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ȺɡɢŬɟɘůŰɑŮɠ 

ŪŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ ɘŭɘŬɘŰɏɟɤɠ Űɞɜ ȾŬɗɖɔɖŰɐ ɛɞɡ ə. ɁɘəɧɚŬɞ ɇůɞɨɓŬɚɖ, ɞ ɞˊɞɑɞɠ 

ɛɞɡ ɏŭɤůŮ Űɖɜ ŮɡəŬɘɟɑŬ ɜŬ Ŭůɢɞɚɖɗɩ ɛŮ Űɞ ŰɞɛɏŬ Űɤɜ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ, ɛŮ əŬɗɞŭɐɔɖůŮ əŬɘ 

ɛŮ ůɡɛɓɞɨɚŮɣŮ ɞˊɞɘŬŭɐˊɞŰŮ ůŰɘɔɛɐ Űɞɜ ɢɟŮɘɎůŰɖəŬ, ŮɜŮɟɔɩɜŰŬɠ ɧɢɘ ɛɧɜɞ ɤɠ əŬɗɖɔɖŰɐɠ ŬɚɚɎ 

əŬɘ ɤɠ Ɏɜɗɟɤˊɞɠ. 

ȷˊŮɡɗɨɜɤ Ůˊɑůɖɠ ŮɡɢŬɟɘůŰɑŮɠ ůŰɞɜ ɡˊɞɣɐűɘɞ ŭɘŭɎəŰɞɟŬ ȷůŰɟɘɜɧ ɄŬˊŬŭɎəɖ ˊɞɡ ɏɗŮůŮ ŰŬ 

ɗŮɛɏɚɘŬ ɔɘŬ Űɖɜ ŮɟɔŬůɑŬ ŬɡŰɐ əŬɗɩɠ ɔɘŬ Űɖɜ ˊɞɚɨŰɘɛɖ ůɡɛɓɞɚɐ Űɞɡ. Ⱥ́ ɑůɖɠ ˊɞɚɨŰɘɛɖ ɐŰŬɜ ɖ 

əŬɗɞŭɐɔɖůɖ Ŭˊɧ Űɖɜ əŬ. ŪŮɞŭɩɟŬ ɇůɘɞɨɟɓŬ ůŰɞ ŰɞɛɏŬ Űɖɠ ŭɘŮɟŮɨɜɖůɖɠ Űɤɜ űɡůɘəɩɜ 

ɘŭɘɞŰɐŰɤɜ Űɤɜ ɡɚɘəɩɜ əŬɘ ɔɘô ŬɡŰɧ Űɖɜ ŮɡɢŬɟɘůŰɩ ɘŭɘŬɘŰɏɟɤɠ. ȺɡɢŬɟɘůŰɩ Ůˊɑůɖɠ ɗŮɟɛɎ Űɞɡɠ ə. 

ŪŬɜɎůɖ ɀŬɟəɞɡɚɐ əŬɘ ɉɎɟɖ ɂɎɜɗɖ ɔɘŬ Űɖɜ ŬɛɏɟɘůŰɖ ɓɞɐɗŮɘŬ Űɞɡɠ əŬŰɎ Űɖ ŭɘŮɝŬɔɤɔɐ Űɤɜ 

ˊŮɘɟŬɛŬŰɘəɩɜ ŭɞəɘɛɩɜ, ŬɚɚɎ ɔɘŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ Ůɜɧɠ ŮɡɢɎɟɘůŰɞɡ ŮɟɔŬůɘŬəɞɨ ˊŮɟɘɓɎɚɚɞɜŰɞɠ. 

ȷəɧɛŬ ŮɡɢŬɟɘůŰɩ Űɖɜ ŮŰŬɘɟɑŬ B&T Composites ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ əŬɘ ůɡɜŮɘůűɞɟɎ Űɤɜ 

ˊŮɘɟŬɛŬŰɘəɩɜ ŭɞəɘɛɑɤɜ. 

ɇɏɚɞɠ ɗɏɚɤ ɜŬ ŮɡɢŬɟɘůŰɐůɤ ɓŬɗɨŰŬŰŬ Űɖɜ ɞɘəɞɔɏɜŮɘŬ ɛɞɡ əŬɗɩɠ əŬɘ ɧɚɞɡɠ Űɞɡɠ Ŭɜɗɟɩˊɞɡɠ 

ˊɞɡ ɓɟɑůəɞɜŰŬɘ ŭɑˊɚŬ ɛɞɡ əŬɘ ɛŮ ůŰɖɟɑɕɞɡɜ ůŮ əɎɗŮ ɛɞɡ ɓɐɛŬ. 
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ɄȺɅȽȿȼɊȼ 

Ɇəɞˊɧɠ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘˊɚɤɛŬŰɘəɐɠ ŮɟɔŬůɑŬɠ ŮɑɜŬɘ ɖ ɛŮɚɏŰɖ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ ˊɞɡ Ůˊɘŭɟɞɨɜ 

ůŰɘɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ, əŬŰŬůəŮɡŬůɛɏɜɤɜ Ŭˊɧ ˊŮɟɘɏɚɘɝɖ ɘɜɩɜ. ɇŬ 

ŭɞəɑɛɘŬ ŰŬ ɞˊɞɑŬ ŮɝŮŰɎɕɞɜŰŬɘ ŮɑɜŬɘ əɡɟɑɤɠ ŭŬəŰɡɚɘɞŮɘŭɐ ŰŬ ɞˊɞɑŬ ˊɟɞɏɟɢɞɜŰŬɘ Ŭˊɧ əɡɚɑɜŭɟɞɡɠ 

ɛŮ ŭɘŬűɞɟŮŰɘəɏɠ əŬŰŬůəŮɡŬůŰɘəɏɠ ˊŬɟŬɛɏŰɟɞɡɠ ɧˊɤɠ ŮɑɜŬɘ ɞ Űɨˊɞɠ Űɤɜ ɘɜɩɜ Ůɜɑůɢɡůɖɠ, ŰŬ 

ɔŮɤɛŮŰɟɘəɎ ůŰɞɘɢŮɑŬ, ɖ ɔɤɜɑŬ əŬɘ ɖ ŭɨɜŬɛɖ ˊŮɟɘɏɚɘɝɖɠ Űɤɜ ɘɜɩɜ əŬɗɩɠ əŬɘ ɞɘ 

ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜŮɠ ŭɏůɛŮɠ Űɨɚɘɝɖɠ (tows).  

ȷɟɢɘəɎ, ŮɝŮŰɎɕɞɜŰŬɘ ɞɘ űɡůɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ŭɞəɘɛɑɤɜ əŬɘ ŮɘŭɘəɧŰŮɟŬ ɖ ˊɡəɜɧŰɖŰŬ əŬɘ ɖ 

ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɑɜŮɠ. ũɘŬ Űɖ ɛɏŰɟɖůɖ Űɖɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ůŮ ŮɜɘůɢɡŰɘəɏɠ ɑɜŮɠ ŮˊɘɢŮɘɟŮɑŰŬɘ 

ɛɘŬ ɜɏŬ ɛɏɗɞŭɞɠ ɛŮ ŬɜɎɚɡůɖ ŮɘəɧɜŬɠ Ŭˊɧ Űɞ ɞˊŰɘəɧ ɛɘəɟɞůəɧˊɘɞ. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ 

ˊŬɟŬˊɎɜɤ ɛŮɗɧŭɞɡ ůɡɔəɟɑɜɞɜŰŬɘ ɛŮ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ůɡɛɓŬŰɘəɩɜ ɛŮɗɧŭɤɜ ˊɞɡ ɞɟɑɕŮɘ Űɞ 

ˊɟɧŰɡˊɞ ASTM D3171. ɆŰɖ ůɡɜɏɢŮɘŬ ŮəŰŮɚɞɨɜŰŬɘ ŭɞəɘɛɏɠ ŮűŮɚəɡůɛɞɨ ůŮ ŭŬəŰɡɚɘɞŮɘŭɐ 

ŭɞəɑɛɘŬ ŭɘŬűɧɟɤɜ əŬŰŬůəŮɡŬůŰɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ ɛŮ ůəɞˊɧ Űɖɜ ŮɨɟŮůɖ Űɞɡ ɛɏŰɟɞɡ 

ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ Űɖɠ ŰɎůɖɠ ɗɟŬɨůɖɠ. ȼ ɛɏɗɞŭɞɠ ɖ ɞˊɞɑŬ ŬəɞɚɞɡɗŮɑŰŬɘ ɔɘŬ Űɞɜ ˊŬɟŬˊɎɜɤ 

ůəɞˊɧ ŬűɞɟɎ ɛɑŬ ŮɚŬűɟɩɠ ɓŮɚŰɘůŰɞˊɞɘɖɛɏɜɖ ŭɞəɘɛɐ ŭɘŬɘɟɞɨɛŮɜɞɡ ŭɑůəɞɡ ASTM D2290. ɇŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ ůɡɔəɟɑɜɞɜŰŬɘ ɛŮŰŬɝɨ Űɞɡɠ ɛŮ ůəɞˊɧ ɜŬ Ŭɝɘɞɚɞɔɖɗɞɨɜ ɞɘ ˊŬɟɎɔɞɜŰŮɠ ˊɞɡ 

űŬɑɜŮŰŬɘ ɜŬ Ůˊɘŭɟɞɨɜ ůŰɘɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ. 

Ⱥˊɘˊɚɏɞɜ, ůŮ ɛɑŬ Ɏɚɚɖ ůŮɘɟɎ ŭŬəŰɡɚɘɞŮɘŭɩɜ ŬɚɚɎ əŬɘ ŮɡɗɨɔɟŬɛɛɤɜ ŭɞəɘɛɑɤɜ 

ˊɟɞŮɟɢɧɛŮɜɤɜ Ŭˊɧ əɡɚɑɜŭɟɞɡɠ ŭɘŬűɞɟŮŰɘəɩɜ əŬŰŬůəŮɡŬůŰɘəɩɜ ůŰɞɘɢŮɑɤɜ, ŮɝŮŰɎɕŮŰŬɘ ɖ 

ŮˊɑŭɟŬůɖ Űɞɡ ɗŬɚɎůůɘɞɡ ˊŮɟɘɓɎɚɚɞɜŰɞɠ ůŰɘɠ ɛɖɢŬɜɘəɏɠ Űɞɡɠ ɘŭɘɧŰɖŰŮɠ. ȷˊɧ ŰɏůůŮɟɘɠ ɞɛɎŭŮɠ 

ɧɛɞɘɤɜ ŭɞəɘɛɑɤɜ ɞɘ ŰɟŮɑɠ ˊɞɜŰɑůŰɖəŬɜ əŬɘ ˊŬɟɏɛŮɘɜŬɜ ůŰɖ ɗɎɚŬůůŬ ɔɘŬ ŭɘŬűɞɟŮŰɘəɎ ɢɟɞɜɘəɎ 

ŭɘŬůŰɐɛŬŰŬ. ȾɎɗŮ ŭɏəŬ ɛɐɜŮɠ ˊɟŬɔɛŬŰɞˊɞɘɞɨŰŬɜ Ŭɜɏɚəɡůɖ ŭɘŬŭɞɢɘəɩɜ ɞɛɎŭɤɜ ɛŮ ůəɞˊɧ Űɖ 

ɛŮɚɏŰɖ Űɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ ŭɘɎŰɛɖůɖɠ ŬɚɚɎ əŬɘ Űɤɜ ŰɎůŮɤɜ ɗɟŬɨůɖɠ ůŮ ŮűŮɚəɡůɛɧ 

əŬɘ ŭɘɎŰɛɖůɖ. ȼ ŰɏŰŬɟŰɖ ɞɛɎŭŬ ŭɞəɘɛɑɤɜ, ɏˊŮɘŰŬ Ŭˊɧ ŰɟɘɎɜŰŬ ŭɨɞ ɛɐɜŮɠ ůŰɞ ɜŮɟɧ, 

ŭɞəɘɛɎůŰɖəŮ ůŮ ŮűŮɚəɡůɛɧ ůɨɛűɤɜŬ ɛŮ Űɘɠ ɛŮɗɧŭɞɡɠ ASTM D2290 əŬɘ ASTM D3039. ɇŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ Ŭˊɧ ɧɚŮɠ Űɘɠ ɞɛɎŭŮɠ Ŭɜɏɚəɡůɖɠ ɡˊɧəŮɘɜŰŬɘ ůŮ ůŰŬŰɘůŰɘəɐ ŬɜɎɚɡůɖ ANOVA ɛŮ 

ůəɞˊɧ Űɖ ɛŮɚɏŰɖ Űɖɠ ŮˊɑŭɟŬůɖɠ Űɞɡ ɗŬɚɎůůɘɞɡ ˊŮɟɘɓɎɚɚɞɜŰɞɠ ůŰɘɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ. 
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ABSTRACT 

 

The aim of the present diploma thesis is the study of the parameters that affect the mechanical 

properties of composite materials, constructed with the method of filament winding. The 

examined specimens are mostly ring shaped, coming from cylinders with different construction 

parameters such as the type of the fibers, the geometric characteristics, the angle and the 

tensioning force of the winding as well as the tows. 

Firstly, are examined the natural properties of the specimens and more specifically the 

density and the fiber fraction. In order to measure the fiber mass fraction, is used the method 

image analysis with pictures acquired from the optical microscope. The results of the method 

above are compared with the results of the methods described in the conventional standard 

ASTM D3171. Following, the ring specimens with different manufacturing parameters, are 

loaded in tension in order to evaluate the Youngôs modulus and the maximum hoop strength. 

For the implementation of the tests is used a slightly modified and improved version of the 

split-disk test method (ASTM D2290). The results are compared in order to evaluate the 

parameters that seem to affect the mechanical properties. 

Moreover, another series of ring and long specimens, coming from cylinders with different 

manufacturing parameters, are tested in order to evaluate the effect of deep-sea environment in 

the mechanical properties. For this purpose, several batches of composite filament wound 

specimens were exposed to deep sea conditions for several periods of time. After completing 

the predetermined period of exposure, each batch was lifted and the mechanical properties of 

the specimens were measured via proper mechanical tests. In this study, the last batch that was 

lifted is tested according to the standards ASTM D2290 and ASTM D3039 in order to measure 

the Youngôs modulus, the strength in the fiber direction and perpendicular to it and shear 

properties. Finally, comparison between the results of a dry reference batch and the immersed 

specimens is made, using the ANOVA statistical analysis, in order to investigate possible 

differences in material degradation. 
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1. ȺȽɆȷũɋũȼ Ɇɇȷ ɆɈɁŪȺɇȷ ɈȿȽȾȷ ȾȷȽ ȺūȷɅɀɃũȺɆ 

 

1.1. Ƀɟɘůɛɧɠ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ 

ũɘŬ ɏɜŬ ůɨůŰɖɛŬ ɞ ɧɟɞɠ çůɨɜɗŮŰɞè ůɖɛŬɑɜŮɘ ɧŰɘ ŬɡŰɧ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŭɨɞ ɐ ˊŮɟɘůůɧŰŮɟŬ 

ŭɘŬəɟɘŰɎ ɛɏɟɖ. ȷˊɧ ɔŮɜɘəɐ Ɏˊɞɣɖ, ɚɞɘˊɧɜ, ɏɜŬ ɡɚɘəɧ ŬˊɞŰŮɚɞɨɛŮɜɞ Ŭˊɧ ŭɨɞ ɐ ˊŮɟɘůůɧŰŮɟŬ 

ŭɘŬűɞɟŮŰɘəɎ ɡɚɘəɎ ɐ űɎůŮɘɠ, ɛˊɞɟŮɑ ɜŬ ɢŬɟŬəŰɖɟɘůŰŮɑ ɤɠ ůɨɜɗŮŰɞ ɡɚɘəɧ (composite material). 

ȺɘŭɘəɧŰŮɟŬ, ůŰɖɜ ŮˊɘůŰɐɛɖ Űɤɜ ɡɚɘəɩɜ, ɤɠ ůɨɜɗŮŰɞ ɢŬɟŬəŰɖɟɑɕŮŰŬɘ ɏɜŬ ɡɚɘəɧ Űɞɡ ɞˊɞɑɞɡ ŰŬ 

ůɡɜɘůŰɩɜŰŬ ůŰɞɘɢŮɑŬ ɏɢɞɡɜ ŬɘůɗɖŰɎ ŭɘŬűɞɟŮŰɘəɏɠ űɡůɘəɏɠ əŬɘ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ ɛŮ 

ŬˊɞŰɏɚŮůɛŬ əŬɘ Űɞ ˊŬɟɎɔɤɔɞ ɡɚɘəɧ ɜŬ ɏɢŮɘ ůɖɛŬɜŰɘəɎ ŭɘŬűɞɟŮŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ Ŭˊɧ ŬɡŰɏɠ Űɤɜ 

Ůˊɘɛɏɟɞɡɠ ůŰɞɘɢŮɑɤɜ Űɞɡ. ɇŬ Ůˊɘɛɏɟɞɡɠ ůŰɞɘɢŮɑŬ ˊŬɟŬɛɏɜɞɡɜ ŭɘŬɢɤɟɘůɛɏɜŬ ŮɜŰɧɠ Űɞɡ 

ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ, ŭɘŬűɞɟɞˊɞɘɩɜŰŬɠ Űɞ ɏŰůɘ Ŭˊɧ ɛŮɑɔɛŬŰŬ əŬɘ ůŰŮɟŮɎ ŭɘŬɚɨɛŬŰŬ. ũɘŬ ɜŬ 

əŬŰŬŰŬɢɗŮɑ ɏɜŬ ɡɚɘəɧ ůŰɖɜ əŬŰɖɔɞɟɑŬ Űɤɜ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ ɗŬ ˊɟɏˊŮɘ ɞɘ ɘŭɘɧŰɖŰŮɠ Űɞɡ Ůɜɧɠ 

Ŭˊɧ ŰŬ ɛɏɟɖ Űɞɡ ɜŬ ŮɑɜŬɘ ůɖɛŬɜŰɘəɎ ɛŮɔŬɚɨŰŮɟŮɠ Ŭˊɧ Űɤɜ ɡˊɞɚɞɑˊɤɜ (Ó5 űɞɟɏɠ) əŬɘ ɖ əŬŰô 

ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ɧɚɤɜ Űɤɜ ɛŮɟɩɜ ɜŬ ɛɖɜ ŮɑɜŬɘ ˊɞɚɨ ɛɘəɟɐ (>10%). (ɇůɞɨɓŬɚɖɠ, 1998). 

ũɘŬ Űɞɡɠ Agarwal & Broutman (1990) ɤɠ ůɨɜɗŮŰŬ ɡɚɘəɎ ɞɟɑɕɞɜŰŬɘ çŰŬ ɡɚɘəɎ ŰŬ ɞˊɞɑŬ 

ɛŬəɟɞůəɞˊɘəɎ ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ ŭɨɞ ɐ ˊŮɟɘůůɧŰŮɟŬ ɢɖɛɘəɎ ŮɡŭɘɎəɟɘŰŬ ůɡůŰŬŰɘəɎ ɛɏɟɖ ˊɞɡ 

ɏɢɞɡɜ ɛɑŬ ůɡɔəŮəɟɘɛɏɜɖ ŭɘŬɢɤɟɘůŰɘəɐ ŮˊɘűɎɜŮɘŬ ɛŮŰŬɝɨ Űɞɡɠ.è 

ɇɞ ɏɜŬ Ŭˊɧ ŰŬ ůɡůŰŬŰɘəɎ ɛɏɟɖ, ɢŬɟŬəŰɖɟɑɕŮŰŬɘ ɤɠ ůɡůŰŬŰɘəɧ Ůɜɑůɢɡůɖɠ əŬɘ ˊɟɞůŭɑŭŮɘ ůŰɞ 

ůɨɜɗŮŰɞ ɓŮɚŰɘɤɛɏɜŮɠ ɛɖɢŬɜɘəɏɠ, əɡɟɑɤɠ, ɘŭɘɧŰɖŰŮɠ. ɇɞ ŭŮɨŰŮɟɞ ůɡůŰŬŰɘəɧ əŬɚŮɑŰŬɘ ɛɐŰɟŬ, 

ŮɑɜŬɘ ůɡɜɐɗɤɠ ɢŬɛɖɚɐɠ ˊɡəɜɧŰɖŰŬɠ əŬɘ ɖ ůɡɛɛŮŰɞɢɐ Űɞɡ ůŰɞ ůɨɜɗŮŰɞ ŮɝŬůűŬɚɑɕŮɘ Űɖ ɛɏɔɘůŰɖ 

ŭɡɜŬŰɐ ŮəɛŮŰɎɚɚŮɡůɖ Űɤɜ ɘŭɘɞŰɐŰɤɜ Űɖɠ Ůɜɑůɢɡůɖɠ. ɆŰɞ ůɢɐɛŬ 1.1 ˊŬɟɞɡůɘɎɕŮŰŬɘ ɞ 

ůɡɜŭɡŬůɛɧɠ ŬɜɎ ŭɨɞ Űɤɜ ɓŬůɘəɩɜ ɞɘəɞɔŮɜŮɘɩɜ ɡɚɘəɩɜ (ɛŮŰŬɚɚɘəɎ, ˊɞɚɡɛŮɟɐ əŬɘ əŮɟŬɛɘəɎ 

ɡɚɘəɎ) əŬɘ ɞɘ ɞɛɎŭŮɠ ůɡɜɗɏŰɤɜ ˊɞɡ ˊɟɞəɨˊŰɞɡɜ. 

 

 ɆɢɐɛŬ 1.1 ȾŬŰɖɔɞɟɑŮɠ ɆɨɜɗŮŰɤɜ Ɉɚɘəɩɜ 
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1.2. ȸŬůɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ 

ɇŬ ůɨɜɗŮŰŬ ɡɚɘəɎ ɢɤɟɑɕɞɜŰŬɘ ůŮ ŰɟŮɘɠ ɓŬůɘəɏɠ əŬŰɖɔɞɟɑŮɠ ŬɜɎɚɞɔŬ ɛŮ Űɖ ɛɞɟűɐ Űɞɡɠ, ůŮ 

ůɨɜɗŮŰŬ ɡɚɘəɎ ůɤɛŬŰɘŭɑɤɜ (particulate composite materials), ůŮ ˊɞɚɨůŰɟɤŰŬ ůɨɜɗŮŰŬ ɡɚɘəɎ 

(laminated composite materials) əŬɘ ůŮ ɘɜɩŭɖ ůɨɜɗŮŰŬ ɡɚɘəɎ (fibrous composite materials, fiber 

reinforced plastics, FRP). ɆɢɖɛŬŰɘəɐ ŬɜŬˊŬɟɎůŰŬůɖ Űɤɜ Űɟɘɩɜ Ůɘŭɩɜ ŬˊŮɘəɞɜɑɕŮŰŬɘ ůŰɞ ůɢɐɛŬ 

1.3 ɧˊɞɡ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŰŬ Ůɑŭɖ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ ɛŮ Űɖ ůŮɘɟɎ ˊɞɡ ŬɜŬűɏɟɗɖəŬɜ. 

 

 
ɆɢɐɛŬ 1.3 ɆɢɖɛŬŰɘəɐ ŬɜŬˊŬɟɎůŰŬůɖ Űɤɜ ŭɘɎűɞɟɤɜ Ůɘŭɩɜ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ. 

ɆŰɖɜ ˊŬɟɞɨůŬ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ ɗŬ ɛŮɚŮŰɖɗɞɨɜ ŬˊɞəɚŮɘůŰɘəɎ ŰŬ ɘɜɩŭɖ ůɨɜɗŮŰŬ ɡɚɘəɎ. 

ɇŬ ɘɜɩŭɖ ůɨɜɗŮŰŬ ɡɚɘəɎ ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ ɏɜŬ ɡɚɘəɧ ˊɞɡ ɞɜɞɛɎɕŮŰŬɘ ɛɐŰɟŬ (matrix), ɛɏůŬ 

ůŰɞ ɞˊɞɑɞ ŮɑɜŬɘ ŰɞˊɞɗŮŰɖɛɏɜŮɠ ɑɜŮɠ Ɏɚɚɞɡ ɡɚɘəɞɨ. ɋɠ ɑɜŮɠ ɗŮɤɟɞɨɜŰŬɘ ɞɘ ŮɜɘůɢɨůŮɘɠ ɞɘ ɞˊɞɑŮɠ 

ɏɢɞɡɜ Űɖ ɛɑŬ Űɞɡɠ ŭɘɎůŰŬůɖ (ɛɐəɞɠ) ˊɞɚɨ ɛŮɔŬɚɨŰŮɟɖ Ŭˊɧ Űɘɠ ɡˊɧɚɞɘˊŮɠ əŬɘ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ 

ŰɞˊɞɗŮŰɖɛɏɜŮɠ ŮɑŰŮ ɎŰŬəŰŬ, ŮɑŰŮ ɛŮ ůɡɔəŮəɟɘɛɏɜɖ ˊɚɏɝɖ əŬɘ ˊɟɞůŬɜŬŰɞɚɘůɛɧ. Ƀɘ ɑɜŮɠ ɚɧɔɤ Űɖɠ 

ŮɡɗɡɔɟɎɛɛɘůɖɠ Űɖɠ əɟɡůŰŬɚɚɘəɐɠ Űɞɡɠ ŭɞɛɐɠ ɛŮ Űɞɜ ɎɝɞɜŬ Űɞɡ ɛɐəɞɡɠ Űɞɡɠ ŮɑɜŬɘ ŮűɘəŰɧ ɜŬ 

ɏɢɞɡɜ ɡɣɖɚɧŰŮɟŮɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ ůŮ ŬɡŰɐɜ Űɖɜ ŭɘŮɨɗɡɜůɖ Ŭˊɧ ɞˊɞɘŬŭɐˊɞŰŮ Ɏɚɚɖ 

ŭɘŮɨɗɡɜůɖ Űɞɡ ɡɚɘəɞɨ. Ƀɘ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ŮɜɘůɢɡŰɘəɩɜ ɘɜɩɜ ŮɑɜŬɘ ŬɡŰɏɠ ˊɞɡ 

əŬɗɞɟɑɕɞɡɜ ůŮ ɛŮɔɎɚɞ ɓŬɗɛɧ Űɘɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ŰŮɚɘəɞɨ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ. ȼ əɨɟɘŬ əŬŰŬˊɧɜɖůɖ 

ˊɞɡ ɛˊɞɟŮɑ ɜŬ ˊŬɟŬɚɖűɗŮɑ Ŭˊɧ Űɘɠ ɑɜŮɠ ŮɑɜŬɘ ɞ ŮűŮɚəɡůɛɧɠ ůŰɖɜ əɨɟɘŬ ŭɘŮɨɗɡɜůɐ Űɞɡɠ, ɔɘŬ Űɞ 

ɚɧɔɞ ŬɡŰɧ ŮɛɓŬˊŰɑɕɞɜŰŬɘ ɛɏůŬ ůŰɖɜ ɛɐŰɟŬ, ɖ ɞˊɞɑŬ ŭɟŬ ůŬ ůɡɜŭŮŰɘəɧ ɡɚɘəɧ ɛŮŰŬɝɨ Űɤɜ ɘɜɩɜ 

əŬɘ ɓɞɖɗɎŮɘ ůŰɖ ɛŮŰŬűɞɟɎ Űɤɜ ŰɎůŮɤɜ ɛŮŰŬɝɨ ŬɡŰɩɜ əŬɘ ůŰɞ ŭɘŬůəɞɟˊɘůɛɧ Űɞɡɠ ůŮ ɛŮɔɎɚɞ 

Ůɨɟɞɠ Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ. ȺˊɘˊɟɧůɗŮŰŬ ɖ ɛɐŰɟŬ, ůŰŬɗŮɟɞˊɞɘŮɑ Űɘɠ ɑɜŮɠ ůŮ ůɡɔəŮəɟɘɛɏɜɖ ɗɏůɖ 

əŬɘ Űɘɠ ˊɟɞůŰŬŰŮɨŮɘ Ŭˊɧ ˊŮɟɘɓŬɚɚɞɜŰɘəɏɠ űɗɞɟɏɠ əŬɘ ˊɟɞůɓɞɚɏɠ. (ɇůɞɨɓŬɚɖɠ, 1998) 

 

1.2.1. ɅɖŰɑɜŮɠ 

ɇɞ ůɡɜŭŮŰɘəɧ ɡɚɘəɧ ŬˊɞŰŮɚŮɑ ůɖɛŬɜŰɘəɧ əɞɛɛɎŰɘ Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ. ȼ ɛɐŰɟŬ, ɔɘŬ ɜŬ 

ɛˊɞɟŮɑ ɜŬ ɘəŬɜɞˊɞɘŮɑ Űɘɠ ŬɜɎɔəŮɠ ˊɞɡ ŬɜŬűɏɟɗɖəŬɜ ˊŬɟŬˊɎɜɤ, ɗŬ ˊɟɏˊŮɘ ɜŬ ɢŬɟŬəŰɖɟɑɕŮŰŬɘ 

Ŭˊɧ ɞɚəɘɛɧŰɖŰŬ, ŬɜɗŮəŰɘəɧŰɖŰŬ əŬɘ ůɢŮŰɘəɐ ŮɡəŬɛɣɑŬ. ɆŰŬ ɘɜɩŭɖ ůɨɜɗŮŰŬ ɡɚɘəɎ ɤɠ ɛɐŰɟŬ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɟɖŰɑɜŮɠ ˊɞɡ ŬɟɢɘəɎ ɓɟɑůəɞɜŰŬɘ ůŮ ɡɔɟɐ ɛɞɟűɐ əŬɘ əŬŰŬɚɐɔɞɡɜ ɛɏůɤ Űɖɠ 

ɢɖɛɘəɐɠ ŬɜŰɑŭɟŬůɖɠ Űɞɡ ˊɞɚɡɛŮɟɘůɛɞɨ (ůəɚɐɟɡɜůɖ, curing) ůŮ ůŰŮɟŮɐ ɛɞɟűɐ. ɆŰɖ ɜŬɡˊɖɔɘəɐ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ əŬŰɎ əɨɟɘɞ ɚɧɔɞ ɞɟɔŬɜɘəɏɠ ɗŮɟɛɞůəɚɖɟɡɜɧɛŮɜŮɠ ɟɖŰɑɜŮɠ (thermosetting 

resins). Ƀɘ əɡɟɘɧŰŮɟŮɠ ɗŮɟɛɞůəɚɖɟɡɜɧɛŮɜŮɠ ɟɖŰɑɜŮɠ ŮɑɜŬɘ ɞɘ ˊɞɚɡŮůŰŮɟɘəɏɠ (polyester), 
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ɓɘɜɡɚŮůŰŮɟɘəɏɠ (vinylester), Ůˊɞɝɘəɏɠ ɐ ŮˊɞɝŮɘŭɘəɏɠ (epoxy) əŬɘ ɞɘ űŬɘɜɞɚɘəɏɠ (phenolic). Ƀɘ 

Űɡˊɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ɟɖŰɘɜɩɜ ŬˊŮɘəɞɜɑɕɞɜŰŬɘ ůŰɞɜ ɑ́ɜŬəŬ 1.1. ȼ ŭŮɨŰŮɟɖ əŬŰɖɔɞɟɑŬ 

ɞɟɔŬɜɘəɩɜ ɟɖŰɘɜɩɜ ŮɑɜŬɘ ɞɘ ɗŮɟɛɞˊɚŬůŰɘəɏɠ ɟɖŰɑɜŮɠ (thermoplastic resins) ɞɘ ɞˊɞɑŮɠ ůŮ 

ŬɡɝɖɛɏɜŮɠ ɗŮɟɛɞəɟŬůɑŮɠ ɛŬɚŬəɩɜɞɡɜ əŬɘ ɛˊɞɟɞɨɜ ɜŬ ɛɞɟűɞˊɞɘɖɗɞɨɜ. 

 

ɄȽɁȷȾȷɆ 1.1 ɇɡˊɘəɏɠ ɘŭɘɧŰɖŰŮɠ ɗŮɟɛɞůəɚɖɟɡɜɧɛŮɜɤɜ ɟɖŰɘɜɩɜ. 

 

ɆŰɖɜ ˊŬɟɞɨůŬ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ ŰŬ ŭɞəɑɛɘŬ ˊɞɡ ɗŬ ŮɝŮŰŬůŰɞɨɜ ŮɑɜŬɘ əŬŰŬůəŮɡŬůɛɏɜŬ 

ɛŮ Ůˊɞɝɘəɐ ɟɖŰɑɜɖ, Ůˊɞɛɏɜɤɠ ɗŬ ɔɑɜŮɘ ŬɜŬűɞɟɎ ɛɧɜɞ ůŮ ŬɡŰɞɨ Űɞɡ Űɨˊɞɡ Űɘɠ ɟɖŰɑɜŮɠ. ȺəŰɧɠ Űɖɠ 

ɛŮɔɎɚɖɠ ɘəŬɜɧŰɖŰŬɠ ˊɟɞůŬɟɛɞɔɐɠ, ɞɘ Ůˊɞɝɘəɏɠ ɟɖŰɑɜŮɠ ˊŬɟɞɡůɘɎɕɞɡɜ ɡɣɖɚɏɠ ɛɖɢŬɜɘəɏɠ 

ɘŭɘɧŰɖŰŮɠ əŬɘ ɛŮɔɎɚɖ ŬɜŰɞɢɐ ůŮ ŭɘɎɓɟɤůɖ. ȯɚɚɞ ɏɜŬ ˊɟɞŰɏɟɖɛŬ ŬɡŰɞɨ Űɞɡ Űɨˊɞɡ ɟɖŰɑɜɖɠ ŮɑɜŬɘ 

ɖ ɛɘəɟɐ ůɡɟɟɑəɜɤůɖ əŬŰɎ Űɖ ůəɚɐɟɡɜůɐ Űɖɠ (1.2 ɏɤɠ 4% Űɞɡ ɧɔəɞɡ) ˊɟɎɔɛŬ Űɞ ɞˊɞɑɞ 

ůɡɛɓɎɚɚŮɘ ůŰŬ ŮɝŬɘɟŮŰɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ ŭŮůɛɞɨ ɧŰŬɜ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɤɠ ůɡɔəɞɚɚɖŰɘəɎ 

ɛɏůŬ (adhesives). 

Ƀɘ Ůˊɞɝɘəɏɠ ɟɖŰɑɜŮɠ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ Ůɡɟɏɤɠ ůŮ ɓɘɞɛɖɢŬɜɘəɞɨɠ əɚɎŭɞɡɠ ɤɠ ůɡɔəɞɚɚɖŰɘəɧ 

ɛɏůɞ ůŮ əŬŰŬůəŮɡɏɠ əɡɣŮɚɩɜ ɔɘŬ ŬŮɟɞůəɎűɖ əŬɘ ůŬɜ ŭɘŬůŰɟɤɛŬŰɘəɧ ɡɚɘəɧ ůŰɞ ůəŮɚŮŰɧ Űɤɜ 

ŬŮɟɞůəŬűɩɜ əŬɘ ůŮ ŮűŬɟɛɞɔɏɠ ˊɡɟŬɨɚɤɜ. ȺɑɜŬɘ ˊɞɚɨ ɢɟɐůɘɛŮɠ ɤɠ ůɡůŰŬŰɘəɎ ůŰŮɔŬɜɞˊɞɑɖůɖɠ 

ɔɘŬ Űɖ əŬŰŬůəŮɡɐ ˊɚŬůŰɘəɩɜ ɐ ɛŮŰŬɚɚɘəɩɜ ůəŬűɩɜ əŬɘ ŬɡŰɞəɘɜɐŰɤɜ. Ⱥˊɑůɖɠ ŰɡɔɢɎɜɞɡɜ 

ŮɡɟŮɑŬɠ ɢɟɐůɖɠ əŬɘ ůŮ ɖɚŮəŰɟɘəɏɠ ŮűŬɟɛɞɔɏɠ ɚɧɔɤ Űɖɠ ŮɝŬɘɟŮŰɘəɐɠ ɖɚŮəŰɟɘəɐɠ ɛɧɜɤůɖɠ ˊɞɡ 

ˊɟɞůűɏɟɞɡɜ. ũɘŬ Űɖ əŬŰŬůəŮɡɐ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ əŬŰɎ əɨɟɘɞ ɚɧɔɞ ůŮ 

ŬɡŰɞɛŬŰɞˊɞɘɖɛɏɜŮɠ ɛŮɗɧŭɞɡɠ ˊŬɟŬɔɤɔɐɠ (ˊ.ɢ. ɛɏɗɞŭɞɠ ˊŮɟɘɏɚɘɝɖɠ ɘɜɩɜ, filament winding). 

ȼ ŭɘŬŭɘəŬůɑŬ ůŰŮɟŮɞˊɞɑɖůɖɠ Űɤɜ Ůˊɞɝɘəɩɜ ɟɖŰɘɜɩɜ ŬˊŬɘŰŮɑ Űɖɜ ˊɟɞůɗɐəɖ ůəɚɖɟɡɜŰɘəɐɠ 

ɞɡůɑŬɠ (hardener) əŬɘ əŬŰŬɚɨŰɖ (catalyst) ɩůŰŮ ɜŬ ŮɚŮɔɢɗŮɑ ɖ ŭɘŬŭɘəŬůɑŬ ɖ ɞˊɞɑŬ ůɡɜɐɗɤɠ 

ˊŮɟɘɚŬɛɓɎɜŮɘ əŬɘ Űɖɜ Ůˊɘɓɞɚɐ ɡɣɖɚɩɜ ɗŮɟɛɞəɟŬůɘɩɜ, ɛŮŰŬɝɨ 60Ü əŬɘ 150Ü C. ɈˊɎɟɢɞɡɜ 

Ůˊɑůɖɠ Ůˊɞɝɘəɏɠ ɟɖŰɑɜŮɠ ɣɡɢɟɐɠ ůəɚɐɟɡɜůɖɠ (cold-cure) ˊɞɡ ˊɞɚɡɛŮɟɑɕɞɜŰŬɘ ůŮ ɗŮɟɛɞəɟŬůɑŮɠ 

20-25Ü C, ɏɢɞɡɜ ɧɛɤɠ ɢŬɛɖɚɧŰŮɟŮɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Ůɜɩ ˊŬɟɞɡůɘɎɕɞɡɜ əŬɘ ŬɟəŮŰɎ 

ˊɟɞɓɚɐɛŬŰŬ əɡɟɑɤɠ ɤɠ ˊɟɞɠ Űɞ ɘɝɩŭŮɠ Űɞɡɠ. ɇŬ ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ ɔɑɜɞɜŰŬɘ ɏɟŮɡɜŮɠ ɔɘŬ 

ˊɟɞůɗɐəɖ əŬɘ Ɏɚɚɤɜ ɡɚɘəɩɜ ůŰɞ ůɨůŰɖɛŬ Űɖɠ ɟɖŰɑɜɖɠ, ɧˊɤɠ ŮɑɜŬɘ Űɞ ɔɟŬűɏɜɘɞ, əŬɗɩɠ 

ˊɟɞůŭɑŭɞɡɜ ůŰɞ ɡɚɘəɧ ɜɏŮɠ űɡůɘəɏɠ ɘŭɘɧŰɖŰŮɠ ɧˊɤɠ ɖ ɖɚŮəŰɟɘəɐ əŬɘ ɗŮɟɛɘəɐ ŬɔɤɔɘɛɧŰɖŰŬ. 
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1.2.2. ȺɜɘůɢɡŰɘəɏɠ ɑɜŮɠ 

Ƀɘ ŮɜɘůɢɡŰɘəɏɠ ɑɜŮɠ, ɧˊɤɠ ŬɜŬűɏɟɗɖəŮ ɤɠ Ɏɜɤ, ŮɑɜŬɘ ɘəŬɜɏɠ ɜŬ űɏɟɞɡɜ əŬŰɎ əɨɟɘɞ ɚɧɔɞ 

ŮűŮɚəɡůŰɘəɧ űɞɟŰɑɞ əŬŰɎ Űɖɜ əɨɟɘŬ ŭɘŮɨɗɡɜůɐ Űɞɡɠ, ˊŬɟɧɚŬ ŬɡŰɎ ŰŬ ůɨɜɗŮŰŬ ɡɚɘəɎ ˊɞɡ 

əŬŰŬůəŮɡɎɕɞɜŰŬɘ ˊŬɟɞɡůɘɎɕɞɡɜ əŬɚɏɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ əŬɘ ůŮ ɎɚɚŮɠ əŬŰŬˊɞɜɐůŮɘɠ, ɧˊɤɠ 

ɗɚɑɣɖ, əɎɛɣɖ əŬɘ ŭɘɎŰɛɖůɖ. ȼ ŬɜɗŮəŰɘəɧŰɖŰŬ Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ ɞűŮɑɚŮŰŬɘ ůŰɖ ůɡɜŮɟɔŬůɑŬ 

ɘɜɩɜ əŬɘ ɟɖŰɑɜɖɠ ɧˊɞɡ ɞɘ ɑɜŮɠ ŭɟɞɡɜ ůŬɜ ɛɘəɟɞůəɞˊɘəɞɑ ůɡɔəɟŬŰɖŰɏɠ Űɤɜ ɟɤɔɛɩɜ Űɖɠ ɟɖŰɑɜɖɠ, 

Ůɜɩ ŬɜŰɑůŰɞɘɢŬ ɖ ɟɖŰɑɜɖ ɓɞɖɗɎ ůŰɖ ɛŮŰŬɓɑɓŬůɖ Űɤɜ ŰɎůŮɤɜ ůŮ ɛŮɔŬɚɨŰŮɟɞ ɛɏɟɞɠ Űɖɠ 

ŮɜɘůɢɡŰɘəɐɠ ɑɜŬɠ, ɛŮɘɩɜɞɜŰŬɠ ɏŰůɘ Űɖɜ əŬŰŬˊɧɜɖůɐ Űɖɠ. ɀɏůɤ Űɞɡ ɛɖɢŬɜɘůɛɞɨ ŬɡŰɞɨ ɛɑŬ 

ɣŬɗɡɟɐ ɟɖŰɑɜɖ ɛŮŰŬŰɟɏˊŮŰŬɘ ůŮ ɏɜŬ ŬɜɗŮəŰɘəɧ ůɨɜɗŮŰɞ ɡɚɘəɧ, Űɞɡ ɞˊɞɑɞɡ ɞɘ ɘŭɘɧŰɖŰŮɠ ŮɑɜŬɘ 

ɡɣɖɚɧŰŮɟŮɠ Ŭˊɧ ŬɡŰɏɠ Űɤɜ ůɡůŰŬŰɘəɩɜ Űɞɡ ɛŮɟɩɜ. ȾŬŰɎ ˊɚŮɘɞɣɖűɑŬ ůŰɘɠ ɜŬɡˊɖɔɘəɏɠ 

ŮűŬɟɛɞɔɏɠ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɑɜŮɠ ɔɡŬɚɘɞɨ, Ůɜɩ ŭɘŬɟəɩɠ ŬɡɝŬɜɧɛŮɜɖ ɢɟɐůɖ ˊŬɟŬŰɖɟŮɑŰŬɘ ůŰɘɠ 

ɑɜŮɠ ɎɜɗɟŬəŬ əŬɘ ŬɟŬɛɘŭɑɞɡ, əɡɟɑɤɠ ůŮ əŬŰŬůəŮɡɏɠ ɡɣɖɚɩɜ ŮˊɘŭɧůŮɤɜ. Ƀɘ ɑɜŮɠ ɎɜɗɟŬəŬ əŬɘ 

ŬɟŬɛɘŭɑɞɡ ŮɛűŬɜɑɕɞɡɜ ŬɘůɗɖŰɎ əŬɚɨŰŮɟŮɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Ŭˊɧ ŬɡŰɏɠ Űɞɡ ɔɡŬɚɘɞɨ, ŬɚɚɎ ɛŮ 

ˊɞɚɨ ɡɣɖɚɧŰŮɟɞ əɧůŰɞɠ (ŰɞɡɚɎɢɘůŰɞɜ 10 űɞɟɏɠ ɛŮɔŬɚɨŰŮɟɞ). ȺəŰɧɠ Ŭˊɧ Űɘɠ ɤɠ Ɏɜɤ ɑɜŮɠ, ɎɚɚŮɠ 

ɑɜŮɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ ŮɑɜŬɘ ɞɘ ɑɜŮɠ boron, ɞɘ 

əŮɟŬɛɘəɏɠ ɑɜŮɠ, əŬɗɩɠ əŬɘ ŭɘɎűɞɟŮɠ ɞɟɔŬɜɘəɏɠ ɑɜŮɠ, ɞɘ ɞˊɞɑŮɠ ŭŮ ɓɟɑůəɞɡɜ ŮűŬɟɛɞɔɏɠ ůŰɖɜ 

ɜŬɡˊɖɔɘəɐ. 

Ƀɘ ŮɡɟɨŰŮɟŬ ɢɟɖůɘɛɞˊɞɘɖɛɏɜŮɠ ɑɜŮɠ ůŰɞɜ ŰɞɛɏŬ Űɖɠ ɜŬɡˊɖɔɘəɐɠ, ɧˊɤɠ ˊɟɞŬɜŬűɏɟɗɖəŮ, 

ŮɑɜŬɘ ɞɘ ɑɜŮɠ ɔɡŬɚɘɞɨ (glass fibers) ɞɘ ɞˊɞɑŮɠ ɢŬɟŬəŰɖɟɑɕɞɜŰŬɘ Ŭˊɧ ɡɣɖɚɐ ŬɜŰɞɢɐ, ůɢŮŰɘəɎ 

ɢŬɛɖɚɐ ŭɡůəŬɛɣɑŬ əŬɘ ɢŬɛɖɚɧ əɧůŰɞɠ. ȷɜɎɚɞɔŬ ɛŮ Űɖɜ ɢɖɛɘəɐ Űɞɡɠ ůɨůŰŬůɖ ɞɘ ɑɜŮɠ ɔɡŬɚɘɞɨ 

ɢŬɟŬəŰɖɟɑɕɞɜŰŬɘ ɤɠ Űɨˊɞɡ E, C əŬɘ S, Űɤɜ ɞˊɞɑɤɜ ɞɘ əɨɟɘŮɠ ɘŭɘɧŰɖŰŮɠ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞɜ 

ɑ́ɜŬəŬ 1.2. 
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ɄȽɁȷȾȷɆ 1.2 ɉɖɛɘəɐ ůɨůŰŬůɖ əŬɘ ɘŭɘɧŰɖŰŮɠ ŮɜɘůɢɡŰɘəɩɜ ɘɜɩɜ ɔɡŬɚɘɞɨ. 

 

Ƀ Űɨˊɞɠ E Űɤɜ ɘɜɩɜ ŬɡŰɩɜ ŮɑɜŬɘ ɞ Űɨˊɞɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ˊŮɟɘůůɧŰŮɟɞ ɤɠ Űɨˊɞɠ 

Ůɜɑůɢɡůɖɠ ůŰɘɠ ɜŬɡˊɖɔɘəɏɠ ŮűŬɟɛɞɔɏɠ (ˊɎɜɤ Ŭˊɧ Űɞ 90% Űɤɜ ɘɜɩɜ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ŮɑɜŬɘ 

Űɨˊɞɠ Ⱥ). Ȱɢɞɡɜ əŬɚɏɠ ɖɚŮəŰɟɘəɏɠ ɘŭɘɧŰɖŰŮɠ əŬɗɩɠ əŬɘ ˊɞɚɨ əŬɚɐ ůɡɛˊŮɟɘűɞɟɎ ůŰɖɜ ŬɚɚŬɔɐ 

Űɤɜ əŬɘɟɘəɩɜ ůɡɜɗɖəɩɜ, ŬɜŰɘɗɏŰɤɠ ɏɢɞɡɜ ɛɏŰɟɘŬ ŬɜŰɞɢɐ ůŮ ɢɖɛɘəɏɠ ŬɜŰɘŭɟɎůŮɘɠ. Ƀɘ ɑɜŮɠ 

ˊŬɟɎɔɞɜŰŬɘ ɛŮɛɞɜɤɛɏɜŬ ɖ ɛɑŬ Ŭˊɧ Űɖɜ Ɏɚɚɖ. ȾŬŰɎ Űɖɜ ˊŬɟŬɔɤɔɐ Űɞɡɠ ɖ ˊɟɩŰɖ ɨɚɖ 

ŰɞˊɞɗŮŰŮɑŰŬɘ ůŮ ŭŮɝŬɛŮɜɐ ɧˊɞɡ ŰɐəŮŰŬɘ əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ Űɞ ŰɐɔɛŬ ŰɟɞűɞŭɞŰŮɑŰŬɘ ůŮ ůŮɘɟɎ 

əɡɚɘɜŭɟɘəɩɜ ŭɞɢŮɑɤɜ ɛŮ ŭɘɎŰɟɖŰɞ ˊɡɗɛɏɜŬ ɧˊɞɡ Űɞ ɔɡŬɚɑ ɟɏŮɘ ɛɏůŬ Ŭˊɧ Űɘɠ ɞˊɏɠ Űɞɡ ˊɡɗɛɏɜŬ 

ɡˊɧ Űɖɜ ŮˊɑŭɟŬůɖ Űɖɠ ɓŬɟɨŰɖŰŬɠ. Ƀɘ ˊŬɟŬɔɧɛŮɜŮɠ ɑɜŮɠ ůɡɔəŮɜŰɟɩɜɞɜŰŬɘ ůŮ ɏɜŬ ůɨɜɞɚɞ əŬɘ 

ŮűŮɚəɨɞɜŰŬɘ ɛɖɢŬɜɘəɎ ɛɏɢɟɘɠ ɧŰɞɡ ŬˊɞəŰɐůɞɡɜ Űɖɜ əŬŰɎɚɚɖɚɖ ŭɘɎɛŮŰɟɞ, ŬəɞɚɞɡɗŮɑ ŮɚŬűɟɧɠ 

ɣŮəŬůɛɧɠ Űɞɡɠ ɛŮ ɜŮɟɧ (ɣɨɝɖ). ȷəɞɚɞɨɗɤɠ ɞɘ ɑɜŮɠ ŭɘɏɟɢɞɜŰŬɘ Ŭˊɧ ɘɛɎɜŰŬ, ˊɞɡ ŮˊɘɓɎɚɚŮɘ ůô 

ŬɡŰɏɠ ˊɟɞůŰŬŰŮɡŰɘəɧ ɚɘˊŬɜŰɘəɧ ůɡɜŭŮŰɘəɧ ɡɚɘəɧ (binder) ɐ ŮɘŭɘəɎ əɞɚɚɩŭɖ ˊɟɧůɗŮŰŬ (sizes) 

ˊɞɡ ŭɟɞɡɜ ɤɠ ˊɟɞůŰŬŰŮɡŰɘəɏɠ ŮˊɘəŬɚɨɣŮɘɠ əŬɘ ůɡɜŮɘůűɏɟɞɡɜ ůŰɖɜ əŬɚɨŰŮɟɖ ˊɟɧůűɡůɖ ɘɜɩɜ-

ɛɐŰɟŬɠ. ɇɏɚɞɠ, ɞɘ ɑɜŮɠ ŰɡɚɑɔɞɜŰŬɘ ůŮ ɜɐɛŬŰŬ (strands), Űɞ əɎɗŮ ɏɜŬ Ŭˊɧ ŰŬ ɞˊɞɑŬ ˊŮɟɘɏɢŮɘ 

ˊŮɟɑˊɞɡ 200 ɑɜŮɠ. ɆŰɖɜ ˊŬɟɞɨůŬ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ ɛŮɟɘəɎ Ŭˊɧ ŰŬ ŭɞəɑɛɘŬ ˊɞɡ ɗŬ 

ɛŮɚŮŰɖɗɞɨɜ ɗŬ əŬŰŬůəŮɡŬůŰɞɨɜ Ŭˊɧ ˊɚŮɝɑŭŮɠ ɜɖɛɎŰɤɜ ɔɡŬɚɘɞɨ Űɨˊɞɡ Ⱥ. Ƀɘ ɑɜŮɠ ɔɡŬɚɘɞɨ 

ŭɘŬŰɑɗŮɜŰŬɘ ůŰɞ Ůɛˊɧɟɘɞ ůŮ ŭɘɎűɞɟŮɠ ɛɞɟűɏɠ, əŬŰɎɚɚɖɚŮɠ ɔɘŬ ŭɘŬűɞɟŮŰɘəɏɠ ŮűŬɟɛɞɔɏɠ ɖ əɎɗŮ 

ɛɑŬ. Ƀɘ ɓŬůɘəɏɠ Ŭˊɧ Űɘɠ ɛɞɟűɏɠ ŬɡŰɏɠ ŮɑɜŬɘ: 

¶ ɈŬɚɞˊɑɚɖɛŬ (Chopped Strand Mat, CMT) 

¶ ɄɚŮɝɑŭŮɠ ɜɖɛɎŰɤɜ (Rovings) əŬɘ ɡŬɚɞɒűŬůɛŬ (Woven Roving, WR) 

¶ ɈűɎůɛŬŰŬ ˊɡəɜɐɠ ˊɚɏɝɖɠ (Woven Fabrics) 

¶ ɀɞɜɞŬɝɞɜɘəɎ ɡűɎůɛŬŰŬ (Unidirectional Rovings, UD) 

ɆŰɞ ůɢɐɛŬ 1.4 ŬˊŮɘəɞɜɑɕŮŰŬɘ ůəŬɟɑűɖɛŬ ɛŮ Űɘɠ ŭɘŬűɞɟŮŰɘəɏɠ ŭɘŬŰɎɝŮɘɠ Űɤɜ ɘɜɩɜ. ɆŰɖɜ 

ůɡɔəŮəɟɘɛɏɜɖ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ ɗŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ˊɚŮɝɑŭŮɠ ɜɖɛɎŰɤɜ ɤɠ ɏɢɞɡɜ, ɢɤɟɑɠ 

əŬɛɑŬ ˊɚɏɝɖ. 
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ɆɢɐɛŬ 1.4 ɇɨˊɞɘ ŭɘɎŰŬɝɖɠ ɘɜɩɜ. (Ŭ) ɛɞɜɞŬɝɞɜɘəɧ ɨűŬůɛŬ, (ɓ) ɡŬɚɞˊɑɚɖɛŬ, (ɔ) ɡŬɚɞɒűŬůɛŬ əŬɘ (ŭ) ˊŮˊɚŮɔɛɏɜɞ ɨűŬůɛŬ. 

 

ȺəŰɧɠ Ŭˊɧ Űɘɠ ɑɜŮɠ ɔɡŬɚɘɞɨ ůɖɛŬɜŰɘəɧ ŮɜŭɘŬűɏɟɞɜ ɔɘŬ Űɘɠ ɜŬɡˊɖɔɘəɏɠ ŮűŬɟɛɞɔɏɠ 

ˊŬɟɞɡůɘɎɕɞɡɜ əŬɘ ɞɘ ɑɜŮɠ ɎɜɗɟŬəŬ, ɞɘ ɞˊɞɑŮɠ ŮɑɜŬɘ ɖ ŮˊɘəɟŬŰɏůŰŮɟɖ Ůɜɑůɢɡůɖ ɔɘŬ Űɖɜ 

əŬŰŬůəŮɡɐ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ ɡɣɖɚɩɜ ŮˊɘŭɧůŮɤɜ. ȿɧɔɤ Űɞɡ ɡɣɖɚɞɨ əɧůŰɞɡɠ ˊŬɟŬɔɤɔɐɠ 

ˊŬɟɎɔɞɜŰŬɘ ŭɨɞ ŭɘŬűɞɟŮŰɘəɏɠ əŬŰɖɔɞɟɑŮɠ ɘɜɩɜ, ɞɘ ɑɜŮɠ ɡɣɖɚɐɠ ŬɜŰɞɢɐɠ (high strength, HS) əŬɘ 

ɞɘ ŬəɟɘɓɧŰŮɟŮɠ ɑɜŮɠ ɡɣɖɚɞɨ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ (high modulus, HM), ɞɘ ɢŬɟŬəŰɖɟɘůŰɘəɏɠ 

ɘŭɘɧŰɖŰŮɠ Űɤɜ ɞˊɞɑɤɜ űŬɑɜɞɜŰŬɘ ůŰɞɜ ɑ́ɜŬəŬ 1.3. ɉɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɧŰŬɜ ŬˊŬɘŰŮɑŰŬɘ ɓɏɚŰɘůŰɞɠ 

ůɡɜŭɡŬůɛɧɠ ɛɖɢŬɜɘəɐɠ ůɡɛˊŮɟɘűɞɟɎɠ əŬɘ ŮɚɎŰŰɤůɖɠ ɓɎɟɞɡɠ, ɧˊɞɡ Űɞ ɡɣɖɚɧ əɧůŰɞɠ Űɞɡɠ 

ŭɘəŬɘɞɚɞɔŮɑŰŬɘ əɡɟɑɤɠ ůŮ ŬŮɟɞŭɘŬůŰɖɛɘəɏɠ ŮűŬɟɛɞɔɏɠ (ůɢɐɛŬ 1.5). ɆɖɛŬɜŰɘəɧ ɢŬɟŬəŰɖɟɘůŰɘəɧ 

Űɞɡɠ ŮɑɜŬɘ Ůˊɑůɖɠ ɞ ɢŬɛɖɚɧɠ ůɡɜŰŮɚŮůŰɐɠ ŭɘŬůŰɞɚɐɠ. ɆŰɖɜ ˊŬɟŬɔɤɔɐ ŬɜɗɟŬəɞɜɖɛɎŰɤɜ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɤɠ ˊɟɩŰɖ ɨɚɖ ˊɞɚɡɛŮɟɘəɏɠ ɑɜŮɠ ˊɞɚɡŬəɟɡɚɞɜɘŰɟɑɚɘɞɡ (PAN), ɑɜŮɠ ŰŮɢɜɖŰɞɨ 

ɛŮŰŬɝɘɞɨ (rayon) əŬɘ ˊɑůůŬ. Ƀɘ ɑɜŮɠ ɎɜɗɟŬəŬ ŭɘŬŰɑɗŮɜŰŬɘ ůŰɞ Ůɛˊɧɟɘɞ ůŮ ŭɘɎűɞɟŮɠ ɛɞɟűɏɠ, 

ɧˊɤɠ əŬɘ ɞɘ ɑɜŮɠ ɔɡŬɚɘɞɨ. ɆŰɖɜ ůɡɔəŮəɟɘɛɏɜɖ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ ŰŬ ˊŮɟɘůůɧŰŮɟŬ Ŭˊɧ ŰŬ 

ŭɞəɑɛɘŬ ˊɞɡ ɗŬ ɛŮɚŮŰɖɗɞɨɜ ŮɑɜŬɘ əŬŰŬůəŮɡŬůɛɏɜŬ Ŭˊɧ ˊɚŮɝɑŭŮɠ ɜɖɛɎŰɤɜ ɎɜɗɟŬəŬ ɡɣɖɚɐɠ 

ŬɜŰɞɢɐɠ əŬɘ ɏɜŬ ŭɞəɑɛɘɞ Ŭˊɧ ɑɜŮɠ ɛŮ ɓɎůɖ Űɖɜ ˊɑůůŬ. 

 

ɄȽɁȷȾȷɆ 1.3 ɉŬɟŬəŰɖɟɘůŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ ɘɜɩɜ ɎɜɗɟŬəŬ. 
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ɆɢɐɛŬ 1.5 ɇɛɐɛŬŰŬ ŬŮɟɞůəɎűɞɡɠ Ŭˊɧ ůɨɜɗŮŰɞ ɡɚɘəɧ 

 

1.3. ȾŬŰŬůəŮɡŬůŰɘəɏɠ ɀɏɗɞŭɞɘ 

ɇŬ ůɨɜɗŮŰŬ ɡɚɘəɎ ŮəŰɧɠ Ŭˊɧ ˊɚɖɗɩɟŬ Ůˊɘɚɞɔɩɜ ɤɠ ˊɟɞɠ ŰŬ əŬŰŬůəŮɡŬůŰɘəɎ Űɞɡɠ ɡɚɘəɎ, 

ˊŬɟɞɡůɘɎɕɞɡɜ əŬɘ ˊɞɚɚɏɠ Ůˊɘɚɞɔɏɠ ɤɠ ˊɟɞɠ Űɘɠ ɛŮɗɧŭɞɡɠ əŬŰŬůəŮɡɐɠ Űɞɡɠ. ȼ Ůˊɘɚɞɔɐ ˊɎɜŰŬ 

ɔɑɜŮŰŬɘ ŭŮŭɞɛɏɜɤɜ Űɤɜ ŬɜŬɔəɩɜ ˊɞɡ ˊɟɏˊŮɘ ɜŬ əŬɚɡűɗɞɨɜ ůŮ əɎɗŮ ŮűŬɟɛɞɔɐ Ŭˊɧ Űɞ ůɨɜɗŮŰɞ 

ɡɚɘəɧ. 

Ƀɘ ɛɏɗɞŭɞɘ ɛɞɟűɞˊɞɑɖůɖɠ ɘɜɤŭɩɜ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ ɛŮ ɞɟɔŬɜɘəɐ ɛɐŰɟŬ ɢɤɟɑɕɞɜŰŬɘ ůŮ ŭɨɞ 

əŬŰɖɔɞɟɑŮɠ, ůŰɘɠ ŬůɡɜŮɢŮɑɠ ɛŮɗɧŭɞɡɠ ɛɞɟűɞˊɞɑɖůɖɠ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ əŬɘ ůŰɘɠ ůɡɜŮɢŮɑɠ. 

ȷůɡɜŮɢŮɑɠ ɛɏɗɞŭɞɘ ɛɞɟűɞˊɞɑɖůɖɠ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ: 

 

¶ ɀɞɟűɞˊɞɑɖůɖ ɛŮ Ŭˊɚɐ ŮˊŬűɐ (contact moulding) 

¶ ɀɞɟűɞˊɞɑɖůɖ ɛŮ ˊɑŮůɖ (compression moulding) 

¶ ɀɞɟűɞˊɞɑɖůɖ ɛŮ ŭɘŬɘɟŮŰɧ əŬɚɞɨˊɘ (matched die moulding) 

¶ Ȱəɢɡůɖɠ ɟɖŰɑɜɖɠ (resin transfer moulding, RTM) 

ɆɡɜŮɢŮɑɠ ɛɏɗɞŭɞɘ ɛɞɟűɞˊɞɑɖůɖɠ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ: 

¶ ɄŮɟɘɏɚɘɝɖ ɘɜɩɜ (filament winding) 

¶ ɆɡɜŮɢɞɨɠ ɛɞɟűɞˊɞɑɖůɖɠ ŮɚŬůɛɎŰɤɜ (sheet moulding compounds, SMC) 

¶ ɀɞɟűɞˊɞɑɖůɖ ɛŮ ɏɚɝɖ (pultrusion) 

ũɘŬ Űɖɜ əŬŰŬůəŮɡɐ ůəŬűɩɜ Ŭˊɧ ůɨɜɗŮŰŬ ɡɚɘəɎ ɛŬəɟɎɜ ɧɚɤɜ Űɤɜ Ɏɚɚɤɜ ɖ ˊɘɞ ůɡɜɖɗɘůɛɏɜɖ 

ɛɏɗɞŭɞɠ ŮɑɜŬɘ ɖ ɛɞɟűɞˊɞɑɖůɖ ɛŮ Ŭˊɚɐ ŮˊŬűɐ. ɄɟɧəŮɘŰŬɘ ɔɘŬ ɛɑŬ Ŭˊɚɐ ɛɏɗɞŭɞ ɧˊɞɡ 

ˊɞɚɡŮůŰŮɟɘəɐ ɟɖŰɑɜɖ əŬɘ ɑɜŮɠ ɔɡŬɚɘɞɨ Ⱥ ŰɞˊɞɗŮŰɞɨɜŰŬɘ ˊɎɜɤ ůŮ əŬɚɞɨˊɘ ŮɑŰŮ ɛŮ Űɖ ɛɏɗɞŭɞ 

ŮˊɑůŰɟɤůɖɠ ɛŮ Űɞ ɢɏɟɘ (hand lay-up method), ŮɑŰŮ ɛŮ Űɖɜ ɛɏɗɞŭɞ ŮˊɑůŰɟɤůɖɠ ɛŮ ɣŮəŬůɛɧ 

(spray-up method). ɆɢɖɛŬŰɘəɏɠ ŬɜŬˊŬɟŬůŰɎůŮɘɠ Űɤɜ ɛŮɗɧŭɤɜ ŬˊŮɘəɞɜɑɕɞɜŰŬɘ ůŰŬ ůɢɐɛŬŰŬ 1.6 

əŬɘ 1.7. 
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ɆɢɐɛŬ 1.6 ɀɏɗɞŭɞɠ ŮˊɑůŰɟɤůɖɠ ɛŮ Űɞ ɢɏɟɘ. 

 

 

 
ɆɢɐɛŬ 1.7 ɀɏɗɞŭɞɠ ŮˊɑůŰɟɤůɖɠ ɛŮ ɣŮəŬůɛɧ. 

 

ȼ ɛɞɟűɞˊɞɑɖůɖ ɛŮ ˊɑŮůɖ ˊŮɟɘɚŬɛɓɎɜŮɘ Űɖɜ Ɏůəɖůɖ ˊɑŮůɖɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ɛɖ 

ůŰŮɟŮɞˊɞɘɖɛɏɜɞɡ ˊɞɚɨůŰɟɤŰɞɡ, ɛŮ ůəɞˊɧ Űɖɜ ŬˊɞɛɎəɟɡɜůɖ Űɖɠ ˊŮɟɑůůŮɘŬɠ ɟɖŰɑɜɖɠ əŬɗɩɠ əŬɘ 

Űɤɜ əŮɜɩɜ ŬɏɟŬ. Ʉɞɚɚɏɠ űɞɟɏɠ ŮˊɘɓɎɚɚŮŰŬɘ ŰŬɡŰɧɢɟɞɜŬ əŬɘ ɗŮɟɛɧŰɖŰŬ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ 

ŮˊɘŰŬɢɡɜɗŮɑ ɞ ˊɞɚɡɛŮɟɘůɛɧɠ əŬɘ ɜŬ ŬɜŬˊŰɡɢɗŮɑ ˊɚɐɟɤɠ ɖ ŬɜŰɞɢɐ əŬɘ ɖ ŭɡůəŬɛɣɑŬ Űɞɡ ɡɚɘəɞɨ. 

ȼ ɛɏɗɞŭɞɠ ŮűŬɟɛɧɕŮŰŬɘ ɛŮ ŭɨɞ ŰŮɢɜɘəɏɠ, ŮɑŰŮ ɛŮ ůɎəɞ əŮɜɞɨ (vacuum bag moulding), ŮɑŰŮ ůŮ 

ɗŮɟɛŬɘɜɧɛŮɜɞ ɗɎɚŬɛɞ ˊɑŮůɖɠ (autoclave moulding). ȼ ɛɏɗɞŭɞɠ ŬɡŰɐ ˊŬɟɎɔŮɘ ˊɟɞɥɧɜŰŬ ˊɞɚɨ 

ɡɣɖɚɐɠ ˊɞɘɧŰɖŰŬɠ əŬɗɩɠ əŬɘ əŬɚɐɠ ŮˊŬɜŬɚɖɣɘɛɧŰɖŰŬ ɤɠ ˊɟɞɠ Űɘɠ ɘŭɘɧŰɖŰɏɠ Űɞɡɠ. 

ȼ ɛɏɗɞŭɞɠ ɏəɢɡůɖɠ ɟɖŰɑɜɖɠ ŮɜŭŮɑəɜɡŰŬɘ ůŮ ˊŮɟɘˊŰɩůŮɘɠ ˊɞɡ ŬˊŬɘŰɞɨɜŰŬɘ ˊɟɞɥɧɜŰŬ ŬˊɧɚɡŰŬ 

əŬɗɞɟɘůɛɏɜɖɠ ɔŮɤɛŮŰɟɑŬɠ əŬɘ ɚŮɑɤɜ ŮˊɘűŬɜŮɘɩɜ. ȾŬŰɎ Űɖ ŭɘŬŭɘəŬůɑŬ ŬɡŰɐɠ Űɖɠ ɛŮɗɧŭɞɡ, ɞɘ 

ŮɜɘůɢɡŰɘəɏɠ ɑɜŮɠ ŰɞˊɞɗŮŰɞɨɜŰŬɘ ɛŮŰŬɝɨ ŭɨɞ əŬɚɞɡˊɘɩɜ ŰŬ ɞˊɞɑŬ əŬɗɞɟɑɕɞɡɜ əŬɘ Űɖ ɔŮɤɛŮŰɟɑŬ 

Űɞɡ ˊɟɞɥɧɜŰɞɠ. ɆŰɖ ůɡɜɏɢŮɘŬ ɖ ɟɖŰɑɜɖ ŮəɢɨɜŮŰŬɘ ɛŮ ˊɑŮůɖ ɛɏůŬ ůŰɖɜ Ůɘŭɘəɐ əɞɘɚɧŰɖŰŬ ɛŮŰŬɝɨ 

Űɤɜ əŬɚɞɡˊɘɩɜ. ɀŮ Űɖ ɛɏɗɞŭɞ ŬɡŰɐɜ əŬŰŬůəŮɡɎɕɞɜŰŬɘ ˊɟɞɥɧɜŰŬ ɛŮ ɡɣɖɚɏɠ ŬˊŬɘŰɐůŮɘɠ Ŭɜɞɢɩɜ 

əŬɘ ɛŮɔɎɚɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ɘɜɩɜ. ɇŬ ɛŮɔŬɚɨŰŮɟŬ ɛŮɘɞɜŮəŰɐɛŬŰŬ ŮɑɜŬɘ ɖ ɡɣɖɚɐ ˊɑŮůɖ ˊɞɡ 

ŬˊŬɘŰŮɑŰŬɘ əŬɗɩɠ əŬɘ ŰŬ ŬɜɗŮəŰɘəɎ əŬɘ ŭɨůəŬɛˊŰŬ əŬɚɞɨˊɘŬ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ. 

ȺəŰɧɠ Ŭˊɧ Űɘɠ ɛŮɗɧŭɞɡɠ ŬůɡɜŮɢɞɨɠ ɛɞɟűɞˊɞɑɖůɖɠ ˊɞɡ ŬɜŬűɏɟɗɖəŬɜ ˊŬɟŬˊɎɜɤ, 

ůɖɛŬɜŰɘəɏɠ ɔɘŬ Űɖɜ ˊŬɟŬɔɤɔɐ ůŰɞɘɢŮɑɤɜ Ŭˊɧ ůɨɜɗŮŰŬ ɡɚɘəɎ ŮɑɜŬɘ ɞɘ ɛɏɗɞŭɞɘ Űɖɠ ɛɞɟűɞˊɞɑɖůɖɠ 

ɛŮ ɏɚɝɖ əŬɗɩɠ əŬɘ Űɖɠ ɛɞɟűɞˊɞɑɖůɖɠ ŮɚŬůɛɎŰɤɜ ˊɞɡ ˊŬɟɎɔɞɡɜ ɛɞɟűɞŭɞəɞɨɠ əŬɘ ŮˊɑˊŮŭŬ 

űɨɚɚŬ ŬɜŰɑůŰɞɘɢŬ. Ƀɘ ɛɏɗɞŭɞɘ ŬɡŰɏɠ ŮɑɜŬɘ ˊɚɐɟɤɠ ŬɡŰɞɛŬŰɞˊɞɘɖɛɏɜŮɠ əŬɘ ŰŬ ŰŮɚɘəɎ Űɞɡɠ 
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ˊɟɞɥɧɜŰŬ ɛˊɞɟɞɨɜ ɜŬ Űɡˊɞˊɞɘɖɗɞɨɜ ůɨɛűɤɜŬ ɛŮ ŰŬ ˊɟɧŰɡˊŬ Űɤɜ ŬɜŰɑůŰɞɘɢɤɜ ɢŬɚɨɓŭɘɜɤɜ 

ůŰɞɘɢŮɑɤɜ. 

ɇɏɚɞɠ, ɗŬ ˊŬɟɞɡůɘŬůŰŮɑ ŬɜŬɚɡŰɘəɎ ɖ ɛɏɗɞŭɞɠ ˊŮɟɘɏɚɘɝɖɠ ɘɜɩɜ (filament winding), ɛŮ Űɖɜ 

ɞˊɞɑŬ ɗŬ əŬŰŬůəŮɡŬůŰɞɨɜ ŰŬ ŭɞəɑɛɘŬ ˊɞɡ ɗŬ ŮɝŮŰŬůŰɞɨɜ ůŰɖɜ ˊŬɟɞɨůŬ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ. 

ɄɟɧəŮɘŰŬɘ ɔɘŬ ɛɑŬ ɛɏɗɞŭɞ ɛŮ Űɖɜ ɞˊɞɑŬ ˊŬɟɎɔɞɜŰŬɘ əɡɟɑɤɠ ɡɣɖɚɐɠ ˊɞɘɧŰɖŰŬɠ Ůə ˊŮɟɘůŰɟɞűɐɠ 

ůɡɛɛŮŰɟɘəɏɠ əŬŰŬůəŮɡɏɠ, ɧˊɤɠ əɡɚɘɜŭɟɘəɎ əŮɚɨűɖ ɐ əɨɚɘɜŭɟɞɘ ɛŮ ɖɛɘůűŬɘɟɘəɎ əŬˊɎəɘŬ. ȼ 

ŭɘŬŭɘəŬůɑŬ ˊŮɟɘɚŬɛɓɎɜŮɘ ˊŮɟɘɏɚɘɝɖ ɜɖɛɎŰɤɜ ɡˊɧ ŰɎůɖ ˊɎɜɤ ůŮ ˊŮɟɘůŰɟŮűɧɛŮɜɞ əɡɚɘɜŭɟɘəɧ 

əŬɚɞɨˊɘ (mandrel).  

ȷɟɢɘəɎ ɞɘ ɑɜŮɠ ŮɑɜŬɘ ŰɡɚɘɔɛɏɜŮɠ ůŮ ɟɞɚɎ ɛŮ ůɡůŰɎŭŮɠ ɘɜɩɜ (tows) ˊɞɡ ŰɟɞűɞŭɞŰɞɨɜ Űɖ 

ɛɞɜɎŭŬ ˊŬɟŬɔɤɔɐɠ.(ůɢɐɛŬ 1.8) ɇɞ Ŭɝɞɜɘəɧ əŬɚɞɨˊɘ ˊŮɟɘůŰɟɏűŮŰŬɘ ůɡɜŮɢɩɠ əŬŰɎ Űɞɜ ŭɘŬɛɐəɖ 

ɎɝɞɜŬ ˊɞɡ ŭɘɏɟɢŮŰŬɘ Ŭˊɧ Űɞ əɏɜŰɟɞ Űɞɡ, əŬɗɩɠ ɞ ɓɟŬɢɑɞɜŬɠ ŰɟɞűɞŭɞůɑŬɠ ɘɜɩɜ əɘɜŮɑŰŬɘ 

ůɡɜŮɢɩɠ, ɛŮ ŰŬɢɨŰɖŰŮɠ ůɡɔɢɟɞɜɘůɛɏɜŮɠ ɛŮ ŬɡŰɏɠ Űɞɡ ɎɝɞɜŬ, ůŮ ɞɟɘɕɧɜŰɘŬ ŭɘŮɨɗɡɜůɖ 

ˊŬɟɎɚɚɖɚɖ ůŮ ŬɡŰɧɜ. ȼ ŰɞˊɞɗɏŰɖůɖ Űɤɜ ɘɜɩɜ ɔɑɜŮŰŬɘ ɡˊɧ ůɡɔəŮəɟɘɛɏɜɖ ɔɤɜɑŬ ˊɞɡ əŬɗɞɟɑɕŮŰŬɘ 

Ŭˊɧ Űɖ ůɢŮŰɘəɐ ɗɏůɖ əŬɚɞɡˊɘɞɨ əŬɘ ɓɟŬɢɑɞɜŬ əŬɘ ŮɚɏɔɢŮŰŬɘ Ŭˊɧ Űɖɜ ɛɞɜɎŭŬ Ůɚɏɔɢɞɡ Űɖɠ 

ɛɖɢŬɜɐɠ. Ƀ ůɡɜɖɗɏůŰŮɟŬ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɞɠ Űɨˊɞɠ ŮɜɘůɢɡŰɘəɩɜ ɘɜɩɜ ŮɑɜŬɘ ɞɘ ůɡɜŮɢɧɛŮɜɖɠ 

ɟɞɐɠ ˊɚŮɝɑŭŮɠ ɜɖɛɎŰɤɜ ɘɜɩɜ ɔɡŬɚɘɞɨ ɐ ɎɜɗɟŬəŬ ɞɘ ɞˊɞɑŮɠ ŮɛˊɞŰɑɕɞɜŰŬɘ ůŮ ɚɞɡŰɟɧ ɞɟɔŬɜɘəɐɠ 

ɟɖŰɑɜɖɠ əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ŰɡɚɑɔɞɜŰŬɘ ɔɨɟɤ Ŭˊɧ Űɞ əŬɚɞɨˊɘ. ɀɧɚɘɠ Űɞ əŬɚɞɨˊɘ əŬɚɡűɗŮɑ ˊɚɐɟɤɠ 

ɛŮ Űɞ ŮˊɘɗɡɛɖŰɧ ˊɎɢɞɠ ɘɜɩɜ, ɝŮəɘɜɎŮɘ ɖ ŭɘŬŭɘəŬůɑŬ Űɖɠ ůəɚɐɟɡɜůɖɠ Űɖɠ ɟɖŰɑɜɖɠ ŮˊɎɜɤ ůŰɞ 

əŬɚɞɨˊɘ əŬɘ ˊɘɗŬɜɧɜ ɛɏůŬ ůŮ űɞɨɟɜɞ, ŬɜɎɚɞɔŬ ɛŮ Űɞ ůɨůŰɖɛŬ Űɖɠ ɟɖŰɑɜɖɠ əŬɘ ŰŬ 

ɢŬɟŬəŰɖɟɘůŰɘəɎ ůəɚɐɟɡɜůɐɠ Űɞɡ. ɀŮŰɎ Ŭˊɧ Űɞɜ ˊɚɐɟɖ ˊɞɚɡɛŮɟɘůɛɧ Űɖɠ ɟɖŰɑɜɖɠ Űɞ əŬɚɞɨˊɘ 

ŬűŬɘɟŮɑŰŬɘ ŬűɐɜɞɜŰŬɠ Űɞ ŰŮɚɘəɧ əɡɚɘɜŭɟɘəɧ ůɨɜɗŮŰɞ ɡɚɘəɧ. ɇŬ ŬɝɞɜɘəɎ əŬɚɞɨˊɘŬ ˊɟɏˊŮɘ ɜŬ 

ŬɜŰɏɢɞɡɜ ŰŬ ɗɚɘˊŰɘəɎ űɞɟŰɑŬ ˊɞɡ ŬɜŬˊŰɨůůɞɜŰŬɘ Ŭˊɧ Űɘɠ ŰɎůŮɘɠ ˊŮɟɘɏɚɘɝɖɠ əŬɗɩɠ əŬɘ Űɘɠ 

ɡɣɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ ˊɞɡ ŬˊŬɘŰɞɨɜŰŬɘ əŬŰɎ Űɖɜ ůəɚɐɟɡɜůɖ Űɖɠ ɟɖŰɑɜɖɠ, ɔɘŬ Űɞ ɚɧɔɞ ŬɡŰɧ 

ŮɑɜŬɘ ůɡɜɐɗɤɠ ɢŬɚɨɓŭɘɜŬ əŬɘ ɔɘŬ Űɖɜ ŮɡəɞɚɧŰŮɟɖ Ŭˊɞəɧɚɚɖůɖ Űɞɡɠ ɏɢɞɡɜ ɛɘəɟɐ əɤɜɘəɧŰɖŰŬ 

ɐ ŮɑɜŬɘ ŭɘŬɘɟŮŰɎ. ɆŮ ɞɟɘůɛɏɜŮɠ ŮűŬɟɛɞɔɏɠ Űɞ əŬɚɞɨˊɘ ŭŮɜ ŬűŬɘɟŮɑŰŬɘ ɛŮŰɎ Űɞ Űɏɚɞɠ Űɖɠ 

ŭɘŬŭɘəŬůɑŬɠ əŬɘ ŬˊɞŰŮɚŮɑ ɛɧɜɘɛɞ ɛɏɟɞɠ Űɞɡ ŰŮɚɘəɞɨ ˊɟɞɥɧɜŰɞɠ. ũɟŬűɘəɐ ŬˊŮɘəɧɜɘůɖ Űɖɠ 

ɛŮɗɧŭɞɡ ˊŮɟɘɏɚɘɝɖɠ ɘɜɩɜ űŬɑɜŮŰŬɘ ůŰɞ ůɢɐɛŬ 1.9. 

 

  

ɆɢɐɛŬ 1.8 ȲɜŮɠ ŰɡɚɘɔɛɏɜŮɠ ůŮ ɟɞɚɧ 
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ɆɢɐɛŬ 1.9 ũɟŬűɘəɐ ŬˊŮɘəɧɜɘůɖ Űɖɠ ɛŮɗɧŭɞɡ ˊŮɟɘɏɚɘɝɖɠ  ɘɜɩɜ. 

 

ȼ ŭɘŬŭɘəŬůɑŬ ˊŮɟɘɏɚɘɝɖɠ ŮɑɜŬɘ ɛɑŬ ŭɘŬŭɘəŬůɑŬ əŬŰɎɚɚɖɚɖ ɔɘŬ ŬɡŰɞɛŬŰɞˊɞɑɖůɖ, ŬˊɞŰɏɚŮůɛŬ 

Űɖɠ ɞˊɞɑŬɠ ŮɑɜŬɘ ɖ ŮˊɑŰŮɡɝɖ ɡɣɖɚɩɜ ɟɡɗɛɩɜ ˊŬɟŬɔɤɔɐɠ. Ⱥˊɑůɖɠ, ɖ ɛɘəɟɐ ŮˊɑŭɟŬůɖ Űɞɡ 

Ŭɜɗɟɩˊɘɜɞɡ ˊŬɟɎɔɞɜŰŬ ůŰɖɜ ˊŬɟŬɔɤɔɘəɐ ŭɘŬŭɘəŬůɑŬ ɞŭɖɔŮɑ ůŮ ˊɟɞɥɧɜŰŬ ɡɣɖɚɐɠ ˊɞɘɧŰɖŰŬɠ 

əŬɗɩɠ əŬɘ ůŮ ɛŮɑɤůɖ Űɞɡ əɧůŰɞɡɠ ɚɧɔɤ Űɤɜ ɚɘɔɧŰŮɟɤɜ ŮɟɔŬŰɞɤɟɩɜ. Ƀɘ əɨɚɘɜŭɟɞɘ ˊɞɡ 

əŬŰŬůəŮɡɎɕɞɜŰŬɘ ɏɢɞɡɜ ɛŮɔɎɚɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ɘɜɩɜ ɛŮ ŬɜŬɛŮɜɧɛŮɜŮɠ Űɘɛɏɠ Ŭˊɧ 65% ɏɤɠ 

85%. ɇŬ əɡɟɘɧŰŮɟŬ ɛŮɘɞɜŮəŰɐɛŬŰŬ Űɖɠ ɛŮɗɧŭɞɡ ŮɑɜŬɘ ɖ ŬŭɡɜŬɛɑŬ ˊŮɟɘɏɚɘɝɖɠ ŮˊɘűŬɜŮɘɩɜ 

əɎɗŮŰŬ ůŰɞɜ ɎɝɞɜŬ ˊŮɟɘůŰɟɞűɐɠ, əŬɗɩɠ əŬɘ ɖ ŭɡůəɞɚɑŬ ˊŮɟɘɏɚɘɝɖɠ ůŮ ɛɘəɟɏɠ ɔɤɜɑŮɠ 

(ˊŬɟɎɚɚɖɚŬ ɛŮ Űɞɜ ɎɝɞɜŬ ˊŮɟɘůŰɟɞűɐɠ). ɇɏɚɞɠ, ŰŬ ˊɟɞɥɧɜŰŬ ůɡɜɐɗɤɠ ŭŮɜ ɏɢɞɡɜ ˊɞɚɨ əŬɚɐ 

ˊɞɘɧŰɖŰŬ ůŰɖɜ ŮɝɤŰŮɟɘəɐ ŮˊɘűɎɜŮɘɎ Űɞɡɠ ɢɤɟɑɠ ɜŬ ɡˊɞůŰɞɨɜ ˊŮɟŬɘŰɏɟɤ əŬŰŮɟɔŬůɑŬ. 
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1.4. ȺűŬɟɛɞɔɏɠ ɡɚɘəɩɜ Ŭˊɧ ˊŮɟɘɏɚɘɝɖ ɘɜɩɜ 

ȹŮŭɞɛɏɜɤɜ Űɤɜ ˊɚŮɞɜŮəŰɖɛɎŰɤɜ ˊɞɡ ŬɜŬűɏɟɗɖəŬɜ ˊŬɟŬˊɎɜɤ, ŰŬ ɡɚɘəɎ ˊɞɡ ɏɢɞɡɜ 

əŬŰŬůəŮɡŬůŰŮɑ ɛŮ Űɖ ɛɏɗɞŭɞ ˊŮɟɘɏɚɘɝɖɠ ɘɜɩɜ ɓɟɑůəɞɡɜ ůɡɜŮɢɩɠ ɜɏŮɠ ŮűŬɟɛɞɔɏɠ. ȺəŰɧɠ Ŭˊɧ 

Űɞɜ əɚɎŭɞ Űɖɠ ɜŬɡˊɖɔɘəɐɠ, Ŭˊɧ ŰŬ ɡɚɘəɎ ŬɡŰɎ əŬŰŬůəŮɡɎɕɞɜŰŬɘ ɡɣɖɚɩɜ ŬˊŬɘŰɐůŮɤɜ 

əɡɚɘɜŭɟɘəɎ ůŰɞɘɢŮɑŬ ɧˊɤɠ ɛˊŬůŰɞɨɜɘŬ Űɞɡ ɔəɞɚű, əŬɚɎɛɘŬ ɣŬɟɏɛŬŰɞɠ, ůəŮɚŮŰɞɑ ˊɞŭɖɚɎŰɤɜ, 

ůŰɨɚɞɘ ɛŮŰɎŭɞůɖɠ ɖɚŮəŰɟɘəɞɨ ɟŮɨɛŬŰɞɠ, əŬɗɩɠ əŬɘ űŬɜɞůŰɎŰŮɠ. ɆɖɛŬɜŰɘəɐ ŮűŬɟɛɞɔɐ 

ɓɟɑůəɞɡɜ əŬɘ ůŰɖɜ ŬŮɟɞɜŬɡˊɖɔɘəɐ, ɧˊɞɡ ɛŮ Űɖɜ Ůɜ ɚɧɔɤ ɛɏɗɞŭɞ əŬŰŬůəŮɡɎɕɞɜŰŬɘ ɎŰɟŬəŰɞɘ 

ŬŮɟɞůəŬűɩɜ, ŬɚɚɎ əŬɘ əŮɚɨűɖ əɘɜɖŰɐɟɤɜ ˊɡɟŬɨɚɤɜ Űɤɜ ŭɘŬůŰɖɛɞˊɚɞɑɤɜ (ůɢɐɛŬ 1.10) əŬɘ 

ɓɚɖɛɎŰɤɜ  (Peters, 2011). 

 
ɆɢɐɛŬ 1.10 Prime Rocket, Űɖɠ ŮŰŬɘɟɑŬɠ Orbex əŬŰŬůəŮɡŬůɛɏɜɞɠ ɛŮ Űɖ ɛɏɗɞŭɞ ˊŮɟɘɏɚɘɝɖɠ ɘɜɩɜ. 

 

ɆŰɞɜ ŰɞɛɏŬ Űɖɠ ɜŬɡˊɖɔɘəɐɠ ŰŬ ůɨɜɗŮŰŬ ɡɚɘəɎ ŮɛűŬɜɑɕɞɜŰŬɘ ůŮ ɞɚɞɏɜŬ əŬɘ ˊŮɟɘůůɧŰŮɟŮɠ 

ŮűŬɟɛɞɔɏɠ. Ƀɘ ŭɨɞ əɨɟɘɞɘ ɚɧɔɞɘ ˊɞɡ ɞŭɖɔɞɨɜ ůŮ ŬɡŰɐɜ Űɖɜ Ŭɨɝɖůɖ ŮɑɜŬɘ ɖ əŬɚɐ Űɞɡɠ 

ůɡɛˊŮɟɘűɞɟɎ ůŮ ɡŭɎŰɘɜɞ ˊŮɟɘɓɎɚɚɞɜ ŬɚɚɎ əŬɘ ɞɘ ɡɣɖɚɏɠ Ůɘŭɘəɏɠ Űɞɡɠ ɘŭɘɧŰɖŰŮɠ (ɚɧɔɞɠ Űɘɛɐɠ 

ɘŭɘɧŰɖŰŬɠ ˊɟɞɠ Ůɘŭɘəɧ ɓɎɟɞɠ). ȳůɞɜ ŬɜŬűɞɟɎ ůŰŬ ɡɚɘəɎ ˊɞɡ ˊŬɟɎɔɞɜŰŬɘ ɛŮ Űɖɜ ɛɏɗɞŭɞ 

ˊŮɟɘɏɚɘɝɖɠ ɘɜɩɜ, ˊɟɞɞɟɑɕɞɜŰŬɘ ɔɘŬ ůŰɞɘɢŮɑŬ əɡɚɘɜŭɟɘəɩɜ ŭɘŬŰɞɛɩɜ. ȽŭɘŬɑŰŮɟɖ ŮűŬɟɛɞɔɐ 

ɓɟɑůəɞɡɜ ůŮ ɡˊɞɗŬɚɎůůɘɞɡɠ Ŭɔɤɔɞɨɠ ɛŮŰŬűɞɟɎɠ ˊŮŰɟŮɚŬɑɞɡ əŬɗɩɠ əŬɘ ůŮ ŭɑəŰɡŬ 

ůɤɚɖɜɩůŮɤɜ ůəŬűɩɜ əŬɘ ɛŮɔɎɚɤɜ Ůɛˊɞɟɘəɩɜ ˊɚɞɑɤɜ ɧˊɤɠ ůŰŬ ɜɏŬ ůɡůŰɐɛŬŰŬ ŮˊŮɝŮɟɔŬůɑŬɠ 

ɏɟɛŬŰɞɠ (overboard pipes in water ballast treatment system). ȷəɧɛɖ ɛɑŬ ŮűŬɟɛɞɔɐ ˊɞɡ 

ůɡɜŬɜŰɩɜŰŬɘ ŰŬ ůɡɔəŮəɟɘɛɏɜŬ ɡɚɘəɎ ɛɏůŬ ůŰŬ ůəɎűɖ ŮɑɜŬɘ ɞɘ ɎɝɞɜŮɠ ɛŮŰɎŭɞůɖɠ ɘůɢɨɞɠ (drive 

shaft) ˊɞɡ ůŮ ɞɟɘůɛɏɜŮɠ ˊŮɟɘˊŰɩůŮɘɠ ɛɘəɟɩɜ ůəŬűɩɜ ŰŮɑɜɞɡɜ ɜŬ ŬɜŰɘəŬŰŬůŰŬɗɞɨɜ Ŭˊɧ ůɨɜɗŮŰŬ 

ɡɚɘəɎ ɚɧɔɤ Ůɝɞɘəɞɜɧɛɖůɖɠ ɓɎɟɞɡɠ (ůɢɐɛŬ 1.11). ȷˊɧ Űɘɠ ůɖɛŬɜŰɘəɧŰŮɟŮɠ ŮűŬɟɛɞɔɏɠ Űɞɡɠ 

ŮɑɜŬɘ ɖ əŬŰŬůəŮɡɐ ŭɞɢŮɑɤɜ ŬɜɗŮəŰɘəɩɜ ůŮ ɛŮɔɎɚŮɠ ŮůɤŰŮɟɘəɏɠ ɐ ŮɝɤŰŮɟɘəɏɠ ˊɘɏůŮɘɠ. Ƀɘ 

ŭŮɝŬɛŮɜɏɠ ɛŮ ɛŮɔɎɚɖ ŬɜŰɞɢɐ ůŮ ŮůɤŰŮɟɘəɏɠ ˊɘɏůŮɘɠ ˊɟɞɞɟɑɕɞɜŰŬɘ ɔɘŬ Űɖ ɛŮŰŬűɞɟɎ əŬɘ 

ŬˊɞɗɐəŮɡůɖ əŬɡůɑɛɤɜ ɧˊɤɠ Űɞ ɡŭɟɞɔɧɜɞ, Űɞ űɡůɘəɧ Ŭɏɟɘɞ (CNG tank) ɐ ɡɔɟɧ ɞɝɡɔɧɜɞ (LOX 

tank) ɧˊɤɠ ɖ ŭŮɝŬɛŮɜɐ ˊɞɡ űŬɑɜŮŰŬɘ ůŰɞ ůɢɐɛŬ 1.12. ȷɜŰɑůŰɞɘɢŬ, ɞɘ əɨɚɘɜŭɟɞɘ ɛŮ ŬɜŰɞɢɐ ůŰɘɠ 



 

 16 

ŮɝɤŰŮɟɘəɏɠ ˊɘɏůŮɘɠ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɤɠ ˊɟɞůŰŬŰŮɡŰɘəɎ ˊŮɟɘɓɚɐɛŬŰŬ ˊɑŮůɖɠ (pressure 

housings). Ʉɞɚɨ ŮɜŭɘŬűɏɟɞɡůŬ ŮűŬɟɛɞɔɐ Űɤɜ ɑŭɘɤɜ əɡɚɑɜŭɟɤɜ ŬˊɞŰŮɚɞɨɜ ŰŬ ŬɡŰɧɜɞɛŬ 

ɡˊɞɓɟɨɢɘŬ ɞɢɐɛŬŰŬ (autonomous underwater vehicle, AUV), ˊɚɖɗɩɟŬ Űɤɜ ɞˊɞɑɤɜ 

əŬŰŬůəŮɡɎɕŮŰŬɘ ɛŮ Űɖɜ ɛɏɗɞŭɞ ˊŮɟɘɏɚɘɝɖɠ ɘɜɩɜ, ɧˊɤɠ ŬɡŰɧ ˊɞɡ ŬˊŮɘəɞɜɑɕŮŰŬɘ ůŰɞ ůɢɐɛŬ 1.13. 

ȷɜŰɑůŰɞɘɢŬ, ɔɑɜŮŰŬɘ əŬŰŬůəŮɡɐ ɔŬůŰɟɩɜ ˊɑŮůɖɠ ɔɘŬ ŮˊŬɜŭɟɤɛɏɜŬ ɡˊɞɓɟɨɢɘŬ ɞɢɐɛŬŰŬ. ȯɚɚŮɠ 

ŮűŬɟɛɞɔɏɠ ˊɞɡ ɏɢɞɡɜ ŰŬ ůɨɜɗŮŰŬ ɡɚɘəɎ əŬŰŬůəŮɡŬůɛɏɜŬ ɛŮ Űɖ ɛɏɗɞŭɞ ˊŮɟɘɏɚɘɝɖɠ ɘɜɩɜ ŮɑɜŬɘ 

ɞɘ ˊɚɤŰɐɟŮɠ, ɞɘ ɗɧɚɞɘ ɖɢɞɓɞɚɘůŰɘəɩɜ əŬɗɩɠ əŬɘ ŰŬ əŮɚɨűɖ Űɞɟˊɘɚɩɜ. ɇɏɚɞɠ ɡˊɎɟɢŮɘ ŮűŬɟɛɞɔɐ 

ůŰɞɡɠ əɡɚɑɜŭɟɞɡɠ ˊɞɡ ɡˊɞůŰɖɟɑɕɞɡɜ Űɘɠ ɖɚŮəŰɟɘəɏɠ ɏɚɘəŮɠ ˊɖŭŬɚɘɞɡɢɑŬɠ (tunnels for electric 

bow thrusters) əŬɘ ůŰŬ əŬŰɎɟŰɘŬ Űɤɜ ɘůŰɘɞˊɚɞɥəɩɜ (ůɢɐɛŬ 1.14). 

 
ɆɢɐɛŬ 1.11 ȾɘɜɖŰɐɟɘɞɠ ɎɝɞɜŬɠ əŬŰŬůəŮɡŬůɛɏɜɞɠ Ŭˊɧ ůɨɜɗŮŰŬ ɡɚɘəɎ. 

 
ɆɢɐɛŬ 1.12 ȹŮɝŬɛŮɜɐ ŬˊɞɗɐəŮɡůɖɠ ɡɔɟɞɨ ɞɝɡɔɧɜɞɡ Ŭˊɧ ůɨɜɗŮŰɞ ɡɚɘəɧ ɛŮ carbon fibers 
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ɆɢɐɛŬ 1.13 ȷɡŰɧɜɞɛɞ ɡˊɞɓɟɨɢɘɞ ɧɢɖɛŬ əŬŰŬůəŮɡŬůɛɏɜɞ Ŭˊɧ ůɨɜɗŮŰŬ ɡɚɘəɎ. 

 

 

ɆɢɐɛŬ 1.14 ȷɜɡɞ́ůŰɐɟɘəŰɞ carbon əŬŰɎɟŰɘ Ŭˊɧ ůŮ ɘůŰɘɞˊɚɞɥəɧ ɨɣɞɡɠ 18m,əŬŰŬůəŮɡŬůɛɏɜɞ Ŭˊɧ Űɖ B&T Composites. 
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2. ȹɃȾȽɀȺɆ ɉȷɅȷȾɇȼɅȽɆɀɃɈ ɆɈɁŪȺɇɋɁ ɈȿȽȾɋɁ  

ȼ ŬɜɎɔəɖ Űɤɜ Ŭɜɗɟɩˊɤɜ ɜŬ ɢɟɖůɘɛɞˊɞɘɞɨɜ ɡɚɘəɎ əŬɘ ɛŮɗɧŭɞɡɠ ˊɞɡ ˊɚɖɟɞɨɜ 

ůɡɔəŮəɟɘɛɏɜŮɠ ŬˊŬɘŰɐůŮɘɠ əŬɘ ˊɟɞŭɘŬɔɟŬűɏɠ ɏɢŮɘ ɞŭɖɔɐůŮɘ ůŰɖɜ ŬɜɎˊŰɡɝɖ ˊɟɞŰɨˊɤɜ ˊɞɡ 

ˊɟɞůŭɘɞɟɑɕɞɡɜ ˊɚɐɟɤɠ Űɘɠ ŭɘŬŭɘəŬůɑŮɠ ɛɏŰɟɖůɖɠ Űɤɜ ɘŭɘɞŰɐŰɤɜ Űɤɜ ˊŮɟɘůůɧŰŮɟɤɜ ɡɚɘəɩɜ 

ŮɡɟŮɑŬɠ ɢɟɐůɖɠ. ɇŬ ˊɟɧŰɡˊŬ ŬɡŰɎ ɢɟŮɘɎůŰɖəŮ ɜŬ ůɡɛɓŬŭɑɕɞɡɜ ɛŮ ŭɘŮɗɜɩɠ ŬɜŬɔɜɤɟɘůɛɏɜɞɡɠ 

əŬɜɞɜɘůɛɞɨɠ. ȰŰůɘ Űɞ 1898 ɘŭɟɨɗɖəŮ ɖ ȷɛŮɟɘəŬɜɘəɐ ȺŰŬɘɟɑŬ ȹɞəɘɛɩɜ əŬɘ ɡɚɘəɩɜ (American 

Society for Testing and Materials, ASTM) ɛŮ ůəɞˊɧ Űɖɜ ŬɜɎˊŰɡɝɖ əŬɘ ŭɖɛɞůɑŮɡůɖ ɞɛɧűɤɜŬ 

ŬˊɞŭŮəŰɩɜ ŰŮɢɜɘəɩɜ ˊɟɞŰɨˊɤɜ ˊɞɡ Ŭűɞɟɞɨɜ ůŰɖɜ əŬŰŬůəŮɡɐ ɡɚɘəɩɜ, ˊɟɞɥɧɜŰɤɜ, 

ůɡůŰɖɛɎŰɤɜ əŬɘ ɡˊɖɟŮůɘɩɜ. 

 

2.1. ɆɡɛɓŬŰɘəɏɠ ɛɏɗɞŭɞɘ ɢŬɟŬəŰɖɟɘůɛɞɨ  

ɇŬ ˊɟɧŰɡˊŬ ůŰɖ ůɨɔɢɟɞɜɖ Ůˊɞɢɐ ŬəɞɚɞɡɗɞɨɜŰŬɘ əŬɘ ŬɜŬˊŰɨůůɞɜŰŬɘ Ŭˊɧ Űɖɜ ŮˊɘůŰɖɛɞɜɘəɐ 

əɞɘɜɧŰɖŰŬ ŬɚɚɎ əŬɘ Ŭˊɧ Űɞɡɠ əɚɎŭɞɡɠ Űɖɠ ɓɘɞɛɖɢŬɜɑŬɠ. Ⱦɡɟɑɤɠ ɔɘŬ ŰŬ ůɨɜɗŮŰŬ ɡɚɘəɎ, ɖ ɚɞɔɘəɐ 

Űɤɜ ˊɟɞŰɨˊɤɜ ŮɑɜŬɘ ɞ ˊɟɞůŭɘɞɟɘůɛɧɠ ɛɑŬɠ ɘŭɘɧŰɖŰŬɠ Űɞɡ ɡɚɘəɞɨ ɛɏůɤ ˊŮɘɟŬɛŬŰɘəɐɠ 

ŭɘŬŭɘəŬůɑŬɠ ɧˊɞɡ ŮɝŮŰɎɕɞɜŰŬɘ ŭɞəɑɛɘŬ Űɞɡ ɡɚɘəɞɨ. ȳůɞɜ ŬűɞɟɎ ůŰŬ ůɨɜɗŮŰŬ ɡɚɘəɎ ɛŮ 

ˊɞɚɡɛŮɟɘəɐ ɛɐŰɟŬ, ɡˊɎɟɢŮɘ ˊɚɐɟɖɠ ůŮɘɟɎ ˊɟɞŰɨˊɤɜ ɛɏůɤ Űɤɜ ɞˊɞɑɤɜ ɛŮŰɟɞɨɜŰŬɘ ɧɚŮɠ ɞɘ 

əɨɟɘŮɠ ɛɖɢŬɜɘəɏɠ Űɞɡɠ ɘŭɘɧŰɖŰŮɠ, ɞɘ ɞˊɞɑŮɠ ŮɑɜŬɘ: 

¶ ȼ ŬɜŰɞɢɐ ůŮ ŮűŮɚəɡůɛɧ, əŬɗɩɠ əŬɘ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ ůŰɖ ŭɘŮɨɗɡɜůɖ Ɏůəɖůɖɠ 

Űɞɡ űɞɟŰɑɞɡ. ȺűŬɟɛɧɕŮŰŬɘ Űɞ ˊɟɧŰɡˊɞ ASTM D3039, ůŰɞ ɞˊɞɑɞ ɚŮˊŰɧ ŮˊɑˊŮŭɞ ŭɞəɑɛɘɞ 

Űɞɡ ɡɚɘəɞɨ ůŰŬɗŮɟɐɠ ŭɘŬŰɞɛɐɠ, ŮűŮɚəɨŮŰŬɘ ɛɞɜɞŰɞɜɘəɎ ɛŮ ŰŬɡŰɧɢɟɞɜɖ əŬŰŬɔɟŬűɐ Űɞɡ 

űɞɟŰɑɞɡ. ɋɠ ɞɚɘəɐ ŬɜŰɞɢɐ ɗŮɤɟŮɑŰŬɘ Űɞ ɛɏɔɘůŰɞ űɞɟŰɑɞ, Ůɜɩ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ 

ɡˊɞɚɞɔɑɕŮŰŬɘ ɛɏůɤ Űɞɡ ŭɘŬɔɟɎɛɛŬŰɞɠ ŰɎůŮɤɜ-ˊŬɟŬɛɞɟűɩůŮɤɜ. 

 

¶  ɀŮ Űɖɜ ɑŭɘŬ ɚɞɔɘəɐ ɛŮŰɟɞɨɜŰŬɘ ɞɘ ɘŭɘɧŰɖŰŮɠ ɗɚɑɣɖɠ Űɞɡ ɡɚɘəɞɨ ɛɏůɤ Űɞɡ ˊɟɞŰɨˊɞɡ 

ASTM D3410. 

 

¶  ȳůɞɜ ŬűɞɟɎ ůŰɘɠ ŭɘŬŰɛɖŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ɡɚɘəɞɨ, ɏɢɞɡɜ ŬɜŬˊŰɡɢɗŮɑ ŭɘɎűɞɟŬ ˊɟɧŰɡˊŬ 

ˊɞɡ Ŭˊɞůəɞˊɞɨɜ ůŰɞɜ ˊɟɞůŭɘɞɟɘůɛɧ ŬɡŰɩɜ. ȷɟɢɘəɎ Űɞ ˊɟɧŰɡˊɞ ASTM D3518, 

ŮűŬɟɛɧɕŮŰŬɘ ůŮ ůɡɛɛŮŰɟɘəɎ ɡɚɘəɎ ŮɜɘůɢɡɛɏɜŬ ůŮ ɔɤɜɑŮɠ +45 əŬɘ -45 Ŭˊɧ Űɞɜ ɓŬůɘəɧ 

ɎɝɞɜŬ Űɞɡ ɡɚɘəɞɨ, ɧˊɞɡ ŬůəŮɑŰŬɘ ůŮ ɚŮˊŰɎ ŮˊɑˊŮŭŬ ŭɞəɑɛɘŬ ɛɞɜɞŬɝɞɜɘəɧɠ ŮűŮɚəɡůɛɧɠ 

əŬŰɎ Űɞɜ əɨɟɘɞ ɎɝɞɜŬ ɧɛɞɘɞɠ ɛŮ Űɞɡ ˊɟɞŰɨˊɞɡ ASTM D3039 . ȼ ŭɘŬŰɛɖŰɘəɐ ŬɜŰɞɢɐ Űɞɡ 

ɡɚɘəɞɨ ɡˊɞɚɞɔɑɕŮŰŬɘ ɛɏůɤ Űɞɡ ŮűŬɟɛɞɕɧɛŮɜɞɡ űɞɟŰɑɞɡ əŬɘ Űɞ ɛɏŰɟɞ ŭɘɎŰɛɖůɖɠ Ŭˊɧ Űɞ 

ŭɘɎɔɟŬɛɛŬ ŭɘŬŰɛɖŰɘəɩɜ ŰɎůŮɤɜ-ŭɘŬŰɛɖŰɘəɩɜ ˊŬɟŬɛɞɟűɩůŮɤɜ. ȯɚɚɖ ɛɏɗɞŭɞɠ ŮɑɜŬɘ 

ŬɡŰɐ Űɞɡ ˊɟɞŰɨˊɞɡ ASTM D3846 ɧˊɞɡ ůŮ ŭɞəɑɛɘɞ ɛŮ Ůɔəɞˊɏɠ, ɧˊɤɠ ŬˊŮɘəɞɜɑɕŮŰŬɘ ůŰɞ 

ůɢɐɛŬ 2.1, ŬůəŮɑŰŬɘ ɗɚɘˊŰɘəɐ űɧɟŰɘůɖ. ɀŮŰŬɝɨ Űɤɜ ŭɨɞ Ůɔəɞˊɩɜ ŭɖɛɘɞɡɟɔŮɑŰŬɘ əŬɗŬɟɐ 

ŭɘɎŰɛɖůɖ əŬɘ ůŰɞ ůɖɛŮɑɞ ŬɡŰɧ ɔɑɜɞɜŰŬɘ ɞɘ ɛŮŰɟɐůŮɘɠ Űɤɜ ɘŭɘɞŰɐŰɤɜ. ɇɏɚɞɠ, ŰŬ ɑŭɘŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ ɛˊɞɟɞɨɜ ɜŬ ɡˊɞɚɞɔɘůŰɞɨɜ əŬɘ ɛɏůɤ Űɞɡ ˊɟɞŰɨˊɞɡ ASTM D5379, ɧˊɞɡ 

ŭɞəɑɛɘɞ ɛŮ Ůɔəɞˊɏɠ Űɨˊɞɡ V əŬɘ ɔŮɤɛŮŰɟɑŬ ˊɞɡ ŬˊŮɘəɞɜɑɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 2.2, űɞɟŰɑɕŮŰŬɘ 

ɛɏůɤ Ůɘŭɘəɐɠ ŭɘɎŰŬɝɖɠ ˊɞɡ ŬˊŮɘəɞɜɑɕŮŰŬɘ ůŰɞ ůɢɐɛŬ 2.3. ȼ ŭɘɎŰɛɖůɖ ŮɛűŬɜɑɕŮŰŬɘ 
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ɛŮŰŬɝɨ Űɤɜ ŭɨɞ Ůɔəɞˊɩɜ, ůŰɞ ɛɏůɞ Űɞɡ ŭɞəɘɛɑɞɡ. ȼ Ůˊɘɚɞɔɐ Űɖɠ ɛŮɗɧŭɞɡ ŮˊɘɚɏɔŮŰŬɘ Ŭˊɧ 

Űɞɜ ŮɟŮɡɜɖŰɐ, ůɨɛűɤɜŬ ɛŮ Űɘɠ ŬˊŬɘŰɐůŮɘɠ Űɞɡ ŬɚɚɎ əŬɘ ɓɎůŮɘ Űɞɡ ɡˊɎɟɢɞɜŰɞɠ 

Ůɝɞˊɚɘůɛɞɨ. 

 

¶  Ƀɘ əŬɛˊŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ ɡˊɞɚɞɔɑɕɞɜŰŬɘ ůɨɛűɤɜŬ ɛŮ Űɞ ˊɟɧŰɡˊɞ ASTM D7264 (Űɞ ɞˊɞɑɞ 

ɓŬůɑůŰɖəŮ ůŰɞ ŭɘŮɗɜɏɠ ˊɟɧŰɡˊɞ ISO 14125). ȹɞəɑɛɘɞ ůŰŬɗŮɟɐɠ ɞɟɗɞɔɤɜɘəɐɠ ŭɘŬŰɞɛɐɠ 

űɞɟŰɑɕŮŰŬɘ ůŮ əɎɛɣɖ Űɟɘɩɜ (Procedure A) ɐ ŰŮůůɎɟɤɜ ůɖɛŮɑɤɜ (Procedure B) ɧˊɤɠ 

ŬˊŮɘəɞɜɑɕŮŰŬɘ ůŰɞ ůɢɐɛŬ 2.3. Ƀɘ əŬɛˊŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ ɛŮŰɟɞɨɜŰŬɘ əɎŰɤ Ŭˊɧ Űɞ ůɖɛŮɑɞ 

Űɖɠ űɧɟŰɘůɖɠ ɐ ɛŮŰŬɝɨ Űɤɜ ŭɨɞ ɛŮɚɩɜ ŮűŬɟɛɞɔɐɠ Űɖɠ űɧɟŰɘůɖɠ ŬɜŰɑůŰɞɘɢŬ ɔɘŬ Űɘɠ ŭɨɞ 

ŭɘŬŭɘəŬůɑŮɠ. 

 

 
ɆɢɐɛŬ 2.1 ɆəŬɟɑűɖɛŬ ŭɞəɘɛɑɞɡ ůɨɛűɤɜŬ ɛŮ Űɞ ˊɟɧŰɡˊɞ ASTM D3846.  

 

 

ɆɢɐɛŬ 2.2 ɆəŬɟɑűɖɛŬ ŭɞəɘɛɑɞɡ ůɨɛűɤɜŬ ɛŮ Űɞ ˊɟɧŰɡˊɞ ASTM D5379.  
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ɆɢɐɛŬ 2.3 ȷˊŮɘəɧɜɘůɖ Űɤɜ ŭɘŬŭɘəŬůɘɩɜ Űɞɡ ˊɟɞŰɨˊɞɡ ASTM D7264.  

 

 

2.2. ȹɞəɘɛɏɠ ɢŬɟŬəŰɖɟɘůɛɞɨ əŬɛˊɨɚɤɜ ŭɞəɘɛɑɤɜ  

ɆŰɞ ˊɟɞɖɔɞɨɛŮɜɞ əŮűɎɚŬɘɞ ɏɔɘɜŮ ŬɜŬűɞɟɎ ůŰŬ ůɨɜɗŮŰŬ ɡɚɘəɎ ˊɞɡ əŬŰŬůəŮɡɎɕɞɜŰŬɘ ɛŮ Űɖ 

ɛɏɗɞŭɞ Űɖɠ ˊŮɟɘɏɚɘɝɖɠ ɘɜɩɜ, əŬɗɩɠ əŬɘ ůŰɘɠ ŮűŬɟɛɞɔɏɠ Űɞɡɠ ůŮ ŭɘɎűɞɟɞɡɠ əŬŰŬůəŮɡŬůŰɘəɞɨɠ 

əɚɎŭɞɡɠ. ȼ ŬɡɝŬɜɧɛŮɜɖ ɢɟɐůɖ Űɞɡɠ ɞŭɐɔɖůŮ ˊɞɚɚɞɨɠ ŮɟŮɡɜɖŰɏɠ ůŰɖɜ ˊɟɞůˊɎɗŮɘŬ 

ɢŬɟŬəŰɖɟɘůɛɞɨ Űɤɜ ɡɚɘəɩɜ ŬɡŰɩɜ (Peters, 2011). ɇɞ ɛŮɔɎɚɞ ˊɟɧɓɚɖɛŬ ˊɞɡ ˊɟɞəɨˊŰŮɘ əŬŰɎ 

Űɖɜ ˊɟɞůˊɎɗŮɘŬ ɢŬɟŬəŰɖɟɘůɛɞɨ Űɞɡɠ ŮɑɜŬɘ Űɞ ɔŮɔɞɜɧɠ ɧŰɘ ɖ ɛɏɗɞŭɞɠ ˊŮɟɘɏɚɘɝɖɠ ɘɜɩɜ ˊŬɟɎɔŮɘ 

əŬŰɎ əɨɟɘɞ ɚɧɔɞ ˊɟɞɥɧɜŰŬ ɛŮ əŬɛˊɡɚɧŰɖŰŬ, ůŰŬ ɞˊɞɑŬ ŭŮɜ ɛˊɞɟɞɨɜ ɜŬ ŮűŬɟɛɞůŰɞɨɜ ɞɘ 

əɚŬůůɘəɏɠ ŭɞəɘɛɏɠ ˊɟɞůŭɘɞɟɘůɛɞɨ Űɤɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ ˊɞɡ ɞɟɑɕɞɜŰŬɘ Ŭˊɧ ŰŬ 

ˊɟɞŬɜŬűŮɟɗɏɜŰŬ ˊɟɧŰɡˊŬ, ŰŬ ɞˊɞɑŬ Ŭűɞɟɞɨɜ ůŮ ŮˊɑˊŮŭŬ ŭɞəɑɛɘŬ. 

ȼ Ŭɟɢɐ ɔɘŬ Űɖɜ ŬɜŰɘɛŮŰɩˊɘůɖ ŬɡŰɞɨ Űɞɡ ɕɖŰɐɛŬŰɞɠ ɏɔɘɜŮ Ŭˊɧ Űɞ ȷɛŮɟɘəŬɜɘəɧ ɁŬɡŰɘəɧ, 

ȺɟɔŬůŰɐɟɘɞ Ʉɡɟɞɓɞɚɘəɞɨ (Kinna, 1964), Űɞ ɞˊɞɑɞ ˊɟɧŰŮɘɜŮ ŭɨɞ ˊŮɘɟŬɛŬŰɘəɏɠ ŭɘŬŭɘəŬůɑŮɠ 

ˊɟɞůŭɘɞɟɘůɛɞɨ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ əŬɛˊɨɚɤɜ ŭɞəɘɛɑɤɜ. ȼ ˊɟɩŰɖ Ůɝ ŬɡŰɩɜ ŬɜŬűɏɟŮŰŬɘ ůŰɞɜ 

ɡˊɞɚɞɔɘůɛɧ Űɖɠ ŰɎůɖɠ ŬůŰɞɢɑŬɠ Űɞɡ ɡɚɘəɞɨ ůŰɖɜ ˊŮɟɘűŮɟŮɘŬəɐ ŭɘŮɨɗɡɜůɖ Űɞɡ əɡɚɑɜŭɟɞɡ. ȾŬŰɎ 

Űɖɜ ˊŮɘɟŬɛŬŰɘəɐ ŭɘŬŭɘəŬůɑŬ ůŮ ŭŬəŰɡɚɘɞŮɘŭɏɠ ŭɞəɑɛɘɞ, ůəŬɟɑűɖɛŬ Űɞɡ ɞˊɞɑɞɡ ŬˊŮɘəɞɜɑɕŮŰŬɘ 

ůŰɞ ůɢɐɛŬ 2.4, ŬůəŮɑŰŬɘ ŮůɤŰŮɟɘəɎ ŬəŰɘɜɘəɐ űɧɟŰɘůɖ ůŮ ɛɑŬ ŭɘŮɨɗɡɜůɖ ɛɏůɤ Ůɘŭɘəɐɠ ŭɘɎŰŬɝɖɠ 

ŭɘŬɘɟɞɨɛŮɜɞɡ ŭɑůəɞɡ ˊɞɡ ŬˊŮɘəɞɜɑɕŮŰŬɘ ůŰɞ ůɢɐɛŬ 2.5. ȼ ɛɏɔɘůŰɖ ŬɜŰɞɢɐ ɡˊɞɚɞɔɑɕŮŰŬɘ Ŭˊɧ Űɞ 

ɛɏɔɘůŰɞ űɞɟŰɑɞ ɗɟŬɨůɖɠ ˊɞɡ ŭɨɜŬŰŬɘ ɜŬ űɏɟŮɘ Űɞ ŭɞəɑɛɘɞ. ȼ ŭɘŬŭɘəŬůɑŬ ŬɡŰɐ ůɡɜŰɏɚŮůŮ ůŰɖ 

ŭɖɛɘɞɡɟɔɑŬ Űɞɡ ˊɟɞŰɨˊɞɡ ASTM D2290, Űɞ ɞˊɞɑɞ ɛɏɢɟɘ ůɐɛŮɟŬ ŬˊɞŰŮɚŮɑ ɏɜŬ Ŭˊɧ ŰŬ ɓŬůɘəɎ 

ˊɟɧŰɡˊŬ ɢŬɟŬəŰɖɟɘůɛɞɨ Űɤɜ ɡɚɘəɩɜ ˊɞɡ əŬŰŬůəŮɡɎɕɞɜŰŬɘ ɛŮ Űɖɜ ɛɏɗɞŭɞ ˊŮɟɘɏɚɘɝɖɠ ɘɜɩɜ. ȼ 

ŭŮɨŰŮɟɖ ˊŮɘɟŬɛŬŰɘəɐ ŭɞəɘɛɐ ˊɞɡ ˊɟɞŰɎɗɖəŮ Ŭˊɧ Űɞ ɑŭɘɞ ŮɟɔŬůŰɐɟɘɞ, ˊɟɞůŭɘɞɟɑɕŮɘ Űɖɜ ŬɜŰɞɢɐ 

ŭɞəɘɛɑɞɡ ɛɘəɟɐɠ ŬəŰɑɜŬɠ əŬɛˊɡɚɧŰɖŰŬɠ ůŮ əɎɛɣɖ əŬɘ ɓɎůŮɘ ŬɡŰɐɠ ŭɖɛɘɞɡɟɔɐɗɖəŮ Űɞ ˊɟɧŰɡˊɞ 

ASTM D2344. ȾŬŰɎ Űɞ ˊɟɧŰɡˊɞ ŬɡŰɧ ŭɞəɑɛɘɞ ɛɘəɟɐɠ ŬəŰɑɜŬɠ əŬɛˊɡɚɧŰɖŰŬɠ ŰɞˊɞɗŮŰŮɑŰŬɘ 

ˊɎɜɤ ůŮ ůŰɖɟɑɔɛŬŰŬ ˊɞɡ ŮˊɘŰɟɏˊɞɡɜ Űɖɜ ˊɚŮɡɟɘəɐ əɑɜɖůɖ ɧˊɤɠ ŬˊŮɘəɞɜɑɕŮŰŬɘ ůŰɞ ůɢɐɛŬ 2.6, 
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Ůɜɩ ɖ ŭɨɜŬɛɖ ŮűŬɟɛɧɕŮŰŬɘ ɛɏůɤ Ůɘŭɘəɐɠ ŭɘɎŰŬɝɖɠ, ˊɞɡ űŬɑɜŮŰŬɘ ůŰɞ ɑŭɘɞ ůɢɐɛŬ, əŬŰŮɡɗŮɑŬɜ 

ůŰɞ əɏɜŰɟɞ Űɞɡ ŭɞəɘɛɑɞɡ. Ƀɛɞɑɤɠ ɛŮ Űɞ ˊɟɞɖɔɞɨɛŮɜɞ ˊɟɧŰɡˊɞ, ɖ ɛɏɔɘůŰɖ ŬɜŰɞɢɐ ɡˊɞɚɞɔɑɕŮŰŬɘ 

Ŭˊɧ Űɞ ɛɏɔɘůŰɞ űɞɟŰɑɞ ɗɟŬɨůɖɠ ˊɞɡ ŭɨɜŬŰŬɘ ɜŬ űɏɟŮɘ Űɞ ŭɞəɑɛɘɞ. 

 
ɆɢɐɛŬ 2.4 ɆəŬɟɑűɖɛŬ ŭɞəɘɛɑɞɡ ɔɘŬ Űɞ ˊɟɧŰɡˊɞ ASTM D2290. 

 

 

ɆɢɐɛŬ 2.5 ɇɡˊɘəɐ ŭɘɎŰŬɝɖ ŭɘŬɘɟɞɨɛŮɜɞɡ ŭɑůəɞɡ ɔɘŬ Űɞ ˊɟɧŰɡˊɞ ASTM D2290. 
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ɆɢɐɛŬ 2.6 ɄŮɘɟŬɛŬŰɘəɐ ŭɘɎŰŬɝɖ Űɞɡ ˊɟɞŰɨˊɞɡ ASTM D2344. 

ɀɑŬ ŭɘŬűɞɟŮŰɘəɐ ˊɟɞůɏɔɔɘůɖ Ůˊɑɚɡůɖɠ Űɞɡ ɕɖŰɐɛŬŰɞɠ ɢŬɟŬəŰɖɟɘůɛɞɨ Űɤɜ ůɨɜɗŮŰɤɜ 

ɡɚɘəɩɜ ˊɞɡ əŬŰŬůəŮɡɎɕɞɜŰŬɘ ɛŮ Űɖɜ ɛɏɗɞŭɞ Űɖɠ ˊŮɟɘɏɚɘɝɖɠ ɘɜɩɜ ɏɔɘɜŮ Ŭˊɧ Űɞɡɠ ɄŬˊŬŭɎəɖ & 

ɇůɞɨɓŬɚɖ (2014) əŬɘ ȺˊɘŰɟɞˊɎəɖ (2012). ȾŬŰɎ Űɖɜ ŬɜŬűŮɟɧɛŮɜɖ ůŮɘɟɎ ŭɞəɘɛɩɜ ˊɞɡ 

ŮəˊɞɜɐɗɖəŮ ůŰɞ ȺɟɔŬůŰɐɟɘɞ ɁŬɡˊɖɔɘəɐɠ ɇŮɢɜɞɚɞɔɑŬɠ (ȺɁɇ), ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ŮɘŭɘəɎ 

ŭɘŬɛɞɟűɤɛɏɜɞ ŮˊɑˊŮŭɞ əŬɚɞɨˊɘ ˊɞɡ űŬɑɜŮŰŬɘ ůŰɞ ůɢɐɛŬ 2.7 ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ ŮˊɑˊŮŭɤɜ 

ˊɚŬəɩɜ. ȾŬŰŬůəŮɡɎůŰɖəŬɜ ŭɨɞ ɕŮɨɔɖ ˊɚŬəɩɜ ɛŮ ɔɤɜɑŬ ˊŮɟɘɏɚɘɝɖɠ Ñ86Ü əŬɘ Ñ45Ü əŬɘ ŰŬ 

ŮˊɑˊŮŭŬ ŭɞəɑɛɘŬ ˊɞɡ əɧˊɖəŬɜ Ŭˊɧ ŬɡŰɞɨɠ ŮɝŮŰɎůŰɖəŬɜ ɤɠ ˊɟɞɠ Űɘɠ ŭɘŬŰɛɖŰɘəɏɠ Űɞɡɠ ɘŭɘɧŰɖŰŮɠ 

ůɨɛűɤɜŬ ɛŮ ŰŬ ˊɟɧŰɡˊŬ ASTM D3039 əŬɘ D3518, ŬɜŰɑůŰɞɘɢŬ. ȷˊɧ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ 

ŭɞəɘɛɩɜ ŬɡŰɩɜ űŬɑɜŮŰŬɘ ɧŰɘ Ŭˊɧ ŰŬ ŮˊɑˊŮŭŬ ŭɞəɑɛɘŬ ɡˊɞɚɞɔɑɕɞɜŰŬɘ ˊɞɚɨ ɢŬɛɖɚɧŰŮɟŮɠ 

ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Ŭˊɧ Űɘɠ ˊɟɞůŭɞəɩɛŮɜŮɠ, ɔŮɔɞɜɧɠ ˊɞɡ ɞűŮɑɚŮŰŬɘ ůŰɖ ɛŮɔɎɚɖ 

ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ əŮɜɎ Űɤɜ ŭɞəɘɛɑɤɜ ˊɞɡ ˊŬɟɐɢɗɖůŬɜ ɛŮ Űɞɜ Űɟɧˊɞ ŬɡŰɧɜ.  

ȹŮŭɞɛɏɜɖɠ Űɖɠ ŬˊɞŰɡɢɑŬɠ Űɤɜ ŮˊɑˊŮŭɤɜ ŭɞəɘɛɑɤɜ əŬŰɎ Űɖɜ ˊɟɞŬɜŬűŮɟɧɛŮɜɖ ůŮɘɟɎ 

ŭɞəɘɛɩɜ, əŬɗɩɠ əŬɘ Ŭˊɧ Űɞɡɠ ȸɞɚɞɜɎəɖ & ɇůɞɨɓŬɚɖ (2012), əɟɑɗɖəŮ ůəɧˊɘɛɖ ɖ ɛŮɚɏŰɖ 

əŬɛˊɨɚɤɜ ŭɞəɘɛɑɤɜ. ɇŬ ŭɞəɑɛɘŬ ŬɡŰɎ ɡˊɧəŮɘɜŰŬɘ ůŮ əɎɛɣɖ Űɟɘɩɜ ůɖɛŮɑɤɜ ɛŮ ůəɞˊɧ Űɞɜ 

ˊɟɞůŭɘɞɟɘůɛɧ Űɖɠ ɛɏɔɘůŰɖɠ ŬɜŰɞɢɐɠ əŬɗɩɠ əŬɘ Űɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬŰɎ Űɖ ŭɘŮɨɗɡɜůɖ 

Űɤɜ ŮɜɘůɢɡŰɘəɩɜ ɘɜɩɜ. 

 
ɆɢɐɛŬ 2.7 ȹɘŬůŰɎůŮɘɠ əŬɘ ɛɞɟűɐ ŮˊɑˊŮŭɞɡ əŬɚɞɡˊɘɞɨ. 

 

2.3. ȹɞəɘɛɏɠ ɢŬɟŬəŰɖɟɘůɛɞɨ űɡůɘəɩɜ ɘŭɘɞŰɐŰɤɜ  

ɇŬ űɡůɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Ůɜɧɠ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ ɧˊɤɠ ŮɑɜŬɘ ɖ ˊɡəɜɧŰɖŰɎ Űɞɡ əŬɗɩɠ əŬɘ ɖ 

ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɤɜ Ůˊɑ ɛɏɟɞɡɠ ɡɚɘəɩɜ ɐ Űɤɜ əŮɜɩɜ ŬɏɟŬ, ŬˊɞŰŮɚɞɨɜ ɛŮɟɘəɏɠ Ŭˊɧ Űɘɠ 

ɓŬůɘəɧŰŮɟŮɠ ˊŬɟŬɛɏŰɟɞɡɠ əŬɗɞɟɘůɛɞɨ Űɤɜ ŰŮɚɘəɩɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ Űɞɡ. ũɘŬ Űɖ ɛɏŰɟɖůɖ 

Űɖɠ ˊɡəɜɧŰɖŰŬɠ ůŰŬ ˊɚŬůŰɘəɎ ɡɚɘəɎ Ůɜ ɔɏɜŮɘ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɖ ŭɘŬŭɘəŬůɑŬ ˊɞɡ ɞɟɑɕŮɘ Űɞ 

ˊɟɧŰɡˊɞ ASTM D792 əŬɘ ŮɑɜŬɘ ůɨɛűɤɜɖ ɛŮ Űɞ ISO 1183. ɆɨɛűɤɜŬ ɛŮ Űɖɜ ˊŬɟŬˊɎɜɤ 

ŭɘŬŭɘəŬůɑŬ ɛŮŰɟɘɏŰŬɘ ɖ ɛɎɕŬ Ůɜɧɠ ŭɞəɘɛɑɞɡ ůŰɞɜ ŬɏɟŬ əŬɘ ůŰɞ ɜŮɟɧ ɛŮ ůəɞˊɧ ɜŬ ɓɟŮɗŮɑ Űɞ 

Ůɘŭɘəɧ ɓɎɟɞɠ əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ɜŬ ɡˊɞɚɞɔɘůŰŮɑ ɖ ˊɡəɜɧŰɖŰŬ. 

ũɘŬ Űɖɜ ŮɨɟŮůɖ Űɖɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ůŮ ŮɜɘůɢɡŰɘəɧ ɡɚɘəɧ ɐ ɛɐŰɟŬ ůɡɜɐɗɤɠ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ əŬŰŬůŰɟŮˊŰɘəɏɠ ɛɏɗɞŭɞɘ. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɞɡ GRP (Glass Reinforced 

Plastic) ɖ ŭɞəɘɛɐ əŬɨůɖɠ ŮɑɜŬɘ ˊɘɗŬɜɧŰŬŰŬ ɖ ˊɘɞ ŬˊɞŰŮɚŮůɛŬŰɘəɐ ɛɏɗɞŭɞɠ (ASTM D2584, ISO 
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1172). ɆɨɛűɤɜŬ ɛŮ Űɖ ŭɞəɘɛɐ ŬɡŰɐ, ɏɜŬ ɛɘəɟɧ ŭɞəɑɛɘɞ, Űɞɡ ɞˊɞɑɞɡ ɏɢɞɡɜ ɛŮŰɟɖɗŮɑ ɛŮ ŬəɟɑɓŮɘŬ 

Űɞ ɓɎɟɞɠ əŬɘ ɞ ɧɔəɞɠ, ɗŮɟɛŬɑɜŮŰŬɘ ůŮ ŮɚŮɔɢɧɛŮɜŮɠ ůɡɜɗɐəŮɠ (500 - 600ÁC) ɛɏɢɟɘ ɜŬ ŮɝŬŮɟɤɗŮɑ 

ɖ ˊɞɚɡɛŮɟɐɠ ɛɐŰɟŬ. ɆŰɖ ůɡɜɏɢŮɘŬ ɕɡɔɑɕɞɜŰŬɘ ɞɘ ŮɜŬˊɞɛɏɜɞɡůŮɠ ŮɜɘůɢɡŰɘəɏɠ ɑɜŮɠ ɔɡŬɚɘɞɨ əŬɘ 

Űɞ ɓɎɟɞɠ Űɞɡɠ ŬűŬɘɟŮɑŰŬɘ Ŭˊɧ Űɞ Ŭɟɢɘəɧ ɓɎɟɞɠ Űɞɡ ŭɞəɘɛɑɞɡ ɔɘŬ ɜŬ ɡˊɞɚɞɔɘůŰŮɑ Űɞ ɓɎɟɞɠ Űɖɠ 

ɛɐŰɟŬɠ. Ƀɘ ɧɔəɞɘ Űɤɜ ɘɜɩɜ əŬɘ Űɖɠ ɛɐŰɟŬɠ ɡˊɞɚɞɔɑɕɞɜŰŬɘ ŰɧŰŮ ůɡɜŬɟŰɐůŮɘ Űɤɜ ɓŬɟɩɜ əŬɘ ɛŮ 

Űɖ ɓɞɐɗŮɘŬ Űɤɜ ɔɜɤůŰɩɜ ˊɡəɜɞŰɐŰɤɜ Űɞɡɠ, Ůɜɩ ɛɑŬ ŮəŰɑɛɖůɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ůŮ əŮɜɎ (< 5%) 

ɔɑɜŮŰŬɘ ŭɡɜŬŰɐ ŬűŬɘɟɩɜŰŬɠ Űɞɜ ůɡɜɞɚɘəɧ ɧɔəɞ Űɤɜ ůɡɜɘůŰɩɜŰɤɜ ɛŮɟɩɜ (ɑɜŮɠ əŬɘ ɛɐŰɟŬ) Ŭˊɧ 

Űɞɜ Ŭɟɢɘəɧ ɧɔəɞ Űɞɡ ŭɞəɘɛɑɞɡ. 

ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ CFRP (Carbon Fiber Reinforced Plastic), ůŰŬ ɞˊɞɑŬ ɞɘ ɑɜŮɠ ɎɜɗɟŬəŬ 

ɞɝŮɘŭɩɜɞɜŰŬɘ Ŭˊɧ Űɖɜ ŭɞəɘɛɐ əŬɨůɖɠ, ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɖ ŮɜŬɚɚŬəŰɘəɐ ɛɏɗɞŭɞɠ Űɖɠ ŭɘɎɚɡůɖɠ 

Űɖɠ ɛɐŰɟŬɠ, əŬŰɎ Űɖɜ ɞˊɞɑŬ ɖ ɟɖŰɑɜɖ ŮɝɎɔŮŰŬɘ Ŭˊɧ Űɞ ůɨɜɗŮŰɞ ɡɚɘəɧ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɏɜŬ 

ɘůɢɡɟɧ ɞɝɨ ůŬɜ ŭɘŬɚɨŰɖ (matrix digestion, ASTM D3171). Ƀɘ ŰŮɚŮɡŰŬɑŮɠ ŮɝŮɚɑɝŮɘɠ ůŰɞɜ 

ŰŮɢɜɞɚɞɔɘəɧ ŰɞɛɏŬ ŬɚɚɎ əŬɘ ůŰŬ ɑŭɘŬ ŰŬ ůɨɜɗŮŰŬ ɡɚɘəɎ, ˊɞɡ ˊɚɏɞɜ ˊŮɟɘɏɢɞɡɜ ˊɟɞůɛɑɝŮɘɠ 

ŭɘŬűɧɟɤɜ ůŰɞɘɢŮɑɤɜ ɔɘŬ Ŭɨɝɖůɖ Űɤɜ ɛɖɢŬɜɘəɩɜ əŬɘ ɗŮɟɛɞɖɚŮəŰɟɘəɩɜ ɘŭɘɞŰɐŰɤɜ Űɞɡɠ, ɞŭɖɔɞɨɜ 

ůŰɖɜ ŬɜɎˊŰɡɝɖ ɜɏɤɜ ɛŮɗɧŭɤɜ. ɈˊɎɟɢŮɘ ŬɜɎɔəɖ ɔɘŬ Űɡˊɞˊɞɑɖůɖ ɛŮɗɧŭɤɜ ˊɘɞ űɘɚɘəɩɜ ˊɟɞɠ Űɞɜ 

Ɏɜɗɟɤˊɞ, Űɞ ˊŮɟɘɓɎɚɚɞɜ ŬɚɚɎ əŬɘ ˊɟɞɠ Űɞ ɑŭɘɞ Űɞ ɡɚɘəɧ. ɀŮɟɘəɏɠ ɛɖ ŰɡˊɞˊɞɘɖɛɏɜŮɠ ɛɏɗɞŭɞɘ 

ɔɘŬ ɛɏŰɟɖůɖ Űɖɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ Űɤɜ ůɡɜɘůŰɩɜŰɤɜ ůŰɞɘɢŮɑɤɜ Ůɜɧɠ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ ɛŮ ˊɞɚɨ 

əŬɚɎ ŬˊɞŰŮɚɏůɛŬŰŬ ŮɑɜŬɘ ɞɘ ŬəɧɚɞɡɗŮɠ.  

ȼ ɗŮɟɛɞɓŬɟɡɛŮŰɟɘəɐ ŬɜɎɚɡůɖ (TGA-Thermogravimetric ȷnalysis) ŮɑɜŬɘ ɛɑŬ ŰŮɢɜɘəɐ əŬŰɎ 

Űɖɜ ɞˊɞɑŬ ɖ ɛɎɕŬ Űɞɡ ŭŮɑɔɛŬŰɞɠ ɛŮŰɟɘɏŰŬɘ ůŬɜ ɘŭɘɧŰɖŰŬ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ (ɖ Űɞɡ ɢɟɧɜɞɡ) 

əŬɗɩɠ Űɞ ŭŮɑɔɛŬ ɗŮɟɛŬɑɜŮŰŬɘ ɖ ɣɨɢŮŰŬɘ ɛŮ ůŰŬɗŮɟɧ ɟɡɗɛɧ. ɆɨɛűɤɜŬ ɛŮ Űɖ NASA (Polis & 

Sovinski, 2007) ɖ ŰŮɢɜɘəɐ TGA, ůŮ ůɢɏůɖ ɛŮ Űɘɠ ůɡɛɓŬŰɘəɏɠ ɛŮɗɧŭɞɡɠ, ŮɑɜŬɘ ɚɘɔɧŰŮɟɞ 

ŮˊɘɓɚŬɓɐɠ ɔɘŬ Űɞ ˊŮɟɘɓɎɚɚɞɜ əŬɘ Űɞɜ Ɏɜɗɟɤˊɞ əŬɘ ɛˊɞɟŮɑ ɜŬ ŬɡŰɞɛŬŰɞˊɞɘɖɗŮɑ ŭɑɜɞɜŰŬɠ 

ŰŬɡŰɧɢɟɞɜŬ ŮɚŮɡɗŮɟɑŬ ůŰɖɜ Ůˊɘɚɞɔɐ ŭɞəɘɛɑɤɜ ɧůɞɜ ŬűɞɟɎ Űɞ ɓɎɟɞɠ əŬɘ Űɞ ůɢɐɛŬ Űɞɡɠ. 

ȼ ŬɜɎɚɡůɖ ŮɘəɧɜŬɠ Ŭˊɧ Űɞ ɞˊŰɘəɧ ɛɘəɟɞůəɧˊɘɞ (Image Analysis) ŮɑɜŬɘ Ůˊɑůɖɠ ɛɑŬ ůɨɔɢɟɞɜɖ 

əŬɘ Ŭəɑɜŭɡɜɖ ŰŮɢɜɘəɐ. ȼ ůɡɔəŮəɟɘɛɏɜɖ ɛɏɗɞŭɞɠ ŬɜŬɚɨŮŰŬɘ ˊŮɟɘůůɧŰŮɟɞ ůŮ ŮˊɧɛŮɜɞ əŮűɎɚŬɘɞ 

əŬɗɩɠ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ůŰɖɜ ˊŬɟɞɨůŬ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ. 
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3.  ɄȺɅȽũɅȷūȼ ɄȺȽɅȷɀȷɇȽȾɃɈ ɄɅɃũɅȷɀɀȷɇɃɆ 

Ɇəɞˊɧɠ Űɞɡ ˊŬɟɧɜŰɞɠ əŮűŬɚŬɑɞɡ ŮɑɜŬɘ ɜŬ ŬɜŬɚɡɗŮɑ Űɞ ˊŮɘɟŬɛŬŰɘəɧ ˊɟɧɔɟŬɛɛŬ Űɖɠ 

ˊŬɟɞɨůŬɠ ŭɘˊɚɤɛŬŰɘəɐɠ ŮɟɔŬůɑŬɠ. ŪŬ ŮɝɖɔɖɗŮɑ ɞ ůəɞˊɧɠ Űɖɠ ˊŮɘɟŬɛŬŰɘəɐɠ ŭɘŬŭɘəŬůɑŬɠ, ŰŬ 

ŰŮɢɜɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɤɜ ŭɞəɘɛɑɤɜ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ əŬɘ ɗŬ ˊŬɟɞɡůɘŬůŰɞɨɜ ŰŬ 

ŭɞəɑɛɘŬ ɛŮ ůɡɔəŮəɟɘɛɏɜɖ ɞɜɞɛŬŰɞɚɞɔɑŬ ɏŰůɘ ɩůŰŮ ɜŬ ŮɑɜŬɘ ˊɘɞ Ůɨəɞɚɖ ɞˊɞɘŬŭɐˊɞŰŮ ŬɜŬűɞɟɎ 

ůŮ ŬɡŰɎ. 

 

3.1. ũŮɜɘəɐ ˊŮɟɘɔɟŬűɐ əŬɘ ůəɞˊɧɠ ˊŮɘɟŬɛŬŰɘəɐɠ ŭɘŬŭɘəŬůɑŬɠ 

ȿɧɔɤ Űɖɠ ɏɚɚŮɘɣɖɠ Űɡˊɞˊɞɘɖɛɏɜɤɜ ɛŮɗɧŭɤɜ ɢŬɟŬəŰɖɟɘůɛɞɨ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ 

əŬŰŬůəŮɡŬůɛɏɜɤɜ ɛŮ Űɖ ɛɏɗɞŭɞ ˊŮɟɘɏɚɘɝɖɠ ɘɜɩɜ, ŰŬ ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ Űɞ ȺɟɔŬůŰɐɟɘɞ 

ɁŬɡˊɖɔɘəɐɠ ɇŮɢɜɞɚɞɔɑŬɠ Űɞɡ Ⱥɗɜɘəɞɨ ɀŮŰůɧɓɘɞɡ ɄɞɚɡŰŮɢɜŮɑɞɡ ŭɘŮɝɎɔŮɘ ɛɘŬ ůŮɘɟɎ ŭɞəɘɛɩɜ 

ˊɞɡ Ŭˊɞůəɞˊɞɨɜ ůŰɞɜ ˊɟɞůŭɘɞɟɘůɛɧ Űɤɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ əɡɚɑɜŭɟɤɜ əŬŰŬůəŮɡŬůɛɏɜɤɜ 

Ŭˊɧ ůɨɜɗŮŰŬ ɡɚɘəɎ ɛŮ Űɖɜ Ůɜ ɚɧɔɤ ɛɏɗɞŭɞ, ŮɝŮŰɎɕɞɜŰŬɠ ˊŬɟɎɚɚɖɚŬ Űɖɜ ŮˊɑŭɟŬůɖ ŭɘɎűɞɟɤɜ 

əŬŰŬůəŮɡŬůŰɘəɩɜ əŬɘ űɡůɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ ůŰɘɠ ɘŭɘɧŰɖŰŮɠ ŬɡŰɏɠ.  

ũɘŬ Űɞɜ ɢŬɟŬəŰɖɟɘůɛɧ Ůɜɧɠ ɡɚɘəɞɨ ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɖ ɖ ɔɜɩůɖ Űɤɜ űɡůɘəɩɜ əŬɘ Űɤɜ 

ɛɖɢŬɜɘəɩɜ Űɞɡ ɘŭɘɞŰɐŰɤɜ. ȰˊŮŰŬɘ ɞ ˊɟɞůŭɘɞɟɘůɛɧɠ Űɤɜ ɓŬůɘəɧŰŮɟɤɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ Űɞɡ 

ɡɚɘəɞɨ, ɞɘ ɞˊɞɑŮɠ ŮɑɜŬɘ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ, Űɞ ɛɏŰɟɞ ŭɘɎŰɛɖůɖɠ əŬɗɩɠ əŬɘ ɖ ŬɜŰɞɢɐ ůŮ 

ŮűŮɚəɡůɛɧ əŬɘ ŭɘɎŰɛɖůɖ ůŰɘɠ əɨɟɘŮɠ ŭɘŮɡɗɨɜůŮɘɠ Űɞɡ. ũɘŬ Űɞ ůəɞˊɧ ŬɡŰɧɜ əŬŰŬůəŮɡɎůŰɖəŬɜ 

əɨɚɘɜŭɟɞɘ ɛŮ Űɖ ɛɏɗɞŭɞ ˊŮɟɘɏɚɘɝɖɠ ɘɜɩɜ, ɛŮ ŭɘŬűɞɟŮŰɘəɏɠ ˊŬɟŬɛɏŰɟɞɡɠ ɧˊɤɠ Űɞ ɡɚɘəɧ Űɤɜ 

ŮɜɘůɢɡŰɘəɩɜ ɘɜɩɜ, ɖ ŭɨɜŬɛɖ ŰɎɜɡůɖɠ ˊŮɟɘɏɚɘɝɖɠ əŬɗɩɠ əŬɘ ɞ Ŭɟɘɗɛɧɠ Űɤɜ ŭŮůɛɑŭɤɜ ɘɜɩɜ (tows) 

ˊŮɟɘɏɚɘɝɖɠ. 

ȺɑɜŬɘ ˊɞɚɨ ůɖɛŬɜŰɘəɧ ɜŬ ůɖɛŮɘɤɗŮɑ ˊɤɠ ɖ ˊŬɟɞɨůŬ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ ɞɚɞəɚɖɟɩɜŮɘ ɛɑŬ 

ůŮɘɟɎ ŭɞəɘɛɩɜ Ŭˊɧ ŭɨɞ ŭɘŬűɞɟŮŰɘəɏɠ ɛŮɚɏŰŮɠ Űɞɡ ȺɟɔŬůŰɖɟɑɞɡ ɁŬɡˊɖɔɘəɐɠ ɇŮɢɜɞɚɞɔɑŬɠ, ɞɘ 

ɞˊɞɑŮɠ ŬɜŬɚɨɞɜŰŬɘ ŮəŰŮɜɏůŰŮɟŬ ůŰŬ ŮŭɎűɘŬ ˊɞɡ Ŭəɞɚɞɡɗɞɨɜ.  

 

3.1.1. ɀŮɚɏŰɖ ŭɞəɘɛɑɤɜ FIXO3 

ȼ ɛɘŬ Ŭˊɧ Űɘɠ ŭɨɞ ŮɟŮɡɜɖŰɘəɏɠ ŮɟɔŬůɑŮɠ Űɞɡ ŮɟɔŬůŰɖɟɑɞɡ ŬˊɞŰŮɚŮɑ ŰɛɐɛŬ Űɞɡ ŮɡɟɤˊŬɥəɞɨ 

ˊɟɞɔɟɎɛɛŬŰɞɠ ɛŮ Űɖɜ ɞɜɞɛŬůɑŬ AGE-CO-DEEP ůŰɞ ˊɚŬɑůɘɞ Űɞɡ Fixed Point Open Ocean 

Observatory network (FixO3, www.fixo3.eu). ɇɞ ɤɠ Ɏɜɤ ˊɟɧɔɟŬɛɛŬ ŭɘŮɟŮɡɜɎ Űɖɜ ŮˊɑŭɟŬůɖ 

Űɖɠ ɛŬəɟɞɢɟɧɜɘŬɠ ˊŬɟŬɛɞɜɐɠ əɡɚɑɜŭɟɤɜ ůŮ ɗŬɚɎůůɘɞ ˊŮɟɘɓɎɚɚɞɜ ɤɠ ˊɟɞɠ Űɘɠ ɛɖɢŬɜɘəɏɠ Űɞɡɠ 

ɘŭɘɧŰɖŰŮɠ əŬɘ Űɖɜ Ŭˊɞɟɟɧűɖůɖ ɡɔɟŬůɑŬɠ. ɄɟɞəŮɘɛɏɜɞɡ ɜŬ ɛŮɚŮŰɖɗŮɑ ɖ ŮˊɑŭɟŬůɖ ŬɡŰɐ, 

əŬŰŬůəŮɡɎůŰɖəŬɜ Ŭˊɧ Űɖɜ ŮŰŬɘɟɑŬ B&T Composites (www.btcomposites.gr) ŰɏůůŮɟɘɠ ɑŭɘŮɠ 

ůŮɘɟɏɠ ŭɞəɘɛɑɤɜ. ȼ ˊɟɩŰɖ Ůɝ ŬɡŰɩɜ ɛŮɚŮŰɐɗɖəŮ ɛŮ ɛɑŬ ůŮɘɟɎ ˊŮɘɟŬɛŬŰɘəɩɜ ŭɞəɘɛɩɜ Ŭˊô 

ŮɡɗŮɑŬɠ ɛŮŰɎ Űɖɜ əŬŰŬůəŮɡɐ Űɖɠ. Ƀɘ ɡˊɧɚɞɘˊŮɠ ŰɟŮɘɠ ɛŮŰŬűɏɟɗɖəŬɜ əŬɘ ˊɞɜŰɑůŰɖəŬɜ ůŮ ɓɎɗɞɠ 

1000 m ůŮ ˊŮɟɘɞɢɐ ɓɧɟŮɘŬ Űɖɠ ȾɟɐŰɖɠ. ȷəɞɚɞɨɗɖůŮ ɖ ůɡɚɚɞɔɐ Űɖɠ əɎɗŮ ůŮɘɟɎɠ, ŬɜɎ ˊŮɟɑˊɞɡ 

ŭɏəŬ ɛɐɜŮɠ əŬɘ ɖ ɛŮŰɏˊŮɘŰŬ ɡˊɞɓɞɚɐ Űɤɜ ŭɞəɘɛɑɤɜ Űɖɠ əɎɗŮ ůŮɘɟɎɠ ůŮ ˊŮɘɟŬɛŬŰɘəɏɠ ŭɞəɘɛɏɠ.  
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ȼ ˊɧɜŰɘůɖ Űɤɜ ŭɞəɘɛɑɤɜ ɏɔɘɜŮ ɛɏůŬ ůŮ ŮɘŭɘəɎ ŭɘŬɛɞɟűɤɛɏɜɞɡɠ əɡɚɑɜŭɟɞɡɠ, ɧˊɤɠ 

ŬˊŮɘəɞɜɑɕŮŰŬɘ ůŰɞ ůɢɐɛŬ 3.1, Ůɜɩ ɖ ŭɘŬŭɘəŬůɑŬ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ Ŭˊɧ Űɞ Ⱥɚɚɖɜɘəɧ ȾɏɜŰɟɞ 

ŪŬɚɎůůɘɤɜ ȺɟŮɡɜɩɜ (ȺȿȾȺŪȺ, www.hcmr.gr) ůŮ ůɡɜŮɟɔŬůɑŬ ɛŮ Űɖɜ ŮŰŬɘɟŮɑŬ ALS 

MARINE CONSULTANTS (www.alsmarine.gr) əŬɘ Űɞ ȺɟɔŬůŰɐɟɘɞ ɁŬɡˊɖɔɘəɐɠ ɇŮɢɜɞɚɞɔɑŬɠ 

Űɞɡ ȺɀɄ. ɀŮɟɘəɎ Ŭˊɧ ŰŬ ŭɞəɑɛɘŬ ˊɟɘɜ Űɖ ɓɨɗɘůɐ Űɞɡɠ ŮˊɘəŬɚɨűɗɖəŬɜ ɛŮ Ůɘŭɘəɐ ɓŬűɐ 

ˊɟɞůŰŬůɑŬɠ Ŭˊɧ Űɖɜ ɡɔɟŬůɑŬ (gel coat) ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ɛŮɚŮŰɖɗŮɑ Ůˊɘˊɚɏɞɜ ɖ ůɡɜŮɘůűɞɟɎ Űɖɠ 

ůɡɔəŮəɟɘɛɏɜɖɠ ˊɟɞůŰŬŰŮɡŰɘəɐɠ ɛŮɗɧŭɞɡ ůŰɖɜ Ŭˊɞűɡɔɐ Ŭˊɞɟɟɧűɖůɖɠ ɡɔɟŬůɑŬɠ. ɆɨɛűɤɜŬ ɛŮ 

Űɞɡɠ Papadakis, Konstantinidis əŬɘ Tsouvalis (2020) ɖ ɡɔɟŬůɑŬ ŰŮɚɘəɎ ŭŮɜ ŮɜŰɞˊɑɕŮŰŬɘ ůŰɞ 

ŮůɤŰŮɟɘəɧ Űɤɜ ɡɚɘəɩɜ, ŬɜŮɝɎɟŰɖŰŬ Ŭˊɧ Űɞ Ŭɜ ŮɑɢŬɜ ɓŬűŰŮɑ ɖ ɧɢɘ, ɏˊŮɘŰŬ Ŭˊɧ ŭɞəɘɛɏɠ ˊɞɡ 

ŭɘŮɝɐɢɗɖůŬɜ əŬŰɎ Űɖ ŭŮɨŰŮɟɖ Ŭɜɏɚəɡůɖ Űɖɠ ůŮɘɟɎɠ Űɤɜ ŭɞəɘɛɑɤɜ. ȾŬŰɎ Űɖɜ ˊŬɟŬˊɎɜɤ ɏɟŮɡɜŬ 

Ůˊɑůɖɠ ɛŮɚŮŰɐɗɖəŬɜ ŰŬ ůŰŮɔɜɎ ŭɞəɑɛɘŬ (ȷ) əŬɗɩɠ əŬɘ ŬɡŰɎ Űɖɠ ˊɟɩŰɖɠ (ȸ) əŬɘ ŭŮɨŰŮɟɖɠ (C) 

Ŭɜɏɚəɡůɖɠ, ɤɠ ˊɟɞɠ Űɘɠ ɛɖɢŬɜɘəɏɠ Űɞɡɠ ɘŭɘɧŰɖŰŮɠ. ɆŰɖɜ ˊŬɟɞɨůŬ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ 

ɛŮɚŮŰɩɜŰŬɘ ɞɘ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ŭɞəɘɛɑɤɜ Űɖɠ ŰɟɑŰɖɠ (D) əŬɘ ŰŮɚŮɡŰŬɑŬɠ Ŭɜɏɚəɡůɖɠ ɛŮŰɎ 

Ŭˊɧ ˊŬɟŬɛɞɜɐ Űɤɜ ŭɞəɘɛɑɤɜ ɔɘŬ ŰɟɘɎɜŰŬ ŭɨɞ ɛɐɜŮɠ ůŰɞ ɜŮɟɧ. ɆŰɞɜ ˊɑɜŬəŬ 3.1 ŬɜŬűɏɟŮŰŬɘ Űɞ 

Ŭəɟɘɓɏɠ ɢɟɞɜɞŭɘɎɔɟŬɛɛŬ ˊɞɜŰɑůŮɤɜ-ŬɜŮɚəɨůŮɤɜ ɔɘŬ əŬɚɨŰŮɟɖ əŬŰŬɜɧɖůɖ. ȰɢɞɜŰŬɠ 

ůɡɔəŮɜŰɟɩůŮɘ ŰŬ ŭŮŭɞɛɏɜŬ Ŭˊɧ ɧɚŮɠ Űɘɠ ůŮɘɟɏɠ, ůŰɞ ŰŮɚŮɡŰŬɑɞ əŮűɎɚŬɘɞ ɔɑɜŮŰŬɘ ůŰŬŰɘůŰɘəɐ 

ŬɜɎɚɡůɖ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ ɛŮ ůəɞˊɧ Űɖ ŭɘŮɟŮɨɜɖůɖ Űɖɠ ŮˊɑŭɟŬůɖɠ Űɞɡ ɗŬɚɎůůɘɞɡ 

ˊŮɟɘɓɎɚɚɞɜŰɞɠ ůŰɘɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ɡɚɘəɩɜ. 

 
ɆɢɐɛŬ 3.1 ȷˊŮɘəɧɜɘůɖ Űɖɠ ŭɘɎŰŬɝɖɠ ˊɧɜŰɘůɖɠ ɛŮ Űɘɠ ɝŮɢɤɟɘůŰɏɠ ɞɛɎŭŮɠ ŭɞəɘɛɑɤɜ, ɞɘ ɞˊɞɑŮɠ ɓɟɑůəɞɜŰŬɘ əɎɗŮ ɛɑŬ ɛɏůŬ ůŮ 

ɏɜŬɜ Ŭˊɧ Űɞɡɠ əŬŰŬəɧɟɡűɞɡɠ əɡɚɑɜŭɟɞɡɠ ɢɟɩɛŬŰɞɠ ˊɞɟŰɞəŬɚɑ. 

ɄȽɁȷȾȷɆ 3.1 ɉɟɞɜɞŭɘɎɔɟŬɛɛŬ ˊɞɜŰɑůŮɤɜ-ŬɜŮɚəɨůŮɤɜ Űɤɜ ɞɛɎŭɤɜ ŭɞəɘɛɑɤɜ.

 

 

ɶ˃ʶˊ˃ʹ˄ʾʰ ˉˈ˄ˍʽˋʹˌɶ˃ʶˊˇ˃ʹ˄ʾʰ ʰ˄ʷ˂ˁˎˋʹˌʁ˃ʱʵ ʃhʰˊʰ˃ˇ˄ʺ ˋˍˇ ˄ʶˊˈ ό˃ʺ˄ʶˌύ

ɲʶ˄ ˉˇ˄ˍʾˋˍʹˁʰ˄- A 0

20/5/2016 B Ғмл

 07/4/2017 C Ғнл

21/6/2018 D Ғор

30/7/2015
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ɈɚɘəɎ 

ũɘŬ Űɞɜ ɢŬɟŬəŰɖɟɘůɛɧ Űɤɜ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ ŮˊɘɚɏɢɗɖəŬɜ ŰɟŮɑɠ ŭɘŬűɞɟŮŰɘəɞɑ Űɨˊɞɘ ɘɜɩɜ. Ƀɘ 

ɑɜŮɠ ɎɜɗɟŬəŬ ɡˊŮɟŰŮɟɞɨɜ ůŮ ůɢɏůɖ ɛŮ ŰŬ ɡˊɧɚɞɘˊŬ ɡˊɞɣɐűɘŬ ɡɚɘəɎ, Űɧůɞ ɤɠ ˊɟɞɠ Űɘɠ ɘŭɘɧŰɖŰɏɠ 

Űɞɡɠ, ɧůɞ əŬɘ ɤɠ ˊɟɞɠ Űɞ ɓɎɟɞɠ Űɞɡɠ. Ƀɘ Űɨˊɞɘ Űɤɜ ɘɜɩɜ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ əŬɗɞɟɑɕɞɜŰŬɘ 

Ŭˊɧ ŭɨɞ əɡɟɑɤɠ ˊŬɟŬɛɏŰɟɞɡɠ, ɞɘ ɞˊɞɑŮɠ ŮɑɜŬɘ ɞɘ ɘŭɘɧŰɖŰɏɠ Űɞɡɠ əŬɘ ɞ Ŭɟɘɗɛɧɠ Űɤɜ ɘɜɩɜ ˊɞɡ 

ˊŮɟɘɏɢɞɜŰŬɘ ůŮ əɎɗŮ ŭɏůɛɖ/ŰɨɚɘɔɛŬ (tow). ɆŰɖɜ ůɡɔəŮəɟɘɛɏɜɖ ́ ŮɟɑˊŰɤůɖ ɚɞɘˊɧɜ, ŮˊɘɚɏɢɗɖəŬɜ 

ŭɨɞ ŭɘŬűɞɟŮŰɘəɏɠ ˊŮɟɘˊŰɩůŮɘɠ ɘɜɩɜ ɎɜɗɟŬəŬ, ŬɡŰɏɠ Űɤɜ 12000 (12Ⱦ) əŬɘ 60000 (60Ⱦ) ɘɜɩɜ 

ŬɜɎ ŭɏůɛɖ, ɛŮ ŬɜŰɞɢɐ ůŮ ŮűŮɚəɡůɛɧ 4900 MPa əŬɘ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ 230 GPa əŬɘ 250 GPa 

ŬɜŰɑůŰɞɘɢŬ, ůɨɛűɤɜŬ ɛŮ Űɞɜ əŬŰŬůəŮɡŬůŰɐ. Ⱥˊɘˊɚɏɞɜ, ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ɛŮɚŮŰɖɗŮɑ ɖ 

ůɡɛˊŮɟɘűɞɟɎ əŬɘ Ɏɚɚɤɜ Űɨˊɤɜ ɘɜɩɜ ůŮ ɡŭɎŰɘɜɞ ˊŮɟɘɓɎɚɚɞɜ, ŮˊɘɚɏɢɗɖəŮ ɜŬ ŮɝŮŰŬůŰɞɨɜ əŬɘ 

ɑɜŮɠ ɔɡŬɚɘɞɨ (E-Glass). Ƀɘ Ůɛˊɞɟɘəɏɠ ɞɜɞɛŬůɑŮɠ Űɤɜ Űɟɘɩɜ Űɨˊɤɜ ɘɜɩɜ ˊɞɡ ŬɜŬűɏɟɗɖəŬɜ, 

ŮɑɜŬɘ: 

¶ T700S (12K) Űɖɠ ŮŰŬɘɟɑŬɠ TORAYCA 

¶ RAYON PYROFIL TRH50 (60K) Űɖɠ ŮŰŬɘɟɑŬɠ MITSUBISHI 

¶ 1062 Multi ï End Roving (Glass) Űɖɠ ŮŰŬɘɟɑŬɠ PPG Fiber Glass 

ɆŰɖ ůɡɜɏɢŮɘŬ Űɖɠ ŮɟɔŬůɑŬɠ əŬɘ ɔɘŬ ɚɧɔɞɡɠ ůɡɜŰɞɛɑŬɠ, ɞɘ ˊŬɟŬˊɎɜɤ Űɨˊɞɘ ɘɜɩɜ ɗŬ 

ŬɜŬűɏɟɞɜŰŬɘ ɤɠ 12K, 60K əŬɘ Glass, ŬɜŰɑůŰɞɘɢŬ. 

ȳůɞɜ ŬűɞɟɎ ůŰɞ ůɨůŰɖɛŬ Ůˊɞɝɘəɐɠ ɟɖŰɑɜɖɠ-ůəɚɖɟɡɜŰɐ-ŮˊɘŰŬɢɡɜŰɐ, ůŮ ɧɚŬ ŰŬ Ůɑŭɖ ɘɜɩɜ 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ Űɞ ɑŭɘɞ ůɨůŰɖɛŬ, Űɞ ɞˊɞɑɞ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŰŬ Ůɝɐɠ Ůˊɘɛɏɟɞɡɠ ɡɚɘəɎ: 

¶ TW 100 Epoxy Resin Űɖɠ ŮŰŬɘɟɑŬɠ VORAFORCE 

¶ TW 150 Hardener Űɖɠ ŮŰŬɘɟɑŬɠ VORAFORCE 

¶ TC 3000 Catalyst Űɖɠ ŮŰŬɘɟɑŬɠ VORAFORCE 

ȷɜŬɚɡŰɘəɎ ɞɘ ɘŭɘɧŰɖŰŮɠ Űɤɜ Űɟɘɩɜ Űɨˊɤɜ ɘɜɩɜ, əŬɗɩɠ əŬɘ Űɤɜ ůɡůŰŬŰɘəɩɜ Űɖɠ ɟɖŰɑɜɖɠ 

ˊŬɟŬŰɑɗŮɜŰŬɘ ůŰɞ ɄŬɟɎɟŰɖɛŬ ȷ. 

 

ȾŬŰŬůəŮɡŬůŰɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ 

ũɘŬ Űɞɜ əɎɗŮ Űɨˊɞ ɑɜŬɠ əŬŰŬůəŮɡɎůŰɖəŬɜ Ŭˊɧ Űɖɜ ŮŰŬɘɟɑŬ B&T Composites (ůɢɐɛŬ 3.2) 

ŭɨɞ əɨɚɘɜŭɟɞɘ ɛŮ Űɖ ɛɏɗɞŭɞ ˊŮɟɘɏɚɘɝɖɠ ɘɜɩɜ. ȼ ɛɧɜɖ ˊŬɟɎɛŮŰɟɞɠ ˊɞɡ ɛŮŰŬɓɎɚɚŮŰŬɘ ɛŮŰŬɝɨ 

Űɤɜ ŭɨɞ əɡɚɑɜŭɟɤɜ ŮɑɜŬɘ ɖ ɔɤɜɑŬ ˊŮɟɘɏɚɘɝɖɠ. ɆŰɖɜ ˊɟɩŰɖ ˊŮɟɑˊŰɤůɖ ɖ ŮˊɘɗɡɛɖŰɐ ɔɤɜɑŬ 

ˊŮɟɘɏɚɘɝɖɠ ɐŰŬɜ 90Ü ɛɞɑɟŮɠ, Űɞ ɞˊɞɑɞ ŮɑɜŬɘ ŬɜɏűɘəŰɞ ɚɧɔɤ ŬŭɡɜŬɛɑŬɠ Űɖɠ ˊŬɟŬɔɤɔɘəɐɠ 

ŭɘŬŭɘəŬůɑŬɠ. ɆŰɖ ůɡɔəŮəɟɘɛɏɜɖ ˊŮɟɑˊŰɤůɖ ɞɘ əɨɚɘɜŭɟɞɘ ˊɞɡ əŬŰŬůəŮɡɎůŰɖəŬɜ ɔɘŬ əɎɗŮ Űɨˊɞ 

ɑɜŬɠ ŮɑɢŬɜ ɔɤɜɑŬ ˊŮɟɘɏɚɘɝɖɠ Ñ86Ü, ɖ ɞˊɞɑŬ ɐŰŬɜ ɖ ˊɚɖůɘɏůŰŮɟɖ ůŰɘɠ 90Ü ɓɎůŮɘ Űɖɠ ŭɡɜŬŰɧŰɖŰŬɠ 

Űɖɠ ɛɞɜɎŭŬɠ ˊŬɟŬɔɤɔɐɠ. ɉɎɟɘɜ ŬˊɚɧŰɖŰŬɠ ůŰɖɜ ɡˊɧɚɞɘˊɖ ŮɟɔŬůɑŬ ɗŬ ŬɜŬűɏɟɞɜŰŬɘ ɤɠ 90Ü 

ɛɞɑɟŮɠ. Ƀɘ ɡˊɧɚɞɘˊɞɘ əɨɚɘɜŭɟɞɘ ɔɘŬ Űɞɡɠ ŰɟŮɘɠ Űɨˊɞɡɠ ɘɜɩɜ ŮˊɘɚɏɢɗɖəŮ ɜŬ əŬŰŬůəŮɡŬůŰɞɨɜ ɛŮ 

ɔɤɜɑŬ ˊŮɟɘɏɚɘɝɖɠ Ñ55Ü ɛɞɘɟɩɜ. ȼ ɔɤɜɑŬ Űɤɜ 55Ü ɛɞɘɟɩɜ ɗŮɤɟŮɑŰŬɘ ɖ ɓɏɚŰɘůŰɖ ɔɘŬ əŬŰŬůəŮɡɐ 

əɡɚɑɜŭɟɤɜ ˊɞɡ ɡˊɧəŮɘɜŰŬɘ ůŮ ŮɝɤŰŮɟɘəɐ ˊɑŮůɖ (external pressure), ɧˊɞɡ ɞ ɚɧɔɞɠ Űɖɠ 



 

 27 

ŬɜŬˊŰɡůůɧɛŮɜɖɠ ˊŮɟɘűŮɟŮɘŬəɐɠ ŰɎůɖɠ ɤɠ ˊɟɞɠ Űɖɜ Ŭɝɞɜɘəɐ ŮɑɜŬɘ 2:1 (hoop stress/axial stress 

= 2:1) ɧˊɤɠ ŬɜŬűɏɟŮŰŬɘ əŬɘ Ŭˊɧ Űɞɡɠ (Soden, Kitching, Tse, Tsavalas, & Hinton, 1993). ȳɚɞɘ 

ɞɘ əɨɚɘɜŭɟɞɘ əŬŰŬůəŮɡɎůŰɖəŬɜ ɛŮ ɞɜɞɛŬůŰɘəɐ ŮůɤŰŮɟɘəɐ ŭɘɎɛŮŰɟɞ D = 100 mm Ůɜɩ Űɞ 

ɞɜɞɛŬůŰɘəɧ Űɞɡɠ ˊɎɢɞɠ ɐŰŬɜ t = 5 mm. 

 
ɆɢɐɛŬ 3.2 ɄŮɟɘůŰɟŮűɧɛŮɜɞ ɛŮŰŬɚɚɘəɧ əŬɚɞɨˊɘ Ŭˊɧ Űɘɠ ŮɔəŬŰŬůŰɎůŮɘɠ Űɖɠ B&T Composites ůŰɖ ūɚɩɟɘɜŬ. 

ɆŰɖ ůɡɜɏɢŮɘŬ, Ŭˊɧ Űɞɡɠ əɡɚɑɜŭɟɞɡɠ əɧˊɖəŬɜ ŰɟŮɘɠ Űɨˊɞɘ ŭɞəɘɛɑɤɜ ˊɞɡ ɐŰŬɜ ŬˊŬɟŬɑŰɖŰɞɘ ɔɘŬ 

Űɖɜ ˊŮɘɟŬɛŬŰɘəɐ ŭɘŬŭɘəŬůɑŬ. ȷɟɢɘəɎ Ŭˊɧ ɧɚɞɡɠ Űɞɡɠ əɡɚɑɜŭɟɞɡɠ əɧˊɖəŬɜ ŭɘŬɛɐəɖ ŭɞəɑɛɘŬ 

ˊŬɟɎɚɚɖɚŬ ɛŮ Űɞɜ ɎɝɞɜŬ Űɞɡ əɎɗŮ əɡɚɑɜŭɟɞɡ, ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ ůɢɐɛŬ 3.3. ȷˊɧ Űɞɡɠ 

əɡɚɑɜŭɟɞɡɠ 3, 4 əŬɘ 7 ˊɞɡ ŮɑɜŬɘ Űɡɚɘɔɛɏɜɞɘ ɛŮ ɔɤɜɑŬ 90Á əɧˊɖəŬɜ ŮˊɘˊɟɞůɗɏŰɤɠ ŭŬəŰɨɚɘɞɘ əŬɘ 

əŬɛˊɨɚŬ ŭɞəɑɛɘŬ (ůɢɐɛŬ 3.4). ȷˊɧ əɎɗŮ əɨɚɘɜŭɟɞ əɧˊɖəŬɜ 6 ɧɛɞɘŬ ŭɞəɑɛɘŬ Ŭˊɧ Űɖɜ ŮŰŬɘɟɑŬ 

B&T Composites, ɧˊɤɠ űŬɑɜɞɜŰŬɘ ůŰɖɜ ŰŮɚɘəɐ Űɞɡɠ ɛɞɟűɐ ůŰɞ ůɢɐɛŬ 3.5. ȷɜŬɚɡŰɘəɏɠ 

ŭɘŬůŰɎůŮɘɠ Űɤɜ ŭɞəɘɛɑɤɜ ɗŬ ŭɞɗɞɨɜ ůŰŬ ŬɜŰɑůŰɞɘɢŬ əŮűɎɚŬɘŬ. 

 

 
ɆɢɐɛŬ 3.3 ɆəŬɟɑűɖɛŬ ŭɞəɘɛɑɤɜ ˊɞɡ əɧˊɖəŬɜ əŬŰɎ Űɞ ŭɘŬɛɐəɖ ɎɝɞɜŬ Űɞɡ əɡɚɑɜŭɟɞɡ. 
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ɆɢɐɛŬ 3.4 ɆəŬɟɑűɖɛŬ ŭɞəɘɛɑɤɜ ˊɞɡ əɧˊɖəŬɜ əŬŰɎ Űɞ ŮɔəɎɟůɘɞ ŮˊɑˊŮŭɞ Űɞɡ əɡɚɑɜŭɟɞɡ. 

 

 
ɆɢɐɛŬ 3.5 ɇŮɚɘəɐ ɛɞɟűɐ ŭɞəɘɛɑɤɜ ˊɞɡ əŬŰŬůəŮɡɎůŰɖəŬɜ ɔɘŬ Űɖɜ ˊŮɘɟŬɛŬŰɘəɐ ŭɘŬŭɘəŬůɑŬ. 
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ɃɜɞɛŬŰɞɚɞɔɑŬ 

ȼ ɞɜɞɛŬůɑŬ Űɤɜ ůɡɔəŮəɟɘɛɏɜɤɜ ŭɞəɘɛɑɤɜ ŬəɞɚɞɡɗŮɑ Űɖ ɚɞɔɘəɐ Űɤɜ ˊɟɞɖɔɞɨɛŮɜɤɜ 

ŭɘˊɚɤɛŬŰɘəɩɜ ŮɟɔŬůɘɩɜ əŬɘ ɢɤɟɑɕŮŰŬɘ ůŮ ŰɟɑŬ ɛɏɟɖ. ɆŰɞ ˊɟɩŰɞ ɛɏɟɞɠ ŬɜŬɔɟɎűŮŰŬɘ ɞ Ŭɨɝɤɜ 

Ŭɟɘɗɛɧɠ Űɞɡ əɡɚɑɜŭɟɞɡ (C3 ɏɤɠ C8) Ŭˊɧ Űɞɜ ɞˊɞɑɞɜ ˊɟɞɐɚɗŬɜ ŰŬ ŭɞəɑɛɘŬ ɆŰɞ ŭŮɨŰŮɟɞ ɛɏɟɞɠ 

ŬɜŬɔɟɎűŮŰŬɘ Űɞ Ŭɟɢɘəɧ ɔɟɎɛɛŬ Űɞɡ ůɢɐɛŬŰɞɠ əŬŰɎ ɞˊɞɑɞ ŮɑɜŬɘ əɞɛɛɏɜŬ ŰŬ ŭɞəɑɛɘŬ (R for Ring, 

L for Longitude, A for Arc). ɆŰɞ ŰɟɑŰɞ əŬɘ ŰŮɚŮɡŰŬɑɞ ɛɏɟɞɠ Űɞɡ ɞɜɧɛŬŰɞɠ ŬɜŬɔɟɎűŮŰŬɘ ɖ ɞɛɎŭŬ 

Ŭɜɏɚəɡůɖɠ Űɤɜ ŭɞəɘɛɑɤɜ (ȷ: ŭŮɜ ˊɞɜŰɑůŰɖəŬɜ, ȸ:Ŭɜɏɚəɡůɖ ůŰɞɡɠ 10 ɛɐɜŮɠ, C:Ŭɜɏɚəɡůɖ ůŰɞɡɠ 

20 ɛɐɜŮɠ, D:Ŭɜɏɚəɡůɖ ůŰɞɡɠ 35 ɛɐɜŮɠ). ȰŰůɘ ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ ɖ ɞɛɎŭŬ ŭɞəɘɛɑɤɜ C3-R-D 

ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ 6 ˊŬɜɞɛɞɘɧŰɡˊŬ ŭɞəɑɛɘŬ ˊɞɡ ˊɟɞɏɟɢɞɜŰŬɘ Ŭˊɧ Űɞɜ əɨɚɘɜŭɟɞ 3, ɏɢɞɡɜ ůɢɐɛŬ 

ŭŬəŰɡɚɘɞŮɘŭɏɠ əŬɘ ˊɟɞɏɟɢɞɜŰŬɘ Ŭˊɧ Űɖɜ ɞɛɎŭŬ Ŭɜɏɚəɡůɖɠ D ůŰɞɡɠ 35 ɛɐɜŮɠ. ũɘŬ Űɖ ŭɘɎəɟɘůɖ 

Űɤɜ ɧɛɞɘɤɜ ŭɞəɘɛɑɤɜ ŮɜŰɧɠ Űɖɠ ɞɛɎŭŬɠ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ Ŭɨɝɤɜ Ŭɟɘɗɛɧɠ ůŰɞ Űɏɚɞɠ Űɞɡ 

ɞɜɧɛŬŰɞɠ ˊ.ɢ. C3-R-D-1, C3-R-D-2, é, C3-R-D-6. 

Ɇəɞˊɧɠ Űɖɠ ˊŬɟɞɨůŬɠ ɛŮɚɏŰɖɠ 

ɆŮ ŬɡŰɧ Űɞ ůɖɛŮɑɞ ɛˊɞɟŮɑ ˊɚɏɞɜ ɜŬ ɔɑɜŮɘ ůŬűɐɠ ɞ ŭɘŬɢɤɟɘůɛɧɠ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘˊɚɤɛŬŰɘəɐɠ 

ŮɟɔŬůɑŬɠ Ŭˊɧ ŬɡŰɏɠ ˊɞɡ ˊɟɞɖɔɐɗɖəŬɜ. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ŭɞəɘɛɩɜ ɔɘŬ Űɖɜ ɞɛɎŭŬ 

Ŭɜɏɚəɡůɖɠ ȷ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɖ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ Űɞɡ ȾɤɜůŰŬɜŰɘɜɑŭɖ ũ. ȷ. (2016). 

ȰˊŮɘŰŬ, ůɨɛűɤɜŬ ɛŮ Űɞɡɠ Papadakis, A. Z., & Tsouvalis, N. G. (2016) űŬɑɜŮŰŬɘ ˊɤɠ ɞɘ 

ŭŬəŰɨɚɘɞɘ əŬɘ ŰŬ ŭɘŬɛɐəɖ ŭɞəɑɛɘŬ (Rings & Longs) ˊŮɟɘɔɟɎűɞɡɜ əŬɚɨŰŮɟŬ Űɘɠ ɛɖɢŬɜɘəɏɠ 

ɘŭɘɧŰɖŰŮɠ Űɤɜ əɡɚɑɜŭɟɤɜ ůŮ ůɢɏůɖ ɛŮ ŰŬ ŰɞɝɤŰɎ ŭɞəɑɛɘŬ (Arcs).  Ƀɘ ŭɞəɘɛɏɠ ůɡɜŮɢɑɕɞɜŰŬɘ ɛŮ 

ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ ɔɘŬ Űɘɠ ɞɛɎŭŮɠ ȷ, ȸ əŬɘ C ɜŬ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ  Ŭˊɧ Űɞɡɠ Papadakis, A. Z., 

Konstantinidis, G. K., & Tsouvalis, N. G. (2020). ɆŰɖɜ ˊŬɟɞɨůŬ ɛŮɚɏŰɖ ŭɞəɘɛɎɕŮŰŬɘ ɏɜŬ 

ůɨɜɞɚɞ 54 ŭŬəŰɡɚɘɞŮɘŭɩɜ əŬɘ ŭɘŬɛɐəɤɜ ŭɞəɘɛɑɤɜ Űɖɠ ɞɛɎŭŬɠ D, ɧˊɤɠ ŬɜŬɚɡŰɘəɎ űŬɑɜŮŰŬɘ 

ůŰɞɜ ˊɑɜŬəŬ 3.2. Ⱥˊɑůɖɠ ůŮ ŮˊɧɛŮɜɞ əŮűɎɚŬɘɞ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ůŰŬŰɘůŰɘəɐ ŬɜɎɚɡůɖ Űɤɜ 

ŬˊɞŰŮɚŮůɛɎŰɤɜ ɔɘŬ ŰŬ ŭŬəŰɡɚɘɞŮɘŭɐ əŬɘ ŭɘŬɛɐəɖ ŭɞəɑɛɘŬ ɧɚɤɜ Űɤɜ ɞɛɎŭɤɜ ȷ, ȸ, C əŬɘ D ɛŮ 

ůəɞˊɧ Űɖ ŭɘŮɟŮɨɜɖůɖ Űɖɠ Ŭɚɚɞɑɤůɖɠ Űɤɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ Ŭˊɧ Űɞ ɗŬɚɎůůɘɞ ˊŮɟɘɓɎɚɚɞɜ. 

ɄȽɁȷȾȷɆ 3.2 ɃɜɞɛŬůɑŬ ɞɛɎŭɤɜ ŭɞəɘɛɑɤɜ ˊŬɟɞɨůŬɠ ŮɟɔŬůɑŬɠ əŬɘ ɓŬůɘəɎ ůŰɞɘɢŮɑŬ.

  

ɉɎɟɘɜ ŭɘŮɡəɧɚɡɜůɖɠ, ŰŬ ůɡɔəŮəɟɘɛɏɜŬ ŭɞəɑɛɘŬ ɗŬ ŬɜŬűɏɟɞɜŰŬɘ ůŰɖɜ ɡˊɧɚɞɘˊɖ ŮɟɔŬůɑŬ ɤɠ 

FIXO3 əŬɘ Űɞ əɡɟɑŬɟɢɞ ɢɟɩɛŬ ůŮ ˊɑɜŬəŮɠ ɔɟŬűɐɛŬŰŬ ɗŬ ŮɑɜŬɘ Űɞ ɛˊɚŮ. 

ʂ˄ˇ˃ʰ 

ˇ˃ʱʵʰˌ 

ʵˇˁʽ˃ʾ˖˄

ɼˏ˂ʽ˄ʵˊˇˌʇ˂ʽˁˈ ʽ˄˗˄

ɱ˖˄ʾʰ 

ˉʶˊʽʷ˂ʽ˅ʹˌ 

ʽ˄˗˄

ʅ˔ʺ˃ʰ 

ʵˇˁʽ˃ʾ˖˄

ʁ˃ʱʵʰ 

ʰ˄ʷ˂ˁˎˋʹˌ

ʋˊˈ˄ˇˌ ˉʰˊʰ˃ˇ˄ʺˌ ˋˍʹ 

ʻʱ˂ʰˋˋʰ ό˃ʺ˄ʶˌύ

C3-R-D 3 Carbon 12K 90ϲ Ring D 35

C3-L-D 3 Carbon 12K 90ϲ Long D 35

C4-R-D 4 Carbon 60K 90ϲ Ring D 35

C4-L-D 4 Carbon 60K 90ϲ Long D 35

C5-L-D 5 Carbon 12K ҕррϲ Long D 35

C6-L-D 6 Carbon 60K ҕррϲ Long D 35

C7-R-D 7 Glass 90ϲ Ring D 35

C7-L-D 7 Glass 90ϲ Long D 35

C8-L-D 8 Glass ҕррϲ Long D 35



 

 30 

3.1.2.  ɀŮɚɏŰɖ ŭɞəɘɛɑɤɜ ȸ&ɇ  

ȼ ɛŮɚɏŰɖ Űɖɠ ŮˊɑŭɟŬůɖɠ Űɤɜ əŬŰŬůəŮɡŬůŰɘəɩɜ əŬɘ ɔŮɤɛŮŰɟɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ ůŮ 

əɡɚɑɜŭɟɞɡɠ Ŭˊɧ ůɨɜɗŮŰɞ ɡɚɘəɧ əŬŰŬůəŮɡŬůɛɏɜɤɜ ɛŮ Űɖ ɛɏɗɞŭɞ filament winding, ɓŬůɑůŰɖəŮ 

ůŰɞ ɔŮɔɞɜɧɠ ˊɤɠ ɖ ɏɟŮɡɜŬ ůŰɞ ůɡɔəŮəɟɘɛɏɜɞ ɗɏɛŬ ŮɑɜŬɘ ˊŮɟɘɞɟɘůɛɏɜɖ. ȰŰůɘ ŰŬ ŰŮɚŮɡŰŬɑŬ 

ɢɟɧɜɘŬ Űɞ ȺɟɔŬůŰɐɟɘɞ ɁŬɡˊɖɔɘəɐɠ ɇŮɢɜɞɚɞɔɑŬɠ ɛŮ Űɖ ɓɞɐɗŮɘŬ Űɖɠ əŬŰŬůəŮɡŬůŰɘəɐɠ ŮŰŬɘɟɑŬɠ 

B&T Composites ŭɘŮɝɎɔŮɘ ɏɟŮɡɜŬ ˊɎɜɤ ůŰɘɠ əɟɘůɘɛɧŰŮɟŮɠ əŬŰŬůəŮɡŬůŰɘəɏɠ ˊŬɟŬɛɏŰɟɞɡɠ ˊɞɡ 

Ůˊɘŭɟɞɨɜ ůŰɘɠ ɛɖɢŬɜɘəɏɠ əŬɘ űɡůɘəɏɠ ɘŭɘɧŰɖŰŮɠ Ůɜɧɠ əɡɚɑɜŭɟɞɡ Ŭˊɧ ůɨɜɗŮŰɞ ɡɚɘəɧ. 

Ƀɘ űɡůɘəɏɠ ɘŭɘɧŰɖŰŮɠ ˊɞɡ ˊɟɧəŮɘŰŬɘ ɜŬ ɛŮŰɟɖɗɞɨɜ ŮɑɜŬɘ ɖ ˊɡəɜɧŰɖŰŬ Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ 

əŬɘ ɖ əŬŰɎ ɓɎɟɞɠ ˊŮɟɘŮəŰɘəɧŰɖŰɎ Űɞɡ ůŮ ɑɜŮɠ. Ƀɘ ɛŮŰɟɐůŮɘɠ ɗŬ ɔɑɜɞɡɜ ůɨɛűɤɜŬ ɛŮ ŰŬ ˊɟɧŰɡˊŬ 

ASTM D792 əŬɘ ASTM D3171, ŬɜŰɑůŰɞɘɢŬ. 

ȰˊŮŰŬɘ ɞ ˊɟɞůŭɘɞɟɘůɛɧɠ Űɤɜ ɓŬůɘəɧŰŮɟɤɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ Űɞɡ ɡɚɘəɞɨ, ɞɘ ɞˊɞɑŮɠ ŮɑɜŬɘ Űɞ 

ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɗɩɠ əŬɘ ɖ ŬɜŰɞɢɐ ůŮ ŮűŮɚəɡůɛɧ. ũɘŬ Űɞ ůəɞˊɧ ŬɡŰɧɜ əŬŰŬůəŮɡɎůŰɖəŬɜ 

əɨɚɘɜŭɟɞɘ ɛŮ Űɖ ɛɏɗɞŭɞ ˊŮɟɘɏɚɘɝɖɠ ɘɜɩɜ, ɛŮ ŭɘŬűɞɟŮŰɘəɏɠ ˊŬɟŬɛɏŰɟɞɡɠ ɧˊɤɠ Űɞ Ůɑŭɞɠ Űɤɜ 

ŮɜɘůɢɡŰɘəɩɜ ɘɜɩɜ, ɖ ŭɨɜŬɛɖ ŰɎɜɡůɖɠ ˊŮɟɘɏɚɘɝɖɠ əŬɗɩɠ əŬɘ ɞ Ŭɟɘɗɛɧɠ Űɤɜ ŭŮůɛɩɜ (tows) 

ˊŮɟɘɏɚɘɝɖɠ. ȷˊɧ Űɞɡɠ əɡɚɑɜŭɟɞɡɠ ŬɡŰɞɨɠ ˊɟɞɏəɡɣŬɜ ŭŬəŰɡɚɘɞŮɘŭɐ ŭɞəɑɛɘŬ (ůɢɐɛŬ 3.6). ȳɚɞɘ ɞɘ 

əɨɚɘɜŭɟɞɘ əŬŰŬůəŮɡɎůŰɖəŬɜ Ŭˊɧ Űɖɜ ŮŰŬɘɟɑŬ ȸ&ɇ Composites Ŭˊɧ Űɖɜ ɞˊɞɑŬ əɧˊɖəŬɜ əŬɘ ŰŬ 

ŭɞəɑɛɘŬ. Ƀɘ ŬˊŬɘŰɞɨɛŮɜŮɠ ŭɞəɘɛɏɠ ɔɘŬ Űɞɜ ˊɟɞůŭɘɞɟɘůɛɧ Űɤɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ Űɤɜ ɡɚɘəɩɜ 

ɏɔɘɜŬɜ ɛŮ Űɖ ɛɏɗɞŭɞ Űɞɡ ŭɘŬɘɟɞɨɛŮɜɞɡ ŭɑůəɞɡ əŬɘ ŭɘŮɝɐɢɗɖůŬɜ ůŰɞ ȺɟɔŬůŰɐɟɘɞ ɁŬɡˊɖɔɘəɐɠ 

ɇŮɢɜɞɚɞɔɑŬɠ Űɖɠ Ɇɢɞɚɐɠ ɁŬɡˊɖɔɩɜ ɀɖɢŬɜɞɚɧɔɤɜ ɀɖɢŬɜɘəɩɜ Űɞɡ Ⱥɗɜɘəɞɨ ɀŮŰůɧɓɘɞɡ 

ɄɞɚɡŰŮɢɜŮɑɞɡ. 

 

 
ɆɢɐɛŬ 3.6 ũŮɜɘəɐ ɧɣɖ Űɤɜ ŭɞəɘɛɑɤɜ ŰŬɝɘɜɞɛɖɛɏɜɤɜ ůŮ ɞɛɎŭŮɠ ɛŮ ɓɎůɖ ŰŬ ɔŮɤɛŮŰɟɘəɎ əŬɘ əŬŰŬůəŮɡŬůŰɘəɎ Űɞɡɠ 

ɢŬɟŬəŰɖɟɘůŰɘəɎ. 
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ɈɚɘəɎ 

ũɘŬ Űɞɜ ɢŬɟŬəŰɖɟɘůɛɧ Űɤɜ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ ŮˊɘɚɏɢɗɖəŬɜ ŭɘŬűɞɟŮŰɘəɞɑ Űɨˊɞɘ ɘɜɩɜ. Ƀɘ Űɨˊɞɘ 

Űɤɜ ɘɜɩɜ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ əŬɗɞɟɑɕɞɜŰŬɘ Ŭˊɧ ŭɨɞ əɡɟɑɤɠ ˊŬɟŬɛɏŰɟɞɡɠ, ɞɘ ɞˊɞɑŮɠ ŮɑɜŬɘ ɞɘ 

ɘŭɘɧŰɖŰɏɠ Űɞɡɠ əŬɘ ɞ Ŭɟɘɗɛɧɠ Űɤɜ ɘɜɩɜ ˊɞɡ ˊŮɟɘɏɢɞɜŰŬɘ ůŮ əɎɗŮ ŭɏůɛɖ/ŰɨɚɘɔɛŬ (tow). ɆŰɖɜ 

ůɡɔəŮəɟɘɛɏɜɖ ˊŮɟɑˊŰɤůɖ ɚɞɘˊɧɜ ŮˊɘɚɏɢɗɖəŬɜ ŭɘŬűɞɟŮŰɘəɏɠ ˊŮɟɘˊŰɩůŮɘɠ ɘɜɩɜ ɎɜɗɟŬəŬ, ŬɡŰɏɠ 

Űɤɜ 12000 (12Ⱦ), Űɤɜ 24000 (24Ⱦ) əŬɘ 50000 (50Ⱦ) ɘɜɩɜ ŬɜɎ ŭɏůɛɖ (tow). Ⱥˊɘˊɚɏɞɜ, 

ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ɛŮɚŮŰɖɗŮɑ ɖ ůɡɛˊŮɟɘűɞɟɎ əŬɘ Ɏɚɚɤɜ Űɨˊɤɜ ɘɜɩɜ, ŮˊɘɚɏɢɗɖəŮ ɜŬ ŮɝŮŰŬůŰɞɨɜ 

əŬɘ ɑɜŮɠ Ŭˊɧ ˊɑůůŬ (Pitch fibers) ɚɧɔɤ Űɤɜ ˊɞɚɨ əŬɚɩɜ ɛɖɢŬɜɘəɩɜ əŬɘ ɗŮɟɛɞɖɚŮəŰɟɘəɩɜ Űɞɡɠ 

ɘŭɘɞŰɐŰɤɜ (Huson, 2017). Ƀɘ Ůɛˊɞɟɘəɏɠ ɞɜɞɛŬůɑŮɠ Űɤɜ Űɟɘɩɜ Űɨˊɤɜ ɘɜɩɜ ˊɞɡ ŬɜŬűɏɟɗɖəŬɜ, 

ŮɑɜŬɘ: 

¶ T700S (12Ⱦ) Űɖɠ ŮŰŬɘɟɑŬɠ TORAYCA 

¶ UMT42 - 24K-EP Űɖɠ ŮŰŬɘɟɑŬɠ UMATEX 

¶ PX35 - 50K Űɖɠ ŮŰŬɘɟɑŬɠ ZOLTEK 

¶ Pitch Fibers (K63712) Űɖɠ ŮŰŬɘɟɑŬɠ DIALED 

ȳůɞɜ ŬűɞɟɎ ůŰɞ ůɨůŰɖɛŬ Ůˊɞɝɘəɐɠ ɟɖŰɑɜɖɠ-ůəɚɖɟɡɜŰɐ-ŮˊɘŰŬɢɡɜŰɐ, ůŮ ɧɚŬ ŰŬ Ůɑŭɖ ɘɜɩɜ 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ Űɞ ɑŭɘɞ ůɨůŰɖɛŬ, ŮəŰɧɠ Ŭˊɧ ɏɜŬ ŭɞəɑɛɘɞ ůŰɞ ɞˊɞɑɞ ˊɟɞůŰɏɗɖəŮ ɔɟŬűɏɜɘɞ. ɇɞ 

ůɨůŰɖɛŬ ɟɖŰɑɜɖɠ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŰŬ Ůɝɐɠ Ůˊɘɛɏɟɞɡɠ ɡɚɘəɎ: 

¶ Resin 828 LVEL Űɖɠ ŮŰŬɘɟɑŬɠ EPIKOTE 

¶ Curing Agent 866 Űɖɠ ŮŰŬɘɟɑŬɠ EPIKURE 

¶ Catalyst 101 Űɖɠ ŮŰŬɘɟɑŬɠ EPIKURE 

ȷɜŬɚɡŰɘəɎ ɞɘ ɘŭɘɧŰɖŰŮɠ Űɤɜ ŰŮůůɎɟɤɜ Űɨˊɤɜ ɘɜɩɜ, əŬɗɩɠ əŬɘ Űɤɜ ůɡůŰŬŰɘəɩɜ Űɖɠ ɟɖŰɑɜɖɠ 

ˊŬɟŬŰɑɗŮɜŰŬɘ ůŰɞ ɄŬɟɎɟŰɖɛŬ ȷ. 

ȾŬŰŬůəŮɡŬůŰɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ 

Ƀɘ əɨɚɘɜŭɟɞɘ ŮɑɜŬɘ ɧɚɞɘ əŬŰŬůəŮɡŬůɛɏɜɞɘ ɛŮ Űɖ ɛɏɔɘůŰɖ ŭɡɜŬŰɐ ɔɤɜɑŬ ˊŮɟɘɏɚɘɝɖɠ, ŭɖɚŬŭɐ 

Űɘɠ Ñ 86Á ɛŮ ůəɞˊɧ ɜŬ ɛŮŰɟɖɗɞɨɜ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ ɖ ɛɏɔɘůŰɖ ŰɎůɖ ɗɟŬɨůɖɠ əŬŰɎ 

Űɖɜ ˊŮɟɘűŮɟŮɘŬəɐ ŭɘŮɨɗɡɜůɖ. ȾɎɗŮ əɨɚɘɜŭɟɞɠ əŬŰŬůəŮɡɎůŰɖəŮ ɏŰůɘ ɩůŰŮ ɜŬ ŭɘŬűɏɟŮɘ Ŭˊɧ Űɞɡɠ 

ɡˊɧɚɞɘˊɞɡɠ ɤɠ ˊɟɞɠ ɏɜŬ ɛɧɜɞ ɢŬɟŬəŰɖɟɘůŰɘəɧ. ɇɞ ɢŬɟŬəŰɖɟɘůŰɘəɧ ŬɡŰɧ ɗŮɤɟŮɑŰŬɘ ɛɘŬ 

ˊŬɟɎɛŮŰɟɞɠ ˊɞɡ ŭɨɜŬŰŬɘ ɜŬ ŮˊɖɟŮɎůŮɘ Űɘɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ əŬɘ ɔɘŬ ŬɡŰɧ Űɞ ɚɧɔɞ ɛŮɚŮŰɎŰŬɘ. 

Ƀɘ ˊŬɟɎɛŮŰɟɞɘ ˊɞɡ ɛŮɚŮŰɩɜŰŬɘ ŮɑɜŬɘ ɞɘ Ůɝɐɠ: 

¶ Ɉɚɘəɧ əŬŰŬůəŮɡɐɠ (Graphene enhanced resin, Pitch fibers, Carbon fibers 24K and 50K, 

Basalt fibers) 

¶ ȹɘɎɛŮŰɟɞɠ əɡɚɑɜŭɟɞɡ (200, 150 əŬɘ 100 mm) 

¶ ɄɚɎŰɞɠ ŭŬəŰɡɚɑɞɡ ( 6.35, 10 əŬɘ 20 mm) 

¶ ɄɎɢɞɠ ŭŬəŰɡɚɑɞɡ (1 əŬɘ 2 mm) 

¶ ȹɨɜŬɛɖ ŰɎɜɡůɖɠ ɘɜɩɜ (45, 25 əŬɘ 8 N) 

¶ ȷɟɘɗɛɧɠ ůɡůŰɎŭɤɜ ɘɜɩɜ (1, 4 əŬɘ 8 tows) 

¶ ɄŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɑɜŮɠ əŬŰɎ ɓɎɟɞɠ  
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ɃɜɞɛŬŰɞɚɞɔɑŬ 

Ƀɘ ɞɛɎŭŮɠ ŭɞəɘɛɑɤɜ ˊŬɑɟɜɞɡɜ Űɖɜ ɞɜɞɛŬůɑŬ Űɞɡɠ ɛŮ ɓɎůɖ Űɘɠ ɡˊɧ ɛŮɚɏŰɖ ˊŬɟŬɛɏŰɟɞɡɠ. 

ȳˊɤɠ űŬɑɜŮŰŬɘ əŬɘ ůŰɞ ůɢɐɛŬ 3.7 ůŰɞ ˊɟɩŰɞ ɛɏɟɞɠ Űɞɡ ɞɜɧɛŬŰɞɠ ŭɘŮɡəɟɘɜɑɕŮŰŬɘ Űɞ ɡɚɘəɧ 

əŬŰŬůəŮɡɐɠ, ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ Űɞ C24K ŬɜŬűɏɟŮŰŬɘ ůŮ ɑɜŮɠ ɎɜɗɟŬəŬ ɛŮ 24000 ɑɜŮɠ ŬɜɎ ŭɏůɛɖ, 

ɐ ŬɜŰɑůŰɞɘɢŬ Űɞ PF ŬɜŬűɏɟŮŰŬɘ ůŮ ɑɜŮɠ ɎɜɗɟŬəŬ ɛŮ ˊɟɞŮɟɢɧɛŮɜŮɠ Ŭˊɧ ˊɑůůŬ. ɆŰɞ ŭŮɨŰŮɟɞ 

ɛɏɟɞɠ Űɞɡ ɞɜɧɛŬŰɞɠ ŬɜŬűɏɟŮŰŬɘ ɖ ɞɜɞɛŬůŰɘəɐ ŭɘɎɛŮŰɟɞɠ Űɞɡ ŭŬəŰɡɚɑɞɡ, ůŰɞ ŰɟɑŰɞ ɛɏɟɞɠ Űɞ 

ˊɚɎŰɞɠ, ůŰɞ ŰɏŰŬɟŰɞ Űɞ ˊɎɢɞɠ, ůŰɞ ˊɏɛˊŰɞ ɖ ŭɨɜŬɛɖ ŰɎɜɡůɖɠ əŬɘ Űɏɚɞɠ ůŰɞ ɏəŰɞ ɞ Ŭɟɘɗɛɧɠ Űɤɜ 

tows. ɇŬ ŭɞəɑɛɘŬ ˊɞɡ ɏɢɞɡɜ C ɤɠ ˊɟɩŰɞ ɔɟɎɛɛŬ ŮɑɜŬɘ əŬŰŬůəŮɡŬůɛɏɜŬ ɛŮ 12000 ɑɜŮɠ ŬɜɎ tow, 

ŬɚɚɎ ɢɎɟɘɜ ŬˊɚɧŰɖŰŬɠ Űɞ 12K ́ ŬɟŬɚŮɑˊŮŰŬɘ. ȾɎɗŮ ɞɛɎŭŬ ŬˊɞŰŮɚŮɑŰŬɘ 6 ˊŬɜɞɛɞɘɧŰɡˊŬ ŭɞəɑɛɘŬ 

ŰŬ ɞˊɞɑŬ ŭɘŬɢɤɟɑɕɞɜŰŬɘ ɛŮŰŬɝɨ Űɞɡɠ ɛŮ ŬɨɝɞɜŰŬ Ŭɟɘɗɛɧ ˊ.ɢ. C24K_100_10_2_F8_T4_1, 

C24K_100_10_2_F8_T4_2, é, C24K_100_10_2_F8_T4_6. 

 

ɆɢɐɛŬ 3.7 ȺˊŮɝɐɔɖůɖ ɞɜɞɛŬŰɞɚɞɔɑŬɠ ŭɞəɘɛɑɤɜ 

 

Ɇəɞˊɧɠ Űɖɠ ˊŬɟɞɨůŬɠ ɛŮɚɏŰɖɠ 

ɆŰŬ ˊɚŬɑůɘŬ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘˊɚɤɛŬŰɘəɐɠ ŮɟɔŬůɑŬɠ ɏɚŬɓŬɜ ɢɩɟŬ 48 ŭɞəɘɛɏɠ ŮűŮɚəɡůɛɞɨ 

(split disk), ɛŮ ŰŬ ŭŬəŰɡɚɘɞŮɘŭɐ ŭɞəɑɛɘŬ Űɞɡ ˊɑɜŬəŬ 3.3. 

ɄȽɁȷȾȷɆ 3.3 ɃɜɞɛŬůɑŬ Űɤɜ ɞɛɎŭɤɜ ŭɞəɘɛɑɤɜ ˊŬɟɞɨůŬɠ ŮɟɔŬůɑŬɠ əŬɘ ɓŬůɘəɎ ůŰɞɘɢŮɑŬ.

 

ʁ˄ˇ˃ʰˋʾʰ ʵˇˁʽ˃ʾˇˎ¸˂ʽˁˈ ʽ˄˗˄
ɲʽʱ˃ʶˍˊˇˌ 

(mm)

ʃ˂ʱˍˇˌ 

(mm)

ʃʱ˔ˇˌ 

(mm)

ɲˏ˄ʰ˃ʹ 

ˍʱ˄ˎˋʹˌ 

(Nt)

ɲʷˋ˃ʶˌ 

C24K_100_10_2_F8_T4 UMT42-24K-EP 100 10 2 8 4

C50K_100_10_2_F8_T4 PX35 - 50K 100 10 2 8 4

GR_100_10_2_F8_T8ʆтлл{ π ƎǊŀǇƘŜƴŜ ŜƴƘŀƴŎŜŘ ǊŜǎƛƴ100 10 2 8 8

PF_100_10_2_F8_T8 Pitch fibers (DIALED K63712) 100 10 2 8 8

C_150_10_1_F8_T1 ʆтлл{ 150 10 1 8 1

C_100_10_2_F25_T8 ʆтлл{ 100 10 2 25 8

C_200_10_2_F25_T1 ʆтлл{ 200 10 2 25 1

C_200_10_2_F45_T1 ʆтлл{ 200 10 2 45 1
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Ƀɘ ˊŬɟŬˊɎɜɤ ŭɞəɘɛɏɠ ůɡɛˊɚɖɟɩɜɞɡɜ ɛɑŬ ůŮɘɟɎ ŭɞəɘɛɩɜ Űɖɠ ŭɘˊɚɤɛŬŰɘəɐɠ ŮɟɔŬůɑŬɠ Űɞɡ 

ŪŮɛŮɚɎəɖ Ƚ. ũ. (2017). ȰŰůɘ ɔɑɜŮŰŬɘ ŮűɘəŰɐ ɖ ůɡɔəɟɘŰɘəɐ ɛŮɚɏŰɖ Űɤɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ 

ɛŮŰŬɝɨ ŭɞəɘɛɑɤɜ ˊɞɡ ŭɘŬűɏɟɞɡɜ ɛɧɜɞ əŬŰɎ ɛɑŬ əŬŰŬůəŮɡŬůŰɘəɐ ˊŬɟɎɛŮŰɟɞ. ɀŮ Űɞ Űɟɧˊɞ ŬɡŰɧ 

ŮɝŮŰɎɕŮŰŬɘ ˊɤɠ ŮˊɘŭɟɎ əɎɗŮ ŭɘŬűɞɟŮŰɘəɐ əŬŰŬůəŮɡŬůŰɘəɐ ˊŬɟɎɛŮŰɟɞɠ ůŰɘɠ ɛɖɢŬɜɘəɏɠ 

ɘŭɘɧŰɖŰŮɠ Űɤɜ əɡɚɑɜŭɟɤɜ. ɇɞ ůɨɜɞɚɞ Űɤɜ ŭɞəɘɛɑɤɜ ŰŬ ɞˊɞɑŬ ɛŮɚŮŰɩɜŰŬɘ űŬɑɜŮŰŬɘ ůŰɞɜ ˊɑɜŬəŬ 

3.4 əŬɘ ɞɘ ŬɜɎɚɡůɖ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ Űɞɡɠ ŬəɞɚɞɡɗŮɑ ůŮ ŮˊɧɛŮɜɞ əŮűɎɚŬɘɞ. 

ɄȽɁȷȾȷɆ 3.4 ɃɜɞɛŬůɑŬ Űɤɜ ɧɚɤɜ Űɤɜ ɞɛɎŭɤɜ ŭɞəɘɛɑɤɜ ˊɞɡ ɛŮɚŮŰɩɜŰŬɘ əŬɘ ɓŬůɘəɎ ůŰɞɘɢŮɑŬ.

 

ɇŬ ůɡɔəŮəɟɘɛɏɜŬ ŭɞəɑɛɘŬ ɔɘŬ ɚɧɔɞɡɠ Ůɨəɞɚɖɠ ŬɜŬűɞɟɎɠ ůŰɖ ɡˊɧɚɞɘˊɖ ŮɟɔŬůɑŬ ɗŬ 

ŬɜŬűɏɟɞɜŰŬɘ ɤɠ B&T əŬɘ Űɞ əɡɟɑŬɟɢɞ ɢɟɩɛŬ ůŮ ˊɑɜŬəŮɠ əŬɘ ɔɟŬűɐɛŬŰŬ ɗŬ ŮɑɜŬɘ Űɞ ˊɟɎůɘɜɞ. 
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4. ȹɃȾȽɀȺɆ ɄɅɃɆȹȽɃɅȽɆɀɃɈ ūɈɆȽȾɋɁ ȽȹȽɃɇȼɇɋɁ 

 

4.1. Ɇəɞˊɧɠ 

ȳˊɤɠ əŬɘ ůŮ ɧɚŬ ŰŬ ɡɚɘəɎ ɏŰůɘ əŬɘ ůŰŬ ůɨɜɗŮŰŬ ɞ ˊɟɞůŭɘɞɟɘůɛɧɠ Űɤɜ űɡůɘəɩɜ ɘŭɘɞŰɐŰɤɜ 

ŮɑɜŬɘ ůɖɛŬɜŰɘəɧɠ əŬɗɩɠ ŬˊɞŰŮɚŮɑ ɏɜŬɜ Ŭˊɧ Űɞɡɠ ɓŬůɘəɞɨɠ ˊŬɟɎɔɞɜŰŮɠ əŬɗɞɟɘůɛɞɨ Űɤɜ 

ɛɖɢŬɜɘəɩɜ Űɞɡɠ ɘŭɘɞŰɐŰɤɜ. ȼ ˊɡəɜɧŰɖŰŬ əŬɘ ɖ ŬɜŬɚɞɔɑŬ Űɤɜ ůɡɜɘůŰɩɜŰɤɜ ɛŮɟɩɜ Űɤɜ 

ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ ŮɑɜŬɘ ɎɛŮůŬ ůɡɜŭŮŭŮɛɏɜɖ ɛŮ ŰŬ ɛɏŰɟŬ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ ŭɘɎŰɛɖůɖɠ, ɧˊɤɠ 

ŬɡŰɎ ŭɘŬŰɡˊɩɜɞɜŰŬɘ əŬɘ Ŭˊɧ Űɘɠ ɗŮɤɟɖŰɘəɏɠ ůɢɏůŮɘɠ Űɞɡ Tsai (1964). ȰŰůɘ əɟɑɗɖəŮ ůəɧˊɘɛɞ ɜŬ 

ˊɟɞůŭɘɞɟɑůɞɡɛŮ ˊŮɘɟŬɛŬŰɘəɎ əŬɘ ɛŮ Űɖ ɛŮɔŬɚɨŰŮɟɖ ŭɡɜŬŰɐ ŬəɟɑɓŮɘŬ Űɘɠ ˊŬɟŬˊɎɜɤ 

ˊŬɟŬɛɏŰɟɞɡɠ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ ŬɟɢɘəɎ ɛŮŰɟɐɗɖəŮ ɖ ˊɡəɜɧŰɖŰŬ Űɤɜ ɡˊɧ ŮɝɏŰŬůɖ ŭɞəɘɛɑɤɜ 

əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ɡˊɞɚɞɔɑůŰɖəŮ ɖ əŬŰɎ ɓɎɟɞɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɑɜŮɠ. 

 

4.2. ɀɏŰɟɖůɖ ˊɡəɜɧŰɖŰŬɠ 

ȼ ˊɡəɜɧŰɖŰŬ Űɞɡ ɡɚɘəɞɨ ɛŮŰɟɐɗɖəŮ ůɨɛűɤɜŬ ɛŮ Űɖ ŭɘŬŭɘəŬůɑŬ ˊɞɡ ɞɟɑɕŮɘ Űɞ ˊɟɧŰɡˊɞ 

ASTM D792 (TEST METHOD A). Ƀɘ ŭɞəɘɛɏɠ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ɔɘŬ Űɖ ůŮɘɟɎ ŭɞəɘɛɑɤɜ 

ȸ&ɇ, ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɛɘəɟɎ əɞɛɛɎŰɘŬ ɓɎɟɞɡɠ ɚɑɔɞ ɛŮɔŬɚɨŰŮɟɞɡ Űɞɡ 1 g əŬɘ ɧɔəɞɡ 

ɛɘəɟɧŰŮɟɞɡ Űɞɡ 1 ὧά ɩůŰŮ ɜŬ ɛˊɞɟɞɨɛŮ ɜŬ ŰŬ ɢɟɖůɘɛɞˊɞɘɐůɞɡɛŮ ůŰɖ ůɡɜɏɢŮɘŬ ɔɘŬ Űɞɜ 

ˊŮɘɟŬɛŬŰɘəɧ ˊɟɞůŭɘɞɟɘůɛɧ Űɖɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ůŮ ɑɜŮɠ. ɇŬ Ůɜ ɚɧɔɤ əɞɛɛɎŰɘŬ əɧˊɖəŬɜ Ŭˊɧ 

ŭŬəŰɡɚɘɞŮɘŭɐ ŭɞəɑɛɘŬ. 

ȷɟɢɘəɎ, ɛŮŰɟɐɗɖəŮ ɖ ɛɎɕŬ Űɞɡ əɎɗŮ ŭɞəɘɛɑɞɡ ůŰɞɜ ŬɏɟŬ əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ɖ ɛɎɕŬ Űɞɡ ůŮ 

Ŭˊɘɞɜɘůɛɏɜɞ ɜŮɟɧ, ɧˊɤɠ ŬˊŮɘəɞɜɑɕŮŰŬɘ ůŰŬ ůɢɐɛŬŰŬ 4.1 əŬɘ 4.2 ŬɜŰɑůŰɞɘɢŬ. ȳˊɤɠ ɞɟɑɕŮŰŬɘ ůŰɞ 

ˊɟɧŰɡˊɞ, ɔɘŬ Űɖ ɛɏŰɟɖůɖ Űɖɠ ɛɎɕŬɠ ɢɟŮɘɎɕŮŰŬɘ ŬəɟɑɓŮɘŬ ůŰɞ ŰɏŰŬɟŰɞ ŭŮəŬŭɘəɧ ɣɖűɑɞ. ȼ 

ɗŮɟɛɞəɟŬůɑŬ Űɞɡ ŭɤɛŬŰɑɞɡ əŬɘ Űɞɡ ɜŮɟɞɨ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɤɜ ɛŮŰɟɐůŮɤɜ əɡɛŬɘɜɧŰŬɜ ůŰɞɡɠ 

ςσ πȢυ ὅ. ɇɞ Ůɘŭɘəɧ ɓɎɟɞɠ əŬɘ ɖ ŰŮɚɘəɐ ˊɡəɜɧŰɖŰŬ ŭɑɜɞɜŰŬɘ Ŭˊɧ Űɘɠ ŮɝɘůɩůŮɘɠ (4.1) əŬɘ 

(4.2) ˊɞɡ əŬɗɞɟɑɕɞɜŰŬɘ Ŭˊɧ Űɞ ˊɟɧŰɡˊɞ ASTM D792. ȺɝŮŰɎůŰɖəŬɜ 4 ŭɞəɑɛɘŬ Ŭˊɧ əɎɗŮ ůŮɘɟɎ 

ŭɞəɘɛɑɤɜ əŬɘ ůŬɜ ŰŮɚɘəɐ Űɘɛɐ ɔɘŬ Űɖɜ ˊɡəɜɧŰɖŰŬ Űɞɡ əɎɗŮ ɡɚɘəɞɨ Ůɚɐűɗɖ ɞ ɛɏůɞɠ ɧɟɞɠ Űɤɜ 

ɛŮŰɟɐůŮɤɜ (average value). ȷəɧɛŬ, ɡˊɞɚɞɔɑůŰɖəŮ ɖ Űɡˊɘəɐ Ŭˊɧəɚɘůɖ (standard deviation) 

əŬɗɩɠ əŬɘ ɞ ůɡɜŰŮɚŮůŰɐɠ ŭɘŬəɨɛŬɜůɖɠ (coefficient of variation) ɏŰůɘ ɩůŰŮ ɜŬ ŬɝɘɞɚɞɔɖɗŮɑ ɖ 

ŮˊŬɜŬɚɖɣɘɛɧŰɖŰŬ Űɤɜ ɛŮŰɟɐůŮɤɜ əŬɗɩɠ əŬɘ ɖ Ŭˊɧəɚɘůɐ Űɞɡɠ Ŭˊɧ Űɞɜ ɛɏůɞ ɧɟɞ. 
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 ” =  ὡ / (ὡīὡ ) (4.1) 

 D = ” Ĭ 997.5 (4.2) 

ȳ́ ɞɡ,  

ὡ  (g) ɖ ɛɎɕŬ Űɞɡ ŭɞəɘɛɑɞɡ ůŰɞɜ ŬɏɟŬ. 

ὡ  (g) ɖ ɛɎɕŬ Űɞɡ ŭɞəɘɛɑɞɡ ůŰɞ ɜŮɟɧ. 

” ɞ ɚɧɔɞɠ ɓŬɟɩɜ.  

D ὑὫȾά  ɖ ɡ́əɜɧŰɖŰŬ Űɞɡ ɡɚɘəɞɨ. 

997.5 ὑὫȾά  ɖ ɡ́əɜɧŰɖŰŬ Űɞɡ ɜŮɟɞɨ ůŰɞɡɠ ςσ ὅ ůŰɞɡɠ ɞˊɞɑɞɡɠ ɏɔɘɜŮ ɖ ɛɏŰɟɖůɖ. 

 

ɆɢɐɛŬ 4.1 ɀɏŰɟɖůɖ Űɖɠ ɛɎɕŬɠ Űɞɡ ŭɞəɘɛɑɞɡ ůŰɞɜ ŬɏɟŬ.                          ɆɢɐɛŬ 4.2 ɀɏŰɟɖůɖ Űɖɠ ɛɎɕŬɠ Űɞɡ ŭɞəɘɛɑɞɡ ůŰɞ ɜŮɟɧ. 

 

ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ɛŮŰɟɐůŮɤɜ ˊŬɟŬŰɑɗŮɜŰŬɘ ůŰɞɜ ˊɑɜŬəŬ 4.1.  
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ɄȽɁȷȾȷɆ 4.1 ɀŮŰɟɐůŮɘɠ ˊɡəɜɧŰɖŰŬɠ ɡɚɘəɩɜ əŬŰɎ ASTM D792. 

 

 

 

 

 

!ǾŜǊŀƎŜ ˊŎ
Average 

Density

standard 

deviation

coef. of 

variation

1.5660 1562.04 20.77 1.33%
# 1 2 3 4

Wa (g) 1.2084 1.0406 1.0745 1.0095

Ww (g) 0.4502 0.3735 0.3785 0.3650

ć 1.5938 1.5599 1.5438 1.5663

D (kg/mшύ1589.79 1555.99 1539.96 1562.41

C_100_10_2_F25_T8

!ǾŜǊŀƎŜ ˊŎ
Average 

Density

standard 

deviation

coef. of 

variation

1.4638 1460.16 42.93 2.94%
# 1 2 3 4

Wa (g) 0.6385 0.5563 0.5168 0.5458

Ww (g) 0.2150 0.1825 0.1505 0.1690

ć 1.5077 1.4882 1.4109 1.4485

D (kg/mшύ1503.90 1484.51 1407.34 1444.89

C_150_10_1_F8_T1

!ǾŜǊŀƎŜ ˊŎ
Average 

Density

standard 

deviation

coef. of 

variation

1.5069 1503.11 28.80 1.92%
# 1 2 3 4

Wa (g) 1.1447 1.0614 1.1292 1.0948

Ww (g) 0.4002 0.3650 0.3638 0.3603

ć 1.5375 1.5241 1.4753 1.4905

D (kg/mшύ1533.70 1520.31 1471.62 1486.81

C_200_10_2_F25_T1

!ǾŜǊŀƎŜ ˊŎ
Average 

Density

standard 

deviation

coef. of 

variation

1.5282 1524.36 17.34 1.14%
# 1 2 3 4

Wa (g) 1.1561 1.1147 1.1689 1.1949

Ww (g) 0.4050 0.3740 0.4116 0.4114

ć 1.5392 1.5049 1.5435 1.5251

D (kg/mшύ1535.36 1501.17 1539.65 1521.27

C_200_10_2_F45_T1

!ǾŜǊŀƎŜ ˊŎ
Average 

Density

standard 

deviation

coef. of 

variation

1.5144 1510.60 35.37 2.34%
# 1 2 3 4

Wa (g) 1.0292 0.9946 1.0876 1.1296

Ww (g) 0.3358 0.3270 0.3910 0.3875

ć 1.4843 1.4898 1.5613 1.5222

D (kg/mшύ1480.57 1486.09 1557.39 1518.36

C24K_100_10_2_F8_T4
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ɄŬɟŬŰɖɟɐůŮɘɠ 

ɄŬɟŬŰɖɟŮɑŰŬɘ əŬɚɐ ŮˊŬɜŬɚɖɣɘɛɧŰɖŰŬ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ ɛŮ Űɞ ůɡɜŰŮɚŮůŰɐ ŭɘŬəɨɛŬɜůɖɠ 

ɜŬ ɓɟɑůəŮŰŬɘ əɎŰɤ Űɞɡ 3%, ɔŮɔɞɜɧɠ Űɞ ɞˊɞɑɞ ŬˊɞŭŮɘəɜɨŮɘ ɧŰɘ ɞɘ ɛŮŰɟɐůŮɘɠ ɐŰŬɜ ŬɝɘɧˊɘůŰŮɠ. 

ȷˊɧ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ űŬɑɜŮŰŬɘ ɧŰɘ ɞɘ ŭŬəŰɨɚɘɞɘ  ́ ɞɡ əŬŰŬůəŮɡɎůŰɖəŬɜ ɛŮ ɛŮɔŬɚɨŰŮɟɖ ŭɨɜŬɛɖ 

ŰɎɜɡůɖɠ ɏɢɞɡɜ ɚɑɔɞ ɛŮɔŬɚɨŰŮɟɖ ˊɡəɜɧŰɖŰŬ (F8<F25<F45). ȷəɧɛŬ, ˊŬɟŬŰɖɟŮɑŰŬɘ Ŭɨɝɖůɖ Űɖɠ 

ˊɡəɜɧŰɖŰŬɠ ůŰɞɡɠ ŭŬəŰɡɚɑɞɡɠ ɛŮ ŮɜɘůɢɡŰɘəɏɠ ɑɜŮɠ Ŭˊɧ ˊɑůůŬ (Pitch Fibers) ůŮ ůɢɏůɖ ɛŮ Űɞɡɠ 

ŬɜŰɑůŰɞɘɢɞɡɠ Ŭˊɧ Ŭˊɚɏɠ ɑɜŮɠ ɎɜɗɟŬəŬ əŬɘ ɛŮ ŬɡŰɞɨɠ ɛŮ ́ɟɧůɛɘɝɖ ɔɟŬűɏɜɘɞɡ ůŰɞ ůɨůŰɖɛŬ 

ɟɖŰɑɜɖɠ (GR<C<PF). ɆŮ əɎɗŮ ˊŮɟɑˊŰɤůɖ ɞɘ Űɘɛɏɠ ŮɑɜŬɘ əɞɜŰɎ ůŰɘɠ ŬɜŰɑůŰɞɘɢŮɠ Űɡˊɘəɏɠ Űɘɛɏɠ 

ˊɞɡ ɡˊɎɟɢɞɡɜ ůŰɖɜ ɓɘɓɚɘɞɔɟŬűɑŬ. 

  

!ǾŜǊŀƎŜ ˊŎ
Average 

Density

standard 

deviation

coef. of 

variation

1.4989 1495.16 7.41 0.50%
# 1 2 3 4

Wa (g) 1.0111 1.2520 1.3420 1.2445

Ww (g) 0.3375 0.4158 0.4412 0.4190

ć 1.5010 1.4972 1.4898 1.5076

D (kg/mшύ1497.29 1493.51 1486.06 1503.80

C50K_100_10_2_F8_T4

!ǾŜǊŀƎŜ ˊŎ
Average 

Density

standard 

deviation

coef. of 

variation

1.6663 1662.13 13.95 0.84%
# 1 2 3 4

Wa (g) 1.1710 1.1267 1.1577 1.1535

Ww (g) 0.4687 0.4581 0.4571 0.4587

ć 1.6674 1.6852 1.6524 1.6602

D (kg/mшύ1663.21 1680.95 1648.31 1656.04

PF_100_10_2_F8_T8

!ǾŜǊŀƎŜ ˊŎ
Average 

Density

standard 

deviation

coef. of 

variation

1.4812 1477.47 10.39 0.70%
# 1 2 3 4

Wa (g) 1.1610 1.2100 1.2958 1.2888

Ww (g) 0.3832 0.3950 0.4130 0.4177

ć 1.4927 1.4847 1.4678 1.4795

D (kg/mшύ1488.94 1480.95 1464.16 1475.81

GR_100_10_2_F8_T8
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4.3. ɀɏŰɟɖůɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ůŮ ɑɜŮɠ 

ũɘŬ Űɖ ɛɏŰɟɖůɖ Űɖɠ əŬŰɎ ɓɎɟɞɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ Űɤɜ ɘɜɩɜ Űɞɡ ɡɚɘəɞɨ ŬəɞɚɞɡɗɐɗɖəŮ ɖ 

ŭɘŬŭɘəŬůɑŬ ˊɞɡ ɞɟɑɕŮɘ Űɞ ˊɟɧŰɡˊɞ ASTM D3171 əŬɗɩɠ əŬɘ ɞɘ ɛɖ ŰɡˊɞˊɞɘɖɛɏɜŮɠ ɛɏɗɞŭɞɘ ˊɞɡ 

ˊŮɟɘɔɟɎűɞɜŰŬɘ ůŰɞ Composite Materials Handbook, (2002) Ŭˊɧ Űɞ ȷɛŮɟɘəɎɜɘəɞ ɈˊɞɡɟɔŮɑɞ 

ȯɛɡɜŬɠ ůɨɛűɤɜŬ ɛŮ ŰŬ ˊŮɘɟɎɛŬŰŬ Űɞɡ ɞɟɔŬɜɘůɛɞɨ Army Research Laboratory, Weapons and 

Materials Research Directorate. ũɘŬ Űɞɡɠ ŰɏůůŮɟɘɠ ŭŬəŰɡɚɑɞɡɠ ɛŮ Ŭˊɚɏɠ ɑɜŮɠ ɎɜɗɟŬəŬ 

(C_100_10_2_F25_T8, C_200_10_2_F45_T1, C_200_10_2_F25_T1 C_150_10_1_F8_T1) 

ŭɞəɘɛɎůŰɖəŬɜ 3 ŭɘŬűɞɟŮŰɘəɏɠ ɛɏɗɞŭɞɘ ůŮ əɎɗŮ ɡɚɘəɧ. Ɇəɞˊɧɠ ŮɑɜŬɘ ɜŬ ɓɟŮɗŮɑ ɖ ˊɘɞ ŬɝɘɧˊɘůŰɖ 

ɛɏɗɞŭɞɠ. Ƀɘ ŭɨɞ Ŭˊɧ Űɘɠ ŰɟŮɑɠ ɛŮɗɧŭɞɡɠ ˊɞɡ ɏŭŮɘɝŬɜ ɜŬ ŭɑɜɞɡɜ ˊŬɟɧɛɞɘŬ ŬˊɞŰŮɚɏůɛŬŰŬ 

ŮűŬɟɛɧůŰɖəŬɜ ůŰɖ ůɡɜɏɢŮɘŬ əŬɘ ɔɘŬ ŰŬ ɡˊɧɚɞɘˊŬ ŰɏůůŮɟŬ ɡɚɘəɎ Űɖɠ ůŮɘɟɎɠ ȸ&ɇ. ȹɨɞ ɛɏɗɞŭɞɘ 

Ŭűɞɟɞɨɜ Űɖ ŭɘɎɚɡůɖ Űɖɠ ɟɖŰɑɜɖɠ ɛŮ ɞɝɏŬ ɧˊɤɠ ɞɟɑɕɞɜŰŬɘ Ŭˊɧ ŰŬ ŮŭɎűɘŬ Procedure A əŬɘ 

Procedure B Űɞɡ ˊɟɧŰɡˊɞɡ ASTM D3171 əŬɘ ɖ ŰɟɑŰɖ ɛɏɗɞŭɞɠ ɓŬůɑɕŮŰŬɘ ůŰɖɜ ŬɜɎɚɡůɖ ŮɘəɧɜŬɠ 

(Image Analysis) Ŭˊɧ Űɞ ɞˊŰɘəɧ ɛɘəɟɞůəɧˊɘɞ ɛɘŬɠ Űɞɛɐɠ Űɞɡ ɡɚɘəɞɨ ůŮ ŭɘŮɨɗɡɜůɖ əɎɗŮŰɖ Űɖɠ 

ŭɘŮɨɗɡɜůɖɠ Űɤɜ ɘɜɩɜ. Ɇəɞˊɧɠ Űɖɠ ůɡɔəŮəɟɘɛɏɜɖɠ ˊŮɘɟŬɛŬŰɘəɐɠ ŭɘŬŭɘəŬůɑŬɠ ŮɑɜŬɘ ɞ 

ɡˊɞɚɞɔɘůɛɧɠ Űɖɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ůŮ ɑɜŮɠ ɛŮ Űɖɜ əŬɚɨŰŮɟɖ ŭɡɜŬŰɐ ɛɏɗɞŭɞ, əŬɗɩɠ əŬɘ ɖ 

ˊŮɟɘɔɟŬűɐ əŬɘ Ŭɝɘɞɚɧɔɖůɖ Űɖɠ ɛŮɗɧŭɞɡ Image Analysis. 

 

4.3.1. ȹɘɎɚɡůɖ ɟɖŰɑɜɖɠ ɛŮ ɜɘŰɟɘəɧ ɞɝɨ  

ɆɨɛűɤɜŬ ɛŮ Űɞ ˊɟɧŰɡˊɞ ASTM D3171 ŬˊŬɘŰɞɨɜŰŬɘ əɞɛɛɎŰɘŬ ɓɎɟɞɡɠ ɛŮɔŬɚɨŰŮɟɞɡ Űɞɡ 0.5 

g əŬɘ ŮɛɓŬŭɞɨ ŮˊɘűɎɜŮɘŬɠ ɛŮɔŬɚɨŰŮɟɞɡ Űɤɜ 625 άά. ũɘŬ Űɞɜ ɚɧɔɞ ŬɡŰɧ Ŭˊɧ Űɞɡɠ ŭŬəŰɡɚɑɞɡɠ 

əɧˊɖəŬɜ əɞɛɛɎŰɘŬ ɛŮ ɓɎɟɞɠ əɞɜŰɎ ůŰɞ 1 g, ɏŰůɘ ɩůŰŮ ɜŬ ŮɑɜŬɘ ŭɡɜŬŰɐ ɖ ˊɡəɜɞɛɏŰɟɖůɐ Űɞɡɠ 

ůɨɛűɤɜŬ ɛŮ Űɖ ŭɘŬŭɘəŬůɑŬ ˊɞɡ ˊŮɟɘɔɟɎűŰɖəŮ ůŰɞ ɡˊɞəŮűɎɚŬɘɞ 4.2. ũɘŬ Űɖ ɛɏŰɟɖůɖ Űɖɠ 

ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ Űɤɜ ɘɜɩɜ ɔɘŬ əɎɗŮ ŭɘŬűɞɟŮŰɘəɧ ɡɚɘəɧ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɏɜŬ əɞɛɛɎŰɘ, ɔɘŬŰɑ 

ŬűŮɜɧɠ ɛŮɜ ɖ ŭɘŬŭɘəŬůɑŬ ŮɑɜŬɘ ɢɟɞɜɞɓɧɟŬ əŬɘ Ůˊɘəɑɜŭɡɜɖ, ŬűŮŰɏɟɞɡ ŭŮ, ůɨɛűɤɜŬ ɛŮ Űɞ 

ˊɟɧŰɡˊɞ ŬɟəŮɑ ɏɜŬ əɞɛɛɎŰɘ ɩůŰŮ ɜŬ ɡˊɎɟɝŮɘ ŬɝɘɧˊɘůŰɞ ŬˊɞŰɏɚŮůɛŬ. 

Ⱥɝɞˊɚɘůɛɧɠ 

Ƀ Ůɝɞˊɚɘůɛɧɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ Űɖ ɛɏŰɟɖůɖ Űɖɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ůŮ ɑɜŮɠ Űɤɜ 

ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ ɐŰŬɜ ɞ Ůɝɐɠ: 

¶ ȷˊŬɔɤɔɧɠ ŬŮɟɑɤɜ, ɔɘŬ Űɖɜ ŬˊɞɛɎəɟɡɜůɖ Űɤɜ Űɞɝɘəɩɜ ŬŮɟɑɤɜ Ŭˊɧ Űɞ ɢɩɟɞ ŮɟɔŬůɑŬɠ. 

¶ ɀŬɔɜɖŰɘəɧɠ ɗŮɟɛŬɘɜɧɛŮɜɞɠ ŬɜŬŭŮɡŰɐɟŬɠ, ɔɘŬ Űɖ ɟɨɗɛɘůɖ Űɤɜ ůŰɟɞűɩɜ ŬɜɎŭŮɡůɖɠ əŬɘ 

Űɞɜ ɏɚŮɔɢɞ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ. 

¶ ȹɘɎŰŬɝɖ ŭɘɐɗɖůɖɠ ɡˊɧ əŮɜɧ (B¿chner funnel) (ɆɢɐɛŬ 4.3), ɔɘŬ Űɞ ŭɘŬɢɤɟɘůɛɧ Űɤɜ ɘɜɩɜ 

Ŭˊɧ Űɞ ɡɔɟɧ ŭɘɎɚɡɛŬ. 

¶ ɉɎɟŰɘɜɞ űɑɚŰɟɞ ɛɑŬɠ ɢɟɐůɖɠ 0.2 ɛm, ɔɘŬ ɜŬ ůɡɔəɟŬŰŮɑ Űɘɠ ɑɜŮɠ ɛɏůŬ ůŰɞ űɑɚŰɟɞ B¿chner. 

¶ ɂɖɟŬɜŰɐɟŬɠ. 

¶ ūɞɨɟɜɞɠ. 

¶ ȺɟɔŬůŰɖɟɘŬəɧɠ Ůɝɞˊɚɘůɛɧɠ: ˊɞŰɐɟɘ ɕɏůŮɤɠ, ɞɔəɞɛŮŰɟɘəɧɠ ůɤɚɐɜŬɠ, ŰůɘɛˊɑŭŮɠ, ɢɞɎɜɖ 

ɟɡɗɛɘɕɧɛŮɜɖɠ ŮůɤŰŮɟɘəɐɠ ˊɑŮůɖɠ. 
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ɆɢɐɛŬ 4.3 ȹɘɎŰŬɝɖ Ůɝɞˊɚɘůɛɞɨ ŭɘɐɗɖůɖɠ ɡˊɧ əŮɜɧ (B¿chner funnel). 

ȹɘŬŭɘəŬůɑŬ 

ɆɨɛűɤɜŬ ɛŮ Űɞ ˊɟɧŰɡˊɞ, ˊɟɩŰŬ ɛŮŰɟɐɗɖəŮ ɖ ˊɡəɜɧŰɖŰŬ Űɞɡ əɎɗŮ əɞɛɛŬŰɘɞɨ ɛŮ Űɖ 

ŭɘŬŭɘəŬůɑŬ ˊɞɡ ˊŮɟɘɔɟɎűŮŰŬɘ ůŰɞ ŮŭɎűɘɞ 4.2. ɆŰɖ ůɡɜɏɢŮɘŬ, Ŭűɞɨ ŮɑɢŬɜ ŮɘůɏɚɗŮɘ ůŮ ɡɔɟɧ 

ˊŮɟɘɓɎɚɚɞɜ, ŰŬ əɞɛɛɎŰɘŬ ůəɞɡˊɑɕɞɜŰŬɘ əŬɚɎ əŬɘ ŰɞˊɞɗŮŰɞɨɜŰŬɘ ůŰɞɜ ɝɖɟŬɜŰɐɟŬ ɔɘŬ ˊŮɟɑˊɞɡ 

ɛɘŬ ɛɏɟŬ ɩůŰŮ ɜŬ ŬˊŬɚɚŬɢɗɞɨɜ Ŭˊɧ Űɖɜ ɡɔɟŬůɑŬ. ɇɞ əɎɗŮ əɞɛɛɎŰɘ ɕɡɔɑɕŮŰŬɘ ůŰɞ ˊɚɖůɘɏůŰŮɟɞ 

0.0001 g (ɀi). ɆŮ ŬɡŰɧ Űɞ ůɖɛŮɑɞ ɛŮŰɟɘɏŰŬɘ əŬɘ Űɞ ɓɎɟɞɠ Űɞɡ ɢɎɟŰɘɜɞɡ űɑɚŰɟɞɡ (ɀc). ȺɑɜŬɘ 

ůɖɛŬɜŰɘəɐ ɖ əŬŰŬɔɟŬűɐ əŬɘ Űɤɜ ŭɨɞ ɛŮŰɟɐůŮɤɜ ɔɘŬ əɎɗŮ əɞɛɛɎŰɘ, əŬɗɩɠ ɛŮ Űɞ ˊɏɟŬɠ Űɖɠ 

ŭɘŬŭɘəŬůɑŬɠ ˊɞɚɚɏɠ ɑɜŮɠ ɗŬ ŮɑɜŬɘ əɞɚɚɖɛɏɜŮɠ ˊɎɜɤ ůŰɞ űɑɚŰɟɞ. 

ȴůŰŮɟŬ Ŭˊɧ ŬɡŰɧ Űɞ ůɖɛŮɑɞ, ɞɘ ŮɟɔŬůɑŮɠ ˊɞɡ Ŭəɞɚɞɡɗɞɨɜ ɔɑɜɞɜŰŬɘ ůŰɞɜ ŬˊŬɔɤɔɧ ŬŮɟɑɤɜ, 

əŬɗɩɠ Űɞ ɜɘŰɟɘəɧ ɞɝɨ ŮɑɜŬɘ Ɏəɟɤɠ Űɞɝɘəɧ ɔɘŬ Űɞɜ Ɏɜɗɟɤˊɞ əŬɘ ɖ ɗɏɟɛŬɜůɐ Űɞɡ ˊɎɜɤ Ŭˊɧ Űɞɡɠ 

40ÁC ŭɖɛɘɞɡɟɔŮɑ ŬɜŬɗɡɛɘɎůŮɘɠ. Ⱥˊɑůɖɠ ɞ ŮɟŮɡɜɖŰɐɠ ŮɑɜŬɘ ɡˊŮɨɗɡɜɞɠ ɜŬ ŰɖɟŮɑ ɧɚŬ ŰŬ ɛɏŰɟŬ 

ŬůűŬɚŮɑŬɠ űɞɟɩɜŰŬɠ ŮɟɔŬůŰɖɟɘŬəɐ ˊɞŭɘɎ, ŭɘˊɚɎ ɔɎɜŰɘŬ əŬɘ ˊɟɞůŰŬŰŮɡŰɘəɎ ɔɡŬɚɘɎ, əŬɗɩɠ əŬɘ 

ɜŬ ŭɘŬɓɎůŮɘ ˊɟɞůŮəŰɘəɎ Űɞ ȹŮɚŰɑɞ ŭŮŭɞɛɏɜɤɜ ŬůűŬɚŮɑŬɠ ɔɘŬ ɜɘŰɟɘəɧ ɞɝɨ 64.0-66.0%. 

ɇɞ ŭɞəɑɛɘɞ ŰɞˊɞɗŮŰŮɑŰŬɘ ůŮ ˊɞŰɐɟɘ ɕɏůŮɤɠ ŮɚɎɢɘůŰɖɠ ɢɤɟɖŰɘəɧŰɖŰŬɠ 200 mL ɛŬɕɑ ɛŮ Űɞɜ 

Ůɘŭɘəɧ ɛŬɔɜɐŰɖ ŬɜɎŭŮɡůɖɠ. ɆŰɞ ˊɞŰɐɟɘ ɕɏůŮɤɠ ŰɞˊɞɗŮŰɞɨɜŰŬɘ Űɞ ɚɘɔɧŰŮɟɞ 30 mL ɜɘŰɟɘəɞɨ 

ɞɝɏɞɠ (64.0-66.0%). ɇɞ ˊɞŰɐɟɘ ŰɞˊɞɗŮŰŮɑŰŬɘ ˊɎɜɤ ůŰɞɜ ɛŬɔɜɖŰɘəɧ ɗŮɟɛŬɘɜɧɛŮɜɞ ŬɜŬŭŮɡŰɐɟŬ, 

ɧˊɞɡ ŬűɐɜŮŰŬɘ ɜŬ ɗŮɟɛŬɜɗŮɑ ůŰɞɡɠ 70ÁC əŬɘ ɛŮ ŰŬɡŰɧɢɟɞɜɖ ŬɜɎŭŮɡůɐ Űɞɡ  (ɆɢɐɛŬ 4.4 ). 
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ɆɢɐɛŬ 4.4 Ⱥɝɞˊɚɘůɛɧɠ ɛɏůŬ ůŰɞɜ ŬˊŬɔɤɔɧ ŬŮɟɑɤɜ. 

 

ũɘŬ Űɞ ůɡɔəŮəɟɘɛɏɜɞ ůɨůŰɖɛŬ ɟɖŰɑɜɖɠ ŬˊɞŭŮɑɢɗɖəŮ ɧŰɘ ŬˊŬɘŰŮɑŰŬɘ ɛŮɔŬɚɨŰŮɟɖ ˊɞůɧŰɖŰŬ 

ɜɘŰɟɘəɞɨ ɞɝɏɞɠ əŬɗɩɠ əŬɘ ɗɏɟɛŬɜůɖ ůŮ ɛŮɔŬɚɨŰŮɟŮɠ ɗŮɟɛɞəɟŬůɑŮɠ. ȷɟɢɘəɎ ɔɘŬ Űɞ ŭɞəɑɛɘɞ  

C_100_10_2_F25_T8 ́ɟɞůŰɏɗɖəŬɜ 60  ml ɜɘŰɟɘəɞɨ ɞɝɏɞɠ ɛŮ ɗɏɟɛŬɜůɖ ůŰɞɡɠ 70ÁC ɔɘŬ ɛɑŬ 

ɩɟŬ. ɆŰɖ ůɡɜɏɢŮɘŬ əŬɗɩɠ ŭŮɜ ɡˊɐɟɢŮ əŬɛɑŬ ɏɜŭŮɘɝɖ ŭɘɎɚɡůɖɠ Űɖɠ ɟɖŰɑɜɖɠ, ŬɡɝɐɗɖəŮ ɖ 

ɗŮɟɛɞəɟŬůɑŬ Űɖɠ ŭɞəɘɛɐɠ ůŰɞɡɠ 120ÁC ɔɘŬ 2 ŬəɧɛŬ ɩɟŮɠ, ́ ɎɜŰŬ ɛŮ ŰŬɡŰɧɢɟɞɜɖ ŬɜɎŭŮɡůɖ. ɀŮ 

Űɞ ˊɏɟŬɠ Űɤɜ Űɟɘɩɜ ɤɟɩɜ ŬɡɝɐɗɖəŮ ɖ ɗŮɟɛɞəɟŬůɑŬ ůŰɞɡɠ 150ÁC ůɡɛˊɚɖɟɩɜɞɜŰŬɠ 100 ml 

ɜɘŰɟɘəɞɨ ɞɝɏɞɠ (ɆɢɐɛŬ 4.5). ȴůŰŮɟŬ Ŭˊɧ ˊŮɟɑˊɞɡ 8 ɩɟŮɠ Űɞ ɛɑɔɛŬ ɎɟɢɘůŮ ɜŬ ŬɚɚɎɕŮɘ ɢɟɩɛŬ 

ˊɟɞɠ Űɞ ůəɞɨɟɞ əŬɘ ɡˊɐɟɢŬɜ əŬɘ ŮɛűŬɜɐ əɞɛɛɎŰɘŬ ŭɘŬɚɡɛɏɜɖɠ ɟɖŰɑɜɖɠ. ɆŰɞ ůɖɛŮɑɞ ˊɞɡ Űɞ 

ɛɑɔɛŬ ˊɎɟŮɘ ɛŬɨɟɞ ɢɟɩɛŬ, ŬűɐɜŮŰŬɘ ɔɘŬ ŬəɧɛŬ ɛɑŬ ɩɟŬ ɩůŰŮ ɜŬ ŭɘŬůűŬɚɘůŰŮɑ ˊɤɠ ŭŮɜ ɏɢɞɡɜ 

ɛŮɑɜŮɘ ŬŭɘɎɚɡŰŬ əɞɛɛɎŰɘŬ ɟɖŰɑɜɖɠ ůŮ ŬɡŰɧ. ũɘŬ ŰŬ ɡˊɧɚɞɘˊŬ ŰɟɑŬ əɞɛɛɎŰɘŬ Űɤɜ ɡɚɘəɩɜ 

C_200_10_2_F45_T1, C_200_10_2_F25_T1 əŬɘ C_150_10_1_F8_T1 ŬəɞɚɞɡɗɐɗɖəŮ ɖ 

ˊŬɟŬəɎŰɤ ŭɘŬŭɘəŬůɑŬ. ɆŰɞ ˊɞŰɐɟɘ ɕɏůŮɤɠ ŰɞˊɞɗŮŰŮɑŰŬɘ Űɞ ˊɟɞɠ ŭɘɎɚɡůɖ əɞɛɛɎŰɘ, ˊɟɞůŰɑɗŮɜŰŬɘ 

200 ml ɜɘŰɟɘəɞɨ ɞɝɏɞɠ əŬɘ ɗŮɟɛŬɑɜŮŰŬɘ Űɞ ɛŮɑɔɛŬ ůŰɞɡɠ 200ÁC ŬɜŬŭŮɨɞɜŰŬɠ. ȾŬŰɎ ɛɏůɞ ɧɟɞ 

ɛŮŰɎ Ŭˊɧ ɞəŰɩ ɩɟŮɠ ɖ ɟɖŰɑɜɖ ŬɟɢɑɕŮɘ ɜŬ ŭɘŬɚɨŮŰŬɘ. 

 

ɆɢɐɛŬ 4.5 ȾɞɛɛɎŰɘ Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ ɓŬˊŰɘůɛɏɜɞ ůŮ ɜɘŰɟɘəɧ ɞɝɨ əŬŰɎ Űɖɜ ŬɜɎŭŮɡůɖ əŬɘ ɗɏɟɛŬɜůɖ Űɞɡ. 
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ȳŰŬɜ Űɞ ɛŮɑɔɛŬ ɔɑɜŮɘ ŬɟəŮŰɎ ůəɞɨɟɞ əŬɘ ɛɖ ŭɘŬűŬɜɏɠ (ɆɢɐɛŬ 4.6), ɛŮ Űɖ ɓɞɐɗŮɘŬ Űɤɜ 

ɛŮŰŬɚɚɘəɩɜ Űůɘɛˊɑŭɤɜ Űɞ ˊɞŰɐɟɘ ŰɞˊɞɗŮŰŮɑŰŬɘ ůŮ ɚɞɡŰɟɧ Ŭˊɧ ˊɎɔɞ əŬɘ ɜŮɟɧ, ɩůŰŮ ɜŬ ˊɏůŮɘ ɖ 

ɗŮɟɛɞəɟŬůɑŬ Űɞɡ. ȳŰŬɜ Űɞ ɛŮɑɔɛŬ ɏɟɗŮɘ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ, ŮɑɜŬɘ ɏŰɞɘɛɞ ɜŬ ˊŮɟɎůŮɘ 

Ŭˊɧ Űɖ ŭɘɎŰŬɝɖ B¿chner ɩůŰŮ ɜŬ ɔɑɜŮɘ ŭɘɐɗɖůɖ Űɤɜ ɘɜɩɜ. ɇɞ ˊŮɟɘŮɢɧɛŮɜɞ ɢɨɜŮŰŬɘ ŬɟɔɎ ůŰɞ 

əŮɟŬɛɘəɧ űɑɚŰɟɞ, Űɞ ɞˊɞɑɞ, ɛɏůɤ Űɖɠ ŭɖɛɘɞɡɟɔɑŬɠ əŮɜɞɨ ůŰɞ əɎŰɤ ɛɏɟɞɠ Űɞɡ, ŬɜŬɟɟɞűɎ Űɞ 

ɡɔɟɧ ŭɘɎɚɡɛŬ.  

 
ɆɢɐɛŬ 4.6 Ɇəɞɡɟɧɢɟɤɛɞ ɛŮɑɔɛŬ ˊɞɡ ˊŬɟŬŰɖɟŮɑŰŬɘ ɧŰŬɜ ɖ ɟɖŰɑɜɖ Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ ɏɢŮɘ ŭɘŬɚɡɗŮɑ ůŰɞ ɜɘŰɟɘəɧ ɞɝɨ. 

 

ɆŰɖ ůɡɜɏɢŮɘŬ ˊɟɞůŰɑɗŮŰŬɘ Ŭˊɘɞɜɘůɛɏɜɞ ɜŮɟɧ ůŰɞ ɎŭŮɘɞ ˊɚɏɞɜ ˊɞŰɐɟɘ, Űɞ ɞˊɞɑɞ Ŭɛɏůɤɠ 

ŮəɢɨɜŮŰŬɘ ůŰɖ ŭɘɎŰŬɝɖ B¿chner. ȼ ŭɘŬŭɘəŬůɑŬ ŬɡŰɐ ŮˊŬɜŬɚŬɛɓɎɜŮŰŬɘ ɎɚɚŮɠ ŭɨɞ űɞɟɏɠ ɔɘŬ ŭɨɞ 

ɓŬůɘəɞɨɠ ɚɧɔɞɡɠ. ɄɟɩŰɞɜ űŮɨɔɞɡɜ Ŭˊɧ Űɞ ˊɞŰɐɟɘ ɞɘ ɑɜŮɠ ˊɞɡ ŬɜŬˊɧűŮɡəŰŬ ɏɢɞɡɜ əɞɚɚɐůŮɘ 

ůŰŬ ŰɞɘɢɩɛŬŰŬ Űɞɡ ŭɞɢŮɑɞɡ əŬɘ ŭŮɨŰŮɟɞɜ ɝŮˊɚɏɜɞɜŰŬɘ ɞɘ ɑɜŮɠ ˊɞɡ ɡˊɎɟɢɞɡɜ ˊɎɜɤ ůŰɞ űɑɚŰɟɞ 

Ŭˊɧ ŰŬ ɡˊɞɚŮɑɛɛŬŰŬ Űɞɡ ɛɑɔɛŬŰɞɠ ɜɘŰɟɘəɞɨ ɞɝɏɞɠ əŬɘ ɟɖŰɑɜɖɠ. ɇɏɚɞɠ ɞɘ ɑɜŮɠ ɝŮˊɚɏɜɞɜŰŬɘ ɛŮ 

ŬəŮŰɧɜɖ, ɩůŰŮ ɜŬ ɛŮɘɤɗŮɑ ɞ ɢɟɧɜɞɠ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ Űɞ ůŰɏɔɜɤɛɎ Űɞɡɠ (ɆɢɐɛŬ 4.7). 
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ɆɢɐɛŬ 4.7 ȾŬɗŬɟɏɠ ɑɜŮɠ ɎɜɗɟŬəŬ ɏˊŮɘŰŬ Ŭˊɧ ŭɘɐɗɖůɐ Űɞɡɠ ɛɏůŬ ůŰɞ űɑɚŰɟɞ B¿chner. 

 

ɇɞ ɢɎɟŰɘɜɞ űɑɚŰɟɞ əŬɘ ɞɘ ɑɜŮɠ ŰɞˊɞɗŮŰɞɨɜŰŬɘ ůŮ űɞɨɟɜɞ ɗŮɟɛɞəɟŬůɑŬɠ ˊŮɟɑˊɞɡ 100ÁC, 

ɔɘŬ ŰɞɡɚɎɢɘůŰɞɜ ɛɑŬ ɩɟŬ, ɏɤɠ ɧŰɞɡ ɞɘ ɑɜŮɠ ůŰŮɔɜɩůɞɡɜ ˊɚɐɟɤɠ (ɆɢɐɛŬ 4.8). ȷűɐɜɞɜŰŬɘ ůŰɖ 

ůɡɜɏɢŮɘŬ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ ɜŬ əɟɡɩůɞɡɜ əŬɘ ůŮ ˊŮɟɑˊŰɤůɖ ˊɞɡ ɢɟŮɘɎɕŮŰŬɘ ˊŮɟŬɘŰɏɟɤ 

Ŭˊɞɓɞɚɐ ɡɔɟŬůɑŬɠ, ŰɞˊɞɗŮŰɞɨɜŰŬɘ ůŰɞɜ ɝɖɟŬɜŰɐɟŬ.  

 
ɆɢɐɛŬ 4.8 çɀŬɚɚɑè Ŭˊɧ ɑɜŮɠ ɎɜɗɟŬəŬ ˊɎɜɤ ůŰɞ űɑɚŰɟɞ ŭɘɐɗɖůɖɠ, ɏˊŮɘŰŬ Ŭˊɧ Ŭˊɞɓɞɚɐ Űɖɠ ɡɔɟŬůɑŬɠ. 

 

Ƀɘ ɑɜŮɠ ˊɞɡ ˊɚɏɞɜ űŬɑɜɞɜŰŬɘ əŬɗŬɟɎ ɛŮ Űɖ ɛɞɟűɐ çɛŬɚɚɘɞɨè, ɕɡɔɑɕɞɜŰŬɘ ɛŬɕɑ ɛŮ Űɞ ɢɎɟŰɘɜɞ 

űɑɚŰɟɞ ůŰɞ ˊɚɖůɘɏůŰŮɟɞ 0.0001 g (ɀfc). ȼ ɛɎɕŬ Űɤɜ ɘɜɩɜ ɛˊɞɟŮɑ ɜŬ ɡˊɞɚɞɔɘůŰŮɑ ŮɨəɞɚŬ 

ŬűŬɘɟɩɜŰŬɠ Űɞ ɓɎɟɞɠ Űɞɡ ɢɎɟŰɘɜɞɡ űɑɚŰɟɞɡ ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɖ ˊŬɟŬəɎŰɤ ůɢɏůɖ (4.3) əŬɘ ɖ 

Ůˊɑ Űɞɘɠ ŮəŬŰɧ əŬŰɎ ɓɎɟɞɠ (Wf) ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɞɡ ŭɞəɘɛɑɞɡ ůŮ Ůɜɑůɢɡůɖ Ŭˊɧ ɑɜŮɠ ŭɑɜŮŰŬɘ Ŭˊɧ 

Űɖ ůɢɏůɖ (4.4). 

ὓ = ὓ īὓ  

     

(4.3) 

ὡ = ( ὓ / ὓ ) x 100 

 

(4.4) 

ȳˊɞɡ, 

ὓ  ɖ Ŭɟɢɘəɐ ɛɎɕŬ Űɤɜ ŭɞəɘɛɑɤɜ ůŮ g 

ὓ  ɖ ɛɎɕŬ Űɞɡ ɢɎɟŰɘɜɞɡ űɑɚŰɟɞɡ 

ὓ  ɖ ɛɎɕŬ Űɞɡ űɑɚŰɟɞɡ əŬɘ Űɤɜ ɘɜɩɜ. 

ὓ   ɖ ŰŮɚɘəɐ ɛɎɕŬ Űɤɜ ɘɜɩɜ ɛŮŰɎ Űɖ ŭɘɎɚɡůɖ ɛŮ ɞɝɨ ůŮ g. 
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ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ˊŬɟŬˊɎɜɤ ɛŮŰɟɐůŮɤɜ ŬˊɞŰɡˊɩɜɞɜŰŬɘ ůŰɞɜ ˊɑɜŬəŬ 4.2. 

 

ɄȽɁȷȾȷɆ 4.2 ɀɏŰɟɖůɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ əŬŰɎ ɓɎɟɞɠ ůŮ ɑɜŮɠ. 

 

ɄŬɟŬŰɖɟɐůŮɘɠ 

ȷˊɧ Űɞɜ ˊŬɟŬˊɎɜɤ ˊɑɜŬəŬ űŬɑɜŮŰŬɘ ɧŰɘ ɞɘ ŭŬəŰɨɚɘɞɘ ˊɞɡ ŮɑɜŬɘ əŬŰŬůəŮɡŬůɛɏɜɞɘ ɛŮ Űɖ 

ɛŮɔŬɚɨŰŮɟɖ ŭɨɜŬɛɖ ŰɎɜɡůɖɠ ɏɢɞɡɜ ɛɘəɟɧŰŮɟɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɑɜŮɠ ɎɜɗɟŬəŬ. ɆɡɔəŮəɟɘɛɏɜŬ, 

ɔɘŬ Űɞɜ ŭŬəŰɨɚɘɞ ˊɞɡ əŬŰŬůəŮɡɎůŰɖəŮ ɛŮ Űɖ ɛŮɔŬɚɨŰŮɟɖ ŭɨɜŬɛɖ ŰɎɜɡůɖɠ (F45) ˊŬɟŬŰɖɟŮɑŰŬɘ 

ŬɟəŮŰɎ ɢŬɛɖɚɧŰŮɟɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɑɜŮɠ. ɆŮ ŬɜŰɑɗŮůɖ, ɞ ŭŬəŰɨɚɘɞɠ əŬŰŬůəŮɡŬůɛɏɜɞɠ ɛŮ Űɖ 

ɛɘəɟɧŰŮɟɖ ŭɨɜŬɛɖ ŰɎɜɡůɖɠ (F8) űŬɑɜŮŰŬɘ ɜŬ ɏɢŮɘ Űɞ ɡɣɖɚɧŰŮɟɞ ˊɞůɞůŰɧ ůŮ ɑɜŮɠ ɎɜɗɟŬəŬ əŬŰɎ 

ɓɎɟɞɠ. Ⱥˊɑůɖɠ ůŰɞ ŮŭɎűɘɞ 4.2 ˊŬɟŬŰɖɟɐɗɖəŮ ɛɘəɟɐ Ŭɨɝɖůɖ Űɖɠ ˊɡəɜɧŰɖŰŬɠ Űɤɜ ůɨɜɗŮŰɤɜ ɛŮ 

Űɖɜ Ŭɨɝɖůɖ Űɖɠ ŭɨɜŬɛɖɠ ŰɎɜɡůɖɠ. ɆɨɛűɤɜŬ ɛŮ Űɖ ɓɘɓɚɘɞɔɟŬűɑŬ ŬɚɚɎ əŬɘ ŰŬ data sheets Űɞɡ 

ˊŬɟŬɟŰɐɛŬŰɞɠ ȷ, ɖ ɟɖŰɑɜɖ ɏɢŮɘ ɢŬɛɖɚɧŰŮɟɖ ˊɡəɜɧŰɖŰŬ (1.2 ï 1.4 ὫȾὧά) ůŮ ůɢɏůɖ ɛŮ Űɘɠ ɑɜŮɠ 

(1.8 ὫȾὧά ) ɞˊɧŰŮ ůŰŬ ŭɞəɑɛɘŬ ɛŮ ɛŮɔŬɚɨŰŮɟɖ ˊɡəɜɧŰɖŰŬ ŬɜŬɛŮɜɧŰŬɜ ɜŬ ɏɢɞɡɜ əŬɘ 

ɛŮɔŬɚɨŰŮɟɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɑɜŮɠ. ȾɎŰɘ ŰɏŰɞɘɞ ŭŮɜ ˊɟɞəɨˊŰŮɘ Ŭˊɧ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ, ɔŮɔɞɜɧɠ 

ˊɞɡ ŰŬ əɎɜŮɘ ŬɜŬɝɘɧˊɘůŰŬ. 

  

HNO3 digestion C_200_10_2_F45_T1 C_200_10_2_F25_T1C_150_10_1_F8_T1C_100_10_2_F25_T8

Mi (g) 1.1364 1.0964 0.5158 1.0095

Mc(g) 0.9160 0.9630 0.9580 0.9855

Mfc (g) 1.6260 1.8350 1.4125 1.8026

Mf (g) 0.7100 0.8720 0.4545 0.8171

Wf 62.48% 79.53% 88.12% 80.94%
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4.3.2. ȹɘɎɚɡůɖ ɟɖŰɑɜɖɠ ɛŮ ɗŮɘɘəɧ ɞɝɨ  

ȼ ŭɘŬŭɘəŬůɑŬ ɔɘŬ Űɖ ŭɘɎɚɡůɖ Űɖɠ ɛɐŰɟŬɠ ɛŮ ɗŮɘɘəɧ ɞɝɨ əŬɘ ɡˊŮɟɞɝŮɑŭɘɞ Űɞɡ ɡŭɟɞɔɧɜɞɡ ɏɔɘɜŮ 

ůɨɛűɤɜŬ ɛŮ Űɞ ˊɟɧŰɡˊɞ ASTM D3171 (Procedure ȸ) əŬɘ ŮɑɜŬɘ ɧɛɞɘŬ ɛŮ ŬɡŰɐ ˊɞɡ ŬɜŬɚɨɗɖəŮ 

ůŰɞ ˊɟɞɖɔɞɨɛŮɜɞ ŮŭɎűɘɞ (4.3.1.). ɇɞ ůɡɔəŮəɟɘɛɏɜɞ ŬɜŰɘŭɟŬůŰɐɟɘɞ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ ɜŬ 

ŮɚŮɔɢɗŮɑ ɖ ŭɟŬůŰɘəɧŰɖŰɎ ůŰɞ ůɡɔəŮəɟɘɛɏɜɞ ůɨůŰɖɛŬ ɟɖŰɑɜɖɠ. ɀɑŬ əɞɘɜɐ ɞɜɞɛŬůɑŬ Űɞɡ 

ŭɘŬɚɨɛŬŰɞɠ ŬɡŰɞɨ, ŮɑɜŬɘ çPiranha Solutionè, ɚɧɔɤ Űɖɠ Ŭɡɝɖɛɏɜɖɠ ŭɟŬůŰɘəɧŰɖŰɎɠ Űɞɡ ůŮ 

ɡˊɞɚŮɑɛɛŬŰŬ ɞɟɔŬɜɘəɩɜ ŮɜɩůŮɤɜ, ɧˊɤɠ ŮɑɜŬɘ ůŰɖɜ ˊŮɟɑˊŰɤůɐ ɛŬɠ ɖ Ůˊɞɝɘəɐ ɟɖŰɑɜɖ. ɀŮ Űɞ 

ŬɜŰɘŭɟŬůŰɐɟɘɞ ŬɡŰɧ ŭɘŬɚɨůŬɛŮ ŰŬ əɞɛɛɎŰɘŬ Ŭˊɧ ŰŬ ůɨɜɗŮŰŬ ɡɚɘəɎ Űɖɠ Űɖɠ ůŮɘɟɎɠ ȸ&ɇ ɩůŰŮ 

ɜŬ ɛŮŰɟɐůɞɡɛŮ Űɖ ˊŮɟɘŮəŰɘəɧŰɖŰɎ Űɞɡɠ ůŮ ɑɜŮɠ. ɇŬ əɞɛɛɎŰɘŬ əɧˊɖəŬɜ ůŮ ŭɘŬůŰɎůŮɘɠ əŬɘ ɛɎɕŬ 

ˊɞɡ ɞɟɑɕŮɘ Űɞ ˊɟɧŰɡˊɞ əŬɘ ŮˊɘɚɏɢɗɖəŬɜ ŮəŮɑɜŬ ˊɞɡ ɐŰŬɜ ˊɘɞ əɞɜŰɎ ůŰɘɠ ŭɘŬůŰɎůŮɘɠ Űɤɜ 

əɞɛɛŬŰɘɩɜ ˊɞɡ ŭɘŬɚɨɗɖəŬɜ ɛŮ Űɞ ɜɘŰɟɘəɧ ɞɝɨ. Ƀ Ůɝɞˊɚɘůɛɧɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ŮɑɜŬɘ ɞ ɑŭɘɞɠ 

ɛŮ ŬɡŰɧɜ ˊɞɡ ˊŮɟɘɔɟɎűŮŰŬɘ ůŰɞ ŮŭɎűɘɞ 4.3.1. əŬɘ ɔɘŬ ŬɡŰɧɜ Űɞɜ ɚɧɔɞ ˊŬɟŬɚŮɑˊŮŰŬɘ. ɇɞ ˊŬɟɧɜ 

ŮŭɎűɘɞ ŮůŰɘɎɕŮɘ əɡɟɑɤɠ ůŰɘɠ ŭɘŬűɞɟɏɠ ˊɞɡ ɡˊɐɟɝŬɜ əŬŰɎ Űɖ ŭɘŬŭɘəŬůɑŬ əŬɗɩɠ əŬɘ ůŰŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ ŬɡŰɐɠ.  

ȹɘŬŭɘəŬůɑŬ 

ȷűɞɨ Űɞ ŭɞəɑɛɘɞ əŬɘ Űɞ ɢɎɟŰɘɜɞ űɑɚŰɟɞ ɏɢɞɡɜ ɕɡɔɘůŰŮɑ ɛŮ ŬəɟɑɓŮɘŬ ŰɏŰŬɟŰɞɡ ŭŮəŬŭɘəɞɨ Űɞɡ 

ɔɟŬɛɛŬɟɑɞɡ (0.0001 g), ŰɞˊɞɗŮŰŮɑŰŬɘ Űɞ ŭɞəɑɛɘɞ ůŰɞ ˊɞŰɐɟɘ ɕɏůŮɤɠ. ȾɎɗŮ ŮɟɔŬůɑŬ Ŭˊɧ ŬɡŰɧ 

Űɞ ůɖɛŮɑɞ əŬɘ ɏˊŮɘŰŬ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɛɏůŬ ůŰɞɜ ŬˊŬɔɤɔɧ ŬŮɟɑɤɜ. ɆŰɞ ˊɞŰɐɟɘ ɕɏůŮɤɠ 

ˊɟɞůŰɑɗŮŰŬɘ ɗŮɘɘəɧ ɞɝɨ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ 95.0 ï 97.0 % əŬɘ ˊɞůɧŰɖŰŬɠ ŰɞɡɚɎɢɘůŰɞɜ 20 ml 

ůɨɛűɤɜŬ ɛŮ Űɞ ˊɟɧŰɡˊɞ. ũɘŬ ŰŬ ůɡɔəŮəɟɘɛɏɜŬ ŭɞəɑɛɘŬ əɟɑɗɖəŮ ŬɜŬɔəŬɑŬ ɖ ˊɟɧůɗŮůɖ 50 ml 

ɗŮɘɘəɞɨ ɞɝɏɞɠ. ȷəɞɚɞɨɗɤɠ Űɞ ˊɞŰɐɟɘ ŰɞˊɞɗŮŰŮɑŰŬɘ ůŰɞɜ ɛŬɔɜɖŰɘəɧ ɗŮɟɛŬɘɜɧɛŮɜɞ ŬɜŬŭŮɡŰɐɟŬ 

ůŮ ɗŮɟɛɞəɟŬůɑŬ 200ÁC. ɇɞ ůɡɔəŮəɟɘɛɏɜɞ ŬɜŰɘŭɟŬůŰɐɟɘɞ ɢɟŮɘɎůŰɖəŮ əŬŰɎ ɛɏůɞ ɧɟɞ ŰɏůůŮɟɘɠ 

ɩɟŮɠ ɩůŰŮ ɜŬ ŭɘŬɚɨůŮɘ Űɖ ɟɖŰɑɜɖ ůŮ ɘəŬɜɞˊɞɘɖŰɘəɧ ɓŬɗɛɧ əŬɘ Űɞ ɢɟɩɛŬ Űɞɡ ŭɘŬɚɨɛŬŰɞɠ ɜŬ 

ŮɑɜŬɘ ůɢŮŭɧɜ ɛŬɨɟɞ. 

ȷűɞɨ Űɞ ŭɘɎɚɡɛŬ ˊɎɟŮɘ ɏɜŰɞɜɞ ůəɞɨɟɞ ɢɟɩɛŬ, ŬűɐɜŮŰŬɘ ŬəɧɛŬ ˊɏɜŰŮ ɚŮˊŰɎ ɩůŰŮ ɜŬ 

ŭɘŬůűŬɚɘůŰŮɑ ˊɤɠ ŭŮɜ ɏɢɞɡɜ ɛŮɑɜŮɘ ɛŮɔɎɚŬ ŬŭɘɎɚɡŰŬ əɞɛɛɎŰɘŬ ɟɖŰɑɜɖɠ ɛɏůŬ ůŮ ŬɡŰɧ. ɆŰɖ 

ůɡɜɏɢŮɘŬ ŰɞˊɞɗŮŰŮɑŰŬɘ Űɞ ˊɞŰɐɟɘ ůŮ ˊŬɔɤɛɏɜɞ ɚɞɡŰɟɧ ɞˊɧŰŮ əŬɘ ˊɟɞůŰɑɗŮŰŬɘ Űɞ ɡˊŮɟɞɝŮɑŭɘɞ Űɞɡ 

ɡŭɟɞɔɧɜɞɡ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ 30%. ȼ ˊɟɧůɗŮůɐ Űɞɡ ɔɑɜŮŰŬɘ ɓɖɛŬŰɘəɎ ɛŮ ɛɘəɟɏɠ ůŰɖɜ Ŭɟɢɐ 

ˊɞůɧŰɖŰŮɠ əŬɗɩɠ ŬəɟŬɑŬ ŮɝɩɗŮɟɛɖ ŬɜŰɑŭɟŬůɖ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ɛŮ ŬˊɧŰɞɛɖ Ŭɨɝɖůɖ Űɖɠ 

ɗŮɟɛɞəɟŬůɑŬɠ əŬɘ Ŭˊɞɓɞɚɐ Űɞɝɘəɩɜ ŬŰɛɩɜ. ũɘŬ Űɞ ɚɧɔɞ ŬɡŰɧ ɞ ŮɟŮɡɜɖŰɐɠ ˊɟɏˊŮɘ ɜŬ ŮɑɜŬɘ 

ůɑɔɞɡɟɞɠ ˊɤɠ ŭŮɜ ŬűɐɜŮɘ əɎˊɞɘɞ ůɖɛŮɑɞ Űɞɡ ůɩɛŬŰɧɠ Űɞɡ ŮəŰŮɗŮɘɛɏɜɞ. ȼ ˊɞůɧŰɖŰŬ Űɞɡ 

ɡˊŮɟɞɝŮɘŭɑɞɡ ˊɞɡ ˊɟɞůŰɑɗŮŰŬɘ ˊɟɏˊŮɘ ůɑɔɞɡɟŬ ɜŬ ɝŮˊŮɟɜɎ ŬɡŰɐ Űɞɡ ɗŮɘɘəɞɨ ɞɝɏɞɠ əŬɘ 

ˊɟɞůŬɟɛɧɕŮŰŬɘ ɜŬ ŮɑɜŬɘ ŰɏŰɞɘŬ ɩůŰŮ Űɞ ŭɘɎɚɡɛŬ Ŭˊɧ ůəɞɨɟɞ ɢɟɩɛŬ ɜŬ ɔɑɜŮɘ ɝŬɜɎ ŭɘŬűŬɜɏɠ. 

ȺɜŭŮɘəŰɘəɎ, Ŭˊɧ Űɞ ˊɟɧŰɡˊɞ ůɡůŰɐɜɞɜŰŬɘ 35 ml ɤɠ ŮɚɎɢɘůŰɖ ˊɞůɧŰɖŰŬ, Ůɜɩ ůŰɞ ůɡɔəŮəɟɘɛɏɜɞ 

ˊŮɑɟŬɛŬ ɢɟŮɘɎůŰɖəŮ ɜŬ ˊɟɞůŰŮɗɞɨɜ 70 ml, əŬɗɩɠ Ŭɡɝɖɛɏɜɖ ŮɑɜŬɘ əŬɘ ɖ ˊɞůɧŰɖŰŬ Űɞɡ ɗŮɘɘəɞɨ 

ɞɝɏɞɠ. ɇɞ ŭɘɎɚɡɛŬ ŬűɐɜŮŰŬɘ ɜŬ əɟɡɩůŮɘ ůŰɞ ɚɞɡŰɟɧ ɏɤɠ ɧŰɞɡ ɞɘ ɑɜŮɠ ŮɑɜŬɘ ˊɚɏɞɜ əŬɗŬɟɎ 

ŮɛűŬɜŮɑɠ. ȷəɞɚɞɡɗŮɑ ɖ ŭɘɐɗɖůɖ Űɤɜ ɘɜɩɜ ůŰɖ ŭɘɎŰŬɝɖ B¿chner ůɨɛűɤɜŬ ɛŮ Űɖ ŭɘŬŭɘəŬůɑŬ ˊɞɡ 

ˊŮɟɘɔɟɎűŮŰŬɘ ůŰɞ ŮŭɎűɘɞ 4.3.1. əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ Űɞ ůŰɏɔɜɤɛɎ Űɞɡɠ ůŰɞ űɞɨɟɜɞ. 

Ƀɘ ɑɜŮɠ, ŬˊŬɚɚŬɔɛɏɜŮɠ ˊɚɏɞɜ Ŭˊɧ Űɖɜ ɡɔɟŬůɑŬ, ɕɡɔɑɕɞɜŰŬɘ ɛŬɕɑ ɛŮ Űɞ ɢɎɟŰɘɜɞ űɑɚŰɟɞ ůŰɖɜ 

ɖɚŮəŰɟɞɜɘəɐ ɕɡɔŬɟɘɎ ŬəɟɘɓŮɑŬɠ ŰɏŰŬɟŰɞɡ ŭŮəŬŭɘəɞɨ ɣɖűɑɞɡ (ɀfc). ȰɢɞɜŰŬɠ ɐŭɖ əŬŰŬɔɟɎɣŮɘ 
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Űɖ ɛɎɕŬ Űɞɡ ŭɞəɘɛɑɞɡ (ɀi) əŬɘ Űɞɡ űɑɚŰɟɞɡ (ɀc) ɢɤɟɘůŰɎ, ɛˊɞɟŮɑ ɜŬ ɡˊɞɚɞɔɘůŰŮɑ ɖ 

ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɑɜŮɠ (ὡ ) əŬŰɎ ɓɎɟɞɠ, ɛŮ Űɖ ɓɞɐɗŮɘŬ Űɤɜ ůɢɏůŮɤɜ 4.3 əŬɘ 4.4. ɆŰɞɡɠ ́ ɑɜŬəŮɠ 

4.3 əŬɘ 4.4 ˊɞɡ Ŭəɞɚɞɡɗɞɨɜ ŬˊɞŰɡˊɩɜɞɜŰŬɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ɛŮŰɟɐůŮɤɜ. 

 

ɄȽɁȷȾȷɆ 4.3 ɀɏŰɟɖůɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ůŮ ɑɜŮɠ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ. ũɘŬ ŰŬ ůɡɔəŮəɟɘɛɏɜŬ ɡɚɘəɎ ɛŮŰɟɐɗɖəŮ 

ɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ əŬɘ ɛŮ Űɖ ɛɏɗɞŭɞ Űɞɡ ɜɘŰɟɘəɞɨ ɞɝɏɞɠ. 

 

 

ɄȽɁȷȾȷɆ 4.4 ɀɏŰɟɖůɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ůŮ ɑɜŮɠ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ. ũɘŬ ŰŬ ůɡɔəŮəɟɘɛɏɜŬ ɡɚɘəɎ ɛŮŰɟɐɗɖəŮ 

ɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ əŬɘ ɛŮ Űɖ ɛɏɗɞŭɞ Űɞɡ ɜɘŰɟɘəɞɨ ɞɝɏɞɠ. 

 

 

ɄŬɟŬŰɖɟɐůŮɘɠ 

ȷˊɧ Űɞɜ ˊɑɜŬəŬ 4.4 űŬɑɜŮŰŬɘ ɧŰɘ ɞ ŭŬəŰɨɚɘɞɠ ˊɞɡ ŮɑɜŬɘ əŬŰŬůəŮɡŬůɛɏɜɞɠ ɛŮ ́ɟɧůɛɘɝɖ 

ɔɟŬűɏɜɘɞɡ ůŰɞ ůɨůŰɖɛŬ ɟɖŰɑɜɖɠ ˊŬɟɞɡůɘɎɕŮɘ ɛŮɔŬɚɨŰŮɟɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɑɜŮɠ ɎɜɗɟŬəŬ ůŮ 

ůɢɏůɖ ɛŮ Űɞɡɠ ɡˊɧɚɞɘˊɞɡɠ ŭŬəŰɡɚɑɞɡɠ, ɔɘŬ Űɖɜ ɑŭɘŬ ŭɨɜŬɛɖ ŰɎɜɡůɖɠ 8 Nt əŬɘ ŰŬ ɑŭɘŬ 

ɔŮɤɛŮŰɟɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ. ȷɡŰɧ ɗŬ ɛˊɞɟɞɨůŮ ɜŬ ɞűŮɑɚŮŰŬɘ ůŰɖ ɛɏɗɞŭɞ ɖ ɞˊɞɑŬ 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ  əŬɗɩɠ Űɞ ɗŮɘɘəɧ ɞɝɨ ŬɜŰɘŭɟɎ ɛŮ Űɞ ɔɟŬűɏɜɘɞ ŭɖɛɘɞɡɟɔɩɜŰŬɠ ɞɝŮɑŭɘŬ Űɞɡ 

ɔɟŬűŮɜɑɞɡ SIGO (Hong et al 2013). ȰŰůɘ, ŮɑŰŮ Űɞ ɗŮɘɘəɧ ɞɝɨ ŭŮɜ çˊɟɧɚŬɓŮè ɜŬ ŭɘŬɚɨůŮɘ Űɖ 

ɟɖŰɑɜɖ, ŮɑŰŮ ŰŬ ůɢɖɛŬŰɘɕɧɛŮɜŬ ɞɝŮɑŭɘŬ ůɡɔəɟŬŰɐɗɖəŬɜ Ŭˊɧ Űɞ ɢɎɟŰɘɜɞ űɑɚŰɟɞ 0,2 ɛ, ɞŭɖɔɩɜŰŬɠ 

ůŮ ɡˊŮɟŮəŰɑɛɖůɖ Űɖɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ůŮ ɑɜŮɠ ɎɜɗɟŬəŬ. Ⱥˊɑůɖɠ ůŰɞɜ ˊɑɜŬəŬ 4.3 ˊŬɟɞɡůɘɎɕŮŰŬɘ 

Ŭɡɝɖɛɏɜɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ɘɜɩɜ ɔɘŬ ŰŬ ůɨɜɗŮŰŬ ɡɚɘəɎ əŬŰŬůəŮɡŬůɛɏɜŬ ɛŮ ŭɨɜŬɛɖ ŰɎɜɡůɖɠ 

25N. ȳˊɤɠ əŬɘ ɛŮ Űɖ ɛɏɗɞŭɞ ɛŮ Űɞ ɜɘŰɟɘəɧ ɞɝɨ Űɞɡ ˊɟɞɖɔɞɨɛŮɜɞɡ ŮŭŬűɑɞɡ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ 

ŭŮɜ ůɡɛűɤɜɞɨɜ ɛŮ Űɘɠ ˊɡəɜɧŰɖŰŮɠ ˊɞɡ ɡˊɞɚɞɔɑůŰɖəŬɜ. ȰŰůɘ ɔɘŬ ŬəɧɛŬ ɛɑŬ űɞɟɎ ŰŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ əɟɑɜɞɜŰŬɘ ŬɜŬɝɘɧˊɘůŰŬ ɛŮ Ŭˊɧəɚɘůɖ ŰɞɡɚɎɢɘůŰɞɜ 5-7% Ŭˊɧ Űɞ ŬɜŬɛŮɜɧɛŮɜɞ.  

  

H2SO4/H202 digestion C_200_10_2_F45_T1C_200_10_2_F25_T1 C_150_10_1_F8_T1 C_100_10_2_F25_T8

Mi (g) 1.1940 1.0930 0.6370 0.7350

Mc(g) 0.9670 0.9632 0.9784 0.9493

Mfc (g) 1.8740 1.8392 1.4674 1.5573

Mf (g) 0.9070 0.8760 0.4890 0.6080

Wf 75.96% 80.15% 76.77% 82.72%

H2SO4/H202 digestionC24K_100_10_2_F8_T4C50K_100_10_2_F8_T4PF_100_10_2_F8_T8 GR_100_10_2_F8_T8

Mi (g) 1.0880 1.0110 1.1610 1.1580

Mc (g) 0.9780 0.9896 0.9555 0.9543

Mfc (g) 1.6960 1.6346 1.8165 1.7103

Mf (g) 0.7180 0.6450 0.8610 0.7560

Wf 65.99% 63.80% 74.16% 65.28%
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4.3.3. ɀɏɗɞŭɞɠ ŬɜɎɚɡůɖɠ ŮɘəɧɜŬɠ  

Ƀ ˊɟɞůŭɘɞɟɘůɛɧɠ Űɖɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ůŮ ɑɜŮɠ ɛɏůɤ Űɖɠ ŭɘɎɚɡůɖɠ Űɖɠ ɛɐŰɟŬɠ ɛŮ ɞɝɏŬ, ɧˊɤɠ 

ˊŮɟɘɔɟɎűŮŰŬɘ ůŰŬ ˊɟɞɖɔɞɨɛŮɜŬ ŮŭɎűɘŬ, ŬˊɞŰɏɚŮůŮ ɛɑŬ ůɢŮŰɘəɎ Ůˊɘəɑɜŭɡɜɖ əŬɘ ɢɟɞɜɞɓɧɟŬ 

ŭɘŬŭɘəŬůɑŬ. Ⱥˊɑůɖɠ ɛɑŬ ŬəɧɛŬ ŬŭɡɜŬɛɑŬ Űɤɜ ˊŬɟŬˊɎɜɤ ɛŮɗɧŭɤɜ ɏɔəŮɘŰŬɘ ůŰɖ ɢŬɛɖɚɐ 

ŭɟŬůŰɘəɧŰɖŰŬ Űɤɜ ɞɝɏɤɜ ɏɜŬɜŰɘ ɜɏɤɜ ˊɘɞ ŬɜɗŮəŰɘəɩɜ ůɡůŰɖɛɎŰɤɜ ɟɖŰɑɜɖɠ ɧˊɤɠ ŮɑɜŬɘ ɔɘŬ ŰŬ 

ůɡɔəŮəɟɘɛɏɜŬ ůɨɜɗŮŰŬ ɡɚɘəɎ. ȷˊɧɟɟɞɘŬ Űɞɡ ˊɟɞɓɚɐɛŬŰɞɠ Űɖɠ ŭɟŬůŰɘəɧŰɖŰŬɠ ŬˊɞŰɏɚŮůŮ ɖ 

ɛŮɟɘəɐ Ŭˊɧəɚɘůɖ Ŭˊɧ Űɖɜ ɛŮɗɞŭɞɚɞɔɑŬ ˊɞɡ ɞɟɑɕŮɘ Űɞ ˊɟɧŰɡˊɞ ASTM D3171 əɡɟɑɤɠ ɧůɞɜ 

ŬűɞɟɎ Űɖ ˊɞůɧŰɖŰŬ Űɤɜ ɞɝɏɤɜ əŬɘ Űɞ ɢɟɧɜɞ ŭɟɎůɖɠ Űɞɡɠ. ȾŬŰɎ ůɡɜɏˊŮɘŬ əɟɑɗɖəŮ ůəɧˊɘɛɞ ɜŬ 

ŮűŬɟɛɞůŰŮɑ ɛɑŬ ˊɘɞ ůɨɔɢɟɞɜɖ ɛɏɗɞŭɞɠ ɖ ɞˊɞɑŬ ɗŬ ŬɜŰŬˊɞəɟɑɜŮŰŬɘ ɘəŬɜɞˊɞɘɖŰɘəɎ ůŰŬ 

ˊŮɟɘůůɧŰŮɟŬ ůɨɜɗŮŰŬ ɡɚɘəɎ əŬŰŬůəŮɡŬůɛɏɜŬ ɛŮ ˊŮɟɘɏɚɘɝɖ ɘɜɩɜ.  

ȼ ŭɘŬŭɘəŬůɑŬ ŬɜɎɚɡůɖɠ ŮɘəɧɜŬɠ Űɞɡ ɞˊŰɘəɞɨ ɛɘəɟɞůəɞˊɑɞɡ ůŮ ɛɑŬ Űɞɛɐ Űɞɡ ŭŬəŰɡɚɑɞɡ 

əɎɗŮŰɖ ůŰɖ ŭɘŮɨɗɡɜůɖ Űɤɜ ɘɜɩɜ ŬˊɞŰɏɚŮůŮ ˊɟɧəɚɖůɖ, əŬɗɩɠ ŭŮɜ ŮɑɢŮ ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ ůŰɞ 

ˊŬɟŮɚɗɧɜ ůŰɞ ŮɟɔŬůŰɐɟɘɞ ɁŬɡŰɘəɐɠ ɀɖɢŬɜɞɚɞɔɑŬɠ Űɞɡ ȺɀɄ. ȷɜ əŬɘ ɖ ůɡɔəŮəɟɘɛɏɜɖ ɛɏɗɞŭɞɠ 

ŭŮɜ ɞɟɑɕŮŰŬɘ Ŭˊɧ ˊɟɧŰɡˊŬ ISO ɐ ASTM ŬəɧɛŬ, ˊŮɟɘɔɟɎűŮŰŬɘ ɚŮˊŰɞɛŮɟɩɠ ůŰɞ ɓɘɓɚɑɞ 

Composite Materials Handbook Volume 1: Polymer Matrix Composites - Guidelines for 

Characterisation of Structural Materials (US Department of Defense, 2002). ȼ ˊŬɟŬˊɎɜɤ 

ɛɏɗɞŭɞɠ ŬˊɞŰŮɚŮɑ Ůˊɑůɖɠ ɛɑŬ ɢɟɞɜɞɓɧɟŬ əŬɘ ŭŬˊŬɜɖɟɐ ŭɘŬŭɘəŬůɑŬ ɖ ɞˊɞɑŬ ɧɛɤɠ ˊŬɟɏɢŮɘ 

ɛŮɔŬɚɨŰŮɟɖ ŬůűɎɚŮɘŬ ůŰɞɜ ŮɟŮɡɜɖŰɐ əŬɘ Űɞɜ ŮɝɞɘəŮɘɩɜŮɘ ɛŮ ŰŬ ůɡɜɘůŰɩɜŰŬ ɛɏɟɖ Űɤɜ ůɨɜɗŮŰɤɜ 

ɡɚɘəɩɜ. ȼ ŮɘəɧɜŬ ɛɘŬɠ ŰɡɢŬɑŬɠ Űɞɛɐɠ Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ əɎɗŮŰŬ ůŰɘɠ ŮɜɘůɢɡŰɘəɏɠ ɑɜŮɠ ɛˊɞɟŮɑ 

ɜŬ ŭɩůŮɘ ˊɚɖɟɞűɞɟɑŮɠ ɔɘŬ Űɖɜ əŬŰŬɜɞɛɐ əŬɘ Űɖ ŭɘɎŰŬɝɖ Űɤɜ ɘɜɩɜ ůŮ ɧɚɞ Űɞ ˊɎɢɞɠ Űɞɡ ŭɞəɘɛɑɞɡ, 

ɧˊɤɠ Ůˊɑůɖɠ əŬɘ ɔɘŬ Űɖɜ ɨˊŬɟɝɖ əŮɜɩɜ ŬɏɟŬ ɛɏůŬ ůŮ ŬɡŰɧ. ɆŰɞ ˊŬɟɧɜ ŮŭɎűɘɞ ɗŬ ŮɝŮŰŬůŰɞɨɜ 

ɞɘ ˊɘɞ ůɡɜɐɗŮɘɠ Űɟɧˊɞɘ ŬɜɎɚɡůɖɠ Űɖɠ ŮɘəɧɜŬɠ ɛɏůɤ ˊɟɞɔɟɎɛɛŬŰɞɠ ɡˊɞɚɞɔɘůŰɐ, əŬɗɩɠ əŬɘ ɗŬ 

ŭɘŬˊɘůŰɤɗɞɨɜ ůűɎɚɛŬŰŬ ɚɧɔɤ Űɖɠ ɡˊɞəŮɘɛŮɜɘəɧŰɖŰŬɠ ˊɞɡ ŭɘɏˊŮɘ Űɖ ŭɘŬŭɘəŬůɑŬ. 

 

Ⱥɝɞˊɚɘůɛɧɠ 

Ƀ ŬˊŬɟŬɑŰɖŰɞɠ Ůɝɞˊɚɘůɛɧɠ ɔɘŬ Űɖ ɛɏŰɟɖůɖ Űɖɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ůŮ ɑɜŮɠ Űɤɜ ůɨɜɗŮŰɤɜ 

ɡɚɘəɩɜ ɛɏůɤ Image Analysis ŮɑɜŬɘ ɞ Ůɝɐɠ: 

¶ ȺɟɔŬůŰɖɟɘŬəɧɠ ɚŮɘŬɜŰɐɟŬɠ (Struers LaboPol-5), ɔɘŬ Űɖɜ ˊɟɞŮŰɞɘɛŬůɑŬ Űɤɜ ŮˊɘűŬɜŮɘɩɜ 

Űɞɡ ŭɞəɘɛɑɞɡ. 

¶ Ⱥɝɞˊɚɘůɛɧɠ ŮɔəɘɓɤŰɘůɛɞɨ, (ɛɐŰɟŮɠ ŮɔəɘɓɤŰɘůɛɞɨ, ŭɞůɞɛŮŰɟɖŰɏɠ). 

¶ Ⱥɝɞˊɚɘůɛɧɠ ɚŮɑŬɜůɖɠ, (ɚŮɘŬɜŰɘəɎ ɢŬɟŰɘɎ, ˊɎůŰŮɠ ŭɘŬɛŬɜŰɘɞɨ). 

¶ ɃˊŰɘəɧ ɛɘəɟɞůəɧˊɘɞ ůɡɜŭŮŭŮɛɏɜɞ ɛŮ ɣɖűɘŬəɐ əɎɛŮɟŬ (Leica DMILM). 

¶ ȼɚŮəŰɟɞɜɘəɧɠ ɡˊɞɚɞɔɘůŰɐɠ ɛŮ ŮɔəŬŰŮůŰɖɛɏɜɞ ɚɞɔɘůɛɘəɧ ůɡɛɓŬŰɧ ɛŮ Űɞ ɛɘəɟɞůəɧˊɘɞ 

(Leica Application Suite). 

¶ ȿɞɔɘůɛɘəɧ ŬɜɎɚɡůɖɠ Ůɘəɧɜɤɜ (ɆɢɐɛŬ 4.9). 
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ɆɢɐɛŬ 4.9 ɇɟɘůŭɘɎůŰŬŰɖ ŬˊŮɘəɧɜɘůɖ ŮɜɘůɢɡŰɘəɩɜ ɘɜɩɜ ůŮ ůɨɜɗŮŰɞ ɡɚɘəɧ əŬŰŬůəŮɡŬůɛɏɜɞ ɛŮ Űɖ ɛɏɗɞŭɞ 

Filament Winding. ɄɟɧəŮɘŰŬɘ ɔɘŬ ŮɘəɧɜŬ ɞˊŰɘəɞɨ ɛɘəɟɞůəɞˊɑɞɡ ůŮ ɛŮɔɏɗɡɜůɖ 1000ɉ ɖ ɞˊɞɑŬ ůŰɖ ůɡɜɏɢŮɘŬ 

ŮˊŮɝŮɟɔɎůŰɖəŮ ɛŮ Űɖ ɓɞɐɗŮɘŬ Űɞɡ ŬɜɞɘɢŰɞɨ ɚɞɔɘůɛɘəɞɨ ImageJ/FiJi. 

ɄɟɞŮŰɞɘɛŬůɑŬ 

ɇɞɝɤŰɎ əɞɛɛɎŰɘŬ ɛɐəɞɡɠ ˊŮɟɑˊɞɡ 4 ŮəŬŰɞůŰɩɜ əɧɓɞɜŰŬɘ Ŭˊɧ Űɞɡɠ ŭŬəŰɡɚɑɞɡɠ əŬɘ 

ŬˊɞŰŮɚɞɨɜ ŰŬ ŭɞəɑɛɘŬ Űɞɡ ˊŮɘɟɎɛŬŰɞɠ. ȾŬŰɎ Űɖ əɞˊɐ ˊɟɏˊŮɘ ɜŬ ŭɞɗŮɑ ˊɟɞůɞɢɐ ůŰɘɠ ŮˊɘűɎɜŮɘŮɠ 

əɞˊɐɠ ɞɘ ɞˊɞɑŮɠ ˊɟɏˊŮɘ ɜŬ ŮɑɜŬɘ əŬŰɎ Űɞ ŭɡɜŬŰɧɜ əɎɗŮŰŮɠ ůŰɖ ˊŮɟɘűŮɟŮɘŬəɐ ŭɘŮɨɗɡɜůɖ Űɞɡ 

ŭŬəŰɡɚɑɞɡ. Ⱥˊɑůɖɠ ɏɚŬɘŬ əɞˊɐɠ ɓɞɖɗɞɨɜ Űɘɠ ŮˊɘűɎɜŮɘŮɠ ɜŬ ŮɑɜŬɘ ɚŮɑŮɠ. ɇŬ ŮɜŬˊɞɛŮɑɜŬɜŰŬ ɏɚŬɘŬ 

ˊɞɡ ˊŬɟŬɛɏɜɞɡɜ ůŰɞ ŭɞəɑɛɘɞ ŬˊɞɛŬəɟɨɜɞɜŰŬɘ ɛŮ Űɖ ɓɞɐɗŮɘŬ ɜɤˊɞɨ ˊŬɜɘɞɨ. 

ȷəɞɚɞɡɗŮɑ ɞ ŮɔəɘɓɤŰɘůɛɧɠ Űɞɡ ŭɞəɘɛɑɞɡ ůŮ Ůˊɞɝɘəɐ ɟɖŰɑɜɖ ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ ůɢɐɛŬ 4.10. 

ɇɞ ŭɞəɑɛɘɞ ůŰŬɗŮɟɞˊɞɘŮɑŰŬɘ ůŮ əŬŰŬəɧɟɡűɖ ɗɏůɖ ɛɏůŬ ůŰɖɜ Ůɘŭɘəɐ ɛɐŰɟŬ ŮɔəɘɓɤŰɘůɛɞɨ əŬɘ 

ůŰŬ ŰɞɘɢɩɛŬŰŬ Űɖɠ ŮűŬɟɛɧɕŮŰŬɘ ɚŮˊŰɐ ůŰɟɩůɖ ɓŬɕŮɚɑɜɖɠ ɩůŰŮ Űɞ ɢɡŰɧ ɜŬ ŬˊɞɛŬəɟɡɜɗŮɑ 

ŮɨəɞɚŬ Ŭˊɧ ŬɡŰɐ. ɀɑɔɛŬ Ůˊɞɝɘəɐɠ ɟɖŰɑɜɖɠ ɛŮ Ůɘŭɘəɧ ůəɚɖɟɡɜŰɐ (EpoFix) ɔɘŬ ɢɨŰŮɡůɖ, ůŮ 

ŬɜŬɚɞɔɑŬ 15 ˊɟɞɠ 2 əŬŰô ɧɔəɞ, ŰɞˊɞɗŮŰŮɑŰŬɘ ůŮ ŭɞůɞɛŮŰɟɖŰɐ əŬɘ ŬɜŬŭŮɨŮŰŬɘ ɔɘŬ 2 ɚŮˊŰɎ, 

ŭɘŬɚɨɞɜŰŬɠ Űɘɠ űɡůŬɚɑŭŮɠ ŬɏɟŬ ˊɞɡ Űɡɢɧɜ ŭɖɛɘɞɡɟɔɖɗɞɨɜ. ɆŰɖ ůɡɜɏɢŮɘŬ Űɞ ɛɑɔɛŬ ˊŮɟɘɢɨɜŮŰŬɘ 

ůŰɞ əŬɚɞɨˊɘ ɛŮ Űɞ ŭɞəɑɛɘɞ əŬɘ ŬűɐɜŮŰŬɘ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ ɔɘŬ 12 ɩɟŮɠ ɛɏɢɟɘ ɜŬ 

ůəɚɖɟɨɜŮɘ ɖ ɟɖŰɑɜɖ (curing: 12 hours, pot life: 30 min.).  

 
ɆɢɐɛŬ 4.10 ȺɔəɘɓɤŰɘůɛɧɠ ŭɞəɘɛɑɤɜ Ŭˊɧ ůɨɜɗŮŰɞ ɡɚɘəɧ ůŮ Ůˊɞɝɘəɐ ɟɖŰɑɜɖ. ɆŮ əɎɗŮ əŬɚɞɨˊɘ ɏɢɞɡɜ ŰɞˊɞɗŮŰɖɗŮɑ 2 

ŭɞəɑɛɘŬ ɔɘŬ ɞɘəɞɜɞɛɑŬ ůŰŬ ɡɚɘəɎ əŬɘ ůŰɞ ɢɟɧɜɞ ɚŮɑŬɜůɖɠ. 
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ȷűɞɨ Űɞ ɢɡŰɧ ŬűŬɘɟŮɗŮɑ Ŭˊɧ Űɞ ˊɚŬůŰɘəɧ əŬɚɞɨˊɘ ŰɞˊɞɗŮŰŮɑŰŬɘ ůŰɖɜ Ůɘŭɘəɐ ɡˊɞŭɞɢɐ Űɞɡ 

ɚŮɘŬɜŰɐɟŬ ɩůŰŮ ɜŬ əŬŰŮɟɔŬůŰŮɑ ɖ ŮˊɘűɎɜŮɘɎ Űɞɡ ůɨɛűɤɜŬ ɛŮ Űɖɜ ́ ŬɟŬəɎŰɤ ŭɘŬŭɘəŬůɑŬ (ɆɢɐɛŬ 

4.11). ɄɟɩŰŬ ŮűŬɟɛɧɕŮŰŬɘ ɚŮɘŬɜŰɘəɧ ɢŬɟŰɑ ɛŮɔɎɚɖɠ ŰɟŬɢɨŰɖŰŬɠ  (grit/ grain size 80) əŬɘ Űɞ 

ɢɡŰɧ ŰɟɑɓŮŰŬɘ ůŰŬ 250 rpm ɛŮ ˊŬɟɞɡůɑŬ ŰɟŮɢɞɨɛŮɜɞɡ ɜŮɟɞɨ, ɛɏɢɟɘ ɜŬ ŮɛűŬɜɘůŰŮɑ ɖ ŮˊɘűɎɜŮɘŬ 

Űɞɡ ŭɞəɘɛɑɞɡ. ɆŰɖ ůɡɜɏɢŮɘŬ ŰɞˊɞɗŮŰɞɨɜŰŬɘ ɞɚɞɏɜŬ ɛŮɘɞɨɛŮɜɖɠ ŰɟŬɢɨŰɖŰŬɠ ɢŬɟŰɘɎ ůŰŬ ɞˊɞɑŬ ɖ 

ŮˊɘűɎɜŮɘŬ əŬŰŮɟɔɎɕŮŰŬɘ ɔɘŬ 2-3 ɚŮˊŰɎ ůŰɞ əɎɗŮ ɏɜŬ. ȼ ŬəɞɚɞɡɗɑŬ ˊɞɡ ŮˊɘɚɏɢɗɖəŮ ŭɑɜɞɜŰŬɠ Űɖ 

əŬɚɨŰŮɟɖ ŰŮɚɘəɐ ŮˊɘűɎɜŮɘŬ ůŰɞ ŭɞəɑɛɘɞ ŮɑɜŬɘ ɖ Ůɝɐɠ: Grit/ Grain size 120 Ą 320 Ą 500 Ą 800 

Ą 1200 Ą 2000 Ą 4000. ɇɏɚɞɠ ɖ ŮˊɘűɎɜŮɘŬ ɔɡŬɚɑɕŮŰŬɘ ůŰɞɜ ɚŮɘŬɜŰɐɟŬ ɛŮ ˊɎůŰŬ Alumina 0.1 

ɛm. ɆŮ ŬɡŰɧ Űɞ ůŰɎŭɘɞ ɖ ŮˊɘűɎɜŮɘŬ ɗŬ ˊɟɏˊŮɘ ɜŬ ŮɑɜŬɘ ŮˊɑˊŮŭɖ əŬɘ ˊɞɚɨ ɚŮɑŬ ɢɤɟɑɠ ŮɛűŬɜŮɑɠ 

ɔɟŬɛɛɏɠ ɖ ɎɚɚŮɠ ŬŰɏɚŮɘŮɠ. ȷɜ ˊŬɟŬŰɖɟɖɗɞɨɜ ŬŰɏɚŮɘŮɠ ɖ ŭɘŬŭɘəŬůɑŬ ŮˊŬɜŬɚŬɛɓɎɜŮŰŬɘ, Ŭˊɧ Űɞ 

ůŰɎŭɘɞ ˊɞɡ əɟɑɜŮɘ ɞ ŮɟŮɡɜɖŰɐɠ, ɛɏɢɟɘ ɖ ŮˊɘűɎɜŮɘŬ ɜŬ ɓɟŮɗŮɑ ůŰɖɜ ŮˊɘɗɡɛɖŰɐ əŬŰɎůŰŬůɖ (ɆɢɐɛŬ 

4.12). ɇɞ ŭɞəɑɛɘɞ ɝŮˊɚɏɜŮŰŬɘ ɛŮ ɜŮɟɧ əŬɘ ŬəŮŰɧɜɖ əŬɘ ŬűɐɜŮŰŬɘ ůŰɞɜ ɝɖɟŬɜŰɐɟŬ ɔɘŬ ɛɑŬ ɛɏɟŬ 

ɩůŰŮ ɜŬ ŬˊŬɚɚŬɔŮɑ Ŭˊɧ Űɖɜ ɡɔɟŬůɑŬ. 

 

 

 
ɆɢɐɛŬ 4.11 ȿŮɑŬɜůɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ŭɨɞ ɢɡŰɩɜ ɛŮ  ůɨɜɗŮŰŬ ɡɚɘəɎ ŮɔəɘɓɤŰɘůɛɏɜŬ, ůŰɞɜ ŮɟɔŬůŰɖɟɘŬəɧ ɚŮɘŬɜŰɐɟŬ. 

 

ɆɢɐɛŬ 4.12 ȹɞəɑɛɘŬ Ŭˊɧ ůɨɜɗŮŰɞ ɡɚɘəɧ ŮɔəɘɓɤŰɘůɛɏɜŬ ůŮ ɟɖŰɑɜɖ ɛŮŰɎ Ŭˊɧ əŬŰŮɟɔŬůɑŬ ɚŮɑŬɜůɖɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡɠ. 
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ȹɘŬŭɘəŬůɑŬ 

ȾŬŰɎ  Űɘɠ  ɡˊɞŭŮɑɝŮɘɠ  Űɞɡ  MIL -17  (2002),  ɗŮɤɟŮɑŰŬɘ  ɧŰɘ  ɘəŬɜɞˊɞɘɖŰɘəɐ  ˊɟɞůɏɔɔɘůɖ  Űɖɠ 

ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ůŮ ɑɜŮɠ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛŮ Űɖ ɚɐɣɖ 20 ɏɤɠ 50 űɤŰɞɔɟŬűɘɩɜ, ɛŮ əɎɗŮ 

űɤŰɞɔɟŬűɑŬ ɜŬ ůɡɛˊŮɟɘɚŬɛɓɎɜŮɘ 30-100 ɑɜŮɠ. ȼ ɛŮɔɏɗɡɜůɖ Űɞɡ űŬəɞɨ Űɞɡ ɛɘəɟɞůəɞˊɑɞɡ 

ˊɟɏˊŮɘ ɜŬ ŮɑɜŬɘ Ŭˊɧ 400 ɏɤɠ 1000. ȷˊŬɟŬɑŰɖŰɖ ŮɑɜŬɘ ɖ ɟɨɗɛɘůɖɠ Űɖɠ ŮůŰɑŬůɖɠ, Űɞɡ űɤŰɧɠ əŬɘ 

Űɖɠ ŬɜŰɑɗŮůɖɠ ůŮ əɎɗŮ ɚɐɣɖ ɏŰůɘ ɩůŰŮ ɜŬ ŮˊɘŰɡɔɢɎɜɞɜŰŬɘ űɤŰɞɔɟŬűɑŮɠ ɓɏɚŰɘůŰɖɠ ˊɞɘɧŰɖŰŬɠ. 

Ƀɘ ŮɘəɧɜŮɠ ˊɞɡ ɚŬɛɓɎɜɞɜŰŬɘ ŮɑɜŬɘ ůŮ ɔəɟɘ əɚɑɛŬəŬ ɛŮ Űɖɜ ˊɟɞůɗɐəɖ ɟɎɓŭɞɡ əɚɑɛŬəŬɠ ɩůŰŮ 

ɜŬ ɡˊɞůŰɞɨɜ ŮˊŮɝŮɟɔŬůɑŬ Ŭˊɧ Űɞ ɚɞɔɘůɛɘəɧ Image Analysis (ɆɢɐɛŬ 4.13). 

 

 
ɆɢɐɛŬ 4.13 ūɤŰɞɔɟŬűɑŬ x1000 Ŭˊɧ ɞˊŰɘəɧ ɛɘəɟɞůəɧˊɘɞ ɛɑŬɠ Űɞɛɐɠ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ əɎɗŮŰŬ ůŰɘɠ ŮɜɘůɢɡŰɘəɏɠ ɑɜŮɠ. Ƀɘ 

ɑɜŮɠ ɎɜɗɟŬəŬ ŬˊŮɘəɞɜɑɕɞɜŰŬɘ ɛŮ ɔəɟɘ ŬɜɞɘɢŰɧ ɢɟɩɛŬ Ůɜɩ ɖ ɛɐŰɟŬ ɛŮ ɛŬɨɟɞ.  

 

Ƀɘ  Cann, Adams əŬɘ Schneider (2008) ˊŮɟɘɔɟɎűɞɡɜ ŭɨɞ ɛŮɗɧŭɞɡɠ Areal/Fiber Counting 

ɔɘŬ Űɖɜ ŮɨɟŮůɖ Űɖɠ ɞɔəɞɛŮŰɟɘəɐɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ɛŮ Image Analysis. 

 

Areal Method 

ɆŰɖ ɛɏɗɞŭɞ ŬɡŰɐ, ɞ ˊɟɞůŭɘɞɟɘůɛɧɠ Űɖɠ əŬŰô ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛŮ 

əŬŰŬɛɏŰɟɖůɖ, ɛɏůɤ ɡˊɞɚɞɔɘůŰɘəɞɨ Ŭɚɔɞɟɑɗɛɞɡ, Űɤɜ ɚŮɡəɩɜ əŬɘ ɛŬɨɟɤɜ pixels ɛɏůŬ ůŮ 

ˊɟɞůŭɘɞɟɘůɛɏɜɖ Ŭˊɧ Űɞ ɢɟɐůŰɖ ˊŮɟɘɞɢɐ. ɄɟɞəŮɘɛɏɜɞɡ ɜŬ ŮɑɜŬɘ ŭɡɜŬŰɐ ɖ əŬŰŬɛɏŰɟɖůɖ ŬɡŰɐ, 

ɖ ŮɘəɧɜŬ ɔəɟɘ əɚɑɛŬəŬɠ ˊɟɏˊŮɘ ɜŬ ɛŮŰŬŰɟŬˊŮɑ ůŮ ŭɘɢɟɤɛŬŰɘəɐ (binary). Ʉɚɏɞɜ ŰŬ ɚŮɡəɎ pixels 

ŬɜŰɘˊɟɞůɤˊŮɨɞɡɜ Űɖ ɛɐŰɟŬ Ůɜɩ ŰŬ ɛŬɨɟŬ Űɘɠ ɑɜŮɠ Ůɜɑůɢɡůɖɠ. ũɘŬ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ŬɡŰɧ ŮɑɜŬɘ 

ŬˊŬɟŬɑŰɖŰɞɠ ɞ əŬɗɞɟɘůɛɧɠ Ůɜɧɠ əŬŰɎɚɚɖɚɞɡ ɞɟɑɞɡ ɔəɟɘ ñgrey thresholdò Űɞ ɞˊɞɑɞ ŭɘŬɢɤɟɑɕŮɘ 

ŰŬ pixels ́ ɞɡ ɗŬ ɛŮŰŬŰɟŬˊɞɨɜ ůŮ ɚŮɡəɎ Ŭˊɧ ŮəŮɑɜŬ ́ ɞɡ ɗŬ ɛŮŰŬŰɟŬˊɞɨɜ ůŮ ɛŬɨɟŬ. ȳˊɤɠ ŮɑɜŬɘ 

űŬɜŮɟɧ, ɞ ɚɧɔɞɠ Űɞɡ Ŭɟɘɗɛɞɨ Űɤɜ ɛŬɨɟɤɜ ˊɟɞɠ ŰŬ ůɡɜɞɚɘəɎ pixels ɘůɞɨŰŬɘ ɛŮ Űɖɜ əŬŰôɧɔəɞɜ 

ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɑɜŮɠ Űɖɠ ɡˊɧ ɛŮɚɏŰɖ ˊŮɟɘɞɢɐɠ. 

 ɇɞ ɚɞɔɘůɛɘəɧ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ Űɖɜ ŮˊŮɝŮɟɔŬůɑŬ Űɤɜ űɤŰɞɔɟŬűɘɩɜ, ŮɑɜŬɘ Űɞ 

ˊɟɧůɗŮŰɞ Fiji  Űɞɡ ImageJ. ɆɡɜɞˊŰɘəɎ ɖ ŭɘŬŭɘəŬůɑŬ ˊɞɡ ŬəɞɚɞɡɗŮɑŰŬɘ ŮɑɜŬɘ ɖ Ůɝɐɠ: 
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¶ ȼ ŮɘəɧɜŬ ŮɘůɎɔŮŰŬɘ əŬɘ ɞ Űɨˊɞɠ Űɖɠ ɛŮŰŬŰɟɏˊŮŰŬɘ ůŮ 8bit. 

¶ ɀŮ Űɖ ɢɟɐůɖ Űɖɠ Ůˊɘɚɞɔɐɠ ñEnhance Local Contrastò ɖ ŬɜŰɑɗŮůɖ ɛŮŰŬɝɨ ɘɜɩɜ əŬɘ ɛɐŰɟŬɠ 

ŮɜɘůɢɨŮŰŬɘ, Ůɜɩ ɛɑŬ ŰɟŬɢɘɎ ŮɘəɧɜŬ ŮɝɞɛŬɚɨɜŮŰŬɘ ɛŮ Űɖɜ ŮɜŰɞɚɐ ñsmoothò. 

¶ ɀŮ Űɖ ɓɞɐɗŮɘŬ Űɞɡ ˊɘɜɏɚɞɡ Űɞɡ ɚɞɔɘůɛɘəɞɨ, ŭɘɞɟɗɩɜŮŰŬɘ ůŰɞ ůɤůŰɧ ɢɟɩɛŬ ɞˊɞɘŬŭɐˊɞŰŮ 

ŮɛűŬɜɐɠ ŬɜɤɛŬɚɑŬ (ˊ.ɢ. ɛɘəɟɞŮəŭɞɟɏɠ, ɝɏɜŬ ůɩɛŬŰŬ). 

¶ ȺˊɘɚɏɔŮŰŬɘ əŬŰɎɚɚɖɚɞ grey threshold. 

¶ ɆŰɖɜ ɞɗɧɜɖ ŮɛűŬɜɑɕŮŰŬɘ Űɞ ˊɞůɞůŰɧ Űɤɜ ɛŬɨɟɤɜ pixels ˊɟɞɠ ŰŬ ɚŮɡəɎ Űɞ ɞˊɞɑɞ əŬɘ 

əŬŰŬɔɟɎűŮŰŬɘ (ɆɢɐɛŬ 4.14). 

 

ȾŬŰɎ Űɖɜ ŮűŬɟɛɞɔɐ Űɖɠ ɛŮɗɧŭɞɡ ŬɡŰɐɠ, ˊɟɏˊŮɘ ɜŬ ŭɞɗŮɑ ŮɝŬɘɟŮŰɘəɐ ˊɟɞůɞɢɐ ůŰŬ 

ŬəɧɚɞɡɗŬ ůɖɛŮɑŬ: 

¶ ȼ Ůˊɘɚɞɔɐ Űɞɡ ñgrey thresholdò ˊɟɏˊŮɘ ɜŬ ɔɑɜŮŰŬɘ ůŰɖ ŭɘɢɟɤɛŬŰɘəɐ ŮɘəɧɜŬ ɏŰůɘ ɩůŰŮ 

ŰŬ ɧɟɘŬ ɛŮŰŬɝɨ ɛŬɨɟɤɜ əŬɘ ɚŮɡəɩɜ ́ Ůɟɘɞɢɩɜ ɜŬ ́ ɟɞůŮɔɔɑɕɞɡɜ ɧůɞ Űɞ ŭɡɜŬŰɧ əŬɚɨŰŮɟŬ 

ŰŬ ɧɟɘŬ ɑɜŬɠ-ɛɐŰɟŬɠ ůŰɖɜ əŬɜɞɜɘəɐ űɤŰɞɔɟŬűɑŬ. Ⱥŭɩ ɡˊɎɟɢŮɘ Űɞ ůűɎɚɛŬ ˊɞɡ ɓŬůɑɕŮŰŬɘ 

ůŰɖɜ ɡˊɞəŮɘɛŮɜɘəɐ ŬɜŰɑɚɖɣɖ Űɞɡ ŮɟŮɡɜɖŰɐ ɔɘŬ Űɖɜ Ŭəɟɘɓɐ ɗɏůɖ Űɞɡ ɞɟɑɞɡ ŬɡŰɞɨ. ɀɘəɟɐ 

ŬɚɚŬɔɐ ůŰɖɜ Űɘɛɐ Űɞɡ threshold ɞŭɖɔŮɑ ůŮ ůɖɛŬɜŰɘəɐ ŬɚɚŬɔɐ Űɖɠ Űɘɛɐɠ Űɞɡ ɚɧɔɞɡ Űɤɜ 

ŮˊɘűŬɜŮɘɩɜ. 

¶ ɇŬ űɑɚŰɟŬ ˊɟɏˊŮɘ ɜŬ ŮűŬɟɛɧɕɞɜŰŬɘ əŬɗɞɚɘəɎ ɔɘŬ ɧɚŮɠ Űɘɠ ŮɘəɧɜŮɠ Űɖɠ ɑŭɘŬɠ ŮˊɘűɎɜŮɘŬɠ 

əŬɘ ɜŬ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɛŮ Űɟɧˊɞ ˊɞɡ ŭŮɜ ŬɚɚɞɘɩɜŮɘ ŰŬ ɧɟɘŬ ɛŮŰŬɝɨ ɘɜɩɜ əŬɘ ɛɐŰɟŬɠ. 

¶ ɆɖɛŬɜŰɘəɧ ɟɧɚɞ ˊŬɑɕŮɘ ɖ ˊɞɘɧŰɖŰŬ Űɖɠ ɡˊɧ ɛŮɚɏŰɖ ŮˊɘűɎɜŮɘŬɠ. ȺɜŭŮɘəŰɘəɎ ŬɜŬűɏɟŮŰŬɘ 

ɧŰɘ ɖ ˊŬɟɞɡůɑŬ ɛɘəɟɞŮəŭɞɟɩɜ ˊɞɡ ˊɟɞəɨˊŰɞɡɜ əŬŰɎ Űɖ ɚŮɑŬɜůɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ɐ 

ɝɏɜɤɜ ůɤɛŬŰɘŭɑɤɜ, ɛˊɞɟŮɑ ɜŬ ɏɢŮɘ ɤɠ ŬˊɞŰɏɚŮůɛŬ Űɖɜ Ŭɚɚɞɑɤůɖ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ. 

¶ ȼ ŮűŬɟɛɞɔɐ Űɖɠ ɛŮɗɧŭɞɡ ŬˊŬɘŰŮɑ ŮɘəɧɜŮɠ ɡɣɖɚɐɠ ɛŮɔɏɗɡɜůɖɠ, ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ 

ɢɟŮɘɎɕŮŰŬɘ ɛŮɔɎɚɞɠ Ŭɟɘɗɛɧɠ Ůɘəɧɜɤɜ ɩůŰŮ ɜŬ ŬˊɞŰŮɚŮɑ ɏɜŬ ŬɜŰɘˊɟɞůɤˊŮɡŰɘəɧ ŭŮɑɔɛŬ 

Űɖɠ ŮˊɘűɎɜŮɘŬɠ. 

 

 
ɆɢɐɛŬ 4.14 Ⱥˊɘɚɞɔɐ threshold əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ ŮˊŮɝŮɟɔŬůɑŬɠ Űɖɠ ŮɘəɧɜŬɠ ɛɏůɤ Űɞɡ ɚɞɔɘůɛɘəɞɨ ImageJ 
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Fiber Counting Method 

ȼ ɛɏɗɞŭɞɠ ŬɡŰɐ ɓŬůɑɕŮŰŬɘ ůŰɖɜ əŬŰŬɛɏŰɟɖůɖ Űɤɜ ɘɜɩɜ ˊɞɡ ɡˊɎɟɢɞɡɜ ůŰɖ űɤŰɞɔɟŬűɑŬ. ɆŰɖ 

ůɡɜɏɢŮɘŬ, ɞ Ŭɟɘɗɛɧɠ Űɤɜ ɘɜɩɜ ˊɞɚɚŬˊɚŬůɘɎɕŮŰŬɘ ɛŮ Űɞ ŮɛɓŬŭɧɜ Űɞɛɐɠ əɎɗŮ ɑɜŬɠ ɧˊɤɠ ŭɑɜŮŰŬɘ 

Ŭˊɧ Űɞɜ əŬŰŬůəŮɡŬůŰɐ. ȼ ́ɟɞəɨˊŰɞɡůŬ Űɘɛɐ ŭɘŬɘɟŮɑŰŬɘ ɛŮ Űɞ ůɡɜɞɚɘəɧ ŮɛɓŬŭɧɜ Űɖɠ ˊŮɟɘɞɢɐɠ  

ɞˊɧŰŮ əŬɘ ɚŬɛɓɎɜŮŰŬɘ ɖ ˊɟɞůɏɔɔɘůɖ ɔɘŬ Űɖɜ əŬŰôɧɔəɞɜ ˊŮɟɘŮəŰɘəɧŰɖŰŬ (ὠ)  Űɞɡ ŭɞəɘɛɑɞɡ. ȼ 

ŭɘŬŭɘəŬůɑŬ ŬɡŰɐ ůɡɜɞɣɑɕŮŰŬɘ ůŰɖɜ ˊŬɟŬəɎŰɤ ůɢɏůɖ: 

 

ὠ =  
 Ͻ  Ͻ 

 Ͻ 
  

(4.5) 

ȰˊŮɘŰŬ ŬəɞɚɞɡɗŮɑ ɞ ɡˊɞɚɞɔɘůɛɧɠ Űɖɠ əŬŰɎ ɓɎɟɞɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ (ὡ ) ůŮ ɑɜŮɠ: 

 

ὡ =  
Ͻ
  (4.6) 

 
ȳˊɞɡ, 

Ɂf  ɞ Ŭɟɘɗɛɧɠ Űɤɜ ɘɜɩɜ ɧˊɤɠ əŬŰŬɛŮŰɟɎŰŬɘ ɛŮ Űɖ ɓɞɐɗŮɘŬ Űɞɡ ɚɞɔɘůɛɘəɞɨ. 

df  ɖ ŭɘɎɛŮŰɟɞɠ, ůŮ ɛm, Űɖɠ ɑɜŬɠ ɧˊɤɠ əŬɗɞɟɑɕŮŰŬɘ Ŭˊɧ Űɞɜ əŬŰŬůəŮɡŬůŰɐ. 

ȷt Űɞ ŮɛɓŬŭɧɜ Űɖɠ ɡˊɧ ɛŮɚɏŰɖ ˊŮɟɘɞɢɐɠ ˊɞɡ əŬŰŬɛŮŰɟɎŰŬɘ ɛŮ Űɖ ɓɞɐɗŮɘŬ Űɞɡ ɚɞɔɘůɛɘəɞɨ 

ůŮ ɛm
2
 

Ὀ ɖ ˊɡəɜɧŰɖŰŬ Űɤɜ ɘɜɩɜ ɎɜɗɟŬəŬ ɧˊɤɠ Űɖ ŭɑɜŮɘ ɞ əŬŰŬůəŮɡŬůŰɐɠ. 

D ɖ ˊɡəɜɧŰɖŰŬ Űɤɜ ɡɚɘəɩɜ ɧˊɤɠ ɛŮŰɟɐɗɖəŬɜ ůŰɞ ŮŭɎűɘɞ 4.2. 

 
ũɘŬ Űɖɜ ŮűŬɟɛɞɔɐ Űɖɠ Fiber Counting Method ŬˊŬɘŰɞɨɜŰŬɘ ŰŬ Ůɝɐɠ ɓɐɛŬŰŬ: 

¶ ȼ ŮɘəɧɜŬ ŮɘůɎɔŮŰŬɘ əŬɘ ɞ Űɨˊɞɠ Űɖɠ ɛŮŰŬŰɟɏˊŮŰŬɘ ůŮ 8bit. 

¶ ɀŮ Űɖ ɢɟɐůɖ Űɖɠ Ůˊɘɚɞɔɐɠ ñEnhance Local Contrastò ɖ ŬɜŰɑɗŮůɖ ɛŮŰŬɝɨ ɘɜɩɜ əŬɘ ɛɐŰɟŬɠ 

ŮɜɘůɢɨŮŰŬɘ, Ůɜɩ ɛɑŬ ŰɟŬɢɘɎ ŮɘəɧɜŬ ŮɝɞɛŬɚɨɜŮŰŬɘ ɛŮ Űɖɜ ŮɜŰɞɚɐ ñsmoothò. 

¶ ɀŮ Űɖ ɓɞɐɗŮɘŬ Űɞɡ ˊɘɜɏɚɞɡ ŭɘɞɟɗɩɜŮŰŬɘ ɞˊɞɘŬŭɐˊɞŰŮ ŮɛűŬɜɐɠ ŬɜɤɛŬɚɑŬ. 

¶ ȺˊɘɚɏɔŮŰŬɘ əŬŰɎɚɚɖɚɞ grey threshold. 

¶ ȾŬɗɞɟɘůɛɧɠ əɚɑɛŬəŬɠ ɔɘŬ Űɖ ɛɏŰɟɖůɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɖɠ ŮɘəɧɜŬɠ. ȷɡŰɧ ŮˊɘŰɡɔɢɎɜŮŰŬɘ 

ɛŮ Űɖ ɓɞɐɗŮɘŬ Űɖɠ ɛˊɎɟŬɠ əɚɑɛŬəŬɠ ˊɞɡ ŰɞˊɞɗŮŰɐɗɖəŮ əŬŰɎ Űɖ ɚɐɣɖ Űɤɜ űɤŰɞɔɟŬűɘɩɜ, 

ɛɘŬɠ əŬɘ Űɞ ˊɟɧɔɟŬɛɛŬ ŭɑɜŮɘ Űɖ ŭɡɜŬŰɧŰɖŰŬ ŬɜŰɘůŰɞɑɢɘůɖɠ Űɞɡ ɛɐəɞɡɠ Űɖɠ ɛˊɎɟŬɠ (ůŮ 

pixels) ůŮ ɔɜɤůŰɐ ůŰɞɜ ɢɟɐůŰɖ ŬˊɧůŰŬůɖ. 

¶ ȺűŬɟɛɞɔɐ Ŭɚɔɧɟɘɗɛɞɡ watershed ɔɘŬ ŭɘŬɢɤɟɘůɛɧ Ůɜɤɛɏɜɤɜ ɘɜɩɜ. 

¶ ȷűŬɑɟŮůɖ ɛŮ Űɞ ˊɘɜɏɚɞ ŮůűŬɚɛɏɜŬ ŭɘŬɢɤɟɘůɛɏɜɤɜ ɘɜɩɜ. 

¶ ȺűŬɟɛɞɔɐ Űɞɡ Ŭɚɔɧɟɘɗɛɞɡ Analyze particles Űɞ ɞˊɞɑɞ əŬŰŬɛŮŰɟɎ Űɘɠ ŭɘŬɢɤɟɘůɛɏɜŮɠ 

ˊɚɏɞɜ ɑɜŮɠ ɛŮ ŮɚɎɢɘůŰɞ ɧɟɘɞ ŰŬ 1000 pixels ɔɘŬ ŮɘəɧɜŮɠ ɛŮ ɛŮɔɏɗɡɜůɖ x500. (ɆɢɐɛŬ 

4.15). 
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ɆɢɐɛŬ 4.15 ȾŬŰŬɛŮŰɟɖŰɐɠ ɘɜɩɜ ůŮ Űɞɛɐ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ ɛɏůɤ Űɞɡ ɚɞɔɘůɛɘəɞɨ ImageJ. 

 

ȾŬŰɎ Űɖɜ ŮűŬɟɛɞɔɐ Űɖɠ ɛŮɗɧŭɞɡ ŬɡŰɐɠ ɏɛűŬůɖ ˊɟɏˊŮɘ ɜŬ ŭɞɗŮɑ ůŰŬ ŬəɧɚɞɡɗŬ: 

¶ ȷˊŬɟŬɑŰɖŰɖ ŮɑɜŬɘ ɖ ŮűŬɟɛɞɔɐ Ŭɚɔɞɟɑɗɛɞɡ (watershed separation) ɔɘŬ Űɞ ŭɘŬɢɤɟɘůɛɧ 

ɘɜɩɜ ˊɞɡ ɓɟɑůəɞɜŰŬɘ ůŮ ŮˊŬűɐ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ əŬŰŬɛŮŰɟɩɜŰŬɘ ɤɠ ɛɑŬ. Ƀ Ŭɚɔɧɟɘɗɛɞɠ 

ŬɡŰɧɠ ůɢŮŭɘɎɕŮɘ ɛɘŬ ɔɟŬɛɛɐ ˊɚɎŰɞɡɠ Ůɜɧɠ pixels ɛŮŰŬɝɨ Űɤɜ ŮűŬˊŰɧɛŮɜɤɜ ɘɜɩɜ ɏŰůɘ 

ɩůŰŮ ɜŬ əŬŰŬɛŮŰɟɩɜŰŬɘ ɤɠ ŭɨɞ ŭɘŬűɞɟŮŰɘəɏɠ. 

¶ ɀŮŰɎ Űɞ ŭɘŬɢɤɟɘůɛɧ Űɤɜ ɘɜɩɜ ŬəɞɚɞɡɗŮɑ ɖ ŮűŬɟɛɞɔɐ Ůɜɧɠ űɑɚŰɟɞɡ ɛŮɔɏɗɞɡɠ ɔɘŬ 

Űɖɜ Ŭˊɞűɡɔɐ əŬŰŬɛɏŰɟɖůɖɠ ŮɔəɚŮɘůɛɎŰɤɜ əŬɘ çɗɞɟɨɓɞɡè Űɖɠ ŮɘəɧɜŬɠ (ˊ.ɢ. 

Ŭˊɞəɞɚɚɖɛɏɜɤɜ əɞɛɛŬŰɘɩɜ ɘɜɩɜ). ɇɞ ɧɟɘɞ Űɤɜ 1000 pixels ůŬɜ ŮɚɎɢɘůŰɞ ɛɏɔŮɗɞɠ 

ŮűŬɟɛɧɕŮŰŬɘ ɛɧɜɞ ɔɘŬ ŮɘəɧɜŮɠ ɛŮ ɛŮɔɏɗɡɜůɖ x500. 

¶ ɇɞ ɧɟɘɞ Űɤɜ 1000 pixels ŮűŬɟɛɧůŰɖəŮ Ůˊɑůɖɠ ɔɘŬ ɜŬ ɛɖɜ əŬŰŬɛŮŰɟɞɨɜŰŬɘ ɛɘəɟɎ 

əɞɛɛɎŰɘŬ ɘɜɩɜ ˊɞɡ ɓɟɑůəɞɜŰŬɘ ůŰŬ ɧɟɘŬ Űɖɠ ŮɘəɧɜŬɠ. Ƀ ɛŮŰɟɖŰɐɠ ůɡɛˊŮɟɘɚŬɛɓɎɜŮɘ ɛɑŬ 

ɑɜŬ ɛɧɜɞ ɧŰŬɜ ˊɎɜɤ Ŭˊɧ Űɞ ɛɘůɧ Űɞɡ ŮɛɓŬŭɞɨ Űɖɠ ŭɘŬŰɞɛɐɠ Űɖɠ ɓɟɑůəŮŰŬɘ ɛɏůŬ ůŰɖɜ 

ŮɘəɧɜŬ. ȰŰůɘ əŬŰɎ ˊɟɞůɏɔɔɘůɖ əŬŰŬɛŮŰɟɞɨɜŰŬɘ ɞɘ ɛɘůɏɠ ɑɜŮɠ ˊɞɡ ɓɟɑůəɞɜŰŬɘ ůŰŬ ɧɟɘŬ 

Űɖɠ ŮɘəɧɜŬɠ. 

¶ ɇɞ ůűɎɚɛŬ Űɞɡ ɛŮŰɟɖŰɐ ɔɘŬ Űɘɠ ůɡɔəŮəɟɘɛɏɜŮɠ ɛŮŰɟɐůŮɘɠ ɓɟɏɗɖəŮ ɜŬ ŮɑɜŬɘ  1 ɑɜŬ ɔɘŬ 

əɎɗŮ 350. 
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ȷˊɞŰŮɚɏůɛŬŰŬ 

ũɘŬ Űɖ ɛɏŰɟɖůɖ Űɖɠ əŬŰô ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ůŮ ɑɜŮɠ ŮˊɘɚɏɢɗɖəŮ ɖ Areal Method, əŬɗɩɠ 

ŮɑɜŬɘ ˊɘɞ ɔɟɐɔɞɟɖ Ŭˊɧ Űɖɜ Fiber Counting Method əŬɘ ŭŮɜ ɓŬůɑɕŮŰŬɘ ůŰɖ ŭɘŬŰɞɛɐ Űɤɜ ɘɜɩɜ ˊɞɡ 

ŭɑɜŮɘ ɞ əŬŰŬůəŮɡŬůŰɐɠ. Ⱥˊɑůɖɠ ɖ Areal Method ŮˊɘɚɏɔŮŰŬɘ əŬɘ ˊŮɟɘɔɟɎűŮŰŬɘ ŬɜŬɚɡŰɘəɎ Ŭˊɧ Űɞ 

MIL -17  (2002). ũɘŬ əɎɗŮ ŭɘŬűɞɟŮŰɘəɧ ɡɚɘəɧ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ 21 ŮɘəɧɜŮɠ əŬɘ ɞ ɛɏůɞɠ ɧɟɞɠ 

Űɖɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ůŮ ɑɜŮɠ ɢŬɟŬəŰɖɟɑɕŮɘ ɞɚɧəɚɖɟɞ Űɞ ɡɚɘəɧ, ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɞɡɠ ˊɑɜŬəŮɠ  

4.5 əŬɘ 4.6. 

 

ɄȽɁȷȾȷɆ 4.5 ɀɏŰɟɖůɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ŮɜɘůɢɡŰɘəɩɜ ɘɜɩɜ ůŮ  ůɨɜɗŮŰɞ ɡɚɘəɧ ɛɏůɤ Image analysis. 

 

Image 

analysis
ȷɨɝ. ȷɟɘɗɛ. 

ŮɘəɧɜŬɠC_200_10_2_F45_T1 C_200_10_2_F25_T1 C_150_10_1_F8_T1C_100_10_2_F25_T8

No.01 75.88 68.25 68.20 65.03

No.02 72.69 70.92 68.77 61.99

No.03 76.79 76.66 72.52 63.14

No.04 73.82 66.88 67.40 61.42

No.05 73.24 67.16 65.18 61.74

No.06 63.55 63.96 67.57 63.34

No.07 64.83 67.38 71.98 61.01

No.08 65.72 66.97 66.31 65.45

No.09 66.48 67.61 66.35 63.24

No.10 69.91 67.58 68.06 58.23

No.11 63.35 60.51 67.64 70.07

No.12 70.39 70.88 67.08 67.64

No.13 63.52 73.46 64.88 62.58

No.14 65.91 67.60 67.11 70.96

No.15 67.84 69.50 70.15 71.20

No.16 65.33 73.08 64.84 69.80

No.17 66.54 67.96 64.56 59.76

No.18 67.59 66.32 69.12 62.94

No.19 69.34 65.17 66.68 63.98

No.20 73.00 68.63 64.88 64.24

No.21 65.53 66.82 63.71 67.97

Average Vf 68.63 68.25 67.29 64.56

St. Deviation 4.18 3.44 2.34 3.72

Coef. Of 

Variation 6% 5% 3% 6%

Material 

Density
1.5244 1.5031 1.4602 1.5620

Fiber Density 1.8000 1.8000 1.8000 1.8000

 Wf 81.04% 81.73% 82.95% 74.39%

ɆɨɜɗŮŰɞ Ɉɚɘəɧ
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ɄȽɁȷȾȷɆ 4.6 ɀɏŰɟɖůɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ŮɜɘůɢɡŰɘəɩɜ ɘɜɩɜ ůŮ  ůɨɜɗŮŰɞ ɡɚɘəɧ ɛɏůɤ Image analysis. 

 

  

Image 

analysis
ȷɨɝ. ȷɟɘɗɛ. 

ŮɘəɧɜŬɠC24K_100_10_2_F8_T4C50K_100_10_2_F8_T4GR_100_10_2_F8_T8PF_100_10_2_F8_T8

No.01 53.13 53.54 52.29 69.74

No.02 47.73 50.06 58.25 51.96

No.03 46.76 42.64 55.36 60.86

No.04 53.58 46.18 53.89 58.02

No.05 48.12 57.79 51.49 62.58

No.06 49.57 51.32 55.06 60.96

No.07 54.79 50.38 51.00 59.15

No.08 50.59 48.37 55.67 62.09

No.09 53.74 49.91 56.94 64.80

No.10 52.79 58.55 58.15 54.68

No.11 51.71 53.17 59.34 50.23

No.12 54.36 51.33 52.64 56.39

No.13 56.95 40.94 42.15 49.02

No.14 56.68 46.98 50.11 50.23

No.15 57.13 49.28 44.12 60.47

No.16 60.89 56.57 65.87 52.85

No.17 52.75 50.04 60.75 62.36

No.18 62.03 57.27 63.01 65.12

No.19 54.00 58.26 63.42 58.24

No.20 58.25 55.46 67.89 58.10

No.21 56.30 58.99 61.03 56.48

Average Vf 56.12 58.30 53.90 51.76

St. Deviation 6.54 5.45 4.05 5.16

Coef. Of 

Variation 12% 9% 8% 10%

Material 

Density
1.5106 1.4952 1.4775 1.6621

Fiber Density 1.7800 1.8100 1.8000 2.1200

Wf 67.61% 63.49% 64.22% 73.40%

ɆɨɜɗŮŰɞ Ɉɚɘəɧ
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ɄŬɟŬŰɖɟɐůŮɘɠ 

ȷˊɧ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ ŮɨəɞɚŬ ˊŬɟŬŰɖɟŮɑ əŬɜŮɑɠ Űɞɡɠ ůɢŮŰɘəɎ ɛŮɔɎɚɞɡɠ ůɡɜŰŮɚŮůŰɏɠ 

ɛŮŰŬɓɚɖŰɧŰɖŰŬɠ (Coef. Of Variation). Ƀ ůɡɜŰŮɚŮůŰɐɠ ůŰɖ ůɡɔəŮəɟɘɛɏɜɖ ˊŮɟɑˊŰɤůɖ ŭɑɜŮɘ 

ˊɚɖɟɞűɞɟɑŮɠ ɔɘŬ Űɖɜ əŬŰŬɜɞɛɐ Űɤɜ ɘɜɩɜ ɛŮŰŬɝɨ Űɤɜ ŭɘŬűɞɟŮŰɘəɩɜ ˊŮɟɘɞɢɩɜ ůŰɖɜ ŮɔəɎɟůɘŬ 

Űɞɛɐ Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ ́ ɞɡ ŮɝŮŰɎɕŮŰŬɘ. Ɉɣɖɚɧɠ ůɡɜŰŮɚŮůŰɐɠ ɛŮŰŬɓɚɖŰɧŰɖŰŬɠ ŮəűɟɎɕŮɘ ɑɜŮɠ 

ˊɞɡ ŭŮɜ ŮɑɜŬɘ ɘůɎɟɘɗɛŬ əŬŰŬɜŮɛɖɛɏɜŮɠ ůŮ ɧɚɞ Űɞ ˊɎɢɞɠ Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ, ɐ əŬɘ əŮɜɎ ŬɏɟŬ 

(voids) ɧˊɤɠ ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ ůŰŬ ɡɚɘəɎ C24K_100_10_2_F8_T4, C50K_100_10_2_F8_T4, 

GR_100_10_2_F8_T8 əŬɘ PF_100_10_2_F8_T8. ȹɘŮɡəɟɘɜɑɕŮŰŬɘ ˊɤɠ ɞ ůɡɜŰŮɚŮůŰɐɠ 

ɛŮŰŬɓɚɖŰɧŰɖŰŬɠ ŭŮɜ ɗŬ ɛˊɞɟɞɨůŮ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɔɘŬ ŬəɟɘɓŮɑɠ ɛŮŰɟɐůŮɘɠ ůŮ əŮɜɎ ŬɏɟŬ 

əŬɗɩɠ ŮɑɜŬɘ ŬˊɚɎ ɏɜŬɠ ŭŮɑəŰɖɠ ŬɜɘůɞəŬŰŬɜɞɛɐɠ Űɤɜ ɘɜɩɜ ɛŮŰŬɝɨ Űɤɜ ŭɘɎűɞɟɤɜ ˊŮɟɘɞɢɩɜ 

ɛɏŰɟɖůɖɠ. ɆŰɞ ůɢɐɛŬ 4.16 ŬˊŮɘəɞɜɑɕɞɜŰŬɘ ɞɘ ŭɘŬůŰɎůŮɘɠ Űɤɜ ŭŬəŰɡɚɑɤɜ Ůɜɩ ůŰŬ ůɢɐɛŬŰŬ 4.17 

əŬɘ 4.18 ɔɑɜŮŰŬɘ əŬɘ ɞˊŰɘəɎ ŬɘůɗɖŰɐ ɖ Ɏɜɘůɖ əŬŰŬɜɞɛɐ Űɤɜ ɘɜɩɜ əŬŰɎ Űɖ ŭɘŮɨɗɡɜůɖ Űɞɡ ˊɎɢɞɡɠ 

Űɤɜ ŭŬəŰɡɚɑɤɜ əŬɗɩɠ əŬɘ ɖ ůɢŮŰɘəɎ ɛŮɔɎɚɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ əŮɜɎ ŬɏɟŬ. 

ɄŬɟŬŰɖɟŮɑŰŬɘ Ůˊɑůɖɠ Ŭɡɝɖɛɏɜɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɑɜŮɠ ɔɘŬ ŰŬ ɡɚɘəɎ əŬŰŬůəŮɡŬůɛɏɜŬ ɛŮ 

ɛŮɔŬɚɨŰŮɟɖ ŭɨɜŬɛɖ ŰɎɜɡůɖɠ, ɔŮɔɞɜɧɠ ˊɞɡ ůɡɛűɤɜŮɑ əŬɘ ɛŮ Űɖ ˊɡəɜɧŰɖŰŬ Űɤɜ ɡɚɘəɩɜ ůŰɘɠ 

ˊŮɟɘůůɧŰŮɟŮɠ ˊŮɟɘˊŰɩůŮɘɠ. ȺɝŬɑɟŮůɖ ŬˊɞŰŮɚŮɑ Űɞ ɡɚɘəɧ  C_150_10_1_F8_T1 Űɞɡ ˊɑɜŬəŬ 4.5 

Űɞ ɞˊɞɑɞ ɏɢŮɘ ŬɟəŮŰɎ ɛŮɔŬɚɨŰŮɟɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ůɢɏůɖ ɛŮ ŰŬ ɡɚɘəɎ Űɞɡ ˊɑɜŬəŬ 4.6. 

ɈˊŮɜɗɡɛɑɕŮŰŬɘ ˊɤɠ ŰŬ ɡɚɘəɎ Űɞɡ ˊɑɜŬəŬ 4.5 ɏɢɞɡɜ əŬŰŬůəŮɡŬůŰŮɑ ɛŮ Űɞ ɑŭɘɞ ůɨůŰɖɛŬ ɟɖŰɑɜɖɠ 

əŬɘ ɘɜɩɜ, Ůɜɩ ŰŬ ůɨɜɗŮŰŬ ɡɚɘəɎ Űɞɡ ˊɑɜŬəŬ 4.6 ɏɢɞɡɜ ŭɘŬűɞɟŮŰɘəɎ ɡɚɘəɎ əŬŰŬůəŮɡɐɠ. 

 
 

 

ɆɢɐɛŬ 4.16 ȹɘŬůŰɎůŮɘɠ ůŮ ŭŬəŰɨɚɘɞ. 
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ɆɢɐɛŬ 4.17 ɇɞɛɐ ŭŬəŰɡɚɑɞɡ Ŭˊɧ ůɨɜɗŮŰɞ ɡɚɘəɧ C24K_100_10_2_F8_T4, ɧˊɞɡ ŭɘŬəɟɑɜŮŰŬɘ ɖ ɛŮɘɤɛɏɜɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ 

ɑɜŮɠ əɞɜŰɎ ůŰɖɜ ŮɝɤŰŮɟɘəɐ ŮˊɘűɎɜŮɘŬ. ȼ əɧəəɘɜɖ ɔɟŬɛɛɐ ŬɜŬˊŬɟɘůŰɎ Űɖɜ ŮɝɤŰŮɟɘəɐ ŮˊɘűɎɜŮɘŬ Űɞɡ ŭŬəŰɡɚɑɞɡ əŬɘ Űɞ ůəɞɨɟɞ 

ɛŬɨɟɞ ɢɟɩɛŬ ŰŬ əŮɜɎ ŬɏɟŬ. 

 
ɆɢɐɛŬ 4.18 ɇɞɛɐ ŭŬəŰɡɚɑɞɡ Ŭˊɧ ůɨɜɗŮŰɞ ɡɚɘəɧ GR_100_10_2_F8_T8, ɧˊɞɡ ŭɘŬəɟɑɜŮŰŬɘ ɖ ɛŮɘɤɛɏɜɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɑɜŮɠ 

əɞɜŰɎ ůŰɖɜ ŮɝɤŰŮɟɘəɐ ŮˊɘűɎɜŮɘŬ. ȼ əɧəəɘɜɖ ɔɟŬɛɛɐ ŬɜŬˊŬɟɘůŰɎ Űɖɜ ŮɝɤŰŮɟɘəɐ ŮˊɘűɎɜŮɘŬ Űɞɡ ŭŬəŰɡɚɑɞɡ əŬɘ Űɞ ůəɞɨɟɞ 

ɛŬɨɟɞ ɢɟɩɛŬ ŰŬ əŮɜɎ ŬɏɟŬ. 
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4.4.  ɆɡɔəŮɜŰɟɤŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ əŬɘ ˊŬɟŬŰɖɟɐůŮɘɠ 

ɆŰɞ ˊŬɟɧɜ ŮŭɎűɘɞ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ əŬɘ ůɡɔəɟɑɜɞɜŰŬɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ɛŮŰɟɐůŮɤɜ Űɤɜ 

űɡůɘəɩɜ ɘŭɘɞŰɐŰɤɜ Űɤɜ ŭɞəɘɛɑɤɜ Ŭˊɧ ůɨɜɗŮŰɞ ɡɚɘəɧ. ɆŰɖ ůɡɜɏɢŮɘŬ ˊŬɟŬŰɑɗŮɜŰŬɘ əŬɘ 

ůɢɞɚɘɎɕɞɜŰŬɘ ŮɜŭŮɘəŰɘəɏɠ ŮɘəɧɜŮɠ Ŭˊɧ Űɖɜ Űɞɛɐ Űɤɜ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ əɎɗŮŰŬ ůŰɘɠ ŮɜɘůɢɡŰɘəɏɠ 

ɑɜŮɠ. ɇŬ ůɡɔəŮɜŰɟɤŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ Ŭˊɧ ɧɚŮɠ Űɘɠ ɛŮɗɧŭɞɡɠ ˊɞɡ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ůŮ ŬɡŰɧ 

Űɞ əŮűɎɚŬɘɞ űŬɑɜɞɜŰŬɘ ůŰɞ ˊɑɜŬəŬ 4.7, ɧ́ ɞɡ, D ŮɑɜŬɘ ɖ ˊɡəɜɧŰɖŰŬ Űɤɜ ɡɚɘəɩɜ ɧˊɤɠ ŬɡŰɐ 

ɛŮŰɟɐɗɖəŮ əŬŰɎ ASTM D792 əŬɘ  ὡ  ŮɑɜŬɘ ɖ əŬŰɎ ɓɎɟɞɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɑɜŮɠ, ɛŮŰɟɖɛɏɜɖ 

ɛŮ ŰɟŮɘɠ ŭɘŬűɞɟŮŰɘəɏɠ ɛŮɗɧŭɞɡɠ. 

 

ɄȽɁȷȾȷɆ 4.7 ūɡůɘəɏɠ ɘŭɘɧŰɖŰŮɠ ŭŬəŰɡɚɑɤɜ Ŭˊɧ ůɨɜɗŮŰɞ ɡɚɘəɧ əŬŰŬůəŮɡŬůɛɏɜɤɜ ɛŮ Űɖ ɛɏɗɞŭɞ Filament 

Winding. 

 

ɄŬɟŬŰɖɟɐůŮɘɠ 

ȳůɞɜ ŬűɞɟɎ ůŰɖɜ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɤɜ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ ůŮ ɑɜŮɠ, ˊŬɟŬŰɖɟɞɨɜŰŬɘ 

ŭɘŬűɞɟɞˊɞɘɐůŮɘɠ ůŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ ɛŮŰŬɝɨ Űɤɜ ɛŮɗɧŭɤɜ. Ƀɘ ɛŮɔŬɚɨŰŮɟŮɠ ŬˊɞəɚɑůŮɘɠ 

ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰŬ ɡɚɘəɎ GR_100_10_2_F8_T8 əŬɘ PF_100_10_2_F8_T8. Ƀɘ 

ŭɘŬűɞɟɞˊɞɘɐůŮɘɠ ŬɡŰɏɠ ɛˊɞɟŮɑ ɜŬ ɞűŮɑɚɞɜŰŬɘ ůŰɘɠ ˊɟɞůɛɑɝŮɘɠ (ũɟŬűɏɜɘɞ) Űɤɜ ůɡɔəŮəɟɘɛɏɜɤɜ 

ɡɚɘəɩɜ, əŬɗɩɠ ŭŮɜ ŮɑɜŬɘ ůŬűɐɠ ɖ ŬɜŰɑŭɟŬůɐ Űɞɡɠ ɛŮ Űɖɜ ŮűŬɟɛɞɕɧɛŮɜɖ ɛɏɗɞŭɞ Űɤɜ ɞɝɏɤɜ 

(ŪŮɘɘəɧ Ƀɝɨ/ɈˊŮɟɞɝŮɑŭɘɞ Ɉŭɟɞɔɧɜɞɡ). 

ȷɜ əŬɘ ůŰɖ ɛɏɗɞŭɞ ɛŮ Űɞ ɁɘŰɟɘəɧ ɞɝɨ ŬɟɢɘəɎ Ŭ́ɟŬŰɖɟɐɗɖəŮ Ŭɡɝɖɛɏɜɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ 

ɑɜŮɠ ɔɘŬ ɡɚɘəɎ əŬŰŬůəŮɡŬůɛɏɜŬ ɛŮ ɛɘəɟɧŰŮɟɖ ŭɨɜŬɛɖ ŰɎɜɡůɖɠ, ŭŮɜ űŬɑɜŮŰŬɘ ɜŬ ŮˊɘɓŮɓŬɘɩɜŮŰŬɘ 

ɖ ɑŭɘŬ ůɡɛˊŮɟɘűɞɟɎ ɔɘŬ ɧɚŬ ŰŬ ɡɚɘəɎ ɛŮ ɓɎůɖ Űɘɠ ɡˊɧɚɞɘˊŮɠ ɛŮɗɧŭɞɡɠ. ȷəɧɛŬ ŭŮɜ űŬɑɜŮŰŬɘ ŰŬ 

tows ɜŬ Ůˊɘŭɟɞɨɜ ɛŮ əɎˊɞɘɞ Űɟɧˊɞ ůŰɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɑɜŮɠ ɔɘŬ ŰŬ ůɡɔəŮəɟɘɛɏɜŬ ɡɚɘəɎ. 

ɇɏɚɞɠ, əŬɘ ɞɘ ŭɨɞ ɛɏɗɞŭɞɘ ˊɞɡ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ůŮ ɧɚŬ ŰŬ ɡɚɘəɎ ŭɑɜɞɡɜ əŬŰɎ əɨɟɘɞ ɚɧɔɞ 

ɛŮɔŬɚɨŰŮɟŮɠ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ ɔɘŬ ɡɚɘəɎ ɛŮ ɛŮɔŬɚɨŰŮɟɖ ˊɡəɜɧŰɖŰŬ, ŮəŰɧɠ Ŭˊɧ Űɞ ɡɚɘəɧ 

ʅˏ˄ʻʶˍˇ ʇ˂ʽˁ ̍
D 

(Ὣὧά3ϳ ) 

╦█ 

όɿʽˍˊʽˁˈ 
ʁ˅ˏύ 

╦█ 

όɸʶʽʽˁˈ 
ʁ˅ˏκʇˉʶˊˇ˅ʶʾʵʽˇ 
ʇʵˊˇʴˈ˄ˇˎύ 

 
 
╦█ 

(Image 
Analysis) 

Average 

╦█ 

 

St. 

Deviation  
╦█ 

 

C_200_10_2_F45_T1 1.5244 62.48% 75.96% 81.04% 73.16% 7.83% 

C_200_10_2_F25_T1 1.5031 79.53% 80.15% 81.73% 80.47% 0.93% 

C_150_10_1_F8_T1 1.4602 88.12% 76.77% 82.95% 82.61% 4.64% 

C_100_10_2_F25_T8 1.5620 80.94% 82.72% 74.39% 79.35% 3.58% 

C24K_100_10_2_F8_T4 1.5106 - 63.80% 67.61% 65.71% 1.91% 

C50K_100_10_2_F8_T4 1.4952 - 65.99% 63.49% 64.74% 1.25% 

GR_100_10_2_F8_T8 1.4775 - 74.16% 64.22% 69.19% 4.97% 

PF_100_10_2_F8_T8 1.6621 - 65.28% 73.40% 69.34% 4.06% 
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PF_100_10_2_F8_T8 ɞˊɞɨ ɞɘ ɑɜŮɠ ɛŮ ɓɎůɖ Űɖ ˊɑůůŬ (2.15 ὫȾὧά  ) ŮɑɜŬɘ ŬɟəŮŰɎ ɓŬɟɨŰŮɟŮɠ 

Ŭˊɧ Űɘɠ PAN ɑɜŮɠ ɎɜɗɟŬəŬ (1.8 ὫȾὧά  )Űɤɜ ɡˊɧɚɞɘˊɤɜ ɡɚɘəɩɜ, ɏŰůɘ Ŭɜ əŬɘ ɏɢɞɡɜ ɚɑɔɞ 

ɢŬɛɖɚɧŰŮɟɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɑɜŮɠ Ŭˊɧ əɎˊɞɘŬ ɡɚɘəɎ, ɖ ˊɡəɜɧŰɖŰɎ Űɞɡ ŮɑɜŬɘ ɖ ɛŮɔŬɚɨŰŮɟɖ. 

ɆɢɐɛŬ 4.19 ȺɘəɧɜŮɠ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ ůŰɞ ɞˊŰɘəɧ ɛɘəɟɞůəɧˊɘɞ ɛŮ ɛŮɔɏɗɡɜůɖ 100ɉ. ȷˊŮɘəɞɜɑɕɞɜŰŬɘ Űɞɛɏɠ əɎɗŮŰŬ ůŰɖ 

ŭɘŮɨɗɡɜůɖ Űɤɜ ŮɜɘůɢɡŰɘəɩɜ ɘɜɩɜ Űɤɜ ɡɚɘəɩɜ: (A) C_200_10_2_F45_T1, (B) C_200_10_2_F25_T1,                                    

(C) C_150_10_1_F8_T1, (D) C_100_10_2_F25_T8 

 

ɆŰɞ ůɢɐɛŬ 4.19 ŭɘŬəɟɑɜɞɜŰŬɘ ůŰŬ ˊŮɟɘůůɧŰŮɟŬ ɡɚɘəɎ ɞɘ ůŰɟɩůŮɘɠ ɤɠ ůɡůŰɎŭŮɠ ɘɜɩɜ 

ɞɟɘɕɧɜŰɘŬ ŭɘŮɡɗŮŰɖɛɏɜŮɠ, əŬɘ ŰŬ tows ɤɠ ůɡůŰɎŭŮɠ ɘɜɩɜ ˊɞɡ ɞɟɑɕɞɜŰŬɘ Ŭˊɧ Űɘɠ ůŰɟɩůŮɘɠ əŬɘ Űɘɠ 

ůəɞɡɟɧɢɟɤɛŮɠ ˊŮɟɘɞɢɏɠ əɎɗŮŰŬ ůŮ ŬɡŰɏɠ. ɄŬɟŬŰɖɟŮɑŰŬɘ ůŬűɐɠ ŭɘŬɢɤɟɘůɛɧɠ Űɤɜ ůŰɟɩůŮɤɜ 

ůŰŬ ɡɚɘəɎ (ȸ) əŬɘ (D) ˊɞɡ ɏɢɞɡɜ əŬŰŬůəŮɡŬůŰŮɑ ɛŮ ŭɨɜŬɛɖ ŰɎɜɡůɖɠ 25 N. Ⱥˊɑůɖɠ ɔɘŬ ŰŬ ɑŭɘŬ 

ɡɚɘəɎ əŬɗɩɠ əŬɘ ɔɘŬ Űɞ (C) ˊɞɡ ɏɢŮɘ əŬŰŬůəŮɡŬůŰŮɑ ɛŮ ŭɨɜŬɛɖ ŰɎɜɡůɖɠ 8 N, ˊŬɟŬŰɖɟŮɑŰŬɘ 

ɛŮɔɎɚɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ əŮɜɎ ŬɏɟŬ (ɛŬɨɟŬ ůɖɛŮɑŬ) ŰŬ ɞˊɞɑŬ ɚŬɛɓɎɜɞɡɜ ɢɩɟŬ əɡɟɑɤɠ ɛŮŰŬɝɨ 

Űɤɜ ůŰɟɩůŮɤɜ ŬɚɚɎ əŬɘ Űɤɜ tows. ɇɞ ɡɚɘəɧ (ȷ) ˊɞɡ ɏɢŮɘ əŬŰŬůəŮɡŬůŰŮɑ ɛŮ ŭɨɜŬɛɖ ŰɎɜɡůɖɠ 

45 N ˊŬɟɞɡůɘɎɕŮɘ ŰŬ ɚɘɔɧŰŮɟŬ əŮɜɎ ŬɏɟŬ əŬɗɩɠ əŬɘ Űɖ ɚɘɔɧŰŮɟɞ ŮɡŭɘɎəɟɘŰɖ ŭɘŬůŰɟɤɛɎŰɤůɖ. 
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ɆɢɐɛŬ 4.20 ȺɘəɧɜŮɠ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ ůŰɞ ɞˊŰɘəɧ ɛɘəɟɞůəɧˊɘɞ ɛŮ ɛŮɔɏɗɡɜůɖ 100ɉ. ȷˊŮɘəɞɜɑɕɞɜŰŬɘ Űɞɛɏɠ əɎɗŮŰŬ ůŰɖ 

ŭɘŮɨɗɡɜůɖ Űɤɜ ŮɜɘůɢɡŰɘəɩɜ ɘɜɩɜ Űɤɜ ɡɚɘəɩɜ: (A) C50K_100_10_2_F8_T4, (B) C24K_100_10_2_F8_T4,                                 

(C) GR_100_10_2_F8_T8, (D) PF_100_10_2_F8_T8 

 

ɆŰɞ ůɢɐɛŬ 4.20 ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŬűɐɠ ŭɘŬɢɤɟɘůɛɧɠ Űɤɜ ůŰɟɩůŮɤɜ əŬɘ ˊŮɟɑˊɞɡ ɑŭɘŬ 

ˊɞůɞůŰɎ ůŮ əŮɜɎ ŬɏɟŬ ɔɘŬ ŰŬ ɡɚɘəɎ (ȷ), (ȸ) əŬɘ (C). Ⱥˊɑůɖɠ ˊŬɟŬŰɖɟŮɑŰŬɘ ŭɘŬűɞɟɞˊɞɑɖůɖ ůŰɖ 

ŭɘɎɛŮŰɟɞ Űɤɜ ɘɜɩɜ ɛŮŰŬɝɨ Űɤɜ ɡɚɘəɩɜ əŬɗɩɠ ŬɡŰɏɠ ˊɟɞɏɟɢɞɜŰŬɘ Ŭˊɧ ŭɘŬűɞɟŮŰɘəɞɨɠ 

əŬŰŬůəŮɡŬůŰɏɠ. ȺɜŭɘŬűɏɟɞɜ ˊŬɟɞɡůɘɎɕɞɡɜ ɞɘ ɑɜŮɠ Ŭˊɧ ˊɑůůŬ ůŰɞ ɡɚɘəɧ (D) ɞɘ ɞˊɞɑŮɠ 

ŮɛűŬɜɑɕɞɡɜ ŭɘŬűɞɟɞˊɞɑɖůɖ ůŰɖ ŭɘɎɛŮŰɟɞ ɛŮŰŬɝɨ Űɞɡɠ əŬɗɩɠ əŬɘ ŬŰɏɚŮɘŮɠ ɧˊɤɠ ůˊŬůɑɛŬŰŬ. 

ɄŮɟŬɘŰɏɟɤ ɛŮɔɏɗɡɜůɖ Űɞɡ ɡɚɘəɞɨ PF_100_10_2_F8_T8 ɔɘŬ əŬɚɨŰŮɟɖ əŬŰŬɜɧɖůɖ Űɤɜ 

ˊŬɟŬˊɎɜɤ ůɢɞɚɑɤɜ űŬɑɜŮŰŬɘ ůŰɞ ůɢɐɛŬ 4.21. 
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ɆɢɐɛŬ 4.20 ȺɘəɧɜŬ Ŭˊɧ Űɞɛɐ Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ PF_100_10_2_F8_T8 ůŮ ɛŮɔɏɗɡɜůɖ 1000ɉ. ɀŮ əɧəəɘɜɞ ɢɟɩɛŬ 

ůɖɛŮɘɩɜɞɜŰŬɘ ɞɘ ůˊŬůɛɏɜŮɠ ɑɜŮɠ Ůɜɩ ɛŮ əɑŰɟɘɜɞ ɞɘ ŮɛűŬɜŮɑɠ ŬɜɘůɞɛŮɔɏɗŮɘɠ ɑɜŮɠ. 

 

ũŮɜɘəɎ ůɖɛŮɘɩɜŮŰŬɘ ˊɤɠ ŭɘŬűɞɟŮŰɘəɎ ůɡůŰɐɛŬŰŬ ɟɖŰɑɜɖɠ əŬɘ ɘɜɩɜ əŬɗɩɠ əŬɘ 

ŭɘŬűɞɟɞˊɞɘɐůŮɘɠ ůŰɖ ŭɘŬŭɘəŬůɑŬ əŬŰŬůəŮɡɐɠ Űɤɜ ɡɚɘəɩɜ, ɧˊɤɠ ŮɑɜŬɘ ɖ ŭɨɜŬɛɖ ŰɎɜɡůɖɠ əŬɘ ŰŬ 

tows, ŮˊɖɟŮɎɕɞɡɜ ůɖɛŬɜŰɘəɎ Űɘɠ űɡůɘəɏɠ ɘŭɘɧŰɖŰɏɠ Űɞɡɠ. ɆɡɔəŮəɟɘɛɏɜŬ ɖ ɛŮɔɎɚɖ ŭɨɜŬɛɖ 

ŰɎɜɡůɖɠ űŬɑɜŮŰŬɘ ɜŬ ŮˊɘŭɟɎ ɗŮŰɘəɎ ɛŮɘɩɜɞɜŰŬɠ ŰŬ əŮɜɎ ŬɏɟŬ ˊɞɡ ɡˊɎɟɢɞɡɜ ɛɏůŬ ůŰɞ ɡɚɘəɧ 

ɧˊɤɠ Ůˊɑůɖɠ ŬɡɝɎɜŮɘ əŬɘ Űɖɜ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɞɡ ɡɚɘəɞɨ ůŮ ɑɜŮɠ. ȼ ůɡůɢɏŰɘůɖ Űɖɠ ŭɨɜŬɛɖɠ 

ŰɎɜɡůɖɠ əŬɘ Űɖɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ Űɞɡ ɡɚɘəɞɨ ůŮ ɑɜŮɠ əŬŰô ŬɡŰɧɜ Űɞɜ Űɟɧˊɞ ůɖɛŮɘɩɜŮŰŬɘ Ůˊɑůɖɠ 

Ŭˊɧ Űɞɡɠ Mertiny əŬɘ Ellyin (2002). 

ȺˊɘůɖɛŬɑɜŮŰŬɘ ˊɤɠ Űɞ ŭŮɑɔɛŬ Űɤɜ ŭɞəɘɛɑɤɜ ˊɞɡ ŮɝŮŰɎůŰɖəŮ ŮɑɜŬɘ ɛɘəɟɧ ŬɜŬɚɞɔɘəɎ ɛŮ Űɘɠ 

ˊŬɟŬɛɏŰɟɞɡɠ ˊɞɡ ŭɘŬűɞɟɞˊɞɘɞɨɜŰŬɘ ɛŮŰŬɝɨ Űɤɜ ɡɚɘəɩɜ əŬɘ ŮˊɖɟŮɎɕɞɡɜ Űɘɠ űɡůɘəɏɠ Űɞɡɠ 

ɘŭɘɧŰɖŰŮɠ. ȰŰůɘ ŭŮɜ əɟɑɗɖəŮ ůəɧˊɘɛɞ ɜŬ ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ ůŰŬŰɘůŰɘəɐ ŬɜɎɚɡůɖ Űɤɜ 

ŬˊɞŰŮɚŮůɛɎŰɤɜ. 
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5. ȹɃȾȽɀȺɆ ȺūȺȿȾɈɆɀɃɈ ȺɈŪɈũɅȷɀɀɋɁ ȹɃȾȽɀȽɋɁ 

 

5.1. Ɇəɞˊɧɠ 

Ɇəɞˊɧɠ ŬɡŰɐɠ Űɖɠ ůŮɘɟɎɠ ŭɞəɘɛɩɜ ŮɑɜŬɘ ɞ ˊɟɞůŭɘɞɟɘůɛɧɠ Űɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ ῴ əŬɘ 

Űɞɡ ɛɏŰɟɞɡ ŭɘɎŰɛɖůɖɠ Ὃ  ůŰɖ ŭɘŮɨɗɡɜůɖ əɎɗŮŰŬ ůŰɘɠ ɑɜŮɠ. Ⱥˊɑůɖɠ ˊɟɞůŭɘɞɟɑɕɞɜŰŬɘ ɖ ŰɎůɖ 

ɗɟŬɨůɖɠ „  əŬɘ † , əŬɗɩɠ əŬɘ ɖ ɛɏɔɘůŰɖ ˊŬɟŬɛɧɟűɤůɖ ‐  ůŰɖɜ ɑŭɘŬ ŭɘŮɨɗɡɜůɖ.  

 

5.2. ũŮɤɛŮŰɟɑŬ ŭɞəɘɛɑɤɜ 

ũɘŬ Űɘɠ ŭɞəɘɛɏɠ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ŭɘŬɛɐəɖ ŮɡɗɨɔɟŬɛɛŬ ŭɞəɑɛɘŬ ˊɞɡ ˊɟɞɏəɡɣŬɜ Ŭˊɧ Űɞɡɠ 

əɡɚɑɜŭɟɞɡɠ 3 (12Ⱦ), 4 (60Ⱦ), 5 (12Ⱦ), 6 (60Ⱦ), 7 (Glass) əŬɘ 8 (Glass). Ƀɘ əɨɚɘɜŭɟɞɘ ŮɑɢŬɜ 

ŮůɤŰŮɟɘəɐ ŭɘɎɛŮŰɟɞ Ὀ=100 mm əŬɘ ɞɜɞɛŬůŰɘəɧ ˊɎɢɞɠ 5 mm. ɇŬ ŭɞəɑɛɘŬ əɧˊɖəŬɜ ůŮ 

ŭɘŮɨɗɡɜůɖ ˊŬɟɎɚɚɖɚɖ ůŰɞɜ ɎɝɞɜŬ Űɞɡ əɡɚɑɜŭɟɞɡ, ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ ůɢɐɛŬ 5.1. ɇɞ 

ɞɜɞɛŬůŰɘəɧ ˊɚɎŰɞɠ Űɞɡ əɎɗŮ ŭɞəɘɛɑɞɡ ŮɑɜŬɘ 24 mm əŬɘ Űɞ ɞɜɞɛŬůŰɘəɧ ɛɐəɞɠ 250 mm (ůɢɐɛŬ 

5.2), Ůɜɩ ůɡɜɞɚɘəɎ ɔɘŬ Űɘɠ ŭɞəɘɛɏɠ əɧˊɖəŬɜ 6 ŭɞəɑɛɘŬ Ŭˊɧ əɎɗŮ əɨɚɘɜŭɟɞ. ɄɟɞəŮɘɛɏɜɞɡ ɜŬ 

ŮˊɘŰŮɡɢɗŮɑ əŬɚɨŰŮɟɖ ůɡɔəɟɎŰɖůɖ Űɤɜ ŭɞəɘɛɑɤɜ Ŭˊɧ Űɘɠ ŬɟˊɎɔŮɠ Űɖɠ ɛɖɢŬɜɐɠ ŮűŮɚəɡůɛɞɨ, ůŰŬ 

ɎəɟŬ Űɞɡɠ əɞɚɚɐɗɖəŬɜ ɛŮ Ůˊɞɝɘəɐ əɧɚɚŬ ŮˊɘɗɏɛŬŰŬ (tabs) ɛɐəɞɡɠ 50 mm ɏəŬůŰɞ (ůɢɐɛŬ 5.3). 

 
ɆɢɐɛŬ 5.1 ɆɢɖɛŬŰɘəɐ ŬˊŮɘəɧɜɘůɖ Űɞɡ əɡɚɑɜŭɟɞɡ əŬɘ Űɞɡ ŭɞəɘɛɑɞɡ, ɧˊɤɠ ŬɡŰɧ əɧˊɖəŮ. 
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ɆɢɐɛŬ 5.2 ɆɢɖɛŬŰɘəɐ ŬˊŮɘəɧɜɘůɖ Űɞɡ əɡɚɑɜŭɟɞɡ əŬɘ Űɞɡ ŭɞəɘɛɑɞɡ, ɧˊɤɠ ŬɡŰɧ əɧˊɖəŮ. 

 

 
ɆɢɐɛŬ 5.3 ɆɡɔəɟɎŰɖůɖ Űɞɡ ŭɞəɘɛɑɞɡ ůŰɘɠ ŬɟˊɎɔŮɠ Űɖɠ ɛɖɢŬɜɐɠ. 

ɆŰɖ ůɡɜɏɢŮɘŬ ŬəɞɚɞɨɗɖůŮ ɖ ŬɜŬɚɡŰɘəɐ ŭɘŬůŰŬůɘɞɚɧɔɖůɖ Űɞɡ əɎɗŮ ŭɞəɘɛɑɞɡ əŬɘ ɖ ůɨɔəɟɘůɖ 

Űɤɜ Űɘɛɩɜ ɛŮ Űɘɠ ɞɜɞɛŬůŰɘəɏɠ. ȺɚɐűɗɖůŬɜ ŰɟŮɘɠ ɛŮŰɟɐůŮɘɠ ɔɘŬ Űɞ ˊɚɎŰɞɠ əŬɘ Űɞ ˊɎɢɞɠ ůŮ əɎɗŮ 

ŭɞəɑɛɘɞ, ɛɑŬ ůŰɞ əɏɜŰɟɞ əŬɘ ŭɨɞ ůŰŬ ɎəɟŬ ˊɟɘɜ ŰŬ ŮˊɘɗɏɛŬŰŬ, Ůɜɩ ůŬɜ ŰŮɚɘəɐ Űɘɛɐ Ůɚɐűɗɖ ɞ 

ɛɏůɞɠ ɧɟɞɠ Űɞɡɠ (average value). ȷəɧɛŬ, ɡˊɞɚɞɔɑůŰɖəŮ ɖ Űɡˊɘəɐ Ŭˊɧəɚɘůɖ (standard 

deviation) əŬɗɩɠ əŬɘ ɞ ůɡɜŰŮɚŮůŰɐɠ ŭɘŬəɨɛŬɜůɖɠ (coefficient of variation) ɏŰůɘ ɩůŰŮ ɜŬ 

ŬɝɘɞɚɞɔɖɗŮɑ ɖ ŮˊŬɜŬɚɖɣɘɛɧŰɖŰŬ Űɤɜ ɛŮŰɟɞɨɛŮɜɤɜ ŭɘŬůŰɎůŮɤɜ əŬɘ ɖ Ŭˊɧəɚɘůɐ Űɞɡɠ Ŭˊɧ Űɘɠ 

ŬɜŰɑůŰɞɘɢŮɠ ɞɜɞɛŬůŰɘəɏɠ. ȷˊɧ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ űŬɑɜŮŰŬɘ ɧŰɘ ɞ ůɡɜŰŮɚŮůŰɐɠ ŭɘŬəɨɛŬɜůɖɠ ůŮ 

ɧɚŮɠ Űɘɠ ɛŮŰɟɐůŮɘɠ ŮɑɜŬɘ ɛɘəɟɧŰŮɟɞɠ Űɞɡ 5%, Űɞ ɞˊɞɑɞ əŬɗɘůŰɎ ŰŬ ŭɞəɑɛɘŬ ŬˊɞŭŮəŰɎ Ŭˊɧ Ɏˊɞɣɖ 

ɔŮɤɛŮŰɟɑŬɠ. Ƀɘ ɞɜɞɛŬůŰɘəɏɠ Űɘɛɏɠ ɔɘŬ Űɞ ˊɚɎŰɞɠ (width) əŬɘ Űɞ ˊɎɢɞɠ (thickness) ŮɑɜŬɘ 24 mm 

əŬɘ 5 mm ŬɜŰɑůŰɞɘɢŬ, Ůɜɩ ɞɘ ɛŮŰɟɞɨɛŮɜŮɠ Űɘɛɏɠ űŬɑɜɞɜŰŬɘ ůŰɞɜ ˊɑɜŬəŬ 5.1 ˊɞɡ ŬəɞɚɞɡɗŮɑ. 
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ɄȽɁȷȾȷɆ 5.1 ȹɘŬůŰŬůɘɞɚɧɔɖůɖ ŮɡɗɨɔɟŬɛɛɤɜ ŭɞəɘɛɑɤɜ. 

 

 

 

 

C3_L_D 1 2 3 4 5 6 Average

ʃ˂ʱˍˇˌ όƳƳύ

Average value 24.53 24.20 23.97 24.37 23.93 24.03 24.17

Standard deviation 0.21 0.10 0.15 0.06 0.06 0.06 0.24

Coef. of variation 0.85% 0.41% 0.64% 0.24% 0.24% 0.24% 0.99%

ʃʱ˔ˇˌ όƳƳύ

Average value 5.00 5.00 5.03 5.00 5.00 5.00 5.01

Standard deviation 0.00 0.00 0.06 0.00 0.00 0.00 0.01

Coef. of variation 0.00% 0.00% 1.15% 0.00% 0.00% 0.00% 0.27%

ɼʇɽɹɿɲʄʁʅ о

C4_L_D 1 2 3 4 5 6 Average

ʃ˂ʱˍˇˌ όƳƳύ

Average value 24.13 24.10 24.17 24.43 24.30 23.73 24.14

Standard deviation 0.15 0.10 0.15 0.12 0.10 0.42 0.24

Coef. of variation 0.63% 0.41% 0.63% 0.47% 0.41% 1.75% 0.98%

ʃʱ˔ˇˌ όƳƳύ

Average value 5.33 5.30 5.43 5.30 5.30 5.33 5.33

Standard deviation 0.12 0.10 0.06 0.00 0.10 0.12 0.05

Coef. of variation 2.17% 1.89% 1.06% 0.00% 1.89% 2.17% 0.97%

ɼʇɽɹɿɲʄʁʅ п

C5_L_D 1 2 3 4 5 6 Average

ʃ˂ʱˍˇˌ όƳƳύ

Average value 25.82 24.92 24.77 23.63 24.89 24.50 24.76

Standard deviation 4.49 0.40 0.06 0.32 0.25 0.14 0.71

Coef. of variation 17.40% 1.60% 0.22% 1.36% 0.98% 0.57% 2.86%

ʃʱ˔ˇˌ όƳƳύ

Average value 4.62 4.70 4.37 4.53 4.36 4.33 4.48

Standard deviation 0.22 0.14 0.03 0.10 0.06 0.08 0.16

Coef. of variation 4.84% 2.99% 0.61% 2.12% 1.38% 1.92% 3.46%

ɼʇɽɹɿɲʄʁʅ р

C6_L_D 1 2 3 4 5 6 Average

ʃ˂ʱˍˇˌ όƳƳύ

Average value 24.93 24.89 24.82 24.84 24.51 24.60 24.77

Standard deviation 0.04 0.26 0.47 0.20 0.24 0.25 0.17

Coef. of variation 0.14% 1.03% 1.89% 0.82% 0.96% 1.01% 0.68%

ʃʱ˔ˇˌ όƳƳύ

Average value 5.02 5.38 5.49 5.28 4.93 4.89 5.16

Standard deviation 0.07 0.14 0.32 0.36 0.12 0.13 0.25

Coef. of variation 1.41% 2.68% 5.90% 6.77% 2.44% 2.67% 4.83%

ɼʇɽɹɿɲʄʁʅ с
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C7_L_D 1 2 3 4 5 6 Average

ʃ˂ʱˍˇˌ όƳƳύ

Average value 24.20 24.43 24.37 24.57 24.43 24.27 24.38

Standard deviation 0.26 0.15 0.15 0.21 0.15 0.12 0.13

Coef. of variation 1.09% 0.63% 0.63% 0.85% 0.63% 0.48% 0.54%

ʃʱ˔ˇˌ όƳƳύ

Average value 5.13 5.13 5.17 5.13 5.07 5.20 5.14

Standard deviation 0.06 0.06 0.06 0.06 0.06 0.10 0.04

Coef. of variation 1.12% 1.12% 1.12% 1.12% 1.14% 1.92% 0.86%

ɼʇɽɹɿɲʄʁʅ т

C8_L_D 1 2 3 4 5 6 Average

ʃ˂ʱˍˇˌ όƳƳύ

Average value 24.48 24.93 24.48 24.60 24.38 24.39 24.54

Standard deviation 0.05 0.14 0.19 0.38 0.27 0.13 0.20

Coef. of variation 0.22% 0.55% 0.76% 1.54% 1.13% 0.54% 0.83%

ʃʱ˔ˇˌ όƳƳύ

Average value 5.34 5.50 5.12 5.18 5.18 5.05 5.23

Standard deviation 0.06 0.01 0.12 0.05 0.11 0.10 0.16

Coef. of variation 1.10% 0.11% 2.25% 0.91% 2.15% 1.91% 3.12%

ɼʇɽɹɿɲʄʁʅ у
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5.3. ȹɞəɘɛɐ ŮűŮɚəɡůɛɞɨ 

Ɇəɞˊɧɠ ŬɡŰɩɜ Űɤɜ ŭɞəɘɛɩɜ ŮɑɜŬɘ ɜŬ ɡˊɞɚɞɔɘůŰŮɑ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ ῴ, əŬɘ ɖ ŰɎůɖ 

ɗɟŬɨůɖɠ „   ůŮ ŭɘŮɨɗɡɜůɖ əɎɗŮŰŬ Űɤɜ ɘɜɩɜ. 

ȷˊɧ əɎɗŮ əɨɚɘɜŭɟɞ ŭɞəɘɛɎůŰɖəŬɜ ɏɝɘ ŭɞəɑɛɘŬ. ɈˊŮɜɗɡɛɑɕŮŰŬɘ ˊɤɠ ɞɘ əɨɚɘɜŭɟɞɘ 3, 4 əŬɘ 7 

ɏɢɞɡɜ əŬŰŬůəŮɡŬůŰŮɑ ɛŮ ɔɤɜɑŬ ˊŮɟɘɏɚɘɝɖɠ ɘɜɩɜ 90Á. ȰŰůɘ ůŰŬ ŭɞəɑɛɘŬ ŰŬ ́ɟɞŮɟɢɧɛŮɜŬ Ŭˊɧ 

Űɞɡɠ əɡɚɑɜŭɟɞɡɠ 3, 4 əŬɘ 7 əɞɚɚɐɗɖəŬɜ ɛɞɜɞŬɝɞɜɘəɎ strain gauges ɛɐəɞɡɠ ɛɏŰɟɖůɖɠ L=5 mm, 

Űɖɠ ŮŰŬɘɟɑŬɠ KYOWA, ůŰɞ əɏɜŰɟɞ Űɞɡ əɎɗŮ ŭɞəɘɛɑɞɡ. 

 

5.3.1. ɄŮɘɟŬɛŬŰɘəɐ ŭɘŬŭɘəŬůɑŬ 

ɇŬ ŭɞəɑɛɘŬ ŮűŮɚəɨɞɜŰŬɘ Ŭˊɧ ɡŭɟŬɡɚɘəɐ ɛɖɢŬɜɐ ŮűŮɚəɡůɛɞɨ əŬŰŬɔɟŬűɧɛŮɜɞɡ űɞɟŰɑɞɡ, 

ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ ůɢɐɛŬ 5.4. ȼ ŬɜŰɞɢɐ Űɞɡ ɡɚɘəɞɨ „  ɛˊɞɟŮɑ ɜŬ ɡˊɞɚɞɔɘůɗŮɑ Ŭˊɧ Űɞ 

ɛɏɔɘůŰɞ űɞɟŰɑɞ ˊɞɡ ˊŬɟŬɚɐűɗɖəŮ Ŭˊɧ Űɞ ŭɞəɑɛɘɞ, ůɨɛűɤɜŬ ɛŮ Űɖɜ Ůɝɑůɤůɖ (5.1), ɖ ɞˊɞɑŬ 

ŬɜŬűɏɟŮŰŬɘ ůŰɞ ˊɟɧŰɡˊɞ ASTM D 3039. 

„=    (5.1) 

ȳ́ ɞɡ, 

Ὂ ɖ ŭɨɜŬɛɖ ˊɞɡ ŬůəŮɑŰŬɘ Ŭˊɧ Űɖ ɛɖɢŬɜɐ 

ȷ ɖ ɛɏůɖ ɞɟɗɞɔɤɜɘəɐ ŭɘŬŰɞɛɐ Űɞɡ ŭɞəɘɛɑɞɡ (ˊɚɎŰɞɠ x ˊɎɢɞɠ) 

Ƀɘ ˊŬɟɎɛŮŰɟɞɘ Űɖɠ ŭɞəɘɛɐɠ ɐŰŬɜ ɞɘ ŬəɧɚɞɡɗŮɠ: 

¶ Ʌɡɗɛɧɠ ɛŮŰŬŰɧˊɘůɖɠ Űɖɠ əŮűŬɚɐɠ Űɖɠ ɛɖɢŬɜɐɠ: 1 mm/min 

¶ ɄɑŮůɖ ůŰɘɠ ŬɟˊɎɔŮɠ: 8-12 MPa 

¶ ɆɡɢɜɧŰɖŰŬ ŭŮɘɔɛŬŰɞɚɖɣɑŬɠ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ: 10 Hz. 
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ɆɢɐɛŬ 5.4 ɇɞˊɞɗɏŰɖůɖ ŭɞəɘɛɑɞɡ ůŰɖɜ ɡŭɟŬɡɚɘəɐ ɛɖɢŬɜɐ. 

 

Ⱥűɧůɞɜ ɞɘ ˊŬɟŬɛɞɟűɩůŮɘɠ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ űɧɟŰɘůɖɠ ŮɑɜŬɘ əŬŰŬɔŮɔɟŬɛɛɏɜŮɠ, ɛˊɞɟŮɑ 

ɜŬ ůɢŮŭɘŬůŰŮɑ Űɞ ŭɘɎɔɟŬɛɛŬ ŰɎůŮɤɜ-ˊŬɟŬɛɞɟűɩůŮɤɜ, ɛɏůɤ Űɞɡ ɞˊɞɑɞɡ ŮɝɎɔŮŰŬɘ Űɞ ɛɏŰɟɞ 

ŮɚŬůŰɘəɧŰɖŰŬɠ Űɞɡ ɡɚɘəɞɨ ῴ. ɇɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ ῴ ˊɟɞůŭɘɞɟɑůŰɖəŮ Ŭˊɧ Űɖɜ əɚɑůɖ Űɖɠ 

ɔɟŬɛɛɘəɐɠ ˊŮɟɘɞɢɐɠ Űɞɡ ŭɘŬɔɟɎɛɛŬŰɞɠ ŰɎůŮɤɜ-ˊŬɟŬɛɞɟűɩůŮɤɜ. ũɘŬ Űɞ əɎɗŮ ŭɞəɑɛɘɞ Űɞ Ůɨɟɞɠ 

ˊŬɟŬɛɞɟűɩůŮɤɜ Ŭˊɧ Űɞ ɞˊɞɑɞ ˊɟɞɏəɡɣŮ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ ɞɟɑůŰɖəŮ Ŭˊɧ 25% ɏɤɠ 50% 

Űɖɠ ɛɏɔɘůŰɖɠ ˊŬɟŬɛɧɟűɤůɖɠ, ůɨɛűɤɜŬ ɛŮ Űɞ ˊɟɧŰɡˊɞ ASTM D3039. ɆŰɞ ůɢɐɛŬ 5.5 űŬɑɜŮŰŬɘ 

ɏɜŬ Űɡˊɘəɧ ŭɘɎɔɟŬɛɛŬ Ŭˊɧ Űɞ ɞˊɞɑɞ ɚŬɛɓɎɜŮŰŬɘ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ Űɞɡ ŭɞəɘɛɑɞɡ 

C3_L_1_D. ũɘŬ Űɖɜ ŮɨɟŮůɖ Űɖɠ Űɘɛɐɠ Űɖɠ əɚɑůɖɠ Űɖɠ ŮɡɗŮɑŬɠ, ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɔɟŬɛɛɘəɐ 

ˊɟɞůɏɔɔɘůɖ Űɖɠ əŬɛˊɨɚɖɠ ɛɏůɤ Űɞɡ ˊɟɞɔɟɎɛɛŬŰɞɠ Excel. ȼ ůɡɜɎɟŰɖůɖ ˊɞɡ ŮɝɎɔŮŰŬɘ ŮɑɜŬɘ Űɖɠ 

ɛɞɟűɐɠ ώ ὥz ὼ ὦ, ɧˊɞɡ ɤɠ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ ɗŮɤɟŮɑŰŬɘ ɖ Űɘɛɐ Űɞɡ a. ɆŰɖ ůɡɜɏɢŮɘŬ ɖ 

Űɘɛɐ ˊɞɚɚŬˊɚŬůɘɎɕŮŰŬɘ Ůˊɑ ρπ ɏŰůɘ, ɩůŰŮ Űɞ ŬˊɞŰɏɚŮůɛŬ ɜŬ ˊɟɞəɨɣŮɘ ůŮ GPa. ɆŮ əɎɗŮ 

ŭɘɎɔɟŬɛɛŬ ɡˊɞɚɞɔɑůŰɖəŮ Ůˊɑůɖɠ ɞ ůɡɜŰŮɚŮůŰɐɠ ˊɟɞůŭɘɞɟɘůɛɞɨ (coefficient of determination) 

Ὑ , ɩůŰŮ ɜŬ əɟɘɗŮɑ ɖ ŬɝɘɞˊɘůŰɑŬ Űɖɠ ɔɟŬɛɛɘəɐɠ ˊɟɞůɏɔɔɘůɖɠ. ɆŮ əɎɗŮ ˊŮɟɑˊŰɤůɖ, ɧˊɤɠ 

űŬɑɜŮŰŬɘ əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ, ɞ ůɡɜŰŮɚŮůŰɐɠ ˊɟɞůŭɘɞɟɘůɛɞɨ ɐŰŬɜ ˊŮɟɑˊɞɡ 0.99, ɔŮɔɞɜɧɠ ˊɞɡ 

ɡˊɞŭɖɚɩɜŮɘ Űɖɜ ŬˊɧɚɡŰɖ ŬɝɘɞˊɘůŰɑŬ Űɖɠ ˊɟɞůɏɔɔɘůɖɠ. 
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ɆɢɐɛŬ 5.5 ɇɡˊɘəɧ ŭɘɎɔɟŬɛɛŬ ŮɝŬɔɤɔɐɠ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ. 

 

5.4. ȹɞəɘɛɐ ŭɘɎŰɛɖůɖɠ 

Ɇəɞˊɧɠ ŬɡŰɩɜ Űɤɜ ŭɞəɘɛɩɜ ŮɑɜŬɘ ɜŬ ɡˊɞɚɞɔɘůŰŮɑ Űɞ ɛɏŰɟɞ ŭɘɎŰɛɖůɖɠ Ὃ  əŬɘ ɖ ŰɎůɖ 

ɗɟŬɨůɖɠ ůŮ ŭɘɎŰɛɖůɖ †  ůŰɞ ŮˊɑˊŮŭɞ ˊɞɡ ɞɟɑɕŮŰŬɘ Ŭˊɧ Űɘɠ əɨɟɘŮɠ ŭɘŮɡɗɨɜůŮɘɠ Űɞɡ 1 əŬɘ 2. 

ɆŰŬ ŭɞəɑɛɘŬ ˊɟɞŮɟɢɧɛŮɜŬ Ŭˊɧ Űɞɡɠ əɡɚɑɜŭɟɞɡɠ 5, 6 əŬɘ 8, ˊɞɡ əŬŰŬůəŮɡɎůŰɖəŬɜ ɛŮ ɔɤɜɑŬ 

ˊŮɟɘɏɚɘɝɖɠ Ñ 55Á, əɞɚɚɐɗɖəŬɜ ŰɟɘŬɝɞɜɘəɏɠ ɟɞɕɏŰŮɠ (0Á/45Ü/90Ü) ɛɐəɞɡɠ ɛɏŰɟɖůɖɠ 5 mm Űɖɠ 

ŮŰŬɘɟɑŬɠ KYOWA. Ƀɘ ŰɟŮɘɠ ŭɘŮɡɗɨɜůŮɘɠ ůŰɘɠ ɞˊɞɑŮɠ ˊɟɞůŬɜŬŰɞɚɑůŰɖəŬɜ ɞɘ ɎɝɞɜŮɠ Űɤɜ 

ɟɞɕŮŰɩɜ ŮɑɜŬɘ ɖ ŭɘŮɨɗɡɜůɖ Űɖɠ űɧɟŰɘůɖɠ (ȷ), ɖ ŭɘŮɨɗɡɜůɖ əɎɗŮŰŬ ůŰɖ űɧɟŰɘůɖ (ȸ) əŬɘ ɖ 

ŭɘŮɨɗɡɜůɖ ŬɜɎɛŮůŬ ůŰɘɠ ŭɨɞ ˊɟɞŬɜŬűŮɟɗŮɑůŮɠ ɖ ɞˊɞɑŬ ŬˊɏɢŮɘ 45Ü Ŭˊɧ Űɖɜ əɎɗŮ ɛɑŬ (C). ɆŰɞ 

ůɢɐɛŬ 5.6 űŬɑɜŮŰŬɘ ɏɜŬ Űɡˊɘəɧ ůəŬɟɑűɖɛŬ Űɤɜ Ŭɝɧɜɤɜ Űɞɡ ŭɞəɘɛɑɞɡ ɧˊɞɡ A, B əŬɘ C ŮɑɜŬɘ ɞɘ 

ɎɝɞɜŮɠ Űɞɡ ŮˊɘɛɖəɡɜůɘɧɛŮŰɟɞɡ, ɉ əŬɘ Ɉ ŮɑɜŬɘ ɞɘ əɨɟɘɞɘ ɔŮɤɛŮŰɟɘəɞɑ ɎɝɞɜŮɠ Űɞɡ ŭɞəɘɛɑɞɡ, Ůɜɩ 

1 əŬɘ 2 ŮɑɜŬɘ ɞɘ ŭɘŮɡɗɨɜůŮɘɠ Űɤɜ ɘɜɩɜ. ɆŮ əɎɗŮ ŭɞəɑɛɘɞ Űɞ ŮˊɘɛɖəɡɜůɘɧɛŮŰɟɞ əɞɚɚɐɗɖəŮ ůŰɞ 

əɏɜŰɟɞ Űɞɡ, ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ ůɢɐɛŬ 5.7. 
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ɆɢɐɛŬ 5.6 ɆəŬɟɑűɖɛŬ Ŭɝɧɜɤɜ ɔɘŬ ŰŬ ŭɞəɑɛɘŬ ɛŮ ɔɤɜɑŬ ˊŮɟɘɏɚɘɝɖɠ ɘɜɩɜ Ñ 55Á. 

 

 

ɆɢɐɛŬ 5.7 ȷˊŮɘəɧɜɘůɖ ɟɞɕɏŰŬɠ ŰɞˊɞɗŮŰɖɛɏɜɖɠ ůŰɞ ŭɞəɑɛɘɞ ɛŮ ɔɤɜɑŬ ˊŮɟɘɏɚɘɝɖɠ ɘɜɩɜ Ñ 55Á. 
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5.4.1. ɄŮɘɟŬɛŬŰɘəɐ ŭɘŬŭɘəŬůɑŬ 

ɇŬ ŭɞəɑɛɘŬ ɗŬ ŭɞəɘɛŬůŰɞɨɜ ůɨɛűɤɜŬ ɛŮ Űɞ ˊɟɧŰɡˊɞ ASTM D3518, Űɞ ɞˊɞɑɞ ŬɜŬűɏɟŮŰŬɘ 

ůŮ ůɡɛɛŮŰɟɘəɎ ˊɞɚɨůŰɟɤŰŬ ɡɚɘəɎ ɛŮ ɛɐŰɟŬ ˊɞɚɡɛŮɟɞɨɠ əŬɘ Ůɜɑůɢɡůɖ ɛɧɜɞ əŬŰɎ ɔɤɜɑŮɠ + 45Á 

əŬɘ - 45Á ɤɠ ˊɟɞɠ Űɞɜ ɓŬůɘəɧ ɎɝɞɜŬ Űɞɡ ɡɚɘəɞɨ. Ƀɘ əɨɚɘɜŭɟɞɘ ˊɞɡ ˊŬɟɎɔɞɜŰŬɘ ɛŮ Űɖ ɛɏɗɞŭɞ 

ˊŮɟɘɏɚɘɝɖɠ ɘɜɩɜ ɛˊɞɟɞɨɜ ɜŬ ɗŮɤɟɖɗɞɨɜ ůɡɛɛŮŰɟɘəɞɑ ɤɠ ˊɟɞɠ Űɘɠ ůŰɟɩůŮɘɠ Űɤɜ ŮɜɘůɢɡŰɘəɩɜ 

ɘɜɩɜ Ŭűɞɨ ɔɘŬ əɎɗŮ ůŰɟɩůɖ ɔɤɜɑŬɠ + ɗ, ɏˊŮŰŬɘ ɛɑŬ ůŰɟɩůɖ ɔɤɜɑŬɠ ï ɗ. ȼ ɛŮɔŬɚɨŰŮɟɖ ŭɘŬűɞɟɎ 

ɛŮ Űɞ ˊɟɧŰɡˊɞ ɏɔəŮɘŰŬɘ ůŰɞ ɔŮɔɞɜɧɠ ɧŰɘ ɞɘ əɨɚɘɜŭɟɞɘ ŮɜɘůɢɨɗɖəŬɜ ůŮ ɔɤɜɑŮɠ Ñ 55Á ŬɜŰɑ Ñ 45Á. 

ũɘŬ Űɞɜ ɚɧɔɞ ŬɡŰɧ, ɔɘŬ Űɖɜ ŮɨɟŮůɖ Űɞɡ ɛɏŰɟɞɡ ŭɘɎŰɛɖůɖɠ ŬəɞɚɞɡɗɐɗɖəŮ ŭɘŬűɞɟŮŰɘəɐ 

ɡˊɞɚɞɔɘůŰɘəɐ ŭɘŬŭɘəŬůɑŬ Ŭˊɧ ŬɡŰɐɜ ˊɞɡ ɞɟɑɕŮɘ Űɞ ˊɟɧŰɡˊɞ, ɖ ɞˊɞɑŬ ŬɜŬɚɨŮŰŬɘ ˊŬɟŬəɎŰɤ. 

ɇŬ ŭɞəɑɛɘŬ ůɡɔəŮəɟɘɛɏɜɖɠ ŭɘŬŰɞɛɐɠ ŮűŮɚəɨɞɜŰŬɘ Ŭˊɧ ɡŭɟŬɡɚɘəɐ ɛɖɢŬɜɐ ŮűŮɚəɡůɛɞɨ 

əŬŰŬɔɟŬűɧɛŮɜɞɡ űɞɟŰɑɞɡ. ɋɠ ɛɏɔɘůŰɞ űɞɟŰɑɞ Ὂ  ɗŮɤɟɐɗɖəŮ Űɞ űɞɟŰɑɞ ˊɞɡ əŬŰŬɔɟɎűŮŰŬɘ 

əŬŰɎ Űɖɜ ɗɟŬɨůɖ Űɞɡ ŭɞəɘɛɑɞɡ. ȼ ŭɘŬŰɛɖŰɘəɐ ŰɎůɖ †  ůŰɞ ŮˊɑˊŮŭɞ 1-2 Űɞ ɞˊɞɑɞ ɞɟɑɕŮŰŬɘ Ŭˊɧ 

Űɘɠ ŬɜŰɑůŰɞɘɢŮɠ ŭɘŮɡɗɨɜůŮɘɠ Űɤɜ ɘɜɩɜ ˊɟɞůŭɘɞɟɑůŰɖəŮ Ŭˊɧ Űɞɡɠ Young & Budynas (2002) Ŭˊɧ 

Űɖ ůɢɏůɖ 5.2 ˊɞɡ ŬəɞɚɞɡɗŮɑ: 

 

† =  
ᶻ
ÓzÉÎςῸ (5.2) 

 

ȳˊɞɡ, 

Ὂ ɖ ŭɨɜŬɛɖ ˊɞɡ ŬůəŮɑŰŬɘ Ŭˊɧ Űɖ ɛɖɢŬɜɐ 

ȷ ɖ ɛɏůɖ ɞɟɗɞɔɤɜɘəɐ ŭɘŬŰɞɛɐ Űɞɡ ŭɞəɘɛɑɞɡ (ˊɚɎŰɞɠ x ˊɎɢɞɠ) 

ɗ ɖ ɔɤɜɑŬ ˊŮɟɘɏɚɘɝɖɠ Űɤɜ ɘɜɩɜ ɤɠ ˊɟɞɠ ŭɘŮɨɗɡɜůɖ əɎɗŮŰɖ ůŰɖ ŭɘŮɨɗɡɜůɖ Űɖɠ űɧɟŰɘůɖɠ, 

ɗ=35Ü 

ũɘŬ Űɖɜ ŮɨɟŮůɖ Űɞɡ ɛɏŰɟɞɡ ŭɘɎŰɛɖůɖɠ Ὃ  ɐŰŬɜ ŬˊŬɟŬɑŰɖŰɞɠ ɞ ɡˊɞɚɞɔɘůɛɧɠ Űɖɠ ŭɘŬŰɛɖŰɘəɐɠ 

ˊŬɟŬɛɧɟűɤůɖɠ ‎  ůŰɞ ŮˊɑˊŮŭɞ ˊɞɡ ɞɟɑɕɞɡɜ ɞɘ ŮɜɘůɢɡŰɘəɏɠ ɑɜŮɠ (ŮˊɑˊŮŭɞ 12), ɏŰůɘ ɩůŰŮ ɜŬ 

ɛˊɞɟɏůŮɘ ɜŬ ˊŬɟŬɢɗŮɑ Űɞ ŭɘɎɔɟŬɛɛŬ †  - ‎  əŬɘ ɛɏůɤ Űɖɠ əɚɑůɖɠ Űɞɡ ɜŬ ɡˊɞɚɞɔɘůŰŮɑ Űɞ 

ŬɜŰɑůŰɞɘɢɞ ɛɏŰɟɞ. Ƀ ɡˊɞɚɞɔɘůɛɧɠ Űɖɠ ŭɘŬŰɛɖŰɘəɐɠ ˊŬɟŬɛɧɟűɤůɖɠ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɛɏůɤ Űɖɠ 

Ůɝɑůɤůɖɠ (5.3) ˊɞɡ ŬɜŬűɏɟŮŰŬɘ Ŭˊɧ Űɞɜ ɇůɞɨɓŬɚɖ (1998): 

 

‎ ςz ‐ ά ὲzz  ‐ ά ὲzz  ‐ ά ὲ ‐z  (5.3) 
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ȳˊɞɡ, 

m = cos(55) 

n = sin(55) 

‐ ɖ Ŭɝɞɜɘəɐ ˊŬɟŬɛɧɟűɤůɖ ůŰɖɜ ŭɘŮɨɗɡɜůɖ ɉ 

‐ ɖ Ŭɝɞɜɘəɐ ˊŬɟŬɛɧɟűɤůɖ ůŰɖɜ ŭɘŮɨɗɡɜůɖ Ɉ 

‐  ɖ ŭɘŬŰɛɖŰɘəɐ ˊŬɟŬɛɧɟűɤůɖ ůŰɞ ŮˊɑˊŮŭɞ ɉɈ 

‐12 ɖ ŭɘŬŰɛɖŰɘəɐ ˊŬɟŬɛɧɟűɤůɖ ůŰɞ ŮˊɑˊŮŭɞ 12 

 

ũɘŬ Űɘɠ ˊŬɟŬɛɞɟűɩůŮɘɠ ˊɞɡ əŬŰŬɔɟɎűɞɜŰŬɘ Ŭˊɧ ŰŬ ŰɟɑŬ strain gauges ɘůɢɨŮɘ: 

‐ ‐ (5.4) 

‐ ‐ (5.5) 

‐  ά ‐z ὲ ‐z ςz ά ὲzz  ‐  (5.6) 

 

ȳˊɞɡ, 

m = cos(45) 

n = sin(45) 

ɇɘɠ ŮɝɘůɩůŮɘɠ (5.4) ï (5.6) Űɘɠ ɚŬɛɓɎɜɞɡɛŮ Ůˊɑůɖɠ Ŭˊɧ Űɞɜ ɇůɞɨɓŬɚɖ (1998). 

ũɘŬ Űɖɜ Ůɝɑůɤůɖ (5.6) ŬɜŰɘəŬɗɘůŰɩɜŰŬɠ Űɘɠ (5.4) əŬɘ (5.5) ˊɟɞəɨˊŰŮɘ: 

‐
‐ ‐

ς
‐  

(5.7) 

ȷˊɧ Űɖ ůɢɏůɖ (5.7) ŮɑɜŬɘ ŮűɘəŰɧ ɛɏůɤ Űɤɜ ɛŮŰɟɐůŮɤɜ Űɖɠ ŰɟɘŬɝɞɜɘəɐɠ ɟɞɕɏŰŬɠ ɜŬ 

ɛŮŰɟɖɗɞɨɜ ŬˊɞŰŮɚɏůɛŬŰŬ ɔɘŬ Űɖ ŭɘŬŰɛɖŰɘəɐ ˊŬɟŬɛɧɟűɤůɖ ‐ . ɀŮ ŭŮŭɞɛɏɜŮɠ Űɘɠ ŰɟŮɘɠ 

ˊŬɟŬɛɞɟűɩůŮɘɠ ůŰɞ ɔŮɤɛŮŰɟɘəɧ ůɨůŰɖɛŬ Ŭɝɧɜɤɜ ɉɈ, ŮɑɜŬɘ ˊɚɏɞɜ ŮűɘəŰɧ ɛɏůɤ Űɖɠ ůɢɏůɖɠ 

(5.3) ɜŬ ŮɝŬɢɗɞɨɜ ŬˊɞŰŮɚɏůɛŬŰŬ ɔɘŬ Űɖ ŭɘŬŰɛɖŰɘəɐ ˊŬɟŬɛɧɟűɤůɖ ůŰɞ ŮˊɑˊŮŭɞ Űɤɜ ɘɜɩɜ (‎ ). 

Ⱥˊɞɛɏɜɤɠ ɢŬɟɎůůŮŰŬɘ Űɞ ŭɘɎɔɟŬɛɛŬ †  - ‎  ɛɏůɤ Űɞɡ ɞˊɞɑɞɡ ɗŬ ɚɖűɗŮɑ Űɞ ɛɏŰɟɞ 

ŮɚŬůŰɘəɧŰɖŰŬɠ ůŮ ŭɘɎŰɛɖůɖ Ὃ . ɇɞ Ůɨɟɞɠ Űɘɛɩɜ Űɞɡ ŭɘŬɔɟɎɛɛŬŰɞɠ ˊɞɡ ɗŬ ŮɟŮɡɜɖɗŮɑ ŮɑɜŬɘ Ŭˊɧ 
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2000 ɏɤɠ 6000 ɛŮ (microstrains) Űɞ ɞˊɞɑɞ ŬɜŬűɏɟŮŰŬɘ ůŰɖ ŭɘŬŰɛɖŰɘəɐ ˊŬɟŬɛɧɟűɤůɖ ‎ , ůŮ 

ŬɜŰɘůŰɞɘɢɑŬ ɛŮ Űɞ ˊɟɧŰɡˊɞ ASTM D 3518. ɇɞ ůɢɐɛŬ 5.8 ŮɑɜŬɘ ɏɜŬ Űɡˊɘəɧ ŭɘɎɔɟŬɛɛŬ 

ŭɘŬŰɛɖŰɘəɩɜ ŰɎůŮɤɜ ï ŭɘŬŰɛɖŰɘəɩɜ ˊŬɟŬɛɞɟűɩůŮɤɜ əŬɘ ŬɜŬűɏɟŮŰŬɘ ůŰɞ ŭɞəɑɛɘɞ C5_L_1, Űɞ 

ɞˊɞɑɞ ŬˊŮɘəɞɜɑɕŮŰŬɘ ůŰɞ ůɢɐɛŬ 5.9. ũɘŬ Űɖɜ ŮɨɟŮůɖ Űɖɠ Űɘɛɐɠ Űɖɠ əɚɑůɖɠ Űɖɠ ŮɡɗŮɑŬɠ, 

ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɔɟŬɛɛɘəɐ ˊɟɞůɏɔɔɘůɖ Űɖɠ əŬɛˊɨɚɖɠ ɛɏůɤ Űɞɡ ˊɟɞɔɟɎɛɛŬŰɞɠ Excel. ȼ 

ůɡɜɎɟŰɖůɖ ˊɞɡ ŮɝɎɔŮŰŬɘ ŮɑɜŬɘ Űɖɠ ɛɞɟűɐɠ ώ ὥz ὼ ὦ, ɧˊɞɡ ɤɠ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ ůŮ 

ŭɘɎŰɛɖůɖ ɗŮɤɟŮɑŰŬɘ ɖ Űɘɛɐ Űɞɡ a. ɆŰɖ ůɡɜɏɢŮɘŬ ɖ Űɘɛɐ ˊɞɚɚŬˊɚŬůɘɎɕŮŰŬɘ Ůˊɑ ρπ ɏŰůɘ, ɩůŰŮ Űɞ 

ŬˊɞŰɏɚŮůɛŬ ɜŬ ˊɟɞəɨɣŮɘ ůŮ GPa. ɆŮ əɎɗŮ ŭɘɎɔɟŬɛɛŬ ɡˊɞɚɞɔɑůŰɖəŮ Ůˊɑůɖɠ ɞ ůɡɜŰŮɚŮůŰɐɠ 

ˊɟɞůŭɘɞɟɘůɛɞɨ (coefficient of determination) Ὑ, ɩůŰŮ ɜŬ əɟɘɗŮɑ ɖ ŬɝɘɞˊɘůŰɑŬ Űɖɠ ɔɟŬɛɛɘəɐɠ 

ˊɟɞůɏɔɔɘůɖɠ. ɆŮ əɎɗŮ ˊŮɟɑˊŰɤůɖ, ɧˊɤɠ űŬɑɜŮŰŬɘ əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ, ɞ ůɡɜŰŮɚŮůŰɐɠ 

ˊɟɞůŭɘɞɟɘůɛɞɨ ɐŰŬɜ ˊŮɟɑˊɞɡ 0.99, ɔŮɔɞɜɧɠ ˊɞɡ ɡˊɞŭɖɚɩɜŮɘ ŬˊɧɚɡŰɖ ŬɝɘɞˊɘůŰɑŬ Űɖɠ 

ˊɟɞůɏɔɔɘůɖɠ. 

 

Ƀɘ ˊŬɟɎɛŮŰɟɞɘ Űɖɠ ŭɞəɘɛɐɠ ɐŰŬɜ ɞɘ ŬəɧɚɞɡɗŮɠ: 

¶ Ʌɡɗɛɧɠ ɛŮŰŬŰɧˊɘůɖɠ Űɖɠ əŮűŬɚɐɠ Űɖɠ ɛɖɢŬɜɐɠ: 1 mm/min 

¶ ɄɑŮůɖ ůŰɘɠ ŬɟˊɎɔŮɠ: 8-12 MPa 

¶ ɆɡɢɜɧŰɖŰŬ ŭŮɘɔɛŬŰɞɚɖɣɑŬɠ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ: 10 Hz. 

 

 

 

ɆɢɐɛŬ 5.8 ɇɡˊɘəɧ ŭɘɎɔɟŬɛɛŬ ŭɘŬŰɛɖŰɘəɩɜ ŰɎůŮɤɜ-ŭɘŬŰɛɖŰɘəɩɜ ˊŬɟŬɛɞɟűɩůŮɤɜ, Ŭˊɧ Űɞ ɞˊɞɑɞ ŮɝɎɔŮŰŬɘ Űɞ ɛɏŰɟɞ 

ŭɘɎŰɛɖůɖɠ G. 
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5.5. ȷˊɞŰŮɚɏůɛŬŰŬ 

ɆŰɖ ůɡɜɏɢŮɘŬ ɗŬ ˊŬɟŬŰŮɗɞɨɜ ůŮ ɝŮɢɤɟɘůŰɎ ŮŭɎűɘŬ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ŭɞəɘɛɩɜ ɔɘŬ Űɖɜ 

ŮɨɟŮůɖ Űɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ Űɞ ɛɏŰɟɞ ŭɘɎŰɛɖůɖɠ. 

 

5.5.1. ȷˊɞŰŮɚɏůɛŬŰŬ ŭɞəɘɛɩɜ ŮűŮɚəɡůɛɞɨ  

ȷəɞɚɞɡɗŮɑ o ˊɑɜŬəŬɠ 5.2, ůŰɞɜ ɞˊɞɑɞ űŬɑɜɞɜŰŬɘ ŬɜŬɚɡŰɘəɎ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ ɧɚɤɜ Űɤɜ 

ŭɞəɘɛɑɤɜ, Ůɜɩ Ŭəɞɚɞɨɗɤɠ ůŰŬ ůɢɐɛŬŰŬ 5.9-5.11 ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŰŬ ŭɘŬɔɟɎɛɛŬŰŬ ŰɎůŮɤɜ-

ˊŬɟŬɛɞɟűɩůŮɤɜ ɔɘŬ ŰŬ ŭɞəɑɛɘŬ Ŭˊɧ əɎɗŮ əɨɚɘɜŭɟɞ ɢɤɟɘůŰɎ.  

ɄȽɁȷȾȷɆ 5.2 ȷˊɞŰŮɚɏůɛŬŰŬ ŭɞəɘɛɩɜ ŮűŮɚəɡůɛɞɨ ůŰɘɠ 90Á. 

 

 

  

Specimen F2 2ʁmax 2̀max E2

C3-L-D kN ˃ʶ MPa GPa

C3_L_1_D 1.821 1330 14.85 11.0

C3_L_2_D 2.859 2190 23.60 10.8

C3_L_3_D 1.247 981 10.34 11.9

C3_L_4_D 2.501 1943 20.53 10.8

C3_L_5_D 2.054 1595 17.17 10.7

C3_L_6_D 1.499 1075 12.47 10.8

Average 1.997 1519 16.49 11.0

St. Deviation 0.607 481 4.98 0.4

Coef. Of Variation 30.4% 31.7% 30.2% 4.1%

Specimen F2 2ʁmax 2̀max E2

C4-L-D kN ˃ʶ MPa GPa

C4_L_1_D 2.083 1846 16.19 8.3

C4_L_2_D 2.993 3063 24.70 8.1

C4_L_3_D 2.817 2775 21.46 7.8

C4_L_4_D 2.653 2223 20.49 8.5

C4_L_5_D 1.771 1789 13.75 7.7

C4_L_6_D 2.531 2623 19.99 7.6

Average 2.475 2386 19.43 8.0

St. Deviation 0.462 518 3.90 0.3

Coef. Of Variation 18.7% 21.7% 20.1% 4.3%
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ɆɢɐɛŬ 5.9 ȾŬɛˊɨɚŮɠ ŰɎůŮɤɜ-ˊŬɟŬɛɞɟűɩůŮɤɜ, 12Ⱦ, əɎɗŮŰŬ ůŰɘɠ ɑɜŮɠ. 

Specimen F2 2ʁmax 2̀max E2

C7-L-D kN ˃ʶ MPa GPa

C7_L_1_D 5.465 2714 43.99 17.0

C7_L_2_D 5.067 2434 40.40 17.1

C7_L_3_D 1.247 958 9.91 11.4

C7_L_4_D 5.144 2532 40.79 17.0

C7_L_5_D 5.703 2929 46.07 16.1

C7_L_6_D 4.718 2189 37.39 17.4

Average 5.219 2560 41.73 16.9

St. Deviation 0.379 280 3.37 0.5

Coef. Of Variation 7.3% 11.0% 8.1% 2.8%
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ɆɢɐɛŬ 5.10 ȾŬɛˊɨɚŮɠ ŰɎůŮɤɜ-ˊŬɟŬɛɞɟűɩůŮɤɜ, 60Ⱦ, əɎɗŮŰŬ ůŰɘɠ ɑɜŮɠ. 

 

 

ɆɢɐɛŬ 5.11 ȾŬɛˊɨɚŮɠ ŰɎůŮɤɜ-ˊŬɟŬɛɞɟűɩůŮɤɜ, Glass, əɎɗŮŰŬ ůŰɘɠ ɑɜŮɠ. 
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ɄŬɟŬŰɖɟɐůŮɘɠ 

ũŮɜɘəɎ ɞɘ ɛŮŰɟɐůŮɘɠ űŬɑɜŮŰŬɘ ɜŬ ɏɢɞɡɜ əŬɚɐ ŮˊŬɜŬɚɖɣɘɛɧŰɖŰŬ ɛŮ Űɞɜ ůɡɜŰŮɚŮůŰɐ 

ŭɘŬəɨɛŬɜůɖɠ (coefficient of variation) ɜŬ ŮɑɜŬɘ əɎŰɤ Ŭˊɧ 5%, ɔŮɔɞɜɧɠ ˊɞɡ əŬɗɘůŰɎ ŰŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ ŬɝɘɧˊɘůŰŬ. ȼ ŰɎůɖ ɗɟŬɨůɖɠ əŬɘ ɖ ɛɏɔɘůŰɖ ˊŬɟŬɛɧɟűɤůɖ ˊŬɟɞɡůɘɎɕɞɡɜ ŬɟəŮŰɎ 

ɛŮɔɎɚɖ ŭɘŬůˊɞɟɎ, ɔŮɔɞɜɧɠ ůɨɜɖɗŮɠ Ŭˊɧ ɓɘɓɚɘɞɔɟŬűɘəɏɠ ŬɜŬűɞɟɏɠ. ȼ ɛŮŰɟɐůŮɘɠ ɔɘŬ Űɞ ŭɞəɑɛɘɞ 

C7-L-3-D ŭŮɜ ůɡɛˊŮɟɘɚŬɛɓɎɜɞɜŰŬɘ ůŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ, əŬɗɩɠ ɏůˊŬůŮ ůŮ ˊɞɚɨ ɢŬɛɖɚɐ ŰɎůɖ.  

ȳůɞɜ ŬűɞɟɎ ůŰɘɠ ɛɖɢŬɜɘəɏɠ Űɞɡɠ ɘŭɘɧŰɖŰŮɠ, ŰŬ ŭɞəɑɛɘŬ Ŭˊɧ Űɞ ɡɚɘəɧ Űɡɚɘɔɛɏɜɞ ɛŮ ɑɜŮɠ 

ɎɜɗɟŬəŬ 12Ⱦ ˊŬɟɞɡůɘɎɕɞɡɜ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ  ῴ=11.0 GPa  əŬɘ ɛɏɔɘůŰɖ ŰɎůɖ ɗɟŬɨůɖɠ 

„ =16.49 MPa. ɇɞ ůɨɜɗŮŰɞ ɡɚɘəɧ Ŭˊɧ ɑɜŮɠ ɎɜɗɟŬəŬ 60Ⱦ ˊŬɟɞɡůɘɎɕŮɘ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ  

ῴ=8.0 GPa  əŬɘ ɛɏɔɘůŰɖ ŰɎůɖ ɗɟŬɨůɖɠ „ =19.43 MPa. ɇɞ ůɨɜɗŮŰɞ Ŭˊɧ ɑɜŮɠ ɔɡŬɚɘɞɨ 

ˊŬɟɞɡůɘɎɕŮɘ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ  ῴ=16.9 GPa  əŬɘ ɛɏɔɘůŰɖ ŰɎůɖ ɗɟŬɨůɖɠ „ =41.73 

MPa. ȼ Űɘɛɐ Űɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ ɔɘŬ ɧɚŬ ŰŬ ɡɚɘəɎ ŮɑɜŬɘ ɢŬɛɖɚɐ, ɧˊɤɠ ŬɜŬɛŮɜɧŰŬɜ, Ŭűɞɨ 

ɖ ůɡɔəŮəɟɘɛɏɜɖ ɘŭɘɧŰɖŰŬ ŮɝŬɟŰɎŰŬɘ əŬŰɎ əɨɟɘɞ ɚɧɔɞ Ŭˊɧ Űɘɠ ɘŭɘɧŰɖŰŮɠ Űɖɠ ɟɖŰɑɜɖɠ, ɞɘ ɞˊɞɑŮɠ 

ŮɑɜŬɘ ůɖɛŬɜŰɘəɎ ɢŬɛɖɚɧŰŮɟŮɠ Ŭˊɧ ŬɡŰɏɠ Űɖɠ Ůɜɑůɢɡůɖɠ. ȷɘůɗɖŰɎ ɛŮɔŬɚɨŰŮɟɖ ŮɑɜŬɘ ɖ Űɘɛɐ Űɞɡ 

ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ Űɖɠ ŰɎůɖɠ ɗɟŬɨůɖɠ ɧůɞɜ ŬűɞɟɎ ůŰɞɜ əɨɚɘɜŭɟɞ 7, ɞ ɞˊɞɑɞɠ 

ŮɜɘůɢɨɗɖəŮ ɛŮ ɑɜŮɠ ɔɡŬɚɘɞɨ. ɆŮ əɎɗŮ ˊŮɟɑˊŰɤůɖ, ɞɘ Űɘɛɏɠ ŮɑɜŬɘ ˊŬɟɧɛɞɘŮɠ ɛŮ Űɘɠ ŬɜŰɑůŰɞɘɢŮɠ 

Űɡˊɘəɏɠ Űɘɛɏɠ ˊɞɡ ůɡɜŬɜŰɩɜŰŬɘ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ (Hamed, Hamdan, Sahari, & Sapuan, 2008). 

 

5.5.2. ȷˊɞŰŮɚɏůɛŬŰŬ ŭɞəɘɛɩɜ ŭɘɎŰɛɖůɖɠ 

ȷəɞɚɞɡɗŮɑ o ˊɑɜŬəŬɠ 5.3, ůŰɞɜ ɞˊɞɑɞ űŬɑɜɞɜŰŬɘ ŬɜŬɚɡŰɘəɎ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ ɧɚɤɜ Űɤɜ 

ŭɞəɘɛɑɤɜ, Ůɜɩ Ŭəɞɚɞɨɗɤɠ ůŰŬ ůɢɐɛŬŰŬ 5.12-5.15 ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŰŬ ŭɘŬɔɟɎɛɛŬŰŬ ŰɎůŮɤɜ-

ˊŬɟŬɛɞɟűɩůŮɤɜ ɔɘŬ Űɞɜ əɎɗŮ əɨɚɘɜŭɟɞ ɢɤɟɘůŰɎ.  

ɄȽɁȷȾȷɆ 5.3 ȷˊɞŰŮɚɏůɛŬŰŬ ŭɞəɘɛɩɜ ŮűŮɚəɡůɛɞɨ ůŰɘɠ Ñ 55Á. 

 

Specimen F 1̱2 G12

C5-L-D kN MPa GPa

C5_L_1_D 7.09 27.91 3.5

C5_L_2_D 7.45 29.91 3.7

C5_L_3_D 7.62 33.08 4.1

C5_L_4_D 7.44 32.68 4.1

C5_L_5_D 7.65 33.14 4.1

C5_L_6_D 7.46 33.07 4.1

Average 7.45 31.63 4.0

St. Deviation 0.20 2.21 0.3

Coef. Of Variation 2.7% 7.0% 7.2%
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Specimen F 1̱2 G12

C6-L-D kN MPa GPa

C6_L_1_D 8.15 30.62 3.5

C6_L_2_D 8.19 28.73 3.4

C6_L_3_D 7.94 27.40 3.2

C6_L_4_D 7.98 28.61 3.3

C6_L_5_D 7.93 30.81 3.7

C5_L_6_D 8.00 31.22 3.4

Average 8.03 29.56 3.4

St. Deviation 0.11 1.53 0.2

Coef. Of Variation 1.4% 5.2% 5.0%

Specimen F 1̱2 G12

C8-L-D kN MPa GPa

C8_L_1_D 9.39 33.73 3.8

C8_L_2_D 9.16 31.41 3.6

C8_L_3_D 9.43 35.34 3.9

C8_L_4_D 9.50 35.01 4.0

C8_L_5_D 9.39 34.94 4.0

C8_L_6_D 9.66 36.84 4.0

Average 9.42 34.55 3.9

St. Deviation 0.16 1.83 0.2

Coef. Of Variation 1.7% 5.3% 4.5%
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ɆɢɐɛŬ 5.12 ȾŬɛˊɨɚŮɠ ŰɎůŮɤɜ-ˊŬɟŬɛɞɟűɩůŮɤɜ, 12Ⱦ. 

 

 

ɆɢɐɛŬ 5.13 ȾŬɛˊɨɚŮɠ ŰɎůŮɤɜ-ˊŬɟŬɛɞɟűɩůŮɤɜ, 60Ⱦ. 



 

 78 

 

ɆɢɐɛŬ 5.14 ȾŬɛˊɨɚŮɠ ŰɎůŮɤɜ-ˊŬɟŬɛɞɟűɩůŮɤɜ, glass fibers. 

 

ɄŬɟŬŰɖɟɐůŮɘɠ 

ɆŰɞɜ ˊɑɜŬəŬ 5.3 ˊŬɟŬŰɖɟŮɑŰŬɘ əŬɚɐ ŮˊŬɜŬɚɖɣɘɛɧŰɖŰŬ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ  Űɤɜ ɛŮŰɟɐůŮɤɜ, 

ŮəŰɧɠ ɑůɤɠ Ŭˊɧ Űɞɜ əɨɚɘɜŭɟɞ 5 ɞ ɞˊɞɑɞɠ ŮɛűŬɜɑɕŮɘ ůɡɜŰŮɚŮůŰɐ ŭɘŬəɨɛŬɜůɖɠ (coefficient of 

variation) əɞɜŰɎ ůŰɞ 7% ɔɘŬ Űɞ ɛɏŰɟɞ ŭɘɎŰɛɖůɖɠ Ὃ . Ⱥˊɑůɖɠ ůŰŬ ɔɟŬűɐɛŬŰŬ əɡɟɑɤɠ Űɤɜ 

əɡɚɑɜŭɟɤɜ 6 əŬɘ 8, ˊŬɟŬŰɖɟɞɨɜŰŬɘ ɛŮɟɘəɏɠ ŬˊɧŰɞɛŮɠ ŬɚɚŬɔɏɠ əɚɑůɖɠ Űɖɠ əŬɛˊɨɚɖɠ, ɧɤ́ɠ 

ŮəŮɑɜŮɠ Űɤɜ ŭɞəɘɛɑɤɜ C6-L-6-D əŬɘ C8-L-6-D. ȷɡŰɧ ŮɜŭɏɢŮŰŬɘ ɜŬ ɞűŮɑɚŮŰŬɘ ůŰɖɜ Ŭˊɞəɧɚɚɖůɖ 

ůŰɟɩůŮɤɜ ůŮ ůɢŮŰɘəɎ ɛŮɔɎɚɖ ŮˊɘűɎɜŮɘŬ əɞɜŰɎ ůŰɞ ůɖɛŮɑɞ ŬůŰɞɢɑŬɠ, ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ŬɚɚɎɕŮɘ 

ŬˊɧŰɞɛŬ ɖ ɛŮŰɟɞɨɛŮɜɖ ˊŬɟŬɛɧɟűɤůɖ. 

ȺɜŭɘŬűɏɟɞɜ ˊŬɟɞɡůɘɎɕŮɘ ɞ Űɟɧˊɞɠ ŬůŰɞɢɑŬɠ Űɤɜ ŭɞəɘɛɑɤɜ ɖ ɞˊɞɑŬ ŮˊɏɟɢŮŰŬɘ ɤɠ Űɞɛɐ 

ˊŬɟɎɚɚɖɚŬ ůŰɘɠ ɑɜŮɠ Ůɜɑůɢɡůɖɠ, ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰŬ ůɢɐɛŬŰŬ 5.15 əŬɘ 5.16. ɇɞ ɔŮɔɞɜɧɠ ŬɡŰɧ 

ɡˊɞŭŮɘəɜɨŮɘ ˊɤɠ ɧɚŬ ŰŬ ŭɞəɑɛɘŬ ŬůŰɧɢɖůŬɜ ɚɧɔɤ ŭɘɎŰɛɖůɖɠ. Ⱥˊɑůɖɠ Ŭˊɧ Űɖɜ ɞˊŰɘəɐ 

ˊŬɟŬŰɐɟɖůɖ əŬŰŬɚŬɓŬɑɜɞɡɛŮ ˊɤɠ ɖ ŬůŰɞɢɑŬ ůɡɛɓŬɑɜŮɘ ɛŮ Ŭˊɞəɧɚɚɖůɖ Űɤɜ ůŰɟɩůŮɤɜ 

(delamination), ɧˊɤɠ űŬɑɜŮŰŬɘ əŬɘ ůŰɖ ŭŮɝɘɎ űɤŰɞɔɟŬűɑŬ Űɞɡ ůɢɐɛŬŰɞɠ 5.15. 
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ɆɢɐɛŬ 5.15 ȷůŰɞɢɑŬ ŭɞəɘɛɑɤɜ carbon fiber ɛŮ ɔɤɜɑŬ ˊŮɟɘɏɚɘɝɖɠ Ñ 55Á, ɡˊɧ ŮűŮɚəɡůŰɘəɧ űɞɟŰɑɞ. ȷɟɘůŰŮɟɎ űŬɑɜŮŰŬɘ ɖ 

ɧɣɖ əɎɗŮŰŬ ůŰɘɠ ɑɜŮɠ Ŭˊɧ Űɖɜ ŮůɤŰŮɟɘəɐ ŮˊɘűɎɜŮɘŬ Űɞɡ əɡɚɑɜŭɟɞɡ əŬɘ ŭŮɝɘɎ ɖ ɧɣɖ Űɞɡ ˊɎɢɞɡɠ Űɞɡ əɡɚɑɜŭɟɞɡ. 

 

ɆɢɐɛŬ 5.16 ȷůŰɞɢɑŬ ŭɞəɘɛɑɤɜ glass fiber ɛŮ ɔɤɜɑŬ ˊŮɟɘɏɚɘɝɖɠ Ñ 55Á, ɡˊɧ ŮűŮɚəɡůŰɘəɧ űɞɟŰɑɞ. 
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6. ȹɃȾȽɀȼ ȹȽȷȽɅɃɈɀȺɁɃɈ ȹȽɆȾɃɈ  

 

6.1. Ɇəɞˊɧɠ 

Ɇəɞˊɧɠ ŬɡŰɐɠ Űɖɠ ůŮɘɟɎɠ ŭɞəɘɛɩɜ ŮɑɜŬɘ ɞ ˊɟɞůŭɘɞɟɘůɛɧɠ Űɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ ῴ əŬɘ 

Űɖɠ ŰɎůɖɠ ɗɟŬɨůɖɠ „ , ɛɏůɤ Ɏůəɖůɖɠ ŮůɤŰŮɟɘəɐɠ űɧɟŰɘůɖɠ ůŮ ŭŬəŰɡɚɘɞŮɘŭɐ ŭɞəɑɛɘŬ. 

 

6.2. ũŮɤɛŮŰɟɑŬ ŭɞəɘɛɑɤɜ 

Ƀɘ ŭɞəɘɛɏɠ ŮəŰŮɚɏůŰɖəŬɜ ůɨɛűɤɜŬ ɛŮ Űɖɜ ˊŮɘɟŬɛŬŰɘəɐ ŭɘɎŰŬɝɖ ˊɞɡ ɞɟɑɕŮɘ Űɞ ˊɟɧŰɡˊɞ 

ASTM D2290, Űɡˊɘəɐ ŭɘɎŰŬɝɖ Űɖɠ ɞˊɞɑŬɠ ŬˊŮɘəɞɜɑɕŮŰŬɘ ůŰŬ ůɢɐɛŬŰŬ 6.1 əŬɘ 6.2. ũɘŬ Űɘɠ 

ŭɞəɘɛɏɠ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ŭŬəŰɡɚɘɞŮɘŭɐ ŭɞəɑɛɘŬ Űɖɠ ůŮɘɟɎɠ ȸ&ɇ əŬɘ FIXO3. 

.  

ɆɢɐɛŬ 6.1 ɇɡˊɘəɐ ŭɘɎŰŬɝɖ ˊɟɞŰɨˊɞɡ ASTM D2290. 

 

ɆɢɐɛŬ 6.2 ȹɘɎŰŬɝɖ ȺɟɔŬůŰɖɟɑɞɡ ɁŬɡˊɖɔɘəɐɠ ɇŮɢɜɞɚɞɔɑŬɠ Ⱥ.ɀ.Ʉ. 
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ũɘŬ Űɖ ůŮɘɟɎ FIXO3 ɞɘ ŭŬəŰɨɚɘɞɘ əɧˊɖəŬɜ Ŭˊɧ Űɞɡɠ əɡɚɑɜŭɟɞɡɠ 3 (12Ⱦ), 4 (60Ⱦ) əŬɘ 7 

(Glass), ɞɘ ɞˊɞɑɞɘ ɏɢɞɡɜ əŬŰŬůəŮɡŬůŰŮɑ ɛŮ ɔɤɜɑŬ ˊŮɟɘɏɚɘɝɖɠ ɘɜɩɜ 90Á. Ƀɘ əɨɚɘɜŭɟɞɘ ŮɑɢŬɜ 

ŮůɤŰŮɟɘəɐ ŭɘɎɛŮŰɟɞ Ὀ=100 mm əŬɘ ɞɜɞɛŬůŰɘəɧ ˊɎɢɞɠ 5 mm. ɇŬ ŭɞəɑɛɘŬ əɧˊɖəŬɜ əŬŰɎ 

ŭɘŮɨɗɡɜůɖ əɎɗŮŰɖ ůŰɞɜ ɎɝɞɜŬ Űɞɡ əɡɚɑɜŭɟɞɡ, ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ ůɢɐɛŬ 6.3. ɇɞ ɞɜɞɛŬůŰɘəɧ 

ˊɚɎŰɞɠ Űɞɡ əɎɗŮ ŭɞəɘɛɑɞɡ ŮɑɜŬɘ 25 mm, Ůɜɩ ůɡɜɞɚɘəɎ ɔɘŬ Űɘɠ ŭɞəɘɛɏɠ əɧˊɖəŬɜ 6 ŭɞəɑɛɘŬ Ŭˊɧ 

əɎɗŮ əɨɚɘɜŭɟɞ. 

 

ɆɢɐɛŬ 6.3 ɆəŬɟɑűɖɛŬ ŭɞəɘɛɑɤɜ (əɧəəɘɜɞ ɢɟɩɛŬ) əɞɛɛɏɜŬ əŬŰɎ Űɞ ŮɔəɎɟůɘɞ ŮˊɑˊŮŭɞ Űɞɡ əɡɚɑɜŭɟɞɡ. 

ũɘŬ Űɖɜ ůŮɘɟɎ B&T ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ŭŬəŰɨɚɘɞɘ əɞɛɛɏɜɞɘ ɐŭɖ Ŭˊɧ Űɖɜ ŮŰŬɘɟɑŬ B&T 

Composites ůŮ ŭɘɎűɞɟŮɠ ŭɘŬůŰɎůŮɘɠ əŬɘ ɛŮɔɏɗɖ. Ƀɘ ŭɘŬűɞɟŮŰɘəɏɠ ŭɘŬůŰɎůŮɘɠ Űɤɜ ŭŬəŰɡɚɑɤɜ 

ŬɡŰɩɜ ŮəŰɘɛɩɜŰŬɘ ɤɠ ˊŬɟɎɛŮŰɟɞɘ ˊɞɡ ŮˊɖɟŮɎɕɞɡɜ Űɘɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ɡˊɧ ŮɝɏŰŬůɖ 

ɡɚɘəɩɜ. Ƀɘ ŭŬəŰɨɚɘɞɘ ŮɑɢŬɜ ŮůɤŰŮɟɘəɐ ŭɘɎɛŮŰɟɞ 200, 150 əŬɘ 100 mm, ˊɎɢɞɠ 2 əŬɘ 1 mm əŬɘ 

ˊɚɎŰɞɠ 10 mm, ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ ůɢɐɛŬ 6.4. ȼ ɞɜɞɛŬŰɞɚɞɔɑŬ ɓɞɖɗɎŮɘ ůŰɖɜ əŬɚɨŰŮɟɖ 

əŬŰŬɜɧɖůɖ Űɤɜ ŭɘŬůŰɎůŮɤɜ Űɞɡ əɎɗŮ ŭɞəɘɛɑɞɡ. ũɘŬ Űɘɠ ŭɞəɘɛɏɠ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ 5 ŭɞəɑɛɘŬ 

Ŭˊɧ əɎɗŮ ɞɛɎŭŬ ɧɛɞɘɤɜ ŭŬəŰɡɚɑɤɜ, əŬɗɩɠ əŬɘ 1 Ŭˊɧ əɎɗŮ ɞɛɎŭŬ ɔɘŬ Űɖ ɛɏŰɟɖůɖ 

ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ůŮ ɑɜŮɠ ɎɜɗɟŬəŬ (ɓɚ. ȾŮűɎɚŬɘɞ 4). 

 

ɆɢɐɛŬ 6.4 ũŮɜɘəɐ ɧɣɖ Űɤɜ ŭɞəɘɛɑɤɜ ŰŬɝɘɜɞɛɖɛɏɜɤɜ ůŮ ɞɛɎŭŮɠ ɛŮ ɓɎůɖ ŰŬ ɔŮɤɛŮŰɟɘəɎ əŬɘ əŬŰŬůəŮɡŬůŰɘəɎ Űɞɡɠ 

ɢŬɟŬəŰɖɟɘůŰɘəɎ. 
















































































































































