
 

 

 

ɄŬɟŬɔɤɔɐ ȾɟŬɛɎŰɤɜ ȾɞɓŬɚŰɑɞɡ-ɉɟɤɛɑɞɡ ɀɏůɤ 

ɇɟɘůŭɘɎůŰŬŰɖɠ ȺəŰɨˊɤůɖɠ ɔɘŬ ɃŭɞɜŰɘŬŰɟɘəɏɠ ȺűŬɟɛɞɔɏɠ 

 

ȹȽɄȿɋɀȷɇȽȾȼ ȺɅũȷɆȽȷ 

Ȳɤɜ ȿɎɛˊɟɞɡ 

 

 

 

Ⱥˊɘɓɚɏˊɤɜ ȾŬɗɖɔɖŰɐɠ: ɄɏŰɟɞɠ ɇůŬəɘɟɑŭɖɠ, Ⱥˊɑəɞɡɟɞɠ əŬɗɖɔɖŰɐɠ ȺɀɄ  

 

ȷŪȼɁȷ, ɃȾɇɋȸɅȽɃɆ 2021 

ȺŪɁȽȾɃ ɀȺɇɆɃȸȽɃ ɄɃȿɈɇȺɉɁȺȽɃ   

ɆɉɃȿȼ ɀȼɉȷɁȽȾɋɁ ɀȺɇȷȿȿȺȽɋɁ ï ɀȺɇȷȿȿɃɈɅũɋɁ     

ɇɃɀȺȷɆ ɀȺɇȷȿȿɃɈɅũȽȷɆ ȾȷȽ ɇȺɉɁɃȿɃũȽȷɆ ɈȿȽȾɋɁ 

ȺɅũȷɆɇȼɅȽɃ ɀȺɇȷȿȿɃũɁɋɆȽȷɆ 

 



 

 

 

ɄŬɟŬɔɤɔɐ ȾɟŬɛɎŰɤɜ ȾɞɓŬɚŰɑɞɡ-ɉɟɤɛɑɞɡ ɀɏůɤ 

ɇɟɘůŭɘɎůŰŬŰɖɠ ȺəŰɨˊɤůɖɠ ɔɘŬ ɃŭɞɜŰɘŬŰɟɘəɏɠ ȺűŬɟɛɞɔɏɠ 

 

ȹȽɄȿɋɀȷɇȽȾȼ ȺɅũȷɆȽȷ 

Ȳɤɜ ȿɎɛˊɟɞɡ 

 

Ⱥˊɘɓɚɏˊɤɜ: ɄɏŰɟɞɠ ɇůŬəɘɟɑŭɖɠ, Ⱥˊɑəɞɡɟɞɠ əŬɗɖɔɖŰɐɠ ȺɀɄ   

  

  

ȺɔəɟɑɗɖəŮ Ŭˊɧ Űɖɜ ŰɟɘɛŮɚɐ ŮˊɘŰɟɞˊɐ ůŰɘɠ 13/10/2021  

  

  

Ʉ. ɇůŬəɘɟɑŭɖɠ, Ⱥˊɑəɞɡɟɞɠ əŬɗɖɔɖŰɐɠ ȺɀɄ,    ééééé.éé (ɈˊɞɔɟŬűɐ)  

  

ũ. ūɞɨɟɚŬɟɖɠ, ȾŬɗɖɔɖŰɐɠ ȺɀɄ,                ééé..éééé (ɈˊɞɔɟŬűɐ)  

  

Ɇ. ɄŬˊŬŮɡɗɡɛɑɞɡ, ȷɜŬˊɚɖɟɤŰɐɠ əŬɗɖɔɖŰɐɠ ȺɀɄ,   ééééé..éé (ɈˊɞɔɟŬűɐ)  

  

 

 

ȷŪȼɁȷ, ɃȾɇɋȸɅȽɃɆ 2021 

ȺŪɁȽȾɃ ɀȺɇɆɃȸȽɃ ɄɃȿɈɇȺɉɁȺȽɃ   

ɆɉɃȿȼ ɀȼɉȷɁȽȾɋɁ ɀȺɇȷȿȿȺȽɋɁ ï ɀȺɇȷȿȿɃɈɅũɋɁ     

ɇɃɀȺȷɆ ɀȺɇȷȿȿɃɈɅũȽȷɆ ȾȷȽ ɇȺɉɁɃȿɃũȽȷɆ ɈȿȽȾɋɁ 

ȺɅũȷɆɇȼɅȽɃ ɀȺɇȷȿȿɃũɁɋɆȽȷɆ 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright © Ȳɤɜ ȿɎɛˊɟɞɡ, 2021  

ɀŮ ŮˊɘűɨɚŬɝɖ əɎɗŮ ŭɘəŬɘɩɛŬŰɞɠ. All rights reserved.  



i 

 

ɄɅɃȿɃũɃɆ 

ȼ ˊŬɟɞɨůŬ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ ŮəˊɞɜɐɗɖəŮ ůŰɞ ŮɟɔŬůŰɐɟɘɞ ɀŮŰŬɚɚɞɔɜɤůɑŬɠ Űɖɠ 

Ɇɢɞɚɐɠ ɀɖɢŬɜɘəɩɜ ɀŮŰŬɚɚŮɑɤɜ-ɀŮŰŬɚɚɞɡɟɔɩɜ Űɞɡ Ⱥɗɜɘəɞɨ ɀŮŰůɧɓɘɞɡ ɄɞɚɡŰŮɢɜɑɞɡ. 

Ɇəɞˊɧɠ Űɖɠ ŮɑɜŬɘ ɖ ɛŮɚɏŰɖ Űɖɠ ŮˊɑŭɟŬůɖɠ ɗŮɟɛɘəɩɜ əŬŰŮɟɔŬůɘɩɜ ůŰɖ ɛɘəɟɞŭɞɛɐ əŬɘ Űɖ 

ůəɚɖɟɧŰɖŰŬ əɟɎɛŬŰɞɠ əɞɓŬɚŰɑɞɡ-ɢɟɤɛɑɞɡ əŬŰŬůəŮɡŬůɛɏɜɞɡ ɛɏůɤ ŰɟɘůŭɘɎůŰŬŰɖɠ 

ŮəŰɨˊɤůɖɠ. 

ɀŮ Űɖɜ ɞɚɞəɚɐɟɤůɖ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘˊɚɤɛŬŰɘəɐɠ ŮɟɔŬůɑŬɠ, ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ 

ˊɟɤŰɑůŰɤɠ Űɞɜ ŮˊɘɓɚɏˊɞɜŰŬ əŬɗɖɔɖŰɐ ɛɞɡ ȹɟ. ɄɏŰɟɞ ɇůŬəɘɟɑŭɖ ɔɘŬ Űɖɜ ŬɜɎɗŮůɖ əŬɘ 

ŮɛˊɘůŰɞůɨɜɖ Űɞɡ ůɡɔəŮəɟɘɛɏɜɞɡ ɗɏɛŬŰɞɠ əŬɗɩɠ əŬɘ ɔɘŬ Űɖɜ əŬɗɞŭɐɔɖůɖ əŬɘ ŮəˊŬɑŭŮɡůɖ 

ˊɞɡ ɛɞɡ ˊŬɟŮɑɢŮ ɢɤɟɑɠ Űɘɠ ɞˊɞɑŮɠ ŭŮɜ ɗŬ ɐŰŬɜ ŭɡɜŬŰɐ ɖ ˊɟŬɔɛŬŰɞˊɞɑɖůɐ Űɖɠ ŮɟɔŬůɑŬɠ. 

Ⱥˊɑůɖɠ, ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɞɜ ȹɟ. ȸŬůɑɚŮɘɞ ɆŰŮɟɔɑɞɡ əŬɘ Űɖɜ ŮŰŬɘɟɑŬ Novamind 

ɔɘŬ Űɖɜ ˊŬɟɞɢɐ Űɞɡ ɡɚɘəɞɨ ˊɞɡ ŭɘŮɟŮɡɜɐɗɖəŮ. 

Ⱥˊɘˊɚɏɞɜ, ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɞ ˊɟɞůɤˊɘəɧ Űɞɡ ȺɟɔŬůŰɖɟɑɞɡ ɀŮŰŬɚɚɞɔɜɤůɑŬɠ əŬɘ 

ɘŭɘŬɑŰŮɟŬ Űɞɡɠ ȯɔɔŮɚɞ ȾŬɚŭɏɚɖ əŬɘ Ɂɑəɞ ɀŬəɟɐ ɔɘŬ Űɖɜ ůɡɜŮɘůűɞɟɎ Űɞɡɠ ůŰŬ ŭɘɎűɞɟŬ 

ůŰɎŭɘŬ Űɤɜ ˊŮɘɟŬɛŬŰɘəɩɜ ŭɞəɘɛɩɜ əŬɘ ůɡɛɓɞɡɚɏɠ Űɞɡɠ ůŮ ɗɏɛŬŰŬ ɛŮŰŬɚɚɞɡɟɔɘəɐɠ 

űɨůŮɤɠ. 

ɇɏɚɞɠ, ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɞɡɠ űɑɚɞɡɠ ɛɞɡ əŬɘ ůɡɛűɞɘŰɖŰɏɠ ɛɞɡ ɔɘŬ Űɖɜ ůŰɐɟɘɝɖ 

əŬɘ ůɡɛˊŬɟɎůŰŬůɐ Űɞɡɠ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ Ůəˊɧɜɖůɖɠ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘˊɚɤɛŬŰɘəɐɠ 

ŮɟɔŬůɑŬɠ.  
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ɄȺɅȽȿȼɊȼ 

ɇŬ əɟɎɛŬŰŬ əɞɓŬɚŰɑɞɡ-ɢɟɤɛɑɞɡ (Co-Cr alloys) ŮɑɜŬɘ ɛŮŰŬɚɚɘəɎ ɡɚɘəɎ ɛŮ ŮɝŬɘɟŮŰɘəɏɠ 

ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ, ɡɣɖɚɐ ŬɜŰɞɢɐ ůŰɖ ŭɘɎɓɟɤůɖ əŬɘ ˊɞɚɨ əŬɚɐ ɓɘɞůɡɛɓŬŰɧŰɖŰŬ. Ƀɘ 

ɘŭɘɧŰɖŰɏɠ Űɞɡɠ ŬɡŰɏɠ ŰŬ əŬɗɘůŰɞɨɜ ˊɞɚɨ ŮɚəɡůŰɘəɎ ɔɘŬ ɞŭɞɜŰɘŬŰɟɘəɏɠ ŮűŬɟɛɞɔɏɠ. ɇŬ 

ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ, ɖ ŰɟɘůŭɘɎůŰŬŰɖ ŮəŰɨˊɤůɖ əŬɘ ˊɘɞ ůɡɔəŮəɟɘɛɏɜŬ ɖ ɛɏɗɞŭɞɠ Űɖɠ 

ŮˊɘɚŮəŰɘəɐɠ Űɐɝɖɠ ɛŮ ŭɏůɛɖ laser (SLM) ɏɢŮɘ ŬɜŰɘəŬŰŬůŰɐůŮɘ Űɘɠ ˊŬɟŬŭɞůɘŬəɏɠ ɛŮɗɧŭɞɡɠ 

ˊŬɟŬɔɤɔɐɠ ɞŭɞɜŰɘŬŰɟɘəɩɜ ŮɛűɡŰŮɡɛɎŰɤɜ ɢɎɟɖ ůŰɖɜ ɘəŬɜɧŰɖŰɎ Űɖɠ ɜŬ ˊŬɟɎɔŮɘ 

ŰɟɘůŭɘɎůŰŬŰŬ ɛŮŰŬɚɚɘəɎ ŬɜŰɘəŮɑɛŮɜŬ ˊŮɟɑˊɚɞəɖɠ ɔŮɤɛŮŰɟɑŬɠ. ɋůŰɧůɞ, ɏɜŬ ɔɜɤůŰɧ 

ɛŮɘɞɜɏəŰɖɛŬ Űɤɜ ˊɟɞɥɧɜŰɤɜ Űɖɜ ɛŮɗɧŭɞɡ SLM ŮɑɜŬɘ ɖ ůɡůůɩɟŮɡůɖ ŮůɤŰŮɟɘəɩɜ ŰɎůŮɤɜ 

ůŰɞ ɡɚɘəɧ, ˊɞɡ ɛŮɘɩɜɞɡɜ Űɘɠ ɛɖɢŬɜɘəɏɠ Űɞɡ ɘŭɘɧŰɖŰŮɠ. ɇɞ ˊɟɧɓɚɖɛŬ ɚɨɜŮŰŬɘ ɛŮ ɗŮɟɛɘəɏɠ 

əŬŰŮɟɔŬůɑŮɠ ŬˊɞŰŬŰɘəɐɠ ŬɜɧˊŰɖůɖɠ. Ⱥˊɑůɖɠ, ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŭɞɗŮɑ ůŰɞ ŮɛűɨŰŮɡɛŬ 

ɞɚɞəɚɖɟɤɛɏɜɖ ŮɛűɎɜɘůɖ ŭɞɜŰɘɞɨ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ŮˊɘəɎɚɡɣɖ ˊɞɟůŮɚɎɜɖɠ, ɖ ɞˊɞɑŬ 

ŮˊɖɟŮɎɕŮɘ ɗŮɟɛɘəɎ Űɞ ɡɚɘəɧ.  

ɆŰɖɜ ˊŬɟɞɨůŬ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ ɛŮɚŮŰɎŰŬɘ ɖ ŮˊɑŭɟŬůɖ Űɤɜ ɗŮɟɛɘəɩɜ əŬŰŮɟɔŬůɘɩɜ 

ŬˊɞŰŬŰɘəɐɠ ŬɜɧˊŰɖůɖɠ ůŰɞɡɠ 750oC əŬɘ 950oC əŬɗɩɠ əŬɘ ɛŮŰɏˊŮɘŰŬ ˊɟɞůɞɛɞɑɤůɖɠ 

ŮˊɘəɎɚɡɣɖɠ ˊɞɟůŮɚɎɜɖɠ ůŰɖɜ ɛɘəɟɞŭɞɛɐ əŬɘ Űɖɜ ůəɚɖɟɧŰɖŰŬ ŭɞəɘɛɑɤɜ əɟɎɛŬŰɞɠ 

əɞɓŬɚŰɑɞɡ-ɢɟɤɛɑɞɡ ˊɞɡ ˊɟɞɞɟɑɕɞɜŰŬɘ ɔɘŬ ɞŭɞɜŰɘŬŰɟɘəɏɠ ŮűŬɟɛɞɔɏɠ. ũɘŬ Űɞɜ ˊɚɐɟɖ 

ɢŬɟŬəŰɖɟɘůɛɧ Űɤɜ ɛɘəɟɞŭɞɛɩɜ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛŮɚɏŰɖ ɛŮ Űɖ ɓɞɐɗŮɘŬ Űɞɡ 

ȼɚŮəŰɟɞɜɘəɞɨ ɀɘəɟɞůəɞˊɑɞɡ ɆɎɟɤůɖɠ (Scanning Electron Microscope ï SEM), ůŮ 

ůɡɜŭɡŬůɛɧ ɛŮ Űɖɜ ůŰɞɘɢŮɘŬəɐ ŬɜɎɚɡůɖ ȷəŰɑɜɤɜ ɉ ( Energy Dispersive Spectroscopy ï 

EDS). Ⱥˊɘˊɚɏɞɜ ɔɘŬ Űɖɜ ŰŬɡŰɞˊɞɑɖůɖ Űɤɜ űɎůŮɤɜ əŬɘ Űɤɜ ɛɘəɟɞɔɟŬűɘəɩɜ ůɡůŰŬŰɘəɩɜ, 

ŬɚɚɎ əŬɘ Űɤɜ ˊɟɞŰɘɛɖŰɏɤɜ əɟɡůŰŬɚɚɞɔɟŬűɘəɩɜ Ůˊɘˊɏŭɤɜ ŬɜɎˊŰɡɝɖɠ, ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ 

ˊŮɟɘɗɚŬůɘɛŮŰɟɑŬ ȷəŰɑɜɤɜ ɉ (X-Ray Diffraction ï XRD).  

ȷˊɧ Űɖɜ ˊŬɟŬˊɎɜɤ ˊŮɘɟŬɛŬŰɘəɐ ŭɘŬŭɘəŬůɑŬ ˊɟɞɏəɡɣŮ ˊɤɠ əŬŰɎ Űɘɠ ɗŮɟɛɘəɏɠ əŬŰŮɟɔŬůɑŮɠ 

ŬɡɝɐɗɖəŮ Űɞ ˊɞůɞůŰɧ Űɖɠ ůəɚɖɟɧŰŮɟɖɠ Ů űɎůɖɠ ɏɜŬɜŰɘ Űɖɠ ɔ űɎůɖɠ ůŰɖɜ ɛɘəɟɞŭɞɛɐ Űɞɡ 

ɡɚɘəɞɨ əŬɘ əŬŰŬəɟɖɛɜɑůŰɖəŬɜ əŬɟɓɑŭɘŬ əŬɘ ŮɜŭɞɛŮŰŬɚɚɘəɏɠ űɎůŮɘɠ ůŰŬ ɧɟɘŬ Űɤɜ əɧəəɤɜ. 

ȷɡŰɏɠ ɞɘ ŬɚɚŬɔɏɠ ůŰɖɜ ɛɘəɟɞŭɞɛɐ ɞŭɐɔɖůŬɜ ůŮ ɛŮɔŬɚɨŰŮɟɖ ůəɚɖɟɧŰɖŰŬ Űɤɜ ɗŮɟɛɘəɎ 

əŬŰŮɟɔŬůɛɏɜɤɜ ŭɞəɘɛɑɤɜ ɏɜŬɜŰɘ Űɤɜ As Received ɛŮ ŮɝŬɑɟŮůɖ ɞɟɘůɛɏɜŬ ŭɞəɑɛɘŬ ůŰŬ 

ɞˊɞɑŬ ˊŬɟŬŰɖɟɐɗɖəŮ ɛŮɔɎɚɖ ůɡůůɩɟŮɡůɖ əŮɜɩɜ əŬɘ ɟɤɔɛɩɜ ŰŬ ɞˊɞɑŬ ŮɑɜŬɘ ŬˊɞŰɏɚŮůɛŬ 

Űɖɠ ɛɖ ɘŭŬɜɘəɐɠ ɟɨɗɛɘůɖɠ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ Űɖɠ ɛŮɗɧŭɞɡ SLM. 
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ABSTRACT 

Co-Cr alloys are metallic materials which exhibit excellent mechanical properties, 

corrosion resistant and biocompatibility. The abovementioned qualities make them very 

attractive materials for use in dental applications. In recent years, selective laser melting 

(SLM), an additive manufacturing process, has replaced conventional manufacturing 

methods for dental restorations due to its ability to produce complex metallic 3D 

structures. However, there is one well known drawback to the SLM method is the 

accumulation of residual stress, which is detrimental to the mechanical properties. This 

problem is solved by heat treatment. Additionally, porcelain firing treatment, which also 

thermically affects the specimen, is applied to dental restorations to give off the appearance 

of a tooth. 

The aim of the present theses is to study the effect of stress relieving annealing heat 

treatments at 750oC and 950oC, and additional porcelain firing treatment on the 

microstructure and hardness of Co-Cr alloy specimens destined for dental restorations. The 

microstructures of the specimens were studied by means of Scanning Electron Microscopy 

(SEM) and Energy-dispersive X-Ray spectroscopy. Furthermore, an XRay Difrractometer 

(XRD) was employed in order to identify the phases and the dominant crystallographic 

directions. 

As a result of the aforementioned experimental procedures, it was found that the heat 

treatments increased the percentage of the harder Ů phase over the ɔ phase in the 

microstructure of the alloy. In addition, a large number of carbides and intermetallic 

compounds precipitated on grain boundaries. These changes in the microstructure of the 

heat treated specimens resulted in higher hardness compared to the as received ones, 

excluding some specimens which contained a large number of manufacturing defects as a 

result of improper SLM parameters.  

 

 



iv 

 

ɄȺɅȽȺɉɃɀȺɁȷ 

1. ȺȽɆȷũɋũȼ ................................................................................................................... 1 

2. ȾɅȷɀȷɇȷ ȾɃȸȷȿɇȽɃɈ - ɉɅɋɀȽɃɈ .................................................................. 2 

2.1. ȽŭɘɧŰɖŰŮɠ əŬɘ ŮűŬɟɛɞɔɏɠ əɟŬɛɎŰɤɜ Co-Cr ............................................................. 2 

2.2. ɀɘəɟɞŭɞɛɐ əɟŬɛɎŰɤɜ Co-Cr ................................................................................. 2 

2.3. ȽůŰɞɟɑŬ əɟŬɛɎŰɤɜ Co-Cr ɤɠ ɓɘɞɦɚɘəɎ ................................................................... 7 

2.4. ȺˊɑŭɟŬůɖ ŰɟɘůŭɘɎůŰŬŰɖɠ ŮəŰɨˊɤůɖɠ ůŰɖɜ ɛɘəɟɞŭɞɛɐ əɟŬɛɎŰɤɜ Co-Cr ............... 8 

2.5. Ⱥɑŭɖ əɟŬɛɎŰɤɜ Co-Cr ............................................................................................. 9 

2.5.1. Mediloy S-Co ................................................................................................ 11 

3. ȺūȷɅɀɃũȺɆ ɇɅȽɆȹȽȷɆɇȷɇȼɆ ȺȾɇɈɄɋɆȼɆ ɆɇȼɁ ɃȹɃɁɇȽȷɇɅȽȾȼ .. 13 

3.1. ɀɏɗɞŭɞɘ ɄŬɟŬɔɤɔɐɠ ɃŭɞɜŰɘŬŰɟɘəɩɜ ȺɛűɡŰŮɡɛɎŰɤɜ .......................................... 13 

3.2. ɇɟɘůŭɘɎůŰŬŰɖ ȺəŰɨˊɤůɖ (3D Printing) ................................................................ 15 

3.2.1. ȽůŰɞɟɘəɐ ŬɜŬŭɟɞɛɐ ŰɟɘůŭɘɎůŰŬŰɖɠ ŮəŰɨˊɤůɖɠ ............................................. 16 

3.3. ȹɘŬŭɘəŬůɑŬ ˊŬɟŬɔɤɔɐɠ ɞŭɞɜŰɘŬŰɟɘəɩɜ ŮɛűɡŰŮɡɛɎŰɤɜ ɛŮ Űɖɜ ɛɏɗɞŭɞ Űɖɠ 

ŮˊɘɚŮəŰɘəɐɠ Űɐɝɖɠ ɛŮ ŭɏůɛɖ laser (Selective Laser Melting SLM) ................................. 16 

3.3.1. ɄŬɟɎɛŮŰɟɞɘ ȹɘŮɟɔŬůɑŬɠ................................................................................. 18 

3.4. ɄŮɟŬɘŰɏɟɤ ȹɘŮɟɔŬůɑŮɠ .......................................................................................... 22 

3.4.1. ŪŮɟɛɘəɏɠ ȾŬŰŮɟɔŬůɑŮɠ................................................................................... 22 

3.4.2. Ʉɟɞůɞɛɞɑɤůɖ ŮˊɘəɎɚɡɣɖɠ ˊɞɟůŮɚɎɜɖɠ ........................................................ 25 

3.4.3. ūɘɜɑɟɘůɛŬ ȺˊɘűɎɜŮɘŬɠ əŬɘ ŬˊɞůŰŮɑɟɤůɖ ....................................................... 26 

4. ɄȺȽɅȷɀȷɇȽȾȼ ȹȽȷȹȽȾȷɆȽȷ ............................................................................... 28 

4.1. Ɉɚɘəɧ əŬɘ ɛɖɢɎɜɖɛŬ əŬŰŬůəŮɡɐɠ ŭŮɘɔɛɎŰɤɜ ....................................................... 28 

4.2. ɄŬɟɎɛŮŰɟɞɘ ȾŬŰŬůəŮɡɐɠ ȹŮɘɔɛɎŰɤɜ ................................................................... 30 

4.3. Ⱦɞˊɐ ȹŮɘɔɛɎŰɤɜ ................................................................................................... 30 

4.4. ŪŮɟɛɘəɏɠ ȹɘŮɟɔŬůɑŮɠ ............................................................................................. 31 



v 

 

4.5. ȺɔəɘɓɤŰɘůɛɧɠ ........................................................................................................ 35 

4.6. ȿŮɑŬɜůɖ ï ɆŰɑɚɓɤůɖ ............................................................................................. 36 

4.7. Ʉɟɞůɓɞɚɐ ............................................................................................................. 37 

4.8. ɆəɚɖɟɧŰɖŰŬ Vickers ............................................................................................. 38 

4.9. ȼɚŮəŰɟɞɜɘəɧ ɀɘəɟɞůəɧˊɘɞ ɆɎɟɤůɖɠ (Scanning Electron Microscopy S.E.M.) . 39 

4.10. ɄŮɟɘɗɚŬůɘɞɛŮŰɟɑŬ ȷəŰɑɜɤɜ ɉ (XRD) .................................................................. 42 

5. ɆɈȻȼɇȼɆȼ ȷɄɃɇȺȿȺɆɀȷɇɋɁ ........................................................................ 45 

5.1. ɆəɚɖɟɞɛŮŰɟɐůŮɘɠ .................................................................................................. 45 

5.2. ʃʶˊʽʻ˂ʰˋʽˇ˃ʶˍˊʾʰ ʰˁˍʾ˄˖˄ ʋ όXRD) ..................................................................... 48 

5.3. ʁˉˍʽˁʺ ɾʽˁˊˇˋˁˇˉʾʰ ............................................................................................ 50 

5.4. ɶ˂ʶˁˍˊˇ˄ʽˁʺ ɾʽˁˊˇˋˁˇˉʾʰ ʅʱˊ˖ˋʹˌ (SEM) ....................................................... 55 

5.4.1. ȹŮɑɔɛŬ G1 (As Received) .............................................................................. 55 

5.4.2. ȹŮɑɔɛŬ G1 750 ............................................................................................... 58 

5.4.3. ȹŮɑɔɛŬ G1 750 PF.......................................................................................... 60 

5.4.4. ȹŮɑɔɛŬ G1 950 ............................................................................................... 61 

5.4.5. ȹŮɑɔɛŬ G1 950 PF.......................................................................................... 64 

5.4.6. ȹŮɑɔɛŬ G2 (As Received) .............................................................................. 67 

5.4.7. ȹŮɑɔɛŬ G2 750 ............................................................................................... 69 

5.4.8. ȹŮɑɔɛŬ G2 750 PF.......................................................................................... 69 

5.4.9. ȹŮɑɔɛŬ G2 950 ............................................................................................... 70 

5.4.10.     ȹŮɑɔɛŬ G2 950 PF ......................................................................................... 73 

6. ɆɈɀɄȺɅȷɆɀȷɇȷ ................................................................................................... 75 

ȸȽȸȿȽɃũɅȷūȽȷ ............................................................................................................... 78 

ɄȷɅȷɅɇȼɀȷ ................................................................................................................... 85 

 



vi 

 

ȾȷɇȷȿɃũɃɆ ȺȽȾɃɁɋɁ 

ȺɘəɧɜŬ 1. ȹɘűŬůɘəɧ ŭɘɎɔɟŬɛɛŬ ɘůɞɟɟɞˊɑŬɠ Co-Cr. (1) ........................................................ 3 

ȺɘəɧɜŬ 2. ȷˊɞŰŮɚɏůɛŬŰŬ əɟŬɛŬŰɘəɩɜ ˊɟɞůɗɖəɩɜ ůŰɖɜ ɗŮɟɛɞəɟŬůɑŬ ɛŮŰŬůɢɖɛŬŰɘůɛɞɨ 

Ŭˊɧ Űɖɜ hcp űɎůɖ Ů ůŰɖɜ fcc űɎůɖ ɔ ůŮ ůɡɜɎɟŰɖůɖ Űɖɠ ŭɘŬɚɡŰɧŰɖŰŬɠ ŬɡŰɩɜ Űɤɜ ůŰɞɘɢŮɑɤɜ 

ůŰɞ fcc Co. (1) ....................................................................................................................... 5 

ȺɘəɧɜŬ 3. ɀɘəɟɞŭɞɛɐ ɢɡŰɩɜ əɟŬɛɎŰɤɜ Co-28Cr-6Mo ɛŮ ŭɘŬűɞɟŮŰɘəɏɠ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ ůŮ 

ɎɜɗɟŬəŬ əŬɘ ɎɕɤŰɞ ( a ) 0C-0N, ( b ) 0.16C-0N, ( c ) 0.24C-0N, ( d ) 0.41C-0N, ( e ) 0C-

0.2N, ( f ) 0.16C-0.2N, ( g ) 0.27C-0.24N əŬɘ ( h ) 0.34C-0.21N. (1) .................................. 6 

ȺɘəɧɜŬ 4. ɀɞɟűɞɚɞɔɑŮɠ əŬŰŬəɟɖɛɜɘůɛɎŰɤɜ ůŰŬ əɟɎɛŬŰŬ Co-Cr: (a) ů-űɎůɖ (ɢɞɜŭɟɞŮɘŭɐɠ 

ɛɞɟűɞɚɞɔɑŬ), (b) ɢ-űɎůɖ (ɢɞɜŭɟɞŮɘŭɐɠ ɛɞɟűɞɚɞɔɑŬ), (c) ɖ-űɎůɖ (ɢɞɜŭɟɞŮɘŭɐɠ 

ɛɞɟűɞɚɞɔɑŬ), (d) -́űɎůɖ (ɢɞɜŭɟɞŮɘŭɐɠ ɛɞɟűɞɚɞɔɑŬ), (e) Űɨˊɞɡ M23X6 (ɢɞɜŭɟɞŮɘŭɐɠ 

ɛɞɟűɞɚɞɔɑŬ), (f) Űɨˊɞɡ M23X6 (ŬůŰŮɟɞŮɘŭŮɑɠ ɛɞɟűɞɚɞɔɑŬ ɛŮ ɟŬɓŭɩůŮɘɠ, (g) Űɨˊɞɡ M7X3 

(ŬůŰŮɟɞŮɘŭŮɑɠ ɛɞɟűɞɚɞɔɑŬ ɛŮ ˊŮɟɑˊɚɞəŮɠ ɛɘəɟɞŭɞɛɏɠ) , (h) Űɨˊɞɡ ɀ2ɉ (ɛɞɟűɞɚɞɔɑŬ 

ˊɚŬəɞŮɘŭɞɨɠ əɡŰŰŬɟɘəɐɠ ŬˊɞɘəɑŬɠ). (1) ................................................................................. 7 

ȺɘəɧɜŬ 5. ŪŮɟɛɞəɟŬůɘŬəɐ ŮɝɎɟŰɖůɖ Űɤɜ SFEs əɟŬɛɎŰɤɜ Co-Cr əŬɘ ůɘŭɖɟɞɨɢɤɜ 

əɟŬɛɎŰɤɜ. (1) ...................................................................................................................... 10 

ȺɘəɧɜŬ 6. ȹɘŬŭɘəŬůɑŬ ˊŬɟŬɔɤɔɐɠ ɞŭɞɜŰɘŬŰɟɘəɩɜ ŮɛűɡŰŮɡɛɎŰɤɜ ɛŮ Űɖ ɛɏɗɞŭɞ Űɖɠ 

ŰɟɘůŭɘɎůŰŬŰɖɠ ŮəŰɨˊɤůɖɠ.(12) ............................................................................................ 14 

ȺɘəɧɜŬ 7. ɆɢɖɛŬŰɘəɐ ŬɜŬˊŬɟɎůŰŬůɖ ŮəŰɡˊɤŰɐ SLM/SLS. (6) ......................................... 17 

ȺɘəɧɜŬ 8. ɇɟɘůŭɘɎůŰŬŰɞ ɛɞɜŰɏɚɞ ɞŭɞɜŰɘŬŰɟɘəɞɨ ŮɛűɡŰŮɨɛŬŰɞɠ ˊɟɞɠ ŮəŰɨˊɤůɖ ɛŮ Űɖ 

ɛɏɗɞŭɞ SLM. ....................................................................................................................... 18 

ȺɘəɧɜŬ 9. ȹɘŬŭɘəŬůɑŬ ŮəŰɨˊɤůɖɠ ŬɜŰɘəŮɘɛɏɜɞɡ ɛŮ Űɖ ɛɏɗɞŭɞ SLM.(8) ............................ 18 

ȺɘəɧɜŬ 10. ȹŮɘɔɛŬŰŬ əŬŰŬůəŮɡŬůɛɏɜŬ ɛŮ Űɖ ɛɏɗɞŭɞ SLM  ɛŮ ŰɟŮɘɠ ŭɘŬűɞɟŮŰɘəɞɨɠ 

ˊɟɞůŬɜŬŰɞɚɘůɛɞɨɠ ŮəŰɨˊɤůɖɠ 0, 45 əŬɘ 90 ɛɞɑɟŮɠ ŬɜŰɑůŰɞɘɢŬ. (13) ................................. 22 

ȺɘəɧɜŬ 11. ŪŮɟɛɘəɧɠ əɨəɚɞɠ əŬŰŮɟɔŬůɑŬɠ ɞŭɞɜŰɘŬŰɟɘəɩɜ ŮɛűɡŰŮɡɛɎŰɤɜ Ŭˊɧ əɟɎɛŬ 

CoCr. (15) ............................................................................................................................ 23 

ȺɘəɧɜŬ 12. ȺˊɘűɎɜŮɘŬ ŬɜŰɘəŮɘɛɏɜɞɡ əŬŰŬůəŮɡŬůɛɏɜɞɡ ɛŮ Űɖɜ ɛɏɗɞŭɞ SLM ˊɟɘɜ Űɞ 

űɘɜɑɟɘůɛŬ Űɖɠ ŮˊɘűɎɜŮɘŬɠ. .................................................................................................... 27 

ȺɘəɧɜŬ 13. ɀɖɢɎɜɖɛŬ SLM MYSINT100 Űɖɠ ŮŰŬɘɟɑŬɠ SISMA. ...................................... 28 



vii  

 

ȺɘəɧɜŬ 14. ȹŮɑɔɛŬŰŬ CoCr əŬŰŬůəŮɡŬůɛɏɜŬ ɛŮ ɛɏɗɞŭɞ SLM. ......................................... 29 

ȺɘəɧɜŬ 15. ɀɘəɟɞŰɧɛɞɠ Struers Accutom-2 əŬɘ ŭɘŬŭɘəŬůɑŬ əɞˊɐɠ ŭŮɘɔɛɎŰɤɜ .................. 30 

ȺɘəɧɜŬ 16. ūɞɨɟɜɞɠ ɗŮɟɛɘəɩɜ əŬŰŮɟɔŬůɘɩɜ...................................................................... 34 

ȺɘəɧɜŬ 17. ɄɡɟɤɛɏɜŬ ŭɞəɑɛɘŬ ɛŮŰɎ Űɖɜ ˊɟɞůɞɛɞɑɤůɖ ŮˊɘəɎɚɡɣɖɠ ˊɞɟůŮɚɎɜɖɠ. ............ 34 

ȺɘəɧɜŬ 18. ɀɖɢɎɜɖɛŬ ɚŮɑŬɜůɖɠ ï ůŰɑɚɓɤůɖɠ əŬɘ ŭɞəɑɛɘŬ ɛŮŰɎ Űɖɜ ŭɘŬŭɘəŬůɑŬ ɚŮɑŬɜůɖɠ 

əŬɘ ůŰɑɚɓɤůɖɠ. ..................................................................................................................... 36 

ȺɘəɧɜŬ 19. ȹɘŬŭɘəŬůɑŬ ɖɚŮəŰɟɞɢɖɛɘəɐɠ ˊɟɞůɓɞɚɐɠ. ......................................................... 37 

ȺɘəɧɜŬ 20. ȷɜŬˊŬɟɎůŰŬůɖ ŮɜŰɡˊɩɛŬŰɞɠ ůəɚɖɟɞɛɏŰɟɖůɖɠ əŬŰɎ Vickers. (21) ............... 38 

ȺɘəɧɜŬ 21. ɆɢɖɛŬŰɘəɧ ŭɘɎɔɟŬɛɛŬ ɓŬůɘəɩɜ ŰɛɖɛɎŰɤɜ ɛɘəɟɞůəɞˊɑɞɡ SEM. (23). ............ 40 

ȺɘəɧɜŬ 22. ȳɟɔŬɜɞ XRD Űɨˊɞɡ Brucker D8 Focus. .......................................................... 42 

ȺɘəɧɜŬ 23. ȷɜɎəɚŬůɖ ŬəŰɑɜɤɜ ɉ Ŭˊɧ ˊŬɟɎɚɚɖɚŬ ŮˊɑˊŮŭŬ. .............................................. 43 

ȺɘəɧɜŬ 24. AɜɎəɚŬůɖ ŬəŰɑɜɤɜ ɉ. ...................................................................................... 44 

ȺɘəɧɜŬ 25. ɀɘəɟɞɔɟŬűɑŮɠ Ŭˊɧ ɞˊŰɘəɧ ɛɘəɟɞůəɧˊɘɞ ŭŮɑɔɛŬŰɞɠ G1. ................................... 50 

ȺɘəɧɜŬ 26. ɀɘəɟɞɔɟŬűɑŮɠ Ŭˊɧ ɞˊŰɘəɧ ɛɘəɟɞůəɧˊɘɞ ŭŮɑɔɛŬŰɞɠ G1 750. ............................ 51 

ȺɘəɧɜŬ 27. ɀɘəɟɞɔɟŬűɑŮɠ Ŭˊɧ ɞˊŰɘəɧ ɛɘəɟɞůəɧˊɘɞ ŭŮɑɔɛŬŰɞɠ G1 950. ............................ 51 

ȺɘəɧɜŬ 28. ɀɘəɟɞɔɟŬűɑŮɠ Ŭˊɧ ɞˊŰɘəɧ ɛɘəɟɞůəɧˊɘɞ ŭŮɑɔɛŬŰɞɠ G1 750 PF. ...................... 52 

ȺɘəɧɜŬ 29. ɀɘəɟɞɔɟŬűɑŮɠ Ŭˊɧ ɞˊŰɘəɧ ɛɘəɟɞůəɧˊɘɞ ŭŮɑɔɛŬŰɞɠ G1 950 PF. ...................... 52 

ȺɘəɧɜŬ 30. ɀɘəɟɞɔɟŬűɑŮɠ Ŭˊɧ ɞˊŰɘəɧ ɛɘəɟɞůəɧˊɘɞ ŭŮɑɔɛŬŰɞɠ G2. ................................... 53 

ȺɘəɧɜŬ 31. ɀɘəɟɞɔɟŬűɑŮɠ Ŭˊɧ ɞˊŰɘəɧ ɛɘəɟɞůəɧˊɘɞ ŭŮɑɔɛŬŰɞɠ G2 750. ............................ 53 

ȺɘəɧɜŬ 32. ɀɘəɟɞɔɟŬűɑŮɠ Ŭˊɧ ɞˊŰɘəɧ ɛɘəɟɞůəɧˊɘɞ ŭŮɑɔɛŬŰɞɠ G2 950. ............................ 54 

ȺɘəɧɜŬ 33. ɀɘəɟɞɔɟŬűɑŮɠ Ŭˊɧ ɞˊŰɘəɧ ɛɘəɟɞůəɧˊɘɞ ŭŮɑɔɛŬŰɞɠ G2 750 PF. ...................... 54 

ȺɘəɧɜŬ 34. ɀɘəɟɞɔɟŬűɑŮɠ Ŭˊɧ ɞˊŰɘəɧ ɛɘəɟɞůəɧˊɘɞ ŭŮɑɔɛŬŰɞɠ G2 950 PF. ...................... 55 

ȺɘəɧɜŬ 35. ɀɘəɟɞɔɟŬűɑŬ BES-SEM əŬɘ ůŰɞɘɢŮɘŬəɐ ŬɜɎɚɡůɖ EDS ŭŮɑɔɛŬŰɞɠ G1. .......... 56 

ȺɘəɧɜŬ 36. ɀɘəɟɞɔɟŬűɑŬ BES-SEM (x1500) ŭŮɑɔɛŬŰɞɠ G1. ............................................. 56 

ȺɘəɧɜŬ 37. ɀɘəɟɞɔɟŬűɑŬ BES-SEM x2000 əŬɘ ůŰɞɘɢŮɘŬəɐ ŬɜɎɚɡůɖ EDS ŭŮɑɔɛŬŰɞɠ G1, 

ɧˊɞɡ űŬɑɜŮŰŬɘ ɖ űɎůɖ Ů. ...................................................................................................... 57 



viii  

 

ȺɘəɧɜŬ 38. ɀɘəɟɞɔɟŬűɑŬ BES-SEM x1500 ŭŮɑɔɛŬŰɞɠ G1, ɧˊɞɡ űŬɑɜŮŰŬɘ ɖ ŮɜŭɞɛŮŰŬɚɚɘəɐ 

űɎůɖ Co3(W, Mo)................................................................................................................ 57 

ȺɘəɧɜŬ 39. ɀɘəɟɞɔɟŬűɑŬ BES-SEM x2500 əŬɘ ůŰɞɘɢŮɘŬəɐ ŬɜɎɚɡůɖ EDS ŭŮɑɔɛŬŰɞɠ G1, 

ɧˊɞɡ űŬɑɜŮŰŬɘ ɖ ŮɜŭɞɛŮŰŬɚɚɘəɐ űɎůɖ Co3(W, Mo). ........................................................... 58 

ȺɘəɧɜŬ 40. ɀɘəɟɞɔɟŬűɑŬ BES-SEM x800 ŭŮɑɔɛŬŰɞɠ G1 750. .......................................... 58 

ȺɘəɧɜŬ 41. ɀɘəɟɞɔɟŬűɑŬ BES-SEM x1700 ŭŮɑɔɛŬŰɞɠ G1 750 ɛŮ ůŰɞɘɢŮɘŬəɏɠ ŬɜŬɚɨůŮɘɠ 

EDS. ..................................................................................................................................... 59 

ȺɘəɧɜŬ 42. ɀɘəɟɞɔɟŬűɑŬ BES-SEM ŭŮɑɔɛŬŰɞɠ G1 750 ɛŮ ůŰɞɘɢŮɘŬəɐ ŬɜŬɚɨůɖ EDS 

əŬɟɓɘŭɑɞɡ. ............................................................................................................................ 59 

ȺɘəɧɜŬ 43. ɀɘəɟɞɔɟŬűɑŬ BES-SEM x1000 ŭŮɑɔɛŬŰɞɠ G1 750 PF əŬɘ ůŰɞɘɢŮɘŬəɐ ŬɜɎɚɡůɖ 

EDS. ..................................................................................................................................... 60 

ȺɘəɧɜŬ 44. ɀɘəɟɞɔɟŬűɑŬ BES-SEM x2300 ŭŮɑɔɛŬŰɞɠ G1 750 PF. ................................... 61 

ȺɘəɧɜŬ 45. ɀɘəɟɞɔɟŬűɑŬ BES-SEM ŭŮɑɔɛŬŰɞɠ G1 950 ɛŮ ůŰɞɘɢŮɘŬəɐ ŬɜɎɚɡůɖ EDS. .... 61 

ȺɘəɧɜŬ 46. ɀɘəɟɞɔɟŬűɑŬ BES-SEM x1200 ŭŮɑɔɛŬŰɞɠ G1 950. ........................................ 62 

ȺɘəɧɜŬ 47. ɀɘəɟɞɔɟŬűɑŬ BES-SEM x1700 ŭŮɑɔɛŬŰɞɠ G1 950. ........................................ 63 

ȺɘəɧɜŬ 48. ɆŰɞɘɢŮɘŬəɐ ŬɜɎɚɡůɖ EDS ɚŮɡəɞɨ əŬŰŬəɟɖɛɜɑůɛŬŰɞɠ ůŰɞ ŭŮɑɔɛŬ G1 950. .... 63 

ȺɘəɧɜŬ 49. ɀɘəɟɞɔɟŬűɑŬ BES-SEM x650 ŭŮɑɔɛŬŰɞɠ G1 950 PF ɛŮ ůŰɞɘɢŮɘŬəɐ ŬɜɎɚɡůɖ 

EDS. ..................................................................................................................................... 64 

ȺɘəɧɜŬ 50. ɀɘəɟɞɔɟŬűɑŬ BES-SEM x650 ŭŮɑɔɛŬŰɞɠ G1 950 PF, ɧˊɞɡ űŬɑɜɞɜŰŬɘ əŮɜɎ əŬɘ 

ɟɐɔɛŬŰŬ. .............................................................................................................................. 65 

ȺɘəɧɜŬ 51. ɀɘəɟɞɔɟŬűɑŬ BES-SEM x2700 ŭŮɑɔɛŬŰɞɠ G1 950 PF, ɧˊɞɡ űŬɑɜŮŰŬɘ ɖ Ů űɎůɖ.

 ............................................................................................................................................. 65 

ȺɘəɧɜŬ 52. ɀɘəɟɞɔɟŬűɑŬ BES-SEM x1800 ŭŮɑɔɛŬŰɞɠ G1 950 PF, ɧˊɞɡ űŬɑɜŮŰŬɘ ɖ 

ŮɜŭɞɛŮŰŬɚɚɘəɐ űɎůɖ Co3(W, Mo). ...................................................................................... 66 

ȺɘəɧɜŬ 53. ɀɘəɟɞɔɟŬűɑŬ BES-SEM x2300 ŭŮɑɔɛŬŰɞɠ G1 950 PF əŬɘ ůŰɞɘɢŮɘŬəɐ ŬɜɎɚɡůɖ 

EDS ɚŮɡəɞɨ əŬŰŬəɟɖɛɜɑůɛŬŰɞɠ  Co3(Mo,W)2Si. ............................................................... 66 

ȺɘəɧɜŬ 54. ɀɘəɟɞɔɟŬűɑŬ BES-SEM x2500 ŭŮɑɔɛŬŰɞɠ G1 950 PF əŬɘ ůŰɞɘɢŮɘŬəɐ ŬɜɎɚɡůɖ 

EDS əŬɟɓɘŭɑɞɡ. ................................................................................................................... 67 



ix 

 

ȺɘəɧɜŬ 55. ɀɘəɟɞɔɟŬűɑŬ BES-SEM x900 ŭŮɑɔɛŬŰɞɠ G2 ɛŮ ŬɜŬɚɨůŮɘɠ EDS ɔ əŬɘ Ů űɎůɖɠ.

 ............................................................................................................................................. 68 

ȺɘəɧɜŬ 56. ɀɘəɟɞɔɟŬűɑŬ BES-SEM x2000 ŭŮɑɔɛŬŰɞɠ G2, ɧˊɞɡ űŬɑɜɞɜŰŬɘ əŮɜɎ ůŰɖɜ ɗɏůɖ 

əŬɟɓɘŭɑɤɜ əŬɘ Ů űɎůɖ. ......................................................................................................... 68 

ȺɘəɧɜŬ 57. ɀɘəɟɞɔɟŬűɑŬ BES-SEM x1200 ŭŮɑɔɛŬŰɞɠ G2 ɛŮ ŬɜɎɚɡůɖ EDS. ................... 69 

ȺɘəɧɜŬ 58. ɀɘəɟɞɔɟŬűɑŬ BES-SEM x1800 ŭŮɑɔɛŬŰɞɠ G2 750 PF ɛŮ ŬɜɎɚɡůɖ EDS. ...... 70 

ȺɘəɧɜŬ 59. ɀɘəɟɞɔɟŬűɑŬ BES-SEM ɛŮ ůŰɞɘɢŮɘŬəɐ ŬɜɎɚɡůɖ EDS ŭŮɑɔɛŬŰɞɠ G2 950. .... 71 

ȺɘəɧɜŬ 60. ɀɘəɟɞɔɟŬűɑŬ BES-SEM x1500 ŭŮɑɔɛŬŰɞɠ G2 950, ɧˊɞɡ űŬɑɜɞɜŰŬɘ ɞɘ ɔ əŬɘ Ů 

űɎůŮɘɠ əŬɘ əŬɟɓɑŭɘŬ ůŰŬ ɧɟɘŬ Űɤɜ əɧəəɤɜ. ........................................................................ 71 

ȺɘəɧɜŬ 61. ɀɘəɟɞɔɟŬűɑŬ BES-SEM x1900 ŭŮɑɔɛŬŰɞɠ G2 950, ɧˊɞɡ űŬɑɜŮŰŬɘ ɖ 

ŮɜŭɞɛŮŰŬɚɚɘəɐ     Co3(W, Mo) űɎůɖ. .................................................................................. 72 

ȺɘəɧɜŬ 62. ɀɘəɟɞɔɟŬűɑŬ BES-SEM ɛŮ ůŰɞɘɢŮɘŬəɐ ŬɜɎɚɡůɖ EDS əŬɟɓɘŭɑɞɡ ůŰɞ ŭŮɑɔɛŬ 

G2 950. ................................................................................................................................ 72 

ȺɘəɧɜŬ 63. ɀɘəɟɞɔɟŬűɑŬ BES-SEM ŭŮɑɔɛŬŰɞɠ G2 950 PF ɛŮ ůŰɞɘɢŮɘŬəɐ ŬɜɎɚɡůɖ EDS 

Űɤɜ ɔ əŬɘ Ů űɎůŮɤɜ. ............................................................................................................. 73 

ȺɘəɧɜŬ 64. ɀɘəɟɞɔɟŬűɑŬ BES-SEM ŭŮɑɔɛŬŰɞɠ G2 950 PF ɛŮ ůŰɞɘɢŮɘŬəɐ ŬɜɎɚɡůɖ EDS 

ɚŮɡəɩɜ ŮɜŭɞɛŮŰŬɚɚɘəɩɜ əŬŰŬəɟɖɛɜɘůɛɎŰɤɜ Űɨˊɞɡ Co3(Mo,W)2Si. ................................. 74 



x 

 

ȾȷɇȷȿɃũɃɆ ɄȽɁȷȾɋɁ 

ɄɑɜŬəŬɠ 1. ɆŰɞɘɢŮɑŬ əɧɜŮɤɠ Co-Cr Mediloy S-Co. ............................................................ 12 

ɄɑɜŬəŬɠ 2. ɇŮɢɜɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ ɛɖɢŬɜɐɛŬŰɞɠ SLM MYSINT100. ........................... 29 

ɄɑɜŬəŬɠ 3. ɄŬɟɎɛŮŰɟɞɘ əŬŰŬůəŮɡɐɠ ŭŮɘɔɛɎŰɤɜ ɛɏůɤ ɛŮɗɧŭɞɡ SLM. .............................. 30 

ɄɑɜŬəŬɠ 4. ɄŬɟɎɛŮŰɟɞɘ ŬˊɞŰŬŰɘəɐɠ ŬɜɧˊŰɖůɖɠ. ............................................................... 32 

ɄɑɜŬəŬɠ 5. ɄŬɟɎɛŮŰɟɞɘ ˊɟɞůɞɛɞɑɤůɖɠ ŮˊɘəɎɚɡɣɖɠ ˊɞɟůŮɚɎɜɖɠ. .................................... 32 

ɄɑɜŬəŬɠ 6. ŪŮɟɛɘəɏɠ əŬŰŮɟɔŬůɑŮɠ əŬɘ ɞɛɎŭŬ ŭŮɑɔɛŬŰɞɠ əɎɗŮ ŮɔəɘɓɤŰɘůɛɏɜɞɡ ŭŮɑɔɛŬŰɞɠ.

 ............................................................................................................................................. 35 

ɄɑɜŬəŬɠ 7. ȷˊɞŰŮɚɏůɛŬŰŬ ůəɚɖɟɞɛŮŰɟɐůŮɤɜ ɛŮ Űɖ ɛɏɗɞŭɞ Vickers. .............................. 45 

 

ȾȷɇȷȿɃũɃɆ ȹȽȷũɅȷɀɀȷɇɋɁ 

ȹɘɎɔɟŬɛɛŬ 1. ȷˊŮɘəɧɜɘůɖ ɗŮɟɛɘəɩɜ əŬŰŮɟɔŬůɘɩɜ ŬˊɞŰŬŰɘəɐɠ ŬɜɧˊŰɖůɖɠ ůŰɞɡɠ 750 oC 

əŬɘ 950 oC. ........................................................................................................................... 32 

ȹɘɎɔɟŬɛɛŬ 2. ȷˊŮɘəɧɜɘůɖ ɗŮɟɛɘəɐɠ əŬŰŮɟɔŬůɑŬɠ ˊɟɞůɞɛɞɑɤůɖɠ ŮˊɘəɎɚɡɣɖɠ ˊɞɟůŮɚɎɜɖɠ.

 ............................................................................................................................................. 33 

ȹɘɎɔɟŬɛɛŬ 3. Ʌɡɗɛɧɠ ɣɨɝɖɠ űɞɨɟɜɞɡ ůŰɞɜ ɞˊɞɑɞɜ ɏɔɘɜŬɜ ɞɘ ɗŮɟɛɘəɏɠ əŬŰŮɟɔŬůɑŮɠ. ....... 33 

ȹɘɎɔɟŬɛɛŬ 4. ȷˊɞŰŮɚɏůɛŬŰŬ ůəɚɖɟɞɛɏŰɟɖůɖɠ ŭŮɘɔɛɎŰɤɜ ɞɛɎŭŬɠ 1 ............................... 47 

ȹɘɎɔɟŬɛɛŬ 5. ȷˊɞŰŮɚɏůɛŬŰŬ ůəɚɖɟɞɛɏŰɟɖůɖɠ ŭŮɘɔɛɎŰɤɜ ɞɛɎŭŬɠ 2. .............................. 47 

ȹɘɎɔɟŬɛɛŬ 6. Ɇɨɔəɟɘůɖ ŬˊɞŰŮɚŮůɛɎŰɤɜ ůəɚɖɟɞɛŮŰɟɐůŮɤɜ ɛŮŰŬɝɨ ŭŮɘɔɛɎŰɤɜ əŬɘ Űɤɜ 

ŭɨɞ ɞɛɎŭɤɜ. ......................................................................................................................... 48 

 ȹɘɎɔɟŬɛɛŬ 7. ȷˊɞŰŮɚɏůɛŬŰŬ ŬɜɎɚɡůɖɠ XRD ɔɘŬ ŰŬ ŭŮɑɔɛŬŰŬ Űɖɠ ɞɛɎŭŬɠ 1. ................. 49 

 ȹɘɎɔɟŬɛɛŬ 8. ȷˊɞŰŮɚɏůɛŬŰŬ ŬɜɎɚɡůɖɠ XRD ɔɘŬ ŰŬ ŭŮɑɔɛŬŰŬ Űɖɠ ɞɛɎŭŬɠ 2. ................. 49 



ɄȷɅȷũɋũȼ ȾɅȷɀȷɇɋɁ ȾɃȸȷȿɇȽɃɈ-ɉɅɋɀȽɃɈ ɀȺɆɋ ɇɅȽɆȹȽȷɆɇȷɇȼɆ ȺȾɇɈɄɋɆȼɆ ũȽȷ ɃȹɃɁɇȽȷɇɅȽȾȺɆ ȺūȷɅɀɃũȺɆ 

 

 

 

 1 

1. ȺȽɆȷũɋũȼ 

ɆŰɖɜ ˊŬɟɞɨůŬ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ ŮɝŮŰɎɕŮŰŬɘ ɖ ɛɘəɟɞŭɞɛɐ əŬɘ ɞɘ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ 

əɟɎɛŬŰɞɠ əɞɓŬɚŰɑɞɡ ï ɢɟɤɛɑɞɡ ˊɞɡ ɏɢŮɘ əŬŰŬůəŮɡŬůŰŮɑ ɛŮ Űɖ ɛɏɗɞŭɞ Űɖɠ ŰɟɘůŭɘɎůŰŬŰɖɠ 

ŮəŰɨˊɤůɖɠ əŬɘ ˊɟɞɞɟɑɕŮŰŬɘ ɔɘŬ ɞŭɞɜŰɘŬŰɟɘəɏɠ ŮűŬɟɛɞɔɏɠ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ɛŮɚŮŰɎŰŬɘ ɖ 

ŮˊɑˊŰɤůɖ ŭɘŬűɞɟŮŰɘəɩɜ ɗŮɟɛɘəɩɜ əŬŰŮɟɔŬůɘɩɜ əŬɘ ˊŬɟŬɛɏŰɟɤɜ ŰɟɘůŭɘɎůŰŬŰɖɠ 

ŮəŰɨˊɤůɖɠ ůŰɖ ůəɚɖɟɧŰɖŰŬ əŬɘ Űɖ ɛɘəɟɞŭɞɛɐ Űɞɡ ɡɚɘəɞɨ. ȼ ŮɟɔŬůɑŬ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŭɨɞ 

ɛɏɟɖĀ Űɞ ɗŮɤɟɖŰɘəɧ ɛɏɟɞɠ, ɧˊɞɡ ˊŮɟɘɚŬɛɓɎɜɞɜŰŬɘ ŰŬ əŮűɎɚŬɘŬ 2-3 əŬɘ ŬűɞɟɎ Űɖɜ 

ɡűɘůŰŬɛɏɜɖ ɔɜɩůɖ ˊɎɜɤ ůŰɞ ŬɜŰɘəŮɑɛŮɜɞ ˊɞɡ ˊɟɞɏəɡɣŮ ɛɏůɤ ɓɘɓɚɘɞɔɟŬűɘəɐɠ 

ŬɜŬůəɧˊɖůɖɠ əŬɘ Űɞ ˊŮɘɟŬɛŬŰɘəɧ ɛɏɟɞɠ, Űɞ ɞˊɞɑɞ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŰŬ əŮűɎɚŬɘŬ 4-6 ůŰŬ 

ɞˊɞɑŬ ˊŮɟɘɔɟɎűɞɜŰŬɘ ŰŬ ˊŮɘɟɎɛŬŰŬ ˊɞɡ ŭɘŮɝɎɢɗɖəŬɜ əŬɘ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ əŬɘ ŬɜŬɚɨɞɜŰŬɘ 

ŰŬ ŬˊɞŰŮɚɏůɛŬŰɎ Űɞɡɠ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ ɔɘŬ əɎɗŮ əŮűɎɚŬɘɞ: 

ɇɞ əŮűɎɚŬɘɞ 2 ˊŮɟɘɚŬɛɓɎɜŮɘ ůŰɞɘɢŮɑŬ ɔɘŬ ŰŬ əɟɎɛŬŰŬ Co-Cr. ũɑɜŮŰŬɘ ˊɚɐɟɖɠ ŬɜɎɚɡůɖ Űɖɠ 

ɛɘəɟɞŭɞɛɐɠ Űɞɡɠ əŬɘ Űɤɜ ɛŮŰŬůɢɖɛŬŰɘůɛɩɜ ˊɞɡ ɡűɑůŰŬɜŰŬɘ. ũɑɜŮŰŬɘ əŬŰɖɔɞɟɘɞˊɞɑɖůɖ Űɤɜ 

ŭɘŬűɞɟŮŰɘəɩɜ əɟŬɛɎŰɤɜ Co-Cr ɛŮ ɓɎůɖ Űɘɠ ŭɘŬűɞɟŮŰɘəɏɠ Űɞɡɠ əɟŬɛŬŰɘəɏɠ ˊɟɞůɗɐəŮɠ əŬɘ 

ŬɜŬűɏɟɞɜŰŬɘ ɞɘ ɘŭɘɧŰɖŰŮɠ əŬɘ ŮűŬɟɛɞɔɏɠ Űɞɡ əŬɗŮɜɧɠ. 

ɇɞ əŮűɎɚŬɘɞ 3 ˊɟŬɔɛŬŰŮɨŮŰŬɘ Űɘɠ ŮűŬɟɛɞɔɏɠ Űɖɠ ŰɟɘůŭɘɎůŰŬŰɖɠ ŮəŰɨˊɤůɖɠ ůŰɖɜ 

ɞŭɞɜŰɘŬŰɟɘəɐ. ȷɟɢɘəɎ, ɔɑɜŮŰŬɘ ɛɘŬ ŬɜŬůəɧˊɖůɖ Űɤɜ ɡˊŬɟɢɞɡůɩɜ ɛŮɗɧŭɤɜ əŬŰŬůəŮɡɐɠ 

ɘŬŰɟɘəɩɜ ŮɛűɡŰŮɡɛɎŰɤɜ əŬɘ ŭɑɜŮŰŬɘ ɏɛűŬůɖ ůŰɖɜ ɛɏɗɞŭɞ Űɖɠ ŰɟɘůŭɘɎůŰŬŰɖɠ ŮəŰɨˊɤůɖɠ 

ŬɜŬɚɨɞɜŰŬɠ Űɖɜ ɛɏɗɞŭɞ, ŰŬ ůŰɎŭɘŬ əŬɘ Űɘɠ ˊŬɟŬɛɏŰɟɞɡɠ Űɖɠ ŭɘŮɟɔŬůɑŬɠ.  

ɆŰɞ əŮűɎɚŬɘɞ 4 ˊŮɟɘɔɟɎűŮŰŬɘ ɖ ˊŮɘɟŬɛŬŰɘəɐ ŭɘŬŭɘəŬůɑŬ. ȹɑɜɞɜŰŬɘ ˊɚɖɟɞűɞɟɑŮɠ ɔɘŬ ŰŬ 

ɡɚɘəɎ əŬɘ Űɘɠ ˊŬɟŬɛɏŰɟɞɡɠ əŬŰŬůəŮɡɐɠ Űɤɜ ŭŮɘɔɛɎŰɤɜ, Űɖɜ ŭɘŬŭɘəŬůɑŬ ˊɟɞŮŰɞɘɛŬůɑŬɠ 

Űɞɡɠ əŬɘ ŰŬ ɧɟɔŬɜŬ əŬɘ Űɘɠ ɛŮɗɧŭɞɡɠ ɛŮ Űɘɠ ɞˊɞɑŮɠ ŭɘŮɝɎɢɗɖəŬɜ ɞɘ ˊŮɘɟŬɛŬŰɘəɏɠ ɛŮŰɟɐůŮɘɠ. 

ɆŰɞ əŮűɎɚŬɘɞ 5 ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ůəɚɖɟɞɛŮŰɟɐůŮɤɜ, Űɖɠ ŬɜɎɚɡůɖɠ 

XRD, ɧˊɤɠ Ůˊɑůɖɠ əŬɘ Űɖɠ ɞˊŰɘəɐɠ əŬɘ ɖɚŮəŰɟɞɜɘəɐɠ ɛɘəɟɞůəɞˊɑŬɠ. 

ɇɏɚɞɠ, Űɞ əŮűɎɚŬɘɞ 6 ŬˊɞŰŮɚŮɑ Űɖɜ ŬɜɎɚɡůɖ Űɤɜ ˊŬɟŬˊɎɜɤ ŬˊɞŰŮɚŮůɛɎŰɤɜ əŬɘ ŬɜŬűɏɟŮɘ 

ŰŬ ŮɡɟɐɛŬŰŬ Űɖɠ ŭɘˊɚɤɛŬŰɘəɐɠ ŮɟɔŬůɑŬɠ.         
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2. ȾɅȷɀȷɇȷ ȾɃȸȷȿɇȽɃɈ - ɉɅɋɀȽɃɈ 

2.1. ȽŭɘɧŰɖŰŮɠ əŬɘ ŮűŬɟɛɞɔɏɠ əɟŬɛɎŰɤɜ Co-Cr 

ɇŬ əɟɎɛŬŰŬ əɞɓŬɚŰɑɞɡ ɢɟɤɛɑɞɡ (Co-Cr) ɏɢɞɡɜ əŬŰɞɢɡɟɤɗŮɑ ɤɠ ŬˊŬɟŬɑŰɖŰŬ ɓɘɞɦɚɘəɎ ůŮ 

ˊɚɖɗɩɟŬ ɘŬŰɟɘəɩɜ ŮűŬɟɛɞɔɩɜ. ɉɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ŮəŰŮɜɩɠ ůŮ ɞɟɗɞˊŮŭɘəɏɠ, 

əŬɟŭɘŬɔɔŮɘŬəɏɠ əŬɘ ɞŭɞɜŰɘŬŰɟɘəɏɠ ŮűŬɟɛɞɔɏɠ ɢɎɟɖ ůŰɘɠ ŮɝŬɘɟŮŰɘəɏɠ ɛɖɢŬɜɘəɏɠ Űɞɡɠ 

ɘŭɘɧŰɖŰŮɠ, Űɖɜ ɡɣɖɚɐ ŬɜŰɞɢɐ Űɞɡɠ ůŰɖ ŭɘɎɓɟɤůɖ əŬɘ Űɖɜ űɗɞɟɎ, Űɖɜ ˊɞɚɨ əŬɚɐ 

ɓɘɞůɡɛɓŬŰɧŰɖŰɎ Űɞɡɠ əŬɘ Űɞ ůɢŮŰɘəɎ ɢŬɛɖɚɧ Űɞɡɠ əɧůŰɞɠ. ɀɎɚɘůŰŬ, ɖ ŬɜŰɞɢɐ Űɞɡɠ ůŰɖ 

űɗɞɟɎ ŮɑɜŬɘ ŬɜɩŰŮɟɖ ůɡɔəɟɘŰɘəɎ ɛŮ ɎɚɚŬ ɛŮŰŬɚɚɘəɎ ɓɘɞɦɚɘəɎ ɧˊɤɠ ŮɑɜŬɘ ɞɟɘůɛɏɜŬ 

əɟɎɛŬŰŬ ŬɜɞɝŮɑŭɤŰɞɡ ɢɎɚɡɓŬ əŬɘ ŰɘŰŬɜɑɞɡ (1,2). 

2.2. ɀɘəɟɞŭɞɛɐ əɟŬɛɎŰɤɜ Co-Cr 

ɇɞ əŬɗŬɟɧ Co ɡűɑůŰŬŰŬɘ ɏɜŬɜ ŬɚɚɞŰɟɞˊɘəɧ ɛŮŰŬůɢɖɛŬŰɘůɛɧ ůŰɞɡɠ 690 Ⱦ (417oC), ɧˊɞɡ 

ɛŮŰŬůɢɖɛŬŰɑɕŮŰŬɘ Ŭˊɧ Űɖɜ ɡɣɖɚɐɠ ɗŮɟɛɞəɟŬůɑŬɠ ɔ űɎůɖ ˊɞɡ əɟɡůŰŬɚɚɩɜŮŰŬɘ ůŰɞ 

ŮŭɟɞəŮɜŰɟɞɛɏɜɞ əɡɓɘəɧ ůɨůŰɖɛŬ (fcc), ůŰɖɜ ɢŬɛɖɚɐɠ ɗŮɟɛɞəɟŬůɑŬɠ űɎůɖ Ů ˊɞɡ 

əɟɡůŰŬɚɚɩɜŮŰŬɘ ůŰɞ ŮɝŬɔɤɜɘəɧ ɡɣɖɚɐɠ ˊɡəɜɧŰɖŰŬɠ (hcp). Ƀ ɛŮŰŬůɢɖɛŬŰɘůɛɧɠ ŬɡŰɧɠ 

əŬŰɖɔɞɟɘɞˊɞɘŮɑŰŬɘ ɤɠ ɛŬɟŰŮɜůɘŰɘəɧɠ. ȼ ɗŮɟɛɞəɟŬůɑŬ Űɞɡ ɛŮŰŬůɢɖɛŬŰɘůɛɞɨ ɛˊɞɟŮɑ ɜŬ 

ɛŮŰŬɓɚɖɗŮɑ ɛŮ Űɖɜ ˊɟɞůɗɐəɖ əŬŰɎɚɚɖɚɤɜ əɟŬɛŬŰɘəɩɜ ůŰɞɘɢŮɑɤɜ. ɇŬ ɓɘɞɥŬŰɟɘəɎ əɟɎɛŬŰŬ 

Co-Cr ˊŮɟɘɏɢɞɡɜ ˊŮɟɘůůɧŰŮɟɞ Ŭˊɧ 20 % ə. ɓ. Cr, Űɞ ɞˊɞɑɞ ɓŮɚŰɘɩɜŮɘ Űɖɜ ŬɜŰɞɢɐ ůŰɖ 

ŭɘɎɓɟɤůɖ ůɢɖɛŬŰɑɕɞɜŰŬɠ ɏɜŬ ŬŭɟŬɜɏɠ ůŰɟɩɛŬ ˊɎɢɞɡɠ 1-4nm, ˊɞɡ ŬˊɞŰŮɚŮɑŰŬɘ əɡɟɑɤɠ Ŭˊɧ 

ɞɝŮɑŭɘɞ Űɞɡ Cr. ȷˊɧ Űɞ ŭɘűŬůɘəɧ ŭɘɎɔɟŬɛɛŬ Co-Cr ˊɞɡ űŬɑɜŮŰŬɘ ůŰɖɜ ŮɘəɧɜŬ 1, 

ˊŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ ɖ ˊɟɞůɗɐəɖ Cr ŬɡɝɎɜŮɘ Űɖɜ ɗŮɟɛɞəɟŬůɑŬ Űɞɡ ɛŮŰŬůɢɖɛŬŰɘůɛɞɨ. Ƀɘ 

ɗŮɟɛɞəɟŬůɑŮɠ ɛŮŰŬůɢɖɛŬŰɘůɛɞɨ ɔɘŬ ŰŬ əɟɎɛŬŰŬ ˊɞɡ ˊŮɟɘɏɢɞɡɜ 20 % ə.ɓ. Cr əŬɘ 30 % ə.ɓ. 

Cr ŮɑɜŬɘ ˊŮɟɑˊɞɡ 1100 əŬɘ 1200 Ⱦ ŬɜŰɑůŰɞɘɢŬ (1,29). Ⱥˊɞɛɏɜɤɠ, ůɨɛűɤɜŬ ɛŮ Űɞ ŭɘűŬůɘəɧ 

ŭɘɎɔɟŬɛɛŬ ɘůɞɟɟɞˊɑŬɠ űɎůŮɤɜ, ůŮ əɟɎɛŬŰŬ ɛŮ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ɢɟɤɛɑɞɡ 26-30 % ə.ɓ. , ůŮ 

ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ ɗŬ ŬɜŬɛɏɜŮŰŬɘ ɜŬ ŮɑɜŬɘ ɗŮɟɛɞŭɡɜŬɛɘəɎ ůŰŬɗŮɟɐ ɖ űɎůɖ Ů-hcp, Ůɜɩ 

ůŮ ɡɣɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ (ɡɣɖɚɧŰŮɟŮɠ Ŭˊɧ 800oC) ɖ űɎůɖ ɔ-fcc ŬɜŰɑůŰɞɘɢŬ. ȳɛɤɠ, ɞ 

ɛŮŰŬůɢɖɛŬŰɘůɛɧɠ Ŭˊɧ Űɖɜ ɔ ůŰɖɜ Ů űɎůɖ ŮɑɜŬɘ ˊɞɚɨ Ŭɟɔɧɠ ɡˊɧ əŬɜɞɜɘəɏɠ ůɡɜɗɐəŮɠ ɣɨɝɖɠ 

əŬɘ ˊŮɟɘɞɟɑɕŮŰŬɘ ɏɜŰɞɜŬ Ŭˊɧ Űɖɜ ɏɚɚŮɘɣɖ űŬɘɜɞɛɏɜɤɜ ˊɡɟɐɜɤůɖɠ. ɋɠ ŬˊɞŰɏɚŮůɛŬ, 

ˊŬɟŬŰɖɟŮɑŰŬɘ ɖ ɨˊŬɟɝɖ ɛŮŰŬůŰŬɗɞɨɠ ɡˊɞɚŮɘˊɧɛŮɜɖɠ ɔ-fcc űɎůɖ ůŰŬ ˊŮɟɘůůɧŰŮɟŬ əɟɎɛŬŰŬ 

Co-Cr ŰŬ ɞˊɞɑŬ ɏɢɞɡɜ ɣɡɢɗŮɑ ɛŮ ůɡɛɓŬŰɘəɏɠ ɛŮɗɧŭɞɡɠ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ (28).    
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ȺɘəɧɜŬ 1. ȹɘűŬůɘəɧ ŭɘɎɔɟŬɛɛŬ ɘůɞɟɟɞˊɑŬɠ Co-Cr. (1) 

ɆŰŬ əɟɎɛŬŰŬ Co, ɞ ɛŬɟŰŮɜůɘŰɘəɧɠ ɛŮŰŬůɢɖɛŬŰɘůɛɧɠ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛŮ ɘůɞɗŮɟɛɘəɞɨɠ 

(isothermal) ɛɖɢŬɜɘůɛɞɨɠ ɛŮ ɔɐɟŬɜůɖ ůŮ ɗŮɟɛɞəɟŬůɑŮɠ 650-950oC , ŬɗŮɟɛɘəɞɨɠ 

(athermal) ɛɖɢŬɜɘůɛɞɨɠ ɛŮ ɓŬűɐ Ŭˊɧ ɗŮɟɛɞəɟŬůɑŬ ůŰŬɗŮɟɧŰɖŰŬɠ Űɖɠ fcc ɔ űɎůɖɠ əŬɘ 

ŭɘŬŰɛɖůɘŬəɞɨɠ ɛɖɢŬɜɘůɛɞɨɠ (strain induced) (17,28,30-37). ɇŬ əɨɟɘŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡ 

ůɡɔəŮəɟɘɛɏɜɞɡ ɛŬɟŰŮɜůɘŰɘəɞɨ ɛŮŰŬůɢɖɛŬŰɘůɛɞɨ ŮɑɜŬɘ ŰŬ ŬəɧɚɞɡɗŬ (28): 

¶ ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ əɟŬɛɎŰɤɜ Co-Cr, ɖ ɔ-Co (fcc) űɎůɖ ɛŮŰŬůɢɖɛŬŰɑɕŮŰŬɘ ɢɤɟɑɠ 

ŭɘɎɢɡůɖ ůŰɖɜ Ů-Co (hcp) űɎůɖ. ȼ ŬɜŬɔəŬɑŬ ůɡɜɗɐəɖ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ ɜŬ 

ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ ɞ ɛŮŰŬůɢɖɛŬŰɘůɛɧɠ űɎůɖɠ ŮɑɜŬɘ ɖ ŮɚŮɨɗŮɟɖ ŮɜɏɟɔŮɘŬ Űɖɠ Ů-Co 

űɎůɖɠ ɜŬ ŮɑɜŬɘ ɢŬɛɖɚɧŰŮɟɖ Ŭˊɧ ŬɡŰɐɜ Űɖɠ ɔ-Co űɎůɖɠ. ȺəŰɧɠ Ŭˊɧ ŬɡŰɧ, ɡˊɎɟɢɞɡɜ 

əŬɘ Ůˊɘˊɚɏɞɜ ŮɜŮɟɔŮɘŬəɎ űɟɎɔɛŬŰŬ Ŭˊɧ Űɖɜ ŮˊɘűŬɜŮɘŬəɐ ŮɜɏɟɔŮɘŬ (surface energy) 

əŬɘ Űɖɜ ŮɜɏɟɔŮɘŬ ŰɎůɖɠ (stress energy) Űɖɠ ˊŬɟŬɛɧɟűɤůɖɠ. Ⱥˊɞɛɏɜɤɠ, ɔɘŬ ɜŬ 

ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ ɞ ɛŬɟŰŮɜůɘŰɘəɧɠ ɛŮŰŬůɢɖɛŬŰɘůɛɧɠ , ɖ ŭɘŬűɞɟɎ ŬɜɎɛŮůŬ ůŰɘɠ 

ŮɚŮɨɗŮɟŮɠ ŮɜɏɟɔŮɘŮɠ Űɤɜ ŭɨɞ űɎůŮɤɜ ˊɟɏˊŮɘ ɜŬ ɡˊŮɟɓŬɑɜŮɘ əŬɘ Űɘɠ ˊŬɟŬˊɎɜɤ 

ŮɜŮɟɔŮɘŬəɏɠ ŬˊŬɘŰɐůŮɘɠ. 
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¶ Ƀɘ ɛŬɟŰŮɜůɘŰɘəɞɑ əɟɨůŰŬɚɚɞɘ ˊŬɟɞɡůɘɎɕɞɡɜ ŬɚɚɖɚɞɡɢɑŬ ŬɜɎˊŰɡɝɖɠ ůŮ ůɡɛűɤɜɑŬ 

ɛŮ Űɖɜ əɟɡůŰŬɚɚɘəɐ ŭɞɛɐ Űɖɠ ɛɖŰɟɘəɐɠ űɎůɖɠ. ũɘŬ ŰŬ əɟɎɛŬŰŬ Co-Cr Űɞ ŮˊɑˊŮŭɞ 

ůɡɜŬɟɛɞɔɐɠ (habit plane) ŬɜŰɘůŰɞɘɢŮɑ ůŰɞ {111}‎īὅέ//{0001}‐īὅέ  

¶ Ƀɘ əɟɡůŰŬɚɚɞɔɟŬűɘəɞɑ ɎɝɞɜŮɠ Űɤɜ əɟɡůŰɎɚɚɤɜ Ů-Co ˊɞɡ ˊŬɟɎɔɞɜŰŬɘ ŮɜŰɧɠ Ůɜɧɠ 

əɟɡůŰɎɚɚɞɡ ɔ-Co, ɏɢɞɡɜ əŬɗɞɟɘůɛɏɜɖ ůɢɏůɖ ɛŮ ŬɡŰɞɨɠ Ůɜɧɠ ɛɖ 

ɛŮŰŬůɢɖɛŬŰɘůɛɏɜɞɡ əɟɨůŰŬɚɚɞɡ ɔ-Co. 

¶ ȳŰŬɜ ůɢɖɛŬŰɑɕɞɜŰŬɘ ɞɘ ɛŬɟŰŮɜůɘŰɘəɞɑ əɟɨůŰŬɚɚɞɘ, ŮɝŬɘŰɑŬɠ Űɖɠ ŬɚɚŬɔɐɠ Űɞɡ ɧɔəɞɡ, 

ŮɝŬɚŮɑűɞɜŰŬɘ ɞɘ ŮˊɘűŬɜŮɘŬəɏɠ ŰɎůŮɘɠ. 

¶ Ƀɘ əɟɨůŰŬɚɚɞɘ Űɖɠ Ů-Co (hcp) űɎůɖɠ ˊŬɟɞɡůɘɎɕɞɡɜ ůɡɔəŮəɟɘɛɏɜɖ ŬɚɚɖɚɞɡɢɑŬ 

ŬɜɎˊŰɡɝɖɠ, ɛŮ ůɡɔəŮəɟɘɛɏɜɖ ůɢɏůɖ ˊɟɞůŬɜŬŰɞɚɘůɛɞɨ ɛŮ Űɖɜ ɔ-Co (fcc) űɎůɖ. 

ȷɡŰɧ ɞŭɖɔŮɑ ůŰɞ ůɡɛˊɏɟŬůɛŬ ˊɤɠ ɞ ɛŮŰŬůɢɖɛŬŰɘůɛɧɠ ŮɑɜŬɘ ŬˊɞŰɏɚŮůɛŬ 

ůɡɜŰɞɜɘůɛɏɜɖɠ ŬɜŬŭɘɞɟɔɎɜɤůɖɠ Űɖɠ ŬŰɞɛɘəɐɠ ŭɞɛɐɠ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɞɡ 

ɛŮŰŬůɢɖɛŬŰɘůɛɞɨ. 

¶ ȼ ŬɚɚŬɔɐ ůɢɐɛŬŰɞɠ ŮɝɘůɞɟɟɞˊŮɑŰŬɘ Ŭˊɧ ɛɖɢŬɜɘůɛɞɨɠ ˊɚŬůŰɘəɐɠ ˊŬɟŬɛɧɟűɤůɖɠ 

ɧˊɤɠ ɞɚɑůɗɖůɖ, ŬůɡɜɏɢŮɘŮɠ əŬɘ ŭɘŭɡɛɑŮɠ.      

     

 

ɆŰɖɜ ŮɘəɧɜŬ 2 ůɡɜɞɣɑɕɞɜŰŬɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ əɎɗŮ əɟŬɛŬŰɘəɐɠ ˊɟɞůɗɐəɖɠ ůŰɖɜ 

ɗŮɟɛɞəɟŬůɑŬ ɛŮŰŬůɢɖɛŬŰɘůɛɞɨ Ŭˊɧ Űɖɜ hcp űɎůɖ Ů ůŰɖɜ fcc űɎůɖ ɔ ůŰŬ əɟɎɛŬŰŬ Co. Ƀ 

ɞɟɘɕɧɜŰɘɞɠ ɎɝɞɜŬɠ ŭŮɑɢɜŮɘ Űɖɜ ŬɚɚŬɔɐ ůŰɖɜ ɗŮɟɛɞəɟŬůɑŬ Űɞɡ ɛŮŰŬůɢɖɛŬŰɘůɛɞɨ Ŭˊɧ ŬɡŰɐ 

Űɞɡ əŬɗŬɟɞɨ Co ŬɜɎ 1 % ŬŰɞɛɘəɐɠ ˊɟɞůɗɐəɖɠ əɟŬɛŬŰɘəɞɨ ůŰɞɘɢŮɑɞɡ, Ůɜɩ ůŰɞɜ əɎɗŮŰɞ 

ɎɝɞɜŬ űŬɑɜŮŰŬɘ ɖ ŭɘŬɚɡŰɧŰɖŰŬ Űɞɡ əɟŬɛŬŰɘəɞɨ ůŰɞɘɢŮɑɞɡ ůŰɞ ŮŭɟɞəŮɜŰɟɞɛɏɜɞ (fcc) Co. 

ȾɟŬɛŬŰɘəɎ ůŰɞɘɢŮɑŬ ɧˊɤɠ ɞ Fe, Űɞ Mn, Űɞ Ni əŬɘ ɞ ɎɜɗɟŬəŬɠ ɛŮɘɩɜɞɡɜ Űɖ ɗŮɟɛɞəɟŬůɑŬ 

Űɞɡ ɛŮŰŬůɢɖɛŬŰɘůɛɞɨ, Ůˊɞɛɏɜɤɠ ŬˊɞəŬɚɞɨɜŰŬɘ ůŰŬɗŮɟɞˊɞɘɖŰɏɠ Űɖɠ ɔ (fcc) űɎůɖɠ. 

ȷɜŰɘɗɏŰɤɠ, Űɞ Mo, Űɞ W əŬɘ Űɞ Si ŮɑɜŬɘ ůŰŬɗŮɟɞˊɞɘɖŰɏɠ Űɖɠ Ů (hcp) űɎůɖɠ əŬɘ ɎɟŬ 

ŬɡɝɎɜɞɡɜ Űɖ ɗŮɟɛɞəɟŬůɑŬ Űɞɡ ɛŮŰŬůɢɖɛŬŰɘůɛɞɨ (1). ȼ ɔ űɎůɖ ŮɡɜɞŮɑ Űɖɜ ˊɚŬůŰɘəɐ 

ˊŬɟŬɛɧɟűɤůɖ, Ůɜɩ ɖ űɎůɖ Ů ŮɡɜɞŮɑ Űɖɜ ŬɜŰɞɢɐ ůŰɖɜ ŭɘɎɓɟɤůɖ əŬɘ Űɖɜ űɗɞɟɎ (3). 

Ⱥˊɞɛɏɜɤɠ, ɞɘ ɘŭɘɧŰɖŰŮɠ Űɤɜ əɟŬɛɎŰɤɜ Co-Cr ŮˊɖɟŮɎɕɞɜŰŬɘ Ŭˊɧ Űɖɜ ŬɜŬɚɞɔɑŬ Űɤɜ űɎůŮɤɜ 

ɔ/Ů (2).     
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ȺɘəɧɜŬ 2. ȷˊɞŰŮɚɏůɛŬŰŬ əɟŬɛŬŰɘəɩɜ ˊɟɞůɗɖəɩɜ ůŰɖɜ ɗŮɟɛɞəɟŬůɑŬ ɛŮŰŬůɢɖɛŬŰɘůɛɞɨ Ŭˊɧ Űɖɜ 

hcp űɎůɖ Ů ůŰɖɜ fcc űɎůɖ ɔ ůŮ ůɡɜɎɟŰɖůɖ Űɖɠ ŭɘŬɚɡŰɧŰɖŰŬɠ ŬɡŰɩɜ Űɤɜ ůŰɞɘɢŮɑɤɜ ůŰɞ fcc Co. (1) 

 

ȰɜŬɠ Ůˊɘˊɚɏɞɜ ˊŬɟɎɔɞɜŰŬɠ ˊɞɡ ŮˊɖɟŮɎɕŮɘ Űɘɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ əɟŬɛɎŰɤɜ Co-Cr, ŮəŰɧɠ Ŭˊɧ 

Űɖɜ ŬɜŬɚɞɔɑŬ űɎůŮɤɜ ɔ/Ů, ŮɑɜŬɘ ŰŬ əŬŰŬəɟɖɛɜɑůɛŬŰŬ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ŰŬ 

əŬŰŬəɟɖɛɜɑůɛŬŰŬ ŮˊɖɟŮɎɕɞɡɜ Űɘɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɖɜ ŬɜŰɞɢɐ ůŰɖɜ űɗɞɟɎ əŬɘ Űɖɜ 

ŭɘɎɓɟɤůɖ Űɧůɞ Űɤɜ ɢɡŰɩɜ ɧůɞ əŬɘ Űɤɜ əɟŬɛɎŰɤɜ ŭɘŬɛɧɟűɤůɖɠ. 

ɇŬ əŬŰŬəɟɖɛɜɑůɛŬŰŬ ůŰŬ əɟɎɛŬŰŬ Co-Cr əŬŰɖɔɞɟɘɞˊɞɘɞɨɜŰŬɘ ůŰɘɠ ŮɜŭɞɛŮŰŬɚɚɘəɏɠ 

ŮɜɩůŮɘɠ əŬɘ ŰŬ əŬɟɓɞɜɘŰɟɑŭɘŬ. Ⱥˊɞɛɏɜɤɠ, ɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɎɜɗɟŬəŬ əŬɘ ɎɕɤŰɞ 

ŮˊɖɟŮɎɕɞɡɜ ůɖɛŬɜŰɘəɎ Űɖɜ ɛɞɟűɞɚɞɔɑŬ Űɤɜ əŬŰŬəɟɖɛɜɘůɛɎŰɤɜ. ɆŰɖɜ ŮɘəɧɜŬ 3 űŬɑɜŮŰŬɘ ɖ 

ɛɘəɟɞŭɞɛɐ ɢɡŰɩɜ əɟŬɛɎŰɤɜ Co-28Cr-6Mo ɛŮ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɎɜɗɟŬəŬ Ŭˊɧ 0 ɏɤɠ 0,41 

% ə.ɓ. əŬɘ ɎɕɤŰɞ Ŭˊɧ 0 ɏɤɠ 0,24 % ə.ɓ. (1). ɄŬɟŬŰɖɟɐɗɖəŮ ɛɘŬ ŭŮɜŭɟɘŰɘəɐ ɛɐŰɟŬ əŬɘ 

əŬŰŬəɟɖɛɜɑůɛŬŰŬ ŮɜŭɞŭŮɜŭɟɘŰɘəɎ ŬɚɚɎ əŬɘ ůŰŬ ɧɟɘŬ Űɤɜ əɧəəɤɜ, ůŮ ɧɚŮɠ Űɘɠ ˊŮɟɘˊŰɩůŮɘɠ 

ŮəŰɧɠ Ŭˊɧ Űɖɜ ŮɘəɧɜŬ 3e. ȼ ˊɞůɧŰɖŰŬ Űɤɜ əŬŰŬəɟɖɛɜɘůɛɎŰɤɜ ŬɡɝɐɗɖəŮ ɛŮ Űɖɜ Ŭɨɝɖůɖ 

Űɖɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ůŮ ɎɜɗɟŬəŬ. ɆŰɞ əɟɎɛŬ Co-28Cr-6Mo-0.20N Űɖɠ ŮɘəɧɜŬɠ 3e ŭŮɜ 

ˊŬɟŬŰɖɟɐɗɖəŬɜ əŬŰŬəɟɖɛɜɑůɛŬŰŬ. ɃɨŰŮ ɛŮŰɎ Ŭˊɧ ɗŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ ůŰɞɡɠ 1473-1573 

Ⱦ ɔɘŬ 12 ɩɟŮɠ ůŮ əɟɎɛŬŰŬ Co-28Cr6Mo-0.20N (ɧˊɤɠ Űɖɠ ŮɘəɧɜŬɠ 3e) əŬɘ Co-28Cr-6Mo-

0.25N ˊŬɟŬŰɖɟɐɗɖəŬɜ əŬŰŬəɟɖɛɜɑůɛŬŰŬ (4). ɀɎɚɘůŰŬ ůŮ ŬɡŰɐɜ Űɖɜ ˊŮɟɑˊŰɤůɖ ɖ 

ɛɘəɟɞŭɞɛɐ ŬˊɞŰŮɚɞɨɜŰŬɜ ɛɧɜɞ Ŭˊɧ ɔ űɎůɖ. Ⱥˊɞɛɏɜɤɠ ɞ ůɢɖɛŬŰɘůɛɧɠ ů űɎůɖɠ əŬɘ ɞ 
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ɛŬɟŰŮɜůɘŰɘəɧɠ ɛŮŰŬůɢɖɛŬŰɘůɛɧɠ Ŭˊɧ Űɖɜ ɔ űɎůɖ ůŰɖɜ Ů űɎůɖ ɛˊɞɟɞɨɜ ɜŬ ˊŮɟɘɞɟɘůŰɞɨɜ ɛŮ 

Űɖɜ ˊɟɞůɗɐəɖ ŬɕɩŰɞɡ ůŰŬ əɟɎɛŬŰŬ Co-28Cr-6Mo ɢɤɟɑɠ Űɖɜ ˊɟɞůɗɐəɖ ɎɜɗɟŬəŬ.          

 

ȺɘəɧɜŬ 3. ɀɘəɟɞŭɞɛɐ ɢɡŰɩɜ əɟŬɛɎŰɤɜ Co-28Cr-6Mo ɛŮ ŭɘŬűɞɟŮŰɘəɏɠ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ ůŮ 

ɎɜɗɟŬəŬ əŬɘ ɎɕɤŰɞ ( a ) 0C-0N, ( b ) 0.16C-0N, ( c ) 0.24C-0N, ( d ) 0.41C-0N, ( e ) 0C-0.2N, ( f ) 

0.16C-0.2N, ( g ) 0.27C-0.24N əŬɘ ( h ) 0.34C-0.21N. (1) 

 

ȼ ɛɞɟűɞɚɞɔɑŬ Űɤɜ əŬŰŬəɟɖɛɜɘůɛɎŰɤɜ ˊɞɡ ůɡɜŬɜŰɩɜŰŬɘ ůŰŬ əɟɎɛŬŰŬ Co-Cr ůɡɜɞɣɑɕŮŰŬɘ 

ůŰɖɜ ŮɘəɧɜŬ 4 (1). ɄŬɟŬŰɖɟɞɨɜŰŬɘ əŬŰŬəɟɖɛɜɑůɛŬŰŬ ɛŮ ŭɘŬűɞɟŮŰɘəɏɠ ɛɞɟűɞɚɞɔɑŮɠ ɧˊɤɠ: 

ɢɞɜŭɟɞŮɘŭɞɨɠ ɛɞɟűɞɚɞɔɑŬɠ (ů-űɎůɖ, ɢ-űɎůɖ, ɖ-űɎůɖ (Űɨˊɞɡ M6X-M12X) əŬɘ Űɨˊɞɡ 

M23X6), ŬůŰŮɟɞŮɘŭɞɨɠ ɛɞɟűɞɚɞɔɑŬɠ (ˊ-űɎůɖ), ŬůŰŮɟɞŮɘŭɞɨɠ ɛɞɟűɞɚɞɔɑŬɠ ɛŮ ɟŬɓŭɩůŮɘɠ 

(Űɨˊɞɡ M23X6), ŬůŰŮɟɞŮɘŭɞɨɠ ɛɞɟűɞɚɞɔɑŬɠ ɛŮ ˊŮɟɑˊɚɞəŮɠ ɛɘəɟɞŭɞɛɏɠ (Űɨˊɞɡ M7X3) əŬɘ 

ɛɞɟűɞɚɞɔɑŬɠ ˊɚŬəɞŮɘŭɞɨɠ əɡŰŰŬɟɘəɐɠ ŬˊɞɘəɑŬɠ (Űɨˊɞɡ ɀ2ɉ). ɆŰɞɡɠ ˊŬɟŬˊɎɜɤ Űɨˊɞɡɠ Űɞ 

ɀ ŬɜŬűɏɟŮŰŬɘ ůŰŬ ɛŮŰŬɚɚɘəɎ ůŰɞɘɢŮɑŬ ɧˊɤɠ Űɞ Cr əŬɘ Űɞ ɉ ůŰɞɜ ɎɜɗɟŬəŬ ɐ Űɞ ɎɕɤŰɞ. ɇɞ 

ŬůŰŮɟɞŮɘŭɏɠ ůɢɐɛŬ ɞűŮɑɚŮŰŬɘ ůŰɖɜ Ŭɟɢɘəɐ Űɐɝɖ ɔɨɟɤ Ŭˊɧ ŰŬ ɧɟɘŬ Űɤɜ əŬɟɓɘŭɑɤɜ. ɇɞ 

ŬůŰŮɟɞŮɘŭɏɠ ůɢɐɛŬ Űɖɠ ˊ-űɎůɖɠ ŮˊɘɓŮɓŬɘɩɜŮɘ ɧŰɘ ŭɖɛɘɞɡɟɔŮɑŰŬɘ ɡˊɧ ůɡɜɗɐəŮɠ ɧˊɞɡ 

ůɡɜɡˊɎɟɢŮɘ ɡɔɟɐ űɎůɖ. ɇŬ əŬŰŬəɟɖɛɜɑůɛŬŰŬ Űɨˊɞɡ M23X6 ˊŮɟɘɏɢɞɡɜ ŮɚɎɢɘůŰɞ ɎɕɤŰɞ 

ŭɖɚŬŭɐ ŮɑɜŬɘ ůɢŮŭɧɜ Ůɝɞɚɞəɚɐɟɞɡ əŬɟɓɑŭɘŬ əŬɘ ˊŬɟɞɡůɘɎɕɞɡɜ ůɡɜɞɢɐ ɛŮ Űɖɜ ɔ-űɎůɖ 

ŮˊŮɘŭɐ ɖ ůŰŬɗŮɟɎ ˊɚɏɔɛŬŰɧɠ Űɞɡɠ ŮɑɜŬɘ ˊŮɟɑˊɞɡ 3 űɞɟɏɠ ŬɡŰɐ Űɖɠ ɔ-űɎůɖɠ. ɇŬ 

əŬŰŬəɟɖɛɜɑůɛŬŰŬ Űɨˊɞɡ ɀ2ɉ ŮɑɜŬɘ əŬɟɓɞɜɘŰɟɑŭɘŬ ˊɚɞɨůɘŬ ůŮ ɎɕɤŰɞ əŬɘ ɎɟŬ 

ůɢɖɛŬŰɑɕɞɜŰŬɘ ůŮ əɟɎɛŬŰŬ Co-Cr ˊɞɡ ˊŮɟɘɏɢɞɡɜ ɎɕɤŰɞ. Ƀɘ űɎůŮɘɠ ɖ əŬɘ ˊ ŮɑɜŬɘ 

əŬɟɓɞɜɘŰɟɑŭɘŬ ˊɚɞɨůɘŬ ůŮ ɎɜɗɟŬəŬ, Ůɜɩ ɞɘ űɎůŮɘɠ ů əŬɘ ɢ ŮɑɜŬɘ ŮɜŭɞɛŮŰŬɚɚɘəɏɠ ŮɜɩůŮɘɠ. 

ȼ ɢɖɛɘəɐ ůɨůŰŬůɖ Űɤɜ əŬŰŬəɟɖɛɜɘůɛɎŰɤɜ Űɨˊɞɡ M7X3 ŭŮɜ ɏɢŮɘ ˊɟɞůŭɘɞɟɘůŰŮɑ ŬəɧɛŬ 
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ŮɝŬɘŰɑŬɠ Űɞɡ ɛɘəɟɞɨ Űɞɡɠ ɛŮɔɏɗɞɡɠ. Ⱥˊɘˊɚɏɞɜ, ŰŬ əɟŬɛŬŰɘəɎ ůŰɞɘɢŮɑŬ ˊɞɡ ˊɟɞůŰɑɗŮɜŰŬɘ 

ŮˊɖɟŮɎɕɞɡɜ ŰŬ əŬŰŬəɟɖɛɜɑůɛŬŰŬ ˊɞɡ ůɢɖɛŬŰɑɕɞɜŰŬɘ. Ƀ ɎɜɗɟŬəŬɠ ůŰŬɗŮɟɞˊɞɘŮɑ ŰŬ 

əŬŰŬəɟɖɛɜɑůɛŬŰŬ Űɨˊɞɡ M23X6 əŬɘ M7X3, Űɞ ɎɕɤŰɞ ůŰŬɗŮɟɞˊɞɘŮɑ ŰŬ Űɨˊɞɡ ɀ2ɉ əŬɘ Űɖɜ 

ɖ-űɎůɖ əŬɘ Űɞ Si ůŰŬɗŮɟɞˊɞɘŮɑ Űɘɠ ɖ əŬɘ ɢ űɎůŮɘɠ (1).            

 

 

 

ȺɘəɧɜŬ 4. ɀɞɟűɞɚɞɔɑŮɠ əŬŰŬəɟɖɛɜɘůɛɎŰɤɜ ůŰŬ əɟɎɛŬŰŬ Co-Cr: (a) ů-űɎůɖ (ɢɞɜŭɟɞŮɘŭɐɠ 

ɛɞɟűɞɚɞɔɑŬ), (b) ɢ-űɎůɖ (ɢɞɜŭɟɞŮɘŭɐɠ ɛɞɟűɞɚɞɔɑŬ), (c) ɖ-űɎůɖ (ɢɞɜŭɟɞŮɘŭɐɠ ɛɞɟűɞɚɞɔɑŬ), (d) -́

űɎůɖ (ɢɞɜŭɟɞŮɘŭɐɠ ɛɞɟűɞɚɞɔɑŬ), (e) Űɨˊɞɡ M23X6 (ɢɞɜŭɟɞŮɘŭɐɠ ɛɞɟűɞɚɞɔɑŬ), (f) Űɨˊɞɡ M23X6 

(ŬůŰŮɟɞŮɘŭŮɑɠ ɛɞɟűɞɚɞɔɑŬ ɛŮ ɟŬɓŭɩůŮɘɠ, (g) Űɨˊɞɡ M7X3 (ŬůŰŮɟɞŮɘŭŮɑɠ ɛɞɟűɞɚɞɔɑŬ ɛŮ ˊŮɟɑˊɚɞəŮɠ 

ɛɘəɟɞŭɞɛɏɠ) , (h) Űɨˊɞɡ ɀ2ɉ (ɛɞɟűɞɚɞɔɑŬ ˊɚŬəɞŮɘŭɞɨɠ əɡŰŰŬɟɘəɐɠ ŬˊɞɘəɑŬɠ). (1)    

2.3. ȽůŰɞɟɑŬ əɟŬɛɎŰɤɜ Co-Cr ɤɠ ɓɘɞɦɚɘəɎ  

ɇŬ əɟɎɛŬŰŬ Co-Cr ɏəŬɜŬɜ Űɞ ɝŮəɑɜɖɛɎ Űɞɡɠ ůŰɘɠ Ŭɟɢɏɠ Űɞɡ 1900 ɧŰŬɜ  Űɞ əɟɎɛŬ Stellite 

Ŭˊɧ Űɖɜ Haynes əŬɗɘŮɟɩɗɖəŮ ɤɠ ɓɘɞɛɖɢŬɜɘəɧ ɡɚɘəɧ ɔɘŬ ŮˊɘəŬɚɨɣŮɘɠ (hardfacing) ɔɘŬ 

ŮűŬɟɛɞɔɏɠ ˊɞɡ ŬˊŬɘŰɞɨɜ ŬɜŰɞɢɐ ůŰɖ űɗɞɟɎ. ɇɖ ŭŮəŬŮŰɑŬ Űɞɡ 1930, ŬɜŬˊŰɨɢɗɖəŮ ɏɜŬ ɢɡŰɧ 

əɟɎɛŬ Co-Cr-Mo, Űɞ Vitallium. Ⱥˊɘˊɚɏɞɜ, ŬɜŬˊŰɨɢɗɖəŮ ɖ əŬŰɎɚɚɖɚɖ ŰŮɢɜɘəɐ ɢɨŰŮɡůɖɠ 

(lost-wax (investment) casting) ˊɞɡ ŮˊɏŰɟŮɣŮ Űɖɜ ɢɟɐůɖ Űɞɡ ɔɘŬ ˊŬɟŬɔɤɔɐ ɞŭɞɜŰɘŬŰɟɘəɩɜ 

ŮɛűɡŰŮɡɛɎŰɤɜ. Ƀɘ Venable əŬɘ Stuck ɢɟɖůɘɛɞˊɞɘɐůŬɜ Űɞ Vitallium ɔɘŬ Űɖɜ ŮůɤŰŮɟɘəɐ 

ůŰŮɟɏɤůɖ əŬŰŬɔɛɎŰɤɜ əŬɘ ɏŭŮɘɝŬɜ ůŰŬ Űɏɚɖ Űɖɠ ŭŮəŬŮŰɑŬɠ Űɞɡ 1930 ɧŰɘ Űɞ əɟɎɛŬ ɛˊɞɟŮɑ 

ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɔɘŬ ɘŬŰɟɘəɎ ŮɛűɡŰŮɨɛŬŰŬ. ɇɞ Vitallium ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ Ůˊɑůɖɠ ɔɘŬ 

ˊɟɞůɗŮŰɘəɎ əɞŰɡɚɘŬɑŬ əɨˊŮɚɚŬ Ŭˊɧ Űɞɜ Smith-Petersen ůŰŬ Űɏɚɖ Űɞɡ 1930. ȷɡŰɎ ŰŬ 

əɨˊŮɚɚŬ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɜ ůŰɖɜ əŬɗɘŮɟɤɛɏɜɖ ɛɏɗɞŭɞ ɔɘŬ Űɖɜ ŬɜŬəŬŰŬůəŮɡɐ ɘůɢɑɞɡ ɏɤɠ 

ɧŰɞɡ ŬɜŬˊŰɡɢɗɞɨɜ ɞɘ ŮˊŮɛɓɎůŮɘɠ ɞɚɘəɐɠ ŬɜŰɘəŬŰɎůŰŬůɖɠ ɘůɢɑɞɡ Űɖ ŭŮəŬŮŰɑŬ Űɞɡ 1960. ɇɖ 
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ŭŮəŬŮŰɑŬ Űɞɡ 1950 əŬɘ ůŰɘɠ Ŭɟɢɏɠ Űɖɠ ŭŮəŬŮŰɑŬɠ Űɞɡ 1960, ŬɜŬˊŰɨɢɗɖəŬɜ ŰŮɢɜɖŰɏɠ 

ŬɟɗɟɩůŮɘɠ ɘůɢɑɞɡ Űɨˊɞɡ ɛɏŰŬɚɚɞ-ɛŮ-ɛɏŰŬɚɚɞ əŬɘ ɛɏŰŬɚɚɞ-ɛŮ-ˊɞɚɡɛŮɟɏɠ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɞɨůŬɜ Űɞ Vitallium. ȯɚɚŬ əɟɎɛŬŰŬ Co-Cr ɧˊɤɠ ŰŬ Co-Cr-W-Ni (L-605, HS25, 

ASTM F 90), Co-Ni-Cr-Mo (MP35N, ASTM F 562) əŬɘ Co-Cr-Fe-Ni-Mo (Elgiloy, 

ASTM F 1058 grade 1) ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ŬəɧɛŬ ůŮ ŭɘɎűɞɟŮɠ ŮűŬɟɛɞɔɏɠ, 

ŬɜŬˊŰɨɢɗɖəŬɜ Űɖ ŭŮəŬŮŰɑŬ Űɞɡ 1960. ɆɡɜɞɣɑɕɞɜŰŬɠ, ŰŬ əɟɎɛŬŰŬ Co-Cr ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ 

Ůŭɩ əŬɘ 80 ɢɟɧɜɘŬ ɤɠ ɞŭɞɜŰɘŬŰɟɘəɎ əŬɘ ɘŬŰɟɘəɎ ɡɚɘəɎ. ɇɖ ůɐɛŮɟɞɜ ɖɛɏɟŬ, Űɧůɞ ɢɡŰɎ ɧůɞ 

əŬɘ əɟɎɛŬŰŬ ŭɘŬɛɧɟűɤůɖɠ Co-Cr ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ Ůɡɟɏɤɠ ɔɘŬ ŮɛűɡŰŮɨɛŬŰŬ ɧˊɤɠ 

ŰŮɢɜɖŰɎ ɘůɢɑŬ, ůɨɟɛŬŰŬ ɞŭɞɜŰɞůŰɞɘɢɑŬɠ əŬɘ ŮɜŭɞˊɟɞɗɏůŮɘɠ (stents). (1)   

2.4. ȺˊɑŭɟŬůɖ ŰɟɘůŭɘɎůŰŬŰɖɠ ŮəŰɨˊɤůɖɠ ůŰɖɜ ɛɘəɟɞŭɞɛɐ 

əɟŬɛɎŰɤɜ Co-Cr 

ȰɜŬɠ Ůˊɘˊɚɏɞɜ ˊŬɟɎɔɞɜŰŬɠ ˊɞɡ ŮˊɖɟŮɎɕŮɘ ůɖɛŬɜŰɘəɎ Űɖɜ ɛɘəɟɞŭɞɛɐ ŮɑɜŬɘ ɖ ɛɏɗɞŭɞɠ 

ˊŬɟŬɔɤɔɐɠ. MɘŬ Űɡˊɘəɐ ɛɘəɟɞŭɞɛɐ Ůɜɧɠ ɢɡŰɞɨ əɟɎɛŬŰɞɠ CoCr ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ 

ŮɡɛŮɔɏɗŮɘɠ əɧəəɞɡɠ ŭŮɜŭɟɘŰɘəɐɠ ɛɞɟűɞɚɞɔɑŬɠ, ɛŮ ɛŮɔɎɚɞ Ŭɟɘɗɛɧ əŬɟɓɘŭɑɤɜ Űɨˊɞɡ M23C6 

əŬɘ M6C (ɧˊɞɡ ɀ = Cr, Mo, Co), ɢɞɜŭɟɞŮɘŭɞɨɠ əŬɘ ˊɚŬəɞŮɘŭɞɨɠ ɛɞɟűɞɚɞɔɑŬɠ əɡɟɑɤɠ ůŰŬ 

ɧɟɘŬ Űɤɜ əɧəəɤɜ. Ƀɘ ŭŮɜŭɟɑŰŮɠ ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ ɔ űɎůɖ, Ůɜɩ ůŰɘɠ ŮɜŭɞŭŮɜŭɟɘŰɘəɏɠ 

ˊŮɟɘɞɢɏɠ ůɡɜŬɜŰɩɜŰŬɘ ŮɜŭɞɛŮŰŬɚɚɘəɏɠ ŮɜɩůŮɘɠ əŬɘ əŬɟɓɑŭɘŬ . ȷɜŰɘɗɏŰɤɠ ůŮ ŭŮɑɔɛŬŰŬ 

əɟɎɛŬŰɞɠ CoCr əŬŰŬůəŮɡŬůɛɏɜŬ ɛŮ ŰɟɘůŭɘɎůŰŬŰɖ ŮəŰɨˊɤůɖ (ɛɏɗɞŭɞɠ SLM), ɧˊɞɡ 

ůŰɟɩɛŬŰŬ əɧɜŮɤɠ ɛŮŰɎɚɚɞɡ ŰɐəɞɜŰŬɘ ɛŮ Űɖ ɓɞɐɗŮɘŬ laser ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ůɢɖɛŬŰɘůŰŮɑ Űɞ 

ŰŮɚɘəɧ ŬɜŰɘəŮɑɛŮɜɞ, ɖ ɛɘəɟɞŭɞɛɐ ŮɑɜŬɘ ɚŮˊŰɧəɞəəɖ əɡŰŰŬɟɘəɐɠ ɛɞɟűɞɚɞɔɑŬɠ ŮɝŬɘŰɑŬɠ Űɞɡ 

ŰŬɢɨŰŬŰɞɡ ɟɡɗɛɞɨ ɗɏɟɛŬɜůɖɠ əŬɘ ɣɨɝɖɠ əŬŰɎ Űɖ ŭɘŬŭɘəŬůɑŬ əŬɘ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ Űɘɠ ɔ 

(fcc) əŬɘ Ů (hcp) ɛŮ əŬɟɓɑŭɘŬ Űɨˊɞɡ M23C6 əŬɘ M6C ůŰŬ ɧɟɘŬ Űɤɜ əɧəəɤɜ. ɆŰŬ ɧɟɘŬ Űɤɜ 

əɧəəɤɜ ŬɜɘɢɜŮɨɞɜŰŬɘ Ůˊɑůɖɠ ɞɘ ŮɜŭɞɛŮŰŬɚɚɘəɏɠ ŮɜɩůŮɘɠ ů əŬɘ Co5(Cr,Mo)3Si2. ȾŬɗɩɠ ɖ 

ɗŮɟɛɧŰɖŰŬ ŭɘŬɢɏŮŰŬɘ ŮɜŰɧɠ Űɞɡ ŬɜŰɘəŮɘɛɏɜɞɡ, ˊɟɞəŬɚŮɑ ɛŮŰŬůɢɖɛŬŰɘůɛɞɨɠ űɎůŮɤɜ ůŰŬ 

əŬŰɩŰŮɟŬ ůŰɟɩɛŬŰŬ, ˊɘɞ ůɡɔəŮəɟɘɛɏɜŬ ůɢɖɛŬŰɑɕŮŰŬɘ ŬɗŮɟɛɘəɐ Ů űɎůɖ Ŭˊɧ Űɖɜ ŰŬɢŮɑŬ 

ɣɨɝɖ. ɆŮ ɞɟɘůɛɏɜŮɠ ˊŮɟɘˊŰɩůŮɘɠ, ŮɎɜ ɞɘ ˊŬɟɎɛŮŰɟɞɘ Űɖɠ ŭɘŮɟɔŬůɑŬɠ ŭŮɜ ŮɑɜŬɘ ɟɡɗɛɘůɛɏɜŮɠ 

əŬŰɎɚɚɖɚŬ əŬɘ ˊɟɞəɨˊŰŮɘ ŬůɡɜŮɢɐɠ Űɐɝɖ, ˊŬɟŬŰɖɟŮɑŰŬɘ ˊɞɟɩŭŮɠ ůŰɖɜ ŭɞɛɐ Űɞɡ 

ŬɜŰɘəŮɘɛɏɜɞɡ. ȳůɞɜ ŬűɞɟɎ Űɖɜ ɢɖɛɘəɐ ůɨůŰŬůɖ ɖ ɛɘəɟɞŭɞɛɐ ŭŮɘɔɛɎŰɤɜ SLM ŮɑɜŬɘ ˊɘɞ 

ɞɛɞɔŮɜɐɠ Ŭˊɧ ŬɡŰɐ ɢɡŰɩɜ ŭŮɘɔɛɎŰɤɜ.(38,39)  

ɆŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ, ɖ ůɡɔəɏɜŰɟɤůɖ Űɖɠ Ů (hcp) űɎůɖɠ ůŮ ŭŮɑɔɛŬŰŬ SLM ŭɘŬűɏɟŮɘ 

ůɖɛŬɜŰɘəɎ ɛŮŰŬɝɨ ŭɖɛɞůɘŮɨůŮɤɜ. ɆŮ ŬɟəŮŰɏɠ ŭɖɛɞůɘŮɨůŮɘɠ ŬɜɘɢɜŮɨŮŰŬɘ ɛɧɜɞ ɖ ɔ (fcc) 
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űɎůɖ (40,41). ȷɜŰɘɗɏŰɤɠ, ůŮ ɎɚɚŮɠ ŭɖɛɞůɘŮɨůŮɘɠ Űɞ ˊɞůɞůŰɧ Űɖɠ Ů űɎůɖɠ əɡɛŬɑɜŮŰŬɘ Ŭˊɧ 

20 ɏɤɠ 50 % (17,29,38,39). ɆŮ ɛɘŬ ŭɖɛɞůɑŮɡůɖ, ɖ Ů űɎůɖ ɐŰŬɜ ɖ əɡɟɑŬɟɢɖ (95%) (42). ȼ 

ŭɘŬűɞɟɎ ůŰɘɠ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ Űɖɠ Ů űɎůɖɠ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ŬˊɞŰɏɚŮůɛŬ ŭɘŬűɞɟŮŰɘəɩɜ 

ˊŬɟŬɛɏŰɟɤɜ ŭɘŮɟɔŬůɑŬɠ əŬɘ ŭɡůəɞɚɑŬɠ Ŭəɟɘɓɞɨɠ ɢŬɟŬəŰɖɟɘůɛɞɨ Űɖɠ Ů űɎůɖɠ.(39)  

2.5. Ⱥɑŭɖ əɟŬɛɎŰɤɜ Co-Cr 

ȳɚŬ ŰŬ əɟɎɛŬŰŬ Co-Cr ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŮ ɢŮɘɟɞɡɟɔɘəɎ ŮɛűɡŰŮɨɛŬŰŬ ɏɢɞɡɜ 

ˊɟɞŰɡˊɞˊɞɘɖɗŮɑ Ŭˊɧ Űɖɜ ASTM (American Society for Testing and Materials). ɆŰɞɜ 

ˊɑɜŬəŬ Űɞɡ ˊŬɟŬɟŰɐɛŬŰɞɠ 1 űŬɑɜɞɜŰŬɘ ɞɘ ɢɖɛɘəɏɠ ůɡůŰɎůŮɘɠ Űɞɡɠ ůɨɛűɤɜŬ ɛŮ ŬɡŰɐɜ Űɖɜ 

Űɡˊɞˊɞɑɖůɖ əŬɘ ůŰɞɜ ˊɑɜŬəŬ Űɞɡ ˊŬɟŬɟŰɐɛŬŰɞɠ 2 ɞɘ Ůɛˊɞɟɘəɏɠ ɞɜɞɛŬůɑŮɠ əŬɘ ŮűŬɟɛɞɔɏɠ 

Űɞɡɠ. ɆŰɞ ˊŬɟɎɟŰɖɛŬ 1 ůɡɛˊŮɟɘɚŬɛɓɎɜɞɜŰŬɘ ɞɘ ɢɖɛɘəɏɠ ůɡůŰɎůŮɘɠ Űɧůɞ Űɞɜ əɨɟɘɤɜ 

əɟŬɛŬŰɘəɩɜ ůŰɞɘɢŮɑɤɜ ɧˊɤɠ Űɞ Cr, Űɞ W əŬɘ Űɞ Mo, ŬɚɚɎ əŬɘ Űɤɜ ŭŮɡŰŮɟŮɡɧɜŰɤɜ ɧˊɤɠ 

ŮɑɜŬɘ ɞ ɎɜɗɟŬəŬɠ əŬɘ Űɞ ɎɕɤŰɞ. ɇɞ əɟɎɛŬ ASTM F75 ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůŰɖ ɢɨŰŮɡůɖ Ůɜɩ 

ɧɚŬ ŰŬ ɡˊɧɚɞɘˊŬ ɔɘŬ ˊɟɞɥɧɜŰŬ ŭɘŬɛɧɟűɤůɖɠ. ɇɞ ɛɏɔɘůŰɞ ˊɞůɞůŰɧ ɎɜɗɟŬəŬ ˊɞɡ 

ŮˊɘŰɟɏˊŮŰŬɘ ůŰɞ əɟɎɛŬ ASTM F 75 (Co-28Cr-6Mo) ŮɑɜŬɘ 0,35 % ə.ɓ.. ɇɞ ɢŬɛɖɚɧ ˊɞůɞůŰɧ 

ɎɜɗɟŬəŬ ůŰɞ əɟɎɛŬ ASTM F 75 ˊɟɞəŬɚŮɑ Űɖ ŭɖɛɘɞɡɟɔɑŬ Űɖɠ ŮɜŭɞɛŮŰŬɚɚɘəɐɠ Co(CrMo) 

ů-űɎůɖɠ, ɖ ɞˊɞɑŬ ŮɚŬŰŰɩɜŮɘ Űɘɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ əɟɎɛŬŰɞɠ. Ƀ ɎɜɗɟŬəŬɠ 

əŬŰŬůŰɏɚɚŮɘ Űɞɜ ůɢɖɛŬŰɘůɛɧ Űɖɠ ů-űɎůɖɠ ŭɖɛɘɞɡɟɔɩɜŰŬɠ əŬɟɓɑŭɘŬ. ɇŬ əɟɎɛŬŰŬ ASTM F 

799 əŬɘ F 1537, ˊɞɡ ɏɢɞɡɜ Űɖɜ ɢɖɛɘəɐ ůɨůŰŬůɖ Co-28Cr-6Mo, ɏɢɞɡɜ ŰɟɑŬ Ůɑŭɖ: Űɞ əɟɎɛŬ 

1 əŬɘ Űɞ əɟɎɛŬ 2 ɏɢɞɡɜ ɢŬɛɖɚɧ ( CÒ 0.14 % ə.ɓ.) əŬɘ ɡɣɖɚɧ (0.15 % ə.ɓ. Ò CÒ 0.35 % 

ə.ɓ.) ˊɞůɞůŰɧ ůŮ ɎɜɗɟŬəŬ ŬɜŰɑůŰɞɘɢŬ, Ůɜɩ Űɞ əɟɎɛŬ 3 ˊŮɟɘɏɢŮɘ Al əŬɘ La, ŰŬ ɞˊɞɑŬ 

ůɢɖɛŬŰɑɕɞɡɜ ɞɝŮɑŭɘŬ ˊɞɡ ˊɟɞəŬɚɞɨɜ ůəɚɐɟɤůɖ ŭɘŬůˊɞɟɎɠ. (1) 

ɀɘŬ ŬəɧɛŬ ˊŬɟɎɛŮŰɟɞɠ ŰŬɝɘɜɧɛɖůɖɠ Űɤɜ əɟŬɛɎŰɤɜ Co-Cr ŮɑɜŬɘ ɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ Ni. 

ɆŰɞ əɟɎɛŬ ASTM F 75 ɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ Ni ŬˊŬɘŰŮɑŰŬɘ ɜŬ ŮɑɜŬɘ ɢŬɛɖɚɧŰŮɟɖ Űɞɡ 0,5 % 

ə.ɓ., Ůɜɩ ůŰŬ əɟɎɛŬŰŬ  ASTM F 799 əŬɘ F 1537 ˊɟɏˊŮɘ ɜŬ ŮɑɜŬɘ ɢŬɛɖɚɧŰŮɟɖ Ŭˊɧ 1 % ə.ɓ.. 

ɆŮ ɎɚɚŬ əɟɎɛŬŰŬ Co-Cr ɧˊɤɠ ŮɑɜŬɘ ŰŬ ASTM F 90 (Co-20Cr-15W-10Ni), ASTM F 562 

(Co-35Ni-20Cr- 10Mo) əŬɘ ASTM F 1058 (40Co-20Cr-16Fe-15Ni-7Mo) Űɞ ɜɘəɏɚɘɞ ŮɑɜŬɘ 

əɨɟɘɞ əɟŬɛŬŰɘəɧ ůŰɞɘɢŮɑɞ. (1) 

ɆŰɖɜ ŮɘəɧɜŬ 5 űŬɑɜɞɜŰŬɘ ɖ ŮɜɏɟɔŮɘŬ ůűŬɚɛɎŰɤɜ ůɡůůɩɟŮɡůɖɠ (Stacking Fault Energy 

SFE) Űɟɘɩɜ Ůɘŭɩɜ əɟŬɛɎŰɤɜ Co-Cr ůŮ ůɢɏůɖ ɛŮ Űɘɠ SFEs ůɘŭɖɟɞɨɢɤɜ əɟŬɛɎŰɤɜ. H SFE 

ŮˊɖɟŮɎɕŮɘ Űɖɜ ŮɡəɞɚɑŬ ɛŮ Űɖɜ ɞˊɞɑŬ ŭɘŬŰŬɟŬɢɏɠ ɛˊɞɟɞɨɜ ɜŬ ɞɚɘůɗɐůɞɡɜ Ŭˊɧ Űɞ ɏɜŬ 

ŮˊɑˊŮŭɞ ůŰɞ Ɏɚɚɞ (5). ɇɞ əɟɎɛŬ ASTM F 75 ˊɞɡ ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞ ůɢɐɛŬ ɤɠ Co-29Cr-
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6Mo, ɏɢŮɘ ɢŬɛɖɚɐ SFE, ɞˊɧŰŮ ůɢɖɛŬŰɑɕŮŰŬɘ ɖ hcp Ů-űɎůɖ ˊɞɡ ɏɢŮɘ əŬəɐ 

ŭɘŬɛɞɟűɤůɘɛɧŰɖŰŬ əŬŰɎ Űɖɜ ɣɨɝɖ ůŰɖɜ ŭɘŬŭɘəŬůɑŬ Űɖɠ ɢɨŰŮɡůɖɠ ɐ ɛɘŬɠ ɗŮɟɛɘəɐɠ 

əŬŰŮɟɔŬůɑŬɠ. ɆŮ ŬɜŰɑɗŮůɖ, ŰŬ əɟɎɛŬŰŬ Co-30Ni-20Cr-10Mo (ˊɞɡ ɏɢŮɘ ˊŬɟɧɛɞɘŬ ůɨůŰŬůɖ 

ɛŮ Űɞ ASTM F 562) əŬɘ Űɞ Co-20Cr15W-10Ni (ASTM F 90), ˊɞɡ ˊŮɟɘɏɢɞɡɜ Ni, 

ˊŬɟɞɡůɘɎɕɞɡɜ ɛŮůŬɑŮɠ əŬɘ ɡɣɖɚɏɠ SFEs ŬɜŰɑůŰɞɘɢŬ. Ⱥˊɞɛɏɜɤɠ, əŬŰŬůŰɏɚɚŮŰŬɘ ɞ 

ůɢɖɛŬŰɘůɛɧɠ Űɖɠ hcp Ů-űɎůɖɠ əŬɘ ŬɡŰɎ ŰŬ əɟɎɛŬŰŬ ˊŬɟɞɡůɘɎɕɞɡɜ ŮɝŬɘɟŮŰɘəɐ 

ŭɘŬɛɞɟűɤůɘɛɧŰɖŰŬ Űɧůɞ Ůɜ ɗŮɟɛɩ əŬɘ Ůɜ ɣɡɢɟɩ. ɆɨɛűɤɜŬ ɛŮ ŰŬ ˊŬɟŬˊɎɜɤ, ŰŬ əɟɎɛŬŰŬ 

Co-28Cr-6Mo ŮɑɜŬɘ ŬəŬŰɎɚɚɖɚŬ ɔɘŬ ŮűŬɟɛɞɔɏɠ ˊɞɡ ŬˊŬɘŰɞɨɜ ŭɘŬɛɧɟűɤůɖ. ɋůŰɧůɞ, ɖ 

ŭɘŬɛɞɟűɤůɘɛɧŰɖŰŬ Űɞɡɠ ɛˊɞɟŮɑ ɜŬ ɓŮɚŰɘɤɗŮɑ ɛŮ əŬŰɎɚɚɖɚŮɠ ɛɘəɟɞəɟŬɛŬŰɘəɏɠ ˊɟɞůɗɐəŮɠ, 

ɧˊɤɠ ŮɑɜŬɘ Űɞ ɎɕɤŰɞ, əŬɘ ɛŮ ɗŮɟɛɞɛɖɢŬɜɘəɏɠ əŬŰŮɟɔŬůɑŮɠ. (1) 

 

ȺɘəɧɜŬ 5. ŪŮɟɛɞəɟŬůɘŬəɐ ŮɝɎɟŰɖůɖ Űɤɜ SFEs əɟŬɛɎŰɤɜ Co-Cr əŬɘ ůɘŭɖɟɞɨɢɤɜ əɟŬɛɎŰɤɜ. (1) 

 

ȷɜŬəŮűŬɚŬɘɩɜɞɜŰŬɠ, ɞɘ əɟŬɛŬŰɘəɏɠ ˊɟɞůɗɐəŮɠ ŮˊɖɟŮɎɕɞɡɜ ůŮ ɛŮɔɎɚɞ ɓŬɗɛɧ Űɖɜ 

ɛɘəɟɞŭɞɛɐ əŬɘ Ůˊɞɛɏɜɤɠ Űɘɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ əɟŬɛɎŰɤɜ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ůŰɖɜ 

ˊŮɟɑˊŰɤůɖ Űɤɜ əɟŬɛɎŰɤɜ Co-Cr ɘůɢɨɞɡɜ ŰŬ ˊŬɟŬəɎŰɤ. ɇɞ ɢɟɩɛɘɞ (Cr) ůɢɖɛŬŰɑɕŮɘ ůŰŮɟŮɧ 

ŭɘɎɚɡɛŬ ɛŮ Űɞ əɞɓɎɚŰɘɞ (Co) əŬɘ ˊɟɞůűɏɟŮɘ ˊɟɞůŰŬůɑŬ Ŭˊɧ Űɖɜ ɞɝŮɑŭɤůɖ ůɢɖɛŬŰɑɕɞɜŰŬɠ 

ɏɜŬ ŬŭɟŬɜɏɠ ůŰɟɩɛŬ ůŰɖɜ ŮˊɘűɎɜŮɘŬ. ɋůŰɧůɞ, ɧŰŬɜ ɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ɢɟɤɛɑɞɡ ɡˊŮɟɓŬɑɜŮɘ 

Űɞ 30% ə.ɓ., ˊɟɞəŬɚɞɨɜŰŬɘ ŭɡůəɞɚɑŮɠ ůŰɖ ɢɨŰŮɡůɖ əŬɘ ŭɖɛɘɞɡɟɔŮɑŰŬɘ ɖ ɣŬɗɡɟɐ ů űɎůɖ. 

ɇɞ ɛɞɚɡɓŭŬɑɜɘɞ (Mo) əŬɘ Űɞ ɓɞɚűɟɎɛɘɞ (W) ˊɟɞəŬɚɞɨɜ ůəɚɐɟɡɜůɖ ɛɏůɤ ůŰŮɟŮɞɨ 
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ŭɘŬɚɨɛŬŰɞɠ əŬɘ Űɞɜ ůɢɖɛŬŰɘůɛɧ əŬɟɓɘŭɑɤɜ Űɨˊɞɡ M6C əŬɘ MC əŬɘ Űɖɠ ŮɜŭɞɛŮŰŬɚɚɘəɐɠ 

ɏɜɤůɖɠ Co3M. ɇɞ ɛɞɚɡɓŭŬɑɜɘɞ ŮˊɖɟŮɎɕŮɘ Űɞ ɛɏɔŮɗɞɠ Űɤɜ əɧəəɤɜ əŬɘ ɛŮɘɩɜŮɘ Űɖɜ 

ˊɘɗŬɜɧŰɖŰŬ ŮɛűɎɜɘůɖɠ ŭɘɎɓɟɤůɖɠ. ɇɞ ˊɡɟɑŰɘɞ (Si) əŬɘ Űɞ ɛŬɔɔɎɜɘɞ (Mn) ˊɟɞůŰɑɗŮɜŰŬɘ 

ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ɓŮɚŰɘɩůɞɡɜ Űɖ ɟŮɡůŰɧŰɖŰŬ Űɞɡ əɟɎɛŬŰɞɠ, Ůɜɩ Űɞ ɜɘɧɓɘɞ (Nb) ŮˊɖɟŮɎɕŮɘ 

Űɖɜ ůəɚɐɟɡɜůɖ Űɞɡ ŭɘŬɚɨɛŬŰɞɠ əŬɘ Űɞɜ ůɢɖɛŬŰɘůɛɧ ŮɜŭɞɛŮŰŬɚɚɘəɩɜ űɎůŮɤɜ əŬɘ 

əŬɟɓɘŭɑɤɜ Űɨˊɞɡ MC. ɇŬ əɟɎɛŬŰŬ Co-Cr ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ ɞŭɞɜŰɘŬŰɟɘəɏɠ 

ŮűŬɟɛɞɔɏɠ ɏɢɞɡɜ ɢŬɛɖɚɐ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɎɜɗɟŬəŬ (C). ȼ ˊɟɞůɗɐəɖ ɎɜɗɟŬəŬ ŬəɧɛŬ 

əŬɘ ůŮ ɛɘəɟɏɠ ˊɞůɧŰɖŰŮɠ ŮˊɖɟŮɎɕŮɘ ůɖɛŬɜŰɘəɎ Űɘɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ əŬɘ ŮɘŭɘəɎ Űɖɜ 

ˊɚŬůŰɘəɧŰɖŰŬ. Ɉɣɖɚɐ ŬɜŰɞɢɐ əŬɘ ŬɜŰɞɢɐ ůŰɞɜ Ůɟˊɡůɛɧ ɚŬɛɓɎɜɞɜŰŬɘ ůŮ ˊŮɟɘŮəŰɘəɧŰɖŰŬ 

ɎɜɗɟŬəŬ 0,3-1% (13). 

ɇŬ əɟɎɛŬŰŬ Co-Cr ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ əŬɘ ůŮ ŮűŬɟɛɞɔɏɠ ŰɟɘůŭɘɎůŰɖɠ ŮəŰɨˊɤůɖɠ. ɆŮ ŬɡŰɐɜ 

Űɖɜ ˊŮɟɑˊŰɤůɖ Űɞ ɡɚɘəɧ ɓɟɑůəŮŰŬɘ ůŮ ɛɞɟűɐ ůəɧɜɖɠ. ɆŰɞ ˊŬɟɎɟŰɖɛŬ 3 űŬɑɜɞɜŰŬɘ 

ŭɘɎűɞɟŮɠ Ůɛˊɞɟɘəɏɠ ɞɜɞɛŬůɑŮɠ ŰɏŰɞɘɤɜ əɧɜŮɤɜ, Űɞ ůɨůŰɖɛŬ ŰɟɘůŭɘɎůŰŬŰɖɠ ŮəŰɨˊɤůɖɠ ɔɘŬ 

Űɞ ɞˊɞɑɞ ˊɟɞɞɟɑɕɞɜŰŬɘ əŬɘ ɖ ɢɖɛɘəɐ Űɞɡɠ ůɨůŰŬůɖ Űɞɡɠ, Ůɜɩ ůŰɞ ˊŬɟɎɟŰɖɛŬ 4 ŭɑɜɞɜŰŬɘ 

ɞɟɘůɛɏɜŮɠ űɡůɘəɏɠ əŬɘ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ ŰŮɚɘəɩɜ ŬɜŰɘəŮɘɛɏɜɤɜ əŬŰŬůəŮɡŬůɛɏɜɤɜ ɛŮ 

ŭɘŬűɞɟŮŰɘəɏɠ ůəɧɜŮɠ Co-Cr ˊɞɡ ŮɑɜŬɘ ŭɘŬɗɏůɘɛŮɠ ůŰɞ Ůɛˊɧɟɘɞ.    

 

2.5.1. Mediloy S-Co 

ɇɞ ɡɚɘəɧ Űɞ ɞˊɞɑɞ ɗŬ ŮɝŮŰŬůŰŮɑ ůŰŬ ˊɚŬɑůɘŬ Űɖɠ ůɡɔəŮəɟɘɛɏɜɖɠ ŭɘˊɚɤɛŬŰɘəɐɠ ŮɟɔŬůɑŬɠ 

ŮɑɜŬɘ Űɞ Mediloy S-Co. ɄɟɧəŮɘŰŬɘ ɔɘŬ ɏɜŬ əɟɎɛŬ Co-Cr ɛŮ ɢɖɛɘəɐ ůɨůŰŬůɖ %ə.ɓ.: Co 

63,9 ï Cr 24,7 ï W 5,4 ï Mo 5,0 - Si 1,0 ɏɢŮɘ ŬɜŬˊŰɡɢɗŮɑ ŮɘŭɘəɎ ɔɘŬ Űɖɜ ˊŬɟŬɔɤɔɐ ɛɏůɤ 

Űɖɠ ɛŮɗɧŭɞɡ SLM əŬɘ ŮɑɜŬɘ əŬŰɎɚɚɖɚɞ ɔɘŬ ɞŭɞɜŰɘŬŰɟɘəɏɠ ŮűŬɟɛɞɔɏɠ. ɇɞ Mediloy S-Co 

ŮɑɜŬɘ əŬŰŬůəŮɡŬůɛɏɜɞ ůɨɛűɤɜŬ ɛŮ Űɞ ˊɟɧŰɡˊɞ ISO 22674 əŬɘ ɎɟŬ ŭŮɜ ˊŮɟɘɏɢŮɘ Ni, Cd, 

Be əŬɘ Pb ˊɞɡ ŮɜŭɏɢŮŰŬɘ ɜŬ ˊɟɞəŬɚɏůɞɡɜ ŬɚɚŮɟɔɑŮɠ. ɆŰɞɜ ˊŬɟŬəɎŰɤ ˊɑɜŬəŬ űŬɑɜɞɜŰŬɘ 

ɞɟɘůɛɏɜŬ ůŰɞɘɢŮɑŬ ɔɘŬ Űɞ Mediloy S-Co. 
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ɄɑɜŬəŬɠ 1. ɆŰɞɘɢŮɑŬ əɧɜŮɤɠ Co-Cr Mediloy S-Co. 

Mediloy S-Co 

ŪŮɟɛɞəɟŬůɑŬ liquidus, solidus  1380,1420(OC) 

ɄɡəɜɧŰɖŰŬ  8,6(g/cm3) 

ɀɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ  215/180(GPa) 

ȳɟɘɞ ŭɘŬɟɟɞɐɠ (Rp 0,2)  1090/770 (MPa) 

ɀɏɔɘůŰɖ ŮűŮɚəɨůŰɘəɐ ŬɜŰɞɢɐ (Rm)  1315/1220 (MPa) 

Ⱥˊɘɛɐəɡɜůɖ ɛŮŰɎ Ŭˊɧ ɗɟŬɨůɖ (A5) 4/5 (%) 

ɆəɚɖɟɧŰɖŰŬ Vickers (HV10) 470/430 

ɆɡɜŰŮɚŮůŰɐɠ ɗŮɟɛɘəɐɠ ŭɘŬůŰɞɚɐɠ 

25ï500 °C, 10-6 K-1 

20ï600 °C, 10-6 K-1 

 

14,3 

14,5 
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3. ȺūȷɅɀɃũȺɆ ɇɅȽɆȹȽȷɆɇȷɇȼɆ ȺȾɇɈɄɋɆȼɆ 

ɆɇȼɁ ɃȹɃɁɇȽȷɇɅȽȾȼ 

3.1. ɀɏɗɞŭɞɘ ɄŬɟŬɔɤɔɐɠ ɃŭɞɜŰɘŬŰɟɘəɩɜ ȺɛűɡŰŮɡɛɎŰɤɜ 

ɇɖ ŭŮŭɞɛɏɜɖ ɢɟɞɜɘəɐ ůŰɘɔɛɐ, ɡˊɎɟɢɞɡɜ 4 ŭɘŬɗɏůɘɛŮɠ ɛɏɗɞŭɞɘ ˊŬɟŬɔɤɔɐɠ ɞŭɞɜŰɘŬŰɟɘəɩɜ 

ŮɛűɡŰŮɡɛɎŰɤɜ Ŭˊɧ əɟɎɛŬŰŬ CoCr: 

3.1.1. ɉɨŰŮɡůɖ 

ȼ ɢɨŰŮɡůɖ ŮɑɜŬɘ ɖ ˊɘɞ ŭɘŬŭŮŭɞɛɏɜɖ Ŭˊɧ ɧɚŮɠ Űɘɠ ɛŮɗɧŭɞɡɠ əŬɘ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ Ŭˊɧ Űɖɜ 

Ŭɟɢɐ Űɞɡ 20 ŬɘɩɜŬ. ȾŬŰɎ Űɖ ɛɏɗɞŭɞ ŬɡŰɐ, ŰŬ ɛŮŰŬɚɚɘəɎ ˊɚŬɑůɘŬ Űɤɜ ŮɛűɡŰŮɡɛɎŰɤɜ 

əŬŰŬůəŮɡɎɕɞɜŰŬɘ ɛŮ űɡɔɞəŮɜŰɟɘəɐ ɢɨŰŮɡůɖ (centrifugal casting) ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ 

ɢŮɘɟɞˊɞɑɖŰŬ əɏɟɘɜŬ əŬɚɞɨˊɘŬ. ȼ ŭɘŬŭɘəŬůɑŬ ŬɡŰɐ ŬˊŬɘŰŮɑ ˊɞɚɚɏɠ ɩɟŮɠ ɢŮɘɟɤɜŬəŰɘəɐɠ 

ŮɟɔŬůɑŬɠ əŬɘ ɏɢŮɘ ɢŬɛɖɚɐ ŬəɟɑɓŮɘŬ əŬɘ ˊɞɘɧŰɖŰŬ ŬəɧɛŬ əŬɘ ɧŰŬɜ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ Ŭˊɧ 

ŮɝŮɘŭɘəŮɡɛɏɜɞ ˊɟɞůɤˊɘəɧ. ȼ ɏɚŮɡůɖ Űɤɜ ůɨɔɢɟɞɜɤɜ ůɡůŰɖɛɎŰɤɜ CAD/CAM (Computer 

Aided Design/Computer Aided Manufacturing) əŬɘ Űɤɜ ˊɟɞůɗŮŰɘəɩɜ ŰŮɢɜɞɚɞɔɘɩɜ 

(additive technologies), ŰŬ ŰŮɚŮɡŰŬɑŬ 30 ɢɟɧɜɘŬ Űɞɡ ˊɟɞɖɔɞɨɛŮɜɞɡ ŬɘɩɜŬ, ŮˊɏŰɟŮɣŬɜ Űɖɜ 

ŰɟɘůŭɘɎůŰŬŰɖ ŮəŰɨˊɤůɖ Űɤɜ əŬɚɞɡˊɘɩɜ Ŭˊɧ əŮɟɑ ɐ ˊɞɚɡɛŮɟɐ. ȷɡŰɧ ŮɑɢŮ ɤɠ ŬˊɞŰɏɚŮůɛŬ 

Űɖɜ ɛŮɑɤůɖ Űɖɠ ɢŮɘɟɤɜŬəŰɘəɐɠ ŮɟɔŬůɑŬɠ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ əŬɘ Űɞɡ ɢɟɧɜɞɡ ˊŬɟŬɔɤɔɐɠ, 

ɟɑɢɜɞɜŰŬɠ ɏŰůɘ Űɞ əɧůŰɞɠ ˊŬɟŬɔɤɔɐɠ ɞŭɞɜŰɘŬŰɟɘəɩɜ ŮɛűɡŰŮɡɛɎŰɤɜ ɓŮɚŰɘɩɜɞɜŰŬɠ 

ˊŬɟɎɚɚɖɚŬ Űɖɜ ˊɞɘɧŰɖŰŬ Űɞɡɠ. (2) 

3.1.2. ɆɛɑɚŮɡůɖ/ɇɟɘůŭɘɎůŰŬŰɖ əɞˊɐ (Milling ) 

ɃŭɞɜŰɘŬŰɟɘəɎ ŮɛűɡŰŮɨɛŬŰŬ ɛˊɞɟɞɨɜ ɜŬ əŬŰŬůəŮɡŬůŰɞɨɜ əŬɘ ɛŮ ɛŮɗɧŭɞɡɠ ŬűŬɘɟŮŰɘəɐɠ 

əŬŰŬůəŮɡɐɠ (subtractive manufacturing) ɧˊɤɠ ŮɑɜŬɘ ɖ ůɛɑɚŮɡůɖ. ɆŮ ŬɡŰɐ Űɖ ɛɏɗɞŭɞ ŬɟɢɘəɎ 

ŭɖɛɘɞɡɟɔŮɑŰŬɘ ɏɜŬ ŰɟɘůŭɘɎůŰŬŰɞ ŬɟɢŮɑɞ Űɞ ɞˊɞɑɞ ŰɟɞűɞŭɞŰŮɑŰŬɘ ůŰɖɜ ɛɖɢŬɜɐ 

ŰɟɘůŭɘɎůŰŬŰɖɠ əɞˊɐɠ, ɖ ɞˊɞɑŬ ŬűŬɘɟŮɑ ɡɚɘəɧ Ŭˊɧ ɏɜŬ əɞɛɛɎŰɘ ɛɏŰŬɚɚɞ ɏɤɠ ɧŰɞɡ Űɞ ŰŮɚɘəɧ 

ˊɟɞɥɧɜ ɏɢŮɘ Űɞ ŮˊɘɗɡɛɖŰɧ ůɢɐɛŬ. ɇŬ ˊɟɞɥɧɜŰŬ ˊɞɡ əŬŰŬůəŮɡɎɕɞɜŰŬɘ ɛŮ ŬɡŰɐɜ Űɖɜ ɛɏɗɞŭɞ 

ŭŮɜ ˊŬɟɞɡůɘɎɕɞɡɜ ŮɚŬŰŰɩɛŬŰŬ ŭɞɛɐɠ ɧˊɤɠ ˊɧɟɞɡɠ ɐ ɟɤɔɛɏɠ. (12,13) 
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3.1.3. ɄɡɟɞůɡůůɤɛɎŰɤůɖ ɡˊɞɓɞɖɗɞɨɛŮɜɖ Ŭˊɧ ůɡůŰɐɛŬŰŬ CAD/CAM  

ȼ ůɡɔəŮəɟɘɛɏɜɖ ŰŮɢɜɘəɐ ŬˊɞŰŮɚŮɑ ɛɘŬ əŬɘɜɞɨɟɘŬ ŰŮɢɜɞɚɞɔɑŬ ˊɞɡ ŬɜŬˊŰɨɢɗɖəŮ Ŭˊɧ Űɖɜ 

ŮŰŬɘɟɑŬ Amann Girrbach. ȾŬŰɎ Űɖɜ ŰŮɢɜɘəɐ ŬɡŰɐ, ůəɧɜɖ ɛŮŰɎɚɚɞɡ ŬɜŬɛŮɘɔɜɨŮŰŬɘ ɛŮ 

əɎˊɞɘɞɜ ůɡɜŭɏŰɖ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ űŰɘŬɢŰŮɑ ɏɜŬ ɛŮŰŬɚɚɘəɧ ŬəŬŰɏɟɔŬůŰɞ ɡɚɘəɧ ɛŮ əɏɟɘɜɖ 

ɡűɐ. ɇɞ ɡɚɘəɧ ŬɡŰɧ ɛˊɞɟŮɑ ŮɨəɞɚŬ ɜŬ ŮəɔɚɡűŮɑ ůŮ ůŰŮɔɜɧ ˊŮɟɘɓɎɚɚɞɜ Ŭˊɧ əŬŰɎɚɚɖɚŬ 

ɛɖɢŬɜɐɛŬŰŬ ɡˊɞɓɞɖɗɞɨɛŮɜŬ Ŭˊɧ ůɡůŰɐɛŬŰŬ CAD/CAM. ȷűɞɨ Űɞ ɡɚɘəɧ ɏɢŮɘ ˊɎɟŮɘ Űɞ 

ŮˊɘɗɡɛɖŰɧ ůɢɐɛŬ, ˊɡɟɞůůɡůɤɛŬŰɩɜŮŰŬɘ ůŮ Ůɘŭɘəɧ əɚɑɓŬɜɞ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ɚɎɓɞɡɛŮ Űɞ 

ŰŮɚɘəɧ ˊɟɞɥɧɜ. ɆɨɛűɤɜŬ ɛŮ Űɖɜ ŮŰŬɘɟɑŬ, ŬɡŰɐ ɖ ɛɏɗɞŭɞɠ ˊŬɟɎɔŮɘ ɞŭɞɜŰɘŬŰɟɘəɎ 

ŮɛűɡŰŮɨɛŬŰŬ ɛŮ əŬɚɐ ŭɞɛɐ, ɞɛɞɔŮɜɐ ůɨůŰŬůɖ əŬɘ ɢɤɟɑɠ əɞɘɚɧŰɖŰŮɠ ůɡůŰɞɚɐɠ. (12,13) 

3.1.4. ɇɟɘůŭɘɎůŰŬŰɖ ȺəŰɨˊɤůɖ 

ȼ ŰɟɘůŭɘɎůŰŬŰɖ ŮəŰɨˊɤůɖ ŮɑɜŬɘ ɖ ɛɏɗɞŭɞɠ ɛŮ Űɖɜ ɞˊɞɑŬ əŬŰŬůəŮɡɎůŰɖəŬɜ ŰŬ ŭŮɑɔɛŬŰŬ 

ˊɞɡ ɗŬ ŬɜŬɚɡɗɞɨɜ ůŰɖɜ ˊŬɟɞɨůŬ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ. ȳůɞɜ ŬűɞɟɎ ŰŬ ɞŭɞɜŰɘŬŰɟɘəɎ 

ŮɛűɡŰŮɨɛŬŰŬ, ɖ ɛɏɗɞŭɞɠ ˊŮɟɘɚŬɛɓɎɜŮɘ Űɖɜ ɗŮɟɛɘəɐ ůɡɔəɧɚɚɖůɖ ůəɧɜɖɠ ɛŮŰɎɚɚɞɡ 

ŰɐəɞɜŰɎɠ Űɖɜ ɛŮ Űɖ ɓɞɐɗŮɘŬ Ůɜɧɠ laser ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ůɢɖɛŬŰɘůŰŮɑ Űɞ ŰŮɚɘəɧ ˊɟɞɥɧɜ ɏɜŬ 

ůŰɟɩɛŬ Űɖ űɞɟɎ ůɨɛűɤɜŬ ɛŮ ɏɜŬ ŬɟɢŮɑɞ CAD (12,13). ɄŮɟɘůůɧŰŮɟŮɠ ˊɚɖɟɞűɞɟɑŮɠ ɗŬ 

ŭɞɗɞɨɜ ˊŬɟŬəɎŰɤ.  

 

 

 

ȺɘəɧɜŬ 6. ȹɘŬŭɘəŬůɑŬ ˊŬɟŬɔɤɔɐɠ ɞŭɞɜŰɘŬŰɟɘəɩɜ ŮɛűɡŰŮɡɛɎŰɤɜ ɛŮ Űɖ ɛɏɗɞŭɞ Űɖɠ ŰɟɘůŭɘɎůŰŬŰɖɠ 

ŮəŰɨˊɤůɖɠ.(12) 
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3.2. ɇɟɘůŭɘɎůŰŬŰɖ ȺəŰɨˊɤůɖ (3D Printing ) 

Ƀ ɧɟɞɠ ŰɟɘůŭɘɎůŰŬŰɖ ŮəŰɨˊɤůɖ ˊŮɟɘɔɟɎűŮɘ ɏɜŬ ůɨɜɞɚɞ ŬɡŰɞɛŬŰɞˊɞɘɖɛɏɜɤɜ ŭɘŬŭɘəŬůɘɩɜ 

ˊɟɞůɗŮŰɘəɐɠ əŬŰŬůəŮɡɐɠ, ɞɘ ɞˊɞɑŮɠ ɛŮŰŬŰɟɏˊɞɡɜ ŰɟɘůŭɘɎůŰŬŰŬ ɣɖűɘŬəɎ ɛɞɜŰɏɚŬ ůŮ 

űɡůɘəɎ ŬɜŰɘəŮɑɛŮɜŬ. ɆŰŬ ˊŮɟɘůůɧŰŮɟŬ ůɡůŰɐɛŬŰŬ, ɖ ˊɟɞůɗŮŰɘəɐ əŬŰŬůəŮɡɐ ŮˊɘŰɡɔɢɎɜŮŰŬɘ 

ɛɏůɤ Űɞɡ ŮɚŮɔɢɧɛŮɜɞɡ ůɢɖɛŬŰɘůɛɞɨ  əŬɘ ůɡɜɏɜɤůɖɠ ŭɘŬŭɞɢɘəɩɜ ůŰɟɩůŮɤɜ ɡɚɘəɞɨ, ˊɞɡ 

ŬɜŰɘůŰɞɘɢɞɨɜ ůŮ ŮɔəɎɟůɘŮɠ Űɞɛɏɠ Űɞɡ ŬɜŰɘəŮɘɛɏɜɞɡ ˊɞɡ əŬŰŬůəŮɡɎɕŮŰŬɘ. (6) ɇɞ əɨɟɘɞ 

ˊɚŮɞɜɏəŰɖɛŬ Űɖɠ ŰɟɘůŭɘɎůŰŬŰɖɠ ŮəŰɨˊɤůɖɠ ɏɜŬɜŰɘ ůɡɛɓŬŰɘəɩɜ ɛŮɗɧŭɤɜ ˊŬɟŬɔɤɔɐɠ ŮɑɜŬɘ 

ɖ ɘəŬɜɧŰɖŰŬ ˊŬɟŬůəŮɡɐɠ ŬɜŰɘəŮɘɛɏɜɤɜ ˊɞɚɨˊɚɞəɖɠ ɔŮɤɛŮŰɟɑŬɠ Ŭˊɧ ˊɚɖɗɩɟŬ 

ŭɘŬűɞɟŮŰɘəɩɜ ɡɚɘəɩɜ, ɧˊɤɠ ɛɏŰŬɚɚŬ, əŮɟŬɛɘəɎ, ˊɞɚɡɛŮɟɐ ə.Ŭ.. (2) ɈˊɎɟɢŮɘ ˊɚɖɗɩɟŬ 

ŰŮɢɜɞɚɞɔɘɩɜ əŬɘ ɛŮɗɧŭɤɜ ŰɟɘůŭɘɎůŰŬŰɖɠ ŮəŰɨˊɤůɖɠ. ɀŮɟɘəɏɠ Ŭˊɧ ŬɡŰɏɠ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ ɞŭɞɜŰɘŬŰɟɘəɏɠ ŮűŬɟɛɞɔɏɠ ŮɑɜŬɘ ɞɘ: ůŰŮɟŮɞɚɘɗɞɔɟŬűɑŬ 

(stereolithography SLA), ɛɞɜŰŮɚɞˊɞɑɖůɖ ůɡɜŰɖɔɛɏɜɖɠ ŮɜŬˊɧɗŮůɖɠ (fused deposition 

modeling FDM), ŮəŰɨˊɤůɖ ɛŮ ɣŮəŬůɛɧ (ink-jet printing IJP) əŬɘ ɖ ůɖɛŬɜŰɘəɧŰŮɟɖ Ŭˊɧ 

ɧɚŮɠ ɖ ůɨɜŰɖɝɖ ůəɧɜɖɠ (Powder Bed Fusion PBF), əŬɗɩɠ ɞɘ ŰŮɢɜɞɚɞɔɑŮɠ ˊɞɡ 

ˊŮɟɘɚŬɛɓɎɜɞɜŰŬɘ ůŰɖɜ əŬŰɖɔɞɟɑŬ Űɖɠ PBF ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ Űɖɜ ŮəŰɨˊɤůɖ Űɤɜ 

ɛŮŰŬɚɚɘəɩɜ ɛŮɟɩɜ Űɤɜ ŮɛűɡŰŮɡɛɎŰɤɜ.(2,13) 

ȼ ŰŮɢɜɞɚɞɔɑŬ Power Bed Fusion (PBF) ɛˊɞɟŮɑ ɜŬ ŭɘŬɢɤɟɘůŰŮɑ ůŮ ŰɟŮɘɠ ŭɘŬűɞɟŮŰɘəɏɠ 

ɛŮɗɧŭɞɡɠ: Űɖɜ ŮˊɘɚŮəŰɘəɐ Űɐɝɖ ɛŮ ŭɏůɛɖ ɖɚŮəŰɟɞɜɑɤɜ (selective electron beam melting 

SEBM), Űɖɜ ŮˊɘɚŮəŰɘəɐ ˊɡɟɞůɡůůɤɛɎŰɤůɖ ɛŮ ŭɏůɛɖ laser (selective laser sintering SLS) 

əŬɘ Űɖɜ ŮˊɘɚŮəŰɘəɐ Űɐɝɖ ɛŮ ŭɏůɛɖ laser (selective laser melting SLM). ȷɡŰɏɠ ɞɘ ŰɟŮɘɠ 

ɛɏɗɞŭɞɘ ŮɑɜŬɘ ˊŬɟɧɛɞɘŮɠ əŬɘ ŭɘŬűɏɟɞɡɜ ɛɧɜɞ ůŰɖɜ ˊɖɔɐ Űɖɠ ɗŮɟɛɧŰɖŰŬɠ ˊɞɡ ůŰɖɜ 

ˊŮɟɑˊŰɤůɖ Űɖɠ SEBM ŮɑɜŬɘ ŭɏůɛɖ ɖɚŮəŰɟɞɜɑɤɜ Ůɜɩ ůŰɘɠ ɛŮɗɧŭɞɡɠ SLS əŬɘ SLM ŮɑɜŬɘ 

laser (13). ȼ ŭɘŬűɞɟɎ ɛŮŰŬɝɨ Űɤɜ ɛŮɗɧŭɤɜ SLM əŬɘ SLS ŮɑɜŬɘ ˊɤɠ ůŰɖɜ ɛɏɗɞŭɞ SLM 

ɏɢɞɡɛŮ ˊɚɐɟɖ Űɐɝɖ Űɞɡ ɡɚɘəɞɨ, Ůɜɩ ůŰɖɜ SLS ˊɡɟɞůůɡůɤɛɎŰɤůɖ. Ƀ ɧɟɞɠ SLS 

ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ˊŮɟɘůůɧŰŮɟɞ ɔɘŬ ˊɞɚɡɛŮɟɐ, əŬɗɩɠ ŬɡŰɎ ŬəɧɛŬ əŬɘ ɛŮŰɎ Ŭˊɧ ˊɚɐɟɖ Űɐɝɖ 

ˊŬɟŬɛɏɜɞɡɜ ˊɞɟɩŭɖ, Ůɜɩ ɖ ɛɏɗɞŭɞɠ SLM ŮɑɜŬɘ ůɡɜɩɜɡɛɖ ɛŮ ɛŮŰŬɚɚɘəɎ ŬɜŰɘəŮɑɛŮɜŬ 

ɢɤɟɑɠ ˊɞɟɩŭŮɠ (11). 
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3.2.1. ȽůŰɞɟɘəɐ ŬɜŬŭɟɞɛɐ ŰɟɘůŭɘɎůŰŬŰɖɠ ŮəŰɨˊɤůɖɠ  

ȼ ŰŮɢɜɞɚɞɔɑŬ ŰɟɘůŭɘɎůŰŬŰɖɠ ŮəŰɨˊɤůɖɠ űɡůɘəɩɜ ŬɜŰɘəŮɘɛɏɜɤɜ Ŭˊɧ ɣɖűɘŬəɎ ŭŮŭɞɛɏɜŬ 

ŬɜŬˊŰɨɢɗɖəŮ ɔɘŬ ˊɟɩŰɖ űɞɟɎ Ŭˊɧ Űɞɜ Charles Hull Űɞ 1984. ȼ ŰŮɢɜɘəɐ ɞɜɞɛɎůŰɖəŮ 

ůŰŮɟŮɞɚɘɗɞɔɟŬűɑŬ (stereolithografy) əŬɘ ŬˊɏůˊŬůŮ ŭɑˊɚɤɛŬ ŮɡɟŮůɘŰŮɢɜɑŬɠ Űɞ 1986. Ⱥɜɩ 

ŰŬ ůɡůŰɐɛŬŰŬ ůŰŮɟŮɞɚɘɗɞɔɟŬűɑŬɠ ŮɑɢŬɜ ɔɑɜŮɘ ŭɖɛɞűɘɚɐ ůŰŬ Űɏɚɖ Űɖɠ ŭŮəŬŮŰɑŬɠ Űɞɡ 1980 

ŰɏɗɖəŬɜ ůŮ ŮűŬɟɛɞɔɐ ˊŬɟɧɛɞɘŮɠ ŰŮɢɜɞɚɞɔɑŮɠ ɧˊɤɠ Űɞ Fused Deposition Modelling (FDM) 

əŬɘ Űɞ Selective Laser Sintering (SLS). ɇɞ 1993, Űɞ ȽɜůŰɘŰɞɨŰɞ ɇŮɢɜɞɚɞɔɑŬɠ Űɖɠ 

ɀŬůŬɢɞɡůɏŰɖɠ (MIT) əŬŰɞɢɨɟɤůŮ ɛɘŬ Ɏɚɚɖ ŰŮɢɜɞɚɞɔɑŬ, ˊɞɡ ɞɜɞɛɎůŰɖəŮ ŰŮɢɜɘəɐ 

ŰɟɘůŭɘɎůŰŬŰɖɠ ŮəŰɨˊɤůɖɠ. ȼ ŰŮɢɜɘəɐ ŬɡŰɐ ɐŰŬɜ ˊŬɟɧɛɞɘŬ ɛŮ Űɖɜ ŰŮɢɜɞɚɞɔɑŬ inkjet ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůŰɞɡɠ ŮəŰɡˊɤŰɏɠ 2D. To 1995 əŬŰɞɢɡɟɩɗɖəŮ ɖ ɛɏɗɞŭɞɠ Űɖɠ ŮˊɘɚŮəŰɘəɐɠ 

Űɐɝɖɠ ɛŮ ŭɏůɛɖ laser SLM. Ƀ ˊɟɩŰɞɠ ŮəŰɡˊɤŰɐɠ 3D əŬŰŬůəŮɡɎůŰɖəŮ Űɞ 1998, Ůɜɩ ɞ 

ˊɟɩŰɞɠ ɏɔɢɟɤɛɞɠ ŮəŰɡˊɤŰɐɠ 3D ɝŮəɑɜɖůŮ ɜŬ əŬŰŬůəŮɡɎɕŮŰŬɘ Űɞ 2000. ȼ ˊɟɩŰɖ 

ŰɟɘůŭɘɎůŰŬŰɖ ŮəŰɨˊɤůɖ ɡɣɖɚɐɠ ŮɡəɟɑɜŮɘŬɠ ŭɖɛɘɞɡɟɔɐɗɖəŮ Űɞ 2005. ȷˊɧ Űɞ 2005 əŬɘ ɛŮŰɎ 

ɖ ŰŮɢɜɞɚɞɔɑŬ Űɖɠ ŰɟɘůŭɘɎůŰŬŰɖɠ ŮəŰɨˊɤůɖɠ ŮɝŮɚɑůůŮŰŬɘ ůɡɜŮɢɩɠ, ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ 

ŬɜŬəŬɚɨˊŰɞɜŰŬɘ ŭɘŬɟəɩɠ ɜɏŬ ɛɖɢŬɜɐɛŬŰŬ, ɛɏɗɞŭɞɘ əŬɘ ɡɚɘəɎ ŰŬ ɞˊɞɑŬ ůɡɛɓɎɚɞɡɜ əŬɘ ůŰɖ 

ŭɘŮɨɟɡɜůɖ Űɞɡ űɎůɛŬŰɞɠ Űɤɜ ŮűŬɟɛɞɔɩɜ ŬɡŰɐɠ Űɖɠ ŰŮɢɜɞɚɞɔɑŬɠ. (7)  

3.3. ȹɘŬŭɘəŬůɑŬ ˊŬɟŬɔɤɔɐɠ ɞŭɞɜŰɘŬŰɟɘəɩɜ ŮɛűɡŰŮɡɛɎŰɤɜ ɛŮ Űɖɜ 

ɛɏɗɞŭɞ Űɖɠ ŮˊɘɚŮəŰɘəɐɠ Űɐɝɖɠ ɛŮ ŭɏůɛɖ laser (Selective Laser 

Melting SLM ) 

ȼ ŮˊɘɚŮəŰɘəɐ Űɐɝɖ ɛŮ ŭɏůɛɖ laser ŮɑɜŬɘ ɛɘŬ ŰŮɢɜɘəɐ ŰɟɘůŭɘɎůŰŬŰɖɠ ŮəŰɨˊɤůɖɠ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ ŬɜŰɘəŮɘɛɏɜɤɜ ŰŮɚɘəɞɨ ůɢɐɛŬŰɞɠ ɛŮ ˊɚɐɟɖ ˊɡəɜɧŰɖŰŬ 

(ɏɤɠ 99,9%) (8), ŰɐəɞɜŰŬɠ əɡɟɑɤɠ ɛŮŰŬɚɚɘəɎ ɡɚɘəɎ ůŮ ɛɞɟűɐ ůəɧɜɖɠ ɛɏůɤ Ůɜɧɠ laser 

ɡɣɖɚɐɠ ɏɜŰŬůɖɠ (9).  

ɆŰɘɠ ŮɘəɧɜŮɠ 7 əŬɘ 9 ŭɑɜŮŰŬɘ ɛɘŬ ůɢɖɛŬŰɘəɐ ŬɜŬˊŬɟɎůŰŬůɖ Ůɜɧɠ ɛɖɢŬɜɐɛŬŰɞɠ SLM/SLS 

əŬɘ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ ɚŮɘŰɞɡɟɔɑŬɠ Űɞɡ. ȷűɞɨ ɏɢŮɘ ŭɖɛɘɞɡɟɔɖɗŮɑ ɛŮ Űɞ əŬŰɎɚɚɖɚɞ ɚɞɔɘůɛɘəɧ 

ɏɜŬ ŰɟɘůŭɘɎůŰŬŰɞ ɛɞɜŰɏɚɞ (ŮɘəɧɜŬ 8) Űɞɡ ŬɜŰɘəŮɘɛɏɜɞɡ ˊɟɞɠ ŮəŰɨˊɤůɖ,  Űɞ ɞˊɞɑɞ 

ŰŮɛŬɢɑɕŮŰŬɘ ůŮ ŭɡůŭɘɎůŰŬŰŬ ůŰɟɩɛŬŰŬ ˊɎɚɘ Ŭˊɧ Űɞ ɚɞɔɘůɛɘəɧ, ŮɘůɎɔŮŰŬɘ Űɞ ŬɟɢŮɑɞ ůŰɞ 

ɛɖɢɎɜɖɛŬ SLM/SLS. ȷɟɢɘəɎ, ɖ ůəɧɜɖ ŬˊɚɩɜŮŰŬɘ ˊɎɜɤ ůŰɖɜ ˊɚŬŰűɧɟɛŬ ŮəŰɨˊɤůɖɠ, 

ůɢɖɛŬŰɑɕɞɜŰŬɠ ɏɜŬ ɞɛɞɘɧɛɞɟűɞ, ɚŮˊŰɧ (20-100 ɛm) əŬɘ ɘůɞˊŬɢɏɠ ůŰɟɩɛŬ. ɆŰɖ ůɡɜɏɢŮɘŬ 

ɛɘŬ ŭɏůɛɖ laser ɡɣɖɚɐɠ ɘůɢɨɞɠ ůŬɟɩɜŮɘ ŮˊɘɚŮəŰɘəɎ Űɖɜ ŮˊɘűɎɜŮɘŬ ůŰɞ ɉɈ ŮˊɑˊŮŭɞ, 
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ŰɐəɞɜŰŬɠ əŬɘ ůɡɜŭɏɞɜŰŬɠ Űɞɡɠ əɧəəɞɡɠ Űɞɡ ɡɚɘəɞɨ, ɔɘŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ ɛɘŬɠ ŮɔəɎɟůɘŬɠ 

Űɞɛɐɠ Űɞɡ ŬɜŰɘəŮɘɛɏɜɞɡ ˊɞɡ əŬŰŬůəŮɡɎɕŮŰŬɘ. ȴůŰŮɟŬ, ɖ ˊɚŬŰűɧɟɛŬ ŮəŰɨˊɤůɖɠ 

ɛŮŰŬəɘɜŮɑŰŬɘ ˊɟɞɠ ŰŬ əɎŰɤ, ɖ ŭŮɝŬɛŮɜɐ ŰɟɞűɞŭɞůɑŬɠ ˊɟɞɛɖɗŮɨŮɘ ɜɏɞ ɡɚɘəɧ ůŮ ůəɧɜɖ əŬɘ 

ɛɘŬ əɘɜɞɨɛŮɜɖ ɚŮˊɑŭŬ (ɐ əɡɚɘɧɛŮɜɞɠ əɨɚɘɜŭɟɞɠ) ŬˊɚɩɜŮɘ Űɞ ɜɏɞ ůŰɟɩɛŬ Űɖɠ ůəɧɜɖɠ. ȼ 

ŭŮɝŬɛŮɜɐ ŰɟɞűɞŭɞůɑŬɠ ɟɡɗɛɑɕŮŰŬɘ ůŮ ɗŮɟɛɞəɟŬůɑŬ əɎŰɤ Ŭˊɧ Űɞ ůɖɛŮɑɞ Űɐɝɖɠ Űɞɡ 

ŮəɎůŰɞŰŮ ɡɚɘəɞɨ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɡɚɘəɞɨ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ, ŬˊɞɛŬəɟɨɜɞɜŰŬɠ Űɖɜ 

ɡɔɟŬůɑŬ, ŭɘŮɡəɞɚɨɜɞɜŰŬɠ Űɖ ɟɞɐ Űɖɠ ůəɧɜɖɠ əŬɘ ŮˊɘŰŬɢɨɜɞɜŰŬɠ Űɖ ŭɘŬŭɘəŬůɑŬ Űɖɠ Űɞˊɘəɐɠ 

Űɐɝɖɠ əŬɘ ůɡɔəɧɚɚɖůɖɠ ůŰɖɜ ˊɟɞɖɔɞɨɛŮɜɖ ůŰɟɩůɖ. ȼ ůəɧɜɖ ˊɞɡ ˊŮɟɘɓɎɚɚŮɘ Űɞ 

ŬɜŰɘəŮɑɛŮɜɞ ˊɞɡ əŬŰŬůəŮɡɎɕŮŰŬɘ ɓɞɖɗɎŮɘ ůŰɖɜ Ŭɔɤɔɐ Űɖɠ ɗŮɟɛɧŰɖŰŬɠ əŬɘ ŭɟŬ 

ɡˊɞůŰɖɟɘəŰɘəɎ. ɆɡɜŮˊɩɠ, ŬˊŬɘŰɞɨɜŰŬɘ ɚɘɔɧŰŮɟŮɠ ŭɞɛɏɠ ɛɖɢŬɜɘəɐɠ ɡˊɞůŰɐɟɘɝɖɠ, ɞɘ ɞˊɞɑŮɠ 

ůŰŬɗŮɟɞˊɞɘɞɨɜ Űɞ ŬɜŰɘəŮɑɛŮɜɞ ˊɎɜɤ ůŰɖɜ ˊɚŬŰűɧɟɛŬ ŮəŰɨˊɤůɖɠ. Ƀ ůɢŮŭɘŬůɛɧɠ Űɤɜ 

ŬɜŰɘəŮɘɛɏɜɤɜ ɞűŮɑɚŮɘ ɜŬ ŮɡɜɞŮɑ Űɖɜ Ŭɔɤɔɐ Űɖɠ ɗŮɟɛɧŰɖŰŬɠ, ɖ Űɞˊɘəɐ ůɡůůɩɟŮɡůɖ Űɖɠ 

ɞˊɞɑŬɠ ɛˊɞɟŮɑ ɜŬ ŭɖɛɘɞɡɟɔɐůŮɘ ɟɤɔɛɏɠ əŬɘ ˊŬɟŬɛɞɟűɩůŮɘɠ. ȳŰŬɜ ɖ əŬŰŬůəŮɡɐ Űɞɡ 

ŬɜŰɘəŮɘɛɏɜɞɡ ɞɚɞəɚɖɟɤɗŮɑ, ŬɡŰɧ ŬűɐɜŮŰŬɘ ɜŬ əɟɡɩůŮɘ əŬɘ ɡˊɞɚŮɑɛɛŬŰŬ ůəɧɜɖɠ 

ŬˊɞɛŬəɟɨɜɞɜŰŬɘ ůŮ Ůɘŭɘəɞɨɠ ɗŬɚɎɛɞɡɠ ɛɏůɤ ˊŮˊɘŮůɛɏɜɞɡ ŬɏɟŬ. ȼ ůəɧɜɖ ˊɞɡ ŭŮɜ 

ŮəŰɑɗŮŰŬɘ ůŰɖ ŭɏůɛɖ laser ůɡɚɚɏɔŮŰŬɘ əŬɘ ŮˊŬɜŬɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ, Ŭűɞɨ ˊŮɟɎůŮɘ Ŭˊɧ 

əɧůəɘɜɞ. (6,9,10,11) 

      

ȺɘəɧɜŬ 7. ɆɢɖɛŬŰɘəɐ ŬɜŬˊŬɟɎůŰŬůɖ ŮəŰɡˊɤŰɐ SLM/SLS. (6) 
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ȺɘəɧɜŬ 8. ɇɟɘůŭɘɎůŰŬŰɞ ɛɞɜŰɏɚɞ ɞŭɞɜŰɘŬŰɟɘəɞɨ ŮɛűɡŰŮɨɛŬŰɞɠ ˊɟɞɠ ŮəŰɨˊɤůɖ ɛŮ Űɖ ɛɏɗɞŭɞ SLM. 

 

 

ȺɘəɧɜŬ 9. ȹɘŬŭɘəŬůɑŬ ŮəŰɨˊɤůɖɠ ŬɜŰɘəŮɘɛɏɜɞɡ ɛŮ Űɖ ɛɏɗɞŭɞ SLM.(8) 

 

3.3.1. ɄŬɟɎɛŮŰɟɞɘ ȹɘŮɟɔŬůɑŬɠ 

Ƀɘ ɓŬůɘəɏɠ ˊŬɟɎɛŮŰɟɞɘ Űɖɠ ŭɘŮɟɔŬůɑŬɠ ɛˊɞɟɞɨɜ ɜŬ ŭɘŬɢɤɟɘůŰɞɨɜ ůŮ ŰɟŮɘɠ əŬŰɖɔɞɟɑŮɠ: 

ˊŬɟɎɛŮŰɟɞɘ Űɖɠ ŭɏůɛɖɠ laser (ɘůɢɨɠ, ŭɘɎɛŮŰɟɞɠ əɖɚɑŭŬɠ, ŭɘɎɟəŮɘŬ əŬɘ ůɡɢɜɧŰɖŰŬ ˊŬɚɛɩɜ), 

ˊŬɟɎɛŮŰɟɞɘ ůɎɟɤůɖɠ (ŰŬɢɨŰɖŰŬ əŬɘ ɛɞŰɑɓɞ ůɎɟɤůɖɠ), ˊŬɟɎɛŮŰɟɞɘ Űɖɠ ůəɧɜɖɠ (ůɢɐɛŬ 

əɧəəɤɜ, ɛɏůɞ ɛɏɔŮɗɞɠ əŬɘ əɞəəɞɛŮŰɟɘəɐ əŬŰŬɜɞɛɐ, ˊɡəɜɧŰɖŰŬ ůŰɞɑɓŬɝɖɠ, ˊɎɢɞɠ 

ůŰɟɩůɖɠ, ɘŭɘɧŰɖŰŮɠ Űɞɡ ɡɚɘəɞɨ, ɗŮɟɛɞəɟŬůɑŬ ŭŮɝŬɛŮɜɐɠ ŰɟɞűɞŭɞůɑŬɠ əŰɚ.). ȺɝŬɘŰɑŬɠ Űɤɜ 

ɡɣɖɚɩɜ ɗŮɟɛɞəɟŬůɘɩɜ ˊɞɡ ŬɜŬˊŰɨůůɞɜŰŬɘ ůŰɞ ɡɚɘəɧ, ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɞ ɖ ŭɘŮɟɔŬůɑŬ ɜŬ 
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ɔɑɜŮŰŬɘ ůŮ ŮɚŮɔɢɧɛŮɜɞ ˊŮɟɘɓɎɚɚɞɜ ŬŭɟŬɜɞɨɠ ŬŰɛɧůűŬɘɟŬɠ, ɔɘŬ ɜŬ ŬˊɞűŮɡɢɗŮɑ ɞ 

ůɢɖɛŬŰɘůɛɧɠ ɞɝŮɘŭɑɤɜ əŬɘ Ɏɚɚɤɜ ŬɜŮˊɘɗɨɛɖŰɤɜ ˊɟɞɥɧɜŰɤɜ ŬɜŰɘŭɟɎůŮɤɜ Űɖɠ ˊɟɩŰɖɠ ɨɚɖɠ, 

ŰŬ ɞˊɞɑŬ ůɢɖɛŬŰɑɕɞɜŰŬɘ ŮˊɘűŬɜŮɘŬəɎ əŬɘ ŮˊɖɟŮɎɕɞɡɜ Űɖ ŭɘŬɓɟɞɢɐ əŬɘ Űɖ ɔɤɜɑŬ ŮˊŬűɐɠ 

Űɞɡ ŰɐɔɛŬŰɞɠ Űɖɠ ŮˊɧɛŮɜɖɠ ůŰɟɩůɖɠ ɛŮ Űɞ ɞɝŮɘŭɤɛɏɜɞ ɡˊɧůŰɟɤɛŬ. ɋɠ ŬˊɞŰɏɚŮůɛŬ, ɞɘ 

ŭɡɜɎɛŮɘɠ ůɡɜɞɢɐɠ Űɤɜ ůŰŬɔɧɜɤɜ Űɞɡ ŰɐɔɛŬŰɞɠ ɡˊŮɟŰŮɟɞɨɜ, ůɢɖɛŬŰɑɕɞɜŰŬɘ ŮɚɚŮɘɣɞŮɘŭŮɑɠ 

ůŰŬɔɧɜŮɠ (balling effect) əŬɘ ɖ Űɐɝɖ ůŰɖɜ ˊɞɟŮɑŬ Űɖɠ ŭɏůɛɖɠ ŭŮɜ ŮɑɜŬɘ ůɡɜŮɢɐɠ. ȷɡŰɧ 

ɞŭɖɔŮɑ ůŮ Ŭɨɝɖůɖ Űɞɡ ˊɞůɞůŰɞɨ Űɞɡ ˊɞɟɩŭɞɡɠ əŬɘ ůŮ ɡˊɞɓɎɗɛɘůɖ Űɤɜ ɛɖɢŬɜɘəɩɜ 

ɘŭɘɞŰɐŰɤɜ Űɤɜ ˊŬɟŬɔɧɛŮɜɤɜ ŬɜŰɘəŮɘɛɏɜɤɜ. ũɘŬ Űɞɜ ɚɧɔɞ ŬɡŰɧ, ŭɘɞɢŮŰŮɨɞɜŰŬɘ ůŰɘɠ 

ŭŮɝŬɛŮɜɏɠ ɢɖɛɘəɎ ŬŭɟŬɜɐ ŬɏɟɘŬ ɡɣɖɚɐɠ əŬɗŬɟɧŰɖŰŬɠ, ɧˊɤɠ ŮɑɜŬɘ Űɞ ɎɕɤŰɞ, Űɞ Ŭɟɔɧ əŬɘ 

Űɞ ɐɚɘɞ. ɇŬ ŬɏɟɘŬ ŬɡŰɎ ɢŬɟŬəŰɖɟɑɕɞɜŰŬɘ Ůˊɑůɖɠ Ŭˊɧ ɡɣɖɚɏɠ Űɘɛɏɠ ŮɜɏɟɔŮɘŬɠ ɘɞɜɘůɛɞɨ, 

ɩůŰŮ ɜŬ ɛɖɜ ˊɟɞəŬɚɞɨɜ ɛŮɔɎɚɖ ŮɝŬůɗɏɜɘůɖ Űɖɠ ŭɏůɛɖɠ laser (6).    

ȷɜɎɚɞɔŬ ɛŮ Űɘɠ ɗŮɟɛɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɖɠ ˊɟɩŰɖɠ ɨɚɖɠ əŬɘ ɛŮ Űɖɜ ɘůɢɨ ˊɞɡ Űɖɠ ŭɘɞɢŮŰŮɨŮŰŬɘ 

Ŭˊɧ Űɖ ŭɏůɛɖ laser, ˊɟɞəŬɚŮɑŰŬɘ ˊɡɟɞůɡůůɤɛɎŰɤůɖ (SLS) ɐ Űɐɝɖ (SLM) Űɤɜ əɧəəɤɜ, 

ˊɞɡ ɞŭɖɔɞɨɜ ůŮ ŭɘŬűɞɟŮŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ŰŮɚɘəɩɜ ŬɜŰɘəŮɘɛɏɜɤɜ ɤɠ ˊɟɞɠ Űɞ ˊɞůɞůŰɧ 

ˊɞɟɩŭɞɡɠ, Űɖɜ ˊɞɘɧŰɖŰŬ Űɖɠ ŮˊɘűɎɜŮɘŬɠ əŬɘ Űɘɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ. Ɇɡɜɐɗɤɠ, ůŰɖɜ 

ŰŮɢɜɘəɐ SLS ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ laser CO2 ɢŬɛɖɚɧŰŮɟɖɠ ɘůɢɨɞɠ (7W) ɔɘŬ əŬŰŬůəŮɡɐ 

ŬɜŰɘəŮɘɛɏɜɤɜ Ŭˊɧ ˊɞɚɡɛŮɟɐ (ˊɞɡ ŮɛűŬɜɑɕɞɡɜ Ŭˊɞɟɟɧűɖůɖ ůŮ ɛŮɔŬɚɨŰŮɟŬ ɛɐəɖ əɨɛŬŰɞɠ), 

Ůɜɩ ůŰɖɜ ŰŮɢɜɘəɐ SLM ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ laser ɞˊŰɘəɩɜ ɘɜɩɜ ɐ Nd:YAG ɡɣɖɚɐɠ ɘůɢɨɞɠ 

(100-500 W) ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ ůɡɛˊŬɔɩɜ ɛŮŰŬɚɚɘəɩɜ ŭɞɛɩɜ əŬɘ əŮɟŬɛɘəɩɜ 

ŬɜŰɘəŮɘɛɏɜɤɜ ɡɣɖɚɩɜ ŬɜŰɞɢɩɜ.  

ȳˊɤɠ ˊɟɞŬɜŬűɏɟɗɖəŮ, ɖ ŮˊɘŰɡɢɑŬ Űɖɠ ɛŮɗɧŭɞɡ SLM ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖɜ ɘůɢɨ Űɞɡ laser, Űɖɜ 

ŰŬɢɨŰɖŰŬ ůɎɟɤůɖɠ, Űɖ ŭɘɎɛŮŰɟɞ əɖɚɑŭŬɠ əŬɘ Űɞ ˊɎɢɞɠ ůŰɟɩůɖɠ, ˊŬɟɎɛŮŰɟɞɘ ɞɘ ɞˊɞɑŮɠ 

ŮɑɜŬɘ ɡˊŮɨɗɡɜŮɠ ɔɘŬ Űɖɜ ŮɜɏɟɔŮɘŬ Űɐɝɖɠ əŬɘ Űɞ ɓɎɗɞɠ ŭɘŮɑůŭɡůɖɠ ůŰɖɜ ůəɧɜɖ, ˊɞɡ ŰŮɚɘəɎ 

ɛŮŰŬűɟɎɕɞɜŰŬɘ ůŮ ˊɡəɜɧŰɖŰŬ Űɞɡ ɡɚɘəɞɨ. ȼ ŰŬɢɨŰɖŰŬ ůɎɟɤůɖɠ Űɖɠ ŭɏůɛɖɠ əŬɘ ɖ 

ˊɟɞůűŮɟɧɛŮɜɖ ɘůɢɨɠ ɟɡɗɛɑɕɞɜŰŬɘ ŬɜɎɚɞɔŬ ɛŮ Űɘɠ ɗŮɟɛɘəɏɠ ɘŭɘɧŰɖŰŮɠ əŬɘ Űɞɡɠ ŭŮɑəŰŮɠ 

Ŭˊɞɟɟɧűɖůɖɠ Űɤɜ ˊɟɩŰɤɜ ɡɚɩɜ. ȷɜ ɖ ˊɟɞůűŮɟɧɛŮɜɖ ɘůɢɨɠ ŮɑɜŬɘ əɎŰɤ Ŭˊɧ ɛɘŬ ɞɟɘŬəɐ 

Űɘɛɐ ɔɘŬ əɎɗŮ ɡɚɘəɧ, ůŮ ůɡɜŭɡŬůɛɧ ɛŮ ɛŮɔɎɚɖ ŰŬɢɨŰɖŰŬ ůɎɟɤůɖɠ Űɖɠ ŭɏůɛɖɠ, ŭɘŬəɧˊŰŮŰŬɘ 

ɖ ůɡɜŮɢɐɠ ˊɞɟŮɑŬ Űɐɝɖɠ Űɞɡ ɡɚɘəɞɨ (ŮˊɘŭŮɑɜɤůɖ Űɞɡ balling effect), ŬɡɝɎɜɞɜŰŬɠ Űɖɜ 

ŮˊɘűŬɜŮɘŬəɐ ŰɟŬɢɨŰɖŰŬ əŬɘ Űɞ ˊɞɟɩŭŮɠ Űɞɡ ŰŮɚɘəɞɨ ŬɜŰɘəŮɘɛɏɜɞɡ əŬɘ ɛŮɘɩɜɞɜŰŬɠ Űɘɠ 

ɛɖɢŬɜɘəɏɠ ŬɜŰɞɢɏɠ Űɞɡ (6). ɋɠ ŬˊɧůŰŬůɖ ɔɟŬɛɛɩɜ ůɎɟɤůɖɠ (ɓɐɛŬ ůɎɟɤůɖɠ) ɞɟɑɕŮŰŬɘ ɖ 

ŬˊɧůŰŬůɖ ɛŮŰŬɝɨ ŭɨɞ ɔŮɘŰɞɜɘəɩɜ Űɟɞɢɘɩɜ ůɎɟɤůɖɠ ɛŮ Űɞ laser, ɖ ɞˊɞɑŬ Ůˊɑůɖɠ ŮˊɖɟŮɎɕŮɘ 
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ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɖɠ ɕɩɜɖɠ Űɐɝɖɠ. ɀŮɔɎɚɞ ɓɐɛŬ ůɎɟɤůɖɠ ɛˊɞɟŮɑ ɜŬ ɞŭɖɔɐůŮɘ ůŮ 

ɛŮɔɎɚɞ Ŭɟɘɗɛɧ əŮɜɩɜ əŬɘ ɛŮɘɤɛɏɜɖ ˊɡəɜɧŰɖŰŬ, Ůɜɩ ɏɜŬ ɛɘəɟɧ ɓɐɛŬ ɛˊɞɟŮɑ ɜŬ ˊɟɞəŬɚɏůŮɘ 

Űɞɜ ůɢɖɛŬŰɘůɛɧ ɢɞɜŭɟɞŮɘŭɩɜ əɧəəɤɜ, ɖ ɞˊɞɑŬ ŮˊɖɟŮɎɕŮɘ Űɖɜ Ŭˊɧŭɞůɖ Űɞɡ ŰŮɚɘəɞɨ 

ˊɟɞɥɧɜŰɞɠ. ȼ Ůɘůɟɞɐ ŮɜɏɟɔŮɘŬɠ ɡˊɞɚɞɔɑɕŮŰŬɘ ɤɠ P/V, ɧˊɞɡ P ŮɑɜŬɘ ɖ ɘůɢɨɠ Űɞɡ laser əŬɘ V 

ɖ ŰŬɢɨŰɖŰŬ ůɎɟɤůɖɠ əŬɘ ŮɑɜŬɘ ɏɜŬɠ Ůˊɘˊɚɏɞɜ əŬɗɞɟɘůŰɘəɧɠ ˊŬɟɎɔɞɜŰŬɠ. ȳŰŬɜ ɖ Űɘɛɐ Űɖɠ 

ŮɜɏɟɔŮɘŬɠ ˊɞɡ ŮɘůɎɔŮŰŬɘ ŮɑɜŬɘ əɎŰɤ Ŭˊɧ 0,36 J/s, ɖ ˊɡəɜɧŰɖŰŬ Űɤɜ ˊɟɞɥɧɜŰɤɜ ŬɡɝɎɜŮŰŬɘ ɛŮ 

Ŭɨɝɖůɖ Űɖɠ Ůɘůɟɞɐɠ ŮɜɏɟɔŮɘŬɠ. ũŮɜɘəɧŰŮɟŬ ɞɘ ɛŮŰŬɚɚɘəɏɠ ůəɧɜŮɠ ɏɢɞɡɜ Űɖɜ ŰɎůɖ ɜŬ 

ŰɐəɞɜŰŬɘ ɞɚɞəɚɖɟɤŰɘəɎ əŬɘ ɜŬ ůɢɖɛŬŰɑɕɞɡɜ ˊɚɐɟŮɘɠ ɛŮŰŬɚɚɞɡɟɔɘəɞɨɠ ŭŮůɛɞɨɠ ɛŮŰŬɝɨ 

Űɤɜ ůɤɛŬŰɘŭɑɤɜ, ɛŮ Ŭɨɝɖůɖ Űɖɠ Ůɘůɟɞɐɠ ŮɜɏɟɔŮɘŬɠ. ȳɛɤɠ, ɧŰŬɜ ɖ Ůɘůɟɞɐ ŮɜɏɟɔŮɘŬɠ ŮɑɜŬɘ 

Ŭˊɧ 0,36 J/s, ɖ ˊɡəɜɧŰɖŰŬ ŬɟɢɑɕŮɘ ɜŬ ɛŮɘɩɜŮŰŬɘ ŮɝŬɘŰɑŬɠ Űɖɠ ɛŮɟɘəɐɠ ŮɝɎŰɛɘůɖɠ Űɞɡ 

Űɖɔɛɏɜɞɡ ɡɚɘəɞɨ (13). 

Ƀɘ ɑŭɘŮɠ ˊŬɟɎɛŮŰɟɞɘ ŮˊɖɟŮɎɕɞɡɜ əŬɘ Űɘɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ŰŮɚɘəɞɨ ˊɟɞɥɧɜŰɞɠ. ȼ 

ŮűŮɚəɡůŰɘəɐ ŬɜŰɞɢɐ əŬɘ Űɞ ɧɟɘɞ ŭɘŬɟɟɞɐɠ Űɤɜ ŭŮɘɔɛɎŰɤɜ ŬɡɝɎɜŮŰŬɘ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɖɠ 

ɘůɢɨɠ Űɞɡ laser əŬɘ Űɞɡ ɓɐɛŬŰɞɠ ůɎɟɤůɖɠ. ɋůŰɧůɞ, ɖ Ŭɨɝɖůɖ Űɖɠ ŰŬɢɨŰɖŰŬɠ ůɎɟɤůɖɠ  

ŮɚŬŰŰɩɜŮɘ Űɖɜ ŮűŮɚəɡůŰɘəɐ ŬɜŰɞɢɐ əŬɘ Űɞ ɧɟɘɞ ŭɘŬɟɟɞɐɠ. ũɘŬ Űɖɜ ŮˊɑŰŮɡɝɖ Űɤɜ ɓɏɚŰɘůŰɤɜ 

ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ ůŮ əɟɎɛŬŰŬ əɞɓŬɚŰɑɞɡ-ɢɟɤɛɑɞɡ ɛŮ Űɖ ɛɏɗɞŭɞ SLM, ɞɘ ɘŭŬɜɘəɏɠ 

ˊŬɟɎɛŮŰɟɞɘ ɧˊɤɠ ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ Űɖ ɓɘɓɚɘɞɔɟŬűɑŬ űŬɑɜŮŰŬɘ ɜŬ ŮɑɜŬɘ: ɘůɢɨɠ laser 160 W, 

ŰŬɢɨŰɖŰŬ ůɎɟɤůɖɠ 1100 mm/s, əŬɘ ŬˊɧůŰŬůɖ ɔɟŬɛɛɩɜ ůɎɟɤůɖɠ 0,05 mm (13). 

ȼ ˊɡəɜɧŰɖŰŬ ŮɜɏɟɔŮɘŬɠ Űɞɡ laser (Laser Energy Density LED) ɐ ɧɔəɞɠ ŮɜɏɟɔŮɘŬɠ (volume 

energy) ŮɑɜŬɘ ɛɘŬ Ůˊɘˊɚɏɞɜ əŬɗɘŮɟɤɛɏɜɞ ˊŬɟɎɛŮŰɟɞɠ ˊɞɡ ůɡɜŭɡɎɕŮɘ ŰɏůůŮɟŮɘɠ ɎɚɚŮɠ 

əɨɟɘŮɠ ˊŬɟŬɛɏŰɟɞɡɠ Űɖɠ ŭɘŮɟɔŬůɑŬɠ: Űɖɜ ɘůɢɨ Űɞɡ laser P (W), Űɖɜ ŰŬɢɨŰɖŰŬ ůɎɟɤůɖɠ v 

(mm/s), Űɞ ɓɐɛŬ ůɎɟɤůɖɠ h (mm) əŬɘ Űɞ ˊɎɢɞɠ ůŰɟɩůɖɠ d (mm). ȼ LED ɡˊɞɚɞɔɑɕŮŰŬɘ 

Ŭˊɧ Űɞɜ Ŭəɧɚɞɡɗɞ Űɨˊɞ: 

 

ȷɡŰɐ ɖ ɛɏŰɟɖůɖ ůɡůɢŮŰɑɕŮŰŬɘ əŬɚɎ ɛŮ Űɖ ůəɚɖɟɧŰɖŰŬ, Űɖɜ ɛɘəɟɞŭɞɛɐ əŬɘ Űɖɜ 

ŮˊɘűŬɜŮɘŬəɐ ɛɞɟűɞɚɞɔɑŬ. Ƀɘ ɘŭŬɜɘəɏɠ Űɘɛɏɠ ɔɘŬ Űɖɜ LED əɡɛŬɑɜɞɜŰŬɘ ɛŮŰŬɝɨ 150ï200 J 

mmī3 ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ ɡɣɖɚɐɠ ˊɞɘɧŰɖŰŬɠ ŬɜŰɘəŮɘɛɏɜɤɜ Ŭˊɧ ůəɧɜŮɠ Co28Cr6Mo ɛŮ Űɖ 

ɛɏɗɞŭɞ SLM (13).  

ɇŬ ɡɚɘəɎ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŰɖɜ ɛɏɗɞŭɞ SLM/SLS ɓɟɑůəɞɜŰŬɘ ůŮ ɛɞɟűɐ ůəɧɜɖɠ 

ŮɚŮɨɗŮɟɖɠ ɟɞɐɠ, ůɡɜɐɗɤɠ ůŮ ůűŬɘɟɘəɧ ůɢɐɛŬ əɧəəɤɜ, ɡɣɖɚɐɠ əŬɗŬɟɧŰɖŰŬɠ əŬɘ ůŰŮɜɐɠ 
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əɞəəɞɛŮŰɟɘəɐɠ əŬŰŬɜɞɛɐɠ. ɆɡɜɐɗŮɘɠ ɛɏɗɞŭɞɘ ˊŬɟŬůəŮɡɐɠ Űɖɠ ůəɧɜɖɠ ŮɑɜŬɘ ɖ ɏɜůűŬɘɟɖ 

ɚŮɘɞŰɟɑɓɘůɖ əŬɘ ɖ Ůəɜɏűɤůɖ ɛŮŰŬɚɚɘəɞɨ ŰɐɔɛŬŰɞɠ (atomization). ɇɞ ɛɏůɞ ɛɏɔŮɗɞɠ Űɤɜ 

əɧəəɤɜ əŬɗɞɟɑɕŮɘ Űɞ ŮɚɎɢɘůŰɞ ˊɎɢɞɠ Űɤɜ ŭɘŬŭɞɢɘəɩɜ ůŰɟɤɛɎŰɤɜ ˊɞɡ ůɢɖɛŬŰɑɕɞɡɜ Űɞ 

ŬɜŰɘəŮɑɛŮɜɞ əŬɘ Űɖɜ ŰɟŬɢɨŰɖŰŬ Űɖɠ ŮˊɘűɎɜŮɘɎɠ Űɞɡ. ɀŮɘɩɜɞɜŰŬɠ Űɞ ɛɏɔŮɗɞɠ Űɤɜ əɧəəɤɜ 

ŬɡɝɎɜŮɘ ɞ ɚɧɔɞɠ ŮˊɘűɎɜŮɘŬɠ ˊɟɞɠ ɧɔəɞ Űɞɡ ɡɚɘəɞɨ, əŬɗɩɠ əŬɘ Űɞ ˊɞůɞůŰɧ Űɤɜ ŬŰɧɛɤɜ ˊɞɡ 

ɓɟɑůəɞɜŰŬɘ ůŮ ŮɜŮɟɔŮɘŬəɎ ŬɜŬɓŬɗɛɘůɛɏɜŮɠ ɗɏůŮɘɠ ůŰŬ ɧɟɘŬ Űɤɜ əɧəəɤɜ. ȺɜɘůɢɨɞɜŰŬɘ ɏŰůɘ 

ɞɘ ɛɖɢŬɜɘůɛɞɑ ŬŰɞɛɘəɐɠ ŭɘɎɢɡůɖɠ Ŭˊɧ Űɖɜ ŮˊɘűɎɜŮɘŬ əŬɘ Űɖ ŭɘŮˊɘűɎɜŮɘŬ Űɤɜ əɧəəɤɜ ɔɘŬ 

Űɖɜ ŮɚɎŰŰɤůɖ Űɖɠ ůɡɜɞɚɘəɐɠ ŮˊɘűŬɜŮɘŬəɐɠ ŮɜɏɟɔŮɘŬɠ. ɆɡɜŮˊɩɠ, ɖ ŭɘŬŭɘəŬůɑŬ Űɖɠ 

ˊɡɟɞůůɡůɤɛɎŰɤůɖɠ ɛˊɞɟŮɑ ɜŬ ɔɑɜŮɘ ˊɘɞ ɔɟɐɔɞɟŬ, ůŮ ɢŬɛɖɚɧŰŮɟŮɠ ɗŮɟɛɞəɟŬůɑŮɠ, 

ŮˊɘŰɡɔɢɎɜɞɜŰŬɠ ɛŮɔŬɚɨŰŮɟɞ ɏɚŮɔɢɞ Űɖɠ ɛɘəɟɞŭɞɛɐɠ Űɞɡ ɡɚɘəɞɨ. ȺɜŰɞɨŰɞɘɠ, ɞɘ 

ɜŬɜɞəɟɡůŰŬɚɚɘəɏɠ ůəɧɜŮɠ ɏɢɞɡɜ ɏɜŰɞɜɖ ŰɎůɖ ůɡůůɤɛɎŰɤůɖɠ, ɛɖ ɘəŬɜɞˊɞɘɖŰɘəɐ ůŰɞɑɓŬɝɖ 

əŬɘ ɟɞɐ, Ůˊɞɛɏɜɤɠ ŬˊŬɘŰɞɨɜ ɘŭɘŬɑŰŮɟŬ ɚŮˊŰɞɛŮɟɐ ɢŮɘɟɘůɛɧ ůŮ ɧɚŬ ŰŬ ůŰɎŭɘŬ Űɖɠ 

ŭɘŮɟɔŬůɑŬɠ (6).    

ɀɘŬ ŬəɧɛŬ ůɖɛŬɜŰɘəɐ ˊŬɟɎɛŮŰɟɞɠ Űɖɠ ŭɘŮɟɔŬůɑŬɠ ŮɑɜŬɘ ɞ ˊɟɞůŬɜŬŰɞɚɘůɛɧɠ Űɖɠ 

ŮəŰɨˊɤůɖɠ. ɋɠ ˊɟɞůŬɜŬŰɞɚɘůɛɧɠ ŮəŰɨˊɤůɖɠ ɞɟɑɕŮŰŬɘ ɖ ɞɝŮɑŬ ɔɤɜɑŬ ɛŮŰŬɝɨ Űɞɡ 

ŭɘŬɛɐəɞɡɠ ɎɝɞɜŬ Űɞɡ ŬɜŰɘəŮɘɛɏɜɞɡ ˊɞɡ ŮəŰɡˊɩɜŮŰŬɘ əŬɘ Űɞɡ əɎɗŮŰɞɡ ɎɝɞɜŬ Űɖɠ 

ˊɚŬŰűɧɟɛŬɠ ŮəŰɨˊɤůɖɠ. ȼ ɛɘəɟɞŭɞɛɐ, ɖ ɡűɐ əŬɘ ɖ ůɡůůɩɟŮɡůɖ ɡˊɞɚŮɘˊɧɛŮɜɤɜ ŰɎůŮɤɜ 

ŮˊɖɟŮɎɕɞɜŰŬɘ Ŭˊɧ Űɞɜ ˊɟɞůŬɜŬŰɞɚɘůɛɧ ŮəŰɨˊɤůɖɠ. Ƀɘ ɗŮɟɛɘəɏɠ ŭɘŬəɡɛɎɜůŮɘɠ ˊɞɡ 

ůɡɛɓŬɑɜɞɡɜ əŬŰɎ Űɖɜ ŮəŰɨˊɤůɖ ɏɢɞɡɜ Űɖɜ ɛŮɔŬɚɨŰŮɟɖ ŮˊɑŭɟŬůɖ ůŰɞɜ ˊɟɞůŬɜŬŰɞɚɘůɛɧ 

Űɤɜ ůɢɖɛŬŰɘɕɧɛŮɜɤɜ əɧəəɤɜ. ɆŮ ɔŮɜɘəɏɠ ɔɟŬɛɛɏɠ, ɞɘ əɧəəɞɘ ɛŮɔŬɚɩɜɞɡɜ Ŭˊɧ ɛɘŬ 

ɣɡɢɟɧŰŮɟɖ (ˊɚŬŰűɧɟɛŬ ŮəŰɨˊɤůɖɠ) ˊɟɞɠ ɛɘŬ ɗŮɟɛɧŰŮɟɖ ˊŮɟɘɞɢɐ (ˊɎɜɤ ŮˊɘűɎɜŮɘŬ). ɆŰɖɜ 

ŮɘəɧɜŬ 10 ɓɚɏˊɞɡɛŮ 3 ŭɘŬűɞɟŮŰɘəɞɨɠ ˊɟɞůŬɜŬŰɞɚɘůɛɞɨɠ ŮəŰɨˊɤůɖɠ ůŮ ŭŮɑɔɛŬŰŬ 

əŬŰŬůəŮɡŬůɛɏɜŬ ɛŮ Űɖ ɛɏɗɞŭɞ SLM. ɆŰɘɠ 45 əŬɘ 0 ɛɞɑɟŮɠ ɡˊɎɟɢɞɡɜ ˊŮɟɘůůɧŰŮɟŬ 

ůŰɟɩɛŬŰŬ əŬɘ ɤɠ ŬˊɞŰɏɚŮůɛŬ ˊŮɟɘůůɧŰŮɟŬ ɧɟɘŬ Űɖɔɛɏɜɤɜ ˊŮɟɘɞɢɩɜ (molten pool 

boundaries). ȼ ɗɟŬɨůɖ ůŰŬ ˊɟɞɥɧɜŰŬ SLM ˊŬɟŬŰɖɟŮɑŰŬɘ ůɡɜɐɗɤɠ ůŰŬ ɧɟɘŬ Űɤɜ Űɖɔɛɏɜɤɜ 

ˊŮɟɘɞɢɩɜ. ɆŰŬ ŭŮɑɔɛŬŰŬ ɛŮ ˊɟɞůŬɜŬŰɞɚɘůɛɧ ŮəŰɨˊɤůɖɠ 0 ɛɞɑɟŮɠ, ɖ ŮˊɘűɎɜŮɘŬ ɗɟŬɨůɖɠ 

ŮɑɜŬɘ ˊŬɟɎɚɚɖɚɖ ɛŮ ŰŬ ɧɟɘŬ Űɤɜ Űɖɔɛɏɜɤɜ ˊŮɟɘɞɢɩɜ ŭɘŮɡəɞɚɨɜɞɜŰŬɠ ɏŰůɘ Űɖɜ ŭɘɎŭɞůɖ 

ɟɤɔɛɩɜ. ũŮɜɘəɎ, ŰŬ ŭŮɑɔɛŬŰŬ ɛŮ ˊɟɞůŬɜŬŰɞɚɘůɛɧ ŮəŰɨˊɤůɖɠ 90 ɛɞɑɟŮɠ ˊŬɟɞɡůɘɎɕɞɡɜ 

ɛŮɔŬɚɨŰŮɟɞ ɧɟɘɞ ŭɘŬɟɟɞɐɠ, ɢŬɛɖɚɧŰŮɟɖ Ůˊɘɛɐəɡɜůɖ əŬɘ ɛŮɔŬɚɨŰŮɟɖ ŬɜŰɞɢɐ ůŰɖɜ əɧˊɤůɖ 

ůŮ ůɢɏůɖ ɛŮ ŰŬ ŭŮɑɔɛŬŰŬ ɛŮ ˊɟɞůŬɜŬŰɞɚɘůɛɧ ŮəŰɨˊɤůɖɠ 0 ɛɞɑɟŮɠ. (13,14)     
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ȺɘəɧɜŬ 10. ȹŮɘɔɛŬŰŬ əŬŰŬůəŮɡŬůɛɏɜŬ ɛŮ Űɖ ɛɏɗɞŭɞ SLM  ɛŮ ŰɟŮɘɠ ŭɘŬűɞɟŮŰɘəɞɨɠ 

ˊɟɞůŬɜŬŰɞɚɘůɛɞɨɠ ŮəŰɨˊɤůɖɠ 0, 45 əŬɘ 90 ɛɞɑɟŮɠ ŬɜŰɑůŰɞɘɢŬ. (13) 

 

3.4. ɄŮɟŬɘŰɏɟɤ ȹɘŮɟɔŬůɑŮɠ 

ɀŮŰɎ Űɖɜ ŮəŰɨˊɤůɖ Űɞɡ ŬɜŰɘəŮɘɛɏɜɞɡ ŬˊŬɘŰɞɨɜŰŬɘ ɛŮɟɘəɎ Ůˊɘˊɚɏɞɜ ɓɐɛŬŰŬ ˊɟɞəŮɘɛɏɜɞɡ 

ɜŬ űŰɎůɞɡɛŮ ůŰɞ ŰŮɚɘəɧ ˊɟɞɥɧɜ. ȷűŬɘɟŮɑŰŬɘ ɖ ɢŬɚŬɟɐ ůəɧɜɖ əŬɘ ɚɞɘˊɏɠ ɡˊɞůŰɖɟɘəŰɘəɏɠ 

ŭɞɛɏɠ əŬɘ Űɞ ŬɜŰɘəŮɑɛŮɜɞ ŮɑɜŬɘ ɏŰɞɘɛɞ ɔɘŬ ɗŮɟɛɘəɏɠ əŬŰŮɟɔŬůɑŮɠ əŬɘ űɘɜɑɟɘůɛŬ Űɖɠ 

ŮˊɘűɎɜŮɘŬɠ. 

3.4.1. ŪŮɟɛɘəɏɠ ȾŬŰŮɟɔŬůɑŮɠ 

ɆŰɖɜ ɛɏɗɞŭɞ SLM, ɞɘ ɡɣɖɚɏɠ ŭɘŬəɡɛɎɜůŮɘɠ ůŰɖɜ ɗŮɟɛɞəɟŬůɑŬ əŬɘ ɞ ˊɟɞůŬɜŬŰɞɚɘůɛɧɠ 

ŮəŰɨˊɤůɖɠ ɏɢɞɡɜ ɤɠ ŬˊɞŰɏɚŮůɛŬ Űɞ ˊŬɟŬɔɧɛŮɜɞ ŬɜŰɘəŮɑɛŮɜɞ ɜŬ ˊŬɟɞɡůɘɎɕŮɘ 

ŬɜɘůɞŰɟɞˊɘəɏɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ əŬɘ ɜŬ ˊŮɟɘɏɢŮɘ ůɡůůɤɟŮɡɛɏɜŮɠ ŰɎůŮɘɠ. Ƀɘ ɗŮɟɛɘəɏɠ 

əŬŰŮɟɔŬůɑŮɠ ŬˊŬɚŮɑűɞɡɜ Űɖɜ ŬɜɘůɞŰɟɞˊɑŬ Űɤɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ əŬɘ Űɘɠ 

ůɡůůɤɟŮɡɛɏɜŮɠ ŰɎůŮɘɠ ŮɔɔɡɩɜŰŬɠ ˊɤɠ Űɞ ˊɟɞɥɧɜ ɗŬ ŬɜŰŬˊŮɝɏɚɗŮɘ ůŰɘɠ ŰɎůŮɘɠ ˊɞɡ ɗŬ 

ŭŮɢŰŮɑ Űɞ ˊɟɞɥɧɜ ůŮ ɛɘŬ ˊɟŬəŰɘəɐ ŮűŬɟɛɞɔɐ ɧˊɤɠ ŮɑɜŬɘ ɖ ɛɎůɖůɖ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ 
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ɞŭɞɜŰɘŬŰɟɘəɩɜ ŮɛűɡŰŮɡɛɎŰɤɜ. Ⱥˊɘˊɚɏɞɜ, ɖ ɗŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ ɓŮɚŰɘɩɜŮɘ ůɖɛŬɜŰɘəɎ Űɖɠ 

ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ŬɜŰɘəŮɘɛɏɜɞɡ. 

ȾɎɗŮ əŬŰŬůəŮɡŬůŰɐɠ ůəɧɜɖɠ CoCr ˊɟɞŰŮɑɜŮɘ ŭɘŬűɞɟŮŰɘəɏɠ ůɡɜɗɐəŮɠ ɔɘŬ Űɖɜ ɗŮɟɛɘəɐ 

əŬŰŮɟɔŬůɑŬ Űɞɡ ˊɟɞɥɧɜŰɞɠ Űɞɡ ɛŮ ɓɎůɖ Űɖɜ ɢɖɛɘəɐ Űɞɡ ůɨůŰŬůɖ əŬɘ Űɖɜ əɞəəɞɛŮŰɟɑŬ Űɖɠ 

ůəɧɜɖɠ. ɄŬɟɎɚɚɖɚŬ, ˊɚɖɗɩɟŬ ŮɟŮɡɜɖŰɩɜ ŭɘŮɝɎɔɞɡɜ ˊŮɘɟɎɛŬŰŬ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ɓɟɞɡɜ Űɘɠ 

əŬŰɎɚɚɖɚŮɠ ůɡɜɗɐəŮɠ ɗŮɟɛɘəɐɠ əŬŰŮɟɔŬůɑŬɠ ˊɞɡ ˊɟɞůűɏɟɞɡɜ Űɘɠ ɓɏɚŰɘůŰŮɠ ɛɖɢŬɜɘəɏɠ 

ɘŭɘɧŰɖŰŮɠ. Ƀɘ ŮɟŮɡɜɖŰɏɠ Kulcs§r əŬɘ K·nya (15,16) ůŰɖɜ ˊɟɞůˊɎɗŮɘɎ Űɞɡɠ ɜŬ 

əŬŰŬůəŮɡɎůɞɡɜ ɞŭɞɜŰɘŬŰɟɘəɎ ŮɛűɡŰŮɨɛŬŰŬ ɛŮ ŮˊŬɟəŮɑɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ əŬŰɏɚɖɝŬɜ 

ůŰɖɜ ɗŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ ˊɞɡ űŬɑɜŮŰŬɘ ůŰɞ ůɢɐɛŬ Űɖɠ ŮɘəɧɜŬɠ 11, əŬɗɩɠ ɖ ɗŮɟɛɘəɐ 

əŬŰŮɟɔŬůɑŬ ˊɞɡ ůɡɜɘůŰɞɨůŮ ɞ əŬŰŬůəŮɡŬůŰɐɠ Űɖɠ ůəɧɜɖɠ ŭŮɜ ŮˊɏűŮɟŮ ŰŬ ŮˊɘɗɡɛɖŰɎ 

ŬˊɞŰŮɚɏůɛŬŰŬ. ȼ ɗŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ ˊɞɡ ŮˊɏɚŮɝŬɜ ˊŮɟɘɚŬɛɓɎɜŮɘ ůŰŬŭɘŬəɐ ɗɏɟɛŬɜůɖ 

ɛɏɢɟɘ Űɞɡɠ 900OC ˊŬɟŬɛɞɜɐ ůŮ ŬɡŰɐ Űɖ ɗŮɟɛɞəɟŬůɑŬ ɔɘŬ 40 ɚŮˊŰɎ əŬɘ ɨůŰŮɟŬ ɣɨɝɖ ůŮ 

ɗŮɟɛɞəɟŬůɑŬ ˊŮɟɘɓɎɚɚɞɜŰɞɠ. ɆɡɔəɟɘŰɘəɎ ɛŮ Űɘɠ ůɡɜɗɐəŮɠ Űɞɡ əŬŰŬůəŮɡŬůŰɐ, Űɞ ŭɞəɑɛɘɞ 

ˊɞɡ ɡˊɏůŰɖ ŬɡŰɐ Űɖ ɗŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ ˊŬɟɞɡůɑŬůŮ ŮűŮɚəɡůŰɘəɐ ŬɜŰɞɢɐ 1003 Mpa 

ɏɜŬɜŰɘ 923 Mpa, Ůˊɘɛɐəɡɜůɖ 16,06% ɏɜŬɜŰɘ 7,4% əŬɘ ůəɚɖɟɧŰɖŰŬ 44,88 HRC ɏɜŬɜŰɘ 

37,37 HRC.    

 

ȺɘəɧɜŬ 11. ŪŮɟɛɘəɧɠ əɨəɚɞɠ əŬŰŮɟɔŬůɑŬɠ ɞŭɞɜŰɘŬŰɟɘəɩɜ ŮɛűɡŰŮɡɛɎŰɤɜ Ŭˊɧ əɟɎɛŬ CoCr. (15) 

ȯɚɚɞɘ ŮɟŮɡɜɖŰɏɠ (13,17) əŬŰɏɚɖɝŬɜ ˊɤɠ ŬˊŬɘŰŮɑŰŬɘ ɗŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ ɛɏɢɟɘ Űɞɡɠ 1050 

ɞC ɏɤɠ 6 ɩɟŮɠ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŬˊŬɚŮɘűɗɞɨɜ ɖ ŬɜɘůɞŰɟɞˊɑŬ əŬɘ ɞɘ ˊŬɟŬɛɏɜɞɡůŮɠ ŰɎůŮɘɠ. 

ɀŮ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ əŬŰŮɟɔŬůɑŬɠ Ŭˊɧ Űɞɡɠ 750 ɞC ůŰɞɡɠ 1050 ɞC ŬɡɝɎɜŮŰŬɘ 
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əŬɘ ɖ ɞɛɞɔŮɜɞˊɞɑɖůɖ. ŪŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ ůŰɞɡɠ 1150 ɞC ɞɛɞɔŮɜɞˊɞɘŮɑ ˊɚɐɟɤɠ Űɖɜ 

ɛɘəɟɞŭɞɛɐ Űɞɡ ŭŮɑɔɛŬŰɞɠ ɛŮɘɩɜɞɜŰŬɠ ɏŰůɘ Űɘɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ ŬɚɚɎ ŬɡɝɎɜɞɜŰŬɠ Űɖɜ 

Ůˊɘɛɐəɡɜůɖ. 

Ƀɘ ŮɟŮɡɜɖŰɏɠ Zhou əŬɘ ůɡɜŮɟɔɎŰŮɠ (29) ɛŮɚɏŰɖůŬɜ Űɘɠ ŮˊɘˊŰɩůŮɘɠ ɗŮɟɛɘəɩɜ əŬŰŮɟɔŬůɘɩɜ 

ůŰɖɜ ɛɘəɟɞŭɞɛɐ ŭŮɘɔɛɎŰɤɜ CoCr ˊŬɟŬůəŮɡŬůɛɏɜɤɜ ɛŮ Űɖ ɛɏɗɞŭɞ SLM. ɄŬɟŬəɎŰɤ 

ŬəɞɚɞɡɗŮɑ ɖ Ůɝɏɚɘɝɖ Űɖɠ ɛɘəɟɞŭɞɛɐɠ ɔɘŬ ɗŮɟɛɘəɏɠ əŬŰŮɟɔŬůɑŮɠ ůŮ 850, 950, 1050 əŬɘ 

1150ɞC ŬɚɚɎ əŬɘ ɔɘŬ ˊɟɞůɞɛɞɑɤůɖ ŮˊɘəɎɚɡɣɖɠ ˊɞɟůŮɚɎɜɖɠ (PF) ůŰɞɡɠ 950 ɞC. 

ȾŬŰɎ Űɖ ɗŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ ůŰɞɡɠ 850 ɞC əɡɟɘŬɟɢŮɑ ɞ ŭɘŬɢɡůɘŬəɧɠ ɛŮŰŬůɢɖɛŬŰɘůɛɧɠ Ŭˊɧ 

Űɖɜ ɔ ůŰɖɜ Ů űɎůɖ, ɧɛɤɠ ŮɝŬɘŰɑŬɠ Űɖɠ Ɏɜɘůɖɠ əŬŰŬɜɞɛɐɠ Űɤɜ ŭɘŬɚɡɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ, ŮɘŭɘəɎ 

ůŰŬ ɧɟɘŬ Űɖɔɛɏɜɤɜ ˊŮɟɘɞɢɩɜ (molten pool boundaries), ŮɝŬɘŰɑŬɠ Űɖɠ ɛŮɗɧŭɞɡ SLM 

ˊŬɟŮɛˊɞŭɑɕŮŰŬɘ ɖ ŭɘɎɢɡůɖ Űɤɜ ŬŰɧɛɤɜ. ɄŬɟɎɚɚɖɚŬ, ŮɝŬɘŰɑŬɠ Űɤɜ ɡˊŮɟəɞɟŮůɛɏɜɤɜ 

ŭɘŬɚɡɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ, ŮɛűŬɜɑɕŮŰŬɘ ɛŮɔɎɚɞɠ Ŭɟɘɗɛɧɠ əŬŰŬəɟɖɛɜɘůɛɎŰɤɜ, ˊɞɡ Ůˊɘˊɚɏɤɜ 

ŮɛˊɞŭɑɕŮɘ Űɖɜ ŭɘɎɢɡůɖ Űɤɜ ŬŰɧɛɤɜ. ȽůɞɗŮɟɛɞəɟŬůɘŬəɧɠ (isothermal) ɛŬɟŰŮɜůɘŰɘəɧɠ 

ɛŮŰŬůɢɖɛŬŰɘůɛɧɠ ůɡɛɓŬɑɜŮɘ əŬŰɎ Űɖɜ ɣɨɝɖ ŬɚɚɎ ŮɝŬɘŰɑŬɠ Űɞɡ ɛɘəŰɞɨ ɢɟɧɜɞɡ Ŭˊɧɣɡɝɖɠ ɖ 

ˊɞůɧŰɖŰŬ Űɞɡ ɘůɞɗŮɟɛɞəɟŬůɘŬəɞɨ ɛŬɟŰŮɜůɑŰɖ Ů ŮɑɜŬɘ ˊɞɚɚɐ ɛɘəɟɐ. Ⱥˊɞɛɏɜɤɠ, ɛŮŰɎ Ŭˊɧ 

ɗŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ ůŰɞɡɠ 850 ɞC ɖ ɛɘəɟɞŭɞɛɐ ɢŬɟŬəŰɖɟɑɕŮŰŬɘ Ŭˊɧ əɡɟɑŬɟɢɖ ɔ űɎůɖ, 

ɛɘəɟɐ ˊɞůɧŰɖŰŬ Ů ɛŬɟŰŮɜůɑŰɖ əŬɘ ɛŮɔɎɚɞ Ŭɟɘɗɛɧ ŮɜŭɞɛŮŰŬɚɚɘəɩɜ əŬŰŬəɟɖɛɜɘůɛɎŰɤɜ.  

ȾŬŰɎ Űɖɜ ɗŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ ůŰɞɡɠ 950 ɞC, ŰŬ ɡˊŮɟəɞɟŮůɛɏɜŬ ŭɘŬɚɡɛɏɜŬ ůŰɞɘɢŮɑŬ ůŰŬ 

ɧɟɘŬ Űɤɜ Űɖɔɛɏɜɤɜ ˊŮɟɘɞɢɩɜ ɏɢɞɡɜ ɞɛɞɔŮɜɞˊɞɘɖɗŮɑ ˊŮɟŮŰŬɑɟɤ əŬɘ ɛɏɟɞɠ Űɖɠ ɔ űɎůɖɠ 

ɛŮŰŬůɢɖɛŬŰɑɕŮŰŬɘ ůŰɖɜ Ů űɎůɖ. ȳŰŬɜ ɖ ɗŮɟɛɞəɟŬůɑŬ ˊɏůŮɘ ůŰɞɡɠ 900 ɞC ɞ ɟɡɗɛɧɠ Űɖɠ 

ŭɘɎɢɡůɖɠ ŮˊɘŰŬɢɨɜŮŰŬɘ. ȷɚɚɎ ŮˊŮɘŭɐ ŰŬ ŭŮɑɔɛŬŰŬ ˊŬɟŬɛɏɜɞɡɜ ůŰɖɜ ˊŮɟɘɞɢɐ 

ɛŮŰŬůɢɖɛŬŰɘůɛɞɨ ɔɘŬ ɛɘəɟɧ ɢɟɞɜɘəɧ ŭɘɎůŰɖɛŬ, ɖ ˊɞůɧŰɖŰŬ Ů űɎůɖɠ ˊɞɡ ůɢɖɛŬŰɑɕŮŰŬɘ 

ŮɑɜŬɘ ɛɘəɟɧŰŮɟɖ Ŭˊɧ ŬɡŰɐɜ əŬŰɎ Űɖɜ ɗŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ ůŰɞɡɠ 850 ɞC. ɄŬɟɧɚɞ ˊɞɡ ŰŬ 

ŭɘŬɚɡɛɏɜŬ ůŰɞɘɢŮɑŬ ɏɢɞɡɜ Ůɜ ɛɏɟŮɘ ɞɛɞɔŮɜɞˊɞɘɖɗŮɑ ůŮ ˊɞɚɚɏɠ ˊŮɟɘɞɢɏɠ ŮɑɜŬɘ ŬəɧɛŬ ɎɜɘůŬ 

əŬŰŬɜŮɛɖɛɏɜŬ. ȾŬŰɎ Űɖɜ ɗɏɟɛŬɜůɖ, ɛŮɔɎɚɞɠ Ŭɟɘɗɛɧɠ ŭŮɡŰŮɟɞɔŮɜɩɜ űɎůŮɤɜ 

əŬŰŬəɟɖɛɜɑɕɞɜŰŬɘ ŮɛˊɞŭɑɕɞɜŰŬɠ Űɖɜ ŭɘɎɢɡůɖ. ɇɞ ɛŮɔŬɚɨŰŮɟɞ ɛɏɟɞɠ Űɖɠ ɔ űɎůɖɠ 

ɛŮŰŬůɢɖɛŬŰɑɕŮŰŬɘ ɘůɞɗŮɟɛɞəɟŬůɘŬəɎ ůŮ Ů ɛŬɟŰŮɜůɑŰɖ ŮɝŬɘŰɑŬɠ Űɖɠ Ŭɟɔɐɠ Ŭˊɧɣɡɝɖɠ ůŰɞ 

Ůɨɟɞɠ ɗŮɟɛɞəɟŬůɘɩɜ 600-900 ɞC, ɏŰůɘ ˊɚŬəɑŭɘŬ Ů ɛŬɟŰŮɜůɑŰɖ Ŭɟɢɑɕɞɡɜ ɜŬ ůɢɖɛŬŰɑɕɞɜŰŬɘ.  

ȾŬŰɎ Űɖ ɗŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ ůŰɞɡɠ 1050 ɞC, Űɞ ŭŮɑɔɛŬ ɓɟɑůəŮŰŬɘ ůŰɖɜ ˊŮɟɘɞɢɐ 

ůŰŬɗŮɟɧŰɖŰŬɠ Űɖɠ ɔ űɎůɖɠ ɧˊɤɠ űŬɑɜŮŰŬɘ Ŭˊɧ Űɞ ŭɘŬűŬůɘəɧ ŭɘɎɔɟŬɛɛŬ (ŮɘəɧɜŬ 1). ȼ 

ɛŬəɟɧɢɟɞɜɖ ɏəɗŮůɖ ůŮ ɡɣɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ (ˊɎɜɤ Ŭˊɧ 950 ɞC) əŬɗɘůŰɎ ˊɘɞ ɞɛɞɘɧɛɞɟűɖ 
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Űɖɜ əŬŰŬɜɞɛɐ Űɤɜ ŭɘŬɚɡɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ əŬɘ ˊɟɞəŬɚŮɑ Űɖɜ ŭɘɎɚɡůɖ Űɖɠ Ů űɎůɖɠ ůŰɖɜ 

ɛɖŰɟɘəɐ űɎůɖ ɔ. Ⱥˊɘˊɚɏɞɜ, ˊŬɟŬŰɖɟŮɑŰŬɘ ůɖɛŬɜŰɘəɐ Ŭɨɝɖůɖ Űɞɡ ɛŮɔɏɗɞɡɠ Űɤɜ əɧəəɤɜ. 

ȾŬɗɩɠ ɖ ɗŮɟɛɞəɟŬůɑŬ ˊɏűŰŮɘ ůŰɖɜ ˊŮɟɘɞɢɐ Űɞɡ ɛŮŰŬůɢɖɛŬŰɘůɛɞɨ ɔ Ÿ Ů ˊɟɞəŬɚŮɑŰŬɘ 

ŭɘŬɢɡůɘŬəɧɠ ɛŮŰŬůɢɖɛŬŰɘůɛɧɠ űɎůɖɠ. ȳɛɤɠ ɖ ˊɞůɧŰɖŰŬ Űɖɠ ɜɏŬɠ űɎůɖɠ Ů ŮɑɜŬɘ ɛɘəɟɐ 

ŮɝŬɘŰɑŬɠ Űɖɠ ɓɟŬɢɨɢɟɞɜɖɠ ˊŬɟŬɛɞɜɐɠ ůŰɖɜ ˊŮɟɘɞɢɐ Űɞɡ ɛŮŰŬůɢɖɛŬŰɘůɛɞɨ. ȺɝŬɘŰɑŬɠ Űɞɡ 

ɛŮɔɎɚɞɡ ɢɟɧɜɞɡ Ŭˊɧɣɡɝɖɠ ůŰɞɜ əɚɑɓŬɜɞ, ɞ ɛŮŰŬůɢɖɛŬŰɘůɛɧɠ ɔ Ÿ Ů ůɢŮŭɧɜ 

ɞɚɞəɚɖɟɩɜŮŰŬɘ, ɖ ɛɘəɟɞŭɞɛɐ Űɞɡ ŭŮɑɔɛŬŰɞɠ ŬˊɞŰŮɚŮɑŰŬɘ əɡɟɑɤɠ Ŭˊɧ ɘůɞɗŮɟɛɞəɟŬůɘŬəɧ 

(isothermal) Ů ɛŬɟŰŮɜůɑŰɖ. Ⱥˊɑůɖɠ ˊŬɟŬŰɖɟŮɑŰŬɘ ˊɘɞ ɞɛɞɘɧɛɞɟűɖ əŬŰŬɜɞɛɐ 

əŬŰŬəɟɖɛɜɘůɛɎŰɤɜ.  

ȾŬŰɎ Űɖɜ ɗŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ ůŰɞɡɠ 1150 ɞC ɖ ɗŮɟɛɞəɟŬůɑŬ ɓɟɑůəŮŰŬɘ ŮɜŰŮɚɩɠ ůŰɖɜ 

ˊŮɟɘɞɢɐ ůŰŬɗŮɟɧŰɖŰŬɠ Űɖɠ ɔ űɎůɖ əŬɘ ɖ ɛɘəɟɞŭɞɛɐ ɞɛɞɔŮɜɞˊɞɘŮɑŰŬɘ ˊɚɐɟɤɠ. ȼ 

ɡɣɖɚɧŰŮɟɖ ɗŮɟɛɞəɟŬůɑŬ ɏɢŮɘ ɤɠ ŬˊɞŰɏɚŮůɛŬ ɛŮɔŬɚɨŰŮɟɞ ɛɏɔŮɗɞɠ əɧəəɤɜ əŬɘ ɖ ɛɖŰɟɘəɐ 

űɎůɖ ɔ ɛŮŰŬůɢɖɛŬŰɑɕŮŰŬɘ ˊɚɐɟɤɠ ůŰɖɜ ɛŬɟŰŮɜůɘŰɘəɐ Ů űɎůɖ, Ŭűɞɨ ɞ ɢɟɧɜɞɠ Ŭˊɧɣɡɝɖɠ 

ɛŮŰŬɝɨ ŮɑɜŬɘ ɛŮɔɎɚɞɠ ɛŮŰŬɝɨ Űɤɜ ɗŮɟɛɞəɟŬůɘɩɜ 600-900 ɞC.     

3.4.2. Ʉɟɞůɞɛɞɑɤůɖ ŮˊɘəɎɚɡɣɖɠ ˊɞɟůŮɚɎɜɖɠ  

Ƀɘ ˊŬɟŬˊɎɜɤ ɛɘəɟɞŭɞɛɏɠ ŬɜŬɛɏɜɞɜŰŬɘ ůŰŬ ˊɟɞɥɧɜŰŬ SLM ˊɞɡ ˊɟɞɞɟɑɕɞɜŰŬɘ ɔɘŬ ŰŮɢɜɘŰɏɠ 

ɞŭɞɜŰɞůŰɞɘɢɑŮɠ əŬɘ ɔɏűɡɟŮɠ, ɧˊɞɡ ɗŬ ɔɑɜŮɘ űɘɜɑɟɘůɛŬ Űɖɠ ŮˊɘűɎɜŮɘŬɠ əŬɘ ɗŬ ˊɟɞůŰŮɗɞɨɜ 

ŰŮɢɜɖŰɎ ŭɧɜŰɘŬ. ũɘŬ ŮɛűɡŰŮɨɛŬŰŬ ɧɛɤɠ ůŰŬ ɞˊɞɑŬ ɗŬ ɔɑɜŮɘ ŮˊɘəɎɚɡɣɖ ɛŮ ˊɞɟůŮɚɎɜɖ ɖ 

ɛɘəɟɞŭɞɛɐ ɗŬ ŬɚɚɞɘɤɗŮɑ Ŭˊɧ Űɘɠ ɡɣɖɚɏɠ ɗŮɟɛɞəɟŬůɑŬɠ Űɖɠ ŮˊɘəɎɚɡɣɖɠ ˊɞɟůŮɚɎɜɖɠ. ũɘŬ 

ŬɡŰɧ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ əŬɘ ˊɟɞůɞɛɞɑɤůɖ ŬɡŰɐɠ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ ůŰɞɡɠ 980 oC ɔɘŬ 1,5 

ɚŮˊŰɎ əŬɘ 930 oC 4,5 ɚŮˊŰɎ ɛŮ ˊɟɞɗɏɟɛŬɜůɖ Űɞɡ əɚɑɓŬɜɞɡ ůŰɞɡɠ 600 oC əŬɘ Ŭˊɧɣɡɝɖ ůŮ 

ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ. 

ɆŰŬ ŭŮɑɔɛŬŰŬ ɗŮɟɛɘəɐɠ əŬŰŮɟɔŬůɑŬɠ ůŰɞɡɠ 850 ɞC əŬŰɎ Űɖɜ ˊɟɞůɞɛɞɑɤůɖ ŮˊɘəɎɚɡɣɖɠ 

ˊɞɟůŮɚɎɜɖɠ (PF) ɖ ɗŮɟɛɞəɟŬůɑŬ ɓɟɑůəŮŰŬɘ ůŰɞɡɠ 950 ɞC ( ŮɚŬűɟɩɠ ɡɣɖɚɧŰŮɟɖ Ŭˊɧ ŬɡŰɐɜ 

Űɞɡ ɛŮŰŬůɢɖɛŬŰɘůɛɞɨ ɔ Ÿ Ů ) əŬɘ Ůˊɞɛɏɜɤɠ ɛɏɟɞɠ Űɞɡ ɘůɞɗŮɟɛɞəɟŬůɘŬəɞɨ Ů ɛŬɟŰŮɜůɑŰɖ 

əŬɘ Űɖɠ ŭɘŬɢɡůɘŬəɐɠ Ů űɎůɖɠ ɛŮŰŬůɢɖɛŬŰɑɕɞɜŰŬɘ ůŮ ɔ űɎůɖ. ȳɛɤɠ ŮɝŬɘŰɑŬɠ Űɖɠ ŰŬɢŮɑŬɠ 

Ŭˊɧɣɡɝɖɠ ˊɞɡ ŬəɞɚɞɡɗŮɑ ˊŬɟɎɔŮŰŬɘ ŬɗŮɟɛɞəɟŬůɘŬəɧɠ (athermal) Ů ɛŬɟŰŮɜůɑŰɖ, ɖ ɞˊɞɑŬ 

ɗŬ ŮɑɜŬɘ əŬɘ ɖ əɡɟɑŬɟɢɖ űɎůɖ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɖ fcc ɔ űɎůɖ ɜŬ ɛŮɘɤɗŮɑ. 

ɆŰŬ ŭŮɑɔɛŬŰŬ ɗŮɟɛɘəɐɠ əŬŰŮɟɔŬůɑŬɠ ůŰɞɡɠ 950 oC ˊɟɘɜ Űɖɜ ˊɟɞůɞɛɞɑɤůɖ PF, ɖ əɡɟɑŬɟɢɖ 

űɎůɖ ŮɑɜŬɘ ɞ ɘůɞɗŮɟɛɞəɟŬůɘŬəɧɠ Ů ɛŬɟŰŮɜůɑŰɖɠ. ȼ ˊɟɞůɞɛɞɑɤůɖ PF ɛŮŰŬůɢɖɛŬŰɑɕŮɘ 
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ɛɏɟɞɠ ɘůɞɗŮɟɛɞəɟŬůɘŬəɞɨ Ů ɛŬɟŰŮɜůɑŰɖ əŬɘ Űɖɠ ŭɘŬɢɡůɘŬəɐɠ űɎůɖɠ Ů ůŮ ɔ űɎůɖ. ȼ ŰŬɢŮɑŬ 

Ŭˊɧɣɡɝɖ ˊɞɡ ŬəɞɚɞɡɗŮɑ ɏɢŮɘ ɤɠ ŬˊɞŰɏɚŮůɛŬ ŬɗŮɟɛɞəɟŬůɘŬəɧ Ů ɛŬɟŰŮɜůɑŰɖ. ȳɛɤɠ 

ŮɝŬɘŰɑŬɠ Űɖɠ ɛɘəɟɐɠ ˊɞůɧŰɖŰŬɠ ɔ űɎůɖɠ , ɖ ˊɞůɧŰɖŰŬ Űɞɡ ŬɗŮɟɛɞəɟŬůɘŬəɞɨ Ů ɛŬɟŰŮɜůɑŰɖ 

ŮɑɜŬɘ ɛɘəɟɧŰŮɟɖ Ŭˊɧ ŬɡŰɐ Űɖɠ ɔ űɎůɖɠ ˊɞɡ ˊŬɟɎɔŮŰŬɘ Ŭˊɧ ɓɟŬɢɨɢɟɞɜŮɠ ŭɘŮɟɔŬůɑŮɠ 

ůŰŮɟŮɞɨ ŭɘŬɚɨɛŬŰɞɠ. Ⱥˊɞɛɏɜɤɠ ɛŮŰɎ Űɖɜ ˊɟɞůɞɛɞɑɤůɖ PF ɛŮɘɩɜŮŰŬɘ ɖ ˊɞůɧŰɖŰŬ Ů űɎůɖɠ. 

ɆŰŬ ŭŮɑɔɛŬŰŬ ɗŮɟɛɘəɐɠ əŬŰŮɟɔŬůɑŬɠ ůŰɞɡɠ 1050 oC, ɖ ɔ űɎůɖ ɏɢŮɘ ɞɚɞəɚɖɟɤŰɘəɎ 

ɛŮŰŬůɢɖɛŬŰɘůŰŮɑ ůŮ Ů űɎůɖ. ȼ ˊɟɞůɞɛɞɑɤůɖ PF ɛŮŰŬůɢɖɛŬŰɑɕŮɘ ɛɏɟɞɠ Űɖɠ Ů űɎůɖɠ ůŮ ɔ 

űɎůɖ. ȼ ŰŬɢŮɑŬ ɣɨɝɖ ɛŮŰɎ ɞŭɖɔŮɑ ůŰɞ ůɢɖɛŬŰɘůɛɧ ɛɘəɟɐɠ ˊɞůɧŰɖŰŬɠ Ů ɛŬɟŰŮɜůɑŰɖ. 

Ⱥˊɞɛɏɜɤɠ, ɖ ɛɘəɟɞŭɞɛɐ ŬˊɞŰŮɚŮɑŰŬɘ əɡɟɑɤɠ Ŭˊɧ ɔ űɎůɖ. 

ɆŰŬ ŭŮɑɔɛŬŰŬ ɗŮɟɛɘəɐɠ əŬŰŮɟɔŬůɑŬɠ ůŰɞɡɠ 1150 oC ɛŮŰɎ Űɖɜ ˊɟɞůɞɛɞɑɤůɖ PF ɖ 

ɛɘəɟɞŭɞɛɐ ŮɑɜŬɘ ɑŭɘŬ ɛŮ ŬɡŰɐ Űɤɜ ŭŮɘɔɛɎŰɤɜ Űɤɜ 1050 oC ŬɚɚɎ ŮɝŬɘŰɑŬɠ Űɞɡ ɛŮɔŬɚɨŰŮɟɞɡ 

ɛŮɔɏɗɞɡɠ əɧəəɤɜ, ˊɞɡ ŭɘŮɡəɞɚɨɜŮɘ Űɖɜ ŭɘɎɢɡůɖ Űɤɜ ŬŰɧɛɤɜ, ůɢɖɛŬŰɑɕŮŰŬɘ ˊŮɟɘůůɧŰŮɟɖ ɔ 

űɎůɖ 

3.4.3. ūɘɜɑɟɘůɛŬ ȺˊɘűɎɜŮɘŬɠ əŬɘ ŬˊɞůŰŮɑɟɤůɖ 

ɀɘŬ ŬəɧɛŬ ˊɟɧəɚɖůɖ ˊɞɡ ŬɜŰɘɛŮŰɤˊɑɕŮŰŬɘ əŬŰɎ Űɖɜ əŬŰŬůəŮɡɐ ɛŮŰŬɚɚɘəɩɜ ŬɜŰɘəŮɘɛɏɜɤɜ 

ɛɏůɤ ŰɟɘůŭɘɎůŰŬŰɖɠ ŮəŰɨˊɤůɖɠ ɔɘŬ ɞŭɞɜŰɘŬŰɟɘəɏɠ ɢɟɐůŮɘɠ ŮɑɜŬɘ Űɞ űɘɜɑɟɘůɛŬ Űɖɠ 

ŮˊɘűɎɜŮɘŬɠ, ˊɞɡ ɛˊɞɟŮɑ ɜŬ ɡˊɞɜɞɛŮɨůŮɘ Űɧůɞ Űɖɜ ŬɘůɗɖŰɘəɐ ɧůɞ əŬɘ Űɖɜ ɚŮɘŰɞɡɟɔɘəɧŰɖŰŬ 

əŬɘ ŮűŬɟɛɞɔɐ Űɞɡ ˊɟɞɥɧɜŰɞɠ. ȼ ŰɟŬɢɨŰɖŰŬ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ŬɜŰɘəŮɘɛɏɜɤɜ 

əŬŰŬůəŮɡŬůɛɏɜɤɜ ɛŮ Űɖ ɛɏɗɞŭɞ SLM ŮɝŬɟŰɎŰŬɘ Ŭˊɧ ŭɘɎűɞɟŮɠ ˊŬɟŬɛɏŰɟɞɡɠ ɧˊɤɠ ŮɑɜŬɘ ɖ 

ɘůɢɨɠ Űɞɡ laser, ɞ ɟɡɗɛɧɠ ůɎɟɤůɖɠ, ɖ ŬˊɧůŰŬůɖ ɛŮŰŬɝɨ Űɤɜ ɔɟŬɛɛɩɜ ůɎɟɤůɖɠ, ɞ 

ˊɟɞůŬɜŬŰɞɚɘůɛɧɠ ŮəŰɨˊɤůɖɠ əŬɘ ɖ Ůˊɘɚɞɔɐ Űɤɜ ůŰɖɟɑɝŮɤɜ (13,18).  

Ƀɘ ˊŬɟŬŭɞůɘŬəɏɠ ɛɏɗɞŭɞɘ ůŰɑɚɓɤůɖɠ (ɛɖɢŬɜɘəɏɠ, ɛŮ ɡˊɏɟɖɢɞɡɠ, ŭɏůɛɖɠ ɘɧɜŰɤɜ əŬɘ 

ɢɖɛɘəɏɠ) ŬɜŰɘɛŮŰɤˊɑɕɞɡɜ ɞɟɘůɛɏɜɞɡɠ ˊŮɟɘɞɟɘůɛɞɨɠ ůŰɖɜ ŮˊŮɝŮɟɔŬůɑŬ ŬɜŰɘəŮɘɛɏɜɤɜ 

əŬŰŬůəŮɡŬůɛɏɜɤɜ ɛŮ ɛŮɗɧŭɞɡɠ PBF. ɆɡɜɖɗɑɕŮŰŬɘ, ɜŬ ɔɑɜŮŰŬɘ Ŭɛɛɞɓɞɚɐ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ 

ɚŮɘŬɜɗŮɑ ɖ ŮˊɘűɎɜŮɘŬ Űɞɡ ˊɟɞɥɧɜŰɞɠ. ȼ ˊɞɘɧŰɖŰŬ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ɛˊɞɟŮɑ Ůˊɑůɖɠ ɜŬ 

ɓŮɚŰɘɤɗŮɑ ůɖɛŬɜŰɘəɎ ɛŮ Űɖ ůŰɑɚɓɤůɖ ɛŮ laser ɩůŰŮ ɜŬ ŰɖɟŮɑ ŰŬ ŬɡůŰɖɟɎ ɧɟɘŬ ˊɞɡ 

ŬˊŬɘŰɞɨɜŰŬɘ ɔɘŬ ɘŬŰɟɘəɏɠ ŮűŬɟɛɞɔɏɠ (19,20). ȾɎɗŮ əŬŰŬůəŮɡŬůŰɐɠ ůəɧɜɖɠ Co-Cr 

ˊɟɞŰŮɑɜŮɘ ŭɘŬűɞɟŮŰɘəɐ ɛɏɗɞŭɞ ɔɘŬ Űɞ űɘɜɑɟɘůɛŬ Űɖɠ ŮˊɘűɎɜŮɘŬɠ, ˊɟɞŰŮɑɜɞɜŰŬɠ ůɡɜɐɗɤɠ 

ˊɟɞɥɧɜŰŬ ˊɞɡ ˊŬɟɎɔŮɘ ɞ ɑŭɘɞɠ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ ɖ ŮŰŬɘɟɑŬ BEGO ˊɞɡ əŬŰŬůəŮɡɎɕŮɘ Űɖ 

ůəɧɜɖ Ŭˊɧ Űɖɜ ɞˊɞɑŬ əŬŰŬůəŮɡɎůŰɖəŬɜ ŰŬ ŭŮɑɔɛŬŰŬ ˊɞɡ ŬɜŬɚɨɗɖəŬɜ ůŰɖɜ ˊŬɟɞɨůŬ 
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ŭɘˊɚɤɛŬŰɘəɐ ůɡɜɘůŰɎ Ŭɛɛɞɓɞɚɐ ɛŮ ůəɧɜɖ PerlablastÈ əŬɘ ɛŮŰɏˊŮɘŰŬ ɚŮɑŬɜůɖ- ůŰɑɚɓɤůɖ  

ɛŮ əŬŰɎɚɚɖɚɏɠ ɚŮɘŬɜŰɘəɏɠ ɓɞɨɟŰůŮɠ əŬɘ ˊɎůŰŮɠ.    

ȰɜŬ ŰŮɚŮɡŰŬɑɞ ɓɐɛŬ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ ŰŬ ˊɟɞɥɧɜŰŬ ˊɞɡ ˊɟɞɞɟɑɕɞɜŰŬɘ ɔɘŬ ɘŬŰɟɘəɏɠ 

ŮűŬɟɛɞɔɏɠ ɧˊɤɠ ŮɑɜŬɘ ŰŬ ɞŭɞɜŰɘŬŰɟɘəɎ ŮɛűɡŰŮɨɛŬŰŬ ŮɑɜŬɘ ɖ ŬˊɞůŰŮɑɟɤůɐ Űɞɡɠ. ȷɡŰɧ 

ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ŬəŰɘɜɞɓɞɚɑŬ (ɔɎɛɛŬ əŬɘ ŭɏůɛɖ ɖɚŮəŰɟɞɜɑɤɜ), ˊɚɎůɛŬ ɐ 

ɢɖɛɘəɏɠ ɞɡůɑŮɠ (ɡˊŮɟɞɝɘəɧ ɞɝɨ) (13). ȷɜɎɚɞɔŬ ɛŮ Űɖɜ ɢɟɐůɖ, ɛˊɞɟŮɑ ɜŬ ɔɑɜŮɘ ůŰɞ 

ŮɛűɨŰŮɡɛŬ əŬɘ ɛɘŬ ŮˊɘəɎɚɡɣɖ ɛŮ ˊɞɟůŮɚɎɜɖ ɐ Ɏɚɚɞ əŮɟŬɛɘəɧ ɩůŰŮ ɜŬ ɏɢŮɘ Űɞ ŮɛűɨŰŮɡɛŬ 

ɞɚɞəɚɖɟɤɛɏɜɖ ŮɛűɎɜɘůɖ əŬɘ ɡűɐ ŭɞɜŰɘɞɨ.   

 

 

ȺɘəɧɜŬ 12. ȺˊɘűɎɜŮɘŬ ŬɜŰɘəŮɘɛɏɜɞɡ əŬŰŬůəŮɡŬůɛɏɜɞɡ ɛŮ Űɖɜ ɛɏɗɞŭɞ SLM ˊɟɘɜ Űɞ űɘɜɑɟɘůɛŬ Űɖɠ 

ŮˊɘűɎɜŮɘŬɠ. 
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4. ɄȺȽɅȷɀȷɇȽȾȼ ȹȽȷȹȽȾȷɆȽȷ 

4.1. Ɉɚɘəɧ əŬɘ ɛɖɢɎɜɖɛŬ əŬŰŬůəŮɡɐɠ ŭŮɘɔɛɎŰɤɜ 

ɇŬ ŭŮɑɔɛŬŰŬ ˊɞɡ ɛŮɚŮŰɐɗɖəŬɜ ůŰɖɜ ˊŬɟɞɨůŬ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ ŮɑɜŬɘ ˊɟɞɥɧɜŰŬ 

ŰɟɘůŭɘɎůŰŬŰɖɠ ŮəŰɨˊɤůɖɠ əɟɎɛŬŰɞɠ əɞɓŬɚŰɑɞɡ-ɢɟɤɛɑɞɡ ɛŮ ˊɟɞɞɟɘůɛɧ Űɖ ɢɟɐůɖ ůŮ 

ɞŭɞɜŰɘŬŰɟɘəɏɠ ŮűŬɟɛɞɔɏɠ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, Űɞ ɡɚɘəɧ ŮɑɜŬɘ ɔɜɤůŰɧ ɛŮ Űɖɜ Ůɛˊɞɟɘəɐ 

ɞɜɞɛŬůɑŬ Medilloy S-Co əŬɘ ɖ ɢɖɛɘəɐ Űɞɡ ůɨůŰŬůɖ ŮɑɜŬɘ %ə.ɓ.: Co 63,9 ï Cr 24,7 ï W 

5,4 ï Mo 5,0 - Si 1,0 əŬɘ ɏɢŮɘ ŬɜŬˊŰɡɢɗŮɑ ŮɘŭɘəɎ ɔɘŬ Űɖɜ ˊŬɟŬɔɤɔɐ ɛɏůɤ Űɖɠ ɛŮɗɧŭɞɡ 

ŮˊɘɚŮəŰɘəɐɠ Űɐɝɖɠ ɛŮ ŭɏůɛɖ laser (SLM) əŬɘ ŮɑɜŬɘ əŬŰɎɚɚɖɚɞ ɔɘŬ ɞŭɞɜŰɘŬŰɟɘəɏɠ 

ŮűŬɟɛɞɔɏɠ. ɇɞ ɛɖɢɎɜɖɛŬ SLM ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɐŰŬɜ Űɞ MYSINT100 Űɖɠ ŮŰŬɘɟɑŬɠ 

SISMA ˊɞɡ űŬɑɜŮŰŬɘ ůŰɖɜ ŮɘəɧɜŬ 13. ɇɞ laser Űɞɡ ɛɖɢŬɜɐɛŬŰɞɠ ŮɑɜŬɘ Űɨˊɞɡ laser ɘɜɩɜ 

ɡŰŰŮɟɓɑɞɡ (Yb fiber laser) ɘůɢɨɞɠ 200W, ɛŮ ɛɐəɞɠ əɨɛŬŰɞɠ 1064 Ñ 10 nm əŬɘ ŭɘɎɛŮŰɟɞ 

ŭɏůɛɖɠ 55 ɛm. ȰɜŬ Űɡˊɘəɧ ˊɎɢɞɠ ůŰɟɩůɖɠ ɔɘŬ ŬɡŰɧ Űɞ ɛɖɢɎɜɖɛŬ ŮɑɜŬɘ 20-40 ɛm. ɆŰɞɜ 

ˊɑɜŬəŬ 2 ŭɑɜŮŰŬɘ ɛɘŬ ɞɚɞəɚɖɟɤɛɏɜɖ ɚɑůŰŬ Űɤɜ ŰŮɢɜɘəɩɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ Űɞɡ 

ɛɖɢŬɜɐɛŬŰɞɠ. ɄŮɟɘůůɧŰŮɟŮɠ ˊɚɖɟɞűɞɟɑŮɠ ɔɘŬ Űɞ ɡɚɘəɧ əŬɘ Űɖɜ ɛɏɗɞŭɞ SLM ɡˊɎɟɢɞɡɜ ůŰɞ 

ɗŮɤɟɖŰɘəɧ ɛɏɟɞɠ Űɖɠ ŮɟɔŬůɑŬɠ.     

 

 

ȺɘəɧɜŬ 13. ɀɖɢɎɜɖɛŬ SLM MYSINT100 Űɖɠ ŮŰŬɘɟɑŬɠ SISMA. 
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ɄɑɜŬəŬɠ 2. ɇŮɢɜɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ ɛɖɢŬɜɐɛŬŰɞɠ SLM MYSINT100. 

ɇŮɢɜɘəɎ ɉŬɟŬəŰɖɟɘůŰɘəɎ 

ȳɔəɞɠ əŬŰŬůəŮɡɐɠ (ŭɘɎɛŮŰɟɞɠ x ɨɣɞɠ) 100 x 100 mm3 

Ʉɖɔɐ laser Laser ɘɜɩɜ Yb 200 W 

ɀɐəɞɠ əɨɛŬŰɞɠ 1064 ± 10 nm 

ɃˊŰɘəɎ ŬəɟɘɓŮɑŬɠ ūŬəɧɠ ū-ɗɐŰŬ ɢŬɚŬɕɑŬ 

ȹɘɎɛŮŰɟɞɠ ŭɏůɛɖɠ 55 ɛm 

ɄɎɢɞɠ ůŰɟɩůɖɠ 20-40 ɛm 

ɇɟɞűɞŭɞŰɘəɧ 220-240 V 1ph ï 50/60 Hz 

ȷŭɟŬɜɏɠ Ŭɏɟɘɞ ȯɕɤŰɞ, ȷɟɔɧ-ȯɕɤŰɞ, ȷɟɔɧ 

ɄŬɟɞɢɐ ŬŭɟŬɜɞɨɠ ŬŮɟɑɞɡ 6 mm / 2,5 ÷ 5 bar @ 35 L/min 

ȾŬŰŬɜɎɚɤůɖ ŬŭɟŬɜɞɨɠ ŬŮɟɑɞɡ <0,3 L/min @ 0,5% O2 

ɆɡɔəɏɜŰɟɤůɖ O2 0,3% 

ȹɘŬůŰɎůŮɘɠ ɛɖɢŬɜɐɛŬŰɞɠ                       

(ɛɐəɞɠ x ˊɚɎŰɞɠ x ɨɣɞɠ) 

1390 mm x 777 mm x 1600 mm 

 

ɈɚɘəɎ 

ȾɟɎɛŬŰŬ ȾɞɓŬɚŰɑɞɡ ɉɟɤɛɑɞɡ, ɄɞɚɨŰɘɛŬ 

ɀɏŰŬɚɚŬ, ɀˊɟɞɨŰɕɞɠ, ɉɎɚɡɓŬɠ, ȾɟɎɛŬŰŬ 

ɁɘəŮɚɑɞɡ, ȾŬɗŬɟɧɠ ɉŬɚəɧɠ, ȾɟɎɛŬŰŬ 

ɉŬɚəɞɨ 

ȾŬɗŬɟɧ ɓɎɟɞɠ 650 kg 

 

 

 

ȺɘəɧɜŬ 14. ȹŮɑɔɛŬŰŬ CoCr əŬŰŬůəŮɡŬůɛɏɜŬ ɛŮ ɛɏɗɞŭɞ SLM. 
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4.2. ɄŬɟɎɛŮŰɟɞɘ ȾŬŰŬůəŮɡɐɠ ȹŮɘɔɛɎŰɤɜ  

ɆŰŬ ˊɚŬɑůɘŬ Űɤɜ ˊŮɘɟŬɛɎŰɤɜ əŬŰŬůəŮɡɎůŰɖəŬɜ ŭŮɑɔɛŬŰŬ ɛŮ ŭɨɞ ŭɘŬűɞɟŮŰɘəɎ ůɨɜɞɚŬ 

ˊŬɟŬɛɏŰɟɤɜ. Ƀɘ ˊŬɟɎɛŮŰɟɞɘ Űɖɠ ɛŮɗɧŭɞɡ SLM ɔɘŬ Űɞ əŬɗɏɜŬ űŬɑɜɞɜŰŬɘ ůŰɞɜ ˊŬɟŬəɎŰɤ 

ˊɑɜŬəŬ. 

ɄɑɜŬəŬɠ 3. ɄŬɟɎɛŮŰɟɞɘ əŬŰŬůəŮɡɐɠ ŭŮɘɔɛɎŰɤɜ ɛɏůɤ ɛŮɗɧŭɞɡ SLM. 

ɃɛɎŭŬ 

ȹŮɑɔɛŬŰɞɠ 

ɄŮɟɘɞɢɐ 

ɆɎɟɤůɖɠ 

ɇŬɢɨŰɖŰŬ 

ɆɎɟɤůɖɠ 

(mm/s) 

Ƚůɢɨɠ 

Laser 

(W) 

ȸɐɛŬ ɆɎɟɤůɖɠ 
(ȷˊɧůŰŬůɖ ɛŮŰŬɝɨ 

ɔɟŬɛɛɩɜ ůɎɟɤůɖɠ) 
(ɛm) 

ɄɎɢɞɠ ɆŰɟɩůɖɠ 

(ɧɟɘŬ ɛɖɢŬɜɐɛŬŰɞɠ 20-

40) 
 (ɛm) 

 

1 a. ȳɔəɞɠ 

b. ȳɟɘɞ 

700 

700 

90 

105 

60 

- 

25 

- 

2 a. ȳɔəɞɠ 

b. ȳɟɘɞ 

800 

700 

90 

105 

60 

- 

30 

- 

 

4.3. Ⱦɞˊɐ ȹŮɘɔɛɎŰɤɜ 

ɄɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ əɞˊɐ Űɤɜ ŭŮɘɔɛɎŰɤɜ ˊɟɞəŮɘɛɏɜɞɡ ŬɡŰɎ ɜŬ ŮɑɜŬɘ ŮɨɢɟɖůŰŬ ůŮ 

ɛŮŰŬɚɚɞɔɟŬűɘəɐ ˊɟɞŮŰɞɘɛŬůɑŬ əŬɘ ˊŮɟŬɘŰɏɟɤ ɛɘəɟɞŭɞɛɘəɐ ŭɘŮɟŮɨɜɖůɖ Űɞɡɠ. ȷˊɧ Űɖɜ 

əɎɗŮ ɞɛɎŭŬ ŭŮɑɔɛŬŰɞɠ ŬˊŬɘŰɐɗɖəŬɜ ɔɘŬ Űɘɠ ŬɜɎɔəŮɠ Űɤɜ ˊŮɘɟŬɛɎŰɤɜ 5 ŭŮɑɔɛŬŰŬ, ɛŮ 

ŬˊɞŰɏɚŮůɛŬ ɞ ůɡɜɞɚɘəɧɠ Ŭɟɘɗɛɧɠ ŭŮɘɔɛɎŰɤɜ ɜŬ űŰɎɜŮɘ ŰŬ 10. ɇŬ ŭŮɑɔɛŬŰŬ əɧˊɖəŬɜ ɛŮ Űɖ 

ɓɞɐɗŮɘŬ ɛɘəɟɞŰɧɛɞɡ ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɖɜ ŮɘəɧɜŬ 15. 

 

ȺɘəɧɜŬ 15. ɀɘəɟɞŰɧɛɞɠ Struers Accutom-2 əŬɘ ŭɘŬŭɘəŬůɑŬ əɞˊɐɠ ŭŮɘɔɛɎŰɤɜ 
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4.4. ŪŮɟɛɘəɏɠ ȹɘŮɟɔŬůɑŮɠ 

ȳˊɤɠ ŬɜŬűɏɟɗɖəŮ əŬɘ ůŰɞ ɗŮɤɟɖŰɘəɧ ɛɏɟɞɠ Űɖɠ ŮɟɔŬůɑŬɠ, ɖ ɗŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ 

ŬˊɞŰŬŰɘəɐɠ ŬɜɧˊŰɖůɖɠ ŮɑɜŬɘ ŬɜŬˊɧůˊŬůŰɞ əɞɛɛɎŰɘ Űɖɠ ˊŬɟŬɔɤɔɐɠ ŬɜŰɘəŮɘɛɏɜɤɜ ɛɏůɤ 

ŰɟɘůŭɘɎůŰŬŰɖɠ ŮəŰɨˊɤůɖɠ Ŭˊɧ əɟɎɛŬŰŬ Co-Cr. Ⱥˊɘˊɚɏɞɜ, ůŮ ɞɟɘůɛɏɜŮɠ ˊŮɟɘˊŰɩůŮɘɠ əŬŰɎ 

Űɖɜ ˊŬɟŬɔɤɔɐ ɞŭɞɜŰɘŬŰɟɘəɩɜ ŮɛűɡŰŮɡɛɎŰɤɜ ɛŮŰɎ Űɖɜ ŬˊɞŰŬŰɘəɐ ŬɜɧˊŰɖůɖ ŬəɞɚɞɡɗŮɑ 

ŮˊɘəɎɚɡɣɖ Űɞɡ ŮɛűɡŰŮɨɛŬŰɞɠ ɛŮ ˊɞɟůŮɚɎɜɖ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ɓŮɚŰɘɤɗŮɑ ɖ ŮɛűɎɜɘůɐ Űɞɡ. 

ɆŰŬ ˊɚŬɑůɘŬ Űɖɠ ˊŬɟɞɨůŬɠ ŮɟɔŬůɑŬɠ, ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ŬˊɞŰŬŰɘəɐ ŬɜɧˊŰɖůɖ ůŰɞɡɠ 750 

oC əŬɘ 950 oC ɔɘŬ 60 ɚŮˊŰɎ ŬɜŰɑůŰɞɘɢŬ. ȰˊŮɘŰŬ, ŰŬ ŭɞəɑɛɘŬ ˊŬɟɏɛŮɘɜŬɜ ůŰɞɜ űɞɨɟɜɞ Ůɩɠ 

Űɞɡɠ 600 oC Ŭˊɧ ɧˊɞɡ ŬűɏɗɖəŬɜ ɜŬ Ŭˊɞɣɡɢɗɞɨɜ ůŰɞɜ ŬɏɟŬ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ. ȼ 

ˊɟɞůɞɛɞɑɤůɖ ŮˊɘəɎɚɡɣɖɠ ˊɞɟůŮɚɎɜɖɠ ɏɔɘɜŮ ůŰɞɡɠ 930 oC ɔɘŬ 1,5 ɚŮˊŰɧ, Ŭűɞɨ ˊɟɩŰŬ ŮɑɢŮ 

ɔɑɜŮɘ ˊɟɞɗɏɟɛŬɜůɖ ůŰɞɡɠ 600 oC ɔɘŬ 3 ɚŮˊŰɎ. ɀŮŰɎ Űɖɜ PF ɏɔɘɜŮ Ŭˊɧɣɡɝɖ ůŰɞɜ ŬɏɟŬ ůŮ 

ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ. Ⱥˊɑůɖɠ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɟŬűɑŰɖɠ ɔɘŬ Űɖɜ ŭɖɛɘɞɡɟɔɑŬ 

ŬˊɞɝŮɘŭɤŰɘəɐɠ ŬŰɛɧůűŬɘɟŬɠ ŮɜŰɧɠ Űɞɡ űɞɨɟɜɞɡ. ȷɜŬɚɡŰɘəɏɠ ˊɚɖɟɞűɞɟɑŮɠ ɔɘŬ Űɘɠ ɗŮɟɛɘəɏɠ 

əŬŰŮɟɔŬůɑŮɠ ŭɑɜɞɜŰŬɘ ůŰɞɡɠ ˊɑɜŬəŮɠ 4 əŬɘ 5.  

ɆŰŬ ŭɘŬɔɟɎɛɛŬŰŬ 1 əŬɘ 2 ŬɜŬˊŬɟɑůŰŬɜŰŬɘ ɞɘ ɗŮɟɛɘəɏɠ əŬŰŮɟɔŬůɑŮɠ. Ƀ ɟɡɗɛɧɠ ɗɏɟɛŬɜůɖɠ 

əŬŰɎ Űɖɜ ŬˊɞŰŬŰɘəɐ ŬɜɧˊŰɖůɖ ɐŰŬɜ ˊŮɟɑˊɞɡ 25 oC/min, Ůɜɩ əŬŰɎ Űɖɜ ˊɟɞůɞɛɞɑɤůɖ 

ŮˊɘəɎɚɡɣɖɠ ˊɞɟůŮɚɎɜɖɠ ɐŰŬɜ 60 oC/min (25 oC/min əŬŰɎ Űɖɜ ˊɟɞɗɏɟɛŬɜůɖ). Ⱥˊɘˊɚɏɞɜ, 

ɏɔɘɜŬɜ ɛŮŰɟɐůŮɘɠ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ɡˊɞɚɞɔɘůŰŮɑ əŬɘ ɞ ɟɡɗɛɧɠ ɣɨɝɖɠ Űɤɜ ŭɞəɘɛɑɤɜ Ŭűɞɨ 

ŬűɐɜɞɜŰŬɜ ůŰɞɜ űɞɨɟɜɞ ɜŬ Ŭˊɞɣɡɢɗɞɨɜ ɏɤɠ Űɞɡɠ 600 oC. Ƀ űɞɨɟɜɞɠ ŭɘŬɗɏŰŮɘ 

ɗŮɟɛɞůŰɞɘɢŮɑɞ, ŬɚɚɎ ˊɎɟɗɖəŬɜ ɛŮŰɟɐůŮɘɠ əŬɘ ɛŮ ŮɝɤŰŮɟɘəɧ ɗŮɟɛɞůŰɞɘɢŮɑɞ ɔɘŬ ɛŮɔŬɚɨŰŮɟɖ 

ŬəɟɑɓŮɘŬ ŬˊɞŰŮɚŮůɛɎŰɤɜ. ȾŬŰŬɔɟɎűɞɜŰŬɜ ɛŮŰɟɐůŮɘɠ əɎɗŮ ɏɜŬ ɚŮˊŰɧ Ŭˊɧ Űɞɡɠ 950 oC ɏɤɠ 

Űɞɡɠ 800 oC əŬɘ ɨůŰŮɟŬ əɎɗŮ 5 ɚŮˊŰɎ ɛɏɢɟɘ Űɞɡɠ 600 oC. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ɛŮŰɟɐůŮɤɜ 

űŬɑɜɞɜŰŬɘ ůŰɞ ŭɘɎɔɟŬɛɛŬ 3. Ƀ ɟɡɗɛɧɠ Ŭˊɧɣɡɝɖɠ ɐŰŬɜ ˊŮɟɑˊɞɡ 7 oC/min. ɁŬ ůɖɛŮɘɤɗŮɑ 

ˊɤɠ, ɞɘ ɟɡɗɛɞɑ ɗɏɟɛŬɜůɖɠ/Ŭˊɧɣɡɝɖɠ ŭŮɜ ŮɑɜŬɘ ɔɟŬɛɛɘəɞɑ ɧˊɤɠ ŬˊŮɘəɞɜɑɕŮŰŬɘ ůŰŬ 

ŭɘŬɔɟɎɛɛŬŰŬ 1 əŬɘ 2 əŬɘ ɞɘ ɟɡɗɛɞɑ Ŭˊɧɣɡɝɖɠ Űɤɜ ŭɞəɘɛɑɤɜ ŬűɧŰɞɡ ŬɡŰɎ ŬűɏɗɖəŬɜ ɜŬ 

Ŭˊɞɣɡɢɗɞɨɜ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ ŭŮɜ ŮɑɜŬɘ ŬəɟɘɓŮɑɠ əŬɘ ůəɞˊɧ ɏɢɞɡɜ ŬˊɚɎ Űɖɜ 

əŬɚɨŰŮɟɖ ɞˊŰɘəɞˊɞɑɖůɖ Űɖɠ ŭɘŮɟɔŬůɑŬɠ.  
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ɄɑɜŬəŬɠ 4. ɄŬɟɎɛŮŰɟɞɘ ŬˊɞŰŬŰɘəɐɠ ŬɜɧˊŰɖůɖɠ.   

ȷˊɞŰŬŰɘəɐ ȷɜɧˊŰɖůɖ (Stress Relieving Annealing ï SRA) 

ɇŮɚɘəɐ ŪŮɟɛɞəɟŬůɑŬ 

(oC) 

ɉɟɧɜɞɠ ȷɜɧŭɞɡ 

(å25 oC/min) 

ɉɟɧɜɞɠ ɄŬɟŬɛɞɜɐɠ 

(min) 

750 30 60 

950 40 60 

 

 

ɄɑɜŬəŬɠ 5. ɄŬɟɎɛŮŰɟɞɘ ˊɟɞůɞɛɞɑɤůɖɠ ŮˊɘəɎɚɡɣɖɠ ˊɞɟůŮɚɎɜɖɠ. 

Ʉɟɞůɞɛɞɑɤůɖ ȺˊɘəɎɚɡɣɖɠ ɄɞɟůŮɚɎɜɖɠ (Porcelain Firing  Treatment ï PF) 

ɄɟɞɗɏɟɛŬɜůɖ 

(oC) 

ɉɟɧɜɞɠ 

ȷɜɧŭɞɡ 

(å25oC/min) 

ɉɟɧɜɞɠ 

ɄŬɟŬɛɞɜɐɠ 

(min) 

ŪŮɟɛɞəɟŬůɑŬ 

PF 

(oC) 

ɉɟɧɜɞɠ 

ȷɜɧŭɞɡ 

(å60oC/min) 

ɉɟɧɜɞɠ 

ɄŬɟŬɛɞɜɐɠ 

(min) 

600 25 3 930 6 1,5 

 

 

 

ȹɘɎɔɟŬɛɛŬ 1. ȷˊŮɘəɧɜɘůɖ ɗŮɟɛɘəɩɜ əŬŰŮɟɔŬůɘɩɜ ŬˊɞŰŬŰɘəɐɠ ŬɜɧˊŰɖůɖɠ ůŰɞɡɠ 750 oC əŬɘ 950 oC. 
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ȹɘɎɔɟŬɛɛŬ 2. ȷˊŮɘəɧɜɘůɖ ɗŮɟɛɘəɐɠ əŬŰŮɟɔŬůɑŬɠ ˊɟɞůɞɛɞɑɤůɖɠ ŮˊɘəɎɚɡɣɖɠ ˊɞɟůŮɚɎɜɖɠ. 

 

 

 

ȹɘɎɔɟŬɛɛŬ 3. Ʌɡɗɛɧɠ ɣɨɝɖɠ űɞɨɟɜɞɡ ůŰɞɜ ɞˊɞɑɞɜ ɏɔɘɜŬɜ ɞɘ ɗŮɟɛɘəɏɠ əŬŰŮɟɔŬůɑŮɠ. 
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ȺɘəɧɜŬ 16. ūɞɨɟɜɞɠ ɗŮɟɛɘəɩɜ əŬŰŮɟɔŬůɘɩɜ. 

 

 

ȺɘəɧɜŬ 17. ɄɡɟɤɛɏɜŬ ŭɞəɑɛɘŬ ɛŮŰɎ Űɖɜ ˊɟɞůɞɛɞɑɤůɖ ŮˊɘəɎɚɡɣɖɠ ˊɞɟůŮɚɎɜɖɠ. 
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4.5. ȺɔəɘɓɤŰɘůɛɧɠ  

ɇɞ ŮˊɧɛŮɜɞ ůŰɎŭɘɞ ůŰɖɜ ŭɘŬŭɘəŬůɑŬ ˊɟɞŮŰɞɘɛŬůɑŬɠ Űɤɜ ŭŮɘɔɛɎŰɤɜ ɔɘŬ ɛŮŰŬɚɚɞɔɟŬűɘəɐ 

ɛŮɚɏŰɖ, ɛŮŰɎ Űɖɜ əɞˊɐ, ŮɑɜŬɘ ɞ ŮɔəɘɓɤŰɘůɛɧɠ.  

ɆŰɞ ůŰɎŭɘɞ Űɞɡ ŮɔəɘɓɤŰɘůɛɞɨ, ŰŬ ŭɞəɑɛɘŬ ŮɔəɘɓɤŰɑɕɞɜŰŬɘ ɛɏůŬ ůŮ ɟɖŰɑɜɖ ɩůŰŮ ɜŬ ŮɑɜŬɘ ˊɘɞ 

Ůɨəɞɚɖ ɖ ůɡɔəɟɎŰɖůɐ Űɞɡɠ ůŰŬ ŮˊɧɛŮɜŬ ůŰɎŭɘŬ, ɔɘŬ əŬɚɨŰŮɟɖ ŭɘŬŰɐɟɖůɖ Űɤɜ Ɏəɟɤɜ Űɤɜ 

ŭɞəɘɛɑɤɜ əŬɘ ɔɘŬ ɜŬ ŮɛˊɞŭɘůŰŮɑ ɖ Ŭˊɞəɧɚɚɖůɖ ŮˊɘűŬɜŮɘŬəɩɜ ŮˊɘůŰɟɤɛɎŰɤɜ ɐ ˊɟɞɥɧɜŰɤɜ 

ŭɘɎɓɟɤůɖɠ. ɇŬ ŭɞəɑɛɘŬ ŰɞˊɞɗŮŰɐɗɖəŬɜ ůŮ ˊɚŬůŰɘəɎ əŬɚɞɨˊɘŬ ɧˊɞɡ ˊɟɞůŰɏɗɖəŮ ɛŮɑɔɛŬ 

ɟɖŰɑɜɖɠ əŬɘ ůəɚɖɟɡɜŰɐ. Ƀ ɢɟɧɜɞɠ ůŰŮɟŮɞˊɞɑɖůɖɠ Űɖɠ ɟɖŰɑɜɖɠ ɐŰŬɜ 2 ɩɟŮɠ. 

ȷɜŬəŮűŬɚŬɘɩɜɞɜŰŬɠ, ůŰɞɜ ˊŬɟŬəɎŰɤ ˊɑɜŬəŬ ŬɜŬɔɟɎűɞɜŰŬɘ ɧɚŬ ŰŬ ŭɞəɑɛɘŬ ˊɞɡ 

ŮɔəɘɓɤŰɑůŰɖəŬɜ əŬɘ Űɖɜ ɗŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ ˊɞɡ ŮɑɢŮ ɡˊɞůŰŮɑ Űɞ əŬɗɏɜŬ. 

 

ɄɑɜŬəŬɠ 6. ŪŮɟɛɘəɏɠ əŬŰŮɟɔŬůɑŮɠ əŬɘ ɞɛɎŭŬ ŭŮɑɔɛŬŰɞɠ əɎɗŮ ŮɔəɘɓɤŰɘůɛɏɜɞɡ ŭŮɑɔɛŬŰɞɠ. 

ɃɛɎŭŬ ȹŮɑɔɛŬŰɞɠ ŪŮɟɛɘəɐ ȾŬŰŮɟɔŬůɑŬ 

 

 

ɃɛɎŭŬ 1 

-  

 SRA 750 oC 

SRA 950 oC 

SRA 750 oC + PF 

SRA 950 oC + PF 

 

 

ɃɛɎŭŬ 2 

-  

 SRA 750 oC 

SRA 950 oC 

SRA 750 oC + PF 

SRA 950 oC + PF 
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4.6. ȿŮɑŬɜůɖ ï ɆŰɑɚɓɤůɖ 

Ɇəɞˊɧɠ Űɖɠ ɚŮɑŬɜůɖɠ əŬɘ ůŰɑɚɓɤůɖɠ ŮɑɜŬɘ ɖ ŬˊɞɛɎəɟɡɜůɖ Űɞɡ ŮˊɘűŬɜŮɘŬəɞɨ ůŰɟɩɛŬŰɞɠ 

Űɞɡ ɡɚɘəɞɨ ˊɞɡ ɛˊɞɟŮɑ ɜŬ ɏɢŮɘ ˊŬɟŬɛɞɟűɤɗŮɑ ɐ ɜŬ ɏɢŮɘ ɡˊɞůŰŮɑ ŭɘɎűɞɟŮɠ ɕɖɛɘɏɠ əŬŰɎ Űɖɜ 

əɞˊɐ ɐ Űɖ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ əɞɛɛŬŰɘɞɨ. ɇŬ ŭɞəɑɛɘŬ ɚŮɘɎɜɗɖəŬɜ ɛŮ Űɖɜ Ŭəɧɚɞɡɗɖ ůŮɘɟɎ 

ɚŮɘŬɜŰɘəɩɜ ɢŬɟŰɘɩɜ əŬɟɓɘŭɑɤɜ ˊɡɟɘŰɑɞɡ (SiC) 800, 1200, 2000 Grit. ȾɎɗŮ ůŰɎŭɘɞ ɚŮɑŬɜůɖɠ 

ŮɑɢŮ ŭɘɎɟəŮɘŬ 6 ɚŮˊŰɩɜ əŬɘ ŬɜɎɛŮůŬ ůŰŬ ůŰɎŭɘŬ ŰŬ ŭɞəɑɛɘŬ əŬɗŬɟɑɕɞɜŰŬɜ ɛŮ ɜŮɟɧ, 

ŬɘɗŬɜɧɚɖ əŬɘ ůŰŮɔɜɩɜɞɜŰŬɜ ɛŮ ɕŮůŰɧ ŬɏɟŬ. ȰˊŮɘŰŬ Ŭˊɧ Űɖɜ ɚŮɑŬɜůɖ ŰŬ ŭɞəɑɛɘŬ ˊɏɟŬůŬɜ 

Ŭˊɧ ŰɟɑŬ ůŰɎŭɘŬ ůŰɑɚɓɤůɖɠ. ȹɨɞ ůŰɎŭɘŬ ɛŮ ŬŭŬɛŬɜŰɧˊŬůŰŬ 6ɛm əŬɘ 1ɛm ɔɘŬ 8 ɚŮˊŰɎ Űɞ 

əŬɗɏɜŬ əŬɘ ɏɜŬ ůŰɎŭɘɞ ɛŮ əɞɚɚɞŮɘŭɏɠ ŬɘɩɟɖɛŬ ˊɡɟɘŰɑŬɠ ɔɘŬ 12 ɚŮˊŰɎ. ɀŮŰŬɝɨ Űɤɜ 

ůŰŬŭɑɤɜ ŬɚɚɎ əŬɘ ůŰɞ ɛɘůɧ Űɞɡ ˊɟɞɓɚŮˊɧɛŮɜɞɡ ɢɟɧɜɞɡ ɔɘŬ əɎɗŮ ůŰɎŭɘɞ ŰŬ ŭɞəɑɛɘŬ 

əŬɗŬɟɑɕɞɜŰŬɜ əŬɘ ůŰŮɔɜɩɜɞɜŰŬɜ ɧˊɤɠ əŬɘ ůŰɞ ůŰɎŭɘɞ Űɖɠ ɚŮɑŬɜůɖɠ.  

 

  

ȺɘəɧɜŬ 18. ɀɖɢɎɜɖɛŬ ɚŮɑŬɜůɖɠ ï ůŰɑɚɓɤůɖɠ əŬɘ ŭɞəɑɛɘŬ ɛŮŰɎ Űɖɜ ŭɘŬŭɘəŬůɑŬ ɚŮɑŬɜůɖɠ əŬɘ 

ůŰɑɚɓɤůɖɠ. 
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4.7. Ʉɟɞůɓɞɚɐ 

Ɇəɞˊɧɠ Űɖɠ ˊɟɞůɓɞɚɐɠ ŮɑɜŬɘ ɖ ŬˊɞəɎɚɡɣɖ Űɖɠ ɛɘəɟɞŭɞɛɐɠ Űɞɡ ŮɝŮŰŬɕɧɛŮɜɞɡ ɡɚɘəɞɨ. 

ȾŬŰɎ Űɖɜ ɖɚŮəŰɟɞɢɖɛɘəɐ çəŬŰŬůŰɟŮˊŰɘəɐè ˊɟɞůɓɞɚɐ Űɞ ŭɞəɑɛɘɞ ɏɟɢŮŰŬɘ ůŮ ŮˊŬűɐ ɛŮ ɏɜŬ 

ŭɘɎɚɡɛŬ ˊɟɞůɓɞɚɐɠ Űɞ ɞˊɞɑɞ ˊɟɞəŬɚŮɑ ɛŮ ůɨɔɢɟɞɜɖ Ůˊɘɓɞɚɐ ŭɡɜŬɛɘəɞɨ , ŬɜŰɘŭɟɎůŮɘɠ 

ɞɝŮɑŭɤůɖɠ (Ŭɜɞŭɘəɏɠ) əŬɘ ŬɜŬɔɤɔɐɠ (əŬɗɞŭɘəɏɠ). ɆŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ŭɞəɘɛɑɞɡ 

ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ ˊɞɚɚɎ ɛɘəɟɞůəɞˊɘəɎ ɔŬɚɓŬɜɘəɎ ůŰɞɘɢŮɑŬ ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɖɜ ŮəɚŮəŰɘəɐ 

ŭɘɎɚɡůɖ əɎˊɞɘɤɜ űɎůŮɤɜ. ȳŰŬɜ ɖ ˊɟɞůɓɞɚɐ ɔɑɜŮŰŬɘ ɢɤɟɑɠ Ůˊɘɓɞɚɐ ɟŮɨɛŬŰɞɠ ɞɜɞɛɎɕŮŰŬɘ 

ɢɖɛɘəɐ ˊɟɞůɓɞɚɐ əŬɘ ŮɑɜŬɘ ɖ ˊɚɏɞɜ ŭɘŬŭŮŭɞɛɏɜɖ ɛɏɗɞŭɞɠ ˊɟɞůɓɞɚɐɠ. ɄɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ 

ŮɜŭŮɚŮɢɐɠ ɓɘɓɚɘɞɔɟŬűɘəɐ ɏɟŮɡɜŬ ɔɘŬ ɜŬ ŮɜŰɞˊɘůŰŮɑ ɖ ɓɏɚŰɘůŰɖ ɛɏɗɞŭɞɠ ˊɟɞůɓɞɚɐɠ Űɤɜ 

ŭɞəɘɛɑɤɜ. ȷűɞɨ ŭɞəɘɛɎůŰɖəŬɜ ŭɘɎűɞɟŮɠ ɛɏɗɞŭɞɘ ˊɟɞŰɎɗɖəŮ ɛɘŬ ɜɏŬ ɛɏɗɞŭɞɠ ˊɟɞůɓɞɚɐɠ 

ɔɘŬ Űɞ ůɡɔəŮəɟɘɛɏɜɞ ɡɚɘəɧ. ȰɔɘɜŮ ɖɚŮəŰɟɞɢɖɛɘəɐ ˊɟɞůɓɞɚɐ ůŮ ŭɘɎɚɡɛŬ ɗŮɘɘəɞɨ ɞɝɏɞɠ 

H2SO4 əŬɘ ŬɘɗŬɜɧɚɖɠ CH3OH ůŮ ŬɜŬɚɞɔɑŬ 5:95 ůŮ ŰɎůɖ 16V ɔɘŬ 20 ŭŮɡŰŮɟɧɚŮˊŰŬ. ɆŰɖ 

ůɡɜɏɢŮɘŬ ŰŬ ŭɞəɑɛɘŬ ŰɞˊɞɗŮŰɞɨɜŰŬɜ ůŮ ůɡůəŮɡɐ ɡˊŮɟɐɢɤɜ ɔɘŬ 10 ŭŮɡŰŮɟɧɚŮˊŰŬ 

ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŭɘŬɚɡɗŮɑ Űɞ ˊɟɞůŰŬŰŮɡŰɘəɧ ůŰɟɩɛŬ ɞɝŮɘŭɑɞɡ ˊɞɡ ůɢɖɛŬŰɑɕŮɘ Űɞ ɢɟɩɛɘɞ əŬɘ 

Űɏɚɞɠ ɖ ŭɘŬŭɘəŬůɑŬ ŬɡŰɐ ŬəɞɚɞɡɗɞɨɜŰŬɜ ɝŬɜɎ Ŭˊɧ ɖɚŮəŰɟɞɢɖɛɘəɐ ˊɟɞůɓɞɚɐ ɔɘŬ 20 

ŭŮɡŰŮɟɧɚŮˊŰŬ.      

 

 

ȺɘəɧɜŬ 19. ȹɘŬŭɘəŬůɑŬ ɖɚŮəŰɟɞɢɖɛɘəɐɠ ˊɟɞůɓɞɚɐɠ. 



ɄȷɅȷũɋũȼ ȾɅȷɀȷɇɋɁ ȾɃȸȷȿɇȽɃɈ-ɉɅɋɀȽɃɈ ɀȺɆɋ ɇɅȽɆȹȽȷɆɇȷɇȼɆ ȺȾɇɈɄɋɆȼɆ ũȽȷ ɃȹɃɁɇȽȷɇɅȽȾȺɆ ȺūȷɅɀɃũȺɆ 

 

 

 

 38 

4.8. ɆəɚɖɟɧŰɖŰŬ Vickers 

ɋɠ ůəɚɖɟɞɛɏŰɟɖůɖ ɞɟɑɕŮŰŬɘ ɖ ŬɜŰɑůŰŬůɖ ˊɞɡ ˊɟɞɓɎɚŮɘ Űɞ ɡɚɘəɧ ůŰɖɜ ɛɧɜɘɛɖ ˊɚŬůŰɘəɐ 

ˊŬɟŬɛɧɟűɤůɖ əŬɘ ůɡɜŭɏŮŰŬɘ ɎɛŮůŬ ɛŮ Űɘɠ ɡˊɧɚɞɘˊŮɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ ɧˊɤɠ Űɖɜ 

ɛɏɔɘůŰɖ ŮűŮɚəɡůŰɘəɐ ŬɜŰɞɢɐ, Űɞ ɧɟɘɞ ŭɘŬɟɟɞɐɠ, Űɞ ɧɟɘɞ ŮɚŬůŰɘəɧŰɖŰŬɠ ə.Ŭ.. ɆɡɜɖɗɑɕŮŰŬɘ 

ůŰɘɠ ŭɞəɘɛɏɠ ůəɚɖɟɧŰɖŰŬɠ ɜŬ ŮűŬɟɛɧɕŮŰŬɘ ůŰŬɗŮɟɐ ŭɨɜŬɛɖ ůŮ ɛɘŬ Ŭɘɢɛɐ ɔɘŬ ůɡɔəŮəɟɘɛɏɜɞ 

ɢɟɞɜɘəɧ ŭɘɎůŰɖɛŬ, əŬɘ ŬɜŬɚɧɔɤɠ Űɘɠ ŭɘŬůŰɎůŮɘɠ Űɞɡ ŬˊɞŰɡˊɩɛŬŰɞɠ, ɛŮ Űɖɜ ɓɞɐɗŮɘŬ 

əŬŰɎɚɚɖɚɤɜ Űɨˊɤɜ ɔɘŬ Űɖɜ ɛɏɗɞŭɞ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ, ɜŬ ŮɟɛɖɜŮɨŮŰŬɘ ɖ ůəɚɖɟɧŰɖŰŬ. 

ɆŰŬ ˊɚŬɑůɘŬ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘˊɚɤɛŬŰɘəɐɠ ŮɟɔŬůɑŬɠ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɖ ɛɏɗɞŭɞɠ 

ůəɚɖɟɞɛɏŰɟɖůɖɠ Vickers. ȼ ɛɏɗɞŭɞɠ ůəɚɖɟɞɛɏŰɟɖůɖɠ əŬŰɎ Vickers ɢɟɖůɘɛɞˊɞɘŮɑ ůŬɜ 

ŮɜŰɡˊɤŰɐ ï ŭɘŮɘůŭɡŰɐ ɛɘŬ ŬŭŬɛɎɜŰɘɜɖ ˊɡɟŬɛɑŭŬ ŰŮŰɟŬɔɤɜɘəɐɠ ɓɎůɖɠ əŬɘ ɔɤɜɑŬɠ əɞɟɡűɐɠ 

ɛŮŰŬɝɨ Űɤɜ ŬˊɏɜŬɜŰɘ Ůŭɟɩɜ Űɖɠ ŰɎɝɖɠ Űɤɜ 136ɞ əŬɘ Űɞ űɞɟŰɑɞ ŮűŬɟɛɧɕŮŰŬɘ ɔɘŬ ɢɟɞɜɘəɧ 

ŭɘɎůŰɖɛŬ 15 ŭŮɡŰŮɟɞɚɏˊŰɤɜ. ɆŰɖɜ əɚɑɛŬəŬ Vickers ɡˊɎɟɢŮɘ ɖ ŭɡɜŬŰɧŰɖŰŬ ɜŬ ɚɖűɗɞɨɜ 

Űɘɛɏɠ Ŭˊɧ 5 ɏɤɠ 1000 HV. ȼ Űɘɛɐ ɛɘŬɠ ɛɏŰɟɖůɖɠ ɡˊɞɚɞɔɑɕŮŰŬɘ ɛŮŰɟɩɜŰŬɠ Űɘɠ ŭɘŬɔɤɜɑɞɡɠ 

d1 əŬɘ d2 Űɞɡ ŬˊɞŰɡˊɩɛŬŰɞɠ əŬɘ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɞɡɠ Ŭəɧɚɞɡɗɞɠ Űɨˊɞɡɠ. (21) 

 

     

ȳˊɞɡ d ɖ ɛɏůɖ Űɘɛɐ Űɤɜ ŭɘŬɔɤɜɑɤɜ d1 əŬɘ d2 əŬɘ F ɖ ŮűŬɟɛɞůɛɏɜɖ ŭɨɜŬɛɖ. 

 

ȺɘəɧɜŬ 20. ȷɜŬˊŬɟɎůŰŬůɖ ŮɜŰɡˊɩɛŬŰɞɠ ůəɚɖɟɞɛɏŰɟɖůɖɠ əŬŰɎ Vickers. (21) 
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ȾŬŰɎ Űɘɠ ɛŮŰɟɐůŮɘɠ ɛŮ Űɖ ɛɏɗɞŭɞ Vickers Űɞ ˊɎɢɞɠ Űɞɡ ŭɞəɘɛɑɞɡ ˊɟɏˊŮɘ ɜŬ ŮɑɜŬɘ ŰɏŰɞɘɞ 

ɩůŰŮ ɜŬ ɛɖɜ ŭɖɛɘɞɡɟɔŮɑŰŬɘ ŮɝɧɔəɤɛŬ Ŭˊɧ Űɖɜ ˊɑůɤ ˊɚŮɡɟɎ Űɖɠ ɛɏŰɟɖůɖɠ əŬɘ ɞˊɤůŭɐˊɞŰŮ 

Űɞ ˊɎɢɞɠ ŭŮɜ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ɛɘəɟɧŰŮɟɞ Ŭˊɧ Űɞ 1 & İ Űɞɡ ɛɐəɞɡɠ Űɖɠ ŭɘŬɔɤɜɑɞɡ Űɖɠ 

ŮɜŰɨˊɤůɖɠ. ɇɏɚɞɠ, ɖ ŬˊɧůŰŬůɖ ɛŮŰŬɝɨ Űɤɜ ɛŮŰɟɐůŮɤɜ ˊɟɏˊŮɘ ɜŬ ŮɑɜŬɘ ŰɞɡɚɎɢɘůŰɞɜ ŰɟŮɘɠ 

űɞɟɏɠ ɛŮɔŬɚɨŰŮɟɖ Ŭˊɧ Űɞ ɛɐəɞɠ Űɖɠ ŭɘŬɔɤɜɑɞɡ. 

ȳˊɤɠ ˊɟɞŬɜŬűɏɟɗɖəŮ ɖ ůəɚɖɟɧŰɖŰŬ Űɤɜ ŭɞəɘɛɑɤɜ ɛŮŰɟɐɗɖəŮ ɛŮ Űɖ ɛɏɗɞŭɞ Vickers. ɇɞ 

űɞɟŰɑɞ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ŮˊɘɚɏɢɗɖəŮ ɛŮ ɓɎůɖ Űɞ ɛɏɔŮɗɞɠ Űɞɡ ɑɢɜɞɡɠ ˊɞɡ ɎűɖůŮ ɖ 

ˊɡɟŬɛɑŭŬ ůŰɞ ɡɚɘəɧ əŬɘ ɐŰŬɜ 196 Ɂ ɔɘŬ ŰŬ ŭŮɑɔɛŬŰŬ Ŭˊɧ əɟɎɛŬ Co-Cr. ɆŮ əɎɗŮ ŭɞəɑɛɘɞ 

ɏɔɘɜŬɜ ˊɏɜŰŮ (5) ůəɚɖɟɞɛŮŰɟɐůŮɘɠ Ŭˊɧ Űɘɠ ɞˊɞɑŮɠ ɡˊɞɚɞɔɑůŰɖəŮ ɞ ɛɏůɞɠ ɧɟɞɠ ůəɚɖɟɧŰɖŰŬɠ 

ɔɘŬ əɎɗŮ ŭɞəɑɛɘɞ.    

 

4.9. ȼɚŮəŰɟɞɜɘəɧ ɀɘəɟɞůəɧˊɘɞ ɆɎɟɤůɖɠ (Scanning Electron 

Microscopy S.E.M.) 

ȼ ŮɝɏŰŬůɖ Űɤɜ ŭɞəɘɛɑɤɜ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ůŮ ɖɚŮəŰɟɞɜɘəɧ ɛɘəɟɞůəɧˊɘɞ Űɨˊɞɡ JEOL 

JSM 6380-LV ɛŮ Űɨˊɞ ůŰɐɚɖɠ Oxford Instruments INCA a - sight Űɖɠ Ɇɢɞɚɐɠ ɀɖɢŬɜɘəɩɜ 

ɀŮŰŬɚɚŮɑɤɜ-ɀŮŰŬɚɚɞɡɟɔɩɜ. Ʉɟɘɜ Űɖɜ ˊŬɟŬŰɐɟɖůɐ Űɞɡɠ, ŰŬ ŭɞəɑɛɘŬ ŮɑɢŬɜ ˊɟɞŮŰɞɘɛŬůŰŮɑ 

əŬŰŬɚɚɐɚɤɠ ɧˊɤɠ ˊŮɟɘɔɟɎűŮŰŬɘ ůŰŬ ˊɟɞɖɔɞɨɛŮɜŬ ůŰɎŭɘŬ Űɖɠ ˊŮɘɟŬɛŬŰɘəɐɠ ŭɘŬŭɘəŬůɑŬɠ. 

ɇɞ SEM ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Űɖɜ ˊŬɟŬŰɐɟɖůɖ əŬɘ ɔɘŬ Űɖɜ əŬŰŬɔɟŬűɐ əŬɘ ŮɟɛɖɜŮɑŬ 

ɞɟɘůɛɏɜɤɜ ůɖɛɎŰɤɜ, ˊɞɡ ŮəˊɏɛˊɞɜŰŬɘ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ Űɖɠ ŭɏůɛɖɠ 

ɖɚŮəŰɟɞɜɑɤɜ ɛŮ Űɞ ŭŮɑɔɛŬ (22). ȼ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ SEM ůŰɖɟɑɕŮŰŬɘ ůŰɖɜ ŬɚɚɖɚŮˊɑŭɟŬůɖ 

Űɞɡ ˊɟɞɠ ŮɝɏŰŬůɖ ŭŮɑɔɛŬŰɞɠ əŬɘ Űɖɠ ˊɟɞůˊɑˊŰɞɡůŬɠ ŭɏůɛɖɠ ɖɚŮəŰɟɞɜɑɤɜ ůŮ ŬɡŰɧ (23). 

ɇɞ ɖɚŮəŰɟɞɜɘəɧ ɛɘəɟɞůəɧˊɘɞ ůɎɟɤůɖɠ ŬˊɞŰŮɚŮɑŰŬɘ əɡɟɑɤɠ Ŭˊɧ Űɞ ůɨůŰɖɛŬ ˊŬɟŬɔɤɔɐɠ 

ŭɏůɛɖɠ ɖɚŮəŰɟɞɜɑɤɜ (Electron Source "Gun"), Űɞ ůɨůŰɖɛŬ əŬŰŮɨɗɡɜůɖɠ Űɖɠ ŭɏůɛɖɠ 

(Electron Lenses), Űɞ ɗɎɚŬɛɞ, ˊɞɡ ŰɞˊɞɗŮŰŮɑŰŬɘ Űɞ ŭŮɑɔɛŬ (Sample Stage), Űɖɜ ŬɜŰɚɑŬ 

əŮɜɞɨ (Vacuum System) əŬɘ Űɞ ůɨůŰɖɛŬ ŬɜɘɢɜŮɡŰɩɜ əŬɘ ˊŬɟɞɡůɑŬůɖɠ (Detectors for all 

signals of interest Display /Data output devices) 

ɇŬ ɖɚŮəŰɟɧɜɘŬ ˊŬɟɎɔɞɜŰŬɘ Ŭˊɧ ɏɜŬ ůɨɟɛŬ ɓɞɚűɟŬɛɑɞɡ (əɎɗɞŭɞɠ) əŬɘ ŮˊɘŰŬɢɨɜɞɜŰŬɘ ˊɟɞɠ 

Űɖɜ Ɏɜɞŭɞ, ůŰɖɜ ɞˊɞɑŬ ŮűŬɟɛɧɕŮŰŬɘ ɏɜŬ ŭɡɜŬɛɘəɧ 1-30KV. ȼ Ɏɜɞŭɞɠ ŭɖɛɘɞɡɟɔŮɑ ɘůɢɡɟɏɠ 

ŮɚəŰɘəɏɠ ŭɡɜɎɛŮɘɠ ůŰŬ ɖɚŮəŰɟɧɜɘŬ, ÕŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ŰŬ ŮˊɘŰŬɢɨɜŮɘ əŬɘ ɜŬ ŰŬ əŬŰŮɡɗɨɜŮɘ. 

ȼ ˊŬɟŬɔɧɛŮɜɖ ŭɏůɛɖ ɖɚŮəŰɟɞɜɑɤɜ ɏɢŮɘ ŰɡˊɘəɎ ŮɜɏɟɔŮɘŬ Ŭˊɧ ɛŮɟɘəɏɠ ŮəŬŰɞɜŰɎŭŮɠ eV 
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ɛɏɢɟɘ ˊŮɟɑˊɞɡ 50KeV əŬɘ ŮůŰɘɎɕŮŰŬɘ Ŭˊɧ ɏɜŬ ůɨůŰɖɛŬ űŬəɩɜ ŮůŰɑŬůɖɠ, ɞɘ ɞˊɞɑɞɘ ŮɑɜŬɘ 

ůɡɜŭŮŭŮɛɏɜɞɘ ÕŮ əŬŰɎɚɚɖɚŬ ŭɘŬűɟɎɔɛŬŰŬ. ȷɛɏůɤɠ ɛŮŰɎ, ŬɡŰɐ ɖ ŮůŰɘŬůɛɏɜɖ ŭɏůɛɖ ˊŮɟɜɎ 

ɛɏůŬ Ŭˊɧ ɕŮɨɔɖ ˊɖɜɑɤɜ ůɎɟɤůɖɠ, ŰŬ ɞˊɞɑŬ Űɖɜ ŮəŰɟɏˊɞɡɜ ɞɟɘɕɧɜŰɘŬ əŬɘ əɎɗŮŰŬ ɏŰůɘ ɩůŰŮ 

ɜŬ ůŬɟɩɜɞɡɜ ÕɘŬ ŰŮŰɟŬɔɤɜɘəɐ ˊŮɟɘɞɢɐ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ. ɇŬ ˊɖɜɑŬ ŬɡŰɎ ŮɑɜŬɘ 

ŰɞˊɞɗŮŰɖɛɏɜŬ ůŮ ŭɨɞ ɕŮɨɔɖ ɔɨɟɤ Ŭˊɧ Űɖ ŭɏůɛɖ, ÕŮ Űɞ ɏɜŬ ɕŮɨɔɞɠ ɜŬ ŮɚɏɔɢŮɘ Űɖɜ əɑɜɖůɖ 

Űɖɠ ŭɏůɛɖɠ ůŰɖɜ əŬŰŮɨɗɡɜůɖ ɉ əŬɘ Űɞ Ɏɚɚɞ Űɖɜ əɑɜɖůɐ Űɖɠ ůŰɖɜ əŬŰŮɨɗɡɜůɖ Ɉ. ȰɜŬ 

ɢɟɞɜɘəɎ ɛŮŰŬɓŬɚɚɧɛŮɜɞ ɟŮɨɛŬ əŬɗɞɟɑɕŮɘ Űɞ ɛŬɔɜɖŰɘəɧ ˊŮŭɑɞ əŬɘ ɎɟŬ Űɖɜ ŮəŰɟɞˊɐ Űɖɠ 

ŭɏůɛɖɠ ɩůŰŮ ŬɡŰɐ ɜŬ ůŰɏɚɜŮŰŬɘ ůŰɞ ůɤůŰɧ ůɖɛŮɑɞ. ɇŬ ɑŭɘŬ ŰŬ ˊɖɜɑŬ ŮɚɏɔɢɞɜŰŬɘ ÕŮ Űɖɜ 

ɔŮɜɜɐŰɟɘŬ ůɎɟɤůɖɠ, ɖ ɞˊɞɑŬ ÕŮ Űɖ ůŮɘɟɎ Űɖɠ ůɡɜŭɏŮŰŬɘ ÕŮ Űɞɜ ɏɚŮɔɢɞ ɛŮɔɏɗɡɜůɖɠ əŬɘ Űɖɜ 

ɞɗɧɜɖ. ȼ ŭɏůɛɖ Űɤɜ ɖɚŮəŰɟɞɜɑɤɜ ˊɟɞůˊɑˊŰŮɘ ůŰɞ ŭŮɑɔɛŬ əŬɘ Űɞ Ůɑŭɞɠ Űɖɠ ŮəˊŮɛˊɧɛŮɜɖɠ 

ŬəŰɘɜɞɓɞɚɑŬɠ Ŭˊɧ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ŭŮɑɔɛŬŰɞɠ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖɜ ŬɚɚɖɚŮˊɑŭɟŬůɖ Űɤɜ 

ˊɟɤŰɞɔŮɜɩɜ ɖɚŮəŰɟɞɜɑɤɜ əŬɘ Űɤɜ ŬŰɧɛɤɜ Űɞɡ ɡɚɘəɞɨ, əŬɘ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ (23): 

¶ æŮɡŰŮɟɞɔŮɜɐ ɖɚŮəŰɟɧɜɘŬ 

¶ ɃˊɘůɗɞůəŮŭŬɕɧɛŮɜŬ ɖɚŮəŰɟɧɜɘŬ 

¶ ȼɚŮəŰɟɧɜɘŬ Auger 

¶ ȷəŰɑɜŮɠ-ɉ 

 

ȺɘəɧɜŬ 21. ɆɢɖɛŬŰɘəɧ ŭɘɎɔɟŬɛɛŬ ɓŬůɘəɩɜ ŰɛɖɛɎŰɤɜ ɛɘəɟɞůəɞˊɑɞɡ SEM. (23). 



ɄȷɅȷũɋũȼ ȾɅȷɀȷɇɋɁ ȾɃȸȷȿɇȽɃɈ-ɉɅɋɀȽɃɈ ɀȺɆɋ ɇɅȽɆȹȽȷɆɇȷɇȼɆ ȺȾɇɈɄɋɆȼɆ ũȽȷ ɃȹɃɁɇȽȷɇɅȽȾȺɆ ȺūȷɅɀɃũȺɆ 

 

 

 

 41 

ɇŬ ůɐɛŬŰŬ Űɤɜ ŭŮɡŰŮɟɞɔŮɜɩɜ əŬɘ Űɤɜ ɞˊɘůɗɞůəŮŭŬɕɧɛŮɜɤɜ ɖɚŮəŰɟɞɜɑɤɜ, əɡɟɑɤɠ, 

ŮɜɘůɢɨɞɜŰŬɘ əŬɘ ŭɖɛɘɞɡɟɔɞɨɜ ɏɜŬ ɞˊŰɘəɧ ůɐɛŬ. ȰŰůɘ, ŮɑɜŬɘ ŭɡɜŬŰɐ ɖ ɛŮɔŮɗɡɛɏɜɖ 

ŬˊŮɘəɧɜɘůɖ, ůŮ ÕɘŬ ɞɗɧɜɖ, Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ, ˊɞɡ ůŬɟɩɜŮɘ ɖ ŭɏůɛɖ Űɤɜ 

ɖɚŮəŰɟɞɜɑɤɜ (23). 

ɇŬ ŭŮɡŰŮɟɞɔŮɜɐ ɖɚŮəŰɟɧɜɘŬ (secondary electrons, SE) ˊŬɟɎɔɞɜŰŬɘ əɡɟɑɤɠ Ŭˊɧ ŮɚŮɨɗŮɟŬ 

ɖɚŮəŰɟɧɜɘŬ ɐ əŬɘ ɖɚŮəŰɟɧɜɘŬ ůɗɏɜɞɡɠ ůŰɞ ŭŮɑɔɛŬ. ȷɡŰɎ ˊŬɟɎɔɞɜŰŬɘ əŬŰɎ ɛɐəɞɠ Űɖɠ 

ŰɟɞɢɘɎɠ Űɤɜ ˊɟɤŰŮɡɧɜŰɤɜ ɖɚŮəŰɟɞɜɑɤɜ ɛɏůŬ ůŰɞ ŭŮɑɔɛŬ ůŮ ɓɎɗɞɠ 1-10 nm. Ȱɢɞɡɜ 

ŮɜɏɟɔŮɘŬ 50 eV əŬɘ ɖ ɏɜŰŬůɖ Űɞɡ ůɐɛŬŰɞɠ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞɜ əɟɡůŰŬɚɚɞɔɟŬűɘəɧ 

ˊɟɞůŬɜŬŰɞɚɘůɛɧ əŬɘ Űɘɠ ŬɜɤɛŬɚɑŮɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ. Ƀɘ ˊɚɖɟɞűɞɟɑŮɠ ˊɞɡ ůɡɚɚɏɔɞɜŰŬɘ 

Ŭűɞɟɞɨɜ Űɖɜ ŰɞˊɞɔɟŬűɑŬ Űɖɠ ŮɝŮŰŬɕɧɛŮɜɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ ŭɞəɘɛɑɞɡ (24), (23). 

ɇŬ ɞˊɘůɗɞůəŮŭŬɕɧÕŮɜŬ ɖɚŮəŰɟɧɜɘŬ (Backscattered Electrons, BE) ŮɑɜŬɘ ɏɜŬ ɛɏɟɞɠ Űɤɜ 

Ůɔɢɡɛɏɜɤɜ ˊɟɤŰɞɔŮɜɩɜ ɖɚŮəŰɟɞɜɑɤɜ ůŰɞ ŭŮɑɔɛŬ Ŭˊɧ Űɞɜ ŬɜɘɢɜŮɡŰɐ ˊɞɡ ŬɚɚɎɕɞɡɜ Űɖɜ 

əŬŰŮɨɗɡɜůɖ Űɞɡɠ ɛŮ ŮɚŬůŰɘəɐ ɐ ŬɜŮɚŬůŰɘəɐ ůəɏŭŬůɖ əŬɘ ŬˊŮɚŮɡɗŮɟɩɜɞɜŰŬɘ Ŭˊɧ Űɖɜ 

ŮˊɘűɎɜŮɘŬ ůŰɞ əŮɜɧ. ȼ ŮɜɏɟɔŮɘŬ Űɞɡɠ ŮɑɜŬɘ ɑůɖ (ŮɚŬůŰɘəɐ ůəɏŭŬůɖ) ůŮ ɐ ɚɘɔɧŰŮɟɞ 

(ŬɜŮɚŬůŰɘəɐ ůəɏŭŬůɖ) Ŭˊɧ ŬɡŰɐ Űɤɜ ˊɟɤŰŮɡɧɜŰɤɜ ɖɚŮəŰɟɞɜɑɤɜ əŬɘ əɡɛŬɑɜŮŰŬɘ Ŭˊɧ 5 ɏɤɠ 

50KeV (24), (23). ȼ ɏɜŰŬůɖ Űɞɡ ˊŬɟŬɔɧɛŮɜɞɡ ůɐɛŬŰɞɠ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞɜ 

əɟɡůŰŬɚɚɞɔɟŬűɘəɧ ˊɟɞůŬɜŬŰɞɚɘůɛɧ əŬɘ Ŭˊɧ Űɞɜ ŬŰɞɛɘəɧ Ŭɟɘɗɛɧ Űɤɜ ůŰɞɘɢŮɑɤɜ. ȹɑɜɞɡɜ 

ÕɘŬ ŮɘəɧɜŬ əŬŰŬɜɞɛɐɠ Űɤɜ ůŰɞɘɢŮɑɤɜ (ɞɘ űɤŰŮɘɜɏɠ ˊŮɟɘɞɢɏɠ ŬɜŰɘůŰɞɘɢɞɨɜ ůŮ ɓŬɟɘɎ 

ůŰɞɘɢŮɑŬ, Ůɜɩ ɞɘ ˊɘɞ ůəɞɡɟɧɢɟɤɛŮɠ ůŮ ŮɚŬűɟɘɎ) (23). 

ɇŬ ɖɚŮəŰɟɧɜɘŬ Auger (Auger Electrons, AE): ɄɟɞɏɟɢɞɜŰŬɘ Ŭˊɧ Űɖɜ ŬɚɚɖɚŮˊɑŭɟŬůɖ Űɤɜ 

ˊɟɤŰɞɔŮɜɩɜ ɖɚŮəŰɟɞɜɑɤɜ əŬɘ Űɤɜ ɡˊɞůŰɞɘɓɎŭɤɜ Űɤɜ ŮˊɘűŬɜŮɘŬəɩɜ ŬŰɧɛɤɜ, ůŮ ɓɎɗɞɠ ɏɤɠ 

əŬɘ 1nm. ɇɞ űɎůɛŬ, ˊɞɡ ˊɟɞəɨˊŰŮɘ ŮɑɜŬɘ əŬŰɎɚɚɖɚɞ ɔɘŬ ůŰɞɘɢŮɘŬəɏɠ ɢɖɛɘəɏɠ ŬɜŬɚɨůŮɘɠ 

Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ ɡɚɘəɞɨ (23). 

Ƀɘ ɢŬɟŬəŰɖɟɘůŰɘəɏɠ ŬəŰɑɜŮɠ ɉ (X-rays), ˊŬɟɎɔɞɜŰŬɘ Ŭˊɧ Űɘɠ ŬɜŮɚŬůŰɘəɏɠ ůɡɔəɟɞɨůŮɘɠ Űɤɜ 

ˊɟɞůˊɘˊŰɧɜŰɤɜ ɖɚŮəŰɟɞɜɑɤɜ ÕŮ ŰŬ ɖɚŮəŰɟɧɜɘŬ Űɤɜ ŬŰɧɛɤɜ Űɞɡ ŭŮɑɔɛŬŰɞɠ. ȳŰŬɜ űŮɨɔŮɘ 

ɏɜŬ ɖɚŮəŰɟɧɜɘɞ Ŭˊɧ ŮůɤŰŮɟɘəɐ ůŰɞɘɓɎŭŬ, ŰɧŰŮ ɏɜŬ ɖɚŮəŰɟɧɜɘɞ Ŭˊɧ ɡɣɖɚɧŰŮɟɖ ŮɜŮɟɔŮɘŬəɐ 

ůŰɞɘɓɎŭŬ əŬɚɨˊŰŮɘ Űɞ əŮɜɧ ˊɏűŰɞɜŰŬɠ ůŰɖɜ ɢŬɛɖɚɧŰŮɟɖ ůŰɞɘɓɎŭŬ əŬɘ ŮəˊɏɛˊɞɜŰŬɠ Űɖɜ 

ŭɘŬűɞɟɎ ŮɜŮɟɔŮɑŬɠ ůŬɜ ŬəŰɑɜŮɠ ɉ. ȼ ŮɜɏɟɔŮɘŬ ŬɡŰɩɜ Űɤɜ ŬəŰɘɜɩɜ ŮɑɜŬɘ ɢŬɟŬəŰɖɟɘůŰɘəɐ 

Űɖɠ ɛŮŰɎˊŰɤůɖɠ əŬɘ əŬŰɎ ůɡɜɏˊŮɘŬ Űɞɡ ŬŰɧɛɞɡ (23). 

ɀŮ Űɞ ɖɚŮəŰɟɞɜɘəɧ ɛɘəɟɞůəɧˊɘɞ ůɎɟɤůɖɠ ɡˊɎɟɢŮɘ əŬɘ ɖ ŭɡɜŬŰɧŰɖŰŬ ɢɖɛɘəɐɠ ůŰɞɘɢŮɘŬəɐɠ 

ŬɜɎɚɡůɖɠ (EDS). ȼ ŬɜɎɚɡůɖ EDS ŮɑɜŬɘ ÕɘŬ ŭɘŬŭɘəŬůɑŬ, ˊɞɡ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɔɘŬ ɜŬ 
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ˊɟɞůŭɘɞɟɘůŰŮɑ ɖ ɢɖɛɘəɐ ůɨɜɗŮůɖ ɛɘŬɠ ɛŮɔɎɚɖɠ ɐ ɛɘŬɠ ɛɘəɟɐ ˊŮɟɘɞɢɐɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ (23). 

ȼ Ŭɟɢɐ ɚŮɘŰɞɡɟɔɑŬɠ Űɖɠ ɛŮɗɧŭɞɡ ɓŬůɑɕŮŰŬɘ ůŰɞ űŬɘɜɧɛŮɜɞ Ůəˊɞɛˊɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ ɉ Ŭˊɧ 

Űɘɠ ŮˊɘűŬɜŮɘŬəɏɠ ůŰɞɘɓɎŭŮɠ Űɤɜ ŬŰɧɛɤɜ Űɞɡ ɡɚɘəɞɨ əŬŰɎ Űɖɜ ŬɚɚɖɚŮˊɑŭɟŬůɖ ŬɡŰɞɨ ɛŮ Űɖ 

ŭɏůɛɖ ɖɚŮəŰɟɞɜɑɤɜ. Ƀɘ ŮəˊŮɛˊɧɛŮɜŮɠ ŬəŰɑɜŮɠ ɉ ŮɘůɏɟɢɞɜŰŬɘ ůŮ űŬůɛŬŰɞɔɟɎűɞ ŭɘŬůˊɞɟɎɠ 

ŮɜɏɟɔŮɘŬɠ əŬɘ ůɡɚɚɏɔɞɜŰŬɘ Ŭˊɧ ɏɜŬɜ ɖɚŮəŰɟɞɜɘəɧ ŬɜɘɢɜŮɡŰɐ, ɞ ɞˊɞɑɞɠ ŭɘŮɔŮɑɟŮŰŬɘ ŬɜɎɚɞɔŬ 

ɛŮ Űɖɜ ŮɜɏɟɔŮɘŬ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ, ˊŬɟɎɔɞɜŰŬɠ əɎˊɞɘɞ ɢŬɟŬəŰɖɟɘůŰɘəɧ ɟŮɨɛŬ. ɀŮ 

əŬŰɎɚɚɖɚɖ ŭɘɎŰŬɝɖ Űɞ ɟŮɨɛŬ ŬɡŰɧ ŮɜɘůɢɨŮŰŬɘ əŬɘ əŬŰŬɔɟɎűŮŰŬɘ. ɆŰɖ ůɡɜɏɢŮɘŬ, Ŭˊɧ 

ŬɜɎɚɞɔɖ ŮˊŮɝŮɟɔŬůɑŬ Űɤɜ ŭŮŭɞɛɏɜɤɜ ɚŬɛɓɎɜŮŰŬɘ Űɞ űɎůɛŬ Űɤɜ ˊŬɚɛɩɜ, ůɡɜŬɟŰɐůŮɘ Űɖɠ 

ŮɜɏɟɔŮɘŬɠ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ (ůŮ keV) (25). 

 

4.10. ɄŮɟɘɗɚŬůɘɞɛŮŰɟɑŬ ȷəŰɑɜɤɜ ɉ (XRD) 

ɄɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ Ůˊɑůɖɠ ˊŮɟɘɗɚŬůɘɞɛŮŰɟɑŬ ŬəŰɘɜɩɜ ɉ (XRD) ůŰɞ ɛɖɢɎɜɖɛŬ XRD Űɖɠ 

ůɢɞɚɐɠ ɀɖɢŬɜɘəɩɜ ɀŮŰŬɚɚŮɑɤɜ ï ɀŮŰŬɚɚɞɡɟɔɩɜ Űɨˊɞɡ Brucker D8 Focus, ˊɟɞəŮɘɛɏɜɞɡ 

ɜŬ ˊɟɞůŭɘɞɟɘůŰŮɑ ɖ əɟɡůŰŬɚɚɘəɐ ŭɞɛɐ Űɤɜ űɎůŮɤɜ Űɞɡ ɡɚɘəɞɨ.  

 

ȺɘəɧɜŬ 22. ȳɟɔŬɜɞ XRD Űɨˊɞɡ Brucker D8 Focus. 
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Ƀ William L. Bragg ɏŭŮɘɝŮ ɧŰɘ ɞɘ ŬəŰɑɜŮɠ X ůɡɛˊŮɟɘűɏɟɞɜŰŬɘ ůŬɜ ŭɖɛɘɞɡɟɔɞɑ Űɖɠ 

ŬˊŮɘəɧɜɘůɖɠ Űɖɠ əɟɡůŰŬɚɚɘəɐɠ ŭɞɛɐɠ, ɧŰŬɜ ŬɡŰɏɠ ˊŮɟɘɗɚɩɜŰŬɘ ůŮ ɏɜŬɜ əɟɨůŰŬɚɚɞ.                       

ȼ ŭɘŬůˊɞɟɎ Ŭˊɧ ɏɜŬ ɛɏůɞ ůɡɜŮɢɏɠ ůŮ ŭɨɞ ŭɘŬůŰɎůŮɘɠ, ɧˊɤɠ ɏɜŬ ŮˊɑˊŮŭɞ ŬŰɧɛɤɜ ůŮ ɛɘŬ 

ŭɞɛɐ əɟɡůŰɎɚɚɞɡ, əŬɚŮɑŰŬɘ ŬɜɎəɚŬůɖ. ȺɜŰɞɨŰɞɘɠ, ɞɘ ɧɟɞɘ ˊŮɟɑɗɚŬůɖ əŬɘ ŬɜɎəɚŬůɖ 

ɛˊɞɟɞɨɜ ɜŬ ɢɖůɘɛɞˊɞɘɖɗɞɨɜ ŬŭɘŬəɟɑŰɤɠ əŬɘ ɞɘ ŭɨɞ. ȰŰůɘ Ŭɜ ŬəŰɑɜŮɠ ɉ ˊɏůɞɡɜ ůŮ ɏɜŬ 

ŮˊɑˊŮŭɞ ŬŰɧɛɤɜ ɛŮ ɔɤɜɑŬ ˊɟɧůˊŰɤůɖɠ ɗ, ɞɘ ŬəŰɑɜŮɠ ɗŬ ŭɘŬˊŮɟɎůɞɡɜ ŰŬ ůŰɟɩɛŬŰŬ Űɤɜ 

ŬŰɧɛɤɜ əŬɘ ɗŬ ŭɩůɞɡɜ Űɖɜ ŬˊŮɘəɧɜɘůɖ Űɞɡɠ. ȷɡŰɧ űŬɑɜŮŰŬɘ ůŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ. (26) 

 

ȺɘəɧɜŬ 23. ȷɜɎəɚŬůɖ ŬəŰɑɜɤɜ ɉ Ŭˊɧ ˊŬɟɎɚɚɖɚŬ ŮˊɑˊŮŭŬ. 

 

ȷˊɧ Űɞ ˊŬɟŬˊɎɜɤ ůɢɐɛŬ ɓɚɏˊɞɡɛŮ ɧŰɘ ɖ a ŬəŰɑɜŬ ŬɜŬəɚɎŰŬɘ Ŭˊɧ Űɞ ˊɟɩŰɞ ŮˊɑˊŮŭɞ, ɖ b 

Ŭˊɧ Űɞ ŭŮɨŰŮɟɞ əŬɘ ɖ c Ŭˊɧ Űɞ ŰɟɑŰɞ ə.Ű.ɚ. ȷɡŰɏɠ ɞɘ ŬəŰɑɜŮɠ ɧɛɤɠ ɓɟɑůəɞɜŰŬɘ ůŮ űɎůɖ. Ƀɘ 

ˊŮɟɘɗɚɩɛŮɜŮɠ ŬəŰɑɜŮɠ ˊɞɡ ɓɟɑůəɞɜŰŬɘ ůŮ űɎůɖ ˊɟɏˊŮɘ ɜŬ ɘəŬɜɞˊɞɘɞɨɜ Űɞɜ ɜɧɛɞ Űɞɡ 

Bragg: nɚ=2dsinɗ, ɧˊɞɡ n ŬəɏɟŬɘɞɠ Ŭɟɘɗɛɧɠ, ɚ Űɞ ɛɐəɞɠ əɨɛŬŰɞɠ Űɤɜ ŬəŰɑɜɤɜ ɉ, d ɖ 

ŬˊɧůŰŬůɖ ɛŮŰŬɝɨ Űɤɜ Ůˊɘˊɏŭɤɜ Űɤɜ ŬŰɧɛɤɜ əŬɘ ɗ ɖ ůɡɛˊɚɖɟɤɛŬŰɘəɐ Űɖɠ ɔɤɜɑŬɠ 

ˊɟɧůˊŰɤůɖɠ. (26) 
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ȺɘəɧɜŬ 24. AɜɎəɚŬůɖ ŬəŰɑɜɤɜ ɉ. 

Ƀɘ ˊŬɟɎɛŮŰɟɞɘ ɚɞɘˊɧɜ ˊɞɡ ɓɟɑůəɞɜŰŬɘ ůŰɖɜ ŭɘɎɗŮůɖ Ůɜɧɠ ˊŮɘɟŬɛŬŰɘəɞɨ ŮɟŮɡɜɖŰɐ ŮɑɜŬɘ Űɞ 

ɛɐəɞɠ əɨɛŬŰɞɠ ɚ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ ɖ ɔɤɜɑŬ ɗ. ȻɖŰɞɨɛŮɜɞ ŮɑɜŬɘ ŰŬ ŭɘŬűɞɟŮŰɘəɎ d. ȰŰůɘ 

ŰɡˊɘəɎ ɛˊɞɟŮɑ əŬɜŮɑɠ ɜŬ ɛŮŰŬɓɎɚɚŮɘ ŮɑŰŮ Űɞ ɛɐəɞɠ əɨɛŬŰɞɠ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ ɛŮ ůŰŬɗŮɟɐ 

ɔɤɜɑŬ ŮɑŰŮ Űɖ ɔɤɜɑŬ ɛŮ ůŰŬɗŮɟɧ ɛɐəɞɠ əɨɛŬŰɞɠ ɛɏɢɟɘ ɜŬ ˊɎɟŮɘ ůɨɛűɤɜɖ ůəɏŭŬůɖ. ȰŰůɘ 

ŮɑŰŮ : 

¶ əɟŬŰɞɨɛŮ ůŰŬɗŮɟɧ Űɞ ɗ əŬɘ ɛŮŰŬɓɎɚɚɞɡɛŮ Űɞ ɚ (ɀɏɗɞŭɞɠ Laue)  

¶  əɟŬŰɞɨɛŮ ůŰŬɗŮɟɧ Űɞ ɚ əŬɘ ɛŮŰŬɓɎɚɚɞɡɛŮ Űɖ ɔɤɜɘŬ ɗ (ɀɏɗɞŭɞɘ əɧɜŮɤɠ əŬɘ 

ˊŮɟɘůŰɟɞűɐɠ) (26). 

 

ɇŬ ŬəŰɘɜɞŭɘŬɔɟɎɛɛŬŰŬ XRD ˊŬɟɎɔɞɜŰŬɘ Ŭˊɧ ɏɜŬ ɔɤɜɘɧɛŮŰɟɞ, Űɞ ɞˊɞɑɞ ˊŮɟɘůŰɟɏűŮŰŬɘ ůŮ 

ůɡɔəŮəɟɘɛɏɜŮɠ ɔɤɜɑŮɠ əŬɗɩɠ Űɞ ŭŮɑɔɛŬ çɓɞɛɓŬɟŭɑɕŮŰŬɘè ɛŮ ŬəŰɑɜŮɠ ɉ. ȼ ɏɜŰŬůɖ Űɤɜ 

əɞɟɡűɩɜ ŭɘɎɗɚŬůɖɠ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖɜ əŬŰŬɜɞɛɐ ŬŰɧɛɤɜ ŮɜŰɧɠ Űɖɠ əɡɣŮɚɑŭŬɠ Űɞɡ 

ɡɚɘəɞɨ. ɇɞ ɛɖɢɎɜɖɛŬ XRD ůɡɔəɟɑɜŮɘ Űɘɠ əɞɟɡűɏɠ Űɞɡ ŬəɟɘɜɘɞŭɘŬɔɟɎɛɛŬŰɞɠ ɛŮ ɛɘŬ ɓɎůɖ 

ŭŮŭɞɛɏɜɤɜ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŬɜŬɔɜɤɟɘůŰɞɨɜ ɞɘ űɎůŮɘɠ Űɞɡ ɡɚɘəɞɨ (27).   
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5. ɆɈȻȼɇȼɆȼ ȷɄɃɇȺȿȺɆɀȷɇɋɁ 

5.1. ɆəɚɖɟɞɛŮŰɟɐůŮɘɠ 

ɆŰɞɜ ˊŬɟŬəɎŰɤ ˊɑɜŬəŬ ŭɑɜɞɜŰŬɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ůəɚɖɟɞɛŮŰɟɐůŮɤɜ ɔɘŬ əɎɗŮ ŭŮɑɔɛŬ. 

ɇŬ ŭŮŭɞɛɏɜŬ Űɞɡ ˊɑɜŬəŬ ɞˊŰɘəɞˊɞɘɐɗɖəŬɜ ɛŮ Űɖ ɓɞɐɗŮɘŬ ŭɘŬɔɟŬɛɛɎŰɤɜ ɔɘŬ Űɖɜ əŬɚɨŰŮɟɖ 

əŬŰŬɜɧɖůɖ əŬɘ ůɨɔəɟɘůɐ Űɞɡɠ.  

ɄɑɜŬəŬɠ 7. ȷˊɞŰŮɚɏůɛŬŰŬ ůəɚɖɟɞɛŮŰɟɐůŮɤɜ ɛŮ Űɖ ɛɏɗɞŭɞ Vickers. 

G1 G1 750 G1 950 G1 750 

PF 

G1 950 

PF 

G2 G2 750 G2 950 G2 750 

PF 

G2 950 

PF 

490 525 525 440 490 470 490 490 455 440 

490 550 510 440 470 470 510 525 440 440 

490 550 510 455 490 470 510 525 440 440 

490 525 510 470 470 455 490 525 455 440 

470 510 490 455 490 490 510 525 440 440 

ɀɏůɞɠ ȳɟɞɠ 

486 532 509 452 482 471 502 518 446 440 

ɆűɎɚɛŬ 

±8 ±16 ±11 ±11 ±10 ±11 ±10 ±14 ±7 ±0 

 

ɆŰɞ ŭɘɎɔɟŬɛɛŬ 4 ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ůəɚɖɟɞɛŮŰɟɐůŮɤɜ ɔɘŬ ŰŬ 

ŭŮɑɔɛŬŰŬ Űɖɠ ɞɛɎŭŬɠ 1, ŰŬɝɘɜɞɛɖɛɏɜŬ əŬŰɎ ŬɨɝɞɡůŬ ůŮɘɟɎ ůəɚɖɟɧŰɖŰŬɠ. ɄŬɟɞɛɞɑɤɠ, ɔɘŬ 

ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ ɔɘŬ ŰŬ ŭŮɑɔɛŬŰŬ Űɖɠ ɞɛɎŭŬɠ 2 űŬɑɜɞɜŰŬɘ ůŰɞ ŭɘɎɔɟŬɛɛŬ 5, Ůɜɩ ůŰɞ 

ŭɘɎɔɟŬɛɛŬ 6 ɏɢɞɡɜ ůɡɔɢɤɜŮɡŰŮɑ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ůəɚɖɟɞɛŮŰɟɐůŮɤɜ əŬɘ Űɤɜ ŭɨɞ 

ɞɛɎŭɤɜ ŭŮɘɔɛɎŰɤɜ. 

ȷɟɢɘəɎ, ˊŬɟŬŰɖɟɞɨɛŮ əŬɘ ůŰɘɠ ŭɨɞ ɞɛɎŭŮɠ ŭŮɘɔɛɎŰɤɜ ˊŬɟɧɛɞɘŬ ŬˊɞŰŮɚɏůɛŬŰŬ. ɇŬ 

ŭŮɑɔɛŬŰŬ ˊɞɡ ɡˊɞɓɚɐɗɖəŬɜ ůŮ ɗŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ ɛŮ ˊɟɞůɞɛɞɑɤůɖ ŮˊɘəɎɚɡɣɖɠ 

ˊɞɟůŮɚɎɜɖɠ (PF) ɏɢɞɡɜ ɢŬɛɖɚɧŰŮɟɖ ůəɚɖɟɧŰɖŰŬ, Ůɜɩ ŬɡŰɎ ˊɞɡ ɏɢɞɡɜ ɡˊɞɓɚɖɗŮɑ ɛɧɜɞ ůŮ 

ŬˊɞŰŬŰɘəɐ ŬɜɧˊŰɖůɖ (SRA) ɏɢɞɡɜ ɡɣɖɚɧŰŮɟɖ. ȼ ŬˊɞŰŬŰɘəɐ ŬɜɧˊŰɖůɖ ŬˊŬɚŮɑűŮɘ Űɘɠ 

ŮůɤŰŮɟɘəɏɠ ŰɎůŮɘɠ Űɞɡ ɡɚɘəɞɨ ŬɡɝɎɜɞɜŰŬɠ Űɖɜ ɞɚəɘɛɧŰɖŰɎ Űɞɡ ŬɚɚɎ ɛŮɘɩɜɞɜŰŬɠ Űɖɜ 
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ůəɚɖɟɧŰɖŰɎ Űɞɡ. ɋůŰɧůɞ, ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ əɟŬɛɎŰɤɜ Co-Cr əŬɗɞɟɘůŰɘəɧ ɟɧɚɞ ůŰɖɜ 

Űɘɛɐ Űɖɠ ůəɚɖɟɧŰɖŰŬɠ ŭɘŬŭɟŬɛŬŰɑɕŮɘ ɖ ŬɜŬɚɞɔɑŬ Űɤɜ ɔ/Ů űɎůŮɤɜ, əŬɗɩɠ ɖ Ů (hcp) űɎůɖ 

ɏɢŮɘ ɛŮɔŬɚɨŰŮɟɖ ůəɚɖɟɧŰɖŰŬ Ŭˊɧ Űɖɜ ɔ (fcc) űɎůɖ. ɆɨɛűɤɜŬ ɛŮ Űɖ ɓɘɓɚɘɞɔɟŬűɑŬ, ůŰŬ as 

received ŭɞəɑɛɘŬ ůɡɜɡˊɎɟɢɞɡɜ əŬɘ ɞɘ ŭɨɞ űɎůŮɘɠ ɛŮ əɡɟɑŬɟɢɖ űɎůɖ Űɖ ɔ. ȼ ŬˊɞŰŬŰɘəɐ 

ŬɜɧˊŰɖůɖ ɏɢŮɘ ɤɠ ŬˊɞŰɏɚŮůɛŬ Űɤɜ ůɢɖɛŬŰɘůɛɧ ɘůɞɗŮɟɛɘəɐɠ (isothermal) űɎůɖɠ Ů əŬŰɎ 

Űɖɜ ˊŬɟŬɛɞɜɐ Űɤɜ ŭŮɘɔɛɎŰɤɜ ɛŮŰŬɝɨ 650-950 oC əŬɘ Űɖɜ əŬŰŬəɟɐɛɜɘůɖ əŬɟɓɘŭɑɤɜ ůŰŬ 

ɧɟɘŬ Űɤɜ əɧəəɤɜ . ȾŬŰɎ Űɖɜ ˊɟɞůɞɛɞɑɤůɖ ŮˊɘəɎɚɡɣɖɠ ˊɞɟůŮɚɎɜɖɠ ůɢɖɛŬŰɑɕŮŰŬɘ 

ŬɗŮɟɛɘəɐ (athermal) űɎůɖ Ů ŮɝŬɘŰɑŬɠ Űɖɠ ŰŬɢŮɑŬɠ Ŭˊɧɣɡɝɖɠ (17,29). Ⱥˊɞɛɏɜɤɠ, 

ŬɜŬɛŮɜɧŰŬɜ ɖ ůəɚɖɟɧŰɖŰŬ Űɤɜ ŭŮɘɔɛɎŰɤɜ ˊɞɡ ɏɢɞɡɜ ɡˊɞɓɚɖɗŮɑ ůŮ ɗŮɟɛɘəɏɠ əŬŰŮɟɔŬůɑŮɠ 

ɜŬ ŮɑɜŬɘ ɡɣɖɚɧŰŮɟɖ Ŭˊɧ ŬɡŰɐɜ Űɤɜ As Received ŭŮɘɔɛɎŰɤɜ. ȼ ˊŬɟŬŰɐɟɖůɖ Űɖɠ 

ɛɘəɟɞŭɞɛɐɠ ɛɏůɤ SEM ɗŬ ɓɞɖɗɐůŮɘ ůŰɖɜ ŮɟɛɖɜŮɑŬ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ Űɖɠ 

ůəɚɖɟɞɛɏŰɟɖůɖɠ.  

ɈˊɎɟɢɞɡɜ ɓɏɓŬɘŬ əŬɘ ɞɟɘůɛɏɜŮɠ ŭɘŬűɞɟɏɠ ɛŮŰŬɝɨ Űɤɜ ŭɨɞ ɞɛɎŭɤɜ ŭŮɘɔɛɎŰɤɜ, ˊɞɡ 

Ŭűɞɟɞɨɜ Űɞ ŬˊɞŰɏɚŮůɛŬ ˊɞɡ ɏɢŮɘ ɖ ɗŮɟɛɞəɟŬůɑŬ ŬˊɞŰŬŰɘəɐɠ ŬɜɧˊŰɖůɖɠ ůŰɖɜ 

ůəɚɖɟɧŰɖŰŬ. ɆŰŬ ŭŮɑɔɛŬŰŬ Űɖɠ ɞɛɎŭŬɠ 1, Űɞ ŭŮɑɔɛŬ G1 750 (532 HV), ˊɞɡ ŮɑɢŮ ɡˊɞɓɚɖɗŮɑ 

ůŮ ŬˊɞŰŬŰɘəɐ ŬɜɧˊŰɖůɖ ůŰɞɡɠ 750 oC, ɐŰŬɜ ůəɚɖɟɧŰŮɟɞ Ŭˊɧ Űɞ G1 950 (509 HV), ˊɞɡ 

ŮɑɢŮ ɡˊɞɓɚɖɗŮɑ ůŮ ŬˊɞŰŬŰɘəɐ ŬɜɧˊŰɖůɖ ůŰɞɡɠ 950 oC . ȷɜŰɘɗɏŰɤɠ, ůŰŬ ŭŮɑɔɛŬŰŬ Űɖɠ 

ɞɛɎŭŬɠ 2 Űɞ ŭŮɑɔɛŬ G2 950 (518 HV) ɐŰŬɜ ůəɚɖɟɧŰŮɟɞ Űɞɡ G2 750 (502 HV). ɄŬɟɧɛɞɘŮɠ 

ŭɘŬűɞɟɏɠ ɛŮŰŬɝɨ Űɤɜ ŭɨɞ ɞɛɎŭɤɜ ůɡɜŬɜŰɘɧɜŰŬɘ əŬɘ ůŰɖɜ Ɏɚɚɖ Ɏəɟɖ Űɞɡ ŭɘŬɔɟɎɛɛŬŰɞɠ ɛŮ 

ŰŬ ɚɘɔɧŰŮɟŬ ůəɚɖɟɎ ŭŮɑɔɛŬŰŬ, ˊɞɡ ŮɑɢŬɜ ɡˊɞɓɚɖɗŮɑ ůŮ ˊɟɞůɞɛɞɑɤůɖ ŮˊɘəɎɚɡɣɖɠ 

ˊɞɟůŮɚɎɜɖɠ. ɆŰɖɜ ɞɛɎŭŬ 1, Űɞ ŭŮɑɔɛŬ G1 750 PF (452 HV) ɏɢŮɘ ɢŬɛɖɚɧŰŮɟɖ ůəɚɖɟɧŰɖŰŬ 

ɏɜŬɜŰɘ Űɞɡ G1 950 PF (482 PF). ȷɜŰɘɗɏŰɤɠ ůŰŬ ŭŮɑɔɛŬŰŬ Űɖɠ ɞɛɎŭŬɠ 2, Űɞ G2 950 PF (440 

HV) ŮɑɢŮ ɢŬɛɖɚɧŰŮɟɖ ůəɚɖɟɧŰɖŰŬ Ŭˊɧ Űɞ G2 750 PF (446 HV). ȷɝɑɕŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ ˊɤɠ 

ɞɘ ŭɘŬűɞɟɏɠ ůəɚɖɟɧŰɖŰŬɠ ɛŮŰŬɝɨ ŭŮɘɔɛɎŰɤɜ ˊɞɡ ɡˊɞɓɚɐɗɖəŬɜ ůŮ ŬˊɞŰŬŰɘəɐ ŬɜɧˊŰɖůɖ 

ůŰɞɡɠ 750 oC əŬɘ 950oC ɓŬɗɛɞɨɠ ŬɜŰɑůŰɞɘɢŬ ŮɑɜŬɘ ɛɘəɟɏɠ ŬɜŮɝŬɟŰɐŰɤɠ ɞɛɎŭŬɠ, ɔŮɔɞɜɧɠ 

ˊɞɡ ůɖɛŬɑɜŮɘ ˊɤɠ ɛˊɞɟŮɑ ɜŬ ɞűŮɑɚɞɜŰŬɘ əŬɘ ůŮ ůűɎɚɛŬ ɛɏŰɟɖůɖɠ əŬŰɎ Űɖɜ ŭɘŬŭɘəŬůɑŬ Űɖɠ 

ůəɚɖɟɞɛɏŰɟɖůɖɠ ɐ əɎˊɞɘɞ ůűɎɚɛŬ əŬŰɎ Űɖɜ ŭɘŬŭɘəŬůɑŬ ˊŬɟŬɔɤɔɐɠ ˊɞɡ ɏŰɡɢŮ ɜŬ 

ɓɟɑůəŮŰŬɘ ůŰɞ əɎɗŮ ŭŮɑɔɛŬ. ɆɡɔəɟɑɜɞɜŰŬɠ Ůˊɑůɖɠ ɧɚŬ ŰŬ ŭŮɑɔɛŬŰŬ ůŰɞ ŭɘɎɔɟŬɛɛŬ 4 

ˊŬɟŬŰɖɟɞɨɛŮ ˊɤɠ ŰŬ ŭŮɑɔɛŬŰŬ Űɖɠ ɞɛɎŭŬɠ 1 ɏɢɞɡɜ ŮɚŬűɟɩɠ ɛŮɔŬɚɨŰŮɟɖ ůəɚɖɟɧŰɖŰŬ Ŭˊɧ 

ŬɡŰɎ Űɖɠ ɞɛɎŭŬɠ 2. ȼ ŭɘŬűɞɟɎ ɧɛɤɠ ŮɑɜŬɘ ŬɛŮɚɖŰɏŬ ɞˊɧŰŮ ˊɘɗŬɜɧŰɖŰŬ ɜŬ ɛɖɜ ˊɟɞɏɟɢŮŰŬɘ 

Ŭˊɧ Űɘɠ ŭɘŬűɞɟŮŰɘəɏɠ ˊŬɟŬɛɏŰɟɞɡɠ ŮəŰɨˊɤůɖɠ. 
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ȹɘɎɔɟŬɛɛŬ 4. ȷˊɞŰŮɚɏůɛŬŰŬ ůəɚɖɟɞɛɏŰɟɖůɖɠ ŭŮɘɔɛɎŰɤɜ ɞɛɎŭŬɠ 1 

 

 

ȹɘɎɔɟŬɛɛŬ 5. ȷˊɞŰŮɚɏůɛŬŰŬ ůəɚɖɟɞɛɏŰɟɖůɖɠ ŭŮɘɔɛɎŰɤɜ ɞɛɎŭŬɠ 2. 
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ȹɘɎɔɟŬɛɛŬ 6. Ɇɨɔəɟɘůɖ ŬˊɞŰŮɚŮůɛɎŰɤɜ ůəɚɖɟɞɛŮŰɟɐůŮɤɜ ɛŮŰŬɝɨ ŭŮɘɔɛɎŰɤɜ əŬɘ Űɤɜ ŭɨɞ 

ɞɛɎŭɤɜ. 

5.2. ɄŮɟɘɗɚŬůɘɞɛŮŰɟɑŬ ŬəŰɑɜɤɜ ɉ (XRD) 

ɆŰŬ ŭɘŬɔɟɎɛɛŬŰŬ 7 əŬɘ 8 ˊɞɡ Ŭəɞɚɞɡɗɞɨɜ ŭɑɜɞɜŰŬɘ ɞɛŬŭɞˊɞɘɖɛɏɜŬ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ 

ŬɜɎɚɡůɖɠ XRD ɔɘŬ əɎɗŮ ɛɘŬ Ŭˊɧ Űɘɠ ŭɨɞ ɞɛɎŭŮɠ ŭŮɘɔɛɎŰɤɜ. ɆŮ əɎɗŮ ŭɘɎɔɟŬɛɛŬ, ŰŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ əɎɗŮ ŭŮɑɔɛŬŰɞɠ ŬɜŬˊŬɟɑůŰŬɜŰŬɘ ɛŮ ŭɘŬűɞɟŮŰɘəɧ ɢɟɩɛŬ, ŬɜɎɚɞɔŬ ɛŮ Űɖɜ 

ɗŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ ˊɞɡ ɏɢɞɡɜ ɡˊɞůŰŮɑ. ɇɞ ɛŬɨɟɞ ɢɟɩɛŬ ůɡɛɓɞɚɑɕŮɘ ŰŬ ŭŮɑɔɛŬŰŬ ˊɞɡ ŭŮɜ 

ɏɢɞɡɜ ɡˊɞůŰŮɑ ɗŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ, Űɞ ɛˊɚŮ Űɖɜ ɗŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ ůŰɞɡɠ 750 oC, Űɞ 

əɧəəɘɜɞ Űɖɜ ɗŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ ůŰɞɡɠ 750 oC ŬəɞɚɞɡɗɞɨɛŮɜɖ Ŭˊɧ ˊɟɞůɞɛɞɑɤůɖ 

ŮˊɘəɎɚɡɣɖɠ ˊɞɟůŮɚɎɜɖɠ, Űɞ ˊɟɎůɘɜɞ Űɖɜ ɗŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ ůŰɞɡɠ 950 oC əŬɘ Űɞ əɑŰɟɘɜɞ 

Űɖɜ ɗŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ ůŰɞɡɠ 950 oC ŬəɞɚɞɡɗɞɨɛŮɜɖ Ŭˊɧ ˊɟɞůɞɛɞɑɤůɖ ŮˊɘəɎɚɡɣɖɠ 

ˊɞɟůŮɚɎɜɖɠ. ɆŮ ɧɚŬ ŰŬ ŭŮɑɔɛŬŰŬ əŬɘ Űɤɜ ŭɨɞ ɞɛɎŭɤɜ ŮɜŰɞˊɑɕɞɜŰŬɘ ɞɘ űɎůŮɘɠ ɔ (fcc), Ů 

(hcp) əŬɘ ɖ ŮɜŭɞɛŮŰŬɚɚɘəɐ Co3(W, Mo) (tcp) űɎůɖ. 

Ⱥˊɑůɖɠ, ˊɟɏˊŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ ɖ ŰŬɡŰɞˊɞɑɖůɖ Űɤɜ űɎůŮɤɜ ŮɑɜŬɘ ŮűɘəŰɐ ɔɘŬ ŮɚɎɢɘůŰɞ 

əɚɎůɛŬ ɧɔəɞɡ 2% əŬɘ ŮɚɎɢɘůŰɞ ɛɏůɞ ɛɏɔŮɗɞɠ əɧəəɤɜ 0,2 ɛm. Ⱥˊɘˊɚɏɞɜ, ůɖɛŬɜŰɘəɏɠ 

ˊŬɟɎɛŮŰɟɞɘ ɔɘŬ Űɖɜ ŰŬɡŰɞˊɞɑɖůɖ ŮɑɜŬɘ ɖ ɞɛɞɘɞɛɞɟűɑŬ Űɖɠ ŭɘŬůˊɞɟɎɠ əŬɘ ɖ ɛɞɟűɞɚɞɔɑŬ 

Űɤɜ űɎůŮɤɜ. ȼ ŭɘŬűɞɟɞˊɞɑɖůɖ Űɞɡ ɨɣɞɡɠ Űɤɜ əɞɟɡűɩɜ ɞűŮɑɚŮŰŬɘ ůŰɘɠ ŭɘŬűɞɟŮŰɘəɏɠ 
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ɗŮɟɛɞəɟŬůɑŮɠ ɗŮɟɛɘəɩɜ əŬŰŮɟɔŬůɘɩɜ ˊɞɡ ŮɑɜŬɘ ˊɘɗŬɜɧ ɜŬ ɞŭɐɔɖůŬɜ ůŮ ɛŮŰŬɓɞɚɐ Űɞɡ 

ˊŰɞɟɘɛɖŰɏɞɡ əɟɡůŰŬɚɚɞɔɟŬűɘəɞɨ ˊɟɞůŬɜŬŰɞɚɘůɛɞɨ Űɤɜ əɧəəɤɜ Űɞɡ əɎɗŮ ŭɞəɘɛɑɞɡ.   

 ȹɘɎɔɟŬɛɛŬ 7. ȷˊɞŰŮɚɏůɛŬŰŬ ŬɜɎɚɡůɖɠ XRD ɔɘŬ ŰŬ ŭŮɑɔɛŬŰŬ Űɖɠ ɞɛɎŭŬɠ 1. 

 ȹɘɎɔɟŬɛɛŬ 8. ȷˊɞŰŮɚɏůɛŬŰŬ ŬɜɎɚɡůɖɠ XRD ɔɘŬ ŰŬ ŭŮɑɔɛŬŰŬ Űɖɠ ɞɛɎŭŬɠ 2. 



ɄȷɅȷũɋũȼ ȾɅȷɀȷɇɋɁ ȾɃȸȷȿɇȽɃɈ-ɉɅɋɀȽɃɈ ɀȺɆɋ ɇɅȽɆȹȽȷɆɇȷɇȼɆ ȺȾɇɈɄɋɆȼɆ ũȽȷ ɃȹɃɁɇȽȷɇɅȽȾȺɆ ȺūȷɅɀɃũȺɆ 

 

 

 

 50 

5.3. ʁˉˍʽˁʺ ɾʽˁˊˇˋˁˇˉʾʰ 

ɇŬ ŭŮɑɔɛŬŰŬ ˊŬɟŬŰɖɟɐɗɖəŬɜ ůŰɞ ɞˊŰɘəɧ ɛɘəɟɞůəɧˊɘɞ, ɧˊɞɡ əŬɘ ŰɟŬɓɐɢŰɖəŬɜ 

ɛɘəɟɞɔɟŬűɑŮɠ Űɖɠ ɛɘəɟɞŭɞɛɐɠ. ɆŰŬ ŭŮɑɔɛŬŰŬ ůɡɜŬɜŰɎŰŬɘ ɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ əɡŰŰŬɟɘəɐ 

ɛɞɟűɞɚɞɔɑŬ Űɤɜ əɧəəɤɜ əŬɘ ŰŬ ɧɟɘŬ Űɐɝɖɠ ˊɞɡ ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ Űɖɜ ɛɏɗɞŭɞ SLM əŬŰɎ 

Űɖɜ ŰŬɢŮɑŬ Űɐɝɖ əŬɘ ůŰŮɟŮɞˊɞɑɖůɖ Űɤɜ ˊŮɟɘɞɢɩɜ ˊɞɡ ˊŮɟɜɎŮɘ Űɞ laser (39). ɄɎɜɤ ůŮ əɎɗŮ 

ŮɘəɧɜŬ ɏɢɞɡɜ ůɖɛŮɘɤɗŮɑ ɞɘ űɎůŮɘɠ ˊɞɡ ˊŬɟŬŰɖɟɞɨɜŰŬɘ. ȹɘŬəɟɑɜɞɜŰŬɘ ŮɨəɞɚŬ ɞɘ űɎůŮɘɠ ɔ 

əŬɘ Ů, əŬɗɩɠ ɖ űɎůɖ Ů ɏɢŮɘ ɢŬɟŬəŰɖɟɘůŰɘəɐ ˊɚŬəɞŮɘŭɐ ɛɞɟűɞɚɞɔɑŬ. Ⱥˊɑůɖɠ, ůɡɜŬɜŰɎŰŬɘ 

əŬɘ ɖ ŮɜŭɞɛŮŰŬɚɚɘəɐ űɎůɖ Co3(W, Mo). ɄŬɟŬŰɖɟɐɗɖəŮ Ůˊɘˊɚɏɞɜ ɛŮɔɎɚɖ ůɡɔəɏɜŰɟɤůɖ 

əŮɜɩɜ ůŮ ŭɘɎűɞɟŬ ŭŮɑɔɛŬŰŬ ŬɚɚɎ ɘŭɘŬɑŰŮɟŬ ůŰŬ ŭŮɑɔɛŬŰŬ ˊɞɡ ŮɑɢŬɜ ɡˊɞɓɚɖɗŮɑ ůŮ 

ŭɘŬŭɘəŬůɑŬ ˊɟɞůɞɛɞɑɤůɖɠ ŮˊɘəɎɚɡɣɖɠ ˊɞɟůŮɚɎɜɖɠ (PF).     

 

  

ȺɘəɧɜŬ 25. ɀɘəɟɞɔɟŬűɑŮɠ Ŭˊɧ ɞˊŰɘəɧ ɛɘəɟɞůəɧˊɘɞ ŭŮɑɔɛŬŰɞɠ G1. 
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ȺɘəɧɜŬ 26. ɀɘəɟɞɔɟŬűɑŮɠ Ŭˊɧ ɞˊŰɘəɧ ɛɘəɟɞůəɧˊɘɞ ŭŮɑɔɛŬŰɞɠ G1 750. 

 

ȺɘəɧɜŬ 27. ɀɘəɟɞɔɟŬűɑŮɠ Ŭˊɧ ɞˊŰɘəɧ ɛɘəɟɞůəɧˊɘɞ ŭŮɑɔɛŬŰɞɠ G1 950. 
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ȺɘəɧɜŬ 28. ɀɘəɟɞɔɟŬűɑŮɠ Ŭˊɧ ɞˊŰɘəɧ ɛɘəɟɞůəɧˊɘɞ ŭŮɑɔɛŬŰɞɠ G1 750 PF. 

 

ȺɘəɧɜŬ 29. ɀɘəɟɞɔɟŬűɑŮɠ Ŭˊɧ ɞˊŰɘəɧ ɛɘəɟɞůəɧˊɘɞ ŭŮɑɔɛŬŰɞɠ G1 950 PF. 
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ȺɘəɧɜŬ 30. ɀɘəɟɞɔɟŬűɑŮɠ Ŭˊɧ ɞˊŰɘəɧ ɛɘəɟɞůəɧˊɘɞ ŭŮɑɔɛŬŰɞɠ G2. 

  

ȺɘəɧɜŬ 31. ɀɘəɟɞɔɟŬűɑŮɠ Ŭˊɧ ɞˊŰɘəɧ ɛɘəɟɞůəɧˊɘɞ ŭŮɑɔɛŬŰɞɠ G2 750. 
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ȺɘəɧɜŬ 32. ɀɘəɟɞɔɟŬűɑŮɠ Ŭˊɧ ɞˊŰɘəɧ ɛɘəɟɞůəɧˊɘɞ ŭŮɑɔɛŬŰɞɠ G2 950. 

 

ȺɘəɧɜŬ 33. ɀɘəɟɞɔɟŬűɑŮɠ Ŭˊɧ ɞˊŰɘəɧ ɛɘəɟɞůəɧˊɘɞ ŭŮɑɔɛŬŰɞɠ G2 750 PF. 



ɄȷɅȷũɋũȼ ȾɅȷɀȷɇɋɁ ȾɃȸȷȿɇȽɃɈ-ɉɅɋɀȽɃɈ ɀȺɆɋ ɇɅȽɆȹȽȷɆɇȷɇȼɆ ȺȾɇɈɄɋɆȼɆ ũȽȷ ɃȹɃɁɇȽȷɇɅȽȾȺɆ ȺūȷɅɀɃũȺɆ 

 

 

 

 55 

 

ȺɘəɧɜŬ 34. ɀɘəɟɞɔɟŬűɑŮɠ Ŭˊɧ ɞˊŰɘəɧ ɛɘəɟɞůəɧˊɘɞ ŭŮɑɔɛŬŰɞɠ G2 950 PF. 

 

5.4. ɶ˂ʶˁˍˊˇ˄ʽˁʺ ɾʽˁˊˇˋˁˇˉʾʰ ʅʱˊ˖ˋʹˌ (SEM) 

ȼ ɖɚŮəŰɟɞɜɘəɐ ɛɘəɟɞůəɞˊɑŬ ůɎɟɤůɖɠ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ ɜŬ ŰɟŬɓɖɢŰɞɨɜ ɛɘəɟɞɔɟŬűɑŮɠ 

Űɖɠ ɛɘəɟɞŭɞɛɐɠ ɛŮ ɛŮɔŬɚɨŰŮɟɖ ɛŮɔɏɗɡɜůɖ əŬɘ ůŮ ůɡɜŭɡŬůɛɧ ɛŮ Űɖɜ ŬɜɎɚɡůɖ EDS ɜŬ 

ɛˊɞɟɏůŮɘ ɜŬ ɔɑɜŮɘ ŬəɟɘɓɏůŰŮɟɞɠ ɢŬɟŬəŰɖɟɘůɛɧɠ Űɖɠ ɛɘəɟɞŭɞɛɐɠ.  

5.4.1. ȹŮɑɔɛŬ G1 (As Received)  

ɂŮəɘɜɩɜŰŬɠ ɛŮ Űɞ ŭŮɑɔɛŬ G1, ůŰɖɜ ŮɘəɧɜŬ 35 ŭɑɜŮŰŬɘ ɛɘŬ ɛɘəɟɞɔɟŬűɑŬ 

ɞˊɘůɗɞůəŮŭŬɕɧɛŮɜɤɜ ɖɚŮəŰɟɞɜɑɤɜ (BES)  ůŮ ɛŮɔɏɗɡɜůɖ x350. ɄŬɟŬŰɖɟɞɨɛŮ ɧŰɘ Űɞ ɡɚɘəɧ 

ɛŬɠ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ Űɖɜ ɛɖŰɟɘəɐ ɔ (fcc) űɎůɖ əŬɘ ɧŰɘ ɡˊɎɟɢɞɡɜ əŮɜɎ əŬɘ ɞɟɘůɛɏɜŮɠ 

ɟɤɔɛɏɠ. ȼ ɢɖɛɘəɐ Űɞɡ ůɨůŰŬůɖ ɧˊɤɠ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɖɜ ŬɜɎɚɡůɖ EDS ŮɑɜŬɘ ŬɜɎɚɞɔɖ 

ŬɡŰɐɠ Űɖɠ ůəɧɜɖɠ CoCr ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ Űɤɜ ŭŮɘɔɛɎŰɤɜ.  
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ȺɘəɧɜŬ 35. ɀɘəɟɞɔɟŬűɑŬ BES-SEM əŬɘ ůŰɞɘɢŮɘŬəɐ ŬɜɎɚɡůɖ EDS ŭŮɑɔɛŬŰɞɠ G1. 

ȷɡɝɎɜɞɜŰŬɠ Űɖɜ ɛŮɔɏɗɡɜůɖ, ɔɑɜŮŰŬɘ ŭɡɜŬŰɐ ɖ ŭɘɎəɟɘůɖ ɛŮŰŬɝɨ Űɤɜ ŭɘŬűɞɟŮŰɘəɩɜ űɎůŮɤɜ. 

ɆŰɖɜ ŮɘəɧɜŬ 36 ŬɟɢɑɕŮɘ ɜŬ űŬɑɜŮŰŬɘ ɖ ɛŬɟŰŮɜůɘŰɘəɐ űɎůɖ Ů (hcp) ɛŮ Űɖɜ ɢŬɟŬəŰɖɟɘůŰɘəɐ 

ˊɚŬəɞŮɘŭɐ ɛɞɟűɞɚɞɔɑŬ Űɖɠ. ɂŮəɎɗŬɟŬ űŬɑɜŮŰŬɘ ɖ űɎůɖ Ů ůŰɖɜ ŮɘəɧɜŬ 37 ɧˊɞɡ ŭɑɜŮŰŬɘ əŬɘ 

ɖ ůŰɞɘɢŮɘŬəɐ Űɖɠ ŬɜɎɚɡůɖ.   

 

ȺɘəɧɜŬ 36. ɀɘəɟɞɔɟŬűɑŬ BES-SEM (x1500) ŭŮɑɔɛŬŰɞɠ G1. 
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ȺɘəɧɜŬ 37. ɀɘəɟɞɔɟŬűɑŬ BES-SEM x2000 əŬɘ ůŰɞɘɢŮɘŬəɐ ŬɜɎɚɡůɖ EDS ŭŮɑɔɛŬŰɞɠ G1, ɧˊɞɡ 

űŬɑɜŮŰŬɘ ɖ űɎůɖ Ů. 

 

ɄŬɟŬŰɖɟɐɗɖəŮ Ůˊɑůɖɠ əŬɘ ɖ ŮɜŭɞɛŮŰŬɚɚɘəɐ űɎůɖ Co3(W, Mo) (ŮɘəɧɜŬ 38) ɖ ɞˊɞɑŬ ŮɑɜŬɘ 

ˊɚɞɨůɘŬ ůŮ W (ŮɘəɧɜŬ 39). Ƀ ůɢɖɛŬŰɘůɛɧɠ Űɖɠ űɎůɖɠ ŬɡŰɐɠ ɞűŮɑɚŮŰŬɘ ůŰɖɜ ŰŬɢŮɑŬ Űɐɝɖ 

əŬɘ ɣɨɝɖ Űɞɡ ɡɚɘəɞɨ əŬŰɎ Űɖ ɛɏɗɞŭɞ SLM ˊɞɡ ˊɟɞəŬɚŮɑ Űɖɜ Ɏɜɘůɖ əŬŰŬɜɞɛɐ Űɤɜ 

əɟŬɛŬŰɘəɩɜ ůŰɞɘɢŮɑɤɜ. ȼ ɑŭɘŬ űɎůɖ ŮɜŰɞˊɑůŰɖəŮ əŬɘ Ŭˊɧ Űɞɡɠ ŮɟŮɡɜɖŰɏɠ Jabbari əŬɘ 

ůɡɜŮɟɔɎŰŮɠ (43).    

 

ȺɘəɧɜŬ 38. ɀɘəɟɞɔɟŬűɑŬ BES-SEM x1500 ŭŮɑɔɛŬŰɞɠ G1, ɧˊɞɡ űŬɑɜŮŰŬɘ ɖ ŮɜŭɞɛŮŰŬɚɚɘəɐ űɎůɖ 

Co3(W, Mo).    
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ȺɘəɧɜŬ 39. ɀɘəɟɞɔɟŬűɑŬ BES-SEM x2500 əŬɘ ůŰɞɘɢŮɘŬəɐ ŬɜɎɚɡůɖ EDS ŭŮɑɔɛŬŰɞɠ G1, ɧˊɞɡ 

űŬɑɜŮŰŬɘ ɖ ŮɜŭɞɛŮŰŬɚɚɘəɐ űɎůɖ Co3(W, Mo). 

5.4.2. ȹŮɑɔɛŬ G1 750   

ɄŬɟŬŰɖɟɩɜŰŬɠ ɛɘŬ ɔŮɜɘəɐ ŮɘəɧɜŬ Űɞɡ ŭŮɑɔɛŬŰɞɠ G1 750 ůŰɖɜ ɛɘəɟɞɔɟŬűɑŬ 

ɞˊɘůɗɞůəŮŭŬɕɧɛŮɜɤɜ ɖɚŮəŰɟɞɜɑɤɜ Űɖɠ ŮɘəɧɜŬɠ 40, űŬɑɜŮŰŬɘ ˊɤɠ əɡɟɘŬɟɢŮɑ ɖ Ů (hcp) űɎůɖ 

ŬɚɚɎ ɡˊɎɟɢɞɡɜ əŬɘ əɧəəɞɘ Űɖɠ ɔ (fcc) űɎůɖɠ. Ƀ ůɢɖɛŬŰɘůɛɧɠ Űɖɠ Ů űɎůɖɠ ɞűŮɑɚŮŰŬɘ ůŰɖɜ 

ˊŬɟŬɛɞɜɐ Űɞɡ ŭɞəɘɛɑɞɡ ɛŮŰŬɝɨ 750-600 oC əŬɘ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛŮ ɘůɞɗŮɟɛɘəɞɨɠ 

ɛɖɢŬɜɘůɛɞɨɠ.      

 

ȺɘəɧɜŬ 40. ɀɘəɟɞɔɟŬűɑŬ BES-SEM x800 ŭŮɑɔɛŬŰɞɠ G1 750. 
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ȷɡɝɎɜɞɜŰŬɠ Űɖɜ ɛŮɔɏɗɡɜůɖ ůŮ x1700 (ŮɘəɧɜŬ 41) ˊŬɟŬŰɖɟɞɨɜŰŬɘ ɛɘəɟɞɨ ɛŮɔɏɗɞɡɠ 

əŬŰŬəɟɖɛɜɑůɛŬŰŬ ůŰŬ ɧɟɘŬ Űɤɜ əɧəəɤɜ əŬɘ ɖ ŮɜŭɞɛŮŰŬɚɚɘəɐ űɎůɖ Co3(W, Mo). 

ȸɘɓɚɘɞɔɟŬűɘəɎ ˊɟɞəɨˊŰŮɘ ˊɤɠ ŰŬ ɛɘəɟɞɨ ɛŮɔɏɗɞɡɠ əŬŰŬəɟɖɛɜɑůɛŬŰŬ ŮɑɜŬɘ əŬɟɓɑŭɘŬ Űɨˊɞɡ 

(Cr, W, Mo)23C6 əŬɘ (Cr, W, Mo)6C (17,29,38,39). Ƀ ůɢɖɛŬŰɘůɛɧɠ Űɖɠ űɎůɖɠ Ů ůŮ 

ůɡɜŭɡŬůɛɧ ɛŮ Űɖɜ əŬŰŬəɟɐɛɜɘůɖ əŬɟɓɘŭɑɤɜ  əŬɘ Űɖɜ ɏɚɚŮɘɣɖ əŮɜɩɜ Ŭˊɧ Űɖɜ ŭɘŬŭɘəŬůɑŬ 

ˊŬɟŬɔɤɔɐɠ ɞŭɐɔɖůŬɜ ůŰɖɜ Ŭɡɝɖɛɏɜɖ ůəɚɖɟɧŰɖŰŬ Űɞɡ ŭŮɑɔɛŬŰɞɠ.  

 

ȺɘəɧɜŬ 41. ɀɘəɟɞɔɟŬűɑŬ BES-SEM x1700 ŭŮɑɔɛŬŰɞɠ G1 750 ɛŮ ůŰɞɘɢŮɘŬəɏɠ ŬɜŬɚɨůŮɘɠ EDS. 

 

 

ȺɘəɧɜŬ 42. ɀɘəɟɞɔɟŬűɑŬ BES-SEM ŭŮɑɔɛŬŰɞɠ G1 750 ɛŮ ůŰɞɘɢŮɘŬəɐ ŬɜŬɚɨůɖ EDS əŬɟɓɘŭɑɞɡ. 
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5.4.3. ȹŮɑɔɛŬ G1 750 PF 

ɆŰɞ ŭŮɑɔɛŬ G1 750 PF, ˊɞɡ ɏɢŮɘ ɡˊɞůŰŮɑ ɗŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ əŬɘ ˊɟɞůɞɛɞɑɤůɖ 

ŮˊɘəɎɚɡɣɖɠ ˊɞɟůŮɚɎɜɖɠ əŬɘ Űɞɡ ɞˊɞɑɞɡ ɖ ɛɘəɟɞɔɟŬűɑŬ ɞˊɘůɗɞůəŮŭŬɕɧɛŮɜɤɜ ɖɚŮəŰɟɞɜɑɤɜ 

ŭɑɜŮŰŬɘ ůŰɖɜ ŮɘəɧɜŬ 43, ˊŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ Űɞ ɡɚɘəɧ ŬˊɞŰŮɚŮɑŰŬɘ əɡɟɑɤɠ Ŭˊɧ ɔ űɎůɖ ŬɚɚɎ 

ɡˊɎɟɢɞɡɜ əŬɘ əɧəəɞɘ Ů űɎůɖɠ ůŮ ɛɘəɟɧŰŮɟɞ ˊɞůɞůŰɧ. Ⱥˊɑůɖɠ ˊŬɟŬŰɖɟɞɨɜŰŬɘ 

əŬŰŬəɟɖɛɜɑůɛŬŰŬ ɛŬɨɟɞɡ ɢɟɩɛŬŰɞɠ ŭɘɎůˊŬɟŰŬ ůŰŬ ɧɟɘŬ Űɤɜ əɧəəɤɜ. ɆɨɛűɤɜŬ ɛŮ Űɖ 

ɓɘɓɚɘɞɔɟŬűɑŬ, ŰŬ əŬŰŬəɟɖɛɜɑůɛŬŰŬ ŮɑɜŬɘ əŬɟɓɑŭɘŬ Űɨˊɞɡ (Cr, W, Mo)23C6 əŬɘ (Cr, W, 

Mo)6C ˊɞɡ əŬŰŬəɟɖɛɜɑɕɞɜŰŬɘ ůŰŬ ɧɟɘŬ Űɤɜ əɧəəɤɜ ɛŮŰɎ Űɘɠ ɗŮɟɛɘəɏɠ əŬŰŮɟɔŬůɑŮɠ 

(17,29,38,39). ȷɡɝɎɜɞɜŰŬɠ Űɖ ɛŮɔɏɗɡɜůɖ ˊŬɟŬŰɖɟɞɨɜŰŬɘ ˊɘɞ ŮɨəɞɚŬ ɞɘ əɧəəɞɘ Űɖɠ Ů 

űɎůɖɠ (ŮɘəɧɜŬ 44). ȾŬŰɎ Űɖɜ ˊɟɞůɞɛɞɑɤůɖ ŮˊɘəɎɚɡɣɖɠ ˊɞɟůŮɚɎɜɖɠ ɛɘəɟɧ ɛɏɟɞɠ Űɖɠ Ů 

űɎůɖɠ ˊɞɡ ůɢɖɛŬŰɑůŰɖəŮ ɘůɞɗŮɟɛɘəɎ əŬŰɎ Űɖɜ ŬˊɞŰŬŰɘəɐ ŬɜɧˊŰɖůɖ ɛŮŰŬůɢɖɛŬŰɑɕŮŰŬɘ ůŮ 

űɎůɖ ɔ, ŬɚɚɎ ɨůŰŮɟŬ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ŬɗŮɟɛɘəɧɠ ůɢɖɛŬŰɘůɛɧɠ Ů űɎůɖɠ əŬŰɎ Űɖɜ ŰŬɢŮɑŬ 

Ŭˊɧɣɡɝɖ Ŭˊɧ Űɞɡɠ 930 oC. ȼ ɢɖɛɘəɐ ůɨůŰŬůɖ Űɞɡ ŭŮɑɔɛŬŰɞɠ, ɧˊɤɠ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɖɜ 

ŬɜɎɚɡůɖ EDS, ŮɑɜŬɘ Űɡˊɘəɐ Űɞɡ ɡɚɘəɞɨ.  

ȺɘəɧɜŬ 43. ɀɘəɟɞɔɟŬűɑŬ BES-SEM x1000 ŭŮɑɔɛŬŰɞɠ G1 750 PF əŬɘ ůŰɞɘɢŮɘŬəɐ ŬɜɎɚɡůɖ EDS. 
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ȺɘəɧɜŬ 44. ɀɘəɟɞɔɟŬűɑŬ BES-SEM x2300 ŭŮɑɔɛŬŰɞɠ G1 750 PF. 

 

5.4.4. ȹŮɑɔɛŬ G1 950 

ɆŰɖɜ ŮɘəɧɜŬ 45 ŭɑɜŮŰŬɘ ɖ ůŰɞɘɢŮɘŬəɐ ŬɜɎɚɡůɖ EDS ɛɘŬɠ ˊŮɟɘɞɢɐɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ G1 950, 

ɧˊɞɡ űŬɑɜŮŰŬɘ ˊɤɠ ɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ W ŮɑɜŬɘ Ŭɡɝɖɛɏɜɖ.  

 

ȺɘəɧɜŬ 45. ɀɘəɟɞɔɟŬűɑŬ BES-SEM ŭŮɑɔɛŬŰɞɠ G1 950 ɛŮ ůŰɞɘɢŮɘŬəɐ ŬɜɎɚɡůɖ EDS. 
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ɄŬɟŬŰɖɟɩɜŰŬɠ Űɖɜ ɛɘəɟɞɔɟŬűɑŬ BES Űɖɠ ŮɘəɧɜŬɠ 46 ɓɚɏˊɞɡɛŮ əɧəəɞɡɠ ɔ əŬɘ Ů űɎůŮɤɜ 

əŬɘ əŬŰŬəɟɖɛɜɑůɛŬŰŬ Űɧůɞ ɛŬɨɟɞɡ ŬɚɚɎ əŬɘ ɚŮɡəɞɨ ɢɟɩɛŬŰɞɠ ůŰŬ ɧɟɘŬ Űɤɜ əɧəəɤɜ. ȼ 

űɎůɖ Ů űŬɑɜŮŰŬɘ əŬɚɨŰŮɟŬ ůŰɖɜ ɛɘəɟɞɔɟŬűɑŬ BES Űɖɠ ŮɘəɧɜŬɠ 47 ɧˊɞɡ ɏɢŮɘ ŬɡɝɖɗŮɑ ɖ 

ɛŮɔɏɗɡɜůɖ. ȼ ůŰɞɘɢŮɘŬəɐ ŬɜɎɚɡůɖ Űɤɜ ɚŮɡəɩɜ əŬŰŬəɟɖɛɜɘůɛɎŰɤɜ (ŮɘəɧɜŬ 48) ŭŮɑɢɜŮɘ 

ˊɤɠ ŮɑɜŬɘ ˊɚɞɨůɘŬ ůŮ W. ɆɨɛűɤɜŬ ɛŮ Űɖ ɓɘɓɚɘɞɔɟŬűɑŬ ˊɟɧəŮɘŰŬɘ ɔɘŬ əŬŰŬəɟɖɛɜɑůɛŬŰŬ 

Űɨˊɞɡ Co3(Mo,W)2Si (44,45). ɇŬ ɛŬɨɟŬ əŬŰŬəɟɖɛɜɑůɛŬŰŬ ŮɑɜŬɘ əŬɟɓɑŭɘŬ. ȼ ŬɜŬɔɜɩɟɘůɖ 

Űɤɜ əŬŰŬəɟɖɛɜɘůɛɎŰɤɜ ŭɘŮɡəɞɚɨɜŮŰŬɘ Ŭˊɧ Űɞ ɔŮɔɞɜɧɠ ˊɤɠ ůŰɘɠ ɛɘəɟɞɔɟŬűɑŮɠ 

ɞˊɘůɗɞůəŮŭŬɕɧɛŮɜɤɜ ɖɚŮəŰɟɞɜɑɤɜ ŰŬ ůŰɞɘɢŮɑŬ ɛŮ ŮɚŬűɟɨ ŬŰɞɛɘəɧ ɓɎɟɞɠ űŬɑɜɞɜŰŬɘ ɛŬɨɟŬ 

(C ůŰŬ əŬɟɓɑŭɘŬ), Ůɜɩ ŰŬ ůŰɞɘɢŮɑŬ ɛŮ ɛŮɔŬɚɨŰŮɟɞ ŬŰɞɛɘəɧ ɓɎɟɞɠ űŬɑɜɞɜŰŬɘ ɚŮɡəɎ (W ůŰɘɠ 

ŮɜŭɞɛŮŰŬɚɚɘəɏɠ ŮɜɩůŮɘɠ).  

 

 

 

ȺɘəɧɜŬ 46. ɀɘəɟɞɔɟŬűɑŬ BES-SEM x1200 ŭŮɑɔɛŬŰɞɠ G1 950. 
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ȺɘəɧɜŬ 47. ɀɘəɟɞɔɟŬűɑŬ BES-SEM x1700 ŭŮɑɔɛŬŰɞɠ G1 950. 

 

 

 

ȺɘəɧɜŬ 48. ɆŰɞɘɢŮɘŬəɐ ŬɜɎɚɡůɖ EDS ɚŮɡəɞɨ əŬŰŬəɟɖɛɜɑůɛŬŰɞɠ ůŰɞ ŭŮɑɔɛŬ G1 950. 
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5.4.5. ȹŮɑɔɛŬ G1 950 PF 

ɆŰɖɜ ŮɘəɧɜŬ 49 ŭɑɜŮŰŬɘ ɖ ůŰɞɘɢŮɘŬəɐ ŬɜɎɚɡůɖ ɛɘŬɠ ˊŮɟɘɞɢɐɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ. ȼ ɢɖɛɘəɐ 

ůɨůŰŬůɖ ŮɑɜŬɘ Űɡˊɘəɐ ɛŮ ŬɡŰɐɜ Űɞɡ ɡɚɘəɞɨ ŬɚɚɎ ŬɜɘɢɜŮɨɞɜŰŬɘ əŬɘ ɢŬɛɖɚɏɠ 

ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ Si əŬɘ Fe ˊɞɡ ŭŮɜ ŬɜɘɢɜŮɨɞɜŰŬɜ ůŰŬ ˊɟɞɖɔɞɨɛŮɜŬ ŭŮɑɔɛŬŰŬ. ȷɝɑɕŮɘ ɜŬ 

ůɖɛŮɘɤɗŮɑ ˊɤɠ ůŰɞ ůɡɔəŮəɟɘɛɏɜɞ ŭŮɑɔɛŬ ŬɜɘɢɜŮɨŮŰŬɘ ˊɚɖɗɩɟŬ əŬɘ əŮɜɩɜ əŬɘ ɟɖɔɛɎŰɤɜ 

ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɖɜ ŮɘəɧɜŬ 50. ɆŰɖɜ ɛɘəɟɞŭɞɛɐ Űɞɡ ŭŮɑɔɛŬŰɞɠ əɡɟɘŬɟɢŮɑ ɖ Ů űɎůɖ (hcp) 

ɏɜŬɜŰɘ Űɖɠ ɔ űɎůɖɠ, ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɖɜ ŮɘəɧɜŬ 51. ɀɏɟɞɠ Űɖɠ Ů űɎůɖɠ ŮɑɜŬɘ ŬɗŮɟɛɘəɐ Ů 

űɎůɖ Ŭˊɧ Űɖɜ ŬˊɞŰŬŰɘəɐ ŬɜɧˊŰɖůɖ Ůɜɩ ɖ ɡˊɧɚɞɘˊɖ ůɢɖɛŬŰɑůŰɖəŮ ŬɗŮɟɛɘəɎ əŬŰɎ Űɖɜ 

ŰŬɢŮɑŬ Ŭˊɧɣɡɝɖ Űɖɠ ˊɟɞůɞɛɞɑɤůɖɠ ŮˊɘəɎɚɡɣɖɠ ˊɞɟůŮɚɎɜɖɠ. Ⱥˊɘˊɚɏɞɜ, ůŮ ɞɟɘůɛɏɜŬ 

ůɖɛŮɑŬ ŬɜɘɢɜŮɨɗɖəŮ ɖ ŮɜŭɞɛŮŰŬɚɚɘəɐ űɎůɖ Co3(W, Mo), ˊɞɡ Ŭˊɧ Űɖɜ ɢɖɛɘəɐ ŬɜɎɚɡůɐ Űɖɠ 

ˊɟɞɏəɡɣŮ ˊɤɠ ŮɑɜŬɘ ˊɚɞɨůɘŬ ůŮ W (ŮɘəɧɜŬ 52). ɆŰŬ ɧɟɘŬ Űɤɜ əɧəəɤɜ ˊŬɟŬŰɖɟɞɨɜŰŬɘ ŭɨɞ 

Ůɘŭɩɜ əŬŰŬəɟɡɛɜɐůɛŬŰŬ ˊɞɡ ŭɘŬɢɤɟɑɕɞɜŰŬɘ ɛŮ ɓɎůɖ Űɞ ɢɟɩɛŬ Űɞɡɠ. ɇŬ ɎůˊɟŬ 

əŬŰŬəɟɖɛɜɑůɛŬŰŬ (ŮɘəɧɜŬ 53) ŮɑɜŬɘ  ŮɜŭɞɛŮŰŬɚɚɘəɎ Űɨˊɞɡ Co3(Mo,W)2Si, Ůɜɩ ŰŬ ɛŬɨɟŬ 

(ŮɘəɧɜŬ 54) ŮɑɜŬɘ əŬɟɓɑŭɘŬ Űɨˊɞɡ (Cr, W, Mo)23C6 əŬɘ (Cr, W, Mo)6C. ɄŬɟɧɚɞ ˊɞɡ Űɞ 

ˊɞůɞůŰɧ Űɖɠ Ů űɎůɖɠ ŮɑɜŬɘ Ŭɡɝɖɛɏɜɞ əŬɘ ˊŬɟŬŰɖɟɞɨɜŰŬɘ əŬŰŬəɟɖɛɜɑůɛŬŰŬ ɔŮɔɞɜɧŰŬ ˊɞɡ 

Ůɡɜɞɞɨɜ Űɖɜ ůəɚɖɟɧŰɖŰŬ, ŬɡŰɐ ɡˊɞɜɞɛŮɨŮŰŬɘ Ŭˊɧ ŰŬ ŮɚŬŰŰɩɛŬŰŬ Űɖɠ ˊŬɟŬɔɤɔɘəɐɠ 

ŭɘŬŭɘəŬůɑŬɠ (əŮɜɎ, ɟɐɔɛŬŰŬ).     

ȺɘəɧɜŬ 49. ɀɘəɟɞɔɟŬűɑŬ BES-SEM x650 ŭŮɑɔɛŬŰɞɠ G1 950 PF ɛŮ ůŰɞɘɢŮɘŬəɐ ŬɜɎɚɡůɖ EDS. 
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ȺɘəɧɜŬ 50. ɀɘəɟɞɔɟŬűɑŬ BES-SEM x650 ŭŮɑɔɛŬŰɞɠ G1 950 PF, ɧˊɞɡ űŬɑɜɞɜŰŬɘ əŮɜɎ əŬɘ 

ɟɐɔɛŬŰŬ. 

 

 

ȺɘəɧɜŬ 51. ɀɘəɟɞɔɟŬűɑŬ BES-SEM x2700 ŭŮɑɔɛŬŰɞɠ G1 950 PF, ɧˊɞɡ űŬɑɜŮŰŬɘ ɖ Ů űɎůɖ. 
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ȺɘəɧɜŬ 52. ɀɘəɟɞɔɟŬűɑŬ BES-SEM x1800 ŭŮɑɔɛŬŰɞɠ G1 950 PF, ɧˊɞɡ űŬɑɜŮŰŬɘ ɖ ŮɜŭɞɛŮŰŬɚɚɘəɐ 

űɎůɖ Co3(W, Mo).  

 

 

ȺɘəɧɜŬ 53. ɀɘəɟɞɔɟŬűɑŬ BES-SEM x2300 ŭŮɑɔɛŬŰɞɠ G1 950 PF əŬɘ ůŰɞɘɢŮɘŬəɐ ŬɜɎɚɡůɖ EDS 

ɚŮɡəɞɨ əŬŰŬəɟɖɛɜɑůɛŬŰɞɠ  Co3(Mo,W)2Si. 
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ȺɘəɧɜŬ 54. ɀɘəɟɞɔɟŬűɑŬ BES-SEM x2500 ŭŮɑɔɛŬŰɞɠ G1 950 PF əŬɘ ůŰɞɘɢŮɘŬəɐ ŬɜɎɚɡůɖ EDS 

əŬɟɓɘŭɑɞɡ. 

 

 

5.4.6. ȹŮɑɔɛŬ G2 (As Received) 

ɆŰɖɜ ŮɘəɧɜŬ 55 űŬɑɜŮŰŬɘ ɛɘŬ ɛɘəɟɞɔɟŬűɑŬ ɞˊɘůɗɞůəŮŭŬɕɧɛŮɜɤɜ ɖɚŮəŰɟɞɜɑɤɜ SEM ɛŮ 

ŬɜŬɚɨůŮɘɠ EDS. ɄŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ ɖ ɛɘəɟɞŭɞɛɐ Űɞɡ ŭɞəɘɛɑɞɡ G2 ŬˊɞŰŮɚŮɑŰŬɘ Űɧůɞ Ŭˊɧ Ů 

űɎůɖ (ůəɞɨɟɞ ɔəɟɘ ɢɟɩɛŬ ɛŮ ŬɜɎɔɚɡűɞ) əŬɘ Ŭˊɧ ɔ űɎůɖ (ŬɜɞɘɢŰɧ ɔəɟɘ ɢɟɩɛŬ). ȼ ɢɖɛɘəɐ 

ůɨůŰŬůɖ Űɤɜ ŭɨɞ űɎůŮɤɜ ŮɑɜŬɘ Űɡˊɘəɐ ɛŮ ŬɡŰɐɜ Űɞɡ ɡɚɘəɞɨ. ɈˊɎɟɢɞɡɜ ɞɟɘůɛɏɜŮɠ ɛɘəɟɏɠ 

ŭɘŬűɞɟɞˊɞɘɐůŮɘɠ ˊɞɡ ɞűŮɑɚɞɜŰŬɘ ůŰɖɜ ŰŬɢŮɑŬ ɣɨɝɖ əŬŰɎ Űɖ ɛɏɗɞŭɞ SLM ˊɞɡ ŭŮɜ 

ŮˊɘŰɟɏˊŮɘ Űɖɜ ɑůɖ əŬŰŬɜɞɛɐ Űɤɜ əɟŬɛŬŰɘəɩɜ ůŰɞɘɢŮɑɤɜ. Ⱥˊɘˊɚɏɞɜ, ɡˊɎɟɢŮɘ ɛɘəɟɐ 

ˊɞůɧŰɖŰŬ əŬŰŬəɟɖɛɜɘůɛɎŰɤɜ ůŰŬ ɧɟɘŬ Űɤɜ əɧəəɤɜ ɚŮɡəɞɨ əŬɘ ɛŬɨɟɞɡ ɢɟɩɛŬŰɞɠ 

ˊŬɟɧɛɞɘŬ ɛŮ ŬɡŰɎ Űɤɜ ˊɟɞɖɔɞɨɛŮɜɤɜ ŭŮɘɔɛɎŰɤɜ. ɇŬ ɚŮɡəɎ ŮɑɜŬɘ ŮɜŭɞɛŮŰŬɚɚɘəɎ Űɨˊɞɡ 

Co3(Mo,W)2Si, Ůɜɩ ŰŬ ɛŬɨɟŬ ŮɑɜŬɘ əŬɟɓɑŭɘŬ Űɨˊɞɡ (Cr, W, Mo)23C6 əŬɘ (Cr, W, Mo)6C. 

ɆŮ ɞɟɘůɛɏɜŮɠ ˊŮɟɘˊŰɩůŮɘɠ ɧˊɤɠ ůŰɖɜ ŮɘəɧɜŬ 56, ůŰɖɜ ɗɏůɖ Űɤɜ əŬɟɓɘŭɑɤɜ ɡˊɎɟɢɞɡɜ əŮɜɎ 

ŮɝŬɘŰɑŬɠ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ Űɖɠ ˊɟɞůɓɞɚɐɠ.      
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ȺɘəɧɜŬ 55. ɀɘəɟɞɔɟŬűɑŬ BES-SEM x900 ŭŮɑɔɛŬŰɞɠ G2 ɛŮ ŬɜŬɚɨůŮɘɠ EDS ɔ əŬɘ Ů űɎůɖɠ. 

 

ȺɘəɧɜŬ 56. ɀɘəɟɞɔɟŬűɑŬ BES-SEM x2000 ŭŮɑɔɛŬŰɞɠ G2, ɧˊɞɡ űŬɑɜɞɜŰŬɘ əŮɜɎ ůŰɖɜ ɗɏůɖ 

əŬɟɓɘŭɑɤɜ əŬɘ Ů űɎůɖ. 
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5.4.7. ȹŮɑɔɛŬ G2 750 

ȼ ɛɘəɟɞŭɞɛɐ Űɞɡ ŭɞəɘɛɑɞɡ G2 750 ŭɑɜŮŰŬɘ ůŰɖɜ ŮɘəɧɜŬ 57 ɛŮ Űɖɜ ůŰɞɘɢŮɘŬəɐ ŬɜɎɚɡůɖ 

EDS. ȼ ɢɖɛɘəɐ ůɨůŰŬůɖ Űɞɡ ŭŮɑɔɛŬŰɞɠ ŭŮɜ ŭɘŬűɏɟŮɘ Ŭˊɧ ŬɨŰɖ Űɞɡ ɡɚɘəɞɨ. ɄŬɟŬŰɖɟɞɨɜŰŬɘ 

ɞɘ űɎůŮɘɠ ɔ əŬɘ Ů Ůɜɩ ˊŬɟɎɚɚɖɚŬ ůŰŬ ɧɟɘŬ Űɤɜ əɧəəɤɜ űŬɑɜɞɜŰŬɘ əŬɟɓɑŭɘŬ Űɤɜ ɞˊɞɑɤɜ ɞ 

Ŭɟɘɗɛɧɠ ŮɑɜŬɘ Ŭɡɝɖɛɏɜɞɠ ůŮ ůɨɔəɟɘůɖ ɛŮ Űɞ ŭɞəɑɛɘɞ G2 ˊɞɡ ŭŮɜ ɏɢŮɘ ɡˊɞůŰŮɑ ɗŮɟɛɘəɐ 

əŬŰŮɟɔŬůɑŬ.  

 

ȺɘəɧɜŬ 57. ɀɘəɟɞɔɟŬűɑŬ BES-SEM x1200 ŭŮɑɔɛŬŰɞɠ G2 ɛŮ ŬɜɎɚɡůɖ EDS. 

 

 

5.4.8. ȹŮɑɔɛŬ G2 750 PF 

ɆŰɖɜ ŮɘəɧɜŬ 58, ŭɑɜŮŰŬɘ ɛɘŬ ɛɘəɟɞɔɟŬűɑŬ SEM Űɖɠ ɛɘəɟɞŭɞɛɐɠ əŬɘ ůŰɞɘɢŮɘŬəɐ ŬɜɎɚɡůɖ 

EDS. ȼ ɢɖɛɘəɐ ůɨůŰŬůɖ Űɞɡ ŭŮɑɔɛŬŰɞɠ ɐŰŬɜ ˊŬɜɞɛɞɘɧŰɡˊɖ ɛŮ Űɤɜ ɡˊɧɚɞɘˊɤɜ ŭŮɘɔɛɎŰɤɜ. 

ȼ ɛɘəɟɞŭɞɛɐ Űɞɡ ŭŮɑɔɛŬŰɞɠ G2 750 PF ɐŰŬɜ Űɡˊɘəɐ əŬɘ ˊŬɟɧɛɞɘŬ ɛŮ ŬɡŰɐɜ Űɞɡ G2 750. 

ɆɡɜŬɜŰɩɜŰŬɘ ɞɘ űɎůŮɘɠ ɔ əŬɘ Ů Ůɜɩ ůŰŬ ɧɟɘŬ Űɤɜ əɧəəɤɜ ˊŬɟŬŰɖɟɞɨɜŰŬɘ ŰŬ ɚŮɡəɎ 

ŮɜŭɞɛŮŰŬɚɚɘəɎ əŬŰŬəɟɖɛɜɑůɛŬŰŬ Űɨˊɞɡ Űɨˊɞɡ Co3(Mo,W)2Si əŬɘ ŰŬ ɛŬɨɟɞɡ ɢɟɩɛŬŰɞɠ 

əŬɟɓɑŭɘŬ Űɨˊɞɡ (Cr, W, Mo)23C6 əŬɘ (Cr, W, Mo)6C. 
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ȺɘəɧɜŬ 58. ɀɘəɟɞɔɟŬűɑŬ BES-SEM x1800 ŭŮɑɔɛŬŰɞɠ G2 750 PF ɛŮ ŬɜɎɚɡůɖ EDS. 

 

5.4.9. ȹŮɑɔɛŬ G2 950 

ɆŰɖɜ ŮɘəɧɜŬ 59 ŭɑɜŮŰŬɘ ɛɘŬ ɛɘəɟɞɔɟŬűɑŬ SEM ɛŮ ůŰɞɘɢŮɘŬəɐ ŬɜɎɚɡůɖ EDS ɛɘŬɠ ŮɡɟŮɑŬɠ 

ˊŮɟɘɞɢɐɠ. ȼ ɢɖɛɘəɐ ŬɜɎɚɡůɖ Űɞɡ ŭŮɑɔɛŬŰɞɠ ŮɑɜŬɘ Űɡˊɘəɐ əŬɘ ŭŮɜ ŭɘŬűɏɟŮɘ Ŭˊɧ ŬɡŰɐɜ Űɞɡ 

ɡɚɘəɞɨ. ȳůɞɜ ŬűɞɟɎ Űɖɜ ɛɘəɟɞŭɞɛɐ Űɞɡ ŭŮɑɔɛŬŰɞɠ, ŬɜɘɢɜŮɨɗɖəŬɜ ɞɘ űɎůŮɘɠ ɔ əŬɘ Ů 

(ŮɘəɧɜŬ 60), ɖ ŮɜŭɞɛŮŰŬɚɚɘəɐ űɎůɖ Co3(W, Mo) (ŮɘəɧɜŬ 61) əŬɘ ˊɚɐɗɞɠ əŬɟɓɘŭɑɤɜ 

əŬŰŬəɟɖɛɜɘůɛɏɜɤɜ ůŰŬ ɧɟɘŬ Űɤɜ əɧəəɤɜ. ȼ ɢɖɛɘəɐ ŬɜɎɚɡůɖ Űɤɜ əŬɟɓɘŭɑɤɜ (ŮɘəɧɜŬ 62) 

ɏŭŮɘɝŮ ˊɤɠ ŮɑɜŬɘ ˊɚɞɨůɘŬ ůŮ Co əŬɘ Cr ɛŮ ɛɘəɟɐ ˊɟɞůɗɐəɖ W, Ůˊɞɛɏɜɤɠ ˊɟɧəŮɘŰŬɘ ɔɘŬ 

əŬɟɓɑŭɘŬ Űɨˊɞɡ (Cr, W, Co)23C6 əŬɘ (Cr, W, Co)6C.   
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ȺɘəɧɜŬ 59. ɀɘəɟɞɔɟŬűɑŬ BES-SEM ɛŮ ůŰɞɘɢŮɘŬəɐ ŬɜɎɚɡůɖ EDS ŭŮɑɔɛŬŰɞɠ G2 950. 

 

 

ȺɘəɧɜŬ 60. ɀɘəɟɞɔɟŬűɑŬ BES-SEM x1500 ŭŮɑɔɛŬŰɞɠ G2 950, ɧˊɞɡ űŬɑɜɞɜŰŬɘ ɞɘ ɔ əŬɘ Ů űɎůŮɘɠ 

əŬɘ əŬɟɓɑŭɘŬ ůŰŬ ɧɟɘŬ Űɤɜ əɧəəɤɜ. 






























