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ŪŮůůŬɚɞɜɑəɖɠ 

5. ȼɚɘɎɜŬ ɉŬɚɘəɘɎ, ȾŬɗɖɔɐŰɟɘŬ, Ɇɢɞɚɐɠ ɀɖɢŬɜɘəɩɜ ɀŮŰŬɚɚŮɑɤɜ-ɀŮŰŬɚɚɞɡɟɔɩɜ, Ⱥɗɜɘəɧ ɀŮŰůɧɓɘɞ 
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ȺɈɉȷɅȽɆɇȽȺɆ 
 

ȼ ˊŬɟɞɨůŬ ŭɘŭŬəŰɞɟɘəɐ ŭɘŬŰɟɘɓɐ ŮəˊɞɜɐɗɖəŮ ůŰɞ ȺɟɔŬůŰɐɟɘɞ ȺűŬɟɛɞůɛɏɜɖɠ ɀŮ-

ŰŬɚɚɞɡɟɔɑŬɠ Űɞɡ ɇɛɐɛŬŰɞɠ ɀɖɢŬɜɘəɩɜ ȺˊɘůŰɐɛɖɠ Ɉɚɘəɩɜ Űɞɡ ɄŬɜŮˊɘůŰɖɛɑɞɡ ȽɤŬɜɜɑ-

ɜɤɜ. ȼ ɡɚɞˊɞɑɖůɐ Űɖɠ ůɡɔɢɟɖɛŬŰɞŭɞŰɐɗɖəŮ ɛɏůɤ Űɖɠ ɄɟɎɝɖɠ çɄɟɧɔɟŬɛɛŬ ɉɞɟɐɔɖůɖɠ 

ɈˊɞŰɟɞűɘɩɜ ɔɘŬ ɀŮŰŬˊŰɡɢɘŬəɏɠ Ɇˊɞɡŭɏɠ ȹŮɨŰŮɟɞɡ Ⱦɨəɚɞɡ Ɇˊɞɡŭɩɜè Űɞɡ ȺˊɘɢŮɘɟɖůɘŬ-

əɞɨ ɄɟɞɔɟɎɛɛŬŰɞɠ çȷɜɎˊŰɡɝɖ ȷɜɗɟɤˊɑɜɞɡ ȹɡɜŬɛɘəɞɨ, ȺəˊŬɑŭŮɡůɖ əŬɘ ȹɘŬ ȸɑɞɡ ɀɎ-

ɗɖůɖè, Űɞɡ ȺɆɄȷ 2014-2020 ɛŮ Űɖ ůɡɔɢɟɖɛŬŰɞŭɧŰɖůɖ Űɞɡ ȺɡɟɤˊŬɥəɞɨ Ⱦɞɘɜɤɜɘəɞɨ 

ɇŬɛŮɑɞɡ. 

ɃɚɞəɚɖɟɩɜɞɜŰŬɠ Űɖ ŭɘŭŬəŰɞɟɘəɐ ɛɞɡ ŭɘŬŰɟɘɓɐ ɗŬ ɐɗŮɚŬ Ŭˊɧ əŬɟŭɘɎɠ ɜŬ ŮɡɢŬɟɘůŰɐůɤ 

Űɞɡɠ ˊŬɟŬəɎŰɤ Ŭɜɗɟɩˊɞɡɠ: 

ɇɞɜ Ⱥˊɑəɞɡɟɞ ȾŬɗɖɔɖŰɐ əŬɘ ŮˊɘɓɚɏˊɞɜŰŬ Űɖɠ ŭɘŭŬəŰɞɟɘəɐɠ ɛɞɡ ŭɘŬŰɟɘɓɐɠ əɞ ȷ-

ɚɏɝŬɜŭɟɞ ȾŬɟɎɜŰɕŬɚɖ, ɔɘŬŰɑ ɐŰŬɜ, ŮɑɜŬɘ əŬɘ ɗŬ ŮɑɜŬɘ ɞ ɚɧɔɞɠ ˊɞɡ ŬɔɎˊɖůŬ Űɖ ɀŮŰŬɚ-

ɚɞɡɟɔɑŬ əŬɘ ɐɟɗŬ ˊɟɘɜ 6 ɢɟɧɜɘŬ ɔɘŬ ˊɟɩŰɖ űɞɟɎ ůŰɞ ȺɟɔŬůŰɐɟɘɞ ɛŬɠ. ȺɡɢŬɟɘůŰɩ ˊɞɡ ɛŮ 

ŮɛˊɘůŰŮɡŰɐəŬŰŮ, ˊɞɡ ɛŮ ůŰɖɟɑɝŬŰŮ əŬɘ ˊɞɡ ŭɞɡɚɏɣŬɛŮ ɛŬɕɑ ůŮ ɏɜŬ ŬůűŬɚɏɠ əŬɘ ɢŬɟɞɨɛŮ-

ɜɞ ˊŮɟɘɓɎɚɚɞɜ. ȺɡɢŬɟɘůŰɩ ˊɞɡ űŰɘɎɝŬŰŮ Űɞ çȼȺȷs groupè əŬɘ ɐɛɞɡɜ əŬɘ Ůɔɩ ɛɏɟɞɠ Ŭɡ-

Űɞɨ. ȺɡɢŬɟɘůŰɩ ɔɘŬ ɧɚŮɠ Űɘɠ ůŰɘɔɛɏɠ (ŮɨəɞɚŮɠ əŬɘ ŭɨůəɞɚŮɠ) ˊɞɡ ɛɞɘɟŬůŰɐəŬɛŮ əŬɘ Ůɚˊɑ-

ɕɤ ɜŬ ɡˊɎɟɢŮɘ ɏůŰɤ əŬɘ ɛɘŬ ɛɏůŬ ůô ŬɡŰɏɠ, ˊɞɡ ɜŬ ůŬɠ ɏəŬɜŬ ɜŬ ɜɘɩůŮŰŮ ɡˊŮɟɐűŬɜɞɠ ɔɘŬ 

ɛɏɜŬ. Ūɏɚɤ ɜŬ ɝɏɟŮŰŮ ˊɤɠ ɗŬ ŮɑůŰŮ ˊɎɜŰŬ ůŰɖɜ əŬɟŭɘɎ ɛɞɡ ůŮ ɛɘŬ ɝŮɢɤɟɘůŰɐ ɗɏůɖ. ȾŬɘ 

Ŭɜ, ŬəɧɛŬ, ɞɘ ŮˊŬɔɔŮɚɛŬŰɘəɞɑ ɛŬɠ ŭɟɧɛɞɘ əɎˊɞŰŮ ɢɤɟɑůɞɡɜ, Ůɔɩ ɗŬ ɝɏɟɤ ˊɤɠ ɖ ˊɧɟŰŬ Űɞɡ 

ȺɟɔŬůŰɖɟɑɞɡ ɛŬɠ ɗŬ ŮɑɜŬɘ ŬɜɞɘɢŰɐ ɔɘŬ ɛɏɜŬ əŬɘ ŮůŮɑɠ ɗŬ ŮɑůŰŮ ŮəŮɑ ɜŬ ŰɟŬɔɞɡŭɎŰŮ ŭɡɜŬŰɎ 

çI faced it all and I stood tall. And did it my wayéè. 

ȽŭɘŬɑŰŮɟŬ ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɖɜ ȾŬɗɖɔɐŰɟɘŬ əŬɘ ɛɏɚɞɠ Űɖɠ ŰɟɘɛŮɚɞɨɠ ŮɝŮ-

ŰŬůŰɘəɐɠ ŮˊɘŰɟɞˊɐɠ əŬ ȷɔɔŮɚɘəɐ ȿŮəɎŰɞɡ ɔɘŬŰɑ ɛɞɡ ŮˊɏŰɟŮɣŮ ɜŬ ɔɑɜɤ ɛɏɚɞɠ əŬɘ ɜŬ ŭɞɡ-

ɚɏɣɤ, Űɧůɞ ůŰɖ ŭɘˊɚɤɛŬŰɘəɐ ɛɞɡ ŮɟɔŬůɑŬ, ɧůɞ əŬɘ ůŰɞ ŭɘŭŬəŰɞɟɘəɧ ůŰɞ ȺɟɔŬůŰɐɟɘɞ ˊɞɡ 

ŭɘŮɡɗɨɜŮɘ. ȼ ˊɟɞɗɡɛɑŬ Űɖɠ ɜŬ ɛŮ ɓɞɖɗɐůŮɘ əŬɘ ɜŬ ɛɞɡ ˊŬɟɏɢŮɘ əɎɗŮ Ůɑŭɞɡɠ ɔɜɩůɖ ɐŰŬɜ 

ˊɞɚɨ ůɖɛŬɜŰɘəɏɠ ɔɘŬ ɛɏɜŬ. ɇɖɜ ŮɡɢŬɟɘůŰɩ ŬəɧɛŬ, ɔɘŬ Űɖɜ ŮɛˊɘůŰɞůɨɜɖ əŬɘ Űɖɜ ŮəŰɑɛɖůɖ 

ˊɞɡ ɏɜɘɤůŬ ɧŰɘ ɛŮ ˊŮɟɘɏɓŬɚŮ ɧɚŬ ŬɡŰɎ ŰŬ ɢɟɧɜɘŬ. 

ȺɡɢŬɟɘůŰɩ Ůˊɑůɖɠ Űɞɜ ȾŬɗɖɔɖŰɐ əŬɘ ɛɏɚɞɠ Űɖɠ ŰɟɘɛŮɚɞɨɠ ŮɝŮŰŬůŰɘəɐɠ ŮˊɘŰɟɞˊɐɠ əɞ 

ɆɡɛŮɩɜ ȷɔŬɗɧˊɞɡɚɞ ɔɘŬ Űɞ Ůɘɚɘəɟɘɜɏɠ ŮɜŭɘŬűɏɟɞɜ, Űɖ ɓɞɐɗŮɘŬ əŬɘ Űɘɠ ɔɜɩůŮɘɠ ˊɞɡ ɛɞɡ 

ˊɟɞůɏűŮɟŮ Ŭˊô ŰŬ űɞɘŰɖŰɘəɎ ɛɞɡ ɢɟɧɜɘŬ ɏɤɠ əŬɘ ůɐɛŮɟŬ. ȺɡɢŬɟɘůŰɩ ˊɞɡ ɛŮ ŮɛˊɘůŰŮɡŰɐ-

əŬŰŮ əŬɘ ɛŮ ŬɜŰɘɛŮŰɤˊɑůŬŰŮ ůŬɜ ɛɏɚɞɠ Űɖɠ ŭɘəɐɠ ůŬɠ ɞɛɎŭŬɠ. 

ȰɜŬ ɛŮɔɎɚɞ ŮɡɢŬɟɘůŰɩ ɞűŮɑɚɤ Ůˊɑůɖɠ ůŰɞɜ ȾŬɗɖɔɖŰɐ əɞ ɁɘəɧɚŬɞ ɀɘɢŬɖɚɑŭɖ, Űɖɜ 

ȾŬɗɖɔɐŰɟɘŬ əŬ ȼɚɘɎɜŬ ɉŬɚɘəɘɎ, Űɞɜ ȾŬɗɖɔɖŰɐ əɞ ȺɡɎɔɔŮɚɞ ɉɟɘůŰɞűɧɟɞɡ əŬɘ Űɞɜ Ⱥ-

ɟŮɡɜɖŰɐ əɞ Ɇˊɨɟɞ ȹɑˊɚŬ ˊɞɡ ŭɏɢɗɖəŬɜ ɜŬ ůɡɛɛŮŰɎůɢɞɡɜ ůŰɖɜ ŮˊŰŬɛŮɚɐ ŮɝŮŰŬůŰɘəɐ Ů-

ˊɘŰɟɞˊɐ Űɖɠ ŭɘŬŰɟɘɓɐɠ ɛɞɡ. 

ɇɞ ȺɟɔŬůŰɐɟɘɞ ɀŮŰŬɚɚɞɡɟɔɑŬɠ əŬɘ ɖ ˊŬɟŬɛɞɜɐ ɛɞɡ ůŮ ŬɡŰɧ ŭŮɜ ɗŬ ɐŰŬɜ ɑŭɘŬ Ŭɜ ŭŮɜ 

ɡˊɐɟɢŬɜ Ůŭɩ ŭɡɞ ůɖɛŬɜŰɘəɎ Űɞɡ ɛɏɚɖ: 

Ƀ ɀŮŰŬɚɚŮɘɞɚɧɔɞɠ ɀŮŰŬɚɚɞɡɟɔɧɠ əɞɠ ɀŬɜɩɚɖɠ ũŮɤɟɔɎŰɖɠ, Űɞɜ ɞˊɞɑɞ ŮɡɢŬɟɘůŰɩ 

ɔɘŬ əɎɗŮ ɓɞɐɗŮɘŬ ˊɞɡ ɛɞɡ ˊɟɧůűŮɟŮ ŰɧůŬ ɢɟɧɜɘŬ, ɔɘŬ Űɘɠ ɜɏŮɠ Űɞɡ ɘŭɏŮɠ əŬɘ Űɘɠ ŮˊɘůŰɖɛɞ-

ɜɘəɏɠ ɛŬɠ ůɡɕɖŰɐůŮɘɠ. Ⱥɚˊɑɕɤ ɞ Űɞɑɢɞɠ ůŰɞ ɔɟŬűŮɑɞ ůŬɠ ɜŬ ɔŮɛɑɕŮɘ ůɡɜŮɢɩɠ ɛŮ űɤŰɞɔɟŬ-

űɑŮɠ ɛɘəɟɞŭɞɛɩɜ ˊɞɡ ŬɜŬɕɖŰɞɨɜ ŭɘŮɟŮɨɜɖůɖ. ȺɑɛŬɘ ůɑɔɞɡɟɖ ˊɤɠ ɖ ɧɟŮɝɖ əŬɘ ɖ ɏɛˊɜŮɡůɐ 

ůŬɠ, ŭŮ ɗŬ ůŰŬɛŬŰɐůɞɡɜ ˊɞŰɏ! 
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ȾŬɘ ɞ ɀŮŰŬɚɚŮɘɞɚɧɔɞɠ ɀŮŰŬɚɚɞɡɟɔɧɠ əɞɠ Ɇˊɨɟɞɠ ȾɚŮűŰɎəɖɠ, Űɞɜ ɞˊɞɑɞ ŮɡɢŬɟɘůŰɩ 

ɔɘŬ əɎɗŮ ɓɞɐɗŮɘŬ ˊɞɡ ɛɞɡ ˊɟɞůɏűŮɟŮ ŰɧůŬ ɢɟɧɜɘŬ, ɔɘŬ Űɞ ŮɡɢɎɟɘůŰɞ əɚɑɛŬ ˊɞɡ ŭɖɛɘɞɡɟ-

ɔŮɑ əŬɘ ɔɘŬ Űɖɜ ŮɝŬůűɎɚɘůɖ Űɖɠ ŬˊŬɟŬɑŰɖŰɖɠ ɞɟɔɎɜɤůɖɠ əŬɘ Ůɨɟɡɗɛɖɠ ɚŮɘŰɞɡɟɔɑŬɠ Űɞɡ 

ȺɟɔŬůŰɖɟɑɞɡ ɛŬɠ. 

ȰɜŬ ɝŮɢɤɟɘůŰɧ ŮɡɢŬɟɘůŰɩ ɗŬ ɐɗŮɚŬ ɜŬ ŭɩůɤ Ůˊɑůɖɠ əŬɘ ůŰɞ ɀŮŰŬŭɘŭŬəŰɞɟɘəɧ ȺɟŮɡ-

ɜɖŰɐ əɞ ȾɤɜůŰŬɜŰɑɜɞ ȿɏɜŰɕŬɟɖ. ȺɡɢŬɟɘůŰɩ ɔɘŬ Űɖɜ ɧɛɞɟűɖ ůɡɜŮɟɔŬůɑŬ ɛŬɠ əŬɘ Űɞ űɘ-

ɚɘəɧ əɚɑɛŬ ˊɞɡ ŮɑɢŬɛŮ ůŰɞ ȺɟɔŬůŰɐɟɘɞ. Ⱥɚˊɑɕɤ ɜŬ ɡˊɎɟɝɞɡɜ ůŰɞ ɛɏɚɚɞɜ ɞɘ əŬŰɎɚɚɖɚŮɠ 

ůɡɜɗɐəŮɠ, ɩůŰŮ ɜŬ ˊŬɟŬɛŮɑɜɞɡɛŮ ɧɚɞɘ ůŰɞ ɑŭɘɞ (çHEAsè) group. 

ȳɚŬ ŬɡŰɎ ŰŬ ɢɟɧɜɘŬ ůŰɞ ȺɟɔŬůŰɐɟɘɞ əɨɚɖůŬɜ ɡˊɏɟɞɢŬ ɔɘŬŰɑ ŰŬ ɛɞɘɟɎůŰɖəŬ ɛŮ ˊɞɚɚɎ 

ɛɏɚɖ Űɞɡ. ȷɜɎɛŮůɎ Űɞɡɠ ɗŬ ɐɗŮɚŬ ɜŬ ɝŮɢɤɟɑůɤ Űɞɜ ɀŮŰŬˊŰɡɢɘŬəɧ ūɞɘŰɖŰɐ ȹɖɛɐŰɟɖ 

ɄɏŰɟɞɔɚɞɡ əŬɘ Űɖɜ ɈˊɞɣɐűɘŬ ȹɘŭɎəŰɞɟŬ ɉɟɘůŰɑɜŬ ɀŬɗɘɞɨ ˊɞɡ ŭɞɡɚɏɣŬɛŮ ɛŬɕɑ, ɤɠ 

ɞɛɎŭŬ, ůŰŬ HEAs. ȷˊô ŬɡŰɐ Űɖ ůɡɜŮɟɔŬůɑŬ ɔɜɩɟɘůŬ ŭɡɞ Ŭɚɖɗɘɜɞɨɠ Ŭɜɗɟɩˊɞɡɠ əŬɘ əɏɟ-

ŭɘůŬ ŭɡɞ űɑɚɞɡɠ. 

ɀŬɕɑ ɛô ŬɡŰɞɨɠ, ˊɎɜŰŬ ɗŬ ɗɡɛɎɛŬɘ əŬɘ ɧɚɞɡɠ Űɞɡɠ ŭɘŭŬəŰɞɟɘəɞɨɠ, ɛŮŰŬˊŰɡɢɘŬəɞɨɠ əŬɘ 

ˊɟɞˊŰɡɢɘŬəɞɨɠ űɞɘŰɖŰɏɠ ˊɞɡ ˊɏɟŬůŬɜ Ŭˊô Űɞ Metalab əŬɘ ɔɘŬ ɛɏɜŬ ɡˊɐɟɝŬɜ ɞɘ Ɏɜɗɟɤˊɞɘ 

ˊɞɡ ŭɞɡɚɏɣŬɛŮ ɛŬɕɑ, ˊɞɡ ɔŮɚɎůŬɛŮ, ˊɞɡ ˊŮɟɎůŬɛŮ əɞɘɜɏɠ ŬɔɤɜɑŮɠ əŬɘ ɛɞɘɟŬůŰɐəŬɛŮ Űɘɠ 

ɑŭɘŮɠ ɢŬɟɏɠ. ȱŰŬɜ əɞɛɛɎŰɘ Űɖɠ əŬɗɖɛŮɟɘɜɧŰɖŰŬɠ əŬɘ Űɖɠ ɕɤɐɠ ɛɞɡ ůŰɞ ȺɟɔŬůŰɐɟɘɞ ɛŬɠ. 

ɇɏɚɞɠ, ŮɡɢŬɟɘůŰɩ Űɖ űɑɚɖ ɛɞɡ ɁɏɜŬ ɔɘŬ ŰŬ ŬɝɏɢŬůŰŬ ˊɟɤɘɜɎ ůŰɞ ɔɟŬűŮɘɎəɘ ɛŬɠ, Űɖ 

űɑɚɖ ɛɞɡ ɀŬɑɟɖ ɔɘŬ ɧůŬ ɧɛɞɟűŬ ɕɐůŬɛŮ Ŭˊô ŰŬ űɞɘŰɖŰɘəɎ ɛŬɠ ɢɟɧɜɘŬ ɏɤɠ ůɐɛŮɟŬ əŬɘ Űɖ 

űɑɚɖ əŬɘ əɞɡɛˊɎɟŬ ɛɞɡ ȺɚŮɞɜɩɟŬ ɔɘŬ Űɖ ɛŮɔɎɚɖ ůŰɐɟɘɝɖ əŬɘ Űɖɜ ˊɞɚɨŰɘɛɖ ŬɔɎˊɖ Űɖɠ. 

ūɡůɘəɎ, ŰɑˊɞŰŬ ŭŮ ɗŬ ɐŰŬɜ Ůɨəɞɚɞ ůŰɖ ɕɤɐ ɛɞɡ ɢɤɟɑɠ Űɖɜ ˊŬɟɞɡůɑŬ əŬɘ Űɖ ɓɞɐɗŮɘŬ 

Űɖɠ ɞɘəɞɔɏɜŮɘɎɠ ɛɞɡ. Ⱦɡɟɑɤɠ Űɤɜ ɔɞɜɏɤɜ ɛɞɡ əŬɘ Űɖɠ ŬŭŮɟűɐɠ ɛɞɡ, ˊɞɡ ɛŮ ůŰɐɟɘɝŬɜ əŬɘ 

ɛŮ ŮɜɗɎɟɟɡɜŬɜ ůŮ əɎɗŮ ɛɞɡ Ůˊɘɚɞɔɐ. ɀŬɛɎ, ɛˊŬɛˊɎ ůŬɠ ŬɔŬˊɩ ˊɞɚɨ əŬɘ ůŬɠ ŮɡɢŬɟɘůŰɩ! 

ɁŬɡůɘəɎ, ɛŮ ɚɑɔŮɠ ɛɏɟŮɠ ŭɘŬűɞɟɎ, ŮɑůŬɘ ɐŭɖ ɛɘŬ ɜɏŬ ȹɘŭɎəŰɞɟŬɠ əŬɘ Ůɔɩ ŮɑɛŬɘ ˊŮɟɐűŬɜɖ 

ɔɘŬ ůɏɜŬ. ȺɑůŬɘ ɖ ŭɑŭɡɛɖ ɣɡɢɐ ɛɞɡ! ȸŬɔɔɏɚɖ, ŮɡɢŬɟɘůŰɩ ɔɘŬ ɧůŬ ɕɐůŬɛŮ ɛŬɕɑé 

ȾɚŮɑɜɞɜŰŬɠ, ɗŬ ɐɗŮɚŬ ɜŬ ŬűɘŮɟɩůɤ Űɖ ŭɘŭŬəŰɞɟɘəɐ ɛɞɡ ŭɘŬŰɟɘɓɐ ůŰɞɜ ˊŬˊˊɞɨ ɛɞɡ, 

ɁŬˊɞɚɏɞɜŰŬ, ˊɞɡ ɏűɡɔŮ Ŭˊô Űɖ ɕɤɖ ˊɟɘɜ ɚɑɔŮɠ ɛɏɟŮɠ əŬɘ ɝɏɟɤ ˊɤɠ ɗŬ ŮɑɜŬɘ ɡˊŮɟɐűŬɜɞɠ 

ɔɘŬ ɛɏɜŬ !! 
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ǡȌȇȎȜȊȀ ǰȎȜȊȈȀ 
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ȷɜɎˊŰɡɝɖ əŬɘ ɉŬɟŬəŰɖɟɘůɛɧɠ ɄɡɟɑɛŬɢɤɜ ȾɟŬɛɎŰɤɜ Ɉɣɖɚɐɠ ȺɜŰɟɞˊɑŬɠ əŬɘ ȷɝɘɞ-

ɚɧɔɖůɖ Űɖɠ ɀɖɢŬɜɘəɐɠ ɆɡɛˊŮɟɘűɞɟɎɠ əŬɘ Űɖɠ ȺˊɘűŬɜŮɘŬəɐɠ ɈˊɞɓɎɗɛɘůɐɠ Űɞɡɠ 

ɄȺɅȽȿȼɊȼ 
 

ɆŰɧɢɞɠ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘŭŬəŰɞɟɘəɐɠ ŭɘŬŰɟɘɓɐɠ ɐŰŬɜ ɞ ůɢŮŭɘŬůɛɧɠ ɜɏɤɜ ŭɞɛɩɜ ɡɣɖɚɐɠ 

ŮɜŰɟɞˊɑŬɠ əŬɘ ɖ Ŭɝɘɞɚɧɔɖůɖ Űɖɠ ɛɖɢŬɜɘəɐɠ ůɡɛˊŮɟɘűɞɟɎɠ əŬɘ Űɖɠ ŮˊɘűŬɜŮɘŬəɐɠ Űɞɡɠ ɡ-

ˊɞɓɎɗɛɘůɖɠ. ɆŰŬ ˊŬɟŬˊɎɜɤ ˊɚŬɑůɘŬ, ůɡɜŰɏɗɖəŬɜ ɏɝɘ ŭɞɛɏɠ ˊɡɟɑɛŬɢɤɜ əɟŬɛɎŰɤɜ ɡɣɖɚɐɠ 

ŮɜŰɟɞˊɑŬɠ ɛŮ Űɖ ɛɏɗɞŭɞ Űɖɠ Űɐɝɖɠ Űɧɝɞɡ Ůɜ əŮɜɩ. ȺɘŭɘəɧŰŮɟŬ, ŰŬ əɟɎɛŬŰŬ ŬɡŰɎ ɐŰŬɜ Űɞ 

MoTaNbVW, Űɞ MoTaNbZrTi, Űɞ MoTaNbVTi, Űɞ HfZrTiNbV, Űɞ HfZrTiMoW  əŬɘ Űɏ-

ɚɞɠ Űɞ HfZrTiMoTaW . 

ũɘŬ əɎɗŮ Ůˊɘɛɏɟɞɡɠ ůɨůŰɖɛŬ ɛŮɚŮŰɐɗɖəŬɜ ŰŬ ɛɘəɟɞŭɞɛɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ əŬɘ ɏɔɘɜŮ 

ɏɚŮɔɢɞɠ/Ŭɝɘɞɚɧɔɖůɖ Űɤɜ ɓɘɓɚɘɞɔɟŬűɘəɩɜ ɛɞɜŰɏɚɤɜ ˊɟɧɓɚŮɣɖɠ Űɤɜ űɎůŮɤɜ ůŰŮɟŮɩɜ ŭɘ-

ŬɚɡɛɎŰɤɜ ˊɞɡ ŭɨɜŬŰŬɘ ɜŬ ůɢɖɛŬŰɘůŰɞɨɜ. ɄɟɞŰɎɗɖəŬɜ Ůˊɑůɖɠ ɞɘ ŬɜŰɑůŰɞɘɢɞɘ ɛɖɢŬɜɘůɛɞɑ 

ůŰŮɟŮɞˊɞɑɖůɖɠ əŬɘ ŬɜŬɚɨɗɖəŬɜ ɞɟɘůɛɏɜŬ ŮɜŭɘŬűɏɟɞɜŰŬ ɛɞɟűɞɚɞɔɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ 

ˊɞɡ ŮɜŰɞˊɑůŰɖəŬɜ ůŮ əɎɗŮ ˊŮɟɑˊŰɤůɖ. 

ɆŰɞ ůəɏɚɞɠ Űɤɜ ɘŭɘɞŰɐŰɤɜ, ŮˊɘɚŮɔɛɏɜŮɠ ŭɞɛɏɠ (MoTaNbVW, MoTaNbZrTi əŬɘ 

MoTaNbVTi) ɛŮɚŮŰɐɗɖəŬɜ ɤɠ ˊɟɞɠ Űɘɠ ɛɖɢŬɜɘəɏɠ Űɞɡɠ ɘŭɘɧŰɖŰŮɠ əŬɘ ůɡɔəŮəɟɘɛɏɜŬ əŬŰŬ-

ɔɟɎűɖəŬɜ ɞɘ Űɘɛɏɠ Űɖɠ ɛɘəɟɞ- əŬɘ ɛŬəɟɞ-ůəɚɖɟɧŰɖŰŬɠ əŬɘ Űɖɠ ůɡɛˊŮɟɘűɞɟɎɠ Űɤɜ əɟŬɛɎ-

Űɤɜ ůŮ ŭɞəɘɛɏɠ ɗɚɑɣɖɠ. ɄɟɞŰɎɗɖəŬɜ ŬəɧɛŬ ɞɘ ɛɖɢŬɜɘůɛɞɑ Ůɜɑůɢɡůɖɠ Űɤɜ ɛɖɢŬɜɘəɩɜ ɘŭɘ-

ɞŰɐŰɤɜ ɛɏůɤ Űɖɠ ŭɖɛɘɞɡɟɔɑŬɠ ůŰŮɟŮɞɨ ŭɘŬɚɨɛŬŰɞɠ, ɧˊɤɠ Ůˊɑůɖɠ əŬɘ ɞɘ ɛɖɢŬɜɘůɛɞɑ ŬůŰɞ-

ɢɑŬɠ Űɞɡɠ ɨůŰŮɟŬ Ŭˊɧ Űɘɠ ŭɞəɘɛɏɠ ɗɚɑɣɖɠ. 

ɆŮ ɧŰɘ ŬűɞɟɎ Űɘɠ ŮˊɘűŬɜŮɘŬəɏɠ ɘŭɘɧŰɖŰŮɠ, ŰŬ ˊɟɞŬɜŬűŮɟɗɏɜŰŬ ůɡůŰɐɛŬŰŬ ŮɝŮŰɎůŰɖəŬɜ 

ɤɠ ˊɟɞɠ Űɖɜ Ŭˊɧəɟɘůɖ Űɞɡɠ ůŮ ŭɞəɘɛɏɠ űɗɞɟɎɠ ɞɚɑůɗɖůɖɠ Űɨˊɞɡ ůűŬɑɟŬɠ-ŭɑůəɞɡ ɡˊɧ 

ŭɘɎűɞɟŮɠ ˊŮɘɟŬɛŬŰɘəɏɠ ůɡɜɗɐəŮɠ (ŰɟŮɑɠ ŬˊɞůŰɎůŮɘɠ ɞɚɑůɗɖůɖɠ (400 m, 1000 m əŬɘ 2000 

m) əŬɘ ŭɡɞ ŬɜŰɘɛŬɢɧɛŮɜŬ ɡɚɘəɎ (ɛŮŰŬɚɚɘəɐ əŬɘ əŮɟŬɛɘəɐ ůűŬɑɟŬ)). ɆŮ əɎɗŮ ˊŮɟɑˊŰɤůɖ 

əŬŰŬɔɟɎűɖəŬɜ ŰŬ ŬɟɘɗɛɖŰɘəɎ ŭŮŭɞɛɏɜŬ Űɖɠ űɗɞɟɎɠ (ŬˊɩɚŮɘŬ ɛɎɕŬɠ, ɟɡɗɛɧɠ űɗɞɟɎɠ, ůɡ-

ɜŰŮɚŮůŰɐɠ Űɟɘɓɐɠ), Ůɜɩ ɛŮɚŮŰɐɗɖəŬɜ Űɧůɞ ɞɘ ŮˊɘűɎɜŮɘŮɠ űɗɞɟɎɠ, ɧůɞ əŬɘ ŰŬ ɣɐɔɛŬŰŬ ɛŮ 

ůŰɧɢɞ Űɖ ŭɘŬŰɨˊɤůɖ Űɤɜ ŬɜŰɑůŰɞɘɢɤɜ ɛɖɢŬɜɘůɛɩɜ ɡˊɞɓɎɗɛɘůɖɠ. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ 

ŮɝŮŰŬůɗɏɜŰɤɜ əɟŬɛɎŰɤɜ ɡɣɖɚɐɠ ŮɜŰɟɞˊɑŬɠ ůɡɔəɟɑɗɖəŬɜ Űɧůɞ ɛŮŰŬɝɨ Űɞɡɠ, ɧůɞ əŬɘ ɛŮ 

ɔɜɤůŰɎ ŮɛˊɞɟɘəɎ ɛŮŰŬɚɚɘəɎ ɡɚɘəɎ. 

Ƀ ɢŬɟŬəŰɖɟɘůɛɧɠ Űɤɜ ůɡɔəŮəɟɘɛɏɜɤɜ ŭɞɛɩɜ ɡɣɖɚɐɠ ŮɜŰɟɞˊɑŬɠ ɞɚɞəɚɖɟɩɗɖəŮ ɛŮ Űɖ 

ɛŮɚɏŰɖ Űɖɠ ůɡɛˊŮɟɘűɞɟɎɠ Űɞɡɠ ůŮ ŭɘɎɓɟɤůɖ ůŮ ˊŮɟɘɓɎɚɚɞɜ ˊɟɞůɞɛɞɑɤůɖɠ Űɞɡ ɗŬɚŬůůɘ-

ɜɞɨ ɜŮɟɞɨ (3.5 % ə.ɓ. NaCl) əŬɘ Űɤɜ ɡɔɟɩɜ Űɞɡ Ŭɜɗɟɤˊɑɜɞɡ ůɩɛŬŰɞɠ (ŭɘɎɚɡɛŬ Hank). 

ȾŬɘ ůŮ ŬɡŰɐ Űɖɜ ˊŮɟɑˊŰɤůɖ, ɖ ŬɜɎɚɡůɖ Űɤɜ ŬɟɘɗɛɖŰɘəɩɜ ŭŮŭɞɛɏɜɤɜ əŬɘ ɖ ˊŬɟŬŰɐɟɖůɖ 

Űɤɜ ŭɘŬɓɟɤɛɏɜɤɜ ŮˊɘűŬɜŮɘɩɜ əŬɘ Űɞɛɩɜ Űɤɜ ŭŮɘɔɛɎŰɤɜ, ůɡɜɏɓŬɚŮ ůŰɖ ŭɘŬŰɨˊɤůɖ əŬɘ 

ŮɟɛɖɜŮɑŬ Űɤɜ ŬɜŰɑůŰɞɘɢɤɜ ɛɖɢŬɜɘůɛɩɜ ɡˊɞɓɎɗɛɘůɐɠ Űɞɡɠ. 

ȷɜŬɚɡŰɘəɧŰŮɟŬ, ůŮ ɧŰɘ ŬűɞɟɎ Űɞ ůɨůŰɖɛŬ MoTaNbVW, ŬɡŰɧ ůɡɜŰɏɗɖəŮ ɛɏůɤ Űɖɠ ŰŮ-

ɢɜɘəɐɠ Űɐɝɖɠ Űɧɝɞɡ Ůɜ əŮɜɩ, Ůɜɩ ɖ Ŭɝɘɞɚɧɔɖůɖ Űɤɜ ɗŮɤɟɖŰɘəɩɜ ɛɞɜŰɏɚɤɜ ˊɟɧɓɚŮɣɖɠ űɎ-

ůŮɤɜ ůŰŮɟŮɩɜ ŭɘŬɚɡɛɎŰɤɜ ɡˊɏŭŮɘɝŮ Űɞ ůɢɖɛŬŰɘůɛɧ Ůɜɧɠ Ŭˊɚɞɨ ůŰŮɟŮɞɨ ŭɘŬɚɨɛŬŰɞɠ. 

ɄɟɎɔɛŬŰɘ, Ŭˊɧ Űɖɜ Ŭɝɘɞɚɧɔɖůɖ Űɖɠ əɟɡůŰŬɚɚɘəɐɠ ŭɞɛɐɠ əŬɘ Űɖɠ ɛɘəɟɞŭɞɛɐɠ Űɞɡ ůɡůŰɐ-

ɛŬŰɞɠ ˊɟɞɏəɡɣŮ ɛɘŬ bcc ŭɞɛɐ, Ůɜɩ ŮɜŰɞˊɑůŰɖəŬɜ əŬɘ ůɖɛɎŭɘŬ ŭɘŬɢɤɟɘůɛɞɨ ɛŮŰŬɝɨ Űɤɜ 

ŭŮɜŭɟɘŰɘəɩɜ əŬɘ ŮɜŭɞŭŮɜŭɟɘŰɘəɩɜ ˊŮɟɘɞɢɩɜ. ɇɞ əɟɎɛŬ ŮɛűɎɜɘůŮ ɡɣɖɚɏɠ Űɘɛɏɠ ɛɘəɟɞ- əŬɘ 
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ɛŬəɟɞ-ůəɚɖɟɧŰɖŰŬɠ ˊɞɡ ŮɟɛɖɜŮɨŰɖəŬɜ ɛɏůɤ Űɖɠ ŬɜɎɚɡůɖɠ Űɞɡ ɛɖɢŬɜɘůɛɞɨ ŭɖɛɘɞɡɟɔɑŬɠ 

ůŰŮɟŮɞɨ ŭɘŬɚɨɛŬŰɞɠ. ɆŮ ɧŰɘ ŬűɞɟɎ Űɖɜ ŬɜŰɞɢɐ Űɞɡ ůŮ ɗɚɑɣɖ, ŰŬ ŬɟɘɗɛɖŰɘəɎ ŭŮŭɞɛɏɜŬ 

ˊɟɞůɏɔɔɘůŬɜ ɘəŬɜɞˊɞɘɖŰɘəɎ ŰŬ ŬɜŰɑůŰɞɘɢŬ ɓɘɓɚɘɞɔɟŬűɘəɎ ŮɡɟɐɛŬŰŬ, Ůɜɩ ɖ ˊŮɟŬɘŰɏɟɤ ɛŮ-

ɚɏŰɖ Űɤɜ ŮˊɘűŬɜŮɘɩɜ ɗɟŬɨůɖɠ ɡˊɏŭŮɘɝŮ Űɖ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ ɛɖɢŬɜɘůɛɞɨ ŬůŰɞɢɑŬɠ ɛɏůɤ ŭɘɎ-

ůˊŬůɖɠ/ůɢɘůɑɛŬŰɞɠ. ɆŮ ɏɜŬ ŮˊɧɛŮɜɞ ůŰɎŭɘɞ, ɖ Űɟɘɓɞɚɞɔɘəɐ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ Ůɜ ɚɧɔɤ əɟɎ-

ɛŬŰɞɠ ŮɝŮŰɎůŰɖəŮ ɛŮ ɢɟɐůɖ ŭɡɞ ŬɜŰɘɛŬɢɧɛŮɜɤɜ ɡɚɘəɩɜ əŬɘ Űɟɘɩɜ ŭɘŬűɞɟŮŰɘəɩɜ ŬˊɞůŰɎ-

ůŮɤɜ ɞɚɑůɗɖůɖɠ. ɀŮ Űɖ ɢɟɐůɖ Űɖɠ ɛŮŰŬɚɚɘəɐɠ ůűŬɑɟŬɠ ɤɠ ŬɜŰɘɛŬɢɧɛŮɜɞ ɡɚɘəɧ, ɖ ɛɞɟűɞ-

ɚɞɔɑŬ Űɖɠ ŰɟɞɢɘɎɠ Űɖɠ űɗɞɟɎɠ əŬɘ ɖ ˊŬɟɞɡůɑŬ ɞɝŮɘŭɤɛɏɜɤɜ űɎůŮɤɜ Űɞɡ ůɘŭɐɟɞɡ űŬɑɜŮŰŬɘ 

ˊɤɠ əŬɗɧɟɘůŬɜ Űɘɠ Űɘɛɏɠ Űɞɡ ɟɡɗɛɞɨ űɗɞɟɎɠ. Ʉɟɞɠ Űɖɜ ɑŭɘŬ əŬŰŮɨɗɡɜůɖ, ɧŰŬɜ ɢɟɖůɘɛɞ-

ˊɞɘɐɗɖəŮ əŮɟŬɛɘəɧ ŬɜŰɘɛŬɢɧɛŮɜɞ ɡɚɘəɧ, əŬŰŬɔɟɎűɖəŬɜ ˊŬɟɧɛɞɘŮɠ ˊŬɟŬŰɖɟɐůŮɘɠ ůɢŮŰɘəɎ 

ɛŮ Űɞ Ůɨɟɞɠ Űɤɜ ŬˊɞŰɡˊɤɛɎŰɤɜ Űɖɠ űɗɞɟɎɠ əŬɘ Űɖ ɛŮɑɤůɖ Űɞɡ ůɡɜŰŮɚŮůŰɐ Űɟɘɓɐɠ ɛŮ Űɖɜ 

Ŭɨɝɖůɖ Űɖɠ ŬˊɧůŰŬůɖɠ ɞɚɑůɗɖůɖɠ. Ⱥˊɑůɖɠ, ɖ ŮɝɏŰŬůɖ Űɤɜ ɣɖɔɛɎŰɤɜ Űɖɠ űɗɞɟɎɠ Ůɟɛɐ-

ɜŮɡůŮ ˊŮɟŬɘŰɏɟɤ Űɞɡɠ ɛɖɢŬɜɘůɛɞɨɠ ɡˊɞɓɎɗɛɘůɖɠ əɎɗŮ ˊŮɟɑˊŰɤůɖɠ. ɇɏɚɞɠ, Ŭˊɧ Űɖ ɛŮɚɏŰɖ 

Űɤɜ ŬɜŰɘŭɘŬɓɟɤŰɘəɩɜ ɘŭɘɞŰɐŰɤɜ Űɞɡ ůɡůŰɐɛŬŰɞɠ ůŮ ŭɡɞ ˊŮɟɘɓɎɚɚɞɜŰŬ (ŭɘɎɚɡɛŬ 3.5 % ə.ɓ. 

NaCl əŬɘ ŭɘɎɚɡɛŬ Hank) ɡˊɞɔɟŬɛɛɑůŰɖəŮ ůŮ ɔŮɜɘəɏɠ ɔɟŬɛɛɏɠ ɖ ˊɞɚɨ əŬɚɐ ŬɜŰɘŭɘŬɓɟɤŰɘ-

əɐ Űɞɡ ŭɟɎůɖ, əŬɘ ɖ ŮɚɎɢɘůŰɖ ˊɟɞůɓɞɚɐ Űɤɜ ŭŮɘɔɛɎŰɤɜ Ŭˊɧ ŰŬ ůɖɛɎŭɘŬ Űɖɠ ŭɘɎɓɟɤůɖɠ. 

ɇɞ ůɨůŰɖɛŬ MoTaNbZrTi ůɡɜŰɏɗɖəŮ ɛɏůɤ Űɖɠ ŰŮɢɜɘəɐɠ Űɐɝɖɠ Űɧɝɞɡ Ůɜ əŮɜɩ Ŭəɞ-

ɚɞɡɗɞɨɛŮɜɖ Ŭˊɧ ˊɏɜŰŮ ŬɜŬŰɐɝŮɘɠ ɔɘŬ ˊɚɐɟɖ ɞɛɞɘɞɔɏɜŮɘŬ Űɞɡ ɡɚɘəɞɨ. ɆŮ ɧŰɘ ŬűɞɟɎ ŰŬ ɛɘ-

əɟɞŭɞɛɘəɎ Űɞɡ ɢŬɟŬəŰɖɟɘůŰɘəɎ ɖ Ůˊɘɚɞɔɐ Űɖɠ ɘůɞ-ŬŰɞɛɘəɐɠ ůɨůŰŬůɖɠ ɘəŬɜɞˊɞɑɖůŮ ɛŮɜ ŰŬ 

ŮɛˊŮɘɟɘəɎ əɟɘŰɐɟɘŬ ůɢɖɛŬŰɘůɛɞɨ ůŰŮɟŮɩɜ ŭɘŬɚɡɛɎŰɤɜ, ɤůŰɧůɞ ɖ Ŭəɟɘɓɐɠ ŬɜɎɚɡůɖ Űɖɠ 

əɟɡůŰŬɚɚɘəɐɠ ŭɞɛɐɠ əŬɘ Űɖɠ ɛɘəɟɞŭɞɛɐɠ Űɞɡ ɡˊɏŭŮɘɝŬɜ Űɞ ůɢɖɛŬŰɘůɛɧ Ůɜɧɠ bcc əŬɘ Ůɜɧɠ 

hcp ˊɚɏɔɛŬŰɞɠ ɛŮ ŮɛűŬɜɐ ɢŬɟŬəŰɖɟɘůŰɘəɎ ŭŮɜŭɟɘŰɘəɐɠ ɛɞɟűɞɚɞɔɑŬɠ əŬɘ ůŰɞɘɢŮɑŬ ŭɘŬűɞ-

ɟɘůɛɞɨ. ȼ ˊɟɞɏɚŮɡůɖ Űɤɜ űŬɘɜɞɛɏɜɤɜ ŭɘŬűɞɟɘůɛɞɨ ŮˊɘɓŮɓŬɘɩɗɖəŮ ˊŮɟŬɘŰɏɟɤ ɛɏůɤ Űɖɠ 

ŬɜɎɚɡůɖɠ ɗŮɟɛɞŭɡɜŬɛɘəɩɜ əŬɘ ɔŮɤɛŮŰɟɘəɩɜ ˊŬɟŬɔɧɜŰɤɜ. Ⱥˊɘˊɚɏɞɜ, ɞɘ ɘŭɘŬɑŰŮɟŬ ɡɣɖɚɏɠ 

Űɘɛɏɠ ɛɘəɟɞ- əŬɘ ɛŬəɟɞ-ůəɚɖɟɧŰɖŰŬɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ ɡˊɏŭŮɘɝŬɜ Űɖ ɚŮɘŰɞɡɟɔɑŬ Ůɜɧɠ ɛɖ-

ɢŬɜɘůɛɞɨ ůəɚɐɟɡɜůɖɠ ɛŮ Űɖ ŭɖɛɘɞɡɟɔɑŬ ůŰŮɟŮɞɨ ŭɘŬɚɨɛŬŰɞɠ. ɄɟɞɢɤɟɩɜŰŬɠ, ŰŬ ŭŮŭɞɛɏɜŬ 

ɗɚɑɣɖɠ ɐŰŬɜ ŰŬ ˊɟɩŰŬ ˊɞɡ əŬŰŬɔɟɎűɖəŬɜ ɏɤɠ ůɐɛŮɟŬ ɔɘŬ Űɖ ůɡɔəŮəɟɘɛɏɜɖ ŭɞɛɐ, Ůɜɩ 

əŬɘ ɖ ɛŮɚɏŰɖ Űɤɜ ŮˊɘűŬɜŮɘɩɜ ɗɟŬɨůɖɠ ůɡɜɏɓŬɚŮ ůŰɖɜ əŬŰŬɜɧɖůɖ Űɞɡ ɛɖɢŬɜɘůɛɞɨ ŬůŰɞ-

ɢɑŬɠ əɡɟɑɤɠ ɛɏůɤ ŭɘɎůˊŬůɖɠ ɛŮ Űɖɜ ŮɛűɎɜɘůɖ Űɤɜ ɓŬůɘəɧŰŮɟɤɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ ŬɡŰɞɨ 

(ůɢɘůɑɛŬŰŬ, ŬɡɚŬəɩůŮɘɠ, ŭŮɡŰŮɟɞɔŮɜŮɑɠ ɟɤɔɛɏɠ ə.Ɏ.). ȺˊɘˊɟɞůɗɏŰɤɠ, Űɞ Ůɜ ɚɧɔɤ əɟɎɛŬ 

ˊŬɟɞɡůɑŬůŮ ŮɝŬɘɟŮŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ ɏɜŬɜŰɘ Űɖɠ űɗɞɟɎɠ ɞɚɑůɗɖůɖɠ (Űɖ ɓɏɚŰɘůŰɖ ɛŮŰŬɝɨ 

Űɤɜ ŮɝŮŰŬůɗɏɜŰɤɜ ŭɞɛɩɜ), ˊɞɡ ŮɟɛɖɜŮɨŰɖəŮ Űɧůɞ ɛɏůɤ Űɖɠ ˊŬɟɞɡůɑŬɠ Űɤɜ ŮɝŬɔɤɜɘəɩɜ 

ɛŮŰŬɚɚɘəɩɜ ůŰɞɘɢŮɑɤɜ ůŰɖ ŭɞɛɐ Űɞɡ, ɧůɞ əŬɘ Űɖɠ ɘəŬɜɧŰɖŰŬɠ ŬɡŰɩɜ ˊɟɞɠ ɞɝŮɑŭɤůɖ. ɇɏ-

ɚɞɠ, ɞɘ ɛŮŰɟɐůŮɘɠ əɡəɚɘəɩɜ ˊɞŰŮɜůɘɞŭɡɜŬɛɘəɩɜ ˊɞɚɩůŮɤɜ ɡˊɏŭŮɘɝŬɜ Űɖɜ ɛɘəɟɐɠ ɏəŰŬůɖɠ 

ŭɘɎɓɟɤůɖ Űɞɡ ɡɚɘəɞɨ, ɛŮ Űɖ ɔŮɜɘəɐ ŭɘɎɓɟɤůɖ ɜŬ űŬɑɜŮŰŬɘ ɤɠ ɞ əɡɟɑŬɟɢɞɠ ɛɖɢŬɜɘůɛɧɠ. 

ɇɞ ůɨůŰɖɛŬ MoTaNbVTi ůɡɜŰɏɗɖəŮ ɛɏůɤ Űɖɠ ŰŮɢɜɘəɐɠ Űɐɝɖɠ Űɧɝɞɡ Ůɜ əŮɜɩ Űɧůɞ 

ůŰɖɜ ɘůɞ-ŬŰɞɛɘəɐ Űɞɡ ůɨůŰŬůɖ, ɧůɞ əŬɘ ɛŮ ɛŮŰŬɓŬɚɚɧɛŮɜŬ ˊɞůɞůŰɎ ůɡɛɛŮŰɞɢɐɠ Űɞɡ 

ůŰɞɘɢŮɑɞɡ Űɞɡ Mo (x=0.25 at.% əŬɘ x=0.75 at.%). ȺɘŭɘəɧŰŮɟŬ, ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ ɘůɞ-

ŬŰɞɛɘəɐɠ ŭɞɛɐɠ ŭɘŬˊɘůŰɩɗɖəŮ ɖ Űɟɞˊɞˊɞɑɖůɖ Űɤɜ ɛɘəɟɞŭɞɛɘəɩɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ əŬŰɎ 

ɛɐəɞɠ Űɖɠ əɎɗŮŰɖɠ Űɞɛɐɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ, ŮɨɟɖɛŬ ˊɞɡ ůɡůɢŮŰɑůŰɖəŮ ɛŮ Űɖɜ ŮɛűɎɜɘůɖ əŬɘ 

ŭɟɎůɖ Űɤɜ űŬɘɜɞɛɏɜɤɜ Űɖɠ ɡˊɧɣɡɝɖɠ əŬɘ Űɖɠ ŮəɚɡɧɛŮɜɖɠ ɚŬɜɗɎɜɞɡůŬɠ ɗŮɟɛɧŰɖŰŬɠ. ȷˊô 

Űɖɜ Ɏɚɚɖ ˊɚŮɡɟɎ, ɖ Űɟɞˊɞˊɞɑɖůɖ Űɞɡ ˊɞůɞůŰɞɨ ůɡɛɛŮŰɞɢɐɠ Űɞɡ Mo ůŰɞ ůɨůŰɖɛŬ, ɏŭɤůŮ 

Űɖ ŭɡɜŬŰɧŰɖŰŬ ŮɟɛɖɜŮɑŬɠ Űɤɜ ˊŬɟŬŰɖɟɞɨɛŮɜɤɜ űŬɘɜɞɛɏɜɤɜ ŮəɚɏˊŰɡɜůɖɠ ůŮ ˊɟɩŰɖ űɎůɖ 
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ɛŮ ɢɟɐůɖ əŬɘ ůɨɔəɟɘůɖ Űɤɜ ŭŮŭɞɛɏɜɤɜ Ŭˊɧ ŰŬ ɗŮɤɟɖŰɘəɎ ɛɞɜŰɏɚŬ ˊɟɧɓɚŮɣɖɠ əŬɘ ůŮ 

ŭŮɨŰŮɟɖ űɎůɖ ɛɏůɤ ɓŬůɘəɩɜ Ůɜɜɞɘɩɜ ůŰŮɟŮɞˊɞɑɖůɖɠ. ȾŬɘ Űɞ Ůɜ ɚɧɔɤ ůɨůŰɖɛŬ ŮɛűɎɜɘůŮ 

ɡɣɖɚɏɠ Űɘɛɏɠ ɛɘəɟɞ- əŬɘ ɛŬəɟɞ-ůəɚɖɟɧŰɖŰŬɠ, ˊɞɡ əɡɛɎɜɗɖəŬɜ ůŰɞ ɑŭɘɞ ŮˊɑˊŮŭɞ ɛŮ ŬɡŰɏɠ 

Űɤɜ ŭɡɞ ˊɟɞŬɜŬűŮɟɧɛŮɜɤɜ ɡɚɘəɩɜ. ɆŮ ɧŰɘ ŬűɞɟɎ Űɖ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ ůŮ ɗɚɑɣɖ Űɞ ůɨ-

ůŰɖɛŬ ŮˊɏŭŮɘɝŮ Űɖɜ əŬɚɨŰŮɟɖ ůɡɛˊŮɟɘűɞɟɎ ɛŮŰŬɝɨ Űɤɜ Űɟɘɩɜ ůɡůŰɖɛɎŰɤɜ ˊɞɡ ɛŮɚŮŰɐ-

ɗɖəŬɜ, ŮɝŬůűŬɚɑɕɞɜŰŬɠ Űɘɠ ɡɣɖɚɧŰŮɟŮɠ Űɘɛɏɠ ˊɚŬůŰɘəɧŰɖŰŬɠ. ȷɜŬűɞɟɘəɎ ɛŮ ŰŬ ŬˊɞŰŮɚɏ-

ůɛŬŰŬ űɗɞɟɎɠ ɞɚɑůɗɖůɖɠ, ɖ ɢɟɐůɖ ɛŮŰŬɚɚɘəɐɠ ůűŬɑɟŬɠ ɤɠ ŬɜŰɘɛŬɢɧɛŮɜɞ ɡɚɘəɧ ůŮ ůɡɜ-

ŭɡŬůɛɧ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ŬˊɧůŰŬůɖɠ ɞɚɑůɗɖůɖɠ ɞŭɐɔɖůŮ ůŮ ˊɘɗŬɜɎ űŬɘɜɧɛŮɜŬ ɗŮɟɛɘəɐɠ 

əɧˊɤůɖɠ, Ůɜɩ ɖ ˊŬɟɞɡůɑŬ Űɖɠ əŮɟŬɛɘəɐɠ ůűŬɑɟŬɠ ůɡɜŭɡɎůŰɖəŮ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɤɜ ůɢɖ-

ɛŬŰɘɕɧɛŮɜɤɜ ɞɝŮɘŭɑɤɜ əŬɘ Űɖ ɓŮɚŰɑɤůɖ Űɖɠ Űɟɘɓɞɚɞɔɘəɐɠ Ŭˊɧəɟɘůɖɠ ɧŰŬɜ ɖ ŬˊɧůŰŬůɖ ɞ-

ɚɑůɗɖůɖɠ ŬɡɝɎɜɞɜŰŬɜ. ɇɏɚɞɠ, əŬɘ Űɞ ůɡɔəŮəɟɘɛɏɜɞ ŭŮɑɔɛŬ ŭŮɜ űɎɜɖəŮ ɜŬ ˊŬɟɞɡůɘɎɕŮɘ 

ɏɜŰɞɜŬ ůɖɛɎŭɘŬ ŭɘɎɓɟɤůɖɠ ɧˊɤɠ ɡˊɏŭŮɘɝŬɜ ŰŬ ɖɚŮəŰɟɞɢɖɛɘəɎ ŭŮŭɞɛɏɜŬ əŬɘ ɖ ˊŬɟŬŰɐ-

ɟɖůɖ Űɤɜ ŭɘŬɓɟɤɛɏɜɤɜ ŮˊɘűŬɜŮɘɩɜ əŬɘ Űɞɛɩɜ Űɞɡ. 

ɆɡɜŮɢɑɕɞɜŰŬɠ, Űɞ ůɨůŰɖɛŬ HfZrTiNbV , ́ ŬɟɎ Űɖɜ Ŭɟɢɘəɐ ˊɟɧɓɚŮɣɖ Űɤɜ ˊŬɟŬɛŮŰɟɘəɩɜ 

ɛɞɜŰɏɚɤɜ ɔɘŬ ŭɖɛɘɞɡɟɔɑŬ Ůɜɧɠ ɛɞɜɞűŬůɘəɞɨ ůŰŮɟŮɞɨ ŭɘŬɚɨɛŬŰɞɠ, ŰŮɚɘəɎ ŮɛűɎɜɘůŮ ɏɜŰɞ-

ɜɞ ŭɘŬűɞɟɘůɛɧ ɛŮ Űɖ ůɡɛɛŮŰɞɢɐ ŭɡɞ ŮɡŭɘɎəɟɘŰɤɜ űɎůŮɤɜ. ɇɞ ɛŮɚŮŰɩɛŮɜɞ ůɨůŰɖɛŬ Ůɏ́-

ŭŮɘɝŮ ɛɘŬ ˊŬɟɎŭɞɝɖ ůɡɛˊŮɟɘűɞɟɎ ɤɠ ˊɟɞɠ Űɖ ůŮɘɟɎ Űɤɜ ůŰɞɘɢŮɑɤɜ ˊɞɡ ɖɔɐɗɖəŬɜ Űɤɜ 

űŬɘɜɞɛɏɜɤɜ ůŰŮɟŮɞˊɞɑɖůɖɠ, ɔŮɔɞɜɧɠ ˊɞɡ ŮɟɛɖɜŮɨŰɖəŮ Űɧůɞ ɛɏůɤ Űɤɜ ŭɘɛŮɟɩɜ ŭɘŬɔɟŬɛ-

ɛɎŰɤɜ űɎůŮɤɜ Űɤɜ ŮɛˊɚŮəɧɛŮɜɤɜ ůŰɞɘɢŮɑɤɜ, ɧůɞ əŬɘ ɛŮŰɎ Űɖɜ Ŭɝɘɞɚɧɔɖůɖ ɗŮɟɛɞŭɡɜŬ-

ɛɘəɩɜ əŬɘ ɔŮɤɛŮŰɟɘəɩɜ ɛŮɔŮɗɩɜ (ˊɢ ŭɘŬűɞɟɎ ŮɜɗŬɚˊɑŬɠ ŬɜɎɛŮɘɝɖɠ, ˊŬɟŬɛɧɟűɤůɖ ˊɚɏɔ-

ɛŬŰɞɠ, ŮɜɏɟɔŮɘŬ Gibbs ə.Ɏ.). 

ɇɞ ůɨůŰɖɛŬ HfZrTiMoW  ˊŬɟɎ Űɘɠ ɘůɢɡɟɏɠ ŮɜŭŮɑɝŮɘɠ ɔɘŬ ŭɖɛɘɞɡɟɔɑŬ ɛɞɜɞűŬůɘəɐɠ ŭɞ-

ɛɐɠ, ŰŮɚɘəɎ ŮɛűɎɜɘůŮ ɏɜŬ əɡɓɘəɧ əŬɘ ɏɜŬ ŮɝŬɔɤɜɘəɧ ˊɚɏɔɛŬ əŬɗɩɠ əŬɘ ɛɘŬ ŮɝŬɘɟŮŰɘəɎ ɚŮ-

ˊŰɞɛŮɟɐ ɛɘəɟɞŭɞɛɐ. ȷűɞɨ ůŮ ˊɟɩŰɖ űɎůɖ, ŮɟɛɖɜŮɨŰɖəŮ ɞ ˊŬɟŬŰɖɟɞɨɛŮɜɞɠ ŭɘŬűɞɟɘůɛɧɠ 

ɛŮŰŬɝɨ ˊɟɤŰɞɔŮɜɞɨɠ əŬɘ ŭŮɡŰŮɟɞɔŮɜɞɨɠ űɎůɖɠ ůŰŮɟŮɞˊɞɑɖůɖɠ, ůŮ ɏɜŬ ŮˊɧɛŮɜɞ ůŰɎŭɘɞ 

ŭɘŬŰɡˊɩɗɖəŮ ɖ ˊɘɗŬɜɧŰɖŰŬ ˊŬɟɞɡůɑŬɠ űŬɘɜɞɛɏɜɤɜ ŬɜɩɛŬɚɖɠ ŮɡŰɖəŰɘəɐɠ ɛɞɟűɞɚɞɔɑŬɠ. 

ɇɞ ŮɨɟɖɛŬ ŬɡŰɧ ůŰɖɟɑɢɗɖəŮ ɛŮ ŬɜɎɚɞɔŬ ɓɘɓɚɘɞɔɟŬűɘəɎ ŭŮŭɞɛɏɜŬ, ɤůŰɧůɞ ɢɟɑɕŮɘ ˊŮɟŬɘ-

Űɏɟɤ ŬɜɎɚɡůɖɠ. 

ɇɏɚɞɠ, Űɞ ůɨůŰɖɛŬ HfZrTiMoW Ta ůɡɜŰɏɗɖəŮ ɤɠ ɛɘŬ ˊɟɞɏəŰŬůɖ Űɖɠ ˊɟɞɖɔɞɨɛŮɜɖɠ 

ŭɞɛɐɠ əŬɘ ˊŬɟɎ Űɞ ɔŮɔɞɜɧɠ ɧŰɘ ŭŮɜ ŮɛűɎɜɘůŮ əɎˊɞɘŬ ɛɞɟűɞɚɞɔɘəɐ ɞɛɞɘɧŰɖŰŬ ɛŮ ŬɡŰɧ, 

ŮˊɏŭŮɘɝŮ ˊɟɞűŬɜɐ ɢŬɟŬəŰɖɟɘůŰɘəɎ ŬɜɩɛŬɚɖɠ ŮɡŰɖəŰɘəɐɠ ŭɘŬɛɧɟűɤůɖɠ ˊɞɡ ɝŮəɘɜɎ Ŭˊɧ 

ˊɟɤŰɞɔŮɜɞɨɠ ŮɡŰɖəŰɘəɞɨɠ ŭŮɜŭɟɑŰŮɠ əŬɘ ůɡɜŭɏŮŰŬɘ ɛŮ Űɖɜ ˊŬɟɞɡůɑŬ ɏɜŰɞɜɤɜ űŬɘɜɞɛɏɜɤɜ 

ɡˊɧɣɡɝɖɠ. ȾŬɘ ůŮ ŬɡŰɐ Űɖɜ ˊŮɟɑˊŰɤůɖ, Ŭɜ əŬɘ ɞɘ ˊŬɟŬŰɖɟɐůŮɘɠ ůŰɖɟɑɢɗɖəŬɜ əŬɘ ɓɘɓɚɘɞ-

ɔɟŬűɘəɎ, ŬˊŬɘŰɞɨɜŰŬɘ ˊŮɟŬɘŰɏɟɤ ɡˊɞɚɞɔɘůɛɞɑ ɔɘŬ Űɖɜ ŮˊɘɓŮɓŬɑɤůɖ Űɤɜ ˊŬɟŬŰɖɟɞɨɛŮɜɤɜ 

űŬɘɜɞɛɏɜɤɜ. 
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ABSTRACT 
 

One of the main objectives of the present PhD thesis was the design new refractory 

high entropy structures and the evaluation of their mechanical behavior and surface deg-

radation phenomena. In particular, six high entropy refractory alloys were produced by 

means of vacuum arc melting, namely MoTaNbVW, MoTaNbZrTi, MoTaNbVTi, 

HfZrTiNbV , HfZrTiMoW  and HfZrTiMoTaW . 

For each individual system, the microstructural features were studied and the phase 

formation prediction models were evaluated. The corresponding solidification mecha-

nisms were also proposed, while some interesting morphological characteristics identified 

in each case, were analyzed. 

As far as the properties are concerned, selected structures (MoTaNbVW, MoTaNbZrTi 

and MoTaNbVTi) were studied in terms of their mechanical properties, namely the values 

of micro- and macro-hardness and their compression test behavior. The possible mecha-

nisms for enhancing mechanical properties were also proposed through solid solution 

formation theory, while the fracture mechanisms after compression tests were also ana-

lyzed. 

In terms of the surface degradation properties, the aforementioned systems were tested 

against ball-on disc sliding wear under various experimental conditions (three sliding dis-

tances (400 m, 1000 m and 2000 m) and two counterbody materials (metallic and ceramic 

ball)). In each case, the wear data (e.g. mass loss, wear rate, friction coefficient) were rec-

orded, while the wear surfaces and debris were studied in order to formulate the corre-

sponding degradation mechanisms. The results of the high entropy alloys tested were 

compared both with each other and with well-known commercial metallic materials. 

Finally, the characterization of the specific high entropy structures was completed by 

evaluating their anti- corrosion resistance in simulated seawater (3.5 wt.% NaCl) and hu-

man body fluids environment (Hank's solution). In this case, the analysis of the numerical 

data and the observation of the corroded surfaces and cross-sections of the samples, con-

tributed to the formulation and interpretation of their respective degradation mechanisms. 

More specifically, with respect to the MoTaNbVW system, this was synthesized by 

vacuum arc melting, while the evaluation of the phase selection theoretical models indi-

cated the formation of a single solid solution. In fact, the evaluation of the actual crystal 

structure and microstructure of the system revealed a bcc structure, and signs of segrega-

tion between the dendritic and interdendritic regions. The alloy exhibited high micro- and 

macro-hardness values that were attributed to the solid solution strengthening mechanism. 

In terms of its compressive strength, the numerical data approached the corresponding 
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bibliographic findings, while further analysis of the fracture surfaces indicated the opera-

tion of the cleavage / splitting failure mode. In a next step, the tribological behavior of the 

alloy was examined using two opposing materials and three different sliding distances. By 

using the metallic ball as a counterbody partner, the morphology of the wear tracks and 

the presence of Fe oxidized phases seemed to determine the wear rate values. In the same 

direction, when a ceramic ball was used, similar observations were made regarding the 

range of wear tracks and the reduction of the friction coefficient by increasing the sliding 

distance. Debris examination further defined the degradation mechanisms of each case. 

Finally, the anti-corrosive properties of the system in two testing environments (3.5 wt% 

NaCl solution and Hankôs solution) revealed the overall good anti-corrosive behavior of 

the alloy, as well as the presence of a very few signs of corrosion. 

MoTaNbZrTi system was synthesized via vacuum arc melting technique followed by 

five re-melting efforts in order to ensure the best homogeneity of the material. In terms of 

its microstructural characteristics, the choice of equi-atomic composition initially satisfied 

the empirical criteria for solid solution formation, yet the exact analysis of its crystal 

structure and microstructure indicated the formation of a bcc and a hcp phase with appar-

ent dendritic morphology characteristics and element segregation tendency. The origins of 

these segregation phenomena were further confirmed by the analysis of numerous ther-

modynamic and geometric factors. In addition, the extremely high micro- and macro-

hardness values of the system, indicated the operation of a solid solution strengthening 

mechanism. Moving forward, the compression data were the first to be recorded for the 

particular structure, while the study of the fracture surfaces further contributed to the un-

derstanding of the alloyôs failure mechanisms mainly through cleavage and the presence 

of its main features (tears, river-like patterns, secondary cracks etc.). In addition, the alloy 

exhibited excellent behavior against sliding wear (the best among the examined struc-

tures), which was analyzed both by the presence of the hexagonal metallic elements in its 

structure and by their ability to be oxidized. Finally, cyclic dynamic polarization results 

indicated the low corrosion tendency of the material, with the general corrosion being the 

dominant degradation mechanism. 

MoTaNbVTi system was synthesized by the vacuum arc melting technique both in its 

equi-atomic composition and after varying the ɀɞ content (x = 0.25 at.% and x = 0.75 

at.%). In particular, in the case of the equi-atomic structure, the modification of the micro-

structural features along the vertical cross-section of the sample was associated with un-

dercooling phenomena and the release of heat of fusion. On the other hand, the modifica-

tion of Mo content led the way to a microstructural refinement, explained in terms of both 

theoretical prediction modelsô data and basic solidification principles. The examined sys-

tem also exhibited high micro- and macro-hardness values, ranging within the same level 

as those of the two aforementioned materials. Concerning its compression tests, the alloy 

presented the best behavior among the three systems studied, ensuring the highest ductili-

ty values. Regarding the sliding wear effects, the use of a metallic ball combined with the 

increase in sliding distance, led to possible thermal fatigue effects, while the presence of 

the ceramic ball was combined with the increase of the formed oxides and the improve-

ment of the tribological response when the sliding distance increased. Finally, this speci-
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men did not appear to exhibit severe corrosion signs as indicated by the electrochemical 

data and the observation of its corroded surfaces and cross-sections. 

HfZrTiN bV system, despite the initial prediction of the parametric models to create a 

single solid solution, eventually displayed intensive segregation phenomena with the pres-

ence of two distinct phases. The studied system demonstrated a paradox in terms of the 

order of the elements that led to the solidification sequence, which was explained both 

through the binary phase diagrams examination and the evaluation of various thermody-

namic and geometric factors (e.g. difference in the enthalpy of mixing, lattice distortion, 

Gibbs energy, etc.). 

HfZrTiMoW  system, despite strong indications for single phase formation, eventually 

displayed a cubic and a hexagonal lattice as well as an extremely refined microstructure. 

Initially, the observed compositional difference between the primary and secondary solidi-

fication phases was analyzed, then the possibility of anomalous eutectic phenomena pres-

ence was expressed. This finding was based on similar bibliographic data, but further 

analysis is required. 

Finally, HfZrTiMoWTa  system was synthesized as an extension of the previous struc-

ture and despite the fact that it did not show any morphological similarity with it, it exhib-

ited obvious features of anomalous eutectic formation, starting from primary eutectic den-

drites and associated with the presence of intense undercooling phenomena. Also in this 

case, although microstructural observations were further supported by bibliographic re-

search findings, additional work is needed to further validate the observed phenomena. 
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ȷɁɇȽȾȺȽɀȺɁɃ - ȾȷȽɁɃɇɃɀȽȷ ȹȽȹȷȾɇɃɅȽȾȼɆ ȹȽȷɇɅȽȸȼɆ 
 

ɆŰɖɜ ˊŬɟɞɨůŬ ŭɘŭŬəŰɞɟɘəɐ ŭɘŬŰɟɘɓɐ, ˊɏɟŬ Ŭˊɧ Űɖɜ Ůˊɘɚɞɔɐ ɛɘŬɠ əŬɗŬɟɎ ůɨɔɢɟɞɜɖɠ 

əŬŰɖɔɞɟɑŬɠ ɛŮŰŬɚɚɘəɩɜ ɡɚɘəɩɜ, ɖ ˊɟɤŰɞŰɡˊɑŬ Űɖɠ ŮɟŮɡɜɖŰɘəɐɠ ˊɟɞůˊɎɗŮɘŬɠ ɏɔəŮɘŰŬɘ əŬɘ 

ůŰŬ ŬəɧɚɞɡɗŬ ˊɏɜŰŮ ůɖɛŮɑŬ: 

 

1) ɃɟɘůɛɏɜŮɠ Ŭˊɧ Űɘɠ ůɡůŰɎůŮɘɠ Űɤɜ əɟŬɛɎŰɤɜ ˊɞɡ ŮˊɘɚɏɢɗɖəŬɜ ŭŮɜ ɏɢɞɡɜ əŬŰŬɔɟŬ-

űŮɑ ɝŬɜɎ ůŮ ɎɚɚŮɠ ŮɟŮɡɜɖŰɘəɏɠ ŮɟɔŬůɑŮɠ Űɖɠ ɓɘɓɚɘɞɔɟŬűɑŬɠ. ȺɨəɞɚŬ əŬɗɑůŰŬŰŬɘ Ŭ-

ɜŰɘɚɖˊŰɧ Űɞ ŰŮɟɎůŰɘɞ Ůɨɟɞɠ Űɤɜ ŭɘŬűɞɟŮŰɘəɩɜ ůɡůŰɎůŮɤɜ ˊɞɡ ŭɨɜŬŰŬɘ ɜŬ ˊɟɞəɨɣŮɘ 

ŮɑŰŮ Ŭˊɧ Űɖɜ ŬɚɚŬɔɐ Űɤɜ ŮəɎůŰɞŰŮ əɟŬɛŬŰɘəɩɜ ˊɟɞůɗɖəɩɜ, ŮɑŰŮ əŬɘ Űɤɜ ˊɞůɞůŰɩɜ 

ůɡɛɛŮŰɞɢɐɠ ŬɡŰɩɜ ůŮ ɛɘŬ ŰŮɚɘəɐ ŭɞɛɐ ɡɣɖɚɐɠ ŮɜŰɟɞˊɑŬɠ. ȰŰůɘ, ůŰŬ ˊɚŬɑůɘŬ Űɖɠ ˊŬ-

ɟɞɨůŬɠ ŭɘŬŰɟɘɓɐɠ ůɡɜŰɏɗɖəŬɜ ɛŮɜ ůŮ ˊɟɩŰɖ űɎůɖ ŭɞɛɏɠ ɛŮ ůɡůŰɎůŮɘɠ ˊɞɡ ɡˊɞŭŮɑɢɗɖ-

əŬɜ Ŭˊɧ Űɖ ɓɘɓɚɘɞɔɟŬűɑŬ, ŬɚɚɎ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ əŬɘ ůŮ ŭŮɨŰŮɟɖ űɎůɖ ɖ ůɨɜɗŮůɖ 

əŬɘɜɞŰɧɛɤɜ ůɡůŰɖɛɎŰɤɜ ɛŮ ɜɏŮɠ ůɡůŰɎůŮɘɠ (ɘůɞ-ŬŰɞɛɘəɏɠ ɐ ɛɖ) ˊɞɡ ŭŮɜ ɏɢɞɡɜ əŬ-

ŰŬɔɟŬűŮɑ ɓɘɓɚɘɞɔɟŬűɘəɎ ůŮ ɎɚɚŮɠ ŮɟŮɡɜɖŰɘəɏɠ ˊɟɞůˊɎɗŮɘŮɠ. 

ȷɜŬɚɡŰɘəɧŰŮɟŬ, ɞɘ əŬŰŮɡɗɡɜŰɐɟɘŮɠ Ŭɟɢɏɠ əŬɘ ɖ ɓŬůɘəɐ űɘɚɞůɞűɑŬ ˊɎɜɤ ůŰɖɜ ɞˊɞɑŬ 

ůŰɖɟɑɢɗɖəŮ ɖ Ůˊɘɚɞɔɐ Űɖɠ ůɨɜɗŮůɖɠ Űɤɜ ɏɝɘ ˊɡɟɑɛŬɢɤɜ əɟŬɛɎŰɤɜ ɡɣɖɚɐɠ ŮɜŰɟɞˊɑŬɠ 

ˊɞɡ ɗŬ ŬɜŬɚɡɗɞɨɜ ůŰŬ ˊɚŬɑůɘŬ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘŬŰɟɘɓɐɠ, ɓŬůɑůŰɖəŮ ůŰɞ əɎŰɤɗɘ ůəŮ-

ˊŰɘəɧ: 

1ȷ) ȷˊɧ Űɞ 2014 (ɖɛŮɟɞɛɖɜɑŬ ɏɜŬɟɝɖɠ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘŬŰɟɘɓɐɠ) ɏɤɠ əŬɘ ůɐɛŮɟŬ, Űɞ ɛŮ-

ɔŬɚɨŰŮɟɞ ˊɞůɞůŰɧ ˊŬɟŬɔɤɔɐɠ əɟŬɛɎŰɤɜ ɡɣɖɚɐɠ ŮɜŰɟɞˊɑŬɠ əŬɚɨˊŰŮŰŬɘ ɓɘɓɚɘɞɔɟŬűɘəɎ 

Ŭˊɧ ŰŬ ůɡůŰɐɛŬŰŬ ŮəŮɑɜŬ ˊɞɡ ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ ɛŮŰŬɓŬŰɘəɎ ɛɏŰŬɚɚŬ Űɖɠ ŰɟɑŰɖɠ əɡɟɑ-

ɤɠ ůŮɘɟɎɠ Űɞɡ ɄŮɟɘɞŭɘəɞɨ ɄɑɜŬəŬ, ɛŮ Űɘɠ ˊŮɟɘůůɧŰŮɟŮɠ Ŭˊɧ ŬɡŰɏɠ Űɘɠ ŭɞɛɏɠ ɜŬ Ŭɜɐ-

əɞɡɜ ůŰɞ fcc əɡɓɘəɧ əɟɡůŰŬɚɚɘəɧ ůɨůŰɖɛŬ. ɋůŰɧůɞ, ɛɘŬ ŮɜŭɘŬűɏɟɞɡůŬ ɡˊɞəŬŰɖɔɞɟɑŬ 

Űɤɜ əɟŬɛɎŰɤɜ ɡɣɖɚɐɠ ŮɜŰɟɞˊɑŬɠ ˊɞɡ, Ŭˊɧ Űɞ 2010 əŬɘ ɏˊŮɘŰŬ, űɎɜɖəŮ ɜŬ ŬɜŬˊŰɨůůŮ-

ŰŬɘ ɛŮ ŰŬɢɨŰŬŰɞɡɠ ŮɟŮɡɜɖŰɘəɞɨɠ ɟɡɗɛɞɨɠ, ŬűɞɟɎ ůŰŬ ˊɡɟɑɛŬɢŬ əɟɎɛŬŰŬ ɡɣɖɚɐɠ Ů-

ɜŰɟɞˊɑŬɠ. Ƀɘ ˊŮɟɘůůɧŰŮɟŮɠ ŭɞɛɏɠ ŬɡŰɞɨ Űɞɡ Űɨˊɞɡ Ŭűɞɟɞɨɜ Űɖɜ ˊŬɟŬɚŬɓɐ bcc Űɨˊɞɡ 

ůŰŮɟŮɩɜ ŭɘŬɚɡɛɎŰɤɜ əŬɘ ɞ ɓŬůɘəɧŰŮɟɞɠ ˊɡɟɐɜŬɠ Űɞɡɠ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ Űɖɜ ŰɟɘɎŭŬ Űɤɜ 

ůŰɞɘɢŮɑɤɜ Mo-Ta-Nb. 

1ȸ) ȺˊɘəŮɜŰɟɩɜɞɜŰŬɠ Űɞ ŮɟŮɡɜɖŰɘəɧ ɛŬɠ ŮɜŭɘŬűɏɟɞɜ ůŰɘɠ bcc ŭɞɛɏɠ, ɐŰɞɘ ůŰŬ ˊɡɟɑɛŬɢŬ 

əɟɎɛŬŰŬ ɡɣɖɚɐɠ ŮɜŰɞˊɑŬɠ, ɖ Ůˊɘɚɞɔɐ Űɞɡ ˊɟɩŰɞɡ ůɡůŰɐɛŬŰɞɠ MoTaNb-VW  ɏɔɘɜŮ ɛŮ 

Űɖɜ ˊɟɞůɗɐəɖ ůŰɖɜ əɚŬůůɘəɐ əɡɓɘəɐ ŰɟɘˊɚɏŰŬ (Mo, Ta əŬɘ Nb) ŭɡɞ ŬəɧɛŬ əɡɓɘəɩɜ 

ůŰɞɘɢŮɑɤɜ (V əŬɘ W). ɇɞ ˊɟɞəɨˊŰɞɜ ůɨůŰɖɛŬ ɐŰŬɜ Űɞ ˊɟɩŰɞ ˊɡɟɑɛŬɢɞ əɟɎɛŬ ɡɣɖɚɐɠ 

ŮɜŰɟɞˊɑŬɠ ˊɞɡ əŬŰŬɔɟɎűɖəŮ ɓɘɓɚɘɞɔɟŬűɘəɎ əŬɘ ɗŮɤɟɐɗɖəŮ ɤɠ ɖ əŬŰŬɚɚɖɚɧŰŮɟɖ Ůˊɘ-

ɚɞɔɐ ɏɜŬɟɝɖɠ Űɤɜ ˊɟɞůˊŬɗŮɘɩɜ Űɖɠ ŮɟŮɡɜɖŰɘəɐɠ ɛŬɠ ɞɛɎŭŬɠ ɔɘŬ Űɖ ůɨɜɗŮůɖ ŭɞɛɩɜ 

ɡɣɖɚɐɠ ŮɜŰɟɞˊɑŬɠ. ȷəɞɚɞɨɗɤɠ, ůŰɖɜ ˊɟɞŬɜŬűŮɟɗŮɑůŬ əɡɓɘəɐ ŰɟɘˊɚɏŰŬ ŭɘŮɟŮɡɜɐɗɖəŮ 

ɖ ŭɡɜŬŰɧŰɖŰŬ ˊɟɞůɗɐəɖɠ ŮɑŰŮ ŭɡɞ ŮɝŬɔɤɜɘəɩɜ ůŰɞɘɢŮɑɤɜ ɔɘŬ Űɖɜ ˊŬɟŬɚŬɓɐ Űɖɠ ŭɞɛɐɠ 

MoTaNb-ZrTi , ŮɑŰŮ ɖ ˊɟɞůɗɐəɖ Ůɜɧɠ əɡɓɘəɞɨ əŬɘ Ůɜɧɠ ŮɝŬɔɤɜɘəɞɨ ůŰɞɘɢŮɑɞɡ ɔɘŬ Űɖ 

ůɨɜɗŮůɖ Űɖɠ ŭɞɛɐɠ MoTaNb-VTi . ȾŬɘ ůŰɘɠ ŭɡɞ ŬɡŰɏɠ ˊŮɟɘˊŰɩůŮɘɠ əɨɟɘɞɠ ůŰɧɢɞɠ Ůɘ́-

ɚɞɔɐɠ Űɤɜ ůɡɔəŮəɟɘɛɏɜɤɜ ůɡůŰɎůŮɤɜ ɐŰŬɜ ɖ ŭɘŮɟŮɨɜɖůɖ əŬɘ ɖ ŬɜɎɚɡůɖ Űɤɜ ŰŮɚɘəɩɜ 

ɛɘəɟɞŭɞɛɘəɩɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ Űɤɜ ˊŬɟŬɔɧɛŮɜɤɜ əɟŬɛɎŰɤɜ əŬɘ ɖ ˊɘɗŬɜɐ Űɟɞˊɞˊɞɑ-

ɖůɖ Űɖɠ əɟɡůŰŬɚɚɘəɐɠ Űɞɡɠ ŭɞɛɐɠ ɛŮ Űɖɜ ˊɟɞůɗɐəɖ ůŰɞɘɢŮɑɤɜ ˊɞɡ Ŭɜɐəɞɡɜ ůŮ ŭɘŬűɞ-

ɟŮŰɘəɎ əɟɡůŰŬɚɚɘəɎ ˊɚɏɔɛŬŰŬ. ȼ ŬɜɎɚɡůɖ ŬɡŰɐ ůŰɖɟɑɢɗɖəŮ əŬɘ ŮɟɛɖɜŮɨŰɖəŮ ˊŮɟŬɘŰɏ-
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ɟɤ ɛŮ Űɖ ɢɟɐůɖ əŬɘ Ŭɝɘɞɚɧɔɖůɖ Űɤɜ ˊɞɘəɑɚɤɜ ɗŮɤɟɖŰɘəɩɜ ŮɟɔŬɚŮɑɤɜ ˊɟɧɓɚŮɣɖɠ ɔɘŬ 

Űɞ ůɢɖɛŬŰɘůɛɧ űɎůŮɤɜ ůŰŮɟŮɩɜ ŭɘŬɚɡɛɎŰɤɜ ůŰŬ HEAs, ɧˊɤɠ ŬɡŰɎ ˊɟɞŰŮɑɜɞɜŰŬɘ ɓɘ-

ɓɚɘɞɔɟŬűɘəɎ. 

1ũ) ɆŮ ɛɘŬ ŮˊɧɛŮɜɖ űɎůɖ, ŬəɞɚɞɨɗɖůŮ ɖ ůɨɜɗŮůɖ Űɟɘɩɜ ŬəɧɛŬ ˊɡɟɑɛŬɢɤɜ əɟŬɛɎŰɤɜ 

ɡɣɖɚɐɠ ŮɜŰɟɞˊɑŬɠ ˊɞɡ ɝŮűŮɨɔɞɡɜ ŬɡŰɐ Űɖ űɞɟɎ Ŭˊɧ Űɞɜ əɚŬůůɘəɧ əɡɓɘəɧ ˊɡɟɐɜŬ 

(Mo-Ta-Nb). ɆŮ ŬɡŰɏɠ Űɘɠ ˊŮɟɘˊŰɩůŮɘɠ, ůɡɜŰɏɗɖəŬɜ ŬɟɢɘəɎ ɛŮ ɓɎůɖ Űɖɜ ŮɝŬɔɤɜɘəɐ 

ŰɟɘˊɚɏŰŬ Hf-Zr-Ti ŰŬ ůɡůŰɐɛŬŰŬ HfZrTi -NbV əŬɘ HfZrTi -MoW. ȾŬɘ ůŰɘɠ ŭɡɞ ŬɡŰɏɠ 

ˊŮɟɘˊŰɩůŮɘɠ ŭɘŮɟŮɡɜɐɗɖəŮ ŬɟɢɘəɎ ɖ ŮˊɑŭɟŬůɖ Űɖɠ ˊɟɞůɗɐəɖɠ Űɤɜ ŭɡɞ ŬɜŰɑůŰɞɘɢɤɜ əɡ-

ɓɘəɩɜ ůŰɞɘɢŮɑɤɜ (Nb-V ůŰɖɜ ˊɟɩŰɖ ˊŮɟɑˊŰɤůɖ əŬɘ ɀɞ-W ůŰɖ ŭŮɨŰŮɟɖ ˊŮɟɑˊŰɤůɖ) 

ůŰɖɜ Ŭɟɢɘəɐ ŮɝŬɔɤɜɘəɐ ŰɟɘˊɚɏŰŬ Űɞɡ Hf-Zr-Ti əŬɘ ůŮ ŭŮɨŰŮɟɖ űɎůɖ ɛŮɚŮŰɐɗɖəŮ ɖ Ůˊɑ-

ŭɟŬůɖ Űɖɠ ŬɚɚŬɔɐɠ Űɞɡ ůɖɛŮɑɞɡ Űɐɝɖɠ ůŰɖɜ Ůɝɏɚɘɝɖ Űɤɜ űŬɘɜɞɛɏɜɤɜ ůŰŮɟŮɞˊɞɑɖůɖɠ 

ůŰɘɠ ŭɡɞ ŭɞɛɏɠ. ɇɏɚɞɠ, ɏɚŬɓŮ ɢɩɟŬ əŬɘ ɖ ůɨɜɗŮůɖ Ůɜɧɠ ŬəɧɛŬ əɟɎɛŬŰɞɠ ɡɣɖɚɐɠ Ů-

ɜŰɟɞˊɑŬɠ ůŰɞ ɞˊɞɑɞ ůɡɛɛŮŰŮɑɢŬɜ ɏɝɘ əɟŬɛŬŰɘəɎ ůŰɞɘɢŮɑŬ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ ůŰɞ ˊɟɞŬ-

ɜŬűŮɟɗɏɜ ůɨůŰɖɛŬ Űɞɡ HfZrTi -MoW ˊɟɞůŰɏɗɖəŮ ɏɜŬ ŬəɧɛŬ əɡɓɘəɧ ůŰɞɘɢŮɑɞ ɔɘŬ Űɖ 

ůɨɜɗŮůɖ Űɖɠ ŰŮɚɘəɐɠ ŭɞɛɐɠ HfZrTi -MoWTa. ɆŰɧɢɞɠ Űɖɠ ůɡɔəŮəɟɘɛɏɜɖɠ ˊɟɞůˊɎɗŮɘŬɠ 

ɐŰŬɜ ɖ ŭɘŮɟŮɨɜɖůɖ Űɖɠ ŮˊɑŭɟŬůɖɠ Űɖɠ Ŭɨɝɖůɖɠ Űɞɡ Ŭɟɘɗɛɞɨ Űɤɜ əɟŬɛŬŰɘəɩɜ ˊɟɞůɗɖ-

əɩɜ ůŰɖ ɛŮŰŬɓɞɚɐ Űɞɡ ŮɜŰɟɞˊɘəɞɨ ˊŬɟɎɔɞɜŰŬ Űɖɠ ɚŬɛɓŬɜɧɛŮɜɖɠ ɛɘəɟɞŭɞɛɐɠ əŬɘ ɞ 

ůɡůɢŮŰɘůɛɧɠ ŬɡŰɞɨ ɛŮ Űɖɜ ˊɘɗŬɜɐ Űɟɞˊɞˊɞɑɖůɖ ůŰŬ ŰŮɚɘəɎ ɛɘəɟɞŭɞɛɘəɎ ɢŬɟŬəŰɖɟɘ-

ůŰɘəɎ Űɞɡ ɚŬɛɓŬɜɧɛŮɜɞɡ ůɡůŰɐɛŬŰɞɠ. 

 

2) ȼ ɛɏɗɞŭɞɠ ůɨɜɗŮůɖɠ Űɤɜ ŰŮɚɘəɩɜ əɟŬɛɎŰɤɜ ɛŮ Űɖɜ ŰŮɢɜɘəɐ Űɖɠ Űɐɝɖɠ Űɧɝɞɡ Ůɜ əŮɜɩ 

əŬɘ Űɖɜ əŬŰɎɚɚɖɚɖ ɟɨɗɛɘůɖ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ ŬɡŰɐɠ (ˊɢ Ŭɟɘɗɛɧɠ ŬɜŬŰɐɝŮɤɜ, ɏɜŰŬůɖ 

ɟŮɨɛŬŰɞɠ ə.Ɏ.) ˊɟɞůɏŭɤůŮ ɏɜŬɜ ɛɞɜŬŭɘəɧ ɢŬɟŬəŰɐɟŬ ůŰŬ ŰŮɚɘəɎ ɡɚɘəɎ, ŮɝŬůűŬɚɑɕɞ-

ɜŰŬɠ Űɖɜ əŬɚɨŰŮɟɖ ŭɡɜŬŰɐ ɞɛɞɘɞɔɏɜŮɘŬ Űɤɜ ŰŮɚɘəɩɜ ŭɞɛɩɜ. ɀŬɕɑ ɛô ŬɡŰɎ ɖ ůɡɔəŮəɟɘ-

ɛɏɜɖ ŰŮɢɜɘəɐ, ůɡɜŮŰɏɚŮůŮ ůŰɖɜ ˊŬɟŬɚŬɓɐ əɎˊɞɘɤɜ ɘŭɘŬɑŰŮɟɤɜ ɛɞɟűɞɚɞɔɘəɩɜ ɢŬɟŬ-

əŰɖɟɘůŰɘəɩɜ (ɧˊɤɠ ˊɢ ɖ ŭŮɜŭɟɘŰɘəɐ ɛɞɟűɞɚɞɔɑŬ, ɖ ŬɜɩɛŬɚɖ ŮɡŰɖəŰɘəɐ ɛɞɟűɞɚɞɔɑŬ ɐ 

ɖ ˊŬɟɞɡůɑŬ əɎˊɞɘɤɜ űŬɘɜɞɛɏɜɤɜ ɛɘəɟɞŭɞɛɘəɐɠ ŮəɚɏˊŰɡɜůɖɠ) ˊɞɡ ŮɟɛɖɜŮɨŰɖəŬɜ ˊŮ-

ɟŬɘŰɏɟɤ ɛŮ ɢɟɐůɖ ɓŬůɘəɩɜ Ŭɟɢɩɜ ůŰŮɟŮɞˊɞɑɖůɖɠ (ɧˊɤɠ ˊɢ ɖ ɡˊɧɣɡɝɖ əŬɘ ɖ ŮəɚɡɧɛŮ-

ɜɖ ɚŬɜɗɎɜɞɡůŬ ɗŮɟɛɧŰɖŰŬ). 

 

3) ȳˊɤɠ ŬɜŬűɏɟɗɖəŮ ɐŭɖ, ɖ ŮɛɓɎɗɡɜůɖ ůŰŬ ɛɘəɟɞŭɞɛɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ əɎɗŮ əɟɎɛŬŰɞɠ 

ɛŮ Űɖɜ ŰŬɡŰɧɢɟɞɜɖ ŬɜɎɚɡůɖ ˊɞɘəɑɚɤɜ ɗŮɤɟɖŰɘəɩɜ ɛɞɜŰɏɚɤɜ, ˊŬɟŮɑɢŮ Űɖ ŭɡɜŬŰɧŰɖŰŬ 

ˊŮɟŬɘŰɏɟɤ ˊɟɧɓɚŮɣɖɠ, əŬŰŬɔɟŬűɐɠ əŬɘ Ŭɝɘɞɚɧɔɖůɖɠ ɛɖ ůɡɛɓŬŰɘəɩɜ űŬɘɜɞɛɏɜɤɜ 

ůŰŮɟŮɞˊɞɑɖůɖɠ ůŰɘɠ ˊɟɞəɨˊŰɞɡůŮɠ ɛɘəɟɞŭɞɛɏɠ. ȼ ŬɜŬɚɡŰɘəɧŰŮɟɖ ŮɟɛɖɜŮɑŬ Űɤɜ ɛɖɢŬ-

ɜɘůɛɩɜ ůŰŮɟŮɞˊɞɑɖůɖɠ ˊɞɡ ɏɚŬɓŬɜ ɢɩɟŬ ůŮ əɎɗŮ ˊŮɟɑˊŰɤůɖ, ŭŮɜ ɏɢŮɘ əŬŰŬɔɟŬűŮɑ ůŮ 

ŰɏŰɞɘŬ ɏəŰŬůɖ ůŮ ˊŬɟɧɛɞɘŮɠ ŮɟŮɡɜɖŰɘəɏɠ ˊɟɞůˊɎɗŮɘŮɠ əŬɘ ˊɘůŰŮɨŮŰŬɘ ɧŰɘ ŬˊɞŰŮɚŮɑ Űɖɜ 

Ŭɘɢɛɐ Űɖɠ ɏɟŮɡɜŬɠ ůŮ ɧŰɘ ŬűɞɟɎ Űɖɜ ŬɜɎɚɡůɖ Űɤɜ ɛɘəɟɞŭɞɛɘəɩɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ Űɤɜ 

ůɡůŰɖɛɎŰɤɜ ɡɣɖɚɐɠ ŮɜŰɟɞˊɑŬɠ. ȷɜŬŭŮɘəɜɨŮŰŬɘ Ůˊɑůɖɠ ɤɠ ɏɜŬ ˊɟɩŰɞ ŮɟɔŬɚŮɑɞ ˊɟɧ-

ɓɚŮɣɖɠ Űɤɜ ˊɘɗŬɜɩɠ ůɢɖɛŬŰɘɕɧɛŮɜɤɜ űɎůŮɤɜ əŬɘ ɏɟɢŮŰŬɘ ɜŬ ɡˊɞůŰɖɟɑɝŮɘ ůɡɛˊɚɖɟɤ-

ɛŬŰɘəɎ ŰŬ Ŭəɟɘɓɐ ŭŮŭɞɛɏɜŬ Ŭˊɧ Űɖ ɛŮɚɏŰɖ Űɖɠ ˊɟŬɔɛŬŰɘəɐɠ əɟɡůŰŬɚɚɘəɐɠ ŭɞɛɐɠ əŬɘ 

ɛɘəɟɞŭɞɛɐɠ Űɤɜ ŮɝŮŰŬɕɧɛŮɜɤɜ ůɡůŰɖɛɎŰɤɜ. 
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4) ɀŬɕɑ ɛô ŬɡŰɎ, əŬɘ ɖ ɛŮɚɏŰɖ Űɤɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ ŮˊɘɚŮɔɛɏɜɤɜ əɟŬɛɎŰɤɜ (ɛŬ-

əɟɞ- əŬɘ ɛɘəɟɞ-ůəɚɖɟɧŰɖŰŬ əŬɘ ŬɜŰɞɢɐ ůŮ ɗɚɑɣɖ) ŬˊɞŰŮɚɞɨɜ ŮɜŭɘŬűɏɟɞɡůŮɠ ˊɟŬəŰɘəɏɠ 

ɘŭɘɧŰɖŰŮɠ, ɛŮ ɘŭɘŬɑŰŮɟŮɠ ˊɟɞŮəŰɎůŮɘɠ ɔɘŬ Űɖ ɛŮɚɚɞɜŰɘəɐ ŮűŬɟɛɞɔɐ Űɤɜ əɟŬɛɎŰɤɜ ɡɣɖ-

ɚɐɠ ŮɜŰɟɞˊɑŬɠ ůŮ ɡɣɖɚɩɜ ŬˊŬɘŰɐůŮɤɜ ŰɞɛŮɑɠ Űɖɠ ɏɟŮɡɜŬɠ əŬɘ Űɖɠ ɓɘɞɛɖɢŬɜɑŬɠ. Ⱥɘŭɘəɧ-

ŰŮɟŬ ɖ əŬŰŬɔɟŬűɐ Űɤɜ ɛɖɢŬɜɘəɩɜ ɛŮɔŮɗɩɜ ˊɞɡ ˊɟɞɏəɡɣŬɜ ɔɘŬ ɞɟɘůɛɏɜŬ Ŭˊɧ ŰŬ ŮɝŮ-

ŰŬůɗɏɜŰŬ ůɡůŰɐɛŬŰŬ ɨůŰŮɟŬ Ŭˊɧ Űɘɠ ŭɞəɘɛɏɠ ɗɚɑɣɖɠ, ŭŮɜ ɏɢŮɘ ŮɜŰɞˊɘůŰŮɑ ůŮ ɎɚɚŮɠ Ů-

ɟŮɡɜɖŰɘəɏɠ ŮɟɔŬůɑŮɠ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ əŬɘ ɛŬɟŰɡɟɎ Űɘɠ ŮɝŬɘɟŮŰɘəɏɠ ŮˊɘŭɧůŮɘɠ Űɤɜ ɛŮ-

ɚŮŰɩɛŮɜɤɜ ůɡůŰɖɛɎŰɤɜ ɤɠ ˊɟɞɠ Űɖ ɛɖɢŬɜɘəɐ Űɞɡɠ Ŭˊɧəɟɘůɖ. ɇŬ ŭŮŭɞɛɏɜŬ ˊɞɡ 

ˊɟɞɏəɡɣŬɜ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůɡɔəɟɘŰɘəɎ Űɧůɞ ɛŮŰŬɝɨ Űɤɜ ŭɞɛɩɜ ɡɣɖɚɐɠ ŮɜŰɞˊɑŬɠ, ɧůɞ 

əŬɘ ɛŮ ɔɜɤůŰɎ ŮɛˊɞɟɘəɎ ɛŮŰŬɚɚɘəɎ əɟɎɛŬŰŬ. 

 

5) ɇɏɚɞɠ, ɞ ɢŬɟŬəŰɖɟɘůɛɧɠ ŮˊɘɚŮɔɛɏɜɤɜ ˊŬɟŬɔɧɛŮɜɤɜ ˊɡɟɑɛŬɢɤɜ ůɡůŰɖɛɎŰɤɜ ɧůɞɜ Ŭ-

űɞɟɎ ůŰɖ ŭɘŮɟŮɨɜɖůɖ Űɖɠ Űɟɘɓɞɚɞɔɘəɐɠ Űɞɡɠ ůɡɛˊŮɟɘűɞɟɎɠ əŬɘ Űɖɠ Ŭˊɧəɟɘůɐɠ 

Űɞɡɠ ůŮ ŮˊɘɗŮŰɘəɎ ˊŮɟɘɓɎɚɚɞɜŰŬ ŭɘɎɓɟɤůɖɠ ŭŮɜ ɏɢŮɘ ŬɜŬˊŰɡɢɗŮɑ ŮəŰŮɜɩɠ ɓɘɓɚɘɞ-

ɔɟŬűɘəɎ. ȺɘŭɘəɧŰŮɟŬ, ůŮ ɧŰɘ ŬűɞɟɎ Űɖɜ ˊɟɩŰɖ əŬŰɖɔɞɟɑŬ ŭɞəɘɛɩɜ, ɞɘ ˊŮɟɘůůɧŰŮɟŮɠ 

ŮɟŮɡɜɖŰɘəɏɠ ˊɟɞůˊɎɗŮɘŮɠ Ŭűɞɟɞɨɜ ůɡůŰɐɛŬŰŬ ˊɞɡ ůɡɜɑůŰŬɜŰŬɘ Ŭˊɧ ɛŮŰŬɓŬŰɘəɎ ɛɏ-

ŰŬɚɚŬ Űɖɠ ŰɟɑŰɖɠ ůŮɘɟɎɠ Űɞɡ ɄŮɟɘɞŭɘəɞɨ ɄɑɜŬəŬ əŬɘ ɧɢɘ Ŭˊɧ ˊɡɟɑɛŬɢŬ ůŰɞɘɢŮɑŬ, əŬɘ ɤɠ 

Ůə ŰɞɨŰɞɡ ŰŬ ŭŮŭɞɛɏɜŬ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘŭŬəŰɞɟɘəɐɠ ŭɘŬŰɟɘɓɐɠ ŮɑɜŬɘ ŰŬ ˊɟɩŰŬ ůŮ ɧŰɘ 

ŬűɞɟɎ ůŰɖɜ Ŭˊɧəɟɘůɖ Űɤɜ ˊɡɟɑɛŬɢɤɜ ŭɞɛɩɜ ɡɣɖɚɐɠ ŮɜŰɟɞˊɑŬɠ ůŰɘɠ ůɡɔəŮəɟɘɛɏɜŮɠ 

ŭɞəɘɛɏɠ űɗɞɟɎɠ ɞɚɑůɗɖůɖɠ. 

 

ȺˊɘˊɟɞůɗɏŰɤɠ, əŬɘ ɖ ŬɜŰɘ-ŭɘŬɓɟɤŰɘəɐ ɛŮɚɏŰɖ Űɤɜ Ůɜ ɚɧɔɤ ŭɞɛɩɜ ůŮ ɢɚɤɟɘɞɨɢŬ ˊŮ-

ɟɘɓɎɚɚɞɜŰŬ ŮɑɜŬɘ ɓɘɓɚɘɞɔɟŬűɘəɎ ˊŮɟɘɞɟɘůɛɏɜɖ, Ůɜɩ ůŮ ɧŰɘ ŬűɞɟɎ ŰŬ ˊŮɟɘɓɎɚɚɞɜŰŬ 

ˊɟɞůɞɛɞɑɤůɖɠ ɡɔɟɩɜ Űɞɡ Ŭɜɗɟɤˊɑɜɞɡ ůɩɛŬŰɞɠ, ŭŮɜ ɏɢŮɘ ŮɜŰɞˊɘůɗŮɑ əɎˊɞɘŬ ŬɜŰɑ-

ůŰɞɘɢɖ ŮɟŮɡɜɖŰɘəɐ ŮɟɔŬůɑŬ ůŰɖ ŭɘŮɗɜɐ ɓɘɓɚɘɞɔɟŬűɑŬ. Ʉɟɞɠ ŬɡŰɐ Űɖɜ əŬŰŮɨɗɡɜůɖ 

ɚɞɘˊɧɜ, ɖ ˊŬɟɞɨůŬ ŭɘŭŬəŰɞɟɘəɐ ŭɘŬŰɟɘɓɐ ŮˊɘŭɘɩəŮɘ ɜŬ əŬɚɨɣŮɘ Űɞ Ůɜ ɚɧɔɤ ŮˊɘůŰɖɛɞ-

ɜɘəɧ əŮɜɧ, ˊɟɞŰŮɑɜɞɜŰŬɠ ŰŬɡŰɧɢɟɞɜŬ əŬɘ Űɞɡɠ ŬɜŰɑůŰɞɘɢɞɡɠ ɛɖɢŬɜɘůɛɞɨɠ ɡˊɞɓɎɗɛɘůɖɠ 

ŬɜɎɚɞɔŬ ɛŮ Űɘɠ ŮəɎůŰɞŰŮ ˊŮɘɟŬɛŬŰɘəɏɠ ůɡɜɗɐəŮɠ. ɆɡɛˊŮɟŬůɛŬŰɘəɎ, ɗŬ ɛˊɞɟɞɨůŮ ɜŬ 

ůɖɛŮɘɤɗŮɑ ɧŰɘ ɖ ɓŮɚŰɘɤɛɏɜɖ Ŭˊɧəɟɘůɖ Űɤɜ ˊŬɟŬɔɧɛŮɜɤɜ ŭŮɘɔɛɎŰɤɜ ɧůɞɜ ŬűɞɟɎ ůŰɘɠ 

ŮɝŮŰŬɕɧɛŮɜŮɠ ŮˊɘűŬɜŮɘŬəɏɠ ɘŭɘɧŰɖŰŮɠ əŬɘ ɖ ůɨɔəɟɘůɖ Űɤɜ ˊŮɘɟŬɛŬŰɘəɩɜ ŬˊɞŰŮɚŮůɛɎ-

Űɤɜ ɛŮ ŰŬ ŬɜŰɑůŰɞɘɢŬ ŭŮŭɞɛɏɜŬ Ůɛˊɞɟɘəɩɜ ɛŮŰŬɚɚɘəɩɜ əɟŬɛɎŰɤɜ, ŬɜŬɛɏɜŮŰŬɘ ɜŬ ůɡ-

ɜŰŮɚɏůŮɘ ůŰɖɜ ŮˊɏəŰŬůɖ Űɖɠ əŬɘɜɞŰɞɛɘəɧŰɖŰŬɠ Űɞɡ Ůɜ ɚɧɔɤ ŮˊɘůŰɖɛɞɜɘəɞɨ ŮɔɢŮɘɟɐɛŬ-

Űɞɠ ůŮ ŮɝŮɘŭɘəŮɡɛɏɜɞɡɠ ŰɞɛŮɑɠ ŮűŬɟɛɞɔɩɜ ɛŮ ŬɜŰɑůŰɞɘɢŮɠ ɡɣɖɚɏɠ ŬˊŬɘŰɐůŮɘɠ. 
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ȷ. ŪȺɋɅȼɇȽȾɃ ɀȺɅɃɆ - ȺȽɆȷũɋũȼ 

ȾȺūȷȿȷȽɃ 1 

ȺɘůŬɔɤɔɐ ůŰŬ ȾɟɎɛŬŰŬ Ɉɣɖɚɐɠ ȺɜŰɟɞˊɑŬɠ 

1.1 ȺɘůŬɔɤɔɐ 

 

ȾŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ Ůɝɏɚɘɝɖɠ Űɞɡ Ŭɜɗɟɩˊɘɜɞɡ Ůɑŭɞɡɠ əŬɘ Űɖɠ ŰŮɢɜɞɚɞɔɘəɐɠ ɏɟŮɡɜŬɠ, 

ŭɖɛɘɞɡɟɔɐɗɖəŮ ɏɜŰɞɜŬ ɖ ŬɜɎɔəɖ ŮɝŮɟŮɨɜɖůɖɠ Űɤɜ ˊɟɩŰɤɜ ɡɚɘəɩɜ ˊɞɡ ɡˊɐɟɝŬɜ ůŰɖ ũɖ. 

ȷɟɢɘəɎ ŭɘŮɟŮɡɜɐɗɖəŬɜ ɛŮŰŬɚɚɘəɎ ɡɚɘəɎ ɧˊɤɠ ɞ ɢŬɚəɧɠ ɐ ɞ ůɑŭɖɟɞɠ, Ůɜɩ ůŰɘɠ ɛɏɟŮɠ ɛŬɠ 

ŭɘŬɗɏŰɞɡɛŮ ˊɟɧůɓŬůɖ ůŮ ɏɜŬɜ ŬůŰɟɞɜɞɛɘəɎ ɡɣɖɚɧ Ŭɟɘɗɛɧ əŬɘ ˊɞɘəɘɚɑŬ əŬɘɜɞŰɧɛɤɜ ɡɚɘ-

əɩɜ. ȼ ȺɘəɧɜŬ 1.1 ˊŬɟɏɢŮɘ ɛɘŬ ˊŬɜɞɟŬɛɘəɐ Ɏˊɞɣɖ Űɖɠ ˊɟɞɧŭɞɡ ůŰɖɜ ŬɜɎˊŰɡɝɖ əŬɘ ɢɟɐ-

ůɖ Űɤɜ ɡɚɘəɩɜ ɛŮ Űɞ ˊɏɟŬůɛŬ ɢɘɚɘɎŭɤɜ ŮŰɩɜ. ȼ ɔɟŬűɘəɐ ŬˊŮɘəɧɜɘůɖ Űɤɜ ŭɘŬűɧɟɤɜ ɡɚɘ-

əɩɜ Ŭˊɧ ŰŬ əŮɟŬɛɘəɎ ɤɠ ŰŬ ɛɏŰŬɚɚŬ ɐ ŰŬ ˊɞɚɡɛŮɟɐ əŬɘ ˊɘɞ ˊɟɧůűŬŰŬ ŰŬ ůɨɜɗŮŰŬ ɡɚɘəɎ, 

ŬˊɞŭɑŭŮŰŬɘ ˊŬɟŬůŰŬŰɘəɎ ɛŮ Űɖ ůɡɔəŮəɟɘɛɏɜɖ ɢŬɟŰɞɔɟɎűɖůɖ. ȼ ɛŮŰɎɓŬůɖ Ŭˊɧ Űɖɜ ŬɜŬ-

əɎɚɡɣɐ Űɤɜ ɜɏɤɜ ɡɚɘəɩɜ ůŰɖ ŭɡɜŬŰɧŰɖŰŬ ɢɟɐůɖɠ əŬɘ ˊŮɟŬɘŰɏɟɤ Ůɝɏɚɘɝɐɠ Űɞɡɠ ŮɑɜŬɘ Ůɛ-

űŬɜɐɠ ůŮ ɓɎɗɞɠ ŮŰɩɜ. 

 

 
ȺɘəɧɜŬ 1.1: Ⱥɝɏɚɘɝɖ Űɖɠ ɢɖɛɘəɐɠ ˊɞɚɡˊɚɞəɧŰɖŰŬɠ Űɤɜ ɛŮŰŬɚɚɘəɩɜ əɟŬɛɎŰɤɜ [He, 2017] 

 

ɀŮ ɓɎůɖ ŰŬ ˊŬɟŬˊɎɜɤ ŭŮŭɞɛɏɜŬ, ɔɘŬ ˊɎɜɤ Ŭˊɧ ˊɏɜŰŮ ɢɘɚɘŮŰɑŮɠ, Űɧůɞ ɞ ůɢŮŭɘŬůɛɧɠ, 

ɧůɞ əŬɘ ɖ ˊŬɟŬɔɤɔɐ Űɤɜ ɛŮŰŬɚɚɘəɩɜ əɟŬɛɎŰɤɜ ɓŬůɑɕɞɜŰŬɜ ůŮ ɛɘŬ ɔŮɜɘəɧŰŮɟɖ űɘɚɞůɞűɑŬ 

ůɨɜɗŮůɖɠ ɛŮ ɢɟɐůɖ Ůɜɧɠ əɨɟɘɞɡ əɟŬɛŬŰɘəɞɨ ɛɏůɞɡ. ɋůŰɧůɞ, ůŰŬ Ůɜ ɚɧɔɤ ɛŮŰŬɚɚɘəɎ ůɡ-

ůŰɐɛŬŰŬ ˊŬɟŬŰɖɟŮɑŰŬɘ ɏɜŬɠ ˊŮɟɘɞɟɘůɛɧɠ ůɢŮŰɘəɎ ɛŮ Űɞ ɓŬɗɛɧ ŮɚŮɡɗŮɟɑŬɠ ůŰɖɜ Ůˊɘɚɞɔɐ 

ŭɘŬűɞɟŮŰɘəɩɜ ůɡůŰɎůŮɤɜ. ɇɞ ůŰɞɘɢŮɑɞ ŬɡŰɧ ŮɛˊɧŭɘůŮ Ůɜ ɛɏɟɖ Űɖɜ ŬɜɎˊŰɡɝɖ ɜɏɤɜ ɘŭɘɞŰɐ-
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Űɤɜ əŬɘ ɛŮŰɏˊŮɘŰŬ ŮűŬɟɛɞɔɩɜ əŬɘ əŬŰô ŮˊɏəŰŬůɖ ɞ ŰɞɛɏŬɠ Űɞɡ ɛŮŰɎɚɚɞɡ ŭŮ ɗŬ ɛˊɞɟɞɨůŮ 

ɜŬ ɗŮɤɟɖɗŮɑ ˊɚɐɟɤɠ ŮɝŮɟŮɡɜɖɛɏɜɞɠ. 

ȼ ˊŬɟŬˊɎɜɤ əŬɘɜɞŰɞɛɑŬ ŭŮɜ ɎɟɔɖůŮ ɜŬ ŬɜŬˊŰɡɢɗŮɑ əŬɘ ůŰŬ Űɏɚɖ ˊŮɟɑˊɞɡ Űɞɡ 18
ɞɡ

 

ŬɘɩɜŬ ɞ ũŮɟɛŬɜɧɠ ɛŮŰŬɚɚɞɡɟɔɧɠ F.K. Achard ɐŰŬɜ ɞ ˊɟɩŰɞɠ ˊɞɡ ɛŮɚɏŰɖůŮ ŰŬ ˊɞɚɡ-

ůŰɞɘɢŮɘŬəɎ əɟɎɛŬŰŬ ŬˊɞŰŮɚɞɨɛŮɜŬ Ŭˊɧ ˊɏɜŰŮ ɏɤɠ ŮˊŰɎ əɟŬɛŬŰɘəɎ ůŰɞɘɢŮɑŬ, Ŭəɞɚɞɡɗɞɨ-

ɛŮɜɞɠ Ŭˊɧ Űɞɜ B. Cantor [Cantor, 2004]. ɆŰɘɠ Ŭɟɢɏɠ Űɞɡ 20
ɞɡ

 ŬɘɩɜŬ ɞ J.W. Yeh [Yeh, 

2004] ˊɞɡ ˊɟɞɏɓɖ ůŮ ɛɘŬ əŬɗɞɟɘůŰɘəɐɠ ůɖɛŬůɑŬɠ ŬɚɚŬɔɐ ůŰɞɜ Űɟɧˊɞ ůɨɜɗŮůɖɠ Űɤɜ ɛŮ-

ŰŬɚɚɘəɩɜ əɟŬɛɎŰɤɜ, ŮɘůɎɔɞɜŰŬɠ ůŰɞ ŮˊɘůŰɖɛɞɜɘəɧ ˊɟɞůəɐɜɘɞ ɛɘŬ ɜɏŬ əŬŰɖɔɞɟɑŬ ɛŮŰŬɚ-

ɚɘəɩɜ ɡɚɘəɩɜ, ŰŬ ȾɟɎɛŬŰŬ Ɉɣɖɚɐɠ ȺɜŰɟɞˊɑŬɠ - High Entropy Alloys (HEAs). 

ȼ ɜɏŬ ŬɡŰɐ ɞɛɎŭŬ əɟŬɛɎŰɤɜ ŬɜŬˊŰɨůůŮŰŬɘ ɏəŰɞŰŮ ɛŮ ŰŬɢɨŰŬŰɞɡɠ ŮɟŮɡɜɖŰɘəɞɨɠ ɟɡɗ-

ɛɞɨɠ, Ůɜɩ ɖ ŬɚɛŬŰɩŭŮɘɠ Ŭɨɝɖůɖ Űɞɡ Ŭɟɘɗɛɞɨ Űɤɜ ŮˊɘůŰɖɛɞɜɘəɩɜ ŭɖɛɞůɘŮɨůŮɤɜ ůɢŮŰɘəɎ 

ɛŮ ŰŬ HEAs ˊɞɡ ŭɘŬəɟɑɜŮŰŬɘ ůŰɖɜ ȺɘəɧɜŬ 1.2 ɛŬɟŰɡɟɎ Űɞ ɞɚɞɏɜŬ ŬɡɝŬɜɧɛŮɜɞ ŮɜŭɘŬűɏ-

ɟɞɜ ɔɘŬ Űɖɜ ˊɞɚɚɎ ɡˊɞůɢɧɛŮɜɖ ŬɡŰɐ əŬŰɖɔɞɟɑŬ ɛŮŰŬɚɚɘəɩɜ ɡɚɘəɩɜ [Gao, 2016]. 

 

 
ȺɘəɧɜŬ 1.2: ȺŰɐůɘŮɠ ŭɖɛɞůɘŮɨůŮɘɠ ůŰɞɜ ŰɞɛɏŬ Űɤɜ HEAs ɏɤɠ Űɞ 2015 [Gao, 2016] 

1.2 Ƀɟɘůɛɧɠ ȾɟŬɛɎŰɤɜ Ɉɣɖɚɐɠ ȺɜŰɟɞˊɑŬɠ 

 

Ƀ ůɡɜɐɗɖɠ ɞɟɘůɛɧɠ Ůɜɧɠ əɟɎɛŬŰɞɠ ɡɣɖɚɐɠ ŮɜŰɟɞˊɑŬɠ ŭɑŭŮŰŬɘ ɤɠ Űɞ əɟɎɛŬ ŮəŮɑɜɞ ˊɞɡ 

ˊŮɟɘɏɢŮɘ ŰɞɡɚɎɢɘůŰɞɜ ˊɏɜŰŮ əɨɟɘŬ ɛŮŰŬɚɚɘəɎ əɟŬɛŬŰɘəɎ ůŰɞɘɢŮɑŬ (N Ó 5), ɛŮ Űɞ əŬɗɏɜŬ 

Ŭˊô ŬɡŰɎ ɜŬ ɏɢŮɘ ůɡɔəɏɜŰɟɤůɖ ɛŮŰŬɝɨ 5 ï 35 at.% (ȺɘəɧɜŬ 1.3) [Cantor, 2007; Yeh, 

2013; Miracle, 2014]. ɇɞ əŬŰɩŰŮɟɞ ɧɟɘɞ Űɤɜ ˊɏɜŰŮ ůŰɞɘɢŮɑɤɜ ŮˊɘɓɎɚɚŮŰŬɘ ɛɘŬɠ əŬɘ ŬɡŰɧ 

ɗŮɤɟŮɑŰŬɘ Űɞ ůɖɛŮɑɞ ůŰɞ ɞˊɞɑɞ ɖ ŮɜŰɟɞˊɑŬ ŬɜɎɛŮɘɝɖɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ ŮɑɜŬɘ ŬɟəŮŰɎ ɡɣɖɚɐ 

ɩůŰŮ ɜŬ ŮɝɘůɞɟɟɞˊɐůŮɘ Űɖɜ ŮɜɗŬɚˊɑŬ ŬɜɎɛŮɘɝɐɠ Űɞɡ. 

 

 

ȺɘəɧɜŬ 1.3: ɆɢɖɛŬŰɘəɐ ŬˊŮɘəɧɜɘůɖ Ůɜɧɠ 

ŰɡɢŬɑɞɡ ˊŮɜŰŬŭɘəɞɨ ůŰŮɟŮɞɨ ŭɘŬɚɨɛŬŰɞɠ 

(ɈˊɧɗŮůɖ: ɧɚŬ ŰŬ ɎŰɞɛŬ ŮɑɜŬɘ Űɞɡ ɘŭɑɞɡ 

ɛŮɔɏɗɞɡɠ) [ɀurty, 2014] 
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ȼ ɧɚɖ ɘŭɏŬ ˊɑůɤ Ŭˊɧ Űɞɜ ˊŬɟŬˊɎɜɤ ɞɟɘůɛɧ ɓŬůɑɕŮŰŬɘ ůŰɞ ɔŮɔɞɜɧɠ ɧŰɘ ɖ ˊŮɟɘˊɚɞəɧŰɖ-

ŰŬ Űɤɜ ůɡůŰɎůŮɤɜ ŭŮɜ ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɞ ɜŬ ɞŭɖɔɐůŮɘ əŬɘ ůŮ ˊŮɟɑˊɚɞəŮɠ ɛɘəɟɞŭɞɛɏɠ, ɚɧ-

ɔɤ Űɖɠ ŮˊɑŭɟŬůɖɠ ɗŮɟɛɞŭɡɜŬɛɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ, ŬɚɚɎ əŬɘ əɘɜɖŰɘəɩɜ ˊŬɟŬɔɧɜŰɤɜ. Ʉɘɞ 

ůɡɔəŮəɟɘɛɏɜŬ, ˊɟɞŰŮɑɜŮŰŬɘ ɧŰɘ ŰŬ ɛɖ ŭɘŬŰŮŰŬɔɛɏɜŬ (disordered) ůŰŮɟŮɎ ŭɘŬɚɨɛŬŰŬ ˊɞɡ 

ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ ůŰɘɠ ˊŮɟɘůůɧŰŮɟŮɠ ˊŮɟɘˊŰɩůŮɘɠ Űɤɜ HEAs ŮɑɜŬɘ ɘəŬɜɎ ɜŬ ůɢɖɛŬŰɑůɞɡɜ 

ůŰŬɗŮɟɏɠ ŭɞɛɏɠ ůŮ ůɢɏůɖ, ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ, ɛŮ əɎˊɞɘŮɠ ŮɜŭɞɛŮŰŬɚɚɘəɏɠ ŭɘŬŰŮŰŬɔɛɏɜŮɠ (or-

dered) ŮɜɩůŮɘɠ, ɧŰŬɜ Űɞ əɟɎɛŬ űɏɟŮɘ ɡɣɖɚɏɠ Űɘɛɏɠ ŮɜŰɟɞˊɑŬɠ ŬɜɎɛŮɘɝɖɠ (ȹSmix) [Yeh, 

2013]. 

1.3 ɆɖɛŮɑŬ ȾɚŮɘŭɘɎ ůŰɖɜ ȾŬŰŬɜɧɖůɖ Űɤɜ ȾɟŬɛɎŰɤɜ Ɉɣɖɚɐɠ ȺɜŰɟɞˊɑŬɠ 

 

ȸɘɓɚɘɞɔɟŬűɘəɎ əŬŰŬɔɟɎűɞɜŰŬɘ ˊɞɚɚɞɑ ˊŬɟɎɔɞɜŰŮɠ ˊɞɡ ŮˊɖɟŮɎɕɞɡɜ Űɖɜ ŰŮɚɘəɐ ɛɘəɟɞ-

ŭɞɛɐ əŬɘ Űɘɠ ɘŭɘɧŰɖŰŮɠ Ůɜɧɠ əɟɎɛŬŰɞɠ ɡɣɖɚɐɠ ŮɜŰɟɞˊɑŬɠ. ȷɜɎɛŮůŬ ůŮ ŬɡŰɞɨɠ, ŰɏůůŮɟŬ 

ůɖɛŮɑŬ ɏɢɞɡɜ ŬɜŬŭŮɘɢɗŮɑ ɤɠ ɘŭɘŬɑŰŮɟŬ ůɖɛŬɜŰɘəɎ [Yeh, 2013; Yeh, 2006]. ɇŬ ŰɏůůŮɟŬ Ŭɡ-

ŰɎ ůɖɛŮɑŬ-əɚŮɘŭɘɎ ŮɑɜŬɘ: 

1) ȷˊɧ ɗŮɟɛɞŭɡɜŬɛɘəɐɠ ˊɚŮɡɟɎɠ, ɖ ɡɣɖɚɐ ŮɜŰɟɞˊɑŬ 

2) ȷˊɧ ŭɞɛɘəɐɠ ˊɚŮɡɟɎɠ, ɖ ɏɜŰɞɜɖ ˊŬɟŬɛɧɟűɤůɖ Űɞɡ ˊɚɏɔɛŬŰɞɠ 

3) ȷˊɧ əɘɜɖŰɘəɐɠ ˊɚŮɡɟɎɠ, ɖ ɓɟŬŭŮɑŬ ŭɘɎɢɡůɖ əŬɘ 

4) ȷˊɧ ˊɚŮɡɟɎɠ ɘŭɘɞŰɐŰɤɜ, Űɞ űŬɘɜɧɛŮɜɞ Cocktail. 

ɆŰɘɠ ˊŬɟŬɔɟɎűɞɡɠ ˊɞɡ Ŭəɞɚɞɡɗɞɨɜ ɗŬ ɔɑɜŮɘ ɛɘŬ ůɨɜŰɞɛɖ ŬɜŬűɞɟɎ ůŰɞ əŬɗɏɜŬ Ŭˊɧ 

ŬɡŰɎ ŰŬ ŰɏůůŮɟŬ ůɖɛŮɑŬ-əɚŮɘŭɘɎ ɔɘŬ Űɖɜ ˊɚɖɟɏůŰŮɟɖ əŬŰŬɜɧɖůɐ Űɞɡɠ. 

 

1.3.1 ȺˊɑŭɟŬůɖ Ɉɣɖɚɐɠ ȺɜŰɟɞˊɑŬɠ 

 

ȼ ŮˊɑŭɟŬůɖ Űɖɠ ɡɣɖɚɐɠ ŮɜŰɟɞˊɑŬɠ ɤɠ ɏɜŬɠ Ŭˊɧ Űɞɡɠ ˊŬɟɎɔɞɜŰŮɠ ˊɞɡ ŮˊɖɟŮɎɕɞɡɜ ɐ 

ůŰŬɗŮɟɞˊɞɘɞɨɜ Űɘɠ ˊɟɞəɨˊŰɞɡůŮɠ űɎůŮɘɠ Űɤɜ əɟŬɛɎŰɤɜ ɡɣɖɚɐɠ ŮɜŰɞˊɑŬɠ ˊɟɞŰɎɗɖəŮ ɔɘŬ 

ˊɟɩŰɖ űɞɟɎ Ŭˊɧ Űɞɜ Yeh [Yeh, 2006]. ɀŮ ɓɎůɖ Űɘɠ ɏɤɠ ŰɧŰŮ ɗŮɤɟɐůŮɘɠ ŬɜŬɛɏɜɞɜŰŬɜ ˊɤɠ 

ůŰŬ ɘůɞ-ŬŰɞɛɘəɎ ɐ/əŬɘ ɛɖ ɘůɞ-ŬŰɞɛɘəɎ ˊɞɚɡůŰɞɘɢŮɘŬəɎ əɟɎɛŬŰŬ ɗŬ ŮˊɘəɟŬŰɞɨůŮ ɞ ůɢɖ-

ɛŬŰɘůɛɧɠ ˊɞɚɨˊɚɞəɤɜ ŮɜŭɞɛŮŰŬɚɚɘəɩɜ ŮɜɩůŮɤɜ ɏɜŬɜŰɘ Űɤɜ Ŭˊɚɩɜ űɎůŮɤɜ ůŰŮɟŮɩɜ ŭɘŬ-

ɚɡɛɎŰɤɜ, Ŭűɞɨ ůɨɛűɤɜŬ ɛŮ Űɞɜ əŬɜɧɜŬ űɎůŮɤɜ Űɞɡ Gibbs, ɞ Ŭɟɘɗɛɧɠ Űɤɜ űɎůŮɤɜ (P) 

Ůɜɧɠ əɟɎɛŬŰɞɠ ůŮ ůŰŬɗŮɟɐ ˊɑŮůɖ əŬɘ ůŮ əŬŰɎůŰŬůɖ ɘůɞɟɟɞˊɑŬɠ ŭɑŭŮŰŬɘ Ŭˊɧ Űɖ ůɢɏůɖ P = 

C + 1 ï F, ɧˊɞɡ C ŮɑɜŬɘ ɞ Ŭɟɘɗɛɧɠ Űɤɜ ůɡůŰŬŰɘəɩɜ əŬɘ F ɞ ɛɏɔɘůŰɞɠ Ŭɟɘɗɛɧɠ Űɤɜ ɗŮɟɛɞ-

ŭɡɜŬɛɘəɩɜ ɓŬɗɛɩɜ ŮɚŮɡɗŮɟɑŬɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ. ɋůŰɧůɞ, ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ ˊŮɟɘůůɧ-

ŰŮɟɤɜ HEAs ˊŬɟŬŰɖɟɐɗɖəŮ əɡɟɑɤɠ ɞ ůɢɖɛŬŰɘůɛɧɠ Ŭˊɚɩɜ űɎůŮɤɜ ůŰŮɟŮɩɜ ŭɘŬɚɡɛɎŰɤɜ, 

ˊŬɟɎ ˊɞɚɨˊɚɞəɤɜ ŮɜŭɞɛŮŰŬɚɚɘəɩɜ ŮɜɩůŮɤɜ [Cantor, 2004; Yeh, 2004; Zhang, 2008; 

Zhang, 2012a] . 

Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ůŰŬ HEAs ˊŬɟŬŰɖɟɐɗɖəŮ ɧŰɘ ɧůɞ ɡɣɖɚɧŰŮɟɖ ŮɑɜŬɘ ɖ Űɘɛɐ Űɖɠ ŭɘŬ-

űɞɟɎɠ ůŰɖɜ ŮɜŰɟɞˊɑŬ ŬɜɎɛŮɘɝɐɠ Űɞɡɠ, Űɧůɞ ɢŬɛɖɚɧŰŮɟɖ ŮɑɜŬɘ ɖ Űɘɛɐ Űɖɠ ŮɚŮɨɗŮɟɖɠ Ůɜɏɟ-

ɔŮɘŬɠ Űɤɜ ůɢɖɛŬŰɘɕɧɛŮɜɤɜ ůŰŮɟŮɩɜ ŭɘŬɚɡɛɎŰɤɜ, ɧˊɤɠ ˊɟɞŰŮɑɜŮɘ ɞ ɜɧɛɞɠ Űɞɡ Gibbs. ɀŮ 

ŬɡŰɧɜ Űɞɜ Űɟɧˊɞ ŮɡɜɞŮɑŰŬɘ ɖ ˊŬɟŬɚŬɓɐ Ŭˊɚɩɜ ůŰŮɟŮɩɜ ŭɘŬɚɡɛɎŰɤɜ ŮɘŭɘəɎ ůŮ ɡɣɖɚɏɠ 

ɗŮɟɛɞəɟŬůɑŮɠ. ȷɜŰɘɗɏŰɤɠ, ɞɘ ŮɜŭɞɛŮŰŬɚɚɘəɏɠ ŮɜɩůŮɘɠ ůɡɜɐɗɤɠ ůɢɖɛŬŰɑɕɞɡɜ ŭɘŬŰŮŰŬɔɛɏ-

ɜŮɠ űɎůŮɘɠ, ɛŮ ˊɞɚɨ ɢŬɛɖɚɏɠ Űɘɛɏɠ ŮɜŰɟɞˊɑŬɠ (ȺɘəɧɜŬ 1.4), Ůɜɩ ŮɘŭɘəɧŰŮɟŬ ɞɘ ůŰɞɘɢŮɘɞɛŮ-



ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐ  ȷɜɗɞɨɚŬ ȸ. ɄɞɨɚɘŬ 

 

 
4 

 

Űɟɘəɏɠ ŮɜŭɞɛŮŰŬɚɚɘəɏɠ ŮɜɩůŮɘɠ ɢŬɟŬəŰɖɟɑɕɞɜŰŬɘ Ŭˊɧ ůɢŮŭɧɜ ɛɖŭŮɜɘəɏɠ Űɘɛɏɠ ŮɜŰɟɞˊɑŬɠ 

[Yeh, 2013]. 

 

 
ȺɘəɧɜŬ 1.4: Ⱥɝɏɚɘɝɖ Ŭˊɧ Űɖɜ əŬŰɎůŰŬůɖ Űɤɜ əŬɗŬɟɩɜ ɛŮŰɎɚɚɤɜ ɤɠ ŰŬ ɛŮŰŬɚɚɘəɎ ɔɡŬ-

ɚɘɎ ɛŮ ɓɎůɖ Űɘɠ Űɘɛɏɠ Űɖɠ ŮɜŰɟɞˊɑŬɠ ŬɜɎɛŮɘɝɐɠ Űɞɡɠ 

 

ȼ ɓŬůɘəɐ ɘŭɏŬ ˊɑůɤ Ŭˊɧ Űɖɜ ˊŬɟŬɚŬɓɐ Ŭˊɚɩɜ űɎůŮɤɜ ůŰŮɟŮɩɜ ŭɘŬɚɡɛɎŰɤɜ, ůŰɖɟɑɕŮ-

ŰŬɘ ůŰɖ ɗŮɤɟɑŬ Űɞɡ ɢɎɞɡɠ. ȾɨɟɘŬ Ůˊɘŭɑɤɝɖ ŮɑɜŬɘ ɖ ɛŮɔɘůŰɞˊɞɑɖůɖ Űɖɠ ɚŮɔɧɛŮɜɖɠ ŮɜŰɟɞˊɑ-

Ŭɠ ŬɜɎɛŮɘɝɖɠ Ůɜɧɠ əɟɎɛŬŰɞɠ ŬɡɝɎɜɞɜŰŬɠ Űɞɜ Ŭɟɘɗɛɧ Űɤɜ ůŰɞɘɢŮɑɤɜ əɟŬɛŬŰɞˊɞɑɖůɖɠ Űɖɠ 

ŮəɎůŰɞŰŮ ŭɞɛɐɠ. [He, 2016]. 

ɀɏůɤ Űɖɠ ɛŮɔɘůŰɞˊɞɑɖůɖɠ Űɖɠ ŮɜŰɟɞˊɑŬɠ ŬɜɎɛŮɘɝɖɠ, ŮɚŬɢɘůŰɞˊɞɘŮɑŰŬɘ ɖ ŮɚŮɨɗŮɟɖ Ů-

ɜɏɟɔŮɘŬ Gibbs ɡˊɏɟ Ůɜɧɠ ɛɞɜɞűŬůɘəɞɨ ɡɚɘəɞɨ (ȹGmix = ȹȼmix - ɇȹSmix). ȰŰůɘ, ɛŮ Űɖɜ 

ˊŬɟŬɔɤɔɐ Ůɜɧɠ ɡɣɖɚɞɨ ɓŬɗɛɞɨ ůɨɔɢɡůɖɠ ůŰɞ əɟɎɛŬ, ɚɧɔɤ Űɖɠ ŬɜɎɛŮɘɝɖɠ ˊɞɚɚɩɜ ŭɘŬ-

űɞɟŮŰɘəɩɜ əɟŬɛŬŰɘəɩɜ ɛɏůɤɜ, Űɞ ɡɚɘəɧ çŬˊɞűŬůɑɕŮɘè ɜŬ əɟɡůŰŬɚɚɩůŮɘ ɛɧɜɞ ůŮ ɛɑŬ űɎ-

ůɖ. ȷɡŰɐ ɖ ɘŭɏŬ űɡůɘəɎ ŭŮ ɚŮɘŰɞɡɟɔŮɑ ɔɘŬ ɧɚŮɠ Űɘɠ ˊŬɟŬɚɚŬɔɏɠ Űɤɜ ŮɜɩůŮɤɜ, ɤůŰɧůɞ, 

ɏɢɞɡɜ ŮɜŰɞˊɘůŰŮɑ ŬɟəŮŰɎ əɟɎɛŬŰŬ ˊɞɡ Ŭəɞɚɞɡɗɞɨɜ ŬɡŰɐɜ Űɖɜ ɡˊɧɗŮůɖ. 

ȳˊɤɠ ŬɜŬűɏɟɗɖəŮ, ɖ ŭɘŬűɞɟɎ ŮɜŰɟɞˊɑŬɠ ɛŮŰŬɝɨ Űɤɜ ůŰŮɟŮɩɜ ŭɘŬɚɡɛɎŰɤɜ əŬɘ Űɤɜ Ůɜ-

ŭɞɛŮŰŬɚɚɘəɩɜ ŮɜɩůŮɤɜ ŮɑɜŬɘ ɘŭɘŬɑŰŮɟŬ ɛŮɔɎɚɖ ŮɝŬɘŰɑŬɠ Űɞɡ ˊɞɚɡ-ůŰɞɘɢŮɘŬəɞɨ ůɢŮŭɘŬ-

ůɛɞɨ Űɤɜ HEAs. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, ɖ ŮɜŰɟɞˊɑŬ ŬɜɎɛŮɘɝɖɠ Ůɜɧɠ ˊŮɜŰŬŭɘəɞɨ ůŰŮɟŮɞɨ ŭɘŬɚɨ-

ɛŬŰɞɠ ɘůɞɨŰŬɘ ɛŮ 1.61R, ŭɖɚŬŭɐ ɛŮ 13.38 J/KĀmol, ɧˊɤɠ ŬˊŮɘəɞɜɑɕŮŰŬɘ əŬɘ ůŰɞ ŭɘɎɔɟŬɛɛŬ 

Űɖɠ ȺɘəɧɜŬɠ 1.5. ȼ Űɘɛɐ ŬɡŰɐ ˊɟɞŰŮɑɜŮŰŬɘ ɤɠ Űɞ əŬŰɩŰŮɟɞ ɧɟɘɞ ŭɘɎəɟɘůɖɠ ɛŮŰŬɝɨ Ůɜɧɠ 

əɟɎɛŬŰɞɠ ɡɣɖɚɐɠ ŮɜŰɟɞˊɑŬɠ ůŮ ůɢɏůɖ ɛŮ ɏɜŬ əɟɎɛŬ ɛɏŰɟɘŬɠ ŮɜŰɞˊɑŬɠ. Ⱥˊɑůɖɠ, ɖ Űɘɛɐ 

0.69R ɞɟɑɕŮŰŬɘ ɤɠ Űɞ ɧɟɘɞ ɛŮŰɎɓŬůɖɠ Ŭˊɧ ŰŬ əɟɎɛŬŰŬ ɛɏŰɟɘŬɠ ůŰŬ əɟɎɛŬŰŬ ɢŬɛɖɚɐɠ Ů-

ɜŰɟɞˊɑŬɠ, ɛɘŬɠ əŬɘ əɎɗŮ ɛɘəɟɧŰŮɟɖ Űɘɛɐ ŮɜŰɟɞˊɑŬɠ ůŮ ůɢɏůɖ ɛŮ ŬɡŰɐ, ŬɜŬɛɏɜŮŰŬɘ ˊɤɠ ŭŮ 

ɗŬ ŮɑɜŬɘ ɘəŬɜɐ ɜŬ ɡˊŮɟəŮɟɎůŮɘ Űɘɠ ŮɜŭŮɢɧɛŮɜŮɠ ŬůɗŮɜŮɑɠ ŭŮůɛɘəɏɠ ŮɜɏɟɔŮɘŮɠ Űɤɜ ˊɟɞəɡ-

ˊŰɧɜŰɤɜ ůŰŮɟŮɩɜ ŭɘŬɚɡɛɎŰɤɜ ŭɘŬůűŬɚɑɕɞɜŰŬɠ ɏŰůɘ ŰɖɗŮɟɛɞŭɡɜŬɛɘəɐ Űɞɡ ůŰŬɗŮɟɧŰɖŰŬ 

[Murty, 2014]. 
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ȺɘəɧɜŬ 1.5: ȺɜŰɟɞˊɑŬ ŬɜɎɛŮɘɝɖɠ ȹSmix ɘůɞ-ŬŰɞɛɘəɩɜ əɟŬɛɎŰɤɜ ůɡɜŬɟŰɐůŮɘ Űɞɡ Ŭɟɘɗɛɞɨ 

Űɤɜ ůɡůŰŬŰɘəɩɜ Űɞɡɠ (n=2-10) [Zhou, 2018]  

 

ɆŰɞɜ ɄɑɜŬəŬ 1.1 ůɡɜɞɣɑɕɞɜŰŬɘ ɧɚŮɠ ɞɘ Űɘɛɏɠ Űɖɠ ŮɜŰɟɞˊɑŬɠ ŬɜɎɛŮɘɝɖɠ ɔɘŬ ɘůɞ-ŬŰɞɛɘəɎ 

əɟɎɛŬŰŬ ˊɞɡ ŭɘŬɗɏŰɞɡɜ ɏɤɠ əŬɘ 10 əɟŬɛŬŰɘəɎ ůŰɞɘɢŮɑŬ. 

 

ɄɑɜŬəŬɠ 1.1: ɇɘɛɏɠ ŮɜŰɟɞˊɑŬɠ ŬɜɎɛŮɘɝɖɠ ɔɘŬ ɘůɞ-ŬŰɞɛɘəɎ əɟɎɛŬŰŬ ɛŮ ɏɤɠ 10 əɟŬɛŬŰɘəɎ 

ůŰɞɘɢŮɑŬ (Ɂ = 1 - 10) 

Ɂ 1 2 3 4 5 6 7 8 9 10 

ȹSmix 0 0.69R 1.1R 1.39R 1.61R 1.79R 2.08R 2.2R 2.3R 2.4R 

 

ɀŮ ɓɎůɖ Űɖɜ ˊŬɟŬˊɎɜɤ əŬŰɖɔɞɟɘɞˊɞɑɖůɖ ɛˊɞɟŮɑ ɜŬ ŭɞɗŮɑ əŬɘ ɛɘŬ ˊɟɩŰɖ ůɢɖɛŬŰɘəɐ 

ŬɜŬˊŬɟɎůŰŬůɖ Űɞɡ ˊŬɔəɧůɛɘɞɡ ɢɎɟŰɖ Űɤɜ əɟŬɛɎŰɤɜ, ɚŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɖ Űɘɠ Űɘɛɏɠ Űɘɠ 

ŮɜŰɟɞˊɑŬɠ Űɞɡɠ, əŬɗɩɠ əŬɘ Űɖ ɗɏůɖ Űɞɡɠ ůŮ ůɢɏůɖ ɛŮ Űɘɠ ɡˊɧɚɞɘˊŮɠ əŬŰɖɔɞɟɑŮɠ Űɤɜ ɡɚɘ-

əɩɜ (ȺɘəɧɜŬ 1.6). 

 
ȺɘəɧɜŬ 1.6: A) ɄŬɔəɧůɛɘɞɠ ɢɎɟŰɖɠ əɟŬɛɎŰɤɜ ɛŮ ɓɎůɖ Űɘɠ Űɘɛɏɠ Űɖɠ ŮɜŰɟɞˊɑŬɠ əŬɘ B) Ūɏůɖ 

HEAs ůŮ ůɢɏůɖ ɛŮ ŰŬ ɡˊɧɚɞɘˊŬ ɡɚɘəɎ [Cheng, 2006] 

 

1.3.2 ȰɜŰɞɜɖ ɄŬɟŬɛɧɟűɤůɖ ɄɚɏɔɛŬŰɞɠ 

 

ɇɞ əɟɡůŰŬɚɚɘəɧ ˊɚɏɔɛŬ Ůɜɧɠ əɟɎɛŬŰɞɠ ɡɣɖɚɐɠ ŮɜŰɟɞˊɑŬɠ ŭɞɛŮɑŰŬɘ Ŭˊɧ ŭɘŬűɞɟŮŰɘəɎ 

ůŰɞɘɢŮɑŬ, əŬɗɏɜŬ Ůə Űɤɜ ɞˊɞɑɤɜ ŭɘŬɗɏŰŮɘ ˊɟɞűŬɜɩɠ əŬɘ ŭɘŬűɞɟŮŰɘəɧ ɛɏɔŮɗɞɠ. ȷɡŰɏɠ ɞɘ 

ŭɘŬűɞɟɏɠ ɛŮɔɏɗɞɡɠ ɛŮŰŬɝɨ Űɤɜ əɟŬɛŬŰɘəɩɜ ůŰɞɘɢŮɑɤɜ ŬɜŬˊɧűŮɡəŰŬ ɞŭɖɔɞɨɜ əŬɘ ůŮ ɏ-

ɜŰɞɜɖ ˊŬɟŬɛɧɟűɤůɖ Űɞɡ ˊɚɏɔɛŬŰɞɠ Űɞɡ ŮəɎůŰɞŰŮ əɟɎɛŬŰɞɠ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ɖ ŮɘůŬ-
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ɔɤɔɐ ŬŰɧɛɤɜ ŬɜŰɘəŬŰɎůŰŬůɖɠ ůŰɞ Ŭɟɢɘəɧ ˊɚɏɔɛŬ Űɞɡ ɛɖŰɟɘəɞɨ ɡɚɘəɞɨ ˊɟɞəŬɚŮɑ ɛŮŰŬŰɧ-

ˊɘůɖ Űɤɜ ŬŰɧɛɤɜ ˊɞɡ ɔŮɘŰɜɘɎɕɞɡɜ Ŭˊɧ Űɘɠ Ŭɟɢɘəɏɠ Űɞɡɠ ɗɏůŮɘɠ, ŭɖɛɘɞɡɟɔɩɜŰŬɠ ɏɜŰɞɜŬ ˊŮ-

ŭɑŬ ˊŬɟŬɛɧɟűɤůɖɠ əŬɘ ˊɟɞəŬɚɩɜŰŬɠ ŬɚɚŬɔɏɠ ůŰɖɜ ˊŬɟɎɛŮŰɟɞ ˊɚɏɔɛŬŰɞɠ Űɖɠ ŰŮɚɘəɐɠ 

ŭɞɛɐɠ [Pickering, 2016]. ȼ Űɞˊɘəɐ ˊŬɟŬɛɧɟűɤůɖ ɔɨɟɤ Ŭˊɧ əɎɗŮ ɎŰɞɛɞ ůɡɜŭɏŮŰŬɘ əŬɘ ɛŮ 

Űɖɜ əɑɜɖůɖ Űɤɜ ŭɘŬŰŬɟŬɢɩɜ Űɞɡ ɡɚɘəɞɨ, ɞŭɖɔɩɜŰŬɠ ůŰɖ ŭɖɛɘɞɡɟɔɑŬ ɛɖɢŬɜɘůɛɞɨ ůəɚɐ-

ɟɡɜůɖɠ ɚɧɔɤ ůŰŮɟŮɞɨ ŭɘŬɚɨɛŬŰɞɠ [Zhang, 2012a; Zhou, 2007].. 

ȷɜŬɚɡŰɘəɧŰŮɟŬ, ŮəŰɧɠ Ŭˊɧ Űɖ ŭɘŬűɞɟɎ ŬŰɞɛɘəɞɨ ɛŮɔɏɗɞɡɠ əŬɘ ɖ ŭɘŬűɞɟɎ Űɖɠ ŭŮůɛɘəɐɠ 

ŮɜɏɟɔŮɘŬɠ əŬɘ Űɖɠ əɟɡůŰŬɚɚɘəɐɠ ŭɞɛɐɠ ɛŮŰŬɝɨ Űɤɜ Ůˊɘɛɏɟɞɡɠ ůŰɞɘɢŮɑɤɜ Ŭˊɧ ŰŬ ɞˊɞɑŬ Ŭ-

ˊɞŰŮɚŮɑŰŬɘ Űɞ ŮəɎůŰɞŰŮ əɟɎɛŬ, ŬˊɞŭŮɘəɜɨŮŰŬɘ ɧŰɘ ˊɟɞəŬɚɞɨɜ ɏɜŰɞɜɖ ˊŬɟŬɛɧɟűɤůɖ Űɞɡ 

əɟɡůŰŬɚɚɘəɞɨ ˊɚɏɔɛŬŰɞɠ. ɆŰɖɜ ȺɘəɧɜŬ 1.7 ˊŬɟɞɡůɘɎɕŮŰŬɘ ůɢɖɛŬŰɘəɎ ɖ ˊŬɟŬɛɧɟűɤůɖ 

ˊɚɏɔɛŬŰɞɠ Ůɜɧɠ əɟɎɛŬŰɞɠ ɛŮ bcc ŭɞɛɐ ŬˊɞŰŮɚɞɨɛŮɜɞ Ŭˊɧ ˊɏɜŰŮ ůɡůŰŬŰɘəɎ. 

 

 
ȺɘəɧɜŬ 1.7: ɆɢɖɛŬŰɘəɐ ˊŬɟɞɡůɑŬůɖ Űɖɠ ˊŬɟŬɛɧɟűɤůɖɠ Ůɜɧɠ ˊŮɜŰŬŭɘəɞɨ bcc ˊɚɏɔɛŬŰɞɠ 

[Cheng, 2006] 

 

ȼ ɏɜŰɞɜɖ ˊŬɟŬɛɧɟűɤůɖ Űɞɡ ˊɚɏɔɛŬŰɞɠ ɛŮɘɩɜŮɘ Ůˊɑůɖɠ Űɖ ɗŮɟɛɘəɐ əŬɘ ɖɚŮəŰɟɘəɐ Ŭɔɤ-

ɔɘɛɧŰɖŰŬ Űɤɜ əɟŬɛɎŰɤɜ ɡɣɖɚɐɠ ŮɜŰɟɞˊɑŬɠ, ŮɝŬɘŰɑŬɠ Űɖɠ Ŭɡɝɖɛɏɜɖɠ ŭɡɜŬŰɧŰɖŰŬɠ ůəɏŭŬ-

ůɖɠ əŬŰɎ Űɖ ŭɘɎŭɞůɖ Űɤɜ ɖɚŮəŰɟɞɜɑɤɜ [Yeh, 2013]. ɀŬɕɑ ɛô ŬɡŰɎ, ŮɟŮɡɜɖŰɏɠ ůɡůɢɏŰɘůŬɜ 

Űɖɜ ˊŬɟŬɛɧɟűɤůɖ Űɞɡ ˊɚɏɔɛŬŰɞɠ Űɤɜ HEAs əŬɘ ɛŮ ɛɘŬ ˊɘɗŬɜɐ ŬɜɩɛŬɚɖ ɛŮɑɤůɖ Űɤɜ Ů-

ɜŰɎůŮɤɜ Űɤɜ əɞɟɡűɩɜ ɄŮɟɑɗɚŬůɖɠ ȷəŰɑɜɤɜ-ɉ ůŮ ŭɘɎűɞɟŬ ůɡůŰɐɛŬŰŬ ɡɣɖɚɐɠ ŮɜŰɟɞˊɑŬɠ 

(ȺɘəɧɜŬ 1.8) [Yeh, 2007]. 

 

 
ȺɘəɧɜŬ 1.8: ɆɢɖɛŬŰɘəɐ ŬɜŬˊŬɟɎůŰŬůɖ Űɖɠ ŮˊɑŭɟŬůɖɠ Űɖɠ ˊŬɟŬɛɧɟűɤůɖɠ Űɞɡ ˊɚɏɔɛŬŰɞɠ Ŭ) 

ůŮ ɛɘŬ əɡɣŮɚɑŭŬ ɛŮ ɧɚŬ ŰŬ ɎŰɞɛŬ ɜŬ ŮɑɜŬɘ ɑŭɘŬ; b) ůŮ ɛɘŬ ˊŬɟŬɛɞɟűɤɛɏɜɖ əɡɣŮɚɑŭŬ ɛŮ Ɏ-

ŰɞɛŬ ŭɘŬűɞɟŮŰɘəɩɜ ɛŮɔŮɗɩɜ; c) ŮˊɑŭɟŬůɖ ɗŮɟɛɞəɟŬůɑŬɠ əŬɘ ˊŬɟŬɛɧɟűɤůɖɠ ˊɚɏɔɛŬŰɞɠ 

ůŰɖɜ ɏɜŰŬůɖ əɞɟɡűɩɜ XRD [Yeh, 2007] 
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1.3.3 ȸɟŬŭŮɑŬ ȹɘɎɢɡůɖ 

 

ȼ ŭɘɎɢɡůɖ əŬɘ ɖ əɘɜɖŰɘəɐ Űɞɡ ŮəɎůŰɞŰŮ ɛŮŰŬůɢɖɛŬŰɘůɛɞɨ űɎůŮɤɜ ůŰŬ HEAs ŮɑɜŬɘ ɛɘ-

əɟɧŰŮɟŮɠ ůŮ ůɢɏůɖ ɛŮ ŬɡŰɏɠ Űɤɜ ůɡɛɓŬŰɘəɩɜ əɟŬɛɎŰɤɜ [Chen, 2007]. ȼ ˊŬɟŬŰɐɟɖůɖ 

ŬɡŰɐ ůɡɜŭɏŮŰŬɘ ɛŮ Űɘɠ ŭɘŬəɡɛɎɜůŮɘɠ Űɤɜ Űɘɛɩɜ Űɖɠ ŮɜɏɟɔŮɘŬɠ ůŮ ůɡɔəŮəɟɘɛɏɜŮɠ ɗɏůŮɘɠ Űɞɡ 

əɟɡůŰŬɚɚɘəɞɨ ˊɚɏɔɛŬŰɞɠ Űɤɜ HEAs (ȺɘəɧɜŬ 1.9) əŬɘ ɛˊɞɟŮɑ ɜŬ ŬˊɞŭɞɗŮɑ ůŰɞɡɠ Ůɝɐɠ ɚɧ-

ɔɞɡɠ: 

Ŭ) ɆŰŬ əɟɎɛŬŰŬ ɡɣɖɚɐɠ ŮɜŰɟɞˊɑŬɠ ŰŬ ɔŮɘŰɞɜɘəɎ ɎŰɞɛŬ əɎɗŮ ˊɚŮɔɛŬŰɘəɐɠ ɗɏůɖɠ ŮɑɜŬɘ 

ŭɘŬűɞɟŮŰɘəɎ ɛŮŰŬɝɨ Űɞɡɠ. ȷɡŰɐ ɖ ŭɘŬűɞɟɎ ůŰɖɜ ŬŰɞɛɘəɐ ɢɤɟɘəɐ ŭɘŮɡɗɏŰɖůɖ ŭɖɛɘɞɡɟɔŮɑ 

ŭɘŬűɞɟŮŰɘəɏɠ ŭŮůɛɘəɏɠ əŬɘ Űɞˊɘəɏɠ ŮɜɏɟɔŮɘŮɠ ůŮ əɎɗŮ ůɖɛŮɑɞ. ȳŰŬɜ ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ, ɏɜŬ 

ɎŰɞɛɞ ɛŮŰŬˊɖŭɎ ůŮ ɛɘŬ ɗɏůɖ əŬŰɩŰŮɟɖɠ ŮɜŮɟɔŮɘŬəɐɠ ůŰɎɗɛɖɠ, çŮɔəɚɤɓɑɕŮŰŬɘè ŮəŮɑ əŬɘ ɖ 

ŭɡɜŬŰɧŰɖŰŬ ɜŬ ɝŮűɨɔŮɘ ŮɑɜŬɘ ɛŮɘɤɛɏɜɖ. ȷɜŰɘɗɏŰɤɠ, ŮɎɜ ɖ ɗɏůɖ ůŰɖɜ ɞˊɞɑŬ ɗŬ ɛŮŰŬɓŮɑ Űɞ 

ɎŰɞɛɞ ŮɑɜŬɘ ŮɜŮɟɔŮɘŬəɎ ŬɜŬɓŬɗɛɘůɛɏɜɖ, ŰɧŰŮ ɏɢŮɘ ɛŮɔŬɚɨŰŮɟŮɠ ˊɘɗŬɜɧŰɖŰŮɠ ɜŬ ŮˊɘůŰɟɏɣŮɘ 

ůŰɖɜ Ŭɟɢɘəɐ Űɞɡ ɗɏůɖ. ȾŬɘ ŰŬ ŭɡɞ ŬɡŰɎ ůŮɜɎɟɘŬ ɛŮɘɩɜɞɡɜ Űɖɜ əɘɜɖŰɘəɐ Űɖɠ ŭɘɎɢɡůɖɠ. 

ɓ) Ƀ ɟɡɗɛɧɠ ŭɘɎɢɡůɖɠ əɎɗŮ ůŰɞɘɢŮɑɞɡ ůŮ ɏɜŬ HEA ŮɑɜŬɘ Ůˊɑůɖɠ ŭɘŬűɞɟŮŰɘəɧɠ. ȾɎˊɞɘŬ 

ůŰɞɘɢŮɑŬ ŮɑɜŬɘ ɚɘɔɧŰŮɟɞ ŮɜŮɟɔɎ (ɧˊɤɠ ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ ŰŬ ůŰɞɘɢŮɑŬ ɛŮ ŰŬ ɡɣɖɚɧŰŮɟŬ ůɖ-

ɛŮɑŬ Űɐɝɖɠ) əŬɘ ɏɢɞɡɜ ɛɘəɟɧŰŮɟŮɠ ˊɘɗŬɜɧŰɖŰŮɠ ŮˊɘŰɡɢɞɨɠ ɛŮŰŬˊɐŭɖůɖɠ ůŮ əŮɜɏɠ ɗɏůŮɘɠ ůŮ 

ůɢɏůɖ ɛŮ ɎɚɚŬ. ɋůŰɧůɞ, əŬŰɎ Űɞ ɛŮŰŬůɢɖɛŬŰɘůɛɧ űɎůŮɤɜ, ŬˊŬɘŰŮɑŰŬɘ ɞɡůɘŬůŰɘəɎ ɛɘŬ 

ůɡɜŮɟɔŬŰɘəɐ ŭɟɎůɖ ɔɘŬ Űɖ ŭɘɎɢɡůɖ ɧɚɤɜ Űɤɜ ŮɛˊɚŮəɧɛŮɜɤɜ ůŰɞɘɢŮɑɤɜ. 

 

 
ȺɘəɧɜŬ 1.9: ɆɢɖɛŬŰɘəɐ ŬɜŬˊŬɟɎůŰŬůɖ Űɖɠ ŭɘŬűɞɟɎɠ Űɞɡ ŮɜŮɟɔŮɘŬəɞɨ ˊɟɞűɑɚ əŬŰɎ Űɖ ŭɘɎ-

ɢɡůɖ ůŮ ɏɜŬ əɞɘɜɧ ůŰŮɟŮɧ ŭɘɎɚɡɛŬ əŬɘ ůŮ ɛɘŬ ŭɞɛɐ ɡɣɖɚɐɠ ŮɜŰɟɞˊɑŬɠ [Pickering, 2016] 

 

ɆŮ ɔŮɜɘəɏɠ ɔɟŬɛɛɏɠ, ˊɟɞŰŮɑɜŮŰŬɘ ɧŰɘ ɖ ɓɟŬŭŮɑŬ ŭɘɎɢɡůɖ Űɤɜ HEAs ɛˊɞɟŮɑ ɜŬ ɞŭɖɔɐůŮɘ 

ŬəɧɛŬ əŬɘ ůŰɖ ŭɖɛɘɞɡɟɔɑŬ ɡˊɏɟəɞɟɤɜ əŬŰŬůŰɎůŮɤɜ ɐ ůŰɖɜ ˊŬɟŬɚŬɓɐ ɜŬɜɞ-

əŬŰŬəɟɖɛɜɘůɛɎŰɤɜ [Yeh, 2004; Tsai, 2008; Singh, 2011]. ɉŬɟŬəŰɖɟɘůŰɘəɐ ŮɑɜŬɘ ɖ ˊŮɟɑ-

ˊŰɤůɖ Űɞɡ əɟɎɛŬŰɞɠ CuCoNiCrFe (ȺɘəɧɜŬ 1.10) ɛŮ Űɖɜ ŮɛűɎɜɘůɖ ɜŬɜɞ-

əŬŰŬəɟɖɛɜɘůɛɎŰɤɜ ŭɘŬɛɏŰɟɞɡ Űɖɠ ŰɎɝŮɤɠ Űɤɜ 7-50 nm, əɞɜŰɎ ůŰɖɜ fcc űɎůɖ [Yeh, 

2004]. ȼ ŮɘəɧɜŬ ŬɡŰɐ ŬˊɞŭŮɘəɜɨŮɘ Ůˊɑůɖɠ ˊɤɠ ɞɘ ɚŬɛɓŬɜɧɛŮɜŮɠ ŭɞɛɏɠ Űɤɜ HEAs ɛˊɞɟŮɑ 

ɜŬ ŮɑɜŬɘ ɘŭɘŬɘŰɏɟɤɠ ˊŮɟɑˊɚɞəŮɠ, ŬˊɞŰŮɚɞɨɛŮɜŮɠ Ŭˊɧ ˊɞɘəɑɚŮɠ űɎůŮɘɠ (ůŰŮɟŮɎ ŭɘŬɚɨɛŬŰŬ, 

ŭɘŬŰŮŰŬɔɛɏɜŮɠ ɐ ɛɖ ŬəɧɛŬ əŬɘ ɎɛɞɟűŮɠ űɎůŮɘɠ). ɇɞ ůŰɞɘɢŮɑɞ ŬɡŰɧ ɞűŮɑɚŮŰŬɘ ůŰɞ ɔŮɔɞɜɧɠ 

ɧŰɘ ɞɘ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ ɛŮŰŬɝɨ Űɤɜ Ůˊɘɛɏɟɞɡɠ ůŰɞɘɢŮɑɤɜ Űɞɡ əɟɎɛŬŰɞɠ ɛŮ Űɞ ŰŮɚɘəɧ ɡɚɘəɧ 

ŮɑɜŬɘ ɘŭɘŬɑŰŮɟŬ ɡɣɖɚɏɠ, ɢɤɟɑɠ ŬɡŰɧ ɧɛɤɠ ɜŬ ɡˊɞɓŬɗɛɑɕŮɘ əŬɘ Űɖɜ ŰŮɚɘəɐ ůˊɞɡŭŬɘɧŰɖŰŬ 

Űɞɡ ŬɜŰɑůŰɞɘɢɞɡ ůɡůŰɐɛŬŰɞɠ Ŭˊɧ ˊɚŮɡɟɎɠ ɛɘəɟɞŭɞɛɘəɞɨ ŮɜŭɘŬűɏɟɞɜŰɞɠ əŬɘ ɛŮŰɏˊŮɘŰŬ 

ŮűŬɟɛɞɔɩɜ [Zhang, 2014a] . 
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ȺɘəɧɜŬ 1.10: ɀɘəɟɞŭɞɛɐ əɟɎɛŬŰɞɠ CuCoNiCrAlFe. ȹɘŬəɟɑɜŮŰŬɘ ɖ ɨˊŬɟɝɖ ɜŬɜɞ-

əŬŰŬəɟɖɛɜɘůɛɎŰɤɜ [Yeh, 2004] 

 

ɇɏɚɞɠ, Űɞ űŬɘɜɧɛŮɜɞ Űɖɠ ɓɟŬŭŮɑŬɠ ŭɘɎɢɡůɖɠ ůɡɛɓɎɚŮɘ əŬɘ ůŰɖɜ ŮɝŬɘɟŮŰɘəɐ ŭɟɎůɖ Űɤɜ 

HEAs ɤɠ ɛɏůŬ ŮˊɘəɎɚɡɣɖɠ ůŮ ůɡůŰɐɛŬŰŬ űɟŬɔɛɩɜ ŭɘɎɢɡůɖɠ (thermal barrier coatings) 

[Tsai, 2011; Senkov, 2010], Ůɜɩ ŮɝŬůűŬɚɑɕŮɘ əŬɘ Űɖ ɓŮɚŰɘɤɛɏɜɖ ŬɜŰɞɢɐ əŬɘ ŭɞɛɘəɐ ůŰŬ-

ɗŮɟɧŰɖŰɎ Űɞɡɠ ůŮ ɡɣɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ. ũɘŬ Űɞɡɠ ɑŭɘɞɡɠ ɚɧɔɞɡɠ, ŰŬ HEAs ˊŬɟɞɡůɘɎɕɞɡɜ 

əŬɘ ŮɝŬɘɟŮŰɘəɐ ŬɜŰɞɢɐ ůŮ Ůɟˊɡůɛɧ, ɔŮɔɞɜɧɠ ˊɞɡ ŮˊɘɛɖəɨɜŮɘ əŬɘ Űɞ ɢɟɧɜɞ ɕɤɐɠ Űɞɡɠ ůŮ 

ɡɣɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ [Cheng, 2006]. 

 

1.3.4 ūŬɘɜɧɛŮɜɞ Cocktail 

 

Ƀɘ ɘŭɘɧŰɖŰŮɠ Űɤɜ HEAs ůɢŮŰɑɕɞɜŰŬɘ ˊɟɞűŬɜɩɠ ɛŮ Űɘɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ Ůˊɘɛɏɟɞɡɠ ůŰɞɘɢŮɑ-

ɤɜ Ŭˊɧ ŰŬ ɞˊɞɑŬ ŬɡŰɎ ŬˊɞŰŮɚɞɨɜŰŬɘ. ɆŰŬ əɟɎɛŬŰŬ ɡɣɖɚɐɠ ŮɜŰɟɞˊɑŬɠ ɖ ŮˊɑŭɟŬůɖ Űɞɡ 

űŬɘɜɧɛŮɜɞɡ cocktail ůŰɞ ůɨɜɞɚɞ Űɤɜ ɘŭɘɞŰɐŰɤɜ Űɞɡ ŰŮɚɘəɞɨ əɟɎɛŬŰɞɠ ŭɑɜŮɘ ɏɛűŬůɖ ůŰɖɜ 

Ůɜɑůɢɡůɖ Űɤɜ ɘŭɘɞŰɐŰɤɜ ůŰɖɜ ˊŮɟɑˊŰɤůɖ ˊɞɡ Űɞ ȼȺȷ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŰɞɡɚɎɢɘůŰɞɜ ˊɏɜŰŮ 

əɟŬɛŬŰɘəɎ ůŰɞɘɢŮɑŬ. 

ɋůŰɧůɞ, ˊɏɟŬ Ŭˊɧ Űɘɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ Ůˊɘɛɏɟɞɡɠ ůŰɞɘɢŮɑɤɜ, ɖ ŬɚɚɖɚŮˊɑŭɟŬůɖ ɛŮŰŬɝɨ 

Űɤɜ əɟŬɛŬŰɘəɩɜ ůŰɞɘɢŮɑɤɜ ɗŬ ˊɟɏˊŮɘ ɜŬ ɚɖűɗŮɑ ˊɞɚɨ ůɞɓŬɟɎ ɡˊɧɣɖ. ȰŰůɘ, ɞɘ ɛŬəɟɞůəɞ-

ˊɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ HEAs ŭŮɜ ˊɟɞɏɟɢɞɜŰŬɘ ɛɧɜɞ Ŭˊɧ Űɖ ɛɏůɖ Űɘɛɐ Űɖɠ ŮəɎůŰɞŰŮ ɘŭɘɧŰɖ-

ŰŬɠ əɎɗŮ ůŰɞɘɢŮɑɞɡ, ŬɚɚɎ ˊŮɟɘɚŬɛɓɎɜɞɡɜ Ůˊɑůɖɠ əŬɘ Űɘɠ ˊɘɗŬɜɏɠ ŮˊɘŭɟɎůŮɘɠ ˊɞɡ ˊɟɞɏɟɢɞ-

ɜŰŬɘ Ŭˊɧ Űɘɠ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ ɛŮŰŬɝɨ Űɤɜ ůŰɞɘɢŮɑɤɜ əŬɘ Űɖɠ ˊŬɟŬɛɧɟűɤůɖɠ Űɞɡ ˊɚɏɔɛŬ-

Űɧɠ Űɞɡɠ. ɆŰɞ ůɨɜɞɚɧ Űɞɡ, Űɞ űŬɘɜɧɛŮɜɞ cocktail űŬɑɜŮŰŬɘ ɜŬ ŮˊɖɟŮɎɕŮɘ Űɞ ŰŮɚɘəɧ əɟɎɛŬ, 

Űɧůɞ ůŮ ŬŰɞɛɘəɐ əɚɑɛŬəŬ ɧůɞ əŬɘ ůŮ ŮˊɑˊŮŭɞ ɛɘəɟɞ-əɚɑɛŬəŬɠ [Yeh, 2013]. 

ȰɜŬ ŬɜŰɘˊɟɞůɤˊŮɡŰɘəɧ ˊŬɟɎŭŮɘɔɛŬ Űɖɠ ɡˊɏɟɗŮůɖɠ Űɤɜ ɘŭɘɞŰɐŰɤɜ Űɞɡ ŰŮɚɘəɞɨ əɟɎɛŬ-

Űɞɠ ŬɜɎɚɞɔŬ ɛŮ Űɖɜ ˊɟɞůɗɐəɖ Űɤɜ Ůˊɘɛɏɟɞɡɠ ůɡůŰŬŰɘəɩɜ Űɞɡ, ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɖɜ Ⱥɘəɧ-

ɜŬ 1.11. ɆŰɞ ŭɘɎɔɟŬɛɛŬ, ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŮɜŭŮɘəŰɘəɏɠ Űɘɛɏɠ ůəɚɖɟɧŰɖŰŬɠ ŭɘŬűɧɟɤɜ HEAs 

ůŰɖɜ as-cast əŬŰɎůŰŬůɐ Űɞɡɠ əŬɘ ɛŮŰɎ Ŭˊɧ ŬɜɧˊŰɖůɖ (1000
ɞ
C -12 ɩɟŮɠ) Ůɜ ůɡɔəɟɑůŮɘ ɛŮ 
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Űɘɠ ŬɜŰɑůŰɞɘɢŮɠ Űɘɛɏɠ ɔɜɤůŰɩɜ Ůɛˊɞɟɘəɩɜ əɟŬɛɎŰɤɜ (ˊ.ɢ. Űɞɡ ŬɜɞɝŮɑŭɤŰɞɡ ɢɎɚɡɓŬ 17-4 

PH, Űɞɡ ɢɎɚɡɓŬ 316L əŬɘ Űɞɡ əɟɎɛŬŰɞɠ Hastelloy). ȺɜŭŮɘəŰɘəɎ ŮˊɘůɖɛŬɑɜŮŰŬɘ ɧŰɘ Űɞ əɟɎ-

ɛŬ MoTiVFeNiZrCoCr űɏɟŮɘ ˊɞɚɨ ɡɣɖɚɏɠ Űɘɛɏɠ ůəɚɖɟɧŰɖŰŬɠ Űɖɠ ŰɎɝŮɤɠ Űɤɜ 800 HV, 

Ůɜɩ Űɞ əɟɎɛŬ CuTiVFeNiZr ůəɚɖɟɞɛŮŰɟɐɗɖəŮ ˊŮɟɑˊɞɡ ůŰŬ 600 HV [Zhang, 2014a] . 

 

 
ȺɘəɧɜŬ 1.11: Ⱥɨɟɞɠ Űɘɛɩɜ ůəɚɖɟɧŰɖŰŬɠ ɔɘŬ ŭɘɎűɞɟŬ ȼȺȷs ůŰɖɜ as-cast əŬŰɎůŰŬůɐ Űɞɡɠ 

əŬɘ ɛŮŰɎ Ŭˊɧ ŬɜɧˊŰɖůɖ ůŮ ůɢɏůɖ ɛŮ ŭɘɎűɞɟŬ ŮɛˊɞɟɘəɎ əɟɎɛŬŰŬ [Zhang, 2014a]  

1.4 ŪŮɟɛɞŭɡɜŬɛɘəɞɑ ɄŬɟɎɛŮŰɟɞɘ ï ȺɛˊŮɘɟɘəɎ ȾɟɘŰɐɟɘŬ ɆɢɖɛŬŰɘůɛɞɨ ūɎůŮɤɜ ɆŰŮ-

ɟŮɩɜ ȹɘŬɚɡɛɎŰɤɜ ůŰŬ ȾɟɎɛŬŰŬ Ɉɣɖɚɐɠ ȺɜŰɟɞˊɑŬɠ 

 

ɄŬɟɧɚɞ ˊɞɡ Űɞ ɧɜɞɛŬ Űɤɜ əɟŬɛɎŰɤɜ ɡɣɖɚɐɠ ŮɜŰɟɞˊɑŬɠ ˊŬɟŬˊɏɛˊŮɘ ůŰɞ ɧŰɘ ɞ əɡɟɑŬɟ-

ɢɞɠ ˊŬɟɎɔɞɜŰŬɠ ɔɘŬ Űɞɜ ɏɚŮɔɢɞ Űɞɡ ůɢɖɛŬŰɘůɛɞɨ Űɤɜ űɎůŮɩɜ Űɞɡɠ ɗŬ ŮɑɜŬɘ ɛɧɜɞ ɖ Ů-

ɜŰɟɞˊɑŬ ŬɜɎɛŮɘɝɖɠ, ŬɡŰɧ ŭŮɜ ɘůɢɨŮɘ ŬˊɧɚɡŰŬ. 

Ƀɘ əɚŬůůɘəɞɑ əŬɜɧɜŮɠ Űɤɜ Hume-Rothery ɔɘŬ Űɞ ůɢɖɛŬŰɘůɛɧ ŭɡŬŭɘəɩɜ ůŰŮɟŮɩɜ ŭɘŬ-

ɚɡɛɎŰɤɜ ˊŮɟɘɚŬɛɓɎɜɞɡɜ ŰŬ Ůɝɐɠ ɛŮɔɏɗɖ: 1) Űɖ ŭɘŬűɞɟɎ ůŰɞ ŬŰɞɛɘəɧ ɛɏɔŮɗɞɠ 2) Űɖ ůɡ-

ɔəɏɜŰɟɤůɖ ɖɚŮəŰɟɞɜɑɤɜ 3) Űɖ ŭɘŬűɞɟɎ ůŰɖɜ əɟɡůŰŬɚɚɘəɐ ŭɞɛɐ əŬɘ 4) Űɖ ŭɘŬűɞɟɎ ɖɚŮ-

əŰɟŬɟɜɖŰɘəɧŰɖŰŬɠ [Zhang, 2008]. ɄɏɟŬ Ŭˊɧ ŬɡŰɞɨɠ Űɞɡɠ ˊŬɟɎɔɞɜŰŮɠ, ɖ ŮɜɗŬɚˊɑŬ əŬɘ ɖ 

ŮɜŰɟɞˊɑŬ ŬɜɎɛŮɘɝɖɠ ŬˊɞŭŮɘəɜɨŮŰŬɘ ˊɤɠ ŮɑɜŬɘ ɞɘ əɡɟɘɧŰŮɟŮɠ ɗŮɟɛɞŭɡɜŬɛɘəɞɑ ˊŬɟɎɛŮŰɟɞɘ 

ůɢɖɛŬŰɘůɛɞɨ űɎůŮɤɜ ůŰŮɟŮɩɜ ŭɘŬɚɡɛɎŰɤɜ ůŰŬ HEAs. 

 

ȷ) ŪŮɟɛɞŭɡɜŬɛɘəɎ ȾɟɘŰɐɟɘŬ Zhang - Guo (ŭ, ȹHmix, ȹSmix, VEC) 

 

Ƀɘ Zhang [Zhang, 2008] əŬɘ Guo [Guo, 2011a]  ɛŮɚɏŰɖůŬɜ ˊɟɩŰɞɘ Űɖɜ ŮˊɑŭɟŬůɖ Űɤɜ 

ɜɏɤɜ ŬɡŰɩɜ ˊŬɟŬɛɏŰɟɤɜ ůŰɞ ůɢɖɛŬŰɘůɛɧ űɎůŮɤɜ ůŰŮɟŮɩɜ ŭɘŬɚɡɛɎŰɤɜ ůŰŬ əɟɎɛŬŰŬ 

ɡɣɖɚɐɠ ŮɜŰɟɞˊɑŬɠ əŬɘ əŬŰɏɚɖɝŬɜ ůŮ ˊŬɟɧɛɞɘŬ ůɡɛˊŮɟɎůɛŬŰŬ: ɞ ůɢɖɛŬŰɘůɛɧɠ Ŭˊɚɩɜ ɐ 

ˊŮɟɑˊɚɞəɤɜ űɎůŮɤɜ ŮɝŬɟŰɎŰŬɘ əɡɟɑɤɠ Ŭˊɧ Űɖɜ ŭɘŬűɞɟɎ ůŰɖɜ ŮɜɗŬɚˊɑŬ ŬɜɎɛŮɘɝɖɠ 

(ȹHmix), Űɖ ŭɘŬűɞɟɎ ůŰɖɜ ŮɜŰɟɞˊɑŬ ŬɜɎɛŮɘɝɖɠ (ȹSmix) əŬɘ Űɖ ŭɘŬűɞɟɎ ŬŰɞɛɘəɞɨ ɛŮɔɏɗɞɡɠ 

(ŭ) ɛŮŰŬɝɨ Űɤɜ Ůˊɘɛɏɟɞɡɠ əɟŬɛŬŰɘəɩɜ ůŰɞɘɢŮɑɤɜ ˊɞɡ ůɡɜɘůŰɞɨɜ Űɞ ŮəɎůŰɞŰŮ əɟɎɛŬ ɡɣɖ-

ɚɐɠ ŮɜŰɟɞˊɑŬɠ. 

ȰŰůɘ, ɔɘŬ ɜŬ ůɢɖɛŬŰɘůŰɞɨɜ ůŰŬ ȼȺȷs Ŭˊɚɏɠ űɎůŮɘɠ (fcc, bcc, ŭɘŬŰŮŰŬɔɛɏɜŮɠ ɐ ɛɖ) ɗŬ 

ˊɟɏˊŮɘ ɜŬ ˊɚɖɟɞɨɜŰŬɘ ŰŬɡŰɧɢɟɞɜŬ ɞɘ ŬəɧɚɞɡɗŮɠ 3 ůɡɜɗɐəŮɠ: 
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ī22 Ò ȹHmix Ò 7 kJ/mol 

ŭ Ò 8.5 

11 Ò ȹSmix Ò 19.5 J/(KĀmol) 

 

ɆŰɖɜ ȺɘəɧɜŬ 1.12 ˊŬɟɞɡůɘɎɕŮŰŬɘ ɖ ɡˊɏɟɗŮůɖ Űɤɜ Űɟɘɩɜ ŬɡŰɩɜ ɛŮɔŮɗɩɜ. 

 

 
ȺɘəɧɜŬ 1.12: ȺˊɑŭɟŬůɖ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ ȹHmix, ŭ, əŬɘ ȹSmix ůŰɖ ůŰŬɗŮɟɧŰɖŰŬ Űɤɜ űɎůŮɤɜ 

ɘůɞ-ŬŰɞɛɘəɩɜ HEAs [Gao, 2016] 

 

ȳˊɤɠ ɔɑɜŮŰŬɘ ŬɜŰɘɚɖˊŰɧ Ŭˊɧ Űɖɜ ˊŬɟŬˊɎɜɤ ŮɘəɧɜŬ, ɖ Ůəˊɚɐɟɤůɖ Űɖɠ ůɡɜɗɐəɖɠ ɛɧɜɞ 

ɔɘŬ Űɖɜ ŮɜŰɟɞˊɑŬ ŬɜɎɛŮɘɝɖɠ ŭŮɜ ŮɑɜŬɘ ŮˊŬɟəɐɠ ɩůŰŮ ɜŬ ůɢɖɛŬŰɘůŰŮɑ ɛɘŬ űɎůɖ Ŭˊɚɞɨ ůŰŮ-

ɟŮɞɨ ŭɘŬɚɨɛŬŰɞɠ ůŰŬ ɘůɞ-ŬŰɞɛɘəɎ HEAs. 

ũŮɜɘəɎ, ɖ ŮɜŰɟɞˊɑŬ ŬɜɎɛŮɘɝɖɠ ŬɜŰɘəŬŰɞˊŰɟɑɕŮɘ Űɖɜ ˊɞɚɡˊɚɞəɧŰɖŰŬ Űɞɡ ˊŬɟŬɔɧɛŮɜɞɡ 

ůɡůŰɐɛŬŰɞɠ. ȳůɞ ɡɣɖɚɧŰŮɟɖ ŮɑɜŬɘ ɖ Űɘɛɐ Űɖɠ, Űɧůɞ ˊɘɞ ŭɨůəɞɚɞ ŮɑɜŬɘ ɔɘŬ Űɞ ůɨůŰɖɛŬ ɜŬ 

ůɢɖɛŬŰɑůŮɘ ŭɘŬŰŮŰŬɔɛɏɜŮɠ ŭɞɛɏɠ. ȰŰůɘ, ɞɘ Űɘɛɏɠ Űɖɠ ȹSmix ɗŬ ˊɟɏˊŮɘ ɜŬ ŮɑɜŬɘ ŬɟəŮŰɎ ɡɣɖ-

ɚɏɠ ɛɘŬɠ əŬɘ ŬˊɞŰŮɚɞɨɜ ɏɜŬɜ Ŭˊɧ Űɞɡɠ ɓŬůɘəɞɨɠ ˊŬɟɎɔɞɜŰŮɠ ůŰŬɗŮɟɞˊɞɑɖůɖɠ Űɤɜ Ŭˊɚɩɜ 

űɎůŮɤɜ. Ⱥˊɑůɖɠ, ɞ ůɢɖɛŬŰɘůɛɧɠ ŰɡɢŬɑɤɜ ůŰŮɟŮɩɜ ŭɘŬɚɡɛɎŰɤɜ ɐ ɛŮɟɘəɩɠ ŭɘŬŰŮŰŬɔɛɏɜɤɜ 

ůŰŮɟŮɩɜ űɎůŮɤɜ ŮɡɜɞŮɑŰŬɘ Ŭˊɧ Űɘɠ ɡɣɖɚɏɠ Űɘɛɏɠ Űɖɠ ŮɜŰɟɞˊɑŬɠ ŬɜɎɛŮɘɝɖɠ. ɄŬɟɧɚŬ ŬɡŰɎ, 

ɧŰŬɜ Űɞ ůɨůŰɖɛŬ ɞŭɖɔŮɑŰŬɘ ůŮ əŬŰɎůŰŬůɖ ɡɣɖɚɐɠ ŬŰŬɝɑŬɠ ɡˊɎɟɢŮɘ əŬɘ ɖ ˊɘɗŬɜɧŰɖŰŬ ɜŬ 

ŭɖɛɘɞɡɟɔɖɗɞɨɜ ɎɛɞɟűŮɠ űɎůŮɘɠ. ɆŮ ŬɡŰɐ Űɖɜ ˊŮɟɑˊŰɤůɖ ɗŬ ɢɟŮɘŬůŰŮɑ ɜŬ ŮɘůŬɢɗɞɨɜ ɞɘ 

ɎɚɚŮɠ ŭɡɞ ˊɟɞŬɜŬűŮɟɗŮɑůŮɠ ˊŬɟɎɛŮŰɟɞɘ, ŬɡŰɏɠ Űɖɠ ŭɘŬűɞɟɎɠ ůŰɞ ŬŰɞɛɘəɧ ɛɏɔŮɗɞɠ əŬɘ 

ůŰɖɜ ŮɜɗŬɚˊɑŬ ŬɜɎɛŮɘɝɖɠ. 

ȺɘŭɘəɧŰŮɟŬ, ɖ ŬˊŬɑŰɖůɖ ɔɘŬ ɛɘəɟɏɠ ŭɘŬűɞɟɏɠ ůŰɞ ŬŰɞɛɘəɧ ɛɏɔŮɗɞɠ Űɤɜ Ůˊɘɛɏɟɞɡɠ ůŰɞɘ-

ɢŮɑɤɜ ˊɞɡ ůɡɜɘůŰɞɨɜ Űɞ ŮəɎůŰɞŰŮ əɟɎɛŬ ɡˊŬɔɞɟŮɨŮŰŬɘ Ŭˊɧ Űɖ ɗŮɤɟɑŬ ˊŮɟɑ ɛɖ Űɞˊɞɚɞɔɘ-

əɐɠ ůŰŬɗŮɟɧŰɖŰŬɠ ˊɞɡ ˊɟɧŰŮɘɜŮ ɞ Egami [Egami, 1984; Egami, 1997; Egami, 2011]. Ʉɘɞ 

ůɡɔəŮəɟɘɛɏɜŬ, ŰŬ ɎŰɞɛŬ ˊɞɡ ɏɢɞɡɜ ŭɘŬűɞɟŮŰɘəɧ ŬŰɞɛɘəɧ ɛɏɔŮɗɞɠ ŭɏɢɞɜŰŬɘ ɏɜŰɞɜŮɠ ˊɘɏ-

ůŮɘɠ ɧŰŬɜ ɓɟɑůəɞɜŰŬɘ ůŮ ɏɜŬ əɟɡůŰŬɚɚɘəɧ ˊɚɏɔɛŬ, ɔŮɔɞɜɧɠ ˊɞɡ ɞŭɖɔŮɑ ůŮ Űɞˊɘəɐ ŮɚŬůŰɘ-

əɐ ˊŬɟŬɛɧɟűɤůɖ ŬɡŰɞɨ. ȰŰůɘ, ˊɎɜɤ Ŭˊɧ ɛɘŬ əɟɑůɘɛɖ Űɘɛɐ ˊŬɟŬɛɧɟűɤůɖɠ Űɞ ůɨůŰɖɛŬ 

əŬɗɑůŰŬŰŬɘ ɛɖ ůŰŬɗŮɟɧ əŬɘ ɛˊɞɟŮɑ ɜŬ ɞŭɖɔɖɗŮɑ ŬəɧɛŬ əŬɘ ůŮ ɡŬɚɩŭɖ ɛŮŰɎɓŬůɖ. 
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ȷˊô Űɖɜ Ɏɚɚɖ, ɖ ŬˊŬɑŰɖůɖ ɔɘŬ ɢŬɛɖɚɐ Űɘɛɐ ŮɜɗŬɚˊɑŬɠ ŬɜɎɛŮɘɝɖɠ ůɢŮŰɑɕŮŰŬɘ ɛŮ Űɞ ůɢɖ-

ɛŬŰɘůɛɧ clusters, ɡˊɧ Űɖɜ ɏɜɜɞɘŬ ɧŰɘ ɧůɞ ˊɘɞ ŬɟɜɖŰɘəɏɠ Űɘɛɏɠ ɏɢŮɘ ɖ Űɘɛɐ Űɖɠ ŮɜɗŬɚˊɑŬɠ, 

Űɧůɞ ˊɘɞ Ůɡɜɞɥəɧɠ ŮɑɜŬɘ ɞ ůɢɖɛŬŰɘůɛɧɠ ɢɖɛɘəɎ ŭɘŬŰŮŰŬɔɛɏɜɤɜ ŮɜɩůŮɤɜ əŬɘ ɧɢɘ űɎůŮɤɜ 

ůŰŮɟŮɩɜ ŭɘŬɚɡɛɎŰɤɜ [Mattern, 2007; Fujita, 2009; Tong, 2005a]. Ⱥˊɑůɖɠ, ɖ ŮɜɗŬɚˊɑŬ 

ŬɜɎɛŮɘɝɖɠ ŭŮ ɗŬ ˊɟɏˊŮɘ ɜŬ ɚŬɛɓɎɜŮɘ ɞɨŰŮ ɘŭɘŬɑŰŮɟŬ ɛŮɔɎɚɖ Űɘɛɐ, ŭɘɧŰɘ ɞɘ ˊɞɚɨ ɗŮŰɘəɏɠ Űɘ-

ɛɏɠ ŮɜɗŬɚˊɑŬɠ ɞŭɖɔɞɨɜ ůŮ ŭɘŬɢɤɟɘůɛɧ űɎůŮɤɜ, Ůɜɩ ɞɘ ˊɞɚɨ ŬɟɜɖŰɘəɏɠ Űɘɛɏɠ ɞŭɖɔɞɨɜ ůɡ-

ɜɐɗɤɠ ůŮ ˊŬɟŬɚŬɓɐ ŮɜŭɞɛŮŰŬɚɚɘəɩɜ ŮɜɩůŮɤɜ. 

Ƀɘ ˊŬɟŬˊɎɜɤ ɗŮɟɛɞŭɡɜŬɛɘəɞɑ ˊŬɟɎɛŮŰɟɞɘ ˊɟɞůŭɘɞɟɑɕɞɜŰŬɘ ɛŬɗɖɛŬŰɘəɎ Ŭˊɧ Űɘɠ Ŭəɧ-

ɚɞɡɗŮɠ ŮɝɘůɩůŮɘɠ [Zhang, 2008; Guo, 2011a] : 
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ɧˊɞɡ R ŮɑɜŬɘ ɖ ˊŬɔəɧůɛɘŬ ůŰŬɗŮɟɎ Űɤɜ ŬŮɟɑɤɜ. 

 

ɀɘŬ ŬəɧɛŬ ˊŬɟɎɛŮŰɟɞɠ ˊɞɡ ŬˊɞŭŮɘəɜɨŮŰŬɘ ɢɟɐůɘɛɖ ůŰɞɜ Ůˊɘɛɏɟɞɡɠ ˊɟɞůŭɘɞɟɘůɛɧ Űɤɜ 

űɎůŮɤɜ Űɤɜ ȼȺȷs ŬűɞɟɎ Űɖ ůɡɔəɏɜŰɟɤůɖ Űɤɜ ɖɚŮəŰɟɞɜɑɤɜ ůɗɏɜɞɡɠ (Valance Electron 

Concentration - VEC). ȼ VEC ˊɟɞůŭɘɞɟɑɕŮŰŬɘ Ŭˊɧ Űɖɜ Ůɝɑůɤůɖ: 

1

( )
n

i i

i

VEC c VEC
=
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ɧˊɞɡ (VEC)i ŮɑɜŬɘ ɖ VEC Űɞɡ ŮəɎůŰɞŰŮ i ůŰɞɘɢŮɑɞɡ. 

 

ȼ Űɘɛɐ VEC ˊŬɑɕŮɘ əŬɗɞɟɘůŰɘəɧ ɟɧɚɞ ůŰɞɜ ˊɟɞůŭɘɞɟɘůɛɧ Űɞɡ Űɨˊɞɡ Űɖɠ ɚŬɛɓŬɜɧɛŮɜɖɠ 

űɎůɖɠ ůŰŬ ȼȺȷs. ȰŰůɘ, ɔɘŬ Űɘɛɏɠ VEC Ó 8 ŮɡɜɞŮɑŰŬɘ ɞ ůɢɖɛŬŰɘůɛɧɠ ůŰŮɟŮɩɜ ŭɘŬɚɡɛɎŰɤɜ 

Űɨˊɞɡ fcc, Ůɜɩ ɔɘŬ Űɘɛɏɠ VEC < 6.87 ŮɡɜɞŮɑŰŬɘ ɞ ůɢɖɛŬŰɘůɛɧɠ ůŰŮɟŮɩɜ ŭɘŬɚɡɛɎŰɤɜ Űɨ-

ˊɞɡ bcc [Guo, 2011b] (ȺɘəɧɜŬ 1.13). 

 



ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐ  ȷɜɗɞɨɚŬ ȸ. ɄɞɨɚɘŬ 
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ȺɘəɧɜŬ 1.13: ȺɝɎɟŰɖůɖ ɛŮŰŬɝɨ Űɞɡ Ŭɟɘɗɛɞɨ VEC əŬɘ Űɞɡ Ůɑŭɞɡɠ Űɤɜ űɎůŮɤɜ ˊɞɡ ɗŬ ůɢɖ-

ɛŬŰɘůŰɞɨɜ ůŮ ŭɘɎűɞɟŬ ůɡůŰɐɛŬŰŬ HEAs [Guo, 2011b]  

 

ȸ) ŪŮɟɛɞŭɡɜŬɛɘəɧ ȾɟɘŰɐɟɘɞ Yang ï Zhang (ɋ) 

 

ɀɘŬ ɜɏŬ ˊŬɟɎɛŮŰɟɞɠ, ɋ, ˊɞɡ ůɡɜŭɡɎɕŮɘ Űɖɜ ŮˊɑŭɟŬůɖ ɛŮŰŬɝɨ Űɖɠ ŭɘŬűɞɟɎɠ ŮɜŰɟɞˊɑŬɠ 

ȹSmix əŬɘ ŬɡŰɐɠ Űɖɠ ŮɜɗŬɚˊɑŬɠ ȹHmix ůŰɖ ůŰŬɗŮɟɧŰɖŰŬ Űɤɜ ůɢɖɛŬŰɘɕɧɛŮɜɤɜ ůŰŮɟŮɩɜ ŭɘ-

ŬɚɡɛɎŰɤɜ, ˊɟɞŰɎɗɖəŮ Ŭˊɧ Űɞɡɠ Yang əŬɘ Zhang [Yang, 2012a; Zhang, 2012a]. ȼ ˊŬɟɎ-

ɛŮŰɟɞɠ ɋ ˊɟɞůŭɘɞɟɑɕŮŰŬɘ Ŭˊɧ Űɖɜ Ůɝɑůɤůɖ: 
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ɧˊɞɡ ɇm ŮɑɜŬɘ ɖ ɛɏůɖ Űɘɛɐ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ Űɐɝɖɠ Ůɜɧɠ Ɂ-ůɡůŰŬŰɘəɞɨ əɟɎɛŬŰɞɠ ɛŮ i 

əɟŬɛŬŰɘəɎ ɛɏůŬ, ɧˊɤɠ ŬɡŰɐ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɞɜ əŬɜɧɜŬ Űɤɜ ɛɘɔɛɎŰɤɜ. 

ȷɜŬɚɨɞɜŰŬɠ Űɞ ůɢɖɛŬŰɘůɛɧ Űɤɜ ɚŬɛɓŬɜɧɛŮɜɤɜ űɎůŮɤɜ ɛŮ ɢɟɐůɖ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ ɋ 

əŬɘ ŭ ůŮ ŭɘɎűɞɟŬ ůɡůŰɐɛŬŰŬ Űɖɠ ɓɘɓɚɘɞɔɟŬűɑŬɠ (ȺɘəɧɜŬ 1.14), ˊɟɞɏəɡɣŬɜ ɞɘ ɞɟɘŬəɏɠ 

Űɘɛɏɠ Űɤɜ ŭɡɞ ˊŬɟŬɛɏŰɟɤɜ ɔŬ Űɖɜ ˊŬɟŬɚŬɓɐ Ŭˊɚɩɜ űɎůŮɤɜ ůŰŮɟŮɩɜ ŭɘŬɚɡɛɎŰɤɜ. Ƀɘ Űɘ-

ɛɏɠ ŬɡŰɏɠ ɡˊɞŭŮɘəɜɨɞɜŰŬɘ ɤɠ ɋ > 1.1 əŬɘ ŭ Ò 6.6, ŬɜŰɑůŰɞɘɢŬ. 

 

  
ȺɘəɧɜŬ 1.14: ȹɘŬɔɟɎɛɛŬŰŬ Ůˊɘɚɞɔɐɠ űɎůŮɤɜ ůŰŬ HEAs ɛŮ ɓɎůɖ Űɘɠ ˊŬɟŬɛɏŰɟɞɡɠ ɋ əŬɘ 

ŭ əŬɘ ɛŮ ɓɎůɖ Űɞɜ Ŭɟɘɗɛɧ (Ɂ) Űɤɜ əɟŬɛŬŰɘəɩɜ ůŰɞɘɢŮɑɤɜ Űɞɡ ŮəɎůŰɞŰŮ əɟɎɛŬŰɞɠ [Zhang, 

2014c]  

  








































































































































































































































































































































































































































































































