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 ȼ ˊŬɟɞɨůŬ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ ŮəˊɞɜɐɗɖəŮ əŬŰɎ Űɞ ŬəŬŭɖɛŬɥəɧ ɏŰɞɠ 2015-

2016 ůŰɞɜ  ɇɞɛɏŬ ɇŮɢɜɞɚɞɔɑŬɠ Űɤɜ ȾŬŰŮɟɔŬůɘɩɜ Űɖɠ ůɢɞɚɐɠ ɀɖɢŬɜɞɚɧɔɤɜ 

ɀɖɢŬɜɘəɩɜ Űɞɡ Ⱥɗɜɘəɞɨ ɀŮŰůɧɓɘɞɡ ɄɞɚɡŰŮɢɜŮɑɞɡ. ɄɏɟŬɜ Űɖɠ ˊɟɞůɤˊɘəɐɠ 

ˊɟɞůˊɎɗŮɘŬɠ ˊɞɡ əŬŰŬɓɚɐɗɖəŮ, ɖ ŭɘŬɛɧɟűɤůɖ əŬɘ ɖ ɞɚɞəɚɐɟɤůɖ Űɖɠ ˊŬɟɞɨůŬɠ 

ŭɘˊɚɤɛŬŰɘəɐɠ ŮɟɔŬůɑŬɠ ŭŮɜ ɗŬ ɐŰŬɜ ŮűɘəŰɐ ɢɤɟɑɠ Űɖɜ ůɡɛɓɞɚɐ ɞɟɘůɛɏɜɤɜ Ŭɜɗɟɩˊɤɜ 

ˊɞɡ ɛŮ ůŰɐɟɘɝŬɜ əŬŰɎ Űɖɜ Ůəˊɧɜɖůɐ Űɖɠ. 

 

 ȾŬŰŬɟɢɎɠ, ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɞɜ əŬɗɖɔɖŰɐ ə. ȹɖɛɐŰɟɘɞ ɀŬɜɤɚɎəɞ, 

ȹɘŮɡɗɡɜŰɐɠ Űɞɡ ŰɞɛɏŬ ɇŮɢɜɞɚɞɔɑŬɠ Űɤɜ ȾŬŰŮɟɔŬůɘɩɜ, ɔɘŬ Űɖɜ ŮɛˊɘůŰɞůɨɜɖ ˊɞɡ ɛɞɡ 

ɏŭŮɘɝŮ əŬɘ Űɖɜ Űɘɛɐ ˊɞɡ ɛɞɡ ɏəŬɜŮ ŭɑɜɞɜŰŬɠ ɛɞɡ Űɖɜ ŮɡəŬɘɟɑŬ ɜŬ Ůəˊɞɜɐůɤ Űɖɜ 

ˊŬɟɞɨůŬ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ ɡˊɧ Űɖɜ ŮˊɑɓɚŮɣɐ Űɞɡ, əŬɗɩɠ əŬɘ ɔɘŬ Űɘɠ ůɡɛɓɞɡɚɏɠ 

Űɞɡ ůɢŮŰɘəɎ ɛŮ Űɖɜ Ůəɚɞɔɐ əŬŰɎɚɚɖɚɞɡ ɗɏɛŬŰɞɠ ŭɘˊɚɤɛŬŰɘəɐɠ ŮɟɔŬůɑŬɠ.  

 

ɇŬɡŰɧɢɟɞɜŬ, ɞűŮɑɚɤ ɓŬɗɨŰŬŰŮɠ ŮɡɢŬɟɘůŰɑŮɠ ůŰɞɜ Ɉˊɞɣɐűɘɞ ȹɘŭɎəŰɞɟŬ ə. 

ũŮɩɟɔɘɞ ɆŮɟɏŰɖ ɔɘŬ ɧɚɞ Űɞɜ ɢɟɧɜɞ ˊɞɡ ɛɞɡ ŬűɘɏɟɤůŮ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ 

Ůəˊɧɜɖůɖɠ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘˊɚɤɛŬŰɘəɐɠ ŮɟɔŬůɑŬɠ. ȼ ůɡɜŮɢɐɠ əŬɗɞŭɐɔɖůɐ Űɞɡ, ɖ 

ɡˊɞɛɞɜɐ əŬɘ Űɞ ˊɜŮɨɛŬ ůɡɜŮɟɔŬůɑŬɠ Űɞɡ Ŭˊɧ Űɖɜ Ŭɟɢɐ ɛɏɢɟɘ Űɞ Űɏɚɞɠ ŬˊɞŰŮɚɞɨɜ 

ŬɜŬɛűɑɓɞɚŬ ůŰɞɘɢŮɑŬ ɏɛˊɜŮɡůɖɠ əŬɘ ɔɘŬ Űɖɜ ɛŮŰɏˊŮɘŰŬ ŮˊŬɔɔŮɚɛŬŰɘəɐ ůŰŬŭɘɞŭɟɞɛɑŬ 

ɛɞɡ. ȼ ɡˊɞůŰɐɟɘɝɐ Űɞɡ ůŮ ɗɏɛŬŰŬ ŰŮɢɜɘəɎ əŬɘ ŮˊɘůŰɖɛɞɜɘəɎ ɐŰŬɜ əɟɑůɘɛɖɠ ůɖɛŬůɑŬɠ 

ɔɘŬ Űɖɜ ŮˊɘŰɡɢɐ ɞɚɞəɚɐɟɤůɖ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘˊɚɤɛŬŰɘəɐɠ ŮɟɔŬůɑŬɠ. 

 

Ⱥˊɑůɖɠ, ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɞ ŰŮɢɜɘəɧ ˊɟɞůɤˊɘəɧ Űɞɡ ȺɟɔŬůŰɖɟɑɞɡ 

ȾŬŰŮɟɔŬůɘɩɜ Űɤɜ Ɉɚɘəɩɜ, əŬɘ ůɡɔəŮəɟɘɛɏɜŬ Űɞɜ ə. ɁɘəɧɚŬɞ ɀŮɚɘůůɎ əŬɘ Űɞɜ ə. 

ȾɤɜůŰŬɜŰɑɜɞ ȾŮɟŬůɘɩŰɖ, ɔɘŬ Űɖ ɓɞɐɗŮɘŬ Űɞɡɠ ůŰɞɜ ɢɩɟɞ əŬɘ ɛŮ Űɞɜ Ůɝɞˊɚɘůɛɧ Űɞɡ 

ȺɟɔŬůŰɖɟɑɞɡ. Ⱥˊɘˊɚɏɞɜ, ůŮ ŬɡŰɧ Űɞ ůɖɛŮɑɞ ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Ŭəɧɛɖ Űɞɡɠ 

ůɡɛűɞɘŰɖŰɏɠ ɛɞɡ ȾɤɜůŰŬɜŰɑɜɞ ȻɞɡűɘɎəɞ əŬɘ ȾɤɜůŰŬɜŰɑɜɞ ɆɧűɟŬ ɔɘŬ Űɖɜ 

ɡˊɞůŰɐɟɘɝɖ Űɞɡɠ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ˊɟɞŮŰɞɘɛŬůɑŬɠ Űɖɠ ˊŬɟɞɨůŬɠ ŮɟɔŬůɑŬɠ. 

 

ɇɏɚɞɠ, ɞűŮɑɚɤ ɜŬ ŬɜŬűɏɟɤ ˊɤɠ ɖ űɞɑŰɖůɐ ɛɞɡ ůŰɞ Ⱥɗɜɘəɧ ɀŮŰůɧɓɘɞ 

ɄɞɚɡŰŮɢɜŮɑɞ ŭŮɜ ɗŬ ɐŰŬɜ ŭɡɜŬŰɐ ɢɤɟɑɠ Űɖ ůŰɐɟɘɝɖ Űɖɠ ɞɘəɞɔɏɜŮɘŬɠ ɛɞɡ. ŪŬ ɐɗŮɚŬ ɜŬ 



 
 

ŮɡɢŬɟɘůŰɐůɤ əŬɘ ɜŬ ŬűɘŮɟɩůɤ Űɖɜ ˊŬɟɞɨůŬ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ ůŰɖ ɛɖŰɏɟŬ ɛɞɡ 

ȸɎɜŰŬ əŬɘ Űɞɜ ˊŬŰɏɟŬ ɛɞɡ ũŮɩɟɔɘɞ, ɔɘŬ Űɖ ůɡɛˊŬɟɎůŰŬůɖ əŬɘ Űɖɜ ˊɑůŰɖ ˊɞɡ ɏɗɟŮűŬɜ 

ůŰɞ ˊɟɧůɤˊɧ ɛɞɡ əŬɗô ɧɚɖ Űɖ ŭɘɎɟəŮɘŬ Űɤɜ ůˊɞɡŭɩɜ ɛɞɡ, əŬɗɩɠ əŬɘ ɔɘŬ ɧɚŬ ɧůŬ 

ɛɞɡ ɏɢɞɡɜ ˊɟɞůűɏɟŮɘ ɛɏɢɟɘ ůɐɛŮɟŬ. Ⱥˊɑůɖɠ, ɗɏɚɤ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɞɜ ɝɎŭŮɟűɧ ɛɞɡ 

ȸŬůɑɚŮɘɞ ɆŬůɘɟɛɎɕ, ŬˊɧűɞɘŰɞɠ ɉɖɛɘəɧɠ ɀɖɢŬɜɘəɧɠ Űɞɡ Ⱥ.ɀ.Ʉ. ɔɘŬ Űɖɜ əŬɗɞŭɐɔɖůɖ 

əŬɘ Űɖɜ ŮɜɗɎɟɟɡɜůɖ ˊɞɡ ɛɞɡ ˊɟɞůɏűŮɟŮ əŬŰɎ Űɖɜ ɞɚɞəɚɐɟɤůɖ Űɤɜ ůˊɞɡŭɩɜ ɛɞɡ. 

 

ȷɔŬˊɖŰɞɑ ɛɞɡ űɑɚɞɘ ȯɟɖ, ȷɚɏɝɖ, ȷɚɏɝŬɜŭɟŮ, ũɘɎɜɜɖ, ũɘɩɟɔɞ, ɀˊɞɔəɜŰɎɜ, 

Ɂɑəɞ, ɄɎɜɞ, Ɇˊɨɟɞ əŬɘ ɉɟɨůŬɜɗŮ, ůŬɠ ŮɑɛŬɘ Ůɡɔɜɩɛɤɜ ɔɘŬ Űɖɜ ŬɔɎˊɖ əŬɘ Űɖ ůŰɐɟɘɝɐ 

ůŬɠ ůŮ ɧɚŮɠ Űɘɠ Ůˊɘɚɞɔɏɠ ɛɞɡ. 
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ɄŮɟɑɚɖɣɖ 

 

 

 ɇŬ ɜŬɜɞůɨɜɗŮŰŬ ɡɚɘəɎ ɐ ŬɜŬɚɡŰɘəɧŰŮɟŬ ŰŬ ůɨɜɗŮŰŬ ɡɚɘəɎ ŮɜɘůɢɡɛɏɜŬ ɛŮ 

ɜŬɜɞɦɚɘəɎ, ˊɟɞůŮɚəɨɞɡɜ ɞɚɞɏɜŬ əŬɘ ˊŮɟɘůůɧŰŮɟɞ Űɞ ŮˊɘůŰɖɛɞɜɘəɧ, ŬɚɚɎ əŬɘ Űɞ 

ɓɘɞɛɖɢŬɜɘəɧ ŮɜŭɘŬűɏɟɞɜ. ɇŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɤɠ ˊɟɞůɗɐəŮɠ 

ůŰŬ ůɨɜɗŮŰŬ ɡɚɘəɎ ˊŬɟɞɡůɘɎɕɞɡɜ ɛŮɔɎɚɖ ŮˊɘűɎɜŮɘŬ ŮˊŬűɐɠ ŮˊɖɟŮɎɕɞɜŰŬɠ ɏŰůɘ Űɖ 

űɡůɘəɐ əŬɘ ɢɖɛɘəɐ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ ɜŬɜɞůɨɜɗŮŰɞɡ ɡɚɘəɞɨ. ɇŬ ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ, 

ɛɎɚɘůŰŬ, ɖ ŮɛűɎɜɘůɖ Űɤɜ ˊɞɚɡɛŮɟɘəɩɜ ůɡɜɗɏŰɤɜ ɜŬɜɞɦɚɘəɩɜ ɏɢŮɘ ɞŭɖɔɐůŮɘ ůŮ 

ˊɞɚɚɏɠ ŰŮɢɜɞɚɞɔɘəɏɠ əŬɘ əŬŰŬůəŮɡŬůŰɘəɏɠ ŮűŬɟɛɞɔɏɠ ůŰɖɜ ŬɜŰɘəŬŰɎůŰŬůɖ Űɤɜ 

ɛŮŰɎɚɚɤɜ, ɔŮɔɞɜɧɠ ˊɞɡ ɞűŮɑɚŮŰŬɘ, ɛŮŰŬɝɨ Ɏɚɚɤɜ, ůŰɖɜ ŮɡəɞɚɑŬ ˊŬɟŬɔɤɔɐɠ Űɞɡɠ əŬɘ 

ůŰɞ ůɡɜŭɡŬůɛɧ ɢŬɛɖɚɞɨ ɓɎɟɞɡɠ ɛŮ ɡɣɖɚɏɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ.  

ȼ ˊŬɟɞɨůŬ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛŮ ůəɞˊɧ Űɖ ɛŮɚɏŰɖ Űɖɠ 

ŮˊɑŭɟŬůɖɠ ɜŬɜɞŭɞɛɩɜ ɔɟŬűŮɜɑɞɡ (grapheme nanoplatelets ï GNPs) ůŮ ůɨɜɗŮŰɞ 

ˊɞɚɡůŰɟɤɛŬŰɘəɧ ɡɚɘəɧ Ůˊɞɝɘəɐɠ ɛɐŰɟŬɠ ɛŮ Ůɜɑůɢɡůɖ ɡŬɚɞɦűɎůɛŬŰɞɠ. 

 ɇŬ ŬˊŬɟŬɑŰɖŰŬ ˊɞɚɡůŰɟɤɛŬŰɘəɎ ŭɞəɑɛɘŬ ˊŬɟŬůəŮɡɎůŰɖəŬɜ ɛŮ Űɖ ɛɏɗɞŭɞ Űɖɠ 

ɢŮɘɟɞəɑɜɖŰɖɠ ůŰɟɩůɖɠ (Hand Lay-Up), Ůɜɩ ɖ ŮɜůɤɛɎŰɤůɖ Űɤɜ ɜŬɜɞŭɞɛɩɜ 

ɔɟŬűŮɜɑɞɡ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ əŬŰɎ Űɖɜ ˊɟɞŮŰɞɘɛŬůɑŬ Űɞɡ Ůˊɞɝɘəɞɨ ůɡůŰɐɛŬŰɞɠ ɛŮ 

ŬɜɎŭŮɡůɖ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ.  

ɆɡɜɞɚɘəɎ ˊŬɟŬůəŮɡɎůŰɖəŬɜ ŰɟŮɘɠ ůŮɘɟɏɠ ŭɞəɘɛɑɤɜ ɛŮ ŰɏůůŮɟɘɠ ůŰɟɩůŮɘɠ əŬɘ 

ŭɘŬűɞɟŮŰɘəɏɠ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ ůŮ ɜŬɜɞŭɞɛɏɠ ɔɟŬűŮɜɑɞɡ (GNPs). ɄɟɧəŮɘŰŬɘ ɔɘŬ 

ŭɞəɑɛɘŬ Ůˊɞɝɘəɐɠ ɛɐŰɟŬɠ ɛŮ Ůɜɑůɢɡůɖ ˊɚŮəŰɞɨ ɡŬɚɞɦűɎůɛŬŰɞɠ ˊɚɏɝɖɠ Twill  2x2, ůŮ 

ŭɘɎŰŬɝɖ ˊɟɞůŬɜŬŰɞɚɘůɛɞɨ ɘɜɩɜ [45/-45]2 əŬɘ [45/0]antisymmetric, əŬɗɩɠ əŬɘ ɛŮ Ůɜɑůɢɡůɖ 

ɛɞɜɞŭɘŮɡɗɡɜŰɘəɞɨ ɡŬɚɞɦűɎůɛŬŰɞɠ (unidirectional) ɛŮ ˊɟɞůŬɜŬŰɞɚɘůɛɧ ůŰɟɩůŮɤɜ 

[0/90]2. ȾŬɘ ůŰɞɡɠ ŰɟŮɘɠ Űɨˊɞɡɠ ŭɞəɘɛɑɤɜ ˊŬɟŬůəŮɡɎůŰɖəŬɜ ŭŮɑɔɛŬŰŬ ŬɜŬűɞɟɎɠ 

ɢɤɟɑɠ Űɖɜ ˊɟɞůɗɐəɖ ɜŬɜɞŭɞɛɩɜ ɔɟŬűŮɜɑɞɡ, ˊɞɡ ŬˊɞŰɏɚŮůŬɜ Űɞ ɛɏŰɟɞ ůɨɔəɟɘůɖɠ ɔɘŬ 

Űɖɜ ŮˊɑŭɟŬůɖ Űɤɜ ɜŬɜɞŭɞɛɩɜ ůŰɖ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ. ɆŰɧɢɞɠ ɐŰŬɜ ɖ 

ŮɝŬɔɤɔɐ ŭɞəɘɛɑɤɜ əŬŰɎɚɚɖɚɤɜ ŭɘŬůŰɎůŮɤɜ əŬɘ ˊɞɘɧŰɖŰŬɠ ɔɘŬ ɜŬ ɡˊɞɓɚɖɗɞɨɜ ůŮ 

ɛŮŰɟɐůŮɘɠ ŮűŮɚəɡůɛɞɨ əŬɘ əɎɛɣɖɠ Űɟɘɩɜ ůɖɛŮɑɤɜ ůɨɛűɤɜŬ ɛŮ ŰŬ ˊɟɧŰɡˊŬ ASTM 

D3039/D3039M əŬɘ ASTM D790-03, ŬɜŰɑůŰɞɘɢŬ. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Ůɜɑůɢɡůɖɠ 

ɡűɎůɛŬŰɞɠ Űɨˊɞɡ Twill  2x2 ɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɔɟŬűɏɜɘɞ ɏűŰŬůŮ ɛɏɢɟɘ Űɞ 20% əŬŰɎ 

ɓɎɟɞɠ Űɖɠ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɖɠ ɟɖŰɑɜɖɠ (Ůˊɞɝɘəɐ ɛɐŰɟŬ), Ůɜɩ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ 

ɛɞɜɞŭɘŮɗɡɜŰɘəɐɠ Ůɜɑůɢɡůɖɠ ɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ɏűŰŬůŮ ɛɏɢɟɘ Űɞ 30% (w.t.). ɇŬ Ɏɜɤ 



 
 

ɧɟɘŬ Űɤɜ ˊŮɟɘŮəŰɘəɞŰɐŰɤɜ ŭɘŬɛɞɟűɩɗɖəŬɜ Ŭˊɧ ŰŬ əŬŰŬůəŮɡŬůŰɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ 

Űɤɜ ɡűŬůɛɎŰɤɜ, əŬɗɩɠ əŬɘ Ŭˊɧ Űɘɠ Ůə Űɤɜ ɡůŰɏɟɤɜ ɛŮŰɟɐůŮɘɠ ˊɞɡ ɏŭŮɘɝŬɜ 

ɡˊɞɓɎɗɛɘůɖ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ Ŭˊɧ ɏɜŬ ˊɞůɞůŰɧ ˊɟɧůɛɘɝɖɠ əŬɘ Ɏɜɤ, ůŮ ŰɏŰɞɘɞ 

ɓŬɗɛɧ ɛɎɚɘůŰŬ ˊɞɡ Űɞ ˊɟɞəɨˊŰɞɜ ˊɞɚɡůŰɟɤɛŬŰɘəɧ ɡɚɘəɧ ŮɛűɎɜɘůŮ ɢŮɘɟɧŰŮɟŮɠ 

ŮˊɘŭɧůŮɘɠ Ŭəɧɛɖ əŬɘ Ŭˊɧ ŰŬ ŭɞəɑɛɘŬ ŬɜŬűɞɟɎɠ ˊɞɡ ŭŮɜ ˊŮɟɘŮɑɢŬɜ ɜŬɜɞŭɞɛɏɠ 

ɔɟŬűŮɜɑɞɡ. ɆŰɘɠ ɡˊɧɚɞɘˊŮɠ ˊŮɟɘˊŰɩůŮɘɠ, ŬɜŬɚɧɔɤɠ Űɖɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ůŮ GNPs 

ˊŬɟŬŰɖɟɐɗɖəŮ Ŭˊɧ ŮɚɎɢɘůŰɖ ɏɤɠ ɘəŬɜɐ ŮˊɑŭɟŬůɖ Űɞɡ ɔɟŬűŮɜɑɞɡ ůŰɘɠ ɛɖɢŬɜɘəɏɠ 

ŮˊɘŭɧůŮɘɠ Űɞɡ ɡɚɘəɞɨ.  

ɇɏɚɞɠ, ɛŮɚŮŰɐɗɖəŮ əŬɘ ɖ ŮˊɑŭɟŬůɖ Űɖɠ ŭŮɡŰŮɟɞɔŮɜɞɨɠ ɗŮɟɛɘəɐɠ ɗŮɟŬˊŮɑŬɠ 

(post-curing) ˊɎɜɤ ůŰɘɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ˊɞɚɡůŰɟɤɛŬŰɘəɩɜ ŭɞəɘɛɑɤɜ ɛŮ 

Ůɜɑůɢɡůɖ ɛɞɜɞŭɘŮɡɗɡɜŰɘəɞɨ ɡŬɚɞɦűɎůɛŬŰɞɠ ůŮ ŭɘɎŰŬɝɖ [0/90]2, əŬɗɧŰɘ ŬɡŰɐ 

ŮˊɖɟŮɎɕŮɘ Űɘɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɖɠ ˊɞɚɡɛŮɟɘəɐɠ (Ůˊɞɝɘəɐɠ) ɛɐŰɟŬɠ. Ʉɘɞ 

ůɡɔəŮəɟɘɛɏɜŬ, ˊŬɟŬůəŮɡɎůŰɖəŬɜ ŭɞəɑɛɘŬ ɛŮ ˊŮɟɘŮəŰɘəɧŰɖŰŬ 2% w.t. GNPs əŬɘ Ŭűɞɨ 

ŬűɏɗɖəŬɜ ɔɘŬ ůəɚɐɟɡɜůɖ ůŮ ůɡɜɗɐəŮɠ ŭɤɛŬŰɑɞɡ (25
o
C) ɔɘŬ ŮűŰɎ ɖɛɏɟŮɠ 

ŰɞˊɞɗŮŰɐɗɖəŬɜ ůŮ ŮɟɔŬůŰɖɟɘŬəɧ əɚɑɓŬɜɞ ɔɘŬ 2, 4, 6 əŬɘ 24 ɩɟŮɠ ůŰɞɡɠ 50
ɞ
C əŬɘ 

100
o
C, ŬɜŰɑůŰɞɘɢŬ, əŬɘ Űɏɚɞɠ ɡˊɞɓɚɐɗɖəŬɜ ůŮ ŭɞəɘɛɐ əɎɛɣɖɠ Űɟɘɩɜ ůɖɛŮɑɤɜ 

ůɨɛűɤɜŬ ɛŮ Űɞ ˊɟɧŰɡˊɞ ASTM D790-03. ȼ ŭŮɡŰŮɟɞɔŮɜɐɠ ɗŮɟɛɘəɐ ɗŮɟŬˊŮɑŬ ůŰɞɡɠ 

100
ɞ
C

 
ɓŮɚŰɑɤůŮ Űɖɜ ŬɜŰɞɢɐ ůŮ əɎɛɣɖ Űɤɜ ŭɞəɘɛɑɤɜ ˊɘɞ ɏɜŰɞɜŬ Ŭˊɧ ɧŰɘ ůŰɞɡɠ 50

ɞ
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Abstract 

 

 

Composite materials reinforced with nanoparticles or just nanocomposites are 

increasingly attracting interest of the scientific community and the industrial world. 

Nanoparticles used as fillers in composite materials exhibit a large contact surface 

affecting the physical and chemical properties of the composite. Over the last years, 

the appearance of polymer nanocomposites has led to the replacement of metals in 

many technological and structural applications, mainly due to ease of production and 

the combination of low weight with great mechanical properties. 

This project is investigating the effect of graphene nanoplatelets fillers on 

laminated epoxy matrix reinforced with glass-fabric composites. 

The test specimens were produced through Hand Lay-Up method. The 

graphene nanoplatelets (GNPs) were incorporated into the liquid resin during epoxy 

system preparation by stirring in room temperature. 

Three different laminated specimen series with four layers and various 

percentage w.t. additions of graphene nanoplatelets (GNPs) were prepared for the 

needs of this project. Epoxy matrices were reinforced with woven glass-fabric of 

Twill 2x2 weave in ply orientations [45/-45]2 and [45/0]antisymmetric, also well as with 

unidirectional glass-fabric of ply orientation [0/90]2. For each laminated series were 

also prepared reference specimens with no GNPs additions, in order to compare the 

GNPs effect on the nanocomposite behavior. The produced specimens had to be of 

specific dimensions and quality for the purpose of conducting tensile and three point 

bending tests in compliance with ASTM D3039/D3039M and ASTM D790-03 

standards, respectively. The GNPs additions of the Twill 2x2 reinforced series got to 

20% w.t. of the used resin (epoxy matrix) and in the case of unidirectional 

reinforcement the GNPs additions got to 30%. The upper additions limits were 

determined by the fabrics structural characteristics, as well as by the tests themselves 

that showed degradation of mechanical properties above a specific additions value, in 

such extent that the resulted specimen exhibited lower mechanical properties even 

than the reference specimens with no GNPs additions. The rest of the specimens 



 
 

exhibited improved mechanical properties of the composite material, according to the 

additions level. 

The effect of thermal curing on mechanical properties was also investigated in 

the case of the unidirectional glass-fabric reinforced composites with [0/90]2 ply 

orientation, as the curing process affects the properties of the polymer (epoxy) matrix. 

Specifically, specimens with addition of 2% w.t. GNPs were produced and after being 

dried out (curing at room temperature for seven days) they were put in an oven for 2, 

4, 6 and 24 hours at 50
o
C and 100

o
C. The cured specimens were tested in compliance 

with the ASTM D790-03 three-point bending standard. The 100
o
C cure cycle showed 

greater improvement in the flexural strength of the composites than the 50
o
C cure 

cycle. 
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1. ȾŮűɎɚŬɘɞ: ɆɨɜɗŮŰŬ ɡɚɘəɎ 

 

 

 

 

1.1 ȺɘůŬɔɤɔɐ 

 

ɇŬ ůɨɜɗŮŰŬ ɡɚɘəɎ ɡˊɎɟɢɞɡɜ ůŰɖ ɕɤɐ Űɞɡ Ŭɜɗɟɩˊɞɡ Ŭˊɧ ŬɟɢŬɘɞŰɎŰɤɜ ɢɟɧɜɤɜ. 

ɈɚɘəɎ ɧˊɤɠ ɝɨɚɞ, ˊɏŰɟŬ, ˊɖɚɧɠ əŬɘ əɧəəŬɚŬ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ŮɡɟɨŰŬŰŬ Ŭˊɧ Űɞɜ 

Ɏɜɗɟɤˊɞ, ɞ ɞˊɞɑɞɠ ůɨɜŰɞɛŬ ɎɟɢɘůŮ ɜŬ ŰŬ ŮɜɘůɢɨŮɘ ɛŮ ˊɟɧůɗŮŰŬ ůɡůŰŬŰɘəɎ. 

ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, ɞɘ ȷɘɔɨˊŰɘɞɘ ɢɟɖůɘɛɞˊɞɘɞɨůŬɜ ɐŭɖ Űɞ 5.000 ˊ.ɉ. Űɖɜ ŰŮɢɜɘəɐ Űɖɠ 

Ůɜɑůɢɡůɖɠ Űɞɨɓɚɤɜ ˊɖɚɞɨ ɛŮ ˊɚɏɔɛŬ Ɏɢɡɟɤɜ ɛŮ ůəɞˊɧ Űɖ ɛŮɑɤůɖ Űɤɜ ŰɎůŮɤɜ 

ůɡůŰɞɚɐɠ ˊɞɡ ŬɜŬˊŰɡůůɧŰŬɜ əŬŰɎ Űɖɜ ɝɐɟŬɜůɖ Űɞɡ ˊɖɚɞɨ. ȷɜŰɑůŰɞɘɢŬ əŬŰɎ Űɞɡɠ 

ɅɤɛŬɥəɞɨɠ ɢɟɧɜɞɡɠ ɖ ɞŭɞˊɞɘɑŬ ůŰɖɟɑɢɗɖəŮ ůŰɖɜ Ůɜɑůɢɡůɖ Űɞɡ ɞŭɞůŰɟɩɛŬŰɞɠ ɛŮ 

ŰɟɑɛɛŬŰŬ əŮɟŬɛɘŭɘɩɜ. ɆŰɖɜ ůɨɔɢɟɞɜɖ Ůˊɞɢɐ ɏɜŬ Ůɡɟɏɤɠ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɞ ůɨɜɗŮŰɞ 

ɡɚɘəɧ ŮɑɜŬɘ Űɞ ɞˊɚɘůɛɏɜɞ ůəɡɟɧŭŮɛŬ, ɧˊɞɡ ɞ ɞˊɚɘůɛɧɠ ŬɡɝɎɜŮɘ Űɖɜ ŬɜŰɞɢɐ ůŮ 

ŮűŮɚəɡůɛɧ Űɞɡ ŭɞɛɘəɞɨ ɡɚɘəɞɨ. ɇɞ ˊɟɩŰɞ ůɨɜɗŮŰɞ ɡɚɘəɧ ɓŬůɘůɛɏɜɞ ůŮ ɛɐŰɟŬ 

ˊɚŬůŰɘəɞɨ ŮɛűŬɜɑůŰɖəŮ Űɖ ŭŮəŬŮŰɑŬ Űɞɡ 1920 əŬɘ ŮˊɟɧəŮɘŰɞ ɔɘŬ ɛɑɔɛŬ ɘɜɘŭɑɤɜ ɝɨɚɞɡ 

ɛŮ űŬɘɜɞɚɘəɐ űɞɟɛŬɚŭŮɒŭɖ, əɞɘɜɩɠ ɔɜɤůŰɧ ɤɠ ɓŬəŮɚɑŰɖɠ ˊɟɞɠ Űɘɛɐ Űɞɡ ȸɏɚɔɞɡ 

ŮˊɘůŰɐɛɞɜŬ Leo Beaekeland. [1] 

ɇŬ ˊŮɟɘůůɧŰŮɟŬ ůɨɜɗŮŰŬ ɡɚɘəɎ ɏɢɞɡɜ ůɢŮŭɘŬůŰŮɑ ɛŮ ůəɞˊɧ Űɖ ɓŮɚŰɑɤůɖ Űɤɜ 

ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ, ɧˊɤɠ ɖ ŭɡůəŬɛɣɑŬ, ɖ ŭɡůɗɟŬɡůŰɧŰɖŰŬ, ɖ ŬɜŰɞɢɐ ůŮ ɡɣɖɚɏɠ 

ɗŮɟɛɞəɟŬůɑŮɠ ɐ ɖ ɢɖɛɘəɐ ŬɜŰɞɢɐ. ɄɟɧəŮɘŰŬɘ ɔɘŬ ɡɚɘəɎ ˊɞɚɡűŬůɘəɎ ˊɞɡ ˊŬɟɎɔɞɜŰŬɘ 

ɛŮ ůɨɜɗŮůɖ ŭɨɞ ɐ ˊŮɟɘůůɧŰŮɟɤɜ, ɛɖ ŭɘŬɚɡŰɩɜ ɛŮŰŬɝɨ Űɞɡɠ, ɡɚɘəɩɜ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ 

ˊɟɞəɨɣŮɘ ɏɜŬ ɜɏɞ ůɨɜɗŮŰɞ ɡɚɘəɧ ɛŮ ɓɏɚŰɘůŰŮɠ ɘŭɘɧŰɖŰŮɠ, ŭɘŬűɞɟŮŰɘəɏɠ Ŭˊɧ ŬɡŰɏɠ Űɤɜ 

ůɡůŰŬŰɘəɩɜ Űɞɡ. ȼ ůɡɜŮɢɐɠ űɎůɖ ɞɜɞɛɎɕŮŰŬɘ ɛɐŰɟŬ (matrix) əŬɘ ɖ ŬůɡɜŮɢɐɠ űɎůɖ 

ɞɜɞɛɎɕŮŰŬɘ ůɡůŰŬŰɘəɧ Ůɜɑůɢɡůɖɠ ɐ ɏɔəɚŮɘůɛŬ (filler ). ȼ ɛɐŰɟŬ ŮɑɜŬɘ ɢŬɛɖɚɐɠ 

ˊɡəɜɧŰɖŰŬɠ ɡɚɘəɧ əŬɘ ůəɞˊɧɠ Űɖɠ ŮɑɜŬɘ ɖ ɛŮŰŬűɞɟɎ Űɤɜ ŬůəɞɨɛŮɜɤɜ űɞɟŰɑɤɜ ůŰɞ 

ɡɚɘəɧ Ůɜɑůɢɡůɖɠ, Űɞ ɞˊɞɑɞ ˊŬɟŬɚŬɛɓɎɜŮɘ əŬɘ ˊɟɞůŭɑŭŮɘ ůŰɞ ůɨɜɗŮŰɞ Űɘɠ ɜɏŮɠ 

ɓŮɚŰɘɤɛɏɜŮɠ ɘŭɘɧŰɖŰŮɠ. [2] 

ɇŬ ůɨɜɗŮŰŬ ɡɚɘəɎ ˊɞɡ ŬˊɞŰŮɚɞɨɜ Űɞ ŬɜŰɘəŮɑɛŮɜɞ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘˊɚɤɛŬŰɘəɐɠ 

ŮɟɔŬůɑŬɠ ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ ɑɜŮɠ ɡɣɖɚɐɠ ŮűŮɚəɡůŰɘəɐɠ ŬɜŰɞɢɐɠ ŮɛˊɞŰɘůɛɏɜŮɠ ɛŮ 

ɗŮɟɛɞůəɚɖɟɡɜɧɛŮɜɖ ɟɖŰɑɜɖ. Ƀɘ ůɡɜɐɗŮɘɠ Űɨˊɞɘ ɘɜɩɜ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ŮɑɜŬɘ Ŭˊɧ 
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ɔɡŬɚɑ ɐ ŬɟŬɛɑŭɘɞ ɐ ɎɜɗɟŬəŬ. ɇɡˊɘəɎ ɢŬɟŬəŰɖɟɑɕɞɜŰŬɘ Ŭˊɧ ɢŬɛɖɚɧ ɓɎɟɞɠ, ɡɣɖɚɐ 

ŬɜŰɞɢɐ ůŮ ŮűŮɚəɡůɛɧ əŬɘ ɡɣɖɚɐ ŬɜŰɞɢɐ ůŮ ŭɘɎɓɟɤůɖ. 

 

 

1.2 ɇŬɝɘɜɧɛɖůɖ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ 

 

ȷɜɎɚɞɔŬ ɛŮ Űɖ ɛɞɟűɐ Űɞɡ ůɡůŰŬŰɘəɞɨ Ůɜɑůɢɡůɖɠ ŰŬ ůɨɜɗŮŰŬ əŬŰŬŰɎůůɞɜŰŬɘ ůŮ 

ŰɏůůŮɟɘɠ ɛŮɔɎɚŮɠ əŬŰɖɔɞɟɑŮɠ: 

 

V Ƚɜɩŭɖ ůɨɜɗŮŰŬ (fibrous composites): ɀŮ Ůɜɑůɢɡůɖ ɘɜɩɜ ŮɛˊɞŰɘůɛɏɜɤɜ ůŮ ɡɚɘəɧ 

ɛɐŰɟŬɠ 

V ɆŰɟɤɛŬŰɘəɎ ůɨɜɗŮŰŬ (laminated composites): ɀŮ ŮˊɎɚɚɖɚŮɠ ůŰɟɩůŮɘɠ ɡɚɘəɩɜ. 

V Ⱦɞəəɩŭɖ ůɨɜɗŮŰŬ (particulate composites): ɀŮ Ůɜɑůɢɡůɖ ŭɘŬůəɞɟˊɘůɛɏɜɤɜ 

ůɤɛŬŰɘŭɑɤɜ ůŰɞ ɡɚɘəɧ Űɖɠ ɛɐŰɟŬɠ. 

V ɆɡɜŭɡŬůɛɧɠ ɛŮɟɘəɩɜ ɐ ɧɚɤɜ Űɤɜ ˊŬɟŬˊɎɜɤ Űɨˊɤɜ. 

 

ɇŬ ɘɜɩŭɖ ůɨɜɗŮŰŬ ŭɘŬəɟɑɜɞɜŰŬɘ ˊŮɟŬɘŰɏɟɤ ŬɜɎɚɞɔŬ ɛŮ Űɞɜ ˊɟɞůŬɜŬŰɞɚɘůɛɧ əŬɘ 

Űɖ ŭɘɎŰŬɝɖ Űɤɜ ɘɜɩɜ ɛɏůŬ ůŰɖ ɛɐŰɟŬ, ůŮ: 

 

V ɀɞɜɞŭɘŮɡɗɡɜŰɘəɎ ůɨɜɗŮŰŬ, ɧˊɞɡ ɞɘ ɑɜŮɠ ɏɢɞɡɜ ɧɚŮɠ Űɖɜ ɑŭɘŬ ŭɘŮɨɗɡɜůɖ. 

V ɄɞɚɡŭɘŮɡɗɡɜŰɘəɎ ůɨɜɗŮŰŬ , ɧˊɞɡ ɞɘ ɑɜŮɠ ɏɢɞɡɜ ŭɘŬűɞɟŮŰɘəɏɠ ŭɘŮɡɗɨɜůŮɘɠ əŬɘ 

ɢɤɟɑɕɞɜŰŬɘ ůŰɘɠ ŰɟŮɘɠ ˊŬɟŬəɎŰɤ əŬŰɖɔɞɟɑŮɠ:  

1. ɆɨɜɗŮŰŬ ɛŮ ɑɜŮɠ ŰɡɢŬɑŬɠ ŭɘŮɨɗɡɜůɖɠ. 

2. ɆɨɜɗŮŰŬ ɛŮ ɑɜŮɠ ůŮ ˊɚɏɝɖ ɨűŬɜůɖɠ. 

3. ɆɨɜɗŮŰŬ ɛŮ ɑɜŮɠ ůŮ ŰɟɘůɞɟɗɞɔɩɜɘŬ ɨűŬɜůɖ. 

 

 

ɳʽˁˈ˄ʰ 1Φ ʆˏˉˇʽ ʵʽʱˍʰ˅ʹˌ ˍ˖˄ ʽ˄˗˄Υ όʰύ ˃ˇ˄ˇʵʽʶˎʻˎ˄ˍʽˁʷˌ ʾ˄ʶˌΣ όʲύ ʾ˄ʶˌ ˍˎ˔ʰʾˇˎ ˉˊˇˋʰ˄ʰˍˇ˂ʽˋ˃ˇˏΣ όʴύ ʾ˄ʶˌ ˃ʶ 
ˉ˂ʷ˅ʹ ˏ˒ʰ˄ˋʹˌ ˁʰʽ όʵύ ˋʶ ˍˊʽˋˇˊʻˇʴ˗˄ʽʰ ˉ˂ʷ˅ʹΦ [3] 
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ɀɘŬ Ůˊɘˊɚɏɞɜ ŭɘɎəɟɘůɖ Űɤɜ ɘɜɤŭɩɜ ůɡɜɗɏŰɤɜ ůŰɖɟɑɕŮŰŬɘ ůŰɞ ɚɧɔɞ ɛɐəɞɡɠ ˊɟɞɠ 

ŭɘɎɛŮŰɟɞ (l/d) Űɤɜ ɘɜɩɜ, ɞɘ ɞˊɞɑŮɠ ɢŬɟŬəŰɖɟɑɕɞɜŰŬɘ ɤɠ: 

V ɆɡɜŮɢɐɠ ɐ ɛŮɔɎɚɞɡ ɛɐəɞɡɠ ɑɜŮɠ (continuous fibers), ɧŰŬɜ ŮɑɜŬɘ l/d Ó 100. 

V ȷůɡɜŮɢŮɑɠ ɐ əɞɜŰɏɠ ɑɜŮɠ (discontinuous fibers), ɧŰŬɜ ŮɑɜŬɘ l/d Ò 100. 

V ɁɖɛŬŰɑŭɘŬ ɐ ŰɟɘɢɑŰŮɠ (whiskers), ɧŰŬɜ d < 1 ɛm əŬɘ l å 100 ɛm (ˊɟɧəŮɘŰŬɘ ɔɘŬ 

ɚŮˊŰɞɨɠ ɛɞɜɞəɟɡůŰɎɚɚɞɡɠ əŮɟŬɛɘəɞɨ ɡɚɘəɞɨ). [1, 3] 

 

 

 

 

ɳʽˁˈ˄ʰ 2. ɱʶ˄ʽˁʺ ˍʰ˅ʽ˄ˈ˃ʹˋʹ ˍ˖˄ ˋˎ˄ʻʷˍ˖˄ ˎ˂ʽˁ˗˄Φ [1] 

 

 

ʇ˂ʽˁˈ 
ʃˎˁ˄ˈˍʹˍʰ 
(g/cm^3) 

ɮ˄ˍˇ˔ʺ ˋʶ 
ʶ˒ʶ˂ˁˎˋ˃ˈ 

(GPa) 

ɾʷˍˊˇ 
ʶ˂ʰˋˍʽˁˈˍʹˍʰˌ 

(10^2 GPa) 

ʋʱ˂ˎʲʰˌ 7.80 1.03 2.10 

ɼˊʱ˃h  ʰ˂ˇˎ˃ʽ˄ʾˇˎ 2.80 0.47 0.75 

ɼˊʱ˃h  ˍʽˍʰ˄ʾˇˎ 4.50 0.96 1.14 

ʅˏ˄ʻʶˍʰ ˎ˂ʽˁʱ ˃ʶ ʶ˄ʾˋ˔ˎˋʹ ʽ˄˗˄ ʴˎʰ˂ʽˇˏ 2.00 1.06 0.40 

ʅˏ˄ʻʶˍʰ ˎ˂ʽˁʱ ʰ˄ʻˊʰˁˇ˄ʹ˃ʱˍ˖˄ ɹɹκʶˉˇ˅ʽˁʺˌ ˃ʺˍˊʰˌ 1.45 1.50 1.40 

ʅˏ˄ʻʶˍʰ ˎ˂ʽˁʱ ʰ˄ʻˊʰˁˇ˄ʹ˃ʱˍ˖˄ ɹκʶˉˇ˅ʽˁʺˌ ˃ʺˍˊʰˌ 1.60 1.07 2.40 

ʅˏ˄ʻʶˍʰ ˇˊʴʰ˄ʽˁ˗˄ ʽ˄˗˄κʶˉˇ˅ʽˁʺˌ ˃ʺˍˊʰˌ 1.40 1.40 0.80 

ʅˏ˄ʻʶˍʰ ʽ˄˗˄ ʲˇˊʾˇˎκʶˉˇ˅ʽˁʺˌ ˃ʺˍˊʰˌ 2.10 1.38 2.10 

ʅˏ˄ʻʶˍʰ ʽ˄˗˄ ʲˇˊʾˇˎκ˃ʺˍˊʰ ʰ˂ˇˎ˃ʽ˄ʾˇˎ 2.65 1.00 2.00 
ʃʾ˄ʰˁʰˌ 1Φ ʅˏʴˁˊʽˋʹ ʰ˄ˍˇ˔ʺˌ ˋʶ ʶ˒ʶ˂ˁˎˋ˃ˈ ˁʰʽ ˃ʷˍˊ˖˄ ʶ˂ʰˋˍʽˁˈˍʹˍʰˌ ̌ ˊʽˋ˃ʷ˄˖˄ ˃ʶˍʱ˂˂˖˄ ˁʰʽ ˋˎ˄ʻʷˍ˖˄ 

ˎ˂ʽˁ˗˄Φ 

 



11 
 

1.2.1 ɀɞɜɞůŰɟɤɛŬŰɘəɧ ůɨɜɗŮŰɞ (lamina) 

 

ȼ əŬŰŬůəŮɡɐ ɛɘŬɠ ůɨɜɗŮŰɖɠ ŭɞɛɐɠ ɝŮəɘɜɎ Ŭˊɧ Űɖɜ ŮɜŬˊɧɗŮůɖ Ůɜɧɠ ɛŮɔɎɚɞɡ 

Ŭɟɘɗɛɞɨ ɘɜɩɜ ɛɏůŬ ůŮ ɛɘŬ ɚŮˊŰɐ ůŰɟɩůɖ ɟɖŰɑɜɖɠ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ůɢɖɛŬŰɘůŰŮɑ ɏɜŬ 

ɚŮˊŰɧ ɛɞɜɞůŰɟɤɛŬŰɘəɧ űɨɚɚɞ (lamina, ply). ɇŬ ůɡɜɖɗɘůɛɏɜŬ ˊɎɢɖ ŬɡŰɩɜ Űɤɜ 

űɨɚɚɤɜ əɡɛŬɑɜɞɜŰŬɘ Ŭˊɧ 0,1 mm ɏɤɠ 1 mm. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ɧˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ 

ůɡɜŮɢŮɑɠ ɑɜŮɠ ůŰɖɜ əŬŰŬůəŮɡɐ Ůɜɧɠ ɛɞɜɞůŰɟɤɛŬŰɘəɞɨ űɨɚɚɞɡ, ɞɘ ɑɜŮɠ ɛˊɞɟɞɨɜ ɜŬ 

ŰɞˊɞɗŮŰɖɗɞɨɜ, ɧˊɤɠ ɏɢŮɘ ŬɜŬűŮɟɗŮɑ ˊŬɟŬˊɎɜɤ, ŮɑŰŮ ɛŮ ɛɞɜɞŭɘŮɡɗɡɜŰɘəɧ 

ˊɟɞůŬɜŬŰɞɚɘůɛɧ (ɧɚŮɠ ɞɘ ɑɜŮɠ Ŭəɞɚɞɡɗɞɨɜ Űɖɜ ɑŭɘŬ ŭɘŮɨɗɡɜůɖ ŮɑŰŮ ɛŮ 

ˊɞɚɡŭɘŮɡɗɡɜŰɘəɧ ˊɟɞůŬɜŬŰɞɚɘůɛɧ.  

ɆŮ ɏɜŬ ɛɞɜɞůŰɟɤɛŬŰɘəɧ ůɨɜɗŮŰɞ, Űɞ ůɨɜɗŮŰɞ ɡɚɘəɧ ŮɛűŬɜɑɕŮɘ Űɖɜ ɡɣɖɚɧŰŮɟɖ 

ŬɜŰɞɢɐ əŬɘ Űɞ ɛɏɔɘůŰɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ ůŮ ŭɘŮɨɗɡɜůɖ ˊŬɟɎɚɚɖɚɖ ɛŮ ŬɡŰɐ Űɤɜ 

ɘɜɩɜ. ȳˊɤɠ ŬɜŬɛɏɜŮŰŬɘ, ůŰɖɜ ŮɔəɎɟůɘŬ ŭɘŮɨɗɡɜůɖ ɖ ŬɜŰɞɢɐ əŬɘ Űɞ ɛɏŰɟɞ 

ŮɚŬůŰɘəɧŰɖŰŬɠ ŮɑɜŬɘ ɘŭɘŬɑŰŮɟŬ ɢŬɛɖɚɎ. ɆŮ ɏɜŬ ɛɞɜɞůŰɟɤɛŬŰɘəɧ ɡɚɘəɧ ɧˊɞɡ ɏɢɞɡɜ 

ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ŭɘů-ŭɘŮɡɗɡɜŰɘəɏɠ ɑɜŮɠ, ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ ɛŮɔɏɗɖ ɛˊɞɟɞɨɜ ɜŬ 

ˊɞɘəɑɚɞɡɜ ŬɜŬɚɧɔɤɠ Űɞɡ Ŭɟɘɗɛɞɨ Űɤɜ ɘɜɩɜ ˊɞɡ ɏɢɞɡɜ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ˊɟɞɠ Űɖɜ əŬŰɎ 

ɛɐəɞɠ ɐ ŮɔəɎɟůɘŬ ŭɘŮɨɗɡɜůɖ. 

ȰɜŬ ɛɞɜɞůŰɟɤɛŬŰɘəɧ ůɨɜɗŮŰɞ ɛˊɞɟŮɑ ɜŬ əŬŰŬůəŮɡŬůŰŮɑ əŬɘ ɛŮ Űɖɜ 

ŮɜŬˊɧɗŮůɖ ŬůɡɜŮɢɩɜ ɘɜɩɜ ɛɏůŬ ůŰɖ ɛɐŰɟŬ Űɞɡ ɡɚɘəɞɨ. Ƀɘ ŬůɡɜŮɢŮɑɠ ɑɜŮɠ ɛˊɞɟɞɨɜ 

əŬɘ ŬɡŰɏɠ ɜŬ ŰɞˊɞɗŮŰɖɗɞɨɜ ŮɑŰŮ ɛŮ ɛɞɜɞŭɘŮɡɗɡɜŰɘəɧ ˊɟɞůŬɜŬŰɞɚɘůɛɧ ŮɑŰŮ ɛŮ ŰɡɢŬɑɞ. 

ɇŬ ŮɜɘůɢɡɛɏɜŬ ɛŮ ŬůɡɜŮɢŮɑɠ ɑɜŮɠ ůɨɜɗŮŰŬ ɡɚɘəɎ ŮɛűŬɜɑɕɞɡɜ ɢŬɛɖɚɧŰŮɟɖ ŬɜŰɞɢɐ əŬɘ 

ɛɘəɟɧŰŮɟɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ Ŭˊɧ ŰŬ ůɨɜɗŮŰŬ ɛŮ Ůɜɑůɢɡůɖ ůɡɜŮɢɩɜ ɘɜɩɜ. ɋůŰɧůɞ, 

ɛŮ Űɞɜ ŰɡɢŬɑɞ ˊɟɞůŬɜŬŰɞɚɘůɛɧ Űɤɜ ɘɜɩɜ ŮˊɘŰɡɔɢɎɜŮŰŬɘ, ɡˊɧ əŬŰɎɚɚɖɚŮɠ 

ˊɟɞɦˊɞɗɏůŮɘɠ, Űɞ ůɨɜɗŮŰɞ ɜŬ ɏɢŮɘ ɑŭɘŮɠ ɛɖɢŬɜɘəɏɠ əŬɘ űɡůɘəɏɠ ɘŭɘɧŰɖŰŮɠ ˊɟɞɠ ɧɚŮɠ Űɘɠ 

əŬŰŮɡɗɨɜůŮɘɠ ůŰɞ ŮˊɑˊŮŭɞ Űɞɡ ɛɞɜɞůŰɟɤɛŬŰɘəɞɨ űɨɚɚɞɡ. [4] 

 

 

1.2.2 ɄɞɚɡůŰɟɤɛŬŰɘəɧ ůɨɜɗŮŰɞ (laminate) 

 

Ⱥűɧůɞɜ ɞɘ ŬˊŬɘŰɐůŮɘɠ Ŭˊɧ Űɞ ůɨɜɗŮŰɞ ɡɚɘəɧ ŮɑɜŬɘ ɛŮɔŬɚɨŰŮɟŮɠ ŰɧŰŮ 

ůŰɞɘɓɎɕɞɜŰŬɘ ˊŮɟɘůůɧŰŮɟŬ ɛɞɜɞůŰɟɤɛŬŰɘəɎ űɨɚɚŬ, Űɞ ɏɜŬ ˊɎɜɤ Ŭˊɧ Űɞ Ɏɚɚɞ, ɛŮ 

ůɡɔəŮəɟɘɛɏɜɖ ŬɚɚɖɚɞɡɢɑŬ ůŰɟɩůŮɤɜ, ůɢɖɛŬŰɑɕɞɜŰŬɠ ɏɜŬ ˊɞɚɡůŰɟɤɛŬŰɘəɧ ůɨɜɗŮŰɞ 

(laminate). Ƀɘ ůŰɟɩůŮɘɠ Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ ɛˊɞɟŮɑ ɜŬ ŭɘŬɗɏŰɞɡɜ ɧɚŮɠ Űɞɜ ɑŭɘɞ 

ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɐ əŬɘ ŭɘŬűɞɟŮŰɘəɞɨɠ ɛŮŰŬɝɨ Űɞɡɠ. Ⱥˊɑůɖɠ, ůŮ ɏɜŬ ˊɞɚɡůŰɟɤɛŬŰɘəɧ 
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ůɨɜɗŮŰɞ ɛˊɞɟɞɨɜ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ əŬɘ ŭɘŬűɞɟŮŰɘəɏɠ ɑɜŮɠ ůŮ əɎɗŮ ůŰɟɩůɖ 

ŭɖɛɘɞɡɟɔɩɜŰŬɠ ɏŰůɘ ɏɜŬ ɡɓɟɘŭɘəɧ ůɨɜɗŮŰɞ ɡɚɘəɧ. ȾŬŰɎ əŬɜɧɜŬ ˊɎɜŰɤɠ, ŬəɧɛŬ əŬɘ 

ůŰŬ ɡɓɟɘŭɘəɎ ˊɞɚɡůŰɟɤɛŬŰɘəɎ ůɨɜɗŮŰŬ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ Űɞ ɑŭɘɞ ɡɚɘəɧ ɛɐŰɟŬɠ ůŮ ɧɚŮɠ 

Űɘɠ ůŰɟɩůŮɘɠ, ˊɟɞəŮɘɛɏɜɞɡ ɞ ŭŮůɛɧɠ ɛŮŰŬɝɨ Űɤɜ ůŰɟɩůŮɤɜ ɜŬ ŮɑɜŬɘ əɞɘɜɧɠ əŬɗô ɧɚɞ 

Űɞ ɨɣɞɠ Űɞɡ ɡɚɘəɞɨ. [5] 

 

 

 

 

 

ɳʽˁˈ˄ʰ 3Φ ɰʰˋʽˁʱ ʵˇ˃ʽˁʱ ˋˍˇʽ˔ʶʾʰ ˋˎ˄ʻʷˍ˖˄ ˎ˂ʽˁ˗ ˄ʁ ˄ʽˋ˔ˎ˃ʷ˄˖˄ ˃ʶ ʾ˄ʶˌΦ [4] 
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1.3 ɇɟɧˊɞɘ ˊŬɟŬůəŮɡɐɠ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ ɛŮ Ůɜɑůɢɡůɖ ɘɜɩɜ 

 

Ɇɡɜɐɗɤɠ, ɖ ɛɞɟűɞˊɞɑɖůɖ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ ɛŮ Ůɜɑůɢɡůɖ ɘɜɩɜ ˊŮɟɘɚŬɛɓɎɜŮɘ 

ŰɟɑŬ ůŰɎŭɘŬ: Űɖɜ ˊŬɟŬɔɤɔɐ Űɤɜ ɘɜɩɜ, Űɖ ŭɘɎŰŬɝɖ ï ŭɘŮɡɗɏŰɖůɖ Űɤɜ ɘɜɩɜ ůŮ ɘůŰɧ, 

ˊɚɏɔɛŬ ɐ ˊŬəɏŰŬ əŬɘ, Űɏɚɞɠ, Űɖɜ ŮɘůŬɔɤɔɐ Űɤɜ ɘɜɩɜ ɛɏůŬ ůŰɖ ɛɐŰɟŬ. 

ɇɞ ˊɟɩŰɞ ůŰɎŭɘɞ ɏɢŮɘ ˊŬɟɞɡůɘŬůŰŮɑ ˊŬɟŬˊɎɜɤ. ȾŬŰɎ Űɞ ŭŮɨŰŮɟɞ ůŰɎŭɘɞ, ɞɘ 

ɚŮˊŰɏɠ ɑɜŮɠ ˊɞɡ ɏɢɞɡɜ ˊŬɟŬɢɗŮɑ Ŭˊɧ Űɞ ˊɟɩŰɞ ůŰɎŭɘɞ, ɞɛŬŭɞˊɞɘɖɛɏɜŮɠ ŬɜɎ 

ŮəŬŰɞɜŰɎŭŮɠ ɏɤɠ ŮəŬŰɞɜŰɎŭŮɠ ɢɘɚɘɎŭŮɠ, ůɢɖɛŬŰɑɕɞɡɜ ɛŮ ɐ ɢɤɟɑɠ ˊŮɟɘůŰɟɞűɐ 

ŮɜɘůɢɡŰɘəɎ ɜɐɛŬŰŬ ɐ ˊɚŮɝɑŭŮɠ (yarn, tow ɐ roving). 

Ƀɘ ůɡɜŮɢŮɑɠ ɑɜŮɠ, ɛŮɔɎɚɞɡ ɛɐəɞɡɠ, ɛˊɞɟɞɨɜ ɜŬ ˊɟɞůŰŮɗɞɨɜ ŮɑŰŮ ɤɠ 

ŮɜɘůɢɡŰɘəɏɠ ůŰɟɩůŮɘɠ ŭɘŬűɧɟɤɜ ˊɟɞůŬɜŬŰɞɚɘůɛɩɜ (mats) ŮɑŰŮ ɤɠ ŭɘůŭɘɎůŰŬŰŮɠ ɐ 

ŰɟɘůŭɘɎůŰŬŰŮɠ ˊɚɏɝŮɘɠ. ȼ ˊŬɟŬɔɤɔɐ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ ɛŮ ɛɞɜɞŭɘŮɡɗɡɜŰɘəɏɠ ɑɜŮɠ 

ŮˊɘɓɎɚɚŮɘ Űɖɜ Ůə Űɤɜ ˊɟɞŰɏɟɤɜ ŭɘŮɡɗɏŰɖůɖ Űɤɜ ɘɜɩɜ ůŮ ŰŬɘɜɑŮɠ ɛŮ ˊɎɢɞɠ ɛɘŬɠ ɑɜŬɠ 

əŬɘ ɛŮ ůɡɔəŮəɟɘɛɏɜɖ ŬˊɧůŰŬůɖ ɛŮŰŬɝɨ Űɤɜ ɘɜɩɜ. 

Ƀɘ ɑɜŮɠ ɛŮ ɛɐəɞɠ ɛɘəɟɧŰŮɟɞ Ŭˊɧ ɏɜŬ 1cm ŬɜŬɛŮɘɔɜɨɞɜŰŬɘ ɛŮ Űɞ ɡɚɘəɧ Űɖɠ 

ɛɐŰɟŬɠ. ɇɞ ŮɨˊɚŬůŰɞ ɛɑɔɛŬ ɘɜɩɜ ɛɐŰɟŬɠ ɛɞɟűɞˊɞɘŮɑŰŬɘ ɛŮ əɚŬůůɘəɏɠ ŰŮɢɜɘəɏɠ ɧˊɤɠ 

ɖ ɢɨŰŮɡůɖ əŬɘ ɞ ɣŮəŬůɛɧɠ. ɄɟɞűŬɜɩɠ, ůŮ ŬɡŰɐɜ Űɖɜ ˊŮɟɑˊŰɤůɖ ɖ Ůɜɑůɢɡůɖ Űɞɡ 

ůɨɜɗŮŰɞɡ ɏɢŮɘ ŰɡɢŬɑɞ ˊɟɞůŬɜŬŰɞɚɘůɛɧ. [1, 3] 

 

 ɄŬɟŬəɎŰɤ Ŭəɞɚɞɡɗɞɨɜ ůɡɜɐɗŮɘɠ ɛɏɗɞŭɞɘ ˊŬɟŬůəŮɡɐɠ ůɡɜɗɏŰɞɡ ɡɚɘəɞɨ 

ɞɟɔŬɜɘəɐɠ ɛɐŰɟŬɠ: 

 

ȷ) ȷůɡɜŮɢɐɠ ɛɞɟűɞˊɞɑɖůɖ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ 

 

¶ ɉŮɘɟɞəɑɜɖŰɖ ůŰɟɩůɖ (hand lay-up) 

 

ɄɟɧəŮɘŰŬɘ ɔɘŬ Űɖɜ ŬˊɚɞɨůŰŮɟɖ ŰŮɢɜɘəɐ ˊŬɟŬɔɤɔɐɠ Ůɜɧɠ ůɨɜɗŮŰɞɡ, ŬɚɚɎ 

ŰŬɡŰɧɢɟɞɜŬ ŮɑɜŬɘ Ŭɟɔɐ əŬɘ Ůˊɑˊɞɜɖ. Ƀɘ ɑɜŮɠ ɛŮ ɛɞɟűɐ ˊɚŮɔɛɎŰɤɜ ŰɞˊɞɗŮŰɞɨɜŰŬɘ ůŰɞ 

əŬɚɞɨˊɘ ůŮ ůŰɟɩůŮɘɠ. ȼ ˊɞɚɡɛŮɟɘəɐ ɟɖŰɑɜɖ, Ŭűɞɨ ŬɜŬɛŮɘɢɗŮɑ ɛŮ Űɞɡɠ əŬŰɎɚɚɖɚɞɡɠ 

əŬŰŬɚɨŰŮɠ əŬɘ ŮˊɘŰŬɢɡɜŰɏɠ, ŬˊɚɩɜŮŰŬɘ ˊɎɜɤ ůŰɖɜ Ůɜɑůɢɡůɖ ɛŮ Ŭˊɚɐ ɏɔɢɡůɖ, 

ŮˊɎɚŮɘɣɖ ɐ ɣŮəŬůɛɧ. ɆŰɖ ůɡɜɏɢŮɘŬ, ɖ ŮɚŮɨɗŮɟɖ ŮˊɘűɎɜŮɘŬ Űɞɡ ůɨɜɗŮŰɞɡ ɡűɑůŰŬŰŬɘ 

ůɡɛˊɑŮůɖ ɛŮ ɟɞɚɧ, ɩůŰŮ ɜŬ ŮˊɘŰŮɡɢɗŮɑ əŬɚɐ ŮˊŬűɐ ɘɜɩɜ ï ɛɐŰɟŬɠ əŬɘ ɜŬ ŮɝŬɚŮɘűɗŮɑ 
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Űɞ ˊɞɟɩŭŮɠ. ɆŮ ˊŮɟɑˊŰɤůɖ ˊɞɚɡůŰɟɤɛŬŰɘəɩɜ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ, ŮˊŬɜŬɚŬɛɓɎɜŮŰŬɘ ɖ 

ˊŬɟŬˊɎɜɤ ŭɘŬŭɘəŬůɑŬ. ɇɏɚɞɠ, ŬəɞɚɞɡɗŮɑ ɝɐɟŬɜůɖ Űɖɠ ɟɖŰɑɜɖɠ. [1, 3] 

 

¶ ɉɨŰŮɡůɖ ɗŬɚɎɛɞɡ ˊɑŮůɖɠ (pressure bag) 

 

ȷˊɞŰŮɚŮɑ ˊŬɟŬɚɚŬɔɐ Űɖɠ ˊɟɞɖɔɞɨɛŮɜɖɠ ɛŮɗɧŭɞɡ, ɛŮ Űɖ ŭɘŬűɞɟɎ ˊɤɠ ɔɘŬ Űɖɜ 

əŬɚɨŰŮɟɖ ůŰɟɩůɖ Űɖɠ ɞɟɔŬɜɘəɐɠ ɛɐŰɟŬɠ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ Ŭɏɟɘɞ ɡˊɧ ˊɑŮůɖ. ȷəɞɚɞɡɗŮɑ 

əŬɘ ˊɎɚɘ ɝɐɟŬɜůɖ. [1, 3] 

 

¶ ɉɨŰŮɡůɖ ůŮ ŭɘŬɘɟŮŰɧ əŬɚɞɨˊɘ (matched die-moulding) 

 

ȼ ɛɞɟűɞˊɞɑɖůɖ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɛŮ Űɞ əɚŮɑůɘɛɞ Ůɜɧɠ ŭɘŬɘɟŮŰɞɨ əŬɚɞɡˊɘɞɨ. 

 

 

ɳʽˁˈ˄ʰ 4Φ ʋˏˍʶˎˋʹ ˋʶ ʵʽʰʽˊʶˍˈ ˁʰ˂ˇˏˉʽΦ [3] 

 

 

ȸ) ɆɡɜŮɢɐɠ ɛɞɟűɞˊɞɑɖůɖ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ 

 

ɀŮ Űɘɠ ůɡɔəŮəɟɘɛɏɜŮɠ ɛŮɗɧŭɞɡɠ ɛˊɞɟŮɑ ɜŬ ɚɖűɗŮɑ ůɨɜɗŮŰɞ ɡɚɘəɧ Ŭˊɚɐɠ 

ɔŮɤɛŮŰɟɑŬɠ əŬɘ ɛŮɔɎɚɞɡ ɛɐəɞɡɠ (ɜɐɛŬ, ɛˊɎɟŬ, ůɤɚɐɜŬɠ, ˊɚɎəŬ, űɨɚɚɞ). 

 

¶ ɄŮɟɘɏɚɘɝɖ ɜɐɛŬŰɞɠ (filament winding) 

 

ȷˊɞŰŮɚŮɑ ůɖɛŬɜŰɘəɐ ŰŮɢɜɘəɐ ɔɘŬ Űɖɜ ˊŬɟŬɔɤɔɐ əɞɑɚɤɜ əɡɚɑɜŭɟɤɜ, ɡɣɖɚɩɜ 

ˊɟɞŭɘŬɔɟŬűɩɜ. ȷűɞɨ ɞɘ ŮɜɘůɢɡŰɘəɏɠ ɑɜŮɠ ŮɛɓŬˊŰɘůŰɞɨɜ ůŮ ɚɞɡŰɟɧ ɟɖŰɑɜɖɠ, 

ˊŮɟɘŰɡɚɑɔɞɜŰŬɘ ůŮ əŬɚɞɨˊɘ ŮˊɘɗɡɛɖŰɞɨ ůɢɐɛŬŰɞɠ. ȷəɞɚɞɡɗŮɑ ɝɐɟŬɜůɖ ůŰɞɜ ŬɏɟŬ ɐ ůŮ 

əɚɑɓŬɜɞ. 
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Ƀ ɘůɢɡɟɧɠ ˊɟɞůŬɜŬŰɞɚɘůɛɧɠ Űɖɠ Ůɜɑůɢɡůɖɠ ŭɑɜŮɘ əŮɚɨűɖ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ, ɛŮ 

ɡɣɖɚɐ ɛɖɢŬɜɘəɐ ŬɜŰɞɢɐ. ȼ ůɡɔəŮəɟɘɛɏɜɖ ŰŮɢɜɘəɐ ŮűŬɟɛɧɕŮŰŬɘ ůŰɖɜ əŬŰŬůəŮɡɐ 

ŭŮɝŬɛŮɜɩɜ əŬɡůɑɛɤɜ əŬɘ ɢɖɛɘəɩɜ, Ŭɔɤɔɩɜ ɡɣɖɚɩɜ ˊɘɏůŮɤɜ əɚˊ. [1, 3] 

 

 

ɳʽˁˈ˄ʰ 5. ʃʶˊʽʷ˂ʽ˅ʹ ˄ʺ˃ʰˍˇˌ όʰύ ˁʰʽ όʲύ [1] 

 

¶ ɆɡɜŮɢɐɠ ɛɞɟűɞˊɞɑɖůɖ ŮɚɎůɛŬŰɞɠ (sheet moulding process, SMC) 

 

ɆɡɔəɟɘŰɘəɎ ɛŮ Űɘɠ ˊŬɟŬˊɎɜɤ, ˊɟɧəŮɘŰŬɘ ɔɘŬ ɛɘŬ ɜɏŬ ŰŮɢɜɘəɐ ɛŮ ɛŮɔɎɚɖ ŮűŬɟɛɞɔɐ 

ůŰɖɜ ŬɡŰɞəɘɜɖŰɞɓɘɞɛɖɢŬɜɑŬ. ɇŬ ˊɟɞɥɧɜŰŬ ŬɡŰɐɠ Űɖɠ ŰŮɢɜɘəɐɠ ɏɢɞɡɜ ɛŮɔɎɚŮɠ 

ŭɘŬůŰɎůŮɘɠ əŬɘ ɡɣɖɚɐ ɞɛɞɘɞɔɏɜŮɘŬ ɤɠ ˊɟɞɠ Űɘɠ ɛɖɢŬɜɘəɏɠ Űɞɡɠ ɘŭɘɧŰɖŰŮɠ. 

ɆɡɜŮɢŮɑɠ ɑɜŮɠ ɔɡŬɚɘɞɨ ŰŮɛŬɢɑɕɞɜŰŬɘ ůŮ ɑɜŮɠ ɛɘəɟɞɨ ɛɐəɞɡɠ (5 cm) əŬɘ ŬˊɞŰɑɗŮɜŰŬɘ 

ŬˊŮɡɗŮɑŬɠ ůŮ ůŰɟɩɛŬ ɟɖŰɑɜɖɠ, Űɞ ɞˊɞɑɞ əɘɜŮɑŰŬɘ ůŮ ɡɛɏɜɘɞ ˊɞɚɡŬɘɗɡɚŮɜɑɞɡ. ȰɜŬ 

ŭŮɨŰŮɟɞ ůŰɟɩɛŬ ɟɖŰɑɜɖɠ ŬˊɞŰɑɗŮŰŬɘ ˊɎɜɤ ůŰɞ ˊɟɩŰɞ, ŭɖɛɘɞɡɟɔɩɜŰŬɠ ɏŰůɘ ɏɜŬ 

sandwich, ɛɏůŬ ůŰɞ ɞˊɞɑɞ ɏɢɞɡɜ ŮɔəɚɤɓɘůŰŮɑ ɞɘ ŮɜɘůɢɡŰɘəɏɠ ɑɜŮɠ ɔɡŬɚɘɞɨ. ɇɞ ůɨɜɗŮŰɞ 

ŰɡɚɑɔŮŰŬɘ ůŮ ɟɞɚɎ əŬɘ ŬűɐɜŮŰŬɘ ɜŬ ɤɟɘɛɎůŮɘ Ŭˊɧ ɛɑŬ ɏɤɠ ŰɏůůŮɟɘɠ ɖɛɏɟŮɠ, ɩůŰŮ ɜŬ 

ŮˊɘŰŮɡɢɗŮɑ əŬɚɐ ůɡɜɎűŮɘŬ ɛŮŰŬɝɨ ɘɜɩɜ əŬɘ ɛɐŰɟŬɠ. ɇɞ ɏɚŬůɛŬ Űɞɡ ůɨɜɗŮŰɞɡ əɧɓŮŰŬɘ 

ůŰɞ ŮˊɘɗɡɛɖŰɧ ɛɏɔŮɗɞɠ əŬɘ ɔŮɤɛŮŰɟɑŬ əŬɘ ŰɞˊɞɗŮŰŮɑŰŬɘ ůŮ ɗŮɟɛɧ əŬɚɞɨˊɘ (149
ɞ
C). 

ɀŮ Űɖɜ ŮűŬɟɛɞɔɐ ɡŭɟŬɡɚɘəɐɠ ˊɑŮůɖɠ, Űɞ Ŭɟɢɘəɧ ɏɚŬůɛŬ ɛɞɟűɞˊɞɘŮɑŰŬɘ ůŮ ŰŮɚɘəɧ 

ˊɟɞɥɧɜ. [1, 3] 
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ɳʽˁˈ˄ʰ 6Φ ʅˎ˄ʶ˔ʺˌ ˃ˇˊ˒ˇˉˇʾʹˋʹ ʶ˂ʱˋ˃ʰˍˇˌ όʰύ ˁʰʽ όʲύΦ [1] 

 

¶ ɀɞɟűɞˊɞɑɖůɖ ɛŮ ŮɛɓɎˊŰɘůɖ (pultrusion)  

 

ȺűŬɟɛɧɕŮŰŬɘ ůŮ ˊŮɟɘˊŰɩůŮɘɠ, ɧˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ůŰŬɗŮɟɐ ŭɘŬŰɞɛɐ, ɧˊɤɠ ŮɑɜŬɘ ɞɘ 

ůɤɚɐɜŮɠ, ŭɞəɞɑ, Ŭɔɤɔɞɑ əɚˊ. ȾŬŰɎ Űɟɧˊɞ ůɡɜŮɢɐ, ɑɜŮɠ ɛŮɔɎɚɞɡ ɛɐəɞɡɠ, 

ŭɘŮɡɗŮŰɖɛɏɜŮɠ ˊŬɟɎɚɚɖɚŬ ɛŮŰŬɝɨ Űɞɡɠ, ŮɛɓŬˊŰɑɕɞɜŰŬɘ ůŮ ɚɞɡŰɟɧ ɟɖŰɑɜɖɠ əŬɘ 

ɞŭɖɔɞɨɜŰŬɘ ůŮ ɗŮɟɛŬɘɜɧɛŮɜɖ ɛɐŰɟŬ Ŭˊɧ ɢɎɚɡɓŬ, ɖ ɞˊɞɑŬ əŬɗɞɟɑɕŮɘ əŬɘ Űɖ ŭɘŬŰɞɛɐ 

Űɞɡ ŰŮɚɘəɞɨ ˊɟɞɥɧɜŰɞɠ. ɇŬ ˊɟɞɥɧɜŰŬ ŬɡŰɐɠ Űɖɠ ŰŮɢɜɘəɐɠ ɛɞɟűɞˊɞɑɖůɖɠ ɏɢɞɡɜ ɡɣɖɚɐ 

ɛɖɢŬɜɘəɐ ŬɜŰɞɢɐ ˊŬɟɎɚɚɖɚŬ ůŰɞɜ Ůˊɘɛɐəɖ ɎɝɞɜŬ Űɞɡ ˊɟɞɥɧɜŰɞɠ, ɚɧɔɤ Űɖɠ ɛŮɔɎɚɖɠ 

ůɡɔəɏɜŰɟɤůɖɠ ɘɜɩɜ əŬɘ Űɞɡ ɘůɢɡɟɞɨ ˊɟɞůŬɜŬŰɞɚɘůɛɞɨ Űɞɡɠ. [1, 3] 

 

 

ɳʽˁˈ˄ʰ 7Φ ɾˇˊ˒ˇˉˇʾʹˋʹ ˃ʶ ʶ˃ʲʱˉˍʽˋʹ όʰύ ˁʰʽ όʲύ. [1] 
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2. ȾŮűɎɚŬɘɞ: ɆɨɜɗŮŰŬ ɡɚɘəɎ ɟɖŰɘɜɘəɐɠ ɛɐŰɟŬɠ 

 

 

 

 

2.1 ȺɘůŬɔɤɔɐ 

 

ɆŰŬ ůɨɜɗŮŰŬ ɡɚɘəɎ ɖ ɛɐŰɟŬ ŬˊɞŰŮɚŮɑ Űɖ ůɡɜŭŮŰɘəɐ ɨɚɖ ɛŮŰŬɝɨ Űɤɜ əɧəəɤɜ ɐ 

Űɤɜ ɘɜɩɜ Űɖɠ Ůɜɑůɢɡůɖɠ əŬɘ ɞ ɟɧɚɞɠ Űɖɠ ŮɑɜŬɘ əŬɗɞɟɘůŰɘəɧ, əŬɗɧŰɘ ŮˊɘŰŮɚŮɑ ɛɘŬ ůŮɘɟɎ 

Ŭˊɧ ůɖɛŬɜŰɘəɏɠ ɚŮɘŰɞɡɟɔɑŮɠ. ȷɡŰɐ ɛˊɞɟŮɑ ɜŬ ɞɟɔŬɜɘəɐ (Ŭˊɧ ˊɞɚɡɛŮɟɏɠ), ɛŮŰŬɚɚɘəɐ ɐ 

əŮɟŬɛɘəɐ. ȷɟɢɘəɎ ɛŮŰŬɓɘɓɎɕŮɘ ŰŬ ɛɖɢŬɜɘəɎ űɞɟŰɑŬ ˊɞɡ ŬůəɞɨɜŰŬɘ ůɡɜɞɚɘəɎ ůŰɞ 

ůɨɜɗŮŰɞ ɡɚɘəɧ ˊɟɞɠ Űɞ ɛɏůɞ Ůɜɑůɢɡůɖɠ əŬɘ ŭɘŬŰɖɟŮɑ Űɘɠ ɑɜŮɠ Űɖɠ Ůɜɑůɢɡůɖɠ ůŮ 

əŬŰɎɚɚɖɚɞ ˊɟɞůŬɜŬŰɞɚɘůɛɧ. ɄŬɟɎɚɚɖɚŬ, ˊɟɞůŰŬŰŮɨŮɘ Űɖɜ ŮˊɘűɎɜŮɘŬ Ůɜɑůɢɡůɖɠ Ŭˊɧ 

Űɞ ˊŮɟɘɓɎɚɚɞɜ əŬɘ Ŭˊɧ Ɏɚɚɞɡɠ ˊŬɟɎɔɞɜŰŮɠ, ɧˊɤɠ ɖ ɡɔɟŬůɑŬ, ɖ ɗŮɟɛɧŰɖŰŬ, ɖ ɢɖɛɘəɐ 

ˊɟɞɓɞɚɐ, ŮɝŬůűŬɚɑɕɞɜŰŬɠ ŰŬɡŰɧɢɟɞɜŬ ŬɜɗŮəŰɘəɧŰɖŰŬ, ɖɚŮəŰɟɘəɐ ɛɧɜɤůɖ ůŰɞ 

ůɨɜɗŮŰɞ ɡɚɘəɧ əŬɘ ŬɜŬəɞˊɐ Űɖɠ ŭɘɎŭɞůɖɠ Űɤɜ ɟɤɔɛɩɜ ˊɞɡ ɝŮəɘɜɞɨɜ Ŭˊɧ Űɖɜ ɗɟŬɨůɖ 

Űɤɜ ɘɜɩɜ. ũɘŬ ɜŬ ŮˊɘŰŮɡɢɗɞɨɜ ŰŬ ˊŬɟŬˊɎɜɤ, ɖ ɛɐŰɟŬ ˊɟɏˊŮɘ ɜŬ ɢŬɟŬəŰɖɟɑɕŮŰŬɘ Ŭˊɧ 

ɞɚəɘɛɧŰɖŰŬ, ŬɜɗŮəŰɘəɧŰɖŰŬ, ůɢŮŰɘəɐ ŮɡəŬɛɣɑŬ, ůɖɛŮɑɞ Űɐɝɖɠ ɛŮɔŬɚɨŰŮɟɞ Ŭˊɧ Űɖ 

ɛɏɔɘůŰɖ ɗŮɟɛɞəɟŬůɑŬ ɚŮɘŰɞɡɟɔɑŬɠ Űɞɡ ɡɚɘəɞɨ əŬɘ, Űɏɚɞɠ, ůɡɛɓŬŰɧŰɖŰŬ ɛŮ Űɘɠ 

ŬɜŰɑůŰɞɘɢŮɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ŮɜɘůɢɡŰɘəɩɜ ɘɜɩɜ. Ɇɡɜɐɗɤɠ, Űɞ ɡɚɘəɧ Űɖɠ ɛɐŰɟŬɠ ɏɢŮɘ 

ɢŬɛɖɚɧŰŮɟɖ ˊɡəɜɧŰɖŰŬ, ŬɜŰɞɢɐ əŬɘ ŭɡůəŬɛɣɑŬ Ŭˊɧ Űɘɠ ɑɜŮɠ. ȾŬɗɞɟɘůŰɘəɧɠ 

ˊŬɟɎɔɞɜŰŬɠ ŮɑɜŬɘ əŬɘ ɖ ɘəŬɜɐ ˊɟɧůűɡůɖ ɑɜŬɠ ï ɛɐŰɟŬɠ. ȼ Ůˊɘɚɞɔɐ əŬŰɎɚɚɖɚɖɠ 

ɛɐŰɟŬɠ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖ ɗŮɟɛɞəɟŬůɑŬ Űɞɡ ˊŮɟɘɓɎɚɚɞɜŰɞɠ ɢɟɐůɖɠ Űɞɡ ůɨɜɗŮŰɞɡ əŬɘ 

Ŭˊɧ Űɘɠ ˊŬɟŬɛɏŰɟɞɡɠ Űɖɠ ˊŬɟŬɔɤɔɘəɐɠ ŭɘŬŭɘəŬůɑŬɠ ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ Űɞɡ ůɡɜɗɏŰɞɡ, 

əɟɘŰɐɟɘŬ ˊɞɡ Ŭˊɞɟɟɏɞɡɜ Ŭˊɧ Űɘɠ ɘŭɘɧŰɖŰŮɠ Űɖɠ ɛɐŰɟŬɠ. [1, 2] 

 

 

 

 

2.2 ɃɟɔŬɜɘəɏɠ ɛɐŰɟŮɠ (ˊɞɚɡɛŮɟɘəɏɠ ɟɖŰɑɜŮɠ) 

 

ɇŬ ˊɞɚɡɛŮɟɐ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɤɠ ɛɐŰɟŬ ůŰŬ ůɨɜɗŮŰŬ ɡɚɘəɎ ŬɜŬűɏɟɞɜŰŬɘ 

ůɡɢɜɎ ɤɠ ɟɖŰɑɜŮɠ. ɆŰɖɜ ˊɚŮɘɞɜɧŰɖŰŬ Űɤɜ ˊŮɟɘˊŰɩůŮɤɜ, ɖ ˊɞɚɡɛŮɟɘəɐ ɛɐŰɟŬ 
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əŬŰŬɚŬɛɓɎɜŮɘ Űɞ 30% - 40% Űɞɡ ůɡɜɞɚɘəɞɨ ɧɔəɞɡ Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ. 

ɃˊɞɘɞŭɐˊɞŰŮ ůɨůŰɖɛŬ ɟɖŰɑɜɖɠ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůŰɖɜ əŬŰŬůəŮɡɐ Ůɜɧɠ ůɨɜɗŮŰɞɡ 

ɡɚɘəɞɨ, ˊɟɏˊŮɘ ɜŬ ɘəŬɜɞˊɞɘŮɑ Űɘɠ ˊŬɟŬəɎŰɤ ŬˊŬɘŰɐůŮɘɠ: 

V ȾŬɚɏɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ 

V ȾŬɚɐ ˊɟɧůűɡůɖ ˊɎɜɤ ůŰɘɠ ɑɜŮɠ Űɖɠ Ůɜɑůɢɡůɖɠ 

V Ɉɣɖɚɐ ŭɡůɗɟŬɡůŰɧŰɖŰŬ 

V ȾŬɚɐ ŬɜŰɑůŰŬůɖ ůŮ ˊŮɟɘɓŬɚɚɞɜŰɘəɏɠ ˊɟɞůɓɞɚɏɠ 

 

 

2.2.1 ȽŭɘɧŰɖŰŮɠ ɟɖŰɘɜɩɜ 

 

¶ ɀɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ ɟɖŰɘɜɩɜ 

 

ɄŬɟŬəɎŰɤ ŬəɞɚɞɡɗŮɑ ɛɘŬ Űɡˊɘəɐ əŬɛˊɨɚɖ ŰɎůɖɠ / ˊŬɟŬɛɧɟűɤůɖɠ Ůɜɧɠ 

ˊɟɧŰɡˊɞɡ ůɡůŰɐɛŬŰɞɠ ɟɖŰɑɜɖɠ. ȼ əŬɛˊɨɚɖ ŬˊɞəŬɚɨˊŰŮɘ ɡɣɖɚɐ ŬɜŰɞɢɐ, ɡɣɖɚɐ 

ůŰɘɓŬɟɧŰɖŰŬ (űŬɑɜŮŰŬɘ Ŭˊɧ Űɖɜ əɚɑůɖ Űɖɠ ŮɚŬůŰɘəɐɠ ˊŮɟɘɞɢɐɠ) əŬɘ ɡɣɖɚɧ ɧɟɘɞ 

ɗɟŬɨůɖɠ. ȷɡŰɧ ůɖɛŬɑɜŮɘ ˊɤɠ ɖ ɟɖŰɑɜɖ ŮɑɜŬɘ ŬɟɢɘəɎ ŭɨůəŬɛˊŰɖ əŬɘ ŰŬɡŰɧɢɟɞɜŬ ŭŮɜ 

ɛˊɞɟŮɑ ɡˊɞůŰŮɑ ɣŬɗɡɟɐ ɗɟŬɨůɖ.    

 

ʅ˔ʺ˃ʰ 1Φ ʆˎˉʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ʶ˒ʶ˂ˁˎˋ˃ˇˏ ˍʱˋʹˌ - ̄ ʰˊʰ˃ˈˊ˒˖ˋʹˌ ˊʹˍʽ˄˗˄Φ [6] 

 

ɆŮ ŬɡŰɧ Űɞ ůɖɛŮɑɞ ˊɟɏˊŮɘ ɜŬ ŬɜŬűŮɟɗŮɑ ˊɤɠ ɧŰŬɜ ŬůəŮɑŰŬɘ űɞɟŰɑɞ ůŮ ɏɜŬ 

ůɨɜɗŮŰɞ ɡɚɘəɧ, ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŮˊɘŰŮɡɢɗɞɨɜ ɞɘ ɡɣɖɚɧŰŮɟŮɠ ŭɡɜŬŰɏɠ ɛɖɢŬɜɘəɏɠ 

ɘŭɘɧŰɖŰŮɠ Űɞɡ ůɨɜɗŮŰɞɡ, ɖ ɟɖŰɑɜɖ ˊɟɏˊŮɘ ɜŬ ŮˊɘŭɏɢŮŰŬɘ ˊŬɟŬɛɧɟűɤůɖ ŰɞɡɚɎɢɘůŰɞɜ 

ɑůɖ ɛŮ ŮəŮɑɜɖ Űɖɠ ɑɜŬɠ Ůɜɑůɢɡůɖɠ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ ˊŬɟŬəɎŰɤ 
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ŭɘɎɔɟŬɛɛŬ, ɧˊɞɡ ŬˊŮɘəɞɜɑɕɞɜŰŬɘ ɞɘ ˊŬɟŬɛɞɟűɩůŮɘɠ ɗɟŬɨůɖɠ ɔɘŬ ɑɜŮɠ Űɨˊɞɡ E-glass, 

S-glass, ŬɟŬɛɘŭɑɞɡ əŬɘ ɡɣɖɚɐɠ ŬɜŰɞɢɐɠ ŬɜɗɟŬəɞɜɐɛŬŰŬ (ůəɏŰɤɜ, ɧɢɘ ůŮ ůɨɜɗŮŰɞ 

ɡɚɘəɧ), əŬɗɩɠ ɛɘŬɠ Ůɡɟɏɤɠ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɖɠ ɟɖŰɑɜɖɠ. ȳˊɤɠ űŬɑɜŮŰŬɘ ˊŬɟŬəɎŰɤ, ɖ 

ɑɜŬ Ŭˊɧ S-glass, ɛŮ Ůˊɘɛɐəɡɜůɖ ɗɟŬɨůɖɠ 5,3%, ˊɟɏˊŮɘ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ůŮ 

ůɡɜŭɡŬůɛɧ ɛŮ ɛɘŬ ɟɖŰɑɜɖ ˊɞɡ űŰɎɜŮɘ ŰɞɡɚɎɢɘůŰɞɜ Űɖɜ ɑŭɘŬ Űɘɛɐ ɛɏɔɘůŰɖɠ 

ˊŬɟŬɛɧɟűɤůɖɠ ˊɟɘɜ Űɖ ɗɟŬɨůɖ, ˊɟɞəŮɘɛɏɜɞɡ Űɞ ůɨɜɗŮŰɞ ɡɚɘəɧ ɜŬ ŬˊɞŭɩůŮɘ Űɘɠ 

ɓɏɚŰɘůŰŮɠ ŮűŮɚəɡůŰɘəɏɠ Űɞɡ ɘŭɘɧŰɖŰŮɠ. 

 

 

ʅ˔ʺ˃ʰ 2Φ ʅˎʴˁˊʽˍʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ʰ˄ˍˇ˔ʺˌ ˋʶ ʶ˒ʶ˂ˁˎˋ˃ˈ ʵʽʱ˒ˇˊ˖˄ ʶ˄ʽˋ˔ˎˍʽˁ˗˄ ʽ˄˗˄ όaύ ˁʰʽ ˋˎʴˁˊʽˍʽˁˈ ʵʽʱʴˊʰ˃˃ʰ 
ˍ˖˄ ˋˎˋˍʰˍʽˁ˗˄ ˃ʶˊ˗˄ ˍˇˎ ˋˎ˄ʻʷˍˇˎΣ ˁʰʻ˗ˌ ˁʰʽ ˍˇˎ ˋˎ˄ʻʷˍˇˎ ˉˇˎ ʰˉʰˊˍʾʸˇˎ˄ όb). [6] 

 

¶ ɆɡɔəɞɚɚɖŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ ɟɖŰɑɜɖɠ 

 

ɆŮ ɞˊɞɘɞŭɐˊɞŰŮ ůɨůŰɖɛŬ ɟɖŰɑɜɖɠ ŬˊŬɘŰŮɑŰŬɘ ɡɣɖɚɐ ůɡɔəɞɚɚɖůɘɛɧŰɖŰŬ ɛŮŰŬɝɨ 

ɟɖŰɑɜɖɠ əŬɘ ŮɜɘůɢɡŰɘəɩɜ ɘɜɩɜ, ɩůŰŮ Űɞ űɞɟŰɑɞ ɜŬ ɛŮŰŬűɏɟŮŰŬɘ ŬˊɞŭɞŰɘəɎ əŬɘ ɜŬ 

ŬˊɞŰɟɏˊŮŰŬɘ ɖ ɏɜŬɟɝɖ ɟɤɔɛɩɜ ɐ ɖ Ŭˊɞəɧɚɚɖůɖ ɟɖŰɑɜɖɠ əŬɘ ɑɜŬɠ. 

 

¶ ȹɡůɗɟŬɡůŰɧŰɖŰŬ Űɞɡ ůɡůŰɐɛŬŰɞɠ ɟɖŰɑɜɖɠ 

 

ȼ ŭɡůɗɟŬɡůŰɧŰɖŰŬ ŬˊɞŰŮɚŮɑ ɏɜŬ ɛɏŰɟɞ ɔɘŬ Űɖɜ ŬɜŰɑůŰŬůɖ Űɞɡ ɡɚɘəɞɨ ůŰɖ 

ŭɘɎŭɞůɖ ɟɤɔɛɩɜ. ɋůŰɧůɞ, ůŰŬ ůɨɜɗŮŰŬ ɡɚɘəɎ ŬɡŰɧ ŮɑɜŬɘ ŭɨůəɞɚɞ ɜŬ ɛŮŰɟɖɗŮɑ ɛŮ 

ŬəɟɑɓŮɘŬ. ɄŬɟô ɧɚŬ ŬɡŰɎ, ɖ əŬɛˊɨɚɖ ŰɎůɖɠ / ˊŬɟŬɛɧɟűɤůɖɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ 

ɟɖŰɑɜɖɠ Ŭˊɧ ɛɧɜɞ Űɞɡ ˊŬɟɏɢŮɘ ɛɘŬ ɏɜŭŮɘɝɖ ɔɘŬ Űɖɜ ŬɜŰɞɢɐ Űɞɡ ɡɚɘəɞɨ. ɆŮ ɔŮɜɘəɏɠ 

ɔɟŬɛɛɏɠ, ɧůɞ ˊŮɟɘůůɧŰŮɟɞ ˊŬɟŬɛɞɟűɩɜŮŰŬɘ ɖ ɟɖŰɑɜɖ ˊɟɞŰɞɨ ŮˊɏɚɗŮɘ ɗɟŬɨůɖ, Űɧůɞ 

ˊɘɞ ŬɜɗŮəŰɘəɧ əŬɘ ɛŮ ɛŮɔŬɚɨŰŮɟɖ ŬɜŰɑůŰŬůɖ ůŰɖ ŭɘɎŭɞůɖ ɟɤɔɛɩɜ ɗŬ ŮɑɜŬɘ Űɞ ůɨɜɗŮŰɞ 
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ɡɚɘəɧ. ȷɜŰɑɗŮŰŬ, ɏɜŬ ůɨůŰɖɛŬ ɟɖŰɑɜɖɠ ɛŮ ɛɘəɟɐ ˊŬɟŬɛɧɟűɤůɖ ɗɟŬɨůɖɠ ŰŮɑɜŮɘ ɜŬ 

ˊɟɞůŭɩůŮɘ ɣŬɗɡɟɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ ůŮ ɏɜŬ ůɨɜɗŮŰɞ ɡɚɘəɧ, ɧˊɞɡ ɞɘ ɟɤɔɛɏɠ 

ŭɘŬŭɑŭɞɜŰŬɘ ɔɟɐɔɞɟŬ. ȺɑɜŬɘ ˊɞɚɨ ůɖɛŬɜŰɘəɧ, ŬɡŰɐ ɖ ɘŭɘɧŰɖŰŬ ɜŬ ŰŬɘɟɘɎɕŮɘ ɛŮ Űɖɜ 

Ůˊɘɛɐəɡɜůɖ ɗɟŬɨůɖɠ Űɖɠ ŮɜɘůɢɡŰɘəɐɠ ɑɜŬɠ. 

 

¶ ɄŮɟɘɓɎɚɚɞɜ 

 

ȽŭɘɧŰɖŰŮɠ, ɧˊɤɠ ɖ əŬɚɐ ŬɜŰɑůŰŬůɖ ůŰɞ ˊŮɟɘɓɎɚɚɞɜ, Űɞ ɜŮɟɧ əŬɘ ɎɚɚŮɠ ɞɡůɑŮɠ, 

ŬɜŰɞɢɐ ůŮ ŮˊŬɜŬɚŬɛɓŬɜɧɛŮɜɞɡɠ əɨəɚɞɡɠ űɞɟŰɑůŮɤɜ ŮɑɜŬɘ ɡɣɖɚɐɠ ůɖɛŬůɑŬɠ ɔɘŬ 

ɞˊɞɘɞŭɐˊɞŰŮ ůɨůŰɖɛŬ ɟɖŰɑɜɖɠ. 

 

¶ ŪŮɟɛɞəɟŬůɑŬ ɡŬɚɩŭɞɡɠ ɛŮŰɎɓŬůɖɠ (Tg) 

 

ȾŬŰɎ əŬɜɧɜŬ, ɖ ɗŮɟɛɞəɟŬůɑŬ ɡŬɚɩŭɞɡɠ ɛŮŰɎɓŬůɖɠ (Tg) Űɖɠ ˊɞɚɡɛŮɟɘəɐɠ ɛɐŰɟŬɠ 

ŮɑɜŬɘ əɟɑůɘɛɖɠ ůɖɛŬůɑŬɠ ɔɘŬ Űɞ ůɨɜɗŮŰɞ ɡɚɘəɧ. ȼ ɗŮɟɛɞəɟŬůɑŬ ɡŬɚɩŭɞɡɠ ɛŮŰɎɓŬůɖɠ 

əŬɗɞɟɑɕŮɘ Űɖ ɛŮŰɎɓŬůɖ Ŭˊɧ ɛɘŬ ɛŬɚŬəɐ əŬɘ ŮɚŬůŰɘəɐ űɎůɖ ůŮ ɛɘŬ ˊɘɞ ŭɨůəŬɛˊŰɖ ɐ 

ɡŬɚɩŭɖ əŬŰɎůŰŬůɖ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ. ɆŮ ɗŮɟɛɞəɟŬůɑŮɠ ɢŬɛɖɚɧŰŮɟŮɠ Űɖɠ ɡŬɚɩŭɞɡɠ 

ɛŮŰɎɓŬůɖɠ, Űɞ ˊɞɚɡɛŮɟɏɠ ˊŬɟŬɛɏɜŮɘ ŭɨůəŬɛˊŰɞ əŬɘ ɛɘŬ əŬŰɎɚɚɖɚɖ ɛɐŰɟŬ ɔɘŬ ɜŬ 

ɛŮŰŬűɏɟŮɘ ŰŬ ůŰɘɠ ɑɜŮɠ Űɖɠ Ůɜɑůɢɡůɖɠ, ˊŬɟɏɢɞɜŰŬɠ ůŰɐɟɘɝɖ əŬŰɎ Űɞɡ ɚɡɔɘůɛɞɨ Űɤɜ 

ɘɜɩɜ əŬɘ ŭɘŬŰɖɟɩɜŰŬɠ Űɖɜ əŬŰɎɚɚɖɚɖ ŭɘŮɨɗɡɜůɖ Űɤɜ ɘɜɩɜ. ɆŮ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ 

ůɨɜɗŮŰɞɡ Ɏɜɤ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ ɡŬɚɩŭɞɡɠ ɛŮŰɎɓŬůɖɠ, ɖ ɛɐŰɟŬ ɔɑɜŮŰŬɘ ɛŬɚŬəɐ əŬɘ 

ŭŮɜ ɛˊɞɟŮɑ ˊɚɏɞɜ ɜŬ ůɡɛɓɎɚɚŮɘ ɗŮŰɘəɎ ůŰɘɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ. 

[6] 

 

 

2.2.2 ɇɨˊɞɘ ɟɖŰɘɜɩɜ 

 

ɇŬ ˊɞɚɡɛŮɟɐ ůɡɜŬɜŰɩɜŰŬɘ ůŮ ŰɞɡɚɎɢɘůŰɞɜ ŰɟŮɘɠ ɓŬůɘəɞɨɠ ůɢɖɛŬŰɘůɛɞɨɠ: 

ɔɟŬɛɛɘəɎ (linear), ŭɘŬəɚŬŭɘůɛɏɜŬ (branched) əŬɘ ŭɘəŰɡɤŰɎ (cross-linked). ȰɜŬ 

ɔɟŬɛɛɘəɧ ˊɞɚɡɛŮɟɏɠ (ˊ.ɢ. ˊɞɚɡŬɘɗɡɚɏɜɘɞ, ˊɞɚɡůŰɡɟɏɜɘɞ, ˊɞɚɡŬɛɑŭɘɞ əɚˊ.), 

ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɛɘŬ ɛɞɜŬŭɘəɐ ŬɚɡůɑŭŬ ɛɞɜɞɛŮɟɩɜ. ɇɞ ŭɘŬəɚŬŭɘůɛɏɜɞ ˊɞɚɡɛŮɟɏɠ 

(ˊ.ɢ. ůɡɛˊɞɚɡɛŮɟɏɠ Ŭɘɗɡɚɏɜɘɞɡ ï Ůɝɏɜɘɞɡ) Ŭ́ ɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɛɘŬ əɨɟɘŬ ŬɚɡůɑŭŬ 

ɛɞɜɞɛŮɟɩɜ ůŰɖɜ Ŭˊɧ Űɖɜ ɞˊɞɑŬ Ůɝɏɢɞɡɜ ɛɘəɟɧŰŮɟŮɠ ŬɚɡůɑŭŮɠ ůɢɖɛŬŰɑɕɞɜŰŬɠ 
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ŭɘŬəɚŬŭɩůŮɘɠ, ŭɘůŭɘɎůŰŬŰɖɠ ŭɞɛɐɠ. ɇɏɚɞɠ, Űɞ ŭɘəŰɡɤŰɧ ˊɞɚɡɛŮɟɏɠ (ˊ.ɢ. 

űɞɟɛɞűŬɘɜɧɚɖ, ˊɞɚɡŮůŰɏɟŮɠ, ˊɞɚɡŮˊɞɝŮɘŭɘəɏɠ ŮɜɩůŮɘɠ, ˊɞɚɡɞɡɟŮɗɎɜŮɠ əɚˊ.) 

ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɏɜŬ ɛŮɔɎɚɞ Ŭɟɘɗɛɧ ŭɘŬůɡɜŭŮŭŮɛɏɜɤɜ Ŭɚɡůɑŭɤɜ, ɧˊɞɡ ɖ ŭɘəŰɡɤŰɐ 

ŭɞɛɐ ŮəŰŮɑɜŮŰŬɘ Űɘɠ ˊŮɟɘůůɧŰŮɟŮɠ űɞɟɏɠ ůŮ ŰɟŮɘɠ ŭɘŬůŰɎůŮɘɠ. ɇŬ ɔɟŬɛɛɘəɎ ˊɞɚɡɛŮɟɐ 

ɛˊɞɟɞɨɜ ɛɏůɤ ɔŮűɨɟɤůɖɠ ɜŬ ŬˊɞəŰɐůɞɡɜ ŭɘəŰɡɤŰɐ ŭɞɛɐ.  

ȷɜɎɚɞɔŬ ɛŮ Űɞ Ůɑŭɞɠ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɤɠ ɡɚɘəɧ ɛɐŰɟŬɠ Űɞɡ 

ůɡɜɗɏŰɞɡ, ɞɘ ɞɟɔŬɜɘəɏɠ ɛɐŰɟŮɠ ŭɘŬəɟɑɜɞɜŰŬɘ ůŮ ŰɟŮɘɠ əŬŰɖɔɞɟɑŮɠ: ŮɚŬůŰɞɛŮɟŮɑɠ, 

ɗŮɟɛɞˊɚŬůŰɘəɏɠ əŬɘ ɗŮɟɛɞůəɚɖɟɡɜɧɛŮɜŮɠ. [1, 3, 5]   

 

 

ɳʽˁˈ˄ʰ 8. ʁʽ ˍˊʶʽˌ ʲʰˋʽˁˇʾ ˋ˔ʹ˃ʰˍʽˋ˃ˇʾ ˍ˖˄ ˉˇ˂ˎ˃ʶˊ˗˄Υ ʴˊʰ˃˃ʽˁˈ όa), ɻ ʽʰˁ˂ʰʵʽˋ˃ʷ˄ˇ (b) ˁ ʰʽ ʵʽˁˍˎ˖ˍˈ όc). [5] 

 

ɾʺˍˊʰ ɺ˄ʶˌ ɳ˒ʰˊ˃ˇʴʷˌ 

ɳˉˇ˅ʽˁʺ Kevlar 
ɮʶˊˇ˄ʰˎˉʹʴʽˁʺ ˁʰʽ ˄ʰˎˉʹʴʽˁʺ ʲʽˇ˃ʹ˔ʰ˄ʾʰΦ ɰʽˇ˃ʹ˔ʰ˄ʾʰ ʰʻ˂ʹˍʽˁ˗˄ 
ʶʽʵ˗˄ όˊʰˁʷˍʶˌ ˍʷ˄ʽˌΣ ˃ˉʰˋˍˇˏ˄ʽʰ ƎƻƭŦΣ ʶʾʵʹ ˍˇ˅ˇʲˇ˂ʾʰˌΣ ˁʰ˂ʱ˃ʽʰ 
˕ʰˊʷ˃ʰˍˇˌύΦ 

ʃˇ˂ˎʶˋˍʶˊʽˁʺ ɱˊʰ˒ʾˍʹ 
ɮʶˊˇ˄ʰˎˉʹʴʽˁʺ ˁʰʽ ʰˎˍˇˁʽ˄ʹˍˇʲʽˇ˃ʹ˔ʰ˄ʾʰΦ ɾʷˊʹ ʰʶˊˇ̀ ˁʰ˒˗˄Σ 
ˉ˂ˇʽʰˊʾ˖˄ ˁʰʽ ʰˎˍˇˁʽ˄ʺˍ˖˄Σ ˃ʽˁˊˇˏ ʲʱˊˇˎˌ ˁʰʽ ˎ˕ʹ˂ʺˌ ʰ˄ˍˇ˔ʺˌ ˋʶ 
ʵʽʱʲˊ˖ˋʹΦ 

ʃˇ˂ˎ˃ʶˊʽˁʺ ɱˎʰ˂ʽˇˏ ɮʻ˂ʹˍʽˁˈˌ ʶ˅ˇˉ˂ʽˋ˃ˈˌ 
ʃʾ˄ʰˁʰˌ 2Φ ɳ˒ʰˊ˃ˇʴʷˌ ˋˎ˄ʻʷˍ˖˄ ˎ˂ʽˁ˗˄ ˉˇ˂ˎ˃ʶˊʽˁʺˌ ˃ʺˍˊʰˌ ˃ʶ ʶ˄ʾˋ˔ˎˋʹ ʽ˄˗˄Φ 

 

2.2.2.1 ȺɚŬůŰɞɛŮɟŮɑɠ 

 

ȺɑɜŬɘ ůɡɜɐɗɤɠ ɔɟŬɛɛɘəɎ ˊɞɚɡɛŮɟɐ ɛŮ ŭɘŬəɚŬŭɘůɛɏɜŮɠ ŬɚɡůɑŭŮɠ ŰɡɢŬɑɞɡ 

ˊɟɞůŬɜŬŰɞɚɘůɛɞɨ. ȹɘŬɗɏŰɞɡɜ ɢŬɛɖɚɐ ŭɡůəŬɛɣɑŬ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɧŰŬɜ ɡˊɧəŮɘɜŰŬɘ ůŮ 

ɛŮɔɎɚŮɠ ˊŬɟŬɛɞɟűɩůŮɘɠ ŮˊŬɜɏɟɢɞɜŰŬɘ ůŰɞ Ŭɟɢɘəɧ Űɞɡɠ ůɢɐɛŬ ɛŮŰɎ Űɖɜ Ɏɟůɖ Űɞɡ 

ŮɝɤŰŮɟɘəɞɨ űɞɟŰɑɞɡ ˊɞɡ Űɘɠ ˊɟɞəɎɚŮůŮ.  

ɉŬɟŬəŰɖɟɘůŰɘəɎ ˊŬɟŬŭŮɑɔɛŬŰŬ ŮɚŬůŰɞɛŮɟɩɜ ŬˊɞŰŮɚɞɨɜ Űɞ ŮɚŬůŰɘəɧ əɧɛɛɘ, 

Űɞ ůɡɜɗŮŰɘəɧ əŬɘ űɡůɘəɧ əŬɞɡŰůɞɨə , Űɞ ˊɞɚɡɢɚɤɟɞˊɟɏɜɘɞ əŬɘ ɞɘ ůɘɚɘəɧɜŮɠ. ɇɞ 
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əŬɞɡŰůɞɨə ɓɟɑůəŮɘ Űɖɜ əɡɟɘɧŰŮɟɖ ŮűŬɟɛɞɔɐ Űɞɡ ůŰŬ ɚɎůŰɘɢŬ Űɤɜ ŬɡŰɞəɘɜɐŰɤɜ. ɇɞ 

ůɡɔəŮəɟɘɛɏɜɞ ɡɚɘəɧ ŭŮɜ ŮˊŬɜɏɟɢŮŰŬɘ ˊɚɐɟɤɠ ůŰɘɠ Ŭɟɢɘəɏɠ Űɞɡ ŭɘŬůŰɎůŮɘɠ ɛŮŰɎ Űɖɜ 

ŬˊɞűɧɟŰɘůɖ, ɔɘŬŰɑ ŰŬ ɛŬəɟɞɛɧɟɘŬ ɏɢɞɡɜ ɡˊɞůŰŮɑ ˊɚŬůŰɘəɐ ˊŬɟŬɛɧɟűɤůɖ. ũɘŬ ɜŬ 

ŬˊɞűŮɡɢɗŮɑ ɖ ˊɚŬůŰɘəɐ ˊŬɟŬɛɧɟűɤůɖ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɓɞɡɚəŬɜɘůɛɧɠ , ɧˊɞɡ Űɞ 

əŬɞɡŰůɞɨə ɗŮɟɛŬɑɜŮŰŬɘ ɛŮ ɗŮɑɞ, ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ ůŰŬɡɟɞŭŮůɛɩɜ ɛŮŰŬɝɨ 

Űɤɜ ɛɞɟɑɤɜ, ŮɜɘůɢɨɞɜŰŬɠ əŬŰɎ ŬɡŰɧɜ Űɞɜ Űɟɧˊɞ Űɖ ŭɞɛɐ Űɞɡ ŮɚŬůŰɘəɞɨ. ɀŮ ŬɡŰɐɜ Űɖ 

ŭɘŬŭɘəŬůɑŬ Űɞ ŮɚŬůŰɞɛŮɟɏɠ ɔɑɜŮŰŬɘ ˊɘɞ ůəɚɖɟɧ əŬɘ ŬɜɗŮəŰɘəɧ əŬɘ ɚɘɔɧŰŮɟɞ ŮɡŬɑůɗɖŰɞ 

ůŮ ɗŮɟɛɞəɟŬůɘŬəɏɠ ɛŮŰŬɓɞɚɏɠ. [3, 6] 

 

 

ɳʽˁˈ˄ʰ 9Φ ɱˊʰ˒ʽˁʺ ʰˉʶʽˁˈ˄ʽˋʹ ʰ˂ˎˋʾʵʰˌ ˃ˇˊʾ˖˄ ʶ˂ʰˋˍˇ˃ʶˊ˗˄ ˎ˂ʽˁ˗˄Φ 

 

 

2.2.2.2 ŪŮɟɛɞˊɚŬůŰɘəɏɠ 

 

Ƀɘ ɗŮɟɛɞˊɚŬůŰɘəɏɠ ɟɖŰɑɜŮɠ ɢŬɟŬəŰɖɟɑɕɞɜŰŬɘ Ŭˊɧ Űɖɜ ɘŭɘɧŰɖŰɎ Űɞɡɠ ɜŬ 

ɛˊɞɟɞɨɜ ɜŬ ɚɘɩɜɞɡɜ ɧŰŬɜ ɗŮɟɛŬɑɜɞɜŰŬɘ əŬɘ ɜŬ ůŰŮɟŮɞˊɞɘɞɨɜŰŬɘ ɧŰŬɜ ɣɨɢɞɜŰŬɘ. ȷɡŰɧ 

Űɞɡɠ ŭɑɜŮɘ, ɛŮŰŬɝɨ Ɏɚɚɤɜ, Űɖ ŭɡɜŬŰɧŰɖŰŬ ŮˊɘůəŮɡɐɠ Űɞɡɠ ŮɎɜ ŬůŰɞɢɐůɞɡɜ əŬŰɎ Űɖ 

ɚŮɘŰɞɡɟɔɑŬ Űɞɡɠ.  

Ƀɘ ɗŮɟɛɞˊɚŬůŰɘəɏɠ ɟɖŰɑɜŮɠ ŬˊɞŰŮɚɞɨɜŰŬɘ əɡɟɑɤɠ Ŭˊɧ ɔɟŬɛɛɘəɎ ɛɧɟɘŬ ˊɞɡ 

ůɡɜŭɏɞɜŰŬɘ ɛŮŰŬɝɨ Űɞɡɠ ɛŮ ŬůɗŮɜŮɑɠ ŭŮůɛɞɨɠ Van der Waals əŬɘ Űɞ ɢŬɟŬəŰɖɟɘůŰɘəɧ 

Űɞɡɠ ŮɑɜŬɘ ˊɤɠ ɧŰŬɜ ɗŮɟɛŬɜɗɞɨɜ ɛŬɚŬəɩɜɞɡɜ əŬɘ ɔɑɜɞɜŰŬɘ ŮɨəŬɛˊŰŮɠ əŬɘ ůŮ 

ɡɣɖɚɧŰŮɟŮɠ ɗŮɟɛɞəɟŬůɑŮɠ ɟɏɞɡɜ. ȷɡŰɧ ůɡɛɓŬɑɜŮɘ ɚɧɔɤ Űɖɠ ɢŬɚɎɟɤůɖɠ Űɤɜ 

ɛɞɟɘŬəɩɜ ŭŮůɛɩɜ.  ȷɜ ɗŮɟɛŬɜɗɞɨɜ ůŮ ɗŮɟɛɞəɟŬůɑŬ ɛŮɔŬɚɨŰŮɟɖ Ŭˊɧ ŮəŮɑɜɖ Űɖɠ 

ɡŬɚɩŭɞɡɠ ɛŮŰɎɓŬůɖɠ (Tg) əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ɣɡɢɗɞɨɜ, ŰɧŰŮ ɛŮŰŬŰɟɏˊɞɜŰŬɘ ˊɎɚɘ ůŮ 

ůŰŮɟŮɎ ɏɢɞɜŰŬɠ ŮˊŬɜŬəŰɐůŮɘ Ůɜ ɛɏɟŮɘ Űɘɠ ɘŭɘɧŰɖŰɏɠ Űɞɡɠ. ȼ ŭɘŬŭɘəŬůɑŬ ŮɑɜŬɘ 

ŬɜŰɘůŰɟŮˊŰɐ, ŬɚɚɎ ɛŮ ůɡɜŮɢɐ ŮˊŬɜɎɚɖɣɖ Űɤɜ əɨəɚɤɜ ɗɏɟɛŬɜůɖɠ ï ɣɨɝɖɠ 

ŮɛűŬɜɑɕŮŰŬɘ ůŰŬŭɘŬəɐ ɡˊɞɓɎɗɛɘůɖ Űɤɜ ɘŭɘɞŰɐŰɤɜ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ. ȷɜŰɑɗŮŰŬ Ŭˊɧ Űɘɠ 
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ɗŮɟɛɞůəɚɖɟɡɜɧɛŮɜŮɠ ɟɖŰɑɜŮɠ, ůŰɘɠ ɗŮɟɛɞˊɚŬůŰɘəɏɠ ŭŮɜ ŬɜŬˊŰɨůůɞɜŰŬɘ 

ůŰŬɡɟɞŭŮůɛɞɑ.  

Ƀɘ ɘŭɘɧŰɖŰɏɠ Űɞɡɠ, ɧˊɤɠ ɖ ŭɡůəŬɛɣɑŬ əŬɘ ɖ ŬɜŰɑůŰŬůɖ ůŮ ɢɖɛɘəɐ ŭɘɎɓɟɤůɖ, 

ɞűŮɑɚɞɜŰŬɘ ůŰɘɠ ɘŭɘɧŰɖŰŮɠ Űɤ ɛɞɜɞɛŮɟɩɜ ˊɞɡ ŬˊŬɟŰɑɕɞɡɜ Űɘɠ ŬɚɡůɑŭŮɠ əŬɘ Űɞɡ ɡɣɖɚɞɨ 

ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ. ɃɟɘůɛɏɜŬ Ŭˊɧ ŰŬ ˊɘɞ ŭɘŬŭŮŭɞɛɏɜŬ ɗŮɟɛɞˊɚŬůŰɘəɎ ůŮ ŮűŬɟɛɞɔɏɠ 

ŮɡɟŮɑŬɠ əŬɘ ɓɘɞɛɖɢŬɜɘəɐɠ ɢɟɐůɖɠ ŮɑɜŬɘ Űɞ ˊɞɚɡŬɘɗɡɚɏɜɘɞ (PE), Űɞ ɢɚɤɟɘɞɨɢɞ 

ˊɞɚɡɓɘɜɨɚɘɞ (PVC), Űɞ ˊɞɚɡˊɟɞˊɡɚɏɜɘɞ (PP), Űɞ ˊɞɚɡůŰɡɟɏɜɘɞ (PS) əŬɘ ŰŬ 

ˊɞɚɡŬɛɑŭɘŬ (Nylon). [3, 6] 

 

 

2.2.2.3 ŪŮɟɛɞůəɚɖɟɡɜɧɛŮɜŮɠ  

 

Ƀɘ ɗŮɟɛɞůəɚɖɟɡɜɧɛŮɜŮɠ ɟɖŰɑɜŮɠ ŬˊɞŰŮɚɞɨɜ Űɖɜ ˊɘɞ əɞɘɜɐ Ůˊɘɚɞɔɐ ɤɠ 

ůɨůŰɖɛŬ ɛɐŰɟŬɠ ɔɘŬ ůɨɜɗŮŰŬ ɡɚɘəɎ, əŬɗɩɠ, ɛŮŰŬɝɨ Ɏɚɚɤɜ, ˊɟɞůűɏɟɞɡɜ ɢŬɛɖɚɐ 

ŰŬɢɨŰɖŰŬ ɟɞɐɠ ŰɐɔɛŬŰɞɠ (ɘɝɩŭɖɠ ůɨɜŰɖɝɖ, low melt viscosity), əŬɚɧ ŮɛˊɞŰɘůɛɧ ɘɜɩɜ 

əŬɘ ůɢŮŰɘəɎ ɢŬɛɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ əŬŰŮɟɔŬůɑŬɠ.   

ɇŬ ɗŮɟɛɞůəɚɖɟɡɜɧɛŮɜŬ ˊɞɚɡɛŮɟɐ ˊŬɟɞɡůɘɎɕɞɡɜ ŰɟɘůŭɘɎůŰŬŰɖ ŭɞɛɐ 

ˊɚɏɔɛŬŰɞɠ Ŭˊɧ ˊɟɤŰɞɔŮɜŮɑɠ ɘůɢɡɟɞɨɠ ŭŮůɛɞɨɠ ɛŮŰŬɝɨ Űɤɜ ɛɞɟɘŬəɩɜ Ŭɚɡůɑŭɤɜ. 

ȷɨɝɖůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ ŬɡɝɎɜŮɘ Űɞ ˊɚɐɗɞɠ Űɤɜ ɛɞɟɘŬəɩɜ ŭŮůɛɩɜ əŬɗɘůŰɩɜŰŬɠ ŰŬ 

ɡɚɘəɎ ŬɡŰɎ ůəɚɖɟɧŰŮɟŬ əŬɘ ɣŬɗɡɟɧŰŮɟŬ. ɆŰɘɠ ɗŮɟɛɞůəɚɖɟɡɜɧɛŮɜŮɠ ɟɖŰɑɜŮɠ, ɞɘ 

ɟŮɡůŰɏɠ ɟɖŰɑɜŮɠ ŬɜŬɛɘɔɜɨɞɜŰŬɘ ɛŮ Űɞɡɠ əŬŰɎɚɚɖɚɞɡɠ ůəɚɖɟɡɜŰɏɠ əŬɘ ɛŮŰŬŰɟɏˊɞɜŰŬɘ 

ůŮ ůəɚɖɟɎ, ɎəŬɛˊŰŬ, ɣŬɗɡɟɎ ůŰŮɟŮɎ ɛɏůɤ Űɞɡ ɛɖɢŬɜɘůɛɞɨ ůŰŬɡɟɞŭŮůɛɩɜ 

(crosslinking) əŬŰɎ ŬɜŬɜŰɑůŰɟŮˊŰɞ Űɟɧˊɞ. Ƀɘ ůŰŬɡɟɞŭŮůɛɞɑ ɏɢɞɡɜ ɤɠ ŬˊɞŰɏɚŮůɛŬ Űɖ 

ŭɖɛɘɞɡɟɔɑŬ Ůɜɧɠ ɘůɢɡɟɞɨ ŰɟɘůŭɘɎůŰŬŰɞɡ ŭɘəŰɨɞɡ ɛŮŰŬɝɨ Űɤɜ ɛɞɟɘŬəɩɜ Ŭɚɡůɑŭɤɜ. 

ȷɡŰɐ ɖ ŭɘŬŭɘəŬůɑŬ ŮˊɘŰɡɔɢɎɜŮŰŬɘ əŬŰɎ Űɞ ůŰɎŭɘɞ ɛɞɟűɞˊɞɑɖůɖɠ Űɞɡ ůɨɜɗŮŰɞɡ 

ɡɚɘəɞɨ. 

 

ɳʽˁˈ˄ʰ 10Φ ɲʹ˃ʽˇˎˊʴʾʰ ˋˍʰˎˊˇʵʶˋ˃˗˄Φ 

Ƀɘ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ ŮɝŬɟŰɩɜŰŬɘ Ŭˊɧ Űɘɠ ɛɞɟɘŬəɏɠ ɛɞɜɎŭŮɠ ˊɞɡ ůɢɖɛŬŰɑɕɞɡɜ Űɞ 

ŰɟɘůŭɘɎůŰŬŰɞ ˊɚɏɔɛŬ Ŭɚɡůɑŭɤɜ, Űɞ ɛɐəɞɠ Űɤɜ Ŭɚɡůɑŭɤɜ əŬɘ Űɖɜ ˊɡəɜɧŰɖŰŬ Űɤɜ 

http://www.google.gr/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwi5op2kzs3MAhUE6RQKHYVLCwIQjRwIBw&url=http://www.bbc.co.uk/schools/gcsebitesize/science/ocr_gateway_pre_2011/carbon_chem/6_designer_polymers4.shtml&bvm=bv.121421273,d.bGs&psig=AFQjCNExx_jJ78LoB56w9dPdOkbjvUQkNQ&ust=1462904520194572
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ůŰŬɡɟɞŭŮůɛɩɜ, ɖ ɞˊɞɑŬ əŬɗɞɟɑɕŮŰŬɘ Ŭˊɧ Űɖ ɛɏɗɞŭɞ əŬŰŬůəŮɡɐɠ əŬɘ ŮɘŭɘəɎ Űɖ 

ŭɘŬŭɘəŬůɑŬ ɗŮɟɛɘəɐɠ əŬŰŮɟɔŬůɑŬɠ (curing). ȼ ˊŮɟŬɘŰɏɟɤ ɗɏɟɛŬɜůɐ Űɞɡɠ ŭŮɜ ɞŭɖɔŮɑ 

ůŰɖɜ Űɐɝɖ Űɞɡɠ. ȹɘŬŰɖɟɞɨɜ Űɞ ůɢɐɛŬ Űɞɡɠ ɏɤɠ ɧŰɞɡ ɝŮəɘɜɐůɞɡɜ ɜŬ ŬˊɞŭɞɛɞɨɜŰŬɘ 

(thermal degradation) ůŮ ɡɣɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ. ɇŬ ɗŮɟɛɞůəɚɖɟɡɜɧɛŮɜŬ ˊɞɚɡɛŮɟɐ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŮ ˊŮɟɘˊŰɩůŮɘɠ ɧˊɞɡ ŬˊŬɘŰɞɨɜŰŬɘ əŬɚɨŰŮɟŮɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ. 

ɄŬɟŬəɎŰɤ ŬəɞɚɞɡɗŮɑ ˊŬɟɞɡůɑŬůɖ ɞɟɘůɛɏɜɤɜ ůɡɜɐɗɤɜ ɗŮɟɛɞůəɚɖɟɡɜɧɛŮɜɤɜ 

ɟɖŰɘɜɩɜ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɤɠ ɡɚɘəɧ ɛɐŰɟŬɠ ůŰŬ ůɨɜɗŮŰŬ ɡɚɘəɎ. [3, 6] 

 

ɳʽˁˈ˄ʰ 11Φ ɮ˂ˎˋʾʵʰ ˃ˇˊʾ˖˄ ʻʶˊ˃ˇˁˋˁ˂ʹˊˎ˄ˈ˃ʶ˄ˇˎ ˉ˂ʰˋˍʽˁˇˏ όaύ ˁʰʽ ʹ ʰˉˇʵˈ˃ʹˋʺ ˍˇˎˌ ˋʶ ˎ˕ʹ˂ʷˌ 
ʻʶˊ˃ˇˁˊʰˋʾʶˌ όb). 

 

 

2.2.2.3.1 ɄɞɚɡŮůŰɏɟŮɠ 

 

ɉɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ əɡɟɑɤɠ ɔɘŬ ůɨɜɗŮŰŬ ɡɚɘəɎ ŮɜɘůɢɡɛɏɜŬ ɛŮ ɡŬɚɞɜɐɛŬŰŬ əŬɘ ůŰɖ 

ɜŬɡ́ ɖɔɘəɐ, ŮɑɜŬɘ ŮɨəɞɚŮɠ ůŰɖ ɢɟɐůɖ əŬɘ ŭɘŬŰɑɗŮɜŰŬɘ ůŮ ŮɝŬɘɟŮŰɘəɎ ɢŬɛɖɚɧ əɧůŰɞɠ. 

ɋůŰɧůɞ, ˊŬɟɏɢɞɡɜ ɛɏŰɟɘŮɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ, ɡɣɖɚɏɠ Ůəˊɞɛˊɏɠ ůŰɡɟŮɜɑɞɡ ůŮ 

ŬɜɞɘɢŰɧ əŬɚɞɨˊɘ, ɡɣɖɚɧɠ ŭŮɑəŰɖɠ ůɡɟɟɑəɜɤůɖɠ əŬɘ ɢŬɛɖɚɧ əɨəɚɞɠ ɕɤɐɠ. Ƀɘ 

ˊɞɚɡŮůŰŮɟɘəɏɠ ɟɖŰɑɜŮɠ ŮɑɜŬɘ Űɞɡ ˊɞɚɡɛŮɟɐ ŬəɧɟŮůŰɞɡ Űɨˊɞɡ. ɆŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ 

űŬɑɜŮŰŬɘ ɖ ŮɝɘŭŬɜɘəŮɡɛɏɜɖ ɢɖɛɘəɐ ŭɞɛɐ Ůɜɧɠ Űɡˊɘəɞɨ ˊɞɚɡŮůŰɏɟŬ. ȷɝɑɕɞɡɜ 

ˊɟɞůɞɢɐɠ, ɞɘ ɗɏůŮɘɠ Űɤɜ ɞɛɎŭɤɜ ŮůŰɏɟɤɜ (CO ï O ï C) əŬɘ Űɤɜ ŬɜŰɘŭɟɩɜŰɤɜ 

ˊɚŮɡɟɩɜ (C* = C*) ůŰɖ ɛɞɟɘŬəɐ ŬɚɡůɑŭŬ.   

 

 

ɳʽˁˈ˄ʰ 12. ɾˇˊʽʰˁʺ ʰ˂ˎˋʾʵʰ ˉˇ˂ˎʶˋˍʷˊʰΦ [6] 
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Ɇɡɜɐɗɤɠ ŭɘŬŰɑɗŮɜŰŬɘ ůŮ ɏɜŬ ŭɘɎɚɡɛŬ ˊɞɡ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ˊɞɚɡŮůŰɏɟŬ ůŮ ɏɜŬ 

ɛɞɜɞɛŮɟɏɠ, ůɡɜɐɗɤɠ ůŰɡɟɏɜɘɞ. ȼ ˊɟɞůɗɐəɖ ůŰɡɟŮɜɑɞɡ ůŮ ˊɞůɞůŰɧ ɛɏɢɟɘ əŬɘ 50% ůŮ 

ŬɡŰɏɠ Űɘɠ ɟɖŰɑɜŮɠ, Űɘɠ əŬɗɘůŰɎ ˊɘɞ ŮɨəɞɚŮɠ ůŰɞ ɢŮɘɟɘůɛɧ Ŭűɞɨ ɛŮɘɩɜŮŰŬɘ Űɞ ɘɝɩŭŮɠ 

Űɞɡɠ. Ⱥˊɑůɖɠ, Űɞ ůŰɡɟɏɜɘɞ ŮɡɗɨɜŮŰŬɘ ɔɘŬ Űɖ əɟɑůɘɛɖɠ ůɖɛŬůɑŬɠ ŭɖɛɘɞɡɟɔɑŬ 

ůŰŬɡɟɞŭŮůɛɩɜ ɛŮŰŬɝɨ Űɤɜ ɛɞɟɑɤɜ Űɞɡ ˊɞɚɡŮůŰɏɟŬ. 

 

 

2.2.2.3.2 ȸɘɜɡɚŮůŰɏɟŮɠ 

 

ȼ ɛɞɟɘŬəɐ ŭɞɛɐ Űɤɜ ɓɘɜɡɚŮůŰɏɟɤɜ ɛɞɘɎɕŮɘ ɛŮ Űɤɜ ˊɞɚɡŮůŰɏɟɤɜ. ȼ ůɖɛŬɜŰɘəɐ 

ŭɘŬűɞɟɎ Űɞɡɠ ŮɜŰɞˊɑɕŮŰŬɘ ůŰɞ ɔŮɔɞɜɧɠ ˊɤɠ ŰŬ ŬɜŰɘŭɟɩɜŰŬ ŰɛɐɛŬŰɎ Űɞɡɠ 

ŰɞˊɞɗŮŰɞɨɜŰŬɘ ŬˊɞəɚŮɘůŰɘəɎ ůŰɞ ɎəɟŬ Űɖɠ ɛɞɟɘŬəɐɠ ŬɚɡůɑŭŬɠ. ȰŰůɘ ɞɚɧəɚɖɟɞ Űɞ 

ɛɐəɞɠ Űɖɠ ɛɞɟɘŬəɐɠ ŬɚɡůɑŭŬɠ ɛˊɞɟŮɑ ɜŬ ŬˊɞɟɟɞűɐůŮɘ űɞɟŰɑŬ əŬɘ ŬɡŰɧ əŬɗɘůŰɎ Űɞɡɠ 

ɓɘɜɡɚŮůŰɏɟŮɠ ˊɘɞ ŬɜɗŮəŰɘəɞɨɠ Ŭˊɧ Űɞɡɠ ˊɞɚɡŮůŰɏɟŮɠ. Ⱥˊɑůɖɠ, Űɞ ɛɧɟɘɞ Űɞɡ 

ɓɘɜɡɚŮůŰɏɟŬ ŭɘŬɗɏŰŮɘ ɚɘɔɧŰŮɟŮɠ ɞɛɎŭŮɠ ŮůŰɏɟɤɜ. Ƀɘ ɞɛɎŭŮɠ Űɤɜ ŮůŰɏɟɤɜ ŮɑɜŬɘ 

ŮɡŬɑůɗɖŰŮɠ ůŰɖɜ ˊɟɞůɓɞɚɐ Ŭˊɧ ɜŮɟɧ ɛɏůɤ ɡŭɟɧɚɘůɖɠ, ˊɟɎɔɛŬ ˊɞɡ ůɖɛŬɑɜŮɘ ˊɤɠ ɞɘ 

ɓɘɜɡɚŮůŰɏɟŮɠ ŭɘŬɗɏŰɞɡɜ ɛŮɔŬɚɨŰŮɟɖ ŬɜŰɑůŰŬůɖ ůŮ ɜŮɟɧ əŬɘ ˊɞɚɚɏɠ ɎɚɚŮɠ ɢɖɛɘəɏɠ 

ɞɡůɑŮɠ. ɆŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ ŬəɞɚɞɡɗŮɑ ɛɘŬ ŮɝɘŭŬɜɘəŮɡɛɏɜɖ ɢɖɛɘəɐ ŭɞɛɐ Ůɜɧɠ 

Űɡˊɘəɞɨ ɓɘɜɡɚŮůŰɏɟŬ. ȷɝɑɕɞɡɜ ˊɟɞůɞɢɐɠ, ɞɘ ɗɏůŮɘɠ Űɤɜ ɞɛɎŭɤɜ ŮůŰɏɟŬ əŬɘ Űɤɜ 

ŬɜŰɘŭɟɩɜŰɤɜ ŰɛɖɛɎŰɤɜ (C* - C*) ůŰɖɜ ɛɞɟɘŬəɐ ŬɚɡůɑŭŬ.  

 

 

ɳʽˁˈ˄ʰ 13Φ ɾˇˊʽʰˁʺ ʰ˂ˎˋʾʵʰ ʲʽ˄ˎ˂ʶˋˍʷˊʰΦ [6] 

 

Ɉɣɖɚɐ ŬɜŰɑůŰŬůɖ ůŮ ɢɖɛɘəɐ ˊɟɞůɓɞɚɐ, əŬɚɨŰŮɟŮɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Ŭˊɧ Űɞɡɠ 

ˊɞɚɡŮůŰɏɟŮɠ. ɋůŰɧůɞ, ŬˊŬɘŰŮɑŰŬɘ ɗŮɟɛɘəɐ ɛŮŰŮˊŮɝŮɟɔŬůɑŬ ɔɘŬ əŬɚɏɠ ɛɖɢŬɜɘəɏɠ 
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ɘŭɘɧŰɖŰŮɠ, ɏɢɞɡɜ ɡɣɖɚɧ ˊɞůɞůŰɧ ůŰɡɟŮɜɑɞɡ, ɡɣɖɚɧŰŮɟɞ əɧůŰɞɠ Ŭˊɧ Űɞɡɠ ˊɞɚɡŮůŰɏɟŮɠ 

əŬɘ ɡɣɖɚɧ ŭŮɑəŰɖ ůɡɟɟɑəɜɤůɖɠ. 

 

 

2.2.2.3.3 ūŬɘɜɞɚɘəɏɠ ɟɖŰɑɜŮɠ 

 

ɉŬɟŬəŰɖɟɑɕɞɜŰŬɘ Ŭˊɧ ɢŬɛɖɚɐ ˊɚŬůŰɘəɧŰɖŰŬ əŬɘ ɛɏŰɟɘŮɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ, 

ɖ ŮűŬɟɛɞɔɐ Űɞɡɠ ůɡɢɜɎ ůɡɜɞŭŮɨŮŰŬɘ Ŭˊɧ ˊɞɚɚɎ ŭɘɎəŮɜŬ əŬɘ ŮˊɘűŬɜŮɘŬəɩɜ ŬŰŮɚŮɘɩɜ 

ɚɧɔɤ Űɖɠ ɔɟɐɔɞɟɖɠ ůŰŮɟŮɞˊɞɑɖůɐɠ Űɞɡɠ, ŬɚɚɎ ɖ ɛɏɔɘůŰɖ ɗŮɟɛɞəɟŬůɑŬ ɚŮɘŰɞɡɟɔɑŬɠ 

Űɞɡɠ űŰɎɜŮɘ Űɞɡɠ 400
ɞ
 C, ˊɟɎɔɛŬ ˊɞɡ Űɘɠ əŬɗɘůŰɎŮɘ əŬŰɎɚɚɖɚŮɠ ɔɘŬ ŮűŬɟɛɞɔɏɠ ɧˊɞɡ 

ŬˊŬɘŰŮɑŰŬɘ ɡɣɖɚɐ ɗŮɟɛɘəɐ ŬɜŰɞɢɐ. Ⱥˊɑůɖɠ ɞɘ űŬɘɜɧɚŮɠ ŭɘŬŰɖɟɞɨɜ ɘəŬɜɞˊɞɘɖŰɘəɎ Űɘɠ 

ɘŭɘɧŰɖŰɏɠ Űɞɡɠ ŬəɧɛŬ ůŮ ɘŭɘŬɑŰŮɟŬ ŬɡɝɖɛɏɜŮɠ ɗŮɟɛɞəɟŬůɑŮɠ. 

 

 

2.2.2.3.4 Ⱥˊɞɝɡŭɘəɏɠ ɐ Ůˊɞɝɘəɏɠ ɟɖŰɑɜŮɠ 

 

ɉɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŰɖɜ ŬŮɟɞɜŬɡˊɖɔɘəɐ əŬɘ ůŮ ɚɞɘˊɏɠ Ůɛˊɞɟɘəɏɠ ŮűŬɟɛɞɔɏɠ, ɞɘ 

ɞˊɞɑŮɠ Ŭűɞɟɞɨɜ əɡɟɑɤɠ Űɖɜ əŬŰŬůəŮɡɐ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ Ůɜɘůɢɡɛɏɜɤɜ ɛŮ ɑɜŮɠ 

ɎɜɗɟŬəŬ (CFRP) əŬɘ ɑɜŮɠ ɡɎɚɞɡ.  

 ȺɝŬůűŬɚɑɕɞɡɜ əŬɚɨŰŮɟŮɠ ɛɖɢŬɜɘəɏɠ əŬɘ ɗŮɟɛɘəɏɠ ɘŭɘɧŰɖŰŮɠ əŬɘ ŬɜŰɞɢɐ ůŰɖɜ 

ɡɔɟŬůɑŬ Ŭˊɧ Űɞɡɠ ˊɞɚɡŮůŰɏɟŮɠ əŬɘ Űɞɡɠ ɓɘɜɡɚŮůŰɏɟŮɠ. ȹɘŬɗɏŰɞɡɜ ɛɏɔɘůŰɖ 

ɗŮɟɛɞəɟŬůɑŬ ɚŮɘŰɞɡɟɔɑŬɠ ˊŮɟɑˊɞɡ Űɞɡɠ 200
ɞ
 C, ɏɢɞɡɜ ɢŬɛɖɚɧ ůɡɜŰŮɚŮůŰɐ 

ůɡɟɟɑəɜɤůɖɠ, ŬɜɗŮəŰɘəɏɠ ůŮ ɛŮɔɎɚɞɡɠ əɨəɚɞɡɠ űɞɟŰɑůŮɤɜ. ȺɑɜŬɘ ˊɘɞ Ŭəɟɘɓɏɠ Ŭˊɧ Űɘɠ 

ŮůŰŮɟɘəɏɠ ɟɖŰɑɜŮɠ, ɢɟŮɘɎɕɞɜŰŬɘ ˊɟɞůɞɢɐ ůŰɖ ŭɞůɞɚɞɔɑŬ Űɤɜ ŭɨɞ ůɡůŰŬŰɘəɩɜ Űɞɡɠ. Ƀ 

ɧɟɞɠ çŮˊɞɝɘəɧè ŬɜŬűɏɟŮŰŬɘ ůŮ ɛɘŬ ɢɖɛɘəɐ ɞɛɎŭŬ ˊɞɡ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɏɜŬ ɎŰɞɛɞ 

ɞɝɡɔɧɜɞɡ ůɡɜŭŮŭŮɛɏɜɞɡ ɛŮ ŭɨɞ ɎŰɞɛŬ ɎɜɗɟŬəŬ ˊɞɡ ŮɑɜŬɘ ɐŭɖ ůɡɜŭŮŭŮɛɏɜŬ ɛŮ əɎˊɞɘɞ 

Űɟɧˊɞ. ȼ ˊɘɞ Ŭˊɚɐ ɛɞɟűɐ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɛɘŬ əɡəɚɘəɐ ŭɞɛɐ Űɟɘɩɜ ɛŮɟɩɜ, 

əŬɚɞɨɛŮɜɖ çȷ-epoxyè. ȼ ŮɝɘŭŬɜɘəŮɡɛɏɜɖ ŭɞɛɐ űŬɑɜŮŰŬɘ ˊŬɟŬəɎŰɤ əŬɘ ŮɑɜŬɘ Űɞ ˊɘɞ 

ŮɨəɞɚŬ ŬɜŬɔɜɤɟɑůɘɛɞ ɢŬɟŬəŰɖɟɘůŰɘəɧ ɞˊɞɘɞɡŭɐˊɞŰŮ Ůˊɞɝɘəɞɨ ɛɞɟɑɞɡ. 

 

ɳʽˁˈ˄ʰ 14Φ ɳ˅ʽʵʰ˄ʽˁʶˎ˃ʷ˄ʹ ˔ʹ˃ʽˁʺ ʵˇ˃ʺ ʶ˄ˈˌ ʰˉ˂ˇˏ ʶˉˇ˅ʶʽʵʾˇˎ όˇ˅ʶʾʵʽˇ ʰʽʻˎ˂ʶ˄ʾˇˎύΦ [6] 
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ȰɜŬ Ŭˊɧ ŰŬ ůɖɛŬɜŰɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɤɜ Ůˊɞɝɘəɩɜ ɟɖŰɘɜɩɜ ŮɑɜŬɘ ɞ ɢŬɛɖɚɧɠ 

ůɡɜŰŮɚŮůŰɐɠ ůɡɟɟɑəɜɤůɖɠ Űɞɡɠ əŬŰɎ Űɖɜ ɛɞɟűɞˊɞɑɖůɖ Űɞɡɠ, ˊɟɎɔɛŬ ˊɞɡ ɛŮɘɩɜŮɘ Űɘɠ 

ŮůɤŰŮɟɘəɏɠ ŰɎůŮɘɠ əŬɘ Űɖɜ ŬˊɞəɎɚɡɣɖ Űɞɡ ŬˊɞŰɡˊɩɛŬŰɞɠ Űɤɜ ɘɜɩɜ Ůɜɑůɢɡůɖɠ Űɞɡ 

ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ. Ƀɘ Ůˊɞɝɘəɏɠ ɟɖŰɑɜŮɠ ůɢɖɛŬŰɑɕɞɜŰŬɘ Ŭˊɧ ɛɘŬ ɛŬəɟɘɎ ɛɞɟɘŬəɐ 

ŬɚɡůɑŭŬ, ɧɛɞɘŬ ɛŮ Űɤɜ ɓɘɜɡɚŮůŰɏɟɤɜ ɛŮ ŰŬ ŬɜŰɘŭɟɩɜŰŬ ŰɛɐɛŬŰŬ ůŰŬ ɎəɟŬ. ɋůŰɧůɞ, 

ŬɡŰɎ ŰŬ ŬɜŰɘŭɟɩɜŰŬ ŰɛɐɛŬŰŬ ŭŮɜ ůɢɖɛŬŰɑɕɞɜŰŬɘ Ŭˊɧ ɞɛɎŭŮɠ ŮůŰɏɟɤɜ, ŬɚɚɎ Ŭˊɧ 

ɞɛɎŭŮɠ ŮˊɞɝŮɘŭɑɤɜ. ȼ ŬˊɞɡůɑŬ Űɤɜ ŮůŰɏɟɤɜ ɏɢŮɘ ɤɠ ŬˊɞŰɏɚŮůɛŬ ɘŭɘŬɑŰŮɟŬ əŬɚɐ 

ŬɜŰɑůŰŬůɖ ůŰɞ ɜŮɟɧ. ɄŬɟɎɚɚɖɚŬ, Űɞ Ůˊɞɝɘəɧ ɛɧɟɘɞ ˊŮɟɘɏɢŮɘ ŭɨɞ əɡəɚɘəɏɠ ɞɛɎŭŮɠ 

(ring groups) ůŰɞ əɏɜŰɟɞ Űɞɡ, ɞɘ ɞˊɞɑŮɠ ŮɑɜŬɘ ɘəŬɜɏɠ ɜŬ Ŭˊɞɟɟɞűɐůɞɡɜ Űɧůɞ ɛɖɢŬɜɘəɎ 

ɧůɞ əŬɘ ɗŮɟɛɘəɎ űɞɟŰɑŬ ˊɞɚɨ əŬɚɨŰŮɟŬ Ŭˊɧ Űɘɠ ɔɟŬɛɛɘəɏɠ ɞɛɎŭŮɠ. ȷɡŰɧɠ ŮɑɜŬɘ əŬɘ ɞ 

ɚɧɔɞɠ ˊɞɡ ɞɘ Ůˊɞɝɘəɏɠ ɟɖŰɑɜŮɠ ŮɝŬůűŬɚɑɕɞɡɜ Űɧůɞ ɡɣɖɚɐ ůŰɘɓŬɟɧŰɖŰŬ, əŬɘ ŬɜŰɞɢɐ ůŮ 

ɛɖɢŬɜɘəɎ əŬɘ ɗŮɟɛɘəɎ űɞɟŰɑŬ. ɄŬɟŬəɎŰɤ ŬəɞɚɞɡɗŮɑ ɖ ŮɘəɧɜŬ ɛɘŬɠ ŮɝɘŭŬɜɘəŮɡɛɏɜɖɠ 

ɢɖɛɘəɐɠ ŭɞɛɐɠ Ůɜɧɠ Űɡˊɘəɞɨ ŮˊɞɝŮɘŭɑɞɡ. ȷɝɑɕŮɘ ˊɟɞůɞɢɐɠ, ɖ ŬˊɞɡůɑŬ ŮůŰŮɟɘəɩɜ 

ɞɛɎŭɤɜ ɛɏůŬ ůŰɖ ɛɞɟɘŬəɐ ŬɚɡůɑŭŬ. [4, 6] 

 

 

ɳʽˁˈ˄ʰ 15Φ ɾˇˊʽʰˁʺ ʰ˂ˎˋʾʵʰ ʶˉˇ˅ʽˁʺˌ ˊʹˍʾ˄ʹˌ [6] 

 

 

¶ ɀɖɢŬɜɘůɛɧɠ ˊɞɚɡɛŮɟɘůɛɞɨ  

 

ȼ Ůˊɞɝɘəɐ ɟɖŰɑɜɖ ŮɑɜŬɘ ɏɜŬ ɗŮɟɛɞůəɚɖɟɡɜɧɛŮɜɞ ˊɞɚɡɛŮɟɏɠ, Űɞ ɞˊɞɑɞ ŬˊɞŰŮɚŮɑŰŬɘ 

Ŭˊɧ ŬɚɡůɑŭŮɠ ˊɞɡ ˊŮɟɘɏɢɞɡɜ ŰɞɡɚɎɢɘůŰɞɜ ŭɨɞ ɞɛɎŭŮɠ ŮˊɞɝŮɘŭɑɞɡ. ɇŬ ˊɟɞˊɞɚɡɛŮɟɐ 

(ɛɞɜɞɛŮɟɐ) Űɤɜ ˊɘɞ ůɡɜɖɗɘůɛɏɜɤɜ Ůˊɞɝɘəɩɜ ɟɖŰɘɜɩɜ ˊŬɟɎɔɞɜŰŬɘ Ŭˊɧ Űɖɜ ŬɜŰɑŭɟŬůɖ 

ůɡɛˊɨəɜɤůɖɠ Űɖɠ ŭɘűŬɘɜɧɚɖɠ ȷ [2,2ô-ŭɘ(4-ɡŭɟɞɝɡűŬɑɜɡɚɞ)-ˊɟɞˊɎɜɘɞ] əŬɘ Űɖɠ 

Ůˊɘɢɚɤɟɡŭɟɑɜɖɠ.  
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ɳʽˁˈ˄ʰ 16Φ ɳˉˇ˅ʽˁʺ ˇ˃ʱʵʰ όʰύ ˁʰʽ ʰ˄ˍʾʵˊʰˋʹ ˋˎ˃ˉˏˁ˄˖ˋʹˌ ʵʽ˒ʰʽ˄ˈ˂ʹˌ ɮ ˃ʶ ʶˉʽ˔˂˖ˊˎʵˊʾ˄ʹ ˉˊˇˌ ˋ˔ʹ˃ʰˍʽˋ˃ˈ 
ˉˊˇˉˇ˂ˎ˃ʶˊˇˏˌ ʶˉˇ˅ʽˁʺˌ ˊʹˍʾ˄ʹˌ όʲύΦ [2] 

 

ɇɞ ˊɟɞˊɞɚɡɛŮɟɏɠ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ɟŮɡůŰɧ ɐ ůŰŮɟŮɧ əŬɘ ɧŰŬɜ ˊɞɚɡɛŮɟɘůŰŮɑ ɛŮ 

əŬŰɎɚɚɖɚɞ ŬɜŰɘŭɟŬůŰɐɟɘɞ (ůəɚɖɟɡɜŰɐɠ), ɛŮŰŬŰɟɏˊŮŰŬɘ ůŮ ɏɜŬ ɎəŬɛˊŰɞ ůŰŮɟŮɧ ɚɧɔɤ 

Űɞɡ ůɢɖɛŬŰɘůɛɞɨ ůŰŬɡɟɞŭŮůɛɩɜ ŬɜɎɛŮůŬ ůŰɘɠ ɛŬəɟɞɛɞɟɘŬəɏɠ ŬɚɡůɑŭŮɠ. 

ȷˊɞŰɏɚŮůɛŬ ŮɑɜŬɘ ɖ ŭɖɛɘɞɡɟɔɑŬ Ůɜɧɠ ɘůɢɡɟɞɨ ŰɟɘůŭɘɎůŰŬŰɞɡ ŭɘəŰɨɞɡ, Űɞ ɞˊɞɑɞ 

ˊŮɟɘɞɟɑɕŮɘ Űɖɜ əɘɜɖŰɘəɧŰɖŰŬ Űɤɜ ɛŬəɟɞɛɞɟɑɤɜ. ȼ ˊŬɟŬˊɎɜɤ ŭɘŬŭɘəŬůɑŬ ɚŬɛɓɎɜŮɘ 

ɢɩɟŬ ˊɟŬəŰɘəɎ ůŮ ɞˊɞɘŬŭɐˊɞŰŮ ɗŮɟɛɞəɟŬůɑŬ Ŭˊɧ 5
o
C ɏɤɠ 150

o
C. 

 

¶ ɆəɚɖɟɡɜŰɏɠ Ůˊɞɝɘəɞɨ ůɡůŰɐɛŬŰɞɠ 

 

Ƀɘ Ůˊɞɝɘəɏɠ ɟɖŰɑɜŮɠ ˊɞɚɡɛŮɟɑɕɞɜŰŬɘ Ŭˊɧ ŭɘɎűɞɟɞɡɠ ůəɚɖɟɡɜŰɏɠ, ɧˊɤɠ ɞɘ ŭɘŬɛɑɜŮɠ, 

ɞɘ ŭɘŬɜɡŭɟɑŰŮɠ Űɞɡ ŰŮŰɟŬəŬɟɓɞɚɘəɞɨ ɞɝɏɞɠ əɚˊ. ȼ Ůˊɘɚɞɔɐ Űɞɡ əŬŰɎɚɚɖɚɞɡ 

ůəɚɖɟɡɜŰɐ ŮɝŬɟŰɎŰŬɘ, ɛŮŰŬɝɨ Ɏɚɚɤɜ, Ŭˊɧ Űɘɠ ůɡɜɗɐəŮɠ ůəɚɐɟɡɜůɖɠ əŬɘ Űɘɠ 

ŮˊɘɗɡɛɖŰɏɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ɗŮɟɛɞůəɚɖɟɡɜɧɛŮɜɞɡ ˊɞɚɡɛŮɟɞɨɠ. ȼ ˊɞůɧŰɖŰŬ 

Űɞɡ ůəɚɖɟɡɜŰɐ ŮˊɖɟŮɎɕŮɘ ɤɠ ɏɜŬ ɓŬɗɛɧ Űɖɜ ŰŬɢɨŰɖŰŬ ˊɞɚɡɛŮɟɘůɛɞɨ əŬɘ Űɞ ˊɚɐɗɞɠ 

Űɤɜ ůŰŬɡɟɞŭŮůɛɩɜ ˊɞɡ ůɢɖɛŬŰɑɕɞɜŰŬɘ. Ƀ ˊɞɚɡɛŮɟɘůɛɧɠ ɛˊɞɟŮɑ ɜŬ ŮˊɖɟŮŬůŰŮɑ Ŭˊɧ 

Űɖɜ ɗŮɟɛɞəɟŬůɑŬ əŬɘ ŭɘŬɟəŮɑ Ŭˊɧ ɛŮɟɘəɎ ɚŮˊŰɎ ɏɤɠ əŬɘ ɩɟŮɠ. [2, 4, 6] 

 

¶ ȽŭɘɧŰɖŰŮɠ Ůˊɞɝɘəɩɜ ɟɖŰɘɜɩɜ / Ůˊɞɝɘəɩɜ ůɡůŰɖɛɎŰɤɜ 

 

Ƀɘ Ůˊɞɝɘəɏɠ ɟɖŰɑɜŮɠ ɢŬɟŬəŰɖɟɑɕɞɜŰŬɘ Ŭˊɧ ɎɟɘůŰɖ ɢɖɛɘəɐ ŬɜŰɑůŰŬůɖ əŬɘ 

ŬɜŰɑůŰŬůɖ ůŮ űɤŰɘɎ. Ⱥˊɑůɖɠ, ɖ ɢɖɛɘəɐ ůɨɜɗŮůɐ Űɞɡɠ, ɛŮ Űɖɜ ˊŬɟɞɡůɑŬ Űɤɜ ˊɞɚɘəɩɜ 

ɡŭɟɞɝɡɚɞɛɎŭɤɜ əŬɘ Űɤɜ ŬɘɗŮɟɞɛɎŭɤɜ, ˊɟɞůűɏɟŮɘ ɎɟɘůŰɖ ˊɟɧůűɡůɖ ɛŮŰŬɝɨ ɛɐŰɟŬɠ 

əŬɘ ɑɜŬɠ ůŮ ůɢɏůɖ ɛŮ ɎɚɚŮɠ ɗŮɟɛɞůəɚɖɟɡɜɧɛŮɜŮɠ ɟɖŰɑɜŮɠ. ɆŮ ŬɡŰɐɜ Űɖɜ ɘŭɘɧŰɖŰŬ 
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ɞűŮɑɚŮŰŬɘ Űɞ ɔŮɔɞɜɧɠ ˊɤɠ ŰŬ ůɨɜɗŮŰŬ ɡɚɘəɎ ɛŮ ŮˊɞɝɘəɎ ůɡůŰɐɛŬŰŬ ŭɨɞ ůɡůŰŬŰɘəɩɜ 

ŮɛűŬɜɑɕɞɡɜ ˊɞɚɨ əŬɚɏɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ, ɧˊɤɠ ɡɣɖɚɐ ŬɜŰɞɢɐ ůŮ ŮűŮɚəɡůɛɧ əŬɘ 

ɡɣɖɚɐ ŭɡůəŬɛɣɑŬ. ȯɚɚɞ ɏɜŬ ˊɚŮɞɜɏəŰɖɛŬ Űɤɜ Ůˊɞɝɘəɩɜ ɟɖŰɘɜɩɜ ŮɑɜŬɘ ɞ ɢŬɛɖɚɧɠ 

ɓŬɗɛɧɠ ůɡɟɟɑəɜɤůɖɠ Űɞɡɠ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ əŬɘ ɛŮŰɎ Űɖ ŭɘŬŭɘəŬůɑŬ Űɞɡ 

ˊɞɚɡɛŮɟɘůɛɞɨ. ȼ ůɡɟɟɑəɜɤůɖ ůɡɛɓŬɑɜŮɘ ɚɧɔɤ Űɖɠ ŮˊŬɜŬŭɘɎŰŬɝɖɠ əŬɘ 

ŮˊŬɜŬˊɟɞůŬɜŬŰɞɚɘůɛɞɨ Űɤɜ ɛɞɟɑɤɜ Űɖɠ ɟɖŰɑɜɖɠ, əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɞɡ ˊɞɚɡɛŮɟɘůɛɞɨ 

Űɖɠ ɟɖŰɑɜɖɠ ɛŮ Űɞɜ ůəɚɖɟɡɜŰɐ. Ⱥɜɩ, ɞɘ ůɡɜɐɗŮɘɠ ɗŮɟɛɞůəɚɖɟɡɜɧɛŮɜŮɠ ɟɖŰɑɜŮɠ 

ůɡɟɟɘəɜɩɜɞɜŰŬɘ əŬŰɎ 8% ɛŮŰɎ Űɞ ˊɏɟŬɠ Űɞɡ ˊɞɚɡɛŮɟɘůɛɞɨ, ɞɘ Ůˊɞɝɘəɏɠ 

ůɡɟɟɘəɜɩɜɞɜŰŬɘ ɛɧɚɘɠ əŬŰɎ 2%. ȺəŰɧɠ Ŭˊɧ Űɖ ŭɘŬŰɐɟɖůɖ Űɖɠ ůŰŬɗŮɟɧŰɖŰŬɠ Űɤɜ 

ŭɘŬůŰɎůŮɤɜ, ɞ ɢŬɛɖɚɧɠ ɓŬɗɛɧɠ ůɡɟɟɑəɜɤůɖɠ Űɞɡ ŰŮɚɘəɞɨ ˊɟɞɥɧɜŰɞɠ ɚŮɘŰɞɡɟɔŮɑ 

ŮɡŮɟɔŮŰɘəɎ ɔɘŬ Űɖ ɛŮɑɤůɖ ŮůɤŰŮɟɘəɩɜ ŰɎůŮɤɜ ɛɏůŬ ůŰɞ ɡɚɘəɧ, ůɡɛɓɎɚɚɞɜŰŬɠ ɏŰůɘ 

ůŰɖ ɓŮɚŰɑɤůɖ Űɤɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ. [2, 4] 

 

 

2.2.3 ɇɟɧˊɞɘ ɓŮɚŰɑɤůɖɠ ůɡɛˊŮɟɘűɞɟɎɠ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ ɟɖŰɘɜɘəɐɠ ɛɐŰɟŬɠ 

 

2.2.3.1 ɄɟɧůɗŮŰŬ ŮɔəɚŮɑůɛŬŰŬ 

 

ɇŬ ɓŬůɘəɎ ůɡůŰŬŰɘəɎ Ůɜɧɠ ɘɜɩŭɞɡɠ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ (fiber-reinforced composite 

material) ŮɑɜŬɘ, ɧˊɤɠ ɏɢŮɘ ŬɜŬűŮɟɗŮɑ ŮəŰŮɜɩɠ ˊŬɟŬˊɎɜɤ, ŮɑɜŬɘ ɞɘ ɑɜŮɠ əŬɘ ɖ ɛɐŰɟŬ ˊɞɡ 

ŭɟŬ ɤɠ ůɡɜŭŮŰɘəɐ ɨɚɖ ɔɘŬ Űɘɠ ɑɜŮɠ. ȯɚɚŬ ůɡůŰŬŰɘəɎ ˊɞɡ ůɡɜŬɜŰɩɜŰŬɘ ůŰŬ ůɨɜɗŮŰŬ 

ɡɚɘəɎ ŮɑɜŬɘ ůɡɜŭŮŰɘəɎ ɡɚɘəɎ (coupling agents), ɡɚɘəɎ Ůˊɏɜŭɡůɖɠ/ŮˊɘəŬɚɨɣŮɘɠ 

(coatings) əŬɘ ŮɔəɚŮɑůɛŬŰŬ (fillers). ɇŬ ůɡɜŭŮŰɘəɎ ɡɚɘəɎ əŬɘ ɞɘ ŮˊɘəŬɚɨɣŮɘɠ 

ŮűŬɟɛɧɕɞɜŰŬɘ ˊɎɜɤ ůŰɘɠ ɑɜŮɠ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ɓŮɚŰɘɤɗɞɨɜ ɖ ˊɞɘɧŰɖŰŬ ŮɛˊɞŰɘůɛɞɨ 

Űɞɡɠ Ŭˊɧ Űɖ ɟɖŰɑɜɖ Űɖɠ ɛɐŰɟŬɠ əŬɘ ɖ ůɡɜɎűŮɘŬ ůŰɖ ŭɘŮˊɘűɎɜŮɘŬ ɑɜŬɠ-ɛɐŰɟŬɠ. 

ȺɝŬůűŬɚɑɕɞɜŰŬɠ əŬɚɧ ŮɛˊɞŰɘůɛɧ əŬɘ ɘůɢɡɟɐ ůɨɜŭŮůɖ ŬɜɎɛŮůŬ ůŰŬ ůɡůŰŬŰɘəɎ Űɞɡ 

ůɨɜɗŮŰɞɡ ɓŮɚŰɘɩɜŮŰŬɘ ɖ ɛŮŰŬűɞɟɎ ŰɎůŮɤɜ űɞɟŰɑɞɡ ɛŮŰŬɝɨ Űɤɜ ɘɜɩɜ əŬɘ Űɖɠ ɛɐŰɟŬɠ. 

ȯɚɚɤůŰŮ, ɖ əŬəɐ ůɡɜɎűŮɘŬ ɛŮŰŬɝɨ Űɤɜ ůɡůŰŬŰɘəɩɜ Űɞɡ ůɨɜɗŮŰɞɡ ɞŭɖɔŮɑ ůŰɖɜ 

Ůəɟɑɕɤůɖ (pull out) Űɤɜ ɘɜɩɜ Ŭˊɧ Űɖ ɛɐŰɟŬ əŬɘ əŬŰɎ ůɡɜɏˊŮɘŬ ůŰɖɜ ŬůŰɞɢɑŬ Űɞɡ 

ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ. ɄɟɞůɗɏŰɞɜŰŬɠ ɞɟɘůɛɏɜɖ ˊɞůɧŰɖŰŬ ŮɔəɚŮɘůɛɎŰɤɜ (fillers) ůŰɖ 

ɟɖŰɑɜɖ Űɖɠ ɛɐŰɟŬɠ ɛˊɞɟɞɨɜ ɜŬ ɓŮɚŰɘɤɗɞɨɜ ɞɘ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ůɨɜɗŮŰɞɡ 

ɡɚɘəɞɨ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, ɞɟɘůɛɏɜɞɘ Űɨˊɞɘ ŮɔəɚŮɘůɛɎŰɤɜ ɛˊɞɟɞɨɜ, ɛŮŰŬɝɨ Ɏɚɚɤɜ, ɜŬ 

Ŭɡɝɐůɞɡɜ Űɞ ɘɝɩŭŮɠ Űɖɠ ɟɖŰɑɜɖɠ, ɜŬ ŬɚɚɎɝɞɡɜ ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ ɟɞɐɠ Űɖɠ ɟɖŰɑɜɖɠ, 
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ɜŬ ɛŮɘɩůɞɡɜ Űɞ ɓŬɗɛɧ ůɡɟɟɑəɜɤůɖɠ Űɖɠ ɟɖŰɑɜɖɠ Ŭűɞɨ ɞɚɞəɚɖɟɤɗŮɑ ɞ ˊɞɚɡɛŮɟɘůɛɧɠ 

əŬɘ ɖ ůəɚɐɟɡɜůɐ Űɖɠ ɐ ɜŬ Ŭɡɝɐůɞɡɜ Űɖɜ ŮˊɘűŬɜŮɘŬəɐ ůəɚɖɟɧŰɖŰŬ. [3, 4, 35] 

 

 

2.2.3.2 ŪŮɟɛɘəɐ ɗŮɟŬˊŮɑŬ (curing) 

 

Ƀ ɧɟɞɠ Űɖɠ ɗŮɟɛɘəɐɠ ŮˊŮɝŮɟɔŬůɑŬɠ ŬɜŬűɏɟŮŰŬɘ ůŰɖ ŭɘŬŭɘəŬůɑŬ ůŰŮɟŮɞˊɞɑɖůɖɠ Űɞɡ 

ˊɞɚɡɛŮɟɞɨɠ Űɖɠ ɛɐŰɟŬɠ ɛɐŰɟŬ. ũɘŬ ɗŮɟɛɞůəɚɖɟɡɜɧɛŮɜŮɠ ɟɖŰɑɜŮɠ, ˊɞɡ ŬˊɞŰŮɚɞɨɜ 

ɛɏɟɞɠ Űɞɡ ŬɜŰɘəŮɘɛɏɜɞɡ Űɖɠ ˊŬɟɞɨůŬɠ ŮɟɔŬůɑŬɠ, ůɡɜɐɗɤɠ ˊɟɞůŰɑɗŮŰŬɘ ɗŮɟɛɧŰɖŰŬ ɤɠ 

əŬŰŬɚɨŰɖɠ ɔɘŬ ɜŬ ŮˊɘŰŬɢɨɜŮɘ Űɞɜ ˊɞɚɡɛŮɟɘůɛɧ. ɆŮ ɔŮɜɘəɏɠ ɔɟŬɛɛɏɠ, ɘůɢɨŮɘ ˊɤɠ ɧůɞ 

ɡɣɖɚɧŰŮɟɖ ŮɑɜŬɘ ɖ ɗŮɟɛɞəɟŬůɑŬ Űɖɠ ɗŮɟɛɘəɐɠ ɗŮɟŬˊŮɑŬɠ, Űɧůɞ ɛŮɘɩɜŮŰŬɘ ɞ ɢɟɧɜɞɠ 

Űɖɠ ɗŮɟŬˊŮɑŬɠ (ɢɤɟɑɠ ɜŬ əŬŮɑ Űɞ ɡɚɘəɧ ɓɏɓŬɘŬ). ȼ ɗŮɟɛɧŰɖŰŬ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ Űɞɡɠ Ůɝɐɠ 

ɚɧɔɞɡɠ: 

V Ƀɟɘůɛɏɜɞɘ əŬŰŬɚɨŰŮɠ əŬɘ ůəɚɖɟɡɜŰɏɠ ŭŮɜ ŬɜŰɘŭɟɞɨɜ əɎŰɤ Ŭˊɧ ɛɘŬ əɟɑůɘɛɖ 

ɗŮɟɛɞəɟŬůɑŬ. 

V ȷˊŬɘŰŮɑŰŬɘ əɘɜɖŰɘəɧŰɖŰŬ ɛɞɟɑɤɜ ɔɘŬ Űɖɜ ŮˊŬűɐ ŬɜŰɘŭɟɩɜŰɤɜ ɢɖɛɘəɩɜ ɞɛɎŭɤɜ. 

V ȼ ɗŮɟɛɧŰɖŰŬ ŬˊɞɛŬəɟɨɜŮɘ ŰŬ ŬɏɟɘŬ ŬɜŰɑŭɟŬůɖɠ (volatiles) əŬɘ Űɖɜ ɡɔɟŬůɑŬ 

(ŭɘŬűɞɟŮŰɘəɎ ŬɜŬˊŰɨůůɞɜŰŬɘ əŮɜɎ). ȷɝɑɕŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ, ˊɤɠ ŰŬ ŬɏɟɘŬ 

ŬɜŰɑŭɟŬůɖɠ ŭŮɜ ŬˊɞɛŬəɟɨɜɞɜŰŬɘ ɧŰŬɜ ŬůəŮɑŰŬɘ ŰŬɡŰɧɢɟɞɜŬ ˊɑŮůɖ. 

V ȼ ɟɖŰɑɜɖ ɟɏŮɘ ˊɘɞ ŮɨəɞɚŬ ŮˊɘŰɡɔɢɎɜɞɜŰŬɠ ɞɛɞɘɧɛɞɟűɖ əŬŰŬɜɞɛɐ ˊɎɜɤ ůŰɞ 

ŮˊɑˊŮŭɞ Űɞɡ ůɨɜɗŮŰɞɡ. ũɘŬ Űɖ ɛŮɑɤůɖ Űɞɡ ˊɎɢɞɡɠ Űɤɜ ɘɜɩɜ (debulk) əŬɘ Űɞɡ 

ůɡůŰɐɛŬŰɞɠ ɟɖŰɑɜɖɠ, əŬɗɩɠ əŬɘ ɔɘŬ Űɖɜ ŬˊɞɛɎəɟɡɜůɖ Űɖɠ ˊŮɟɑůůŮɘŬɠ ɟɖŰɑɜɖɠ 

ŬˊŬɘŰŮɑŰŬɘ Ɏůəɖůɖ ˊɑŮůɖɠ. 

 

ȰɜŬɠ Űɡˊɘəɧɠ əɨəɚɞɠ ɗŮɟɛɘəɐɠ ɗŮɟŬˊŮɑŬɠ (curing cycle) ůŮ ŭɘɎɔɟŬɛɛŬ 

ɗŮɟɛɞəɟŬůɑŬɠ ï ɢɟɧɜɞɡ űŬɑɜŮŰŬɘ ůŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ, ɧˊɞɡ ɖ ŰɎɝɖ ɛŮɔɏɗɞɡɠ Űɞɡ 

ɢɟɧɜɞɡ ŮɑɜŬɘ ɛŮɟɘəɏɠ ɩɟŮɠ əŬɘ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ ŮəŬŰɞɜŰɎŭɤɜ ɓŬɗɛɩɜ ȾŮɚůɑɞɡ. Ƀ 

əɨəɚɞɠ ɗŮɟɛɘəɐɠ ɗŮɟŬˊŮɑŬɠ ɝŮəɘɜɎ ɛŮ ɛɘŬ ůŰŬŭɘŬəɐ Ŭɨɝɖůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ ɡˊɧ 

ůɡɜɗɐəŮɠ əŮɜɞɨ, ɏŰůɘ ɩůŰŮ ɜŬ ɛˊɞɟɞɨɜ ɜŬ ŬˊɞɛŬəɟɡɜɗɞɨɜ ŰŬ ŬɏɟɘŬ əŬɘ ɞɘ ɡŭɟŬŰɛɞɑ 

Ŭˊɧ Űɞ ůɨɜɗŮŰɞ. ȰˊŮɘŰŬ, ŬəɞɚɞɡɗŮɑ ɝŬɜɎ ůŰŬŭɘŬəɐ Ŭɨɝɖůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ ɛɏɢɟɘ 

Űɖ ɛɏɔɘůŰɖ ɗŮɟɛɞəɟŬůɑŬ Űɖɠ ɗŮɟɛɘəɐɠ ɗŮɟŬˊŮɑŬɠ, ɖ ɞˊɞɑŬ ŭɘŬŰɖɟŮɑŰŬɘ ůŰŬɗŮɟɐ ɔɘŬ 

ɞɟɘůɛɏɜŮɠ ɩɟŮɠ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ɛˊɞɟɏůɞɡɜ ɜŬ ŭɖɛɘɞɡɟɔɖɗɞɨɜ ůŰŬɡɟɞŭŮůɛɞɑ əŬɘ 

ŰŬɡŰɧɢɟɞɜŬ ɛŮ Ɏůəɖůɖ ˊɑŮůɖɠ ɜŬ ůɡɛˊɘŮůŰŮɑ Űɞ ˊɎɢɞɠ Űɞɡ ůŰɟɤɛŬŰɘəɞɨ ůɨɜɗŮŰɞɡ. 
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ʅ˔ʺ˃ʰ 3Φ ʆˎˉʽˁˈˌ ˁˏˁ˂ˇˌ ʻʶˊ˃ʽˁʺˌ ʻʶˊʰˉʶʾʰˌ ʶˉˇ˅ʽˁʺˌ ˊʹˍʾ˄ʹˌΦ [5] 

 

ȼ Ŭɟɢɘəɐ ŭɞɛɐ Ůɜɧɠ ˊɞɚɡůŰɟɤɛŬŰɘəɞɨ ůɨɜɗŮŰɞɡ (laminate) ŮɑɜŬɘ ɛŮɛɞɜɤɛɏɜŬ 

ɛɞɜɞůŰɟɤɛŬŰɘəɎ űɨɚɚŬ (lamina), ůŰɞɘɓŬɔɛɏɜŬ Űɞ ɏɜŬ ˊɎɜɤ Ŭˊɧ Űɞ Ɏɚɚɞ (ɛŮɟɘəɩɠ 

ɝɖɟŬɜůɛɏɜŬ ɔɘŬ ɜŬ ɛŮɘɤɗŮɑ ɖ ɟɞɐ Űɖɠ ɟɖŰɑɜɖɠ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ɗŮɟŬˊŮɑŬɠ Űɖɠ 

ˊɞɚɡůŰɟɤɛŬŰɘəɐɠ ŭɘɎŰŬɝɖɠ). ȼ ɟɖŰɑɜɖ ɓɟɑůəŮŰŬɘ ůŮ ɖɛɘ-ůŰŮɟŮɐ əŬŰɎůŰŬůɖ ɛŮ 

ŬɛŮɚɖŰɏŬ ŬɜŰɞɢɐ əŬɘ ůŰɘɓŬɟɧŰɖŰŬ. ȾŬɗɩɠ ɖ ɗŮɟɛɞəɟŬůɑŬ ŬɡɝɎɜŮŰŬɘ ůŰŬŭɘŬəɎ, 

ŮəəɘɜŮɑ ɖ ŭɖɛɘɞɡɟɔɑŬ ůŰŬɡɟɞŭŮůɛɩɜ, ɖ ɞˊɞɑŬ ɔɑɜŮŰŬɘ ˊɘɞ ɏɜŰɞɜɖ ɧŰŬɜ ŮˊɘŰŮɡɢɗŮɑ ɖ 

ɗŮɟɛɞəɟŬůɑŬ ɔŮɚɞˊɞɑɖůɖɠ (gel temperature). ȼ ŰŮɚŮɡŰŬɑŬ ŮɑɜŬɘ ɖ ɗŮɟɛɞəɟŬůɑŬ əŬŰɎ 

Űɖɜ ɞˊɞɑŬ Űɞ ɘɝɩŭŮɠ ɔɑɜŮŰŬɘ Űɧůɞ ɡɣɖɚɧ ɩůŰŮ ŭŮɜ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ˊɚɏɞɜ əŬɛɑŬ 

ˊŮɟŬɘŰɏɟɤ ŬɚɚŬɔɐ ŭɘŬůŰɎůŮɤɜ. ȼ ůŰŬŭɘŬəɐ ŭɖɛɘɞɡɟɔɑŬ ůŰŬɡɟɞŭŮůɛɩɜ ˊɟɞəŬɚŮɑ 

ůŰŮɟŮɞˊɞɑɖůɖ, ŬɚɚɎ ɖ ɡɣɖɚɐ ɗŮɟɛɞəɟŬůɑŬ əɎɜŮɘ Űɞ ɡɚɘəɧ ˊɘɞ ɛŬɚŬəɧ, ɛŮɘɩɜɞɜŰŬɠ Űɖ 

ůŰɘɓŬɟɧŰɖŰŬ. ɆŰɖɜ ɡɣɖɚɧŰŮɟɖ ɗŮɟɛɞəɟŬůɑŬ Űɞɡ əɨəɚɞɡ, Ůűɧůɞɜ Űɖɟɖɗɞɨɜ ɞ 

ˊɟɞɓɚŮˊɧɛŮɜɞɠ əɨəɚɞɠ ɗŮɟɛɘəɐɠ ɗŮɟŬˊŮɑŬɠ əŬɘ ɞɘ ɢɟɧɜɞɘ ŭɘŬŰɐɟɖůɖɠ Űɤɜ 

ɗŮɟɛɞəɟŬůɘɩɜ, ɖ ŭɖɛɘɞɡɟɔɑŬ Űɤɜ ůŰŬɡɟɞŭŮůɛɩɜ ɓɟɑůəŮŰŬɘ əɞɜŰɎ ůŰɖɜ ɞɚɞəɚɐɟɤůɐ 

Űɖɠ. ȼ ɟɖŰɑɜɖ ɏɢŮɘ ˊɚɏɞɜ ůŰŮɟŮɞˊɞɘɖɗŮɑ, ŬɚɚɎ ˊŬɟŬɛɏɜŮɘ ŮɨəŬɛˊŰɖ ɚɧɔɤ Űɖɠ ɡɣɖɚɐɠ 

ɗŮɟɛɞəɟŬůɑŬɠ. ȰˊŮɘŰŬ ɖ ɗŮɟɛɞəɟŬůɑŬ ɛŮɘɩɜŮŰŬɘ ůŰŬŭɘŬəɎ ɛɏɢɟɘ Űɖ ɗŮɟɛɞəɟŬůɑŬ 

ŭɤɛŬŰɑɞɡ ůŮ ɏɜŬ ɢɟɞɜɘəɧ ŭɘɎůŰɖɛŬ ˊŮɟɑˊɞɡ ɛɘŬɠ ɩɟŬɠ, ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŬˊɞűŮɡɢɗɞɨɜ 

ɗŮɟɛɘəɎ ůɞə. ȼ Ɏůəɖůɖ ˊɑŮůɖɠ ɛˊɞɟŮɑ ɜŬ ůŰŬɛŬŰɐůŮɘ ɔɟɐɔɞɟŬ. Ⱥűɧůɞɜ 

ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ ɨůŰŮɟɖ ɗŮɟɛɘəɐ ɗŮɟŬˊŮɑŬ (post curing), ŭŮɜ ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ 

Ůˊɘˊɚɏɞɜ ůŰŬɡɟɞŭŮůɛɞɑ, ŮəŰɧɠ əɘ Ŭɜ əŬŰɎ Űɞɜ ˊɟɞɖɔɞɨɛŮɜɞ əɨəɚɞ ɝŮˊŮɟɎůŰɖəŮ ɖ 

ɛɏɔɘůŰɖ ɗŮɟɛɞəɟŬůɑŬ əŬɘ ŭɘŬŰɖɟɐɗɖəŮ Ŭɡɝɖɛɏɜɖ ɔɘŬ ˊŮɟɘůůɧŰŮɟɞ Ŭˊɧ ɛɘŬ ɩɟŬ. [5, 

6]. 
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Ƀɘ ɘŭɘɧŰɖŰŮɠ ɛɘŬɠ Ůˊɞɝɘəɐɠ ɟɖŰɑɜɖɠ ˊɞɡ ɏɢŮɘ ɡˊɞůŰŮɑ ɗŮɟɛɘəɐ ɗŮɟŬˊŮɑŬ 

ŮɝŬɟŰɩɜŰŬɘ əŬŰɎ əɨɟɘɞ ɚɧɔɞ Ŭˊɧ Űɖɜ ˊɡəɜɧŰɖŰŬ Űɤɜ ůŰŬɡɟɞŭŮůɛɩɜ (ɖ ŬˊɧůŰŬůɖ 

ɛŮŰŬɝɨ Űɤɜ ůŰŬɡɟɞŭŮůɛɩɜ). ɆŮ ɔŮɜɘəɏɠ ɔɟŬɛɛɏɠ, Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ, ɖ 

ɗŮɟɛɞəɟŬůɑŬ ɡŬɚɩŭɞɡɠ ɛŮŰɎɓŬůɖɠ (Tg) əŬɘ ɖ ɗŮɟɛɘəɐ ůŰŬɗŮɟɧŰɖŰŬ (thermal 

stability), əŬɗɩɠ əŬɘ ɖ ɢɖɛɘəɐ ŬɜŰɑůŰŬůɖ ɓŮɚŰɘɩɜŮŰŬɘ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ˊɡəɜɧŰɖŰŬɠ 

Űɤɜ ůŰŬɡɟɞŭŮůɛɩɜ, ŬɚɚɎ ɤůŰɧůɞ ɖ ˊŬɟŬɛɧɟűɤůɖ ɗɟŬɨůɖɠ əŬɘ ɖ ŭɡůɗɟŬɡůŰɧŰɖŰŬ 

ɛŮɘɩɜɞɜŰŬɘ. Ƀɘ ˊŬɟɎɔɞɜŰŮɠ ˊɞɡ əŬɗɞɟɑɕɞɡɜ Űɖɜ ˊɡəɜɧŰɖŰŬ Űɤɜ ůŰŬɡɟɞŭŮůɛɩɜ ŮɑɜŬɘ 

ɖ ɢɖɛɘəɐ ŭɞɛɐ Űɖɠ ŬɟɢɘəɎ ɡɔɟɐɠ ɟɖŰɑɜɖɠ (ˊ.ɢ. Ŭɟɘɗɛɧɠ ŮˊɞɝŮɘŭɘəɩɜ ɞɛɎŭɤɜ ŬɜɎ 

ɛɧɟɘɞ əŬɘ ɖ ŬˊɧůŰŬůɖ ɛŮŰŬɝɨ Űɤɜ ŮˊɞɝŮɘŭɘəɩɜ ɞɛɎŭɤɜ).  [4, 6] 
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3. ȾŮűɎɚŬɘɞ: ȺůɤŰŮɟɘəɐ Ůɜɑůɢɡůɖ ɛŮ ɑɜŮɠ 

 

 

 

 

3.1 ȺɘůŬɔɤɔɐ 

 

Ƀ ɟɧɚɞɠ Űɖɠ Ůɜɑůɢɡůɖɠ ůŮ ɏɜŬ ůɨɜɗŮŰɞ ɡɚɘəɧ ŮɑɜŬɘ əŬŰɎ əɨɟɘɞ ɚɧɔɞ ɖ 

ɓŮɚŰɑɤůɖ Űɤɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ Űɞɡ ůɡůŰɐɛŬŰɞɠ ɟɖŰɑɜɖɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ. 

ȹɘŬűɞɟŮŰɘəɞɑ Űɨˊɞɘ ɘɜɩɜ ɏɢɞɡɜ ŭɘŬűɞɟŮŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ əŬɘ əŬŰɎ ůɡɜɏˊŮɘŬ ŮˊɖɟŮɎɕɞɡɜ 

ɛŮ ŭɘŬűɞɟŮŰɘəɧ Űɟɧˊɞ Űɘɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ. ɆŰɘɠ ˊŮɟɘůůɧŰŮɟŮɠ 

ŮűŬɟɛɞɔɏɠ, ɞɘ ɑɜŮɠ Űɖɠ Ůɜɑůɢɡůɖɠ ˊɟɏˊŮɘ ɜŬ ɏɢɞɡɜ ŭɘŬŰŬɢɗŮɑ ůŮ əɎˊɞɘɞ Ůɑŭɞɠ 

ˊɚɏɔɛŬŰɞɠ, əɞɘɜɩɠ ɔɜɤůŰɞɨ ɤɠ ɨűŬůɛŬ, ɩůŰŮ ɜŬ ŮɑɜŬɘ ŭɡɜŬŰɧɠ ɞ ɢŮɘɟɘůɛɧɠ Űɞɡɠ əŬŰɎ 

Űɖ ŭɘŬŭɘəŬůɑŬ ˊŬɟŬůəŮɡɐɠ Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ. Ƀɘ ŭɘŬűɞɟŮŰɘəɞɑ Űɟɧˊɞɘ 

ŰɞˊɞɗɏŰɖůɖɠ əŬɘ ŭɘɎŰŬɝɖɠ Űɤɜ ɘɜɩɜ ůŮ ɛɞɟűɐ ŮɜɘŬɑɞɡ ɡűɎůɛŬŰɞɠ ɞŭɖɔɞɨɜ ůŮ 

ˊɞɚɚɞɨɠ ŭɘŬűɞɟŮŰɘəɞɨɠ Űɨˊɞɡɠ ɡűŬůɛɎŰɤɜ, ɞ əŬɗɏɜŬɠ ɛŮ ŰŬ ŭɘəɎ Űɞɡ 

ɢŬɟŬəŰɖɟɘůŰɘəɎ.   

 

 

 

 

3.2 ȹɞɛɐ Ɉɚɘəɞɨ 

 

ɆɡɜŬɜŰɎŰŬɘ ɖ Ůɝɐɠ ɘŮɟɎɟɢɖůɖ: ɂŮəɘɜɩɜŰŬɠ Ŭˊɧ Űɞ ɛɞɟɘŬəɧ ŮˊɑˊŮŭɞ ˊŬɟɎɔŮŰŬɘ 

ɏɜŬ ɛɞɜɎɢŬ ɘɜɑŭɘɞ. ɄɞɚɚŬˊɚɎ ɘɜɑŭɘŬ ŰɡɚɑɔɞɜŰŬɘ ůŮ ŭŮůɛɑŭŮɠ ɔɘŬ ɜŬ ůɢɖɛŬŰɑůɞɡɜ ɏɜŬ 

ɜɐɛŬ (ɐ ɑɜŬ), ŰŬ ɜɐɛŬŰŬ ɡűŬɑɜɞɜŰŬɘ ɔɘŬ ɜŬ ůɢɖɛŬŰɑůɞɡɜ ɛɘŬ ůŰɟɩůɖ ɡűɎůɛŬŰɞɠ əŬɘ, 

Űɏɚɞɠ, ůŰɟɩůŮɘɠ ɡűɎůɛŬŰɞɠ ůŰɞɘɓɎɕɞɜŰŬɘ əŬɘ ŮɜɩɜɞɜŰŬɘ ɔɘŬ ɜŬ ůɢɖɛŬŰɑůɞɡɜ ɏɜŬ 

ˊɞɚɡůŰɟɤɛŬŰɘəɧ ůɨɜɗŮŰɞ. ɋůŰɧůɞ, ɞɘ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ůɡɜɧɚɞɡ ŭŮɜ 

ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ Űɘɠ Ůˊɘɛɏɟɞɡɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ɛŮɟɩɜ Űɞɡ ˊɞɚɡůŰɟɤɛŬŰɘəɞɨ ůɡɜɗɏŰɞɡ. 

Ƀɘ ɘŭɘɧŰɖŰŮɠ Űɤɜ ɘɜɩɜ ŭŮɜ ɛŮŰŬűɟɎɕɞɜŰŬɘ ŬˊŮɡɗŮɑŬɠ ůŮ ɘŭɘɧŰɖŰŮɠ Űɤɜ ɜɖɛɎŰɤɜ, ɞɘ 

ɘŭɘɧŰɖŰŮɠ Űɤɜ ɜɖɛɎŰɤɜ ŭŮɜ ɛŮŰŬűɟɎɕɞɜŰŬɘ ŬˊŮɡɗŮɑŬɠ ůŮ ɘŭɘɧŰɖŰŮɠ Űɞɡ ɡűɎůɛŬŰɞɠ 
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əŬɘ, ŬɜŰɑůŰɞɘɢŬ, ɞɘ ɘŭɘɧŰɖŰŮɠ ɛɘŬ ůŰɟɩůɖɠ ɡűɎůɛŬŰɞɠ ŭŮɜ ɛŮŰŬűɟɎɕɞɜŰŬɘ ŬˊŮɡɗŮɑŬɠ 

ůŮ ŬɡŰɏɠ ɛɘŬɠ ˊɞɚɡůŰɟɤɛŬŰɘəɐɠ ŭɘɎŰŬɝɖɠ ɡűŬůɛɎŰɤɜ. 

 

ɳʽˁˈ˄ʰ 17. ɲʽʰˋˍʰˋʽˇ˂ˇʴʽˁʷˌ ˁ˂ʾ˃ʰˁʶˌ ˉˇ˂ˎ˃ʶˊ˗˄Υ όa) ˃ ˇˊʽʰˁʷˌ ʰ˂ˎˋʾʵʶˌΣ όb) ʾ ˄ʶˌΣ όc) ˄ ʺ˃ʰˍʰ ˁʰʽ όd) 
ˎ˒ʱˋ˃ʰˍʰΦ [7] 

 

¶ ɀɧɟɘŬ ˊɞɚɡɛŮɟɞɨɠ 

 

ũɘŬ ɚɧɔɞɡɠ ŮɡəɞɚɑŬɠ, ɖ ɛɘəɟɧŰŮɟɖ əɚɑɛŬəŬ ɗŮɤɟŮɑŰŬɘ Űɞ ɛɞɟɘŬəɧ ŮˊɑˊŮŭɞ ɛŮ 

ɛɞɜɎŭŮɠ ŭɘɎůŰŬůɖɠ ůŮ nanometers (10
-9

 ɛɏŰɟŬ). ȼ ɛɞɟɘŬəɐ ŭɞɛɐ Űɤɜ ˊɞɚɡɛŮɟɩɜ 

ɡɚɘəɩɜ ˊŮɟɘɔɟɎűŮɘ ŰŬ ŭɞɛɘəɎ ůŰɞɘɢŮɑŬ Űɞɡɠ, ŰŬ ɞˊɞɑŬ ŮɑɜŬɘ ɡˊŮɨɗɡɜŬ ɔɘŬ ŰŬ 

ɢŬɟŬəŰɖɟɘůŰɘəɎ Ŭˊɧŭɞůɖɠ Űɤɜ ɘɜɩɜ, ɧˊɤɠ ŬɜŰɞɢɐ, ůəɚɖɟɧŰɖŰŬ, ŭɡůɗɟŬɡůŰɧŰɖŰŬ, 

ˊŮɟɘɓŬɚɚɞɜŰɞɚɞɔɘəɏɠ əŬɘ ɢɖɛɘəɏɠ ŬɜŰɘůŰɎůŮɘɠ əŬɘ ɗŮɟɛɞəɟŬůɑŬ Űɐɝɖɠ. ȷɡŰɎ ŰŬ 

ɢŬɟŬəŰɖɟɘůŰɘəɎ ŮɝŬɟŰɩɜŰŬɘ ŬˊŮɡɗŮɑŬɠ Ŭˊɧ Űɖ ɢɤɟɘəɐ ŭɘɎŰŬɝɖ əŬɘ Űɖɜ ŬəŮɟŬɘɧŰɖŰŬ 

Űɤɜ ɢɖɛɘəɩɜ ŭŮůɛɩɜ ˊɞɡ ůɢɖɛŬŰɑɕɞɜŰŬɘ əŬŰɎ Űɖ ŭɘŬŭɘəŬůɑŬ ˊɞɚɡɛŮɟɘůɛɞɨ, əŬŰɎ Űɖɜ 

ɞˊɞɑŬ ɛɞɜɞɛŮɟɐ ɛɧɟɘŬ ŮɜɩɜɞɜŰŬɘ ɔɘŬ ɜŬ ůɢɖɛŬŰɑůɞɡɜ ˊɞɚɡɛŮɟɘəɏɠ ŬɚɡůɑŭŮɠ ɛɞɟɑɤɜ.  

 

¶ ȽɜɑŭɘŬ 

 

ɆŰɖ ůɡɜɏɢŮɘŬ Űɖɠ ɘŮɟŬɟɢɑŬɠ ŮɑɜŬɘ ɖ əɚɑɛŬəŬ Űɞɡ ɘɜɘŭɑɞɡ (fiber, filament), ɧˊɞɡ ɞɘ 

ŭɘɎɛŮŰɟɞɘ Űɤɜ ɘɜɘŭɑɤɜ ɛŮŰɟɞɨɜŰŬɘ ůɡɢɜɎ ůŮ ɛɞɜɎŭŮɠ micrometers (10
-6

 meters). ɇŬ 

ɓɎɟɖ Űɤɜ ɘɜɘŭɑɤɜ əŬŰɖɔɞɟɘɞˊɞɘɞɨɜŰŬɘ ɛŮ ɓɎůɖ Űɞ denier, Űɞ ɞˊɞɑɞ ŮɑɜŬɘ ɖ ɔɟŬɛɛɘəɐ 

ˊɡəɜɧŰɖŰŬ ˊɞɡ ɞɟɑɕŮŰŬɘ ɤɠ çŰɞ ɓɎɟɞɠ ůŮ ɔɟŬɛɛɎɟɘŬ ɛɘŬɠ ɑɜŬɠ (ɐ ɜɐɛŬŰɞɠ) ɛɐəɞɡɠ 

9.000 ɛɏŰɟɤɜè. ȼ ŬɜŰɞɢɐ ůŮ ŮűŮɚəɡůɛɧ Ůɜɧɠ ɘɜɘŭɑɞɡ ɞɟɑɕŮŰŬɘ ɤɠ çɖ ŬɜŰɞɢɐ ůŮ 

ŭɨɜŬɛɖ ůŮ ɔɟŬɛɛɎɟɘŬ ŬɜɎ denier (gpd). ɆŮ ɔŮɜɘəɏɠ ɔɟŬɛɛɏɠ ɖ ŬɜŰɞɢɐ ŬɡɝɎɜŮɘ ɛŮ Űɖɜ 

Ŭɨɝɖůɖ Űɖɠ ŭɘŬɛɏŰɟɞɡ Űɞɡ ɘɜɘŭɑɞɡ. ȼ ŭɡůɗɟŬɡůŰɧŰɖŰŬ Ůɜɧɠ ɘɜɘŭɑɞɡ ˊŮɟɘɔɟɎűŮŰŬɘ Ŭˊɧ 

Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰɎɠ Űɖɠ Ⱥ. ɇɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ ˊɟɞəɨˊŰŮɘ Ŭˊɧ ŭɞəɘɛɐ 



35 
 

ŬɜŰɞɢɐɠ ůŮ ŮűŮɚəɡůɛɧ Ůɜɧɠ ɘɜɘŭɑɞɡ (ɐ ɑɜŬɠ) əŬɘ ɏɢŮɘ ɛɞɜɎŭŮɠ ɛɏŰɟɖůɖɠ ŭɨɜŬɛɖɠ ůŮ 

ɔɟŬɛɛɎɟɘŬ ŬɜɎ denier. ɈˊɞɚɞɔɑɕŮŰŬɘ Ŭˊɧ Űɖɜ Ŭɟɢɘəɐ əɚɑůɖ Űɖɠ əŬɛˊɨɚɖɠ ŰɎůɖɠ-

ˊŬɟŬɛɧɟűɤůɖɠ ůŮ ŮűŮɚəɡůɛɧ. Ʉɞɚɚɏɠ ɑɜŮɠ Ŭˊɧ ˊɞɚɡɛŮɟɏɠ ŮɛűŬɜɑɕɞɡɜ ɓɘůəɞ-

ŮɚŬůŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ (ůɡɜŭɡɎɕɞɡɜ ŮɚŬůŰɘəɎ əŬɘ ɘɝɩŭɖ ɢŬɟŬəŰɖɟɘůŰɘəɎ) ůŮ ŰɏŰɞɘɞ 

ɓŬɗɛɧ ˊɞɡ ɖ ŬɜŰɞɢɐ əŬɘ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ ŮˊɖɟŮɎɕɞɜŰŬɘ Ŭˊɧ Űɘɠ Űɘɛɏɠ 

űɧɟŰɘůɖɠ, ŭɖɚŬŭɐ ŬɡŰɎ ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ ŬɡɝɎɜɞɡɜ əŬɗɩɠ ŬɡɝɎɜɞɡɜ ɞɘ Űɘɛɏɠ 

ˊŬɟŬɛɧɟűɤůɖɠ. ȼ Ůˊɘɛɐəɡɜůɖ ɗɟŬɨůɖɠ (elongation at break) ŮɑɜŬɘ ɖ Ůˊɘɛɐəɡɜůɖ 

Ůɜɧɠ ɘɜɘŭɑɞɡ (ɐ ɑɜŬɠ) əŬŰɎ Űɖ ŭɞəɘɛɐ ŬɜŰɞɢɐɠ ůŮ ŮűŮɚəɡůɛɧ Űɖ ůŰɘɔɛɐ Űɖɠ ɗɟŬɨůɖɠ. 

ȷɡŰɐ ɖ Ůˊɘɛɐəɡɜůɖ ɡˊɞɚɞɔɑɕŮŰŬɘ ɤɠ ˊɞůɞůŰɧ Űɞɡ Ŭɟɢɘəɞɨ ɛɐəɞɡɠ Űɖɠ ɑɜŬɠ ˊɟɘɜ Űɖ 

ŭɞəɘɛɐ.  Ⱥˊɘˊɚɏɞɜ ɢɟɐůɘɛŮɠ ɘŭɘɧŰɖŰŮɠ ɔɘŬ ŮűŬɟɛɞɔɏɠ ŮɡŬɑůɗɖŰŮɠ ůŰɞ ɓɎɟɞɠ ŮɑɜŬɘ ɖ 

Ůɘŭɘəɐ ŬɜŰɞɢɐ əŬɘ ŰŬ ŮɘŭɘəɎ Ůˊɘɛɏɟɞɡɠ ɛɏŰɟŬ. ȷɡŰɎ ˊɟɞəɨˊŰɞɡɜ ŭɘŬɘɟɩɜŰŬɠ Űɘɠ Űɘɛɏɠ 

Űɖɠ ŬɜŰɞɢɐɠ əŬɘ Űɞɡ ɛɏŰɟɞɡ ɛŮ Űɖɜ ˊɡəɜɧŰɖŰŬ Űɤɜ ɘɜɩɜ. ȷɛűɧŰŮɟŮɠ ɞɘ Ůɘŭɘəɏɠ Űɘɛɏɠ 

ɏɢɞɡɜ ɛɞɜɎŭŮɠ ɛɏŰɟɖůɖɠ ɛɐəɞɡɠ. ȼ Ůɘŭɘəɐ ŬɜŰɞɢɐ ŮɛűŬɜɑɕŮŰŬɘ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ əŬɘ 

ɤɠ çɛɐəɞɠ ɗɟŬɨůɖɠè, Űɞ ɞˊɞɑɞ ŮɑɜŬɘ ɘůɞŭɨɜŬɛɞ Űɞɡ ɛɐəɞɡɠ Űɖɠ ɑɜŬɠ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ 

ɔɘŬ ɜŬ ůˊɎůŮɘ Ŭˊɧ Űɞ ɑŭɘɞɜ ɓɎɟɞɠ Űɖɠ ɧŰŬɜ əɟɏɛŮŰŬɘ əɎɗŮŰŬ. Ⱥɘŭɘəɐ ɓŬɟɨŰɖŰŬ ŮɑɜŬɘ ɞ 

ɚɧɔɞɠ Űɖɠ ˊɡəɜɧŰɖŰŬɠ Űɞɡ ɡɚɘəɞɨ ˊɟɞɠ Űɖɜ ˊɡəɜɧŰɖŰŬ Űɞɡ ɜŮɟɞɨ. Ƀɘ ɑɜŮɠ Ůˊɘˊɚɏɞɡɜ 

ůŰɞ ɜŮɟɧ Ŭɜ ɖ Ůɘŭɘəɐ ɓŬɟɨŰɖŰɎ Űɞɡɠ ŮɑɜŬɘ ɛɘəɟɧŰŮɟɖ Űɖɠ ɛɞɜɎŭŬɠ. 

ȺɑɜŬɘ ˊɟɞűŬɜɏɠ ˊɤɠ ŰŬ ɘɜɑŭɘŬ ŬˊɞŰŮɚɞɨɜ Űɞ əɨɟɘɞ ůɡůŰŬŰɘəɧ ůŮ ɏɜŬ ůɨɜɗŮŰɞ 

Ůɜɘůɢɡɛɏɜɞ ɛŮ ɑɜŮɠ, əŬɗɩɠ ŬɡŰɏɠ əŬŰŬɚŬɛɓɎɜɞɡɜ Űɞ ɛŮɔŬɚɨŰŮɟɞ ɛɏɟɞɠ Űɞɡ ɧɔəɞɡ 

Ůɜɧɠ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ Ůɜɘůɢɡɛɏɜɞɡ ɛŮ ɑɜŮɠ əŬɘ ˊŬɟŬɚŬɛɓɎɜɞɡɜ Űɞ ɛŮɔŬɚɨŰŮɟɞ ɛɏɟɞɠ 

Űɞɡ űɞɟŰɑɞɡ ˊɞɡ ŬůəŮɑŰŬɘ ůŰɞ ůɨɜɗŮŰɞ ɡɚɘəɧ. ȼ əŬŰɎɚɚɖɚɖ Ůˊɘɚɞɔɐ Űɞɡ Űɨˊɞɡ Űɖɠ 

ɑɜŬɠ, Űɞɡ ɛɐəɞɡɠ Űɖɠ əŬɘ Űɞɡ ˊɟɞůŬɜŬŰɞɚɘůɛɞɨ Űɖɠ ɛɏůŬ ůŰɞ ůɨɜɗŮŰɞ ŮɑɜŬɘ ˊɞɚɨ 

ůɖɛŬɜŰɘəɐ, əŬɗɩɠ ŮˊɖɟŮɎɕɞɡɜ Űɘɠ ŬəɧɚɞɡɗŮɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ůɨɜɗŮŰɞɡ: 

V ɄɡəɜɧŰɖŰŬ 

V ȷɜŰɞɢɐ ůŮ ŮűŮɚəɡůɛɧ/ɗɚɑɣɖ əŬɘ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ 

V ɇɞɜ ɛɖɢŬɜɘůɛɧ ɗɟŬɨůɖɠ 

V ȼɚŮəŰɟɘəɐ əŬɘ ɗŮɟɛɘəɐ ŬɔɤɔɘɛɧŰɖŰŬ 

V ȾɧůŰɞɠ 

 

¶ ȲɜŮɠ (ɜɐɛŬŰŬ) 

 

ȼ ˊŬɟŬɔɤɔɐ Űɤɜ ůɖɛŮɟɘɜɩɜ ˊɚŮəŰɩɜ ŮɜɘůɢɨůŮɤɜ ŬˊŬɘŰŮɑ Űɖɜ ˊŬɟŬɔɤɔɐ 

ŭŮůɛɑŭɤɜ ŬˊɞŰŮɚɞɨɛŮɜɤɜ Ŭˊɧ ŭŮəɎŭŮɠ ɛɏɢɟɘ ŮəŬŰɞɜŰɎŭŮɠ ůɡɜŮɢɧɛŮɜɤɜ ɘɜɩɜ ɔɘŬ Űɖ 

ŭɖɛɘɞɡɟɔɑŬ Ůɜɧɠ ɛɧɜɞ ɜɐɛŬŰɞɠ ɛŮ ŭɘŬůŰɎůŮɘɠ ŭɘŬŰɞɛɐɠ ɛŮŰɟɖɛɏɜŮɠ ůŮ ɢɘɚɘɞůŰɎ (10
-3
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meters). Ƀ Ŭɟɘɗɛɧɠ Űɤɜ ɘɜɘŭɑɤɜ ůŮ ɏɜŬ ɜɐɛŬ ɞɜɞɛɎɕŮŰŬɘ çŬɟɘɗɛɧɠ ɘɜɘŭɑɤɜè (filament 

count). ɆŰŬ ɜɐɛŬŰŬ əŬŰŬůəŮɡŬůɛɏɜŬ Ŭˊɧ ůɡɜŮɢŮɑɠ ɑɜŮɠ, ɞɘ ɑɜŮɠ ɓɟɑůəɞɜŰŬɘ ůŮ ɛɘŬ 

ŮɡɗɡɔɟŬɛɛɘůɛɏɜɖ ŭɘɎŰŬɝɖ ɐ ůŮ ɛɘŬ ŮɚŬűɟɩɠ ŮɚɘəɞŮɘŭɐ ŭɘɎŰŬɝɖ əŬɘ ɛŬɕŮɨɞɜŰŬɘ ůŮ 

əŬɟɞɨɚɘŬ ɐ ɛˊɞɛˊɑɜŮɠ. ȼ ŮɚɘəɞŮɘŭɐɠ ŭɘɎŰŬɝɖ Űɤɜ ɘɜɩɜ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɖɜ ˊɟɧůɗŮůɖ 

ůɡůŰɟɞűɐɠ ůŰɖ ɛɏɗɞŭɞ ˊŬɟŬɔɤɔɐɠ. ȼ ůɡůŰɟɞűɐ ŮɑɜŬɘ ɏɜŬɠ ɛɖɢŬɜɘůɛɧɠ ˊɞɡ ɛˊɞɟŮɑ 

ɜŬ ŬɡɝɐůŮɘ ůɖɛŬɜŰɘəɎ Űɖɜ ŬɜŰɞɢɐ ůŮ ŮűŮɚəɡůɛɧ Űɤɜ ůɡɟɟŬɛɛɏɜɤɜ (ŬůɡɜŮɢɩɜ) 

ɜɖɛɎŰɤɜ. ɄŬɟô ɧɚŬ ŬɡŰɎ, ɖ ůɡůŰɟɞűɐ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɛɧɜɞ ŮɚɎɢɘůŰŬ ůŰŬ ɜɐɛŬŰŬ 

ůɡɜŮɢɩɜ ɘɜɩɜ ɔɘŬ Űɖ ɓŮɚŰɑɤůɖ Űɞɡ ɢŮɘɟɘůɛɞɨ Űɞɡɠ əŬŰɎ Űɖ űɎůɖ Űɖɠ ɨűŬɜůɖɠ, əŬɗɩɠ 

ɏŰůɘ ˊŮɟɘɞɟɑɕɞɜŰŬɘ ɞɘ ˊɚŮɡɟɘəɏɠ əɘɜɐůŮɘɠ Űɤɜ ŬɜŮɝɎɟŰɖŰɤɜ ɘɜɩɜ. ȼ ůɡůŰɟɞűɐ 

ɛŮŰɟɎŰŬɘ ɛɏůɤ Űɞɡ Ŭɟɘɗɛɞɨ ˊŮɟɘůŰɟɞűɩɜ ŬɜɎ ɛɞɜɎŭŬ ɛɐəɞɡɠ Űɞɡ ɜɐɛŬŰɞɠ. ɇŬ 

ɜɐɛŬŰŬ əŬŰɖɔɞɟɘɞˊɞɘɞɨɜŰŬɘ ˊɘɞ ůɡɢɜɎ ɓɎůŮɘ Űɞɡ denier, ŬɜŰɑ Űɞɡ Ŭɟɘɗɛɞɨ ɘɜɩɜ. [4, 7] 

 

 

 

 

3.3 ɄɚŮəŰɎ ɡűɎůɛŬŰŬ 

 

ɀɘŬ ɛɞɜŬŭɘəɐ ůŰɟɩůɖ ˊɚŮəŰɞɨ ɡűɎůɛŬŰɞɠ ŭɘŬɗɏŰŮɘ ɢŬɟŬəŰɖɟɘůŰɘəɏɠ 

ŭɘŬůŰɎůŮɘɠ ɛɐəɞɡɠ əŬɘ ˊɚɎŰɞɡɠ (ŰɎɝɖ ɛŮɔɏɗɞɡɠ ůŮ ɛɏŰɟŬ) əŬɘ ɔɘŬ Ŭˊɚɐ ɨűŬɜůɖ 

ůɢɖɛŬŰɑɕŮŰŬɘ ůɡɜɡűŬɑɜɞɜŰŬɠ ɜɐɛŬŰŬ ŭɨɞ əɨɟɘɤɜ ɞɘəɞɔŮɜŮɘɩɜ, ˊɞɡ ˊɟɞůŭɘɞɟɑɕɞɜŰŬɘ 

ɤɠ çwarpè (ůŰɖɛɧɜɘ) əŬɘ çweftè (ɡűɎŭɘ), ůŮ ɞɟɗɏɠ ɔɤɜɑŮɠ ɛŮŰŬɝɨ Űɞɡɠ ɧˊɤɠ űŬɑɜŮŰŬɘ 

ˊŬɟŬəɎŰɤ. 

 

 

ɳʽˁˈ˄ʰ 18Φ ɮˉʶʽˁˈ˄ʽˋʹ ˎ˒ʱˋ˃ʰˍˇˌ ʶ˄ʾˋ˔ˎˋʹˌΦ ɼʰˍʱ ˍʹ ʵʽʶˏʻˎ˄ˋʹ ˍʹˌ ˇˏʴʽʰˌ όselvageύ ʰ˄ʰˉˍˏˋˋˇ˄ˍʰʽ ˍʰ 
ˋˍʹ˃ˈ˄ʽʰ όwarpύΣ ʶ˄˗ ˁʱʻʶˍʰ ˋˍʹ˄ ˇˏʴʽʰ ʰ˄ʰˉˍˏˋˋˇ˄ˍʰʽ ˍʰ ˎ˒ʱʵʽʰ όweft). [7] 
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ɇŬ ɜɐɛŬŰŬ əɎɗŮ ɞɘəɞɔɏɜŮɘŬɠ ˊŮɟɜɞɨɜ ˊɎɜɤ əŬɘ əɎŰɤ Ŭˊɧ ŰŬ ɜɐɛŬŰŬ Űɖɠ 

Ɏɚɚɖɠ ɞɘəɞɔɏɜŮɘŬɠ ɛŮ ˊŮɟɘɞŭɘəɧ Űɟɧˊɞ. ɇŬ ˊɚŮəŰɎ ɡűɎůɛŬŰŬ ŬɜŬűɏɟɞɜŰŬɘ ɤɠ 

çˊŰɡɢɤŰɎ ɡűɎůɛŬŰŬè (crimped), əŬɗɩɠ ŰŬ ɜɐɛŬŰŬ ɛɘŬɠ əŬŰŮɨɗɡɜůɖɠ əɎɛˊŰɞɜŰŬɘ 

ɔɨɟɤ Ŭˊɧ ŰŬ ŭɘŬůŰŬɡɟɤɛɏɜŬ ɔŮɘŰɞɜɘəɎ ɜɐɛŬŰŬ. ɇŬ ɜɐɛŬŰŬ çwarpè (ůŰɖɛɧɜɘŬ) 

Űɟɏɢɞɡɜ ˊŬɟɎɚɚɖɚŬ ɛŮ Űɖɜ ɞɨɔɘŬ Űɞɡ ɡűɎůɛŬŰɞɠ (ŰŬ ɎəɟŬ Űɞɡ ɡűɎůɛŬŰɞɠ) əŬɘ ŮɑɜŬɘ 

ůɢŮŭɧɜ ŬˊŮɟɘɧɟɘůŰŬ ůŰɞ ɛɐəɞɠ Űɞɡɠ. ɇŬ ɜɐɛŬŰŬ çweftè (ɡűɎŭɘŬ) ŭɘŬŰɟɏɢɞɡɜ Űɞ 

ɨűŬůɛŬ əŬŰɎ Űɞ ˊɚɎŰɞɠ Űɞɡ. 

 

3.3.1 ũŮɤɛŮŰɟɘəɧ ɛɞɜŰɏɚɞ ɡűɎůɛŬŰɞɠ Űɞɡ Pierce 

 

Ƀɘ əɡɛŬŰɘůɛɞɑ, ˊɞɡ ŬɜŬűɏɟɞɜŰŬɘ əŬɘ ɤɠ ˊŰɡɢɩůŮɘɠ, űŬɑɜɞɜŰŬɘ ůŰɞ ɔŮɤɛŮŰɟɘəɧ 

ɛɞɜŰɏɚɞ ɡűɎůɛŬŰɞɠ Űɞɡ Pierce ůŰɖɜ ˊŮɟɑˊŰɤůɖ Ŭˊɚɐɠ ɨűŬɜůɖɠ. ɇɞ ɔŮɤɛŮŰɟɘəɧ 

ɛɞɜŰɏɚɞ Űɞɡ Pierce ůɡůɢŮŰɑɕŮɘ Űɘɠ ˊŬɟŬɛɏŰɟɞɡɠ Űɞɡ ɡűɎůɛŬŰɞɠ əŬɗɩɠ ůɡɜŭɏɞɜŰŬɘ 

ŬɜɎ ŭɨɞ ɞɘ ɞɘəɞɔɏɜŮɘŮɠ Űɤɜ ɜɖɛɎŰɤɜ. ɇɞ ɨɣɞɠ Űɖɠ ˊŰɨɢɤůɖɠ h ůɢŮŰɑɕŮŰŬɘ ɛŮ Űɖ ɔɤɜɑŬ 

ˊŰɨɢɤůɖɠ Ŭ əŬɘ Űɞ ɛɐəɞɠ Űɞɡ ɜɐɛŬŰɞɠ L, ɧˊɤɠ ɛŮŰɟɎŰŬɘ ɛŮŰŬɝɨ Űɤɜ ɜɖɛɎŰɤɜ əŬɘ Űɞ 

ɎɗɟɞɘůɛŬ Űɤɜ ŭɘŬɛɏŰɟɤɜ Űɤɜ ɘɜɩɜ ůŰɘɠ ˊŮɟɘɞɢɏɠ ˊɞɡ ŭɘŬůŰŬɡɟɩɜɞɜŰŬɘ Ŭˊɧ Űɘɠ 

ŮɝɘůɩůŮɘɠ ˊɞɡ ɏɢɞɡɜ ŭɘŬŰɡˊɤɗŮɑ Ŭˊɧ Űɞɡɠ Hearle, Grosberg əŬɘ Backer. ȼ ˊŰɨɢɤůɖ, 

ůɡɛɓɞɚɘůɛɏɜɖ ɤɠ C, ŮɑɜŬɘ Űɞ ɛɏŰɟɞ Űɞɡ əɡɛŬŰɘůɛɞɨ ˊɞɡ ŮɛűŬɜɑɕŮŰŬɘ ůŮ ɏɜŬ ɜɐɛŬ 

ɧŰŬɜ ɡűŬɑɜŮŰŬɘ ůŮ ɛɞɟűɐ ɡűɎůɛŬŰɞɠ ɧˊɤɠ űŬɑɜŮŰŬɘ ˊŬɟŬəɎŰɤ. ɄɟɧəŮɘŰŬɘ ɔɘŬ ɛɘŬ 

ɔŮɤɛŮŰɟɘəɐ ɘŭɘɧŰɖŰŬ Űɖɠ ɨűŬɜůɖɠ ɚɧɔɤ Űɖɠ ɛɞɟűɐɠ Űɖɠ ˊɚɏɝɖɠ ˊɞɡ ŮˊɘɚɏɢɗɖəŮ. ȼ 

ˊŰɨɢɤůɖ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɖ ɛɏŰɟɖůɖ Űɞɡ ɛɐəɞɡɠ Űɞɡ ɜɐɛŬŰɞɠ ůŰɖɜ ɡűŬůɛɏɜɖ 

əŬŰɎůŰŬůɖ, Lfabric, əŬɘ Űɞɡ ɛɐəɞɡɠ Űɞɡ ɑŭɘɞɡ ɜɐɛŬŰɞɠ Ŭűɞɨ ɏɢŮɘ ŬűŬɘɟŮɗŮɑ Ŭˊɧ Űɞ 

ɨűŬůɛŬ əŬɘ ɘůɘɤɗŮɑ, Lyarn, əŬɘ ɡˊɞɚɞɔɑɕŮŰŬɘ Ŭˊɧ Űɞɜ ˊŬɟŬəɎŰɤ Űɨˊɞ ɤɠ ˊɞůɞůŰɧ: 

C = 
╛◐╪►▪ ╛█╪╫►░╬

╛█╪╫►░╬
 

 

 

ɳʽˁˈ˄ʰ 19Φ ʃʰˊʰʵʶʾʴ˃ʰˍʰ ˍˇˎ ʴʶ˖˃ʶˍˊʽˁˇˏ ˃ˇ˄ˍʷ˂ˇˎ ˍˇˎ Pierce ɹ ʽʰ ˉ˂ʶˁ̱ ʱ ˎ˒ʱˋ˃ʰˍʰ ʰˉ˂ʺˌ όplain) 
ˏ˒ʰ˄ˋʹˌ ˃ʶ ʵʽˋ-ʵʽʶˎʻˎ˄ˍʽˁʺ όBi-Directionalύ ˁʰʽ ˃ˇ˄ˇʵʽʶˎʻˎ˄ˍʽˁʺ όUniDirectionalύ ˉˍˏ˔˖ˋʹΦ [8] 



38 
 

 

ɳʽˁˈ˄ʰ 20Φ ɾʶʴʶʻˎ˃ʷ˄ʹ ʱˉˇ˕ʹ ˎ˒ʱˋ˃ʰˍˇˌ ʰˉ˂ʺˌ ˏ˒ʰ˄ˋʹˌ ˃ʶ ˃ˇ˄ˇʵʽʶˎʻˎ˄ˍʽˁʺ ˉˍˏ˔˖ˋʹ ˁʰʽ ˋˎ˄ʶ˔ʺˌ ʾ˄ʶˌ 
˄ʹ˃ʱˍ˖˄Φ [7] 

 

ɆɡɢɜɎ, ɖ ˊŰɨɢɤůɖ ŮɑɜŬɘ ˊɘɞ ɏɜŰɞɜɖ ɔɘŬ ŰŬ çwarpè ɜɐɛŬŰŬ Ŭˊɧ ɧŰɘ ůŰŬ çweftè 

ɜɐɛŬŰŬ, ŮɝŬɘŰɑŬɠ Űɤɜ ŭɘŬűɞɟɩɜ ůŰɘɠ ŮűŬɟɛɞɕɧɛŮɜŮɠ ŰɎůŮɘɠ Űɤɜ ɜɖɛɎŰɤɜ əŬŰɎ Űɖɜ 

ɨűŬɜůɖ. [7, 8] 

 

 

3.3.2 ɀɏɗɞŭɞɘ ɨűŬɜůɖɠ 

 

ȼ əŬŰɖɔɞɟɑŬ Űɤɜ ɡűŬůɛɏɜɤɜ ɡűŬůɛɎŰɤɜ ˊŮɟɘɚŬɛɓɎɜŮɘ ˊɚɖɗɩɟŬ ɛŮɗɧŭɤɜ 

ɨűŬɜůɖɠ, ɧˊɤɠ ɖ Ŭˊɚɐ, Űɞ əŬɚɎɗɘ, ɖ ŭɘŬɔɤɜɑɤɠ ɟŬɓŭɤŰɐ, ůŬŰɏɜ, ˊɚŮɝɞɨŭŬ, leno əŬɘ ɖ 

ŰɟɘŬɝɞɜɘəɐ ɨűŬɜůɖ.  

ȼ ɛɞɟűɐ Űɖɠ ɨűŬɜůɖɠ Űɞɡ ɡűɎůɛŬŰɞɠ ˊŮɟɘɔɟɎűŮŰŬɘ ˊŮɟŬɘŰɏɟɤ Ŭˊɧ Űɘɠ 

ŭɘŬůŰɎůŮɘɠ Űɖɠ ŭɘŬŰɞɛɐɠ Űɞɡ ɜɐɛŬŰɞɠ, Űɞɜ Ŭɟɘɗɛɧ Űɤɜ çwarpè ɜɖɛɎŰɤɜ ŬɜɎ ɛɞɜɎŭŬ 

ˊɚɎŰɞɡɠ Űɞɡ ɡűɎůɛŬŰɞɠ, Űɞɜ Ŭɟɘɗɛɧ Űɤɜ çweftè ɜɖɛɎŰɤɜ ŬɜɎ ɛɞɜɎŭŬ ɛɐəɞɡɠ Űɞɡ 

ɡűɎůɛŬŰɞɠ əŬɘ Űɞ ůɡɜŰŮɚŮůŰɐ əɎɚɡɣɖɠ, ůɡɜɘůŰɩůŮɠ ˊɞɡ ŮˊɖɟŮɎɕɞɡɜ Űɞ ŮˊɑˊŮŭɞ 

Ŭˊɞɟɟɧűɖůɖɠ Űɖɠ ŮɜɏɟɔŮɘŬɠ. 

 

ɳʽˁˈ˄ʰ 21Φ ɾʷʻˇʵˇʽ ˏ˒ʰ˄ˋʹˌ ˉ˂ʷ˅ʹˌΥ ʰˉ˂ʺ ˏ˒ʰ˄ˋʹ όŀύΣ ˉ˂ʷ˅ʹ ˁʰ˂ʰʻʽˇˏ нȄн όōύ ˁʰʽ ˉ˂ʷ˅ʹ ˁʰ˂ʰʻʽˇˏ пȄп όŎύΦ 
ɾʶ ˃ˉ˂ʶ ˔ˊ˗˃ʰ ʰˉʶʽˁˇ˄ʾʸˇ˄ˍʰʽ ˍʰ ˋˍʹ˃ˈ˄ʽ ˁʰʽ ˁʾˍˊʽ˄ˇ ˍʰ ˎ˒ʱʵʽʰΦ [7] 
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3.3.3 ȺɘůŬɔɤɔɐ ůŰɖɜ əɘɜɖɛŬŰɘəɐ ˊɚŮəŰɩɜ ɡűŬůɛɎŰɤɜ 

 

¶ Ⱦɑɜɖůɖ ɜɖɛɎŰɤɜ 

 

ȼ Ŭˊɞɟɟɧűɖůɖ ŮɜɏɟɔŮɘŬɠ Űɤɜ ˊɚŮəŰɩɜ ɡűŬůɛɎŰɤɜ ɧŰŬɜ ɡˊɧəŮɘɜŰŬɘ ůŮ 

ŭɡɜŬɛɘəɎ űɞɟŰɑŬ ŮɝŬɟŰɎŰŬɘ ɏɜŰɞɜŬ Ŭˊɧ Űɖɜ ɘəŬɜɧŰɖŰŬ Űɞɡ ɡűɎůɛŬŰɞɠ ɜŬ ŮˊɘŰɟɏˊŮɘ ɐ 

ɜŬ ˊŮɟɘɞɟɑɕŮɘ Űɘɠ əɘɜɐůŮɘɠ Űɤɜ ɜɖɛɎŰɤɜ ɛɏůŬ ůŰɖɜ ˊɚɏɝɖ. Ƀɘ əɘɜɐůŮɘɠ Űɤɜ ɜɖɛɎŰɤɜ 

ŮɛűŬɜɑɕɞɜŰŬɘ ɚɧɔɤ Űɖɠ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ ɛŮŰŬɝɨ Űɤɜ ɜɖɛɎŰɤɜ, ɧˊɤɠ ɖ ŮɜŬɚɚŬɔɐ Űɤɜ 

ˊŰɡɢɩůŮɤɜ, ɣŬɚɘŭɘůɛɧɠ əŬɘ Űɟɘɓɐ.  

ŪŮɤɟɩɜŰŬɠ ɏɜŬ ɨűŬůɛŬ Ŭˊɚɐɠ ɨűŬɜůɖɠ ɡˊɞəŮɑɛŮɜɞ ůŮ ɏɜŬ ŮűŮɚəɡůŰɘəɧ 

űɞɟŰɑɞ. ɇŬ ɜɐɛŬŰŬ Űɨˊɞɡ çwarpè ŰŮɜŰɩɜɞɡɜ, ɛŮɘɩɜŮŰŬɘ Űɞ ɨɣɞɠ Űɖɠ ˊŰɨɢɤůɖɠ, əŬɘ 

ŮˊɘɛɖəɨɜɞɜŰŬɘ ůŰɞ ŮɜŮɟɔɧ ɛɐəɞɠ Űɞɡɠ. ȷɜŰɑɗŮŰŬ, ŰŬ ɜɐɛŬŰŬ çweftè ŬɜŬɔəɎɕɞɜŰŬɘ ɜŬ 

Ŭɡɝɐůɞɡɜ Űɞ ɨɣɞɠ Űɤɜ ˊŰɡɢɩůŮɤɜ ˊɟɞəŬɚɩɜŰŬɠ ɏŰůɘ Űɖ ůɡůŰɞɚɐ Űɞɡ ŮɜŮɟɔɞɨ 

ɛɐəɞɡɠ Űɞɡɠ. ȷɡŰɧ Űɞ űŬɘɜɧɛŮɜɞ əŬɚŮɑŰŬɘ çŮɜŬɚɚŬɔɐ ˊŰɡɢɩůŮɤɜè əŬɘ ŮɑɜŬɘ ŬɜɎɚɞɔɞ 

Űɞɡ űŬɘɜɞɛɏɜɞɡ Űɞɡ Poisson ˊɞɡ ŮɛűŬɜɑɕŮŰŬɘ ůŰŬ ɛɏŰŬɚɚŬ. ȼ ŮɜŬɚɚŬɔɐ Űɤɜ 

ˊŰɡɢɩůŮɤɜ ŮɑɜŬɘ ɏɜŬ ůɡɜŭɡŬůŰɘəɧ űŬɘɜɧɛŮɜɞ əŬɘ ŮɛűŬɜɑɕŮŰŬɘ ɛŮŰŬɝɨ Űɤɜ ɜɖɛɎŰɤɜ 

çwarpè əŬɘ çweftè əŬɘ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞɜ ɚɧɔɞ Űɤɜ Ŭɟɢɘəɩɜ ˊŰɡɢɩůŮɤɜ ɛŮŰŬɝɨ Űɤɜ 

ŭɨɞ ɞɘəɞɔŮɜŮɘɩɜ Űɤɜ ɜɖɛɎŰɤɜ əŬɘ Űɞɜ ɚɧɔɞ Űɤɜ ŮűŮɚəɡůŰɘəɩɜ ŰɎůŮɤɜ ɛŮŰŬɝɨ Űɤɜ 

ŭɨɞ Űɨˊɤɜ ɜɖɛɎŰɤɜ. ũŮɜɘəɎ ˊɟɧəŮɘŰŬɘ ɔɘŬ ɛɖ ɔɟŬɛɛɘəɏɠ ŮˊɘɛɖəɨɜůŮɘɠ. [7] 

 

¶ ȾɚŮɑŭɤɛŬ əɧɛɓɤɜ 

 

Ƀɘ Hearle, Grosberg əŬɘ Backer ˊŮɟɘɔɟɎűɞɡɜ ɏɜŬ ˊŮɟɘɞɟɘůɛɏɜɞ űŬɘɜɧɛŮɜɞ 

ůŰɖɜ ŮɜŬɚɚŬɔɐ Űɤɜ ˊŰɡɢɩůŮɤɜ. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɞɡ ŭɘŬɝɞɜɘəɞɨ ŮűŮɚəɡůɛɞɨ, əŬɗɩɠ 

ɞɘ ŭɘŬɝɞɜɘəɏɠ ŮűŮɚəɡůŰɘəɏɠ ŰɎůŮɘɠ ŬɡɝɎɜɞɡɜ ůɡɜŮɢɩɠ ɔɘŬ ɏɜŬɜ ŭŮŭɞɛɏɜɞ ɚɧɔɞ ŰɎůŮɤɜ 

ůŰŬ warp əŬɘ ŰŬ weft ɜɐɛŬŰŬ, ɖ ɞɚɑůɗɖůɖ Űɞɡ ɜɐɛŬŰɞɠ ůŰɘɠ ˊŮɟɘɞɢɏɠ ŭɘŬůŰŬɨɟɤůɖɠ 

ɛŮ ɎɚɚŬ ŬɟɢɘəɎ ŬɡɝɎɜŮɘ əŬɘ ɏˊŮɘŰŬ ɛŮɘɩɜŮŰŬɘ əŬɗɩɠ Űɞ ŭɘɎəŮɜɞ ɛŮŰŬɝɨ Űɤɜ ɜɖɛɎŰɤɜ 

űŰɎɜŮɘ ůŰɖɜ ŮɚɎɢɘůŰɖ Űɘɛɐ Űɞɡ. ȷɡŰɧ ɞ ɛɖɢŬɜɘůɛɧɠ ŬɜŬűɏɟŮŰŬɘ ɤɠ ůɖɛŮɑɞ ŮəŰŬŰɘəɞɨ 

ŰŮɟɛŬŰɘůɛɞɨ (extensional jamming point) əŬɘ ůɖɛŬɑɜŮɘ ˊɤɠ ˊŬɟŮɛˊɞŭɑɕŮŰŬɘ ɖ ˊɚɐɟɖɠ 

Ůˊɘɛɐəɡɜůɖ ɛɘŬɠ ɞɘəɞɔɏɜŮɘŬɠ ɜɖɛɎŰɤɜ, ɢɤɟɑɠ ɜŬ űŰɎɜŮɘ Űɖ ɛɏɔɘůŰɖ ŬɜŰɞɢɐ Űɖɠ. 

ŪŮɤɟɩɜŰŬɠ ŰɩɟŬ ɏɜŬ ɨűŬůɛŬ Ŭˊɚɐɠ ˊɚɏɝɖɠ ɡˊɞəŮɑɛŮɜɞ ůŮ ŭɘɎŰɛɖůɖ. Ƀɘ 

ɞɘəɞɔɏɜŮɘŮɠ Űɤɜ ɜɖɛɎŰɤɜ ˊŮɟɘůŰɟɏűɞɜŰŬɘ ůŰŬ ůɖɛŮɑŬ əɧɛɓɞɡɠ, ɛŮ Űɖ ůŰɟɏɓɚɤůɐ 

Űɞɡɠ ɜŬ ŬɡɝɎɜŮɘ ɧůɞ ŬɡɝɎɜŮɘ Űɞ ŭɘŬŰɛɖŰɘəɧ űɞɟŰɑɞ. ȼ ŬɚɚŬɔɐ ůŰɖ ɔɤɜɑŬ ɞɜɞɛɎɕŮŰŬɘ 
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çɔɤɜɑŬ ŭɘɎŰɛɖůɖɠè. ɆŮ ɛŮɔɎɚŮɠ ɔɤɜɑŮɠ ŭɘɎŰɛɖůɖɠ, ɞ ŭɘŬɗɏůɘɛɞɠ ɢɩɟɞɠ ɛŮŰŬɝɨ Űɤɜ 

ŭɨɞ Űɨˊɤɜ ɜɖɛɎŰɤɜ ɛŮɘɩɜŮŰŬɘ əŬɘ ŮɛűŬɜɑɕŮŰŬɘ ɏɜŬɠ ˊŮɟɘůŰɟɞűɘəɧɠ ŰŮɟɛŬŰɘůɛɧɠ 

(əɚŮɑŭɤɛŬ) Űɤɜ ɜɖɛɎŰɤɜ. ɇɞ űŬɘɜɧɛŮɜɞ ɞɜɞɛɎɕŮŰŬɘ ŭɘŬŰɛɖŰɘəɧɠ ŰŮɟɛŬŰɘůɛɧɠ (shear-

jamming) əŬɘ ɖ ɔɤɜɑŬ ůŰɖɜ ɞˊɞɑŬ əɚŮɘŭɩɜɞɡɜ ŰŬ ɜɐɛŬŰŬ ŮɑɜŬɘ ɔɜɤůŰɐ ɤɠ çɔɤɜɑŬ 

ŭɘŬŰɛɖŰɘəɞɨ ŰŮɟɛŬŰɘůɛɞɨè. ȼ ɔɤɜɑŬ ŭɘŬŰɛɖŰɘəɞɨ ŰŮɟɛŬŰɘůɛɞɨ ɛŮɘɩɜŮŰŬɘ ɧůɞ ŬɡɝɎɜŮɘ 

ɞ Ŭɟɘɗɛɧɠ Űɤɜ ɜɖɛɎŰɤɜ ŬɜɎ ɛɞɜɎŭŬ ɛɐəɞɡɠ əŬɘ ɛˊɞɟŮɑ ɜŬ ŮəŰɘɛɖɗŮɑ Ŭˊɧ Űɞ 

ɔŮɤɛŮŰɟɘəɧ ɛɞɜŰɏɚɞ ɡűɎůɛŬŰɞɠ Űɞɡ Pierce ɐ ɜŬ ɚɖűɗŮɑ ˊŮɘɟŬɛŬŰɘəɎ ɛŮ ŭɘŬŰɛɖŰɘəɏɠ ɐ 

ŭɘŬɝɞɜɘəɏɠ ŭɘŬŰɎɝŮɘɠ ŭɞəɘɛɩɜ. ȼ ůɡɜŮɢɘɕɧɛŮɜɖ űɧɟŰɘůɖ ˊɏɟŬɜ Űɖɠ Ŭɟɢɐɠ Űɖɠ 

ŮɛűɎɜɘůɖɠ Űɞɡ ŭɘŬŰɛɖŰɘəɞɨ əɚŮɘŭɩɛŬŰɞɠ ˊɟɞəŬɚŮɑ ŭɘŬŰɛɖŰɘəɧ ŰůŬɚɎəɤɛŬ, ɛɘŬ 

ɛɞɟűɐ Űɞˊɘəɩɜ ˊŬɟŬɛɞɟűɩůŮɤɜ ŮəŰɧɠ Űɞɡ Ůˊɘˊɏŭɞɡ ŬɜŬűɞɟɎɠ. 

ȺɑɜŬɘ ůɖɛŬɜŰɘəɧ ɜŬ ɞɟɘůŰɞɨɜ ŰŬ ŮűŮɚəɡůŰɘəɎ əŬɘ ŭɘŬŰɛɖŰɘəɎ ůɖɛŮɑŬ 

əɚŮɘŭɩɛŬŰɞɠ ɔɘŬ ɜŬ ŮɝŬůűŬɚɘůŰŮɑ ɖ əŬŰɎɚɚɖɚɖ ŮɚŮɡɗŮɟɑŬ əɘɜɐůŮɤɜ ůŰŬ ɜɐɛŬŰŬ ˊɞɡ 

ɞŭɖɔŮɑ ůŰŬ ŮˊɘɗɡɛɖŰɎ ŮˊɑˊŮŭŬ Ŭˊɞɟɟɧűɖůɖɠ ŮɜɏɟɔŮɘŬɠ. ɆŮ ɔŮɜɘəɏɠ ɔɟŬɛɛɏɠ, Űɞ 

əɚŮɑŭɤɛŬ ůɢŮŰɑɕŮŰŬɘ ɛŮ Űɞɜ ɛɏɔɘůŰɞ Ŭɟɘɗɛɧ Űɤɜ ɜɖɛɎŰɤɜ Űɨˊɞɡ çweftè ŬɜɎ ɛɞɜɎŭŬ 

ɛɐəɞɡɠ ˊɞɡ ɛˊɞɟɞɨɜ ɜŬ ˊɚŮɢɗɞɨɜ ůŮ ɏɜŬ ɨűŬůɛŬ ɔɘŬ ŭŮŭɞɛɏɜɞ ɛɏɔŮɗɞɠ ɜɖɛɎŰɤɜ 

çwarpè əŬɘ ŭŮŭɞɛɏɜŬ ŭɘɎəŮɜŬ ɛŮŰŬɝɨ ŬɡŰɩɜ. 

ȼ Űɟɘɓɐ ɛŮŰŬɝɨ Űɤɜ ɜɖɛɎŰɤɜ ůŰɘɠ ˊŮɟɘɞɢɏɠ Űɤɜ əɧɛɓɤɜ ɛˊɞɟŮɑ ɜŬ 

ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɔɘŬ ɜŬ ŮɚŬɢɘůŰɞˊɞɘɖɗŮɑ ɖ ɛŮŰŬəɑɜɖůɖ Űɤɜ ɜɖɛɎŰɤɜ əŬɘ ɏŰůɘ ɜŬ 

ˊŬɟɏɢŮŰŬɘ ɏɜŬɠ ɛɖɢŬɜɘůɛɧɠ ɛŮŰŬűɞɟɎɠ əŬɘ əŬŰŬůŰɟɞűɐɠ ŮɜɏɟɔŮɘŬɠ. [8] 

 

 

 

 

3.4 ɇɨˊɞɘ ɘɜɩɜ ɔɘŬ Ůɜɑůɢɡůɖ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ 

 

3.4.1 ȲɜŮɠ ɔɡŬɚɘɞɨ 

 

Ƀɘ ɑɜŮɠ ɔɡŬɚɘɞɨ (glass fibers) ŮɑɜŬɘ ɞɘ ˊɘɞ ůɡɢɜɎ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜŮɠ ɑɜŮɠ ɤɠ 

ɡɚɘəɧ Ůɜɑůɢɡůɖɠ ɔɘŬ ˊɞɚɡɛŮɟɘəɏɠ ɛɐŰɟŮɠ (polymeric matrix composites, PMC). 

ɉɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ůŰŬ ůɨɜɗŮŰŬ ˊɟɩŰɖɠ ɔŮɜɘɎɠ (1940) əŬɘ ɖ ɢɟɐůɖ Űɞɡɠ ůɡɜŮɢɑɕŮŰŬɘ 

ŮˊɘŰɡɢɩɠ ɛɏɢɟɘ ůɐɛŮɟŬ, əɡɟɑɤɠ ůŮ ŮűŬɟɛɞɔɏɠ, ɧˊɤɠ, ůəŮɚŮŰɞɑ ˊɚɞɑɤɜ, ůɤɚɐɜŮɠ, 

ŭɞɢŮɑŬ ŬˊɞɗɐəŮɡůɖɠ əŬɘ ɓɘɞɛɖɢŬɜɘəɎ ŭɎˊŮŭŬ. 
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Ƀ ˊɘɞ əɞɘɜɧɠ Űɨˊɞɠ ɘɜɩɜ ɔɡŬɚɘɞɨ ɓŬůɑɕŮŰŬɘ ůŰɞ ŭɘɞɝŮɑŭɘɞ Űɞɡ ˊɡɟɘŰɑɞɡ (SiO2) 

ɛŮ ˊɟɞůɗɐəɖ ɞɝŮɘŭɑɤɜ Űɞɡ ŬůɓŮůŰɑɞɡ, ɓɞɟɑɞɡ, ɜŬŰɟɑɞɡ, ůɘŭɐɟɞɡ əŬɘ Ŭɚɞɡɛɘɜɑɞɡ. 

ȷɡŰɞɨ Űɞɡ Űɨˊɞɡ ŰŬ ɔɡŬɚɘɎ ŮɑɜŬɘ ůɡɜɐɗɤɠ ɎɛɞɟűŬ, ɧɛɤɠ Ŭɜ ɗŮɟɛŬɜɗɞɨɜ ɏɜŰɞɜŬ ɔɘŬ 

ɛŮɔɎɚŬ ŭɘŬůŰɐɛŬŰŬ ŬˊɞəŰɞɨɜ ɞɟɘůɛɏɜɖ əɟɡůŰŬɚɚɘəɧŰɖŰŬ, ˊɟɎɔɛŬ ˊɞɡ ɏɢŮɘ ŬɟɜɖŰɘəɐ 

ůɡɜɏˊŮɘŬ ůŰɖɜ ŬɜŰɞɢɐ Űɞɡɠ. [1, 2, 4] 

 

 

ɳʽˁˈ˄ʰ 22Φ ɲˇ˃ʺ ʴˎʰ˂ʽˇˏ όa) [1] ˁʰʽ ʰˉˈ˕ʶʽˌ όbύ ʰˋˎ˄ʶ˔˗˄ ʽ˄˗˄ ˁʰʽ ˎ˒ʰˋ˃ʱˍ˖˄ ʴˎʰ˂ʽˇˏΦ  

 

3.4.1.1 ȽŭɘɧŰɖŰŮɠ ɘɜɩɜ ɔɡŬɚɘɞɨ 

 

ɇŬ ɓŬůɘəɎ ˊɚŮɞɜŮəŰɐɛŬŰɎ Űɞɡɠ ŮɑɜŬɘ Űɞ ɢŬɛɖɚɧ əɧůŰɞɠ, ɖ ɡɣɖɚɐ ŬɜŰɞɢɐ ůŮ 

ŮűŮɚəɡůɛɧ, ɖ ɡɣɖɚɐ ɢɖɛɘəɐ ŬɜŰɑůŰŬůɖ əŬɘ ɞɘ ŮɝŬɘɟŮŰɘəɏɠ ɛɞɜɤŰɘəɏɠ ɘŭɘɧŰɖŰɏɠ Űɞɡɠ. 

ȷˊɧ Űɖɜ Ɏɚɚɖ, ɏɢɞɡɜ ɢŬɛɖɚɧ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ ɛŮɔɎɚɖ ˊɡəɜɧŰɖŰŬ ůŮ ůɢɏůɖ 

ɛŮ ɎɚɚŮɠ ɑɜŮɠ, ŮɑɜŬɘ ŮɡŬɑůɗɖŰŮɠ ůŮ ŮəŰɟɘɓɐ əŬŰɎ Űɞ ɢŮɘɟɘůɛɧ Űɞɡɠ (ɛŮ ŬɜŮˊɘɗɨɛɖŰŮɠ 

ůɡɜɏˊŮɘŮɠ ůŰɖɜ ŬɜŰɞɢɐ ůŮ ŮűŮɚəɡůɛɧ), ɏɢɞɡɜ ůɢŮŰɘəɎ ɢŬɛɖɚɐ ŬɜŰɑůŰŬůɖ ůŮ əɧˊɤůɖ 

əŬɘ ɛŮɔɎɚɖ ůəɚɖɟɧŰɖŰŬ ˊɞɡ ˊɟɞəŬɚŮɑ űɗɞɟɎ ůŰŬ ŮɟɔŬɚŮɑŬ əŬŰŮɟɔŬůɑŬɠ Űɞɡɠ. 

Ⱥˊɑůɖɠ, ɖ ŮɡŬɘůɗɖůɑŬ Űɞɡɠ ůŮ ŮɔɢŬɟɎɝŮɘɠ əŬɘ Ůəŭɞɟɏɠ ŭɖɛɘɞɡɟɔɞɨɜ ˊŮɟɘɞɢɏɠ 

ůɡɔəɏɜŰɟɤůɖɠ ŰɎůŮɤɜ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɖɠ ɑɜŬɠ, ɞŭɖɔɩɜŰŬɠ ɏŰůɘ ůŰɖɜ ŰŬɢŮɑŬ 

ɡˊɞɓɎɗɛɘůɖ Űɤɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ Űɞɡɠ, ŬɚɚɎ əŬɘ Űɖɠ ɘəŬɜɧŰɖŰŬɠ ˊɟɧůűɡůɐɠ 

Űɞɡɠ ůŰɖɜ ˊɞɚɡɛŮɟɘəɐ ɛɐŰɟŬ. [1, 2, 4] 

 

3.4.1.2 ȹɞɛɐ ɘɜɩɜ ɔɡŬɚɘɞɨ 

 

ȼ ŬɜŰɞɢɐ əŬɘ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ Űɞɡ ɔɡŬɚɘɞɨ ˊɟɞůŭɘɞɟɑɕɞɜŰŬɘ Ŭˊɧ Űɖɜ 

ŰɟɘůŭɘɎůŰŬŰɖ ŭɞɛɐ əŬɘ ŭɘɎŰŬɝɖ Űɤɜ ůɡůŰŬŰɘəɩɜ ɞɝŮɘŭɑɤɜ Űɞɡ. ȳˊɤɠ ɏɢŮɘ ŬɜŬűŮɟɗŮɑ 

ɞɘ ɨŬɚɞɘ ŮɑɜŬɘ ɛɖ əɟɡůŰŬɚɚɘəɎ ˊɡɟɘŰɘəɎ ɎɚŬŰŬ ˊɞɡ ˊŮɟɘɏɢɞɡɜ ɞɝŮɑŭɘŬ, ŰŬ ɞˊɞɑŬ 
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ŮˊɖɟŮɎɕɞɡɜ Űɘɠ ɘŭɘɧŰɖŰɏɠ Űɞɡɠ. ɆŰɞ ˊɚɏɔɛŬ Űɖɠ Ɏɛɞɟűɖɠ ŭɞɛɐɠ, ɧˊɤɠ ŬɡŰɐ 

ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ, əɎɗŮ ˊɞɚɨŮŭɟɞ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɏɜŬɜ 

ůɡɜŭɡŬůɛɧ ŬŰɧɛɤɜ ɞɝɡɔɧɜɞɡ ɔɨɟɤ Ŭˊɧ ɏɜŬ ɎŰɞɛɞ ˊɡɟɘŰɑɞɡ, ˊɞɡ ůɡɜŭɏɞɜŰŬɘ ɛŮŰŬɝɨ 

Űɞɡɠ ɛŮ ɘůɢɡɟɞɨɠ ɞɛɞɘɞˊɞɚɘəɞɨɠ ŭŮůɛɞɨɠ, ɇŬ ɘɧɜŰŬ ɜŬŰɟɑɞɡ ůɢɖɛŬŰɑɕɞɡɜ ɘɞɜŰɘəɞɨɠ 

ŭŮůɛɞɨɠ ɛŮ ŰŬ ɎŰɞɛŬ Űɞɡ ɞɝɡɔɧɜɞɡ əŬɘ ŭŮ ůɡɜŭɏɞɜŰŬɘ Ŭɛɏůɤɠ ɛŮ Űɞ ˊɚɏɔɛŬ. 

 

 

ɳʽˁˈ˄ʰ 23Φ ɲˇ˃ʺ ˉ˂ʷʴ˃ʰˍˇˌ ʴˎʰ˂ʽˇˏΦ [1] 

 

ȼ ŭɞɛɐ Űɞɡ ˊɚɏɔɛŬŰɞɠ əŬɘ ɖ ŬɜŰɞɢɐ Űɤɜ ŭŮůɛɩɜ, ɛŮŰŬɓɎɚɚŮŰŬɘ ɛŮ Űɖɜ 

ˊɟɞůɗɐəɖ ɞɝŮɘŭɑɤɜ, ɞˊɧŰŮ ŮɑɜŬɘ ŭɡɜŬŰɧɜ ɜŬ ˊŬɟŬɢɗɞɨɜ ɑɜŮɠ ɔɡŬɚɘɞɨ ɛŮ ŭɘŬűɞɟŮŰɘəɏɠ 

űɡůɘəɏɠ əŬɘ ɢɖɛɘəɏɠ ɘŭɘɧŰɖŰŮɠ. ɆŮ ŬɜŰɑɗŮůɖ ɛŮ Űɘɠ ɑɜŮɠ ɎɜɗɟŬəŬ əŬɘ Kevlar 49, ɞɘ 

ɘŭɘɧŰɖŰŮɠ Űɤɜ ɘɜɩɜ ɔɡŬɚɘɞɨ ŮɑɜŬɘ ɘůɧŰɟɞˊŮɠ əŬɘ ˊŬɟɞɡůɘɎɕɞɡɜ ŮɚŬůŰɘəɐ 

ůɡɛˊŮɟɘűɞɟɎ. ȷɡŰɧ ŮɑɜŬɘ ůɡɜɏˊŮɘŬ Űɖɠ ŰɟɘůŭɘɎůŰŬŰɖɠ ŭɞɛɐɠ Űɞɡ ɔɡŬɚɘɞɨ. [2, 3] 

 

 

3.4.1.3 ɇɨˊɞɘ ɘɜɩɜ ɔɡŬɚɘɞɨ 

 

ȷɜɎɚɞɔŬ ɛŮ Űɖ ɢɖɛɘəɐ Űɞɡɠ ůɨůŰŬůɖ ɞɘ ɑɜŮɠ ɔɡŬɚɘɞɨ ɢŬɟŬəŰɖɟɑɕɞɜŰŬɘ ɤɠ Űɨˊɞɡ 

E, C əŬɘ S: 

 

V E-glass (E=electrical):  

ɇŬ ˊɘɞ ůɡɢɜɎ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜŬ ɡŬɚɞɜɐɛŬŰŬ ɛŮ əŬɚɏɠ ɖɚŮəŰɟɘəɏɠ ɘŭɘɧŰɖŰŮɠ, 

ŬɜŰɞɢɐ əŬɘ ŭɡůəŬɛɣɑŬ, əŬɗɩɠ əŬɘ ˊɞɚɨ əŬɚɐ ůɡɛˊŮɟɘűɞɟɎ ůŰɖɜ ŬɚɚŬɔɐ Űɤɜ 

əŬɘɟɘəɩɜ ůɡɜɗɖəɩɜ, ŬɚɚɎ ɛŮ ɛɏŰɟɘŬ ŬɜŰɞɢɐ ůŮ ɢɖɛɘəɎ ŬɜŰɘŭɟŬůŰɐɟɘŬ. 
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V C-glass (C=corrosion):  

Ɉɣɖɚɐ ŬɜŰɑůŰŬůɖ ůŰɖ ɢɖɛɘəɐ ŭɘɎɓɟɤůɖ, ŬɚɚɎ əŬɘ ɛŮ əŬɚɨŰŮɟŮɠ ɛɖɢŬɜɘəɏɠ 

ɘŭɘɧŰɖŰŮɠ Ŭˊɧ Űɘɠ ɑɜŮɠ Űɨˊɞɡ Ⱥ, əŬɗɩɠ əŬɘ Ŭɡɝɖɛɏɜɞ əɧůŰɞɠ. 

 

V S-glass (S=stiffness): 

ȷəɟɘɓɧŰŮɟɞ Ŭˊɧ Űɞ E-glass, ɡɣɖɚɧŰŮɟɖ ŭɡůəŬɛɣɑŬ, əŬɗɩɠ əŬɘ ɡɣɖɚɧŰŮɟɖ 

ɗŮɟɛɘəɐ ŬɜŰɞɢɐ, əɨɟɘŬ ŮűŬɟɛɞɔɐ ůŰɖɜ ŬŮɟɞˊɞɟɘəɐ ɓɘɞɛɖɢŬɜɑŬ 

 

V ɈŬɚɞɜɐɛŬŰŬ ɛŮ ɛŮɔɎɚŬ ˊɞůɞůŰɎ SiO2 (>99.5%): 

ȷɡɝɖɛɏɜŮɠ Űɘɛɏɠ Űɤɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ Űɖɠ ɑɜŬɠ əŬɘ Űɖɠ ɛɏɔɘůŰɖɠ 

ɗŮɟɛɞəɟŬůɑŬɠ ɢɟɐůɖɠ Űɞɡ ůɡɜɗɏŰɞɡ. ɆŮ Ůɘŭɘəɏɠ ŮűŬɟɛɞɔɏɠ, ɧˊɞɡ ŬˊŬɘŰŮɑŰŬɘ 

ůɡɜŭɡŬůɛɧɠ ɡɣɖɚɩɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ əŬɘ ɚŮɘŰɞɡɟɔɑŬ ůŮ ɡɣɖɚɏɠ 

ɗŮɟɛɞəɟŬůɑŮɠ, ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɑɜŮɠ Ŭˊɧ 100% əŬɗŬɟɐ ˊɡɟɘŰɑŬ. [1, 3] 

 

 

ʃʾ˄ʰˁʰˌ 3Φ ʋʰˊʰˁˍʹˊʽˋˍʽˁʱ ʽ˄˗˄ ʴˎʰ˂ʽˇˏΦ [1] 

 

3.4.1.4 ɄŬɟŬɔɤɔɐ ɘɜɩɜ ɔɡŬɚɘɞɨ 

 

ȼ ˊŬɟŬɔɤɔɐ Űɤɜ ɘɜɩɜ ɔɡŬɚɘɞɨ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɛŮ Űɖ ɛɏɗɞŭɞ Űɖɠ Ůəɓɞɚɐɠ 

ŰɐɔɛŬŰɞɠ ɔɡŬɚɘɞɨ ŭɘŬɛɏůɞɡ ɛɐŰɟŬɠ ɛŮ ŭɘɎŰɟɖŰɞ ˊɡɗɛɏɜŬ. ȷɟɢɘəɎ, ɖ ˊɟɩŰɖ ɨɚɖ 

ŰɞˊɞɗŮŰŮɑŰŬɘ ůŮ ŭŮɝŬɛŮɜɐ, ɧˊɞɡ ɔɑɜŮŰŬɘ ɖ Űɐɝɖ Űɖɠ. ɇɞ ŰɐɔɛŬ ŰɟɞűɞŭɞŰŮɑŰŬɘ ůŮ ůŮɘɟɎ 

əɡɚɘɜŭɟɘəɩɜ ŭɞɢŮɑɤɜ ɛŮ ŭɘɎŰɟɖŰɞ ˊɡɗɛɏɜŬ (ŭɘɎɛŮŰɟɞɠ ɞˊɩɜ 1-2 mm). ɇɞ ɔɡŬɚɑ ɟɏŮɘ 

ŭɘŬɛɏůɞɡ Űɤɜ ɞˊɩɜ Űɞɡ ˊɡɗɛɏɜŬ Űɖɠ ɛɐŰɟŬɠ ɡˊɧ Űɖɜ ŮˊɑŭɟŬůɖ Űɖɠ ɓŬɟɨŰɖŰŬɠ, Ůɜɩ ɞ 
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ɏɚŮɔɢɞɠ Űɖɠ ŭɘŬɛɏŰɟɞɡ Űɤɜ ɘɜɩɜ ɔɑɜŮŰŬɘ ɛŮ ɟɨɗɛɘůɖ Űɖɠ ůŰɎɗɛɖɠ Űɞɡ ŰɐɔɛŬŰɞɠ ɛɏůŬ 

ůŰɖ ŭŮɝŬɛŮɜɐ, əŬɗɩɠ əŬɘ ɛŮ ɏɚŮɔɢɞ Űɖɠ ˊɡəɜɧŰɖŰɎɠ Űɞɡ, Űɖɠ ŭɘŬɛɏŰɟɞɡ Űɤɜ ɞˊɩɜ əŬɘ 

Űɖɠ ŰŬɢɨŰɖŰŬɠ ˊŮɟɘůŰɟɞűɐɠ Űɞɡ ŰɡɛˊɎɜɞɡ. Ƀɘ ˊŬɟŬɔɧɛŮɜŮɠ ɑɜŮɠ ůɡɔəŮɜŰɟɩɜɞɜŰŬɘ ůŮ 

ɏɜŬ ůɨɜɞɚɞ əŬɘ ŰŬɜɨɞɜŰŬɘ ɛɖɢŬɜɘəɎ ɛɏɢɟɘɠ ɧŰɞɡ ɜŬ ŬˊɞəŰɐůɞɡɜ ŭɘɎɛŮŰɟɞ Űɖɠ ŰɎɝŮɤɠ 

Űɤɜ 1 ɛm ɏɤɠ 15 ɛm. ȷəɞɚɞɡɗŮɑ ŮɚŬűɟɧɠ ɣŮəŬůɛɧɠ ɛŮ ɜŮɟɧ ɔɘŬ ɜŬ ɣɡɢɗɞɨɜ. ɆŰɖ 

ůɡɜɏɢŮɘŬ, ɞɘ ɑɜŮɠ ŭɘɏɟɢɞɜŰŬɘ Ŭˊɧ ɘɛɎɜŰŬ ˊɞɡ ŮˊɘɓɎɚɚŮɘ ůŮ ŬɡŰɏɠ ˊɟɞůŰŬŰŮɡŰɘəɧ 

ɚɘˊŬɜŰɘəɧ ůɡɜŭŮŰɘəɧ ɡɚɘəɧ (binder) ɐ ŮɘŭɘəɎ əɞɚɚɞŮɘŭɐ ˊɟɧůɗŮŰŬ ˊɞɡ ŭɟɞɡɜ ɤɠ 

ˊɟɞůŰŬŰŮɡŰɘəɏɠ ŮˊɘəŬɚɨɣŮɘɠ əŬɘ ůɡɜŮɘůűɏɟɞɡɜ ůŰɖɜ əŬɚɨŰŮɟɖ ˊɟɧůűɡůɖ ɘɜɩɜ 

ɛɐŰɟŬɠ. ɇɏɚɞɠ, ɞɘ ɑɜŮɠ ˊŮɟɘŰɡɚɑůůɞɜŰŬɘ ŬɜɎ ŭɏůɛŮɠ (strand ɐ end) Űɤɜ 204 ɜɖɛŬŰɑɤɜ 

(Űɡˊɘəɐ Űɘɛɐ) ɔɨɟɤ Ŭˊɧ ŰɨɛˊŬɜɞ, ˊŮɟɘůŰɟŮűɧɛŮɜɞ ɛŮ ɛŮɔɎɚɖ ŰŬɢɨŰɖŰŬ Űɖɠ ŰɎɝɖɠ Űɤɜ 

50 m/s. ɇŬ ɟɞɚɎ ɡŬɚɞɜɐɛŬŰɞɠ ɡűɑůŰŬɜŰŬɘ ɝɐɟŬɜůɖ ˊɟɞŰɞɨ ɡˊɞɓɚɖɗɞɨɜ ůŮ ˊŮɟŬɘŰɏɟɤ 

ŭɘŮɟɔŬůɑŬ ɛɞɟűɐɠ. 

 

 

ɳʽˁˈ˄ʰ 24. ʅˍʱʵʽʰ ˉʰˊʰʴ˖ʴʺˌ ʽ˄˗˄ ʴˎʰ˂ʽˇˏ όa) ˁ ʰʽ ʰˉ˂ˇˉˇʽʹ˃ʷ˄ˇ ʵʽʱʴˊʰ˃˃ʰ ʶʴˁʰˍʱˋˍʰˋʹˌ ˉʰˊʰʴ˖ʴʺˌ 
ʽ˄˗˄ ʴˎʰ˂ʽˇˏ όb). [1] 

 

ȼ ŬɜŰɞɢɐ Űɤɜ ɘɜɩɜ ŮɝŬɟŰɎŰŬɘ ůŮ Ŭˊɧ Űɘɠ ůɡɜɗɐəŮɠ ˊŬɟŬɔɤɔɐɠ Űɞɡɠ əŬɘ Űɞ 

ˊŮɟɘɓɎɚɚɞɜ Ůɚɏɔɢɞɡ. ȲɜŮɠ ˊɞɡ ɛɧɚɘɠ ɏɢɞɡɜ ˊŬɟŬůəŮɡŬůɗŮɑ əŬɘ ɧˊɞɡ ɏɢɞɡɜ ɚɖűɗŮɑ 

ɧɚŬ ŰŬ ɛɏŰɟŬ ˊɟɞůŰŬůɑŬɠ Űɞɡɠ əŬŰɎ Űɖɜ ɄŬɟŬůəŮɡɐ ɏɢɞɡɜ ŬɜŰɞɢɐ 3.5 GNm
-2

 əŬɘ ɖ 

ŭɘŬůˊɞɟɎ Űɖɠ ŬɜŰɞɢɐɠ Űɞɡɠ ŮɑɜŬɘ ˊɞɚɨ ɛɘəɟɐ. ɋůŰɧůɞ, ɖ ŬɜŰɞɢɐ Űɞɡɠ ɛŮɘɩɜŮŰŬɘ 

ŮɚɏɔɢɞɜŰŬɘ ůŮ ɡɔɟɧ ˊŮɟɘɓɎɚɚɞɜ, ɚɧɔɤ Űɖɠ Ŭˊɞɟɟɧűɖůɖɠ ɡɔɟŬůɑŬɠ Ŭˊɧ Űɖɜ ŮˊɘűɎɜŮɘɎ 

Űɞɡɠ. ȼ ŮˊɑŭɟŬůɖ Űɞɡ ˊŮɟɘɓɎɚɚɞɜŰɞɠ ŮɑɜŬɘ ŬəɧɛŬ ɘůɢɡɟɧŰŮɟɖ ɧŰŬɜ ɞɘ ɑɜŮɠ ɏɟɢɞɜŰŬɘ ůŮ 
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ŮˊŬűɐ ɛŮ ɞɝɏŬ. ȼ ŬɜŰɞɢɐ əŬɘ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ ŮɝŬɟŰɩɜŰŬɘ Ŭˊɧ Űɖɜ 

ɗŮɟɛɞəɟŬůɑŬ əŬɘ ɞɘ ɑɜŮɠ ɡˊɧəŮɘɜŰŬɘ ůŮ ůŰŬŰɘəɐ əɧˊɤůɖ. 

ɀŮŰŬɝɨ Ɏɚɚɤɜ, ŬɝɑɕŮɘ ɜŬ ŬɜŬűŮɟɗŮɑ ˊɤɠ əŬŰɎ Űɖɜ ŭɘɎɟəŮɘŬ ˊŬɟŬɔɤɔɐɠ Űɤɜ 

ɘɜɩɜ ˊɟɏˊŮɘ ɜŬ ŬˊɞűŮɨɔŮŰŬɘ ɖ ŮˊŬűɐ Űɤɜ ɘɜɩɜ ɛŮŰŬɝɨ Űɞɡɠ ɐ ɛŮ ɎɚɚŬ ŬɜŰɘəŮɑɛŮɜŬ, 

ˊɞɡ ɛˊɞɟŮɑ ɜŬ ˊɟɞəŬɚɏůɞɡɜ ŮˊɘűŬɜŮɘŬəɏɠ əŬəɩůŮɘɠ ůŰɖɜ ɑɜŬ. Ⱥˊɑůɖɠ, ŰŬ ɢɖɛɘəɎ 

ˊɟɧůɗŮŰŬ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ əŬŰɎ Űɖɜ ˊŬɟŬɔɤɔɐ ŭɘŬəɟɑɜɞɜŰŬɘ ůŮ ˊɟɞůɤɟɘɜɎ əŬɘ 

ůɡɛɓŬŰɎ. ɇŬ ˊɟɞůɤɟɘɜɎ ˊɟɧůɗŮŰŬ ɏɢɞɡɜ əɨɟɘɞ ůŰɧɢɞ ŬűŮɜɧɠ Űɖɜ ˊɟɞůŰŬůɑŬ Űɖɠ ɑɜŬɠ 

ɏɜŬɜŰɘ ɛŮɑɤůɖɠ Űɖɠ ŬɜŰɞɢɐɠ ɚɧɔɤ Űɟɘɓɐɠ Űɖɠ ɛŮ ɎɚɚŮɠ ɑɜŮɠ əŬɘ ŬűŮŰɏɟɞɡ Űɖ ůɨɜŭŮůɖ 

Űɤɜ ɘɜɩɜ ɛŮŰŬɝɨ Űɞɡɠ ůŰɖɜ ˊŮɟɑˊŰɤůɖ ˊɞɡ ŭɘŬɛɞɟűɤɗɞɨɜ ůŮ ˊɚɏɝɖ ɨűŬɜůɖɠ, 

ˊɟɞůŭɑŭɞɜŰŬɠ ŰŬɡŰɧɢɟɞɜŬ ůŰɖɜ ɑɜŬ ŬɜŰɘůŰŬŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ. Ɇɡɜɐɗɤɠ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ŬɛɡɚɏɚŬɘŬ, ˊɞɡ ŭɘŮɡəɞɚɨɜɞɡɜ ŬˊɞŰŮɚŮůɛŬŰɘəɎ Űɖɜ ˊɟɧůűɡůɖ ɑɜŬɠ 

əŬɘ ɟɖŰɑɜɖɠ ŮɛˊɞŰɘůɛɞɨ. ɇŬ ˊɟɞůɤɟɘɜɎ ˊɟɧůɗŮŰŬ ŬˊɞɛŬəɟɨɜɞɜŰŬɘ ŮɨəɞɚŬ ɛŮ 

ɗɏɟɛŬɜůɖ Űɤɜ ɘɜɩɜ ůŮ əɚɘɛŬŰɘɕɧɛŮɜɞ ˊŮɟɘɓɎɚɚɞɜ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŬɜɩŰŮɟɖ ɐ ɑůɖ Űɤɜ 

340 
ɞ
C ɔɘŬ ɢɟɞɜɘəɧ ŭɘɎůŰɖɛŬ 15 ï 20 ɤɟɩɜ. ɇŬ ůɡɛɓŬŰɎ ˊɟɧůɗŮŰŬ ɏɢɞɡɜ ůŰɧɢɞ Űɖ 

ɓŮɚŰɑɤůɖ Űɖɠ Ŭɟɢɘəɐɠ ˊɟɧůűɡůɖɠ ɟɖŰɑɜɖɠ ɔɡŬɚɘɞɨ əŬɘ Űɖ ɛŮɑɤůɖ Űɤɜ ŭɡůɎɟŮůŰɤɜ 

ŮˊɘˊŰɩůŮɤɜ Űɖɠ ɡɔɟŬůɑŬɠ ɐ Ɏɚɚɤɜ ˊŮɟɘɓŬɚɚɞɜŰɘəɩɜ ŮˊɘŭɟɎůŮɤɜ. ɄɟɧəŮɘŰŬɘ ˊŮɟɑ 

ɞɟɔŬɜɞˊɡɟɘŰɘəɩɜ ŮɜɩůŮɤɜ Űɞɡ Űɨˊɞɡ X3Si(CH2)nY, ɧˊɞɡ ɖ Ɉ ɞɛɎŭŬ ůɡɛɓŬŰɐ ˊɟɞɠ 

Űɖɜ ˊɞɚɡɛŮɟɘəɐ ɛɐŰɟŬ, ɉ ɖ ɡŭɟɞɚɡɧɛŮɜɖ ɞɛɎŭŬ ůŰɞ ˊɡɟɑŰɘɞ əŬɘ n = 0 ɏɤɠ 3 ɖ ŭɟɎůɖ 

Űɤɜ ɞˊɞɑɤɜ ˊŮɟɘɔɟɎűŮŰŬɘ ůŰɞ ˊŬɟŬəɎŰɤ ůɢɐɛŬ. [1, 2, 3] 

 

 

ɳʽˁˈ˄ʰ 25Φ ɮˉʶʽˁˈ˄ʽˋʹ ʶˉʽˁʱ˂ˎ˕ʹˌ ʾ˄ʰˌ ʴˎʰ˂ʽˇˏΦ [1] 

 

 

3.4.2 ȲɜŮɠ ɎɜɗɟŬəŬ (carbon fibers) 

 

Ƀɘ ɑɜŮɠ ɎɜɗɟŬəŬ ɏɢɞɡɜ ŮˊɘəɟŬŰɐůŮɘ ůŮ ŮűŬɟɛɞɔɏɠ ɧˊɞɡ ŬˊŬɘŰɞɨɜŰŬɘ ɡɣɖɚɐ 

ŬɜŰɞɢɐ əŬɘ ɡɣɖɚɧ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ. Ɇɡɜɐɗɤɠ, ɧˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɞ ɓɏɚŰɘůŰɞɠ 
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ůɡɜŭɡŬůɛɧɠ ɡɣɖɚɩɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ əŬɘ ɢŬɛɖɚɞɨ ɓɎɟɞɡɠ, ɞɘ ɑɜŮɠ ɎɜɗɟŬəŬ 

ŬˊɞŰŮɚɞɨɜ Űɖɜ ŮˊɘəɟŬŰɏůŰŮɟɖ Ůˊɘɚɞɔɐ. Ƀɘ ɑɜŮɠ ɎɜɗɟŬəŬ ŭɘŬŰɖɟɞɨɜ Űɞ ɡɣɖɚɧ ɛɏŰɟɞ 

ŮɚŬůŰɘəɧŰɖŰŬɠ ůŮ ŮűŮɚəɡůɛɧ əŬɘ Űɖɜ ɡɣɖɚɐ ŬɜŰɞɢɐ Ŭəɧɛɖ əŬɘ ůŮ ɡɣɖɚɏɠ 

ɗŮɟɛɞəɟŬůɑŮɠ, Ůɜɩ ŰŬɡŰɧɢɟɞɜŬ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ ŭŮɜ ŮˊɖɟŮɎɕɞɜŰŬɘ Ŭˊɧ Űɖɜ 

ɡɔɟŬůɑŬ. Ⱥˊɑůɖɠ, ɞɘ ɑɜŮɠ ɎɜɗɟŬəŬ ˊɟɞŰɘɛɩɜŰŬɘ ůŮ ŮűŬɟɛɞɔɏɠ ɧˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɢŬɛɖɚɐ 

ɗŮɟɛɘəɐ ŭɘŬůŰɞɚɐ. ȷˊɧ Űɖɜ Ɏɚɚɖ, ŮˊɘŰɟɏˊɞɡɜ ɛɘəɟɐ ˊŬɟŬɛɧɟűɤůɖ ˊɟɘɜ Űɖɜ ɗɟŬɨůɖ, 

ɏɢɞɡɜ ɢŬɛɖɚɐ ŬɜŰɑůŰŬůɖ ůŮ əɟɞɨůɖ əŬɘ Űɞ əɧůŰɞɠ ˊŬɟŬɔɤɔɐɠ Űɤɜ ɘɜɩɜ ɔɟŬűɑŰɖ ŮɑɜŬɘ 

ŰɞɡɚɎɢɘůŰɞɜ ŭɏəŬ űɞɟɏɠ ɡɣɖɚɧŰŮɟɞ Ŭˊɧ Űɞ ŬɜŰɑůŰɞɘɢɞ əɧůŰɞɠ Űɤɜ ɘɜɩɜ ɔɡŬɚɘɞɨ. [1, 

2, 3] 

 

 

ɳʽˁˈ˄ʰ 26Φ ɼˊˏˋˍʰ˂˂ˇˌ ʴˊʰ˒ʾˍʹ ˁʰʽ ʵʽʱˍʰ˅ʹ ʰˍˈ˃˖˄ ʱ˄ʻˊʰˁʰ ˋˍˇ˄ ˁˊˏˋˍʰ˂˂ˇ ʴˊʰ˒ʾˍʹ όa) [1] ˁʰʽ ʱˉˇ˕ʹ 
ʰ˄ʻˊʰˁˇ˄ʹ˃ʱˍ˖˄ όb). 

 

3.4.2.1 ȽŭɘɧŰɖŰŮɠ ɘɜɩɜ ɎɜɗɟŬəŬ 

 

Ƀɘ ŮɝŬɘɟŮŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ŬɜɗɟŬəɞɜɖɛɎŰɤɜ ɞűŮɑɚɞɜŰŬɘ ůŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ 

Űɞɡ ɎɜɗɟŬəŬ əŬɘ Űɞɡɠ ŮɜŭɞŬŰɞɛɘəɞɨɠ ŭŮůɛɞɨɠ ˊɞɡ ůɢɖɛŬŰɑɕŮɘ ɛŮ ɎɚɚŬ ɎŰɞɛŬ 

ɎɜɗɟŬəŬ. Ƀ ɔɟŬűɑŰɖɠ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŬɜɘůɧŰɟɞˊɞɡɠ ˊɞɚɡəɟɡůŰŬɚɚɑŰŮɠ, Űɤɜ ɞˊɞɑɤɜ 

ɖ ŬɜɘůɞŰɟɞˊɑŬ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɘɠ ůɡɜɗɐəŮɠ ˊŬɟŬůəŮɡɐɠ Űɞɡɠ. ȷˊɞŰɏɚŮůɛŬ Űɞɡ 

ɘůɢɡɟɞɨ ˊɟɞůŬɜŬŰɞɚɘůɛɞɨ Űɤɜ əɟɡůŰŬɚɚɘŰɩɜ ˊŬɟɎɚɚɖɚŬ ůŰɞ ŭɘŬɛɐəɖ ɎɝɞɜŬ Űɤɜ 

ŬɜɗɟŬəɞɜɖɛɎŰɤɜ ŮɑɜŬɘ ɖ ɡɣɖɚɐ ůŰɘɓŬɟɧŰɖŰŬ əŬɘ ŬɜŰɞɢɐ ůŮ ɗɟŬɨůɖ əŬɘ ɞ ɢŬɛɖɚɧɠ 

ůɡɜŰŮɚŮůŰɐɠ ɔɟŬɛɛɘəɐɠ ɗŮɟɛɘəɐɠ ŭɘŬůŰɞɚɐɠ əŬŰɎ Űɖ ŭɘŮɨɗɡɜůɖ ŬɡŰɐ. ɆŰɖ ɔɟŬűɘŰɘəɐ 

ŭɞɛɐ ŰŬ ɎŰɞɛŬ Űɞɡ ɎɜɗɟŬəŬ ŭɘŬŰɎůůɞɜŰŬɘ ˊɞɚɨ ˊɡəɜɎ ɛŮ Űɖ ɛɞɟűɐ ŮɝŬɔɤɜɘəɩɜ 

Ůˊɘˊɏŭɤɜ. Ƀ ɘůɢɡɟɧɠ ɞɛɞɘɞˊɞɚɘəɧɠ ŭŮůɛɧɠ ɛŮŰŬɝɨ Űɤɜ ŬŰɧɛɤɜ ůŮ ŬɡŰɏɠ Űɘɠ ŮˊɑˊŮŭŮɠ 

ŮɝŬɔɤɜɘəɏɠ ůŰɟɩůŮɘɠ ɞŭɖɔŮɑ ůŮ ɏɜŬ ŮɝŬɘɟŮŰɘəɎ ɡɣɖɚɧ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ, Ůɜɩ ɞ 

ŬůɗŮɜɐɠ Űɨˊɞɡ ŭŮůɛɧɠ Van der Waals ˊɞɡ ɡűɑůŰŬŰŬɘ ɛŮŰŬɝɨ ɔŮɘŰɞɜɘəɩɜ ůŰɟɩůŮɤɜ 

ɏɢŮɘ ɤɠ ŬˊɞŰɏɚŮůɛŬ ɏɜŬ ɢŬɛɖɚɧŰŮɟɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ ůŮ ŬɡŰɐ Űɖ ŭɘŮɨɗɡɜůɖ. 
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Ⱥˊɞɛɏɜɤɠ, ɞɘ ɓŬůɘəɏɠ əɟɡůŰŬɚɚɘəɏɠ ɛɞɜɎŭŮɠ ŮɑɜŬɘ ɏɜŰɞɜŬ ŬɜɘůɧŰɟɞˊŮɠ, ɛŮ 

ŬˊɞŰɏɚŮůɛŬ ŬɜŬɚɧɔɤɠ Űɖɠ ŭɘɎŰŬɝɖɠ Űɤɜ ŮˊɑˊŮŭɤɜ ůŰɟɩůŮɤɜ əŬŰɎ Űɖ ŭɘŬŰɞɛɐ ɛɘŬɠ 

ɑɜŬɠ ɜŬ ŮˊɖɟŮɎɕɞɜŰŬɘ əŬɘ ɞɘ ɘŭɘɧŰɖŰŮɠ Űɖɠ ɑɜŬɠ. [3] 

 

 

ɳʽˁˈ˄ʰ 27Φ ɲʽʱ˒ˇˊʶˌ ʵʽʰˍʱ˅ʶʽˌ ʶˉʽˉʷʵ˖˄ ˋˍˊ˗ˋʶ˖˄ ˁʰˍʱ ˍʹ ʵʽʰˍˇ˃ʺ ʾ˄ʰˌ ʰ˄ʻˊʰˁˇ˄ʺ˃ʰˍˇˌΦ 

 

3.4.2.2 ɄŬɟŬɔɤɔɐ ɘɜɩɜ ɎɜɗɟŬəŬ 

 

ɆŰɖɜ ˊŬɟŬɔɤɔɐ ŬɜɗɟŬəɞɜɖɛɎŰɤɜ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɤɠ ˊɟɩŰɖ ɨɚɖ ˊɞɚɡɛŮɟɘəɏɠ 

ɑɜŮɠ ˊɞɚɡŬəɟɡɚɞɜɘŰɟɘɚɑɞɡ (PAN), ɑɜŮɠ ŰŮɢɜɖŰɐɠ ɛɏŰŬɝŬɠ (rayon) əŬɘ ˊɑůůŬ. ȼ 

ˊŬɟŬɔɤɔɐ Űɤɜ ɘɜɩɜ ɔɟŬűɑŰɖ Ŭˊɧ ɑɜŮɠ PAN ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ůŮ ŰɟɑŬ ůŰɎŭɘŬ. ɆŰɞ 

ˊɟɩŰɞ, ɚŬɛɓɎɜŮɘ ɢɩɟŬ ɞɝŮɑŭɤůɖ ɡˊɧ ŰɎůɖ Űɤɜ ɘɜɩɜ PAN ůŰɞɜ ŬɏɟŬ əŬɘ ůŮ ɢŬɛɖɚɐ 

ɗŮɟɛɞəɟŬůɑŬ (100-200
o
C). ɇŬɡŰɧɢɟɞɜŬ ɛŮ Űɖɜ ɞɝŮɑŭɤůɖ ŮűŬɟɛɧɕŮŰŬɘ əŬɘ ɞɟɘůɛɏɜɖ 

ŰɎůɖ ˊɞɡ ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɖ ɔɘŬ Űɖɜ ŮɡɗɡɔɟɎɛɛɘůɖ Űɤɜ Ŭɚɡůɑŭɤɜ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ. 

ȰˊŮɘŰŬ ŬəɞɚɞɡɗŮɑ ˊɡɟɧɚɡůɖ, ɡˊɧ ŰɎůɖ, ůŮ ɞɡŭɏŰŮɟɖ ɐ ŬɜŬɔɤɔɘəɐ ŬŰɛɧůűŬɘɟŬ ůŮ 

ɗŮɟɛɞəɟŬůɑŬ 1100 ï 1500
o
C. Ƀɘ ˊŬɟŬɔɧɛŮɜŮɠ ɑɜŮɠ Ŭˊɧ ŬɡŰɧ Űɞ ůŰɎŭɘɞ 

ɢŬɟŬəŰɖɟɑɕɞɜŰŬɘ ɤɠ ɑɜŮɠ ɎɜɗɟŬəŬ ɡɣɖɚɐɠ ŬɜŰɞɢɐɠ (high strength carbon fibers), 

Ŭűɞɨ ɖ ŬɜŰɞɢɐ Űɞɡɠ űŰɎɜŮɘ ŰŬ 3000 MPa. ɇɏɚɞɠ, ůɡɜŮɢɑɕŮŰŬɘ ɖ ɗɏɟɛŬɜůɖ ůŮ 

ɞɡŭɏŰŮɟɖ ɐ ŬɜŬɔɤɔɘəɐ ŬŰɛɧůűŬɘɟŬ ůŮ ɗŮɟɛɞəɟŬůɑŮɠ  2500 ï 3000 
o
C, ɧˊɞɡ 

ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɔɟŬűɘŰɑŬůɖ ɛŮ ŰŬɡŰɧɢɟɞɜɖ ŬɜŬəɟɡůŰɎɚɚɤůɖ ˊɞɡ ɞŭɖɔŮɑ ůŮ ɘůɢɡɟɧ 

ˊɟɞůŬɜŬŰɞɚɘůɛɧ Űɤɜ əɟɡůŰŬɚɚɘŰɩɜ. Ƀɘ ˊŬɟŬɔɧɛŮɜŮɠ ɑɜŮɠ ŬɡŰɞɨ Űɞɡ ůŰŬŭɑɞɡ 

ɢŬɟŬəŰɖɟɑɕɞɜŰŬɘ ɤɠ ɑɜŮɠ ɎɜɗɟŬəŬ ɡɣɖɚɞɨ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ (high modulus 

carbon fibers). ɇɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ ůŮ ŬɡŰɐɜ Űɖ űɎůɖ űŰɎɜŮɘ ˊŮɟɑˊɞɡ ŰŬ 400 

GPa, Ůɜɩ ɖ ŭɘɎɛŮŰɟɧɠ Űɞɡɠ ŮɑɜŬɘ ˊŮɟɑˊɞɡ 10 ɛm.  

ȷɝɑɕŮɘ ɜŬ ŬɜŬűŮɟɗŮɑ ˊɤɠ ŬŰɏɚŮɘŮɠ ŭɞɛɐɠ ɞŭɖɔɞɨɜ ůŰɖ ŭɖɛɘɞɡɟɔɑŬ əŮɜɩɜ ŬɏɟŬ 

(voids) ˊɞɚɨˊɚɞəɞɡ ůɢɐɛŬŰɞɠ ˊɞɡ ŭɘŬŰɎůůɞɜŰŬɘ əŬŰɎ ɛɐəɞɠ Űɖɠ ɑɜŬɠ. ɇŬ əŮɜɎ ŬɡŰɎ 

ŬˊɞŰŮɚɞɨɜ ŬŭɨɜŬɛŬ ůɖɛŮɑŬ Űɖɠ ŭɞɛɐɠ, ɧˊɞɡ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůɡɔəŮɜŰɟɩůŮɘɠ ŰɎůŮɤɜ 

ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɖ ɛŮɑɤůɖ Űɖɠ ŬɜŰɞɢɐɠ Űɖɠ ɑɜŬɠ. ȯɚɚŮɠ ŬŭɡɜŬɛɑŮɠ ŭɞɛɐɠ ˊɞɡ 
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ůɡɜŭɏɞɜŰŬɘ ɛŮ Űɞɜ Űɟɧˊɞ ˊŬɟŬůəŮɡɐɠ Űɤɜ ɘɜɩɜ ŮɑɜŬɘ ɞɘ ŮˊɘűŬɜŮɘŬəɏɠ ŬŰɏɚŮɘŮɠ əŬɘ ɞɘ 

ɛŬəɟɞəɟɨůŰŬɚɚɞɘ. 

 

 

ɳʽˁˈ˄ʰ 28. ɲʽʰʵʽˁʰˋʾʰ ˉʰˊʰʴ˖ʴʺˌ ʽ˄˗˄ ʱ˄ʻˊʰˁʰΦ [1] 

 

 

ɆŮ ɞɝŮɘŭɤŰɘəɐ ŬŰɛɧůűŬɘɟŬ ɖ ɛɏɔɘůŰɖ ɗŮɟɛɞəɟŬůɑŬ ɢɟɐůɖɠ Űɤɜ 

ŬɜɗɟŬəɞɜɖɛɎŰɤɜ ˊŮɟɘɞɟɑɕŮŰŬɘ ůŰɞɡɠ 500
o
C əŬɘ ɔɘŬ Űɞɡɠ ŭɨɞ Űɨˊɞɡɠ ɘɜɩɜ. Ƀɘ 

ɘŭɘɧŰɖŰŮɠ Űɤɜ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɤɜ ŬɜɗɟŬəɞɜɖɛɎŰɤɜ ŮɝŬɟŰɩɜŰŬɘ ůŮ ɛŮɔɎɚɞ ɓŬɗɛɧ 

Ŭˊɧ Űɖɜ ŬɟɢɘŰŮəŰɞɜɘəɐ Űɤɜ ɘɜɩɜ Űɞɡ PAN (ɛɞɜɞŭɘŮɡɗɡɜŰɘəɏɠ ɑɜŮɠ ɐ ˊɞɚɡŭɘŮɡɗɡɜŰɘəɧ 

ˊɚɏɔɛŬ). Ƀ Űɟɧˊɞɠ ŭɘŮɡɗɏŰɖůɖɠ Űɤɜ ɘɜɩɜ əŬɗɞɟɑɕŮɘ, ɧˊɤɠ ŬɜŬɛɏɜŮŰŬɘ, Űɞ ɓŬɗɛɧ 

ŬɜɘůɞŰɟɞˊɑŬɠ Űɤɜ ŬɜɗɟŬəɞɜɖɛɎŰɤɜ ˊɞɡ ˊɟɞəɨˊŰɞɡɜ əŬɘ ɛˊɞɟŮɑ ɜŬ ˊɞɘəɑɚŮɘ Ŭˊɧ Űɖɜ 

ˊɚɐɟɖ ɘůɞŰɟɞˊɑŬ ɤɠ Űɖɜ ˊɚɐɟɖ ŬɜɘůɞŰɟɞˊɑŬ. ȼ Ůˊɘɚɞɔɐ Ŭˊɧ ɏɜŬ ɛŮɔɎɚɞ Ůɨɟɞɠ Űɘɛɩɜ 

Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ əɎɗŮ ůŰŬŭɑɞɡ ˊŬɟŬɔɤɔɐɠ Űɤɜ ŬɜɗɟŬəɞɜɖɛɎŰɤɜ ŭɑɜŮɘ Űɖ 

ŭɡɜŬŰɧŰɖŰŬ ˊŬɟŬɔɤɔɐɠ ŬɜɗɟŬəɞɜɖɛɎŰɤɜ ŭɘŬűɞɟŮŰɘəɞɨ ɓŬɗɛɞɨ ɔɟŬűɘŰɑŬůɖɠ əŬɘ ɎɟŬ 

ŭɘŬűɞɟŮŰɘəɩɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ. Ƀɘ ɛɖɢŬɜɘəɏɠ əŬɘ ɞɘ űɡůɘəɏɠ ɘŭɘɧŰɖŰŮɠ, ɧˊɤɠ ɖ 

ɗŮɟɛɘəɐ əŬɘ ɖ ɖɚŮəŰɟɘəɐ ŬɔɤɔɘɛɧŰɖŰŬ ŮɝŬɟŰɩɜŰŬɘ Ŭˊɧ Űɞ ɓŬɗɛɧ ɔɟŬűɘŰɑŬůɖɠ əŬɘ Űɞ 

ɓŬɗɛɧ ŬɜɘůɞŰɟɞˊɑŬɠ. [1, 2, 3] 

 

 

 

ʃʾ˄ʰˁʰˌ 4Φ ʋʰˊʰˁˍʹˊʽˋˍʽˁʱ ʽ˄˗˄ ʱ˄ʻˊʰˁʰ ˎ˕ʹ˂ʺˌ ʰ˄ˍˇ˔ʺˌ ˁʰʽ ˎ˕ʹ˂ˇˏ ˃ʷˍˊˇˎ ʶ˂ʰˋˍʽˁˈˍʹˍʰˌΦ 
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3.4.3 ȲɜŮɠ ˊɞɚɡɛŮɟɞɨɠ 

 

Ƀɘ ɑɜŮɠ ˊɞɚɡɛŮɟɩɜ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɤɠ ŮɜɘůɢɡŰɘəɎ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ 

ɡɣɖɚɩɜ ˊɟɞŭɘŬɔɟŬűɩɜ, ɔɘŬ ŰŬ ɞˊɞɑŬ ɡˊɎɟɢɞɡɜ ŬˊŬɘŰɐůŮɘɠ ɢŬɛɖɚɞɨ ɓɎɟɞɡɠ, ɡɣɖɚɐɠ 

ŬɜŰɞɢɐɠ əŬɘ ůŰɘɓŬɟɧŰɖŰŬɠ əŬɘ ŬɜŰɞɢɐɠ ůŮ əɧˊɤůɖ. Ƀɘ ˊɘɞ ůɡɢɜɞɑ Űɨˊɞɘ ˊɞɚɡɛŮɟɘəɩɜ 

ɘɜɩɜ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ Ůɜɑůɢɡůɖ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ ŮɑɜŬɘ ɑɜŮɠ Ŭˊɧ Nylon, 

ˊɞɚɡŬɘɗɡɚɏɜɘɞ əŬɘ ŬɟɤɛŬŰɘəɎ ˊɞɚɡŬɛɑŭɘŬ (ŬɟŬɛɑŭɘŬ), Ůə Űɤɜ ɞˊɞɑɤɜ ŰŬ ŮɡɟɨŰŮɟŬ 

ɔɜɤůŰɎ ŮɑɜŬɘ ŰŬ Kevlar, Nomex, Twaron əŬɘ Technora.  

 

 

 

ʅ˔ʺ˃ʰ 4Φ ʅˎʴˁˊʽˍʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ʰ˄ˍˇ˔ʺˌ ˋʶ ʶ˒ʶ˂ˁˎˋ˃ˈ ʵʽʱ˒ˇˊ˖˄ ʽ˄˗˄ ʶ˄ʾˋ˔ˎˋʹˌΦ [5] 

 

 

 ɄŬɟŬəɎŰɤ ŬəɞɚɞɡɗŮɑ ɏɜŬɠ ůɡɔəŮɜŰɟɤŰɘəɧɠ ˊɑɜŬəŬɠ ŰŮɢɜɘəɩɜ 

ɢŬɟŬəŰɖɟɘůŰɘəɩɜ Űɡˊɘəɩɜ ɘɜɩɜ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŮ ˊɞɘəɑɚŮɠ ŮűŬɟɛɞɔɏɠ ɤɠ 

ɛɏůɞ Ůɜɑůɢɡůɖɠ Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ ˊɞɡ ŬˊŬɟŰɑɕɞɡɜ. 
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ʃʾ˄ʰˁʰˌ 5Φ ʆʶ˔˄ʽˁʱ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ʽ˄˗˄ ʶ˄ʾˋ˔ˎˋʹˌΦ [8] 
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3.4.3.1 ɄŬɟŬɔɤɔɐ ɘɜɩɜ 

 

Ƀɘ ɑɜŮɠ ˊɞɚɡɛŮɟɩɜ ˊŬɟɎɔɞɜŰŬɘ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ˊɚɐɗɞɠ ɛŮɗɧŭɤɜ ˊŮɟɘůŰɟɞűɐɠ 

(ɘɜɞˊɞɑɖůɖ) (spinning methods) - ɝɖɟɐ, ɡɔɟɐ, ɔɏɚɖɠ əŬɘ Űɐɝɖɠ ˊŮɟɘůŰɟɞűɏɠ. To 

spinning ŬɜŬűɏɟŮŰŬɘ ůŰɖ ŭɘŬŭɘəŬůɑŬ Ůɝɩɗɖůɖɠ ɘɜɩɜ ɛɏůŬ Ŭˊɧ ɛɘŬ ůŮɘɟɎ ɛɘəɟɩɜ ɞˊɩɜ 

ůŮ ůɡůəŮɡɏɠ ɔɜɤůŰɏɠ ɤɠ ˊŮɟɘŭɘɜɖŰɏɠ. ɇɞ ˊɞɚɡɛŮɟɏɠ ɡɚɘəɧ (əŬɘ ɞɘ ŭɘŬɚɨŰŮɠ Ůűɧůɞɜ 

ɡˊɎɟɢɞɡɜ) ˊɘɏɕŮŰŬɘ ɛɏůɤ Űɤɜ ɞˊɩɜ ůŰɞɡɠ ˊŮɟɘŭɘɜɖŰɏɠ. Ƀɘ ˊŮɟɘŭɘɜɖŰɏɠ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ Űɖɜ ˊŬɟŬɔɤɔɐ ůɡɜɗŮŰɘəɩɜ ɘɜɩɜ ŮɑɜŬɘ ɛɐŰɟŮɠ ˊɞɡ ɛɞɘɎɕɞɡɜ ůŰɞ 

Űɖɚɏűɤɜɞ Űɞɡ ɜŰɞɡɠ. ȾŬɗɩɠ Űɞ ˊɞɚɡɛŮɟɏɠ ɓɔŬɑɜŮɘ Ŭˊɧ Űɘɠ ɞˊɏɠ, Űɞ ˊɞɚɡɛŮɟɏɠ 

ůŰŮɟŮɞˊɞɘŮɑŰŬɘ, ůɢɖɛŬŰɑɕɞɜŰŬɠ ɑɜŮɠ ŮɚŮɔɢɧɛŮɜɤɜ əŬɘ ůŰŬɗŮɟɩɜ ŭɘŬɛɏŰɟɤɜ əŬɘ 

ŭɘŬŰɞɛɩɜ ůɢŮŭɧɜ ŬˊŮɟɘɧɟɘůŰɞɡ ɛɐəɞɡɠ. ȰˊŮɘŰŬ ɞɘ ɑɜŮɠ ŰŮɜŰɩɜɞɜŰŬɘ əŬɘ ŰɡɚɑɔɞɜŰŬɘ 

ɔɨɟɤ Ŭˊɧ ɟɎɞɡɚŬ ɡˊɞŭɞɢɐɠ. ɇɞ ŰɏɜŰɤɛŬ Űɤɜ ɘɜɩɜ ŬɡɝɎɜŮɘ Űɖɜ ŬɜŰɞɢɐ Űɞɡɠ ůŮ 

ŮűŮɚəɡůɛɧ əŬɘ Űɖ ŭɡůɗɟŬɡůŰɧŰɖŰŬ Űɞɡɠ əŬɗɩɠ ɞɘ ɛɞɟɘŬəɏɠ ŬɚɡůɑŭŮɠ Űɞɡɠ 

ŮɡɗɡɔɟŬɛɛɑɕɞɜŰŬɘ əŬŰɎ ɛɐəɞɠ Űɞɡ ɎɝɞɜŬ Űɖɠ ɑɜŬɠ. 

 

 

 

ɳʽˁˈ˄ʰ 29Φ ɾʷʻˇʵˇʽ ʽ˄ˇˉˇʾʹˋʹˌ ʴʽʰ ˍʹ˄ ˉʰˊʰʴ˖ʴʺ ʽ˄˗˄ ˉˇ˂ˎ˃ʶˊ˗˄Φ [7] 

 

ȼ ɛɏɗɞŭɞɠ ɘɜɞˊɞɑɖůɖɠ ŮˊɘɚɏɔŮŰŬɘ ɓɎůŮɘ Űɖɠ ůɡɛɓŬŰɧŰɖŰŬɠ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ. 

ũɘŬ ˊŬɟɎŭŮɘɔɛŬ ɗŮɟɛɞˊɚŬůŰɘəɎ ˊɞɚɡɛŮɟɐ ŬˊŬɘŰɞɨɜ ůɡɟɛŬŰɞˊɞɑɖůɖ Űɐɝɖɠ, Ůɜɩ 

ɗŮɟɛɞůəɚɖɟŬɘɜɧɛŮɜŬ ˊɞɚɡɛŮɟɐ ŬˊŬɘŰɞɨɜ Űɖ ŭɘɎɚɡůɐ Űɞɡɠ ůŮ ŭɘŬɚɨŰɖ. ȲɜŮɠ 

ŬɟŬɛɘŭɑɤɜ (Kevlar) əŬɘ UHMWPE (Dyneema əŬɘ Spectra) ˊŬɟɎɔɞɜŰŬɘ ɛŮ 

ůɡɟɛŬŰɞˊɞɑɖůɖ ŮɜŰɧɠ ɔɏɚɖɠ. ȲɜŮɠ Ŭˊɧ nylon (ˊɞɚɡŬɛɑŭɘɞ), Vectran (ɡɔɟɧɠ 

əɟɡůŰŬɚɚɘəɧɠ ˊɞɚɡŮůŰɏɟŬɠ) əŬɘ Űɞ (terephthalate ˊɞɚɡŬɘɗɡɚɏɜɘɞ) ˊŬɟɎɔɞɜŰŬɘ ɛŮ 

ůɡɟɛŬŰɞˊɞɑɖůɖ ŰɐɔɛŬŰɞɠ. ȲɜŮɠ Ŭˊɧ PBI (polybenzimidazone) ˊŬɟɎɔɞɜŰŬɘ Ŭˊɧ ɝɖɟɐ 

ůɡɟɛŬŰɞˊɞɑɖůɖ. ɆŰɘɠ ɑɜŮɠ ŮűŬɟɛɧɕɞɜŰŬɘ əŬɘ ɛɏɗɞŭɞɘ ˊŮɟŬɘŰɏɟɤ ŮˊŮɝŮɟɔŬůɑŬɠ, 

ůɡɛˊŮɟɘɚŬɛɓŬɜɧɛŮɜɖɠ Űɖɠ ŭɘŬəɟɑɓɤůɖɠ (sizing). Ƀɘ ɛɏɗɞŭɞɘ ŭɘŬəɟɑɓɤůɖɠ ŮɑɜŬɘ 
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ŮˊɘűŬɜŮɘŬəɏɠ əŬŰŮɟɔŬůɑŮɠ Űɤɜ ɘɜɩɜ (ɐ ɜɖɛɎŰɤɜ) ɛŮ ůəɞˊɧ Űɖ ɓŮɚŰɑɤůɖ Űɖɠ Ŭˊɧŭɞůɖɠ 

Űɞɡ ŰŮɚɘəɞɨ ˊɟɞɥɧɜŰɞɠ, Űɖ ɛŮɑɤůɖ Űɖɠ Űɟɘɓɐɠ ɔɘŬ ˊɘɞ Ůɨəɞɚɞ ɢŮɘɟɘůɛɧ əŬɘ ˊɘɞ əŬɚɐ 

ɨűŬɜůɖ, ɏɚŮɔɢɞ Ŭˊɞɟɟɧűɖůɖɠ Űɖɠ ɡɔɟŬůɑŬɠ, ˊɟɞůŰŬůɑŬ Űɤɜ ɘɜɩɜ Ŭˊɧ 

ˊŮɟɘɓŬɚɚɞɜŰɘəɎ ŬɑŰɘŬ əŬɘ Ŭɡɝɖɛɏɜɖ ůɡɛɓŬŰɧŰɖŰŬ ɔɘŬ ŭɏůɘɛɞ ɛŮ ɡɚɘəɎ ɛɐŰɟŮɠ ůŰŬ 

ůɨɜɗŮŰŬ ɡɚɘəɎ ŮɜɘůɢɡɛɏɜŬ ɛŮ ɑɜŮɠ.  

Ƀɘ ůɖɛŮɟɘɜɞɑ ŰɞɛŮɑɠ ɏɟŮɡɜŬɠ ˊŮɟɘɚŬɛɓɎɜɞɡɜ Űɖɜ ŬɜɎˊŰɡɝɖ ɘɜɩɜ ŮˊɧɛŮɜɖɠ 

ɔŮɜɘɎɠ ɡˊŮɟɡɣɖɚɐɠ Ŭˊɧŭɞůɖɠ ɛɏůɤ ˊɟɞɖɔɛɏɜɖɠ ɢɖɛŮɑŬɠ ˊɞɚɡɛŮɟɩɜ, ŰŮɢɜɞɚɞɔɑŮɠ 

Ůɜɑůɢɡůɖɠ ɛŮ carbon nano-tube ɔɘŬ Űɖɜ ˊŬɟŬɔɤɔɐ ɘɜɩɜ ŬůɨɔəɟɘŰɤɜ ŬɜŰɞɢɩɜ əŬɘ 

ɛŮɗɧŭɞɡɠ ůɡɟɛŬŰɞˊɞɑɖůɖɠ ˊɞɚɡɛŮɟɩɜ ˊɞɡ ŮˊɘŰɟɏˊŮɘ Űɖ ɛŮɑɤůɖ Űɤɜ ŭɘŬɛɏŰɟɤɜ Űɤɜ 

ɘɜɩɜ Ŭˊɧ Űɖɜ əɚɑɛŬəŬ Űɤɜ micrometers ůŮ nano-əɚɑɛŬəŬ. [7] 

 

 

3.4.3.2 Ⱥɑŭɖ ˊɞɚɡɛŮɟɘəɩɜ ɘɜɩɜ 

 

3.4.3.2.1 ȷɟɤɛŬŰɘəɎ ˊɞɚɡŬɛɑŭɘŬ (ŬɟŬɛɑŭɘŬ) 

 

ɋɠ Ůɜɑůɢɡůɖ, ɞɘ ɑɜŮɠ ŬɟŬɛɘŭɑɤɜ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŮ ŮűŬɟɛɞɔɏɠ ɧˊɞɡ 

ŬˊŬɘŰɞɨɜŰŬɘ ɢŬɛɖɚɧ ɓɎɟɞɠ, ɡɣɖɚɐ ŬɜŰɞɢɐ ůŮ ŮűŮɚəɡůɛɧ, ɡɣɖɚɐ ŬɜŰɑůŰŬůɖ ůŮ 

əɟɞɨůɖ əŬɘ ɢŬɛɖɚɧɠ ůɡɜŰŮɚŮůŰɐɠ ɗŮɟɛɘəɐɠ ŭɘŬůŰɞɚɐɠ. ȷˊɧ Űɖɜ Ɏɚɚɖ ŰŬ ůɨɜɗŮŰŬ 

ɡɚɘəɎ ŮɜɘůɢɡɛɏɜŬ ɛŮ ŬɟŬɛɑŭɘŬ ɏɢɞɡɜ ɢŬɛɖɚɐ ŬɜŰɞɢɐ ůŮ ɗɚɑɣɖ əŬɘ ŭɖɛɘɞɡɟɔɞɨɜ 

ŭɡůəɞɚɑŮɠ ůŰɖɜ ŮˊŮɝŮɟɔŬůɑŬ Űɞɡɠ. [4] 

ȼ ˊɟɩŰɖ ɡɣɖɚɐɠ Ŭˊɧŭɞůɖɠ ɞɟɔŬɜɘəɐ ɛɐŰɟŬ ŬɟŬɛɘŭɑɞɡ ˊŬɟŬůəŮɡɎůŰɖəŮ Ŭˊɧ Űɖɜ 

DuPont əŬɘ ɏɔɘɜŮ ɔɜɤůŰɐ ɛŮ Űɖɜ Ůɛˊɞɟɘəɐ ɞɜɞɛŬůɑŬ Kevlar əŬɘ ˊŬɟɎɔŮŰŬɘ ůŮ ŰɟŮɘɠ 

Űɨˊɞɡɠ: 

V Kevlar 29: ɀɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ 60GPa, ŬɜŰɞɢɐ ůŮ ŮűŮɚəɡůɛɧ 3.6 GPa 

V Kevlar 49: ɀɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ 120 GPa, ŬɜŰɞɢɐ ůŮ ŮűŮɚəɡůɛɧ: 3.6 GPa 

V Kevlar 43: ɀɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ 180 GPa, ŬɜŰɞɢɐ ůŮ ŮűŮɚəɡůɛɧ 3.4 GPa 

 

ȼ ˊɡəɜɧŰɖŰŬ əŬɘ Űɤɜ Űɟɘɩɜ Űɨˊɤɜ ŮɑɜŬɘ ɑŭɘŬ (1.45 g/cm
3
). ȼ ŭɘŬűɞɟŮŰɘəɐ 

ŮɚŬůŰɘəɧŰɖŰŬ ɞűŮɑɚŮŰŬɘ ůŰɞ ɔŮɔɞɜɧɠ Űɖɠ ɓŮɚŰɘɤɛɏɜɖɠ ŮɡɗɡɔɟɎɛɛɘůɖɠ Űɤɜ ɛɞɟɘŬəɩɜ 

Ŭɚɡůɑŭɤɜ, ˊɞɡ ŬɡɝɎɜŮɘ ŭɡůəŬɛɣɑŬ ůŰɖ ŭɘŮɨɗɡɜůɖ Űɞɡ ɎɝɞɜŬ Űɖɠ ɑɜŬɠ. 

Ƀɘ ɡɣɖɚɏɠ Űɘɛɏɠ Űɤɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ Űɞɡ Kevlar ɞűŮɑɚɞɜŰŬɘ ůŰɞ ɔŮɔɞɜɧɠ ɧŰɘ 

ɞɘ ˊɞɚɡɛŮɟɘəɏɠ ŭɞɛɘəɏɠ ŬɚɡůɑŭŮɠ Űɞɡ ɡɚɘəɞɨ ŮɑɜŬɘ əŬɗȭ ŬɡŰɏɠ ˊɘɞ ɘůɢɡɟɏɠ əŬɘ 
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ůɡɜŰɎůůɞɜŰŬɘ ɛŮ ŰɏŰɞɘɞ Űɟɧˊɞ ɩůŰŮ ɜŬ ŭɖɛɘɞɡɟɔɞɨɜ ɏɜŬ ůŰŬɗŮɟɧ ˊɚɏɔɛŬ, ůŮ ɛɞɟűɐ 

ŮˊɑˊŮŭɖɠ ŰŬɘɜɑŬɠ.  

 

 

ɳʽˁˈ˄ʰ 30Φ ɾˇˊʽʰˁʺ ʰ˂ˎˋʾʵʰ ʾ˄ʰˌ YŜǾƭŀǊ пф όʰ ˁʰʽ Ŏύ ˁʰʽ ʵˇ˃ʺ ʾ˄ʰˌ YŜǾƭŀǊ όōύΦ [1] 

 

Ƀ əɡɚɘɜŭɟɘəɧɠ űɚɞɘɧɠ Űɖɠ ɑɜŬɠ ˊŮɟɘəɚŮɑŮɘ əŬɘ ůɡɔəɟŬŰŮɑ Űɞ ɡɚɘəɧ Űɞɡ ˊɡɟɐɜŬ, 

ŬˊɞŭɑŭɞɜŰŬɠ ůŰɞ ˊɟɞɥɧɜ ɘŭɘŬɑŰŮɟŬ ɡɣɖɚɏɠ ŮˊɘŭɧůŮɘɠ əŬŰɎ Űɖɜ Ŭɝɞɜɘəɐ ŭɘŮɨɗɡɜůɖ, 

ŬɚɚɎ űŰɤɢɐ ůɡɛˊŮɟɘűɞɟɎ əŬŰɎ Űɖɜ ŮɔəɎɟůɘŬ ŭɘŮɨɗɡɜůɖ. Ⱥˊɑůɖɠ, Ůɜɩ ůŰɖɜ 

ŮűŮɚəɡůŰɘəɐ əŬŰŬˊɧɜɖůɖ Űɞ ɡɚɘəɧ ůɡɛˊŮɟɘűɏɟŮŰŬɘ ŮɚŬůŰɘəɎ ɛŮ ˊŬɟŬɛɧɟűɤůɖ ɏɤɠ 

əŬɘ 2%, ůŰɖ ɗɚɑɣɖ ɛŮ 0,3% ɗɚɘˊŰɘəɐ ˊŬɟŬɛɧɟűɤůɖ ŬɜŬˊŰɨůůŮŰŬɘ ˊɚŬůŰɘəɞɨ Űɨˊɞɡ 

ŬůŰɞɢɑŬ. ȷɝɑɕŮɘ ɜŬ ŬɜŬűŮɟɗŮɑ ˊɤɠ ɖ ŬůŰɞɢɑŬ ŬɡŰɐ ŭŮɜ ŮɑɜŬɘ əŬŰŬůŰɟɞűɘəɐ, ŬɚɚɎ ɏɢŮɘ 

Űɖ ɛɞɟűɐ ˊŰɡɢɩůŮɤɜ (kink bands). [1] 

 

3.4.3.2.2 ȲɜŮɠ Ŭˊɧ ɡɣɖɚɞɨ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ ˊɞɚɡŬɘɗɡɚɏɜɘɞ (UHMWPE ) 

 

Ƀɘ ˊɘɞ ɔɜɤůŰɏɠ ɑɜŮɠ ŬɡŰɞɨ Űɞɡ Űɨˊɞɡ ŮɑɜŬɘ ɞɘ Spectra əŬɘ Dyneema. ȼ ɛɏɗɞŭɞɠ 

ˊŬɟŬɔɤɔɐɠ ɛŮ ˊŮɟɘŭɑɜɖůɖ ŰɐɔɛŬŰɞɠ ˊŬɟɎɔŮɘ ɛɘŬ ɏɜŰɞɜŬ ˊɟɞůŬɜŬŰɞɚɘůɛɏɜɖ ɘɜɩŭɖ 

ŭɞɛɐ ɡɣɖɚɞɨ ɓŬɗɛɞɨ əɟɡůŰŬɚɚɘəɧŰɖŰŬɠ (95%-99%). ɄɟɧəŮɘŰŬɘ ɔɘŬ ɑɜŮɠ ɛŮ Űɞɜ 

ɡɣɖɚɧŰŮɟɞ ɚɧɔɞ ŬɜŰɞɢɐɠ ï ɓɎɟɞɡɠ Ŭˊɧ ɧɚŮɠ Űɘɠ Ůɡɟɏɤɠ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜŮɠ ɑɜŮɠ. 

ɆɡɔəŮəɟɘɛɏɜŬ ɔɘŬ Űɘɠ ɑɜŮɠ Spectra, ŭɨɞ ŮɝŬɘɟŮŰɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡɠ ŮɑɜŬɘ ɖ 

ɢŬɛɖɚɐ Ŭˊɞɟɟɧűɖůɖ ɡɔɟŬůɑŬɠ (1% ůŮ ůɢɏůɖ ɛŮ 5-6% ɔɘŬ Űɞ Kevlar 49) əŬɘ ɡɣɖɚɐ 

ŬɜŰɞɢɐ ůŮ ŮəŰɟɘɓɐ. ɇɞ ůɖɛŮɑɞ Űɐɝɖɠ Űɤɜ ɘɜɩɜ Spectra ŮɑɜŬɘ 147
o
C, ŬɚɚɎ əŬɗɩɠ 

ŮɛűŬɜɑɕɞɜŰŬɘ ɏɜŰɞɜŬ űŬɘɜɧɛŮɜŬ Ůɟˊɡůɛɞɨ ůŮ ɗŮɟɛɞəɟŬůɑŮɠ Ɏɜɤ Űɤɜ 100
ɞ
C, Űɞ 

ŬɜɩŰŮɟɞ ɧɟɘɞ ɚŮɘŰɞɡɟɔɑŬɠ Űɞɡɠ ůŮ ɏɜŬ ůɨɜɗŮŰɞ ɡɚɘəɧ ˊŮɟɘɞɟɑɕŮŰŬɘ ůŰɞɡɠ 80
o
C ɛŮ 
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90
o
C. ȾŬŰɎ Űɖɜ ˊŬɟŬůəŮɡɐ Ůɜɧɠ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ ɛŮ ɑɜŮɠ Spectra ɗŮɟɛɞəɟŬůɑŮɠ əɎŰɤ 

Űɤɜ 125
o
C ɗŮɤɟɞɨɜŰŬɘ ɛɘŬ ŬůűŬɚɐ ˊŮɟɘɞɢɐ, əŬɗɩɠ Ŭˊɧ ŮəŮɑ əŬɘ ˊɎɜɤ ˊŬɟɞɡůɘɎɕɞɡɜ 

ɛɘŬ ůɖɛŬɜŰɘəɐ əŬɘ ŬˊɧŰɞɛɖ ˊŰɩůɖ ůŮ ŬɜŰɞɢɐ.  

 

 

ɳʽˁˈ˄ʰ 31Φ ɳˉʰ˄ʰ˂ʰ˃ʲʰ˄ˈ˃ʶ˄ˇˌ ˃ˇˊʽʰˁˈˌ ˍˏˉˇˌ ʽ˄˗˄ Spectra (aύ ˁʰʽ ʰˉʶʽˁˈ˄ʽˋʹ ʽ˄˗˄ Spectra (b) 

 

Ƀɘ ɑɜŮɠ Spectra ˊŬɟɏɢɞɡɜ ɛŮɔɎɚɖ ŬɜŰɑůŰŬůɖ ůŮ əɟɞɨůɖ ɧŰŬɜ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŮ ˊɞɚɡůŰɟɤɛŬŰɘəɎ ůɨɜɗŮŰŬ Ŭəɧɛɖ əŬɘ ůŮ ɢŬɛɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ 

əŬɘ ɔɘŬ ŬɡŰɧ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ əɡɟɑɤɠ ůŮ ɓŬɚɚɘůŰɘəɎ ůɨɜɗŮŰŬ. ɋůŰɧůɞ, ɖ ɢɟɐůɖ Űɞɡɠ 

ůŮ ɡɣɖɚɐɠ Ŭˊɧŭɞůɖɠ ůɨɜɗŮŰŬ ŬŮɟɞɜŬɡˊɖɔɘəɐɠ ŮɑɜŬɘ ˊŮɟɘɞɟɘůɛɏɜɖ, ŮəŰɧɠ əɘ Ŭɜ 

ŮűŬɟɛɧɕɞɜŰŬɘ ůŮ ůɡɜŭɡŬůɛɧ ɛŮ ŰŬ ůɡɔəɟɘŰɘəɎ ˊɘɞ ůŰɘɓŬɟɎ ŬɜɗɟŬəɞɜɐɛŬŰŬ ɔɘŬ Űɖɜ 

ˊŬɟŬůəŮɡɐ ɡɓɟɘŭɘəɩɜ ˊɞɚɡůŰɟɤɛŬŰɘəɩɜ ůɨɜɗŮŰɤɜ ɛŮ ɓŮɚŰɘɤɛɏɜɖ ůɡɛˊŮɟɘűɞɟɎ 

ůŰɖɜ əɟɞɨůɖ ůŮ ůɢɏůɖ ɛŮ Ŭɛɘɔɩɠ ŬɜɗɟŬəɞɜɖɛɎŰɘɜŬ ůɨɜɗŮŰŬ. [4] 

 

3.4.3.2.3 ȲɜŮɠ PBO 

 

Ƀɘ ɑɜŮɠ Ŭˊɧ PBO (poly-phenylene benzobisoxazole) Ŭɜɐəɞɡɜ ůŰɖɜ ɞɛɎŭŬ Űɤɜ 

ɞɟɔŬɜɘəɩɜ ɘɜɩɜ ɡɣɖɚɐɠ Ŭˊɧŭɞůɖɠ əŬɘ ŭɘŬŰɑɗŮɜŰŬɘ Ŭˊɧ Űɖɜ ŮŰŬɘɟŮɑŬ Toyobo ɛŮ Űɖɜ 

ɞɜɞɛŬůɑŬ Zylon. Ƀɘ ɑɜŮɠ Zylon ɏɢɞɡɜ ŮɝŬɘɟŮŰɘəɏɠ ɗŮɟɛɘəɏɠ ɘŭɘɧŰɖŰŮɠ əŬɘ ŮɛűŬɜɑɕɞɡɜ 

ůɢŮŭɧɜ Űɖ ŭɘˊɚɎůɘŬ ŬɜŰɞɢɐ ůŮ ŮűŮɚəɡůɛɧ Ŭˊɧ ɧŰɘ ɞɘ ɑɜŮɠ Ŭˊɧ ůɡɛɓŬŰɘəɎ ˊŬɟŬ-

ŬɟŬɛɑŭɘŬ (ˊ.ɢ. Kevlar, Twaron, Technora). ȺəŰɧɠ Ŭˊɧ ɡɣɖɚɧ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ, ɞɘ 

ɑɜŮɠ Ŭˊɧ PBO ŮɛűŬɜɑɕɞɡɜ əŬɘ ɛŮɔɎɚɖ ŬɜŰɑůŰŬůɖ ůŰɖɜ ˊɡɟɎ, ůɢŮŭɧɜ ŭɘˊɚɎůɘŬ Ŭˊɧ 

Űɤɜ ɛŮŰŬ-ŬɟŬɛɘŭɑɤɜ, ɧˊɤɠ Űɞ Nomex. ɆɡɔəŮəɟɘɛɏɜŬ, ɖ ˊɡəɜɧŰɖŰɎ Űɞɡɠ ŮɑɜŬɘ 1,54 

g/cm3, ɖ ŬɜŰɞɢɐ Űɞɡɠ ůŮ ŮűŮɚəɡůɛɧ ŬɜɏɟɢŮŰŬɘ ůŰŬ 5800 MPa əŬɘ Űɞ ɛɏŰɟɞ 

ŮɚŬůŰɘəɧŰɖŰŬɠ ůŰŬ 270 GP.  

ɆŰŬ ɛŮɘɞɜŮəŰɐɛŬŰŬ Űɞɡɠ ůɡɔəŬŰŬɚɏɔŮŰŬɘ Űɞ ɔŮɔɞɜɧɠ ˊɤɠ ɖ ŬɜŰɞɢɐɠ Űɞɡɠ ɛˊɞɟŮɑ 

ɜŬ ɛŮɘɤɗŮɑ ɏɤɠ əŬɘ əŬŰɎ 35% ɛŮŰɎ Ŭˊɧ ɏɝɘ ɛɐɜŮɠ ɏəɗŮůɖɠ ůŰɞ űɤɠ Űɖɠ ɖɛɏɟŬɠ, əŬɘ 
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ɔŮɜɘəɧŰŮɟŬ ɞɘ ɑɜŮɠ ŮɛűŬɜɑɕɞɡɜ ˊɟɞɓɚɐɛŬŰŬ ɔɐɟŬɜůɖɠ ɧŰŬɜ ŮəŰɑɗŮɜŰŬɘ ůŮ 

ˊŮɟɘɓŬɚɚɞɜŰɘəɞɨɠ ˊŬɟɎɔɞɜŰŮɠ. [9, 10] 

 

 

 

ɳʽˁˈ˄ʰ 32Φ ɯˉˇ˕ʹ ʽ˄˗˄ PBO (aύ ˁʰʽ ˃ˇˊʽʰˁʺ ʰ˂ˎˋʾʵʰ ʽ˄˗˄ PBO (b). 
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4. ȾŮűɎɚŬɘɞ: ɁŬɜɞɦɚɘəɎ 

 

 

 

 

4.1 ȺɘůŬɔɤɔɐ ůŰɖ ɜŬɜɞŰŮɢɜɞɚɞɔɑŬ 

 

ȼ ɜŬɜɞŰŮɢɜɞɚɞɔɑŬ ŬűɞɟɎ Űɖ ɛŮɚɏŰɖ Űɖɠ ɨɚɖɠ ůŮ ŬŰɞɛɘəɧ, ɛɞɟɘŬəɧ ŮˊɑˊŮŭɞ əŬɘ 

ɡˊŮɟɛɞɟɘŬəɧ ŮˊɑˊŮŭɞ. Ƀ ůɡɔəŮəɟɘɛɏɜɞɠ ɧɟɞɠ Ůɘůɐɢɗɖ ɔɘŬ ˊɟɩŰɖ űɞɟɎ Űɞ 1974 Ŭˊɧ 

Űɞɜ əŬɗɖɔɖŰɐ Norio Taniguchi [11] əŬɘ ŬɜŬűɏɟŮŰŬɘ ůŰɞ ůɢŮŭɘŬůɛɧ ɜɏɤɜ ɡɚɘəɩɜ, 

ůɡůəŮɡɩɜ əŬɘ ůɡůŰɖɛɎŰɤɜ ˊɞɡ ŭɞɡɚŮɨɞɡɜ ůŮ əɚɑɛŬəŬ ɛŮɔɏɗɞɡɠ Ŭˊɧ 1 ɏɤɠ 100 nm. 

ɆŰɖ ɜŬɜɞəɚɑɛŬəŬ ɞɘ ɛɖɢŬɜɘəɏɠ, űɡůɘəɏɠ əŬɘ ɢɖɛɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ɡɚɘəɩɜ ŭɘŬűɏɟɞɡɜ 

ůɖɛŬɜŰɘəɎ ɛŮ Űɖ ůɡɛˊŮɟɘűɞɟɎ Űɤɜ ɑŭɘɤɜ ɡɚɘəɩɜ ůŰɖɜ ɛŬəɟɞəɚɑɛŬəŬ. ɇŬ 

ɜŬɜɞůɤɛŬŰɑŭɘŬ ŮɛűŬɜɑɕɞɡɜ ɛŮɔɎɚɖ ŮˊɘűɎɜŮɘŬ ŮˊŬűɐɠ, ˊɟɎɔɛŬ ˊɞɡ ŮˊɖɟŮɎɕŮɘ Űɖɜ 

əɘɜɖŰɘəɧŰɖŰŬ əŬɘ Űɖ ůɡɛˊŮɟɘűɞɟɎ Űɞɡɠ. Ⱥˊɞɛɏɜɤɠ, Ŭűɞɨ əŬɗɑůŰŬŰŬɘ ŭɡɜŬŰɐ ɖ 

ŬɚɚŬɔɐ ůŮ ɗŮɛŮɚɘɩŭŮɘɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ɡɚɘəɩɜ, ɢɤɟɑɠ ɜŬ ŰɟɞˊɞˊɞɘɖɗŮɑ ɖ ɢɖɛɘəɐ Űɞɡɠ 

ůɨůŰŬůɖ, ŭɖɛɘɞɡɟɔŮɑŰŬɘ ɖ ˊɟɞɞˊŰɘəɐ ɔɘŬ ˊɎɟŬ ˊɞɚɚɏɠ ŮűŬɟɛɞɔɏɠ. 

ɇŬ ɡɚɘəɎ ˊɞɡ ŰɞɡɚɎɢɘůŰɞɜ ɖ ɛɘŬ ŭɘɎůŰŬůɐ Űɞɡɠ ɓɟɑůəŮŰŬɘ ůŰɖɜ ɜŬɜɞəɚɑɛŬəŬ 

əŬɚɞɨɜŰŬɘ ɜŬɜɞɦɚɘəɎ əŬɘ ɞɘ ŭɘɎűɞɟŮɠ ŭɞɛɏɠ ɜŬɜɞŭɞɛɏɠ. ɇŬ űɞɡɚŮɟɏɜɘŬ, ŭɞɛɏɠ 

ɎɜɗɟŬəŬ ůŮ ɛɞɟűɐ ůűŬɑɟŬɠ, əŬɗɩɠ əŬɘ ɞɘ ɜŬɜɞůɤɚɐɜŮɠ ɎɜɗɟŬəŬ, ŭɞɛɏɠ ɎɜɗɟŬəŬ ůŮ 

ɛɞɟűɐ ůɤɚɐɜŬ, ŭɘŬɗɏŰɞɡɜ ɘŭɘŬɑŰŮɟŮɠ ɘŭɘɧŰɖŰŮɠ Űɞ əŬɗɏɜŬ əŬɘ ŬˊɞŰŮɚɞɨɜ ůŰŬɗɛɞɨɠ 

ůŰɖɜ Ůɝɏɚɘɝɖ Űɖɠ ɜŬɜŬŰŮɢɜɞɚɞɔɑŬɠ. [2] 

 

 

4.2 ɁŬɜɞůɨɜɗŮŰŬ ɡɚɘəɎ 

 

ɆŰŬ ɜŬɜɞůɨɜɗŮŰŬ ɡɚɘəɎ, Űɞ ɏɜŬ ŰɞɡɚɎɢɘůŰɞɜ ɡɚɘəɧ ˊɟɏˊŮɘ ɜŬ ɓɟɑůəŮŰŬɘ ůŰɖ 

ɜŬɜɞəɚɑɛŬəŬ. ɋɠ ɛɐŰɟŬ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ əɎˊɞɘɞ ˊɞɚɡɛŮɟɏɠ, əŮɟŬɛɘəɧ ɐ ɛŮŰŬɚɚɘəɧ 

ɡɚɘəɧ, Ůɜɩ ɤɠ ŮɜɘůɢɡŰɘəɐ űɎůɖ ˊɟɞůŰɑɗŮŰŬɘ əɎˊɞɘɞ ɏɔəɚŮɘůɛŬ ɛŮɔɏɗɞɡɠ ŰɎɝŮɤɠ 

ɜŬɜɞəɚɑɛŬəŬɠ (ɜŬɜɞɏɔəɚŮɘůɛŬ). 

ɇŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ ˊŬɟŬůəŮɡɎɕɞɜŰŬɘ ŮɑŰŮ ůŮ ɛɞɟűɐ əɧəəɞɡ (ɛɖŭŮɜɘəɐɠ 

ŭɘɎůŰŬůɖɠ), ŮɑŰŮ ůŮ ɜŬɜɞůɤɚɐɜŮɠ (ɛɘɎɠ ŭɘɎůŰŬůɖɠ), ŮɑŰŮ ɚŮˊŰɎ ɡɛɏɜɘŬ (thin films, ŭɨɞ 



57 
 

ŭɘŬůŰɎůŮɤɜ), ŮɑŰŮ ůɡɛˊɞɚɡɛŮɟɐ əŬɘ ˊɞɚɨůŰɟɤŰŮɠ ŭɞɛɏɠ, ɧˊɤɠ ŰŬ ˊɞɚɡůŰɟɤɛŬŰɘəɎ 

ɔɟŬűɏɜɘŬ (ŭɨɞ ɐ Űɟɘɩɜ ŭɘŬůŰɎůŮɤɜ).   

ɇŬ ɜŬɜɞůɨɜɗŮŰŬ ɝŮɢɤɟɑɕɞɡɜ  ɛŮ Űɘɠ ŮɝŬɘɟŮŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ ˊɞɡ ˊɟɞůűɏɟɞɡɜ. 

ȷɡŰɐ ɖ ɡˊŮɟɞɢɐ ŬˊɞŭɑŭŮŰŬɘ ůŰŬ ŮɔəɚŮɑůɛŬŰŬ ˊɞɡ ˊɟɞɏɟɢɞɜŰŬɘ Ŭˊɧ ɡɚɘəɎ ɛŮ 

ŬɝɘɞůɖɛŮɑɤŰŮɠ ɘŭɘɧŰɖŰŮɠ. ɋůŰɧůɞ, ɞɘ ɘŭɘɧŰɖŰŮɠ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ ŭŮɜ ŮɝŬɟŰɩɜŰŬɘ 

ɛɧɜɞ Ŭˊɧ Űɘɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ŮɔəɚŮɘůɛɎŰɤɜ, ŬɚɚɎ əŬɘ Ŭˊɧ Űɖ ɛɞɟűɞɚɞɔɑŬ əŬɘ Űɖ 

ŭɘŮˊɘűɎɜŮɘŬ ŮɔəɚŮɑůɛŬŰɞɠ ï ɛɐŰɟŬɠ. ȼ ŭɘŮˊɘűɎɜŮɘŬ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ 

ɜŬɜɞůɡɜɗɏŰɤɜ ŮɑɜŬɘ ɞɡůɘŬůŰɘəɎ ɎˊŮɘɟɖ, əŬɗɩɠ ɖ ŮˊɘűɎɜŮɘŬ ŮˊŬűɐɠ Űɤɜ 

ŮɔəɚŮɘůɛɎŰɤɜ ɛŮ Űɖ ɛɐŰɟŬ ŮɑɜŬɘ ˊɞɚɨ ɛŮɔɎɚɖ. Ⱥˊɑůɖɠ, ůŰɖ ɜŬɜɞəɚɑɛŬəŬ 

ŮɛűŬɜɑɕɞɜŰŬɘ ɛɞɟɘŬəɎ, ŬŰɞɛɘəɎ əŬɘ ˊɡɟɖɜɘəɎ űŬɘɜɧɛŮɜŬ. 

ȷəɞɚɞɡɗɞɨɜ ɞɟɘůɛɏɜŬ Ŭˊɧ ŰŬ ˊɚŮɞɜŮəŰɐɛŬŰŬ Űɤɜ ɜŬɜɞůɡɜɗɏŰɤɜ ɡɚɘəɩɜ ůŮ 

ůɢɏůɖ ɛŮ Űɤɜ əɞɘɜɩɜ ůɨɜɗŮŰɤɜ: 

 

V ȸŮɚŰɘɤɛɏɜŮɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ 

V Ɉɣɖɚɐ ɖɚŮəŰɟɘəɐ ŬɔɤɔɘɛɧŰɖŰŬ, ɖ ɞˊɞɑŬ ůŮ ɞɟɘůɛɏɜŮɠ ˊŮɟɘˊŰɩůŮɘɠ ɝŮˊŮɟɜɎ əŬɘ 

ŬɡŰɐ Űɤɜ ɛŮŰɎɚɚɤɜ. 

V ȷɜ əŬɘ ɔŮɜɘəɎ ɎűɚŮəŰŬ, ůŰɖɜ ˊŮɟɑˊŰɤůɖ ˊɞɡ ŮˊɏɚɗŮɘ əŬɨůɖ ŭɘŬɢɏɞɜŰŬɘ ɚɘɔɧŰŮɟɞ 

ŰɞɝɘəɎ ŬɏɟɘŬ əŬɘ əŬˊɜɞɑ ˊɟɞɠ Űɞ ˊŮɟɘɓɎɚɚɞɜ. 

V ŪŮɟɛɘəɩɠ ůŰŬɗŮɟɎ 

V ɉŬɟŬəŰɖɟɑɕɞɜŰŬɘ Ŭˊɧ ɢŬɛɖɚɐ ˊɡəɜɧŰɖŰŬ, ɞˊɧŰŮ ˊɟɞəɨˊŰɞɡɜ ɜŬɜɞůɨɜɗŮŰŬ ɛŮ 

Ůɘŭɘəɏɠ ɘŭɘɧŰɖŰŮɠ ˊɞɚɨ ɡɣɖɚɏɠ. 

V Ɉɣɖɚɐ ŬɜŰɞɢɐ ůŮ ɏɜŰɞɜŬ Űɞɝɘəɧ (ɢɖɛɘəɧ) ˊŮɟɘɓɎɚɚɞɜ 

 

ȷˊɧ Űɖɜ ŰŬ ɜŬɜɞůɨɜɗŮŰŬ ˊŬɟɞɡůɘɎɕɞɡɜ əŬɘ ɞɟɘůɛɏɜŬ ůɖɛŬɜŰɘəɎ ɛŮɘɞɜŮəŰɐɛŬŰŬ 

ɏɜŬɜŰɘ Űɤɜ əɞɘɜɩɜ ůɡɜɗɏŰɤɜ ɡɚɘəɩɜ, ŰŬ ɞˊɞɑŬ ɧɛɤɠ ŭŮɜ ɛˊɞɟɞɨɜ ɜŬ ɔŮɜɘəŮɡɗɞɨɜ ůŮ 

ɧɚŮɠ Űɘɠ ˊŮɟɘˊŰɩůŮɘɠ. ɇɞ ůɖɛŬɜŰɘəɧŰŮɟɞ ɛŮɘɞɜɏəŰɖɛŬ, əɡɟɑɤɠ ůŰŬ ɜŬɜɞůɨɜɗŮŰŬ 

ɞ́ɚɡɛŮɟɘəɐɠ ɛɐŰɟŬɠ, ŮɑɜŬɘ ɖ ɞɘ ŭɡůəɞɚɑŮɠ ˊɞɡ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɖɜ ˊŬɟŬůəŮɡɐ Űɞɡɠ. 

ȼ ŬɘŰɑŬ ŮɜŰɞˊɑɕŮŰŬɘ ůŰɞ ɔŮɔɞɜɧɠ ˊɤɠ ŰŬ ɜŬɜɞŮɔəɚŮɑůɛŬŰŬ ɏɢɞɡɜ Űɖɜ ŰɎůɖ ɜŬ ɏɚəɞɜŰŬɘ 

ɛŮŰŬɝɨ Űɞɡɠ ɛŮ ŭɡɜɎɛŮɘɠ Van der Waals, ŭɖɛɘɞɡɟɔɩɜŰŬɠ ůɡůůɤɛŬŰɩɛŬŰŬ. ɆɡɜŮˊɩɠ 

ɔɘŬ ɜŬ ŮɝŬůűŬɚɘůŰɞɨɜ ɞɘ ɓɏɚŰɘůŰŮɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ɜŬɜɞůɨɜɗŮŰɞɡ ɡɚɘəɞɨ, ˊɟɏˊŮɘ ɜŬ 

ŮɝŬůűŬɚɘůŰŮɑ ɖ ɞɛɞɔŮɜɐɠ ŭɘŬůˊɞɟɎ Űɤɜ ŮɔəɚŮɘůɛɎŰɤɜ ůŰɖ ɛɐŰɟŬ. ũɘŬ ɜŬ ůɡɛɓŮɑ 

ŬɡŰɧ ŬˊŬɘŰɞɨɜŰŬɘ ɢɟɞɜɞɓɧɟŮɠ ŭɘŮɟɔŬůɑŮɠ , ɞɘ ɞˊɞɑŮɠ əɞůŰɑɕɞɡɜ əŬɘ ˊɟɞɦˊɞɗɏŰɞɡɜ 

əŬŰɎɚɚɖɚɞ Ůɝɞˊɚɘůɛɧ [12, 13]. 
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4.3 ũɟŬűɏɜɘɞ 

 

4.3.1 Ƀ ɎɜɗɟŬəŬɠ əŬɘ ɞɘ ŬɚɚɞŰɟɞˊɘəɏɠ ɛɞɟűɏɠ Űɞɡ 

 

Ƀ ɎɜɗɟŬəŬɠ ŮɑɜŬɘ ɏɜŬ ŰŮŰɟŬůɗŮɜɏɠ ůŰɞɘɢŮɑɞ ˊɞɡ ŰŮɑɜŮɘ ɜŬ ůɢɖɛŬŰɑɕŮɘ 

ɞɛɞɘɞˊɞɚɘəɞɨɠ ŭŮůɛɞɨɠ ɛŮ ɎɚɚŬ ɎŰɞɛŬ. ȸɟɑůəŮŰŬɘ ŬɜɎɛŮůŬ ůŰŬ ŰɏůůŮɟŬ ŬűɗɞɜɧŰŮɟŬ 

ůŰɞɘɢŮɑŬ Űɞɡ ˊɚŬɜɐŰɖ, ŮɑɜŬɘ Űɞ ˊɟɩŰɞ ɢɖɛɘəɧ ůŰɞɘɢŮɑɞ Űɖɠ 14
ɖɠ

 ɞɛɎŭŬɠ Űɞɡ 

ˊŮɟɘɞŭɘəɞɨ ˊɑɜŬəŬ əŬɘ ɏɢŮɘ ŬŰɞɛɘəɧ Ŭɟɘɗɛɧ Ȼ=6. ȷɜŬɚɧɔɤɠ Űɖɠ ŬɚɚɞŰɟɞˊɘəɐɠ 

ɛɞɟűɐɠ Űɞɡ ɎɜɗɟŬəŬ əŬɗɞɟɑɕɞɜŰŬɘ əŬɘ ɞɘ ɘŭɘɧŰɖŰɏɠ Űɞɡ. ȷɡŰɏɠ ɞɘ ɛɞɟűɏɠ ɢɤɟɑɕɞɜŰŬɘ 

ůŮ ŭɨɞ əŬŰɖɔɞɟɑŮɠ: 

V ūɡůɘəɏɠ ɛɞɟűɏɠ ɎɜɗɟŬəŬ: ɔɟŬűɑŰɖɠ, ŭɘŬɛɎɜŰɘ əŬɘ Ɏɛɞɟűɞɠ ɎɜɗɟŬəŬɠ. 

V ɇŮɢɜɖŰɏɠ ɛɞɟűɏɠ ɎɜɗɟŬəŬ: űɞɡɚŮɟɏɜɘŬ, ɜŬɜɞůɤɚɐɜŮɠ ɎɜɗɟŬəŬ, ɑɜŮɠ ɎɜɗɟŬəŬ əŬɘ 

ɔɟŬűɏɜɘɞ. 

 

 

ɳʽˁˈ˄ʰ 33Φ ɮˉʶʽˁˈ˄ʽˋʹ ʱ˄ʻˊʰˁʰΦ 

 

ɆɡɔəŮəɟɘɛɏɜŬ, ɖ ˊŬɟɞɨůŬ ŮɟɔŬůɑŬ ŮůŰɘɎɕŮɘ ůŰɞ ɔɟŬűɏɜɘɞ, Űɞ ɞˊɞɑɞ 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ůŮ ɛɞɟűɐ ɜŬɜɞŭɞɛɩɜ (grapheme nanoplateles) ɔɘŬ Űɖɜ Ůɜɑůɢɡůɖ 

ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ Ŭˊɧ Ůˊɞɝɘəɐ ɟɖŰɑɜɖ əŬɘ ɡŬɚɞɜɐɛŬŰŬ.  

 

 

4.3.2 ũŮɜɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ ɔɟŬűŮɜɑɞɡ 

 

ɇɞ ɔɟŬűɏɜɘɞ ŮɑɜŬɘ ɛɘŬ ŰŮɢɜɖŰɐ ɛɞɟűɐ ɎɜɗɟŬəŬ, ɖ ɞˊɞɑŬ ŬɜŬəŬɚɨűɗɖəŮ Ŭˊɧ 

Űɞɡɠ A. Geim əŬɘ K. Novoselov ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖɠ ɛɏɗɞŭɞ Űɞɡ ɛɘəɟɞɛɖɢŬɜɘəɞɨ 

http://www.google.gr/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjIn9Kdh-vMAhWmF8AKHf6oBRkQjRwIBw&url=http://procubitos.com/en/other-products/&bvm=bv.122676328,d.ZGg&psig=AFQjCNFfPsy4foeqbUmdJUVRr1fCWIGEkw&ust=1463916236869286
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ůɢɘůɛɞɨ (scotch tape method). ɇɞ ɔɟŬűɏɜɘɞ ŮɑɜŬɘ ɏɜŬ ŮɜɘŬɑɞ ŭɘůŭɘɎůŰŬŰɞ ŬŰɞɛɘəɧ 

ůŰɟɩɛŬ ɔɟŬűɑŰɖ ˊɞɡ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ˊɞɚɨ ůŰŮɜɎ ůɡɜŭŮŭŮɛɏɜŬ ɎŰɞɛŬ ɎɜɗɟŬəŬ ˊɞɡ 

ŬɜŬˊŰɨůůɞɜŰŬɘ ůŮ ɏɜŬ ŮɝŬɔɤɜɘəɧ ŭɘəŰɡɤŰɧ ˊɚɏɔɛŬ, ůɢɖɛŬŰɑɕɞɜŰŬɠ ɛɘŬ əɡɣŮɚɞŮɘŭɐ 

ŭɘɎŰŬɝɖ, ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ ůɢɐɛŬ ˊɞɡ ŬəɞɚɞɡɗŮɑ ˊŬɟŬəɎŰɤ. ɀˊɞɟŮɑ ɜŬ ˊŮɟɘɔɟŬűŮɑ 

ɤɠ ɏɜŬ ɛɧɜɞ ůŰɟɩɛŬ ŬŰɧɛɤɜ ɎɜɗɟŬəŬ, ˊɎɢɞɡɠ Ŭˊɧ 0.33 ɏɤɠ 1,6 nm, ɧˊɤɠ ɏɢŮɘ 

ˊɟɞůŭɘɞɟɘůŰŮɑ ˊŮɘɟŬɛŬŰɘəɎ Ŭˊɧ ŭɘɎűɞɟŮɠ ŮɟŮɡɜɖŰɘəɏɠ ɞɛɎŭŮɠ əŬɘ ˊŬɟɞɡůɘɎɕŮɘ ɚɧɔɞ 

ɛɐəɞɡɠ ˊɟɞɠ ŭɘɎɛŮŰɟɞ ˊɞɡ ɝŮˊŮɟɜɎ Űɞ 10000. ɄɟɧəŮɘŰŬɘ ɞɡůɘŬůŰɘəɎ ɔɘŬ Űɞ ŭɞɛɘəɧ 

ɡɚɘəɧ Ŭˊɧ Űɞ ɞˊɞɑɞ ŬˊɞŰŮɚŮɑŰŬɘ ɞ ɔɟŬűɑŰɖɠ (3D), Űɞ ˊɞɚɡůŰɟɤɛŬŰɘəɧ ɔɟŬűɏɜɘɞ (3D), 

ɞɘ ɜŬɜɞůɤɚɐɜŮɠ ɎɜɗɟŬəŬ (carbon nanotubes ï 1D) əŬɘ Űɞ űɞɡɚŮɟɏɜɘɞ (0D), ŰŬ ɞˊɞɑŬ 

ŬˊɞŰŮɚɞɨɜ ŬɚɚɞŰɟɞˊɘəɏɠ ɛɞɟűɏɠ Űɞɡ ɎɜɗɟŬəŬ. [14, 15, 16, 17] 

 

 

 

 

ɳʽˁˈ˄ʰ 34Φ ɲʽˋʵʽʱˋˍʰˍʹ ʵˇ˃ʺ ʴˊʰ˒ʶ˄ʾˇˎΦ ɾˉˇˊʶʾ ˄ʰ ˉʰˁʶˍʰˊʽˋˍʶʾ ˋʶ ʵˇ˃ʺ лD ˒ ˇˎ˂ʶˊʶ˄ʾˇˎΣ ˄ʰ ˍˎ˂ʽ˔ʻʶʾ ˋʶ 
ʵˇ˃ʺ мD ˄ ʰ˄ˇˋ˖˂ʺ˄˖˄ ʺ ˄ʰ ʵʹ˃ʽˇˎˊʴʺˋʶʽ ˋˍˇʽʲʱʵʶˌ ʴʽʰ ˍʹ˄ оD ɻ ˇ˃ʺ ˍˇˎ ʴˊʰ˒ʾˍʹΦ [17] 
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4.3.3 ȽŭɘɧŰɖŰŮɠ ɔɟŬűŮɜɑɞɡ 

 

¶ ɀɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ 

 

ɄɟɞəŮɘɛɏɜɞɡ ɜŬ ɡˊɞɚɞɔɘůŰŮɑ ɖ ŭɨɜŬɛɖ Űɞɡ ɔɟŬűŮɜɑɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɛɘŬ 

ŰŮɢɜɘəɐ ˊɞɡ ɞɜɞɛɎɕŮŰŬɘ ɛɘəɟɞůəɞˊɑŬ ŬŰɞɛɘəɐɠ ŭɨɜŬɛɖɠ (Atomic Force Microscopy ï 

AFM). ȷůəɩɜŰŬɠ ˊɑŮůɖ ůŮ űɨɚɚŬ ɔɟŬűŮɜɑɞɡ ˊɞɡ ɏɢɞɡɜ ŰɞˊɞɗŮŰɖɗŮɑ ůŮ əɞɘɚɧŰɖŰŮɠ 

ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ (SiO2) ɛŮŰɟɎŰŬɘ ɖ ůŰŬɗŮɟɎ ŮɚŬůŰɘəɧŰɖŰŬɠ (1-5Ɂ/m). ɀɏůɤ 

Űɖɠ ˊŬɟŬˊɎɜɤ ŰŮɢɜɘəɐɠ ŭɘŬˊɘůŰɩɗɖəŮ ˊɤɠ Űɞ ɔɟŬűɏɜɘɞ ŮɑɜŬɘ ůəɚɖɟɧŰŮɟɞ Ŭˊɧ Űɞ 

ŭɘŬɛɎɜŰɘ əŬɘ ˊŮɟɑˊɞɡ 300 űɞɟɏɠ ůəɚɖɟɧŰŮɟɞ Ŭˊɧ Űɞ ɢɎɚɡɓŬ. ɇɞ ɔɟŬűɏɜɘɞ ŮɑɜŬɘ 

ŬɟəŮŰɎ ɘůɢɡɟɧ əŬɘ ŭɨůəŬɛˊŰɞ, ɛŮ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ ɜŬ ɡˊɞɚɞɔɑɕŮŰŬɘ ůŰɞ 1 TPa 

əŬɘ ɖ ŬɜŰɞɢɐ Űɞɡ ůŮ ɗɟŬɨůɖ ɜŬ ŬɜɏɟɢŮŰŬɘ ůŰŬ 130 GPa. ȼ Ůˊɘɛɐəɡɜůɖ ɗɟŬɨůɖɠ Űɞɡ 

űŰɎɜŮɘ Űɞ 20% Űɞɡ Ŭɟɢɘəɞɨ ɛɐəɞɡɠ Űɞɡ. [18, 23] 

  

¶ ɉɖɛɘəɏɠ ɘŭɘɧŰɖŰŮɠ 

 

ȿɧɔɤ Űɖɠ ˊɚŮɡɟɘəɐɠ ŭɘŬɗŮůɘɛɧŰɖŰŬɠ Űɤɜ ŬŰɧɛɤɜ ɎɜɗɟŬəŬ, Űɞ ɔɟŬűɏɜɘɞ ŮɑɜŬɘ 

ɢɖɛɘəɎ ˊɘɞ ŬɜŰɘŭɟŬůŰɘəɧ Ŭˊɧ ɎɚɚŮɠ ɛɞɟűɏɠ ɎɜɗɟŬəŬ. Ɇɡɜɐɗɤɠ, ŰɟɞˊɞˊɞɘŮɑŰŬɘ ɛŮ 

ɚŮɘŰɞɡɟɔɘəɏɠ ɞɛɎŭŮɠ ɞɝɡɔɧɜɞɡ əŬɘ ŬɕɩŰɞɡ əŬɘ ŬɜŬɚɨŮŰŬɘ Ŭˊɧ Űɖɜ ɡˊɏɟɡɗɟɖ 

űŬůɛŬŰɞůəɞˊɑŬ əŬɘ Űɖ űŬůɛŬŰɞůəɞˊɑŬ űɤŰɞɖɚŮəŰɟɞɜɑɤɜ ŬəŰɘɜɩɜ. ȼ ŭɘůŭɘɎůŰŬŰɖ 

ŭɞɛɐ ůŮ ůɡɜɎɟŰɖůɖ ɛŮ Űɞ ŬůɡɜɐɗɘůŰɞ ɎɛŬɕɞ űɎůɛŬ Dirac Űɤɜ ɖɚŮəŰɟɞɜɑɤɜ 

ŭɘɏɔŮɟůɖɠ ɢŬɛɖɚɐɠ ŮɜɏɟɔŮɘŬɠ ˊɟɞůŭɑŭɞɡɜ ůŰɞ ɔɟŬűɏɜɘɞ ɛɘŬ ɘŭɘŬɑŰŮɟɖ ɢɖɛɘəɐ 

ŮɡŬɘůɗɖůɑŬ. ȷɡŰɐ ɖ ŮɡŬɘůɗɖůɑŬ ɔɘŬ ɏɜŬ ɛɧɜɞ ɛɧɟɘɞ, ˊɞɡ ŬˊɞŭɑŭŮŰŬɘ ůŰɞ ŮɝŬɘɟŮŰɘəɎ 

ɢŬɛɖɚɧ ɗɧɟɡɓɞ Űɞɡ ɔɟŬűŮɜɑɞɡ əŬɘ ůŰɖɜ ɔɟŬɛɛɘəɐ ɖɚŮəŰɟɞɜɘəɐ Űɖɠ ˊɡəɜɧŰɖŰŬɠ 

əŬŰŬůŰɎůŮɤɜ (DOS), Űɞ əŬɗɘůŰɎ ɏɜŬ ˊɞɚɚɎ ɡˊɞůɢɧɛŮɜɞ ŬɜɘɢɜŮɡŰɐ ɛŮ ɡɣɖɚɐ 

ŮɡŬɘůɗɖůɑŬ ůŮ ŮɝɤŰŮɟɘəɎ űɞɟŰɑŬ, ɛŬɔɜɖŰɘəɎ ˊŮŭɑŬ ɐ ɛɖɢŬɜɘəɏɠ əŬŰŬˊɞɜɐůŮɘɠ. [21] 

 

¶ ȼɚŮəŰɟɞɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ 

 

Ƀɘ ɓŬůɘəɏɠ ůɡɜɘůŰɩůŮɠ ˊɞɡ ůɡɛɓɎɚɚɞɡɜ ůŰɘɠ ŮɝŬɘɟŮŰɘəɏɠ ɖɚŮəŰɟɞɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ 

Űɞɡ ɔɟŬűŮɜɑɞɡ ŮɑɜŬɘ: Űɞ əɡɣŮɚɤŰɧ ˊɚɏɔɛŬ, ɖ ŭɘůŭɘɎůŰŬŰɖ ŭɞɛɐ əŬɘ Űɞ ɔŮɔɞɜɧɠ ˊɤɠ 

ɧɚŮɠ ɞɘ ˊɚŮɡɟɏɠ ůŰɞ əɟɡůŰŬɚɚɘəɧ ˊɚɏɔɛŬ əŬŰŬɚŬɛɓɎɜɞɜŰŬɘ Ŭˊɧ ŰŬ ɑŭɘŬ ɎŰɞɛŬ, 

ɔŮɔɞɜɧɠ ˊɞɡ Űɞɡ ˊɟɞůŭɑŭŮɘ ŬɜɎůŰɟɞűɖ ůɡɛɛŮŰɟɑŬ. ɇŬ əɓŬɜŰɘəɎ ɎɚɛŬŰŬ Űɤɜ 
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ɖɚŮəŰɟɞɜɑɤɜ ɛŮŰŬɝɨ Űɤɜ ŭɨɞ ɡˊɞˊɚŮɔɛɎŰɤɜ ɞŭɖɔɞɨɜ ůŮ ůɢɖɛŬŰɘůɛɧ ŮɜŮɟɔŮɘŬəɩɜ 

ɕɤɜɩɜ əŬɘ ɖ Űɞɛɐ Űɞɡɠ ůŰŬ ɎəɟŬ Űɖɠ ɕɩɜɖɠ Brillouin ˊɟɞɎɔŮɘ Űɖ ŭɖɛɘɞɡɟɔɑŬ əɤɜɘəɩɜ 

ŭɞɛɩɜ ůŰɞ ŮɜŮɟɔŮɘŬəɧ űɎůɛŬ. ɋɠ Ůə ŰɞɨŰɞɡ, ŰŬ quasi-ůɤɛŬŰɑŭɘŬ Űɞɡ ɔɟŬűŮɜɑɞɡ 

ůɡɛˊŮɟɘűɏɟɞɜŰŬɘ ůŬɜ ɜŬ ɐŰŬɜ ůɢŮŰɘəɘůŰɘəɎ ůɤɛŬŰɑŭɘŬ ɢɤɟɑɠ ɛɎɕŬ (ɧˊɤɠ ŰŬ űɤŰɧɜɘŬ), 

Ůɜɩ Űɞ ɟɧɚɞ Űɖɠ ŰŬɢɨŰɖŰŬɠ Űɞɡ űɤŰɧɠ ŭɘŬŭɟŬɛŬŰɑɕŮɘ ůŮ ŬɡŰɐɜ Űɖɜ ˊŮɟɑˊŰɤůɖ ɖ 

ŰŬɢɨŰɖŰŬ Fermi ɛŮ v*F = c/300. ũɘŬ Űɖɜ ŬəɟɑɓŮɘŬ, ɞɘ űɞɟŮɑɠ űɞɟŰɑɞɡ ůŰo ŮɝŬɔɤɜɘəɧ 

ɚ́ɏɔɛŬ ɛˊɞɟɞɨɜ ɜŬ ɟɡɗɛɑɕɞɜŰŬɘ ůɡɜŮɢɩɠ ɛŮŰŬɝɨ ɖɚŮəŰɟɞɜɑɤɜ əŬɘ ɞˊɩɜ ůŮ 

ůɡɔəŮɜŰɟɩůŮɘɠ Űɖɠ ŰɎɝŮɤɠ Űɞɡ n=1013cm
-2

 əŬɘ ɜŬ ŮɛűŬɜɑɕɞɡɜ əɘɜɖŰɘəɧŰɖŰŬ Űɖɠ 

ŰɎɝŮɤɠ Űɤɜ 15000cm
2
/Vs ůŮ ůɡɜɗɐəŮɠ ˊŮɟɘɓɎɚɚɞɜŰɞɠ. Ƀɘ Űɘɛɏɠ əɘɜɖŰɘəɧŰɖŰŬɠ ˊɞɡ 

ŮɝŬɟŰɩɜŰŬɘ ůŮ ɛɘəɟɧ ɓŬɗɛɧ Ŭˊɧ Űɖɜ ɗŮɟɛɞəɟŬůɑŬ, ˊɟɎɔɛŬ ˊɞɡ ůɖɛŬɑɜŮɘ ˊɤɠ ɖ 

əɘɜɖŰɘəɧŰɖŰŬ ůŮ ɗŮɟɛɞəɟŬůɑŮɠ 300 Ⱦ ˊŮɟɘɞɟɑɕŮŰŬɘ Ŭˊɧ ůəŮŭɎůŮɘɠ ɚɧɔɤ Űɤɜ ŬŰŮɚŮɘɩɜ 

əŬɘ ɔɘŬ ŬɡŰɧ ɛˊɞɟŮɑ ɜŬ ɓŮɚŰɘɤɗŮɑ ůɖɛŬɜŰɘəɎ űɗɎɜɞɜŰŬɠ ɛɏɢɟɘ ŰŬ 100000cm
2
/Vs. [19, 

20] 

  

¶ ŪŮɟɛɘəɏɠ ɘŭɘɧŰɖŰŮɠ 

 

ɇɞ ɔɟŬűɏɜɘɞ ŭɘŬəɟɑɜŮŰŬɘ ɔɘŬ Űɖɜ ŮɝŬɘɟŮŰɘəɎ ɡɣɖɚɐ ɗŮɟɛɘəɐ ŬɔɤɔɘɛɧŰɖŰɎ Űɞɡ. ȼ 

ŬɘŰɑŬ ɔɘŬ ŬɡŰɧ ŮɜŰɞˊɑɕŮŰŬɘ ůŰɞɡɠ ɘůɢɡɟɞɨɠ ɞɛɞɘɞˊɞɚɘəɞɨɠ ŭŮůɛɞɨɠ ɛŮŰŬɝɨ Űɤɜ 

ŬŰɧɛɤɜ Űɞɡ ɎɜɗɟŬəŬ. ȼ ɗŮɟɛɘəɐ ŬɔɤɔɘɛɧŰɖŰŬ ɔɘŬ Űɞ Ŭˊɞɛɞɜɤɛɏɜɞ ɔɟŬűɏɜɘɞ űŰɎɜŮɘ 

ůŮ Űɘɛɏɠ ˊŮɟɑˊɞɡ 5000Wm
-1

K
-1
 ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ, Űɘɛɐ ˊɞɡ ɝŮˊŮɟɜɎŮɘ Űɖɜ 

ŬɜŰɑůŰɞɘɢɖ Űɞɡ ŭɘŬɛŬɜŰɘɞɨ əŬŰɎ 2,5 űɞɟɏɠ. Ɇɡɜɐɗɤɠ ůŮ ˊɟŬəŰɘəɏɠ ŮűŬɟɛɞɔɏɠ, Űɞ 

ɔɟŬűɏɜɘɞ ůŰɖɟɑɕŮŰŬɘ ůŮ əɎˊɞɘɞ ɡˊɧůŰɟɤɛŬ, ɧˊɞɡ ŮəŮɑ ɖ ɗŮɟɛɘəɐ ŬɔɤɔɘɛɧŰɖŰŬ ůŮ 

ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ ŭɘŬɛɞɟűɩɜŮŰŬɘ ˊŮɟɑˊɞɡ ůŰŬ 600 Wm
-1

K
-1
. ȼ Űɘɛɐ ŬɡŰɐ ŮɑɜŬɘ 

ˊŮɟɑˊɞɡ ŭɘˊɚɎůɘŬ Ŭˊɧ ŬɡŰɐ Űɞɡ ɢŬɚəɞɨ əŬɘ ˊŮɜɐɜŰŬ űɞɟɏɠ ɛŮɔŬɚɨŰŮɟɖ Ŭˊɧ ŮəŮɑɜɖ 

Űɞɡ ˊɡɟɘŰɑɞɡ. [21, 22] 

 

¶ ɃˊŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ 

 

ɄŬɟɧŰɘ ˊɟɧəŮɘŰŬɘ ɔɘŬ Űɞ ɚŮˊŰɧŰŮɟɞ ɡɚɘəɧ ˊɞɡ ɏɢŮɘ ɡˊɎɟɝŮɘ, ˊŬɟŬɛɏɜŮɘ ɞɟŬŰɧ ůŰɞ 

ɔɡɛɜɧ ɛɎŰɘ. Ƀɘ ɛɞɜŬŭɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ɔɟŬűŮɜɑɞɡ ˊŬɟɎɔɞɡɜ ɛɘŬ ŬˊɟɞůŭɧəɖŰŬ 

ɛŮɔɎɚɖ ŭɘŬűɎɜŮɘŬ ɔɘŬ ɏɜŬ ŬŰɞɛɘəɧ ɛɧɜɞ ůŰɟɩɛŬ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ŬˊɞɟɟɞűɎ 

ˊŬå2,3% Űɞɡ ɚŮɡəɞɨ űɤŰɧɠ, ɧˊɞɡ Ŭ ɖ ůŰŬɗŮɟɎ Űɖɠ ŰɏɚŮɘŬɠ ŭɞɛɐɠ əŬɘ ˊ ɖ ɔɜɤůŰɐ 

ůŰŬɗŮɟɎ. ɇɞ ɔɟŬűɏɜɘɞ ŬˊɞŰŮɚŮɑ ɛɘŬ Ŭˊɧ Űɘɠ ůˊɎɜɘŮɠ ˊŮɟɘˊŰɩůŮɘɠ ɧˊɞɡ ɞɘ ɘŭɘɧŰɖŰŮɠ 
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Ůɜɧɠ ůɡůŰɐɛŬŰɞɠ ůɡɛˊɡəɜɤɛɏɜɖɠ ɨɚɖɠ ŮɑɜŬɘ ŬɜŮɝɎɟŰɖŰŮɠ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ Űɞɡ 

ɡɚɘəɞɨ əŬɘ ɛˊɞɟɞɨɜ ɜŬ ŮəűɟŬůɗɞɨɜ ɛɞɜɎɢŬ ůɡɜŬɟŰɐůŮɘ ɗŮɛŮɚɘɤŭɩɜ ůŰŬɗŮɟɩɜ. [21] 

 

4.3.4 ȺűŬɟɛɞɔɏɠ ɔɟŬűŮɜɑɞɡ 

 

ȰɜŬɠ Ŭˊɧ Űɞɡɠ Űɟɧˊɞɡɠ Ŭɝɘɞˊɞɑɖůɖɠ Űɤɜ ŮɝŬɘɟŮŰɘəɩɜ ɘŭɘɞŰɐŰɤɜ Űɞɡ 

ɔɟŬűŮɜɑɞɡ ˊɞɡ ˊŮɟɘɔɟɎűɗɖəŬɜ ˊŬɟŬˊɎɜɤ ŮɑɜŬɘ ɖ ŮɜůɤɛɎŰɤůɐ Űɞɡ ůŮ ŭɘɎűɞɟŬ ɡɚɘəɎ, 

ɧˊɤɠ ˊɞɚɡɛŮɟɐ, ɛɏŰŬɚɚŬ əŬɘ əŮɟŬɛɘəɎ. ɆɐɛŮɟŬ, ɖ ˊɘɞ ɎɛŮůɖ ŮűŬɟɛɞɔɐ Űɞɡ 

ŮɜŰɞˊɑɕŮŰŬɘ əɡɟɑɤɠ ůŰɖɜ Ůɜɑůɢɡůɖ (ůŮ ɛɞɟűɐ ůəɧɜɖɠ əɟɡůŰŬɚɚɘŰɩɜ ɛɘəɟɞɛŮŰɟɘəɩɜ 

ŭɘŬůŰɎůŮɤɜ) ˊɞɚɡɛŮɟɩɜ əŬɘ ůŰɖ ůɨɜɗŮůɖ Ŭɔɩɔɘɛɤɜ ˊɚŬůŰɘəɩɜ. ȷˊɧ Űɖɜ Ɏɚɚɖ, ɧůɞɜ 

ŬűɞɟɎ ůŰɖɜ Ůɜɑůɢɡůɖ ɛŮŰɎɚɚɤɜ ɡˊɎɟɢɞɡɜ ɛɧɜɞ ɚɑɔŮɠ ŬɜŬűɞɟɏɠ. ɆŰɞɜ əɚɎŭɞ Űɤɜ 

ɗŮɟɛɘəɩɜ ɡɚɘəɩɜ ŭɘŮˊŬűɐɠ (Thermal Interface Materials), Űɞ ɔɟŬűɏɜɘɞ ɏɢŮɘ 

ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɤɠ ŮɝŬɘɟŮŰɘəɧ ˊɚɖɟɤŰɘəɧ. ȼ ɘůɢɡɟɐ ůɨɕŮɡɝɖ Űɞɡ ɔɟŬűŮɜɑɞɡ ɛŮ ŰŬ 

ɛŮŰŬɚɚɘəɎ ůɤɛŬŰɑŭɘŬ ˊɟɞəɎɚŮůŮ Ŭɨɝɖůɖ ůŰɖ ɗŮɟɛɘəɐ ŬɔɤɔɘɛɧŰɖŰŬ Űɞɡ ůɨɜɗŮŰɞɡ 

ɡɚɘəɞɨ ɏɤɠ əŬɘ 2.300%. Ƀɘ ɜŬɜɞŭɞɛɏɠ ɔɟŬűŮɜɑɞɡ, ɚɧɔɤ Űɖɠ ŭɘůŭɘɎůŰŬŰɖɠ ŭɞɛɐɠ, 

ɛˊɞɟɞɨɜ ɜŬ ŭɘŬůˊŮɑɟɞɜŰŬɘ ůŮ ɧɚŬ ŰŬ Ůɑŭɖ ŭɘŬɚɡŰɩɜ əŬɘ ɛɖŰɟɩɜ, əɎŰɘ ˊɞɡ ˊɟɞɛɖɜɨŮɘ 

ˊɤɠ ɛŮɚɚɞɜŰɘəɎ ŮɜŭɏɢŮŰŬɘ ɜŬ ŬɜŰɘəŬŰŬůŰŬɗɞɨɜ ɞɘ ɜŬɜɞůɤɚɐɜŮɠ ɎɜɗɟŬəŬ ůŰɖɜ 

Ůɜɑůɢɡůɖ ɛŮŰɎɚɚɤɜ Ŭˊɧ ɜŬɜɞŭɞɛɏɠ ɔɟŬűŮɜɑɞɡ. [17, 24, 25, 26]. 

 

 

4.3.5 ɁŬɜɞŭɞɛɏɠ ɔɟŬűŮɜɑɞɡ (ɄɞɚɡůŰɟɤɛŬŰɘəɧ ɔɟŬűɏɜɘɞ, graphene 

nanoplatelets - GNPs) 

 

ɇɞ ɔɟŬűɏɜɘɞ ŬɜɎɚɞɔŬ ɛŮ Űɞ ˊɚɐɗɞɠ Űɤɜ ůŰɟɩůŮɤɜ Ŭˊɧ Űɘɠ ɞˊɞɑŮɠ ŬˊɞŰŮɚŮɑŰŬɘ, 

ŭɘŬəɟɑɜŮŰŬɘ ůŮ ɔɟŬűɏɜɘɞ ɛɞɜɞɨ ůŰɟɩɛŬŰɞɠ əŬɘ ˊɞɚɡůŰɟɤɛŬŰɘəɧ ɔɟŬűɏɜɘɞ. ɇɞ 

ɔɟŬűɏɜɘɞ ɛɞɜɞɨ ůŰɟɩɛŬŰɞɠ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɏɜŬ ŭɘůŭɘɎůŰŬŰɞ ˊɚɏɔɛŬ ŬŰɧɛɤɜ 

ɎɜɗɟŬəŬ (2D), Ůɜɩ Űɞ ˊɞɚɡůŰɟɤɛŬŰɘəɧ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŭɨɞ ɐ əŬɘ ˊŮɟɘůůɧŰŮɟŬ 

ˊɚɏɔɛŬŰŬ ɎɜɗɟŬəŬ, ůɢɖɛŬŰɑɕɞɜŰŬɠ ɛɘŬ ŰɟɘůŭɘɎůŰŬŰɖ ŭɞɛɐ. ɆɡɔəɟɘŰɘəɎ ɛŮ Űɞ 

ɛɞɜɞůŰɟɤɛŬŰɘəɧ ɔɟŬűɏɜɘɞ, Űɞ ˊɞɚɡůŰɟɤɛŬŰɘəɧ ˊŬɟŬůəŮɡɎɕŮŰŬɘ ŮɡəɞɚɧŰŮɟŬ ůŮ 

ɛŮɔŬɚɨŰŮɟŮɠ ˊɞůɧŰɖŰŮɠ əŬɘ ɛŮ ůɢŮŰɘəɎ ɢŬɛɖɚɧ əɧůŰɞɠ. 

ɇŬ ˊɞɚɡůŰɟɤɛŬŰɘəɎ ɔɟŬűɏɜɘŬ ůɡɜŬɜŰɩɜŰŬɘ ůŰɖ ŭɘŮɗɜɐ ɞɟɞɚɞɔɑŬ ɤɠ graphene 

nanoplatelets (GNPs) əŬɘ ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ 2 ɏɤɠ 100 űɨɚɚŬ ɛŮ ŮɛɓŬŭɧ ŮˊɘűɎɜŮɘŬɠ 

ˊŮɟɑˊɞɡ 1nm x 100nm. ɃɡůɘŬůŰɘəɎ, ŭŮɜ ɡˊɎɟɢŮɘ ŬˊɧɚɡŰɞɠ Űɟɧˊɞɠ ŭɧɛɖůɖɠ Űɤɜ 

ůŰɟɤɛɎŰɤɜ, ŭɘɧŰɘ ůɡɜɐɗɤɠ ŭŮɜ ŮɑɜŬɘ ůŰɞɘɢɘůɛɏɜŬ Űɞ ɏɜŬ ˊɎɜɤ Ŭˊɧ Űɞ Ɏɚɚɞ. ȼ 
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əŬɚɨŰŮɟɖ ŭɡɜŬŰɐ ˊŬɟŬŰɐɟɖůɖ ůŰɟɤɛɎŰɤɜ ɔɟŬűŮɜɑɞɡ ɛˊɞɟŮɑ ɜŬ ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ ɛŮ 

Űɖ ɢɟɐůɖ ɖɚŮəŰɟɞɜɘəɞɨ ɛɘəɟɞůəɞˊɑɞɡ ůɎɟɤůɖɠ (SEM) ɐ ɛŮ Űɖ ɢɟɐůɖ ɖɚŮəŰɟɞɜɘəɞɨ 

ɛɘəɟɞůəɞˊɑɞɡ ŭɘŮɟɢɧɛŮɜɖɠ ŭɏůɛɖɠ (ɇȺɀ). ɇɞ ˊɎɢɞɠ Űɤɜ ůŰɟɩůŮɤɜ ɛˊɞɟŮɑ ɜŬ 

ˊɟɞůŭɘɞɟɘůŰŮɑ ɛŮ Űɖ ɢɟɐůɖ űŬůɛŬŰɞůəɞˊɑŬɠ. [23] 

 

 

4.3.5.1 ȽŭɘɧŰɖŰŮɠ ˊɞɚɡůŰɟɤɛŬŰɘəɞɨ ɔɟŬűŮɜɑɞɡ (GNPs)  

 

Ƀɘ ɜŬɜɞŭɞɛɏɠ ɔɟŬűŮɜɑɞɡ ɛˊɞɟɞɨɜ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ɔɘŬ Űɖ ɓŮɚŰɑɤůɖ Űɤɜ 

ɘŭɘɞŰɐŰɤɜ ůŮ ɏɜŬ Ůɡɟɨ űɎůɛŬ Űɤɜ ˊɞɚɡɛŮɟɩɜ ɡɚɘəɩɜ. ɇɞ ɔɟŬűɏɜɘɞ ɛˊɞɟŮɑ ɜŬ 

ɢɟɖůɘɛɞˊɞɘɖɗŮɑ əŬɘ ɛɧɜɞ Űɞɡ əŬɘ ɜŬ ŬɜŰɘəŬŰŬůŰɐůŮɘ ŰŬ ůɡɛɓŬŰɘəɎ ɜŬɜɞˊɟɧůɗŮŰŬ, 

ŭɘŮɡɟɨɜɞɜŰŬɠ Űɞ űɎůɛŬ Űɤɜ ɘŭɘɞŰɐŰɤɜ Űɞɡ Űɤɜ ɡɚɘəɩɜ ɐ ɛˊɞɟŮɑ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ 

əŬɘ ůŮ ůɡɜŭɡŬůɛɧ ɛŮ ɎɚɚŬ ˊɟɧůɗŮŰŬ ůɡɛɓɎɚɚɞɜŰŬɠ ɏŰůɘ ůŰɖ ɛŮɑɤůɖ Űɞɡ əɧůŰɞɡɠ əŬɘ 

ůŮ ɎɚɚŮɠ ˊŬɟŬɛɏŰɟɞɡɠ. ɀŮ Űɘɠ ɜŬɜɞŭɞɛɏɠ ɔɟŬűŮɜɑɞɡ ŮˊɘŰɡɔɢɎɜŮŰŬɘ: 

 

V ȷɨɝɖůɖ Űɖɠ ɗŮɟɛɘəɐɠ ŬɔɤɔɘɛɧŰɖŰŬɠ əŬɘ ůŰŬɗŮɟɧŰɖŰŬ 

V ȷɨɝɖůɖ Űɖɠ ɖɚŮəŰɟɘəɐɠ ŬɔɤɔɘɛɧŰɖŰŬɠ 

V ȸŮɚŰɑɤůɖ Űɤɜ ɘŭɘɞŰɐŰɤɜ űɟŬɔɛɞɨ 

V ɀŮɑɤůɖ ɛɎɕŬɠ ůɡɜɗɏŰɞɡ ɛŮ ŰŬɡŰɧɢɟɞɜɖ ŭɘŬŰɐɟɖůɖ ɐ ɓŮɚŰɑɤůɖ Űɤɜ ɘŭɘɞŰɐŰɤɜ 

V ȷɨɝɖůɖ Űɖɠ ŬɜŰɞɢɐɠ 

V ȷɘůɗɖŰɘəɐ ɓŮɚŰɑɤůɖ 

V ɀŮɑɤůɖ ŮɡűɚŮəŰɧŰɖŰŬɠ 

 

ȳˊɤɠ ˊɟɞŬɜŬűɏɟɗɖəŮ ŰŬ űɨɚɚŬ ɔɟŬűŮɜɑɞɡ ˊɞɡ ůɢɖɛŬŰɑɕɞɜŰŬɘ Ŭˊɧ ɜŬɜɞŭɞɛɏɠ 

ɔɟŬűŮɜɑɞɡ, ɧˊɤɠ əŬɘ ɞɘ ɡˊɧɚɞɘˊŮɠ ŰŮɢɜɞɚɞɔɑŮɠ ɎɜɗɟŬəŬ, ŮɑɜŬɘ ɗŮɟɛɘəɎ əŬɘ ɖɚŮəŰɟɘəɎ 

ŬɔɩɔɘɛŬ. ɋůŰɧůɞ, ŬɜŰɑɗŮŰŬ Ŭˊɧ Űɞɡɠ ɜŬɜɞůɤɚɐɜŮɠ əŬɘ Űɘɠ ɑɜŮɠ ɎɜɗɟŬəŬ, ɖ 

ɛɞɟűɞɚɞɔɑŬ Űɤɜ platelets ˊŬɟɏɢŮɘ ɢŬɛɖɚɧŰŮɟɖ ɗŮɟɛɘəɐ ŬɜŰɑůŰŬůɖ ŮˊŬűɐɠ ůŮ 

ɢŬɛɖɚɧŰŮɟŬ ŮˊɑˊŮŭŬ űɧɟŰɘůɖɠ, ɛŮ ŬˊɞŰɏɚŮůɛŬ ɡɣɖɚɧŰŮɟɖ ɗŮɟɛɘəɐ ŬɔɤɔɘɛɧŰɖŰŬ. 

Ⱥˊɘˊɚɏɞɜ, ɛˊɞɟɞɨɜ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ɔɘŬ Űɖ ɛŮɑɤůɖ Űɞɡ ůɡɜŰŮɚŮůŰɐ ɗŮɟɛɘəɐɠ 

ŭɘŬůŰɞɚɐɠ əŬɘ Űɖɜ Ŭɨɝɖůɖ Űɤɜ Űɘɛɩɜ Űɖɠ ŬˊɧɚɡŰɖɠ ɗŮɟɛɞəɟŬůɑŬɠ ɚŮɘŰɞɡɟɔɑŬɠ ůŰŬ 

ˊɞɚɡɛŮɟɐ. Ⱥˊɑůɖɠ, ɞ ůɡɜŭɡŬůɛɧɠ Űɞɡɠ ɛŮ ɏɜŬ űɘɚɛ ɐ ɏɜŬ ůŰŮɟŮɧ ŰɛɐɛŬ ˊɞɚɡɛŮɟɞɨɠ 

ɞŭɖɔŮɑ ůŰɖ ɛŮɑɤůɖ Űɤɜ ůɡɜŰŮɚŮůŰɩɜ ŭɘŬˊŮɟŬŰɧŰɖŰŬɠ əŬɘ ŭɘɎɢɡůɖɠ Űɞɡ ɡɚɘəɞɨ Űɖɠ 

ɛɐŰɟŬɠ. [27] 
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4.3.5.2 ɀɏɗɞŭɞɘ ˊŬɟŬůəŮɡɐɠ ɜŬɜɞŭɞɛɩɜ ɔɟŬűŮɜɑɞɡ 

 

ɀɘŬ ŮɡɏɚɘəŰɖ ɛɏɗɞŭɞɠ ɛŬɕɘəɐɠ ˊŬɟŬɔɤɔɐɠ ɛɞɜɞůŰɟɤɛŬŰɘəɐɠ ɔɟŬűɑɜɖɠ ŮɑɜŬɘ ɖ 

Ŭˊɞűɞɚɑŭɤůɖ ůŮ ɡɔɟɐ űɎůɖ (liquid phase exfoliation). ȼ ˊɘɞ ůɡɜɖɗɘůɛɏɜɖ ɛɞɟűɐ 

ŬɡŰɐɠ Űɖɠ ɛŮɗɧŭɞɡ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɛŮ ɞɝŮɑŭɤůɖ Űɞɡ ɔɟŬűŮɜɑɞɡ əŬɘ ɛŮŰɎ ɛŮ 

Ŭˊɞűɞɚɑŭɤůɖ Űɞɡ ɞɝŮɘŭɑɞɡ Űɞɡ ɔɟŬűŮɜɑɞɡ. ɋůŰɧůɞ, Űɞ ɛŮɔɎɚɞ ɛŮɘɞɜɏəŰɖɛŬ ůŮ ŬɡŰɐɜ 

Űɖɜ ˊŮɟɑˊŰɤůɖ ŮɑɜŬɘ ˊɤɠ Űɞ ɞɝŮɘŭɤɛɏɜɞ ɔɟŬűɏɜɘɞ ɛŬůŰɑɕŮŰŬɘ ɛŮ ŭɞɛɘəɎ ŮɚŬŰŰɩɛŬŰŬ. 

ȷɡŰɏɠ ɞɘ ŬŰɏɚŮɘŮɠ ŮɜŰɞˊɑɕɞɜŰŬɘ ůɡɜɐɗɤɠ ɛɏůɤ űŬůɛŬŰɞůəɞˊɑŬɠ Raman əŬɘ 

ŮˊɖɟŮɎɕɞɡɜ ŬɟɜɖŰɘəɎ Űɖɜ əɟɡůŰŬɚɚɞɔɟŬűɘəɐ ŭɞɛɐ Űɞɡ ɔɟŬűŮɜɑɞɡ. [23] ɇɞ ɔŮɔɞɜɧɠ 

ŬɡŰɧ ŮˊɖɟŮɎɕŮɘ Űɘɠ ɖɚŮəŰɟɞɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ɔɟŬűŮɜɑɞɡ. ȸŮɚŰɑɤůɖ ŬɡŰɞɨ Űɞɡ 

ˊɟɞɓɚɐɛŬŰɞɠ ŮˊŮŰŮɨɢɗɖ ɛŮ Űɖɜ ˊɟɞůɗɐəɖ ŭɘŬűɧɟɤɜ ŭɘŬɚɡŰɩɜ əŬŰɎ Űɖ ŭɘŬŭɘəŬůɑŬ 

Ŭˊɞűɞɚɑŭɤůɖɠ. ȼ ˊŬɟŬɔɤɔɐ Űɤɜ ɜŬɜɞŭɞɛɩɜ ɔɟŬűŮɜɑɞɡ ɛɏůɤ Űɖɠ ˊŬɟŬˊɎɜɤ ɛŮɗɧŭɞɡ 

ŭɑɜŮɘ ŰɟŮɘɠ ɔŮɜɘəɏɠ ɛɞɟűɏɠ ɔɟŬűɑŰɖ: 

¶ ūɡůɘəɏɠ ɜɘűɎŭŮɠ ɔɟŬűɑŰɖ 

¶ ȺɜŭɞɦˊɞůŰɖɚɤɛɏɜɞ ɔɟŬűɑŰɖ 

¶ ȷˊɞűɞɚɘŭɤɛɏɜɞ ɔɟŬűɑŰɖ 

 

 

 

 

ɳʽˁˈ˄ʰ 35Φ ʅˁˈ˄ʹ ˄ʰ˄ˇʵˇ˃˗˄ ʴˊʰ˒ʶ˄ʾˇˎΦ 

 

http://www.google.gr/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwinv8PAi9_MAhWHtRQKHVccAiwQjRwIBw&url=http://what-is-nanotechnology.com/15graphite-nanoplatelet-Graphene-nanoplatelet.htm&bvm=bv.122129774,d.bGs&psig=AFQjCNF2_ewLX7GWkrCOfLWvG1wDF4vOQA&ust=1463505094230593
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5. ȾŮűɎɚŬɘɞ: ɀɖɢŬɜɘəɐ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ 

 

 

 

 

5.1 ȺɘůŬɔɤɔɐ ůŰɖ ɛɖɢŬɜɘəɐ ůɡɜɗɏŰɤɜ ɡɚɘəɩɜ 

 

ɇŬ ůɨɜɗŮŰŬ ɡɚɘəɎ ɏɢɞɡɜ ˊɞɚɚɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ ɛɖɢŬɜɘəɐɠ ůɡɛˊŮɟɘűɞɟɎɠ, ŰŬ 

ɞˊɞɑŬ ŮɑɜŬɘ ŭɘŬűɞɟŮŰɘəɎ Ŭˊɧ ŮəŮɑɜŬ Űɤɜ ˊŮɟɘůůɞŰɏɟɤɜ ůɡɛɓŬŰɘəɩɜ ɡɚɘəɩɜ. 

ɃɟɘůɛɏɜŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ ŬˊɞŰŮɚɞɨɜ Űɟɞˊɞˊɞɑɖůɖ Űɖɠ ůɡɛɓŬŰɘəɐɠ ůɡɛˊŮɟɘűɞɟɎɠ, 

Ůɜɩ ɎɚɚŬ ŮɑɜŬɘ ŮɜŰŮɚɩɠ ɜɏŬ əŬɘ ŬˊŬɘŰɞɨɜ ɜɏŮɠ ŬɜŬɚɡŰɘəɏɠ əŬɘ ŬˊŬɘŰɞɨɜ ɜɏŮɠ 

ŬɜŬɚɡŰɘəɏɠ əŬɘ ˊŮɘɟŬɛŬŰɘəɏɠ ɛŮɗɧŭɞɡɠ. 

ɇŬ ˊŮɟɘůůɧŰŮɟŬ ůɡɛɓŬŰɘəɎ ɡɚɘəɎ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŰɖ ɛɖɢŬɜɞɚɞɔɑŬ ŮɑɜŬɘ 

ŰŬɡŰɧɢɟɞɜŬ əŬɘ ɞɛɞɘɞɔŮɜɐ əŬɘ ɘůɞŰɟɞˊɘəɎ. ȷəɞɚɞɡɗɞɨɜ ŭɨɞ ůɖɛŬɜŰɘəɞɑ ɞɟɘůɛɞɑ: 

V ȰɜŬ ɞɛɞɔŮɜɏɠ ůɩɛŬ ɏɢŮɘ ŮɜɘŬɑŮɠ űɡůɘəɏɠ ɘŭɘɧŰɖŰŮɠ ůŮ ɧɚɞ Űɞɜ ɧɔəɞ Űɞɡ ɡɚɘəɞɨ 

Űɞɡ.  

V ɆŮ ɏɜŬ ɘůɞŰɟɞˊɘəɧ ůɩɛŬ ɞɘ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ ŮɑɜŬɘ ɞɘ ɑŭɘŮɠ ˊɟɞɠ ɧɚŮɠ Űɘɠ 

əŬŰŮɡɗɨɜůŮɘɠ Ŭˊɧ ɏɜŬ ůɖɛŮɑɞ Űɞɡ ɡɚɘəɞɨ. 

 

ɋůŰɧůɞ, ŰŬ ůɨɜɗŮŰŬ ɡɚɘəɎ, ˊɞɡ ŬˊɞŰŮɚɞɨɜ əŬɘ ŬɜŰɘəŮɑɛŮɜɞ Űɖɠ ˊŬɟɞɨůŬɠ 

ŮɟɔŬůɑŬɠ ŮɑɜŬɘ ůɡɢɜɎ ŬɜɞɛɞɘɞɔŮɜɐ əŬɘ ɛɖ-ɘůɞŰɟɞˊɘəɎ (ɞɟɗɞŰɟɞˊɘəɎ). ȳˊɤɠ 

ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɞɡɠ ˊŬɟŬˊɎɜɤ ɞɟɘůɛɞɨɠ: 

V ȰɜŬ ŬɜɞɛɞɘɞɔŮɜɏɠ ůɩɛŬ ŭŮɜ ɏɢŮɘ ŮɜɘŬɑŮɠ ɘŭɘɧŰɖŰŮɠ ůŮ ɧɚɞ Űɞɜ ɧɔəɞɡ Űɞɡ 

V ȰɜŬ ɞɟɗɞŰɟɞˊɘəɧ ůɩɛŬ ɏɢŮɘ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ, ɞɘ ɞˊɞɑŮɠ ŮɑɜŬɘ ŭɘŬűɞɟŮŰɘəɏɠ 

ˊɟɞɠ ŰɟŮɘɠ əɎɗŮŰŮɠ ɛŮŰŬɝɨ Űɞɡɠ ŭɘŮɡɗɨɜůŮɘɠ ůŮ ɏɜŬ ůɖɛŮɑɞ Űɞɡ ůɩɛŬŰɞɠ, ɞˊɧŰŮ 

ˊɟɞəɨˊŰɞɡɜ ŰɟɑŬ əɎɗŮŰŬ ɛŮŰŬɝɨ Űɞɡɠ ŮˊɑˊŮŭŬ ůɡɛɛŮŰɟɑŬɠ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ. 

Ⱥˊɞɛɏɜɤɠ, ɞɘ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ ŮɝŬɟŰɩɜŰŬɘ Ŭˊɧ Űɞɜ ˊɟɞůŬɜŬŰɞɚɘůɛɧ Ůɜɧɠ 

ůɖɛŮɑɞɡ ůŰɞ ůɩɛŬ. 

V ȰɜŬ ŬɜɘůɞŰɟɞˊɘəɧ ůɩɛŬ ɏɢŮɘ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ ˊɞɡ ŮɑɜŬɘ ŭɘŬűɞɟŮŰɘəɏɠ ˊɟɞɠ 

ɧɚŮɠ Űɘɠ əŬŰŮɡɗɨɜůŮɘɠ Ŭˊɧ ɏɜŬ ůɖɛŮɑɞ Űɞɡ ůɩɛŬŰɞɠ. ɆŮ ŬɡŰɐɜ Űɖɜ ˊŮɟɑˊŰɤůɖ ŭŮɜ 

ɡˊɎɟɢɞɡɜ ŮˊɑˊŮŭŬ ůɡɛɛŮŰɟɑŬɠ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ. ɋůŰɧůɞ, əŬɘ Ůŭɩ ɞɘ 

ɘŭɘɧŰɖŰŮɠ ŮɝŬɟŰɩɜŰŬɘ Ŭˊɧ Űɞɜ ˊɟɞůŬɜŬŰɞɚɘůɛɧ ˊɟɞɠ ɏɜŬ ůɖɛŮɑɞ Űɞɡ ůɩɛŬŰɞɠ. 
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ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, ɏɜŬ ˊɞɚɡůŰɟɤɛŬŰɘəɧ ɔɡŬɚɑ ŬůűŬɚŮɑŬɠ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŰɟŮɘɠ 

ůŰɟɩůŮɘɠ, Ŭˊɧ Űɘɠ ɞˊɞɑŮɠ ɖ əɎɗŮ ɛɑŬ ŮɑɜŬɘ ɞɛɞɔŮɜɐɠ əŬɘ ɘůɞŰɟɞˊɘəɐ, ŬɚɚɎ Űɞ ůɨɜɗŮŰɞ 

ɡɚɘəɧ ůŰɞ ůɨɜɞɚɧ Űɞɡ ɏɢŮɘ ŬɜɞɛɞɘɞɔɏɜŮɘŬ ɛŮ ɛɞɟűɐ ɓɖɛŬŰɘəɐɠ ůɡɜɎɟŰɖůɖɠ ůŰɖɜ 

əɎɗŮŰɖ ŭɘŮɨɗɡɜůɖ ˊɟɞɠ Űɞ ŮˊɑˊŮŭɞ Űɤɜ ůŰɟɩůŮɤɜ Űɞɡ ɔɡŬɚɘɞɨ. 

ȿɧɔɤ Űɖɠ ŮɔɔŮɜɞɨɠ ŬɜɞɛɞɘɞɔɏɜŮɘŬɠ Űɤɜ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ, ɖ ůɡɛˊŮɟɘűɞɟɎ Űɞɡɠ 

ˊɟɞůŮɔɔɑɕŮŰŬɘ ɛŮ ŭɨɞ ŭɘŬűɞɟŮŰɘəɞɨɠ Űɟɧˊɞɡɠ: 

V ɀɘəɟɞɛɖɢŬɜɘəɐ (micromechanics): ȺɑɜŬɘ ɖ ɛŮɚɏŰɖ Űɖɠ ůɡɛˊŮɟɘűɞɟɎɠ Űɤɜ 

ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ, ɧˊɞɡ ɖ ŬɚɚɖɚŮˊɑŭɟŬůɖ Űɤɜ ůɡůŰŬŰɘəɩɜ Űɞɡ ůɡɜɗɏŰɞɡ 

ŮɝŮŰɎɕŮŰŬɘ ůŮ ɛɘəɟɞůəɞˊɘəɐ əɚɑɛŬəŬ ɛŮ ůəɞˊɧ Űɞɜ ɞɟɘůɛɧ Űɖɠ ŮˊɑŭɟŬůɖɠ Űɤɜ 

ůɡůŰŬŰɘəɩɜ ůŰɘɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ůɡɜɗɏŰɞɡ. 

V ɀŬəɟɞɛɖɢŬɜɘəɐ (macromechanics): ȺɑɜŬɘ ɖ ɛŮɚɏŰɖ Űɖɠ ůɡɛˊŮɟɘűɞɟɎɠ Űɤɜ 

ůɡɜɗɏŰɤɜ ɡɚɘəɩɜ, əŬŰɎ Űɖɜ ɞˊɞɑŬ ɏɢŮɘ ɡˊɞŰŮɗŮɑ ˊɤɠ Űɞ ɡɚɘəɧ ŮɑɜŬɘ ɞɛɞɘɞɔŮɜɏɠ əŬɘ 

ɖ ŮˊɑŭɟŬůɖ Űɤɜ ůɡůŰŬŰɘəɩɜ ɡɚɘəɩɜ Űɞɡ ůɡɜɗɏŰɞɡ ŮɜŰɞˊɑɕŮŰŬɘ ɛɧɜɞ ɤɠ ɛɘŬ ɛɏůɖ 

Űɘɛɐ Űɤɜ ɛŬəɟɞůəɞˊɘəɩɜ ɘŭɘɞŰɐŰɤɜ Űɞɡ ůɡɜɗɏŰɞɡ ɡɚɘəɞɨ. 

 

ɄŬɟŬəɎŰɤ ŬɜŬɚɨŮŰŬɘ ɛɧɜɞ ɖ ɛŬəɟɞɛɖɢŬɜɘəɐ ůɡɛˊŮɟɘűɞɟɎ Űɤɜ ůɡɜɗɏŰɤɜ 

ɡɚɘəɩɜ, əŬɗɩɠ ŬɡŰɐ ŮɑɜŬɘ ůɖɛŬɜŰɘəɧŰŮɟɖ əŬŰɎ Űɞɜ ůɢŮŭɘŬůɛɧ ůɢŮŰɘəɩɜ ůɨɜɗŮŰɤɜ 

ŭɞɛɩɜ. [4, 5] 

 

 

 

 

ɳʽˁˈ˄ʰ 36Φ ɾʹ˔ʰ˄ʽˁʺ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ʵʽʰ˒ˈˊ˖˄ ˎ˂ʽˁ˗˄Φ [5] 
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5.2 ȸŬůɘəɐ ɞɟɞɚɞɔɑŬ ˊɞɚɡůŰɟɤɛŬŰɘəɩɜ ůɡɜɗɏŰɤɜ ɡɚɘəɩɜ 

Ůɜɘůɢɡɛɏɜɤɜ ɛŮ ɑɜŮɠ 

 

ȷɜŰɘəŮɑɛŮɜɞ Űɖɠ ˊŬɟɞɨůŬɠ ŮɟɔŬůɑŬɠ ŬˊɞŰŮɚɞɨɜ ŰŬ ˊɞɚɡůŰɟɤɛŬŰɘəɎ ůɨɜɗŮŰŬ 

ɡɚɘəɎ ŮɜɘůɢɡɛɏɜŬ ɛŮ ɛŬəɟɘɏɠ əŬɘ ůɡɜŮɢŮɑɠ ɑɜŮɠ.  

 

 

5.2.1 ɀɞɜɞůŰɟɤɛŬŰɘəɎ ůɨɜɗŮŰŬ (lamina) 

 

ɇɞ ɓŬůɘəɧ ŭɞɛɘəɧ əɞɛɛɎŰɘ Ůɜɧɠ ˊɞɚɡůŰɟɤɛŬŰɘəɞɨ ůɡɜɗɏŰɞɡ ŮɑɜŬɘ Űɞ 

ɛɞɜɞůŰɟɤɛŬŰɘəɧ űɨɚɚɞ (lamina), Űɞ ɞˊɞɑɞ ŮɑɜŬɘ ɛɘŬ ŮˊɑˊŮŭɖ ŭɘɎŰŬɝɖ 

ɛɞɜɞŭɘŮɡɗɡɜŰɘəɩɜ ɐ ˊɚŮəŰɩɜ ɘɜɩɜ ɛɏůŬ ůŮ ɛɘŬ ɛɐŰɟŬ. ȹɨɞ ŰɡˊɘəɎ ŮˊɑˊŮŭŬ 

ɛɞɜɞůŰɟɤɛŬŰɘəɎ űɨɚɚŬ ɛŬɕɑ ɛŮ Űɞɡɠ ɎɝɞɜŮɠ ůɡɜŰŮŰŬɔɛɏɜɤɜ Űɞɡɠ ˊɞɡ ŮɑɜŬɘ 

ˊŬɟɎɚɚɖɚɞɘ əŬɘ əɎɗŮŰɞɘ ůŰɖɜ ŭɘŮɨɗɡɜůɖ Űɤɜ ɘɜɩɜ űŬɑɜɞɜŰŬɘ ůŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ. 

 

 

ɳʽˁˈ˄ʰ 37Φ ɲˏˇ ˋˍˇʽ˔ʶʽ˗ʵʹˌ ˍˏˉˇˎ ˃ˇ˄ˇˋˍˊ˖˃ʰˍʽˁ˗˄ ˋˎ˄ʻʷˍ˖˄ όlaminae). [5] 

 

 

ȳˊɤɠ ɏɢŮɘ ŬɜŬűŮɟɗŮɑ ůŮ ˊɟɞɖɔɞɨɛŮɜɞ əŮűɎɚŬɘɞ, ɞɘ ɑɜŮɠ ŬˊɞŰŮɚɞɨɜ Űɖ ɓŬůɘəɐ 

Ůɜɑůɢɡůɖ Űɞɡ ůɡɜɗɏŰɞɡ, Ůɜɩ ɖ ɛɐŰɟŬ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ɞɟɔŬɜɘəɐ, ɛŮŰŬɚɚɘəɐ, əŮɟŬɛɘəɐ 

ɐ Ŭˊɧ ɎɜɗɟŬəŬ. Ɇəɞˊɧɠ Űɖɠ ɛɐŰɟŬɠ ŮɑɜŬɘ ɜŬ ɡˊɞůŰɖɟɑɕŮɘ əŬɘ ɜŬ ˊɟɞůŰŬŰŮɨŮɘ Űɘɠ ɑɜŮɠ, 

əŬɗɩɠ əŬɘ ɜŬ ɛŮŰŬűɏɟŮɘ əŬɘ Űɞ űɞɟŰɑɞ ůŮ ŬɡŰɏɠ, ŬɚɚɎ əŬɘ ɛŮŰŬɝɨ Űɞɡɠ. ɇɞ ŰŮɚŮɡŰŬɑɞ 

ŮɑɜŬɘ ɏɜŬɠ ɘŭɘŬɑŰŮɟŬ ůɖɛŬɜŰɘəɧɠ ˊŬɟɎɔɞɜŰŬɠ ůŰɖɜ ˊŮɟɑˊŰɤůɖ ˊɞɡ əɎˊɞɘŬ ɑɜŬ 

ŬůŰɞɢɐůŮɘ, ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ. Ⱥŭɩ Űɞ űɞɟŰɑɞ ˊɞɡ űɞɟŰɑɕŮɘ Űɞ ɏɜŬ 

Ɏəɟɞ Űɖɠ ůˊŬůɛɏɜɖ ɑɜŬɠ ɛŮŰŬűɏɟŮŰŬɘ ůŰɖ ɛɐŰɟŬ əŬɘ Ŭˊɧ ŮəŮɑ ɛŮŰŬűɏɟŮŰŬɘ ůŰɞ Ɏɚɚɞ 

əɞɛɛɎŰɘ Űɖɠ əɞɛɛɏɜɖɠ ɑɜŬɠ əŬɘ ˊɟɞűŬɜɩɠ ůŰɘɠ ɡˊɧɚɞɘˊŮɠ ɑɜŮɠ Űɖɠ ŭɘɎŰŬɝɖɠ. Ƀ 
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ɛɖɢŬɜɘůɛɧɠ Űɖɠ ɛŮŰŬűɞɟɎɠ űɞɟŰɑɞɡ ŮɑɜŬɘ ɖ ŭɘŬŰɛɖŰɘəɐ ŰɎůɖ ˊɞɡ ŬɜŬˊŰɨůůŮŰŬɘ ɛɏůŬ 

ůŰɞ ɡɚɘəɧ Űɖɠ ɛɐŰɟŬɠ.  

 

 

ɳʽˁˈ˄ʰ 38. ɳˉʾʵˊʰˋʹ ˋˉʰˋ˃ʷ˄ʹˌ ʾ˄ʰˌ ˋˍʹ ˃ʺˍˊʰ ˁʰʽ ˁʰˍʰ˄ˇ˃ʺ ˍʱˋʶ˖˄ ˋˍʹ˄ ʾ˄ʰΦ [5] 

 

Ƀɘ ɘŭɘɧŰɖŰŮɠ Űɤɜ ůɡůŰŬŰɘəɩɜ Űɞɡ ɛɞɜɞůŰɟɤɛŬŰɘəɞɨ űɨɚɚɞɡ, ɞɘ ɑɜŮɠ əŬɘ ɖ 

ɛɐŰɟŬ, ŭŮɜ ɗŬ ůɡɕɖŰɖɗɞɨɜ ˊŮɟŬɘŰɏɟɤ, əŬɗɩɠ Űɞ ŬɜŰɘəŮɑɛŮɜɞ Űɖɠ ˊŬɟɞɨůŬɠ ŮɟɔŬůɑŬɠ 

ŬˊɞŰŮɚɞɨɜ ŰŬ ˊɞɚɡůŰɟɤɛŬŰɘəɎ ůɨɜɗŮŰŬ. ɄŬɟô ɧɚŬ ŬɡŰɎ, ɔɑɜŮŰŬɘ ˊŬɟŬəɎŰɤ ɛɘŬ 

ůɨɜŰɞɛɖ ŬɜŬűɞɟɎ. ȸɎůŮɘ Űɖɠ ůɢɏůɖɠ ŰɎůɖɠ ï ˊŬɟŬɛɧɟűɤůɖɠ ŭɘŬəɟɑɜɞɜŰŬɘ ŰɡˊɘəɎ 

ŰɏůůŮɟɘɠ əŬŰɖɔɞɟɑŮɠ. ȷɜ əŬɘ ɞɘ ɑɜŮɠ ŮɛűŬɜɑɕɞɡɜ ɔŮɜɘəɎ ɔɟŬɛɛɘəɐ ŮɚŬůŰɘəɐ 

ůɡɛˊŮɟɘűɞɟɎ, ɎɚɚŬ ɡɚɘəɎ ɧˊɤɠ ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ ɞɘ ŭɞəɞɑ ɢɎɚɡɓŬ ůŰɞ ɞˊɚɘůɛɏɜɞ 

ůəɡɟɧŭŮɛŬ ŮˊɘŭŮɘəɜɨɞɡɜ ɛɘŬ ˊŮɟɘůůɧŰŮɟɞ ŮɚŬůŰɘəɐ ï ˊɚɐɟɤɠ ˊɚŬůŰɘəɐ 

ůɡɛˊŮɟɘűɞɟɎ. ɇɞ Ŭɚɞɡɛɑɜɘɞ, əŬɗɩɠ əŬɘ ˊɞɚɚɎ ˊɞɚɡɛŮɟɐ əŬɘ ɞɟɘůɛɏɜŬ ůɨɜɗŮŰŬ ɡɚɘəɎ 

ŮɛűŬɜɑɕɞɡɜ ɛɘŬ ŮɚŬůŰɞˊɚŬůŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ ˊɞɡ ɛŮŰŬűɟɎɕŮŰŬɘ ůŮ ɛɘŬ ɛɖ ɔɟŬɛɛɘəɐ 

ŮɚŬůŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ Ŭɜ ŭŮɜ ŬɟɗŮɑ Űɞ űɞɟŰɑɞ əŬŰŬˊɧɜɖůɖɠ. ɆŮ ɔŮɜɘəɏɠ ɔɟŬɛɛɏɠ, ŰŬ 

ůɨɜɗŮŰŬ ɡɚɘəɎ ɟɖŰɘɜɘəɐɠ ɛɐŰɟŬɠ ŮɑɜŬɘ ɓɘůəɞŮɚŬůŰɘəɎ, ŮɜŭŮɢɞɛɏɜɤɠ əŬɘ 

ɓɘůəɞˊɚŬůŰɘəɎ, əŬɗɩɠ ɖ ůɡɛˊŮɟɘűɞɟɎ Űɞɡɠ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞ ɓŬɗɛɧ ˊŬɟŬɛɧɟűɤůɖɠ 

əŬɘ ŬɜŰɑůŰɞɘɢŬ ŮɛűŬɜɑɕɞɡɜ ɛɘŬ ɔɟŬɛɛɘəɐ ɐ ɛɖ ɔɟŬɛɛɘəɐ ůɢɏůɖ ŰɎůɖɠ ï 

ˊŬɟŬɛɧɟűɤůɖɠ. 

ɇŬ ůɨɜɗŮŰŬ ɡɚɘəɎ ŮɜɘůɢɡɛɏɜŬ ɛŮ ɑɜŮɠ, ɧˊɤɠ Űɞ ůɨɜɗŮŰɞ ɔɟŬűɑŰɖ ůŮ Ůˊɞɝɘəɐ 

ɛɐŰɟŬ ŬɜŰɘɛŮŰɤˊɑɕɞɜŰŬɘ ůɡɜɐɗɤɠ ɤɠ ɔɟŬɛɛɘəɎ ŮɚŬůŰɘəɎ ɡɚɘəɎ, əŬɗɩɠ ɞɡůɘŬůŰɘəɎ ɞɘ 

ɔɟŬɛɛɘəɎ ŮɚŬůŰɘəɏɠ ɑɜŮɠ ŮɝŬůűŬɚɑɕɞɡɜ Űɞ ɛŮɔŬɚɨŰŮɟɞ ˊɞůɞůŰɧ ŬɜŰɞɢɐɠ əŬɘ 

ŭɡůəŬɛɣɑŬɠ. [5] 
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ʅ˔ʺ˃ʰ 5Φ ʆʷˋˋʶˊʽˌ ˁʰˍʹʴˇˊʾʶˌ ˃ʹ˔ʰ˄ʽˁʺˌ ˋˎ˃ˉʶˊʽ˒ˇˊʱˌ ˋˎ˄ʻʷˍ˖˄ ˃ʶ ʲʱˋʹ ˍʰ ʵʽʰʴˊʱ˃˃ʰˍʰ ˍʱˋʹˌ ς 
ˉʰˊʰ˃ˈˊ˒˖ˋʹˌΦ ɱˊʰ˃˃ʽˁʺ ʶ˂ʰˋˍʽˁʺ ˋˎ˃ˉʶˊʽ˒ˇˊʱ όŀύΣ ʶ˂ʰˋˍʽˁʺ ς ̄ ˂ʺˊ˖ˌ ˉ˂ʰˋˍʽˁʺ ˋˎ˃ˉʶˊʽ˒ˇˊʱ όōύΣ ʶ˂ʰˋˍʽˁʺ ς 

ˉ˂ʰˋˍʽˁʺ ˋˎ˃ˉʶˊʽ˒ˇˊʱ όŎύ ˁʰʽ ʲʽˋˁˇʶ˂ʰˋˍʽˁʺ όŘύΦ [5] 

 

5.2.2 ɄɞɚɡůŰɟɤɛŬŰɘəɎ ůɨɜɗŮŰŬ (laminate) 

 

ȰɜŬ ˊɞɚɡůŰɟɤɛŬŰɘəɧ ůɨɜɗŮŰɞ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŭɘɎűɞɟŬ ɛɞɜɞůŰɟɤɛŬŰɘəɎ 

űɨɚɚŬ ɛŮ ˊɞɘəɑɚɞɡɠ ˊɟɞůŬɜŬŰɞɚɘůɛɞɨɠ Űɞɡ ɓŬůɘəɞɨ ɎɝɞɜŬ Űɤɜ ɘɜɩɜ əɎɗŮ ůŰɟɩůɖɠ, 

Űɞ ɏɜŬ ŰɞˊɞɗŮŰɖɛɏɜɞ ˊɎɜɤ Ŭˊɧ Űɞ Ɏɚɚɞ əŬŰɎ Űɞɜ ɎɝɞɜŬ z, o ɞˊɞɑɞɠ ŮɑɜŬɘ əɎɗŮŰɞɠ 

ˊɟɞɠ Űɞ ŮˊɑˊŮŭɞ ˊɞɡ ɞɟɑɕɞɡɜ ɞɘ ůŰɟɩůŮɘɠ. Ƀɘ ůŰɟɩůŮɘɠ Ůɜɧɠ ˊɞɚɡůŰɟɤɛŬŰɘəɞɨ 

ůɡɜɐɗɤɠ ůɡɜŭɏɞɜŰŬɘ ɛŮŰŬɝɨ Űɞɡɠ Ŭˊɧ Űɞ ɑŭɘɞ ɡɚɘəɧ ˊɞɡ ŬˊɞŰŮɚŮɑŰŬɘ əŬɘ ɖ ɛɐŰɟŬ Űɖɠ 

əɎɗŮ ůŰɟɩůɖɠ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ůɡɜɐɗɤɠ Űɞ ɡɚɘəɧ Űɖɠ ɛɐŰɟŬɠ ˊɞɡ əŬɚɨˊŰŮɘ Űɖɜ 

Ůɘ́űɎɜŮɘŬ Űɞɡ ɛɞɜɞůŰɟɤɛŬŰɘəɞɨ űɨɚɚɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ ɜŬ ůɡɜŭŮɗŮɑ ˊɎɜɤ ůŰɖɜ 

ˊɟɩŰɖ ůŰɟɩůɖ ɖ ŮˊɧɛŮɜɖ, ɢɤɟɑɠ Űɖɠ ˊɟɧůɗŮůɖ Ůˊɘˊɚɏɞɜ ɡɚɘəɞɨ (Űɖɠ ɛɐŰɟŬɠ). ɇŬ 

ˊɞɚɡůŰɟɤɛŬŰɘəɎ ůɨɜɗŮŰŬ ɛˊɞɟɞɨɜ ɜŬ ˊŬɟŬůəŮɡŬůŰɞɨɜ ɛŮ Űɖɜ ŮɜŬˊɧɗŮůɖ ůŰɟɩůŮɤɜ 

ŭɘŬűɞɟŮŰɘəɩɜ ɡɚɘəɩɜ ɐ ɧˊɤɠ ůŰɖɜ ˊŮɟɑˊŰɤůɖ ˊɞɡ ɛŮɚŮŰɎŰŬɘ ůŰɖɜ ˊŬɟɞɨůŬ ŮɟɔŬůɑŬ 

ůŰɟɩůŮɤɜ Ŭˊɧ ɛɞɜɞůŰɟɤɛŬŰɘəɎ űɨɚɚŬ Ůɜɘůɢɡɛɏɜɤɜ ɛŮ ɑɜŮɠ. 

 

 

ɳʽˁˈ˄ʰ 39Φ ɲʽʰʵˇ˔ʽˁʷˌ ˋˍˊ˗ˋʶʽˌ ˉˇ˂ˎˋˍˊ˖˃ʰˍʽˁˇˏ ˋˎ˄ʻʷˍˇˎ ˃ʶ ʵʽʰ˒ˇˊʶˍʽˁˈ ˉˊˇˋʰ˄ʰˍˇ˂ʽˋ˃ˈ ˋˍˊ˗ˋʶ˖˄Φ [5] 
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Ƀ əɨɟɘɞɠ ůŰɧɢɞɠ ŬɡŰɐɠ Űɖɠ ůŰɟɤɛŬŰɞˊɞɑɖůɖɠ (lamination) ŮɑɜŬɘ ɜŬ 

ˊɟɞůŬɟɛɞůŰɞɨɜ ɖ ŬɜŰɞɢɐ əŬɘ ɖ ŭɡůəŬɛɣɑŬ ˊɞɡ ŮɝŬɟŰɩɜŰŬɘ Ŭˊɧ Űɞɜ ˊɟɞůŬɜŬŰɞɚɘůɛɧ 

Űɤɜ ɘɜɩɜ əɎɗŮ ůŰɟɩůɖɠ ůŰɞ ˊŮɟɘɓɎɚɚɞɜ űɧɟŰɘůɖɠ Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ. ɇŬ 

ˊɞɚɡůŰɟɤɛŬŰɘəɎ ůɨɜɗŮŰŬ ŮɑɜŬɘ ɘŭɘŬɘŰɏɟɤɠ əŬŰɎɚɚɖɚŬ ɔɘŬ ŬɡŰɧ Űɞ ůəɞˊɧ, əŬɗɩɠ ɞɘ 

ůŰɞɘɢŮɘɩŭŮɘɠ ŭɘŮɡɗɨɜůŮɘɠ əɎɗŮ ůŰɟɩůɖɠ ɛˊɞɟɞɨɜ ɜŬ ŰɞˊɞɗŮŰɖɗɞɨɜ ɛŮ ŰɏŰɞɘɞ Űɟɧˊɞ 

ɩůŰŮ ɜŬ əŬɚɨˊŰɞɜŰŬɘ ɞɘ ŬˊŬɘŰɐůŮɘɠ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ ůɡɜɗɏŰɞɡ ɡɚɘəɞɨ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, 

ɏɝɘ ůŰɟɩůŮɘɠ Ůɜɧɠ ŭŮəŬ-ůŰɟɤɛŬŰɘəɞɨ ůɡɜɗɏŰɞɡ ɛˊɞɟɞɨɜ ɜŬ ŰɞˊɞɗŮŰɖɗɞɨɜ ɛŮ ɏɜŬ 

ůɡɔəŮəɟɘɛɏɜɞ ˊɟɞůŬɜŬŰɞɚɘůɛɧ əŬɘ ɞɘ ɡˊɧɚɞɘˊŮɠ ŰɏůůŮɟɘɠ ůŮ ɔɤɜɑŬ 90
ɞ
 ˊɟɞɠ Űɘɠ 

ˊŬɟŬˊɎɜɤ. ɇɞ ˊɟɞəɨˊŰɞɜ ůɨɜɗŮŰɞ ɏɢŮɘ ŬɜŰɞɢɐ əŬɘ ŭɡůəŬɛɣɑŬ ˊŮɟɑˊɞɡ əŬŰɎ 50% 

ɡɣɖɚɧŰŮɟɖ ˊɟɞɠ Űɖ ɛɘŬ ŭɘŮɨɗɡɜůɖ Ŭˊɧ ůŮ ůɢɏůɖ ɛŮ Űɖɜ Ɏɚɚɖ. Ƀ ɚɧɔɞɠ Űɖɠ 

ŭɡůəŬɛɣɑŬɠ ˊɟɞɠ Űɘɠ ŭɨɞ ŭɘŮɡɗɨɜůŮɘɠ ɡˊɞɚɞɔɑɕŮŰŬɘ ˊŮɟɑˊɞɡ ůŰɞ 6:4, ŬɚɚɎ ůŰɖɜ 

ˊŮɟɑˊŰɤůɖ əɎɛɣɖɠ Űɞɡ ůɨɜɗŮŰɞɡ Űɞ ŬˊɞŰɏɚŮůɛŬ ŮɑɜŬɘ ŬɓɏɓŬɘɞ, əŬɗɩɠ ŭŮɜ ɏɢŮɘ 

ɞɟɘůŰŮɑ ˊŬɟŬˊɎɜɤ ɖ ůŮɘɟɎ Űɤɜ ůŰɟɩůŮɤɜ. [5] 

 

 

5.2.3 ȾŬŰɖɔɞɟɑŮɠ əŬɘ ůɖɛŮɘɞɚɞɔɑŬ ůɡɜɗɏŰɤɜ Ůɜɘůɢɡɛɏɜɤɜ ɛŮ ɑɜŮɠ 

 

ɄŬɟŬəɎŰɤ Ŭəɞɚɞɡɗɞɨɜ ɞɟɘůɛɏɜɞɘ Ůɘŭɘəɞɑ Űɨˊɞɘ ˊɞɚɡůŰɟɤɛŬŰɘəɩɜ ůɡɜɗɏŰɤɜ, 

əŬɗɩɠ əŬɘ ɖ ŬɜŰɑůŰɞɘɢɖ ůɖɛŮɘɞɚɞɔɑŬ Űɞɡɠ: 

 

¶ ɀɞɜɞŭɘŮɡɗɡɜŰɘəɎ ˊɞɚɡůŰɟɤɛŬŰɘəɎ ůɨɜɗŮŰŬ (unidirectional laminate):  

ɆŮ ɏɜŬ ɛɞɜɞŭɘŮɡɗɡɜŰɘəɧ ˊɞɚɡůŰɟɤɛŬŰɘəɧ ůɨɜɗŮŰɞ, ɖ ɔɤɜɑŬ ˊɟɞůŬɜŬŰɞɚɘůɛɞɨ 

Űɤɜ ɘɜɩɜ ŮɑɜŬɘ ɖ ɑŭɘŬ ůŮ ɧɚŮɠ Űɘɠ ůŰɟɩůŮɘɠ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ ůŮ ɏɜŬ 

ˊɞɚɡůŰɟɤɛŬŰɘəɧ ůɨɜɗŮŰɞ 0
ɞ
, ɧɚŮɠ ɞɘ ůŰɟɩůŮɘɠ ŰɞˊɞɗŮŰɞɨɜŰŬɘ ůŮ ɔɤɜɑŬ ɗ = 0

ɞ
.  

 

¶ ɄɞɚɡůŰɟɤɛŬŰɘəɧ ɛŮ ŬɜŰɑɗŮŰŮɠ ɔɤɜɑŮɠ ůŰɟɩůŮɤɜ (angle-ply laminate): 

ɆŮ ŬɡŰɐɜ Űɖɜ ˊŮɟɑˊŰɤůɖ ɞɘ ɔɤɜɑŮɠ ˊɟɞůŬɜŬŰɞɚɘůɛɞɨ Űɤɜ ɘɜɩɜ ůŰɘɠ ŭɘŬűɞɟŮŰɘəɏɠ 

ůŰɟɩůŮɘɠ ŮɑɜŬɘ /ɗ/-ɗ/ɗ/-ɗ ɧˊɞɡ ɗ Í 0
ɞ
 ɐ 90

ɞ. 

 

¶ ɄɞɚɡůŰɟɤɛŬŰɘəɧ ɛŮ ŭɘŬůŰŬɡɟɞɨɛŮɜŮɠ ůŰɟɩůŮɘɠ (cross-ply laminate): 

ɆŮ ŬɡŰɐɜ Űɖɜ ˊŮɟɑˊŰɤůɖ ɞ ˊɟɞůŬɜŬŰɞɚɘůɛɧɠ ɔɤɜɘɩɜ Űɤɜ ŭɘŬűɞɟŮŰɘəɩɜ 

ůŰɟɩůŮɤɜ ŮɑɜŬɘ /0
ɞ
/90
ɞ
/0
ɞ
/90
ɞ
/. 
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ɳʽˁˈ˄ʰ 40Φ ʆˏˉˇʽ ˉˇ˂ˎˋˍˊ˖˃ʰˍʽˁ˗˄ ˋˎ˄ʻʷˍ˖˄ ˎ˂ʽˁ˗˄Υ ˃ˇ˄ˇʵʽʶˎʻˎ˄ˍʽˁˈ ˉˇ˂ˎˋˍˊ˖˃ʰˍʽˁˈ όa), 
ˉˇ˂ˎˋˍˊ˖˃ʰˍʽˁˈ ˃ʶ ʰ˄ˍʾʻʶˍʶˌ ʴ˖˄ʾʶˌ ˋˍˊ˗ˋʶ˖˄ (b) ˁ ʰʽ ˉˇ˂ˎˋˍˊ˖˃ʰˍʽˁˈ ˃ʶ ɻ ʽʰˋˍʰˎˊˇˏ˃ʶ˄ʶˌ ˋˍˊ˗ˋʶʽˌ (c). 

[4] 

 

 

¶ ɆɡɛɛŮŰɟɘəɎ ˊɞɚɡůŰɟɤɛŬŰɘəɎ (symmetric laminate): 

ɆŮ ɏɜŬ ůɡɛɛŮŰɟɘəɧ ˊɞɚɡůŰɟɤɛŬŰɘəɧ ůɨɜɗŮŰɞ, ɞ ˊɟɞůŬɜŬŰɞɚɘůɛɧɠ Űɤɜ ɘɜɩɜ əɎɗŮ 

ůŰɟɩůɖɠ ŮɑɜŬɘ ůɡɛɛŮŰɟɘəɧɠ ɤɠ ˊɟɞɠ Űɞ ɛɏůɞ ŮˊɑˊŮŭɞ Űɖɠ ˊɞɚɡůŰɟɤɛŬŰɘəɐɠ 

ŭɘɎŰŬɝɖɠ.  

Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ɔɘŬ əɎɗŮ ůŰɟɩůɖ ˊɎɜɤ Ŭˊɧ Űɞ ɛɏůɞ ŮˊɑˊŮŭɞ ɡˊɎɟɢŮɘ ɛɘŬ 

ŰŬɡŰɧůɖɛɖ ůŰɟɩůɖ (ůŮ ɡɚɘəɧ, ˊɎɢɞɠ əŬɘ ɔɤɜɑŬ ˊɟɞůŬɜŬŰɞɚɘůɛɞɨ Űɤɜ ɘɜɩɜ) ůŮ 

ɑůɖ ŬˊɧůŰŬůɖ əɎŰɤ Ŭˊɧ Űɞ ɛɏůɞ ŮˊɑˊŮŭɞ Űɖɠ ŭɞɛɐɠ. Ⱥˊɞɛɏɜɤɠ, ɔɘŬ ŰŬ 

ůɡɛɛŮŰɟɘəɎ ˊɞɚɡůŰɟɤɛŬŰɘəɎ ůɨɜɗŮŰŬ ɘůɢɨŮɘ ɗ(z) = ɗ(-z), ɧˊɞɡ z ŮɑɜŬɘ ɖ 

ŬˊɧůŰŬůɖ Ŭˊɧ Űɞ ɛɏůɞ ŮˊɑˊŮŭɞ Űɞɡ ˊɞɚɡůŰɟɤɛŬŰɘəɞɨ ůɡɜɗɏŰɞɡ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, 

ůŮ ɏɜŬ ˊɞɚɡůŰɟɤɛŬŰɘəɧ ɏɝɘ ůŰɟɩůŮɤɜ ɛŮ ɔɤɜɑŮɠ ˊɟɞůŬɜŬŰɞɚɘůɛɞɨ (Ŭˊɧ əɎŰɤ 

ˊɟɞɠ ŰŬ ˊɎɜɤ) ůŰɟɩůŮɤɜ [0
ɞ
/+45

ɞ
/90
ɞ
/90
ɞ
/+45

ɞ
/0
ɞ
] ɔɟɎűŮŰŬɘ ůɡɜɞˊŰɘəɎ 

[0
ɞ
/45
ɞ
/90
ɞ
]s, ɧˊɞɡ ɞ ŭŮɑəŰɖɠ çsè ůɖɛŬɑɜŮɘ ůɡɛɛŮŰɟɘəɧ. ȷɜŰɑůŰɞɘɢŬ, ůŮ ɛɘŬ 

ŭɘɎŰŬɝɖ ɛɞɜɞɨ Ŭɟɘɗɛɞɨ ůŰɟɩůŮɤɜ, ɧˊɤɠ ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ ůŰɖɜ ˊŮɟɑˊŰɤůɖ 

[0
o
/+45

o
/90

o
/+45

o
/0

o
], ŰɧŰŮ ɞ əŬŰɎɚɚɖɚɞɠ əɤŭɘəɧɠ ŮɑɜŬɘ [0

o
/45

o
/ωπo]s. 

 

¶ ȷɜŰɘůɡɛɛŮŰɟɘəɧ ˊɞɚɡůŰɟɤɛŬŰɘəɧ (antisymmetric laminate): 

ɆŮ ŬɡŰɐɜ Űɖɜ ˊŮɟɑˊŰɤůɖ ɞ ˊɟɞůŬɜŬŰɞɚɘůɛɧɠ Űɤɜ ůŰɟɩůŮɤɜ ŬɜŰɘůɡɛɛŮŰɟɘəɧɠ ɤɠ 

ˊɟɞɠ Űɞ ɛɏůɞ ŮˊɑˊŮŭɞ Űɖɠ ˊɞɚɡůŰɟɤɛŬŰɘəɐɠ ŭɞɛɐɠ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ɔɘŬ əɎɗŮ 

ůŰɟɩůɖ ɛŮ ɔɤɜɑŬ ˊɟɞůŬɜŬŰɞɚɘůɛɞɨ ɘɜɩɜ ɗ ˊɎɜɤ Ŭˊɧ Űɞ ɛɏůɞ ŮˊɑˊŮŭɞ Űɖɠ ŭɞɛɐɠ, 

ɡˊɎɟɢŮɘ ɛɘŬ ůŰɟɩůɖ ɛŮ ɔɤɜɑŬ ˊɟɞůŬɜŬŰɞɚɘůɛɞɨ ɘɜɩɜ ïɗ əɎŰɤ Ŭˊɧ Űɞ ɛɏůɞ 

ŮˊɑˊŮŭɞ, ˊɟɞűŬɜɩɠ ɑŭɘɞɡ ɡɚɘəɞɨ, ˊɎɢɞɡɠ əŬɘ ɑůɖɠ ŬˊɧůŰŬůɖɠ Ŭˊɧ Űɞ ɛɏůɞ 

ŮˊɑˊŮŭɞ. Ⱥˊɞɛɏɜɤɠ, ɔɘŬ ŰŬ ŬɜŰɘůɡɛɛŮŰɟɘəɎ ˊɞɚɡůŰɟɤɛŬŰɘəɎ ɘůɢɨŮɘ ɗ(z) = -ɗ(-z). 

ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, Űɞ ˊɞɚɡůŰɟɤɛŬŰɘəɧ ɛŮ ɔɤɜɑŮɠ ˊɟɞůŬɜŬŰɞɚɘůɛɞɨ ɘɜɩɜ əɎɗŮ 
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ůŰɟɩůɖɠ (Ŭˊɧ əɎŰɤ ˊɟɞɠ ŰŬ ˊɎɜɤ) ɗ/-ɗ/ɗ/-ɗ ŮɑɜŬɘ ŬɜŰɘůɡɛɛŮŰɟɘəɧ (ůŮ ŬɜŰɑɗŮůɖ ɛŮ 

Űɞ ɗ/-ɗ/-ɗ-ɗ ˊɞɡ ŮɑɜŬɘ ůɡɛɛŮŰɟɘəɧ. 

 

¶ ɀɖ-ůɡɛɛŮŰɟɘəɧ ˊɞɚɡůŰɟɤɛŬŰɘəɧ ůɨɜɗŮŰɞ (unsymmetric laminate): 

ɆŰŬ ɛɖ ůɡɛɛŮŰɟɘəɎ ˊɞɚɡůŰɟɤɛŬŰɘəɎ ŭŮɜ ɡˊɎɟɢŮɘ əŬɜɏɜŬ Ůɑŭɞɠ ůɡɛɛŮŰɟɑŬ ɐ 

ŬɜŰɘůɡɛɛŮŰɟɑŬɠ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, ŰŬ 0/0/0/90/90/90 ɐ 0/ɗ/-ɗ/90 ŮɑɜŬɘ ɛɖ-

ůɡɛɛŮŰɟɘəɎ ˊɞɚɡůŰɟɤɛŬŰɘəɎ ůɨɜɗŮŰŬ. 

 

¶ ȼɛɘ-ɘůɞŰɟɞˊɘəɎ ˊɞɚɡůŰɟɤɛŬŰɘəɎ (quasi-isotropic laminate): 

ȷɡŰɎ ŰŬ ˊɞɚɡůŰɟɤɛŬŰɘəɎ ůɨɜɗŮŰŬ ˊŬɟŬůəŮɡɎɕɞɜŰŬɘ Ŭˊɧ ŰɟŮɘɠ ɐ ˊŮɟɘůůɧŰŮɟŮɠ 

ůŰɟɩůŮɘɠ ɑŭɘɞɡ ˊɎɢɞɡɠ əŬɘ ɡɚɘəɞɨ ɛŮ ɑůŮɠ ŭɘŬűɞɟɏɠ ɔɤɜɘɩɜ ˊɟɞůŬɜŬŰɞɚɘůɛɞɨ 

ɛŮŰŬɝɨ ɔŮɘŰɞɜɘəɩɜ ůŰɟɩůŮɤɜ. ũɘŬ ŬɡŰɧ, Ŭɜ ɞ ůɡɜɞɚɘəɧɠ Ŭɟɘɗɛɧɠ ůŰɟɩůŮɤɜ ŮɑɜŬɘ 

n, ɖ ŭɘŬűɞɟɎ ɔɤɜɑŬɠ ˊɟɞůŬɜŬŰɞɚɘůɛɞɨ ɛŮŰŬɝɨ Űɤɜ ůŰɟɩůŮɤɜ ŮɑɜŬɘ ˊ/n. ɇɞ 

ˊɟɞəɨˊŰɞɜ ˊɞɚɡůŰɟɤɛŬŰɘəɧ ůɨɜɗŮŰɞ ŮɛűŬɜɑɕŮɘ ɛɘŬ ɘůɞŰɟɞˊɘəɐ ŮɚŬůŰɘəɐ 

ůɡɛˊŮɟɘűɞɟɎ ůŰɞ ŮˊɑˊŮŭɞ Űɤɜ ůŰɟɩůŮɤɜ. ɋůŰɧůɞ, ɞɘ ɘŭɘɧŰɖŰŮɠ ŬɜŰɞɢɐɠ Űɞɡ 

ŮɜŭɏɢŮŰŬɘ ɜŬ ŭɘŬűɏɟɞɡɜ ŬɜŬɚɧɔɤɠ Űɖɠ ŭɘŮɨɗɡɜůɖɠ Űɖɠ űɧɟŰɘůɖɠ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, 

Űɞ ˊɞɚɡůŰɟɤɛŬŰɘəɎ [45/0/-45/90], [0/+60/-60] əŬɘ [0/+45/-45/90] ŮɑɜŬɘ ɖɛɘ-

ɘůɞŰɟɞˊɘəɎ ˊɞɚɡůŰɟɤɛŬŰɘəɎ ůɨɜɗŮŰŬ, əŬɗɩɠ ŮɛűŬɜɑɕɞɡɜ ɘůɞŰɟɞˊɘəɐ ŮɚŬůŰɘəɐ 

ůɡɛˊŮɟɘűɞɟɎ ůŰɞ ŮˊɑˊŮŭɧ Űɞɡɠ. [4] 

 

 

 

 

5.3 ŪŮɤɟɑŬ ůŰɟɤɛŬŰɞˊɞɑɖůɖɠ (lamination theory) 

 

ȼ ɗŮɤɟɑŬ ůŰɟɤɛŬŰɞˊɞɑɖůɖɠ ŮɑɜŬɘ ɢɟɐůɘɛɖ əŬŰɎ Űɞɜ ɡˊɞɚɞɔɘůɛɧ ŰɎůŮɤɜ əŬɘ 

ˊŬɟŬɛɞɟűɩůŮɤɜ əɎɗŮ ůŰɟɩůɖɠ ůŮ ɛɘŬ ɚŮˊŰɐ ˊɞɚɡůŰɟɤɛŬŰɘəɐ ŭɞɛɐ. ȼ 

ůɡɔəŮəɟɘɛɏɜɖ ɗŮɤɟɑŬ Ůɘůɐɢɗɖ Ŭˊɧ Űɞɜ Robert M. Jones. ɀŮ ŬűŮŰɖɟɑŬ ŰŬ ɛɖŰɟɩŬ 

ŭɡůəŬɛɣɑŬɠ, ɖ ůɡɔəŮəɟɘɛɏɜɖ ɛɏɗɞŭɞɠ ˊŮɟɘɚŬɛɓɎɜŮɘ ŰŬ ˊŬɟŬəɎŰɤ ɓɐɛŬŰŬ: 

1. Ɉˊɞɚɞɔɘůɛɧɠ Űɤɜ ɛɖŰɟɩɤɜ ŭɡůəŬɛɣɑŬɠ Űɞɡ ˊɞɚɡůŰɟɤɛŬŰɘəɞɨ ůɨɜɗŮŰɞɡ. 

2. Ɉˊɞɚɞɔɘůɛɧɠ Űɤɜ ˊŬɟŬɛɞɟűɩůŮɤɜ əŬɘ Űɤɜ əŬɛˊɡɚɞŰɐŰɤɜ Űɞɡ ɛɏůɞɡ Ůˊɘˊɏŭɞɡ 

Űɞɡ ˊɞɚɡůŰɟɤɛŬŰɘəɞɨ ůɡɜɗɏŰɞɡ ɚɧɔɤ ŬůəɞɨɛŮɜɤɜ ŭɡɜɎɛŮɤɜ əŬɘ ɟɞˊɩɜ. 
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3. Ɉˊɞɚɞɔɘůɛɧɠ Űɤɜ ˊŬɟŬɛɞɟűɩůŮɤɜ Ůxx, Ůyy əŬɘ ɔxy ŮɜŰɧɠ Űɞɡ Ůˊɘˊɏŭɞɡ əɎɗŮ 

ůŰɟɩůɖɠ. 

4. Ɉˊɞɚɞɔɘůɛɧɠ Űɤɜ ŰɎůŮɤɜ ůxx, ůyy əŬɘ Űxy ŮɜŰɧɠ Űɞɡ Ůˊɘˊɏŭɞɡ əɎɗŮ ůŰɟɩůɖɠ. [4, 5] 

 

 

5.3.1 ɄŬɟŬŭɞɢɏɠ Űɖɠ ɗŮɤɟɑŬɠ 

 

Ƀɘ ɓŬůɘəɏɠ ˊŬɟŬŭɞɢɏɠ ˊɞɡ ɔɑɜɞɜŰŬɘ ůŰɖ ɗŮɤɟɑŬ ůŰɟɤɛŬŰɞˊɞɑɖůɖɠ (lamination 

theory) ŮɑɜŬɘ ɞɘ Ůɝɐɠ: 

1. ȼ ˊɞɚɡůŰɟɤɛŬŰɘəɐ ŭɞɛɐ ŮɑɜŬɘ ɚŮˊŰɐ əŬɘ űŬɟŭɘɎ (Űɞ ˊɚɎŰɞɠ ŮɑɜŬɘ ˊɞɚɨ 

ɛŮɔŬɚɨŰŮɟɞ Ŭˊɧ Űɞ ˊɎɢɞɠ Űɖɠ ŭɞɛɐɠ). 

2. Ƀɘ ŭɘɎűɞɟŮɠ ůŰɟɩůŮɘɠ ůɡɜŭɏɞɜŰŬɘ ɛŮŰŬɝɨ Űɞɡɠ ɛŮ ɏɜŬɜ ɘŭŬɜɘəɧ ŮɜŭɞůŰɟɤɛŬŰɘəɧ 

ŭŮůɛɧ (interlaminar bond). 

3. ȼ əŬŰŬɜɞɛɐ ˊŬɟŬɛɞɟűɩůŮɤɜ əŬŰɎ Űɞ ˊɎɢɞɠ Űɖɠ ŭɞɛɐɠ ŮɑɜŬɘ ɔɟŬɛɛɘəɐ. 

4. ȳɚŮɠ ɞɘ ůŰɟɩůŮɘɠ ŮɑɜŬɘ ɛŬəɟɞůəɞˊɘəɎ ɞɛɞɘɞɔŮɜɐɠ əŬɘ ůɡɛˊŮɟɘűɏɟɞɜŰŬɘ ɛŮ 

ɔɟŬɛɛɘəɎ ŮɚŬůŰɘəɧ Űɟɧˊɞ. 

 

ɇɞ ɔŮɤɛŮŰɟɘəɧ ɛɏůɞ ŮˊɑˊŮŭɞ Űɖɠ ˊɞɚɡůŰɟɤɛŬŰɘəɐɠ ŭɞɛɐɠ ˊŮɟɘɚŬɛɓɎɜŮɘ Űɞɡɠ 

ɎɝɞɜŮɠ ɢ əŬɘ y, Ůɜɩ ɞ ɎɝɞɜŬɠ z ɞɟɑɕŮɘ Űɖ ŭɘŮɨɗɡɜůɖ Űɞɡ ˊɎɢɞɡɠ Űɖɠ ˊɞɚɡůŰɟɤɛŬŰɘəɐɠ 

ŭɞɛɐɠ. ɇɞ ůɡɜɞɚɘəɧ ˊɎɢɞɠ Űɖɠ ŭɞɛɐɠ ŮɑɜŬɘ h, Ůɜɩ ŰŬ ˊɎɢɖ Űɤɜ ŭɘŬűɧɟɤɜ ůŰɟɩůŮɤɜ 

ŬɜŰɘˊɟɞůɤˊŮɨɞɜŰŬɘ ɤɠ t1, t2, t3 əɚˊ. Ƀ ůɡɜɞɚɘəɧɠ Ŭɟɘɗɛɧɠ Űɤɜ ůŰɟɩůŮɤɜ ŮɑɜŬɘ Ɂ. [4] 

 

 

ɳʽˁˈ˄ʰ 41Φ ɱʶ˖˃ʶˍˊʾʰ ˉˇ˂ˎˋˍˊ˖˃ʰˍʽˁˇˏ ˋˎ˄ʻʷˍˇˎΦ [4] 
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5.3.2 ɄŬɟŬɛɞɟűɩůŮɘɠ Űɖɠ ˊɞɚɡůŰɟɤɛŬŰɘəɐɠ ŭɞɛɐɠ (laminate strains) 

 

ɆɨɛűɤɜŬ ɛŮ Űɖɜ ŰɟɑŰɖ ˊŬɟŬŭɞɢɐ Űɖɠ ɗŮɤɟɑŬɠ, ɞɘ ˊŬɟŬɛɞɟűɩůŮɘɠ Űɖɠ 

ˊɞɚɡůŰɟɤɛŬŰɘəɐɠ ŭɞɛɐɠ ŮɑɜŬɘ ɔɟŬɛɛɘəɎ ŮɝŬɟŰɩɛŮɜŮɠ Ŭˊɧ Űɖɜ ŬˊɧůŰŬůɖ Ŭˊɧ Űɞ ɛɏůɞ 

ŮˊɑˊŮŭɞ ɤɠ Ůɝɐɠ: 

Ůxx = Ů
ɞ
xx + zkxx  

 Ůyy = Ů
ɞ
yy + zkyy  (1) 

ɔxy = ɔ
ɞ
xy + zkxy 

ɧˊɞɡ: 

Ů
ɞ
xx , Ů

ɞ
yy = ɞɘ ɞɟɗɏɠ ˊŬɟŬɛɞɟűɩůŮɘɠ ůŰɞ ɛɏůɞ ŮˊɑˊŮŭɞ Űɞɡ ˊɞɚɡůŰɟɤɛŬŰɘəɞɨ 

ɔ
ɞ
xy         = ɖ ŭɘŬŰɛɖŰɘəɐ ˊŬɟŬɛɧɟűɤůɖ ůŰɞ ɛɏůɞ ŮˊɑˊŮŭɞ Űɞɡ ˊɞɚɡůŰɟɤɛŬŰɘəɞɨ 

kxx , kyy    = ɞɘ əŬɛˊɡɚɧŰɖŰŮɠ Ŭˊɧ əɎɛɣɖ Űɞɡ ˊɞɚɡůŰɟɤɛŬŰɘəɞɨ 

kxy          = ɖ əŬɛˊɡɚɧŰɖŰŬ Ŭˊɧ ůŰɟɏɣɖ Űɞɡ ˊɞɚɡůŰɟɤɛŬŰɘəɞɨ 

z            = ɖ ŬˊɧůŰŬůɖ Ŭˊɧ Űɞ ɛɏůɞ ŮˊɑˊŮŭɞ əŬŰɎ Űɖ ŭɘŮɨɗɡɜůɖ Űɞɡ ˊɎɢɞɡɠ [4]     

 

 

5.3.3 ȹɡɜɎɛŮɘɠ əŬɘ ɟɞˊɏɠ Űɞɡ ˊɞɚɡůŰɟɤɛŬŰɘəɞɨ ůɡɜɗɏŰɞɡ 

 

Ƀɘ ŬůəɞɨɛŮɜŮɠ ŭɡɜɎɛŮɘɠ əŬɘ ɟɞˊɏɠ ůŮ ɛɘŬ ˊɞɚɡůŰɟɤɛŬŰɘəɐ ŭɞɛɐ 

ůɡůɢŮŰɑɕɞɜŰŬɘ ɛŮ Űɘɠ ˊŬɟŬɛɞɟűɩůŮɘɠ Űɞɡ ɛɏůɞɡ Ůˊɘˊɏŭɞɡ əŬɘ Űɘɠ əŬɛˊɡɚɧŰɖŰɏɠ Űɞɡ 

ɛŮ Űɘɠ ŬəɧɚɞɡɗŮɠ ŮɝɘůɩůŮɘɠ: 

 

Ɂxx = A11 Ů
ɞ
xx + A12 Ů

ɞ
yy + A16 ɔ

ɞ
xy + B11 kxx + B12 kyy + B16 kxy  

Ɂyy = A12 Ů
ɞ
xx + A22 Ů

ɞ
yy + A26 ɔ

ɞ
xy + B12 kxx + B22 kyy + B26 kxy  

Ɂxy = A16 Ů
ɞ
xx + A26 Ů

ɞ
yy + A66 ɔ

ɞ
xy + B16 kxx + B26 kyy + B66 kxy  

Mxx = B11 Ů
ɞ
xx + B12 Ů

ɞ
yy + B16 ɔ

ɞ
xy + D11 kxx + D12 kyy + D16 kxy          

 Myy = B12 Ů
ɞ
xx + B22 Ů

ɞ
yy + B26 ɔ

ɞ
xy + D12 kxx + D22 kyy + D26 kxy   

Mxy = B16 Ů
ɞ
xx + B26 Ů

ɞ
yy + B66 ɔ

ɞ
xy + D16 kxx + D26 kyy + D66 kxy  
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ɳʽˁˈ˄ʰ 42. ɼʰ˃ˉˍʽˁʱ ˁʰʽ ˋˍˊʶˉˍʽˁʱ ˒ˇˊˍʾʰ ˉˇˎ ʶ˒ʰˊ˃ˈʸˇ˄ˍʰʽ ˋˍˇ ˃ʷˋˇ ʶˉʾˉʶʵˇ ˃ʽʰˌ ˉˇ˂ˎˋˍˊ˖˃ʰˍʽˁʺˌ 
ʵʽʱˍʰ˅ʹˌΦ 

 

ȷɜŰɑůŰɞɘɢŬ, ůŮ ɛɞɟűɐ ˊɑɜŬəŬ: 

ὔ
ὔ

ὔ
 = [A] 

‐
‐

‎
 + [B] 

Ὧ
Ὧ

Ὧ
 (2) 

 

ὓ
ὓ

ὓ
 = [ȸ] 

‐
‐

‎
 + [D] 

Ὧ
Ὧ

Ὧ
 (3) 

ɧ́ ɞɡ 

Nxx = ɞɟɗɐ ŭɨɜŬɛɖ ůŰɖ ŭɘŮɨɗɡɜůɖ x (ŬɜɎ ɛɞɜɎŭŬ ˊɚɎŰɞɡɠ) 

Ɂyy = ɞɟɗɐ ŭɨɜŬɛɖ ůŰɖ ŭɘŮɨɗɡɜůɖ y (ŬɜɎ ɛɞɜɎŭŬ ˊɚɎŰɞɡɠ) 

Nxy = ŭɘŬŰɛɖŰɘəɐ ŭɨɜŬɛɖ (ŬɜɎ ɛɞɜɎŭŬ ˊɚɎŰɞɡɠ) 

ɀxx = əŬɛˊŰɘəɐ ɟɞˊɐ ůŰɞ ŮˊɑˊŮŭɞ yz (ŬɜɎ ɛɞɜɎŭŬ ˊɚɎŰɞɡɠ) 

Myy = əŬɛˊŰɘəɐ ɟɞˊɐ ůŰɞ ŮˊɑˊŮŭɞ xz (ŬɜɎ ɛɞɜɎŭŬ ˊɚɎŰɞɡɠ) 

Mxy = ůŰɟŮˊŰɘəɐ ɟɞˊɐ (ŬɜɎ ɛɞɜɎŭŬ ˊɚɎŰɞɡɠ) 

 

[ȷ] = ɛɖŰɟɩɞ ŮəŰŬŰɘəɐɠ ŭɡůəŬɛɣɑŬɠ (extensional stiffness) ɔɘŬ Űɖ ˊɞɚɡůŰɟɤɛŬŰɘəɐ 

ŭɘɎŰŬɝɖ (ɛɞɜɎŭŮɠ: N/m ɐ lb/in) 

[A] = 

ὃ ὃ ὃ
ὃ ὃ ὃ
ὃ ὃ ὃ

 

 

[B] = ɛɖŰɟɩɞ ŭɡůəŬɛɣɑŬɠ ůɨɕŮɡɝɖɠ (coupling stiffness) ɔɘŬ Űɖ ˊɞɚɡůŰɟɤɛŬŰɘəɐ 

ŭɘɎŰŬɝɖ (ɛɞɜɎŭŮɠ: Ɂ ɐ lb) 

[B] = 

ὄ ὄ ὄ
ὄ ὄ ὄ
ὄ ὄ ὄ
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[D] = ɛɖŰɟɩɞ əŬɛˊŰɘəɐɠ ŭɡůəŬɛɣɑŬɠ (bending stiffness) ɔɘŬ Űɖ ˊɞɚɡůŰɟɤɛŬŰɘəɐ 

ŭɘɎŰŬɝɖ (ɛɞɜɎŭŮɠ: Nm ɐ lb in) 

[D] =  

Ὀ Ὀ Ὀ
Ὀ Ὀ Ὀ
Ὀ Ὀ Ὀ

 

 

ɄŬɟŬŰɖɟɩɜŰŬɠ Űɖɜ Ůɝɑůɤůɖ (2), ˊɟɞəɨˊŰɞɡɜ ŰŬ Ůɝɐɠ: 

1. Ƀɘ ůɡɜŰŮɚŮůŰɏɠ ȷ16 əŬɘ ȷ26 ůɡɜŭɏɞɡɜ Űɘɠ ɞɟɗɏɠ ŭɡɜɎɛŮɘɠ Űɖɠ ůŰɟɩůɖɠ ɛŮ Űɖɜ 

ŭɘŬŰɛɖŰɘəɐ ˊŬɟŬɛɧɟűɤůɖ Űɞɡ ɛɏůɞɡ Ůˊɘˊɏŭɞɡ əŬɘ Űɖ ŭɘŬŰɛɖŰɘəɐ ŭɨɜŬɛɖ Űɖɠ 

ůŰɟɩůɖɠ ɛŮ Űɘɠ ɞɟɗɏɠ ˊŬɟŬɛɞɟűɩůŮɘɠ Űɞɡ ɛɏůɞɡ Ůˊɘˊɏŭɞɡ. 

2. Ƀɘ ůɡɜŰŮɚŮůŰɏɠ ȸ11, ȸ12 əŬɘ ȸ22 ůɡɜŭɏɞɡɜ Űɘɠ ɞɟɗɏɠ ŭɡɜɎɛŮɘɠ Űɖɠ ůŰɟɩůɖɠ ɛŮ Űɘɠ 

əŬɛˊŰɘəɏɠ əŬɛˊɡɚɧŰɖŰŮɠ, əŬɘ Űɘɠ əŬɛˊŰɘəɏɠ ɟɞˊɏɠ ɛŮ Űɘɠ ɞɟɗɏɠ ˊŬɟŬɛɞɟűɩůŮɘɠ 

Űɞɡ ɛɏůɞɡ Ůˊɘˊɏŭɞɡ. 

3. Ƀɘ ůɡɜŰŮɚŮůŰɏɠ ȸ16 əŬɘ ȸ26 ůɡɜŭɏɞɡɜ Űɘɠ ɞɟɗɏɠ ŭɡɜɎɛŮɘɠ Űɖɠ ůŰɟɩůɖɠ ɛŮ Űɘɠ 

ůŰɟŮˊŰɘəɏɠ əŬɛˊɡɚɧŰɖŰŮɠ, əŬɘ Űɖ ůŰɟŮˊŰɘəɐ ɟɞˊɐ ɛŮ Űɘɠ ɞɟɗɏɠ ˊŬɟŬɛɞɟűɩůŮɘɠ 

Űɞɡ ɛɏůɞɡ Ůˊɘˊɏŭɞɡ. 

4. Ƀ ůɡɜŰŮɚŮůŰɐɠ ȸ66 ůɡɜŭɏŮɘ Űɖ ŭɘŬŰɛɖŰɘəɐ ŭɨɜŬɛɖ Űɖɠ ůŰɟɩůɖɠ ɛŮ Űɖ ůŰɟŮˊŰɘəɐ 

əŬɛˊɡɚɧŰɖŰŬ, əŬɘ Űɖ ůŰɟŮˊŰɘəɐ ɟɞˊɐ ɛŮ Űɖ ŭɘŬŰɛɖŰɘəɐ ˊŬɟŬɛɧɟűɤůɖ Űɞɡ ɛɏůɞɡ 

Ůˊɘˊɏŭɞɡ. 

5. Ƀɘ ůɡɜŰŮɚŮůŰɏɠ D16 əŬɘ D26 ůɡɜŭɏɞɡɜ Űɘɠ əŬɛˊŰɘəɏɠ ɟɞˊɏɠ ɛŮ Űɖ ůŰɟŮˊŰɘəɐ 

əŬɛˊɡɚɧŰɖŰŬ, əŬɘ Űɖ ůŰɟŮˊŰɘəɐ ɟɞˊɐ ɛŮ Űɘɠ əŬɛˊŰɘəɏɠ əŬɛˊɡɚɧŰɖŰŮɠ. 

 

ȷɝɑɕŮɘ ɜŬ ŬɜŬűŮɟɗŮɑ, ˊɤɠ ɞɘ ůɡɜŭɏůŮɘɠ ɛŮŰŬɝɨ ɞɟɗɩɜ ŭɡɜɎɛŮɤɜ əŬɘ ŭɘŬŰɛɖŰɘəɩɜ 

ˊŬɟŬɛɞɟűɩůŮɤɜ, əŬɛˊŰɘəɩɜ ɟɞˊɩɜ əŬɘ ůŰɟŮˊŰɘəɩɜ əŬɛˊɡɚɞŰɐŰɤɜ əɚˊ. 

ȺɛűŬɜɑɕɞɜŰŬɘ ɛɧɜɞ ůŮ ˊɞɚɡůŰɟɤɛŬŰɘəɏɠ əŬɘ ɧɢɘ ůŮ ŮɜɘŬɑŮɠ ŭɞɛɏɠ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, 

ŮɎɜ ˊŬɟŬůəŮɡŬůŰŮɑ ɏɜŬ ˊɞɚɡůŰɟɤɛŬŰɘəɧ ůɨɜɗŮŰɞ, ɏŰůɘ ɩůŰŮ ŬɛűɧŰŮɟŬ ŰŬ ȷ16 əŬɘ 

ȷ26 = 0, ŰɧŰŮ ŭŮɜ ɗŬ ɡˊɎɟɢŮɘ əŬɛɑŬ ůɨɕŮɡɝɖ ɛŮŰŬɝɨ Űɤɜ ɞɟɗɩɜ ŭɡɜɎɛŮɤɜ Űɖɠ 

ůŰɟɩůɖɠ əŬɘ Űɤɜ ŭɘŬŰɛɖŰɘəɩɜ ˊŬɟŬɛɞɟűɩůŮɤɜ Űɞɡ ɛɏůɞɡ Ůˊɘˊɏŭɞɡ. ȷɡŰɧ ůɖɛŬɑɜŮɘ 

ˊɤɠ ɞɘ ɞɟɗɏɠ ŭɡɜɎɛŮɘɠ Űɖɠ ůŰɟɩůɖɠ ŭŮɜ ɗŬ ˊɟɞəŬɚɏůɞɡɜ ŭɘŬŰɛɖŰɘəɐ ˊŬɟŬɛɧɟűɤůɖ 

Űɞɡ ˊɞɚɡůŰɟɤɛŬŰɘəɞɨ ůɡɜɗɏŰɞɡ. Ƀɛɞɑɤɠ, Ŭɜ Űɞ ˊɞɚɡůŰɟɤɛŬŰɘəɧ ůɨɜɗŮŰɞ 

ˊŬɟŬůəŮɡŬůŰŮɑ, ɏŰůɘ ɩůŰŮ ŬɛűɧŰŮɟŬ ŰŬ D16 əŬɘ D26 = 0, ŰɧŰŮ ŭŮɜ ɗŬ ɡˊɎɟɢŮɘ əŬɛɑŬ 

ůɨɕŮɡɝɖ ɛŮŰŬɝɨ əŬɛˊŰɘəɩɜ ɟɞˊɩɜ əŬɘ ůŰɟŮˊŰɘəɐɠ əŬɛˊɡɚɧŰɖŰŬɠ. ȷɡŰɧ ůɖɛŬɑɜŮɘ ˊɤɠ 

ɞɘ əŬɛˊŰɘəɏɠ ɟɞˊɏɠ ŭŮɜ ɗŬ ˊɟɞəŬɚɏůɞɡɜ ůŰɟɏɣɖ ůŰɞ ˊɞɚɡůŰɟɤɛŬŰɘəɧ ůɨɜɗŮŰɞ. [4] 
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5.3.4 ɆɡɜŰŮɚŮůŰɏɠ ůŰŬ ɛɖŰɟɩŬ ŭɡůəŬɛɣɑŬɠ 

 

Ƀɘ ůɡɜŰŮɚŮůŰɏɠ ůŰŬ ɛɖŰɟɩŬ [ȷ], [ȸ] əŬɘ [D] ɡˊɞɚɞɔɑɕɞɜŰŬɘ Ŭˊɧ: 

 

 ȷmn = В ὗ  )j (Ὤ - Ὤ )    (4) 

 

 Bmn =  В ὗ  )j (Ὤ - Ὤ ) (5) 

 

 Dmn =  В ὗ  )j (Ὤ - Ὤ ) (6) 

 

ɧ́ ɞɡ 

Ɂ = ɞ ůɡɜɞɚɘəɧɠ Ŭɟɘɗɛɧɠ Űɤɜ ůŰɟɩůŮɤɜ ůŰɞ ˊɞɚɡůŰɟɤɛŬŰɘəɧ ůɨɜɗŮŰɞ 

(ὗ  )j= ůŰɞɘɢŮɑŬ Űɞɡ ɛɖŰɟɩɞɡ ŭɡůəŬɛɣɑŬɠ [ὗ] Űɖɠ j-ɜɘɞůŰɐɠ ůŰɟɩůɖɠ 

hj-1 = ŬˊɧůŰŬůɖ Ŭˊɧ Űɞ ɛɏůɞ ŮˊɑˊŮŭɞ ɛɏɢɟɘ Űɞ ˊɎɜɤ ɛɏɟɞɠ Űɖɠ j-ɜɘɞůŰɐɠ ůŰɟɩůɖɠ 

hj = ŬˊɧůŰŬůɖ Ŭˊɧ Űɞ ɛɏůɞ ŮˊɑˊŮŭɞ ɛɏɢɟɘ Űɞ əɎŰɤ ɛɏɟɞɠ Űɖɠ j-ɜɘɞůŰɐɠ ůŰɟɩůɖɠ 

 

ũɘŬ Űɞ ůɨůŰɖɛŬ ůɡɜŰŮŰŬɔɛɏɜɤɜ ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɖɜ ˊŬɟŬˊɎɜɤ ŮɘəɧɜŬ Űɖɠ 

ɔŮɤɛŮŰɟɑŬɠ Űɖɠ ˊɞɚɡůŰɟɤɛŬŰɘəɐɠ ŭɘɎŰŬɝɖɠ, Űɞ hj ŮɑɜŬɘ ɗŮŰɘəɧ əɎŰɤ Ŭˊɧ Űɞ ɛɏůɞ 

ŮˊɑˊŮŭɞ əŬɘ ŬɟɜɖŰɘəɧ ˊɎɜɤ Ŭˊɧ Űɞ ɛɏůɞ ŮˊɑˊŮŭɞ. 

ɇŬ ůŰɞɘɢŮɑŬ Űɤɜ ɛɖŰɟɩɤɜ ŭɡůəŬɛɣɑŬɠ [ȷ], [ȸ] əŬɘ [D] ŮɑɜŬɘ ůɡɜŬɟŰɐůŮɘɠ Űɤɜ 

ŮɚŬůŰɘəɩɜ ɘŭɘɞŰɐŰɤɜ əɎɗŮ ůŰɟɩůɖɠ əŬɘ Űɖɠ ɗɏůɖɠ Űɖɠ ůŮ ůɢɏůɖ ɛŮ Űɞ ɛɏůɞ ŮˊɑˊŮŭɞ 

Űɖɠ ˊɞɚɡůŰɟɤɛŬŰɘəɐɠ ŭɘɎŰŬɝɖɠ. ȷˊɧ ŬɡŰɎ ŰŬ ɛɖŰɟɩŬ ŭɡůəŬɛɣɑŬɠ Ŭˊɞɟɟɏɞɡɜ ɞɘ 

ŬəɧɚɞɡɗŮɠ ˊŬɟŬŰɖɟɐůŮɘɠ: 

 

1. ȷɜ [ȸ] ŮɑɜŬɘ ɏɜŬ ɛɖ ɛɖŭŮɜɘəɧ ɛɖŰɟɩɞ, ɛɘŬ ɞɟɗɐ ŭɨɜŬɛɖ, ɧˊɤɠ ɖ Ɂxx, ɗŬ 

ˊɟɞəŬɚɏůŮɘ ɞɟɗɏɠ əŬɘ ŭɘŬŰɛɖŰɘəɏɠ ˊŬɟŬɛɞɟűɩůŮɘɠ, əŬɗɩɠ əŬɘ əŬɛˊɡɚɧŰɖŰŮɠ Ŭˊɧ 

əɎɛɣɖ əŬɘ ůŰɟɏɣɖ. Ƀɛɞɑɤɠ, ɛɘŬ əŬɛˊŰɘəɐ ɟɞˊɐ, ɧˊɤɠ ɖ ɀxx, ɗŬ ˊɟɞəŬɚɏůŮɘ 

əŬɛˊɡɚɧŰɖŰŮɠ Ŭˊɧ əɎɛɣɖ əŬɘ ůŰɟɏɣɖ, əŬɗɩɠ əŬɘ ɞɟɗɏɠ əŬɘ ŭɘŬŰɛɖŰɘəɏɠ 

ˊŬɟŬɛɞɟűɩůŮɘɠ. ȷɡŰɐ ɖ ůɨɕŮɡɝɖ çŮˊɘɛɐəɡɜůɖɠ ï əɎɛɣɖɠè, ˊɞɡ 

ŬɜŰɘˊɟɞůɤˊŮɨŮŰŬɘ Ŭˊɧ Űɞ ɛɖŰɟɩɞ [ȸ], ŮɛűŬɜɑɕŮŰŬɘ ɛɧɜɞ ůŰɘɠ ˊɞɚɡůŰɟɤɛŬŰɘəɏɠ 

ŭɞɛɏɠ, ɎůɢŮŰŬ Ŭˊɧ Űɞ ɔŮɔɞɜɧɠ Ŭɜ ɞɘ ůŰɟɩůŮɘɠ ŮɑɜŬɘ ɘůɞŰɟɞˊɘəɏɠ ɐ ɞɟɗɞŰɟɞˊɘəɏɠ. 

ȷɡŰɐ ɖ ůɨɕŮɡɝɖ ůɡɛɓŬɑɜŮɘ ɚɧɔɤ Űɖɠ ůŰɞɑɓŬɝɖɠ Űɤɜ ůŰɟɩůŮɤɜ. 
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2. ɆŮ ɏɜŬ ůɡɛɛŮŰɟɘəɧ ˊɞɚɡůŰɟɤɛŬŰɘəɧ ůɨɜɗŮŰɞ ŮɑɜŬɘ [ȸ] = 0 əŬɘ ŭŮɜ ɡˊɎɟɢŮɘ 

ůɨɕŮɡɝɖ ɛŮŰŬɝɨ Ůˊɘɛɐəɡɜůɖɠ əŬɘ əɎɛɣɖɠ. ũɘŬ Űɖɜ ˊŬɟŬůəŮɡɐ Ůɜɧɠ ůɡɛɛŮŰɟɘəɞɨ 

ˊɞɚɡůŰɟɤɛŬŰɘəɞɨ ůɨɜɗŮŰɞɡ əɎɗŮ ůŰɟɩůɖ ɛŮ +ɗ ɔɤɜɑŬ ˊɟɞůŬɜŬŰɞɚɘůɛɞɨ ˊɎɜɤ 

Ŭˊɧ Űɞ ɛɏůɞ ŮˊɑˊŮŭɞ ɏɢŮɘ ŬˊɏɜŬɜŰɘ Űɖɠ ɛɘŬ ŰŬɡŰɧůɖɛɖ ůŰɟɩůɖ (ůŮ ˊɎɢɞɠ əŬɘ 

ɡɚɘəɧ) ɛŮ ɔɤɜɑŬ ˊɟɞůŬɜŬŰɞɚɘůɛɞɨ +ɗ ůŰɖɜ ɑŭɘŬ ŬˊɧůŰŬůɖ əɎŰɤ Ŭˊɧ Űɞ ɛɏůɞ 

ŮˊɑˊŮŭɞ, ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ. ȷɝɑɕŮɘ ɜŬ ŬɜŬűŮɟɗŮɑ ˊɤɠ ɏɜŬ 

ůɡɛɛŮŰɟɘəɧ ˊɞɚɡůŰɟɤɛŬŰɘəɧ ůɨɜɗŮŰɞ ŬɜŰɑɗŮŰɤɜ ɔɤɜɘɩɜ (angle-ply) ɐ 

ŭɘŬůŰŬɡɟɞɨɛŮɜɤɜ ɔɤɜɘɩɜ (cross-ply) ŭɘŬɗɏŰŮɘ ˊŮɟɘŰŰɧ Ŭɟɘɗɛɧ ůŰɟɩůŮɤɜ. 

 

 

ɳʽˁˈ˄ʰ 43Φ ʅˎ˃˃ʶˍˊʽˁʺ ˉˇ˂ˎˋˍˊ˖˃ʰˍʽˁʺ ʵʽʱˍʰ˅ʹ ʴʽʰ ˍʹ˄ ˇˉˇʾʰ ώɰϐ Ґ ώлϐ ˁʰʽ ˋˎ˄ʶˉ˗ˌ ʵʶ˄ ˉʰˊˇˎˋʽʱʸʶˍʰʽ 
ˋˏʸʶˎ˅ʹ ʶˉʽ˃ʺˁˎ˄ˋʹˌ - ˁ ʰ˃ˉˍʽˁ˗˄ ˒ˇˊˍʾ˖˄Φ [4] 

 

 

3. ȷɜ ɔɘŬ əɎɗŮ ůŰɟɩůɖ ɛŮ ɔɤɜɑŬ ˊɟɞůŬɜŬŰɞɚɘůɛɞɨ +ɗ ɡˊɎɟɢŮɘ ɛɘŬ ŰŬɡŰɧůɖɛɖ (ɑŭɘŬ 

ůŮ ˊɎɢɞɠ əŬɘ ɡɚɘəɧ) ůŰɟɩůɖ ɛŮ ïɗ ɔɤɜɑŬ ˊɟɞůŬɜŬŰɞɚɘůɛɞɨ (ɧˊɤɠ ůŰɖɜ ˊŬɟŬəɎŰɤ 

ŮɘəɧɜŬ), ŰɧŰŮ ɖ ůɨɕŮɡɝɖ ɞɟɗɐɠ ŰɎůɖɠ əŬɘ ŭɘŬŰɛɖŰɘəɐɠ ˊŬɟŬɛɧɟűɤůɖ (ˊɞɡ 

ŬɜŰɘˊɟɞůɤˊŮɨɞɜŰŬɘ Ŭˊɧ ŰŬ ȷ16 əŬɘ ȷ26 ůŰɞ ɛɖŰɟɩɞ [ȷ]) ŮɑɜŬɘ ɛɖŭŮɜɘəɐ. Ƀɘ ɗɏůŮɘɠ 

ŬɡŰɩɜ Űɤɜ ŭɨɞ ůŰɟɩůŮɤɜ ŮɑɜŬɘ ŬɡɗŬɑɟŮŰŮɠ. ɀɘŬ ŰɏŰɞɘŬ ˊɞɚɡůŰɟɤɛŬŰɘəɐ ŭɘɎŰŬɝɖ 

ɚɏɔŮŰŬɘ ɘůɞɟɟɞˊɖɛɏɜɖ (balanced). ũɘŬ ˊŬɟɎŭŮɘɔɛŬ ɖ ŭɘɎŰŬɝɖ [0/+30/-30/+30/-

30/0] ŬˊɞŰŮɚŮɑ ɏɜŬ ɘůɞɟɟɞˊɖɛɏɜɞ ˊɞɚɡůŰɟɤɛŬŰɘəɧ, ůŰɞ ɞˊɞɑɞ ȷ16 = ȷ26 = 0. 

ȷɝɑɕŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ, ˊɤɠ ɛŮ əŬŰɎɚɚɖɚɖ ŰɞˊɞɗɏŰɖůɖ Űɤɜ ůŰɟɩůŮɤɜ, ŮɑɜŬɘ ŭɡɜŬŰɧ 

ɜŬ ˊŬɟŬůəŮɡŬůŰŮɑ ɏɜŬ ɘůɞɟɟɞˊɖɛɏɜɞ ůɡɛɛŮŰɟɘəɧ ˊɞɚɡůŰɟɤɛŬŰɘəɧ ůɨɜɗŮŰɞ. ũɘŬ 

ˊŬɟɎŭŮɘɔɛŬ, ɖ ŭɘɎŰŬɝɖ [0/+30/-30/-30/+30/0] ŮɑɜŬɘ ɏɜŬ ɘůɞɟɟɞˊɖɛɏɜɞ ůɡɛɛŮŰɟɘəɧ 

ůɨɜɗŮŰɞ ɔɘŬ Űɞ ɞˊɞɑɞ ɘůɢɨŮɘ ȷ16 = ȷ26 = 0, əŬɗɩɠ Ůˊɑůɖɠ əŬɘ [ȸ] = [0]. 
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ɳʽˁˈ˄ʰ 44Φ ɹˋˇˊˊˇˉʹ˃ʷ˄ʹ ˉˇ˂ˎˋˍˊ˖˃ʰˍʽˁʺ ʵʽʱˍʰ˅ʹ ʴʽʰ ˍʹ˄ ˇˉˇʾʰ ɮ16 Ґ ɮ26 Ґ л ˁʰʽ ˋˎ˄ʶˉ˗ˌ ʵʶ˄ 
ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˏʸʶˎ˅ʹ ʶˉʽ˃ʺˁˎ˄ˋʹˌ - ɻ ʽʱˍ˃ʹˋʹˌΦ 

 

 

4. ȷɜ ɔɘŬ əɎɗŮ ůŰɟɩůɖ ɛŮ ŭɘŮɨɗɡɜůɖ +ɗ ˊɎɜɤ Ŭˊɧ Űɞ ɛɏůɞ ŮˊɑˊŮŭɞ, ɡˊɎɟɢŮɘ Ɏɚɚɖ 

ɛɘŬ ˊŬɜɞɛɞɘɧŰɡˊɖ ůŰɟɩůɖ (ůŮ ˊɎɢɞɠ əŬɘ ɡɚɘəɧ) ɛŮ ŭɘŮɨɗɡɜůɖ ïɗ ůŰɖɜ ɑŭɘŬ 

ŬˊɧůŰŬůɖ əɎŰɤ Ŭˊɧ Űɞ ɛɏůɞ ŮˊɑˊŮŭɞ, ɧˊɤɠ ůŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ, ɖ ůɨɜŭŮůɖ 

əŬɛˊŰɘəɐɠ ɟɞˊɐɠ əŬɘ əŬɛˊɡɚɧŰɖŰŬɠ Ŭˊɧ ůŰɟɏɣɖ (ˊɞɡ ŬɜŰɘˊɟɞůɤˊŮɨŮŰŬɘ Ŭˊɧ ŰŬ 

D16 əŬɘ D26 ůŰɞ ɛɖŰɟɩɞ [D]) ɔɘŬ Űɞ ůɨɜɗŮŰɞ ŮɑɜŬɘ ɛɖŭɏɜ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, ůŮ ɏɜŬ 

ˊɞɚɡůŰɟɤɛŬŰɘəɧ [0/+30/-30/+30/-30/0] ɘůɢɨŮɘ D16 = D26 = 0. ȷɝɑɕŮɘ ɜŬ 

ůɖɛŮɘɤɗŮɑ, ˊɤɠ ŰŬ D16 əŬɘ D26 ŭŮɜ ɛˊɞɟɞɨɜ ɜŬ ɘůɞɨɜŰŬɘ ɛŮ ɛɖŭɏɜ ůŮ ɏɜŬ 

ůɡɛɛŮŰɟɘəɧ ˊɞɚɡůŰɟɤɛŬŰɘəɧ ůɨɜɗŮŰɞ, ŮəŰɧɠ əŬɘ Ŭɜ ɗ = 0
ɞ
 əŬɘ 90

ɞ
. [4] 

 

 

ɳʽˁˈ˄ʰ 45Φ ʃˇ˂ˎˋˍˊ˖˃ʰˍʽˁʺ ʵʽʱˍʰ˅ʹ ʴʽʰ ˍʹ˄ ˇˉˇʾʰ D16 = D26 Ґ л ˁʰʽ ˋˎ˄ʶˉ˗ˌ ʵʶ˄ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˏʸʶˎ˅ʹ 
ˁʰ˃ˉˍʽˁ˗˄ ς ̀ ˍˊʶˉˍʽˁ˗˄ ˒ˇˊˍʾ˖˄Φ [4] 
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5.3.5 ɄŬɟŬɛɧɟűɤůɖ əŬɘ əŬɛˊɡɚɧŰɖŰŬ Űɞɡ ɛɏůɞɡ Ůˊɘˊɏŭɞɡ 

 

ȷɜ ŮɑɜŬɘ ɔɜɤůŰɏɠ ɖ ɞɟɗɐ ŭɨɜŬɛɖ əŬɘ ɟɞˊɐ ˊɞɡ ŬůəɞɨɜŰŬɘ ůŮ ɏɜŬ 

ˊɞɚɡůŰɟɤɛŬŰɘəɧ, ɞɘ ˊŬɟŬɛɞɟűɩůŮɘɠ əŬɘ ɞɘ əŬɛˊɡɚɧŰɖŰŮɠ ɡˊɞɚɞɔɑɕɞɜŰŬɘ 

ɛŮŰŬůɢɖɛŬŰɑɕɞɜŰŬɠ Űɘɠ ŮɝɘůɩůŮɘɠ (2) əŬɘ (3) ɤɠ Ŭəɞɚɞɨɗɤɠ: 

 

‐
‐

‎
 = [A1] 

´
´

´
 + [B1] 

ῼ
ῼ

ῼ
 (7) 

 

Ὧ
Ὧ

Ὧ
 = [C1] 

´
´

´
 + [D1] 

ῼ
ῼ

ῼ
 (8) 

 

ȳˊɞɡ  

[ȷ1] = [ȷ
-1
] + [ȷ

-1
][ȸ][(D*)

-1
][B][A

-1
] 

[B1] = -[A
-1
][B][(D*)

-1
] 

[C1] = -[(D*)
-1
][B][A

-1
] = [B1]

T
 

[D*] = [D] ï [B][A
-1
][B]  

[D1] = [(D*)
-1

] (9) 

 

ȷɝɑɕŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ, ˊɤɠ ůŮ ɏɜŬ ůɡɛɛŮŰɟɘəɧ ˊɞɚɡůŰɟɤɛŬŰɘəɧ, ɘůɢɨŮɘ [ȸ] = 

[0] əŬɘ ɔɘŬ ŬɡŰɧ [ȷ1] = [ȷ
-1
], [ȸ1] = [C1] = [0] əŬɘ [D1] = [D

-1
]. ɆŮ ŬɡŰɐɜ Űɖɜ 

ˊŮɟɑˊŰɤůɖ, ɞɘ ŮɝɘůɩůŮɘɠ ɔɘŬ Űɘɠ ˊŬɟŬɛɞɟűɩůŮɘɠ əŬɘ Űɘɠ əŬɛˊɡɚɧŰɖŰŮɠ Űɞɡ ɛɏůɞɡ 

Ůˊɘˊɏŭɞɡ ŭɘŬɛɞɟűɩɜɞɜŰŬɘ ɤɠ Ůɝɐɠ: 

 

‐
‐

‎
 = [A

-1
] 

´
´

´
 (10) 

 

Ὧ
Ὧ

Ὧ
 = [D

-1
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ῼ
ῼ

ῼ
    (11) 
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ȷˊɧ Űɖɜ Ůɝɑůɤůɖ (10) űŬɑɜŮŰŬɘ ˊɤɠ ůŮ ɏɜŬ ůɡɛɛŮŰɟɘəɧ ˊɞɚɡůŰɟɤɛŬŰɘəɧ, ɞɘ 

ŭɡɜɎɛŮɘɠ Ůˊɑ Űɤɜ ůŰɟɩůŮɤɜ ˊɟɞəŬɚɞɨɜ ɛɧɜɞ ˊŬɟŬɛɞɟűɩůŮɘɠ Ůˊɑ Űɤɜ ůŰɟɩůŮɤɜ əŬɘ 

əŬɗɧɚɞɡ əŬɛˊɡɚɧŰɖŰŮɠ. ȷɜŰɑůŰɞɘɢŬ, Ŭˊɧ Űɖɜ Ůɝɑůɤůɖ (11) űŬɑɜŮŰŬɘ ˊɤɠ ɞɘ əŬɛˊŰɘəɏɠ 

əŬɘ ůŰɟŮˊŰɘəɏɠ ɟɞˊɏɠ ˊɟɞəŬɚɞɨɜ ɛɧɜɞ əŬɛˊɡɚɧŰɖŰŮɠ əŬɘ əŬɗɧɚɞɡ ˊŬɟŬɛɞɟűɩůŮɘɠ 

ůŰɘɠ ůŰɟɩůŮɘɠ. [4] 

 

 

5.3.6 ɄŬɟŬɛɞɟűɩůŮɘɠ əŬɘ ŰɎůŮɘɠ Űɖɠ ůŰɟɩůɖɠ ɚɧɔɤ űɞɟŰɑɞɡ 

 

ũɜɤɟɑɕɞɜŰŬɠ Űɘɠ ˊŬɟŬɛɞɟűɩůŮɘɠ əŬɘ Űɘɠ əŬɛˊɡɚɧŰɖŰŮɠ Űɞɡ ɛɏůɞɡ Ůˊɘˊɏŭɞɡ 

Ůɜɧɠ ˊɞɚɡůŰɟɤɛŬŰɘəɞɨ, ɡˊɞɚɞɔɑɕɞɜŰŬɘ ɞɘ ˊŬɟŬɛɞɟűɩůŮɘɠ ůŰɞ ɛɏůɞ ŮˊɑˊŮŭɞ əɎɗŮ 

ůŰɟɩůɖɠ ɛɏůɤ Űɤɜ ˊŬɟŬəɎŰɤ ɔɟŬɛɛɘəɩɜ ůɢɏůŮɤɜ: 

 

‐
‐
‎

j = 

‐
‐

‎
 + zj  

Ὧ
Ὧ

Ὧ
 (12) 

 

ɧ́ ɞɡ zj ɖ ŬˊɧůŰŬůɖ Ŭˊɧ Űɞ ɛɏůɞ ŮˊɑˊŮŭɞ Űɞɡ ˊɞɚɡůŰɟɤɛŬŰɘəɞɨ ɛɏɢɟɘ Űɞ ɛɏůɞ 

ŮˊɑˊŮŭɞ Űɖɠ j-ɜɘɞůŰɐɠ ůŰɟɩůɖɠ.  

Ƀɘ ŰɎůŮɘɠ Űɖɠ j-ɜɘɞůŰɐɠ ůŰɟɩůɖɠ ɡˊɞɚɞɔɑɕɞɜŰŬɘ Ŭˊɧ Űɞ ɛɖŰɟɩɞ ŭɡůəŬɛɣɑŬɠ 

Űɖɠ, ɤɠ Ŭəɞɚɞɨɗɤɠ: 

 

„
„
†

j = [ὗ ] j 

‐
‐
‎

j = [ὗ ] j  

‐
‐

‎
ᾀὗ ] j  

Ὧ
Ὧ

Ὧ
 (13) 

 

ɆŰɖɜ ŮɘəɧɜŬ ˊɞɡ ŬəɞɚɞɡɗŮɑ űŬɑɜɞɜŰŬɘ ɞɘ əŬŰŬɜɞɛɏɠ ˊŬɟŬɛɞɟűɩůŮɤɜ əŬɘ 

ŰɎůŮɤɜ ůŮ ɛɘŬ ˊɞɚɡůŰɟɤɛŬŰɘəɐ ŭɞɛɐ. ȷɝɑɕŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ, ˊɤɠ ɖ əŬŰŬɜɞɛɐ Űɤɜ 

ˊŬɟŬɛɞɟűɩůŮɤɜ ŮɑɜŬɘ ůɡɜŮɢɐɠ əŬɘ ŭɘŬɛɞɟűɩɜŮŰŬɘ ɔɟŬɛɛɘəɎ ůŮ ůɢɏůɖ ɛŮ Űɖɜ 

ŬˊɧůŰŬůɖ z Ŭˊɧ Űɞ ɛɏůɞ ŮˊɑˊŮŭɞ Űɖɠ ˊɞɚɡůŰɟɤɛŬŰɘəɐɠ ŭɘɎŰŬɝɖɠ. ȼ əŬŰŬɜɞɛɐ Űɤɜ 

ŰɎůŮɤɜ ŭŮɜ ŮɑɜŬɘ ůɡɜŮɢɐɠ, ˊŬɟɧŰɘ əŬɘ ŬɡŰɐ ŭɘŬɛɞɟűɩɜŮŰŬɘ ɛŮ ɔɟŬɛɛɘəɧ Űɟɧˊɞ əŬŰɎ 

Űɞ ˊɎɢɞɠ əɎɗŮ ɛɘŬɠ ůŰɟɩůɖɠ. ũɘŬ ɚŮˊŰɏɠ ˊɞɚɡůŰɟɤɛŬŰɘəɏɠ ŭɞɛɏɠ, ɖ ŭɘŬűɞɟɞˊɞɑɖůɖ 

Űɖɠ ˊŬɟŬɛɧɟűɤůɖɠ əŬɘ Űɖɠ ŰɎůɖɠ əŬŰɎ Űɞ ˊɎɢɞɠ əɎɗŮ ůŰɟɩůɖɠ ŮɑɜŬɘ ɛɘəɟɐ. ũɘŬ ŬɡŰɧ, 
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ɡˊɞɚɞɔɑɕɞɜŰŬɘ ɞɘ ɛɏůŮɠ Űɘɛɏɠ Űɞɡɠ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖɜ ŬˊɧůŰŬůɖ Űɞɡ əɏɜŰɟɞɡ Űɖɠ 

ůŰɟɩůɖɠ zj, ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɘɠ ŮɝɘůɩůŮɘɠ (12) əŬɘ (13). [4] 

 

 

 

ɳʽˁˈ˄ʰ 46Φ ɼʰˍʰ˄ˇ˃ʷˌ ˉʰˊʰ˃ˇˊ˒˗ˋʶ˖˄ ˁʰʽ ˍʱˋʶ˖˄ ˋʶ ˃ʽʰ ˉˇ˂ˎˋˍˊ˖˃ʰˍʽˁʺ ʵʽʱˍʰ˅ʹΦ ʃˇ˂ˎˋˍ˖˃ʰˍʽˁˈ 
ˋˏ˄ʻʶˍˇ ˎ˂ʽˁˈ όaύΣ ˁʰˍʰ˄ˇ˃ʺ ˉʰˊʰ˃ˇˊ˒˗ˋʶ˖˄ όbύΣ ˁʰˍʰ˄ˇ˃ʺ ˍʱˋʶ˖˄ όcύ ˁʰʽ ˇʽ ˉˊˇˁˏˉˍˇˎˋʶˌ ˇˊʻʷˌ 

ʵˎ˄ʱ˃ʶʽˌ ˁʰʽ ˁʰ˃ˉˍʽˁʷˌ ˊˇˉʷˌ όd). [4] 
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B. ɄȺȽɅȷɀȷɇȽȾɃ ɀȺɅɃɆ 
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6. ȾŮűɎɚŬɘɞ: ɄŮɘɟŬɛŬŰɘəɐ ŭɘŬŭɘəŬůɑŬ 

 

 

6.1 ɄɟɧŰɡˊɞ ŮűŮɚəɡůɛɞɨ ASTM D3039/D3039M 

 

¶ ȷɜŰɘəŮɑɛŮɜɞ 

ɇɞ ůɡɔəŮəɟɘɛɏɜɞ ˊɟɧŰɡˊɞ ɛŮŰɟɐůŮɤɜ əŬɗɞɟɑɕŮɘ Űɘɠ ɘŭɘɧŰɖŰŮɠ ŮűŮɚəɡůɛɞɨ ˊɎɜɤ 

ůŰɞ ŮˊɑˊŮŭɞ ůɡɜɗɏŰɤɜ ɡɚɘəɩɜ ˊɞɚɡɛŮɟɘəɐɠ ɛɐŰɟŬɠ Ůɜɘůɢɡɛɏɜɤɜ ɛŮ Ůɜɑůɢɡůɖ ɘɜɩɜ 

ɡɣɖɚɐɠ ŬɜŰɞɢɐɠ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, Űɞ ˊɟɧŰɡˊɞ ŬűɞɟɎ ˊɞɚɡůŰɟɤɛŬŰɘəɎ ůɨɜɗŮŰŬ 

ɡɚɘəɎ ɛŮ Ůɜɑůɢɡůɖ ůɡɜŮɢɩɜ ɐ ŬůɡɜŮɢɩɜ ɘɜɩɜ, Űɤɜ ɞˊɞɑɤɜ ɖ ˊɞɚɡůŰɟɤɛŬŰɘəɐ ŭɘɎŰŬɝɖ 

ŮɑɜŬɘ ɘůɞɟɟɞˊɖɛɏɜɖ əŬɘ ůɡɛɛŮŰɟɘəɐ ɤɠ ˊɟɞɠ Űɖ ŭɘŮɨɗɡɜůɖ Űɖɠ ŮəŰɏɚŮůɖɠ Űɖɠ 

ŭɞəɘɛɐɠ. 

 

¶ Ɇɨɜɞɣɖ Űɖɠ ɛŮɗɧŭɞɡ ŭɞəɘɛɐɠ 

ɀɘŬ ɚŮˊŰɐ ɚɤɟɑŭŬ ůŰŬɗŮɟɐɠ ɞɟɗɞɔɤɜɘəɐɠ ŭɘŬŰɞɛɐɠ ŰɞˊɞɗŮŰŮɑŰŬɘ ůŰɘɠ ɓɎůŮɘɠ 

ůɡɔəɟɎŰɖůɖɠ ɛɘŬɠ ɛɖɢŬɜɐɠ ɛŮŰɟɐůŮɤɜ əŬɘ Űɞ ŭɞəɑɛɘɞ əŬŰŬˊɞɜŮɑŰŬɘ ůŮ ŮűŮɚəɡůɛɧ 

Ůɜɩ əŬŰŬɔɟɎűɞɜŰŬɘ ůɡɜŮɢɩɠ Űɞ űɞɟŰɑɞ əŬɘ ɖ Ůˊɘɛɐəɡɜůɖ. ȼ ŬˊɧɚɡŰɖ ŬɜŰɞɢɐ ůŮ 

ŮűŮɚəɡůɛɧ (ultimate tensile strength ï UTS) əŬɗɞɟɑɕŮŰŬɘ Ŭˊɧ Űɞ ɛɏɔɘůŰɞ űɞɟŰɑɞ 

ˊɟɞŰɞɨ ŮˊŬəɞɚɞɡɗɐůŮɘ ɗɟŬɨůɖ Űɞɡ ŭɞəɘɛɑɞɡ. Ⱥűɧůɞɜ, ɖ ɛɖɢŬɜɐ ɛŮŰɟɐůŮɤɜ ŭɘŬɗɏŰŮɘ 

əŬŰɎɚɚɖɚɞ ɛŮŰŬŰɟɞˊɏŬ, ŮɝɎɔŮŰŬɘ əŬɘ ɖ əŬɛˊɨɚɖ ŰɎůɖɠ-ˊŬɟŬɛɧɟűɤůɖɠ, Ŭˊɧ Űɖɜ 

ɞˊɞɑŬ ɡˊɞɚɞɔɑɕɞɜŰŬɘ ɖ ɛɏɔɘůŰɖ ˊŬɟŬɛɧɟűɤůɖ ŮűŮɚəɡůɛɞɨ, Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ, 

ɞ ɚɧɔɞɠ Űɞɡ Poisson əŬɘ ɖ ŮɚŬůŰɘəɐ ˊŬɟŬɛɧɟűɤůɖ. 

 

¶ ȹɞəɑɛɘŬ əŬɘ ˊɟɞűɑɚ ɛŮŰɟɐůŮɤɜ 

ɇɞ ˊɟɧŰɡˊɞ ɞɟɑɕŮɘ ɜŬ ɛŮŰɟɖɗɞɨɜ ɞɘ ŮˊɘŭɧůŮɘɠ ŰɞɡɚɎɢɘůŰɞɜ ˊɏɜŰŮ ŭɞəɘɛɑɤɜ, ŮəŰɧɠ 

əɘ Ŭɜ ɛˊɞɟɞɨɜ ɜŬ ŬˊɞəŰɖɗɞɨɜ ŬɝɘɧˊɘůŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ ɛŮ ɚɘɔɧŰŮɟŬ ŭɞəɑɛɘŬ. ȳůɞɜ 

ŬűɞɟɎ Űɖ ɔŮɤɛŮŰɟɑŬ Űɤɜ ˊɟɞɠ ɏɚŮɔɢɞ ŭɞəɘɛɑɤɜ, ŬɡŰɎ ˊɟɏˊŮɘ ɜŬ ɏɢɞɡɜ ůŰŬɗŮɟɐ 

ɞɟɗɞɔɤɜɘəɐ ŭɘŬŰɞɛɐ, Űɞ ŮɚɎɢɘůŰɞ ɛɐəɞɠ ˊɟɏˊŮɘ ɜŬ əŬɚɨˊŰŮɘ Űɘɠ ŬˊŬɘŰɐůŮɘɠ ůŰŬɗŮɟɐɠ 

ůɡɔəɟɎŰɖůɖɠ Űɞɡ ŭɞəɘɛɑɞɡ ŮˊŬɡɝɖɛɏɜɞ ɛŮ Űɞ ŭɘˊɚɎůɘɞ Űɞɡ ˊɚɎŰɞɡɠ Űɞɡ ŭɞəɘɛɑɞɡ. ɇɞ 

ˊɚɎŰɞɠ ŮˊɘɚɏɔŮŰŬɘ əŬŰɎ ɓɞɨɚɖůɖ ɩůŰŮ ɜŬ ŮˊɘŰɟɏˊŮɘ ŬɝɘɧˊɘůŰŮɠ ɛŮŰɟɐůŮɘɠ. ȼ Ŭɜɞɢɐ 

Űɞɡ ˊɚɎŰɞɡɠ Űɞɡ ŭɞəɘɛɑɞɡ əŬɗɞɟɑɕŮŰŬɘ ůŰɞ Ñ1% Űɞɡ ˊɚɎŰɞɡɠ, Ůɜɩ ɖ Ŭɜɞɢɐ Űɞɡ 

ˊɎɢɞɡɠ Űɞɡ ŭɞəɘɛɑɞɡ ɏɢŮɘ Ŭɜɞɢɐ Ñ4% Űɖɠ Űɘɛɐɠ Űɞɡ ˊɎɢɞɡɠ. Ⱥˊɘˊɚɏɞɜ űɨɚɚŬ ůŰɘɠ 

ˊŮɟɘɞɢɏɠ ůɡɔəɟɎŰɖůɖɠ (tabs) ŰɞˊɞɗŮŰɞɨɜŰŬɘ ɛɧɜɞ Ůűɧůɞɜ ɖ Ŭɟɢɘəɐ ůɡɔəɟɎŰɖůɖ Űɤɜ 
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ɓɎůŮɤɜ ŭŮɜ ŬˊɞŭŮɘɢɗŮɑ ŮˊŬɟəɐɠ. ȺəŰɧɠ əɘ Ŭɜ ɞɟɑɕŮŰŬɘ ŭɘŬűɞɟŮŰɘəɎ Ŭˊɧ Űɞ ůɢŮŭɘŬůɛɧ 

Űɞɡ ˊŮɘɟɎɛŬŰɞɠ, ŰŬ ŭɞəɑɛɘŬ, ůɨɛűɤɜŬ ɛŮ Űɖ ɛɏɗɞŭɞ ŭɞəɘɛɩɜ D5229/D5229M, 

űɡɚɎůůɞɜŰŬɘ əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ əŬŰŬˊɞɜɞɨɜŰŬɘ ůŮ ůŰŬɗŮɟɏɠ ŮɟɔŬůŰɖɟɘŬəɏɠ ůɡɜɗɐəŮɠ 

ɛŮ ɗŮɟɛɞəɟŬůɑŬ ˊŮɟɘɓɎɚɚɞɜŰɞɠ 23Ñ3
ɞ
C əŬɘ ůɢŮŰɘəɐ ɡɔɟŬůɑŬ ŬɏɟŬ 50Ñ10%. ɄɟɞŰɞɨ 

ŰɞˊɞɗŮŰɖɗŮɑ Űɞ ŭɞəɑɛɘɞ ůŰɖɜ ˊɟɏůŬ ɛŮŰɟɐůŮɤɜ, ɛŮŰɟɎŰŬɘ ɖ ŭɘŬŰɞɛɐ Űɞɡ ůŮ ŰɟɑŬ 

ůɖɛŮɑŬ (ȹɘŬŰɞɛɐ = ˊɚɎŰɞɠ x ˊɎɢɞɠ) əŬɘ ŰŬ ůŰɞɘɢŮɑŬ ŮɘůɎɔɞɜŰŬɘ ůŰɞ ɚɞɔɘůɛɘəɧ Űɖɠ 

ˊɟɏůŬɠ ɛŮŰɟɐůŮɤɜ ɔɘŬ ɜŬ ɛˊɞɟɞɨɜ ɜŬ ŬɜŬɢɗɞɨɜ ŰŬ űɞɟŰɑŬ əŬɘ ɞɘ ŮˊɘɛɖəɨɜůŮɘɠ ůŮ 

ŰɎůŮɘɠ əŬɘ ˊŬɟŬɛɞɟűɩůŮɘɠ. ɇɏɚɞɠ, Űɞ ŭɞəɑɛɘɞ əŬŰŬˊɞɜŮɑŰŬɘ ɛŮ ŮűŮɚəɡůɛɧ ɡˊɧ 

ůŰŬɗŮɟɐ ŰŬɢɨŰɖŰŬ Űɖɠ əɘɜɖŰɐɠ əŮűŬɚɐɠ Űɖɠ ˊɟɏůŬɠ, ɖ ɞˊɞɑŬ ɞɟɑɕŮŰŬɘ ɓɎůŮɘ Űɞɡ 

ˊɟɞŰɨˊɞɡ ůŰŬ 2mm/min. Ƀɘ ŬəɟɘɓŮɑɠ ŭɘŬůŰɎůŮɘɠ Űɤɜ ŰŮɚɘəɩɜ ŭɞəɘɛɑɤɜ ɧˊɤɠ 

ɞɟɑɕɞɜŰŬɘ Ŭˊɧ Űɞ ˊɟɧŰɡˊɞ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ˊŬɟŬəɎŰɤ. [28] 

 

 

6.2 ɄɟɧŰɡˊɞ əɎɛɣɖɠ Űɟɘɩɜ ůɖɛŮɑɤɜ ASTM D790-03 

 

¶ ȷɜŰɘəŮɑɛŮɜɞ 

ɀɏůɤ Űɞɡ ůɡɔəŮəɟɘɛɏɜɞɡ ˊɟɞŰɨˊɞɡ əŬɗɞɟɑɕɞɜŰŬɘ ɞɘ əŬɛˊŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ 

Ůɜɘůɢɡɛɏɜɤɜ ˊɚŬůŰɘəɩɜ, ůɡɛˊŮɟɘɚŬɛɓŬɜɞɛɏɜɤɜ Űɤɜ ůɡɜɗɏŰɤɜ ɡɚɘəɩɜ ɡɣɖɚɐɠ 

ŬɜŰɞɢɐɠ. 

 

¶ Ɇɨɜɞɣɖ Űɖɠ ɛŮɗɧŭɞɡ ŭɞəɘɛɐɠ 

ɇɞ ŭɞəɑɛɘɞ ůŮ ɛɞɟűɐ ɛˊɎɟŬɠ ɞɟɗɞɔɤɜɘəɐɠ ŭɘŬŰɞɛɐɠ ŰɞˊɞɗŮŰŮɑŰŬɘ ˊɎɜɤ ůŮ ŭɨɞ 

əɡɚɘɜŭɟɘəɏɠ ůŰɖɟɑɝŮɘɠ əŬɘ űɞɟŰɑɕŮŰŬɘ ůŮ əɎɛɣɖ Ŭəɟɘɓɩɠ ůŰɞ əɏɜŰɟɞ Űɞɡ. ɇɞ ŭɞəɑɛɘɞ 

ˊŬɟŬɛɞɟűɩɜŮŰŬɘ ɏɤɠ ɧŰɞɡ ŮˊɏɚɗŮɘ ɖ ɗɟŬɨůɖ Űɞɡ ůŰɖɜ ŮɝɤŰŮɟɘəɐ Űɞɡ ŮˊɘűɎɜŮɘŬ ŮɑŰŮ 

ɏɤɠ ɧŰɞɡ ɖ ɛɏɔɘůŰɖ ˊŬɟŬɛɧɟűɤůɖ űŰɎůŮɘ Űɞ 5%. Ƀɘ ɛŮŰɟɐůŮɘɠ ˊɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ 

ůŮ ɛɘŬ ɛŮŰɟɖŰɘəɐ ɛɖɢŬɜɐ, ɖ ɞˊɞɑŬ ɏɢŮɘ Űɖ ŭɡɜŬŰɧŰɖŰŬ əɑɜɖůɖɠ Űɖɠ ůŰŬɗŮɟɐɠ əŮűŬɚɐɠ 

ɛŮ ůŰŬɗŮɟɐ ŰŬɢɨŰɖŰŬ. 

 

¶ ȹɞəɑɛɘŬ əŬɘ ˊɟɞűɑɚ ɛŮŰɟɐůŮɤɜ 

Ƀɘ ůŰɖɟɑɝŮɘɠ əŬɘ ɖ ɟɎɓŭɞɠ Ɏůəɖůɖɠ űɞɟŰɑɞɡ əŬɗɞɟɑɕɞɜŰŬɘ Ŭˊɧ Űɞ ˊɟɧŰɡˊɞ ɤɠ 

əɡɚɘɜŭɟɘəɐɠ ɛɞɟűɐɠ əŬɘ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŬˊɞűŮɡɢɗɞɨɜ ŭɘŮɑůŭɡůɖ əŬɘ ůɡɔəɏɜŰɟɤůɖ 

ŰɎůŮɤɜ ůŰɞ ůɖɛŮɑɞ ŮˊŬűɐɠ ɛŮ Űɖ ɟɎɓŭɞ Ɏůəɖůɖɠ űɞɟŰɑɞɡ, ɞɘ ŬəŰɑɜŮɠ əŬɛˊɡɚɧŰɖŰŬɠ 

Űɤɜ ůŰɖɟɑɝŮɤɜ əŬɘ Űɖɠ ɟɎɓŭɞɡ Ɏůəɖůɖɠ űɞɟŰɑɞɡ ˊɟɏˊŮɘ ɜŬ ɘůɞɨɜŰŬɘ ɛŮ 5.0Ñ0.1mm, 
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ŮəŰɧɠ əɘ Ŭɜ ɏɢŮɘ ůɢŮŭɘŬůŰŮɑ ŭɘŬűɞɟŮŰɘəɎ Űɞ ˊŮɑɟŬɛŬ. ɀŮŰɟɎŰŬɘ ˊɎɚɘ ɖ ŮˊɘűɎɜŮɘŬ Űɖɠ 

ɞɟɗɞɔɤɜɘəɐɠ ŭɘŬŰɞɛɐɠ Űɞɡ ŭɞəɘɛɑɞɡ. Ƀ Ŭɟɘɗɛɧɠ Űɤɜ ŮɚɎɢɘůŰɤɜ ŬˊŬɟŬɑŰɖŰɤɜ 

ŭɞəɘɛɑɤɜ ŬɜɏɟɢŮŰŬɘ ˊɎɚɘ ůŮ ˊɏɜŰŮ, Ůɜɩ ŬɡŰɎ űɡɚɎůůɞɜŰŬɘ ůŮ ŮɟɔŬůŰɖɟɘŬəɏɠ 

ůɡɜɗɐəŮɠ (ɧˊɤɠ ɏɢɞɡɜ ˊŮɟɘɔɟŬűŮɑ ˊŬɟŬˊɎɜɤ), ůŰɘɠ ɞˊɞɑŮɠ ŮəŰŮɚŮɑŰŬɘ Ůˊɘˊɚɏɞɜ əŬɘ Űɞ 

ˊŮɑɟŬɛŬ. ȼ ŰŬɢɨŰɖŰŬ Űɖɠ əɘɜɖŰɐɠ əŮűŬɚɐɠ, ɧˊɞɡ ŮŭɟɎɕŮŰŬɘ ɖ ɟɎɓŭɞɠ Ɏůəɖůɖɠ 

űɞɟŰɑɞɡ, əŬɗɞɟɑɕŮŰŬɘ ůŰŬ 2 mm/min. [29] 

 

 

6.3 ɄɟɏůŬ ɛŮŰɟɐůŮɤɜ Instron 4482 

 

ũɘŬ Űɞɜ əŬɗɞɟɘůɛɧ Űɖɠ ŮˊɑŭɟŬůɖɠ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ůŰɖɜ ŬɜŰɞɢɐ Űɞɡ 

ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ɛŮŰɟɐůŮɘɠ ŬɜŰɞɢɐɠ ůŮ ŮűŮɚəɡůɛɧ əŬɘ əɎɛɣɖ 

ůŰɖ ɛɖɢŬɜɐ ɛŮŰɟɐůŮɤɜ INSTRON 4482, ɖ ɞˊɞɑŬ ˊɚɖɟɞɑ Űɘɠ ˊɟɞŭɘŬɔɟŬűɏɠ 

ɛŮŰɟɖŰɘəɐɠ ŭɘɎŰŬɝɖɠ Űɤɜ ˊŬɟŬˊɎɜɤ ˊɟɞŰɨˊɤɜ. ȳɚŮɠ ɞɘ ŭɞəɘɛɏɠ űɤŰɞɔɟŬűɐɗɖəŬɜ əŬɘ 

əŬŰŮɔɟɎűɖůŬɜ ůŮ əɎɛŮɟŬ. 

 

 

ɳʽˁˈ˄ʰ 47Φ ɾʹ˔ʰ˄ʺ ˃ʶˍˊʺˋʶ˖˄ INSTRON ппун ˁʰʽ ˍʰ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˂ʶʽˍˇˎˊʴʾʰˌ ˍʹˌ [30].  
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7. ȾŮűɎɚŬɘɞ: ɄŬɟŬůəŮɡɐ ˊɞɚɡůŰɟɤɛŬŰɘəɩɜ 

ŭɞəɘɛɑɤɜ 

 

 

 

7.1 ɈɚɘəɎ əŬɘ Ůɝɞˊɚɘůɛɧɠ 

 

ũɘŬ Űɖ ŭɘŮɝŬɔɤɔɐ Űɖɠ ˊŮɘɟŬɛŬŰɘəɐɠ ɛŮɚɏŰɖɠ ˊŬɟŬůəŮɡɎůŰɖəŬɜ ɘɜɩŭɖ 

ˊɞɚɡůŰɟɤɛŬŰɘəɎ ůɨɜɗŮŰŬ ɡɚɘəɎ, ŮɜɘůɢɡɛɏɜŬ ɛŮ ɜŬɜɞŭɞɛɏɠ ɔɟŬűŮɜɑɞɡ. ɋɠ ɛɐŰɟŬ 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ Ůˊɞɝɘəɧ ůɨůŰɖɛŬ ɟɖŰɑɜɖɠ. ɇŬ ůɨɜɗŮŰŬ ɡɚɘəɎ ŬɡŰɐɠ Űɖɠ əŬŰɖɔɞɟɑŬɠ 

ɞɜɞɛɎɕɞɜŰŬɘ glass fiber reinforced plastics (GFRPs). 

 

 

ɳʽˁˈ˄ʰ 48Φ ɮˉˈ˕ʶʽˌ ʰˉˈ ˍʹ˄ ʶˁˍˏ˂ʽ˅ʹ ˍˇˎ ˊˇ˂ˇˏ ˍˇˎ ˎʰ˂ˇː˒ʱˋ˃ʰˍˇˌ ʶ˄ʾˋ˔ˎˋʹˌ ˁʰʽ ʰˉˈ ˍʹ˄ ˉʰˊʰˋˁʶˎʺ ˍ˖˄ 
ˋˏ˄ʻʶˍ˖˄ ˎ˂ʽˁ˗˄Φ 

 

 

 

7.1.1 ɀɏŰɟŬ ŬůűŬɚŮɑŬɠ 

 

ȾŬŰɎ Űɖ ŭɘŬŭɘəŬůɑŬ ˊŬɟŬůəŮɡɐɠ əŬɘ ˊɟɞŮŰɞɘɛŬůɑŬɠ Űɤɜ ŭɞəɘɛɑɤɜ ŰɖɟɐɗɖəŬɜ 

ŬɡůŰɖɟɎ ŰŬ ŬəɧɚɞɡɗŬ ɛɏŰɟŬ ŬůűŬɚŮɑŬɠ: 

¶ ȳɚŮɠ ɞɘ ŮɟɔŬůɑŮɠ ɏɔɘɜŬɜ ŬˊɞəɚŮɘůŰɘəɎ ˊɎɜɤ ůŮ ŮɘŭɘəɎ ˊɟɞŮŰɞɘɛŬůɛɏɜɞɡɠ 

ɝɨɚɘɜɞɡɠ ˊɎɔəɞɡɠ ŮɟɔŬůɑŬɠ. 
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¶ Ƀ ŮɝŬŮɟɘůɛɧɠ Űɞɡ ŮɟɔŬůŰɖɟɑɞɡ ˊŬɟɏɛŮɜŮ ŬɜŬɛɛɏɜɞɠ əŬɗô ɧɚɖ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ 

ˊɟɞŮŰɞɘɛŬůɑŬɠ Űɖɠ ɟɖŰɑɜɖɠ, Űɞɡ ɔɟŬűŮɜɑɞɡ əŬɘ Űɞɡ ŮɛˊɞŰɘůɛɞɨ Űɞɡ ůɨɜɗŮŰɞɡ 

ɡɚɘəɞɨ. 

¶ ȼ ůŰɞɚɐ ŮɟɔŬůɑŬɠ ɔɘŬ ɢŮɘɟɘůɛɧ Űɖɠ ɡɔɟɐɠ ɟɖŰɑɜɖɠ əŬɘ Űɞɡ ɔɟŬűŮɜɑɞɡ ŬˊɞŰŮɚŮɑŰŬɘ 

Ŭˊɧ ɛɎůəŬ ɛɘůɞɨ ˊɟɞůɩˊɞɡ ɔɘŬ ˊɟɞůŰŬůɑŬ ŬɜŬˊɜɞɐɠ ɛŮ űɑɚŰɟŬ ȷȸȺȾ(2) əŬɘ 

Ʌ(3), ˊɟɞůŰŬŰŮɡŰɘəɎ ɔɡŬɚɘɎ, ɔɎɜŰɘŬ əŬɘ ɢɘŰɩɜɘɞ ŮɟɔŬůɑŬɠ. 

 

ȳůɞɜ ŬűɞɟɎ ŰŬ űɑɚŰɟŬ Űɖɠ ɛɎůəŬɠ ɛɘůɞɨ ˊɟɞůɩˊɞɡ, ŮˊɘɚɏɢɗɖəŬɜ əŬŰɎɚɚɖɚɞɘ 

Űɨˊɞɘ ɩůŰŮ ɜŬ ˊŬɟɏɢɞɡɜ ˊɟɞůŰŬůɑŬ Ŭˊɧ ŰŬ ŬɏɟɘŬ Űɞɡ Ůˊɞɝɘəɞɨ ůɡůŰɐɛŬŰɞɠ əŬɘ Ŭˊɧ 

ŰŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ Űɞɡ ɔɟŬűŮɜɑɞɡ. Ƀ əɤŭɘəɧɠ ȷȸȺȾ(2) ŬɜŬűɏɟŮŰŬɘ ůŰɖɜ ˊɟɞůŰŬůɑŬ 

Ŭˊɧ ɞɟɔŬɜɘəɎ ŬɏɟɘŬ əŬɘ ŬŰɛɞɨɠ (ȷ), ŬɜɧɟɔŬɜŬ ŬɏɟɘŬ əŬɘ ŬŰɛɞɨɠ (ȸ),  ŭɘɞɝŮɑŭɘɞ Űɞɡ 

ɗŮɑɞɡ (Ⱥ), ŬɛɛɤɜɑŬ əŬɘ ɞɟɔŬɜɘəɎ ˊŬɟɎɔɤɔŬ ŬɛɛɤɜɑŬɠ (Ⱦ), ɛŮ Űɖɜ ɏɜŭŮɘɝɖ (2) ɜŬ 

ɡˊɞŭɖɚɩɜŮɘ ɛŮůŬɑŬ ɘəŬɜɧŰɖŰŬ Ŭˊɞɟɟɧűɖůɖɠ Űɞɝɘəɩɜ ɞɡůɘɩɜ, ɛŮ ůɡɔəɏɜŰɟɤůɖ 0.5% 

əŬŰô ɧɔəɞ (5000 ppm) ůŰɞɜ ŬɏɟŬ (Űɘɛɐ ůɨɛűɤɜŬ ɛŮ Űɞ ȺɡɟɤˊŬɥəɧ ɄɟɧŰɡˊɞ 

ȺɁ14387). ɇɞ çPè ŬɜŬűɏɟŮŰŬɘ ůŰɖɜ ɘəŬɜɧŰɖŰŬ Ŭˊɞɟɟɧűɖůɖɠ ůŰŮɟŮɩɜ 

ɛɘəɟɞůɤɛŬŰɘŭɑɤɜ əŬɘ ɖ ɏɜŭŮɘɝɖ (3) ŬɜŰɘůŰɞɘɢŮɑ ůŮ ɘəŬɜɧŰɖŰŬ Ŭˊɞɟɟɧűɖůɖɠ 

ůɤɛŬŰɘŭɑɤɜ ɛŮ ůɡɔəɏɜŰɟɤůɖ 1,0% əŬŰô ɧɔəɞ (10000 ppm) ůŰɞɜ ŬɏɟŬ. [32] 

 

 

 

ɳʽˁˈ˄ʰ 49Φ ɳ˅ˇˉ˂ʽˋ˃ˈˌ ʰˋ˒ʰ˂ʶʾʰˌ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ˁʰˍʱ ˍʹ˄ ˉʰˊʰˋˁʶˎʺ ˍ˖˄ ˋˎ˄ʻʷˍ˖˄ ˎ˂ʽˁ˗˄Υ ˃ʱˋˁʰ 
˃ʽˋˇˏ ˉˊˇˋ˗ˉˇˎ ʴʽʰ ˉˊˇˋˍʰˋʾʰ ʰ˄ʰˉ˄ˇʺˌ ˃ʶ ˒ʾ˂ˍˊʰ ɮɰɳɼόнύ ˁʰʽ ʄόоύ (ˉʱ˄˖) ˁ ʰʽ ˉˊˇˋˍʰˍʶˎˍʽˁʱ ʴˎʰ˂ʽʱ 

όˁɦ̱ ˖) (a), ̄ ˊˇˋˍʰˍʶˎˍʽˁʱ ʴʱ˄ˍʽʰ όbύ ˁʰʽ ˔ʽˍ˗˄ʽˇ ʶˊʴʰˋʾʰˌ όc). 
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7.1.2 ɇɨˊɞɘ ɡŬɚɞɦűɎůɛŬŰɞɠ 

 

ɇɞ ɨűŬůɛŬ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɤɠ ɓɎůɖ Űɖɠ ˊŬɟɞɨůŬɠ ˊŮɘɟŬɛŬŰɘəɐɠ 

ɛŮɚɏŰɖɠ ɔɘŬ Űɖɜ ŮˊɑŭɟŬůɖ Űɤɜ ɜŬɜɞˊɟɞůɗɖəɩɜ ůŰɖɜ ŬɜŰɞɢɐ Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ 

Ůˊɞɝɘəɐɠ ɛɐŰɟŬɠ ŮɑɜŬɘ Űɞ ɡŬɚɞɦűŬůɛŬ. ȺˊɘɚɏɢɗɖəŮ Űɞ ůɡɔəŮəɟɘɛɏɜɞ ɨűŬůɛŬ ɚɧɔɤ 

Űɞɡ ɢŬɛɖɚɞɨ əɧůŰɞɡɠ Űɞɡ əŬɘ Űɖɠ ŮɡɟŮɑŬɠ ɢɟɐůɖɠ Űɞɡ ůŮ ŭɘɎűɞɟŮɠ ŮűŬɟɛɞɔɏɠ. ũɘŬ 

Űɖɜ ˊŬɟŬůəŮɡɐ Űɤɜ ŭɞəɘɛɑɤɜ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ŭɨɞ Űɨˊɞɘ ˊɚɏɝɖɠ Űɞɡ ɡűɎůɛŬŰɞɠ: 

 

V ɀɞɜɞŭɘŮɡɗɡɜŰɘəɐ ˊɚɏɝɖ (unidirectional ) 

ɇɡˊɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ: Ɉɣɖɚɐ ŬɜŰɞɢɐ əŬŰɎ ɛɐəɞɠ Űɖɠ ŭɘŮɨɗɡɜůɖɠ Űɤɜ ɘɜɩɜ 

(ůŰɖɛɧɜɘŬ) əŬɘ ɡɣɖɚɧɠ ɚɧɔɞɠ Ŭɝɞɜɘəɐɠ ŬɜŰɞɢɐɠ ŬɜɎ ɓɎɟɞɠ.  

 

V Ʉɚɏɝɖ Űɨˊɞɡ Twill  2x2 

ɇɡˊɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ: ɆɡɔəɟɘŰɘəɎ ˊɘɞ ŬɟŬɘɐ əŬɘ ɢŬɚŬɟɐ ˊɚɏɝɖ, ůŰɖɛɧɜɘŬ əŬɘ 

ɡűɎŭɘŬ ɘŭɑɤɜ ŭɘŬůŰɎůŮɤɜ əŬɘ ɛŮ ɢŬɟŬəŰɖɟɘůŰɘəɐ ɛɞɟűɞɚɞɔɑŬ çɣŬɟɞəɧəŬɚɞɡè 

ůŰɖɜ ɧɣɖ Űɖɠ. 

 

 

ɳʽˁˈ˄ʰ 50Φ ɮˉˈ˕ʶʽˌ ˎʰ˂ˇː˒ʰˋ˃ʱˍ˖˄ ¢ǿƛƭƭ нȄн όaύ ˁʰʽ ¦ƴƛŘƛǊŜŎǘƛƻƴŀƭ όbύ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ˋˍʹ˄ 
ˉʰˊʰˋˁʶˎʺ ˍ˖˄ ʵˇˁʽ˃ʾ˖˄Φ 

 

 

ɳʽˁˈ˄ʰ 51Φ ɮˁˊʽʲʶʾˌ ʵʽʰˋˍʱˋʶʽˌ ̄ ˂ʷ˅ʹˌ ˃ˇ˄ˇʵʽʶˎʻˎ˄ˍʽˁʺˌ ʶ˄ʾˋ˔ˎˋʹˌ (a ˁ ʰʽ bύ ˁʰʽ Twill 2x2 (c, d ˁʰʽ e) ̄ ˇˎ 
˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ˋˍʹ˄ ˉʰˊʰˋˁʶˎʺ ˍ˖˄ ʵˇˁʽ˃ʾ˖˄Φ 
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ũɘŬ Űɞɜ əŬɚɨŰŮɟɞ ˊɟɞůŭɘɞɟɘůɛɧ Űɤɜ ŭɨɞ ŬɡŰɩɜ ɡŬɚɞɦűŬůɛɎŰɤɜ 

ɡˊɞɚɞɔɑůŰɖəŮ Űɞ ɓɎɟɞɠ ɡűɎůɛŬŰɞɠ əŬɘ ɖ ɔɟŬɛɛɘəɐ ˊɡəɜɧŰɖŰŬ Űɤɜ ɘɜɩɜ, ůɨɛűɤɜŬ ɛŮ 

Űɞɡɠ ůɢŮŰɘəɞɨɠ Űɨˊɞɡɠ Űɤɜ ˊɟɞŰɨˊɤɜ ASTM D 3776 ï 96 əŬɘ ASTM D 1577 ï 01: 

 

 

 

¶ ȸɎɟɞɠ ɡűɎůɛŬŰɞɠ əŬŰɎ ASTM D 3776 ï 96 (Reapproved 2002): 

óStandard Test Method for Mass Per Unit Area (Weight) of Fabricô 

 

ɇɞ ůɡɔəŮəɟɘɛɏɜɞ ˊɟɧŰɡˊɞ əŬɚɨˊŰŮɘ Űɖɜ ɛɏŰɟɖůɖ Űɖɠ ɛɎɕŬɠ ɡűŬůɛɎŰɤɜ ŬɜɎ 

ɛɞɜɎŭŬ ŮˊɘűŬɜŮɑŬɠ (ɓɎɟɞɠ) ɛɏůɤ ŰŮůůɎɟɤɜ ŭɘŬűɞɟŮŰɘəɩɜ ɛŮɗɞŭɞɚɞɔɘɩɜ ˊɞɡ 

Ŭűɞɟɞɨɜ ŭɘŬűɞɟŮŰɘəɞɨɠ Űɨˊɞɡɠ ŭɞəɘɛɑɤɜ ɛɏŰɟɖůɖɠ. ɆŰɖɜ ˊŬɟɞɨůŬ ŮɟɔŬůɑŬ 

ŮˊɘɚɏɢɗɖəŮ ɖ Ůˊɘɚɞɔɐ çȸè, ɖ ɞˊɞɑŬ ŮɑɜŬɘ əŬŰɎɚɚɖɚɖ ɔɘŬ Űɖ ɛɏŰɟɖůɖ ˊɡəɜɧŰɖŰŬɠ 

ŭŮɘɔɛɎŰɤɜ (ˊɚɐɟɞɡɠ ˊɚɎŰɞɡɠ ɡűɎůɛŬŰɞɠ) ˊɚŮəŰɩɜ ɡűŬůɛɎŰɤɜ. ȼ ɛɎɕŬ Űɞɡ 

ɡűɎůɛŬŰɞɠ ɡˊɞɚɞɔɑɕŮŰŬɘ Ŭˊɧ ɏɜŬ ŭɞəɑɛɘɞ ɛŮ ŬəɟɘɓŮɑɠ ŭɘŬůŰɎůŮɘɠ ɛɐəɞɡɠ əŬɘ 

ˊɚɎŰɞɡɠ, ɛŮɔɏɗɖ ŰŬ ɞˊɞɑŬ ɏˊŮɘŰŬ ŬɜŰɘəŬɗɑůŰŬɜŰŬɘ ůŰɞɜ ˊŬɟŬəɎŰɤ Űɨˊɞ ŭɑɜɞɜŰŬɠ Űɞ 

ŬˊɞŰɏɚŮůɛŬ. ȳɚŮɠ ɞɘ ɛŮŰɟɐůŮɘɠ ɓɎɟɞɡɠ ˊɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ ůŮ ˊɟɧŰɡˊŮɠ ůɡɜɗɐəŮɠ 

ɔɘŬ ɏɚŮɔɢɞ əŬɘ ŭɞəɘɛɏɠ ɡűŬůɛɎŰɤɜ (21Ñ1
ɞ
C əŬɘ 50Ñ5% Relative Humidity). ȷˊɧ Űɞ 

ɟɞɚɧ Űɞɡ ɡűɎůɛŬŰɞɠ ŬˊɞəɧˊŰŮŰŬɘ ŰɛɐɛŬ ŰɞɡɚɎɢɘůŰɞɜ 250 mm, ˊɞɡ əŬɚɨˊŰŮɘ ɧɚɞ Űɞ 

ˊɚɎŰɞɠ Űɞɡ ɡűɎůɛŬŰɞɠ. Ƀɘ Ŭəɛɏɠ əɞˊɐɠ ˊɟɏˊŮɘ ɜŬ ŮɑɜŬɘ ŮɡɗŮɑŮɠ, ɢɤɟɑɠ əɧɛˊɞɡɠ ɐ 

əŮɜɎ. [33] 

 
 

Ὣ

ά
 ρπὋȾὒὡ  

 

ȳ́ ɞɡ G: ɓɎɟɞɠ Űɞɡ ŭɞəɘɛɑɞɡ (g), Ls: ɛɐəɞɠ Űɞɡ ŭɞəɘɛɑɞɡ (mm), əŬɘ W: Űɞ ˊɚɎŰɞɠ Űɞɡ ŭɞəɘɛɑɞɡ 

(mm). 

 

 

 

¶ ɀɏůɖ ɔɟŬɛɛɘəɐ ˊɡəɜɧŰɖŰŬ ɑɜŬɠ əŬŰɎ ASTM D 1577 ï 01: 

óStandard Test Methods for Linear Density of Textile Fibersô 

 

ȷɡŰɏɠ ɞɘ ɛɏɗɞŭɞɘ əŬɚɨˊŰɞɡɜ Űɖ ɛɏŰɟɖůɖ Űɖɠ ɛɎɕŬɠ ŬɜɎ ɛɞɜɎŭŬ ɛɐəɞɡɠ ɘɜɘŭɑɤɜ 

əŬɘ ɘɜɩɜ ɡűŬůɛɎŰɤɜ. ɇɞ ˊɟɧŰɡˊɞ ˊŮɟɘɚŬɛɓɎɜŮɘ ɛŮɗɧŭɞɡɠ ɎɛŮůɖɠ ɕɨɔɘůɖɠ, əŬɗɩɠ 

əŬɘ ɏɛɛŮůɞɡ ɡˊɞɚɞɔɘůɛɞɨ (ɛɏůɤ vibroscope) Űɞɡ ɕɖŰɞɨɛŮɜɞɡ ɛŮɔɏɗɞɡɠ ɛŮ 

əŬŰɎɚɚɖɚŮɠ ŰɟɞˊɞˊɞɘɐůŮɘɠ Űɤɜ ɛŮɗɧŭɤɜ ɔɘŬ ɑɜŮɠ ɛŮ ɐ ɢɤɟɑɠ ˊŰɡɢɩůŮɘɠ. ɆŰɖɜ 

ˊŬɟɞɨůŬ ŮɟɔŬůɑŬ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɖ ɛɏɗɞŭɞɠ çȷè ˊɞɡ ŬűɞɟɎ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɖɠ 

ɛɏůɖɠ ɔɟŬɛɛɘəɐɠ ˊɡəɜɧŰɖŰŬɠ ɘɜɘŭɑɤɜ ɛɏůɤ əɞɣɑɛŬŰɞɠ ŭɞəɘɛɑɞɡ əŬɘ ɎɛŮůɖɠ ɕɨɔɘůɐɠ 

Űɞɡ. ȼ ɛɏůɖ ɔɟŬɛɛɘəɐ ˊɡəɜɧŰɖŰŬ, ůŮ ɛɞɜɎŭŮɠ ɛɏŰɟɖůɖɠ tex ɐ denier, ɛŮɛɞɜɤɛɏɜɤɜ 

ɘɜɘŭɑɤɜ ɛɏůŬ ɛɘŬ ɑɜŬ ɡˊɞɚɞɔɑɕŮŰŬɘ Ŭˊɧ Űɖ ɛɏŰɟɖůɖ ɛɎɕŬɠ əŬɘ ɛɐəɞɡɠ ɛɘŬɠ ɑɜŬɠ əŬɘ 

Űɞɜ Ŭɟɘɗɛɧ Űɤɜ ɘɜɘŭɑɤɜ ˊɞɡ ŬɡŰɧ ŮɛˊŮɟɘɏɢŮɘ. ɇŬ ˊŬɟŬˊɎɜɤ ɛŮɔɏɗɖ ŬɜŰɘəŬɗɑůŰŬɜŰŬɘ 

ůŰɞɜ ˊŬɟŬəɎŰɤ Űɨˊɞ, ŬˊɞŭɑŭɞɜŰŬɠ Űɞ ɕɖŰɞɨɛŮɜɞ ŬˊɞŰɏɚŮůɛŬ, ůŰɟɞɔɔɡɚŮɨɞɜŰŬɠ ůŰɞ 

ˊɚɖůɘɏůŰŮɟɞ 0.1 dtex ɐ 0.01 denier. Ƀɘ ɑɜŮɠ Űɤɜ ɡűŬůɛɎŰɤɜ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ 

ůŰɖɜ ˊŬɟɞɨůŬ ŮɟɔŬůɑŬ ŭŮɜ ŮɛűɎɜɘůŬɜ ˊŰɡɢɩůŮɘɠ ɛŮŰɎ Űɖɜ ŬˊɧˊɚŮɝɐ Űɞɡɠ Ŭˊɧ Űɞ 
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ɨűŬůɛŬ, ɞˊɧŰŮ ŭŮ ɢɟŮɘɎůŰɖəŬɜ ŮɘŭɘəɎ ɛɏŰɟŬ ˊɟɞɏɜŰŬůɖɠ Űɤɜ ɘɜɩɜ ɔɘŬ Űɖ ɕɨɔɘůɐ 

Űɞɡɠ. [34]  

 

 
 

  ρππππ ὡȾὒ ὔ  

Ὀ ωπππ ὡȾὒ ὔ  
 

ȳˊɞɡ ɇ: ɖ ɛɏůɖ ɔɟŬɛɛɘəɐ ˊɡəɜɧŰɖŰŬɠ ɑɜŬɠ (dtex), D: ɖ ɛɏůɖ ɔɟŬɛɛɘəɐ ˊɡəɜɧŰɖŰŬ ɑɜŬɠ (denier), 

W: Űɞ ɓɎɟɞɠ Űɞɡ ɜɐɛŬŰɞɠ (mg), L: Űɞ ɛɐəɞɠ Űɞɡ ɜɐɛŬŰɞɠ (mm) əŬɘ Ɂ: ɞ Ŭɟɘɗɛɧɠ ɘɜɩɜ ɛɏůŬ ůŰɞ 

ɜɐɛŬ. 

 

 
 

ɆŮ ŬɡŰɧ Űɞ ůɖɛŮɑɞ ˊɟɏˊŮɘ ɜŬ ŬɜŬűŮɟɗŮɑ ˊɤɠ ɖ əŬŰŬɛɏŰɟɖůɖ Űɤɜ ɘɜɘŭɑɤɜ ɛɏůŬ 

ůŰɖɜ ɑɜŬ Űɞɡ ɡűɎůɛŬŰɞɠ Twill  2x2 ɏɔɘɜŮ ɛŮ əŬŰŬɛɏŰɟɖůɖ Űɤɜ ɘɜɘŭɑɤɜ (9 ůŰɞɜ Ŭɟɘɗɛɧ) 

ůŮ ŮˊɘűɎɜŮɘŬ Ŭəɟɘɓɩɜ ŭɘŬůŰɎůŮɤɜ (50 ɛm x 50 ɛm) Ŭˊɧ ŮɘəɧɜŬ ɛŮɔɏɗɡɜůɖɠ x50 ˊɞɡ 

ɚɐűɗɖəŮ Ŭˊɧ ɞˊŰɘəɧ ɛɘəɟɞůəɧˊɘɞ əŬɘ ɛŮ ŬɜŬɔɤɔɐ Űɞɡ ŮɛɓŬŭɞɨ ůŮ ɧɚɖ Űɖɜ ŮˊɘűɎɜŮɘŬ 

Űɞɡ ɜɐɛŬŰɞɠ, Űɞ ɞˊɞɑɞ ˊɟɞůŮɔɔɑůŰɖəŮ ɤɠ ŮɛɓŬŭɧ ɏɚɚŮɘɣɖɠ ɛŮ ŬəŰɑɜŮɠ 786 ɛm əŬɘ 129 

ɛm əŬɘ ɛŮɚŮŰɐɗɖəŮ Ŭˊɧ ŮɘəɧɜŬ ɛŮɔɏɗɡɜůɖɠ x5. ȷɜŰɑůŰɞɘɢŮɠ ŮɜɏɟɔŮɘŮɠ 

ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ əŬɘ ůŰɖɜ ˊŮɟɑˊŰɤůɖ ɡŬɚɞɦűɎůɛŬŰɞɠ ɛŮ unidirectional ˊɚɏɝɖ, 

ɧ́ ɞɡ ɖ ŮˊɘűɎɜŮɘŬ ŭɘŬŰɞɛɐɠ ɑɜŬɠ ˊɟɞůŮɔɔɑůŰɖəŮ Ŭˊɧ ɏɚɚŮɘɣɖ ŬəŰɑɜɤɜ 890 ɛm əŬɘ 180 

ɛm, Ůɜɩ ɖ ˊŮɟɘɞɢɐ (50 ɛm x 50 ɛm) əŬŰŬɛɏŰɟɖůɖɠ ɘɜɘŭɑɤɜ (16 ůŰɞɜ Ŭɟɘɗɛɧ) ɚɐűɗɖəŮ 

ˊɎɚɘ Ŭˊɧ ŮɘəɧɜŬ ɞˊŰɘəɞɨ ɛɘəɟɞůəɞˊɑɞɡ ɛŮɔɏɗɡɜůɖɠ x50. Ⱥˊɑůɖɠ, ɖ ɕɨɔɘůɖ ɘɜɩɜ Ŭˊɧ 

Twill  2x2 ɛɐəɞɡɠ 100 mm ůɨɔəɚɘɜŮ ůŰŬ 0,021 g, Ůɜɩ ɞɘ unidirectional ɑɜŮɠ, ɛɐəɞɡɠ 

55 mm ůɡɜɏəɚɘɜŬɜ ůŰŬ 0,040 g.  

ɄŬɟŬəɎŰɤ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŰŬ ɡˊɞɚɞɔɘůɗɏɜŰŬ ɛŮɔɏɗɖ Űɤɜ ɡűŬůɛɎŰɤɜ ˊɞɡ 

ˊɟɞɏəɡɣŬɜ Ŭˊɧ Űɘɠ ɛŮŰɟɐůŮɘɠ əŬɘ ŰŬ ˊŬɟŬˊɎɜɤ ˊɟɧŰɡˊŬ (ɛŮ ůŰɟɞɔɔɡɚɞˊɞɑɖůɖ ůŰɞɜ 

ˊɘɞ əɞɜŰɘɜɧ ŮɛˊɞɟɘəɎ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɞ Űɨˊɞ), əŬɗɩɠ əŬɘ ɞɘ ŮɘəɧɜŮɠ Ŭˊɧ Űɞ ɞˊŰɘəɧ 

ɛɘəɟɞůəɧˊɘɞ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɔɘŬ Űɖɜ əŬŰŬɛɏŰɟɖůɖ Űɤɜ ɘɜɘŭɑɤɜ ŬɜɎ ɑɜŬ 

(fibrils/fiber).  

 Twill 2x2 weave Unidirectional  weave 

ȸɎɟɞɠ ɡűɎůɛŬŰɞɠ: 300 g/m
2
 600 g/m

2
 

ɀɏůɖ ɔɟŬɛɛɘəɐ ˊɡəɜɧŰɖŰŬ ɘɜɘŭɑɞɡ: 1.9 dtex ï 1.66 denier 2.3 dtex ï 2.03 denier 

ȷɟɘɗɛɧɠ ɘɜɘŭɑɤɜ ŬɜɎ ɑɜŬ: 1141 fibrils/fiber  (1K) 3230 fibrils/fiber  (3K) 

ɄɎɢɞɠ ɡűɎůɛŬŰɞɠ: 200 ɛm 250 ɛm 

ɀɏůɖ ŭɘɎɛŮŰɟɞɠ ɘɜɘŭɑɤɜ: 12 ɛm 9 ɛm 

ʃʾ˄ʰˁʰˌ 6Φ ʋʰˊʰˁˍʹˊʽˋˍʽˁʱ ˃ʶʴʷʻʹ ˍ˖˄ ˎʰ˂ˇː˒ʰˋ˃ʱˍ˖˄ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ʴʽʰ ˍʹ˄ ˉʰˊʰˋˁʶˎʺ ˍ˖˄ 
ʵˇˁʽ˃ʾ˖˄Φ 
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ɳʽˁˈ˄ʰ 52Φ ɾʽˁˊˇˋˁˇˉʽˁʷˌ ʰˉʶʽˁˇ˄ʾˋʶʽˌ ɻ ʽʰˍˇ˃ʺˌ ʵˇˁʽ˃ʾˇˎ ˃ʶ ʶ˄ʾˋ˔ˎˋʹ Twill 2x2 [45/0/0/ -прϐ ˁʰʽ 2% w.t. 
GNPs: ˃ ʶʴʷʻˎ˄ˋʹ x5 ɹ ʽʰ ˍˇ˄ ˎˉˇ˂ˇʴʽˋ˃ˈ ʶ˃ʲʰʵˇˏ ʵʽʰˍˇ˃ʺˌ ˄ʺ˃ʰˍˇˌ όˉʱ˄˖ύ ˁʰʽ x50 ɹ ʽʰ ˍʹ˄ ˁʰˍʰ˃ʷˍˊʹˋʹ 

ʽ˄ʽʵʾ˖˄ ˋʶ ˍʶˍˊʰʴ˖˄ʽˁʺ ˉʶˊʽˇ˔ʺ ˉ˂ʶˎˊʱˌ рл ˃m ʁ ˄ˍˈˌ ˍˇˎ ˄ʺ˃ʰˍˇˌ όˁʱˍ˖ύΦ 

 

ɳʽˁˈ˄ʰ 53. ɾʽˁˊˇˋˁˇˉʽˁʷˌ ʰˉʶʽˁˇ˄ʾˋʶʽˌ ɻ ʽʰˍˇ˃ʺˌ ʵˇˁʽ˃ʾˇˎ ˃ʶ ʶ˄ʾˋ˔ˎˋʹ unidirectional [0/90/0/90ϐ ˁʰʽ 1% 
w.t. GNPsΥ ˃ʶʴʷʻˎ˄ˋʹ xр ʴʽʰ ˍˇ˄ ˎˉˇ˂ˇʴʽˋ˃ˈ ʶ˃ʲʰʵˇˏ ʵʽʰˍˇ˃ʺˌ ˄ʺ˃ʰˍˇˌ όˉʱ˄˖ύ ˁʰʽ xрл ʴʽʰ ˍʹ˄ 
ˁʰˍʰ˃ʷˍˊʹˋʹ ʽ˄ʽʵʾ˖˄ ˋʶ ˍʶˍˊʰʴ˖˄ʽˁʺ ˉʶˊʽˇ˔ʺ ˉ˂ʶˎˊʱˌ рл ˃m ʁ ˄ˍˈˌ ˍˇˎ ˄ʺ˃ʰˍˇˌ όˁʱˍ˖ύ. 
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7.1.3 ɆɨůŰɖɛŬ ɟɖŰɑɜɖɠ 

 

ũɘŬ Űɖɜ ˊŬɟŬůəŮɡɐ Űɤɜ ˊɞɚɡůŰɟɤɛŬŰɘəɩɜ ůɡɜɗɏŰɤɜ ɡɚɘəɩɜ, Űɧůɞ Űɤɜ 

ůŮɘɟɩɜ ˊɞɡ ŮɜɘůɢɡɗɐəŬɜ ɛŮ ɜŬɜɞˊɟɞůɗɐəŮɠ ɔɟŬűŮɜɑɞɡ ɧůɞ əŬɘ Űɤɜ ůŮɘɟɩɜ ŬɜŬűɞɟɎɠ 

ɢɤɟɑɠ Ůɜɑůɢɡůɖ ɜŬɜɞˊɟɞůɗɖəɩɜ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɖ ɗŮɟɛɞůəɚɖɟɡɜɧɛŮɜɖ Ůˊɞɝɘəɐ 

ɟɖŰɑɜɖ ŭɨɞ ůɡůŰŬŰɘəɩɜ EPOXY SYSTEM ES 35A/B, ɛŮ ůɢɏůɖ ŬɜɎɛŮɘɝɖɠ Űɤɜ ŭɨɞ 

ůɡůŰŬŰɘəɩɜ 2 ɛɏɟɖ ɟɖŰɑɜɖɠ / 1 ɛɏɟɞɠ ůəɚɖɟɡɜŰɐ (əŬŰɎ ɓɎɟɞɠ). ȼ ŬɜɎɛŮɘɝɖ ŮɑɜŬɘ 

ŬˊŬɟŬɑŰɖŰɖ ŭɘŬŭɘəŬůɑŬ ɔɘŬ Űɞɜ ˊɞɚɡɛŮɟɘůɛɧ (ůəɚɐɟɡɜůɖ) Űɖɠ Ůˊɞɝɘəɐɠ ɟɖŰɑɜɖɠ. 

ɀŮŰɎ Űɖɜ ŬɜɎɛŮɘɝɖ, ɖ ŮűŬɟɛɞɔɐ Űɖɠ ɟɖŰɑɜɖɠ ůŰɞ ɨűŬůɛŬ ˊɟɏˊŮɘ ɜŬ ɔɑɜŮɘ ŮɜŰɧɠ 30 

ɚŮˊŰɩɜ. ȼ ɢɟɐůɖ Űɞɡ ůɡɔəŮəɟɘɛɏɜɞɡ ůɡůŰɐɛŬŰɞɠ ŮɜŭŮɑəɜɡŰŬɘ ɔɘŬ Űɞɜ ŮɛˊɞŰɘůɛɧ 

ɡűŬůɛɎŰɤɜ Ŭˊɧ carbon, kevlar əŬɘ ɡŬɚɞɦűŬůɛɎŰɤɜ. 

 

 

 

ɳʽˁˈ˄ʰ 54Φ ɳˉˇ˅ʽˁʺ ˊʹˍʾ˄ʹ ʵˏˇ ˋˎˋˍʰˍʽˁ˗˄ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ˋˍʹ˄ ˉʰˊʰˋˁʶˎʺ ˍ˖˄ ʵˇˁʽ˃ʾ˖˄Φ [31] 
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7.1.4 ũɟŬűŮɜɘəɏɠ ɜŬɜɞˊɟɞůɗɐəŮɠ (GNPs) 

 

ɆŰɖɜ ˊŬɟɞɨůŬ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɞɘ ˊɞɚɡůŰɟɤɛŬŰɘəɏɠ 

ɔɟŬűŮɜɘəɏɠ ɜŬɜɞˊɟɞůɗɐəŮɠ Alfa AesarÊ Graphene nanoplatelets aggregates, sub-

micronparticles, S.A. 500m2/g. 

 

 

ɳʽˁˈ˄ʰ 55 ʁʽ ʴˊʰ˒ʶ˄ʽˁʷˌ ˄ʰ˄ˇ̄ ˊˇˋʻʺˁʶˌ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ˋˍʹ˄ ˉʰˊʰˋˁʶˎʺ ˍ˖˄ ʵˇˁʽ˃ʾ˖˄Φ 

 

 

ɳʽˁˈ˄ʰ 56Φ ɾʽˁˊˇˋˁˇˉʽˁʺ ʰˉʶʽˁˈ˄ʽˋʹ ʴˊʰ˒ʶ˄ʾˇˎ ό˃ʶʴʷʻˎ˄ˋʹ x5). [14] 
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7.2  ɀɏɗɞŭɞɠ ˊŬɟŬůəŮɡɐɠ 

 

ɇŬ ŭɞəɑɛɘŬ ɔɘŬ Űɖ ŭɘŮɝŬɔɤɔɐ Űɤɜ ˊŮɘɟŬɛɎŰɤɜ ŮűŮɚəɡůɛɞɨ əŬɘ əɎɛɣɖɠ Űɟɘɩɜ 

ůɖɛŮɑɤɜ ˊŬɟŬůəŮɡɎůŰɖəŬɜ ůŮ ŮɟɔŬůŰɖɟɘŬəɧ ŮɘŭɘəɎ ŭɘŬɛɞɟűɤɛɏɜɞ ɢɩɟɞ ɛŮ Űɖ 

ɛɏɗɞŭɞ Űɖɠ ɢŮɘɟɞəɑɜɖŰɖɠ ůŰɟɩůɖɠ (Hand Lay-Up). ȳɚŮɠ ɞɘ ŬˊŬɟŬɑŰɖŰŮɠ ŮɟɔŬůɑŮɠ 

ɏɔɘɜŬɜ ˊɎɜɤ ůŮ əŬɗŬɟɏɠ ɝɨɚɘɜŮɠ ŮˊɘűɎɜŮɘŮɠ, ɞɘ ɞˊɞɑŮɠ ɝɨůŰɖəŬɜ ˊɟɧŰɘɜɞɠ ɛŮ 

ůˊɎŰɞɡɚŬ, əŬɗŬɟɑůŰɖəŬɜ ɛŮ ŬůŮŰɧɜ əŬɘ Űɏɚɞɠ ŮűŬɟɛɧůŰɖəŮ ˊɎɜɤ Űɞɡɠ ɛɘŬ ɚŮˊŰɐ 

ůŰɟɩůɖ Ŭˊɧ əŮɟɑ ɔɘŬ Űɖɜ Ůɨəɞɚɖ ŬˊɞɛɎəɟɡɜůɖ Űɤɜ ŭɞəɘɛɑɤɜ ɛŮŰɎ Űɞɜ ŮɛˊɞŰɘůɛɧ 

Űɞɡɠ əŬɘ Űɖɜ ɝɐɟŬɜůɐ Űɞɡɠ. ɆɡɜɞɚɘəɎ ˊŬɟŬůəŮɡɎůŰɖəŬɜ ŰɟŮɘɠ ůŮɘɟɏɠ ŭɞəɘɛɑɤɜ: 

 

¶ ȹɞəɑɛɘŬ ŮɜɘůɢɡɛɏɜŬ ɛŮ ɛɞɜɞŭɘŮɡɗɡɜŰɘəɧ ɡŬɚɞɦűŬůɛŬ (unidirectional) ɛŮ 

ˊɟɞůŬɜŬŰɞɚɘůɛɧ ůŰɟɩůŮɤɜ [0/90/0/90] əŬɘ ɛŮ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ ɔɟŬűŮɜɘəɩɜ 

ɜŬɜɞˊɟɞůɗɖəɩɜ 0%, 1%, 2%, 3%, 4%, 5%, 10%, 15%, 20%, 25% əŬɘ 30% 

(GNPs w.t.).  

 

¶ ȹɞəɑɛɘŬ ŮɜɘůɢɡɛɏɜŬ ɛŮ ɡŬɚɞɦűŬůɛŬ ˊɚɏɝɖɠ Twill  2x2 ɛŮ ˊɟɞůŬɜŬŰɞɚɘůɛɧ 

ůŰɟɩůŮɤɜ [45/0/0/-45] əŬɘ ɛŮ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ ɔɟŬűŮɜɘəɩɜ ɜŬɜɞˊɟɞůɗɖəɩɜ 0%, 

1%, 2%, 3%, 5%, 10%, 15% əŬɘ 20% (GNPs w.t.). 

 

¶ ȹɞəɑɛɘŬ ŮɜɘůɢɡɛɏɜŬ ɛŮ ɡŬɚɞɦűŬůɛŬ ˊɚɏɝɖɠ Twill  2x2 ɛŮ ˊɟɞůŬɜŬŰɞɚɘůɛɧ 

ůŰɟɩůŮɤɜ [45/-45/45/-45] əŬɘ ɛŮ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ ɔɟŬűŮɜɘəɩɜ ɜŬɜɞˊɟɞůɗɖəɩɜ 

0%, 1%, 2% əŬɘ 3% (GNPs w.t.). 

 

 

ɳʽˁˈ˄ʰ 57Φ ɳʽʵʽˁˈ ˁʶˊʾ ʴʽʰ ˁʰ˂ˇˏˉʽʰ όŀύ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ʴʽʰ ˍʹ˄ ʶˉʽˁʱ˂ˎ˕ʹ ˍ˖˄ ˉʱʴˁ˖˄ ʶˊʴʰˋʾʰˌ ˁʰʽ 
ʹ˂ʶˁˍˊˇ˄ʽˁʺ ʸˎʴʰˊʽʱ (b) ɹ ʽʰ ˍʹ˄ ˉˊˇʶˍˇʽ˃ʰˋʾʰ ˍˇˎ ˃ʾʴ˃ʰˍˇˌ ˊʹˍʾ˄ʹˌΦ 
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ɳʽˁˈ˄ʰ 58Φ ɮˉʶʽˁˈ˄ʽˋʹ ˋˏ˄ʻʶˍ˖˄ ˎ˂ʽˁ˗˄ ʷˉʶʽˍʰ ʰˉˈ ˋˁ˂ʺˊˎ˄ˋʹ ˋʶ ˋˎ˄ʻʺˁʶˌ ʵ˖˃ʰˍʾˇˎ ʴʽʰ ʶˉˍʱ ʹ˃ʷˊʶˌ. 

 

 

 

 

ɳʽˁˈ˄ʰ 59Φ ɼˈ˒ˍʹˌ ʶ˂ʰˋ˃ʱˍ˖˄ όa) ɹ ʽʰ ˍʹ˄ ˁˇˉʺ ˍ˖˄ ˋˏ˄ʻʶˍ˖˄ ˎ˂ʽˁ˗˄ ˋˍʽˌ ʶˉʽʻˎ˃ʹˍʷˌ ʵʽʰˋˍʱˋʶʽˌ ʵˇˁʽ˃ʾ˖˄ 
ˁʰʽ ˍˊʽʲʶʾˇ όbύ ʴʽʰ ˍʹ˄ ˂ʶʾʰ˄ˋʹ ˍ˖˄ ʁ ˉʽ˒ʰ˄ʶʽ˗˄ ˍ˖˄ όˉˊˇˌ ˉʰˊʰˍʺˊʹˋʹ ˋʶ ˃ʽˁˊˇˋˁˈˉʽˇύ ʵˇˁʽ˃ʾ˖˄Φ 
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7.2.1 ȹɞɛɐ ˊɞɚɡůŰɟɤɛŬŰɘəɞɨ ůɡɜɗɏŰɞɡ əŬɘ ɔŮɤɛŮŰɟɑŬ 

 

¶ ɄɟɞůŬɜŬŰɞɚɘůɛɧɠ ůŰɟɩůŮɤɜ 

  

 ȸɎůŮɘ Űɤɜ ɞŭɖɔɘɩɜ Űɤɜ əŬŰŬůəŮɡŬůŰɩɜ Űɤɜ ɡűŬůɛɎŰɤɜ Ůɜɑůɢɡůɖɠ, 

əŬɗɞɟɑůŰɖəŮ ɞ ˊɟɞůŬɜŬŰɞɚɘůɛɧɠ Űɤɜ ůŰɟɩůŮɤɜ Űɤɜ ˊɞɚɡůŰɟɤɛŬŰɘəɩɜ ŭɞəɘɛɑɤɜ. 

ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ŭɞəɘɛɑɤɜ ɛŮ Ůɜɑůɢɡůɖ ɛɞɜɞŭɘŮɡɗɡɜŰɘəɞɨ ɡŬɚɞɦűɎůɛŬŰɞɠ ɞɘ 

ůŰɟɩůŮɘɠ ŰɞˊɞɗŮŰɐɗɖəŬɜ Ŭˊɧ əɎŰɤ ˊɟɞɠ ŰŬ ˊɎɜɤ ɛŮ ˊɟɞůŬɜŬŰɞɚɘůɛɧ ůŰɟɩůŮɤɜ 

[0
ɞ
/90
ɞ
/0
ɞ
/90
ɞ
]. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Ůɜɑůɢɡůɖɠ ɛŮ ɡŬɚɞɦűŬůɛŬ Twill  2x2 ɞɘ ůŰɟɩůŮɘɠ 

Ŭˊɧ əɎŰɤ ˊɟɞɠ ŰŬ ˊɎɜɤ ŰɞˊɞɗŮŰɐɗɖəŬɜ ɛŮ ˊɟɞůŬɜŬŰɞɚɘůɛɧ [45
ɞ
/0
ɞ
/0
ɞ
/-45

ɞ
]. 

Ⱥˊɘˊɚɏɞɜ, ˊŬɟŬůəŮɡɎůŰɖəŮ əŬɘ ɛɘŬ ɛɘəɟɐ ůŮɘɟɎ ŭɞəɘɛɑɤɜ ɛŮ Ůɜɑůɢɡůɖ 

ɡŬɚɞɦűɎůɛŬŰɞɠ Twill  2x2 ɛŮ ˊɟɞůŬɜŬŰɞɚɘůɛɧ [45
ɞ
/-45

ɞ
/45
ɞ
/-45

ɞ
], ɖ ɞˊɞɑŬ 

ŬɜŬɛɏɜɞɜŰŬɜ ɜŬ ɏɢŮɘ ɢŬɛɖɚɏɠ ŮˊɘŭɧůŮɘɠ ɚɧɔɤ Űɖɠ ŭɘɎŰŬɝɖɠ Űɤɜ ůŰɟɩůŮɤɜ.  

 

¶ ũŮɤɛŮŰɟɑŬ 

 

Ƀɘ ŭɘŬůŰɎůŮɘɠ Űɤɜ ŰŮɚɘəɩɜ ŭɞəɘɛɑɤɜ ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ Űɘɠ ŬˊŬɘŰɐůŮɘɠ Űɤɜ 

ˊɟɞŰɨˊɤɜ ˊɞɡ ŬəɞɚɞɡɗɐɗɖəŬɜ ůŰɖɜ ˊŬɟɞɨůŬ ɛŮɚɏŰɖ. ȺˊɘůɖɛŬɑɜŮŰŬɘ, ˊɤɠ Ŭˊɧ 

ŬɛűɧŰŮɟŬ ŰŬ ˊɟɧŰɡˊŬ ˊɟɞəɨˊŰɞɡɜ ŭɘŬűɞɟŮŰɘəɏɠ ŭɘŬůŰɎůŮɘɠ ɔɘŬ ŰŬ ˊɞɚɡůŰɟɤɛŬŰɘəɎ 

ŭɞəɑɛɘŬ ɛŮ Ůɜɑůɢɡůɖ ɛɞɜɞŭɘŮɡɗɡɜŰɘəɞɨ ɡŬɚɞɦűɎůɛŬŰɞɠ əŬɘ ŭɘŬűɞɟŮŰɘəɏɠ ɔɘŬ ŮəŮɑɜŬ 

ɛŮ Ůɜɑůɢɡůɖ ɡŬɚɞɦűɎůɛŬŰɞɠ ˊɚɏɝɖɠ Twill  2x2. 

 

V ũɘŬ ŰŬ ˊŮɘɟɎɛŬŰŬ ŮűŮɚəɡůɛɞɨ əŬŰɎ ASTM D3039/D3039M ˊŬɟŬůəŮɡɎůŰɖəŬɜ 

ŰŮɚɘəɎ ŭɞəɑɛɘŬ ɛŮ Ůɜɑůɢɡůɖ ɛɞɜɞŭɘŮɡɗɡɜŰɘəɞɨ ɡŬɚɞɦűɎůɛŬŰɞɠ ɛŮ ɛɐəɞɠ 126 mm, 

ˊɚɎŰɞɠ 13 mm əŬɘ ˊɎɢɞɠ 1.6 mm. ȷɜŰɑůŰɞɘɢŬ, ɞɘ ŭɘŬůŰɎůŮɘɠ ɔɘŬ ŰŬ ŰŮɚɘəɎ ŭɞəɑɛɘŬ 

ɛŮ Ůɜɑůɢɡůɖɠ ɡŬɚɞɦűɎůɛŬŰɞɠ ˊɚɏɝɖɠ Twill  2x2 ŭɘŬɛɞɟűɩɗɖəŬɜ ɤɠ Ůɝɐɠ: ɛɐəɞɠ 

100-102mm, ˊɚɎŰɞɠ 5-6mm əŬɘ ˊɎɢɞɠ 1.1mm. ȾŬɘ ůŰɘɠ ŭɨɞ ˊŮɟɘˊŰɩůŮɘɠ ɞɘ 

ˊŮɟɘɞɢɏɠ ůɡɔəɟɎŰɖůɖɠ ɞɟɑůŰɖəŬɜ ůŰŬ 25 mm Ŭˊɧ əɎɗŮ ˊɚŮɡɟɎ Űɞɡ ŭɞəɘɛɑɞɡ. [28] 

 

V ũɘŬ ˊŮɘɟɎɛŬŰŬ əɎɛɣɖɠ Űɟɘɩɜ ůɖɛŮɑɤɜ əŬŰɎ ASTM D790-03 ˊŬɟŬůəŮɡɎůŰɖəŬɜ 

ŰŮɚɘəɎ ŭɞəɑɛɘŬ ɛŮ Ůɜɑůɢɡůɖ ɛɞɜɞŭɘŮɡɗɡɜŰɘəɞɨ ɡŬɚɞɦűɎůɛŬŰɞɠ (UD) ɛŮ ɛɐəɞɠ 

130 mm, ˊɚɎŰɞɠ 12.7 mm əŬɘ ŭɘɎůŰɖɛŬ ůŰɐɟɘɝɖɠ Űɞɡ ŭɞəɘɛɑɞɡ ůŰŬ 108 mm 

ůɡɛɛŮŰɟɘəɎ Űɞɡ əɎɗŮŰɞɡ ɎɝɞɜŬ ůɡɛɛŮŰɟɑŬɠ Űɞɡ ŭɞəɘɛɑɞɡ. ȷɜŰɑůŰɞɘɢŬ, ɞɘ 
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ŭɘŬůŰɎůŮɘɠ ɔɘŬ ŰŬ ŰŮɚɘəɎ ŭɞəɑɛɘŬ ɛŮ Ůɜɑůɢɡůɖɠ ɡŬɚɞɦűɎůɛŬŰɞɠ ˊɚɏɝɖɠ Twill  2x2 

ŭɘŬɛɞɟűɩɗɖəŬɜ ɤɠ Ůɝɐɠ: ɛɐəɞɠ 93.6 mm, ˊɚɎŰɞɠ 12.7 mm əŬɘ ŭɘɎůŰɖɛŬ 

ůŰɐɟɘɝɖɠ Űɞɡ ŭɞəɘɛɑɞɡ ůŰŬ 78 mm. [29] 

 

ɆŮ ŬɡŰɧ Űɞ ůɖɛŮɑɞ ŬɝɑɕŮɘ ɜŬ ŬɜŬűŮɟɗŮɑ, ˊɤɠ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ˊŬɟŬůəŮɡŬůŰɞɨɜ 

ɞ́ɘɞŰɘəɎ ŭɞəɑɛɘŬ ŮˊŬɟəɩɜ ŭɘŬůŰɎůŮɤɜ ˊɞɡ ɗŬ ŭɩůɞɡɜ ŮˊŬɜŬɚɐɣɘɛŬ ŬˊɞŰŮɚɏůɛŬŰŬ, 

əɧˊɖəŬɜ ŬɟɢɘəɎ Ŭˊɧ ŰŬ ɟɞɚɎ Űɤɜ ɡűŬůɛɎŰɤɜ Ůɜɑůɢɡůɖɠ ɛŮɔŬɚɨŰŮɟŮɠ ŮˊɘűɎɜŮɘŮɠ, 

ŮɛɓŬŭɞɨ 450 mm x 250 mm (ůŰɘɠ əŬɗɞɟɘůɛɏɜŮɠ ŭɘŮɡɗɨɜůŮɘɠ ɘɜɩɜ ɔɘŬ Űɘɠ ŮˊɘɗɡɛɖŰɏɠ 

ˊɞɚɡůŰɟɤɛŬŰɘəɏɠ ŭɘŬŰɎɝŮɘɠ). ȷɡŰɏɠ ŭɘŬɛɞɟűɩɗɖəŬɜ ɏŰůɘ ɩůŰŮ Ŭˊɧ əɎɗŮ 

ˊɞɚɡůŰɟɤɛŬŰɘəɧ ůɨɜɗŮŰɞ ɜŬ ɛˊɞɟɞɨɜ ɜŬ Ŭˊɞəɞˊɞɨɜ ŰɞɡɚɎɢɘůŰɞɜ ˊɏɜŰŮ ŰŮɚɘəɎ 

ŭɞəɑɛɘŬ əŬɘ ŰŬɡŰɧɢɟɞɜŬ ɜŬ ŮɝŬůűŬɚɑɕŮŰŬɘ ɏɜŬ ŮˊŬɟəɏɠ ˊŮɟɘɗɩɟɘɞ ɔɨɟɤ Űɞɡɠ, əŬɗɩɠ 

ɞɘ Ŭəɛɏɠ Űɤɜ ɡűŬůɛɎŰɤɜ ɡˊɧəŮɘɜŰŬɘ ůŮ Űɞˊɘəɏɠ űɗɞɟɏɠ əŬŰɎ Űɞ əɧɣɘɛɧ Űɞɡɠ. 

 

 

7.2.2 ȹɘŬŭɘəŬůɑŬ ŮɛˊɞŰɘůɛɞɨ əŬɘ ˊŬɟŬůəŮɡɐ 

 

7.2.2.1 ɄɟɞŮŰɞɘɛŬůɑŬ ɟɖŰɑɜɖɠ 

 

ȷɟɢɘəɎ, ˊɟɏˊŮɘ ɜŬ ŰɞɜɘůɗŮɑ ˊɤɠ ɖ ɡɔɟɐ ɟɖŰɑɜɖ (ˊɟɘɜ Űɖ ůəɚɐɟɡɜůɐ Űɖɠ) əŬɘ  ɞɘ 

ɜŬɜɞˊɟɞůɗɐəŮɠ ɔɟŬűŮɜɑɞɡ (GNPs) ŮɑɜŬɘ ɘŭɘŬɑŰŮɟŬ ŮˊɘəɑɜŭɡɜŬ əŬɘ əŬɟəɘɜɞɔɧɜŬ ɔɘŬ 

Űɞɜ Ɏɜɗɟɤˊɞ ˊɟɞŰɞɨ ŬŭɟŬɜɞˊɞɘɖɗɞɨɜ ůŮ ɏɜŬ ůɨɜɗŮŰɞ ɡɚɘəɧ əŬɘ ůɡɜŮˊɩɠ ŮɑɜŬɘ 

ŬˊŬɟŬɑŰɖŰɖ ɖ ɢɟɐůɖ ɛɎůəŬɠ əŬɘ Ůɘŭɘəɩɜ ɔŬɜŰɘɩɜ əŬŰɎ Űɖɜ ɛŮŰŬɢŮɑɟɘůɐ Űɞɡɠ. 

ũɘŬ Űɖɜ ˊɟɞŮŰɞɘɛŬůɑŬ Űɖɠ ɛɐŰɟŬɠ Űɤɜ ŭɞəɘɛɑɤɜ ŬɜŬűɞɟɎɠ ɢɤɟɑɠ 

ɜŬɜɞˊɟɞůɗɐəŮɠ ɔɟŬűŮɜɑɞɡ (GNPs) ɏɔɘɜŮ ŬɜɎɛŮɘɝɖ ůŮ ɔɡɎɚɘɜɞ ŭɞɢŮɑɞ Űɤɜ ŭɨɞ 

ůɡůŰŬŰɘəɩɜ Űɞɡ Ůˊɞɝɘəɞɨ ůɡůŰɐɛŬŰɞɠ (ɟɖŰɑɜɖ əŬɘ ůəɚɖɟɡɜŰɐɠ) ůŮ ŬɜŬɚɞɔɑŬ 2:1 

(ȷ:ȸ) əŬŰɎ ɓɎɟɞɠ, ɓɎůŮɘ Űɤɜ ˊɟɞŭɘŬɔɟŬűɩɜ Űɞɡ əŬŰŬůəŮɡŬůŰɐ Űɞɡ Ůˊɞɝɘəɞɨ 

ůɡůŰɐɛŬŰɞɠ əŬɘ ŬəɞɚɞɨɗɖůŮ ŬɜɎŭŮɡůɐ Űɞɡɠ ɔɘŬ 25 ɚŮˊŰɎ ůŰɘɠ 400 rpm ɛŮ ɖɚŮəŰɟɘəɧ 

ŭɟŬˊŬɜɞəŬŰůɎɓɘŭɞ əŬɘ Ůɘŭɘəɐ ɛɨŰɖ ŬɜɎŭŮɡůɖɠ. 

ũɘŬ Űɖɜ ˊɟɞŮŰɞɘɛŬůɑŬ Űɖɠ ɛɐŰɟŬɠ Űɤɜ ŭɞəɘɛɑɤɜ ɛŮ ɜŬɜɞˊɟɞůɗɐəŮɠ ɔɟŬűŮɜɑɞɡ 

(GNPs), Ŭűɞɨ ɏɔɘɜŮ ɖ ŬɜɎɛŮɘɝɖ Űɤɜ ŭɨɞ ůɡůŰŬŰɘəɩɜ Űɞɡ Ůˊɞɝɘəɞɨ ůɡůŰɐɛŬŰɞɠ ůŮ 

ɔɡɎɚɘɜɞ ŭɞɢŮɑɞ, ŰɞˊɞɗŮŰɐɗɖəŮ ɛɏůŬ ůŰɞ ɡɔɟɧ ɛɑɔɛŬ ˊɞůɧŰɖŰŬ ůəɧɜɖɠ 

ɜŬɜɞˊɟɞůɗɖəɩɜ ɔɟŬűŮɜɑɞɡ ˊɞɡ ŬɜŰɘůŰɞɘɢŮɑ ůŰɖɜ ŮˊɘɗɡɛɖŰɐ əŬŰɎ ɓɎɟɞɠ 

ˊŮɟɘŮəŰɘəɧŰɖŰŬ ɜŬɜɞˊɟɞůɗɖəɩɜ Űɞɡ Ůˊɞɝɘəɞɨ ůɡůŰɐɛŬŰɞɠ, ˊɞɡ ɏˊŮɘŰŬ ɞɟɑɕŮŰŬɘ ɤɠ ɖ 

ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɜŬɜɞˊɟɞůɗɐəŮɠ Űɞɡ ůɡɜɗɏŰɞɡ ˊɞɚɡůŰɟɤɛŬŰɘəɞɨ ɡɚɘəɞɨ. ɄɟɞŰɞɨ 
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ŬɜŬɛŮɘɢɗɞɨɜ ɛŮ Űɖ ɟɖŰɑɜɖ ɞɘ ɜŬɜɞˊɟɞůɗɐəŮɠ ɔɟŬűŮɜɑɞɡ ˊŮɟɘůŰɟɎűɖəŬɜ ůŮ Űɧɟɜɞ ůŰɘɠ 

2000 rpm ɔɘŬ 2 ɩɟŮɠ (light stirring). ȺˊɘůɖɛŬɑɜŮŰŬɘ, ˊɤɠ ɖ ŬɜɎŭŮɡůɖ Űɤɜ 

ɜŬɜɞˊɟɞůɗɖəɩɜ ɛŮ ŰŬ ůɡůŰŬŰɘəɎ Űɞɡ Ůˊɞɝɘəɞɨ ůɡůŰɐɛŬŰɞɠ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ůŮ 

ɔɡɎɚɘɜɞ ŭɞɢŮɑɞ, ɔɘŬŰɑ ůŮ ˊɚŬůŰɘəɎ ŭɞɢŮɑŬ ŬɜŬˊŰɨůůɞɜŰŬɘ ɛŬɔɜɖŰɘəɎ űŬɘɜɧɛŮɜŬ əŬɘ ɖ 

ůəɧɜɖ Űɞɡ ɔɟŬűŮɜɑɞɡ əɞɚɚɎŮɘ ůŰŬ ŰɞɘɢɩɛŬŰŬ Űɞɡ ŭɞɢŮɑɞɡ. ȼ ŬɜɎŭŮɡůɖ Űɞɡ ɛɑɔɛŬŰɞɠ 

ɏɔɘɜŮ ˊɎɚɘ ɔɘŬ 2 ɩɟŮɠ ůŰɘɠ 400 rpm. 

ȾŬŰɎ Űɖɜ ˊŬɟŬůəŮɡɐ Űɤɜ ˊɞɚɡůŰɟɤɛŬŰɘəɩɜ ɡɚɘəɩɜ ˊŬɟŬŰɖɟɐɗɖəŮ ˊɤɠ Ŭˊɧ 

20 g ɛɏɢɟɘ 30 g ɟɖŰɑɜɖɠ ŮˊŬɟəɞɨɜ ůɡɜɐɗɤɠ, ŬɜŬɚɧɔɤɠ Űɞɡ Űɨˊɞɡ Űɖɠ ˊɚɏɝɖɠ Űɞɡ 

ŮɜɘůɢɡŰɘəɞɨ ɡűɎůɛŬŰɞɠ əŬɘ Űɖɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ůŮ ɜŬɜɞˊɟɞůɗɐəŮɠ ɔɟŬűŮɜɑɞɡ ˊɞɡ 

ŮˊɖɟŮɎɕɞɡɜ Űɞ ɘɝɩŭŮɠ Űɞɡ Ůˊɞɝɘəɞɨ ůɡůŰɐɛŬŰɞɠ, ɔɘŬ Űɞɜ ˊɞɘɞŰɘəɧ ŮɛˊɞŰɘůɛɧ 

ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ ŰŮůůɎɟɤɜ ůŰɟɩůŮɤɜ ɡűɎůɛŬŰɞɠ ŮɛɓŬŭɞɨ 450 mm x 250 mm.  

 

 

ɳʽˁˈ˄ʰ 60Φ ɳ˅ˇˉ˂ʽˋ˃ˈˌ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ˁʰˍʱ ˍʹ˄ ˉʰˊʰˋˁʶˎʺ  ˍ˖˄ ˋˏ˄ʻʶˍ˖˄ ˎ˂ʽˁ˗˄Φ ɶ˂ʶˁˍˊʽˁˈ 
ʵˊʰˉʰ˄ˇˁʰˍˋʱʲʽʵˇ ˁʰʽ ˃ˏˍʹ ʰ˄ʱʵʶˎˋʹˌ όŀύ ʴʽʰ ˍʹ˄ ʰ˄ʱʵʶˎˋʹ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˊʹˍʾ˄ʹˌ ˁʰʽ ˊˇ˂ʱ ʴʽʰ ˍˇ˄ 

ʶ˃ˉˇˍʽˋ˃ˈ ˍ˖˄ ˎ˒ʰˋ˃ʱˍ˖˄ ˃ʶ ˊʹˍʾ˄ʹ όōύΦ 

 

 

7.2.2.2 ȺɛˊɞŰɘůɛɧɠ 

 

ɀŮŰɎ Űɖɜ ˊŬɟŬůəŮɡɐ Űɞɡ ɛɑɔɛŬŰɞɠ Űɖɠ ɟɖŰɑɜɖɠ, ŰɞˊɞɗŮŰŮɑŰŬɘ ˊɎɜɤ ůŰɞɜ 

əŬŰɎɚɚɖɚŬ ˊɟɞŮŰɞɘɛŬůɛɏɜɞ ɝɨɚɘɜɞ ˊɎɔəɞ ɖ ˊɟɩŰɖ ůŰɟɩůɖ Űɞɡ ŮɜɘůɢɡŰɘəɞɨ 

ɡűɎůɛŬŰɞɠ ˊɞɡ ɏɢŮɘ əɞˊŮɑ ɜɤɟɑŰŮɟŬ ůŰɞɜ ŮˊɘɗɡɛɖŰɧ ˊɟɞůŬɜŬŰɞɚɘůɛɧ əŬɘ ɏˊŮɘŰŬ 

ɔɑɜŮŰŬɘ ɖ ŮˊɎɚŮɘɣɐ Űɞɡ ɛŮ ɟɖŰɑɜɖ ɛŮ Űɖɜ ŮˊɘɗɡɛɖŰɐ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɜŬɜɞŭɞɛɏɠ 

ɔɟŬűŮɜɑɞɡ ɛŮ Űɖ ɢɟɐůɖ ˊɘɜɏɚɞɡ. ȷűɞɨ ŮˊŬɚŮɘűɗŮɑ ɛŮ ŮˊŬɟəɐ ˊɞůɧŰɖŰŬ ɟɖŰɑɜɖɠ ɖ 

ˊɟɩŰɖ ůŰɟɩůɖ ɔɑɜŮŰŬɘ ůɡɛˊɑŮůɐ Űɖɠ ɛŮ Űɖ ɢɟɐůɖ ɟɞɚɞɨ ŮˊɎɚŮɘɣɖɠ, ˊɟɞəŮɘɛɏɜɞɡ ɖ 

ɟɖŰɑɜɖ ŭɘŬˊŮɟɎůŮɘ əŬɘ Ŭˊɧ Űɘɠ ŭɨɞ ˊɚŮɡɟɏɠ Űɞ ŮɜɘůɢɡŰɘəɧ ɨűŬůɛŬ, ɜŬ ˊɟɞůŭɞɗŮɑ 

əŬŰŮɡɗɡɜŰɘəɧŰɖŰŬ ůŰɘɠ ɜŬɜɞˊɟɞůɗɐəŮɠ ɛɏůŬ ůŰɖɜ ɛɐŰɟŬ Űɞɡ ɡɚɘəɞɨ əŬɘ, Űɏɚɞɠ, ɜŬ 



100 
 

ɛŮɘɤɗŮɑ Űɞ ˊɞɟɩŭŮɠ Űɞɡ ɡɚɘəɞɨ. ȰˊŮɘŰŬ, ŰɞˊɞɗŮŰŮɑŰŬɘ ˊɎɜɤ Ŭˊɧ Űɖɜ ˊɟɩŰɖ ůŰɟɩůɖ ɖ 

ŭŮɨŰŮɟɖ ůŰɟɩůɖ Űɞɡ ŮɜɘůɢɡŰɘəɞɨ ɡűɎůɛŬŰɞɠ əŬɘ ŬəɞɚɞɡɗŮɑ ɝŬɜɎ ŮűŬɟɛɞɔɐ 

ˊɞůɧŰɖŰŬɠ ɟɖŰɑɜɖɠ ɛŮ ˊɘɜɏɚɞ əŬɘ ŮˊɎɚŮɘɣɐ Űɖɠ ɛŮ ɟɞɚɧ. ȼ ŭɘŬŭɘəŬůɑŬ 

ŮˊŬɜŬɚŬɛɓɎɜŮŰŬɘ ɛɏɢɟɘ əŬɘ Űɖɜ ŰŮɚŮɡŰŬɑŬ (Ɏɜɤ) ůŰɟɩůɖ. ɇŬ ŮˊŬɚŮɘɛɛɏɜŬ 

ˊɞɚɡůŰɟɤɛŬŰɘəɎ ůɨɜɗŮŰŬ ɡɚɘəɎ ŬűɏɗɖəŬɜ ɔɘŬ ůəɚɐɟɡɜůɖ ɔɘŬ ŮűŰɎ ɖɛɏɟŮɠ ůŮ 

ůɡɜɗɐəŮɠ ŭɤɛŬŰɑɞɡ (ŮɟɔŬůŰɖɟɑɞɡ). 

 

 

ɳʽˁˈ˄ʰ 61Φ ɱˊʰ˒ʽˁʺ ʰˉʶʽˁˈ˄ʽˋʹ ˍʹˌ ˉˇ˂ˎˋˍˊ˖˃ʰˍʽˁʺˌ ʵʽʱˍʰ˅ʹˌ ˃ʶ ˃ˇ˄ˇʵʽʶˎʻˎ˄ˍʽˁʺ ʶ˄ʾˋ˔ˎˋʹ ˋʶ ʵʽʱˍʰ˅ʹ 
[0/90/0/90].  

 

7.2.3 ɄɞɘɧŰɖŰŬ ŮɛˊɞŰɘůɛɞɨ 

 

ȷˊŬɘŰŮɑŰŬɘ ˊɟɞůɞɢɐ əŬɘ ŮɛˊŮɘɟɑŬ əŬŰɎ Űɖ űɎůɖ Űɞɡ ŮɛˊɞŰɘůɛɞɨ, əŬɗɩɠ ɏɜŬ 

ˊɞɚɨ ɢŬɛɖɚɧ ˊɞůɞůŰɧ ŮɛˊɞŰɘůɛɞɨ (ŬɜŮˊŬɟəɏɠ) ɛˊɞɟŮɑ ɜŬ ŬűɐůŮɘ ŬəɎɚɡˊŰŮɠ Ŭˊɧ 

ɟɖŰɑɜɖ ˊŮɟɘɞɢɏɠ ůŰɞ ůɨɜɗŮŰɞ ɡɚɘəɧ, ɡˊɞɓŬɗɛɑɕɞɜŰŬɠ ɏŰůɘ Űɘɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ 

ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ. ɈˊɞɓɎɗɛɘůɖ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ ŮɛűŬɜɑɕŮŰŬɘ əŬɘ ůŰɖɜ ˊŮɟɑˊŰɤůɖ 

Ůɜɧɠ ˊɞɚɨ ɡɣɖɚɞɨ ˊɞůɞůŰɞɨ ŮɛˊɞŰɘůɛɞɨ, əŬɗɩɠ Ůŭɩ ŮɛűŬɜɑɕɞɜŰŬɘ ŬɡɝɖɛɏɜŮɠ 

ˊŬɟŬɛɏɜɞɡůŮɠ ŰɎůŮɘɠ əŬɘ Ɏɜɘůɖ ɛŮŰŬűɞɟɎ űɞɟŰɑɞɡ ůŰɘɠ ɑɜŮɠ Űɖɠ Ůɜɑůɢɡůɖɠ. 

 

 

7.2.3.1 ɃˊŰɘəɧɠ ɏɚŮɔɢɞɠ 

 

ɀŮŰɎ Űɖɜ ˊŬɟɏɚŮɡůɖ 24 ɤɟɩɜ Ŭˊɧ Űɞɜ ŮɛˊɞŰɘůɛɧ Űɖɠ ɟɖŰɑɜɖɠ, Űɞ 

ˊɞɚɡůŰɟɤɛŬŰɘəɧ ůɨɜɗŮŰɞ ɡɚɘəɧ ŮɑɜŬɘ ɏŰɞɘɛɞ ɔɘŬ ˊŮɟŬɘŰɏɟɤ ŮˊŮɝŮɟɔŬůɑŬ. To ůɨɜɗŮŰɞ 
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ɡɚɘəɧ ŬɜŬůɖəɩɜŮŰŬɘ əŬɘ ŮɝŮŰɎɕŮŰŬɘ Ŭɜ ɏɢŮɘ ŭɘŬˊŮɟŬůŰŮɑ əŬɗô ɧɚɞ Űɞ ˊɎɢɞɠ Űɞɡ ɛŮ 

ɟɖŰɑɜɖ. ȼ ˊɑůɤ ɧɣɖ Űɞɡ ŭɞəɘɛɑɞɡ, ˊɞɡ ŬəɞɡɛˊɎ ůŰɞɜ ŮˊŬɚŮɘɛɛɏɜɞ ɛŮ əŮɟɑ ˊɎɔəɞ 

ŮɟɔŬůɑŬɠ ˊɟɏˊŮɘ ɜŬ ŮɑɜŬɘ ɚŮɑŬ, ɞɛŬɚɐ əŬɘ ůŮ əŬɛɑŬ ˊŮɟɑˊŰɤůɖ ɜŬ ɛɖɜ ŭɘŬűŬɑɜɞɜŰŬɘ 

əŮɜɎ ŭɘŬɛɏůɞɡ Űɤɜ əɧɛɓɤɜ Űɖɠ ˊɚɏɝɖɠ ɐ ŬɜɎɛŮůŬ Ŭˊɧ ŰŬ ɜɐɛŬŰŬ Űɞɡ ɡűɎůɛŬŰɞɠ. Ƀɘ 

ŰɟŬɢɘɏɠ ŮˊɘűɎɜŮɘŮɠ ůŰɖɜ ˊɑůɤ ɧɣɖ ɛŬɟŰɡɟɞɨɜ ŬɜŮˊŬɟəɐ ŮɛˊɞŰɘůɛɧ. ȼ ŮˊɎɜɤ ɧɣɖ 

ˊɟɏˊŮɘ ɜŬ ɏɢŮɘ ɞɛɞɘɧɛɞɟűɞ ɢɟɩɛŬ əŬɗô ɧɚɖ Űɖɜ ŮˊɘűɎɜŮɘɎ Űɖɠ əŬɘ ɜŬ ɛɖɜ ŮɛűŬɜɑɕŮɘ 

ŮɛűŬɜŮɑɠ űɗɞɟɏɠ, ůəɘůɑɛŬŰŬ ɐ, ŬɜŰɑɗŮŰŬ, ˊŮɟɑůůŮɘŬ ɡɚɘəɞɨ ɛɐŰɟŬɠ. ɀɘŬ ˊɟɩŰɖ 

ŮəŰɑɛɖůɖ ɔɘŬ Űɖɜ əŬɚɐ əŬŰɎůŰŬůɖ Űɖɠ Ɏɜɤ ɧɣɖɠ ŮɑɜŬɘ ɜŬ ŭɘŬűŬɑɜŮŰŬɘ əɎŰɤ Ŭˊɧ Űɞ 

ɡɚɘəɧ Űɖɠ ɛɐŰɟŬɠ ɖ ɧɣɖ əŬɘ Űɞ ŬɜɎɔɚɡűɞ Űɖɠ ˊɚɏɝɖɠ. Ⱥűɧůɞɜ, ŭɘŬˊɘůŰɤɗŮɑ ˊɤɠ 

ɞˊŰɘəɎ Űɞ ˊɞɚɡůŰɟɤɛŬŰɘəɧ ůɨɜɗŮŰɞ ɡɚɘəɧ ŮɑɜŬɘ əŬɚɐɠ ˊɞɘɧŰɖŰŬɠ, ŰɧŰŮ ŬɡŰɧ ɞŭɖɔŮɑŰŬɘ 

ɔɘŬ əɧɣɘɛɞ ůŰɘɠ ŮˊɘɗɡɛɖŰɏɠ ŭɘŬůŰɎůŮɘɠ Űɤɜ ŰŮɚɘəɩɜ ŭɞəɘɛɑɤɜ ůɨɛűɤɜŬ ɛŮ ŰŬ 

ˊŮɘɟŬɛŬŰɘəɎ ˊɟɧŰɡˊŬ ˊɞɡ ŬəɞɚɞɡɗɐɗɖəŬɜ ůŰɖɜ ˊŬɟɞɨůŬ ɛŮɚɏŰɖ əŬɘ ɏɢɞɡɜ 

ˊŬɟɞɡůɘŬůŰŮɑ ˊŬɟŬˊɎɜɤ. ȷəɞɚɞɡɗɞɨɜ ɞɟɘůɛɏɜŮɠ ŮɘəɧɜŮɠ ŮɚŬŰŰɤɛɎŰɤɜ ɚɧɔɤ 

ŬɜŮˊŬɟəɞɨɠ ŮɛˊɞŰɘůɛɞɨ: 

 

 

 

ɳʽˁˈ˄ʰ 62Φ ʃʾˋ˖ ˈ˕ʹ ʶ˃ˉˇˍʽˋ˃ʷ˄ˇˎ ˎʰ˂ˇː˒ʱˋ˃ʰˍˇˌΦ ʁʽ ˉʶˊʽˇ˔ʷˌ ˋʶ ˁˏˁ˂ˇˎˌ ʰ˒ˇˊˇˏ˄ ˋʹ˃ʶʾʰ ˍˇˎ ˋˎ˄ʻʷˍˇˎ 
ˎ˂ʽˁˇˏ ˃ʶ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ʰ˄ʶˉʰˊˁʺ ʶ˃ˉˇˍʽˋ˃ˈΦ ɶ ˉʶˊʽˇ˔ʺ ˃ʷˋʰ ˋˍˇ ˉʰˊʰ˂˂ʹ˂ˈʴˊʰ˃˃ˇ ʶʾ˄ʰʽ ˁʰˍʱ˂˂ʹ˂ʹ ʴʽʰ 

ˍʹ˄ ʶ˅ʰʴ˖ʴʺ ʵˇˁʽ˃ʾˇˎ ˃ʶˍˊʺˋʶ˖˄Φ 
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ɳʽˁˈ˄ʰ 63. ɯˉ̌˕ʹ ʵˇˁʽ˃ʾˇˎ ˃ʶ ˃ˇ˄ˇʵʽʶˎʻˎ˄ˍʽˁʺ ʶ˄ʾˋ˔ˎˋʹ ˁʰʽ н҈ GNP (wtύ ʰˉˈ ˇˉˍʽˁˈ ˃ʽˁˊˇˋˁˈˉʽˇ 
ό˃ʶʴʷʻˎ˄ˋʹ xрύΦ ɼʶ˄ˈ ˋˍʹ˄ ˉ˂ʷ˅ʹ ˂ˈʴ˖ ʰ˄ʶˉʰˊˁˇˏˌ ˉˇˋˈˍʹˍʰˌ ˊʹˍʾ˄ʹˌΦ 

 

 

 

 

ɳʽˁˈ˄ʰ 64Φ ɯˉˇ˕ʹ ʰˉˈ ˇˉˍʽˁˈ ˃ʽˁˊˇˋˁˈˉʽˇ ό˃ʶʴʷʻˎ˄ˋʹ xрύ ˉʾˋ˖ ˈ˕ʹˌ ʰ˄ʶˉʰˊˁ˗ˌ ʶ˃ˉˇˍʽˋ˃ʷ˄ˇˎ ʵˇˁʽ˃ʾˇˎ ˃ʶ 
˃ˇ˄ˇʵʽʶˎʻˎ˄ˍʽˁʺ ʶ˄ʾˋ˔ˎˋʹ ˁʰʽ н҈ GNPs. 
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7.2.3.2 ɄɞɘɞŰɘəɧɠ ɏɚŮɔɢɞɠ 

 

ɇŬ ŰŮɚɘəɎ ŭɞəɑɛɘŬ ˊɞɡ ŮɝɎɔɞɜŰŬɘ Ŭˊɧ Űɞ ˊɞɚɡůŰɟɤɛŬŰɘəɧ ůɨɜɗŮŰɞ ɡɚɘəɧ 

ɕɡɔɑɕɞɜŰŬɘ əŬɘ Űɞ ɓɎɟɞɠ Űɞɡ ůɡɔəɟɑɜŮŰŬɘ ɛŮ Űɞ ˊɟɧŰɡˊɞ ɓɎɟɞɠ Űɤɜ ɛɖ ŮɛˊɞŰɘůɛɏɜɤɜ 

ŭɞəɘɛɑɤɜ. ȷɡŰɧ ŮɑɜŬɘ 1.9 g ɔɘŬ ˊɞɚɡůŰɟɤɛŬŰɘəɧ ŭɞəɑɛɘɞ ɛŮ Ůɜɑůɢɡůɖ 

ɛɞɜɞŭɘŮɗɡɜŰɘəɞɨ ɡŬɚɞɦűɎůɛŬŰɞɠ əŬɘ 1.6 g ɔɘŬ ˊɞɚɡůŰɟɤɛŬŰɘəɧ ŭɞəɑɛɘɞ ɛŮ Ůɜɑůɢɡůɖ 

ɡűɎůɛŬŰɞɠ ˊɚɏɝɖɠ Twill  2x2, əɞɘɜɧ əŬɘ ɔɘŬ Űɘɠ ŭɨɞ ůŮɘɟɏɠ ŭɞəɘɛɑɤɜ ɛŮ ŬɡŰɞɨ Űɞɡ 

Űɨˊɞɡ Űɖɜ Ůɜɑůɢɡůɖ). ɇŬ ˊɟɧŰɡˊŬ ɓɎɟɖ ˊɟɞɏəɡɣŬɜ Ŭˊɧ Űɖɜ əɞˊɐ ˊŬɜɞɛɞɘɧŰɡˊɤɜ 

ůŰɟɩůŮɤɜ ɡűŬůɛɎŰɤɜ ɛŮ Űɤɜ ŮˊɘɗɡɛɖŰɩɜ ŰŮɚɘəɩɜ ŭɞəɘɛɑɤɜ əŬɘ Űɖ ɕɨɔɘůɖ Űɤɜ 

ŰŮůůɎɟɤɜ ůŰɟɩůŮɤɜ ɢɤɟɑɠ ˊɞɚɡɛŮɟɘəɐ ɛɐŰɟŬ. ȷűŬɘɟɩɜŰŬɠ Űɞ ˊɟɧŰɡˊɞ ɓɎɟɞɠ Ŭˊɧ Űɞ 

ŰŮɚɘəɧ ŭɞəɑɛɘɞ Űɞɡ ˊŮɘɟɎɛŬŰɞɠ ˊɟɞəɨˊŰŮɘ Űɞ ɓɎɟɞɠ Űɖɠ ɟɖŰɑɜɖɠ ˊɞɡ ɏɢŮɘ ŮɜŬˊɞŰŮɗŮɑ 

ůŮ əɎɗŮ ŭɞəɑɛɘɞ. ȷˊɧ ŬɡŰɐɜ Űɖɜ Űɘɛɐ ɡˊɞɚɞɔɑɕŮŰŬɘ Űɞ ˊɞůɞůŰɧ ŮɛˊɞŰɘůɛɞɨ əɎɗŮ 

ŭɞəɘɛɑɞɡ ůŮ ɟɖŰɑɜɖ. ȼ ŮˊɘɗɡɛɖŰɐ Űɘɛɐ ŮɛˊɞŰɘůɛɞɨ ůɡɔəɚɑɜŮɘ ůŰɖ ůŰɞ ŭɘɎůŰɖɛŬ 35% 

ɛŮ 37% ɔɘŬ ɜŬ əɟɘɗŮɑ ɏɜŬ ŭɞəɑɛɘɞ əŬŰɎɚɚɖɚɞ ɔɘŬ ɛŮŰɟɐůŮɘɠ. ȳůŬ ŭɞəɑɛɘŬ əɟɑɗɖəŬɜ 

ˊɞɘɞŰɘəɩɠ ŮˊŬɟəɐ əŬɘ ŮɜŰɧɠ ˊɟɞŭɘŬɔɟŬűɩɜ ɞŭɖɔɐɗɖəŬɜ ɨůŰŮɟŬ ůŰɖɜ ˊɟɏůŬ 

ɛŮŰɟɐůŮɤɜ INSTRON 4482 ɔɘŬ ŰŬ ˊŮɘɟɎɛŬŰŬ ŮűŮɚəɡůɛɞɨ əŬɘ əɎɛɣɖɠ Űɟɘɩɜ 

ůɖɛŮɑɤɜ. ɆŮ ɧˊɞɘŬ ˊŮɟɑˊŰɤůɖ ɓɟɏɗɖəŬɜ ŭɞəɑɛɘŬ ŬɜŮˊŬɟəɞɨɠ ˊɞɘɧŰɖŰŬɠ, 

ˊŬɟŬůəŮɡɎůŰɖəŬɜ Ůə ɜɏɞɡ ɜɏŬ ŭɞəɑɛɘŬ, ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ɛˊɞɟŮɑ ɜŬ ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ 

ɏɜŬɠ Ŭɟɘɗɛɧɠ ɛŮŰɟɐůŮɤɜ ˊɞɡ ɜŬ ŭɑɜŮɘ ŮˊŬɜŬɚɐɣɘɛŬ əŬɘ ŬɝɘɧˊɘůŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ.  

 

 

7.2.4 ɄŬɟŬůəŮɡɐ ŭɞəɘɛɑɤɜ ŭŮɡŰŮɟɞɔŮɜɞɨɠ ɗŮɟɛɘəɐɠ ɗŮɟŬˊŮɑŬɠ (post-curing) 

 

 ɄɟɞəŮɘɛɏɜɞɡ ɜŬ ɛŮɚŮŰɖɗŮɑ əŬɘ ɖ ŮˊɑŭɟŬůɖ Űɖɠ ŭŮɡŰŮɟɞɔŮɜɞɨɠ ɗŮɟɛɘəɐɠ 

ɗŮɟŬˊŮɑŬɠ (post-curing) ůŰɘɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Ůɜɧɠ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ, ŰŮɚɘəɎ 

ŭɞəɑɛɘŬ Ŭˊɧ Űɖɜ ˊɟɞɖɔɞɨɛŮɜɖ űɎůɖ ɛŮ Ůɜɑůɢɡůɖ ɛɞɜɞŭɘŮɡɗɡɜŰɘəɞɨ ɡŬɚɞɦűɎůɛŬŰɞɠ 

əŬɘ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ 2% w.t. ůŮ ɜŬɜɞˊɟɞůɗɐəŮɠ ɔɟŬűŮɜɑɞɡ (GNPs) ɞŭɖɔɐɗɖəŬɜ ůŮ 

ŮɟɔŬůŰɖɟɘŬəɧ əɚɑɓŬɜɞ əŬɘ ɗŮɟɛɎɜɗɖəŬɜ ɔɘŬ 2, 4, 6 əŬɘ 24 ɩɟŮɠ ůŰɞɡɠ 50
ɞ
C əŬɘ 

100
o
C, ŬɜŰɑůŰɞɘɢŬ, əŬɘ Űɏɚɞɠ ɡˊɞɓɚɐɗɖəŬɜ ůŮ ŭɞəɘɛɐ əɎɛɣɖɠ Űɟɘɩɜ ůɖɛŮɑɤɜ 

ůɨɛűɤɜŬ ɛŮ Űɞ ˊɟɧŰɡˊɞ ASTM D790-03. ȷɜŰɑůŰɞɘɢŬ əŬɘ ůŮ ŬɡŰɐɜ Űɖɜ ˊŮɟɑˊŰɤůɖ Űɞ 

ˊɞůɞůŰɧ ŮɛˊɞŰɘůɛɞɨ ŰɖɟɐɗɖəŮ ůŰɞ 35% ɛŮ 37%. 
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ɳʽˁˈ˄ʰ 65Φ ʁ ʶˊʴʰˋˍʹˊʽʰˁˈˌ ˁ˂ʾʲʰ˄ˇˌ όʰˊʽˋˍʶˊʱύ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ʴʽʰ ˍʹ ʻʶˊ˃ʽˁʺ ʻʶˊʰˉʶʾʰ ʵˇˁʽ˃ʾ˖˄ 
όʵʶ˅ʽʱύ ˃ʶ ʶ˄ʾˋ˔ˎˋʹ ˃ˇ˄ˇʵʽʶˎʻˎ˄ˍʽˁˇˏ ˎʰ˂ˇː˒ʱˋ˃ʰˍˇˌ ˋʶ ʵʽʱˍʰ˅ʹ ˋˍˊ˗ˋʶ˖˄ ώлκфлκлκфлϐ ˁʰʽ н҈ wt GNPs. 
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8. ȾŮűɎɚŬɘɞ: ȷ́ ɞŰŮɚɏůɛŬŰŬ ŭɞəɘɛɩɜ 

 

 

8.1 ȷˊɞŰŮɚɏůɛŬŰŬ ŭɞəɘɛɩɜ ŮűŮɚəɡůɛɞɨ 

 

 ɆŮ ˊŮɑɟŬɛŬ ŮűŮɚəɡůɛɞɨ əŬŰɎ ASTM D3039/D3039M ɡˊɞɓɚɐɗɖəŬɜ ŭɞəɑɛɘŬ 

ɛŮ Ůɜɑůɢɡůɖ ɡŬɚɞɦűɎůɛŬŰɞɠ ˊɚɏɝɖɠ Twill  2x2 ůŮ ŭɘɎŰŬɝɖ ůŰɟɩůŮɤɜ [45/0/0/-45] ɛŮ 

ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ ůŮ ɜŬɜɞŭɞɛɏɠ ɔɟŬűŮɜɑɞɡ (GNPs) 0%, 5%, 10%, 15% əŬɘ 20% (wt), 

əŬɗɩɠ əŬɘ ŭɞəɑɛɘŬ ɛŮ Ůɜɑůɢɡůɖ ɛɞɜɞŭɘŮɡɗɡɜŰɘəɞɨ ɡŬɚɞɦűɎůɛŬŰɞɠ ůŮ ŭɘɎŰŬɝɖ 

ůŰɟɩůŮɤɜ [0/90/0/90] ɛŮ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ ůŮ GNPs 0%, 1%, 2%, 3%, 4%, 5%, 10%, 

15%, 20%, 25% əŬɘ 30% (wt). ȷűɧŰɞɡ ŮəŰŮɚɏůŰɖəŮ ŮˊŬɟəɐɠ Ŭɟɘɗɛɧɠ ˊŮɘɟŬɛɎŰɤɜ 

ŮűŮɚəɡůɛɞɨ ůŰŬ ŭɞəɑɛɘŬ əɎɗŮ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ, ŮəɚɏɢɗɖəŮ Ŭˊɧ əɎɗŮ Űɨˊɞ ŭɞəɘɛɑɞɡ 

(ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ əŬɘ ɡűɎůɛŬŰɞɠ Ůɜɑůɢɡůɖɠ) ŮəŮɑɜɞ ɛŮ Űɖɜ ˊɘɞ ŬɜŰɘˊɟɞůɤˊŮɡŰɘəɐ əŬɘ 

ŮˊŬɜŬɚɐɣɘɛɖ ɔɘŬ Űɞɜ Űɨˊɞ Ŭˊɧŭɞůɖ əŬɘ ŭɖɛɘɞɡɟɔɐɗɖəŬɜ ůɡɔəɟɘŰɘəɎ ŭɘŬɔɟɎɛɛŬŰŬ 

ŰɎůɖɠ ï ˊŬɟŬɛɧɟűɤůɖɠ ɛŮŰŬɝɨ Űɤɜ ŭɘɎűɞɟɤɜ ˊŮɟɘŮəŰɘəɞŰɐŰɤɜ ůŮ ɜŬɜɞŭɞɛɏɠ 

ɔɟŬűŮɜɑɞɡ (GNPs). ɇɏɚɞɠ, ɡˊɞɚɞɔɑůŰɖəŮ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ Űɤɜ ůɨɜɗŮŰɤɜ 

ɡɚɘəɩɜ ˊɞɡ ˊŬɟŬůəŮɡɎůŰɖəŬɜ. 

 ɆŮ ŬɡŰɧ Űɞ ůɖɛŮɑɞ ŬɝɑɕŮɘ ɜŬ ŬɜŬűŮɟɗŮɑ, ˊɤɠ ůŰɞ ˊɟɧŰɡˊɞ ASTM 

D3039/D3039M ŬɜŬűɏɟŮŰŬɘ ˊɤɠ Ůűɧůɞɜ Űɞ ɡˊɎɟɢɞɡɜ ˊɟɞɓɚɐɛŬŰŬ ůɡɔəɟɎŰɖůɖɠ Űɞɡ 

ŭɞəɘɛɑɞɡ ůŰɘɠ ůɘŬɔɧɜŮɠ Űɖɠ ɛŮŰɟɖŰɘəɐɠ ŭɘɎŰŬɝɖɠ, ɧˊɤɠ ɞɚɑůɗɖůɖ ɐ ɗɟŬɨůɖ Űɞɡ 

ɡɚɘəɞɨ ŮɜŰɧɠ Űɖɠ ůɘŬɔɧɜŬɠ, ɐ ŰŬ ŭɞəɑɛɘŬ ŬůŰɞɢɞɨɜ ŮəŰɧɠ Űɖɠ ˊŮɟɘɞɢɐɠ Ůɚɏɔɢɞɡ, ŰɧŰŮ 

ˊɟɞŰŮɑɜŮŰŬɘ ɖ ůɡɔəɧɚɚɖůɖ Ůɘŭɘəɩɜ tabs (Ŭˊɧ Űɞ ɑŭɘɞ ɡɚɘəɧ (ɟɖŰɑɜɖɠ, Ůɜɑůɢɡůɖɠ) ůŰŬ 

ɎəɟŬ Űɞɡ ŭɞəɘɛɑɞɡ, ŰŬ ɞˊɞɑŬ ɏɢɞɡɜ ůəɞˊɧ ŬűŮɜɧɠ Űɖɜ ɘəŬɜɐ ůɡɔəɟɎŰɖůɖ Űɞɡ 

ŭɞəɘɛɑɞɡ ůŰɘɠ ůɘŬɔɧɜŮɠ əŬɘ ŬűŮŰɏɟɞɡ ŮɝŬůűŬɚɑɕɞɡɜ ˊɤɠ Űɞ ŭɞəɑɛɘɞ ɗŬ ŬůŰɞɢɐůŮɘ 

ŮɜŰɧɠ Űɖɠ ˊŮɟɘɞɢɐɠ Ůɚɏɔɢɞɡ. ɇŬ tabs ŰɞˊɞɗŮŰɞɨɜŰŬɘ Ŭˊɧ ŰŬ ɎəɟŬ Űɤɜ ŭɞəɘɛɑɤɜ ɏɤɠ ŰŬ 

ɧɟɘŬ Űɖɠ ˊŮɟɘɞɢɐɠ Ůɚɏɔɢɞɡ Űɞɡɠ. ɆŰŬ ɎəɟŬ Űɤɜ ŭɞəɘɛɑɤɜ ŮűŮɚəɡůɛɞɨ Űɖɠ ˊŬɟɞɨůŬɠ 

ŮɟɔŬůɑŬɠ ůɢŮŭɘɎůŰɖəŬɜ ɛŮ ɚŮɡəɐ ɔɟŬɛɛɐ ŰŬ ɧɟɘŬ ůɡɔəɟɎŰɖůɖɠ Űɤɜ ůɘŬɔɧɜɤɜ əŬɘ ůŰɖ 

ůɡɜɏɢŮɘŬ ɞɟɑůŰɖəŮ, ůɢŮŭɘɎɕɞɜŰŬɠ ˊɎɚɘ ɛŮ ɚŮɡəɏɠ ɔɟŬɛɛɏɠ ɖ ˊŮɟɘɞɢɐ Ůɚɏɔɢɞɡ ůŰɞ 

əŮɜŰɟɘəɧ ŰɛɐɛŬ Űɤɜ ŭɞəɘɛɑɤɜ, ɛɐəɞɡɠ 50 mm, ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɘɠ ŮɘəɧɜŮɠ ˊɞɡ 

Ŭəɞɚɞɡɗɞɨɜ ˊŬɟŬəɎŰɤ. ɄŬɟŬŰɖɟɐɗɖəŮ ˊɤɠ ŰŬ ŭɞəɑɛɘŬ ŬůŰɞɢɞɨɜ ŮɜŰɧɠ Űɖɠ ˊŮɟɘɞɢɐɠ 

Ůɚɏɔɢɞɡ, ɞˊɧŰŮ ŭŮ ɢɟŮɘɎůŰɖəŮ ɖ ŰɞˊɞɗɏŰɖůɖ tabs ůŰŬ ɎəɟŬ Űɞɡɠ. [28] 
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ɳʽˁˈ˄ʰ 66Φ ɸˊʰˏˋʹ ʵˇˁʽ˃ʾˇˎ ˃ʶ ʶ˄ʾˋ˔ˎˋʹ ˉ˂ʷ˅ʹˌ Twill 2x2 [45/0/0/ -прϐ ˁʰʽ мл҈ w.t. GNPs. ʋʰˊʰˁ̱ ʹˊʽˋˍʽˁʺ 
ʴʽʰ ˍʹ˄ ˉ˂ʷ˅ʹ ˃ˇˊ˒ʺ ζ˔ʁ ˂ʽʵˇ˄ˇˇˎˊʱˌη ̀ ˍʹ˄ ̄ ʶˊʽˇ˔ʺ ʻˊʰˏˋʹˌΦ 

 

 

ɳʽˁˈ˄ʰ 67Φ ɸˊʰˏˋʹ ʵˇˁʽ˃ʾ˖˄ ˃ʶ ˃ˇ˄ˇʵʽʶˎʻˎ˄ˍʽˁʺ ʶ˄ʾˋ˔ˎˋʹ ʵʽʱˍʰ˅ʹˌ ώлκфлκлκфлϐ ˃ʶ л҈ όˉʱ˄˖ύ ˁʰʽ 10% w.t. 
GNPs όˁʱˍ˖ύ. ɮ̀ ˍˇ˔ʾʰ ˁʰˍʱ ˃ʺˁˇˌ ˍ˖˄ ˃ˇ˄ˇʵʽʶʻˎ˄ˍʽˁ˗˄ ʽ˄˗˄Σ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʺ ʰˋˍˇ˔ʾʰ ˍʹˌ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹˌ 

ˉ˂ʷ˅ʹˌ. 
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8.1.1 ȹɞəɑɛɘŬ ŮɜɘůɢɡɛɏɜŬ ɛŮ ɡŬɚɞɦűŬůɛŬ Twill  2x2 ůŮ ŭɘɎŰŬɝɖ [45/0/0/-45] 

 

ɆŰŬ ŭɘŬɔɟɎɛɛŬŰŬ ŰɎůɖɠ ï ˊŬɟŬɛɧɟűɤůɖɠ ˊɞɡ ˊɟɞɏəɡɣŬɜ Ŭˊɧ Űɘɠ ŭɞəɘɛɏɠ 

ŮűŮɚəɡůɛɞɨ ɔɘŬ ŰŬ ŭɞəɑɛɘŬ ɛŮ Ůɜɑůɢɡůɖ ɡŬɚɞɦűɎůɛŬŰɞɠ ˊɚɏɝɖɠ Twill  2x2 ůŮ 

ŭɘɎŰŬɝɖ [45/0/0/-45] ɛŮ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ ůŮ ɜŬɜɞŭɞɛɏɠ ɔɟŬűŮɜɑɞɡ (GNPs) 5%, 10%, 

15% əŬɘ 20% (wt) ˊŬɟŬŰɖɟɞɨɜŰŬɘ ŰŬ Ůɝɐɠ ůŮ ůɢɏůɖ ɛŮ Űɞ ŭɞəɑɛɘɞ ɢɤɟɑɠ 

ɜŬɜɞˊɟɞůɗɐəŮɠ, Űɞ ɞˊɞɑɞ ŬůŰɞɢŮɑ ůŰŬ 175.54 MPa: 

V Ƀɘ ɜŬɜɞˊɟɞůɗɐəŮɠ ɔɟŬűŮɜɑɞɡ, ůŮ ɧɚŬ ŰŬ ˊɞůɞůŰɎ ˊɟɧůɛŮɘɝɖɠ ůŰɖ ɛɐŰɟŬ Űɞɡ 

ůɡɜɗɏŰɞɡ, Ŭˊɧ 5% ɏɤɠ əŬɘ 20% wt GNPs ŬɡɝɎɜɞɡɜ Űɖɜ ŬˊɧɚɡŰɖ ŬɜŰɞɢɐ ůŮ 

ŮűŮɚəɡůɛɧ (UTS) əŬɘ Űɖɜ ˊŬɟŬɛɧɟűɤůɖ ɗɟŬɨůɖɠ. 

V ȼ ɛɘəɟɧŰŮɟɖ Ŭɨɝɖůɖ ŬɜŰɞɢɐɠ, əŬŰɎ 8.32%, ŬűɞɟɎ Űɖɜ ˊɟɞůɗɐəɖ 5% wt GNPs, 

ɧˊɞɡ əŬɘ ɖ ˊŬɟŬɛɧɟűɤůɖ ɗɟŬɨůɖɠ ŬɡɝɎɜŮŰŬɘ əŬŰɎ 1,67%. 

V H ɛŮɔŬɚɨŰŮɟɖ Ŭɨɝɖůɖ ˊŬɟŬŰɖɟŮɑŰŬɘ ůŰŬ 20% wt GNPs, ɧˊɞɡ ɖ ŬˊɧɚɡŰɖ ŬɜŰɞɢɐ 

ůŮ ŮűŮɚəɡůɛɧ (UTS) ɏűŰŬůŮ ŰŬ 204.19 MPa, ůɖɛŮɘɩɜɞɜŰŬɠ Ŭɨɝɖůɖ əŬŰɎ 16.32% 

Ůˊɑ Űɞɡ ŭɞəɘɛɑɞɡ ɢɤɟɑɠ ɜŬɜɞˊɟɞůɗɐəŮɠ, Ůɜɩ ŰŬɡŰɧɢɟɞɜŬ ɛŮɔɘůŰɞˊɞɘŮɑŰŬɘ əŬɘ ɖ 

ˊŬɟŬɛɧɟűɤůɖ ɗɟŬɨůɖɠ, ɖ ɞˊɞɑŬ űŰɎɜŮɘ Űɞ 5.59% ůŮ ůɢɏůɖ ɛŮ Űɞ 3.60% Űɞɡ 

ŭɞəɘɛɑɞɡ ɢɤɟɑɠ ɜŬɜɞˊɟɞůɗɐəŮɠ. 

V Ƀɘ ˊɟɞůɗɐəŮɠ Ŭˊɧ 5% ɏɤɠ əŬɘ 15% wt GNPs ŭŮɜ ɏɢɞɡɜ ɛŮɔɎɚŮɠ ŬˊɞəɚɑůŮɘɠ 

ɛŮŰŬɝɨ Űɞɡɠ, Ůɜɩ ŰŬɡŰɧɢɟɞɜŬ əŬɛɑŬ ŭŮɜ ˊɏűŰŮɘ əɎŰɤ Ŭˊɧ Űɖɜ ŬɜŰɞɢɐ Űɤɜ 5% 

GNPs (wt) ůŰŬ 190.15 MPa. 

 

ʅ˔ʺ˃ʰ 6Φ ʅˎʴˁˊʽˍʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ʶ˒ʶ˂ˁˎˋ˃ˇˏ ˍʱˋʹˌ - ̄ ʰˊʰ˃ˈˊ˒˖ˋʹˌ ʵˇˁʽ˃ʾ˖˄ ˃ʶ ʶ˄ʾˋ˔ˎˋʹ ˉ˂ʷ˅ʹˌ Twill 2x2 
[45/0/0/-прϐ ʰˉˈ л҈ ʷ˖ˌ нл҈ wt GNPs. 



108 
 

 

ʅ˔ʺ˃ʰ 7Φ ʅˎʴˁˊʽˍʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ˍʽ˃˗˄ ʰˉˈ˂ˎˍʹˌ ʰ˄ˍˇ˔ʺˌ ˋʶ ʶ˒ʶ˂ˁˎˋ˃ˈ όUTS) ɻ ˇˁʽ˃ʾ˖˄ ˃ʶ ʶ˄ʾˋ˔ˎˋʹ Twill 2x2 
[45/0/0/-45] ˃ ʶ ʲʱˋʹ ˍʹ˄ ˉʶˊʽʶˁˍʽˁˈˍʹˍʰ ˋʶ GNPs. 

 

 

 

ʅ˔ʺ˃ʰ 8. ɱˊʰ˒ʽˁʺ ʰˉʶʽˁˈ˄ʽˋʹ ˉˇˋˇˋˍʽʰʾʰˌ ʰˏ˅ʹˋʹˌ ˍʹˌ ʰˉˈ˂ˎˍʹˌ ʰ˄ˍˇ˔ʺˌ ˋʶ ʶ˒ʶ˂ˁˎˋ˃ˈ όUTS) ɻ ˇˁʽ˃ʾ˖˄ ˃ʶ 
ʶ˄ʾˋ˔ˎˋʹ Twill 2x2 [45/0/0/-прϐ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍˇ ʰ˄ˍʾˋˍˇʽ˔ˇ ʵˇˁʾ˃ʽˇ ˔˖ˊʾˌ ˄ʰ˄ˇˉˊˇˋʻʺˁʶˌ όл҈ wt GNPs). 
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ʅ˔ʺ˃ʰ 9Φ ʅˎʴˁˊʽˍʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ˃ʷʴʽˋˍʹˌ ˉʰˊʰ˃ˈˊ˒˖ˋʹˌ ˁ ʰˍʱ ˍˇ˄ ʶ˒ʶ˂ˁˎˋ˃ˈ ʵˇˁʽ˃ʾ˖˄ ˃ʶ ʶ˄ʾˋ˔ˎˋʹ Twill 
2x2 [45/0/0/ -прϐ ˃ʶ ʲʱˋʹ ˍʹ˄ ˉʶˊʽʶˁˍʽˁˈˍʹˍʰ ˋʶ GNPs. 

 

 

 

8.1.2 ȹɞəɑɛɘŬ ŮɜɘůɢɡɛɏɜŬ ɛŮ ɛɞɜɞŭɘŮɡɗɡɜŰɘəɧ ɡŬɚɞɦűŬůɛŬ ůŮ ŭɘɎŰŬɝɖ 

[0/90/0/90]  

 

ɆŰŬ ŭɘŬɔɟɎɛɛŬŰŬ ŰɎůɖɠ ï ˊŬɟŬɛɧɟűɤůɖɠ ˊɞɡ ˊɟɞɏəɡɣŬɜ Ŭˊɧ Űɘɠ ŭɞəɘɛɏɠ 

ŮűŮɚəɡůɛɞɨ ɔɘŬ ŰŬ ŭɞəɑɛɘŬ ɛŮ Ůɜɑůɢɡůɖ ɛɞɜɞŭɘŮɡɗɡɜŰɘəɞɨ ɡŬɚɞɦűɎůɛŬŰɞɠ ůŮ 

ŭɘɎŰŬɝɖ [0/90/0/90] ɛŮ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ ůŮ ɜŬɜɞŭɞɛɏɠ 1%, 2%, 3%, 4%, 5%, 10%, 

15%, 20%, 25% əŬɘ 30% wt GNPs ˊŬɟŬŰɖɟɞɨɜŰŬɘ ŰŬ Ůɝɐɠ: 

 

V ȷɜŰɑɗŮŰŬ ɛŮ Űɖɜ Ůɜɑůɢɡůɖ Twill  2x2, ɞɘ ɜŬɜɞˊɟɞůɗɐəŮɠ ůŮ ůɨɜɗŮŰɞ ɛŮ Ůɜɑůɢɡůɖ 

ɛɞɜɞŭɘŮɡɗɡɜŰɘəɞɨ (UD) ɡŬɚɞɦűɎůɛŬŰɞɠ ɏɢɞɡɜ ŬɟɜɖŰɘəɐ ŮˊɑŭɟŬůɖ ůŰɖ 

ůɡɛˊŮɟɘűɞɟɎ Űɞɡ ůɨɜɗŮŰɞɡ. 

V ɀɧɜɞ ŰŬ 5% wt GNPs ŮˊɏűŮɟŬɜ Ŭɨɝɖůɖ Űɖɠ ŬˊɧɚɡŰɖɠ ŬɜŰɞɢɐɠ ůŮ ŮűŮɚəɡůɛɧ 

(UTS) əŬɘ ŬɡŰɧ əŬŰɎ ɛɧɚɘɠ 5.19% ůŮ ůɢɏůɖ ɛŮ Űɞ ŭɞəɑɛɘɞ ɢɤɟɑɠ ɜŬɜɞˊɟɞůɗɐəŮɠ 

Űɞ ɞˊɞɑɞ ŬůŰɧɢɖůŮ ůŰŬ 303.17 MPa (ůɡɔəɟɘŰɘəɎ ɖ Ůɜɑůɢɡůɖ Twill  2x2 [45/0/0/-

45] ɛŮ ˊŮɟɘŮəŰɘəɧŰɖŰŬ 0% wt GNPs ɏűŰŬůŮ ŰŬ 175.54 MPa). 

V ȳɚŮɠ ɞɘ ˊɟɞůɗɐəŮɠ ˊɚɖɜ Űɤɜ 2%, 4%, 5% əŬɘ 10% wt GNPs ŮˊɏűŮɟŬɜ ɛŮɑɤůɖ 

Űɖɠ ŬˊɧɚɡŰɖɠ ŬɜŰɞɢɐɠ ůŮ ŮűŮɚəɡůɛɧ (UTS) əŬŰɎ ŰɞɡɚɎɢɘůŰɞɜ 10% əŬɘ 
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ɝŮɏ́ɟŬůŬɜ Űɞ 30% ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ 1%, 15%, 25% əŬɘ 30% wt GNPs. ȼ 

ˊɟɞůɗɐəɖ 25% wt GNPs ŬůŰɧɢɖůŮ ɢŬɛɖɚɧŰŮɟŬ Ŭˊɧ ɧɚŮɠ, ůŰŬ 192.61 MPa. 

V ȼ ɛŮɔŬɚɨŰŮɟɖ ˊŬɟŬɛɧɟűɤůɖ ɗɟŬɨůɖɠ ˊŬɟŬŰɖɟŮɑŰŬɘ ůŰɖɜ ˊɟɞůɗɐəɖ 2% wt GNPs 

űŰɎɜɞɜŰŬɠ Űɞ 8.27% ůŮ ůɢɏůɖ ɛŮ 6.60% Űɞɡ ŭɞəɘɛɑɞɡ ɢɤɟɑɠ ɜŬɜɞˊɟɞůɗɐəŮɠ, ɛŮ 

ɛɘŬ ŰŬɡŰɧɢɟɞɜɖ ɛŮɑɤůɖ Űɖɠ ŬɜŰɞɢɐɠ əŬŰɎ 9.84%. 

 

 

ʅ˔ʺ˃ʰ 10Φ ʅˎʴˁˊʽˍʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ʶ˒ʶ˂ˁˎˋ˃ˇˏ ˍʱˋʹˌ - ̄ ʰˊʰ˃ˈˊ˒˖ˋʹˌ ʵˇˁʽ˃ʾ˖˄ ˃ ˇ˄ˇʵʽʶˎʻˎ˄ˍʽˁʺˌ ʶ˄ʾˋ˔ˎˋʹˌ 
ώлκфлκлκфлϐ ʰˉˈ л҈ ʷ˖ˌ р҈ wt GNPs. 

 

 

ʅ˔ʺ˃ʰ 11Φ ʅˎʴˁˊʽˍʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ʶ˒ʶ˂ˁˎˋ˃ˇˏ ˍʱˋʹˌ - ̄ ʰˊʰ˃ˈˊ˒˖ˋʹˌ ʵˇˁʽ˃ʾ˖˄ ˃ˇ˄ˇʵʽʶˎʻˎ˄ˍʽˁʺˌ ʶ˄ʾˋ˔ˎˋʹˌ 
ώлκфлκлκфлϐ ʰˉˈ л҈ ʷ˖ˌ ол% wt GNPs. 
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ʅ˔ʺ˃ʰ 12Φ ʅˎʴˁˊʽˍʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ˍʽ˃˗˄ ʰˉˈ˂ˎˍʹˌ ʰ˄ˍˇ˔ʺˌ ˋʶ ʶ˒ʶ˂ˁˎˋ˃ˈ όUTSύ ʵˇˁʽ˃ʾ˖˄ ˃ʶ ˃ˇ˄ˇʵʽʶˎʻˎ˄ˍʽˁʺ 
ʶ˄ʾˋ˔ˎˋʹ ώлκфлκлκфлϐ ˃ʶ ʲʱˋʹ ˍʹ˄ ˉʶˊʽʶˁˍʽˁˈˍʹˍʰ ˋʶ GNPs. 

 

 

 

ʅ˔ʺ˃ʰ 13Φ ɱˊʰ˒ʽˁʺ ʰˉʶʽˁˈ˄ʽˋʹ ˉˇˋˇˋˍʽʰʾʰˌ ʰˏ˅ʹˋʹˌκ˃ʶʾ˖ˋʹˌ ˍʹˌ ʰˉˈ˂ˎˍʹˌ ʰ˄ˍˇ˔ʺˌ ˋʶ ʶ˒ʶ˂ˁˎˋ˃ˈ όUTS) ɻ ˇˁʽ˃ʾ˖˄ 
˃ˇ˄ˇʵʽʶˎʻˎ˄ˍʽˁʺ ̩ʁ ˄ʾˋ˔ˎˋʹ ̩̀ ʶ ˋ˔ʷˋʹ ˃ʶ ˍˇ h ˄ˍʾˋˍˇʽ˔ˇ ɻ ˇˁʾ˃ʽˇ ˔˖ˊʾˌ ˄ʰ˄ˇˉˊˇˋʻʺˁʶˌ όл҈ wt GNPs). 
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ʅ˔ʺ˃ʰ 14. ʅˎʴˁˊʽˍʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ˃ʷʴʽˋˍʹˌ ˉʰˊʰ˃ˈˊ˒˖ˋʹˌ ˁ ʰˍʱ ˍˇ˄ ʶ˒ʶ˂ˁˎˋ˃ˈ ʵˇˁʽ˃ʾ˖˄ ˃ʶ 
˃ˇ˄ˇʵʽʶˎʻˎ˄ˍʽˁʺ ʶ˄ʾˋ˔ˎˋʹ [0/90/0/90ϐ ˃ʶ ʲʱˋʹ ˍʹ˄ ˉʶˊʽʶˁˍʽˁˈˍʹˍʰ ˋʶ GNPs. 

 

 

8.1.3 ɀɏŰɟŬ ŮɚŬůŰɘəɧŰɖŰŬɠ ˊŮɘɟŬɛŬŰɘəɩɜ ŭɞəɘɛɑɤɜ 

 

ȷˊɧ Űɘɠ əɚɑůŮɘɠ Űɤɜ əŬɛˊɡɚɩɜ Űɤɜ ŭɘŬɔɟŬɛɛɎŰɤɜ ŰɎůɖɠ ï ˊŬɟŬɛɧɟűɤůɖɠ ůŰɖɜ 

ŮɚŬůŰɘəɐ ˊŮɟɘɞɢɐ ɡˊɞɚɞɔɑůŰɖəŬɜ ŰŬ ɛɏŰɟŬ ŮɚŬůŰɘəɧŰɖŰŬɠ Űɤɜ ˊŬɟŬɢɗɏɜŰɤɜ 

ůɡɜɗɏŰɤɜ ɡɚɘəɩɜ. ɄŬɟŬŰɖɟɐɗɖəŬɜ ŰŬ Ůɝɐɠ ɔɘŬ əɎɗŮ Űɨˊɞ ɡűɎůɛŬŰɞɠ Ůɜɑůɢɡůɖɠ: 

 

¶ ȹɞəɑɛɘŬ ŮɜɘůɢɡɛɏɜŬ ɛŮ ɡŬɚɞɦűŬůɛŬ Twill  2x2 ůŮ ŭɘɎŰŬɝɖ [45/0/0/-45] 

ɆŰɞ ŭɞəɑɛɘɞ ŬɜŬűɞɟɎɠ, ɢɤɟɑɠ ɜŬ ɜŬɜɞˊɟɞůɗɐəŮɠ, ɡˊɞɚɞɔɑůŰɖəŮ Űɞ ɛɏŰɟɞ 

ŮɚŬůŰɘəɧŰɖŰŬɠ ůŰŬ 4.08 GPa. ɀŮ Űɖ ůɡɔəŮəɟɘɛɏɜɖ Ůɜɑůɢɡůɖ, Űɞ ɛɏŰɟɞ 

ŮɚŬůŰɘəɧŰɖŰŬɠ ŬɡɝɎɜŮɘ ůŮ ɧɚŮɠ Űɘɠ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ, ɛŮ Űɞ ɡɣɖɚɧŰŮɟɞ ɜŬ 

ůɖɛŮɘɩɜŮŰŬɘ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ 20% w.t. GNPs (6.10 GPa). ɄŬɟô ɧɚŬ ŬɡŰɎ, 

ɛˊɞɟŮɑ ɜŬ ŮɘˊɤɗŮɑ ˊɤɠ ŬəɧɛŬ əŬɘ Ŭˊɧ Űɞ ŰŬ 5% w.t. GNPs ˊŬɟŬŰɖɟŮɑŰŬɘ Ŭɨɝɖůɖ 

Űɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬŰɎ 42%, əŬɘ ˊɤɠ ŬɡŰɐ ɖ Ŭɨɝɖůɖ ŭɘŬŰɖɟŮɑŰŬɘ ˊŮɟɑˊɞɡ 

ůŰŬɗŮɟɐ ɛɏɢɟɘ ŰŬ 20% w.t. GNPs. 

 

¶ ȹɞəɑɛɘŬ ŮɜɘůɢɡɛɏɜŬ ɛŮ ɛɞɜɞŭɘŮɡɗɡɜŰɘəɧ ɡŬɚɞɦűŬůɛŬ ůŮ ŭɘɎŰŬɝɖ [0/90/0/90] 

ɆŮ ŬɡŰɐɜ Űɖɜ ˊŮɟɑˊŰɤůɖ Ůɜɑůɢɡůɖɠ, Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ, ɛŮ ŮɝŬɑɟŮůɖ Űɖɜ 

ˊŮɟɑˊŰɤůɖ ˊɟɞůɗɐəɖɠ 5% w.t. GNPs, Űɞ ɞˊɞɑɞ ɛŮ 8.25 GPa, ɏűŰŬůŮ Űɞ ɛɏŰɟɞ Űɞɡ 

ŭɞəɘɛɑɞɡ ŬɜŬűɞɟɎɠ (8.26 GPa), ˊŬɟŬŰɖɟɐɗɖəŮ ˊɤɠ ɡˊɞɓŬɗɛɑɕŮŰŬɘ ůŮ ɧɚŮɠ Űɘɠ 
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ˊŮɟɘˊŰɩůŮɘɠ ˊŮɟɘŮəŰɘəɞŰɐŰɤɜ, ɛŮ ůɖɛŬɜŰɘəɐ ɛŮɑɤůɖ Ŭˊɧ ŰŬ 15% w.t. GNPs ɛɏɢɟɘ 

ŰŬ 30% w.t. GNPs. ɆŰŬ 15% w.t. GNPs ˊŬɟɞɡůɘɎůŰɖəŮ ɛŮɑɤůɖ Űɞɡ ɛɏŰɟɞɡ əŬŰɎ 

47,5% (űŰɎɜɞɜŰŬɠ ŰŬ 5.60 GPa), Ůɜɩ ůŰŬ 25% w.t. GNPs ɛŮɘɩɗɖəŮ əŬŰɎ 55,7% 

(űŰɎɜɞɜŰŬɠ ŰŬ 4.60 GPa). ȼ ɛŮɔŬɚɨŰŮɟɖ ɛŮɑɤůɖ ˊŬɟɞɡůɘɎůŰɖəŮ ůŰŬ 2% w.t. 

GNPs (3.65 GPa), ɖ ɞˊɞɑŬ, ɧɛɤɠ, ŭŮɑɢɜŮɘ ɜŬ ŮɑɜŬɘ ɛɘŬ ŬəɟŬɑŬ əŬɘ ɛŮɛɞɜɤɛɏɜɖ 

Ŭˊɧəɚɘůɖ.  

 

ʅ˔ʺ˃ʰ 15. ʅˎʴˁˊʽˍʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ˃ʷˍˊ˖˄ ʶ˂ʰˋˍʽˁˈˍʹˍʰˌ όˋʶ GPa) ˃ ʶ ʲʱˋʹ ˍʹ˄ ˉʶˊʽʶˁˍʽˁˈˍʹˍʰ ˋʶ GNPsΣ ˈˉ˖ˌ 
ˉˊˇʷˁˎ˕ʰ˄ ʰˉˈ ˍʽˌ ʵˇˁʽ˃ʷˌ ʶ˒ʶ˂ˁˎˋ˃ˇˏΣ ʵˇˁʽ˃ʾ˖˄ ˃ʶ ʶ˄ʾˋ˔ˎˋʹ Twill 2x2 [45/0/0/ -45]. 

 

ʅ˔ʺ˃ʰ 16. ʅˎʴˁˊʽˍʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ˃ʷˍˊ˖˄ ʶ˂ʰˋˍʽˁˈˍʹˍʰˌ όˋʶ GPa) ˃ ʶ ʲʱˋʹ ˍʹ˄ ˉʶˊʽʶˁˍʽˁˈˍʹˍʰ ˋʶ GNPsΣ ˈˉ˖ˌ 
ˉˊˇʷˁˎ˕ʰ˄ ʰˉˈ ˍʽˌ ʵˇˁʽ˃ʷˌ ʶ˒ʶ˂ˁˎˋ˃ˇˏΣ ʵˇˁʽ˃ʾ˖˄ ˃ʶ ˃ˇ˄ˇʵʽʶˎʻˎ˄ˍʽˁʺ (UD) ʁ ˄ʾˋ˔ˎˋʹ ώлκфлκлκфлϐΦ 
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8.2 ȷˊɞŰŮɚɏůɛŬŰŬ ŭɞəɘɛɩɜ əɎɛɣɖɠ Űɟɘɩɜ ůɖɛŮɑɤɜ 

 

ɆŮ ˊŮɑɟŬɛŬ əɎɛɣɖɠ əŬŰɎ ASTM D790-03 ɡˊɞɓɚɐɗɖəŬɜ ŭɞəɑɛɘŬ ɛŮ Ůɜɑůɢɡůɖ 

ɡŬɚɞɦűɎůɛŬŰɞɠ ˊɚɏɝɖɠ Twill  2x2 ůŮ ŭɘɎŰŬɝɖ ůŰɟɩůŮɤɜ [45/0/0/-45] ɛŮ 

ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ ůŮ ɜŬɜɞŭɞɛɏɠ ɔɟŬűŮɜɑɞɡ (GNPs) 0%, 1%, 2%, 3%, 5%, 10%, 15% 

əŬɘ 20% (w.t.), ŭɞəɑɛɘŬ ɛŮ Ůɜɑůɢɡůɖ ɡŬɚɞɦűɎůɛŬŰɞɠ ˊɚɏɝɖɠ Twill  2x2 ůŮ ŭɘɎŰŬɝɖ 

ůŰɟɩůŮɤɜ [45/-45/45/-45] ɛŮ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ ůŮ ɜŬɜɞŭɞɛɏɠ ɔɟŬűŮɜɑɞɡ (GNPs) 0%, 

1%, 2% əŬɘ 3% (w.t.), əŬɗɩɠ əŬɘ ŭɞəɑɛɘŬ ɛŮ Ůɜɑůɢɡůɖ ɛɞɜɞŭɘŮɡɗɡɜŰɘəɞɨ 

ɡŬɚɞɦűɎůɛŬŰɞɠ ůŮ ŭɘɎŰŬɝɖ ůŰɟɩůŮɤɜ [0/90/0/90] ɛŮ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ ůŮ GNPs 0%, 

1%, 2%, 3%, 4%, 5%, 10%, 15%, 20%, 25% əŬɘ 30% (w.t.). ȷűɧŰɞɡ ŮəŰŮɚɏůŰɖəŮ 

ŮˊŬɟəɐɠ Ŭɟɘɗɛɧɠ ˊŮɘɟŬɛɎŰɤɜ əɎɛɣɖɠ ůŰŬ ŭɞəɑɛɘŬ əɎɗŮ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ, ŮəɚɏɢɗɖəŮ 

Ŭˊɧ əɎɗŮ Űɨˊɞ ŭɞəɘɛɑɞɡ (ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ əŬɘ ɡűɎůɛŬŰɞɠ Ůɜɑůɢɡůɖɠ) ŮəŮɑɜɞ ɛŮ Űɖɜ 

ˊɘɞ ŬɜŰɘˊɟɞůɤˊŮɡŰɘəɐ əŬɘ ŮˊŬɜŬɚɐɣɘɛɖ ɔɘŬ Űɞɜ Űɨˊɞ Ŭˊɧŭɞůɖ əŬɘ ŭɖɛɘɞɡɟɔɐɗɖəŬɜ 

ůɡɔəɟɘŰɘəɎ ŭɘŬɔɟɎɛɛŬŰŬ ŰɎůɖɠ ï ˊŬɟŬɛɧɟűɤůɖɠ ɛŮŰŬɝɨ Űɤɜ ŭɘɎűɞɟɤɜ 

ˊŮɟɘŮəŰɘəɞŰɐŰɤɜ ůŮ ɜŬɜɞŭɞɛɏɠ ɔɟŬűŮɜɑɞɡ (GNPs). ȼ ˊɟɞůɏɔɔɘůɖ Űɤɜ ɕŮɡɔɩɜ Űɤɜ 

Űɘɛɩɜ Ŭˊɧ Űɞ ˊŮɑɟŬɛŬ ɏɔɘɜŮ ɛŮ ˊɞɚɡɤɜɡɛɘəɐ əŬɛˊɨɚɖ 3
ɞɡ

 ɓŬɗɛɞɨ.  

 

 

ɳʽˁˈ˄ʰ 68Φ ʃˊˇˇʵʶˎˍʽˁʷˌ ʰˉˈ˕ʶʽˌ ʰˉˈ ˉʶʾˊʰ˃ʰ ˁʱ˃˕ʹˌΦ 

 

 

ɳʽˁˈ˄ʰ 69Φ ɯˉˇ˕ʹ ˉˊˇ˒ʾ˂ ʵˇˁʽ˃ʾˇˎ ˃ˇ˄ˇʵʽʶˎʻˎ˄ˍʽˁʺˌ ʶ˄ʾˋ˔ˎˋʹˌ ˁʰʽ р҈ w.t. GNPs, ˁ ʰˍˈˉʽ˄ ˁ ʱ˃˕ʹˌΦ 
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8.2.1 ȹɞəɑɛɘŬ ŮɜɘůɢɡɛɏɜŬ ɛŮ ɡŬɚɞɦűŬůɛŬ Twill  2x2 ůŮ ŭɘɎŰŬɝɖ [45/0/0/-45] 

 

ȷˊɧ ŰŬ ˊŮɘɟŬɛŬŰɘəɎ ŭŮŭɞɛɏɜŬ ˊɞɡ ŮɚɐűɗɖůŬɜ Ŭˊɧ Űɘɠ ŭɞəɘɛɏɠ əɎɛɣŮɘɠ ůŰŬ 

ůɨɜɗŮŰŬ ɡɚɘəɎ ɛŮ Ůɜɑůɢɡůɖ ɡŬɚɞɦűɎůɛŬŰɞɠ Twill  2x2 [45/0/0/-45] əŬɘ ɛŮ 

ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ 0%, 1%, 2%, 3%, 5%, 10%, 15% əŬɘ 20% w.t. GNPs, ˊɟɞɏəɡɣŬɜ ŰŬ 

Ůɝɐɠ ůɡɛˊŮɟɎůɛŬŰŬ: 

 

V ȳɚŮɠ ɞɘ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ ɜŬɜɞŭɞɛɩɜ ɔɟŬűŮɜɑɞɡ ŮˊɏűŮɟŬɜ Ŭɨɝɖůɖ Űɖɠ ŬɜŰɞɢɐɠ ůŮ 

əɎɛɣɖ ůŮ ůɢɏůɖ ɛŮ Űɞ ŭɞəɑɛɘɞ ŬɜŬűɞɟɎɠ ˊɞɡ ŭŮɜ ˊŮɟɘŮɑɢŮ ɜŬɜɞŭɞɛɏɠ, ŬɡɝɎɜɞɜŰŬɠ 

ŰŬɡŰɧɢɟɞɜŬ Űɖ ŭɡůəŬɛɣɑŬ Űɞɡ ɡɚɘəɞɨ. 

V ȷˊɧ ŰŬ 5% ɛɏɢɟɘ  ŰŬ 15% w.t. GNPs ŮɛűŬɜɑɕŮŰŬɘ ɛɘŬ ůŰŬɗŮɟɐ ˊŮɟɘɞɢɐ, ɧˊɞɡ ɖ 

ŬɜŰɞɢɐ ŬɡɝɐɗɖəŮ Ŭˊɧ ŰŬ 130.57 MPa (0% w.t. GNPs) ůŰɖɜ ˊŮɟɘɞɢɐ Űɤɜ 300 

MPa, ɛŮ ɛɏɔɘůŰɖ Űɘɛɐ ŰŬ 313.78 MPa ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ 15% w.t. GNPs. 

V ɆŰɖ ɛɏɔɘůŰɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɤɜ 20% w.t. GNPs ɖ ŬɜŰɞɢɐ ůŮ əɎɛɣɖ ŬɟɢɑɕŮɘ ɜŬ 

űɗɑɜŮɘ (248.85 MPa). 

V ȱŭɖ ɞɘ ˊɟɞůɗɐəŮɠ Űɤɜ 2% əŬɘ 3% w.t. GNPs ŬɨɝɖůŬɜ Űɖɜ ŬɜŰɞɢɐ ůŮ əɎɛɣɖ 

əŬŰɎ 79.93% (ůŰŬ 234.94 MPa) əŬɘ 41.35% (ůŰŬ 184.56 MPa), ŬɜŰɑůŰɞɘɢŬ ůŮ 

ůɢɏůɖ ɛŮ Űɞ ŭɞəɑɛɘɞ ɢɤɟɑɠ ˊɟɞůɗɐəɖ ɜŬɜɞŭɞɛɩɜ. 

 

 

ʅ˔ʺ˃ʰ 17Φ ʅˎʴˁˊʽˍʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ˍʽ˃˗˄ ʰ˄ˍˇ˔ʺˌ ˋʶ ˁʱ˃˕ʹ ɻ ˇˁʽ˃ʾ˖˄ ˃ʶ ʶ˄ʾˋ˔ˎˋʹ Twill 2x2 [45/0/0/-прϐ ˃ʶ ʲʱˋʹ ˍʹ˄ 
ˉʶˊʽʶˁˍʽˁˈˍʹˍʰ ˋʶ DbtǎΦ 
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ʅ˔̋˃ʰ 18Φ ɱˊʰ˒ʽˁʺ ʰˉʶʽˁˈ˄ʽˋʹ ˉˇˋˇˋˍʽʰʾʰˌ ʰˏ˅ʹˋʹˌ ˍʹˌ ʰ˄ˍˇ˔ʺˌ ˋʶ ˁʱ˃˕ʹ ɻ ˇˁʽ˃ʾ˖˄ ʶ˄ʾˋ˔ˎˋʹˌ Twill 2x2 [45/0/0/-
прϐ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍˇ ʰ˄ˍʾˋˍˇʽ˔ˇ ʵˇˁʾ˃ʽˇ ˔˖ˊʾˌ ˄ʰ˄ˇˉˊˇˋʻʺˁʶˌ όл҈ wt GNPs). 

 

 

 

8.2.2 ȹɞəɑɛɘŬ ŮɜɘůɢɡɛɏɜŬ ɛŮ ɡŬɚɞɦűŬůɛŬ Twill  2x2 ůŮ ŭɘɎŰŬɝɖ [45/-45/45/-45] 

 

Ƀɘ ɛŮŰɟɐůŮɘɠ Ŭˊɧ ŰŬ ˊŮɘɟɎɛŬŰŬ əɎɛɣɖɠ ŭɞəɘɛɑɤɜ ɛŮ Ůɜɑůɢɡůɖ 

ɡŬɚɞɦűɎůɛŬŰɞɠ Twill  2x2 ɛŮ ɔɤɜɑŮɠ ůŰɟɩůŮɤɜ[45/-45/45/-45] əŬɘ ɛŮ 

ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ 0%, 1%, 2% əŬɘ 3% w.t. GNPs ɞŭɐɔɖůŬɜ ůŰŬ Ůɝɐɠ: 

 

V ȾŬɘ ɞɘ ŰɟŮɘɠ ɢŬɛɖɚɏɠ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ ɏűŮɟŬɜ ɛɘəɟɐ Ŭɨɝɖůɖ Űɖɠ ŬɜŰɞɢɐɠ ůŮ 

əɎɛɣɖ, ɖ ɞˊɞɑŬ əɞɟɡűɩɗɖəŮ ůŰŬ 133.23 MPa (Ŭɨɝɖůɖ əŬŰɎ 13.88%), ůŰɖɜ 

ˊŮɟɑˊŰɤůɖ Űɤɜ ŭɞəɘɛɑɤɜ ɛŮ 1% əŬɘ 3% w.t. GNPs, ůŮ ůɢɏůɖ ɛŮ Űɞ ŭɞəɑɛɘɞ 

ŬɜŬűɞɟɎɠ (116.99 MPa).  

V ȼ ůɡɔəŮəɟɘɛɏɜɖ ŭɘɎŰŬɝɖ ůŰɟɩůŮɤɜ ŭŮɜ ŮɜɘůɢɨɗɖəŮ Ůɝɑůɞɡ Ŭˊɧ Űɖɜ ˊɟɞůɗɐəɖ 

Űɤɜ ɜŬɜɞŭɞɛɩɜ, əŬɗɩɠ ůɡɔəɟɘŰɘəɎ ɛŮ ŰŬ ŭɞəɑɛɘŬ ůŰɟɩůŮɤɜ [45/0/0/-45] Űɤɜ 1%, 

2% əŬɘ 3% w.t. GNPs, ŰŬ ɞˊɞɑŬ ɏűŮɟŬɜ ɛɘŬ ɛɏůɖ Ŭɨɝɖůɖ əŬŰɎ 46.81%, ŰŬ 

ŬɜŰɑůŰɞɘɢŬ ɛŮ ɔɤɜɑŮɠ ůŰɟɩůŮɤɜ [45/-45/45/-45] ŬɨɝɖůŬɜ Űɖɜ ŬɜŰɞɢɐ ůŮ əɎɛɣɖ 

əŬŰɎ ɛɧɚɘɠ 10.19%.  
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ʅ˔ʺ˃ʰ 19Φ ʅˎʴˁˊʽˍʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ˁʱ˃˕ʹˌ ˍʱˋʹˌ - ̄ ʰˊʰ˃ˈˊ˒˖ˋʹˌ ʵˇˁʽ˃ʾ˖˄ ˃ʶ ʶ˄ʾˋ˔ˎˋʹ ˉ˂ʷ˅ʹˌ Twill 2x2 [45/-
45/45/-45ϐ ʰˉˈ л҈ ʷ˖ˌ 3% wt GNPs. 

 

 

 

ʅ˔ʺ˃ʰ 20Φ ʅˎʴˁˊʽˍʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ˍʽ˃˗˄ ʰ˄ˍˇ˔ʺˌ ˋʶ ˁʱ˃˕ʹ ʵˇˁʽ˃ʾ˖˄ ˃ʶ ʶ˄ʾˋ˔ˎˋʹ Twill 2x2 [45/-45/45/-прϐ ˃ʶ ʲʱˋʹ 
ˍʹ˄ ˉʶˊʽʶˁˍʽˁˈˍʹˍʰ ˋʶ GNPs. 
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ʅ˔ʺ˃ʰ 21Φ ɱˊʰ˒ʽˁʺ ʰˉʶʽˁˈ˄ʽˋʹ ˉˇˋˇˋˍʽʰʾʰˌ ʰˏ˅ʹˋʹˌ ˍʹˌ ʰ˄ˍˇ˔ʺˌ ˋʶ ˁʱ˃˕ʹ ʵˇˁʽ˃ʾ˖˄ ʶ˄ʾˋ˔ˎˋʹˌ Twill 2x2 [45/-
45/45/-прϐ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍˇ ʰ˄ˍʾˋˍˇʽ˔ˇ ʵˇˁʾ˃ʽˇ ˔˖ˊʾˌ ˄ʰ˄ˇˉˊˇˋʻʺˁʶˌ όл҈ wt GNPs). 

 

 

8.2.3 ȹɞəɑɛɘŬ ŮɜɘůɢɡɛɏɜŬ ɛŮ ɛɞɜɞŭɘŮɡɗɡɜŰɘəɧ ɡŬɚɞɦűŬůɛŬ ůŮ ŭɘɎŰŬɝɖ 

[0/90/0/90] 

 

ɇŬ ˊŮɘɟɎɛŬŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ŭɞəɘɛɑɤɜ ɛŮ ɛɞɜɞŭɘŮɗɡɜŰɘəɐ (UD) Ůɜɑůɢɡůɖ 

ɡŬɚɞɦűɎůɛŬŰɞɠ ůŮ ŭɘɎŰŬɝɖ [0/90/0/90] əŬɘ ɛŮ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ w.t. ůŮ GNPs 0%, 1%, 

2%, 3%, 4%, 5%, 10%, 15%, 20%, 25% əŬɘ 30% ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ˊŬɟŬəɎŰɤ: 

 

V ȳɚŮɠ ɞɘ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ ɛɏɢɟɘ əŬ ŰŬ 20% ŬɨɝɖůŬɜ Űɖɜ ŬɜŰɞɢɐ ůŮ əɎɛɣɖ ůŮ 

ůɢɏůɖ ɛŮ Űɞ ŭɞəɑɛɘɞ ŬɜŬűɞɟɎɠ, Űɞ ɞˊɞɑɞ ŬůŰɧɢɖůŮ ůŰŬ 243.11 MPa. ɇŬ 

ɛŮɔŬɚɨŰŮɟŬ ˊɞůɞůŰɎ Ŭɨɝɖůɖɠ ˊŬɟŬŰɖɟɐɗɖəŬɜ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ ŭɞəɘɛɑɤɜ ɛŮ 

4% əŬɘ 20% w.t. GNPs, ŰŬ ɞˊɞɑŬ ɏűŰŬůŬɜ ŰŬ 295.94 MPa əŬɘ 296.60 MPa 

(Ŭɨɝɖůɖ ŬɜŰɞɢɐɠ 22%), ŬɜŰɑůŰɞɘɢŬ.  

V ɇŬ ɢŬɛɖɚɧŰŮɟŬ ˊɞůɞůŰɎ Ŭɨɝɖůɖɠ (4.34%) ŮɛűŬɜɑůŰɖəŬɜ ůŰɘɠ ˊɟɞůɗɐəŮɠ 1% əŬɘ 

3% w.t. GNPs, Űɤɜ ɞˊɞɑɤɜ ŰŬ ŭɞəɑɛɘŬ ŬůŰɧɢɖůŬɜ ůŰŬ 253.66 MPa.  

V ȯɜɤ Űɤɜ 20% w.t. ŮɛűŬɜɑůŰɖəŮ ůŰŬŭɘŬəɐ ɡˊɞɓɎɗɛɘůɖ Űɖɠ ŬɜŰɞɢɐɠ, ɧˊɤɠ ɏŭŮɘɝŬɜ 

ɞɘ ɛŮŰɟɐůŮɘɠ Űɤɜ ŭɞəɘɛɑɤɜ ɛŮ 25% əŬɘ 30% w.t. GNPs, ɞɘ ɞˊɞɑŮɠ ɛŮ 173.87 MPa 

əŬɘ 150.51 MPa ɛŮɘɩɗɖəŬɜ ůŮ ůɢɏůɖ ɛŮ Űɖɜ ŬɜŰɞɢɐ Űɞɡ ŭɞəɘɛɑɞɡ ŬɜŬűɞɟɎɠ əŬŰɎ 

28.48% əŬɘ 38.09%, ŬɜŰɑůŰɞɘɢŬ. 
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ʅ˔ʺ˃ʰ 22Φ ʅˎʴˁˊʽˍʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ˁʱ˃˕ʹˌ ˍʱˋʹˌ - ̄ ʰˊʰ˃ˈˊ˒˖ˋʹˌ ʵˇˁʽ˃ʾ˖˄ ˃ʶ ˃ˇ˄ˇʵʽʶˎʻˎ˄ˍʽˁʺ ʶ˄ʾˋ˔ˎˋʹ 
ώлκфлκлκфлϐ ʰˉˈ л҈ ʷ˖ˌ р% wt GNPs. 

 

 

 

 

ʅ˔ʺ˃ʰ 23Φ ʅˎʴˁˊʽˍʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ˁʱ˃˕ʹˌ ˍʱˋʹˌ - ̄ ʰˊʰ˃ˈˊ˒˖ˋʹˌ ʵˇˁʽ˃ʾ˖˄ ˃ʶ ˃ˇ˄ˇʵʽʶˎʻˎ˄ˍʽˁʺ ʶ˄ʾˋ˔ˎˋʹ 
ώлκфлκлκфлϐ ʰˉˈ л҈ ʷ˖ˌ 30% wt GNPs. 
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ʅ˔ʺ˃ʰ 24Φ ʅˎʴˁˊʽˍʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ˍʽ˃˗˄ ʰ˄ˍˇ˔ʺˌ ˋʶ ˁʱ˃˕ʹ ʵˇˁʽ˃ʾ˖˄ ˃ʶ ˃ˇ˄ˇʵʽʶˎʻˎ˄ˍʽˁʺ ʶ˄ʾˋ˔ˎˋʹ ˃ʶ ʲʱˋʹ ˍʹ˄ 
ˉʶ́ʽʶˁˍʽˁˈˍʹˍʰ ˋʶ DbtǎΦ 

 

 

 

 

ʅ˔ʺ˃ʰ 25Φ ɱˊʰ˒ʽˁʺ ʰˉʶʽˁˈ˄ʽˋʹ ˉˇˋˇˋˍʽʰʾʰˌ ʰˏ˅ʹˋʹˌκ˃ʶʾ˖ˋʹˌ ̱ ʹˌ ʰ˄ˍˇ˔ʺˌ ˋʶ ˁʱ˃˕ʹ ʵˇˁʽ˃ʾ˖˄ ˃ˇ˄ˇʵʽʶˎʻˎ˄ˍʽˁʺˌ 
ʶ˄ʾˋ˔ˎˋʹˌ [0/90/0/90ϐ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍˇ ʰ˄ˍʾˋˍˇʽ˔ˇ ʵˇˁʾ˃ʽˇ ˔˖ˊʾˌ ˄ʰ˄ˇˉˊˇˋʻʺˁʶˌ όл҈ wt GNPs). 
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8.3 ȷˊɞŰŮɚɏůɛŬŰŬ ŭɞəɘɛɩɜ əɎɛɣɖɠ əŬŰɧˊɘɜ post-curing 

 

ɇŬ ˊŮɘɟɎɛŬŰŬ əɎɛɣɖɠ Űɤɜ ŭɞəɘɛɑɤɜ ŭŮɡŰŮɟɞɔŮɜɞɨɠ ɗŮɟɛɘəɐɠ ɗŮɟŬˊŮɑŬɠ (post-

curing) ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ əŬŰɎ Űɞ ˊɟɧŰɡˊɞ ASTM D790-03. ũɘŬ Űɘɠ ŬɜɎɔəŮɠ Űɤɜ 

ˊŮɘɟŬɛɎŰɤɜ ˊŬɟŬůəŮɡɎůŰɖəŬɜ ˊɞɚɡůŰɟɤɛŬŰɘəɎ ŭɞəɑɛɘŬ (ɑŭɘŬɠ Ůˊɞɝɘəɐɠ ɛɐŰɟŬɠ) 

ŮɜɘůɢɡɛɏɜŬ ɛŮ ɛɞɜɞŭɘŮɡɗɡɜŰɘəɧ ɡŬɚɞɦűŬůɛŬ ůŮ ŭɘɎŰŬɝɖ [0/90/0/90] ɛŮ 

ˊŮɟɘŮəŰɘəɧŰɖŰŬ 2% ůŮ GNPs əŬɘ Ŭűɞɨ ŬűɏɗɖəŬɜ ɔɘŬ ůəɚɐɟɡɜůɖ ůŮ ůɡɜɗɐəŮɠ 

ŭɤɛŬŰɑɞɡ (25
ɞ
C) ɔɘŬ ŮűŰɎ ɖɛɏɟŮɠ ŰɞˊɞɗŮŰɐɗɖəŬɜ ůŮ ŮɟɔŬůŰɖɟɘŬəɧ əɚɑɓŬɜɞ ɔɘŬ 2, 4, 

6 əŬɘ 24 ɩɟŮɠ ůŰɞɡɠ 50
ɞ
C əŬɘ 100

o
C, ŬɜŰɑůŰɞɘɢŬ. ɀŮŰɎ Űɞ Űɏɚɞɠ Űɞɡ ɢɟɧɜɞɡ Űɞɡ post-

curing ŰŬ ŭɞəɑɛɘŬ ŬűɏɗɖəŬɜ ůŰɞ ˊŮɟɘɓɎɚɚɞɜ Űɞɡ űɞɨɟɜɞɡ ɔɘŬ Ŭɟɔɐ ɣɨɝɖ, 

ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ɛɖɜ ˊɟɞəɚɖɗŮɑ ɗŮɟɛɘəɧ ůɞə ůŰɞ ɡɚɘəɧ Űɖɠ ɛɐŰɟŬɠ Űɞɡ ůɡɜɗɏŰɞɡ 

ɡɚɘəɞɨ Ŭˊɧ Űɖɜ ɏɜŰɞɜɖ ŬɚɚŬɔɐ ůŮ ɗŮɟɛɞəɟŬůɑŬ ˊŮɟɘɓɎɚɚɞɜŰɞɠ. ɋɠ ɛɏŰɟɞ ůɨɔəɟɘůɖɠ 

Űɖɠ ŮˊɑŭɟŬůɖɠ Űɞɡ post-curing ůŰɘɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ˊɞɚɡůŰɟɤɛŬŰɘəɞɨ ɡɚɘəɞɨ 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ŭɞəɑɛɘŬ ɑŭɘɤɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ ɛŮ Űɤɜ ɡˊɞɚɞɑˊɤɜ, ˊɞɡ ŭŮɜ 

ɡˊɞɓɚɐɗɖəŬɜ ɧɛɤɠ ůŮ Ůɘŭɘəɞɨɠ əɨəɚɞɡɠ ɗŮɟɛɘəɐɠ ɗŮɟŬˊŮɑŬɠ (no curing), ˊŬɟɎ 

ŬűɏɗɖəŬɜ ɔɘŬ ůəɚɐɟɡɜůɖ ůŮ ůɡɜɗɐəŮɠ ŭɤɛŬŰɑɞɡ ɔɘŬ ŮűŰɎ ɖɛɏɟŮɠ. ɄŬɟŬəɎŰɤ 

Ŭəɞɚɞɡɗɞɨɜ ŰŬ ůɡɔəɟɘŰɘəɎ ŭɘŬɔɟɎɛɛŬŰŬ ŰɎůɖɠ ï ˊŬɟŬɛɧɟűɤůɖɠ ˊɞɡ ŮɚɐűɗɖůŬɜ Ŭˊɧ 

ŰŬ ˊŮɘɟɎɛŬŰŬ əɎɛɣɖɠ. 

 

8.3.1 ɆɡɔəɟɘŰɘəɎ ŭɘŬɔɟɎɛɛŬŰŬ ŭɘɎɟəŮɘŬɠ post-curing 

 

 

ʅ˔ʺ˃ʰ 26Φ ʅˎʴˁˊʽˍʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ˁʱ˃˕ʹˌ ˍʱˋʹˌ - ̄ ʰˊʰ˃ˈˊ˒˖ˋʹˌ ʵˇˁʽ˃ʾ˖˄ ˃ˇ˄ˇʵʽʶˎʻˎ˄ˍʽˁʺˌ ʶ˄ʾˋ˔ˎˋʹˌ 
ώлκфлκлκфлϐ ˁʰʽ н҈ GNPs (wt) ˁ ʰˍˈˉʽ˄ ʻʶˊ˃ʽˁʺˌ ʻʶˊʰˉʶʾʰˌ ˋˍˇˎˌ рл

ˇ
C ɹ ʽʰ нΣ пΣ с ˁʰʽ нп ˗ˊʶˌΦ 
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ʅ˔ʺ˃ʰ 27. ʅˎʴˁˊʽˍʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ˁʱ˃˕ʹˌ ˍʱˋʹˌ - ̄ ʰˊʰ˃ˈˊ˒˖ˋʹˌ ʵˇˁʽ˃ʾ˖˄ ˃ˇ˄ˇʵʽʶˎʻˎ˄ˍʽˁʺˌ ʶ˄ʾˋ˔ˎˋʹˌ 
ώлκфлκлκфлϐ ˁʰʽ н҈ GNPs (wt) ˁ ʰˍˈˉʽ˄ ʻʶˊ˃ʽˁʺˌ ʻʶˊʰˉʶʾʰˌ ˋˍˇˎˌ 100

ˇ
C ɹ ʽʰ нΣ пΣ с ˁʰʽ нп ˗ˊʶˌΦ 

 

 

8.3.2 ɆɡɔəɟɘŰɘəɎ ŭɘŬɔɟɎɛɛŬŰŬ ɗŮɟɛɞəɟŬůɑŬɠ post-curing 

 

 

ʅ˔ʺ˃ʰ 28Φ ʅˎʴˁˊʽˍʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ˁʱ˃˕ʹˌ ˍʱˋʹˌ - ̄ ʰˊʰ˃ˈˊ˒˖ˋʹˌ ʵˇˁʽ˃ʾ˖˄ ˃ˇ˄ˇʵʽʶˎʻˎ˄ˍʽˁʺˌ ʶ˄ʾˋ˔ˎˋʹˌ 
ώлκфлκлκфлϐ ˁʰʽ н҈ Dbtǎ όǿǘύ ˁʰˍˈˉʽ˄ ʻʶˊ˃ʽˁʺˌ ʻʶˊʰˉʶʾʰˌ ˋˍˇˎˌ 50

ˇ
C ˁ ʰʽ млл

ˇ
/ ʴʽʰ н ˗ˊʶˌΦ 
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ʅ˔ʺ˃ʰ 29Φ ʅˎʴˁˊʽˍʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ˁʱ˃˕ʹˌ ˍʱˋʹˌ - ̄ ʰˊʰ˃ˈˊ˒˖ˋʹˌ ʵˇˁʽ˃ʾ˖˄ ˃ˇ˄ˇʵʽʶˎʻˎ˄ˍʽˁʺˌ ʶ˄ʾˋ˔ˎˋʹˌ 
ώлκфлκлκфлϐ ˁʰʽ н҈ Dbtǎ όǿǘύ ˁʰˍˈˉʽ˄ ʻʶˊ˃ʽˁʺˌ ʻʶˊʰˉʶʾʰˌ ˋˍˇˎˌ рлˇ/ ˁʰʽ мллˇ/ ʴʽʰ п ˗ˊʶˌΦ 

 

 

 

ʅ˔ʺ˃ʰ 30Φ ʅˎʴˁˊʽˍʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ˁʱ˃˕ʹˌ ˍʱˋʹˌ - ̄ ʰˊʰ˃ˈˊ˒˖ˋʹˌ ʵˇˁʽ˃ʾ˖˄ ˃ˇ˄ˇʵʽʶˎʻˎ˄ˍʽˁʺˌ ʶ˄ʾˋ˔ˎˋʹˌ 
ώлκфлκлκфлϐ ˁʰʽ н҈ Dbtǎ όǿǘύ ˁʰˍˈˉʽ˄ ʻʶˊ˃ʽˁʺˌ ʻʶˊʰˉʶʾʰˌ ˋˍˇˎˌ рлˇ/ ˁʰʽ мллˇ/ ʴʽʰ с ˗ˊʶˌΦ 
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ʅ˔ʺ˃ʰ 31Φ ʅˎʴˁˊʽˍʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ˁʱ˃˕ʹˌ ˍʱˋʹˌ - ̄ ʰˊʰ˃ˈˊ˒˖ˋʹˌ ʵˇˁʽ˃ʾ˖˄ ˃ˇ˄ˇʵʽʶˎʻˎ˄ˍʽˁʺˌ ʶ˄ʾˋ˔ˎˋʹˌ 
ώлκфлκлκфлϐ ˁʰʽ н҈ Dbtǎ όǿǘύ ˁʰˍˈˉʽ˄ ʻʶˊ˃ʽˁʺˌ ʻʶˊʰˉʶʾʰˌ ˋˍˇˎˌ рлˇ/ ˁʰʽ мллˇ/ ʴʽʰ нп ˗ˊʶˌΦ 

 

 

8.3.3 ȺˊɑŭɟŬůɖ Űɞɡ post-curing ůŰɖɜ ŬɜŰɞɢɐ ůŮ əɎɛɣɖ 

 

ȷˊɧ ŰŬ ŭɘŬɔɟɎɛɛŬŰŬ ŰɎůɖɠ ï ˊŬɟŬɛɧɟűɤůɖɠ (əɎɛɣɖɠ) Űɤɜ ŭɞəɘɛɑɤɜ ɛŮ 

ɛɞɜɞŭɘŮɡɗɡɜŰɘəɐ Ůɜɑůɢɡůɖ ŭɘɎŰŬɝɖɠ [0/90/0/90] əŬɘ ɛŮ 2% w.t. GNPs, əŬŰɧˊɘɜ 

ɗŮɟɛɘəɐɠ ɗŮɟŬˊŮɑŬɠ 2, 4, 6 əŬɘ 24 ɤɟɩɜ ůŰɞɡɠ 50
ɞ
C əŬɘ ůŰɞɡɠ 100

ɞ
C ˊɟɞɏəɡɣŬɜ ŰŬ 

Ůɝɐɠ ůŮ ůɢɏůɖ ɛŮ ŬɡŰɎ ˊɞɡ ɖ ůəɚɐɟɡɜůɖ Űɞɡɠ ɏɔɘɜŮ ůŮ ůɡɜɗɐəŮɠ ŭɤɛŬŰɑɞɡ: 

 

V ȳɚɞɘ ɞɘ əɨəɚɞɘ post-curing ůŰɞɡɠ 50
ɞ
C əŬɘ ůŰɞɡɠ 100

ɞ
C ˊɟɞəɎɚŮůŬɜ Ŭɨɝɖůɖ Űɖɠ 

ŬɜŰɞɢɐɠ ůŮ əɎɛɣɖ Űɤɜ ŭɞəɘɛɑɤɜ, ůɡɜɞɚɘəɎ Ŭˊɧ 12.99% ɏɤɠ əŬɘ 40.31%, 

ŭŮɑɢɜɞɜŰŬɠ ɏŰůɘ ˊɤɠ ɛŮ Űɞɜ Űɡˊɘəɧ əɨəɚɞ ɗŮɟŬˊŮɑŬɠ Űɤɜ ŮűŰɎ ɖɛŮɟɩɜ ůŮ 

ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ ŭŮɜ ɏɢŮɘ ŮˊɏɚɗŮɘ ɖ ˊɚɐɟɖɠ ůəɚɐɟɡɜůɖ Űɞɡ ůɡɜɗɏŰɞɡ 

ɡɚɘəɞɨ. 

V ȱŭɖ ɛŮŰɎ Ŭˊɧ ŭɨɞ ɩɟŮɠ post-curing ůŰɞɡɠ 50
ɞ
C əŬɘ ůŰɞɡɠ 100

ɞ
C, ɖ ŬɜŰɞɢɐ ůŮ 

əɎɛɣɖ ŬɜɏɓɖəŮ Ŭˊɧ ŰŬ 220.23 MPa ůŰŬ 248.85 əŬɘ 309.01 MPa ɔɘŬ Űɞɡɠ ŭɨɞ 

əɨəɚɞɡɠ ŬɜŰɑůŰɞɘɢŬ. 

V ɇɞ post-curing ůŰɞɡɠ 100
ɞ
C ɏűŮɟŮ ůɡɜɞɚɘəɎ ɛŮɔŬɚɨŰŮɟɖ Ŭɨɝɖůɖ Űɖɠ ŬɜŰɞɢɐɠ ůŮ 

əɎɛɣɖɠ ůŮ ɧɚɞɡɠ Űɞɡɠ əɨəɚɞɡɠ, ŮˊɘŰɡɔɢɎɜɞɜŰŬɠ ɛɏɔɘůŰɖ Űɘɛɐ 309.01 MPa ɛŮŰɎ 
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Ŭˊɧ ŭɨɞ ɩɟŮɠ post-curing, ɖ ɞˊɞɑŬ ŭɘŬŰɖɟŮɑŰŬɘ ůɢŮŭɧɜ ůŰŬɗŮɟɐ əŬɘ ůŰɞɡɠ 

əɨəɚɞɡɠ Űɤɜ 4,6 əŬɘ 24 ɤɟɩɜ (296.74 MPa). 

V ɇɞ post-curing ůŰɞɡɠ 50
ɞ
C ŮɛűɎɜɘůŮ ɛɏɔɘůŰɖ ŬɜŰɞɢɐ ůŰɞɜ əɨəɚɞ Űɤɜ ɏɝɘ ɤɟɩɜ ɛŮ 

285.30 MPa, ˊɞɡ ŬɜŰɘůŰɞɘɢŮɑ ůŮ Ŭɨɝɖůɖ əŬŰɎ 29.54% Űɖɠ ŬɜŰɞɢɐɠ, Ůɜɩ ůŰɘɠ 24 

ɩɟŮɠ ɗŮɟŬˊŮɑŬɠ ɖ ŬɜŰɞɢɐ ɏˊŮůŮ ůŰŬ 262.23 MPa (Ŭɨɝɖůɖ əŬŰɎ 19.07%). 
 

 

ʅ˔ʺ˃ʰ 32Φ ʅˎʴˁˊʽˍʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ˍʽ˃˗˄ ʰ˄ˍˇ˔ʺˌ ˋʶ ˁʱ˃˕ʹ ʵˇˁʽ˃ʾ˖˄ ˃ˇ˄ˇʵʽʶˎʻˎ˄ˍʽˁʺˌ ʶ˄ʾˋ˔ˎˋʹˌ ώлκфлκл/90] ˁ ʰʽ ˃ʶ 
2% GNPs (wt) h ˄ʰ˂ˈʴ˖ˌ ̱ ʹˌ ʻʶˊ˃ˇˁˊʰˋʾʰˌ ˁʰʽ ˍʹˌ ʵʽʱˊˁʶʽʰˌ ˍʹˌ ʻʶˊ˃ʽˁʺˌ ʻʶˊʰˉʶʾʰˌΦ 

 

ʅ˔ʺ˃ʰ 33Φ ɱˊʰ˒ʽˁʺ ʰˉʶʽˁˈ˄ʽˋʹ ˉˇˋˇˋˍʽʰʾʰˌ ʰˏ˅ʹˋʹˌ ˍʹˌ ʰ˄ˍˇ˔ʺˌ ˋʶ ˁʱ˃˕ʹ ʵˇˁʽ˃ʾ˖˄ ˃ˇ˄ˇʵʽʶˎʻˎ˄ˍʽˁʺˌ ʶ˄ʾˋ˔ˎˋʹˌ 
ώлκфлκлκфлϐ ˁʰʽ ˃ʶ н҈ GNPs (wt) ̀ ʶ ˋ˔ʷˋʹ ˃ʶ ˍˇ ʰ˄ˍʾˋˍˇʽ˔ˇ ʵˇˁʾ˃ʽˇ ˉˇˎ ʵʶ˄ ˎˉˇʲ˂ʺʻʹˁʶ ˋʶ ʻʶˊ˃ʽˁʺ ʻʶˊʰˉʶʾʰΦ 
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8.4  ɀɘəɟɞůəɞˊɘəɧɠ ɏɚŮɔɢɞɠ  ŭɞəɘɛɑɤɜ 

 

 Ʉɟɘɜ əŬɘ ɛŮŰɎ ŰŬ ˊŮɘɟɎɛŬŰŬ, ŰŬ ŭɞəɑɛɘŬ ɞŭɖɔɐɗɖəŬɜ ɔɘŬ ɛɘəɟɞůəɞˊɘəɧ ɏɚŮɔɢɞ 

ůŮ ůŰŮɟŮɞůəɧˊɘɞ əŬɘ ɞˊŰɘəɧ ɛɘəɟɞůəɧˊɘɞ (Leica DMR) ɔɘŬ ˊŬɟŬŰɐɟɖůɖ Űɧůɞ 

ɛɞɟűɞɚɞɔɘəɩɜ ŮɚŬŰŰɤɛɎŰɤɜ, ɧˊɤɠ Űɞ ˊɞɟɩŭŮɠ, ɧůɞ əŬɘ ɔɘŬ ɏɚŮɔɢɞ Űɖɠ ŭɘŬůˊɞɟɎɠ 

Űɤɜ ɜŬɜɞŭɞɛɩɜ ɔɟŬűŮɜɑɞɡ (GNPs), Űɖɠ ˊɞɘɧŰɖŰŬɠ ŮɛˊɞŰɘůɛɞɨ ɐ Űɤɜ 

ɢŬɟŬəŰɖɟɘůŰɘəɩɜ ůŰɖɜ ˊŮɟɘɞɢɐ ŬůŰɞɢɑŬɠ Űɞɡ ůɡɜɗɏŰɞɡ ɡɚɘəɞɨ. ɄŬɟŬəɎŰɤ 

Ŭəɞɚɞɡɗɞɨɜ ɞɟɘůɛɏɜŮɠ ˊŬɟŬŰɖɟɐůŮɘɠ ˊɞɡ ůɖɛŮɘɩɗɖəŬɜ əŬŰɎ Űɞɜ ɛɘəɟɞůəɞˊɘəɧ 

ɏɚŮɔɢɞ əŬɘ ɞɘ ůɢŮŰɘəɏɠ ŮɘəɧɜŮɠ. ɆɖɛŮɘɩɜŮŰŬɘ ˊɤɠ ɞɘ ŮɘəɧɜŮɠ ɏɢɞɡɜ ŮˊŮɝŮɟɔŬůŰŮɑ ɛŮ Űɞ 

ˊɟɧɔɟŬɛɛŬ ImageJ2x ɔɘŬ Űɖɜ ŰɞˊɞɗɏŰɖůɖ əɚɑɛŬəŬɠ ůŰɞ ŮůɤŰŮɟɘəɧ Űɞɡɠ. 

 

 

ɳʽˁˈ˄ʰ 70. ɳ˅ˇˉ˂ʽˋ˃ˈˌ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ʴʽʰ ˍʹ˄ ˉʰˊʰˍʺˊʹˋʹ ˍ˖˄ ʵˇˁʽ˃ʾ˖˄Υ ʅˍʶˊʶˇˋˁˈˉʽˇ όaύ ˁʰʽ 
ˇˉˇˍʽˁˈ ˃ʽˁˊˇˋˁˈˉʽˇ όbύ ʴʽʰ ˍʹ˄ ˉʰˊʰˍʺˊʹˋʹ ˍʹˌ ˃ˇˊ˒ˇ˂ˇʴʾʰˌ ˍ˖˄ ˋˎ˄ʻʷˍ˖˄ ˎ˂ʽˁ˗˄Σ ˍʹˌ ʵʽʰˋˉˇˊʱˌ ˍ˖˄ 

ʶʴˁ˂ʶʽˋ˃ʱˍ˖˄ ˁʰʽ ˍʹ˄ ˉˇʽˈˍʹˍʰ ʶ˃ˉˇˍʽˋ˃ˇˏΦ 

 

¶ ɄɞɟɩŭŮɠ 

 

ɀŮ ɢŬɛɖɚɐ Ŭəɧɛɖ ɛŮɔɏɗɡɜůɖ (x5) ŬˊɞəŬɚɨˊŰŮŰŬɘ ɖ ɨˊŬɟɝɖ ˊɞɟɩŭɞɡɠ əŬŰɎ 

Űɖ ŭɘŬŰɞɛɐ Űɞɡ ɡɚɘəɞɨ. ɇɞ ˊɞɟɩŭŮɠ ŬɡŰɧ ɞűŮɑɚŮŰŬɘ Űɧůɞ ůŮ ŮɔəɚŮɑůɛŬŰŬ ŬɏɟŬ ˊɞɡ 

ŮɔəɚɤɓɑůŰɖəŬɜ əŬŰɎ Űɖɜ ŬɜɎŭŮɡůɖ Űɞɡ ɡɚɘəɞɨ Űɖɠ ɛɐŰɟŬɠ ɐ əŬŰɎ Űɖɜ ˊŬɟŬůəŮɡɐ 

Űɞɡ ůɡɜɗɏŰɞɡ ɡɚɘəɞɨ. ȼ ɨˊŬɟɝɖ ˊɞɟɩŭɞɡɠ ɞŭɖɔŮɑ ůŮ ɡˊɞɓɎɗɛɘůɖ Űɖɠ ŬɜŰɞɢɐɠ Űɞɡ 
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ɡɚɘəɞɨ, əŬɗɩɠ ůŮ ŮəŮɑɜŬ ŰŬ ůɖɛŮɑŬ ˊɟɞəŬɚŮɑŰŬɘ ůɡɔəɏɜŰɟɤůɖ ŰɎůŮɤɜ əŬɘ 

ŰŬɡŰɧɢɟɞɜŬ ɛŮɘɩɜŮŰŬɘ ɖ ŮɜŮɟɔɧɠ ŭɘŬŰɞɛɐ Űɞɡ ɡɚɘəɞɨ.  

 

¶ ɆŰɟɩůŮɘɠ ůɡɜɗɏŰɞɡ ɡɚɘəɞɨ 

 

Ⱥˊɑůɖɠ ůŰɘɠ ɛɘəɟɞůəɞˊɘəɏɠ ŬˊŮɘəɞɜɑůŮɘɠ ɢŬɛɖɚɐɠ ɛŮɔɏɗɡɜůɖɠ űŬɑɜŮŰŬɘ ˊɤɠ ɞɘ 

ůŰɟɩůŮɘɠ Űɞɡ ɡűɎůɛŬŰɞɠ Ůɜɑůɢɡůɖɠ ɝŮɢɤɟɑɕɞɡɜ ɛŮŰŬɝɨ Űɞɡɠ Ŭˊɧ Űɞ ŭɘŬűɞɟŮŰɘəɧ 

ŬɜɎɔɚɡűɞ Űɖɠ ŮˊɘűɎɜŮɘɎɠ Űɞɡɠ. Ƀɘ ůŰɟɩůŮɘɠ ɛŮ Űɘɠ ɑɜŮɠ Űɞɡɠ ɜŬ ŭɘɏɟɢɞɜŰŬɘ Ŭˊɧ Űɖɜ 

ŮˊɑˊŮŭɞ Űɤɜ Ůɘəɧɜɤɜ ɓɟɑůəɞɜŰŬɘ ŰɞˊɞɗŮŰɖɛɏɜŮɠ ɛŮ əɎˊɞɘɞ ɔɤɜɑŬ ɤɠ ˊɟɞɠ Űɞ ŮˊɑˊŮŭɞ 

ŬɡŰɧ, Ůɜɩ ɞɘ ůŰɟɩůŮɘɠ ɧˊɞɡ űŬɑɜɞɜŰŬɘ ŮˊɘɛɐəŮɘɠ ˊŬɟɎɚɚɖɚŮɠ ɔɟŬɛɛɏɠ əŬɘ ɏɜŬ 

ɟŬɓŭɤŰɧ ŬɜɎɔɚɡűɞ ɏɢɞɡɜ ŰɞˊɞɗŮŰɖɗŮɑ ˊŬɟɎɚɚɖɚŬ ɛŮ Űɞ ŮˊɑˊŮŭɞ Űɖɠ ŮɘəɧɜŬɠ, Ŭűɞɨ ɞɘ 

ɑɜŮɠ Űɞɡɠ űŬɑɜɞɜŰŬɘ əŬŰɎ ɛɐəɞɠ. 

 

¶ ɉŬɟŬəŰɖɟɘůŰɘəɎ ŬůŰɞɢɑŬɠ 

 

ȰɜŬɠ Ŭˊɧ Űɞɡɠ ůɡɜɐɗɖɠ ɛɖɢŬɜɘůɛɞɨɠ ŬůŰɞɢɑŬɠ ˊɞɚɡůŰɟɤɛŬŰɘəɩɜ ůɡɜɗɏŰɤɜ 

ɡɚɘəɩɜ Ůɜɘůɢɡɛɏɜɤɜ ɛŮ ɑɜŮɠ ŮɑɜŬɘ ɖ Ŭˊɞəɧɚɚɖůɖ ůŰɟɩůɖɠ. ɄɟɧəŮɘŰŬɘ ɔɘŬ Űɞ 

űŬɘɜɧɛŮɜɞ əŬŰɎ Űɞ ɞˊɞɑɞ ŬˊɞəɞɚɚɎŰŬɘ ɏɜŬ ɜɐɛŬ ɘɜɩɜ Ŭˊɧ Űɞ ˊɞɚɡɛŮɟɘəɧ ɡɚɘəɧ Űɖɠ 

ɛɐŰɟŬɠ. ȷˊɧ Űɞ ɞˊŰɘəɧ ɛɘəɟɞůəɧˊɘɞ əŬɘ Űɞ ůŰŮɟŮɞůəɧˊɘɞ ŮɚɐűɗɖůŬɜ ŬˊŮɘəɞɜɑůŮɘɠ 

ŭɘŬŰɞɛɩɜ ŭɞəɘɛɑɤɜ ɛŬəɟɘɎ Ŭˊɧ Űɖ ɕɩɜɖ űɧɟŰɘůɖɠ (ůŮ əɎɛɣɖ) əŬɘ ŬˊŮɘəɞɜɑůŮɘɠ 

Ŭˊɞəɧɚɚɖůɖɠ ůŰɟɩůɖɠ ůŰɖ ɕɩɜɖ űɧɟŰɘůɖɠ Űɞɡ ɡɚɘəɞɨ. ɀŬəɟɘɎ Ŭˊɧ Űɖ ɕɩɜɖ 

űɧɟŰɘůɖɠ ɐ ˊɟɘɜ Űɖɜ əŬŰŬˊɧɜɖůɖ, Űɞ ˊɞɚɡůŰɟɤɛŬŰɘəɧ ůɨɜɗŮŰɞ ŮɛűŬɜɑɕŮɘ ɛɘŬ 

ɞɛɞɘɞɔŮɜɐ ŮɘəɧɜŬ əŬŰɎ Űɖ ŭɘŬŰɞɛɐ Űɞɡ, ɧˊɞɡ ŰŬ ɜɐɛŬŰŬ űŬɑɜɞɜŰŬɘ ɜŬ ŮɑɜŬɘ ˊɚɐɟɤɠ 

ŮɜůɤɛŬŰɤɛɏɜŬ ůŰɖ ɛɐŰɟŬ. ȷɜŰɑɗŮŰŬ, ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ Ŭˊɞəɧɚɚɖůɖɠ ůŰɟɩůɖɠ ɐ 

ɜɐɛŬŰɞɠ, ŮɛűŬɜɑɕŮŰŬɘ ɏɜŬ ɝŮəɎɗŬɟɞ ɧɟɘɞ ůŰɖɜ ˊŮɟɘɞɢɐ ŬɚɚŬɔɐɠ Űɤɜ ůŰɟɩůŮɤɜ ɐ 

ɔɨɟɤ Ŭˊɧ Űɞ ɜɐɛŬ. ɇɏɚɞɠ, Ŭəɞɚɞɡɗɞɨɜ əŬɘ ŮɘəɧɜŮɠ ŭɞəɘɛɑɤɜ əŬŰɧˊɘɜ əŬŰŬˊɧɜɖůɖɠ, 

ɧˊɞɡ ŬˊŮɘəɞɜɑɕŮŰŬɘ ŬˊɞɢɟɤɛŬŰɘůɛɧɠ ŮˊɘűŬɜŮɑŬɠ, ˊŬɟŬɛɧɟűɤůɖ ɔɤɜɘɩɜ ˊɚɏɝɖɠ əŬɘ 

ɗɟŬɨůɖ ɘɜɩɜ. 

 

¶ ɄɞɘɧŰɖŰŬ ŮɛˊɞŰɘůɛɞɨ 

 

Ⱥˊɘˊɚɏɞɜ Űɤɜ ɘŭɘŬɑŰŮɟɤɜ ɛɞɟűɞɚɞɔɘəɩɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ, ɞ ɏɚŮɔɢɞɠ Űɤɜ 

ŭɞəɘɛɑɤɜ ɛŮ ɞˊŰɘəɧ ɛɘəɟɞůəɧˊɘɞ, ŭɑɜŮɘ ɔŮɜɘəɎ əŬɘ ɛɘŬ ŮɘəɧɜŬ ɔɘŬ Űɖɜ ˊɞɘɧŰɖŰŬ 
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ŮɛˊɞŰɘůɛɞɨ Űɞɡ ůɡɜɗɏŰɞɡ ɡɚɘəɞɨ. ɆŰɘɠ ŮɘəɧɜŮɠ ˊɞɡ Ŭəɞɚɞɡɗɞɨɜ, ŮɑɜŬɘ ŮɛűŬɜɏɠ ˊɤɠ 

ŰŬ ůɨɜɗŮŰŬ ɡɚɘəɎ ˊɞɡ ˊŬɟɐɢɗɖůŬɜ ŭɘŬɗɏŰɞɡɜ əŬɚɐ ˊɞɘɧŰɖŰŬ ŮɛˊɞŰɘůɛɞɨ, ɧˊɤɠ 

űŬɑɜŮŰŬɘ Ŭˊɧ Űɞ ɔŮɔɞɜɧɠ ˊɤɠ Űɞ ɡɚɘəɧ Űɖɠ ɛɐŰɟŬɠ ŮɛűŬɜɑɕŮɘ ɛɘŬ ɞɛɞɘɞɔŮɜɐɠ ŮɘəɧɜŬ 

ˊɚɐɟɤůɖɠ Űɧůɞ ɛŮŰŬɝɨ Űɤɜ ůŰɟɩůŮɤɜ Űɤɜ ɡűŬůɛɎŰɤɜ Ůɜɑůɢɡůɖɠ ɧůɞ əŬɘ ɛŮɔɎɚɞ 

ɓɎɗɞɠ ŮɛˊɞŰɘůɛɞɨ ŮɜŰɧɠ Űɤɜ ɜɖɛɎŰɤɜ əŬɘ ŬɜɎɛŮůŬ Ŭˊɧ Űɘɠ ɑɜŮɠ Űɞɡɠ. 

 

¶ ȹɘŬůˊɞɟɎ ɜŬɜɞŮɔəɚŮɘůɛɎŰɤɜ 

 

ɄɏɟŬ Ŭˊɧ Űɖɜ ˊɞɘɧŰɖŰŬ əŬɘ Űɞ ɓɎɗɞɠ ŮɛˊɞŰɘůɛɞɨ, Ɏɚɚɖ ɛɘŬ ɘŭɘŬɑŰŮɟɖ 

ˊŬɟɎɛŮŰɟɞɠ ůŰŬ ůɨɜɗŮŰŬ ɡɚɘəɎ ɛŮ ŮɔəɚŮɑůɛŬŰŬ ŬűɞɟɎ Űɖ ŭɘŬůˊɞɟɎ Űɤɜ 

ŮɔəɚŮɘůɛɎŰɤɜ, əŬɗɩɠ əŬɘ Űɖɜ ŰɎůɖ Űɞɡɠ, ŮɘŭɘəɎ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ, ɜŬ 

ŭɖɛɘɞɡɟɔɞɨɜ ůɡůůɤɛŬŰɩɛŬŰŬ ɛɏůŬ ůŰɞ ɡɚɘəɧ Űɖɠ ɛɐŰɟŬɠ. ɄŬɟŬəɎŰɤ ŰɞɜɑɕɞɜŰŬɘ ŰŬ 

ŮɔəɚŮɑůɛŬŰŬ, əŬɗɩɠ əŬɘ ɖ ɗɏůɖ Űɞɡɠ ŮɑŰŮ ůŰɞ ˊŮɟɘɓɎɚɚɞɜ Űɖɠ ɛɐŰɟŬɠ ŮɑŰŮ ŮɜŰɧɠ Űɤɜ 

ɜɖɛɎŰɤɜ. 

 

¶ ɆɡůůɤɛŬŰɩɛŬŰŬ ɔɟŬűŮɜɑɞɡ (aggregates) 

 

ɇɏɚɞɠ, ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŭɨɞ ɢŬɟŬəŰɖɟɘůŰɘəɏɠ ɧɣŮɘɠ ůɡůůɤɛŬŰɤɛɎŰɤɜ 

ɔɟŬűŮɜɑɞɡ ŮɜŰɧɠ Űɞɡ ɡɚɘəɞɨ Űɖɠ ɛɐŰɟŬɠ. ȷɝɑɕŮɘ ɜŬ ŬɜŬűŮɟɗŮɑ, ˊɤɠ ɖ ŭɖɛɘɞɡɟɔɑŬ 

ůɡůůɤɛŬŰɤɛɎŰɤɜ ŮɑɜŬɘ ŮɚɎŰŰɤɛŬ, əŬɗɩɠ ŭŮɜ ɔɑɜŮŰŬɘ ˊɚɐɟɖ ŮəɛŮŰɎɚɚŮɡůɖ Űɖɠ 

ɛŮɔɎɚɖɠ ŮˊɘűɎɜŮɘŬɠ Űɤɜ ɜŬɜɞŮɔəɚŮɘůɛɎŰɤɜ (GNPs) əŬɘ ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ ůɖɛŮɑŬ 

ůɡɔəɏɜŰɟɤůɖɠ ŰɎůŮɤɜ. ɄŬɟŬəɎŰɤ Ŭəɞɚɞɡɗɞɨɜ ɞɘ ŮɘəɧɜŮɠ ˊɞɡ ˊŮɟɘɔɟɎűɖəŬɜ 

ˊŬɟŬˊɎɜɤ. 
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ɳʽˁˈ˄ʰ 71Φ ɯˉˇ˕ʹ ʰˉˈ ˇˉˍʽˁˈ ˃ʽˁˊˇˋˁˈˉʽˇ ό˃ʶʴʷʻˎ˄ˋʹ xрύ ˋˎ˄ʻʷˍˇˎ ˎ˂ʽˁˇˏ ˔˖ˊʾˌ ˄ʰ˄ˇˉˊˇˋʻʺˁʶˌ ˃ʶ 
ʶ˄ʾˋ˔ˎˋʹ Twill 2x2 [45/0/0/ -45]. ʃˇˊ˗ʵʶˌ ˋˍʹ ˃ʺˍˊʰ ˍˇˎ ˎ˂ʽˁˇˏ ˁʰʽ ˇˊʰˍʷˌ ˋˍˊ˗ˋʶʽˌ ˎ˒ʰˋ˃ʱˍ˖˄Φ 

 

 

 

 

ɳʽˁˈ˄ʰ 72Φ ɯˉˇ˕ʹ ʰˉˈ ˇˉˍʽˁˈ ˃ʽˁˊˇˋˁˈˉʽˇ ό˃ʶʴʷʻˎ˄ˋʹ Ȅрύ ˋˎ˄ʻʷˍˇˎ ˎ˂ʽˁˇˏ ˃ʶ ʶ˄ʾˋ˔ˎˋʹ ¢ǿƛƭƭ нȄн ώпрκлκлκ-
45] ˁ ʰʽ н҈ w.t. GNPs. ʃˇˊ˗ʵʶˌ ˋˍˇ ˋˏ˄ʻʶˍˇ ˎ˂ʽˁˈΦ 

 

 

 

ʃˇˊ˗ʵʶˌ 

ʃˇˊ˗ʵʶˌ 
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ɳʽˁˈ˄ʰ 73. ɯˉˇ˕ʹ ʰˉˈ ˇˉˍʽˁˈ ˃ʽˁˊˇˋˁˈˉʽˇ ό˃ʶʴʷʻˎ˄ˋʹ Ȅм00ύ ˋˎ˄ʻʷˍˇˎ ˎ˂ʽˁˇˏ ˃ʶ ˃ˇ˄ˇʵʽʶˎʻˎ˄ˍʽˁʺ ʶ˄ʾˋ˔ˎˋʹ  
ώлκфлκлκфлϐ ˁʰʽ м҈ ǿΦǘΦ DbtǎΦ ʁˊʰˍˈ ˉˇˊ˗ʵʶˌ όˁʰˍʱ ˃ʺˁˇˌ ˍˇ˃ʺύ. 

 

 

 

 

ɳʽˁˈ˄ʰ 74Φ ɯˉˇ˕ʹ ʰˉˈ ˇˉˍʽˁˈ ˃ʽˁˊˇˋˁˈˉʽˇ ό˃ʶʴʷʻˎ˄ˋʹ x5) ʁ ʴˁʱˊˋʽʰˌ ʵʽʰˍˇ˃ʺˌ ˋˎ˄ʻʷˍˇˎ ˎ˂ʽˁˇˏ ˃ʶ ʶ˄ʾˋ˔ˎˋʹ 
Twill 2x2 [45/0/0/ -прϐ ˁʰʽ н҈ w.t. GNPs. 

 

 

ʅˍˊ˗ˋʹ ˃ʶ ˉˊˇˋʰ˄ʰˍˇ˂ʽˋ˃ˈ 

ʽ˄˗˄ ˉʰˊʱ˂˂ʹ˂ʰ ˃ʶ ˍˇ 

ʶˉʾˉʶʵˇ ˍʹˌ ʶʽˁˈ˄ʰˌΦ 

ʃˇˊ˗ʵʶˌ ˁʰˍʱ ˃ʺˁˇˌ 
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ɳʽˁˈ˄ʰ 75Φ ɯˉˇ˕ʹ ʰˉˈ ˇˉˍʽˁˈ ˃ʽˁˊˇˋˁˈˉʽˇ ό˃ʶʴʷʻˎ˄ˋʹ Ȅмлύ ˋˎ˄ʻʷˍˇˎ ˎ˂ʽˁˇˏ ˃ʶ ʶ˄ʾˋ˔ˎˋʹ ¢ǿƛƭƭ нȄн ώпрκлκлκ-
прϐ ˁʰʽ н҈ ǿΦǘΦ DbtǎΦ 

 

 

 

 

 

ɳʽˁˈ˄ʰ 76. ɯˉˇ˕ʹ ʰˉˈ ˇˉˍʽˁˈ ˃ʽˁˊˇˋˁˈˉʽˇ ό˃ʶʴʷʻˎ˄ˋʹ x2лύ ˋˎ˄ʻʷˍˇˎ ˎ˂ʽˁˇˏ ˃ʶ ˃ˇ˄ˇʵʽʶˎʻˎ˄ˍʽˁʺ ʶ˄ʾˋ˔ˎˋʹ  
ώлκфлκлκфлϐ ˁʰʽ м҈ ǿΦǘΦ DbPs. 

 

 

ʅˍˊ˗ˋʹ ˃ʶ ˉˊˇˋʰ˄ʰˍˇ˂ʽˋ˃ˈ ʽ˄˗˄ 

ˎˉˈ ʴ˖˄ʾʰ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍˇ ʶˉʾˉʶʵˇ 

ˍʹˌ ʶʽˁˈ˄ʰˌΦ 

ʅˍˊ˗ˋʹ ˃ʶ ˉˊˇˋʰ˄ʰˍˇ˂ʽˋ˃ˈ ʽ˄˗˄ 

ˎˉˈ ʴ˖˄ʾʰ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍˇ ʶˉʾˉʶʵˇ 

ˍʹˌ ʶʽˁˈ˄ʰˌΦ 

ɲʽʰˋˍˊ˖˃ʰˍʽˁʺ ˉʶˊʽˇ˔ʺ 

ʅˍˊ˗ˋʹ ˃ʶ ˉˊˇˋʰ˄ʰˍˇ˂ʽˋ˃ˈ ʽ˄˗˄ ˉʰˊʱ˂˂ʹ˂ˇ 

ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍˇ ʶˉʾˉʶʵˇ ˍʹˌ ʶʽˁˈ˄ʰˌΦ 
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ɳʽˁˈ˄ʰ 77Φ ɯˉˇ˕ʹ ʰˉˈ ˇˉˍʽˁˈ ˃ʽˁˊˇˋˁˈˉʽˇ ό˃ʶʴʷʻˎ˄ˋʹ Ȅрύ ˋˎ˄ʻʷˍˇˎ ˎ˂ʽˁˇˏ ˃ʶ ˃ˇ˄ˇʵʽʶˎʻˎ˄ˍʽˁʺ ʶ˄ʾˋ˔ˎˋʹ  
ώлκфлκлκфлϐ ˁʰʽ м҈ ǿΦǘΦ Dbtǎ ˉˇˎ ʵʶ˄ ʷ˔ʶʽ ˁʰˍʰˉˇ˄ʹʻʶʾΦ 

 

 

 

 

ɳʽˁˈ˄ʰ 78Φ ɯˉˇ˕ʹ ʰˉˈ ˇˉˍʽˁˈ ˃ʽˁˊˇˋˁˈˉʽˇ ό˃ʶʴʷʻˎ˄ˋʹ Ȅрύ ˋˎ˄ʻʷˍˇˎ ˎ˂ʽˁˇˏ ˃ʶ ˃ˇ˄ˇʵʽʶˎʻˎ˄ˍʽˁʺ ʶ˄ʾˋ˔ˎˋʹ  
ώлκфлκлκфлϐ ˁʰʽ м҈ ǿΦǘΦ Dbtǎ ˉˇˎ ʵʶ˄ ʷ˔ʶʽ ˁʰˍʰˉˇ˄ʹʻʶʾΦ 

 

 

ʃˊʽ˄ ˍʹ˄ ˁʰˍʰˉˈ˄ʹˋʹ: 

ʁ˃ˇʽˇʴʶ˄ʺˌ ʶʽˁˈ˄ʰ ˁʰˍʱ 

ˏ˕ˇˌ ˍʹˌ ʵʽʰˍˇ˃ʺˌ ˃ʶ ˃ʹ 

ʶˎʵʽʱˁˊʽˍʰ ˈˊʽʰ ˃ʶˍʰ˅ˏ 

ˍ˖˄ ˄ʹ˃ʱˍ˖˄ ˁʰʽ ˍʹˌ 

˃ʺˍˊʰˌΦ 

ʃˊʽ˄ ˍʹ˄ ˁʰˍʰˉˈ˄ʹˋʹ: 

ʁ˃ˇʽˇʴʶ˄ʺˌ ʶʽˁˈ˄ʰ ˁʰˍʱ 

ˏ˕ˇˌ ˍʹˌ ʵʽʰˍˇ˃ʺˌ ˃ʶ ˃ʹ 

ʶˎʵʽʱˁˊʽˍʰ ˈˊʽʰ ˃ʶˍʰ˅ˏ 

ˍ˖˄ ˄ʹ˃ʱˍ˖˄ ˁʰʽ ˍʹˌ 

˃ʺˍˊʰˌΦ 
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ɳʽˁˈ˄ʰ 79Φ ɯˉˇ˕ʹ ʰˉˈ ˇˉˍʽˁˈ ˃ʽˁˊˇˋˁˈˉʽˇ ό˃ʶʴʷʻˎ˄ˋʹ Ȅрύ ˋˎ˄ʻʷˍˇˎ ˎ˂ʽˁˇˏ ˃ʶ ˃ˇ˄ˇʵʽʶˎʻˎ˄ˍʽˁʺ ʶ˄ʾˋ˔ˎˋʹ  
ώлκфлκлκфлϐ ˁʰʽ м҈ ǿΦǘΦ Dbtǎ ˁʰˍˈˉʽ˄ ˁʰ˃ˉˍʽˁʺˌ ˁʰˍʰˉˈ˄ʹˋʹˌΦ 

 

 

 

 

ɳʽˁˈ˄ʰ 80Φ ɯˉˇ˕ʹ ʰˉˈ ˇˉˍʽˁˈ ˃ʽˁˊˇˋˁˈˉʽˇ ό˃ʶʴʷʻˎ˄ˋʹ Ȅмлύ ˋˎ˄ʻʷˍˇˎ ˎ˂ʽˁˇˏ ˃ʶ ˃ˇ˄ˇʵʽʶˎʻˎ˄ˍʽˁʺ ʶ˄ʾˋ˔ˎˋʹ  
ώлκфлκлκфлϐ ˁʰʽ м҈ ǿΦǘΦ Dbtǎ ˉˇˎ ʵʶ˄ ʷ˔ʶʽ ˁʰˍʰˉˇ˄ʹʻʶʾΦ 

 

ɾʶˍʱ ˍʹ˄ ˁʰˍʰˉˈ˄ʹˋʹ: 

ɵ˗˄ʶˌ ʰˉˇˁˈ˂˂ʹˋʹˌ 

ˋˍˊ˗ˋʹˌΦ 

ʃˊʽ˄ ˍʹ˄ ˁʰˍʰˉˈ˄ʹˋʹ: 

ʁ˃ˇʽˇʴʶ˄ʺˌ ʶʽˁˈ˄ʰ ˁʰˍʱ 

ˏ˕ˇˌ ˍʹˌ ʵʽʰˍˇ˃ʺˌ ˃ʶ ˃ʹ 

ʶˎʵʽʱˁˊʽˍʰ ˈˊʽʰ ˃ʶˍʰ˅ˏ 

ˍ˖˄ ˄ʹ˃ʱˍ˖˄ ˁʰʽ ˍʹˌ 

˃ʺˍˊʰˌΦ 




























