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ɆŰɞɡɠ ɔɞɜŮɑɠ ɛɞɡ əŬɘ 

ůŰɖ ɆɛŬɟɎɔŭŬé..  
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ɄɅɃȿɃũɃɆ 

 

 

ɇɞ ˊŬɟɧɜ ůɨɔɔɟŬɛɛŬ ŬˊɞŰŮɚŮɑ Űɞ ŮˊɘůŰɏɔŬůɛŬ Űɖɠ ŭɘŭŬəŰɞɟɘəɐɠ ɛɞɡ ŭɘŬŰɟɘɓɐɠ ˊɞɡ 

ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ůŰɞ ȺɟɔŬůŰɐɟɘɞ ɇŮɢɜɞɚɞɔɑŬɠ ɄɞɚɡɛŮɟɩɜ Űɖɠ ůɢɞɚɐɠ ɉɖɛɘəɩɜ 

ɀɖɢŬɜɘəɩɜ Űɞɡ Ⱥ.ɀ.Ʉ., ɛŮ ůŰɧɢɞ Űɞ ůɢŮŭɘŬůɛɧ, Űɖɜ ˊŬɟŬůəŮɡɐ əŬɘ Űɖɜ ŭɘŮɝɞŭɘəɐ ɛŮɚɏŰɖ 

ɜŬɜɞůɡɜɗɏŰɤɜ ɡɚɘəɩɜ ˊɞɚɡůɘɚɞɝɎɜɖɠ ɔɘŬ ɓɘɞɥŬŰɟɘəɏɠ ŮűŬɟɛɞɔɏɠ.  

ɀŮ Űɞ ˊɏɟŬɠ Űɖɠ ŭɘŭŬəŰɞɟɘəɐɠ ɛɞɡ ŭɘŬŰɟɘɓɐɠ ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ ɗŮɟɛɎ Űɖɜ 

Ⱥˊɑə. ȾŬɗɖɔɐŰɟɘŬ Ⱥ.ɀ.Ʉ. ɄŮŰɟɞɨɚŬ ȷ. ɇŬɟŬɜŰɑɚɖ ɔɘŬ Űɖɜ ŮɛˊɘůŰɞůɨɜɖ ˊɞɡ ɛɞɡ ɏŭŮɘɝŮ 

ŬɜŬɗɏŰɞɜŰŬɠ ɛɞɡ Űɖɜ Ůəˊɧɜɖůɖ Űɞɡ ɗɏɛŬŰɞɠ ŬɡŰɞɨ, əŬɗɩɠ əŬɘ ɔɘŬ Űɖɜ Űɖ ůɡɜŮɢɐ 

əŬɗɞŭɐɔɖůɖ Űɖɠ, Űɖɜ ˊŬɟɞɢɐ Űɤɜ ŮˊɘůŰɖɛɞɜɘəɩɜ Űɖɠ ɔɜɩůŮɤɜ əŬɘ Űɘɠ ɡˊɞŭŮɑɝŮɘɠ Űɖɠ ɔɘŬ Űɖɜ 

ŮˊɘŰɡɢɖɛɏɜɖ ɏəɓŬůɖ Űɖɠ ŭɘŬŰɟɘɓɐɠ ɛɞɡ. ȺˊɘˊɟɞůɗɏŰɤɠ, ɗŮɤɟɩ Ɏəɟɤɠ ůɖɛŬɜŰɘəɧ ɜŬ 

ŮɡɢŬɟɘůŰɐůɤ ŰŬ ɛɏɚɖ Űɖɠ ůɡɛɓɞɡɚŮɡŰɘəɐɠ ŮˊɘŰɟɞˊɐɠ, Űɞɜ ȾŬɗɖɔɖŰɐ ȷ. ȷɜŭɟŮɧˊɞɡɚɞ əŬɘ Űɞɜ 

ȾŬɗɖɔɖŰɐ Ⱦ. ɄŬˊŬůˊɡɟɑŭɖ ɔɘŬ Űɖɜ ůɡɜŮɟɔŬůɑŬ əŬɘ ɔɘŬ Űɖ ůɡɛɓɞɚɐ Űɞɡɠ ůŰɖɜ ɞɚɞəɚɐɟɤůɖ 

Űɖɠ ŭɘŬŰɟɘɓɐɠ ɧɚŬ ŬɡŰɎ ŰŬ ɢɟɧɜɘŬ.  

ũɘŬ Űɖɜ ˊɟŬɔɛŬŰɞˊɞɑɖůɖ ɞɟɘůɛɏɜɤɜ ˊŮɘɟŬɛŬŰɘəɩɜ ɛŮŰɟɐůŮɤɜ ŬˊŬɘŰɐɗɖəŮ ɖ ɢɟɐůɖ 

Ůɝɞˊɚɘůɛɞɨ Ɏɚɚɤɜ ŮɟɔŬůŰɖɟɑɤɜ. ũɘŬ Űɞ ɚɧɔɞ ŬɡŰɧ ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ ɗŮɟɛɎ Űɞɜ 

ȷɜŬˊɚ. ȾŬɗɖɔɖŰɐ Űɞɡ ũŮɤˊɞɜɘəɞɨ ɄŬɜŮˊɘůŰɖɛɑɞɡ ȷɗɖɜɩɜ, ɄɏŰɟɞ ȷ. ɇŬɟŬɜŰɑɚɖ əŬɘ Űɞɜ 

ȺɟŮɡɜɖŰɐ ȷô Űɞɡ Ⱥ.Ⱦ.Ⱥ.ū.Ⱥ ȹɖɛɧəɟɘŰɞɠ ə. ȹɖɛɐŰɟɘɞ ɇůɘɞɨɟɓŬ, ɔɘŬ Űɖɜ ˊŬɟŬɢɩɟɖůɖ Űɞɡ 

űŬůɛŬŰɞűɤŰɞɛɏŰɟɞɡ ȷɇR-FTIR, ɧˊɞɡ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ɞɘ ŬɜŰɑůŰɞɘɢŮɠ ɛŮŰɟɐůŮɘɠ, ŬɚɚɎ 

əŬɘ ɔɘŬ Űɖɜ ˊɞɚɨŰɘɛɖ ůɡɛɓɞɚɐ Űɞɡɠ ůŰɖ ŭɘŮɝŬɔɤɔɐ Űɤɜ ˊŮɘɟŬɛɎŰɤɜ ŬɡŰɩɜ əŬɘ Űɞ ɎɛŮůɞ 

ŮɜŭɘŬűɏɟɞɜ ɔɘŬ Űɖɜ Ůˊɑɚɡůɖ Űɤɜ ɧˊɞɘɤɜ ˊɟɞɓɚɖɛɎŰɤɜ ˊɟɞɏəɡɣŬɜ. ɇɏɚɞɠ, ɗŬ ɐɗŮɚŬ ɜŬ 

ŮɡɢŬɟɘůŰɐůɤ Űɞɜ ȷɜŬˊɚ. ȾŬɗɖɔɖŰɐ ə. ɇɟɘŬɜŰɎűɡɚɚɞ ɄŬˊŬŭɧˊɞɡɚɞ, əŬɗɩɠ əŬɘ Űɖɜ ȹɟ. 

ȾɡɟɘŬəɐ ȾɡɟɘŬəɑŭɞɡ, ɔɘŬ Űɖɜ ɓɞɐɗŮɘɎ Űɞɡɠ ůŰɖɜ ˊɟŬɔɛŬŰɞˊɞɑɖůɖ ˊŮɘɟŬɛɎŰɤɜ əŬɚɚɘɏɟɔŮɘŬɠ 

əɡŰŰɎɟɤɜ ˊɞɡ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ůŰɞ ȺɟɔŬůŰɐɟɘɞ ȸɘɞɦɚɘəɩɜ Űɖɠ ɃŭɞɜŰɘŬŰɟɘəɐɠ Ɇɢɞɚɐɠ 

Űɞɡ Ⱥɗɜɘəɞɨ əŬɘ ȾŬˊɞŭɘůŰɟɘŬəɞɨ ɄŬɜŮˊɘůŰɖɛɑɞɡ ȷɗɖɜɩɜ.  Ⱥˊɑůɖɠ, ŮɡɢŬɟɘůŰɩ ɗŮɟɛɎ Űɞɜ ə. 

Ⱦɤɜ/ɜɞ ɉŬɟɘŰɑŭɖ ȾŬɗɖɔɖŰɐ Űɖɠ ůɢɞɚɐɠ ɉɖɛɘəɩɜ ɀɖɢŬɜɘəɩɜ Űɞɡ Ⱥ.ɀ.Ʉ., Űɞɜ ə. ūɟŬɔəɑůəɞ 

Ⱦɞɚɚɑůɖ ȾŬɗɖɔɖŰɐ Űɖɠ ůɢɞɚɐɠ ɉɖɛɘəɩɜ ɀɖɢŬɜɘəɩɜ Űɞɡ Ⱥ.ɀ.Ʉ. əŬɘ Űɖɜ ə. ɄŬɜŬɔɘɩŰŬ 

ȸŬůɘɚŮɑɞɡ ȾŬɗɖɔɐŰɟɘŬ Űɖɠ ůɢɞɚɐɠ ɉɖɛɘəɩɜ ɀɖɢŬɜɘəɩɜ Űɞɡ Ⱥ.ɀ.Ʉ., ɔɘŬ Űɖɜ ˊɞɚɨŰɘɛɖ 

ɓɞɐɗŮɘɎ Űɞɡɠ Űɧůɞ ůŰɞ ɗŮɤɟɖŰɘəɧ ɧůɞ əŬɘ ůŰɞ ˊŮɘɟŬɛŬŰɘəɧ ɛɏɟɞɠ Űɖɠ ˊŬɟɞɨůɖɠ ŭɘŬŰɟɘɓɐɠ. 

ȷəɧɛɖ, ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ ɗŮɟɛɎ Űɖɜ ə. ɀŬɟɑŬ ȺɡŬɔɔŮɚɎŰɞɡ ȹɘŭ. ɉɖɛɘəɧ ɀɖɢŬɜɘəɧ, 

ɔɘŬ Űɖ ˊŬɟŬɢɩɟɖůɖ  ɛɏɟɞɡɠ Űɞɡ ŮɟɔŬůŰɖɟɘŬəɞɨ Ůɝɞˊɚɘůɛɞɨ Űɞɡ Ⱥɗɜɘəɞɨ ȾɏɜŰɟɞɡ 



 

 
 

 

ii  

 

ȷɝɘɞɚɧɔɖůɖɠ Űɖɠ ɄɞɘɧŰɖŰŬɠ əŬɘ ɇŮɢɜɞɚɞɔɑŬɠ ůŰɖɜ ɈɔŮɑŬ (ȺȾȷɄɇɈ), ɏŰůɘ ɩůŰŮ ɜŬ 

ɛŮɚŮŰɖɗɞɨɜ əɟɑůɘɛŮɠ ɓɘɞɥŬŰɟɘəɏɠ ɘŭɘɧŰɖŰŮɠ. 

ȽŭɘŬɑŰŮɟɖ ɛɜŮɑŬ ɞűŮɑɚɤ ůŰɞɡɠ ˊɟɞˊŰɡɢɘŬəɞɨɠ űɞɘŰɖŰɏɠ, Ⱦɤɜ/ɜŬ ɆŰŬɛŬŰɞˊɞɨɚɞɡ, 

ɀŬɟɘɎɜɜŬ ɇɟɘɎɜŰɞɡ, ũŮɩɟɔɘɞ ũəɧŰůɖ əŬɘ ũŮɤɟɔɘɎɜɜŬ ȷɗŬɜŬůɞɨɚɘŬ ɔɘŬ Űɖɜ ůɡɛɓɞɚɐ Űɞɡɠ 

ůŰɖɜ ˊɟŬɔɛŬŰɞˊɞɑɖůɖ ůɖɛŬɜŰɘəɞɨ ɛɏɟɞɡɠ Űɤɜ ˊŮɘɟŬɛɎŰɤɜ. ȷəɧɛŬ, ɗŬ ɐɗŮɚŬ ɜŬ 

ŮɡɢŬɟɘůŰɐůɤ ɞɚɧɣɡɢŬ Űɖ ȿɏəŰɞɟŬ ɀŬŰɑɜŬ ȸɞɡɔɘɞɨəŬ, Űɞɡɠ ȹɘŭɎəŰɞɟŮɠ ȹɖɛɐŰɟɖ Ⱦɞɟɟɏ, 

ȷɜŬůŰŬůɑŬ ɀˊɞɨůɘŬ, ɁɘəɧɚŬɞ ɉŬŰɕɖɔɟɖɔɞɟɑɞɡ, ɄŬɜŰŮɚɐ ȾɞɑɚɘŬɟɖ, ɄɏŰɟɞ ɆɢɞɘɜɎ, ɀɎɖ 

ɆɞűɑŬ əŬɘ ɀˊŬɟŬɛˊɞɨŰɖ Ȱɚɚɖ, əŬɗɩɠ əŬɘ Űɞɡɠ ɡˊɞɣɐűɘɞɡɠ ŭɘŭɎəŰɞɟŮɠ ŪɎɜɞ Ʉɞɟűɨɟɖ, 

ɀŬɟɘɎɜɜŬ ɇɟɘɎɜŰɞɡ, ȷɗŬɜŬůɑŬ ɄɎɜɞɡ, ɀŬɟɑŬ ȷɔŬɗɞəɚɏɞɡɠ, ȽɤɎɜɜŬ ũŮɤɟɔɞɡůɞˊɞɨɚɞɡ, 

ȷɚɑəɖ ȹɞɨəŬ Ŭˊɧ Űɞ ȺɟɔŬůŰɖɟɑɞɡ ɇŮɢɜɞɚɞɔɑŬɠ ɄɞɚɡɛŮɟɩɜ Űɖɠ Ɇɢɞɚɐɠ ɉɖɛɘəɩɜ 

ɀɖɢŬɜɘəɩɜ ɔɘŬ Űɖɜ ɓɞɐɗŮɘŬ əŬɘ Űɖɜ ůɡɛˊŬɟɎůŰŬůɖ ˊɞɡ ɛɞɡ ˊɟɞůɏűŮɟŬɜ ɤɠ ˊɟŬɔɛŬŰɘəɞɑ 

űɑɚɞɘ. Ⱥˊɑůɖɠ, ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ ɧɚɞɡɠ Űɞɡɠ ɡˊɞɣɐűɘɞɡɠ ŭɘŭɎəŰɞɟŮɠ Űɞɡ 

ŮɟɔŬůŰɖɟɑɞɡ ȸɘɞŰŮɢɜɞɚɞɔɑŬɠ əŬɘ Űɞɡ ŮɟɔŬůŰɖɟɑɞɡ ɆɢŮŭɘŬůɛɞɨ əŬɘ ȷɜɎɚɡůɖɠ ȹɘŮɟɔŬůɘɩɜ Űɞɡ 

ȺɀɄ, ɔɘŬ Űɖɜ ˊŬɟɞɢɐ ŮɟɔŬůŰɖɟɘŬəɞɨ Ůɝɞˊɚɘůɛɞɨ, ŬɚɚɎ əŬɘ Űɖɜ ŬɛɏɟɘůŰɖ ůɡɛˊŬɟɎůŰŬůɐ 

Űɞɡɠ.  

 ȾɚŮɑɜɞɜŰŬɠ, ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɖ ɆɛŬɟɎɔŭŬ ɖ ɞˊɞɑŬ ɏɢŮɘ ůŰŬɗŮɑ ŭɑˊɚŬ ɛɞɡ 

əŬɘ ɛŮ ɏɢŮɘ ůŰɖɟɑɝŮɘ ůɖɛŬɜŰɘəɎ, ŭɑɜɞɜŰŬɠ ɛɞɡ Űɖɜ ɩɗɖůɖ ɜŬ ůɡɜŮɢɑůɤ əŬɘ ɜŬ ɞɚɞəɚɖɟɩůɤ 

Űɖɜ ŭɘŬŰɟɘɓɐ ɛɞɡ. ȷˊɧ ŰŬ ɓɎɗɖ Űɖɠ əŬɟŭɑŬɠ ɛɞɡ ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɞɡɠ ɔɞɜŮɑɠ ɛɞɡ, 

ɄŬɜŬɔɘɩŰɖ əŬɘ ɄŬɜŬɔɘɩŰŬ, Űɘɠ ŬŭŮɟűɏɠ ɛɞɡ ȷɜŭɟɘŬɜɐ əŬɘ ɆɞűɑŬ, ˊɞɡ ůŰɏəɞɜŰŬɘ ˊɎɜŰŬ ŭɑˊɚŬ 

ɛɞɡ, Ůɜɩ ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ əŬɘ ɏɜŬɜ Ɏɜɗɟɤˊɞ ˊɞɡ ɏɢŬůŬ əŬŰɎ Űɖɜ ŭɘɎɟəŮɘŬ Űɤɜ 

ɛŮŰŬˊŰɡɢɘŬəɩɜ ɛɞɡ ůˊɞɡŭɩɜ əŬɘ ɗŬ ɐɗŮɚŬ ɜŬ ɐŰŬɜ ŭɑˊɚŬ ɛɞɡ, Űɞɜ ˊŬˊˊɞɨ ɛɞɡ. 
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Ƀɘ ˊɞɚɡůɘɚɞɝɎɜŮɠ Ŭɜɐəɞɡɜ ůŰɖɜ əŬŰɖɔɞɟɑŬ Űɤɜ ŮɚŬůŰɞɛŮɟɩɜ əŬɘ ɓɟɑůəɞɡɜ ˊɞɚɚɏɠ 

ɓɘɞɥŬŰɟɘəɏɠ ŮűŬɟɛɞɔɏɠ, ɧˊɤɠ ůŰɖ ɔɜŬɗɞˊɟɞůɤˊɘəɐ ˊɟɞůɗŮŰɘəɐ, ɤɠ ŮɛűɡŰŮɨɛŬŰŬ ˊɚŬůŰɘəɐɠ 

ɢŮɘɟɞɡɟɔɘəɐɠ, ɤɠ ůɡůŰɐɛŬŰŬ ɛɐŰɟŬɠ ɔɘŬ Űɖɜ ŬˊɞŭɏůɛŮɡůɖ űŬɟɛɎəɤɜ, əŬɗɩɠ əŬɘ ɤɠ 

ŮɝŬɟŰɐɛŬŰŬ ůŮ ɘŬŰɟɘəɧ Ůɝɞˊɚɘůɛɧ. ȸŬůɘəɧ ɢŬɟŬəŰɖɟɘůŰɘəɧ Űɤɜ ˊɞɚɡůɘɚɞɝŬɜɩɜ ŮɑɜŬɘ ɖ 

ɗŮɟɛɘəɐ əŬɘ ɞɝŮɘŭɤŰɘəɐ ůŰŬɗŮɟɧŰɖŰŬ ˊɞɡ ŮˊɘŭŮɘəɜɨɞɡɜ ůŮ ɡɣɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ, əŬɗɩɠ əŬɘ 

ɖ ŭɘŬŰɐɟɖůɖ Űɖɠ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ Űɖɠ ŮɡəŬɛɣɑŬɠ ůŮ ˊɞɚɨ ɢŬɛɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ. ȿɧɔɤ 

Űɤɜ ůɢŮŰɘəɎ ɢŬɛɖɚɩɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ ˊɞɡ ɢŬɟŬəŰɖɟɑɕɞɡɜ Űɘɠ ˊɞɚɡůɘɚɞɝɎɜŮɠ, ŮɑɜŬɘ 

ŬɜŬɔəŬɑɞ ůŮ ˊɞɚɚɏɠ ŮűŬɟɛɞɔɏɠ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ŭɘɎűɞɟŬ ɛɏůŬ Ůɜɑůɢɡůɖɠ, ɔɘŬ Űɖ 

ŭɖɛɘɞɡɟɔɑŬ Ůɜɧɠ ůɡɜɗɏŰɞɡ ɡɚɘəɞɨ ˊɞɡ ɗŬ ɘəŬɜɞˊɞɘŮɑ Űɘɠ ŬɜŬɔəŬɑŮɠ əŬŰɎ ˊŮɟɑˊŰɤůɖ 

ŮűŬɟɛɞɔɐɠ ɘŭɘɧŰɖŰŮɠ. ȼ ŮɘůŬɔɤɔɐ Ůɜɧɠ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ůŰɖɜ əɚɑɛŬəŬ Űɤɜ ɜŬɜɞ-ŭɘŬůŰɎůŮɤɜ 

ŮˊɘűɏɟŮɘ ůɖɛŬɜŰɘəɏɠ ŬɚɚŬɔɏɠ ůŰɘɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ůɡɜɗɏŰɞɡ ŬəɧɛŬ əŬɘ ɧŰŬɜ ŬɡŰɧ ˊɟɞůŰɑɗŮŰŬɘ 

ůŮ ɛɘəɟɏɠ ˊɞůɧŰɖŰŮɠ, ɢɤɟɑɠ ɜŬ ŮˊɖɟŮɎɕŮɘ Űɖ ɓŬůɘəɐ ɢɖɛɘəɐ Űɞɡ ůɨůŰŬůɖ.  

ɆŰŬ ˊɚŬɑůɘŬ Űɖɠ ˊŬɟɞɨůɖɠ ŭɘŭŬəŰɞɟɘəɐɠ ŭɘŬŰɟɘɓɐɠ, ɏɔɘɜŮ ɛŮɚɏŰɖ ɡɓɟɘŭɘəɩɜ 

ůɡůŰɖɛɎŰɤɜ ˊɞɚɡůɘɚɞɝɎɜɖɠ ɛŮ ŬɜɧɟɔŬɜŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ, ɛŮ ůŰɧɢɞ Űɖɜ ŬɜŬɓɎɗɛɘůɖ Űɤɜ 

ɛɖɢŬɜɞɗŮɟɛɘəɩɜ ɘŭɘɞŰɐŰɤɜ əŬɘ Űɖɠ ɓɘɞůɡɛɓŬŰɧŰɖŰŬɠ ɔɘŬ Űɖɜ ŬɟɘůŰɞˊɞɑɖůɖ Űɖɠ 

ůɡɛˊŮɟɘűɞɟɎɠ Űɞɡɠ ůŮ ɓɘɞɥŬŰɟɘəɏɠ ŮűŬɟɛɞɔɏɠ. ɋɠ ɛɐŰɟŮɠ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ˊɞɚɡůɘɚɞɝɎɜŮɠ 

ɛŮ ŬəɟŬɑŮɠ ɡŭɟɞɝɡɚɘəɏɠ ɞɛɎŭŮɠ ˊɞɡ Ŭəɞɚɞɡɗɞɨɜ ɓɞɡɚəŬɜɘůɛɧ ůɡɛˊɨəɜɤůɖɠ əŬɗɩɠ əŬɘ 

ˊɞɚɡůɘɚɞɝɎɜŮɠ ɛŮ ŬəɟŬɑŮɠ ɓɘɜɡɚɘəɏɠ ɞɛɎŭŮɠ ˊɞɡ Ŭəɞɚɞɡɗɞɨɜ ɓɞɡɚəŬɜɘůɛɧ ɛŮ ɛɖɢŬɜɘůɛɧ 

ˊɟɞůɗɐəɖɠ. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ ˊɞɚɡůɘɚɞɝŬɜɩɜ ŮəŰɧɠ Ŭˊɧ Űɞɜ Űɨˊɞ ɛŮ ɓɎůɖ Űɞɜ Űɟɧˊɞ 

ɓɞɡɚəŬɜɘůɛɞɨ, ŮɝŮŰɎůɗɖəŬɜ ŮɚŬůŰɞɛŮɟɐ ɛŮ ŭɘŬűɞɟŮŰɘəɎ ɛɞɟɘŬəɎ ɓɎɟɖ. ɇŬ ɛɏůŬ Ůɜɑůɢɡůɖɠ 

ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɐŰŬɜ ŭɨɞ Ůɛˊɞɟɘəɞɑ Űɨˊɞɘ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ 

ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ, ɛɖ Űɟɞˊɞˊɞɘɖɛɏɜɞɠ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖɠ ɤɠ ˊɟɧůɗŮŰɞ ŬɜŬűɞɟɎɠ, 

ŰɟɞˊɞˊɞɘɖɛɏɜŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ, ɡŭɟɞɝɡŬˊŬŰɑŰɖɠ əŬɘ ɓɘɞŭɟŬůŰɘəɐ 

ɨŬɚɞɠ. ũɘŬ ŰŬ ɡɓɟɘŭɘəɎ ůɡůŰɐɛŬŰŬ ˊɞɚɡůɘɚɞɝɎɜɖɠ ɛŮɚŮŰɐɗɖəŬɜ ɞɘ əɟɑůɘɛŮɠ ɘŭɘɧŰɖŰŮɠ ɛŮ 

ůəɞˊɧ ɜŬ ŮɜŰɞˊɘůɗŮɑ Űɞ əŬŰɎɚɚɖɚɞ ůɨůŰɖɛŬ ɔɘŬ Űɖɜ ŮəɎůŰɞŰŮ ɓɘɞɥŬŰɟɘəɐ ŮűŬɟɛɞɔɐ, əŬɗɩɠ 

Ůˊɑůɖɠ əŬɘ ɜŬ ŮˊɘůɖɛŬɜɗɞɨɜ ɞɘ ůɢŮŭɘŬůŰɘəɏɠ ˊŬɟɎɛŮŰɟɞɘ ˊɞɡ ɛˊɞɟɞɨɜ ɜŬ ŮˊɖɟŮɎůɞɡɜ Űɘɠ 

ɓɏɚŰɘůŰŮɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ɡɚɘəɞɨ. 

ȼ ŮˊɑŭɟŬůɖ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ůŰɖɜ ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ ŬˊɞŰŮɚŮɑ ɓŬůɘəɐ 

ˊŬɟɎɛŮŰɟɞ ůŰɞ ůɢŮŭɘŬůɛɧ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ, ɛŮ ŭŮŭɞɛɏɜɞ ɧŰɘ əŬɗɞɟɑɕŮɘ Űɞɜ Űɟɧˊɞ əŬɘ Űɞ 

ɢɟɧɜɞ ɛɞɟűɞˊɞɑɖůɖɠ əŬɗɩɠ əŬɘ Űɖ ŭɞɛɐ əŬɘ əŬŰô ŮˊɏəŰŬůɖ Űɘɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ŬɜŰɑůŰɞɘɢɤɜ 

ɡɓɟɘŭɘəɩɜ ůɡůŰɖɛɎŰɤɜ. ɆŰɖ ŭɘŮɗɜɐ ɓɘɓɚɘɞɔɟŬűɑŬ ɡˊɎɟɢŮɘ ˊŮɟɘɞɟɘůɛɏɜɞɠ Ŭɟɘɗɛɧɠ ŬɜŬűɞɟɩɜ 

ůɢŮŰɘəɎ ɛŮ Űɖɜ ŮˊɑŭɟŬůɖ Űɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ ůŰɖɜ ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ ŮɚŬůŰɞɛŮɟɞɨɠ 

ɛɐŰɟŬɠ əŬɘ ɘŭɘŬɑŰŮɟŬ Űɤɜ ˊɞɚɡůɘɚɞɝŬɜɩɜ. ȼ ŮˊɑŭɟŬůɖ Űɤɜ ŭɘɎűɞɟɤɜ ŬɜɧɟɔŬɜɤɜ ɛɏůɤɜ 

Ůɜɑůɢɡůɖɠ ůŰɖɜ ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ ˊɞɚɡůɘɚɞɝɎɜɖɠ ɛŮ ŬəɟŬɑŮɠ ɡŭɟɞɝɡɚɘəɏɠ ɞɛɎŭŮɠ 

ˊɞɡ ŬəɞɚɞɡɗŮɑ ɛɖɢŬɜɘůɛɧ ůɡɛˊɨəɜɤůɖɠ, ɛŮɚŮŰɐɗɖəŮ ɛɏůɤ Űɖɠ ɘɝɤŭɞɛŮŰɟɑŬɠ Brookfield, ɛŮ 

ŭɘŬűɞɟɘəɐ ɗŮɟɛɘŭɞɛŮŰɟɑŬ ůɎɟɤůɖɠ (DSC) əŬɘ űŬůɛŬŰɞůəɞˊɑŬ ɡˊŮɟɨɗɟɞɡ ɛŮ 

ɛŮŰŬůɢɖɛŬŰɘůɛɧ Fourier (FTIR-ATR). ȷˊɧ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ɛŮɚɏŰɖɠ ŭɘŬˊɘůŰɩɗɖəŮ ɧŰɘ ɖ 

ŮɜůɤɛɎŰɤůɖ ɧɚɤɜ Űɤɜ Űɨˊɤɜ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ, ɞŭɖɔŮɑ ůŮ ŰŬɢɨŰŮɟɖ Ůɝɏɚɘɝɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ 

əŬɗɩɠ əŬɘ ůŮ ŰŬɢɨŰŮɟɖ ɞɚɞəɚɐɟɤůɐ Űɖɠ, ůɡɔəɟɘŰɘəɎ ɛŮ Űɖɜ ɛɖ Ůɜɘůɢɡɛɏɜɖ ˊɞɚɡůɘɚɞɝɎɜɖ, 

Ůɜɩ ɖ ŮˊɑŭɟŬůɖ ŬɡŰɐ ɔɑɜŮŰŬɘ ŮɜŰɞɜɧŰŮɟɖ ɧůɞ Űɞ ɛɞɟɘŬəɧ ɓɎɟɞɠ Űɖɠ ɛɐŰɟŬɠ ŬɡɝɎɜŮŰŬɘ. ɀɏůɤ 

Űɤɜ ˊŮɘɟŬɛɎŰɤɜ ŭɘŬűɞɟɘəɐɠ ɗŮɟɛɘŭɞɛŮŰɟɑŬɠ ůɎɟɤůɖɠ ɛŮ ɖɛɘŰɞɜɞŮɘŭɐ ɟɡɗɛɧ ɗɏɟɛŬɜůɖɠ, 
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əŬŰŬɔɟɎűɖəŮ əŬɘ ˊɞůɞŰɘəɞˊɞɘɐɗɖəŮ ɖ ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ Űɖɠ ɛɖ Ůɜɘůɢɡɛɏɜɖɠ 

ˊɞɚɡůɘɚɞɝɎɜɖɠ ůɡɛˊɨəɜɤůɖɠ ɛŮůŬɑɞɡ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ əŬɗɩɠ əŬɘ Űɤɜ ŬɜŰɑůŰɞɘɢɤɜ 

ɜŬɜɞůɡɜɗɏŰɤɜ Űɖɠ ɛɏůɤ Űɖɠ ɛŮŰŬɓɞɚɐɠ Űɖɠ ŮɜɗŬɚˊɑŬɠ ñɣɡɢɟɐɠò əɟɡůŰɎɚɚɤůɖɠ Űɞɡ 

ŮɚŬůŰɞɛŮɟɞɨɠ. ȼ ɛŮɑɤůɖ Űɖɠ ŮɜɗŬɚˊɑŬɠ ˊɞɡ ˊŬɟŬŰɖɟɐɗɖəŮ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ŬɜŰɑŭɟŬůɖɠ 

ɞűŮɑɚŮŰŬɘ ůŰɖɜ Ŭɨɝɖůɖ Űɤɜ ůŰŬɡɟɞŭŮůɛɩɜ ɚɧɔɤ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ əŬɘ əŬŰɎ ůɡɜɏˊŮɘŬ ůŰɖ 

ɛŮɑɤůɖ Űɖɠ əɘɜɖŰɘəɧŰɖŰŬɠ Űɤɜ ŮɚŮɨɗŮɟɤɜ Ɏəɟɤɜ Űɤɜ Ŭɚɡůɑŭɤɜ. ȷˊɧ Űɖ ɛŮɚɏŰɖ ɛŮ Űɖɜ 

ŰŮɢɜɘəɐ ŬɡŰɐ ˊŬɟŬŰɖɟŮɑŰŬɘ ɓɟŬŭŮɑŬ Ůɝɏɚɘɝɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ Űɖɠ ɛɖ Ůɜɘůɢɡɛɏɜɖɠ 

ˊɞɚɡůɘɚɞɝɎɜɖɠ ůŰŬ ˊɟɩŰŬ 200min (ɢɟɧɜɞɠ ŮˊɩŬůɖɠ) əŬɘ ŬˊɧŰɞɛɖ ŮˊɘŰɎɢɡɜůɖ Űɖɠ 

ŬɜŰɑŭɟŬůɖɠ ůŰɖ ůɡɜɏɢŮɘŬ, Ůɜɩ ŰŬ ɡɓɟɘŭɘəɎ ůɡůŰɐɛŬŰŬ ˊŬɟɞɡůɑŬůŬɜ ɔɟŬɛɛɘəɐ Ůɝɏɚɘɝɖ Űɖɠ 

ɛŮŰŬŰɟɞˊɐɠ ůŮ ůɡɜɎɟŰɖůɖ ɛŮ Űɞ ɢɟɧɜɞ. ȷˊɧ Űɖ ůɡɔəɟɘŰɘəɐ ɛŮɚɏŰɖ Űɖɠ ŮˊɑŭɟŬůɖɠ Űɤɜ 

ŭɘŬűɧɟɤɜ ɛɏůɤɜ Ůɜɑůɢɡůɖɠ ŭɘŬˊɘůŰɩɗɖəŮ ɧŰɘ ɖ ŮɘůŬɔɤɔɐ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Űɞɡ 

Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ ŮˊɘŰŬɢɨɜŮɘ ůɖɛŬɜŰɘəɎ Űɖɜ ŬɜŰɑŭɟŬůɖ, ůŮ ůɢɏůɖ ɛŮ 

Űɞ ůɨůŰɖɛŬ Űɖɠ ɛɖ-Ůɜɘůɢɡɛɏɜɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ, ŬəɞɚɞɡɗŮɑ ɞ Űɟɞˊɞˊɞɘɖɛɏɜɞɠ 

ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖɠ Cloisite 20A əŬɘ Űɏɚɞɠ Űɞ Cloisite 30B. ɀŮ Űɖ űŬůɛŬŰɞůəɞˊɑŬ ɡˊŮɟɨɗɟɞɡ 

ɛŮ ɛŮŰŬůɢɖɛŬŰɘůɛɧ Fourier (FTIR-ATR) ɏɔɘɜŮ əŬŰŬɔɟŬűɐ Űɖɠ ˊɟɞɧŭɞɡ Űɖɠ ŬɜŰɑŭɟŬůɖɠ Ŭˊɧ 

Űɖ ɛŮŰŬɓɞɚɐ Űɞɡ ŮɛɓŬŭɞɨ Űɖɠ əɞɟɡűɐɠ 1200-900 cm
-1
, ɖ ɞˊɞɑŬ ŬɜŰɘůŰɞɘɢŮɑ ŭɧɜɖůɖ Űɤɜ 

ŭŮůɛɩɜ Si-O-Si Űɤɜ ŭɘŬůŰŬɡɟɞɨɛŮɜɤɜ ůɡɜŭɏůŮɤɜ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ.  

ȼ ŮˊɑŭɟŬůɖ Űɤɜ ŭɘɎűɞɟɤɜ ŬɜɧɟɔŬɜɤɜ ɛɏůɤɜ Ůɜɑůɢɡůɖɠ ůŰɞ ɓɞɡɚəŬɜɘůɛɧ 

ˊɞɚɡůɘɚɞɝɎɜɖɠ ɛŮ ŬəɟŬɑŮɠ ɓɘɜɡɚɘəɏɠ ɞɛɎŭŮɠ ˊɞɡ ŬəɞɚɞɡɗŮɑ ɛɖɢŬɜɘůɛɧ ˊɟɞůɗɐəɖɠ, 

ɛŮɚŮŰɐɗɖəŮ Ŭˊɧ Űɞ ŮɝɩɗŮɟɛɞ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɛɏůɤ Űɖɠ ŭɘŬűɞɟɘəɐɠ ɗŮɟɛɘŭɞɛŮŰɟɑŬɠ ůɎɟɤůɖɠ, 

əŬɗɩɠ əŬɘ ɛŮ űŬůɛŬŰɞůəɞˊɑŬɠ ɡˊŮɟɨɗɟɞɡ ɛŮ ɛŮŰŬůɢɖɛŬŰɘůɛɧ Fourier. ȷˊɧ Űɖɜ ŰŮɢɜɘəɐ 

DSC, ɛŮ ŭɡɜŬɛɘəɎ əŬɘ ɘůɞɗŮɟɛɞəɟŬůɘŬəɎ ˊŮɘɟɎɛŬŰŬ, ŭɘŬˊɘůŰɩɗɖəŮ ɧŰɘ ɞ ɛɖ Űɟɞˊɞˊɞɘɖɛɏɜɞɠ 

ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖɠ ŮˊɘŰŬɢɨɜŮɘ ůŮ ɛŮɔŬɚɨŰŮɟɞ ɓŬɗɛɧ Űɖɜ ŬɜŰɑŭɟŬůɖ ůŮ ůɢɏůɖ ɛŮ Űɖɜ ɛɖ 

Ůɜɘůɢɡɛɏɜɖ ˊɞɚɡůɘɚɞɝɎɜɖ, Ŭəɞɚɞɡɗɞɨɜ ɞ ɡŭɟɞɝɡŬˊŬŰɑŰɖɠ, Űɞ ŭɘɞɝŮɑŭɘɞ Űɞɡ ˊɡɟɘŰɑɞɡ əŬɘ Űɞ 

Cloisite 20A. ɈůŰɏɟɖůɖ ůŰɖɜ Ůɝɏɚɘɝɖ əŬɘ ɞɚɞəɚɐɟɤůɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ůŮ ůɢɏůɖ ɛŮ Űɖɜ 

ˊɞɚɡůɘɚɞɝɎɜɖ ŬɜŬűɞɟɎɠ ɏŭɤůŮ Űɞ ɡɓɟɘŭɘəɧ ůɨůŰɖɛŬ Űɞɡ Cloisite 30B, ůɡɛˊŮɟɘűɞɟɎ ˊɞɡ 

ůɡɜŭɏŮŰŬɘ ɛŮ Űɖɜ Ŭɡɝɖɛɏɜɖɠ ˊɞɚɘəɧŰɖŰŬɠ ɞɟɔŬɜɘəɐ Űɟɞˊɞˊɞɑɖůɖ Űɞɡ ɛɏůɞɡ ŬɡŰɞɨ. ɆŰŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ɘůɞɗŮɟɛɞəɟŬůɘŬəɩɜ ˊŮɘɟŬɛɎŰɤɜ ɏɔɘɜŮ ˊɟɞůŬɟɛɞɔɐ əɘɜɖŰɘəɞɨ ɛɞɜŰɏɚɞɡ 

ɓŬůɘůɛɏɜɞɡ ůŰɖɜ ŬɡŰɞəŬŰɎɚɡůɖ Ůɜɩ ůŰɘɠ ɛɖ ɘůɞɗŮɟɛɞəɟŬůɘŬəɏɠ ůɡɜɗɐəŮɠ ˊɟɞůŬɟɛɧůŰɖəŬɜ 

ɞɘ ŮɝɘůɩůŮɘɠ Űɤɜ Ⱦissinger əŬɘ Ozawa, ɔɘŬ Űɞɜ ɡˊɞɚɞɔɘůɛɧ əɘɜɖŰɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ ɧˊɤɠ ɖ 

ŮɜɏɟɔŮɘŬ ŮɜŮɟɔɞˊɞɑɖůɖɠ. 

ȷəɞɚɞɨɗɖůŮ ŮəŰŮɜɐɠ ɛŮɚɏŰɖ Űɤɜ ɗŮɟɛɞɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ, ɏŰůɘ ɩůŰŮ ɜŬ ɔɑɜŮɘ ůŬűɐɠ 

ůɡůɢɏŰɘůɖ ɛŮŰŬɝɨ ŭɞɛɐɠ əŬɘ ɘŭɘɞŰɐŰɤɜ Űɞɡ ɡɚɘəɞɨ. ȼ ˊɟɞəɨˊŰɞɡůŬ ŭɞɛɐ ɛŮŰɎ Űɖɜ 

ŮɜůɤɛɎŰɤůɖ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ ɛŮɚŮŰɐɗɖəŮ ɛɏůɤ Űɖɠ ˊŮɟɑɗɚŬůɖɠ 

ŬəŰɑɜɤɜ ɉ (XRD). ȺˊɘɓŮɓŬɘɩɗɖəŮ ɧŰɘ ɖ Ŭɨɝɖůɖ Űɞɡ ˊɞůɞůŰɞɨ Űɖɠ ɞɟɔŬɜɘəɐɠ Űɟɞˊɞˊɞɑɖůɖɠ 

əŬɘ Ůˊɞɛɏɜɤɠ Űɞɡ ŭɘŬəɏɜɞɡ ɛŮŰŬɝɨ Űɤɜ űɘɚɘŭɑɤɜ Űɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ, ŮɡɜɞŮɑ Űɖɜ ŮɘůŬɔɤɔɐ 

Űɤɜ Ŭɚɡůɑŭɤɜ Űɞɡ ŮɚŬůŰɞɛŮɟɞɨɠ ŬɜɎɛŮůɎ Űɞɡɠ, ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ŮɑɜŬɘ ŮɡəɞɚɧŰŮɟɖ ɖ 

ŭɘɎɜɞɘɝɖ əŬɘ ɖ ŭɘŬůˊɞɟɎ Űɞɡɠ ůŰɖ ɛɎɕŬ Űɞɡ ŮɚŬůŰɞɛŮɟɞɨɠ.  

ȷˊɧ Űɖ ɗŮɟɛɞɓŬɟɡɛŮŰɟɘəɐ ŬɜɎɚɡůɖ (TGA) ŭɘŬˊɘůŰɩɗɖəŮ ɧŰɘ ɖ ŮɜůɤɛɎŰɤůɖ Űɤɜ ŭɨɞ 

ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɤɜ Ŭɟɔɑɚɤɜ (Cloisite 20A əŬɘ Cloisite 30B) ůŮ ɧɚŬ ŰŬ ŮɝŮŰŬɕɧɛŮɜŬ 

ɛɞɟɘŬəɎ ɓɎɟɖ Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ ůɡɛˊɨəɜɤůɖɠ, ɞŭɐɔɖůŮ ůŮ ůɖɛŬɜŰɘəɐ Ůɜɑůɢɡůɖ Űɖɠ 

ɗŮɟɛɘəɐɠ ůŰŬɗŮɟɧŰɖŰŬɠ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ, ɛŮ Ŭɨɝɖůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ ɏɜŬɟɝɖɠ əŬɘ Űɞɡ 

ɛɏɔɘůŰɞɡ ɟɡɗɛɞɨ Ŭˊɞŭɧɛɖůɖɠ ůŮ ɧɚŮɠ ŮɝŮŰŬɕɧɛŮɜŮɠ  ŬɜŬɚɞɔɑŮɠ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ Ŭˊɧ 10-

30
ɞ
C. ȷɜɎɚɞɔɖ ůɡɛˊŮɟɘűɞɟɎ ŭɘŬˊɘůŰɩɜŮŰŬɘ əŬɘ əŬŰɎ Űɖɜ ŮɘůŬɔɤɔɐ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ 

ɡŭɟɞɝɡŬˊŬŰɑŰɖ ůŰɖɜ ɛɎɕŬ Űɞɡ ŮɚŬůŰɞɛŮɟɞɨɠ. ȼ ŮɜůɤɛɎŰɤůɖ Űɞɡ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ əŬɘ 
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Űɞɡ ɓɘɞŭɟŬůŰɘəɞɨ ɔɡŬɚɘɞɨ ɞŭɐɔɖůŬɜ ůŮ ɛŮɑɤůɖ Űɖɠ ɗŮɟɛɘəɐɠ ůŰŬɗŮɟɧŰɖŰŬɠ Űɞɡ ɡɚɘəɞɨ. ȼ 

ŮɜůɤɛɎŰɤůɖ Űɤɜ ŭɨɞ Űɨˊɤɜ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ (Cloisite 20A əŬɘ 

Cloisite 30B) əŬɗɩɠ əŬɘ Űɞɡ ɛɖ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ůŰɖɜ ˊɞɚɡůɘɚɞɝɎɜɖ ˊɟɞůɗɐəɖɠ, ɞŭɖɔŮɑ ůŮ 

ɛŮɑɤůɖ Űɖɠ ɗŮɟɛɘəɐɠ ůŰŬɗŮɟɧŰɖŰŬɠ ůɡɔəɟɘŰɘəɎ ɛŮ Űɖɜ ɛɖ Ůɜɘůɢɡɛɏɜɖ ˊɞɚɡůɘɚɞɝɎɜɖ.  

ɀɏůɤ Űɖɠ ŭɘŬűɞɟɘəɐɠ ɗŮɟɛɘŭɞɛŮŰɟɑŬɠ ůɎɟɤůɖɠ ˊŬɟŬŰɖɟɐɗɖəŮ ɧŰɘ ŰŬ ɛɏůŬ Ůɜɑůɢɡůɖɠ 

ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ, ɛŮɘɩɜɞɡɜ Űɖ ɗŮɟɛɞəɟŬůɑŬ çɣɡɢɟɐɠè əɟɡůŰɎɚɚɤůɖɠ ůŮ ɧɚŬ ŰŬ 

ŮɝŮŰŬɕɧɛŮɜŬ ɛɞɟɘŬəɎ ɓɎɟɖ Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ ůɡɛˊɨəɜɤůɖɠ əŬɘ ˊɟɞůɗɐəɖɠ, ŭɘŬŰɖɟɩɜŰŬɠ 

ůɢŮŭɧɜ ŬɜŮˊɖɟɏŬůŰŮɠ Űɘɠ ɗŮɟɛɞəɟŬůɑŮɠ ɡŬɚɩŭɞɡɠ ɛŮŰɎˊŰɤůɖɠ əŬɘ Űɐɝɖɠ. Ⱥˊɑůɖɠ, ɛɘəɟɐ ŰɎůɖ 

ɛŮɑɤůɖɠ ˊŬɟɞɡůɘɎɕɞɡɜ ɞɘ ŮɜɗŬɚˊɑŮɠ əɟɡůŰɎɚɚɤůɖɠ əŬɘ Űɐɝɖɠ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ, ůŮ ůɢɏůɖ 

ɛŮ Űɖɜ əŬɗŬɟɐ ůɘɚɘəɧɜɖ.  

ɄɟɞəŮɘɛɏɜɞɡ ɜŬ ɛŮɚŮŰɖɗɞɨɜ ɞɘ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ ˊɞɚɡůɘɚɞɝɎɜɖɠ, 

ŭɘŮɝɐɢɗɖůŬɜ ŭɞəɘɛɏɠ ŮűŮɚəɡůɛɞɨ. ȼ ŮɜůɤɛɎŰɤůɖ Űɞɡ Cloisite 20A ůŰŬ ůɨɜɗŮŰŬ 

ˊɞɚɡůɘɚɞɝɎɜɖɠ ůɡɛˊɨəɜɤůɖɠ ɢŬɛɖɚɞɨ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ, ɞŭɖɔŮɑ ůŰɖ ɛŮɔŬɚɨŰŮɟɖ Ŭɨɝɖůɖ Űɖɠ 

ŬɜŰɞɢɐɠ ůŮ ŮűŮɚəɡůɛɧ, Ŭəɞɚɞɡɗɞɨɜ ŰŬ ůɨɜɗŮŰŬ ɛŮ ɓɘɞŭɟŬůŰɘəɧ ɔɡŬɚɑ, ŰŬ ůɨɜɗŮŰŬ 

Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ, ŰŬ ůɨɜɗŮŰŬ Cloisite 30B Ůɜɩ ɞ ɡŭɟɞɝɡŬˊŬŰɑŰɖɠ ŭŮɜ 

ˊŬɟɞɡůɘɎɕŮɘ ŮɜɘůɢɡŰɘəɐ ŭɟɎůɖ ɧůɞɜ ŬűɞɟɎ Űɖɜ ɘŭɘɧŰɖŰŬ ŬɡŰɐ. ɇɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ 

ŮɜɘůɢɨŮŰŬɘ ůŮ ůɖɛŬɜŰɘəɧ ɓŬɗɛɧ ɛŮ Űɖɜ ŮɜůɤɛɎŰɤůɖ Űɤɜ ŭɨɞ Űɨˊɤɜ ɞɟɔŬɜɘəɎ 

Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ əŬɘ Ŭəɞɚɞɡɗɞɨɜ ŰŬ ɜŬɜɞůɨɜɗŮŰŬ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ, 

Ůɜɩ ˊŬɟŬɛɏɜŮɘ ůɢŮŭɧɜ ŬɜŮˊɖɟɏŬůŰɞ Ŭˊɧ Űɖɜ ˊɟɞůɗɐəɖ ɡŭɟɞɝɡŬˊŬŰɑŰɖ əŬɘ ɓɘɞŭɟŬůŰɘəɞɨ 

ɔɡŬɚɘɞɨ. ȼ ŮɜɘůɢɡŰɘəɐ ŭɟɎůɖ Űɤɜ ŮɝŮŰŬɕɞɛɏɜɤɜ Ůɛˊɞɟɘəɩɜ ɛɞɜŰɛɞɟɘɚɚɞɜɘŰɩɜ 

ŮˊɘɓŮɓŬɘɩɜŮŰŬɘ əŬɘ ůŰŬ ɛŮɔŬɚɨŰŮɟŬ ɛɞɟɘŬəɎ ɓɎɟɖ Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ ůɡɛˊɨəɜɤůɖɠ, ɛŮ 

ůɖɛŬɜŰɘəɐ ɡˊŮɟɞɢɐ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ ˊɞɡ ŮɜɘůɢɨɞɜŰŬɘ ɛŮ Cloisite 20A. ȳůɞɜ ŬűɞɟɎ ŰŬ 

ɜŬɜɞůɨɜɗŮŰŬ Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ, ˊŬɟŬŰɖɟɐɗɖəŮ ɛɘəɟɐ Ŭɨɝɖůɖ ůŰɖɜ ŬɜŰɞɢɐ ůŮ 

ŮűŮɚəɡůɛɧ əŬɘ ůŰɖɜ ˊŬɟŬɛɧɟűɤůɖɠ ůŰɖ ɗɟŬɨůɖ ɛŮ Űɖɜ ˊɟɞůɗɐəɖ Űɤɜ ŮɝŮŰŬɕɞɛɏɜɤɜ 

ɛɞɜŰɛɞɟɘɚɚɞɜɘŰɩɜ, ɛŮ ɛɘəɟɐ ɡˊŮɟɞɢɐ Űɞɡ Cloisite 20A. ɇɏɚɞɠ, Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ ŭŮɜ 

ˊŬɟɞɡůɘɎɕŮɘ ůɖɛŬɜŰɘəɐ ŭɘŬűɞɟɞˊɞɑɖůɖ ůŮ əŬɜɏɜŬ Ŭˊɧ ŰŬ ɡˊɧ ɛŮɚɏŰɖ ůɡůŰɐɛŬŰŬ.  

ȼ ŮɜůɤɛɎŰɤůɖ Űɤɜ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɤɜ ɛɞɜŰɛɞɟɘɚɚɞɜɘŰɩɜ ŬɡɝɎɜŮɘ Űɘɠ Űɘɛɏɠ Űɖɠ 

ŮˊɘűŬɜŮɘŬəɐɠ ůəɚɖɟɧŰɖŰŬɠ əŬɘ Űɖɠ ŬɜŰɞɢɐɠ ůŮ ůɢɘůɛɧ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ ůŮ ɧɚŮɠ Űɘɠ 

ŮɝŮŰŬɕɧɛŮɜŮɠ ˊɞɚɡůɘɚɞɝɎɜŮɠ. ɆŮ ɧɚŬ ŰŬ ŮɝŮŰŬɕɧɛŮɜŬ ɛɞɟɘŬəɎ ɓɎɟɖ ˊɞɚɡůɘɚɞɝɎɜɖɠ 

ůɡɛˊɨəɜɤůɖɠ əŬɘ ˊɟɞůɗɐəɖɠ ɖ ŮɜůɤɛɎŰɤůɖ Űɞɡ Cloisite 20A, ɞŭɐɔɖůŮ ůŰɘɠ ɡɣɖɚɧŰŮɟŮɠ 

Űɘɛɏɠ ɏɜŬɜŰɘ Űɤɜ ɡˊɞɚɞɑˊɤɜ ɛɏůɤɜ Ůɜɑůɢɡůɖɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ. ɀɘəɟɐ ɛŮɑɤůɖ Űɖɠ 

ŬɜŰɞɢɐɠ ůŮ ůɢɘůɛɧ ŭɘŬˊɘůŰɩɜŮŰŬɘ ůŰŬ ůɨɜɗŮŰŬ Űɞɡ ŭɘɞɝŮɑŭɘɞ Űɞɡ ˊɡɟɘŰɑɞɡ əŬɘ Űɞɡ 

ɡŭɟɞɝɡŬˊŬŰɑŰɖ.  

ũɘŬ ɜŬ ůɡůɢŮŰɘůɗŮɑ əŬɘ ɜŬ ŬɝɘɞɚɞɔɖɗŮɑ ɖ ŮˊɑŭɟŬůɖ Űɖɠ ˊɡəɜɧŰɖŰŬɠ ˊɚɏɔɛŬŰɞɠ Űɖɠ 

ˊɞɚɡůɘɚɞɝɎɜɖɠ ůŰɘɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ŮɝŮŰŬɕɞɛɏɜɤɜ ɡɓɟɘŭɘəɩɜ Űɖɠ ůɡůŰɖɛɎŰɤɜ, 

ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ˊŮɘɟɎɛŬŰŬ ŭɘɧɔəɤůɖɠ ůŮ Űɞɚɞɡɏɜɘɞ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ. ɆŮ ɧɚɞɡɠ 

Űɞɡɠ Űɨˊɞɡɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ əŬɗɩɠ əŬɘ ɛŮ Űɖɜ ŮɘůŬɔɤɔɐ ɧɚɤɜ Űɤɜ Űɨˊɤɜ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ, 

ŭɘŬˊɘůŰɩɗɖəŮ ɛŮɑɤůɖ ůŰɞ ˊɞůɞůŰɧ Űɖɠ ŭɘɧɔəɤůɖɠ, Ůɜɩ ɖ ɛŮɑɤůɖ ŬɡŰɐ ɔɑɜŮŰŬɘ ɛŮɔŬɚɨŰŮɟɖ, 

ɧůɞ ŬɡɝɎɜŮɘ Űɞ ˊŮɟɘŮɢɧɛŮɜɞ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ůŰɖɜ ˊɞɚɡůɘɚɞɝɎɜɖ. ɆŰŬ ůɨɜɗŮŰŬ 

ˊɞɚɡůɘɚɞɝɎɜɖɠ ůɡɛˊɨəɜɤůɖɠ, ůŮ ɧɚŬ ŰŬ ŮɝŮŰŬɕɧɛŮɜŬ ɛɞɟɘŬəɎ ɓɎɟɖ, ŭɘŬˊɘůŰɩɜŮŰŬɘ 

ůɖɛŬɜŰɘəɧŰŮɟɖ ɛŮɑɤůɖ Űɞɡ ˊɞůɞůŰɞɨ ŭɘɧɔəɤůɖɠ ɔɘŬ ŰŬ ůɨɜɗŮŰŬ Cloisite 20A ůɡɔəɟɘŰɘəɎ ɛŮ 

ŰŬ ɜŬɜɞůɨɜɗŮŰŬ ˊɞɡ ˊŮɟɘɏɢɞɡɜ Cloisite 30B, ůɡɜŮˊɩɠ əŬɘ ɖ ŭɖɛɘɞɡɟɔɑŬ ˊŮɟɘůůɧŰŮɟɤɜ 

ŬɚɚɖɚŮˊɘŭɟɎůŮɤɜ ŭŮůɛɩɜ ˊɚɏɔɛŬŰɞɠ. Ⱥˊɑůɖɠ, Űɞ ŭɘɞɝŮɑŭɘɞ Űɞɡ ˊɡɟɘŰɑɞɡ, ɞ ɡŭɟɞɝɡŬˊŬŰɑŰɖɠ 

əŬɘ Űɞ ɓɘɞŭɟŬůŰɘəɧ ɔɡŬɚɑ ɞŭɖɔɞɨɜ ůŮ ůɖɛŬɜŰɘəɐ ɛŮɑɤůɖ Űɞɡ ˊɞůɞůŰɞɨ ŭɘɧɔəɤůɖɠ, 

ůɡɔəɟɘŰɘəɎ ɛŮ Űɖɜ ɛɖ Ůɜɘůɢɡɛɏɜɖ ˊɞɚɡůɘɚɞɝɎɜɖ.  



 

 
 

 

vi 

 

ɆŰŬ ŮɝŮŰŬɕɧɛŮɜŬ ɡɓɟɘŭɘəɎ ůɡůŰɐɛŬŰŬ ˊɞɚɡůɘɚɞɝɎɜɖɠ ŮɚɏɔɢɗɖəŮ ɖ ůɡɛˊŮɟɘűɞɟɎ Űɞɡɠ  

ůŮ ŮˊɘɚŮɔɛɏɜŮɠ ɓɘɞɥŬŰɟɘəɏɠ ŮűŬɟɛɞɔɏɠ, ŮɝŮŰɎɕɞɜŰŬɠ Űɖ ɓɘɞůɡɛɓŬŰɧŰɖŰŬ əŬɘ ɎɚɚŮɠ əɟɑůɘɛŮɠ 

əŬŰɎ ˊŮɟɑˊŰɤůɖ ůɢŮŭɘŬůŰɘəɏɠ ˊŬɟŬɛɏŰɟɞɡɠ. ȿŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɖ ŰŬ əɚɘɜɘəɎ ˊɟɞɓɚɐɛŬŰŬ 

ˊɞɡ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ əŬŰɎ Űɖ ɢɟɐůɖ Űɤɜ ůɘɚɘəɞɜɩɜ ůŮ ŮűŬɟɛɞɔɏɠ ɔɜŬɗɞˊɟɞůɤˊɘəɐɠ 

ˊɟɞůɗŮŰɘəɐɠ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ˊŮɘɟɎɛŬŰŬ ŮˊɘŰŬɢɡɜɧɛŮɜɖɠ ɔɐɟŬɜůɖɠ ůŮ ɜŬɜɞůɨɜɗŮŰŬ 

ˊɞɚɡůɘɚɞɝɎɜɖɠ ůɡɛˊɨəɜɤůɖɠ ˊɞɡ ŮɜɘůɢɨɗɖəŮ ɛŮ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɞ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ 

(Cloisite 30B) əŬɗɩɠ əŬɘ ůŮ ŭɞəɑɛɘŬ ŬɜŬűɞɟɎɠ. ȹɘŬˊɘůŰɩɗɖəŮ ɧŰɘ ɖ Ůɜɑůɢɡůɖ Űɖɠ əŬɗŬɟɐɠ 

ůɘɚɘəɧɜɖɠ ɛŮ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ ɞŭɖɔŮɑ ůŮ ůŰŬɗŮɟɧŰŮɟŮɠ ŭɞɛɏɠ ɛŮ ɛɘəɟɧŰŮɟɖ ɡˊɞɓɎɗɛɘůɖ Űɤɜ 

ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ. ȷˊɧ ŰŬ ˊŮɘɟɎɛŬŰŬ ŭɘɧɔəɤůɖɠ ůŮ Űɞɚɞɡɏɜɘɞ ŭɘŬˊɘůŰɩɗɖəŮ ɧŰɘ ɖ 

ŮˊɘŰŬɢɡɜɧɛŮɜɖ ɔɐɟŬɜůɖ ŭŮɜ ŮˊɖɟŮɎɕŮɘ Űɖɜ ˊɡəɜɧŰɖŰŬ Űɞɡ ˊɚɏɔɛŬŰɞɠ Űɞɡ ɜŬɜɞůɡɜɗɏŰɞɡ, Ůɜɩ 

ɛŮɑɤůɖ əŬŰŬɔɟɎűɖəŮ ůŰŬ ŭɞəɑɛɘŬ Űɖɠ ɛɖ-Ůɜɘůɢɡɛɏɜɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ. ȷ́ ɧ Űɖ ɛŮɚɏŰɖ Űɖɠ 

ůɡɜɞɚɘəɐɠ ɛŮŰŬɓɞɚɐɠ Űɞɡ ɢɟɩɛŬŰɞɠ, ˊŬɟŬŰɖɟɐɗɖəŮ ɧŰɘ ɖ ŮɘůŬɔɤɔɐ Űɞɡ Cloisite 30B 

ɓŮɚŰɘɩɜŮɘ ůɖɛŬɜŰɘəɎ Űɖɜ ɢɟɤɛŬŰɘəɐ ůŰŬɗŮɟɧŰɖŰŬ ŭɞəɘɛɑɤɜ ɓŬɛɛɏɜɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ ɛŮ 

əɑŰɟɘɜɖ əŬɘ ˊɟɎůɘɜɖ ɢɟɤůŰɘəɐ.  

ɆŰɖ ůɡɜɏɢŮɘŬ ɛŮɚŮŰɐɗɖəŮ ɖ in-vitro ŬˊɞŭɏůɛŮɡůɖ Űɖɠ ɡŭɟɧűɘɚɖɠ ɛŮŰɟɞɜɘŭŬɕɧɚɖɠ Ŭˊɧ 

ůɡůŰɐɛŬŰŬ ɛɐŰɟŬɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ, əŬɗɩɠ əŬɘ Űɤɜ ŬɜŰɑůŰɞɘɢɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ Űɖɠ ɛŮ Cloisite 

30B. ȼ ŮɜůɤɛɎŰɤůɖ Űɞɡ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ, ɛŮɘɩɜŮɘ Űɞ ˊɞůɞůŰɧ 

ŬˊɞŭɏůɛŮɡůɖɠ əŬɘ ˊŮɟɘɞɟɑɕŮɘ Űɞ űŬɘɜɧɛŮɜɞ ŮəŰɑɜŬɝɖɠ. ȼ Ŭɨɝɖůɖ ůŰɞ ɛɞɟɘŬəɧ ɓɎɟɞɠ Űɖɠ 

ˊɞɚɡůɘɚɞɝɎɜɖɠ, ˊɞɡ ůɡɜɞŭŮɨŮŰŬɘ Ŭˊɧ ŬɜŰɑůŰɞɘɢɖ ɛŮɑɤůɖ Űɖɠ ˊɡəɜɧŰɖŰŬɠ Űɞɡ ˊɚɏɔɛŬŰɞɠ Űɞɡ 

ŮɚŬůŰɞɛŮɟɞɨɠ, ɛŮɘɩɜŮɘ Űɞ ɟɡɗɛɧ əŬɘ Űɞ ˊɞůɞůŰɧ ŬˊɞŭɏůɛŮɡůɖɠ ɔŮɔɞɜɧɠ ˊɞɡ űŬɜŮɟɩɜŮɘ ɧŰɘ ɖ 

ŭɘɎɢɡůɖ ŭŮɜ ŮɑɜŬɘ ɞ əɡɟɑŬɟɢɞɠ ɛɖɢŬɜɘůɛɧɠ ɛŮŰŬűɞɟɎɠ Űɖɠ ɛŮŰɟɞɜɘŭŬɕɧɚɖɠ ɔɘŬ Űɞ 

ůɡɔəŮəɟɘɛɏɜɞ ůɨůŰɖɛŬ ɛɐŰɟŬɠ. ȼ ůɡɛˊŮɟɘűɞɟɎ ŬɡŰɐ ůɡɜŭɏŮŰŬɘ ɛŮ Űɞ ˊŬɟŬˊɟɞɥɧɜ Űɖɠ 

ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ Űɖɜ ˊɟɞˊŬɜɧɚɖ, ɖ ůɡɔəɏɜŰɟɤůɖ Űɖɠ ɞˊɞɑŬɠ ŬɜɏɟɢŮŰŬɘ ɧůɞ 

ŬɡɝɎɜŮŰŬɘ ɖ ůɡɔəɏɜŰɟɤůɖ Űɤɜ ŬəɟŬɑɤɜ ɡŭɟɞɝɡɚɘəɩɜ ɞɛɎŭɤɜ ůŰŬ ůɡůŰɐɛŬŰŬ ɢŬɛɖɚɞɨ 

ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ, əŬɗɩɠ əŬɘ ɛŮ Űɞ ɛɖɢŬɜɘůɛɧ ŭɘŬɚɨŰɤůɖɠ Űɞɡ űŬɟɛɎəɞɡ əŬɘ Űɖɠ 

ŭɖɛɘɞɡɟɔɑŬɠ əŬɜŬɚɘɩɜ ˊɞɡ ůɡɛɓɎɚɚɞɡɜ  ůŰɖ ŭɘŬŭɘəŬůɑŬ ŬˊɞŭɏůɛŮɡůɖɠ. ɇɏɚɞɠ, ůɡɔəɟɑɜɞɜŰŬɠ 

Űɞɡ ŭɨɞ ŭɘŬűɞɟŮŰɘəɞɨɠ Űɨˊɞɡɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ, ŭɘŬˊɘůŰɩɜŮŰŬɘ ɧŰɘ ɖ ˊɞɚɡůɘɚɞɝɎɜɖ ˊɟɞůɗɐəɖɠ 

ɢŬɛɖɚɞɨ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ ɞŭɖɔŮɑ Űɖɜ ŬˊɞŭɏůɛŮɡůɖ ůŮ ɢŬɛɖɚɧŰŮɟŬ ŮˊɑˊŮŭŬ ůɡɔəɟɘŰɘəɎ ɛŮ 

Űɖɜ ŬɜŰɑůŰɞɘɢɞɡ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ ˊɞɚɡůɘɚɞɝɎɜɖ ůɡɛˊɨəɜɤůɖɠ.  

ũɘŬ Űɞɜ in-vitro ɏɚŮɔɢɞ Űɖɠ ɓɘɞůɡɛɓŬŰɧŰɖŰŬɠ Űɤɜ ɡɓɟɘŭɘəɩɜ ůɡůŰɖɛɎŰɤɜ 

ˊɞɚɡůɘɚɞɝɎɜɖɠ, ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ˊŮɘɟɎɛŬŰŬ ŮɛɓɎˊŰɘůɖɠ ůŮ ŭɘɎɚɡɛŬ ˊɟɞůɞɛɞɑɤůɖɠ Űɤɜ 

ůɤɛŬŰɘəɩɜ ɡɔɟɩɜ, ɏŰůɘ ɩůŰŮ ɜŬ ˊɟɞůŭɘɞɟɘůŰŮɑ ɖ ŭɖɛɘɞɡɟɔɑŬ ɡŭɟɞɝɡŬˊŬŰɑŰɖ ůŰɖɜ ŮˊɘűɎɜŮɘŬ 

Űɞɡ ɡɚɘəɞɨ. ȼ ŮɝɏŰŬůɖ Űɤɜ ŭɞəɘɛɑɤɜ ɛŮ ɖɚŮəŰɟɞɜɘəɐ ɛɘəɟɞůəɞˊɑŬ ůɎɟɤůɖɠ ůŮ ůɡɜŭɡŬůɛɧ 

ɛŮ ůŰɞɘɢŮɘŬəɐ ŬɜɎɚɡůɖ EDAX, ɏŭŮɘɝŮ ˊɡɟɐɜŮɠ ŮˊɘűŬɜŮɘŬəɞɨ ɡŭɟɞɝɡŬˊŬŰɑŰɖ ůŮ ɧɚŬ ŰŬ 

ŮɝŮŰŬɕɧɛŮɜŬ ůɡůŰɐɛŬŰŬ Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ ɘŭɘŬɑŰŮɟŬ ɛŮŰɎ Ŭˊɧ 40 ɖɛɏɟŮɠ ŮɛɓɎˊŰɘůɖɠ ůŰɞ 

ŭɘɎɚɡɛŬ. ȼ ˊŬɟŬŰɐɟɖůɖ ŬɡŰɐ ŮɑɜŬɘ ůɖɛŬɜŰɘəɐ ɔɘŬŰɑ ɖ ŭɖɛɘɞɡɟɔɑŬ ůŰɟɩɛŬŰɞɠ ɡŭɟɞɝɡŬˊŬŰɑŰɖ  

ŮɡɜɞŮɑ Űɖ ŭɘŮˊɘűŬɜŮɘŬəɐ ůɡɔəɧɚɚɖůɖ ˊɟɞůɗɏůŮɤɜ əŬɘ ŮɛűɡŰŮɡɛɎŰɤɜ Ŭˊɧ ˊɞɚɡůɘɚɞɝɎɜɖ ɛŮ 

Űɞ ˊŮɟɘɓɎɚɚɞɜ ɞůŰɩɜ əŬɘ ɛŬɚŬəɩɜ ɘůŰɩɜ.  

ɇɏɚɞɠ, ɞ ɏɚŮɔɢɞɠ Űɖɠ ɓɘɤůɘɛɧŰɖŰŬɠ Űɤɜ əɡŰŰɎɟɤɜ (əɡŰŰŬɟɘəɐ ůŮɘɟɎ ɘɜɞɓɚŬůŰɩɜ 3ɇ3 

əŬɘ ɞůŰŮɞɓɚŬůŰɩɜ MG 63) ɏɔɘɜŮ ɛŮ Űɖɜ ˊɞůɞŰɘəɞˊɞɑɖůɖ Űɤɜ ŮɜŮɟɔɩɜ ɛɘŰɞɢɞɜŭɟɑɤɜ ůŰŬ 

ɛŮɚŮŰɩɛŮɜŬ əɨŰŰŬɟŬ (MTT assay) əŬɘ ɛŮ Űɖ ɛŮɚɏŰɖ Űɖɠ ɛɞɟűɞɚɞɔɑŬɠ Űɤɜ əɡŰŰɎɟɤɜ ɛɏůɤ 

ɖɚŮəŰɟɞɜɘəɞɨ əŬɘ ɞˊŰɘəɞɨ ɛɘəɟɞůəɞˊɑɞɡ. ȹɘŬˊɘůŰɩɗɖəŮ ɧŰɘ ɖ ˊŬɟɞɡůɑŬ ɧɚɤɜ Űɤɜ 

ŮɝŮŰŬɕɞɛɏɜɤɜ ɛɏůɤɜ Ůɜɑůɢɡůɖɠ ɞŭɖɔŮɑ ůŰɖɜ Ŭɨɝɖůɖ Űɖɠ ɓɘɤůɘɛɧŰɖŰŬɠ Űɤɜ əɡŰŰɎɟɤɜ, 

ůɡɔəɟɘŰɘəɎ ɛŮ Űɞ ˊŮɟɘɓɎɚɚɞɜ Űɖɠ ɛɖ Ůɜɘůɢɡɛɏɜɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ, ɛŮ ŰŬɡŰɧɢɟɞɜɖ ɘůɢɡɟɐ 

əɡŰŰŬɟɘəɐ ˊɟɧůŭŮůɖ ɘŭɘŬɑŰŮɟŬ ůŮ əŬɚɚɘɏɟɔŮɘŮɠ əŬŰɎ Űɘɠ ˊɟɩŰŮɠ 24 ɩɟŮɠ. Ⱥˊɑůɖɠ, ɏɔɘɜŮ 
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ůɡůɢɏŰɘůɖ Űɖɠ ɓɘɤůɘɛɧŰɖŰŬɠ Űɞɡ Űɨˊɞɡ Űɤɜ ŮɝŮŰŬɕɞɛɏɜɤɜ əɡŰŰɎɟɤɜ ɛŮ Űɞɜ Űɨˊɞ Űɞɡ ɛɏůɞɡ 

Ůɜɑůɢɡůɖɠ Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ. 

ɋɠ ɔŮɜɘəɧ ůɡɛˊɏɟŬůɛŬ ɛˊɞɟŮɑ ɜŬ ŬɜŬűŮɟɗŮɑ ˊɤɠ ɖ ɢɟɐůɖ Űɞɡ əŬŰɎɚɚɖɚɞɡ Űɨˊɞɡ 

ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ ɤɠ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ˊɞɚɡůɘɚɞɝŬɜɩɜ ɔɘŬ ɓɘɞɥŬŰɟɘəɏɠ ŮűŬɟɛɞɔɏɠ ɛˊɞɟŮɑ ɜŬ 

ˊɟɞůűɏɟŮɘ ůɖɛŬɜŰɘəɎ ŬɜŬɓŬɗɛɘůɛɏɜɖ ɗŮɟɛɘəɐ ůŰŬɗŮɟɧŰɖŰŬ, ɡɣɖɚɏɠ ɛɖɢŬɜɘəɏɠ ŬɜŰɞɢɏɠ ŬɚɚɎ 

əŬɘ ɓɘɞůɡɛɓŬŰɧŰɖŰŬ əɞɜŰɎ ůŰŬ ŮˊɑˊŮŭŬ Ɏɚɚɤɜ ɓɘɞŭɟŬůŰɘəɩɜ ɛɏůɤɜ (ɡŭɟɞɝɡŬˊŬŰɑŰɖɠ əŬɘ 

ɓɘɞŭɟŬůŰɘəɧ ɔɡŬɚɑ). ɇɞ ɓɘɞŭɟŬůŰɘəɧ ɔɡŬɚɑ ŬˊɞŰŮɚŮɑ ɛɘŬ əŬɘɜɞɨɟɔɘŬ ˊɟɧŰŬůɖ ɔɘŬ Űɖɜ 

Űɟɞˊɞˊɞɑɖůɖ ˊɞɚɡůɘɚɞɝŬɜɩɜ ɔɘŬ ɓɘɞɥŬŰɟɘəɏɠ ŮűŬɟɛɞɔɏɠ, ˊŬɟɎ Űɞ ɔŮɔɞɜɧɠ ɧŰɘ ŭŮɜ 

ŬɜŬɓŬɗɛɑɕŮɘ Űɖ ɛɖɢŬɜɘəɐ ůɡɛˊŮɟɘűɞɟɎ Űɞɡɠ ˊɟɞůŭɑŭŮɘ ɓŮɚŰɘɤɛɏɜŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ 

ɓɘɞůɡɛɓŬŰɧŰɖŰŬɠ.  

 

ȼ ˊɟɤŰɞŰɡˊɑŬ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘŬŰɟɘɓɐɠ ůŰɖɟɑɕŮŰŬɘ ůŰŬ ŬəɧɚɞɡɗŬ ůŰɞɘɢŮɑŬ:  

- ȰɔɘɜŮ ɔɘŬ ˊɟɩŰɖ űɞɟɎ ŮəŰŮɜɐɠ ůɡɔəɟɘŰɘəɐ ɛŮɚɏŰɖ, ɛŮ ůɡɜŭɡŬůɛɧ ɟŮɞɚɞɔɘəɩɜ, ɗŮɟɛɘəɩɜ əŬɘ 

űŬůɛŬŰɞůəɞˊɘəɩɜ ɛŮɗɧŭɤɜ, Űɖɠ əɘɜɖŰɘəɐɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ ɔɘŬ ŭɘɎűɞɟŬ 

ɜŬɜɞůɨɜɗŮŰŬ ˊɞɚɡůɘɚɞɝŬɜɩɜ ůɡɛˊɨəɜɤůɖɠ əŬɘ ˊɟɞůɗɐəɖɠ, Ůɜɩ ŮɚɐűɗɖůŬɜ ŭŮŭɞɛɏɜŬ ɔɘŬ Űɞ 

ůɢŮŭɘŬůɛɧ əŬɘ Űɞɜ ɏɚŮɔɢɞ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ˊɞɡ ůɡɜŭɏŮŰŬɘ ɛŮ Űɖɜ ˊɞɟŮɑŬ ɛɞɟűɞˊɞɑɖůɖɠ Űɤɜ 

ŬɜŰɑůŰɞɘɢɤɜ ɡɓɟɘŭɘəɩɜ ůɡůŰɖɛɎŰɤɜ.  

- ȰɔɘɜŮ ůɡɔəɟɘŰɘəɐ ɛŮɚɏŰɖ ɛŮ ůɨɜɗŮŰŬ Ɏɚɚɤɜ ɓɘɞŭɟŬůŰɘəɩɜ əŮɟŬɛɘəɩɜ, ɧˊɤɠ ɛŮ ɓɘɞŭɟŬůŰɘəɧ 

ɔɡŬɚɑ, Űɞ ɞˊɞɑɞ ŮɝŮŰɎůɗɖəŮ ɔɘŬ ˊɟɩŰɖ űɞɟɎ ɤɠ ɛɏůɞ Űɟɞˊɞˊɞɑɖůɖɠ ŮɚŬůŰɞɛŮɟɩɜ 

ˊɞɚɡůɘɚɞɝɎɜɖɠ Ůɜɩ ɛɏɢɟɘ ŰɩɟŬ ŮɑɢŮ ɛŮɚŮŰɖɗŮɑ ɤɠ ɛɏůɞ Űɟɞˊɞˊɞɑɖůɖɠ ɓɘɞŬˊɞɘəɞŭɞɛɐůɘɛɤɜ 

ɓɘɞɥŬŰɟɘəɩɜ ˊɞɚɡɛŮɟɩɜ. ȺɝŮŰɎůɗɖəŬɜ ŭɘɎűɞɟŮɠ ůɢŮŭɘŬůŰɘəɏɠ ˊŬɟɎɛŮŰɟɞɘ, ɧůɞɜ ŬűɞɟɎ Űɞɜ 

Űɨˊɞ Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ əŬɘ ŰŬ ŭɘɎűɞɟŬ ɛɏůŬ Ůɜɑůɢɡůɖɠ, ˊɞɡ ɞ ůɡɜŭɡŬůɛɧɠ Űɞɡɠ ɗŬ 

ŮˊɘŰɟɏɣŮɘ əŬŰɎ ˊŮɟɑˊŰɤůɖ Űɖɜ əŬŰŬůəŮɡɐ ŬɟɘůŰɞˊɞɘɖɛɏɜɤɜ ɓɘɞɦɚɘəɩɜ.  

-ɄɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ŮəŰŮɜɐɠ ŭɘŮɟŮɨɜɖůɖ Űɖɠ ɢɟɐůɖɠ ɜŬɜɞůɡɜɗɏŰɤɜ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ, ɤɠ 

ůɡůŰɖɛɎŰɤɜ ɛɐŰɟŬɠ ɔɘŬ Űɖɜ ŬˊɞŭɏůɛŮɡůɖ ɡŭɟɧűɘɚɤɜ űŬɟɛŬəŮɡŰɘəɩɜ ɞɡůɘɩɜ ɛŮ Űɖɜ 

ˊɟɞůŬɟɛɞɔɐ əŬŰɎɚɚɖɚɤɜ ɛŬɗɖɛŬŰɘəɩɜ ɛɞɜŰɏɚɤɜ. 

- ȺəŰɧɠ Ŭˊɧ Űɞ ɢŬɟŬəŰɖɟɘůɛɧ Űɖɠ ŭɞɛɐɠ əŬɘ Űɤɜ ɗŮɟɛɞɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ 

ˊɞɚɡůɘɚɞɝŬɜɩɜ ɛŮ ɛɞɜŰɞɟɘɚɚɞɜɑŰɖ, ŮɝŮŰɎůɗɖəŬɜ əɟɑůɘɛŮɠ ɘŭɘɧŰɖŰŮɠ ɔɘŬ Űɘɠ ɓɘɞɥŬŰɟɘəɏɠ Űɞɡɠ 

ŮűŬɟɛɞɔɏɠ, ɘŭɑɤɠ ɤɠ ŮɛűɡŰŮɨɛŬŰŬ ɛŬɚŬəɩɜ ɘůŰɩɜ, ɧˊɤɠ ɖ in-vitro ɛŮɚɏŰɖ ŬɜɎˊŰɡɝɖɠ 

ɡŭɟɞɝɡŬˊŬŰɑŰɖŰɖ ɛŮŰɎ Ŭˊɧ ŮɛɓɎˊŰɘůɖ ůŮ ŭɘɎɚɡɛŬ ˊɟɞůɤɛɞɑɤůɖɠ ůɤɛŬŰɘəɩɜ ɡɔɟɩɜ əŬɗɩɠ 

əŬɘ ɞ ɏɚŮɔɢɞɠ Űɖɠ ɓɘɤůɘɛɧŰɖŰŬɠ ɘɜɞɓɚŬůŰɩɜ əŬɘ ɞůŰŮɞɓɚŬůŰɩɜ. Ƀɘ ŰŮɚŮɡŰŬɑŮɠ ɘŭɘɧŰɖŰŮɠ 

ŮɝŮŰɎɕɞɜŰŬɘ ɔɘŬ ˊɟɩŰɖ űɞɟɎ ůŮ ɡɓɟɘŭɘəɎ ůɡůŰɐɛŬŰŬ ˊɞɚɡůɘɚɞɝŬɜɩɜ ɛŮ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ əŬɘ 

ɓɘɞŭɟŬůŰɘəɧ ɔɡŬɚɑ. 
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ABSTRACT 

 

 

Silicones are a class of polymer with many biomedical applications, such as 

maxillofacial prostheses, implants in plastic surgery, carriers in drug delivery systems and 

components in medical equipment. This type of elastomer exhibits high thermal and oxidative 

stability at high temperatures and maintain its elasticity and flexibility at very low 

temperatures. However, silicone polymers are characterized by poor mechanical properties 

and, therefore, reinforcing fillers must be added to overcome this drawback. The 

incorporation of fillers with particle size in the nano-scale has an influence on the properties 

of the deriving composites, even at very low concentrations, which ensures the retention of 

the other intrinsic properties.  

In the present study, hybrid polysiloxane systems containing inorganic nanoparticles 

were prepared, in an attempt to upgrade thermo mechanical properties and biocompatibility 

and to optimize their behavior in biomedical applications. Hydroxyl and vinyl terminated 

poly(dimethylsiloxane) (PDMS), following condensation and addition reaction respectively, 

were the silicone base elastomers used in this work. The molecular weight of the silicones 

matrices was another parameter studied in this work. Various types of fillers were used, i.e. an 

organically modified montmorillonite, under the trade names Cloisite 20A and Cloisite 30B, 

unmodified montmorillonite, treated silica, hydroxyapatite and bioactive glass. In order to 

identify the appropriate system for each biomedical application and, furthermore, to determine 

the design parameters that may affect the overall performance of the material, some critical 

properties of the hybrid silicone systems were studied. 

The effect of the filler on the vulcanization process is a key parameter for designing 

nanocomposites, as it affects the manner and time of molding and, furthermore, the structure 

and properties of final products. There are a limited number of reports in the literature, on the 

effect of filler on the vulcanization process of elastomers and more specifically of 

polysiloxanes. In our work, the effect of various inorganic reinforcing fillers on the curing 

reaction of condensation type PDMS was studied by Brookfield viscometer, differential 

scanning calorimetry (DSC) and infrared spectroscopy (FTIR-ATR). 

From the results of the above study, it was found that the introduction of all types of 

fillers, leads to faster reaction rate and completion, compared to that corresponding to pure 

polysiloxane, whereas this effect becomes stronger as the molecular weight of the matrix 

increases. The vulcanization reaction of medium molecular weight polysiloxane, as well as of 

its nanocomposites, was recorded through DSC experiments with sinusoidal heating rate, by 

varying the enthalpy of "cold" crystallization transition. It was observed that a decrease of the 

enthalpy of crystallization takes place, due to the increase of cross-linking sites, which 

restricts the mobility of free chain ends. A reduction of the reaction rate for pure PDMS was 

observed for the first 200min, followed by an acceleration of the reaction, whereas the hybrid 

systems showed a rather linear progress of the cross-linking reaction. The comparative study 

of the effect of various fillers showed that modified silica greatly accelerates the reaction, as 

compared with the system of pure polysiloxane, followed by the modified montmorillonite 

Cloisite 20A and modified montmorillonite Cloisite 30B. The curing reaction was further 
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studied by ATR-infrared spectroscopy, as well as by FTIR, focusing on the change of the 

peak area 1200-900 cm
-1

, which corresponds to vibration of new cross-linking sites (Si-O-Si). 

The effect of various inorganic fillers on the vulcanization of vinyl terminated 

polysiloxane was studied via the reaction exotherm recorded by DSC, as well as from the 

changes of absorption peaks obtained by infrared spectroscopy. From the results of DSC 

under isothermal and non-isothermal conditions, it was found that the introduction of 

unmodified montmorillonite into the silicone base elastomer accelerates the vulcanization 

reaction, as compared with pure PDMS. The same effect takes places with hydroxyapatite, 

silica and Cloisite 20A hybrids in descending order. There is a retardation in the curing rate 

and the completion of reaction by Cloisite 30B nanocomposites, which is associated to the 

increased of elastomer polarity caused by the organic modification. For the calculation of 

kinetic parameters, such as activation energy, an autocatalytic model, the Kissinger and 

Ozawa equations were adjusted to isothermal and non-isothermal data, respectively.  

An extensive study of the thermomechanical properties was also made, in order to 

correlate the structure and properties of these nanocomposites. The resulting structure of 

montmorillonite nanocomposites was studied by X-ray diffraction (XRD) and it is confirmed 

that polymer chains penetrate between flake platelets and, as the content of organic 

modification increases, it is easier to disperse the filler into the polymer matrix.  

From thermogravimetric analysis (TGA) it was found that the introduction of the two 

organically modified clays (Cloisite 20A and Cloisite 30B) in condensation  polysiloxanes, 

independently of their molecular weight, led to significantly enhanced thermal stability of the 

obtained nanocomposites, as suggested  by the increase of  the onset and maximum 

degradation rate temperature in all examined concentrations from 10-30
o
C. A similar behavior 

was determined with the incorporation of nano hydroxyapatite, whereas  the incorporation of 

silica and bioactive glass reduced the thermal stability of the material. The incorporation of 

the two types of organically  modified montmorillonite (Cloisite 20A and Cloisite 30B) to 

addition polysiloxane matrix, led to a reduction of thermal stability compared to pure 

polysiloxane.  

As observed by DSC, the introduction of all types of fillers used in this work, decreases 

the temperature of çcoldè crystallization in condensation and addition polysiloxanes of all 

molecular weights, whereas the glass transition and melting temperatures remain intact. In 

addition, there is a small tendency of decrease in the crystallization and melting enthalpies of 

the nanocomposites as compared with pure silicone. 

In order to study the mechanical properties of the polysiloxane nanocomposites, tensile 

stress tests were conducted. The addition of Cloisite 20A to the low molecular weight 

condensation polysiloxane nanocomposites leads to higher increase of tensile stress as 

compared with that of composites with bioactive glass, silica and Cloisite 30B, while 

hydroxyapatite does not present a reinforcing effect. The modulus of elasticity greatly 

increases by the incorporation of the two types of organically modified montmorillonites as 

well as with silica, but remains almost stable by the addition of hydroxyapatite and bioactive 

glass. The reinforcing action of the studied commercial montmorillonites is also confirmed in 

the higher molecular weights of condensation polysiloxane, with Cloisite 20A showing the 

maximum reinforcing effect. In the addition type polysiloxane nanocomposites a small 

increase of mechanical properties was observed, with Cloisite 20A being again the best 

reinforcement. On the other hand, the modulus did nɞt show any significant change within the 
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range of the studied systems. The surface hardness and resistance to tearing of the 

nanocomposites are increased, in all the studied samples. The incorporation of Cloisite 20A 

led to higher values in all the range of molecular weights of both types of polysiloxane, as 

compared to the other types of fillers studied in this work. A small decrease in the tear 

resistance was determined in the composites of silica and hydroxyapatite. 

In order to explore the effect of the polysiloxane network density on the properties of the 

reinforced hybrid systems, swelling experiments in toluene at room temperature were run. 

From the above experiment, it is observed, a decrease in the percentage of swelling, in all 

types of polysiloxane as well as with the introduction of all types of fillers, while this 

decrease is enhanced as the concentration of nanofiller increases. A significant decrease of the 

swelling ratio in composites of condensation polysiloxanes reinforced with Cloisite 20A was 

observed, in comparison to the nanocomposites with Cloisite 30B. Moreover, the 

incorporation of silica and hydroxyapatite leads to a significant decrease of swelling ratio, in 

comparison to the pure polysiloxane. 

All the examined polysiloxane nanocomposites were tested for their behavior in 

selected biomedical applications, considering biocompatibility and other critical design 

parameters. Regarding the clinical problems encountered in the use of silicones in 

maxillofacial prosthetics applications, accelerated aging experiments were conducted in 

condensation polysiloxanes and their nanocomposites reinforced with organically modified 

montmorillonite (Cloisite 30B) and in reference specimens of pure silicone. The results of this 

study, suggest that reinforcing of pure silicone with organically modified montmorillonite 

Cloisite 30B leads to more stable structures with a smaller decrease of mechanical properties. 

Furthermore, the density of polymer network is diminished after the exposure of pure silicone 

to accelerated aging, while this parameter seems to remain unaffected in the case of the 

respective nanocomposites. It can be concluded by the study of the total color change, that the 

introduction of Cloisite 30B highly improves the color stability of the yellow and green 

pigmented polysiloxane. 

Furthermore, the release of hydrophilic metronidazole from polysiloxane systems and 

the corresponding nanocomposites with Cloisite 30B was investigated. The incorporation of 

the organically modified montmorillonite reduces the release rate and limits the ñburstò effect. 

The increase of molecular weight of polysiloxanes, which is associated with a decrease of the 

network density, decreases the rate and the of release rate, which shows that the diffusion is 

not the main transport mechanism of metronidazole, for this specific matrix system. 

This behavior can be due to the formation of propanol, a by-product of the vulcanization 

reaction, whose concentration increases with the increase of hydroxyl end groups in the low 

molecular systems, as well as with the mechanism of solvation of the drug and the creation of 

channels that contribute to the process of diffusion. Comparing the two different types of 

polysiloxane, it is found that low molecular weight addition polysiloxane leads to lower levels 

of drug release as compared with the corresponding molecular weight of condensation 

polysiloxane. 

Immersion in simulated body fluid experiments was performed, in order to identify the 

creation of hydroxyapatite on the surface of the material, for the in-vitro investigation of bio-

compatibility of the hybrid polysiloxane systems. The presence of calcium phosphate after 40 

days of immersion in the fluid is ascertained by the results obtained by scanning electron 

microscopy. This behavior is also confirmed by FTIR. Scanning electron microscopy coupled 

with elemental analysis EDAX, showed hydroxyapatite surface cores, in all the examined 

https://www.google.gr/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&ved=0CC0QFjAA&url=http%3A%2F%2Fen.wikipedia.org%2Fwiki%2FScanning_electron_microscope&ei=8wdkUfPbN9Ha4QSo2IDIAw&usg=AFQjCNFY2595-cVDO83dYumd4cyRxipOSQ&sig2=VE4ojTpm_TiRHOUzsDid6A&bvm=bv.44990110,d.Yms
https://www.google.gr/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&ved=0CC0QFjAA&url=http%3A%2F%2Fen.wikipedia.org%2Fwiki%2FScanning_electron_microscope&ei=8wdkUfPbN9Ha4QSo2IDIAw&usg=AFQjCNFY2595-cVDO83dYumd4cyRxipOSQ&sig2=VE4ojTpm_TiRHOUzsDid6A&bvm=bv.44990110,d.Yms
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systems, particularly after 40 days of immersion in the solution. This observation is important 

because the formation of hydroxyapatite layer favors the interfacial bonding of polysiloxane 

prostheses and implants with the surrounding bone and soft tissues. 

Finally, the cell viability (fibroblasts 3T3 and osteoblasts MG 63) was performed by the 

quantification of active mitochondrions in the studied cells (MTT assay) and by the study of 

cells morphology with an optical microscope. From the obtained results, it is indicated that 

the presence of all examined fillers leads to an increase of cell viability as compared with the 

environment of pure polysiloxane, leading at the same time to strong cell attachment, 

especially after the first 24 hours. In addition, biocompatibility was correlated with the type of 

filler and the type of the examined cell cultures. 

In this work, it was studied the vulcanization reaction for various condensation and 

addition type polysiloxane nanocomposites with different techniques and useful data for the 

design and control of reaction were obtained. In addition to the characterization of the 

structure and thermomechanical properties of silicone nanocomposites containing 

montorillonite, critical properties for their biomedical applications were investigated. 

Moreover, a comparative study was made with composites reinforced with other bioactive 

ceramics, such as bioactive glass, a filler recently referred to as a mean of modification of 

biodegradable biomedical polymers. Various design parameters were examined, regarding the 

type of silicone and filler, which will provide the tools for optimal design of final products 

based on  biomaterials. Consequently, the use of the appropriate type of montmorillonite as 

biomedical silicone filler might ensure highly upgraded thermal stability, high mechanical 

strength as well as biocompatibility similar to that provided by other bioactive fillers 

(hydroxyapatite and bioactive glass). Bioactive glass is a new alternative for the modification 

of biomedical polysiloxanes, despite the fact that it does not significantly improve the 

mechanical behavior but enhances biocompatibility of polysiloxane matrix. 
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1.1 ȺɘůŬɔɤɔɐ 

ɋɠ ůɘɚɘəɧɜŮɠ ɞɟɑɕɞɡɛŮ Űɖ ɔŮɜɘəɐ əŬŰɖɔɞɟɑŬ Űɤɜ ůɡɜɗŮŰɘəɩɜ ˊɞɚɡɛŮɟɩɜ, ŰŬ ɞˊɞɑŬ 

ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ ŮˊŬɜŬɚŬɛɓŬɜɧɛŮɜɞɡɠ ŭŮůɛɞɨɠ ˊɡɟɘŰɑɞɡ-ɞɝɡɔɧɜɞɡ. ȺəŰɧɠ Ŭˊɧ Űɞ ɞɝɡɔɧɜɞ 

ŰŬ ɎŰɞɛŬ Űɞɡ ˊɡɟɘŰɑɞɡ ŭɖɛɘɞɡɟɔɞɨɜ ŭŮůɛɞɨɠ əŬɘ ɛŮ ɎɚɚŬ ɞɟɔŬɜɘəɎ ɛɧɟɘŬ, ůɡɜɐɗɤɠ ɛŮɗɨɚɘŬ, 

ˊɟɞəŮɑɛŮɜɞɡ ɜŬ ůɢɖɛŬŰɘůŰŮɑ ɖ ˊɞɚɡɛŮɟɘəɐ ŬɚɡůɑŭŬ. ȷɡŰɐ ŮɑɜŬɘ ɖ ɓɎůɖ ɔɘŬ Űɞ ɧɜɞɛŬ 

óˊɞɚɡůɘɚɞɝɎɜɖô ˊɞɡ ˊɟɞůŭɘɞɟɑůŰɖəŮ Ŭˊɧ Űɞɜ Kipping 
[1,2]

 ɞ ɞˊɞɑɞɠ ɓŬůɑůŰɖəŮ ůŰɘɠ 

ɞɛɞɘɧŰɖŰŮɠ ˊɞɡ ɡˊɎɟɢɞɡɜ ɛŮ Űɘɠ əŮŰɧɜŮɠ, ŭɘɧŰɘ ůŰɘɠ ˊŮɟɘůůɧŰŮɟŮɠ ˊŮɟɘˊŰɩůŮɘɠ, əɎɗŮ ɎŰɞɛɞ 

ˊɡɟɘŰɑɞɡ ůɡɜŭɏŮŰŬɘ ɛŮ ɏɜŬ ɎŰɞɛɞ ɞɝɡɔɧɜɞɡ əŬɘ ŭɨɞ ɛŮɗɡɚɞɛɎŭŮɠ. ȿɧɔɤ Űɖɠ Ůɝɏɚɘɝɖɠ Űɤɜ 

ŮűŬɟɛɞɔɩɜ ůŰŬ ɡɚɘəɎ ŬɡŰɎ, ŬɜŬˊŰɨɢɗɖəŮ ůŰɖɜ ˊɞɟŮɑŬ ˊŮɟɘůůɧŰŮɟɞ ŮɝŮɘŭɘəŮɡɛɏɜɖ 

ɞɜɞɛŬŰɞɚɞɔɑŬ. ȼ ɓŬůɘəɐ ŮˊŬɜŬɚŬɛɓŬɜɧɛŮɜɖ ɛɞɜɎŭŬ ɏɔɘɜŮ ɔɜɤůŰɐ ɤɠ ůɘɚɞɝɎɜɖ, Ůɜɩ o ˊɘɞ 

ůɡɜɖɗɘůɛɏɜɞɠ Űɨˊɞɠ ůɘɚɘəɞɜɩɜ ŮɑɜŬɘ ŰŬ ˊɞɚɡŭɘɛŮɗɡɚɞůɘɚɞɝɎɜɖ (PDMS). 
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ɆɢɐɛŬ 1.1: ɄɞɚɡŭɘɛŮɗɡɚɞůɘɚɞɝɎɜɖ. 

 

ɇŬ ɛŮɗɨɚɘŬ ůŮ ɛɘŬ ŬɚɡůɑŭŬ, ɛˊɞɟɞɨɜ ɜŬ ŬɜŰɘəŬŰŬůŰŬɗɞɨɜ ɛŮ űŬɘɜɡɚɞɛɎŭŮɠ ɐ 

ɓɘɜɡɚɞɛɎŭŮɠ 
[3]

. 

Ƀɘ ůɘɚɘəɧɜŮɠ ɎɟɢɘůŬɜ ɜŬ ŬˊɞəŰɞɨɜ Ůɛˊɞɟɘəɧ ŮɜŭɘŬűɏɟɞɜ Űɖ ŭŮəŬŮŰɑŬ Űɞɡ `40, 

ůɡɔəŮəɟɘɛɏɜŬ ˊɟɤŰɞŮɛűŬɜɑůŰɖəŬɜ Űɞ 1946 ŬɚɚɎ ŬɟəŮŰɎ ɢɟɧɜɘŬ ŬɟɔɧŰŮɟŬ ɎɟɢɘůŬɜ ɜŬ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŰɖɜ ˊɟɞůɗŮŰɘəɐ 
[2, 4, 5]

. ȼ ɢɖɛŮɑŬ Űɞɡɠ əŬɘ ɖ ŭɞɛɐ Űɞɡɠ ɛŮɚŮŰɐɗɖəŬɜ ɔɘŬ 

ɢɟɧɜɘŬ. Ʉɟɘɜ Űɞ 1930, ɞ J.F Hyde ɎɟɢɘůŮ ɜŬ ŮɟŮɡɜɎ ŮɜɩůŮɘɠ ůɘɚɘəɧɜɖɠ. ɇɞ 1943 ɞɘ ŮŰŬɘɟɑŮɠ 

Corning Glass Works & Dow Chemical Company ůɡɔɢɤɜŮɨŰɖəŬɜ ɛŮ Űɖɜ ŮˊɤɜɡɛɑŬ Dow 

Corning Corporation, ɖ ɞˊɞɑŬ ˊŬɟŬůəŮɨŬůŮ əŬɘ ŬɜɏˊŰɡɝŮ Űɘɠ ɞɟɔŬɜɞůɘɚɘəɞɜɞɨɢŮɠ ŮɜɩůŮɘɠ. 

ɇɞ 1946 ɖ General Electric ɎɟɢɘůŮ Űɖɜ ˊŬɟŬɔɤɔɐ ˊɞɚɡɛŮɟɩɜ ůɘɚɘəɧɜɖɠ, Ůɜɩ ɖ Union 

Carbide Űɞ 1956. ɆŰɖ ɀ. ȸɟŮŰŬɜɑŬ ɖ ˊɟɩŰɖ ɛŬɕɘəɐ ˊŬɟŬɔɤɔɐ ůɘɚɘəɧɜɖɠ ɏɔɘɜŮ Űɞ 1954 əŬɘ 

ůŰɖɟɘɕɧŰŬɜ ůŮ ŭɑˊɚɤɛŬ ŮɡɟŮůɘŰŮɢɜɑŬɠ Űɖɠ Dow Corning. ɆŰŬ Űɏɚɖ Űɞɡ 1960 ɡˊɞɚɞɔɑɕŮŰŬɘ ɧŰɘ 

ɖ ˊŬɔəɧůɛɘŬ ŮŰɐůɘŬ ˊŬɟŬɔɤɔɐ ůɘɚɘəɧɜɖɠ ɐŰŬɜ 25000 ɏɤɠ 30000 Űɧɜɞɘ 
[1]

. ȼ ůɖɛŮɟɘɜɐ 

ˊŬɔəɧůɛɘŬ ˊŬɟŬɔɤɔɐ (Űɏɚɖ Űɞɡ 2011) ɏűŰŬůŮ ŰŬ 13.7 ŭɘɠ. $ Ŭɡɝɖɛɏɜɖ əŬŰɎ 4% Ŭˊɧ Űɖɜ 

ˊɟɞɖɔɞɨɛŮɜɖ ŮŰɐůɘŬ ůŮɕɧɜ ɛŮ ˊɟɞɞˊŰɘəɏɠ Ŭɨɝɖůɖɠ 5% ŮŰɖůɑɤɠ 
[6]

.  

Ƀɘ ůɘɚɘəɧɜŮɠ ɏɢɞɡɜ ˊɟɞůŮɔɔɑůŮɘ Űɞ ŮɜŭɘŬűɏɟɞɜ Űɖɠ ŮˊɘůŰɖɛɞɜɘəɐɠ əɞɘɜɧŰɖŰŬɠ ɚɧɔɤ Űɞɜ 

ɛɞɜŬŭɘəɩɜ ɘŭɘɞŰɐŰɤɜ ˊɞɡ ˊŬɟɞɡůɘɎɕɞɡɜ. ȸŬůɘəɧ ɢŬɟŬəŰɖɟɘůŰɘəɧ Űɤɜ ůɘɚɘəɞɜɩɜ ŮɑɜŬɘ ɖ 

ɗŮɟɛɘəɐ əŬɘ ɞɝŮɘŭɤŰɘəɐ ůŰŬɗŮɟɧŰɖŰŬ ˊɞɡ ŮˊɘŭŮɘəɜɨɞɡɜ ůŮ ɡɣɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ (260 
ɞ
C ɐ 

əŬɘ ɡɣɖɚɧŰŮɟŮɠ), əŬɗɩɠ əŬɘ ɖ ŭɘŬŰɐɟɖůɖ Űɖɠ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ Űɖɠ ŮɡəŬɛɣɑŬɠ ůŮ ˊɞɚɨ 

ɢŬɛɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ (-70 
ɞ
C ɐ əŬɘ ɢŬɛɖɚɧŰŮɟŮɠ). ɆŰɖɜ ˊɟŬɔɛŬŰɘəɧŰɖŰŬ ɞɘ ˊɞɚɡůɘɚɞɝɎɜŮɠ 

ŮɑɜŬɘ ůɢŮŭɧɜ ŬɜŮˊɖɟɏŬůŰŮɠ ůŰɘɠ ɛŮŰŬɓɞɚɏɠ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ 
[7]

.  
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Ƀɘ ɛɞɜŬŭɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɖɠ ůɘɚɘəɧɜɖɠ, ŬˊɞŭɑŭɞɜŰŬɘ ůŰɖɜ ŰŬɡŰɧɢɟɞɜɖ ˊŬɟɞɡůɑŬ 

ɞɟɔŬɜɘəɩɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ ɞɛɎŭɤɜ ůŮ ɏɜŬɜ ŬɜɧɟɔŬɜɞ ɛɞɟɘŬəɧ ůəŮɚŮŰɧ. Ƀɘ ůɘɚɘəɧɜŮɠ ŮɑɜŬɘ 

ŭɡɜŬŰɧ ɜŬ ɛŮŰŬɢŮɘɟɘůɗɞɨɜ ůŬɜ ɟŮɡůŰɎ, ɔŬɚŬəŰɩɛŬŰŬ, ůɨɜɗŮŰŬ ɡɚɘəɎ, ɟɖŰɑɜŮɠ əŬɘ 

ŮɚŬůŰɞɛŮɟɐ, ɔɘŬ ŬɜŬɟɑɗɛɖŰŮɠ ɢɟɐůŮɘɠ əŬɘ ůŮ ˊɞɘəɑɚŬ ˊŮŭɑŬ ŮűŬɟɛɞɔɩɜ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, ɞɘ 

ůɘɚɘəɧɜŮɠ ŬˊɞŰŮɚɞɨɜ ůɡɜɖɗɘůɛɏɜɞ ɡɚɘəɧ ůŰɖɜ  ŬŮɟɞŭɘŬůŰɖɛɘəɐ ɓɘɞɛɖɢŬɜɑŬ 
[7, 8]
, əɡɟɑɤɠ ɚɧɔɤ 

Űɖɠ ˊɞɘɞŰɘəɐɠ Űɞɡɠ Ŭˊɧŭɞůɖɠ ůŮ ɡɣɖɚɏɠ əŬɘ ɢŬɛɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ. ɆŰɞ ˊŮŭɑɞ Űɤɜ 

ɖɚŮəŰɟɞɜɘəɩɜ ŮűŬɟɛɞɔɩɜ 
[6, 7]
, ɞɘ ůɘɚɘəɧɜŮɠ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŬɜ ɛɞɜɤŰɏɠ, ůŬɜ ɟɖŰɑɜɖ 

ŮɔəɡɓɤŰɘůɛɞɨ əŬɘ ɎɚɚŮɠ ɢɟɐůŮɘɠ əɡɟɑɤɠ ůŰɖɜ əŬŰŬůəŮɡɐ ɖɛɘŬɔɤɔɩɜ. ȼ ɛŬəɟɞɢɟɧɜɘŬ 

ŬɜɗŮəŰɘəɧŰɖŰŬ Űɞɡɠ əŬɗɘůŰɎ Űɘɠ ůɘɚɘəɧɜŮɠ ɤɠ ůŰŮɔŬɜɤŰɘəɎ, ŬɜŰɘŭɘŬɓɟɤŰɘəɎ, ůɡɔəɞɚɚɖŰɘəɎ 

əŬɘ ŬŭɘɎɓɟɞɢŬ ŮˊɘɢɟɑůɛŬŰŬ, əɡɟɑɤɠ ůŰɖɜ əŬŰŬůəŮɡŬůŰɘəɐ ɓɘɞɛɖɢŬɜɑŬ 
[7, 8]
. ɇɏɚɞɠ, ɚɧɔɤ Űɖɠ 

ŮɝŬɘɟŮŰɘəɐɠ Űɞɡɠ ɓɘɞůɡɛɓŬŰɧŰɖŰŬɠ ˊɞɚɚɏɠ ůɘɚɘəɧɜŮɠ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ŮəŰŮɜɩɠ ůŮ 

űŬɟɛŬəŮɡŰɘəɏɠ  əŬɘ ɘŬŰɟɘəɏɠ ůɡůəŮɡɏɠ əŬɘ ůŮ ŮűŬɟɛɞɔɏɠ ˊɟɞůɤˊɘəɐɠ űɟɞɜŰɑŭŬɠ 
[3]

.  

 

 

 

1.2 ɆɨɜɗŮůɖ ůɘɚɘəɞɜɩɜ 

 

 ɇŬ ɓŬůɘəɎ ɓɐɛŬŰŬ ůŰɖ ůɨɜɗŮůɖ Űɤɜ ˊɞɚɡɛŮɟɩɜ ůɘɚɘəɧɜɖɠ ŮɑɜŬɘ ɖ ɛŮŰŬŰɟɞˊɐ Űɞɡ 

ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ ůŮ ˊɡɟɑŰɘɞ, ɖ ůɨɜɗŮůɖ Űɤɜ ɢɚɤɟɞůɘɚɎɜɤɜ, ɖ ɡŭɟɧɚɡůɐ Űɞɡɠ, ɞ 

ˊɞɚɡɛŮɟɘůɛɧɠ əŬɘ ɖ ˊɞɚɡůɡɛˊɨəɜɤůɖ.  

SiO2 + 2C Si + 2CO

Si + 2CH3Cl (CH3)2SiCl2 + CH3SiCl3 + (CH3)3SiCl + CH3HSiCl2 + ...

Si

CH3

Cl

CH3
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CH3
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H Si
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O

x

+ zH2O
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2)

3)

4)

5)

 

ɇŬ ɔɟŬɛɛɘəɎ əŬɘ əɡəɚɘəɎ ɞɚɘɔɞɛŮɟɐ ŰŬ ɞˊɞɑŬ ˊɟɞɏɟɢɞɜŰŬɘ Ŭˊɧ Űɖɜ ɡŭɟɧɚɡůɖ Űɤɜ 

ŭɘɛŮɗɡɚŭɘɢɚɤɟɞůɘɚɎɜɤɜ ɏɢɞɡɜ ɛɘəɟɧ ɛɐəɞɠ ŬɚɡůɑŭŬɠ. ɇŬ əɡəɚɘəɎ ɛɧɟɘŬ ˊɟɏˊŮɘ ɜŬ 

ˊɞɚɡɛŮɟɘůŰɞɨɜ əŬɘ ŰŬ ɔɟŬɛɛɘəɎ ɜŬ ůɡɛˊɡəɜɤɗɞɨɜ, ɩůŰŮ ɜŬ ˊɟɞəɨɣɞɡɜ ɛŬəɟɞɛɧɟɘŬ. 

ɆŰɘɠ əɡəɚɞůɘɚɞɝɎɜŮɠ (R2SiO)m ŬɜɞɑɔŮɘ ɞ ŭŬəŰɨɚɘɞɠ əŬɘ ˊɞɚɡɛŮɟɑɕŮŰŬɘ, ˊɟɞəŮɘɛɏɜɞɡ ɜŬ 

ůɢɖɛŬŰɘůŰɞɨɜ ɛŬəɟɘɏɠ, ɔɟŬɛɛɘəɏɠ ŬɚɡůɑŭŮɠ. ɇɞ ɛɐəɞɠ Űɖɠ ˊɞɚɡɛŮɟɘəɐɠ ŬɚɡůɑŭŬɠ ŮɝŬɟŰɎŰŬɘ 
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Ŭˊɧ Űɖɜ ˊŬɟɞɡůɑŬ əŬɘ Űɖ ůɡɔəɏɜŰɟɤůɖ Űɤɜ ɞɡůɘɩɜ ŮəŮɑɜɤɜ ɞɘ ɞˊɞɑŮɠ ŮɑɜŬɘ ɘəŬɜɏɠ ɜŬ ŭɩůɞɡɜ 

ŰŮɚɘəɎ ɎəɟŬ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, ůŰɞɜ ˊɞɚɡɛŮɟɘůɛɧ Űɞɡ əɡəɚɘəɞɨ ŰŮŰɟŬɛŮɟɞɨɠ 

ɞəŰŬɛŮɗɡɚəɡəɚɞŰŮŰɟŬůɘɚɞɝɎɜɖɠ (Me2SiO)4 ˊɞɡ əŬŰŬɚɨŮŰŬɘ Ŭˊɧ KOH, Űɞ ɛɏůɞ ɛɐəɞɠ Űɤɜ 

ˊɞɚɡɛŮɟɘəɩɜ Ŭɚɡůɑŭɤɜ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖ ůɡɔəɏɜŰɟɤůɖ Űɞɡ KOH 
[3]

:  

x(Me2SiO)4 + KOH (Me2SiO)y + KO(Me2SiO)zH 

ɇɞ ŰŮɚɘəɧ ˊɟɞɥɧɜ ˊɞɡ ŬˊɞɛɞɜɩɜŮŰŬɘ ɛŮŰɎ Űɖɜ ŮɝɞɡŭŮŰɏɟɤůɖ əŬɘ Űɖɜ ŬˊɞɛɎəɟɡɜůɖ Űɤɜ 

ˊŬɟŬɛŮɜɧɜŰɤɜ əɡəɚɘəɩɜ ɞɚɘɔɞɛŮɟɩɜ ŮɑɜŬɘ ɏɜŬ ůŰŬɗŮɟɧ ˊɞɚɡɛŮɟɏɠ ɛŮ ɡŭɟɞɝɨɚɘŬ ɔɘŬ ŰŮɚɘəɎ 

ɎəɟŬ, ȼɃ(Me2SiO)4H. ȼ ŬˊɞɛɎəɟɡɜůɖ Űɤɜ əŬŰŬɚɡŰɩɜ (ŮɝɞɡŭŮŰɏɟɤůɖ) ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɖ, 

əŬɗɩɠ ɞɘ ˊŮɟɘůůɧŰŮɟɞɘ əŬŰŬɚɨŰŮɠ ɞɘ ɞˊɞɑɞɘ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŰɖɜ ˊɟɞŮŰɞɘɛŬůɑŬ Űɤɜ 

ůɘɚɘəɞɜɩɜ əŬŰŬɚɨɞɡɜ, Ůˊɑůɖɠ, Űɞɜ ŬˊɞˊɞɚɡɛŮɟɘůɛɧ, ˊŬɟɞɡůɑŬ ɘɢɜɩɜ ɡɔɟŬůɑŬɠ. ɈˊɎɟɢɞɡɜ, 

ɧɛɤɠ, əŬŰŬɚɨŰŮɠ ɞɘ ɞˊɞɑɞɘ ŬˊɞůɡɜŰɑɗŮɜŰŬɘ ɐ ŮɝŬŰɛɑɕɞɜŰŬɘ ɛŮ ɡˊŮɟɗɏɟɛŬɜůɖ ˊɎɜɤ Ŭˊɧ Űɖ 

ɓɏɚŰɘůŰɖ ɗŮɟɛɞəɟŬůɑŬ ˊɞɚɡɛŮɟɘůɛɞɨ.  

 ȼ ŬɜŰɑŭɟŬůɖ ɛˊɞɟŮɑ, ŬəɧɛŬ, ɜŬ ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ ˊŬɟɞɡůɑŬ Űɞɡ Me3SiOSiMe3 
[3]

. 

Me2SiOK + Me3SiOSiMe3 Me2SiOSiMe3 + Me3SiOK
 

ɧˊɞɡ Űɞ ŬɜŬˊŬɟɘůŰɎ Űɖɜ əɨɟɘŬ ŬɚɡůɑŭŬ. 

 ɇŬ əɡəɚɘəɎ ɞɚɘɔɞɛŮɟɐ ˊɞɚɡɛŮɟɑɕɞɜŰŬɘ ˊɟɩŰŬ ůŮ ˊɞɚɨ ɛŬəɟɘɏɠ, ɘɝɩŭŮɘɠ ŬɚɡůɑŭŮɠ, ɞɘ 

ɞˊɞɑŮɠ ɛŮɘɩɜɞɜŰŬɘ ůŮ ɛɐəɞɠ ɛŮ Űɖɜ ˊɟɞůɗɐəɖ Űɤɜ ŰŮɚɘəɩɜ Ɏəɟɤɜ ˊɞɡ ˊŬɟɏɢɞɜŰŬɘ Ŭˊɧ Űɞɜ 

ŬɜŬůŰɞɚɏŬ, ɞ ɞˊɞɑɞɠ ŬɜŰɘŭɟɎ ɛŮ ɛɘəɟɧŰŮɟɞ ɟɡɗɛɧ. ȼ ŬɜŰɑŭɟŬůɖ ŬɡŰɐ ˊŮɟɘɔɟɎűŮŰŬɘ ɤɠ Ůɝɐɠ 
[3]

: 

Me3SiOSiMe3 + x(Me2SiO)4                  Me3SiO(Me2SiO)nSiMe3
cat

 

ɇɞ ɛɏůɞ ɛɞɟɘŬəɧ ɓɎɟɞɠ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ Űɞ ɞˊɞɑɞ ůɡɜŰɑɗŮŰŬɘ əŬɗɞɟɑɕŮŰŬɘ Ŭˊɧ Űɖɜ ŬɜŬɚɞɔɑŬ 

Űɞɡ (CH3)2SiO2 əŬɘ Űɞɡ (CH3)3SiO. 

 ɇŬ ɔɟŬɛɛɘəɎ ɞɚɘɔɞɛŮɟɐ ɛˊɞɟɞɨɜ ɜŬ ůɡɜŭɡŬůŰɞɨɜ, ɧŰŬɜ əŬŰŬɚɨɞɜŰŬɘ Ŭˊɧ ɞɝɏŬ ɐ 

ɓɎůŮɘɠ, ɔɘŬ ɜŬ ůɢɖɛŬŰɑůɞɡɜ ɛŬəɟɘɏɠ ŬɚɡůɑŭŮɠ ɛŮ ůɡɛˊɨəɜɤůɖ Űɤɜ Ɏəɟɤɜ ůɘɚŬɜɧɚɖɠ 
[9, 10]

.  
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ɇŬ ɔɟŬɛɛɘəɎ ɞɚɘɔɞɛŮɟɐ ɐ ŰŬ ɡˊɎɟɢɞɜŰŬ ˊɞɚɡɛŮɟɐ ɛˊɞɟɞɨɜ, Ůˊɑůɖɠ, ɜŬ ŮˊŬɜŬɥůɞɟɟɞˊɐůɞɡɜ 

ɔɘŬ ɜŬ ŮˊɘŰɨɢɞɡɜ Űɖ ŭɖɛɘɞɡɟɔɑŬ ˊɞɚɡŭɘɛŮɗɡɚ-ɛŮɗɡɚɡŭɟɞɔɞɜɞůɘɚɞɝɎɜɖɠ 
[3]

.  

Me3SiOSiMe3 + x(Me2SiO)4 + Me3SiO(MeHSiO)ySiMe3
cat

Me3SiO(Me2SiO)z(MeHSiO)wSiMe3

 

Ⱥˊɘˊɚɏɞɜ ɚŮɘŰɞɡɟɔɘəɏɠ ɞɛɎŭŮɠ ɛˊɞɟɞɨɜ ɜŬ ˊɟɞůŬɟŰɖɗɞɨɜ ůŮ ŬɡŰɧ Űɞ ˊɞɚɡɛŮɟɏɠ 

ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɛɘŬ ŬɜŰɑŭɟŬůɖ ˊɟɞůɗɐəɖɠ 
[3]

.  
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Me3SiO(Me2SiO)z(MeHSiO)wSiMe3 + CH2 CHR Pt cat
Me3SiO(Me2SiO)z(MeSiO)wSiMe3

CH2CH2R

  

 ȹɘŬəɚŬŭɤɛɏɜŬ ˊɞɚɡɛŮɟɐ ɛˊɞɟɞɨɜ ɜŬ ˊɟɞŮŰɞɘɛŬůŰɞɨɜ ŮɎɜ əŬŰɎ Űɖɜ ɡŭɟɧɚɡůɖ 

ˊɟɞůŰŮɗŮɑ ɛɑŬ ůŮɓŬůŰɐ ˊɞůɧŰɖŰŬ ɛɞɜɎŭɤɜ CH3SiO3 ɐ SiO4. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, ɖ ɡŭɟɧɚɡůɖ Űɖɠ 

ɛŮɗɡɚŰɟɘɢɚɤɟɞůɘɚɎɜɖɠ ˊŬɟɞɡůɑŬ Űɖɠ ŰɟɘɛŮɗɡɚɢɚɤɟɞůɘɚɎɜɖɠ ɞŭɖɔŮɑ ůŮ ɏɜŬ ŭɘŬəɚŬŭɤɛɏɜɞ 

ˊɞɚɡɛŮɟɏɠ ɧˊɤɠ űŬɑɜŮŰŬɘ ˊŬɟŬəɎŰɤ 
[3]
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ɇɞ ɛɏůɞ ɛɞɟɘŬəɧ ɓɎɟɞɠ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞ ˊɚɐɗɞɠ Űɤɜ ɛɞɜɎŭɤɜ Me3SiO, ɞɘ ɞˊɞɑŮɠ 

ˊɟɞɏɟɢɞɜŰŬɘ Ŭˊɧ Űɖ ŰɟɘɛŮɗɡɚɢɚɤɟɞůɘɚɎɜɖ.  

 

 

 

1.3 ȸɞɡɚəŬɜɘůɛɧɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ 

ȸɞɡɚəŬɜɘůɛɧɠ əŬɚŮɑŰŬɘ ɖ ŬɜŰɑŭɟŬůɖ əŬŰɎ Űɖɜ ɞˊɞɑŬ ŰŬ ɛŬəɟɞɛɧɟɘŬ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ 

ůɡɜŭɏɞɜŰŬɘ ɛŮŰŬɝɨ Űɞɡɠ ɛŮ ůŰŬɡɟɞŭŮůɛɞɨɠ, ɞɘ ɞˊɞɑɞɘ ɞŭɖɔɞɨɜ ůŰɖɜ ŬɜɎˊŰɡɝɖ ŰɟɘůŭɘɎůŰŬŰɞɡ 

ŭɘəŰɨɞɡ. ɄɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɛŮ ɗŮɑɞ, ɛŮ ŮɜɩůŮɘɠ Űɞɡ ɗŮɑɞɡ, ɧˊɤɠ ůɞɡɚűɑŭɘŬ ŬɚəɡɚɞűŬɘɜɞɚɩɜ, 

ɐ ɛɏůɤ ŮɚŮɡɗɏɟɤɜ ɟɘɕɩɜ ɛŮ ɢɟɐůɖ ɡˊŮɟɞɝŮɘŭɑɤɜ 
[11, 12]

.  

Ƀ ɓɞɡɚəŬɜɘůɛɧɠ ŮɑɜŬɘ ɛɘŬ ˊɞɚɨˊɚɞəɖ ŭɘŬŭɘəŬůɑŬ, ɖ ɞˊɞɑŬ ŮɑɜŬɘ əɟɑůɘɛɖ ɔɘŬ Űɘɠ ŰŮɚɘəɏɠ 

ɘŭɘɧŰɖŰŮɠ Ůɜɧɠ ɡɚɘəɞɨ 
[13]

. ɄɟɧəŮɘŰŬɘ ɔɘŬ ɛɘŬ ŮɝɩɗŮɟɛɖ, ŬɜŬɜŰɑůŰɟŮˊŰɖ, ɢɖɛɘəɐ ŬɜŰɑŭɟŬůɖ, ɖ 

ɞˊɞɑŬ ɞŭɖɔŮɑ ůŮ ŰŮɚɘəɧ ˊɟɞɥɧɜ, ŬˊɞŰŮɚɞɨɛŮɜɞ Ŭˊɧ ŰɟɘůŭɘɎůŰŬŰɞ ˊɚɏɔɛŬ ɛŮ ɓŮɚŰɘɤɛɏɜŮɠ 

ɘŭɘɧŰɖŰŮɠ 
[14]

. ȼ Űɡˊɘəɐ əŬɛˊɨɚɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ Ůɜɧɠ ŮɚŬůŰɞɛŮɟɞɨɠ űŬɑɜŮŰŬɘ ůŰɞ ɆɢɐɛŬ 

1.2, ɧˊɞɡ ˊŬɟŬŰɖɟɞɨɜŰŬɘ ŰɟŮɘɠ ˊŮɟɘɞɢɏɠ. ȼ ˊɟɩŰɖ ˊŮɟɘɞɢɐ ŮɑɜŬɘ ɖ ˊŮɟɑɞŭɞɠ Űɖɠ 

ɞɛɞɔŮɜɞˊɞɑɖůɖɠ 
[15]
. ȼ ŭŮɨŰŮɟɖ ˊŮɟɑɞŭɞɠ ɞűŮɑɚŮŰŬɘ ůŰɖɜ ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ, əŬŰɎ Űɖɜ 

ɞˊɞɑŬ ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ ůŰŬɡɟɞŭŮůɛɞɑ ɛŮŰŬɝɨ Űɤɜ ˊɞɚɡɛŮɟɘəɩɜ Ŭɚɡůɑŭɤɜ, ˊɞɡ ɞŭɖɔɞɨɜ ůŰɞ 

ůɢɖɛŬŰɘůɛɧ ˊɚɏɔɛŬŰɞɠ 
[15,16 ]

. ɆŰɖɜ ŰŮɚŮɡŰŬɑŬ ˊŮɟɑɞŭɞ, Űɞ ˊɚɏɔɛŬ ɘůɞɟɟɞˊŮɑ. ɆŰɖɜ ˊŮɟɑɞŭɞ 

ŬɡŰɐ, ŮɜŭɏɢŮŰŬɘ ɜŬ ˊŬɟŬŰɖɟɖɗŮɑ, ŬɜɎɚɞɔŬ ɛŮ Űɖ űɨůɖ Űɖɠ ɏɜɤůɖɠ, ŮɚɎŰŰɤůɖ Űɞɡ ɛɏŰɟɞɡ 

ŮɚŬůŰɘəɧŰɖŰŬɠ ɐ Ŭɨɝɖůɖ 
[15]
. ȼ ɛŮɑɤůɖ ŬˊɞŭɑŭŮŰŬɘ ůŰɖɜ Ŭˊɞŭɧɛɖůɖ Űɤɜ ůɢɖɛŬŰɘůɛɏɜɤɜ 

ůŰŬɡɟɞŭŮůɛɩɜ, Ůɜɩ ɖ Ŭɨɝɖůɖ ůŰɞɜ ˊŮɟŬɘŰɏɟɤ ůɢɖɛŬŰɘůɛɧ ůŰŬɡɟɞŭŮůɛɩɜ, ɖ ɞˊɞɑŬ ɧɛɤɠ 

ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ, ɛŮ ɛɘəɟɧŰŮɟɞ ɟɡɗɛɧ 
[3, 13]

.  
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ɆɢɐɛŬ 1.2: ɇɡˊɘəɐ əŬɛˊɨɚɖ ɓɞɡɚəŬɜɘůɛɞɨ ŮɚŬůŰɞɛŮɟɞɨɠ 

[15]
. 

 
ɇŬ ŮɚŬůŰɞɛŮɟɐ ůɘɚɘəɧɜɖɠ ɓŬůɑɕɞɜŰŬɘ ůŮ ɡɣɖɚɞɨ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ, ɔɟŬɛɛɘəɎ 

ˊɞɚɡɛŮɟɐ. ɀɏůɤ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ, ůɢɖɛŬŰɑɕɞɜŰŬɘ ɢɖɛɘəɞɑ ŭŮůɛɞɑ ŬɜɎɛŮůŬ ůŮ 

ɔŮɘŰɞɜɘəɏɠ, ˊɞɚɡɛŮɟɘəɏɠ ŬɚɡůɑŭŮɠ, ɛŮ ŮˊŬəɧɚɞɡɗɞ Űɖ ŭɖɛɘɞɡɟɔɑŬ Ůɜɧɠ ŰɟɘůŭɘɎůŰŬŰɞɡ, 

ŮɚŬůŰɘəɞɨ ˊɚɏɔɛŬŰɞɠ. Ƀɘ ůɡɜŭɏůŮɘɠ ŬɡŰɏɠ ɞɜɞɛɎɕɞɜŰŬɘ ůɡɜŭɏůŮɘɠ ŭɘŬůŰŬɨɟɤůɖɠ əŬɘ ɛˊɞɟɞɨɜ 

ɜŬ ɢŬɟŬəŰɖɟɘůŰɞɨɜ ɛŮ ɓɎůɖ Űɞɜ Ŭɟɘɗɛɧ Űɤɜ Ŭɚɡůɑŭɤɜ ˊɞɡ ůɡɛɓɎɚɚɞɡɜ ůŮ ŬɡŰɏɠ. Ƀ Ŭɟɘɗɛɧɠ 

Űɤɜ ůɡɜŭɏůŮɤɜ ŭɘŬůŰŬɨɟɤůɖɠ ŮɑɜŬɘ ŬɡŰɧɠ ˊɞɡ əŬɗɞɟɑɕŮɘ əŬɘ Űɖɜ ˊɡəɜɧŰɖŰŬ Űɞɡ ˊɚɏɔɛŬŰɞɠ. 

Ƀɘ ůɡɜŭɏůŮɘɠ ŭɘŬůŰŬɨɟɤůɖɠ ŮɑɜŬɘ əŬŰŬɜŮɛɖɛɏɜŮɠ ůŰɞ ɢɩɟɞ ůŮ ŰɡɢŬɑŮɠ ɗɏůŮɘɠ 
[16, 17, 18, 19]

.  

ɄɟŬəŰɘəɎ ɛɧɜɞ ŭɨɞ Ůɑŭɖ ůɡɜŭɏůŮɤɜ ˊŬɟɞɡůɘɎɕɞɡɜ ŮɜŭɘŬűɏɟɞɜ: 

¶ Ƀɘ Űɟɘˊɚɏɠ ůɡɜŭɏůŮɘɠ, ɧˊɞɡ ůŮ əɎɗŮ ůɨɜŭŮůɖ ɛŮŰɏɢɞɡɜ ŰɟɑŬ ŰɛɐɛŬŰŬ ŬɚɡůɑŭŬɠ əŬɘ  

¶ Ƀɘ ŰŮŰɟŬˊɚɏɠ ůɡɜŭɏůŮɘɠ, ɧˊɞɡ ůŮ əɎɗŮ ůɨɜŭŮůɖ ɛŮŰɏɢɞɡɜ ŰɏůůŮɟŬ ŰɛɐɛŬŰŬ ŬɚɡůɑŭŬɠ 
(Ůŭɩ ɖ ŬɚɡůɑŭŬ ɞɟɑɕŮŰŬɘ ůŬɜ Űɞ ŰɛɐɛŬ Űɞɡ ɛɞɟɑɞɡ ˊɞɡ ɓɟɑůəŮŰŬɘ ŬɜɎɛŮůŬ ůŮ ŭɨɞ ůɡɜŭɏůŮɘɠ 

ŭɘŬůŰŬɨɟɤůɖɠ) 
[16]

. Ƀ ˊɟɩŰɞɠ Űɨˊɞɠ ˊɚŮɔɛɎŰɤɜ ɞɜɞɛɎɕŮŰŬɘ ɛŮɟɘəɏɠ űɞɟɏɠ ˊɚɏɔɛŬ ɛŮ ŬəɟŬɑŮɠ 

ůɡɜŭɏůŮɘɠ əŬɘ ɞ ŭŮɨŰŮɟɞɠ ˊɚɏɔɛŬ ɛŮ ůŰŬɡɟɞŭŮůɛɞɨɠ. Ƀɘ cross-linked ŭɞɛɏɠ ɛˊɞɟɞɨɜ ɜŬ 

ˊŬɟŬɢɗɞɨɜ ɛŮ ŭɨɞ Űɟɧˊɞɡɠ :  

1. ɀŮ Űɖɜ ɏɜɤůɖ ɛŮɔɎɚɤɜ ɔɟŬɛɛɘəɩɜ ɛɞɟɑɤɜ ˊɞɚɡɛŮɟɞɨɠ, ŭɖɛɘɞɡɟɔɩɜŰŬɠ ŭɞɛɐ 

ˊɚɏɔɛŬŰɞɠ.  

2. ɀŮ Űɖ ŭɖɛɘɞɡɟɔɑŬ ˊɞɚɡŭɟŬůŰɘəɩɜ ɛɞɟɑɤɜ ɛɘəɟɞɨ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ ˊɞɡ ɏɢɞɡɜ Űɖ 

ŭɡɜŬŰɧŰɖŰŬ ɜŬ ŭɩůɞɡɜ ŭɘŬəɚŬŭɤɛɏɜŮɠ ŭɞɛɏɠ ɡɣɖɚɧŰŮɟɞɡ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ əŬɘ 

Ŭəɞɚɞɨɗɤɠ, ŭɘŬůŰŬɡɟɞɨɛŮɜŮɠ ŭɞɛɏɠ 
[20]

. 

ȳɚŬ ŰŬ ˊɚɏɔɛŬŰŬ ˊŬɟɞɡůɘɎɕɞɡɜ ŮɚŮɨɗŮɟŬ ɎəɟŬ, ɞ Ŭɟɘɗɛɧɠ əŬɘ ɖ ůɖɛŬůɑŬ Űɞɡɠ 

ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞ Ůɑŭɞɠ Űɞɡ ɛɖɢŬɜɘůɛɞɨ Ŭˊɧ ɧˊɞɡ ŭɖɛɘɞɡɟɔɐɗɖəŮ Űɞ ˊɚɏɔɛŬ. ũŮɜɘəɎ ɏɜŬ end-

linked ˊɚɏɔɛŬ ɏɢŮɘ ɏɜŬ ŮɚŮɨɗŮɟɞ Ɏəɟɞ ŬɜɎ əɨɟɘŬ ŬɚɡůɑŭŬ əŬɘ Űɞ ŭɘŬůŰŬɡɟɤɛɏɜɞ ˊɚɏɔɛŬ ŭɨɞ.  

ũɘŬ Űɖɜ ˊŬɟŬůəŮɡɐ Űɤɜ ˊɚŮɔɛɎŰɤɜ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ŭɨɞ ɛɏɗɞŭɞɘ. ȼ ˊɟɩŰɖ 

ˊŮɟɘɚŬɛɓɎɜŮɘ ˊɞɚɡɛŮɟɘůɛɧ Űɞɡ ɛɞɜɞɛŮɟɞɨɠ əŬɘ ɖ ŭŮɨŰŮɟɖ Űɞ ůɢɖɛŬŰɘůɛɧ ůɡɜŭɏůŮɤɜ 

ŭɘŬůŰŬɨɟɤůɖɠ ɛŮ ɞɛɞɘɞˊɞɚɘəɧ ŭŮůɛɧ ɛŮŰŬɝɨ Űɤɜ ɔɟŬɛɛɘəɩɜ ɛɞɟɑɤɜ 
[21]

. ȼ ˊɟɩŰɖ ɛɏɗɞŭɞɠ 

ŬˊŬɘŰŮɑ Űɖ ɢɟɖůɘɛɞˊɞɑɖůɖ Ůɘŭɘəɩɜ ɛɞɜɞɛŮɟɩɜ, ɛŮ ŭɟŬůŰɘəɧŰɖŰŬ ɛŮɔŬɚɨŰŮɟɖ Űɞɡ ŭɨɞ əŬɘ 

ŬəɞɚɞɡɗŮɑ ˊɞɟŮɑŮɠ Űɧůɞ ůŰŬŭɘŬəɞɨ ɧůɞ əŬɘ ŬɚɡůɤŰɞɨ ˊɞɚɡɛŮɟɘůɛɞɨ. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɞɡ 
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ůŰŬŭɘŬəɞɨ ˊɞɚɡɛŮɟɘůɛɞɨ ɖ ɛɏɗɞŭɞɠ ŬˊŬɘŰŮɑ Űɖ ɢɟɖůɘɛɞˊɞɑɖůɖ ŭɟŬůŰɘəɩɜ əŬɘ 

ˊɞɚɡŭɟŬůŰɘəɩɜ ɛɏůɤɜ ɐ ɛɧɜɞ ˊɞɚɡŭɟŬůŰɘəɩɜ ɛɏůɤɜ. ȼ ŭŮɨŰŮɟɖ ɛɏɗɞŭɞɠ Űɞɡ 

ɛŮŰŬˊɞɚɡɛŮɟɘůɛɞɨ, ŬˊŬɘŰŮɑ Űɖ ɢɟɐůɖ ˊɟɞəŬŰŬůəŮɡŬůɛɏɜɤɜ ɔɟŬɛɛɘəɩɜ ɐ ŭɘŬəɚŬŭɤɛɏɜɤɜ 

ɛɞɟɑɤɜ ŰŬ ɞˊɞɑŬ ŮɑɜŬɘ ŭɡɜŬŰɧ ɜŬ ˊŮɟɘɏɢɞɡɜ ŭɟŬůŰɘəɏɠ ɞɛɎŭŮɠ ɐ ŭɘˊɚɞɨɠ ŭŮůɛɞɨɠ ˊɞɡ ɜŬ 

ɛˊɞɟɞɨɜ ɜŬ ɚɎɓɞɡɜ ɛɏɟɞɠ ůŰɖɜ ŬɜŰɑŭɟŬůɖ ɐ ɜŬ ɛɖ ˊŮɟɘɏɢɞɡɜ ŭɟŬůŰɘəɏɠ ɞɛɎŭŮɠ ɐ ŭɘˊɚɞɨɠ 

ŭŮůɛɞɨɠ. ɇɡˊɘəɧ ˊŬɟɎŭŮɘɔɛŬ ůŰɖɜ ˊɟɩŰɖ ˊŮɟɑˊŰɤůɖ ŮɑɜŬɘ ɞɘ ŬɜŰɘŭɟɎůŮɘɠ ɓɞɡɚəŬɜɘůɛɞɨ əŬɘ 

ɗŮɟɛɞůəɚɐɟɡɜůɖɠ əŬɘ ůŰɖ ŭŮɨŰŮɟɖ ɖ ŬɜŰɑŭɟŬůɖ ɛŮŰŬˊɞɚɡɛŮɟɘůɛɞɨ ɞŭŮɨŮɘ ɛŮ ŮɜŮɟɔɎ əɏɜŰɟŬ 

ˊɞɡ ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ Ůˊɑ Űɤɜ Ŭɚɡůɑŭɤɜ. ɇŬ ŮɜŮɟɔɎ ŬɡŰɎ əɏɜŰɟŬ ŬˊɞŰŮɚɞɨɜ əŬɘ ŰŬ ůɖɛŮɑŬ ůŰŬ 

ɞˊɞɑŬ ŬɜŬˊŰɨůůɞɜŰŬɘ ɞɘ ůɡɜŭɏůŮɘɠ ŭɘŬůŰŬɨɟɤůɖɠ. 

Ƀɘ ůɡɜɖɗɏůŰŮɟŮɠ ɛɏɗɞŭɞɘ ŭɖɛɘɞɡɟɔɑŬɠ ŮɜŮɟɔɩɜ əɏɜŰɟɤɜ ŮɑɜŬɘ: 

1. ȼ ɞɝŮɑŭɤůɖ əŬɘ 

2. ȼ ˊɟɞůɓɞɚɐ Ŭˊɧ ɘɞɜɑɕɞɡůŬ ŬəŰɘɜɞɓɞɚɑŬ. 

ɆŰɖɜ ɞɝŮɑŭɤůɖ ŬəɞɚɞɡɗŮɑŰŬɘ ɛɖɢŬɜɘůɛɧɠ ŮɚŮɨɗŮɟɤɜ ɟɘɕɩɜ əŬɘ ůŰɖɜ ˊɟɞůɓɞɚɐ Ŭˊɧ 

ɘɞɜɑɕɞɡůŬ ŬəŰɘɜɞɓɞɚɑŬ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ŬəŰɘɜɞɓɞɚɑŮɠ Ŭ, ɔ əŬɘ X. ɀŮ Űɖɜ ŮˊɑŭɟŬůɖ Űɖɠ 

ɘɞɜɑɕɞɡůŬɠ ŬəŰɘɜɞɓɞɚɑŬɠ ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ ůŰɘɠ ŬɚɡůɑŭŮɠ ŮɜŮɟɔɎ əɏɜŰɟŬ, ŰŬ ɞˊɞɑŬ ɞŭɖɔɞɨɜ ůŰɞ 

ůɢɖɛŬŰɘůɛɧ ůɡɜŭɏůŮɤɜ ŭɘŬůŰŬɨɟɤůɖɠ. ȳˊɤɠ əŬɘ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ ɞɝŮɑŭɤůɖɠ, ɖ ˊɞɟŮɑŬ 

ŮɝɖɔŮɑŰŬɘ ɛŮ ɛɖɢŬɜɘůɛɧ ŮɚŮɨɗŮɟɤɜ ɟɘɕɩɜ 
[16, 21]

. 

[8]
 

Ƀ ɓɞɡɚəŬɜɘůɛɧɠ Űɤɜ ůɘɚɘəɞɜɩɜ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ɛŮ Űɞɡɠ əɎŰɤɗɘ ɛɖɢŬɜɘůɛɞɨɠ 
[3, 21]

: 

1. ɀɖɢŬɜɘůɛɧɠ ŭɘŬůŰŬɨɟɤůɖɠ ɛɏůɤ ŮɚŮɡɗɏɟɤɜ ɟɘɕɩɜ ɛŮ ɢɟɐůɖ ɡˊŮɟɞɝŮɘŭɑɤɜ ůŮ 

ɔɟŬɛɛɘəɏɠ ˊɞɚɡɛŮɟɘəɏɠ ŬɚɡůɑŭŮɠ ɛŮ ɛɖ ŭɟŬůŰɘəɎ ŰŮɚɘəɎ ɎəɟŬ, ůŮ ɡɣɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ. ȷɡŰɧ 

ɏɢŮɘ ůŬɜ ŬˊɞŰɏɚŮůɛŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ ŬɘɗɡɚŮɜɘəɩɜ ɔŮűɡɟɩɜ ɛŮŰŬɝɨ Űɤɜ Ŭɚɡůɑŭɤɜ ɚɧɔɤ Űɖɠ 

ɏɜɤůɖɠ Űɤɜ ɟɘɕɩɜ SiCH2. ȺɎɜ ɡˊɎɟɢɞɡɜ ɓɘɜɡɚɘəɏɠ ɞɛɎŭŮɠ, ɞ ůɢɖɛŬŰɘůɛɧɠ ůŰŬɡɟɞŭŮůɛɩɜ 

ɛˊɞɟŮɑ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ůŮ ɢŬɛɖɚɧŰŮɟŮɠ ɗŮɟɛɞəɟŬůɑŮɠ ɐ ɛŮ ɚɘɔɧŰŮɟɞ ŭɟŬůŰɘəɎ ɡˊŮɟɞɝŮɑŭɘŬ 
[3, 

21]
.  

Si

CH3

CH3

OO Si O

CH3

CH3

+ Si

CH3

CH3

OO Si O

CH3

CH3
benzoyl
peroxide

Si

CH2

CH3

OO Si O

CH2

CH3

Si

CH3

CH2

OO Si O

CH3

CH2
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 ȼ ˊɞɟŮɑŬ Űɞɡ ɛɖɢŬɜɘůɛɞɨ ŭɘŬůŰŬɨɟɤůɖɠ ɛɏůɤ ŮɚŮɡɗɏɟɤɜ ɟɘɕɩɜ ůŮ ˊɞɚɡɛŮɟɘəɏɠ 

ŬɚɡůɑŭŮɠ ɛŮ ŭɟŬůŰɘəɎ ɎəɟŬ ˊŬɟɞɡůɘɎɕŮŰŬɘ ŬɜŬɚɡŰɘəɎ ůŰɞ ˊŬɟŬəɎŰɤ  ůɢɐɛŬ: 

 

R + CH2 CH Si R CH2 CH Si

R CH2 CH Si +CH3 Si R CH2 CH2 Si + Si CH2

Si CH2 + CH2 CH Si Si CH2 CH2 CH Si

Si CH2 CH2 CH Si +CH3 Si Si CH2 CH2 CH2 Si Si CH2+

Si CH22 Si CH2 CH2 Si

 

ɧˊɞɡ Űɞ  ŬɜŬˊŬɟɘůŰɎ ŭɨɞ ɛŮɗɡɚɘəɏɠ ɞɛɎŭŮɠ əŬɘ Űɖɜ ɡˊɧɚɞɘˊɖ ˊɞɚɡɛŮɟɘəɐ ŬɚɡůɑŭŬ 
[3]

. 

 

ɇŬ ŮɚŬůŰɞɛŮɟɐ ůɘɚɘəɧɜɖɠ ˊɞɡ Ŭəɞɚɞɡɗɞɨɜ Űɞ ɛɖɢŬɜɘůɛɧ ŬɡŰɧ, ůɢɖɛŬŰɑɕɞɜŰŬɘ Ŭˊɧ 

ɔɟŬɛɛɘəɎ ˊɞɚɡɛŮɟɐ ɛŮ ɛɞɟɘŬəɧ ɓɎɟɞɠ 400.000 ï 600.000 g mol
-1
, ŰŬ ɞˊɞɑŬ ˊŮɟɘɏɢɞɡɜ əŬŰɎ 

ɛɏůɞ ɧɟɞ 6.000 ůɘɚɞɝɦɞɛɎŭŮɠ. Ƀ ɓɞɡɚəŬɜɘůɛɧɠ Űɞɡɠ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɏɜŬ 

Ŭˊɧ ŰŬ ŭɨɞ Ůɑŭɖ əŬŰŬɚɡŰɩɜȚ ŬɟɞɦɚɡˊŮɟɞɝŮɑŭɘɞ ɐ ŬɚəɡɚɞɦˊŮɟɞɝŮɑŭɘɞ. ɇɞ ˊɟɩŰɞ Ůɑŭɞɠ 

əŬŰŬɚɡŰɩɜ ŮˊɘŰɟɏˊŮɘ ɡɣɖɚɞɨɠ ɟɡɗɛɞɨɠ ŬɜŰɑŭɟŬůɖɠ əŬɘ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɧŰŬɜ ɞ ɓɞɡɚəŬɜɘůɛɧɠ 

ŭŮ ůɡɜɞŭŮɨŮŰŬɘ Ŭˊɧ Ŭɨɝɖůɖ Űɖɠ ˊɑŮůɖɠ. ɇɞ ŭŮɨŰŮɟɞ Ůɑŭɞɠ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɛɧɜɞ ɧŰŬɜ ɞ 

ɓɞɡɚəŬɜɘůɛɧɠ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɡˊɧ ˊɑŮůɖ. ȼ ŬɜŰɑŭɟŬůɖ ŬɟɢɑɕŮɘ ůŰɞ ůɖɛŮɑɞ Űɞɡ ŭɘˊɚɞɨ 

ŭŮůɛɞɨ Űɖɠ ŭɟŬůŰɘəɐɠ ɞɛɎŭŬɠ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ. Ƀ ŭɘˊɚɧɠ ŭŮůɛɧɠ ŬɜɞɑɔŮɘ əŬɘ ɖ ŭɟŬůŰɘəɐ 

ɞɛɎŭŬ ŬɜŰɘŭɟɎ ɛŮ Űɖɜ ŮɚŮɨɗŮɟɖ ɟɑɕŬ ɞɝɡɔɧɜɞɡ ɖ ɞˊɞɑŬ ɏɢŮɘ ˊŬɟŬɢɗŮɑ Ŭˊɧ Űɞ ɡˊŮɟɞɝŮɑŭɘɞ, 

əŬŰɎ Űɞ ˊɟɩŰɞ ůŰɎŭɘɞ Űɖɠ ŬɜŰɑŭɟŬůɖɠ. Ƀ ɓɞɡɚəŬɜɘůɛɧɠ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɧŰŬɜ ɖ ŮɚŮɨɗŮɟɖ ɟɑɕŬ 

Űɞɡ ˊɞɚɡɛŮɟɞɨɠ ŬɜŰɘŭɟɎůŮɘ ɛŮ ŬɜŰɑůŰɞɘɢɖ ůŮ Ɏɚɚɖ ˊɞɚɡɛŮɟɘəɐ ŬɚɡůɑŭŬ əŬɘ ůɢɖɛŬŰɑůŮɘ 

ɔɏűɡɟŬ 
[14]

.  
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R

R

R
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R

R
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C

R

R

R

O
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H

H

O Si
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Ƀ ɛɖɢŬɜɘůɛɧɠ ŬɡŰɧɠ ŮűŬɟɛɧɕŮŰŬɘ ɔɘŬ ɡɣɖɚɐɠ ůɡɜɞɢɐɠ ŮɚŬůŰɞɛŮɟɐ ůɘɚɘəɧɜɖɠ, ɧˊɤɠ 

ŬɡŰɎ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŮ Ůəɓɞɚɐ ɐ ɏɔɢɡůɖ. ɇɞ ɡˊŮɟɞɝŮɑŭɘɞ ˊɟɞůŰɑɗŮŰŬɘ ˊɟɘɜ Űɖɜ 

əŬŰŮɟɔŬůɑŬ. ȾŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ, ŬˊŬɘŰɞɨɜŰŬɘ əɎˊɞɘŮɠ ˊɟɞűɡɚɎɝŮɘɠ 

ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŬˊɞűŮɡɢɗŮɑ ɞ ůɢɖɛŬŰɘůɛɧɠ əŮɜɞɨ Ŭˊɧ ŰŬ ˊŰɖŰɘəɎ əŬŰɎɚɞɘˊŬ Űɞɡ 

ɡŮ́ɟɞɝŮɘŭɑɞɡ. ȷɡŰɎ ɗŬ ˊɟɏˊŮɘ, ˊɘɗŬɜɧɜ, ɜŬ ŬˊɞɛŬəɟɡɜɗɞɨɜ, əŬɗɩɠ əŬŰŬɚɨɞɡɜ Űɞɜ 

ŬˊɞˊɞɚɡɛŮɟɘůɛɧ ůŮ ɡɣɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ 
[3]

. 

 

 2. ɀɖɢŬɜɘůɛɧɠ ŭɘŬůŰŬɨɟɤůɖɠ ɛŮ ůɡɛˊɨəɜɤůɖ ůŮ ɔɟŬɛɛɘəɏɠ ɐ ŮɚŬűɟɎ ŭɘŬəɚŬŭɤɛɏɜŮɠ 

ˊɞɚɡɛŮɟɘəɏɠ ŬɚɡůɑŭŮɠ ɛŮ ŭɟŬůŰɘəɏɠ ŬəɟŬɑŮɠ ɞɛɎŭŮɠ, ɧˊɤɠ ɞɘ ůɘɚŬɜɧɚŮɠ 
[3]

. ɀɑŬ 

ˊɞɚɡŭɘɛŮɗɡɚůɘɚɞɝɎɜɖ ɛŮ ŬəɟŬɑŮɠ ɞɛɎŭŮɠ ɡŭɟɞɝɡɚɑɤɜ ŬɜŰɘŭɟɎ ɛŮ ɛŮɔɎɚɖ ˊŮɟɑůůŮɘŬ 

ɛŮɗɡɚŰɟɘŬəŮŰɞɝɡůɘɚɎɜɖɠ:  



 

 
ȾȺūȷȿȷȽɃ 1ɞ  
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HO (Me2SiO)x H + Ů́ɟɑůůŮɘŬMeSi(OAc)3
-2AcOH

(AcO)2MeSiO(Me2SiO)xOSiMe(OAc)2 

ȳˊɞɡ Ac: -C=O. 

ȺɝŬɘŰɑŬɠ Űɖɠ ɛŮɔɎɚɖɠ ˊŮɟɑůůŮɘŬɠ ůɘɚɎɜɖɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ, ɖ ˊɘɗŬɜɧŰɖŰŬ ŭɨɞ 

ŭɘŬűɞɟŮŰɘəɏɠ ŬɚɡůɑŭŮɠ ɜŬ ŬɜŰɘŭɟɎůɞɡɜ ɛŮ Űɞ ɑŭɘɞ ɛɧɟɘɞ ůɘɚɎɜɖɠ ŮɚŬɢɘůŰɞˊɞɘŮɑŰŬɘ. ɋɠ Ůə 

ŰɞɨŰɞɡ, ɧɚŮɠ ɞɘ ŬɚɡůɑŭŮɠ ɏɢɞɡɜ ɤɠ ŰŮɚɘəɎ ɎəɟŬ ŭɨɞ ŬəŮŰɞɝɨ ɚŮɘŰɞɡɟɔɘəɏɠ ɞɛɎŭŮɠ. ɇɞ ˊɟɞɥɧɜ 

Űɖɠ ŬɜŰɑŭɟŬůɖɠ ˊŬɟŬɛɏɜŮɘ ůŮ ɡɔɟɐ əŬŰɎůŰŬůɖ. Ƀɘ ŬəŮŰɞɝɦɞɛɎŭŮɠ ɡŭɟɞɚɨɞɜŰŬɘ Ŭˊɧ Űɖɜ 

ˊŮɟɘɓɎɚɚɞɡůŬ ɡɔɟŬůɑŬ ˊɟɞɠ ůɢɖɛŬŰɘůɛɧ ůɘɚŬɜɧɚɖɠ, ɖ ɞˊɞɑŬ ŮˊɘŰɟɏˊŮɘ ɜŬ ɚɎɓŮɘ ɢɩɟŬ 

ˊŮɟŬɘŰɏɟɤ ůɡɛˊɨəɜɤůɖ. 

Si

OAc

Me

OAcO
+H2O

-AcOH
Si

Me

O

OAc

OH

Si

Me

O

OAc

OH + Si

OAc

Me

AcO O
-AcOH

Si

Me

O

OAc

Si

OAc

Me

O

 

ɀŮ ŬɡŰɧɜ Űɞɜ Űɟɧˊɞ, ŭɨɞ ŬɚɡůɑŭŮɠ ɏɢɞɡɜ ůɡɜŭŮɗŮɑ əŬɘ ɖ ŬɜŰɑŭɟŬůɖ ɗŬ ŮɝŮɚɘɢɗŮɑ 

ˊŮɟŬɘŰɏɟɤ Ŭˊɧ Űɘɠ ˊŬɟŬɛɏɜɞɡůŮɠ ŬəŮŰɞɝɦɞɛɎŭŮɠ. Ɇɡɜɐɗɤɠ, ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ 

ɞɟɔŬɜɞɛŮŰŬɚɚɘəɧɠ əŬůůɑŰŮɟɞɠ ɤɠ əŬŰŬɚɨŰɖɠ. Ƀ ɛɖɢŬɜɘůɛɧɠ ŬɡŰɧɠ ŬˊŬɘŰŮɑ ɡɔɟŬůɑŬ, ɖ ɞˊɞɑŬ 

ŭɘŬɢɏŮŰŬɘ ŮɜŰɧɠ Űɞɡ ɡɚɘəɞɨ. Ƀ ɓɞɡɚəŬɜɘůɛɧɠ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ Ŭˊɧ Űɖɜ ŮɝɤŰŮɟɘəɐ ŮˊɘűɎɜŮɘŬ 

ˊɟɞɠ Űɞ ŮůɤŰŮɟɘəɧ. ɇŬ ůɡůŰŬŰɘəɎ ŬɡŰɎ əŬɚɞɨɜŰŬɘ ɡɚɘəɎ ůŰŮɔŬɜɞˊɞɑɖůɖɠ Ůɜɧɠ ůɡůŰŬŰɘəɞɨ, 

ɓɞɡɚəŬɜɘůɛɏɜŬ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ (one-part room temperature vulcanization), ŬɚɚɎ 

ůŰɖɜ ˊɟŬɔɛŬŰɘəɧŰɖŰŬ ŬˊŬɘŰɞɨɜ ɡɔɟŬůɑŬ ɤɠ ŭŮɨŰŮɟɞ ůɡůŰŬŰɘəɧ. Ƀɝɘəɧ ɞɝɨ ŬˊŮɚŮɡɗŮɟɩɜŮŰŬɘ 

ɤɠ ˊŬɟŬˊɟɞɥɧɜ Űɖɠ ŬɜŰɑŭɟŬůɖɠ. ɇŬ ˊɟɞɓɚɐɛŬŰŬ ŰŬ ɞˊɞɑŬ ˊɟɞəŬɚŮɑ Űɞ ɞɝɨ ɛˊɞɟɞɨɜ ɜŬ 

ɝŮˊŮɟŬůŰɞɨɜ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ůɡůŰɐɛŬŰŬ ɓɞɡɚəŬɜɘůɛɞɨ ˊɞɡ ɏɢɞɡɜ ŬɜŬˊŰɡɢɗŮɑ 

ŬɜŰɘəŬɗɘůŰɩɜŰŬɠ Űɖɜ ŬəŮŰɞɝɡůɘɚɎɜɖ RSi(OAc)3 ɛŮ ɞɝɘɛɞůɘɚɎɜɖ RSi(ON=CR2ȭ)3 ɐ ɛŮ 

ŬɚəɞɝɡůɘɚɎɜɖ RSi(ORȭ)3 
[3]

.     

 Ƀ ɓɞɡɚəŬɜɘůɛɧɠ ɛŮ ůɡɛˊɨəɜɤůɖ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ, Ůˊɑůɖɠ, ůŮ ůɡůŰɐɛŬŰŬ ŭɨɞ 

ůɡůŰŬŰɘəɩɜ, ɧˊɞɡ ɞ ůɢɖɛŬŰɘůɛɧɠ ůŰŬɡɟɞŭŮůɛɩɜ ŬɟɢɑɕŮɘ ɛŮ ŬɜɎɛŮɘɝɖ Űɤɜ ŭɨɞ ůɡůŰŬŰɘəɩɜ, 

ɚɧɔɞɡ ɢɎɟɖ ɛŮŰŬɝɨ Ůɜɧɠ ˊɞɚɡɛŮɟɞɨɠ ɛŮ ŰŮɚɘəɎ ɎəɟŬ ɡŭɟɞɝɨɚɘŬ əŬɘ ɛɘŬɠ ŬɚəɞɝɡůɘɚɎɜɖɠ, 

ɧˊɤɠ Űɖɠ ŰŮŰɟŬ ï n ï ˊɟɞˊɞɝɡůɘɚɎɜɖɠ 
[3]

:   
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ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ŬɡŰɐ, ŭŮɜ ŬˊŬɘŰŮɑŰŬɘ ŬŰɛɞůűŬɘɟɘəɐ ɡɔɟŬůɑŬ. Ɇɡɜɐɗɤɠ, ɏɜŬ ɞɟɔŬɜɘəɧ 

ɎɚŬɠ əŬůůɘŰɏɟɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɤɠ əŬŰŬɚɨŰɖɠ. ȷɚəɞɧɚɖ ŬˊŮɚŮɡɗŮɟɩɜŮŰŬɘ ɤɠ ˊŬɟŬˊɟɞɥɧɜ 

Űɖɠ ŬɜŰɑŭɟŬůɖɠ, ɞŭɖɔɩɜŰŬɠ ůŮ ɛɘŬ ŮɚŬűɟɘɎ ůɡɟɟɑəɜɤůɖ əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ. Ƀ ɛɖɢŬɜɘůɛɧɠ 

ŬɡŰɧɠ ŮűŬɟɛɧɕŮŰŬɘ ůŮ ɛɐŰɟŮɠ ůɘɚɘəɧɜɖɠ ɛŮ ɓɘɞɥŬŰɟɘəɏɠ ŮűŬɟɛɞɔɏɠ 
[3]

. 
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 3. ɀɖɢŬɜɘůɛɧɠ ŭɘŬůŰŬɨɟɤůɖɠ ˊɞɚɡɛŮɟɩɜ ŰŬ ɞˊɞɑŬ ɏɢɞɡɜ ŭɘŬűɞɟŮŰɘəɏɠ ŭɟŬůŰɘəɏɠ 

ɞɛɎŭŮɠ, ɞɘ ɞˊɞɑŮɠ ŬɜŰɘŭɟɞɨɜ ɖ ɛɑŬ ɛŮ Űɖɜ Ɏɚɚɖ ɛŮ ŮɚŮɔɢɧɛŮɜɞ ɟɡɗɛɧ. Ƀ ɟɡɗɛɧɠ Űɞɡ 

ɛɖɢŬɜɘůɛɞɨ ŬɡŰɞɨ ŮɑɜŬɘ ɘŭɘŬɑŰŮɟŬ ŮɡŬɑůɗɖŰɞɠ ɛŮ Űɖ ɗŮɟɛɞəɟŬůɑŬ. Ƀ ɓɞɡɚəŬɜɘůɛɧɠ ůŰɖɜ 

ˊŮɟɑˊŰɤůɖ ŬɡŰɐ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ, ŬɚɚɎ ɛˊɞɟŮɑ ɜŬ ŮˊɘŰŬɢɡɜɗŮɑ ɛŮ 

ɗɏɟɛŬɜůɖ ůŰɞɡɠ 100 
ɞ
C ɐ ɡɣɖɚɧŰŮɟŬ əŬɘ ɜŬ ɞɚɞəɚɖɟɤɗŮɑ ůŮ ɛŮɟɘəɎ ɚŮˊŰɎ. Ɇɡɜɐɗɤɠ, 

ˊɟɞŰɘɛɎŰŬɘ ɚŮɡəɧɢɟɡůɞɠ ɤɠ əŬŰŬɚɨŰɖɠ 
[3, 7, 8]

.  
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 ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ˊɞɡ ɞɘ ɡˊɞəŬŰŬůŰɎŰŮɠ R, Rȭ əŬɘ Rȭȭ ŮɑɜŬɘ ɛŮɗɨɚɘŬ, ɖ ˊŬɟŬˊɎɜɤ 

ŬɜŰɑŭɟŬůɖ ɔɑɜŮŰŬɘ: 
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ɇŬ ŮɚŬůŰɞɛŮɟɐ ůɘɚɘəɧɜɖɠ ˊɞɡ Ŭəɞɚɞɡɗɞɨɜ Űɞ ɛɖɢŬɜɘůɛɧ ŬɡŰɧɜ, ɏɢɞɡɜ ɛɐəɞɠ 

ŬɚɡůɑŭŬɠ ˊɞɚɡŭɘɛŮɗɡɚɞůɘɚɞɝɎɜɖɠ ɛɘəɟɧŰŮɟɞ əŬŰɎ ɏɜŬɜ ˊŬɟɎɔɞɜŰŬ ˊŮɟɑˊɞɡ ɑůɞ ɛŮ 6 ůŮ 

ůɢɏůɖ ɛŮ Űɞ ɛɐəɞɠ Űɤɜ Ŭɚɡůɑŭɤɜ ˊɞɚɡŭɘɛŮɗɡɚůɘɚɞɝɎɜɖɠ ˊɞɡ Ŭəɞɚɞɡɗɞɨɜ Űɞ ɛɖɢŬɜɘůɛɧ 

ŮɚŮɡɗɏɟɤɜ ɟɘɕɩɜ. ɇɞ ɘɝɩŭŮɠ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ ŮɑɜŬɘ ɛŮɘɤɛɏɜɞ əŬŰɎ ɏɜŬɜ ˊŬɟɎɔɞɜŰŬ ˊŮɟɑˊɞɡ 

ɑůɞ ɛŮ 1000. Ƀ ɓɞɡɚəŬɜɘůɛɧɠ ŮɚŬůŰɞɛŮɟɩɜ ŬɡŰɩɜ əŬŰŬɚɨŮŰŬɘ, ɧˊɤɠ ˊɟɞŬɜŬűɏɟɗɖəŮ, Ŭˊɧ 

ɚŮɡəɧɢɟɡůɞ, ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ ɆɢɐɛŬ 1.3. Ƀ ŭɘˊɚɧɠ ŭŮůɛɧɠ Űɖɠ ŭɟŬůŰɘəɐɠ ɞɛɎŭŬɠ Űɞɡ 

ˊɞɚɡɛŮɟɞɨɠ ŬɚɚɖɚŮˊɘŭɟɎ ɛŮ Űɞɜ ˊɡɟɐɜŬ Űɞɡ ɚŮɡəɧɢɟɡůɞɡ ˊɞɡ ɓɟɑůəŮŰŬɘ ůŮ əŬŰɎůŰŬůɖ 

ůɡɜŰɞɜɘůɛɞɨ. Ƀ ŭɘˊɚɧɠ ŭŮůɛɧɠ, ɚɞɘˊɧɜ, ŮɜŮɟɔɞˊɞɘŮɑŰŬɘ. ȼ ŭɟŬůŰɘəɐ ɞɛɎŭŬ ŭɘŬůŰŬɡɟɩɜŮŰŬɘ, 

ɛŮŰŬůɢɖɛŬŰɑɕɞɜŰŬɠ Űɞ ŭɘˊɚɧ ŭŮůɛɧ ůŮ Ŭˊɚɧ ŬɜɎɛŮůŬ ůŰɖɜ ˊɞɚɡɛŮɟɘəɐ ŬɚɡůɑŭŬ əŬɘ ůŮ ɏɜŬ 

ɛɧɟɘɞ ɛɏůɞɡ ŭɘŬůŰŬɨɟɤůɖɠ, Űɞ ɞˊɞɑɞ ˊŮɟɘɏɢŮɘ ɞɛɎŭŮɠ Si ï H. Ƀ əŬŰŬɚɨŰɖɠ, ůŰɖ ůɡɜɏɢŮɘŬ, 

ŬˊŮɚŮɡɗŮɟɩɜŮŰŬɘ əŬɘ ŮɑɜŬɘ ˊɎɚɘ ŭɘŬɗɏůɘɛɞɠ 
[14]
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ɆɢɐɛŬ 1.3: ȷɜŰɘŭɟɎůŮɘɠ ɓɞɡɚəŬɜɘůɛɞɨ ɡɔɟɞɨ ŮɚŬůŰɞɛŮɟɞɨɠ ůɘɚɘəɧɜɖɠ ɛŮ əŬŰŬɚɨŰɖ ɚŮɡəɧɢɟɡůɞ 
[14]

. 

 

ɆŮ ŬɡŰɐɜ Űɖɜ ŬɜŰɑŭɟŬůɖ ŭŮɜ ɡˊɎɟɢɞɡɜ ˊŬɟŬˊɟɞɥɧɜŰŬ. Ƀ Pt ŮɨəɞɚŬ ůɡɜŭɏŮŰŬɘ ɛŮ 

ŮɜɩůŮɘɠ ï ŭɧŰŮɠ ɖɚŮəŰɟɞɜɑɤɜ, ɧˊɤɠ ŬɛɑɜŮɠ ɐ ɞɟɔŬɜɘəɏɠ ŮɜɩůŮɘɠ ɗŮɑɞɡ əŬɘ ůɢɖɛŬŰɑɕŮɘ ůŰŬɗŮɟɎ 

ůɨɛˊɚɞəŬ, ŰŬ ɞˊɞɑŬ ŬŭɟŬɜɞˊɞɘɞɨɜ Űɞɜ əŬŰŬɚɨŰɖ əŬɘ ŬɜŬůŰɏɚɚɞɡɜ Űɞ ɓɞɡɚəŬɜɘůɛɧ 
[3]

.  
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1.3.1 ɆɘɚɘəɧɜŮɠ ɓɞɡɚəŬɜɘůɛɞɨ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ (Room Temperature Vulcanized, 

RTV) 

 

1.3.1.1 ɆɘɚɘəɧɜŮɠ ɓɞɡɚəŬɜɘůɛɞɨ ɛŮ ɛɖɢŬɜɘůɛɧ ůɡɛˊɨəɜɤůɖɠ  

Ƀɘ  RTV ůɘɚɘəɧɜŮɠ, ɛɏůɤ Űɖɠ ɏəɗŮůɐɠ Űɞɡɠ ůŰɞɜ ŬŰɛɞůűŬɘɟɘəɧ ŬɏɟŬ, ɡűɑůŰŬɜŰŬɘ 

ɡŭɟɧɚɡůɖ əŬɘ ůɡɛˊɨəɜɤůɖ əŬɘ ɏŰůɘ ɓɞɡɚəŬɜɑɕɞɜŰŬɘ ůŮ ɡɣɖɚɐɠ ŬɜŰɞɢɐɠ ŮɚŬůŰɞɛŮɟɐ. Ƀ 

ɓŬɗɛɧɠ ɓɞɡɚəŬɜɘůɛɞɨ Űɤɜ ůɘɚɘəɞɜɩɜ ŬɡŰɩɜ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖ ɗŮɟɛɞəɟŬůɑŬ əŬɘ Űɖɜ ɡɔɟŬůɑŬ 

Űɞɡ ˊŮɟɘɓɎɚɚɞɜŰɞɠ 
[21]
.Ƀ ɓɞɡɚəŬɜɘůɛɧɠ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ ˊɏɟŬ Űɞɡ ɧŰɘ ŭŮɜ ŬˊŬɘŰŮɑ 

ŮɝɤŰŮɟɘəɐ ɗɏɟɛŬɜůɖ, ɞŭɖɔŮɑ ůŮ ɛŮɔŬɚɨŰŮɟɖ ɗŮɟɛɘəɐ ůŰŬɗŮɟɧŰɖŰŬ, əŬɚɨŰŮɟŮɠ ɖɚŮəŰɟɘəɏɠ 

ɘŭɘɧŰɖŰŮɠ əŬɘ ɛɘəɟɧŰŮɟɖ Ŭˊɞɟɟɧűɖůɖ Űɞɡ ɜŮɟɞɨ 
[22]
. ȰɜŬ Ŭˊɧ ŰŬ ɚɑɔŬ ɛŮɘɞɜŮəŰɐɛŬŰŬ Űɞɡ 

ŮɑɜŬɘ ɞ Ŭɟɔɧɠ ɟɡɗɛɧɠ, ˊɞɡ ůŮ ˊŮɟɘˊŰɩůŮɘɠ ɢŬɛɖɚɐɠ ɡɔɟŬůɑŬɠ Űɖɠ ŬŰɛɧůűŬɘɟŬɠ ɛˊɞɟŮɑ ɜŬ 

űɗɎůŮɘ Űɘɠ ŮˊŰɎ ɖɛɏɟŮɠ, ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŮˊɘŰŮɡɢɗɞɨɜ ɓɏɚŰɘůŰŮɠ ɘŭɘɧŰɖŰŮɠ. Ƀ ɟɡɗɛɧɠ 

ɓɞɡɚəŬɜɘůɛɞɨ ɛˊɞɟŮɑ ɜŬ ɔɑɜŮɘ ɛŮɔŬɚɨŰŮɟɞɠ ɛŮ Ŭɨɝɖůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ ɐ ɛŮ ɢɟɐůɖ 

ůɡůŰɐɛŬŰɞɠ ŭɨɞ ůɡůŰŬŰɘəɩɜ, ɧˊɞɡ Űɞ ɏɜŬ Ŭˊɧ ŬɡŰɎ ŮɑɜŬɘ Űɞ ɜŮɟɧ. 

Ƀ ɓɞɡɚəŬɜɘůɛɧɠ Űɤɜ RTV ůɘɚɘəɞɜɩɜ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ŮɑŰŮ ɛŮ ɔɟɐɔɞɟɖ ɡŭɟɧɚɡůɖ 

ɞɛɎŭɤɜ ɧˊɤɠ ɞɘ ŬəŮŰɞɝɨ-ɞɛɎŭŮɠ, ɐ ɛŮ Űɖɜ ˊɟɞůɗɐəɖ əŬŰŬɚɨŰɖ. ɆŰɖɜ ˊɟɩŰɖ ˊŮɟɑˊŰɤůɖ, ɏɜŬ 

ˊɞɚɡŭɟŬůŰɘəɧ ɛɏůɞ ŭɘŬůŰŬɨɟɤůɖɠ ŬəŮŰɞɝɡ-ůɘɚŬɜɑɞɡ, ɧˊɤɠ Űɞ ɛŮɗɡɚŰɟɘŬəŮŰɞɝɡůɘɚɎɜɘɞ 

ŬɜŰɘŭɟɎ ɛŮ ɛɘŬ ˊɞɚɡŭɘɛŮɗɡɚůɘɚɞɝɎɜɖ ɛŮ ŬəɟŬɑŮɠ ɞɛɎŭŮɠ ůɘɚŬɜɧɚɖɠ. ȷˊɧ Űɖɜ ŬɜŰɑŭɟŬůɖ ŬɡŰɐ 

ˊŬɟɎɔŮŰŬɘ ɞɝɘəɧ ɞɝɨ əŬɘ ůɢɖɛŬŰɑɕŮŰŬɘ ɏɜŬ ˊɞɚɡɛŮɟɏɠ ˊɞɡ ˊŮɟɘɏɢŮɘ ɡŭɟɞɚɡŰɘəɎ ŬůŰŬɗŮɑɠ, 

ŬəɟŬɑŮɠ ɞɛɎŭŮɠ ŬəŮŰɞɝɡůɘɚŬɜɑɞɡ. ȳŰŬɜ ŮəŰɑɗŮŰŬɘ ůŰɞɜ ŬŰɛɞůűŬɘɟɘəɧ ŬɏɟŬ, ɚɧɔɤ Űɖɠ 

ɡɔɟŬůɑŬɠ Űɞ ˊɞɚɡɛŮɟɏɠ ɡŭɟɞɚɨŮŰŬɘ ˊŮɟŬɘŰɏɟɤ ˊŬɟɎɔɞɜŰŬɠ ˊŮɟɘůůɧŰŮɟɞ ɞɝɘəɧ ɞɝɨ əŬɘ 

ůɢɖɛŬŰɑɕɞɜŰŬɠ ˊɞɚɡɛŮɟɏɠ ɛŮ ŬəɟŬɑŮɠ ɞɛɎŭŮɠ ɡŭɟɞɝɡɚɑɞɡ. ȾŬŰɧˊɘɜ, Űɞ ŮɜŭɘɎɛŮůɞ ŬɡŰɧ 

ɡűɑůŰŬŰŬɘ ŬɜŰɘŭɟɎůŮɘɠ ŬɡŰɞůɡɛˊɨəɜɤůɖɠ, ɞŭɖɔɩɜŰŬɠ ůŰɖ ŭɖɛɘɞɡɟɔɑŬ ŮɚŬůŰɞɛŮɟɞɨɠ 

ůɘɚɘəɧɜɖɠ. Ƀɘ ŬɜŰɘŭɟɎůŮɘɠ ɓɞɡɚəŬɜɘůɛɞɨ Űɤɜ RTV ůɘɚɘəɞɜɩɜ ɛŮ ɓɎůɖ ɛŮɗɞɝɡ-ɞɛɎŭŮɠ ŮɑɜŬɘ 

ɧɛɞɘŮɠ ɛŮ ŬɡŰɏɠ ɛŮ ɓɎůɖ ŬəŮŰɞɝɨ-ɞɛɎŭŮɠ. Ƀɘ ɓŬůɘəɏɠ ŭɘŬűɞɟɏɠ ŮɑɜŬɘ ɧŰɘ ŰŬ ɛɏůŬ 

ŭɘŬůŰŬɨɟɤůɖɠ Űɤɜ ɛŮɗɞɝɡ-ɞɛɎŭɤɜ, ɧˊɤɠ Űɞ ɛŮɗɡɚŰɟɘɛŮɗɞɝɡůɘɚɎɜɘɞ, ŭŮɜ ŬɜŰɘŭɟɞɨɜ 

ŬɡɗɧɟɛɖŰŬ ɛŮ Űɘɠ ŬəɟŬɑŮɠ ɞɛɎŭŮɠ ůɘɚŬɜɧɚɖɠ Űɖɠ PDMS əŬɘ ɞɘ ůɘɚɘəɧɜŮɠ ɛŮ ŬəɟŬɑŮɠ ɞɛɎŭŮɠ 

ɛŮɗɞɝɡůɘɚŬɜɑɞɡ ŭŮɜ ŬɜŰɘŭɟɞɨɜ ɛŮ Űɖɜ ɡɔɟŬůɑŬ Űɖɠ ŬŰɛɧůűŬɘɟŬɠ əɎŰɤ Ŭˊɧ ůɡɜɗɐəŮɠ 

ɞɡŭɏŰŮɟɞɡ pH. ɆɡɜŮˊɩɠ, ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɖ ɖ ˊŬɟɞɡůɑŬ əŬŰŬɚɨŰɖ 
[21]

.  

ɇŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ Ůɜɧɠ ůɡůŰɐɛŬŰɞɠ ɓɞɡɚəŬɜɘůɛɞɨ ůɡɛˊɨəɜɤůɖɠ ŮɑɜŬɘ: 

¶ ȼ ŬɜŰɑŭɟŬůɖ ŮɑɜŬɘ ɘůɞɗŮɟɛɞəɟŬůɘŬəɐ. 

¶ ɋɠ ˊɟɞɥɧɜ ůɡɛˊɡəɜɩůŮɤɠ ůɢɖɛŬŰɑɕŮŰŬɘ ˊŰɖŰɘəɐ Ŭɚəɞɧɚɖ, ɞɝɑɛɖ, Ŭɛɑɜɖ, əɚˊ. 

¶ ȼ ŮɝɎŰɛɘůɖ Űɞɡ ˊŬɟŬˊɟɞɥɧɜŰɞɠ ɞŭɖɔŮɑ ůŮ ɛŮɑɤůɖ ɛɎɕŬɠ, ˊɞɡ ɏɢŮɘ ɤɠ ŬˊɞŰɏɚŮůɛŬ Űɖ 
ɢɖɛɘəɐ ůɡɟɟɑəɜɤůɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɏɜɞɡ ŮɚŬůŰɞɛŮɟɞɨɠ ůŮ ɏɜŬ Ůɨɟɞɠ 0.2-2 % 

(ɔɟŬɛɛɘəɎ), ŬɜɎɚɞɔŬ ɛŮ Űɖ ůɡɔəɏɜŰɟɤůɖ Űɤɜ ɞɛɎŭɤɜ ŬɜŰɑŭɟŬůɖɠ. 

¶ ɆŰŬ ˊŮɟɘůůɧŰŮɟŬ ůɡůŰɐɛŬŰŬ ɖ ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ ŮˊŬɜɏɟɢŮŰŬɘ ůŮ 

ɗŮɟɛɞəɟŬůɑŮɠ Ɏɜɤ Űɤɜ 90 ÁC Ŭɜ ŭŮɜ ɏɢŮɘ ɞɚɞəɚɖɟɤɗŮɑ. 

 

 
1.3.1.2 ɆɘɚɘəɧɜŮɠ ɓɞɡɚəŬɜɘůɛɞɨ ɛŮ ɛɖɢŬɜɘůɛɧ ˊɟɞůɗɐəɖɠ  

ɇŬ ůɡůŰɐɛŬŰŬ ŬɡŰɎ ŬˊɞŰŮɚɞɨɜŰŬɘ ůɡɜɐɗɤɠ Ŭˊɧ ŭɨɞ ůɡůŰŬŰɘəɎ, ŰŬ ɞˊɞɑŬ ŬɜŰɘŭɟɞɨɜ 

ɛŮŰŬɝɨ Űɞɡɠ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ ɢɤɟɑɠ Űɞ ůɢɖɛŬŰɘůɛɧ ˊŬɟŬˊɟɞɥɧɜŰɤɜ əŬɘ ɢɤɟɑɠ Űɖɜ 

ŬɜɎɔəɖ ŮɝɤŰŮɟɘəɩɜ ˊŬɟŬɔɧɜŰɤɜ (ɧˊɤɠ ˊ.ɢ. ɡɔɟŬůɑŬ ˊɞɡ ŬɜŬűɏɟɗɖəŮ ůŰɞ ɛɖɢŬɜɘůɛɧ 

ůɡɛˊɨəɜɤůɖɠ), əŬɘ ɔɘŬ Űɞ ɚɧɔɤ ŬɡŰɧ ˊɟɏˊŮɘ ɜŬ ŭɘŬŰɖɟɞɨɜŰŬɘ ɢɤɟɘůŰɎ. ɇŬ ˊŮɟɘůůɧŰŮɟŬ 

ůɡůŰɐɛŬŰŬ ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ ɓɟɑůəɞɜŰŬɘ ůɡɜɐɗɤɠ ůŮ ŬɜŬɚɞɔɑŮɠ ŬɜɎɛɘɝɖɠ 1:1, 9:1 ɐ 

100:1, ŬɜɎɚɞɔŬ ɛŮ Űɞɜ Ůɛˊɞɟɘəɧ Űɨˊɞ Űɞɡ ˊɟɞɥɧɜŰɞɠ. Ɇɡɜɐɗɤɠ, ɖ ŬɜŰɑŭɟŬůɖ ɚŬɛɓɎɜŮɘ ɢɩɟŬ 
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ɎɛŮůŬ ɛŮŰɎ Űɖɜ ŬɜɎɛɘɝɖ Űɤɜ 2 ůɡůŰŬŰɘəɩɜ əŬɘ ɞ ɓɞɡɚəŬɜɘůɛɧɠ ŮɝŮɚɑůůŮŰŬɘ ŰŬɢɨŰŬŰŬ. ȾŬŰɎ 

Űɞ ɓɞɡɚəŬɜɘůɛɧ ˊɟɞůɗɐəɖɠ, ŭŮɜ ˊŬɟɎɔɞɜŰŬɘ ˊŬɟŬˊɟɞɥɧɜŰŬ Űɖɠ ŬɜŰɑŭɟŬůɖɠ, ůɡɜŮˊɩɠ ŭŮɜ 

ˊŬɟɞɡůɘɎɕŮŰŬɘ Űɞ űŬɘɜɧɛŮɜɞ Űɖɠ ůɡɟɟɑəɜɤůɖɠ əŬŰɎ Űɖɜ ŮɝɎŰɛɘůɖ Űɞɡ ˊŬɟŬˊɟɞɥɧɜŰɞɠ, ɧˊɤɠ 

ŭɘŬˊɘůŰɩɜŮŰŬɘ ůŰŬ ŬɜŰɑůŰɞɘɢŬ ŮɚŬůŰɞɛŮɟɐ ɓɞɡɚəŬɜɘůɛɞɨ ůɡɛˊɨəɜɤůɖɠ. ȷɡŰɧ ɏɢŮɘ ɤɠ 

ŬˊɞŰɏɚŮůɛŬ Űɖɜ ŮɡəɞɚɑŬ ůŰɞ ɢŮɘɟɘůɛɧ əŬɘ ůŰɞɜ Ŭəɟɘɓɐ ɏɚŮɔɢɞ Űɤɜ ŭɘŬůŰɎůŮɤɜ Űɞɡ 

ˊɟɞəɨˊŰɞɜŰɞɠ ɓɞɡɚəŬɜɘůɛɏɜɞɡ ŮɚŬůŰɞɛŮɟɞɨɠ. ɇŬ ɡɚɘəɎ ŬɡŰɎ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŮ ŮɡɟŮɑŬ 

ɓɘɞɛɖɢŬɜɘəɐ ˊŬɟŬɔɤɔɐ ɧˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ŬəɟɑɓŮɘŬ ůŰɘɠ ŭɘŬůŰɎůŮɘɠ Űɞɡ ɡɚɘəɞɨ. ȸŬůɘəɧ 

ɛŮɘɞɜɏəŰɖɛŬ Űɤɜ ůɡůŰɖɛɎŰɤɜ ŬɡŰɩɜ ŮɑɜŬɘ ɖ ŬɜŬůŰɞɚɐ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ ɚɧɔɤ Űɖɠ 

ŬˊŮɜŮɟɔɞˊɞɑɖůɖɠ Űɞɡ əŬŰŬɚɨŰɖ 
[8]
, ɛɏůɤ ŭɏůɛŮɡůɖɠ Ŭˊɧ ɞɛɎŭŮɠ Ŭɛɑɜɖɠ, ɗŮɘɞɨɢŮɠ ŮɜɩůŮɘɠ 

ə.Ŭ.  

 

 

1.3.2 ȺˊɑŭɟŬůɖ Űɖɠ ˊɡəɜɧŰɖŰŬɠ Űɞɡ ˊɚɏɔɛŬŰɞɠ ůŰɘɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ŮɚŬůŰɞɛŮɟɞɨɠ 

ȼ ˊɡəɜɧŰɖŰŬ Űɤɜ ůɡɜŭɏůŮɤɜ ŭɘŬůŰŬɨɟɤůɖɠ ŮˊɖɟŮɎɕŮɘ ůŮ ɛŮɔɎɚɞ ɓŬɗɛɧ Űɘɠ ɛɖɢŬɜɘəɏɠ 

əŬɘ űɡůɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ŮɚŬůŰɞɛŮɟɩɜ. ɆŮ ɏɜŬ ɔɟŬɛɛɘəɧ ˊɞɚɡɛŮɟɏɠ ɛŮ ŮɨəŬɛˊŰŮɠ ŬɚɡůɑŭŮɠ 

ˊɞɡ ɛŮŰŬŰɟɏˊŮŰŬɘ ůŮ ˊɚɏɔɛŬ ɛŮ ɛɘŬ ˊɞɟŮɑŬ ůɡɜŮɢɞɨɠ ŬɜɎˊŰɡɝɖɠ ŭɘŬůŰŬɡɟɞɨɛŮɜɤɜ 

ůɡɜŭɏůŮɤɜ ˊŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ ɞɘ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ ɛŮŰŬɓɎɚɚɞɜŰŬɘ əŬɘ Űɞ ɡɚɘəɧ ɡˊŬəɞɨŮɘ ůŮ 

ŭɘŬűɞɟŮŰɘəɞɨɠ ɜɧɛɞɡɠ ɛɖɢŬɜɘəɐɠ ůɡɛˊŮɟɘűɞɟɎɠ 
[16]
. Ƀɘ űɡůɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ 

ŮɝŬɟŰɩɜŰŬɘ Ŭˊɧ Űɞ ɓŬɗɛɧ Űɖɠ ŭɘŬůŰŬɨɟɤůɖɠ, Ŭˊɧ Űɞ ɛɞɟɘŬəɧ ɓɎɟɞɠ əŬɘ Ŭˊɧ Űɖɜ 

əŬɜɞɜɘəɧŰɖŰŬ Űɞɡ ˊɚɏɔɛŬŰɞɠ. ȳůɞ ŬɡɝɎɜŮŰŬɘ ɖ ˊɡəɜɧŰɖŰŬ Űɤɜ ůɡɜŭɏůŮɤɜ ŭɘŬůŰŬɨɟɤůɖɠ, 

ɛŮɘɩɜŮŰŬɘ ɖ ŮɚŬůŰɘəɧŰɖŰŬ əŬɘ ɖ ŭɘɧɔəɤůɖ Űɞɡ ɡɚɘəɞɨ, Ůɜɩ ŬɜŰɑůŰɞɘɢŬ ŬɡɝɎɜŮŰŬɘ ɖ 

ɗŮɟɛɞəɟŬůɑŬ ɡŬɚɩŭɞɡɠ ɛŮŰɎˊŰɤůɖɠ əŬɘ Űɞ ˊɞɚɡɛŮɟɏɠ ɔɑɜŮŰŬɘ ŬɟəŮŰɎ ŭɨůəŬɛˊŰɞ. ɇɞ 

ɔɟŬɛɛɘəɧ ˊɞɚɡɛŮɟɏɠ ɛɏɢɟɘ Űɖɜ ŬɜɎˊŰɡɝɖ ŭɘŬůŰŬɡɟɞɨɛŮɜɤɜ ůɡɜŭɏůŮɤɜ ˊɞɡ ŬɜŰɘůŰɞɘɢɞɨɜ 

ůŰɖɜ ŮɛűɎɜɘůɖ ˊɐɔɛŬŰɞɠ, ɡˊŬəɞɨŮɘ ůŰɞɡɠ ɜɧɛɞɡɠ Űɖɠ ɘɝɤŭɞŮɚŬůŰɘəɧŰɖŰŬɠ. ȼ ůɡɜŮɢɘɕɧɛŮɜɖ 

ŬɜɎˊŰɡɝɖ Űɖɠ ˊɡəɜɧŰɖŰŬɠ Űɤɜ ůɡɜŭɏůŮɤɜ ŭɘŬůŰŬɨɟɤůɖɠ ɛɏɢɟɘ ɛŮŰɟɑɤɠ ˊɡəɜɎ ˊɚɏɔɛŬŰŬ, 

ŬɚɚɎɕŮɘ Űɖ ɛɖɢŬɜɘəɐ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ ɡɚɘəɞɨ, ˊɞɡ ɡˊŬəɞɨŮɘ ůŰɞɡɠ ɜɧɛɞɡɠ Űɖɠ 

ŮɚŬůŰɘəɧŰɖŰŬɠ ŮɚŬůŰɞɛŮɟɞɨɠ. ȼ Ůˊɘˊɚɏɞɜ ŬɜɎˊŰɡɝɖ Űɖɠ ˊɡəɜɧŰɖŰŬɠ Űɤɜ ůɡɜŭɏůŮɤɜ ɞŭɖɔŮɑ 

ůŮ ˊɞɚɨ ˊɡəɜɎ ˊɚɏɔɛŬŰŬ. Ƀɘ ɘŭɘɧŰɖŰŮɠ Űɞɡ ŮɚŬůŰɞɛŮɟɞɨɠ əŬŰŬůŰɟɏűɞɜŰŬɘ əŬɘ Űɞ ́ɟɞɥɧɜ 

ɡˊŬəɞɨŮɘ ůŰɞ ɜɧɛɞ Űɖɠ ŮɚŬůŰɘəɐɠ ůɡɛˊŮɟɘűɞɟɎɠ, əŬŰɎ Hooke 
[16]
. ȷˊɧ Űɖ ŭɘŬůŰŬɨɟɤůɖ 

ŮˊɖɟŮɎɕŮŰŬɘ ɞ Ůɘŭɘəɧɠ ɧɔəɞɠ Űɤɜ ˊɞɚɡɛŮɟɩɜ əŬɗɩɠ əŬɘ ɞ ůɡɜŰŮɚŮůŰɐɠ ɗŮɟɛɘəɐɠ ŭɘŬůŰɞɚɐɠ 

Űɞɡɠ 
[23]

.  

ȼ ŭɘŬůŰŬɨɟɤůɖ ŬɡɝɎɜŮɘ ŮɚɎɢɘůŰŬ əŬɘ Űɖ ɗŮɟɛɘəɐ ŬɔɤɔɘɛɧŰɖŰŬ Űɤɜ ˊɞɚɡɛŮɟɩɜ. ȼ 

ɗŮɟɛɧŰɖŰŬ ůŰŬ ˊɞɚɡɛŮɟɐ ŭŮ ɛŮŰŬűɏɟŮŰŬɘ Ŭˊɧ ɖɚŮəŰɟɧɜɘŬ ŬɚɚɎ ɛŮ űɤŰɧɜɘŬ. ȼ Űɘɛɐ Űɖɠ 

ɗŮɟɛɘəɐɠ ŬɔɤɔɘɛɧŰɖŰŬɠ Űɤɜ ŮɚŬůŰɞɛŮɟɩɜ əŬɘ Űɤɜ Ɏɛɞɟűɤɜ ˊɞɚɡɛŮɟɩɜ ŬɡɝɎɜŮɘ ůɡɜŬɟŰɐůŮɘ 

Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ ɚŬɛɓɎɜɞɜŰŬɠ ɛɏɔɘůŰɖ Űɘɛɐ əɞɜŰɎ ůŰɞ ůɖɛŮɑɞ ɡŬɚɩŭɞɡɠ ɛŮŰɎˊŰɤůɖɠ 
[24]

. 

ɇɞ űŬɘɜɧɛŮɜɞ ŭŮɜ ŮɑɜŬɘ ɏɜŰɞɜɞ, Ŭəɧɛɖ əŬɘ ůŮ ɛŮɔɎɚɞ ɓŬɗɛɧ ŭɘŬůŰŬɨɟɤůɖɠ. ȷɡŰɧ ɞűŮɑɚŮŰŬɘ 

ůŰɞ ɔŮɔɞɜɧɠ ɧŰɘ ɖ ɟɞɐ Űɖɠ ɗŮɟɛɧŰɖŰŬɠ ɔɑɜŮŰŬɘ ɛŮɔŬɚɨŰŮɟɖ əŬŰɎ ɛɐəɞɠ Űɖɠ ŬɚɡůɑŭŬɠ ɛŮ Űɞɜ 

ɞɛɞɘɞˊɞɚɘəɧ ŭŮůɛɧ Ŭˊ' ɧ,Űɘ ůŮ əŬŰŮɡɗɨɜůŮɘɠ əɎɗŮŰŮɠ ůŰɖɜ ŬɚɡůɑŭŬ, ɧˊɞɡ Ůˊɘŭɟɞɨɜ ŬůɗŮɜŮɑɠ 

ŭɡɜɎɛŮɘɠ Van der Waals. ɀŮ Űɖ ŭɘŬůŰŬɨɟɤůɖ ŬɜŰɘəŬɗɑůŰŬɜŰŬɘ ɛŮɟɘəɏɠ ŭɡɜɎɛŮɘɠ Van der 

Waals ɛŮ ɞɛɞɘɞˊɞɚɘəɏɠ. ɆŰŬ ˊɞɚɡɛŮɟɐ ˊɞɡ ɖ ŬɚɡůɑŭŬ Űɞɡɠ ŮɛűŬɜɑɕŮɘ ŬɜɘůɞŰɟɞˊɑŬ, ɞɘ ŭŮůɛɞɑ 

ɛŮŰŬɝɨ ŬŰɧɛɤɜ Űɖɠ ŬɚɡůɑŭŬɠ Űɞɡ ɛŬəɟɞɛɞɟɑɞɡ ŮɑɜŬɘ ůɢŮŭɧɜ ˊɎɜŰŬ ɞɛɞɘɞˊɞɚɘəɞɑ əŬɘ ɞɘ 

ŭɘŬɛɞɟɘŬəɞɑ ŭŮůɛɞɑ ˊɞɡ ŮɑɜŬɘ əɎɗŮŰɞɘ ˊɟɞɠ Űɘɠ ŬɚɡůɑŭŮɠ ŮɑɜŬɘ ŭŮɡŰŮɟŮɨɞɜŰŮɠ ŭŮůɛɞɑ 

(ŭɡɜɎɛŮɘɠ Van der Waals əŬɘ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ ŭɘˊɧɚɞɡ-ŭɘˊɧɚɞɡ). ȾŬŰɎ Űɖ ɗŮɟɛɘəɐ ŭɘŬůŰɞɚɐ 

Űɤɜ əɟɡůŰɎɚɚɤɜ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ, ŬɚɡůɑŭŮɠ ɛŬəɟɞɛɞɟɑɤɜ ůɡůŰɏɚɚɞɜŰŬɘ əŬŰɎ Űɖ ŭɘŮɨɗɡɜůɖ 

Űɤɜ Ŭɝɧɜɤɜ Űɞɡɠ ɚɧɔɤ Űɞɡ ŬɡɝŬɜɧɛŮɜɞɡ ˊɚɎŰɞɡɠ Űɤɜ əɘɜɐůŮɤɜ Űɞɡɠ. Ƀ ůɡɜŰŮɚŮůŰɐɠ 
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ɔɟŬɛɛɘəɐɠ ŭɘŬůŰɞɚɐɠ ůŰɖ ŭɘŮɨɗɡɜůɖ Űɖɠ ŬɚɡůɑŭŬɠ ŮɑɜŬɘ ɛɖŭɏɜ ɐ ŬɟɜɖŰɘəɧɠ (ůɡůŰɞɚɐ). Ƀɘ 

əɟɨůŰŬɚɚɞɘ, ɧɛɤɠ, ŭɘŬůŰɏɚɚɞɜŰŬɘ ůŰɘɠ ŭɨɞ əɎɗŮŰŮɠ ŭɘŮɡɗɨɜůŮɘɠ ˊɟɞɠ Űɞɜ ɎɝɞɜŬ Űɖɠ ŬɚɡůɑŭŬɠ 

Űɤɜ ɛŬəɟɞɛɞɟɑɤɜ əŬɘ ɞ ůɡɜɞɚɘəɧɠ ůɡɜŰŮɚŮůŰɐɠ əɡɓɘəɐɠ ŭɘŬůŰɞɚɐɠ ŮɑɜŬɘ ɗŮŰɘəɧɠ (ŭɘŬůŰɞɚɐ). 

ȷɜŰɑɗŮŰŬ ŰŬ ɘůɞŰɟɞˊɘəɎ ůɩɛŬŰŬ ŭɘŬůŰɏɚɚɞɜŰŬɘ Ůɝɑůɞɡ əŬɘ ůŰɘɠ ŰɟŮɘɠ ŭɘŮɡɗɨɜůŮɘɠ Űɞɡ ɢɩɟɞɡ 

ɚɧɔɤ Űɖɠ ŬɡɝŬɜɧɛŮɜɖɠ ɗŮɟɛɘəɐɠ əɑɜɖůɖɠ Űɤɜ ŬŰɧɛɤɜ, ɞɛɎŭɤɜ əŬɘ ɛoɟɑɤv 
[20, 24]

. 

ɀɏůɤ Űɤɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ ŮɑɜŬɘ ŭɡɜŬŰɧɜ ɜŬ ŬˊɞəŬɚɡűɗɞɨɜ əɎˊɞɘɞɘ ˊŬɟɎɔɞɜŰŮɠ 

ˊɞɡ ɢŬɟŬəŰɖɟɑɕɞɡɜ Űɖ ŭɞɛɐ ˊɚɏɔɛŬŰɞɠ. ɇŬ ˊɚɏɔɛŬŰŬ ŭŮɜ ŮɑɜŬɘ ŰɏɚŮɘŬ əŬɘ ŮˊɖɟŮɎɕɞɜŰŬɘ Ŭˊɧ 

Űɘɠ ŬŰɏɚŮɘŮɠ Űɖɠ ŭɞɛɐɠ Űɞɡɠ. ɀˊɞɟŮɑ ɜŬ ˊŮɟɘɏɢɞɡɜ ŬɟəŮŰɏɠ ɛɖ ŮɜŮɟɔɏɠ ŮɜŭɞɛɞɟɘŬəɏɠ 

ůɡɜŭɏůŮɘɠ ŭɘŬůŰŬɨɟɤůɖɠ ɛŮ Űɖ ɛɞɟűɐ ɓɟɧɔɢɤɜ ɐ ŭɘŬəɚŬŭɩůŮɤɜ. Ƀɘ ɓɟɧɔɢɞɘ ɛˊɞɟŮɑ ɜŬ 

Ŭɡɝɖɗɞɨɜ, Ŭɜ ɖ ŭɘŬůŰŬɨɟɤůɖ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ ɔɑɜŮŰŬɘ ɡˊɧ Űɖ ˊŬɟɞɡůɑŬ əɎˊɞɘɞɡ "ŮɜŮɟɔɞɨ" 

ŭɘŬɚɨŰɖ. ȷɡŰɞɑ ɞɘ ɓɟɧɔɢɞɘ ŮɑɜŬɘ ŮɛűŬɜŮɑɠ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ Űɤɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ, 

ˊɟɞəŬɚɩɜŰŬɠ ɛŮɑɤůɖ Űɖɠ Űɘɛɐɠ ŮɝɏŰŬůɖɠ Űɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ Űɖɠ ŬɜŰɞɢɐɠ 
[25]
. Ƀɘ 

ŮɜŭɞɛɞɟɘŬəɞɑ ɓɟɧɔɢɞɘ ŭŮɜ ɛˊɞɟɞɨɜ ɜŬ ůɡɜŮɘůűɏɟɞɡɜ ůŰɖ ɛŮŰŬűɞɟɎ Űɞɡ ŮűŬɟɛɞɕɧɛŮɜɞɡ 

űɞɟŰɑɞɡ, Ŭˊɧ Űɖɜ Ɏɚɚɖ ˊɚŮɡɟɎ ɧɛɤɠ, ɞɘ ŬɚɚɖɚɞŭɘŮɘůŭɡɧɛŮɜɞɘ ɓɟɧɔɢɞɘ ɛˊɞɟɞɨɜ ɜŬ Ŭɡɝɐůɞɡɜ 

Űɞɜ Ŭɟɘɗɛɧ Űɤɜ ŮɜŮɟɔɩɜ ůɡɜŭɏůŮɤɜ əŬɘ ɛˊɞɟŮɑ ɜŬ ɓɞɖɗɐůɞɡɜ ůŰɖ ɛŮŰŬűɞɟɎ Űɞɡ 

ŮűŬɟɛɞɕɧɛŮɜɞɡ űɞɟŰɑɞɡ. 

ȼ Ůˊɘɛɐəɡɜůɖ əŬŰɎ Űɖ ɗɟŬɨůɖ ɛŮɘɩɜŮŰŬɘ ɧůɞ ŬɡɝɎɜŮŰŬɘ ɖ ŭɘŬůŰŬɨɟɤůɖ Űɞɡ 

ˊɞɚɡɛŮɟɞɨɠ. ȼ ŰɎůɖ ɗɟŬɨůŮɤɠ ŬɟɢɘəɎ ŬɡɝɎɜŮŰŬɘ ɧůɞ ŬɡɝɎɜŮŰŬɘ Űɞ ɛɏůɞ ŭɘŬůŰŬɨɟɤůɖɠ, 

ɚŬɛɓɎɜŮɘ ɛɘŬ ɛɏɔɘůŰɖ Űɘɛɐ ůŮ ɏɜŬ ůɢŮŰɘəɎ ɛɘəɟɧ ɓŬɗɛɧ ŭɘŬůŰŬɨɟɤůɖɠ, əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ 

ɛŮɘɩɜŮŰŬɘ ůŰŬŭɘŬəɎ. ɆɨɛűɤɜŬ ɛŮ Űɖ ɗŮɤɟɑŬ ɞ ɚɧɔɞɠ ŮəŰɎůŮɤɠ ɐ ŮˊɘɛɖəɨɜůŮɤɠ (Ŭ) ŮɑɜŬɘ 

ŬɜɎɚɞɔɞɠ Űɖɠ ŰŮŰɟŬɔɤɜɘəɐɠ ɟɑɕŬɠ Űɖɠ ˊɡəɜɧŰɖŰŬɠ Űɤɜ ŬˊɞŰŮɚŮůɛŬŰɘəɩɜ ůɡɜŭɏůŮɤɜ 

ŭɘŬůŰŬɨɟɤůɖɠ 
[26]
. ŪŮɤɟɖŰɘəɎ, ŬɜŬɛɏɜŮŰŬɘ ɧŰɘ ɖ ŰɎůɖ ɗɟŬɨůŮɤɠ ŬɡɝɎɜŮŰŬɘ ɛŮ Űɖ 

ŭɘŬůŰŬɨɟɤůɖ ɔɘŬŰɑ ɞɘ ŬůɗŮɜŮɑɠ ŭŮůɛɞɑ Van der Waals ŬɜŰɘəŬɗɑůŰŬɜŰŬɘ ɛŮ ɘůɢɡɟɞɨɠ 

ɞɛɞɘɞˊɞɚɘəɞɨɠ ŭŮůɛɞɨɠ. ȼ ŮɚɎŰŰɤůɖ Űɖɠ ŰɎůɖɠ ɗɟŬɨůŮɤɠ, ɑůɤɠ ɞűŮɑɚŮŰŬɘ ůŮ 

ɡˊɞɛɘəɟɞůəɞˊɘəɏɠ ɟɤɔɛɏɠ, ɞɘ ɞˊɞɑŮɠ ŬɜŬˊŰɨůůɞɜŰŬɘ Ŭˊɧ ŮůɤŰŮɟɘəɏɠ ŰɎůŮɘɠ əŬɘ ɞɘ ɞˊɞɑŮɠ 

ŮɑɜŬɘ ŬˊɞŰɏɚŮůɛŬ ůɡůŰɞɚɐɠ ɐ ɗŮɟɛɘəɩɜ ŬɚɚŬɔɩɜ ɛŮŰɎ Űɖɜ əɑɜɖůɖ ŰɛɖɛɎŰɤɜ Űɞɡ ɛɞɟɑɞɡ ˊɞɡ 

ŮɑɢŬɜ ŮɚŬŰŰɤɗŮɑ Ŭˊɧ Űɖ ŭɘŬůŰŬɨɟɤůɖ. ɆɨɛűɤɜŬ ɛŮ Űɖ ɗŮɤɟɑŬ ŰŬ ŮɚŬůŰɞɛŮɟɐ ɛŮ 

ŰɟɘŭɟŬůŰɘəɏɠ ůɡɜŭɏůŮɘɠ ŭɘŬůŰŬɨɟɤůɖɠ ˊŬɟɞɡůɘɎɕɞɡɜ ɛŮɔŬɚɨŰŮɟɖ Ůˊɘɛɐəɡɜůɖ ůŮ ůɢɏůɖ ɛŮ 

ŰŬ ŮɚŬůŰɞɛŮɟɐ ɛŮ ŰŮŰɟŬŭɟŬůŰɘəɏɠ ůɡɜŭɏůŮɘɠ ŭɘŬůŰŬɨɟɤůɖɠ. ɇɏɚɞɠ, ŰŬ əŬɗɞɟɘůɛɏɜŬ 

ˊɚɏɔɛŬŰŬ ˊŬɟɞɡůɘɎɕɞɡɜ ɛŮɔŬɚɨŰŮɟɖ Ůˊɘɛɐəɡɜůɖ əŬŰɎ Űɖ ɗɟŬɨůɖ ůɡɔəɟɘŰɘəɎ ɛŮ ŰŬ ŰɡɢŬɑŬ 

ˊɚɏɔɛŬŰŬ. 

 

ɆɢɐɛŬ 1.4: ɆɡůɢɏŰɘůɖ ɛŮŰŬɝɨ Űɤɜ ɘŭɘɞŰɐŰɤɜ əŬɘ Űɖɠ ˊɡəɜɧŰɖŰŬɠ ˊɚɏɔɛŬŰɞɠ Űɤɜ ŮɚŬůŰɞɛŮɟɩɜ 
[27]

.  
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ɆɨɛűɤɜŬ ɛŮ Űɞɜ Hertz 
[27]

, ɞɘ ɘŭɘɧŰɖŰŮɠ Űɤɜ ŮɚŬůŰɞɛŮɟɩɜ ŮɝŬɟŰɩɜŰŬɘ ɎɛŮůŬ Ŭˊɧ Űɖɜ 

ˊɡəɜɧŰɖŰŬ Űɞɡ ˊɚɏɔɛŬŰɞɠ. ɀŮ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ˊɡəɜɧŰɖŰŬɠ Űɞɡ ˊɚɏɔɛŬŰɞɠ, Űɞ ůŰŬŰɘəɧ ɛɏŰɟɞ 

(static modulus) ŬɡɝɎɜŮŰŬɘ ŰŬɢɨŰŮɟŬ ůɡɔəɟɘŰɘəɎ ɛŮ Űɞ ŭɡɜŬɛɘəɧ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ. ȼ 

ůɡɛˊŮɟɘűɞɟɎ ŬɡŰɐ ɞűŮɑɚŮŰŬɘ ůŰɞ ɧŰɘ Űɞ ŭɡɜŬɛɘəɧ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ ŬˊɞŰŮɚŮɑ ůɡɜŭɡŬůɛɧ 

Űɖɠ ɘɝɤŭɞŮɚŬůŰɘəɐɠ ůɡɛˊŮɟɘűɞɟɎɠ Űɤɜ ŮɚŬůŰɞɛŮɟɩɜ, Ůɜɩ Űɞ ůŰŬŰɘəɧ ɛɏŰɟɞ ŮˊɖɟŮɎɕŮŰŬɘ 

ɛɧɜɞ Ŭˊɧ Űɖɜ ŮɚŬůŰɘəɐ Űɞɡɠ ůɡɛˊŮɟɘűɞɟɎ. ɇɏɚɞɠ, Űɞ ɡɣɖɚɧŰŮɟɞ ɛɞɟɘŬəɧ ɓɎɟɞɠ Űɤɜ 

ŰɛɖɛɎŰɤɜ ɛŮŰŬɝɨ Űɤɜ ůŰŬɡɟɞŭŮůɛɩɜ ŮˊɘŰɟɏˊŮɘ ůŮ ɏɜŬ ɛŮɔŬɚɨŰŮɟɞ ɛɏɟɞɠ ˊɞɚɡɛŮɟɘəɩɜ 

Ŭɚɡůɑŭɤɜ ɜŬ űɏɟɞɡɜ űɞɟŰɑɞ ůŮ ůɡɜɗɐəŮɠ űɧɟŰɘůɖɠ, ɔŮɔɞɜɧɠ ˊɞɡ ɞŭɖɔŮɑ ůŮ ɛŮɔŬɚɨŰŮɟɖ 

ŬɜŰɞɢɐ ůŮ ŮűŮɚəɡůɛɧ.  

 

 

1.3.3 ȺˊɑŭɟŬůɖ Űɞɡ ɛɏůɞɡ ŭɘŬůŰŬɨɟɤůɖɠ əŬɘ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ůŰɞ ɓɞɡɚəŬɜɘůɛɧ 

ȼ ˊɟɞůɗɐəɖ ɛŮɔŬɚɨŰŮɟɤɜ ŬɜŬɚɞɔɘɩɜ ɛɏůɞɡ ŭɘŬůŰŬɨɟɤůɖɠ ŮˊɘűɏɟŮɘ  ɛŮɔŬɚɨŰŮɟɖ 

ɛŮɑɤůɖ Űɞɡ ɢɟɧɜɞɡ ɞɛɞɔŮɜɞˊɞɑɖůɖɠ əŬɘ Űɞɡ ɓɏɚŰɘůŰɞɡ ɢɟɧɜɞɡ ɓɞɡɚəŬɜɘůɛɞɨ əŬɘ Ŭɨɝɖůɖ Űɞɡ 

ɟɡɗɛɞɨ ɓɞɡɚəŬɜɘůɛɞɨ, ŭɘɧŰɘ ŬɡɝɎɜɞɜŰŬɘ ɞɘ ɛɞɜɎŭŮɠ ŭɘŬůŰŬɨɟɤůɖɠ ïOR, ɞɘ ɞˊɞɑŮɠ 

ŭɘŮɡəɞɚɨɜɞɡɜ Űɖɜ ŬɜŰɑŭɟŬůɖ ůɢɖɛŬŰɘůɛɞɨ ůŰŬɡɟɞŭŮůɛɩɜ 
[28, 29]

. ɋůŰɧůɞ, ɖ ˊɟɞůɗɐəɖ 

ɛŮɔɎɚɖɠ ˊŮɟɑůůŮɘŬɠ ɛɏůɞɡ ŭɘŬůŰŬɨɟɤůɖɠ ɞŭɖɔŮɑ ůŮ ɛŮɔŬɚɨŰŮɟɞ əɨəɚɞ ɓɞɡɚəŬɜɘůɛɞɨ əŬɘ 

ɛɘəɟɧŰŮɟɖ ɗŮɟɛɘəɐ ůŰŬɗŮɟɧŰɖŰŬ 
[22]
. ɇɞ ɛɏůɞ ŭɘŬůŰŬɨɟɤůɖɠ ŮˊɖɟŮɎɕŮɘ Űɘɠ ˊŬɟŬɛɏŰɟɞɡɠ ˊɞɡ 

ůɢŮŰɑɕɞɜŰŬɘ ɛŮ Űɖɜ ŰɎɝɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ, n əŬɘ m 
[28]

.  

ɇɞ ɛɏůɞ ŭɘŬůŰŬɨɟɤůɖɠ ůŰɖɜ ˊŮɟɑˊɤůɖ Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ ůɡɛˊɨəɜɤůɖɠ ɛˊɞɟŮɑ ɜŬ 

ŬɜŰɘŭɟɎůŮɘ Űɧůɞ ɛŮ Űɘɠ ŬɚɡůɑŭŮɠ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ, ɧůɞ əŬɘ ɛŮ Űɞ ɛɏůɞ Ůɜɑůɢɡůɖɠ.  
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ɆɢɐɛŬ 1.5: ɆɢɖɛŬŰɘəɐ ŬˊŮɘəɧɜɘůɖ Űɤɜ ŮɜŭɞɛɞɟɘŬəɩɜ ŬɚɚɖɚŮˊɘŭɟɎůŮɤɜ: (Ŭ) ɛŮŰŬɝɨ Űɞɡ ɛɏůɞɡ 

ŭɘŬůŰŬɨɟɤůɖɠ əŬɘ Űɖɠ ůɘɚɘəɧɜɖɠ əŬɘ (ɓ) ɛŮŰŬɝɨ Űɞɡ ɛɏůɞɡ ŭɘŬůŰŬɨɟɤůɖɠ əŬɘ Űɖɠ ɞɟɔŬɜɘəɐɠ 

Űɟɞˊɞˊɞɑɖůɖɠ Űɞɡ Cloisite 30B.
 

 

 Ƀ əɨɟɘɞɠ ůəɞˊɧɠ Űɖɠ ˊɟɞůɗɐəɖɠ ɛɏůɤɜ Ůɜɑůɢɡůɖɠ ŮɑɜŬɘ ɖ ɓŮɚŰɑɤůɖ ůɡɔəŮəɟɘɛɏɜɤɜ 

ɘŭɘɞŰɐŰɤɜ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ ɐ ɖ ɛŮɑɤůɖ Űɞɡ əɧůŰɞɡɠ Űɞɡ. ɇŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ Űɞɡ ɛɏůɞɡ 

Ůɜɑůɢɡůɖɠ ŮˊɖɟŮɎɕɞɡɜ ɏɜŰɞɜŬ Űɘɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ůɡɜɗɏŰɤɜ. ȷɡŰɧ ɞűŮɑɚŮŰŬɘ əɡɟɑɤɠ ůŰɞ ɧŰɘ 



 

 
ȾȺūȷȿȷȽɃ 1ɞ  

 

14 

 

ɛɘəɟɧ əɚɎůɛŬ Űɖɠ ˊɞɚɡɛŮɟɘəɐɠ ɛɐŰɟŬɠ ɓɟɑůəŮŰŬɘ əɞɜŰɎ ůŰɖɜ ŮˊɘűɎɜŮɘɎ Űɞɡɠ, ɛŮ ŬˊɞŰɏɚŮůɛŬ 

ɜŬ ˊŬɟŬŰɖɟŮɑŰŬɘ ŬɚɚɖɚŮˊɑŭɟŬůɖ ŭɘŬűɞɟŮŰɘəɩɜ ɘŭɘɞŰɐŰɤɜ əŬɘ ŬɚɚŬɔɐ ůŰɖ ɛɞɟűɞɚɞɔɑŬ. ȼ 

əɚɑɛŬəŬ ɜɎɜɞ Űɤɜ ůɤɛŬŰɘŭɑɤɜ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ŮˊɘŰɟɏˊŮɘ Űɖ ŭɘŬŰɐɟɖůɖ Űɖɠ 

ɛŬəɟɞůəɞˊɘəɐɠ ɞɛɞɘɞɔɏɜŮɘŬɠ əŬɘ Űɖɠ ɢŬɛɖɚɐɠ ˊɡəɜɧŰɖŰŬɠ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ 
[29]

.  

ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ ŮɜůɤɛɎŰɤůɖɠ 10phr ɛɖ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ əŬɘ ɞɟɔŬɜɘəɎ 

Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛŮ ɞəŰŬŭŮəɡɚŬɛɑɜɖ ɛˊŮŰɞɜɑŰɖ ůŰɖɜ ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ űɡůɘəɞɨ 

ŮɚŬůŰɘəɞɨ ŭɘŬˊɘůŰɩɗɖəŮ ɧŰɘ, ůŮ ŭŮŭɞɛɏɜɖ ɗŮɟɛɞəɟŬůɑŬ, ɖ ɛɖ Űɟɞˊɞˊɞɘɖɛɏɜɖ Ɏɟɔɘɚɞɠ ɛŮɘɩɜŮɘ 

ŮɚŬűɟɎ Űɞ ɢɟɧɜɞ ɓɞɡɚəŬɜɘůɛɞɨ Űɞɡ ŮɚŬůŰɞɛŮɟɞɨɠ, Ůɜɩ ɖ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɖ ˊɟɞəŬɚŮɑ 

ɘůɢɡɟɐ ŮɚɎŰŰɤůɐ Űɞɡ. ɆɡɛˊŮɟŬɑɜŮŰŬɘ, ɚɞɘˊɧɜ, ɧŰɘ ɖ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɖ Ɏɟɔɘɚɞɠ 

ůɡɛˊŮɟɘűɏɟŮŰŬɘ ůŬɜ ɛɏůɞ ɓɞɡɚəŬɜɘůɛɞɨ, ŮˊɘűɏɟɞɜŰŬɠ ŬɝɘɞůɖɛŮɑɤŰɖ Ŭɨɝɖůɖ ůŰɞ ɟɡɗɛɧ 

ɓɞɡɚəŬɜɘůɛɞɨ. ȼ Ŭɨɝɖůɖ ŬɡŰɐ ŬˊɞŭɑŭŮŰŬɘ ůŰɘɠ ŬɛɘɜɞɞɛɎŭŮɠ, ɞɘ ɞˊɞɑŮɠ əŬɗɘůŰɞɨɜ Űɖɜ Ɏɟɔɘɚɞ 

ɞɟɔŬɜɧűɘɚɖ. ɆɡɔəŮəɟɘɛɏɜŬ, ɖ ˊŬɟŮɛɓɞɚɐ Űɖɠ ɞəŰŬŭŮəɡɚŬɛɑɜɖɠ ɛŮŰŬɝɨ Űɤɜ ůŰɟɤɛɎŰɤɜ Űɖɠ 

Ŭɟɔɑɚɞɡ ŬɡɝɎɜŮɘ Űɞ ŭɘɎəŮɜɞ əŬɘ  ŭɘŮɡəɞɚɨɜŮɘ Űɖɜ ŮɜůɤɛɎŰɤůɖ Űɤɜ ˊɞɚɡɛŮɟɘəɩɜ Ŭɚɡůɑŭɤɜ ůŮ 

ŬɡŰɎ. ɀŮ Űɞɜ Űɟɧˊɞ ŬɡŰɧ, ɓŮɚŰɘɩɜŮŰŬɘ ɖ ŬɚɚɖɚŮˊɑŭɟŬůɖ ɛŮŰŬɝɨ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ əŬɘ Űɞɡ 

ŮɚŬůŰɞɛŮɟɞɨɠ. ȼ ˊɟɞůɗɐəɖ Űɖɠ Ŭɟɔɑɚɞɡ əŬɘ ɘŭɘŬɑŰŮɟŬ Űɖɠ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɖɠ ŬɡɝɎɜŮɘ 

Űɖɜ əɘɜɖŰɘəɐ ůŰŬɗŮɟɎ, Ⱦ əŬɘ Űɖɜ ŰɎɝɖ ŬɜŰɑŭɟŬůɖɠ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ əŬɘ ɛŮɘɩɜŮɘ Űɞ ɢɟɧɜɞ 

ɞɛɞɔŮɜɞˊɞɑɖůɖɠ, Űɞ ɓɏɚŰɘůŰɞ ɢɟɧɜɞ ɓɞɡɚəŬɜɘůɛɞɨ əŬɘ Űɖɜ ŮɜɏɟɔŮɘŬ ŮɜŮɟɔɞˊɞɑɖůɖɠ, ȺŬ [15]. 

ȺˊɘˊɟɧůɗŮŰŬ, ˊɟɞəŬɚŮɑ ŬɝɘɞůɖɛŮɑɤŰɖ Ŭɨɝɖůɖ Űɖɠ ŮəɚɡɧɛŮɜɖɠ ɗŮɟɛɧŰɖŰŬɠ əŬŰɎ Űɖɜ 

ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ ɚɧɔɤ Űɞɡ ɛŮɔŬɚɨŰŮɟɞɡ Ŭɟɘɗɛɞɨ ůŰŬɡɟɞŭŮůɛɩɜ, Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ 

ɡŬɚɩŭɞɡɠ ɛŮŰɎˊŰɤůɖɠ, ɇg, ɚɧɔɤ Űɞɡ ŮɔəɚŮɘůɛɞɨ ŰɛɐɛŬŰɞɠ Űɞɡ ŮɚŬůŰɞɛŮɟɞɨɠ ůŰŬ 

ɜŬɜɞůŰɟɩɛŬŰŬ Űɖɠ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɖɠ Ŭɟɔɑɚɞɡ ˊɞɡ ˊŮɟɘɞɟɑɕŮɘ Űɖɜ əɘɜɖŰɘəɧŰɖŰŬ Űɤɜ 

Ŭɚɡůɑŭɤɜ əŬɘ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ Ŭˊɞŭɧɛɖůɖɠ 
[30]

.  

Ƀɘ Kader əŬɘ Nah 
[28]

 ɛŮɚɏŰɖůŬɜ Űɘɠ ŮˊɘˊŰɩůŮɘɠ Űɖɠ ˊɟɞůɗɐəɖɠ ɑŭɘŬɠ ˊɞůɧŰɖŰŬɠ 

ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ (ɁŬ-ɀɀɇ) əŬɘ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ (Cloisite 15A) 

ůŰɖɜ ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ Űɞɡ FKM. Ƀ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖɠ (ɁŬ-ɀɀɇ) ˊŬɟɞɡůɘɎɕŮɘ ɛɑŬ 

ɢŬɟŬəŰɖɟɘůŰɘəɐ əɞɟɡűɐ ůŮ ŭɘɎɔɟŬɛɛŬ XRD, Ůɜɩ ɞ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɞɠ ŮɛűŬɜɑɕŮɘ ŭɨɞ 

əɞɟɡűɏɠ, Ůə Űɤɜ ɞˊɞɑɤɜ ɖ ɛɑŬ ɞűŮɑɚŮŰŬɘ ůŰɖɜ ɞɟɔŬɜɘəɐ Űɟɞˊɞˊɞɑɖůɖ əŬɘ ɖ Ɏɚɚɖ ůŰɞɜ 

ˊŬɟŬɛɏɜɤɜ ɁŬ-ɀɀɇ. ȼ ɞɟɔŬɜɘəɐ Űɟɞˊɞˊɞɑɖůɖ ŬɡɝɎɜŮɘ Űɖɜ ŬˊɧůŰŬůɖ ɛŮŰŬɝɨ Űɤɜ 

űɘɚɚɘŭɑɤɜ Űɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ əŬɘ ɛŮŰŬɓɎɚɚŮɘ ůŮ ɡŭɟɧűɞɓɞ Űɞɜ ɡŭɟɧűɘɚɞ ɢŬɟŬəŰɐɟŬ Űɖɠ 

ŮˊɘűɎɜŮɘŬɠ Űɤɜ ůŰɟɤɛɎŰɤɜ Űɖɠ Ŭɟɔɑɚɞɡ. ȾɎŰɤ Ŭˊɧ ŬɡŰɏɠ Űɘɠ ůɡɜɗɐəŮɠ, ɞɘ ˊɞɚɡɛŮɟɘəɏɠ 

ŬɚɡůɑŭŮɠ ɛˊɞɟɞɨɜ ɜŬ ŭɘŬɢɡɗɞɨɜ ɛŮŰŬɝɨ Űɤɜ űɘɚɘŭɑɤɜ, ŬɡɝɎɜɞɜŰŬɠ ˊŮɟŬɘŰɏɟɤ Űɖ ɛŮŰŬɝɨ Űɞɡɠ 

ŬˊɧůŰŬůɖ əŬɘ ŮˊɘŰɡɔɢɎɜɞɜŰŬɠ ŮɛűɤɚɘŬůɛɏɜŮɠ ŭɞɛɏɠ. ȼ ˊŬɟɞɡůɑŬ Űɖɠ ɞɟɔŬɜɘəɐɠ 

Űɟɞˊɞˊɞɑɖůɖɠ ŮɚŬŰŰɩɜŮɘ Űɞ ɢɟɧɜɞ ɓɞɡɚəŬɜɘůɛɞɨ. ȼ ŮɚɎŰŰɤůɖ ŬɡŰɐ ɞűŮɑɚŮŰŬɘ əŬɘ ůŰɞ 

ɔŮɔɞɜɧɠ ɧŰɘ ɞ ůɢɖɛŬŰɘůɛɧɠ ŮɛűɤɚɘŬůɛɏɜɤɜ ŭɞɛɩɜ ŭɘŮɡəɞɚɨɜŮɘ Űɖɜ ŬɜŰɑŭɟŬůɖ 

ɓɞɡɚəŬɜɘůɛɞɨ. Ⱥˊɘˊɚɏɞɜ, ůɖɛŮɘɩɜŮŰŬɘ ɛŮɑɤůɖ Űɖɠ ŮɜɏɟɔŮɘŬɠ ŮɜŮɟɔɞˊɞɑɖůɖɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ. 

Ƀ ɛɏɔɘůŰɞɠ ɟɡɗɛɧɠ ɓɞɡɚəŬɜɘůɛɞɨ əŬŰŬɔɟɎűŮŰŬɘ ůɡɜŰɞɛɧŰŮɟŬ ɧŰŬɜ Űɞ FKM ŮɜɘůɢɨŮŰŬɘ ɛŮ 

ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɖ Ɏɟɔɘɚɞ 
[28]

. 

ȷɨɝɖůɖ Űɞɡ ɢɟɧɜɞɡ ɞɛɞɔŮɜɞˊɞɑɖůɖɠ əŬɘ Űɞɡ ɓɏɚŰɘůŰɞɡ ɢɟɧɜɞɡ ɓɞɡɚəŬɜɘůɛɞɨ 

ˊŬɟŬŰɖɟŮɑŰŬɘ ɔɘŬ ŰŬ ɜŬɜɞůɨɜɗŮŰŬ űɗɤɟɞŮɚŬůŰɞɛŮɟɩɜ/ɁŬ-ɀɀɇ. ȼ Ŭɟɔɐ ŬɜŰɑŭɟŬůɖ 

ɓɞɡɚəŬɜɘůɛɞɨ, ůŰɖɜ ˊŮɟɑˊŰɤůɖ ŬɡŰɐ, ŮɜŭɏɢŮŰŬɘ ɜŬ ɞűŮɑɚŮŰŬɘ ůŰɖɜ ŮˊɘɓɟŬŭɡɜŰɘəɐ ŭɟɎůɖ Űɞɡ 

ɁŬ-ɀɀɇ, Űɞ ɞˊɞɑɞ ŭŮůɛŮɨŮɘ ɛɏɟɞɠ Űɞɡ ɛɏůɞɡ ŭɘŬůŰŬɨɟɤůɖɠ. ȷɡŰɧ, ˊɘɗŬɜɧɜ, ɜŬ 

ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Űɖɜ Űɟɞˊɞˊɞɑɖůɖ Űɖɠ Ŭɟɔɑɚɞɡ. ɀŮ Űɞɜ Űɟɧˊɞ ŬɡŰɧɜ ɛŮɘɩɜŮŰŬɘ ɖ 

ˊɞůɧŰɖŰŬ Űɞɡ ɛɏůɞɡ ŭɘŬůŰŬɨɟɤůɖɠ ˊɞɡ ŮɑɜŬɘ ŭɘŬɗɏůɘɛɖ ɔɘŬ Űɖɜ ŬɜŰɑŭɟŬůɖ Űɞɡ 

ɓɞɡɚəŬɜɘůɛɞɨ əŬɘ ůɢɖɛŬŰɑɕɞɜŰŬɘ ɚɘɔɧŰŮɟɞɘ ůŰŬɡɟɞŭŮůɛɞɑ, ɧˊɤɠ űŬɑɜŮŰŬɘ əŬɘ Ŭˊɧ Űɖ 

ɛŮɔŬɚɨŰŮɟɖ ŭɘɧɔəɤůɖ ˊɞɡ ˊŬɟŬŰɖɟŮɑŰŬɘ ůŮ ůɢɏůɖ ɛŮ ŰŬ ɜŬɜɞůɨɜɗŮŰŬ FKM/O-MMT. ȼ 

Ŭˊɞɟɟɧűɖůɖ ɛɏɟɞɡɠ Űɞɡ ɛɏůɞɡ ŭɘŬůŰŬɨɟɤůɖɠ ŬɡɝɎɜŮɘ əŬɘ Űɖɜ ŮɜɏɟɔŮɘŬ ŮɜŮɟɔɞˊɞɑɖůɖɠ. Ƀ 
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ɛɏɔɘůŰɞɠ ɟɡɗɛɧɠ ɓɞɡɚəŬɜɘůɛɞɨ əŬŰŬɔɟɎűŮŰŬɘ ŬɟɔɧŰŮɟŬ, ɧŰŬɜ Űɞ FKM ŮɜɘůɢɨŮŰŬɘ ɛŮ ɛɖ 

Űɟɞˊɞˊɞɘɖɛɏɜɖ Ɏɟɔɘɚɞ 
[28]

. 

  ȼ ˊɟɞůɗɐəɖ ɛŮɔŬɚɨŰŮɟɖɠ ˊɞůɧŰɖŰŬɠ ɁŬ-ɀɀɇ ɞŭɖɔŮɑ ůŮ ŬəɧɛŬ ɛŮɔŬɚɨŰŮɟɖ Ŭɨɝɖůɖ 

Űɞɡ ɢɟɧɜɞɡ ɞɛɞɔŮɜɞˊɞɑɖůɖɠ əŬɘ Űɞɡ ɓɏɚŰɘůŰɞɡ ɢɟɧɜɞɡ ɓɞɡɚəŬɜɘůɛɞɨ əŬɘ ɛŮɑɤůɖ Űɞɡ ɟɡɗɛɞɨ 

ɓɞɡɚəŬɜɘůɛɞɨ, ɚɧɔɤ Űɖɠ ŭɖɛɘɞɡɟɔɑŬɠ ůɡůůɤɛŬŰɤɛɎŰɤɜ 
[28]

. 

 ɀŮ Űɖ ɓɞɐɗŮɘŬ Űɖɠ ŬɜɎɚɡůɖɠ ŬəŰɑɜɤɜ ɉ, ˊŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ ɖ əɞɟɡűɐ ɖ ɞˊɞɑŬ 

ŬɜŰɘůŰɞɘɢŮɑ ůŰɞ ŭɘɎəŮɜɞ Űɤɜ ůŰɟɤɛɎŰɤɜ Űɖɠ Ŭɟɔɑɚɞɡ ɏɢŮɘ ŮɝŬűŬɜɘůŰŮɑ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɞɡ 

ɜŬɜɞůɡɜɗɏŰɞɡ Ŭˊɧ űɡůɘəɧ ŮɚŬůŰɘəɧ ɛŮ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɖ Ɏɟɔɘɚɞ. ȷɡŰɧ ɡˊɞŭŮɘəɜɨŮɘ 

ɧŰɘ ŰŬ ɜŬɜɞůŰɟɩɛŬŰŬ Űɖɠ Ŭɟɔɑɚɞɡ ɏɢɞɡɜ ŭɘŬůˊŬɟɗŮɑ ɞɛɞɘɧɛɞɟűŬ ůŰɖɜ ŮɚŬůŰɞɛŮɟɘəɐ ɛɐŰɟŬ. 

ȷɝɑɕŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ ŭŮɜ ɡˊɎɟɢɞɡɜ ůɖɛŬɜŰɘəɏɠ ŭɘŬűɞɟɏɠ ˊɟɘɜ əŬɘ ɛŮŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ, 

ɧˊɤɠ ŬˊŮɘəɞɜɑɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 1.6 
[30]

. 

 

ɆɢɐɛŬ 1.6: ȹɘɎɔɟŬɛɛŬ XRD (Ŭ) ůɨɜɗŮŰɞɡ űɡůɘəɞɨ ŮɚŬůŰɘəɞɨ ɛŮ Ɏɟɔɘɚɞ, (ɓ) ɜŬɜɞůɨɜɗŮŰɞɡ űɡůɘəɞɨ 

ŮɚŬůŰɘəɞɨ ɛŮ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɖ Ɏɟɔɘɚɞ ˊɟɘɜ Űɞ ɓɞɡɚəŬɜɘůɛɧ əŬɘ (ɔ) ɜŬɜɞůɨɜɗŮŰɞɡ űɡůɘəɞɨ 

ŮɚŬůŰɘəɞɨ ɛŮ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɖ Ɏɟɔɘɚɞ ɛŮŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ 
[30]

. 
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2.1 ȺɘůŬɔɤɔɐ 

 

ɇŬ ůɨɜɗŮŰŬ ˊɞɚɡɛŮɟɩɜ ɓɟɑůəɞɡɜ ŮűŬɟɛɞɔɐ ɤɠ ɖɚŮəŰɟɘəɞɑ ɛɞɜɤŰɏɠ, ɗŮɟɛɘəɞɑ Ŭɔɤɔɞɑ 

əŬɘ ůɨɜɗŮŰŬ ɡɚɘəɎ ɡɣɖɚɐɠ ŬɜŰɞɢɐɠ ɔɘŬ ɢɟɐůɖ ůŮ ŬŮɟɞŭɘŬůŰɖɛɘəɏɠ ŮűŬɟɛɞɔɏɠ 
[1]

. ɇŬ ɡɚɘəɎ 

ˊɞɡ ŮˊɘɚɏɔɞɜŰŬɘ ɔɘŬ Űɖɜ ˊŬɟŬůəŮɡɐ ůɡɜɗɏŰɤɜ űɏɟɞɡɜ ɘŭɘɧŰɖŰŮɠ, ŰɏŰɞɘŮɠ ɩůŰŮ ɖ ůɡɜŮɟɔɘůŰɘəɐ 

ŭɟɎůɖ Űɞɡɠ ɜŬ ˊɟɞůŭɑŭŮɘ ůŮ ŬɡŰɎ ŰŬ ŮˊɘɗɡɛɖŰɎ, ŬɜɎɚɞɔŬ ɛŮ Űɖɜ ŮűŬɟɛɞɔɐ, ɢŬɟŬəŰɖɟɘůŰɘəɎ. 

ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, ɞɘ ɡɣɖɚɞɨ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ, ŬɚɚɎ ɣŬɗɡɟɏɠ ɑɜŮɠ ɎɜɗɟŬəŬ ůɡɜŭɡɎɕɞɜŰŬɘ 

ɛŮ ɢŬɛɖɚɞɨ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ ˊɞɚɡɛŮɟɐ, ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŭɖɛɘɞɡɟɔɖɗŮɑ ɏɜŬ ŭɨůəŬɛˊŰɞ 

əŬɘ Ŭɡɝɖɛɏɜɖɠ ŬɜŰɞɢɐɠ ůɨɜɗŮŰɞ. ɀŮ ŮɜɘůɢɨůŮɘɠ ɛɘəɟɞ-əɚɑɛŬəŬɠ ŮɑɜŬɘ ŭɨůəɞɚɞ ɜŬ ŮˊɘŰŮɡɢɗŮɑ 

ˊŮɟŬɘŰɏɟɤ ɓŮɚŰɑɤůɖ Űɤɜ ɘŭɘɞŰɐŰɤɜ Űɤɜ ůɡɜɗɏŰɤɜ. ȰŰůɘ, ɎɟɢɘůŮ ɜŬ ŬɜŬˊŰɨůůŮŰŬɘ ɖ 

ŭɖɛɘɞɡɟɔɑŬ ůɡɜɗɏŰɤɜ ɛŮ ɛɏůɞ Ůɜɑůɢɡůɖɠ ůŮ ŮˊɑˊŮŭɞ ɜŬɜɞəɚɑɛŬəŬɠ. ɇŬ ůɨɜɗŮŰŬ ŬɡŰɎ ŮɑɜŬɘ 

ˊɞɚɡűŬůɘəɎ ɡɚɘəɎ ɧˊɞɡ ŰɞɡɚɎɢɘůŰɞɜ ɛɑŬ Ŭˊɧ Űɘɠ ůɡůŰŬŰɘəɏɠ űɎůŮɘɠ ɏɢŮɘ ɛɘŬ ŭɘɎůŰŬůɖ 

ɛɘəɟɧŰŮɟɖ Ŭˊɧ 100 nm. ɇŬ ɡɚɘəɎ ŬɡŰɎ ɢŬɟŬəŰɖɟɑɕɞɜŰŬɘ Ŭˊɧ ˊɞɚɡ-ɚŮɘŰɞɡɟɔɘəɧŰɖŰŬ  əŬɘ Ŭˊɧ  

ɛɞɜŬŭɘəɧ ůɡɜŭɡŬůɛɧ ɘŭɘɞŰɐŰɤɜ, ŬˊɟɧůɘŰɤɜ ɛŮ ˊŬɟŬŭɞůɘŬəɎ ɡɚɘəɎ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, ɖ 

ŮɜůɤɛɎŰɤůɖ Űɤɜ ɘůɧŰɟɞˊɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ůŰŬ ɗŮɟɛɞˊɚŬůŰɘəɎ əŬɘ ŮɘŭɘəɎ ůŮ 

ɖɛɘəɟɡůŰŬɚɚɘəɎ ɗŮɟɛɞˊɚŬůŰɘəɎ ŬɡɝɎɜŮɘ Űɖɜ ŰɎůɖ ŭɘŬɟɟɞɐɠ, Űɖɜ ŬɜŰɞɢɐ ůŮ ŮűŮɚəɡůɛɧ, əŬɘ 

Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ 
[2]
, ůɡɔəɟɘŰɘəɎ ɛŮ Űɘɠ ŬɜŰɑůŰɞɘɢŮɠ Űɘɛɏɠ Űɞɡ Ŭɛɘɔɞɨɠ ˊɞɚɡɛŮɟɞɨɠ.  

ȰɜŬɠ Ŭəɧɛɖ ɚɧɔɞɠ ˊɞɡ ůɡɜŮŰɏɚŮůŮ ůŰɖɜ ŬɜɎˊŰɡɝɖ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ ɐŰŬɜ ɖ 

ŬɜŬəɎɚɡɣɖ Űɤɜ ɜŬɜɞůɤɚɐɜɤɜ ɎɜɗɟŬəŬ ůŰɘɠ Ŭɟɢɏɠ Űɖɠ ŭŮəŬŮŰɑŬɠ Űɞɡ 1990 
[3]
. Ƀɘ ɘŭɘɧŰɖŰŮɠ 

Űɤɜ ɜŬɜɞůɤɚɐɜɤɜ ɎɜɗɟŬəŬ, ŮɘŭɘəɎ ɞɘ ɛɖɢŬɜɘəɏɠ əŬɘ ɖɚŮəŰɟɘəɏɠ, ŭɘŬűɏɟɞɡɜ ůɖɛŬɜŰɘəɎ Ŭˊɧ 

ŮəŮɑɜŮɠ Űɞɡ ɔɟŬűɑŰɖ əŬɘ ˊɟɞůűɏɟɞɡɜ ŬůɡɜɐɗɘůŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ ůŰŬ ɜɏŬ ɜŬɜɞůɨɜɗŮŰŬ 

ɡɚɘəɎ. ɆŰɖɜ ŬɜɎˊŰɡɝɖ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ ůɡɜɏɓŬɚŮ, Ůˊɑůɖɠ, ɖ ůɖɛŬɜŰɘəɐ ɓŮɚŰɑɤůɖ ůŰɘɠ 

ŰŮɢɜɞɚɞɔɑŮɠ ɢɖɛɘəɐɠ ŮˊŮɝŮɟɔŬůɑŬɠ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ əŬɘ ɖ ŭɡɜŬŰɧŰɖŰŬ ŮˊŮɝŮɟɔŬůɑŬɠ Űɞɡɠ 

in situ. ɀŮ Űɞɜ Űɟɧˊɞ ŬɡŰɧɜ, ɛˊɞɟɞɨɛŮ ůɐɛŮɟŬ ɜŬ ŮɚɏɔɝɞɡɛŮ ůŮ ɛŮɔŬɚɨŰŮɟɞ ɓŬɗɛɧ Űɖ 

ŭɘŮˊɘűɎɜŮɘŬ ɛŮŰŬɝɨ Űɖɠ ɛɐŰɟŬɠ əŬɘ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ. ȷɡŰɧ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛŮ ɛŮŰŬɓɞɚɐ 

Űɞɡ ɛŮɔɏɗɞɡɠ, Űɞɡ ůɢɐɛŬŰɞɠ, Űɞɡ əɚɎůɛŬŰɞɠ ɧɔəɞɡ, Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ əŬɘ Űɞɡ ɓŬɗɛɞɨ 

ŭɘŬůˊɞɟɎɠ ɐ ůɡůůɤɛɎŰɤůɖɠ. 

Ƀɘ ɛɞɜŬŭɘəɏɠ ɘŭɘɧŰɖŰŮɠ ˊɞɡ ˊɟɞůűɏɟŮɘ ɖ ɜŬɜɞ-Ůɜɑůɢɡůɖ, ůŮ ůɢɏůɖ ɛŮ Űɘɠ ˊŬɟŬŭɞůɘŬəɏɠ 

ŮɜɘůɢɨůŮɘɠ ɛɘəɟɞ-əɚɑɛŬəŬɠ, ɞűŮɑɚɞɜŰŬɘ ůŰɞ ɛɘəɟɧ ɛɏɔŮɗɞɠ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ. ɇŬ ɛɘəɟɩɜ 

ŭɘŬůŰɎůŮɤɜ ɜŬɜɞůɤɛŬŰɑŭɘŬ ŭŮ ůəŮŭɎɕɞɡɜ ůɖɛŬɜŰɘəɎ Űɞ űɤɠ əŬɘ ɏŰůɘ ŮɑɜŬɘ ŮűɘəŰɐ ɖ 

ˊŬɟŬůəŮɡɐ ůɡɜɗɏŰɤɜ ɛŮ ŮɜɘůɢɡɛɏɜŮɠ ɖɚŮəŰɟɘəɏɠ ɐ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ ˊɞɡ ŭɘŬŰɖɟɞɨɜ ɧɛɤɠ 

Űɖɜ ɞˊŰɘəɐ Űɞɡɠ ŭɘŬɨɔŮɘŬ. ȺˊɘˊɟɧůɗŮŰŬ, Űɞ ɛɘəɟɧ ɛɏɔŮɗɞɠ ůɡɜŮˊɎɔŮŰŬɘ ɧŰɘ ŰŬ ůɤɛŬŰɑŭɘŬ ŭŮ 

ŭɖɛɘɞɡɟɔɞɨɜ ɛŮɔɎɚŮɠ ůɡɔəŮɜŰɟɩůŮɘɠ ŰɎůŮɤɜ əŬɘ ɏŰůɘ ŭŮ ɛŮɘɩɜɞɡɜ Űɖɜ ɞɚəɘɛɧŰɖŰŬ Űɞɡ 

ˊɞɚɡɛŮɟɞɨɠ. ɇɞ ɛɘəɟɧ ɛɏɔŮɗɞɠ Űɤɜ ɜŬɜɞŮɜɘůɢɨůŮɤɜ ɛˊɞɟŮɑ Ůˊɑůɖɠ ɜŬ ɞŭɖɔɐůŮɘ ůŮ ɛɞɜŬŭɘəɏɠ 

ɘŭɘɧŰɖŰŮɠ Űɤɜ ɑŭɘɤɜ Űɤɜ ůɤɛŬŰɘŭɑɤɜ.  
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ɇɞ ɛɘəɟɧ ɛɏɔŮɗɞɠ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ, ŮəŰɧɠ Ŭˊɧ Űɖ ɓŮɚŰɑɤůɖ Űɤɜ ɘŭɘɞŰɐŰɤɜ Űɞɡ 

ůɡɜɗɏŰɞɡ, ŮˊɘűɏɟŮɘ Ŭɨɝɖůɖ Űɖɠ ŭɘŮˊɘűɎɜŮɘɎɠ Űɞɡɠ. ɇɞ ɆɢɐɛŬ 2.1 ŭŮɑɢɜŮɘ Űɖɜ ŮˊɘűɎɜŮɘŬ ŬɜɎ 

ɛɞɜɎŭŬ ɧɔəɞɡ ɤɠ ůɡɜɎɟŰɖůɖ Űɞɡ ɛŮɔɏɗɞɡɠ Űɞɡ ůɤɛŬŰɘŭɑɞɡ ɔɘŬ ůűŬɘɟɘəɎ ůɤɛŬŰɑŭɘŬ ˊɞɡ ŮɑɜŬɘ 

ɘŭŬɜɘəɎ ŭɘŮůˊŬɟɛɏɜŬ. ȼ Ŭɨɝɖůɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ əɎŰɤ Ŭˊɧ 100 nm ŮɑɜŬɘ ɘŭɘŬɑŰŮɟŬ Ŭɡɝɖɛɏɜɖ.  

 

 
ɆɢɐɛŬ 2.1: ȺˊɘűɎɜŮɘŬ ŬɜɎ ɛɞɜɎŭŬ ɧɔəɞɡ ůɡɜŬɟŰɐůŮɘ Űɞɡ ɛŮɔɏɗɞɡɠ ůɤɛŬŰɘŭɑɤɜ ɔɘŬ ůűŬɘɟɘəɎ 

ůɤɛŬŰɑŭɘŬ ˊɞɡ ŮɑɜŬɘ ɘŭŬɜɘəɎ ŭɘŮůˊŬɟɛɏɜŬ 
[4]

. 

 

ȼ ŭɘŮˊɘűɎɜŮɘŬ əŬɗɞɟɑɕŮɘ Űɞ ɓŬɗɛɧ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ ɛŮŰŬɝɨ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ əŬɘ 

Űɞɡ ˊɞɚɡɛŮɟɞɨɠ əŬɘ əŬŰô ŮˊɏəŰŬůɖ əŬɗɞɟɑɕŮɘ Űɘɠ ɘŭɘɧŰɖŰŮɠ, ɛɖɢŬɜɘəɏɠ əŬɘ ɖɚŮəŰɟɘəɏɠ. ȳˊɤɠ 

ɏɢŮɘ ɞɟɘůŰŮɑ ůŰŬ ˊŬɟŬŭɞůɘŬəɎ ůɨɜɗŮŰŬ, ɖ ŭɘŮˊɘűŬɜŮɘŬəɐ ˊŮɟɘɞɢɐ ŮɑɜŬɘ ɖ ˊŮɟɘɞɢɐ ˊɞɡ ŬɟɢɑɕŮɘ 

ůŰɞ ůɖɛŮɑɞ ɛɏůŬ ůŰɖɜ ɑɜŬ ůŰɞ ɞˊɞɑɞ ɞɘ ɘŭɘɧŰɖŰŮɠ ŭɘŬűɏɟɞɡɜ Ŭˊɧ ŮəŮɑɜŮɠ Űɞɡ əɡɟɑɞɡ ůɩɛŬŰɞɠ 

Űɖɠ Ůɜɑůɢɡůɖɠ əŬɘ ŰŮɚŮɘɩɜŮɘ ůŰɞ ůɖɛŮɑɞ ɛɏůŬ ůŰɖɜ ɛɐŰɟŬ ůŰɞ ɞˊɞɑɞ ɞɘ ɘŭɘɧŰɖŰŮɠ ŮɑɜŬɘ ɑŭɘŮɠ ɛŮ 

ŮəŮɑɜŮɠ Űɞɡ əɡɟɑɞɡ ůɩɛŬŰɞɠ Űɖɠ ɛɐŰɟŬɠ 
[5]
. ȼ ˊŮɟɘɞɢɐ ŬɡŰɐ ŮɜŭɏɢŮŰŬɘ ɜŬ ɢŬɟŬəŰɖɟɑɕŮŰŬɘ Ŭˊɧ 

ŭɘŬűɞɟŮŰɘəɐ ɢɖɛŮɑŬ, ŭɘŬűɞɟŮŰɘəɐ əɘɜɖŰɘəɧŰɖŰŬ Űɖɠ ˊɞɚɡɛŮɟɘəɐɠ ŬɚɡůɑŭŬɠ, ŭɘŬűɞɟŮŰɘəɧ 

ɓŬɗɛɧ ɓɞɡɚəŬɜɘůɛɞɨ, əŬɘ ŭɘŬűɞɟŮŰɘəɐ əɟɡůŰŬɚɚɘəɧŰɖŰŬ. ɇɞ ˊɎɢɞɠ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ ŮɑɜŬɘ 

Űɖɠ ŰɎɝŮɤɠ 2 ï 50nm. ɇɞ ɆɢɐɛŬ 2.2 ŭŮɑɢɜŮɘ Űɖ ŭɘŬůɤɛŬŰɘŭɘəɐ ŬˊɧůŰŬůɖ (interparticle 

spacing) ɤɠ ůɡɜɎɟŰɖůɖ Űɞɡ ɛŮɔɏɗɞɡɠ Űɤɜ ůɤɛŬŰɘŭɑɤɜ ɔɘŬ ɏɜŬ ůɨɜɗŮŰɞ ɛŮ ɘŭŬɜɘəɎ 

ŭɘŮůˊŬɟɛɏɜŬ ůɤɛŬŰɑŭɘŬ: ůŮ ɛɘəɟɎ əɚɎůɛŬŰŬ ɧɔəɞɡ ɞɚɧəɚɖɟɖ ɖ ɛɐŰɟŬ ŮɑɜŬɘ ɞɡůɘŬůŰɘəɎ 

ŰɛɐɛŬ Űɖɠ ŭɘŮˊɘűŬɜŮɘŬəɐɠ ˊŮɟɘɞɢɐɠ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, ɔɘŬ ůɤɛŬŰɑŭɘŬ Űɤɜ 15nm ɛŮ əɚɎůɛŬ 

ɧɔəɞɡ 10% ə.ɞ. ɖ ŭɘŬůɤɛŬŰɘŭɘŬəɐ ŬˊɧůŰŬůɖ ŮɑɜŬɘ ɛɧɜɞ 10 nm. ȷəɧɛŬ əŬɘ Ŭɜ ɖ 

ŭɘŮˊɘűŬɜŮɘŬəɐ ˊŮɟɘɞɢɐ ŮɑɜŬɘ ɛɧɜɞ ɛŮɟɘəɎ ɜŬɜɧɛŮŰɟŬ, ˊɞɚɨ ɔɟɐɔɞɟŬ ɞɚɧəɚɖɟɞ Űɞ ˊɞɚɡɛŮɟɏɠ 

ɏɢŮɘ ŭɘŬűɞɟŮŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ Ŭˊɧ ŬɡŰɐ Űɞɡ əɡɟɑɞɡ ůɩɛŬŰɞɠ. ȺɎɜ ɖ ŭɘŮˊɘűŬɜŮɘŬəɐ ˊŮɟɘɞɢɐ 

ŮɑɜŬɘ ˊɘɞ ŮəŰŮŰŬɛɏɜɖ, ŰɧŰŮ ɖ ůɡɛˊŮɟɘűɞɟɎ Űɖɠ ˊɞɚɡɛŮɟɘəɐɠ ɛɐŰɟŬɠ ɛˊɞɟŮɑ ɜŬ ŭɘŬűɞɟɞˊɞɘɖɗŮɑ 

ɔɘŬ ɛɘəɟɧŰŮɟŬ ˊɞůɞůŰɎ ˊɚɐɟɤůɖɠ (Ůɜɑůɢɡůɖɠ). ɋůŰɧůɞ, ŮɚɏɔɢɞɜŰŬɠ Űɞ ɓŬɗɛɧ 

ŬɚɚɖɚŮˊɑŭɟŬůɖɠ ɛŮŰŬɝɨ ˊɞɚɡɛŮɟɞɨɠ əŬɘ Űɖɠ ɜŬɜɞŮɜɑůɢɡůɖɠ, ɛˊɞɟɞɨɜ ɜŬ ŮɚŮɔɢɗɞɨɜ ɞɘ 

ɘŭɘɧŰɖŰŮɠ ɞɚɧəɚɖɟɖɠ Űɖɠ ɛɐŰɟŬɠ.  
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ɆɢɐɛŬ 2.2: ȹɘŬůɤɛŬŰɘŭɘŬəɐ ŬˊɧůŰŬůɖ ɔɘŬ ůűŬɘɟɘəɎ ůɤɛŬŰɑŭɘŬ ˊɞɡ ŮɑɜŬɘ ɘŭŬɜɘəɎ ŭɘŮůˊŬɟɛɏɜŬ 

[4]
.  

 

ȺɑɜŬɘ əɟɑůɘɛŮɠ ɞɘ ɛɏɗɞŭɞɘ ŮˊŮɝŮɟɔŬůɑŬɠ ˊɞɡ ɞŭɖɔɞɨɜ ůŮ ŮɚŮɔɢɧɛŮɜɖ əŬŰŬɜɞɛɐ ɛŮɔɏɗɞɡɠ 

ůɤɛŬŰɘŭɑɤɜ əŬɘ Űɤɜ ŭɘŮˊɘűŬɜŮɘŬəɩɜ ŬɚɚɖɚŮˊɘŭɟɎůŮɤɜ ɔɘŬ ɜŬ ŮˊɘŰŮɡɢɗɞɨɜ ɞɘ ŮɜɘůɢɡɛɏɜŮɠ 

ɘŭɘɧŰɖŰŮɠ Űɤɜ ɜŬɜɞůɨɜɗŮŰɤɜ. Ƀɘ ŰŮɢɜɞɚɞɔɑŮɠ ˊŬɟŬɔɤɔɐɠ ɔɘŬ ɜŬɜɞůɨɜɗŮŰŬ ŮɑɜŬɘ ŭɘŬűɞɟŮŰɘəɏɠ 

Ŭˊɧ ŮəŮɑɜŮɠ Űɤɜ ůɨɜɗŮŰɤɜ ɛŮ Ůɜɑůɢɡůɖ ɛɘəɟɞɛɏŰɟɤɜ, ɧˊɞɡ əŬɘ ɞűŮɑɚŮŰŬɘ ɖ ŮˊɘŰɡɢɑŬ Űɤɜ 

ɘŭɘɞŰɐŰɤɜ Űɞɡɠ. 

 

 

 

2.2 ɀɏůŬ Ⱥɜɑůɢɡůɖɠ 

 

ɇŬ ˊɚɖɟɤŰɘəɎ ɡɚɘəɎ ŰŬ ɞˊɞɑŬ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŰɖɜ ˊŬɟŬůəŮɡɐ ůɡɜɗɏŰɤɜ ˊɞɚɡɛŮɟɩɜ 

ŭɘŬəɟɑɜɞɜŰŬɘ ůŮ ŬŭɟŬɜɐ, ŭɖɚŬŭɐ ůŮ ŬɡŰɎ ˊɞɡ ŭŮɜ ŬɚɚɖɚŮˊɘŭɟɞɨɜ ɛŮ Űɞ ˊɞɚɡɛŮɟɏɠ əŬɘ 

ˊɟɞůŰɑɗŮɜŰŬɘ ůŮ ŬɡŰɧ ɔɘŬ ɜŬ Ŭɡɝɐůɞɡɜ Űɞɜ ɧɔəɞ ɐ ɜŬ ɛŮɘɩůɞɡɜ Űɞ əɧůŰɞɠ, əŬɘ ůŮ ŬɡŰɎ ˊɞɡ 

Ůɜɘůɢɨɞɡɜ Űɞ ˊɞɚɡɛŮɟɏɠ ɤɠ ˊɟɞɠ Űɘɠ ɛɖɢŬɜɘəɏɠ Űɞɡ ɘŭɘɧŰɖŰŮɠ, Űɘɠ ɘŭɘɧŰɖŰŮɠ űɟŬɔɛɞɨ, Űɖɜ 

ɖɚŮəŰɟɘəɐ ŬɔɤɔɘɛɧŰɖŰŬ əŬɘ Űɖɜ ŬɜŰɞɢɐ ůŰɖɜ ˊɡɟɎ əŬɘ Űɖɜ ŬɜɎűɚŮɝɖ. ȼ ŮɚɎɢɘůŰɖ ˊɞůɧŰɖŰŬ 

ˊɚɖɟɤŰɘəɞɨ ɡɚɘəɞɨ ˊɞɡ ˊɟɏˊŮɘ ɜŬ ˊɟɞůŰŮɗŮɑ ɔɘŬ ɜŬ ůɖɛŮɘɤɗɞɨɜ ŬɝɘɞůɖɛŮɑɤŰŮɠ ɛŮŰŬɓɞɚɏɠ 

ˊɟɞůŮɔɔɑɕŮɘ Űɞ 20% Űɞɡ ˊŮɟɘŮɢɞɛɏɜɞɡ. ȼ ˊɞůɧŰɖŰŬ ŬɡŰɐ ŮɑɜŬɘ ˊɘɗŬɜɧ ɜŬ ŭɡůɢŮɟŬɑɜŮɘ Űɖɜ 

ŮˊŮɝŮɟɔŬůɑŬ Űɞɡ ŮɚŬůŰɞɛŮɟɞɨɠ, ɜŬ ŬɡɝɎɜŮɘ əŬŰɎ ˊɞɚɨ Űɞ ɓɎɟɞɠ Űɞɡ əŬɘ ɜŬ ˊŮɟɘɞɟɑɕŮɘ Űɘɠ 

ŮűŬɟɛɞɔɏɠ Űɞɡ. ȷɜŰɑɗŮŰŬ, ŰŬ ˊɞɚɡɛŮɟɘəɎ ɜŬɜɞůɨɜɗŮŰŬ ˊŬɟɏɢɞɡɜ ɓŮɚŰɘɤɛɏɜŮɠ ɘŭɘɧŰɖŰŮɠ ɛŮ 

ɢŬɛɖɚɧ əɧůŰɞɠ ɚɧɔɤ Űɞɡ ɛŮɘɤɛɏɜɞɡ ˊŮɟɘŮɢɞɛɏɜɞɡ Űɞɡɠ ůŮ ůɤɛŬŰɑŭɘŬ 
[6]

. 

ȹɘŬəɟɑɜɞɜŰŬɘ ŰɟŮɘɠ Űɨˊɞɘ ɛɏůɤɜ Ůɜɑůɢɡůɖɠ, ŬɜɎɚɞɔŬ ɛŮ Űɞ ˊɧůŮɠ Ůə Űɤɜ Űɟɘɩɜ 

ŭɘŬůŰɎůŮɤɜ Űɞɡɠ ŮɑɜŬɘ ůŰɖɜ əɚɑɛŬəŬ Űɤɜ ɜŬɜɞɛɏŰɟɤɜ
[7-10]

: 

1. ɜŬɜɞůɤɛŬŰɑŭɘŬ 

2. ɜŬɜɞůɤɚɐɜŮɠ əŬɘ 

3. ˊɞɚɡůŰɟɤɛŬŰɘəɎ ɜŬɜɞůɨɜɗŮŰŬ. 

ɆŰɖɜ ˊɟɩŰɖ ˊŮɟɑˊŰɤůɖ, ˊŮɟɘɚŬɛɓɎɜɞɜŰŬɘ ŰŬ ůűŬɘɟɘəɎ ˊɡɟɘŰɘəɎ ɜŬɜɞůɤɛŬŰɑŭɘŬ, ůŰŬ 

ɞˊɞɑŬ əŬɘ ɞɘ ŰɟŮɘɠ ŭɘŬůŰɎůŮɘɠ ŮɑɜŬɘ ůŰɖɜ əɚɑɛŬəŬ Űɤɜ ɜŬɜɞɛɏŰɟɤɜ. ȷəɞɚɞɨɗɤɠ, ůŰɖ ŭŮɨŰŮɟɖ 

ˊŮɟɑˊŰɤůɖ, ůŰɖɜ əɚɑɛŬəŬ Űɤɜ ɜŬɜɞɛɏŰɟɤɜ ɓɟɑůəɞɜŰŬɘ ɞɘ ŭɨɞ ŭɘŬůŰɎůŮɘɠ, ůɢɖɛŬŰɑɕɞɜŰŬɠ 

ŮˊɘɛɐəŮɘɠ ŭɞɛɏɠ, ɧˊɤɠ ɞɘ ɜŬɜɞŬɔɤɔɞɑ ɎɜɗɟŬəŬ ɐ əɡŰŰŬɟɑɜɖɠ. ȳůɞɜ ŬűɞɟɎ ůŰɖɜ ŰɟɑŰɖ 

əŬŰɖɔɞɟɑŬ ɛɏůɤɜ Ůɜɑůɢɡůɖɠ, ŰŬ ɜŬɜɞůɨɜɗŮŰŬ Ůŭɩ ɏɢɞɡɜ ɛɑŬ ɛɧɜɞ ŭɘɎůŰŬůɖ ůŮ əɚɑɛŬəŬ 
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ɜŬɜɞɛɏŰɟɤɜ əŬɘ ɏɢɞɡɜ Űɖ ɛɞɟűɐ űɨɚɚɤɜ ɛŮ ˊɎɢɞɠ Ůɜɧɠ ɏɤɠ ɛŮɟɘəɩɜ ɜŬɜɞɛɏŰɟɤɜ əŬɘ ɛɐəɞɠ 

Űɖɠ ŰɎɝɖɠ Űɤɜ ŮəŬŰɞɜŰɎŭɤɜ ɏɤɠ əŬɘ ɛŮɟɘəɩɜ ɢɘɚɘɎŭɤɜ ɜŬɜɞɛɏŰɟɤɜ. ɇŬ ůɡɔəŮəɟɘɛɏɜŬ ɡɚɘəɎ 

ˊŬɟŬůəŮɡɎɕɞɜŰŬɘ ɛŮ Űɖ ŭɘŬůˊɞɟɎ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ ɐ ŬɜŰɑůŰɞɘɢŬ Ůɜɧɠ ɛɞɜɞɛŮɟɞɨɠ, Űɞ ɞˊɞɑɞ 

ˊɞɚɡɛŮɟɑɕŮŰŬɘ ɛŮŰɏˊŮɘŰŬ, ɛɏůŬ ůŰŬ ůŰɟɩɛŬŰŬ Űɤɜ əɟɡůŰɎɚɚɤɜ 
[9, 11, 12]

. 

 

 
ɆɢɐɛŬ 2.3: ɆɢɖɛŬŰɘəɐ ŬɜŬˊŬɟɎůŰŬůɖ ˊɚɖɟɤŰɘəɩɜ ɡɚɘəɩɜ ɜŬɜɞəɚɑɛŬəŬɠ. 

 

 

2.2.1 ȹɞɛɐ əŬɘ ɘŭɘɧŰɖŰŮɠ Űɖɠ ɞɟɡəŰɐɠ Ŭɟɔɑɚɞɡ 

Ƀɘ ůɡɜɐɗŮɘɠ ɞɟɡəŰɏɠ Ɏɟɔɘɚɞɘ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ Űɖɜ ˊŬɟŬůəŮɡɐ ɜŬɜɞůɡɜɗɏŰɤɜ 

ˊɞɚɡɛŮɟɞɨɠ ï ɞɟɡəŰɐɠ Ŭɟɔɑɚɞɡ ˊŬɟɞɡůɘɎɕɞɡɜ Űɖ 2:1 ůŰɟɤɛŬŰɘəɐ ŭɞɛɐ űɡɚɚɞˊɡɟɘŰɘəɩɜ. ȼ 

əɟɡůŰŬɚɚɘəɐ ŭɞɛɐ Űɞɡɠ ůɡɜɑůŰŬŰŬɘ Ŭˊɧ ŭɘůŭɘɎůŰŬŰŬ ůŰɟɩɛŬŰŬ, ůŰŬ ɞˊɞɑŬ ɎŰɞɛŬ ɞɝɡɔɧɜɞɡ 

Űɞɡ əŮɜŰɟɘəɞɨ ɞəŰŬŮŭɟɘəɞɨ űɨɚɚɞɡ Ŭɚɞɡɛɘɜɑɞɡ ɐ ɛŬɔɜɖůɑɞɡ Ŭɜɐəɞɡɜ ŰŬɡŰɧɢɟɞɜŬ ůŰɞ Ɏɜɤ 

əŬɘ əɎŰɤ ŰŮŰɟŬŮŭɟɘəɧ űɨɚɚɞ ˊɡɟɘŰɑŬɠ ɛŮ ɎɛŮůɖ ůɡɜɏˊŮɘŬ ŰŬ ŰɟɑŬ űɨɚɚŬ ɜŬ ŬˊɞŰŮɚɞɨɜ ɛŬɕɑ 

ɏɜŬ ɚŮˊŰɧ ůŰɟɩɛŬ, ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ ɆɢɐɛŬ 2.4. ɇɞ ˊɎɢɞɠ Űɞɡ əɎɗŮ ůŰɟɩɛŬŰɞɠ ŮɑɜŬɘ 

ˊŮɟɑˊɞɡ 1nm əŬɘ ɞɘ ˊɚŮɡɟɘəɏɠ ŭɘŬůŰɎůŮɘɠ əɡɛŬɑɜɞɜŰŬɘ Ŭˊɧ 30nm ɛɏɢɟɘ əŬɘ ɛŮɟɘəɎ ɛm ɐ əŬɘ 

ˊŮɟɘůůɧŰŮɟɞ, ŬɜɎɚɞɔŬ ɛŮ Űɞ Ůɑŭɞɠ Űɖɠ Ŭɟɔɑɚɞɡ. 

 

 
ɆɢɐɛŬ 2.4: ȾɟɡůŰŬɚɚɘəɐ ŭɞɛɐ 2:1 űɡɚɚɞˊɡɟɘŰɘəɩɜ 

[13]
. 

 

ȼ ůŰɞɑɓŬɝɖ Űɤɜ ůŰɟɤɛɎŰɤɜ ŭɖɛɘɞɡɟɔŮɑ əŮɜɧ van der Waals ɛŮŰŬɝɨ Űɤɜ ŬɡŰɩɜ, Űɞ 

ɞˊɞɑɞ ɞɜɞɛɎɕŮŰŬɘ ŮɜŭɘɎɛŮůɞ ŭɘɎəŮɜɞ. ȼ ɘůɧɛɞɟűɖ ɡˊɞəŬŰɎůŰŬůɖ ɛŮŰŬɝɨ Űɤɜ ůŰɟɤɛɎŰɤɜ 



 

 
ɁȷɁɃɆɈɁŪȺɇȷ ɄɃȿɈɆȽȿɃɂȷɁȼɆ 

 

23 

 

(ˊ.ɢ. ɡˊɞəŬŰɎůŰŬůɖ Űɞɡ Al
+3

 Ŭˊɧ Mg
+2

 ɐ Fe
+2
, ɐ ɡˊɞəŬŰɎůŰŬůɖ Űɞɡ Mg

+2
 Ŭˊɧ Li

+2
) ˊɟɞəŬɚŮɑ 

ŬɟɜɖŰɘəɐ űɧɟŰɘůɖ, ɖ ɞˊɞɑŬ ŬɜŰɘůŰŬɗɛɑɕŮŰŬɘ Ŭˊɧ əŬŰɘɧɜŰŬ ŬɚəŬɚɑɤɜ ɐ ŬɚəŬɚɘəɩɜ ɔŬɘɩɜ, ˊɞɡ 

ɓɟɑůəɞɜŰŬɘ ůŰɞ ŮůɤŰŮɟɘəɧ Űɤɜ ŭɘŬəɏɜɤɜ 
[8, 10, 14]

. ȷɡŰɧ Űɞ Ůɑŭɞɠ Űɤɜ ɞɟɡəŰɩɜ Ŭɟɔɑɚɤɜ 

ɢŬɟŬəŰɖɟɑɕŮŰŬɘ Ŭˊɧ ɛɘŬ ɛɏŰɟɘŬ ŮˊɘűŬɜŮɘŬəɐ űɧɟŰɘůɖ, ɔɜɤůŰɐ ɤɠ ɘəŬɜɧŰɖŰŬ əŬŰɘɞɜŰɘəɐɠ 

ŮɜŬɚɚŬɔɐɠ (CEC, Cation Exchange Capacity), əŬɘ ŮəűɟɎɕŮŰŬɘ ůŮ meq/100gm. ȼ űɧɟŰɘůɖ 

ŬɡŰɐ ŭŮɜ ŮɑɜŬɘ ŰɞˊɘəɎ ůŰŬɗŮɟɐ, ŬɚɚɎ ŭɘŬűɞɟɞˊɞɘŮɑŰŬɘ Ŭˊɧ ůŰɟɩɛŬ ůŮ ůŰɟɩɛŬ əŬɘ ˊɟɏˊŮɘ ɜŬ 

ɚŬɛɓɎɜŮŰŬɘ ɛɘŬ ɛɏůɖ Űɘɛɐ ůŮ ɞɚɧəɚɖɟɞ Űɞɜ əɟɨůŰŬɚɚɞ 
[14]

.  

ɇŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ ŮəŮɑɜŬ Űɤɜ ɞɟɡəŰɩɜ Ŭɟɔɑɚɤɜ ˊɞɡ ɚŬɛɓɎɜɞɜŰŬɘ ɡˊɧɣɖ ɔɘŬ Űɖɜ 

ˊŬɟŬůəŮɡɐ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ ŮɑɜŬɘ ɖ ɘəŬɜɧŰɖŰŬ Űɤɜ Ŭɟɔɘɚɘəɩɜ ˊɚŬəɘŭɑɤɜ ɜŬ ŭɘŬůˊŮɑɟɞɜŰŬɘ 

ůŮ ˊɞɚɡɛŮɟɐ əŬɘ ɖ ŭɡɜŬŰɧŰɖŰŬ Űɟɞˊɞˊɞɑɖůɖɠ Űɖɠ ŮˊɘűŬɜŮɘŬəɐɠ ɢɖɛŮɑŬɠ ɛɏůɤ ŬɜŰɘŭɟɎůŮɤɜ 

ŬɜŰŬɚɚŬɔɐɠ ɘɧɜŰɤɜ. ɇŬ  ɢŬɟŬəŰɖɟɘůŰɘəɎ ŬɡŰɎ ŮɑɜŬɘ ŬɚɚɖɚɏɜŭŮŰŬ, əŬɗɩɠ ɞ ɓŬɗɛɧɠ ŭɘŬůˊɞɟɎɠ 

ůŰɖ ŭŮŭɞɛɏɜɖ ˊɞɚɡɛŮɟɘəɐ ɛɐŰɟŬ ŮɝŬɟŰɎŰŬɘ ɎɛŮůŬ Ŭˊɧ Űɞ Ůɑŭɞɠ Űɤɜ əŬŰɘɧɜŰɤɜ, ˊɞɡ 

ɡˊɎɟɢɞɡɜ ůŰŬ ŮɜŭɘɎɛŮůŬ ůŰɟɩɛŬŰŬ Űɞɡ əɟɡůŰɎɚɚɞɡ 
[15,16]

.  

 

 

2.2.1.1 ɃɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɖ ɞɟɡəŰɐ Ŭɟɔɑɚɞɠ 

ȼ ŬɜɎɛŮɘɝɖ Ůɜɧɠ ˊɞɚɡɛŮɟɞɨɠ ɛŮ Űɖɜ ˊɞɚɡůŰɟɤɛŬŰɘəɐ Ɏɟɔɘɚɞ ŭŮɜ ɞŭɖɔŮɑ ŬˊŬɟŬɑŰɖŰŬ 

ůŰɞ ůɢɖɛŬŰɘůɛɧ ɜŬɜɞůɡɜɗɏŰɤɜ. ɆŰŬ ɛɖ ŬɜŬɛɑɝɘɛŬ ŬɡŰɎ ůɡůŰɐɛŬŰŬ ˊɞɡ ŬɜŰɘůŰɞɘɢɞɨɜ ůŰŬ 

ůɡɛɓŬŰɘəɎ ˊɚɖɟɤɛɏɜŬ ˊɞɚɡɛŮɟɐ, ɖ ŬůɗŮɜɐɠ ŬɚɚɖɚŮˊɑŭɟŬůɖ ɛŮŰŬɝɨ ɞɟɔŬɜɘəɩɜ əŬɘ 

ŬɜɧɟɔŬɜɤɜ ůɡůŰŬŰɘəɩɜ ɏɢŮɘ ɤɠ ŬˊɞŰɏɚŮůɛŬ ɡˊɞɓŬɗɛɘůɛɏɜŮɠ ɛɖɢŬɜɘəɏɠ əŬɘ ɗŮɟɛɘəɏɠ 

ɘŭɘɧŰɖŰŮɠ 
[8, 10, 17]

. ȷɜŰɑɗŮŰŬ, ɞɘ ɘůɢɡɟɏɠ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ ɛŮŰŬɝɨ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ əŬɘ Űɖɠ 

ˊɞɚɡůŰɟɤɛŬŰɘəɐɠ Ŭɟɔɑɚɞɡ ůŰŬ ˊɞɚɡɛŮɟɘəɎ ɜŬɜɞůɨɜɗŮŰŬ ɞŭɖɔɞɨɜ ůŰɖ ŭɘŬůˊɞɟɎ Űɖɠ 

ɞɟɔŬɜɘəɐɠ əŬɘ Űɖɠ ŬɜɧɟɔŬɜɖɠ űɎůɖɠ ůŮ ɜŬɜɞɛŮŰɟɘəɐ əɚɑɛŬəŬ əŬɘ ˊɟɞůŭɑŭɞɡɜ ůŰɞ ɡɚɘəɧ 

ɛɞɜŬŭɘəɏɠ ɘŭɘɧŰɖŰŮɠ ůɡɔəɟɘŰɘəɎ ɛŮ ŰŬ ɛɘəɟɞůɨɜɗŮŰŬ ɐ ŰŬ ůɡɛɓŬŰɘəɎ ˊɚɖɟɤɛɏɜŬ ˊɞɚɡɛŮɟɐ. 

Ⱥˊɞɛɏɜɤɠ, ɖ ůɡɛɓŬŰɧŰɖŰŬ ɛŮŰŬɝɨ Űɤɜ ŭɨɞ ůɡůŰŬŰɘəɩɜ ŬˊɞŰŮɚŮɑ əɟɑůɘɛɖ ˊŬɟɎɛŮŰɟɞ ɔɘŬ Űɖɜ 

ˊŬɟŬůəŮɡɐ ɜŬɜɞůɡɜɗɏŰɤɜ 
[8, 10, 18]

. 

ɆŰɖɜ Ŭɟɢɘəɐ Űɞɡɠ əŬŰɎůŰŬůɖ, ɞɘ ɞɟɡəŰɏɠ Ɏɟɔɘɚɞɘ ˊŮɟɘɏɢɞɡɜ ŮɜɡŭŬŰɤɛɏɜŬ ɘɧɜŰŬ K
+
 əŬɘ 

Na
+
, ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ŮɑɜŬɘ ŮűɘəŰɐ ɖ ŬɜɎɛŮɘɝɐ Űɞɡɠ ɛɧɜɞ ɛŮ ɡŭɟɧűɘɚŬ ˊɞɚɡɛŮɟɐ. 

ɄɟɞəŮɘɛɏɜɞɡ ɜŬ ŮɑɜŬɘ ŭɡɜŬŰɐ ɖ ŬɜɎɛŮɘɝɖ əŬɘ ɛŮ ɎɚɚŬ ˊɞɚɡɛŮɟɐ, ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɖ ɖ 

ŮˊɘűŬɜŮɘŬəɐ Űɟɞˊɞˊɞɑɖůɖ Űɞɡɠ, ɩůŰŮ ɖ ŬɟɢɘəɎ ɡŭɟɧűɘɚɖ ŮˊɘűɎɜŮɘɎ Űɞɡɠ ɜŬ ɛŮŰŬŰɟŬˊŮɑ ůŮ 

ɞɟɔŬɜɧűɘɚɖ 
[18]
. ȷɡŰɧ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛŮ ŬɜŰɘŭɟɎůŮɘɠ ɘɞɜŰɞŮɜŬɚɚŬɔɐɠ. ȺɘŭɘəɧŰŮɟŬ, ŰŬ 

ŮɜɡŭŬŰɤɛɏɜŬ ɘɧɜŰŬ K
+
 əŬɘ Na

+
, ˊɞɡ ɓɟɑůəɞɜŰŬɘ ůŰŬ ŭɘɎəŮɜŬ Űɤɜ ůŰɟɤɛɎŰɤɜ Űɤɜ Ŭɟɔɘɚɘəɩɜ 

ɞɟɡəŰɩɜ ŮɜŬɚɚɎůůɞɜŰŬɘ ɛŮ əŬŰɘɞɜŰɘəɎ ŰŬůɘŮɜŮɟɔɎ, ɧˊɤɠ əŬŰɘɧɜŰŬ ŬɚəɡɚŬɛɛɤɜɑɞɡ 
[8, 10,18]

. 

ɀŮ Űɞɜ Űɟɧˊɞ ŬɡŰɧɜ, ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛŮɑɤůɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ ŬɜɧɟɔŬɜɞɡ ůɡůŰŬŰɘəɞɨ əŬɗɩɠ 

əŬɘ ɖ ŭɘɧɔəɤůɖ Űɞɡ ŮɜŭɘɎɛŮůɞɡ ůŰɟɩɛŬŰɞɠ, ˊɞɡ ŭɘŮɡəɞɚɨɜŮɘ Űɖ ŭɘŮɑůŭɡůɖ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ. 

Ⱥˊɑůɖɠ, ŰŬ əŬŰɘɧɜŰŬ ŬɚəɡɚŬɛɛɤɜɑɞɡ ɛˊɞɟŮɑ ɜŬ ˊŬɟɏɢɞɡɜ ɚŮɘŰɞɡɟɔɘəɏɠ ɞɛɎŭŮɠ, ɞɘ ɞˊɞɑŮɠ 

ŬɜŰɘŭɟɞɨɜ ɛŮ Űɞ ˊɞɚɡɛŮɟɏɠ ɐ ˊɟɞəŬɚɞɨɜ Űɞɜ ˊɞɚɡɛŮɟɘůɛɧ Űɤɜ ɛɞɜɞɛŮɟɩɜ, ŬɡɝɎɜɞɜŰŬɠ ɏŰůɘ 

Űɘɠ ŭɘŮˊɘűŬɜŮɘŬəɏɠ ŭɡɜɎɛŮɘɠ ɛŮŰŬɝɨ Űɞɡ ŬɜɧɟɔŬɜɞɡ ůɡůŰŬŰɘəɞɨ əŬɘ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ 
[20]

. 

 

 

2.2.2 ȹɞɛɐ əŬɘ ɘŭɘɧŰɖŰŮɠ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ 

ũɘŬ Űɖɜ Ůɜɑůɢɡůɖ Űɤɜ ŮɚŬůŰɞɛŮɟɩɜ ˊɞɚɡůɘɚɞɝɎɜɖɠ ɛŮ ɜŬɜɞůɤɛŬŰɑŭɘŬ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ 

ˊɡɟɘŰɑɞɡ, ůɡɜɐɗɤɠ ˊɟɞŰɘɛɩɜŰŬɘ ŭɘɎűɞɟɞɘ Űɨˊɞɘ, ɧˊɤɠ ŬɡŰɞɑ ˊɞɡ ˊɟɞɏɟɢɞɜŰŬɘ Ŭˊɧ ɡŭɟɧɚɡůɖ 

ɐ ɞɝŮɑŭɤůɖ ɢɚɤɟɞůɘɚŬɜɑɤɜ ɐ Ŭˊɧ əŬɨůɖ ŰŮŰɟŬɢɚɤɟɘŭɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ, ŭɘŬŰɞɛɘəɐ ˊɡɟɘŰɑŬ ɐ 
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ˊɡɟɘŰɑŬ Ůə əŬŰŬɓɡɗɑůŮɤɠ. ɆŮ ŮűŬɟɛɞɔɏɠ ɧˊɞɡ ɖ ŬɜŰɞɢɐ ŮɑɜŬɘ ůɖɛŬɜŰɘəɐ ˊŬɟɎɛŮŰɟɞɠ, ɖ 

ŭɘɎɛŮŰɟɞɠ Űɤɜ əɧəəɤɜ Űɞ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ˊŬɑɕŮɘ ůɖɛŬɜŰɘəɧ ɟɧɚɞ əŬɘ ˊɟɏˊŮɘ ɜŬ əɡɛŬɑɜŮŰŬɘ 

Ŭˊɧ 10 ɏɤɠ 200nm 
[21]

.  

ũɘŬ Űɖɜ ŮɝŬůűɎɚɘůɖ ˊɚɐɟɞɡɠ ůɡɜŮɟɔŬůɑŬɠ ŬɚɚɎ əŬɘ ŬɜɎˊŰɡɝɖɠ ůɡɔəɞɚɚɖŰɘəɞɨ ŭŮůɛɞɨ 

ɛŮŰŬɝɨ Űɞɡ ŮɚŬůŰɞɛŮɟɞɨɠ əŬɘ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ, ɔɑɜŮŰŬɘ Űɟɞˊɞˊɞɑɖůɖ Űɖɠ ŮˊɘűɎɜŮɘŬ Űɞɡ 

ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ ɛŮ ɢɚɤɟɞůɘɚɎɜɘŬ. ȼ ŬɜŰɑŭɟŬůɖ Űɤɜ ɡŭɟɞɝɡɚɑɤɜ ɛŮ ŰŬ ɢɚɤɟɞůɘɚɎɜɘŬ 

ɞŭŮɨŮɘ ůɨɛűɤɜŬ ɛŮ: 

Si OH+ Cl2 Si(CH3)2 Si O Si(CH3)2 + HCl

Cl

 

ȰɜŬ ɢŬɟŬəŰɖɟɘůŰɘəɧ ˊɞɡ ˊŬɟŬŰɖɟŮɑŰŬɘ əŬɘ ůɢŮŰɑɕŮŰŬɘ ɛŮ Űɖɜ ŬɚɚɖɚŮˊɑŭɟŬůɖ Űɤɜ 

ɛɏůɤɜ Ůɜɑůɢɡůɖɠ əŬɘ Űɤɜ ŮɚŬůŰɞɛŮɟɩɜ Űɖɠ ůɘɚɘəɧɜɖɠ, ŮɑɜŬɘ ɖ ŰɎůɖ ɛŮɟɘəɩɜ Űɨˊɤɜ 

ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ, ɜŬ ˊɟɞəŬɚɞɨɜ Ŭɨɝɖůɖ Űɞɡ ɘɝɩŭɞɡɠ Űɞɡ ŮɚŬůŰɞɛŮɟɞɨɠ, ɔŮɔɞɜɧɠ ˊɞɡ 

ŭɡůɢŮɟŬɑɜŮɘ Űɖɜ ŮˊŮɝŮɟɔŬůɑŬ Űɞɡ əŬɘ ɛŮɟɘəɏɠ űɞɟɏɠ ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɖ ɖ ɢɟɐůɖ 

ˊɚŬůŰɘəɞˊɞɘɖŰɩɜ ɔɘŬ ɜŬ ŮˊŬɜɏɚɗŮɘ ɖ ˊɚŬůŰɘəɧŰɖŰɎ Űɞɡɠ. Ɇɡɜɐɗɤɠ ɤɠ ˊɚŬůŰɘəɞˊɞɘɖŰɏɠ, 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɞɟɔŬɜɞůɘɚɘəɞɜɞɨɢŮɠ ŮɜɩůŮɘɠ, ˊ.ɢ. ŭɘűŬɘɜɡɚůɘɚŬɜɞŭɘɧɚŮɠ.  

ȼ ŰɎůɖ ŬɡŰɐ ůɢŮŰɑɕŮŰŬɘ ɛŮ Űɖɜ ˊŬɟɞɡůɑŬ ɞɟɘůɛɏɜɤɜ ɡŭɟɞɝɡɚɘəɩɜ ɞɛɎŭɤɜ ůŰɖɜ 

ŮˊɘűɎɜŮɘŬ Űɞɡ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ, ɞɘ ɞˊɞɑŮɠ ŬˊɏɛŮɘɜŬɜ ɛŮŰɎ Űɖɜ əŬɨůɖ, ɛŮ ŬˊɞŰɏɚŮůɛŬ 

Űɖɜ ŭɖɛɘɞɡɟɔɑŬ ŭŮůɛɩɜ ɡŭɟɞɔɧɜɞɡ ɛŮŰŬɝɨ ŬɡŰɩɜ Űɤɜ ɞɛɎŭɤɜ əŬɘ Űɞɡ ɞɝɡɔɧɜɞɡ Űɞ ɞˊɞɑɞ 

ˊŮɟɘɏɢŮŰŬɘ ůŰɖɜ ŬɚɡůɑŭŬ Űɞɡ ŮɚŬůŰɞɛŮɟɞɨɠ. Ƀ ɓŬɗɛɧɠ Űɤɜ ŭŮůɛɩɜ ɡŭɟɞɔɧɜɞɡ ŮɑɜŬɘ 

ůɡɜɎɟŰɖůɖ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ ůɘɚŬɜɧɚɖɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ əŬɘ ˊɞɘəɑɚŮɘ ŬɜɎɚɞɔŬ ɛŮ Űɞ Űɨˊɞ əŬɘ 

Űɖ ɛɏɗɞŭɞ ˊŬɟŬůəŮɡɐɠ Űɤɜ ɛɏůɤɜ Ůɜɑůɢɡůɖɠ. ȺˊɘˊɟɞůɗɏŰɤɠ, ɛˊɞɟŮɑ ɜŬ ůɡɛɓŬɑɜŮɘ əŬɘ 

ˊɟɞůɟɧűɖůɖ Űɞɡ ŮɚŬůŰɞɛŮɟɞɨɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ŬɡŰɐ 

ɖ ŬɚɚɖɚŮˊɑŭɟŬůɖ ŮɚŬůŰɞɛŮɟɞɨɠ-ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ŮɑɜŬɘ ŬɟəŮŰɎ ɘůɢɡɟɐ 
[21, 22, 23, 24]

. 

 

 

2.2.3 ȹɞɛɐ əŬɘ ɘŭɘɧŰɖŰŮɠ ɡŭɟɞɝɡŬˊŬŰɑŰɖ 

Ƀ ɡŭɟɞɝɡŬˊŬŰɑŰɖɠ, (HȷP, Ca10(PO4)6(OH)2) ŮɑɜŬɘ Űɞ ɓŬůɘəɧ ŭɞɛɘəɧ ŬɜɧɟɔŬɜɞ 

ůɡůŰŬŰɘəɧ Űɤɜ ɞůŰɩɜ əŬɘ Űɤɜ ŭɞɜŰɘɩɜ. Ƀ ůŰɞɘɢŮɘɞɛŮŰɟɘəɧɠ ŬˊŬŰɑŰɖɠ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ 39.68% 

wt% Ca; 18.45% P; Ca/P wt 2.151; Ca/P ɛɞɟɘŬəɐɠ ŬɜŬɚɞɔɑŬɠ 1.667 
[25]
. Ƀɘ ŬˊŬŰɑŰŮɠ ˊɞɡ 

ůɢɖɛŬŰɑɕɞɜŰŬɘ ůŰŬ ɓɘɞɚɞɔɘəɎ ůɡůŰɐɛŬŰŬ (ɞůŰɎ, ŭɧɜŰɘŬ əɚˊ.) ŮɑɜŬɘ əŬŰɎ əŬɜɧɜŬ ɛɖ 

ůŰɞɘɢŮɘɞɛŮŰɟɘəɞɑ əŬɘ ˊŬɟɞɡůɘɎɕɞɡɜ ŮɑŰŮ ŭɞɛɘəɏɠ ŬŰɏɚŮɘŮɠ (ˊ.ɢ. əɟɡůŰŬɚɚɘəɎ əŮɜɎ) ŮɑŰŮ ůŮ 

ŬɜŰɘəŬŰŬůŰɎůŮɘɠ Űɤɜ ɘɧɜŰɤɜ Ca
2+

, PO4
3-

 əŬɘ OH
-
 Ŭˊɧ ɝɏɜŬ ɘɧɜŰŬ ɧˊɤɠ ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ 

ŬɜŰɘəŬŰɎůŰŬůɖ Űɤɜ űɤůűɞɟɘəɩɜ ɐ Űɤɜ ɡŭɟɞɝɡɚɘɧɜŰɤɜ Ŭˊɧ ŬɜɗɟŬəɘəɎ ɘɧɜŰŬ. Ƀ ůɡɜɗŮŰɘəɧɠ 

ɡŭɟɞɝɡŬˊŬŰɑŰɖɠ ɏɢŮɘ ɎɟɘůŰɖ ɓɘɞůɡɛɓŬŰɧŰɖŰŬ ɛŮ Űɞɜ Ŭɜɗɟɩˊɘɜɞ ɞɟɔŬɜɘůɛɧ əŬɘ əŬŰɎ ůɡɜɏˊŮɘŬ 

ŮɑɜŬɘ ŭɡɜŬŰɧ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ůŮ ɞůŰɘəɎ ŮɛűɡŰŮɨɛŬŰŬ. Ƀɘ əɟɡůŰŬɚɚɑŰŮɠ Űɞɡ ɡŭɟɞɝɡŬˊŬŰɑŰɖ 

ɏɢɞɡɜ Űɖɜ ɛɞɟűɐ ɚŮˊŰɩɜ ˊɚŬəɩɜ ɐ ɓŮɚɧɜɤɜ ɛŮ ŭɘŬůŰɎůŮɘɠ ɛŮɟɘəɩɜ ŭŮəɎŭɤɜ nm 
[26]

. 

Ⱥˊɘˊɚɏɞɜ ɞ ɡŭɟɞɝɡŬˊŬŰɑŰɖɠ ɛˊɞɟŮɑ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɛŮ Űɖ ɛɞɟűɐ Ůɜɧɠ ˊɟɞůɢɖɛŬŰɘůɛɏɜɞɡ 

ůŰŮɟŮɞɨ Űɞ ɞˊɞɑɞ ɏɢŮɘ ŮˊŮɝŮɟɔŬůɗŮɑ ůŮ ˊɞɚɨ ɡɣɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ ŭɘŬŭɘəŬůɑŬ ˊɞɡ 

ɞɜɞɛɎɕŮŰŬɘ ˊɨɟɤůɖ ɐ ˊɡɟɞůɡůůɤɛɎŰɤůɖ (sintering). ɄŬɟŬəɎŰɤ űŬɑɜŮŰŬɘ űɤŰɞɔɟŬűɑŬ Ŭˊɧ 

SEM ŭŮɑɔɛŬŰɞɠ ɡŭɟɞɝɡŬˊŬŰɑŰɖ ɧˊɞɡ ŭɘŬəɟɑɜɞɜŰŬɘ əŬɗŬɟɎ ɞɘ ɓŮɚɧɜŮɠ ˊɞɡ ůɢɖɛŬŰɑɕɞɡɜ ɞɘ 

əɟɡůŰŬɚɚɑŰŮɠ Űɞɡ ŬˊŬŰɑŰɖ.  

Ƀɘ əɟɨůŰŬɚɚɞɘ Űɞɡ ɡŭɟɞɝɡŬˊŬŰɑŰɖ ɏɢɞɡɜ ůɢɐɛŬ ůɢŮŭɧɜ ˊŬɟŬɚɚɖɚɧɔɟŬɛɛɞ əŬɘ 

Ŭɜɐəɞɡɜ, əɡɟɑɤɠ, ůŰɞ ŮɝŬɔɤɜɘəɧ ůɨůŰɖɛŬ, Ůɜɩ ůˊŬɜɘɧŰŮɟŬ ŬˊŬɜŰɩɜŰŬɘ ůŰɞ ɛɞɜɞəɚɘɜɏɠ. Ƀɘ 

ŭɨɞ ŭɞɛɏɠ ŮɑɜŬɘ ˊŬɟɧɛɞɘŮɠ, ɛŮ əɡɟɘɧŰŮɟɖ ŭɘŬűɞɟɎ Űɖ ŭɘŮɡɗɏŰɖůɖ Űɤɜ ɘɧɜŰɤɜ Ƀȼ ˊɎɜɤ əŬɘ 
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əɎŰɤ Ŭˊɧ Űɞ Űɟɑɔɤɜɞ Űɞɡ ŬůɓŮůŰɑɞɡ ůŰɖ ɛɞɜɞəɚɘɜɐ ŭɞɛɐ, ɏɜŬɜŰɘ Űɖɠ ɎŰŬəŰɖɠ ŰɞˊɞɗɏŰɖůɐɠ 

Űɞɡɠ ůŰɖɜ ŮɝŬɔɤɜɘəɐ ŭɞɛɐ. ȷɡŰɐ ɖ ŭɘŬűɞɟɎ ŮˊɖɟŮɎɕŮɘ əɎˊɞɘŮɠ ɘŭɘɧŰɖŰŮɠ ůŮ ůɖɛŬɜŰɘəɧ 

ɓŬɗɛɧ, ɧˊɤɠ ɖ əɘɜɖŰɘəɐ Űɖɠ ŭɘɎɚɡůɖɠ.  

O P O-
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O-
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O P O-

O-

O-
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O P O-

O-

O-
Ca2+

Ca2+Ca2+

OH-  
ɆɢɐɛŬ 2.5: ȼ ŭɞɛɐ Űɞɡ ɡŭɟɞɝɡŬˊŬŰɑŰɖ. 

 

Ƀ ɡŭɟɞɝɡŬˊŬŰɑŰɖɠ (ȼȷ) ŮɑɜŬɘ ɓŬůɘəɧ ŭɞɛɘəɧ ůɡůŰŬŰɘəɧ Űɤɜ ɞůŰɩɜ əŬɘ Űɤɜ ŭɞɜŰɘɩɜ əŬɘ 

ɛˊɞɟŮɑ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɤɠ ɡɚɘəɧ ůŮ ˊɞɚɚɏɠ ŮűŬɟɛɞɔɏɠ ŬˊɞəŬŰɎůŰŬůɖɠ ŬɡŰɩɜ. ɆŮ 

ůɡɜɗɐəŮɠ pȼ 7.4 ŮɑɜŬɘ Űɞ ɚɘɔɧŰŮɟɞ ŭɘŬɚɡŰɧ Ŭˊɧ ŰŬ ɡˊɧɚɞɘˊŬ űɡůɘəɎ ɎɚŬŰŬ űɤůűɞɟɘəɞɨ 

ŬůɓŮůŰɑɞɡ. ȼ ůŰŬɗŮɟɐ ɛŬəɟɞɛɞɟɘŬəɐ ŭɞɛɐ Űɞɡ ůŮ ůɡɜŭɡŬůɛɧ ɛŮ Űɖ ɢŬɛɖɚɐ ŭɘŬɚɡŰɧŰɖŰŬ ůŰɞ 

űɡůɘɞɚɞɔɘəɧ pȼ ůɡɜŰŮɚɞɨɜ ůŮ ůɢŮŰɘəɐ ŬɜŰɑůŰŬůɖ ůŮ ŬɜŬɟɟɧűɖůɖ in vivo, ŬɜɎɚɞɔŬ ɛŮ Űɖɜ 

ŮəɎůŰɞŰŮ ɛɏɗɞŭɞ ˊŬɟŬůəŮɡɐɠ.  

ȷɝɘɞůɖɛŮɑɤŰɖ ɔɘŬ ɧɚŬ ŰŬ Ůɑŭɖ ȼȷ ŮɑɜŬɘ ɖ ɎɟɘůŰɖ ɓɘɞůɡɛɓŬŰɧŰɖŰɎ Űɞɡɠ. Ƀ ȼȷ ŭŮɜ 

ˊɟɞəŬɚŮɑ əɡŰŰŬɟɘəɐ ŬɜŰɑŭɟŬůɖ, ɧˊɤɠ ɔɑɜŮŰŬɘ ůŮ ɎɚɚŬ ɝɏɜŬ ůɩɛŬŰŬ, ŮəŰŮŰŬɛɏɜɖ űɚŮɔɛɞɜɐ, 

Űɞɝɘəɏɠ ŬɜŰɘŭɟɎůŮɘɠ ɐ Ŭɨɝɖůɖ ůŰŬ ŮˊɑˊŮŭŬ ŬůɓŮůŰɑɞɡ əŬɘ űɤůűɧɟɞɡ ůŰɞɜ ɞɟɧ Űɞɡ ŬɑɛŬŰɞɠ. 

ȼ ˊɘɞ ůɖɛŬɜŰɘəɐ ɘŭɘɧŰɖŰŬ Űɞɡ ȼȷ, ɤůŰɧůɞ, ŮɑɜŬɘ ɞ Űɟɧˊɞɠ ŬɚɚɖɚŮˊɑŭɟŬůɐɠ Űɞɡ ɛŮ Űɞɜ 

ɞůŰɑŰɖ ɘůŰɧ. ɀŮɟɘəɏɠ ɛŮɚɏŰŮɠ ɏɢɞɡɜ ɘůɢɡɟɘůŰŮɑ ɧŰɘ ɖ ˊŬɟɞɡůɑŬ ȼȷ ˊɟɞəŬɚŮɑ ɞůŰŮɞɔɏɜŮůɖ (Ůɝ 

Ŭɟɢɐɠ ůɢɖɛŬŰɘůɛɧɠ ɜɏɞɡ ɞůŰɞɨ), ɧɛɤɠ ůŮ ɎɚɚŮɠ ɏɢŮɘ ŬˊɞŭŮɘɢɗŮɑ, ɛŮ Űɖ ɢɟɐůɖ ɜɤŰɘŬɑɞɡ 

ɛɡŮɚɞɨ əŬɘ ȼȷ ůŮ ŮɛűɡŰŮɨɛŬŰŬ űɑɚŰɟɤɜ Millipore, ɧŰɘ ŭŮɜ ˊŬɟŬŰɖɟŮɑŰŬɘ ɞůŰŮɞůɨɜɗŮůɖ 

ŬˊɞɡůɑŬ əɡŰŰɎɟɤɜ ɛɡŮɚɞɨ Űɤɜ ɞůŰɩɜ 
[27]

.  

ɄŬɟɎ Űɞ ɔŮɔɞɜɧɠ ɧŰɘ ɞ ɡŭɟɞɝɡŬˊŬŰɑŰɖɠ ŭŮɜ ŮɑɜŬɘ ɞůŰŮɞɔɧɜɞɠ, ŮˊɎɔŮɘ Űɖɜ ɞůŰŮɞůɨɜɗŮůɖ 

(osteoconductive). ȷɡŰɧ ůɖɛŬɑɜŮɘ ɧŰɘ ɛˊɞɟŮɑ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɤɠ ɘəɟɑɤɛŬ ˊɎɜɤ ůŰɞ ɞˊɞɑɞ 

ɗŬ ŬɜŬˊŰɡɢɗŮɑ Űɞ ɞůŰɧ. ȷɜ ůŰɞ ŮɛűɨŰŮɡɛŬ ŭɖɛɘɞɡɟɔɖɗɞɨɜ ɛŬəɟɞˊɧɟɞɘ (200-300 ɛm), Űɞ 

ɞůŰɧ ɗŬ ŬɜŬˊŰɡɢɗŮɑ ůŮ ŬɡŰɞɨɠ. ȺɛűɡŰŮɨɛŬŰŬ ȼȷ űɏɟɞɡɜ ŰŬɢɨŰŮɟɞ ɟɡɗɛɧ Ŭɨɝɖůɖɠ Űɞɡ 

ɞůŰɞɨ Ŭˊɧ ŰŬ ɞůŰɘəɎ ɛɞůɢŮɨɛŬŰŬ, Ůɜɩ ˊŬɟɧɛɞɘŮɠ ɛŮɚɏŰŮɠ ɏɢɞɡɜ ŭŮɑɝŮɘ ɧŰɘ əŬɘ ɞɘ ɢɧɜŭɟɞɘ 

ɛˊɞɟɞɨɜ ɜŬ ŬɜŬˊŰɡɢɗɞɨɜ ůŮ ˊɞɟɩŭɖ ŮɛűɡŰŮɨɛŬŰŬ ȼȷ. ɄŬɟô ɧŰɘ ŭŮ ůɡɛɓŬɑɜŮɘ ɞůŰŮɞɔɏɜŮůɖ, 

ɏɜŬɠ ɢɖɛɘəɧɠ ŭŮůɛɧɠ ůɢɖɛŬŰɑɕŮŰŬɘ ɛŮŰŬɝɨ Űɞɡ ŮɛűɡŰŮɨɛŬŰɞɠ əŬɘ Űɞɡ ɞůŰɞɨ, ɢɤɟɑɠ ɜŬ 

ɛŮůɞɚŬɓŮɑ ɘɜɩŭɖɠ ɘůŰɧɠ. ȷɡŰɐ ɖ ˊɟɧůŭŮůɖ Űɞɡ ŮɛűɡŰŮɨɛŬŰɞɠ ůŰɞ ɞůŰɧ ŬɜŬűɏɟŮŰŬɘ ɤɠ 

ɞůŰŮɞŮɜůɤɛɎŰɤůɖ.  

ɆɖɛŬɜŰɘəɐ ŮɑɜŬɘ əŬɘ ɖ ɘəŬɜɧŰɖŰŬ Űɞɡ ȼȷ ɜŬ ˊɟɞůɟɞűɎ ɞɡůɑŮɠ, ɧˊɤɠ ɖ Ŭɚɓɞɡɛɑɜɖ, ɖ 

ŭŮɝŰɟɎɜɖ əŬɘ ɚɘˊɑŭɘŬ. ɆŮ ɛŮɚɏŰɖ ˊɞɡ ɏɔɘɜŮ Ŭˊɧ Űɞɡɠ Niwa et al. 
[28]
, ɛŮŰɟɐɗɖəŮ ŬɟɢɘəɎ ɖ 

ˊɞůɧŰɖŰŬ ˊɟɞůɟɧűɖůɖɠ Ŭˊɧ Űɘɠ ŮɝŮŰŬɕɧɛŮɜŮɠ ɞɡůɑŮɠ əŬɘ, ůŰɖ ůɡɜɏɢŮɘŬ, ɖ ɘůɢɨɠ Űɖɠ 

ˊɟɞůɟɧűɖůɖɠ ɛŮŰɟɩɜŰŬɠ Űɞ ɓɎɟɞɠ Űɖɠ ˊŬɟŬɛɏɜɞɡůŬɠ ɞɡůɑŬɠ ɛŮŰɎ Ŭˊɧ ɏəˊɚɡůɖ. ɇŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ ɏŭŮɘɝŬɜ ɧŰɘ Űɞ ɓɎɟɞɠ Űɖɠ ˊɟɞůɟɞűɩɛŮɜɖɠ Ŭɚɓɞɡɛɑɜɖɠ əŬɘ Űɖɠ ŭŮɝŰɟɎɜɖɠ ɐŰŬɜ 

1.4Ñ0.13 əŬɘ 1.6Ñ0.3 űɞɟɏɠ ɡɣɖɚɧŰŮɟɞ ůŮ ůɨɔəɟɘůɖ ɛŮ Ɏɚɚɖ ɞɡůɑŬ (calcium hydrogen 

phosphate dehydrate) əŬɘ Űɞ ɓɎɟɞɠ Űɤɜ ˊɟɞůɟɞűɩɛŮɜɤɜ ɚɘˊɘŭɑɤɜ ɐŰŬɜ ůɖɛŬɜŰɘəɎ ɡɣɖɚɧŰŮɟɞ 

ůŮ ůɢɏůɖ ɛŮ Űɖɜ ŬɚɞɡɛɑɜŬ əŬɘ Űɖ ɚŮɡəɐ ɚŮˊŰɧəɞəəɖ ɛɑəŬ (sericite). ȷɜŰɘɗɏŰɤɠ, ŰŬ ˊɞůɞůŰɎ 

ŬˊɤɚŮɘɩɜ ɔɘŬ Űɞɜ ȼȷ ɛŮŰɎ Ŭˊɧ ɏəˊɚɡůɖ ɐŰŬɜ ɢŬɛɖɚɧŰŮɟŬ Ŭˊɧ Űɞɡɠ Ɏɚɚɞɡɠ űɞɟŮɑɠ. 



 

 
ȾȺūȷȿȷȽɃ 2ɞ 

 

26 

 

ɆɡɜɎɔŮŰŬɘ, Ůˊɞɛɏɜɤɠ, Űɞ ůɡɛˊɏɟŬůɛŬ ɧŰɘ ɞ ȼȷ ˊɟɞůɟɞűɎ əŬɚɨŰŮɟŬ Ŭɚɓɞɡɛɑɜɖ, ŭŮɝŰɟɎɜɖ 

əŬɘ ɚɘˊɑŭɘŬ ůŮ ůɢɏůɖ ɛŮ Űɘɠ ůɡɔəɟɘɜɧɛŮɜŮɠ ɞɡůɑŮɠ, Űɖɜ ŬɚɞɡɛɑɜŬ əŬɘ ɚŮɡəɐ ɚŮˊŰɧəɞəəɖ ɛɑəŬ. 

ɉɎɟɖ ůŮ ŬɡŰɐ Űɖɜ ɘŭɘɧŰɖŰŬ, ɞ ȼȷ ɛˊɞɟŮɑ ɜŬ ŬɝɘɞˊɞɘɖɗŮɑ əŬɘ ɤɠ ůɡůŰŬŰɘəɧ ůŮ ɛɏůŬ ɞŭɞɜŰɘəɐɠ 

ɡɔɘŮɘɜɐɠ, Ŭűɞɨ ŰŬ ɛɧɟɘŬ ŮɑɜŬɘ ɘəŬɜɎ ɜŬ ˊɟɞůɟɞűɞɨɜ əŬɘ ɜŬ ɛŮŰŬəɘɜɞɨɜ Űɖɜ ɞŭɞɜŰɘəɐ ˊɚɎəŬ 

ˊɟɞůəɞɚɚɩɛŮɜŬ ůŰɘɠ ŮˊɘűɎɜŮɘŮɠ Űɤɜ ŭɞɜŰɘɩɜ 
[28]

.  

 

 

2.2.4 ȹɞɛɐ əŬɘ ɘŭɘɧŰɖŰŮɠ ɓɘɞŮɜŮɟɔɩɜ ɔɡŬɚɘɩɜ 

Ƀ ɧɟɞɠ ɔɡŬɚɑ ɢŬɟŬəŰɖɟɑɕŮɘ ɏɜŬ ůŰŮɟŮɧ ůɩɛŬ Űɞ ɞˊɞɑɞ ɏɢŮɘ ŰɡɢŬɑŬ ŭɞɛɐ əŬɘ ɡɣɖɚɧ 

ůɖɛŮɑɞ Űɐɝɖɠ. ȼ ŭɘŬɛɧɟűɤůɖ Űɖɠ ŭɞɛɐɠ Űɞɡ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖ ɢɖɛɘəɐ Űɞɡ ůɨůŰŬůɖ əŬɘ 

ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛɏůɤ ɘɞɜŰɘəɩɜ əŬɘ ɞɛɞɘɞˊɞɚɘəɩɜ ŬɚɚɖɚŮˊɘŭɟɎůŮɤɜ ɛŮŰŬɝɨ Űɤɜ ůŰɞɘɢŮɑɤɜ ˊɞɡ 

ůɡɜɗɏŰɞɡɜ Űɞ ůɨůŰɖɛŬ. ɇŬ ɓɘɞŮɜŮɟɔɎ ɔɡŬɚɘɎ ŮɑɜŬɘ ɡɚɘəɎ ˊɞɡ ˊɟɤŰɞŮɛűŬɜɑůŰɖəŬɜ ůŰɘɠ Ŭɟɢɏɠ 

Űɞɡ 1970 Ŭˊɧ Űɞɜ L. Hench (University of London). ȷˊɞŰŮɚɞɨɜŰŬɘ əɡɟɑɤɠ Ŭˊɧ ɞɝŮɑŭɘɞ Űɞɡ 

ɜŬŰɟɑɞɡ (Na2O), ɞɝŮɑŭɘɞ Űɞɡ ŬůɓŮůŰɑɞɡ (CaO), ˊŮɜŰɞɝŮɑŭɘɞ Űɞɡ űɤůűɧɟɞɡ (P2O5) əŬɘ Űɏɚɞɠ 

Ŭˊɧ ŭɘɞɝŮɑŭɘɞ Űɞɡ ˊɡɟɘŰɑɞɡ (SiO2) ˊɞɡ ŮɑɜŬɘ Űɞ əɨɟɘɞ ůɡůŰŬŰɘəɧ. ũŮɜɘəɎ ŮɑɜŬɘ ůɡůŰɐɛŬŰŬ 

CaO-P2O5-SiO2, Na2O-CaO-SiO2, əŬɗɩɠ əŬɘ K2O-SiO2-TiO2. 

ũɘŬ Űɖɜ ŰŮɚɘəɐ ɛɞɟűɐ Űɖɠ ŭɞɛɐɠ Űɞɡ ɔɡŬɚɘɞɨ, ˊŬɑɕɞɡɜ ůɖɛŬɜŰɘəɧ ɟɧɚɞ ɞɘ ůɢɖɛŬŰɘůŰɏɠ 

ˊɚɏɔɛŬŰɞɠ əŬɘ ɞɘ ɛɞɟűɞˊɞɘɖŰɏɠ ˊɚɏɔɛŬŰɞɠ. Ƀɘ ůɢɖɛŬŰɘůŰɏɠ ˊɚɏɔɛŬŰɞɠ ɐ ŭɘəŰɨɞɡ ŮɑɜŬɘ əɡɟɑɤɠ 

ɞɝŮɑŭɘŬ ɧˊɤɠ P2O5, Bi2O3, B2O5 əŬɘ SiO2. ɇɞ SiO2 ɏɢŮɘ Űɖɜ ˊŬɟŬəɎŰɤ ŭɞɛɐ: ɇɞ Si ůɢɖɛŬŰɑɕŮɘ 

ŰŮŰɟɎŮŭɟŬ ɛŮ Űɞ ɞɝɡɔɧɜɞ, Ůɜɩ ŬɜɎ ŭɨɞ ŰŬ ˊɡɟɑŰɘŬ ɛɞɘɟɎɕɞɜŰŬɘ ɏɜŬ əɞɘɜɧ ɞɝɡɔɧɜɞ ˊɞɡ 

ɞɜɞɛɎɕŮŰŬɘ ɔŮűɡɟɤŰɘəɧ. ȷɜ ůŮ Ɏɛɞɟűɞ SiO2 ˊɟɞůŰŮɗŮɑ əɎˊɞɘɞ Ɏɚɚɞ ɞɝŮɑŭɘɞ ŰɧŰŮ ɚŬɛɓɎɜŮɘ 

ɢɩɟŬ ŬɜŰɘəŬŰɎůŰŬůɖ Űɞɡ Si ůŮ əɎˊɞɘŬ ůɖɛŮɑŬ Űɞɡ ˊɚɏɔɛŬŰɞɠ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ ɛŮ ˊɟɞůɗɐəɖ 

P2O5 ůŰɖ ůɑɚɘəŬ, ˊɟɞəɨˊŰŮɘ űɤůűɞˊɡɟɘŰɘəɧ ɔɡŬɚɑ Űɞ ɞˊɞɑɞ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŰŮŰɟɎŮŭɟŬ 

ˊɡɟɘŰɑɞɡ ï ɞɝɡɔɧɜɞɡ əŬɘ űɤůűɧɟɞɡ ï ɞɝɡɔɧɜɞɡ ɎŰŬəŰŬ ůɡɜŭŮŭŮɛɏɜŬ ɛŮ ɏɜŬ ŰɟɘůŭɘɎůŰŬŰɞ 

ŭɑəŰɡɞ. Ƀɘ ɛɞɟűɞˊɞɘɖŰɏɠ ˊɚɏɔɛŬŰɞɠ ɐ ɛɞɟűɞˊɞɘɖŰɏɠ ŭɘəŰɨɞɡ ŮɑɜŬɘ əɡɟɑɤɠ ůŰɞɘɢŮɑŬ Ŭˊɧ ŰŬ 

ŬɚəɎɚɘŬ ɐ Űɘɠ ŬɚəŬɚɘəɏɠ ɔŬɑŮɠ. Ɇɡɜɐɗɤɠ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ŰŬ ůŰɞɘɢŮɑŬ K, Na, Li, Ca əŬɘ Mg. 

Ƀ ɟɧɚɞɠ Űɞɡɠ ŮɑɜŬɘ ɜŬ ůˊɎɜŮ Űɞɡɠ ŭŮůɛɞɨɠ Űɞɡ ɞɝɡɔɧɜɞɡ ˊɞɡ Ůɜɩɜɞɡɜ ŰŬ ŰŮŰɟɎŮŭɟŬ ɛŮŰŬɝɨ 

Űɞɡɠ (ŭɖɚŬŭɐ ŰŬ ɔŮűɡɟɤŰɘəɎ) (ɆɢɐɛŬ 2.6). ɀŮ Űɞɜ Űɟɧˊɞ ŬɡŰɧ ŰŬ ɔŮűɡɟɤŰɘəɎ ɞɝɡɔɧɜŬ 

ɔɑɜɞɜŰŬɘ ŰŮɟɛŬŰɘəɎ ŬɡɝɎɜɞɜŰŬɠ Űɖɜ ŬŰŬɝɑŬ ůŰɖɜ ŭɞɛɐ Űɞɡ ɔɡŬɚɘɞɨ. ȷɡŰɧ ɏɢŮɘ ɤɠ ŬˊɞŰɏɚŮůɛŬ 

ɜŬ ɛŮɘɩɜŮŰŬɘ ɖ ɗŮɟɛɞəɟŬůɑŬ Űɐɝɖɠ Űɞɡ ɔɡŬɚɘɞɨ əŬɗɩɠ əŬɘ Űɞ ɘɝɩŭŮɠ Űɞɡ.  

 
ɆɢɐɛŬ 2.6: ȹɞɛɐ ɓɘɞŭɟŬůŰɘəɞɨ ɔɡŬɚɘɞɨ ůŰɖɜ ɞˊɞɑŬ űŬɑɜɞɜŰŬɘ ɞɘ ŰɟɞˊɞˊɞɘɖŰɏɠ ŭɘəŰɨɞɡ, ɞɘ 

ůɢɖɛŬŰɘůŰɏɠ ŭɘəŰɨɞɡ əŬɘ ŰŬ Ůɑŭɖ Űɤɜ ŬŰɧɛɤɜ ɞɝɡɔɧɜɞɡ ˊɞɡ ˊŮɟɘɏɢɞɜŰŬɘ. 

 

ɇŬ ɓɘɞɜŮɟɔɎ ɔɡŬɚɘɎ ˊŬɟɞɡůɘɎɕɞɡɜ Űɧůɞ Űɖɜ ɘəŬɜɧŰɖŰŬ Űɖɠ ɞůŰŮɞŮɜůɤɛɎŰɤůɖɠ ɧůɞ əŬɘ 

ŬɡŰɐ Űɖɠ ɞůŰŮɞŬɔɤɔɘɛɧŰɖŰŬɠ. 
[29]
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2.3 ɀɏɗɞŭɞɘ ɄŬɟŬůəŮɡɐɠ ɁŬɜɞůɡɜɗɏŰɤɜ 

 

 

2.3.1 ȺɛűɤɚɘŬůɛɧɠ ˊɞɚɡɛŮɟɞɨɠ Ŭˊɧ ŭɘɎɚɡɛŬ 

ɇŬ ˊɞɚɡůŰɟɤɛŬŰɘəɎ ˊɡɟɘŰɘəɎ ɡɚɘəɎ ŬˊɞűɞɚɘŭɩɜɞɜŰŬɘ ůŮ ɢɤɟɘůŰɎ ůŰɟɩɛŬŰŬ ɛŮ ɢɟɐůɖ 

ŭɘŬɚɨŰɖ ůŰɞɜ ɞˊɞɑɞ Űɞ ˊɞɚɡɛŮɟɏɠ (ɐ Űɞ ˊɟɞˊɞɚɡɛŮɟɏɠ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ ŬŭɘɎɚɡŰɤɜ 

ˊɞɚɡɛŮɟɩɜ) ŮɑɜŬɘ ŭɘŬɚɡŰɧ. ȺɑɜŬɘ ɔɜɤůŰɧ ɧŰɘ ůŰŬ ůɡɔəŮəɟɘɛɏɜŬ ɡɚɘəɎ, ɚɧɔɤ Űɤɜ ŬůɗŮɜɩɜ 

ŭɡɜɎɛŮɤɜ ˊɞɡ ůɡɔəɟŬŰɞɨɜ ŰŬ ůŰɟɩɛŬŰŬ ŮɜɤɛɏɜŬ, ŮɑɜŬɘ ŭɡɜŬŰɧ ůŮ əŬŰɎɚɚɖɚɞ ŭɘŬɚɨŰɖ ɜŬ 

ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ ŭɘŬůˊɞɟɎ ɛŮ ŮɡəɞɚɑŬ. ȰˊŮɘŰŬ, Űɞ ˊɞɚɡɛŮɟɏɠ ˊɟɞůɟɞűɎŰŬɘ ŬɜɎɛŮůŬ ůŰŬ 

ŭɘŬɢɤɟɘůɛɏɜŬ ůŰɟɩɛŬŰŬ əŬɘ ɧŰŬɜ ɞ ŭɘŬɚɨŰɖɠ ŮɝŬŰɛɘůŰŮɑ, ŰŬ ˊɚŬəɑŭɘŬ ŮˊŬɜŬŭɘŬŰɎůůɞɜŰŬɘ 

ŮɔəɚɤɓɑɕɞɜŰŬɠ Űɞ ˊɞɚɡɛŮɟɏɠ ɩůŰŮ ɜŬ ůɢɖɛŬŰɘůŰŮɑ, ůŰɖɜ əŬɚɨŰŮɟɖ ˊŮɟɑˊŰɤůɖ, ɛɘŬ ŰŬəŰɘəɐ 

ˊɞɚɡůŰɟɤɛŬŰɘəɐ ŭɞɛɐ. 

ɄɎɜŰɤɠ, ˊɟɏˊŮɘ ɜŬ ŮˊɘůɖɛŬɜɗŮɑ ˊɤɠ ɛɏůɤ ŬɡŰɐɠ Űɖɠ ɛŮɗɧŭɞɡ ɞ ŮɛűɤɚɘŬůɛɧɠ 

ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛɧɜɞ ɔɘŬ ůɡɔəŮəɟɘɛɏɜŬ ůɡůŰɐɛŬŰŬ ˊɞɚɡɛŮɟɞɨɠ-Ŭɟɔɑɚɞɡ-ŭɘŬɚɨŰɖ, əɎŰɘ ˊɞɡ 

ůɖɛŬɑɜŮɘ ɧŰɘ ɔɘŬ ŭŮŭɞɛɏɜɞ ˊɞɚɡɛŮɟɏɠ, ˊɟɏˊŮɘ ɜŬ ŬɜŬɕɖŰɖɗŮɑ əŬŰɎɚɚɖɚɖ Ɏɟɔɘɚɞɠ, əŬŰɎɚɚɖɚɖ 

ɞɟɔŬɜɘəɐ Űɟɞˊɞˊɞɑɖůɖ əŬɘ əŬŰɎɚɚɖɚɞɠ ŭɘŬɚɨŰɖɠ 
[13, 30, 31]

. Ⱥˊɘˊɚɏɞɜ, ɖ ɛɏɗɞŭɞɠ ŮɛˊɚɏəŮɘ Űɖ 

ɢɟɐůɖ ůɖɛŬɜŰɘəɐɠ ˊɞůɧŰɖŰŬɠ ŭɘŬɚɡŰɩɜ (ŮɜɑɞŰŮ ɞɟɔŬɜɘəɩɜ), ɔŮɔɞɜɧɠ ˊɞɡ Űɖɜ əŬɗɘůŰɎ ɛɖ 

űɘɚɘəɐ ˊɟɞɠ Űɞ ˊŮɟɘɓɎɚɚɞɜ, əŬɘ ˊɘɗŬɜɩɠ ɛɖ ůɡɛűɏɟɞɡůŬ ɞɘəɞɜɞɛɘəɎ
[31]
. ũɘŬ ɧɚɞɡɠ Űɞɡɠ 

ŬɜŬɢŬɘŰɘůŰɘəɞɨɠ ˊŬɟɎɔɞɜŰŮɠ ˊɞɡ ŬɜŬűɏɟɗɖəŬɜ, ɖ ɓɘɞɛɖɢŬɜɘəɐ ŮűŬɟɛɞɔɐ Űɖɠ ŰŮɢɜɘəɐɠ 

ŮɛűɤɚɘŬůɛɞɨ Ŭˊɧ ŭɘɎɚɡɛŬ ŭŮɜ ˊɟɞɤɗŮɑŰŬɘ. 

 

 

2.3.2 ȺɛűɤɚɘŬůɛɧɠ ɛŮ Ůˊɑ Űɧˊɞɡ ˊɞɚɡɛŮɟɘůɛɧ 

ɆŰɖɜ ŰŮɢɜɘəɐ ŬɡŰɐ, Űɞ ˊɞɚɡůŰɟɤɛŬŰɘəɧ ɛɏůɞ Ůɜɑůɢɡůɖɠ ŭɘɞɔəɩɜŮŰŬɘ ɛɏůŬ ůŰɞ ɡɔɟɧ 

ɛɞɜɞɛŮɟɏɠ (ɐ ůŮ ŭɘɎɚɡɛŬ ɛɞɜɞɛŮɟɞɨɠ). ȰŰůɘ, əŬŰɎ Űɞ ůɢɖɛŬŰɘůɛɧ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ ɞɘ 

ŬɚɡůɑŭŮɠ ŮɑɜŬɘ ŭɡɜŬŰɧ ɜŬ ˊŬɟŮɛɓɎɚɚɞɜŰŬɘ ŬɜɎɛŮůŬ ůŰŬ ůŰɟɩɛŬŰŬ. Ƀ ˊɞɚɡɛŮɟɘůɛɧɠ ɛˊɞɟŮɑ 

ɜŬ ɝŮəɘɜɐůŮɘ ŮɑŰŮ ɛŮ ɗɏɟɛŬɜůɖ, ŮɑŰŮ ɛŮ ŬəŰɘɜɞɓɞɚɑŬ ɛŮ Űɖ ŭɘɎŭɞůɖ əŬŰɎɚɚɖɚɞɡ ŭɘŮɔɏɟŰɖ ɐ 

əŬŰŬɚɨŰɖ ˊɞɡ ŰɞˊɞɗŮŰŮɑŰŬɘ ɛɏůɤ Űɖɠ ŬɜŰŬɚɚŬɔɐɠ əŬŰɘɧɜŰɤɜ ůŰɞ ŭɘɎəŮɜɞ ˊɟɘɜ Űɖ ŭɘɧɔəɤůɖ 

Ŭˊɧ Űɞ ɛɞɜɞɛŮɟɏɠ.  

ȷɜŬűɞɟɘəɎ ɛŮ ŰŬ ˊɚŮɞɜŮəŰɐɛŬŰŬ Űɖɠ Ůɜ ɚɧɔɤ ɛŮɗɧŭɞɡ, Ůɝô ɞɟɘůɛɞɨ Űɖɠ  

ɢŬɟŬəŰɖɟɑɕŮŰŬɘ Ŭˊɧ Ůɜ ŭɡɜɎɛŮɘ ɓŮɚŰɘɤɛɏɜɖ ŭɘŬůˊɞɟɎ Űɖɠ Ŭɟɔɑɚɞɡ, ˊɞɡ ɞűŮɑɚŮŰŬɘ ůŰɞ ɔŮɔɞɜɧɠ 

ɧŰɘ ɖ ŭɘɧɔəɤůɖ Ŭˊɧ ŰŬ ɛɧɟɘŬ Űɞɡ ɛɞɜɞɛŮɟɞɨɠ əŬɘ Ůɜ ůɡɜŮɢŮɑŬ ɖ ŬɜɎˊŰɡɝɖ Űɤɜ 

ɛŬəɟɞŬɚɡůɑŭɤɜ ɛɏůŬ ůŰɞ ŮɜŭɘɎɛŮůɞ ůŰɟɩɛŬ ŮɑɜŬɘ ŮɡɢŮɟɏůŰŮɟɖ ůŮ ůɢɏůɖ ɛŮ Űɖ ŭɘɧɔəɤůɐ Űɖɠ 

Ŭˊɧ ŬɡŰɎ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ 
[10, 13, 30, 32]

. Ⱥˊɑůɖɠ, ɖ ŮɜůɤɛɎŰɤůɖ Űɞɡ ɜŬɜɞŮɜɘůɢɡŰɘəɞɨ Ŭˊɧ Űɞ 

ůŰɎŭɘɞ Űɞɡ ˊɞɚɡɛŮɟɘůɛɞɨ űŬɑɜŮŰŬɘ ŮɚəɡůŰɘəɐ, əŬɗɩɠ ŬˊɞűŮɨɔŮŰŬɘ ɖ ŬɜɎɔəɖ ɔɘŬ ˊŮɟŬɘŰɏɟɤ 

ŮˊŮɝŮɟɔŬůɑŬ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ ˊɟɞɠ ůɢɖɛŬŰɘůɛɧ ɜŬɜɞůɡɜɗɏŰɞɡ, ɧɜŰŬɠ ŰŬɡŰɧɢɟɞɜŬ ůɡɛɓŬŰɐ ɛŮ 

Űɘɠ ůɡɜɗŮŰɘəɏɠ ˊɞɟŮɑŮɠ ˊɞɡ Ŭəɞɚɞɡɗɞɨɜ ɞɘ ˊŬɟŬɔɤɔɞɑ əŬɘ ˊɟɞůűɏɟɞɜŰŬɠ ɏŰůɘ Űɖ ŭɡɜŬŰɧŰɖŰŬ 

ɔɘŬ ŮˊɏəŰŬůɖ Űɤɜ ˊŬɟŬɔɤɔɘəɩɜ ŭɘŬŭɘəŬůɘɩɜ ůŮ ɜɏŬ ˊɟɞɥɧɜŰŬ, ɢɤɟɑɠ Űɖɜ ŬɜɎɔəɖ 

Űɟɞˊɞˊɞɑɖůɖɠ Űɖɠ ɔɟŬɛɛɐɠ ˊŬɟŬɔɤɔɐɠ.  Ⱥˊɘˊɚɏɞɜ, ɖ Ŭˊɞűɡɔɐ Űɖɠ ɢɟɐůɖɠ ŭɘŬɚɡŰɩɜ Ŭˊɧ Űɖɜ 

ɛɑŬ ˊɚŮɡɟɎ, əŬɘ ŮˊŮɝŮɟɔŬůɑŬɠ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ ůŮ ůɡɜɗɐəŮɠ ɡɣɖɚɐɠ ɗŮɟɛɞəɟŬůɑŬɠ əŬɘ 

ŭɘŬŰɛɖŰɘəɞɨ ˊŮŭɑɞɡ Ŭˊɧ Űɖɜ Ɏɚɚɖ, ŬˊɞŰŮɚɞɨɜ ˊɚŮɞɜŮəŰɐɛŬŰŬ Űɖɠ Ůɜ ɚɧɔɤ ɛŮɗɧŭɞɡ ůŮ ůɢɏůɖ 

ɛŮ Űɖɜ ɛɏɗɞŭɞ ŮɛűɤɚɘŬůɛɞɨ ŭɘŬɚɨɛŬŰɞɠ əŬɘ ŰɐɔɛŬŰɞɠ, ŬɜŰɑůŰɞɘɢŬ 
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2.3.3 ȺɛűɤɚɘŬůɛɧɠ ɛŮ Űɐɝɖ 

ɇɞ ˊɞɚɡůŰɟɤɛŬŰɘəɧ ɛɏůɞ Ůɜɑůɢɡůɖɠ ŬɜŬɛɘɔɜɨŮŰŬɘ ɛŮ Űɞ ˊɞɚɡɛŮɟɏɠ ůŮ əŬŰɎůŰŬůɖ 

Űɐɝɖɠ. ȾɎŰɤ Ŭˊɧ ŬɡŰɏɠ Űɘɠ ůɡɜɗɐəŮɠ əŬɘ Ůűɧůɞɜ ɖ ŮˊɘűɎɜŮɘŬ Űɤɜ ˊɚŬəɘŭɑɤɜ ŮɑɜŬɘ ŮˊŬɟəɩɠ 

ůɡɛɓŬŰɐ ɛŮ Űɞ ŮˊɘɚŮɔɛɏɜɞ ˊɞɚɡɛŮɟɏɠ, ɞɘ ˊɞɚɡɛŮɟɘəɏɠ ŬɚɡůɑŭŮɠ Ůɘůɢɤɟɞɨɜ ůŰɞ ŭɘɎəŮɜɞ 

ɛŮŰŬɝɨ Űɤɜ ˊɚŬəɘŭɑɤɜ əŬɘ ůɢɖɛŬŰɑɕɞɡɜ ŮɑŰŮ ŮɛűɤɚɘŬůɛɏɜŬ, ŮɑŰŮ ŬˊɞűɞɚɘŭɤɛɏɜŬ 

ɜŬɜɞůɨɜɗŮŰŬ. ɇŬ ˊɚŮɞɜŮəŰɐɛŬŰŬ Űɞɡ ůɢɖɛŬŰɘůɛɞɨ ɜŬɜɞůɡɜɗɏŰɤɜ ɛŮ ŭɘŮɟɔŬůɑŬ ŰɐɔɛŬŰɞɠ 

ŮɑɜŬɘ ůɖɛŬɜŰɘəɎ, əŬɘ əŬɗɘůŰɞɨɜ ŬɡŰɐ Űɖɜ ŰŮɢɜɘəɐ Űɖɜ ˊɘɞ ˊɞɚɚɎ ɡˊɞůɢɧɛŮɜɖ ˊɟɞůɏɔɔɘůɖ ɛŮ 

ůəɞˊɧ Űɖɜ ŮˊɏəŰŬůɖ Űɖɠ ŰŮɢɜɞɚɞɔɑŬɠ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ ůŮ ɓɘɞɛɖɢŬɜɘəɐ ŮűŬɟɛɞɔɐ 
[10, 13, 30, 

32]
. Ⱥűɧůɞɜ ŮɑɜŬɘ ŰŮɢɜɞɚɞɔɘəɎ ŮűɘəŰɐ, ɖ ŬɜɎɛɘɝɖ ŰɐɔɛŬŰɞɠ ŬˊɞŰŮɚŮɑ ɛŬəɟɎɜ Űɖɜ ˊɘɞ 

ɞɘəɞɜɞɛɘəɐ əŬɘ Ŭˊɚɐ ŮɜŬɚɚŬəŰɘəɐ ˊɟɞɠ ˊŬɟŬɔɤɔɐ ɜŬɜɞůɡɜɗɏŰɞɡ. ȼ ůɡɔəŮəɟɘɛɏɜɖ ŰŮɢɜɘəɐ 

ŮɚŬɢɘůŰɞˊɞɘŮɑ Űɞ əɧůŰɞɠ əŮűŬɚŬɑɞɡ ɢɎɟɖ ůŰɖɜ ůɡɛɓŬŰɧŰɖŰɎ Űɖɠ ɛŮ Űɡˊɘəɧ Ůɝɞˊɚɘůɛɧ 

ɛɞɟűɞˊɞɑɖůɖɠ ˊɞɚɡɛŮɟɩɜ, ɧˊɤɠ ŮɑɜŬɘ ɞɘ ŮəɓɞɚŮɑɠ (extruders), ɞɘ ɛɖɢŬɜɏɠ ɏɔɢɡůɖɠ (injection 

molders) ɐ Ɏɚɚɞɘ ŬɜŬɛɘəŰɐɟŮɠ, ɢɤɟɑɠ Űɖɜ ŬɜɎɔəɖ Ůɛˊɚɞəɐɠ Űɤɜ ˊŬɟŬɔɤɔɩɜ ɟɖŰɘɜɩɜ. 

Ⱥˊɞɛɏɜɤɠ, ɛŮŰŬŰɞˊɑɕŮɘ Űɖɜ ˊŬɟŬɔɤɔɐ ɜŬɜɞůɡɜɗɏŰɤɜ ˊɟɞɠ ŰŬ ŰŮɚɘəɎ ˊŬɟŬɔɤɔɘəɎ ůŰɎŭɘŬ əŬɘ 

ˊŬɟɏɢŮɘ ůŰɞɡɠ ˊŬɟŬɔɤɔɞɨɠ ˊɞɚɚɞɨɠ ɓŬɗɛɞɨɠ ŮɚŮɡɗŮɟɑŬɠ ůŮ ůɢɏůɖ ɛŮ Űɘɠ ˊɟɞŭɘŬɔɟŬűɏɠ Űɞɡ 

ŰŮɚɘəɞɨ ˊɟɞɥɧɜŰɞɠ (ˊ.ɢ. Ůˊɘɚɞɔɐ Űɞɡ Űɨˊɞɡ ˊɞɚɡɛŮɟɞɨɠ, Ůˊɘɚɞɔɐ Űɖɠ ɞɟɔŬɜɘəɎ 

Űɟɞˊɞˊɞɘɖɛɏɜɖɠ Ŭɟɔɑɚɞɡ, ŮˊɑˊŮŭɞ Ůɜɑůɢɡůɖɠ əɚˊ). ȺˊɘˊɟɞůɗɏŰɤɠ, ɖ ŭɘŮɟɔŬůɑŬ ŮɛűɤɚɘŬůɛɞɨ 

ŰɐɔɛŬŰɞɠ ŮɑɜŬɘ űɘɚɘəɐ ˊɟɞɠ Űɞ ˊŮɟɘɓɎɚɚɞɜ, əŬɗɩɠ ŭŮɜ ŬˊŬɘŰŮɑ Űɖɜ ɢɟɐůɖ ŭɘŬɚɡŰɩɜ. 

 

 

2.3.4 ɄɟɧŰɡˊɖ ůɨɜɗŮůɖ 

ȼ ŰŮɢɜɘəɐ ŬɡŰɐ, ɧˊɞɡ ŰŬ ˊɡɟɘŰɘəɎ ɡɚɘəɎ ůɢɖɛŬŰɑɕɞɜŰŬɘ Ůˊɑ Űɧˊɞɡ ůŮ ɡŭŬŰɘəɧ ŭɘɎɚɡɛŬ 

ˊɞɡ ˊŮɟɘɏɢŮɘ Űɞ ˊɞɚɡɛŮɟɏɠ əŬɘ ŭɞɛɘəɎ ůɡůŰŬŰɘəɎ Űɞɡ ˊɡɟɘŰɑɞɡ, ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ Ůɡɟɏɤɠ ɔɘŬ 

Űɖ ůɨɜɗŮůɖ ŭɘůŰɟɤɛŬŰɘəɩɜ ɜŬɜɞůɡɜɗɏŰɤɜ, ɛŮ ɓɎůɖ Űɞ ɡŭɟɞɝŮɑŭɘɞ, ŬɚɚɎ ɏɢŮɘ ŬɜŬˊŰɡɢɗŮɑ 

ˊɞɚɨ ɚɘɔɧŰŮɟɞ ɔɘŬ ŰŬ ˊɞɚɡůŰɟɤɛŬŰɘəɎ ˊɡɟɘŰɘəɎ ɡɚɘəɎ. ɆŰɖɜ ŰŮɢɜɘəɐ ŬɡŰɐ ˊɞɡ ɓŬůɑɕŮŰŬɘ ůŮ 

ŬɡŰɧ-ůɡɔəɟɞŰɞɨɛŮɜŮɠ ŭɡɜɎɛŮɘɠ, Űɞ ˊɞɚɡɛŮɟɏɠ ɓɞɖɗɎŮɘ ůŰɖɜ ˊɡɟɑɜɤůɖ əŬɘ ůŰɖɜ ŬɜɎˊŰɡɝɖ 

ŬɜɧɟɔŬɜɤɜ əɟɡůŰɎɚɚɤɜ əŬɘ ŮɔəɚɤɓɑɕɞɜŰŬɘ ŬɜɎɛŮůŬ ůŰŬ ůŰɟɩɛŬŰŬ, əŬɗɩɠ ŮəŮɑɜɞɘ 

ŬɜŬˊŰɨůůɞɜŰŬɘ 
[20]

.  

 

 

 

2.4 ȹɞɛɏɠ ɁŬɜɞůɡɜɗɏŰɤɜ ɀɞɜŰɛɞɟɘɚɚɞɜɑŰɖ 

 

ȷɜɎɚɞɔŬ ɛŮ Űɖ űɨůɖ Űɤɜ ůɡůŰŬŰɘəɩɜ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ əŬɘ Űɘɠ ůɡɜɗɐəŮɠ Űɖɠ 

ɛŮɗɧŭɞɡ ˊŬɟŬůəŮɡɐɠ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ, ůɡɜŬɜŰɩɜŰŬɘ ŰɟŮɘɠ əɡɟɑɤɠ ŭɞɛɏɠ. ȷɡŰɏɠ ŮɑɜŬɘ: 

i) ŰŬ ɛɘəɟɞůɨɜɗŮŰŬ: ɧŰŬɜ Űɞ ˊɞɚɡɛŮɟɏɠ ŭɡůəɞɚŮɨŮŰŬɘ ɜŬ ŭɘŮɘůŭɨůŮɘ ůŰŬ ŬɟɔɘɚɘəɎ ˊɚŬəɑŭɘŬ. 

Ƀɘ ɘŭɘɧŰɖŰɏɠ Űɞɡɠ ŮɑɜŬɘ ˊŬɟɧɛɞɘŮɠ ɛŮ ŮəŮɑɜŮɠ Űɤɜ ůɡɛɓŬŰɘəɎ ˊɚɖɟɤɛɏɜɤɜ ˊɞɚɡɛŮɟɩɜ 
[8]

,  

ii ) ŰŬ ŮɛűɤɚɘŬůɛɏɜŬ ɜŬɜɞůɨɜɗŮŰŬ: ɧŰŬɜ ɛŮɟɘəɏɠ Ŭˊɧ Űɘɠ ˊɞɚɡɛŮɟɘəɏɠ ŬɚɡůɑŭŮɠ ŭɘŮɘůŭɨɞɡɜ 

ŬɜɎɛŮůŬ ůŰŬ ˊɚŬəɑŭɘŬ. ȷɡŰɎ ɢŬɟŬəŰɖɟɑɕɞɜŰŬɘ Ŭˊɧ ŰŬəŰɘəɐ, ˊɞɚɡůŰɟɤɛŬŰɘəɐ ŭɞɛɐ 

ŬˊɞŰŮɚɞɨɛŮɜɖ Ŭˊɧ ŮɜŬɚɚŬůůɧɛŮɜŬ ˊɞɚɡɛŮɟɘəɎ əŬɘ ŬɜɧɟɔŬɜŬ ůŰɟɩɛŬŰŬ 
[7, 11]

,  

iii ) ŬˊɞűɞɚɘŭɤɛɏɜŬ ɜŬɜɞůɨɜɗŮŰŬ: ɧˊɞɡ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ˊɚɐɟɖɠ əŬɘ ɞɛɞɘɞɔŮɜɐɠ ŭɘŬůˊɞɟɎ Űɤɜ 

Ŭɟɔɘɚɘəɩɜ ˊɚŬəɘŭɑɤɜ ůŰɖ ůɡɜŮɢɐ ˊɞɚɡɛŮɟɘəɐ ɛɐŰɟŬ. ɇŬ ɡɚɘəɎ ŬɡŰɎ ŮɛűŬɜɑɕɞɡɜ ɓŮɚŰɘɤɛɏɜŮɠ 

ɛɖɢŬɜɘəɏɠ əŬɘ űɡůɘəɏɠ ɘŭɘɧŰɖŰŮɠ, ůŮ ůɨɔəɟɘůɖ ɛŮ ŰŬ ůɡɛɓŬŰɘəɎ ůɨɜɗŮŰŬ ɡɚɘəɎ, ˊɞɡ 

ůɡɜŬɜŰɩɜŰŬɘ 
[7, 11]

. 
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ɆɢɐɛŬ 2.7: ȹɞɛɐ ɜŬɜɞůɡɜɗɏŰɤɜ Ŭ) ŭɞɛɐ ɛɘəɟɞůɡɜɗɏŰɞɡ, ɓ) ŭɞɛɐ ŮɛűɤɚɘŬůɛɏɜɞɡ ɜŬɜɞůɡɜɗɏŰɞɡ əŬɘ 

ɔ) ŭɞɛɐ ˊɚɐɟɤɠ ŭɘŮůˊŬɟɛɏɜɞɡ ɜŬɜɞůɡɜɗɏŰɞɡ.  

 

 

 

2.5 ɉŬɟŬəŰɖɟɘůɛɧɠ ɁŬɜɞůɡɜɗɏŰɤɜ  

 

ũɘŬ Űɞ ɢŬɟŬəŰɖɟɘůɛɧ Űɤɜ ɘŭɘɞŰɐŰɤɜ Űɤɜ ˊɞɚɡɛŮɟɘəɩɜ ɜŬɜɞůɡɜɗɏŰɤɜ ɢɟŮɘɎɕŮŰŬɘ ŬɟɢɘəɎ 

ɖ ɛŮɚɏŰɖ Űɖɠ ŭɞɛɐɠ əŬɘ Űɖɠ ɛɞɟűɞɚɞɔɑŬɠ Űɞɡɠ. ȳˊɤɠ ɏɢŮɘ ŬɜŬűŮɟɗŮɑ əŬɘ ˊɟɞɖɔɞɡɛɏɜɤɠ ŭɨɞ 

ŮɑɜŬɘ ɞɘ ˊŬɟɎɔɞɜŰŮɠ ˊɞɡ əŬɗɞɟɑɕɞɡɜ Űɘɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ. Ƀ ˊɟɩŰɞɠ ŮɑɜŬɘ ɖ 

ŭɘŬůˊɞɟɎ əŬɘ ɖ əŬŰŬɜɞɛɐ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ɛɏůŬ ůŰɞ ˊɞɚɡɛŮɟɏɠ əŬɘ ɞ ŭŮɨŰŮɟɞɠ ŮɑɜŬɘ ɞɘ 

ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ ŬɜɎɛŮůŬ ůŰɘɠ ˊɞɚɡɛŮɟɘəɏɠ ŬɚɡůɑŭŮɠ əŬɘ ůŰɞ ɛɏůɞ Ůɜɑůɢɡůɖɠ. ȼ ɔɜɩůɖ Űɖɠ 

ŭɞɛɐɠ ɓɞɖɗɎ ůŰɖɜ əŬŰŬɜɧɖůɖ əŬɘ Űɖɜ ˊɟɧɓɚŮɣɖ Űɤɜ ŬɚɚŬɔɩɜ ˊɞɡ ŮˊɘűɏɟŮɘ ɖ ŮɘůŬɔɤɔɐ Űɞɡ 

ˊɚɖɟɤŰɘəɞɨ ɡɚɘəɞɨ ůŰɘɠ ɡˊɧɚɞɘˊŮɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ůɡɜɗɏŰɞɡ. 

ɆŰɖ ůɡɜɏɢŮɘŬ ˊŬɟŬŰɑɗŮɜŰŬɘ ɛŮɟɘəɎ ɓŬůɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ ˊɞɡ 

ɛŮɚŮŰɩɜŰŬɘ ůɡɜɐɗɤɠ, ɛŮ ŬɜŰɑůŰɞɘɢŮɠ ŮɜŭŮɘəŰɘəɏɠ ɛŮɗɧŭɞɡɠ ɛɏůɤ Űɤɜ ɞˊɞɑɤɜ ŭɘŮɝɎɔŮŰŬɘ ɖ 

ɛŮɚɏŰɖ Űɞɡɠ.   

 

ɉŬɟŬəŰɖɟɘůɛɧɠ ŭɞɛɐɠ: ɆŮ ɏɜŬ Ŭˊɞűɞɚɘŭɤɛɏɜɞ ɜŬɜɞůɨɜɗŮŰɞ, ɞ ŮəŰŮŰŬɛɏɜɞɠ ŭɘŬɢɤɟɘůɛɧɠ Űɤɜ 

ůŰɟɤɛɎŰɤɜ əŬɘ ɖ ŭɘŬůˊɞɟɎ Űɞɡɠ ůŰɖɜ ˊɞɚɡɛŮɟɘəɐ ɛɐŰɟŬ ɏɢŮɘ ɤɠ ŬˊɞŰɏɚŮůɛŬ ɜŬ ɛɖɜ 

ŮɛűŬɜɘůŰŮɑ əɞɟɡűɐ əŬŰɎ Űɖɜ ˊŮɟɑɗɚŬůɖ Űɤɜ ŬəŰɑɜɤɜ ɉ (Ŭˊɧ ŰŬ 

ŭɘŮůˊŬɟɛɏɜŬ/ŬˊɞűɞɚɘŭɤɛɏɜŬ) ˊɚŬəɑŭɘŬ Űɖɠ ɞɟɡəŰɐɠ Ŭɟɔɑɚɞɡ. ȷˊɧ Űɖɜ Ɏɚɚɖ ˊɚŮɡɟɎ, ɔɘŬ ŰŬ 

ŮɛűɤɚɘŬůɛɏɜŬ ɜŬɜɞůɨɜɗŮŰŬ, ɖ ˊŮˊŮɟŬůɛɏɜɖ ŭɘɧɔəɤůɖ Űɤɜ ůŰɟɤɛɎŰɤɜ ůŮ ůɡɜŭɡŬůɛɧ ɛŮ Űɖɜ 

ˊŬɟŮɛɓɞɚɐ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ ɞŭɖɔŮɑ ůŰɖɜ ŮɛűɎɜɘůɖ əɞɟɡűɐɠ (Ŭˊɧ Űɖɜ ŬɜŰŬɜɎəɚŬůɖ) ˊɞɡ 

ŬɜŰɘůŰɞɘɢŮɑ ůŰɖɜ Ŭɨɝɖůɖ Űɞɡ ŭɘŬəɏɜɞɡ ŬɜɎɛŮůŬ ůŰŬ ůŰɟɩɛŬŰŬ. ȼ ɛɏɗɞŭɞɠ Űɖɠ ˊŮɟɑɗɚŬůɖɠ 

ŬəŰɑɜɤɜ ɉ (XRD) əŬɘ Űɖɠ ŮɡɟɡɔɩɜɘŬɠ ůəɏŭŬůɖɠ ŬəŰɑɜɤɜ ɉ (WAXD) ŮˊɘŰɟɏˊŮɘ Űɞɜ 

ɡˊɞɚɞɔɘůɛɧ Űɞɡ ŭɘŬəɏɜɞɡ, ŬɚɚɎ ŭŮɜ ˊɟɞůűɏɟŮɘ ˊɚɖɟɞűɞɟɑŮɠ ɔɘŬ Űɖɜ əŬŰŬɜɞɛɐ Űɤɜ ˊɚŬəɘŭɑɤɜ 

ůŰɞ ɢɩɟɞ əŬɘ ɔɘŬ Űɖ ŭɞɛɐ Űɤɜ ɛɖ-ɞɛɞɘɞɔŮɜɩɜ ɜŬɜɞůɡɜɗɏŰɤɜ. Ⱥˊɘˊɚɏɞɜ, əɎˊɞɘŮɠ Ɏɟɔɘɚɞɘ ŭŮɜ 

ŮɛűŬɜɑɕɞɡɜ ŮɝŬɟɢɐɠ ůŬűɩɠ əŬɗɞɟɘůɛɏɜŮɠ əɞɟɡűɏɠ. ɆŮ ŬɡŰɏɠ Űɘɠ ˊŮɟɘˊŰɩůŮɘɠ ŮɑɜŬɘ, 

ˊɟɞűŬɜɩɠ, ŭɨůəɞɚɞ ɜŬ ɛŮɚŮŰɖɗɞɨɜ ůɡůŰɖɛŬŰɘəɎ ɞɘ ɛŮŰŬɓɞɚɏɠ ůŰɞ ˊɚɎŰɞɠ ɐ Űɖɜ ɏɜŰŬůɖ Űɤɜ 

əɞɟɡűɩɜ. Ⱥˊɞɛɏɜɤɠ, ŮɑɜŬɘ ůəɧˊɘɛɞ ɜŬ ůɡɜŮəŰɘɛɎŰŬɘ ɖ ŭɞɛɐ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ ɛŮ ɛɑŬ 

ŭŮɨŰŮɟɖ ɛɏɗɞŭɞ ɢŬɟŬəŰɖɟɘůɛɞɨ. ȼ ɛɘəɟɞůəɞˊɑŬ ɇȺɀ ŮˊɘŰɟɏˊŮɘ Űɖɜ ˊɞɘɞŰɘəɐ ɛŮɚɏŰɖ Űɖɠ 

ŮůɤŰŮɟɘəɐɠ ŭɞɛɐɠ əŬɘ ˊŬɟɏɢŮɘ ɎɛŮůŬ ˊɚɖɟɞűɞɟɑŮɠ ůɢŮŰɘəɎ ɛŮ Űɖɜ ɛɞɟűɞɚɞɔɑŬ əŬɘ ŰŬ 

ŮɚŬŰŰɩɛŬŰŬ Űɖɠ ŭɞɛɐɠ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ 
[10, 13, 30, 32]

. ɇŬ ŬɟɔɘɚɘəɎ ůŰɟɩɛŬŰŬ ŬˊɞŰŮɚɞɨɜŰŬɘ 

Ŭˊɧ ůŰɞɘɢŮɑŬ (Al, Si, O) ɓŬɟɨŰŮɟŬ Ŭˊɧ ŮəŮɑɜŬ ˊɞɡ ůɡɜɘůŰɞɨɜ Űɖɜ ˊɞɚɡɛŮɟɘəɐ ɛɐŰɟŬ ɐ Űɞ 

ŮɜŭɘɎɛŮůɞ ůŰɟɩɛŬ (C, H, N), ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ŮɛűŬɜɑɕɞɜŰŬɘ ˊɘɞ ůəɞɨɟŬ ůŰɘɠ ŮɘəɧɜŮɠ 

űɤŰŮɘɜɞɨ ˊŮŭɑɞɡ. ȰŰůɘ, ɧŰŬɜ ůɢɖɛŬŰɑɕɞɜŰŬɘ ɜŬɜɞůɨɜɗŮŰŬ, ɞɘ ŮɔəɎɟůɘŮɠ Űɞɛɏɠ Űɤɜ Ŭɟɔɘɚɘəɩɜ 

ůŰɟɤɛɎŰɤɜ, ˊɎɢɞɡɠ ˊŮɟɑˊɞɡ 1 nm, ŬˊŮɘəɞɜɑɕɞɜŰŬɘ ɤɠ ůəɞɨɟŮɠ ɔɟŬɛɛɏɠ (ɆɢɐɛŬ 2.9). ɋůŰɧůɞ, 
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ɏɜŬ ɛŮɘɞɜɏəŰɖɛŬ Űɖɠ ɛŮɗɧŭɞɡ ɏɔəŮɘŰŬɘ ůŰɖɜ ŬɜɎɔəɖ ɔɘŬ ɚɐɣɖ ŬɜŰɘˊɟɞůɤˊŮɡŰɘəɐɠ ɏɔəŬɟůɘŬɠ 

Űɞɛɐɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ, ŮɔɔŮɜɏɠ ɢŬɟŬəŰɖɟɘůŰɘəɧ Űɤɜ ɛɘəɟɞůəɞˊɘəɩɜ ɛŮɗɧŭɤɜ ɢŬɟŬəŰɖɟɘůɛɞɨ. 

  

ɆɢɐɛŬ 2.8: ɇɡˊɘəɎ űɎůɛŬŰŬ XRD ˊɞɚɡɛŮɟɞɨɠ-

Ŭɟɔɑɚɞɡ: (Ŭ) ɅȺ + ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɖ 

Ɏɟɔɘɚɞɠ ­ ɛɖ ŬɜŬɛɑɝɘɛɞ ůɨůŰɖɛŬ, (ɓ) ɅS + 

ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɖ Ɏɟɔɘɚɞɠ ­ 

ŮɛűɤɚɘŬůɛɏɜɞ ɜŬɜɞůɨɜɗŮŰɞ, (ɔ) ůɘɚɞɝɎɜɖ + 

ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɖ Ɏɟɔɘɚɞɠ ­ 

Ŭˊɞűɞɚɘŭɤɛɏɜɞ ɜŬɜɞůɨɜɗŮŰɞ 
[33]

. 

ɆɢɐɛŬ 2.9: ɀɘəɟɞűɤŰɞɔɟŬűɑŮɠ ɇȺɀ 

ɜŬɜɞůɡɜɗɏŰɤɜ OMMT/PDMS 
[34]

.  

 

 

ɉŬɟŬəŰɖɟɘůɛɧɠ ɟŮɞɚɞɔɘəɩɜ ɘŭɘɞŰɐŰɤɜ: ȼ ɟŮɞɚɞɔɑŬ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ ɞɟɡəŰɐɠ Ŭɟɔɑɚɞɡ 

ŮˊɖɟŮɎɕŮŰŬɘ Ŭˊɧ Űɖɜ ŭɞɛɐ ˊɞɡ ůɢɖɛŬŰɑɕŮŰŬɘ. ȼ ŬɚɚɖɚŮˊɑŭɟŬůɖ Űɤɜ ɛŬəɟɞɛɞɟɑɤɜ ɛŮ ŰŬ 

ˊɡɟɘŰɘəɎ ˊɚŬəɑŭɘŬ ɏɢŮɘ ɤɠ ŬˊɞŰɏɚŮůɛŬ Űɖɜ ŭɖɛɘɞɡɟɔɑŬ ŭŮůɛɩɜ əŬɘ Űɖɜ ˊŬɟŬɔɤɔɐ Ůɜɧɠ 

ŭɘŬəɚŬŭɤɛɏɜɞɡ ˊɚɏɔɛŬŰɞɠ. ȼ ɢŬɛɖɚɐ əɘɜɖŰɘəɧŰɖŰŬ Űɞɡ ˊɚɏɔɛŬŰɞɠ ŬɡŰɞɨ ɏɢŮɘ ɤɠ ůɡɜɏˊŮɘŬ 

Űɖɜ Ŭɨɝɖůɖ ɘɝɩŭɞɡɠ. ȼ ɟŮɞɚɞɔɘəɐ ɛŮɚɏŰɖ Űɤɜ ˊɞɚɡɛŮɟɘəɩɜ ɜŬɜɞůɡɜɗɏŰɤɜ ɛˊɞɟŮɑ ɜŬ 

ɢɤɟɘůŰŮɑ ůŮ ŰɟŮɘɠ əŬŰɖɔɞɟɑŮɠ: Űɖɜ ŭɡɜŬɛɘəɐ, Űɖɜ ůŰŬŰɘəɐ əŬɘ Űɖɜ ŮəŰŬŰɘəɐ ŬɜɎɚɡůɖ. ȼ 

ŭɘŬűɞɟɎ ŬɜɎɛŮůŬ ůŰɘɠ ŰɟŮɘɠ ŬɡŰɏɠ ɛŮɗɧŭɞɡɠ ŮɑɜŬɘ ɞ Űɟɧˊɞɠ ˊɞɡ Űɞ ŭŮɑɔɛŬ ˊŬɟŬɛɞɟűɩɜŮŰŬɘ. 

ɇŬ ɟŮɞɚɞɔɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Ůɜɧɠ ŰɐɔɛŬŰɞɠ ɡˊŬɔɞɟŮɨɞɜŰŬɘ Ŭˊɧ Űɞɜ ůɡɜŭɡŬůɛɧ Űɖɠ 

ɛŮůɞůəɞˊɘəɐɠ ŭɞɛɐɠ əŬɘ Ŭˊɧ Űɞ ɛɏŰɟɞ Űɤɜ ŬɚɚɖɚŮˊɘŭɟɎůŮɤɜ ɛŮŰŬɝɨ ˊɞɚɡɛŮɟɞɨɠ əŬɘ ɛɏůɞɡ 

Ůɜɑůɢɡůɖɠ. Ⱥˊɘˊɚɏɞɜ, ɖ ɛŮůɞůəɞˊɘəɐ ŭɞɛɐ ŮɝŬɟŰɎŰŬɘ ɘůɢɡɟɎ ɧɢɘ ɛɧɜɞ Ŭˊɧ Űɘɠ 

ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ, ŬɚɚɎ Ůˊɑůɖɠ Ŭˊɧ Űɘɠ ŮɔɔŮɜɐɠ ɘɝɤŭɞŮɚŬůŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ɡɚɘəɞɨ ɛɏůŬ ůŰɞ 

ɞˊɞɑɞ ŰŬ ˊɚŬəɑŭɘŬ ŭɘŬůˊŮɑɟɞɜŰŬɘ 
[35]

.  

ɇŬ ɜŬɜɞůɨɜɗŮŰŬ ɔŮɜɘəɎ ŮɛűŬɜɑɕɞɡɜ Ŭɡɝɖɛɏɜɞ ɘɝɩŭŮɠ ŰɐɔɛŬŰɞɠ ůŮ ɢŬɛɖɚɏɠ ŰŬɢɨŰɖŰŮɠ 

ŭɘɎŰɛɖůɖɠ, Űɞ ɞˊɞɑɞ ɛɎɚɘůŰŬ ŬɡɝɎɜŮŰŬɘ ŬɜɎɚɞɔŬ ɛŮ Űɞ ˊŮɟɘŮɢɧɛŮɜɞ Űɖɠ ɞɟɡəŰɐɠ Ŭɟɔɑɚɞɡ. ɆŮ 

ɡɣɖɚɏɠ ŰŬɢɨŰɖŰŮɠ ŭɘɎŰɛɖůɖɠ, ŮˊɘŭŮɘəɜɨɞɡɜ ůɡɛˊŮɟɘűɞɟɎ ɣŮɡŭɞˊɚŬůŰɘəɞɨ ɟŮɡůŰɞɨ, ˊɞɡ 

ɞűŮɑɚŮŰŬɘ ůŰɖɜ ŮɡɗɡɔɟɎɛɛɘůɖ Űɤɜ ůŰɟɤɛɎŰɤɜ, Űɖɠ ɞɟɡəŰɐɠ Ŭɟɔɑɚɞɡ ˊɟɞɠ Űɖɜ əŬŰŮɨɗɡɜůɖ 

ɟɞɐɠ 
[35]

.  

 

ɉŬɟŬəŰɖɟɘůɛɧɠ ɗŮɟɛɘəɩɜ ɘŭɘɞŰɐŰɤɜ: Ʉɞɚɚɏɠ ɏɟŮɡɜŮɠ əŬŰŬɚɐɔɞɡɜ ůŰɞ ůɡɛˊɏɟŬůɛŬ ɧŰɘ ɖ 

ˊŬɟɞɡůɑŬ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ŭŮɜ ŮˊɖɟŮɎɕŮɘ ůɖɛŬɜŰɘəɎ Űɖɜ əɟɡůŰŬɚɚɘəɧŰɖŰŬ Űɞɡ ůɡɜɗɏŰɞɡ 
[35]
. ɇŬ ŬɟɔɘɚɘəɎ ůŰɟɩɛŬŰŬ ŬˊɞŰŮɚɞɨɜ ŬűŮɜɧɠ ŬˊɞŰŮɚŮůɛŬŰɘəɎ ɛɏůŬ ŮŰŮɟɞɔŮɜɞɨɠ 

ˊɡɟɐɜɤůɖɠ, ŬűŮŰɏɟɞɡ ˊŮɟɘůŰɏɚɚɞɡɜ Űɖɜ əɘɜɖŰɘəɧŰɖŰŬ Űɤɜ Ŭɚɡůɑŭɤɜ ɛŮɘɩɜɞɜŰŬɠ Űɞ ɟɡɗɛɧ 

əɟɡůŰɎɚɚɤůɖɠ 
[36]

. Ⱥˊɞɛɏɜɤɠ, ɖ ŮˊɑŭɟŬůɖ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ůŰŬ ɜŬɜɞůɨɜɗŮŰŬ ŮɑɜŬɘ 

ŬˊɞŰɏɚŮůɛŬ Űɖɠ ůɡɜŭɡŬůɛɏɜɖɠ ŭɟɎůɖɠ Űɤɜ ˊŬɟŬˊɎɜɤ ŬɜŰɘəɟɞɡɧɛŮɜɤɜ ˊŬɟŬɔɧɜŰɤɜ. ȳůɞɜ 
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ŬűɞɟɎ Űɖ ɗŮɟɛɘəɐ ůŰŬɗŮɟɧŰɖŰŬ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ, ɏɢŮɘ ŬˊɞŭŮɘɢŰŮɑ ɧŰɘ ɞ ˊɟŬɔɛŬŰɘəɧɠ ɟɡɗɛɧɠ 

Ŭˊɞŭɧɛɖůɖɠ Ůɜɧɠ ˊɞɚɡɛŮɟɘəɞɨ ůɡɜɗɏŰɞɡ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖɜ ɛɞɟűɞɚɞɔɑŬ Űɞɡ ŭŮɑɔɛŬŰɞɠ 
[35]
. Ƀ 

ůɢɖɛŬŰɘůɛɧɠ ɜŬɜɞŭɞɛɐɠ ŮɜɘůɢɨŮɘ Űɖɜ ɗŮɟɛɘəɐ ůŰŬɗŮɟɧŰɖŰŬ Űɞɡ ŭŮɑɔɛŬŰɞɠ, əŬɗɩɠ ŰŬ 

ŭɘŮůˊŬɟɛɏɜŬ ůɤɛŬŰɑŭɘŬ Űɖɠ ɞɟɡəŰɐɠ Ŭɟɔɑɚɞɡ ˊɞɡ ŭɖɛɘɞɡɟɔɞɨɜ ŭŬɘŭŬɚɩŭŮɠ ɛɞɜɞˊɎŰɘ 

ŭɡůɢŮɟŬɑɜɞɜŰŬɠ Űɖɜ ŭɘɎɢɡůɖ, űɟɎůůɞɡɜ Űɖɜ ɛŮŰŬűɞɟɎ Űɤɜ ˊŰɖŰɘəɩɜ ˊɟɞɥɧɜŰɤɜ Ŭˊɞŭɧɛɖůɖɠ, 

ŮˊɘɓɟŬŭɨɜɞɜŰŬɠ ˊŬɟɎɚɚɖɚŬ Űɖ ɟɞɐ Űɞɡ ɞɝɡɔɧɜɞɡ əŬɘ Űɖɜ ɗŮɟɛɧŰɖŰŬɠ ˊɟɞɠ Űɞ ŮůɤŰŮɟɘəɧ Űɞɡ 

ɡɚɘəɞɨ. ɋůŰɧůɞ, ŬɜɎɚɞɔŬ ɛŮ Űɖɜ ˊɞůɧŰɖŰɎ Űɖɠ, ɖ Ɏɟɔɘɚɞɠ ŮɑɜŬɘ ŭɡɜŬŰɧ ɜŬ ˊɟɞɝŮɜɐůŮɘ 

ˊɟɧɤɟŬ ŮəŰŮŰŬɛɏɜɖ ůɢɎůɖ Űɤɜ ˊɞɚɡɛŮɟɘəɩɜ Ŭɚɡůɑŭɤɜ, ɛŮŰŬŰɞˊɑɕɞɜŰŬɠ Űɖ ɗŮɟɛɞəɟŬůɑŬ 

Ŭˊɞŭɧɛɖůɖɠ Űɖɠ ɛɐŰɟŬɠ ůŮ ɢŬɛɖɚɧŰŮɟŮɠ ɗŮɟɛɞəɟŬůɑŮɠ 
[37]

.  

 

ɉŬɟŬəŰɖɟɘůɛɧɠ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ: ȰɢŮɘ ŭɘŬˊɘůŰɤɗŮɑ ɧŰɘ Ŭɨɝɖůɖ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɞɡ 

ɛɏůɞɡ Ůɜɑůɢɡůɖɠ, ŬɜŮɝɎɟŰɖŰŬ Ŭˊɧ Űɖɜ űɨůɖ Űɞɡ (ɛɑəɟɞ- ɐ ɜɎɜɞ- əɚɑɛŬəŬɠ) ŮˊɘűɏɟŮɘ Ŭɨɝɖůɖ 

Űɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ. ɇɞ ŮɜŰɡˊɤůɘŬəɧ ɧɛɤɠ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ Ůɜɑůɢɡůɖɠ ɛŮ 

ůɤɛŬŰɑŭɘŬ ɜɎɜɞ ŭɘŬůŰɎůŮɤɜ ŮɑɜŬɘ ɧŰɘ ůɖɛŬɜŰɘəɐ ɓŮɚŰɑɤůɖ ˊŬɟŬŰɖɟŮɑŰŬɘ ůŮ ɢŬɛɖɚɏɠ 

ůɡɔəŮɜŰɟɩůŮɘɠ Űɞɡ ˊɟɞůɗɏŰɞɡ (<5 % ə.ɓ), əŬɘ Ůˊɞɛɏɜɤɠ ŭŮɜ ůɡɜɞŭŮɨŮŰŬɘ Ŭˊɧ ŮˊɘŭŮɑɜɤůɖ Űɖɠ 

ɞˊŰɘəɐɠ ɞɛɞɘɞɔɏɜŮɘŬɠ Űɞɡ ɡɚɘəɞɨ ɞɨŰŮ Ŭˊɧ ŬɝɘɞůɖɛŮɑɤŰɖ Ŭɨɝɖůɖ Űɞɡ ɓɎɟɞɡɠ. ȼ ɓŮɚŰɑɤůɖ 

ůŰɖɜ ŮűŮɚəɡůŰɘəɐ ŬɜŰɞɢɐ ˊɞɡ ŮˊɘűɏɟŮɘ ɖ ŮɘůŬɔɤɔɐ ůɤɛŬŰɘŭɑɤɜ ɔɘŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ 

ɜŬɜɞůɡɜɗɏŰɞɡ ˊɞɘəɑɚŮɘ, əŬɗɩɠ ŮɝŬɟŰɎŰŬɘ ůŮ ɛŮɔɎɚɞ ɓŬɗɛɧ Ŭˊɧ Űɘɠ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ Űɖɠ 

ˊɞɚɡɛŮɟɘəɐɠ ɛɐŰɟŬɠ ɛŮ Űɞ ɛɏůɞ Ůɜɑůɢɡůɖɠ. Ɇɡɜɐɗɤɠ ɖ ŬɜŰɞɢɐ Űɞɡ ɡɚɘəɞɨ ůŰɞɜ ŮűŮɚəɡůɛɧ 

ˊŬɟɞɡůɘɎɕŮɘ ɛŮɔɎɚɖ ŮɝɎɟŰɖůɖ ɤɠ ˊɟɞɠ (Ŭ) Űɖ ŭɘŮˊɘűŬɜŮɘŬəɐ ˊɟɞůɟɧűɖůɖ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ 

ůŰŬ ˊɚŬəɑŭɘŬ əŬɘ (ɓ) Űɖɜ ɘəŬɜɧŰɖŰŬ Űɤɜ ˊɞɚɡɛŮɟɘəɩɜ Ŭɚɡůɑŭɤɜ ɜŬ ŮɡɗɡɔɟŬɛɛɑɕɞɜŰŬɘ əŬŰɎ 

Űɖɜ ŮűŬɟɛɞɔɐ ŰɎůɖɠ. ɋɠ Ůə ŰɞɨŰɞɡ ɖ ɛɏŰɟɖůɖ Űɖɠ ŭɨɜŬɛɖɠ Űɞɡ ŮűŮɚəɡůɛɞɨ ˊŬɟɏɢŮɘ 

ůɖɛŬɜŰɘəɏɠ ˊɞɘɞŰɘəɏɠ ˊɚɖɟɞűɞɟɑŮɠ ɔɘŬ Űɖɜ ɛɞɟűɞɚɞɔɑŬ Űɞɡ ŭɞəɘɛɑɞɡ 
[35]

.  

 

ɉŬɟŬəŰɖɟɘůɛɧɠ ɘŭɘɞŰɐŰɤɜ űɟŬɔɛɞɨ: ȼ ˊŬɟɞɡůɑŬ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Űɖɠ ɞɟɡəŰɐɠ Ŭɟɔɑɚɞɡ 

ɛɏůŬ ůŰɞ ˊɞɚɡɛŮɟɏɠ ɗŮɤɟŮɑŰŬɘ ɧŰɘ ŬɡɝɎɜŮɘ Űɘɠ ɘŭɘɧŰɖŰŮɠ űɟŬɔɛɞɨ, ŭɖɛɘɞɡɟɔɩɜŰŬɠ 

ŭŬɘŭŬɚɩŭŮɠ ɛɞɜɞˊɎŰɘ (tortuous path) ɔɘŬ Űɖɜ ŭɘɎɢɡůɖ Űɤɜ ɛɞɟɑɤɜ ɛɏůŬ ůŰɖɜ ɛɐŰɟŬ. Ƀ 

ůɡɜŰŮɚŮůŰɐɠ ɛɏŰɟɖůɖɠ Űɞɡ ŭŬɘŭŬɚɩŭɞɡɠ Űɖɠ ŭɘŬŭɟɞɛɐɠ ɞɟɑɕŮŰŬɘ ɤɠ ɞ ɚɧɔɞɠ Űɖɠ ˊɟŬɔɛŬŰɘəɐɠ 

ŬˊɧůŰŬůɖɠ ˊɞɡ ŭɘŬɜɨŮɘ Űɞ ŭɘŮɘůŭɡŰɘəɧ ɛɧɟɘɞ, ˊɟɞɠ Űɖɜ ɛɘəɟɧŰŮɟɖ ŬˊɧůŰŬůɖ ˊɞɡ ɗŬ ŭɘɏɜɡŮ Ŭɜ 

ŬˊɞɡůɑŬɕŬɜ ŰŬ ůɤɛŬŰɑŭɘŬ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ. 

 
ɆɢɐɛŬ 2.10: ɄɞɟŮɑŬ ŭɘɎɢɡůɖɠ Ŭ) ůŮ ůɡɛɓŬŰɘəɧ ůɨɜɗŮŰɞ əŬɘ ɓ) ůŮ ɜŬɜɞůɨɜɗŮŰɞ 

[20]
.  

 

ȳůɞ ŬɡɝɎɜŮŰŬɘ ɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ŭɘŬˊɘůŰɩɜŮŰŬɘ ˊŮɟŬɘŰɏɟɤ ɛŮɑɤůɖ Űɖɠ 

ŭɘŬˊŮɟŬŰɧŰɖŰŬɠ Űɞɡ ɡɚɘəɞɨ.  

ȺɜŭɘŬűɏɟɞɜ ˊŬɟɞɡůɘɎɕŮɘ ɖ ɛŮɚɏŰɖ ˊɞɡ ɏɢŮɘ ɖ ŮɝɎɟŰɖůɖ ˊŬɟŬɔɧɜŰɤɜ ɧˊɤɠ ɞ ůɢŮŰɘəɧɠ 

ˊɟɞůŬɜŬŰɞɚɘůɛɧɠ, ɞ ɓŬɗɛɧɠ ŭɘŬůˊɞɟɎɠ, ɖ ůɡɔəɏɜŰɟɤůɖ əŬɘ ɖ ɔŮɤɛŮŰɟɑŬ Űɤɜ ůɤɛŬŰɘŭɑɤɜ, 

ůŰɖ ŭɘŬˊŮɟŬŰɧŰɖŰŬ Űɞɡ ɜŬɜɞůɡɜɗɏŰɞɡ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, ɏɢŮɘ ɓɟŮɗŮɑ ɧŰɘ ɚɧɔɤ Űɞɡ Ŭɡɝɖɛɏɜɞɡ 

ɚɧɔɞɡ ŭɘŬůŰɎůŮɤɜ, ŰŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ ůŮ ůɢɐɛŬ ŭɘůəɑɞɡ ŮɑɜŬɘ ˊŮɟɘůůɧŰŮɟɞ ŬˊɞŰŮɚŮůɛŬŰɘəɎ 
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ůŰɖ ŭɖɛɘɞɡɟɔɑŬ ɛɞɜɞˊŬŰɘɞɨ ŭɘɎɢɡůɖɠ ůɡɔəɟɘŰɘəɎ ɛŮ ŰŬ ůűŬɘɟɘəɎ ɐ əɡɚɘɜŭɟɘəɎ 

ɜŬɜɞůɤɛŬŰɑŭɘŬ 
[20]

. 

ɉŬɟŬəŰɖɟɘůɛɧɠ ɞˊŰɘəɩɜ ɘŭɘɞŰɐŰɤɜ: ɄŬɟɧɚɞ ˊɞɡ ɞɘ ˊɚŮɡɟɏɠ Űɤɜ ˊɡɟɘŰɘəɩɜ ˊɚŬəɘŭɑɤɜ ɏɢɞɡɜ 

ɛɏɔŮɗɞɠ ůŮ əɚɑɛŬəŬ ɛɘəɟɞɛɏŰɟɤɜ, Űɞ ˊɎɢɞɠ Űɞɡɠ ŮɑɜŬɘ ɛɧɚɘɠ 1 nm. ȰŰůɘ, ɛŮ Űɖɜ ˊɟɞɦˊɧɗŮůɖ 

ˊɚɐɟɞɡɠ ŭɘŬůˊɞɟɎɠ Űɤɜ ˊɚŬəɘŭɑɤɜ, ɖ ˊŬɟɞɡůɑŬ Űɞɡɠ ŭŮɜ ŮˊɖɟŮɎɕŮɘ Űɖɜ ɞˊŰɘəɐ ŭɘŬɨɔŮɘŬ Űɤɜ 

ůɡɜɗɏŰɤɜ. ɀɏůɤ űŬůɛŬŰɞůəɞˊɘəɩɜ ɛŮɗɧŭɤɜ ɏɢŮɘ ˊŬɟŬŰɖɟɖɗŮɑ ɧŰɘ ůŰɖɜ ɞɟŬŰɐ ˊŮɟɘɞɢɐ ɖ 

ˊŬɟɞɡůɑŬ Űɤɜ ɜŬɜɞˊɚŬəɘŭɑɤɜ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ŭŮɜ ŮˊɖɟŮɎɕŮɘ ŰŬ ɞˊŰɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ 

Űɞɡ ůɡɜɗɏŰɞɡ əŬɘ Űɞ ˊɞɚɡɛŮɟɏɠ ŭɘŬŰɖɟŮɑ Űɖɜ ŭɘŬűɎɜŮɘɎ Űɞɡ. ȳɛɤɠ ůŰŬ ɡˊŮɟɘɩŭɖ ɛɐəɖ 

əɨɛŬŰɞɠ ˊŬɟŬŰɖɟŮɑŰŬɘ ɏɜŰɞɜɖ ůəɏŭŬůɖ ɐ/əŬɘ Ŭˊɞɟɟɧűɖůɖ ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɖɜ ŬůɗŮɜɐ 

ɛŮŰɎŭɞůɖ Űɞɡ ɡˊŮɟɘɩŭɞɡɠ űɤŰɧɠ. ȼ ůɡɛˊŮɟɘűɞɟɎ ŬɡŰɐ ŭŮɜ ŬˊɞŰŮɚŮɑ ɏəˊɚɖɝɖ, əŬɗɩɠ Űɞ 

ůɨɜɖɗŮɠ ɛɏɔŮɗɞɠ Űɤɜ ˊɚŮɡɟɩɜ Űɤɜ ůŰɟɤɛɎŰɤɜ Űɖɠ ɞɟɡəŰɐɠ Ŭɟɔɑɚɞɡ ŮɑɜŬɘ 50-1000 nm 
[20]

.  

 

 

 

2.6 ɀɘəɟɞɛɖɢŬɜɘəɐ ɀɞɜŰŮɚɞˊɞɑɖůɖ ɁŬɜɞůɡɜɗɏŰɤɜ 

 

ȼ Ůɜɑůɢɡůɖ Űɤɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ ˊɞɡ ˊŬɟŬŰɖɟŮɑŰŬɘ ůŰŬ ɜŬɜɞůɨɜɗŮŰŬ ɏɢŮɘ 

ɞŭɖɔɐůŮɘ ůŰɖɜ ŬɜɎˊŰɡɝɖ ŬɟəŮŰɩɜ ɛɞɜŰɏɚɤɜ, ŰŬ ɞˊɞɑŬ ˊɟɞůˊŬɗɞɨɜ ɜŬ ˊɟɞɓɚɏɣɞɡɜ Űɖ 

ůɡɛˊŮɟɘűɞɟɎ ŬɡŰɩɜ Űɤɜ ɡɚɘəɩɜ Ŭˊɧ ɛɖɢŬɜɘəɐɠ ɐ űɡůɘəɐɠ ŬˊɧɣŮɤɠ. ɆŰŬ ůɡɛɓŬŰɘəɎ ůɨɜɗŮŰŬ 

ˊɞɚɡɛŮɟɩɜ ɛŮ ɑɜŮɠ ɐ ɜɘűɎŭŮɠ, ɧˊɞɡ ɞɘ ŭɘŬůŰɎůŮɘɠ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ŮɑɜŬɘ Űɖɠ ŰɎɝɖɠ Űɤɜ 

ŭŮəɎŭɤɜ ɛɘəɟɩɜ ɐ ɛŮɔŬɚɨŰŮɟŮɠ, ŰŬ ɛɖɢŬɜɘəɎ ɛɞɜŰɏɚŬ ŮűŬɟɛɧɕɞɜŰŬɘ ɛŮ ŬɝɘɞůɖɛŮɑɤŰɖ 

ŮˊɘŰɡɢɑŬ 
[38]
. ɇŬ ɛɞɜŰɏɚŬ Űɤɜ ůɡɜɗɏŰɤɜ ˊɞɡ ůŰɖɟɑɕɞɜŰŬɘ ůŮ ɛɖɢŬɜɘəɐ ůɡɜŮɢɞɨɠ ɛɏůɞɡ 

ˊŮɟɘɚŬɛɓɎɜɞɡɜ ˊŬɟŬɛɏŰɟɞɡɠ, ɧˊɤɠ Űɞ əɚɎůɛŬ ɧɔəɞɡ, Űɞ ɚɧɔɞ ŭɘŬůŰɎůŮɤɜ əŬɘ Űɞɜ 

ˊɟɞůŬɜŬŰɞɚɘůɛɧ Űɤɜ ůɤɛŬŰɘŭɑɤɜ, əŬɗɩɠ Ůˊɑůɖɠ əŬɘ Űɖ ůɢɏůɖ Űɤɜ ɘŭɘɞŰɐŰɤɜ Űɤɜ ůɤɛŬŰɘŭɑɤɜ 

əŬɘ Űɖɠ ɛɐŰɟŬɠ. ȰɜɜɞɘŮɠ ɧˊɤɠ ɖ çɛɐŰɟŬè əŬɘ Űɞ çůɤɛŬŰɑŭɘɞè ˊɞɡ ŮɑɜŬɘ ůŬűɩɠ əŬɗɞɟɘůɛɏɜŮɠ 

ůŰŬ ůɡɛɓŬŰɘəɎ ůɨɜɗŮŰŬ ŭɨɞ űɎůŮɤɜ, ŭŮ ɛˊɞɟɞɨɜ ɜŬ ŮűŬɟɛɞůŰɞɨɜ ŬˊŮɡɗŮɑŬɠ ůŮ ɜŬɜɞůɨɜɗŮŰŬ 

ˊɞɚɡɛŮɟɞɨɠ/ɞɟɡəŰɐɠ Ŭɟɔɑɚɞɡ, ŮɝŬɘŰɑŬɠ Űɖɠ ɛɞɟűɞɚɞɔɑŬɠ ˊɞɡ ˊŮɟɘɚŬɛɓɎɜŮɘ ůɤɛŬŰɑŭɘŬ ůŮ 

ɛɏɔŮɗɞɠ ɜŬɜɞɛɏŰɟɤɜ əŬɗɩɠ əŬɘ Űɖɠ ɛɐŰɟŬɠ ˊɞɡ ŰŬ ˊŮɟɘɓɎɚɚŮɘ. ɄɞɚɡɎɟɘɗɛŬ ɛɞɜŰɏɚŬ 

ɛɘəɟɞɛɖɢŬɜɘəɐɠ ɏɢɞɡɜ, Ůˊɑůɖɠ, ˊɟɞŰŬɗŮɑ ɔɘŬ Űɖɜ ˊɟɧɓɚŮɣɖ Űɖɠ ŮɚŬůŰɘəɧŰɖŰŬɠ Űɤɜ ŬůɡɜŮɢɩɜ 

ůɡɜɗɏŰɤɜ ˊɞɡ ˊŮɟɘɏɢɞɡɜ ɛɏůɞ Ůɜɑůɢɡůɖɠ ůŮ ɑɜŮɠ ɐ ůŮ ɜɘűɎŭŮɠ. ɇŬ ɛɞɜŰɏɚŬ ŬɡŰɎ ŮɝŬɟŰɩɜŰŬɘ 

Ŭˊɧ ˊŬɟŬɛɏŰɟɞɡɠ ɧˊɤɠ ɞ ɚɧɔɞɠ Űɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ Űɞɡ ŮɝŮŰŬɕɧɛŮɜɞɡ ůŰɞɘɢŮɑɞɡ ˊɟɞɠ 

ŬɡŰɧ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ Ⱥp/Em, Űɞ əɚɎůɛŬ ɧɔəɞɡ fp əŬɘ ɞ ɚɧɔɞɠ Űɤɜ ŭɘŬůŰɎůŮɤɜ L/t Űɞɡ 

ůŰɞɘɢŮɑɞɡ əŬɘ Űɞɜ ˊɟɞůŬɜŬŰɞɚɘůɛɧ Űɞɡ 
[39]

.  

ũɘŬ Űɖɜ ˊŮɟɘɔɟŬűɐ Űɖɠ ůɡɛˊŮɟɘűɞɟɎɠ Űɤɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ Űɞɡ ɜŬɜɞůɡɜɗɏŰɞɡ ůŮ 

ɛɘəɟɞůəɞˊɘəɐ əɚɑɛŬəŬ, ŭŮ ɔɑɜŮŰŬɘ ˊɟɞůɞɛɞɑɤůɖ ůŮ ɧɚɞ Űɞɜ ɧɔəɞ Űɞɡ ɡɚɘəɞɨ, ŬɚɚɎ 

ŮˊɘɚɏɔŮŰŬɘ ɛɘŬ ˊŮɟɘɞɢɐ Űɞɡ ɡɚɘəɞɨ ɖ ɞˊɞɑŬ ɗŬ ˊɟɏˊŮɘ ɜŬ ɏɢŮɘ ůɡɔəŮəɟɘɛɏɜŮɠ ɘŭɘɧŰɖŰŮɠ 
[40]
. ȼ 

ˊŮɟɘɞɢɐ ŬɡŰɐ ɞɜɞɛɎɕŮŰŬɘ ŬɜŰɘˊɟɞůɤˊŮɡŰɘəɧ ůŰɞɘɢŮɑɞ Űɞɡ ɡɚɘəɞɨ əŬɘ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ŭɨɞ ɐ 

Űɟɘɩɜ ŭɘŬůŰɎůŮɤɜ, ŬɜɎɚɞɔŬ ɛŮ Űɘɠ ˊŬɟŬŭɞɢɏɠ Űɖɠ əɎɗŮ ɛɞɜŰŮɚɞˊɞɑɖůɖɠ. ȺɎɜ ɖ 

ɛɞɜŰŮɚɞˊɞɑɖůɖ ŮəŰŮɚŮɑŰŬɘ ůŮ ŰɟŮɑɠ ŭɘŬůŰɎůŮɘɠ, ŰɧŰŮ ɏɢɞɡɛŮ ŬɜŰɘˊɟɞůɤˊŮɡŰɘəɧ ůŰɞɘɢŮɑɞ 

ɧɔəɞɡ Űɞɡ ɡɚɘəɞɨ (representative volume element- RVE). ȷɜŰɑɗŮŰŬ, ŮɎɜ ɖ ˊɟɞůɞɛɞɑɤůɖ 

ŮəŰŮɚŮɑŰŬɘ ůŮ ŭɨɞ ŭɘŬůŰɎůŮɘɠ, ɔɘŬ ŮɡəɞɚɑŬ Ůˊɑɚɡůɖɠ, ŰɧŰŮ ɏɢɞɡɛŮ ŬɜŰɘˊɟɞůɤˊŮɡŰɘəɧ ůŰɞɘɢŮɑɞ 

ŮˊɘűɎɜŮɘŬɠ Űɞɡ ɡɚɘəɞɨ 
[40]

.  

ɆŮ əɎɗŮ ˊŮɟɑˊŰɤůɖ, ɖ Ůˊɘɚɞɔɐ ŬɡŰɞɨ Űɞɡ ůŰɞɘɢŮɑɞɡ ŭŮɜ ŮɑɜŬɘ ŰɡɢŬɑŬ, ŬɚɚɎ ɗŬ ˊɟɏˊŮɘ ɜŬ 

ɘəŬɜɞˊɞɘŮɑ ůɡɔəŮəɟɘɛɏɜŮɠ ˊɟɞŭɘŬɔɟŬűɏɠ. ȷɜŬɚɡŰɘəɧŰŮɟŬ ɔɘŬ Űɖɜ ɛɞɜŰŮɚɞˊɞɑɖůɖ ůŮ ŰɟŮɑɠ 

ŭɘŬůŰɎůŮɘɠ, ɖ ɞˊɞɑŬ ŮɑɜŬɘ əŬɘ ˊɘɞ əɞɜŰɎ ůŰɖɜ ˊɟŬɔɛŬŰɘəɧŰɖŰŬ, ɗŬ ˊɟɏˊŮɘ: 
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1) ɞ ɧɔəɞɠ Űɞɡ ůŰɞɘɢŮɑɞɡ ɜŬ ŮˊŬɜŬɚŬɛɓɎɜŮŰŬɘ ůŰɞɜ ůɡɜɞɚɘəɧ ɧɔəɞ Űɞɡ ɜŬɜɞůɡɜɗɏŰɞɡ 

ˊŮɟɘɞŭɘəɎ, 

2) ɛŮŰŬɝɨ Űɤɜ ůŰɞɘɢŮɑɤɜ ɜŬ ɛɖɜ ɡˊɎɟɢɞɡɜ əŮɜɎ ɐ ŬůɡɜɏɢŮɘŮɠ, 

3) ɛŮŰŬɝɨ Űɤɜ ůŰɞɘɢŮɑɤɜ ɜŬ ɘůɢɨɞɡɜ ůɡɜŬɟŰɐůŮɘɠ ůɡɜɏɢŮɘŬɠ ɔɘŬ Űɘɠ ɘŭɘɧŰɖŰŮɠ Űɞɡɠ, 

4) ɖ ŭɞɛɐ əŬɘ ɞɘ ɘŭɘɧŰɖŰŮɠ Űɞɡ ůŰɞɘɢŮɑɞɡ ɜŬ ŮɑɜŬɘ ŬɜŰɘˊɟɞůɤˊŮɡŰɘəɏɠ əŬɘ ɧɛɞɘŮɠ ɛŮ əɎɗŮ 

ůŰɞɘɢŮɑɞ Űɞɡ ɡɚɘəɞɨ.   

Ⱥűɧůɞɜ ɏɢŮɘ ɔɑɜŮɘ ɞɟɗɐ Ůˊɘɚɞɔɐ Űɞɡ ŬɜŰɘˊɟɞůɤˊŮɡŰɘəɞɨ ůŰɞɘɢŮɑɞɡ, Űɞ ŮˊɧɛŮɜɞ ɓɐɛŬ 

ŮɑɜŬɘ ɖ Ůˊɘɚɞɔɐ Űɖɠ ŬɜŰɘˊɟɞůɤˊŮɡŰɘəɐɠ ɔŮɤɛŮŰɟɑŬɠ Űɖɠ ŮɜɘůɢɡŰɘəɐɠ űɎůɖɠ. ɆŰɞ ɛɞɜŰɏɚɞ 

Halpinï Tsai 
[41]
, ˊɞɡ ɗŬ ŬəɞɚɞɡɗɐůŮɘ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ůŬɜ ŮɜɘůɢɡŰɘəɧ ɛɏůɞ ɖ 

ɜŬɜɞŭɞɛɖɛɏɜɖ ˊɡɟɘŰɘəɐ Ɏɟɔɘɚɞɠ, ɔɘŬ Űɖɜ ɞˊɞɑŬ ɛɏůɤ űɤŰɞɔɟŬűɘɩɜ SEM, ŮɑɜŬɘ ɔɜɤůŰɐ ɖ 

ɔŮɤɛŮŰɟɑŬ Űɖɠ, ɖ ɞˊɞɑŬ ˊɚɖůɘɎɕŮɘ ŬɡŰɐɜ, ɧˊɞɡ ˊɞɚɚɞɑ ŭɑůəɞɘ ŮɑɜŬɘ ůŰɞɘɓŬɔɛɏɜɞɘ ɞ ɏɜŬɠ 

ŮˊɎɜɤ ůŰɞɜ Ɏɚɚɞɜ ɛŮ ŮɜŭɘɎɛŮůɞ əŮɜɧ. ȾɎɗŮ ŭɑůəɞɠ ɞɟɑɕŮɘ ɏɜŬ ŮˊɑˊŮŭɞ Ůɜɑůɢɡůɖɠ. ũɘŬ Űɖɜ 

ŮɡəɞɚɧŰŮɟɖ ŮűŬɟɛɞɔɐ Űɤɜ ɛɞɜŰɏɚɤɜ ɔɑɜŮŰŬɘ ɖ ˊŬɟŬŭɞɢɐ ɧŰɘ ŰŬ ŮˊɑˊŮŭŬ Űɖɠ Ůɜɑůɢɡůɖɠ ɏɢɞɡɜ 

ɛɞɟűɐ ŭɑůəɞɡ ɛŮ ˊɎɢɞɠ t əŬɘ ŭɘɎɛŮŰɟɞ L. ɆŮ ɎɚɚŮɠ ˊŮɟɘˊŰɩůŮɘɠ ˊɟɞůɞɛɞɑɤůɖɠ, ŮɑɜŬɘ ŭɡɜŬŰɧ 

ɖ ɔŮɤɛŮŰɟɑŬ Űɤɜ Ůˊɘˊɏŭɤɜ Űɘɠ Ůɜɑůɢɡůɖɠ ɜŬ ˊɚɖůɘɎɕŮɘ ŬɡŰɐ Űɞɡ ɞɟɗɞɔɤɜɑɞɡ, ˊɟɞůŭɑŭɞɜŰŬɠ 

ˊŮɟŮŰŬɑɟɤ ˊŬɟŬɛɏŰɟɞɡɠ əŬɘ ˊɞɚɡˊɚɞəɧŰɖŰŬ ůŰɞ ɛɞɜŰɏɚɞ.   

 
(Ŭ)     (ɓ) 

ɆɢɐɛŬ 2.11: ɆɢɖɛŬŰɘəɐ ŬˊŮɘəɧɜɘůɖ: Ŭ) Űɖɠ ɔŮɤɛŮŰɟɑŬɠ Űɞɡ Ůˊɘˊɏŭɞɡ Űɖɠ Ůɜɑůɢɡůɖɠ əŬɘ ɓ) Űɖɠ 

ůŰɞɘɓŬɔɛɏɜɖɠ ŭɞɛɐɠ Űɖɠ ˊɡɟɘŰɘəɐɠ Ŭɟɔɑɚɞɡ 
[40, 42]

.  

 

ɆŰŬ ɜŬɜɞůɨɜɗŮŰŬ, ɖ ɜŬɜɞŭɞɛɖɛɏɜɖ Ůɜɑůɢɡůɖ ŮˊɘűɏɟŮɘ ŮɛˊɚɞɡŰɘůɛɧ Űɖɠ ɛɐŰɟŬɠ. ɆŰɖɜ 

ˊŮɟɑˊŰɤůɖ ɧˊɞɡ ɖ ɛɐŰɟŬ ŮɑɜŬɘ ˊɞɚɡɛŮɟɏɠ əŬɘ Űɞ ɛɏůɞ Ůɜɑůɢɡůɖɠ ˊɡɟɘŰɘəɐ Ɏɟɔɘɚɞɠ, 

ˊŬɟŬŰɖɟŮɑŰŬɘ Ůɘůɢɩɟɖůɖ Űɤɜ ˊɞɚɡɛŮɟɘəɩɜ Ŭɚɡůɑŭɤɜ ŬɜɎɛŮůŬ ůŰŬ ŮˊɑˊŮŭŬ Űɖɠ ˊɡɟɘŰɘəɐɠ 

Ŭɟɔɑɚɞɡ, ŬɡɝɎɜɞɜŰŬɠ ɏŰůɘ Űɖɜ ŬˊɧůŰŬůɖ ɛŮŰŬɝɨ Űɤɜ Ůˊɘˊɏŭɤɜ. Ƀ ɓŬɗɛɧɠ ŭɘɎɜɞɘɝɖɠ Űɤɜ 

Ůˊɘˊɏŭɤɜ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ ˊɞɚɚɞɨɠ ˊŬɟɎɔɞɜŰŮɠ, ɧˊɤɠ: ɖ ɢɖɛɘəɐ ůɡɔɔɏɜŮɘŬ ɛɐŰɟŬɠ- Ůɜɑůɢɡůɖɠ, 

ɞɘ ůɡɜɗɐəŮɠ ˊŬɟŬɔɤɔɐɠ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ ə.Ɏ. 

ȳˊɤɠ ɏɢŮɘ ɐŭɖ ŬɜŬűŮɟɗŮɑ ůŮ ˊɟɞɖɔɞɨɛŮɜɖ ˊŬɟɎɔɟŬűɞ, ɞɘ ŭɞɛɏɠ ˊɞɡ ŮˊɘŰɡɔɢɎɜɞɜŰŬɘ 

əŬŰɎ Űɖɜ ˊŬɟŬɔɤɔɐ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ ŮɑɜŬɘ ɖ ŮɛűɤɚɘŬůɛɏɜɖ, ɖ Ŭˊɞűɤɚɘŭɞɛɏɜɖ əŬɘ ɞ 

ůɡɜŭɡŬůɛɧɠ ŬɡŰɩɜ. ɆŮ ɏɜŬ Ŭˊɞűɞɚɘŭɤɛɏɜɞ ɜŬɜɞůɨɜɗŮŰɞ ŭŮɜ ɡˊɎɟɢŮɘ ůŬűɩɠ əŬɗɞɟɘůɛɏɜɖ 

ˊŮɟɘɞɢɐ ůɤɛŬŰɘŭɑɤɜ. ȳůɞɜ ŬűɞɟɎ ůŰɞɜ ˊɟɞůŬɜŬŰɞɚɘůɛɧ ůŰɞ ɢɩɟɞ Űɤɜ Ůˊɘˊɏŭɤɜ Űɞɡ ɛɏůɞɡ 

Ůɜɑůɢɡůɖɠ, ɗŮɤɟɩɜŰŬɠ ɧŰɘ ŮˊɘəɟŬŰŮɑ ɖ Ŭˊɞűɞɚɘŭɤɛɏɜɖ ŭɞɛɐ Űɖɠ Ŭɟɔɑɚɞɡ, ŭɨɞ ŮɑɜŬɘ ɞɘ ˊɘɗŬɜɏɠ 

ŭɞɛɏɠ ˊɞɡ ɛˊɞɟɞɨɜ ɜŬ ˊŬɟɞɡůɘŬůŰɞɨɜ ůŰŬ ɜŬɜɞůɨɜɗŮŰŬ: ɖ ŮɡɗɡɔɟŬɛɛɘůɛɏɜɖ ŭɞɛɐ (aligned) 

əŬɘ ɖ ŰɡɢŬɑŬ ŭɞɛɐ (random). 
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         (Ŭ)   (ɓ)      (ɔ) 

(ŭ) 

ɆɢɐɛŬ 2.12: ɆɢɖɛŬŰɘəɐ ŬˊŮɘəɧɜɘůɖ Űɖɠ ŭɞɛɐɠ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ ůɡɜŬɟŰɐůŮɘ Űɞɡ ˊɟɞůŬɜŬŰɞɚɘůɛɞɨ 

Űɤɜ Ůˊɘˊɏŭɤɜ Űɖɠ Ůɜɑůɢɡůɖɠ ɔɘŬ Űɞ ŬɜŰɘˊɟɞůɤˊŮɡŰɘəɧ ůŰɞɘɢŮɑɞ Űɞɡ ɡɚɘəɞɨ 
[40, 42]

.  

ɀŮŰɎ Űɖɜ ˊŮɟɘɔɟŬűɐ Űɖɠ ŭɞɛɐɠ ůŰɞ ŮůɤŰŮɟɘəɧ Űɞɡ əɎɗŮ ŬɜŰɘˊɟɞůɤˊŮɡŰɘəɞɨ ůŰɞɘɢŮɑɞɡ ɧɔəɞɡ 

Űɞɡ ɡɚɘəɞɨ, ŬəɞɚɞɡɗŮɑ ɖ ŭɘŬŰɨˊɤůɖ Űɤɜ ŬɜŬɔəŬɑɤɜ ˊŬɟŬŭɞɢɩɜ ˊɞɡ ˊɟɏˊŮɘ ɜŬ ɔɑɜɞɡɜ ɔɘŬ Űɖɜ 

ŮűŬɟɛɞɔɐ Űɤɜ ɛɞɜŰɏɚɤɜ ˊɟɞůɞɛɞɑɤůɖɠ ůŰŬ ɜŬɜɞůɨɜɗŮŰŬ ɡɚɘəɎ 
[40]
. ȷɡŰɏɠ ŮɑɜŬɘ: 

1. ũɟŬɛɛɘəɐ ŮɚŬůŰɘəɧŰɖŰŬ Űɖɠ Ůɜɑůɢɡůɖɠ əŬɘ Űɖɠ ɛɐŰɟŬɠ 

2. ȼ Ůɜɑůɢɡůɖ ŮɑɜŬɘ Ŭɝɞɜɞ-ůɡɛɛŮŰɟɘəɐ, ŬɛŮŰɎɓɚɖŰɖ ůŮ ůɢɐɛŬ əŬɘ ŭɘŬůŰɎůŮɘɠ əŬɘ 

ɢŬɟŬəŰɖɟɑɕŮŰŬɘ Ŭˊɧ ˊŬɟŬɛɏŰɟɞɡɠ ɧˊɤɠ ɞ ɚɧɔɞɠ Űɤɜ ŭɘŬůŰɎůŮɤɜ (aspect ratio) 

3. ȼ əŬɚɐ ůɨɜŭŮůɖ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ ɛɐŰɟŬɠ-Ůɜɑůɢɡůɖɠ əŬɘ ɖ ɎɔɜɞɘŬ Űɤɜ ˊɘɗŬɜɩɜ 

ɞɚɘůɗɐůŮɤɜ ɛŮŰŬɝɨ Űɞɡɠ ɐ Űɤɜ ˊɘɗŬɜɩɜ ɟɤɔɛɩɜ Űɖɠ ɛɐŰɟŬɠ. 

ȼ ˊɟɩŰɖ ˊŬɟŬŭɞɢɐ ŮɑɜŬɘ ŬɡŰɐ Űɖɠ ɔɟŬɛɛɘəɧŰɖŰŬɠ Űɖɠ ŮɚŬůŰɘəɧŰɖŰŬɠ, ɖ ɞˊɞɑŬ ɛˊɞɟŮɑ ɜŬ 

ŬˊɞŰɡˊɤɗŮɑ ɛŮ ŮɝɘůɩůŮɘɠ: 

ũɘŬ Űɖɜ Ůɜɑůɢɡůɖ: 
fff C es =     Ůɝ. (2.1) 

ũɘŬ Űɖɜ ɛɐŰɟŬ: mmm C es =     Ůɝ. (2.2) 

ɧˊɞɡ C ŮɑɜŬɘ ɞ ŰŬɜɘůŰɐɠ Űɖɠ ŬəŬɛɣɑŬɠ Űɞɡ əɎɗŮ ɡɚɘəɞɨ.  

ȼ ŭŮɨŰŮɟɖ ˊŬɟŬŭɞɢɐ ŬɜŬűɏɟŮŰŬɘ ůŰɖ ɛɏůɖ ŰɎůɖ əŬɘ ůŰɖ ɛɏůɖ ˊŬɟŬɛɧɟűɤůɖ. ȼ ůɖɛŮɘŬəɐ 

ŮˊɘűŬɜŮɘŬəɐ ŰɎůɖ ů(x) əŬɘ ɖ ŬɜŰɑůŰɞɘɢɖ ˊŬɟŬɛɧɟűɤůɖ Ů(x) ŮɑɜŬɘ ɛɖ ɞɛɞɘɧɛɞɟűɖ ɛɏůŬ ůŰɞ 

ɜŬɜɞůɨɜɗŮŰɞ. Ƀ ɛɏůɞɠ ɧɟɞɠ ŬɡŰɩɜ ŭɑɜŮŰŬɘ Ŭˊɧ Űɘɠ ůɢɏůŮɘɠ: 

1
( )

V

x dV
V

s s= ñ      Ůɝ. (2.3) 

1
( )

V

x dV
V

e e= ñ      Ůɝ. (2.4) 

ȳɛɤɠ ɖ ɛɏůɖ Űɘɛɐ Űɖɠ ŰɎůɖɠ əŬɘ Űɖɠ ˊŬɟŬɛɧɟűɤůɖɠ ůŮ ɛɐŰɟŬ əŬɘ Ůɜɑůɢɡůɖ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ 

Űɞ ˊɞůɞůŰɧ Űɖɠ ɛɐŰɟŬɠ əŬɘ Űɖɠ Ůɜɑůɢɡůɖɠ, ŬɜŰɑůŰɞɘɢŬ. ɆɡɜŮˊɩɠ ɞɘ ˊŬɟŬˊɎɜɤ ůɢɏůŮɘɠ 

ɔɑɜɞɜŰŬɘ:            

1
( )

f

f

f V

x dV
V

s s= ñ  Ůɝ. (2.5)   
1

( )

f

f

f V

x dV
V

e e= ñ  Ůɝ. (2.6) 

1
( )

m

m

m V

x dV
V

s s= ñ  Ůɝ. (2.7)   
1

( )

m

m

m V

x dV
V

e e= ñ  Ůɝ. (2.8) 

ɆɨɛűɤɜŬ ɛŮ Űɘɠ ˊŬɟŬˊɎɜɤ ˊŬɟŬŭɞɢɏɠ əŬɘ ůɢɏůŮɘɠ, ɖ ɛɏůɖ ŰɎůɖ əŬɘ ˊŬɟŬɛɧɟűɤůɖ Űɞɡ 

ɜŬɜɞůɡɜɗɏŰɞɡ ɗŬ ŭɑɜŮŰŬɘ Ŭˊɧ Űɘɠ ŮɝɘůɩůŮɘɠ: 
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mmff uu sss +=      Ůɝ. (2.9) 

mmff uu eee +=      Ůɝ. (2.10) 

ɧˊɞɡ  uf  əŬɘ  um  ŮɑɜŬɘ Űɞ ɞɔəɞɛŮŰɟɘəɧ əɚɎůɛŬ Űɖɠ Ůɜɑůɢɡůɖɠ əŬɘ Űɖɠ ɛɐŰɟŬɠ, ŬɜŰɑůŰɞɘɢŬ. 

ȼ ŰɟɑŰɖ ˊŬɟŬŭɞɢɐ ŬɜŬűɏɟŮŰŬɘ ůŰɖ ɛɏůɖ Űɘɛɐ Űɤɜ ɘŭɘɞŰɐŰɤɜ ůŰɞɜ ɧɔəɞ Űɞɡ ůɡɜɗɏŰɞɡ. ȼ ɛɏůɖ 

ŬəŬɛɣɑŬ Űɞɡ ůɡɜɗɏŰɞɡ ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞɜ ŰŬɜɘůŰɐ ŬəŬɛɣɑŬɠ C, ɞ ɞˊɞɑɞɠ ŭŮɑɢɜŮɘ Űɖɜ 

ɞɛɞɘɧɛɞɟűɖ ˊŬɟŬɛɧɟűɤůɖ ůɡɜŬɟŰɐůŮɘ Űɖɠ ɛɏůɖɠ ŰɎůɖɠ əŬɘ ɞɟɑɕŮŰŬɘ Ŭˊɧ: 

Cs e=      Ůɝ. (2.11) 

ȼ ɛɏůɖ ŮɚŬůŰɘəɧŰɖŰŬ S ɞɟɑɕŮŰŬɘ ɛŮ ˊŬɟɧɛɞɘɞ Űɟɧˊɞ: 

Se s=      Ůɝ. (2.12) 

ȹɨɞ Ŭəɧɛɖ ůɖɛŬɜŰɘəɞɑ ˊŬɟɎɔɞɜŰŮɠ ŮɑɜŬɘ ɞ ŰŬɜɘůŰɐɠ ůɡɔəɏɜŰɟɤůɖɠ ˊŬɟŬɛɧɟűɤůɖɠ əŬɘ 

ůɡɔəɏɜŰɟɤůɖɠ ŰɎůɖɠ, ȷ əŬɘ ȸ ŬɜŰɑůŰɞɘɢŬ. ȳˊɞɡ ɓŬůɘəɎ ŬɜŰɘˊɟɞůɤˊŮɨɞɡɜ Űɞ ɚɧɔɞ ɛŮŰŬɝɨ 

Űɖɠ ɛɏůɖɠ ŰɎůɖɠ (ɐ ˊŬɟŬɛɧɟűɤůɖɠ) Űɖɠ Ůɜɑůɢɡůɖɠ əŬɘ Űɖɠ ŬɜŰɑůŰɞɘɢɖɠ ɛɏůɖɠ Űɘɛɐɠ ɔɘŬ Űɞ 

ůɨɜɗŮŰɞ. 

f Ae e=      Ůɝ. (2.13) 

f Bs s=      Ůɝ. (2.14) 

ɆɡɛˊŮɟŬůɛŬŰɘəɎ, ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɘɠ ˊŬɟŬˊɎɜɤ ˊŬɟŬŭɞɢɏɠ əŬɘ ŮɝɘůɩůŮɘɠ ɓɚɏˊɞɡɛŮ ˊɤɠ ɖ 

ɛɏůɖ ŬəŬɛɣɑŬ Űɞɡ ůɡɜɗɏŰɞɡ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞɜ ŰŬɜɘůŰɐ ȷ əŬɘ Űɘɠ ɘŭɘɧŰɖŰŮɠ Űɖɠ ɛɐŰɟŬɠ Űɞɡ 

ůɡɜɗɏŰɞɡ, ɓɎůɖ Űɖɠ Ŭəɧɚɞɡɗɖɠ ůɢɏůɖɠ: 

( )m f f mC C u C C A= + -     Ůɝ. (2.15) 
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3.1 ȺɘůŬɔɤɔɐ 

 

 ɇŬ ŮɚŬůŰɞɛŮɟɐ ůɘɚɘəɧɜɖɠ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ Ůɡɟɏɤɠ ɔɘŬ ˊɞɚɚɏɠ ɓɘɞɥŬŰɟɘəɏɠ 

ŮűŬɟɛɞɔɏɠ, ɧˊɤɠ ůŰɖ əŬŰŬůəŮɡɐ ŰŮɢɜɖŰɩɜ ɛŮɚɩɜ, ɞŭɞɜŰɘŬŰɟɘəɩɜ ɡɚɘəɩɜ, əŬɗŮŰɐɟɤɜ, 

ŬɜŬˊɜŮɡůŰɘəɩɜ ɓɞɖɗɖɛɎŰɤɜ ə.Ŭ., əŬɗɩɠ ŮˊɘŭŮɘəɜɨɞɡɜ ɛɞɜŬŭɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ. 

ɆɡɔəŮəɟɘɛɏɜŬ, ɞɘ ůɘɚɘəɧɜŮɠ ůɡɜŭɡɎɕɞɡɜ ˊɟɞůŬɟɛɞůŰɘəɧŰɖŰŬ, Ůɛˊɞɟɘəɐ ŭɘŬɗŮůɘɛɧŰɖŰŬ, 

ŮɝŬɘɟŮŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ, ŮɡəɞɚɑŬ ɢŮɘɟɘůɛɞɨ əŬɘ ɓɘɞůɡɛɓŬŰɧŰɖŰŬ. Ⱥˊɑůɖɠ, ɢŬɟŬəŰɖɟɑɕɞɜŰŬɘ Ŭˊɧ 

ɢɖɛɘəɐ ŬŭɟɎɜŮɘŬ, ɡɣɖɚɐ ůɡɛɓŬŰɧŰɖŰŬ ɛŮ Űɞ ŬɑɛŬ, ɢŬɛɖɚɐ ŰɞɝɘəɧŰɖŰŬ, əŬɚɐ ɗŮɟɛɘəɐ əŬɘ 

ɞɝŮɘŭɤŰɘəɐ ůŰŬɗŮɟɧŰɖŰŬ, ɢŬɛɖɚɧ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ, Ůɨəɞɚɖ ɛɞɟűɞˊɞɑɖůɖ əŬɘ ɢŬɛɖɚɧ 

əɧůŰɞɠ ˊŬɟŬɔɤɔɐɠ 
[1]

. 

 

 

3.2 ȸɘɞɥŬŰɟɘəɏɠ ŮűŬɟɛɞɔɏɠ ůɘɚɘəɞɜɩɜ [2] 

 

¶ ɃɟɗɞˊŮŭɘəɏɠ ŮűŬɟɛɞɔɏɠ ůɘɚɘəɧɜɖɠ 
Ƀɘ ˊɘɞ ŬɝɘɞůɖɛŮɑɤŰŮɠ ɞɟɗɞˊŮŭɘəɏɠ ŮűŬɟɛɞɔɏɠ Űɖɠ ůɘɚɘəɧɜɖɠ ŮɑɜŬɘ ŰŬ ŮɛűɡŰŮɨɛŬŰŬ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŰɘɠ ŬɟɗɟɩůŮɘɠ Űɤɜ Ɏəɟɤɜ ůŮ ŬůɗŮɜŮɑɠ ˊɞɡ ˊɎůɢɞɡɜ Ŭˊɧ ŬɟɗɟɑŰɘŭŬ. ȼ 

ŰŮɢɜɘəɐ ŬɡŰɐ ŬɜŬəɞɘɜɩɗɖəŮ ɔɘŬ ˊɟɩŰɖ űɞɟɎ Ŭˊɧ Űɞɜ Alfred Swanson, Űɞ 1968. 

 

  
ɆɢɐɛŬ 3.1: ɉɟɐůŮɘɠ Űɖɠ ůɘɚɘəɧɜɖɠ ůŰɖɜ ŬɟɗɞˊɚŬůŰɘəɐ, ɔɘŬ ɗŮɟŬˊŮɑŬ Űɖɠ ŬɟɗɟɑŰɘŭŬɠ. 

 

¶ ȾŬɗŮŰɐɟŮɠ, ŬɜŰɚɑŮɠ 

Ƀɘ ɘŭɘɧŰɖŰŮɠ Űɖɠ ůɘɚɘəɧɜɖɠ Űɖɜ əŬɗɘůŰɞɨɜ ɘəŬɜɐ ɜŬ ŮűŬɟɛɞůŰŮɑ ɤɠ ŭɞɛɘəɧ ɡɚɘəɧ ůŮ 

əŬɗŮŰɐɟŮɠ, ŬɜŰɚɑŮɠ əŬɘ ůɤɚɖɜɎɟɘŬ. ȷɡŰɎ əŬŰŬůəŮɡɎɕɞɜŰŬɘ ɛŮ Ůəɓɞɚɐ Űɖɠ ůɘɚɘəɧɜɖɠ ɐ Ŭˊɧ ɛɖ 
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ůɘɚɘəɞɜɞɨɢŬ ɡˊɞůŰɟɩɛŬŰŬ ŰŬ ɞˊɞɑŬ ŮˊɘəŬɚɨˊŰɞɜŰŬɘ Ŭˊɧ ůɘɚɘəɧɜɖ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, 

ɡˊɎɟɢɞɡɜ əŬɗŮŰɐɟŮɠ ˊɞɡ ŬˊɞŰŮɚɞɨɜŰŬɘ ɛɧɜɞ Ŭˊɧ ůɘɚɘəɧɜɖ əŬɘ əŬɗŮŰɐɟŮɠ Ŭˊɧ ɚɎŰŮɝ ˊɞɡ 

ŮˊɘəŬɚɨˊŰɞɜŰŬɘ ŮɝɤŰŮɟɘəɎ əŬɘ ŮůɤŰŮɟɘəɎ Ŭˊɧ ůɘɚɘəɧɜɖ. 

 

  
ɆɢɐɛŬ 3.2: ūɤŰɞɔɟŬűɑŮɠ ůɤɚɖɜŬɟɑɤɜ əŬɘ əŬɗŮŰɐɟɤɜ ůɘɚɘəɧɜɖɠ. 

 

 
ɆɢɐɛŬ 3.3: (Ŭ) ɆɢɖɛŬŰɘəɐ ŬˊŮɘəɧɜɘůɖ əŬɘ (ɓ) űɤŰɞɔɟŬűɑŬ ůɤɚɖɜŬɟɑɞɡ ůɘɚɘəɧɜɖɠ ɔɘŬ Űɖɜ ɑŬůɖ 

ɡŭɟɞəɏűŬɚɤɜ 
[2]

.
 

 

¶ ȺɝɤůɤɛŬŰɘəɏɠ ůɡůəŮɡɏɠ 

ɆɤɚɖɜɎɟɘŬ əŬɘ ɛŮɛɓɟɎɜŮɠ Ŭˊɧ ůɘɚɘəɧɜɖ ɏɢɞɡɜ ɓɟŮɘ ŮűŬɟɛɞɔɐ ůŮ ˊɞɚɡɎɟɘɗɛŮɠ ŮɝɤůɤɛŬŰɘəɏɠ 

ůɡůəŮɡɏɠ ɚɧɔɤ Űɖɠ ůɡɛɓŬŰɧŰɖŰŬɠ Űɖɠ ɛŮ Űɞ ŬɑɛŬ əŬɘ Űɖɠ ŭɘŬˊŮɟŬŰɧŰɖŰɎɠ Űɖɠ. Ɇɘɚɘəɧɜɖ ɏɢŮɘ 

ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ůŮ ůɡůəŮɡɏɠ ŬɘɛɞəɎɗŬɟůɖɠ, ɞɝɡɔɧɜɤůɖɠ Űɞɡ ŬɑɛŬŰɞɠ, ɛˊŬɥˊɎɠ əŬɘ 

ɔŬůŰɟɘəɩɜ ŭŬəŰɡɚɑɤɜ ɔɘŬ Űɖɜ ŬɜŰɘɛŮŰɩˊɘůɖ Űɖɠ ˊŬɢɡůŬɟəɑŬɠ. ȼ ůɡɛɓŬŰɧŰɖŰŬ Űɖɠ ůɘɚɘəɧɜɖɠ 

ɛŮ Űɞ ŬɑɛŬ ŮɑɜŬɘ əŬɘ ɞ ɚɧɔɞɠ ˊɞɡ ŮűŬɟɛɧɕŮŰŬɘ ůŮ ŬɟəŮŰɏɠ ɛɖɢŬɜɘəɏɠ ɓŬɚɓɑŭŮɠ Űɖɠ əŬɟŭɘɎɠ. 

ȺˊɘˊɟɧůɗŮŰŬ, ůɘɚɘəɧɜɖ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Űɖ ɛŬɚŬəɐ ɏɜŭɡůɖ Űɤɜ űŬəɩɜ ŮˊŬűɐɠ. 

 

  

ɆɢɐɛŬ 3.4: ɆɤɚɖɜɎɟɘŬ ůɘɚɘəɧɜɖɠ ůŮ ůɡůəŮɡɐ ŬɘɛɞəɎɗŬɟůɖɠ (ŬɟɘůŰŮɟɎ) əŬɘ ɔŬůŰɟɘəɧɠ ŭŬəŰɨɚɘɞɠ ɔɘŬ 

Űɖɜ ŬɜŰɘɛŮŰɩˊɘůɖ Űɖɠ ˊŬɢɡůŬɟəɑŬɠ (ŭŮɝɘɎ). 
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¶ ȺɛűɡŰŮɨɛŬŰŬ ůŰɖɜ ˊɚŬůŰɘəɐ ɢŮɘɟɞɡɟɔɘəɐ 

ȼ ůɘɚɘəɧɜɖ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ Ůɡɟɏɤɠ ůŰɖɜ ˊɚŬůŰɘəɐ ɢŮɘɟɞɡɟɔɘəɐ ɔɘŬ ŬɘůɗɖŰɘəɞɨɠ 

ɚɧɔɞɡɠ, ŬɚɚɎ əŬɘ ɚɧɔɞɡɠ ŬˊɞəŬŰɎůŰŬůɖɠ, Ůŭɩ əŬɘ 40 ɏŰɖ. ɇŬ ŮɛűɡŰŮɨɛŬŰŬ ůɘɚɘəɧɜɖɠ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŮ ˊɚŬůŰɘəɏɠ ŮˊŮɛɓɎůŮɘɠ ůŰɞ ůŰɐɗɞɠ, ůŰɞ ˊɖɔɞɨɜɘ, ůŰɖ ɛɨŰɖ, ůŰŬ 

ɕɡɔɤɛŬŰɘəɎ, ůŰɞ ŭɏɟɛŬ əŬɘ ůŰɞɡɠ ɔɚɞɡŰɞɨɠ. ȾɎˊɞɘŬ Ŭˊɧ ŬɡŰɎ ɢɟɖůɘɛɞˊɞɘɞɨɜ gel ůɘɚɘəɧɜɖɠ, 

ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ˊɟɞůűɏɟɞɡɜ ɛɘŬ ˊɘɞ ɛŬɚŬəɐ Ŭɑůɗɖůɖ. ɇɞ gel ŬɡŰɧ ŮɑɜŬɘ ɏɜŬ ŮɚŬűɟɩɠ 

ɓɞɡɚəŬɜɘůɛɏɜɞ ŮɚŬůŰɞɛŮɟɏɠ ůɘɚɘəɧɜɖɠ, ɢɤɟɑɠ ɛɏůɞ Ůɜɑůɢɡůɖɠ, Űɞ ɞˊɞɑɞ ŭɘɞɔəɩɜŮŰŬɘ ůŮ ɡɔɟɐ 

ˊɞɚɡŭɘɛŮɗɡɚůɘɚɞɝɎɜɖ. ɇŬ ˊɘɞ ŭɘŬŭŮŭɞɛɏɜŬ ŮɛűɡŰŮɨɛŬŰŬ ůɘɚɘəɧɜɖɠ ŮɑɜŬɘ ŬɡŰɎ ˊɞɡ 

ŮűŬɟɛɧɕɞɜŰŬɘ ůŰɞ ůŰɐɗɞɠ.  

ȰɜŬ Ɏɚɚɞ ˊŬɟɎŭŮɘɔɛŬ ŮɑɜŬɘ ŰŬ ŮɜɗɏɛŬŰŬ ŭɏɟɛŬŰɞɠ Ŭˊɧ ůɘɚɘəɧɜɖ. ȼ ɗŮɟɛɘəɐ 

əŬŰŬůŰɟɞűɐ Űɞɡ ŭɏɟɛŬŰɞɠ Ŭˊɧ ɏɔəŬɡɛŬ, ɢɖɛɘəɞɨɠ ˊŬɟɎɔɞɜŰŮɠ, ɡˊŮɟɓɞɚɘəɧ ɣɨɢɞɠ, ɖɚŮəŰɟɘəɧ 

ɟŮɨɛŬ ɛˊɞɟŮɑ ɜŬ ˊɟɞəŬɚɏůŮɘ ůɖɛŬɜŰɘəɏɠ ŬɚɚɞɘɩůŮɘɠ əŬɘ ɜŬ əŬŰŬůŰɐůŮɘ ŮɡŬɑůɗɖŰɞ ůŮ 

ɚɞɘɛɩɝŮɘɠ Űɞɜ ŰɟŬɡɛŬŰɑŬ. ɆŮ ŰɏŰɞɘŮɠ ˊŮɟɘˊŰɩůŮɘɠ ɔɑɜŮŰŬɘ ɢɟɐůɖ Ůɘŭɘəɩɜ ŮˊɘɗŮɛɎŰɤɜ 

ůɘɚɘəɧɜɖɠ. ɇɞ ůɡɜɗŮŰɘəɧ ŭɏɟɛŬ ŬɜŬˊŰɨɢɗɖəŮ Ŭˊɧ Űɞɜ J. Burke (Trauma Services at 

Massachusetts General Hospital) əŬɘ Űɞɜ I. Yannas, (Chemistry Department, MIT, 

Massachusetts 
[3]

. ɇɞ ůɡɜɗŮŰɘəɧ ŭɏɟɛŬ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŭɨɞ ůŰɘɓɎŭŮɠ: ɛɑŬ ŮɝɤŰŮɟɘəɐ Ŭˊɧ 

ůɘɚɘəɧɜɖ əŬɘ ɛɑŬ ŮůɤŰŮɟɘəɐ Ŭˊɧ əɞɚɚŬɔɧɜɞ. ɀŮŰɎ Űɖɜ ŰɞˊɞɗɏŰɖůɐ Űɞɡ Űɞ əɞɚɚŬɔɧɜɞ 

ŮɜůɤɛŬŰɩɜŮŰŬɘ ɛŮ Űɞ ɡˊɧůŰɟɤɛŬ əŬɘ ŭɘɖɗŮɑŰŬɘ Ŭˊɧ ɘɜɞɓɚɎůŰŮɠ əŬɘ ŬɘɛɞűɧɟŬ ŬɔɔŮɑŬ. H 

ůŰɘɓɎŭŬ Űɖɠ ůɘɚɘəɧɜɖɠ ɛˊɞɟŮɑ ɜŬ ˊŬɟŬɛŮɑɜŮɘ ɏɤɠ 6 ŮɓŭɞɛɎŭŮɠ, ɛŮŰɎ ŬűŬɘɟŮɑŰŬɘ əŬɘ Űɞ 

ŭɖɛɘɞɡɟɔɞɨɛŮɜɞ ɏɚɚŮɘɛɛŬ əŬɚɨˊŰŮŰŬɘ ɛŮ ˊɞɚɨ ɚŮˊŰɧ ŭŮɟɛŬŰɘəɧ ŬɡŰɞɛɧůɢŮɡɛŬ ɛŮɟɘəɞɨ 

ˊɎɢɞɡɠ (0,1 mm). ɇɞ ɓŬůɘəɧ Űɞɡ ˊɚŮɞɜɏəŰɖɛŬ ŮɑɜŬɘ ɧŰɘ ɛˊɞɟŮɑ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɔɘŬ 

əɎɚɡɣɖ ŬˊŮɟɘɧɟɘůŰɖɠ ɏəŰŬůɖɠ ŮɔəŬɡɛŬŰɘəɐɠ ŮˊɘűɎɜŮɘŬɠ. 

 

 
 

ɆɢɐɛŬ 3.5: ȺˊɘɗɏɛŬŰŬ ůɘɚɘəɧɜɖɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ ŬˊɞəŬŰɎůŰŬůɖ ɓɚɎɓɖɠ Űɞɡ ůŰɐɗɞɡɠ 

(ŬɟɘůŰŮɟɎ) əŬɘ ůɡɜɗŮŰɘəɧ ŭɏɟɛŬ (ŭŮɝɘɎ). 

 

¶ ȺɛűɡŰŮɨɛŬŰŬ ůŰɖɜ ɔɜŬɗɞˊɟɞůɤˊɘəɐ ˊɟɞůɗŮŰɘəɐ 

ɄŬɟɎ Űɖɜ Ůɝɏɚɘɝɖ ˊɞɡ ɡˊɎɟɢŮɘ ůŰɖɜ ˊɚŬůŰɘəɐ ɢŮɘɟɞɡɟɔɘəɐ ɡˊɎɟɢɞɡɜ ˊŮɟɘˊŰɩůŮɘɠ ůŰɘɠ 

ɧˊɞɘŮɠ ŬɡŰɐ ŭŮɜ ɛˊɞɟŮɑ ɜŬ ŮˊɏɛɓŮɘ ŬˊɞŰŮɚŮůɛŬŰɘəɎ. ɇɖ ɚɨůɖ ůŰɘɠ ˊŮɟɘˊŰɩůŮɘɠ  ŬɡŰɏɠ ɏɟɢŮŰŬɘ 

ɜŬ ŭɩůŮɘ ɖ ɔɜŬɗɞˊɟɞůɤˊɘəɐ ˊɟɞůɗŮŰɘəɐ. ȼ ɔɜŬɗɞˊɟɞůɤˊɘəɐ ˊɟɞůɗŮŰɘəɐ ŮɑɜŬɘ ɏɜŬ Ůɑŭɞɠ 

ɗŮɟŬˊŮɑŬɠ ɔɘŬ ŬůɗŮɜŮɑɠ ɛŮ ŮɚŬŰŰɩɛŬŰŬ ůŰɞ ˊɟɧůɤˊɞ əŬɘ ůŰɞ ɚŬɘɛɧ. ɇŬ ŮɚŬŰŰɩɛŬŰŬ ŬɡŰɎ ŮɑŰŮ 

ɡˊɎɟɢɞɡɜ Ůə ɔŮɜŮŰɐɠ ůŰɞɜ ŬůɗŮɜɐ ŮɑŰŮ ɏɢɞɡɜ ŭɖɛɘɞɡɟɔɖɗŮɑ Ůə Űɤɜ ɡůŰɏɟɤɜ Ŭˊɧ əɎˊɞɘŬ 

ŬůɗɏɜŮɘŬ (ˊ.ɢ. əŬɟəɑɜɞ) ɐ Ŭˊɧ əɎˊɞɘɞ ŬŰɨɢɖɛŬ. ɆŮ ŬɡŰɏɠ ɚɞɘˊɧɜ Űɘɠ ˊŮɟɘˊŰɩůŮɘɠ 

ɢɟɖůɘɛɞˊɞɘɞɨɛŮ Űɖɜ ɔɜŬɗɞˊɟɞůɤˊɘəɐ ˊɟɞůɗŮŰɘəɐ ɩůŰŮ ɞɘ ŬŰɏɚŮɘŮɠ ŬɡŰɏɠ ɜŬ əŬɚɡűɗɞɨɜ ɛŮ 

ɏɜŬ Ůɑŭɞɠ ˊɟɧůɗŮůɖɠ, ŭɑɜɞɜŰŬɠ ůŰŬ ůɖɛŮɑŬ ŮəŮɑɜŬ ɛɑŬ űɡůɘəɐ ɧɣɖ. ȰŰůɘ ɚɞɘˊɧɜ ɞ ŬůɗŮɜɐɠ 



 

 
ȾȺūȷȿȷȽɃ 3ɞ 

42 

 

ɛˊɞɟŮɑ ɜŬ ɓŮɚŰɘɩůŮɘ Űɖɜ ŮɛűɎɜɘůɖ Űɞɡ əŬɘ ɜŬ ŬɜŬəŰɐůŮɘ Űɖɜ ŬɡŰɞˊŮˊɞɑɗɖůɖ Űɞɡ, ˊɟɎɔɛŬŰŬ 

ˊɞɡ Űɞɜ ɞŭɖɔɞɨɜ ůŮ ɛɑŬ ɡɔɘɐ əŬɘ űɡůɘɞɚɞɔɘəɐ ɕɤɐ.  

ȼ Ŭˊɧɢɟɤůɖ Űɖɠ ˊɟɧůɗŮůɖɠ, ˊɞɡ ˊɟɏˊŮɘ ůŮ əɎɗŮ ˊŮɟɑˊŰɤůɖ ɜŬ ŰŬɘɟɘɎɕŮɘ ɛŮ ŬɡŰɐ Űɞɡ 

ŭɏɟɛŬŰɞɠ Űɞɡ ŬůɗŮɜɞɨɠ, əŬɗɩɠ əŬɘ ɖ ůŰŬɗŮɟɧŰɖŰŬ Űɞɡ ɢɟɩɛŬŰɞɠ ŮɑɜŬɘ ˊɞɚɨ ůɖɛŬɜŰɘəɎ ɔɘŬ 

Űɖɜ ŬɘůɗɖŰɘəɐ Űɞɡ ŬůɗŮɜɞɨɠ. ȹɡůŰɡɢɩɠ ɧɛɤɠ ɞɘ ˊɟɞůɗɏůŮɘɠ ŬɡŰɏɠ ŭŮɜ ɏɢɞɡɜ ɛŬəɟɞɕɤɑŬ əŬɘ 

ɢɟŮɘɎɕɞɜŰŬɘ ůɡɢɜɎ ŬɜŰɘəŬŰɎůŰŬůɖ (ůɡɜɐɗɤɠ ɛŮŰɎ ŰŬ 3 ˊɟɩŰŬ ɢɟɧɜɘŬ), ŭɘɧŰɘ Űɞ ŮɚŬůŰɞɛŮɟɏɠ 

Ŭˊɧ Űɞ ɞˊɞɑɞ ŬˊɞŰŮɚɞɨɜŰŬɘ, əŬɗɩɠ əŬɘ Űɞ ɢɟɩɛŬ Űɞɡ ɛˊɞɟŮɑ ɜŬ ɡˊɞůŰɞɨɜ ŬɚɚŬɔɏɠ. ȷɡŰɏɠ ɞɘ 

ŬɚɚŬɔɏɠ ɞűŮɑɚɞɜŰŬɘ ůŮ ɏɜŬ Ůɡɟɨ űɎůɛŬ Ŭˊɧ ˊŮɟɘɓŬɚɚɞɜŰɘəɞɨɠ ˊŬɟɎɔɞɜŰŮɠ ɧˊɤɠ ŮɑɜŬɘ ɖ 

ɡˊŮɟɘɩŭɖ ŬəŰɘɜɞɓɞɚɑŬ, ɖ ɛɧɚɡɜůɖ Űɞɡ ŬɏɟŬ, ɖ ɗŮɟɛɞəɟŬůɑŬ, ɖ ɡɔɟŬůɑŬ. ɄɏɟŬ ɧɛɤɠ Ŭˊɧ 

ŬɡŰɞɨɠ Űɞɡɠ ˊŬɟɎɔɞɜŰŮɠ ɖ ɡˊɞɓɎɗɛɘůɖ Űɞɡ ɡɚɘəɞɨ ɛˊɞɟŮɑ ɜŬ ɞűŮɑɚŮŰŬɘ ůŮ ůɡɜɐɗŮɘŮɠ Űɞɡ 

ŬůɗŮɜɞɨɠ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ ɖ ɢɟɐůɖ Űɞɡ əŬˊɜɞɨ ɧŰŬɜ ɞɘ ŬůɗŮɜŮɑɠ əŬˊɜɑɕɞɡɜ ɛˊɞɟŮɑ ɜŬ ŬűɐůŮɘ 

ɚŮəɏŭŮɠ ůŰɞ ɡɚɘəɧ. ȷɜŰɑůŰɞɘɢŬ Űɞ ɛɎůɖɛŬ ɛˊɞɟŮɑ ɜŬ ŭɖɛɘɞɡɟɔɐůŮɘ əɎˊɞɘɞɡɠ ˊɧɟɞɡɠ. 

Ⱥˊɘˊɚɏɞɜ əŬŰɎ Űɞ əŬɗɎɟɘůɛŬ Űɖɠ ˊɟɧůɗŮůɖɠ ɞ ŬůɗŮɜɐɠ ɗŬ ˊɟɏˊŮɘ ɜŬ ˊɟɞůɏɢŮɘ ɩůŰŮ ɜŬ 

ŬˊɞűɨɔŮɘ Űɖɜ ɢɟɐůɖ ɞɟɔŬɜɘəɩɜ ŭɘŬɚɡŰɩɜ, ɚŮɡəŬɜŰɘəɩɜ ɐ əŬɗŬɟɘůŰɘəɩɜ ŰŬ ɞˊɞɑŬ ɛˊɞɟŮɑ ɜŬ 

ˊɟɞəŬɚɏůɞɡɜ ŬˊɞɢɟɤɛŬŰɘůɛɧ Űɞɡ ɡɚɘəɞɨ. ɇɏɚɞɠ ŰŬ əŬɚɚɡɜŰɘəɎ əŬɘ ɞɘ əɟɏɛŮɠ ˊɟɞůɩˊɞɡ 

ŮɑɜŬɘ əŬɘ ŬɡŰɎ Ŭˊɧ Űɞɡɠ ˊŬɟɎɔɞɜŰŮɠ ˊɞɡ ɛˊɞɟŮɑ ɜŬ ˊɟɞəŬɚɏůɞɡɜ ɡˊɞɓɎɗɛɘůɖ Űɞɡ ɡɚɘəɞɨ. ɆŮ 

ˊŮɘɟɎɛŬŰŬ ˊɞɡ ɏɢɞɡɜ ɔɑɜŮɘ ůŮ ŬůɗŮɜŮɑɠ, ɞɘ ˊŮɟɘůůɧŰŮɟɞɘ Ŭˊɧ ŬɡŰɞɨɠ ˊŬɟŬˊɞɜɏɗɖəŬɜ ɔɘŬ 

ŬˊɩɚŮɘŬ ɢɟɩɛŬŰɞɠ əɡɟɑɤɠ ɛŮŰɎ Űɖɜ ɏəɗŮůɖ Űɞɡɠ ůŰɞɜ ɐɚɘɞ əŬɘ ůŰɞ ɗŬɚŬůůɘɜɧ ɜŮɟɧ. 

 

  
ɆɢɐɛŬ 3.6: ɄɟɞůɗŮŰɘəɎ ɛɏɚɖ ůɘɚɘəɧɜɖɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŰɖɜ ɔɜŬɗɞˊɟɤůɞˊɘəɐ ˊɟɞůɗŮŰɘəɐ. 

 

  

ɆɢɐɛŬ 3.7: ɄɟɞůɗŮŰɘəɧ ŬɡŰɑ ůɘɚɘəɧɜɖɠ ˊɞɡ ˊŬɟŬɛɏɜŮɘ ůŰŬɗŮɟɧ Ŭˊɧ ŮɛűɡŰŮɨɛŬŰŬ ůŰɞ əɟŬɜɑɞ. 

 

 

3.3 ɀŮɚɏŰɖ Űɖɠ ɔɐɟŬɜůɖɠ ɜŬɜɞůɡɜɗɏŰɤɜ ˊɞɚɡůɘɚɞɝɎɜɖɠ 

ɇŬ ŮɚŬůŰɞɛŮɟɐ ůɘɚɘəɧɜɖɠ ŮˊɘŭŮɘəɜɨɞɡɜ ŬɟəŮŰɎ əŬɚɐ ůŰŬɗŮɟɧŰɖŰŬ Űɤɜ ɘŭɘɞŰɐŰɤɜ Űɞɡɠ 

ůŮ ɛŮɔɎɚɞ ɗŮɟɛɞəɟŬůɘŬəɧ Ůɨɟɞɠ əŬɘ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ŮɡɟɨŰŬŰŬ ůŰɖ ɔɜŬɗɞˊɟɞůɤˊɘəɐ 
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ˊɟɞůɗŮŰɘəɐ. ȼ əɚɘɜɘəɐ ŮɛˊŮɘɟɑŬ ɏɢŮɘ ŬɜŬŭŮɑɝŮɘ Űɖɜ ŬɜɎɔəɖ ɔɘŬ ůɡɢɜɐ ŬɜŰɘəŬŰɎůŰŬůɖ Űɤɜ 

ɡɚɘəɩɜ ŬɡŰɩɜ, ɚɧɔɤ ɢɟɤɛŬŰɘəɩɜ ɛŮŰŬɓɞɚɩɜ əŬɘ Űɖɠ ɡˊɞɓɎɗɛɘůɖɠ ɚŮɘŰɞɡɟɔɘəɩɜ ɘŭɘɞŰɐŰɤɜ 

Űɞɡɠ. Ƀɘ ŬɚɚɞɘɩůŮɘɠ ŬɡŰɏɠ ŬˊɞŭɑŭɞɜŰŬɘ ůŮ ˊŮɟɘɓŬɚɚɞɜŰɘəɞɨɠ ˊŬɟɎɔɞɜŰŮɠ ɧˊɤɠ ɖ ɏəɗŮůɖ ůŰɖɜ 

ɡˊŮɟɘɩŭɖ ŬəŰɘɜɞɓɞɚɑŬ, ɖ ŮɜŬɚɚŬɔɐ ɡɔɟɞɨ əŬɘ ɝɖɟɞɨ ˊŮɟɘɓɎɚɚɞɜŰɞɠ, ɞɘ ɡɣɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ 

ə.Ŭ.. Ʉɞɚɚɏɠ ɛŮɚɏŰŮɠ ɏɢɞɡɜ ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ ɩůŰŮ ɜŬ ŮɝŬəɟɘɓɤɗŮɑ ŮɎɜ ɞɘ ɘŭɘɧŰɖŰŮɠ Űɤɜ 

ůɘɚɘəɞɜɩɜ ɛŮŰŬɓɎɚɚɞɜŰŬɘ ɛŮ Űɖɜ ˊɎɟɞŭɞ Űɞɡ ɢɟɧɜɞɡ ůŬɜ ŬˊɞŰɏɚŮůɛŬ Űɘɠ ɔɐɟŬɜůɖɠ ˊɞɡ 

ɡˊɧəŮɘɜŰŬɘ. ũɘŬ Űɖɜ Ůˊɘɚɞɔɐ Űɞɡ əŬŰɎɚɚɖɚɞɡ ůɡůŰɐɛŬŰɞɠ, Űɖɠ ŮəɎůŰɞŰŮ ŮűŬɟɛɞɔɐɠ, ŮɑɜŬɘ 

ˊɞɚɨ ůɖɛŬɜŰɘəɧ ɜŬ ɛŮɚŮŰɖɗɞɨɜ ɞɘ əɡɟɑŬɟɢɞɘ ɛɖɢŬɜɘůɛɞɑ ˊɞɡ ˊɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ əŬŰɎ Űɖ 

ŭɘɎɟəŮɘŬ Űɖɠ ɔɐɟŬɜůɖɠ, ɏŰůɘ ɩůŰŮ ɜŬ ˊɟɞɚɖűɗŮɑ əŬɘ ɜŬ ůŰŬɗŮɟɞˊɞɘɖɗŮɑ ɖ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ 

ɡɚɘəɞɨ. ȼ ɗŮɟɛɞəɟŬůɑŬ ŮɑɜŬɘ ɛɘŬ ůɖɛŬɜŰɘəɐ ˊŬɟɎɛŮŰɟɞɠ ɔɐɟŬɜůɖɠ, ɛŮ Űɖ ŭɘŬŭɘəŬůɑŬ 

Ŭˊɞŭɧɛɖůɖɠ ɜŬ ŮˊɘŰŬɢɨɜŮŰŬɘ ɧůɞ ɖ ɗŮɟɛɞəɟŬůɑŬ ŬɡɝɎɜŮŰŬɘ. Ⱥˊɑůɖɠ, ɖ ɡˊɞɓɎɗɛɘůɖ Űɤɜ 

ɘŭɘɞŰɐŰɤɜ Űɞɡ ɡɚɘəɞɨ ɛɏůɤ Űɖɠ ɔɐɟŬɜůɖɠ, ɛˊɞɟŮɑ ɜŬ ˊɟɞɏɚɗŮɘ əŬɘ ɛɏůɤ ůɡɜŮɟɔɘůŰɘəɩɜ 

űŬɘɜɞɛɏɜɤɜ. ɈɚɘəɎ ŰŬ ɞˊɞɑŬ ŮɑɜŬɘ ŬɜɗŮəŰɘəɎ ŮɑŰŮ ůŰɖɜ UV ŬəŰɘɜɞɓɞɚɑŬ ŮɑŰŮ ůŰɖɜ ɡɔɟŬůɑŬ, 

ɛˊɞɟɞɨɜ ɜŬ ɡˊɞůŰɞɨɜ ůɖɛŬɜŰɘəɐ ɡˊɞɓɎɗɛɘůɖ ɧŰŬɜ ɓɟŮɗɞɨɜ ůŮ ůɡɜŭɡŬůɛɧ Űɤɜ ŭɨɞ ŬɡŰɩɜ 

ˊŬɟŬɛɏŰɟɤɜ 
[4]
. ɇŬ ŮɚŬůŰɞɛŮɟɐ ůɘɚɘəɧɜɖɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŮ ɓɘɞɥŬŰɟɘəɏɠ ŮűŬɟɛɞɔɏɠ, 

ˊɞɚɚɏɠ űɞɟɏɠ ɚŮɘŰɞɡɟɔɞɨɜ ɡˊɧ ůɡɜɗɐəŮɠ ɧˊɞɡ ˊŬɟɎɔɞɜŰŮɠ ɧˊɤɠ, əŬŰŬˊɧɜɖůɖ, Ůɟˊɡůɛɧɠ, 

ɢŬɚɎɟɤůɖ ŰɎůɖɠ ə.Ŭ., ŮɑɜŬɘ ůɡɜɐɗŮɘɠ əŬɘ ɛˊɞɟɞɨɜ ɜŬ ˊŬɟɏɛɓɞɡɜ ŮɜɘůɢɡŰɘəɎ ůŰɘɠ 

ˊŬɟŬɛɏŰɟɞɡɠ ɔɐɟŬɜůɖɠ. ɇŬ ŮɚŬůŰɞɛŮɟɐ ˊɞɚɡůɘɚɞɝɎɜɖɠ ɏɢɞɡɜ Űɖɜ ɘŭɘɧŰɖŰŬ ɜŬ ŮɑɜŬɘ 

ŬɜɗŮəŰɘəɎ ůŮ ŬəŰɘɜɞɓɞɚɑŮɠ, ɚɧɔɤ Űɞɡ ɘůɢɡɟɞɨ ŭŮůɛɞɨ Si-O, ɞ ɞˊɞɑɞɠ ŬˊŬɘŰŮɑ ɛŮɔɎɚɖ 

ŮɜɏɟɔŮɘŬ ɔɘŬ ɜŬ ŭɘŬůˊŬůŰŮɑ. ɋůŰɧůɞ, ɏɢŮɘ ŭɘŬˊɘůŰɤɗŮɑ ɖ ˊŮɟŬɘŰɏɟɤ ŭɖɛɘɞɡɟɔɑŬ 

ůŰŬɡɟɞŭŮůɛɩɜ, ɡˊɧ Űɖɜ ŮˊɑŭɟŬůɖ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ 
[5]
. ɆŰɖɜ ˊɞɚɡůɘɚɞɝɎɜɖ, ɖ ɏəɗŮůɖ ůŮ 

ɡɣɖɚɐɠ ŮɜɏɟɔŮɘŬɠ ŬəŰɘɜɞɓɞɚɑŬ ɞŭɖɔŮɑ ůŮ ˊŬɟŬɔɤɔɐ ŬŮɟɑɤɜ (ɡŭɟɞɔɧɜɞ, ɛŮɗɎɜɘɞ) ɤɠ 

ŬˊɞŰɏɚŮůɛŬ Űɖɠ ɓɚɎɓɖɠ ůŰɖ ŭɞɛɐ ˊɞɡ ˊɟɞəŬɚŮɑŰŬɘ Ŭˊɧ ŬɡŰɐ 
[6]

.  

ȳˊɤɠ ɏɢŮɘ ɐŭɖ ŬɜŬűŮɟɗŮɑ, ɚɧɔɤ Űɤɜ ɛɘəɟɐɠ ɛɖɢŬɜɘəɐɠ ŬɜŰɞɢɐɠ ˊɞɡ ŮˊɘŭŮɘəɜɨɞɡɜ ŰŬ ɛɖ 

ŮɜɘůɢɡɛɏɜŬ ŮɚŬůŰɞɛŮɟɐ ˊɞɚɡůɘɚɞɝɎɜɖɠ, ŮɑɜŬɘ ŬɜŬɔəŬɑŬ ɖ ŮɜůɤɛɎŰɤůɖ ɛɏůɤɜ Ůɜɑůɢɡůɖɠ 

(ˊ.ɢ. ůɤɛŬŰɑŭɘŬ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ) ɔɘŬ Űɖ ɓŮɚŰɑɤůɖ Űɤɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ. ȼ 

ŮɘůŬɔɤɔɐ Űɤɜ ůɤɛŬŰɘŭɑɤɜ ɞŭɖɔŮɑ ůŮ ŭɖɛɘɞɡɟɔɑŬ ŭŮůɛɩɜ ɛŮŰŬɝɨ Űɖɠ ŬɚɡůɑŭŬɠ Űɞɡ 

ˊɞɚɡɛŮɟɞɨɠ əŬɘ Űɤɜ ɡŭɟɞɝɡɚɘəɩɜ ɞɛɎŭɤɜ ˊɞɡ ɓɟɑůəɞɜŰŬɘ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ŮɜɘůɢɡŰɘəɞɨ, 

ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ŮɜɘůɢɨŮŰŬɘ ɖ ɛɖɢŬɜɘəɐ ŬɜŰɞɢɐ 
[7]

. ɋůŰɧůɞ, ɖ ˊŬɟɞɡůɑŬ Űɞɡ ɛɏůɞɡ 

Ůɜɑůɢɡůɖɠ əŬŰɎ Űɖ ɔɐɟŬɜůɖ Űɞɡ ɡɚɘəɞɨ, ɞŭɖɔŮɑ ůŮ ŬůŬűɐ ůɡɛˊŮɟɎůɛŬŰŬ. ɈˊɎɟɢɞɡɜ 

ˊŮɟɘˊŰɩůŮɘɠ ɧˊɞɡ ɖ ɢɟɐůɖ Űɞɡ ŮɜɘůɢɡŰɘəɞɨ ɚŮɘŰɞɡɟɔŮɑ ɤɠ ůŰŬɗŮɟɞˊɞɘɖŰɐɠ ŮɜɎɜŰɘŬ ůŰɖɜ 

ɞɝŮɑŭɤůɖ ˊɞɡ ˊɟɞəŬɚŮɑŰŬɘ, ɡˊɎɟɢɞɡɜ ɧɛɤɠ əŬɘ ˊŮɟɘˊŰɩůŮɘɠ ɧˊɞɡ ɖ ˊŬɟɞɡůɑŬ Űɞɡ ɛɏůɞɡ 

Ůɜɑůɢɡůɖɠ ŭɟŬ əŬŰŬɚɡŰɘəɎ ůŰɖɜ Ŭˊɞŭɧɛɖůɖ Űɞɡ ɡɚɘəɞɨ 
[8]
. ɆŰŬ ůɡɛɓŬŰɘəɎ ůɨɜɗŮŰŬ 

ˊɞɚɡůɘɚɞɝɎɜɖɠ, ɞɘ ŬɚɚŬɔɏɠ ˊɞɡ ˊŬɟŬŰɖɟɞɨɜŰŬɘ ɛŮŰɎ Űɖɜ ɏəɗŮůɖ ůŮ ɔɐɟŬɜůɖ, ɞűŮɑɚɞɜŰŬɘ 

əɡɟɑɤɠ ůŰɖɜ ɛɖ ŬɜŬɜŰɑůŰɟŮˊŰɖ ɢɖɛɘəɐ ɛŮŰŬɓɞɚɐ ˊɞɡ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ůŰɖɜ ɛɎɕŬ Űɞɡ 

ŮɚŬůŰɞɛŮɟɞɨɠ 
[9]
, ŬɚɚɎ əŬɘ ůŰɖɜ ɛŮŰŬɓɞɚɐ Űɖɠ ŭɞɛɐɠ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ ɛŮŰŬɝɨ Űɞɡ ɛɏůɞɡ 

Ůɜɑůɢɡůɖɠ əŬɘ Űɞɡ ŮɚŬůŰɞɛŮɟɞɨɠ, ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ŮˊɖɟŮɎɕɞɜŰŬɘ ɞɘ ŭŮůɛɞɑ ˊɞɡ 

ŭɖɛɘɞɡɟɔɐɗɖəŬɜ əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ.  

Ƀɘ Delor-Jestin et al. 
[10]
, ɛŮɚɏŰɖůŬɜ Űɖɜ ŮˊɑŭɟŬůɖ Űɖɠ ɔɐɟŬɜůɖɠ ůŮ ɛɖ ŮɜɘůɢɡɛɏɜŬ 

ŮɚŬůŰɞɛŮɟɐ ˊɞɚɡůɘɚɞɝɎɜɖɠ. ȷˊɧ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ɛŮɚɏŰɖɠ ŭɘŬˊɘůŰɩɗɖəŮ ɢŬɛɖɚɐ 

ůŰŬɗŮɟɧŰɖŰŬ ɏɜŬɜŰɘ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ, Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ əŬɘ Űɞɡ ɜɘŰɟɘəɞɨ ɞɝɏɞɠ. ȼ 

ŬəŰɘɜɞɓɞɚɑŬ əŬɘ ɖ ɗŮɟɛɞəɟŬůɑŬ, ɞŭɖɔɞɨɜ ůŮ ŬˊɞɛɎəɟɡɜůɖ Űɞɡ ɡŭɟɞɔɧɜɞɡ ˊɞɡ ɓɟɑůəŮŰŬɘ 

ůŰɖɜ ɞɛɎŭŬ Űɞɡ ɛŮɗɡɚɑɞɡ, ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ŮɡɜɞŮɑŰŬɘ əŬɘ ɜŬ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ˊŮɟŬɘŰɏɟɤ 

ɓɞɡɚəŬɜɘůɛɧɠ. ȼ ŮˊɑŭɟŬůɖ ůŰɞ ŭŮůɛɧ Si-O Ŭˊɧ Űɖɜ ˊŬɟɞɡůɑŬ Űɞɡ ɜɘŰɟɘəɞɨ ɞɝɏɞɠ, ɞŭɖɔŮɑ əŬɘ 

ůŮ ŬɡŰɐ Űɖɜ ˊŮɟɑˊŰɤůɖ ůŮ ˊŮɟŬɘŰɏɟɤ ɓɞɡɚəŬɜɘůɛɧ, ŬɚɚɎ əŬɘ ůŮ ůɢɘůɛɧ Űɤɜ Ŭɚɡůɑŭɤɜ Űɞɡ 

ŮɚŬůŰɞɛŮɟɞɨɠ. ȺˊɘűŬɜŮɘŬəɎ ŰɟɞˊɞˊɞɘɖɛɏɜŬ ůɤɛŬŰɑŭɘŬ ŬɚɚɎ əŬɘ ɖ ŮɜůɤɛɎŰɤůɖ 
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ůŰŬɗŮɟɞˊɞɘɖŰɩɜ űŬɑɜŮŰŬɘ ɜŬ ŬˊɞŰŮɚɞɨɜ əŬɗɞɟɘůŰɘəɎ ɛɏůŬ ɔɘŬ Űɖɜ Ůɜɑůɢɡůɖ Űɖɠ ŬɜŰɞɢɐɠ ůŮ 

ɔɐɟŬɜůɖ.  

Ƀɘ Oldfield əŬɘ Symes 
[11]
, ɛŮɚɏŰɖůŬɜ, Űɖɜ ŮˊɑŭɟŬůɖ Űɖɠ űɡůɘəɐɠ ɔɐɟŬɜůɖɠ (20 ɏŰɖ) ɛŮ 

ˊŬɟɎɛŮŰɟɞ Űɞɜ Űɨˊɞ Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ. ȷˊɧ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ɛŮɚɏŰɖɠ Űɞɡɠ, 

ŭɘŬˊɘůŰɩɗɖəŮ ɧŰɘ ɖ ˊɞɚɡůɘɚɞɝɎɜɖ ɛŮ ŮɜůɤɛŬŰɤɛɏɜŬ ůɤɛŬŰɑŭɘŬ ɞɝŮɘŭɑɞɡ Űɞɡ ůɘŭɐɟɞɡ 

(ɢɟɤůŰɘəɐ), ˊŬɟɞɡůɑŬůŮ Űɖɜ ɛɘəɟɧŰŮɟɖ ɡˊɞɓɎɗɛɘůɖ ůŰɖɜ ŬɜŰɞɢɐ ůŮ ŮűŮɚəɡůɛɧ əŬɘ ůŰɖɜ 

ˊŬɟŬɛɧɟűɤůɖ ɏɜŬɜŰɘ Űɤɜ ɡˊɞɚɞɑˊɤɜ, ɤůŰɧůɞ ˊŬɟɞɡůɑŬůŮ ůɖɛŬɜŰɘəɐ Ŭɨɝɖůɖ ůŰɖɜ 

ůəɚɖɟɧŰɖŰŬ. 

Ƀɘ Lewicki et al. 
[12]
, ɛŮɚɏŰɖůŬɜ Űɖɜ ŮˊɑŭɟŬůɖ Űɖɠ ɔɐɟŬɜůɖɠ ůŮ ɜŬɜɞůɨɜɗŮŰŬ 

ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ/ˊɞɚɡůɘɚɞɝɎɜɖɠ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖɜ ɗŮɟɛɞɓŬɟɡɛŮŰɟɘəɐ ŬɜɎɚɡůɖ. ȷˊɧ ŰŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ɛŮɚɏŰɖɠ ŭɘŬˊɘůŰɩɗɖəŬɜ ůɖɛŬɜŰɘəɏɠ ɢɖɛɘəɏɠ ɛŮŰŬɓɞɚɏɠ ɞɘ ɞˊɞɑŮɠ 

ɚŬɛɓɎɜɞɡɜ ɢɩɟŬ əŬŰɎ Űɖ ɔɐɟŬɜůɖ, ɧˊɤɠ, ůɢɘůɛɧɠ Űɤɜ Ŭɚɡůɑŭɤɜ əŬɘ ˊŮɟŬɘŰɏɟɤ 

ɓɞɡɚəŬɜɘůɛɧɠ, ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ ɞɘ ɞˊɞɑŮɠ ɛŮŰŬɓɎɚɚɞɡɜ Űɖɜ ŭɞɛɐ Űɞɡ ɜŬɜɞůɡɜɗɏŰɞɡ. ȼ 

ůɡɛˊŮɟɘűɞɟɎ ŬɡŰɐ ɞŭɖɔŮɑ ůŰɖɜ ŭɖɛɘɞɡɟɔɑŬ Ůɜɧɠ ˊɡəɜɧŰŮɟɞɡ ˊɚɏɔɛŬŰɞɠ, ɛŮ Űɖɜ ˊŬɟɞɡůɑŬ 

ɚɘɔɧŰŮɟɤɜ ŮɚŮɡɗɏɟɤɜ Ɏəɟɤɜ əŬɘ ɘůɢɡɟɧŰŮɟɤɜ ŬɚɚɖɚŮˊɘŭɟɎůŮɤɜ ɛŮŰŬɝɨ Űɤɜ Ŭɚɡůɑŭɤɜ əŬɘ 

Űɞɡ ŮɜɘůɢɡŰɘəɞɨ.   

 

 

 

3.4 ɆɡůŰɐɛŬŰŬ ŮɚŮɔɢɞɛɏɜɖɠ ŬˊɞŭɏůɛŮɡůɖɠ űɎɟɛŬəɞɡ 

 

 ɇɞ ˊŮŭɑɞ Űɖɠ ŮɚŮɔɢɧɛŮɜɖɠ ŬˊɞŭɏůɛŮɡůɖɠ űŬɟɛɎəɤɜ ŬˊɞŰŮɚŮɑ ɛɑŬ Ŭˊɧ Űɘɠ ˊɘɞ 

ŮɚəɡůŰɘəɏɠ əŬɘ ŮɜŭɘŬűɏɟɞɡůŮɠ ˊŮɟɘɞɢɏɠ Űɖɠ ɘŬŰɟɘəɐɠ, Űɖɠ ɢɖɛŮɑŬɠ, Űɖɠ ŮˊɘůŰɐɛɖɠ Űɤɜ ɡɚɘəɩɜ, 

Űɖɠ ɛɖɢŬɜɘəɐɠ, Űɖɠ űŬɟɛŬəŮɡŰɘəɐɠ əŬɘ ŮəŮɑɜɤɜ Űɤɜ ŮˊɘůŰɖɛɩɜ ˊɞɡ ůɢŮŰɑɕɞɜŰŬɘ ɛŮ Űɖ 

ɓɘɞɚɞɔɑŬ. Ƀɘ ŮűŬɟɛɞɔɏɠ Űɞɡ əŬɚɨˊŰɞɡɜ ŭɘŬűɞɟŮŰɘəɞɨɠ ŰɞɛŮɑɠ, ůɡɛˊŮɟɘɚŬɛɓŬɜɞɛɏɜɤɜ Űɖɠ 

ɘŬŰɟɘəɐɠ, Űɖɠ ɔŮɤɟɔɑŬɠ əŬɘ Űɖɠ ɓɘɞŰŮɢɜɞɚɞɔɑŬɠ. ɇɞ ŮɜŭɘŬűɏɟɞɜ Űɞɡ ˊŮŭɑɞɡ ŬɡŰɞɨ ɏɔəŮɘŰŬɘ ůŰɖ 

ůɡɜŮɘůűɞɟɎ Űɤɜ ůɡůŰɖɛɎŰɤɜ ŮɚŮɔɢɧɛŮɜɖɠ ŬˊɞŭɏůɛŮɡůɖɠ ɔɘŬ ˊɞɘɞŰɘəɧŰŮɟɖ ɕɤɐ əŬɘ 

əŬɚɨŰŮɟɖ ɘŬŰɟɘəɐ ˊŮɟɑɗŬɚɣɖ Űɞɡ Ŭɜɗɟɩˊɞɡ. ũɘŬ Űɞ ɚɧɔɞ ŬɡŰɧ, ˊɚɐɗɞɠ ŮɟŮɡɜɖŰɘəɩɜ 

ŮɟɔŬůɘɩɜ ŮůŰɘɎɕŮɘ ůŰɞ ůɢŮŭɘŬůɛɧ əŬɘɜɞŰɧɛɤɜ ɛŮɗɧŭɤɜ ɞɘ ɞˊɞɑŮɠ ɗŬ əŬŰŬůŰɐůɞɡɜ Űɘɠ ŭɧůŮɘɠ 

Űɤɜ űŬɟɛɎəɤɜ ˊɘɞ ŬˊɞŰŮɚŮůɛŬŰɘəɏɠ 
[1]

. 

 ɀŮ Űɖ ɢɞɟɐɔɖůɖ ɛɞɟűɩɜ ŮɚŮɔɢɧɛŮɜɖɠ ŬˊɞŭɏůɛŮɡůɖɠ ŭŮɜ ŮˊɘŭɘɩəŮŰŬɘ ɛɧɜɞ ˊŬɟɎŰŬůɖ 

Űɞɡ ɢɟɧɜɞɡ ŬˊɞŭɏůɛŮɡůɖɠ Űɞɡ űŬɟɛɎəɞɡ, ŬɚɚɎ ŰŬɡŰɧɢɟɞɜŬ əŬɘ ůŰŬɗŮɟɐ ŬˊɞŭɏůɛŮɡůɐ Űɞɡ 

ůŮ ůɡɔəŮəɟɘɛɏɜɖ ɢɟɞɜɘəɐ ˊŮɟɑɞŭɞ. ɋɠ ɔɜɤůŰɧɜ ɖ űŬɟɛŬəɞɚɞɔɘəɐ ŭɟɎůɖ əŬɘ ɖ ɗŮɟŬˊŮɡŰɘəɐ 

ɘəŬɜɧŰɖŰŬ ŮɝŬɟŰɩɜŰŬɘ Ŭˊɧ Űɖ ůɡɔəɏɜŰɟɤůɖ Űɞɡ űŬɟɛɎəɞɡ ůŰŬ ůɖɛŮɑŬ ɧˊɞɡ ɗŬ ˊɟɏˊŮɘ ɜŬ 

ŭɟɎůŮɘ, əŬŰɎ ůɡɜɏˊŮɘŬ ɖ ůɡɔəɏɜŰɟɤůɖ ɗŬ ˊɟɏˊŮɘ ɜŬ ŭɘŬŰɖɟŮɑŰŬɘ ůŰŬɗŮɟɐ əŬɘ ɛɏůŬ ůŰŬ 

ɗŮɟŬˊŮɡŰɘəɎ ɧɟɘŬ ɧůɞ ŭɘŬɟəŮɑ ɖ ɢɞɟɐɔɖůɖ Űɞɡ űŬɟɛɎəɞɡ. 

 ɀŮ Űɖɜ ɢɞɟɐɔɖůɖ Űɤɜ ůɡɜɐɗɤɜ űŬɟɛŬəɞŰŮɢɜɘəɩɜ ɛɞɟűɩɜ ůɡɢɜɎ ɢɞɟɖɔɞɨɜŰŬɘ ŭɧůŮɘɠ 

ɡɣɖɚɧŰŮɟŮɠ Űɤɜ ŬˊŬɘŰɞɨɛŮɜɤɜ, ɩůŰŮ ɜŬ ŮˊɘŰŮɡɢɗŮɑ əŬɘ ɜŬ ŭɘŬŰɖɟɖɗŮɑ ɔɘŬ ɛŬəɟɧ ɢɟɞɜɘəɧ 

ŭɘɎůŰɖɛŬ ɖ ŬˊŬɘŰɞɨɛŮɜɖ ɗŮɟŬˊŮɡŰɘəɐ ůɡɔəɏɜŰɟɤůɖ ůŰŬ ůɖɛŮɑŬ ŭɟɎůŮɤɠ, ɧɛɤɠ ɞɘ ɡɣɖɚɏɠ 

ɢɞɟɖɔɞɨɛŮɜŮɠ ŭɧůŮɘɠ ŮɑɜŬɘ ŭɡɜŬŰɧɜ ɜŬ ˊɟɞəŬɚɏůɞɡɜ ŬɜŮˊɘɗɨɛɖŰŮɠ ŮɜɏɟɔŮɘŮɠ ɐ ŰɞɝɘəɎ 

űŬɘɜɧɛŮɜŬ. ȷɜŰɑɗŮŰŬ, ɛŮ Űɖɜ ɢɞɟɐɔɖůɖ ɛɞɟűɩɜ ŮɚŮɔɢɧɛŮɜɖɠ ŬˊɞŭɏůɛŮɡůɖɠ ŬˊɞűŮɨɔŮŰŬɘ Űɞ 

ˊŬɟŬˊɎɜɤ űŬɘɜɧɛŮɜɞ ůɡɜŮˊɩɠ ŮɚŬɢɘůŰɞˊɞɘɞɨɜŰŬɘ ɞɘ ˊŬɟŮɜɏɟɔŮɘŮɠ Ůɜɩ ŬɡɝɎɜŮŰŬɘ ɖ 

ɓɘɞŭɘŬɗŮůɘɛɧŰɖŰŬ ŭŮŭɞɛɏɜɞɡ ɧŰɘ ɞɘ ůɡɔəŮɜŰɟɩůŮɘɠ Űɞɡ űŬɟɛɎəɞɡ ŭɘŬŰɖɟɞɨɜŰŬɘ ůŰŬɗŮɟɏɠ ůŰɞ 

ŬɑɛŬ əŬɘ ɛɏůŬ ůŰŬ ɗŮɟŬˊŮɡŰɘəɎ ɧɟɘŬ (ɆɢɐɛŬ 3.8) ůŮ ŬɜŰɑɗŮůɖ ɛŮ Űɘɠ ůɡɜɐɗŮɘɠ ɛɞɟűɏɠ ˊɞɡ 

ŮɛűŬɜɑɕɞɡɜ ůɡɢɜɎ ɛɏɔɘůŰŮɠ əŬɘ ŮɚɎɢɘůŰŮɠ ůɡɔəŮɜŰɟɩůŮɘɠ (ɆɢɐɛŬ 3.9). 
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ɆɢɐɛŬ 3.8: ȾŬɛˊɨɚŮɠ ůɡɔəŮɜŰɟɩůŮɤɠ űŬɟɛɎəɞɡ ɛŮŰɎ Ŭˊɧ ŮɜŭɞűɚɏɓɘŬ ɢɞɟɐɔɖůɖ (ȷ), ɢɞɟɐɔɖůɖ Ŭˊɧ 

Űɞ ůŰɧɛŬ (ȸ) əŬɘ Űɞɡ ˊɟɞɥɧɜŰɞɠ ŮɚŮɔɢɧɛŮɜɖɠ ŬˊɞŭɏůɛŮɡůɖɠ (ũ) 
[13]

. 

 

 
ɆɢɐɛŬ 3.9: ɆɡɔəɏɜŰɟɤůɖ űŬɟɛɎəɞɡ ůŰɞ ŬɑɛŬ ɛŮŰɎ Ŭˊɧ ˊɞɚɚŬˊɚɐ ɢɞɟɐɔɖůɖ ŭɧůŮɤɜ ůɡɜɐɗɤɜ 

űŬɟɛŬəŮɡŰɘəɩɜ ɛɞɟűɩɜ əŬɘ Ůɜɧɠ ˊɟɞɥɧɜŰɞɠ ŮɚŮɔɢɧɛŮɜɖɠ ŬˊɞŭɏůɛŮɡůɖɠ 
[14]

. 

 

 ȰɜŬ Ɏɚɚɞ ˊɟɧɓɚɖɛŬ ˊɞɡ ŭɨɜŬŰŬɘ ɜŬ ɡˊŮɟˊɖŭɖɗŮɑ ɛŮ Űɖ ɢɞɟɐɔɖůɖ ɛɞɟűɩɜ 

ŮɚŮɔɢɧɛŮɜɖɠ ŬˊɞŭɏůɛŮɡůɖɠ ŮɑɜŬɘ ɖ Ŭˊɞűɡɔɐ ɢɞɟɐɔɖůɖɠ ŬɚɚŮˊɎɚɚɖɚɤɜ ŭɧůŮɤɜ ůŮ ůɨɜŰɞɛŬ 

ɢɟɞɜɘəɎ ŭɘŬůŰɐɛŬŰŬ, űŬɘɜɧɛŮɜɞ ˊɞɡ ŮɛűŬɜɑɕŮŰŬɘ ůŮ űɎɟɛŬəŬ ɛŮ ɛɘəɟɧ ɢɟɧɜɞ ɖɛɘɕɤɐɠ <3-4 h 

əŬɘ ŭɖɛɘɞɡɟɔŮɑ ˊɟɞɓɚɐɛŬŰŬ ůŰŬ ŬůɗŮɜɐ əŬɘ ɖɚɘəɘɤɛɏɜŬ ɎŰɞɛŬ. ȾŬŰɎ ůɡɜɏˊŮɘŬ ɏɜŬ əŬɚɎ 

ůɢŮŭɘŬůɛɏɜɞ ůɨůŰɖɛŬ ŮɚŮɔɢɧɛŮɜɖɠ ŬˊɞŭɏůɛŮɡůɖɠ ŮɑɜŬɘ ŭɡɜŬŰɧɜ ɜŬ ɛŮɘɩůŮɘ Űɖ ůɡɢɜɧŰɖŰŬ 

ɚɐɣɖɠ, ɜŬ ɛŮɘɩůŮɘ Űɞɡɠ ŮɟŮɗɘůɛɞɨɠ Űɞɡ ɔŬůŰɟŮɜŰŮɟɘəɞɨ ůɡůŰɐɛŬŰɞɠ 
[13]
, ɜŬ ŬɡɝɐůŮɘ Űɖɜ 

ŬɜŮəŰɘəɧŰɖŰŬ Űɞɡ ŬůɗŮɜɞɨɠ əŬɘ ɜŬ ɛŮɘɩůŮɘ Űɞ əɧůŰɞɠ ɗŮɟŬˊŮɑŬɠ. ȰɜŬ Ɏɚɚɞ ˊɚŮɞɜɏəŰɖɛŬ Ůɜɧɠ 

ŰɏŰɞɘɞɡ ůɡůŰɐɛŬŰɞɠ ŮɑɜŬɘ ɖ ŬˊɞŭɏůɛŮɡůɖ Űɞɡ űŬɟɛɎəɞɡ ŰɞˊɘəɎ, ůŮ ůɡɔəŮəɟɘɛɏɜŬ ůɖɛŮɑŬ 

Űɞɡ Ŭɜɗɟɩˊɘɜɞɡ ůɩɛŬŰɞɠ 
[13]

. 

ȼ ŮˊɘŰɡɢɐɠ ɢɟɐůɖ Ůɜɧɠ űŬɟɛɎəɞɡ ůŮ ɏɜŬ ůɨůŰɖɛŬ ŮɚŮɔɢɧɛŮɜɖɠ ŬˊɞŭɏůɛŮɡůɖɠ ŮɝŬɟŰɎŰŬɘ 

əŬŰɎ əɨɟɘɞ ɚɧɔɞ Ŭˊɧ Űɞɜ Űɟɧˊɞ ɢɞɟɐɔɖůɐɠ Űɞɡ. ȷɡŰɧɠ ɛŮ Űɖ ůŮɘɟɎ Űɞɡ əŬɗɞɟɑɕŮŰŬɘ Ŭˊɧ 

əɎˊɞɘɞɡɠ ˊŬɟɎɔɞɜŰŮɠ ůŰɞɡɠ ɞˊɞɑɞɡɠ ůɡɛˊŮɟɘɚŬɛɓɎɜɞɜŰŬɘ: 

V Ƀ ɓŬɗɛɧɠ Ŭˊɞŭɞɢɐɠ Ŭˊɧ Űɞɜ ŬůɗŮɜɐ, 

V Ƀɘ ɘŭɘɧŰɖŰŮɠ Űɞɡ űŬɟɛɎəɞɡ (ɧˊɤɠ ɖ ŭɘŬɚɡŰɧŰɖŰŬ), 

V ȼ ˊɟɞůɓŬůɘɛɧŰɖŰŬ Űɞɡ ůɖɛŮɑɞɡ ɑŬůɖɠ əŬɘ 
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V ȼ ŬˊɞŰŮɚŮůɛŬŰɘəɧŰɖŰŬ ůŰɖɜ ŬɜŰɘɛŮŰɩˊɘůɖ ůɡɔəŮəɟɘɛɏɜɤɜ ŬůɗŮɜŮɘɩɜ. 

ɄɞɘəɘɚɑŬ ɓɘɞɦɚɘəɩɜ, ɛŮŰŬɝɨ ŬɡŰɩɜ əŬɘ ŰŬ ˊɞɚɡɛŮɟɘəɎ ɡɚɘəɎ, ɏɢɞɡɜ ůɢŮŭɘŬůɗŮɑ əŬɘ 

ŬɜŬˊŰɡɢɗŮɑ, ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ɤɠ űɞɟŮɑɠ űŬɟɛɎəɤɜ. ȼ ɢɟɐůɖ Űɤɜ ɡɚɘəɩɜ 

ŬɡŰɩɜ ůŰŬ ůɡůŰɐɛŬŰŬ ŮɚŮɔɢɧɛŮɜɖɠ ŬˊɞŭɏůɛŮɡůɖɠ űŬɟɛɎəɤɜ ˊɟɏˊŮɘ ɜŬ ˊɚɖɟŮɑ Űɘɠ 

ŬəɧɚɞɡɗŮɠ ˊɟɞɦˊɞɗɏůŮɘɠ: 

V ɉɖɛɘəɐ ŬŭɟɎɜŮɘŬ, 

V ȸɘɞůɡɛɓŬŰɧŰɖŰŬ əŬɘ ŮɚŬɢɘůŰɞˊɞɑɖůɖ Űɤɜ ŬɜŮˊɘɗɨɛɖŰɤɜ ˊŬɟŬˊɟɞɥɧɜŰɤɜ 

ɡˊɞɓɎɗɛɘůɖɠ, 

V ɀɖ ŰɞɝɘəɧŰɖŰŬ, 

V ȺɡəɞɚɑŬ ůŰɖɜ ˊŬɟŬůəŮɡɐ əŬɘ ůŰɖɜ ŬˊɞůŰŮɑɟɤůɖ əŬɘ 

V ȾŬŰɎɚɚɖɚŮɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ.  

ȾɎˊɞɘŬ Ŭˊɧ ŰŬ ˊɘɞ ůɖɛŬɜŰɘəɎ ˊɞɚɡɛŮɟɐ ŰŬ ɞˊɞɑŬ ɏɢɞɡɜ ˊɟɧůűŬŰŬ ŬɜŬˊŰɡɢɗŮɑ əŬɘ 

ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ůŰŬ ůɡůŰɐɛŬŰŬ ŮɚŮɔɢɧɛŮɜɖɠ ŬˊɞŭɏůɛŮɡůɖɠ űŬɟɛɎəɤɜ ŮɑɜŬɘ ɞɘ 

ˊɞɚɡɞɡɟŮɗɎɜŮɠ, ɖ ˊɞɚɡɓɘɜɡɚɘəɐ Ŭɚəɞɧɚɖ, ɖ ˊɞɚɡŬɘɗɡɚŮɜɘəɐ Ŭɚəɞɧɚɖ, Űɞ ˊɞɚɡŬəɟɡɚɘəɧ ɞɝɨ, 

Űɞ ˊɞɚɡŬɛɑŭɘɞ, Űɞ ˊɞɚɡɛŮɗŬəɟɡɚɘəɧ ɞɝɨ, ɖ ˊɞɚɡɓɘɜɡɚɞˊɡɟɟɞɚɘŭɧɜɖ, ŰŬ ˊɞɚɡɔŬɚŬəŰɘəɎ, ŰŬ 

ůɡɛˊɞɚɡɛŮɟɐ ɔŬɚŬəŰɘəɞɨ əŬɘ ɔɚɡəɞɚɘəɞɨ ɞɝɏɞɠ, ɞɘ ˊɞɚɡŬɜɘŭɟɨŰŮɠ, ɞɘ ˊɞɚɡɞɟɗɞŮůŰɏɟŮɠ, ɞɘ 

ˊɞɚɡůŬəɢŬɟɑŰŮɠ, ŰŬ ˊŬɟɎɔɤɔŬ əɡŰŰŬɟɑɜɖɠ, ŰŬ ˊɞɚɡŬɛɑŭɘŬ əŬɘ ɞɘ ˊɞɚɡůɘɚɞɝɎɜŮɠ 
[1]

. 

 

 

3.4.1 ɇŬɝɘɜɧɛɖůɖ Űɤɜ ˊɞɚɡɛŮɟɘəɩɜ ůɡůŰɖɛɎŰɤɜ ŮɚŮɔɢɧɛŮɜɖɠ ŬˊɞŭɏůɛŮɡůɖɠ 

ȼ ŬˊŮɚŮɡɗɏɟɤůɖ Űɞɡ űŬɟɛɎəɞɡ Ŭˊɧ ɏɜŬ ůɨůŰɖɛŬ ŬˊɞŭɏůɛŮɡůɖɠ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ɛŮ ŭɘɎɢɡůɖ, 

ɛŮ Ŭˊɞŭɧɛɖůɖ ɐ ɛŮ ŭɘɧɔəɤůɖ ŬəɞɚɞɡɗɞɨɛŮɜɖ Ŭˊɧ ŭɘɎɢɡůɖ. ɆŰɞ ɛɖɢŬɜɘůɛɧ ŬˊɞŭɏůɛŮɡůɖɠ 

ɛŮ Ŭˊɞŭɧɛɖůɖ, ɖ ŬˊŮɚŮɡɗɏɟɤůɖ Űɞɡ űŬɟɛɎəɞɡ ůŰɞ Ŭɜɗɟɩˊɘɜɞ ůɩɛŬ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɛɏůŬ 

Ŭˊɧ ɓɘɞɚɞɔɘəɏɠ ŭɘŬŭɘəŬůɑŮɠ ɞɘ ɞˊɞɑŮɠ ŬˊɞɛŬəɟɨɜɞɡɜ Űɞ ůɨůŰɖɛŬ ɛŮŰŬűɞɟɎɠ Űɞɡ. ɆŰɞ 

ɛɖɢŬɜɘůɛɧ ŬˊɞŭɏůɛŮɡůɖɠ ɛŮ ŭɘɧɔəɤůɖ, ɖ Ůɘůɢɩɟɖůɖ Űɞɡ ɜŮɟɞɨ ůŰɞ ˊɞɚɡɛŮɟɏɠ ˊɟɞəŬɚŮɑ 

ŭɘɧɔəɤůɖ, ɖ ɞˊɞɑŬ ŮɚɏɔɢŮɘ Űɖɜ ŬˊŮɚŮɡɗɏɟɤůɖ Űɞɡ űŬɟɛɎəɞɡ. Ɇɡɜɐɗɤɠ ɖ ŬˊɞŭɏůɛŮɡůɖ Ůɜɧɠ 

űŬɟɛɎəɞɡ Ŭˊɧ ɏɜŬ ŮɚŬůŰɞɛŮɟɏɠ ůɘɚɘəɧɜɖɠ ɓŬůɑɕŮŰŬɘ ůŰɞ ɛɖɢŬɜɘůɛɧ ŭɘɎɢɡůɖɠ 
[1]

. 

¶ ɆɡůŰɐɛŬŰŬ ŮɚŮɔɢɧɛŮɜŬ Ŭˊɧ ŭɘɎɢɡůɖ 

Ŭ) ɆɡůŰɐɛŬŰŬ ɀɐŰɟŬɠ (Matrix Systems): ɆŰŬ ůɡůŰɐɛŬŰŬ ŬɡŰɎ Űɞ űɎɟɛŬəɞ ŬɜŬɛŮɘɔɜɨŮŰŬɘ 

ɞɛɞɘɞɔŮɜɩɠ ɛŮ Űɞ ˊɞɚɡɛŮɟɏɠ əŬɘ ɖ ŬˊɞŭɏůɛŮɡůɖ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛŮ ŭɘɎɢɡůɖ Űɞɡ űŬɟɛɎəɞɡ. ɇɞ 

űɎɟɛŬəɞ ŮɑŰŮ ŭɘŬɚɨŮŰŬɘ ŮɜŰɧɠ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ, ŮɑŰŮ əŬŰŬɜɏɛŮŰŬɘ ŮɜŰɧɠ ŬɡŰɞɨ. Ƀ ɟɡɗɛɧɠ 

ŬˊɞŭɏůɛŮɡůɖɠ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖ ŭɘɎɢɡůɖ Űɞɡ űŬɟɛɎəɞɡ ŭɘŬɛɏůɞɡ Űɖɠ ɛɐŰɟŬɠ 
[13]
. ɇŬ 

ůɡůŰɐɛŬŰŬ ŬɡŰɎ ŭŮɜ ŮˊɖɟŮɎɕɞɜŰŬɘ Ŭˊɧ ŬŰɏɚŮɘŮɠ Űɖɠ ɛɐŰɟŬɠ əŬɘ ɞ ɟɡɗɛɧɠ ŬˊɞŭɏůɛŮɡůɖɠ 

ŮɑɜŬɘ ɛŮɘɞɨɛŮɜɞɠ 
[14]
.  ȷɜ əŬɘ ɖ ŬˊɞŭɏůɛŮɡůɖ Űɞɡ űŬɟɛɎəɞɡ ŭŮɜ ŬəɞɚɞɡɗŮɑ ůɡɜɐɗɤɠ əɘɜɖŰɘəɐ 

ɛɖŭŮɜɘəɐɠ ŰɎɝŮɤɠ, ŰŬ ůɡůŰɐɛŬŰŬ ŬɡŰɎ ŮɑɜŬɘ ˊɞɚɨ ŭɘɛɞűɘɚɐ ŭɘɧŰɘ ˊŬɟŬůəŮɡɎɕɞɜŰŬɘ ŮɨəɞɚŬ 

əŬɘ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɢɤɟɑɠ ɘŭɘŬɑŰŮɟŬ ˊɟɞɓɚɐɛŬŰŬ ˊŬɟŬŰŮŰŬɛɏɜɖ ŬˊɞŭɏůɛŮɡůɖ. 

ɓ) ɆɡůŰɐɛŬŰŬ ŭɘŬˊŮɟŬŰɐɠ ɛŮɛɓɟɎɜɖɠ ɐ ŭŮɝŬɛŮɜɐɠ (Reservoir Systems): ɆŰŬ ůɡůŰɐɛŬŰŬ 

ŭŮɝŬɛŮɜɐɠ Űɞ űɎɟɛŬəɞ ˊŮɟɘɏɢŮŰŬɘ ŮɜŰɧɠ Űɞɡ ˊɡɟɐɜŬ ɞ ɞˊɞɑɞɠ ˊŮɟɘɓɎɚɚŮŰŬɘ Ŭˊɧ ɛɘŬ 

ɛŮɛɓɟɎɜɖ ɖ ɞˊɞɑŬ əŬɗɞɟɑɕŮɘ Űɞ ɟɡɗɛɧ ŬˊɞŭɏůɛŮɡůɖɠ. ɇɞ űɎɟɛŬəɞ Ŭˊɧ Űɖ ŭŮɝŬɛŮɜɐ 

ɛŮŰŬűɏɟŮŰŬɘ əŬɘ ŭɘŬɚɨŮŰŬɘ ŮɜŰɧɠ Űɖɠ ɛŮɛɓɟɎɜɖɠ, Ŭəɞɚɞɨɗɤɠ ŭɘŬɢɏŮŰŬɘ ŮɜŰɧɠ ŬɡŰɐɠ əŬɘ Űɏɚɞɠ  

ɛŮŰŬűɏɟŮŰŬɘ ůŰɞ ˊŮɟɘɓɎɚɚɞɜ. Ƀ ɟɡɗɛɧɠ ŬˊɞŭɏůɛŮɡůɖɠ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖ ŭɘŬˊŮɟŬŰɧŰɖŰŬ Űɞɡ 

űŬɟɛɎəɞɡ ŭɘŬɛɏůɞɡ Űɤɜ ŰɞɘɢɤɛɎŰɤɜ Űɖɠ ɛŮɛɓɟɎɜɖɠ 
[13]
. ɇŬ ůɡůŰɐɛŬŰŬ ŬɡŰɎ ŮˊɖɟŮɎɕɞɜŰŬɘ 

Ŭˊɧ ŬŰɏɚŮɘŮɠ Űɖɠ ɛɐŰɟŬɠ əŬɘ ɢŬɟŬəŰɖɟɑɕɞɜŰŬɘ Ŭˊɧ ůŰŬɗŮɟɧ ɟɡɗɛɧ ŬˊɞŭɏůɛŮɡůɖɠ 
[14]
. ȼ 

ŬˊɞŭɏůɛŮɡůɖ Űɞɡ űŬɟɛɎəɞɡ ŬəɞɚɞɡɗŮɑ əɘɜɖŰɘəɐ ɛɖŭŮɜɘəɐɠ ŰɎɝŮɤɠ, ɧɛɤɠ ůɡɢɜɎ ɔɘŬ 

ŭɘɎűɞɟɞɡɠ ɚɧɔɞɡɠ ŮɛűŬɜɑɕɞɜŰŬɘ ˊŬɟŮəɚɑůŮɘɠ. ũŮɜɘəɎ ŰŬ ůɡůŰɐɛŬŰŬ ŬɡŰɎ ŬˊŬɘŰɞɨɜ 
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ˊɞɚɨˊɚɞəɖ ˊŬɟŬůəŮɡɐ ůŮ ůɨɔəɟɘůɖ ɛŮ ŰŬ ˊɟɞɖɔɞɨɛŮɜŬ, ɧɛɤɠ ɏɢɞɡɜ Űɞ ˊɚŮɞɜɏəŰɖɛŬ ɧŰɘ 

ŮɛűŬɜɑɕɞɡɜ ɔɘŬ ɛŮɔɎɚɞ ɢɟɞɜɘəɧ ŭɘɎůŰɖɛŬ ŬˊɞŭɏůɛŮɡůɖ ɛɖŭŮɜɘəɐɠ ŰɎɝɖɠ 
[13]

. 

 

   
   (Ŭ)      (ɓ) 

ɆɢɐɛŬ 3.10: ɆɢɖɛŬŰɘəɐ ŬˊŮɘəɧɜɘůɖ Űɖɠ ŮɚŮɔɢɧɛŮɜɖɠ ŬˊɞŭɏůɛŮɡůɖɠ Ŭˊɧ ɏɜŬ ůɨůŰɖɛŬ Űɨˊɞɡ (Ŭ) 

ɛɐŰɟŬɠ əŬɘ (ɓ) ŭŮɝŬɛŮɜɐɠ 
[14]

. 

 

Ƀ ɛɖɢŬɜɘůɛɧɠ ŬˊŮɚŮɡɗɏɟɤůɖɠ Ůɜɧɠ űŬɟɛɎəɞɡ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɘɠ űɡůɘəɞɢɖɛɘəɏɠ ɘŭɘɧŰɖŰŮɠ 

Űɞɡ űŬɟɛɎəɞɡ. ȺɘŭɘəɧŰŮɟŬ, ŰŬ ɛɖ ŭɘŬɚɡŰɎ űɎɟɛŬəŬ ŭŮ ŭɘŬɚɨɞɜŰŬɘ əŬɘ əŬŰɎ ůɡɜɏˊŮɘŬ ŭŮ 

ŭɘŬɢɏɞɜŰŬɘ ůŰɖ ůɘɚɘəɧɜɖ, Ůɜɩ ŰŬ ɚɘˊɧűɘɚɚŬ űɎɟɛŬəŬ ŭɘŬɚɨɞɜŰŬɘ ůŰɖ ůɘɚɘəɧɜɖ əŬɘ ůŰɖ 

ůɡɜɏɢŮɘŬ ŭɘŬɢɏɞɜŰŬɘ əŬɘ ŬˊŮɚŮɡɗŮɟɩɜɞɜŰŬɘ. ɇŬ ɡŭŬŰɞŭɘŬɚɡŰɎ űɎɟɛŬəŬ ŭŮ ŭɘŬɚɨɞɜŰŬɘ əŬɘ ŭŮ 

ŭɘŬɢɏɞɜŰŬɘ ůŰɖ ůɘɚɘəɧɜɖ. ȷɡŰɎ ˊɞɡ ɓɟɑůəɞɜŰŬɘ ůŰɖɜ ŮɝɤŰŮɟɘəɐ ŮˊɘűɎɜŮɘŬ Űɖɠ ůɘɚɘəɧɜɖɠ, əŬɘ 

ůŰɖ ůɡɜɏɢŮɘŬ ŬɡŰɎ əɞɜŰɎ ůŮ ŬɡŰɐɜ, ŭɘŬɚɨɞɜŰŬɘ ůŰɞ ɜŮɟɧ. ȼ ŮˊŬɜɎɚɖɣɖ ŬɡŰɐɠ Űɖɠ 

ŭɘŬŭɘəŬůɑŬɠ ɞŭɖɔŮɑ ůŰɖ ŭɖɛɘɞɡɟɔɑŬ ɛɞɜɞˊŬŰɘɩɜ ɛŮŰŬűɞɟɎɠ (əŬɜɎɚɘŬ), ˊɞɡ ŮˊɘŰɟɏˊɞɡɜ Űɖ 

ɛŮŰŬűɞɟɎ Űɤɜ ɡŭŬŰɞŭɘŬɚɡŰɩɜ űŬɟɛɎəɤɜ Ŭˊɧ Űɖɜ əɨɟɘŬ ɛɎɕŬ əŬɘ Űɖɜ ŬˊŮɚŮɡɗɏɟɤůɐ Űɞɡɠ 
[15]
. ȺɘŭɘəɧŰŮɟŬ, ɖ ŭɘŬŭɘəŬůɑŬ Űɖɠ ŭɘɎɢɡůɖɠ ɛˊɞɟŮɑ ɜŬ ɗŮɤɟɖɗŮɑ ůŬɜ ɏɜŬɠ ɛɖɢŬɜɘůɛɧɠ 

çɎɚɛŬŰɞɠè, ɧˊɞɡ Űɞ ŭɘŬɚɡŰɞˊɞɘɖɛɏɜɞ, ŭɘŮɘůŭɡŰɘəɧ ɛɧɟɘɞ ˊŬɟŬɛɏɜŮɘ ɔɘŬ ɛŮɔɎɚŬ ɢɟɞɜɘəɎ 

ŭɘŬůŰɐɛŬŰŬ (>1 ns) ůŮ ɏɜŬ ɗɡɚɎəɘɞ əŮɜɞɨ ɧɔəɞɡ ɛɏůŬ ůŰɞ ˊɞɚɡɛŮɟɏɠ., ɏɤɠ ɧŰɞɡ ɜŬ ŬɜɞɑɝŮɘ 

ˊɟɞůɤɟɘɜɎ ɏɜŬ əŬɜɎɚɘ, ŭɖɛɘɞɡɟɔɩɜŰŬɠ ɔŮɘŰɞɜɘəɧ ɗɡɚɎəɘɞ. ȺɎɜ ɖ ŭɘŮɘůŭɡůɖ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ 

ɛŮ əŬŰɎɚɚɖɚɖ ŰŬɢɨŰɖŰŬ, Űɞ ɛɧɟɘɞ ˊɘɗŬɜɧɜ ɜŬ ˊŮɟɎůŮɘ ŬɜɎɛŮůŬ Ŭˊɧ ŭɨɞ ɗɡɚɎəɘŬ ŮɚŮɡɗɏɟɞɡ 

ɧɔəɞɡ ɛɏůɤ Ůɜɧɠ əŬɜŬɚɘɞɨ. ɇɞ əŬɜɎɚɘ ůŰɖ ůɡɜɏɢŮɘŬ əɚŮɑɜŮɘ ŮɔəɚɤɓɑɕɞɜŰŬɠ Űɞ ɛɧɟɘɞ ůŮ 

əɎˊɞɘɞ Ɏɚɚɞ ůɖɛŮɑɞ. Ƀ ɟɡɗɛɧɠ əŬɘ ɖ ŬˊɧůŰŬůɖ Űɖɠ əɑɜɖůɖɠ ŬɡŰɐɠ ŮɑɜŬɘ ŮəŮɑɜɖ ˊɞɡ əŬɗɞɟɑɕŮɘ 

Űɞ ɟɡɗɛɧ ŭɘɎɢɡůɖɠ əŬɘ əŬŰô ŮˊɏəŰŬůɖ Űɞ ɟɡɗɛɧ ŬˊɞŭɏůɛŮɡůɖɠ 
[16]

. 
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ɆɢɐɛŬ 3.11: ɀɖɢŬɜɘůɛɧɠ ŬˊŮɚŮɡɗɏɟɤůɖɠ űŬɟɛɎəɤɜ ɛŮ ŭɘŬűɞɟŮŰɘəɏɠ űɡůɘəɞɢɖɛɘəɏɠ ɘŭɘɧŰɖŰŮɠ Ŭˊɧ 

ŮɚŬůŰɞɛŮɟɏɠ ůɘɚɘəɧɜɖɠ 
[15]

. 

 

¶ ɆɡůŰɐɛŬŰŬ ŮɚŮɔɢɧɛŮɜŬ Ŭˊɧ ɢɖɛɘəɐ ŬɜŰɑŭɟŬůɖ 

ɆŰŬ ůɡůŰɐɛŬŰŬ ŬɡŰɎ ɞ ɟɡɗɛɧɠ ŬˊɞŭɏůɛŮɡůɖɠ Űɞɡ űŬɟɛɎəɞɡ Űɞ ɞˊɞɑɞ ŮɑɜŬɘ ůɡɜŭŮŭŮɛɏɜɞ ɛŮ 

Űɞ ˊɞɚɡɛŮɟɏɠ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ ɛɘŬ ɢɖɛɘəɐ ŬɜŰɑŭɟŬůɖ, ɖ ɞˊɞɑŬ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ɡŭɟɧɚɡůɖ, 

ŮɜɕɡɛŬŰɘəɐ ŬɜŰɑŭɟŬůɖ əɎ. ȼ ŬˊɞŭɏůɛŮɡůɖ Űɞɡ űŬɟɛɎəɞɡ Ŭˊɧ Űɞ ůɨůŰɖɛŬ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ɛŮ 

ɏɜŬɜ Ŭˊɧ Űɞɡɠ ˊŬɟŬəɎŰɤ ɛɖɢŬɜɘůɛɞɨɠ. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ˊɞɡ Űɞ űɎɟɛŬəɞ ŮɑɜŬɘ ůɡɜŭŮŭŮɛɏɜɞ 

ɛŮ Űɞ ˊɞɚɡɛŮɟɏɠ, ɖ ŬˊɞŭɏůɛŮɡůɖ ɔɑɜŮŰŬɘ ɓŬɗɛɘŬɑŬ əŬɘ ŮˊɖɟŮɎɕŮŰŬɘ Ŭˊɧ Űɞ ɟȼ əŬɘ ŰŬ ɏɜɕɡɛŬ 

Űɞɡ ɔŬůŰɟŮɜŰŮɟɘəɞɨ ůɤɚɐɜŬ, ŰŬ ɞˊɞɑŬ ˊɟɞəŬɚɞɨɜ ɡŭɟɧɚɡůɖ əŬɘ ŬˊɞŭɏůɛŮɡůɖ Űɞɡ 

űŬɟɛɎəɞɡ. ȼ ŬˊɞŭɏůɛŮɡůɖ ŬɡŰɐ ɓŬɑɜŮɘ ŰŬɡŰɧɢɟɞɜŬ ɛŮ Űɖɜ ɡŭɟɧɚɡůɖ. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ˊɞɡ ɖ 

ŭɟŬůŰɘəɐ ɞɡůɑŬ ˊŮɟɘɏɢŮŰŬɘ ůŰɞɜ ˊɡɟɐɜŬ, ɞ ɞˊɞɑɞɠ ˊŮɟɘɓɎɚɚŮŰŬɘ Ŭˊɧ ɛɑŬ ɓɘɞŭɘŬɓɘɓɟɤůəɧɛŮɜɖ 

ɛŮɛɓɟɎɜɖ, ŬɡŰɐ ɟɡɗɛɑɕŮɘ Űɖɜ ŬˊɞŭɏůɛŮɡůɖ Űɞɡ űŬɟɛɎəɞɡ Ŭˊɧ Űɖ ŭŮɝŬɛŮɜɐ. ɆŰɖɜ ŰɟɑŰɖ 

ˊŮɟɑˊŰɤůɖ Űɞ ŭɟŬůŰɘəɧ ůɡůŰŬŰɘəɧ əŬŰŬɜɏɛŮŰŬɘ ɞɛɞɘɧɛɞɟűŬ ŮɜŰɧɠ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ əŬɘ ɖ 

ŬˊɞŭɏůɛŮɡůɖ Űɞɡ űŬɟɛɎəɞɡ Ŭˊɧ Űɖ ŭɖɛɘɞɡɟɔɞɨɛŮɜɖ ɡŭɟɞűɘɚɘəɐ ɐ ɡŭɟɞűɞɓɘəɐ ɛɐŰɟŬ 

ŮˊɘŰɡɔɢɎɜŮŰŬɘ ŮɑŰŮ ɛŮ ŭɘɎɢɡůɖ, ŮɑŰŮ ɛŮ ŭɘɎɓɟɤůɖ, ɐ ɛŮ ůɡɜŭɡŬůɛɧ ŬɡŰɩɜ 
[13]

. 

 

 

ɮʵʽʱ˂ˎˍˇ ˒ʱˊ˃ʰˁˇ 

ɽʽˉˈ˒ʽ˂˂ˇ ˒ʱˊ˃ʰˁˇ 

ʇʵʰˍˇʵʽʰ˂ˎˍˈ ˒ʱˊ˃ʰˁˇ 
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ɆɢɐɛŬ 3.12: ȷˊŮɚŮɡɗɏɟɤůɖ ŭɟŬůŰɘəɩɜ ůɡůŰŬŰɘəɩɜ ɛŮ (Ŭ) ŭɘɎɢɡůɖ əŬɘ (ɓ) ŭɘɎɓɟɤůɖ 

[13]
. 

 

¶ ɆɡůŰɐɛŬŰŬ ŮɚŮɔɢɧɛŮɜŬ Ŭˊɧ ŭɘɧɔəɤůɖ 

ɆŰŬ ůɡůŰɐɛŬŰŬ ŬɡŰɎ ɖ ŬˊɞŭɏůɛŮɡůɖ Űɞɡ űŬɟɛɎəɞɡ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖ ŭɘŮɑůŭɡůɖ Űɞɡ ŭɘŬɚɨŰɖ 

ŮɜŰɧɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ. ȼ ŭɘŮɑůŭɡůɖ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛŮ ŭɨɞ ɛɖɢŬɜɘůɛɞɨɠ, ŮɑŰŮ ɛŮ ɩůɛɤůɖ ɐ ɛŮ 

ŭɘɧɔəɤůɖ əŬɘ ˊŮɟŬɘŰɏɟɤ çɢŬɚɎɟɤůɖè Űɞɡ ůɡůŰɐɛŬŰɞɠ. 

(Ŭ) ɋůɛɤŰɘəɧ ůɨůŰɖɛŬ: ɇɞ űɎɟɛŬəɞ ˊŮɟɘɏɢŮŰŬɘ ŮɜŰɧɠ ŭŮɝŬɛŮɜɐɠ ɖ ɞˊɞɑŬ ˊŮɟɘɓɎɚɚŮŰŬɘ Ŭˊɧ 

ɖɛɘˊŮɟŬŰɐ ɛŮɛɓɟɎɜɖ. ȼ ɛŮɛɓɟɎɜɖ ŭɘŬɗɏŰŮɘ ɞˊɐ Ŭˊɧ Űɖɜ ɞˊɞɑŬ ŮɝɏɟɢŮŰŬɘ Űɞ űɎɟɛŬəɞ. ɇŬ 

ůɡůŰɐɛŬŰŬ ŬɡŰɎ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ Űɖɜ ŬˊɞŭɏůɛŮɡůɖ űŬɟɛɎəɤɜ ůŰɞ ɔŬůŰɟŮɜŰŮɟɘəɧ 

ůɨůŰɖɛŬ, ŭɘɧŰɘ ɞ ɟɡɗɛɧɠ ŬˊɞŭɏůɛŮɡůɖɠ Ŭˊɧ ŰŬ ůɡůŰɐɛŬŰŬ ŬɡŰɎ ŮɑɜŬɘ ŬɜŮɝɎɟŰɖŰɞɠ Űɞɡ ɟȼ. ȼ 

ŬˊɞŭɏůɛŮɡůɖ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞɜ ɧɔəɞ Űɞɡ ɡɔɟɞɨ ˊɞɡ ŮɘůɏɟɢŮŰŬɘ ůŰɞ ůɨůŰɖɛŬ əŬɘ ůɡɜɐɗɤɠ 

ŬəɞɚɞɡɗŮɑ əɘɜɖŰɘəɐ ɛɖŭŮɜɘəɐɠ ŰɎɝɖɠ. ȺɑɜŬɘ ŭɡɜŬŰɧɜ ɜŬ ŮˊɘŰŮɡɢɗɞɨɜ ɛŮɔŬɚɨŰŮɟɞɘ ɟɡɗɛɞɑ 

ŬˊɞŭɏůɛŮɡůɖɠ ůŮ ůɢɏůɖ ɛŮ ŰŬ ɎɚɚŬ ůɡůŰɐɛŬŰŬ. 

(ɓ) ȹɘɞɔəɞɨɛŮɜŬ ɆɡůŰɐɛŬŰŬ: ɆŮ ŬɡŰɎ Űɞ űɎɟɛŬəɞ əŬŰŬɜɏɛŮŰŬɘ ɞɛɞɘɞɔŮɜɩɠ ŮɜŰɧɠ 

çɡŬɚɩŭɞɡɠè ˊɞɚɡɛŮɟɘəɞɨ ɡɚɘəɞɨ ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ ɛɐŰɟŬɠ. ȺˊŮɘŭɐ ŰŬ ˊɞɚɡɛŮɟɐ 

ŬɡŰɎ ŭŮɜ ŮɑɜŬɘ ŭɘŬˊŮɟŬŰɎ, Űɞ űɎɟɛŬəɞ ŮɑɜŬɘ ˊɚɐɟɤɠ ŬˊɞəɚŮɘůɛɏɜɞ ŮɜŰɧɠ Űɖɠ ɛɐŰɟŬɠ. ȳŰŬɜ Űɞ 

ůɨůŰɖɛŬ ɓɟŮɗŮɑ ŮɜŰɧɠ ɡŭŬŰɘəɞɨ ŭɘŬɚɨɛŬŰɞɠ Űɞ ɜŮɟɧ ŬɟɢɑɕŮɘ ɜŬ ŭɘŮɘůŭɨŮɘ ŮɜŰɧɠ Űɖɠ ɛɐŰɟŬɠ ɛŮ 

ŬˊɞŰɏɚŮůɛŬ ɜŬ ŬɟɢɑůŮɘ ɖ ŭɘɧɔəɤůɐ Űɖɠ əŬɘ ˊŮɟŬɘŰɏɟɤ ɖ çɢŬɚɎɟɤůɖè Űɞɡ ůɡůŰɐɛŬŰɞɠ, 

ɔŮɔɞɜɧɠ ˊɞɡ ɏɢŮɘ ůŬɜ ŬˊɞŰɏɚŮůɛŬ Űɖ ŭɘɎɢɡůɖ Űɞɡ ŮɜůɤɛŬŰɤɛɏɜɞɡ űŬɟɛɎəɞɡ Ŭˊɧ Űɞ 

ůɨůŰɖɛŬ ˊɟɞɠ Űɞ ˊŮɟɘɓɎɚɚɞɜ.   

 

 

3.4.2 ɆɡůŰɐɛŬŰŬ ŬˊɞŭɏůɛŮɡůɖɠ űŬɟɛɎəɞɡ ɓŬůɘůɛɏɜŬ ůŰɖ ůɘɚɘəɧɜɖ
 
 

ȿɧɔɤ Űɤɜ ŭɞɛɘəɩɜ Űɞɡɠ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ, ɞɘ ůɘɚɘəɧɜŮɠ ŭɘŬŭɟŬɛŬŰɑɕɞɡɜ ůɖɛŬɜŰɘəɧ 

ɟɧɚɞ ɤɠ ɛɐŰɟŮɠ, ɛŮɛɓɟɎɜŮɠ ɐ ŮˊɘəŬɚɨɣŮɘɠ ůŰŬ ůɡůŰɐɛŬŰŬ ŬˊɞŭɏůɛŮɡůɖɠ űŬɟɛɎəɤɜ. Ƀɘ 

ŮˊɘəŬɚɨɣŮɘɠ ˊɞɚɡŭɘɛŮɗɡɚůɘɚɞɝɎɜɖɠ ŬˊɞŰŮɚɞɨɜ ŮɜŬɚɚŬəŰɘəɏɠ ŮűŬɟɛɞɔɏɠ Űɤɜ ˊɞɚɡɛŮɟɩɜ 

ůɘɚɘəɧɜɖɠ ůŰɖɜ ŮɚŮɔɢɧɛŮɜɖ ŬˊɞŭɏůɛŮɡůɖ űŬɟɛɎəɤɜ. Ƀ ɟɡɗɛɧɠ ŬˊɞŭɏůɛŮɡůɖɠ Ůɜɧɠ 

űŬɟɛɎəɞɡ Űɞ ɞˊɞɑɞ ˊŮɟɘɏɢŮŰŬɘ ůŮ ɏɜŬ ŭɘůəɑɞ, ŮˊɘəŬɚɡɛɛɏɜɞ ɛŮ űɘɚɛ ŮɚɏɔɢŮŰŬɘ Ŭˊɧ Űɖ 

ŭɘɎɢɡůɐ Űɞɡ ɛɏůɤ Űɞɡ űɘɚɛ.  

  ɇɞ əɨɟɘɞ ŭɞɛɘəɧ ɢŬɟŬəŰɖɟɘůŰɘəɧ Űɖɠ ůɘɚɘəɧɜɖɠ ŮɑɜŬɘ ɞ ɛŮɔɎɚɞɠ ŬŰɞɛɘəɧɠ ɧɔəɞɠ Űɞɡ 

ŬŰɧɛɞɡ ˊɡɟɘŰɑɞɡ, əŬɗɩɠ Ůˊɑůɖɠ əŬɘ Űɞ ɛɏɔŮɗɞɠ əŬɘ ɖ ɗɏůɖ Űɤɜ ˊɚŮɡɟɘəɩɜ ɞɛɎŭɤɜ, ŰŬ ɞˊɞɑŬ 

ˊŬɟɏɢɞɡɜ ˊɚɐɟɖ ŮɚŮɡɗŮɟɑŬ ůŰɖɜ ˊŮɟɘůŰɟɞűɐ ɔɨɟɤ Ŭˊɧ Űɞɡɠ ŭŮůɛɞɨɠ Si ï O ï Si. ɇŬ 

ˊɞɚɡɛŮɟɐ ůɘɚɘəɞɜɩɜ ůɢɖɛŬŰɑɕɞɡɜ ŮɚɘəɞŮɘŭŮɑɠ ŭɞɛɏɠ, ɛŮ ŬˊɞŰɏɚŮůɛŬ ɞɘ ɔɤɜɑŮɠ Űɤɜ ŭŮůɛɩɜ 

ˊɡɟɘŰɑɞɡ ï ɞɝɡɔɧɜɞɡ ɜŬ ŭɖɛɘɞɡɟɔɞɨɜ ɛŮɔɎɚɞ ŮɚŮɨɗŮɟɞ ɧɔəɞ. ȷɡŰɧɠ ɞ ŮɚŮɨɗŮɟɞɠ ɧɔəɞɠ əŬɘ ɖ 

ɡɣɖɚɐ ůɡɛˊɘŮůŰɧŰɖŰŬ Űɤɜ ŮɜɩůŮɤɜ ůɘɚɘəɧɜɖɠ ŮɡɗɨɜɞɜŰŬɘ ɔɘŬ Űɖ ŭɘŬˊŮɟŬŰɧŰɖŰɎ Űɖɠ ůŮ 
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ɞɟɘůɛɏɜŬ ŬɏɟɘŬ əŬɘ ɡɔɟɎ. ȼ ŭɘŬˊŮɟŬŰɧŰɖŰŬ Űɖɠ ůɘɚɘəɧɜɖɠ ůŮ ŬɏɟɘŬ ŮɑɜŬɘ ˊŮɟɑˊɞɡ ŮəŬŰɧ űɞɟɏɠ 

ɛŮɔŬɚɨŰŮɟɖ Ŭˊɧ Űɖɜ ŬɜŰɑůŰɞɘɢɖ Űɞɡ űɡůɘəɞɨ ŮɚŬůŰɘəɞɨ əŬɘ Űɤɜ ɓɞɡŰɡɚɘəɩɜ ŮɚŬůŰɞɛŮɟɩɜ 
[1]

.  

 Ƀ ɛɖɢŬɜɘůɛɧɠ ŬˊɞŭɏůɛŮɡůɖɠ űŬɟɛɎəɞɡ Ŭˊɧ űɞɟɏŬ ůɘɚɘəɧɜɖɠ ŭɘŬűɏɟŮɘ, ŮɝŬɟŰɩɛŮɜɞɠ 

Ŭˊɧ Űɘɠ űɡůɘəɞɢɖɛɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ űŬɟɛɎəɤɜ. ȼ ɡŭɟɧűɞɓɖ űɨůɖ Űɖɠ ůɘɚɘəɧɜɖɠ ŮɝɖɔŮɑ 

ɔɘŬŰɑ ŮɑɜŬɘ əŬŰɎɚɚɖɚɖ ůŰɖɜ ŮɚŮɔɢɧɛŮɜɖ ŬˊɞŭɏůɛŮɡůɖ ɚɘˊɧűɘɚɤɜ űŬɟɛɎəɤɜ, ɧˊɤɠ ŰŬ 

ůŰŮɟɞŮɘŭɐ. ɇŬ ůŰŮɟɞŮɘŭɐ ˊŬɟɞɡůɘɎɕɞɡɜ ůɢŮŰɘəɎ ɡɣɖɚɐ ŭɘŬɚɡŰɧŰɖŰŬ ůŰɖɜ ɡŭɟɧűɞɓɖ ůɘɚɘəɧɜɖ 

əŬɘ ɛɘəɟɧ ɚɧɔɞ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ ˊɟɞɠ Űɞ ɛɏɔŮɗɞɠ, ɞ ɞˊɞɑɞɠ ŮˊɘŰɟɏˊŮɘ ɛɘŬ ůɢŮŰɘəɎ ɔɟɐɔɞɟɖ 

ɛɞɟɘŬəɐ ŭɘɎɢɡůɖ. Ƀ ůɢŮŰɘəɎ ɛɘəɟɧɠ ɚɧɔɞɠ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ ˊɟɞɠ Űɞ ɛɏɔŮɗɞɠ ɔɘŬ Űɖɜ 

ɡŭɟɧűɘɚɖ ɛŮŰɟɞɜɘŭŬɕɧɚɖ ŭŮ ůɡɜŮˊɎɔŮŰŬɘ əŬɘ ɔɟɐɔɞɟɞ ɟɡɗɛɧ ŭɘɎɢɡůɖɠ Ŭˊɧ Űɖ ůɘɚɘəɧɜɖ. Ƀ 

ŰŮɚŮɡŰŬɑɞɠ ˊɘɗŬɜɧɜ ɜŬ əŬɗɞɟɑɕŮŰŬɘ əɡɟɑɤɠ Ŭˊɧ Űɖɜ ˊŮɟɘɞɟɘůɛɏɜɖ ŭɘŬɚɡŰɧŰɖŰŬ ŬɡŰɞɨ Űɞɡ 

ůɢŮŰɘəɎ ˊɞɚɘəɞɨ ɛɞɟɑɞɡ ůŰɞ ɡŭɟɧűɞɓɞ ŮɚŬůŰɞɛŮɟɏɠ ůɘɚɘəɧɜɖɠ 
[16]
. ȺɘŭɘəɧŰŮɟŬ, ɏɢŮɘ ɓɟŮɗŮɑ 

ɧŰɘ ɖ ŬˊɞŭɏůɛŮɡůɖ Űɞɡ űŬɟɛɎəɞɡ ŮɝŬɟŰɎŰŬɘ ˊɟɤŰŬɟɢɘəɎ Ŭˊɧ Űɖɜ ŮɡəɞɚɑŬ ŭɘɎɢɡůɖɠ ůŰɞ 

ŮɚŬůŰɞɛŮɟɏɠ ůɘɚɘəɧɜɖɠ əŬɘ Űɖ ŭɘŬɚɡŰɧŰɖŰŬ Űɤɜ ɛɞɟɑɤɜ Űɞɡ űŬɟɛɎəɞɡ, ɧˊɤɠ űŬɑɜŮŰŬɘ Ŭˊɧ Űɖ 

ɛɏŰɟɖůɖ Űɖɠ ŬˊɞŭɏůɛŮɡůɖɠ ŬɗɟɞɘůŰɘəɎ ɔɘŬ ůɡůəŮɡɏɠ Űɨˊɞɡ ɛɐŰɟŬɠ əŬɘ ŭŮɝŬɛŮɜɐɠ: 

))2(( tCACDQ ppp -=     Ůɝ.  (3.1) 

t
h

CD
Q

pp
=      Ůɝ.  (3.2) 

ɧˊɞɡ  

Q: Űɞ ŬɗɟɞɘůŰɘəɧ ˊɞůɧ Űɞɡ űŬɟɛɎəɞɡ Űɞ ɞˊɞɑɞ ŬˊɞŭŮůɛŮɨŮŰŬɘ ŬɜɎ ɛɞɜɎŭŬ ŮˊɘűɎɜŮɘŬɠ 

(mg/cm
2
), 

t: ɞ ɢɟɧɜɞɠ (days) 

ȷ: Űɞ Ŭɟɢɘəɧ ˊɞůɧ Űɞɡ űŬɟɛɎəɞɡ ŬɜɎ ɛɞɜɎŭŬ ɧɔəɞɡ ɛɏůŬ ůŰɖɜ ˊɞɚɡɛŮɟɘəɐ ɛɐŰɟŬ (mg/cm
3
), 

Dp: ɞ ůɡɜŰŮɚŮůŰɐɠ ŭɘɎɢɡůɖɠ Űɞɡ űŬɟɛɎəɞɡ ɛɏůŬ ůŰɖɜ ˊɞɚɡɛŮɟɘəɐ ɛɐŰɟŬ (cm
2
/day), 

Cp: ɖ ŭɘŬɚɡŰɧŰɖŰŬ Űɞɡ űŬɟɛɎəɞɡ ɛɏůŬ ůŰɞ ˊɞɚɡɛŮɟɏɠ (mg/cm
3
) əŬɘ 

h: Űɞ ˊɎɢɞɠ Űɞɡ ůŰɟɩɛŬŰɞɠ ůŰɞ ůɨůŰɖɛŬ Űɨˊɞɡ ŭŮɝŬɛŮɜɐɠ (cm) 
[1]

. 

Ƀɘ Mashak əŬɘ Taghizadeh 
[17]

 ɢɟɖůɘɛɞˊɞɑɖůŬɜ ŬəŰɘɜɞɓɞɚɑŬ ɔ ɔɘŬ Űɞ ɓɞɡɚəŬɜɘůɛɧ PDMS 

ˊɞɡ ˊŮɟɘŮɑɢŮ ˊɟɞɔŮůŰŮɟɧɜɖ. Ƀ ɟɡɗɛɧɠ ŬˊŮɚŮɡɗɏɟɤůɖɠ Űɖɠ ˊɟɞɔŮůŰŮɟɧɜɖɠ ŮˊɖɟŮɎɕŮŰŬɘ Ŭˊɧ 

Űɖɜ əŬŰŮɟɔŬůɑŬ ŬəŰɘɜɞɓɧɚɖůɖɠ əŬɘ ŭŮɜ ɡˊɎɟɢŮɘ ŬɝɘɞůɖɛŮɑɤŰɖ ŭɘŬűɞɟɎ ŬɡɝɎɜɞɜŰŬɠ Űɖ ŭɧůɖ 

Ŭˊɧ 50 ůŮ 100 kGy. 

Ƀɘ Maeda et al. 
[18]

 ɛŮɚɏŰɖůŬɜ Űɖɜ ŬˊŮɚŮɡɗɏɟɤůɖ ɘɓŮɟɛŮəŰɑɜɖɠ (IVM) Ŭˊɧ ɛɐŰɟŬ 

ůɘɚɘəɧɜɖɠ ˊɞɡ ˊŮɟŮɑɢŮ Űɞ űɎɟɛŬəɞ əŬɘ əŬɚɡˊŰɧŰŬɜ Ŭˊɧ ɏɜŬ ŮɝɤŰŮɟɘəɧ ůŰɟɩɛŬ ůɘɚɘəɧɜɖɠ 

(covered-rod formulation). ȾŬŰɏɔɟŬɣŬɜ ɔɟŬɛɛɘəɐ ŬˊŮɚŮɡɗɏɟɤůɖ ɛŮ Űɞ ɢɟɧɜɞ. 

ɀŮŰŬɓɎɚɚɞɜŰŬɠ Űɖ ŭɘŬɚɡŰɧŰɖŰŬ Űɖɠ IVM  ɛŮ əŬŰɎɚɚɖɚŬ ˊɟɧůɗŮŰŬ, ŮˊɖɟŮɎɕŮŰŬɘ Űɞ ˊɟɞűɑɚ 

ŬˊɞŭɏůɛŮɡůɖɠ. 

 
ɆɢɐɛŬ 3.13: ɀɐŰɟŬ ůɘɚɘəɧɜɖɠ ˊɞɡ ˊŮɟɘɏɢŮɘ Űɞ űɎɟɛŬəɞ əŬɘ əŬɚɨˊŰŮŰŬɘ Ŭˊɧ ɏɜŬ ŮɝɤŰŮɟɘəɧ ůŰɟɩɛŬ 

ůɘɚɘəɧɜɖɠ (covered-rod formulation) 
[17]

. 
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Ƀɘ Kajihara et al. 
[15]

 ŮɟŮɨɜɖůŬɜ Űɖɜ  ŰŬɡŰɧɢɟɞɜɖ, ŮɚŮɔɢɧɛŮɜɖ ŬˊŮɚŮɡɗɏɟɤůɖ ŭɨɞ 

ŭɘŬɚɡŰɩɜ ůŰɞ ɜŮɟɧ űŬɟɛɎəɤɜ, Űɖɠ ɘɜŰŮɟűŮɟɧɜɖɠ əŬɘ Űɖɠ Ŭɚɓɞɡɛɑɜɖɠ Űɞɡ Ŭɜɗɟɩˊɘɜɞɡ ɞɟɞɨ, 

ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ůɘɚɘəɧɜɖ. ȷɡŰɐ ŮɑɜŬɘ ŮűɘəŰɐ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɏɜŬ ůɨůŰɖɛŬ Űɞ ɞˊɞɑɞ 

ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŭɨɞ ůŰɟɩɛŬŰŬ, Űɞ ŮɝɤŰŮɟɘəɧ ˊɞɡ ŭɞɛŮɑŰŬɘ Ŭˊɧ ůɘɚɘəɧɜɖ əŬɘ Űɞ űɎɟɛŬəɞ ˊɞɡ 

ŮˊɘŭɘɩəŮŰŬɘ ɖ ɔɟɐɔɞɟɖ ŬˊɞŭɏůɛŮɡůɐ Űɞɡ əŬɘ Űɞ ŮůɤŰŮɟɘəɧ ˊɞɡ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ůɘɚɘəɧɜɖ əŬɘ 

Űɞ űɎɟɛŬəɞ ˊɞɡ  ŮˊɘŭɘɩəŮŰŬɘ Ŭɟɔɐ ŬˊɞŭɏůɛŮɡůɐ Űɞɡ (double-layered formulation). Ⱥˊɑůɖɠ, 

ɛŮɚɏŰɖůŬɜ Űɖɜ ŬˊŮɚŮɡɗɏɟɤůɖ ɛɖ ŭɘŬɚɡŰɩɜ űŬɟɛɎəɤɜ əŬɘ ŭɘŬˊɑůŰɤůŬɜ ɧŰɘ ɖ ŮɘůŬɔɤɔɐ 

ˊɟɧůɗŮŰɤɜ ůŰɞ űɞɟɏŬ ůɘɚɘəɧɜɖɠ ɞŭɖɔŮɑ  ůŮ ŭɖɛɘɞɡɟɔɑŬ əŬɜŬɚɘɩɜ əŬɘ ˊŬɟŬɔɤɔɐ ŭɘɞɝŮɘŭɑɞɡ 

Űɞɡ ɎɜɗɟŬəŬ ŮɜŰɧɠ ŬɡŰɩɜ, Űɞ ɞˊɞɑɞ ŬˊɞŰŮɚŮɑ Űɖɜ əɘɜɖŰɐɟɘŬ ŭɨɜŬɛɖ ɔɘŬ ˊŬɟŬŰŮŰŬɛɏɜɖ 

ŬˊɞŭɏůɛŮɡůɖ. Ƀ ɟɡɗɛɧɠ ŬˊŮɚŮɡɗɏɟɤůɖɠ űŬɟɛɎəɞɡ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖɜ ˊɞůɧŰɖŰŬ Űɤɜ 

ˊɟɧůɗŮŰɤɜ. ɆŮ Ɏɚɚɖ ŮɟɔŬůɑŬ Űɞɡɠ 
[19]
, ɛŮɚɏŰɖůŬɜ Űɖɜ ŬˊŮɚŮɡɗɏɟɤůɖ Űɖɠ ɓɘŰŬɛɑɜɖɠ D3, Ůɜɧɠ 

ɚɘˊɧűɘɚɞɡ űŬɟɛɎəɞɡ ɛŮ ɛŮɔɎɚɖ ŭɟŬůŰɘəɧŰɖŰŬ ůŮ ɢŬɛɖɚɏɠ ůɡɔəŮɜŰɟɩůŮɘɠ, Ŭˊɧ ɛɐŰɟŬ 

ůɘɚɘəɧɜɖɠ. ȹɘŬˊɑůŰɤůŬɜ ɧŰɘ ɖ ˊɟɞůɗɐəɖ Űɖɠ Ŭɚɓɞɡɛɑɜɖɠ Űɞɡ Ŭɜɗɟɩˊɘɜɞɡ ɞɟɞɨ əŬŰŬůŰɏɚɚŮɘ 

Űɞ űŬɘɜɧɛŮɜɞ Űɖɠ ŮəŰɑɜŬɝɖɠ ůŰɖɜ ɏɜŬɟɝɖ Űɖɠ ŬˊɞŭɏůɛŮɡůɖɠ əŬɘ ŮɜɘůɢɨŮɘ Űɖɜ ŬˊŮɚŮɡɗɏɟɤůɖ 

ůŮ ŮˊɧɛŮɜŬ ůŰɎŭɘŬ. ȾŬɚɨˊŰɞɜŰŬɠ Űɖ ɛɐŰɟŬ ɛŮ ɛɘŬ ɛŮɛɓɟɎɜɖ ɢŬɛɖɚɐɠ ŭɘŬɢɡŰɧŰɖŰŬɠ (covered-

rod formulation), ˊŮɟɘɞɟɑɕŮŰŬɘ ɖ ŮəŰɑɜŬɝɖ ůŰɞ Ŭɟɢɘəɧ ůŰɎŭɘɞ ŬˊɞŭɏůɛŮɡůɖɠ əŬɘ 

ŮɝŬůűŬɚɑɕŮŰŬɘ ůŰŬɗŮɟɧɠ ɟɡɗɛɧɠ. ȺˊɘˊɟɧůɗŮŰŬ, ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɡɚɘəɎ ɛŮ ŰŬ ɞˊɞɑŬ Űɞ 

űɎɟɛŬəɞ ɏɢŮɘ ɡɣɖɚɐ ůɡɔɔɏɜŮɘŬ, ɞ ɟɡɗɛɧɠ ŬˊŮɚŮɡɗɏɟɤůɖɠ ɛˊɞɟŮɑ ɜŬ ɛŮɘɤɗŮɑ. 

 Ƀɘ Andreopoulos əŬɘ Plytaria 
[20]

 ɛŮɚɏŰɖůŬɜ Űɖ ůɡɛˊŮɟɘűɞɟɎ ŬˊŮɚŮɡɗɏɟɤůɖɠ 

ůŬɚɘəɡɚɘəɞɨ ɞɝɏɞɠ əŬɘ ɡŭɟɞɢɚɤɟɘŭɑɞɡ ˊɟɞˊŬɜɧɚɞɚɖɠ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɛɐŰɟŮɠ Ŭˊɧ 

ŮɚŬůŰɞɛŮɟɐ ůɘɚɘəɧɜɖɠ ˊɟɞůɗɐəɖɠ. ɇŬ ŬˊɞŰŮɚɏůɛŬŰɎ Űɞɡɠ ɏŭŮɘɝŬɜ ɧŰɘ ɖ ŬˊɞŭɏůɛŮɡůɖ ŮɑɜŬɘ 

ůɢŮŭɧɜ ɛɖŭŮɜɘəɐɠ ŰɎɝɖɠ ɔɘŬ ɡɣɖɚɎ űɞɟŰɑŬ ůŬɚɘəɡɚɘəɞɨ ɞɝɏɞɠ əŬɘ ɧŰɘ ɖ ŬˊŮɚŮɡɗɏɟɤůɖ 

ŮɚɏɔɢŮŰŬɘ Ŭˊɧ Űɖ ŭɘɎɢɡůɖ ˊɎɜɤ Ŭˊɧ əɎˊɞɘŬ əŬɗɞɟɘůɛɏɜɖ Űɘɛɐ. Ƀɘ ůɡɔəŮɜŰɟɩůŮɘɠ Űɞɡ 

ɢɞɟɖɔɞɨɛŮɜɞɡ űŬɟɛɎəɞɡ ŮɑɜŬɘ ůɢŮŰɘəɎ ɛɘəɟɏɠ ɧŰŬɜ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ŭɘůəɑŬ ůɘɚɘəɧɜɖɠ, 

ŮɝŬɘŰɑŬɠ Űɖɠ ɡŭɟɧűɞɓɖɠ űɨůɖɠ Űɞɡ ɡɚɘəɞɨ. ȷˊɧ Űɖɜ Ɏɚɚɖ ˊɚŮɡɟɎ, ɧŰŬɜ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ 

ɛŮɛɓɟɎɜŮɠ ˊɎɢɞɡɠ 0.1-0.2b mm, ŰɧŰŮ ɞ ɟɡɗɛɧɠ ŬˊɞŭɏůɛŮɡůɖɠ ŮɑɜŬɘ ŬɟəŮŰɎ ɡɣɖɚɧŰŮɟɞɠ, 

ŮɝŬɟŰɩɛŮɜɞɠ Ŭˊɧ Űɞɜ ɡŭɟɧűɞɓɞ ɢŬɟŬəŰɐɟŬ Űɞɡ űŬɟɛɎəɞɡ. 

 Ƀɘ Malcolm et al. 
[16]

 ˊɟŬɔɛŬŰɞˊɞɑɖůŬɜ ɛŮɚɏŰŮɠ in-vitro ɔɘŬ Űɖɜ ŬˊŮɚŮɡɗɏɟɤůɖ ɞɢŰɩ 

ɢŬɛɖɚɞɨ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ űŬɟɛɎəɤɜ Ŭˊɧ ɛɐŰɟŬ ůɘɚɘəɧɜɖɠ ůŮ ůɡůŰɐɛŬŰŬ Ůɜŭɞəɞɚˊɘəɩɜ 

ŭŬəŰɡɚɑɤɜ əŬɘ ˊɟɧŰŮɘɜŬɜ ɏɜŬ ɛɞɜŰɏɚɞ Űɞ ɞˊɞɑɞ ŮˊɘŰɟɏˊŮɘ Űɖɜ ˊɟɧɓɚŮɣɖ Űɞɡ ɟɡɗɛɞɨ 

ŬˊɞŭɏůɛŮɡůɖɠ ɜɏɤɜ ɞɡůɘɩɜ, ɓŬůɘůɛɏɜɞ ůŰɖ ɔɜɩůɖ Űɞɡ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ əŬɘ Űɞɡ ůɖɛŮɑɞɡ 

Űɐɝɖɠ Űɞɡ űŬɟɛɎəɞɡ. ȷˊɧ Űɖ ɛɞɜŰŮɚɞˊɞɑɖůɖ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ ŬˊɞŭɏůɛŮɡůɖɠ ɛŮ Űɖ 

Ůɝɑůɤůɖ Higuchi  əŬɘ Ŭˊɧ Űɞɜ  ɡˊɞɚɞɔɘůɛɧ Űɖɠ ŭɘŬɚɡŰɧŰɖŰŬɠ Űɞɡ űŬɟɛɎəɞɡ ůŰɞ ŮɚŬůŰɞɛŮɟɏɠ 

ɡˊɞɚɞɔɑůɗɖəŮ ɞ űŬɘɜɞɛŮɜɘəɧɠ ůɡɜŰŮɚŮůŰɐɠ ŭɘɎɢɡůɖɠ Űɤɜ űŬɟɛɎəɤɜ ůŰɖ ůɘɚɘəɧɜɖ. 

ȺɘŭɘəɧŰŮɟŬ, ˊŬɟŬŰɐɟɖůŬɜ ɔɟŬɛɛɘəɐ ůɢɏůɖ ŬɜɎɛŮůŬ ůŰɞ ůɡɜŰŮɚŮůŰɐ ŭɘɎɢɡůɖɠ əŬɘ ůŰɞ 

ɛɞɟɘŬəɧ ɓɎɟɞɠ Űɞɡ űŬɟɛɎəɞɡ, əŬɗɩɠ əŬɘ ɛŮŰŬɝɨ Űɞɡ ɚɞɔŬɟɑɗɛɞɡ Űɖɠ ŭɘŬɚɡŰɧŰɖŰŬɠ Űɞɡ 

űŬɟɛɎəɞɡ ůŰɖ ůɘɚɘəɧɜɖ əŬɘ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ Űɐɝɖɠ Űɞɡ. ȼ ɑŭɘŬ ɞɛɎŭŬ ɛŮɚɏŰɖůŮ 
[21]
, Ůˊɑůɖɠ, 

Űɞ ůɢŮŭɘŬůɛɧ ɏɜɞɠ Ůɜŭɞəɞɚˊɘəɞɨ ŭŬəŰɡɚɑɞɡ ɞɝɡɓɞɡŰɡɜɑɜɖɠ, ɞ ɞˊɞɑɞɠ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ 

ŮɚŬůŰɞɛŮɟɏɠ ůɘɚɘəɧɜɖɠ ˊɞɡ ůŰɞɜ ˊɡɟɐɜŬ Űɞɡ űɏɟŮɘ Űɞ űɎɟɛŬəɞ əŬɘ ˊŮɟɘɓɎɚɚŮŰŬɘ Ŭˊɧ ɏɜŬ 

ˊŮɟɑɓɚɖɛŬ ɛɖ ɘŬŰɟɘəɐɠ ůɘɚɘəɧɜɖɠ. ȳŰŬɜ Űɞ űɎɟɛŬəɞ ˊŮɟɘɞɟɑɕŮŰŬɘ ůŮ ɛɘŬ ɛɘəɟɐ ˊŮɟɘɞɢɐ Űɞɡ 

ŭŬəŰɡɚɑɞɡ ɛŮɘɩɜŮŰŬɘ Űɞ űŬɘɜɧɛŮɜɞ Űɖɠ ŮəŰɑɜŬɝɖɠ əŬɘ ŬəɞɚɞɡɗŮɑŰŬɘ əɘɜɖŰɘəɐ ɛɖŭŮɜɘəɐɠ ŰɎɝɖɠ. 

ɀŮŰŬɓɎɚɚɞɜŰŬɠ Űɞ ɛɐəɞɠ Űɞɡ ˊɡɟɐɜŬ ůŰɞɡɠ ŭŬəŰɡɚɑɞɡɠ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɞ ŮˊɘŭɘɤəɧɛŮɜɞɠ 

ɟɡɗɛɧɠ ŬˊɞŭɏůɛŮɡůɖɠ. 

 Ƀɘ Nash et al. 
[22]

 ɛŮɚɏŰɖůŬɜ Űɘɠ ˊŬɟŬɛɏŰɟɞɡɠ ˊɞɡ ŮˊɖɟŮɎɕɞɡɜ Űɞ ɟɡɗɛɧ 

ŬˊŮɚŮɡɗɏɟɤůɖɠ Űɖɠ ɚŮɓɞɜɞɟɔŮůŰŮɟɧɚɖɠ (LNG) Ŭˊɧ ŮɛűɡŰŮɨɛŬŰŬ ŬˊɞŰŮɚɞɨɛŮɜŬ Ŭˊɧ 

ŮɚŬůŰɞɛŮɟɐ ůɘɚɘəɧɜɖɠ ůŮ ůɢɐɛŬ ůɤɚɐɜŬ ŰŬ ɞˊɞɑŬ ˊɚɖɟɞɨɜŰŬɘ ɛŮ əɟɡůŰŬɚɚɘəɎ ůŰŮɟɞŮɘŭɐ. 
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ȷɡŰɎ ŰŬ ŮɛűɡŰŮɨɛŬŰŬ ŰɞˊɞɗŮŰɞɨɜŰŬɘ ɡˊɞŭŮɟɛɘəɎ əŬɘ ɖ ŭɘɎɢɡůɖ Űɖɠ LNG ŭɘŬɛɏůɞɡ Űɞɡ 

ůɤɚɐɜŬ ˊŬɟɏɢŮɘ ɛɘŬ ŬˊɞŰŮɚŮůɛŬŰɘəɐ ŭɧůɖ ŬɜŰɘůɨɚɚɖɣɖɠ. 

 Ƀɘ Cypes et al. 
[23]

  ŮɟŮɨɜɖůŬɜ Űɖɜ ŬˊŮɚŮɡɗɏɟɤůɖ ŭŮɝŬɛŮɗŬɕɧɜɖɠ Ŭˊɧ ɜŬɜɞůɨɜɗŮŰŬ 

ůɡɛˊɞɚɡɛŮɟɞɨɠ ˊɞɚɡŬɘɗɡɚŮɜɑɞɡ ï ɞɝɘəɞɨ ɓɘɜɡɚŮůŰɏɟŬ (EVAc). ȼ ɛŮɚɏŰɖ ŬˊɞŭɏůɛŮɡůɖɠ Űɖɠ 

ŭŮɝŬɛŮɗŬɕɧɜɖɠ ŬˊɞəɎɚɡɣŮ ɧŰɘ ɖ ˊŬɟɞɡůɑŬ Űɖɠ Ŭɟɔɑɚɞɡ ˊɟɞəŬɚŮɑ ɛŮɑɤůɖ ůŰɞ ɟɡɗɛɧ 

ŬˊŮɚŮɡɗɏɟɤůɖɠ Űɞɡ űŬɟɛɎəɞɡ. ȼ ɛŮɑɤůɖ ŬɡŰɐ ŮɑɜŬɘ ůɡɜɎɟŰɖůɖ Űɞɡ əɚɎůɛŬŰɞɠ ɧɔəɞɡ Űɞɡ 

ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ůŰɞ ůɨɜɗŮŰɞ əŬɘ Űɞɡ ɚɧɔɞɡ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ˊɟɞɠ Űɞɜ ɧɔəɞ Űɤɜ ˊɡɟɘŰɘəɩɜ 

ˊɚŬəɘŭɑɤɜ.  

 Ƀɘ Shaikh et al. 
[24]

 ɛŮɚɏŰɖůŬɜ ŮˊɘŭŮɟɛɘəɎ ŬɡŰɞəɧɚɚɖŰŬ ůɡůŰɐɛŬŰŬ ɓŬůɘůɛɏɜŬ ůŮ 

PDMS əŬɘ ŮɡŬɑůɗɖŰŬ ůŰɘɠ ŬɚɚŬɔɏɠ Űɖɠ ˊɑŮůɖɠ (PSA, Pressure Sensitive Adhesives), ŰŬ ɞˊɞɑŬ 

ɏűŮɟŬɜ ŭɘŬűɞɟŮŰɘəɎ űɞɟŰɑŬ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ. ȹɘŬˊɘůŰɩɗɖəŮ ɧŰɘ ɓŮɚŰɘůŰɞˊɞɘɩɜŰŬɠ Űɞ 

ŮˊɑˊŮŭɞ Űɖɠ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɖɠ Ŭɟɔɑɚɞɡ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɤɠ ˊɟɧůɗŮŰɞ ůŰɖɜ 

ˊɞɚɡɛŮɟɘəɐ ɛɐŰɟŬ, ŮˊɘŰɡɔɢɎɜŮŰŬɘ əŬɚɨŰŮɟɞɠ ɏɚŮɔɢɞɠ Űɤɜ əɘɜɖŰɘəɩɜ ŬˊŮɚŮɡɗɏɟɤůɖɠ 

űŬɟɛɎəɞɡ əŬɘ ŰŬɡŰɧɢɟɞɜŬ ɓŮɚŰɘɩɜɞɜŰŬɘ ɞɘ ɘŭɘɧŰɖŰŮɠ Űɤɜ ůɡůŰɖɛɎŰɤɜ ŬɡŰɩɜ. ȼ ŭɘŬůˊɞɟɎ 

Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ůŰɖ PDMS ɛɐŰɟŬ ɞŭɖɔŮɑ ůŮ ɏɜŬɜ ˊɘɞ ůŰŬɗŮɟɧ ɟɡɗɛɧ ŬˊɞŭɏůɛŮɡůɖɠ əŬɘ 

ɛŮɘɩɜŮɘ ɞɡůɘŬůŰɘəɎ Űɞ çűŬɘɜɧɛŮɜɞ Űɖɠ ŮəŰɑɜŬɝɖɠè. ɆɡɜŮˊɩɠ, ɞ ɟɡɗɛɧɠ ŬˊŮɚŮɡɗɏɟɤůɖɠ Ůɜɧɠ 

űŬɟɛɎəɞɡ Ŭˊɧ ɏɜŬ ɜŬɜɞůɨɜɗŮŰɞ ˊɞɚɡɛŮɟɞɨɠ ɓŬůɑɕŮŰŬɘ ůŮ ŬɟəŮŰɞɨɠ ˊŬɟɎɔɞɜŰŮɠ, ɧˊɤɠ ɖ 

ˊɞůɧŰɖŰŬ Űɖɠ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɖɠ Ŭɟɔɑɚɞɡ ůŰɞ ˊɞɚɡɛŮɟɏɠ, Űɞ Ůɑŭɞɠ Űɖɠ Űɟɞˊɞˊɞɑɖůɖɠ, 

ɞ ɓŬɗɛɧɠ ŭɘŬůˊɞɟɎɠ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ əŬɘ Űɞ űɞɟŰɑɞ Űɞɡ űŬɟɛɎəɞɡ. ȷəɧɛŬ, ɓŮɚŰɘɩɜŮŰŬɘ 

ůɖɛŬɜŰɘəɎ əŬɘ ɖ ŬɜŰɞɢɐ ůŮ ůɢɘůɛɧ Űɤɜ ŰŬɘɜɘɩɜ. 

 Ƀɘ Sutinen et al. 
[25]

 ŮɟŮɨɜɖůŬɜ ŮˊɘŭŮɟɛɘəɎ ůɡůŰɐɛŬŰŬ Űɨˊɞɡ ŭŮɝŬɛŮɜɐɠ ɓŬůɘůɛɏɜŬ ůŮ 

ůɘɚɘəɧɜɖ, ŰŬ ɞˊɞɑŬ ŮɜŮɟɔɞˊɞɘɞɨɜŰŬɘ ˊŬɟɞɡůɑŬ ɜŮɟɞɨ əŬɘ ŮɚɏɔɢɞɜŰŬɘ Ŭˊɧ Űɞ pH, ɔɘŬ Űɖ 

ɢɞɟɐɔɖůɖ Űɘɛɞɚɧɚɖɠ.  

 Ƀɘ Wang et al. 
[26]

 ɛŮɚɏŰɖůŬɜ Űɖɜ ŬˊɞŭɏůɛŮɡůɖ əɘŰɞůɎɜɖɠ Ŭˊɧ ɜŬɜɞůɨɜɗŮŰŬ ɛŮ 

ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ əŬɘ ůɡɛˊɏɟŬɜŬɜ ɧŰɘ ŰŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ Űɞɡ ůɡɜɗɏŰɞɡ ˊŬɟɞɡůɘɎɕɞɡɜ 

ɛŮɔŬɚɨŰŮɟɖ ɢɤɟɖŰɘəɧŰɖŰŬ ůŮ űɎɟɛŬəɞ əŬɘ əŬɚɨŰŮɟŮɠ ɘŭɘɧŰɖŰŮɠ ŮɚŮɔɢɧɛŮɜɖɠ ŬˊŮɚŮɡɗɏɟɤůɖɠ 

űŬɟɛɎəɞɡ ůŮ ůɢɏůɖ ɛŮ Űɞɡ əŬɗŬɟɞɨ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ. 

 

 

3.4.3 ɇɟɞˊɞˊɞɑɖůɖ Űɤɜ ŮɚŬůŰɞɛŮɟɩɜ ůɘɚɘəɧɜɖɠ ůŰŬ ůɡůŰɐɛŬŰŬ ŬˊɞŭɏůɛŮɡůɖɠ űŬɟɛɎəɞɡ 

 Ƀɘ űɡůɘəɞɢɖɛɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ŮɚŬůŰɞɛŮɟɩɜ ůɘɚɘəɧɜɖɠ Űɖɜ əŬɗɘůŰɞɨɜ əŬŰɎɚɚɖɚɖ 

ɔɘŬ ɘŬŰɟɘəɏɠ ŮűŬɟɛɞɔɏɠ. ȷɜŰɑɗŮŰŬ ɞ ɡŭɟɧűɞɓɞɠ ɢŬɟŬəŰɐɟŬɠ Űɖɠ ŭŮɜ ŮɡɜɞŮɑ ŰɏŰɞɘɞɡ Ůɑŭɞɡɠ 

ŮűŬɟɛɞɔɏɠ. ũɘŬ Űɞ ɚɧɔɞ ŬɡŰɧ, ɖ Űɟɞˊɞˊɞɑɖůɐ Űɖɠ əɟɑɜŮŰŬɘ ŬˊŬɟŬɑŰɖŰɖ, ɩůŰŮ ɜŬ ŬˊɞəŰɐůŮɘ 

əɎˊɞɘŬ ɡŭɟɧűɘɚŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ. ȼ ˊɞɚɡŭɘɛŮɗɡɚůɘɚɞɝɎɜɖ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɤɠ 

ɡˊɞəŬŰɎůŰŬŰɞ ɛŬɚŬəɩɜ ɘůŰɩɜ. ȼ ˊŬɟŬɛɞɜɐ ŮɛűɡŰŮɡɛɎŰɤɜ ůɘɚɘəɧɜɖɠ ɔɘŬ ɛŮɔɎɚɞ ɢɟɞɜɘəɧ 

ŭɘɎůŰɖɛŬ ˊɟɞəŬɚŮɑ ɞɟɘůɛɏɜŬ ˊɟɞɓɚɐɛŬŰŬ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, ɞɘ ŭɘŬŭŮɟɛɘəɏɠ ůɡůəŮɡɏɠ ŮɑɜŬɘ 

ŮɡˊɟɧůɓɚɖŰŮɠ ůŮ ɛɧɚɡɜůɖ ɚɧɔɤ Űɞɡ ŮɚŮɨɗŮɟɞɡ ɢɩɟɞɡ ŬɜɎɛŮůŬ ůŰɞɜ ɘůŰɧ əŬɘ ůŰɞ 

ŮɛűɨŰŮɡɛŬ. Ƀ ŮɚŮɨɗŮɟɞɠ ŬɡŰɧɠ ɢɩɟɞɠ ŭŮ ɗŬ ɡˊɐɟɢŮ, Ŭɜ ɖ ŮˊɘűɎɜŮɘŬ Űɞɡ ɡɚɘəɞɨ ɛˊɞɟɞɨůŮ ɜŬ 

ůɡɜŭŮɗŮɑ ɛŮ Űɞɜ ɘůŰɧ. 

  ũɘŬ ɞɟɘůɛɏɜŮɠ ɓɘɞɥŬŰɟɘəɏɠ ŮűŬɟɛɞɔɏɠ ŬˊŬɘŰɞɨɜŰŬɘ ŰɟɞˊɞˊɞɘɐůŮɘɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ əŬɘ 

ůŰɖɜ əɨɟɘŬ ɛɎɕŬ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ, ɛɏůɤ əŬŰɎɚɚɖɚɖɠ ɛŮɗɧŭɞɡ, ˊɟɞəŮɘɛɏɜɞɡ ɖ ůɘɚɘəɧɜɖ ɜŬ 

ŬˊɞəŰɐůŮɘ ɡŭɟɧűɘɚɞ ɢŬɟŬəŰɐɟŬ 
[1]
. Ƀɘ Moreu et al. 

[27]
 ɛŮɚɏŰɖůŬɜ Űɖɜ ŮˊɑŭɟŬůɖ Űɞɡ 

ŮɛɓɞɚɘŬůɛɞɨ Ůɜɧɠ ɞɟɔŬɜɘəɞɨ, ŰɛɐɛŬŰɞɠ əŬŰɎ ɛɐəɞɠ Űɖɠ ŬɚɡůɑŭŬɠ ˊɞɚɡŭɘɛŮɗɡɚůɘɚɞɝɎɜɖɠ əŬɘ 

ŭɘŬˊɑůŰɤůŬɜ ɧŰɘ ŬɡŰɐ ɖ Űɟɞˊɞˊɞɑɖůɖ ɞŭɖɔŮɑ ůŮ ɡɣɖɚɐ Ŭɨɝɖůɖ Űɖɠ ŭɘŬɚɡŰɧŰɖŰŬɠ Ůɜɧɠ 

ɚɘˊɧűɘɚɞɡ ůŰŮɟɞŮɘŭɞɨɠ (ˊɟɞɔŮůŰŮɟɧɜɖ), ŬɚɚɎ əŬɘ Ůɜɧɠ ˊɘɞ ɡŭɟɧűɘɚɞɡ űŬɟɛɎəɞɡ 
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(ɛŮŰɟɞɜɘŭŬɕɧɚɖ), ɢɤɟɑɠ ɜŬ əŬŰŬɔɟɎűŮŰŬɘ ůɖɛŬɜŰɘəɐ ɛŮɑɤůɖ Űɖɠ ŭɘŬɢɡŰɧŰɖŰŬɠ. Ƀɘ Soulas et 

al. 
[28]

 ɛŮɚɏŰɖůŬɜ Űɖɜ ŮˊɑŭɟŬůɖ Űɖɠ ŮɜůɤɛɎŰɤůɖɠ ŬɜɧɟɔŬɜɤɜ ŬɚɎŰɤɜ, ɛŮ ŭɘɎűɞɟŮɠ 

ŭɘŬɚɡŰɧŰɖŰŮɠ ůŰɞ ɜŮɟɧ, ůŰɖɜ əɘɜɖŰɘəɐ ŬˊŮɚŮɡɗɏɟɤůɖɠ Ŭˊɧ ɛɐŰɟŬ ŮɚŬůŰɞɛŮɟɩɜ ůɘɚɘəɧɜɖɠ. 

ȷəɧɛŬ, ɏɢŮɘ ɓɟŮɗŮɑ ɧŰɘ ɖ Űɟɞˊɞˊɞɑɖůɖ ˊɞɚɡɛŮɟɘəɐɠ ɛɐŰɟŬɠ ɛŮ ɞɟɡəŰɐ Ɏɟɔɘɚɞ ŬɡɝɎɜŮɘ Űɖ 

ɛɖɢŬɜɘəɐ ŬɜŰɞɢɐ əŬɘ Űɖ ɗɘɝɞŰɟɞˊɑŬ, ɛŮɘɩɜŮɘ Űɖ ŭɘŬˊŮɟŬŰɧŰɖŰŬ ůŮ ŬɏɟɘŬ əŬɘ əŬɗɘůŰɎ ŮűɘəŰɐ 

Űɖɜ ŮűŬɟɛɞɔɐ ůŮ ůɡůŰɐɛŬŰŬ ŮɚŮɔɢɧɛŮɜɖɠ ŬˊŮɚŮɡɗɏɟɤůɖɠ. ɆɡɢɜɎ, ɖ ůɡɛɓŬŰɧŰɖŰŬ Űɖɠ 

Ŭɟɔɑɚɞɡ əŬɘ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ ˊɟɏˊŮɘ ɜŬ ɓŮɚŰɘɤɗŮɑ. ũɘŬ Űɞ ɚɧɔɞ ŬɡŰɧ, ŰŬ ŮɜɡŭŬŰɤɛɏɜŬ 

əŬŰɘɧɜŰŬ ˊɞɡ ɓɟɑůəɞɜŰŬɘ ůŰŬ ŭɘɎəŮɜŬ Űɤɜ ůŰɟɤɛɎŰɤɜ Űɤɜ Ŭɟɔɘɚɘəɩɜ ɞɟɡəŰɩɜ 

ŮɜŬɚɚɎůůɞɜŰŬɘ ɛŮ əŬŰɘɞɜŰɘəɎ ŰŬůɘŮɜŮɟɔɎ, ɧˊɤɠ əŬŰɘɧɜŰŬ ŬɚəɡɚŬɛɛɤɜɑɞɡ, əŬɗɘůŰɩɜŰŬɠ ŰŬ 

ɡɚɘəɎ ˊɘɞ ɞɟɔŬɜɧűɘɚŬ 
[29]

. ɆŰŬ ůɡůŰɐɛŬŰŬ ŮɚŮɔɢɧɛŮɜɖɠ ŬˊɞŭɏůɛŮɡůɖɠ űŬɟɛɎəɞɡ, ɖ 

Űɟɞˊɞˊɞɑɖůɖ Űɖɠ əɨɟɘŬɠ ɛɎɕŬɠ ˊɟɞŰɘɛɎŰŬɘ ɔɘŬ Űɖ ɛŮŰŬűɞɟɎ Űɞɡ űŬɟɛɎəɞɡ ɛɏůŬ ůŰɞ 

ˊɞɚɡɛŮɟɏɠ.  Ƀɘ ɛɏɗɞŭɞɘ Űɟɞˊɞˊɞɑɖůɖɠ Űɖɠ əɨɟɘŬɠ ɛɎɕŬɠ ˊŮɟɘɚŬɛɓɎɜɞɡɜ ŬɜɎɛŮɘɝɖ, 

ůɡɛˊɞɚɡɛŮɟɘůɛɧ əŬɘ ůɢɖɛŬŰɘůɛɧ ˊɞɚɡɛŮɟɘəɞɨ ˊɚɏɔɛŬŰɞɠ ɛɏůɤ ŬɚɚɖɚɞŭɘŮɑůŭɡůɖɠ (ȽɅɁ).  

 ɆŰɖɜ ŰŮɢɜɘəɐ  ůɢɖɛŬŰɘůɛɞɨ ˊɞɚɡɛŮɟɘəɞɨ ˊɚɏɔɛŬŰɞɠ ɛɏůɤ ŬɚɚɖɚɞŭɘŮɑůŭɡůɖɠ (ȽɅɁ), 

ŭɨɞ ŬɚɚɖɚɞŭɡŮɘůŭɨɞɜŰŬ, ŰɟɘůŭɘɎůŰŬŰŬ ŭɑəŰɡŬ ůɢɖɛŬŰɑɕɞɜŰŬɘ, ɢɤɟɑɠ ɜŬ ůɡɜŭɏɞɜŰŬɘ ɛŮ 

ɞɛɞɘɞˊɞɚɘəɞɨɠ ŭŮůɛɞɨɠ. ȰɜŬ ˊɞɚɡɛŮɟɘəɧ ˊɚɏɔɛŬ ŬɚɚɖɚɞŭɘŮɑůŭɡůɖɠ ɞɟɑɕŮŰŬɘ ɤɠ ɞ 

ůɡɜŭɡŬůɛɧɠ ŭɨɞ ɐ ˊŮɟɘůůɞŰɏɟɤɜ ˊɞɚɡɛŮɟɩɜ, ŰŬ ɞˊɞɑŬ ůɡɜŭɏɞɜŰŬɘ ůŰŮɜɎ əŬɘ ůɢɖɛŬŰɑɕɞɡɜ 

ˊɚɏɔɛŬ, ɧˊɞɡ ŰɞɡɚɎɢɘůŰɞɜ ɏɜŬ Ůɝô ŬɡŰɩɜ ůɡɜŰɑɗŮŰŬɘ əŬɘ/ɐ ɓɞɡɚəŬɜɑɕŮŰŬɘ ˊŬɟɞɡůɑŬ Űɞɡ 

Ɏɚɚɞɡ. ɈˊɎɟɢŮɘ ɛɑŬ ˊɞɚɚɎ ɡˊɞůɢɧɛŮɜɖ ŰŮɢɜɞɚɞɔɑŬ ɓŬůɘůɛɏɜɖ ůŮ ɡŭɟɞɔɏɚɖ/PDMS IPN, ɖ 

ɞˊɞɑŬ ŬűɞɟɎ Űɘɠ ŭɘŬŭŮɟɛɘəɏɠ ůɡůəŮɡɏɠ ŬˊɞŭɏůɛŮɡůɖɠ űŬɟɛɎəɞɡ.  

 ɀɑŬ Ŭəɧɛɖ ŰŮɢɜɘəɐ ɖ ɞˊɞɑŬ ɛŮŰŬŰɟɏˊŮɘ ůŮ ɡŭɟɧűɘɚɖ Űɖ ůɘɚɘəɧɜɖ ŮɑɜŬɘ ɖ ŭɘŬůˊɞɟɎ 

ůəɧɜɖɠ ɡŭɟɧűɘɚɞɡ ˊɞɚɡɛŮɟɞɨɠ/ɡŭɟɞɔɏɚɖɠ ůŮ ɛɐŰɟŬ ůɘɚɘəɧɜɖɠ. ɇŬ ůɨɜɗŮŰŬ 

ůɘɚɘəɧɜɖɠ/hydrogel ŮɑɜŬɘ ŭɘűŬůɘəɎ ůɡůŰɐɛŬŰŬ. ɇŬ ůɨɜɗŮŰŬ ŬɡŰɎ ˊŬɟɞɡůɘɎɕɞɡɜ əŬɚɏɠ 

ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ, Ůɨəɞɚɖ ˊŬɟŬůəŮɡɐ Űɖɠ ůɘɚɘəɧɜɖɠ, ɡŭɟɞűɘɚɘəɧŰɖŰŬ əŬɘ ŭɘŬˊŮɟŬŰɧŰɖŰŬ 
[1]

. 

 ɀɘŬ ŬɝɘɞůɖɛŮɑɤŰɖ ŬɜŬűɞɟɎ ɔɘŬ Űɘɠ ŭɡɜŬŰɧŰɖŰŮɠ Űɟɞˊɞˊɞɑɖůɖɠ Űɖɠ ŮɚŬůŰɞɛŮɟɞɨɠ 

ɛɐŰɟŬɠ ɔɑɜŮŰŬɘ Ŭˊɧ Űɞɡɠ Malcolm et al. 
[30]
, ˊɞɡ ɛŮɚɏŰɖůŬɜ Űɖɜ ŬˊɞŭɏůɛŮɡůɖ ɛŮŰɟɞɜɘŭŬɕɧɚɖɠ 

(ɀȺɇ) Ŭˊɧ ŮɚŬůŰɞɛŮɟɏɠ ůɘɚɘəɧɜɖɠ ůɡɛˊɨəɜɤůɖɠ, ɧˊɞɡ ɞ ɓɞɡɚəŬɜɘůɛɧɠ ŮɑɢŮ 

ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ ɛŮ ɛɏůɞ ŭɘŬůŰŬɨɟɤůɖɠ Űɞ ŰŮŰɟŬɞɚŮɥɚɞɝɡůɘɚɎɜɘɞ, Űɞ ɞˊɞɑɞ ˊɟɞůŭɑŭŮɘ 

ɢŬɟŬəŰɖɟɘůŰɘəɎ ŬɡŰɞɚɑˊŬɜůɖɠ ůŰɞ ɓɞɡɚəŬɜɘůɛɏɜɞ ŮɚŬůŰɞɛŮɟɏɠ. ȹɘŬˊɘůŰɩɗɖəŮ ɧŰɘ ɛŮ ŰŬ 

ůɡůŰɐɛŬŰŬ ŬɡŰɎ ŬɡɝɎɜŮŰŬɘ ůɖɛŬɜŰɘəɎ ɞ ɟɡɗɛɧɠ ŬˊɞŭɏůɛŮɡůɖɠ Űɖɠ ɀȺɇ (65%), ůŮ ůɨɔəɟɘůɖ 

ɛŮ ŰŬ ůɡůŰɐɛŬŰŬ ůɘɚɘəɧɜɖɠ ɧˊɞɡ ɞ ɓɞɡɚəŬɜɘůɛɧɠ ŮɑɢŮ ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ ɛŮ 

ŰŮŰɟŬˊɟɞˊɞɝɡůɘɚɎɜɘɞ, Ůɜɩ ɖ ŬˊɞŭɏůɛŮɡůɖ ůŮ ɧɚŮɠ Űɘɠ ŮɝŮŰŬɕɧɛŮɜŮɠ ˊŮɟɘˊŰɩůŮɘɠ ŬəɞɚɞɡɗŮɑ 

Űɖ ɟɑɕŬ Űɞɡ ɢɟɧɜɞɡ. 

 

 

3.4.4 ȺɛˊɞɟɘəɎ ŭɘŬɗɏůɘɛŮɠ ůɡůəŮɡɏɠ ŬˊɞŭɏůɛŮɡůɖɠ űŬɟɛɎəɞɡ ɛŮ ɓɎůɖ ůɘɚɘəɧɜɖ 

 ȰɜŬɠ ɛŮɔɎɚɞɠ Ŭɟɘɗɛɧɠ ůɡůəŮɡɩɜ ŬˊɞŭɏůɛŮɡůɖɠ ɏɢŮɘ ŬɜŬˊŰɡɢɗŮɑ ɔɘŬ Űɖ ɢɞɟɐɔɖůɖ Űɤɜ 

űŬɟɛɎəɤɜ ůŮ Ŭɜɗɟɩˊɞɡɠ əŬɘ ɕɩŬ. ȷɝɑɕŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ ŰŬ ˊŮɟɘůůɧŰŮɟŬ ɗŮɟŬˊŮɡŰɘəɎ 

ůɡůŰɐɛŬŰŬ ɏɢɞɡɜ ˊɟɞɏɚɗŮɘ Ŭˊɧ  ŮɟɔŬůŰɖɟɘŬəɏɠ ɛŮɚɏŰŮɠ. ȾɎˊɞɘɞɘ Ŭˊɧ Űɞɡɠ Űɟɧˊɞɡɠ 

ɢɞɟɐɔɖůɖɠ Űɤɜ űŬɟɛɎəɤɜ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ˊŬɟŬəɎŰɤ 
[1]

. 
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ɆɢɐɛŬ 3.14: ɀɏɟɖ Űɞɡ ůɩɛŬŰɞɠ ůŰŬ ɞˊɞɑŬ ɛˊɞɟŮɑ ɜŬ ŮűŬɟɛɞůŰŮɑ ɖ ŮɚŮɔɢɧɛŮɜɖ ŬˊɞŭɏůɛŮɡůɖ 

[14]
. 

 

 

3.4.4.1 Ⱥɜŭɞəɞɚˊɘəɏɠ ůɡůəŮɡɏɠ ŬˊɞŭɏůɛŮɡůɖɠ űŬɟɛɎəɞɡ 

 ɆŰɞ ůɢŮŭɘŬůɛɧ Ůɜŭɞəɞɚˊɘəɩɜ ůɡůŰɖɛɎŰɤɜ ŬˊɞŭɏůɛŮɡůɖɠ űŬɟɛɎəɤɜ ɗŬ ˊɟɏˊŮɘ  ɜŬ 

ɚɖűɗɞɨɜ ɡˊɧɣɖ ɞɘ ŬɜŬŰɞɛɘəɞɑ əŬɘ űɡůɘɞɚɞɔɘəɞɑ ˊŬɟɎɔɞɜŰŮɠ. Ƀɘ ŭɞəɘɛɏɠ ůŮ Ŭɜɗɟɩˊɞɡɠ 

ŮůŰɘɎɕɞɜŰŬɘ ˊɟɤŰŬɟɢɘəɎ ůŰɖ ůɡůŰɖɛŬŰɘəɐ ŬˊɞŭɏůɛŮɡůɖ ŬɜŰɘůɡɚɚɖˊŰɘəɩɜ. Ⱥˊɑ Űɞɡ ˊŬɟɧɜŰɞɠ, 

ɖ ŬˊɞŭɏůɛŮɡůɖ ɗŮɟŬˊŮɡŰɘəɩɜ ˊŮˊŰɘŭɑɤɜ əŬɘ ˊɟɤŰŮɥɜɩɜ ŮɜŭɞəɞɚˊɘəɎ ɏɢŮɘ ˊɟɞůŮɚəɨůŮɘ Űɞ 

ŮɜŭɘŬűɏɟɞɜ. ɇɞ əɨɟɘɞ ˊɚŮɞɜɏəŰɖɛŬ Űɖɠ ŬˊŮɚŮɡɗɏɟɤůɖɠ Űɞɡ űŬɟɛɎəɞɡ ŮɜŭɞəɞɚˊɘəɎ ŮɑɜŬɘ ɧŰɘ 

ŬˊɞűŮɨɔŮŰŬɘ, ɛɏůɤ ŬɡŰɞɨ Űɞɡ Űɟɧˊɞɡ ɢɞɟɐɔɖůɖɠ, ɖ ɖˊŬŰɘəɐ, ˊɟɩŰɖ ɛŮŰŬɓɞɚɘəɐ ɞŭɧɠ. ɆŰɘɠ 

ɔŮɜɘəɏɠ ŰŮɢɜɘəɏɠ Ůɜŭɞəɞɚˊɘəɐɠ ɢɟɐůɖɠ ˊŮɟɘɚŬɛɓɎɜɞɜŰŬɘ əɟɏɛŮɠ, ůŬˊɞɨɜɘŬ, ɕŮɚɏ, ŭɘůəɑŬ əŬɘ 

ŮɝŮɘŭɘəŮɡɛɏɜŬ ůɡůŰɐɛŬŰŬ. ɇɡˊɘəɎ ˊŬɟŬŭŮɑɔɛŬŰŬ ŮɘŭɘəɎ ůɢŮŭɘŬůɛɏɜɤɜ, Ůɜŭɞəɞɚˊɘəɩɜ 

ůɡůəŮɡɩɜ ŬˊɞŭɏůɛŮɡůɖɠ ŮɑɜŬɘ ŮəŮɑɜŬ ŰŬ ɞˊɞɑŬ ɢɟɖůɘɛɞˊɞɘɞɨɜ ůŰŮɟŮɎ ˊɞɚɡɛŮɟɐ, ɧˊɤɠ 

ŮɚŬůŰɞɛŮɟɐ əŬɘ ɡŭɟɞɔɏɚŮɠ.  

 Ƀɘ əɞɚˊɘəɞɑ ŭŬəŰɨɚɘɞɘ, ɔɜɤůŰɞɑ Ůˊɑůɖɠ əŬɘ ɤɠ Ůɜŭɞəɞɚˊɘəɞɑ ŭŬəŰɨɚɘɞɘ ɐ V ï 

ŭŬəŰɨɚɘɞɘ, ŮɑɜŬɘ ˊɞɚɡɛŮɟɘəɏɠ ůɡůəŮɡɏɠ ŬˊɞŭɏůɛŮɡůɖɠ űŬɟɛɎəɞɡ, ůɢŮŭɘŬůɛɏɜŮɠ ůŮ ůɢɐɛŬ 

ŭŬɢŰɡɚɘŭɘɞɨ, ɩůŰŮ ɜŬ ˊŬɟɏɢɞɡɜ ŮɚŮɔɢɧɛŮɜɖ ŬˊŮɚŮɡɗɏɟɤůɖ Űɞɡ űŬɟɛɎəɞɡ ůŰɞɜ əɧɚˊɞ ůŮ 

ɛŮɔɎɚŬ ɢɟɞɜɘəɎ ŭɘŬůŰɐɛŬŰŬ. ɇŬ əɨɟɘŬ ˊɚŮɞɜŮəŰɐɛŬŰŬ Űɤɜ əɞɚˊɘəɩɜ ŭŬəŰɡɚɑɤɜ ŮɑɜŬɘ ɖ 

ůɢɏůɖ əɧůŰɞɡɠ ï ŬˊɞŰŮɚŮůɛŬŰɘəɧŰɖŰŬɠ, ɖ ɎɜŮůɖ Űɞɡ ŬůɗŮɜɞɨɠ əŬɘ ɖ ɗŮɟŬˊŮɡŰɘəɐ 

ŭɟŬůŰɘəɧŰɖŰŬ ɚɧɔɤ Űɖɠ ɘəŬɜɧŰɖŰŬɠ əŬɘ Űɖɠ ˊɟɞůŬɟɛɞůŰɘəɧŰɖŰŬɠ ŬɡŰɩɜ Űɤɜ ůɡůŰɖɛɎŰɤɜ ɜŬ 

ˊŬɟɏɢɞɡɜ ɛŬəɟɎɠ ŭɘɎɟəŮɘŬɠ əŬɘ ůɡɜŮɢɐ ŬˊɞŭɏůɛŮɡůɖ Űɞɡ űŬɟɛɎəɞɡ, ɛŮ ůŰŬɗŮɟɞɨɠ, 

ˊɟɞəŬɗɞɟɘůɛɏɜɞɡɠ ɟɡɗɛɞɨɠ. ȷɜŰɑɗŮŰŬ ɛŮ ŰŬ ɡˊɞŭŮɟɛɘəɎ, ŮɛűɡŰŮɨůɘɛŬ ůɡůŰɐɛŬŰŬ ŰŬ ɞˊɞɑŬ 

ŬˊŬɘŰɞɨɜ ɢŮɘɟɞɡɟɔɘəɐ ŮˊɏɛɓŬůɖ ɔɘŬ Űɖɜ ŰɞˊɞɗɏŰɖůɐ Űɞɡɠ, ɞɘ ŭŬəŰɨɚɘɞɘ ŬɡŰɞɑ ɛˊɞɟɞɨɜ ɜŬ 

ŰɞˊɞɗŮŰɖɗɞɨɜ Ŭˊɧ Űɖɜ ɑŭɘŬ Űɖ ɔɡɜŬɑəŬ. 
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ɆɢɐɛŬ 3.15: Ⱦɞɚˊɘəɧɠ ŭŬəŰɨɚɘɞɠ 

[16]
. 

 

 Ƀɘ əɞɚˊɘəɞɑ ŭŬəŰɨɚɘɞɘ ɞɘůŰɟŬŭɘɧɚɖɠ, ɧˊɤɠ ŬɡŰɞɑ Űɞɡ Estring əŬɘ Űɞɡ Ferming, ŮɑɜŬɘ 

ŮɚŬűɟɩɠ ŬŭɘŬűŬɜɐ ŭŬɢŰɡɚɑŭɘŬ ɛŮ ɏɜŬɜ ɡˊɧɚŮɡəɞ ˊɡɟɐɜŬ, ɞ ɞˊɞɑɞɠ ˊŮɟɘɏɢŮɘ Űɖ ŭŮɝŬɛŮɜɐ Űɞɡ 

űŬɟɛɎəɞɡ. ȷɡŰɐ ůɡɜɑůŰŬŰŬɘ Ŭˊɧ 2 mg ɞɘůŰɟŬŭɘɧɚɖɠ. Ƀ ůɡɜŭɡŬůɛɧɠ Űɖɠ ɞɘůŰɟŬŭɘɧɚɖɠ, Űɖɠ 

ůɘɚɘəɧɜɖɠ əŬɘ Űɞɡ ɗŮɘɘəɞɨ ɓŬɟɑɞɡ  ůɢɖɛŬŰɑɕŮɘ Űɞ ŭŬəŰɨɚɘɞ. ȳŰŬɜ ɞ ŭŬəŰɨɚɘɞɠ Estring 

ŰɞˊɞɗŮŰŮɑŰŬɘ ůŰɞɜ əɧɚˊɞ, ŬˊŮɚŮɡɗŮɟɩɜŮɘ ˊŮɟɑˊɞɡ 7.5 mcg ɞɘůŰɟŬŭɘɧɚɖɠ ŬɜɎ 24 ɩɟŮɠ ɛŮ 

ůŰŬɗŮɟɧ Űɟɧˊɞ ŭɟɎůɖɠ ɔɘŬ ŭɘɎůŰɖɛŬ ɛŮɔŬɚɨŰŮɟɞ Űɤɜ 90 ɖɛŮɟɩɜ. Ƀɘ ŭɘŬůŰɎůŮɘɠ Űɞɡ 

ŭŬəŰɡɚɑɞɡ Estring ŮɑɜŬɘ: ŮɝɤŰŮɟɘəɐ ŭɘɎɛŮŰɟɞɠ 55 mm, ŮɔəɎɟůɘŬɠ ŭɘŬŰɞɛɐɠ 9 mm əŬɘ 

ŭɘɎɛŮŰɟɞɠ ˊɡɟɐɜŬ 2 mm. Ƀɘ ŭɘŬůŰɎůŮɘɠ Űɞɡ ŭŬəŰɡɚɑɞɡ Ferming ŮɑɜŬɘ: ŮɝɤŰŮɟɘəɐ ŭɘɎɛŮŰɟɞɠ 

56 mm, ŮɔəɎɟůɘŬɠ ŭɘŬŰɞɛɐɠ 7.6 mm əŬɘ ŭɘɎɛŮŰɟɞɠ ˊɡɟɐɜŬ 2 mm 
[1]

.  

 ɆŰɞɜ ŰɞɛɏŬ Űɖɠ əŰɖɜɘŬŰɟɘəɐɠ, ɖ ˊɚŮɘɞɣɖűɑŬ Űɖɠ ŬɔɞɟɎɠ ɢɟɖůɘɛɞˊɞɘŮɑ ůɡůəŮɡɏɠ 

ŬˊɞŭɏůɛŮɡůɖɠ űŬɟɛɎəɞɡ ɔɘŬ Űɞɜ ɏɚŮɔɢɞ Űɖɠ ɔɞɜɘɛɧŰɖŰŬɠ ɛɏůɤ Űɖɠ ŬˊŮɚŮɡɗɏɟɤůɖɠ ɞɟɛɞɜɩɜ. 

ȾɎˊɞɘŮɠ Ŭˊɧ Űɘɠ ˊɟɩŰŮɠ ůɡůəŮɡɏɠ ŬˊɞŭɏůɛŮɡůɖɠ űŬɟɛɎəɞɡ ɞɘ ɞˊɞɑŮɠ ŮűŬɟɛɧɕɞɜŰŬɜ ůŰɖɜ 

əŰɖɜɘŬŰɟɘəɐ ɓŬůɑɕɞɜŰŬɜ ůŰɖ ůɘɚɘəɧɜɖ. ȼ Ůɜŭɞəɞɚˊɘəɐ ůɡůəŮɡɐ ŬˊŮɚŮɡɗɏɟɤůɖɠ 

ˊɟɞɔŮůŰŮɟɧɜɖɠ (Progesterone Releasing Intravaginal Device, PRID) ŮɑɜŬɘ ɖ ˊɟɩŰɖ ůɡůəŮɡɐ 

ŬˊɞŭɏůɛŮɡůɖɠ Űɖɠ ɞɟɛɧɜɖɠ ŬɡŰɐɠ, ɖ ɞˊɞɑŬ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ůŮ ŬɔŮɚɎŭŮɠ 

ɔŬɚŬəŰɞˊŬɟŬɔɤɔɐɠ. ȼ ůɡůəŮɡɐ PRID ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɛɑŬ ŬɜɞɝŮɑŭɤŰɖ, ɢŬɚɨɓŭɘɜɖ ŰŬɘɜɑŬ ɖ 

ɞˊɞɑŬ əŬɚɨˊŰŮŰŬɘ əŬɘ ůŰɘɠ ŭɨɞ ˊɚŮɡɟɏɠ Űɖɠ Ŭˊɧ ɛɑŬ ŮɚɘəɞŮɘŭɐ ɛɐŰɟŬ ůɘɚɘəɧɜɖɠ əŬɘ 

ˊɟɞɔŮůŰŮɟɧɜɖɠ (1.55 g), ŭɘŬɛɏŰɟɞɡ 4 cm əŬɘ ɛɐəɞɡɠ 12 cm 
[1]

.  

 ɀɑŬ Ŭəɧɛɖ ůɡůəŮɡɐ ɔɘŬ Űɖɜ ŬˊɞŭɏůɛŮɡůɖ Űɖɠ ˊɟɞɔŮůŰŮɟɧɜɖɠ Ŭˊɧ ɛɐŰɟŬ ůɘɚɘəɧɜɖɠ 

ŮɑɜŬɘ ůɡůəŮɡɐ CIDR (Controlled Internal Drug Release). ȷɜŬˊŰɨɢɗɖəŬɜ ŭɨɞ ŰɨˊɞɘĿ ɖ CIDR - 

B əŬɘ ï G, ɔɘŬ ɓɞɞŮɘŭɐ əŬɘ ŬɑɔŮɠ ŬɜŰɑůŰɞɘɢŬ. ȼ CIDR ï B ɏɢŮɘ ůɢɐɛŬ T ɛŮ ɛɐəɞɠ ˊŰŮɟɡɔɑɞɡ 

15 cm əŬɘ ɛɐəɞɠ əɡɟɑɞɡ ůɩɛŬŰɞɠ 13cm. ɆŰɞ əɨɟɘɞ ůɩɛŬ ŮɛˊŮɟɘɏɢŮŰŬɘ ɖ ɛɐŰɟŬ ůɘɚɘəɧɜɖɠ ɛŮ 

Űɖɜ ˊɟɞɔŮůŰŮɟɧɜɖ (1.9 g). ȼ CIDR ï G ɏɢŮɘ ˊŬɟɧɛɞɘɞ ůɢɐɛŬ ɛŮ Űɖɜ ï B ŬɚɚɎ Űɞ ɛɐəɞɠ Űɞɡ 

ˊŰŮɟɡɔɑɞɡ Űɖɠ ŮɑɜŬɘ 5.7 cm. Ⱥˊɘˊɚɏɞɜ, ůŰɖ CIDR ï G ˊŮɟɘɚŬɛɓɎɜɞɜŰŬɘ 0.33 g ˊɟɞɔŮůŰŮɟɧɜɖɠ 

ůŰɖ ɛɐŰɟŬ ůɘɚɘəɧɜɖɠ 
[1]

.  

 ȰɜŬ Ůɜŭɞəɞɚˊɘəɧ ůɨůŰɖɛŬ ŬˊɞŭɏůɛŮɡůɖɠ ˊɟɞɔŮůŰŮɟɧɜɖɠ ŮɑɜŬɘ əŬɘ ɖ ůɡůəŮɡɐ 

CueMate, ɧˊɞɡ 1.56 g űŬɟɛɎəɞɡ ŮˊɘɛŮɟɑɕɞɜŰŬɘ ɞɛɞɘɞɔŮɜɩɠ ůŮ əɎɗŮ ůɖɛŮɑɞ Űɖɠ ůɘɚɘəɧɜɖɠ. ɇɞ 

ůɢɐɛŬ Űɖɠ ůɡůəŮɡɐɠ ŬɡŰɐɠ ŭɘŮɡəɞɚɨɜŮɘ Űɖ ɢɞɟɐɔɖůɖ, Űɖɜ ˊŬɟŬɛɞɜɐ ůŰɞɜ əɧɚˊɞ əŬɘ Űɖɜ 

ŬˊɞɛɎəɟɡɜůɐ Űɖɠ Ŭˊɧ ŬɡŰɧɜ ɛŮŰɎ Űɖɜ ŮɛűɨŰŮɡůɖ 
[1]

.  
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ɆɢɐɛŬ 3.16: ȺɛˊɞɟɘəɎ ŭɘŬɗɏůɘɛŬ ŮɜŭɞəɞɚˊɘəɎ ůɡůŰɐɛŬŰŬ ŬˊɞŭɏůɛŮɡůɖɠ űŬɟɛɎəɞɡ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŰɞɜ ŰɞɛɏŬ Űɖɠ əŰɖɜɘŬŰɟɘəɐɠ: (Ŭ) ůɡůəŮɡɐ PRID, (ɓ) CIDR ï B, (ɔ) CIDR ï G əŬɘ 

(ŭ) ůɡůəŮɡɐ CueMate 
[1]

. 

 

 

3.4.4.2 ɈˊɞŭŮɟɛɘəɏɠ ůɡůəŮɡɏɠ ŬˊɞŭɏůɛŮɡůɖɠ űŬɟɛɎəɞɡ 
[1] 

 ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ ɡˊɞŭŮɟɛɘəɩɜ ŮɛűɡŰŮɡɛɎŰɤɜ, ŰŬ ɞˊɞɑŬ ůŰɞɢŮɨɞɡɜ ůŮ 

ůɡɔəŮəɟɘɛɏɜɞɡɠ ɘůŰɞɨɠ, ŮɨəŬɛˊŰŮɠ əɎɣɞɡɚŮɠ ŰɞˊɞɗŮŰɞɨɜŰŬɘ əɎŰɤ Ŭˊɧ Űɞ ŭɏɟɛŬ. ɀŮ Űɞɜ 

Űɟɧˊɞ ŬɡŰɧ ŬˊɞŭŮůɛŮɨɞɜŰŬɘ ˊɞɚɚɏɠ ɞɟɛɧɜŮɠ. 

 ȼ Norplant ŮɑɜŬɘ ɛɑŬ ůɡůəŮɡɐ ɖ ɞˊɞɑŬ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ ŬɜŰɘůɡɚɚɖˊŰɘəɞɨɠ 

ůəɞˊɞɨɠ, ůŮ Ŭɜɗɟɩˊɘɜɞɡɠ ɞɟɔŬɜɘůɛɞɨɠ. ȷˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɏɝɘ əɎɣɞɡɚŮɠ ɞɘ ɞˊɞɑŮɠ ˊŮɟɘɏɢɞɡɜ 

əɟɡůŰŬɚɚɘəɐ ɚŮɓɞɜɞɟɔŮůŰŮɟɧɚɖ, ˊŮɟɘɓɎɚɚɞɜŰŬɘ Ŭˊɧ ŮɚŬůŰɞɛŮɟɏɠ ůɘɚɘəɧɜɖɠ əŬɘ ɏɢɞɡɜ ůɢɐɛŬ 

ɟɎɓŭɞɡ. ȼ ůɡůŰɞɘɢɑŬ Űɤɜ əŬɣɞɡɚɩɜ ŮɛűɡŰŮɨŮŰŬɘ ůŮ ůɢɐɛŬ ɓŮɜŰɎɚɘŬɠ əɎŰɤ Ŭˊɧ Űɞ ŭɏɟɛŬ, 

ůɡɜɐɗɤɠ ůŰɞ Ɏɜɤ ɛɏɟɞɠ Űɞɡ ɓɟŬɢɑɞɜŬ, əɎŰɤ Ŭˊɧ Űɞɜ ŰɟɘəɏűŬɚɞ ɐ Űɞ ŭɘəɏűŬɚɞ. ȼ ůɡůəŮɡɐ 

Norplant ɛˊɞɟŮɑ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɏɤɠ ˊɏɜŰŮ ɏŰɖ. ȼ ɚŮɓɞɜɞɟɔŮůŰŮɟɧɚɖ, ůŮ 24 ɩɟŮɠ Ŭˊɧ Űɖɜ 

ŮɘůŬɔɤɔɐ Űɖɠ, ˊŬɟɏɢŮɘ ŬɜŰɘůɡɚɚɖˊŰɘəɐ ˊɟɞůŰŬůɑŬ. ȷɡŰɐ ɛŮɘɩɜŮŰŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ɛŮ Ŭɟɔɧ 

ɟɡɗɛɧ.  

 

                   
ɆɢɐɛŬ 3.17: ɆɡůəŮɡɐ Norplant. 

  

Ƀɘ ůɡůəŮɡɏɠ Compudose əŬɘ Crestar ŮɑɜŬɘ ŭɨɞ ŮɛˊɞɟɘəɎ ŭɘŬɗɏůɘɛŬ ŮɛűɡŰŮɨɛŬŰŬ, ŰŬ ɞˊɞɑŬ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŰŬ ŬɡŰɘɎ Űɤɜ ɕɩɤɜ. ȼ ˊɟɩŰɖ ŮɛűɡŰŮɨŮŰŬɘ ŮɜŰɧɠ Űɞɡ ŬɡŰɘɞɨ, 

ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ əŬŰɎɚɚɖɚɖ ŭɘɎŰŬɝɖ ŮűŬɟɛɞɔɐɠ. ȷˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɏɜŬ ɚŮˊŰɧ ůŰɟɩɛŬ 

ŮɚŬůŰɞɛŮɟɞɨɠ ůɘɚɘəɧɜɖɠ Űɞ ɞˊɞɑɞ ˊŮɟɘɏɢŮɘ 17ɓ-ɞɘůŰɟŬŭɘɧɚɖ əŬɘ ŮˊɘəŬɚɨˊŰŮŰŬɘ Ŭˊɧ 

ŮɚŬůŰɞɛŮɟɏɠ ůɘɚɘəɧɜɖɠ. ȼ ŬˊɞŭɏůɛŮɡůɖ Űɞɡ űŬɟɛɎəɞɡ ůŰɖ ůɡůəŮɡɐ ŬɡŰɐ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖ 

ŰŮŰɟŬɔɤɜɘəɐ ɟɑɕŬ Űɞɡ ɢɟɧɜɞɡ əŬɘ ɛˊɞɟŮɑ ɜŬ ŭɘŬɟəɏůŮɘ 400, 200, 100 əŬɘ 90-100 ɖɛɏɟŮɠ, 
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ŬɜɎɚɞɔŬ ɛŮ Űɞɜ Űɨˊɞ Űɖɠ ůɡůəŮɡɐɠ ˊɞɡ ŮˊɘɚɏɔŮŰŬɘ. ȼ ůɡůəŮɡɐ Crestar ɏɢŮɘ ůɢɐɛŬ ɟɎɓŭɞɡ 

əŬɘ ˊŮɟɘɏɢŮɘ 3 mg ɜɞɟɔŮůŰɞɛɏŰɖ ŭɘŬůˊŬɟɛɏɜɖ ůŮ ɛɐŰɟŬ ůɘɚɘəɧɜɖɠ. 

 

 

3.4.4.3 ȺˊɘŭŮɟɛɘəɏɠ ůɡůəŮɡɏɠ ŬˊɞŭɏůɛŮɡůɖɠ űŬɟɛɎəɞɡ 
[1] 

 ɇŬ ŮˊɘŭŮɟɛɘəɎ ůɡůŰɐɛŬŰŬ ŬˊɞŭɏůɛŮɡůɖɠ űŬɟɛɎəɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ Űɖ 

ůɡůŰɖɛŬŰɘəɐ ɢɞɟɐɔɖůɖ űŬɟɛɎəɞɡ ŭɘŬɛɏůɞɡ Űɞɡ ŭɏɟɛŬŰɞɠ. ɇɞ ŭɏɟɛŬ ŬˊɞŰŮɚŮɑ 

ˊɟɞůŰŬŰŮɡŰɘəɐ ɛŮɛɓɟɎɜɖ ɔɘŬ Űɞ ůɩɛŬ, ŭɘɧŰɘ ŭɞɛŮɑŰŬɘ Ŭˊɧ ŬɟəŮŰɎ, ˊɞɚɨˊɚɞəŬ ůŰɟɩɛŬŰŬ, Ůə 

Űɤɜ ɞˊɞɑɤɜ Űɞ stratum corneum ŮɑɜŬɘ Űɞ ˊɘɞ ŬŭɘŬˊɏɟŬůŰɞ. ȼ ŭɘŮɑůŭɡůɖ Ůɜɧɠ űŬɟɛɎəɞɡ ɛɏůɤ 

Űɞɡ ŭɏɟɛŬŰɞɠ ŮɑɜŬɘ ŭɨůəɞɚɖ əŬɘ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖɜ ɘŭɘɞɛɞɟűɑŬ Űɞɡ űŬɟɛɎəɞɡ. Ⱥˊɞɛɏɜɤɠ, 

ɏɜŬɠ ɛɘəɟɧɠ Ŭɟɘɗɛɧɠ űŬɟɛɎəɤɜ ɛˊɞɟŮɑ ɜŬ ŬˊɞŭŮůɛŮɡɗŮɑ ŮˊɘŭŮɟɛɘəɎ. ũɘŬ Űɞ ɚɧɔɞ ŬɡŰɧ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɛɏůŬ Ůɜɑůɢɡůɖɠ, ɧˊɤɠ Űɞ ŮɚŬɥəɧ ɞɝɨ əŬɘ ɞɘ ŮůŰɏɟŮɠ Űɞɡ əŬɘ ɖ 

ˊɞɚɡŬɘɗɡɚŮɜɞɔɚɡəɧɚɖ.  

 
ɆɢɐɛŬ 3.18: ȺűŬɟɛɞɔɐ ŮˊɘŭŮɟɛɘəɐɠ ůɡůəŮɡɐɠ. 

 

  ɀɑŬ ŮˊɘŭŮɟɛɘəɐ ůɡůəŮɡɐ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŰɏůůŮɟŬ ɛɏɟɖ: Űɞ ůŰɟɩɛŬ ɡˊɞůŰɐɟɘɝɖɠ, Űɖ 

ɛŮɛɓɟɎɜɖ, Űɞ əɞɚɚɩŭŮɠ ůŰɟɩɛŬ əŬɘ Űɖɜ Ůˊɏɜŭɡůɖ. ȹɘŬəɟɑɜɞɜŰŬɘ ŭɨɞ əɡɟɑɤɠ Űɨˊɞɘ: 

Á ɖ ŭŮɝŬɛŮɜɐ, ɧˊɞɡ ɖ ŭɟŬůŰɘəɐ ɞɡůɑŬ ɓɟɑůəŮŰŬɘ ůŮ ŭɘɎɚɡůɖ ɐ Ŭɘɩɟɖůɖ əŬɘ 

ůɡɔəɟŬŰŮɑŰŬɘ ŬɜɎɛŮůŬ ůŰɞ ůŰɟɩɛŬ ɡˊɞůŰɐɟɘɝɖɠ əŬɘ ůŰɖ ɛŮɛɓɟɎɜɖ. ȼ ɛŮɛɓɟɎɜɖ 

ŮɚɏɔɢŮɘ Űɞ ɟɡɗɛɧ ŬˊɞŭɏůɛŮɡůɖɠ, 

Á ɖ ɛɐŰɟŬ, ɧˊɞɡ ɖ ɞɡůɑŬ ŮɑɜŬɘ ŭɘŬůˊŬɟɛɏɜɖ ŮɜŰɧɠ Űɖɠ ˊɞɚɡɛŮɟɘəɐɠ ɛɐŰɟŬɠ, ůŮ ŮˊŬűɐ ɛŮ 
Űɞ ŭɏɟɛŬ, ɛŮ Űɖ ɓɞɐɗŮɘŬ ɛɘŬ əɞɚɚɩŭɞɡɠ ŰŬɘɜɑŬɠ. ȹɘŬűɞɟŮŰɘəɎ, Űɞ űɎɟɛŬəɞ ŮɑɜŬɘ 

ŭɘŬůˊŬɟɛɏɜɞ ůŮ ˊɞɚɡɛŮɟɏɠ, Űɞ ɞˊɞɑɞ ŬˊɞŰŮɚŮɑ Űɞ əɞɚɚɩŭŮɠ ɛɏůɞ. 

 
ɆɢɐɛŬ 3.19: ɆɢɖɛŬŰɘəɐ ŬɜŬˊŬɟɎůŰŬůɖ ŮˊɘŭŮɟɛɘəɩɜ ůɡůŰɖɛɎŰɤɜ ŬˊɞŭɏůɛŮɡůɖɠ űŬɟɛɎəɞɡ:(Ŭ) 

Űɨˊɞɡ ŭŮɝŬɛŮɜɐɠ əŬɘ (ɓ) Űɨˊɞɡ ɛɐŰɟŬɠ. 
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Ƀɘ ůɡůəŮɡɏɠ ŬɡŰɏɠ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ űɎɟɛŬəŬ ˊɞɡ ɢɞɟɖɔɞɨɜŰŬɘ ůŮ ɛɘəɟɏɠ ŭɧůŮɘɠ, ɧˊɤɠ 

ŬɡŰɎ ˊɞɡ ˊŮɟɘɏɢɞɡɜ ɜɘŰɟɞɔɚɡəŮɟɑɜɖ (ɔɘŬ ˊɧɜɞɡɠ ůŰɞ ůŰɐɗɞɠ), ůəɞˊɞɚŬɛɑɜɖ (ɔɘŬ əɘɜɖŰɘəɎ 

ˊɟɞɓɚɐɛŬŰŬ), ɜɘəɞŰɑɜɖ (ɔɘŬ ŬˊŮɝɎɟŰɖůɖ Ŭˊɧ Űɞ əɎˊɜɘůɛŬ), əɚɞɜɘŭɑɜɖ (ɔɘŬ ɡɣɖɚɐ ŬɟŰɖɟɘŬəɐ 

ˊɑŮůɖ), űŮɜŰŬɜɨɚɖ (ɔɘŬ ŬɜŬəɞɨűɘůɖ Ŭˊɧ Űɞɜ ˊɧɜɞ) əŬɘ ɞɘůŰɟŬŭɘɧɚɖ. 

 

 

 

3.5 Ⱥɜɑůɢɡůɖ Űɖɠ ɓɘɞŭɟŬůŰɘəɧŰɖŰŬɠ ŮɚŬůŰɞɛŮɟɩɜ ˊɞɚɡůɘɚɞɝɎɜɖɠ 

 

ɆŰɖɜ ˊɟɞůˊɎɗŮɘŬ ɜŬ ŬɜŰɘɛŮŰɤˊɘůɗɞɨɜ ɞɘ ɛŮɘɤɛɏɜŮɠ ŬɜŰɞɢɏɠ ˊɞɡ ˊŬɟɞɡůɘɎɕɞɡɜ ŰŬ 

ŮɚŬůŰɞɛŮɟɐ ůɘɚɘəɧɜɖɠ ůŰɘɠ ŭɘɎűɞɟŮɠ ɢɟɐůŮɘɠ Űɞɡɠ, ŮűŬɟɛɧɕɞɜŰŬɘ ůɡůŰɐɛŬŰŬ ŮɜɘůɢɡɛɏɜŬ ɛŮ 

ɜŬɜɞůɤɛŬŰɑŭɘŬ. Ɇɡɜɐɗɤɠ, ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ŮˊɘűŬɜŮɘŬəɎ ŰɟɞˊɞˊɞɘɖɛɏɜŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ 

ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ, ŰŬ ɞˊɞɑŬ ŬɚɚɖɚŮˊɘŭɟɞɨɜ ɛŮ Űɘɠ ŬɚɡůɑŭŮɠ Űɞɡ ŮɚŬůŰɞɛŮɟɞɨɠ ŮɑŰŮ 

űɡůɘəɎ ŮɑŰŮ ɢɖɛɘəɎ.  

ȼ ɢɟɐůɖ Űɤɜ ɛɏůɤɜ Ůɜɑůɢɡůɖɠ ůŰɖɜ əɚɑɛŬəŬ Űɤɜ ɜŬɜɞɛɏŰɟɤɜ, ɛŮɚŮŰɎŰŬɘ ɞɚɞɏɜŬ əŬɘ 

ˊŮɟɘůůɧŰŮɟɞ ɚɧɔɤ Űɖɠ ɘŭɘɧŰɖŰŬɠ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ɜŬ ɓŮɚŰɘɩɜɞɡɜ Űɖɜ ɓɘɞɚɞɔɘəɐ 

Ŭˊɧəɟɘůɖ Űɞɡ ɡɚɘəɞɨ, ɛŮ ŰŬɡŰɧɢɟɞɜɖ Ůɜɑůɢɡůɖ Űɤɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ 
[31]
. ɇɞ əɑɜɖŰɟɞ ɔɘŬ 

Űɖɜ ɛŮɚɏŰɖ ŰɏŰɞɘɤɜ ɡɚɘəɩɜ ˊɟɞɐɚɗŮ Ŭˊɧ Űɞ ɔŮɔɞɜɧɠ ɧŰɘ ŰŬ ɏɛɓɘŬ ůɡůŰɐɛŬŰŬ ŭɘɏˊɞɜŰŬɘ Ŭˊɧ 

ɛɧɟɘŬ ŰŬ ɞˊɞɑŬ ɓɟɑůəɞɜŰŬɘ ůŰɖɜ əɚɑɛŬəŬ Űɤɜ ɜŬɜɞɛɏŰɟɤɜ.  

 

 

3.5.1 ɈŭɟɞɝɡŬˊŬŰɑŰɖɠ 

ɇŬ ɓɘɞəŮɟŬɛɘəɎ, ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɤɠ ɡɚɘəɎ ŬˊɞəŬŰɎůŰŬůɖɠ ɞůŰɩɜ, əŬɘ ɛˊɞɟɞɨɜ ɛɏůɤ Űɖɠ 

Ŭˊɞŭɧɛɖůɐɠ Űɞɡɠ, əɎŰɤ Ŭˊɧ ůɡɔəŮəɟɘɛɏɜŮɠ ůɡɜɗɐəŮɠ ůŰɞɜ Ŭɜɗɟɩˊɘɜɞ ɞɟɔŬɜɘůɛɧ, ɜŬ 

ˊŬɟɎɔɞɡɜ ɛɑŬ ˊɞɟɩŭɖ ŭɞɛɐ, ŭɘŮɡəɞɚɨɜɞɜŰŬɠ Űɖɜ ˊɟɞůəɧɚɚɖůɖ ɘůŰɩɜ əŬɘ Űɖ ŭɖɛɘɞɡɟɔɑŬ 

ˊŬɟɎˊɚŮɡɟɤɜ ɘůŰɩɜ 
[32]
. Ƀ ɡŭɟɞɝɡŬˊŬŰɑŰɖɠ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ Ůɡɟɏɤɠ ůŮ ɢɟɐůŮɘɠ ɤɠ 

ɓɘɞəŮɟŬɛɘəɧ, ɚɧɔɤ Űɖɠ ˊŬɟɧɛɞɘŬɠ ŭɞɛɐɠ Űɞɡ ɛŮ Űɞɡɠ ŬɜɧɟɔŬɜɞɡɠ əɟɡůŰŬɚɚɑŰŮɠ Űɤɜ ɞůŰɩɜ. Ƀ 

ɡŭɟɞɝɡŬˊŬŰɑŰɖɠ ŮɑɜŬɘ ɓɘɞůɡɛɓŬŰɧɠ əŬɘ ˊɟɞůŭɑŭŮɘ ɡɣɖɚɧ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ, əɎɜɞɜŰɎɠ Űɞɜ 

ɘŭŬɜɘəɧ ɡɚɘəɧ ůŰɖɜ ŬˊɞəŬŰɎůŰŬůɖ Űɤɜ ɞůŰɩɜ.  
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ɆɢɐɛŬ 3.20: ɉɟɐůŮɘɠ Űɞɡ ɡŭɟɞɝɡŬˊŬŰɑŰɖ ůŮ ɓɘɞɥŬŰɟɘəɏɠ ŮűŬɟɛɞɔɏɠ.  

 

ɀɘŬ ɛɏɗɞŭɞɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Űɖɜ ɓŮɚŰɑɤůɖ Űɖɠ ɓɘɞůɡɛɓŬŰɧŰɖŰŬɠ Űɖɠ 

ůɘɚɘəɧɜɖɠ ŮɑɜŬɘ ɖ ŮɜůɤɛɎŰɤůɖ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ɡŭɟɞɝɡŬˊŬŰɑŰɖ, ɤɠ ŮɜɘůɢɡŰɘəɞɨ, 

ɓŮɚŰɘɩɜɞɜŰŬɠ ŰŬɡŰɧɢɟɞɜŬ əŬɘ Űɘɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ. ȼ ŮɘůŬɔɤɔɐ Űɤɜ 

ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ɡŭɟɞɝɡŬˊŬŰɑŰɖ, ˊɟɞůŭɑŭŮɘ Ůˊɑůɖɠ ŮɜŮɟɔɎ əɏɜŰɟŬ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ɡɚɘəɞɨ 

ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ŮɡɜɞŮɑŰŬɘ ɖ ŬɜɎˊŰɡɝɖ ɘůŰɩɜ ˊŮɟɘɛŮŰɟɘəɎ Űɞɡ ŮɛűɡŰŮɨɛŬŰɞɠ. ɄŬɟɎɚɚɖɚŬ, ɖ 

ŮɜůɤɛɎŰɤůɖ Űɞɡ ɡŭɟɞɝɡŬˊŬŰɑŰɖ, ɛŮɘɩɜŮɘ Űɖ ɕɖɛɘɎ ˊɞɡ ˊɟɞəŬɚŮɑŰŬɘ ůŰŬ ŮɟɡɗɟɞəɨŰŰŬɟŬ Ŭˊɧ 

Űɖɜ ɢŬɛɖɚɐ ˊɞɚɘəɧŰɖŰŬ Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ 
[33]
. ɆɨɛűɤɜŬ ɛŮ Űɞ ˊŬɟŬˊɎɜɤ, ɖ ˊŬɟɞɡůɑŬ Űɞɡ 

ɡŭɟɞɝɡŬˊŬŰɑŰɖ, ɛŮŰŬɓɎɚɚŮɘ Űɖɜ ŭɞɛɐ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ, ɛɏůɤ Űɖɠ 

ŬɜɎˊŰɡɝɖɠ Ůɜɧɠ ŭɘŬűɞɟŮŰɘəɞɨ ɓŬɗɛɞɨ ɖɚŮəŰɟɞɥɞɜɘůɛɞɨ ůŮ ɏɜŬ ɏɜɡŭɟɞ ˊŮɟɘɓɎɚɚɞɜ. ɇɞ 

ɜŬɜɞůɨɜɗŮŰɞ ˊɞɡ ŭɖɛɘɞɡɟɔŮɑŰŬɘ ɏɢŮɘ Ŭɡɝɖɛɏɜɖ ɡŭɟɞűɘɚɘəɧŰɖŰŬ, ɛŮ ŮˊŬəɧɚɞɡɗɖ Űɖɜ ɛŮɑɤůɖ 

Űɖɠ əŬŰŬůŰɟɞűɐɠ Űɤɜ ŮɟɡɗɟɞəɡŰŰɎɟɤɜ.  

Ƀɘ Thein-Han et al. 
[34]
, ɢɟɖůɘɛɞˊɞɑɖůŬɜ ɜŬɜɞůɤɛŬŰɑŭɘŬ ɡŭɟɞɝɡŬˊŬŰɑŰɖ ůŮ 

ŮɚŬůŰɞɛŮɟɏɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ, ɔɘŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ Ůɜɧɠ ůɡɜɗɏŰɞɡ ɛŮ ɡɣɖɚɐ ɛɖɢŬɜɘəɐ ŬɜŰɞɢɐ 

əŬɗɩɠ əŬɘ ɛŮ ɡɣɖɚɐ ˊŬɟŬɛɧɟűɤůɖ, ɔɘŬ ɢɟɐůɖ ɤɠ ɛɧůɢŮɡɛŬ ůŮ ɓɘɞɥŬŰɟɘəɏɠ ŮűŬɟɛɞɔɏɠ. ȼ 

ˊŬɟɞɡůɑŬ Űɞɡ ɓɘɞŭɟŬůŰɘəɞɨ ɡŭɟɞɝɡŬˊŬŰɑŰɖ, ɛˊɞɟŮɑ ɜŬ ɟɡɗɛɑůŮɘ Űɘɠ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ ɛŮŰŬɝɨ 

Űɤɜ əɡŰŰɎɟɤɜ əŬɘ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ŮɝŬůűŬɚɑɕŮŰŬɘ ɖ ɛŬəɟɞˊɟɧɗŮůɛɖ 

ůŰŬɗŮɟɧŰɖŰŬ Űɞɡ ɡɚɘəɞɨ. ȷˊɧ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ɛŮɚɏŰɖɠ, ŭɘŬˊɘůŰɩɗɖəŮ Ůɡɜɞɥəɐ əŬɘ 

ůɖɛŬɜŰɘəɎ ɓŮɚŰɘɤɛɏɜɖ ɓɘɞɚɞɔɘəɐ Ŭˊɧəɟɘůɖ Űɤɜ ɞůŰŮɞɓɚŬůŰɩɜ ůŰŬ ůɨɜɗŮŰŬ 

ˊɞɚɡůɘɚɞɝɎɜɖɠ/ɜŬɜɞɦŭɟɞɝɡŬˊŬŰɑŰɖ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ˊŬɟŬŰɖɟɐɗɖəŮ əŬɚɨŰŮɟɖ 

ˊɟɞůəɧɚɚɖůɖ Űɤɜ əɡŰŰɎɟɤɜ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ɡɚɘəɞɨ əŬɘ ɡɣɖɚɧŰŮɟɖ 

ɓɘɤůɘɛɧŰɖŰŬ/ˊɞɚɚŬˊɚŬůɘŬůɛɧɠ ůɡɔəɟɘŰɘəɎ ɛŮ Űɖɜ ɛɖ Ůɜɘůɢɡɛɏɜɖ ˊɞɚɡůɘɚɞɝɎɜɖ, ɔŮɔɞɜɧɠ ˊɞɡ 

ŮˊɘɓŮɓŬɘɩɜŮɘ Űɞ ɟɧɚɞ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Űɞɡ ɡŭɟɞɝɡŬˊŬŰɑŰɖ ůŰɖɜ əɡŰŰŬɟɘəɐ Ŭˊɧəɟɘůɖ.  

ȹɘŬˊɘůŰɩɗɖəŬɜ Ůˊɑůɖɠ ɡɣɖɚɧŰŮɟŬ ˊɞůɞůŰɎ ˊɟɤŰŮɥɜɩɜ (fibronectin, vinculin əŬɘ andactin), 

ůɡɛˊŮɟɘűɞɟɎ ˊɞɡ ŬˊɞŭɑŭŮŰŬɘ ůŰɖɜ ŮɝŬɘɟŮŰɘəɐ ɓɘɤůɘɛɧŰɖŰŬ Űɤɜ əɡŰŰɎɟɤɜ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ 

ɓɘɞɦɚɘəɞɨ.   

To ɓ-Tricalcium phosphate (ɓ-ɇCP), ŮɑɜŬɘ ɏɜŬ ɛɘŬ əɟɡůŰŬɚɚɘəɐ ŭɞɛɐ Űɞɡ űɤůűɞɟɘəɞɨ 

ŬůɓŮůŰɑɞɡ ɛŮ ŮɝŬɘɟŮŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ Ŭˊɞŭɧɛɖůɖɠ 
[35]
. ȼ ŮɘůŬɔɤɔɐ Űɞɡ ɓ-ɇCP ůŮ ŮɚŬůŰɞɛŮɟɏɠ 

ˊɞɚɡůɘɚɞɝɎɜɖɠ, ɞŭɖɔŮɑ ůŰɖɜ ŭɖɛɘɞɡɟɔɑŬ Ůɜɧɠ ůɡɜɗɏŰɞɡ ɛŮ ɓŮɚŰɘɤɛɏɜŮɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ 

əŬɘ Űɖɜ ŬˊŬɘŰɞɨɛŮɜɖ ɓɘɞůɡɛɓŬŰɧŰɖŰŬ ɔɘŬ ɢɟɐůŮɘɠ ɤɠ ɛɞůɢŮɨɛŬŰŬ ɛŬɚŬəɩɜ ɘůŰɩɜ. ȼ 

ˊŬɟɞɡůɑŬ Űɞɡ ɓɘɞəŮɟŬɛɘəɞɨ ŭɖɛɘɞɡɟɔŮɑ ɓɘɞŮɜŮɟɔɎ əɏɜŰɟŬ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ůɡɜɗɏŰɞɡ ɧˊɞɡ 

ŮɡɜɞŮɑŰŬɘ ɖ ˊɟɞůəɧɚɚɖůɖ əŬɘ ɖ ŬɜɎˊŰɡɝɖ Űɤɜ əɡŰŰɎɟɤɜ. ȼ ůɡɛˊŮɟɘűɞɟɎ ŬɡŰɐ ůɡɜŭɏŮŰŬɘ ɛŮ 

Űɞ ɔŮɔɞɜɧɠ ɧŰɘ Űɞ ɓ-ɇCP ɛˊɞɟŮɑ ɜŬ ŬˊɞɟɟɞűɖɗŮɑ, Ŭűɞɨ ɏɢŮɘ ŭɖɛɘɞɡɟɔɖɗŮɑ ɘɜɩŭɖɠ ɘůŰɧɠ 
[36]
. Ƀ 

ɛɖɢŬɜɘůɛɧɠ ŬɡŰɧɠ ŮɡɜɞŮɑ Űɘɠ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ ɛŮŰŬɝɨ Űɞɡ ɓɘɞɦɚɘəɞɨ ɛŮ Űɞɡɠ ɔŮɘŰɞɜɘəɞɨɠ 

ɘůŰɞɨɠ əŬɘ ɛŮɘɩɜŮɘ Űɖɜ ŬɜɎˊŰɡɝɖ ŭŮɡŰŮɟɞɔŮɜɩɜ Ůˊɘˊɚɞəɩɜ, ůɡɛˊŮɟɘɚŬɛɓŬɜɞɛɏɜɖɠ əŬɘ Űɖɠ 

Ŭˊɞɓɞɚɐɠ Űɞɡ ɡɚɘəɞɨ. 
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Ƀɘ Zhang et al. 
[37]

, ɛŮɚɏŰɖůŬɜ Űɖɜ ŮˊɑŭɟŬůɖ Űɞɡ ɓ-ɇCP ůŮ ŮɚŬůŰɞɛŮɟɏɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ 

ɔɘŬ ɢɟɐůɖ ɤɠ ŮɛűɨŰŮɡɛŬ ɛŬɚŬəɞɨ ɘůŰɞɨ, əŬɘ ŭɘŬˊɑůŰɤůŬɜ ɛŮŰŬɓɞɚɐ Űɤɜ ɛɖɢŬɜɘəɩɜ 

ɘŭɘɞŰɐŰɤɜ Űɞɡ ůɡɜɗɏŰɞɡ ůɡɔəɟɘŰɘəɎ ɛŮ Űɖɜ ɛɖ Ůɜɘůɢɡɛɏɜɖ ˊɞɚɡůɘɚɞɝɎɜɖɠ, ŮəŰɧɠ Űɖɠ ŬɜŰɞɢɐɠ 

ůŮ ůɢɘůɛɧ ˊɞɡ ˊŬɟŬɛɏɜŮɘ ɑŭɘŬ. ȷˊɧ Űɖɜ ɛŮɚɏŰɖ əɡŰŰŬɟɞəŬɚɚɘŮɟɔɘɩɜ ɘɜɞɓɚŬůŰɩɜ, 

ŭɘŬˊɘůŰɩɗɖəŮ ɓŮɚŰɑɤůɖ ůŰɖɜ ˊɟɞůəɧɚɚɖůɖ əŬɘ Ŭɨɝɖůɖ Űɞɡ Ŭɟɘɗɛɞɨ Űɤɜ əɨŰŰŬɟɤɜ. Ⱥˊɑůɖɠ, 

ɛŮŰɎ Ŭˊɧ in vivo ˊŮɘɟɎɛŬŰŬ  əŬɘ ɛɏůɤ ɘůŰɞɚɞɔɘəɐɠ ŬɜɎɚɡůɖɠ, ŭɘŬˊɘůŰɩɗɖəŮ ɖ ˊŬɟɞɡůɑŬ 

ɘɜɩŭɞɡɠ ɘůŰɞɨ ɔɨɟɞ Ŭˊɧ Űɞ ɓɘɞɦɚɘəɧ.  

 

 

3.5.2 ȸɘɞŮɜŮɟɔɏɠ ɒŬɚɞɘ ɐ ɔɡŬɚɑ 

ɀɘŬ ůɡɔəŮəɟɘɛɏɜɖ ɞɛɎŭŬ ɓɘɞŮɜŮɟɔɩɜ ɡɎɚɤɜ ˊɞɡ ɏɢŮɘ ɘŭɘŬɑŰŮɟŬ ɛŮɚŮŰɖɗŮɑ, 

ŭɖɛɘɞɡɟɔɐɗɖəŮ Ŭˊɧ Űɘɠ ŮɟŮɡɜɖŰɘəɏɠ ɞɛɎŭŮɠ Űɞɡ L. Hench əŬɘ Űɤɜ ůɡɜŮɟɔŬŰɩɜ Űɞɡ, ŬɜɐəŮɘ 

ůŰɞ ůɨůŰɖɛŬ NaO-SiO2-P2O5-CaO əŬɘ ŬɜŬűɏɟŮŰŬɘ ɤɠ ɓɘɞŮɜŮɟɔɐ ɨŬɚɞɠ (bioglass) 
[38, 39]

. ȼ 

ŮɛűɨŰŮɡůɖ ŭŮɘɔɛɎŰɤɜ ɓɘɞŮɜŮɟɔɞɨɠ ɡɎɚɞɡ ůŮ ɛɖɟɘŬɑŬ ɞůŰɎ ˊŮɘɟŬɛŬŰɧɕɤɤɜ ŬɜŬŭŮɘəɜɨɞɡɜ Űɖ 

ŭɖɛɘɞɡɟɔɑŬ ɜɏɞɡ ɞůŰɞɨ ůŮ əŬŰɎ Űɧˊɞɡɠ ˊŮɟɘɞɢɏɠ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ ŮˊŬűɐɠ ɏˊŮɘŰŬ Ŭˊɧ 4 

ŮɓŭɞɛɎŭŮɠ, Ůɜɩ Űɞ ŮɛűɨŰŮɡɛŬ ŮɑɜŬɘ ůŰŬɗŮɟɎ ůɡɜŭŮŭŮɛɏɜɞ ɛŮ Űɞ ɞůŰɧ ɛŮŰɎ Ŭˊɧ 6 ŮɓŭɞɛɎŭŮɠ 
[38, 39]

. 

 

  
ɆɢɐɛŬ 3.21: ɉɟɐůŮɘɠ Űɞɡ ɓɘɞŮɜŮɟɔɞɨ ɨŬɚɞɡ ůŰɖɜ ŬˊɞəŬŰɎůŰŬůɖ əŮɜɩɜ Űɖɠ ɞŭɞɜŰɑɜɖɠ 

[40]
.  

 

 Ƀɘ Hench əŬɘ Paschal 
[38]

 ɛŮɚŮŰɩɜŰŬɠ Űɖ ɓɘɞɚɞɔɘəɐ ůɡɛˊŮɟɘűɞɟɎ Űɟɘɩɜ ŭɘŬűɞɟŮŰɘəɩɜ 

ůɡɜɗɏůŮɤɜ ɓɘɞɦɎɚɤɜ ɛŮŰɎ Ŭˊɧ ŮɛűɨŰŮɡůɖ ůŮ ɛɨŮɠ ˊɞɜŰɘəɘɩɜ, ŭɘŬˊɑůŰɤůŬɜ ɧŰɘ ɛŮŰɎ Ŭˊɧ 6 

ŮɓŭɞɛɎŭŮɠ ůŰɘɠ ˊŮɟɘůůɧŰŮɟŮɠ ˊŮɟɘɞɢɏɠ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ ɛŮŰŬɝɨ ɡɎɚɤɜ əŬɘ əɡŰŰɎɟɤɜ ɖ 

ůɨɜŭŮůɖ ɐŰŬɜ ɘůɢɡɟɐ, ɛŮ ˊŬɟɞɡůɑŬ ɩɟɘɛɤɜ ɘɜɞɓɚŬůŰɩɜ əŬɘ ɩɟɘɛŮɠ ɛŮůɞəɡŰŰɎɟɘŮɠ ɑɜŮɠ 

əɞɚɚŬɔɧɜɞɡ. ȼ ŭɖɛɘɞɡɟɔɑŬ ůɨɜŭŮůɖɠ Űɤɜ ɓɘɞŮɜŮɟɔɩɜ ɡɎɚɤɜ ɛŮ Űɞɡɠ ɘůŰɞɨɠ ŮɑɜŬɘ 

ŬˊɞŰɏɚŮůɛŬ ɛɘŬɠ ůŮɘɟɎɠ ŬɜŰɘŭɟɎůŮɤɜ ˊɞɡ ůɡɛɓŬɑɜɞɡɜ ůŰɖɜ ŮˊɘűɎɜŮɘŬ ŮˊŬűɐɠ ɛŮ Űɞɡɠ ɘůŰɞɨɠ 

əŬɘ ˊɞɡ ɏɢɞɡɜ ɤɠ ŬˊɞŰɏɚŮůɛŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ Ŭɟɢɘəɩɠ Ůɜɧɠ ůŰɟɩɛŬŰɞɠ ˊɚɞɨůɘɞɡ ůŮ Si, Űɞ 

ɞˊɞɑɞ ůŰɖ ůɡɜɏɢŮɘŬ əŬɚɨˊŰŮŰŬɘ Ŭˊɧ ɏɜŬ ůŰɟɩɛŬ ˊɚɞɨůɘɞ ůŮ Ca-P, Ůɜɩ Űɞ ŰŮɚɘəɧ ŬˊɞŰɏɚŮůɛŬ 

ŮɑɜŬɘ ɖ əɟɡůŰŬɚɚɞˊɞɑɖůɖ Űɞɡ ůŰɟɩɛŬŰɞɠ Ca-P ůŮ ɡŭɟɞɝɡəŬɟɓɞɜɘəɧ ŬˊŬŰɑŰɖ (HCAp) 
[41]
. ɇɞ 

ŬɜŬˊŰɡůůɧɛŮɜɞ ŬɡŰɧ ůŰɟɩɛŬ ˊŬɟɞɡůɘɎɕŮɘ ɛɞɟɘŬəɐ ŬɜŬɚɞɔɑŬ Ca/P ůɡɜɐɗɤɠ < 1,67 

(ůŬ́ɜɘɧŰŮɟŬ əŬɘ >1,67) ˊɞɡ ŮɑɜŬɘ ɖ ŬɜŬűŮɟɧɛŮɜɖ ŬɜŬɚɞɔɑŬ Űɞɡ ůŰɞɘɢŮɘɞɛŮŰɟɘəɞɨ ŬˊŬŰɑŰɖ, ɞ 

ɞˊɞɑɞɠ əŬɘ ŭŮɜ ŬɜŮɡɟɑůəŮŰŬɘ ůŰŬ ɓɘɞɚɞɔɘəɎ ůɡůŰɐɛŬŰŬ. ũɘŬ Űɞ ɚɧɔɞ ŬɡŰɧ Űɞ ůŰɟɩɛŬ ŬɡŰɧ 

Űɞɡ ɡŭɟɞɝɡəŬɟɓɞɜɘəɞɨ ŬˊŬŰɑŰɖ ůɡɔəŬŰŬɚɏɔŮŰŬɘ ůŰɞɡɠ ɓɘɞɚɞɔɘəɞɨɠ ŬˊŬŰɑŰŮɠ, ɞɘ ɞˊɞɑɞɘ 

ŬɜŬűɏɟɞɜŰŬɘ ŭɘŮɗɜɩɠ əŬɘ ɤɠ çɛɖ ůŰɞɘɢŮɘɞɛŮŰɟɘəɞɑ (nonstoichiometric)è, çŮɚɚɘˊŮɑɠ ůŮ Ca 

(calcium-deficient)è ɐ əŬɘ çəŬɟɓɞɜɘəɞɑ (carbonate-containing)è ŬˊŬŰɑŰŮɠ 
[42, 43, 44, 45]

. ɇŬ 

əɡɟɘɧŰŮɟŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɤɜ ɓɘɞɚɞɔɘəɩɜ ŬˊŬŰɘŰɩɜ ŮɑɜŬɘ ŰŬ Ůɝɐɠ: Ŭ) ˊŬɟɞɡůɘɎɕɞɡɜ ɛɘəɟɞɨɠ 
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əɟɡůŰɎɚɚɞɡɠ ɛŮ ɛɘəɟɐ ɞɛɞɘɞɔɏɜŮɘŬ, ɓ) ŮɑɜŬɘ ɛɖ ůŰɞɘɢŮɘɞɛŮŰɟɘəɞɑ, ɔ) ˊɟɞɏɟɢɞɜŰŬɘ Ŭˊɧ 

ˊɟɧŭɟɞɛŮɠ ɛɞɟűɏɠ ŮɜɩůŮɤɜ Ca-P ɧˊɤɠ ɎɛɞɟűŮɠ ŮɜɩůŮɘɠ Ca-P, ACP 
[45,46]

 ɐ űɤůűɞɟɘəɧ 

ɞəŰŬůɓɏůŰɘɞ, OCP 
[47]
, əŬɘ ŭ) ŮɑɜŬɘ ŭɡɜŬŰɧɜ ɜŬ ˊŮɟɘɏɢɞɡɜ ůŰɞɘɢŮɑŬ əŬɘ ɘɢɜɞůŰɞɘɢŮɑŬ ŰŬ ɞˊɞɑŬ 

ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ŮɜůɤɛŬŰɤɛɏɜŬ ůŰɖɜ əɟɡůŰŬɚɚɘəɐ ŭɞɛɐ ɐ/ŭŮŭŮɛɏɜŬ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɤɜ 

ɛɘəɟɞəɟɡůŰɎɚɚɤɜ Űɞɡɠ 
[44, 48]

. 

ȷɜŬɚɡŰɘəɎ ɞɘ ŭɘŮɟɔŬůɑŮɠ ˊɞɡ ůɡɛɓŬɑɜɞɡɜ ˊŮɟɘɚŬɛɓɎɜɞɡɜ Űɖɜ ŬɜŰŬɚɚŬɔɐ ŬɚəŬɚɘəɩɜ 

ɘɧɜŰɤɜ Na
+
 Ŭˊɧ Űɘɠ ɓɘɞŮɜŮɟɔɏɠ ɡɎɚɞɡɠ, ɛŮ H

+
 əŬɘ H3O

+ 
Ŭˊɧ Űɞ ŭɘɎɚɡɛŬ, ˊɞɡ ŮɑɜŬɘ Űɞ ˊɟɩŰɞ 

ůŰɎŭɘɞ Űɖɠ ŬɜŰɑŭɟŬůɖɠ 
[41]
. ɆŰɖ ůɡɜɏɢŮɘŬ ˊŬɟŬŰɖɟŮɑŰŬɘ ɛŮŰŬəɑɜɖůɖ Si ůŰɖ ɛɞɟűɐ Si(OH)4 ůŰɞ 

ŭɘɎɚɡɛŬ Ŭˊɧ Űɖ ɟɐɝɖ Űɤɜ ŭŮůɛɩɜ Si-O-Si, əŬɘ ůɢɖɛŬŰɘůɛɧɠ ŭŮůɛɩɜ Si-OH ůŰɖ ŭɘŮˊɘűɎɜŮɘŬ 

ɡɎɚɞɡ-ŭɘŬɚɨɛŬŰɞɠ. ɆŰɞ ŮˊɧɛŮɜɞ ůŰɎŭɘɞ ɔɑɜŮŰŬɘ ůɡɛˊɨəɜɤůɖ əŬɘ ŬɜŬˊɞɚɡɛŮɟɘůɛɧɠ Ůɜɧɠ 

ůŰɟɩɛŬŰɞɠ SiO2 ŮˊɘűŬɜŮɘŬəɎ əŬɘ ɛŮŰŬəɑɜɖůɖ ɛɏůɤ Űɞɡ ůŰɟɩɛŬŰɞɠ ŬɡŰɞɨ ɘɧɜŰɤɜ Ca
+2

 əŬɘ 

PO4
-3
, ŰŬ ɞˊɞɑŬ ůɢɖɛŬŰɑɕɞɡɜ ɏɜŬ ůŰɟɩɛŬ ŬůɓŮůŰɑɞɡ-űɤůűɧɟɞɡ (CaO-P2O5) ŮˊɎɜɤ Ŭˊɧ Űɞ 

ůŰɟɩɛŬ Űɞɡ ɞɝŮɘŭɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ. ɇɞ ˊɚɞɨůɘɞ ůŮ Ca əŬɘ P ůŰɟɩɛŬ ŬɡŰɧ ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɞ 

ɔɘŬ Űɖ ůɨɜŭŮůɖ Űɤɜ ŮɜŮɟɔɩɜ ɡɎɚɤɜ ɛŮ Űɞɡɠ ɘůŰɞɨɠ, ɔŮɔɞɜɧɠ ˊɞɡ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛŮ Űɖɜ 

əɟɡůŰŬɚɚɞˊɞɑɖůɐ Űɞɡ Ŭˊɧ Űɖɜ ŮˊɑŭɟŬůɖ OH
-
 əŬɘ CO3

-2
 Ŭˊɧ Űɞ ŭɘɎɚɡɛŬ, ɛŮ ŰŮɚɘəɧ 

ŬˊɞŰɏɚŮůɛŬ Űɞ ůɢɖɛŬŰɘůɛɧ əɟɡůŰŬɚɚɘəɞɨ ŬˊŬŰɑŰɖ, űɡůɘəɧ ŭɞɛɘəɧ ůɡůŰŬŰɘəɧ Űɤɜ ɞůŰɩɜ. 

ɄŬɟɎɚɚɖɚŬ, ɘɜɑŭɘŬ əɞɚɚŬɔɧɜɞɡ ˊɟɞůəɞɚɚɩɜŰŬɘ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɤɜ ɓɘɞŮɜŮɟɔɩɜ ɡɎɚɤɜ, 

ɞˊɧŰŮ ɖ ŬɜɎˊŰɡɝɖ Űɤɜ əɟɡůŰɎɚɚɤɜ Űɞɡ ɡŭɟɞɝɡŬˊŬŰɑŰɖ ŰŬɡŰɧɢɟɞɜŬ ůŰɖɜ ɓɘɞŮɜŮɟɔɐ ɨŬɚɞ, 

ˊɟɞůűɏɟŮɘ ɛɘŬ ůŰŬɗŮɟɐ ŭɘŮˊɘűɎɜŮɘŬ ůɨɜŭŮůɖɠ ɛŮ Űɞɡɠ ɕɤɜŰŬɜɞɨɠ ɘůŰɞɨɠ. 

ũɘŬ Űɖɜ ŬɜɎˊŰɡɝɖ Űɤɜ ůŰɟɤɛɎŰɤɜ Si əŬɘ Ca-P ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɤɜ ɓɘɞŮɜŮɟɔɩɜ ɡɎɚɤɜ, 

ɘŭɘŬɑŰŮɟɖ ůɖɛŬůɑŬ ɏɢŮɘ ɖ ůɨɜɗŮůɖ Űɖɠ ɡɎɚɞɡ əŬɘ ŮɘŭɘəɧŰŮɟŬ ɖ ˊŮɟɘŮəŰɘəɧŰɖŰɎ Űɖɠ ůŮ 

ůɡɔəŮəɟɘɛɏɜŮɠ ŬɜŬɚɞɔɑŮɠ SiO2 əŬɘ P2O5 
[49,50]
. ũɘŬ Űɞ ɚɧɔɞ ŬɡŰɧ ɏɢɞɡɜ ˊŮɘɟŬɛŬŰɘəɎ ɛŮɚŮŰɖɗŮɑ 

ŭɘɎűɞɟŮɠ ůɡɜɗɏůŮɘɠ ɓɘɞŮɜŮɟɔɩɜ ɡɎɚɤɜ ɛŮ ŰɟɞˊɞˊɞɘɖɛɏɜŮɠ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ ůŰŬ ůɡůŰŬŰɘəɎ 

ŬɡŰɎ 
[41, 49, 50]

. ȰɢŮɘ ɓɟŮɗŮɑ ɧŰɘ ɧůɞ ɚɘɔɧŰŮɟɖ ɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɞɡ SiO2 ůŰɖ ůɨɜɗŮůɖ Űɖɠ 

ɡɎɚɞɡ, Űɧůɞ ŬɡɝɎɜŮŰŬɘ ɞ ɟɡɗɛɧɠ ŬɜɎˊŰɡɝɖɠ ɡŭɟɞɝɡŬˊŬŰɑŰɖ ůŰɖɜ ŮˊɘűɎɜŮɘɎ Űɖɠ 
[50]

. 

ɇŬɡŰɧɢɟɞɜŬ ɧɛɤɠ, Ŭɡɝɖɛɏɜɞɠ ɟɡɗɛɧɠ ůɨɜŭŮůɖɠ ůɖɛŬɑɜŮɘ ŬɡɝŬɜɧɛŮɜɖ ŭɘŬɚɡŰɧŰɖŰŬ. ȼ 

ŭɘŬɚɡŰɧŰɖŰŬ Ůɜɧɠ ɓɘɞɦɚɘəɞɨ ŮɑɜŬɘ ŮˊɘɗɡɛɖŰɐ ɧŰŬɜ ŬɡŰɐ ˊŮɟɘɞɟɑɕŮŰŬɘ ůŰɖɜ ŮˊɘűɎɜŮɘŬ əŬɘ ŭŮɜ 

ŮɘůɏɟɢŮŰŬɘ ůŰɖɜ əɡɟɑɤɠ ɛɎɕŬ Űɞɡ ɡɚɘəɞɨ, ɔŮɔɞɜɧɠ ˊɞɡ ůɡɛɓŬɑɜŮɘ ůŮ ůɡɜɗɏůŮɘɠ ɓɘɞŮɜŮɟɔɩɜ 

ɡɎɚɤɜ ɛŮ Ŭɡɝɖɛɏɜɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ Na2O 
[51]
. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ˊɟɞŬɜŬűŮɟɗɏɜŰɤɜ 

ɛŮɚŮŰɩɜ, ɏɢɞɡɜ əŬŰŬŭŮɑɝŮɘ ɧŰɘ ŰŬ ůŰɟɩɛŬŰŬ Ca-P əŬɘ SiO2 ůɢɖɛŬŰɑɕɞɜŰŬɘ ɛŮ ɛŮɔŬɚɨŰŮɟɖ 

ŰŬɢɨŰɖŰŬ ůŮ ɡɎɚɞɡɠ ɛŮ Űɖ ɚɘɔɧŰŮɟɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ SiO2 (~ 46mol % SiO2) əŬɘ ɧŰɘ Űɞ 

ůŰɟɩɛŬ Ca-P ŭŮ ůɢɖɛŬŰɑɕŮŰŬɘ əŬɘ ŭŮ ŭɖɛɘɞɡɟɔŮɑŰŬɘ ŭŮůɛɧɠ ɞɨŰŮ ɛŮ Űɞ ɞůŰɧ ɞɨŰŮ əŬɘ ɛŮ Űɞɡɠ 

ɛŬɚŬəɞɨɠ ɘůŰɞɨɠ ůŮ ɡɎɚɞɡɠ ɛŮ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ SiO2 > 60 mol %. ɆɡɜɞɣɑɕɞɜŰŬɠ, ŰŬ ŰɟɑŬ 

ɓŬůɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ ˊɞɡ ŭɘŬɗɏŰɞɡɜ ŰŬ ɓɘɞŮɜŮɟɔɎ əŮɟŬɛɘəɎ ˊɞɡ ɏɢɞɡɜ Űɖ ŭɡɜŬŰɧŰɖŰŬ 

ŭɖɛɘɞɡɟɔɑŬɠ ůɨɜŭŮůɖɠ ɛŮ Űɞɡɠ ɘůŰɞɨɠ, ŮɑɜŬɘ: Ŭ) ˊŮɟɘŮəŰɘəɧŰɖŰŬ ɚɘɔɧŰŮɟɞ Ŭˊɧ 60% ə.ɓ. SiO2 

ɓ) ɡɣɖɚɐ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ Na2O əŬɘ CaO əŬɘ ɔ) ɡɣɖɚɐ ɛɞɟɘŬəɐ ŬɜŬɚɞɔɑŬ Ca/P. 

ȼ ɑŭɘŬ ŬɚɚɖɚɞɡɢɑŬ ŬɜŰɘŭɟɎůŮɤɜ ɏɤɠ Űɖɜ ŬɜɎˊŰɡɝɖ Űɞɡ əɟɡůŰŬɚɚɘəɞɨ ŬˊŬŰɑŰɖ, 

ŮɛűŬɜɑɕŮŰŬɘ əŬɘ in vitro, əŬŰɎ Űɖɜ ŮˊŬűɐ Űɤɜ ɓɘɞŮɜŮɟɔɩɜ ɡɎɚɤɜ ɛŮ ˊŮɘɟŬɛŬŰɘəɎ ŭɘŬɚɨɛŬŰŬ, 

ŰŬ ɞˊɞɑŬ ˊŮɟɘɏɢɞɡɜ ɘɧɜŰŬ ůŮ ůɡůŰɎůŮɘɠ ɧɛɞɘŮɠ ɛŮ ŮəŮɑɜŮɠ Űɤɜ űɡůɘɞɚɞɔɘəɩɜ ɡɔɟɩɜ Űɞɡ 

ůɩɛŬŰɞɠ 
[52]
. ɆɨɛűɤɜŬ ɛŮ Űɞɡɠ Kim et al. 

[52]
 2h ɛŮŰɎ Űɖɜ ŮˊɑŭɟŬůɖ Tris Buffer Solution 

(TBS) ůŮ ŭɑůəɞɡɠ ɓɘɞɜŮɟɔɩɜ ɡɎɚɤɜ ŮɛűŬɜɑɕŮŰŬɘ Űɞ Ɏɛɞɟűɞ ůŰɟɩɛŬ Ca-Ʌ, Űɞ ɞˊɞɑɞ 

əɟɡůŰŬɚɚɞˊɞɘŮɑŰŬɘ ɛŮŰɎ Ŭˊɧ 20h, Ůɜɩ əŬŰɎ Űɞɡɠ Ohtsuki 
[53]

 Űɞ ůŰɟɩɛŬ ŬɡŰɧ ŮɛűŬɜɑɕŮŰŬɘ 

ɛŮŰɎ Ŭˊɧ 1h əŬɘ ɛŮŰŬŰɟɏˊŮŰŬɘ ůŮ əɟɡůŰŬɚɚɘəɧ ŬˊŬŰɑŰɖ ɛŮŰɎ Ŭˊɧ 6-48 ɩɟŮɠ ůŮ Simulated 

Body Fluid (SBF), ɔɘŬ ŭɘɎűɞɟŮɠ ůɡɜɗɏůŮɘɠ ɓɘɞŮɜŮɟɔɩɜ ɡɎɚɤɜ.  

To SBF ŮɑɜŬɘ ɏɜŬ ɡɔɟɧ ˊɞɡ ˊɟɞůɞɛɞɘɎɕŮɘ ɛŮ ŰŬ ɡɔɟɎ Űɞɡ ůɩɛŬŰɞɠ, ɏɢŮɘ ůɨɜɗŮůɖ ɧɛɞɘŬ 

ɛŮ Űɖ ůɨůŰŬůɖ Űɞɡ Ŭɜɗɟɩˊɘɜɞɡ ˊɚɎůɛŬŰɞɠ əŬɘ ɏɢŮɘ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɘŭɘŬɑŰŮɟŬ ůŰɘɠ in vitro 
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ɛŮɚɏŰŮɠ. 
[53, 54]

 ȰɢŮɘ ɓɟŮɗŮɑ ɧŰɘ ɛŮŰɎ Űɖɜ Ůɛɓɨɗɘůɖ ŭɞəɘɛɑɤɜ ɓɘɞɦɎɚɤɜ ůŮ SBF, ɞ ůɢɖɛŬŰɘůɛɧɠ 

Űɞɡ Ɏɛɞɟűɞɡ ůŰɟɩɛŬŰɞɠ Ca-Ʌ ŬɟɢɑɕŮɘ ɛŮŰŬɝɨ 10-60min, Ůɜɩ ɞ əɟɡůŰŬɚɚɘəɧɠ ŬˊŬŰɑŰɖɠ 

ɔɑɜŮŰŬɘ ŮɛűŬɜɐɠ ɛŮŰɎ Ŭˊɧ 3h 
[55, 56]

. 

Ȱɢɞɡɜ ɛŮɚŮŰɖɗŮɑ ŭɘɎűɞɟŮɠ ˊŬɟŬɚɚŬɔɏɠ ůŰɖ ůɨɜɗŮůɖ Űɞɡ SBF, ɞɘ ɞˊɞɑŮɠ ˊɟɞəɨˊŰɞɡɜ 

Ŭˊɧ Űɖɜ ˊɟɞůɗɐəɖ ɐ Űɖɜ ŬűŬɑɟŮůɖ ɞɟɘůɛɏɜɤɜ ɘɧɜŰɤɜ ůŰɞ ŭɘɎɚɡɛŬ, ɛŮ ůŰɧɢɞ Űɖɜ ŰŬɢɨŰŮɟɖ 

ŬɜɎˊŰɡɝɖ ůŰɟɩɛŬŰɞɠ ȼCȷp ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɤɜ ɓɘɞɦɎɚɤɜ 
[54, 55]

. ȺɘŭɘəɧŰŮɟŬ, ɏɢŮɘ ŬɜŬűŮɟɗŮɑ 

ɧŰɘ Űɞ ŬůɓɏůŰɘɞ əŬɘ ŰŬ űɤůűɞɟɘəɎ ɘɧɜŰŬ Űɞɡ ŭɘŬɚɨɛŬŰɞɠ ŮˊɘŰŬɢɨɜɞɡɜ ɤɠ ɏɜŬ ůɖɛŮɑɞ Űɞɜ 

ŬɜŬˊɞɚɡɛŮɟɘůɛɧ Űɞɡ ˊɡɟɘŰɑɞɡ əŬɘ Űɞ ůɢɖɛŬŰɘůɛɧ Űɞɡ Ɏɛɞɟűɞɡ ůŰɟɩɛŬŰɞɠ ŬůɓŮůŰɑɞɡ-

űɤůűɧɟɞɡ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ɔɡŬɚɘɞɨ, Ůɜɩ ŬɜŰɑɗŮŰŬ ŰŬ ɘɧɜŰŬ ɛŬɔɜɖůɑɞɡ əŬɗɡůŰŮɟɞɨɜ Űɖɜ 

ŬɜɎˊŰɡɝɖ əŬɘ Űɖɜ əɟɡůŰŬɚɚɞˊɞɑɖůɖ Űɞɡ ůŰɟɩɛŬŰɞɠ Ca-Ʌ 
[55]
. ɆŰɞ ɑŭɘɞ ŬˊɞŰɏɚŮůɛŬ 

əŬŰɏɚɖɝŬɜ əŬɘ ɞɘ Helebrant et al. 
[57]

 ɛŮɚŮŰɩɜŰŬɠ ŭɘɎűɞɟŮɠ ůɡɜɗɏůŮɘɠ SBF, ɧůɞɜ ŬűɞɟɎ ůŰŬ 

ŬɜɗɟŬəɘəɎ ɘɧɜŰŬ, ŰŬ ɞˊɞɑŬ əŬɗɡůŰŮɟɞɨɜ Űɞ ɟɡɗɛɧ ŬɜɎˊŰɡɝɖɠ əŬɘ Űɖɜ əɟɡůŰŬɚɚɞˊɞɑɖůɖ Űɞɡ 

ůŰɟɩɛŬŰɞɠ ŬˊŬŰɑŰɖ. ɀɘŬ Ɏɚɚɖ ˊŬɟɎɛŮŰɟɞɠ ˊɞɡ ŮˊɖɟŮɎɕŮɘ Űɖɜ əɘɜɖŰɘəɐ Űɤɜ ŬɜŰɘŭɟɎůŮɤɜ Űɤɜ 

ɓɘɞŮɜŮɟɔɩɜ ɡɎɚɤɜ Űɧůɞ in vitro ɧůɞ əŬɘ in vivo, ŮɑɜŬɘ ɖ ŬɜŬɚɞɔɑŬ ŮˊɘűɎɜŮɘŬɠ ŬɜŰɑŭɟŬůɖɠ Űɖɠ 

ɡɎɚɞɡ ˊɟɞɠ Űɞɜ ɧɔəɞ Űɞɡ ŭɘŬɚɨɛŬŰɞɠ 
[55]
. ȰɢŮɘ ɓɟŮɗŮɑ ɧŰɘ ɧůɞ ɛɘəɟɧŰŮɟɖ ŮɑɜŬɘ ŬɡŰɐ ɖ 

ŬɜŬɚɞɔɑŬ Űɧůɞ ˊɘɞ ˊŬɢɨ ŮɑɜŬɘ Űɞ ůŰɟɩɛŬ Űɞɡ ɡŭɟɞɝɡŬˊŬŰɑŰɖ ˊɞɡ ůɢɖɛŬŰɑɕŮŰŬɘ ůŰɖɜ 

ŭɘŮˊɘűɎɜŮɘŬ ŮˊŬűɐɠ, ˊɟɞɦˊɧɗŮůɖ ŬˊŬɟŬɑŰɖŰɖ ɔɘŬ Űɖɜ ŮˊɑŰŮɡɝɖ ˊɟɧůűɡůɖɠ əɡŰŰɎɟɤɜ əŬɘ 

ɘůŰɩɜ ůŰŬ ɡɚɘəɎ ŬɡŰɎ. 
[60] 

Ƀɘ  Tsuru et al. 
[58]
, ɛŮɚɏŰɖůŬɜ Űɖɜ ɓɘɞŭɟŬůŰɘəɧŰɖŰŬ Űɤɜ ůɡɜɗɏŰɤɜ PDMS-CaO-SiO2, 

ɛɏůɤ Űɖɠ ŮɛɓɎˊŰɘůɖɠ ŭɞəɘɛɑɤɜ ůŮ ŭɘɎɚɡɛŬ SBF, əŬɘ ŭɘŬˊɑůŰɤůŬɜ Űɖɜ ŭɖɛɘɞɡɟɔɑŬ ůŰɟɩɛŬŰɞɠ 

ɡŭɟɞɝɡŬˊŬŰɑŰɖ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ɡɚɘəɞɨ. Ⱥˊɑůɖɠ, ŮəŰɧɠ Űɖɠ ɓɘɞŭɟŬůŰɘəɧŰɖŰŬɠ ˊɞɡ 

ŮˊɏŭŮɘɝŬɜ ŰŬ ůɨɜɗŮŰŬ ŬɡŰɎ, ŭɘŬˊɘůŰɩɗɖəŬɜ ŮɝŬɘɟŮŰɘəɏɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ, ŬɜɎɚɞɔŮɠ Űɤɜ 

Ŭɜɗɟɤˊɑɜɤɜ ɞůŰɩɜ. ɆŮ ŬɜɎɚɞɔɖ ŮɟɔŬůɑŬ Űɤɜ Salinas et al. 
[59]
, ɛŮɚŮŰɐɗɖəŮ ɖ ñin vitroò 

ɓɘɞŭɟŬůŰɘəɧŰɖŰŬ Űɤɜ ůɡɜɗɏŰɤɜ CaO-SiO2-PDMS, ɛŮŰɎ Űɖɜ ŮɛɓɎˊŰɘůɖ ůŮ ŭɘɎɚɡɛŬ SBF. ȷˊɧ 

ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ɛŮɚɏŰɖɠ Űɞɡɠ, ŭɘŬˊɘůŰɩɗɖəŮ ɧŰɘ ŰŬ ůɨɜɗŮŰŬ ŬɡŰɎ ɛˊɞɟɞɨɜ ɜŬ 

ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ɤɠ ɡɚɘəɎ ŬˊɞəŬŰɎůŰŬůɖɠ ɛŬɚŬəɩɜ ɘůŰɩɜ ɐ ɤɠ ŮˊɘəŬɚɨɣŮɘɠ ůŮ ɛŮŰŬɚɚɘəɎ 

ŮɛűɡŰŮɨɛŬŰŬ, ɚɧɔɤ Űɤɜ ŮɝŬɘɟŮŰɘəɩɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ əŬɘ Űɖɠ ɓɘɞŭɟŬůŰɘəɧŰɖŰŬɠ ˊɞɡ 

ŮˊɏŭŮɘɝŬɜ.   
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4.1 ȺɘůŬɔɤɔɐ 

 

ɆŰŬ ˊɚŬɑůɘŬ Űɞɡ əŮűŬɚŬɑɞɡ ŬɡŰɞɨ, ɔɑɜŮŰŬɘ ŬɜŬűɞɟɎ ůŰɘɠ ˊɟɩŰŮɠ ɨɚŮɠ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ əŬɗɩɠ əŬɘ ůŰɖɜ ˊŮɘɟŬɛŬŰɘəɐ ŭɘŬŭɘəŬůɑŬ ˊɞɡ ŬəɞɚɞɡɗɐɗɖəŮ, ɏŰůɘ ɩůŰŮ ɜŬ 

ɔɑɜŮɘ ˊɚɐɟɖɠ ɢŬɟŬəŰɖɟɘůɛɧɠ Űɤɜ ɘŭɘɞŰɐŰɤɜ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ ˊɞɚɡůɘɚɞɝɎɜɖɠ. 

ɆɡɔəŮəɟɘɛɏɜŬ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ŰɟŮɑɠ ŭɘŬűɞɟŮŰɘəɏɠ ɛɐŰɟŮɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ ɛŮ ŬəɟŬɑŮɠ 

ɡŭɟɞɝɡɚɘəɏɠ ɞɛɎŭŮɠ (ˊɞɚɡůɘɚɞɝɎɜɖ ůɡɛˊɨəɜɤůɖɠ), ɢŬɛɖɚɞɨ, ɛŮůŬɑɞɡ əŬɘ ɡɣɖɚɧŰŮɟɞɡ 

ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ ŬɜŰɑůŰɞɘɢŬ (LMW, MMW, HMW). Ⱥˊɑůɖɠ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɛɑŬ ɛɐŰɟŬ 

ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ ɢŬɛɖɚɞɨ əŬɘ ɛɘŬ ɡɣɖɚɧŰŮɟɞɡ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ, ɔɘŬ Űɖɜ 

ůɡɔəɟɘŰɘəɐ ɛŮɚɏŰɖ Űɖɠ ŮˊɑŭɟŬůɖɠ Űɞɡ Űɨˊɞɡ ɛŮ ɓɎůɖ Űɖɜ ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ Űɖɠ 

ˊɞɚɡůɘɚɞɝɎɜɖɠ ůŰɘɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ɡɚɘəɞɨ. ɇŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɐŰŬɜ 

ŭɨɞ Űɨˊɞɘ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ ɛŮ ɞɟɔŬɜɘəɐ Űɟɞˊɞˊɞɑɖůɖ Űɞɡ ŭɘŬɘɗɡɚ-

ŰŮŰŬɟŰɞŰŬɔɞɨɠ Ŭɛɛɤɜɑɞɡ ɛŮ ɡŭɟɞɔɞɜɤɛɏɜɖ ŬɚŮɘűŬŰɘəɐ ŬɚɡůɑŭŬ (Cloisite 20A) əŬɘ ɛŮɗɡɚ, 

ŭɘŬɘɗɡɚɞɚ-ŰŮŰŬɟŰɞŰŬɔɞɨɠ Ŭɛɛɤɜɑɞɡ ɛŮ ŬɚŮɘűŬŰɘəɐ ŬɚɡůɑŭŬ (Cloisite 30B), ɏɜŬɠ ɛɖ 

Űɟɞˊɞˊɞɘɖɛɏɜɞɠ (Nanofil 116), ɜŬɜɞůɤɛŬŰɑŭɘŬ ɡŭɟɞɝɡŬˊŬŰɑŰɖ (HA), ŰɟɞˊɞˊɞɘɖɛɏɜŬ 

ɜŬɜɞůɤɛŬŰɑŭɘŬ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ ɛŮ ŭɘɛŮɗɡɚ-ŭɘɢɚɤɟɞůɘɚɎɜɘɞ (Aerosil R972) əŬɘ Űɏɚɞɠ 

ɜŬɜɞůɤɛŬŰɑŭɘŬ ɓɘɞŭɟŬůŰɘəɞɨ ɨŬɚɞɡ.  

ɆɡɔəŮəɟɘɛɏɜŬ, ɛŮɚŮŰɐɗɖəŮ ɖ ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ ůɡɛˊɨəɜɤůɖɠ əŬɘ ˊɟɞůɗɐəɖɠ 

əŬɗɩɠ əŬɘ ɖ ŮˊɑŭɟŬůɖ Űɤɜ ɛɏůɤɜ Ůɜɑůɢɡůɖɠ ůŰɞ ɓɞɡɚəŬɜɘůɛɧ. ɆŰɖɜ ůɡɜɏɢŮɘŬ ɛŮɚŮŰɐɗɖəŬɜ 

ɞɘ ɛɖɢŬɜɘəɏɠ əŬɘ ɞɘ ɗŮɟɛɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ůɡɜɗɏŰɤɜ, ɛŮ ɏɛűŬůɖ ůŰɖɜ ŮˊɑŭɟŬůɖ Űɞɡ 

ŮəɎůŰɞŰŮ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ. Ⱥˊɑůɖɠ, ɛŮɚŮŰɐɗɖəŮ ɖ ůɡɛˊŮɟɘűɞɟɎ Űɖɠ ůɘɚɘəɧɜɖɠ ůɡɛˊɨəɜɤůɖɠ 

ɢŬɛɖɚɞɨ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ ůŮ ˊŮɟɘɓɎɚɚɞɜ ŮˊɘŰŬɢɡɜɧɛŮɜɖɠ ɔɐɟŬɜůɖɠ ɛŮ ˊŬɟŬɛɏŰɟɞɡɠ Űɖ 

ɗŮɟɛɞəɟŬůɑŬ əŬɘ Űɖɜ ɡɔɟŬůɑŬ. ɆŰɖ ůɡɜɏɢŮɘŬ ɛŮɚŮŰɐɗɖəŮ ɖ ŬˊɞŭɏůɛŮɡůɖ Űɖɠ ɛŮŰɟɞɜɘŭŬɕɧɚɖɠ 

Ŭˊɧ ůɡůŰɐɛŬŰŬ ɛɐŰɟŬɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ əŬɘ ɜŬɜɞůɡɜɗɏŰɤɜ ŬɡŰɐɠ ůŮ ŰɟɑŬ ˊŮɟɘɓɎɚɚɞɜŰŬ ɛɏůŬ: 

Ŭ) Ŭˊɘɞɜɘůɛɏɜɞ ɜŮɟɧ əŬɘ ɓ) ůŮ ŭɨɞ ɟɡɗɛɘůŰɘəɎ ŭɘŬɚɨɛŬŰŬ ɛŮ pH 5.4 əŬɘ 7.4 ůŮ ɗŮɟɛɞəɟŬůɑŬ 

37
ɞ
C, ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ˊɟɞůɞɛɞɘɤɗɞɨɜ ɞɘ ůɡɜɗɐəŮɠ ˊɞɡ ŮˊɘəɟŬŰɞɨɜ ɛɏůŬ ůŰɞɜ Ŭɜɗɟɩˊɘɜɞ 

ɞɟɔŬɜɘůɛɧ. ɇɏɚɞɠ ɏɔɘɜŮ ɏɚŮɔɢɞɠ Űɖɠ ɓɘɞůɡɛɓŬŰɧŰɖŰŬɠ Űɤɜ ɡɚɘəɩɜ, ɛɏůɤ Űɖɠ ɛŮɚɏŰɖɠ 

ŮɜŬˊɧɗŮůɖɠ ɡŭɟɞɝɡŬˊŬŰɑŰɖ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ ɛŮŰɎ Űɖɜ ŮɛɓɎˊŰɘůɖ ůŮ 

ŭɘɎɚɡɛŬ ɡɔɟɞɨ ˊɞɡ ˊɟɞůɞɛɞɘɩɜŮɘ ŰŬ ɡɔɟɎ Űɞɡ Ŭɜɗɟɩˊɘɜɞɡ ůɩɛŬŰɞɠ əŬɘ ɛɏůɤ Űɞɡ ɏɚŮɔɢɞɡ 

Űɖɠ ɓɘɤůɘɛɧŰɖŰŬɠ ŭɨɞ əɡŰŰŬɟɘəɩɜ ůŮɘɟɩɜ (ɘɜɞɓɚɎůŰŮɠ, ɞůŰŮɞɓɚɎůŰŮɠ) ůŮ ɡˊɞůŰɟɩɛŬŰŬ 

ɜŬɜɞůɡɜɗɏŰɤɜ ˊɞɚɡůɘɚɞɝɎɜɖɠ ůɡɛˊɨəɜɤůɖɠ, ɛŮŰɎ Ŭˊɧ 24, 48, 72h əŬɚɚɘɏɟɔŮɘŬɠ.  
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4.2 ɄɟɩŰŮɠ ɨɚŮɠ 

 

 

4.2.1 ɄɞɚɡŭɘɛŮɗɡɚůɘɚɞɝɎɜɖ ůɡɛˊɨəɜɤůɖɠ 

Ƀɘ ŰɟŮɑɠ Űɨˊɞɘ ˊɞɚɡůɘɚɞɝɎɜɖɠ ůɡɛˊɨəɜɤůɖɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ űɏɟɞɡɜ ɞɛɎŭŮɠ ï

Ƀȼ ůŰɞ Ɏəɟɞ əɎɗŮ ŬɚɡůɑŭŬɠ əŬɘ ɞ ɓɞɡɚəŬɜɘůɛɧɠ Űɖɠ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ɛŮ Űɞ ɛɖɢŬɜɘůɛɧ 

ůɡɛˊɨəɜɤůɖɠ. ȺɘŭɘəɧŰŮɟŬ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ, ˊɞɚɡůɘɚɞɝɎɜɖ ɢŬɛɖɚɞɨ ɛŮůŬɑɞɡ əŬɘ ɡɣɖɚɞɨ 

ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ ŬɜŰɑůŰɞɘɢŬ, ɔɘŬ Űɖɜ ɛŮɚɏŰɖ Űɖɠ ŮˊɑŭɟŬůɖɠ Űɞɡ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ ůŰɘɠ 

ŰŮɚɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ɡɚɘəɞɨ. 

 

CH3

CH3

OHSi

CH3

CH3

OH Si O

CH3

CH3

Si O

n

 
ɆɢɐɛŬ 4.1: ɄɞɚɡŭɘɛŮɗɡɚůɘɚɞɝɎɜɖ ůɡɛˊɨəɜɤůɖɠ.

 

 

 

ɄɑɜŬəŬɠ 4.1: ūɡůɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɖɠ ˊɞɚɡŭɘɛŮɗɡɚůɘɚɞɝɎɜɖɠ ůɡɛˊɨəɜɤůɖɠ.
 

ɄɞɚɡŭɘɛŮɗɡɚůɘɚɞɝɎɜɖ ůɡɛˊɨəɜɤůɖɠ 

ɆɖɛŮɑɞ ȸɟŬůɛɞɨ >205
ɞ
C 

Ⱥɘŭɘəɧ ɓɎɟɞɠ 0.97 

ɀɞɟɘŬəɧ ȸɎɟɞɠ 
LMW  MMW  HMW  

26000 g/mol 49000 g/mol 77000 g/mol 

ɆɖɛŮɑɞ ɇɐɝɖɠ <-60
o
C 

ȽɝɩŭŮɠ 
LMW  MMW  HMW  

1000 cSt 5000 cSt 18000 cSt 

ȳɣɖ/ɉɟɩɛŬ Ɉɔɟɧ/ȹɘɎűŬɜɞ 

 

 

 

4.2.1.1 ɀɏůɞ ŭɘŬůŰŬɨɟɤůɖɠ, ŰŮŰɟŬˊɟɞˊɧɝɡ ůɘɚɎɜɘɞ (TPOS) 

ɋɠ ɛɏůɞ ŭɘŬůŰŬɨɟɤůɖɠ (crosslinker) ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ Űɞ TPOS, Űɞɡ ɞˊɞɑɞɡ ɖ ŭɞɛɐ 

əŬɘ ɞɘ ɘŭɘɧŰɖŰŮɠ ůɡɜɞɣɑɕɞɜŰŬɘ ůŰɞɜ ˊŬɟŬəɎŰɤ ˊɑɜŬəŬ.    

 

Si

C3H7
O

C3H7

O
C3H7

O

C3H7
O

 
ɆɢɐɛŬ 4.2: ɀɞɟɘŬəɐ ŭɞɛɐ Űɞɡ TPOS.
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ɄɑɜŬəŬɠ 4.2: ȽŭɘɧŰɖŰŮɠ Űɞɡ ɛɏůɞɡ ŭɘŬůŰŬɨɟɤůɖɠ, TPOS. 

TPOS  

Ɇɡɜɩɜɡɛɞ Tetrapropoxysilane 

ɀɞɟɘŬəɧɠ Űɨˊɞɠ (CH3CH2CH2O)4Si 

ɀɞɟɘŬəɧ ɓɎɟɞɠ 264.43 

ɄɡəɜɧŰɖŰŬ ŬŰɛɞɨ >1 

ɀɞɟűɐ ɡɔɟɧ 

ɄɡəɜɧŰɖŰŬ 0.916 g/mL at 25 ÁC(lit.) 

ŪŮɟɛɞəɟŬůɑŬ ůɖɛŮɑɞɡ flash 95 ÁC 

 

 

4.2.1.2 ȾŬŰŬɚɨŰɖɠ, ŭɘɓɞɡŰɡɚɘəɧ-ŭɘɚŬɡɟɘəɧ ɎɚŬɠ əŬůůɘŰɏɟɞɡ 

 ɄɟɞəŮɘɛɏɜɞɡ ɜŬ ŮˊɘŰŬɢɡɜɗŮɑ ɞ ɓɞɡɚəŬɜɘůɛɧɠ ůŰŬ ŮɚŬůŰɞɛŮɟɐ ůɘɚɘəɧɜɖɠ, ŮəŰɧɠ Ŭˊɧ 

Űɞ ɛɏůɞ ŭɘŬůŰŬɨɟɤůɖɠ TPOS, ˊɟɞůŰɏɗɖəŮ ŭɘɓɞɡŰɡɚɘəɧ-ŭɘɚŬɡɟɘəɧ ɎɚŬɠ əŬůůɘŰɏɟɞɡ ɤɠ 

əŬŰŬɚɨŰɖɠ, ɔɘŬ Űɞɜ ɞˊɞɑɞ ˊŬɟɏɢɞɜŰŬɘ ŮˊɘˊɟɧůɗŮŰŮɠ ˊɚɖɟɞűɞɟɑŮɠ ˊŬɟŬəɎŰɤ: 

CH3(CH2)9CH2

O

O
Sn

O
CH3

CH3

CH2(CH2)9CH3

O  
ɆɢɐɛŬ 4.3: ɀɞɟɘŬəɐ ŭɞɛɐ Űɞɡ ŭɘɓɞɡŰɡɚɘəɞɨ ŭɘɚŬɡɟɘəɞɨ ɎɚŬŰɞɠ əŬůůɘŰɏɟɞɡ. 

 

ɄɑɜŬəŬɠ 4.3: ȽŭɘɧŰɖŰŮɠ Űɞɡ ŭɘɓɞɡŰɡɚɘəɞɨ ŭɘɚŬɡɟɘəɞɨ ɎɚŬŰɞɠ əŬůůɘŰɏɟɞɡ. 

Dibutil tin dilaurate  

ɀɞɟɘŬəɧɠ Űɨˊɞɠ (CH3CH2CH2CH2)2Sn[OCO(CH2)10CH3]2 

ɀɞɟɘŬəɧ ɓɎɟɞɠ 631.56 

ɄɡəɜɧŰɖŰŬ ŬŰɛɞɨ 0.2 mmHg ( 160 ÁC) 

ɄɡəɜɧŰɖŰŬ 1.066 g/mL at 25 ÁC(lit.) 

ŪŮɟɛɞəɟŬůɑŬ ůɖɛŮɑɞɡ flash 113 ÁC 

 

4.2.2 ɄɞɚɡŭɘɛŮɗɡɚůɘɚɞɝɎɜɖ ˊɟɞůɗɐəɖɠ 

ɉɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ŭɨɞ Űɨˊɞɘ ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ, ɢŬɛɖɚɞɨ əŬɘ ɡɣɖɚɞɨ ɛɞɟɘŬəɞɨ 

ɓɎɟɞɡɠ, ɞɘ ɞˊɞɑŮɠ űɏɟɞɡɜ ůŰŬ ɎəɟŬ ɓɘɜɡɚɞɛɎŭŮɠ, ˊɟŬɔɛŬŰɞˊɞɘɩɜŰŬɠ ɓɞɡɚəŬɜɘůɛɧ ɛŮ 

ɛɖɢŬɜɘůɛɧ ˊɟɞůɗɐəɖɠ. ȼ ŭɞɛɐ əŬɘ ɞɘ ɘŭɘɧŰɖŰŮɠ ůɡɜɞɣɑɕɞɜŰŬɘ ůŰɞɜ ˊŬɟŬəɎŰɤ ɄɑɜŬəŬ. 
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CH3

CH3

Si

CH3

CH3

Si O

CH3

CH3

Si OH2C

n

CH2

 
ɆɢɐɛŬ 4.4: ɄɞɚɡŭɘɛŮɗɡɚůɘɚɞɝɎɜɖ ˊɟɞůɗɐəɖɠ. 

ɄɑɜŬəŬɠ 4.4 ūɡůɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ PDMS ˊɟɞůɗɐəɖɠ. 

ɄɞɚɡŭɘɛŮɗɡɚůɘɚɞɝɎɜɖ ˊɟɞůɗɐəɖɠ 

ɆɖɛŮɑɞ ȸɟŬůɛɞɨ >205 
ɞ
C 

ɄɡəɜɧŰɖŰŬ 0,97 

ɀɞɟɘŬəɧ ȸɎɟɞɠ 
LMW  HMW  

28000 g/mol 72000 g/mol 

ɆɖɛŮɑɞ ɇɐɝɖɠ <-60
ɞ
C 

ȽɝɩŭŮɠ 
LMW  HMW  

1000 cSt 20000 cSt 

ȳɣɖ/ɉɟɩɛŬ Ɉɔɟɧ/ȹɘɎűŬɜɞ 

 

 

 

4.2.2.1 ɀɏůɞ ŭɘŬůŰŬɨɟɤůɖɠ, ŰŮŰɟŬəɘɠ-ŭɘɛŮɗɡɚůɘɚɎɜɘɞ 

ɋɠ ɛɏůɞ ŭɘŬůŰŬɨɟɤůɖɠ (crosslinker) ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ Űɞ ŰŮŰɟŬəɘɠ-ŭɘɛŮɗɡɚůɘɚɎɜɘɞ, Űɞɡ 

ɞˊɞɑɞɡ ɖ ŭɞɛɐ əŬɘ ɞɘ ɘŭɘɧŰɖŰŮɠ ůɡɜɞɣɑɕɞɜŰŬɘ ˊŬɟŬəɎŰɤ:    

Si

O

HSi CH3

CH3

OSi
H

H3C

CH3 O

HSi CH3

CH3

O Si
H

CH3

CH3

 
ɆɢɐɛŬ 4.5: ɀɞɟɘŬəɐ ŭɞɛɐ Űɞɡ crosslinker. 

 

ɄɑɜŬəŬɠ 4.5: ȽŭɘɧŰɖŰŮɠ Űɞɡ ɛɏůɞɡ ŭɘŬůŰŬɨɟɤůɖɠ. 

ɀɏůɞ ŭɘŬůŰŬɨɟɤůɖɠ 

Ɇɡɜɩɜɡɛɞ Tetrakis(dimethylsiloxy) silane 

ɀɞɟɘŬəɧɠ Űɨˊɞɠ C8H28O4Si5 

ɀɞɟɘŬəɧ ɓɎɟɞɠ 328,73 

ɄɡəɜɧŰɖŰŬ ŬŰɛɞɨ >1 

ɀɞɟűɐ ɡɔɟɧ 

ɄɡəɜɧŰɖŰŬ 0,886 g/mL at 25 ÁC(lit.) 
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4.2.2.2 ȾŬŰŬɚɨŰɖɠ 

ɋɠ əŬŰŬɚɨŰɖɠ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ Űɞ ˊɚŬŰɘɜ-ŭɘɓɡɜɘɚ-ŰŮŰɟŬɛŮɗɡɚŭɘůɘɚɞɝɎɜɘɞ, Űɞɡ ɞˊɞɑɞɡ ɖ 

ŭɞɛɐ ŮɛˊŮɟɘɏɢŮɘ ˊɚŬŰɑɜŬ ɛɘŬɠ əŬɘ ɧˊɤɠ ɏɢŮɘ ɐŭɖ ŬɜŬűŮɟɗŮɑ ɖ ŭɘŬŭɘəŬůɑŬ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ 

ɔɑɜŮŰŬɘ ɛŮ Űɖɜ ɛɏɗɞŭɞ Űɖɠ ˊɟɞůɗɐəɖɠ. 

Si

O

Si

H3C CH3

CH2

CH2

H3C CH3

Pt

 
ɆɢɐɛŬ 4.6: ɀɞɟɘŬəɐ ŭɞɛɐ Űɞɡ əŬŰŬɚɨŰɖ. 

ɄɑɜŬəŬɠ 4.6: ȽŭɘɧŰɖŰŮɠ Űɞɡ əŬŰŬɚɨŰɖ. 

ȾŬŰŬɚɨŰɖɠ 

ɀɞɟɘŬəɧɠ Űɨˊɞɠ O[Si(CH3)2CH=CH2]2Pt 

ɀɞɟɘŬəɧ ɓɎɟɞɠ 381,48 

ɄɑŮůɖ ŬŰɛɞɨ 0,2 mmHg ( 160 ÁC) 

ɄɡəɜɧŰɖŰŬ 0,98 g/mL at 25 ÁC(lit.) 

ɄŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ Pt 3-3,5% 

 

 

4.2.3 ɀɏůŬ Ůɜɑůɢɡůɖɠ 

 

4.2.3.1 Cloisite 20A 

ɇɞ Cloisite 20A ŮɑɜŬɘ ɏɜŬɠ űɡůɘəɧɠ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖɠ, Űɟɞˊɞˊɞɘɖɛɏɜɞɠ ɛŮ ɏɜŬ 

ŰŮŰɟŬŭɟŬůŰɘəɧ ɎɚŬɠ Ŭɛɛɤɜɑɞɡ. Ƀ ɢɖɛɘəɧɠ Űɨˊɞɠ Űɖɠ ɞɟɔŬɜɘəɐɠ Űɟɞˊɞˊɞɑɖůɖɠ əŬɘ ɞɘ 

ɘŭɘɧŰɖŰɏɠ Űɞɡ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 4.7 əŬɘ ůŰɞɜ ɄɑɜŬəŬ 4.7 ŬɜŰɑůŰɞɘɢŬ. 

N+

CH3

HT

CH3 HT

 
ɆɢɐɛŬ 4.7: ɃɟɔŬɜɘəɐ Űɟɞˊɞˊɞɑɖůɖ Űɞɡ Cloisite 20A. 

 

ɧˊɞɡ ȼɇ: ɖ ɡŭɟɞɔɞɜɤɛɏɜɖ ŬɚɡůɑŭŬ (~65% C18, ~30% C16, ~5% C14) 

 

ɄɑɜŬəŬɠ 4.7: ȽŭɘɧŰɖŰŮɠ Cloisite 20ȷ. 

Cloisite 20ȷ 

ɉɟɐůɖ/ȽŭɘɧŰɖŰŮɠ CloisiteÈ 20ȷ 

ɃɟɔŬɜɘəɧɠ ɇɟɞˊɞˊɞɘɖŰɐɠ 2ɀ2ȼɇ 

ɆɡɔəɏɜŰɟɤůɖ ɃɟɔŬɜɘəɞɨ ɇɟɞˊɞˊɞɘɖŰɐ 95 meq/100 g clay 

ɈɔɟŬůɑŬ <2% 

% ȷˊɩɚŮɘŬ ȸɎɟɞɡɠ ůŰɖɜ ȷɜɎűɚŮɝɖ 38% 

 

ɀɏɔŮɗɞɠ ɀɞɟɑɤɜ 

10% ɛɘəɟɧŰŮɟɞ Ŭˊɧ 2ɛm 

50% ɛɘəɟɧŰŮɟɞ Ŭˊɧ 6 ɛm 
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90% ɛɘəɟɧŰŮɟɞ Ŭˊɧ 13ɛm 

 

 

ɄɡəɜɧŰɖŰŬ 

ȷəŬŰɏɟɔŬůŰɞ ůɩɛŬ 7.35 lbs/ft
3
 

ɆɡɛˊɘŮůɛɏɜɞ ůɩɛŬ 13.55 lbs/ft
3
 

ɄɡəɜɧŰɖŰŬ 1.77 g/cc 

 

4.2.3.2 Cloisite 30B 

ɇɞ Cloisite 30B ŮɑɜŬɘ ɏɜŬɠ űɡůɘəɧɠ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖɠ, Űɟɞˊɞˊɞɘɖɛɏɜɞɠ ɛŮ ɏɜŬ 

ŰŮŰɟŬŭɟŬůŰɘəɧ ɎɚŬɠ Ŭɛɛɤɜɑɞɡ. Ƀ ɢɖɛɘəɧɠ Űɨˊɞɠ Űɖɠ ɞɟɔŬɜɘəɐɠ Űɟɞˊɞˊɞɑɖůɖɠ əŬɘ ɞɘ 

ɘŭɘɧŰɖŰɏɠ Űɞɡ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 4.8 əŬɘ ůŰɞɜ ɄɑɜŬəŬ 4.8 ŬɜŰɑůŰɞɘɢŬ. 

N+

CH2CH2OH

CH2CH2OH

CH3 T

 
ɆɢɐɛŬ 4.8: ɃɟɔŬɜɘəɐ Űɟɞˊɞˊɞɑɖůɖ Űɞɡ Cloisite 30B. 

 

ɧˊɞɡ ɇ ŮɑɜŬɘ ɖ ŬɚŮɘűŬŰɘəɐ ŬɚɡůɑŭŬ ɛŮɔɎɚɞɡ ɛɐəɞɡɠ (~65% C18, ~30% C16, ~5% C14). 

ɆɨɛűɤɜŬ ɛŮ Űɖɜ ˊŮɟɑɗɚŬůɖ ŬəŰɑɜɤɜ ɉ, ɖ ŬˊɧůŰŬůɖ ɛŮŰŬɝɨ Űɤɜ ˊɚŬəɘŭɑɤɜ ŮɑɜŬɘ 18,5 ¡. 

 

ɄɑɜŬəŬɠ 4.8: ȽŭɘɧŰɖŰŮɠ Cloisite 30B. 

Cloisite 30B  

ɉɟɐůɖ/ȽŭɘɧŰɖŰŮɠ CloisiteÈ 30B 

ɃɟɔŬɜɘəɧɠ ɇɟɞˊɞˊɞɘɖŰɐɠ MT2EtOT 

ɆɡɔəɏɜŰɟɤůɖ ɃɟɔŬɜɘəɞɨ ɇɟɞˊɞˊɞɘɖŰɐ 90 meq/100 g clay 

ɈɔɟŬůɑŬ <2% 

% ȷˊɩɚŮɘŬ ȸɎɟɞɡɠ ůŰɖɜ ȷɜɎűɚŮɝɖ 23.5% 

 

ɀɏɔŮɗɞɠ ɀɞɟɑɤɜ 

10% ɛɘəɟɧŰŮɟɞ Ŭˊɧ 2ɛm 

50% ɛɘəɟɧŰŮɟɞ Ŭˊɧ 6 ɛm 

90% ɛɘəɟɧŰŮɟɞ Ŭˊɧ 13ɛm 

 

ɄɡəɜɧŰɖŰŬ 

ȷəŬŰɏɟɔŬůŰɞ ůɩɛŬ 14.25 lbs/ft
3
 

ɆɡɛˊɘŮůɛɏɜɞ ůɩɛŬ 22.71 lbs/ft
3
 

ɄɡəɜɧŰɖŰŬ 1.98  g/cc 

 

 

4.2.3.3 Nanofil 116 

 ɇɞ Nanofil 116 ŮɑɜŬɘ ɏɜŬɠ űɡůɘəɧɠ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖɠ, Űɞɡ ɞˊɞɑɞɡ ɞɘ ɘŭɘɧŰɖŰŮɠ 

ŮɛűŬɜɑɕɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 4.9. 

 

ɄɑɜŬəŬɠ 4.9: ȽŭɘɧŰɖŰŮɠ Nanofil 116. 

Nanofil 116  

ɇɟɞˊɞˊɞɘɖŰɐɠ - 

ɈɔɟŬůɑŬ 11% 

% ȷˊɩɚŮɘŬ ȸɎɟɞɡɠ ůŰɖɜ ȷɜɎűɚŮɝɖ 8% 

ɀɏůɞ ɀɏɔŮɗɞɠ ɀɞɟɑɤɜ 12 ɛm 

ɄɡəɜɧŰɖŰŬ 340 g/l 
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4.2.3.4 ɈŭɟɞɝɡŬˊŬŰɑŰɖɠ 

 Ƀ ɡŭɟɞɝɡŬˊŬŰɑŰɖɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɐŰŬɜ Űɘɠ ŮŰŬɘɟŮɑŬɠ Sigma Aldrich, Űɞɡ 

ɞˊɞɑɞɡ ɞɘ ɘŭɘɧŰɖŰŮɠ ŮɛűŬɜɑɕɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 4.10. 

 

ɄɑɜŬəŬɠ 4.10: ȽŭɘɧŰɖŰŮɠ ɈŭɟɞɝɡŬˊŬŰɑŰɖ. 

ɈŭɟɞɝɡŬˊŬŰɑŰɖɠ 

Ⱥɘŭɘəɐ ŮˊɘűɎɜŮɘŬ 9.4 m
2
/g 

ɀɏůɞ ɀɏɔŮɗɞɠ ɀɞɟɑɤɜ <200 nm 

ɄɡəɜɧŰɖŰŬ 502.31 g/mol 

 

 

4.2.3.5 ȹɘɞɝŮɑŭɘɞ Űɞɡ ˊɡɟɘŰɑɞɡ 

ɇŬ ŰɟɞˊɞˊɞɘɖɛɏɜŬ ůɤɛŬŰɑŭɘŬ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ, ɛŮ Űɖɜ 

Ůɛˊɞɟɘəɐ ɞɜɞɛŬůɑŬ Aerosil R972 Űɖɠ ŮŰŬɘɟŮɑŬɠ Degusa, ŮɑɜŬɘ ɡŭɟɧűɞɓŬ ůɤɛŬŰɑŭɘŬ 

ŰɟɞˊɞˊɞɘɖɛɏɜŬ ɛŮ ŭɘɛŮɗɡɚŭɘɢɚɤɟɞůɘɚɎɜɘɞ əŬɘ ˊŬɟɞɡůɘɎɕɞɡɜ Űɘɠ ŬəɧɚɞɡɗŮɠ űɡůɘəɏɠ əŬɘ 

ɢɖɛɘəɏɠ ɘŭɘɧŰɖŰŮɠ: 

Si

Cl Cl

CH3H3C

 
ɆɢɐɛŬ 4.9: ɇɟɞˊɞˊɞɑɖůɖ Űɤɜ ůɤɛŬŰɘŭɑɤɜ Űɞɡ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ ɛŮ ŭɘɛŮɗɡɚŭɘɢɚɤɟɞůɘɚɎɜɘɞ. 

 

ɄɑɜŬəŬɠ 4.11: ȽŭɘɧŰɖŰŮɠ Űɤɜ Űɟɞˊɞˊɞɘɖɛɏɜɤɜ ůɤɛŬŰɘŭɑɤɜ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ. 

Aerosil R972 

Ⱥɘŭɘəɐ ŮˊɘűɎɜŮɘŬ (BET) 110Ñ20 m
2
/g 

ɃɟɔŬɜɘəɧ ɛɏɟɞɠ 0.6-1.2 wt.% 

ɀɏůɞ ɛɏɔŮɗɞɠ ɛɞɟɑɞɡ 16 nm 

ɄɡəɜɧŰɖŰŬ ~50 g/l 

ɈɔɟŬůɑŬ <0.5 wt. % 

ȷˊɩɚŮɘŬ ȸɎɟɞɡɠ ůŰɖɜ ȷɜɎűɚŮɝɖ <2.0 wt. % 

pH 3.6-5.5 

ɄŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ SiO2 >99.8 wt. % 

 

 

4.2.3.6 ȸɘɞŭɟŬůŰɘəɐ ɨŬɚɞɠ 

ȼ ɓɘɞŭɟŬůŰɘəɐ ɨŬɚɞɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ Űɖɠ ŮŰŬɘɟŮɑŬɠ Bonalive, ŮɑɜŬɘ 100% 

ůɡɜɗŮŰɘəɐ, əŬɘ ɓŬůɑɕŮŰŬɘ əɡɟɑɤɠ ůŰɞ ŭɘɞɝŮɑŭɘɞ Űɞɡ ˊɡɟɘŰɑɞɡ. ɇɞ ɛɏɔŮɗɞɠ Űɤɜ ůɤɛŬŰɘŭɑɤɜ 

ŮɑɜŬɘ ɛɘəɟɧŰŮɟɞ Űɤɜ 45ɛm. 

 

ɄɑɜŬəŬɠ 4.12: ɆɨůŰŬůɖ Űɖɠ ɓɘɞŭɟŬůŰɘəɐɠ ɡɎɚɞɡ. 

ȸɘɞŭɟŬůŰɘəɐ ɨŬɚɞɠ (Bonalive) 

SiO2 53 wt.% 

Na2O 23 wt.% 

CaO 20 wt.% 

P2O5 4 wt.% 
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4.2.4 ɀŮŰɟɞɜɘŭŬɕɧɚɖ (MET) 

 ɇɞ ŬɜŰɘɓŬəŰɖɟɘŬəɧ űɎɟɛŬəɞ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ əŬŰɎ Űɖ ɛŮɚɏŰɖ ŬˊɞŭɏůɛŮɡůɖɠ 

Ŭˊɧ ŭɞəɑɛɘŬ ɛɖ Ůɜɘůɢɡɛɏɜɖɠ ůɘɚɘəɧɜɖɠ əŬɘ Ůɜɘůɢɡɛɏɜɖɠ ɛŮ Cloisite 30B, ɐŰŬɜ ɖ 

ɛŮŰɟɞɜɘŭŬɕɧɚɖ (MET) Űɖɠ ŮŰŬɘɟɑŬɠ Sigma ï Aldrich. O ɢɖɛɘəɧɠ Űɨˊɞɠ Űɖɠ əŬɘ ɞɘ ɘŭɘɧŰɖŰɏɠ 

Űɖɠ ŬˊŮɘəɞɜɑɕɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 4.10 əŬɘ ɄɑɜŬəŬ 4.13 ŬɜŰɑůŰɞɘɢŬ.   

N
CH3

N

O2N

OH  
ɆɢɐɛŬ 4.10: ɀɞɟɘŬəɐ ŭɞɛɐ Űɖɠ ɛŮŰɟɞɜɘŭŬɕɧɚɖɠ (ɀȺɇ). 

 

ɄɑɜŬəŬɠ 4.13: ȽŭɘɧŰɖŰŮɠ Űɖɠ ɛŮŰɟɞɜɘŭŬɕɧɚɖɠ (ɀȺɇ). 

Metronidazole, MET 

Ɇɡɜɩɜɡɛɞ 2-Methyl-5-nitroimidazole-1-ethanol 

ɀɞɟɘŬəɧɠ Űɨˊɞɠ C6H9N3O3 

ɀɞɟɘŬəɧ ɓɎɟɞɠ 171.15 

ŪŮɟɛɞəɟŬůɑŬ ŬˊɞɗɐəŮɡůɖɠ 2-8ÁC 

ɀɞɟűɐ əɟɡůŰŬɚɚɘəɐ 

 

 

4.2.5 ȹɘŬɚɨŰɖɠ ɇɞɚɞɡɏɜɘɞ 

Ƀɘ ɘŭɘɧŰɖŰŮɠ ˊɚɏɔɛŬŰɞɠ Űɖɠ ɛɖ Ůɜɘůɢɡɛɏɜɖɠ ůɘɚɘəɧɜɖɠ əŬɘ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ Űɖɠ ɛŮ 

ŰŬ ŰɟɑŬ ŭɘŬűɞɟŮŰɘəɎ ɛɏůŬ Ůɜɑůɢɡůɖɠ ɏɚŬɓŮ ɢɩɟŬ ɛɏůɤ Űɖɠ ɛŮɚɏŰɖɠ Űɖɠ ŭɘɧɔəɤůɖɠ ůŮ 

ŭɘŬɚɨŰɖ, Űɞɚɞɡɏɜɘɞ Űɖɠ ŮŰŬɘɟɑŬɠ Merch. Ƀ ɢɖɛɘəɧɠ Űɨˊɞɠ əŬɘ ɞɘ ɓŬůɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ 

ŰɞɚɞɡŮɜɑɞɡ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ˊŬɟŬəɎŰɤ:  

CH3

 
ɆɢɐɛŬ 4.11: ɉɖɛɘəɐ ŭɞɛɐ Űɞɡ ŰɞɚɞɡŮɜɑɞɡ. 

 
ɄɑɜŬəŬɠ 4.14: ȽŭɘɧŰɖŰŮɠ Űɞɡ ŰɞɚɞɡŮɜɑɞɡ. 

ɇɞɚɞɡɏɜɘɞ 

ɀɞɟɘŬəɧɠ Űɨˊɞɠ C7H8 (C6H5CH3) 

ɀɞɟɘŬəɧ ɓɎɟɞɠ 92.14 g/mol 

ɄɡəɜɧŰɖŰŬ 0.8669 g/mL, liquid 

ɆɖɛŮɑɞ Űɐɝɖɠ ī93 ÁC 

ɆɖɛŮɑɞ ɓɟŬůɛɞɨ 110.6 ÁC 

ȹɘŬɚɡŰɧŰɖŰŬ ůŰɞ H2O 0.47 g/l (20-25ÁC) 

ȽɝɩŭŮɠ 0.590 cP at 20ÁC 
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4.3 ɄŬɟŬůəŮɡɐ ŭɞəɘɛɑɤɜ 

 

ũɘŬ Űɖɜ ˊŬɟŬůəŮɡɐ Űɤɜ ŭɞəɘɛɑɤɜ ɧɚɤɜ Űɤɜ Űɨˊɤɜ ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɞɡ ɛŮɚŮŰɐɗɖəŬɜ,  

ɕɡɔɑůŰɖəŬɜ 60 g ůɘɚɘəɧɜɖɠ ůŮ ˊɞŰɐɟɘ ɕɏůŮɤɠ ɛŮ Űɖ ɓɞɐɗŮɘŬ ɕɡɔɞɨ ŬəɟɘɓŮɑŬɠ. ȾŬŰɧˊɘɜ, 

ˊɟɞůŰɏɗɖəŮ əŬŰɎɚɚɖɚɖ ˊɞůɧŰɖŰŬ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ əŬɘ ŬəɞɚɞɨɗɖůŮ ŬɜɎŭŮɡůɖ ɛŮ ɡɎɚɘɜɞ 

ɟɎɓŭɞ ɛɏɢɟɘ ɜŬ ɞɛɞɔŮɜɞˊɞɘɖɗŮɑ Űɞ ɛɑɔɛŬ. ȼ ˊɞůɧŰɖŰŬ ˊɞɡ Ůɘůɐɢɗɖ ɔɘŬ əɎɗŮ Űɨˊɞ ɛɏůɞɡ 

Ůɜɑůɢɡůɖɠ, ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ˊŬɟŬůəŮɡŬůŰɞɨɜ ɜŬɜɞůɨɜɗŮŰŬ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ 1, 2, 3.5, 5, 8 əŬɘ 

10, 12 əŬɘ 20phr ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 4.15. ũɘŬ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɖɠ ˊɞůɧŰɖŰŬɠ Űɞɡ 

Ƀɀɀɇ (Cloisite 30B, Cloisite 20A) ˊɞɡ ˊɟɏˊŮɘ ɜŬ ˊɟɞůŰŮɗŮɑ, ɚɐűɗɖəŮ ɡˊɧɣɖ Űɞ ˊɞůɞůŰɧ 

Űɖɠ ɞɟɔŬɜɘəɐɠ Űɟɞˊɞˊɞɑɖůɐɠ Űɞɡ. ɇɞ ŬɜɧɟɔŬɜɞ ɛɏɟɞɠ Űɞɡ Cloisite 30B ŬɜŰɘůŰɞɘɢŮɑ ůŰɞ 76.5% 

əŬɘ Űɞɡ Cloisite 20A ůŰɞ 68.5%. ɆɡɜŮˊɩɠ, ɔɘŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ 1 phr 

Cloisite 30B/PDMS əŬɘ 1 phr Cloisite 20A/PDMS, ˊɟɞůŰɏɗɖəŬɜ ůŰŬ 60 g ůɘɚɘəɧɜɖɠ 

((60*1)/100)/(76.5%) = 0.7843 g Cloisite 30B əŬɘ ((60*1)/100)/(68.5%) = 0.8759 g Cloisite 

20A. ɀŮ Űɞɜ ɑŭɘɞ Űɟɧˊɞ ɡˊɞɚɞɔɑɕɞɜŰŬɘ ɞɘ ˊɞůɧŰɖŰŮɠ əŬɘ ɔɘŬ Űɘɠ ɡˊɧɚɞɘˊŮɠ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ. 

 

ɄɑɜŬəŬɠ 4.15: ɄŬɟɞɡůɑŬůɖ Űɖɠ ˊɟɞůŰɘɗɏɛŮɜɖɠ ˊɞůɧŰɖŰŬɠ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ůŰɖ ůɘɚɘəɧɜɖ ɔɘŬ ɧɚŮɠ Űɘɠ 

ŮɝŮŰŬɕɧɛŮɜŮɠ ŬɜŬɚɞɔɑŮɠ. 

ɀɏůɞ 

Ůɜɑůɢɡůɖɠ/PDMS 

(phr) 

ɄɟɞůŰɘɗɏɛŮɜɖ ˊɞůɧŰɖŰŬ ɛɏůɞɡ ůŮ 60 g PDMS (g) 

Nanofil 

116 

Cloisite 

30B 

Cloisite 

20A 

Ɉŭɟɞɝɡ- 

ŬˊŬŰɑŰɖɠ 

Aerosil 

R972 

Bioactive 

glass 

1 0.6 0.784 0.876 - - - 

2 1.2 1.569 1.752 - 1.2 1.2 

3.5 2.1 2.745 3.066 - - - 

5 3.0 3.922 4.380 3.0 3.0 3.0 

8 4.8 6.275 7.007 4.8 4.8 4.8 

10 6.0 7.843 8.759 6.0 - - 

12 - - - 7.2 - - 

20 - - - 12.0 - - 

 

ɆŰɖ ůɡɜɏɢŮɘŬ, ŮűŬɟɛɧůŰɖəŬɜ ɡˊɏɟɖɢɞɘ ɔɘŬ 6 min, ɩůŰŮ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ɖ ŭɘŬůˊɞɟɎ Űɞɡ 

ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ůŰɖɜ ɛɎɕŬ Űɞɡ ŮɚŬůŰɞɛŮɟɞɨɠ. Ƀ ɢɟɧɜɞɠ ŮűŬɟɛɞɔɐɠ Űɤɜ ɡˊŮɟɐɢɤɜ 

ŮˊɘɚɏɢɗɖəŮ ɛŮŰɎ Ŭˊɧ ŭɘŮɝɞŭɘəɐ ɛŮɚɏŰɖ Űɖɠ ŭɘŬůˊɞɟɎɠ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ůŰɞ ŮɚŬůŰɞɛŮɟɏɠ. 

ũɘŬ ɢɟɧɜɞɡɠ ɛɘəɟɧŰŮɟɞɡɠ  Űɤɜ 6min, ŭɘŬˊɘůŰɩɗɖəŬɜ ůɡůůɤɛŬŰɩɛŬŰŬ ůŰɖɜ ɛɎɕŬ Űɖɠ 

ˊɞɚɡůɘɚɞɝɎɜɖɠ, ɛŮ ŮɛűŬɜɐɠ əɞɟɡűɏɠ əŬŰɎ Űɖɜ ˊŮɟɑɗɚŬůɖ ŬəŰɑɜɤɜ ɉ. ȷɜŰɑɗŮŰŬ, ɔɘŬ 

ɛŮɔŬɚɨŰŮɟɞɡɠ ɢɟɧɜɞɡɠ, ɖ əɞɟɡűɐ ˊŮɟɑɗɚŬůɖɠ ŬəŰɑɜɤɜ ɉ, ŭŮɜ ˊŬɟɞɡůɑŬɕŮ ůɖɛŬɜŰɘəɐ 

ɛŮŰŬɓɞɚɐ, ɛŮ ŬˊɞŰɏɚŮůɛŬ ɖ ŭɘŬůˊɞɟɎ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ɜŬ ɛɖɜ ŮˊɖɟŮɎɕŮŰŬɘ ůŮ ɛŮɔɎɚɞ 

ɓŬɗɛɧ Ŭˊɧ ŰŬ 6min əŬɘ ˊɎɜɤ.  ȷɜɎ ɚŮˊŰɧ, ɔɘɜɧŰŬɜ ŮɝŬɔɤɔɐ Űɞɡ ŭɞəɘɛɑɞɡ əŬɘ ŰɞˊɞɗɏŰɖůɐ Űɞɡ 

ůŮ ˊŬɔɧɚɞɡŰɟɞ, ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ɣɡɢɗŮɑ əŬɘ ɜŬ ŬˊɞűŮɡɢɗŮɑ ɖ Ŭˊɞŭɧɛɖůɐ Űɞɡ. ɀŮŰɎ Űɞ ˊɏɟŬɠ 

Űɤɜ ɡˊŮɟɐɢɤɜ, ůŰŬ ůɡůŰɐɛŬŰŬ ůɡɛˊɨəɜɤůɖɠ ˊɟɞůŰɏɗɖəŬɜ 0.4g əŬŰŬɚɨŰɖ əŬɘ 9g  ɛɏůɞ 

ɓɞɡɚəŬɜɘůɛɞɨ, Ůɜɩ ůŰŬ ůɡůŰɐɛŬŰŬ ˊɟɞůɗɐəɖɠ ˊɟɞůŰɏɗɖəŮ 0.02g əŬŰŬɚɨŰɖɠ əŬɘ 0.8g ɛɏůɞ 

ŭɘŬůŰŬɨɟɤůɖɠ. ɆŰɖɜ ůɡɜɏɢŮɘŬ, ŬəɞɚɞɨɗɖůŮ ŬɜɎŭŮɡůɖ ɔɘŬ Űɖɜ ɞɛɞɔŮɜɞˊɞɑɖůɖ  Űɞɡ əŬŰŬɚɨŰɖ 

əŬɘ Űɞɡ ɛɏůɞɡ ŭɘŬůŰŬɨɟɤůɖɠ ůŮ ɧɚɖ Űɖɜ ɛɎɕŬ Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ əŬɘ Űɏɚɞɠ ɏɔɘɜŮ ɢɨŰŮɡůɖ 

Űɞɡ ŭŮɑɔɛŬŰɞɠ ůŮ ŮɘŭɘəɎ əŬɚɞɨˊɘŬ Ŭɚɞɡɛɘɜɑɞɡ ɔɘŬ Űɖɜ ɛɞɟűɞˊɞɑɖůɖ əŬɘ Űɖɜ ŮˊɑŰŮɡɝɖ Űɞɡ 

ŮˊɘɗɡɛɖŰɞɨ ůɢɐɛŬŰɞɠ. 
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4.4 Ⱥɝɞˊɚɘůɛɧɠ əŬɘ ɛɏɗɞŭɞɘ  

 

4.4.1 ȽɝɤŭɞɛŮŰɟɑŬ Brookfield 

 

4.4.1.1 ȷɟɢɐ Űɖɠ ɛŮɗɧŭɞɡ 

 ɇɞ ɘɝɤŭɧɛŮŰɟɞ Brookfield ŮɑɜŬɘ ɏɜŬ ɧɟɔŬɜɞ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Űɖ ɛɏŰɟɖůɖ Űɞɡ 

ɘɝɩŭɞɡɠ ůŰŬ ɟŮɡůŰɎ. 

 ɇɞ ɧɟɔŬɜɞ ɛŮŰɟɎ Űɖ ŭɘŬŰɛɖŰɘəɐ ŰɎůɖ, ɛɏůɤ Ůɜɧɠ ɎɝɞɜŬ ˊɞɡ ˊŮɟɘůŰɟɏűŮŰŬɘ ɛŮ 

əŬɗɞɟɘůɛɏɜɖ, ůŰŬɗŮɟɐ ŰŬɢɨŰɖŰŬ, Ůɜɩ ŮɑɜŬɘ ɓɡɗɘůɛɏɜɞɠ ůŰɞ ŭŮɑɔɛŬ. ɀɏůɤ Űɖɠ əŬɗɡůŰɏɟɖůɖɠ 

Űɖɠ ˊŮɟɘůŰɟɞűɐɠ Űɞɡ ůŰŮɚɏɢɞɡɠ ˊɟɞůŭɘɞɟɑɕŮŰŬɘ, ɛŮ Űɖ ɓɞɐɗŮɘŬ ɡˊɞɚɞɔɘůŰɐ, ɖ Űɘɛɐ Űɞɡ 

ɘɝɩŭɞɡɠ. Ƀ ůɡůɢŮŰɘůɛɧɠ ŬɡŰɧɠ ɞűŮɑɚŮŰŬɘ ůŰɞ ɔŮɔɞɜɧɠ ɧŰɘ ɖ ɟɞˊɐ ůŰɟɏɣɖɠ ŮɑɜŬɘ ŬɜɎɚɞɔɖ ɛŮ 

Űɖɜ ɘɝɩŭɖ ɏɚɝɖ əŬɘ əŬŰɎ ůɡɜɏˊŮɘŬ ɛŮ Űɞ ɘɝɩŭŮɠ 
[1]

. 

 ɇŬ ɘɝɤŭɧɛŮŰɟŬ Brookfield ˊŬɟɏɢɞɡɜ ˊɞɚɚɎ ˊɚŮɞɜŮəŰɐɛŬŰŬ. ȷɡŰɎ ŮɑɜŬɘ: 

¶ ɖ ůɡɜŮɢɐɠ ˊŮɟɘůŰɟɞűɐ Űɞɡ ůŰŮɚɏɢɞɡɠ ŮˊɘŰɟɏˊŮɘ ɜŬ ɔɑɜɞɜŰŬɘ ɛŮŰɟɐůŮɘɠ ůɡɜŬɟŰɐůŮɘ Űɞɡ 
ɢɟɧɜɞɡ, ɞɨŰɤɠ ɩůŰŮ ɜŬ ŬɜŬɚɨɞɜŰŬɘ ɟŮɡůŰɎ ˊɞɡ Űɞ ɘɝɩŭŮɠ Űɞɡɠ ɛŮŰŬɓɎɚɚŮŰŬɘ 

ůɡɜŬɟŰɐůŮɘ Űɞɡ ɢɟɧɜɞɡ əŬŰŬˊɧɜɖůɖɠ, 

¶ ɞ ɟɡɗɛɧɠ ŭɘɎŰɛɖůɖɠ ŮɑɜŬɘ ůŰŬɗŮɟɧɠ, ɞˊɧŰŮ ɛˊɞɟɞɨɜ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ Űɧůɞ 

ɜŮɡŰɤɜɘəɎ, ɧůɞ əŬɘ ɛɖ ɜŮɡŰɤɜɘəɎ ɟŮɡůŰɎ, 

¶ ɛŮ Űɖɜ ˊŮɟɘůŰɟɞűɐ Űɞɡ ɎɝɞɜŬ ůŮ ŭɘŬűɞɟŮŰɘəɏɠ ŰŬɢɨŰɖŰŮɠ ɛˊɞɟɞɨɜ ɜŬ ŬɜŬɚɡɗɞɨɜ 
ɟŮɡůŰɎ Űɤɜ ɞˊɞɑɤɜ ɖ Űɘɛɐ Űɞɡ ɘɝɩŭɞɡɠ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞ ɟɡɗɛɧ ŭɘɎŰɛɖůɖɠ. 

 ɇŬ ɘɝɤŭɧɛŮŰɟŬ Brookfield ŮűŬɟɛɧɕɞɜŰŬɘ Ůɡɟɏɤɠ ůŰɖ ɓɘɞɛɖɢŬɜɑŬ ɔɘŬ Űɞɜ əŬɗɞɟɘůɛɧ 

Űɞɡ ŬˊɧɚɡŰɞɡ ɘɝɩŭɞɡɠ ɧɚɤɜ Űɤɜ Űɨˊɤɜ ɡɔɟɩɜ, əŬɗɩɠ ɛˊɞɟŮɑ ɜŬ ŭɩůŮɘ ŬˊɞŰŮɚɏůɛŬŰŬ ůŮ 

ˊɞɚɨ ɡɣɖɚɏɠ Űɘɛɏɠ ɘɝɩŭɞɡɠ. 

 ɈˊɎɟɢɞɡɜ ŭɘɎűɞɟŬ ɛɞɜŰɏɚŬ ɘɝɤŭɞɛɏŰɟɤɜ Brookfield, ŬɜŬɚɧɔɤɠ Űɖɜ ŮűŬɟɛɞɔɐ: 

¶ ɉŬɛɖɚɞɨ ɘɝɩŭɞɡɠ ï LV: ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ ŭɘŬɚɨŰŮɠ, ɢɖɛɘəɏɠ ɞɡůɑŮɠ, əŬɚɚɡɜŰɘəɎ, 

ɛŮɚɎɜɘŬ, ˊɞɚɡɛŮɟɐ ŭɘŬɚɨɛŬŰŬ, ůɡůŰɐɛŬŰŬ ŮˊɘůŰɟɩůŮɤɜ, 

¶ ɀɏůɞɡ ɘɝɩŭɞɡɠ ï RV: ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ əŮɟŬɛɘəɞɨɠ ˊɖɚɞɨɠ, ɢɟɩɛŬŰŬ 

ŮˊɑůŰɟɤůɖɠ, ŮˊɘůŰɟɩɛŬŰŬ ŮˊɘűɎɜŮɘŬɠ, ɓŮɟɜɑəɘŬ, 

¶ Ɉɣɖɚɞɨ ɘɝɩŭɞɡɠ ï ȼȷ/ȼȸ: ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ ɎůűŬɚŰɞ, ˊɖəŰɩɛŬŰŬ, əɧɚɚŮɠ, 

ůŰŮɔŬɜɤŰɘəɏɠ ɞɡůɑŮɠ. 

 

4.4.1.2 ɄŮɘɟŬɛŬŰɘəɐ ŭɘŬŭɘəŬůɑŬ 

 ɆŰŬ ˊɚŬɑůɘŬ Űɖɠ ŮɟɔŬůɑŬɠ ŬɡŰɐɠ, Űɞ ɘɝɤŭɧɛŮŰɟɞ Brookfield DVïII+ Pro Űɖɠ ŮŰŬɘɟŮɑŬɠ 

Brookfield (ɆɢɐɛŬ 4.12) ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ Űɖ ɛŮɚɏŰɖ Űɖɠ Ůɝɏɚɘɝɖɠ Űɞɡ ɘɝɩŭɞɡɠ əŬŰɎ Űɖɜ 

ˊɞɟŮɑŬ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ. ɆŮ ˊɞŰɐɟɘ ɕɏůŮɤɠ ɡɣɖɚɞɨ Űɨˊɞɡ ɕɡɔɑůŰɖəŬɜ 40 g ůɘɚɘəɧɜɖɠ 

ůɡɛˊɨəɜɤůɖɠ, ɢŬɛɖɚɞɨ ɛŮůŬɑɞɡ əŬɘ ɡɣɖɚɞɨ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ. ɆŮ ɕɡɔɧ ŬəɟɘɓŮɑŬɠ 

ˊɟɞůŰɏɗɖəŮ əŬŰɎɚɚɖɚɖ ˊɞůɧŰɖŰŬ Űɞɡ ŮəɎůŰɞŰŮ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ, ˊɟɞəŮɘɛɏɜɞɡ ɜŬ 

ˊŬɟŬůəŮɡŬůŰɞɨɜ ɜŬɜɞůɨɜɗŮŰŬ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ 0, 1, 2, 3.5, 5, 8 əŬɘ 10phr. ȷəɞɚɞɨɗɖůŮ 

ŬɜɎŭŮɡůɖ ɔɘŬ Űɖɜ Ŭˊɞűɡɔɐ ůɡůůɤɛŬŰɤɛɎŰɤɜ əŬɘ ŮűŬɟɛɞɔɐ ɡˊŮɟɐɢɤɜ ɔɘŬ 6 min ɔɘŬ Űɖ 

ŭɘŬůˊɞɟɎ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ůŰɖ ůɘɚɘəɧɜɖ. ȾŬŰɧˊɘɜ əŬɘ Ŭűɞɨ ŭɞəɑɛɘɞ ɓɟɘůəɧŰŬɜ ůŮ 

ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ, ˊɟɞůŰɏɗɖəŬɜ 0.267 g əŬŰŬɚɨŰɖ əŬɘ 6g ɛɏůɞɡ ŭɘŬůŰŬɨɟɤůɖɠ. ɀŮŰɎ 

Ŭˊɧ ůɨɜŰɞɛɖ ŬɜɎɛŮɘɝɖ Űɞ ůŰɏɚŮɢɞɠ Űɞɡ ɘɝɤŭɞɛɏŰɟɞɡ ŮɛɓŬˊŰɑůŰɖəŮ ůŰɞ ŭŮɑɔɛŬ əŬɘ ɎɟɢɘůŮ ɖ 

əŬŰŬɔɟŬűɐ. 
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ɆɢɐɛŬ 4.12: ȽɝɤŭɧɛŮŰɟɞ Brookfield. 

 

 

4.4.2 ūŬůɛŬŰɞůəɞˊɑŬ ɈˊŮɟɨɗɟɞɡ ɛŮ ɛŮŰŬůɢɖɛŬŰɘůɛɧ Fourier 

 

4.4.2.1 ȷɟɢɐ Űɖɠ ɛŮɗɧŭɞɡ 

ȼ űŬůɛŬŰɞűɤŰɞɛŮŰɟɑŬ ɡˊŮɟɨɗɟɞɡ ɓŬůɑɕŮŰŬɘ ůŰɖɜ Ŭˊɞɟɟɧűɖůɖ ɡˊɏɟɡɗɟɖɠ 

ŬəŰɘɜɞɓɞɚɑŬɠ  Ŭˊɧ ŰŬ ɛɧɟɘŬ ɛɘŬɠ ɏɜɤůɖɠ, ŰŬ ɞˊɞɑŬ ŭɘŮɔŮɑɟɞɜŰŬɘ ůŮ ɡɣɖɚɧŰŮɟŮɠ ůŰɎɗɛŮɠ 

ŭɧɜɖůɖɠ ɐ ˊŮɟɘůŰɟɞűɐɠ. ȺɜŮɟɔɎ ɡˊɏɟɡɗɟŮɠ ŮɜɩůŮɘɠ ŮɑɜŬɘ ŬɡŰɏɠ ůŰɘɠ ɞˊɞɑŮɠ ɞɘ ŭɞɜɐůŮɘɠ əŬɘ ɞɘ 

ˊŮɟɘůŰɟɞűɏɠ Űɤɜ ŬŰɧɛɤɜ Űɞɡɠ ɏɢɞɡɜ ɛɘŬ ŭɘŬɟəɐ ŭɘˊɞɚɘəɐ ɟɞˊɐ, ɧˊɤɠ ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ ůŰŬ 

ɛɧɟɘŬ ˊɞɡ ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ ŮŰŮɟɞɎŰɞɛŬ ɐ ůŰŬ ɛɧɟɘŬ ˊɞɡ ŬɚɚɎɕŮɘ ɖ ŭɘˊɞɚɘəɐ ɟɞˊɐ əŬŰɎ Űɖ 

ŭɘɎɟəŮɘŬ Űɖɠ ˊŮɟɘůŰɟɞűɘəɐɠ əŬɘ ŭɞɜɖŰɘəɐɠ ŭɘŬŭɘəŬůɑŬɠ. ȼ ˊŮɟɘɞŭɘəɐ ŬɚɚŬɔɐ Űɖɠ ŭɘˊɞɚɘəɐɠ 

ɟɞˊɐɠ ɚɧɔɤ ˊŮɟɘůŰɟɞűɐɠ ɐ ŭɧɜɖůɖɠ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛɧɜɞ ɛŮ ɞɟɘůɛɏɜŮɠ ůɡɢɜɧŰɖŰŮɠ. 

ȷˊɞɟɟɧűɖůɖ ůɡɛɓŬɑɜŮɘ ɧŰŬɜ ɖ ˊɟɞůˊɑˊŰɞɡůŬ ŬəŰɘɜɞɓɞɚɑŬ ɏɢŮɘ Űɖɜ ɑŭɘŬ ůɡɢɜɧŰɖŰŬ ɛŮ Űɖ 

ůɡɢɜɧŰɖŰŬ Űɞɡ ŭɘˊɧɚɞɡ. 

 ũŮɜɘəɎ Űɞ űɎůɛŬ Ŭˊɞɟɟɧűɖůɖɠ ɡˊŮɟɨɗɟɞɡ ŬˊɞŰŮɚŮɑ ɛɘŬ ɗŮɛŮɚɘɩŭɖ ɘŭɘɧŰɖŰŬ əɎɗŮ 

ɛɞɟɑɞɡ əŬɘ ɢɟɖůɘɛŮɨŮɘ ůŰɖɜ ˊɞɘɞŰɘəɐ ŬɜɎɚɡůɖ ɔɘŬ Űɖ ŭɘŬɚŮɨəŬɜůɖ Űɖɠ ŭɞɛɐɠ ɛɘŬɠ ɏɜɤůɖɠ, 

ŭɖɚŬŭɐ Űɖ űɨůɖ Űɤɜ ŬŰɧɛɤɜ ˊɞɡ ɓɟɑůəɞɜŰŬɘ ůŰɞ ɛɧɟɘɞ əŬɘ Űɖ ŭɘɎŰŬɝɐ Űɞɡɠ ůŰɞ ɢɩɟɞ. 

ȺˊŮɘŭɐ Űɞ ˊɞůɧ Űɖɠ ŬˊɞɟɟɞűɞɨɛŮɜɖɠ ŮɜɏɟɔŮɘŬɠ ŮɑɜŬɘ ůɡɜɎɟŰɖůɖ Űɞɡ Ŭɟɘɗɛɞɨ Űɤɜ 

ɡˊŬɟɢɧɜŰɤɜ ɛɞɟɑɤɜ, Űɞ IR űɎůɛŬ ɛŬɠ ŭɑɜŮɘ ˊɚɖɟɞűɞɟɑŮɠ əŬɘ ɤɠ ˊɟɞɠ Űɖ ůɡɔəɏɜŰɟɤůɖ Ůɜɧɠ 

ůɡůŰŬŰɘəɞɨ ůŮ ɏɜŬ ŭŮɑɔɛŬ, ůɡɔəɟɑɜɞɜŰŬɠ  Űɞ ɓɎɗɞɠ ɛɘŬɠ ɢŬɟŬəŰɖɟɘůŰɘəɐɠ ŰŬɘɜɑŬɠ 

Ŭˊɞɟɟɧűɖůɖɠ ˊɟɞɠ Űɞ ɓɎɗɞɠ Űɖɠ ɑŭɘŬɠ ŰŬɘɜɑŬɠ Ůɜɧɠ űɎůɛŬŰɞɠ ˊɞɡ ˊŮɟɘɏɢŮɘ ɔɜɤůŰɐ 

ůɡɔəɏɜŰɟɤůɖ Űɞɡ Ůɜ ɚɧɔɤ ůɡůŰŬŰɘəɞɨ 
[2]

. 

 

4.4.2.2 ȿɐɣɖ űɎůɛŬŰɞɠ FT-IR ɛŮ Űɖɜ ŰŮɢɜɘəɐ Űɖɠ ŮɝŬůɗŮɜɖɛɏɜɖɠ ɞɚɘəɐɠ ŬɜɎəɚŬůɖɠ, ATR 

ȼ űŬůɛŬŰɞůəɞˊɑŬ ŮɝŬůɗŮɜɖɛɏɜɖɠ ɞɚɘəɐɠ ŬɜɎəɚŬůɖɠ (ATR) ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ 

ůɡɚɚɞɔɐ űŬůɛɎŰɤɜ Ŭˊɧ ɟŮɡůŰɎ ɡɚɘəɎ əŬɘ ŭŮɘɔɛɎŰɤɜ ůŮ ɛɞɟűɐ űɘɚɛ, ɧˊɤɠ ˊɞɚɡɛŮɟɐ, 

ŮɚŬůŰɘəɎ, ɡűɎůɛŬŰŬ əŰɚ. ȼ ɛɏɗɞŭɞɠ ŬɡŰɐ ˊŮɟɘɚŬɛɓɎɜŮɘ Űɖ ɢɟɐůɖ Ůɜɧɠ ŮɝŬɟŰɐɛŬŰɞɠ ˊɞɡ 

ɞɜɞɛɎɕŮŰŬɘ ATR. ȼ ɡˊɏɟɡɗɟɖ ŬəŰɘɜɞɓɞɚɑŬ ɛɏůɤ Űɞɡ əŬŰɧˊŰɟɞɡ ɀ1 ŬɜŬəɚɎŰŬɘ ŮůɤŰŮɟɘəɎ 

ůŰɞɜ əɟɨůŰŬɚɚɞ Ŭˊɧ ZnSe ɛŮ ɛɘŬ ɔɤɜɑŬ 45
ɞ
. ȼ ŬəŰɘɜɞɓɞɚɑŬ ůŰɞɜ əɟɨůŰŬɚɚɞ ˊŬɟɎɔŮɘ 
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ˊɟɧůəŬɘɟɞ əɨɛŬ əŬɘ Ŭˊɧ Űɘɠ ŭɨɞ ˊɚŮɡɟɏɠ Űɞɡ  əɟɡůŰɎɚɚɞɡ. ȰŰůɘ, ŮɑɜŬɘ ŭɡɜŬŰɐ ɖ ɚɐɣɖ 

űŬůɛɎŰɤɜ ɞɡůɘɩɜ ůŮ ɡŭŬŰɘəɎ ɛŮɘɩɜɞɜŰŬɠ ɏɜŰɞɜŬ Űɖɜ Ŭˊɞɟɟɧűɖůɖ Űɞɡ ŭɘŬɚɨŰɖ. ȳŰŬɜ Űɞ 

ŭŮɑɔɛŬ ŰɞˊɞɗŮŰŮɑŰŬɘ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ əɟɡůŰɎɚɚɞɡ ŬˊɞɟɟɞűɎ ŬəŰɘɜɞɓɞɚɑŬ. ȼ 

ŮɜŬˊɞɛɏɜɞɡůŬ ŬəŰɘɜɞɓɞɚɑŬ ŬɜɘɢɜŮɨŮŰŬɘ ŬˊŮɡɗŮɑŬɠ Ŭˊɧ Űɞɜ ŬɜɘɢɜŮɡŰɐ ɛɏůɤ Űɞɡ əŬŰɧˊŰɟɞɡ 

ɀ2. 

ȼ űŬůɛŬŰɞůəɞˊɑŬ ŮɝŬůɗŮɜɖɛɏɜɖɠ ŬɜɎəɚŬůɖɠ ŬˊɞŰŮɚŮɑ ɛɏɗɞŭɞ ŮɝɏŰŬůɖɠ Űɖɠ 

ŮˊɘűɎɜŮɘŬɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ ˊɞɡ ůɖɛŬɑɜŮɘ ɧŰɘ Űɞ ŮůɤŰŮɟɘəɧ Űɖɠ ɛɎɕŬɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ ɛˊɞɟŮɑ ɜŬ 

ɏɢŮɘ ŭɘŬűɞɟŮŰɘəɐ ůɨůŰŬůɖ. ȼ ɚɐɣɖ Űɤɜ űŬůɛɎŰɤɜ ɛŮ Űɞ ŮɝɎɟŰɖɛŬ ATR ŮɑɜŬɘ ůɢŮŰɘəɎ 

Ůɨəɞɚɖ ŮɟɔŬůɑŬ. ȷɟɢɘəɎ, ɚŬɛɓɎɜŮŰŬɘ Űɞ űɎůɛŬ Űɞɡ ŭɘŬɚɨŰɖ (űɎůɛŬ ŬɜŬűɞɟɎɠ) əŬɘ ůŰɖ 

ůɡɜɏɢŮɘŬ Űɞɡ ŭŮɑɔɛŬŰɞɠ. Ƀ ɡˊɞŭɞɢɏŬɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ ˊɟɏˊŮɘ ɜŬ əŬɗŬɟɑɕŮŰŬɘ ŮˊɘɛŮɚɩɠ ɔɘŬŰɑ 

ɡˊɞɚŮɑɛɛŬŰŬ ůŰɖɜ əɟɡůŰŬɚɚɘəɐ ŮˊɘűɎɜŮɘŬ ŮˊɖɟŮɎɕɞɡɜ Űɖɜ ˊɞɘɧŰɖŰŬ Űɤɜ űŬůɛɎŰɤɜ ˊɞɡ 

ɚŬɛɓɎɜɞɜŰŬɘ. ȳŰŬɜ ůŰɞ ɚɞɔɘůɛɘəɧ Űɞɡ ɞɟɔɎɜɞɡ ŮɜŮɟɔɞˊɞɘŮɑŰŬɘ ɖ ŭɘɧɟɗɤůɖ ɔɘŬ Űɖ ɢɟɐůɖ Űɞɡ 

ATR Űɞ űɎůɛŬ ˊɞɡ ɚŬɛɓɎɜŮŰŬɘ ŭɘɞɟɗɩɜŮŰŬɘ ŬɡŰɧɛŬŰŬ ɤɠ ˊɟɞɠ Űɞɜ əɡɛŬŰŬɟɘɗɛɧ 

ɚŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɖ Űɞ ɓɎɗɞɠ ŭɘŮɑůŭɡůɖɠ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ ůŰɞ ŭŮɑɔɛŬ. 

 

 
ɆɢɐɛŬ 4.13: ȺɝɎɟŰɖɛŬ ATR. 

 

4.4.2.3 ɄŮɘɟŬɛŬŰɘəɐ ŭɘŬŭɘəŬůɑŬ 

 ɆŰɖɜ ŮɟɔŬůɑŬ ŬɡŰɐ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɖ ůɡůəŮɡɐ Nicolet 6700 FTIR (ɆɢɐɛŬ 4.14) ɔɘŬ 

Űɖ ɛŮɚɏŰɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ ůɡɛˊɨəɜɤůɖɠ əŬɘ ˊɟɞůɗɐəɖɠ. ɆŮ ˊɞŰɐɟɘ ɕɏůŮɤɠ ɕɡɔɑůŰɖəŬɜ 

10g ůɘɚɘəɧɜɖɠ ůɡɛˊɨəɜɤůɖɠ ůŮ ɕɡɔɧ ŬəɟɘɓŮɑŬɠ əŬɘ ˊɟɞůŰɏɗɖəŮ əŬŰɎɚɚɖɚɖ ˊɞůɧŰɖŰŬ ɛɏůɞɡ 

Ůɜɑůɢɡůɖɠ, ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ˊŬɟŬůəŮɡŬůŰɞɨɜ ɜŬɜɞůɨɜɗŮŰŬ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ 0, 2, 5 əŬɘ 8phr 

Nanofil  116, Cloisite 30B əŬɘ Cloisite 20A. ȷəɞɚɞɨɗɖůŮ ŬɜɎŭŮɡůɖ ɔɘŬ Űɖɜ ɞɛɞɔŮɜɞˊɞɑɖůɖ 

Űɞɡ ɛɑɔɛŬŰɞɠ əŬɘ ŮűŬɟɛɞɔɐ ɡˊŮɟɐɢɤɜ ɔɘŬ 6 min ɔɘŬ Űɖ ŭɘŬůˊɞɟɎ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ůŰɖ 

ůɘɚɘəɧɜɖ. ȰˊŮɘŰŬ, ˊɟɞůŰɏɗɖəŬɜ 0.067 g əŬŰŬɚɨŰɖ əŬɘ 1.5 g ɛɏůɞɡ ŭɘŬůŰŬɨɟɤůɖɠ. ɀŮŰɎ Ŭˊɧ 

ůɨɜŰɞɛɖ ŬɜɎɛŮɘɝɖ Űɞ ŭŮɑɔɛŬ ŬˊɚɩɜŮŰŬɘ ŮˊɘɛŮɚɩɠ ůŰɞɜ ɡˊɞŭɞɢɏŬ. ȼ ŰŬɢɨŰɖŰŬ ůɎɟɤůɖɠ 

əŬɗɞɟɑůŰɖəŮ ůŰŬ 1.26. ɄŮɘɟɎɛŬŰŬ ŭɘŮɝɐɢɗɖůŬɜ ůŮ əɎˊɞɘŮɠ Ŭˊɧ Űɘɠ ˊŬɟŬˊɎɜɤ 

ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ ɜŬɜɞůɡɜɗɏŰɤɜ ɛŮ ŰŬɢɨŰɖŰŬ ůɎɟɤůɖɠ 0.6329. Ƀɛɞɑɤɠ, ůŰɖɜ ˊɞɚɡůɘɚɞɝɎɜɖ 

ˊɟɞůɗɐəɖɠ ɛŮɚŮŰɐɗɖəŮ ɞ ɓɞɡɚəŬɜɘůɛɧɠ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ Nanofil 116, Cloisite 30B əŬɘ 

Cloisite 20A, ɔɘŬ ŬɜŬɚɞɔɑŮɠ 0, 2, əŬɘ 5phr ŬɜŰɑůŰɞɘɢŬ. ɆŮ ɧɚŬ ŰŬ űɎůɛŬŰŬ ŮűŬɟɛɧůŰɖəŮ 

ŬɡŰɧɛŬŰɖ ŮɝɞɛɎɚɡɜůɖ (automatic smooth) ŰɟŮɘɠ űɞɟɏɠ.  
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ɆɢɐɛŬ 4.14: Nicolet 6700 FTIR. 

 

 

4.4.3 ɄŮɟɑɗɚŬůɖ ŬəŰɑɜɤɜ ɉ 

 

4.4.3.1 ȷɟɢɐ Űɖɠ ɛŮɗɧŭɞɡ 

ɆŰɖɜ ɞˊŰɘəɐ ˊŮɟɘɞɢɐ, ɖ ɛŮɚɏŰɖ Űɞɡ űɎůɛŬŰɞɠ əŬɘ Űɖɠ əŬŰŬɜɞɛɐɠ Űɖɠ ŮɜɏɟɔŮɘŬɠ ůŰŬ 

ŭɘɎűɞɟŬ ɛɐəɖ əɨɛŬŰɞɠ ŮˊɘŰɡɔɢɎɜŮŰŬɘ əɡɟɑɤɠ ɛŮ ŭɨɞ ɛŮɗɧŭɞɡɠ:  

1. Űɖɠ ŭɘɎɗɚŬůɖɠ Ŭˊɧ ˊɟɑůɛŬŰŬ əŬɘ  

2. Űɖɠ ˊŮɟɑɗɚŬůɖɠ Ŭˊɧ əŬŰɎɚɚɖɚɞ űɟɎɔɛŬ.  

ȺˊŮɘŭɐ ɧɛɤɠ əŬɘ ɞɘ ŭɨɞ ɛɏɗɞŭɞɘ ˊŬɟɞɡůɘɎɕɞɡɜ ŭɡůəɞɚɑŮɠ, ɖ əɡɟɘɧŰŮɟɖ ɛɏɗɞŭɞɠ 

ɏɟŮɡɜŬɠ Űɞɡ űɎůɛŬŰɞɠ ůŰɖɟɑɕŮŰŬɘ ůŰɖɜ ˊŮɟɑɗɚŬůɖ Űɤɜ ŬəŰɑɜɤɜ ɉ Ŭˊɧ Űɞɡɠ əɟɡůŰɎɚɚɞɡɠ ɞɘ 

ɞˊɞɑɞɘ ŮɜŮɟɔɞɨɜ ůŬɜ űɡůɘəɎ ŰɟɘůŭɘɎůŰŬŰŬ űɟɎɔɛŬŰŬ. ȼ ɢɟɖůɘɛɞˊɞɑɖůɖ ŬɡŰɐ Űɤɜ 

əɟɡůŰɎɚɚɤɜ ŮɑɜŬɘ ɎɛŮůɖ ůɡɜɏˊŮɘŬ Űɖɠ ɗŮɩɟɖůɖɠ Űɞɡ űŬɘɜɞɛɏɜɞɡ Űɖɠ ˊŮɟɑɗɚŬůɖɠ Ŭˊɧ Űɞɜ 

Bragg ůŬɜ ɘůɞŭɨɜŬɛɞɡ ɛŮ ŬɜɎəɚŬůɖ Űɖɠ ˊɟɞůˊɑˊŰɞɡůŬɠ ŭɏůɛɖɠ Ŭˊɧ ŰŬ ŭɘɎűɞɟŬ ŭɘəŰɡɤŰɎ 

ŮˊɑˊŮŭŬ Űɞɡ əɟɡůŰɎɚɚɞɡ.  

ȼ ˊŮɟɑɗɚŬůɖ ɛŮɚŮŰɎŰŬɘ ˊŮɟɘůůɧŰŮɟɞ ůŰɖɜ əɟɡůŰŬɚɚɞɔɟŬűɑŬ, əɘ ŬɡŰɧ ɔɘŬŰɑ ŰŬ ɛɐəɖ 

əɨɛŬŰɞɠ Űɤɜ ŬəŰɑɜɤɜ ɉ ŮɑɜŬɘ ˊŮɟɑˊɞɡ ɑůŬ ɛŮ Űɘɠ ŬˊɞůŰɎůŮɘɠ ɛŮŰŬɝɨ Űɤɜ ŬŰɧɛɤɜ ɛɏůŬ ůŰɞɜ 

əɟɨůŰŬɚɚɞ.  

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 

ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ 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 ɛˊɞɟɞɨɛŮ ɜŬ Űɞ ŭɞɨɛŮ əŬɘ ůŰɞ ˊŬɟŬəɎŰɤ ůɢɐɛŬ. 
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ɆɢɐɛŬ 4.15: 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.  

ȷɡŰɧ ɛˊɞɟɞɨɛŮ ɜŬ Űɞ ŭɞɨɛŮ əŬɘ ůŰɞ ˊŬɟŬəɎŰɤ ůɢɐɛŬ  

 
ɆɢɐɛŬ 4.16:  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). 

 ȷˊɧ ŰŬ ůɖɛŬɜŰɘəɧŰŮɟŬ ˊɟɞɓɚɐɛŬŰŬ, ŰŬ ɞˊɞɑŬ ŮɛűŬɜɑɕɞɜŰŬɘ əŬŰɎ Űɖɜ ŮɝɏŰŬůɖ Űɤɜ 

ɡɚɘəɩɜ ɛŮ ŬəŰɑɜŮɠ-ɉ ŮɑɜŬɘ ɖ Ŭˊɞɟɟɧűɖůɖ Űɤɜ ŬəŰɑɜɤɜ ï ɉ Ŭˊɧ ŰŬ ɡɚɘəɎ, ɖ ɞˊɞɑŬ ɏɢŮɘ ůŬɜ 

ŬˊɞŰɏɚŮůɛŬ Űɞɜ ˊŮɟɘɞɟɘůɛɧ Űɖɠ ŭɘŮɘůŭɡŰɘəɧŰɖŰŬɠ Űɤɜ ŬəŰɑɜɤɜ ïɉ ůŮ ɘəŬɜɧ ɓɎɗɞɠ əŬɘ əŬŰɎ 

ůɡɜɏˊŮɘŬ ɖ ɛɖ ɎɜŰɚɖůɖ ɘəŬɜɩɜ ůŰɞɘɢŮɑɤɜ, ŰŬ ɞˊɞɑŬ ŮɑɜŬɘ ɢɟɐůɘɛŬ ɔɘŬ Űɖɜ ˊɞɘɞŰɘəɐ əŬɘ 

əɡɟɑɤɠ Űɖɜ ˊɞůɞŰɘəɐ ŬɜɎɚɡůɖ Űɞɡ ŮɝŮŰŬɕɧɛŮɜɞɡ ɡɚɘəɞɨ 
[4]

.   

 

4.4.3.2  ɄŮɘɟŬɛŬŰɘəɐ ŭɘŬŭɘəŬůɑŬ  

 ɀŮŰɎ Űɖɜ ˊɟɞůɗɐəɖ Űɞɡ ůɡůŰɐɛŬŰɞɠ ɓɞɡɚəŬɜɘůɛɞɨ ůŰɞ ɜŬɜɞůɨɜɗŮŰɞ ůɘɚɘəɧɜɖɠ - 

ɛɏůɞɡ Ůɜɑůɢɡůɖɠ, ɛɏɟɞɠ Űɞɡ ɟŮɡůŰɞɨ ŬˊɞɢɨɗɖəŮ ůŮ əŬɚɞɨˊɘŬ ɏŰůɘ ɩůŰŮ ɜŬ ˊŬɟŬůəŮɡŬůŰɞɨɜ 
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ŭɞəɑɛɘŬ ŭɘŬůŰɎůŮɤɜ 4x4 cm əŬɘ ˊɎɢɞɡɠ ˊŮɟɑˊɞɡ 1mm. ȷűɞɨ ɞɚɞəɚɖɟɩɗɖəŮ ɞ ɓɞɡɚəŬɜɘůɛɧɠ 

Űɤɜ ŭɞəɘɛɑɤɜ, ŬɡŰɎ ŰŮɛŬɢɑůŰɖəŬɜ ɩůŰŮ ɜŬ ɏɢɞɡɜ ŭɘŬůŰɎůŮɘɠ 3x3 cm. ȰˊŮɘŰŬ, ŰŬ ŭɞəɑɛɘŬ 

ŰɞˊɞɗŮŰɐɗɖəŬɜ ůŰɖ ŭɘɎŰŬɝɖ XRD Űɞɡ ɆɢɐɛŬŰɞɠ 4.17, ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ. ɇŬ 

ˊŮɘɟɎɛŬŰŬ ŭɘŮɝɐɢɗɖůŬɜ ɛŮ ˊŮɟɘɗɚŬůɑɛŮŰɟɞ (40 kV, 30 mA), ɛŮ ŬəŰɘɜɞɓɞɚɑŬ Cu (ɛɐəɞɡɠ 

əɨɛŬŰɞɠ ɚ=0.154 nm), ɟɡɗɛɞɨ 2
o
/min ůŮ Ůɨɟɞɠ 2ï10

o
. ȼ ˊŮɟɑɗɚŬůɖ ŬəŰɑɜɤɜ ɉ ŮűŬɟɛɧůŰɖəŮ 

ůŮ ɧɚŬ ŰŬ ůɡůŰɐɛŬŰŬ ˊɞɚɡůɘɚɞɝɎɜɖɠ ůɡɛˊɨəɜɤůɖɠ əŬɘ ˊɟɞůɗɐəɖɠ.  

 

 
ɆɢɐɛŬ 4.17: 5000 Diffractometer Siemens. 

 

 

4.4.4 ȼɚŮəŰɟɞɜɘəɐ ɛɘəɟɞůəɞˊɑŬ ůɎɟɤůɖɠ (SEM)  

 

4.4.4.1 ȷɟɢɐ Űɖɠ ɛŮɗɧŭɞɡ  

ũɘŬ ɜŬ ɏɢɞɡɛŮ ɛɘŬ ůŬűɐ ŮɘəɧɜŬ Űɖɠ ɛɞɟűɞɚɞɔɑŬɠ Űɞɡ ŮɚŬůŰɞɛŮɟɞɨɠ, ɖ ˊɘɞ əŬŰɎɚɚɖɚɖ 

ɛɏɗɞŭɞɠ ŮɑɜŬɘ ŬɡŰɐ Űɖɠ ɖɚŮəŰɟɞɜɘəɐɠ ɛɘəɟɞůəɞˊɘəɐɠ ŬɜɎɚɡůɖɠ, (SEM). ɇɞ ɖɚŮəŰɟɞɜɘəɧ 

ɛɘəɟɞůəɧˊɘɞ ůɎɟɤůɖɠ (SEM: Scanning Electron Microscopy) ŮɑɜŬɘ ɏɜŬɠ Űɨˊɞɠ ɖɚŮəŰɟɞɜɘəɞɨ 

ɛɘəɟɞůəɞˊɑɞɡ ɘəŬɜɞɨ ɜŬ ˊŬɟɎɔŮɘ ŮɘəɧɜŮɠ ɡɣɖɚɐɠ ŮɡəɟɑɜŮɘŬɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Ůɜɧɠ ŭŮɑɔɛŬŰɞɠ. 

ȼ ŮɡəɟɑɜŮɘŬ Űɖɠ ŮɘəɧɜŬɠ ɛˊɞɟŮɑ ɜŬ űŰɎůŮɘ ɛɏɢɟɘ əŬɘ ŰŬ 0.5 nm.    

ȼ ůŰɐɚɖ ˊŬɟŬɔɤɔɐɠ əŬɘ ŮůŰɑŬůɖɠ Űɖɠ ŭɏůɛɖɠ ɖɚŮəŰɟɞɜɑɤɜ, ɚŬɛɓɎɜŮɘ ɢɩɟŬ ůŮ əŮɜɧ 

(<10
-3

 Pa). ȼ ˊɖɔɐ ɖɚŮəŰɟɞɜɑɤɜ ɖ ɞˊɞɑŬ ɚŮɘŰɞɡɟɔŮɑ ůŮ ɛɑŬ ˊŮɟɘɞɢɐ ŰɎůŮɤɜ Ŭˊɧ 0 ɏɤɠ 30 kV, 

ŭɖɛɘɞɡɟɔŮɑ ɛɘŬ ŭɏůɛɖ ɖɚŮəŰɟɞɜɑɤɜ (ˊɟɤŰɞɔŮɜɐ ɖɚŮəŰɟɧɜɘŬ), ɖ ɞˊɞɑŬ ŭɘŮɟɢɧɛŮɜɖ ɛɏůɤ ɛɘŬɠ 

ůŮɘɟɎɠ ɛŬɔɜɖŰɘəɩɜ űŬəɩɜ, ŮˊɘŰŬɢɨɜŮŰŬɘ, ůɡɔəŮɜŰɟɩɜŮŰŬɘ əŬɘ ŮůŰɘɎɕŮŰŬɘ ˊɎɜɤ ůŰɖɜ 

ŮˊɘűɎɜŮɘŬ Űɞɡ ŭɞəɘɛɑɞɡ. ɇɞ ɡˊɧ ŮɝɏŰŬůɖ ŭɞəɑɛɘɞ ůŬɟɩɜŮŰŬɘ Ŭˊɧ Űɖɜ ˊɟɞůˊɑˊŰɞɡůŬ ŭɏůɛɖ 

ɖɚŮəŰɟɞɜɑɤɜ əŬɘ ŰŬ ŮəˊŮɛˊɧɛŮɜŬ ɖɚŮəŰɟɧɜɘŬ Ŭˊɧ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ŭɞəɘɛɑɞɡ ůɡɚɚɏɔɞɜŰŬɘ 

əŬɘ ŮɜɘůɢɨɞɜŰŬɘ, ɏŰůɘ ɩůŰŮ ɜŬ ŭɖɛɘɞɡɟɔɐůɞɡɜ ɏɜŬ ɞˊŰɘəɧ ůɐɛŬ.  

ɇɞ Ůɑŭɞɠ Űɖɠ ŮəˊŮɛˊɧɛŮɜɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ, ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖɜ ŬɚɚɖɚŮˊɑŭɟŬůɖ Űɤɜ 

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

ȷ) ȼɚŮəŰɟɧɜɘŬ ȷuger 

B) ȹŮɡŰŮɟɞɔŮɜɐ ɖɚŮəŰɟɧɜɘŬ 

ũ) ɃˊɘůɗɞůəŮŭŬɕɧɛŮɜŬ ɖɚŮəŰɟɧɜɘŬ 

ȹ) ȷəŰɑɜŮɠ - ɉ 
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ɆɢɐɛŬ 4.18: ȼɚŮəŰɟɞɜɘəɧ ɛɘəɟɞůəɧˊɘɞ ůɎɟɤůɖɠ. 

 

ȼ ˊŬɟŬŰɐɟɖůɖ Űɖɠ ɛɞɟűɞɚɞɔɑŬɠ Űɤɜ ŭɞəɘɛɑɤɜ, ůŰŬ ˊɚŬɑůɘŬ Űɖɠ ˊŬɟɞɨůŬɠ 

ŭɘˊɚɤɛŬŰɘəɐɠ ŮɟɔŬůɑŬɠ, ɏɔɘɜŮ ůŮ ɖɚŮəŰɟɞɜɘəɧ ɛɘəɟɞůəɧˊɘɞ (SEM) 515 Űɖɠ ŮŰŬɘɟɑŬɠ Philips, 

ůŮ ŰɎůɖ 25-30 kV, ɡˊɧ ɔɤɜɑŬ ˊɟɞůˊŰɩůŮɤɠ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ 20
ɞ
.   

 

4.4.4.2 ɄŮɘɟŬɛŬŰɘəɐ ŭɘŬŭɘəŬůɑŬ 

ũɘŬ Űɖ ɛŮɚɏŰɖ Űɖɠ ŭɞɛɐɠ Űɤɜ ɡɚɘəɩɜ əŬɘ ŮɘŭɘəɧŰŮɟŬ Űɖɠ ŭɘŬůˊɞɟɎɠ Űɞɡ ɛɏůɞɡ 

Ůɜɑůɢɡůɖɠ ůŰɖɜ ɛɎɕŬ Űɞɡ ŮɚŬůŰɞɛŮɟɞɨɠ, ɚɐűɗɖəŬɜ Űɞɛɏɠ Űɤɜ ŭɞəɘɛɑɤɜ ɛŮŰɎ Ŭˊɧ əɟɡɞɔŮɜɐ 

ɗɟŬɨůɖ ůŮ ɡɔɟɧ ɎɕɤŰɞ.  

ȼɚŮəŰɟɞɜɘəɐ ɛɘəɟɞůəɞˊɑŬ ůɎɟɤůɖɠ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ Űɖɜ ɛŮɚɏŰɖ Űɖɠ 

ɓɘɞůɡɛɓŬŰɧŰɖŰŬɠ, əŬɘ ŮɘŭɘəɧŰŮɟŬ ɔɘŬ Űɖɜ ɛŮɚɏŰɖ Űɖɠ əɡŰŰŬɟɘəɐɠ ŬɜɎˊŰɡɝɖɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ 

Űɤɜ  ɜŬɜɞůɡɜɗɏŰɤɜ ˊɞɚɡůɘɚɞɝɎɜɖɠ. ɄɟɞəŮɘɛɏɜɞɡ ɜŬ ɚɖűɗŮɑ ŮɘəɧɜŬ, ŬˊŬɘŰŮɑŰŬɘ ŮˊɘəɎɚɡɣɖ ɛŮ 

ɢɟɡůɧ ɚɧɔɤ Űɖɠ ɛɞɜɤŰɘəɐɠ ɘŭɘɧŰɖŰŬɠ Űɤɜ ůɘɚɘəɞɜɩɜ. ȼ ŮˊɘəɎɚɡɣɖ Űɤɜ ŭɞəɘɛɑɤɜ ɏɔɘɜŮ ɛŮ 

ɘɞɜŰɞɓɞɚɐ ůŮ ɛɖɢɎɜɖɛŬ Polaron 5100. ũɘŬ ɜŬ ɔɑɜŮɘ ŮˊŬɟəɐɠ ŮˊɘəɎɚɡɣɖ ɛŮ ɢɟɡůɧ, 5 ɏɤɠ 10 

nm, ɢɟŮɘɎɕŮŰŬɘ ɖ ˊŬɟŬɛɞɜɐ Űɞɡɠ ůŰɞ ɗɎɚŬɛɞ Ŭˊɧ 90 ɏɤɠ 150 sec. ȳŰŬɜ Űɞ əŮɜɧ ůŰɞ ɗɎɚŬɛɞ 

űŰɎůŮɘ ůŰŬ 0.08 torr, ŬɡɝɎɜŮŰŬɘ ɖ ŰɎůɖ ůŰŬ 2.5 kV. ɇɧŰŮ ŬɟɢɑɕŮɘ ɖ ŮˊɘəɎɚɡɣɖ Űɤɜ ŭɞəɘɛɑɤɜ 

ɛŮ ɢɟɡůɧ, ˊɞɡ ˊɟɏˊŮɘ ɜŬ ɔɑɜŮŰŬɘ ɛŮ ɟŮɨɛŬ 20 ɏɤɠ 25 mA.  

 

 

4.4.5 ŪŮɟɛɞɓŬɟɡɛŮŰɟɘəɐ ȷɜɎɚɡůɖ (TGA) 

 

4.4.5.1 ȷɟɢɐ Űɖɠ ɛŮɗɧŭɞɡ 

ȼ ɗŮɟɛɞɓŬɟɡɛŮŰɟɘəɐ ɛɏɗɞŭɞɠ ŬɜɎɚɡůɖɠ, TGA (thermogravimetric analysis) ŮɑɜŬɘ ɛɘŬ 

ɛɏɗɞŭɞɠ ŬɜɎɚɡůɖɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Űɖɜ ˊŬɟŬəɞɚɞɨɗɖůɖ Űɖɠ ɗŮɟɛɘəɐɠ Ŭˊɞŭɧɛɖůɖɠ 

Ŭˊɧ Űɖ ɛŮŰŬɓɞɚɐ ɓɎɟɞɡɠ əŬŰɎ Űɖ ɗɏɟɛŬɜůɖ Űɤɜ ŭɞəɘɛɑɤɜ. 

ɆŰɖɜ ŮˊɘůŰɐɛɖ Űɤɜ ˊɞɚɡɛŮɟɩɜ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůŮ ɛŮɚɏŰŮɠ ɗŮɟɛɘəɐɠ ɔɐɟŬɜůɖɠ 

ˊɞɚɡɛŮɟɩɜ, Űɟɞˊɞˊɞɑɖůɖɠ əŬɘ ůŰŬɗŮɟɞˊɞɑɖůɖɠ ˊɞɚɡɛŮɟɩɜ ɔɘŬ Űɖɜ ŰŬɡŰɞˊɞɑɖůɖ ˊɞɚɡɛŮɟɩɜ 

əŬɘ Űɞɜ ˊɟɞůŭɘɞɟɘůɛɧ ˊɟɞůɛɑɝŮɤɜ Űɞɡɠ. Ⱥˊɑůɖɠ, ɖ TGA ɛˊɞɟŮɑ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɔɘŬ Űɖɜ 

ŬɜɎɚɡůɖ Űɖɠ əŬɗŬɟɧŰɖŰŬɠ ŬɜɧɟɔŬɜɤɜ ŬɚɎŰɤɜ. 
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ɆŰɖ ɗŮɟɛɞɓŬɟɡɛŮŰɟɘəɐ ŬɜɎɚɡůɖ, ɖ ɛɎɕŬ Ůɜɧɠ ŭŮɑɔɛŬŰɞɠ əŬŰŬɔɟɎűŮŰŬɘ ůɡɜŮɢɩɠ ůŮ 

ůɢɏůɖ ɛŮ Űɖ ɗŮɟɛɞəɟŬůɘŬəɐ ɛŮŰŬɓɞɚɐ Űɖɠ. ɇɞ ŭŮɑɔɛŬ ɓɟɑůəŮŰŬɘ ůŮ ŮɚŮɔɢɧɛŮɜɖ ŬŰɛɧůűŬɘɟŬ 

(ɞɝŮɘŭɤŰɘəɐ, ŬɜŬɔɤɔɘəɐ ɐ ŬŭɟŬɜɐ) ɛŮ Űɖ ɓɞɐɗŮɘŬ űɏɟɞɜŰɞɠ ŬŮɟɑɞɡ, Űɞ ɞˊɞɑɞ ɛˊɞɟŮɑ ɜŬ 

ŬˊɞɛŬəɟɨɜŮɘ ŰŬ ˊŬɟŬɔɧɛŮɜŬ ˊɟɞɥɧɜŰŬ. ɇɞ ɔɟɎűɖɛŬ ɓɎɟɞɡɠ ï ɗŮɟɛɞəɟŬůɑŬɠ ˊɞɡ ŮɑɜŬɘ Űɞ 

ŬˊɞŰɏɚŮůɛŬ ɛɘŬɠ ŬɜɎɚɡůɖɠ TGA ˊŬɟɞɡůɘɎɕŮɘ Űɖ ɛɎɕŬ Űɞɡ ŭŮɑɔɛŬŰɞɠ ɐ Űɖɜ Ůˊɑ Űɞɘɠ % 

ŬˊɩɚŮɘŬ Űɖɠ ɛɎɕŬɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ ůŮ ůɡɜɎɟŰɖůɖ ɛŮ Űɖ ɗŮɟɛɞəɟŬůɑŬ. ȼ əŬɛˊɨɚɖ ŬɡŰɐ 

ɞɜɞɛɎɕŮŰŬɘ TGA ï ɗŮɟɛɞɔɟɎűɖɛŬ ɐ əŬɛˊɨɚɖ ɗŮɟɛɘəɐɠ ŭɘɎůˊŬůɖɠ 
[5]

.  

 

 

4.4.5.2 ɄŮɘɟŬɛŬŰɘəɐ ŭɘŬŭɘəŬůɑŬ 

 ȷˊɧ ŰŬ ŭɞəɑɛɘŬ ˊɞɡ ˊŬɟŬůəŮɡɎůɗɖəŬɜ (ɛŮ 60 g ůɘɚɘəɧɜɖɠ) ɕɡɔɑůŰɖəŬɜ 8ï10mg Űɞɡ 

ŮəɎůŰɞŰŮ ɜŬɜɞůɡɜɗɏŰɞɡ əŬɘ ŰɞˊɞɗŮŰɐɗɖəŬɜ ůŮ ŮɘŭɘəɎ əŮɟŬɛɘəɎ əŬɣɑŭɘŬ. Ƀɘ ɛŮŰɟɐůŮɘɠ 

ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ůŮ ɗŮɟɛɞəɟŬůɑŬ 25ï700 
ɞ
C, ɛŮ ɟɡɗɛɧ Ŭɨɝɖůɖɠ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ 10 

ɞ
C/min ɛŮ ŭɘŬɓɑɓŬůɖ ŬɕɩŰɞɡ, ůŮ ɧɟɔŬɜɞ Űɖɠ ŮŰŬɘɟŮɑŬɠ Mettler ï Toledo (ɛɞɜŰɏɚɞ TGA ï 

DTA). Ⱥˊɑůɖɠ, ůŮ əɎɗŮ ɜŬɜɞůɨɜɗŮŰɞ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ŰɟɑŬ ŭŮɑɔɛŬŰŬ, ɏŰůɘ ɩůŰŮ ɜŬ 

ŭɘŬˊɘůŰɤɗŮɑ ɖ ŮˊŬɜŬɚɖɣɘɛɧŰɖŰŬ Űɖɠ ɛɏŰɟɖůɖɠ.   

 
ɆɢɐɛŬ 4.19: ȳɟɔŬɜɞ TGȷ. 

 

 

4.4.6 ȹɘŬűɞɟɘəɐ ŪŮɟɛɘŭɞɛŮŰɟɑŬ ɆɎɟɤůɖɠ (DSC) 

 

4.4.6.1 ȷɟɢɐ ɚŮɘŰɞɡɟɔɑŬɠ 

ɇŬ ɛɑɔɛŬŰŬ ˊɞɡ ˊŬɟŬůəŮɡɎůŰɖəŬɜ, ŬɜŬɚɨɗɖəŬɜ Ůˊɑůɖɠ ɛŮ ȹɘŬűɞɟɘəɐ ŪŮɟɛɘŭɞɛŮŰɟɑŬ 

ɆɎɟɤůɖɠ (DSC), ɔɘŬ Űɖɜ ˊŬɟŬŰɐɟɖůɖ əŬɘ Űɞɜ ˊɟɞůŭɘɞɟɘůɛɧ Űɤɜ ɗŮɟɛɘəɩɜ Űɞɡɠ 

ɛŮŰŬˊŰɩůŮɤɜ. 

ȾŬŰɎ Űɖɜ ŬɜɎɚɡůɖ ɛŮ DSC, Űɞ ɡˊɧ ŮɝɏŰŬůɖ ŭŮɑɔɛŬ əŬɘ Űɞ ŭŮɑɔɛŬ ŬɜŬűɞɟɎɠ 

ɗŮɟɛŬɑɜɞɜŰŬɘ ůŮ ŮɚŮɔɢɧɛŮɜŮɠ ůɡɜɗɐəŮɠ əŬɘ əŬŰŬɔɟɎűŮŰŬɘ ůɡɜŮɢɩɠ ɖ ɗŮɟɛɞəɟŬůɑŬ, ɞ ɢɟɧɜɞɠ 

Űɖɠ ŬɜɎɚɡůɖɠ əŬɘ ɖ ɗŮɟɛɧŰɖŰŬ ˊɞɡ ŮəɚɨŮŰŬɘ ɐ ŬˊɞɟɟɞűɎŰŬɘ Ŭˊɧ Űɞ ŭɞəɑɛɘɞ. ɀŮɑɤůɖ ɐ 

Ŭɨɝɖůɖ Űɖɠ ŮɜɏɟɔŮɘŬɠ ˊɞɡ ŭɑɜŮŰŬɘ ɔɘŬ ŬɡŰɧ Űɞ ůəɞˊɧ ůŰɞ ŭŮɑɔɛŬ ŬɜŰɘůŰɞɘɢŮɑ ůŰɖɜ ŮɛűɎɜɘůɖ 

űɡůɘəɩɜ ɐ ɢɖɛɘəɩɜ űŬɘɜɞɛɏɜɤɜ.   

ȼ ŭɘɎŰŬɝɖ DSC ůŬɟɩɜŮɘ ɛɘŬ ɗŮɟɛɞəɟŬůɘŬəɐ ˊŮɟɘɞɢɐ əŬɘ ɛŮɚŮŰɎ Űɞ ˊɩɠ ŬˊɞəɟɑɜŮŰŬɘ 

Űɞ ŭŮɑɔɛŬ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ əŬɗɩɠ ɗŮɟɛŬɑɜŮŰŬɘ. ɆŮ ŭɨɞ ɗŮɟɛŬɘɜɧɛŮɜɞɡɠ ɡˊɞŭɞɢŮɑɠ 

ŰɞˊɞɗŮŰɞɨɜŰŬɘ ŭɨɞ ůűɟŬɔɘůɛɏɜŬ əŬɣɑŭɘŬ ŬɚɞɡɛɘɜɑɞɡĿ Űɞ ɏɜŬ ˊŮɟɘɏɢŮɘ Űɞ ŭŮɑɔɛŬ əŬɘ Űɞ Ɏɚɚɞ, 

Űɞ əŬɣɑŭɘɞ ŬɜŬűɞɟɎɠ, ŮɑɜŬɘ əŮɜɧ. ɆŰɞ ˊŮɟɘɓɎɚɚɞɜ Űɤɜ ɡˊɞŭɞɢɏɤɜ ŭɖɛɘɞɡɟɔŮɑŰŬɘ ŬŭɟŬɜɐɠ 

ŬŰɛɧůűŬɘɟŬ ɛŮ Űɖ ɟɞɐ ŬɕɩŰɞɡ əŬɘ ɞ ɗŮɟɛɘəɧɠ ŮɚŮɔəŰɐɠ ŬɟɢɑɕŮɘ ɜŬ ɗŮɟɛŬɑɜŮɘ Űɞɡɠ ɡˊɞŭɞɢŮɑɠ 

ɛŮ ˊɟɞəŬɗɞɟɘůɛɏɜɞ ůŰŬɗŮɟɧ ɟɡɗɛɧ ɗɏɟɛŬɜůɖɠ, 10 ɓŬɗɛɞɨɠ ŬɜɎ ɚŮˊŰɧ. ȼ ɗŮɟɛɞəɟŬůɑŬ ůŰɞɡɠ 



 

 
ȾȺūȷȿȷȽɃ 4ɞ 

86 

 

ŭɨɞ ɡˊɞŭɞɢŮɑɠ ɛŮŰɟɎŰŬɘ  ɛŮ ɛŮɔɎɚɖ ŬəɟɑɓŮɘŬ ɛŮ Űɖ ɓɞɐɗŮɘŬ ɡˊŮɟŮɡŬɑůɗɖŰɤɜ ɗŮɟɛɞɕɡɔɩɜ. ȼ 

əɟɑůɘɛɖ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ ɗŮɟɛɘəɞɨ ŮɚŮɔəŰɐ ŮɑɜŬɘ ɖ ŮɝŬůűɎɚɘůɖ Űɞɡ ɑŭɘɞɡ ɟɡɗɛɞɨ ɗɏɟɛŬɜůɖɠ 

Űɤɜ ŭɨɞ ɢɤɟɘůŰɩɜ əŬɣɘŭɑɤɜ ɛŮ Űɞɡɠ ŭɨɞ ɢɤɟɘůŰɞɨɠ ɗŮɟɛŬɘɜɧɛŮɜɞɡɠ ɡˊɞŭɞɢŮɑɠ. ɇŬ ŭɨɞ 

əŬɣɑŭɘŬ ŮɑɜŬɘ ŭɘŬűɞɟŮŰɘəɎ ɚɧɔɤ Űɞɡ ŭɘŬűɞɟŮŰɘəɞɨ ˊŮɟɘŮɢɞɛɏɜɞɡ Űɞɡɠ əŬɘ Ůˊɞɛɏɜɤɠ Űɞ 

əŬɣɑŭɘɞ ɛŮ Űɞ ŭŮɑɔɛŬ ŬˊŬɘŰŮɑ ˊŮɟɘůůɧŰŮɟɖ ɗŮɟɛɧŰɖŰŬ ɔɘŬ ɜŬ əɟŬŰɐůŮɘ Űɞ ɟɡɗɛɧ Ŭɨɝɖůɖɠ Űɖɠ 

ɗŮɟɛɞəɟŬůɑŬɠ Űɞɡ Ŭəɟɘɓɩɠ ɑůɞ ɛŮ Űɞɜ ŬɜŰɑůŰɞɘɢɞ ɟɡɗɛɧ ůŰɞ əŬɣɑŭɘɞ ŬɜŬűɞɟɎɠ.  

 
ɆɢɐɛŬ 4.20: ɇɞ ŭŮɑɔɛŬ ŬɜŬűɞɟɎɠ əŬɘ Űɞ ɡˊɧ ŮɝɏŰŬůɖ ŭɞəɑɛɘɞ ɗŮɟɛŬɑɜɞɜŰŬɘ ůŮ ŭɨɞ ŭɘŬűɞɟŮŰɘəɎ 

ɗŮɟɛŬɜŰɘəɎ ůŰɞɘɢŮɑŬ. 

 

ɆŮ ɏɜŬ ˊŮɑɟŬɛŬ DSC ɛŮŰɟɎŰŬɘ Ŭəɟɘɓɩɠ Űɞ ˊɧůɞ Ůˊɘˊɚɏɞɜ ɗŮɟɛɧŰɖŰŬ q/t ŬˊŬɘŰŮɑ ɞ 

ŬɟɘůŰŮɟɧɠ ɡˊɞŭɞɢɏŬɠ ɛŮ Űɞ ˊɞɚɡɛŮɟɏɠ ůŮ ůɢɏůɖ ɛŮ Űɞɜ ɡˊɞŭɞɢɏŬ ŬɜŬűɞɟɎɠ. ȷɡŰɧ ˊɞɡ 

ˊŬɑɟɜɞɡɛŮ Ŭˊɧ Űɖɜ ŭɘɎŰŬɝɖ DSC ŮɑɜŬɘ ɏɜŬ ŭɘɎɔɟŬɛɛŬ Űɖɠ ɟɞɐɠ ɗŮɟɛɧŰɖŰŬɠ q/t ɤɠ ˊɟɞɠ Űɖɜ 

ɗŮɟɛɞəɟŬůɑŬ. ɆŰɖ ůɡɜɏɢŮɘŬ, ɡˊɞɚɞɔɑɕŮŰŬɘ ŬɡŰɧɛŬŰŬ Űɞ ˊɞůɧ ɗŮɟɛɧŰɖŰŬɠ, ˊɞɡ ŬˊɞɟɟɞűɎŰŬɘ  

Ŭˊɧ Űɞ ŭŮɑɔɛŬ, Ŭűɞɨ ˊɟɩŰŬ ɞɟɘůŰŮɑ ɖ ŮɝŮŰŬɕɧɛŮɜɖ ˊŮɟɘɞɢɐ. ȼ ˊŮɟɘɞɢɐ ŬɡŰɐ ɓɟɑůəŮŰŬɘ ɛŮŰŬɝɨ 

Űɤɜ ɗŮɟɛɞəɟŬůɘɩɜ, ůŰɘɠ ɞˊɞɑŮɠ ɖ əŬɛˊɨɚɖ ˊŬɟɞɡůɘɎɕŮɘ ŬˊɧŰɞɛɖ ɛŮŰŬɓɞɚɐ Űɖɠ ɟɞɐɠ 

ɗŮɟɛɧŰɖŰŬɠ. 

 

 

4.4.6.2 ɄŮɘɟŬɛŬŰɘəɐ ŭɘŬŭɘəŬůɑŬ 

 ȷˊɧ ŰŬ ŭɞəɑɛɘŬ ˊɞɡ ˊŬɟŬůəŮɡɎůɗɖəŬɜ ɕɡɔɑůŰɖəŬɜ 8ï10mg əŬɘ ŰɞˊɞɗŮŰɐɗɖəŬɜ ůŮ 

ŮɘŭɘəɎ əŬɣɑŭɘŬ Ŭɚɞɡɛɘɜɑɞɡ. ɇŬ ŭɞəɑɛɘŬ ŰɞˊɞɗŮŰɐɗɖəŬɜ ůŰɞ űɞɨɟɜɞ Űɞɡ ɞɟɔɎɜɞɡ, 

ŰɞˊɞɗŮŰɩɜŰŬɠ əŬɘ ɏɜŬ əŮɜɧ əŬɣɑŭɘɞ ůŰɖɜ ɗɏůɖ ŬɜŬűɞɟɎɠ. ɇɞ ɗŮɟɛɞəɟŬůɘŬəɧ ˊɟɧɔɟŬɛɛŬ ˊɞɡ 

ŬəɞɚɞɡɗɐɗɖəŮ ˊŮɟɘŮɚɎɛɓŬɜŮ ɣɨɝɖ Ŭˊɧ Űɞɡɠ 30 
ɞ
C ůŰɞɡɠ -140 

ɞ
C ɛŮ ɟɡɗɛɧ 10 

ɞ
C/min, 

ŭɘŬŰɐɟɖůɖ ůŰɞɡɠ -140 
ɞ
C ɔɘŬ 10 min əŬɘ ɗɏɟɛŬɜůɖ Ŭˊɧ Űɞɡɠ -140 

ɞ
C ůŰɞɡɠ 30 

ɞ
C ɛŮ ɟɡɗɛɧ 

10 
ɞ
C/min ɛŮ ŰŬɡŰɧɢɟɞɜɖ ŭɘŬɓɑɓŬůɖ ŬɕɩŰɞɡ.  

 

 

ɆɢɐɛŬ 4.21: ȳɟɔŬɜɞ DSC. 
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4.4.7 ȹɞəɘɛɐ ůŮ ŮűŮɚəɡůɛɧ 

 

4.4.7.1 ũŮɜɘəɏɠ Ŭɟɢɏɠ 

ɀɘŬ Ŭˊɧ Űɘɠ ˊɘɞ ůɡɜɖɗɘůɛɏɜŮɠ ɛɖɢŬɜɘəɏɠ ŭɞəɘɛɏɠ ɔɘŬ Űɞ ɢŬɟŬəŰɖɟɘůɛɧ Űɤɜ ɡɚɘəɩɜ 

ŮɑɜŬɘ ɞ ŮűŮɚəɡůɛɧɠ. ȷˊɧ Űɖ ŭɞəɘɛɐ ŬɡŰɐ ɚŬɛɓɎɜɞɜŰŬɘ əɟɑůɘɛŮɠ ˊɚɖɟɞűɞɟɑŮɠ ɔɘŬ Űɖ ɛɖɢŬɜɘəɐ 

ůɡɛˊŮɟɘűɞɟɎ Űɤɜ ɡɚɘəɩɜ, əŬŰɎ Űɖ ŭɘŬŭɘəŬůɑŬ ůɢŮŭɘŬůɛɞɨ ɜɏɤɜ ˊɟɞɥɧɜŰɤɜ. Ɇɡɜɐɗɤɠ, ɏɜŬ 

ŭɞəɑɛɘɞ ˊŬɟŬɛɞɟűɩɜŮŰŬɘ ɛɏɢɟɘ Űɖɜ ɗɟŬɨůɖ Űɞɡ, ŬɡɝɎɜɞɜŰŬɠ ůŰŬŭɘŬəɎ Űɞ ŮűŮɚəɡůŰɘəɧ 

űɞɟŰɑɞ ˊɞɡ ŮűŬɟɛɧɕŮŰŬɘ ɛɞɜɞŬɝɞɜɘəɎ əŬŰɎ ɛɐəɞɠ Űɞɡ ɛŮɔɎɚɞɡ ɎɝɞɜŬ Űɞɡ ŭɞəɘɛɑɞɡ. Ƀɘ 

ɛɖɢŬɜɏɠ ŭɞəɘɛɐɠ ŮűŮɚəɡůɛɞɨ ůɢŮŭɘɎɕɞɜŰŬɘ, ɏŰůɘ ɩůŰŮ ɜŬ Ůˊɘɛɖəɨɜɞɡɜ ŰŬ ŭɞəɑɛɘŬ ɛŮ ůŰŬɗŮɟɧ 

ɟɡɗɛɧ, əŬɘ ɜŬ ɛŮŰɟɞɨɜ ůɡɜŮɢɩɠ əŬɘ ŰŬɡŰɧɢɟɞɜŬ Űɞ ŬəŬɟɘŬɑŬ ŮűŬɟɛɞɕɧɛŮɜɞ űɞɟŰɑɞ, ŬɚɚɎ əŬɘ 

Űɖɜ ˊɟɞəɨˊŰɞɡůŬ Ůˊɘɛɐəɡɜůɖ. ɀɘŬ Űɡˊɘəɐ ŭɞəɘɛɐ ŰɎůɖɠ-ˊŬɟŬɛɧɟűɤůɖɠ əŬɚɨˊŰŮɘ ŬɟəŮŰɎ 

ɚŮˊŰɎ Űɖɠ ɩɟŬɠ əŬɘ ŮɑɜŬɘ əŬŰŬůŰɟŮˊŰɘəɐ, əŬɗɩɠ Űɞ ŭɞəɑɛɘɞ ɡˊɧəŮɘŰŬɘ ůŮ ɛɧɜɘɛɖ 

ˊŬɟŬɛɧɟűɤůɖ ɐ ŮˊɏɟɢŮŰŬɘ ɗɟŬɨůɖ Űɞɡ.  

ɇŬ ŭŮŭɞɛɏɜŬ ɛɘŬɠ ŭɞəɘɛɐɠ ŮűŮɚəɡůɛɞɨ əŬŰŬɔɟɎűɞɜŰŬɘ ůŮ ŭɘɎɔɟŬɛɛŬ Űɞɡ űɞɟŰɑɞɡ ɐ 

Űɖɠ ŭɨɜŬɛɖɠ ůɡɜŬɟŰɐůŮɘ Űɖɠ Ůˊɘɛɐəɡɜůɖɠ. ȼ ůɢɏůɖ ŭɨɜŬɛɖɠ - Ůˊɘɛɐəɡɜůɖɠ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ 

Űɘɠ ŭɘŬůŰɎůŮɘɠ Űɞɡ ŭɞəɘɛɑɞɡ. ɄŬɟŬŭŮɑɔɛŬŰɞɠ ɢɎɟɖ, ŬˊŬɘŰŮɑŰŬɘ ŭɘˊɚɎůɘŬ ŭɨɜŬɛɖ ɔɘŬ ɜŬ 

ˊɟɞəɚɖɗŮɑ ɖ ɑŭɘŬ Ůˊɘɛɐəɡɜůɖ ůŮ ɏɜŬ ɡɚɘəɧ ɧŰŬɜ ɖ ŭɘŬŰɞɛɐ ŬɡŰɞɨ ŭɘˊɚŬůɘŬůŰŮɑ. ȼ ŮˊɑŭɟŬůɖ 

Űɤɜ ɔŮɤɛŮŰɟɘəɩɜ ˊŬɟŬɔɧɜŰɤɜ ŮɚŬɢɘůŰɞˊɞɘŮɑŰŬɘ əŬɜɞɜɘəɞˊɞɘɩɜŰŬɠ Űɖ ŭɨɜŬɛɖ əŬɘ Űɖɜ 

Ůˊɘɛɐəɡɜůɖ ůŰɘɠ ŬɜŰɑůŰɞɘɢŮɠ ˊŬɟŬɛɏŰɟɞɡɠ Űɖɠ ɛɖɢŬɜɘəɐɠ ŰɎůɖɠ əŬɘ Űɖɠ ɛɖɢŬɜɘəɐɠ 

ˊŬɟŬɛɧɟűɤůɖɠ.  

ȳɚŬ ŰŬ ŭɘŬɔɟɎɛɛŬŰŬ ŰɎůɖɠ ï ˊŬɟŬɛɧɟűɤůɖɠ ɏɢɞɡɜ Űɞ əɞɘɜɧ ɔɜɩɟɘůɛŬ, ˊɤɠ ůŰɖɜ 

ˊŮɟɘɞɢɐ Űɤɜ ɛɘəɟɩɜ ˊŬɟŬɛɞɟűɩůŮɤɜ, ɞɘ ŰɎůŮɘɠ ŮɑɜŬɘ ŬɜɎɚɞɔŮɠ Űɤɜ ˊŬɟŬɛɞɟűɩůŮɤɜ. ȼ 

ˊŮɟɘɞɢɐ ůŰɖɜ ɞˊɞɑŬ ůɡɛɓŬɑɜŮɘ ŬɡŰɧ ɞɜɞɛɎɕŮŰŬɘ ŮɚŬůŰɘəɐ ˊŮɟɘɞɢɐ əŬɘ ůŮ ŬɡŰɐ ɖ ůɢɏůɖ 

ɛŮŰŬɝɨ ŰɎůɖɠ əŬɘ ˊŬɟŬɛɧɟűɤůɖɠ, ŬˊɞŭɑŭŮŰŬɘ Ŭˊɧ Űɞ ɜɞɛɧ Űɞɡ Hooke, əŬɘ ŮɑɜŬɘ ɔɟŬɛɛɘəɐəŬɘ 

ŬɜŮɝɎɟŰɖŰɖ Ŭˊɧ Űɞ ɢɟɧɜɞ. ȼ ůŰŬɗŮɟɎ ŬɜŬɚɞɔɑŬɠ ɞɜɞɛɎɕŮŰŬɘ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ ɐ ɛɏŰɟɞ 

Űɞɡ Young. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ɛɞɜɞŬɝɞɜɘəɐɠ űɧɟŰɘůɖɠ, ŭɖɚŬŭɐ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɞɡ 

ŮűŮɚəɡůɛɞɨ ɐ ɗɚɑɣɖɠ, ɘůɢɨŮɘ: ů=ȺŮ, ɧˊɞɡ Ⱥ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ.  

ȷˊɧ űɡůɘəɐ Ɏˊɞɣɖ, Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ ŮəűɟɎɕŮɘ Űɖ ŭɡůəŬɛɣɑŬ Űɞɡ ɡɚɘəɞɨ 

ŭɖɚŬŭɐ Űɖɜ ŬɜŰɑůŰŬůɖ ˊɞɡ ˊŬɟɞɡůɘɎɕŮɘ Űɞ ɡɚɘəɧ ůŰɖɜ ˊŬɟŬɛɧɟűɤůɖ. ũɟŬűɘəɎ Űɞ ɛɏŰɟɞ 

ŮɚŬůŰɘəɧŰɖŰŬɠ ɡˊɞɚɞɔɑɕŮŰŬɘ ůŰɖɜ ˊŮɟɘɞɢɐ Hooke Űɖɠ əŬɛˊɨɚɖɠ ů ï Ů. ɇɞ ůɖɛŮɑɞ ȷ ŬˊɞŰŮɚŮɑ 

Űɞ ůɖɛŮɑɞ ˊɏɟŬ Ŭˊɧ Űɞ ɞˊɞɑɞ ŭŮɜ ɘůɢɨŮɘ ˊɘŬ ɞ ɜɞɛɧɠ Űɞɡ Hooke əŬɘ ɛŮŰɎ Űɖɜ ŬˊɞűɧɟŰɘůɖ, Űɞ 

ɡɚɘəɧ ŭŮɜ ŮˊŬɜŬəŰɎ Űɘɠ Ŭɟɢɘəɏɠ Űɞɡɠ ŭɘŬůŰɎůŮɘɠ, ɎɚɚŬ ˊŬɟŬŰɖɟŮɑŰŬɘ ɛɘŬ ˊŬɟŬɛɏɜɞɡůŬ 

ˊŬɟŬɛɧɟűɤůɖ. ȼ ŰɎůɖ ˊɞɡ ˊŬɟŬŰɖɟŮɑŰŬɘ ůŰɞ ŬɜɩŰŮɟɞ ůɖɛŮɑɞ Űɖɠ əŬɛˊɨɚɖɠ ŬˊɞŰŮɚŮɑ Űɖɜ 

ŬɜŰɞɢɐ ůŮ ŮűŮɚəɡůɛɧ ŭɖɚŬŭɐ Űɖɜ ɛɏɔɘůŰɖ ŰɎůɖ ˊɞɡ ɛˊɞɟŮɑ ɜŬ ŬɜŰɏɝŮɘ Űɞ ɡɚɘəɧ ůŮ 

ŮűŮɚəɡůɛɧ ɢɤɟɑɠ ɜŬ ůˊɎůŮɘ.  

ɇɏɚɞɠ, ɖ ŰɎůɖ ˊɞɡ ŬɜŰɘůŰɞɘɢŮɑ ůŰɞ ŰŮɚŮɡŰŬɑɞ ůɖɛŮɑɞ Űɖɠ əŬɛˊɨɚɖɠ ŬˊɞŰŮɚŮɑ Űɖɜ ŰɎůɖ 

ɗɟŬɨůɖɠ əŬɘ Űɞ ůɖɛŮɑɞ ůŰɞ ɞˊɞɑɞ ŮˊɏɟɢŮŰŬɘ əŬŰŬůŰɟɞűɐ ɚɧɔɤ ɗɟŬɨůɖɠ Űɞɡ ɡɚɘəɞɨ. ȼ ŭɞəɘɛɐ 

Űɞɡ ŮűŮɚəɡůɛɞɨ ŮɑɜŬɘ ɑůɤɠ ɖ ˊɘɞ ŭɘŬŭŮŭɞɛɏɜɖ ɛɖɢŬɜɘəɐ ŭɞəɘɛɐ əŬɘ ŮűŬɟɛɧɕŮŰŬɘ ůŮ ˊɞɚɨ 

ŭɘŬűɞɟŮŰɘəɎ ɡɚɘəɎ ɧˊɤɠ ɝɨɚɞ, ɛɏŰŬɚɚŬ, ˊɞɚɡɛŮɟɐ, ə.Ɏ.  

 

4.4.7.2 ɄŮɘɟŬɛŬŰɘəɐ ŭɘŬŭɘəŬůɑŬ 

ȷˊɧ ŰŬ ŭɞəɑɛɘŬ ˊɞɡ ˊŬɟŬůəŮɡɎůɗɖəŬɜ əɧˊɖəŬɜ ɛŮ Ůɘŭɘəɧ əɞˊŰɘəɧ ɛɖɢɎɜɖɛŬ Űɖɠ 

ŮŰŬɘɟɑŬɠ Zwick (Űɨˊɞɠ 7103) (ɆɢɐɛŬ 4.22), Űɞ ɞˊɞɑɞ űɏɟŮɘ əɞˊŰɘəɐ əŮűŬɚɐ, ŰɏŰɞɘŬ ɩůŰŮ ɞɘ 

ŭɘŬůŰɎůŮɘɠ Űɤɜ ŭɞəɘɛɑɤɜ ŮűŮɚəɡůɛɞɨ ɜŬ ŮɑɜŬɘ ůɨɛűɤɜŮɠ ɛŮ Űɞ ASTM D638, ŭɞəɑɛɘŬ 

ŰŮŰɟŬɔɤɜɘəɐɠ ŭɘŬŰɞɛɐɠ. ȾɎɗŮ ˊɚŬəɑŭɘɞ ɛɞɟűɞˊɞɘɖɛɏɜɞɡ ɡɚɘəɞɨ ŭɑɜŮɘ ŰŮɚɘəɎ 4 ŭɞəɑɛɘŬ 

ŮűŮɚəɡůɛɞɨ.  
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ɆɢɐɛŬ 4.22: ɀɖɢɎɜɖɛŬ əɞˊɐɠ ŭɞəɘɛɑɤɜ (ŬɟɘůŰŮɟɎ), ŭɘɎŰŬɝɖ ŭɞəɘɛɐɠ ůŮ ŮűŮɚəɡůɛɧ (ŭŮɝɘɎ). 

 

 

ɄɑɜŬəŬɠ 4.16: ȹɘŬůŰɎůŮɘɠ ŭɞəɘɛɑɞɡ Űɨˊɞɡ IV (ASTM D638), Ʉɖɔɐ: ɄɟɧŰɡˊɞ ASTM D638. 

ȹɘɎůŰŬůɖ Ɇɨɛɓɞɚɞ ɇɘɛɐ (mm) 

ɄɎɢɞɠ ŭɞəɘɛɑɞɡ T 2.2Ñ0.1 

ɄɚɎŰɞɠ ŭɞəɘɛɑɞɡ W 6.0Ñ0.5 

ɀɐəɞɠ ˊŮɟɘɞɢɐɠ ɚŬɘɛɞɨ L 33.0Ñ0.5 

Ɇɡɜɞɚɘəɧ ˊɚɎŰɞɠ ŭɞəɘɛɑɞɡ W0 19.6Ñ6.0 

Ɇɡɜɞɚɘəɧ ɛɐəɞɠ ŭɞəɘɛɑɞɡ L0 115 

ȷˊɧůŰŬůɖ ɛŮŰŬɝɨ Űɤɜ ůɖɛŮɑɤɜ ɛɏŰɟɖůɖɠ Űɖɠ 

Ůˊɘɛɐəɡɜůɖɠ 

G 25.0Ñ0.13 

ȷɟɢɘəɐ ŬˊɧůŰŬůɖ ŬɟˊɎɔɤɜ D 64Ñ5 

ȷəŰɑɜŬ ŮůɤŰŮɟɘəɐɠ əŬɛˊɡɚɧŰɖŰŬɠ R 14Ñ1 

ȷəŰɑɜŬ ŮɝɤŰŮɟɘəɐɠ əŬɛˊɡɚɧŰɖŰŬɠ R0 25Ñ1 

 

ũɘŬ Űɖɜ ˊɟŬɔɛŬŰɞˊɞɑɖůɖ ɛɘŬɠ ɛɏŰɟɖůɖɠ, ɟɡɗɛɑɕŮŰŬɘ ɖ Ŭɟɢɘəɐ ŬˊɧůŰŬůɖ Űɤɜ ŬɟˊŬɔɩɜ. 

ɆŰɖ ůɡɜɏɢŮɘŬ, ɛŮŰɟɩɜŰŬɘ ɞɘ ŭɘŬůŰɎůŮɘɠ Űɞɡ çɚŬɘɛɞɨè Űɞɡ ŭɞəɘɛɑɞɡ ɛŮ Űɖ ɓɞɐɗŮɘŬ ˊŬɢɨɛŮŰɟɞɡ 

əŬɘ Űɞ ŭɞəɑɛɘɞ ŮűŮɚəɡůɛɞɨ ůŰŮɟŮɩɜŮŰŬɘ ůŰɘɠ ŭɨɞ ŬɟˊɎɔŮɠ ůɡɛɛŮŰɟɘəɎ. ɆŰɞ ůɖɛŮɑɞ ŬɡŰɧ 

ŭɑɜŮŰŬɘ ˊɟɞůɞɢɐ ɏŰůɘ ɩůŰŮ Űɞ ŭɞəɑɛɘɞ ɜŬ ŮɑɜŬɘ ŮɡɗɡɔɟŬɛɛɘůɛɏɜɞ ɛŮ Űɞɜ ɎɝɞɜŬ Űɞɡ 

ŮűŮɚəɡůɛɞɨ əŬɘ ɜŬ ɛɖɜ əŬŰŬˊɞɜɖɗŮɑ əŬŰɎ Űɞ ůűɑɝɘɛɞ Űɤɜ ŬɟˊŬɔɩɜ. ɀɏůɤ Űɞɡ ɡˊɞɚɞɔɘůŰɐ 

ŮɘůɎɔɞɜŰŬɘ ɞɘ ŭɘŬůŰɎůŮɘɠ Űɞɡ ŭɞəɘɛɑɞɡ əŬɘ ŭɑŭŮŰŬɘ ŮɜŰɞɚɐ ɔɘŬ Űɖ ŭɘŮɝŬɔɤɔɐ Űɖɠ ɛɏŰɟɖůɖɠ. ȼ 

ŭɘŬŭɘəŬůɑŬ ŬɡŰɐ ŮˊŬɜŬɚŬɛɓɎɜŮŰŬɘ ɔɘŬ ɧɚɖ Űɖ ůŮɘɟɎ Űɤɜ ŭɞəɘɛɑɤɜ ˊɞɡ ˊɟɞɏɟɢɞɜŰŬɘ Ŭˊɧ Űɞ 

ɑŭɘɞ ɡɚɘəɧ. Ⱥɜ ŰɏɚŮɘ, ˊŬɑɟɜɞɡɛŮ Ŭˊɧ Űɞɜ ɡˊɞɚɞɔɘůŰɐ Űɘɠ əŬɛˊɨɚŮɠ ŰɎůɖɠ ï ˊŬɟŬɛɧɟűɤůɖɠ əŬɘ 

ɛɏůŮɠ Űɘɛɏɠ ɔɘŬ ŰŬ ɛɖɢŬɜɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɖɠ ŭɞəɘɛɐɠ.  
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4.4.8 ȷɜŰɞɢɐ ůŰɞ ůɢɘůɛɧ 

 

4.4.8.1 ũŮɜɘəɏɠ Ŭɟɢɏɠ 

ũɘŬ Űɖ ɛɏŰɟɖůɖ Űɖɠ ŬɜŰɞɢɐɠ ůŰɞ ůɢɘůɛɧ, ˊɟɞɓɚɏˊŮŰŬɘ ɖ ŭɖɛɘɞɡɟɔɑŬ ůɢɘůɛɐɠ ɞɟɘůɛɏɜɞɡ 

ɛɐəɞɡɠ ůŮ ŮɘŭɘəɎ ŭɞəɑɛɘŬ əŬɘ əŬŰŬɔɟɎűŮŰŬɘ ɖ ŭɨɜŬɛɖ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ Űɖ ŭɘɎŭɞůɖ Űɖɠ 

ůɢɘůɛɐɠ əŬŰɎ ɛɐəɞɠ Űɞɡ ŭɞəɘɛɑɞɡ. ɆŰɞ ɆɢɐɛŬ 4.23 ˊɞɡ ŬəɞɚɞɡɗŮɑ ˊŬɟɞɡůɘɎɕŮŰŬɘ Űɞ Ůɑŭɞɠ 

Űɞɡ ŭɞəɘɛɑɞɡ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ Űɘɠ ɛŮŰɟɐůŮɘɠ, ɞɘ ŭɘŬůŰɎůŮɘɠ Űɞɡ ŮɑɜŬɘ : 75 x 25 x 0,5 

mm, əŬɘ ɛŮ ůɢɘůɛɐ ɛɐəɞɡɠ 25 mm. 

 
ɆɢɐɛŬ 4.23: ȹɞəɑɛɘɞ ɔɘŬ ɛɏŰɟɖůɖ Űɖɠ ŬɜŰɞɢɐɠ ůŮ ůɢɘůɛɧ.  

 

4.4.8.2 ɄŮɘɟŬɛŬŰɘəɐ ŭɘŬŭɘəŬůɑŬ 

ũɘŬ Űɖɜ ˊɟɞŮŰɞɘɛŬůɑŬ Űɤɜ ŭɞəɘɛɑɤɜ ŬəɞɚɞɡɗŮɑŰŬɘ ɖ ɑŭɘŬ ŭɘŬŭɘəŬůɑŬ ɛŮ ŬɡŰɐ Űɤɜ 

ŭɞəɘɛɑɤɜ ŮűŮɚəɡůɛɞɨ. ȼ ůɢɘůɛɐ ůŰŬ ŭɞəɑɛɘŬ ɔɑɜŮŰŬɘ 24 ɩɟŮɠ ˊɟɘɜ Űɖ ŭɞəɘɛɐ əŬɘ ɖ ɛɏŰɟɖůɖ 

Űɖɠ ŬɜŰɞɢɐɠ Űɞɡɠ ůŰɞ ůɢɘůɛɧ ɔɑɜŮŰŬɘ ůŮ ɛɖɢɎɜɖɛŬ ŮűŮɚəɡůɛɞɨ. ɇɞ ˊɎɢɞɠ Űɞɡ ŭɞəɘɛɑɞɡ, ůŮ 

mm, ɛŮŰɟɎŰŬɘ ˊɟɘɜ Űɖ ŭɞəɘɛɐ. ɇŬ ɎəɟŬ Űɖɠ ůɢɘůɛɐɠ ŰɞˊɞɗŮŰɞɨɜŰŬɘ ůŰɘɠ ɎɟˊŬɔŮɠ Űɞɡ 

ɛɖɢŬɜɐɛŬŰɞɠ ŮűŮɚəɨɞɜŰŬɘ, ůŮ ɞɟɘůɛɏɜɖ ŰŬɢɨŰɖŰŬ (100 mm/min) əŬɘ ɛŮŰɟɎŰŬɘ ɖ ŭɨɜŬɛɖ ůŮ 

Newton ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ Űɖɜ ɗɟŬɨůɖ Űɞɡ ŭɞəɘɛɑɞɡ. ȼ ŬɜŰɞɢɐ ůŮ ůɢɘůɛɧ ɡˊɞɚɞɔɑɕŮŰŬɘ ůŮ 

N/mm.  

 

 

4.4.9 ɆəɚɖɟɧŰɖŰŬ 

 

4.4.9.1 ũŮɜɘəɏɠ Ŭɟɢɏɠ 

ɆəɚɖɟɧŰɖŰŬ ŮɑɜŬɘ ɖ ɘŭɘɧŰɖŰŬ Ůɜɧɠ ɡɚɘəɞɨ ˊɞɡ ˊɟɞůŭɘɞɟɑɕŮŰŬɘ Ŭˊɧ Űɖɜ ŬɜŰɑůŰŬůɖ ˊɞɡ 

ˊŬɟɞɡůɘɎɕŮɘ ůŰɖɜ ŮˊɘűŬɜŮɘŬəɐ ŭɘŮɑůŭɡůɖ Ɏɚɚɞɡ ɡɚɘəɞɨ ɡˊɧ Űɖɜ ŮˊɑŭɟŬůɖ ŭɨɜŬɛɖɠ. ɋɠ 

ůəɚɖɟɧŰɖŰŬ Ůˊɑůɖɠ ɛˊɞɟŮɑ ɜŬ ɢŬɟŬəŰɖɟɘůɗŮɑ əŬɘ ɖ ŬɜŰɑůŰŬůɖ Űɞɡ ɡɚɘəɞɨ ůŰɖ ŭɘŮɑůŭɡůɖ 

əɎˊɞɘŬɠ Ŭɘɢɛɖɟɐɠ ɐ ůűŬɘɟɘəɐɠ ŬəɑŭŬɠ əŬɗɩɠ əŬɘ ɖ ŬɜŰɑůŰŬůɖ Űɞɡ ůŰɖ ɢŬɟŬɔɐ Ŭˊɧ əɎˊɞɘɞ 

Ŭɘɢɛɖɟɧ ŬɜŰɘəŮɑɛŮɜɞ. ȼ ůəɚɖɟɧŰɖŰŬ Űɤɜ ɡɚɘəɩɜ ɛŮŰɟɎŰŬɘ Ŭˊɧ Űɞɡɠ ɛŮŰɟɖŰɏɠ ŮˊɘűŬɜŮɘŬəɐɠ 

ůəɚɖɟɧŰɖŰŬɠ (Durometers). ȼ ɓŬůɘəɐ ɚŮɘŰɞɡɟɔɑŬ ŬɡŰɩɜ Űɤɜ ɛŮŰɟɖŰɩɜ ůɡɜɑůŰŬŰŬɘ ůŰɖ 

ŭɘŮɑůŭɡůɖ Ŭɘɢɛɖɟɐɠ ŬəɑŭŬɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ŭŮɑɔɛŬŰɞɠ. ũɘŬ Űɖ ɛɏŰɟɖůɖ Űɖɠ ůəɚɖɟɧŰɖŰŬɠ 

ŮɚŬůŰɘəɩɜ, ŮɚŬůŰɞɛŮɟɩɜ əŬɘ ůɢŮŰɘəɎ ɛŬɚŬəɩɜ ˊɚŬůŰɘəɩɜ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůəɚɖɟɧɛŮŰɟŬ 

Űɨˊɞɡ Shore ȷ, Ůɜɩ ɞ Űɨˊɞɠ D ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ ůəɚɖɟɎ ˊɚŬůŰɘəɎ. ȼ ůəɚɖɟɧŰɖŰŬ 

ůəɚɖɟɩɜ ˊɚŬůŰɘəɩɜ ɛˊɞɟŮɑ ɜŬ ɢŬɟŬəŰɖɟɘůɗŮɑ əŬɘ ɛŮ ŭɘɎűɞɟɞɡɠ Űɨˊɞɡɠ Rockwell ɐ ɛŮɗɧŭɞɡɠ 

ɛŮ ɢɎɟŬɝɖ Ŭˊɧ ůűŬɑɟŬ. ȳɚŮɠ ɞɘ ɛɏɗɞŭɞɘ ɛŮŰɟɞɨɜ Űɖ ůəɚɖɟɧŰɖŰŬ ŮˊɘűɎɜŮɘŬɠ əŬɘ ɧɢɘ Űɖ 

ůəɚɖɟɧŰɖŰŬ Űɞɡ ŮůɤŰŮɟɘəɞɨ Űɞɡ ŭɞəɘɛɑɞɡ. ɆŮ ɧɚɞɡɠ Űɞɡɠ Űɨˊɞɡɠ Shore ɖ əɚɑɛŬəŬ ŮɑɜŬɘ Ŭˊɧ 
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0 ɏɤɠ 100. Ƀɘ Űɨˊɞɘ ɛŮŰɟɖŰɩɜ ŭɘŬűɏɟɞɡɜ ɛŮŰŬɝɨ Űɞɡɠ ůŮ ŭɨɞ ůɖɛŮɑŬ, ůŰɖ ɔŮɤɛŮŰɟɑŬ Űɖɠ 

ŬəɑŭŬɠ Űɞɡɠ əŬɘ ůŰɞ ɛɏɔɘůŰɞ űɞɟŰɑɞ Űɞɡɠ. Ƀ Űɨˊɞɠ ȷ ɏɢŮɘ ŬɛɓɚŮɑŬ ŬəɑŭŬ ŭɘŬɛɏŰɟɞɡ 0,031 in., 

Ůɜɩ ɞ Űɨˊɞɠ D ɏɢŮɘ ůűŬɘɟɘəɐ ŬəɑŭŬ ŭɘŬɛɏŰɟɞɡ 0,004 in. ůŮ ŬəŰɑɜŬ. ɇɞ ɛɏɔɘůŰɞ űɞɟŰɑɞ ɔɘŬ Űɞɜ 

Űɨɞ́ ȷ ŮɑɜŬɘ 882 g Ůɜɩ ɔɘŬ Űɞɜ Űɨˊɞ D ŮɑɜŬɘ 4,54 kg. 

 

 

4.4.9.2 ɄŮɘɟŬɛŬŰɘəɐ ŭɘŬŭɘəŬůɑŬ 

ũɘŬ Űɞɜ ˊɟɞůŭɘɞɟɘůɛɧ Űɖɠ ůəɚɖɟɧŰɖŰŬɠ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɜŬɜɞůɨɜɗŮŰŬ 

ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɎɢɞɡɠ 3cm. ũɘŬ əŬɚɨŰŮɟŬ ŬˊɞŰŮɚɏůɛŬŰŬ ɖ ŮˊɘűɎɜŮɘŬ Űɤɜ ŭɞəɘɛɑɤɜ ˊɟɏˊŮɘ 

ɜŬ ŮɑɜŬɘ ŬˊɞɚɨŰɤɠ ŮˊɑˊŮŭɖ. ȼ ɛɏŰɟɖůɖ ɔɑɜŮŰŬɘ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ əŬɘ ɖ Űɘɛɐ 

ɚŬɛɓɎɜŮŰŬɘ 5 ŭŮɡŰŮɟɧɚŮˊŰŬ ɛŮŰɎ Űɖ ŭɘŮɑůŭɡůɖ Űɖɠ ŬəɑŭŬɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ɡɚɘəɞɨ. ɆŮ 

əɎɗŮ ˊŮɟɑˊŰɤůɖ ɏɔɘɜŬɜ ŭɏəŬ ɛŮŰɟɐůŮɘɠ əŬɘ ɡˊɞɚɞɔɑůɗɖəŬɜ ɞɘ ɛɏůɞɘ ɧɟɞɘ. ȼ ɛɏŰɟɖůɖ Űɖɠ 

ůəɚɖɟɧŰɖŰŬɠ ɏɔɘɜŮ ůŰɖɜ əɚɑɛŬəŬ Shore ȷ . 

 

 

4.4.10 ȹɘɧɔəɤůɖ ůŮ Űɞɚɞɡɏɜɘɞ 

 

4.4.10.1 ȷɟɢɐ Űɖɠ ɛŮɗɧŭɞɡ 

ȺɎɜ ɏɜŬ ɛɖ ŭɘŬůŰŬɡɟɤɛɏɜɞ ˊɞɚɡɛŮɟɏɠ ŭɘŬɚɨŮŰŬɘ ůŮ ɏɜŬ ŭɘŬɚɨŰɖ ŰɧŰŮ əŬɘ Űɞ 

ŭɘŬůŰŬɡɟɤɛɏɜɞ ˊɞɚɡɛŮɟɏɠ ɗŬ ŭɘɞɔəɤɗŮɑ ůŰɞ ůɡɔəŮəɟɘɛɏɜɞ ŭɘŬɚɨŰɖ. ȼ ŭɘɧɔəɤůɖ ŬˊɞŰŮɚŮɑ 

ɛɘŬ ůɖɛŬɜŰɘəɐ ɛɏɗɞŭɞ ˊɟɞůŭɘɞɟɘůɛɞɨ ɘŭɘɞŰɐŰɤɜ Űɞɡ ˊɚɏɔɛŬŰɞɠ, ɧˊɤɠ ɖ ˊɡəɜɧŰɖŰŬ. 

ɇŬ ˊɚɏɔɛŬŰŬ ŮɑɜŬɘ ŬŭɘɎɚɡŰŬ ůŮ ɧɚɞɡɠ Űɞɡɠ ŭɘŬɚɨŰŮɠ ˊɞɡ ŭŮɜ ŰŬ ŭɘŬůˊɞɨɜ. ȼ ŮˊɑŭɟŬůɖ 

Ůɜɧɠ ŭɘŬɚɨŰɖ ůŮ ŭŮŭɞɛɏɜɞ ˊɞɚɡɛŮɟɏɠ ˊɚɏɔɛŬŰɞɠ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ŬɛŮɚɖŰɏŬ ɐ ɞŭɖɔŮɑ ůŰɖ 

ŭɘɧɔəɤůɐ Űɞɡ. ȾŬŰɎ Űɖɜ ˊɞɟŮɑŬ Űɖɠ ŭɘɧɔəɤůɖɠ ˊŬɟŬŰɖɟŮɑŰŬɘ Ŭɨɝɖůɖ Űɞɡ ɧɔəɞɡ Űɞɡ 

ˊɚɏɔɛŬŰɞɠ, ŮɝŬɘŰɑŬɠ Űɖɠ ŭɘŮɑůŭɡůɖɠ Űɤɜ ɛɞɟɑɤɜ Űɞɡ ŭɘŬɚɨŰɖ ůŰɖ ɛɎɕŬ Űɞɡ. ȼ Ŭɨɝɖůɖ Űɞɡ 

ɧɔəɞɡ, ŬɜŬɔəɎɕŮɘ ŰŬ ŰɛɐɛŬŰŬ Űɖɠ ŬɚɡůɑŭŬɠ ɛŮŰŬɝɨ Űɤɜ ůɡɜŭɏůŮɤɜ ɜŬ ˊŬɟŬɛɞɟűɤɗɞɨɜ əŬɘ 

ɜŬ ɚɎɓɞɡɜ ůɢɖɛŬŰɘůɛɞɨɠ ɛŮ ɛŮɔŬɚɨŰŮɟɞ ɛɐəɞɠ. ȳůɞ ˊɟɞɢɤɟŮɑ ɖ ŭɘŮɑůŭɡůɖ Űɞɡ ŭɘŬɚɨŰɖ Űɧůɞ 

ŬɡɝɎɜŮɘ ɖ ˊŬɟŬɛɧɟűɤůɖ Űɤɜ ŰɛɖɛɎŰɤɜ Űɖɠ ŬɚɡůɑŭŬɠ, əŬɘ Ůˊɞɛɏɜɤɠ ɖ ŰɎůɖ ɔɘŬ ŮˊŬɜŬűɞɟɎ 

ůŰɞɜ Ŭɟɢɘəɧ ůɢɖɛŬŰɘůɛɧ. ȼ ˊɟɧɞŭɞɠ Űɖɠ ˊɞɟŮɑŬɠ ɞŭɖɔŮɑ ůŮ ɛɘŬ əŬŰɎůŰŬůɖ ɘůɞɟɟɞˊɑŬɠ 

ŬɜɎɛŮůŬ ůŰɖɜ ŰɎůɖ ɔɘŬ ŭɘŮɑůŭɡůɖ Űɞɡ ŭɘŬɚɨŰɖ əŬɘ Űɖɜ ŰɎůɖ ɔɘŬ ŮˊŬɜŬűɞɟɎ. ȼ ɘůɞɟɟɞˊɑŬ 

ŮˊɘŰɡɔɢɎɜŮŰŬɘ əŬɘ ɖ ŭɘɧɔəɤůɖ ůŰŬɗŮɟɞˊɞɘŮɑŰŬɘ ůŮ ŭŮŭɞɛɏɜɞ ɛɏɔɘůŰɞ ɛɏɔŮɗɞɠ, ɧŰŬɜ ɞɘ 

ɤůɛɤŰɘəɏɠ ŭɡɜɎɛŮɘɠ ˊɞɡ ɤɗɞɨɜ Űɖ ŭɘɧɔəɤůɖ Ůɝɘůɞɟɟɞˊɖɗɞɨɜ Ŭˊɧ Űɘɠ ŮɚŬůŰɘəɏɠ ŭɡɜɎɛŮɘɠ 

ŮˊŬɜŬűɞɟɎɠ, ˊɞɡ ŬɜŬˊŰɨůůɞɜŰŬɘ ůŰŬ ˊŬɟŬɛɞɟűɤɛɏɜŬ ŰɛɐɛŬŰŬ Űɖɠ ŬɚɡůɑŭŬɠ.  

Ƀ ɛɖɢŬɜɘůɛɧɠ Űɖɠ ŭɘɧɔəɤůɖɠ ŮɝɖɔŮɑŰŬɘ ɛŮ Űɞɜ Ůɝɐɠ Űɟɧˊɞ: ɆŰɖɜ Ŭɟɢɐ ˊŬɟŬŰɖɟŮɑŰŬɘ 

ɛŮŰŬŰɧˊɘůɖ Ůɜɧɠ ŰɛɐɛŬŰɞɠ Űɞɡ ɛɞɟɑɞɡ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ ɖ ɞˊɞɑŬ ŭɖɛɘɞɡɟɔŮɑ ɏɜŬ çəŮɜɧè ɢɩɟɞ 

ˊɞɡ əŬŰŬɚŬɛɓɎɜŮŰŬɘ Ŭɛɏůɤɠ Ŭˊɧ ɏɜŬ ŮɡəɑɜɖŰɞ ɛɧɟɘɞ ŭɘŬɚɨŰɖ. ȼ ůɡɜɏɢɘůɖ ŬɡŰɐɠ Űɖɠ ˊɞɟŮɑŬɠ 

ɞŭɖɔŮɑ ůŰɖ ŭɘɧɔəɤůɖ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ ˊɞɡ ɚŬɛɓɎɜŮɘ Űɖ ɛɞɟűɐ ɞɔəɩŭɞɡɠ ˊɐɔɛŬŰɞɠ. ɆŮ 

ˊɞɚɚɏɠ ˊŮɟɘˊŰɩůŮɘɠ ɞ ɧɔəɞɠ Űɞɡ ŭɘɞɔəɤɛɏɜɞɡ ˊɚɏɔɛŬŰɞɠ ŮɑɜŬɘ əŬŰɎ ˊɞɚɚɏɠ űɞɟɏɠ 

ɛŮɔŬɚɨŰŮɟɞɠ Űɞɡ Ŭɟɢɘəɞɨ. ȼ ɏəŰŬůɖ Űɖɠ ŭɘɧɔəɤůɖɠ ŮɑɜŬɘ ůɡɜɎɟŰɖůɖ Űɖɠ ˊɡəɜɧŰɖŰŬɠ Űɞɡ 

ˊɚɏɔɛŬŰɞɠ ɔɘŬ ŭŮŭɞɛɏɜɞ ˊɎɜŰŬ ŭɘŬɚɨŰɖ əŬɘ ŭŮŭɞɛɏɜŮɠ ůɡɜɗɐəŮɠ ŭɘɧɔəɤůɖɠ. ȳůɞ ɛŮɔŬɚɨŰŮɟɖ 

ŮɑɜŬɘ ɖ ŭɘɧɔəɤůɖ, Űɧůɞ ɛɘəɟɧŰŮɟɖ ŮɑɜŬɘ ɖ ˊɡəɜɧŰɖŰŬ Űɞɡ ˊɚɏɔɛŬŰɞɠ.  

ȼ ˊŮɘɟŬɛŬŰɘəɐ ŭɘŬŭɘəŬůɑŬ Űɖɠ ŭɘɧɔəɤůɖɠ ŬˊɞůəɞˊŮɑ ůŰɞɜ ˊɟɞůŭɘɞɟɘůɛɧ Űɞɡ Ŭɟɘɗɛɞɨ 

ůɡɜŭɏůŮɤɜ ŭɘŬůŰŬɨɟɤůɖɠ ŬɜɎ ɛɞɜɎŭŬ ɧɔəɞɡ ɐ ɓɎɟɞɡɠ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ ˊɚɏɔɛŬŰɞɠ. 

ɀɏůɤ Űɖɠ ŭɘɧɔəɤůɖɠ ŬˊɞəŰɩɜŰŬɘ ŭɨɞ ůɖɛŬɜŰɘəɏɠ ˊɚɖɟɞűɞɟɑŮɠ:   

Ŭ) ɖ ŬɜŰɑůŰŬůɖ Űɞɡ ˊɚɏɔɛŬŰɞɠ ůŰɞ ŭɘŬɚɨŰɖ  
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ɓ) ɖ ˊɡəɜɧŰɖŰŬ Űɞɡ ˊɚɏɔɛŬŰɞɠ, ɖ ɞˊɞɑŬ ɏɢŮɘ ɎɛŮůɖ ŮˊɑŭɟŬůɖ əŬɘ ůŰɘɠ ɛɖɢŬɜɘəɏɠ 

ɘŭɘɧŰɖŰɏɠ Űɞɡ. 

ɇɞ ɛɏůɞɡ Ŭɟɘɗɛɞɨ ɛɞɟɘŬəɧ ɓɎɟɞɠ Űɤɜ ŰɛɖɛɎŰɤɜ Űɖɠ ŬɚɡůɑŭŬɠ ɛŮŰŬɝɨ Űɤɜ ůɡɜŭɏůŮɤɜ 

ŭɘŬůŰŬɨɟɤůɖɠ, Mc, ŬˊɞŰŮɚŮɑ ɛɘŬ Ŭˊɧ Űɘɠ ˊɘɞ ɓŬůɘəɏɠ ˊŬɟŬɛɏŰɟɞɡɠ ɢŬɟŬəŰɖɟɘůɛɞɨ Űɤɜ 

ˊɚŮɔɛɎŰɤɜ əŬɘ ɛɘŬ ɓŬůɘəɐ ɛɏɗɞŭɞɠ ˊɟɞůŭɘɞɟɘůɛɞɨ Űɞɡ ŮɑɜŬɘ əŬɘ ɖ ŭɘɧɔəɤůɖ 
[3]

. 

 

4.4.10.2 ɄŮɘɟŬɛŬŰɘəɐ ŭɘŬŭɘəŬůɑŬ 

 ȷˊɧ ŰŬ ŭɞəɑɛɘŬ ˊɞɡ ˊŬɟŬůəŮɡɎůɗɖəŬɜ ˊŬɟŬɚɐűɗɖəŬɜ ɛŮ ŰŮɛŬɢɘůɛɧ ŰɏůůŮɟŬ, ɛɘəɟɎ 

ŭɘůəɑŬ Ŭˊɧ ŰŬ ɜŬɜɞůɨɜɗŮŰŬ 0, 2 əŬɘ 5phr Űɤɜ ŮəɎůŰɞŰŮ ɛɏůɤɜ Ůɜɑůɢɡůɖɠ. ɇŬ ŭɘůəɑŬ 

ˊŬɢɡɛŮŰɟɐɗɖəŬɜ əŬɘ ɕɡɔɑůŰɖəŬɜ ůŮ ŬɜŬɚɡŰɘəɧ ɕɡɔɧ ŰŮůůɎɟɤɜ ŭŮəŬŭɘəɩɜ ɣɖűɑɤɜ. ɇɞ ˊɎɢɞɠ 

Űɤɜ ŭɞəɘɛɑɤɜ əɡɛŬɘɜɧŰŬɜ Ŭˊɧ 2 ï 3 mm əŬɘ Űɞ ɓɎɟɞɠ Űɞɡɠ Ŭˊɧ 1 ï 2 g. ɆŰɞɜ ˊɡɗɛɏɜŬ Űɞɡɠ 

ŮɑɢŮ ŰɞˊɞɗŮŰɖɗŮɑ ɛɘəɟɧ əɞɛɛɎŰɘ ɛŮŰŬɚɚɘəɞɨ ˊɚɏɔɛŬŰɞɠ, ɩůŰŮ ɜŬ ŮɑɜŬɘ ŭɡɜŬŰɐ ɖ ˊɟɞůɟɧűɖůɖ 

Űɞɡ ŭɘŬɚɨŰɖ əŬɘ Ŭˊɧ Űɘɠ ŭɨɞ ˊɚŮɡɟɏɠ Űɞɡ ŭɘůəɑɞɡ. ɆŰɖ ůɡɜɏɢŮɘŬ, ŮɛɓŬˊŰɑůŰɖəŬɜ ůŮ ˊɞŰɐɟɘŬ 

ɕɏůŮɤɠ ˊɞɡ əŬɘ ˊŮɟɘŮɑɢŬɜ 200 ml ŰɞɚɞɡŮɜɑɞɡ. 

 ȼ ˊɟɩŰɖ ɛɏŰɟɖůɖ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ 15 min ɛŮŰɎ Űɖɜ ŮɛɓɎˊŰɘůɖ Űɤɜ ŭɞəɘɛɑɤɜ ůŰɞ 

Űɞɚɞɡɏɜɘɞ. ɆŰɖ ůɡɜɏɢŮɘŬ, ůŮ ŰŬəŰɎ ɢɟɞɜɘəɎ ŭɘŬůŰɐɛŬŰŬ ŬˊɞɛŬəɟɨɜɞɜŰŬɜ Ŭˊɧ Űɞ ˊɞŰɐɟɘ 

ɕɏůŮɤɠ, ůəɞɡˊɑɕɞɜŰŬɜ ŮɚŬűɟɎ, ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŬˊɞɛŬəɟɡɜɗŮɑ ɞ ŭɘŬɚɨŰɖɠ ˊɞɡ ŭŮɜ ŮɑɢŮ 

ɟɞűɖɗŮɑ əŬɘ ɕɡɔɑɕɞɜŰŬɜ. ȳŰŬɜ Űɞ ɓɎɟɞɠ Űɤɜ ŭɘůəɑɤɜ ɎɟɢɘůŮ ɜŬ ůŰŬɗŮɟɞˊɞɘŮɑŰŬɘ, ɞɘ ɛŮŰɟɐůŮɘɠ 

ŭɘŮɝɎɔɞɜŰŬɜ ůŮ ˊɘɞ ŬɟŬɘɎ ŭɘŬůŰɐɛŬŰŬ. ȼ ŭɘɧɔəɤůɖ ɏɚŬɓŮ ɢɩɟŬ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ 

əŬɘ ŭɘɐɟəɖůŮ ˊŮɟɑˊɞɡ 20 ɖɛɏɟŮɠ. 

 

 

4.4.11 ȰəɗŮůɖ ůŮ ɗɎɚŬɛɞ ŮˊɘŰŬɢɡɜɧɛŮɜɖɠ ɔɐɟŬɜůɖɠ 

 

4.4.11.1 ȷɟɢɏɠ ɚŮɘŰɞɡɟɔɑŬɠ 

ȼ ŬɜɗŮəŰɘəɧŰɖŰŬ ˊɞɡ ˊŬɟɞɡůɘɎɕɞɡɜ ŰŬ ŮɚŬůŰɞɛŮɟɐ ůɘɚɘəɧɜɖɠ, əŬŰɎ Űɖɜ ɏəɗŮůɐ Űɞɡ 

ůŰɖɜ ŬəŰɘɜɞɓɞɚɑŬ, Űɖ ɗŮɟɛɧŰɖŰŬ əŬɘ Űɖɜ ɡɔɟŬůɑŬ ɏɢŮɘ ɛŮɔɎɚɖ ůɖɛŬůɑŬ ůŮ ˊɞɚɚɏɠ ŮűŬɟɛɞɔɏɠ. 

ȺɑɜŬɘ ɔɜɤůŰɧ ɧŰɘ ɞɘ ˊŬɟɎɛŮŰɟɞɘ ŬɡŰɞɑ ˊɟɞəŬɚɞɨɜ ɛŮŰŬɓɞɚɏɠ ůŰɘɠ űɡůɘəɏɠ əŬɘ ɞˊŰɘəɏɠ 

ɘŭɘɧŰɖŰŮɠ  Űɧůɞ Űɤɜ ůɘɚɘəɞɜɩɜ ɧůɞ əŬɘ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ ŬɡŰɩɜ. ũɘŬ ɜŬ ˊŬɟŬŰɖɟɐůɞɡɛŮ 

ɚɞɘˊɧɜ Űɘɠ ŬɚɚŬɔɏɠ Űɤɜ ɘŭɘɞŰɐŰɤɜ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɗɎɚŬɛɞɘ ŮˊɘŰŬɢɡɜɧɛŮɜɖɠ ɔɐɟŬɜůɖɠ, 

ůŰɞɡɠ ɞˊɞɑɞɡɠ ˊɟɞůˊŬɗɞɨɛŮ ɜŬ ˊɟɞůɞɛɞɘɎůɞɡɛŮ ɛŮ ŮˊɘŰŬɢɡɜɧɛŮɜɞɡɠ ɟɡɗɛɞɨɠ Űɘɠ 

ˊɟŬɔɛŬŰɘəɏɠ ˊŮɟɘɓŬɚɚɞɜŰɘəɏɠ ůɡɜɗɐəŮɠ. ȰŰůɘ ůŰɞɡɠ ɗŬɚɎɛɞɡɠ ŬɡŰɞɨɠ ŮˊɘəɟŬŰɞɨɜ ɞɘ 

ŬəɧɚɞɡɗŮɠ ůɡɜɗɐəŮɠ: 

¶ ɈˊŮɟɘɩŭɖɠ ŬəŰɘɜɞɓɞɚɑŬ 

ɉŬɟŬəŰɖɟɘůŰɘəɐ ŮɑɜŬɘ ɖ ɛŮŰŬɓɞɚɐ ˊɞɡ ˊɟɞəŬɚŮɑ Űɞ űɤɠ Űɧůɞ ůŰɘɠ ɞˊŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ ɧůɞ 

əŬɘ ůŰɘɠ űɡůɘəɞɢɖɛɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ˊɞɚɡɛŮɟɩɜ. ɋɠ ˊɖɔɐ űɤŰɧɠ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɚɎɛˊŮɠ 

ˊɞɡ űɗɞɟɑɕɞɡɜ ɡˊŮɟɘɩŭɖ ŬəŰɘɜɞɓɞɚɑŬ. Ƀɘ ɚɎɛˊŮɠ ŬɡŰɏɠ ŭŮɜ ɏɢɞɡɜ əŬŰŬůəŮɡŬůŰŮɑ ɔɘŬ ɜŬ 

ˊɟɞůɞɛɞɘɩɜɞɡɜ ɞɚɧəɚɖɟɖ Űɖɜ ˊŮɟɘɞɢɐ Űɞɡ űɎůɛŬŰɞɠ Űɞɡ űɡůɘəɞɨ ɖɚɘŬəɞɨ űɤŰɧɠ. ɋůŰɧůɞ 

ˊɟɞůɞɛɞɘɩɜŮŰŬɘ ɛɧɜɞ ɖ ɓɚŬɓŮɟɐ ɡˊŮɟɘɩŭɖɠ ˊŮɟɘɞɢɐ Űɞɡ ɖɚɘŬəɞɨ űɤŰɧɠ. ɄŬɟɧŰɘ ɛɧɜɞ Űɞ 5% 

Űɖɠ ɖɚɘŬəɐɠ  ŬəŰɘɜɞɓɞɚɑŬɠ ˊɞɡ ˊɏűŰŮɘ ůŰɖ ɔɖ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɡˊŮɟɘɩŭɖ ŬəŰɘɜɞɓɞɚɑŬ, ŬɡŰɐ 

əŬɘ ɛɧɜɞ ŮɑɜŬɘ ɡˊŮɨɗɡɜɖ ɔɘŬ Űɘɠ ŬɚɚŬɔɏɠ ˊɞɡ ɚŬɛɓɎɜɞɡɜ ɢɩɟŬ ůŰŬ ˊɞɚɡɛŮɟɐ.  

¶ ɈɔɟŬůɑŬ 

ɀɘŬ Ɏɚɚɖ ůɖɛŬɜŰɘəɐ ˊŬɟɎɛŮŰɟɞɠ ˊɞɡ ŮɑɜŬɘ ŭɡɜŬŰɧɜ ɜŬ ŮˊɘŭɟɎůŮɘ ŭɡůɛŮɜɩɠ ůŰɘɠ 

ɘŭɘɧŰɖŰŮɠ Űɤɜ ɢɟɤɛɎŰɤɜ ŮɑɜŬɘ ɖ ɡɔɟŬůɑŬ. ɇɞ ɜŮɟɧ ůŰɖɜ ŬŰɛɧůűŬɘɟŬ ɞűŮɑɚŮŰŬɘ ůŰɖɜ ˊɎɢɜɖ, Űɖ 

ɓɟɞɢɐ ɐ Űɞ ɚɘɩůɘɛɞ Űɤɜ ˊɎɔɤɜ əŬɘ Űɞɡ ɢɘɞɜɘɞɨ. ȰŰůɘ Űɞ ɜŮɟɧ ŬɡŰɧ ŮɑɜŬɘ ˊɘɗŬɜɧ ɜŬ 
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ŬˊɞɟɟɞűɖɗŮɑ ɐ ɜŬ ŭɘŬˊŮɟɎůŮɘ Űɞ ůŰɟɩɛŬ ŮˊɘəɎɚɡɣɖɠ. ȼ ɡɔɟŬůɑŬ ɛˊɞɟŮɑ ɜŬ ˊɟɞůɞɛɞɘɤɗŮɑ ɛŮ 

ɣŮəŬůɛɧ ɜŮɟɞɨ, ůɡɛˊɨəɜɤɛŬ, ɞɛɑɢɚɖ ɐ ŮɛɓɎˊŰɘůɖ. Ƀ əŬɚɨŰŮɟɞɠ Űɟɧˊɞɠ ˊɟɞůɞɛɞɑɤůɖɠ Űɖɠ 

ŮˊɑŭɟŬůɖɠ Űɖɠ ɡɔɟŬůɑŬɠ Űɞɡ ˊŮɟɘɓɎɚɚɞɜŰɞɠ ůŮ ɞɟɔŬɜɘəɎ ɡɚɘəɎ ŮɑɜŬɘ ɛŮ ůɡɛˊɨəɜɤɛŬ. ɇɞ 

ɜŮɟɧ ˊɞɡ ɓɟɑůəŮŰŬɘ ůŰɞɜ ˊɡɗɛɏɜŬ Űɞɡ ɗŬɚɎɛɞɡ ɗŮɟɛŬɑɜŮŰŬɘ əŬɘ ɔŮɛɑɕŮɘ Űɞ ɗɎɚŬɛɞ ɛŮ ɕŮůŰɞɨɠ 

ŬŰɛɞɨɠ ŭɖɛɘɞɡɟɔɩɜŰŬɠ ɡɔɟŬůɑŬ 100% ůŮ ɗŮɟɛɞəɟŬůɑŬ 40
o
C ɛŮ 50

o
C.  

ȿɧɔɤ Űɞɡ ɧŰɘ ɖ ˊŮɘɟŬɛŬŰɘəɐ ŭɘŬŭɘəŬůɑŬ ˊŮɟɘɚŬɛɓɎɜŮɘ ŮɜŬɚɚŬůůɧɛŮɜɞɡɠ əɨəɚɞɡɠ 

ɡɔɟŬůɑŬɠ, əŬŰɎ Űɞɜ ɝɖɟɧ əɨəɚɞ ůɡɛɓŬɑɜŮɘ ŬɜŰɑůŰɟɞűɖ ŭɘŬˊɏɟŬůɖ ɐ ŮɝɎŰɛɘůɖ. ȼ ŭɘŮɟɔŬůɑŬ ɛŮ 

Űɖɜ ɞˊɞɑŬ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ɖ ɡˊɞɓɎɗɛɘůɖ əŬɘ ˊɧůɞ ɔɟɐɔɞɟŬ ŬɡŰɐ ůɡɛɓŬɑɜŮɘ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖ 

ŭɘŬˊŮɟŬŰɧŰɖŰŬ Űɞɡ ɡɚɘəɞɨ əŬɘ Űɞ ɢɟɧɜɞ ŮˊŬűɐɠ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ ɜŬ ŬɟɢɑůŮɘ ɖ ŭɘŮɑůŭɡůɖ 

Űɞɡ ɜŮɟɞɨ. ȷɜɎɚɞɔŬ ɛŮ Űɖ ůɡůəŮɡɐ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɛˊɞɟŮɑ ɜŬ ŬɡɝɖɗŮɑ ɖ ɏəɗŮůɖ ůŮ 

ɡɔɟŬůɑŬ ŮɑŰŮ ŬɡɝɎɜɞɜŰŬɠ Űɞɜ Ŭɟɘɗɛɧ Űɤɜ ɝɖɟɩɜ/ɡɔɟɩɜ əɨəɚɤɜ ŮɑŰŮ ŬɡɝɎɜɞɜŰŬɠ Űɞ ɢɟɧɜɞ 

ɏəɗŮůɖɠ ůŰɖɜ ɡɔɟŬůɑŬ.   

¶ ŪŮɟɛɞəɟŬůɑŬ 

Ƀ ŰɟɑŰɞɠ ˊŬɟɎɔɞɜŰŬɠ Űɖɠ ŮˊɘŰŬɢɡɜɧɛŮɜɖɠ ɔɐɟŬɜůɖɠ ŮɑɜŬɘ ɖ ɗŮɟɛɞəɟŬůɑŬ. ȼ ɡˊɞɓɎɗɛɘůɖ 

Űɤɜ ɡɚɘəɩɜ ůɡɛɓŬɑɜŮɘ ˊɞɚɨ ˊɘɞ ɔɟɐɔɞɟŬ ůŮ ŬɡɝɖɛɏɜŮɠ ɗŮɟɛɞəɟŬůɑŮɠ, Ůɜɩ ɖ ŭɘŬəɨɛŬɜůɖ Űɖɠ 

ɗŮɟɛɞəɟŬůɑŬɠ ɞŭɖɔŮɑ ůŰɖɜ Ɏůəɖůɖ ŭɡɜɎɛŮɤɜ ŭɘŬůŰɞɚɐɠ əŬɘ ůɡůŰɞɚɐɠ ůŮ ŬɡŰɎ. Ƀɘ ŭɡɜɎɛŮɘɠ 

ŬɡŰɏɠ ɛˊɞɟŮɑ ɜŬ Ŭɡɝɖɗɞɨɜ ŮɝŬɘŰɑŬɠ Űɖɠ ŭɘŬůŰɞɚɐɠ əŬɘ ůɡůŰɞɚɐɠ Űɞɡ ɑŭɘɞɡ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ 

əŬɘ ɛˊɞɟŮɑ ɜŬ ɞŭɖɔɐůŮɘ ůŮ ŭɖɛɘɞɡɟɔɑŬ ɟɤɔɛɩɜ, ɝŮűɚɞɨŭɘůɛŬ əŬɘ ŬˊɩɚŮɘŬ ˊɟɧůűɡůɖɠ. ȼ 

Ŭɡɝɖɛɏɜɖ ɗŮɟɛɞəɟŬůɑŬ Ůˊɘˊɚɏɞɜ ŮˊɘŰŬɢɨɜŮɘ Űɖ ŭɟɎůɖ Űɤɜ ɡˊɞɚɞɑˊɤɜ ˊŬɟŬɛɏŰɟɤɜ Űɖɠ 

ŮˊɘŰŬɢɡɜɧɛŮɜɖɠ ɔɐɟŬɜůɖɠ, ŭɖɚŬŭɐ Űɖɠ ɡɔɟŬůɑŬɠ əŬɘ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ. ȼ ŮˊɘɚŮɔɧɛŮɜɖ 

ɗŮɟɛɞəɟŬůɑŬ ɔɘŬ Űɞ əɎɗŮ ˊŮɑɟŬɛŬ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞ ŬɜŬɛŮɜɧɛŮɜɞ Ůɨɟɞɠ Űɘɛɩɜ ɗŮɟɛɞəɟŬůɑŬɠ 

ɔɘŬ əɎɗŮ Ůɑŭɞɠ ŭŮɑɔɛŬŰɞɠ ˊɞɡ ŮɝŮŰɎɕŮŰŬɘ. 

 

4.4.11.2 ɄŮɘɟŬɛŬŰɘəɐ ŭɘŬŭɘəŬůɑŬ 

ɆŰɖ ůŮɘɟɎ ˊŮɘɟŬɛɎŰɤɜ ˊɞɡ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ůŮ ůɘɚɘəɧɜŮɠ ůɡɛˊɨəɜɤůɖɠ əŬɘ 

ɜŬɜɞůɨɜɗŮŰŬ ŬɡŰɐɠ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɗɎɚŬɛɞɠ ŮˊɘŰŬɢɡɜɧɛŮɜɖɠ ɔɐɟŬɜůɖɠ Űɨˊɞɡ QUV- 

Weathering Testers Űɖɠ ŮŰŬɘɟŮɑŬɠ Q-Panel, Lab Products (ɆɢɐɛŬ 4.24). 

 

 
ɆɢɐɛŬ 4.24: ŪɎɚŬɛɞɠ ŮˊɘŰŬɢɡɜɧɛŮɜɖɠ ɔɐɟŬɜůɖɠ QUV. 

 

 ɆɨɛűɤɜŬ ɛŮ Űɞ ˊɟɧŰɡˊɞ ASTM D 4329-99, ŰŬ ŭŮɑɔɛŬŰŬ ɐŰŬɜ ŮəŰŮɗŮɘɛɏɜŬ ůŮ 

ŮɜŬɚɚŬůůɧɛŮɜɞɡɠ əɨəɚɞɡɠ Űɤɜ 8h ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ 4h ɡɔɟŬůɑŬɠ ůŮ ɗŮɟɛŬɘɜɧɛŮɜɞ 
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ˊŮɟɘɓɎɚɚɞɜ. ũɘŬ Űɖɜ ɡˊŮɟɘɩŭɖ ŬəŰɘɜɞɓɞɚɑŬ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɚɎɛˊŮɠ Űɨˊɞɡ UVB-313, Ůɜɩ 

ɖ ɡɔɟŬůɑŬ ŭɖɛɘɞɡɟɔɐɗɖəŮ ɛŮ ɗŮɟɛŬɘɜɧɛŮɜɞ ɡŭɟɧɚɞɡŰɟɞ ŭɖɛɘɞɡɟɔɩɜŰŬɠ ůɡɛˊɨəɜɤɛŬ. 

ɆɡɔəŮəɟɘɛɏɜŬ ɞɘ ůɡɜɗɐəŮɠ əɎɗŮ əɨəɚɞɡ ɐŰŬɜ : (1) ɡˊŮɟɘɩŭɖɠ UV ï ŬəŰɘɜɞɓɞɚɑŬ ɏɜŰŬůɖɠ 

0,76 W/(m
2
Ānm) ůŮ ɗŮɟɛɞəɟŬůɑŬ 60 

0
C əŬɘ (2) ŭɖɛɘɞɡɟɔɑŬ ůɡɛˊɡəɜɩɛŬŰɞɠ ůŮ ɗŮɟɛɞəɟŬůɑŬ 

40 
0
C. 

ɇɞ ɢɟɤɛŬŰɧɛŮŰɟɞ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ Űɖɜ ˊɟŬɔɛŬŰɞˊɞɑɖůɖ Űɤɜ ˊŮɘɟŬɛŬŰɘəɩɜ 

ɛŮŰɟɐůŮɤɜ, ŮɑɜŬɘ Űɞ Micromatch plus Űɖɠ ŮŰŬɘɟŮɑŬɠ Sheen Instruments (ɆɢɐɛŬ 4.25) əŬɘ ŰŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ ŮəűɟɎůŰɖəŬɜ ůŰɖɜ əɚɑɛŬəŬ CIELAB (L, a, b). 

 
ɆɢɐɛŬ 4.25: ɉɟɤɛŬŰɧɛŮŰɟɞ Micromatch plus. 

ɄɟɧəŮɘŰŬɘ ɔɘŬ ɏɜŬ űɞɟɖŰɧ ɢɟɤɛŬŰɧɛŮŰɟɞ ˊɞɡ ɚŮɘŰɞɡɟɔŮɑ ɛŮ ɛˊŬŰŬɟɑŬ əŬɘ ŬˊɞŰŮɚŮɑŰŬɘ 

Ŭˊɧ ɛɘŬ ɚŬɓɐ ůŰɞ Ɏəɟɞ Űɖɠ ɞˊɞɑŬɠ ɓɟɑůəŮŰŬɘ ɖ əŮűŬɚɐ ɛɏŰɟɖůɖɠ, əŬɗɩɠ Ůˊɑůɖɠ əŬɘ Ŭˊɧ ɏɜŬɜ 

ŮˊŮɝŮɟɔŬůŰɐ ŭŮŭɞɛɏɜɤɜ. ȰɢŮɘ ɛɜɐɛɖ ŬˊɞɗɐəŮɡůɖɠ Űɤɜ ɛŮŰɟɐůŮɤɜ ŬɚɚɎ əŬɘ Űɖ ŭɡɜŬŰɧŰɖŰŬ 

ŮəŰɨˊɤůɐɠ Űɞɡɠ. ɆŰɞ ůɨůŰɖɛŬ ˊŮɟɘɚŬɛɓɎɜŮŰŬɘ Ůˊɘˊɚɏɞɜ ˊɟɧŰɡˊŬ ŭŮɑɔɛŬŰŬ ɢɟɤɛŬŰɘəɩɜ 

ˊɚŬəŮŰɩɜ ɓŬɗɛɞɜɧɛɖůɖɠ (calibration). 

 

 

4.4.12 ūŬůɛŬŰɞůəɞˊɑŬ ɡˊŮɟɘɩŭɞɡɠ-ɞɟŬŰɞɨ űɤŰɧɠ (UV-VIS) 

 

4.4.12.1 ȷɟɢɐ Űɖɠ ɛŮɗɧŭɞɡ  

ȷˊɞɟɟɧűɖůɖ ɡˊŮɟɘɩŭɞɡɠ (ultra violet 180-100 nm), ɐ ɞɟŬŰɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ (visual 

400-800 nm), ˊɟɞəŬɚŮɑ ɛɧɜɞ ɖɚŮəŰɟɞɜɘəɏɠ ŭɘŮɔɏɟůŮɘɠ, ŭɖɚŬŭɐ ŭɘŮɔɏɟůŮɘɠ ɖɚŮəŰɟɞɜɑɤɜ Űɖɠ 

ůŰɞɘɓɎŭŬɠ ůɗɏɜɞɡɠ, ˊɞɡ ɛŮŰŬɓŬɑɜɞɡɜ Ŭˊɧ ɛɘŬ ŭŮůɛɘəɐ ůŮ ɛɘŬ ŬɜŰɘŭŮůɛɘəɐ əŬŰɎůŰŬůɖ, ɢɤɟɑɠ 

ɧɛɤɠ ɜŬ ŬɚɚɎɕɞɡɜ Űɞɜ əɨɟɘɞ əɓŬɜŰɘəɧ Ŭɟɘɗɛɧ 
[6]

. 

ũŮɜɘəɎ, oɘ űŬůɛŬŰɞůəɞˊɘəɏɠ ɛɏɗɞŭɞɘ ɢɖɛɘəɐɠ ŬɜɎɚɡůɖɠ, ɧˊɞɡ ŬɜɐəŮɘ əŬɘ ɖ 

űŬůɛŬŰɞűɤŰɞɛŮŰɟɑŬ UV-Vis, ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ŮɡɟɨŰŬŰŬ ɔɘŬ Űɖɜ Ůˊɑɚɡůɖ ŭɘŬűɧɟɤɜ 

ɢɖɛɘəɩɜ ˊɟɞɓɚɖɛɎŰɤɜ, ˊɞɡ ůɢŮŰɑɕɞɜŰŬɘ ɛŮ Űɖ ŭɞɛɐ, Űɖɜ əɘɜɖŰɘəɐ, Űɖɜ ŰŬɡŰɞˊɞɑɖůɖ, Űɖɜ 

ˊɞůɞŰɘəɐ ŬɜɎɚɡůɖ ŭɘŬűɧɟɤɜ ŮɜɩůŮɤɜ, ə.Ŭ. ɇŬ ˊɚŮɞɜŮəŰɐɛŬŰŬ ŬɡŰɩɜ Űɤɜ ɛŮɗɧŭɤɜ ŮɑɜŬɘ ɖ 

ɛɘəɟɐ ˊɞůɧŰɖŰŬ ŭŮɑɔɛŬŰɞɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ, Űɞ ɧŰɘ ŭŮɜ ŬˊɞŰŮɚŮɑ əŬŰŬůŰɟŮˊŰɘəɐ ɛɏɗɞŭɞ, ɖ 

ɛŮɔɎɚɖ ŬəɟɑɓŮɘŬ əŬɘ ŮɡŬɘůɗɖůɑŬ, ɞ ɛɘəɟɧɠ ɢɟɧɜɞɠ ɛɏŰɟɖůɖɠ, əŬɘ ɔŮɜɘəɎ ɞɘ ɐˊɘŮɠ ɛɏɗɞŭɞɘ 

ɛɏŰɟɖůɖɠ. Ƀɘ ˊŮɟɘůůɧŰŮɟŮɠ Ŭˊɧ Űɘɠ űŬůɛŬŰɞűɤŰɞɛŮŰɟɘəɏɠ ɛŮɗɧŭɞɡɠ ɓŬůɑɕɞɜŰŬɘ ůŰɖɜ 

ŮˊɑŭɟŬůɖ əŬŰɎɚɚɖɚɖɠ ɖɚŮəŰɟɞɛŬɔɜɖŰɘəɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ ůŮ ɛɘŬ ɞɡůɑŬ, ˊɞɡ ŭŮůɛŮɨŮŰŬɘ Ŭˊɧ ŰŬ 

ɎŰɞɛŬ, ɐ ŰŬ ɛɧɟɘŬ Űɖɠ ɨɚɖɠ əŬɘ ˊɟɞəŬɚŮɑ ɖɚŮəŰɟɞɜɘəɏɠ ŭɘŮɔɏɟůŮɘɠ, ŭɘŮɔɏɟůŮɘɠ ˊɡɟɐɜɤɜ, 

ŬɚɚŬɔɏɠ ůŰɖɜ ˊŮɟɘůŰɟɞűɐ əŬɘ Űɖ ŭɧɜɖůɖ Űɤɜ ɛɞɟɑɤɜ. ɆŰɖ ůɡɜɏɢŮɘŬ, ŰŬ ɎŰɞɛŬ əŬɘ ŰŬ ɛɧɟɘŬ 

ŮˊɘůŰɟɏűɞɡɜ ůɡɜɐɗɤɠ ůŰɖɜ Ŭɟɢɘəɐ Űɞɡɠ əŬŰɎůŰŬůɖ, Ŭűɞɨ ŬˊɞɓɎɚɚɞɡɜ Űɞ ˊɞůɧ Űɖɠ ŮɜɏɟɔŮɘŬɠ 

ˊɞɡ ŬˊɞɟɟɧűɖůŬɜ. ȼ əŬŰŬɔɟŬűɐ Űɖɠ ɏɜŰŬůɖɠ Űɖɠ Ŭˊɞɟɟɧűɖůɖɠ ůŮ ůɡɜɎɟŰɖůɖ ɛŮ Űɞ ɛɐəɞɠ 

əɨɛŬŰɞɠ, ɐ Űɖ ůɡɢɜɧŰɖŰŬ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ ŬˊɞŰŮɚŮɑ Űɞ űɎůɛŬ Ŭˊɞɟɟɧűɖůɖɠ, ˊɞɡ ŮɑɜŬɘ 

ɔɟŬɛɛɤŰɧ ůŰŬ ɎŰɞɛŬ əŬɘ ŰŬɘɜɑŮɠ ůŰŬ ɛɧɟɘŬ. 
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4.4.12.2 ɄŮɘɟŬɛŬŰɘəɐ ŭɘŬŭɘəŬůɑŬ 

ȼ űŬůɛŬŰɞůəɞˊɑŬ ɡˊŮɟɘɩŭɞɡɠïɞɟŬŰɞɨ űɤŰɧɠ ŮűŬɟɛɧůŰɖəŮ ɔɘŬ Űɖ ɛŮɚɏŰɖ Űɖɠ 

ŬˊɞŭɏůɛŮɡůɖɠ Űɖɠ ɛŮŰɟɞɜɘŭŬɕɧɚɖɠ Ŭˊɧ ɛɐŰɟŮɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ ůɡɛˊɨəɜɤůɖɠ əŬɘ ˊɟɞůɗɐəɖɠ, 

əŬɗɩɠ əŬɘ ɜŬɜɞůɡɜɗɏŰɤɜ Cloisite 30B ůŮ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ 2 əŬɘ 5phr. ȺɘŭɘəɧŰŮɟŬ, ɕɡɔɑůŰɖəŬɜ 

20g ůɘɚɘəɧɜɖɠ əŬɘ əŬŰɎɚɚɖɚɖ ˊɞůɧŰɖŰŬ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ əŬɘ ˊɟɞůŰɏɗɖəŬɜ 10phr 

ɛŮŰɟɞɜɘŭŬɕɧɚɖɠ. ȷəɞɚɞɨɗɖůŮ ŬɜɎŭŮɡůɖ ɔɘŬ Űɖɜ ɞɛɞɘɧɛɞɟűɖ əŬŰŬɜɞɛɐ Űɞɡ űŬɟɛɎəɞɡ əŬɘ 

ŮűŬɟɛɞɔɐ ɡˊŮɟɐɢɤɜ ɔɘŬ 6 min ɔɘŬ Űɖɜ ŬˊɞŰŮɚŮůɛŬŰɘəɐ ŭɘŬůˊɞɟɎ Űɖɠ Ŭɟɔɑɚɞɡ. ȾŬŰɧˊɘɜ, 

ˊɟɞůŰɏɗɖəŬɜ əŬŰɎɚɚɖɚŮɠ ˊɞůɧŰɖŰŮɠ Űɞɡ ŮəɎůŰɞŰŮ ůɡůŰɐɛŬŰɞɠ ɓɞɡɚəŬɜɘůɛɞɨ əŬɘ 

ɛɞɟűɞˊɞɘɐɗɖəŬɜ ůŮ ŮɘŭɘəɎ ɛŮŰŬɚɚɘəɎ əŬɚɞɨˊɘŬ. ȳŰŬɜ ɞɚɞəɚɖɟɩɗɖəŮ ɞ ɓɞɡɚəŬɜɘůɛɧɠ Űɞɡɠ, 

əɧˊɖəŬɜ ŰɟɑŬ ŭɘůəɑŬ Ŭˊɧ əɎɗŮ ŬɜŬɚɞɔɑŬ ůŮ əɎɗŮ ůɨůŰɖɛŬ ɝŮɢɤɟɘůŰɎ. ȷɡŰɎ, Ŭűɞɨ 

ˊŬɢɡɛŮŰɟɐɗɖəŬɜ əŬɘ ɕɡɔɑůŰɖəŬɜ, ŮɛɓŬˊŰɑůŰɖəŬɜ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ ůŮ ˊɞŰɐɟɘŬ 

ɕɏůŮɤɠ ůŮ ŰɟɑŬ ˊŮɟɘɓɎɚɚɞɜŰŬ ɛɏůŬ (Ŭˊɘɞɜɘůɛɏɜɞ ɜŮɟɧ, ɟɡɗɛɘůŰɘəɧ ŭɘɎɚɡɛŬ pH=7.4 əŬɘ 

ɟɡɗɛɘůŰɘəɧ ŭɘɎɚɡɛŬ pH=5.4) ˊɞɡ ˊŬɟŬůəŮɡɎůŰɖəŬɜ. ɆŮ ŰŬəŰɎ ɢɟɞɜɘəɎ ŭɘŬůŰɐɛŬŰŬ 

ɚŬɛɓŬɜɧŰŬɜ 1ml Ŭˊɧ Űɞ ɟɡɗɛɘůŰɘəɧ ɛɏůɞ ůŰɞ ɞˊɞɑɞ ɓɟɑůəɞɜŰŬɜ ŰŬ ŭɘůəɑŬ əŬɘ ɏɢɞɜŰŬɠ ɤɠ 

ŬɜŬűɞɟɎ ɟɡɗɛɘůŰɘəɧ ŭɘɎɚɡɛŬ əŬŰŬɔɟŬűɧŰŬɜ ɖ Ŭˊɞɟɟɧűɖůɖ Űɞɡɠ ůŰŬ 277nm. ɇɞ 

űŬůɛŬŰɞűɤŰɧɛŮŰɟɞ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɐŰŬɜ Hitachi U-2800A. ȼ ˊɟɩŰɖ ɛɏŰɟɖůɖ 

ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ 15min ɛŮŰɎ Űɖɜ ŮɛɓɎˊŰɘůɖ ůŰɞ ɟɡɗɛɘůŰɘəɧ. ȳŰŬɜ ɖ Űɘɛɐ Űɖɠ 

Ŭˊɞɟɟɧűɖůɖɠ ɐŰŬɜ ɛŮɔŬɚɨŰŮɟɖ Ŭˊɧ 0.4, ɔɘɜɧŰŬɜ əŬŰɎɚɚɖɚɖ ŬɟŬɑɤůɖ. ɀɏɢɟɘ Ŭˊɞɟɟɧűɖůɖ 

0.4, ɖ əŬɛˊɨɚɖ ŬɜŬűɞɟɎɠ ŮɑɜŬɘ ɔɟŬɛɛɘəɐ. ȼ əŬɛˊɨɚɖ ŬɜŬűɞɟɎɠ, ɐ ɓŬɗɛɞɜɧɛɖůɖɠ ŮɑɜŬɘ ɖ 

əŬɛˊɨɚɖ ˊɞɡ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɖ ɔɟŬűɘəɐ ŬˊŮɘəɧɜɘůɖ Űɤɜ ŬɟɘɗɛɖŰɘəɩɜ Űɘɛɩɜ ɛɘŬɠ 

űɡůɘəɞɢɖɛɘəɐɠ ɘŭɘɧŰɖŰŬɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ ( ȷ ɐ ɇ% ) ůŮ ůɡɜɎɟŰɖůɖ ɛŮ Űɖ ůɡɔəɏɜŰɟɤůɖ Űɖɠ 

ɞɡůɑŬɠ ůŮ ˊɟɧŰɡˊŬ ŭɘŬɚɨɛŬŰŬ. ȷˊɧ Űɖɜ əŬɛˊɨɚɖ ŬɜŬűɞɟɎɠ ɡˊɞɚɞɔɑɕɞɡɛŮ Ŭɛɏůɤɠ Űɖ 

ůɡɔəɏɜŰɟɤůɖ Ůɜɧɠ ɎɔɜɤůŰɞɡ ŭɘŬɚɨɛŬŰɞɠ. ȳŰŬɜ ɖ Ŭˊɞɟɟɧűɖůɖ Űɞɡ ˊŮɟɘɓɎɚɚɞɜŰɞɠ ɡɔɟɞɨ Űɤɜ 

ŭɘůəɑɤɜ ɎɟɢɘůŮ ɜŬ ůŰŬɗŮɟɞˊɞɘŮɑŰŬɘ, ɞɘ ɛŮŰɟɐůŮɘɠ ŭɘŮɝɎɔɞɜŰŬɜ ůŮ ˊɘɞ ŬɟŬɘɎ ŭɘŬůŰɐɛŬŰŬ. 

 

 
ɆɢɐɛŬ 4.26: ūŬůɛŬŰɞűɤŰɧɛŮŰɟɞ UV-Vis. 

 

 

4.4.13 Ɉɔɟɐ ɉɟɤɛŬŰɞɔɟŬűɑŬ Ɉɣɖɚɐɠ ȷˊɧŭɞůɖɠ (HPLC) 

 

4.4.13.1 ȷɟɢɐ Űɖɠ ɛŮɗɧŭɞɡ 

ȼ ɛɏɗɞŭɞɠ Űɖɠ Ɉɔɟɐɠ ɉɟɤɛŬŰɞɔɟŬűɑŬɠ ŬˊɞŰŮɚŮɑ ɛɏɗɞŭɞ ŬɜɎɚɡůɖɠ, ŬɚɚɎ əŬɘ ŰŮɢɜɘəɐ 

ŭɘŬɢɤɟɘůɛɞɨ, ˊɞɡ ɓŬůɑɕŮŰŬɘ ůŰɖ ŭɘŬűɞɟŮŰɘəɐ əŬŰŬɜɞɛɐ Űɤɜ ůɡůŰŬŰɘəɩɜ Ůɜɧɠ ɛɑɔɛŬŰɞɠ 

ɛŮŰŬɝɨ ɛɘŬɠ əɘɜɖŰɐɠ űɎůɖɠ ˊɞɡ ŮɑɜŬɘ ɡɔɟɐ əŬɘ ɛɘŬɠ ůŰŬŰɘəɐɠ űɎůɖɠ ˊɞɡ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ 

ůŰŮɟŮɐ ɐ ɡɔɟɐ, ɛɖɢŬɜɘəɎ ɐ ɢɖɛɘəɎ ˊɟɞůŭŮŭŮɛɏɜɖ ůŮ ɏɜŬ ůŰŮɟŮɧ ɡˊɧůŰɟɤɛŬ. ɆŰɖɜ ɡɔɟɐ 

ɢɟɤɛŬŰɞɔɟŬűɑŬ, ɖ əɘɜɖŰɐ űɎůɖ ůɡɛɛŮŰɏɢŮɘ ɧˊɤɠ əŬɘ ɖ ůŰŬŰɘəɐ ŮɜŮɟɔɎ ůŰɞ ŭɘŬɢɤɟɘůɛɧ. ȼ 
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ŬəɑɜɖŰɖ űɎůɖ ɛˊɞɟŮɑ ɜŬ ˊŮɟɘɏɢŮŰŬɘ ůŮ əɡɚɘɜŭɟɘəɐ ůŰɐɚɖ (ɉɟɤɛŬŰɞɔɟŬűɑŬ ůŰɐɚɖɠ) ɐ ɜŬ ɏɢŮɘ 

ŭɘŬŰŬɢɗŮɑ ůŮ ŮˊɑˊŮŭɞ (ɉɟɤɛŬŰɞɔɟŬűɑŬ ɢɎɟŰɞɡ əŬɘ ɉɟɤɛŬŰɞɔɟŬűɑŬ ɚŮˊŰɐɠ ůŰɞɘɓɎŭŬɠ). Ƀɘ 

ɓŬůɘəɏɠ ˊŬɟɎɛŮŰɟɞɘ Űɖɠ ɢɟɤɛŬŰɞɔɟŬűɑŬɠ ůŰɐɚɖɠ ŮɑɜŬɘ: 

¶ Űɞ ɢɟɤɛŬŰɞɔɟɎűɖɛŬ: ɖ ůɡɜɎɟŰɖůɖ Űɖɠ Ŭˊɧəɟɘůɖɠ Űɞɡ ŬɜɘɢɜŮɡŰɐ ůŮ ůɢɏůɖ ɛŮ Űɞ 
ɢɟɧɜɞ,  

¶ ɖ əŬɛˊɨɚɖ ɏəɚɞɡůɖɠ: ɖ əŬɛˊɨɚɖ ůɡɔəɏɜŰɟɤůɖɠ Űɤɜ ŭɘŬɢɤɟɘůɗɏɜŰɤɜ ůɡůŰŬŰɘəɩɜ, 

¶ ɞ ɢɟɧɜɞɠ ŬɜɎůɢŮůɖɠ, tR: ɞ ɢɟɧɜɞɠ ˊɞɡ ŭɘɏɟɢŮŰŬɘ Ŭˊɧ Űɖ ůŰɘɔɛɐ Űɖɠ ɏɜŮůɖɠ Űɞɡ 

ůɡůŰŬŰɘəɞɨ ůŰɖ ůŰɐɚɖ, ɤɠ Űɖ ůŰɘɔɛɐ ˊɞɡ ŮɛűŬɜɑɕŮŰŬɘ Űɞ ɛɏɔɘůŰɞ ůŰɖɜ əŬɛˊɨɚɖ 

ɏəɚɞɡůɖɠ Űɞɡ ɢɟɤɛŬŰɞɔɟŬűɐɛŬŰɞɠ 

¶ ɞ ůɡɜŰŮɚŮůŰɐɠ ɢɤɟɖŰɘəɧŰɖŰŬɠ, k
ô
: ŮəűɟɎɕŮɘ Űɞ ɛɏŰɟɞ Űɖɠ ŬɜɎůɢŮůɖɠ ɛɘŬɠ ɞɡůɑŬɠ. 

ɉŬɛɖɚɐ Űɘɛɐ ůɖɛŬɑɜŮɘ ɧŰɘ ɖ ɞɡůɑŬ ůɢŮŭɧɜ ŭŮ ůɡɛɛŮŰɏɢŮɘ ůŰɖ ɢɟɤɛŬŰɞɔɟŬűɘəɐ 

ŭɘŬŭɘəŬůɑŬ. ɈɣɖɚɧŰŮɟŮɠ Űɘɛɏɠ ɞŭɖɔɞɨɜ ůŮ əŬɚɨŰŮɟɞ ŭɘŬɢɤɟɘůɛɧ, ŬɚɚɎ ŬɡɝɎɜɞɡɜ Űɞ 

ɢɟɧɜɞ ŬɜɎɚɡůɖɠ, 

¶ ɞ ůɡɜŰŮɚŮůŰɐɠ əŬŰŬɜɞɛɐɠ, Ⱦ Űɖɠ ɞɡůɑŬɠ, 

¶ ɞ ůɡɜŰŮɚŮůŰɐɠ ŭɘŬɢɤɟɘůɛɞɨ, Ŭ: ŮəűɟɎɕŮɘ Űɞ ɛɏŰɟɞ Űɖɠ ŮɡəɞɚɑŬɠ ɐ Űɖɠ ŭɡůəɞɚɑŬɠ Ůɜɧɠ 

ŭɘŬɢɤɟɘůɛɞɨ əɎŰɤ Ŭˊɧ Űɘɠ ŮɝŮŰŬɕɧɛŮɜŮɠ ɢɟɤɛŬŰɞɔɟŬűɘəɏɠ ůɡɜɗɐəŮɠ. Ƀ ŭɘŬɢɤɟɘůɛɧɠ 

ɔɑɜŮŰŬɘ ŮɡəɞɚɧŰŮɟɞɠ ɧŰŬɜ Űɞ Ŭ ŬˊɞəɚɑɜŮɘ Ŭˊɧ Űɖ ɛɞɜɎŭŬ, 

¶ ɖ ŬˊɞŰŮɚŮůɛŬŰɘəɧŰɖŰŬ Űɖɠ ůŰɐɚɖɠ: ŮəűɟɎɕŮŰŬɘ Ŭˊɧ Űɞɜ Ŭɟɘɗɛɧ Űɤɜ ɗŮɤɟɖŰɘəɩɜ 

ŭɑůəɤɜ, Ɂ əŬɘ Ŭˊɧ Űɞ ɗŮɤɟɖŰɘəɧ ɨɣɞɠ əɎɗŮ ŭɑůəɞɡ, ȼ, 

¶ ɖ ŭɘŬɢɤɟɘůŰɧŰɖŰŬ, Rs: ŮəűɟɎɕŮɘ ˊɞůɞŰɘəɎ Űɞ ɛɏŰɟɞ ŭɘŬɢɤɟɘůɛɞɨ ŭɨɞ ůɡůŰŬŰɘəɩɜ, 

¶ ɞ ůɡɜŰŮɚŮůŰɐɠ ŬůɡɛɛŮŰɟɑŬɠ, ȷs: ŮəűɟɎɕŮɘ Űɞ ɛɏŰɟɞ ŬůɡɛɛŮŰɟɑŬɠ ɛɘŬɠ ŮəɚɡɧɛŮɜɖɠ 

əɞɟɡűɐɠ. 

ȼ Ɉɔɟɐ ɉɟɤɛŬŰɞɔɟŬűɑŬ Ɉɣɖɚɐɠ ȷˊɧŭɞůɖɠ ŬɜŬűɏɟŮŰŬɘ əŬɘ ɤɠ ɡɣɖɚɐɠ ˊɑŮůɖɠ ɐ ɡɣɖɚɐɠ 

ŰŬɢɨŰɖŰŬɠ. ȼ ˊɞɘɞŰɘəɐ ŬɜɎɚɡůɖ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛɏůɤ Űɞɡ ɢɟɧɜɞɡ ŬɜɎůɢŮůɖɠ əŬɘ ɖ ˊɞůɞŰɘəɐ 

ɛɏůɤ Űɞɡ ɨɣɞɡɠ ɐ Űɞɡ ŮɛɓŬŭɞɨ Űɖɠ əɞɟɡűɐɠ ɏəɚɞɡůɖɠ. 

 

4.4.13.2 ɄŮɘɟŬɛŬŰɘəɐ ŭɘŬŭɘəŬůɑŬ 

 ȼ Ɉɔɟɐ ɉɟɤɛŬŰɞɔɟŬűɑŬ Ɉɣɖɚɐɠ ȷˊɧŭɞůɖɠ ŮűŬɟɛɧůŰɖəŮ ɔɘŬ Űɖ ɛŮɚɏŰɖ Űɖɠ 

ŬˊɞŭɏůɛŮɡůɖɠ Űɖɠ ɛŮŰɟɞɜɘŭŬɕɧɚɖɠ Ŭˊɧ ɛɐŰɟŬ ˊɞɚɡůɘɚɞɝɎɜɖɠ ůɡɛˊɨəɜɤůɖɠ ɛŮůŬɑɞɡ 

ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ, əŬɘ ɜŬɜɞůɡɜɗɏŰɤɜ Űɖɠ ɛŮ Cloisite 30B ůŮ ůɡɔəŮɜŰɟɩůŮɘɠ 2 əŬɘ 5 phr. 

ɆɡɔəŮəɟɘɛɏɜŬ, ŰŬ ŭŮɑɔɛŬŰŬ ˊɞɡ ɛŮɚŮŰɐɗɖəŬɜ ɛŮ UV-Vis, ůɡɚɚɏɔɞɜŰŬɜ ůŮ ˊɚŬůŰɘəɞɨɠ 

ůɡɚɚɏəŰŮɠ (ependorf). ɀŮ Űɖ ɓɞɐɗŮɘŬ ɏɜŮůɖɠ, ɛɘəɟɐ ˊɞůɧŰɖŰŬ ŭɘŬɓɘɓŬɕɧŰŬɜ ůŰɞ ůɨůŰɖɛŬ 

ŮɘůŬɔɤɔɐɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ ůŰɖ ůŰɐɚɖ. ȼ ɛŮŰɟɞɜɘŭŬɕɧɚɖ ŮɛűŬɜɑɕŮɘ əɞɟɡűɐ ůŰŬ 320 nm. ɇɞ 

ŮɛɓŬŭɧɜ Űɖɠ əɞɟɡűɐɠ ŬɡŰɐɠ ɛŮŰŬŰɟɏˊŮŰŬɘ ůŮ ůɡɔəɏɜŰɟɤůɖ ɛŮ ɢɟɐůɖ əŬɛˊɨɚɖɠ ŬɜŬűɞɟɎɠ. ȼ 

ŭɘŬŭɘəŬůɑŬ ŬɡŰɐ ŮˊŬɜŬɚŬɛɓɎɜŮŰŬɘ ůŮ ŰŬəŰɎ ɢɟɞɜɘəɎ ŭɘŬůŰɐɛŬŰŬ. ɇɏɚɞɠ ɏɔɘɜŮ ůɨɔəɟɘůɖ Űɤɜ 

ŭɨɞ ɛŮɗɧŭɤɜ ɛɏŰɟɖůɖɠ Űɖɠ ŭɟŬůŰɘəɐɠ ɞɡůɑŬɠ ůŰɞ ŭɘɎɚɡɛŬ.  

 

 
ɆɢɐɛŬ 4.27: ɆɡůəŮɡɐ ɡɔɟɐɠ ɢɟɤɛŬŰɞɔɟŬűɑŬɠ ɡɣɖɚɐɠ Ŭˊɧŭɞůɖɠ. 
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4.4.14 ɀŮɚɏŰɖ Űɖɠ ɓɘɞůɡɛɓŬŰɧŰɖŰŬɠ ɜŬɜɞůɡɜɗɏŰɤɜ ˊɞɚɡůɘɚɞɝɎɜɖɠ 

 

4.4.14.1 ɀŮɚɏŰɖ ŬɜɎˊŰɡɝɖɠ ɡŭɟɞɝɡŬˊŬŰɑŰɖ ůŰɖɜ ŮˊɘűɎɜŮɘŬ ŭɞəɘɛɑɤɜ ɛŮŰɎ Ŭˊɧ ŮɛɓɎˊŰɘůɖ ůŮ 

ŭɘɎɚɡɛŬ ˊɞɡ ˊɟɞůɞɛɞɘɩɜŮɘ ŰŬ ɡɔɟɎ Űɞɡ Ŭɜɗɟɩˊɘɜɞɡ ůɩɛŬŰɞɠ (Simulated body fluid, SBF) 

ɇɞ ˊɟɞůɞɛɞɘɤɛɏɜɞ ŭɘɎɚɡɛŬ ůɤɛŬŰɘəɩɜ ɡɔɟɩɜ (Simulated Body Fluid, SBF) ŮɑɜŬɘ ɏɜŬ 

ŭɘɎɚɡɛŬ ɛŮ ůɡɔəɏɜŰɟɤůɖ ɘɧɜŰɤɜ ůɢŮŭɧɜ ɑůɖ ɛŮ ŬɡŰɐ ůŰɞ ˊɚɎůɛŬ Űɞɡ Ŭɜɗɟɩˊɘɜɞɡ ŬɑɛŬŰɞɠ 

(ɄɑɜŬəŬɠ 4.17). ɉɟɖůɘɛɞˊɞɘŮɑŰŬɘ Űɧůɞ ɔɘŬ Űɖɜ ŮəŰɑɛɖůɖ Űɖɠ ɓɘɞŮɜŮɟɔɧŰɖŰŬɠ ŰŮɢɜɖŰɩɜ 

ɓɘɞɦɚɘəɩɜ ɧůɞ əŬɘ Űɞɜ ˊɟɞůŭɘɞɟɘůɛɧ Űɖɠ ˊɞůɧŰɖŰŬɠ Űɖɠ űŬɟɛŬəŮɡŰɘəɐɠ ɞɡůɑŬɠ ˊɞɡ 

ŮəɟɞűɎŰŬɘ Ŭˊɧ əɎˊɞɘɞ ůɨůŰɖɛŬ ɛŮŰŬűɞɟɎɠ űŬɟɛɎəɞɡ ɛŮ űɞɟɏŬ, ůɡɜɐɗɤɠ, əɎˊɞɘɞ əŮɟŬɛɘəɧ 

ɛŮ in vitro ́ ŮɘɟɎɛŬŰŬ 
[7]

.  

 

ɄɑɜŬəŬɠ 4.17: ɃɜɞɛŬůŰɘəɐ Űɘɛɐ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɤɜ ɘɧɜŰɤɜ Űɞɡ SBF ůŮ ůɨɔəɟɘůɖ ɛŮ ŬɡŰɐ ůŰɞ 

ˊɚɎůɛŬ Űɞɡ Ŭɜɗɟɩˊɘɜɞɡ ŬɑɛŬŰɞɠ 
[7]

.  

 Na
+
 K

+
 Mg

2+
 Ca

2+
 Cl

-
 HCO3

-
 HPO4

2-
 SO4

2-
 

SBF 
(mɀ) 

142.0 5.0 1.5 2.5 147.8 4.2 1.0 0.5 

ɄɚɎůɛŬ 
(mM) 

142.0 5.0 1.5 2.5 103.0 27.0 1.0 0.5 

 

4.4.14.2 ɄŮɘɟŬɛŬŰɘəɐ ŭɘŬŭɘəŬůɑŬ 

ɇɧůɞ ɔɘŬ Űɖɜ ˊŬɟŬůəŮɡɐ Űɞɡ SBF ŭɘŬɚɨɛŬŰɞɠ ɧůɞ əŬɘ ɔɘŬ Űɞɜ əŬɗŬɟɘůɛɧ Űɤɜ ůəŮɡɩɜ 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɡˊŮɟəɎɗŬɟɞ ɜŮɟɧ, Űɞ ɞˊɞɑɞ ŮɑɜŬɘ ŭɘɠ ŬˊŮůŰŬɔɛɏɜɞ əŬɘ ŬˊɞůŰŮɘɟɤɛɏɜɞ. 

ȼ ŭɘŬŭɘəŬůɑŬ ˊŬɟŬůəŮɡɐɠ Űɞɡ ŭɘŬɚɨɛŬŰɞɠ SBF ŬˊŬɘŰŮɑ ɧɚŬ ŰŬ ůəŮɨɖ ˊɞɡ ɗŬ 

ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ɜŬ ŮɑɜŬɘ ˊɞɚɨ əŬɗŬɟɎ ˊɟɘɜ əŬɘ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ˊŬɟŬůəŮɡɐɠ, ŬɚɚɎ əŬɘ 

ɔɘŬ ɧůɞ əŬɘɟɧ Űɞ ŭɘɎɚɡɛŬ ŮɑɜŬɘ ŬˊɞɗɖəŮɡɛɏɜɞ ɜŬ ŮɑɜŬɘ əŬɗŬɟɧ əŬɘ ŭɘŬɡɔɏɠ ɢɤɟɑɠ ɜŬ 

ŬɘɤɟɞɨɜŰŬɘ ůɤɛŬŰɑŭɘŬ ˊɞɡ ɜŬ ŮɑɜŬɘ ŭɘŬəɟɘŰɎ ɛŮ Űɞ ɛɎŰɘ. ɇŬ ůɤɛŬŰɑŭɘŬ ɛɏůŬ ůŰɞ ŭɘɎɚɡɛŬ ɗŬ 

ɚŮɘŰɞɡɟɔɐůɞɡɜ ɤɠ ˊɡɟɐɜŮɠ ŮŰŮɟɞɔŮɜɞɨɠ əɟɡůŰɎɚɚɤůɖɠ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ŭɖɛɘɞɡɟɔɖɗɞɨɜ 

əɟɨůŰŬɚɚɞɘ ɛɏůŬ ůŰɞ ŭɘɎɚɡɛŬ ˊɟɘɜ Űɞ ɢɟɖůɘɛɞˊɞɘɐůɞɡɛŮ əŬɘ ɜŬ ɏɢŮɘ ŭɘŬűɞɟŮŰɘəɐ 

ůɡɔəɏɜŰɟɤůɖ ůŰŬ ŭɘɎűɞɟŬ ɘɧɜŰŬ.  Ⱥˊɑůɖɠ, ŮɑɜŬɘ ˊɘɗŬɜɧ ɜŬ ŬɜŬˊŰɡɢɗɞɨɜ ɛɘəɟɞɞɟɔŬɜɘůɛɞɑ 

ɛɞɚɨɜɞɜŰŬɠ Űɞ ŭɘɎɚɡɛŬ.  

 

ɄɑɜŬəŬɠ 4.18: ȷˊŬɘŰɞɨɛŮɜŮɠ ˊɞůɧŰɖŰŮɠ ůɡůŰŬŰɘəɩɜ SBF ɔɘŬ Űɖɜ ˊŬɟŬůəŮɡɐ 1000 ml SBF (Kokubo 

& Takadama, 2006). 

ɆŮɘɟɎ 

ŰɞˊɞɗɏŰɖůɖɠ 

ȷɜŰɘŭɟŬůŰɐɟɘŬ/ɀɞɟɘŬəɧɠ 

/ɆɡɜŰŬəŰɘəɧɠ ɇɨˊɞɠ 

ȷˊŬɘŰɞɨɛŮɜɖ 

ˊɞůɧŰɖŰŬ 

1 NaCl 7.996 g 

2 NaHCO3 0.350 g 

3 KCl 0.224 g 

4 K2HPO4*3H2O 0.228 g 

5 MgCl2*6H2O 0.305 g 

6 1M-HCl 40 ml 

7 CaCl2 0.278 

8 Na2SO4 0.071 

9 (CH2OH)3CNH2 6.057 
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ȷɟɢɘəɎ ɧɚŬ ŰŬ ůəŮɨɖ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ, ɝŮˊɚɨɗɖəŬɜ ɛŮ ŭɘɎɚɡɛŬ ɡŭɟɞɢɚɤɟɑɞɡ 

1ɀ-HCl, ɛŮ ŬˊɞɟɟɡˊŬɜŰɘəɧ əŬɘ Űɏɚɞɠ ɛŮ ɡˊŮɟəɎɗŬɟɞ ɜŮɟɧ. ɆŰɖ ůɡɜɏɢŮɘŬ ŬűɏɗɖəŬɜ ɧɚŬ ŰŬ 

ůəŮɨɖ ɜŬ ůŰŮɔɜɩůɞɡɜ ˊɚɐɟɤɠ ůŮ ŭɘɖɗɖŰɘəɧ ɢŬɟŰɑ. 

ɀŮ Űɖɜ ɓɞɐɗŮɘŬ ɕɡɔɞɨ ŬəɟɘɓŮɑŬɠ, ɕɡɔɑůŰɖəŮ ɖ ŬˊŬɘŰɞɨɛŮɜɖ ˊɞůɧŰɖŰŬ ůŮ g Űɞɡ əɎɗŮ 

Ůɜɧɠ ůɡůŰŬŰɘəɞɨ, əŬɘ ŰɞˊɞɗŮŰɐɗɖəŮ ɛɏůŬ ůŮ ˊɞŰɐɟɘ ɕɏůŮɤɠ ɧˊɞɡ ɡˊɐɟɢŮ 600ml Ůɜɏůɘɛɞ ɜŮɟɧ 

əɎŰɤ Ŭˊɧ ůɡɜŮɢɐ ɛŬɔɜɖŰɘəɐ ŬɜɎŭŮɡůɖ. ɇɞ əɎɗŮ ůɡůŰŬŰɘəɧ ˊɟɞůŰɏɗɖəŮ ůŰɞ ŭɘɎɚɡɛŬ ɛŮŰɎ 

Ŭˊɧ Űɖɜ ˊɚɐɟɖ ŭɘɎɚɡůɖ Űɞɡ ˊɟɞɖɔɞɨɛŮɜɞɡ. ɆŰɞ Űɏɚɞɠ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ Űɞ ŭɘɎɚɡɛŬ 

ɟɡɗɛɑůŰɖəŮ ůŰɞɡɠ 37
ɞ
C əŬɘ pH 7.4. ȷəɞɚɞɨɗɤɠ Űɞ ŭɘɎɚɡɛŬ ɛŮŰŬűɏɟɗɖəŮ ůŮ ɞɔəɞɛŮŰɟɘəɐ 

űɘɎɚɖ Űɤɜ 1000ml əŬɘ ůɡɛˊɚɖɟɩɗɖəŮ ɛŮ ɡˊŮɟəɎɗŬɟɞ ɜŮɟɧ. ɇɏɚɞɠ Űɞ ŭɘɎɚɡɛŬ ŭɘŬŰɖɟɐɗɖəŮ 

ůŰɞ ɣɡɔŮɑɞ. ɇŬ ůɨɜɗŮŰŬ ˊɞɚɡůɘɚɞɝɎɜɖɠ ŰɞˊɞɗŮŰɐɗɖəŬɜ ůŮ ŬˊɞůŰŮɘɟɤɛɏɜŬ ˊɚŬůŰɘəɎ ŭɞɢŮɑŬ 

(ɞɡɟɞůɡɚɚɏəŰŮɠ Űɞɡ Ůɛˊɞɟɑɞɡ) ɛŬɕɑ ɛŮ 40ml ŭɘɎɚɡɛŬ SBF, ɔɘŬ 7, 21 əŬɘ 40 ɛɏɟŮɠ ŬɜŰɑůŰɞɘɢŬ. 

ȾɎɗŮ ŭɨɞ ɖɛɏɟŮɠ ŰŬ ŭɞəɑɛɘŬ ɝŮˊɚɏɜɞɜŰŬɜ ɛŮ ŭɘɎɚɡɛŬ  SBF, əŬɘ ŰɞˊɞɗŮŰɞɨɜŰŬɜ ɝŬɜɎ ůŰɞɡ 

37
o
C ɛŮ ɜɏɞ ŭɘɎɚɡɛŬ. ɀŮŰɎ Űɞ ˊɏɟŬɠ Űɞɡ ˊŮɘɟɎɛŬŰɞɠ, ŰŬ ŭɞəɑɛɘŬ ˊɚɨɗɖəŬɜ ɛŮ ŬəŮŰɧɜɖ əŬɘ 

Ŭˊɘɞɜɘůɛɏɜɞ ɜŮɟɧ əŬɘ ŬűɏɗɖəŬɜ ɜŬ ůŰŮɔɜɩůɞɡɜ ˊɚɐɟɤɠ ɔɘŬ 48 ɩɟŮɠ ˊɟɘɜ ŬəɞɚɞɡɗɐůŮɘ ɞ 

ɢŬɟŬəŰɖɟɘůɛɧɠ Űɞɡɠ.  

 

 

4.4.15 ɀŮɚɏŰɖ Űɖɠ ɓɘɞůɡɛɓŬŰɧŰɖŰŬɠ ɛɏůɤ əɡŰŰŬɟɞəŬɚɚɘŮɟɔŮɘɩɜ ůŮ ɡˊɞůŰɟɩɛŬŰŬ 

ɜŬɜɞůɡɜɗɏŰɤɜ ˊɞɚɡůɘɚɞɝɎɜɖɠ  

ȼ ɓɘɞůɡɛɓŬŰɧŰɖŰŬ Űɤɜ ɓɘɞɦɚɘəɩɜ ŬɝɘɞɚɞɔŮɑŰŬɘ ɔŮɜɘəɎ ɛŮ ŰɟŮɘɠ Űɟɧ́ ɞɡɠ: (i) ŭɞəɘɛɏɠ in vitro, 

(ii) ŭɞəɘɛɏɠ ůŮ ˊŮɘɟŬɛŬŰɧɕɤŬ əŬɘ (iii) ŭɞəɘɛɏɠ ɢɟɐůɖɠ ůŮ ŮɗŮɚɞɜŰɏɠ. 

ɆŰɘɠ ŭɞəɘɛŬůɑŮɠ in vitro ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůɡůŰɐɛŬŰŬ ˊɟɞəŬɟɡɤŰɘəɩɜ ɐ ŮɡəŬɟɡɤŰɘəɩɜ 

əɡŰŰɎɟɤɜ ůŰɞ ŮɟɔŬůŰɐɟɘɞ, ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŮɚŮɔɢɗɞɨɜ ˊŬɟɎɛŮŰɟɞɘ, ɧ́ ɤɠ ɞ ɟɡɗɛɧɠ 

ŬɜɎ́ Űɡɝɖɠ, ɖ ɛŮŰŬɓɞɚɘəɐ ŭɟŬůŰɖɟɘɧŰɖŰŬ, ɖ ɛŮŰŬɚɚŬɝɘɞɔɧɜɞɠ ŭɟɎůɖ Űɤɜ ɡɚɘəɩɜ (ˊ.ɢ Ames 

test) əŬɘ ŭɘɎűɞɟŮɠ ɎɚɚŮɠ əɡŰŰŬɟɘəɏɠ ɚŮɘŰɞɡɟɔɑŮɠ. ɇɞ ɓŬůɘəɧ ́ɚŮɞɜɏəŰɖɛŬ ŬɡŰɩɜ Űɤɜ 

ŭɞəɘɛŬůɘɩɜ ŮɑɜŬɘ ɧŰɘ ɛˊɞɟɞɨɜ ɜŬ əŬɗɞɟɘůŰɞɨɜ ɛŮ ŬəɟɑɓŮɘŬ ɞɘ ˊŮɘɟŬɛŬŰɘəɏɠ ůɡɜɗɐəŮɠ, ŮɑɜŬɘ 

ŮˊŬɜŬɚɐɣɘɛŮɠ əŬɘ ůɢŮŰɘəɎ ɔɟɐɔɞɟŮɠ əŬɘ ɞɘəɞɜɞɛɘəɏɠ. ɇɞ ɓŬůɘəɧ ɛŮɘɞɜɏəŰɖɛŬ ŮɑɜŬɘ ŭŮɜ 

ˊɟɞůɞɛɞɘɎɕɞɡɜ ɛŮ ŬəɟɑɓŮɘŬ Űɖɜ ˊɞɚɨ́ ɚɞəɖ ɓɘɞɚɞɔɘəɐ ŬɜŰɑŭɟŬůɖ Űɞɡ ůɡɜɧɚɞɡ Űɞɡ 

ɞɟɔŬɜɘůɛɞɨ 
[8, 9, 10]

. ɆŰɘɠ ŭɞəɘɛŬůɑŮɠ ůŮ ˊŮɘɟŬɛŬŰɧɕɤŬ Űɞ ɡˊɧ ŮɝɏŰŬůɖ ɡɚɘəɧ ŰɞˊɞɗŮŰŮɑŰŬɘ ůŮ 

ŮˊŬűɐ ɛŮ Űɞɡɠ əŬŰɎɚɚɖɚɞɡɠ ɘůŰɞɨɠ ɐ ɛˊɞɟŮɑ ɜŬ ŮɛűɡŰŮɨŮŰŬɘ ůŰɞ ˊŮɘɟŬɛŬŰɧɕɤɞ. ɀŮ Űɞɜ 

Űɟɧ́ ɞ ŬɡŰɧ ˊɟɞůɞɛɞɘɎɕɞɜŰŬɘ əŬɚɨŰŮɟŬ ɞɘ ˊɞɚɨ́ ɚɞəŮɠ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ Űɞɡ ɡɚɘəɞɨ ɛŮ Űɞ 

ɕɤɜŰŬɜɧ ɞɟɔŬɜɘůɛɧ. Ⱥˊɘˊɚɏɞɜ, ɛˊɞɟɞɨɜ ɜŬ ɛŮɚŮŰɖɗɞɨɜ əŬɘ ˊŬɟɎɛŮŰɟɞɘ ɧ́ ɤɠ ɖ 

ŬɚɚŮɟɔɘɞɔɧɜɞɠ ŭɟɎůɖ ɐ ɖ ůɡůŰɖɛŬŰɘəɐ ŰɞɝɘəɧŰɖŰŬ Űɞɡ ɡɚɘəɞɨ, əɎŰɘ ˊɞɡ ŭŮɜ ŮɑɜŬɘ ŮűɘəŰɧ ɛŮ 

Űɘɠ ŭɞəɘɛŬůɑŮɠ in vitro. ɀŮɘɞɜŮəŰɞɨɜ, ɤůŰɧůɞ, əŬɗɩɠ ŮɑɜŬɘ ŮɝŬɘɟŮŰɘəɎ ŭɨůəɞɚɞ ɜŬ ŮɚŮɔɢɗɞɨɜ 

ɞɘ ˊŮɘɟŬɛŬŰɘəɏɠ ůɡɜɗɐəŮɠ əŬɘ ɜŬ ˊɟɞəɨɣɞɡɜ ůɡɛˊŮɟɎůɛŬŰŬ ůɢŮŰɘəɎ ɛŮ Űɞɡɠ ŬəɟɘɓŮɑɠ 

ɛɖɢŬɜɘůɛɞɨɠ ɓɘɞɚɞɔɘəɐɠ ŭɟɎůɖɠ. Ⱥˊɘˊɚɏɞɜ, ŰɑɗŮɜŰŬɘ əŬɘ ɕɖŰɐɛŬŰŬ ɖɗɘəɐɠ əŬɘ ˊɟɧɜɞɘŬɠ ůŮ ɧŰɘ 

ŬűɞɟɎ ůŰŬ ɕɩŬ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŰɘɠ ɏɟŮɡɜŮɠ ŬɡŰɏɠ 
[8, 9, 10]

. ɇɏɚɞɠ, ɞɘ ŭɞəɘɛŬůɑŮɠ ɢɟɐůɖɠ 

(usage tests) ŬˊɞŰŮɚɞɨɜ ůŰɖ ɞɡůɑŬ əɚɘɜɘəɏɠ ɏɟŮɡɜŮɠ ůŮ ŮɗŮɚɞɜŰɏɠ, ɧ́ ɞɡ Űɞ ɡɚɘəɧ ŰɞˊɞɗŮŰŮɑŰŬɘ 

ůŰɞɡɠ ɘůŰɞɨɠ (target tissues) ɔɘŬ Űɞɡɠ ɞˊɞɑɞɡɠ ́ɟɞɞɟɑɕŮŰŬɘ ɖ əɚɘɜɘəɐ Űɞɡ ɢɟɐůɖ. Ⱥɝô ɞɟɘůɛɞɨ 

ɞɘ ŭɞəɘɛŬůɑŮɠ ŬɡŰɏɠ ŮɑɜŬɘ ɞɘ ˊɚɏɞɜ Ŭɝɘɧ́ ɘůŰŮɠ, ŬɚɚɎ ˊŬɟɞɡůɘɎɕɞɡɜ əŬɘ ˊɞɚɚɞɨɠ 

ˊŮɟɘɞɟɘůɛɞɨɠ. ȷɡŰɞɑ Ŭűɞɟɞɨɜ ůŰɞ ɢɟɧɜɞ, Űɞ əɧůŰɞɠ, ůŮ ɖɗɘəɎ əŬɘ ɜɞɛɘəɎ ɕɖŰɐɛŬŰŬ, ŬɚɚɎ əŬɘ 

ůŰɖɜ ŮɝŬɘɟŮŰɘəɐ ŭɡůəɞɚɑŬ ŮɟɛɖɜŮɑŬɠ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ. ɇŬ ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ ɞɘ ŮɟŮɡɜɖŰɏɠ 

ɏɢɞɡɜ ŬɜŬɔɜɤɟɑůŮɘ ɧŰɘ ɞ ˊɘɞ əŬŰɎɚɚɖɚɞɠ əŬɘ ŬˊɞŰŮɚŮůɛŬŰɘəɧɠ Űɟɧ́ ɞɠ Ŭɝɘɞɚɧɔɖůɖɠ Űɤɜ 
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ɓɘɞɦɚɘəɩɜ ŮɑɜŬɘ ɞ ůɡɜŭɡŬůɛɧɠ in vitro əŬɘ əɚɘɜɘəɩɜ ŭɞəɘɛŬůɘɩɜ ůŮ ˊŮɘɟŬɛŬŰɧɕɤŬ əŬɘ ůŮ 

Ŭɜɗɟɩ́ ɞɡɠ. 

 

4.4.15.1 ɄŮɘɟŬɛŬŰɘəɐ ŭɘŬŭɘəŬůɑŬ 

ũɘŬ Űɖɜ ɛŮɚɏŰɖ Űɖɠ ɓɘɞůɡɛɓŬŰɧŰɖŰŬɠ ɛɏůɤ əɡŰŰŬɟɞəŬɚɚɘŮɟɔŮɘɩɜ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ 

ɜŬɜɞůɨɜɗŮŰŬ ˊɞɚɡůɘɚɞɝɎɜɖɠ ůɡɛˊɨəɜɤůɖɠ ůŮ ŬɜŬɚɞɔɑŬ 5phr. ɇŬ ɛɏůŬ Ůɜɑůɢɡůɖɠ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɐŰŬɜ: (i) ŭɨɞ Űɨˊɞɘ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛɞɜɛɞɟɘɚɚɞɜɑŰɖ (Cloisite 

30B, Cloisite 20A) (ii) ɏɜŬɠ ɛɖ Űɟɞˊɞˊɞɘɖɛɏɜɞɠ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖɠ (Nanofil 116), (iii ) 

ɡŭɟɞɝɡŬˊŬŰɑŰɖɠ (ȼȷ), (iv) ŰɟɞˊɞˊɞɘɖɛɏɜŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ əŬɘ (v) 

ůɤɛŬŰɑŭɘŬ ɓɘɞŭɟŬůŰɘəɐɠ ɡɎɚɞɡ.  

Ƀɘ əɡŰŰŬɟɘəɏɠ ůŮɘɟɏɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɐŰŬɜ ɛɘŬ ɜŮɞˊɚŬůŰɘəɐ ůŮɘɟɎ ɘɜɞɓɚŬůŰɩɜ 

(3ɇ3) əŬɘ ɛɘŬ ɜŮɞˊɚŬůŰɘəɐ ůŮɘɟɎ ɞůŰŮɞɓɚŬůŰɩɜ (MG 63). Ƀɘ əŬɚɚɘɏɟɔŮɘŮɠ 

ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ůŮ ŬˊɞůŰŮɘɟɤɛɏɜɞ əɚɑɓŬɜɞ ɛŮ ůŰŬɗŮɟɐ ɗŮɟɛɞəɟŬůɑŬ 37
o
C əŬɘ ůŰŬɗŮɟɐ 

ɟɞɐ 5% CO2 əŬɘ 95% ŬɏɟŬ. ɉɟɖůɘɛɞˊɞɘɐɗɖəŮ Űɞ ɗɟŮˊŰɘəɧ ɡɚɘəɧ Dulbeccoôs Modified 

Eagleôs Medium (DMEM), ɛŮ ˊɟɞůɗɐəɖ 10% fetal bovine serum (FBS), 1% L-glutamine, 

and 1% ŬɜŰɘɓɘɞŰɘəɩɜ (penicillin-streptomycin), ůŰɞ ɞˊɞɑɞ ɔɘɜɧŰŬɜ ŭɘŬɢɤɟɘůɛɧɠ əɎɗŮ 2-3 

ɛɏɟŮɠ. ũɘŬ Űɖɜ Ŭˊɞəɧɚɚɖůɖ Űɤɜ əɡŰŰɎɟɤɜ Ŭˊɧ ŰŬ ŰɟɘɓɚɑŬ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ 0.25% trypsin. 

ȳɚŬ ŰŬ ɜŬɜɞůɨɜɗŮŰŬ ɝŮˊɚɨɗɖəŬɜ ɛŮ FBS əŬɘ ŬˊɞůŰŮɘɟɩɗɖəŬɜ ůŮ əɚɑɓŬɜɞ ůŰɞɡɠ 

134
ɞ
C, ɔɘŬ 35min. ȷəɞɚɞɨɗɖůŮ 15min (ɔɘŬ əɎɗŮ ˊɚŮɡɟɎ Űɞɡ ŭɞəɘɛɑɞɡ) ɏəɗŮůɖ ůŮ 

ŬəŰɘɜɞɓɞɚɑŬ UV.  

 ɇŬ ŭɞəɑɛɘŬ ŰɞˊɞɗŮŰɐɗɖəŬɜ ůŮ Ůɘŭɘəɏɠ ˊɚɎəŮɠ əŬɚɚɘɏɟɔŮɘŬɠ 24-ɗɏůŮɤɜ, əŬɘ ůŰɖɜ 

ůɡɜɏɢŮɘŬ ɏɔɘɜŮ ŮɜŬˊɧɗŮůɖ Űɖɠ ŮəɎůŰɞŰŮ əŬɚɚɘɏɟɔŮɘŬɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ɜŬɜɞůɡɜɗɏŰɞɡ 

(1x10
4
 cells/cm

2
), ɧˊɞɡ əŬɘ ˊŬɟɏɛŮɘɜŬɜ ɔɘŬ 24, 48, 72 ɩɟŮɠ ŬɜŰɑůŰɞɘɢŬ.  

 

   

ɆɢɐɛŬ 4.28: ɄŮɘɟŬɛŬŰɘəɐ ŭɘŬŭɘəŬůɑŬ ŮɜŬˊɧɗŮůɖɠ əɡŰŰɎɟɤɜ ůŰɖɜ ŮˊɘűɎɜŮɘŬ ɜŬɜɞůɡɜɗɏŰɤɜ 

ˊɞɚɡůɘɚɞɝɎɜɖɠ ůɡɛˊɨəɜɤůɖɠ.  

ȼ ɛŮɚɏŰɖ Űɖɠ ɓɘɤůɘɛɧŰɖŰŬɠ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛŮ Űɖɜ ŬɜŬɔɤɔɐ Űɞɡ ɀɇɇ (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) ůŮ ɏɜŬ ɛˊɚŮ ˊɟɞɥɧɜ űɞɟɛŬɕɎɜɖɠ Ŭˊɧ 

Űɘɠ ɛɘŰɞɢɞɜŭɟɘŬəɏɠ ŬűɡŭɟɞɔɞɜɎůŮɠ Űɤɜ ɕɤɜŰŬɜɩɜ əɡŰŰɎɟɤɜ, əŬɗɩɠ Ůˊɑůɖɠ əŬɘ ɛŮ Űɖɜ ɢɟɐůɖ 

Űɞɡ ɞˊŰɘəɞɨ ɛɘəɟɞůəɞˊɑɞɡ. ɇɏɚɞɠ, ɛŮɚŮŰɐɗɖəŮ ɖ əɡŰŰŬɟɘəɐ ˊɟɞůəɧɚɚɖůɖ Űɤɜ əɡŰŰɎɟɤɜ ůŰɞ 

ŮˊɘűɎɜŮɘŬ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ, ɛŮ Űɖɜ ɓɞɐɗŮɘŬ Űɖɠ ɖɚŮəŰɟɞɜɘəɐɠ ɛɘəɟɞůəɞˊɑŬɠ ůɎɟɤůɖɠ.   
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5.1 ȺɘůŬɔɤɔɐ 

 

ɆŰɞ ˊŬɟɧɜ əŮűɎɚŬɘɞ ŮɝŮŰɎɕŮŰŬɘ ɖ ŮˊɑŭɟŬůɖ ŭɘɎűɞɟɤɜ ŬɜɧɟɔŬɜɤɜ ɛɏůɤɜ Ůɜɑůɢɡůɖɠ 

ůŰɖɜ ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ ˊɞɚɡůɘɚɞɝɎɜɖɠ (PDMS) ɛŮ ŬəɟŬɑŮɠ ɡŭɟɞɝɡɚɘəɏɠ ɞɛɎŭŮɠ ˊɞɡ 

ŬəɞɚɞɡɗŮɑ ɛɖɢŬɜɘůɛɧ ůɡɛˊɨəɜɤůɖɠ. Ƀɘ ŰŮɚɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ ɡɚɘəɩɜ ŬɡŰɩɜ, 

ŮɝŬɟŰɩɜŰŬɘ ɛŮŰŬɝɨ Ɏɚɚɤɜ əŬɘ Ŭˊɧ Űɖɜ ˊɞɟŮɑŬ ˊɞɡ ŬəɞɚɞɡɗŮɑ ɞ ɓɞɡɚəŬɜɘůɛɧɠ, ɔɘŬ Űɞ ɚɧɔɞ 

ŬɡŰɧ əɟɑɜŮŰŬɘ ůəɧˊɘɛɞ ɜŬ ɛŮɚŮŰɖɗŮɑ ɖ ŬɜŰɑŭɟŬůɖ əŬŰɎ Űɖɜ Ůɝɏɚɘɝɐ Űɖɠ.  

ɋɠ ɛɐŰɟŮɠ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ŰɟŮɘɠ Űɨˊɞɘ ˊɞɚɡůɘɚɞɝɎɜɖɠ ŭɘŬűɞɟŮŰɘəɞɨ ɛɞɟɘŬəɞɨ 

ɓɎɟɞɡɠ, ɢŬɛɖɚɞɨ, ɛŮůŬɑɞɡ əŬɘ ɡɣɖɚɧŰŮɟɞɡ ŬɜŰɑůŰɞɘɢŬ əŬɘ ɤɠ ɛɏůŬ Ůɜɑůɢɡůɖɠ ŮɝŮŰɎůŰɖəŬɜ 

ŭɨɞ Űɨˊɞɘ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ ɛŮ ɞɟɔŬɜɘəɐ Űɟɞˊɞˊɞɑɖůɖ Űɞɡ ŭɘŬɘɗɡɚ-

ŰŮŰŬɟŰɞŰŬɔɞɨɠ Ŭɛɛɤɜɑɞɡ ɛŮ ɡŭɟɞɔɞɜɤɛɏɜɖ ŬɚŮɘűŬŰɘəɐ ŬɚɡůɑŭŬ (Cloisite 20A) əŬɘ ɛŮɗɡɚ, 

ŭɘŬɘɗɡɚɞɚ-ŰŮŰŬɟŰɞŰŬɔɞɨɠ Ŭɛɛɤɜɑɞɡ ɛŮ ŬɚŮɘűŬŰɘəɐ ŬɚɡůɑŭŬ (Cloisite 30B), ɏɜŬɠ ɛɖ 

Űɟɞˊɞˊɞɘɖɛɏɜɞɠ (Nanofil 116), ɜŬɜɞůɤɛŬŰɑŭɘŬ ɡŭɟɞɝɡŬˊŬŰɑŰɖ (HA) əŬɘ Űɏɚɞɠ 

ŰɟɞˊɞˊɞɘɖɛɏɜŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ ɛŮ ŭɘɛŮɗɡɚ-ŭɘɢɚɤɟɞůɘɚɎɜɘɞ (Aerosil 

R972). ȼ ɛŮɚɏŰɖ Űɖɠ Ůɝɏɚɘɝɖɠ Űɞɡ ɘɝɩŭɞɡɠ əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ ůŮ ɧɚŬ ŰŬ ůɡůŰɐɛŬŰŬ ɏɔɘɜŮ 

ɛŮ Űɖ ɓɞɐɗŮɘŬ Űɖɠ ɘɝɤŭɞɛŮŰɟɑŬɠ Brookfield. ȼ ɛŮŰŬɓɞɚɐ Űɞɡ ɘɝɩŭɞɡɠ ůŮ ůɡɜɎɟŰɖůɖ ɛŮ Űɞ 

ɢɟɧɜɞ ŮɑɜŬɘ ůɖɛŬɜŰɘəɐ ˊŬɟɎɛŮŰɟɞɠ ˊɞɡ ůɡɜŭɏŮŰŬɘ ɛŮ Űɖɜ ˊɟɧɞŭɞ Űɖɠ ŬɜŰɑŭɟŬůɖɠ.  

ȼ ˊɞɟŮɑŬ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ ˊŬɟŬəɞɚɞɡɗɐɗɖəŮ Ůˊɑůɖɠ ɛɏůɤ Űɖɠ ŭɘŬűɞɟɘəɐɠ 

ɗŮɟɛɘŭɞɛŮŰɟɑŬɠ ůɎɟɤůɖɠ ɖɛɘŰɞɜɞŮɘŭɞɨɠ ɗɏɟɛŬɜůɖɠ (ȷDSC). ũɘŬ Űɖɜ əŬŰŬɔɟŬűɐ Űɖɠ 

ˊɟɞɧŭɞɡ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ ɛŮ ADSC ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ˊŮɘɟɎɛŬŰŬ ɛɏůɤ ɛɖ 

ɘůɞɗŮɟɛɞəɟŬůɘŬəɎ ˊŮɘɟɎɛŬŰŬ ɛŮ Űɞ ɟɡɗɛɧ ɗɏɟɛŬɜůɖɠ ɜŬ ŬəɞɚɞɡɗŮɑ ɖɛɘŰɞɜɞŮɘŭɐ Ůɝɏɚɘɝɖ. 

ȷˊɧ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ŰŮɢɜɘəɐɠ ŬɡŰɐɠ, ɏɔɘɜŮ ůɡɔəɟɘŰɘəɐ ɛŮɚɏŰɖ, ɏŰůɘ ɩůŰŮ ɜŬ ŮɝŮŰŬůŰŮɑ ɖ 

ŮˊɑŭɟŬůɖ Űɖɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ŬɚɚɎ əŬɘ Űɞɡ Űɨˊɞɡ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ůŰɖɜ ˊɞɟŮɑŬ Űɖɠ 

ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ. ɇɏɚɞɠ ɛŮ Űɖ ɓɞɐɗŮɘŬ Űɖɠ űŬůɛŬŰɞůəɞˊɑŬɠ ɡˊŮɟɨɗɟɞɡ ɛŮ 

ɛŮŰŬůɢɖɛŬŰɘůɛɧ Fourier ˊŬɟŬəɞɚɞɡɗɐɗɖəŮ ɖ Ůɝɏɚɘɝɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ ůŮ ɗŮɟɛɞəɟŬůɑŬ 

ŭɤɛŬŰɑɞɡ. ȷˊɧ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ űŬůɛŬŰɞůəɞˊɑŬɠ ɡˊŮɟɨɗɟɞɡ ɛŮ ɛŮŰŬůɢɖɛŬŰɘůɛɧ 

Fourier (FTIR-ATR), ɛŮɚŮŰɐɗɖəŮ ůŮ ɓɎɗɞɠ ɖ ŮˊɑŭɟŬůɖ Űɤɜ ɛɏůɤɜ Ůɜɑůɢɡůɖɠ ɛɏůɤ Űɤɜ 

ɢɖɛɘəɩɜ ɛŮŰŬɓɞɚɩɜ ˊɞɡ əŬŰŬɔɟɎűɞɜŰŬɘ ɛŮ Űɖɜ ŰŮɢɜɘəɐ ŬɡŰɐ əŬŰɎ Űɖɜ Ůɝɏɚɘɝɖ Űɞɡ 

ɓɞɡɚəŬɜɘůɛɞɨ. 
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5.2 ɀŮɚɏŰɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ ɜŬɜɞůɡɜɗɏŰɤɜ ˊɞɚɡůɘɚɞɝɎɜɖɠ ůɡɛˊɨəɜɤůɖɠ 

ɛɏůɤ ɘɝɤŭɞɛŮŰɟɑŬɠ BROOKFIELD 

 

5.2.1 ɁŬɜɞůɨɜɗŮŰŬ ˊɞɚɡůɘɚɞɝɎɜɖɠ ůɡɛˊɨəɜɤůɖɠ ɢŬɛɖɚɞɨ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ (LMW PDMS) 

 ɆŰɞ ɆɢɐɛŬ 5.1 ŬˊŮɘəɞɜɑɕŮŰŬɘ ɖ ɛŮŰŬɓɞɚɐ Űɞɡ ɘɝɩŭɞɡɠ Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ əŬɘ Űɤɜ 

ɜŬɜɞůɡɜɗɏŰɤɜ Cloisite 20A əŬɘ Cloisite 30B ůɡɜŬɟŰɐůŮɘ Űɞɡ ɢɟɧɜɞɡ. ɇɞ ůɨůŰɖɛŬ Űɖɠ ɛɖ-

Ůɜɘůɢɡɛɏɜɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊŬɟɞɡůɘɎɕŮɘ Ŭɟɔɧ ɟɡɗɛɧ Ŭɨɝɖůɖɠ Űɞɡ ɘɝɩŭɞɡɠ ɔɘŬ Űɘɠ ˊɟɩŰŮɠ 5 

ɩɟŮɠ Ůɝɏɚɘɝɖɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ əŬɘ ŬəɞɚɞɡɗŮɑ ůŰɖ ůɡɜɏɢŮɘŬ ŰŬɢɨŰŬŰɖ Ŭɨɝɖůɖ Űɤɜ Űɘɛɩɜ Űɞɡ. 

ȼ ŮɘůŬɔɤɔɐ ɧɚɤɜ Űɤɜ Űɨˊɤɜ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ɞŭɖɔŮɑ ůŮ ŰŬɢɨŰŮɟɖ Ŭɨɝɖůɖ Űɞɡ ɘɝɩŭɞɡɠ 

ůŰɖɜ ŮɝŮŰŬɕɧɛŮɜɖ ɢɟɞɜɘəɐ ˊŮɟɑɞŭɞ, ůŮ ůɢɏůɖ ɛŮ Űɖɜ ɛɖ Ůɜɘůɢɡɛɏɜɖ PDMS. ɄŬɟŬŰɖɟŮɑŰŬɘ 

Ůˊɑůɖɠ ɧŰɘ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ, Űɞ Ŭɟɢɘəɧ ɘɝɩŭŮɠ ˊŬɟɞɡůɘɎɕŮɘ ɛɘŬ ŬˊɧŰɞɛɖ 

ŬɡɝɖŰɘəɐ ŰɎůɖ, ɔŮɔɞɜɧɠ ˊɞɡ ŮɑɢŮ ˊŬɟŬŰɖɟɖɗŮɑ əŬɘ ɞˊŰɘəɎ əŬŰɎ Űɖɜ ˊŬɟŬůəŮɡɐ Űɤɜ 

ŭŮɘɔɛɎŰɤɜ. ȳůɞ ŮɝŮɚɑůůŮŰŬɘ ɖ ŬɜŰɑŭɟŬůɖ Űɞ ɘɝɩŭŮɠ ŬɡɝɎɜŮŰŬɘ ɛŮ ŭɘŬűɞɟŮŰɘəɧ ɟɡɗɛɧ ɔɘŬ 

əɎɗŮ ůɡɔəɏɜŰɟɤůɖ, ŬɚɚɎ əŬɘ ɔɘŬ əɎɗŮ Űɨˊɞ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ. ȷˊɧ Űɞ ɆɢɐɛŬ 5.1, 

ŭɘŬˊɘůŰɩɜŮŰŬɘ ŰŬɢɨŰŮɟɖ Ůɝɏɚɘɝɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɔɘŬ ŰŬ ɜŬɜɞůɨɜɗŮŰŬ Cloisite 30B, ůŮ 

ůɨɔəɟɘůɖ ɛŮ ŰŬ ɜŬɜɞůɨɜɗŮŰŬ Cloisite 20A ůŰɘɠ ɢŬɛɖɚɏɠ ŬɜŬɚɞɔɑŮɠ (1, 2, 3.5phr) Ůɜɩ Űɞ 

űŬɘɜɧɛŮɜɞ ŬɜŰɘůŰɟɏűŮŰŬɘ ɧůɞ ŬɡɝɎɜŮŰŬɘ ɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ. ɆŰŬ 

ɜŬɜɞůɨɜɗŮŰŬ Cloisite 20ȷ ŭɘŬˊɘůŰɩɜŮŰŬɘ ɧŰɘ ɔɘŬ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ 1, 2 əŬɘ 3.5phr, ɖ 

ŮˊɘŰɎɢɡɜůɖ ůŰɞ ɟɡɗɛɧ Ŭɨɝɖůɖɠ Űɞɡ ɘɝɩŭɞɡɠ ŮɑɜŬɘ ˊɘɞ ɞɛŬɚɐ əŬɘ ŮɜŰŮɑɜŮŰŬɘ ůŰɖɜ ˊŮɟɘɞɢɐ Űɤɜ 

ɡɣɖɚɩɜ ůɡɔəŮɜŰɟɩůŮɤɜ (5, 8, 10phr). ɆŰŬ ɜŬɜɞůɨɜɗŮŰŬ Cloisite 30B ɔɘŬ ůɡɔəɏɜŰɟɤůɖ 1phr 

ˊŬɟŬŰɖɟŮɑŰŬɘ ɞɛŬɚɐ Ŭɨɝɖůɖ Űɞɡ ɘɝɩŭɞɡɠ, ɖ ɞˊɞɑŬ ŬɡɝɎɜŮɘ ůɖɛŬɜŰɘəɎ ɔɘŬ ůɡɔəŮɜŰɟɩůŮɘɠ 2, 

3.5 əŬɘ 5phr əŬɘ ˊɘɞ ɏɜŰɞɜŬ ɔɘŬ 8 əŬɘ 10phr. 
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ɆɢɐɛŬ 5.1: ȹɘɎɔɟŬɛɛŬ ɛŮŰŬɓɞɚɐɠ Űɞɡ ɘɝɩŭɞɡɠ əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ Ŭ) ɜŬɜɞůɡɜɗɏŰɤɜ Cloisite 20A 

əŬɘ ɓ) ɜŬɜɞůɡɜɗɏŰɤɜ Cloisite 30ȸ/LMW
 
PDMS ůɡɛˊɨəɜɤůɖɠ.
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ɆɢɐɛŬ 5.2: ȹɘɎɔɟŬɛɛŬ ɛŮŰŬɓɞɚɐɠ Űɞɡ ɘɝɩŭɞɡɠ əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ Ŭ) ɜŬɜɞůɡɜɗɏŰɤɜ HA əŬɘ ɓ) 

ɜŬɜɞůɡɜɗɏŰɤɜ Aerosil R972/LMW
 
PDMS ůɡɛˊɨəɜɤůɖɠ. 

 ɇɧůɞ ŰŬ ůɤɛŬŰɑŭɘŬ Űɞɡ HA ɧůɞ əŬɘ ůɤɛŬŰɑŭɘŬ Űɞɡ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ 

ˊɡɟɘŰɑɞɡ (Aerosil R972), Ůˊɘűɏɟɞɡɜ ɛŮɔŬɚɨŰŮɟɖ ŬɜŰɑůŰŬůɖ ůŰɖ ɟɞɐ, ůŮ ůɨɔəɟɘůɖ ɛŮ Űɖɜ ɛɖ 

Ůɜɘůɢɡɛɏɜɖ PDMS, ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ŬɡɝɎɜɞɡɜ Űɞ Ŭɟɢɘəɧ ɘɝɩŭŮɠ. ȷˊɧ Űɞ ɆɢɐɛŬ 5.2Ŭ əŬɘ 

5.2ɓ, ŭɘŬˊɘůŰɩɜŮŰŬɘ ˊɤɠ ɧůɞ ŬɡɝɎɜŮŰŬɘ ɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Űɧůɞ 

ŬɡɝɎɜŮŰŬɘ ɞ ɟɡɗɛɧɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ, ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ɛŮɘɩɜŮŰŬɘ ɞ ɢɟɧɜɞɠ ɞɚɞəɚɐɟɤůɖɠ Űɞɡ 

ɓɞɡɚəŬɜɘůɛɞɨ. ȾŬŰɎ Űɖɜ ŮɘůŬɔɤɔɐ Űɞɡ Aerosil R972 əŬɘ ůŮ ŬɜŬɚɞɔɑŮɠ 5 əŬɘ 8phr 

ŭɘŬˊɘůŰɩɜɞɜŰŬɘ ŭɨɞ ɟɡɗɛɞɑ Ůɝɏɚɘɝɖɠ Űɞɡ ɘɝɩŭɞɡɠ, űŬɘɜɧɛŮɜɞ ˊɞɡ ŭŮɜ ˊŬɟŬŰɖɟɐɗɖəŮ ůŮ 

əŬɜɏɜŬ Ɏɚɚɞ ůɨůŰɖɛŬ. ȾŬŰɎ Űɖɜ ɏɜŬɟɝɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ ˊŬɟŬŰɖɟŮɑŰŬɘ ŬˊɧŰɞɛɖ Ŭɨɝɖůɖ 

ůŰɞ ɘɝɩŭŮɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ űŬɑɜŮŰŬɘ ɜŬ ŬəɞɚɞɡɗŮɑ ɛɘŬ ɞɛŬɚɧŰŮɟɖ Ůɝɏɚɘɝɖ. 

ȼ ŬˊɧŰɞɛɖ Ŭɨɝɖůɖ Űɞɡ ɘɝɩŭɞɡɠ ůŰŬ ˊɟɩŰŬ ɚŮˊŰɎ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ ŭɘŬˊɘůŰɩɗɖəŮ əŬɘ 

ɞˊŰɘəɎ əŬŰɎ Űɖɜ ˊŬɟŬůəŮɡɐ Űɤɜ ŭɞəɘɛɑɤɜ. ȼ ɞɟɔŬɜɘəɐ Űɟɞˊɞˊɞɑɖůɖ ˊɞɡ űɏɟɞɡɜ ŰŬ 

ɜŬɜɞůɤɛŬŰɑŭɘŬ Űɞɡ Aerosil R972, ˊɘɗŬɜɧɜ ŭɟɞɡɜ əŬŰŬɚɡŰɘəɎ ůŰɖɜ ɏɜŬɟɝɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ 

ůɡɛɛŮŰɏɢɞɜŰŬɠ ůŰɖɜ ŬɜŰɑŭɟŬůɖ ɛɏůɤ ɢɖɛɘəɩɜ ŬɚɚɖɚŮˊɘŭɟɎůŮɤɜ, ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ 

ŬɡɝɎɜɞɡɜ Űɞɜ Ŭɟɢɘəɧ ɟɡɗɛɧ ɛŮŰŬɓɞɚɐɠ Űɞɡ ɘɝɩŭɞɡɠ. 

 

 

5.2.2 ɁŬɜɞůɨɜɗŮŰŬ ˊɞɚɡůɘɚɞɝɎɜɖɠ ůɡɛˊɨəɜɤůɖɠ ɛŮůŬɑɞɡ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ (MMW PDMS) 

ȷˊɧ Űɞ ɆɢɐɛŬ 5.3 ɔɑɜŮŰŬɘ űŬɜŮɟɧ ɧŰɘ ɖ ŮɘůŬɔɤɔɐ ɧɚɤɜ Űɤɜ Űɨˊɤɜ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ 

ŬɡɝɎɜŮɘ Űɞ ɘɝɩŭŮɠ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ MMW PDMS ɛŮ Űɖɜ ˊɎɟɞŭɞ Űɞɡ ɢɟɧɜɞɡ, ŰŬɢɨŰŮɟŬ 

Ŭˊɧ ŬɡŰɧ Űɖɠ ɛɖ Ůɜɘůɢɡɛɏɜɖɠ PDMS. ɇɞ ɘɝɩŭŮɠ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ Nanofil 116 ŬɡɝɎɜŮŰŬɘ 

ŰŬɢɨŰŮɟŬ ůŮ ůɢɏůɖ ɛŮ ŰŬ ŬɜŰɑůŰɞɘɢɖɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ɜŬɜɞůɨɜɗŮŰŬ ɛŮ ɞɟɔŬɜɘəɎ 

Űɟɞˊɞˊɞɘɖɛɏɜɖ ɞɟɡəŰɐ Ɏɟɔɘɚɞ. ȼ ˊŬɟŬŰɐɟɖůɖ ŬɡŰɐ ůɡɜɎŭŮɘ ɛŮ Űɞ ɛɘəɟɧŰŮɟɞ ɢɟɧɜɞ ˊɞɡ 

ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ Űɖɜ ɞɚɞəɚɐɟɤůɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ ŬɡŰɩɜ. ȳůɞɜ ŬűɞɟɎ 

Űɖɜ Ůɝɏɚɘɝɖ Űɞɡ ɘɝɩŭɞɡɠ ɛŮ Űɞ ɢɟɧɜɞ ɔɘŬ ŰŬ ŭɘɎűɞɟŬ ɛɏůŬ Ůɜɑůɢɡůɖɠ, ŮˊɘɓŬɘɓŮɩɜŮŰŬɘ ˊŮɟɑˊɞɡ 

ɖ ůɡɛˊŮɟɘűɞɟɎ ˊɞɡ ŮɑɢŮ ˊŬɟŬŰɖɟɖɗŮɑ ɔɘŬ ŰŬ ůɡůŰɐɛŬŰŬ Űɖɠ LMW PDMS. ɆɡɔəŮəɟɘɛɏɜŬ, ɖ 

Ŭɨɝɖůɖ Űɞɡ ɘɝɩŭɞɡɠ ůɡɜŬɟŰɐůŮɘ Űɞɡ ɢɟɧɜɞɡ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ŰŬɢɨŰŮɟŬ ɔɘŬ ŰŬ ɜŬɜɞůɨɜɗŮŰŬ 

Űɞɡ Cloisite 30B ɔɘŬ ůɡɔəŮɜŰɟɩůŮɘɠ 1 əŬɘ 2phr ůŮ ůɢɏůɖ ɛŮ ŰŬ ŬɜŰɑůŰɞɘɢŬ ŭɞəɑɛɘŬ Űɞɡ 

Cloisite 20ȷ, Ůɜɩ ůŰɘɠ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ 3.5 əŬɘ 5phr, ɖ ɛŮŰŬɓɞɚɐ Űɞɡ ɘɝɩŭɞɡɠ ɛŮ Űɞ ɢɟɧɜɞ 

ŮɑɜŬɘ ˊŬɟɧɛɞɘŬ əŬɘ ɔɘŬ ŰŬ ŭɨɞ ɛɏůŬ Ůɜɑůɢɡůɖɠ. ũɘŬ Űɘɠ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ 8 əŬɘ 10phr, ɧˊɞɡ ɖ 

ůɡɛˊŮɟɘűɞɟɎ ŬɜŰɘůŰɟɏűŮŰŬɘ əŬɘ Űɞ ɘɝɩŭŮɠ ŬɡɝɎɜŮŰŬɘ ŰŬɢɨŰŮɟŬ ůŰŬ ɜŬɜɞůɨɜɗŮŰŬ Űɞɡ Cloisite 
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20ȷ. Ⱥˊɘˊɚɏɞɜ, ɔɘŬ Űɘɠ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ 1, 2 əŬɘ 3.5phr, ɖ Ŭɟɢɘəɐ Űɘɛɐ Űɞɡ ɘɝɩŭɞɡɠ ŮɑɜŬɘ 

ˊŮɟɑˊɞɡ ɑŭɘŬ əŬɘ ɔɘŬ Űɞɡɠ ŭɨɞ Űɨˊɞɡɠ Ůɜɑůɢɡůɖɠ, Ůɜɩ ɔɘŬ Űɘɠ 5, 8 əŬɘ 10phr, ŰŬ ɜŬɜɞůɨɜɗŮŰŬ 

Cloisite 20A ˊŬɟɞɡůɘɎɕɞɡɜ ɛŮɔŬɚɨŰŮɟŮɠ Ŭɟɢɘəɏɠ Űɘɛɏɠ.  
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 2phr Nan116/MMW PDMS ůɡɛˊɨəɜɤůɖɠ

 3.5phr Nan116/MMW PDMS ůɡɛˊɨəɜɤůɖɠ

 5phr Nan116/MMW PDMS ůɡɛˊɨəɜɤůɖɠ
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 10phr Nan116/MMW PDMS ůɡɛˊɨəɜɤůɖɠ

 MMW PDMS ůɡɛˊɨəɜɤůɖɠ

 1phr Cl20A/MMW PDMS ůɡɛˊɨəɜɤůɖɠ

 2phr Cl20A/MMW PDMS ůɡɛˊɨəɜɤůɖɠ

 3.5phr Cl20A/MMW PDMS ůɡɛˊɨəɜɤůɖɠ

 5phr Cl20A/MMW PDMS ůɡɛˊɨəɜɤůɖɠ

 8phr Cl20A/MMW PDMS ůɡɛˊɨəɜɤůɖɠ
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 1phr Cl30B/MMW PDMS ůɡɛˊɨəɜɤůɖɠ

 2phr Cl30B/MMW PDMS ůɡɛˊɨəɜɤůɖɠ

 3.5phr Cl30B/MMW PDMS ůɡɛˊɨəɜɤůɖɠ

 5phr Cl30B/MMW PDMS ůɡɛˊɨəɜɤůɖɠ

 8phr Cl30B/MMW PDMS ůɡɛˊɨəɜɤůɖɠ

 10phr Cl30B/MMW PDMS ůɡɛˊɨəɜɤůɖɠ
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ɆɢɐɛŬ 5.3: ȹɘɎɔɟŬɛɛŬ ɛŮŰŬɓɞɚɐɠ Űɞɡ ɘɝɩŭɞɡɠ əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ Ŭ) ɜŬɜɞůɡɜɗɏŰɤɜ Cloisite 20A, 

ɓ) ɜŬɜɞůɡɜɗɏŰɤɜ Cloisite 30ȸ
 
əŬɘ ɔ) ɜŬɜɞůɡɜɗɏŰɤɜ Nanofil116/MMW PDMS ůɡɛˊɨəɜɤůɖɠ. 

ɀŮ ɓɎůɖ ŰŬ ˊŬɟŬˊɎɜɤ, ˊŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ Űɖɠ 

ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɞɡ ŮɜɘůɢɨɗɖəŬɜ ɛŮ Cloisite 30B ɡˊɎɟɢɞɡɜ ŭɨɞ ˊŮɟɘɞɢɏɠ ůŰɖɜ Ůɝɏɚɘɝɖ Űɞɡ 

ɘɝɩŭɞɡɠ ůŮ ůɡɜɎɟŰɖůɖ ɛŮ Űɞ ɢɟɧɜɞ:ĿŬɡŰɐ Űɤɜ 1, 2 əŬɘ 3.5phr əŬɘ ŬɡŰɐ Űɤɜ 5, 8 əŬɘ 10phr. 

ɆŰŬ ɜŬɜɞůɨɜɗŮŰŬ Űɞɡ Cloisite 20A əŬɘ ůŰŬ ɜŬɜɞůɨɜɗŮŰŬ Űɞɡ Nanofil116 űŬɑɜŮŰŬɘ ɜŬ 

ůɢɖɛŬŰɑɕɞɜŰŬɘ ŰɟŮɘɠ ˊŮɟɘɞɢɏɠ Ůɝɏɚɘɝɖɠ Űɞɡ ɘɝɩŭɞɡɠ ɛŮ ˊŬɟɧɛɞɘɞ Űɟɧˊɞ:ĿŰɤɜ 1 əŬɘ 2phr, Űɤɜ 

3.5 əŬɘ 5phr əŬɘ Űɏɚɞɠ Űɤɜ 8 əŬɘ 10phr.   
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5.2.3 ɁŬɜɞůɨɜɗŮŰŬ ˊɞɚɡůɘɚɞɝɎɜɖɠ ůɡɛˊɨəɜɤůɖɠ ɡɣɖɚɞɨ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ (HMW PDMS) 

 ȷˊɧ Űɞ ɆɢɐɛŬ 5.4, ŭɘŬˊɘůŰɩɜŮŰŬɘ ɧŰɘ ɔɘŬ Űɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ 

ˊɞɚɡůɘɚɞɝɎɜɖɠ ɡɣɖɚɞɨ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ ɖ ŮɘůŬɔɤɔɐ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ůŰɖ ůɘɚɘəɧɜɖ 

ŮˊɘŰŬɢɨɜŮɘ Űɖ ɛŮŰŬɓɞɚɐ Űɞɡ ɘɝɩŭɞɡɠ ɛŮ Űɞ ɢɟɧɜɞ ůŮ ɧɚŮɠ Űɘɠ ɡˊɧ ɛŮɚɏŰɖ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ, ůŮ 

ůɢɏůɖ ɛŮ Űɖɜ ŬɜŰɑůŰɞɘɢɖ ɛɖ Ůɜɘůɢɡɛɏɜɖ ůɘɚɘəɧɜɖ. ɇɞ Ůɨɟɞɠ Űɘɛɩɜ Űɞɡ ɘɝɩŭɞɡɠ ŬɡɝɐɗɖəŮ 

ůɡɔəɟɘŰɘəɎ ɛŮ ɧɚŬ ŰŬ ɡˊɧɚɞɘˊŬ ůɡůŰɐɛŬŰŬ (LMW, MMW PDMS), ɚɧɔɤ Űɞɡ ɡɣɖɚɞɨ 

Ŭɟɢɘəɞɨ ɘɝɩŭɞɡɠ Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ. ɆŰɘɠ ŬɜŬɚɞɔɑŮɠ 1 əŬɘ 2phr ŭɘŬˊɘůŰɩɜŮŰŬɘ ŰŬɢɨŰŮɟɖ 

Ůɝɏɚɘɝɖ Űɤɜ Űɘɛɩɜ Űɞɡ ɘɝɩŭɞɡɠ ůɡɜŬɟŰɐůŮɘ Űɞɡ ɢɟɧɜɞɡ ůŰŬ ɜŬɜɞůɨɜɗŮŰŬ ɛŮ Cloisite 20ȷ, 

ůɡɔəɟɘŰɘəɎ ɛŮ ŰŬ ɜŬɜɞůɨɜɗŮŰŬ Űɞɡ Cloisite 30B. ɆŮ ɛŮɔŬɚɨŰŮɟŮɠ ŬɜŬɚɞɔɑŮɠ ŭɘŬˊɘůŰɩɜŮŰŬɘ 

ˊŬɟɧɛɞɘŬ Ůɝɏɚɘɝɖ əŬɘ ɔɘŬ ŰŬ ŭɨɞ ŮɝŮŰŬɕɧɛŮɜŬ ůɡůŰɐɛŬŰŬ Ƀɀɀɇ. 
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ɆɢɐɛŬ 5.4: ȹɘɎɔɟŬɛɛŬ ɛŮŰŬɓɞɚɐɠ Űɞɡ ɘɝɩŭɞɡɠ əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ Ŭ) ɜŬɜɞůɡɜɗɏŰɤɜ Cloisite 20A 

əŬɘ ɓ) ɜŬɜɞůɡɜɗɏŰɤɜ Cloisite 30ȸ/ȼMW PDMS ůɡɛˊɨəɜɤůɖɠ. 

 ɆŰɞ ɆɢɐɛŬ 5.4 ŬˊɞŰɡˊɩɜɞɜŰŬɘ ŰɟŮɑɠ ˊŮɟɘɞɢɏɠ ˊŬɟɧɛɞɘŬɠ Ůɝɏɚɘɝɖɠ Űɞɡ ɘɝɩŭɞɡɠ Űɤɜ 

ɜŬɜɞůɡɜɗɏŰɤɜ Cloisite 20ȷ: 1 əŬɘ 2phr, 3.5 əŬɘ 5phr əŬɘ Űɏɚɞɠ Űɤɜ 8 əŬɘ 10phr. ɆŰŬ 

ɜŬɜɞůɨɜɗŮŰŬ Cloisite 30B ŬˊɞŰɡˊɩɜɞɜŰŬɘ ŭɨɞ ˊŮɟɘɞɢɏɠ ˊŬɟɧɛɞɘŬɠ Ůɝɏɚɘɝɖɠ Űɞɡ ɘɝɩŭɞɡɠ: 1 

əŬɘ 2phr, əŬɘ 3.5, 5, 8 əŬɘ 10phr.   

 

 

5.2.4 ɀŬɗɖɛŬŰɘəɐ ˊɟɞůɏɔɔɘůɖ Űɖɠ ɛŮŰŬɓɞɚɐɠ Űɞɡ ɘɝɩŭɞɡɠ ɜŬɜɞůɡɜɗɏŰɤɜ ˊɞɚɡůɘɚɞɝɎɜɖɠ 

ůɡɛˊɨəɜɤůɖɠ  

ɆŮ ɧɚŬ ŰŬ ŮɝŮŰŬɕɧɛŮɜŬ ůɡůŰɐɛŬŰŬ ŮűŬɟɛɧůŰɖəŮ ɛŮ əŬŰɎɚɚɖɚɖ ˊɟɞůŬɟɛɞɔɐ 

ɛŬɗɖɛŬŰɘəɐ Ůɝɑůɤůɖ ŮəɗŮŰɘəɐɠ ɛɞɟűɐɠ ůŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɞɡ ɘɝɩŭɞɡɠ ůŮ ůɜɎɟŰɖůɖ ɛŮ Űɞ 

ɢɟɧɜɞ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ.  



 

 
ȾȺūȷȿȷȽɃ 5ɞ 

106 

 

 

)exp(0 tnAyy **+=
     Ůɝ. 5.1 

ɧˊɞɡ  

y: ɖ Űɘɛɐ Űɞɡ ɘɝɩŭɞɡɠ ůŮ ɢɟɧɜɞ t 

0y : ɖ ɗŮɤɟɖŰɘəɐ, Ŭɟɢɘəɐ Űɘɛɐ Űɞɡ ɘɝɩŭɞɡɠ 

t: ɞ ɢɟɧɜɞɠ (min) 

n: ɖ ŰɎɝɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ 

ȷˊɧ Űɞɡɠ ɄɑɜŬəŮɠ 5.1 əŬɘ 5.2 ɔɑɜŮŰŬɘ űŬɜŮɟɧ ɧŰɘ ɖ ŰɎɝɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ 

ŬɡɝɎɜŮŰŬɘ ɛŮ Űɖɜ ŮɘůŬɔɤɔɐ Űɤɜ ɛɏůɤɜ Ůɜɑůɢɡůɖɠ. ȷɡŰɧ ůɖɛŬɑɜŮɘ ɧŰɘ ɖ ŮɜůɤɛɎŰɤůɖ Űɤɜ 

ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ɞŭɖɔŮɑ ůŰɞɜ ˊŮɟɘɞɟɘůɛɧ Űɖɠ əɑɜɖůɖɠ Űɤɜ Ŭɚɡůɑŭɤɜ Űɞɡ ŮɚŬůŰɞɛŮɟɞɨɠ əŬɘ 

Ůˊɞɛɏɜɤɠ ůŰɖɜ Ŭɨɝɖůɖ Űɞɡ ɘɝɩŭɞɡɠ. ȳůɞɜ ŬűɞɟɎ Űɞ Cloisite 30B, ůɖɛŮɘɩɜŮŰŬɘ Ŭɨɝɖůɖ Űɖɠ 

ŰɎɝɖɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɛɏɢɟɘ Űɖɜ ŬɜŬɚɞɔɑŬ 5phr, Ůɜɩ ůŮ ɛŮɔŬɚɨŰŮɟŮɠ ůɡɔəŮɜŰɟɩůŮɘɠ 

ŭɘŬŰɖɟŮɑŰŬɘ ůŰŬɗŮɟɐ, ɔɘŬ ɧɚŬ ŰŬ ŮɝŮŰŬɕɧɛŮɜŬ ůɡůŰɐɛŬŰŬ. ȼ ŮɘůŬɔɤɔɐ Űɞɡ Cloisite 20A ůŮ 

ɧɚŮɠ Űɘɠ ŮɝŮŰŬɕɧɛŮɜŮɠ ɛɐŰɟŮɠ, ŮˊɘűɏɟŮɘ Ŭɨɝɖůɖ Űɞɡ n, Űɞ ɞˊɞɑɞ ɚŬɛɓɎɜŮɘ ɧɚɞ əŬɘ ɛŮɔŬɚɨŰŮɟŮɠ 

Űɘɛɏɠ, ŬɡɝŬɜɞɛɏɜɞɡ Űɞɡ ˊɞůɞůŰɞɨ Űɖɠ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɖɠ Ŭɟɔɑɚɞɡ ůŰɖ ůɘɚɘəɧɜɖ.  

ɄɑɜŬəŬɠ 5.1: ɇɘɛɏɠ ŮəɗɏŰɖ n Ŭˊɧ Űɖɜ ˊɟɞůŬɟɛɞɔɐ Űɖɠ Ůɝ. (1) ůŰɖɜ ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ. 

ȷɜŬɚɞɔɑŬ 

ɛɏůɞɡ Ůɜɑůɢɡůɖɠ 

(phr) 

LMW PDMS  

Cloisite 20A Cloisite 30B HA Aerosil R972 

0 0.74 

1 0.57 0.60 - - 

2 0.80 1.29 - - 

3.5 1.19 1.01 - - 

5 2.16 1.33 0.81 0.49 

8 2.15 1.50 0.81 - 

10 2.13 1.48 1.17 - 

12 - - 1.24 - 

20 - - 2.56 - 

 

ɄɑɜŬəŬɠ 5.2: ɇɘɛɏɠ ŮəɗɏŰɖ n Ŭˊɧ Űɖɜ ˊɟɞůŬɟɛɞɔɐ Űɖɠ Ůɝ. 5.1 ůŰɖɜ ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ. 

ȷɜŬɚɞɔɑŬ 

ɛɏůɞɡ 

Ůɜɑůɢɡůɖɠ 

(phr) 

MMW PDMS  ȼMW PDMS 

Cloisite 20A Cloisite 30B Nanofil 116 Cloisite 20A Cloisite 30B 

0 0.05 0.05 

1 0.06 0.07 0.14 0.09 0.05 

2 0.08 0.10 0.20 0.11 0.09 

3.5 0.11 0.12 0.26 0.19 0.18 

5 0.14 0.18 0.31 0.17 0.24 

8 0.26 0.16 0.44 0.23 0.26 

10 0.32 0.15 0.41 0.32 0.25 
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ɆɢɐɛŬ 5.5: ȹɘɎɔɟŬɛɛŬ ɛŮŰŬɓɞɚɐɠ Űɞɡ ɘɝɩŭɞɡɠ əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ ɜŬɜɞůɡɜɗɏŰɤɜ PDMS 

ůɡɛˊɨəɜɤůɖɠ, ůŮ ŬɜŬɚɞɔɑŬ 5phr ɧɚɤɜ Űɤɜ Űɨˊɤɜ Ůɜɑůɢɡůɖɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ. 

ȷˊɧ Űɞ ůɡɔəɟɘŰɘəɧ ŭɘɎɔɟŬɛɛŬ Űɖɠ Ůɝɏɚɘɝɖɠ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ ɔɘŬ ŰŬ ŮɝŮŰŬɕɧɛŮɜŬ 

ɜŬɜɞůɨɜɗŮŰŬ ůŰɖɜ əɞɘɜɐ ŬɜŬɚɞɔɑŬ Űɤɜ 5phr (ɆɢɐɛŬ 5.5), ˊŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ əɎɗŮ ɛɏůɞ 

ŮˊɖɟŮɎɕŮɘ ɛŮ ŭɘŬűɞɟŮŰɘəɧ Űɟɧˊɞ Űɖɜ ˊɞɟŮɑŬ Űɖɠ ŬɜŰɑŭɟŬůɖɠ. ɄɘɗŬɜɏɠ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ 

ɛŮŰŬɝɨ Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ ɛŮ ŬəɟŬɑŮɠ ɡŭɟɞɝɡɚɘəɏɠ ɞɛɎŭŮɠ əŬɘ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ 

ŭɘŬűɞɟɞˊɞɘɞɨɜ Űɖɜ ˊɞɟŮɑŬ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ. ɇɞ ůɨůŰɖɛŬ ɛŮ Űɞ ŭɘɞɝŮɑŭɘɞ Űɞɡ 

ˊɡɟɘŰɑɞɡ ůŰɖɜ Ŭɟɢɐ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ˊŬɟɞɡůɘɎɕŮɘ Űɞɜ ŰŬɢɨŰŮɟɞ ɟɡɗɛɧ ɛŮŰŬŰɟɞˊɐɠ ɞ ɞˊɞɑɞɠ 

ɛŮɘɩɜŮŰŬɘ ŮɚŬűɟɎ ůŰɖ ůɡɜɏɢŮɘŬ. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɞɡ ɡŭɟɞɝɡŬˊŬŰɑŰɖ, ɞ ɛŮɘɤɛɏɜɞɠ 

ůɡɔəɟɘŰɘəɎ ɟɡɗɛɧɠ Ŭɨɝɖůɖɠ Űɞɡ ɘɝɩŭɞɡɠ ůɡɜŭɏŮŰŬɘ ɛŮ Űɞ ɔŮɔɞɜɧɠ ɧŰɘ əŬŰɎ Űɖɜ ˊŬɟŬůəŮɡɐ 

Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ ŭŮ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ˊŮɟŬɘŰɏɟɤ ɟɐɝɖ Űɖɠ ɜŬɜɞŭɞɛɐɠ ˊɞɡ ɜŬ ɞŭɖɔɐůŮɘ ůŮ 

Ŭɨɝɖůɖ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ ɜŬɜɞůɤɛŬŰɘŭɑɞɡ-ˊɞɚɡɛŮɟɞɨɠ. Ⱥˊɑůɖɠ ůɡɜŭɏŮŰŬɘ əŬɘ ɛŮ Űɖ ɢɖɛɘəɐ 

ůɨůŰŬůɖ Űɞɡ HA əŬɘ Űɖɜ ŬˊɞɡůɑŬ Űɤɜ ɞɛɎŭɤɜ Si-OH, ɧˊɤɠ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɞɡ 

ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ, ˊɞɡ ɛˊɞɟɞɨɜ ɜŬ ŬɚɚɖɚŮˊɘŭɟɎůɞɡɜ ɛŮ Űɖɜ ˊɞɚɡůɘɚɞɝɎɜɖ. ȼ ˊŬɟɞɡůɑŬ Űɤɜ 

ŭɘŮůˊŬɟɛɏɜɤɜ ˊɚŬəɘŭɑɤɜ Űɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ ůŰɖɜ ɛɎɕŬ Űɞɡ ŮɚŬůŰɞɛŮɟɞɨɠ, ˊɟɞəŬɚŮɑ 

ŮɛˊɧŭɘŬ ůŰɖ ɟɞɐ Űɞɡ ůɡůŰɐɛŬŰɞɠ əŬɘ Ůˊɞɛɏɜɤɠ ɞŭɖɔŮɑ ůŮ ɛŮɔŬɚɨŰŮɟɖ Ŭɨɝɖůɖ Űɞɡ ɘɝɩŭɞɡɠ 

ůŮ ůɢɏůɖ ɛŮ ŰŬ ůɡůŰɐɛŬŰŬ Űɖɠ ɛɖ Ůɜɘůɢɡɛɏɜɖɠ ůɘɚɘəɧɜɖɠ. Ƀɘ ŬɚɡůɑŭŮɠ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ 

Ůɘůɢɤɟɞɨɜ ŮɜŭɘɎɛŮůŬ Űɤɜ ůŰɟɤɛɎŰɤɜ Űɞɡ űɡɚɚɞˊɡɟɘŰɘəɞɨ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ, ˊɟɞəŬɚɩɜŰŬɠ 

Űɖɜ ŭɘɎɜɞɘɝɐ Űɞɡɠ əŬɘ ŰŬɡŰɧɢɟɞɜŬ ŬɚɚɖɚŮˊɘŭɟɞɨɜ ɛŮ ŰŬ űɘɚɑŭɘŬ ŮɑŰŮ űɡůɘəɎ ŮɑŰŮ ɢɖɛɘəɎ. 

ɄɘɗŬɜɧɜ, ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ ŭŮůɛɞɑ ɚɧɔɤ Űɖɠ ůɡɛˊɨəɜɤůɖɠ ɛŮŰŬɝɨ Űɤɜ ɡŭɟɞɝɡɚɑɤɜ ˊɞɡ 

ɓɟɑůəɞɜŰŬɘ: Ŭ) ůŰɘɠ ŬəɟŬɑŮɠ ɞɛɎŭŮɠ Űɖɠ ˊɞɚɡɛŮɟɘəɐɠ ŬɚɡůɑŭŬɠ, ɓ) ůŰŬ ɎəɟŬ Űɤɜ űɘɚɘŭɑɤɜ 

əŬɗɩɠ əŬɘ ɔ) ůŰɖɜ ɞɟɔŬɜɘəɐ Űɟɞˊɞˊɞɑɖůɖ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ (Cloisite 30B)
 [1, 2]

.  
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ɆɢɐɛŬ 5.6: ɆɡɔəɟɘŰɘəɧ ŭɘɎɔɟŬɛɛŬ ɛŮŰŬɓɞɚɐɠ Űɞɡ n ůŮ 

ůɡɜɎɟŰɖůɖ ɛŮ Űɖɜ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɞɡ ɛɏůɞɡ 

Ůɜɑůɢɡůɖɠ. 

ɆɢɐɛŬ 5.7: ȷɚɚɖɚŮˊɘŭɟɎůŮɘɠ ɛŮŰŬɝɨ Űɤɜ 

ɡŭɟɞɝɡɚɑɤɜ ˊɞɡ ɓɟɑůəɞɜŰŬɘ ůŰŬ ɎəɟŬ Űɤɜ 

ˊɚŬəɘŭɑɤɜ əŬɘ Űɤɜ Ŭɚɡůɑŭɤɜ Űɖɠ 

ŬɚɡůɑŭŬɠ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ 
[2]

.
 
 

ȷˊɧ Űɞ ɆɢɐɛŬ 5.6, ŭɘŬˊɘůŰɩɜŮŰŬɘ ˊɤɠ ɖ ŮɜŬɚɚŬɔɐ ůŰɘɠ Űɘɛɏɠ Űɞɡ ŮəɗɏŰɖ n ɛŮŰŬɝɨ Űɤɜ 

ůɡůŰɖɛɎŰɤɜ Cloisite 20A əŬɘ Cloisite 30B ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞ ɛɞɟɘŬəɧ ɓɎɟɞɠ Űɖɠ 

ˊɞɚɡůɘɚɞɝɎɜɖɠ. ũɘŬ ŰŬ ůɨɜɗŮŰŬ ɢŬɛɖɚɞɨ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ ɖ ŮɜůɤɛɎŰɤůɖ Űɞɡ Cloisite 20A 

ɞŭɖɔŮɑ ůŮ ɡɣɖɚɧŰŮɟŮɠ Űɘɛɏɠ Űɞɡ n ɔɘŬ ŬɜŬɚɞɔɑŮɠ Ŭˊɧ 3.5phr əŬɘ ˊɎɜɤ, ůŮ ŬɜŰɑɗŮůɖ ɛŮ ŰŬ 

ůɨɜɗŮŰŬ ɛŮůŬɑɞɡ əŬɘ ɡɣɖɚɞɨ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ ɧˊɞɡ ɖ ŮɜŬɚɚŬɔɐ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ůŮ 

ŬɜŬɚɞɔɑŬ 5 əŬɘ 8phr ŬɜŰɑůŰɞɘɢŬ. ɆŰɖɜ ˊŮɟɘɞɢɐ Űɤɜ ɢŬɛɖɚɩɜ ŬɜŬɚɞɔɘɩɜ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ, 

ůŰɖɜ Ŭɨɝɖůɖ Űɞɡ ɘɝɩŭɞɡɠ ůɡɛɛŮŰɏɢɞɡɜ əŬɗɞɟɘůŰɘəɎ ɞɘ ɞɛɎŭŮɠ ɡŭɟɞɝɡɚɑɞɡ Űɖɠ ɞɟɔŬɜɘəɐɠ 

Űɟɞˊɞˊɞɑɖůɖɠ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ, Cloisite 30B əŬɘ Ůˊɘűɏɟɞɡɜ ɛŮɔŬɚɨŰŮɟɖ Ŭɨɝɖůɖ ůŰɘɠ 

Űɘɛɏɠ Űɞɡ ůŮ ůɨɔəɟɘůɖ ɛŮ Űɞ ůɨůŰɖɛŬ Űɖɠ PDMS ˊɞɡ ŮɛˊŮɟɘɏɢŮɘ Űɞ Cloisite 20A. ɆŰɖɜ 

ˊŮɟɘɞɢɐ Űɤɜ ŮɜŭɘɎɛŮůɤɜ ůɡɔəŮɜŰɟɩůŮɤɜ, ŮˊɏɟɢŮŰŬɘ əɞɟŮůɛɧɠ Űɞɡ ɛɖɢŬɜɘůɛɞɨ ŬɡŰɞɨ əŬɘ 

ŬɜŬůŰɟɏűŮŰŬɘ ɖ ůɡɛˊŮɟɘűɞɟɎ, əŬɗɘůŰɩɜŰŬɠ ŰŬ ůɡůŰɐɛŬŰŬ Űɞɡ Cloisite 20A ɜŬ ˊŬɟɞɡůɘɎɕɞɡɜ 

ɛŮɔŬɚɨŰŮɟɖ Ŭɨɝɖůɖ ůŰɘɠ Űɘɛɏɠ Űɞɡ ɘɝɩŭɞɡɠ ůŮ ůɡɜɎɟŰɖůɖ ɛŮ Űɞ ɢɟɧɜɞ ɓɞɡɚəŬɜɘůɛɞɨ. ɇɞ 

ɛŮɔŬɚɨŰŮɟɞ ˊɞůɞůŰɧ Űɖɠ ɞɟɔŬɜɘəɐɠ Űɟɞˊɞˊɞɑɖůɖɠ Űɞɡ Cloisite 20A  ˊɞɡ ɞŭɖɔŮɑ ůŮ 

ɛŮɔŬɚɨŰŮɟɞ ŭɘɎəŮɜɞ Űɤɜ ˊɚŬəɘŭɑɤɜ Űɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ ŮˊɘűɏɟŮɘ əŬɚɨŰŮɟɖ ŭɘŬůˊɞɟɎ əŬɘ 

Ŭˊɞűɞɚɑŭɤůɖ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ůŰɖ ůɘɚɘəɧɜɖ ůŰɖɜ ˊŮɟɘɞɢɐ Űɤɜ ɡɣɖɚɩɜ 

ˊŮɟɘŮəŰɘəɞŰɐŰɤɜ. Ⱥˊɞɛɏɜɤɠ, ŬɡɝɎɜŮŰŬɘ ɖ ŭɘŬɗɏůɘɛɖ ŭɘŮˊɘűɎɜŮɘŬ ɔɘŬ ŬɚɚɖɚŮˊɑŭɟŬůɖ ɛŮŰŬɝɨ 

Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ əŬɘ Űɞɡ ŮɚŬůŰɞɛŮɟɞɨɠ ˊɞɡ ɞŭɖɔŮɑ ůŮ ɛŮɔŬɚɨŰŮɟɖ Ŭɨɝɖůɖ Űɤɜ Űɘɛɩɜ Űɞɡ 

ɘɝɩŭɞɡɠ ɔɘŬ ŰŬ ɜŬɜɞůɨɜɗŮŰŬ Űɞɡ Cloisite 20A ɔɘŬ ŬɜŬɚɞɔɑŮɠ Ůɜɑůɢɡůɖɠ 8 əŬɘ 10phr, ɔɘŬ ɧɚŮɠ 

Űɘɠ ŮɝŮŰŬɕɧɛŮɜŮɠ ɛɐŰɟŮɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ. 

ɄɘɗŬɜɞɑ ŭŮůɛɞɑ Ůˊɑůɖɠ ŮɑɜŬɘ ɞɘ ŭŮůɛɞɑ ɡŭɟɞɔɧɜɞɡ ɛŮŰŬɝɨ Űɤɜ ɡŭɟɞɝɡɚɑɤɜ Űɞɡ 

ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ əŬɘ Űɤɜ ŬəɟŬɑɤɜ ɞɛɎŭɤɜ, ɞɘ ɞˊɞɑɞɘ ŬɡɝɎɜɞɡɜ ˊŮɟŬɘŰɏɟɤ Űɖɜ ˊɡəɜɧŰɖŰŬ 

ˊɚɏɔɛŬŰɞɠ Űɞɡ ŮɚŬůŰɞɛŮɟɞɨɠ 
[2]

. ȺəŰɧɠ Ŭˊɧ ɢɖɛɘəɐɠ űɨůŮɤɠ ŭŮůɛɞɨɠ, űɡůɘəɏɠ 
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ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ ɛˊɞɟɞɨɜ ɜŬ ˊɟɞəɨɣɞɡɜ ɚɧɔɤ Űɖɠ Ŭɡɝɖɛɏɜɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ ɛŮŰŬɝɨ Űɤɜ 

ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ əŬɘ Űɤɜ Ŭɚɡůɑŭɤɜ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ. ȼ ˊŬɟɞɡůɑŬ Űɤɜ 

ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ɞŭɖɔŮɑ ůŮ ˊŮɟɘɞɢɏɠ ɛŮ əŬɚɐ ůɡɛɛŮŰɟɑŬ Űɤɜ Ŭɚɡůɑŭɤɜ ŬɚɚɎ əŬɘ ůŮ ˊŮɟɘɞɢɏɠ 

ɛŮ ɏɜŰɞɜɖ Űɖɜ ˊŬɟɞɡůɑŬ ɛɞɟɘŬəɩɜ Ůɛˊɚɞəɩɜ, ŮˊɘűɏɟɞɜŰŬɠ ɛŮɑɤůɖ ůŰɖɜ əɘɜɖŰɘəɧŰɖŰŬ Űɤɜ 

Ŭɚɡůɑŭɤɜ 
[3]
. ɆɡɜŮˊɩɠ, ɖ ŭɘŬůˊɞɟɎ Űɤɜ ˊɚŬəɘŭɑɤɜ ůŰɖ ɛɎɕŬ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ əŬɘ ŮɘŭɘəɧŰŮɟŬ ɖ 

ˊɚɐɟɤɠ ŭɘŮůˊŬɟɛɏɜɖ (Ŭˊɞűɞɚɘŭɤɛɏɜɖ) ŭɞɛɐ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ ɓŮɚŰɘůŰɞˊɞɘŮɑ Űɘɠ 

ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ ɛŮ ŰŬ əŬɚɨŰŮɟŬ ŭɡɜŬŰɎ ŬˊɞŰɏɚŮůɛŬ ůŮ ɧɚŮɠ Űɘɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ɡɚɘəɞɨ. Ƀɘ 

Kader əŬɘ Nah 
[4]

 ɛŮɚɏŰɖůŬɜ Űɘɠ ŮˊɘˊŰɩůŮɘɠ Űɖɠ ˊɟɞůɗɐəɖɠ ɑŭɘŬɠ ˊɞůɧŰɖŰŬɠ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ 

(ɁŬ-ɀɀɇ) əŬɘ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ (Cloisite 15A) ůŰɖɜ ŬɜŰɑŭɟŬůɖ 

ɓɞɡɚəŬɜɘůɛɞɨ űɗɤɟɞŮɚŬůŰɞɛŮɟɞɨɠ. Ƀ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖɠ (ɁŬ-ɀɀɇ) ˊŬɟɞɡůɘɎɕŮɘ ɛɑŬ 

ɢŬɟŬəŰɖɟɘůŰɘəɐ əɞɟɡűɐ ůŮ ŭɘɎɔɟŬɛɛŬ XRD, Ůɜɩ ɞ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɞɠ ŮɛűŬɜɑɕŮɘ ŭɨɞ 

əɞɟɡűɏɠ, Ůə Űɤɜ ɞˊɞɑɤɜ ɖ ɛɑŬ ɞűŮɑɚŮŰŬɘ ůŰɞɜ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɞ əŬɘ ɖ Ɏɚɚɖ ůŰɞɜ 

ˊŬɟŬɛɏɜɤɜ ɁŬ-ɀɀɇ. ȼ ɞɟɔŬɜɘəɐ Űɟɞˊɞˊɞɑɖůɖ ŬɡɝɎɜŮɘ Űɖɜ ŬˊɧůŰŬůɖ ɛŮŰŬɝɨ Űɤɜ űɘɚɘŭɑɤɜ 

Űɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ əŬɘ ɛŮŰŬɓɎɚɚŮɘ ůŮ ɡŭɟɧűɞɓɞ Űɞɜ ɡŭɟɧűɘɚɞ ɢŬɟŬəŰɐɟŬ Űɖɠ ŮˊɘűɎɜŮɘŬɠ 

Űɤɜ ůŰɟɤɛɎŰɤɜ Űɖɠ Ŭɟɔɑɚɞɡ. ȾɎŰɤ Ŭˊɧ ŬɡŰɏɠ Űɘɠ ůɡɜɗɐəŮɠ, ɞɘ ˊɞɚɡɛŮɟɘəɏɠ ŬɚɡůɑŭŮɠ 

ɛˊɞɟɞɨɜ ɜŬ ŭɘŬɢɡɗɞɨɜ ɛŮŰŬɝɨ Űɤɜ űɘɚɘŭɑɤɜ, ŬɡɝɎɜɞɜŰŬɠ ˊŮɟŬɘŰɏɟɤ Űɖ ɛŮŰŬɝɨ Űɞɡɠ 

ŬˊɧůŰŬůɖ əŬɘ ŮˊɘŰɡɔɢɎɜɞɜŰŬɠ ŮɛűɤɚɘŬůɛɏɜŮɠ ŭɞɛɏɠ. ȼ ˊŬɟɞɡůɑŬ Űɖɠ ɞɟɔŬɜɘəɐɠ 

Űɟɞˊɞˊɞɑɖůɖɠ ŮɚŬŰŰɩɜŮɘ Űɞ ɢɟɧɜɞ ɓɞɡɚəŬɜɘůɛɞɨ. ȼ ŮɚɎŰŰɤůɖ ŬɡŰɐ ɞűŮɑɚŮŰŬɘ əŬɘ ůŰɞ 

ɔŮɔɞɜɧɠ ɧŰɘ ɞ ůɢɖɛŬŰɘůɛɧɠ ŮɛűɤɚɘŬůɛɏɜɤɜ ŭɞɛɩɜ ŭɘŮɡəɞɚɨɜŮɘ Űɖɜ ŬɜŰɑŭɟŬůɖ 

ɓɞɡɚəŬɜɘůɛɞɨ. Ƀ ɛɏɔɘůŰɞɠ ɟɡɗɛɧɠ ɓɞɡɚəŬɜɘůɛɞɨ əŬŰŬɔɟɎűŮŰŬɘ ůɡɜŰɞɛɧŰŮɟŬ ɧŰŬɜ Űɞ FKM 

ŮɜɘůɢɨŮŰŬɘ ɛŮ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɖ Ɏɟɔɘɚɞ. ȷɨɝɖůɖ Űɞɡ ɢɟɧɜɞɡ ɞɛɞɔŮɜɞˊɞɑɖůɖɠ əŬɘ Űɞɡ 

ɓɏɚŰɘůŰɞɡ ɢɟɧɜɞɡ ɓɞɡɚəŬɜɘůɛɞɨ ˊŬɟŬŰɖɟŮɑŰŬɘ ɔɘŬ ŰŬ ɜŬɜɞůɨɜɗŮŰŬ FKM/ɁŬ-ɀɀɇ. ȼ Ŭɟɔɐ 

ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ, ůŰɖɜ ˊŮɟɑˊŰɤůɖ ŬɡŰɐ, ŬˊɞŭɧɗɖəŮ ůŰɖɜ ŮˊɘɓɟŬŭɡɜŰɘəɐ ŭɟɎůɖ Űɞɡ 

ɁŬ-ɀɀɇ, Űɞ ɞˊɞɑɞ ŭŮůɛŮɨŮɘ ɛɏɟɞɠ Űɞɡ ɛɏůɞɡ ŭɘŬůŰŬɨɟɤůɖɠ. ɀŮ Űɞɜ Űɟɧˊɞ ŬɡŰɧɜ ɛŮɘɩɜŮŰŬɘ 

ɖ ˊɞůɧŰɖŰŬ Űɞɡ ɛɏůɞɡ ŭɘŬůŰŬɨɟɤůɖɠ ˊɞɡ ŮɑɜŬɘ ŭɘŬɗɏůɘɛɖ ɔɘŬ Űɖɜ ŬɜŰɑŭɟŬůɖ Űɞɡ 

ɓɞɡɚəŬɜɘůɛɞɨ əŬɘ ůɢɖɛŬŰɑɕɞɜŰŬɘ ɚɘɔɧŰŮɟɞɘ ůŰŬɡɟɞŭŮůɛɞɑ. 

Ƀɘ Lopez-Manchado et al., ɛŮɚɏŰɖůŬɜ Űɖɜ ŮˊɑŭɟŬůɖ Űɖɠ ŮɜůɤɛɎŰɤůɖɠ 10phr ɛɖ 

Űɟɞˊɞˊɞɘɖɛɏɜɞɡ əŬɘ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛŮ ɞəŰŬŭŮəɡɚŬɛɑɜɖ ɛˊŮŰɞɜɑŰɖ ůŰɖɜ 

ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ űɡůɘəɞɨ ŮɚŬůŰɘəɞɨ əŬɘ ŭɘŬˊɑůŰɤůŬɜ ɧŰɘ ůŮ ŭŮŭɞɛɏɜɖ ɗŮɟɛɞəɟŬůɑŬ, 

ɖ ɛɖ Űɟɞˊɞˊɞɘɖɛɏɜɖ Ɏɟɔɘɚɞɠ ɛŮɘɩɜŮɘ ŮɚŬűɟɎ Űɞ ɢɟɧɜɞ ɓɞɡɚəŬɜɘůɛɞɨ Űɞɡ ŮɚŬůŰɞɛŮɟɞɨɠ, Ůɜɩ 

ɖ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɖ ŮˊɘűɏɟŮɘ ůɖɛŬɜŰɘəɧŰŮɟɖ ɛŮɑɤůɖ. ɆɡɛˊŮɟŬɑɜŮŰŬɘ, ɚɞɘˊɧɜ, ɧŰɘ ɖ 

ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɖ Ɏɟɔɘɚɞɠ ůɡɛˊŮɟɘűɏɟŮŰŬɘ ůŬɜ ɛɏůɞ ɓɞɡɚəŬɜɘůɛɞɨ, ŮˊɘűɏɟɞɜŰŬɠ 

ŬɝɘɞůɖɛŮɑɤŰɖ Ŭɨɝɖůɖ ůŰɞ ɟɡɗɛɧ ɓɞɡɚəŬɜɘůɛɞɨ. ȼ Ŭɨɝɖůɖ ŬɡŰɐ ŬˊɞŭɑŭŮŰŬɘ ůŰɘɠ 

ŬɛɘɜɞɞɛɎŭŮɠ, ɞɘ ɞˊɞɑŮɠ əŬɗɘůŰɞɨɜ Űɖɜ Ɏɟɔɘɚɞ ɞɟɔŬɜɧűɘɚɖ. ɆɡɔəŮəɟɘɛɏɜŬ, ɖ ˊŬɟŮɛɓɞɚɐ Űɖɠ 

ɞəŰŬŭŮəɡɚŬɛɑɜɖɠ ɛŮŰŬɝɨ Űɤɜ ůŰɟɤɛɎŰɤɜ Űɖɠ Ŭɟɔɑɚɞɡ ŬɡɝɎɜŮɘ Űɞ ŭɘɎəŮɜɞ əŬɘ  ŭɘŮɡəɞɚɨɜŮɘ 

Űɖɜ ŮɜůɤɛɎŰɤůɖ Űɤɜ ˊɞɚɡɛŮɟɘəɩɜ Ŭɚɡůɑŭɤɜ ůŮ ŬɡŰɎ. ɀŮ Űɞɜ Űɟɧˊɞ ŬɡŰɧ, ɓŮɚŰɘɩɜŮŰŬɘ ɖ 

ŬɚɚɖɚŮˊɑŭɟŬůɖ ɛŮŰŬɝɨ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ əŬɘ Űɞɡ ŮɚŬůŰɞɛŮɟɞɨɠ. ȼ ˊɟɞůɗɐəɖ Űɖɠ Ŭɟɔɑɚɞɡ 

əŬɘ ɘŭɘŬɑŰŮɟŬ Űɖɠ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɖɠ ŬɡɝɎɜŮɘ Űɖɜ əɘɜɖŰɘəɐ ůŰŬɗŮɟɎ, Ⱦ əŬɘ Űɖɜ ŰɎɝɖ 

ŬɜŰɑŭɟŬůɖɠ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ əŬɘ ɛŮɘɩɜŮɘ Űɞ ɢɟɧɜɞ ɞɛɞɔŮɜɞˊɞɑɖůɖɠ, Űɞ ɓɏɚŰɘůŰɞ ɢɟɧɜɞ 

ɓɞɡɚəŬɜɘůɛɞɨ əŬɘ Űɖɜ ŮɜɏɟɔŮɘŬ ŮɜŮɟɔɞˊɞɑɖůɖɠ, ȺŬ 
[5]
. ȺˊɘˊɟɧůɗŮŰŬ, ˊɟɞəŬɚŮɑ ŬɝɘɞůɖɛŮɑɤŰɖ 

Ŭɨɝɖůɖ Űɖɠ ŮəɚɡɧɛŮɜɖɠ ɗŮɟɛɧŰɖŰŬɠ əŬŰɎ Űɖɜ ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ ɚɧɔɤ Űɞɡ 

ɛŮɔŬɚɨŰŮɟɞɡ Ŭɟɘɗɛɞɨ ůŰŬɡɟɞŭŮůɛɩɜ, Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ ɡŬɚɩŭɞɡɠ ɛŮŰɎˊŰɤůɖɠ, ɇg, ɚɧɔɤ 

Űɞɡ ŮɔəɚŮɘůɛɞɨ ŰɛɐɛŬŰɞɠ Űɞɡ ŮɚŬůŰɞɛŮɟɞɨɠ ůŰŬ ɜŬɜɞůŰɟɩɛŬŰŬ Űɖɠ ɞɟɔŬɜɘəɎ 

Űɟɞˊɞˊɞɘɖɛɏɜɖɠ Ŭɟɔɑɚɞɡ ˊŮɟɘɞɟɑɕɞɜŰŬɠ Űɖɜ əɘɜɖŰɘəɧŰɖŰŬ Űɤɜ Ŭɚɡůɑŭɤɜ 
[6]

.  
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5.2.6 ȼ ŮˊɑŭɟŬůɖ Űɞɡ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ ůɡɛˊɨəɜɤůɖɠ 

ɆɡɔəɟɑɜɞɜŰŬɠ Űɞɡɠ ŰɟŮɑɠ ŭɘŬűɞɟŮŰɘəɞɨɠ Űɨˊɞɡɠ Űɖɠ ɛɖ Ůɜɘůɢɡɛɏɜɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ, 

ŭɘŬˊɘůŰɩɜŮŰŬɘ ˊɤɠ ɧůɞ ŬɡɝɎɜŮŰŬɘ Űɞ ɛɞɟɘŬəɧ ɓɎɟɞɠ Űɖɠ ɛɐŰɟŬɠ Űɧůɞ ɛŮɘɩɜŮŰŬɘ ɞ ɢɟɧɜɞɠ 

Ůɝɏɚɘɝɖɠ ŬɚɚɎ əŬɘ ɞɚɞəɚɐɟɤůɖɠ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ. ɆŰɞɜ ɄɑɜŬəŬ 5.3, əŬŰŬɔɟɎűɞɜŰŬɘ ɞɘ 

ɢɟɧɜɞɘ ůŰŮɟŮɞˊɞɑɖůɖɠ Űɤɜ ŭɞəɘɛɑɤɜ. ɆŰŬ ɜŬɜɞůɨɜɗŮŰŬ ɢŬɛɖɚɞɨ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ əŬɘ ůŮ 

ɢŬɛɖɚɏɠ ŬɜŬɚɞɔɑŮɠ ŭɘŬˊɘůŰɩɜŮŰŬɘ ˊɤɠ ɞ ɓɞɡɚəŬɜɘůɛɧɠ ŮɜɘůɢɨŮŰŬɘ ɛŮ Űɖɜ ŮɘůŬɔɤɔɐ Űɞɡ 

Cloisite 30B ɔŮɔɞɜɧɠ ˊɞɡ ŬɜŰɘůŰɟɏűŮŰŬɘ ůŰɘɠ ɡɣɖɚɧŰŮɟŮɠ ŬɜŬɚɞɔɑŮɠ. ɇɞ űŬɘɜɧɛŮɜɞ ŬɡŰɧ 

ŮˊɘɓŮɓŬɘɩɜŮɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ɘɝɤŭɞɛŮŰɟɑŬɠ Brookfield, ɧˊɞɡ ɛŮɚŮŰɐɗɖəŮ ɏɜŬ ůŰɎŭɘɞ 

Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ. ɆŰŬ ɜŬɜɞůɨɜɗŮŰŬ ɛŮůŬɑɞɡ əŬɘ ɡɣɖɚɧŰŮɟɞɡ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ, 

ŭɘŬˊɘůŰɩɜŮŰŬɘ ˊɤɠ ɞ ɢɟɧɜɞɠ ůŰŮɟŮɞˊɞɑɖůɖɠ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ Űɞɡ Cloisite 20A ůŮ 

ŬɜŬɚɞɔɑŮɠ 1, 2, 3.5phr, ŮɑɜŬɘ ɛɘəɟɧŰŮɟŮɠ ůɡɔəɟɘŰɘəɎ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ Cloisite 30B. ɆŮ 

ɡɣɖɚɧŰŮɟŮɠ ŬɜŬɚɞɔɑŮɠ ɞ ɢɟɧɜɞɠ ůŰŮɟŮɞˊɞɑɖůɖɠ űŬɑɜŮŰŬɘ ɜŬ ɛɖɜ ŮˊɖɟŮɎɕŮŰŬɘ Ŭˊɧ Űɞ Űɨˊɞ Űɤɜ 

ɜŬɜɞůɤɛŬŰɘŭɑɤɜ əŬɘ ɖ ůŰŮɟŮɞˊɞɑɖůɖ ŮˊɏɟɢŮŰŬɘ ŰŬɡŰɧɢɟɞɜŬ.  

ɄɑɜŬəŬɠ 5.3: ɉɟɧɜɞɠ ůŰŮɟŮɞˊɞɑɖůɖɠ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ Ƀɀɀɇ ˊɞɚɡůɘɚɞɝɎɜɖɠ ůɡɛˊɨəɜɤůɖɠ. 

ȷɜŬɚɞɔɑŬ 

ɛɏůɞɡ 

Ůɜɑůɢɡůɖɠ 

(phr) 

LMW  MMW  ȼMW 

Cl20A Cl30B Cl20A Cl30B Nan116 Cl20A Cl30B 

0 960 180 135 

1 580 470 105 150 95 90 120 

2 450 390 90 135 90 70 80 

3.5 378 330 85 110 75 60 55 

5 246 258 80 75 65 40 30 

8 210 240 55 60 50 30 25 

10 168 210 45 55 35 20 20 

ɇɞ ɡɣɖɚɧŰŮɟɞ Ŭɟɢɘəɧ ɘɝɩŭŮɠ, ɧˊɤɠ ŮɑɜŬɘ ŬɜŬɛŮɜɧɛŮɜɞ, ˊŬɟŬŰɖɟŮɑŰŬɘ ůŰɖɜ ɡɣɖɚɞɨ 

ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ ˊɞɚɡůɘɚɞɝɎɜɖ ɛŮ Űɖɜ ɛŮůŬɑɞɡ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ ɜŬ ŬəɞɚɞɡɗŮɑ əŬɘ Űɏɚɞɠ ɖ 

ˊɞɚɡůɘɚɞɝɎɜɖ ɢŬɛɖɚɞɨ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ ɛŮ Űɖɜ ɛɘəɟɧŰŮɟɖ Űɘɛɐ. ȳůɞ ɛŮɔŬɚɨŰŮɟɞ ŮɑɜŬɘ Űɞ 

ɛɞɟɘŬəɧ ɓɎɟɞɠ Űɧůɞ ɛŮɘɩɜŮŰŬɘ ɖ ůɡɔəɏɜŰɟɤůɖ Űɤɜ ŬəɟŬɑɤɜ ɡŭɟɞɝɡɚɘəɩɜ ɞɛɎŭɤɜ, ɛŮ 

ŬˊɞŰɏɚŮůɛŬ ɞ ɓɞɡɚəŬɜɘůɛɧɠ ɜŬ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ŰŬɢɨŰŮɟŬ ɚɧɔɤ Űɤɜ ɚɘɔɧŰŮɟɤɜ ŭŮůɛɩɜ ˊɞɡ 

ůɡɛɛŮŰɏɢɞɡɜ ůŰɖɜ ŬɜŰɑŭɟŬůɖ. ɇɞ ɔŮɔɞɜɧɠ ŬɡŰɧ ŮˊŬɚɖɗŮɨŮŰŬɘ əŬɘ ůŰŬ ŬɜŰɑůŰɞɘɢŬ 

ɜŬɜɞůɨɜɗŮŰŬ ɑŭɘŬɠ ŬɜŬɚɞɔɑŬɠ ůŮ ɛɏůɞ Ůɜɑůɢɡůɖɠ ɛŮ ɛɐŰɟŬ ˊɞɚɡůɘɚɞɝɎɜɖɠ ŭɘŬűɞɟŮŰɘəɞɨ 

ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ.  
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 MMW PDMS ůɡɛˊɨəɜɤůɖɠ

 2phr Cl20A/MMW PDMS ůɡɛˊɨəɜɤůɖɠ

 5phr Cl20A/MMW PDMS ůɡɛˊɨəɜɤůɖɠ

 8phr Cl20A/MMW PDMS ůɡɛˊɨəɜɤůɖɠ

 LMW PDMS ůɡɛˊɨəɜɤůɖɠ

 2phr Cl20A/LMW PDMS ůɡɛˊɨəɜɤůɖɠ

 5phr Cl20A/LMW PDMS ůɡɛˊɨəɜɤůɖɠ

 8phr Cl20A/LMW PDMS ůɡɛˊɨəɜɤůɖɠ

 

(Ŭ)

 HMW PDMS ůɡɛˊɨəɜɤůɖɠ

 2phr Cl20A/HMW PDMS ůɡɛˊɨəɜɤůɖɠ

 5phr Cl20A/HMW PDMS ůɡɛˊɨəɜɤůɖɠ

 8phr Cl20A/HMW PDMS ůɡɛˊɨəɜɤůɖɠ
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ɉɟɧɜɞɠ (min)

(ɓ)

  

 

 MMW PDMS ůɡɛˊɨəɜɤůɖɠ

 2phr Cl30B/MMW PDMS ůɡɛˊɨəɜɤůɖɠ

 5phr Cl30B/MMW PDMS ůɡɛˊɨəɜɤůɖɠ

 8phr Cl30B/MMW PDMS ůɡɛˊɨəɜɤůɖɠ

 LMW PDMS ůɡɛˊɨəɜɤůɖɠ

 2phr Cl30B/LMW PDMS ůɡɛˊɨəɜɤůɖɠ

 5phr Cl30B/LMW PDMS ůɡɛˊɨəɜɤůɖɠ

 8phr Cl30B/LMW PDMS ůɡɛˊɨəɜɤůɖɠ

 HMW PDMS ůɡɛˊɨəɜɤůɖɠ

 2phr Cl30B/HMW PDMS ůɡɛˊɨəɜɤůɖɠ

 5phr Cl30B/HMW PDMS ůɡɛˊɨəɜɤůɖɠ

 8phr Cl30B/HMW PDMS ůɡɛˊɨəɜɤůɖɠ

 

 

 
ɆɢɐɛŬ 5.8: ȹɘɎɔɟŬɛɛŬ ɛŮŰŬɓɞɚɐɠ Űɞɡ ɘɝɩŭɞɡɠ əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ Ŭ) ɜŬɜɞůɡɜɗɏŰɤɜ Cloisite 20A 

əŬɘ ɓ) ɜŬɜɞůɡɜɗɏŰɤɜ Cloisite 30ȸ ɔɘŬ ɧɚɞɡɠ Űɞɡɠ Űɨˊɞɡɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ. 

ɆɖɛŬɜŰɘəɐ Ůˊɑůɖɠ ˊŬɟɎɛŮŰɟɞɠ ŮɑɜŬɘ əŬɘ ɖ ŮˊɑŭɟŬůɖ Űɞɡ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ ůŰɖɜ 

ŭɘŬůˊɞɟɎ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ, ɛŮɔŬɚɨŰŮɟɞɠ ɢɟɧɜɞɠ 

ɓɞɡɚəŬɜɘůɛɞɨ ŬɡɝɎɜŮɘ Űɞ ŭɘŬɗɏůɘɛɞ ɢɟɧɜɞ ˊɞɡ ɏɢɞɡɜ ɞɘ ŬɚɡůɑŭŮɠ Űɞɡ ŮɚŬůŰɞɛŮɟɞɨɠ ɜŬ 

Ůɘůɢɤɟɐůɞɡɜ ůŰŬ ŮɜŭɘɎɛŮůŬ ůŰɟɩɛŬŰŬ Űɤɜ ˊɚŬəɘŭɑɤɜ Űɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ ɔɘŬ ɜŬ 

ɞŭɖɔɐůɞɡɜ ůŮ ŮɛűɤɚɘŬůɛɏɜŮɠ ɐ/əŬɘ ŬˊɞűɤɚɘŭɞɛɏɜŮɠ ŭɞɛɏɠ ɜŬɜɞůɡɜɗɏŰɤɜ. Ƀɘ Schmidt et al. 
[7]

 ˊŬɟŬůəŮɨŬůŬɜ ŭɞəɑɛɘŬ PDMS ůɡɛˊɨəɜɤůɖɠ ɛŮ ŭɘɎűɞɟŬ ɛɞɟɘŬəɎ ɓɎɟɖ əŬɘ əŬŰɏɚɖɝŬɜ ůŰɞ 

ɧŰɘ Űɞ ɛɞɟɘŬəɧ ɓɎɟɞɠ Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊŬɑɕŮɘ ŬɟəŮŰɎ ůɖɛŬɜŰɘəɧ ɟɧɚɞ ůŰɞ ɓŬɗɛɧ 

ŭɘŬůˊɞɟɎɠ Űɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ. ɈɣɖɚɧŰŮɟŬ ɛɞɟɘŬəɎ ɓɎɟɖ ɞŭɖɔɞɨɜ ůŮ ɢŬɛɖɚɧŰŮɟŬ ŮˊɑˊŮŭŬ 

ŭɘŬůˊɞɟɎɠ. Ʉɘɞ ůɖɛŬɜŰɘəɧɠ ˊŬɟɎɔɞɜŰŬɠ űŬɑɜŮŰŬɘ ɜŬ ŮɑɜŬɘ ɖ ůɡɔəɏɜŰɟɤůɖ Űɤɜ ˊɞɚɘəɩɜ 

ŬəɟŬɑɤɜ ɞɛɎŭɤɜ Űɖɠ PDMS. ɀŮ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ ɞɛɎŭɤɜ, ɧˊɤɠ ɞɘ ůɘɚŬɜɧɚŮɠ 

əŬɘ ɞɘ ŬɛɑɜŮɠ ɖ ůɡɛɓŬŰɧŰɖŰŬ ŮɜɘůɢɨŮŰŬɘ əŬɘ ůɡůŰɐɛŬŰŬ ˊɞɡ ůŮ Ɏɚɚɖ ˊŮɟɑˊŰɤůɖ ŭŮɜ 

ŮɛűŬɜɑɕɞɡɜ ŭɘŬůˊɞɟɎ, ˊŬɟɞɡůɘɎɕɞɡɜ ŮɛűɤɚɘŬůɛɏɜɖ ŭɞɛɐ. ȼ ŭɖɛɘɞɡɟɔɑŬ ɛɘɔɛɎŰɤɜ ɛŮŰŬɝɨ 

ˊɞɚɡůɘɚɞɝɎɜɤɜ ɛŮ ŭɘŬűɞɟŮŰɘəɎ ɛɞɟɘŬəɎ ɓɎɟɖ, ɛˊɞɟŮɑ ɜŬ ɞŭɖɔɐůŮɘ ůŮ ŭɘŬűɞɟŮŰɘəɐ ŭɞɛɐ 

ˊɚɏɔɛŬŰɞɠ ɛŮ ɎɛŮůɖ ŮˊɑŭɟŬůɖ ůŰɘɠ ŰŮɚɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ɡɚɘəɞɨ. ɇɏɚɞɠ, ɖ Ůɝɏɚɘɝɖ Űɞɡ 

ɘɝɩŭɞɡɠ əŬɘ ɞ ɢɟɧɜɞɠ ůŰŮɟŮɞˊɞɑɖůɖɠ Űɞɡ ŮɚŬůŰɞɛŮɟɞɨɠ ŮˊɖɟŮɎɕɞɡɜ əŬɗɞɟɘůŰɘəɎ Űɖ 

ŭɘŮɟɔŬůɑŬ ɛɞɟűɞˊɞɑɖůɖɠ Űɤɜ ŬɜŰɑůŰɞɘɢɤɜ ˊɟɞɥɧɜŰɤɜ Űɞɡɠ.  
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5.3 ɀɖ-ȽůɞɗŮɟɛɞəɟŬůɘŬəɐ ȹɘŬűɞɟɘəɐ ɗŮɟɛɘŭɞɛŮŰɟɑŬ ůɎɟɤůɖɠ ɛŮ 

ɖɛɘŰɞɜɞŮɘŭɐ ɟɡɗɛɧ ɗɏɟɛŬɜůɖɠ (ȷDSC) 

 

5.3.1 ȼ ŮˊɑŭɟŬůɖ Űɖɠ ŬɜŬɚɞɔɑŬɠ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ 

ȼ ɛŮɑɤůɖ Űɤɜ ŮɚŮɨɗŮɟɤɜ ŬəɟŬɑɤɜ ɡŭɟɞɝɡɚɞɛɎŭɤɜ Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ ɚɧɔɤ Űɞɡ 

ɓɞɡɚəŬɜɘůɛɞɨ, ŮˊɘűɏɟŮɘ ɛŮɑɤůɖ Űɖɠ əɘɜɖŰɘəɧŰɖŰŬɠ Űɤɜ Ŭɚɡůɑŭɤɜ. ɇɞ ɔŮɔɞɜɧɠ ŬɡŰɧ ɞŭɖɔŮɑ 

ůŰɖɜ ɛŮɑɤůɖ Űɤɜ ŮɚŮɨɗŮɟɤɜ Ŭɚɡůɑŭɤɜ ˊɞɡ ɛˊɞɟɞɨɜ ɜŬ ŰŬɝɘɜɞɛɖɗɞɨɜ ůŰɞ ɢɩɟɞ ɔɘŬ Űɖɜ 

ŬɜɎˊŰɡɝɖ əɟɡůŰŬɚɚɘəɐɠ ŭɞɛɐɠ, ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ɛŮŰŬɓɎɚɚŮŰŬɘ ɖ ɛŮŰɎˊŰɤůɖ Űɖɠ çɣɡɢɟɐɠè 

əɟɡůŰɎɚɚɤůɖɠ Űɞɡ ɡɚɘəɞɨ. ɆŰɞ ɆɢɐɛŬ 5.9, ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɞɘ əŬɛˊɨɚŮɠ ɟɞɐɠ ɗŮɟɛɧŰɖŰŬɠ ï 

ɗŮɟɛɞəɟŬůɑŬɠ ůŮ ŭŮɑɔɛŬŰŬ ˊɞɡ ɚŬɛɓɎɜɞɜŰŬɘ ůŮ ŭɘɎűɞɟŬ ɢɟɞɜɘəɎ ŭɘŬůŰɐɛŬŰŬ əŬŰɎ Űɞ 

ɓɞɡɚəŬɜɘůɛɧ Űɖɠ ɛɖ Ůɜɘůɢɡɛɏɜɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ. ȼ ɛŮŰŬɓɞɚɐ Űɖɠ çɣɡɢɟɐɠè əɟɡůŰɎɚɚɤůɖɠ 

ŬˊɞŰɡˊɩɜŮŰŬɘ ůŰɞ ɗŮɟɛɞəɟŬůɘŬəɧ Ůɨɟɞɠ Ŭˊɧ -90 ï -115
ɞ
C. 
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ɆɢɐɛŬ 5.9: Ⱥɝɏɚɘɝɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ ůɡɛˊɨəɜɤůɖɠ, ɛɏůɤ Űɖɠ 

ŭɘŬűɞɟɘəɐɠ ɗŮɟɛɘŭɞɛŮŰɟɑŬɠ ůɎɟɤůɖɠ. 

ɆɨɛűɤɜŬ ɛŮ Űɞ ɆɢɐɛŬ 5.9, ŭɘŬˊɘůŰɩɜŮŰŬɘ ˊɤɠ ɧůɞ ɖ ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ 

ŮɝŮɚɑůůŮŰŬɘ, ɖ əɞɟɡűɐ Űɖɠ ɣɡɢɟɐɠ əɟɡůŰɎɚɚɤůɖɠ ɛŮŰŬŰɞˊɑɕŮŰŬɘ ůŮ ɢŬɛɖɚɧŰŮɟŮɠ 

ɗŮɟɛɞəɟŬůɑŮɠ, ɛŮ ŰŬɡŰɧɢɟɞɜɖ ɛŮɑɤůɖ əŬɘ Űɞɡ ŮɛɓŬŭɞɨ Űɖɠ. ȼ ˊɞɟŮɑŬ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɛˊɞɟŮɑ 

ɜŬ ˊɞůɞŰɘəɞˊɞɘɖɗŮɑ əŬɘ ɜŬ ɛŮŰŬŰɟŬˊŮɑ ůŮ ˊɞůɞůŰɧ, ŮɑŰŮ ɛɏůɤ Űɖɠ ɛŮŰŬɓɞɚɐɠ Űɖɠ ŮɜɗŬɚˊɑŬɠ 

Űɖɠ çɣɡɢɟɐɠè əɟɡůŰɎɚɚɤůɖɠ, ŮɑŰŮ ɛɏůɤ Űɖɠ ɛŮŰŬɓɞɚɐɠ Űɖɠ ɗŮɟɛɞɢɤɟɖŰɘəɧŰɖŰŬɠ ůŰɖɜ 

ˊŮɟɘɞɢɐ Űɖɠ ɡŬɚɩŭɞɡɠ ɛŮŰɎˊŰɤůɖɠ. ɇɞ űŬɘɜɧɛŮɜɞ ŬɡŰɧ ɏɢŮɘ ŬɝɘɞˊɞɘɖɗŮɑ Ŭˊɧ Űɞɡɠ Tang əŬɘ 

Tsiang, ɞɘ ɞˊɞɑɞɘ ɓŬůɑůŰɖəŬɜ ůŰɖɜ Ŭɟɢɐ ɧŰɘ ɧůɞ ŮɝŮɚɑůůŮŰŬɘ ɞ ɓɞɡɚəŬɜɘůɛɧɠ ɖ əɘɜɖŰɘəɧŰɖŰŬ 

Űɤɜ Ŭɚɡůɑŭɤɜ ɛŮɘɩɜŮŰŬɘ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ɛŮɘɩɜŮŰŬɘ əŬɘ ɖ əɟɡůŰŬɚɚɘəɧŰɖŰŬ Űɞɡ 

ŮɚŬůŰɞɛŮɟɞɨɠ ɏɤɠ ɏɜŬ ɓŬɗɛɧ ɧˊɞɡ əŬɘ ůŰŬɗŮɟɞˊɞɘŮɑŰŬɘ ɖ ŭɞɛɐ Űɞɡ ŮɚŬůŰɞɛŮɟɞɨɠ 
[8]

.  

ȼ ŮɘůŬɔɤɔɐ Űɞɡ Cloisite 30B ůŮ ŬɜŬɚɞɔɑŬ 2phr, ŭɘŬűɞɟɞˊɞɘŮɑ Űɞ űŬɘɜɧɛŮɜɞ, ɛŮ Űɖɜ 

ɛŮŰŬŰɧˊɘůɖ Űɖɠ əɞɟɡűɐɠ əɟɡůŰɎɚɚɤůɖɠ ˊɟɞɠ Űɘɠ ɢŬɛɖɚɧŰŮɟŮɠ ɗŮɟɛɞəɟŬůɑŮɠ ɜŬ ŮɑɜŬɘ 

ɛɘəɟɧŰŮɟɖ ůɡɔəɟɘŰɘəɎ ɛŮ Űɘɠ ŬɜŰɑůŰɞɘɢŮɠ Űɖɠ ɛɖ Ůɜɘůɢɡɛɏɜɖɠ PDMS. ɀɘəɟɧŰŮɟɖ ɛŮŰŬɓɞɚɐ 

ŭɘŬˊɘůŰɩɜŮŰŬɘ əŬɘ ůŰɖɜ ŮɜɗŬɚˊɑŬ çɣɡɢɟɐɠè əɟɡůŰɎɚɚɤůɖɠ ůɡɔəɟɘŰɘəɎ ɛŮ Űɖɜ ɛɖ Ůɜɘůɢɡɛɏɜɖ 

ˊɞɚɡůɘɚɞɝɎɜɖ, ɔŮɔɞɜɧɠ ˊɞɡ ˊɘɗŬɜɧɜ ɞűŮɑɚŮŰŬɘ ůŰɖɜ ŮˊɑŭɟŬůɖ ɛɏůɤ űɡůɘəɩɜ əŬɘ ɢɖɛɘəɩɜ 
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ŬɚɚɖɚŮˊɘŭɟɎůŮɤɜ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ůŰɞ ɓɞɡɚəŬɜɘůɛɧ Űɞɡ ɡɚɘəɞɨ. ȼ ŮɘůŬɔɤɔɐ 

ɛŮɔŬɚɨŰŮɟɖɠ ˊɞůɧŰɖŰŬɠ Cloisite 30B (5phr), ŭɘŬŰɖɟŮɑ Űɖɜ ɛŮɑɤůɖ Űɖɠ ŮɜɗŬɚˊɑŬɠ 

əɟɡůŰɎɚɚɤůɖɠ ˊɞɡ ŭɘŬˊɘůŰɩɗɖəŮ ůŮ ɧɚŬ ŰŬ ůɡůŰɐɛŬŰŬ, ɤůŰɧůɞ űŬɑɜŮŰŬɘ ɜŬ ɛɖɜ ɛŮŰŬŰɞˊɑɕŮɘ 

ŬɘůɗɖŰɎ Űɖ ɗŮɟɛɞəɟŬůɑŬ Űɞɡ ɛŮɔɑůŰɞɡ ɟɡɗɛɞɨ əɟɡůŰɎɚɚɤůɖɠ əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ. (ɆɢɐɛŬ 

5.10ɓ, ɄɑɜŬəŬɠ 5.4-5.5) ɆŰŬ ɆɢɐɛŬŰŬ 5.9 əŬɘ 5.10, ŭɘŬˊɘůŰɩɜŮŰŬɘ ˊɤɠ ɧůɞ ŮɝŮɚɑůůŮŰŬɘ ɞ 

ɓɞɡɚəŬɜɘůɛɧɠ ɖ Űɐɝɖ Űɤɜ əɟɡůŰɎɚɚɤɜ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ůŮ ɢŬɛɖɚɧŰŮɟŮɠ ɗŮɟɛɞəɟŬůɑŮɠ Űɖɠ 

Ŭɟɢɘəɐɠ. ȹɘŬˊɘůŰɩɜɞɜŰŬɘ Ůˊɑůɖɠ əɎˊɞɘŮɠ ɛɘəɟɧŰŮɟŮɠ əɞɟɡűɏɠ ůŮ ŮɚŬűɟɩɠ ɢŬɛɖɚɧŰŮɟŮɠ 

ɗŮɟɛɞəɟŬůɑŮɠ Űɖɠ əɨɟɘŬɠ əɞɟɡűɐɠ Űɐɝɖɠ, ˊɞɡ ˊɘɗŬɜɧɜ ɜŬ ɞűŮɑɚɞɜŰŬɘ ůŰɖɜ ˊŬɟɞɡůɑŬ 

əɟɡůŰɎɚɚɤɜ ɛɘəɟɧŰŮɟɞɡ ɛŮɔɏɗɞɡɠ əŬɗɩɠ əŬɘ ůŰɖɜ ˊŬɟɞɡůɑŬ əɟɡůŰɎɚɚɤɜ ɛŮ ŬŰɏɚŮɘŮɠ ůŰɖ 

ŭɞɛɐ Űɞɡɠ, ɞɘ ɞˊɞɑɞɘ əŬɘ ŰɐəɞɜŰŬɘ ůŮ ɢŬɛɖɚɧŰŮɟŮɠ ɗŮɟɛɞəɟŬůɑŮɠ. 
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ɆɢɐɛŬ 5.10: Ⱥɝɏɚɘɝɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ ɜŬɜɞůɡɜɗɏŰɤɜ Cloisite 30B ˊɞɚɡůɘɚɞɝɎɜɖɠ ůɡɛˊɨəɜɤůɖɠ, 

ɛɏůɤ Űɖɠ ŭɘŬűɞɟɘəɐɠ ɗŮɟɛɘŭɞɛŮŰɟɑŬɠ ůɎɟɤůɖɠ Ŭ) 2phr əŬɘ ɓ) 5phr. 

 

ɄɑɜŬəŬɠ 5.4: Ⱥɝɏɚɘɝɖ Űɤɜ Űɘɛɩɜ Űɖɠ ŮɜɗŬɚˊɑŬɠ əɟɡůŰɎɚɚɤůɖɠ əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ ɜŬɜɞůɡɜɗɏŰɤɜ 

Cloisite 30B. 

ɉɟɧɜɞɠ 

(min) 

 Cloisite 20A Cloisite 30B Aerosil R972 

0phr 2phr 5phr 2phr 5phr 5phr 

0 27.31 23.91 21.75 22.75 22.69 23.56 

80 25.96 20.05 20.53 20.87 20.30 18.83 

160 25.20 19.84 17.95 19.83 19.71 16.61 

240 7.15 18.51 17.49 18.11 18.39 15.67 

280 7.07 - - 17.47 - - 

320 3.73 - - - - - 
 

ɄɑɜŬəŬɠ 5.5: Ⱥɝɏɚɘɝɖ Űɤɜ Űɘɛɩɜ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ əɟɡůŰɎɚɚɤůɖɠ əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ 

ɜŬɜɞůɡɜɗɏŰɤɜ Cloisite 30B. 

ɉɟɧɜɞɠ 

(min) 

 Cloisite 20A Cloisite 30B Aerosil R972 

0phr 2phr 5phr 2phr 5phr 5phr 

0 -91.79 -97.07 -99.71 -99.62 -100.96 -92.05 

80 -91.59 -98.45 -101.46 -99.96 -101.31 -100.05 

160 -101.71 -98.75 -101.04 -103.42 -100.96 -107.53 

240 -110.54 -99.12 -100.54 -104.43 -100.75 -104.49 

280 -111.11 - - -102.11 - - 

320 -111.03 - - - - - 
 

ɀŮ ɓɎůɖ ŰŬ ˊŬɟŬˊɎɜɤ ŬˊɞŰŮɚɏůɛŬŰŬ, ɖ ŮɜɗŬɚˊɑŬ əɟɡůŰɎɚɚɤůɖɠ Űɞɡ ɡɚɘəɞɨ 

ɛŮɘɩɜŮŰŬɘ əŬɗɩɠ ŮɝŮɚɑůůŮŰŬɘ ɞ ɓɞɡɚəŬɜɘůɛɧɠ, əŬɘ ůŰŬɗŮɟɞˊɞɘŮɑŰŬɘ ɧŰŬɜ ŬɡŰɧɠ ɞɚɞəɚɖɟɤɗŮɑ.  



 

 
ȾȺūȷȿȷȽɃ 5ɞ 
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ȼ Ůɝɏɚɘɝɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ ɛɏůɤ Űɖɠ ŮɜɗŬɚˊɑŬɠ ɣɡɢɟɐɠ əɟɡůŰɎɚɚɤůɖɠ ɛˊɞɟŮɑ 

ɜŬ ˊɞůɞŰɘəɞˊɞɘɖɗŮɑ ɤɠ Ůɝɐɠ: 

% ɞɚɞəɚɐɟɤůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ
o

o

H

HH t

D

D-D
=

    Ůɝ. 5.2

 

ɧˊɞɡ 0DH ŮɑɜŬɘ ɖ ŮɜɗŬɚˊɑŬ əŬŰɎ Űɖɜ ɏɜŬɟɝɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ, əŬɘ tDH ɖ ŮɜɗŬɚˊɑŬ əɎɗŮ 

ɢɟɞɜɘəɐ ůŰɘɔɛɐ. 

ɀɘŬ Ɏɚɚɖ ɛɏɗɞŭɞɠ ɔɘŬ Űɖɜ ɛŮɚɏŰɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ ɛɏůɤ Űɖɠ ŰŮɢɜɘəɐɠ 

DSC ŮɑɜŬɘ ɖ ɛŮŰŬɓɞɚɐ Űɖɠ ɗŮɟɛɞɢɤɟɖŰɘəɧŰɖŰŬɠ əŬŰɎ Űɖɜ Ůɝɏɚɘɝɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ 
[8]

. ȼ 

ɗŮɟɛɞɢɤɟɖŰɘəɧŰɖŰŬ Űɞɡ ɡɚɘəɞɨ ɛŮɘɩɜŮŰŬɘ ɛŮ Űɖɜ ˊɎɟɞŭɞ Űɞɡ ɢɟɧɜɞɡ əŬɘ ůŰŬɗŮɟɞˊɞɘŮɑŰŬɘ 

ɧŰŬɜ ɖ ŬɜŰɑŭɟŬůɖ ɞɚɞəɚɖɟɤɗŮɑ. ɀŮŰɎ Űɖɜ ɞɚɞəɚɐɟɤůɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ, ɖ ŭɞɛɐ Űɞɡ 

ɡɚɘəɞɨ ŭŮɜ ŬɚɚɎɕŮɘ ůɖɛŬɜŰɘəɎ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɖ ɗŮɟɛɞɢɤɟɖŰɘəɧŰɖŰŬ ɜŬ ˊŬɟŬɛɏɜŮɘ 

ŬɛŮŰɎɓɚɖŰɖ. ȼ Ůɝɏɚɘɝɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ ɛˊɞɟŮɑ ɜŬ ˊɞůɞŰɘəɞˊɞɘɖɗŮɑ ɛɏůɤ Űɖɠ 

ɛŮŰŬɓɞɚɐɠ Űɖɠ ɗŮɟɛɞɢɤɟɖŰɘəɧŰɖŰŬɠ ɤɠ Ůɝɐɠ: 

% ɞɚɞəɚɐɟɤůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ

¤
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-
=

pp

tpp
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    Ůɝ. 5.3

 

ȳˊɞɡ 
opC , 

¤pC  ŮɑɜŬɘ ɖ ɗŮɟɛɞɢɤɟɖŰɘəɧŰɖŰŬ əŬŰɎ Űɖɜ ɏɜŬɟɝɖ əŬɘ Űɖɜ ɚɐɝɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ, 

ŬɜŰɑůŰɞɘɢŬ əŬɘ 
tpC  ɖ ɗŮɟɛɞɢɤɟɖŰɘəɧŰɖŰŬ əɎɗŮ ɢɟɞɜɘəɐ ůŰɘɔɛɐ. 
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ɆɢɐɛŬ 5.11: ɄɞɟŮɑŬ ɓɞɡɚəŬɜɘůɛɞɨ Ŭˊɧ Űɖɜ ɛŮŰŬŰɟɞˊɐ Ŭ) ɛɏůɤ Űɖɠ ɛŮŰŬɓɞɚɐɠ Űɖɠ ŮɜɗŬɚˊɑŬɠ 

əɟɡůŰɎɚɚɤůɖɠ əŬɘ ɓ) ɛɏůɤ Űɖɠ ɛŮŰŬɓɞɚɐɠ Űɖɠ ɗŮɟɛɞɢɤɟɖŰɘəɧŰɖŰŬɠ. 
 

ɇŬ ŭŮŭɞɛɏɜŬ Űɤɜ ŭɨɞ ŭɘŬűɞɟŮŰɘəɩɜ ˊɟɞůŮɔɔɑůŮɤɜ ůŰɖɜ Ůɝɏɚɘɝɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ 

ɓɞɡɚəŬɜɘůɛɞɨ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 5.11 əŬɘ ɧˊɤɠ űŬɑɜŮŰŬɘ ŮɑɜŬɘ ůŮ ůɡɛűɤɜɑŬ. ȷˊɧ 

Űɖɜ ˊɞɟŮɑŬ Ůɝɏɚɘɝɖɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ, ˊŬɟŬŰɖɟŮɑŰŬɘ ˊɤɠ ɖ ŮɘůŬɔɤɔɐ əŬɘ Űɤɜ ŭɨɞ ŬɜŬɚɞɔɘɩɜ 

Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ɞŭɖɔŮɑ ůŮ ŰŬɢɨŰŮɟɖ ɞɚɞəɚɐɟɤůɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ, ůŮ 

ůɨɔəɟɘůɖ ɛŮ Űɞ ůɨůŰɖɛŬ Űɖɠ ŬɜŰɑůŰɞɘɢɖɠ ɛɖ Ůɜɘůɢɡɛɏɜɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ. Ƀ ɓɞɡɚəŬɜɘůɛɧɠ 

Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ ɞɚɞəɚɖɟɩɜŮŰŬɘ ˊɘɞ ůɨɜŰɞɛŬ ɛŮ Űɖɜ ˊŮɟŬɘŰɏɟɤ Ŭɨɝɖůɖ Űɖɠ ŬɜŬɚɞɔɑŬɠ Űɞɡ 

ɛɏůɞɡ Ůɜɑůɢɡůɖɠ. ɄŬɟŬŰɖɟŮɑŰŬɘ Ůˊɑůɖɠ ɓɟŬŭŮɑŬ Ůɝɏɚɘɝɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ůŰŬ ˊɟɩŰŬ 200min 

ɔɘŬ Űɖɜ ɛɖ Ůɜɘůɢɡɛɏɜɖ ˊɞɚɡůɘɚɞɝɎɜɖ əŬɘ ŬˊɧŰɞɛɖ ŮˊɘŰɎɢɡɜůɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ůŰɖ ůɡɜɏɢŮɘŬ. 

ȼ ɢɟɞɜɘəɐ ɡůŰɏɟɖůɖ Űɖɠ ɛɖ Ůɜɘůɢɡɛɏɜɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ ɏɢŮɘ 

ŭɘŬˊɘůŰɤɗŮɑ əŬɘ ɛɏůɤ Űɖɠ ɘɝɤŭɞɛŮŰɟɑŬɠ Brookfield ɧˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ŬɟəŮŰɧɠ ɢɟɧɜɞɠ ˊɟɘɜ 

ŬɟɢɑůŮɘ ɖ ŬˊɧŰɞɛɖ Ŭɨɝɖůɖ Űɞɡ ɘɝɩŭɞɡɠ. ɃɛŬɚɧŰŮɟɖ ŮɑɜŬɘ ɖ Ůɝɏɚɘɝɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɔɘŬ ŰŬ 

ɜŬɜɞůɨɜɗŮŰŬ ˊɞɚɡůɘɚɞɝɎɜɖɠ, ɧˊɞɡ ɖ ŬɜŰɑŭɟŬůɖ ŮɝŮɚɑůůŮŰŬɘ ůɢŮŭɧɜ ŬɜŬɚɞɔɘəɎ ɛŮ Űɞ ɢɟɧɜɞ. 

ȷɜɎɚɞɔɖ ŮɟɔŬůɑŬ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ Ŭˊɧ Űɞɡɠ Carretero-Gonz§lez et al. 
[9]
, ɞɘ ɞˊɞɑɞɘ 

ɛŮɚɏŰɖůŬɜ Űɖɜ ŮˊɑŭɟŬůɖ Űɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ ůŮ ɛɐŰɟŬ űɡůɘəɞɨ ŮɚŬůŰɘəɞɨ əŬɘ ŬɜŬűɏɟɞɡɜ 
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ˊɤɠ ɖ ŮɜůɤɛɎŰɤůɖ ŬɜɘůɧŰɟɞˊɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ɞŭɖɔŮɑ ůŮ ŰɛɖɛŬŰɘəɏɠ ŭɘŬűɞɟɞˊɞɘɐůŮɘɠ, 

ɔɘŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ Ůɜɧɠ ɞɛɞɘɞɔŮɜɞɨɠ ŭɘŬůŰŬɡɟɤɛɏɜɞɡ ŮɚŬůŰɞɛŮɟɞɨɠ. ȺɘŭɘəɧŰŮɟŬ ŬɜŬűɏɟɞɡɜ 

ˊɤɠ ɖ ˊŬɟɞɡůɑŬ ɘůɢɡɟɐɠ ŭɘŮˊɘűŬɜŮɘŬəɐɠ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ ɛŮŰŬɝɨ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ əŬɘ 

Űɖɠ ɛɐŰɟŬɠ ɛˊɞɟŮɑ ɜŬ ˊɟɞəŬɚɏůŮɘ, ɡˊɧ Űɖɜ ŮˊɑŭɟŬůɖ ɛɞɜɞŬɝɞɜɘəɐɠ űɧɟŰɘůɖɠ, ɛɘŬ ˊɟɧɤɟɖ 

Ůɜɑůɢɡůɖ Űɖɠ ůɡɜɞɚɘəɐɠ əɟɡůŰɎɚɚɤůɖɠ Űɤɜ Ŭɚɡůɑŭɤɜ Űɞɡ űɡůɘəɞɨ ŮɚŬůŰɘəɞɨ. ȼ ˊŬɟŬˊɎɜɤ 

ˊŬɟŬŰɐɟɖůɖ ŮɝɖɔŮɑ əŬɘ Űɞ ɡɣɖɚɧŰŮɟɞ ɘɝɩŭŮɠ ˊɞɡ ŮˊɘŭŮɘəɜɨŮŰŬɘ Ŭˊɧ ŰŬ ɜŬɜɞůɨɜɗŮŰŬ 

ˊɞɚɡůɘɚɞɝɎɜɖɠ ůɡɔəɟɘŰɘəɎ ɛŮ Űɖɜ ɛɖ Ůɜɘůɢɡɛɏɜɖ ˊɞɚɡůɘɚɞɝɎɜɖ.  

ɉɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖɜ ɑŭɘŬ ŰŮɢɜɘəɐ ůŰŬ ɜŬɜɞůɨɜɗŮŰŬ Cloisite 20A/PDMS ůɡɛˊɨəɜɤůɖɠ 

(ɆɢɐɛŬ 5.12), ŭŮɜ ŭɘŬˊɘůŰɩɗɖəŮ ůɖɛŬɜŰɘəɐ ŭɘŬűɞɟɎ ůŰɖɜ ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ 

ůɡɔəɟɘŰɘəɎ ɛŮ ŰŬ ŬɜŰɑůŰɞɘɢŬ  ɜŬɜɞůɡɜɗɏŰŬ Űɞɡ Cloisite 30B. 
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ɆɢɐɛŬ 5.12: Ⱥɝɏɚɘɝɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ ɜŬɜɞůɡɜɗɏŰɤɜ Cloisite 20ȷ ˊɞɚɡůɘɚɞɝɎɜɖɠ ůɡɛˊɨəɜɤůɖɠ, 

ɛɏůɤ Űɖɠ ŭɘŬűɞɟɘəɐɠ ɗŮɟɛɘŭɞɛŮŰɟɑŬɠ ůɎɟɤůɖɠ Ŭ) 2phr əŬɘ ɓ) 5phr. 
 

ȷˊɧ Űo ɆɢɐɛŬ 5.12 əŬɘ Ŭˊɧ Űɞɜ ɄɑɜŬəŬ 5.4-5.5, ŭɘŬˊɘůŰɩɜŮŰŬɘ ɖ ɛŮɑɤůɖ Űɞɡ ŮɛɓŬŭɞɨ 

Űɖɠ əɞɟɡűɐɠ Űɖɠ əɟɡůŰɎɚɚɤůɖɠ əŬɘ ɖ ɛŮŰŬŰɧˊɘůɖ Űɞɡ çůəŬɚɞˊŬŰɘɞɨè Űɖɠ ɡŬɚɩŭɞɡɠ 

ɛŮŰɎˊŰɤůɖɠ ůŮ ɢŬɛɖɚɧŰŮɟŮɠ ɗŮɟɛɞəɟŬůɑŮɠ, ɧˊɤɠ ŭɘŬˊɘůŰɩɗɖəŮ əŬɘ ůŰŬ ɜŬɜɞůɨɜɗŮŰŬ Űɞɡ 

Cloisite 30B. ȼ ɛŮŰŬŰɧˊɘůɖ Űɖɠ əɞɟɡűɐɠ əɟɡůŰɎɚɚɤůɖɠ Űɤɜ ůɡɜɗɏŰɤɜ 2phr Cloisite 20A 

ŮɑɜŬɘ ɛɘəɟɧŰŮɟɖ ůɡɔəɟɘŰɘəɎ Űɤɜ ŬɜŰɑůŰɞɘɢɤɜ ůɡɜɗɏŰɤɜ Cloisite 30B. 

ȷɜɎɚɞɔŬ ŬˊɞŰŮɚɏůɛŬŰŬ ŭɘŬˊɘůŰɩɗɖəŬɜ əŬɘ ɛŮ Űɖɜ ŮɘůŬɔɤɔɐ Űɟɞˊɞˊɞɘɖɛɏɜɤɜ 

ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ (Aerosil R972), ˊɞɡ ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ ɆɢɐɛŬ 5.13, 

ɖ ɛŮɑɤůɖ Űɖɠ ŮɜɗŬɚˊɑŬɠ çɣɡɢɟɐɠè əɟɡůŰɎɚɚɤůɖɠ ŭɘŬŰɖɟŮɑŰŬɘ, ɤůŰɧůɞ ˊŬɟŬŰɖɟŮɑŰŬɘ 

ɛŮŰŬŰɧˊɘůɖ Űɖɠ əɞɟɡűɐɠ Űɞɡ ɛŮɔɑůŰɞɡ Űɖɠ əɟɡůŰɎɚɚɤůɖɠ ɔŮɔɞɜɧɠ ˊɞɡ ŭŮ ˊŬɟŬŰɖɟɐɗɖəŮ ůŰŬ 

ɞɟɔŬɜɘəɎ ŰɟɞˊɞˊɞɘɖɛɏɜŬ ɛɏůŬ Ůɜɑůɢɡůɖɠ əŬɘ ůŮ ŬɜŬɚɞɔɑŬ 5phr.  
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ɆɢɐɛŬ 5.13: Ⱥɝɏɚɘɝɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ ɜŬɜɞůɡɜɗɏŰɤɜ Aerosil R972 ˊɞɚɡůɘɚɞɝɎɜɖɠ ůɡɛˊɨəɜɤůɖɠ, 

ɛɏůɤ Űɖɠ ŭɘŬűɞɟɘəɐɠ ɗŮɟɛɘŭɞɛŮŰɟɑŬɠ ůɎɟɤůɖɠ. 



 

 
ȾȺūȷȿȷȽɃ 5ɞ 
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5.3.2 ȼ ŮˊɑŭɟŬůɖ Űɞɡ Űɨˊɞɡ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ 

ȷˊɧ Űɖɜ ůɡɔəɟɘŰɘəɐ ɛŮɚɏŰɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ ɛɏůɤ Űɖɠ ŭɘŬűɞɟɘəɐɠ 

ɗŮɟɛɘŭɞɛŮŰɟɑŬɠ ůɎɟɤůɖɠ, (ɆɢɐɛŬ 5.14 əŬɘ 5.15) ŭɘŬˊɘůŰɩɗɖəŮ ŮɚŬűɟɩɠ ŰŬɢɨŰŮɟɖ Ůɝɏɚɘɝɖ 

Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ ůŰŬ ůɡůŰɐɛŬŰŬ 5phr Aerosil R972, Ŭəɞɚɞɡɗɞɨɜ ŰŬ ɜŬɜɞůɨɜɗŮŰŬ 5phr 

Cl20A əŬɘ Űɏɚɞɠ ŰŬ ůɡůŰɐɛŬŰŬ 5phr Cl30B. ɆɡɔəɟɑɜɞɜŰŬɠ Űɞɡɠ ŭɨɞ ɞɟɔŬɜɘəɎ 

Űɟɞˊɞˊɞɘɖɛɏɜɞɡɠ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰŮɠ əŬɘ ůŰɘɠ ŭɨɞ ŬɜŬɚɞɔɑŮɠ ˊɞɡ ɛŮɚŮŰɐɗɖəŬɜ (2, 5phr), 

ŭɘŬˊɘůŰɩɜŮŰŬɘ ˊɤɠ ŰŬ ɜŬɜɞůɨɜɗŮŰŬ Cloisite 20A ɞŭɖɔɞɨɜŰŬɘ ůɡɜŰɞɛɧŰŮɟŬ ůŰɖ 

ɓɞɡɚəŬɜɘůɛɏɜɖ ŭɞɛɐ ůɡɔəɟɘŰɘəɎ Űɤɜ ŬɜŰɑůŰɞɘɢɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ Cloisite 30B. 

ȹɘŬˊɘůŰɩɜŮŰŬɘ Ůˊɑůɖɠ əŬɚɐ ůɡůɢɏŰɘůɖ ɛŮŰŬɝɨ Űɤɜ Űɘɛɩɜ ˊɞɡ ɡˊɞɚɞɔɑůŰɖəŬɜ ɛɏůɤ Űɖɠ 

ŮɜɗŬɚˊɑŬɠ çɣɡɢɟɐɠè əɟɡůŰɎɚɚɤůɖɠ əŬɘ Űɖɠ ɗŮɟɛɞɢɤɟɖŰɘəɧŰɖŰŬɠ ůŰɖɜ ˊŮɟɘɞɢɐ Űɖɠ 

ɡŬɚɩŭɞɡɠ ɛŮŰɎˊŰɤůɖɠ, əŬɘ ɔɘŬ Űɞɡɠ ŰɟŮɘɠ Űɨˊɞɡɠ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ˊɞɡ ŮɝŮŰɎůŰɖəŬɜ. ɇɏɚɞɠ, 

ɞ ɢɟɧɜɞɠ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ Űɖɜ ɞɚɞəɚɐɟɤůɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ŮɑɜŬɘ ɛɘəɟɧŰŮɟɞɠ ůɡɔəɟɘŰɘəɎ 

Űɖɠ ɛɖ-Ůɜɘůɢɡɛɏɜɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ, ˊŮɟɑˊɞɡ ɧɛɤɠ ɞ ɑŭɘɞɠ ɧɛɤɠ ɔɘŬ ɧɚŬ ŰŬ ɡˊɧ ɛŮɚɏŰɖ 

ɜŬɜɞůɨɜɗŮŰŬ. ȷɜɎɚɞɔɖ ŮɟɔŬůɑŬ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ Ŭˊɧ Űɞɡɠ Tang əŬɘ Tsiang 
[8]

 ɧˊɞɡ 

ɛŮɚŮŰɐɗɖəŮ ɖ ˊɞɟŮɑŬ əŬɘ ɖ ɞɚɞəɚɐɟɤůɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ ɛɖ Ůɜɘůɢɡɛɏɜɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ 

ůɡɛˊɨəɜɤůɖɠ ɛɏůɤ Űɖɠ ŭɘŬűɞɟɘəɐɠ ɗŮɟɛɘŭɞɛŮŰɟɑŬɠ ůɎɟɤůɖɠ ɛŮ ɖɛɘŰɞɜɞŮɘŭɐ ɟɡɗɛɧ 

ɗɏɟɛŬɜůɖɠ. ȼ ɛŮɚɏŰɖ Űɞɡɠ ŮˊɘəŮɜŰɟɩɗɖəŮ ůŰɖ ɛŮŰŬɓɞɚɐ Űɖɠ ŮɜɗŬɚˊɑŬɠ Űɖɠ çɣɡɢɟɐɠè 

əɟɡůŰɎɚɚɤůɖɠ əŬɘ ůŰɖ ɛŮŰŬɓɞɚɐ Űɖɠ ɗŮɟɛɞɢɤɟɖŰɘəɧŰɖŰŬɠ Űɖɠ ɡŬɚɩŭɞɡɠ ɛŮŰɎˊŰɤůɖɠ əŬŰɎ 

Űɞ ɓɞɡɚəŬɜɘůɛɧ. ȷˊɧ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ɛŮɚɏŰɖɠ ɛɏůɤ Űɤɜ ŭɨɞ ŬɡŰɩɜ ŭɘŬűɞɟŮŰɘəɩɜ 

ŰŮɢɜɘəɩɜ, ŭɘŬˊɘůŰɩɗɖəŮ ůɡɛűɤɜɑŬ Űɧůɞ ůŰɖɜ Ůɝɏɚɘɝɖ ɧůɞ əŬɘ ůŰɖɜ ɞɚɞəɚɐɟɤůɖ Űɞɡ 

ɓɞɡɚəŬɜɘůɛɞɨ.  
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ɆɢɐɛŬ 5.14: ȼ Ůɝɏɚɘɝɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ ɜŬɜɞůɡɜɗɏŰɤɜ MMW PDMS ůɡɛˊɨəɜɤůɖɠ Ŭˊɧ Űɖɜ 

ɛŮŰŬŰɟɞˊɐ ɛɏůɤ Űɖɠ ɛŮŰŬɓɞɚɐɠ Űɖɠ ŮɜɗŬɚˊɑŬɠ əɟɡůŰɎɚɚɤůɖɠ, ɛŮ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Ŭ) 2phr əŬɘ ɓ) 5phr. 
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ɆɢɐɛŬ 5.15: ȼ Ůɝɏɚɘɝɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ ɜŬɜɞůɡɜɗɏŰɤɜ MMW PDMS ůɡɛˊɨəɜɤůɖɠ Ŭˊɧ Űɖɜ 

ɛŮŰŬŰɟɞˊɐ ɛɏůɤ Űɖɠ ɛŮŰŬɓɞɚɐɠ Űɖɠ ɗŮɟɛɞɢɤɟɖŰɘəɧŰɖŰŬɠ, ɛŮ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Ŭ) 2phr əŬɘ ɓ) 5phr. 



 

 
ɀȺȿȺɇȼ ȸɃɈȿȾȷɁȽɆɀɃɈ ɁȷɁɃɆɈɁŪȺɇɋɁ ɄɃȿɈɆȽȿɃɂȷɁȼɆ ɆɈɀɄɈȾɁɋɆȼɆ 

117 

 

5.4 ūŬůɛŬŰɞůəɞˊɑŬ ɈˊŮɟɨɗɟɞɡ ɛŮ ɛŮŰŬůɢɖɛŬŰɘůɛɧ Fourier  

 

5.4.1 ȼ ŮˊɑŭɟŬůɖ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ůŰɖɜ ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ (MMW PDMS) 

ȷɝɘɞˊɞɘɩɜŰŬɠ Űɖɜ ŰŮɢɜɘəɐ Űɖɠ űŬůɛŬŰɞůəɞˊɑŬɠ ɡˊŮɟɨɗɟɞɡ ɛŮ ɛŮŰŬůɢɖɛŬŰɘůɛɧ Fourier, 

ɛˊɞɟŮɑ ɜŬ ˊɞůɞŰɘəɞˊɞɘɖɗŮɑ əŬɘ ɜŬ əŬŰŬɔɟŬűŮɑ ɖ ŮˊɑŭɟŬůɖ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ůŰɖɜ 

ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ MMW PDMS ůɡɛˊɨəɜɤůɖɠ ɛɏůɤ ɢɖɛɘəɩɜ ɛŮŰŬɓɞɚɩɜ. ȾŬŰɎ Űɖɜ 

Ůɝɏɚɘɝɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ůɡɛˊɨəɜɤůɖɠ, ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ ůŰŬɡɟɞŭŮůɛɞɑ Si ï O ï Si ɛŮŰŬɝɨ Űɞɡ 

Ɏəɟɞɡ Űɖɠ ŬɚɡůɑŭŬɠ əŬɘ Űɞɡ ŰŮŰɟŬŭɟŬůŰɘəɞɨ ɛɏůɞɡ, ɧˊɤɠ űŬɑɜŮŰŬɘ əŬɘ ůŰɞ ɆɢɐɛŬ 5.16. 
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ɆɢɐɛŬ 5.16: ȷɜŰɑŭɟŬůɖ ůɡɛˊɨəɜɤůɖɠ ɛŮŰŬɝɨ Ŭɚɡůɑŭɤɜ ˊɞɚɡɛŮɟɞɨɠ ɛŮ ŬəɟŬɑŮɠ ɡŭɟɞɝɡɚɘəɏɠ ɞɛɎŭŮɠ 

əŬɘ Űɞɡ ŰŮŰɟŬŭɟŬůŰɘəɞɨ ɛɏůɞɡ ŭɘŬůŰŬɨɟɤůɖɠ. 

ɆŰɞɜ ɄɑɜŬəŬ 5.6, ŰŬɡŰɞˊɞɘɞɨɜŰŬɘ ɞɘ əɡɛŬŰɎɟɘɗɛɞɘ ɞɘ ɞˊɞɑɞɘ əŬŰŬɔɟɎűɞɜŰŬɘ ůŰŬ 

űɎůɛŬŰŬ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ Űɖɠ PDMS. ȼ əɞɟɡűɐ ˊɞɡ ˊŬɟɞɡůɘɎɕŮɘ ŮɜŭɘŬűɏɟɞɜ ůŰŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ŭɘŬŰɟɘɓɐɠ ɓɟɑůəŮŰŬɘ ůŮ əɡɛŬŰɎɟɡɗɛɞɡɠ ɛŮŰŬɝɨ 1200-900cm
-1
, əŬɘ 

ɞűŮɑɚŮŰŬɘ ůŰɖɜ ŬůɨɛɛŮŰɟɖ ŭɧɜɖůɖ ŰɎůɖɠ Űɞɡ Si ï O ï Si. 

 

ɄɑɜŬəŬɠ 5.6: ɇŬɡŰɞˊɞɑɖůɖ Űɤɜ əɞɟɡűɩɜ Űɤɜ űŬůɛɎŰɤɜ IR Űɖɠ MMW  PDMS. 

ɄŮɟɘɞɢɐ IR (cm
-1

) ɄŮɟɘɔɟŬűɐ 

785 
ȹɧɜɖůɖ ůŰɟɏɣɖɠ Űɞɡ -CH3 əŬɘ ŭɧɜɖůɖ ŰɎůɖɠ Űɞɡ 

ſSi-Cſ ůŮ ſSi-CH3 

864 
ȹɧɜɖůɖ ŰɎůɖɠ Űɞɡ ſSi-O ůŮ ſSi-OH, əɡɛŬŰɘůɛɧɠ Űɞɡ 

Si-CH3 əŬɘ ůɡɛɛŮŰɟɘəɐ ŭɧɜɖůɖ ŰɎůɖɠ Űɞɡ Si-C 

1010 - 1081 ȷůɨɛɛŮŰɟɖ ŭɧɜɖůɖ ŰɎůɖɠ Űɞɡ Si ï O ï Si 

1258 ɆɡɛɛŮŰɟɘəɐ ˊŬɟŬɛɧɟűɤůɖ Űɞɡ CH3 ůŮ ſSi-CH3 

1407 ȷůɨɛɛŮŰɟɖ ˊŬɟŬɛɧɟűɤůɖ Űɞɡ CH3 ůŮ ſSi-CH3 

2962 ȹɧɜɖůɖ ŰɎůɖɠ Űɞɡ CH Űɞɡ CH3 
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ɆɢɐɛŬ 5.17: Ⱥɝɏɚɘɝɖ Űɞɡ űɎůɛŬŰɞɠ ATR Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ ůɡɛˊɨəɜɤůɖɠ, əŬŰɎ Űɖɜ ŬɜŰɑŭɟŬůɖ Űɞɡ 

ɓɞɡɚəŬɜɘůɛɞɨ. 

ɆŰɞ ɆɢɐɛŬ 5.17 ˊŬɟŬŰɖɟŮɑŰŬɘ ɛŮŰŬŰɧˊɘůɖ Űɖɠ əɞɟɡűɐɠ 1200 ï 900 cm
-1

 ůŮ ɛŮɔŬɚɨŰŮɟŮɠ 

Űɘɛɏɠ Ŭˊɞɟɟɧűɖůɖɠ. ȷˊɧ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɞɡ ŮɛɓŬŭɞɨ Űɖɠ əɞɟɡűɐɠ, ŭɘŬˊɘůŰɩɜŮŰŬɘ Ŭɨɝɖůɖ 

ůŰŬ ˊɟɩŰŬ 20 min, ůŰɖ ůɡɜɏɢŮɘŬ ůŰŬɗŮɟɞˊɞɑɖůɖ ɏɤɠ əŬɘ ŰŬ 40 min əŬɘ Űɏɚɞɠ ˊŮɟŬɘŰɏɟɤ 

Ŭɨɝɖůɖ  Űɞɡ ŮɛɓŬŭɞɨ ɛŮ ɛŮɔŬɚɨŰŮɟɞ ɟɡɗɛɧ Ŭˊɧ ŬɡŰɧɜ Űɞɡ Ŭɟɢɘəɞɨ ůŰŬŭɑɞɡ. ȼ əɞɟɡűɐ ŬɡŰɐ 

ŬɜŰɘůŰɞɘɢŮɑ ůŮ ŬůɨɛɛŮŰɟŮɠ ŭɞɜɐůŮɘɠ ŰɎůŮɘɠ Űɤɜ ŭŮůɛɩɜ Si ï O ï Si, ɧˊɞɡ Űɞ ˊɚɐɗɞɠ Űɤɜ 

ŭŮůɛɩɜ ŬɡŰɩɜ ŬɡɝɎɜŮŰŬɘ, ɚɧɔɤ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ.  

 

ɆɢɐɛŬ 5.18: Ⱥɝɏɚɘɝɖ Űɞɡ űɎůɛŬŰɞɠ ATR Űɞɡ ɜŬɜɞůɡɜɗɏŰɞɡ 5phr Cloisite 20A/MMW PDMS 

ůɡɛˊɨəɜɤůɖɠ, əŬŰɎ Űɖɜ ŬɜŰɑŭɟŬůɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ. 

ȼ ŮɘůŬɔɤɔɐ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Cloisite 20A, ŭɘŬűɞɟɞˊɞɘŮɑ Űɞ ɓɞɡɚəŬɜɘůɛɧ ˊɘɗŬɜɧɜ 

ɚɧɔɤ űɡůɘəɩɜ əŬɘ ɢɖɛɘəɩɜ ŬɚɚɖɚŮˊɘŭɟɎůŮɤɜ Űɖɠ Ŭɟɔɑɚɞɡ ɛŮ Űɖɜ ˊɞɚɡůɘɚɞɝɎɜɖ. ɆɨɛűɤɜŬ 

ɛŮ Űo ɆɢɐɛŬ 5.18 əŬɘ Ŭ́ ɧ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɤɜ ŮɛɓŬŭɩɜ Űɖɠ əɞɟɡűɐɠ 1200ï900 cm
-1

, 

ŭɘŬˊɘůŰɩɜŮŰŬɘ ŬɟɢɘəɎ ɛɘŬ ɛɘəɟɐ Ŭɨɝɖůɖ Űɞɡ ŮɛɓŬŭɞɨ ɏɤɠ əŬɘ ŰŬ 20min, ŬəɞɚɞɡɗŮɑ ɛɘŬ 

ŬˊɧŰɞɛɖ Ŭɨɝɖůɖ ɏɤɠ əŬɘ ŰŬ 25min əŬɘ Űɏɚɞɠ ˊŬɟŬŰɖɟŮɑŰŬɘ ůŰŬɗŮɟɞˊɞɑɖůɖ Űɞɡ ŮɛɓŬŭɞɨ. 
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ɆɢɐɛŬ 5.19: Ⱥɝɏɚɘɝɖ Űɞɡ űɎůɛŬŰɞɠ ATR Űɞɡ ɜŬɜɞůɡɜɗɏŰɞɡ 5phr Cloisite 30B/MMW PDMS 

ůɡɛˊɨəɜɤůɖɠ, əŬŰɎ Űɖɜ ŬɜŰɑŭɟŬůɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ. 

ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ Cloisite 30B (ɆɢɐɛŬ 5.19), ɞɘ ɡŭɟɞɝɡɚɘəɏɠ ɞɛɎŭŮɠ 

ˊɞɡ ɓɟɑůəɞɜŰŬɘ ůŰɖɜ ɞɟɔŬɜɘəɐ Űɟɞˊɞˊɞɑɖůɖ, ˊɘɗŬɜɧɜ ɜŬ ŮˊɖɟŮɎɕɞɡɜ Űɖɜ ˊɞɟŮɑŬ Űɖɠ 

ŬɜŰɑŭɟŬůɖɠ, ůɡɛɛŮŰɏɢɞɜŰŬɠ ůŰɞ ɓɞɡɚəŬɜɘůɛɧ əŬɘ əŬŰŬɜŬɚɩɜɞɜŰŬɠ ɛɏɟɞɠ Űɞɡ ɛɏůɞɡ 

ŭɘŬůŰŬɨɟɤůɖɠ, ɛɏůɤ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ůɡɛˊɨəɜɤůɖɠ. (ɆɢɐɛŬ 5.20) 

 
ɆɢɐɛŬ 5.20: ȷɜŰɑŭɟŬůɖ ůɡɛˊɨəɜɤůɖɠ ɛŮŰŬɝɨ Cloisite 30ȸ əŬɘ Űɞɡ ŰŮŰɟŬŭɟŬůŰɘəɞɨ ɛɏůɞɡ 

ŭɘŬůŰŬɨɟɤůɖɠ. 

ȷɜɎɚɞɔŬ ŬˊɞŰŮɚɏůɛŬŰŬ ŭɘŬˊɘůŰɩɗɖəŬɜ əŬɘ Ŭˊɧ Űɞɡɠ Wang et al. 
[10]
, ɧˊɞɡ ůŰŬ 

ɜŬɜɞůɨɜɗŮŰŬ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ ɖ ɏɜŰŬůɖ ɐŰŬɜ ŬůɗŮɜɏůŰŮɟɖ Ůɜ ůɡɔəɟɑůŮɘ Űɖɠ ɛɖ Ůɜɘůɢɡɛɏɜɖɠ 

ˊɞɚɡůɘɚɞɝɎɜɖɠ. ɇɞ ɔŮɔɞɜɧɠ ŬɡŰɧ Űɞ ůɡɜɏŭŮůŬɜ ɛŮ ɢɖɛɘəɏɠ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ ɛŮŰŬɝɨ Űɞɡ 

ůɡůŰɐɛŬŰɞɠ ɓɞɡɚəŬɜɘůɛɞɨ ˊɞɡ ɢɟɖůɘɛɞˊɞɑɖůŬɜ, Űɤɜ ɡŭɟɞɝɡɚɑɤɜ ˊɞɡ ɓɟɑůəɞɜŰŬɘ ůŰɖɜ 

ɞɟɔŬɜɘəɐ Űɟɞˊɞˊɞɑɖůɖ əŬɘ ůŰŬ ɡŭɟɞɝɨɚɘŬ ˊɞɡ ˊŮɟɘɏɢɞɜŰŬɘ ůŰɖɜ ˊɞɚɡůɘɚɞɝɎɜɖ.  
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ɆɢɐɛŬ 5.21: Ⱥɝɏɚɘɝɖ Űɞɡ űɎůɛŬŰɞɠ ATR Űɞɡ ɜŬɜɞůɡɜɗɏŰɞɡ 5phr Nanofil 116/MMW PDMS 

ůɡɛˊɨəɜɤůɖɠ əŬŰɎ Űɖɜ ŬɜŰɑŭɟŬůɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ. 

ȼ əɞɟɡűɐ 1200 ï 900 cm
-1
, Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ Nanofil  116 (ɆɢɐɛŬ 5.21), 

ɛŮŰŬŰɞˊɑɕŮŰŬɘ ůŮ ɛŮɔŬɚɨŰŮɟŮɠ Űɘɛɏɠ Ŭˊɞɟɟɧűɖůɖɠ əŬŰɎ ŰŬ ˊɟɩŰŬ 24 min əŬɘ ɏˊŮɘŰŬ 

ɛŮŰŬˊɑˊŰŮɘ ůŮ ŮɚŬűɟɎ ɢŬɛɖɚɧŰŮɟŮɠ. ȼ Ŭɨɝɖůɖ Űɤɜ ŭŮůɛɩɜ Si ï O ï Si ŬˊɞŭɑŭŮŰŬɘ əŬŰɎ əɨɟɘɞ 

ɚɧɔɞ ůŰɖɜ ŬɜŰɑŭɟŬůɖ Űɖɠ ůɘɚɘəɧɜɖɠ ɛŮ Űɞ ŰŮŰɟŬŭɟŬůŰɘəɧ ɛɏůɞ ɓɞɡɚəŬɜɘůɛɞɨ. ɇɞ Nanofil 

116 ŬˊɞɟɟɞűɎ ůŰɞɡɠ ɑŭɘɞɡɠ əɡɛŬŰɎɟɡɗɛɞɡɠ ůŰɞɡɠ ɞˊɞɑɞɡɠ ŮɛűŬɜɑɕŮŰŬɘ ɖ ŮɝŮŰŬɕɧɛŮɜɖ 

əɞɟɡűɐ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ŭɘəŬɘɞɚɞɔŮɑŰŬɘ ɖ ˊŮɟŬɘŰɏɟɤ Ŭɨɝɖůɖ Űɖɠ Ŭˊɞɟɟɧűɖůɖɠ ɚɧɔɤ Űɖɠ 

ůɡɔəɏɜŰɟɤůɖɠ Űɖɠ Ŭɟɔɑɚɞɡ. ɀŮŰɎ Űɞ ˊɏɟŬɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɖ əɞɟɡűɐ ůŰŬɗŮɟɞˊɞɘŮɑŰŬɘ.  
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ɆɢɐɛŬ 5.22: ȺˊɑŭɟŬůɖ Űɖɠ ŬɜŬɚɞɔɑŬɠ Űɞɡ ɛɏůɞɡ 

Ůɜɑůɢɡůɖɠ ůŰɞ ŮɛɓŬŭɧ Űɖɠ əɞɟɡűɐɠ 1200-900cm
-1
 

əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ ɜŬɜɞůɡɜɗɏŰɤɜ Ŭ) Cl20A, ɓ) 

Cl30ȸ əŬɘ ɔ) Nan116. 
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ɇɏɚɞɠ, ɛŮɚŮŰɐɗɖəŮ əŬɘ Űɞ ŮɛɓŬŭɧ Űɖɠ əɞɟɡűɐɠ 900-700 cm
-1 
ůŮ ɧɚŬ ŰŬ ˊŬɟŬˊɎɜɤ 

ůɡůŰɐɛŬŰŬ, Űɞ ɞˊɞɑɞ ŭŮɜ ˊŬɟɞɡůɘɎɕŮɘ ɔŮɜɘəɎ ɛŮɔɎɚŮɠ ŭɘŬűɞɟɞˊɞɘɐůŮɘɠ əŬɘ ɖ Ůɝɏɚɘɝɐ Űɞɡ 

ŬəɞɚɞɡɗŮɑ ůŮ ɞɟɘůɛɏɜŮɠ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ Űɖɜ ˊɞɟŮɑŬ Űɞɡ ŮɛɓŬŭɞɨ Űɖɠ əɞɟɡűɐɠ 1200-900 cm
-

1
. ȼ əɞɟɡűɐ ŬɡŰɐ ŬɜŰɘůŰɞɘɢŮɑ ůŮ ůɡɛɛŮŰɟɘəɏɠ ŭɞɜɐůŮɘɠ ŰɎůɖɠ Űɞɡ Si-O-Si 

[11]
, ůŮ ŭɞɜɐůŮɘɠ 

ŰɎůɖɠ ſSi-O ůŮ ſSi-OH, ŬɚɚɎ əŬɘ ůŮ ŭɞɜɐůŮɘɠ ŰɎůɖɠ Űɞɡ ſSi-Cſ ůŮ ſSi-CH3. Ⱥˊɞɛɏɜɤɠ, ŭŮɜ 

ŮɑɜŬɘ ɘŭɘŬɑŰŮɟŬ ŮɜŭŮɘəŰɘəɐ ɔɘŬ Űɖ ɛŮɚɏŰɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ əŬɘ ɔɘŬ Űɞ ɚɧɔɞ ŬɡŰɧ ŭŮɜ 

ŬɜŬɚɨŮŰŬɘ ˊŮɟŬɘŰɏɟɤ.  

ɆɨɛűɤɜŬ ɛŮ Űɞ ɆɢɐɛŬ 5.22, ŭɘŬˊɘůŰɩɜŮŰŬɘ ˊɤɠ ɖ Ůɝɏɚɘɝɖ Űɞɡ ŮɛɓŬŭɞɨ Űɖɠ ɛɖ 

Ůɜɘůɢɡɛɏɜɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ ŬəɞɚɞɡɗŮɑ ɛɘŬ ɞɛŬɚɐ Ŭɨɝɖůɖ Ŭˊɧ ŰŬ ˊɟɩŰŬ əɘɧɚŬɠ ɚŮˊŰɎ ɏɤɠ 

əŬɘ Űɖɜ ɞɚɞəɚɐɟɤůɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ. ȼ ŮɘůŬɔɤɔɐ Űɞɡ Cloisite 20A, űŬɑɜŮŰŬɘ ɜŬ 

ŭɘŬűɞɟɞˊɞɘŮɑ Űɞ ɟɡɗɛɧ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ ŬɜɎɚɞɔŬ ɛŮ Űɖɜ ˊŮɟɘŮəŰɘəɧŰɖŰɎ Űɞɡ. ɆŮ ɧɚŮɠ Űɘɠ 

ŮɝŮŰŬɕɧɛŮɜŮɠ ŬɜŬɚɞɔɑŮɠ Űɞɡ Cloisite 20A, ŭɘŬˊɘůŰɩɜŮŰŬɘ ɛɘŬ ŬˊɧŰɞɛɖ ŮəŰɑɜŬɝɖ Űɞɡ ŮɛɓŬŭɞɨ 

Ŭˊɧ ŰŬ 25 ɏɤɠ ŰŬ 30min, ɛŮ Űɞ ɓɞɡɚəŬɜɘůɛɧ ɜŬ ɞɚɞəɚɖɟɩɜŮŰŬɘ ŰŬɢɨŰŮɟŬ ůɡɔəɟɘŰɘəɎ Űɖɠ ɛɖ 

Ůɜɘůɢɡɛɏɜɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ. ȷɨɝɖůɖ Űɞɡ ŮɛɓŬŭɞɨ Űɖɠ əɞɟɡűɐɠ əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ 

ˊŬɟŬŰɖɟɐɗɖəŮ əŬɘ ůŰŬ ɜŬɜɞůɨɜɗŮŰŬ Cloisite 30B ůŮ ŬɜŬɚɞɔɑŮɠ 5 əŬɘ 8phr. ȼ ɛŮɑɤůɖ ˊɞɡ 

ŭɘŬˊɘůŰɩɗɖəŮ ůŰɞ ůɨůŰɖɛŬ 2phr Cloisite 30B, ˊɘɗŬɜɧɜ ɜŬ ɞűŮɑɚŮŰŬɘ ůŮ ɛɖɢŬɜɘůɛɞɨɠ 

ɡŭɟɧɚɡůɖɠ ˊɞɡ ŬɜŬˊŰɨůůɞɜŰŬɘ ŰŬɡŰɧɢɟɞɜŬ ɛŮ Űɘɠ ŬɜŰɘŭɟɎůŮɘɠ ɓɞɡɚəŬɜɘůɛɞɨ, əŬɘ 

ˊɟɞɏɟɢɞɜŰŬɘ Ŭˊɧ ŰŬ ɡŭɟɞɝɨɚɘŬ Űɖɠ ɞɟɔŬɜɘəɐɠ Űɟɞˊɞˊɞɑɖůɖɠ Űɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ əŬɗɩɠ əŬɘ 

Űɞɡ Ŭɡɝɖɛɏɜɞɡ ɡŭɟɧűɘɚɞɡ ɢŬɟŬəŰɐɟŬ Űɞɡ Cloisite 30B. ȼ ŮɘůŬɔɤɔɐ Űɞɡ ɛɖ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ 

ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ űŬɑɜŮŰŬɘ ɜŬ ŮˊɘŰŬɢɨɜŮɘ Űɞ ɓɞɡɚəŬɜɘůɛɧ Ŭˊɧ Űɖɜ Ůəəɑɜɖůɖ, ɢɤɟɑɠ ɤůŰɧůɞ ɜŬ 

ɛŮŰŬɓɎɚŮɘ ůŮ ɛŮɔɎɚɞ ɓŬɗɛɧ Űɞ Ŭɟɢɘəɧ ŮɛɓŬŭɧɜ.  

ɆɡɔəɟɑɜɞɜŰŬɠ ɧɚŬ ŰŬ ůɡůŰɐɛŬŰŬ ůŮ ŬɜŬɚɞɔɑŬ 5phr Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ (ɆɢɐɛŬ 5.23), 

ŭɘŬˊɘůŰɩɜŮŰŬɘ ˊɤɠ ŰŬ ɜŬɜɞůɨɜɗŮŰŬ ɛŮ ɛɖ Űɟɞˊɞˊɞɘɖɛɏɜɞ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ ɞŭɖɔɞɨɜŰŬɘ 

ŰŬɢɨŰŮɟŬ ůŰɖɜ ɞɚɞəɚɐɟɤůɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ, Ŭəɞɚɞɡɗɞɨɜ ŰŬ ɜŬɜɞůɨɜɗŮŰŬ Cloisite 30B 

əŬɘ Űɏɚɞɠ ŰŬ ɜŬɜɞůɨɜɗŮŰŬ Cloisite 20A.  
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ɆɢɐɛŬ 5.23: ɆɡɔəɟɘŰɘəɐ ɛŮɚɏŰɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ ɜŬɜɞůɡɜɗɏŰɤɜ MMW/PDMS 

ůɡɛˊɨəɜɤůɖɠ (5phr) ɛɏůɤ Űɖɠ Ůɝɏɚɘɝɖ Űɞɡ ŮɛɓŬŭɞɨ Űɖɠ əɞɟɡűɐɠ 1200-900cm
-1
. 



 

 
ȾȺūȷȿȷȽɃ 5ɞ 
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ɆɖɛŬɜŰɘəɐ ŮˊɑŭɟŬůɖ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ůŰɞ ɓɞɡɚəŬɜɘůɛɧ ŭɘŬˊɘůŰɩɗɖəŮ əŬɘ Ŭˊɧ 

Űɞɡɠ Kader et al 
[4]
, ɞɘ ɞˊɞɑɞɘ ɛŮɚɏŰɖůŬɜ ůɨɜɗŮŰŬ űɗɤɟɞŮɚŬůŰɞɛŮɟɩɜ, ŮɜɘůɢɡɛɏɜŬ ɛŮ 

ɞɟɔŬɜɘəɎ əŬɘ ɛɖ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɞ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ. ȼ ŮɘůŬɔɤɔɐ ɞɟɔŬɜɘəɎ 

Űɟɞˊɞˊɞɘɖɛɏɜɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ŮˊɏűŮɟŮ ŮˊɘŰɎɢɡɜůɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ, Ůɜɩ ŬɜŰɑɗŮŰŬ ɖ 

ŮɘůŬɔɤɔɐ ɛɖ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ ɞŭɐɔɖůŮ ůŮ ŮˊɘɓɟɎŭɡɜůɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ. 

ɇɞ ɔŮɔɞɜɧɠ Űɖɠ ŮˊɘŰɎɢɡɜůɖɠ Űɞɡ Ƀɀɀɇ, ŬˊŮŭɧɗɖ ůŰɖɜ ɞɟɔŬɜɘəɐ Űɟɞˊɞˊɞɑɖůɖ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ, Ůɜɩ ŬɜŰɑɗŮŰŬ ɖ ŮˊɘɓɟɎŭɡɜůɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ Űɞɡ ɀɀɇ ˊɟɞɏɟɢŮŰŬɘ Ŭˊɧ 

Űɖɜ əŬŰŬɜɎɚɤůɖ ɛɏɟɞɡɠ Űɞɡ ɛɏůɞɡ ŭɘŬůŰŬɨɟɤůɖɠ Ŭˊɧ ŰŬ ɛɖ ŰɟɞˊɞˊɞɘɖɛɏɜŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ. 
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5.5 ɆɡɛˊŮɟɎůɛŬŰŬ 

ȼ ɛŮɚɏŰɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ ɛŮ Űɞ ɘɝɤŭɧɛŮŰɟɞ Brookfield ɏŭŮɘɝŮ ɧŰɘ Űɞ ɘɝɩŭŮɠ Űɖɠ ɛɖ 

Ůɜɘůɢɡɛɏɜɖɠ ůɘɚɘəɧɜɖɠ əŬɘ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ Űɖɠ ŬɡɝɎɜŮŰŬɘ ɛŮ Űɞ ɢɟɧɜɞ, ɚɧɔɤ Űɤɜ 

ŬɜŬˊŰɡůůɧɛŮɜɤɜ ůŰŬɡɟɞŭŮůɛɩɜ ɛŮŰŬɝɨ Űɤɜ ɡŭɟɞɝɡɚɑɤɜ Űɖɠ ůɘɚɘəɧɜɖɠ əŬɘ Űɞɡ 

ŰŮŰɟŬŭɟŬůŰɘəɞɨ ɛɏůɞɡ ɓɞɡɚəŬɜɘůɛɞɨ. ȼ ŮɘůŬɔɤɔɐ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ůŰɖ ůɘɚɘəɧɜɖ 

ŮˊɘűɏɟŮɘ ŰŬɢɨŰŮɟɖ Ŭɨɝɖůɖ ůŰɖɜ Űɘɛɐ Űɞɡ ɘɝɩŭɞɡɠ ůŮ ůɢɏůɖ ɛŮ Űɖɜ ŬɜŰɑůŰɞɘɢɖ Űɖɠ ɛɖ 

Ůɜɘůɢɡɛɏɜɖɠ ůŮ əɎɗŮ ɢɟɞɜɘəɐ ůŰɘɔɛɐ, ɔɘŬ ɧɚŮɠ Űɘɠ ɡˊɧ ŮɝɏŰŬůɖ ŬɜŬɚɞɔɑŮɠ əŬɘ ɧɚŮɠ Űɘɠ 

Ŭɟɔɑɚɞɡɠ. ȼ Ŭɨɝɖůɖ ŬɡŰɐ ɔɑɜŮŰŬɘ ŮɜŰɞɜɧŰŮɟɖ, ŬɡɝŬɜɞɛɏɜɞɡ Űɞɡ ˊŮɟɘŮɢɞɛɏɜɞɡ Űɞɡ ɛɏůɞɡ 

Ůɜɑůɢɡůɖɠ. ȳůɞɜ ŬűɞɟɎ ŰŬ ɞɟɔŬɜɘəɎ ŰɟɞˊɞˊɞɘɖɛɏɜŬ ɛɏůŬ Ůɜɑůɢɡůɖɠ (Cl30B, Cl20A), 

ůɡɛˊŮɟŬɑɜŮŰŬɘ ɧŰɘ ůŰɖɜ ˊŮɟɘɞɢɐ Űɤɜ ɢŬɛɖɚɩɜ ŬɜŬɚɞɔɘɩɜ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ əŬɘ ůŮ ɧɚɞɡɠ 

Űɞɡɠ Űɨˊɞɡɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ, ůŰɖɜ Ŭɨɝɖůɖ Űɞɡ ɘɝɩŭɞɡɠ ůɡɛɛŮŰɏɢɞɡɜ əŬɗɞɟɘůŰɘəɎ ɞɘ ɞɛɎŭŮɠ 

ɡŭɟɞɝɡɚɑɞɡ Űɖɠ ɞɟɔŬɜɘəɐɠ Űɟɞˊɞˊɞɑɖůɖɠ Űɞɡ Cloisite 30B əŬɘ Ůˊɘűɏɟɞɡɜ ɛŮɔŬɚɨŰŮɟɖ Ŭɨɝɖůɖ 

ůŰɘɠ Űɘɛɏɠ Űɞɡ ůŮ ůɨɔəɟɘůɖ ɛŮ Űɞ ůɨůŰɖɛŬ Űɖɠ PDMS ˊɞɡ ŮɛˊŮɟɘɏɢŮɘ Űɞ Cloisite 20A. ɆŰɖɜ 

ˊŮɟɘɞɢɐ Űɤɜ ŮɜŭɘɎɛŮůɤɜ ůɡɔəŮɜŰɟɩůŮɤɜ, ŮˊɏɟɢŮŰŬɘ əɞɟŮůɛɧɠ Űɞɡ ɛɖɢŬɜɘůɛɞɨ ŬɡŰɞɨ əŬɘ ůŮ 

ɛŮɔŬɚɨŰŮɟŮɠ ŬɜŬɚɞɔɑŮɠ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ɖ ůɡɛˊŮɟɘűɞɟɎ ŬɡŰɐ ŬɜŬůŰɟɏűŮŰŬɘ, 

əŬɗɘůŰɩɜŰŬɠ ŰŬ ůɡůŰɐɛŬŰŬ Űɞɡ Cloisite 20A ɜŬ ˊŬɟɞɡůɘɎɕɞɡɜ ɛŮɔŬɚɨŰŮɟɖ Ŭɨɝɖůɖ ůŰɘɠ Űɘɛɏɠ 

Űɞɡ ɘɝɩŭɞɡɠ ůŮ ůɡɜɎɟŰɖůɖ ɛŮ Űɞ ɢɟɧɜɞ ɓɞɡɚəŬɜɘůɛɞɨ. ɇɞ ɛŮɔŬɚɨŰŮɟɞ ˊɞůɞůŰɧ Űɖɠ 

ɞɟɔŬɜɘəɐɠ Űɟɞˊɞˊɞɑɖůɖɠ Űɞɡ Cloisite 20A ˊɞɡ ŭɖɛɘɞɡɟɔŮɑ ɛŮɔŬɚɨŰŮɟɞ ŭɘɎəŮɜɞ ɛŮŰŬɝɨ Űɤɜ 

ˊɚŬəɘŭɑɤɜ Űɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ, ŮˊɘűɏɟŮɘ əŬɚɨŰŮɟɖ ŭɘŬůˊɞɟɎ əŬɘ Ŭˊɞűɞɚɑŭɤůɖ Űɞɡ ɛɏůɞɡ 

Ůɜɑůɢɡůɖɠ ůŰɖ ůɘɚɘəɧɜɖ ůŰɖɜ ˊŮɟɘɞɢɐ Űɤɜ ɡɣɖɚɩɜ ˊŮɟɘŮəŰɘəɞŰɐŰɤɜ. Ⱥˊɞɛɏɜɤɠ, ŬɡɝɎɜŮŰŬɘ ɖ 

ŭɘŬɗɏůɘɛɖ ŭɘŮˊɘűɎɜŮɘŬ ɔɘŬ ŬɚɚɖɚŮˊɑŭɟŬůɖ ɛŮŰŬɝɨ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ əŬɘ Űɞɡ 

ŮɚŬůŰɞɛŮɟɞɨɠ ˊɞɡ ɞŭɖɔŮɑ ůŮ ɛŮɔŬɚɨŰŮɟɖ Ŭɨɝɖůɖ Űɤɜ Űɘɛɩɜ Űɞɡ ɘɝɩŭɞɡɠ ɔɘŬ ŰŬ ɜŬɜɞůɨɜɗŮŰŬ 

Űɞɡ Cloisite 20A ɔɘŬ ŬɜŬɚɞɔɑŮɠ Ůɜɑůɢɡůɖɠ 8 əŬɘ 10phr. ɇŬ ɜŬɜɞůɨɜɗŮŰŬ Nanofil 116/MMW 

PDMS ˊŬɟɞɡůɘɎɕɞɡɜ ɛŮɔŬɚɨŰŮɟɖ Ŭɨɝɖůɖ Űɞɡ ɘɝɩŭɞɡɠ ůɡɔəɟɘɜɧɛŮɜŬ ɛŮ ŰŬ ŬɜŰɑůŰɞɘɢŬ Űɤɜ 

Cloisite 30B əŬɘ 20A. ɇɏɚɞɠ ɖ ŮɘůŬɔɤɔɐ Űɞɡ ȼȷ əŬɘ Űɞɡ Aerosil R972 ůŰɖɜ ˊɞɚɡůɘɚɞɝɎɜɖ 

ɢŬɛɖɚɞɨ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ, ɞŭɖɔŮɑ ůŮ ŰŬɢɨŰŮɟɖ Ůɝɏɚɘɝɖ əŬɘ ɞɚɞəɚɐɟɤůɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ, 

ůɡɔəɟɘŰɘəɎ Űɖɠ ɛɖ Ůɜɘůɢɡɛɏɜɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ.  

ɆŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ ɘɝɩŭɞɡɠ ï ɢɟɧɜɞɡ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ ɜŬɜɞůɡɜɗɏŰɤɜ 

ˊɞɚɡůɘɚɞɝɎɜɖɠ (LMW, MMW əŬɘ HMW PDMS), ˊɟɞůŬɟɛɧůɗɖəŮ ɛŮ ˊɞɚɨ əŬɚɐ ˊɟɞůɏɔɔɘůɖ 

ɛŬɗɖɛŬŰɘəɐ ɏəűɟŬůɖ ŮəɗŮŰɘəɐɠ ɛɞɟűɐɠ. ȷɜɎɚɞɔɖɠ ɛɞɟűɐɠ ŮɝɘůɩůŮɘɠ ɏɢɞɡɜ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ 

ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ ɔɘŬ Űɖ ɛɞɜŰŮɚɞˊɞɑɖůɖ ŭŮŭɞɛɏɜɤɜ Ŭˊɧ ɟŮɞɚɞɔɘəɐ ɐ ɛŮɚɏŰɖ ɛŮ ɗŮɟɛɘəɏɠ 

ɛŮɗɧŭɞɡɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ ŮɚŬůŰɞɛŮɟɩɜ. ũɘŬ əɎɗŮ ŮɝŮŰŬɕɧɛŮɜɞ ɜŬɜɞůɨɜɗŮŰɞ ɞɘ 

Űɘɛɏɠ Űɞɡ ŮəɗɏŰɖ n  ŬɡɝɎɜɞɜŰŬɘ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ. ɇŬ 

ɜŬɜɞůɨɜɗŮŰŬ ˊɞɡ ŮɜɘůɢɨɗɖəŬɜ ɛŮ Nanofil 116 ŮɛűŬɜɑɕɞɡɜ Űɘɠ ɛŮɔŬɚɨŰŮɟŮɠ Űɘɛɏɠ Űɞɡ ŮəɗɏŰɖ 

n. ȳůɞɜ ŬűɞɟɎ Űɘɠ ŭɨɞ ɞɟɔŬɜɘəɎ ŰɟɞˊɞˊɞɘɖɛɏɜŮɠ Ŭɟɔɑɚɞɡɠ, Űɞ Cloisite 30B ˊŬɟɞɡůɘɎɕŮɘ 

ŮɚŬűɟɎ ɛŮɔŬɚɨŰŮɟɖ ŰɎɝɖ ŬɜŰɑŭɟŬůɖɠ Ŭˊɧ Űɞ Cloisite 20A ɛɏɢɟɘ Űɖɜ ŬɜŬɚɞɔɑŬ 5phr Ůɜɩ ůŮ 

ɛŮɔŬɚɨŰŮɟŮɠ ůɡɔəŮɜŰɟɩůŮɘɠ ɖ ŰɎɝɖ ŬɜŰɑŭɟŬůɖɠ Űɞɡ Cloisite 20A ɡˊŮɟɓŬɑɜŮɘ əŬŰɎ ˊɞɚɨ ŬɡŰɐ 

Űɞɡ 30B ɔɘŬ ɧɚŬ ŰŬ ŮɝŮŰŬɕɧɛŮɜŬ ɛɞɟɘŬəɎ ɓɎɟɖ.  

ɀɏůɤ Űɤɜ ˊŮɘɟŬɛɎŰɤɜ Űɖɠ ŭɘŬűɞɟɘəɐɠ ɗŮɟɛɘŭɞɛŮŰɟɑŬɠ ůɎɟɤůɖɠ ɛŮ ɖɛɘŰɞɜɞŮɘŭɐ ɟɡɗɛɧ 

ɗɏɟɛŬɜůɖɠ, əŬŰŬɔɟɎűɖəŮ əŬɘ ˊɞůɞŰɘəɞˊɞɘɐɗɖəŮ ɖ ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ Űɖɠ ɛɖ 

Ůɜɘůɢɡɛɏɜɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ ůɡɛˊɨəɜɤůɖɠ əŬɗɩɠ əŬɘ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ Űɖɠ ɛŮ Cloisite 20A, 

Cloisite 30B əŬɘ Aerosil R972. Ƀ ɓɞɡɚəŬɜɘůɛɧɠ ɛŮɚŮŰɐɗɖəŮ ɛɏůɤ Űɖɠ ɛŮŰŬŰɟɞˊɐɠ Űɤɜ 

ɛŮŰŬˊŰɩůŮɤɜ Űɖɠ ŮɜɗŬɚˊɑŬɠ çɣɡɢɟɐɠè əɟɡůŰɎɚɚɤůɖɠ əŬɘ Űɖɠ ɛŮŰŬɓɞɚɐɠ Űɖɠ 

ɗŮɟɛɞɢɤɟɖŰɘəɧŰɖŰŬɠ Űɖɠ ɡŬɚɩŭɞɡɠ ɛŮŰɎˊŰɤůɖɠ. ȾŬŰɎ Űɖɜ ŭɘɎɟəŮɘŬ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ 

ŭɘŬˊɘůŰɩɗɖəŮ ɛŮɑɤůɖ Űɖɠ ŮɜɗŬɚˊɑŬɠ əɟɡůŰɎɚɚɤůɖɠ, əŬɘ ɛŮɑɤůɖ Űɖɠ ɗŮɟɛɞɢɤɟɖŰɘəɧŰɖŰŬɠ 
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Űɖɠ ɡŬɚɩŭɞɡɠ ɛŮŰɎˊŰɤůɖɠ. ɇɞ űŬɘɜɧɛŮɜɞ ŬɡŰɧ ɞűŮɑɚŮŰŬɘ ůŰɖɜ Ŭɨɝɖůɖ Űɤɜ ůŰŬɡɟɞŭŮůɛɩɜ 

ɚɧɔɞ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ əŬɘ Űɖɜ ɛŮɑɤůɖ Űɖɠ əɘɜɖŰɘəɧŰɖŰŬɠ Űɤɜ ŮɚŮɨɗŮɟɤɜ Ɏəɟɤɜ Űɤɜ 

Ŭɚɡůɑŭɤɜ. ȷˊɧ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ɛŮɚɏŰɖɠ ŭɘŬˊɘůŰɩɗɖəŮ Ůˊɑůɖɠ ˊɤɠ ɖ ŮɘůŬɔɤɔɐ ɧɚɤɜ 

Űɤɜ ɡˊɧ ɛŮɚɏŰɖ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ɞŭɐɔɖůŮ Űɖɜ ŬɜŰɑŭɟŬůɖ ɛŮ ŰŬɢɨŰŮɟɞ ɟɡɗɛɧ ůŰɖɜ 

ɞɚɞəɚɐɟɤůɐ Űɖɠ ůɡɔəɟɘŰɘəɎ ɛŮ Űɖɜ ɛɖ Ůɜɘůɢɡɛɏɜɖ ˊɞɚɡůɘɚɞɝɎɜɖ ůɡɛˊɨəɜɤůɖɠ. 

ȹɘŬˊɘůŰɩɗɖəŮ Ŭəɧɛɖ ˊɤɠ ŰŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ Cloisite 20A ůŮ ŬɜŬɚɞɔɑŬ 2phr Ůɜɘůɢɨɞɡɜ ůŮ 

ɛŮɔŬɚɨŰŮɟɞ ɓŬɗɛɧ Űɖɜ ŬɜŰɑŭɟŬůɖ ůɡɔəɟɘŰɘəɎ Űɤɜ ŬɜŰɑůŰɞɘɢɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Cloisite 30ȸ, 

ˊɘɗŬɜɧɜ ɚɧɔɤ ˊŬɟɎˊɚŮɡɟɤɜ ŬɜŰɘŭɟɎůŮɤɜ ˊɞɡ ˊɟɞəŬɚɞɨɜŰŬɘ Ŭˊɧ Űɖɜ ɞɟɔŬɜɘəɐ Űɟɞˊɞˊɞɑɖůɖ 

Űɞɡ Cloisite 30B. ȼ ŮɜůɤɛɎŰɤůɖ 5phr Aerosil R972, ɞŭɐɔɖůŮ Űɞ ɓɞɡɚəŬɜɘůɛɧ ŰŬɢɨŰŮɟŬ 

ůŰɖɜ ɞɚɞəɚɐɟɤůɐ Űɞɡ, ůɡɔəɟɘŰɘəɎ Űɤɜ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ 

ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ.  

ȺˊɧɛŮɜɞ ɓɐɛŬ ůŰɖ ɛŮɚɏŰɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ ɐŰŬɜ ɖ ɢɟɐůɖ Űɖɠ űŬůɛŬŰɞůəɞˊɑŬɠ 

ɡˊŮɟɨɗɟɞɡ ɛŮ ɛŮŰŬůɢɖɛŬŰɘůɛɧ Fourier, (FTIR) əŬɘ ůɡɔəŮəɟɘɛɏɜŬ Űɖɠ ŰŮɢɜɘəɐɠ Űɖɠ 

ŮɝŬůɗŮɜɖɛɏɜɖɠ ɞɚɘəɐɠ ŬɜɎəɚŬůɖɠ (ATR-FTIR). ɀŮ Űɖ ɓɞɐɗŮɘŬ Űɖɠ ŰŮɢɜɘəɐɠ ŬɡŰɐɠ 

ŭɘŬˊɘůŰɩɗɖəŮ ɧŰɘ Űɞ ŮɛɓŬŭɧ Űɖɠ əɞɟɡűɐɠ ˊɞɡ ŬɜŰɘůŰɞɘɢŮɑ ůŮ ŭŮůɛɞɨɠ SiïOïSi ŬɡɝɎɜŮŰŬɘ ɛŮ 

Űɖɜ ˊɎɟɞŭɞ Űɞɡ ɢɟɧɜɞɡ ɔɘŬ Űɖ ɛɖ Ůɜɘůɢɡɛɏɜɖ ůɘɚɘəɧɜɖ (MMW PDMS), ɚɧɔɤ Űɖɠ ŬɜŰɑŭɟŬůɖɠ 

ůɡɛˊɨəɜɤůɖɠ ɛŮŰŬɝɨ Űɤɜ ŬəɟŬɑɤɜ ɡŭɟɞɝɡɚɞɛɎŭɤɜ Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ ɛŮ Űɞ ŰŮŰɟŬŭɟŬůŰɘəɧ 

ɛɏůɞ ŭɘŬůŰŬɨɟɤůɖɠ. ȼ ŮɜůɤɛɎŰɤůɖ Űɖɠ ɞɟɡəŰɐɠ Ŭɟɔɑɚɞɡ ŮˊɘűɏɟŮɘ Űɟɞˊɞˊɞɑɖůɖ ůŰɖɜ 

Ůɝɏɚɘɝɖ Űɤɜ ŮɝŮŰŬɕɞɛɏɜɤɜ əɞɟɡűɩɜ ɚɧɔɤ Űɤɜ űɡůɘəɞɢɖɛɘəɩɜ ŬɚɚɖɚŮˊɘŭɟɎůŮɤɜ ɛŮŰŬɝɨ Űɞɡ 

ɛɏůɞɡ Ůɜɑůɢɡůɖɠ, Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ əŬɘ Űɞɡ ůɡůŰɐɛŬŰɞɠ ɓɞɡɚəŬɜɘůɛɞɨ. ɆŰŬ ɜŬɜɞůɨɜɗŮŰŬ 

Cloisite 20A, Űɞ ŮɛɓŬŭɧɜ ŬɡŰɧ ŭɘŬŰɖɟŮɑŰŬɘ ůɢŮŭɧɜ ůŰŬɗŮɟɧ ɔɘŬ ŰŬ ˊɟɩŰŬ 10 ï 15 min əŬɘ 

ůŰɖɜ ůɡɜɏɢŮɘŬ ŬɡɝɎɜŮŰŬɘ, ɛŮ Űɖɜ ɞɚɞəɚɐɟɤůɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ ɜŬ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ůŮ 

ɛɘəɟɧŰŮɟɞ ɢɟɧɜɞ ůɡɔəɟɘŰɘəɎ Űɖɠ ɛɖ Ůɜɘůɢɡɛɏɜɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ. ȳůɞɜ ŬűɞɟɎ ůŰŬ 

ɜŬɜɞůɨɜɗŮŰŬ Cloisite 30B, ˊŬɟŬŰɖɟŮɑŰŬɘ ŬɡɝɖŰɘəɐ ŰɎůɖ ɛŮ ŭɘŬəɡɛɎɜůŮɘɠ ɔɘŬ ŬɜŬɚɞɔɑŮɠ 5 əŬɘ 

8phr. ȼ ɛŮɑɤůɖ ůŰɞɜ ŮɛɓŬŭɧɜ Űɖɠ əɞɟɡűɐɠ ˊɞɡ ŭɘŬˊɘůŰɩɜŮŰŬɘ əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ Űɤɜ 

ɜŬɜɞůɡɜɗɏŰɤɜ Űɞɡ 2phr Cloisite 30B ŬˊɞŭɑŭŮŰŬɘ ˊɘɗŬɜɎ ůŮ ɡŭɟɞɚɡŰɘəɞɨɠ ɛɖɢŬɜɘůɛɞɨɠ, ˊɞɡ 

ŬɜŬˊŰɨůůɞɜŰŬɘ ŰŬɡŰɧɢɟɞɜŬ ɛŮ Űɘɠ ŬɜŰɘŭɟɎůŮɘɠ ɓɞɡɚəŬɜɘůɛɞɨ, əŬɘ ˊɟɞɏɟɢɞɜŰŬɘ Ŭˊɧ ŰŬ 

ɡŭɟɞɝɨɚɘŬ Űɖɠ ɞɟɔŬɜɘəɐɠ Űɟɞˊɞˊɞɑɖůɖɠ Űɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ əŬɗɩɠ əŬɘ ɚɧɔɤ Űɞɡ Ŭɡɝɖɛɏɜɞɡ 

ɡŭɟɧűɘɚɞɡ ɢŬɟŬəŰɐɟŬ ˊɞɡ ɏɢŮɘ ŬɡŰɧ Űɞ ɛɏůɞ Ůɜɑůɢɡůɖɠ. ũɘŬ ŰŬ ɜŬɜɞůɨɜɗŮŰŬ Nanofil 116, 

əŬŰŬɔɟɎűŮŰŬɘ ŬɡɝɖŰɘəɐ ŰɎůɖ Űɞɡ ŮɛɓŬŭɞɨ ɢɤɟɑɠ ɤůŰɧůɞ ɛŮɔɎɚŮɠ ŭɘŬəɡɛɎɜůŮɘɠ Űɞɡ ŮɛɓŬŭɞɨ. 

Ƀɘ ŭɘŬəɡɛɎɜůŮɘɠ ůŰɞ ŮɛɓŬŭɧɜ ˊɞɡ ˊŬɟŬŰɖɟɞɨɜŰŬɘ ɛŮŰɎ Ŭˊɧ ŰŬ ˊɟɩŰŬ 30 ɛŮ 40 min Űɖɠ 

ŬɜŰɑŭɟŬůɖɠ ˊɘɗŬɜɎ ˊɟɞɏɟɢɞɜŰŬɘ Ŭˊɧ Űɖɜ ɛŮŰŬɓɞɚɐ Űɤɜ ŭɘŬůŰɎůŮɤɜ ɚɧɔɤ ůɡɟɟɑəɜɤůɖɠ ˊɞɡ 

ŮˊɘűɏɟŮɘ ůŰɞ ŮɝŮŰŬɕɧɛŮɜɞ ŭɞəɑɛɘɞ ɞ ɓɞɡɚəŬɜɘůɛɧɠ, əŬŰɎ Űɖ ɛŮŰɎɓŬůɖ Űɞɡ ůɡůŰɐɛŬŰɞɠ Űɖɠ 

ˊɞɚɡůɘɚɞɝɎɜɖɠ Ŭˊɧ Űɖ ɟŮɡůŰɐ ˊɟɞɠ Űɖ ůŰŮɟŮɐ əŬŰɎůŰŬůɖ. 
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ɀȺȿȺɇȼ ȸɃɈȿȾȷɁȽɆɀɃɈ ɁȷɁɃɆɈɁŪȺɇɋɁ 

ɄɃȿɈɆȽȿɃɂȷɁȼɆ ɄɅɃɆŪȼȾȼɆ 

 

6.1 ȺɘůŬɔɤɔɐ 

 

Ɇəɞˊɧɠ Űɖɠ ɛŮɚɏŰɖɠ ŬɡŰɐɠ ŮɑɜŬɘ ɜŬ ˊɟɞůŭɘɞɟɘůŰŮɑ ɖ ŮˊɑŭɟŬůɖ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Űɞɡ 

ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ůŰɖɜ ˊɞɟŮɑŬ ɓɞɡɚəŬɜɘůɛɞɨ ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ. ȼ ˊɞɟŮɑŬ 

ɓɞɡɚəŬɜɘůɛɞɨ ŮˊɖɟŮɎɕŮɘ Űɖɜ ŭɘŮɟɔŬůɑŬ ɛɞɟűɞˊɞɑɖůɖɠ ŬɜŰɘəŮɘɛɏɜɤɜ ˊɞɡ ɓŬůɑɕɞɜŰŬɘ ůŰŬ 

ɡɚɘəɎ ŬɡŰɎ, ŬɚɚɎ əŬɘ Űɖ ŭɞɛɐ Űɞɡ ɓɞɡɚəŬɜɘůɛɏɜɞɡ ŮɚŬůŰɞɛŮɟɞɨɠ ˊɞɡ ŬɜŬˊŰɨůůŮŰŬɘ əŬɘ 

ŮɑɜŬɘ ůŮ ůɢɏůɖ ɛŮ Űɘɠ ŰŮɚɘəɏɠ ɘŭɘɧŰɖŰŮɠ ˊɞɡ ˊŬɟɞɡůɘɎɕŮɘ.  

ȼ ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ ɛŮ ŬəɟŬɑŮɠ ɓɘɜɡɚɘəɏɠ ɞɛɎŭŮɠ, 

ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɛŮ ɛɖɢŬɜɘůɛɧ ˊɟɞůɗɐəɖɠ Űɞɡ ŰŮŰɟŬŭɟŬůŰɘəɞɨ ɛɏůɞɡ ŭɘŬůŰŬɨɟɤůɖɠ ůŰɞ 

ŭɘˊɚɧ ŭŮůɛɧ Űɞɡ Ɏəɟɞɡ Űɖɠ ŬɚɡůɑŭŬɠ.  

Si

R'

R

CHO CH2 + H Si

R''

R''

cat
Si

R'

R

CH2O CH2 Si

R''

R''  

ȼ ˊŬɟŬˊɎɜɤ ŬɜŰɑŭɟŬůɖ ŮɑɜŬɘ ŮɝɩɗŮɟɛɖ, əŬɘ ɛɏůɤ Űɖɠ ŮəɚɡɧɛŮɜɖɠ ŮɜɏɟɔŮɘŬɠ ˊɞɡ 

əŬŰŬɔɟɎűŮŰŬɘ, ɛˊɞɟŮɑ ŮɨəɞɚŬ ɜŬ  ˊɞůɞŰɘəɞˊɞɘɖɗŮɑ ɖ ˊɞɟŮɑŬ Ůɝɏɚɘɝɖɠ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ 
[1]
. ȼ 

ůɡɜɞɚɘəɐ ŮɜɏɟɔŮɘŬ ˊɞɡ ŬˊŮɚŮɡɗŮɟɩɜŮŰŬɘ, ŬɜŰɘůŰɞɘɢŮɑ ůŰɞ ɎɗɟɞɘůɛŬ Űɤɜ Ůˊɘɛɏɟɞɡɠ ŮɜŮɟɔŮɘɩɜ 

Ŭˊɧ Űɞɡɠ ŭŮůɛɞɨɠ ˊɞɡ ŭɘŬůˊɩɜŰŬɘ, əŬɘ ɛˊɞɟŮɑ ɜŬ ɗŮɤɟɖɗŮɑ ˊɤɠ ɞ əɎɗŮ ŭŮůɛɧɠ 

ŬˊŮɚŮɡɗŮɟɩɜŮɘ Űɖɜ ɑŭɘŬ ˊɞůɧŰɖŰŬ ŮɜɏɟɔŮɘŬɠ. ȼ ůɡɜɞɚɘəɐ ˊɞůɧŰɖŰŬ Űɖɠ ŮɜɏɟɔŮɘŬɠ əŬŰɎ Űɖ 

ŭɘɎɟəŮɘŬ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɡˊɞɚɞɔɑɕŮŰŬɘ ɛɏůɤ Űɖɠ ɞɚɞəɚɐɟɤůɖɠ Űɞɡ ŮɛɓŬŭɞɨ Űɖɠ ŮɝɩɗŮɟɛɖɠ 

əɞɟɡűɐɠ Űɞɡ ŭɘŬɔɟɎɛɛŬŰɞɠ: ɟɞɐɠ ɗŮɟɛɧŰɖŰŬɠ-ɢɟɧɜɞɡ, ɡˊɧ ɘůɞɗŮɟɛɞəɟŬůɘŬəɏɠ ůɡɜɗɐəŮɠ, 

əŬŰɎ Űɖ ŭɘŬűɞɟɘəɐ ɗŮɟɛɘŭɞɛŮŰɟɑŬ ůɎɟɤůɖɠ. 

ȼ ˊɞɟŮɑŬ  Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ ˊŬɟŬəɞɚɞɡɗɐɗɖəŮ ɛŮ ŭɘŬűɞɟɘəɐ ɗŮɟɛɘŭɞɛŮŰɟɑŬ ůɎɟɤůɖɠ 

(DSC), əŬɗɩɠ əŬɘ ɛŮ ɡˊɏɟɡɗɟɖ űŬůɛŬŰɞůəɞˊɑŬ ɛŮ ɛŮŰŬůɢɖɛŬŰɘůɛɧ Fourier (FTIR-ATR). ɇŬ 

ɜŬɜɞůɤɛŬŰɑŭɘŬ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɐŰŬɜ ŭɨɞ Űɨˊɞɘ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ 

ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ ɛŮ ɞɟɔŬɜɘəɐ Űɟɞˊɞˊɞɑɖůɖ Űɞɡ ŭɘŬɘɗɡɚ-ŰŮŰŬɟŰɞŰŬɔɞɨɠ Ŭɛɛɤɜɑɞɡ ɛŮ 

ɡŭɟɞɔɞɜɤɛɏɜɖ ŬɚŮɘűŬŰɘəɐ ŬɚɡůɑŭŬ (Cloisite 20A) əŬɘ ɛŮɗɡɚ- ŭɘŬɘɗɡɚɞɚ-ŰŮŰŬɟŰɞŰŬɔɞɨɠ 

Ŭɛɛɤɜɑɞɡ ɛŮ ŬɚŮɘűŬŰɘəɐ ŬɚɡůɑŭŬ (Cloisite 30B), ɏɜŬɠ ɛɖ Űɟɞˊɞˊɞɘɖɛɏɜɞɠ (Nanofil 116), 

ɜŬɜɞůɤɛŬŰɑŭɘŬ ɡŭɟɞɝɡŬˊŬŰɑŰɖ (HA) əŬɘ Űɏɚɞɠ ŰɟɞˊɞˊɞɘɖɛɏɜŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ 

ˊɡɟɘŰɑɞɡ ɛŮ ŭɘɛŮɗɡɚ-ŭɘɢɚɤɟɞůɘɚɎɜɘɞ (Aerosil R972). ȾŬŰɎ Űɖɜ əŬŰŬɔɟŬűɐ Űɖɠ ˊɟɞɧŭɞɡ Űɖɠ 

ŬɜŰɑŭɟŬůɖɠ ɛŮ DSC ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ˊŮɘɟɎɛŬŰŬ ɛŮ ɘůɞɗŮɟɛɞəɟŬůɘŬəɏɠ ůɡɜɗɐəŮɠ (60, 70, 

80
ɞ
C) ɔɘŬ ŰŬ ɜŬɜɞůɨɜɗŮŰŬ Cloisite 20A, Cloisite 30B, ȼȷ əŬɘ Aer R972 Ůɜɩ ɚɧɔɤ Űɖɠ 

ŰŬɢɨŰɖŰŬɠ Űɞɡ űŬɘɜɞɛɏɜɞɡ ŰŬ ɜŬɜɞůɨɜɗŮŰŬ Nanofil116/PDMS ŮɝŮŰɎůɗɖəŬɜ ůŰɞɡɠ 40, 50 əŬɘ 

60
ɞ
C. Ⱥˊɑůɖɠ, ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ əŬɘ ɛɖ ɘůɞɗŮɟɛɞəɟŬůɘŬəɎ ˊŮɘɟɎɛŬŰŬ ůŮ ɧɚɞɡɠ Űɞɡ 

ŮɝŮŰŬɕɧɛŮɜɞɡɠ Űɨˊɞɡɠ ɛŮ ŰɏůůŮɟɘɠ ŭɘŬűɞɟŮŰɘəɞɨɠ ɟɡɗɛɞɨɠ ɗɏɟɛŬɜůɖɠ (5, 10, 15, 20
o
C/min). 

ɆŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ Ůɝɏɚɘɝɖɠ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ Ŭˊɧ Űɖɜ ŭɘŬűɞɟɘəɐ ɗŮɟɛɘŭɞɛŮŰɟɑŬ 

ůɎɟɤůɖɠ ɏɔɘɜŮ əɘɜɖŰɘəɐ ɛŮɚɏŰɖ ɛŮ Űɖɜ ˊɟɞůŬɟɛɞɔɐ Űɞɡ ɛɞɜŰɏɚɞɡ Űɖɠ ŬɡŰɞəŬŰŬɚɡɧɛŮɜɖɠ 

ŬɜŰɑŭɟŬůɖɠ ɔɘŬ ŰŬ ɘůɞɗŮɟɛɞəɟŬůɘŬəɎ ˊŮɘɟɎɛŬŰŬ, əŬɘ Űɤɜ ŮɝɘůɩůŮɤɜ Ozawa əŬɘ Kissinger 

ɔɘŬ ŰŬ ɛɖ ɘůɞɗŮɟɛɞəɟŬůɘŬəɎ. ɇɏɚɞɠ ɞɘ ɛŮŰɟɐůŮɘɠ ɛŮ Űɖ ɓɞɐɗŮɘŬ Űɖɠ űŬůɛŬŰɞůəɞˊɑŬɠ 

ɡˊŮɟɨɗɟɞɡ ɛŮ ɛŮŰŬůɢɖɛŬŰɘůɛɧ Fourier ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ ɔɘŬ 

Űɞɡɠ ŮɝŮŰŬɕɧɛŮɜɞɡɠ Űɨˊɞɡɠ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ.  
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6.2 ɀŮɚɏŰɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ ɜŬɜɞůɡɜɗɏŰɤɜ ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ ɛŮ 

ɘůɞɗŮɟɛɞəɟŬůɘŬəɎ ˊŮɘɟɎɛŬŰŬ DSC 

 

6.2.1 ȺˊɑŭɟŬůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ ůŰɖɜ ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ  

ɆŰɞ ɆɢɐɛŬ 6.1, ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɞɘ əŬɛˊɨɚŮɠ DSC əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ ˊɞɚɡůɘɚɞɝɎɜɖɠ 

ˊɟɞůɗɐəɖɠ əŬɘ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ Űɖɠ, ůŮ ŰɟɑŬ ŭɘŬűɞɟŮŰɘəɎ ɘůɞɗŮɟɛɞəɟŬůɘŬəɎ ˊɟɞɔɟɎɛɛŬŰŬ 

ɔɘŬ əɎɗŮ ůɨůŰɖɛŬ. ȼ Ŭɨɝɖůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ ɞŭɖɔŮɑ ůŮ Ŭɨɝɖůɖ Űɞɡ ɟɡɗɛɞɨ Űɖɠ 

ŬɜŰɑŭɟŬůɖɠ, ɔŮɔɞɜɧɠ ˊɞɡ ɡˊɞŭɖɚɩɜŮŰŬɘ ɛŮ Űɖɜ ɛŮŰŬŰɧˊɘůɖ Űɖɠ ŮɝɩɗŮɟɛɖɠ əɞɟɡűɐɠ ůŮ 

ɛɘəɟɧŰŮɟɞɡɠ ɢɟɧɜɞɡɠ, ɛŮ ŰŬɡŰɧɢɟɞɜɖ ɛŮɑɤůɖ Űɞɡ Ůɨɟɞɡɠ Űɖɠ əɞɟɡűɐɠ.  

0 20 40 60 80 100 120 140 160

-8

-6

-4

-2

0

2
 60

o
C

 70
o
C

 80
o
C

Ʌ
ɞ
ɐ
 
Ū
Ů
ɟ
ɛ
ɧ
Ű
ɖ
Ű
Ŭ
ɠ
 
(
m
W
)

ɉɟɧɜɞɠ (sec)

LMW PDMS ˊɟɞůɗɐəɖɠ

(Ŭ)

 

 

0 30 60 90 120 150 180 210 240 270 300

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

 60
o
C

 70
o
C

 80
o
C

Ʌ
ɞ
ɐ
 
ɗ
Ů
ɟ
ɛ
ɧ
Ű
ɖ
Ű
Ŭ
ɠ
 
(
m
W
)

ɉɟɧɜɞɠ (sec)

5phr Cl20A/LMW PDMS ˊɟɞůɗɐəɖɠ

 

(ɓ)

 

0 30 60 90 120 150 180 210 240 270 300

-4

-3

-2

-1

0

1

2

3

4

 60
o
C

 70
o
C

 80
o
C

Ʌ
ɞ
ɐ
 
ɗ
Ů
ɟ
ɛ
ɧ
Ű
ɖ
Ű
Ŭ
ɠ
 
(
m
W
)

ɉɟɧɜɞɠ (sec)

5phr Cl30B/LMW PDMS ˊɟɞůɗɐəɖɠ

(ɔ)

 

 
0 20 40 60 80 100 120 140 160 180 200

-4

-2

0

2

4

6

8

10

 40
o
C

 50
o
C

 60
o
C

Ʌ
ɞ
ɐ
 
ɗ
Ů
ɟ
ɛ
ɧ
Ű
ɖ
Ű
Ŭ
ɠ
 
(
m
W
)

ɉɟɧɜɞɠ (sec)

5phr Nan116/LMW PDMS ˊɟɞůɗɐəɖɠ

(ŭ)

 

 

 

0 20 40 60 80 100 120 140

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

 60
o
C

 70
o
C

 80
o
C

Ʌ
ɞ
ɐ
 
ɗ
Ů
ɟ
ɛ
ɧ
Ű
ɖ
Ű
Ŭ
ɠ
 
(
m
W
)

ɉɟɧɜɞɠ (sec)

5phr HA/LMW PDMS ˊɟɞůɗɐəɖɠ

(Ů)

 

0 20 40 60 80 100 120 140 160 180 200 220 240

-0.3

0.0

0.3

0.6

0.9

1.2

1.5

1.8

 60
o
C

 70
o
C

 80
o
C

Ʌ
ɞ
ɐ
 
ɗ
Ů
ɟ
ɛ
ɧ
Ű
ɖ
Ű
Ŭ
ɠ
 
(
m
W
)

ɉɟɧɜɞɠ (sec)

5phr Aer R972/LMW PDMS ˊɟɞůɗɐəɖɠ

(ůŰ)

 

ɆɢɐɛŬ 6.1: ȽůɞɗŮɟɛɞəɟŬůɘŬəɏɠ əŬɛˊɨɚŮɠ ɟɞɐɠ ɗŮɟɛɧŰɖŰŬɠ ï ɢɟɧɜɞɡ ɔɘŬ Ŭ) ˊɞɚɡůɘɚɞɝɎɜɖ ˊɟɞůɗɐəɖɠ, 

ɓ) 5phr Cloisite 20A, ɔ) 5phr Cloisite 30ȸ, ŭ) 5phr Nanofil116, Ů) 5phr ȼȷ əŬɘ ůŰ) 5phr Aerosil R972 

ɜŬɜɞůɡɜɗɏŰɤɜ ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ, əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ ůŮ ŰɟŮɑɠ ŭɘŬűɞɟŮŰɘəɏɠ ɗŮɟɛɞəɟŬůɑŮɠ. 
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ȷˊɧ ŰŬ ŭɘŬɔɟɎɛɛŬŰŬ ɟɞɐɠ ɗŮɟɛɧŰɖŰŬɠ-ɢɟɧɜɞɡ ɡˊɞɚɞɔɑůŰɖəŬɜ ɞɘ Űɘɛɏɠ ɞɚɞəɚɐɟɤůɖɠ Űɖɠ 

ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ (tf) ɧˊɤɠ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 6.1. 

ɄɑɜŬəŬɠ 6.1: ɇɘɛɏɠ ɢɟɧɜɞɡ ůŰɞ Űɏɚɞɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ (tf), ɜŬɜɞůɡɜɗɏŰɤɜ ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ. 

PDMS ˊɟɞůɗɐəɖɠ 

60
o
C 70

o
C 80

o
C 

tf (sec) tf (sec) tf (sec) 

128.4 105.0 60.0 

Cl20A/PDMS    

2phr 244.2 111.6 66.0 

5phr 284.4 139.2 75.0 

8phr 180.0 177.0 78.6 

Cl30B/PDMS    

2phr 165.0 108.0 72.0 

5phr 294.6 171.0 109.2 

8phr 397.8 219.6 91.2 

Aer R972/PDMS    

5phr 205.3 121.7 101.3 

HA/PDMS    

5phr 122.4 60.3 54.6 

Nan 116/PDMS 40
o
C 50

o
C 60

o
C 

2phr 101.4 46.2 61.8 

5phr 94.2 37.2 28.8 

ȷˊɧ Űɞ ɚɧɔɞ Űɖɠ ŮɜɗŬɚˊɑŬɠ əɎɗŮ ɢɟɞɜɘəɐ ůŰɘɔɛɐ əŬɘ Űɖɠ ůɡɜɞɚɘəɐɠ ŮɜɗŬɚˊɑŬɠ Űɖɠ 

ŬɜŰɑŭɟŬůɖɠ ɡˊɞɚɞɔɑůŰɖəŮ ɖ % ɛŮŰŬŰɟɞˊɐ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ůɡɜŬɟŰɐůŮɘ Űɞɡ ɢɟɧɜɞɡ. ȼ Ŭɨɝɖůɖ 

Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ ɞŭɖɔŮɑ ůŮ ŰŬɢɨŰŮɟɖ Ůɝɏɚɘɝɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ əŬɗô ɧɚɖ Űɖɜ ŭɘɎɟəŮɘŬ Űɞɡ 

ɔɘŬ ɧɚŬ ŰŬ ŮɝŮŰŬɕɧɛŮɜŬ ŭɞəɑɛɘŬ. (ɆɢɐɛŬ 6.2) ȷˊɧ Űɘɠ əŬɛˊɨɚŮɠ ɛŮŰŬŰɟɞˊɐɠ-ɢɟɧɜɞɡ 

ŭɘŬˊɘůŰɩɜŮŰŬɘ Ůˊɑůɖɠ, ˊɤɠ ɛŮ Ŭɨɝɖůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ ɛŮɘɩɜŮŰŬɘ ɖ ɡůŰɏɟɖůɖ ůŰɖɜ Ůɝɏɚɘɝɖ 

Űɖɠ ŬɜŰɑŭɟŬůɖɠ, əŬɘ ůɡɔəŮəɟɘɛɏɜŬ ůŰɞ ŭŮɨŰŮɟɞ ůŰɎŭɘɞ ɧˊɞɡ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɞ 

ɓɞɡɚəŬɜɘůɛɧɠ. ɇɞ űŬɘɜɧɛŮɜɞ ŬɡŰɧ ˊɘɗŬɜɧɜ ɞűŮɑɚŮŰŬɘ ůŰɖɜ ɛŮɔŬɚɨŰŮɟɖ ŮɜɏɟɔŮɘŬ ˊɞɡ 

ɚŬɛɓɎɜŮɘ Űɞ ůɨůŰɖɛŬ ůŮ ɡɣɖɚɧŰŮɟŮɠ ɗŮɟɛɞəɟŬůɑŮɠ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɖ ŬɜŰɑŭɟŬůɖ ɜŬ 

ɞɚɞəɚɖɟɩɜŮŰŬɘ ůɡɜŰɞɛɧŰŮɟŬ, ɧˊɤɠ űŬɑɜŮŰŬɘ əŬɘ ůŰɞ ɄɑɜŬəŬ 6.1.  
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ɆɢɐɛŬ 6.2: ȽůɞɗŮɟɛɞəɟŬůɘŬəɏɠ əŬɛˊɨɚŮɠ ɛŮŰŬŰɟɞˊɐɠ ï ɢɟɧɜɞɡ ɔɘŬ Ŭ) ˊɞɚɡůɘɚɞɝɎɜɖ ˊɟɞůɗɐəɖɠ, ɓ) 

5phr Cloisite 20A, ɔ) 5phr Cloisite 30ȸ, ŭ) 5phr Nanofil116, Ů) 5phr ȼȷ əŬɘ ůŰ) 5phr Aerosil R972 

ɜŬɜɞůɡɜɗɏŰɤɜ ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ, əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ ůŮ ŰɟŮɑɠ ŭɘŬűɞɟŮŰɘəɏɠ ɗŮɟɛɞəɟŬůɑŮɠ. 

 

ɇɏɚɞɠ, ůŰɞ ɆɢɐɛŬ 6.3 ˊŬɟɞɡůɘɎɕŮŰŬɘ ɞ ɟɡɗɛɧɠ ɛŮŰŬŰɟɞˊɐɠ (dŬ/dt) ůŮ ůɡɜɎɟŰɖůɖ ɛŮ Űɞ 

ˊɞůɞůŰɧ ɛŮŰŬŰɟɞˊɐɠ (Ŭ) Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ Űɖɠ ɛɖ Ůɜɘůɢɡɛɏɜɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ, 

əŬɗɩɠ əŬɘ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ ŬɡŰɐɠ, ůŰɘɠ ŰɟŮɘɠ ŮɝŮŰŬɕɧɛŮɜŮɠ ɗŮɟɛɞəɟŬůɑŮɠ (60, 70, 80
ɞ
C). Ƀ 

ɟɡɗɛɧɠ ɓɞɡɚəŬɜɘůɛɞɨ űŬɑɜŮŰŬɘ ɜŬ ŬɡɝɎɜŮŰŬɘ ŬˊɧŰɞɛŬ əŬɘ Ŭűɞɨ əŬŰŬɚɎɓŮɘ ɛɘŬ ɛɏɔɘůŰɖ Űɘɛɐ 

əŬŰŬɚɐɔŮɘ ůŰŬŭɘŬəɎ ůŰɞ ɛɖŭɏɜ. ȹɘŬˊɘůŰɩɜŮŰŬɘ ɛɘŬ ɘůɢɡɟɐ ůɡůɢɏŰɘůɖ ɛŮŰŬɝɨ Űɖɠ ɛɞɟűɐɠ Űɤɜ 

əŬɛˊɡɚɩɜ əŬɘ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ. ɆŮ ɢŬɛɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ, ˊŬɟŬŰɖɟŮɑŰŬɘ ɛɘŬ ˊɘɞ ɞɛŬɚɐ 

Ůɝɏɚɘɝɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ, ŬɡɝɎɜɞɜŰŬɠ ɧɛɤɠ Űɖ ɗŮɟɛɞəɟŬůɑŬ, ˊŬɟŬŰɖɟŮɑŰŬɘ 

Ŭɨɝɖůɖ Űɞɡ ɨɣɞɡɠ Űɖɠ əɞɟɡűɐɠ ɛŮ ŰŬɡŰɧɢɟɞɜɖ ɛŮŰŬŰɧˊɘůɖ Űɞɡ ɛŮɔɑůŰɞɡ Űɖɠ əɞɟɡűɐɠ ůŮ 

ɡɣɖɚɧŰŮɟŮɠ Űɘɛɏɠ ɛŮŰŬŰɟɞˊɐɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ. ȷɜŰɑůŰɞɘɢŬ ŬˊɞŰŮɚɏůɛŬŰŬ ŬɜŬűɏɟɞɜŰŬɘ əŬɘ 

Ŭˊɧ Űɞɡɠ Kader et al. 
[2]
, ɞɘ ɞˊɞɑɞɘ ɛŮɚɏŰɖůŬɜ ůɨɜɗŮŰŬ űɗɞɟɞŮɚŬůŰɞɛŮɟɩɜ ɛŮ 

ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ, əŬɘ Űɖɜ ŮˊɑŭɟŬůɖ Űɞɡ ɛɏůɞɡ ůŰɖɜ ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ. ȼ Ŭɨɝɖůɖ Űɖɠ 

ɗŮɟɛɞəɟŬůɑŬɠ ɞŭɖɔɞɨůŮ ůŮ Ŭɨɝɖůɖ Űɞɡ ɨɣɞɡɠ Űɖɠ əŬɛˊɨɚɖɠ ɟɡɗɛɞɨ ɛŮŰŬŰɟɞˊɐɠ ï 

ɛŮŰŬŰɟɞˊɐɠ ɛŮ ŰŬɡŰɧɢɟɞɜɖ Ŭɨɝɖůɖ Űɞɡ ɛŮɔɑůŰɞɡ Űɖɠ əɞɟɡűɐɠ ůŮ ɡɣɖɚɧŰŮɟŮɠ Űɘɛɏɠ 

ɛŮŰŬŰɟɞˊɐɠ.  
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ɆɢɐɛŬ 6.3: ȽůɞɗŮɟɛɞəɟŬůɘŬəɏɠ əŬɛˊɨɚŮɠ ɟɡɗɛɞɨ ɛŮŰŬŰɟɞˊɐɠ ï ɛŮŰŬŰɟɞˊɐɠ ɔɘŬ Ŭ) ˊɞɚɡůɘɚɞɝɎɜɖ ˊɟɞůɗɐəɖɠ, ɓ) 

5phr Cloisite 20A, ɔ) 5phr Cloisite 30ȸ, ŭ) 5phr Nanofil116, Ů) 5phr ȼȷ əŬɘ ůŰ) 5phr Aerosil R972 ɜŬɜɞůɡɜɗɏŰɤɜ 

ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ, əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ ůŮ ŰɟŮɑɠ ŭɘŬűɞɟŮŰɘəɏɠ ɗŮɟɛɞəɟŬůɑŮɠ. 

6.2.2 ȺˊɑŭɟŬůɖ Űɖɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ůŰɖɜ ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ  

ȼ ŮɜůɤɛɎŰɤůɖ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ ůŰɖ ɛɐŰɟŬ ˊɞɚɡůɘɚɞɝɎɜɖɠ 

űŬɑɜŮŰŬɘ ɜŬ ŮˊɖɟŮɎɕŮɘ əŬɘ ɜŬ ŭɘŬűɞɟɞˊɞɘŮɑ Űɞɜ ɛɖɢŬɜɘůɛɧ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ ɛŮ 

ŭɘŬűɞɟŮŰɘəɧ Űɟɧˊɞ əŬɘ ŬɜɎɚɞɔŬ ɛŮ Űɞ Ůɑŭɞɠ Űɖɠ ɞɟɔŬɜɘəɐɠ Űɟɞˊɞˊɞɑɖůɖɠ. ȺɘŭɘəɧŰŮɟŬ, ɖ 

ŮɘůŬɔɤɔɐ Űɞɡ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ ɛŮ ɞɟɔŬɜɘəɐ Űɟɞˊɞˊɞɑɖůɖ Űɞɡ 

ŭɘŬɘɗɡɚ-ŰŮŰŬɟŰɞŰŬɔɞɨɠ Ŭɛɛɤɜɑɞɡ ɛŮ ɡŭɟɞɔɞɜɤɛɏɜɖ ŬɚŮɘűŬŰɘəɐ ŬɚɡůɑŭŬ (Cloisite 20A), 

űŬɑɜŮŰŬɘ ɜŬ ɛŮɘɩɜŮɘ Űɖɜ ŮɜɗŬɚˊɑŬ Űɖɠ ŮɝɩɗŮɟɛɖɠ əɞɟɡűɐɠ, ůɡɔəɟɘŰɘəɎ ɛŮ Űɖɜ ɛɖ Ůɜɘůɢɡɛɏɜɖ 

ˊɞɚɡůɘɚɞɝɎɜɖ əŬɘ ŰŬɡŰɧɢɟɞɜŬ ɜŬ ŬɡɝɎɜŮɘ Űɞ ɢɟɧɜɞ ˊɞɡ ɢɟŮɘɎɕŮŰŬɘ ɔɘŬ ɜŬ ɞɚɞəɚɖɟɤɗŮɑ Űɞ 
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űŬɘɜɧɛŮɜɞ. (ɆɢɐɛŬ 6.4) ȳůɞ ɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ŬɡɝɎɜŮŰŬɘ, ˊŬɟŬŰɖɟŮɑŰŬɘ 

ˊŮɟŬɘŰɏɟɤ Ŭɨɝɖůɖ Űɞɡ ɢɟɧɜɞɡ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ Űɖɜ ɞɚɞəɚɐɟɤůɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ.  
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ɆɢɐɛŬ 6.4: ȽůɞɗŮɟɛɞəɟŬůɘŬəɏɠ əŬɛˊɨɚŮɠ ɟɞɐɠ ɗŮɟɛɧŰɖŰŬɠ ï ɢɟɧɜɞɡ ɜŬɜɞůɡɜɗɏŰɤɜ Cloisite 20A  

ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ, əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ ůŰɞɡɠ 60
ɞ
C.  

 

ɄŬɟŬŰɖɟɩɜŰŬɠ Űɖɜ ˊɞɟŮɑŬ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ Ŭˊɧ Űɞ ŭɘɎɔɟŬɛɛŬ ɛŮŰŬŰɟɞˊɐɠ-ɢɟɧɜɞɡ 

(ɆɢɐɛŬ 6.5Ŭ),  ŭɘŬˊɘůŰɩɜŮŰŬɘ ɏɜŬ Ŭɟɢɘəɧ ůŰɎŭɘɞ ɧˊɞɡ ɖ ŮɜůɤɛɎŰɤůɖ Űɞɡ ɞɟɔŬɜɘəɎ 

Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ ɛŮ ɞɟɔŬɜɘəɐ Űɟɞˊɞˊɞɑɖůɖ Űɞɡ ŭɘŬɘɗɡɚ-ŰŮŰŬɟŰɞŰŬɔɞɨɠ 

Ŭɛɛɤɜɑɞɡ ɛŮ ɡŭɟɞɔɞɜɤɛɏɜɖ ŬɚŮɘűŬŰɘəɐ ŬɚɡůɑŭŬ (Cloisite 20A) ŬɡɝɎɜŮɘ Űɞ ɟɡɗɛɧ Űɖɠ 

ŬɜŰɑŭɟŬůɖɠ əŬɘ ɏɜŬ ŭŮɨŰŮɟɞ ůŰɎŭɘɞ ɜŬ ŬəɞɚɞɡɗŮɑ ůŰɞ ɞˊɞɑɞ ɞ ɟɡɗɛɧɠ ɛŮɘɩɜŮŰŬɘ ɏɤɠ Űɖɜ 

ɞɚɞəɚɐɟɤůɐ Űɞɡ. ȼ ŮɘůŬɔɤɔɐ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ űŬɑɜŮŰŬɘ ɜŬ ɓŮɚŰɘɩɜŮɘ Űɞ ɢɟɧɜɞ ˊɞɡ 

ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ ɜŬ ɞɚɞəɚɖɟɤɗŮɑ Űɞ ˊɟɩŰɞ ůŰɎŭɘɞ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ (induction period), 

ŬɜŰɑɗŮŰŬ ŬɡɝɎɜŮɘ Űɞ ɢɟɧɜɞ ůŰɞ ŭŮɨŰŮɟɞ əŬɘ ŰɟɑŰɞ ůŰɎŭɘɞ (curing period, overcure period) 
[2]

. 

ȷˊɧ Űɞ ɆɢɐɛŬ 6.5ɓ, ɔɑɜŮŰŬɘ ŮɡəɟɘɜɏůŰŮɟɞ Űɞ űŬɘɜɧɛŮɜɞ Űɤɜ ŭɨɞ ůŰŬŭɑɤɜ. Ⱥɜɩ ŬɟɢɘəɎ 

ŭɘŬˊɘůŰɩɜŮŰŬɘ ɛɘŬ ůɡɜŮɟɔɘůŰɘəɐ ŭɟɎůɖ Űɞɡ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ ɛŮ 

ɞɟɔŬɜɘəɐ Űɟɞˊɞˊɞɑɖůɖ Űɞɡ ŭɘŬɘɗɡɚ-ŰŮŰŬɟŰɞŰŬɔɞɨɠ Ŭɛɛɤɜɑɞɡ ɛŮ ɡŭɟɞɔɞɜɤɛɏɜɖ ŬɚŮɘűŬŰɘəɐ 

ŬɚɡůɑŭŬ (Cloisite 20A) ůŰɖɜ ŬɜŰɑŭɟŬůɖ, ɧůɞ ˊɟɞɢɤɟɎ ɞ ɓɞɡɚəŬɜɘůɛɧɠ, ɖ ŮˊɑŭɟŬůɖ Űɞɡ 

ɛɏůɞɡ ůŰɖɜ ŬɜŰɑŭɟŬůɖ ůəɚɐɟɡɜůɖɠ ŬɚɚɎɕŮɘ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ɔɘŬ ɛŮŰŬŰɟɞˊɏɠ Ŭˊɧ 0.4 əŬɘ 

ɢŬɛɖɚɧŰŮɟŬ, ɞ ɓɞɡɚəŬɜɘůɛɧɠ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ ɞŭɖɔŮɑŰŬɘ ɛŮ ŰŬɢɨ ɟɡɗɛɧ ůŮ ŬɜŰɑɗŮůɖ ɛŮ 

ɡɣɖɚɧŰŮɟŮɠ Űɘɛɏɠ Űɖɠ ɛŮŰŬŰɟɞˊɐɠ ɧˊɞɡ ɞ ɟɡɗɛɧɠ ɛŮɘɩɜŮŰŬɘ ůɡɔəɟɘŰɘəɎ ɛŮ Űɖ ɛɖ Ůɜɘůɢɡɛɏɜɖɠ 

ˊɞɚɡůɘɚɞɝɎɜɖ. ȺɜŭŮɢɞɛɏɜɤɠ, ɛŮŰɎ Űɞ ɓŬɗɛɧ ŬɡŰɧ ɛŮŰŬŰɟɞˊɐɠ, ɖ Ŭɨɝɖůɖ Űɞɡ ɘɝɩŭɞɡɠ ůŰɞ 

ůɨůŰɖɛŬ əŬɗɘůŰɎ Űɖɜ əɘɜɖŰɘəɧŰɖŰŬ Űɤɜ Ŭɚɡůɑŭɤɜ əŬɗɞɟɘůŰɘəɐ ˊŬɟɎɛŮŰɟɞ ůŰɞ ɛɖɢŬɜɘůɛɧ 

Űɖɠ ŬɜŰɑŭɟŬůɖɠ. Ƀɘ ɛŮɟɘəɎ ŬˊɞűɤɚɘŭɞɛɏɜŮɠ/ŮɛűɤɚɘŬůɛɏɜŮɠ ŭɞɛɏɠ Űɞɡɠ ůɡůŰɐɛŬŰɞɠ Cloisite 

20A/PDMS, ŭɡůɢŮɟŬɑɜɞɡɜ ˊŮɟŬɘŰɏɟɤ Űɖɜ əɘɜɖŰɘəɧŰɖŰŬ Űɤɜ ŬɜŰɘŭɟɩɜŰɤɜ əŬɘ ɞŭɖɔɞɨɜ ůŮ 

ɛŮɑɤůɖ Űɞɡ ɟɡɗɛɞɨ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ůŰɞ ůŰɎŭɘɞ ŬɡŰɧ əŬɘ ůŮ Ůˊɘɛɐəɡɜůɖ Űɞɡ ɢɟɧɜɞɡ 

ɓɞɡɚəŬɜɘůɛɞɨ Űɞɡ ůɡůŰɐɛŬŰɞɠ.  



 

 
ɀȺȿȺɇȼ ȸɃɈȿȾȷɁȽɆɀɃɈ ɁȷɁɃɆɈɁŪȺɇɋɁ ɄɃȿɈɆȽȿɃɂȷɁȼɆ ɄɅɃɆŪȼȾȼɆ 

133 

 

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280

0

10

20

30

40

50

60

70

80

90

100

 LMW PDMS ˊɟɞůɗɐəɖɠ

 2phr Cl20A/LMW PDMS ˊɟɞůɗɐəɖɠ

 5phr Cl20A/LMW PDMS ˊɟɞůɗɐəɖɠ

 8phr Cl20A/LMW PDMS ˊɟɞůɗɐəɖɠ

60
o
C

ɀ
Ů
Ű
Ŭ
Ű
ɟ
ɞ
ˊ
ɐ
 
(
%
)

ɉɟɧɜɞɠ (sec)

(Ŭ)

 

 

 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

0.000

0.005

0.010

0.015

0.020

 LMW PDMS ˊɟɞůɗɐəɖɠ

 2phr Cl20A/LMW PDMS ˊɟɞůɗɐəɖɠ

 5phr Cl20A/LMW PDMS ˊɟɞůɗɐəɖɠ

 8phr Cl20A/LMW PDMS ˊɟɞůɗɐəɖɠ

d
a

/d
t

a

60
o
C(ɓ)

 

 

 
ɆɢɐɛŬ 6.5: ȽůɞɗŮɟɛɞəɟŬůɘŬəɏɠ əŬɛˊɨɚŮɠ Ŭ) ɛŮŰŬŰɟɞˊɐɠ ï ɢɟɧɜɞɡ əŬɘ ɓ) ɟɡɗɛɞɨ ɛŮŰŬŰɟɞˊɐɠ ï 

ɛŮŰŬŰɟɞˊɐɠ ɜŬɜɞůɡɜɗɏŰɤɜ Cloisite 20A  ́ ɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ, əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ ůŰɞɡɠ 60
ɞ
C.  

 

ȼ Ŭɨɝɖůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ ɞŭɐɔɖůŮ Űɖɜ ŬɜŰɑŭɟŬůɖ ŰŬɢɨŰŮɟŬ ůŮ ɧɚŮɠ Űɘɠ ŮɝŮŰŬɕɧɛŮɜŮɠ 

ŬɜŬɚɞɔɑŮɠ. ȼ ɏɜŰŬůɖ əŬɘ ɖ ŮɜɗŬɚˊɑŬ Űɞɡ ŮɝɩɗŮɟɛɞɡ ɛŮɘɩɜɞɜŰŬɘ ŬɜŬɚɞɔɘəɎ ɛŮ Űɖɜ Ŭɨɝɖůɖ 

ůŰɖɜ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ. ȷˊɧ Űɞ ɄɑɜŬəŬ 6.1, űŬɑɜŮŰŬɘ ˊɤɠ ɞ ɢɟɧɜɞɠ 

ɞɚɞəɚɐɟɤůɖɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ, ɛŮŰŬŰɞˊɑɕŮŰŬɘ ůŮ ɡɣɖɚɧŰŮɟŮɠ Űɘɛɏɠ ɔɘŬ Űɖɜ ɗŮɟɛɞəɟŬůɑŬ 80
ɞ
C 

ůŮ ůɨɔəɟɘůɖ ɛŮ Űɖ ɛɖ Ůɜɘůɢɡɛɏɜɖ ˊɞɚɡůɘɚɞɝɎɜɖ.  
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ɆɢɐɛŬ 6.6: ȽůɞɗŮɟɛɞəɟŬůɘŬəɏɠ əŬɛˊɨɚŮɠ ɟɞɐɠ ɗŮɟɛɧŰɖŰŬɠ ï ɢɟɧɜɞɡ ɜŬɜɞůɡɜɗɏŰɤɜ Cloisite 20A  

ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ, əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ ůŰɞɡɠ 80
ɞ
C.  

 

ɄŬɟŬŰɖɟɩɜŰŬɠ Űɞ ɆɢɐɛŬ 6.7Ŭ, ŭɘŬˊɘůŰɩɜŮŰŬɘ ˊɤɠ ɖ ŮɘůŬɔɤɔɐ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ůŮ 

ŬɜŬɚɞɔɑŮɠ 2 əŬɘ 5 phr ŮˊɘɓɟŬŭɨɜɞɡɜ Űɖɜ ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ. ȷɜŰɑɗŮŰŬ, ɖ ŮɜůɤɛɎŰɤůɖ 

8phr Cloisite 20A, ŮˊɘŰŬɢɨɜŮɘ Űɖɜ ŬɜŰɑŭɟŬůɖ əŬŰɎ ŰŬ ˊɟɩŰŬ ŭɨɞ ůŰɎŭɘŬ, Ůɜɩ űŬɑɜŮŰŬɘ ɜŬ 

ɛŮɘɩɜŮɘ Űɞ ɟɡɗɛɧ əŬŰɎ Űɞ ŰɟɑŰɞ ůŰɎŭɘɞ Űɖɠ ŬɜŰɑŭɟŬůɖɠ. ɇɞ ɔŮɔɞɜɧɠ ŬɡŰɧ ˊɘɗŬɜɧɜ əŬɘ Ůŭɩ ɜŬ 

ɞűŮɑɚŮŰŬɘ ůŰɖɜ Ŭɨɝɖůɖ Űɞɡ ɘɝɩŭɞɡɠ əŬɘ Űɖɜ ɛŮɑɤůɖ Űɖɠ əɘɜɖŰɘəɧŰɖŰŬɠ Űɤɜ Ŭɚɡůɑŭɤɜ Űɞɡ 

ˊɞɚɡɛŮɟɞɨɠ. ȷɝɑɕŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ ˊɤɠ əŬɘ ůŰɖɜ ɗŮɟɛɞəɟŬůɑŬ Űɤɜ 80
o
C, ɧˊɤɠ əŬɘ ůŰɖɜ 

ɗŮɟɛɞəɟŬůɑŬ Űɤɜ 60
ɞ
C, ɖ ɡɣɖɚɐ ůɡɔəɏɜŰɟɤůɖ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ŮˊɘŰŬɢɨɜŮɘ Űɖɜ ˊɞɟŮɑŬ 
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Űɖɠ ŬɜŰɑŭɟŬůɖɠ, ůɡɔəɟɘŰɘəɎ Űɤɜ ɢŬɛɖɚɩɜ ŬɜŬɚɞɔɘɩɜ. ȷɜŰɑůŰɞɘɢŬ ŬˊɞŰŮɚɏůɛŬŰŬ 

ŭɘŬˊɘůŰɩɗɖəŬɜ əŬɘ Ŭˊɧ Űɞɡɠ Lopez ï Manchado et al. 
[3]
, ɞɘ ɞˊɞɑɞɘ ɛŮɚɏŰɖůŬɜ ůɨɜɗŮŰŬ 

űɡůɘəɞɨ ŮɚŬůŰɘəɞɨ ɛŮ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɞ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ. ȷˊɧ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ 

ɛŮɚɏŰɖɠ Űɞɡɠ, ŭɘŬˊɘůŰɩɗɖəŮ ˊɤɠ ɖ ŮɘůŬɔɤɔɐ Űɞɡ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ, 

ůŮ ŬɜŬɚɞɔɑŬ 10% ɞŭɐɔɖůŮ ůŮ ŰŬɢɨŰŮɟɖ Ůɝɏɚɘɝɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ.  
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ɆɢɐɛŬ 6.7: ȽůɞɗŮɟɛɞəɟŬůɘŬəɏɠ əŬɛˊɨɚŮɠ Ŭ) ɛŮŰŬŰɟɞˊɐɠ ï ɢɟɧɜɞɡ ɜŬɜɞůɡɜɗɏŰɤɜ əŬɘ ɓ) ɟɡɗɛɞɨ 

ɛŮŰŬŰɟɞˊɐɠ ï ɛŮŰŬŰɟɞˊɐɠ ɜŬɜɞůɡɜɗɏŰɤɜ Cloisite 20A  ́ ɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ, əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ 

ůŰɞɡɠ 80
ɞ
C.  

 

ȼ ŮɜůɤɛɎŰɤůɖ Űɞɡ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ ɛŮ ɞɟɔŬɜɘəɐ Űɟɞˊɞˊɞɑɖůɖ 

Űɞɡ ɛŮɗɡɚ- ŭɘŬɘɗɡɚɞɚ-ŰŮŰŬɟŰɞŰŬɔɞɨɠ Ŭɛɛɤɜɑɞɡ ɛŮ ŬɚŮɘűŬŰɘəɐ ŬɚɡůɑŭŬ (Cloisite 30B) ůŰɖɜ 

ɛɎɕŬ Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ, ɞŭɖɔŮɑ ůŮ ůɖɛŬɜŰɘəɐ ɡůŰɏɟɖůɖ Űɞɡ ɟɡɗɛɞɨ ɓɞɡɚəŬɜɘůɛɞɨ, 

ŮɘŭɘəɧŰŮɟŬ ůŰɘɠ ŬɜŬɚɞɔɑŮɠ 5 əŬɘ 8phr (ɆɢɐɛŬ 6.8). ȼ ɞɟɔŬɜɘəɐ Űɟɞˊɞˊɞɑɖůɖ, Űɞɡ ɛɏůɞɡ 

Ůɜɑůɢɡůɖɠ əŬɘ ŮɘŭɘəɧŰŮɟŬ ɞɘ ɡŭɟɞɝɡɚɘəɏɠ ɞɛɎŭŮɠ ˊɞɡ ŮɛˊŮɟɘɏɢŮɘ, űŬɑɜŮŰŬɘ ɜŬ ŮˊɖɟŮɎɕɞɡɜ Űɖɜ 

ˊɞɟŮɑŬ Ůɝɏɚɘɝɖɠ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ ŬɡɝɎɜɞɜŰŬɠ əŬɘ Űɞ ɢɟɧɜɞ ɞɚɞəɚɐɟɤůɖɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ 

ůɡɔəɟɘŰɘəɎ ɛŮ Űɖ ɛɖ Ůɜɘůɢɡɛɏɜɖ ˊɞɚɡůɘɚɞɝɎɜɖ.   
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ɆɢɐɛŬ 6.8: ȽůɞɗŮɟɛɞəɟŬůɘŬəɏɠ əŬɛˊɨɚŮɠ ɟɞɐɠ ɗŮɟɛɧŰɖŰŬɠ ï ɢɟɧɜɞɡ ɜŬɜɞůɡɜɗɏŰɤɜ Cloisite 30ȸ  

ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ, əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ ůŰɞɡɠ 60
ɞ
C.  
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ȷˊɧ Űɞ ɆɢɐɛŬ 6.9Ŭ, ŭɘŬˊɘůŰɩɜŮŰŬɘ ɛɘŬ ɘůɢɡɟɐ ŮɝɎɟŰɖůɖ Űɖɠ ŬɜŬɚɞɔɑŬɠ əŬɘ Űɖɠ ˊɞɟŮɑŬɠ 

Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ. ȾŬɗɩɠ ŬɡɝɎɜŮŰŬɘ Űɞ ˊɞůɞůŰɧ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ, ŭɘŬˊɘůŰɩɜŮŰŬɘ 

ˊŮɟŬɘŰɏɟɤ Ŭɨɝɖůɖ Űɞɡ ɢɟɧɜɞɡ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ Űɖɜ ɞɚɞəɚɐɟɤůɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ, ɔŮɔɞɜɧɠ 

ˊɞɡ ůɡɜŭɏŮŰŬɘ ɛŮ Űɖɜ Ŭɨɝɖůɖ ůŰɖ ůɡɔəɏɜŰɟɤůɖ Űɤɜ ɡŭɟɞɝɡɚɘəɩɜ ɞɛɎŭɤɜ ɧˊɤɠ 

ˊɟɞŬɜŬűɏɟɗɖəŮ.  
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ɆɢɐɛŬ 6.9: ȽůɞɗŮɟɛɞəɟŬůɘŬəɏɠ əŬɛˊɨɚŮɠ Ŭ) ɛŮŰŬŰɟɞˊɐɠ ï ɢɟɧɜɞɡ əŬɘ ɓ) ɟɡɗɛɞɨ ɛŮŰŬŰɟɞˊɐɠ ï ɛŮŰŬŰɟɞˊɐɠ 

ɜŬɜɞůɡɜɗɏŰɤɜ Cloisite 30ȸ  ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ, əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ ůŰɞɡɠ 60
ɞ
C.  

 

 

ɆɨɛűɤɜŬ ɛŮ Űɖɜ ɓɘɓɚɘɞɔɟŬűɑŬ 
[4]
, ɏɢɞɡɜ ŭɘŬˊɘůŰɤɗŮɑ ŭŮɡŰŮɟŮɨɞɡůŮɠ ŬɜŰɘŭɟɎůŮɘɠ ɞɘ ɞˊɞɑŮɠ 

ŭɟɞɡɜ ŬɜŬůŰŬɚŰɘəɎ ůŰɖɜ ˊɞɟŮɑŬ Űɖɠ ŬɜŰɑŭɟŬůɖɠ. 
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Ƀɘ ˊŬɟŬˊɎɜɤ ŬɜŰɘŭɟɎůŮɘɠ ŮɝŮɚɑůůɞɜŰŬɘ ɛŮ ɟɡɗɛɧ ɛɘəɟɧŰŮɟɞ Űɖɠ əɨɟɘŬɠ ŬɜŰɑŭɟŬůɖɠ 

ɓɞɡɚəŬɜɘůɛɞɨ əŬɘ ˊɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ ɧŰŬɜ ɞɘ ŬəɟŬɑŮɠ ɞɛɎŭŮɠ Űɤɜ Ŭɚɡůɑŭɤɜ ŮɑɜŬɘ ůŮ 

ˊŮɟɑůůŮɘŬ. Ⱥɜɑůɢɡůɖ Űɞɡ űŬɘɜɞɛɏɜɞɡ ˊŬɟŬŰɖɟŮɑŰŬɘ ɛŮ Űɖɜ ŮɘůŬɔɤɔɐ Űɞɡ ɞɟɔŬɜɘəɎ 

Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ ɛŮ ɞɟɔŬɜɘəɐ Űɟɞˊɞˊɞɑɖůɖ Űɞɡ ɛŮɗɡɚ- ŭɘŬɘɗɡɚɞɚ-

ŰŮŰŬɟŰɞŰŬɔɞɨɠ Ŭɛɛɤɜɑɞɡ ɛŮ ŬɚŮɘűŬŰɘəɐ ŬɚɡůɑŭŬ (Cloisite 30B) ůŰɖɜ ɛɐŰɟŬ ˊɞɚɡɛŮɟɞɨɠ, 

ɧˊɞɡ ɡŭɟɞɝɡɚɘəɏɠ ɞɛɎŭŮɠ ˊɟɞŮɟɢɧɛŮɜŮɠ ŮɑŰŮ Ŭˊɧ Űɖɜ ɞɟɔŬɜɘəɐ Űɟɞˊɞˊɞɑɖůɖ ŮɑŰŮ Ŭˊɧ Űɖɜ 

ɢɖɛɘəɐ ůɨůŰŬůɖ Űɤɜ ŬɜɧɟɔŬɜɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ůɡɛɛŮŰɏɢɞɡɜ ůŰɖɜ ŬɜŰɑŭɟŬůɖ 6.3 
[5]

. ȼ 

ůɡɛɛŮŰɞɢɐ ůŰɘɠ ˊŬɟɎˊɚŮɡɟŮɠ ŬɡŰɏɠ ŬɜŰɘŭɟɎůŮɘɠ ŮɜŭŮɢɞɛɏɜɤɠ ɜŬ ŮˊɖɟŮɎɕŮŰŬɘ əŬɘ Ŭˊɧ Űɞɜ 

ɡŭɟɧűɘɚɞ ɢŬɟŬəŰɐɟŬ ˊɞɡ ˊŬɟɞɡůɘɎɕŮɘ Űɞ Cloisite 30B.  

ɆŰɞ ɆɢɐɛŬ 6.10, ˊŬɟŬŰɖɟŮɑŰŬɘ ˊɤɠ ɖ ŮɜůɤɛɎŰɤůɖ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Űɞɡ ɛɏůɞɡ 

Ůɜɑůɢɡůɖɠ ɛŮɘɩɜŮɘ Űɖɜ ŮɜɗŬɚˊɑŬ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ůŮ ɧɚŮɠ Űɘɠ ŮɝŮŰŬɕɧɛŮɜŮɠ ŬɜŬɚɞɔɑŮɠ. Ƀ 

ɢɟɧɜɞɠ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ ɜŬ ɞɚɞəɚɖɟɤɗŮɑ ɖ ŬɜŰɑŭɟŬůɖ əŬɘ ůŮ ŬɡŰɐ Űɖɜ ˊŮɟɑˊŰɤůɖ 



 

 
ȾȺūȷȿȷȽɃ 6ɞ 
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ŬɡɝɎɜŮŰŬɘ ůɡɔəɟɘŰɘəɎ ɛŮ Űɖɜ ɛɖ Ůɜɘůɢɡɛɏɜɖ ˊɞɚɡůɘɚɞɝɎɜɖ əŬɘ ŮˊŬɚɖɗŮɨŮɘ Űɞ űŬɘɜɧɛŮɜɞ Űɖɠ 

ɡůŰɏɟɖůɖɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ˊɞɡ ˊŬɟŬŰɖɟɐɗɖəŮ ůŰɞɡɠ 60
ɞ
C.  
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ɆɢɐɛŬ 6.10: ȽůɞɗŮɟɛɞəɟŬůɘŬəɏɠ əŬɛˊɨɚŮɠ ɟɞɐɠ ɗŮɟɛɧŰɖŰŬɠ ï ɢɟɧɜɞɡ ɜŬɜɞůɡɜɗɏŰɤɜ Cloisite 30ȸ  

ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ, əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ ůŰɞɡɠ 80
ɞ
C.  

 

ɆŮ ŬɜŰɑɗŮůɖ ɛŮ ŰŬ ɜŬɜɞůɨɜɗŮŰŬ ˊɞɚɡůɘɚɞɝɎɜɖɠ Cloisite 20A, ɧɚŮɠ ɞɘ ŬɜŬɚɞɔɑŮɠ Űɞɡ 

Cloisite 30B ɓɟɑůəɞɜŰŬɘ ůɖɛŬɜŰɘəɎ ˊɘɞ ŭŮɝɘɎ Űɖɠ əŬɛˊɨɚɖɠ ɛŮŰŬŰɟɞˊɐɠ-ɢɟɧɜɞɡ Űɖɠ ɛɖ- 

Ůɜɘůɢɡɛɏɜɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ, ŮˊɘɓŮɓŬɘɩɜɞɜŰŬɠ ˊɤɠ ɖ ɞɟɔŬɜɘəɐ Űɟɞˊɞˊɞɑɖůɖ 

ŮˊɖɟŮɎɕŮɘ Űɖɜ ˊɞɟŮɑŬ Ůɝɏɚɘɝɖɠ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ (ɆɢɐɛŬ 6.11Ŭ). ȼ ŮɜůɤɛɎŰɤůɖ Űɞɡ 

ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ ɛŮ ɞɟɔŬɜɘəɐ Űɟɞˊɞˊɞɑɖůɖ Űɞɡ ɛŮɗɡɚ- ŭɘŬɘɗɡɚɞɚ-

ŰŮŰŬɟŰɞŰŬɔɞɨɠ Ŭɛɛɤɜɑɞɡ ɛŮ ŬɚŮɘűŬŰɘəɐ ŬɚɡůɑŭŬ (Cloisite 30B) ɛŮɘɩɜŮɘ Űɞ ɟɡɗɛɧ Űɖɠ 

ŬɜŰɑŭɟŬůɖɠ Ŭˊɧ Űɞ ˊɟɩŰɞ ůŰɎŭɘɞ Űɖɠ ˊŮɟɘɞɢɐɠ Űɤɜ ɢŬɛɖɚɩɜ ɛŮŰŬŰɟɞˊɩɜ, əŬɘ ŬɜɎɚɞɔɖ 

ɛŮɑɤůɖ ŭɘŬˊɘůŰɩɜŮŰŬɘ ɧůɞ ɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ ŬɡɝɎɜŮŰŬɘ (ɆɢɐɛŬ 6.11ɓ). 
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ɆɢɐɛŬ 6.11: ȽůɞɗŮɟɛɞəɟŬůɘŬəɏɠ əŬɛˊɨɚŮɠ Ŭ) ɛŮŰŬŰɟɞˊɐɠ ï ɢɟɧɜɞɡ əŬɘ ɓ) ɟɡɗɛɞɨ ɛŮŰŬŰɟɞˊɐɠ ï 

ɛŮŰŬŰɟɞˊɐɠ ɜŬɜɞůɡɜɗɏŰɤɜ Cloisite 30ȸ  ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ, əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ ůŰɞɡɠ 

80
ɞ
C.  

 

ũɘŬ Űɖɜ ˊŮɟŬɘŰɏɟɤ ɛŮɚɏŰɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ əŬɘ ɔɘŬ Űɖɜ ŮɟɛɖɜŮɑŬ Űɖɠ 

ŮˊɑŭɟŬůɖɠ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ůŰɖɜ ˊɞɟŮɑŬ Űɖɠ ŬɜŰɑŭɟŬůɖɠ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɤɠ ɛɏůɞ 

Ůɜɑůɢɡůɖɠ, ɛɖ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɞɠ ɛɞɜŰɞɟɘɚɚɞɜɑŰɖɠ (Nanofil 116).  ȼ ŬɜŰɑŭɟŬůɖ 
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ɓɞɡɚəŬɜɘůɛɞɨ ůŮ ɗŮɟɛɞəɟŬůɑŮɠ 60, 70 əŬɘ 80
o
C, ɧˊɞɡ ɛŮɚŮŰɐɗɖəŬɜ əŬɘ ŰŬ ɎɚɚŬ ůɡůŰɐɛŬŰŬ, 

ŮɝŮɚɘůůɧŰŬɜ ŰŬɢɨŰŬŰŬ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ɛɖ ɔɑɜŮŰŬɘ ɛŮŰɟɐůɘɛɞ Űɞ űŬɘɜɧɛŮɜɞ. ũɘŬ Űɞ ɚɧɔɞ 

ŬɡŰɧ, ɖ ɛŮɚɏŰɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɏɔɘɜŮ ůŮ ɢŬɛɖɚɧŰŮɟŮɠ ɗŮɟɛɞəɟŬůɑŮɠ (40, 50, 60
o
C). 
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ɆɢɐɛŬ 6.12: ȽůɞɗŮɟɛɞəɟŬůɘŬəɏɠ əŬɛˊɨɚŮɠ ɟɞɐɠ ɗŮɟɛɧŰɖŰŬɠ ï ɢɟɧɜɞɡ ɜŬɜɞůɡɜɗɏŰɤɜ Nanofil 116  

ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ, əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ ůŰɞɡɠ 40
ɞ
C.  

 

ȼ ŮɘůŬɔɤɔɐ Űɞɡ ɛɖ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ (Nanofil 116) ɤɠ ɛɏůɞ 

Ůɜɑůɢɡůɖɠ, ŮˊɘŰŬɢɨɜŮɘ Űɖɜ ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ, ůŮ ɧɚŬ ŰŬ ůŰɎŭɘɎ Űɖɠ. ȼ ŮɜůɤɛɎŰɤůɖ 

ɛŮɔŬɚɨŰŮɟɖɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ Űɞɡ ɛɏůɞɡ ŬɡŰɞɨ ɞŭɖɔŮɑ Űɖɜ ŬɜŰɑŭɟŬůɖ ŰŬɢɨŰŮɟŬ Ŭˊɧ ŰŬ ˊɟɩŰŬ 

ŭŮɡŰŮɟɧɚŮˊŰŬ ɏɤɠ əŬɘ Űɖɜ ɞɚɞəɚɐɟɤůɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ (ɆɢɐɛŬ 6.12Ŭ).  
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ɆɢɐɛŬ 6.13: ȽůɞɗŮɟɛɞəɟŬůɘŬəɏɠ əŬɛˊɨɚŮɠ Ŭ) ɛŮŰŬŰɟɞˊɐɠ ï ɢɟɧɜɞɡ əŬɘ ɓ) ɟɡɗɛɞɨ ɛŮŰŬŰɟɞˊɐɠ ï 

ɛŮŰŬŰɟɞˊɐɠ ɜŬɜɞůɡɜɗɏŰɤɜ Nanofil 116  ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ, əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ ůŰɞɡɠ 

40
ɞ
C. 

Ƀɘ ɢɟɧɜɞɘ ɛɏɔɘůŰɞɡ ɟɡɗɛɞɨ əŬɘ ɞɚɞəɚɐɟɤůɖɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ (ɄɑɜŬəŬɠ 6.1) 

ɛŮŰŬŰɞˊɑɕɞɜŰŬɘ ůɖɛŬɜŰɘəɎ ůŮ ɢŬɛɖɚɧŰŮɟŮɠ Űɘɛɏɠ ůɡɔəɟɘŰɘəɎ ɛŮ Űɖɜ ɛɖ Ůɜɘůɢɡɛɏɜɖ 

ˊɞɚɡůɘɚɞɝɎɜɖ. ɆɨɛűɤɜŬ ɛŮ Űɞ ɆɢɐɛŬ 6.13ɓ, ŭɘŬˊɘůŰɩɜɞɜŰŬɘ ŭɨɞ ůŰɎŭɘŬ Ůɝɏɚɘɝɖɠ Űɖɠ 

ŬɜŰɑŭɟŬůɖɠ. ɆŮ ɢŬɛɖɚɏɠ Űɘɛɏɠ ɛŮŰŬŰɟɞˊɐɠ ˊŬɟŬŰɖɟŮɑŰŬɘ ɟŬɔŭŬɑŬ Ŭɨɝɖůɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɛŮ 

ɏɜŬ ůŰɎŭɘɞ ˊɘɞ ɞɛŬɚɐɠ Ůɝɏɚɘɝɖɠ ɜŬ ŬəɞɚɞɡɗŮɑ. 
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ɆɢɐɛŬ 6.14: ȽůɞɗŮɟɛɞəɟŬůɘŬəɏɠ əŬɛˊɨɚŮɠ ɟɞɐɠ ɗŮɟɛɧŰɖŰŬɠ ï ɢɟɧɜɞɡ ɜŬɜɞůɡɜɗɏŰɤɜ Nanofil 116  

ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ, əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ ůŰɞɡɠ 60
ɞ
C.  

 

 

 

ȷˊɧ Űɞ ůɡɔəɟɘŰɘəɧ ŭɘɎɔɟŬɛɛŬ (ɆɢɐɛŬ 6.14), ŭɘŬˊɘůŰɩɜŮŰŬɘ ůɖɛŬɜŰɘəɐ ɛŮɑɤůɖ Űɞɡ 

ɢɟɧɜɞɡ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ Űɖɜ ɞɚɞəɚɐɟɤůɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ůɡɔəɟɘŰɘəɎ ɛŮ Űɖɜ ɛɖ Ůɜɘůɢɡɛɏɜɖ 

ˊɞɚɡůɘɚɞɝɎɜɖ ˊɟɞůɗɐəɖɠ. ȳůɞ ɖ ůɡɔəɏɜŰɟɤůɖ Űɞɡ ŬɜɧɟɔŬɜɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ŬɡɝɎɜŮŰŬɘ 

ŭɘŬˊɘůŰɩɜŮŰŬɘ ˊŮɟŬɘŰɏɟɤ ɛŮɑɤůɖ Űɞɡ ɢɟɧɜɞɡ ɞɚɞəɚɐɟɤůɖɠ əŬɗɩɠ əŬɘ Űɖɠ ŮɜɗŬɚˊɑŬɠ Űɖɠ 

ŬɜŰɑŭɟŬůɖɠ.  ɄŬɟŬŰɖɟɩɜŰŬɠ ŰŬ ɆɢɐɛŬŰŬ 6.15Ŭ əŬɘ 6.15ɓ, űŬɑɜŮŰŬɘ Űɞ űŬɘɜɧɛŮɜɞ Űɤɜ ŭɨɞ 

ůŰŬŭɑɤɜ Ůɝɏɚɘɝɖɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ, ˊɞɡ ˊŬɟŬŰɖɟɐɗɖəŮ ůŰɞɡɠ 40
o
C, ɜŬ ŬɜŬɘɟŮɑŰŬɘ əŬɘ ɖ 

ŬɜŰɑŭɟŬůɖ ɜŬ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ůŮ ɏɜŬ ůŰɎŭɘɞ. ɇɞ ɔŮɔɞɜɧɠ ŬɡŰɧ ŬˊɞŭɑŭŮŰŬɘ ůŰɖɜ ɡɣɖɚɧŰŮɟɖ 

ŮɜɏɟɔŮɘŬ ˊɞɡ ˊɟɞůŭɑŭŮŰŬɘ ůŰɞ ůɨůŰɖɛŬ Ŭˊɧ Űɖɜ ɗŮɟɛɞəɟŬůɑŬ Űɤɜ 80
o
C, ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ 

ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ŰŬɢɨŰŬŰŬ ɖ ŬɜŰɑŭɟŬůɖ Ŭˊɧ Űɖɜ ɏɜŬɟɝɖ ɛɏɢɟɘ əŬɘ Űɖɜ ɞɚɞəɚɐɟɤůɐ Űɖɠ. 

 

0 20 40 60 80 100 120 140 160 180

0

10

20

30

40

50

60

70

80

90

100

 LMW PDMS ˊɟɞůɗɐəɖɠ

 2phr Nan116/LMW PDMS ˊɟɞůɗɐəɖɠ

 5phr Nan116/LMW PDMS ˊɟɞůɗɐəɖɠ

ɀ
Ů
Ű
Ŭ
Ű
ɟ
ɞ
ˊ
ɐ
 
(
%
)

ɉɟɧɜɞɠ (sec)

60
o
C

(Ŭ)

 

 

 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

 LMW PDMS ˊɟɞůɗɐəɖɠ

 2phr Nan116/LMW PDMS ˊɟɞůɗɐəɖɠ

 5phr Nan116/LMW PDMS ˊɟɞůɗɐəɖɠ

d
a

/d
t

a

60
o
C(ɓ)

 

 
ɆɢɐɛŬ 6.15: ȽůɞɗŮɟɛɞəɟŬůɘŬəɏɠ əŬɛˊɨɚŮɠ Ŭ) ɛŮŰŬŰɟɞˊɐɠ ï ɢɟɧɜɞɡ əŬɘ ɓ) ɟɡɗɛɞɨ ɛŮŰŬŰɟɞˊɐɠ ï 

ɛŮŰŬŰɟɞˊɐɠ ɜŬɜɞůɡɜɗɏŰɤɜ Nanofil 116  ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ, əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ ůŰɞɡɠ 60
ɞ
C. 
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6.2.3 ȺˊɑŭɟŬůɖ Űɞɡ Űɨˊɞɡ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ůŰɖɜ ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ  

ȷˊɧ Űɖɜ ůɡɔəɟɘŰɘəɐ ɛŮɚɏŰɖ Űɖɠ ŮˊɑŭɟŬůɖɠ Űɤɜ ɡˊɧ ɛŮɚɏŰɖ ɛɏůɤɜ Ůɜɑůɢɡůɖɠ ůŰɞɡɠ 

60
o
C, (ɆɢɐɛŬ 6.16, ɄɑɜŬəŬ 6.1), ŭɘŬˊɘůŰɩɜŮŰŬɘ ɧŰɘ ɖ ŮɜůɤɛɎŰɤůɖ Űɤɜ ŭɨɞ Űɨˊɤɜ ɞɟɔŬɜɘəɎ 

Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ əŬɗɩɠ əŬɘ Űɞɡ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ, 

ŬɡɝɎɜŮɘ Űɖ ŭɘɎɟəŮɘŬ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ ůɡɔəɟɘŰɘəɎ ɛŮ Űɖ ɛɖ Ůɜɘůɢɡɛɏɜɖ ˊɞɚɡůɘɚɞɝɎɜɖ. 

ȷɜŰɑɗŮŰŬ, ɖ ŮɜůɤɛɎŰɤůɖ Űɞɡ ɡŭɟɞɝɡŬˊŬŰɑŰɖ əŬɘ Űɞɡ ɛɖ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ, 

ŮˊɘŰŬɢɨɜɞɡɜ Űɞ ɓɞɡɚəŬɜɘůɛɧ ɛŮɘɩɜɞɜŰŬɠ Űɞɜ ŬˊŬɘŰɞɨɛŮɜɞ ɢɟɧɜɞ ɞɚɞəɚɐɟɤůɐɠ Űɞɡ. ȼ 

ůɡɛˊŮɟɘűɞɟɎ ŬɡŰɐ ˊɘɗŬɜɧɜ ɞűŮɑɚŮŰŬɘ ůŰɖɜ Ŭɡɝɖɛɏɜɖ ŬɚɚɖɚŮˊɑŭɟŬůɖ ˊɞɡ ˊɟɞůŭɑŭɞɡɜ ɞɘ 

ŰɟɞˊɞˊɞɘɐůŮɘɠ, ɛŮŰŬɝɨ Űɤɜ ŬəɟŬɑɤɜ ɞɛɎŭɤɜ Űɞɡ ŮɚŬůŰɞɛŮɟɞɨɠ əŬɘ Űɤɜ Űɟɘɩɜ 

Űɟɞˊɞˊɞɘɖɛɏɜɤɜ ɛɏůɤɜ Ůɜɑůɢɡůɖɠ ˊɞɡ ɛŮɚŮŰɐɗɖəŬɜ (Cloisite 20A, Cloisite 30B, Aerosil 

R972). ɆŰɞɡɠ ŭɨɞ Űɨˊɞɡɠ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ, Űɞ Ŭɡɝɖɛɏɜɞ ŭɘɎəŮɜɞ 

ŮˊɘŰɟɏˊŮɘ ůŰɘɠ ŬɚɡůɑŭŮɠ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ ɜŬ Ůɘůɏɚɗɞɡɜ ɛŮŰŬɝɨ Űɤɜ űɘɚɘŭɑɤɜ, əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ 

Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ, ŭɖɛɘɞɡɟɔɩɜŰŬɠ Ŭɡɝɖɛɏɜɖ ŭɘŮˊɘűɎɜŮɘŬ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ ɛŮŰŬɝɨ Űɤɜ 

ŬəɟŬɑɤɜ ɞɛɎŭɤɜ Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ, Űɞɡ ůɡůŰɐɛŬŰɞɠ ɓɞɡɚəŬɜɘůɛɞɨ əŬɘ Űɖɠ ɞɟɔŬɜɘəɐɠ 

Űɟɞˊɞˊɞɑɖůɖɠ Űɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ. ȺˊɘˊɟɞůɗɏŰɤɠ, ɚɧɔɤ Űɖɠ ɛŮɔɎɚɖɠ ŮɡŬɘůɗɖůɑŬɠ Űɖɠ 

ŬɜŰɑŭɟŬůɖɠ ˊɟɞůɗɐəɖɠ ůŰɖɜ ˊŬɟɞɡůɑŬ ɝɏɜɤɜ ůɤɛɎŰɤɜ, ɖ ɞɟɔŬɜɘəɐ Űɟɞˊɞˊɞɑɖůɖ ɐ ɎɚŬɠ ˊɞɡ 

ŭŮɜ ŬɜŰɏŭɟŬůŮ, ɛˊɞɟŮɑ ɜŬ ŭŮůɛŮɨɞɡɜ ɛɏɟɞɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ ɓɞɡɚəŬɜɘůɛɞɨ əŬɘ ŮɘŭɘəɎ Űɞɜ 

əŬŰŬɚɨŰɖ, ŮˊɘɓɟŬŭɨɜɞɜŰŬɠ Űɖɜ ŬɜŰɑŭɟŬůɖ. ȼ ŬˊɞɡůɑŬ ɞɟɔŬɜɘəɐɠ Űɟɞˊɞˊɞɑɖůɖɠ ůŰɞɜ 

ɡŭɟɞɝɡŬˊŬŰɑŰɖ əŬɘ ůŰɞ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ (Nanofil 116) ɏɢŮɘ ɤɠ ŬˊɞŰɏɚŮůɛŬ Űɞ ůɨůŰɖɛŬ 

ŬˊŬɚɚŬɔɛɏɜɞ Ŭˊɧ ŮɝɤŰŮɟɘəɏɠ ŮˊɘɛɞɚɨɜůŮɘɠ ɜŬ ɞŭɖɔŮɑŰŬɘ ŰŬɢɨŰŮɟŬ ůŰɖ ůŰŮɟŮɞˊɞɘɖɛɏɜɖ 

əŬŰɎůŰŬůɖ, ɏɢɞɜŰŬɠ Űɖ ůɡɛɓɞɚɐ Űɤɜ ŭŮůɛɩɜ ɡŭɟɞɔɧɜɞɡ ɛŮŰŬɝɨ Űɤɜ ɛɏůɤɜ Ůɜɑůɢɡůɖɠ əŬɘ 

Űɤɜ Ŭɚɡůɑŭɤɜ Űɞɡ ŮɚŬůŰɞɛŮɟɞɨɠ, ˊŬɟɎɔɞɜŰŮɠ ˊɞɡ ŮˊɘŰŬɢɨɜɞɡɜ Űɖɜ ŬɜŰɑŭɟŬůɖ ɛŮɘɩɜɞɜŰŬɠ 

ŰŬɡŰɧɢɟɞɜŬ əŬɘ Űɖɜ ŮɜɏɟɔŮɘŬ ŮɜŮɟɔɞˊɞɑɖůɖɠ 
[6,7]

.  
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ɆɢɐɛŬ 6.16: ȽůɞɗŮɟɛɞəɟŬůɘŬəɏɠ əŬɛˊɨɚŮɠ ɟɞɐɠ ɗŮɟɛɧŰɖŰŬɠ ï ɢɟɧɜɞɡ, ɜŬɜɞůɡɜɗɏŰɤɜ ˊɞɚɡůɘɚɞɝɎɜɖɠ 

ˊɟɞůɗɐəɖɠ, əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ ůŰɞɡɠ 60
ɞ
C.  

ɆŰɞ ɆɢɐɛŬ 6.17Ŭ əŬɘ ɆɢɐɛŬ 6.17ɓ, ůɡɔəɟɑɜŮŰŬɘ ɖ ˊɞɟŮɑŬ Ůɝɏɚɘɝɖɠ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ 

ɔɘŬ ɧɚŬ ŰŬ ŮɝŮŰŬɕɧɛŮɜŬ ɜŬɜɞůɨɜɗŮŰŬ ůŰɖɜ ŬɜŬɚɞɔɑŬ 5phr Űɞɡ ŮəɎůŰɞŰŮ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ. Ƀ 

ɓɞɡɚəŬɜɘůɛɧɠ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ Cloisite 30B, ŮɝŮɚɑůůŮŰŬɘ ɛŮ ɢŬɛɖɚɧ ɟɡɗɛɧ Ŭˊɧ Űɞ Ŭɟɢɘəɧ 

ůŰɎŭɘɞ ɏɤɠ əŬɘ Űɖɜ ɞɚɞəɚɐɟɤůɐ Űɞɡ ůɡɔəɟɘŰɘəɎ ɛŮ Űɖɜ ɛɖ Ůɜɘůɢɡɛɏɜɖ ˊɞɚɡůɘɚɞɝɎɜɖ, ŬɚɚɎ 

əŬɘ Űɤɜ ɡˊɞɚɞɑˊɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ ˊɞɡ ɛŮɚŮŰɩɜŰŬɘ. ȼ ŮɜůɤɛɎŰɤůɖ Űɞɡ ɞɟɔŬɜɘəɎ 
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Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ ɛŮ ɞɟɔŬɜɘəɐ Űɟɞˊɞˊɞɑɖůɖ Űɞɡ ŭɘŬɘɗɡɚ-ŰŮŰŬɟŰɞŰŬɔɞɨɠ 

Ŭɛɛɤɜɑɞɡ ɛŮ ɡŭɟɞɔɞɜɤɛɏɜɖ ŬɚŮɘűŬŰɘəɐ ŬɚɡůɑŭŬ (Cloisite 20A), űŬɑɜŮŰŬɘ ɜŬ ŭɘŬűɞɟɞˊɞɘŮɑ 

Űɖɜ ˊɞɟŮɑŬ Ůɝɏɚɘɝɖɠ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ ůɡɔəɟɘŰɘəɎ ɛŮ Űɖɜ ɛɖ Ůɜɘůɢɡɛɏɜɖ ˊɞɚɡůɘɚɞɝɎɜɖ ɛŮŰɎ 

Űɞ 50% Űɖɠ ůɡɜɞɚɘəɐɠ ˊɞɟŮɑŬɠ, ɛŮɘɩɜɞɜŰŬɠ Űɞ ɟɡɗɛɧ ɏɤɠ əŬɘ Űɖɜ ɞɚɞəɚɐɟɤůɖ Űɖɠ 

ŬɜŰɑŭɟŬůɖɠ. ȼ ŮɘůŬɔɤɔɐ Űɞɡ ɡŭɟɞɝɡŬˊŬŰɑŰɖ, űŬɑɜŮŰŬɘ ɜŬ ŮˊɘŰŬɢɨɜŮɘ Űɞ ɓɞɡɚəŬɜɘůɛɧ Ŭˊɧ ŰŬ 

ˊɟɩŰŬ ŭŮɡŰŮɟɧɚŮˊŰŬ, ɞŭɖɔɩɜŰŬɠ Űɖɜ ŬɜŰɑŭɟŬůɖ ŰŬɢɨŰŮɟŬ ůŰɖɜ ɞɚɞəɚɐɟɤůɐ Űɖɠ. ɇŬ 

ŰɟɞˊɞˊɞɘɖɛɏɜŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ, ŮˊɘŰŬɢɨɜɞɡɜ Űɞ ɓɞɡɚəŬɜɘůɛɧ ɏɤɠ Űɞ 

75% Űɖɠ ůɡɜɞɚɘəɐɠ ˊɞɟŮɑŬɠ əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ŭɘŬˊɘůŰɩɜŮŰŬɘ ɛŮɑɤůɖ Űɞɡ ɟɡɗɛɞɨ ɛŮ Ŭɨɝɖůɖ 

Űɞɡ ɢɟɧɜɞɡ ɞɚɞəɚɐɟɤůɖɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ. ɇɏɚɞɠ, ůŰŬ ɜŬɜɞůɨɜɗŮŰŬ Nanofil 116/PDMS 

ˊŬɟŬŰɖɟŮɑŰŬɘ ɟŬɔŭŬɑŬ Ůɝɏɚɘɝɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ Ŭˊɧ ŰŬ ˊɟɩŰŬ ŭŮɡŰŮɟɧɚŮˊŰŬ ɏɤɠ əŬɘ Űɞ 

ˊɏɟŬɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ. 
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ɆɢɐɛŬ 6.17: ȽůɞɗŮɟɛɞəɟŬůɘŬəɏɠ əŬɛˊɨɚŮɠ Ŭ) ɛŮŰŬŰɟɞˊɐɠ ï ɢɟɧɜɞɡ əŬɘ ɓ) ɟɡɗɛɞɨ ɛŮŰŬŰɟɞˊɐɠ ï 

ɛŮŰŬŰɟɞˊɐ, ɜŬɜɞůɡɜɗɏŰɤɜ ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ, əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ ůŰɞɡɠ 60
ɞ
C. 

 

ȼ ŮˊɘɓɟɎŭɡɜůɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ ůŰŬ ɜŬɜɞůɨɜɗŮŰŬ ɛŮ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɞ 

ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ, ɛˊɞɟŮɑ ˊŬɟɎɚɚɖɚŬ ɜŬ ɞűŮɑɚŮŰŬɘ əŬɘ ůŮ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ ɛŮŰŬɝɨ Űɞɡ 

əŬŰŬɚɨŰɖ əŬɘ Űɖɠ ɡɔɟŬůɑŬɠ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Űɖɠ ɞɟɡəŰɐɠ Ŭɟɔɑɚɞɡ 
[8]

. Ⱥˊɑůɖɠ, ɖ 

əŬŰŬɜɎɚɤůɖ ɛɏɟɞɡɠ Űɞɡ ɛɏůɞɡ ŭɘŬůŰŬɨɟɤůɖɠ ɛɏůɤ ɢɖɛɘəɩɜ ŬɚɚɖɚŮˊɘŭɟɎůŮɤɜ ɛŮ ŮɜŮɟɔɎ 

əɏɜŰɟŬ Űɖɠ ɞɟɔŬɜɘəɐɠ Űɟɞˊɞˊɞɑɖůɖɠ ŮɜɘůɢɨŮɘ Űɞ űŬɘɜɧɛŮɜɞ, ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ɛŮɘɩɜŮŰŬɘ 

ˊŮɟŬɘŰɏɟɤ ɞ ɟɡɗɛɧɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ əŬɘ ŮɘŭɘəɧŰŮɟŬ ůŰɘɠ ɡɣɖɚɏɠ ŬɜŬɚɞɔɑŮɠ Űɞɡ 

ɛɏůɞɡ Ůɜɑůɢɡůɖɠ. ɄŬɟɎɚɚɖɚŬ, ˊɟɏˊŮɘ ɜŬ ɚɖűɗŮɑ ɡˊɧɣɖ ɖ ŬɚɚɖɚŮˊɑŭɟŬůɖ əŬɘ ɖ ŭɏůɛŮɡůɖ Űɞɡ 

ůɡůŰɐɛŬŰɞɠ ɓɞɡɚəŬɜɘůɛɞɨ Ŭˊɧ ɎɚŬɠ ŬɚəɡɚŬɛɛɤɜɑɞɡ, ůŰŬ ůɡůŰɐɛŬŰŬ Űɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ, 

ˊɞɡ ŭŮɜ ɏɢŮɘ ŬɜŰɘŭɟɎůŮɘ. ȷəɧɛɖ, ɖ űɡůɘəɐ ŬɚɚɖɚŮˊɑŭɟŬůɖ ɛŮŰŬɝɨ Űɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ əŬɘ 

Űɞɡ ůɡůŰɐɛŬŰɞɠ ɓɞɡɚəŬɜɘůɛɞɨ ɛˊɞɟŮɑ ɜŬ ŮˊɖɟŮɎůŮɘ ɛɏůɤ ɟɧűɖůɖɠ Űɞɡ əŬŰŬɚɨŰɖ ɐ Űɞɡ 

ɛɏůɞɡ ŭɘŬůŰŬɨɟɤůɖɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ, ŮˊɘɓɟŬŭɨɜɞɜŰŬɠ Űɞ ɓɞɡɚəŬɜɘůɛɧ. 

ȳˊɤɠ ŬɜŬűɏɟɗɖəŮ əŬɘ ˊŬɟŬˊɎɜɤ, ɞɘ ɡŭɟɞɝɡɚɘəɏɠ ɞɛɎŭŮɠ ŮˊɖɟŮɎɕɞɡɜ Űɖɜ ŬɜŰɑŭɟŬůɖ 

ůɡɛɛŮŰɏɢɞɜŰŬɠ ůŮ ˊŬɟɎˊɚŮɡɟŮɠ ŬɜŰɘŭɟɎůŮɘɠ. ũɘŬ Űɞ ɚɧɔɞ ŬɡŰɧ, ɞɘ ɡŭɟɞɝɡɚɞɛɎŭŮɠ ˊɞɡ 

ŮɛˊŮɟɘɏɢɞɜŰŬɘ ůŰɖɜ ɞɟɔŬɜɘəɐ Űɟɞˊɞˊɞɑɖůɖ Űɞɡ Cloisite 30B, ˊɘɗŬɜɧɜ ɜŬ ŭɟɞɡɜ ŬɜŬůŰŬɚŰɘəɎ 

ůŰɞ ɓɞɡɚəŬɜɘůɛɧ, ŮˊɖɟŮɎɕɞɜŰŬɠ Űɞ ɟɡɗɛɧ Ůɝɏɚɘɝɖɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ.  
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6.2.4 ȾɘɜɖŰɘəɐ ɛŮɚɏŰɖ ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ ɜŬɜɞůɡɜɗɏŰɤɜ ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ 

ɛɏůɤ ɘůɞɗŮɟɛɞəɟŬůɘŬəɩɜ ɛŮŰɟɐůŮɤɜ 

ȼ əɘɜɖŰɘəɐ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ, ɛŮŰɎ Űɖ űɎůɖ Űɖɠ ɞɛɞɔŮɜɞˊɞɑɖůɖɠ, ŭɨɜŬŰŬɘ 

ɜŬ ůɡůɢŮŰɘůŰŮɑ ɛŮ Űɞ ɢɟɧɜɞ əŬɘ Űɖ ɗŮɟɛɞəɟŬůɑŬ ɛɏůŬ Ŭˊɧ Űɖɜ ˊŬɟŬəɎŰɤ ɛŬɗɖɛŬŰɘəɐ 

Ůɝɑůɤůɖ: 

)a(*)(
a

fTK
dt

d
= ,     Ůɝ. 6.1 

ɧˊɞɡ da/dt: ɞ ɟɡɗɛɧɠ ɓɞɡɚəŬɜɘůɛɞɨ, t: ɞ ɢɟɧɜɞɠ, Ⱦ: ɖ əɘɜɖŰɘəɐ ůŰŬɗŮɟɎ ůŮ ɗŮɟɛɞəɟŬůɑŬ ɇ, 

f(a): ɖ ůɡɜɎɟŰɖůɖ ɖ ɞˊɞɑŬ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞ ɛɖɢŬɜɘůɛɧ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ əŬɘ a: 

ɞ ɓŬɗɛɧɠ ɓɞɡɚəŬɜɘůɛɞɨ. ɇɞ a ɞɟɑɕŮŰŬɘ ŬɜɎɚɞɔŬ ɛŮ Űɖ ɛɏɗɞŭɞ ˊɟɞůŭɘɞɟɘůɛɞɨ Űɞɡ ɔɘŬ 

ɘůɧɗŮɟɛɖ əŬŰɎůŰŬůɖ ɤɠ Ůɝɐɠ: 

ɔɘŬ Űɖ ɛŮɚɏŰɖ ɛŮ ɘɝɤŭɧɛŮŰɟɞ Brookfield:  

)(

)(
a

o

ot

MM

MM

-

-
=

¤      Ůɝ. 6.2

 

əŬɘ ɔɘŬ Űɖ ɛŮɚɏŰɖ ɛŮ DSC: 

¤D

D
=

H

H ta ,                Ůɝ. 6.3 

ɧˊɞɡ M0, ɀt  əŬɘ ɀÐ ŮɑɜŬɘ ɞɘ Űɘɛɏɠ Űɖɠ ɟɞˊɐɠ ůŮ ɢɟɧɜɞ 0, t əŬɘ ůŰɞ Űɏɚɞɠ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ 

əŬɘ ȹȼt ŮɑɜŬɘ ɖ ɗŮɟɛɧŰɖŰŬ ɖ ɞˊɞɑŬ ˊŬɟɎɔŮŰŬɘ ůŮ ɢɟɧɜɞ t əŬɘ ȹȼÐ ɖ ůɡɜɞɚɘəɐ ˊɞůɧŰɖŰŬ 

ɗŮɟɛɧŰɖŰŬɠ ɖ ɞˊɞɑŬ ˊŬɟɎɔŮŰŬɘ əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ 
[2,3]

. 

ȼ ůɡɜɎɟŰɖůɖ Ⱦ(ɇ) ŭɑɜŮŰŬɘ Ŭˊɧ Űɖɜ Ůɝɑůɤůɖ Űɞɡ Arrhenius: 

ö
÷

õ
æ
ç

å
-=

RT

E
KTK aexp*)( 0 ,     Ůɝ. 6. 4 

ɧˊɞɡ Ⱦ0 ŮɑɜŬɘ ɞ ˊɟɞŮəɗŮŰɘəɧɠ ˊŬɟɎɔɞɜŰŬɠ, ȺŬ ɖ ŮɜɏɟɔŮɘŬ ŮɜŮɟɔɞˊɞɑɖůɖɠ əŬɘ R ɖ ˊŬɔəɧůɛɘŬ 

ůŰŬɗŮɟɎ Űɤɜ ŬŮɟɑɤɜ 
[2,3]

. 

ȼ ůɡɜɎɟŰɖůɖ f(a), ůŰɖɜ Ŭˊɚɐ ˊŮɟɑˊŰɤůɖ ɧˊɞɡ ɞ ɓɞɡɚəŬɜɘůɛɧɠ ˊŮɟɘɔɟɎűŮŰŬɘ Ŭˊɧ ɛɘŬ 

ŬɜŰɑŭɟŬůɖ, ɗŮɤɟŮɑ ɧŰɘ ɞ ɓŬɗɛɧɠ ɓɞɡɚəŬɜɘůɛɞɨ ŮɑɜŬɘ ŬɜɎɚɞɔɞɠ Űɞɡ əɚɎůɛŬŰɞɠ Űɞɡ ɛɖ 

ɓɞɡɚəŬɜɘůɛɏɜɞɡ ɡɚɘəɞɨ: 
nf )a1()a( -= , n Ó 1,      Ůɝ. 6.5 

ɧˊɞɡ n ŮɑɜŬɘ ɖ ŰɎɝɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ. ɆŮ ɛɘŬ n ŰɎɝɖɠ ŬɜŰɑŭɟŬůɖ, ɞ ɛɏɔɘůŰɞɠ ɟɡɗɛɧɠ 

ɓɞɡɚəŬɜɘůɛɞɨ ˊŬɟŬŰɖɟŮɑŰŬɘ ůŰɖɜ Ŭɟɢɐ, ɧŰŬɜ ɖ ůɡɔəɏɜŰɟɤůɖ Űɤɜ ŬɜŰɘŭɟɩɜŰɤɜ ɞɛɎŭɤɜ ŮɑɜŬɘ 

ɛɏɔɘůŰɖ. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ əŬŰɎ Űɖɜ ɞˊɞɑŬ ɖ ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ůŮ 

ˊɞɚɚɎ ůŰɎŭɘŬ, ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɏɜŬɠ ˊɘɞ ůɨɜɗŮŰɞɠ Űɨˊɞɠ ɞ ɞˊɞɑɞɠ ɞɜɞɛɎɕŮŰŬɘ 

ŬɡŰɞəŬŰŬɚɡɧɛŮɜɞ ɛɞɜŰɏɚɞ: 

nmf )a1(*a)a( -= , 0ÒmÒ1, n Ó 1,   Ůɝ. 6.6 

ɧˊɞɡ m ŭɖɚɩɜŮɘ, Ůˊɑůɖɠ, Űɖɜ ŰɎɝɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ. ȼ ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ űŬɑɜŮŰŬɘ ɜŬ 

ŬəɞɚɞɡɗŮɑ Űɞ ŬɡŰɞəŬŰŬɚɡɧɛŮɜɞ ɛɞɜŰɏɚɞ. ȷɜŰɘəŬɗɘůŰɩɜŰŬɠ Űɖɜ Ůɝɑůɤůɖ Űɖɠ ůɡɜɎɟŰɖůɖɠ f(a) 

ůŰɖɜ Ŭɟɢɘəɐ Ůɝɑůɤůɖ ˊɟɞəɨˊŰŮɘ ɧŰɘ: 

nma

RT

E
K

dt

d
)a1(*a*exp*

a
0 -ö

÷

õ
æ
ç

å
-=  [5, 6]. 

  Ůɝ. 6.7 

ȷˊɧ Űɖɜ Ůɝɑůɤůɖ 6.4, əŬŰŬůəŮɡɎůŰɖəŮ Űɞ ŭɘɎɔɟŬɛɛŬ LnK-1/T əŬɘ ɛɏůɤ Űɤɜ əɚɑůŮɤɜ 

Űɤɜ ŮɡɗŮɘɩɜ Űɞɡ ɆɢɐɛŬŰɞɠ 6.18, ɡˊɞɚɞɔɑůŰɖəŬɜ ɞɘ ŮɜɏɟɔŮɘŮɠ ŮɜŮɟɔɞˊɞɑɖůɖɠ Űɤɜ 

ŬɜŰɘŭɟɎůŮɤɜ ɔɘŬ əɎɗŮ Ůˊɘɛɏɟɞɡɠ ůɨůŰɖɛŬ.  
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0.00285 0.00288 0.00291 0.00294 0.00297 0.00300

-3.8

-3.6

-3.4

-3.2

-3.0

-2.8

-2.6

-2.4

-2.2

-2.0

-1.8

-1.6

-1.4  LMW PDMS ˊɟɞůɗɐəɖɠ

 2phr Cl20A/LMW PDMS ˊɟɞůɗɐəɖɠ

 5phr Cl20A/LMW PDMS ˊɟɞůɗɐəɖɠ

 8phr Cl20A/LMW PDMS ˊɟɞůɗɐəɖɠ

 Linear fit

L
n

K

1/T

 

 

 
0.00282 0.00285 0.00288 0.00291 0.00294 0.00297 0.00300 0.00303

-5.0

-4.5

-4.0

-3.5

-3.0

-2.5

-2.0

-1.5  LMW PDMS ˊɟɞůɗɐəɖɠ

 2phr Cl30B/LMW PDMS ˊɟɞůɗɐəɖɠ

 5phr Cl30B/LMW PDMS ˊɟɞůɗɐəɖɠ

 8phr Cl30B/LMW PDMS ˊɟɞůɗɐəɖɠ

 Linear fit

L
n

K

1/T

 

 

 

0.00280 0.00285 0.00290 0.00295 0.00300 0.00305 0.00310 0.00315 0.00320

-4.0

-3.8

-3.6

-3.4

-3.2

-3.0

-2.8

-2.6

-2.4

-2.2

-2.0

-1.8

-1.6

 LMW PDMS ˊɟɞůɗɐəɖɠ

 2phr Nan116/LMW PDMS ˊɟɞůɗɐəɖɠ

 5phr Nan116/LMW PDMS ˊɟɞůɗɐəɖɠ

 Linear fit

L
n
K

1/T

 

 

 

0.00280 0.00285 0.00290 0.00295 0.00300 0.00305 0.00310 0.00315 0.00320

-5.0

-4.5

-4.0

-3.5

-3.0

-2.5

-2.0

-1.5

 LMW PDMS ˊɟɞůɗɐəɖɠ

 5phr Nan116/LMW PDMS ˊɟɞůɗɐəɖɠ

 5phr Cl20A/LMW PDMS ˊɟɞůɗɐəɖɠ

 5phr Cl30B/LMW PDMS ˊɟɞůɗɐəɖɠ

 5phr HA/LMW PDMS ˊɟɞůɗɐəɖɠ

 5phr R972/LMW PDMS ˊɟɞůɗɐəɖɠ

 Linear fit

L
n

K

1/T

 

 

ɆɢɐɛŬ 6.18: ȾŬɛˊɨɚŮɠ Arrhenius LnK ï 1/T ɜŬɜɞůɡɜɗɏŰɤɜ ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ, ɔɘŬ Űɞɜ 

ɡˊɞɚɞɔɘůɛɧ Űɖɠ ŮɜɏɟɔŮɘŬɠ ŮɜŮɟɔɞˊɞɑɖůɖɠ. 

 

ȼ ɛɏɗɞŭɞɠ Űɖɠ ŬɡŰɞəŬŰŬɚɡɧɛŮɜɖɠ ŬɜŰɑŭɟŬůɖɠ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ ɜŬ ˊɟɞůŭɘɞɟɘůŰɞɨɜ 

ɞɘ ˊŬɟɎɛŮŰɟɞɘ Űɖɠ əɘɜɖŰɘəɐɠ ŬɜɎɚɡůɖɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ əŬɘ ŭɘŬˊɘůŰɩɗɖəŮ əŬɚɐ 

ůɡůɢɏŰɘůɖ ɛŮŰŬɝɨ Űɞɡ ɗŮɤɟɖŰɘəɞɨ ɛɞɜŰɏɚɞɡ əŬɘ Űɤɜ ˊŮɘɟŬɛŬŰɘəɩɜ ŭŮŭɞɛɏɜɤɜ. Ƀɘ 

ˊŬɟɎɛŮŰɟɞɘ, ɧˊɤɠ ɖ ŰɎɝɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ (n, m), ɖ ůŰŬɗŮɟɎ Űɖɠ ɗŮɟɛɞəɟŬůɑŬ Ⱦ(ɇ) əŬɘ ɞ 

ˊɟɞŮəɗŮŰɘəɧɠ ˊŬɟɎɔɞɜŰŬɠ, ɡˊɞɚɞɔɑůŰɖəŬɜ Ŭˊɧ Űɖɜ Ůɝɑůɤůɖɠ 6.7, əŬɘ ɛŮ Űɖ ɓɞɐɗŮɘŬ Űɖɠ ɛɖ 

ɔɟŬɛɛɘəɐɠ ˊŬɟŮɛɓɞɚɐɠ Űɤɜ ˊŮɘɟŬɛŬŰɘəɩɜ ůɖɛŮɑɤɜ, ɛɏůɤ ɡˊɞɚɞɔɘůŰɘəɞɨ ˊɟɞɔɟɎɛɛŬŰɞɠ 

(ORIGIN 8.0). Ƀɘ Űɘɛɏɠ Űɤɜ ůŰŬɗŮɟɩɜ K, n əŬɘ m, ɡˊɞɚɞɔɘůɛɏɜŮɠ ůŮ ŰɟŮɘɠ ŭɘŬűɞɟŮŰɘəɏɠ 

ɗŮɟɛɞəɟŬůɑŮɠ, ɓɟɑůəɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 6.2. 

ȼ ŮɜɏɟɔŮɘŬ ŮɜŮɟɔɞˊɞɑɖůɖɠ Ea, ɖ ɞˊɞɑŬ ůɡɜŭɏŮŰŬɘ ɛŮ Űɖɜ ŮɡəɞɚɑŬ ˊɟŬɔɛŬŰɞˊɞɑɖůɖɠ Űɖɠ 

ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ, ɡˊɞɚɞɔɑůŰɖəŮ Ŭˊɧ Űɖɜ əɚɑůɖ Űɖɠ ŮɡɗŮɑŬɠ lnK ï 1/T ɧˊɤɠ 

ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 6.18 əŬɘ ɞɘ Űɘɛɏɠ ˊɞɡ ɚŬɛɓɎɜɞɜŰŬɘ ˊɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞ ɄɑɜŬəŬ 6.2.  

ȼ ŮɘůŬɔɤɔɐ Űɞɡ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ ɛŮ ɞɟɔŬɜɘəɐ Űɟɞˊɞˊɞɑɖůɖ 

Űɞɡ ŭɘŬɘɗɡɚ-ŰŮŰŬɟŰɞŰŬɔɞɨɠ Ŭɛɛɤɜɑɞɡ ɛŮ ɡŭɟɞɔɞɜɤɛɏɜɖ ŬɚŮɘűŬŰɘəɐ ŬɚɡůɑŭŬ (Cloisite 20A) 

ɛŮ ŬɜŬɚɞɔɑŬ 2 əŬɘ 5phr ŭŮɜ űŬɑɜŮŰŬɘ ɛŮ Űɖɜ ŬɜɎɚɡůɖ ˊɞɡ ŬəɞɚɞɡɗɐɗɖəŮ ɜŬ ŮˊɖɟŮɎɕŮɘ 

ɘŭɘŬɑŰŮɟŬ Űɖɜ ŮɜɏɟɔŮɘŬ ŮɜŮɟɔɞˊɞɑɖůɖɠ Ůɜ ůɡɔəɟɑůŮɘ ɛŮ Űɖɜ ɛɖ Ůɜɘůɢɡɛɏɜɖ ˊɞɚɡůɘɚɞɝɎɜɖ. ɆŰŬ 

ɜŬɜɞůɨɜɗŮŰŬ Cloisite 30B,  ɖ ŮɜɏɟɔŮɘŬ ŮɜŮɟɔɞˊɞɑɖůɖɠ ŮɑɜŬɘ Ŭɡɝɖɛɏɜɖ ůŮ ɧɚŮɠ Űɘɠ ŬɜŬɚɞɔɑŮɠ, 

ɔŮɔɞɜɧɠ ˊɞɡ ŮˊɘŭŮɘəɜɨŮɘ ɧŰɘ ɛŮ Űɞ ɛɏůɞ ŬɡŰɧ ŬɜŬˊŰɨůůɞɜŰŬɘ ˊŬɟŮɛˊɞŭɘůŰɘəɞɑ ɛɖɢŬɜɘůɛɞɑ Űɖɠ 

ŬɜŰɑŭɟŬůɖɠ. ȼ ŮɜůɤɛɎŰɤůɖ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ɡŭɟɞɝɡŬˊŬŰɑŰɖ ůŮ ŬɜŬɚɞɔɑŬ 5phr, ɞŭɖɔŮɑ 

ůŮ ɛŮɑɤůɖ Űɖɠ ŮɜɏɟɔŮɘŬɠ ŮɜŮɟɔɞˊɞɑɖůɖɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ůɡɔəɟɘŰɘəɎ ɛŮ Űɖɜ ɛɖ Ůɜɘůɢɡɛɏɜɖ 

ˊɞɚɡůɘɚɞɝɎɜɖ, Ůɜɩ ŬɜŰɑɗŮŰŬ ɛɘəɟɐɠ ŰɎɝŮɤɠ Ŭɨɝɖůɖ ŭɘŬˊɘůŰɩɗɖəŮ ůŰŬ ůɨɜɗŮŰŬ 

Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ. 
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ȳˊɤɠ ŬɜŬűɏɟɗɖəŮ, ɖ ŮɘůŬɔɤɔɐ Űɞɡ ɛɖ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ ŭɟŬ 

əŬŰŬɚɡŰɘəɎ ůŰɖɜ ˊɞɟŮɑŬ Űɖɠ ŬɜŰɑŭɟŬůɖɠ, ɔŮɔɞɜɧɠ ˊɞɡ ŬˊɞŰɡˊɩɜŮŰŬɘ əŬɘ ɛŮ Űɖ ɛŮɘɤɛɏɜɖ Űɘɛɐ 

Űɖɠ ŮɜɏɟɔŮɘŬɠ ŮɜŮɟɔɞˊɞɑɖůɖɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ, ɔɘŬ ɧɚŮɠ Űɘɠ ŮɝŮŰŬɕɧɛŮɜŮɠ ŬɜŬɚɞɔɑŮɠ.  

ɄɑɜŬəŬɠ 6.2: ɄŬɟɎɛŮŰɟɞɘ Űɖɠ əɘɜɖŰɘəɐɠ əŬɘ Űɘɛɏɠ Űɖɠ ŮɜɏɟɔŮɘŬɠ ŮɜŮɟɔɞˊɞɑɖůɖɠ, ɜŬɜɞůɡɜɗɏŰɤɜ 

ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ. 

 
Tc (

o
C) K n m Ea(kJ/mol) 

PDMS 

60 0.021 0.762 0.298 

70.82 70 0.092 1.325 0.788 

80 0.134 0.965 0.373 

2phr Cl20A/PDMS 

60 0.023 1.203 0.205 

76.08 70 0.068 1.114 0.348 

80 0.074 0.855 0.287 

5phr Cl20A/PDMS 

60 0.027 1.133 0.172 

68.99 70 0.068 1.127 0.303 

80 0.112 1.056 0.346 

8phr Cl20A/PDMS 

60 0.026 0.873 0.089 

102.31 70 0.054 1.157 0.294 

80 0.210 1.264 0.464 

2phr Cl30B/PDMS 

60 0.021 0.711 0.217 

80.02 70 0.038 0.890 0.289 

80 0.107 1.158 0.425 

5phr Cl30B/PDMS 

60 0.007 0.694 0.111 

80.92 70 0.014 0.793 0.124 

80 0.035 0.558 0.180 

8phr Cl30B/PDMS 

60 0.008 0.951 0.079 

90.98 70 0.033 1.009 0.235 

80 0.050 0.930 0.325 

2phr Nanofil116/PDMS 

40 0.023 1.305 0.267 

67.96 50 0.052 1.238 0.268 

60 0.109 1.114 0.391 

5phr Nanofil116/PDMS 

40 0.039 1.291 0.352 

66.31 50 0.087 0.090 0.344 

60 0.182 0.895 0.435 

5phr HA/PDMS 

60 0.058 0.934 0.290 

67.12 70 0.123 0.934 0.549 

80 0.226 1.260 0.461 

5phr Aer R972/PDMS 

60 0.029 1.009 0.276 

71.07 70 0.081 1.267 0.322 

80 0.124 0.864 0.345 

 

ɆɡɔəɟɑɜɞɜŰŬɠ ɧɚɞɡɠ Űɞɡɠ Űɨˊɞɡɠ ɜŬɜɞůɡɜɗɏŰɤɜ ŭɘŬˊɘůŰɩɜŮŰŬɘ ɧŰɘ ŰŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ 

Űɞɡ Cloisite 30B, ŮˊɖɟŮɎɕɞɡɜ ůŮ ɛŮɔŬɚɨŰŮɟɞ ɓŬɗɛɧ Űɖɜ Ůɝɏɚɘɝɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ, Ŭəɞɚɞɡɗɞɨɜ 

ŰŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ Űɞɡ Cloisite 20ȷ əŬɘ Űɏɚɞɠ ŰŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ Űɞɡ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ 

ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ. ɇŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ Űɞɡ ɡŭɟɞɝɡŬˊŬŰɑŰɖ əŬɘ Űɞɡ ɛɖ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ 

ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ ɏˊɞɜŰŬɘ, ŬɜŰɑůŰɞɘɢŬ, Űɖɠ ɛɖ Ůɜɘůɢɡɛɏɜɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ əŬɘ ɧɚɤɜ Űɤɜ 
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Űɟɞˊɞˊɞɘɖɛɏɜɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ, ɚŮɘŰɞɡɟɔɩɜŰŬɠ ůɡɜŮɟɔɖŰɘəɎ əŬɘ ŭɘŮɡəɞɚɨɜɞɜŰŬɠ Űɖɜ 

ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ. 

ȷɜŰɘűŬŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ ůɡɜŬɜŰɩɜŰŬɘ ůŰɖɜ ɓɘɓɚɘɞɔɟŬűɑŬ. ȼ ˊɟɞůɗɐəɖ ɛɖ ɞɟɔŬɜɘəɎ 

Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ ůŮ űɗɞɟɞŮɚŬůŰɞɛŮɟɏɠ ŬɨɝɖůŮ Űɖɜ ŮɜɏɟɔŮɘŬ ŮɜŮɟɔɞˊɞɑɖůɖɠ 

əŬŰɎ 28% ůɡɔəɟɘŰɘəɎ ɛŮ Űɞ ˊŬɟɗɏɜɞ ŮɚŬůŰɞɛŮɟɏɠ, Ůɜɩ ɛŮɑɤůɖ Űɖɠ ŰɎɝŮɤɠ Űɞɡ 31% 

ˊŬɟŬŰɖɟɐɗɖəŮ ɛŮ Űɖɜ ŮɘůŬɔɤɔɐ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ 

ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ.   ȼ ŮɘůŬɔɤɔɐ Űɞɡ ɛɖ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ůŮ ůɨɜɗŮŰŬ 

űɡůɘəɞɨ ŮɚŬůŰɘəɞɨ, ɛŮɑɤůŮ Űɖɜ ŮɜɏɟɔŮɘŬ ŮɜŮɟɔɞˊɞɑɖůɖɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ, Ůɜɩ 

ˊŮɟŬɘŰɏɟɤ ɛŮɑɤůɖ ŭɘŬˊɘůŰɩɗɖəŮ ɛŮ Űɖɜ ŮɜůɤɛɎŰɤůɖ Űɤɜ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɤɜ 

ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ 
[3]
. ɄŬɟɧɛɞɘŬ ŬˊɞŰŮɚɏůɛŬŰŬ ŭɘŬˊɘůŰɩɗɖəŬɜ əŬɘ ůŮ 

ůɨɜɗŮŰŬ Ŭəɟɡɚɘəɞɨ ŬɘɗɡɚŮɜɑɞɡ, ɧˊɞɡ ɖ ŮɘůŬɔɤɔɐ Űɞɡ ɛɖ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛɏůɞɡ 

Ůɜɑůɢɡůɖɠ ɞŭɐɔɖůŮ Űɖɜ ŮɜɏɟɔŮɘŬ ŮɜŮɟɔɞˊɞɑɖůɖɠ ůŮ ɢŬɛɖɚɧŰŮɟŮɠ Űɘɛɏɠ ůɡɔəɟɘŰɘəɎ ɛŮ Űɞ 

ˊŬɟɗɏɜɞ ŮɚŬůŰɞɛŮɟɏɠ. ɋůŰɧůɞ, ˊŮɟŬɘŰɏɟɤ ɛŮɑɤůɖ ŭɘŬˊɘůŰɩɗɖəŮ ɛŮ Űɖɜ ŮɘůŬɔɤɔɐ Űɞɡ 

ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ 
[9]

.  

 

 

 

6.3 ɀŮɚɏŰɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ ɜŬɜɞůɡɜɗɏŰɤɜ ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ ɛŮ 

ɛɖ ɘůɞɗŮɟɛɞəɟŬůɘŬəɎ ˊŮɘɟɎɛŬŰŬ DSC 
 

 

6.3.1 ȺˊɑŭɟŬůɖ Űɞɡ ɟɡɗɛɞɨ ɗɏɟɛŬɜůɖɠ ůŰɖɜ ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ 

ȼ ŮˊɑŭɟŬůɖ Űɞɡ Űɨˊɞɡ Ůɜɑůɢɡůɖɠ ůŰɖɜ ˊɞɟŮɑŬ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ 

ɛŮɚŮŰɐɗɖəŮ Ůˊɘˊɚɏɞɜ ɛɏůɤ ɛɖ ɘůɞɗŮɟɛɞəɟŬůɘŬəɩɜ ˊŮɘɟŬɛɎŰɤɜ DSC. ɆŰɞ ɆɢɐɛŬ 6.19Ŭ, 

ˊŬɟɞɡůɘɎɕŮŰŬɘ ɛɘŬ Űɡˊɘəɐ əŬɛˊɨɚɖ ɟɞɐɠ ɗŮɟɛɧŰɖŰŬɠ-ɗŮɟɛɞəɟŬůɑŬɠ, Űɖɠ ɛɖ Ůɜɘůɢɡɛɏɜɖɠ 

ˊɞɚɡůɘɚɞɝɎɜɖɠ, ɔɘŬ ŰɏůůŮɟɘɠ ŭɘŬűɞɟŮŰɘəɞɨɠ ɟɡɗɛɞɨɠ ɗɏɟɛŬɜůɖɠ. ȼ ŮɝɩɗŮɟɛɖ əɞɟɡűɐ ˊɞɡ 

ˊŬɟŬŰɖɟŮɑŰŬɘ əŬŰɎ Űɖɜ ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ, ɛŮŰŬŰɟɏˊŮŰŬɘ ɛŮ Űɘɠ ŬɜŰɑůŰɞɘɢŮɠ ŮɝɘůɩůŮɘɠ 

ůŮ ˊɞůɞůŰɧ ɛŮŰŬŰɟɞˊɐɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɤɠ ˊɟɞɠ Űɞ ɢɟɧɜɞ (ɆɢɐɛŬ 6.19ɓ).  
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ɆɢɐɛŬ 6.19: ɀɖ ɘůɞɗŮɟɛɞəɟŬůɘŬəɏɠ əŬɛˊɨɚŮɠ Ŭ) ɟɞɐɠ ɗŮɟɛɧŰɖŰŬɠ ï ɗŮɟɛɞəɟŬůɑŬɠ əŬɘ ɓ) ɛŮŰŬŰɟɞˊɐɠ ï 

ɢɟɧɜɞɡ, ɔɘŬ ˊɞɚɡůɘɚɞɝɎɜɖ ˊɟɞůɗɐəɖɠ, əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ ůŮ ŰɏůůŮɟɘɠ ɟɡɗɛɞɨɠ ɗɏɟɛŬɜůɖɠ. 

ȼ Ŭɨɝɖůɖ Űɞɡ ɟɡɗɛɞɨ ɗɏɟɛŬɜůɖɠ ɛŮŰŬŰɞˊɑɕŮɘ Űɖɜ Ůɝɏɚɘɝɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ůŰɖɜ ˊŮɟɘɞɢɐ 

Űɤɜ ɡɣɖɚɧŰŮɟɤɜ ɗŮɟɛɞəɟŬůɘɩɜ əŬɘ ɞŭɖɔŮɑ Űɘɠ Űɘɛɏɠ ɗŮɟɛɞəɟŬůɑŬɠ ɛɏɔɘůŰɞɡ ɟɡɗɛɞɨ (Tmax) 
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əŬɗɩɠ əŬɘ Űɞ ɢɟɧɜɞ ɞɚɞəɚɐɟɤůɖɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ (tf) ůŮ ɡɣɖɚɧŰŮɟŮɠ Űɘɛɏɠ. ȼ ɗŮɟɛɞəɟŬůɑŬ 

əŬɗɩɠ əŬɘ ɞ ɢɟɧɜɞɠ ɧˊɞɡ ŮɛűŬɜɑɕŮŰŬɘ Űɞ ɛɏɔɘůŰɞ Űɖɠ əɞɟɡűɐɠ əŬɗɩɠ əŬɘ ɞ ɢɟɧɜɞɠ 

ɞɚɞəɚɐɟɤůɖɠ ɔɘŬ ɧɚŬ ŰŬ ɜŬɜɞůɨɜɗŮŰŬ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 6.3.  

ɄɑɜŬəŬɠ 6.3: ɇɘɛɏɠ ɗŮɟɛɞəɟŬůɑŬɠ əŬɘ ɢɟɧɜɞɡ ůŰɞ ɛɏɔɘůŰɞ ɟɡɗɛɧ Űɖɠ ŬɜŰɑŭɟŬůɖɠ (ɇmax, tmax) əŬɘ Űɘɛɏɠ 

ɢɟɧɜɞɡ ɞɚɞəɚɐɟɤůɖɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ (tf) ɜŬɜɞůɡɜɗɏŰɤɜ ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ. 
Ʌɡɗɛɧɠ 

ɗɏɟɛŬɜůɖɠ  

(ɓ) 
(
o
C/min) 

LMW  PDMS ˊɟɞůɗɐəɖɠ 

0phr 5phr Cl20A 5phr Cl30B 5phr Nan116 5phr HA 5phr Aer R972 

 Tmax (
o
C) 

5 56.4 42.5 70.8 24.8 31.2 39.6 

10 66.0 47.0 80.4 29.9 42.8 47.2 

15 71.8 52.6 85.8 37.1 47.9 50.6 

20 73.9 56.1 90.8 39.3 51.2 61.2 

 tmax (min) 

5 6.95 3.86 10.15 0.97 2.23 3.90 

10 4.61 2.70 6.05 1.00 2.28 2.72 

15 3.46 2.19 4.40 1.13 1.87 2.10 

20 2.72 1.80 3.55 0.96 1.55 2.06 

 tf (min) 

5 9.56 5.66 12.05 1.51 3.25 4.63 

10 6.53 4.10 6.79 1.58 3.05 3.42 

15 4.96 3.55 5.59 1.48 2.40 2.93 

20 3.44 1.61 4.59 1.34 2.10 2.68 

 

 

ȷɜŰɑůŰɞɘɢɖ ŮˊɑŭɟŬůɖ ŮɛűŬɜɑɕŮɘ ɖ Ŭɨɝɖůɖ Űɞɡ ɟɡɗɛɞɨ əŬɘ ůŰŬ ɜŬɜɞůɨɜɗŮŰŬ 5phr 

Cloisite 20A/PDMS. ȼ ŰɎůɖ ɛŮŰŬŰɧˊɘůɖɠ Űɞɡ ɛŮɔɑůŰɞɡ Űɖɠ əɞɟɡűɐɠ ůŮ ɡɣɖɚɧŰŮɟŮɠ 

ɗŮɟɛɞəɟŬůɑŮɠ ŭɘŬŰɖɟŮɑŰŬɘ, ɛŮ Űɖ ŭɘŬűɞɟɎ ɧŰɘ ɞɘ ɗŮɟɛɞəɟŬůɑŮɠ ŮɛűŬɜɑɕɞɜŰŬɘ ůŮ ɢŬɛɖɚɧŰŮɟŮɠ 

Űɘɛɏɠ ůɡɔəɟɘŰɘəɎ Űɖɠ ɛɖ Ůɜɘůɢɡɛɏɜɖ ˊɞɚɡůɘɚɞɝɎɜɖɠ. ȾɎŰɤ Ŭˊɧ ŭɡɜŬɛɘəɏɠ ůɡɜɗɐəŮɠ 

ˊɟŬɔɛŬŰɞˊɞɑɖůɖɠ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ ŰŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ Űɞɡ Cloisite 20A Ůɡɜɞɞɨɜ Űɖɜ 

ŬɜŰɑŭɟŬůɖ ůŮ ɧɚɞɡɠ Űɞɡɠ ŮɝŮŰŬɕɧɛŮɜɞɡɠ ɟɡɗɛɞɨɠ ɗɏɟɛŬɜůɖɠ. ɇɞ ɔŮɔɞɜɧɠ ŬɡŰɧ ɡˊɞŭɖɚɩɜŮɘ 

Űɖɜ əŬŰŬɚɡŰɘəɐ ŭɟɎůɖ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɧůɞ Űɖɜ ŰŬɢɨŰŮɟɖ Ůɝɏɚɘɝɖ əŬɘ 

ɞɚɞəɚɐɟɤůɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ, ɔɘŬ ɧɚɞɡɠ Űɞɡɠ ɡˊɧ ɛŮɚɏŰɖ ɟɡɗɛɞɨɠ ɗɏɟɛŬɜůɖɠ. ȼ Ŭɨɝɖůɖ Űɞɡ 

ɟɡɗɛɞɨ ɗɏɟɛŬɜůɖɠ ŬɡɝɎɜŮɘ Űɞ ɗŮɟɛɞəɟŬůɘŬəɧ Ůɨɟɞɠ ˊɞɡ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɖ ŬɜŰɑŭɟŬůɖ 

(ɆɢɐɛŬ 6.20Ŭ). ɀŮŰŬɓɎɚɚɞɜŰŬɠ Űɞ ɟɡɗɛɧ ɗɏɟɛŬɜůɖɠ ŭɘŬŰɖɟŮɑŰŬɘ ɖ ɞɛŬɚɐ Ůɝɏɚɘɝɖ Űɖɠ 

ŬɜŰɑŭɟŬůɖɠ ůŮ ůɡɜɎɟŰɖůɖ ɛŮ Űɞ ɢɟɧɜɞ (ɆɢɐɛŬ 6.20ɓ) əŬɘ ŭɘŬˊɘůŰɩɜŮŰŬɘ ɛɘŬ ŬɜŬɚɞɔɘəɐ 

ɛŮŰŬŰɧˊɘůɖ Űɤɜ ůɘɔɛɞŮɘŭɩɜ ˊɟɞɠ ɛɘəɟɧŰŮɟɞɡɠ ɢɟɧɜɞɡɠ. 
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ɆɢɐɛŬ 6.20: ɀɖ ɘůɞɗŮɟɛɞəɟŬůɘŬəɏɠ əŬɛˊɨɚŮɠ Ŭ) ɟɞɐɠ ɗŮɟɛɧŰɖŰŬɠ ï ɗŮɟɛɞəɟŬůɑŬɠ əŬɘ ɓ) ɛŮŰŬŰɟɞˊɐɠ ï 

ɢɟɧɜɞɡ, ɜŬɜɞůɡɜɗɏŰɤɜ Cloisite 20A ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ, əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ ůŮ ŰɏůůŮɟɘɠ 

ɟɡɗɛɞɨɠ ɗɏɟɛŬɜůɖɠ. 

 

ȼ ŮɜůɤɛɎŰɤůɖ Űɞɡ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ ɛŮ ɞɟɔŬɜɘəɐ 

Űɟɞˊɞˊɞɑɖůɖ Űɞɡ ɛŮɗɡɚ- ŭɘŬɘɗɡɚɞɚ-ŰŮŰŬɟŰɞŰŬɔɞɨɠ Ŭɛɛɤɜɑɞɡ ɛŮ ŬɚŮɘűŬŰɘəɐ ŬɚɡůɑŭŬ 

(Cloisite 30B) ůŰɖɜ ˊɞɚɡůɘɚɞɝɎɜɖ, űŬɑɜŮŰŬɘ ɜŬ ŭɟŬ ˊŬɟŮɛˊɞŭɘůŰɘəɎ ůŰɖɜ Ůɝɏɚɘɝɖ Űɖɠ 

ŬɜŰɑŭɟŬůɖɠ. ɆŰɞ ɆɢɐɛŬ 6.21Ŭ ŭɘŬˊɘůŰɩɜŮŰŬɘ ɖ ɡůŰɏɟɖůɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɛŮ Űɖ ŭɖɛɘɞɡɟɔɑŬ 

Ůɜɧɠ çɩɛɞɡè, űŬɘɜɧɛŮɜɞ ˊɞɡ ŮɜɘůɢɨŮŰŬɘ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɞɡ ɟɡɗɛɞɨ ɗɏɟɛŬɜůɖɠ. ȷˊɧ Űɞ 

ɆɢɐɛŬ 6.21ɓ ŭɘŬˊɘůŰɩɜŮŰŬɘ ɛɘŬ ɡůŰɏɟɖůɖ ůŰɖɜ Ŭɟɢɐ Űɞɡ űŬɘɜɞɛɏɜɞɡ əŬɘ ɏɤɠ Űɞ 5% Űɖɠ 

ɛŮŰŬŰɟɞˊɐɠ, Ůɜɩ ůŰɖ ůɡɜɏɢŮɘŬ ɖ Ůɝɏɚɘɝɖ ŮɑɜŬɘ ŰŬɢɨŰŬŰɖ ɛɏɢɟɘ əŬɘ Űɖɜ ɞɚɞəɚɐɟɤůɖ Űɖɠ 

ŬɜŰɑŭɟŬůɖɠ. ɋůŰɧůɞ, əŬɘ ůŰŬ ɜŬɜɞůɨɜɗŮŰŬ Cloisite 30B, ɖ Ŭɨɝɖůɖ Űɞɡ ɟɡɗɛɞɨ ɞŭɖɔŮɑ ůŮ 

ɛŮɔŬɚɨŰŮɟɞ ɗŮɟɛɞəɟŬůɘŬəɧ Ůɨɟɞɠ ˊɟŬɔɛŬŰɞˊɞɑɖůɖɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ, ɛŮ ŰŬɡŰɧɢɟɞɜɖ 

ɛŮŰŬŰɧˊɘůɖ Űɞɡ ɛŮɔɑůŰɞɡ Űɖɠ əɞɟɡűɐɠ ůŮ ɛŮɔŬɚɨŰŮɟŮɠ ɗŮɟɛɞəɟŬůɑŮɠ (ɄɑɜŬəŬɠ 6.3). 
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ɆɢɐɛŬ 6.21: ɀɖ ɘůɞɗŮɟɛɞəɟŬůɘŬəɏɠ əŬɛˊɨɚŮɠ Ŭ) ɟɞɐɠ ɗŮɟɛɧŰɖŰŬɠ ï ɗŮɟɛɞəɟŬůɑŬɠ əŬɘ ɓ) ɛŮŰŬŰɟɞˊɐɠ ï 

ɢɟɧɜɞɡ, ɜŬɜɞůɡɜɗɏŰɤɜ Cloisite 30B ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ, əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ ůŮ ŰɏůůŮɟɘɠ ɟɡɗɛɞɨɠ 

ɗɏɟɛŬɜůɖɠ. 

 

ȷɜŰɑɗŮŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ ŭɘŬˊɘůŰɩɗɖəŬɜ ɔɘŬ ŰŬ ɜŬɜɞůɨɜɗŮŰŬ Nanofil 116/PDMS. ȼ 

ŮɘůŬɔɤɔɐ Űɞɡ ɛɏůɞɡ ɏŭɟŬůŮ əŬŰŬɚɡŰɘəɎ ɛŮ ŬˊɞŰɏɚŮůɛŬ, ůŮ ŬɡŰɐ Űɖɜ ˊŮɟɑˊŰɤůɖ ɜŬ 

ŮˊɘŰŬɢɨɜŮŰŬɘ ɞ ɟɡɗɛɧɠ əŬɘ ɞ ɢɟɧɜɞɠ ɞɚɞəɚɐɟɤůɖɠ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ, ůɡɔəɟɘŰɘəɎ ɛŮ Űɖɜ ɛɖ 

Ůɜɘůɢɡɛɏɜɖ ˊɞɚɡůɘɚɞɝɎɜɖ. ɇɞ űŬɘɜɧɛŮɜɞ Űɖɠ ŰŬɢɨŰŬŰɖɠ Ůɝɏɚɘɝɖɠ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ ˊɞɡ 
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ˊŬɟŬŰɖɟɐɗɖəŮ ůŰŬ ɘůɞɗŮɟɛɞəɟŬůɘŬəɎ ˊŮɘɟɎɛŬŰŬ ŮˊɘɓŮɓŬɘɩɗɖəŮ əŬɘ ůŰŬ ŭɡɜŬɛɘəɎ 

ˊŮɘɟɎɛŬŰŬ DSC. ȼ Űɘɛɐ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ ůŰɞ ŮɚɎɢɘůŰɞ Űɖɠ əŬɛˊɨɚɖɠ (ɆɢɐɛŬ 6.22Ŭ) 

ɛŮŰŬŰɞˊɑɕŮŰŬɘ ŭŮɝɘɧŰŮɟŬ ůŮ ɡɣɖɚɧŰŮɟŮɠ ɗŮɟɛɞəɟŬůɘŬəɏɠ ˊŮɟɘɞɢɏɠ. Ƀɘ əŬɛˊɨɚŮɠ ɛŮŰŬŰɟɞˊɐɠ-

ɢɟɧɜɞɡ ɛŮŰŬŰɞˊɑɕɞɜŰŬɘ ˊɟɞɠ ŰŬ ŬɟɘůŰŮɟɎ ůŮ ɢŬɛɖɚɧŰŮɟɞɡɠ ɢɟɧɜɞɡɠ, ɧůɞ ɞ ɟɡɗɛɧɠ ɗɏɟɛŬɜůɖɠ 

ŬɡɝɎɜŮŰŬɘ. ȼ ŮɘůŬɔɤɔɐ Űɞɡ ɛɖ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ, ɛŮɘɩɜŮɘ Űɞ Ůɨɟɞɠ ɛŮŰŬɝɨ 

Űɤɜ ůɘɔɛɞŮɘŭɩɜ əŬɛˊɡɚɩɜ ɛŮŰŬŰɟɞˊɐɠ-ɢɟɧɜɞɡ, Ůɜ ůɡɔəɟɑůŮɘ ɧɚɤɜ Űɤɜ ɡˊɧɚɞɘˊɤɜ 

ůɡůŰɖɛɎŰɤɜ ˊɞɡ ɛŮɚŮŰɐɗɖəŬɜ, ˊɘɗŬɜɧɜ ɚɧɔɤ Űɖɠ ɡɣɖɚɐɠ ŰŬɢɨŰɖŰŬɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ Ŭəɧɛɖ 

əŬɘ ɔɘŬ ɟɡɗɛɧ ɗɏɟɛŬɜůɖɠ 5
o
C/min. 
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ɆɢɐɛŬ 6.22: ɀɖ ɘůɞɗŮɟɛɞəɟŬůɘŬəɏɠ əŬɛˊɨɚŮɠ Ŭ) ɟɞɐɠ ɗŮɟɛɧŰɖŰŬɠ ï ɗŮɟɛɞəɟŬůɑŬɠ əŬɘ ɓ) ɛŮŰŬŰɟɞˊɐɠ ï 

ɢɟɧɜɞɡ, ɜŬɜɞůɡɜɗɏŰɤɜ Nanofil116 ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ, əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ ůŮ ŰɏůůŮɟɘɠ ɟɡɗɛɞɨɠ 

ɗɏɟɛŬɜůɖɠ. 

 

ɇŬ ɜŬɜɞůɨɜɗŮŰŬ Űɞɡ ɡŭɟɞɝɡŬˊŬŰɑŰɖ əŬɘ Űɞɡ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ ɏŭɤůŬɜ ŬɜɎɚɞɔɖ 

Ůɝɏɚɘɝɖ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɞɡ ɟɡɗɛɞɨ ɗɏɟɛŬɜůɖɠ ɧˊɤɠ ŭɘŬˊɘůŰɩɜŮŰŬɘ Ŭˊɧ ŰŬ ɆɢɐɛŬŰŬ 6.23 əŬɘ 

6.24. Ƀɘ əŬɛˊɨɚŮɠ ɟɞɐɠ ɗŮɟɛɧŰɖŰŬɠ-ɢɟɧɜɞɡ ˊŬɟɞɡůɘɎɕɞɡɜ ɛŮɔŬɚɨŰŮɟɖ ůɡɛɛŮŰɟɘəɧŰɖŰŬ Ŭˊɧ 

ŬɡŰɐ ˊɞɡ ˊŬɟŬŰɖɟɐɗɖəŮ ůŰŬ ɜŬɜɞůɨɜɗŮŰŬ Űɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ əŬɘ ŮɘŭɘəɎ ůŰɖɜ ˊŮɟɑˊŰɤůɖ 

Űɞɡ ɡŭɟɞɝɡŬˊŬŰɑŰɖ ɛɘəɟɧŰŮɟɞ Ůɨɟɞɠ, ɔŮɔɞɜɧɠ ˊɞɡ ůɡɜŭɏŮŰŬɘ ɛŮ Űɖɜ ɞɛŬɚɧŰŮɟɖ Ůɝɏɚɘɝɖ Űɞɡ 

űŬɘɜɞɛɏɜɞɡ. 
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ɆɢɐɛŬ 6.23: ɀɖ ɘůɞɗŮɟɛɞəɟŬůɘŬəɏɠ əŬɛˊɨɚŮɠ Ŭ) ɟɞɐɠ ɗŮɟɛɧŰɖŰŬɠ ï ɗŮɟɛɞəɟŬůɑŬɠ əŬɘ ɓ) ɛŮŰŬŰɟɞˊɐɠ 

ï ɢɟɧɜɞɡ, ɜŬɜɞůɡɜɗɏŰɤɜ HA ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ, əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ ůŮ ŰɏůůŮɟɘɠ ɟɡɗɛɞɨɠ 

ɗɏɟɛŬɜůɖɠ. 
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ɆɢɐɛŬ 6.24: ɀɖ ɘůɞɗŮɟɛɞəɟŬůɘŬəɏɠ əŬɛˊɨɚŮɠ Ŭ) ɟɞɐɠ ɗŮɟɛɧŰɖŰŬɠ ï ɗŮɟɛɞəɟŬůɑŬɠ əŬɘ ɓ) 

ɛŮŰŬŰɟɞˊɐɠ ï ɢɟɧɜɞɡ, ɜŬɜɞůɡɜɗɏŰɤɜ Aer R972 ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ, əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ ůŮ 

ŰɏůůŮɟɘɠ ɟɡɗɛɞɨɠ ɗɏɟɛŬɜůɖɠ. 

 

Ƀɘ ɢɟɧɜɞɘ ɞɚɞəɚɐɟɤůɖɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɔɘŬ ŰŬ ɜŬɜɞůɨɜɗŮŰŬ ɡŭɟɞɝɡŬˊŬŰɑŰɖ əŬɘ 

ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ ɛŮɘɩɜɞɜŰŬɘ Ŭəɧɛɖ ˊŮɟɘůůɧŰŮɟɞ ůɡɔəɟɘŰɘəɎ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ 

Cloisite 20A/PDMS, ŮˊɘɓŮɓŬɘɩɜɞɜŰŬɠ əŬɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ɘůɞɗŮɟɛɞəɟŬůɘŬəɐɠ ɛŮɚɏŰɖɠ 

Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ (ɄɑɜŬəŬɠ 6.1). 

 

 

6.3.2 ȺˊɑŭɟŬůɖ Űɞɡ Űɨˊɞɡ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ůŰɖɜ ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ  

ɆŰŬ ɆɢɐɛŬŰŬ 6.25Ŭ əŬɘ 6.25ɓ ůɡɔəɟɑɜɞɜŰŬɘ, ɡˊɧ ŭɡɜŬɛɘəɏɠ ůɡɜɗɐəŮɠ, ɖ ŬɜŰɑŭɟŬůɖ 

ɓɞɡɚəŬɜɘůɛɞɨ ɔɘŬ ɧɚŬ ŰŬ ůɡůŰɐɛŬŰŬ ɜŬɜɞůɡɜɗɏŰɤɜ Űɧůɞ ůŮ ŭɘŬɔɟɎɛɛŬŰŬ ɟɞɐɠ ɗŮɟɛɧŰɖŰŬɠ-

ɗŮɟɛɞəɟŬůɑŬɠ ɧůɞ əŬɘ ɛŮŰŬŰɟɞˊɐɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ-ɢɟɧɜɞ, ůŮ ŰɟŮɘɠ ŭɘŬűɞɟŮŰɘəɞɨɠ ɟɡɗɛɞɨɠ 

ɗɏɟɛŬɜůɖɠ. ȹɘŬˊɘůŰɩɜŮŰŬɘ ɧŰɘ ɞ ɓɞɡɚəŬɜɘůɛɧɠ  ŮˊɖɟŮɎɕŮɘ ɛŮ ŭɘŬűɞɟŮŰɘəɧ Űɟɧˊɞ, ŬɜɎɚɞɔŬ ɛŮ 

Űɞɜ Űɨˊɞ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ. ȼ ŮɘůŬɔɤɔɐ Űɞɡ Cloisite 30B, űŬɑɜŮŰŬɘ 

ɜŬ ŭɟŬ ŬɜŬůŰŬɚŰɘəɎ ůŰɖɜ ŬɜŰɑŭɟŬůɖ, ˊŬɟɞɡůɘɎɕɞɜŰŬɠ ɏɜŬ ˊŬɟŬŰŮŰŬɛɏɜɞ Ŭɟɢɘəɧ ůŰɎŭɘɞ ɛŮ 

Ŭɟɔɧ ɟɡɗɛɧ ŬɜŰɑŭɟŬůɖɠ Űɞ ɞˊɞɑɞ ɞŭɖɔŮɑ ůŮ Ŭɡɝɖɛɏɜɞɡɠ ɢɟɧɜɞɡɠ Ůɝɏɚɘɝɖɠ əŬɘ ɞɚɞəɚɐɟɤůɖɠ, 

ůɡɔəɟɘŰɘəɎ ɛŮ ɧɚŬ ŰŬ ɡˊɧɚɞɘˊŬ ɛɏůŬ Ůɜɑůɢɡůɖɠ ˊɞɡ ɛŮɚŮŰɐɗɖəŬɜ. ȳˊɤɠ ŬɜŬűɏɟɗɖəŮ əŬɘ 

ůŰɖɜ ɘůɞɗŮɟɛɞəɟŬůɘŬəɐ ɛŮɚɏŰɖ, ɖ ɞɟɔŬɜɘəɐ Űɟɞˊɞˊɞɑɖůɖ Űɞɡ Cloisite 30B əŬɘ ŮɘŭɘəɧŰŮɟŬ ɞɘ 

ɡŭɟɞɝɡɚɞɛɎŭŮɠ ˊɞɡ űɏɟŮɘ ůŰɖ ɢɖɛɘəɐ ŭɞɛɐ Űɞɡ, ˊɘɗŬɜɧɜ ůɡɛɛŮŰɏɢɞɡɜ ůŮ ˊŬɟɎˊɚŮɡɟŮɠ 

ŬɜŰɘŭɟɎůŮɘɠ, ŭŮůɛŮɨɞɜŰŬɠ ˊɘɗŬɜɧɜ əŬɘ ɛɏɟɞɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ ɓɞɡɚəŬɜɘůɛɞɨ. ȼ ůɡɛˊŮɟɘűɞɟɎ 

Űɞɡ Cloisite 20A əŬɘ Űɞɡ Aerosil R972, ŭɘŬűɞɟɞˊɞɘŮɑŰŬɘ ůŮ ůɢɏůɖ ɛŮ Űɖɜ ɘůɞɗŮɟɛɞəɟŬůɘŬəɐ 

ɛŮɚɏŰɖ, əŬɘ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ ŭɡɜŬɛɘəɩɜ ůɡɜɗɖəɩɜ, ɖ ŮɜůɤɛɎŰɤůɖ əŬɘ Űɤɜ ŭɨɞ Űɨˊɤɜ 

űŬɑɜŮŰŬɘ ɜŬ ŭɟŬ əŬŰŬɚɡŰɘəɎ ŮˊɘŰŬɢɨɜɞɜŰŬɠ Űɖɜ Ůɝɏɚɘɝɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ, ůŮ ůɢɏůɖ ɛŮ Űɖ ɛɖ 

Ůɜɘůɢɡɛɏɜɖ ˊɞɚɡůɘɚɞɝɎɜɖ. ɇɏɚɞɠ, ɖ ŮɜůɤɛɎŰɤůɖ Űɤɜ ɛɖ Űɟɞˊɞˊɞɘɖɛɏɜɤɜ ůɤɛŬŰɘŭɑɤɜ 

ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ əŬɘ ɡŭɟɞɝɡŬˊŬŰɑŰɖ, ŮˊɘűɏɟŮɘ Űɖ ɛŮɔŬɚɨŰŮɟɖ Ŭɨɝɖůɖ ůŰɞ ɟɡɗɛɧ Űɖɠ 

ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ, ɔŮɔɞɜɧɠ ˊɞɡ ɏɢŮɘ ˊŬɟɞɡůɘŬůɗŮɑ əŬɘ ůŰɖɜ ɘůɞɗŮɟɛɞəɟŬůɘŬəɐ 

ɛŮɚɏŰɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ.  
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ȹɘŬűɞɟŮŰɘəɎ, ɖ ŮɜɏɟɔŮɘŬ ŮɜŮɟɔɞˊɞɑɖůɖɠ ˊɟɞůŭɘɞɟɑɕŮŰŬɘ Ŭˊɧ Űɖɜ əɚɑůɖ Űɖɠ ɔɟŬűɘəɐɠ 

ˊŬɟɎůŰŬůɖɠ Űɞɡ ln(ɓ/ Tmax
2
) ɤɠ ˊɟɞɠ 1/ Tmax (Kissinger) ɐ Ŭˊɧ Űɖɜ əɚɑůɖ Űɖɠ ɔɟŬűɘəɐɠ 

ˊŬɟɎůŰŬůɖɠ Űɞɡ lnɓ ɤɠ ˊɟɞɠ 1/ Tmax (Ozawa) 
[2]

. 

 
ɆɢɐɛŬ 6.28: ȾŬɛˊɨɚŮɠ ɓɞɡɚəŬɜɘůɛɞɨ Ŭ) n-ŰɎɝɖɠ əŬɘ ɓ) ŬɡŰɞəŬŰŬɚɡɧɛŮɜɤɜ ŬɜŰɘŭɟɎůŮɤɜ 

[3]
. 

ũɘŬ Űɞɜ ˊɟɞůŭɘɞɟɘůɛɧ Űɖɠ ŮɜɏɟɔŮɘŬɠ ŮɜŮɟɔɞˊɞɑɖůɖɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ 

ɛɏůɤ Űɤɜ ɛɖ ɘůɞɗŮɟɛɞəɟŬůɘŬəɩɜ ˊŮɘɟŬɛɎŰɤɜ, ˊɟɞůŬɟɛɧůŰɖəŬɜ ɞɘ ŮɝɘůɩůŮɘɠ Kissingger əŬɘ 

Ozawa. ȼ ŮɜɏɟɔŮɘŬ ŮɜŮɟɔɞˊɞɑɖůɖɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɛɏůɤ Űɤɜ ŮɝɘůɩůŮɤɜ Kissinger əŬɘ 

Ozawa ɡˊɞɚɞɔɑɕŮŰŬɘ Ŭˊɧ Űɘɠ əɚɑůŮɘɠ Űɤɜ ŮɡɗŮɘɩɜ ln(ɓ/ɇ
2
) ï 1000/ɇ əŬɘ əŬɘ ln(ɓ) ï 1000/ɇ, 

ŬɜŰɑůŰɞɘɢŬ. (ɆɢɐɛŬ 6.29Ŭ, 6.29ɓ) ȷˊɧ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɞɡ ɄɑɜŬəŬ 6.4, ŭɘŬˊɘůŰɩɜŮŰŬɘ ˊɤɠ ɖ 

ŮɘůŬɔɤɔɐ Űɞɡ Űɞɡ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ ɛŮ ɞɟɔŬɜɘəɐ Űɟɞˊɞˊɞɑɖůɖ Űɞɡ 

ɛŮɗɡɚ- ŭɘŬɘɗɡɚɞɚ-ŰŮŰŬɟŰɞŰŬɔɞɨɠ Ŭɛɛɤɜɑɞɡ ɛŮ ŬɚŮɘűŬŰɘəɐ ŬɚɡůɑŭŬ (Cloisite 30B) ůŰɖɜ ɛɎɕŬ 

Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ ɞŭɖɔŮɑ ůŮ Ŭɨɝɖůɖ Űɖɠ ŮɜɏɟɔŮɘŬɠ ŮɜŮɟɔɞˊɞɑɖůɖɠ. ȷɜŰɑɗŮŰŬ, ůŮ ɧɚŬ ŰŬ 

ɡˊɧɚɞɘˊŬ ɛɏůŬ ˊɞɡ ɛŮɚŮŰɐɗɖəŬɜ ŭɘŬˊɘůŰɩɗɖəŮ ɛɘəɟɐ ɛŮɑɤůɖ Űɖɠ ŮɜɏɟɔŮɘŬɠ ŮɜŮɟɔɞˊɞɑɖůɖɠ 

ůɡɔəɟɘŰɘəɎ ɛŮ Űɖɜ ɛɖ Ůɜɘůɢɡɛɏɜɖ ˊɞɚɡůɘɚɞɝɎɜɖ. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ ŮˊŬɚɖɗŮɨɞɜŰŬɘ əŬɘ Ŭˊɧ 

Űɘɠ ŭɨɞ ŭɘŬűɞɟŮŰɘəɏɠ ŮɝɘůɩůŮɘɠ (Kissinger, Ozawa) ɔɘŬ ɧɚŬ ŰŬ ŮɝŮŰŬɕɧɛŮɜŬ ůɡůŰɐɛŬŰŬ. 

ȷɝɑɕŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ, ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Ŭˊɧ ŰŬ ɘůɞɗŮɟɛɞəɟŬůɘŬəɎ əŬɘ Ŭˊɧ ŰŬ ŭɡɜŬɛɘəɎ 

ˊŮɘɟɎɛŬŰŬ DSC ŮˊŬɚɖɗŮɨɞɡɜ Űɖɜ ŰɎůɖ Űɖɠ ɛŮŰŬɓɞɚɐɠ Űɖɠ ŮɜɏɟɔŮɘŬɠ ŮɜŮɟɔɞˊɞɑɖůɖɠ ɔɘŬ əɎɗŮ 

ůɨůŰɖɛŬ, ɛŮ ɛɞɜŬŭɘəɐ ŮɝŬɑɟŮůɖ ŰŬ ůɨɜɗŮŰŬ Űɞɡ Cloisite 20A, ɤůŰɧůɞ ɛɏůɤ Űɤɜ ŭɡɜŬɛɘəɩɜ 

ɛŮŰɟɐůŮɤɜ ŭɘŬˊɘůŰɩɗɖəŬɜ ŮɚŬűɟɩɠ ɢŬɛɖɚɧŰŮɟŮɠ Űɘɛɏɠ Űɖɠ ŮɜɏɟɔŮɘŬɠ ůŮ ɧɚŬ ŰŬ ŮɝŮŰŬɕɧɛŮɜŬ 

ůɡůŰɐɛŬŰŬ. 
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ɆɢɐɛŬ 6.29: Ɉˊɞɚɞɔɘůɛɧɠ Űɖɠ ŮɜɏɟɔŮɘŬɠ ŮɜŮɟɔɞˊɞɑɖůɖɠ, ɜŬɜɞůɡɜɗɏŰɤɜ ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ, ɛɏůɤ Ŭ) 

Űɖɠ Ůɝɑůɤůɖɠ Kissinger əŬɘ ɓ) ɛɏůɤ Űɖɠ Ůɝɑůɤůɖɠ Ozawa. 

ȼ ɛŮŰŬɓɞɚɐ Űɖɠ ŮɜɏɟɔŮɘŬ ŮɜŮɟɔɞˊɞɑɖůɖɠ ˊɞɡ ɡˊɞɚɞɔɑůŰɖəŮ Ŭˊɧ Űɞɡɠ Kader et al. 
[2]

 

ɛɏůɤ ŭɡɜŬɛɘəɩɜ ˊŮɘɟŬɛɎŰɤɜ DSC, ŮˊɘɓŮɓŬɑɤůŮ Űɖɜ  ŮˊɑŭɟŬůɖ Űɖɠ ŮɜůɤɛɎŰɤůɖɠ Űɤɜ 

ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ůŰɖɜ ɛɎɕŬ Űɞɡ ŮɚŬůŰɞɛŮɟɞɨɠ ˊɞɡ ɡˊɞɚɞɔɑůŰɖəŬɜ ɛɏůɤ ɘůɞɗŮɟɛɞəɟŬůɘŬəɩɜ 

ŭɞəɘɛɩɜ. ȼ ɛŮɑɤůɖ Űɖɠ ŮɜɏɟɔŮɘŬɠ ŮɜŮɟɔɞˊɞɑɖůɖɠ ɛŮ Űɖɜ ŮɘůŬɔɤɔɐ Űɞɡ ɞɟɔŬɜɘəɎ 

Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ əŬɘ ɖ Ŭɨɝɖůɐ Űɖɠ ɛŮ Űɖɜ ŮɜůɤɛɎŰɤůɖ Űɤɜ ŬɜɧɟɔŬɜɤɜ 

ɜŬɜɞůɤɛŬŰɘŭɑɤɜ, ŭɘŬŰɖɟŮɑŰŬɘ. ɄŬɟɧɛɞɘŬ ŬˊɞŰŮɚɏůɛŬŰŬ ŭɘŬˊɘůŰɩɗɖəŬɜ əŬɘ ɛŮ Űɖɜ 

ŮɜůɤɛɎŰɤůɖ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ůŰŬ ůɨɜɗŮŰŬ űɡůɘəɞɨ ŮɚŬůŰɘəɞɨ 
[3]
. ɀɏůɤ Űɖɠ ŭɡɜŬɛɘəɐɠ 

ŬɜɎɚɡůɖɠ DSC, ɡˊɞɚɞɔɑůŰɖəŬɜ ɞɘ ŮɜɏɟɔŮɘŮɠ ŮɜŮɟɔɞˊɞɑɖůɖɠ ůŮ əɎɗŮ ůɨůŰɖɛŬ ɝŮɢɤɟɘůŰɎ əŬɘ 

ˊŬɟŬŰɖɟɐɗɖəŮ ɜŬ ŭɘŬŰɖɟŮɑŰŬɘ ɖ ŰɎůɖ ɛŮɑɤůɖɠ Űɤɜ Űɘɛɩɜ, ůɡɔəɟɘŰɘəɎ ɛŮ Űɘɠ 

ɘůɞɗŮɟɛɞəɟŬůɘŬəɏɠ ŭɞəɘɛɏɠ ˊɞɡ ˊɟɞɖɔɐɗɖəŬɜ.  

ɄɑɜŬəŬɠ 6.4: Ɉˊɞɚɞɔɘůɛɧɠ Űɖɠ ŮɜɏɟɔŮɘŬɠ ŮɜŮɟɔɞˊɞɑɖůɖɠ ɜŬɜɞůɡɜɗɏŰɤɜ ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ, 

ɛɏůɤ Űɤɜ ŮɝɘůɩůŮɤɜ Kissinger əŬɘ Ozawa. 

 
Ⱥa (kJ/mol) 

Kissinger Ozawa 

LMW 

 PDMS ˊɟɞůɗɐəɖɠ 
66.69 72.31 

5phr 

 Nan116/PDMS ˊɟɞůɗɐəɖɠ 
63.90 68.97 

5phr 

 Cl20A/PDMS ˊɟɞůɗɐəɖɠ 
64.47 69.80 

5phr 

 Cl30B/PDMS ˊɟɞůɗɐəɖɠ 
66.95 77.08 

5phr 

 HA/PDMS ˊɟɞůɗɐəɖɠ 
64.59 69.00 

5phr 

 Aer R972/PDMS ˊɟɞůɗɐəɖɠ 
62.18 62.75 

ȷɜŰɘűŬŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ ŭɘŬˊɘůŰɩɜɞɜŰŬɘ ůŰɖɜ ɓɘɓɚɘɞɔɟŬűɑŬ ůɢŮŰɘəɎ ɛŮ Űɖɜ 

ŮˊɑŭɟŬůɖ Űɤɜ ŬɜɧɟɔŬɜɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ůŰɖɜ ˊɞɟŮɑŬ Ůɝɏɚɘɝɖɠ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ. ȼ 

ɢɖɛŮɑŬ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ əŬɘ ɖ Űɟɞˊɞˊɞɑɖůɖ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ˊŬɑɕɞɡɜ 

ůɖɛŬɜŰɘəɧ ɟɧɚɞ ůŰɖɜ ˊɞɟŮɑŬ Űɖɠ ŬɜŰɑŭɟŬůɖɠ.  ȰɟŮɡɜŮɠ ůŮ ůɨɜɗŮŰŬ ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɞɡ 

ɓɞɡɚəŬɜɑɕɞɜŰŬɘ ůŮ ɡɣɖɚɐ ɗŮɟɛɞəɟŬůɑŬ  əŬɘ ŮɜɘůɢɡɛɏɜŬ ɛŮ ɡˊŮɟŬɔɩɔɘɛɖ ŬɘɗɎɚɖ, ɏŭŮɘɝŬɜ 

ůɖɛŬɜŰɘəɐ əŬɗɡůŰɏɟɖůɖ ůŰɞ ɓɞɡɚəŬɜɘůɛɧ, ɚɧɔɞ Űɖɠ ŮˊɑŭɟŬůɖɠ űŬɘɜɞɚɡŭɟɞɝɡɚɞɛɎŭɤɜ ˊɞɡ 

ɡˊɎɟɢɞɡɜ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ 
[10]

. ɋůŰɧůɞ, ɏɢɞɡɜ ŬɜŬűŮɟɗŮɑ ŬˊɞŰŮɚɏůɛŬŰŬ 
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ŮˊɘŰɎɢɡɜůɖɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ ůŮ ůɨɜɗŮŰŬ ŮɚŬůŰɞɛŮɟɩɜ Ŭəɟɡɚɘəɞɨ ŬɘɗɡɚŮɜɑɞɡ, 

ŮɜɘůɢɡɛɏɜŬ ɛŮ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɞ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ 
[9]
. ɄŬɟɧɛɞɘŬ ŬˊɞŰŮɚɏůɛŬŰŬ 

ˊŬɟɞɡůɘɎɕɞɜŰŬɘ əŬɘ əŬŰɎ Űɖɜ ŭɘɎɟəŮɘŬ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ ɜŬɜɞůɡɜɗɏŰɤɜ űɗɞɟɞŮɚŬůŰɞɛŮɟɩɜ 

ɛŮ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɞ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ 
[2]

. ȳˊɤɠ ŬɜŬűɏɟŮŰŬɘ əŬɘ ůŰɖɜ ɓɘɓɚɘɞɔɟŬűɑŬ, 

ŭŮɡŰŮɟŮɨɞɡůŮɠ ŬɜŰɘŭɟɎůŮɘɠ ɛŮŰŬɝɨ ɞɛɎŭɤɜ ůɘɚŬɜɑɞɡ əŬɘ ɛɏůɞɡ ŭɘŬůŰŬɨɟɤůɖɠ ŮɑɜŬɘ ŭɡɜŬŰɧɜ 

ɜŬ ŮˊɖɟŮɎůɞɡɜ Űɖɜ ŬɜŰɑŭɟŬůɖ 
[11]

. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, Űɞ ˊɞůɞůŰɧ ɞɚɞəɚɐɟɤůɖɠ Űɞɡ 

ɓɞɡɚəŬɜɘůɛɞɨ ŮˊɖɟŮɎɕŮŰŬɘ Ŭˊɧ Űɞ ˊɞůɞůŰɧ Űɤɜ ɞɛɎŭɤɜ ůɘɚŬɜɑɞɡ ˊɞɡ ŮɑɜŬɘ ˊŬɟɩɜ. ɇɞ 

ɔŮɔɞɜɧɠ ŬɡŰɧ ůɡɜŭɏŮŰŬɘ əŬɘ ɛŮ Űɘɠ ŬɜŰŬɔɤɜɘůŰɘəɏɠ ŭŮɡŰŮɟŮɨɞɡůŮɠ ŬɜŰɘŭɟɎůŮɘɠ 

ɞɝŮɑŭɤůɖɠ/ɡŭɟɧɚɡůɖɠ, əŬɘ ůŰɖɜ ŭɖɛɘɞɡɟɔɑŬ ŬəɟŬɑɤɜ ɡŭɟɞɝɡɚɘəɩɜ ɞɛɎŭɤɜ ɞɘ ɞˊɞɑŮɠ 

ŬɚɚɖɚŮˊɘŭɟɞɨɜ əŬɘ ŬɜŰɘŭɟɞɨɜ ɛŮ Űɖɜ ɡɔɟŬůɑŬ ŬɚɚɎ əŬɘ ɛŮ Űɞ ɞɝɡɔɧɜɞ. ɆɨɛűɤɜŬ ɛŮ Űɞ 

ˊŬɟŬˊɎɜɤ, ŭŮɡŰŮɟŮɨɞɡůŮɠ ŬɜŰɘŭɟɎůŮɘɠ ɛˊɞɟɞɨɜ ɜŬ ŭɘŬˊɘůŰɤɗɞɨɜ əŬɘ ɛŮ Űɖɜ ŮɘůŬɔɤɔɐ Űɞɡ 

ɛɏůɞɡ Ůɜɑůɢɡůɖɠ, Űɞ ɞˊɞɑɞ ŮɜɘůɢɨŮɘ Űɞ űŬɘɜɧɛŮɜɞ ɛŮ ŬəɟŬɑŮɠ ɡŭɟɞɝɡɚɞɛɎŭŮɠ ˊɞɡ 

ŮɛˊŮɟɘɏɢɞɜŰŬɘ ůŰɖɜ ŮˊɘűɎɜŮɘŬ əŬɘ ůŰŬ ɎəɟŬ Űɤɜ űɘɚɘŭɑɤɜ 
[5]

. ȼ əŬŰŬɚɡŰɘəɐ ŭɟɎůɖ Űɤɜ 

ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ɡŭɟɞɝɡŬˊŬŰɑŰɖ, ɛŮɚŮŰɐɗɖəŮ Ŭˊɧ Űɞɡɠ Jovanovic et al. 
[6,7]

, ɧˊɞɡ 

ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ, əŬɘ ŮɘŭɘəɧŰŮɟŬ ŭŮůɛɞɑ ɡŭɟɞɔɧɜɞɡ, ɛŮŰŬɝɨ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ əŬɘ Űɖɠ 

ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ ŮˊɘŰŬɢɨɜɞɡɜ Űɞ ɓɞɡɚəŬɜɘůɛɧ. ȼ ůɡɛˊŮɟɘűɞɟɎ ŬɡŰɐ ŭɘŬˊɘůŰɩɗɖəŮ 

ůŮ ɢŬɛɖɚɏɠ ŬɜŬɚɞɔɑŮɠ Űɞɡ ɡŭɟɞɝɡŬˊŬŰɑŰɖ, ŬɜŰɑɗŮŰŬ ůŮ ɡɣɖɚɧŰŮɟŮɠ ůɡɔəŮɜŰɟɩůŮɘɠ, ɖ 

ˊŬɟɞɡůɑŬ ůɡůůɤɛŬŰɤɛɎŰɤɜ ɡŭɟɞɝɡŬˊŬŰɑŰɖ ůŰɖ ɛɎɕŬ Űɞɡ ŮɚŬůŰɞɛŮɟɞɨɠ, ɛŮɘɩɜŮɘ Űɘɠ 

ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ, ŭɖɛɘɞɡɟɔɩɜŰŬɠ ɛɘŬ çŬɜŮɜŮɟɔɐ űɎůɖè ŮɜŰɧɠ Űɞɡ ɡɚɘəɞɨ, ɖ ɞˊɞɑŬ ŭɟŬ 

ŬɜŬůŰŬɚŰɘəɎ ůŰɖɜ Ůɝɏɚɘɝɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ. 

 

 

6.4 ɀŮɚɏŰɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ ɛŮ Űɖɜ ɛɏɗɞŭɞ ATR-FTIR  

6.4.1 ȺˊɑŭɟŬůɖ Űɞɡ Űɨˊɞɡ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ůŰɖɜ ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ 

 ȼ ˊɞɟŮɑŬ Ůɝɏɚɘɝɖɠ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ ɛŮɚŮŰɐɗɖəŮ Ůˊɑůɖɠ ɛɏůɤ Űɖɠ űŬůɛŬŰɞůəɞˊɑŬɠ 

ɡˊŮɟɨɗɟɞɡ ɛŮ ɛŮŰŬůɢɖɛŬŰɘůɛɧ Fourier. ȾŬŰɎ Űɖɜ ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ, ŬəɟŬɑŮɠ ɞɛɎŭŮɠ 

SiH Űɞɡ ɛɏůɞɡ ŭɘŬůŰŬɨɟɤůɖɠ əŬŰŬɜŬɚɩɜɞɜŰŬɘ ɔɘŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ ůŰŬɡɟɞŭŮůɛɩɜ.  ȼ ɛŮɑɤůɖ 

Űɤɜ ŬəɟŬɑɤɜ ɞɛɎŭɤɜ, ɛŮɘɩɜŮɘ Űɞ ŮɛɓŬŭɧɜ Űɖɠ əɞɟɡűɐɠ ˊɞɡ ɚŬɛɓɎɜŮŰŬɘ ůŰŬ 2135 cm
-1
. ȼ 

ˊɞɟŮɑŬ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɛˊɞɟŮɑ ɜŬ ˊɞůɞŰɘəɞˊɞɘɖɗŮɑ ɛŮŰŬŰɟɏˊɞɜŰŬɠ Űɞ ŮɛɓŬŭɧɜ Űɖɠ əɞɟɡűɐɠ 

ɛŮ əŬŰɎɚɚɖɚŮɠ əŬɛˊɨɚŮɠ ŬɜŬűɞɟɎɠ  ůŮ ˊɞůɞůŰɧ ɞɚɞəɚɐɟɤůɖɠ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ. ȼ əɞɟɡűɐ 

ɔɘŬ Űɖɜ ɛɖ Ůɜɘůɢɡɛɏɜɖ ˊɞɚɡůɘɚɞɝɎɜɖ (ɆɢɐɛŬ 6.30), ɛŮɘɩɜŮŰŬɘ ɛŮ Űɖɜ ˊɎɟɞŭɞ Űɞɡ ɢɟɧɜɞɡ əŬɘ 

ůŰŬɗŮɟɞˊɞɘŮɑŰŬɘ 40 ɚŮˊŰɎ ɛŮŰɎ Űɖɜ ɏɜŬɟɝɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ. ɇɞ ŮɛɓŬŭɧ Űɖɠ əɞɟɡűɐɠ Űɖɠ 

ŭɧɜɖůɖɠ ŰɎůɖɠ, Űɞɡ ŭŮůɛɞɨ Si-H ůŰŬ 2135 cm
-1 
əŬɜɞɜɘəɞˊɞɘŮɑŰŬɘ əŬɘ ɛŮŰŬŰɟɏˊŮŰŬɘ ůŮ 

ˊɞůɞůŰɧ ɞɚɞəɚɐɟɤůɖɠ ˊɞɡ űŬɑɜŮŰŬɘ ůŰɞ ɆɢɐɛŬ 6.37. 
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ɆɢɐɛŬ 6.30: Ⱥɝɏɚɘɝɖ Űɞɡ űɎůɛŬŰɞɠ ATR-FTIR Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ əŬŰɎ Űɖɜ ŬɜŰɑŭɟŬůɖ 

Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ. 

ȷɜɎɚɞɔɖ ɛŮɑɤůɖ Űɞɡ ŮɛɓŬŭɞɨ ŭɘŬˊɘůŰɩɜŮŰŬɘ ɔɘŬ ŰŬ ůɨɜɗŮŰŬ 2phr Cloisite 20A/PDMS 

əŬɘ 2phr Cloisite 30B/PDMS. ȼ ɛɘəɟɐ ŬɜŬɚɞɔɑŬ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ űŬɑɜŮŰŬɘ ɜŬ ŮɡɜɞŮɑ Űɖɜ 

ˊɞɟŮɑŬ Űɖɠ ŬɜŰɑŭɟŬůɖɠ, ɔŮɔɞɜɧɠ ˊɞɡ ŬˊɞŭŮɘəɜɨŮŰŬɘ Ŭˊɧ Űɖɜ ŰŬɢɨŰŮɟɖ ɛŮɑɤůɖ Űɞɡ ŮɛɓŬŭɞɨ 

ůɡɔəɟɘŰɘəɎ Űɖɠ ɛɖ Ůɜɘůɢɡɛɏɜɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ.  

 

 

ɆɢɐɛŬ 6.31: Ⱥɝɏɚɘɝɖ Űɞɡ űɎůɛŬŰɞɠ ATR-FTIR Űɞɡ ɜŬɜɞůɡɜɗɏŰɞɡ 2phr Cloisite 20ȷ ˊɞɚɡůɘɚɞɝɎɜɖɠ 

ˊɟɞůɗɐəɖɠ, əŬŰɎ Űɖɜ ŬɜŰɑŭɟŬůɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ. 
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ɆɢɐɛŬ 6.32: Ⱥɝɏɚɘɝɖ Űɞɡ űɎůɛŬŰɞɠ ATR-FTIR Űɞɡ ɜŬɜɞůɡɜɗɏŰɞɡ 2phr Cloisite 30B ˊɞɚɡůɘɚɞɝɎɜɖɠ 

ˊɟɞůɗɐəɖɠ, əŬŰɎ Űɖɜ ŬɜŰɑŭɟŬůɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ. 

ȹɘŬűɞɟɞˊɞɑɖůɖ ůŰɖɜ ůɡɛˊŮɟɘűɞɟɎ ˊŬɟɞɡůɘɎɕɞɡɜ ŰŬ ɜŬɜɞůɨɜɗŮŰŬ Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ 

ˊɟɞůɗɐəɖɠ ˊɞɡ ŮɜɘůɢɨɗɖəŬɜ ɛŮ 5phr ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɞ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ. ɆŰɖɜ 

ˊŮɟɑˊŰɤůɖ ŬɡŰɐ, ɖ ŮɘůŬɔɤɔɐ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ůŮ ɛŮɔŬɚɨŰŮɟɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ, ŭŮɑɢɜŮɘ ɜŬ 

ŮˊɘɓɟŬŭɨɜŮɘ Űɞ ɟɡɗɛɧ Ůɝɏɚɘɝɖɠ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ əŬɘ ɜŬ ŬɡɝɎɜŮɘ Űɞ ɢɟɧɜɞ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ 

Űɖɜ ɞɚɞəɚɐɟɤůɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ.  

 

ɆɢɐɛŬ 6.33: Ⱥɝɏɚɘɝɖ Űɞɡ űɎůɛŬŰɞɠ ATR-FTIR Űɞɡ ɜŬɜɞůɡɜɗɏŰɞɡ 5phr Cloisite 20ȷ ˊɞɚɡůɘɚɞɝɎɜɖɠ 

ˊɟɞůɗɐəɖɠ, əŬŰɎ Űɖɜ ŬɜŰɑŭɟŬůɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ. 
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ɆɢɐɛŬ 6.34: Ⱥɝɏɚɘɝɖ Űɞɡ űɎůɛŬŰɞɠ ATR-FTIR Űɞɡ ɜŬɜɞůɡɜɗɏŰɞɡ 5phr Cloisite 30B ˊɞɚɡůɘɚɞɝɎɜɖɠ 

ˊɟɞůɗɐəɖɠ, əŬŰɎ Űɖɜ ŬɜŰɑŭɟŬůɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ. 

ũɘŬ Űɖɜ əɞɟɡűɐ 2135 cm
-1
, əŬŰŬůəŮɡɎůŰɖəŮ əŬɛˊɨɚɖ ŬɜŬűɞɟɎɠ ɛŮ ɛɑɔɛŬŰŬ ɔɜɤůŰɩɜ 

ůɡɔəŮɜŰɟɩůŮɤɜ Űɞɡ ɛɏůɞɡ ŭɘŬůŰŬɨɟɤůɖɠ (ŰŮŰɟŬəɘɠ-ŭɘɛŮɗɡɚůɘɚɎɜɘɞ) əŬɘ Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ 

ˊɟɞůɗɐəɖɠ.   
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ɆɢɐɛŬ 6.35: ȾŬɛˊɨɚɖ ɓŬɗɛɞɜɧɛɖůɖɠ Űɞɡ ŮɛɓŬŭɞɨ Űɖɠ əɞɟɡűɐɠ Si-H.  

ȷˊɧ Űɞ ŭɘɎɔɟŬɛɛŬ Űɞɡ ɆɢɐɛŬŰɞɠ 6.36, ŮˊɘɓŮɓŬɘɩɜŮŰŬɘ ɖ ˊŬɟŬŰɐɟɖůɖ ɧŰɘ ɖ ŮɘůŬɔɤɔɐ 

əŬɘ Űɤɜ ŭɨɞ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɤɜ Űɨˊɤɜ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ ůŮ ŬɜŬɚɞɔɑŬ 2phr űŬɑɜŮŰŬɘ ɜŬ 

ŮˊɘŰŬɢɨɜŮɘ Űɖɜ ŬɜŰɑŭɟŬůɖ ůɡɔəɟɘŰɘəɎ ɛŮ Űɖɜ ɛɖ Ůɜɘůɢɡɛɏɜɖ ˊɞɚɡůɘɚɞɝɎɜɖ. ȼ ŮɘůŬɔɤɔɐ 

ɛŮɔŬɚɨŰŮɟɖɠ ˊɞůɧŰɖŰŬɠ (5phr) ɛŮɘɩɜŮɘ Űɧůɞ Űɞ ɟɡɗɛɧ ɧůɞ əŬɘ Űɞ ɢɟɧɜɞ ɞɚɞəɚɐɟɤůɖɠ Űɞɡ 

ɓɞɡɚəŬɜɘůɛɞɨ. ȼ ůɡɛˊŮɟɘűɞɟɎ ŬɡŰɐ ŮɑɢŮ ŭɘŬˊɘůŰɤɗŮɑ əŬŰɎ Űɖ ɛŮɚɏŰɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ Ŭˊɧ ŰŬ 

ɘůɞɗŮɟɛɞəɟŬůɘŬəɎ əŬɘ ŰŬ ɛɖ ɘůɞɗŮɟɛɞəɟŬůɘŬəɎ ˊŮɘɟɎɛŬŰŬ DSC ˊɞɡ ˊɟɞɖɔɐɗɖəŬɜ. ȷˊɧ Űɞ 

ɆɢɐɛŬ 6.36, ŮˊɘɓŮɓŬɘɩɜŮŰŬɘ Ůˊɑůɖɠ Űɞ ɔŮɔɞɜɧɠ Űɖɠ ŰŬɢɨŰŮɟɖɠ ɞɚɞəɚɐɟɤůɖɠ Űɞɡ 

ɓɞɡɚəŬɜɘůɛɞɨ ɔɘŬ ŰŬ ɜŬɜɞůɨɜɗŮŰŬ Cloisite 20A/PDMS Ůɜ ůɡɔəɟɑůŮɘ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ 
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Cloisite 30ȸ/PDMS. Ⱥˊɑůɖɠ, ŮˊɘɓŮɓŬɘɩɜŮŰŬɘ ɖ ůɡɛˊŮɟɘűɞɟɎ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ Űɞɡ ɛɖ 

Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ (Nanofil 116/PDMS) ŰŬ ɞˊɞɑŬ ɞŭɖɔɞɨɜ Űɖɜ ŬɜŰɑŭɟŬůɖ ɛŮ 

Ŭɡɝɖɛɏɜɞ ɟɡɗɛɧ, ůɡɜŰɞɛɧŰŮɟŬ ůŰɖɜ ɞɚɞəɚɐɟɤůɐ Űɖɠ Ůɜ ůɡɔəɟɑůŮɘ ɧɚɤɜ Űɤɜ ɡˊɧɚɞɘˊɤɜ 

ůɡůŰɖɛɎŰɤɜ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ ˊɞɡ ɛŮɚŮŰɐɗɖəŬɜ. 
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ɆɢɐɛŬ 6.36: Ⱥɝɏɚɘɝɖ Űɞɡ ˊɞůɞůŰɞɨ ŬɜŰɑŭɟŬůɖɠ ɜŬɜɞůɡɜɗɏŰɤɜ ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ, əŬŰɎ Űɖɜ 

ŬɜŰɑŭɟŬůɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ. 

 

ɀŮɑɤůɖ Űɞɡ ŮɛɓŬŭɞɨ Űɖɠ əɞɟɡűɐɠ ŭɘŬˊɘůŰɩɗɖəŮ Ŭˊɧ Űɞɡɠ Venkataraman et al. 
[12]

, ɞɘ 

ɞˊɞɑɞɘ ɛŮɚɏŰɖůŬɜ Űɖɜ Ůɝɏɚɘɝɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ ɛɖ Ůɜɘůɢɡɛɏɜɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ 

əɎŰɤ Ŭˊɧ ɘůɞɗŮɟɛɞəɟŬůɘŬəɏɠ ůɡɜɗɐəŮɠ. ȷɜŰɑůŰɞɘɢŬ ŬˊɞŰŮɚɏůɛŬŰŬ ŭɘŬˊɘůŰɩɗɖəŬɜ əŬɘ Ŭˊɧ 

Űɞɡɠ Lin et al. 
[13]

 ɧˊɞɡ ŬɜŬűɏɟŮŰŬɘ ɘůɢɡɟɐ ŬɚɚɖɚŮˊɑŭɟŬůɖ ɛŮŰŬɝɨ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ əŬɘ Űɞɡ 

ɟɡɗɛɞɨ ɛŮɑɤůɖɠ Űɖɠ əɞɟɡűɐɠ əŬŰɎ Űɖɜ ŭɘɎɟəŮɘŬ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ. ɆŮ ɡɣɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ 

Űɞ űŬɘɜɧɛŮɜɞ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɛŮ ɛŮɔɎɚɖ ŰŬɢɨŰɖŰŬ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ɛɖɜ ŮɑɜŬɘ ŮɨəɞɚŬ 

ɛŮŰɟɐůɘɛɞ. ȰɜŬɠ Ŭəɧɛɖ ůɖɛŬɜŰɘəɧɠ ˊŬɟɎɔɞɜŰŬɠ ˊɞɡ ŮˊɖɟŮɎɕŮɘ Űɖɜ ˊɞɟŮɑŬ Űɞɡ 

ɓɞɡɚəŬɜɘůɛɞɨ ŮɑɜŬɘ ɖ ůɡɔəɏɜŰɟɤůɖ Űɞɡ ɛɏůɞɡ ŭɘŬůŰŬɨɟɤůɖɠ ůŰɖɜ ɛɎɕŬ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ. 

ɆɨɛűɤɜŬ ɛŮ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ Esteves et al. 
[4]
, ɖ ɡɣɖɚɐ ůɡɔəɏɜŰɟɤůɖ Űɞɡ ɛɏůɞɡ 

ŭɘŬůŰŬɨɟɤůɖɠ ɞŭɖɔŮɑ ůŮ Ŭɨɝɖůɖ Űɞɡ ˊɟɩŰɞɡ ůŰŬŭɑɞɡ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɚɧɔɤ ˊŬɟɎˊɚŮɡɟɤɜ 

ŬɜŰɘŭɟɎůŮɤɜ ˊɞɡ ɚŬɛɓɎɜɞɡɜ ɢɩɟŬ. ȼ Ŭɨɝɖůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ ɞŭɐɔɖůŮ ůŮ ŰŬɢɨŰŮɟɖ 

Ůɝɏɚɘɝɖ Űɖɜ ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ Ŭˊɧ Űɞ ˊɟɩŰɞ ůŰɎŭɘɞ. ȼ ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ 

ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ ɛŮɚŮŰɐɗɖəŮ əŬɘ Ŭˊɧ Űɞɡɠ Rajesh et al. 
[14]
, ɧˊɞɡ əŬŰŬɔɟɎűɖəŮ ɖ 

ɛŮɑɤůɖ Űɧůɞ Űɖɠ əɞɟɡűɐɠ 2135cm
-1

 ˊɞɡ ŬűɞɟɎ Űɖɜ ɛŮɑɤůɖ Űɤɜ ŭŮůɛɩɜ Si-H, ɧůɞ əŬɘ Űɖɠ 

əɞɟɡűɐɠ 1586cm
-1 
ˊɞɡ ŬűɞɟɎ Űɖɜ ɛŮɑɤůɖ Űɤɜ ŭŮůɛɩɜ C=C. ȼ Ŭɨɝɖůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ 

Űɞɡ ˊŮɘɟɎɛŬŰɞɠ ɞŭɐɔɖůŮ əŬɘ Ůŭɩ Űɖɜ ŬɜŰɑŭɟŬůɖ ɛŮ ŰŬɢɨŰŮɟɞ ɟɡɗɛɧ ůŰɖɜ ŰŬɢɨŰŮɟɖ 

ɞɚɞəɚɐɟɤůɐ Űɖɠ.  
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6.5 ɆɡɛˊŮɟɎůɛŬŰŬ 

ɆŰɞ ȾŮűɎɚŬɘɞ ŬɡŰɧ ɏɔɘɜŮ ɛŮɚɏŰɖ Űɖɠ ŮˊɑŭɟŬůɖɠ ŭɘŬűɧɟɤɜ ŬɜɧɟɔŬɜɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ 

ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɤɠ ɛɏůŬ Ůɜɑůɢɡůɖɠ, ůŰɖɜ ŬɜŰɑŭɟŬůɖ ŭɖɛɘɞɡɟɔɑŬɠ ˊɚɏɔɛŬŰɞɠ 

ˊɞɚɡůɘɚɞɝŬɜɩɜ ˊɞɡ ɓɞɡɚəŬɜɑɕɞɜŰŬɘ ɛŮ ɛɖɢŬɜɘůɛɧ ˊɟɞůɗɐəɖɠ.  

ȷˊɧ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ɛŮɚɏŰɖɠ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ ɛɏůɤ Űɖɠ ŭɘŬűɞɟɘəɐɠ 

ɗŮɟɛɘŭɞɛŮŰɟɑŬɠ ůɎɟɤůɖɠ (DSC), ŬˊɞŭŮɑɢŰɖəŮ ɧŰɘ ɖ ŮɜůɤɛɎŰɤůɖ ɧɚɤɜ Űɤɜ Űɨˊɤɜ ɛɏůɞɡ 

Ůɜɑůɢɡůɖɠ ŮˊɖɟŮɎɕŮɘ Űɞ ɛɖɢŬɜɘůɛɧ ɓɞɡɚəŬɜɘůɛɞɨ Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ, 

ŮˊɖɟŮɎɕɞɜŰŬɠ Űɞɜ ɟɡɗɛɧ əŬɘ əŬŰɎ ůɡɜɏˊŮɘŬ Űɞɜ ŬˊŬɘŰɞɨɛŮɜɞ ɢɟɧɜɞ ɔɘŬ Űɖɜ ɞɚɞəɚɐɟɤůɖ Űɖɠ 

ŬɜŰɑŭɟŬůɖɠ. ȷˊɧ Űɖɜ ɘůɞɗŮɟɛɞəɟŬůɘŬəɐ ɛŮɚɏŰɖ, ŭɘŬˊɘůŰɩɗɖəŮ ɧŰɘ ŰŬ ɜŬɜɞůɨɜɗŮŰŬ Űɞɡ 

Cloisite 20A, ůɡɔəɟɘŰɘəɎ ɛŮ Űɖɜ ɛɖ Ůɜɘůɢɡɛɏɜɖ ˊɞɚɡůɘɚɞɝɎɜɖ, ɏɢɞɡɜ ŬɟɢɘəɎ Ŭɡɝɖɛɏɜɞ ɟɡɗɛɧ 

ŬɜŰɑŭɟŬůɖɠ Ůɜɩ ŬəɞɚɞɡɗŮɑ ɏɜŬ ŭŮɨŰŮɟɞ ůŰɎŭɘɞ ɛŮ ɛŮɘɤɛɏɜɞ ɟɡɗɛɧ. ȷɜɎɚɞɔɖ ůɡɛˊŮɟɘűɞɟɎ 

ˊŬɟɞɡůɘɎɕŮɘ Űɞ ɡɓɟɘŭɘəɧ ůɨůŰɖɛŬ Űɞɡ Cloisite 30B, ɛŮ Űɖ ŭɘŬűɞɟɎ ɧŰɘ Űɞ ůŰɎŭɘɞ Űɞɡ 

ɛŮɘɤɛɏɜɞɡ ɟɡɗɛɞɨ ŬɜŰɑŭɟŬůɖɠ ɏɢŮɘ ɛŮɔŬɚɨŰŮɟɖ ŭɘɎɟəŮɘŬ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ˊŬɟŬŰŮɑɜŮŰŬɘ 

ůɖɛŬɜŰɘəɎ ɞ ɢɟɧɜɞɠ ɞɚɞəɚɐɟɤůɖɠ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ. ȼ ˊŬɟɞɡůɑŬ Űɞɡ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ 

ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ ŬɡɝɎɜŮɘ Űɞ ɟɡɗɛɧ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ůŰŬ ˊɟɩŰŬ ůŰɎŭɘŬ, ůɡɔəɟɘŰɘəɎ ɛŮ 

Űɖɜ ɛɖ Ůɜɘůɢɡɛɏɜɖ ˊɞɚɡůɘɚɞɝɎɜɖ, Ůɜɩ ɛɘŬ ɛɘəɟɐ ɡůŰɏɟɖůɖ ŭɘŬˊɘůŰɩɜŮŰŬɘ ůŰɞ ŰŮɚŮɡŰŬɑɞ 

ůŰɎŭɘɞ ɞŭɖɔɩɜŰŬɠ Űɞ ɓɞɡɚəŬɜɘůɛɧ ɛŮ ɛŮɘɤɛɏɜɞ ɟɡɗɛɧ ůŰɖɜ ɞɚɞəɚɐɟɤůɐ Űɞɡ. ȼ ŮɘůŬɔɤɔɐ 

Űɞɡ ɡŭɟɞɝɡŬˊŬŰɑŰɖ, ŮˊɘŰŬɢɨɜŮɘ Űɖɜ ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ əŬɘ ɛŮɘɩɜŮɘ 

ůɖɛŬɜŰɘəɎ Űɞ ɢɟɧɜɞ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ Űɖɜ ɞɚɞəɚɐɟɤůɐ Űɖɠ. ȼ ɛŮɔŬɚɨŰŮɟɖ ŮˊɘŰɎɢɡɜůɖ ůŰɖɜ 

ŬɜŰɑŭɟŬůɖ ˊŬɟŬŰɖɟɐɗɖəŮ ůŰŬ ɜŬɜɞůɨɜɗŮŰŬ Űɞɡ ɛɖ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ 

(Nanofil 116). ɇo ɛɏůɞ ŬɡŰɧ ŭɟŬ əŬŰŬɚɡŰɘəɎ ůŰɖɜ ŬɜŰɑŭɟŬůɖ ɖ ɞˊɞɑŬ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ 

ŰŬɢɨŰŬŰŬ ɛɏůŬ ůŮ ɚɑɔŬ ɚŮˊŰɎ. Ƀɘ űɡůɘəɞɢɖɛɘəɏɠ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ ɛŮŰŬɝɨ Űɞɡ ůɡůŰɐɛŬŰɞɠ 

ɓɞɡɚəŬɜɘůɛɞɨ, Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ əŬɘ Űɖɠ ŮɚŬůŰɞɛŮŰɟɘəɐɠ ɛɐŰɟŬɠ űɏɟɞɡɜ Ůɡɗɨɜɖ ɔɘŬ Űɖɜ 

ˊɞɟŮɑŬ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ.  ȳůɞɜ ŬűɞɟɎ Űɞ ɛɏůɞ Ůɜɑůɢɡůɖɠ, 

ɞɘ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ əŬɗɞɟɑɕɞɜŰŬɘ Ůˊɘˊɚɏɞɜ Ŭˊɧ Űɖɜ ɨˊŬɟɝɖ ŮˊɘűŬɜŮɘŬəɐɠ Űɟɞˊɞˊɞɑɖůɖɠ ŬɚɚɎ 

əŬɘ Űɞɡ ɛɏůɞɡ Űɟɞˊɞˊɞɑɖůɖɠ ˊɞɡ ŭŮɜ ɏɢŮɘ ŬɜŰɘŭɟɎůŮɘ, ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ Űɞ ɎɚŬɠ Űɞɡ 

ŬɚəɡɚŬɛɛɤɜɑɞɡ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ. Ƀɘ űɡůɘəɞɢɖɛɘəɏɠ ŬɡŰɏɠ 

ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ ɏɢɞɡɜ ɎɛŮůɖ ŮˊɑŭɟŬůɖ ůŰɖ ŭɞɛɐ Űɞɡ ŮɚŬůŰɞɛŮɟɞɨɠ, ůɡɜŮˊɩɠ əŬɘ ůŰɘɠ 

ŰŮɚɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ɡɚɘəɞɨ, əŬɗɩɠ ɛˊɞɟŮɑ ɜŬ ɏɢɞɡɜ ŭɟɎůɖ ɘůɞŭɨɜŬɛɖ ɛŮ ŬɡŰɐ Űɤɜ 

ůŰŬɡɟɞŭŮůɛɩɜ. ȿŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɖ ɧŰɘ ɖ ˊŬɟɞɡůɑŬ ɝɏɜɤɜ ůɤɛɎŰɤɜ ɛˊɞɟŮɑ ɜŬ ŭŮůɛŮɨůŮɘ 

ɛɏɟɞɠ Űɤɜ ŭɟŬůŰɘəɩɜ ɞɛɎŭɤɜ ˊɞɡ ůɡɛɛŮŰɏɢɞɡɜ ůŰɖɜ ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ ɐ Űɞɜ 

əŬŰŬɚɨŰɖ (ˊɚŬŰɘɜ-ŭɘɓɡɜɘɚ-ŰŮŰɟŬɛŮɗɡɚŭɘůɘɚɞɝɎɜɘɞ). Ⱥˊɞɛɏɜɤɠ ŬɜɎɚɞɔŬ ˊɞɘɞɠ ɛɖɢŬɜɘůɛɧɠ ɗŬ 

ŮˊɘəɟŬŰɐůŮɘ ɔɘŬ əɎɗŮ ůɨůŰɖɛŬ, ɗŬ əŬɗɞɟɑůŮɘ Űɞ ɟɧɚɞ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Űɞɡ ɛɏůɞɡ 

Ůɜɑůɢɡůɖɠ ůŰɖɜ Ůɝɏɚɘɝɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ.  

ȷˊɧ Űɖɜ əɘɜɖŰɘəɐ ɛŮɚɏŰɖ Űɞɡ űŬɘɜɞɛɏɜɞɡ, ŭɘŬˊɘůŰɩɗɖəŮ əŬɚɐ ůɡůɢɏŰɘůɖ Űɤɜ 

ˊŮɘɟŬɛŬŰɘəɩɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ ɛŮ Űɖ ɛɏɗɞŭɞ Űɖɠ ŬɡŰɞəŬŰŬɚɡɧɛŮɜɖɠ ŬɜŰɑŭɟŬůɖɠ. ȼ ŮɜɏɟɔŮɘŬ 

ŮɜŮɟɔɞˊɞɑɖůɖɠ ŬɡɝɐɗɖəŮ ɛŮ Űɖɜ ŮɘůŬɔɤɔɐ Űɤɜ ŭɨɞ Űɨˊɤɜ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ 

ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ (Cloisite 30A, Cloisite 30B) əŬɘ Űɤɜ Űɟɞˊɞˊɞɘɖɛɏɜɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ 

ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ, ůŮ ůɢɏůɖ ɛŮ Űɖɜ ɛɖ Ůɜɘůɢɡɛɏɜɖ ˊɞɚɡůɘɚɞɝɎɜɖ ˊɟɞůɗɐəɖɠ, Ůɜɩ 

ɛŮɑɤůɖ ŭɘŬˊɘůŰɩɗɖəŮ ɔɘŬ ŰŬ ɜŬɜɞůɨɜɗŮŰŬ ɡŭɟɞɝɡŬˊŬŰɑŰɖ əŬɘ ɛɖ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ 

ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ (Nanofil 116).  

ȺəŰɧɠ Ŭˊɧ Űɖ ɛŮɚɏŰɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ ɡˊɧ ɘůɞɗŮɟɛɞəɟŬůɘŬəɏɠ ůɡɜɗɐəŮɠ, əɘɜɖŰɘəɐ 

ɛŮɚɏŰɖ Űɞɡ űŬɘɜɧɛŮɜɞ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ əŬɘ ɡˊɧ ŭɡɜŬɛɘəɏɠ ůɡɜɗɐəŮɠ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ 

ŰɏůůŮɟɘɠ ŭɘŬűɞɟŮŰɘəɞɨɠ ɟɡɗɛɞɨɠ ɗɏɟɛŬɜůɖɠ. ȼ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ Cloisite 30B, ŮˊŬɚɖɗŮɨŰɖəŮ 

əŬɘ ɛɏůɤ Űɤɜ ŭɡɜŬɛɘəɩɜ ˊŮɘɟŬɛɎŰɤɜ DSC, ɧˊɞɡ ŭɘŬˊɘůŰɩɗɖəŮ Ŭɨɝɖůɖ Űɖɠ ŮɜɏɟɔŮɘŬɠ 
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ŮɜŮɟɔɞˊɞɑɖůɖɠ əŬɘ ůɖɛŬɜŰɘəɐ ɡůŰɏɟɖůɖ ůŰɖɜ ɞɚɞəɚɐɟɤůɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ ůŮ ůɢɏůɖ ɛŮ 

Űɞ əŬɗŬɟɧ ŮɚŬůŰɞɛŮɟɏɠ. ɇŬ ɜŬɜɞůɨɜɗŮŰŬ Űɞɡ Cloisite 20A əŬɘ Űɞɡ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ 

ˊɟɞůŭɑŭɞɡɜ ŰŬɢɨŰŮɟɖ Ůɝɏɚɘɝɖ ůŰɖɜ ŬɜŰɑŭɟŬůɖ ůəɚɐɟɡɜůɖɠ, ɔŮɔɞɜɧɠ ˊɞɡ ŭɘŬűɞɟɞˊɞɘŮɑ Űɖ 

ůɡɛˊŮɟɘűɞɟɎ Űɞɡɠ Ŭˊɧ ŬɡŰɐ ˊɞɡ ŭɘŬˊɘůŰɩɗɖəŮ əŬŰɎ Űɖɜ ɘůɞɗŮɟɛɞəɟŬůɘŬəɐ ɛŮɚɏŰɖ.  

ɀŮɔŬɚɨŰŮɟɖ Ŭɨɝɖůɖ Űɞɡ ɟɡɗɛɞɨ Űɖɠ ŬɜŰɑŭɟŬůɖɠ əŬɘ ůɡɜŰɞɛɧŰŮɟɖ ɞɚɞəɚɐɟɤůɖ Űɖɠ 

ŬɜŰɑŭɟŬůɖɠ ˊŬɟŬŰɖɟɐɗɖəŮ ůŰŬ ɜŬɜɞůɨɜɗŮŰŬ Űɤɜ ɛɖ Űɟɞˊɞˊɞɘɖɛɏɜɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ 

ɡŭɟɞɝɡŬˊŬŰɑŰɖ əŬɘ ɘŭɘŬɑŰŮɟŬ Űɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ. ȼ ůɡɛˊŮɟɘűɞɟɎ ˊɞɡ əŬŰŬɔɟɎűɖəŮ Ŭˊɧ Űɖ 

ɗŮɟɛɘŭɞɛŮŰɟɘəɐ ŬɜɎɚɡůɖ ˊɞůɞŰɘəɞˊɞɘɐɗɖəŮ ɛŮ ŰŬ əɘɜɖŰɘəɎ ɛɞɜŰɏɚŬ Űɤɜ Kissinger əŬɘ 

Ozawa əŬɘ ɏɔɘɜŮ ɡˊɞɚɞɔɘůɛɧɠ ɔɘŬ əɎɗŮ ŮɝŮŰŬɕɧɛŮɜɞ ůɨůŰɖɛŬ Űɖɠ ŮɜɏɟɔŮɘŬɠ ŮɜŮɟɔɞˊɞɑɖůɖɠ 

Űɖɠ ŬɜŰɑŭɟŬůɖɠ.   

ȺˊɧɛŮɜɞ ɓɐɛŬ ůŰɖ ɛŮɚɏŰɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ ɐŰŬɜ ɖ ɢɟɐůɖ Űɖɠ űŬůɛŬŰɞůəɞˊɑŬɠ 

ɡˊŮɟɨɗɟɞɡ ɛŮ ɛŮŰŬůɢɖɛŬŰɘůɛɧ Fourier, FTIR əŬɘ ůɡɔəŮəɟɘɛɏɜŬ Űɖɠ ŰŮɢɜɘəɐɠ Űɖɠ 

ŮɝŬůɗŮɜɖɛɏɜɖɠ ɞɚɘəɐɠ ŬɜɎəɚŬůɖɠ, ATR. ȼ ŰŮɢɜɘəɐ ŬɡŰɐ ŮűŬɟɛɧůɗɖəŮ ɔɘŬ ŰŬ ůɡůŰɐɛŬŰŬ Űɖɠ 

ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ ˊɞɡ ŮɜɘůɢɨɗɖəŬɜ ɛŮ ɜŬɜɞůɤɛŬŰɑŭɘŬ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ. ɀŮ Űɖ 

ɓɞɐɗŮɘŬ Űɖɠ ŰŮɢɜɘəɐɠ ŬɡŰɐɠ ŭɘŬˊɘůŰɩɗɖəŮ ɧŰɘ Űɞ ŮɛɓŬŭɧ Űɖɠ əɞɟɡűɐɠ ˊɞɡ ŬɜŰɘůŰɞɘɢŮɑ ůŮ 

ŭŮůɛɞɨɠ Si-H ɛŮɘɩɜŮŰŬɘ ɛŮ Űɖɜ ˊɎɟɞŭɞ Űɞɡ ɢɟɧɜɞɡ ɔɘŬ Űɖɜ ɛɖ Ůɜɘůɢɡɛɏɜɖ ůɘɚɘəɧɜɖ, ɚɧɔɤ Űɖɠ 

ŬɜŰɑŭɟŬůɖɠ ˊɟɞůɗɐəɖɠ Űɞɡ ŰŮŰɟŬŭɟŬůŰɘəɞɨ ɛɏůɞɡ ůŰɞ ŭɘˊɚɧ ŭŮůɛɧ Űɞɡ Ɏəɟɞɡ Űɖɠ ŬɚɡůɑŭŬɠ 

Űɞɡ ˊɞɚɡɛŮɟɞɨɠ. ȼ ŮɜůɤɛɎŰɤůɖ Űɖɠ ɞɟɡəŰɐɠ Ŭɟɔɑɚɞɡ ŮˊɘűɏɟŮɘ Űɟɞˊɞˊɞɑɖůɖ ůŰɖɜ Ůɝɏɚɘɝɖ 

Űɤɜ ŮɝŮŰŬɕɞɛɏɜɤɜ əɞɟɡűɩɜ ɚɧɔɤ Űɤɜ űɡůɘəɞɢɖɛɘəɩɜ ŬɚɚɖɚŮˊɘŭɟɎůŮɤɜ ɛŮŰŬɝɨ Űɞɡ ɛɏůɞɡ 

Ůɜɑůɢɡůɖɠ, Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ əŬɘ Űɞɡ ůɡůŰɐɛŬŰɞɠ ɓɞɡɚəŬɜɘůɛɞɨ. ũɘŬ ɧɚŬ ŰŬ ɡˊɧ ɛŮɚɏŰɖ 

ɜŬɜɞůɨɜɗŮŰŬ ůŮ ŬɜŬɚɞɔɑŬ 2phr, əŬŰŬɔɟɎűŮŰŬɘ ŬɡɝɖŰɘəɐ ŰɎůɖ Űɞɡ ŮɛɓŬŭɞɨ ɛŮ Űɞ ɢɟɧɜɞ. ɆŮ 

ŬɜŬɚɞɔɑŬ 5phr ŰŬ ɜŬɜɞůɨɜɗŮŰŬ Nan116/PDMS ůɡɜŮɢɑɕɞɡɜ ɜŬ ŭɟɞɡɜ ŮɜɘůɢɡŰɘəɎ ůŰɞ 

ɓɞɡɚəŬɜɘůɛɧ, ŬɜŰɑɗŮŰŬ ɖ ŮɘůŬɔɤɔɐ Űɞɡ Cloisite 20A əŬɘ Cloisite 30B ŭŮɑɢɜŮɘ ɜŬ ŭɟŬ 

ˊŬɟŮɛˊɞŭɘůŰɘəɎ ůŰɖɜ Ůɝɏɚɘɝɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ Ŭˊɧ ŰŬ ˊɟɩŰŬ əɘɧɚŬɠ ɚŮˊŰɎ. ȼ ɛŮɑɤůɖ ůŰɞɜ 

ŮɛɓŬŭɧɜ Űɖɠ əɞɟɡűɐɠ ˊɞɡ ŭɘŬˊɘůŰɩɜŮŰŬɘ əŬŰɎ Űɞ ɓɞɡɚəŬɜɘůɛɧ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ Űɞɡ 

Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ (Cloisite 30B əŬɘ Cloisite 20A) ŬˊɞŭɑŭŮŰŬɘ ˊɘɗŬɜɎ ůŮ 

ɡŭɟɞɚɡŰɘəɞɨɠ ɛɖɢŬɜɘůɛɞɨɠ, ˊɞɡ ŬɜŬˊŰɨůůɞɜŰŬɘ ŰŬɡŰɧɢɟɞɜŬ ɛŮ Űɘɠ ŬɜŰɘŭɟɎůŮɘɠ 

ɓɞɡɚəŬɜɘůɛɞɨ, əŬɘ ˊɟɞɏɟɢɞɜŰŬɘ Ŭˊɧ ŰŬ ɡŭɟɞɝɨɚɘŬ Űɖɠ ɢɖɛɘəɐɠ ůɨůŰŬůɖɠ Űɤɜ ˊɚŬəɘŭɑɤɜ 

əŬɗɩɠ əŬɘ ɚɧɔɤ Űɞɡ Ŭɡɝɖɛɏɜɞɡ ɡŭɟɧűɘɚɞɡ ɢŬɟŬəŰɐɟŬ ˊɞɡ ɏɢŮɘ Űɞ ɛɏůɞ Ůɜɑůɢɡůɖɠ. Ⱥˊɑůɖɠ 

űŬɘɜɧɛŮɜŬ ˊɟɞůɟɧűɖůɖɠ əŬɘ Ůˊɞɛɏɜɤɠ ŭɏůɛŮɡůɖɠ Űɞɡ əŬŰŬɚɨŰɖ ɐ/əŬɘ Űɞɡ ɛɏůɞɡ 

ŭɘŬůŰŬɨɟɤůɖɠ ŮɑɜŬɘ ˊɘɗŬɜɧ ɜŬ ŭɘŬɛɞɟűɩɜɞɡɜ Űɖ ůɡɛˊŮɟɘűɞɟɎ ˊɞɡ ˊɟɞŬɜŬűɏɟɗɖəŮ əŬŰɎ Űɖ 

ůəɚɐɟɡɜůɖ Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ ɛŮ ɛɖɢŬɜɘůɛɧ ˊɟɞůɗɐəɖɠ.  
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7.1 ȺɘůŬɔɤɔɐ 

 

ɆŰɞ ˊŬɟɧɜ əŮűɎɚŬɘɞ ˊŬɟŬŰɑɗŮɜŰŬɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ɏɟŮɡɜŬɠ ɛŮ ŮɜŭɘŬűɏɟɞɜ ůŰɖɜ 

ŮˊɑŭɟŬůɖ ŬɜɧɟɔŬɜɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ůŰɖɜ ŭɞɛɐ əŬɘ ůŰŬ ɗŮɟɛɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɤɜ 

ɜŬɜɞůɡɜɗɏŰɤɜ ˊɞɚɡůɘɚɞɝɎɜɖɠ ůɡɛˊɨəɜɤůɖɠ əŬɘ ˊɟɞůɗɐəɖɠ. Ɇəɞˊɧɠ Űɞɡ əŮűŬɚŬɑɞɡ ŬɡŰɞɨ 

ŮɑɜŬɘ Ŭˊɧ Űɞ ɢŬɟŬəŰɖɟɘůɛɧ Űɖɠ ŭɞɛɐɠ Űɞɡ ɓɞɡɚəŬɜɘůɛɏɜɞɡ ŮɚŬůŰɞɛŮɟɞɨɠ ůŰŬ ŭɘɎűɞɟŬ 

ɜŬɜɞůɨɜɗŮŰŬ ɜŬ ɔɑɜŮɘ ůɡůɢɏŰɘůɖ ɛŮ Űɘɠ ɛŮŰɟɞɨɛŮɜŮɠ ɘŭɘɧŰɖŰŮɠ. ȷˊɧ Űɖɜ ɛŮɚɏŰɖ ŬɡŰɐ ɛŮ 

əŬŰɎɚɚɖɚɞ ɏɚŮɔɢɞ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ Űɞɡ ůɡůŰɐɛŬŰɞɠ: Űɨˊɞɠ əŬɘ ɛɞɟɘŬəɧ ɓɎɟɞɠ ůɘɚɘəɧɜɖɠ, 

Űɨˊɞɠ əŬɘ ˊɞůɞůŰɧ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ, ɗŬ əŬŰŬůŰŮɑ ŮűɘəŰɧɠ ɞ ůɢŮŭɘŬůɛɧɠ ɜŬɜɞůɡɜɗɏŰɤɜ 

ɛŮ əŬŰɎɚɚɖɚŮɠ ɔɘŬ Űɘɠ ŭɘɎűɞɟŮɠ ŮűŬɟɛɞɔɏɠ ɘŭɘɧŰɖŰŮɠ. ȰɛűŬůɖ ɗŬ ŭɞɗŮɑ ůŰɘɠ əɟɑůɘɛŮɠ 

ɘŭɘɧŰɖŰŮɠ ɓɘɞɥŬŰɟɘəɩɜ ŮűŬɟɛɞɔɩɜ ˊɞɡ ŬˊɞŰŮɚŮɑ Űɞ ŬɜŰɘəŮɑɛŮɜɞ Űɞɡ ŮˊɧɛŮɜɞɡ əŮűŬɚŬɑɞɡ.  

ɉɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ŰɟŮɑɠ ŭɘŬűɞɟŮŰɘəɏɠ ɛɐŰɟŮɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ ɛŮ ŬəɟŬɑŮɠ ɡŭɟɞɝɡɚɘəɏɠ 

ɞɛɎŭŮɠ (ˊɞɚɡůɘɚɞɝɎɜɖ ůɡɛˊɨəɜɤůɖɠ), ɢŬɛɖɚɞɨ, ɛŮůŬɑɞɡ əŬɘ ɡɣɖɚɞɨ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ 

ŬɜŰɑůŰɞɘɢŬ (LMW, MMW, HMW), ɛɑŬ ɛɐŰɟŬ ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ ɢŬɛɖɚɞɨ əŬɘ ɛɘŬ 

ɡɣɖɚɧŰŮɟɞɡ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ. ɇŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɐŰŬɜ ŭɨɞ Űɨˊɞɘ 

ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ ɛŮ ɞɟɔŬɜɘəɐ Űɟɞˊɞˊɞɑɖůɖ Űɞɡ ŭɘŬɘɗɡɚ-

ŰŮŰŬɟŰɞŰŬɔɞɨɠ Ŭɛɛɤɜɑɞɡ ɛŮ ɡŭɟɞɔɞɜɤɛɏɜɖ ŬɚŮɘűŬŰɘəɐ ŬɚɡůɑŭŬ (Cloisite 20A) əŬɘ ɛŮɗɡɚ, 

ŭɘŬɘɗɡɚɞɚ-ŰŮŰŬɟŰɞŰŬɔɞɨɠ Ŭɛɛɤɜɑɞɡ ɛŮ ŬɚŮɘűŬŰɘəɐ ŬɚɡůɑŭŬ (Cloisite 30B), ɏɜŬɠ ɛɖ 

Űɟɞˊɞˊɞɘɖɛɏɜɞɠ (Nanofil 116), ɜŬɜɞůɤɛŬŰɑŭɘŬ ɡŭɟɞɝɡŬˊŬŰɑŰɖ (HA), ůɤɛŬŰɑŭɘŬ 

ɓɘɞŭɟŬůŰɘəɐɠ ɨŬɚɞɡ əŬɘ Űɏɚɞɠ ŰɟɞˊɞˊɞɘɖɛɏɜŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ ɛŮ 

ŭɘɛŮɗɡɚ-ŭɘɢɚɤɟɞůɘɚɎɜɘɞ (Aerosil R972). ȼ ɛŮɚɏŰɖ Űɖɠ ŭɞɛɐɠ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ 

ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛŮ Űɖ ɓɞɐɗŮɘŬ Űɖɠ ˊŮɟɑɗɚŬůɖɠ ŬəŰɑɜɤɜ ɉ. ȷəɞɚɞɨɗɖůŮ ɛŮɚɏŰɖ Űɤɜ 

ɗŮɟɛɘəɩɜ ɘŭɘɞŰɐŰɤɜ ɛŮ Űɖ ɓɞɐɗŮɘŬ Űɖɠ ɗŮɟɛɞɓŬɟɡɛŮŰɟɘəɐɠ ŬɜɎɚɡůɖɠ (TGA) əŬɘ ɛŮɚŮŰɐɗɖəŮ 

ɖ əɘɜɖŰɘəɐ Űɖɠ əŬɨůɖɠ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ əŬɘ ŮɝŮŰɎůŰɖəŮ ɖ ŮˊɑŭɟŬůɖ Űɤɜ ŭɘŬűɞɟŮŰɘəɩɜ 

Űɨˊɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ůŰɞ ɛɖɢŬɜɘůɛɧ ɗŮɟɛɘəɐɠ Ŭˊɞŭɧɛɖůɖɠ Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ. ɆŰɖɜ 

ůɡɜɏɢŮɘŬ ɛŮɚŮŰɐɗɖəŬɜ ɞɘ ɗŮɟɛɘəɏɠ ɛŮŰŬˊŰɩůŮɘɠ ɛɏůɤ Űɖɠ ŭɘŬűɞɟɘəɐɠ ɗŮɟɛɘŭɞɛŮŰɟɑŬɠ 

ůɎɟɤůɖɠ (DSC). 
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7.2 ȷɜɎɚɡůɖ ɛŮ ˊŮɟɑɗɚŬůɖ ŬəŰɑɜɤɜ ɉ 

 

 

Ƀ ɢŬɟŬəŰɖɟɘůɛɧɠ ɛŮ ˊŮɟɑɗɚŬůɖ ŬəŰɑɜɤɜ ɉ (XRD) ɓŬůɑɕŮŰŬɘ ůŰɞ ɔŮɔɞɜɧɠ ɧŰɘ ɖ ŰŬəŰɘəɐ 

ˊɞɚɡůŰɟɤɛŬŰɘəɐ ŭɞɛɐ Űɤɜ ɞɟɡəŰɩɜ Ŭɟɔɑɚɤɜ ŮˊɘŰɟɏˊŮɘ Űɞɜ ˊɟɞůŭɘɞɟɘůɛɧ Űɞɡ ˊɎɢɞɡɠ, d, Űɞɡ 

ŮɜŭɘɎɛŮůɞɡ ůŰɟɩɛŬŰɞɠ ɛɏůɤ Űɖɠ ůɢɏůɖɠ Űɞɡ Bragg:  

    ql sin**2 dn =       Ůɝ. 7.1 

ȳˊɞɡ: n ŬəɏɟŬɘɞɠ Ŭɟɘɗɛɧɠ, ɚ ŮɑɜŬɘ Űɞ ɛɐəɞɠ əɨɛŬŰɞɠ Űɤɜ ŬəŰɑɜɤɜ ɉ əŬɘ ɗ ɖ ɔɤɜɑŬ 

ˊŮɟɑɗɚŬůɖɠ.  

ȼ ŭɘŮɑůŭɡůɖ Űɤɜ ˊɞɚɡɛŮɟɘəɩɜ Ŭɚɡůɑŭɤɜ ŮɜŭɘɎɛŮůŬ Űɤɜ űɡɚɚɞˊɡɟɘŰɘəɩɜ ˊɚŬəɘŭɑɤɜ 

ˊɟɞəŬɚŮɑ Ŭɨɝɖůɖ Űɞɡ ŮɜŭɘɎɛŮůɞɡ ˊɎɢɞɡɠ ɛŮŰŬɝɨ Űɤɜ ůŰɟɤɛɎŰɤɜ, ɛŮ ŬˊɞŰɏɚŮůɛŬ ɖ Ŭɟɢɘəɐ 

əɞɟɡűɐ ˊŮɟɑɗɚŬůɖɠ Űɖɠ ɞɟɡəŰɐɠ Ŭɟɔɑɚɞɡ ɜŬ ɛŮŰŬŰɞˊɑɕŮŰŬɘ ˊɟɞɠ ɢŬɛɖɚɧŰŮɟŮɠ ɔɤɜɑŮɠ, ɗ. ɆŰɖɜ 

ˊɚɐɟɤɠ ŭɘŬůˊŬɟɛɏɜɖ ŭɞɛɐ, ŭŮɜ ˊŬɟŬŰɖɟŮɑŰŬɘ əɞɟɡűɐ ˊŮɟɑɗɚŬůɖɠ, ŮɑŰŮ ɚɧɔɤ Űɖɠ ˊɚɐɟɞɡɠ 

ŬŰŬɝɑŬɠ Űɖɠ ŭɞɛɐɠ Űɞɡɠ, ŮɑŰŮ ɚɧɔɤ Űɖɠ ɛŮɔɎɚɖɠ ŬˊɧůŰŬůɖɠ ŬɜɎɛŮůŬ ůŰŬ ŬɟɔɘɚɘəɎ ˊɚŬəɑŭɘŬ. 

ɆŰɖɜ ɛŮɟɘəɩɠ ŭɘŮůˊŬɟɛɏɜɖ ŭɞɛɐ, ɖ əɞɟɡűɐ ˊŮɟɑɗɚŬůɖɠ ɛŮŰŬˊɑˊŰŮɘ ůŮ ɢŬɛɖɚɧŰŮɟŮɠ ɔɤɜɑŮɠ ɛŮ 

ɛɘəɟɧŰŮɟɖ ɏɜŰŬůɖ, Ůɜɩ ůŰɖɜ ŭɞɛɐ Űɞɡ ɛɘəɟɞůɡɜɗɏŰɞɡ, ŭŮɜ ˊŬɟŬŰɖɟŮɑŰŬɘ ɛŮŰŬŰɧˊɘůɖ Űɖɠ 

əɞɟɡűɐɠ. Ⱥˊɑůɖɠ, ɖ ɏɜŰŬůɖ Űɖɠ ŮɝŮŰŬɕɧɛŮɜɖɠ əɞɟɡűɐɠ ůɡɜŭɏŮŰŬɘ ɛŮ Űɞɜ Ŭɟɘɗɛɧ Űɤɜ 

ˊɚŬəɘŭɑɤɜ Űɖɠ ɞɟɡəŰɐɠ Ŭɟɔɑɚɞɡ ŰŬ ɞˊɞɑŬ ŭŮɜ ɏɢɞɡɜ ɡˊɞůŰŮɑ ŮɛűɤɚɘŬůɛɧ ɐ Ŭˊɞűɞɚɑŭɤůɖ. 

 

 

7.2.1 ɁŬɜɞůɨɜɗŮŰŬ ˊɞɚɡůɘɚɞɝɎɜɖɠ ůɡɛˊɨəɜɤůɖɠ ɢŬɛɖɚɞɨ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ (LMW PDMS) 

 ɇŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ Űɞɡ Cloisite 20A, ˊŬɟɞɡůɘɎɕɞɡɜ ŰɟŮɘɠ əɞɟɡűɏɠ ɞɘ ɞˊɞɑŮɠ 

ŬɜŰɘůŰɞɘɢɞɨɜ ůŮ ɔɤɜɑŮɠ 2ɗ 3.93
ɞ
, 5.16

ɞ
 əŬɘ 7.57

ɞ
 əŬɘ ůŮ ɏɜŰŬůɖ 850, 339 əŬɘ 82.7 ŬɜŰɑůŰɞɘɢŬ, 

Ůɜɩ ŰŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ Űɞɡ Cloisite 30B ˊŬɟɞɡůɘɎɕɞɡɜ ɛɘŬ əɞɟɡűɐ ɖ ɞˊɞɑŬ ŬɜŰɘůŰɞɘɢŮɑ ůŮ 

ɔɤɜɑŬ 2ɗ ɑůɖ ɛŮ 5.07
ɞ
 əŬɘ ɏɜŰŬůɖ 1470. 
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ɆɢɐɛŬ 7.1: ȹɘɎɔɟŬɛɛŬ XRD ɜŬɜɞůɡɜɗɏŰɤɜ Ŭ) Cloisite 20A, əŬɘ ɓ) Cloisite 30B/LMW PDMS ůɡɛˊɨəɜɤůɖɠ. 
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ɄɑɜŬəŬɠ 7.1: ɉŬɟŬəŰɖɟɘůŰɘəɎ əɞɟɡűɐɠ XRD ɔɘŬ Űɞɡɠ ŮɝŮŰŬɕɧɛŮɜɞɡɠ Űɨˊɞɡɠ ɜŬɜɞůɡɜɗɏŰɤɜ LMW 

PDMS ůɡɛˊɨəɜɤůɖɠ. 

LMW PDMS 

(phr)  

d (¡) 2ɗ (
o
) ȰɜŰŬůɖ 

Cl20A Cl30B Cl20A Cl30B Cl20A Cl30B 

1 ī ī ī ī ī ī 

2 ī ī ī ī ī ī 

3.5 ī ī ī ī ī ī 

5 ī ī ī ī ī ī 

8 ī 18.81 ī 4.69 ī 86 

10 ī 17.09 ī 5.16 ī 61 

ɀɀɇ 22.49 17.43 3.93 5.07 850 1470 

 

ɆɨɛűɤɜŬ ɛŮ Űɞ űɎůɛŬ Űɞɡ ɆɢɐɛŬŰɞɠ 7.1Ŭ əŬɘ 7.1ɓ ŭŮɜ ŭɘŬˊɘůŰɩɜŮŰŬɘ ŮɛűŬɜɐɠ əɞɟɡűɐ 

ůŮ ɧɚŮɠ Űɘɠ ŮɝŮŰŬɕɧɛŮɜŮɠ ŬɜŬɚɞɔɑŮɠ Űɞɡ Cloisite 20A, əŬɘ ɔɘŬ ŬɜŬɚɞɔɑŮɠ ɏɤɠ 5phr Cloisite 

30B, ɔŮɔɞɜɧɠ ˊɞɡ ˊɘɗŬɜɧɜ ɞűŮɑɚŮŰŬɘ ůŰɖɜ ˊɚɐɟɖ ŭɘŬůˊɞɟɎ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ůŰɖɜ 

ˊɞɚɡůɘɚɞɝɎɜɖ 
[1]
. ɆŮ ŬɜŬɚɞɔɑŬ 8 əŬɘ 10phr Cloisite 30B ŭɘŬˊɘůŰɩɜŮŰŬɘ ɛɘŬ ɛɘəɟɐɠ ɏɜŰŬůɖɠ 

əɞɟɡűɐ ɛŮ ŮɚŬűɟɎ ɛŮŰŬŰɧˊɘůɖ, ɔŮɔɞɜɧɠ ˊɞɡ ˊɘɗŬɜɧɜ ɞűŮɑɚŮŰŬɘ ůŮ űɘɚɑŭɘŬ ˊɞɡ ŭŮɜ ɏɢɞɡɜ 

ˊɚɐɟɤɠ ŬˊɞűɞɚɘŭɤɗŮɑ.  

ũɘŬ Űɖɜ ˊŮɟŬɘŰɏɟɤ ɛŮɚɏŰɖ Űɖɠ ŭɞɛɐɠ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ ˊɞɚɡůɘɚɞɝɎɜɖɠ ɢŬɛɖɚɞɨ 

ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ, ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ɛŮŰɟɐůŮɘɠ ɛɏůɤ Űɖɠ ɖɚŮəŰɟɞɜɘəɐɠ ɛɘəɟɞůəɞˊɑŬɠ 

ůɎɟɤůɖɠ ůŮ Űɞɛɏɠ ŭŮɘɔɛɎŰɤɜ ˊɞɡ ŮˊɘɢɟɡůɩɗɖəŬɜ. ɆŰɞ ɆɢɐɛŬ 7.3 əŬɘ 7.4, ŭɘŬˊɘůŰɩɜɞɜŰŬɘ 

ůɤɛŬŰɑŭɘŬ ɛŮ ŭɘŬůŰɎůŮɘɠ ůŰɖɜ əɚɑɛŬəŬ Űɤɜ ɜŬɜɞɛɏŰɟɤɜ, ŰŬ ɞˊɞɑŬ ŮɑɜŬɘ ˊɘɗŬɜɧɜ ŬɟɔɘɚɘəɎ 

űɘɚɑŭɘŬ ˊɞɡ ɏɢɞɡɜ ŬˊɞůŰɟɤɛŬŰɞˊɞɘɖɗŮɑ ˊɚɐɟɤɠ. ȼ ůɡɛˊŮɟɘűɞɟɎ ŬɡŰɐ ŮˊɘɓŮɓŬɘɩɜŮɘ əŬɘ ŰŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ˊŮɟɑɗɚŬůɖɠ ŬəŰɑɜɤɜ ɉ, ɧˊɞɡ əŬɘ ůŰɘɠ ŭɨɞ ˊŮɟɘˊŰɩůŮɘɠ ŭŮɜ ŮɑɢŮ 

ŭɘŬˊɘůŰɤɗŮɑ əɞɟɡűɐ ˊŮɟɑɗɚŬůɖɠ, ɔŮɔɞɜɧɠ ˊɞɡ ŬˊŮŭɧɗɖ ůŰɖɜ ˊɚɐɟɖ ŭɘŬůˊɞɟɎ Űɤɜ 

ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ůŰɖɜ ɛɎɕŬ Űɞɡ ŮɚŬůŰɞɛŮɟɞɨɠ. ɆŰɞ ɆɢɐɛŬ 7.5, ŭɘŬˊɘůŰɩɜŮŰŬɘ ŮɛűŬɜɩɠ ɖ 

ˊŬɟɞɡůɑŬ ůɡůůɤɛŬŰɤɛɎŰɤɜ ɡŭɟɞɝɡŬˊŬŰɑŰɖ ůŰɖɜ ɛɎɕŬ Űɞɡ ŮɚŬůŰɞɛŮɟɞɨɠ. ɇŬ 

ůɡůůɤɛŬŰɩɛŬŰŬ Űɞɡ ɡŭɟɞɝɡŬˊŬŰɑŰɖ ŮɑɜŬɘ ɔɜɤůŰɧ ˊɟɧɓɚɖɛŬ ˊɞɡ ůɡɜŬɜŰɎŰŬɘ ůŰɖɜ ˊŬɟŬɔɤɔɐ 

ůɡɜɗɏŰɤɜ Űɞɡ. Ƀɘ ŬŰɏɚŮɘŮɠ ˊɞɡ ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ ůŰɖ ŭɞɛɐ Űɞɡ ɜŬɜɞůɡɜɗɏŰɞɡ ɏɢɞɡɜ ɤɠ 

ŬˊɞŰɏɚŮůɛŬ Űɖɜ ɡˊɞɓɎɗɛɘůɖ Űɤɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ. ȷɜŰɑɗŮŰŬ, ŰŬ ůɤɛŬŰɑŭɘŬ Űɞɡ 

Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ (ɆɢɐɛŬ 7.6), ɞŭɖɔɞɨɜ ůŮ ɛŮɔŬɚɨŰŮɟɖɠ ɏəŰŬůɖɠ 

ŭɘŬůˊɞɟɎ, ˊɘɗŬɜɧɜ ɚɧɔɤ Űɖɠ Ŭɡɝɖɛɏɜɖɠ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ ɛŮŰŬɝɨ Űɖɠ Űɟɞˊɞˊɞɑɖůɖɠ əŬɘ Űɤɜ 

Ŭɚɡůɑŭɤɜ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ. 

 
ɆɢɐɛŬ 7.2: ɇɞɛɏɠ ɛɖ Ůɜɘůɢɡɛɏɜɖɠ LMW PDMS ůɡɛˊɨəɜɤůɖɠ Ŭ) 600x, ɓ) 3000x əŬɘ ɔ) 10000x.  

http://en.wikipedia.org/wiki/%C3%85
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ɆɢɐɛŬ 7.3: ɇɞɛɏɠ ɜŬɜɞůɡɜɗɏŰɤɜ 5phr Cloisite 20A/LMW PDMS ůɡɛˊɨəɜɤůɖɠ Ŭ) 600x, ɓ) 3000x 

əŬɘ ɔ) 10000x.  

 

ɆɢɐɛŬ 7.4: ɇɞɛɏɠ ɜŬɜɞůɡɜɗɏŰɤɜ 5phr Cloisite 30B/LMW PDMS ůɡɛˊɨəɜɤůɖɠ Ŭ) 2000x, ɓ) 5000x 

əŬɘ ɔ) 20000x. 

 
ɆɢɐɛŬ 7.5: ɇɞɛɏɠ ɜŬɜɞůɡɜɗɏŰɤɜ 5phr HA/LMW PDMS ůɡɛˊɨəɜɤůɖɠ Ŭ) 1000x, ɓ) 5000x əŬɘ ɔ) 

5000x.  

 
ɆɢɐɛŬ 7.6: ɇɞɛɏɠ ɜŬɜɞůɡɜɗɏŰɤɜ 5phr Aerosil R972/LMW PDMS ůɡɛˊɨəɜɤůɖɠ Ŭ) 800x, ɓ) 

3000x əŬɘ ɔ) 20000x. 
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7.2.2 ɁŬɜɞůɨɜɗŮŰŬ ˊɞɚɡůɘɚɞɝɎɜɖɠ ůɡɛˊɨəɜɤůɖɠ ɛŮůŬɑɞɡ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ (ɀMW PDMS) 

 ȷˊɧ Űɞ ŭɘɎɔɟŬɛɛŬ ˊŮɟɑɗɚŬůɖɠ ŬəŰɑɜɤɜ ɉ (ɆɢɐɛŬ 7.7Ŭ) əŬɘ Ŭˊɧ Űɞɜ ɄɑɜŬəŬ 7.2, 

ˊɟɞəɨˊŰŮɘ ɧŰɘ ɔɘŬ Űɘɠ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ 1 əŬɘ 2phr Cloisite 20A ŭŮɜ ˊŬɟŬŰɖɟŮɑŰŬɘ əŬɛɑŬ 

əɞɟɡűɐ ˊŮɟɑɗɚŬůɖɠ, Ůɜɩ ŬɜŰɑɗŮŰŬ ůŮ ɡɣɖɚɧŰŮɟŮɠ ŬɜŬɚɞɔɑŮɠ ŭɘŬˊɘůŰɩɜŮŰŬɘ ɛŮŰŬŰɧˊɘůɖ Űɖɠ 

əɞɟɡűɐɠ ůŮ ɛɘəɟɧŰŮɟŮɠ ɔɤɜɑŮɠ ɛŮ ɢŬɛɖɚɧŰŮɟɖ ɏɜŰŬůɖ. ũɘŬ Űɘɠ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ 3.5phr əŬɘ 

5phr ŭɘŬˊɘůŰɩɜŮŰŬɘ ɛɑŬ əɞɟɡűɐ ɛŮ ɔɤɜɑŬ əŬɘ ɏɜŰŬůɖ ɛɘəɟɧŰŮɟɖ Ŭˊɧ Űɖɜ ŬɜŰɑůŰɞɘɢɖ Űɖɠ 

ˊɟɩŰɖɠ əɞɟɡűɐɠ Űɞɡ Cloisite 20A, Ůɜɩ ɔɘŬ Űɖɜ ŬɜŬɚɞɔɑŬ 8 əŬɘ 10phr ˊŬɟŬŰɖɟɞɨɜŰŬɘ ŭɨɞ 

əɞɟɡűɏɠ ůŮ ɔɤɜɑŮɠ əŬɘ ŮɜŰɎůŮɘɠ Ůˊɑůɖɠ ɛɘəɟɧŰŮɟŮɠ ůŮ ůɢɏůɖ ɛŮ Űɘɠ ŬɜŰɑůŰɞɘɢŮɠ Űɖɠ ˊɟɩŰɖɠ 

əŬɘ ŰɟɑŰɖɠ əɞɟɡűɐɠ Űɞɡ Cloisite 20A.  
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ɆɢɐɛŬ 7.7: ȹɘɎɔɟŬɛɛŬ XRD ɜŬɜɞůɡɜɗɏŰɤɜ Ŭ) 

Cloisite 20A, ɓ) Cloisite 30B əŬɘ ɔ) 

Nanofil116/MMW PDMS ůɡɛˊɨəɜɤůɖɠ. 

ɄɑɜŬəŬɠ 7.2: ɉŬɟŬəŰɖɟɘůŰɘəɎ əɞɟɡűɐɠ XRD ɔɘŬ Űɞɡɠ ŮɝŮŰŬɕɧɛŮɜɞɡɠ Űɨˊɞɡɠ ɜŬɜɞůɡɜɗɏŰɤɜ MMW 

PDMS ůɡɛˊɨəɜɤůɖɠ. 

MMW 

PDMS 

(phr)  

d (¡) 2ɗ (
o
) ȰɜŰŬůɖ 

Cl20A Cl30B Nan116 Cl20A Cl30B Nan116 Cl20A Cl30B Nan116 

1 ī 17.60 ī ī 5.02 ī ī 64.8 ī 

2 ī 18.45 ī ī 4.79 ī ī 67.6 ī 

3.5 ī 17.60 ī ī 5.02 ī ī 78.4 ī 

5 28.46 17.96 ī 3.10 4.92 ī 183 158 ī 

8 29.78 17.81 12.06 2.97 4.96 7.33 302 234 62.4 

10 30.43 18.23 12.11 2.90 4.84 7.29 432 292 49.3 

ɀɀɇ 22.49 17.43 11.82 3.93 5.07 7.48 850 1470 109 

http://en.wikipedia.org/wiki/%C3%85
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ȼ ɛŮŰŬŰɧˊɘůɖ Űɤɜ əɞɟɡűɩɜ ůŮ ɛɘəɟɧŰŮɟŮɠ ɔɤɜɑŮɠ ɔɘŬ Űɘɠ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ 5, 8 əŬɘ 

10phr ɡˊɞŭŮɘəɜɨŮɘ ŭɘɎɜɞɘɝɖ Űɤɜ űɘɚɘŭɑɤɜ Űɖɠ Ŭɟɔɑɚɞɡ, Ŭɨɝɖůɖ Űɞɡ ˊɎɢɞɡɠ Űɤɜ ŭɘɎəŮɜɤɜ əŬɘ 

Ůɘůɢɩɟɖůɖ Űɤɜ ˊɞɚɡɛŮɟɘəɩɜ Ŭɚɡůɑŭɤɜ ŮɜŰɧɠ ŬɡŰɩɜ 
[2, 3]
. ɆɡɜŮˊɩɠ, ůɨɛűɤɜŬ ɛŮ Űɖ ɛɏɗɞŭɞ 

Űɖɠ ˊŮɟɑɗɚŬůɖɠ ŬəŰɑɜɤɜ ɉ ɔɘŬ Űɘɠ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ 1, 2 əŬɘ 3.5phr Cloisite 20A ɏɢɞɡɜ 

ŮˊɘŰŮɡɢɗŮɑ ɛɘəŰɏɠ ŭɞɛɏɠ ɛŮ Űɞ ɛŮɔŬɚɨŰŮɟɞ ˊɞůɞůŰɧ ŬɡŰɩɜ ůŮ Ŭˊɞűɞɚɘŭɤɛɏɜɖ ŭɞɛɐ, Ůɜɩ ɔɘŬ 

Űɘɠ 5, 8 əŬɘ 10phr ɛɘəŰɏɠ ŭɞɛɏɠ ɛŮ Űɞ ɛŮɔŬɚɨŰŮɟɞ ˊɞůɞůŰɧ Űɖɠ Ŭɟɔɑɚɞɡ ɓɟɑůəŮŰŬɘ ůŮ ŭɞɛɐ 

ůɡɛɓŬŰɘəɞɨ ůɡɜɗɏŰɞɡ əŬɘ ŮɛűɤɚɘŬůɛɏɜɖɠ ŭɞɛɐɠ. ȼ ŮɘůŬɔɤɔɐ Űɞɡ Cloisite 30B, ɞŭɖɔŮɑ 

ˊɘɗŬɜɧɜ ůŮ ɛɘəŰɏɠ ŭɞɛɏɠ ɔɘŬ ɧɚŮɠ Űɘɠ ŮɝŮŰŬɕɧɛŮɜŮɠ ŬɜŬɚɞɔɑŮɠ, ɛŮ Űɖɜ ˊŬɟɞɡůɑŬ 

ŮɛűɤɚɘŬůɛɏɜɖɠ ŭɞɛɐɠ ɜŬ ɡˊŮɟŰŮɟŮɑ ɏɜŬɜŰɘ Űɖɠ ˊɚɐɟɞɡɠ ŭɘŮůˊŬɟɛɏɜɖɠ ŭɞɛɐɠ (ɆɢɐɛŬ 7.7ɓ). 

ȾŬɘ ůŮ ŬɡŰɐ Űɖɜ ˊŮɟɑˊŰɤůɖ ɖ əɞɟɡűɐ ˊŮɟɑɗɚŬůɖɠ ɛŮŰŬˊɑˊŰŮɘ ůŮ ɢŬɛɖɚɧŰŮɟɖ ɏɜŰŬůɖ ɧůɞ 

ɛŮɘɩɜŮŰŬɘ ɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ əŬɘ ɛŮŰŬŰɞˊɑɕŮŰŬɘ ůŮ ŮɚŬűɟɩɠ ɛɘəɟɧŰŮɟŮɠ 

ɔɤɜɑŮɠ (ɆɢɐɛŬ 7.7ɓ əŬɘ ɄɑɜŬəŬɠ 7.2). ɇŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ Űɞɡ Nanofil 116 ŮɛűŬɜɑɕɞɡɜ 

əɞɟɡűɐ ůŮ ɔɤɜɑŬ 2ɗ ɑůɖ ɛŮ 7.48
ɞ
 ɛŮ ɛɘəɟɐ ɏɜŰŬůɖ. ȷˊɧ Űɞ űɎůɛŬ ˊŮɟɑɗɚŬůɖɠ ŬəŰɑɜɤɜ ɉ 

(ɆɢɐɛŬ 7.7ɔ) əŬɘ Űɞɜ ɄɑɜŬəŬ 7.2, ŭɘŬˊɘůŰɩɜŮŰŬɘ ɧŰɘ ɖ ŮɘůŬɔɤɔɐ ůŮ ŬɜŬɚɞɔɑŮɠ 1, 2, 3.5 əŬɘ 

5phr Nanofil 116 ůŰɖɜ ˊɞɚɡůɘɚɞɝɎɜɖ ŭŮɜ ˊŬɟɞɡůɘɎɕŮɘ əɞɟɡűɐ. ɇɞ ɔŮɔɞɜɧɠ ŬɡŰɧ ŮɑɜŬɘ 

ŬɜŬɛŮɜɧɛŮɜɞ, ŭŮŭɞɛɏɜɞɡ Űɖɠ ɢŬɛɖɚɐɠ ɏɜŰŬůɖɠ Ŭˊɞɟɟɧűɖůɖɠ Űɞɡ Nanofil 116 əŬɘ Űɖɠ 

ɢŬɛɖɚɐɠ ˊŮɟɘŮəŰɘəɧŰɖŰɎɠ Űɞɡ ůŰɘɠ ˊŬɟŬˊɎɜɤ ŬɜŬɚɞɔɑŮɠ ɜŬɜɞůɡɜɗɏŰɤɜ. Ƀɘ ɛŮɔŬɚɨŰŮɟŮɠ 

ŬɜŬɚɞɔɑŮɠ, 8 əŬɘ 10phr, ŮɛűŬɜɑɕɞɡɜ əɞɟɡűɐ, ɖ ɞˊɞɑŬ ɛŮŰŬŰɞˊɑɕŮŰŬɘ ŬɜŮˊŬɑůɗɖŰŬ ůŮ 

ɛɘəɟɧŰŮɟɖ ɔɤɜɑŬ əŬɘ ůŮ ɢŬɛɖɚɧŰŮɟɖ ɏɜŰŬůɖ.  

 

7.2.3 ɁŬɜɞůɨɜɗŮŰŬ ˊɞɚɡůɘɚɞɝɎɜɖɠ ůɡɛˊɨəɜɤůɖɠ ɡɣɖɚɞɨ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ (ȼMW PDMS) 

ɆŰɞ ɆɢɐɛŬ 7.8 əŬɘ ůŰɞɜ ɄɑɜŬəŬ 7.3, ˊɟɞəɨˊŰŮɘ ɧŰɘ ɖ ŮɜůɤɛɎŰɤůɖ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ 

ůŰɖɜ ˊɞɚɡůɘɚɞɝɎɜɖ ůɡɛˊɨəɜɤůɖɠ ɡɣɖɚɞɨ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ ɞŭɖɔŮɑ Űɖɜ əɞɟɡűɐ ˊŮɟɑɗɚŬůɖɠ 

ůŮ ɢŬɛɖɚɧŰŮɟɖ ɔɤɜɑŬ əŬɘ ɏɜŰŬůɖ ɔɘŬ ɧɚŮɠ Űɘɠ ŮɝŮŰŬɕɧɛŮɜŮɠ ŬɜŬɚɞɔɑŮɠ Űɧůɞ Űɞɡ Cloisite 20A 

ɧůɞ əŬɘ Űɞɡ Cloisite 30B. ȼ ɛɘəŰɐ ŭɞɛɐ ˊɞɡ ŭɖɛɘɞɡɟɔŮɑŰŬɘ, ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ 

ŮɛűɤɚɘŬůɛɏɜɖ/ŭɘŮůˊŬɟɛɏɜɖ ŭɞɛɐ ɛŮ ɛŮɔŬɚɨŰŮɟɞ ˊɞůɞůŰɧ ŬɡŰɧ Űɖɠ ŮɛűɤɚɘŬůɛɏɜɖɠ ŭɞɛɐɠ, 

ɚɧɔɞ Űɖɠ ˊŬɟɞɡůɑŬɠ əɞɟɡűɐɠ ˊŮɟɑɗɚŬůɖɠ ůŮ ɧɚŮɠ Űɘɠ ɡˊɧ ŮɝɏŰŬůɖ ŬɜŬɚɞɔɑŮɠ.  
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ɆɢɐɛŬ 7.8: ȹɘɎɔɟŬɛɛŬ XRD ɜŬɜɞůɡɜɗɏŰɤɜ Ŭ) Cloisite 20A əŬɘ ɓ) Cloisite 30B/HMW PDMS 

ůɡɛˊɨəɜɤůɖɠ. 

 

 

 



 

 
ȹɃɀȼ ȾȷȽ ŪȺɅɀȽȾȺɆ ȽȹȽɃɇȼɇȺɆ ɁȷɁɃɆɈɁŪȺɇɋɁ ɄɃȿɈɆȽȿɃɂȷɁȼɆ ɆɈɀɄɈȾɁɋɆȼɆ ȾȷȽ ɄɅɃɆŪȼȾȼɆ 

167 

 

ɄɑɜŬəŬɠ 7.3: ɉŬɟŬəŰɖɟɘůŰɘəɎ əɞɟɡűɐɠ XRD ɔɘŬ Űɞɡɠ ŮɝŮŰŬɕɧɛŮɜɞɡɠ Űɨˊɞɡɠ ɜŬɜɞůɡɜɗɏŰɤɜ ȼMW 

PDMS ůɡɛˊɨəɜɤůɖɠ. 

HMW PDMS  

(phr)  

d (¡) 2ɗ (
o
) ȰɜŰŬůɖ 

Cl20A Cl30B Cl20A Cl30B Cl20A Cl30B 

1 - 17.82 - 4.95 - 74.94 

2 - 17.09 - 5.18 - 107 

3.5 28.03 17.13 3.15 5.16 178 69.3 

5 30.56 17.07 2.89 5.17 156 121 

8 28.25 17.08 3.13 5.17 130 120 

10 27.63 17.95 3.20 4.92 190 243 

OMMT 22.49 17.43 3.93 5.07 850 1470 

 

7.2.4 ɁŬɜɞůɨɜɗŮŰŬ ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ ɢŬɛɖɚɞɨ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ (LMW PDMS) 

ɇŬ ůɨɜɗŮŰŬ Űɖɠ ůɘɚɘəɧɜɖɠ ˊɟɞůɗɐəɖɠ ɢŬɛɖɚɞɨ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ ˊŬɟɞɡůɘɎɕɞɡɜ 

ŭɘŬűɞɟɞˊɞɘɐůŮɘɠ ůŮ ůɨɔəɟɘůɖ ɛŮ ŰŬ ŬɜŰɑůŰɞɘɢŬ ůɨɜɗŮŰŬ Űɖɠ ůɘɚɘəɧɜɖɠ ůɡɛˊɨəɜɤůɖɠ. ȼ 

ŮɘůŬɔɤɔɐ Űɞɡ Cloisite 20A əŬɘ Űɞɡ Cloisite 30B ůŰɖɜ ɛɎɕŬ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ, ɞŭɖɔŮɑ ůŮ 

űɎůɛŬŰŬ ɛŮ ŮɛűŬɜɐɠ əɞɟɡűɏɠ ɢŬɛɖɚɧŰŮɟɖɠ ɏɜŰŬůɖɠ, ŮɘŭɘəɧŰŮɟŬ ůŮ ɡɣɖɚɏɠ ŬɜŬɚɞɔɑŮɠ. Ʉɘɞ 

ůɡɔəŮəɟɘɛɏɜŬ, ɔɘŬ ŬɜŬɚɞɔɑŮɠ 8 əŬɘ 10phr Cloisite 20A əŬɘ ɔɘŬ ŬɜŬɚɞɔɑŮɠ 3.5, 5, 8, əŬɘ 10phr 

Cloisite 30B, ˊŬɟŬŰɖɟɞɨɜŰŬɘ əɞɟɡűɏɠ ůŮ ɢŬɛɖɚɧŰŮɟŮɠ ɔɤɜɑŮɠ, ɔŮɔɞɜɧɠ ˊɞɡ ɞŭɖɔŮɑ ůŮ ˊɘɗŬɜɐ 

ˊŬɟɞɡůɑŬ ɛɘəŰɩɜ ŭɞɛɩɜ. ɆŰŬ ɜŬɜɞůɨɜɗŮŰŬ Nanofil116/LMW PDMS ˊɟɞůɗɐəɖɠ, ŭŮɜ 

ŭɘŬˊɘůŰɩɜŮŰŬɘ əɞɟɡűɐ ˊŮɟɑɗɚŬůɖɠ ůŮ əŬɛɑŬ Ŭˊɧ Űɘɠ ɡˊɧ ŮɝɏŰŬůɖ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ, ɚɧɔɤ Űɖɠ 

ɛɘəɟɐɠ Ŭɟɢɘəɐɠ ɏɜŰŬůɖɠ Űɖɠ Ŭɟɔɑɚɞɡ. 
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ɆɢɐɛŬ 7.9: ȹɘɎɔɟŬɛɛŬ XRD ɜŬɜɞůɡɜɗɏŰɤɜ Ŭ) Cloisite 

20A, ɓ) Cloisite 30ȸ əŬɘ ɔ) Nanofil116/LMW PDMS 

ˊɟɞůɗɐəɖɠ. 

http://en.wikipedia.org/wiki/%C3%85
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ɄɑɜŬəŬɠ 7.4: ɉŬɟŬəŰɖɟɘůŰɘəɎ əɞɟɡűɐɠ XRD ɔɘŬ Űɞɡɠ ŮɝŮŰŬɕɧɛŮɜɞɡɠ Űɨˊɞɡɠ ɜŬɜɞůɡɜɗɏŰɤɜ LMW 

PDMS ˊɟɞůɗɐəɖɠ. 

LMW 

PDMS 

(phr)  

d (¡) 2ɗ (
o
) ȰɜŰŬůɖ 

Cl20A Cl30B Nan116 Cl20A Cl30B Nan116 Cl20A Cl30B Nan116 

1 ī ī ī ī ī ī ī ī ī 

2 ī ī ī ī ī ī ī ī ī 

3.5 ī 17.80 ī ī 4.96 ī ī 152 ī 

5 ī 16.66 ī ī 5.17 ī ī 95 ī 

8 22.16 17.07 ī 3.98 5.30 ī 22 195 ī 

10 26.13 17.00 ī 3.38 5.15 ī 26 185 ī 

ɀɀɇ 22.49 17.43 11.82 3.93 5.07 7.48 850 1470 109 

 

7.2.5 ɁŬɜɞůɨɜɗŮŰŬ ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ ɡɣɖɚɞɨ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ (ȼMW PDMS) 

ȷˊɧ Űɞ ɆɢɐɛŬ 7.10 ŭɘŬˊɘůŰɩɜŮŰŬɘ ůɖɛŬɜŰɘəɐ ɛŮɑɤůɖ Űɖɠ ɏɜŰŬůɖɠ Űɖɠ əɞɟɡűɐɠ ůŮ ɧɚŮɠ 

Űɘɠ ŮɝŮŰŬɕɧɛŮɜŮɠ ŬɜŬɚɞɔɑŮɠ, ɛŮ ŰŬɡŰɧɢɟɞɜɖ ɛŮŰŬŰɧˊɘůɖ ˊɟɞɠ ɡɣɖɚɧŰŮɟŮɠ ɔɤɜɑŮɠ. ȼ 

ŮɜůɤɛɎŰɤůɖ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Cloisite 30B, ŭɖɛɘɞɡɟɔŮɑ ˊɘɗŬɜɧɜ ˊɚɐɟɤɠ ŭɘŮůˊŬɟɛɏɜŮɠ 

ŭɞɛɏɠ ɔɘŬ ŬɜŬɚɞɔɑŮɠ ɏɤɠ 3.5phr Ůɜɩ ɛɘəŰɏɠ ŭɞɛɏɠ ŭɖɛɘɞɡɟɔɞɨɜŰŬ ɔɘŬ ŬɜŬɚɞɔɑŮɠ ɛŮɔŬɚɨŰŮɟŮɠ 

Űɤɜ 5phr, ɛŮ Űɖɜ ˊŬɟɞɡůɑŬ ŮɛűɤɚɘŬůɛɏɜɖɠ ŭɞɛɐɠ ɜŬ ɡˊŮɟŰŮɟŮɑ ɏɜŬɜŰɘ Űɖɠ ˊɚɐɟɖɠ 

ŭɘŮůˊŬɟɛɏɜɖɠ ŭɞɛɐɠ. ɆŰɞ ůɖɛŮɑɞ ŬɡŰɧ ˊɟɏˊŮɘ ɜŬ ŬɜŬűŮɟɗŮɑ ɧŰɘ, ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ 

ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊɟɞůɗɐəɖɠ ɡɣɖɚɞɨ ɛɞɟɘŬəɞɨ ɓɎɟɞɠ ɏɢŮɘ ɔɑɜŮɘ ŬɚɚŬɔɐ ůŰɞ ůɨůŰɖɛŬ 

ɓɞɡɚəŬɜɘůɛɞɨ ɩůŰŮ ɜŬ ɝŮˊŮɟŬůŰŮɑ Űɞ ˊɟɧɓɚɖɛŬ Űɖɠ ɛɖ ɞɚɞəɚɐɟɤůɖɠ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ 

ˊŬɟɞɡůɑŬ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ. ȼ ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ ˊɟɞůɗɐəɖɠ ŮɑɜŬɘ ˊŮɟɘůůɧŰŮɟɞ 

ŮɡŬɑůɗɖŰɖ ůŰɖ ˊŬɟɞɡůɑŬ ɝɏɜɤɜ ůɤɛɎŰɤɜ (ŬəŬɗŬɟůɑŮɠ, ɛɏůɞ Ůɜɑůɢɡůɖɠ əɚˊ) ůɡɔəɟɘŰɘəɎ Űɖɠ 

ŬɜŰɑŭɟŬůɖɠ ůɡɛˊɨəɜɤůɖɠ, ɔŮɔɞɜɧɠ ˊɞɡ ŭɡůɢŮɟŬɑɜŮɘ Űɖɜ ŭɖɛɘɞɡɟɔɑŬ ɜŬɜɞůɨɜɗŮŰɖɠ ŭɞɛɐɠ.  
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ɆɢɐɛŬ 7.10: ȹɘɎɔɟŬɛɛŬ XRD ɜŬɜɞůɡɜɗɏŰɤɜ Cloisite 30ȸ/HMW PDMS ˊɟɞůɗɐəɖɠ. 

 

 

  

http://en.wikipedia.org/wiki/%C3%85


 

 
ȹɃɀȼ ȾȷȽ ŪȺɅɀȽȾȺɆ ȽȹȽɃɇȼɇȺɆ ɁȷɁɃɆɈɁŪȺɇɋɁ ɄɃȿɈɆȽȿɃɂȷɁȼɆ ɆɈɀɄɈȾɁɋɆȼɆ ȾȷȽ ɄɅɃɆŪȼȾȼɆ 

169 

 

ɄɑɜŬəŬɠ 7.5: ɉŬɟŬəŰɖɟɘůŰɘəɎ əɞɟɡűɐɠ XRD ɔɘŬ ɜŬɜɞůɨɜɗŮŰŬ ȼMW PDMS ˊɟɞůɗɐəɖɠ. 

ȼMW PDMS 

(phr)  

d (¡) 2ɗ (
o
) ȰɜŰŬůɖ 

Cloisite 30B 

1phr ī ī ī 

2phr ī ī ī 

3.5phr ī ī ī 

5phr 16.73 5.28 106 

8phr 16.86 5.24 114 

10phr 16.55 5.33 183 

OMMT 17.43 5.07 1470 

 

7.2.6 ɆɢɞɚɘŬůɛɧɠ ŬˊɞŰŮɚŮůɛɎŰɤɜ ˊŮɟɑɗɚŬůɖɠ ŬəŰɑɜɤɜ ɉ (ɉRD) 

ȾŬŰɎ Űɖɜ ˊŮɘɟŬɛŬŰɘəɐ ŭɘŬŭɘəŬůɑŬ, ɖ ŰŮɢɜɘəɐ ŬɜɎɛɘɝɖɠ əŬɘ ŭɘŬůˊɞɟɎɠ Űɞɡ ɛɏůɞɡ 

Ůɜɑůɢɡůɖɠ əŬɗɩɠ əŬɘ Űɞ ůɨůŰɖɛŬ ɓɞɡɚəŬɜɘůɛɞɨ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ əŬɘ ůŰŬ ŰɟɑŬ 

Ůˊɘɛɏɟɞɡɠ ɛɞɟɘŬəɎ ɓɎɟɖ ˊɞɚɡůɘɚɞɝɎɜɖɠ ɐŰŬɜ ɖ ɑŭɘŬ. ɄŬɟŬŰɖɟɩɜŰŬɠ Űɞ ɆɢɐɛŬ 7.11, 

ŭɘŬˊɘůŰɩɜŮŰŬɘ ˊɤɠ Űɞ ɛɞɟɘŬəɧ ɓɎɟɞɠ Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ ŬˊɞŰŮɚŮɑ əŬɗɞɟɘůŰɘəɧ ˊŬɟɎɔɞɜŰŬ 

ɔɘŬ Űɖɜ ˊɟɞəɨˊŰɞɡůŬ ŭɞɛɐ. ȳůɞ ŬɡɝɎɜŮŰŬɘ Űɞ ɛɞɟɘŬəɧ ɓɎɟɞɠ Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ Űɧůɞ 

ŮɜŰɞɜɧŰŮɟɖ ŮɑɜŬɘ ɖ ˊŬɟɞɡůɑŬ əŬɘ ɖ ɏɜŰŬůɖ Űɖɠ əɞɟɡűɐɠ ˊŮɟɑɗɚŬůɖɠ. ɆɡɔəŮəɟɘɛɏɜŬ, əŬɘ ůŰɞɡɠ 

ŭɨɞ ŮɝŮŰŬɕɧɛŮɜɞɡɠ Űɨˊɞɡɠ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ, ŭŮɜ ŭɘŬˊɘůŰɩɜŮŰŬɘ 

əɞɟɡűɐ ˊŮɟɑɗɚŬůɖɠ ɔɘŬ Űɖɜ ˊɞɚɡůɘɚɞɝɎɜɖ ɢŬɛɖɚɞɨ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ, Ůɜɩ ůɖɛŬɜŰɘəɎ 

ɛŮŰŬŰɞˊɘůɛɏɜɖ ˊɟɞɠ ɢŬɛɖɚɧŰŮɟŮɠ ɔɤɜɑŮɠ əŬɘ ɢŬɛɖɚɧŰŮɟŮɠ ŮɜŰɎůŮɘɠ ŮɛűŬɜɑɕŮŰŬɘ ɖ əɞɟɡűɐ 

ˊŮɟɑɗɚŬůɖɠ Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ  ɛŮůŬɑɞɡ əŬɘ ɡɣɖɚɞɨ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ, ŬɜŰɑůŰɞɘɢŬ.  
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ɆɢɐɛŬ 7.11: ɆɡɔəɟɘŰɘəɧ ŭɘɎɔɟŬɛɛŬ XRD ɜŬɜɞůɡɜɗɏŰɤɜ Ŭ) Cloisite 20ȷ, əŬɘ ɓ) Cloisite 30ȸ/PDMS  

ůɡɛˊɨəɜɤůɖɠ. 

ȼ ŭɘŬůˊɞɟɎ Űɤɜ ůɤɛŬŰɘŭɑɤɜ ůŰɖɜ ɛɎɕŬ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ ŮˊɖɟŮɎɕŮŰŬɘ əŬɘ Ŭˊɧ Űɞ ɢɟɧɜɞ 

ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ ɜŬ ɞɚɞəɚɖɟɤɗŮɑ ɞ ɓɞɡɚəŬɜɘůɛɧɠ. ɆŰŬ ůɨɜɗŮŰŬ Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ ɡɣɖɚɞɨ 

ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ, ŭɘŬˊɘůŰɩɗɖəŮ ɖ ŰŬɢɨŰŮɟɖ ɞɚɞəɚɐɟɤůɖ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ, ůɡɔəɟɘŰɘəɎ 

ɧɚɤɜ Űɤɜ ɡˊɞɚɞɑˊɤɜ Űɨˊɤɜ ˊɞɚɡůɘɚɞɝɎɜɖɠ ůɡɛˊɨəɜɤůɖɠ. ɆɡɜŮˊɩɠ ˊɘɗŬɜɧɜ ɜŬ ɛɖɜ ŭɧɗɖəŮ 

ɞ ŬˊŬɘŰɞɨɛŮɜɞɠ ɢɟɧɜɞɠ ɔɘŬ ŭɖɛɘɞɡɟɔɑŬ Ůˊɘˊɚɏɞɜ ŬɚɚɖɚŮˊɘŭɟɎůŮɤɜ ɛŮŰŬɝɨ Űɤɜ ˊɚŬəɘŭɑɤɜ Űɞɡ 

ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ əŬɘ Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ, ɩůŰŮ ɜŬ Ůɘůɢɤɟɐůɞɡɜ ˊŮɟɘůůɧŰŮɟŮɠ ˊɞɚɡɛŮɟɘəɏɠ 

http://en.wikipedia.org/wiki/%C3%85
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ŬɚɡůɑŭŮɠ ůŰŬ ŮɜŭɘɎɛŮůŬ ůŰɟɩɛŬŰŬ Űɤɜ űɘɚɘŭɑɤɜ Űɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ əŬɘ ɜŬ ɞŭɖɔɐůɞɡɜ 

ůŰɖɜ ŬˊɞůŰɟɤɛŬŰɞˊɞɑɖůɐ Űɞɡ.  

ȰɜŬɠ Ŭəɧɛɖ ˊŬɟɎɔɞɜŰŬɠ ˊɞɡ űŬɑɜŮŰŬɘ ɜŬ ŮˊɖɟŮɎɕŮɘ Űɖɜ ŭɘŬůˊɞɟɎ Űɤɜ ˊɚŬəɘŭɑɤɜ ŮɑɜŬɘ 

ɖ ůɡɔəɏɜŰɟɤůɖ Űɤɜ ŬəɟŬɑɤɜ ɞɛɎŭɤɜ Űɞɡ əɎɗŮ Űɨˊɞɡ ˊɞɚɡůɘɚɞɝɎɜɖɠ. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ 

ˊɞɚɡůɘɚɞɝɎɜɤɜ ůɡɛˊɨəɜɤůɖɠ, ŭɘŬűɞɟŮŰɘəɐ ůɡɔəɏɜŰɟɤůɖ ŬəɟŬɑɤɜ ˊɞɚɘəɩɜ ɡŭɟɞɝɡɚɞɛɎŭɤɜ 

ŮɛˊŮɟɘɏɢɞɜŰŬɘ ůŰɖɜ ɢŬɛɖɚɞɨ, ɛŮůŬɑɞɡ əŬɘ ɡɣɖɚɞɨ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ ŬɜŰɑůŰɞɘɢŬ, ɛŮ 

ŬˊɞŰɏɚŮůɛŬ ɜŬ ŭɘŬűɞɟɞˊɞɘŮɑŰŬɘ Űɞ ˊɞůɞůŰɧ Űɤɜ ŬɚɚɖɚŮˊɘŭɟɎůŮɤɜ ɛŮŰŬɝɨ Űɤɜ Ŭɚɡůɑŭɤɜ əŬɘ 

Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ. ȷɜŰɑůŰɞɘɢŬ əŬɘ ůŰɖɜ ˊɞɚɡůɘɚɞɝɎɜɖ ˊɟɞůɗɐəɖɠ ɖ ůɡɔəɏɜŰɟɤůɖ Űɤɜ 

ɓɘɜɡɚɘəɩɜ ɞɛɎŭɤɜ ŮɑɜŬɘ əŬɗɞɟɘůŰɘəɧɠ ˊŬɟɎɔɞɜŰŬɠ ɔɘŬ Űɖɜ ŭɘŬůˊɞɟɎ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ. 

Ⱥˊɑůɖɠ Űɞ ɛɞɟɘŬəɧ ɓɎɟɞɠ ŮˊɖɟŮɎɕŮɘ Űɞ ɘɝɩŭŮɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ Űɖɠ ůɘɚɘəɧɜɖɠ əŬɗɩɠ əŬɘ Űɞ 

ɢɟɧɜɞ ɞɚɞəɚɐɟɤůɖɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɓɞɡɚəŬɜɘůɛɞɨ. Ⱥˊɞɛɏɜɤɠ ɞɘ əɘɜɖŰɘəɏɠ ůɡɜɗɐəŮɠ Űɞɡ 

ůɡůŰɐɛŬŰɞɠ əŬɘ ɞ ɢɟɧɜɞɠ ŭŮɜ Ůɡɜɞɞɨɜ Űɖɜ ˊɚɐɟɖ ŭɘŬůˊɞɟɎ ůŮ ůɨɔəɟɘůɖ ɛŮ ůɘɚɘəɧɜŮɠ 

ůɡɛˊɨəɜɤůɖɠ ɢŬɛɖɚɧŰŮɟɞɡ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ 

ˊɟɞůɗɐəɖɠ ɢŬɛɖɚɞɨ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ, ɖ ŬɜŰɑŭɟŬůɖ ɓɞɡɚəŬɜɘůɛɞɨ ɞɚɞəɚɖɟɤɜɧŰŬɜ ŰŬɢɨŰɖŰŬ 

ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ɛɖɜ ˊɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ ɛŮŰŬɝɨ Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ əŬɘ 

Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ. ũɘŬ Űɞ ɚɧɔɞ ŬɡŰɧ, ŭɘŬˊɘůŰɩɜɞɜŰŬɘ əɞɟɡűɏɠ ˊŮɟɑɗɚŬůɖɠ ůŮ ŬɜŰɑɗŮůɖ ɛŮ 

Űɖɜ ŬɜŰɑůŰɞɘɢɞɡ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ ˊɞɚɡůɘɚɞɝɎɜɖ ůɡɛˊɨəɜɤůɖɠ ɧˊɞɡ ŭŮɜ ŮɛűŬɜɑɕɞɜŰŬɘ 

əɞɟɡűɏɠ. ɇɞ ůɨůŰɖɛŬ ɓɞɡɚəŬɜɘůɛɞɨ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ůŰɖɜ ˊɞɚɡůɘɚɞɝɎɜɖ ˊɟɞůɗɐəɖɠ 

ɡɣɖɚɞɨ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ ɛŮɑɤůŮ Űɖɜ ŰŬɢɨŰɖŰŬ ɓɞɡɚəŬɜɘůɛɞɨ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ŮɡɜɞɞɨɜŰŬɘ 

ɞɘ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ, ŮɘŭɘəɧŰŮɟŬ ůŰɘɠ ɢŬɛɖɚɏɠ ŬɜŬɚɞɔɑŮɠ. ɆɡɔəɟɑɜɞɜŰɎɠ Űɖɜ ɛŮ Űɖɜ 

ŬɜŰɑůŰɞɘɢɞɡ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ ˊɞɚɡůɘɚɞɝɎɜɖ ůɡɛˊɨəɜɤůɖɠ, ŭɘŬˊɘůŰɩɜŮŰŬɘ əŬɚɨŰŮɟɖɠ 

ɏəŰŬůɖɠ ŭɘŬůˊɞɟɎ ůŮ ɧɚŮɠ ůɢŮŭɧɜ Űɘɠ ŮɝŮŰŬɕɧɛŮɜŮɠ ŬɜŬɚɞɔɑŮɠ. 

ɇŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ Űɞɡ Cloisite 20A ůŰɖɜ ˊŮɟɘɞɢɐ Űɤɜ ɢŬɛɖɚɩɜ ŬɜŬɚɞɔɘɩɜ ŭŮɜ ŭɑɜɞɡɜ 

əɞɟɡűɏɠ ˊŮɟɑɗɚŬůɖɠ, Ůɜɩ ŰŬ ŬɜŰɑůŰɞɘɢŬ ɜŬɜɞůɨɜɗŮŰŬ Űɞɡ Cloisite 30B ŭɑɜɞɡɜ ɛɘəɟɐɠ 

ɏɜŰŬůɖɠ əɞɟɡűɏɠ. Ⱥˊɞɛɏɜɤɠ ɛˊɞɟŮɑ ɜŬ ɗŮɤɟɖɗŮɑ ɧŰɘ Űɞ Cloisite 20A ŭɑɜŮɘ əŬɚɨŰŮɟŮɠ 

ɜŬɜɞŭɞɛɏɠ, ɔŮɔɞɜɧɠ ˊɞɡ ůɡɜŭɏŮŰŬɘ ɛŮ Űɞ ɛŮɔŬɚɨŰŮɟɞ ˊɞůɞůŰɧ ɞɟɔŬɜɘəɐɠ Űɟɞˊɞˊɞɑɖůɖɠ ˊɞɡ 

ˊŮɟɘɏɢŮɘ, ůɡɜŮˊɩɠ əŬɘ ɛŮɔŬɚɨŰŮɟɞ ŭɘɎəŮɜɞ ɛŮŰŬɝɨ Űɤɜ ˊɚŬəɘŭɑɤɜ, ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ɔɑɜŮŰŬɘ 

ŮɡəɞɚɧŰŮɟŬ ɞ ŮɛűɤɚɘŬůɛɧɠ əŬɘ ɖ Ŭˊɞűɞɚɑŭɤůɐ Űɞɡɠ. 

ɆɨɛűɤɜŬ ɛŮ Űɞɡɠ Burnside əŬɘ Giannelis 
[4]
, ɔɘŬ Űɘɠ ůɘɚɘəɧɜŮɠ ůɡɛˊɨəɜɤůɖɠ Űɞ ɛɞɟɘŬəɧ 

ɓɎɟɞɠ Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ ˊŬɑɕŮɘ ŬɟəŮŰɎ ůɖɛŬɜŰɘəɧ ɟɧɚɞ ůŰɖɜ ɏəŰŬůɖ Űɖɠ ŭɘŬůˊɞɟɎɠ Űɞɡ 

ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ. ȳůɞ ɡɣɖɚɧŰŮɟɞ ŮɑɜŬɘ Űɞ ɛɞɟɘŬəɧ ɓɎɟɞɠ Űɧůɞ ɢŬɛɖɚɧŰŮɟŬ ŮɑɜŬɘ ŰŬ ŮˊɑˊŮŭŬ 

Űɖɠ ŭɘŬůˊɞɟɎɠ. ɆɖɛŬɜŰɘəɧŰŮɟɞɠ ˊŬɟɎɔɞɜŰŬɠ űɏɟŮŰŬɘ ɜŬ ŮɑɜŬɘ ɖ ůɡɔəɏɜŰɟɤůɖ Űɤɜ ŬəɟŬɑɤɜ 

ɞɛɎŭɤɜ, əŬɘ ˊɘɞ ůɡɔəŮəɟɘɛɏɜŬ Űɤɜ ŬəɟŬɑɤɜ ˊɞɚɘəɩɜ ɞɛɎŭɤɜ. ɀŮ Űɖɜ Ŭɨɝɖůɖ Űɖɠ 

ůɡɔəɏɜŰɟɤůɖɠ Űɤɜ ɞɛɎŭɤɜ ŬɡŰɩɜ, ɧˊɤɠ ɞɘ ůɘɚŬɜɧɚŮɠ əŬɘ ɞɘ ŬɛɑɜŮɠ ɖ ůɡɛɓŬŰɧŰɖŰŬ 

ŮɜɘůɢɨŮŰŬɘ əŬɘ ůɡůŰɐɛŬŰŬ ˊɞɡ ůŮ ɎɚɚŮɠ ˊŮɟɘˊŰɩůŮɘɠ ŭŮɜ ŮɛűŬɜɑɕɞɡɜ ŭɘŬůˊɞɟɎ, 

ˊŬɟɞɡůɘɎɕɞɡɜ ŮɛűɤɚɘŬůɛɏɜɖ ŭɞɛɐ, ůŮ ŬɜŰɑɗŮůɖ ɛŮ Űɘɠ ɛɖ ˊɞɚɘəɏɠ ɞɛɎŭŮɠ, ɧˊɤɠ ŰŬ ɓɘɜɨɚɘŬ, 

ɧˊɞɡ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ ŭŮɜ ˊŬɟŬŰɖɟɐɗɖəŮ ŭɘŬűɞɟɞˊɞɑɖůɖ ůŰɖɜ 

ɚŬɛɓŬɜɧɛŮɜɖ ŭɞɛɐ Űɞɡ ɜŬɜɞůɡɜɗɏŰɞɡ. ɄɟɏˊŮɘ ɜŬ ŮˊɘůɖɛŬɜɗŮɑ ɧŰɘ ɖ ŮɝɏŰŬůɖ ŰɏŰɞɘɤɜ 

ŮˊɘŭɟɎůŮɤɜ ɏɢŮɘ ɜɧɖɛŬ ɛɧɜɞ ɧŰŬɜ ɞ ŭŮɑəŰɖɠ ˊɞɚɡŭɘŬůˊɞɟɎɠ PDI (=Mw/Mn) ŮɑɜŬɘ ɛɘəɟɧŰŮɟɞɠ 

Űɞɡ 1.5, ˊɞɡ ɘůɢɨŮɘ ɔɘŬ Űɘɠ ůɡɜɐɗŮɘɠ ˊɞɚɡůɘɚɞɝɎɜŮɠ. ũɘŬ ɛŮɔŬɚɨŰŮɟɞ ŭŮɑəŰɖ ˊɞɚɡŭɘŬůˊɞɟɎɠ ɖ 

ůɡɔəɏɜŰɟɤůɖ Űɤɜ ŬəɟŬɑɤɜ ɞɛɎŭɤɜ ŭŮɜ ŬɚɚɎɕŮɘ ůɖɛŬɜŰɘəɎ ůŮ ůɡɜɎɟŰɖůɖ ɛŮ Űɞ ɛɞɟɘŬəɧ 

ɓɎɟɞɠ. ɆŮ ˊŮɟŬɘŰɏɟɤ ɛŮɚɏŰɖ, ɞɘ Burnside əŬɘ Giannelis 
[4]

 ˊŬɟŬůəŮɨŬůŬɜ ɜŬɜɞůɨɜɗŮŰŬ Ŭˊɧ 

ˊɞɚɡůɘɚɞɝɎɜɖ ɢɤɟɑɠ ˊɞɚɘəɏɠ ɓɘɜɡɚɘəɏɠ ɐ ˊɡɟɘŰɘəɏɠ ŬəɟŬɑŮɠ ɞɛɎŭŮɠ, ɩůŰŮ ɜŬ ŮɝŬůűŬɚɘůɗŮɑ ɧŰɘ 

Ŭɜ ɡˊɎɟɢŮɘ ůɡɛɓŬŰɧŰɖŰŬ ɗŬ ɞűŮɑɚŮŰŬɘ ŬˊɞəɚŮɘůŰɘəɎ ůŰɞɜ ɛɞɟɘŬəɧ ůəŮɚŮŰɧ Űɖɠ ůɘɚɘəɧɜɖɠ. 

Ƀɘ Burnside əŬɘ Giannelis 
[5, 6]

 ŭɘŬˊɑůŰɤůŬɜ ˊɤɠ ɖ ɜŬɜɞŭɞɛɐ ˊɞɡ ɗŬ ŮˊɘŰŮɡɢɗŮɑ 

ŮɝŬɟŰɎŰŬɘ ůŮ ɛŮɔɎɚɞ ɓŬɗɛɧ Ŭˊɧ Űɖɜ ɞɟɔŬɜɘəɐ Űɟɞˊɞˊɞɑɖůɖ Űɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ. ȼ 
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ŮɜůɤɛɎŰɤůɖ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ ůŮ ˊɞɚɡůɘɚɞɝɎɜɖ ůɡɛˊɨəɜɤůɖɠ, 

ɞŭɖɔŮɑ ůŮ ˊɚɐɟɤɠ ŭɘŮůˊŬɟɛɏɜɖ ŭɞɛɐ, Ůɜɩ ɖ ŮɘůŬɔɤɔɐ Űɞɡ ůŮ ɛɑɔɛŬ ˊɞɚɡůɘɚɞɝɎɜɖɠ-

ˊɞɚɡŭɘűŬɘɜɞɚůɘɚɞɝɎɜɖɠ, ɞŭɐɔɖůŮ ůŮ ɛŮɟɘəɩɠ ŮɛűɤɚɘŬůɛɏɜɖ ŭɞɛɐ. Ƀɘ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ 

ɛŮŰŬɝɨ Űɖɠ ɞɟɔŬɜɘəɐɠ Űɟɞˊɞˊɞɑɖůɖɠ əŬɘ Űɤɜ Ŭɚɡůɑŭɤɜ Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ ɞŭɖɔɞɨɜ ůŮ 

ŭɘɎɜɞɘɝɖ Űɤɜ űɘɚɘŭɑɤɜ, Ůɜɩ ŬɜŰɑɗŮŰŬ ɞɘ ŬɚɡůɑŭŮɠ Űɞɡ ůɡɛˊɞɚɡɛŮɟɞɨɠ ŮɜůɤɛŬŰɩɜɞɜŰŬɘ 

ŮɜŭɘɎɛŮůŬ Űɤɜ ˊɚŬəɘŭɑɤɜ, ɢɤɟɑɠ ɤůŰɧůɞ ɜŬ ɛˊɞɟɞɨɜ ɜŬ Ŭˊɞűɞɚɘŭɩůɞɡɜ ŰŬ űɘɚɑŭɘŬ Űɞɡ 

ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ.  

Ƀɘ  Kim et al. 
[1]
, ɢɟɖůɘɛɞˊɞɑɖůŬɜ ɤɠ ɛɐŰɟŬ PDMS ůɡɛˊɨəɜɤůɖɠ əŬɘ ɤɠ ɛɏůɞ 

Ůɜɑůɢɡůɖɠ Cloisite 30B, əŬɘ ůɨɛűɤɜŬ ɛŮ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɞɡ XRD ŭŮɜ ŭɘŬˊɘůŰɩɗɖəŮ 

əɞɟɡűɐ. ȼ ůɡɛˊŮɟɘűɞɟɎ ŬɡŰɐ ŬˊŮŭɧɗɖ ůŰɖɜ ˊɚɐɟɖ ŭɘŬůˊɞɟɎ Űɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ ůŰɖɜ 

ˊɞɚɡůɘɚɞɝɎɜɖ, ɖ ɞˊɞɑŬ ŮˊɘɓŮɓŬɘɩɗɖəŮ əŬɘ Ŭˊɧ ɛŮŰɟɐůŮɘɠ ɛɏůɤ Űɖɠ ɛɘəɟɞůəɞˊɑŬɠ ɇȺɀ.  

ɆŮ ŬɜŰɑůŰɞɘɢɖ ŮɟɔŬůɑŬ Űɤɜ Lopez-Manchado əŬɘ Arroyo 
[3]
, ŭɘŬˊɘůŰɩɗɖəŮ ˊɤɠ ɖ 

ŮɘůŬɔɤɔɐ Űɞɡ ɛɖ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ ůŮ ɛɐŰɟŬ űɡůɘəɞɨ ŮɚŬůŰɘəɞɨ ɞŭɖɔɞɨůŮ 

ůŮ ŮɛűŬɜɐ əɞɟɡűɐ ˊŮɟɑɗɚŬůɖɠ ɛŮ ˊɘɗŬɜɐ Űɖɜ ŭɞɛɐ Űɞɡ ɛɘəɟɞůɡɜɗɏŰɞɡ, Ůɜɩ ŬɜŰɑɗŮŰŬ ŭŮɜ 

ŭɘŬˊɘůŰɩɗɖəŮ əɞɟɡűɐ ɛŮ Űɖɜ ŮɜůɤɛɎŰɤůɖ ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ, 

ɞŭɖɔɩɜŰŬɠ ůŮ ˊɚɐɟɤɠ ŭɘŮůˊŬɟɛɏɜɖ ŭɞɛɐ.  

ɆŮ ŬɜɎɚɞɔɖ ŮɟɔŬůɑŬ Űɤɜ Carretero-Gonzalez et al. 
[7]
, ŭɘŬˊɘůŰɩɗɖəŮ ˊɤɠ ɖ ŮɘůŬɔɤɔɐ 

ɞɟɔŬɜɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ ůŮ ɛɐŰɟŬ űɡůɘəɞɨ ŮɚŬůŰɘəɞɨ, ɞŭɐɔɖůŮ ůŮ 

ŭɘŮůˊŬɟɛɏɜŮɠ ŭɞɛɏɠ. ɈˊɞůŰɖɟɑɕŮŰŬɘ ˊɤɠ ɖ ŭɘɎɜɞɘɝɖ əŬɘ ɖ ŮɜůɤɛɎŰɤůɖ ɞűŮɑɚŮŰŬɘ ůŰɖɜ 

ŬɚɚɖɚŮˊɑŭɟŬůɖ ɛŮŰŬɝɨ ŭɟŬůŰɘəɩɜ ɞɛɎŭɤɜ Űɞɡ ɛɏůɞɡ ɓɞɡɚəŬɜɘůɛɞɨ, Űɤɜ ŮˊɘŰŬɢɡɜŰɩɜ əŬɘ 

Űɤɜ ŮɜŮɟɔɞˊɞɘɖŰɩɜ Űɞɡɠ əŬɗɩɠ əŬɘ ůŰɖɜ ŭɘŬŭɘəŬůɑŬ ɓɞɡɚəŬɜɘůɛɞɨ.  

 

 

7.3 ŪŮɟɛɞɓŬɟɡɛŮŰɟɘəɐ ŬɜɎɚɡůɖ (TGA) 

ȼ ɗŮɟɛɞɓŬɟɡɛŮŰɟɘəɐ ŬɜɎɚɡůɖ (TGA) ŮűŬɟɛɧůɗɖəŮ ɔɘŬ Űɖ ɛŮɚɏŰɖ Űɖɠ ɗŮɟɛɘəɐɠ 

ŭɘɎůˊŬůɖɠ əŬɘ Űɖɠ ɗŮɟɛɘəɐɠ ůŰŬɗŮɟɧŰɖŰŬɠ Űɖɠ ɛɖ Ůɜɘůɢɡɛɏɜɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ əŬɘ Űɤɜ 

ɜŬɜɞůɡɜɗɏŰɤɜ Űɖɠ. ȾŬŰɎ Űɖ TG ŬɜɎɚɡůɖ, Űɞ ɡˊɧ ŮɝɏŰŬůɖ ŭŮɑɔɛŬ ɗŮɟɛŬɑɜŮŰŬɘ ůŮ ŮɚŮɔɢɧɛŮɜŮɠ 

ůɡɜɗɐəŮɠ əŬɘ əŬŰŬɔɟɎűŮŰŬɘ ůɡɜŮɢɩɠ ɖ ɛŮŰŬɓɞɚɐ Űɞɡ ɓɎɟɞɡɠ Űɞɡ ůɡɜŬɟŰɐůŮɘ Űɖɠ 

ɗŮɟɛɞəɟŬůɑŬɠ. ȼ Űɞɛɐ Űɤɜ ŮűŬˊŰɧɛŮɜɤɜ ɔɟŬɛɛɩɜ ůŰɖɜ əŬɛˊɨɚɖ ɓɎɟɞɡɠ ůŰɞ ůɖɛŮɑɞ ˊɟɘɜ 

ɝŮəɘɜɐůŮɘ ɖ Ŭˊɞŭɧɛɖůɖ əŬɘ ůŰɞ ůɖɛŮɑɞ ɛɏɔɘůŰɞɡ ɟɡɗɛɞɨ ɞɟɑɕŮɘ Űɖ ɗŮɟɛɞəɟŬůɑŬ ɏɜŬɟɝɖɠ 

Ŭˊɞŭɧɛɖůɖɠ, ɇonset. ȾŬŰɧˊɘɜ, ɢŬɟɎůůŮŰŬɘ ɖ ˊɟɩŰɖ ˊŬɟɎɔɤɔɞɠ Űɖɠ əŬɛˊɨɚɖɠ ɓɎɟɞɡɠ. ȼ 

űɡůɘəɐ ůɖɛŬůɑŬ Űɖɠ ˊɟɩŰɖɠ ˊŬɟŬɔɩɔɞɡ ŮɑɜŬɘ ɞ ɟɡɗɛɧɠ ɛŮŰŬɓɞɚɐɠ ɓɎɟɞɡɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ 

əŬŰɎ Űɖ ɗɏɟɛŬɜůɐ Űɞɡ. ɇɞ ŬəɟɧŰŬŰɞ Űɖɠ əŬɛˊɨɚɖɠ ŬɡŰɐɠ ŬɜŰɘůŰɞɘɢŮɑ ůŰɖ ɗŮɟɛɞəɟŬůɑŬ 

ɛɏɔɘůŰɞɡ ɟɡɗɛɞɨ Ŭˊɞŭɧɛɖůɖɠ, Tpeak 
[8]
. ɄɏɟŬɜ Űɞɡ ˊɟɞůŭɘɞɟɘůɛɞɨ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ ɏɜŬɟɝɖɠ 

əŬɘ ɛɏɔɘůŰɞɡ ɟɡɗɛɞɨ Ŭˊɞŭɧɛɖůɖɠ, ůŰɧɢɞɠ Űɞɡ ˊŮɘɟɎɛŬŰɞɠ ŬɡŰɞɨ ɐŰŬɜ əŬɘ ɖ ŮɨɟŮůɖ Űɞɡ 

ɡˊɞɚŮɑɛɛŬŰɞɠ Űɖɠ əŬɨůɖɠ Űɖɠ əŬɗŬɟɐɠ ůɘɚɘəɧɜɖɠ, əŬɗɩɠ Ůˊɑůɖɠ əŬɘ Űɤɜ ɛŮŰŬɓɞɚɩɜ ˊɞɡ 

ŮˊɘűɏɟŮɘ ůŰŬ ˊŬɟŬˊɎɜɤ ɛŮɔɏɗɖ ɖ ŮɘůŬɔɤɔɐ ŭɘŬűɞɟŮŰɘəɩɜ ˊɞůɞŰɐŰɤɜ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ əŬɘ ɛɖ 

ŬɜɧɟɔŬɜɞɡ ɛɏůɞɡ Ůɜɑůɢɡůɖɠ. ȼ ɛɏɗɞŭɞɠ ŮűŬɟɛɧůŰɖəŮ ɔɘŬ ŰŬ ŮɝŮŰŬɕɧɛŮɜŬ ɛɏůŬ Ůɜɑůɢɡůɖɠ: 

ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ (Cloisite 20A, Cloisite 30B, Nanofil 116), ɡŭɟɞɝɡŬˊŬŰɑŰɖ əŬɘ ŭɘɞɝŮɑŭɘɞ Űɞɡ 

ˊɡɟɘŰɑɞɡ (Aerosil R972) ůŮ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ 1-10phr. 
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7.3.1 ɁŬɜɞůɨɜɗŮŰŬ ˊɞɚɡůɘɚɞɝɎɜɖɠ ůɡɛˊɨəɜɤůɖɠ ɢŬɛɖɚɞɨ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ (LMW PDMS) 

ȼ ŮɜůɤɛɎŰɤůɖ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ (Cloisite 20A əŬɘ Cloisite 30B) 

ůŰɖɜ ˊɞɚɡůɘɚɞɝɎɜɖ ůɡɛˊɨəɜɤůɖɠ, űŬɑɜŮŰŬɘ ɜŬ ɞŭɖɔŮɑ ůŮ ůɖɛŬɜŰɘəɐ Ŭɨɝɖůɖ Űɖɠ 

ɗŮɟɛɞəɟŬůɑŬɠ ɏɜŬɟɝɖɠ əŬɗɩɠ əŬɘ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ ɛɏɔɘůŰɞɡ ɟɡɗɛɞɨ ɗŮɟɛɘəɐɠ Ŭˊɞŭɧɛɖůɖɠ 

ůŮ ɧɚŮɠ Űɘɠ ŮɝŮŰŬɕɧɛŮɜŮɠ ŬɜŬɚɞɔɑŮɠ. ȼ ɗŮɟɛɘəɐ ůŰŬɗŮɟɧŰɖŰŬ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ ŬɡɝɎɜŮŰŬɘ ɛŮ 

Űɖɜ Ŭɨɝɖůɖ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɞɡ ɀɀɇ ůŰɞ ɜŬɜɞůɨɜɗŮŰɞ ɛɏɢɟɘ Űɖɜ ŬɜŬɚɞɔɑŬ 8phr. ɆŰɖɜ 

ůɡɜɏɢŮɘŬ ˊŬɟŬŰɖɟŮɑŰŬɘ əŬɛˊɐ ůŰɘɠ ŮɝŮŰŬɕɧɛŮɜŮɠ ɘŭɘɧŰɖŰŮɠ, ɔŮɔɞɜɧɠ ˊɞɡ ůɡɜŭɏŮŰŬɘ ɛŮ Űɞɜ 

ˊŮɟɘɞɟɘůɛɧ ůŰɖɜ ŬˊɞŰŮɚŮůɛŬŰɘəɧŰɖŰŬ Űɖɠ ŭɘŬůˊɞɟɎɠ Űɤɜ ˊɚŬəɘŭɑɤɜ ůŰɖ ɛɎɕŬ Űɞɡ 

ŮɚŬůŰɞɛŮɟɞɨɠ, ɧˊɤɠ ŭɘŬˊɘůŰɩɗɖəŮ əŬɘ Ŭˊɧ Űɘɠ ɛŮŰɟɐůŮɘɠ XRD. Ⱥˊɑůɖɠ, ˊŬɟŬŰɖɟŮɑŰŬɘ 

Ŭɨɝɖůɖ ůŰɞ ɡˊɧɚŮɘɛɛŬ Űɖɠ əŬɨůɖɠ ˊɞɡ ɝŮˊŮɟɜɎ Űɖɜ ŬɜŬɛŮɜɧɛŮɜɖ Űɘɛɐ ˊɞɡ ˊɟɞɏɟɢŮŰŬɘ Ŭˊɧ 

Űɞ ŬɜɧɟɔŬɜɞ ɛɏɟɞɠ Űɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ. ũɘŬ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɖɠ Ůˊɑ Űɞɘɠ ŮəŬŰɧ ɛŮŰŬɓɞɚɐɠ 

Űɞɡ ɡˊɞɚŮɑɛɛŬŰɞɠ əŬɨůɖɠ ŬűŬɘɟɏɗɖəŮ ɖ ˊɞůɧŰɖŰŬ Űɞɡ ŬɜɧɟɔŬɜɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ ˊɞɡ 

ˊŬɟŬɛɏɜŮɘ ůŰɞ Űɏɚɞɠ Űɖɠ əŬɨůɖɠ. ŪŮɤɟɖŰɘəɎ, ŬűŬɘɟɩɜŰŬɠ Űɖɜ ˊɞůɧŰɖŰŬ ŬɡŰɐ, Ůűɧůɞɜ ɖ 

ɞɟɔŬɜɘəɐ Űɟɞˊɞˊɞɑɖůɖ ŬˊɞɛŬəɟɨɜŮŰŬɘ əŬŰɎ Űɖɜ əŬɨůɖ, ɗŬ ɏˊɟŮˊŮ ɖ ɛŮŰŬɓɞɚɐ ɤɠ ˊɟɞɠ Űɖɜ 

ɛɖ Ůɜɘůɢɡɛɏɜɖ PDMS ɜŬ ŮɑɜŬɘ ɛɖŭŮɜɘəɐ. ɆɡɜŮˊɩɠ, ɖ ˊŬɟŬŰɖɟɞɨɛŮɜɖ Ŭɨɝɖůɖ Űɞɡ 

ɡˊɞɚŮɑɛɛŬŰɞɠ ˊɞɡ ˊŬɟŬŰɖɟŮɑŰŬɘ ɡˊɞŭɖɚɩɜŮɘ ɧŰɘ ɖ ŮɘůŬɔɤɔɐ Űɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ 

ˊɟɞůŰŬŰŮɨŮɘ əɎˊɞɘŬ ɞɟɔŬɜɘəɎ əɞɛɛɎŰɘŬ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ, ŭɖɛɘɞɡɟɔɩɜŰŬɠ ůŰŬɗŮɟɧŰŮɟŮɠ 

ŭɞɛɏɠ.  
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ɆɢɐɛŬ 7.12: ȼ ɛŮŰŬɓɞɚɐ Űɞɡ ɓɎɟɞɡɠ ůɡɜŬɟŰɐůŮɘ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ əŬŰɎ Űɖɜ ŭɞəɘɛɐ TGA 

ɜŬɜɞůɡɜɗɏŰɤɜ Cloisite 20ȷ/LMW PDMS ůɡɛˊɨəɜɤůɖɠ.  
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ɆɢɐɛŬ 7.13: ȼ ˊŬɟɎɔɤɔɞɠ Űɖɠ ɛŮŰŬɓɞɚɐɠ ɓɎɟɞɡɠ ůɡɜŬɟŰɐůŮɘ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ əŬŰɎ Űɖɜ ŭɞəɘɛɐ 

TGA ɜŬɜɞůɡɜɗɏŰɤɜ Cloisite 20ȷ/LMW PDMS ůɡɛˊɨəɜɤůɖɠ. 

ȼ ŬɜɎˊŰɡɝɖ ŬɚɚɖɚŮˊɘŭɟɎůŮɤɜ ɛŮŰŬɝɨ Űɤɜ ŭɘŮůˊŬɟɛɏɜɤɜ Ŭɟɔɘɚɘəɩɜ ˊɚŬəɘŭɑɤɜ əŬɘ Űɤɜ 

ɛɞɟɑɤɜ Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ ɞŭɖɔŮɑ ůŮ ůŰŬɗŮɟɧŰŮɟŮɠ ɢɖɛɘəɏɠ ŭɞɛɏɠ Űɤɜ ɞˊɞɑɤɜ ɖ ɗŮɟɛɘəɐ 

Ŭˊɞŭɧɛɖůɖ ŮɑɜŬɘ ŭɡůəɞɚɧŰŮɟɖ. Ⱥˊɑůɖɠ ůŰɘɠ ˊɞɚɡɛŮɟɘəɏɠ ŬɚɡůɑŭŮɠ, ˊɞɡ ůɡɛɛŮŰɏɢɞɡɜ ůŰɘɠ 

ŮɛűɤɚɘŬůɛɏɜŮɠ ŭɞɛɏɠ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ, ŬɜŬˊŰɨůůɞɜŰŬɘ ɛɖɢŬɜɘůɛɞɑ ˊɟɞůŰŬůɑŬɠ ˊɞɡ 

ŭɡůɢŮɟŬɑɜɞɡɜ Űɖ ɗŮɟɛɘəɐ ŭɘɎůŰŬůɐ Űɞɡɠ. ȼ ŭɘŬůˊɞɟɎ Űɤɜ Ŭˊɞűɞɚɘŭɤɛɏɜɤɜ ˊɚŬəɘŭɑɤɜ Űɞɡ 

MMT ŭɡůɢŮɟŬɑɜŮɘ Űɖ ɛŮŰŬűɞɟɎ ɗŮɟɛɧŰɖŰŬɠ ŬɚɚɎ əŬɘ Űɖ ŭɘɎɢɡůɖ Űɤɜ ˊɟɞɥɧɜŰɤɜ Űɖɠ əŬɨůɖɠ 

ɛŮ ˊɘɗŬɜɐ Űɖ ŭɖɛɘɞɡɟɔɑŬ ŮɝŬɜɗɟŬəɞɛɛɎŰɤɜ. ȼ ŭɖɛɘɞɡɟɔɑŬ ɛŮɔɎɚɞɡ ˊɞůɞůŰɞɨ ˊɚɐɟɞɡɠ 

ŭɘŬůˊŬɟɛɏɜɖɠ ŭɞɛɐɠ, ˊɘɗŬɜɧɜ ɞŭɖɔŮɑ ůŮ ůŰŬɗŮɟɧŰŮɟɖ ŭɞɛɐ əŬɘ ɛŮ ɡɣɖɚɧŰŮɟɖ ɗŮɟɛɘəɐ 

ŬɜŰɞɢɐ.  
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ɆɢɐɛŬ 7.14: ȼ ɛŮŰŬɓɞɚɐ Űɞɡ ɓɎɟɞɡɠ ůɡɜŬɟŰɐůŮɘ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ əŬŰɎ Űɖɜ ŭɞəɘɛɐ TGA 

ɜŬɜɞůɡɜɗɏŰɤɜ Cloisite 30ȸ/LMW PDMS ůɡɛˊɨəɜɤůɖɠ. 
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ɆɢɐɛŬ 7.15: ȼ ˊŬɟɎɔɤɔɞɠ Űɖɠ ɛŮŰŬɓɞɚɐɠ ɓɎɟɞɡɠ ůɡɜŬɟŰɐůŮɘ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ əŬŰɎ Űɖɜ ŭɞəɘɛɐ 

TGA ɜŬɜɞůɡɜɗɏŰɤɜ Cloisite 30ȸ/LMW PDMS ůɡɛˊɨəɜɤůɖɠ. 

 

ɄɑɜŬəŬɠ 7.6: ȷˊɞŰŮɚɏůɛŬŰŬ ɗŮɟɛɞɓŬɟɡɛŮŰɟɘəɐɠ ŬɜɎɚɡůɖɠ ɔɘŬ ɜŬɜɞůɨɜɗŮŰŬ Cloisite 20A əŬɘ 

Cloisite 30B/LMW PDMS ůɡɛˊɨəɜɤůɖɠ. 

LMW PDMS 

ůɡɛˊɨəɜɤůɖɠ 

Tonset  

(
o
C) 

Tpeak  

(
o
C) 

ɈˊɧɚŮɘɛɛŬ  

(%) 
Tonset  

(
o
C) 

Tpeak  

(
o
C) 

ɈˊɧɚŮɘɛɛŬ  

(%) 

Cloisite 20ȷ Cloisite 30ȸ 

0phr 415.0Ñ1.3 465.5Ñ0.8 6.98Ñ0.46 415.0Ñ1.3 465.5Ñ0.8 6.98Ñ0.46 

1phr 445.6Ñ2.1 512.6Ñ2.8 8.51Ñ1.14 440.0Ñ1.7 489.1Ñ0.5 8.29Ñ0.74 

2phr 465.4Ñ1.4 524.4Ñ1.6 8.63Ñ1.08 454.6Ñ1.8 524.3Ñ0.8 10.40Ñ0.76 

3.5phr 489.5Ñ0.9 547.2Ñ1.4 13.40Ñ0.16 465.9Ñ0.3 525.1Ñ1.1 11.71Ñ0.16 

5phr 490.2Ñ1.1 541.3Ñ1.7 13.04Ñ1.40 485.3Ñ3.5 540.9Ñ3.4 14.18Ñ0.51 

8phr 489.9Ñ0.9 543.7Ñ0.6 17.12Ñ0.63 493.6Ñ3.0 537.8Ñ3.9 17.71Ñ0.52 

10phr 485.0Ñ0.3 538.3Ñ0.1 18.27Ñ0.55 477.9Ñ2.6 533.7Ñ2.5 16.55Ñ0.07 

ȼ ŮɘůŬɔɤɔɐ Űɞɡ ɡŭɟɞɝɡŬˊŬŰɑŰɖ ůŰɖɜ ˊɞɚɡůɘɚɞɝɎɜɖ ɢŬɛɖɚɞɨ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ, 

űŬɑɜŮŰŬɘ ɜŬ ŭɘŬűɞɟɞˊɞɘŮɑ Űɞ ɛɖɢŬɜɘůɛɧ ɗŮɟɛɘəɐɠ Ŭˊɞŭɧɛɖůɖɠ Űɞɡ ŮɚŬůŰɞɛŮɟɞɨɠ, ɧˊɞɡ ɖ 

Ŭˊɞŭɧɛɖůɖ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ůŮ ŭɨɞ ůŰɎŭɘŬ ůŮ ůɨɔəɟɘůɖ ɛŮ ŰŬ ɜŬɜɞůɨɜɗŮŰŬ Űɞɡ 

ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ. Ƀɘ ɗŮɟɛɞəɟŬůɑŮɠ ɏɜŬɟɝɖɠ əŬɘ ɛɏɔɘůŰɞɡ ɟɡɗɛɞɨ Ŭˊɞŭɧɛɖůɖɠ űŬɑɜŮŰŬɘ ɜŬ 

ŮɜɘůɢɨɞɜŰŬɘ ůŮ ɧɚŮɠ Űɘɠ ŮɝŮŰŬɕɧɛŮɜŮɠ ŬɜŬɚɞɔɑŮɠ, ůŮ ůɨɔəɟɘůɖ ɛŮ Űɖɜ ɛɖ Ůɜɘůɢɡɛɏɜɖ 

ˊɞɚɡůɘɚɞɝɎɜɖ, ɤůŰɧůɞ ˊŬɟŬŰɖɟɞɨɜŰŬɘ ůɖɛŬɜŰɘəɏɠ ŭɘŬəɡɛɎɜůŮɘɠ Űɤɜ Űɘɛɩɜ ŬɜɎɚɞɔŬ ɛŮ Űɖɜ 

ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɡŭɟɞɝɡŬˊŬŰɑŰɖ. Ⱥˊɑůɖɠ, Ŭˊɧ Űɞ ɆɢɐɛŬ 7.17, ŭɘŬˊɘůŰɩɜŮŰŬɘ ůɖɛŬɜŰɘəɐ 

Ŭɨɝɖůɖ Űɞɡ ɗŮɟɛɞəɟŬůɘŬəɞɨ Ůɨɟɞɡɠ Űɖɠ əŬɨůɖɠ, ŮɘŭɘəɧŰŮɟŬ ůŮ ɡɣɖɚɏɠ ŬɜŬɚɞɔɑŮɠ ɛŮ 

ɛŮŰŬŰɧˊɘůɖ Űɖɠ ɗŮɟɛɘəɐɠ Ŭˊɞŭɧɛɖůɖɠ Űɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ ůŰɖɜ ˊŮɟɘɞɢɐ Űɤɜ ɡɣɖɚɩɜ 

ɗŮɟɛɞəɟŬůɘɩɜ.  
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ɆɢɐɛŬ 7.16: ȼ ɛŮŰŬɓɞɚɐ Űɞɡ ɓɎɟɞɡɠ ůɡɜŬɟŰɐůŮɘ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ əŬŰɎ Űɖɜ ŭɞəɘɛɐ TGA 

ɜŬɜɞůɡɜɗɏŰɤɜ ɡŭɟɞɝɡŬˊŬŰɑŰɖ/LMW PDMS ůɡɛˊɨəɜɤůɖɠ. 
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ɆɢɐɛŬ 7.17: ȼ ˊŬɟɎɔɤɔɞɠ Űɖɠ ɛŮŰŬɓɞɚɐɠ ɓɎɟɞɡɠ ůɡɜŬɟŰɐůŮɘ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ əŬŰɎ Űɖɜ 

ŭɞəɘɛɐ TGA ɜŬɜɞůɡɜɗɏŰɤɜ ɡŭɟɞɝɡŬˊŬŰɑŰɖ/LMW PDMS ůɡɛˊɨəɜɤůɖɠ. 

ȷˊɧ Űɞ ɆɢɐɛŬ 7.18, ŭɘŬˊɘůŰɩɜŮŰŬɘ ˊɤɠ ɖ ŮɘůŬɔɤɔɐ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ 

ˊɡɟɘŰɑɞɡ, ŭŮɜ ŮɜɘůɢɨŮɘ əŬɛɑŬ Ŭˊɧ Űɘɠ ŮɝŮŰŬɕɧɛŮɜŮɠ ɗŮɟɛɞəɟŬůɑŮɠ ůŮ ɧɚŮɠ Űɘɠ ŬɜŬɚɞɔɑŮɠ. 

ɋůŰɧůɞ, Űɞ ɡˊɧɚŮɘɛɛŬ Űɖɠ əŬɨůɖɠ ŬɡɝɎɜŮŰŬɘ, ɛŮ ˊŮɟŬɘŰɏɟɤ Ŭɨɝɖůɖ ɜŬ ˊŬɟŬŰɖɟŮɑŰŬɘ ɧůɞ 

ŬɡɝɎɜŮŰŬɘ ɖ ŬɜŬɚɞɔɑŬ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ůŰɖɜ ŮɚŬůŰɞɛŮɟɘəɐ ɛɐŰɟŬ. ɇŬ ůűŬɘɟɘəɎ 

ɜŬɜɞůɤɛŬŰɑŭɘŬ Űɞɡ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ ŭŮɜ ŮɔəɚŮɑɞɡɜ ŬɚɡůɑŭŮɠ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ, ɛŮ 

ŬˊɞŰɏɚŮůɛŬ ɜŬ ɛɖɜ ˊŬɟŬŰɖɟŮɑŰŬɘ ŬɜɎɚɞɔɖ ˊɟɞůŰŬůɑŬ Ŭˊɧ Űɖɜ ɗŮɟɛɧŰɖŰŬ ɧˊɤɠ ŭɘŬˊɘůŰɩɗɖəŮ 

ůŰŬ ɜŬɜɞůɨɜɗŮŰŬ Űɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ. Ⱥˊɑůɖɠ ŮɑɜŬɘ ŮɡəɞɚɧŰŮɟɖ ɖ ŮɝŬɔɤɔɐ Űɤɜ ˊŰɖŰɘəɩɜ 

ˊɟɞɥɧɜŰɤɜ Űɖɠ əŬɨůɖɠ ɚɧɔɤ Űɞɡ ŮɡəɞɚɧŰŮɟɞɡ ɛɞɜɞˊŬŰɘɞɨ ŭɘɎɢɡůɖɠ ˊɞɡ ŭɖɛɘɞɡɟɔŮɑŰŬɘ 
[7]

.  
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ɆɢɐɛŬ 7.18: ȼ ɛŮŰŬɓɞɚɐ Űɞɡ ɓɎɟɞɡɠ ůɡɜŬɟŰɐůŮɘ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ əŬŰɎ Űɖɜ ŭɞəɘɛɐ TGA 

ɜŬɜɞůɡɜɗɏŰɤɜ Aerosil R972/LMW PDMS ůɡɛˊɨəɜɤůɖɠ. 
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ɆɢɐɛŬ 7.19: ȼ ˊŬɟɎɔɤɔɞɠ Űɖɠ ɛŮŰŬɓɞɚɐɠ ɓɎɟɞɡɠ ůɡɜŬɟŰɐůŮɘ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ əŬŰɎ Űɖɜ ŭɞəɘɛɐ 

TGA ɜŬɜɞůɡɜɗɏŰɤɜ Aerosil R972/LMW PDMS ůɡɛˊɨəɜɤůɖɠ. 

 

 
ɄɑɜŬəŬɠ 7.7: ȷˊɞŰŮɚɏůɛŬŰŬ ɗŮɟɛɞɓŬɟɡɛŮŰɟɘəɐɠ ŬɜɎɚɡůɖɠ ɔɘŬ ɜŬɜɞůɨɜɗŮŰŬ ɈŭɟɞɝɡŬˊŬŰɑŰɖ əŬɘ 

Aerosil R972/LMW PDMS ůɡɛˊɨəɜɤůɖɠ. 

LMW 

PDMS 

ůɡɛˊ. 

Tonset  

(
o
C) 

Tpeak  

(
o
C) 

ɈˊɧɚŮɘɛɛŬ  

(%) 
Tonset  

(
o
C) 

Tpeak  

(
o
C) 

ɈˊɧɚŮɘɛɛŬ  

(%) 

ɈŭɟɞɝɡŬˊŬŰɑŰɖɠ AerR972 

0phr 415.0Ñ1.3 465.5Ñ0.8 6.98Ñ0.46 415.0Ñ1.3 465.5Ñ0.8 6.98Ñ0.46 

2phr - - - 375.8Ñ0.9 422.2Ñ0.2 14.34Ñ2.97 

5phr 446.3Ñ1.3 523.9Ñ3.2 11.61Ñ1.25 419.2Ñ0.5 459.4Ñ1.0 12.91Ñ0.38 

8phr 437.9Ñ0.7 516.8Ñ2.3 8.11Ñ1.50 381.7Ñ0.4 420.7Ñ0.4 15.59Ñ0.99 

10phr 433.4Ñ1.1 528.0Ñ1.4 13.81Ñ0.63 409.7Ñ1.8 456.9Ñ2.9 17.30Ñ2.51 

12phr 460.0Ñ0.4 532.3Ñ0.7 12.39Ñ0.04 - - - 

20phr 471.6Ñ0.6 544.8Ñ1.0 26.29Ñ0.03 - - - 
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7.3.2 ɁŬɜɞůɨɜɗŮŰŬ ˊɞɚɡůɘɚɞɝɎɜɖɠ ůɡɛˊɨəɜɤůɖɠ ɛŮůŬɑɞɡ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ (ɀMW PDMS) 

ȼ ɗŮɟɛɘəɐ Ŭˊɞŭɧɛɖůɖ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ Cloisite 20A əŬɘ Cloisite 30B ɚŬɛɓɎɜŮɘ ɢɩɟŬ 

ůŮ ɛŮɔŬɚɨŰŮɟŮɠ ɗŮɟɛɞəɟŬůɑŮɠ Ŭˊɧ ŬɡŰɐ Űɖɠ ɛɖ Ůɜɘůɢɡɛɏɜɖɠ ˊɞɚɡůɘɚɞɝɎɜɖɠ, ɧˊɤɠ űŬɑɜŮŰŬɘ 

əŬɘ Ŭˊɧ Űɞ ɆɢɐɛŬ 7.20 əŬɘ 7.21. ȷˊɧ Űɖɜ ŮˊŮɝŮɟɔŬůɑŬ Űɤɜ űŬůɛɎŰɤɜ TGA ˊɟɞəɨˊŰɞɡɜ ŰŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ ˊɞɡ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 7.8, ɧˊɞɡ ŭɘŬˊɘůŰɩɜŮŰŬɘ ɧŰɘ ɖ ˊɟɞůɗɐəɖ 

Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ŮˊɘűɏɟŮɘ Ŭɨɝɖůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ ɏɜŬɟɝɖɠ əŬɘ ɛɏɔɘůŰɞɡ ɟɡɗɛɞɨ 

Ŭˊɞŭɧɛɖůɖɠ, ɛŮ ˊŮɟŬɘŰɏɟɤ Ŭɨɝɖůɖ ɜŬ ˊŬɟŬŰɖɟŮɑŰŬɘ ɧůɞ Űɞ ˊɞůɞůŰɧ ůŮ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ 

ŬɡɝɎɜŮŰŬɘ. ȼ Ŭɨɝɖůɖ Űɖɠ ɗŮɟɛɘəɐɠ ůŰŬɗŮɟɧŰɖŰŬɠ ŭɘŬˊɘůŰɩɜŮŰŬɘ ɛɏɢɟɘ Űɖɜ ŬɜŬɚɞɔɑŬ 8phr 

Cloisite 20A əŬɘ 8phr Cloisite 30B ɢɤɟɑɠ ɜŬ ˊŬɟɞɡůɘɎɕŮɘ ˊŮɟŬɘŰɏɟɤ ɓŮɚŰɑɤůɖ. ɇɏɚɞɠ, 

Ŭɨɝɖůɖ ŭɘŬˊɘůŰɩɜŮŰŬɘ əŬɘ ůŰɞ ɡˊɧɚŮɘɛɛŬ Űɖɠ əŬɨůɖɠ, əŬɗɩɠ ŬɡɝɎɜŮɘ ɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ 

ɛɏůɞ Ůɜɑůɢɡůɖɠ. 
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ɆɢɐɛŬ 7.20: ȼ ɛŮŰŬɓɞɚɐ Űɞɡ ɓɎɟɞɡɠ ůɡɜŬɟŰɐůŮɘ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ əŬŰɎ Űɖɜ ŭɞəɘɛɐ TGA 

ɜŬɜɞůɡɜɗɏŰɤɜ Cloisite 20A/MMW PDMS ůɡɛˊɨəɜɤůɖɠ. 
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ɆɢɐɛŬ 7.21: ȼ ˊŬɟɎɔɤɔɞɠ Űɖɠ ɛŮŰŬɓɞɚɐɠ ɓɎɟɞɡɠ ůɡɜŬɟŰɐůŮɘ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ əŬŰɎ Űɖɜ 

ŭɞəɘɛɐ TGA ɜŬɜɞůɡɜɗɏŰɤɜ Cloisite 20A/MMW PDMS ůɡɛˊɨəɜɤůɖɠ. 

ȳˊɤɠ ŬɜŬűɏɟɗɖəŮ əŬɘ ůŮ ˊɟɞɖɔɞɨɛŮɜɖ ŮɜɧŰɖŰŬ, ɞɘ ŬɚɡůɑŭŮɠ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ 

ˊɟɞůŰŬŰŮɨɞɜŰŬɘ Ŭˊɧ ŰŬ əŬɚɩɠ ŭɘŮůˊŬɟɛɏɜŬ űɘɚɑŭɘŬ Űɞɡ ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ, ŰŬ ɞˊɞɑŬ 

ŭɡůɢŮɟŬɑɜɞɡɜ Űɖɜ ŮɘůŬɔɤɔɐ Űɖɠ ɗŮɟɛɧŰɖŰŬɠ ůŰŬ ŮůɤŰŮɟɘəɎ ůŰɟɩɛŬŰŬ Űɞɡ ɡɚɘəɞɨ. ȼ əŬɚɐ 

ŭɘŬůˊɞɟɎ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ŭɡůɢŮɟŬɑɜŮɘ Ůˊɑůɖɠ əŬɘ Űɖɜ ŮɘůŬɔɤɔɐ Űɞɡ ɞɝɡɔɧɜɞɡ ůŰŬ 
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ŮůɤŰŮɟɘəɎ ůŰɟɩɛŬŰŬ Űɞɡ ɡɚɘəɞɨ Űɞ ɞˊɞɑɞ ŮɑɜŬɘ ŬɜŬɔəŬɑɞ ɔɘŬ Űɖɜ ɗŮɟɛɘəɐ Ŭˊɞŭɧɛɖůɖ. ɇɞ 

ɔŮɔɞɜɧɠ ŬɡŰɧ ůŮ ůɡɜŭɡŬůɛɧ ɛŮ Űɖɜ ˊɟɞůŰŬůɑŬ Ŭˊɧ Űɖɜ ɗŮɟɛɧŰɖŰŬ ɞŭɖɔŮɑ ŰŬ ɜŬɜɞůɨɜɗŮŰŬ ůŮ 

ůŰŬɗŮɟɧŰŮɟŮɠ ŭɞɛɏɠ ɗŮɟɛɘəɐɠ Ŭˊɞŭɧɛɖůɖɠ.  

 

ɆɢɐɛŬ 7.22: ȼ ɛŮŰŬɓɞɚɐ Űɞɡ ɓɎɟɞɡɠ ůɡɜŬɟŰɐůŮɘ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ əŬŰɎ Űɖɜ ŭɞəɘɛɐ TGA 

ɜŬɜɞůɡɜɗɏŰɤɜ Cloisite 30B/MMW PDMS ůɡɛˊɨəɜɤůɖɠ. 

 
ɆɢɐɛŬ 7.23: ȼ ˊŬɟɎɔɤɔɞɠ Űɖɠ ɛŮŰŬɓɞɚɐɠ ɓɎɟɞɡɠ ůɡɜŬɟŰɐůŮɘ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ əŬŰɎ Űɖɜ 

ŭɞəɘɛɐ TGA ɜŬɜɞůɡɜɗɏŰɤɜ Cloisite 30B/MMW PDMS ůɡɛˊɨəɜɤůɖɠ. 

ɄɑɜŬəŬɠ 7.8: ȷˊɞŰŮɚɏůɛŬŰŬ ɗŮɟɛɞɓŬɟɡɛŮŰɟɘəɐɠ ŬɜɎɚɡůɖɠ ɔɘŬ ɜŬɜɞůɨɜɗŮŰŬ Cloisite 20A əŬɘ 

Cloisite 30B/ɀMW PDMS ůɡɛˊɨəɜɤůɖɠ. 

ɀMW 

PDMS 

ůɡɛˊɨəɜɤůɖɠ 

Tonset  

(
o
C) 

Tpeak  

(
o
C) 

ɈˊɧɚŮɘɛɛŬ  

(%) 
Tonset  

(
o
C) 

Tpeak  

(
o
C) 

ɈˊɧɚŮɘɛɛŬ  

(%) 

Cloisite 20ȷ Cloisite 30ȸ 

0phr 420.0Ñ0.3 455.4Ñ0.9 9.45Ñ0.33 420.0Ñ0.3 455.4Ñ0.9 9.45Ñ0.33 

1phr 440.4Ñ2.6 522.2Ñ2.1 12.10Ñ3.84 434.7Ñ2.6 491.2Ñ1.8 10.39Ñ0.38 

2phr 464.6Ñ1.4 530.0Ñ3.7 12.42Ñ0.65 436.2Ñ0.4 506.9Ñ1.3 12.14Ñ0.51 

3.5phr 480.0Ñ1.3 543.1Ñ1.1 13.83Ñ0.14 446.7Ñ1.3 513.2Ñ2.3 12.92Ñ0.04 

5phr 485.1Ñ1.0 550.0Ñ4.3 15.03Ñ0.13 459.8Ñ2.1 523.7Ñ2.6 13.92Ñ0.27 

8phr 498.9Ñ1.1 551.9Ñ0.7 18.04Ñ0.06 476.7Ñ0.4 531.5Ñ0.7 17.27Ñ1.54 

10phr 485.5Ñ1.5 536.6Ñ1.6 20.07Ñ0.04 468.5Ñ0.5 507.1Ñ1.5 18.53Ñ0.37 


