠ 

ʚʦʟʙʫʞʜʝʥʠʷ ʤʦʣʝʢʫʣ. ʍʝʤʠʣʶʤʠʥʝʩʮʝʥʮʠʷ ʧʨʦʠʩʭʦʜʠʪ ʟʘ ʩʯʝʪ ʧʨʷʤʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ 

ʤʦʣʝʢʫʣ ʧʦʨʮʠʷʤʠ ʵʥʝʨʛʠʠ, ʚʳʩʚʦʙʦʞʜʘʝʤʦʡ ʚ ʭʦʜʝ ʦʙʨʘʟʦʚʘʥʠʷ ʥʦʚʳʭ ʭʠʤʠʯʝʩʢʠʭ 

ʩʚʷʟʝʡ. 

ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʫʛʣʝʚʦʜʦʨʦʜʥʳʭ, ʤʝʪʘʣʣʦʩʦʜʝʨʞʘʱʠʭ ʠ 

ʜʨʫʛʠʭ ʧʣʘʤʝʥ ʢʦʨʦʪʢʦʚʦʣʥʦʚʫʶ ʛʨʘʥʠʮʫ ʵʤʠʩʩʠʦʥʥʦʛʦ ʩʧʝʢʪʨʘ ʦʙʳʯʥʦ ʜʝʪʝʢʪʠʨʫʶʪ ʚ 

ʠʥʪʝʨʚʘʣʝ ɚ*å250õ500nm [3, 4]. ʆʪʥʦʩʠʪʝʣʴʥʦ ʥʝʜʘʚʥʦ [5, 6] ʧʨʠ ʛʦʨʝʥʠʠ ʠ ʪʝʧʣʦʚʦʤ 

ʚʟʨʳʚʝ ʧʦʨʦʰʢʦʚʦʡ ʩʤʝʩʠ Ti-B ʦʙʥʘʨʫʞʝʥ ʨʝʥʪʛʝʥʦʚʩʢʠʡ ʵʤʠʩʩʠʦʥʥʳʡ ʩʧʝʢʪʨ 

(ʜʠʘʧʘʟʦʥ ʵʥʝʨʛʠʠ ʬʦʪʦʥʦʚ 17keVõ1.25MeV). ɻʦʨʝʥʠʝ ʩʠʩʪʝʤʳ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ 

ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ (ʙʦʣʝʝ 3000 ʂ), ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʳʤ ʭʠʤʠʯʝʩʢʠʤ ʧʨʝʚʨʘʱʝʥʠʝʤ 

ʩʠʩʪʝʤʳ ʚʥʫʪʨʠ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ ʬʘʟ, ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʴʶ ʵʥʝʨʛʦʚʳʜʝʣʝʥʠʡ (ʙʦʣʝʝ 

0.1MW/cm3). ʇʦʩʣʝʜʥʠʡ ʧʘʨʘʤʝʪʨ (ʥʘ 3ï4 ʧʦʨʷʜʢʘ) ʧʨʝʚʦʩʭʦʜʠʪ ʦʙʳʯʥʳʝ ʛʘʟʦʚʳʝ 

ʧʣʘʤʝʥʘ. ʈʝʥʪʛʝʥʦʚʩʢʦʝ ʠʟʣʫʯʝʥʠʝ ʧʨʠ ʛʦʨʝʥʠʠ ʩʤʝʩʠ Ti-B ʪʨʫʜʥʦ ʦʙʲʷʩʥʠʪʴ ʩ ʧʦʟʠʮʠʠ 

ʠʟʚʝʩʪʥʳʭ ʤʝʭʘʥʠʟʤʦʚ ʪʝʨʤʠʯʝʩʢʦʛʦ ʠ ʭʝʤʠʣʶʤʠʥʝʩʮʝʥʪʥʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ ʚʝʱʝʩʪʚ. 

ɽʛʦ ʧʨʠʩʫʪʩʪʚʠʝ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʨʝʘʢʮʠʦʥʥʳʡ ʧʨʦʮʝʩʩ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʢʘʢʠʤ-ʪʦ 

ʩʠʥʝʨʛʝʪʠʯʝʩʢʠʤ ʵʬʬʝʢʪʦʤ ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʠʷ ʚʳʜʝʣʷʶʱʝʡʩʷ ʵʥʝʨʛʠʠ ʥʘ ʘʪʦʤʥʳʭ 
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ʩʦʩʪʦʷʥʠʷʭ ʩʠʩʪʝʤʳ. ʂ ʧʨʦʷʚʣʝʥʠʶ ʵʪʦʛʦ ʵʬʬʝʢʪʘ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʩʠʣʴʥʦ 

ʥʝʨʘʚʥʦʚʝʩʥʦʝ ʚʦʟʙʫʞʜʝʥʠʝ ʵʤʠʩʩʠʦʥʥʦʡ ʧʣʘʟʤʳ ʛʦʨʝʥʠʷ, ʥʘʙʣʶʜʘʝʤʦʝ ʚ ʩʠʩʪʝʤʝ Ti-

Si [7].  

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ (ʤʝʪʦʜʦʤ ʬʦʪʦʛʨʘʬʠʯʝʩʢʦʡ ʬʦʪʦʤʝʪʨʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʬʦʪʦʤʝʪʨʠʯʝʩʢʦʛʦ ʧʘʢʝʪʘ, ʩʦʩʪʦʷʱʝʛʦ ʠʟ ʬʦʪʦʧʣʝʥʢʠ RAR2497 ʠ ʦʢʨʫʞʘʶʱʠʭ 

ʟʘʱʠʪʥʳʭ ʩʣʦʝʚ) ʠʟʣʫʯʝʥʠʝ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʜʠʘʧʘʟʦʥʘ ʜʝʪʝʢʪʠʨʦʚʘʣʠ ʧʨʠ ʛʦʨʝʥʠʠ 

ʧʦʨʦʰʢʦʚʦʡ ʩʤʝʩʠ MoO3ïAl, ʠʥʠʮʠʠʨʫʝʤʦʡ ʵʣʝʢʪʨʦ-ʩʧʠʨʘʣʴʶ, ʘ ʪʘʢ ʞʝ ʚ ʨʝʘʢʮʠʷʭ 

ʣʘʤʠʥʘʪʥʳʭ ʢʦʤʧʦʟʠʪʦʚ TiïB, TiïSi, ʚʳʥʫʞʜʘʝʤʳʭ ʠʤʧʫʣʴʩʥʳʤ ʚʦʟʜʝʡʩʪʚʠʝʤ ʣʫʯʘ 

ʣʘʟʝʨʘ ʜʣʠʥʳ ʚʦʣʥ ï 2.7õ3.1ɛm; ʜʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʘ ï 0,5 ɛs; ʵʥʝʨʛʠʷ ʠʤʧʫʣʴʩʘ ï 0.6 

J; ʩʨʝʜʥʷʷ ʵʥʝʨʛʝʪʠʯʝʩʢʘʷ ʦʩʚʝʱʝʥʥʦʩʪʴ ʫʯʘʩʪʢʘ ʥʘ ʦʙʨʘʟʮʝ ʚ ʪʝʯʝʥʠʝ ʠʤʧʫʣʴʩʘ - 

(5õ10)Ā106 W/cm2.. ɺʝʣʠʯʠʥʫ ʧʦʯʝʨʥʝʥʠʷ ʬʦʪʦʧʣʝʥʢʠ ʚʳʯʠʩʣʷʣʠ ʧʦ ʬʦʨʤʫʣʝ: 

S=|lg(J/Jo)|, ʛʜʝ J, Jo ï ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʷʨʢʦʩʪʠ ʧʦʯʝʨʥʝʥʥʳʭ ʠ ʥʝʧʦʯʝʨʥʝʥʥʳʭ ʫʯʘʩʪʢʦʚ 

ʠʟʦʙʨʘʞʝʥʠʷ ʚ ʫʩʣʦʚʥʳʭ ʝʜʠʥʠʮʘʭ. 

ʉʠʩʪʝʤʘ MoO3ïAl   

ɼʣʷ ʟʘʱʠʪʳ ʬʦʪʦʧʣʸʥʢʠ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʩʣʦʠ ï ʯʝʨʥʘʷ ʙʫʤʘʛʘ (100 ʤʢʤ), ʬʦʣʴʛʘ 

ʩʧʣʘʚʘ Be-Al (50 ʤʢʤ). ʂʘʢ ʧʦʢʘʟʘʣʠ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʛʦʨʝʥʠʝ ʩʤʝʩʠ MoO3-Al ʨʝʘʣʠʟʫʝʪʩʷ 

ʚ ʧʨʝʜʝʣʘʭ ʠʥʪʝʨʚʘʣʘ ʚʨʝʤʝʥʠ 0.3õ0.4 ms ʠ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʬʦʨʤʠʨʦʚʘʥʠʝʤ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʙʣʘʢʘ ʚʟʚʝʩʠ ʯʘʩʪʠʮ (ʨʘʟʤʝʨ 1õ50 Õm) ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʡ 

(ʢʦʤʧʦʟʠʮʠʷ ʬʘʟ Al2O3ïMoïMoO2). ɺ ʭʦʜʝ ʧʨʦʮʝʩʩʘ ʧʨʦʠʩʭʦʜʠʪ ʧʦʯʝʨʥʝʥʠʝ 

ʬʦʪʦʧʣʝʥʢʠ ʜʦ ʚʝʣʠʯʠʥʳ S=0.86. ʂʦʥʪʫʨʳ ʧʦʯʝʨʥʝʥʠʷ ʙʣʠʟʢʠ ʢ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʬʦʨʤʝ 

ʟʦʥʳ ʩʦʧʨʠʢʦʩʥʦʚʝʥʠʷ ʦʙʣʘʢʘ ʩ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʬʦʪʦʤʝʪʨʠʯʝʩʢʦʛʦ ʧʘʢʝʪʘ 

(ʨʠʩʫʥʦʢ 1).  

ʉʠʩʪʝʤʘ TiïB ʠ TiïSi  

ɿʜʝʩʴ ʪʠʪʘʥʦʚʫʶ ʬʦʣʴʛʫ ʩ ʧʦʢʨʳʪʠʷʤʠ B, Si ʠʩʧʦʣʴʟʦʚʘʣʠ ʚ ʢʘʯʝʩʪʚʝ ʚʥʝʰʥʝʛʦ 

ʩʣʦʷ ʟʘʱʠʪʥʦʛʦ ʧʘʢʝʪʘ ʜʣʷ ʬʦʪʦʧʣʸʥʢʠ, ʢʦʪʦʨʘʷ ʙʳʣʘ ʧʦʤʝʱʝʥʘ ʚ ʢʦʥʚʝʨʪ ʠʟ ʯʝʨʥʦʡ 

ʙʫʤʘʛʠ (100 ʤʢʤ). ʅʘ ʧʦʚʝʨʭʥʦʩʪʠ ʣʘʤʠʥʘʪʥʳʭ ʢʦʤʧʦʟʠʪʦʚ Ti-B, Ti-Si ʧʨʠ ʣʘʟʝʨʥʦʡ 

ʦʙʨʘʙʦʪʢʝ ʥʘʙʣʶʜʘʝʪʩʷ ʠʭ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʝ ʧʣʘʚʣʝʥʠʝ ʩ ʨʘʟʚʠʪʠʝʤ ʢʦʥʚʝʢʪʠʚʥʳʭ 

ʪʝʯʝʥʠʡ ʠ ʢʘʧʠʣʣʷʨʥʳʭ ʤʠʢʨʦʚʦʣʥ ʚ ʦʙʨʘʟʫʶʱʠʭʩʷ ʨʘʩʧʣʘʚʘʭ. ɺ ʭʦʜʝ ʣʘʟʝʨʥʦʡ 

ʦʙʨʘʙʦʪʢʠ ʢʦʤʧʦʟʠʪʦʚ (ʚʨʝʤʷ ʚʦʟʜʝʡʩʪʚʠʷ 0.5Õs) ʧʨʦʠʩʭʦʜʠʣʦ ʧʦʯʝʨʥʝʥʠʝ ʬʦʪʦʧʣʝʥʢʠ 

ʜʦ ʚʝʣʠʯʠʥʳ S=0.2 (Ti-B), S=0.54 (Ti-Si). ʂʦʥʪʫʨʳ ʦʙʣʘʩʪʝʡ ʧʦʯʝʨʥʝʥʠʷ ʙʣʠʟʢʠ ʢ 

ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʬʦʨʤʝ ʟʦʥ ʣʘʟʝʨʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ. ɺ ʦʪʩʫʪʩʪʚʠʠ ʭʠʤʠʯʝʩʢʠʭ 

ʧʨʝʚʨʘʱʝʥʠʡ ʢʦʤʧʦʟʠʪʦʚ (ʣʘʟʝʨʥʘʷ ʦʙʨʘʙʦʪʢʘ ʪʠʪʘʥʦʚʳʭ ʬʦʣʴʛ ʙʝʟ ʧʦʢʨʳʪʠʡ ʠʣʠ 

ʢʦʤʧʦʟʠʪʦʚ ʩ ʪʦʣʩʪʳʤʠ ʧʦʢʨʳʪʠʷʤʠ) ʧʦʯʝʨʥʝʥʠʷ ʬʦʪʦʧʣʝʥʢʠ ʥʝ ʚʦʟʥʠʢʘʣʦ. 
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ʈʠʩ. 1. ʄʦʨʬʦʣʦʛʠʷ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ (a) ʠ ʧʦʯʝʨʥʝʥʠʝ 

ʬʦʪʦʧʣʝʥʢʠ (ʙ) ʧʨʠ ʛʦʨʝʥʠ ʩʤʝʩʠ MoO3+22wt.%Al 

ʅʘʙʣʶʜʘʝʤʘʷ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʟʘʩʚʝʪʢʘ ʬʦʪʦʧʣʝʥʦʢ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ 

ʨʝʥʪʛʝʥʦʚʩʢʦʤ ʠʟʣʫʯʝʥʠʠ ʨʝʘʛʠʨʫʶʱʠʭ ʩʠʩʪʝʤ ʚ ʭʦʜʝ ʛʦʨʝʥʠʷ ʩʤʝʩʠ MoO3-Al ʠ 

ʚr ʥʫʞʜʝʥʥʳʭ ʛʝʪʝʨʦʛʝʥʥʳʭ ʨʝʘʢʮʠʡ ʣʘʤʠʥʘʪʥʳʭ ʢʦʤʧʦʟʠʪʦʚ Ti-B, Ti-Si.  

ɺʳʚʦʜ. 

ɽʩʣʠ ʧʨʠʥʷʪʴ ʚ ʢʘʯʝʩʪʚʝ ʧʦʨʦʛʘ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʬʦʪʦʥʦʚ ʯʝʨʝʟ ʧʨʠʤʝʥʷʝʤʳʝ 

ʟʘʱʠʪʥʳʝ ʩʣʦʠ (ʯʝʨʥʘʷ ʙʫʤʘʛʘ, ʩʧʣʘʚʘ Be-Al) ʚʝʣʠʯʠʥʫ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʨʘʥʩʤʠʩʩʠʠ  

10-4, ʪʦ ʠʟ ʦʮʝʥʢʠ ʨʝʘʣʴʥʳʭ ʪʨʘʥʩʤʠʩʩʠʦʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʣʦʝʚ ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ 

[8] ʩʣʝʜʫʝʪ, ʯʪʦ ʚ ʧʦʪʦʢʝ ʠʟʣʫʯʝʥʠʷ ʨʝʘʛʠʨʫʶʱʠʭ ʩʠʩʪʝʤ ʧʨʠʩʫʪʩʪʚʫʶʪ ʬʦʪʦʥʳ ʩ 

ʵʥʝʨʛʠʝʡ ʙʦʣʝʝ 1000 eV ʠ ʜʣʠʥʥʦʡ ʚʦʣʥʳ ʤʝʥʝʝ 1.2 nm. ɺ ʧʨʠʥʮʠʧʝ, ʟʘʩʚʝʪʢʘ 

ʬʦʪʦʧʣʝʥʢʠ ʤʦʞʝʪ ʙʳʪʴ ʪʘʢʞʝ ʨʝʟʫʣʴʪʘʪʦʤ ʚʦʟʜʝʡʩʪʚʠʷ ʧʦʪʦʢʘ ʵʣʝʢʪʨʦʥʦʚ ʠʣʠ 

ʘʪʦʤʥʳʭ ʯʘʩʪʠʮ. ʆʜʥʘʢʦ ʬʦʪʦʥʳ ʦʪʣʠʯʘʶʪʩʷ ʣʫʯʰʝʡ ʧʨʦʥʠʢʘʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʴʶ ʠ ʠʭ 

ʵʬʬʝʢʪ ʙʦʣʝʝ ʚʝʨʦʷʪʝʥ. 
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ɺʚʝʜʝʥʠʝ 

ʆʜʥʦʡ ʠʟ ʦʩʥʦʚʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʧʨʦʮʝʩʩʦʚ ʉɺʉ ʷʚʣʷʝʪʩʷ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʧʨʠ 

ʠʭ ʧʨʘʢʪʠʯʝʩʢʦʡ ʨʝʘʣʠʟʘʮʠʠ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚ ʢʘʯʝʩʪʚʝ ʮʝʣʝʚʳʭ ʪʦʣʴʢʦ ʩʠʣʴʥʦ 

ʵʢʟʦʪʝʨʤʠʯʝʩʢʠʝ ʨʝʘʢʮʠʠ. ɼʣʷ ʧʨʝʦʜʦʣʝʥʠʷ ʜʘʥʥʦʛʦ ʦʛʨʘʥʠʯʝʥʠʷ ʘʢʘʜʝʤʠʢʦʤ ɸ.ɻ. 

ʄʝʨʞʘʥʦʚʳʤ ʙʳʣʘ ʩʬʦʨʤʫʣʠʨʦʚʘʥʘ ʠ, ʚʧʦʩʣʝʜʩʪʚʠʠ, ʪʝʦʨʝʪʠʯʝʩʢʠ ʦʙʦʩʥʦʚʘʥʘ ʠʜʝʷ ʦʙ 

ʦʨʛʘʥʠʟʘʮʠʠ ʪʝʨʤʠʯʝʩʢʠ ʩʦʧʨʷʞʝʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʉɺʉ [1]. ʊʘʢʦʡ ʧʦʜʭʦʜ ʧʨʝʜʧʦʣʘʛʘʝʪ 

ʧʨʘʢʪʠʯʝʩʢʫʶ ʚʦʟʤʦʞʥʦʩʪʴ ʦʨʛʘʥʠʟʦʚʘʪʴ ʧʨʦʮʝʩʩ ʩʠʥʪʝʟʘ ʧʨʦʜʫʢʪʦʚ ʚ ʨʝʞʠʤʝ ʛʦʨʝʥʠʷ 

ʜʣʷ ʮʝʣʝʚʦʡ ʩʣʘʙʦ ʵʢʟʦʪʝʨʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ (ʘʢʮʝʧʪʦʨʝ ʪʝʧʣʘ) ʧʨʠ ʝʝ ʩʦʧʨʷʞʝʥʠʠ ʩ 

ʜʨʫʛʦʡ, ʩʠʣʴʥʦ ʵʢʟʦʪʝʨʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʝʡ (ʜʦʥʦʨʦʤ ʪʝʧʣʘ).  

ɼʘʥʥʘʷ ʨʘʙʦʪʘ ʷʚʣʷʝʪʩʷ ʧʨʦʜʦʣʞʝʥʠʝʤ ʧʨʦʚʝʜʝʥʥʳʭ ʨʘʥʝʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ [2], ʧʦʢʘʟʘʚʰʠʭ ʚʦʟʤʦʞʥʦʩʪʴ ʨʝʘʣʠʟʘʮʠʠ ʩʠʥʪʝʟʘ ʚ ʩʣʘʙʦ 

ʵʢʟʦʪʝʨʤʠʯʝʩʢʦʡ ʩʠʩʪʝʤʝ Ti-Al ʟʘ ʩʯʝʪ ʨʝʘʢʮʠʠ ï ʜʦʥʦʨʘ ʪʝʧʣʘ: Fe2O3+2Al.  

ʆʪʤʝʪʠʤ, ʯʪʦ ʚ ʨʘʙʦʪʘʭ [1, 2] ʨʘʩʩʤʘʪʨʠʚʘʣʩʷ ʚʘʨʠʘʥʪ ʪʝʨʤʠʯʝʩʢʦʛʦ ʩʦʧʨʷʞʝʥʠʷ, 

ʧʨʠ ʢʦʪʦʨʦʤ ʰʠʭʪʦʚʳʝ ʩʦʩʪʘʚʳ ʜʦʥʦʨʥʦʡ ʠ ʘʢʮʝʧʪʦʨʥʦʡ ʩʤʝʩʝʡ ʦʪʣʠʯʘʶʪʩʷ ʠ ʠʤʝʶʪ 

ʟʘʨʘʥʝʝ ʩʦʟʜʘʥʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ʪʝʧʣʦʦʙʤʝʥʘ (ʩʣʦʝʚʘʷ ʩʠʩʪʝʤʘ). ʆʜʥʘʢʦ, ʫʯʠʪʳʚʘʷ 

ʦʩʦʙʝʥʥʦʩʪʠ ʩʠʩʪʝʤʳ Ti-Al, ʤʦʞʥʦ ʧʨʝʜʣʦʞʠʪʴ ʚʘʨʠʘʥʪ ʪʝʨʤʠʯʝʩʢʦʛʦ ʩʦʧʨʷʞʝʥʠʷ, ʧʨʠ 

ʢʦʪʦʨʦʤ ʰʠʭʪʦʚʦʡ ʩʦʩʪʘʚ ʜʦʥʦʨʥʦʡ ʠ ʘʢʮʝʧʪʦʨʥʦʡ ʩʤʝʩʠ ʦʜʠʥʘʢʦʚ, ʠ ʥʝʪ ʟʘʨʘʥʝʝ 

ʩʦʟʜʘʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʪʝʧʣʦʦʙʤʝʥʘ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʪʝʨʤʠʯʝʩʢʦʝ ʩʦʧʨʷʞʝʥʠʝ ʙʫʜʝʪ 

ʦʩʫʱʝʩʪʚʣʷʪʴʩʷ ʧʨʠ ʦʜʥʦʚʨʝʤʝʥʥʦʤ ʧʨʦʪʝʢʘʥʠʠ ʜʚʫʭ ʨʝʘʢʮʠʡ, ʠʜʫʱʠʭ ʧʦ ʨʘʟʥʳʤ 

ʤʝʭʘʥʠʟʤʘʤ (ʛʠʙʨʠʜʥʘʷ ʩʠʩʪʝʤʘ): ʪʚʝʨʜʦʝ-ʪʚʝʨʜʦʝ ʠ ʪʚʝʨʜʦʝ-ʛʘʟ. ʂ ʩʦʞʘʣʝʥʠʶ, 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʜʘʥʥʳʝ ʜʣʷ ʧʦʜʦʙʥʦʡ ʦʨʛʘʥʠʟʘʮʠʠ ʉɺʉ-ʧʨʦʮʝʩʩʘ 

ʚ ʥʘʫʯʥʦʡ ʣʠʪʝʨʘʪʫʨʝ ʦʪʩʫʪʩʪʚʫʶʪ. ʉ ʧʨʘʢʪʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ, ʧʨʝʜʣʦʞʝʥʥʳʡ 

ʩʧʦʩʦʙ ʩʦʧʨʷʞʝʥʠʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʚ ʢʘʯʝʩʪʚʝ ʨʘʟʥʦʚʠʜʥʦʩʪʠ ʉɺʉ-ʧʨʦʮʝʩʩʦʚ ʩ 

ʧʦʤʦʱʴʶ ʩʣʘʙʦʵʢʟʦʪʝʨʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ. ɺ ʯʘʩʪʥʦʩʪʠ, ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʘʣʶʤʠʥʠʜʦʚ 

ʪʠʪʘʥʘ (TiAl, Al3Ti, Ti3Al)  ʠ ʠʟʜʝʣʠʡ ʠʟ ʥʠʭ (ʥʘʧʨʠʤʝʨ, ʪʨʫʙ) ʚ ʨʝʞʠʤʝ ʛʦʨʝʥʠʷ. 
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ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʣʘʩʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʧʨʦʚʝʨʢʘ ʚʦʟʤʦʞʥʦʩʪʠ 

ʪʝʨʤʠʯʝʩʢʦʛʦ ʩʦʧʨʷʞʝʥʠʷ ʨʝʘʢʮʠʡ, ʧʨʦʪʝʢʘʶʱʠʭ ʧʦ ʨʘʟʥʳʤ ʤʝʭʘʥʠʟʤʘʤ.  

ɼʣʷ ʧʨʘʢʪʠʯʝʩʢʦʡ ʨʝʘʣʠʟʘʮʠʠ ʧʦʩʪʘʚʣʝʥʥʦʡ ʮʝʣʠ ʚ ʢʘʯʝʩʪʚʝ ʨʝʘʢʮʠʠ-ʜʦʥʦʨʘ 

ʙʳʣʘ ʚʳʙʨʘʥʘ ʨʝʘʢʮʠʷ ʩ ʫʯʘʩʪʠʝʤ ʢʠʩʣʦʨʦʜʘ. ʆʪʤʝʪʠʤ, ʯʪʦ ʩʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʨʘʙʦʪʳ [3] 

ʧʨʠ ʜʘʚʣʝʥʠʠ ʛʘʟʘ, ʨʘʚʥʦʤ 1 ʘʪʤ., ʤʦʞʥʦ ʦʞʠʜʘʪʴ, ʯʪʦ ʧʨʦʮʝʩʩ ʛʦʨʝʥʠʷ ʩ ʫʯʘʩʪʠʝʤ 

ʛʘʟʦʚʦʡ ʬʘʟʳ ʙʫʜʝʪ ʧʨʦʪʝʢʘʪʴ ʪʦʣʴʢʦ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ (ʧʦʚʝʨʭʥʦʩʪʥʳʡ ʨʝʞʠʤ). 

ɺ ʢʘʯʝʩʪʚʝ ʤʦʜʝʣʴʥʦʡ ʙʳʣʘ ʚʳʙʨʘʥʘ ʩʤʝʩʴ Ti+4Al. ʈʘʩʯʝʪʥʘʷ ʘʜʠʘʙʘʪʠʯʝʩʢʘʷ 

ʪʝʤʧʝʨʘʪʫʨʘ ʛʦʨʝʥʠʷ (Tʛ) ʜʘʥʥʦʡ ʩʤʝʩʠ ʨʘʚʥʘ 943Áʉ. ʈʘʩʯʝʪʥʘʷ ʊʛ ʚ ʩʨʝʜʝ 

ʢʠʩʣʦʨʦʜʘ > 3500Á ʉ.  

ʄʘʪʝʨʠʘʣʳ, ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʨʝʟʫʣʴʪʘʪʳ ʦʧʳʪʘ ʧʦ ʩʞʠʛʘʥʠʶ ʩʤʝʩʠ ʚ 

ʧʦʪʦʢʝ ʚʦʟʜʫʭʘ 

ɼʣʷ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʰʠʭʪʳ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʧʦʨʦʰʢʠ ʘʣʶʤʠʥʠʷ ʤʘʨʢʠ ɸʉɼ-4 ʠ 

ʪʠʪʘʥʘ ʤʘʨʢʠ ʇʊʉ. ɺʟʚʝʰʠʚʘʥʠʝ ʧʦʨʦʰʢʦʚ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʥʘ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʚʝʩʘʭ. 

ʉʫʭʦʝ ʩʤʝʰʠʚʘʥʠʝ ʢʦʤʧʦʥʝʥʪʦʚ ʧʨʦʚʦʜʠʣʦʩʴ ʚ ʩʪʫʧʢʝ. ɺʨʝʤʷ ʩʤʝʰʠʚʘʥʠʷ ï 5 ʤʠʥʫʪ. 

ʄʘʩʩʘ ʠʩʭʦʜʥʦʡ ʧʦʨʦʰʢʦʚʦʡ ʩʤʝʩʠ ʥʘʩʳʧʥʦʡ ʧʣʦʪʥʦʩʪʠ ʩʤʝʩʠ ʩʦʩʪʘʚʣʷʣʘ 15 ʛ.  

ɻʦʨʝʥʠʝ ʩʤʝʩʠ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʚʥʫʪʨʠ ʢʚʘʨʮʝʚʦʡ ʪʨʫʙʢʠ (ʚʥʝʰʥʠʡ ʜʠʘʤʝʪʨ 30 

ʤʤ, ʜʣʠʥʘ 300 ʤʤ, ʪʦʣʱʠʥʘ ʩʪʝʥʦʢ 1 ʤʤ) ʧʨʠ ʥʝʧʨʝʨʳʚʥʦʡ ʧʦʜʘʯʝ ʛʘʟʘ. ʈʘʩʭʦʜ ʛʘʟʘ ï 

1000 ʣ/ʯʘʩ. ʉʭʝʤʘ ʨʝʘʢʮʠʦʥʥʦʡ ʷʯʝʡʢʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 1. ɼʘʥʥʘʷ ʫʩʪʘʥʦʚʢʘ 

ʧʦʟʚʦʣʷʣʘ ʩʞʠʛʘʪʴ ʧʦʨʦʰʢʦʚʫʶ ʩʤʝʩʴ ʚ ʩʨʝʜʝ ʢʠʩʣʦʨʦʜʘ ʠʣʠ ʚʦʟʜʫʭʘ ʧʨʠ ʘʪʤʦʩʬʝʨʥʦʤ 

ʜʘʚʣʝʥʠʠ, ʘ ʪʘʢʞʝ ʧʦʣʫʯʘʪʴ ʚʠʜʝʦʟʘʧʠʩʠ ʧʨʦʮʝʩʩʘ ʛʦʨʝʥʠʷ.  

ʈʠʩ. 1. ʉʭʝʤʘ ʫʩʪʘʥʦʚʢʠ.  1 ï ʪʨʫʙʢʘ ʜʣʷ ʧʦʜʘʯʠ ʛʘʟʘ 2 ï ʫʧʣʦʪʥʠʪʝʣʴ, 3 ï ʢʚʘʨʮʝʚʘʷ 

ʢʦʣʙʘ (ʨʝʘʢʪʦʨ), 4 ï ʩʪʘʥʠʥʘ, 5 ï ʰʠʭʪʘ, 6 ï ʣʠʥʝʡʢʘ, 7 ï ʵʣʝʢʪʨʦʩʧʠʨʘʣʴ 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʥʦʛʦ ʦʧʳʪʘ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʛʦʨʝʥʠʝ ʩʦʩʪʘʚʘ 

ʥʘʩʳʧʥʦʡ ʧʣʦʪʥʦʩʪʠ Ti+4Al ʚ ʧʦʪʦʢʝ ʚʦʟʜʫʭʘ ʧʨʦʪʝʢʘʝʪ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ ʩʦ ʩʢʦʨʦʩʪʴʶ 

0,1 ʩʤ/ʩ. ʇʦʩʣʝ ʩʛʦʨʘʥʠʷ ʦʙʨʘʟʝʮ ʧʨʝʜʩʪʘʚʣʷʣ ʩʦʙʦʡ ʩʧʝʢ, ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʨʘʟʤʝʨʳ 

ʢʦʪʦʨʦʛʦ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʠ ʬʦʨʤʝ ʠʩʭʦʜʥʦʡ ʧʦʨʦʰʢʦʚʦʡ ʩʤʝʩʠ. ʋʚʝʣʠʯʝʥʠʝ ʤʘʩʩʳ 

ʦʙʨʘʟʮʘ ʚ ʧʨʦʮʝʩʩʝ ʛʦʨʝʥʠʷ ʙʳʣʦ ʨʘʚʥʦ 16,5%, ʯʪʦ ʫʢʘʟʳʚʘʣʦ ʥʘ ʧʨʦʪʝʢʘʥʠʝ ʜʦʥʦʨʥʦʡ 

ʨʝʘʢʮʠʠ. ʅʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ ʚ ʙʦʣʴʰʦʤ ʢʦʣʠʯʝʩʪʚʝ ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ 
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ʦʧʣʘʚʣʝʥʥʳʝ ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʢʘʧʣʠ (ʨʠʩʫʥʦʢ 2). ʕʪʦ ʥʘʛʣʷʜʥʦ ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʣʦ ʦ 

ʧʨʦʪʝʢʘʥʠʠ ʘʢʮʝʧʪʦʨʥʦʡ ʨʝʘʢʮʠʠ. ɼʘʣʴʥʝʡʰʠʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʩʞʠʛʘʥʠʶ ʩʦʩʪʘʚʘ 

Ti+4Al ʧʨʦʚʦʜʠʣʠ ʚ ʧʦʪʦʢʝ ʢʠʩʣʦʨʦʜʘ. 

 

ʈʠʩ. 2. ɺʥʝʰʥʠʡ ʚʠʜ ʦʙʨʘʟʮʘ ʩʛʦʨʝʚʰʝʛʦ ʚ ʧʦʪʦʢʝ ʚʦʟʜʫʭʘ 

ʈʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʦ ʩʞʠʛʘʥʠʶ ʩʦʩʪʘʚʘ Ti+4Al  ʚ ʧʦʪʦʢʝ ʢʠʩʣʦʨʦʜʘ 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʛʦʨʝʥʠʝ ʩʦʩʪʘʚʘ 

ʥʘʩʳʧʥʦʡ ʧʣʦʪʥʦʩʪʠ Ti+4Al ʚ ʩʨʝʜʝ ʢʠʩʣʦʨʦʜʘ ʧʨʦʪʝʢʘʣʦ ʚʦ ʬʨʦʥʪʘʣʴʥʦʤ ʨʝʞʠʤʝ 

(ʨʠʩʫʥʦʢ 3). ʇʦʢʘʜʨʦʚʳʡ ʘʥʘʣʠʟ ʚʠʜʝʦʟʘʧʠʩʠ ʧʨʦʮʝʩʩʘ ʧʦʢʘʟʘʣ, ʯʪʦ ʧʦʩʣʝ 

ʠʥʠʮʠʠʨʦʚʘʥʠʷ ʬʦʨʤʠʨʫʝʪʩʷ, ʘ ʟʘʪʝʤ ʥʘʯʠʥʘʝʪ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʚʜʦʣʴ ʟʘʩʳʧʢʠ ʷʨʢʘʷ 

ʟʦʥʘ (U=25 cʤ/ʩ). ʇʦʩʣʝ ʜʦʩʪʠʞʝʥʠʷ ʬʨʦʥʪʦʤ ʣʝʚʦʛʦ ʪʦʨʮʘ ʟʘʩʳʧʢʠ ʥʘ ʚʠʜʝʦʟʘʧʠʩʠ 

ʝʱʝ ʥʝʢʦʪʦʨʦʝ ʚʨʝʤʷ ʥʘʙʣʶʜʘʝʪʩʷ ʦʙʲʝʤʥʦʝ ʩʚʝʯʝʥʠʝ ʚʩʝʛʦ ʦʙʨʘʟʮʘ. 

 

ʈʠʩ. 3. ʌʦʪʦʛʨʘʬʠʠ ʚ ʨʘʟʣʠʯʥʳʝ ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʬʨʦʥʪʘ ʛʦʨʝʥʠʷ ʧʦ 

ʦʙʨʘʟʮʫ. ʉʪʨʝʣʢʦʡ ʦʙʦʟʥʘʯʝʥʦ ʥʘʧʨʘʚʣʝʥʠʝ ʧʦʪʦʢʘ ʛʘʟʘ 



122 

 

ʇʦ ʚʥʝʰʥʝʤʫ ʚʠʜʫ ʩʛʦʨʝʚʰʠʡ ʦʙʨʘʟʝʮ ʧʨʝʜʩʪʘʚʣʷʣ ʩʦʙʦʡ ʦʧʣʘʚʣʝʥʥʳʡ ʩʧʝʢ, 

ʛʝʦʤʝʪʨʠʯʝʩʢʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʬʦʨʤʝ ʠʩʭʦʜʥʦʡ ʧʦʨʦʰʢʦʚʦʡ ʩʤʝʩʠ. ʅʘ ʪʦʨʮʝ, 

ʧʨʠʣʝʛʘʶʱʝʤ ʢ ʢʚʘʨʮʝʚʦʡ ʬʦʨʤʝ, ʙʳʣ ʦʙʥʘʨʫʞʝʥ ʦʧʣʘʚʣʝʥʥʳʡ ʦʢʩʠʜʥʳʡ ʩʣʦʡ ʩ ʯʝʪʢʦ 

ʚʠʜʠʤʦʡ ʛʨʘʥʠʮʝʡ ʨʘʟʜʝʣʘ, ʚʳʰʝ ʢʦʪʦʨʦʡ ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʤʝʪʘʣʣʠʯʝʩʢʠʡ (ʨʠʩʫʥʦʢ 4). 

ɺʝʨʦʷʪʥʦ, ʵʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʨʝʘʣʠʟʘʮʠʝʡ ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʦʛʦ ʵʬʬʝʢʪʘ ʠʥʚʝʨʩʠʦʥʥʦʛʦ 

ʬʘʟʦʨʘʟʜʝʣʝʥʠʷ ʞʠʜʢʦʬʘʟʥʳʭ ʧʨʦʜʫʢʪʦʚ, ʠʤʝʶʱʠʭ ʨʘʟʣʠʯʥʫʶ ʧʣʦʪʥʦʩʪʴ [4]. 

ʈʠʩ. 4. ʌʦʪʦʛʨʘʬʠʷ ʧʦʧʝʨʝʯʥʦʛʦ ʨʘʟʣʦʤʘ ʦʙʨʘʟʮʘ 

ʌʘʟʦʚʳʡ ʩʦʩʪʘʚ ʧʨʦʜʫʢʪʘ ʦʧʨʝʜʝʣʷʣʩʷ ʩ ʧʦʤʦʱʴʶ ʜʠʬʨʘʢʪʦʤʝʪʨʘ  ɼʈʆʅ-3ʄ 

(Cu-KŬ). ʈʝʥʪʛʝʥʦʛʨʘʤʤʘ ʧʨʦʜʫʢʪʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 5. ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ 5, 

ʚ ʩʦʩʪʘʚʝ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʦʩʥʦʚʥʘʷ ʬʘʟʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ Al3Ti. ʊʘʢʞʝ ʥʘ 

ʨʝʥʪʛʝʥʦʛʨʘʤʤʝ ʧʨʦʜʫʢʪʘ ʧʨʠʩʫʪʩʪʚʫʶʪ ʧʠʢʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʬʘʟʝ Al2O3, ʠ 

ʥʝʙʦʣʴʰʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʝ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʥʳʝ ʧʠʢʠ. ʆʮʝʥʢʫ ʢʦʣʠʯʝʩʪʚʘ 

ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʥʳʭ ʬʘʟ ʚ ʩʦʩʪʘʚʝ ʧʨʦʜʫʢʪʘ ʧʨʦʚʦʜʠʣʠ, ʠʩʭʦʜʷ ʠʟ ʧʨʝʜʧʦʣʦʞʝʥʠʷ ʦ 

ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦʩʪʠ ʤʝʞʜʫ ʢʦʣʠʯʝʩʪʚʦʤ ʜʘʥʥʦʡ ʬʘʟʳ ʠ ʚʝʣʠʯʠʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʝʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʛʦ ʧʠʢʘ ʥʘ ʜʠʬʨʘʢʪʦʛʨʘʤʤʝ ʧʨʦʜʫʢʪʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʥʳʭ 

ʘʥʘʣʠʟʦʚ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʩʦʜʝʨʞʘʥʠʝ ʚ ʧʨʦʜʫʢʪʝ ʬʘʟʳ Al2O3 ʥʝ ʧʨʝʚʳʰʘʝʪ 5%. 

ʊʘʢʦʝ ʥʝʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʦʢʩʠʜʥʦʡ ʬʘʟʳ ʚ ʩʦʩʪʘʚʝ ʧʨʦʜʫʢʪʘ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, 

ʯʪʦ ʧʨʦʮʝʩʩ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʫʯʘʩʪʠʝʤ ʛʘʟʦʚʦʡ ʬʘʟʳ, ʢʘʢ ʠ ʦʞʠʜʘʣʦʩʴ ʩʦʛʣʘʩʥʦ [3], 

ʧʨʦʭʦʜʠʣ ʚ ʧʦʚʝʨʭʥʦʩʪʥʦʤ ʨʝʞʠʤʝ.  

ʉʫʤʤʠʨʫʷ ʧʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ, ʤʝʭʘʥʠʟʤ ʉɺʉ-ʧʨʦʮʝʩʩʘ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. ɺʳʜʝʣʷʶʱʝʝʩʷ ʚ ʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʣʦʝ ʪʝʧʣʦ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ 

ʧʦʩʪʫʧʘʝʪ ʦʪ ʨʝʘʢʮʠʠ 4Al+3O2Ÿ2Al2O3. ɺʝʨʦʷʪʥʦ, ʵʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʙʦʣʴʰʠʤ ʩʨʦʜʩʪʚʦʤ 

ʘʣʶʤʠʥʠʷ ʢ ʢʠʩʣʦʨʦʜʫ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʠʪʘʥʦʤ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʠʩʭʦʜʠʪ ʦʙʝʜʥʝʥʠʝ 

ʰʠʭʪʦʚʦʡ ʩʤʝʩʠ ʘʣʶʤʠʥʠʝʤ. ʇʦʵʪʦʤʫ, ʙʣʘʛʦʜʘʨʷ ʪʝʧʣʦʧʝʨʝʜʘʯʝ ʦʪ ʜʦʥʦʨʥʦʡ ʨʝʘʢʮʠʠ, 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʩʦʧʨʷʞʝʥʥʘʷ ʩ ʥʝʡ ʘʢʮʝʧʪʦʨʥʘʷ ʨʝʘʢʮʠʷ Ti+3Al Ÿ TiAl3, ʘ ʥʝ 
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Ti+4AlŸTiAl3+Al (ʢʘʢ ʤʦʞʥʦ ʙʳʣʦ ʦʞʠʜʘʪʴ, ʠʩʭʦʜʷ ʠʟ ʩʦʩʪʘʚʘ ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ). 

ɼʘʣʝʝ, ʚ ʧʨʦʮʝʩʩʝ ʛʨʘʚʠʪʘʮʠʦʥʥʦʡ ʩʝʧʘʨʘʮʠʠ, ʜʦʩʪʠʛʘʶʪʩʷ ʫʩʣʦʚʠʷ ʜʣʷ ʠʥʚʝʨʩʠʦʥʥʦʛʦ 

ʬʘʟʦʨʘʟʜʝʣʝʥʠʷ ʧʨʦʜʫʢʪʦʚ [4] ʜʦʥʦʨʥʦʡ ʠ ʘʢʮʝʧʪʦʨʥʦʡ ʨʝʘʢʮʠʡ: ʙʦʣʝʝ ʣʝʛʢʘʷ, ï 

ʤʝʪʘʣʣʠʯʝʩʢʘʷ ʬʘʟʘ (ɟå3,4 ʛ/ʩʤ3) ʥʘʢʘʧʣʠʚʘʝʪʩʷ ʚ ʚʝʨʭʥʝʤ, ʘ ʦʢʩʠʜʥʘʷ (ɟå4,0 ʛ/ʩʤ3) ï ʚ 

ʥʠʞʥʝʤ ʩʣʦʝ.  

 

ʈʠʩ. 5. ɼʘʥʥʳʝ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ ʧʨʦʜʫʢʪʘ 

ɿʘʢʣʶʯʝʥʠʝ 

ʆʩʫʱʝʩʪʚʣʝʥ ʪʝʨʤʠʯʝʩʢʠ ʩʦʧʨʷʞʝʥʥʳʡ ʧʨʦʮʝʩʩ ʉɺʉ ʚ ʛʠʙʨʠʜʥʦʡ ʩʠʩʪʝʤʝ. ʀʟ 

ʵʣʝʤʝʥʪʥʦʡ ʩʤʝʩʠ ʚ ʨʝʞʠʤʝ ʛʦʨʝʥʠʷ ʩʠʥʪʝʟʠʨʦʚʘʥ ʩʧʣʘʚ ʘʣʶʤʠʥʠʷ ʩ ʪʠʪʘʥʦʤ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʳʚʘʶʪ ʧʨʠʥʮʠʧʠʘʣʴʥʫʶ ʚʦʟʤʦʞʥʦʩʪʴ ʚʳʙʨʘʥʥʦʛʦ 

ʚʘʨʠʘʥʪʘ ʪʝʨʤʠʯʝʩʢʦʛʦ ʩʦʧʨʷʞʝʥʠʷ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʤʝʪʦʜʦʤ ʉɺʉ ʮʝʣʝʚʳʭ ʧʨʦʜʫʢʪʦʚ 

ʧʦʩʨʝʜʩʪʚʦʤ ʮʝʣʝʚʦʡ ʩʣʘʙʦʵʢʟʦʪʝʨʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ. 
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ʈɸʉʏɽʊʓ ʄɽʊʆɼʆʄ ʌʋʅʂʎʀʆʅɸʃɸ ʇʃʆʊʅʆʉʊʀ 

ʉʊɸɹʀʃʔʅʆʉʊʀ ʂɸʇʇɸ ʌɸɿ Me3+XW10-XC3+Y (Mʝ=Fe,Co,Ni) 

 
ʀ.ʀ.ʏʫʝʚ*1, ɼ.ʖ.ʂʦʚʘʣʝʚ1, ʉ.ɺ.ʂʦʥʦʚʘʣʠʭʠʥ1, ʉ.ɸ.ɻʫʜʘ2 

1 ʌʝʜʝʨʘʣʴʥʦʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʙʶʜʞʝʪʥʦʝ ʫʯʨʝʞʜʝʥʠʝ ʥʘʫʢʠ ʀʥʩʪʠʪʫʪ ʩʪʨʫʢʪʫʨʥʦʡ ʤʘʢʨʦʢʠʥʝʪʠʢʠ ʠ 

ʧʨʦʙʣʝʤ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʠʤ. ɸ.ɻ. ʄʝʨʞʘʥʦʚʘ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ, ʏʝʨʥʦʛʦʣʦʚʢʘ, ʈʦʩʩʠʷ 
2 ʖʞʥrʡ ʌʝʜʝʨʘʣʴʥʳʡ ʋʥʠʚʝʨʩʠʪʝʪ, ʈʦʩʪʦʚ-ʥʘ-ɼʦʥʫ, ʈʦʩʩʠʷ 
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ɺ ʩʠʩʪʝʤʘʭ (Fe,Co,Ni)-W-C ʫʩʪʘʥʦʚʣʝʥʦ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʪʨʦʡʥʳʭ ʢʘʨʙʠʜʦʚ 

Me3+XW10-XC3+Y, ʧʦʣʫʯʠʚʰʠʭ ʥʘʟʚʘʥʠʝ ʢʘʧʧʘ ʬʘʟʳ. ɼʠʬʨʘʢʮʠʦʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ [1ï6] 

ʧʦʢʘʟʘʣʠ, ʯʪʦ ʩʪʨʫʢʪʫʨʘ ə-ʬʘʟ ʦʪʥʦʩʠʪʩʷ ʢ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʩʠʥʛʦʥʠʠ ʩ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʦʡ ï P63/mmc, ʪʠʧ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʧʦʜʨʝʰʝʪʢʠ ï Mn3Al 10, ʚ 

ʢʦʪʦʨʦʡ ʪʨʠʛʦʥʘʣʴʥʦ-ʧʨʠʟʤʘʪʠʯʝʩʢʠʝ (2c) ʠ ʦʢʪʘʵʜʨʠʯʝʩʢʠʝ (6g) ʧʦʟʠʮʠʠ ʟʘʧʦʣʥʝʥʳ 

ʘʪʦʤʘʤʠ ʫʛʣʝʨʦʜʘ (ʨʠʩʫʥʦʢ 1). 

 

ʈʠʩ. 1. ʇʨʦʝʢʮʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʢʘʧʧʘ-ʬʘʟʳ ʚʜʦʣʴ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʦʩʠ ʩ 

ʉʨʘʚʥʝʥʠʝ ʩʪʨʫʢʪʫʨʥʳʭ ʜʘʥʥʳʭ k-(Ni-W-C) ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʨʘʟʣʠʯʠʠ ʚ 

ʦʙʲʝʤʝ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ 414.87¡3 [6] < 419¡3 [3]. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʣʷ 

ʩʣʦʞʥʳʭ ʢʘʨʙʠʜʦʚ Me3+XW10-XC3+Y, ʛʜʝ Mʝ=Fe,Co,Ni, ʭʘʨʘʢʪʝʨʥʘ ʰʠʨʦʢʘʷ ʦʙʣʘʩʪʴ 

ʛʦʤʦʛʝʥʥʦʩʪʠ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʨʘʟʣʠʯʠʷ ʚ ʦʙʲʝʤʘʭ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ [2]. 

ʉʪʨʫʢʪʫʨʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʦʝʜʠʥʝʥʠʡ Fe3.57W9.43C3.54 [4] ʠ Co3W10C3.59 [5] 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʪʦʤ, ʯʪʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʫʤʝʥʴʰʝʥʠʝ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʨʘʜʠʫʩʘ Co ʧʦ 
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ʩʨʘʚʥʝʥʠʶ ʩ Fe, ʦʙʲʝʤ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʫʚʝʣʠʯʠʚʘʝʪʩʷ 416.35¡3 [5] > 412.4¡3 [4]. 

ɼʘʥʥʘʷ ʪʝʥʜʝʥʮʠʷ ʦʙʲʷʩʥʷʣʘʩʴ ʨʘʟʥʳʤ ʭʘʨʘʢʪʝʨʦʤ ʩʪʘʪʠʩʪʠʯʝʩʢʦʡ ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʦʩʪʠ 

ʚ ʢʨʠʩʪʘʣʣʘʭ ʢʘʧʧʘ ʬʘʟ [2, 4, 5]. ɺ ʩʦʝʜʠʥʝʥʠʠ Fe3.57W9.43C3.54 ʘʪʦʤʳ W ʠ Fe 

ʨʘʟʫʧʦʨʷʜʦʯʝʥʳ ʚ ʧʦʟʠʮʠʷʭ 2a ʠ 6h, ʘ ʘʪʦʤ C ʚ ʧʦʟʠʮʠʠ 2ʩ ʦʙʣʘʜʘʝʪ ʯʘʩʪʠʯʥʦʡ 

ʟʘʩʝʣʝʥʥʦʩʪʴʶ. ɺ Co3W10C3.59 ʫʩʪʘʥʦʚʣʝʥʘ ʣʠʰʴ ʯʘʩʪʠʯʥʘʷ ʟʘʩʝʣʝʥʥʦʩʪʴ ʘʪʦʤʘ C ʚ 

ʧʦʟʠʮʠʠ 2ʩ, ʘ ʧʦʟʠʮʠʠ 2a ʠ 6h ʧʦʣʥʦʩʪʴʶ ʟʘʩʝʣʝʥʳ ʘʪʦʤʘʤʠ W. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʟʘʤʝʱʝʥʠʝ ʘʪʦʤʘ W ʤʝʥʴʰʠʤ ʧʦ ʨʘʟʤʝʨʫ ʘʪʦʤʦʤ Fe ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʦʙʲʝʤʘ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ. ʋʯʠʪʳʚʘʷ, ʯʪʦ ʤʝʪʘʣʣʳ ʚ ʨʷʜʫ Fe, Co, Ni ï ʩʦʩʝʜʠ ʚ 

ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʩʠʩʪʝʤʝ, ʠ ʠʭ ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʨʘʜʠʫʩʳ ʙʣʠʟʢʠ, ʤʦʞʥʦ  ʙʳʣʦ ʙʳ ʦʞʠʜʘʪʴ 

ʘʥʘʣʦʛʠʶ ʚ ʠʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʩʪʨʦʝʥʠʠ. ʆʜʥʘʢʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʥʘʙʣʶʜʘʝʪʩʷ 

ʢʘʯʝʩʪʚʝʥʥʦʝ ʨʘʟʣʠʯʠʝ ʚ ʭʘʨʘʢʪʝʨʝ ʩʪʘʪʠʩʪʠʯʝʩʢʦʡ ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʦʩʪʠ. ʇʦʵʪʦʤʫ, 

ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʠʥʪʝʨʝʩʥʳʤ ʠʩʩʣʝʜʦʚʘʪʴ ʥʘʙʣʶʜʘʝʤʦʝ ʦʪʣʠʯʠʝ ʪʝʦʨʝʪʠʯʝʩʢʠʤʠ 

ʤʝʪʦʜʘʤʠ.  

ʂʚʘʥʪʦʚʦʭʠʤʠʯʝʩʢʠʝ ʨʘʩʯʝʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʤʝʪʦʜʦʤ DFT ʥʘ ʦʩʥʦʚʘʥʠʠ 

ʘʜʜʠʪʠʚʥʦʛʦ ʧʦʜʭʦʜʘ ʜʣʷ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʩʦ ʩʪʘʪʠʩʪʠʯʝʩʢʠ 

ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʳʤʠ ʧʦʟʠʮʠʷʤʠ. ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʢʘʧʧʘ ʬʘʟʳ 

ʧʨʝʜʩʪʘʚʣʷʣʘʩʴ ʢʘʢ ʩʫʧʝʨʧʦʟʠʮʠʷ 4-ʭ ʢʦʤʧʦʥʝʥʪ Me3W10C4 (1), Me3W10C3 (2), Me4W9C4 

(3) and Me4W9C3 (4) ʩ ʟʘʩʝʣʝʥʥʦʩʪʴʶ ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʳʭ ʧʦʟʠʮʠʡ 2a ʠ 2c ʨʘʚʥʳʤʠ 1 ʠʣʠ 

0. ɺʢʣʘʜ ʢʘʞʜʦʡ ʠʟ ʢʦʤʧʦʥʝʥʪ ʦʧʨʝʜʝʣʷʣʩʷ ʥʘ ʦʩʥʦʚʘʥʠʠ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʭ ʜʘʥʥʳʭ 

ʧʦ ʟʘʩʝʣʝʥʥʦʩʪʠ ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʳʭ ʧʦʟʠʮʠʡ ʠ ʩʨʘʚʥʠʚʘʣʩʷ c ʨʘʩʯʝʪʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ 

ʵʥʪʘʣʴʧʠʠ ʢʦʤʧʦʥʝʥʪ (ʊʘʙʣʠʮʘ 1).  

ɹʣʠʟʢʠʝ ʟʥʘʯʝʥʠʷ ʵʥʪʘʣʴʧʠʠ ʦʙʨʘʟʦʚʘʥʠʷ ʢʦʤʧʦʥʝʥʪ 1-4 (Hʩʨʝʜʥʝʝ ïHʤʠʥ(ʤʘʢʩ) 

< 0.02 ʵʚ) ʜʣʷ Me=Fe ʧʨʘʚʠʣʴʥʦ ʦʪʨʘʞʘʶʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʥʘʙʣʶʜʘʝʤʫʶ ʪʝʥʜʝʥʮʠʶ: 

ʧʦʯʪʠ ʨʘʚʥʳʡ ʚʢʣʘʜ ʢʦʤʧʦʥʝʥʪ 1-4. ʈʘʩʯʝʪʥʳʝ ʜʘʥʥʳʝ ʜʣʷ Me=Co,Ni [2, 4] 

ȹH(1) ~ ȹH(2) >> ȹH(3), ȹH(4) ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʨʝʦʙʣʘʜʘʶʱʝʤʫ ʚʢʣʘʜʫ ʥʘʠʙʦʣʝʝ 

ʩʪʘʙʠʣʴʥʳʭ ʢʦʤʧʦʥʝʥʪ 1 ʠ 2. 

ʆʙʲʝʤ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʢʘʧʧʘ ʬʘʟʳ 

ʨʘʩʩʯʠʪʳʚʘʣʩʷ ʢʘʢ ʩʨʝʜʥʝʚʟʚʝʰʝʥʥʦʝ ʟʥʘʯʝʥʠʡ ʥʘʠʙʦʣʝʝ ʩʪʘʙʠʣʴʥʳʭ ʢʦʤʧʦʥʝʥʪ. 

ʅʘʠʤʝʥʴʰʠʡ ʦʙʲʝʤ ʷʯʝʡʢʠ, ʢʘʢ ʠ ʧʨʝʜʧʦʣʘʛʘʣʦʩʴ, ʠʤʝʝʪ ʩʪʨʫʢʪʫʨʘ 4, ʛʜʝ ʘʪʦʤ W ʚ 

ʧʦʟʠʮʠʠ 2a ʟʘʤʝʱʝʥ ʤʝʥʴʰʠʤ ʧʦ ʨʘʟʤʝʨʫ ʘʪʦʤʦʤ Me, ʘ ʧʦʟʠʮʠʷ 2c ʥʝ ʟʘʩʝʣʝʥʘ 

ʫʛʣʝʨʦʜʦʤ. ʀʥʪʝʨʝʩʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʣʷ ʢʘʞʜʦʡ ʢʦʤʧʦʥʝʥʪʳ 1-4 ʚ ʨʷʜʫ Me=Fe, Co, Ni 

ʦʙʲʝʤ ʤʝʥʷʝʪʩʷ ʥʝʤʦʥʦʪʦʥʥʦ ʠ ʠʤʝʝʪ ʤʠʥʠʤʫʤ ʜʣʷ Me=Co (ʨʠʩʫʥʦʢ 2), ʭʦʪʷ ʧʦ 

ʩʪʨʫʢʪʫʨʥʳʤ ʜʘʥʥʳʤ ʜʣʷ Me=Co ʦʙʲʝʤ ʷʯʝʡʢʠ ʤʘʢʩʠʤʘʣʝʥ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ 

ʚʢʣʘʜʳ ʩʪʨʫʢʪʫʨ 1 ʠ 2 ʩ ʙʦʣʴʰʠʤʠ ʦʙʲʝʤʘʤʠ ʜʣʷ Me=Co ʤʘʢʩʠʤʘʣʴʥʳ.  
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ʊʘʙʣʠʮʘ 1. ɼʘʥʥʳʝ DFT ʨʘʩʯʝʪʦʚ 

No ʂʦʤʧʦʥʝʥʪʘ a, A c, A V, A3 Ecell ,ʵʚ ȹHi,ʵʚ/ʘʪʦʤ 

1 Fe3W10C4 7.823 7.800 413.42 -402.83 -0.42 

2 Fe3W10C3 7.787 7.815 410.43 -383.46 -0.43 

3 Fe4W9C4 7.713 7.793 401.55 -392.41 -0.41 

4 Fe4W9C3 7.699 7.791 399.96 -373.10 -0.42 
              

1 Co3W10C4 7.822 7.799 413.18 -397.12 -0.41 

2 Co3W10C3 7.770 7.821 408.90 -377.91 -0.42 

3 Co4W9C4 7.719 7.768 400.35 -383.17 -0.35 

4 Co4W9C3 7.697 7.779 399.07 -363.50 -0.34 
              

1 Ni3W10C4 7.823 7.800 413.39 -387.86 -0.38 

2 Ni3W10C3 7.775 7.837 410.22 -368.51 -0.38 

3 Ni4W9C4 7.752 7.749 403.25 -371.19 -0.32 

4 Ni4W9C3 7.719 7.767 400.76 -351.16 -0.29 
a, c ï ʧʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ, V- ʦʙʲʝʤ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ, Ecell- ʵʥʝʨʛʠʷ ʵʣʝʤʝʥʪʘʨʥʦʡ 

ʷʯʝʡʢʠ, ȹHi ï ʵʥʪʘʣʴʧʠʷ ʦʙʨʘʟʦʚʘʥʠʷ i-ʢʦʤʧʦʥʝʥʪʳ. 

ɼʘʥʥʳʝ ʨʘʩʯʝʪʦʚ ʧʨʘʚʠʣʴʥʦ ʦʪʨʘʞʘʶʪ ʥʝʤʦʥʦʪʦʥʥʦʝ ʠʟʤʝʥʝʥʠʝ ʦʙʲʝʤʘ ʚ ʨʷʜʫ 

Fe, Co, Ni (ʨʠʩʫʥʦʢ 2). ɽʩʣʠ ʞʝ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʘʥʥʳʝ [6], ʪʦ ʦʙʲʝʤ ʷʯʝʡʢʠ ʜʣʷ Me = Ni 

ʙʦʣʴʰʝ, ʯʝʤ ʜʣʷ Me = Co. ʊʘʢʠʝ ʞʝ ʨʝʟʫʣʴʪʘʪʳ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ, ʝʩʣʠ ʟʘʤʝʥʠʪʴ 

ʩʪʨʫʢʪʫʨʫ 3 ʥʘ 2, ʪʦʛʜʘ ʩ ʪʝʤʠ ʞʝ ʚʝʣʠʯʠʥʘʤʠ ʟʘʩʝʣʝʥʥʦʩʪʠ ʤʳ ʧʦʣʫʯʠʤ ʤʝʥʴʰʝʝ 

ʟʥʘʯʝʥʠʝ ʦʙʲʝʤʘ (ʪʦʯʢʠ Vcalc [6], ʨʠʩʫʥʦʢ 2).  

 

ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʦʙʲʝʤʘ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʢʘʧʧʘ-ʬʘʟʳ Me3+X W10-X C3+Y  
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ɼʣʷ Me = Ni ʧʦʣʫʯʝʥʳ ʨʘʟʣʠʯʥʳʝ ʩʪʨʫʢʪʫʨʥʳʝ ʜʘʥʥʳʝ ʩ ʦʙʲʝʤʦʤ ʵʣʝʤʝʥʪʘʨʥʦʡ 

ʷʯʝʡʢʠ 419 [2] ʠ 414.87 [6]. ʇʦʣʫʯʝʥʥʳʝ ʨʘʩʯʝʪʥʳʝ ʜʘʥʥʳʝ ʫʢʘʟʳʚʘʶʪ ʥʘ ʪʦ, ʯʪʦ ʝʩʣʠ ʚ 

ʦʙʨʘʟʦʚʘʥʠʠ k-ʬʘʟʳ ʧʨʠʥʠʤʘʶʪ ʫʯʘʩʪʠʝ ʥʘʠʙʦʣʝʝ ʩʪʘʙʠʣʴʥʳʝ ʩʪʨʫʢʪʫʨʳ 1 ʠ 2, ʪʦ 

ʭʘʨʘʢʪʝʨ ʩʪʘʪʠʩʪʠʯʝʩʢʦʡ ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʦʩʪʠ k-(Ni-W-C) [2] ʘʥʘʣʦʛʠʯʝʥ k-(Cʦ-W-C) 

[4]. 

ʏʪʦ ʢʘʩʘʝʪʩʷ ʩʪʨʫʢʪʫʨʥʳʭ ʜʘʥʥʳʭ Ni3.35W9.65C4 [6], ʪʦ ʜʘʥʥʘʷ ʩʪʨʫʢʪʫʨʘ, ʚ 

ʦʪʣʠʯʠʝ ʦʪ ʜʘʥʥʳʭ [2], ʷʚʣʷʝʪʩʷ ʩʫʧʝʨʧʦʟʠʮʠʝʡ ʢʦʤʧʦʥʝʥʪ 1 ʠ 3, ʧʨʠʯʝʤ 3 ʤʝʥʝʝ 

ʩʪʘʙʠʣʴʥʘ, ʯʝʤ 2. ɺ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʩʣʝʜʫʝʪ ʦʙʨʘʪʠʪʴ ʚʥʠʤʘʥʠʝ ʥʘ ʨʘʟʣʠʯʠʝ ʚ ʫʩʣʦʚʠʷʭ 

ʦʙʨʘʟʦʚʘʥʠʷ ʩʦʝʜʠʥʝʥʠʡ. ɼʣʷ ə-(Ni-W-C) [2] ï ʵʪʦ ʜʣʠʪʝʣʴʥʘʷ ʠʟʦʪʝʨʤʠʯʝʩʢʘʷ 

ʚʳʜʝʨʞʢʘ ʨʘʩʧʣʘʚʘ, ʪʦʛʜʘ ʢʘʢ ʦʙʨʘʟʦʚʘʥʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ Ni3.35W9.65C4 

ʧʨʦʠʩʭʦʜʠʣʦ ʧʨʠ ʩʘʤʦʨʘʧʨʦʩʪʨʘʥʷʶʱʝʤʩʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤ ʩʠʥʪʝʟʝ ʟʘ ʥʝʩʢʦʣʴʢʦ 

ʤʠʥʫʪ. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʩʪʨʫʢʪʫʨʳ ʠʛʨʘʝʪ ʢʠʥʝʪʠʯʝʩʢʠʡ 

ʬʘʢʪʦʨ.  

ɼʣʷ ʦʮʝʥʢʠ ʢʠʥʝʪʠʯʝʩʢʦʛʦ ʬʘʢʪʦʨʘ ʚ ʨʘʩʧʣʘʚʝ ʧʨʝʜʣʘʛʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʢʣʘʩʪʝʨʥʫʶ ʤʦʜʝʣʴ [7]. ʊʦʛʜʘ ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ ʨʘʩʧʣʘʚʘ ʥʘ ʥʘʯʘʣʴʥʦʤ ʵʪʘʧʝ ʚ ʧʨʦʮʝʩʩʝ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʤʦʛʫʪ ʫʯʘʩʪʚʦʚʘʪʴ ʥʝ ʪʦʣʴʢʦ ʘʪʦʤʳ, ʘ ʪʘʢʞʝ ʠʭ ʢʣʘʩʪʝʨʳ. ɸʥʘʣʠʟ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʩʪʨʦʝʥʠʷ (ʨʠʩʫʥʦʢ 1) ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, ʯʪʦ ʚ ʧʦʩʪʨʦʝʥʠʠ 

ʢʨʠʩʪʘʣʣʘ ʤʦʛʫʪ ʫʯʘʩʪʚʦʚʘʪʴ ʢʣʘʩʪʝʨʳ Nin (n=3, 4). ʀʟ ʣʠʪʝʨʘʪʫʨʳ [8] ʠʟʚʝʩʪʥʦ, ʯʪʦ 

ʙʦʣʝʝ ʩʪʘʙʠʣʴʥʳʤʠ ʷʚʣʷʶʪʩʷ ʢʣʘʩʪʝʨʳ Ni4. ʀʤʝʥʥʦ ʪʘʢʘʷ ʛʨʫʧʧʘ ʘʪʦʤʦʚ Ni4 

ʧʨʝʜʦʧʨʝʜʝʣʷʝʪ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦʝ ʦʙʨʘʟʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʳ 3 ʠʣʠ 4 ʚ ʢʨʠʩʪʘʣʣʘʭ 

ʩʦʝʜʠʥʝʥʠʡ [6], ʛʜʝ ʥʘʙʣʶʜʘʝʪʩʷ ʩʪʘʪʠʩʪʠʯʝʩʢʘʷ ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʦʩʪʴ ʘʪʦʤʦʚ W ʠ ʄe ʚ 

ʧʦʟʠʮʠʠ 2ʘ (ʨʠʩʫʥʦʢ 3).  

 

ʈʠʩ. 3. çʉʪʨʦʠʪʝʣʴʥʳʝè ʙʣʦʢʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʢʘʧʧʘ-ʬʘʟʳ 
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ɼʣʷ ʘʪʦʤʘ C ʚ ʧʦʟʠʮʠʠ 2ʩ ʩʣʝʜʫʝʪ ʦʙʨʘʪʠʪʴ ʚʥʠʤʘʥʠʝ ʥʘ ʜʚʘ ʬʘʢʪʘ. ɺʦ-ʧʝʨʚʳʭ, ʚ 

ʩʪʨʫʢʪʫʨʝ Ni3.35W9.65C4 ʧʨʠʩʫʪʩʪʚʫʝʪ ʜʚʘ ʨʘʟʣʠʯʥʳʭ ʘʪʦʤʘ ʫʛʣʝʨʦʜʘ ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʦʡ 

(6g) ʠ ʪʨʠʛʦʥʘʣʴʥʦ-ʧʨʠʟʤʘʪʠʯʝʩʢʦʡ (2ʩ) ʢʦʦʨʜʠʥʘʮʠʠ. ɺʦ-ʚʪʦʨʳʭ, ʚ ʧʨʦʜʫʢʪʝ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʧʨʠʩʫʪʩʪʚʫʶʪ ʜʚʝ ʬʘʟʳ WC (82 ʤʘʩʩ %) ʠ W2C (3.5 ʤʘʩʩ %) [6]. ʇʨʠ 

ʵʪʦʤ, ʢʘʢ ʙʳʣʦ ʦʪʤʝʯʝʥʦ ʚ [5], ʚ ʢʨʠʩʪʘʣʣʘʭ ʵʪʠʭ ʬʘʟ ʫʛʣʝʨʦʜ ʠʤʝʝʪ ʘʥʘʣʦʛʠʯʥʫʶ 

ʢʦʦʨʜʠʥʘʮʠʶ: ʚ W2C ï ʦʢʪʘʵʜʨʠʯʝʩʢʫʶ, ʘ ʚ WC ï ʪʨʠʛʦʥʘʣʴʥʦ-ʧʨʠʟʤʘʪʠʯʝʩʢʫʶ. 

ʇʦʜʦʙʥʘʷ ʩʪʨʫʢʪʫʨʥʘʷ ʘʥʘʣʦʛʠʷ ʤʦʞʝʪ ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʪʴ ʦ ʩʫʱʝʩʪʚʦʚʘʥʠʠ ʚ ʨʘʩʧʣʘʚʝ 

ʢʣʘʩʪʝʨʦʚ W6C, ʢʦʪʦʨʳʝ ʷʚʣʷʶʪʩʷ ʩʪʨʦʠʪʝʣʴʥʳʤʠ ʙʣʦʢʘʤʠ ʧʨʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ.  

ʉʪʨʫʢʪʫʨʥʳʝ ʜʘʥʥʳʝ ʫʢʘʟʳʚʘʶʪ ʥʘ ʪʦ, ʯʪʦ ʨʘʩʩʪʦʷʥʠʝ W-C ʚ 6g ʧʦʟʠʮʠʠ ʙʣʠʟʢʦ ʧʦ 

ʚʝʣʠʯʠʥʝ ʢ ʨʘʩʩʪʦʷʥʠʷʤ ʚ ʩʪʨʫʢʪʫʨʝ W2C. ɺ ʧʦʟʠʮʠʠ 2ʩ ʨʘʩʩʪʦʷʥʠʷ W-C ʟʘʤʝʪʥʦ 

ʦʪʣʠʯʘʶʪʩʷ ʦʪ ʜʘʥʥʳʭ ʜʣʷ WC ʩʪʨʫʢʪʫʨʳ. ʕʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ 

ʦʢʪʘʵʜʨʠʯʝʩʢʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ W6C ʢʣʘʩʪʝʨʘ ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʫʩʪʦʡʯʠʚʦʡ. ʇʨʠ ʵʪʦʤ 

ʚʳʩʦʢʦʝ ʩʦʜʝʨʞʘʥʠʝ WC ï 82 ʤʘʩʩ.% ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 14.5 ʤʘʩʩ.% Ni3.35W9.65C4 ʠ 3.5 

ʤʘʩʩ.% W2C ʛʦʚʦʨʠʪ ʦ ʧʨʠʩʫʪʩʪʚʠʠ ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʢʣʘʩʪʝʨʦʚ ʩ ʪʨʠʛʦʥʘʣʴʥʦ-

ʧʨʠʟʤʘʪʠʯʝʩʢʦʡ ʢʦʦʨʜʠʥʘʮʠʝʡ C, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʫʯʘʩʪʚʦʚʘʪʴ ʚ ʦʙʨʘʟʦʚʘʥʠʠ ʢ-ʬʘʟʳ.  

ʍʘʨʘʢʪʝʨ ʩʪʘʪʠʩʪʠʯʝʩʢʦʡ ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʦʩʪʠ ʚ ʢʨʠʩʪʘʣʣʝ ʢʘʧʧʘ ʬʘʟʳ ʟʘʚʠʩʠʪ 

ʦʪ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʩʦʩʪʘʚʣʷʶʱʝʡ ʝʝ ʢʦʤʧʦʥʝʥʪ. ɼʘʥʥʳʝ ʨʘʩʯʝʪʦʚ 

ʫʢʘʟʳʚʘʶʪ ʥʘ ʪʦ, ʯʪʦ ʜʣʷ Me=Fe ʵʥʪʘʣʴʧʠʷ ʦʙʨʘʟʦʚʘʥʠʷ ʢʦʤʧʦʥʝʥʪ 1 ï 4 ʧʨʘʢʪʠʯʝʩʢʠ 

ʥʝ ʠʟʤʝʥʷʝʪʩʷ, ʚ ʪʦ ʞʝ ʚʨʝʤʷ ʧʨʠ ʟʘʤʝʱʝʥʠʠ ʘʪʦʤʘ Fe ʥʘ Co ʠʣʠ Ni ʫʤʝʥʴʰʘʝʪʩʷ 

ʩʪʘʙʠʣʴʥʦʩʪʴ ʢʦʤʧʦʥʝʥʪ 3 ʠ 4 ʦʪʥʦʩʠʪʝʣʴʥʦ 1 ʠ 2. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʝʨʦʷʪʥʦʩʪʴ 

ʦʙʨʘʟʦʚʘʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ k-(Co, NiïWïC) ʩ ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʦʡ ʧʦʟʠʮʠʝʡ 

2ʘ (W+Me) ʩʫʱʝʩʪʚʝʥʥʦ ʧʦʥʠʞʘʝʪʩʷ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ 1-4 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, ʯʪʦ ʫʤʝʥʴʰʝʥʠʝ ʩʪʘʙʠʣʴʥʦʩʪʠ ʢʦʤʧʦʥʝʥʪ 3, 4 ʚ ʨʷʜʫ FeïCoïNi 

ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʫʤʝʥʴʰʝʥʠʝʤ ʧʦʨʷʜʢʘ ʩʚʷʟʝʡ Me-Me, ʯʪʦ ʦʪʨʘʞʘʝʪʩʷ ʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤ 

ʫʚʝʣʠʯʝʥʠʠ ʜʣʠʥʳ ʩʚʷʟʠ (FeïFe=2.42 A, CoïC =2.46 A, NiïNi=2.55 A). 
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ɺ ʢʘʯʝʩʪʚʝ ʦʨʠʝʥʪʠʨʘ ʙʫʜʝʤ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʨʘʩʧʣʘʚ ʘʣʶʤʦʪʝʨʤʠʯʝʩʢʦʡ ʩʤʝʩʠ 

3NiO+2Al ½½­½ QW,
3Ni+Al 2O3. ʇʨʝʜʧʦʣʘʛʘʝʤ, ʯʪʦ ʚʳʜʝʣʷʶʱʠʡʩʷ ʧʨʠ 

ʚʳʩʦʢʦʪʝʨʤʠʯʝʩʢʦʡ ʜʠʩʩʦʮʠʘʮʠʠ NiO ʢʠʩʣʦʨʦʜ çʤʛʥʦʚʝʥʥʦè ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʠ 

ʧʦʣʥʦʩʪʴʶ ʧʦʪʨʝʙʣʷʝʪʩʷ Al. ʇʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʦ ʬʨʦʥʪʝ ʛʦʨʝʥʠʷ ʢʦʤʧʦʥʝʥʪʳ 

ʤʝʪʘʣʣʦʚ ʠ ʢʝʨʘʤʠʢʠ ʥʘʭʦʜʷʪʩʷ ʚ ʧʦʜʚʠʞʥʦʤ ʩʦʩʪʦʷʥʠʠ ʠ ʵʢʟʦʪʝʨʤʠʯʝʩʢʠ ʭʠʤʠʯʝʩʢʠ 

ʨʝʘʛʠʨʫʶʪ. ʇʨʠ ʠʥʪʝʥʩʠʚʥʦʤ ʦʙʲʸʤʥʦʤ ʩʠʣʦʚʦʤ ʚʦʟʜʝʡʩʪʚʠʠ (ʛʨʘʚʠʪʘʮʠ,̫ ʚʦʟʜʝʡʩʪʚʠʝ 

ʮʝʥʪʨʦʙʝʞʥʳʭ ʩʠʣ) ʥʘʙʣʶʜʘʶʪʩʷ ʩʝʧʘʨʘʮʠʦʥʥʳʝ ʧʨʦʮʝʩʩʳ ʤʝʪʘʣʣʘ ʠ ʢʝʨʘʤʠʢʠ 

(ʰʣʘʢʘ). ʄʳ ʧʦʣʫʯʘʝʤ ʨʘʟʜʝʣʝʥʥʳʝ ʢʦʥʝʯʥʳʝ ʧʨʦʜʫʢʪʳ (ʤʝʪʘʣʣ + ʢʝʨʘʤʠʢʘ), ʩʪʨʫʢʪʫʨʘ 

ʢʦʪʦʨʳʭ ʤʦʞʝʪ ʨʝʛʫʣʠʨʦʚʘʪʴʩʷ ʫʨʦʚʥʝʤ ʩʠʣʦʚʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ (ʩʢʦʨʦʩʪʴʶ ʚʨʘʱʝʥʠʷ 

ʮʝʥʪʨʠʬʫʛʠ). ʇʦʜʦʙʥʘʷ ʪʝʭʥʦʣʦʛʠʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʨʠ ʧʦʣʫʯʝʥʠʠ ʬʫʥʢʮʠʦʥʘʣʴʥʦ-

ʛʨʘʜʠʝʥʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠʣʠ ʧʨʦʮʝʩʩʦʚ ʥʘʧʣʘʚʢʠ. 

ʆʪʤʝʪʠʤ, ʯʪʦ ʧʦʜʦʙʥʳʝ ʬʨʦʥʪʘʣʴʥʳʝ ʧʨʦʮʝʩʩʳ ʧʨʦʪʝʢʘʶʪ ʚ ʵʢʩʪʨʝʤʘʣʴʥʳʭ 

ʫʩʣʦʚʠʷʭ, ʢʦʛʜʘ ʧʨʷʤʦʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʟʘʪʨʫʜʥʝʥʦ. ɼʠʥʘʤʠʢʫ 

ʵʢʟʦʪʝʨʤʠʯʝʩʢʦʛʦ ʭʠʤʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʫʯʸʪʦʤ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʤʘʩʩʦʧʝʨʝʥʦʩʘ 

ʢʦʤʧʦʥʝʥʪʦʚ ʨʘʩʧʣʘʚʘ ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʠʩʩʣʝʜʦʚʘʪʴ ʤʝʪʦʜʘʤʠ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʦʧʠʨʘʷʩʴ ʥʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʟʘʢʦʥʳ ʬʠʟʠʢʠ ʠ ʤʘʢʨʦʢʠʥʝʪʠʢʠ 

ʭʠʤʠʯʝʩʢʦʛʦ ʧʨʝʚʨʘʱʝʥʠʷ. ʄʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʦʪʨʘʞʘʝʪ ʟʘʢʦʥʳ ʩʦʭʨʘʥʝʥʠʷ 

ʤʘʩʩʳ, ʠʤʧʫʣʴʩʘ ʠ ʵʥʝʨʛʠʠ; ʫʨʘʚʥʝʥʠʡ ʩʦʩʪʦʷʥʠʷ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʦʡ ʩʤʝʩʝʚʦʡ ʩʨʝʜʳ 

ʠ ʟʘʢʦʥʳ ʭʠʤʠʯʝʩʢʦʡ ʤʘʢʨʦʢʠʥʝʪʠʢʠ. ɿʜʝʩʴ ʚʦʟʥʠʢʘʶʪ ʧʨʦʙʣʝʤʳ ʘʥʘʣʠʟʘ ʥʝʣʠʥʝʡʥʳʭ 

ʩʠʩʪʝʤ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ʚ ʯʘʩʪʥʳʭ ʧʨʦʠʟʚʦʜʥʳʭ ʠ ʠʭ ʨʝʰʝʥʠʡ. ɼʘʥʥʘʷ 

ʩʪʘʪʴʷ ʧʦʩʚʷʱʝʥʘ ʠʩʩʣʝʜʦʚʘʥʠʶ ʢʦʤʧʣʝʢʩʘ ʚʦʟʥʠʢʘʶʱʠʭ ʧʨʦʙʣʝʤ. 
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ʄʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʭʠʤʠʯʝʩʢʦʛʦ ʧʨʝʚʨʘʱʝʥʠʷ ʚ ʩʤʝʩʝʚʦʡ ʩʨʝʜʝ ʜʦʣʞʥʘ 

ʚʢʣʶʯʘʪʴ ʟʘʢʦʥʳ ʩʦʭʨʘʥʝʥʠʷ ʤʘʩʩ ʜʣʷ ʚʩʝʭ ʨʝʘʛʠʨʫʶʱʠʭ ʢʦʤʧʦʥʝʥʪʦʚ. ɺ ʜʘʥʥʦʤ 

ʩʣʫʯʘʝ, ʤʳ ʙʫʜʝʤ ʧʨʝʜʧʦʣʘʛʘʪʴ ʩʫʱʝʩʪʚʦʚʘʥʠʝ çʣʠʤʠʪʠʨʫʶʱʝʛʦè ʧʨʦʮʝʩʩʘ 

ʜʠʩʩʦʮʠʘʮʠʠ NiO ʩʦ ʩʢʦʨʦʩʪʴʶ W = k0nNiOĿexp(-E/RT), ʢʦʪʦʨʳʡ ʚʝʜʝʪ ʭʠʤʠʯʝʩʢʦʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ. ɿʜʝʩʴ k0 ï ʢʦʥʩʪʘʥʪʘ, nNiO ïʫʜʝʣʴʥʳʡ ʦʙʲʸʤ NiO (ʘʥʘʣʦʛ ʢʦʥʮʝʥʪʨʘʮʠʠ 

NiO ʚ ʩʤʝʩʝʚʦʤ ʩʦʩʪʘʚʝ), ʊ ï ʪʝʢʫʱʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʩʨʝʜʳ (ʜʣʷ ʧʨʦʩʪʦʪʳ, ʙʫʜʝʤ 

ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʧʨʠʙʣʠʞʝʥʥʦʝ ʦʜʥʦʪʝʤʧʝʨʘʪʫʨʥʦʝ ʦʧʠʩʘʥʠʝ). 
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ɿʜʝʩʴ 
C
n  ï ʫʜʝʣʴʥʳʡ ʦʙʲʸʤ ʢʝʨʘʤʠʢʠ, 

M
n  ï ʫʜʝʣʴʥʳʡ ʦʙʲʸʤ ʤʝʪʘʣʣʘ, 

C
u  ʠ 

M
u  ï ʠʭ 

ʩʢʦʨʦʩʪʠ, 
i
mï ʤʦʣʝʢʫʣʷʨʥʘʷ ʤʘʩʩʘ iʦʡ ʢʦʤʧʦʥʝʥʪʳ. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ ʭʦʨʦʰʘʷ ʘʜʛʝʟʠʷ 

ʤʝʞʜʫ ʢʦʤʧʦʥʝʥʪʘʤʠ ʢʝʨʘʤʠʢʠ ʠ ʤʝʞʜʫ ʢʦʤʧʦʥʝʥʪʘʤʠ ʤʝʪʘʣʣʦʚ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ 

ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʫʧʨʦʱʝʥʥʦʝ ʩʪʨʦʝʥʠʝ ʩʤʝʩʝʚʦʡ ʩʨʝʜʳ, ʦʥʘ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ 

ʜʚʫʭʩʢʦʨʦʩʪʥʦʡ ʵʤʫʣʴʩʠʝʡ (ʨʘʩʧʣʘʚ ʢʝʨʘʤʠʢʠ ʠ ʤʝʪʘʣʣʘ). ɿʜʝʩʴ 
0

i
r ï ʦʙʦʟʥʘʯʘʝʪ 

ʠʩʪʠʥʥʫʶ ʧʣʦʪʥʦʩʪʴ iʦʡ ʢʦʤʧʦʥʝʥʪʳ, ʢʦʤʧʦʥʝʥʪʳ ʧʨʝʜʧʦʣʘʛʘʶʪʩʷ ʥʝʩʞʠʤʘʝʤʳʤʠ 

ʞʠʜʢʦʩʪʷʤʠ. ʋʯʠʪʳʚʘʷ ʫʨʘʚʥʝʥʠʷ (1ï4) ʠ ʧʨʝʜʧʦʣʘʛʘʷ ʩʨʝʜʫ ʩʧʣʦʰʥʦʡ (ʥʝ 

ʬʦʨʤʠʨʫʶʪʩʷ ʛʘʟʦʚʳʝ ʧʦʣʦʩʪʠ) ʧʦʣʫʯʠʤ ʩʣʝʜʫʶʱʠʝ ʩʦʦʪʥʦʰʝʥʠʷ: 
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ʉʦʭʨʘʥʠʤ ʧʝʨʚʦʝ ʫʨʘʚʥʝʥʠʝ (1), ʢʘʢ ʫʨʘʚʥʝʥʠʝ, ʦʧʨʝʜʝʣʷʶʱʝʝ ʤʘʢʨʦʢʠʥʝʪʠʢʫ 

ʭʠʤʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ: 
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ɿʘʢʦʥʳ ʩʦʭʨʘʥʝʥʠʷ ʠʤʧʫʣʴʩʘ (10-13) : 
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ɺ ʜʘʥʥʦʤ ʫʨʘʚʥʝʥʠʠ ʫʯʪʝʥʳ ʦʩʥʦʚʥʳʝ ʩʠʣʦʚʳʝ ʚʦʟʜʝʡʩʪʚʠʷ. ʇʝʨʚʦʝ ʩʣʘʛʘʝʤʦʝ ʚ 

ʧʨʘʚʦʡ ʯʘʩʪʠ ʫʨʘʚʥʝʥʠʷ ï ʵʪʦ ʦʙʲʸʤʥʳʝ ʩʠʣʳ ʛʨʘʚʠʪʘʮʠʦʥʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ (ʠʣʠ 

ʮʝʥʪʨʦʙʝʞʥʳʝ ʩʠʣʳ). ɺʪʦʨʦʝ ʩʣʘʛʘʝʤʦʝ ï ʵʪʦ ʩʠʣʳ ʚʷʟʢʦʛʦ ʪʨʝʥʠʷ ʠʟ-ʟʘ 

ʨʘʟʥʦʩʢʦʨʦʩʪʥʦʛʦ ʜʚʠʞʝʥʠʷ ʢʝʨʘʤʠʢʠ ʠ ʤʝʪʘʣʣʘ, ʪʨʝʪʴʝ ï ʧʦʪʝʨʠ ʠʤʧʫʣʴʩʘ, 

ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʤʘʩʩʦʦʙʤʝʥʥʦʤ ʠʟ ʢʝʨʘʤʠʢʠ ʚ ʤʝʪʘʣʣ. ɺ ʣʝʚʦʡ ʯʘʩʪʠ ʚʢʣʶʯʝʥʘ ʩʠʣʘ, 

ʦʙʫʩʣʦʚʣʝʥʥʘʷ ʥʘʣʠʯʠʝʤ ʛʨʘʜʠʝʥʪʘ ʜʘʚʣʝʥʠʷ. ʉʠʣʦʚʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʤʦʞʥʦ ʜʦʧʦʣʥʠʪʴ 

ʩʠʣʘʤʠ, ʦʙʫʩʣʦʚʣʝʥʥʳʤʠ ʩʦʙʩʪʚʝʥʥʦʡ ʚʷʟʢʦʩʪʴʶ ʨʘʩʧʣʘʚʘ NiO, ʩʠʣʘʤʠ ʪʨʝʥʠʷ 

ʨʘʩʧʣʘʚʘ ʩ ʢʦʨʧʫʩʦʤ ʨʝʘʢʪʦʨʘ. ɼʣʷ ʦʩʪʘʣʴʥʳʭ ʢʦʤʧʦʥʝʥʪ ʩʤʝʩʠ ʟʘʢʦʥʳ ʩʦʭʨʘʥʝʥʠʷ 

ʠʤʧʫʣʴʩʘ ʚʳʧʠʩʳʚʘʶʪʩʷ ʧʦ ʪʦʡ ʞʝ ʩʭʝʤʝ.  
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ʋʯʠʪʳʚʘʷ ʟʘʢʦʥʳ ʩʦʭʨʘʥʝʥʠʷ ʤʘʩʩʳ ʤʦʞʥʦ ʫʧʨʦʩʪʠʪʴ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʟʘʢʦʥʦʚ 

ʩʦʭʨʘʥʝʥʠʷ ʠʤʧʫʣʴʩʘ ʢʝʨʘʤʠʢʠ ʠ ʤʝʪʘʣʣʘ (ʠʭ ʩʤʳʩʣ ʦʪʨʘʞʘʝʪ ʟʘʢʦʥ ʅʲʶʪʦʥʘ ï ʤʘʩʩʘ, 

ʫʤʥʦʞʝʥʥʘʷ ʥʘ ʫʩʢʦʨʝʥʠʝ, ʨʘʚʥʘ ʜʝʡʩʪʚʫʶʱʠʤ ʩʠʣʘʤ). 
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ʇʨʝʜʧʦʣʦʞʝʥʠʝ ʦ ʥʝʩʞʠʤʘʝʤʦʩʪʠ ʢʦʤʧʦʥʝʥʪ ʵʤʫʣʴʩʠʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʛʠʧʦʪʝʟʝ ʦ 

ʙʦʣʴʰʠʭ ʩʢʦʨʦʩʪʷʭ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʟʚʫʢʦʚʳʭ ʚʦʟʤʫʱʝʥʠʡ. ʈʘʩʩʤʘʪʨʠʚʘʝʤʳʝ ʥʘʤʠ 

ʩʢʦʨʦʩʪʠ 
C
u  ʠ 

M
u  ʩʫʱʝʩʪʚʝʥʥʦ ʤʝʥʴʰʝ ʩʢʦʨʦʩʪʠ ʟʚʫʢʘ. ɺ ʵʪʠʭ ʫʩʣʦʚʠʷʭ 

ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʩʫʤʤʫ ʫʨʘʚʥʝʥʠʡ (14ï15) ʚ ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʦʤ 

ʩʦʩʪʦʷʥʠʠ, ʧʨʝʥʝʙʨʝʛʘʷ ʧʨʦʮʝʩʩʘʤʠ ʫʩʪʘʥʦʚʣʝʥʠʷ (ʫʩʢʦʨʝʥʠʝʤ, ʩʫʙʩʪʘʮʠʦʥʘʣʴʥʳʤʠ 

ʧʨʦʠʟʚʦʜʥʳʤʠ ʦʪ ʩʢʦʨʦʩʪʝʡ). 

 )()32()( 00

CMNiAlMC Wg
x

p
uurrrr --++-=

µ

µ
      (16) 

ʕʪʦ ʫʨʘʚʥʝʥʠʝ ʦʧʠʩʳʚʘʝʪ ʛʨʘʚʠʪʘʮʠʦʥʥʦʝ ʜʘʚʣʝʥʠʝ (ʠʣʠ ʮʝʥʪʨʦʙʝʞʥʳʝ ʩʠʣʳ) ʚ 

ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʦʤ ʧʨʠʙʣʠʞʝʥʠʠ. ɿʜʝʩʴ ʠʤʝʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʫʯʝʩʪʴ ʩʠʣʳ ʪʨʝʥʠʷ ʦ 

ʙʦʢʦʚʳʝ ʩʪʝʥʢʠ ʨʝʘʢʪʦʨʘ ʠ ʩʠʣʳ, ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʩʦʙʩʪʚʝʥʥʦʡ ʚʷʟʢʦʩʪʴʶ ʨʘʩʧʣʘʚʘ. 

ʉʣʝʜʫʶʱʝʝ ʫʨʘʚʥʝʥʠʝ ʧʦʣʫʯʘʝʪʩʷ ʠʩʢʣʶʯʝʥʠʝʤ ʛʨʘʜʠʝʥʪʘ ʜʘʚʣʝʥʠʷ ʚ ʩʠʩʪʝʤʝ (14, 15), 

ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʠʩʢʣʶʯʠʪʴ ʙʦʣʴʰʠʝ ʩʠʣʳ, ʘʢʢʫʨʘʪʥʦ ʦʧʨʝʜʝʣʷʪʴ ʤʘʣʳʝ ʠ ʙʦʣʝʝ ʪʦʯʥʦ 

ʚʳʯʠʩʣʷʪʴ ʤʘʣʳʝ ʩʢʦʨʦʩʪʠ 
C
u  ʠ 

M
u . 

).()32()()()(0 00

CMNiAlCMCMCMCMMC Wag uurruunnrnrn -++-++-=   (17) 

ʄʳ ʧʦʣʫʯʠʣʠ ʩʫʱʝʩʪʚʝʥʥʦ ʙʦʣʝʝ ʧʨʦʩʪʳʝ ʫʨʘʚʥʝʥʠʷ (6) ʠ (17) ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 

ʩʢʦʨʦʩʪʝʡ ʜʚʠʞʝʥʠʷ ʢʝʨʘʤʠʢʠ ʠ ʤʝʪʘʣʣʘ. 

ɿʘʤʳʢʘʶʪ ʤʘʪʝʤʘʪʠʯʝʩʢʫʶ ʤʦʜʝʣʴ ʟʘʢʦʥʳ ʩʦʭʨʘʥʝʥʠʷ ʵʥʝʨʛʠʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʢʦʤʧʦʥʝʥʪ. ɺ ʧʨʠʥʮʠʧʝ ʠʭ ʪʝʤʧʝʨʘʪʫʨʳ ʤʦʛʫʪ ʙʳʪʴ ʨʘʟʥʳʝ, 

ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʜʚʫʭʪʝʤʧʝʨʘʪʫʨʥʫʶ ʤʦʜʝʣʴ (ʜʣʷ ʢʝʨʘʤʠʢʠ ʠ ʤʝʪʘʣʣʘ). ɺ ʜʘʥʥʦʤ 

ʩʣʫʯʘʝ, ʜʣʷ ʧʨʦʩʪʦʪʳ, ʤʳ ʨʘʩʩʤʦʪʨʠʤ ʦʜʥʦʪʝʤʧʝʨʘʪʫʨʥʦʝ ʧʨʠʙʣʠʞʝʥʠʝ. ʆʥʦ 

ʨʝʘʣʠʟʫʝʪʩʷ ʚ ʫʩʣʦʚʠʷʭ ʩʠʣʴʥʦʛʦ ʪʝʧʣʦʦʙʤʝʥʘ ʤʝʞʜʫ ʢʦʤʧʦʥʝʥʪʘʤʠ (ʥʘʧʨʠʤʝʨ, ʧʨʠ 

ʤʘʣʦʤ ʨʘʟʤʝʨʝ ʢʘʧʝʣʴ ʚ ʵʤʫʣʴʩʠʠ). 
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ɿʜʝʩʴ ʫʯʪʸʥ ʢʦʥʚʝʢʪʠʚʥʳʡ ʪʝʧʣʦʦʙʤʝʥ, ʪʝʧʣʦʧʦʪʝʨʠ ʠ ʭʠʤʠʯʝʩʢʦʝ ʪʝʧʣʦʚʳʜʝʣʝʥʠʝ. 

ʅʘʧʦʤʥʠʤ, ʯʪʦ ʛʨʘʚʠʪʘʮʠʦʥʥʳʝ ʩʠʣʳ ʚ ʤʦʜʝʣʠ ʤʦʛʫʪ ʙʳʪʴ ʟʘʤʝʥʝʥʳ ʮʝʥʪʨʦʙʝʞʥʳʤʠ, 

ʝʩʣʠ ʤʳ ʙʫʜʝʤ ʤʦʜʝʣʠʨʦʚʘʪʴ ʧʨʦʮʝʩʩʳ ʛʦʨʝʥʠʷ ʚ ʨʝʘʢʪʦʨʝ, ʧʦʤʝʱʸʥʥʦʤ ʚ ʮʝʥʪʨʠʬʫʛʫ. 

ɺʳʚʦʜʳ  

ʄʳ ʩʪʨʝʤʠʣʠʩʴ ʨʘʟʨʘʙʦʪʘʪʴ ʧʨʦʩʪʝʡʰʫʶ ʤʦʜʝʣʴ ʙʝʟʛʘʟʦʚʦʛʦ ʛʦʨʝʥʠʷ ʜʣʷ 

ʧʦʜʚʠʞʥʳʭ ʩʨʝʜ (ʵʤʫʣʴʩʠʡ, ʨʘʩʧʣʘʚʦʚ ʠ ʜʨ.), ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʷʝʪ ʦʮʝʥʠʪʴ ʨʦʣʴ 

ʩʝʧʘʨʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʥʘ ʬʨʦʥʪ ʛʦʨʝʥʠʷ (ʩʪʨʫʢʪʫʨʫ ʬʨʦʥʪʘ, ʩʢʦʨʦʩʪʴ ʝʛʦ 
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ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ, ʢʦʤʧʦʥʝʥʪʥʳʡ ʩʦʩʪʘʚ). ʆʪʤʝʪʠʤ, ʯʪʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʜʦʙʥʳʝ 

ʧʨʦʮʝʩʩʳ ʥʘʙʣʶʜʘʶʪ, ʠʩʧʦʣʴʟʫʷ ʜʣʷ ʠʩʭʦʜʥʳʭ ʩʨʝʜ ʧʦʨʦʰʢʦʚʳʝ ʩʤʝʩʝʚʳʝ ʩʦʩʪʘʚʳ. ɺ 

ʟʦʥʝ ʧʨʦʛʨʝʚʘ ʚʦ ʬʨʦʥʪʝ ʛʦʨʝʥʠʷ ʢʦʤʧʦʥʝʥʪʳ ʩʦʩʪʘʚʘ ʧʣʘʚʷʪʩʷ ʠ ʤʳ ʠʤʝʝʤ ʜʝʣʦ ʩ 

ʨʘʩʧʣʘʚʘʤʠ (ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʤʠ ʵʤʫʣʴʩʠʷʤʠ). ʆʜʥʘʢʦ, ʫ ʪʘʢʠʭ ʩʦʩʪʘʚʦʚ ʠʟ-ʟʘ 

ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʦʡ ʧʦʨʠʩʪʦʩʪʠ ʥʝʠʟʙʝʞʥʦ ʚʦʟʥʠʢʘʝʪ ʛʘʟʦʚʘʷ ʧʦʜʚʠʞʥʘʷ ʢʦʤʧʦʥʝʥʪʘ, 

ʢʦʪʦʨʘʷ ʩʫʱʝʩʪʚʝʥʥʦ ʫʩʣʦʞʥʷʝʪ ʢʘʢ ʜʠʥʘʤʠʢʫ ʧʨʦʮʝʩʩʘ (ʨʘʟʙʨʳʟʛʠʚʘʥʠʝ), ʪʘʢ ʠ ʤʦʜʝʣʴ 

ʜʣʷ ʝʸ ʦʧʠʩʘʥʠʷ. ɿʘʤʘʥʯʠʚʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʨʘʩʩʤʦʪʨʝʪʴ çʩʧʣʦʰʥʫʶè ʩʤʝʩʝʚʫʶ 

ʩʨʝʜʫ, ʥʘʧʨʠʤʝʨ ʩʵʥʜʚʠʯʥʳʡ ʧʘʢʝʪ ʠʟ ʬʦʣʴʛʠ ʜʣʷ ʨʘʟʥʳʭ ʢʦʤʧʦʥʝʥʪ. ɺʦʟʤʦʞʥʦ, ʥʘ 

ʜʘʥʥʦʤ ʧʫʪʠ ʫʜʘʩʪʩʷ ʧʦʣʫʯʠʪʴ ʙʦʣʝʝ ʧʣʦʪʥʫʶ ʫʧʘʢʦʚʢʫ ʢʦʤʧʦʥʝʥʪ. ʀʥʠʮʠʠʨʦʚʘʪʴ 

ʛʦʨʝʥʠʝ ʤʦʞʥʦ ʢʘʢ ʚʜʦʣʴ, ʪʘʢ ʠ ʧʦʧʝʨʸʢ, ʫʯʠʪʳʚʘʷ ʘʥʠʟʦʪʨʦʧʠʶ ʩʦʟʜʘʥʥʦʡ ʩʤʝʩʝʚʦʡ 

ʩʨʝʜʳ. ʌʦʨʤʫʣʠʨʫʷ ʤʘʪʝʤʘʪʠʯʝʩʢʫʶ ʤʦʜʝʣʴ, ʤʳ ʚʠʜʠʤ, ʯʪʦ ʚ ʥʝʸ ʚʭʦʜʷʪ ʥʝʣʠʥʝʡʥʳʝ 

ʩʠʥʛʫʣʷʨʥʳʝ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʝ ʫʨʘʚʥʝʥʠʷ ʚ ʯʘʩʪʥʳʭ ʧʨʦʠʟʚʦʜʥʳʭ. ʊʘʢʠʝ ʩʠʩʪʝʤʳ 

ʫʨʘʚʥʝʥʠʡ ʚ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʣʠʪʝʨʘʪʫʨʝ ʥʘʟʳʚʘʶʪʩʷ çʞʸʩʪʢʠʤʠè ʠʟ-ʟʘ ʩʣʦʞʥʦʩʪʠ 

ʘʥʘʣʠʟʘ ʠʭ ʨʝʰʝʥʠʡ ʜʘʞʝ ʯʠʩʣʝʥʥʳʤʠ ʤʝʪʦʜʘʤʠ. ʇʨʦʚʝʜʝʥʥʳʝ ʚ ʧʨʝʜʣʘʛʘʝʤʦʡ ʩʪʘʪʴʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʫʧʨʦʱʝʥʠʷ ʤʦʜʝʣʠ ʫʢʘʟʳʚʘʶʪ ʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʠʭ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ. 

ɼʘʥʥʘʷ ʨʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ, ʧʨʦʝʢʪ ˉ 19-03-

00088. 
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ʌʆʈʄʀʈʆɺɸʅʀɽ ʄʀʂʈʆʉʊʈʋʂʊʋʈʓ ʂʆʄʇʆɿʀʊʆɺ TiB2ïCrB 

ʀ ZrB2ïCrB, ʇʆʃʋʏɽʅʅʓʍ ʕʃɽʂʊʈʆʊɽʇʃʆɺʓʄ ɺɿʈʓɺʆʄ 

ʇʆɼ ɼɸɺʃɽʅʀɽʄ 

 
ɸ.ɺ. ʑʝʨʙʘʢʦʚ*, ɺ.ɸ. ʑʝʨʙʘʢʦʚ, ʉ.ɻ. ɺʘʜʯʝʥʢʦ 

 
ʌʝʜʝʨʘʣʴʥʦʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʙʶʜʞʝʪʥʦʝ ʫʯʨʝʞʜʝʥʠʝ ʥʘʫʢʠ ʀʥʩʪʠʪʫʪ ʩʪʨʫʢʪʫʨʥʦʡ ʤʘʢʨʦʢʠʥʝʪʠʢʠ ʠ 

ʧʨʦʙʣʝʤ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʠʤ. ɸ.ɻ. ʄʝʨʞʘʥʦʚʘ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ, ʏʝʨʥʦʛʦʣʦʚʢʘ, ʈʦʩʩʠʷ 
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ɺʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ ʢʦʤʧʦʟʠʪʳ ʷʚʣʷʶʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ ʜʣʷ 

ʩʦʟʜʘʥʠʷ ʠʟʜʝʣʠʡ ʩ ʚʳʩʦʢʠʤ ʨʝʩʫʨʩʦʤ ʨʘʙʦʪʳ ʧʨʠ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʚ ʫʩʣʦʚʠʷʭ 

ʘʙʨʘʟʠʚʥʦʛʦ ʠʣʠ ʵʨʦʟʠʦʥʥʦʛʦ ʠʟʥʦʩʘ. ʅʘʩʪʦʷʱʘʷ ʨʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʩʠʥʪʝʟʫ 

ʢʝʨʘʤʠʯʝʩʢʠʭ ʢʦʤʧʦʟʠʪʦʚ ʥʘ ʦʩʥʦʚʝ ʪʫʛʦʧʣʘʚʢʠʭ ʜʠʙʦʨʠʜʦʚ ʪʠʪʘʥʘ (TiB2) ʠ ʮʠʨʢʦʥʠʷ 

(ZrB2) ʩ ʢʝʨʘʤʠʯʝʩʢʦʡ ʩʚʷʟʢʦʡ ʠʟ ʤʦʥʦʙʨʠʜʘ ʭʨʦʤʘ (CrB) ʤʝʪʦʜʦʤ ʵʣʝʢʪʨʦʪʝʧʣʦʚʦʛʦ 

ʚʟʨʳʚʘ (ʕʊɺ) ʚ ʫʩʣʦʚʠʷʭ ʢʚʘʟʠʠʟʦʩʪʘʪʠʯʝʩʢʦʛʦ ʩʞʘʪʠʷ. ʆʩʦʙʝʥʥʦʩʪʴʶ ʤʝʪʦʜʘ ʷʚʣʷʝʪʩʷ 

ʪʦ, ʯʪʦ ʠʩʩʣʝʜʫʝʤʳʡ ʦʙʨʘʟʝʮ, ʩʧʨʝʩʩʦʚʘʥʥʳʡ ʠʟ ʨʝʘʢʮʠʦʥʥʦʡ ʛʝʪʝʨʦʛʝʥʥʦʡ ʩʤʝʩʠ 

ʧʦʨʦʰʢʦʚ, ʥʘʛʨʝʚʘʝʪʩʷ ʧʦʜ ʜʘʚʣʝʥʠʝʤ ʧʨʷʤʳʤ ʧʨʦʧʫʩʢʘʥʠʝʤ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ ʜʦ 

ʚʦʩʧʣʘʤʝʥʝʥʠʷ. 

ɺ ʜʘʥʥʦʤ ʤʝʪʦʜʝ ʚ ʦʜʥʫ ʩʪʘʜʠʶ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʩʠʥʪʝʟ ʠ ʢʦʥʩʦʣʠʜʘʮʠʷ 

ʪʫʛʦʧʣʘʚʢʦʛʦ ʤʘʪʝʨʠʘʣʘ. ɺʳʩʦʢʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʤʝʪʦʜʘ ʦʙʫʩʣʦʚʣʝʥʘ ʩʦʢʨʘʱʝʥʠʝʤ 

ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʩʪʘʜʠʡ ʩʠʥʪʝʟʘ ʠ ʠʟʤʝʣʴʯʝʥʠʝʤ ʜʦ ʩʫʙʤʠʢʨʦʥʥʦʛʦ ʨʘʟʤʝʨʘ ʦʪʜʝʣʴʥʳʭ 

ʪʫʛʦʧʣʘʚʢʠʭ ʩʦʝʜʠʥʝʥʠʡ. ʇʨʠʥʮʠʧʠʘʣʴʥʘʷ ʥʦʚʠʟʥʘ ʤʝʪʦʜʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʥʘʛʨʝʚ ʦʙʝʩʧʝʯʠʪ ʪʝʧʣʦʚʦʡ ʨʝʞʠʤ ʧʦʣʫʯʝʥʠʷ 

ʢʦʤʧʦʟʠʪʦʚ ʩ ʤʠʥʠʤʘʣʴʥʦʡ ʦʩʪʘʪʦʯʥʦʡ ʧʦʨʠʩʪʦʩʪʴʶ ʠ ʚʳʩʦʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ 

ʢʝʨʘʤʠʯʝʩʢʦʡ ʩʚʷʟʢʠ. 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʢʦʤʧʦʟʠʪʦʚ c ʦʜʥʦʨʦʜʥʦʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʦʡ ʧʨʦʚʦʜʠʣʠ 

ʤʝʭʘʥʠʯʝʩʢʦʝ ʘʢʪʠʚʠʨʦʚʘʥʠʝ ʛʝʪʝʨʦʛʝʥʥʦʡ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʡ ʩʤʝʩʠ, ʢʦʪʦʨʦʝ 

ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʨʘʟʨʫʰʝʥʠʝʤ ʦʢʩʠʜʥʳʭ ʧʣʝʥʦʢ, ʥʘʢʦʧʣʝʥʠʝʤ ʜʝʬʝʢʪʦʚ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʠʟʤʝʣʴʯʝʥʠʝʤ ʯʘʩʪʠʮ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ 

ʫʜʝʣʴʥʦʡ ʧʣʦʱʘʜʠ ʧʦʚʝʨʭʥʦʩʪʠ ʩʤʝʩʠ ʠ ʙʦʣʝʝ ʦʜʥʦʨʦʜʥʦʤʫ ʧʝʨʝʤʝʰʠʚʘʥʠʶ 

ʢʦʤʧʦʥʝʥʪʦʚ. ʇʨʠ ʤʝʭʘʥʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʠ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʨʝʘʢʮʠʦʥʥʘʷ ʩʧʦʩʦʙʥʦʩʪʴ 

ʛʝʪʝʨʦʛʝʥʥʦʡ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʡ ʩʤʝʩʠ. 
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ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʶʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʘʢʪʠʚʠʨʦʚʘʥʠʷ ʥʘ 

ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʕʊɺ ʠ ʬʦʨʤʠʨʦʚʘʥʠʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʢʦʤʧʦʟʠʪʦʚ TiB2ïCrB ʠ ZrB2ï

CrB. 

ʅʘ ʨʠʩʫʥʢʝ 1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʠʟʤʝʥʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ: 

ʥʘʧʨʷʞʝʥʠʷ (ʘ), ʪʦʢʘ (ʙ) ʠ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ (ʚ) ʦʙʨʘʟʮʘ ʚ ʭʦʜʝ ʕʊɺ 

ʩʤʝʩʝʡ Ti+Cr+B (1,2) ʠ Zr+Cr+B (3,4) ʤʘʩʩʦʡ 20 ʛ ʙʝʟ ʤʝʭʘʥʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʠ (2,4) ʠ ʩ 

ʤʝʭʘʥʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʝʡ (1,3). 

 

ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʠ ʠʟʤʝʥʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʥʘʧʨʷʞʝʥʠʷ, ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ ʠ 

ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʦʙʨʘʟʮʘ ʚ ʭʦʜʝ ʕʊɺ ʩʤʝʩʝʡ Ti+Cr+B (1, 

2) ʠ Zr+Cr+B (3, 4) ʙʝʟ ʤʝʭʘʥʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʠ (2, 4) ʠ ʩ ʤʝʭʘʥʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʝʡ (1, 

3) 

ʕʣʝʢʪʨʦʪʝʧʣʦʚʦʡ ʚʟʨʳʚ (ʕʊɺ) ʚʢʣʶʯʘʝʪ ʩʪʘʜʠʠ ʧʨʝʜʚʟʨʳʚʥʦʛʦ ʥʘʛʨʝʚʘ, 

ʪʝʧʣʦʚʦʛʦ ʚʟʨʳʚʘ ʠ ʧʦʩʪ ʧʨʦʮʝʩʩʳ. ʅʘ ʩʪʘʜʠʠ ʧʨʝʜʚʟʨʳʚʥʦʛʦ ʥʘʛʨʝʚʘ ʵʣʝʢʪʨʠʯʝʩʢʠʝ 

ʧʘʨʘʤʝʪʨʳ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʟʤʝʥʷʶʪʩʷ. ʅʘ ʩʪʘʜʠʠ ʪʝʧʣʦʚʦʛʦ ʚʟʨʳʚʘ ʧʨʦʠʩʭʦʜʠʪ ʨʝʟʢʦʝ 

ʫʤʝʥʴʰʝʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʥʘʧʨʷʞʝʥʠʷ, ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʠ ʫʚʝʣʠʯʝʥʠʝ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ ʦʙʨʘʟʮʘ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʧʨʠ ʙʳʩʪʨʦʧʨʦʪʝʢʘʶʱʝʤ 

ʵʢʟʦʪʝʨʤʠʯʝʩʢʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʧʣʦʱʘʜʴ ʢʦʥʪʘʢʪʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʨʝʘʛʝʥʪʦʚ. ʕʣʝʢʪʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʧʦʩʣʝ ʦʢʦʥʯʘʥʠʷ ʵʢʟʦʪʝʨʤʠʯʝʩʢʦʛʦ ʧʨʝʚʨʘʱʝʥʠʷ 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʟʤʝʥʷʶʪʩʷ. ʇʨʠ ʤʝʭʘʥʠʯʝʩʢʦʤ ʘʢʪʠʚʠʨʦʚʘʥʠʠ ʩʤʝʩʝʡ ʧʨʦʠʩʭʦʜʠʪ 

ʩʫʱʝʩʪʚʝʥʥʦʝ ʫʤʝʥʴʰʝʥʠʝ ʚʨʝʤʝʥʠ ʧʨʝʜʚʟʨʳʚʥʦʛʦ ʥʘʛʨʝʚʘ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ 

ʫʚʝʣʠʯʝʥʠʝ ʨʝʘʢʮʠʦʥʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʛʝʪʝʨʦʛʝʥʥʦʡ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʡ ʩʤʝʩʠ. ɺʨʝʤʝʥʘ 

ʧʨʝʜʚʟʨʳʚʥʦʛʦ ʥʘʛʨʝʚʘ ʥʝ ʘʢʪʠʚʠʨʦʚʘʥʥʳʭ ʩʤʝʩʝʡ Ti+Cr+B ʠ Zr+Cr+B ʩʦʩʪʘʚʠʣʠ 3,2 ʠ 

25,8 ʩʝʢʫʥʜ, ʘ ʘʢʪʠʚʠʨʦʚʘʥʥʳʭ ï 1,7 ʠ 12,8 ʩʝʢʫʥʜ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʅʘ ʨʠʩʫʥʢʝ 2 ʧʦʢʘʟʘʥʳ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʉɺʉ-ʢʦʤʧʦʟʠʪʦʚ TiB2ï70CrB (ʘ, ʙ) ʠ 

ZrB2ï70CrB (ʚ, ʛ), ʧʦʣʫʯʝʥʥʳʭ ʕʊɺ ʛʝʪʝʨʦʛʝʥʥʳʭ ʩʤʝʩʝʡ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 
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ʤʝʭʘʥʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʠ (ʘ, ʚ) ʠ ʩ ʤʝʭʘʥʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʝʡ (ʙ, ʛ). ɺʠʜʥʦ, ʯʪʦ 

ʢʦʤʧʦʟʠʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʙʝʟ ʤʝʭʘʥʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʠ, ʠʤʝʶʪ ʥʝʦʜʥʦʨʦʜʥʫʶ ʩʪʨʫʢʪʫʨʫ, 

ʘ ʩ ʤʝʭʘʥʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʝʡ ï ʦʜʥʦʨʦʜʥʫʶ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʭʦʜʝ ʵʢʟʦʪʝʨʤʠʯʝʩʢʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ʩʠʩʪʝʤʝ TiïCrïB ʦʙʨʘʟʫʶʪʩʷ ʪʫʛʦʧʣʘʚʢʠʝ ʩʦʝʜʠʥʝʥʠʷ TiB2 ʠ CrB, ʘ ʚ 

ʩʠʩʪʝʤʝ ZrïCrïB ï ZrB2 ʠ CrB. ʂʦʤʧʦʟʠʪ TiB2ï70CrB ʩʦʜʝʨʞʠʪ ʟʝʨʥʘ ʜʠʩʧʝʨʩʥʦʡ ʬʘʟʳ 

ʨʘʟʤʝʨʦʤ ʜʦ 5 ʤʢʤ, ʘ ʢʦʤʧʦʟʠʪ ZrB2ï70CrB ï ʟʝʨʥʘ ZrB2 ʚ ʚʠʜʝ ʧʣʘʩʪʠʥ ʪʦʣʱʠʥʦʡ 

ʤʝʥʝʝ 1 ʤʢʤ ʠ ʜʣʠʥʦʡ ʜʦ 50 ʤʢʤ. 

   

   

ʈʠʩ. 2. ʄʠʢʨʦʩʪʨʫʢʪʫʨʳ ʉɺʉ-ʢʦʤʧʦʟʠʪʦʚ TiB2ï70CrB (ʘ, ʙ) ʠ ZrB2ï70CrB (ʚ, ʛ), 

ʧʦʣʫʯʝʥʥʳʭ ʕʊɺ ʛʝʪʝʨʦʛʝʥʥʳʭ ʩʤʝʩʝʡ ʙʝʟ ʤʝʭʘʥʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʠ (ʘ, ʚ) ʠ ʩ 

ʤʝʭʘʥʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʝʡ (ʙ, ʛ). 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʦʨʫʜʦʚʘʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʥʦʛʦ ʮʝʥʪʨʘ 

ʢʦʣʣʝʢʪʠʚʥʦʛʦ ʧʦʣʴʟʦʚʘʥʠʷ (ʈʎʂʇ) ʀʉʄɸʅ. 
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ʆɼʅʆʉʊɸɼʀʁʅʓʁ ʉʇʆʉʆɹ ʇʆʃʋʏɽʅʀʗ 

ʋʃʔʊʈɸʊʋɻʆʇʃɸɺʂʆɻʆ ʂʆʄʇʆɿʀʊɸ ʅɸ ʆʉʅʆɺɽ ʉʀʉʊɽʄʓ 

TaCïZrC  

 

ɺ.ɸ. ʑʝʨʙʘʢʦʚ*, ɸ.ʅ. ɻʨʷʜʫʥʦʚ, ʉ.ɻ. ɺʘʜʯʝʥʢʦ 

 

ʌʝʜʝʨʘʣʴʥʦʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʙʶʜʞʝʪʥʦʝ ʫʯʨʝʞʜʝʥʠʝ ʥʘʫʢʠ ʀʥʩʪʠʪʫʪ ʩʪʨʫʢʪʫʨʥʦʡ ʤʘʢʨʦʢʠʥʝʪʠʢʠ ʠ 

ʧʨʦʙʣʝʤ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʠʤ. ɸ.ɻ. ʄʝʨʞʘʥʦʚʘ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ, ʏʝʨʥʦʛʦʣʦʚʢʘ, ʈʦʩʩʠʷ 
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ʋʣʴʪʨʘʪʫʛʦʧʣʘʚʢʠʡ ʢʦʤʧʦʟʠʪ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʧʣʘʚʣʝʥʠʷ º4000̄ʉ, 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʡ ʥʘ ʦʩʥʦʚʝ ʩʠʩʪʝʤʳ TʘCïZrC [1], ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʜʣʷ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʘʵʨʦʢʦʩʤʠʯʝʩʢʦʡ ʦʪʨʘʩʣʠ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʠʟʜʝʣʠʡ, ʦʙʣʘʜʘʶʱʠʭ 

ʙʦʣʴʰʠʤ ʨʝʩʫʨʩʦʤ ʨʘʙʦʪʳ ʧʨʠ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʫʩʣʦʚʠʷʭ ʵʨʦʟʠʦʥʥʦʛʦ ʠʟʥʦʩʘ. 

ʂʦʤʧʦʟʠʪʳ ʧʦʣʫʯʘʣʠ ʤʥʦʛʦʩʪʘʜʠʡʥʳʤʠ ʩʧʦʩʦʙʘʤʠ, ʚʢʣʶʯʘʶʱʠʤʠ ʩʪʘʜʠʠ 

ʩʠʥʪʝʟʘ ʧʦʨʦʰʢʦʚ ʪʫʛʦʧʣʘʚʢʠʭ ʩʦʝʜʠʥʝʥʠʡ TʘC ʠ ZrC, ʠʟʤʝʣʴʯʝʥʠʝ ʜʦ ʤʠʢʨʦʥʥʦʛʦ 

ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ, ʩʠʥʪʝʟ ʩʣʦʞʥʳʭ ʢʘʨʙʠʜʦʚ (Tʘ4ZrC5), ʧʦʚʪʦʨʥʦʝ ʠʭ ʠʟʤʝʣʴʯʝʥʠʝ ʠ 

ʧʦʩʣʝʜʫʶʱʝʝ ʩʧʝʢʘʥʠʝ ʠʣʠ ʛʦʨʷʯʝʝ ʧʨʝʩʩʦʚʘʥʠʝ. ʉ ʮʝʣʴʶ ʫʤʝʥʴʰʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ 

ʩʧʝʢʘʥʠʷ ʦʜʥʦʬʘʟʥʳʝ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʧʦʨʦʰʢʠ ʩʣʦʞʥʳʭ ʢʘʨʙʠʜʦʚ ʧʦʣʫʯʘʣʠ 

ʟʦʣʴ-ʛʝʣʴ ʤʝʪʦʜʦʤ [2].  

ʇʦʨʦʰʢʠ ʦʜʥʦʬʘʟʥʳʭ ʢʦʤʧʦʟʠʪʦʚ Tʘ4ZrC5 ʧʦʣʫʯʝʥʳ ʩʘʤʦʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʤʩʷ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʤ ʩʠʥʪʝʟʦʤ (ʉɺʉ) c ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʤʝʩʠ ʧʦʨʦʰʢʦʚ ʪʘʥʪʘʣʘ, 

ʮʠʨʢʦʥʠʷ ʠ ʩʘʞʠ, ʤʝʭʘʥʠʯʝʩʢʠ ʘʢʪʠʚʠʨʦʚʘʥʥʦʡ ʚ ʪʝʯʝʥʠʝ 5 ʤʠʥʫʪ ʚ ʰʘʨʦʚʦʡ ʤʝʣʴʥʠʮʝ 

[3]. ʇʦʩʣʝ ʠʟʤʝʣʴʯʝʥʠʷ ʧʨʦʜʫʢʪʘ ʉɺʉ ʫʣʴʪʨʘʪʫʛʦʧʣʘʚʢʠʝ ʢʦʤʧʦʟʠʪʳ ʢʦʥʩʦʣʠʜʠʨʦʚʘʣʠ 

ʵʣʝʢʪʨʦʠʩʢʨʦʚʳʤ ʩʧʝʢʘʥʠʝʤ. 

ʅʝʜʦʩʪʘʪʢʘʤʠ ʦʧʠʩʘʥʥʳʭ ʚʳʰʝ ʤʝʪʦʜʦʚ ʧʦʣʫʯʝʥʠʷ ʫʣʴʪʨʘʪʫʛʦʧʣʘʚʢʠʭ 

ʤʘʪʝʨʠʘʣʦʚ ʷʚʣʷʝʪʩʷ ʤʥʦʛʦʩʪʘʜʠʡʥʦʩʪʴ ʧʨʦʮʝʩʩʘ, ʚʳʩʦʢʠʝ ʟʘʪʨʘʪʳ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ, 

ʥʠʟʢʘʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ.  

ɺ ʀʉʄɸʅ ʨʘʟʨʘʙʦʪʘʥ ʵʬʬʝʢʪʠʚʥʳʡ ʤʝʪʦʜ, ʩʦʯʝʪʘʶʱʠʡ ʵʢʟʦʪʝʨʤʠʯʝʩʢʠʡ 

ʩʠʥʪʝʟ ʚ ʨʝʞʠʤʝ ʵʣʝʢʪʨʦʪʝʧʣʦʚʦʛʦ ʚʟʨʳʚʘ (ʕʊɺ) ʠ ʢʦʥʩʦʣʠʜʘʮʠʶ ʛʦʨʷʯʝʛʦ ʧʨʦʜʫʢʪʘ ʚ 

ʫʩʣʦʚʠʷʭ ʢʚʘʟʠʠʟʦʩʪʘʪʠʯʝʩʢʦʛʦ ʩʞʘʪʠʷ. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʩ ʧʦʤʦʱʴʶ ʜʘʥʥʦʛʦ 

ʤʝʪʦʜʘ ʚʧʝʨʚʳʝ ʚ ʦʜʥʫ ʩʪʘʜʠʶ ʧʦʣʫʯʝʥ ʫʣʴʪʨʘʪʫʛʦʧʣʘʚʢʠʡ ʢʦʤʧʦʟʠʪ Tʘ4ZrC5. 

ʆʩʫʱʝʩʪʚʣʝʥʠʝ ʵʢʟʦʪʝʨʤʠʯʝʩʢʦʛʦ ʩʠʥʪʝʟʘ ʠ ʢʦʥʩʦʣʠʜʘʮʠʠ ʫʣʴʪʨʘʪʫʛʦʧʣʘʚʢʦʛʦ 

ʢʦʤʧʦʟʠʪʘ ʚ ʦʜʥʫ ʪʝʭʥʦʣʦʛʠʯʝʩʢʫʶ ʩʪʘʜʠʶ ʧʦʟʚʦʣʠʣʦ ʠʩʢʣʶʯʠʪʴ ʜʣʠʪʝʣʴʥʳʝ 
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(ʤʥʦʛʦʯʘʩʦʚʳʝ) ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʩʪʘʜʠʠ ʧʦʣʫʯʝʥʠʷ ʠ ʠʟʤʝʣʴʯʝʥʠʝ ʪʫʛʦʧʣʘʚʢʠʭ 

ʩʦʝʜʠʥʝʥʠʡ.  

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʧʦʣʫʯʝʥʠʷ ʦʜʥʦʬʘʟʥʦʛʦ 

ʫʣʴʪʨʘʪʫʛʦʧʣʘʚʢʦʛʦ ʢʦʤʧʦʟʠʪʘ Ta4ZrC5 ʦʜʥʦʩʪʘʜʠʡʥʳʤ ʤʝʪʦʜʦʤ, ʩʦʯʝʪʘʶʱʠʤ ʕʊɺ 

ʛʝʪʝʨʦʛʝʥʥʦʡ ʩʤʝʩʠ ʧʦʨʦʰʢʦʚ ʪʘʥʪʘʣʘ, ʮʠʨʢʦʥʠʷ ʠ ʩʘʞʠ, ʠ ʢʦʥʩʦʣʠʜʘʮʠʶ ʮʝʣʝʚʦʛʦ 

ʧʨʦʜʫʢʪʘ ʚ ʫʩʣʦʚʠʷʭ ʢʚʘʟʠʠʟʦʩʪʘʪʠʯʝʩʢʦʛʦ ʩʞʘʪʠʷ. 

ʕʢʟʦʪʝʨʤʠʯʝʩʢʫʶ ʨʝʘʢʮʠʶ ʩʠʥʪʝʟʘ ʫʣʴʪʨʘʪʫʛʦʧʣʘʚʢʦʛʦ ʢʦʤʧʦʟʠʪʘ ʧʨʦʚʦʜʠʣʠ ʧʦ 

ʩʭʝʤʝ:  

4(Ta+C)+(Zr+C) => Ta4ZrC5     (1).  

ʈʝʘʢʮʠʦʥʥʳʝ ʩʤʝʩʠ ʛʦʪʦʚʠʣʠ ʠʟ ʧʦʨʦʰʢʦʚ ʪʘʥʪʘʣʘ (ʤʘʨʢʠ ʊʘʇʄ) ʮʠʨʢʦʥʠʷ 

(ʤʘʨʢʠ ʇʎʨʂ-1), ʠ ʫʛʣʝʨʦʜʘ (ʤʘʨʢʠ ʇ804-ʊ). ʉʤʝʩʴ ʩʤʝʰʠʚʘʣʠ ʚ ʧʣʘʥʝʪʘʨʥʦʤ 

ʘʢʪʠʚʘʪʦʨʝ ɸɻʆ-2ʉ ʧʨʠ ʫʩʢʦʨʝʥʠʠ 90 g. ʄʝʭʘʥʠʯʝʩʢʫʶ ʘʢʪʠʚʘʮʠʶ ʧʦʨʦʰʢʦʚ 

ʧʨʦʚʦʜʠʣʠ ʚ ʜʚʝ ʩʪʘʜʠʠ. ʅʘ ʧʝʨʚʦʡ ʧʨʦʠʟʚʦʜʠʣʠ ʘʢʪʠʚʠʨʦʚʘʥʥʦʝ ʩʤʝʰʝʥʠʝ ʧʦʨʦʰʢʦʚ 

ʪʘʥʪʘʣʘ ʠ ʮʠʨʢʦʥʠʷ ʚ ʪʝʯʝʥʠʝ ʦʪ 0 ʜʦ 30 ʤʠʥʫʪ. ʅʘ ʚʪʦʨʦʡ ï ʢ ʧʦʣʫʯʝʥʥʦʡ ʩʤʝʩʠ 

ʘʢʪʠʚʠʨʦʚʘʥʥʳʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʧʦʨʦʰʢʦʚ ʜʦʙʘʚʣʷʣʠ ʩʘʞʫ ʠ ʩʤʝʰʠʚʘʣʠ ʚ ʪʝʯʝʥʠʝ 

ʯʝʪʳʨʝʭ ʤʠʥʫʪ.  

ʀʟ ʧʨʠʛʦʪʦʚʣʝʥʥʦʡ ʩʤʝʩʠ ʧʨʝʩʩʦʚʘʣʠ ʮʠʣʠʥʜʨʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ ʚʳʩʦʪʦʡ h=12 

ʤʤ ʠ ʜʠʘʤʝʪʨʦʤ d=15 ʤʤ ʜʦ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ 0,5. ʀʩʩʣʝʜʫʝʤʳʡ ʦʙʨʘʟʝʮ 

ʧʦʤʝʱʘʣʠ ʚ ʨʝʘʢʮʠʦʥʥʫʶ ʧʨʝʩʩ-ʬʦʨʤʫ. ʃʘʙʦʨʘʪʦʨʥʘʷ ʫʩʪʘʥʦʚʢʘ ʜʣʷ ʩʠʥʪʝʟʘ 

ʫʣʴʪʨʘʪʫʛʦʧʣʘʚʢʦʛʦ ʢʦʤʧʦʟʠʪʘ ʤʝʪʦʜʦʤ ʕʊɺ ʧʦʜ ʜʘʚʣʝʥʠʝʤ ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥʘ ʚ [4]. ɺ 

ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʠʩʩʣʝʜʫʝʤʳʡ ʦʙʨʘʟʝʮ ʩʞʠʤʘʣʠ ʜʘʚʣʝʥʠʝʤ 100 ʄʇʘ ʠ ʥʘʛʨʝʚʘʣʠ 

ʜʞʦʫʣʝʚʳʤ ʪʝʧʣʦʤ ʜʦ ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʵʢʟʦʪʝʨʤʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʨʝʘʛʝʥʪʦʚ ʚ 

ʨʝʞʠʤʝ ʪʝʧʣʦʚʦʛʦ ʚʟʨʳʚʘ.  

ʄʠʢʨʦʩʪʨʫʢʪʫʨʫ ʢʦʤʧʦʟʠʪʦʚ ʠʟʫʯʘʣʠ ʩ ʧʦʤʦʱʴʶ ʘʚʪʦʵʤʠʩʩʠʦʥʥʦʛʦ 

ʩʢʘʥʠʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ ʩʚʝʨʭʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ Zeiss Ultra plus. 

ʌʘʟʦʚʳʡ ʩʦʩʪʘʚ ʉɺʉ-ʢʦʤʧʦʟʠʪʦʚ ʠʟʫʯʘʣʠ ʩ ʧʦʤʦʱʴʶ ʜʠʬʨʘʢʪʦʤʝʪʨʘ çɼʈʆʅ-3è ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʦʛʦ Cr-KŬ ʠʟʣʫʯʝʥʠʷ, ʢʦʤʧʴʶʪʝʨʥʦʡ ʧʨʦʛʨʘʤʤʳ 

çCrystallographica Search Matchè ʠ ʙʘʟʳ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʜʘʥʥʳʭ Power Diffraction File 

(PDF-2, ICDD, USA, Release 2011). ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʠ ʰʣʠʬʳ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ. 

ʅʘ ʨʠʩʫʥʢʝ 1 ʧʨʝʜʩʪʘʚʣʝʥʘ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʢʦʤʧʦʟʠʪʘ Ta4ZrC5, ʧʦʣʫʯʝʥʥʦʛʦ ʧʨʠ 

ʕʊɺ ʤʝʭʘʥʠʯʝʩʢʠ ʘʢʪʠʚʠʨʦʚʘʥʥʦʡ ʩʤʝʩʠ. ɺʠʜʥʦ, ʯʪʦ ʚ ʭʦʜʝ ʕʊɺ ʩʬʦʨʤʠʨʦʚʘʣʩʷ 

ʦʜʥʦʬʘʟʥʳʡ ʢʦʤʧʦʟʠʪ Ta4ZrC5 ʩ ʨʘʟʤʝʨʦʤ ʯʘʩʪʠʮ 2ï3 ʤʢʤ. ʆʜʥʦʬʘʟʥʳʡ ʩʦʩʪʘʚ 
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ʢʦʤʧʦʟʠʪʘ Ta4ZrC5 ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ (ʨʠʩʫʥʦʢ 

2).  

 

ʈʠʩ. 1. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʢʦʤʧʦʟʠʪʘ Ta4ZrC5, ʧʦʣʫʯʝʥʥʦʛʦ ʧʨʠ ʕʊɺ ʘʢʪʠʚʠʨʦʚʘʥʥʦʡ 

ʩʤʝʩʠ ʧʦʨʦʰʢʦʚ 

 

 
 

ʈʠʩ. 2. ɼʠʬʨʘʢʪʦʛʨʘʤʤʘ ʢʦʤʧʦʟʠʪʘ Ta4ZrC5, ʧʦʣʫʯʝʥʥʦʛʦ ʧʨʠ ʕʊɺ ʤʝʭʘʥʠʯʝʩʢʠ 

ʘʢʪʠʚʠʨʦʚʘʥʥʦʡ ʩʤʝʩʠ ʧʦʨʦʰʢʦʚ 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʘʟʨʘʙʦʪʘʥ ʵʬʬʝʢʪʠʚʥʳʡ ʦʜʥʦʩʪʘʜʠʡʥʳʡ ʤʝʪʦʜ, ʩʦʯʝʪʘʶʱʠʡ 

ʵʢʟʦʪʝʨʤʠʯʝʩʢʠʡ ʩʠʥʪʝʟ ʚ ʨʝʞʠʤʝ ʵʣʝʢʪʨʦʪʝʧʣʦʚʦʛʦ ʚʟʨʳʚʘ (ʕʊɺ) ʠ ʢʦʥʩʦʣʠʜʘʮʠʶ 

ʛʦʨʷʯʝʛʦ ʧʨʦʜʫʢʪʘ ʚ ʫʩʣʦʚʠʷʭ ʢʚʘʟʠʠʟʦʩʪʘʪʠʯʝʩʢʦʛʦ ʩʞʘʪʠʷ, ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʦʛʦ 

ʩʠʥʪʝʟʠʨʦʚʘʥ ʫʣʴʪʨʘʪʫʛʦʧʣʘʚʢʠʡ ʢʦʤʧʦʟʠʪ Tʘ4ZrC5. ʋʩʣʦʚʠʝʤ ʩʠʥʪʝʟʘ ʦʜʥʦʬʘʟʥʦʛʦ 

ʢʦʤʧʦʟʠʪʘ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʩʤʝʩʠ ʧʦʨʦʰʢʦʚ ʪʘʥʪʘʣʘ, ʮʠʨʢʦʥʠʷ ʠ ʫʛʣʝʨʦʜʘ, 

ʤʝʭʘʥʠʯʝʩʢʠ ʘʢʪʠʚʠʨʦʚʘʥʥʦʡ ʚ ʜʚʝ ʩʪʘʜʠʠ: ʥʘ ʧʝʨʚʦʡ ʩʪʘʜʠʠ ʧʨʦʠʟʚʦʜʠʪʩʷ 

ʘʢʪʠʚʠʨʦʚʘʥʥʦʝ ʩʤʝʰʝʥʠʝ ʧʦʨʦʰʢʦʚ ʪʘʥʪʘʣʘ ʠ ʮʠʨʢʦʥʠʷ ʚ ʪʝʯʝʥʠʝ 20 ʤʠʥʫʪ, ʥʘ ʚʪʦʨʦʡ 

ï ʜʦʙʘʚʣʷʣʠ ʩʘʞʫ ʠ ʩʤʝʰʠʚʘʣʠ ʚ ʪʝʯʝʥʠʝ ʯʝʪʳʨʝʭ ʤʠʥʫʪ. ɺ ʭʦʜʝ ʕʊɺ ʧʦʜ ʜʘʚʣʝʥʠʝʤ 

100 ʄʇʘ ʩʬʦʨʤʠʨʦʚʘʣʩʷ ʦʜʥʦʬʘʟʥʳʡ ʢʦʤʧʦʟʠʪ Ta4ZrC5 ʩ ʨʘʟʤʝʨʦʤ ʯʘʩʪʠʮ 2ï3 ʤʢʤ. 

ʆʩʪʘʪʦʯʥʘʷ ʧʦʨʠʩʪʦʩʪʴ ʫʣʴʪʨʘʪʫʛʦʧʣʘʚʢʦʛʦ ʢʦʤʧʦʟʠʪʘ ï 8ï10%.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʬʦʥʜʘ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ (ʛʨʘʥʪ ˉ 19-08-01085 ɸ) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʦʙʦʨʫʜʦʚʘʥʠʷ ʮʝʥʪʨʘ ʢʦʣʣʝʢʪʠʚʥʦʛʦ ʧʦʣʴʟʦʚʘʥʠʷ ʀʉʄɸʅ. 
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ʀʟʚʝʩʪʥʦ ʦ ʩʫʱʝʩʪʚʦʚʘʥʠʠ ʪʨʝʭ ʪʨʦʡʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʚ ʩʠʩʪʝʤʝ Ta-Ni-Al  [1]: 

TaNiAl (Ű1-ʬʘʟʘ ʃʘʚʝʩʘ), TaNi2Al (Ű2-ʬʘʟʘ ɻʝʩʣʝʨʘ), TaNi6Al  (Ű3-ʬʘʟʘ ʠʣʠ ˊ ʧʦ [2]) ʠ 

ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʚʦʟʤʦʞʥʦʩʪʠ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʬʘʟ: Ta5Ni2Al 3, TaNiAl2, Ta55Ni10Al 35 [3ï5], 

ʯʪʦ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʥʝ ʥʘʰʣʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʧʦʜʪʚʝʨʞʜʝʥʠʷ [6]. ɺ ʨʘʙʦʪʝ [7] 

ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ʩʠʩʪʝʤʝ Ta-Ni-Al ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʩʘʤʦʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʛʦʩʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʩʠʥʪʝʟʘ (ʉɺʉ) ʙʳʣʦ ʧʦʢʘʟʘʥʦ 

ʬʦʨʤʠʨʦʚʘʥʠʝ Ű1-ʬʘʟʳ ʃʘʚʝʩʘ TaNiAl ʚ ʧʨʦʤʝʞʫʪʦʯʥʦʤ ʩʣʦʝ ʤʝʞʜʫ NiAl ʠ Ta. ʊʘʢ ʞʝ 

ʙʳʣ ʦʙʥʘʨʫʞʝʥ ʪʦʥʢʠʡ ʧʨʦʤʝʞʫʪʦʯʥʳʡ ʩʣʦʡ, ʙʣʠʟʢʠʡ ʧʦ ʩʦʩʪʘʚʫ ʢ ʬʘʟʝ Ta5Ni2Al 3, 

ʢʦʪʦʨʳʡ ʬʦʨʤʠʨʫʝʪʩʷ ʤʝʞʜʫ Ta ʠ TaNiAl. ʊʦʣʱʠʥʘ ʩʣʦʷ ʩʦʜʝʨʞʘʱʝʛʦ 

ʧʨʝʜʧʦʣʦʞʠʪʝʣʴʥʫʶ ʬʘʟʫ Ta5Ni2Al 3 ʩʦʩʪʘʚʣʷʝʪ 1õ2 ʤʢʤ, ʯʪʦ ʥʝ ʧʦʟʚʦʣʠʣʦ ʦʧʨʝʜʝʣʠʪʴ 

ʝʸ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʤʝʪʦʜʦʤ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ (ʈʌɸ). 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠ ʚ ʩʨʝʜʝ Ar ʧʨʠ ʜʘʚʣʝʥʠʠ 1 ʘʪʤ, ʧʨʝʩʩʦʚʘʥʥʳʡ ʦʙʨʘʟʝʮ 

ʩʦʩʪʘʚʘ 5Ta-2Ni-3Al (ʘʪ. %) ʤʘʩʩʦʡ 50 ʛ ʧʦʤʝʱʘʣʠ ʤʝʞʜʫ ʜʚʫʭ ʥʘʛʨʝʚʘʪʝʣʴʥʳʭ 

ʵʣʝʤʝʥʪʦʚ, ʥʘʛʨʝʚ ʦʩʫʱʝʩʪʚʣʷʣʠ ʩʦ ʩʢʦʨʦʩʪʴʶ ʦʢʦʣʦ 70 ʛʨʘʜ/ʤʠʥ. ʆʙʨʘʟʮʳ ʨʘʟʤʝʨʦʤ 

2Ĭ2Ĭ2 ʤʤ, ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ ʉɺʉ, ʧʝʨʝʧʣʘʚʣʷʣʠ ʚ ʚʘʢʫʫʤʝ ʚ ʪʝʯʝʥʠʝ 10 ʤʠʥ. ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ ʦʢʦʣʦ 3000Áʉ. ʈʌɸ ʧʨʦʜʫʢʪʦʚ ʉɺʉ ʧʨʦʚʦʜʠʣʠ ʥʘ ʜʠʬʨʘʢʪʦʤʝʪʨʝ ɼʈʆʅ-

3ʄ ʥʘ ʠʟʣʫʯʝʥʠʠ CuKŬ  ʚ ʠʥʪʝʨʚʘʣʝ ʫʛʣʦʚ 2ɗ=10Áï100Á ʩ ʰʘʛʦʤ ʩʲʸʤʢʠ 0,02Á, 

ʵʢʩʧʦʟʠʮʠʝʡ 2 ʩʝʢʫʥʜʳ ʧʨʠ 293 ʂ. ʄʠʢʨʦʩʪʨʫʢʪʫʨʫ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ 

ʠʩʩʣʝʜʦʚʘʣʠ ʥʘ ʘʚʪʦʵʤʠʩʩʠʦʥʥʦʤ ʩʢʘʥʠʨʫʶʱʝʤ ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ Carl Zeiss 

Ultra Plus ʥʘ ʙʘʟʝ Ultra 55 ʩ ʩʠʩʪʝʤʦʡ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʛʦ ʤʠʢʨʦʘʥʘʣʠʟʘ (ʕɼɸ) INCA 

Energy 350 XT Oxford Instruments. 

ʈʝʘʢʮʠʦʥʥʘʷ ʩʤʝʩʴ ʩʦʩʪʘʚʘ 5Ta-2Ni-3Al (ʘʪ. %) ʷʚʣʷʝʪʩʷ ʩʣʘʙʦʵʢʟʦʪʝʨʤʠʯʝʩʢʦʡ ʠ 

ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʉɺʉ ʪʨʝʙʫʝʪ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʥʘʛʨʝʚʘ ʚʩʝʛʦ ʨʝʘʢʮʠʦʥʥʦʛʦ ʦʙʨʘʟʮʘ. 

ʀʥʠʮʠʠʨʦʚʘʥʠʝ ʨʝʘʢʮʠʠ ʙʳʣʦ ʟʘʬʠʢʩʠʨʦʚʘʥʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʦʢʦʣʦ 480Áʉ. 

ʄʘʢʩʠʤʘʣʴʥʘʷ ʟʘʬʠʢʩʠʨʦʚʘʥʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʦʙʨʘʟʮʦʚ ʧʨʠ ʧʨʦʪʝʢʘʥʠʠ ʉɺʉ-ʨʝʘʢʮʠʠ 
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ʜʦʩʪʠʛʘʣʘ 750Áʉ. ʄʠʢʨʦʩʪʨʫʢʪʫʨʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʕɼɸ ʧʦʢʘʟʘʣʠ, ʯʪʦ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʦʙʨʘʟʮʳ ʠʤʝʶʪ ʚʳʩʦʢʫʶ ʧʦʨʠʩʪʦʩʪʴ, ʩʦʜʝʨʞʘʪ ʟʥʘʯʠʪʝʣʴʥʦʝ 

ʢʦʣʠʯʝʩʪʚʦ ʥʝʧʨʦʨʝʘʛʠʨʦʚʘʚʰʝʛʦ Ta ʠ ʠʥʪʝʨʤʝʪʘʣʣʠʜʥʳʝ ʬʘʟʳ: TaNiAl (Ű1-ʬʘʟʘ ʃʘʚʝʩʘ 

ʥʝʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ) ʠ NiAl. ʅʘ ʛʨʘʥʠʮʝ ʤʝʞʜʫ ʥʝʜʦʨʝʘʛʠʨʦʚʘʚʰʠʤʠ 

ʯʘʩʪʠʮʘʤʠ Ta ʠ ʬʘʟʦʡ TaNiAl ʦʙʥʘʨʫʞʝʥ ʧʨʦʤʝʞʫʪʦʯʥʳʡ ʩʣʦʡ ʪʦʣʱʠʥʦʡ ʦʢʦʣʦ 1õ2 

ʤʢʤ ʩ ʫʩʨʝʜʥʸʥʥʳʤ ʩʦʩʪʘʚʦʤ Ta51Ni20Al 29 (ʨʠʩʫʥʦʢ 1ʘ). ʈʌɸ ʠʟʤʝʣʴʯʸʥʥʦʛʦ ʉɺʉ-

ʧʨʦʜʫʢʪʘ ʧʦʢʘʟʘʣ, ʯʪʦ ʚ ʩʦʩʪʘʚʝ ʧʨʠʩʫʪʩʪʚʫʶʪ ʬʘʟʳ TaNiAl (Ű1-ʬʘʟʘ ʃʘʚʝʩʘ), NiAl, 

Ni2Al 3 ʠ Ta (ʨʠʩʫʥʦʢ 1ʙ). 

 

  

ɸ ʙ 

ʈʠʩ. 1. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ (ʘ) ʠ ʈʌɸ (ʙ) ʉɺʉ-ʧʨʦʜʫʢʪʘ ʩʦʩʪʘʚʘ 5Ta-2Ni-3Al 

ʆʙʨʘʟʮʳ, ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ ʉɺʉ, ʙʳʣʠ ʧʦʜʚʝʨʛʥʫʪʳ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ 

ʧʝʨʝʧʣʘʚʢʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʦʢʦʣʦ 3000Áʉ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʚʳʷʚʠʣʦ 

ʟʥʘʯʠʪʝʣʴʥʳʝ ʠʟʤʝʥʝʥʠʷ ʚ ʩʪʨʫʢʪʫʨʝ ʠ ʬʘʟʦʚʦʤ ʩʦʩʪʘʚʝ ʧʝʨʝʧʣʘʚʣʝʥʥʳʭ ʦʙʨʘʟʮʦʚ. 

ʅʘʙʣʶʜʘʝʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʦʝ ʨʘʩʪʚʦʨʝʥʠʝ ʠʩʭʦʜʥʳʭ ʯʘʩʪʠʮ Ta ʚ ʤʘʪʨʠʮʝ. ɸʥʘʣʠʟ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʘ ʧʦʢʘʟʘʣ ʥʘʣʠʯʠʝ ʪʨʸʭ ʩʪʨʫʢʪʫʨʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ (ʬʘʟ) ʩ 

ʫʩʨʝʜʥʝʥʥʳʤ ʩʦʩʪʘʚʦʤ (ʨʠʩʫʥʦʢ 2ʘ ʠ ʪʘʙʣʠʮʘ 1): 

1. Ta85Ni7Al8, ʚ ʚʠʜʝ ʟʸʨʝʥ, ʜʝʥʜʨʠʪʦʚ ʠ ʪʦʥʢʠʭ ʩʣʦʸʚ (ʪʦʯʢʠ 1ï4 ʥʘ ʨʠʩʫʥʢʝ 2ʘ); 

2. Ta52Ni20Al 28, ʚ ʚʠʜʝ ʜʝʥʜʨʠʪʦʚ (ʪʦʯʢʠ 5ï10 ʥʘ ʨʠʩʫʥʢʝ 2ʘ); 

3. Ta53Ni25Al 22, ʚ ʚʠʜʝ ʩʣʦʝʚʳʭ ʩʪʨʫʢʪʫʨʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ (ʪʦʯʢʠ 11ï16 ʥʘ 

ʨʠʩʫʥʢʝ 2ʘ). 

ʈʌɸ ʧʝʨʝʧʣʘʚʣʝʥʥʦʛʦ ʦʙʨʘʟʮʘ ʧʦʢʘʟʘʣ ʩʣʦʞʥʫʶ ʜʠʬʨʘʢʮʠʦʥʥʫʶ ʢʘʨʪʠʥʫ ʠ 

ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʘʣʠʯʠʝ ʥʝʩʢʦʣʴʢʠʭ ʬʘʟ ʚ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʤ ʤʘʪʝʨʠʘʣʝ (ʨʠʩʫʥʦʢ 2ʙ). 

ʇʦʣʫʯʝʥʥʳʡ ʥʘʙʦʨ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʣʠʥʠʡ ʥʝ ʩʦʚʧʘʜʘʝʪ ʥʠ ʩ ʦʜʥʠʤ ʠʟ ʠʟʚʝʩʪʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʩʠʩʪʝʤʝ, ʠʥʬʦʨʤʘʮʠʷ ʦ ʢʦʪʦʨʳʭ ʧʨʠʚʝʜʝʥʘ ʚ ʙʘʟʘʭ 
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ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʭ ʜʘʥʥʳʭ ʧʦʣʠʢʨʠʩʪʘʣʣʦʚ (PDF-2) ʠ ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ 

ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ (ICSD). 

 

 
 

ʘ ʙ 

ʈʠʩ. 2. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ (ʘ) ʠ ʈʌɸ (ʙ) ʧʝʨʝʧʣʘʚʣʝʥʥʦʛʦ ʦʙʨʘʟʮʘ 

ʊʘʙʣʠʮʘ 1. ɼʘʥʥʳʝ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʛʦ ʤʠʢʨʦʘʥʘʣʠʟʘ (ʘʪ. %) ʜʣʷ ʨʠʩʫʥʢʘ 2ʘ. 

 ʌʘʟʘ 1 ʌʘʟʘ 2 ʌʘʟʘ 3 

ʊʦʯʢʠ 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Ta 89,2 88,4 85,7 78,5 51,7 51,7 52,6 52,3 51,1 52,6 52,3 53,8 52,1 51,8 52,0 53,5 

Ni 2,1 3,8 7,5 12,9 20,3 20,7 20,7 19,2 20,7 19,8 25,0 26,8 25,3 24,6 25,6 23,9 

Al  8,7 7,8 6,8 8,6 28,0 27,6 26,7 28,5 28,2 27,6 22,7 19,4 22,6 23,6 22,4 22,6 

 

ʈʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʠ ʠʩʭʦʜʷ ʠʟ ʧʨʝʜʧʦʣʦʞʝʥʠʷ, ʯʪʦ 

ʩʪʨʫʢʪʫʨʘ ʥʝʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʥʳʭ ʬʘʟ ʤʦʞʝʪ ʙʳʪʴ ʧʦʜʦʙʥʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʝ 

ʜʚʦʡʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʠʥʪʝʨʤʝʪʘʣʣʠʜʥʳʭ ʩʠʩʪʝʤ Ta-Al  ʠ Ta-Ni. ʈʌɸ ʧʦʢʘʟʘʣ, ʯʪʦ 

ʜʠʬʨʘʢʮʠʦʥʥʳʝ ʣʠʥʠʠ ʤʦʞʥʦ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʪʴ ʢʘʢ ʣʠʥʠʠ ʪʨʸʭ ʩʦʝʜʠʥʝʥʠʡ: ɛ-ʬʘʟʳ 

Ta6,5Ni6,5 (ʧʨ.ʛʨ. mR3 ) [8], t4ïʬʘʟʳ Ti2Ni (ʧʨ.ʛʨ. mFd 3 ) [9] ʠ s-ʬʘʟʳ Ta2,84Al 0,91 (ʧʨ.ʛʨ. 

P42/mnm) [10] ʩ ʦʪʣʠʯʘʶʱʠʤʠʩʷ ʧʘʨʘʤʝʪʨʘʤʠ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ 

ʩʪʨʫʢʪʫʨʥʦʛʦ ʪʠʧʘ. ɺʝʨʦʷʪʥʦ, ʠʟʤʝʥʝʥʠʝ ʤʝʪʨʠʢʠ ʷʯʝʡʢʠ ʬʘʟ ʩʚʷʟʘʥʦ ʩ ʥʘʣʠʯʠʝʤ ʚ 

ʩʪʨʫʢʪʫʨʝ ʘʪʦʤʦʚ Al ʜʣʷ ɛ ʠ t4 ʬʘʟ, ʠ Ni ʜʣʷ s-ʬʘʟʳ. ʋʪʦʯʥʝʥʠʝ ʤʝʪʦʜʦʤ ʈʠʪʚʝʣʴʜʘ 

ʧʦʢʘʟʘʣʦ, ʯʪʦ ʧʘʨʘʤʝʪʨʳ ʷʯʝʡʢʠ ʚʩʝʭ ʪʨʸʭ ʬʘʟ ʠʤʝʶʪ ʙʦʣʴʰʝʝ ʟʥʘʯʝʥʠʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʜʚʦʡʥʳʤʠ ʠʥʪʝʨʤʝʪʘʣʣʠʜʥʳʤʠ ʩʦʝʜʠʥʝʥʠʷʤʠ (ʪʘʙʣʠʮʘ 2). 
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ʊʘʙʣʠʮʘ 2. ʂʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʝ ʜʘʥʥʳʝ ʬʘʟ ʠʩʩʣʝʜʫʝʤʦʛʦ ʚʝʱʝʩʪʚʘ 

 m-ʬʘʟʘ t4ïʬʘʟʘ s-ʬʘʟʘ 

ʇʨ. ʛʨʫʧʧʘ mR3  (ˉ166) mFd3  (ˉ227) P42/mnm (̄ 136) 

ʇʘʨʘʤʝʪʨ Ta6,5Ni6,5 

[8] 

Ta6Ni6Al Ti2Ni 
[9] 

Ta2Ni0,5Al 0,5 Ta2,84Al 0,91 

[10] 

Ta3Al  

ʘ, ¡ 4,921(40) 4,9917(1) 11,3193(3) 11,4105(4) 10,014(1) 10,235(1) 

b, ¡ 4,921(4) 4,9917(1) 11,3193(3) 11,4105(4) 10,014(1) 10,235(1) 

c, ¡ 26,905(2) 27,424(2) 11,3193(3) 11,4105(4) 5,211(1) 5,159(2) 

V, ¡į 564,3 591,76(6) 1450,3 1485,7(2) 522,56 540,4(3) 

PDF2 Card 00-015-0270  01-072-0442  01-076-3638  

 

ʈʘʜʠʫʩʳ ʘʪʦʤʦʚ Al (1,29 ¡) ʙʦʣʴʰʝ, ʯʝʤ ʫ ʘʪʦʤʦʚ Ni (1,20 ¡), ʠ ʤʝʥʴʰʝ, ʯʝʤ ʫ 

ʘʪʦʤʦʚ ʊʘ (1,42 ¡) [11], ʩʣʝʜʦʚʘʪʝʣʴʥʦ ʫʚʝʣʠʯʝʥʠʝ ʤʝʪʨʠʢʠ ʷʯʝʡʢʠ ʢʨʠʩʪʘʣʣʦʚ m ʠ t4 

ʬʘʟ ʩʚʷʟʘʥʦ ʩ ʟʘʤʝʱʝʥʠʝʤ ʘʪʦʤʦʚ Ni ʥʘ ʘʪʦʤʳ Al. ʆʙʦʟʥʘʯʠʤ ʧʦʣʫʯʝʥʥʳʝ ʬʘʟʳ: m' ï 

ʬʘʟʘ ʩʦʩʪʘʚʘ Ta6,5Ni6,5-ʭAl x, t4' ï ʬʘʟʘ ʩʦʩʪʘʚʘ Ta2Ni1-yAl y ʠ s' ï ʬʘʟʘ ʩʦʩʪʘʚʘ Ta3Al 1-zNiz. 

ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʨʠʩʪʘʣʣʘʤʠ Ta6,5Ni6,5 ʫʚʝʣʠʯʝʥʠʝ ʦʙʲʸʤʘ m'-ʬʘʟʳ ʩʦʩʪʘʚʠʣʦ 5% 

(ʪʘʙʣʠʮʘ 2). ʈʘʜʠʫʩ ʘʪʦʤʦʚ Ta ʙʦʣʴʰʝ, ʯʝʤ ʫ ʘʪʦʤʦʚ Ni ʥʘ 18%, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʜʣʷ 

ʘʪʦʤʦʚ Al ʵʪʘ ʨʘʟʥʠʮʘ ʩʦʩʪʘʚʣʷʝʪ 7%. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʚʥʝʜʨʝʥʠʝ ʘʪʦʤʦʚ Al ʚ ʧʦʟʠʮʠʠ 

ʘʪʦʤʦʚ Ni ʚ ʩʪʨʫʢʪʫʨʝ m-ʬʘʟʳ Ta6,5Ni6,5 ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʙʦʣʝʝ ʚʝʨʦʷʪʥʳʤ, ʯʝʤ ʚ ʧʦʟʠʮʠʠ 

ʘʪʦʤʦʚ Ta. ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʚʦʡʥʳʤ ʩʦʝʜʠʥʝʥʠʝʤ Ta6,5Ni6,5 ʫ m'-ʬʘʟʳ ʥʘʙʣʶʜʘʝʪʩʷ 

ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʨʷʜʘ ʦʪʨʘʞʝʥʠʡ ʩ ʨʘʟʥʳʤʠ ʠʥʜʝʢʩʘʤʠ (ʨʠʩʫʥʦʢ 3ʘ). 

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʢʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ m'-ʬʘʟʫ 

ʢʘʢ ʪʨʦʡʥʦʝ ʩʦʝʜʠʥʝʥʠʝ ʩʦʩʪʘʚʘ TaNi1-xAl x (ʩʪʨʫʢʪʫʨʥʳʡ ʧʨʦʪʦʪʠʧ W6Fe7), ʚ ʢʦʪʦʨʦʤ 

ʯʘʩʪʴ ʧʦʟʠʮʠʡ ʘʪʦʤʦʚ Ni ʟʘʥʷʪʘ ʘʪʦʤʘʤʠ Al. ʇʦ ʜʘʥʥʳʤ ʨʘʩʯʸʪʦʚ ʩʦʩʪʘʚ ʢʨʠʩʪʘʣʣʦʚ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʬʦʨʤʫʣʝ Ta6Ni6Al. ʇʦʢʘʟʘʪʝʣʠ ʢʘʯʝʩʪʚʘ ʧʦʜʛʦʥʢʠ ʧʨʦʬʠʣʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʠ ʤʦʜʝʣʴʥʦʡ ʨʝʥʪʛʝʥʦʛʨʘʤʤ ʧʨʠ ʜʘʥʥʦʡ ʟʘʩʝʣʝʥʥʦʩʪʠ ʧʦʟʠʮʠʡ 

ʩʦʩʪʘʚʠʣʠ: Rwp=10,8%, Rp = 8,0%, Re = 13,1%, GofF = 0,8. 

ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʨʠʩʪʘʣʣʘʤʠ Ti2Ni   ʫʚʝʣʠʯʝʥʠʝ ʦʙʲʸʤʘ t4'-ʬʘʟʳ ʩʦʩʪʘʚʠʣʦ 2,5%. 

ʂʘʢ ʠ ʚ ʩʣʫʯʘʝ m'-ʬʘʟʳ ʧʨʝʜʧʦʣʘʛʘʣʦʩʴ, ʯʪʦ ʟʘʤʝʱʝʥʠʝ ʘʪʦʤʘʤʠ Al ʧʦʟʠʮʠʡ ʘʪʦʤʦʚ Ni ʚ 

ʩʪʨʫʢʪʫʨʝ t4'-ʬʘʟʳ Ta2Ni ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʙʦʣʝʝ ʚʝʨʦʷʪʥʳʤ, ʯʝʤ ʧʦʟʠʮʠʡ ʘʪʦʤʦʚ Ta. ʇʦ 

ʜʘʥʥʳʤ ʩʪʨʫʢʪʫʨʥʳʭ ʨʘʩʯʝʪʦʚ ʩʦʩʪʘʚ ʢʨʠʩʪʘʣʣʦʚ ʙʣʠʟʦʢ ʢ Ta2Ni0,5Al 0,5 (ʨʠʩʫʥʦʢ 3ʙ). 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, t4'-ʬʘʟʫ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʪʨʦʡʥʦʝ ʩʦʝʜʠʥʝʥʠʝ ʩʦ ʩʪʨʫʢʪʫʨʥʳʤ 

ʪʠʧʦʤ Ti2Ni, ʚ ʢʦʪʦʨʦʤ ʧʦʣʦʚʠʥʘ ʧʦʟʠʮʠʡ ʘʪʦʤʦʚ Ni ʟʘʥʷʪʘ ʘʪʦʤʘʤʠ Al. 

ʋ ʢʨʠʩʪʘʣʣʦʚ ʧʨʝʜʧʦʣʘʛʘʝʤʦʡ ʬʘʟʳ Ta3Al 1-zNiz ʫʪʦʯʥʷʣʠʩʴ ʟʘʩʝʣʸʥʥʦʩʪʠ ʚʩʝʭ 

ʧʦʟʠʮʠʡ ʘʪʦʤʦʚ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʩʪʨʫʢʪʫʨʘ ʬʘʟʳ Ta2,84Al0,91 ʨʘʟʫʧʦʨʷʜʦʯʝʥʘ [10]. ɸʪʦʤʳ 

Ta ʠ Al ʟʘʥʠʤʘʶʪ ʧʷʪʴ ʯʘʩʪʠʯʥʦ ʟʘʩʝʣʸʥʥʳʭ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠ ʥʝʟʘʚʠʩʠʤʳʭ 
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ʧʦʟʠʮʠʡ. ʇʦʧʳʪʢʘ ʚʥʝʜʨʝʥʠʷ ʚ ʵʪʠ ʧʦʟʠʮʠʠ ʘʪʦʤʦʚ Ni ʧʨʠʚʝʣʘ ʢ ʥʝʩʘʤʦʩʦʛʣʘʩʦʚʘʥʠʶ 

ʫʪʦʯʥʝʥʠʷ ʠ z<0, ʪ.ʝ. ʚʥʝʜʨʝʥʠʷ Ni ʚ ʧʦʟʠʮʠʠ ʘʪʦʤʦʚ Al ʠ Ta ʥʝ ʧʨʦʠʩʭʦʜʠʪ. ʉʪʨʫʢʪʫʨʘ 

ʬʘʟʳ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʪʨʫʢʪʫʨʝ ʜʚʦʡʥʳʭ ʩʦʝʜʠʥʝʥʠʡ Ta1,5õ2,84Al0,9õ1,1 [10] (ʨʠʩʫʥʦʢ 3ʚ). 

 

   
ʘ ʙ ʚ 

ʈʠʩ. 3. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʨʝʥʪʛʝʥʦʛʨʘʤʤʘ ʧʝʨʝʧʣʘʚʣʝʥʥʦʛʦ ʦʙʨʘʟʮʘ ʠ 

ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʨʝʥʪʛʝʥʦʛʨʘʤʤʳ ʢʨʠʩʪʘʣʣʦʚ Ta6Ni6Al  (ʘ), Ta2Ni0,5Al 0,5 (ʙ) ʠ Ta3Al (ʚ) 

 

ʂʦʣʠʯʝʩʪʚʝʥʥʳʡ ʈʌɸ, ʧʨʦʚʝʜʝʥʥʳʡ ʤʝʪʦʜʦʤ ʈʠʪʚʝʣʴʜʘ, ʩ ʫʯʝʪʦʤ ʫʪʦʯʥʝʥʠʷ 

ʩʪʨʫʢʪʫʨʳ ʧʦʣʫʯʝʥʥʳʭ ʬʘʟ, ʧʦʢʘʟʘʣ ʩʣʝʜʫʶʱʠʡ ʩʦʩʪʘʚ ʤʘʪʝʨʠʘʣʘ: 47% Ta6Ni6Al , 16% 

Ta2Ni0,5Al 0,5 ʠ 37% Ta3Al . ʈʘʟʣʠʯʠʝ ʩʦʩʪʘʚʦʚ ʬʘʟ, ʫʩʪʘʥʦʚʣʝʥʥʳʭ ʤʝʪʦʜʦʤ ʕɼɸ ʠ 

ʧʦʣʫʯʝʥʥʳʭ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʩʪʨʫʢʪʫʨʥʳʭ ʨʘʩʯʸʪʦʚ, ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʦʩʦʙʝʥʥʦʩʪʷʤʠ 

ʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ. ɺʦ-ʧʝʨʚʳʭ, ʩʢʘʟʳʚʘʝʪʩʷ ʥʘʣʦʞʝʥʠʝ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʣʠʥʠʡ 

ʨʘʟʥʳʭ ʬʘʟ (ʨʠʩʫʥʦʢ 3). ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʧʦʜʛʦʥʢʘ ʧʨʦʬʠʣʷ ʣʠʥʠʠ, ʨʘʩʩʯʠʪʘʥʥʦʛʦ 

ʪʝʦʨʝʪʠʯʝʩʢʠ ʢ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʢʨʠʚʦʡ, ʥʝʦʜʥʦʟʥʘʯʥʘ [12]. ɺʦʟʥʠʢʘʶʪ ʢʦʨʨʝʣʷʮʠʠ 

ʤʝʞʜʫ ʫʪʦʯʥʷʝʤʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ. ʅʘʧʨʠʤʝʨ, ʠʟʤʝʥʝʥʠʝ ʩʪʝʧʝʥʠ ʧʦʣʠʥʦʤʘ, 

ʫʪʦʯʥʷʶʱʝʛʦ ʬʦʥ ʩ 7 ʜʦ 19, ʠʟʤʝʥʷʝʪ ʩʦʩʪʘʚ m'-ʬʘʟʳ ʜʦ Ta6Ni5,8Al 1,2. ɽʱʸ ʦʜʥʠʤ 

ʬʘʢʪʦʨʦʤ ʷʚʣʷʝʪʩʷ ʨʘʟʣʠʯʠʝ ʵʣʝʢʪʨʦʥʥʦʛʦ ʩʪʨʦʝʥʠʷ ʘʪʦʤʦʚ Ta (73 ʵʣʝʢʪʨʦʥʘ), Al (13 

ʵʣʝʢʪʨʦʥʦʚ) ʠ Ni (28 ʵʣʝʢʪʨʦʥʦʚ), ʪ. ʝ. ʘʪʦʤʥʳʡ ʬʘʢʪʦʨ ʨʘʩʩʝʷʥʠʷ ʊʘ ʚ 25 ʨʘʟ ʚʳʰʝ, ʯʝʤ 

ʫ Al. ɺ ʨʝʟʫʣʴʪʘʪʝ ʥʘ ʬʦʥʝ ʚʳʩʦʢʦʡ ʨʘʩʩʝʠʚʘʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʠ ʊʘ ʟʘʩʝʣʸʥʥʦʩʪʴ 

ʧʦʟʠʮʠʡ ʘʪʦʤʘʤʠ Al ʠ Ni ʦʧʨʝʜʝʣʷʝʪʩʷ ʩ ʚʳʩʦʢʦʡ ʧʦʛʨʝʰʥʦʩʪʴʶ. 
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