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ɄȺɅȽȿȼɊȼ 

ɆŰɖɜ ˊŬɟɞɨůŬ ɛŮŰŬˊŰɡɢɘŬəɐ ŮɟɔŬůɑŬ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖɜ ɗŮɤɟɑŬ 

ŮɚŬůŰɘəɧŰɖŰŬɠ, ŬɜŬˊŰɨɢɗɖəŬɜ ɗŮɤɟɖŰɘəɏɠ ŮəűɟɎůŮɘɠ ɔɘŬ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɤɜ 

ůŰŬŰɘəɩɜ əŬɘ ŭɡɜŬɛɘəɩɜ ŮɚŬůŰɘəɩɜ ůŰŬɗŮɟɩɜ Ůɜɧɠ ɘɜɩŭɞɡɠ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ ɛɞɜɐɠ 

ŭɘŮɡɗɨɜůŮɤɠ. Ⱥˊɑůɖɠ ɔɘŬ Űɖɜ ˊɟɧɓɚŮɣɖ ŬɡŰɩɜ Űɤɜ ůŰŬɗŮɟɩɜ, ŬɜŬˊŰɨɢɗɖəŬɜ ɛŮ Űɖɜ 

ɛɏɗɞŭɞ Űɤɜ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ ŰŬ ŬɜŰɑůŰɞɘɢŬ ɡˊɞɚɞɔɘůŰɘəɎ ɛɞɜŰɏɚŬ (ɛɏůɤ Űɞɡ 

Ůɛˊɞɟɘəɞɨ ˊɟɞɔɟɎɛɛŬŰɞɠ ANSYS 19). 

ũɘŬ Űɖɜ ŬɜɎˊŰɡɝɖ Űɞɡ ɛɞɜŰɏɚɞɡ ŮɜůŰŮɟɜɘůŰɐəŬɛŮ Űɖɜ ɗŮɩɟɖůɖ Űɖɠ ŮɜŭɘŬɛɏůɞɡ 

űɎůŮɤɠ ŬɜɎɛŮůŬ ůŰɘɠ ɑɜŮɠ əŬɘ Űɖ ɛɐŰɟŬ. ɉɟɖůɘɛɞˊɞɘɐůŬɛŮ ɏɜŬ əɡɚɘɜŭɟɘəɧ 

ŮˊŰŬűŬůɘəɧ ɛɞɜŰɏɚɞ ɧˊɞɡ Űɞ ůɨɜɗŮŰɞ ɡɚɘəɧ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŮˊŰɎ űɎůŮɘɠ. ȼ 

ŬɚɚɖɚɞɡɢɑŬ Űɤɜ űɎůŮɤɜ Űɞɡ ɛɞɜŰɏɚɞɡ ɛŬɠ ɐŰŬɜ ɑɜŬ-ŮɜŭɘɎɛŮůɖ űɎůɖ-ɛɐŰɟŬ-

ŮɜŭɘɎɛŮůɖ űɎůɖ-ɑɜŬ-ŮɜŭɘɎɛŮůɖ űɎůɖ-ɛɐŰɟŬ. ȼ ŮɜŭɘɎɛŮůɖ űɎůɖ ŮɑɜŬɘ Űɞ ŰɛɐɛŬ Űɖɠ 

ˊɞɚɡɛŮɟɘəɐɠ ɛɐŰɟŬɠ ˊɞɡ ɔŮɘŰɜɘɎɕŮɘ ɛŮ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɖɠ ɑɜŬɠ. ŪŮɤɟɐůŬɛŮ ɧŰɘ ɖ 

ŮɜŭɘɎɛŮůɖ űɎůɖ ŮɑɜŬɘ ŬɜɞɛɞɘɞɔŮɜɐɠ, ɛŮ ůɡɜŮɢɩɠ ɛŮŰŬɓŬɚɚɧɛŮɜŮɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ 

əŬŰɎ Űɖɜ ŬəŰɘɜɘəɐ əŬŰŮɨɗɡɜůɖ Űɞɡ ɛɞɜŰɏɚɞɡ. 

ũɘŬ Űɞɜ ˊɟɞůŭɘɞɟɘůɛɧ Űɤɜ ŮɚŬůŰɘəɩɜ ůŰŬɗŮɟɩɜ Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ ɗŮɤɟɐůŬɛŮ 

ɧŰɘ ɞɘ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɖɠ ŮɜŭɘŬɛɏůɞɡ űɎůɖɠ Ŭəɞɚɞɡɗɞɨɜ Űɞɜ ɜɧɛɞ Űɖɠ 

ˊŬɟŬɓɞɚɘəɐɠ ɛŮŰŬɓɞɚɐɠ. 

ȷɟɢɘəɎ ɡˊɞɚɞɔɑůŬɛŮ Űɘɠ ůŰŬŰɘəɏɠ ŮɚŬůŰɘəɏɠ ůŰŬɗŮɟɏɠ ɔɘŬ ŭɘŬűɞɟŮŰɘəɏɠ 

ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ ůŮ ɏɔəɚŮɘůɛŬ əŬɘ ůŰɖɜ ůɡɜɏɢŮɘŬ  ůɡɔəɟɑɜŬɛŮ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ ŬɡŰɎ 

ɛŮ ŮəŮɑɜŬ Ɏɚɚɤɜ ŮɟŮɡɜɖŰɩɜ əŬɗɩɠ əŬɘ ɛŮ ŰŬ ɡűɘůŰɎɛŮɜŬ  ˊŮɘɟŬɛŬŰɘəɎ ŭŮŭɞɛɏɜŬ.  

 ȾŬŰɧˊɘɜ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖɜ Ŭɟɢɐ Űɖɠ ŬɜŰɘůŰɞɘɢɑŬɠ Űɞɡ Hashin, ɛŮɚŮŰɐůŬɛŮ 

Űɖɜ ɘɝɤŭɞŮɚŬůŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ ɛɞɜŰɏɚɞɡ ɔɘŬ ůɡɔəŮəɟɘɛɏɜŮɠ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ ůŮ 

ɏɔəɚŮɘůɛŬ, ˊɟɞůŭɘɞɟɑɕɞɜŰŬɠ ůŰɘɠ ŭɡɜŬɛɘəɏɠ ŮɚŬůŰɘəɏɠ ůŰŬɗŮɟɏɠ, ŬəɧɛŬ əŬɘ ůŮ 

ŭɘŬűɞɟŮŰɘəɏɠ ɔɤɜɑŮɠ űɧɟŰɘůɖɠ ůŮ ůɢɏůɖ ɛŮ Űɘɠ ɑɜŮɠ. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ ŬɡŰɎ ŰŬ 

ůɡɔəɟɑɜŬɛŮ ɛŮ ŰŬ ŭɘŬɗɏůɘɛŬ ˊŮɘɟŬɛŬŰɘəɎ ŭŮŭɞɛɏɜŬ. 

ɇɏɚɞɠ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ ˊɞɡ ŮɝɐɢɗɖůŬɜ ɛŮ Űɖɜ  ɛɏɗɞŭɞ Űɤɜ ˊŮˊŮɟŬůɛɏɜɤɜ 

ůŰɞɘɢŮɑɤɜ ůɡɔəɟɑɗɖəŬɜ ɛŮ Űɘɠ ŬɜŰɑůŰɞɘɢŮɠ Űɘɛɏɠ Űɤɜ ɗŮɤɟɖŰɘəɩɜ ɛɞɜŰɏɚɤɜ ɧˊɤɠ 

Ůˊɑůɖɠ əŬɘ ɛŮ ŰŬ ŬɜŰɑůŰɞɘɢŬ ˊŮɘɟŬɛŬŰɘəɎ ŭŮŭɞɛɏɜŬ.  

ɆɡɜɞɣɑɕɞɜŰŬɠ, ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ ˊɞɡ ˊɟɞɏəɡɣŬɜ, Űɧůɞ Ŭˊɧ ŰŬ ɗŮɤɟɖŰɘəɎ ɧůɞ əŬɘ 

ŰŬ ɡˊɞɚɞɔɘůŰɘəɎ ɛɞɜŰɏɚŬ, ɛˊɞɟɞɨɜ ɜŬ ɗŮɤɟɖɗɞɨɜ ɘəŬɜɞˊɞɘɖŰɘəɎ Ŭűɞɨ ˊɟɞůŮɔɔɑɕɞɡɜ 

ɛŮ əŬɚɐ ŬəɟɑɓŮɘŬ ŰŬ ˊŮɘɟŬɛŬŰɘəɎ ŭŮŭɞɛɏɜŬ. 
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ABSTRACT 

In this postgraduate thesis using the theory of elasticity, theoretical expressions 

have been developed to calculate the static and dynamic elastic constants of a one-way 

fiber-reinforced composite material. Also for predicting these constants, the 

corresponding computational models were developed using the finite element analysis 

method (via the ANSYS 19 program). 

For the development of the model we have adopted the theory of the intermediate 

phase (interphase) between the fibers and the matrix. We used a cylindrical seven-phase 

model where the composite material consists of seven phases. The sequence of the 

phases of our model was fiber-interphase-matrix-interphase-phase-fiber-interphase-

matrix. The interphase is the portion of the polymeric matrix adjacent to the fiber 

surface. We considered the interphase to be heterogeneous with constantly changing 

mechanical properties in the radial direction of the model. 

For the determination of the elastic constants of the composite material, we 

considered that the mechanical properties of the interphase follow the law of parabolic 

change. 

We first calculated the static elastic constants for different fiber content and then 

compared these results with those of other researchers as well as with existing 

experimental data. 

ɇhen using the Hashin principle, we studied the viscoelastic behavior of the model 

for specific fiber contents and determining the dynamic elastic constants, even at 

different loading angles relative to the fibers. We compared these results with the 

available experimental data. 

 Finally, the results obtained by the finite element method were compared with 

the corresponding values of the theoretical models as well as with the corresponding 

experimental data. 

 Summarizing, results of both the theoretical and the computational models can 

be considered satisfactory as they approximate the experimental data with good 

accuracy. 
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ȾȺūȷȿȷȽɃ 1: ȺȽɆȷũɋũȼ 

1.1  ɃɅȽɆɀɃɆ ɆɈɁŪȺɇɋɁ ɈȿȽȾɋɁ  

ũɘŬ ɏɜŬ ůɨůŰɖɛŬ ɞ ɧɟɞɠ  ñůɨɜɗŮŰɞ ɡɚɘəɧò 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).  

ɇɘɠ ˊŮɟɘůůɧŰŮɟŮɠ űɞɟɏɠ Űɞ ɏɜŬ Ůə' Űɤɜ ŭɨɞ ŭɘŬəɟɘŰɩɜ ɡɚɘəɩɜ çˊŬɑɕŮɘè Űɞ ɟɧɚɞ 

Űɖɠ Ůɜɑůɢɡůɖɠ əŬɘ əŬɚŮɑŰŬɘ ɏɔəɚŮɘůɛŬ, ˊɟɞůŭɑŭɞɜŰŬɠ ůŰɞ ůɨɜɗŮŰɞ ɡɚɘəɧ ɓŮɚŰɘɤɛɏɜŮɠ 

ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ,  Ůɜɩ Űɞ Ɏɚɚɞ ɡɚɘəɧ çˊŬɑɕŮɘè ůɡɜŭŮŰɘəɧ ɟɧɚɞ əŬɘ əŬɚŮɑŰŬɘ ɛɐŰɟŬ. 

ɇɞ ŰŮɚŮɡŰŬɑɞ ŮɑɜŬɘ ůɡɜɐɗɤɠ ɢŬɛɖɚɐɠ ˊɡəɜɧŰɖŰŬɠ. ȼ  ůɡɛɛŮŰɞɢɐ Űɖɠ ɛɐŰɟŬɠ ůŰɞ 

ůɨɜɗŮŰɞ ŮɝŬůűŬɚɑɕŮɘ Űɖ ɛɏɔɘůŰɖ ŭɡɜŬŰɐ ŮəɛŮŰɎɚɚŮɡůɖ Űɤɜ ɘŭɘɞŰɐŰɤɜ Űɞɡ 

ŮɔəɚŮɑůɛŬŰɞɠ. 

ũɘŬ ɜŬ əŬŰŬŰŬɢɗŮɑ ɏɜŬ ɡɚɘəɧ ůŰɖɜ əŬŰɖɔɞɟɑŬ Űɤɜ ůɨɜɗŮŰɤɜ, ɗŬ ŬəɞɚɞɡɗŮɑŰŬɘ ɞ 

Ůɝɐɠ əŬɜɧɜŬɠ: ɇɞ ɡɚɘəɧ ˊɟɏˊŮɘ ɜŬ ˊɟɞəɨˊŰŮɘ ɤɠ ůɡɜŭɡŬůɛɧɠ ůɡůŰŬŰɘəɩɜ ɛŮɟɩɜ, ůŰŬ 

ɞˊɞɑŬ ɞɘ ɘŭɘɧŰɖŰŮɠ Űɞɡ Ůɜɧɠ Ŭˊɧ ŰŬ ɛɏɟɖ ŬɡŰɎ ɜŬ ŮɑɜŬɘ ůɖɛŬɜŰɘəɎ ɛŮɔŬɚɨŰŮɟŮɠ Ŭˊɧ Űɞɡ 

Ɏɚɚɞɡ (ŰɞɡɚɎɢɘůŰɞɜ 5ˊɚɎůɘŮɠ ) əŬɘ ɖ əŬŰô ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɞɡ Ůɜɧɠ ŮɑɜŬɘ 

ɛŮɔŬɚɨŰŮɟɖ Ŭˊɧ 10%.  

ɆŰɞ ˊŬɟŬəɎŰɤ ůɢɐɛŬ ˊŬɟɞɡůɘɎɕŮŰŬɘ ɞ ůɡɜŭɡŬůɛɧɠ ŬɜɎ ŭɨɞ Űɤɜ ɓŬůɘəɩɜ 

ɞɘəɞɔŮɜŮɘɩɜ ɡɚɘəɩɜ (ɛŮŰŬɚɚɘəɎ, ˊɞɚɡɛŮɟɘəɎ əŬɘ əŮɟŬɛɘəɎ ɡɚɘəɎ ) əŬɘ ɞɘ Űɨˊɞɘ 

ůɡɜɗɏŰɤɜ ˊɞɡ ˊɟɞəɨˊŰɞɡɜ . 

 

                                          

                                                         
ȺɘəɧɜŬ 1.1 ȾŬŰɖɔɞɟɑŮɠ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ 
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1.2 ȽɆɇɃɅȽȾȼ ȺɂȺȿȽɂȼ ɆɈɁŪȺɇɋɁ ɈȿȽȾɋɁ 

ȷˊɧ ŬɟɢŬɘɞŰɎŰɤɜ ɢɟɧɜɤɜ ŭɘŬűɎɜɖəŮ ɖ ɢɟɐůɖ əŬɘ ɖ Ůɝɏɚɘɝɖ Ŭˊɧ Űɞɜ Ɏɜɗɟɤˊɞ 

Űɤɜ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ. ɆŰɖ ȸɑɓɚɞ ŬɜŬɔɟɎűŮŰŬɘ ɧŰɘ ɞɘ ȺɓɟŬɑɞɘ ɢɟɖůɘɛɞˊɞɑɖůŬɜ Ɏɢɡɟɞ 

ɔɘŬ ɜŬ ŭɩůɞɡɜ ɛŮɔŬɚɨŰŮɟɖ ŬɜŰɞɢɐ ůŰŬ ˊɚɘɜɗɧŰɞɡɓɚŬ. Ƀɘ ȷɘɔɨˊŰɘɞɘ əŬŰɎɚŬɓŬɜ ɧŰɘ ŰŬ 

ůŰɟɩɛŬŰŬ ɝɨɚɞɡ ɏɢɞɡɜ Űɖ ŭɡɜŬŰɧŰɖŰŬ ɜŬ ůɡɜŭɡŬůŰɞɨɜ əŬŰŬɚɚɐɚɤɠ, ɩůŰŮ ɜŬ 

ˊŬɟɞɡůɘɎůɞɡɜ ɘəŬɜɞˊɞɘɖŰɘəɐ ŬɜŰɞɢɐ ůŮ ŭɘɎűɞɟŮɠ əŬŰŮɡɗɨɜůŮɘɠ əŬɗɩɠ əŬɘ ɜŬ ŮɑɜŬɘ 

ŬɜɗŮəŰɘəɎ ůŰɖ ŭɘɧɔəɤůɖ əŬɘ ůŰɖ ůŰɟɏɓɚɤůɖ ˊɞɡ ˊɟɞəŬɚɞɨɜŰŬɘ Ŭˊɧ Űɖɜ ɡɔɟŬůɑŬ. ȰŰůɘ 

ŭɖɛɘɞɨɟɔɖůŬɜ ɏɜŬ Ŭɟɢɏɔɞɜɞ Ůɑŭɞɠ çəɧɜŰɟŬ ˊɚŬəɏè.  Ⱥˊɑůɖɠ, ůŰɖɜ ȷɑɔɡˊŰɞ əŬɘ ůŰɖ 

ɀŮůɞˊɞŰŬɛɑŬ ŮɛűŬɜɑůŰɖəŬɜ ůɢŮŭɑŮɠ Ŭˊɧ əŬɚɎɛɘ ˊŬˊɨɟɞɡ ɛŮ ˊɟɞůɗɐəɖ ŬůűɎɚŰɞɡ.  

Ƀɘ ȷůůɨɟɘɞɘ əŬŰŬůəŮɨŬůŬɜ ˊɚɤŰɏɠ ɔɏűɡɟŮɠ ɛŮ ůŬɜɑŭŮɠ ŮɛˊɞŰɘůɛɏɜŮɠ ɛŮ 

ŬŭɘɎɓɟɞɢɖ ɎůűŬɚŰɞ. ɇɞ ɀŮůŬɑɤɜŬ əŬŰŬůəŮɡɎůŰɖəŬɜ ůˊŬɗɘɎ, ŬůˊɑŭŮɠ əŬɘ ɗɩɟŬəŮɠ 

Ŭˊɧ ůɡɜŭɡŬůɛɞɨɠ ůŰɟɤɛɎŰɤɜ ŭɘŬűɧɟɤɜ ɛŮŰɎɚɚɤɜ. ɆŰɖ ɀŮůɞˊɞŰŬɛɑŬ (1000 ˊ.ɉ.) 

ŮűŬɟɛɧůŰɖəŮ ɖ ŰŮɢɜɘəɐ Űɞɡ ɓŮɟɜɘəɩɛŬŰɞɠ Űɤɜ Űɞɨɓɚɤɜ əŬɘ Űɤɜ ˊɚŬəɘŭɑɤɜ ɛŮ ůəɞˊɧ 

Űɞɜ ˊŮɟɘɞɟɘůɛɧ Űɖɠ ŮˊɘűŬɜŮɘŬəɐɠ űɗɞɟɎɠ, Ůɜɩ əŬŰɎ Űɞɡɠ ɅɤɛŬɥəɞɨɠ ɢɟɧɜɞɡɠ ɖ 

ɞŭɞˊɞɘɑŬ ůŰɖɟɑɢɗɖəŮ ůŰɖɜ Ůɜɑůɢɡůɖ Űɞɡ ɞŭɞůŰɟɩɛŬŰɞɠ ɛŮ ŰɟɑɛɛŬŰŬ əŮɟŬɛɘŭɘɩɜ.                                                                                                   

ȼ ɢɟɐůɖ Űɖɠ ůɘŭŮɟɧɓŮɟɔŬɠ ɔɘŬ ˊɟɞŮɜŰŮŰŬɛɏɜɞ ůəɡɟɧŭŮɛŬ, ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ 

ůŰɘɠ ɞɘəɞŭɞɛɏɠ Űɖɠ ůɨɔɢɟɞɜɖɠ Ůˊɞɢɐɠ, ŭŮɜ ŮɑɜŬɘ ˊŬɟɎ ɖ ɛŮŰŮɝɏɚɘɝɖ Űɖɠ ŰŮɢɜɘəɐɠ Űɖɠ 

ŬɜɎɛɘɝɖɠ ɔɨɣɞɡ ɛŮ ɕɤɘəɧ ŰɟɑɢɤɛŬ, ɖ ɞˊɞɑŬ ɐŰŬɜ ɛɘŬ ˊɟŬəŰɘəɐ ɛɏɗɞŭɞɠ Ůɜɑůɢɡůɖɠ 

ŮɨɗɟŬɡůŰɤɜ ɡɚɘəɩɜ əŬŰŬůəŮɡɐɠ ůŰɞɡɠ ŬɜŬˊŰɡůůɧɛŮɜɞɡɠ ˊɞɚɘŰɘůɛɞɨɠ.                                                       

ɇɞ ˊɟɩŰɞ ůɡɜɗŮŰɘəɧ ɡɚɘəɧ ɓŬůɘůɛɏɜɞ ůŮ ɛɐŰɟŬ ˊɚŬůŰɘəɞɨ ŮɛűŬɜɑůŰɖəŮ Űɖ 

ŭŮəŬŮŰɑŬ Űɞɡ 1920 əŬɘ ŮˊɟɧəŮɘŰɞ ɔɘŬ ɛɑɔɛŬ ɘɜɘŭɑɤɜ ɝɨɚɞɡ ɛŮ űŬɘɜɞɚɘəɐ űɞɟɛŬɚŭŮɒŭɖ, 

ɔɜɤůŰɧ ŬɟɔɧŰŮɟŬ ɤɠ ɓŬəŮɚɑŰɖɠ ˊɟɞɠ Űɘɛɐɜ Űɞɡ ȸɏɚɔɞɡ ŮˊɘůŰɐɛɞɜŬ Leo Beaekeland.                                                                       

ȼ ŬɜɎˊŰɡɝɖ Űɤɜ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ ɛŮ Ůɜɑůɢɡůɖ ɘɜɩɜ əŬŰɎ Űɖɜ ŭɘɎɟəŮɘŬ Űɤɜ 

ŰŮɚŮɡŰŬɑɤɜ 30 ŮŰɩɜ ɡˊɐɟɝŮ ɟŬɔŭŬɑŬ ɤɠ ŬˊɞŰɏɚŮůɛŬ Űɖɠ ŬɜɎˊŰɡɝɖɠ Űɤɜ ɡɣɖɚɐɠ 

ŬɜŰɞɢɐɠ ɘɜɩɜ ɔɡŬɚɘɞɨ əŬɘ Űɤɜ ɡɣɖɚɐɠ ŭɡůəŬɛɣɑŬɠ ɘɜɩɜ ɓɞɟɑɞɡ (1960). Ⱥˊɑůɖɠ 

ůɡɜɏɓŬɚŮ  ɖ ɏɜŰɞɜɖ ŰɎůɖ Űɖɠ ŬŮɟɞŭɘŬůŰɖɛɘəɐɠ ɓɘɞɛɖɢŬɜɑŬɠ ɔɘŬ ɛŮɔŬɚɨŰŮɟɖ Ŭˊɧŭɞůɖ 

ɛŮ ˊŬɟɎɚɚɖɚɖ ɛŮɑɤůɖ ɓɎɟɞɡɠ ŬŮɟɞůəŬűɩɜ əŬɘ ŭɘŬůŰɖɛɞˊɚɞɑɤɜ.                                   

ɇɞ 1964 ŭɘŬŰɏɗɖəŬɜ ůŰɖɜ ŬɔɞɟɎ, ŬɟɢɘəɎ ůŮ ɛɘəɟɏɠ ˊɞůɧŰɖŰŮɠ, ɞɘ ɑɜŮɠ ɎɜɗɟŬəŬ 

(carbon fibers), ɞɘ ɞˊɞɑŮɠ ŰŮɚŮɡŰŬɑŬ ŬˊɞŰŮɚɞɨɜ Űɘɠ ŮɡɟɨŰŮɟŬ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜŮɠ 

ŮɜɘůɢɨůŮɘɠ ůŰɘɠ ŬŮɟɞŭɘŬůŰɖɛɘəɏɠ əŬŰŬůəŮɡŬůŰɘəɏɠ ŮűŬɟɛɞɔɏɠ.                                                                                                 

ɇɞ 1971 ŭɘŬŰɏɗɖəŬɜ ůŰɞ Ůɛˊɧɟɘɞ ɞɘ ɑɜŮɠ ŬɟŬɛɘŭɑɞɡ (Kevlar), ɞɘ ɞˊɞɑŮɠ ŰɩɟŬ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ŮɡɟɨŰŬŰŬ ůŰŬ ŮɚŬůŰɘəɎ ŬɡŰɞəɘɜɐŰɤɜ, əŬɗɩɠ əŬɘ ůŮ ŬɟəŮŰɏɠ 

ŬŮɟɞŭɘŬůŰɖɛɘəɏɠ  əŬɘ ɜŬɡˊɖɔɘəɏɠ əŬŰŬůəŮɡɏɠ.                             

ȼ Ůɘŭɘəɐ ŬɜŰɞɢɐ (ɚɧɔɞɠ ŬɜŰɞɢɐɠ ˊɟɞɠ ˊɡəɜɧŰɖŰŬ) əŬɘ ɖ Ůɘŭɘəɐ ŭɡůəŬɛɣɑŬ (ɚɧɔɞɠ 

ŭɡůəŬɛɣɑŬɠ ˊɟɞɠ ˊɡəɜɧŰɖŰŬ) Űɤɜ ŮɜɘůɢɡŰɘəɩɜ ɘɜɩɜ ɓŬɑɜɞɡɜ ůɡɜŮɢɩɠ ŬɡɝŬɜɧɛŮɜŮɠ ŰŬ 

ŰŮɚŮɡŰŬɑŬ 30 ɢɟɧɜɘŬ, ˊ.ɢ. ɖ Ůɘŭɘəɐ ŬɜŰɞɢɐ əŬɘ ɖ Ůɘŭɘəɐ ŭɡůəŬɛɣɑŬ Űɤɜ ɘɜɩɜ ɔɡŬɚɘɞɨ, 

ɎɜɗɟŬəŬ, ŬɟŬŭɘɛɑɞɡ əŬɘ ɓɞɟɑɞɡ ɏɢɞɡɜ űŰɎůŮɘ ůŰɞ 10-14 ́ ɚɎůɘɞ Űɤɜ ŬɜŰɑůŰɞɘɢɤɜ Űɘɛɩɜ 

Űɞɡ Ŭɚɞɡɛɘɜɑɞɡ (ŮɚŬűɟɧ ɛɏŰŬɚɚɞ) [1Ŭ],[2Ŭ].                                                                  
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ɇŬ ůɨɜɗŮŰŬ ɡɚɘəɎ əŬɚɨˊŰɞɡɜ ɏɜŬ ɛŮɔɎɚɞ ɛɏɟɞɠ ůŰɘɠ əŬŰŬůəŮɡɏɠ ˊɞɡ 

ŮɜůŰŮɟɜɑɕɞɜŰŬɘ ɜɏŮɠ ŰŮɢɜɞɚɞɔɑŮɠ Ŭɘɢɛɐɠ əŬɘ ɏɢɞɡɜ ɛŮŰŬɓɎɚŮɘ ůɖɛŬɜŰɘəɎ Űɘɠ 

ŬəɞɚɞɡɗɞɨɛŮɜŮɠ ŭɘŬŭɘəŬůɑŮɠ ůɢŮŭɑŬůɖɠ, ˊŬɟŬɔɤɔɐɠ, Ůɚɏɔɢɞɡ əŬɘ ůɡɜŰɐɟɖůɖɠ.                                                                                                 

ȼ ɛŮɔɎɚɖ ˊɞɘəɘɚɑŬ ɘɜɩɜ əŬɘ ɟɖŰɘɜɩɜ, əŬɗɩɠ əŬɘ ɞɘ ŭɘɎűɞɟŮɠ ɛɏɗɞŭɞɘ əŬŰŬůəŮɡɐɠ 

ˊŬɟɏɢɞɡɜ ůŰɞ ůɢŮŭɘŬůŰɐ Űɖ ŭɡɜŬŰɧŰɖŰŬ ɜŬ ŮˊɘɚɏɝŮɘ Űɞ əŬŰŬɚɚɖɚɧŰŮɟɞ ůɨůŰɖɛŬ 

ɡɚɘəɩɜ ˊɞɡ əŬɚɨˊŰŮɘ Űɘɠ ŬˊŬɘŰɐůŮɘɠ Űɞɡ əŬɘ ˊɞɡ ɏɢŮɘ ůɡɔəŮəɟɘɛɏɜŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ 

əŬɘ ɘŭɘɧŰɖŰŮɠ. Ʉɞɚɚɏɠ űɞɟɏɠ ˊŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ ŬɡŰɎ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ 

ɛɞɜŬŭɘəɎ.                                                                    

ɇɞ ɛɘəɟɧ ɓɎɟɞɠ, ɖ ɡɣɖɚɐ ŬɜŰɞɢɐ, ɖ ŮɝŬɘɟŮŰɘəɐ ŬɜŰɞɢɐ ůŮ ŭɘɎɓɟɤůɖ, ɖ ˊɞɚɨ əŬɚɐ 

ůɡɛˊŮɟɘűɞɟɎ ůŮ əɧˊɤůɖ, ůŮ əɟɞɨůɖ əŬɘ ůŰɖ ŭɘɎŭɞůɖ ɟɤɔɛɩɜ, ɞɘ ůɢŮŰɘəɎ ŮɨəɞɚŮɠ 

ŭɘŬŭɘəŬůɑŮɠ ˊŬɟŬɔɤɔɐɠ əŬɘ Űɞ ɛɘəɟɧ əɧůŰɞɠ ůɡɜŰɐɟɖůɖɠ ŮɑɜŬɘ ɛŮɟɘəɞɑ Ŭˊɧ Űɞɡɠ 

ˊŬɟɎɔɞɜŰŮɠ ŮəŮɑɜɞɡɠ ˊɞɡ ɏɢɞɡɜ ɞŭɖɔɐůŮɘ ŰŬ ůɨɜɗŮŰŬ ɡɚɘəɎ ůŰɖɜ ˊɟɩŰɖ ɗɏůɖ ɛŮŰŬɝɨ 

Űɤɜ əŬŰŬůəŮɡŬůŰɘəɩɜ ɡɚɘəɩɜ ɔɘŬ ɛŮɔɎɚɞ ˊɚɐɗɞɠ ŮűŬɟɛɞɔɩɜ.  

ɀŮɟɘəɎ ɛŮɘɞɜŮəŰɐɛŬŰŬ Űɤɜ ůɡɜɗɏŰɤɜ ɡɚɘəɩɜ, ɧˊɤɠ ŰŬ ɡɣɖɚɎ ŮˊɑˊŮŭŬ Ůɟˊɡůɛɞɨ, 

ɖ ɛɘəɟɐ ŬɜŰɑůŰŬůɖ ůŮ ɛɖɢŬɜɘəɐ űɗɞɟɎ, ɖ ɘŭɘŬɑŰŮɟɖ əŬɘ ˊɞɚɚɏɠ űɞɟɏɠ ŮɡŬɑůɗɖŰɖ 

ůɡɛˊŮɟɘűɞɟɎ ůŮ ŭɡůɛŮɜŮɑɠ ůɡɜɗɐəŮɠ ˊŮɟɘɓɎɚɚɞɜŰɞɠ (ɗŬɚɎůůɘɞ ˊŮɟɘɓɎɚɚɞɜ, ɡɣɖɚɏɠ 

ɗŮɟɛɞəɟŬůɑŮɠ, ɢɖɛɘəɧ ˊŮɟɘɓɎɚɚɞɜ, əɚˊ ) əŬɗɩɠ əŬɘ Űɞ ɡɣɖɚɧ Ŭɟɢɘəɧ Űɞɡɠ əɧůŰɞɠ, 

ůŰŬŭɘŬəɎ ŬɜŰɘɛŮŰɤˊɑɕɞɜŰŬɘ ŬˊɞŰŮɚŮůɛŬŰɘəɎ ɛɏůɤ Űɖɠ ůɡɜŮɢɞɨɠ ŰŮɢɜɞɚɞɔɘəɐɠ 

ŬɜɎˊŰɡɝɖɠ ůŰɖɜ ˊŬɟŬɔɤɔɐ ɜɏɤɜ əŬɘ əŬɚɨŰŮɟɤɜ ɘɜɩɜ, ɟɖŰɘɜɩɜ əŬɘ Ůɝɏɚɘɝɖɠ Űɤɜ 

ɛŮɗɧŭɤɜ ˊŬɟŬɔɤɔɐɠ.  

ɇŬ ůɨɜɗŮŰŬ ɡɚɘəɎ, ŰŬ ˊɚŬůŰɘəɎ əŬɘ ŰŬ əŮɟŬɛɘəɎ ɏɢɞɡɜ ŮˊɘəɟŬŰɐůŮɘ ůŮ 

əŬɗɖɛŮɟɘɜɏɠ ŮűŬɟɛɞɔɏɠ Ŭˊɧ Űɖ ŭŮəŬŮŰɑŬ Űɞɡ 80 əŬɘ ɛŮŰɎ. ɀŮɟɘəɏɠ Ŭˊɧ Űɘɠ ŮűŬɟɛɞɔɏɠ 

Űɤɜ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ ˊŮɟɘɔɟɎűɞɜŰŬɘ ůŰɘɠ ˊŬɟŬəɎŰɤ ŮɘəɧɜŮɠ [1Ŭ],[2Ŭ].  

 

 

 

                                                                   

ȺɘəɧɜŬ 1.2 ȲɜŮɠ ũɟŬűɑŰɖ  
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ȺɘəɧɜŬ 1.3 Boeing 787 

 
ȺɘəɧɜŬ 1.4 ɄɞɚɡŮůŰŮɟɘəɧ ůəɎűɞɠ 

 



ʅʶ˂ʾʵʰ 13 h ˉˈ 267 
 

 
ȺɘəɧɜŬ 1.5 ɅŬəɏŰŬ Űɞɡ Űɏɜɘɠ Ŭˊɧ ɔɟŬűɑŰɖ 

 

 

 

ȺɘəɧɜŬ 1.6 ȷɚŮɝɑůűŬɘɟŬ ɔɘɚɏəŬ   
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ȺɘəɧɜŬ 1.7 ȽŬŰɟɘəɎ ȺɟɔŬɚŮɑŬ 

ɇŬ ůɨɔɢɟɞɜŬ  ŬŮɟɞůəɎűɖ əɎɜɞɡɜ ŮəŰŮŰŬɛɏɜɖ ɢɟɐůɖ Űɤɜ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ. 

ɄŬɟŬŭŮɑɔɛŬŰŬ ŮɑɜŬɘ Űɞ ŬŮɟɞůəɎűɞɠ Rafale Űɖɠ Dassault-Brequet, Űɞ Lavi Űɖɠ 

ȽůɟŬɖɚɘɜɐɠ ŬŮɟɞˊɞɟɘəɐɠ ɓɘɞɛɖɢŬɜɑŬɠ, Űɞ JAS-39 Gripen Űɖɠ Ɇɞɡɖŭɘəɐɠ Saab-Scania 

əŬɘ Űɞ ɛŬɢɖŰɘəɧ ŬŮɟɞůəɎűɞɠ (European Fighter Aircraft) Űɖɠ ůɨɛˊɟŬɝɖɠ ɛŮŰŬɝɨ 

ȸɟŮŰŬɜɑŬɠ, ũŮɟɛŬɜɑŬɠ, ȽŰŬɚɑŬɠ əŬɘ ȽůˊŬɜɑŬɠ. 

 

 
 

ȺɘəɧɜŬ 1.8 European Fighter Aircraft 

ȺəŰɧɠ Űɖɠ ŬŮɟɞɜŬɡˊɖɔɘəɐɠ ɓɘɞɛɖɢŬɜɑŬɠ, ŰŬ ɡɣɖɚɐɠ ŰŮɢɜɞɚɞɔɑŬɠ ůɨɜɗŮŰŬ ɡɚɘəɎ 

ɓɟɑůəɞɡɜ ŮűŬɟɛɞɔɏɠ əŬɘ ůŮ Ɏɚɚɞɡɠ ŰɞɛŮɑɠ Űɖɠ ůɨɔɢɟɞɜɖɠ ɓɘɞɛɖɢŬɜɑŬɠ ɛŮ ůŰɧɢɞ Űɖɜ 

ˊŬɟŬɔɤɔɐ ˊɟɞɥɧɜŰɤɜ ɡɣɖɚɩɜ ŮˊɘŭɧůŮɤɜ əŬɘ ˊɟɞŭɘŬɔɟŬűɩɜ. ȽůŰɘɞˊɚɞɥəɎ ůəɎűɖ, 

ŬɔɤɜɘůŰɘəɎ ŬɡŰɞəɑɜɖŰŬ , ˊɞŭɐɚŬŰŬ, ŬɗɚɖŰɘəɎ Ůɑŭɖ (ɟŬəɏŰŮɠ Űɏɜɘɠ, ɛˊŬůŰɞɨɜɘŬ baseball  

əɚˊ.) əŬɘ ɔŮɜɘəɧŰŮɟŬ ŮɝŬɟŰɐɛŬŰŬ əŬɘ ůɡůŰɐɛŬŰŬ ɧˊɞɡ Űɞ ɓɎɟɞɠ, ɖ ŬəŬɛɣɑŬ əŬɘ ɖ 

ŬɜŰɞɢɐ ˊŬɑɕɞɡɜ ůɖɛŬɜŰɘəɧ ɟɧɚɞ ůŰɖ ɚŮɘŰɞɡɟɔɘəɧŰɖŰŬ Űɞɡɠ, ŮɑɜŬɘ əŬŰŬůəŮɡŬůɛɏɜŬ Ŭˊɧ 

ůɨɜɗŮŰŬ ɡɚɘəɎ. 
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ȺɘəɧɜŬ 1.9 ɄɞŭɐɚŬŰɞ Ɉɣɖɚɩɜ ȺˊɘŭɧůŮɤɜ 

 

1.3 ɄȿȺɃɁȺȾɇȼɀȷɇȷ ɆɈɁŪȺɇɋɁ ɈȿȽȾɋɁ 

ɇŬ ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ ˊŬɟŬŰɖɟŮɑŰŬɘ ɛɘŬ ɟŬɔŭŬɑŬ Ŭɨɝɖůɖ ůŰɞ ɟɡɗɛɧ 

ŬɜŰɘəŬŰɎůŰŬůɖɠ ˊŬɟŬŭɞůɘŬəɩɜ ɡɚɘəɩɜ Ŭˊɧ ůɨɜɗŮŰŬ, ůŮ ˊɞɚɚɏɠ ŰŮɢɜɞɚɞɔɘəɏɠ 

ŮűŬɟɛɞɔɏɠ əŬɘ əŬŰŬůəŮɡɏɠ. ȷɡŰɐ ɖ ŰɎůɖ ŬɜŰɘəŬŰɎůŰŬůɖɠ ɛɧɜɞ ŰɡɢŬɑŬ ŭŮ ɗŬ ɛˊɞɟɞɨůŮ 

ɜŬ ɗŮɤɟɖɗŮɑ, ɛɘŬɠ əŬɘ ŰŬ ůɨɜɗŮŰŬ ɡɚɘəɎ ˊɚŮɞɜŮəŰɞɨɜ ɏɜŬɜŰɘ Űɤɜ ˊŬɟŬŭɞůɘŬəɩɜ 

ɡɚɘəɩɜ ůŮ ɛɘŬ ůŮɘɟɎ Ŭˊɧ ˊŬɟŬɛɏŰɟɞɡɠ əŬɘ ɘŭɘɧŰɖŰŮɠ əŬɘ əɡɟɑɤɠ ůŰɞ ɔŮɔɞɜɧɠ ɧŰɘ 

ŭɘŬɗɏŰɞɡɜ ůɡɜɐɗɤɠ Űɘɠ ɓɏɚŰɘůŰŮɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ɡɚɘəɩɜ ˊɞɡ ŰŬ ŬˊɞŰŮɚɞɨɜ, ŬɚɚɎ  

Ůˊɘˊɚɏɞɜ ɘŭɘɧŰɖŰŮɠ ˊɞɡ ŰŬ ŬɟɢɘəɎ ɡɚɘəɎ ŭŮɜ ŭɘŬɗɏŰɞɡɜ. 

ȰɜŬ ůɖɛŬɜŰɘəɧ ˊɚŮɞɜɏəŰɖɛŬ Űɤɜ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ ɏɜŬɜŰɘ Űɤɜ ˊŬɟŬŭɞůɘŬəɩɜ, 

ŮɑɜŬɘ ɞɘ ɎɟɘůŰŮɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ ɛŮ ɔɜɩɛɞɜŬ Űɖɜ əŬŰŬůəŮɡɐ ˊɞɡ ˊɟɞɞɟɑɕɞɜŰŬɘ, 

ˊɞɡ ŮɑɜŬɘ ŬˊɞŰɏɚŮůɛŬ Űɖɠ Ŭˊɧ əɞɘɜɞɨ ůɡɜŮɘůűɞɟɎɠ ɘɜɩɜ əŬɘ ɛɐŰɟŬɠ ůŰɖ ɓŮɚŰɑɤůɖ Űɖɠ 

ůɡɜɞɚɘəɐɠ ɛɖɢŬɜɘəɐɠ ůɡɛˊŮɟɘűɞɟɎɠ Űɞɡ ůɨɜɗŮŰɞɡ.  

ȾŬŰŬɚɡŰɘəɧ ɟɧɚɞ ůŮ ŬɡŰɐ Űɖ ˊŰɡɢɐ Űɤɜ ůɡɜɗɏŰɤɜ, ɏˊŬɘɝŮ ɖ ŭɡɜŬŰɧŰɖŰŬ 

ůɢŮŭɘŬůɛɞɨ əŬɘ əŬŰŬůəŮɡɐɠ Ůɜɧɠ ɡɚɘəɞɨ ɛŮ ŮˊɘɗɡɛɖŰɏɠ ɘŭɘɧŰɖŰŮɠ, ɛŮ ɔɜɩɛɞɜŬ  Űɘɠ 

ŬɜɎɔəŮɠ Űɖɠ ŮəɎůŰɞŰŮ ŮűŬɟɛɞɔɐɠ ɔɘŬ Űɖɜ ɞˊɞɑŬ ˊɟɞɞɟɑɕŮŰŬɘ. ȾŬŰɎ Űɞɜ ůɢŮŭɘŬůɛɧ Ůɜɧɠ 

ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ ɡˊɎɟɢŮɘ ɛɘŬ ůŮɘɟɎ ˊŬɟŬɛɏŰɟɤɜ, ˊɞɡ ŮɎɜ ɚɖűɗɞɨɜ ɡˊɧɣɖ, ɛˊɞɟɞɨɜ 

ɜŬ ůɡɛɓɎɚɚɞɡɜ ɞɡůɘŬůŰɘəɎ ůŰɘɠ ŰɏɚŮɘŮɠ ɘŭɘɧŰɖŰŮɠ, ŬɚɚɎ əŬɘ ůŰɖ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ 

ůɨɜɗŮŰɞɡ. ȼ ůɡɛɓŬŰɧŰɖŰŬ ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ, Űɤɜ Ŭɟɢɘəɩɜ ɡɚɘəɩɜ ˊɞɡ ɗŬ ŮˊɘɚŮɢɗɞɨɜ ɜŬ 

ŬˊŬɟŰɑůɞɡɜ ɏɜŬ ůɨɜɗŮŰɞ ŮɑɜŬɘ ɛŮɑɕɞɜɞɠ ůɖɛŬůɑŬɠ, ɧˊɤɠ Ůˊɑůɖɠ əŬɘ ɞ Űɟɧˊɞɠ 

əŬŰŬůəŮɡɐɠ Űɞɡ. 
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Ƀ ůɖɛŬɜŰɘəɧŰŮɟɞɠ ɚɧɔɞɠ ˊɞɡ ŮˊɘɚɏɔɞɜŰŬɘ ŰŬ ůɨɜɗŮŰŬ ɡɚɘəɎ ůŮ ŭɘɎűɞɟŮɠ 

ŮűŬɟɛɞɔɏɠ, ŮɑɜŬɘ ɞɘ çŮɘŭɘəɏɠ ɘŭɘɧŰɖŰŮɠè (specific properties) ˊɞɡ ŭɘŬɗɏŰɞɡɜ, ɏɜŬɜŰɘ 

Ɏɚɚɤɜ ɡɚɘəɩɜ. ɀŮ Űɞɜ ɧɟɞ Ůɘŭɘəɐ ɘŭɘɧŰɖŰŬ, ŬɜŬűŮɟɧɛŬůŰŮ ůŰɞ ɚɧɔɞ ɛɘŬɠ ɘŭɘɧŰɖŰŬɠ 

Űɞɡ ɡɚɘəɞɨ, ˊɟɞɠ Űɖɜ ˊɡəɜɧŰɖŰŬ Űɞɡ. ȳůɞ ɛŮɔŬɚɨŰŮɟɖ ŮɑɜŬɘ ɖ Űɘɛɐ Űɖɠ Ůɘŭɘəɐɠ 

ɘŭɘɧŰɖŰŬɠ, Űɧůɞ ŮɚŬűɟɨŰŮɟɞ ŮɑɜŬɘ Űɞ ɡɚɘəɧ, ŭɘŬɗɏŰɞɜŰŬɠ ŰŬɡŰɧɢɟɞɜŬ ɡɣɖɚɧŰŮɟɖ Űɘɛɐ 

Űɖɠ ůɡɔəŮəɟɘɛɏɜɖɠ ɘŭɘɧŰɖŰŬɠ. ȷɡŰɐ ɖ ˊŬɟɎɛŮŰɟɞɠ ŮɑɜŬɘ ɕɤŰɘəɐɠ ůɖɛŬůɑŬɠ ɔɘŬ Űɖ ɢɟɐůɖ 

Űɤɜ ůɡɜɗɏŰɤɜ ůŬɜ ŭɞɛɘəɎ ůŰɞɘɢŮɑŬ, ůŮ ŮűŬɟɛɞɔɏɠ ɧˊɞɡ ɖ ŮɚɎŰŰɤůɖ Űɞɡ ɓɎɟɞɡɠ ɏɢŮɘ 

ŬɜŰɑəŰɡˊɞ ůŰɖɜ ŬˊɞŭɞŰɘəɧŰŮɟɖ ɚŮɘŰɞɡɟɔɑŬ Űɞɡɠ, ɧˊɤɠ Ůˊɑůɖɠ əŬɘ ůŰɖ ɛŮɑɤůɖ Űɞɡ 

əɧůŰɞɡɠ. ȷɜŰɘəŬɗɘůŰɩɜŰŬɠ ɛŮŰŬɚɚɘəɎ ɡɚɘəɎ ɛŮ ůɨɜɗŮŰŬ ůŮ əŬŰŬůəŮɡɏɠ, ɧˊɤɠ ɞɘ 

ɎŰɟŬəŰɞɘ Űɤɜ ŬŮɟɞˊɚɎɜɤɜ, ɞɘ ɛŮɘɩůŮɘɠ Űɞɡ ɓɎɟɞɡɠ ɛˊɞɟɞɨɜ ɜŬ űŰɎůɞɡɜ ŬɚɚɎ əŬɘ ɜŬ 

ɡˊŮɟɓɞɨɜ ɞɟɘůɛɏɜŮɠ űɞɟɏɠ Űɞ 50%. 

ȰɜŬ Ɏɚɚɞ ůɖɛŬɜŰɘəɧ ɢŬɟŬəŰɖɟɘůŰɘəɧ Űɤɜ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ ŮɑɜŬɘ ŰŬ ɛŮɔɎɚŬ 

űɞɟŰɑŬ ˊɞɡ ŮɝŬəɞɚɞɡɗɞɨɜ ɜŬ ŬɜŬɚŬɛɓɎɜɞɡɜ, ŬəɧɛŬ əŬɘ ɛŮŰɎ Ŭˊɧ ˊɘɗŬɜɐ ŬůŰɞɢɑŬ 

Űɞɡɠ. ɇɞ űŬɘɜɧɛŮɜɞ ŬɡŰɧ ˊŬɟŬŰɖɟɐɗɖəŮ ůŮ ůŰŬŰɘəɏɠ ŭɞəɘɛɏɠ ůŮ ɘɜɩŭɖ ůɨɜɗŮŰŬ ɡɚɘəɎ 

əŬɘ ɞűŮɑɚŮŰŬɘ ůŰɞ ɔŮɔɞɜɧɠ ɧŰɘ ŬəɧɛŬ əŬɘ ɛŮŰɎ Űɖɜ ŬůŰɞɢɑŬ Űɞɡ ůɨɜɗŮŰɞɡ, ˊŬɟɧɚɞ ˊɞɡ 

ɞɘ ɑɜŮɠ ɗɟŬɨɞɜŰŬɘ, ɖ ŰɎůɖ ɛŮŰŬɓɘɓɎɕŮŰŬɘ ůŮ ˊɞɚɚŬˊɚɏɠ əŬŰŮɡɗɨɜůŮɘɠ ɛɏůŬ ůŰɖ ɛɎɕŬ 

Űɞɡ ɡɚɘəɞɨ əŬɘ əɡɟɑɤɠ ůŮ ɎɚɚŮɠ ɑɜŮɠ ɞɘ ɞˊɞɑŮɠ ŭŮɜ ɏɢɞɡɜ Ŭəɧɛɖ ŬůŰɞɢɐůŮɘ. 

ɄŬɟŬŰɖɟɐɗɖəŮ Ůˊɑůɖɠ ɧŰɘ ŰŬ ɘɜɩŭɖ ůɨɜɗŮŰŬ ˊŬɟɞɡůɘɎɕɞɡɜ ɛɘəɟɐ ŮɡŬɘůɗɖůɑŬ ůŰɖɜ 

ɨˊŬɟɝɖ Ůɔəɞˊɩɜ, Ůɜɩ ɖ ŭɘɎŭɞůɖ Űɤɜ ɟɤɔɛɩɜ ŮɑɜŬɘ ˊŮɟɘɞɟɘůɛɏɜɖ. ȾŬŰŬůəŮɡɏɠ Ŭˊɧ 

ŰɏŰɞɘŬ ůɨɜɗŮŰŬ ɡɚɘəɎ, ŮˊɏŭŮɘɝŬɜ ɛŮɔŬɚɨŰŮɟɖ ŭɘɎɟəŮɘŬ ɕɤɐɠ əŬɘ Ŭɡɝɖɛɏɜɖ ŬɜŰɞɢɐ ůŮ 

əɧˊɤůɖ, ůɡɔəɟɘŰɘəɎ ɛŮ ŬɡŰɐ ŬɜŰɑůŰɞɘɢɤɜ ɛŮŰŬɚɚɘəɩɜ əŬŰŬůəŮɡɩɜ. 

ȾɎˊɞɘŬ ɎɚɚŬ ˊɚŮɞɜŮəŰɐɛŬŰŬ Űɤɜ ůɡɜɗɏŰɤɜ ŮɑɜŬɘ ɖ əŬŰŬˊɚɖəŰɘəɐ ŬɜŰɑůŰŬůɖ 

Űɞɡɠ ůŰɖɜ ɖɚŮəŰɟɞɢɖɛɘəɐ ŭɘɎɓɟɤůɖ, űŬɘɜɧɛŮɜɞ ŬůɡɜɐɗɘůŰɞ ůŰŬ ɛŮŰŬɚɚɘəɎ ɡɚɘəɎ. ȼ 

ŬˊɧůɓŮůɖ ŰŬɚŬɜŰɩůŮɤɜ ˊɞɡ ˊŬɟɞɡůɘɎɕɞɡɜ əɎˊɞɘɞɘ Űɨˊɞɘ ůɨɜɗŮŰɤɜ (sandwich), ɛɏůɤ 

Űɖɠ ɛŮɔɎɚɖɠ Ŭˊɞɟɟɧűɖůɖɠ ŮɜɏɟɔŮɘŬɠ ŮɑɜŬɘ ɏɜŬ ɢŬɟŬəŰɖɟɘůŰɘəɧ Űɞɡɠ ɔɜɩɟɘůɛŬ, ɧˊɤɠ 

Ůˊɑůɖɠ əŬɘ ɖ ɡɣɖɚɐ ŬɜŰɞɢɐ ˊɞɡ ŮˊɘŭŮɘəɜɨɞɡɜ ŰŬ ɘɜɩŭɖ ůɨɜɗŮŰŬ ůŮ əɟɞɡůŰɘəɎ űɞɟŰɑŬ 

ɡɣɖɚɐɠ ŮɜɏɟɔŮɘŬɠ, ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɖ ŭɘŬŰɐɟɖůɖ Űɖɠ ůŰŬɗŮɟɧŰɖŰŬɠ Űɤɜ əŬŰŬůəŮɡɩɜ 

ůŰɘɠ ɞˊɞɑŮɠ ɓɟɑůəɞɡɜ ŮűŬɟɛɞɔɐ.  

ȼ ɡɣɖɚɐ ŬɜŰɞɢɐ Űɤɜ ɘɜɤŭɩɜ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ ůŮ əɟɞɡůŰɘəɎ űɞɟŰɑŬ ɡɣɖɚɐɠ 

ŮɜɏɟɔŮɘŬɠ ɏɢŮɘ ůŬɜ ŬˊɞŰɏɚŮůɛŬ Űɖɜ ˊŮɟɘɞɟɘůɛɏɜɖ əŬŰŬůŰɟɞűɐ Űɖɠ əŬŰŬůəŮɡɐɠ əŬɘ Űɖɜ 

ŭɘŬŰɐɟɖůɖ Űɞɡ ˊŮɟɘɔɟɎɛɛŬŰɞɠ ůŰɘɠ ˊŮɟɘɞɢɏɠ ɔɨɟɤ Ŭˊɧ Űɖɜ əŬŰŬůŰɟɞűɐ. ȼ ŭɘɎŰɟɖůɖ 

ˊɞɡ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɖɜ ɓŬɚɚɘůŰɘəɐ əɟɞɨůɖ ˊŮɟɘɞɟɑɕŮŰŬɘ ůŮ ɛɑŬ ˊŮɟɘɞɢɐ Űɞɡ ɡɚɘəɞɨ 

ˊɞɡ ŮɑɜŬɘ ɚɑɔɞ ɛŮɔŬɚɨŰŮɟɖ Ŭˊɧ ŬɡŰɐ Űɞɡ ɓɚɐɛŬŰɞɠ. ȼ ůɡɔəɏɜŰɟɤůɖ Űɤɜ ŰɎůŮɤɜ ɔɨɟɤ 

Ŭˊɧ Űɖɜ ˊŮɟɘɞɢɐ Űɖɠ əŬŰŬůŰɟɞűɐɠ ůŰŬ ɛɏŰŬɚɚŬ ŮɑɜŬɘ ŮɝŬɘɟŮŰɘəɎ ɡɣɖɚɐ Ůɜɩ ŬɜŰɑɗŮŰŬ 

ůŰŬ ɘɜɩŭɖ ɡɚɘəɎ ŮɑɜŬɘ ůɢŮŰɘəɎ ɛɘəɟɐ əŬɘ ůŰɖɜ ˊŮɟɘɞɢɐ Űɖɠ ŭɘɎŰɟɖůɖɠ ŭŮɜ ŮɛűŬɜɑɕɞɜŰŬɘ 

űŬɘɜɧɛŮɜŬ ɟɤɔɛɩɜ [1Ŭ],[2Ŭ]. 
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1.4 ɇȷɂȽɁɃɀȼɆȼ ɆɈɁŪȺɇɋɁ ɈȿȽȾɋɁ  

ȷɜɎɚɞɔŬ ɛŮ Űɖ ɛɞɟűɐ Űɞɡ ůɡůŰŬŰɘəɞɨ Ůɜɑůɢɡůɖɠ, ŰŬ ůɨɜɗŮŰŬ əŬŰŬŰɎůůɞɜŰŬɘ ůŮ 

ŰɟŮɘɠ ɛŮɔɎɚŮɠ əŬŰɖɔɞɟɑŮɠ: 

Ŭ. Ƚɜɩŭɖ ɆɨɜɗŮŰŬ (Fibrous Composites): ɀŮ Ůɜɑůɢɡůɖ ɘɜɩɜ ŮɛˊɞŰɘůɛɏɜɤɜ 

ůŮ ɡɚɘəɧ ɛɐŰɟŬɠ. 

ɓ. Ⱦɞəəɩŭɖ ɆɨɜɗŮŰŬ (Particulate Composites): ɀŮ Ůɜɑůɢɡůɖ ůɤɛŬŰɘŭɑɤɜ 

ŭɘŬůəɞɟˊɘůɛɏɜɤɜ ůŰɞ ɡɚɘəɧ ɛɐŰɟŬɠ. 

ɔ. ɆŰɟɤɛŬŰɘəɎ ɆɨɜɗŮŰŬ ɐ ɄɞɚɨůŰɟɤŰŬ (ɄɞɚɡůŰɟɩɛŬŰŬ) (Laminated 

Composites): ɀŮ ŮˊɎɚɚɖɚŮɠ ůŰɟɩůŮɘɠ ɡɚɘəɩɜ. 

ɇŬ ɘɜɩŭɖ ůɨɜɗŮŰŬ ŭɘŬəɟɑɜɞɜŰŬɘ ˊŮɟŬɘŰɏɟɤ ŬɜɎɚɞɔŬ ɛŮ Űɞɜ ˊɟɞůŬɜŬŰɞɚɘůɛɧ əŬɘ 

Űɖ ŭɘɎŰŬɝɖ Űɤɜ ɘɜɩɜ ɛɏůŬ ůŰɖ ɛɐŰɟŬ. ɆɨɛűɤɜŬ ɛŮ Űɖɜ ŰŬɝɘɜɧɛɖůɖ ŬɡŰɐ ŰŬ ɘɜɩŭɖ 

ůɨɜɗŮŰŬ ŭɘŬəɟɑɜɞɜŰŬɘ ůŮ [1Ŭ],[2Ŭ]: 

Ŭ. ɀɞɜɞŭɘŮɡɗɡɜŰɘəɎ ůɨɜɗŮŰŬ: Oɘ ɑɜŮɠ ɏɢɞɡɜ ɧɚŮɠ Űɖɜ ɑŭɘŬ ŭɘŮɨɗɡɜůɖ. 

ɓ. ɄɞɚɡŭɘŮɡɗɡɜŰɘəɎ ůɨɜɗŮŰŬ: Ƀɘ ɑɜŮɠ ɏɢɞɡɜ ŭɘŬűɞɟŮŰɘəɏɠ ŭɘŮɡɗɨɜůŮɘɠ. 

ȼ ɘŭɘɧŰɖŰŬ ŬɡŰɐ ɞŭɖɔŮɑ ɎɛŮůŬ ůŮ ŰŬɝɘɜɧɛɖůɖ Űɤɜ ˊɞɚɡŭɘŮɡɗɡɜŰɘəɩɜ ůɨɜɗŮŰɤɜ 

ůŰɘɠ ŬəɧɚɞɡɗŮɠ ɡˊɞɞɛɎŭŮɠ: 

Ŭ. ɆɨɜɗŮŰŬ ɛŮ ɑɜŮɠ ŰɡɢŬɑŬɠ ŭɘŮɨɗɡɜůɖɠ. 

ɓ. ɆɨɜɗŮŰŬ ɛŮ ɑɜŮɠ ůŮ ˊɚɏɝɖ ɨűŬɜůɖɠ 

ɔ. ɆɨɜɗŮŰŬ ɛŮ ɑɜŮɠ ůŮ Űɟɘɠ-ɞɟɗɞɔɩɜɘŬ ɨűŬɜůɖ. 

ɀɑŬ Ůˊɘˊɚɏɞɜ ŭɘɎəɟɘůɖ Űɤɜ ɘɜɤŭɩɜ ůɨɜɗŮŰɤɜ ůŰɖɟɑɕŮŰŬɘ ůŰɞ ɚɧɔɞ ɛɐəɞɡɠ ˊɟɞɠ 

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

Ŭ. ɆɡɜŮɢŮɑɠ ɐ ɛŮɔɎɚɞɡ ɛɐəɞɡɠ ɑɜŮɠ (continuous fibers), ɧŰŬɜ ŮɑɜŬɘ  

l/ d> 100. 

ɓ. ȷůɡɜŮɢŮɑɠ ɐ ɓɟŬɢŮɑŮɠ (əɞɜŰɏɠ) ɑɜŮɠ (discontinuous fibers), ɧŰŬɜ ŮɑɜŬɘ 

l/d<100. 

ɔ. ɁɖɛŬŰɑŭɘŬ ɐ ŰɟɘɢɑŰŮɠ (whiskers), ɧŰŬɜ d<1ɛm əŬɘ l=100ɛm (ˊɟɧəŮɘŰŬɘ 

ɔɘŬ ɚŮˊŰɞɨɠ ɛɞɜɞəɟɡůŰɎɚɚɞɡɠ əŮɟŬɛɘəɞɨ ɡɚɘəɞɨ).    

 
ȺɘəɧɜŬ 1.9 Ŭ) ȲɜŮɠ ɛɑŬɠ əŬŰŮɨɗɡɜůɖɠ ɓ) ȲɜŮɠ ŰɡɢŬɑŬɠ əŬŰŮɨɗɡɜůɖɠ  

ɔ) ȲɜŮɠ ɛŮ ˊɚɏɝɖ ɨűŬɜůɖɠ ŭ) ȲɜŮɠ Űɟɘɠ-ɞɟɗɞɔɩɜɘŬɠ ˊɚɏɝɖɠ 
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1.5 ȺũKȿȺȽɆɀȷɇȷ-ɀȼɇɅȺɆ 

ȳˊɤɠ ɐŭɖ ŬɜŬűɏɟŬɛŮ ŰŬ ůɨɜɗŮŰŬ ɡɚɘəɎ ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ Űɞ ɏɔəɚŮɘůɛŬ (filler ) 

əŬɘ Űɖɜ ɛɐŰɟŬ (matrix)  ˊɞɡ ɗŬ ɛŮɚŮŰɐůɞɡɛŮ ŬɜŬɚɡŰɘəɎ ˊŬɟŬəɎŰɤ. ɄɟɤŰɑůŰɤɠ ŮɑɜŬɘ 

ɢɟɐůɘɛɞ ɜŬ ɔɑɜŮɘ ɛɘŬ ůɡɜɞˊŰɘəɐ ˊŮɟɘɔɟŬűɐ Űɤɜ ˊɞɚɡɛŮɟɩɜ ŮɜɩůŮɤɜ Ŭˊɧ Űɘɠ ɞˊɞɑŮɠ 

ɛˊɞɟŮɑ ɜŬ ɏɢŮɘ ŭɖɛɘɞɡɟɔɖɗŮɑ əɎˊɞɘɞ Ŭˊɧ ŰŬ ůɡůŰŬŰɘəɎ Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ.  

 

1.5.1 ɄɃȿɈɀȺɅȼ 

1.5.1.1 ɃɅȽɆɀɃɆ 

ɄɞɚɡɛŮɟɐ ɞɜɞɛɎɕɞɜŰŬɘ ɞɘ ɢɖɛɘəɏɠ ŮɜɩůŮɘɠ ɛŮ ɛŮɔɎɚŬ ɛɧɟɘŬ, ŰŬ çɛŬəɟɞɛɧɟɘŬè, 

ˊɞɡ ůɢɖɛŬŰɑɕɞɜŰŬɘ Ŭˊɧ Űɖ ůɨɜŭŮůɖ ˊɞɚɚɩɜ ɛɘəɟɩɜ ɛɞɟɑɤɜ. ɇŬ ˊɞɚɡɛŮɟɐ ˊɟɞəɨˊŰɞɡɜ 

Ŭˊɧ Űɖɜ ɢɖɛɘəɐ ŬɜŰɑŭɟŬůɖ Űɤɜ ɛɞɜɞɛŮɟɩɜ ˊɞɡ ɞɜɞɛɎɕŮŰŬɘ ˊɞɚɡɛŮɟɘůɛɧɠ [1Ŭ],[2Ŭ]. 

 
ȺɘəɧɜŬ 1.10 ɀɞɟɘŬəɐ ŭɞɛɐ ˊɞɚɡɛŮɟɩɜ ɡɚɘəɩɜ 

 

 

 

 

 

 

 



ʅʶ˂ʾʵʰ 19 h ˉˈ 267 
 

1.5.1.2 ɇȷɂȽɁɃɀȼɆȼ ɄɃȿɈɀȺɅɋɁ 

Ŭ. ɀŮ əɟɘŰɐɟɘɞ Űɖɜ ŬɟɢɘŰŮəŰɞɜɘəɐ Űɖɠ ˊɞɚɡɛŮɟɘəɐɠ ŬɚɡůɑŭŬɠ Űɞɡɠ 
ŭɘŬəɟɑɜɞɜŰŬɘ ůŮ [1Ŭ],[2Ŭ]: 

¶ ũɟŬɛɛɘəɎ  

¶ ȹɘŬəɚŬŭɤɛɏɜŬ 

¶ ȹɘəŰɡɤŰɎ ɐ ŭɘŬůŰŬɡɟɞɨɛŮɜŬ (crosslinked) ɐ ˊɚɏɔɛŬ (network) 

 
ȺɘəɧɜŬ 1.11 Ⱥɑŭɖ ŬɚɡůɑŭŬɠ ˊɞɚɡɛŮɟɩɜ 

ɓ.   ɀŮ əɟɘŰɐɟɘɞ Űɞ Ůɑŭɞɠ Űɤɜ ŬŰɧɛɤɜ ˊɞɡ ůɡɛɛŮŰɏɢɞɡɜ ůŰɖ ŭɞɛɐ Űɖɠ əɨɟɘŬɠ 

ŬɚɡůɑŭŬɠ Űɞɡɠ [1Ŭ],[2Ŭ] : 

1. ɃɛɞŬɚɡůɤŰɎ: ȼ ŬɚɡůɑŭŬ Űɞɡɠ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɏɜŬ Ůɑŭɞɠ ŬŰɧɛɤɜ 

2. ȺŰŮɟɞŬɚɡůɤŰɎ: ȼ ŬɚɡůɑŭŬ Űɞɡɠ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ˊŮɟɘůůɧŰŮɟŬ Ůɑŭɖ 

ŬŰɧɛɤɜ 

ɔ.   ɀŮ əɟɘŰɐɟɘɞ Űɖɜ ˊɟɞɏɚŮɡůɖ əŬɘ Űɖ ɢɖɛɘəɐ Űɞɡɠ ůɨůŰŬůɖ ŭɘŬəɟɑɜɞɜŰŬɘ ůŮ 

[1Ŭ],[2Ŭ]: 

1. ūɡůɘəɎ: ȿŬɛɓɎɜɞɜŰŬɘ ŬˊŮɡɗŮɑŬɠ Ŭˊɧ Űɖ űɨůɖ (ɛŬɚɚɑ, ɛŮŰɎɝɘ) 

2. ȼɛɘůɡɜɗŮŰɘəɎ: ɄɟɞəɨˊŰɞɡɜ Ŭˊɧ ɢɖɛɘəɧ ɛŮŰŬůɢɖɛŬŰɘůɛɧ űɡůɘəɩɜ 

ˊɟɞɥɧɜŰɤɜ (ŮɓɞɜɑŰɖɠ, ɜɘŰɟɞəɡŰŰŬɟɑɜɖ, rayon, cellofan) 

3. ɆɡɜɗŮŰɘəɎ: ɇŬ ɛɞɜɞɛŮɟɐ ˊɞɡ ŰŬ ůɡɜɗɏŰɞɡɜ, ŭŮɜ ɡˊɎɟɢɞɡɜ ůŰɖ űɨůɖ  

( PVC, Nylon 6 əŬɘ 6.6, Teflon). 
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ŭ.   ɀŮ əɟɘŰɐɟɘɞ Űɖ ɢɟɐůɖ Űɞɡɠ ŭɘŬəɟɑɜɞɜŰŬɘ ůŮ [1Ŭ],[2Ŭ] : 

1. ȺɡɟŮɑŬɠ ɢɟɐůɖɠ: ɄŬɟɎɔɞɜŰŬɘ ůŮ ˊɞɚɨ ɡɣɖɚɧ ˊɞůɞůŰɧ, ŮɑɜŬɘ űɗɖɜɎ əŬɘ 

ɏɢɞɡɜ ˊɞɘəɑɚŬ ˊŮŭɑŬ ŮűŬɟɛɞɔɩɜ ůŰɖɜ əŬɗɖɛŮɟɘɜɐ ɕɤɐ (ˊɞɚɡŬɘɗɡɚɏɜɘɞ, ˊɞɚɡůŰɡɟɏɜɘɞ, 

PVC, ABS). 

2. ɇŮɢɜɘəɎ: ɀŮ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ ůɖɛŬɜŰɘəɎ ŬɜɩŰŮɟŮɠ Ŭˊɧ ŮəŮɑɜŮɠ Űɤɜ 

ˊɞɚɡɛŮɟɩɜ ŮɡɟŮɑŬɠ ɢɟɐůɖɠ, ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ, ůŮ ŰɛɐɛŬŰŬ ɛɖɢŬɜɩɜ əŬɘ ŭɘɎűɞɟɤɜ 

əŬŰŬůəŮɡɩɜ ˊɟɞɠ ŬɜŰɘəŬŰɎůŰŬůɖ Űɤɜ ɛŮŰŬɚɚɘəɩɜ ŰɛɖɛɎŰɤɜ Űɞɡɠ (ˊɞɚɡŬɛɑŭɘŬ 

(nylon), ˊɞɚɡŬɜɗɟŬəɘəɎ (PC), ŮˊɞɝŮɘŭɘəɏɠ ɟɖŰɑɜŮɠ) 

3. ɄɟɞɖɔɛɏɜŬ: ɀŮ ŮɝŬɘɟŮŰɘəɏɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ əŬɘ ɛŮɔɎɚɖ 

ůŰŬɗŮɟɧŰɖŰŬ ůŮ ɡɣɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ, ˊŬɟɎɔɞɜŰŬɘ ůŮ ɛɘəɟɏɠ ˊɞůɧŰɖŰŮɠ əŬɘ 

ˊɟɞɞɟɑɕɞɜŰŬɘ ɔɘŬ Ůɘŭɘəɏɠ ŮűŬɟɛɞɔɏɠ (ɄɞɚɡŬɛɑŭɘŬ, ˊɞɚɨ-ŬɘɗŮɟɞəŮŰɧɜɖ, ˊɞɚɨ-

ɛŮɗŬəɟɡɚɘəɧ ɛŮɗɨɚɘɞ). 

1.5.2 ȺũȾȿɈɆɀȷɇȷ 

ɇŬ ŮɔəɚŮɑůɛŬŰŬ (ɐ ŮɜɘůɢɡŰɘəɎ ɡɚɘəɎ) ŮɑɜŬɘ ŬɜɧɟɔŬɜŬ ɡɚɘəɎ ˊɞɡ ˊŮɟɘəɚŮɑɞɜŰŬɘ 

ɛɏůŬ ůŮ ɛɑŬ ɛɐŰɟŬ əŬɘ ŮˊɘŰŮɚɞɨɜ ˊɞɚɚɏɠ ůɖɛŬɜŰɘəɏɠ ɚŮɘŰɞɡɟɔɑŮɠ. ȾŬŰɎ əɨɟɘɞ ɚɧɔɞ, ɞɘ 

ŮˊɘɗɡɛɖŰɏɠ ɘŭɘɧŰɖŰŮɠ ŮˊɘŰɡɔɢɎɜɞɜŰŬɘ ŮˊɘɚɏɔɞɜŰŬɠ Űɞɜ əŬŰɎɚɚɖɚɞ Űɨˊɞ əŬɘ ɡɚɘəɧ 

Ůɜɑůɢɡůɖɠ. Ȱɢɞɡɜ ŮˊɘűɞɟŰɘůɗŮɑ ɛŮ Űɞ ɜŬ űɏɟɞɡɜ Ůɘɠ ˊɏɟŬɠ Űɘɠ ŬɡɝɖɛɏɜŮɠ ɛɖɢŬɜɘəɏɠ 

ŬˊŬɘŰɐůŮɘɠ ˊɞɡ ɢŬɟŬəŰɖɟɑɕɞɡɜ ŰŬ ůɨɜɗŮŰŬ ɡɚɘəɎ, ɛɑŬɠ əŬɘ ŮɑɜŬɘ ŮəŮɑɜŬ ˊɞɡ 

ˊŬɟŬɚŬɛɓɎɜɞɡɜ ŰŬ űɞɟŰɑŬ. ɇŬ ŮɔəɚŮɑůɛŬŰŬ ɏɢɞɡɜ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ ˊɞɚɨ ŬɜɩŰŮɟŮɠ 

ůŮ ůɢɏůɖ ɛŮ Űɞ ɡɚɘəɧ ˊɞɡ ŬˊɞŰŮɚŮɑ Űɖɜ ɛɐŰɟŬ, ˊɟɞůŭɑŭɞɜŰŬɠ ůŰɞ ůɨɜɗŮŰɞ ɡɚɘəɧ 

Ŭɡɝɖɛɏɜɖ ŬɜŰɞɢɐ əŬɘ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ. ɈˊɎɟɢɞɡɜ ˊɞɚɚɩɜ Ůɘŭɩɜ  ŮɔəɚŮɑůɛŬŰŬ ˊɞɡ 

ŭɘŬűɏɟɞɡɜ ɤɠ ˊɟɞɠ Űɞ ɛɏɔŮɗɞɠ Űɖɜ ɔŮɤɛŮŰɟɑŬ əŬɘ ŰŬ űɡůɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡɠ 

[1Ŭ],[2Ŭ].      

ɇɟŮɑɠ ŮɑɜŬɘ ɞɘ əɨɟɘŮɠ əŬŰɖɔɞɟɑŮɠ ŮɔəɚŮɘůɛɎŰɤɜ ɓɎůŮɘ Űɞɡ ůɢɐɛŬŰɧɠ Űɞɡɠ ŮɑɜŬɘ: 

 

¶ ȺɔəɚŮɑůɛŬŰŬ ůŮ ɛɞɟűɐ əɧəəɤɜ. 

¶ ȺɔəɚŮɑůɛŬŰŬ ůŮ ɛɞɟűɐ ɘɜɩɜ. 

¶ ȺɔəɚŮɑůɛŬŰŬ ůŮ ɛɞɟűɐ ɜɘűɎŭɤɜ. 

 

ɇŬ ŮɔəɚŮɑůɛŬŰŬ ɏɢɞɡɜ ŬɟəŮŰɎ ɛɘəɟɏɠ ŭɘŬůŰɎůŮɘɠ Űɖɠ ŰɎɝɖɠ Űɞɡ çmicroè.  
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1.5.3 ȼ ȺɄȽȹɅȷɆȼ ɇɋɁ ȺũȾȿȺȽɆɀȷɇɋɁ ɆɇȽɆ ȽȹȽɃɇȼɇȺɆ ɇɋɁ 

ȺɄɃɂȺȽȹȽȾɋɁ ɅȼɇȽɁɋɁ 

¶ ɆɡůŰɞɚɐ 

 

ȼ ůɡůŰɞɚɐ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ ůəɚɐɟɡɜůɖɠ Űɖɠ ɟɖŰɑɜɖɠ ŮɚŬŰŰɩɜŮŰŬɘ ŬɜɎɚɞɔŬ ɛŮ 

Űɖɜ Ŭɨɝɖůɖ Űɖɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ůŮ ɏɔəɚŮɘůɛŬ Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ. ȷɡŰɧ ɞűŮɑɚŮŰŬɘ 

ůŰɞ ɧŰɘ ɖ ɟɖŰɑɜɖ ŬɜŰɘəŬɗɑůŰŬŰŬɘ ůŰŬŭɘŬəɎ Ŭˊɧ ɡɚɘəɧ ˊɞɡ ŭŮɜ ŮɛűŬɜɑɕŮɘ ɛŮŰŬɓɞɚɐ ůŰɘɠ 

ŭɘŬůŰɎůŮɘɠ Űɞɡ, ůŮ ŬɜŰɑɗŮůɖ ɛŮ Űɖɜ əŬɗŬɟɐ ɟɖŰɑɜɖ [1Ŭ],[2Ŭ]. 

 

¶ ɀɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ 

 

ȼ ˊŬɟɞɡůɑŬ Űɤɜ ŮɔəɚŮɘůɛɎŰɤɜ ůŰɘɠ ɟɖŰɑɜŮɠ ɔŮɜɘəɎ ŬɡɝɎɜŮɘ Űɞ ɛɏŰɟɞ 

ŮɚŬůŰɘəɧŰɖŰŬɠ ůŮ ŬɡŰɏɠ, Ůɜɩ ŬɜŰɑɗŮŰŬ ɖ ˊŬɟŬɛɧɟűɤůɖ ɗɟŬɨůɖɠ ŮɚŬŰŰɩɜŮŰŬɘ. ȼ 

ɛŮŰŬɓɞɚɐ ŬɡŰɐ ŮɑɜŬɘ ŬɜɎɚɞɔɖ ɛŮ Űɖɜ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɏɔəɚŮɘůɛŬ. ȷɡŰɧ ɘůɢɨŮɘ ɔɘŬ 

ɛŮŰɟɐůŮɘɠ ůŮ ɗŮɟɛɞəɟŬůɑŮɠ ˊŮɟɘɓɎɚɚɞɜŰɞɠ [1Ŭ],[2Ŭ] . 

 

¶ ȷɜŰɞɢɐ ůŮ ɢɖɛɘəɎ ŬɜŰɘŭɟŬůŰɐɟɘŬ əŬɘ ůŮ ŭɘɎɓɟɤůɖ 

 

ɀŮɟɘəɎ ŮɔəɚŮɑůɛŬŰŬ ɧˊɤɠ ˊ.ɢ Űɞ ŬɜɗɟŬəɘəɧ ŬůɓɏůŰɘɞ ɛŮɘɩɜɞɡɜ Űɖɜ ŬɜŰɞɢɐ Űɤɜ 

ɟɖŰɘɜɩɜ ůŮ ɞɝɏŬ, Ůɜɩ ɎɚɚŬ ɧˊɤɠ Űɞ Ŭɚɞɡɛɑɜɘɞ ɛŮɘɩɜɞɡɜ Űɖɜ ŬɜŰɞɢɐ ŬɡŰɐ ůŮ ɡɔɟŬůɑŬ. 

ɇŬ  ŮɔəɚŮɑůɛŬŰŬ ɔŮɜɘəɎ ɛŮɘɩɜɞɡɜ Űɖɜ ŰŬɢɨŰɖŰŬ ŭɘɎɢɡůɖɠ Űɞɡ ɜŮɟɞɨ ůŰŬ ůɨɜɗŮŰŬ ɡɚɘəɎ 

əŬɘ Ůˊɑůɖɠ ůɡɛɛŮŰɏɢɞɡɜ ůŰɖɜ ŭɘɎɓɟɤůɖ Űɤɜ ˊɞɚɡɛŮɟɩɜ ůŰɖɜ ŮˊŬűɐ Űɞɡɠ ɛŮ ɛɏŰŬɚɚŬ. 

ȽɧɜŰŬ ˊɞɡ ɡˊɎɟɢɞɡɜ ůŰɖɜ ůŰŮɟŮɞˊɞɘɖɛɏɜɖ ɛɐŰɟŬ ɛˊɞɟɞɨɜ ɜŬ ɛŮŰŬűɏɟɞɡɜ ɔŬɚɓŬɜɘəɎ 

ɣɐɔɛŬŰŬ əŬ ɜŬ Ůɜɘůɢɨůɞɡɜ Űɖ ŭɘɎɓɟɤůɖ. ȷɡŰɧ ɞűŮɑɚŮŰŬɘ ůŰɖɜ Ŭɨɝɖůɖ Űɖɠ 

ŬɔɤɔɘɛɧŰɖŰŬɠ Űɞɡ ůɨɜɗŮŰɞɡ, ɚɧɔɤ Űɖɠ ɘəŬɜɧŰɖŰŬɠ Űɤɜ ŮɔəɚŮɘůɛɎŰɤɜ ɜŬ 

ŬˊŮɚŮɡɗŮɟɩɜɞɡɜ ɘɧɜŰŬ [1Ŭ],[2Ŭ]. 

 

¶ Ⱥɘŭɘəɐ ˊɡəɜɧŰɖŰŬ 

 

ɇŬ ŮɔəɚŮɑůɛŬŰŬ ˊɞɡ ůŰɖɜ ˊɚŮɘɞɣɖűɑŬ Űɞɡɠ ɏɢɞɡɜ ɛŮɔŬɚɨŰŮɟɖ ˊɡəɜɧŰɖŰŬ Ŭˊɧ Űɖɜ 

ɟɖŰɑɜɖ, ŬɡɝɎɜɞɡɜ Űɖɜ ˊɡəɜɧŰɖŰŬ Űɤɜ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ ŬɜɎɚɞɔŬ ɛŮ Űɖɜ əŬŰô ɧɔəɞ 

ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɞɡɠ. ȰŰůɘ ɖ ˊŬɟɞɡůɑŬ Űɤɜ ŮɔəɚŮɘůɛɎŰɤɜ ɛŮɘɩɜŮɘ ŬɘůɗɖŰɎ Űɞ əɧůŰɞɠ 

Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ [1Ŭ],[2Ŭ]. 

 

¶ ȽɝɩŭŮɠ 

 

ɇŬ ŮɔəɚŮɑůɛŬŰŬ ŬɡɝɎɜɞɡɜ Űɞ ɘɝɩŭŮɠ Űɤɜ ŮˊɞɝŮɘŭɘəɩɜ ɟɖŰɘɜɩɜ. ȼ Ŭɨɝɖůɖ ŬɡŰɐ 

ŮɑɜŬɘ ɛŮɔŬɚɨŰŮɟɖ ɛŮ ɘɜɩŭɖ ɡɚɘəɎ əŬɘ ɚɘɔɧŰŮɟɞ ɛŮ əɞəəɩŭɖ ŮɔəɚŮɑůɛŬŰŬ [1Ŭ],[2Ŭ]. 
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¶ ɆɡɜŰŮɚŮůŰɐɠ ɗŮɟɛɘəɐɠ ŭɘŬůŰɞɚɐɠ 

 

Ƀ ůɡɜŰŮɚŮůŰɐɠ ɗŮɟɛɘəɐɠ ŭɘŬůŰɞɚɐɠ Űɖɠ ůŰŮɟŮɞˊɞɘɖɛɏɜɖɠ ŮˊɞɝŮɘŭɘəɐɠ ɟɖŰɑɜɖɠ 

ŮɚŬŰŰɩɜŮŰŬɘ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɖɠ əŬŰô ɧɔəɞ ůɡɔəɏɜŰɟɤůɖɠ ůŮ ɏɔəɚŮɘůɛŬ. ȼ ŮɚɎŰŰɤůɖ 

ŬɡŰɐ ŭŮɜ ŮɑɜŬɘ ɔɟŬɛɛɘəɐ [1Ŭ],[2Ŭ] . 

 

¶ Ʉɟɧůűɡůɖ 

 

ɇŬ ŮɔəɚŮɑůɛŬŰŬ ŮɚŬŰŰɩɜɞɡɜ Űɞ ɓŬɗɛɧ ůɡůŰɞɚɐɠ əŬɘ ɏŰůɘ ŬɡɝɎɜɞɡɜ Űɖɜ 

ɘəŬɜɧŰɖŰŬ ˊɟɧůűɡůɖɠ Űɤɜ ŮˊɞɝŮɘŭɘəɩɜ ɟɖŰɘɜɩɜ ŬˊɞŰŮɚŮůɛŬŰɘəɎ [1Ŭ],[2Ŭ]. 

 

¶ ŪŮɟɛɘəɐ ůŰŬɗŮɟɧŰɖŰŬ 

 

ȺɜɘůɢɨŮŰŬɘ ɛŮ Űɖɜ ˊŬɟɞɡůɑŬ ŮɔəɚŮɘůɛɎŰɤɜ. ɀŮ Űɞɜ ɧɟɞ ɗŮɟɛɘəɐ ůŰŬɗŮɟɧŰɖŰŬ 

ŮɜɜɞɞɨɛŮ Űɖɜ əŬŰɎůŰŬůɖ Űɞɡ ůɨɜɗŮŰɞɡ ɧŰŬɜ ŭŮɜ ˊŬɟŬŰɖɟɞɨɜŰŬɘ ŬɚɚɞɘɩůŮɘɠ ůŰɖ ŭɞɛɐ 

Űɞɡ ůɡɜŬɟŰɐůŮɘ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ [1Ŭ],[2Ŭ]. 

 

¶ ŪŮɟɛɘəɐ ŬɔɤɔɘɛɧŰɖŰŬ 

 

ɇŬ ŮɔəɚŮɑůɛŬŰŬ ŬɡɝɎɜɞɡɜ Űɖ ɗŮɟɛɘəɐ ŬɔɤɔɘɛɧŰɖŰŬ Űɤɜ ɟɖŰɘɜɩɜ. ȸɏɓŬɘŬ ůŮ 

ɛŮɔɎɚŮɠ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ ŬɡɝɎɜɞɡɜ Űɖɜ ˊŬɟɞɡůɑŬ űɡůŬɚɑŭɤɜ ŬɏɟŬ ɛɏůŬ ůŰɞ ůɨɜɗŮŰɞ, 

ˊɞɡ ɤɠ ɔɜɤůŰɧ ŬˊɞŰŮɚɞɨɜ ɗŮɟɛɞɛɞɜɤŰɘəɎ ůɩɛŬŰŬ. ɄŮɟɘůůɧŰŮɟɞ ŬɡɝɎɜŮŰŬɘ ɖ ɗŮɟɛɘəɐ 

ŬɔɤɔɘɛɧŰɖŰŬ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ ɛŮŰŬɚɚɘəɩɜ ɘɜɩɜ ůɡɔəɟɘŰɘəɎ ɛŮ ŰŬ əɞəəɩŭɖ 

ɛŮŰŬɚɚɘəɎ ŮɔəɚŮɑůɛŬŰŬ [1Ŭ],[2Ŭ]. 

 

¶ ȷɜŰɞɢɐ ůŰɖ ůɡɛˊɑŮůɖ 

 

ɇŬ əɞəəɩŭɖ ŮɔəɚŮɑůɛŬŰŬ ŬɡɝɎɜɞɡɜ Űɖɜ ŬɜŰɞɢɐ ůŮ ůɡɛˊɑŮůɖ ɚɧɔɤ Űɖɠ 

ŭɡůəŬɛɣɑŬɠ ˊɞɡ ˊɟɞəŬɚɞɨɜ [1Ŭ,[2Ŭ]. 

 

¶ ɆɡɛˊŮɟɘűɞɟɎ ůŰɖɜ əɟɞɨůɖ 

 

ɇŬ əɞəəɩŭɖ ŮɔəɚŮɑůɛŬŰŬ ŮˊɖɟŮɎɕɞɡɜ Űɖɜ ŬɜŰɞɢɐ ůŮ əɟɞɨůɖ Űɤɜ 

ůəɚɖɟɡɜɧɛŮɜɤɜ ŮˊɞɝŮɘŭɘəɩɜ ɟɖŰɘɜɩɜ ůŮ ɓŬɗɛɧ ˊɞɡ ɞ́ɘəɑɚŮɘ ŬɜɎɚɞɔŬ ɛŮ Űɞɜ Űɨˊɞ Űɞɡ 

ŮɔəɚŮɑůɛŬŰɞɠ, Űɞɜ Űɨˊɞ Űɖɠ ɟɖŰɑɜɖɠ əŬɘ Űɞ Ůɑŭɞɠ Űɖɠ ŭɞɛɘəɐɠ əɟɞɨůɖɠ. ũŮɜɘəɎ Űɧůɞ ŰŬ 

əɞəəɩŭɖ ɧůɞ əŬɘ ŰŬ ɘɜɩŭɖ ŮɔəɚŮɑůɛŬŰŬ Ůɜɘůɢɨɞɡɜ Űɖɜ ŬɜŰɞɢɐ Űɤɜ ɟɖŰɘɜɩɜ ůŮ əɟɞɨůɖ 

[1Ŭ],[2Ŭ]. 
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¶ ɆɡɛˊŮɟɘűɞɟɎ ůŰɖɜ əɎɛɣɖ 

 

ɇŬ əɞəəɩŭɖ ŮɔəɚŮɑůɛŬŰŬ ɔŮɜɘəɎ ŮɚŬŰŰɩɜɞɡɜ Űɖɜ ŬɜŰɞɢɐ ůŰɖɜ əɎɛɣɖ əŬɘ 

ŬɡɝɎɜɞɡɜ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ ůŮ əɎɛɣɖ [1Ŭ],[2Ŭ]. 

 

¶ ɆəɚɖɟɧŰɖŰŬ ŮˊɘűɎɜŮɘŬɠ-ŬɜŰɑůŰŬůɖ ůŰɖɜ Űɟɘɓɐ   

 

ɇŬ ŮɔəɚŮɑůɛŬŰŬ ŬɡɝɎɜɞɡɜ Űɖɜ ůəɚɖɟɧŰɖŰŬ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ ůɨɜɗŮŰɞɡ əŬɘ 

Űɖɜ ŬɜŰɑůŰŬůɖ ůŮ Űɟɘɓɐ [1Ŭ],[2Ŭ]. 

 

1.5.4 ɀȼɇɅȺɆ 

Ƀ ɟɧɚɞɠ Űɖɠ ɛɐŰɟŬɠ ůɡɜɑůŰŬŰŬɘ ůŮ [1Ŭ],[2Ŭ]: 

 

¶  ɆɡɔəɟɎŰɖůɖ Űɤɜ ɘɜɩɜ ɛŮŰŬɝɨ Űɞɡɠ.  

¶  ɄɟɞůŰŬůɑŬ Űɤɜ ɘɜɩɜ Ŭˊɧ ˊŮɟɘɓŬɚɚɞɜŰɘəɏɠ űɗɞɟɏɠ əŬɘ ˊɟɞůɓɞɚɏɠ.   

¶  ɀŮŰŬɓɑɓŬůɖ Űɤɜ ɛɖɢŬɜɘəɩɜ ŰɎůŮɤɜ ˊɞɡ ŬůəɞɨɜŰŬɘ ůɡɜɞɚɘəɎ ůŰɞ 

ůɨɜɗŮŰɞ ɡɚɘəɧ ˊɟɞɠ Űɘɠ ɑɜŮɠ.  

¶ ȷɜŬəɞˊɐ Űɖɠ ŭɘɎŭɞůɖɠ Űɤɜ ɟɤɔɛɩɜ, ˊɞɡ ɝŮəɘɜɞɨɜ Ŭˊɧ ɗɟŬɨůɖ Űɤɜ ɘɜɩɜ. 

  

ũɘŬ ɜŬ ɘəŬɜɞˊɞɘŮɑ Űɞ ɟɧɚɞ, ÕŮ Űɞɜ ɞɞ́ɑɞ ŮɑɜŬɘ ŮˊɘűɞɟŰɘůɛɏɜɖ ɖ ɛɐŰɟŬ, 

ˊɟɏˊŮɘ ɜŬ ɢŬɟŬəŰɖɟɑɕŮŰŬɘ Ŭˊɧ:  

 

¶ ɃɚəɘɛɧŰɖŰŬ.  

¶ ȷɜɗŮəŰɘəɧŰɖŰŬ.  

¶ ɆɢŮŰɘəɐ ŮɡəŬɛɣɑŬ.  

¶ ɆɖɛŮɑɞ Űɐɝɖɠ ɛŮɔŬɚɨŰŮɟɞ Ŭˊɧ Űɖ ɛɏɔɘůŰɖ ɗŮɟɛɞəɟŬůɑŬ ɚŮɘŰɞɡɟɔɑŬɠ Űɞɡ 

ůɡɜɗɏŰɞɡ ɡɚɘəɞɨ.   

 

Ƀɘ ɘŭɘɧŰɖŰŮɠ ŬɡŰɏɠ ˊɟɏˊŮɘ Ůˊɑůɖɠ ɜŬ ˊŬɟɞɡůɘɎɕɞɡɜ çůɡɛɓŬŰɧŰɖŰŬè ÕŮ Űɘɠ 

ŬɜŰɑůŰɞɘɢŮɠ ɘŭɘɧŰɖŰŮɠ  Űɤɜ ŮɜɘůɢɡŰɘəɩɜ ɘɜɩɜ.   

Ɇɡɜɐɗɤɠ, Űɞ ɡɚɘəɧ Űɖɠ ɛɐŰɟŬɠ ɏɢŮɘ ɢŬɛɖɚɧŰŮɟɖ ˊɡəɜɧŰɖŰŬ, ŬɜŰɞɢɐ əŬɘ ŭɡůəŬɛɣɑŬ 

Ŭˊɧ Űɘɠ ɑɜŮɠ.  ɇɏɚɞɠ, ɔɘŬ Űɖ ůɤůŰɐ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ ůɡɜɗɏŰɞɡ ɡɚɘəɞɨ, əŬɗɞɟɘůŰɘəɧɠ 

ˊŬɟɎɔɞɜŰŬɠ ŮɑɜŬɘ ɖ əŬɚɐ ˊɟɧůűɡůɖ ɑɜŬɠ ï ɛɐŰɟŬɠ. 

  

ȷɜɎɚɞɔŬ ÕŮ Űɞ ɡɚɘəɧ Űɖɠ ɛɐŰɟŬɠ ŭɘŬəɟɑɜɞɡɛŮ Űɘɠ ŬəɧɚɞɡɗŮɠ ɞɛɎŭŮɠ ɡɚɘəɩɜ 

ɛɐŰɟŬɠ ɔɘŬ ůɨɜɗŮŰŬ ɡɚɘəɎ:  

  
¶ ɃɟɔŬɜɘəɏɠ. 
¶ ɀŮŰŬɚɚɘəɏɠ. 
¶ ȾŮɟŬɛɘəɏɠ. 
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ȼ Ůˊɘɚɞɔɐ əŬŰɎɚɚɖɚɖɠ ɛɐŰɟŬɠ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖ ɗŮɟɛɞəɟŬůɑŬ əŬɘ Űɞ ˊŮɟɘɓɎɚɚɞɜ 
ɢɟɐůɖɠ Űɞɡ ůɡɜɗɏŰɞɡ. ɀɑŬ ɔŮɜɘəɐ ɞŭɖɔɑŬ ŬɜŬűɞɟɘəɎ ÕŮ ŰŬ ɗŮɟɛɞəɟŬůɘŬəɎ ɧɟɘŬ ɔɘŬ 
əɎɗŮ ɞɛɎŭŬ ɡɚɘəɩɜ ˊŬɟɞɡůɘɎɕŮŰŬɘ ˊŬɟŬəɎŰɤ. 

 

 

ȺɘəɧɜŬ 1.12 ȳɟɘŬ ɗŮɟɛɞəɟŬůɑŬɠ ɡɚɘəɞɨ ɛɐŰɟŬɠ 

ɇŬ ŬɜŰɑůŰɞɘɢŬ ůɨɜɗŮŰŬ ɡɚɘəɎ ɢŬɟŬəŰɖɟɑɕɞɜŰŬɘ ÕŮ Űɘɠ ŬəɧɚɞɡɗŮɠ ůɡɜŰɛɐůŮɘɠ:  

PMC: Polymer Matrix Composite  
MMC: Metal Matrix Composite  
CMC: Ceramic Matrix Composite  

1.5.4.1 ɃɅũȷɁȽȾȺɆ ɀȼɇɅȺɆ 

Ƀɘ ɞɟɔŬɜɘəɏɠ ɛɐŰɟŮɠ ŭɘŬəɟɑɜɞɜŰŬɘ ůŮ [1Ŭ],[2Ŭ]:  

1. ŪŮɟɛɞˊɚŬůŰɘəɏɠ:  

ɄɟɧəŮɘŰŬɘ ɔɘŬ ˊɞɚɡɛŮɟɐ ÕŮ ɔɟŬɛɛɘəɏɠ ŬɚɡůɑŭŮɠ. ɄŬɟɞɡůɘɎɕɞɡɜ ŭɞɛɐ, 
ɧˊɞɡ ɞɘ ÕɞɟɘŬəɏɠ ŬɚɡůɑŭŮɠ ŭɘŬůɡɜŭɏɞɜŰŬɘ ÕŮ ŬůɗŮɜŮɑɠ ŭɡɜɎɛŮɘɠ Van der Waals, ˊɞɡ 
ŮɝŬůɗŮɜɞɨɜ ÕŮ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ ÕŮ ŬɜŰɘůŰɟŮˊŰɐ ɧɛɤɠ ŭɘŬŭɘəŬůɑŬ, 
əŬɗɘůŰɩɜŰŬɠ Űɞ ɡɚɘəɧ ɛŬɚŬəɧŰŮɟɞ ůŮ ɡɣɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ.  

ȿɧɔɤ  Űɞɡ ɢŬɛɖɚɞɨ Űɞɡɠ əɧůŰɞɡɠ,  ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ  ůŮ  ŮűŬɟɛɞɔɏɠ  
ŮɡɟŮɑŬɠ  əŬŰŬɜɎɚɤůɖɠ. ȷɜŰɘˊɟɞůɤˊŮɡŰɘəɎ ˊŬɟŬŭŮɑɔɛŬŰŬ ŬˊɞŰŮɚɞɨɜ ɞɘ ɛɐŰɟŮɠ 
ˊɞɚɡŬɘɗɡɚŮɜɑɞɡ (PE) əŬɘ ˊɞɚɡůŰɡɟŮɜɑɞɡ (PS). ɋɠ ŮɜɘůɢɡŰɘəɎ  ɡɚɘəɎ  ɗŮɟɛɞˊɚŬůŰɘəɩɜ 
ɛɖŰɟɩɜ  ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ  űɗɖɜɎ  ɡɚɘəɎ (ŬɛɑŬɜŰɞɠ, ɛŬɟɛŬɟɡɔɑŮɠ, ə.Ŭ.), ɩůŰŮ əŬɘ Űɞ 
ŰŮɚɘəɧ ˊɟɞɥɧɜ ɜŬ ŮɑɜŬɘ ɢŬɛɖɚɐɠ Űɘɛɐɠ.  
 

2. ŪŮɟɛɞůəɚɖɟɡɜɧɛŮɜŮɠ: 

ɉɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŮ ˊŮɟɘˊŰɩůŮɘɠ ɧˊɞɡ ŬˊŬɘŰɞɨɜŰŬɘ  əŬɚɨŰŮɟŮɠ 

ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ. ɇŬ ɗŮɟɛɞůəɚɖɟɡɜɧɛŮɜŬ ˊɞɚɡɛŮɟɐ ˊŬɟɞɡůɘɎɕɞɡɜ  ŰɟɘůŭɘɎůŰŬŰɖ  

ŭɞɛɐ ˊɚɏɔɛŬŰɞɠ  Ŭˊɧ  ˊɟɤŰɞɔŮɜŮɑɠ  ɘůɢɡɟɞɨɠ  ŭŮůɛɞɨɠ ɛŮŰŬɝɨ  Űɤɜ ÕɞɟɘŬəɩɜ  

Ŭɚɡůɑŭɤɜ. ȷɨɝɖůɖ  Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ  ŬɡɝɎɜŮɘ  Űɞ  ˊɚɐɗɞɠ  Űɤɜ ŭɘŬɛɞɟɘŬəɩɜ ŭŮůɛɩɜ  

əŬɗɘůŰɩɜŰŬɠ  ŰŬ  ɡɚɘəɎ  ŬɡŰɎ ůəɚɖɟɧŰŮɟŬ əŬɘ ˊɘɞ ɣŬɗɡɟɎ.  
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ɇɏŰɞɘŮɠ ɛɐŰɟŮɠ ŮɑɜŬɘ:  

¶ ɄɞɚɡŮůŰŮɟɘəɏɠ ɟɖŰɑɜŮɠ ˊɞɡ ŮɜɘůɢɨɞɜŰŬɘ ÕŮ ɑɜŮɠ ɔɡŬɚɘɞɨ.  

¶ Ⱥˊɞɝɡŭɘəɏɠ ɟɖŰɑɜŮɠ ÕŮ ɛɏɔɘůŰɖ ɗŮɟɛɞəɟŬůɑŬ ɚŮɘŰɞɡɟɔɑŬɠ Űɞɡɠ 200 ɞC, 

əŬɚɨŰŮɟŮɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Ŭˊɧ Űɘɠ ˊɟɞɖɔɞɨɛŮɜŮɠ əŬɘ ɢɟɐůɖ ůŰɖ ŬŮɟɞɜŬɡˊɖɔɘəɐ.  

¶ ūŬɘɜɞɚɘəɏɠ ɟɖŰɑɜŮɠ, ɞɘ ɞˊɞɑŮɠ ɏɢɞɡɜ ɢŬɛɖɚɐ ˊɚŬůŰɘəɧŰɖŰŬ əŬɘ ɛɏŰɟɘŮɠ 

ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ. ȼ ɛɏɔɘůŰɖ ɗŮɟɛɞəɟŬůɑŬ ɚŮɘŰɞɡɟɔɑŬɠ Űɞɡɠ űŰɎɜŮɘ Űɞɡɠ 400 ɞC.  

 

3. ȺɚŬůŰɞɛŮɟŮɑɠ: 

   ȺɑɜŬɘ ůɡɜɐɗɤɠ ɔɟŬɛɛɘəɎ ˊɞɚɡɛŮɟɐ ɛŮ ŭɘŬəɚŬŭɘůɛɏɜŮɠ ŬɚɡůɑŭŮɠ ɞɘ 

ɞˊɞɑŮɠ ɏɢɞɡɜ ŰɡɢŬɑɞ ˊɟɞůŬɜŬŰɞɚɘůɛɧ. ȹɘŬɗɏŰɞɡɜ ɛɘəɟɐ ŭɡůəŬɛɣɑŬ ɛŮ ŬˊɞŰɏɚŮůɛŬ 

ɧŰŬɜ ɡˊɞůŰɞɨɜ ɛŮɔɎɚŮɠ ˊŬɟŬɛɞɟűɩůŮɘɠ ɜŬ ŮˊŬɜɏɟɢɞɜŰŬɘ ůŰɞ Ŭɟɢɘəɧ Űɞɡɠ ůɢɐɛŬ ɛŮŰɎ 

Űɖɜ Ɏɟůɖ Űɞɡ ŮɝɤŰŮɟɘəɞɨ űɞɟŰɑɞɡ ˊɞɡ Űɘɠ ˊɟɞəɎɚŮůŮ. ɇɞ űɡůɘəɧ əŬɘ ůɡɜɗŮŰɘəɧ 

əŬɞɡŰůɞɨə ɓɟɑůəŮɘ Űɖɜ əɡɟɘɧŰŮɟɖ ŮűŬɟɛɞɔɐ Űɞɡ ůŰŬ ɚɎůŰɘɢŬ Űɤɜ ŬɡŰɞəɘɜɐŰɤɜ. ɇɞ 

űɡůɘəɧ əŬɞɡŰůɞɨə (ɚɎůŰɘɢɞ), ŭŮɜ ŮˊŬɜɏɟɢŮŰŬɘ ˊɚɐɟɤɠ ůŰɞ Ŭɟɢɘəɧ Űɞɡ ɛɐəɞɠ ɛŮŰɎ Űɖɜ 

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

ŬˊɞűŮɡɢɗŮɑ ɖ ˊɚŬůŰɘəɐ ˊŬɟŬɛɧɟűɤůɖ ɔɑɜŮŰŬɘ ɞ ɚŮɔɧɛŮɜɞɠ ɓɞɡɚəŬɜɘůɛɧ, ɧˊɞɡ Űɞ 

əŬɞɡŰůɞɨə ɗŮɟɛŬɑɜŮŰŬɘ ɛŮ ɗŮɑɞ. ȼ ŭɘŬŭɘəŬůɑŬ Űɞɡ ɓɞɡɚəŬɜɘůɛɞɨ ɏɢŮɘ ůŬɜ ŬˊɞŰɏɚŮůɛŬ 

Űɖ ŭɖɛɘɞɡɟɔɑŬ ůŰŬɡɟɞŭŮůɛɩɜ (cross-link) ɛŮŰŬɝɨ Űɤɜ ɛɞɟɑɤɜ, ɞɘ ɞˊɞɑɞɘ Ůɜɘůɢɨɞɡɜ Űɖ 

ŭɞɛɐ Űɞɡ ŮɚŬůŰɘəɞɨ. MŮ Űɞɜ Űɟɧˊɞ ŬɡŰɧɜ Űɞ ŮɚŬůŰɞɛŮɟɏɠ ɔɑɜŮŰŬɘ ůəɚɖɟɧŰŮɟɞ, 

ŬɜɗŮəŰɘəɧŰŮɟɞ, ŬˊɞəŰɎ ŬɜŰɑůŰŬůɖ ůŰɖ ŭɘɎɓɟɤůɖ Ŭˊɧ ɚɎŭɘŬ, ɧɕɞɜ, ɞɝɏŬ əŬɘ əŬɗɘůŰɎŰŬɘ 

ɚɘɔɧŰŮɟɞ ŮɡŬɑůɗɖŰɞ ůŰɘɠ ɗŮɟɛɞəɟŬůɘŬəɏɠ ɛŮŰŬɓɞɚɏɠ. ȳɛɤɠ ɖ ŭɘŬŭɘəŬůɑŬ Űɞɡ 

ɓɞɡɚəŬɜɘůɛɞɨ ŮɑɜŬɘ ɛɘŬ ˊɞɚɡŭɎˊŬɜɖ əŬɘ ɢɟɞɜɞɓɧɟŬ ŭɘŬŭɘəŬůɑŬ, ɔɘŬ ŬɡŰɧ 

ŬɜŬˊŰɨɢɗɖəŬɜ ŰŬ ŮɚŬůŰɞɛŮɟɐ ˊɞɡ ŭɘŬɗɏŰɞɡɜ Űɘɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ əŬɞɡŰůɞɨə əŬɘ Űɤɜ 

ɞˊɞɑɤɜ ɖ ɛɞɟűɞˊɞɑɖůɖ ŮɑɜŬɘ Ůɨəɞɚɖ, ŬɜŰɑůŰɞɘɢɖ ɛŮ ŮəŮɑɜɖɠ Űɤɜ ɗŮɟɛɞˊɚŬůŰɘəɩɜ. 

 

ȺɘəɧɜŬ 1.13 ɄɞɚɡŮůŰŮɟɘəɐ ɟɖŰɑɜɖ 
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1.5.4.2 ɀȺɇȷȿȿȽȾȺɆ ɀȼɇɅȺɆ 

ɀɏŰŬɚɚŬ, ɧˊɤɠ Űɞ Ŭɚɞɡɛɑɜɘɞ, Űɞ ŰɘŰɎɜɘɞ əŬɘ Űɞ ɜɘəɏɚɘɞ, ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɧɚɞ 

əŬɘ ˊŮɟɘůůɧŰŮɟɞ ɤɠ ɡɚɘəɎ ɛɐŰɟŬɠ ˊɟɞůűɏɟɞɜŰŬɠ ůɖɛŬɜŰɘəɎ ˊɚŮɞɜŮəŰɐɛŬŰŬ. ũɘŬ 

ŮűŬɟɛɞɔɏɠ ɡɣɖɚɩɜ ɗŮɟɛɞəɟŬůɘɩɜ ŮˊɘɓɎɚɚŮŰŬɘ  ɖ ɢɟɐůɖ ɛŮŰŬɚɚɘəɩɜ ɐ əŮɟŬɛɘəɩɜ 

ɛɖŰɟɩɜ, Ŭűɞɨ ɖ ɛɏɔɘůŰɖ ŮˊɘŰɟŮˊŰɐ ɗŮɞəɟŬůɑŬ  ɢɟɖůɘɛɞˊɞɑɖůɖɠ ɞɟɔŬɜɘəɩɜ ɛɖŰɟɩɜ 

ŮɑɜŬɘ ˊɞɚɨ ɢŬɛɖɚɐ (~300 ɞC), Ůɜɩ ɞɘ ŬɜɗɟŬəɞɨɢŮɠ ɛɐŰɟŮɠ ɞɝŮɘŭɩɜɞɜŰŬɘ ůŮ 

ɗŮɟɛɞəɟŬůɑŬ ɛŮɔŬɚɨŰŮɟɖ Ŭˊɧ 500 ɞC. 

ɆŮ ůɢɏůɖ ÕŮ Űɘɠ ɞɟɔŬɜɘəɏɠ ɛɐŰɟŮɠ, ɞɘ ɛŮŰŬɚɚɘəɏɠ ˊŬɟɞɡůɘɎɕɞɡɜ ˊɚŮɞɜŮəŰɐɛŬŰŬ, 

ŬɚɚɎ əŬɘ ɛŮɘɞɜŮəŰɐɛŬŰŬ, ŰŬ ůˊɞɡŭŬɘɧŰŮɟŬ Űɤɜ ɞˊɞɑɤɜ űŬɑɜɞɜŰŬɘ ůŰɞɜ ˊŬɟŬəɎŰɤ 

ˊɑɜŬəŬ [1Ŭ],[2Ŭ]. 

 
ȺɘəɧɜŬ 1.14 ɄɚŮɞɜŮəŰɐɛŬŰŬ  əŬɘ ÕɛŮɘɞɜŮəŰɐɛŬŰŬ  Űɤɜ ÕɛŮŰŬɚɚɘəɩɜ ÕɛɖŰɟɩɜ 

 (ɏɜŬɜŰɘ  Űɤɜ ɞɟɔŬɜɘəɩɜ ɛɖŰɟɩɜ) 

 

1.5.4.3 ȾȺɅȷɀȽȾȺɆ ɀȼɇɅȺɆ 

ɇŬ əŮɟŬɛɘəɎ ɡɚɘəɎ ŮɑɜŬɘ ůəɚɖɟɎ, ŭɨůŰɖəŰŬ, ɛŮɔɎɚɖɠ ůŰɘɓŬɟɧŰɖŰŬɠ əŬɘ ɛŮɔɎɚɖɠ 

ŬɜŰɞɢɐɠ ůŰɖ ŭɘɎɓɟɤůɖ ŬɚɚɎ əŬɘ ůŰɖɜ ɢɖɛɘəɐ ˊɟɞůɓɞɚɐ. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ 

əŮɟŬɛɘəɐɠ ɛɐŰɟŬɠ, ɞɘ ɑɜŮɠ Ŭˊɞɓɚɏˊɞɡɜ ůŰɖ ɓŮɚŰɑɤůɖ Űɖɠ ŬɜŰɞɢɐɠ Űɞɡ əŮɟŬɛɘəɞɨ əŬŰɎ 

Űɞɡɠ ɗŮɟɛɘəɞɨɠ ŬɘűɜɘŭɘŬůɛɞɨɠ, ɛŮ ŰŬɡŰɧɢɟɞɜɖ Ŭɨɝɖůɖ Űɖɠ ɛɖɢŬɜɘəɐɠ  Űɞɡ ŬɜŰɞɢɐɠ. ȼ 

ɞɚəɘɛɧŰɖŰŬ əŬɘ Űɞ ˊɞůɞůŰɧ Űɤɜ ɘɜɩɜ Ůˊɘŭɟɞɨɜ ŮɡɜɞɥəɎ ůŰɖ ɓŮɚŰɑɤůɖ Űɖɠ ŬɜŰɞɢɐɠ Űɖɠ 

ɛɐŰɟŬɠ. ɇɞ ůɖɛŬɜŰɘəɧŰŮɟɞ ˊɟɧɓɚɖɛŬ ůŰɖ ɢɟɐůɖ əŮɟŬɛɘəɩɜ ɛɖŰɟɩɜ ŮɜŰɞˊɑɕŮŰŬɘ ůŰɖ 

ůɡɜɎűŮɘŬ ɘɜɩɜ ï ɛɐŰɟŬɠ əŬɘ ɞűŮɑɚŮŰŬɘ ůŰɖ ɛŮɔɎɚɖ ŭɘŬűɞɟɎ ɛŮŰŬɝɨ Űɤɜ ůɡɜŰŮɚŮůŰɩɜ 

ɔɟŬɛɛɘəɐɠ ŭɘŬůŰɞɚɐɠ Űɖɠ əŮɟŬɛɘəɐɠ ɛɐŰɟŬɠ əŬɘ ŬɡŰɐɠ Űɤɜ ůɡɜɐɗɤɜ ŮɜɘůɢɡŰɘəɩɜ ɘɜɩɜ. 

ɀŮɔɎɚɖ ŮűŬɟɛɞɔɐ ɓɟɑůəɞɡɜ, Ůˊɑůɖɠ, ɞɘ ɛɐŰɟŮɠ ɎɜɗɟŬəŬ, Ůɜɩ Ůɘŭɘəɐ ˊŮɟɑˊŰɤůɖ 
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əŮɟŬɛɘəɐɠ ɛɐŰɟŬɠ ŬˊɞŰŮɚŮɑ Űɞ ŰůɘɛɏɜŰɞ. ȺɑɜŬɘ ɔɜɤůŰɏɠ ɞɘ ɞɘəɞŭɞɛɘəɏɠ əŬŰŬůəŮɡɏɠ 

ŰůɘɛɏɜŰɞɡ ÕŮ Ůɜɑůɢɡůɖ ɢɎɚɡɓŬ (ɞ́ ɚɘůɛɏɜɞ  ůəɡɟɧŭŮɛŬ),  ɘɜɩɜ  ŬɛɘɎɜŰɞɡ (ŮɚŮɜɑŰ),  ɘɜɩɜ  

ɔɡŬɚɘɞɨ,  əŬɗɩɠ  Ůˊɑůɖɠ  əŬɘ  ɞɘ əŬŰŬůəŮɡɏɠ Ŭˊɧ ɔɨɣɞ ÕŮ Ůɜɑůɢɡůɖ ɘɜɩɜ ɔɡŬɚɘɞɨ ɐ 

ŬɛɘɎɜŰɞɡ [1Ŭ],[2Ŭ].  

 

1.6 ȺɄɃɂȺȽȹȽȾȺɆ ɅȼɇȽɁȺɆ 

1.6.1 ũȺɁȽȾȷ-ɃɅȽɆɀɃɆ 

ɀŮ Űɞɜ ɧɟɞ ŮˊɞɝŮɘŭɘəɐ ɟɖŰɑɜɖ [1Ŭ],[2Ŭ] ŮɜɜɞɞɨɛŮ Űɖɜ ɏɜɤůɖ ɖ ɞˊɞɑŬ 

ůɢɖɛŬŰɑɕŮŰŬɘ Ŭˊɧ ˊŮɟɘůůɧŰŮɟŬ Ŭˊɧ ɏɜŬ ŮˊɞɝŮɑŭɘŬ ŰŬ ɞˊɞɑŬ ůɡɜŭɏɞɜŰŬɘ ɛŮŰŬɝɨ Űɞɡɠ 

ɡˊɧ ɛɞɟűɐ ŮɡɗŮɑŬɠ ɐ ŭŬəŰɡɚɑɞɡ. ɋɠ ŮˊɞɝŮɑŭɘɞ ɐ ŮˊɞɝŮɘŭɘəɧ ŮɜɜɞɞɨɛŮ Űɖ ɢɖɛɘəɐ ɞɛɎŭŬ 

ˊɞɡ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɏɜŬ ɎŰɞɛɞ ɞɝɡɔɧɜɞɡ [Ƀ], Ůɜɤɛɏɜɞ ɛŮ ŭɨɞ ɎŰɞɛŬ ɎɜɗɟŬəŬ [C] ˊɞɡ 

ŮɑɜŬɘ ɐŭɖ ŮɜɤɛɏɜŬ ɛŮ ɎŰɞɛŬ Ɏɚɚɤɜ ůŰɞɘɢŮɑɤɜ.  

 ɆŰɖɜ ˊŬɟŬəɎŰɤɜ ŮɘəɧɜŬ űŬɑɜɞɜŰŬɘ ɞɘ ůɡɜŰŬəŰɘəɞɑ Űɨˊɞɘ ŭɘŬűɧɟɤɜ ŮˊɞɝŮɘŭɑɤɜ 

əŬɘ ɖ ŬɜŰɑůŰɞɘɢɖ ɞɜɞɛŬŰɞɚɞɔɑŬ Űɞɡɠ. ȼ ɞɜɞɛŬŰɞɚɞɔɑŬ ŬɡŰɐ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɞ ɧɜɞɛŬ 

Űɖɠ ɞɛɎŭŬɠ ˊɞɡ ŮɜɩɜŮŰŬɘ ɛŮ Űɞ ŰɟɑŰɞ ɎŰɞɛɞ ɎɜɗɟŬəŬ Űɞɡ ŮˊɞɝŮɘŭɑɞɡ. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ȺɘəɧɜŬ 1.15 ɆɡɜŰŬəŰɘəɞɑ Űɨˊɞɘ ŭɘŬűɧɟɤɜ ŮˊɞɝŮɘŭɑɤɜ 
   

Ƀɘ ŮˊɞɝŮɘŭɘəɏɠ ɟɖŰɑɜŮɠ Ŭɜɐəɞɡɜ ůŰɖɜ əŬŰɖɔɞɟɑŬ Űɤɜ ɗŮɟɛɞůəɚɖɟɡɜɞɛɏɜɤɜ ɐ 

ɗŮɟɛɞůŰŬɗŮɟɩɜ  ˊɞɚɡɛŮɟɩɜ.  ȺɑɜŬɘ  ˊɟɞɥɧɜŰŬ  ŬŰŮɚɞɨɠ  ˊɞɚɡɛŮɟɘůɛɞɨ  ˊɞɡ 

ɗŮɟɛŬɘɜɧɛŮɜŬ ɔɑɜɞɜŰŬɘ ɛŬɚŬəɎ. ɀŮ Űɖɜ Ŭɨɝɖůɖ ɧɛɤɠ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ, ɞ 

ˊɞɚɡɛŮɟɘůɛɧɠ əŬɗɑůŰŬŰŬɘ ˊɚɐɟɖɠ əŬɘ ůəɚɖɟŬɑɜɞɜŰŬɘ ɞɟɘůŰɘəɎ. 

Ƀɘ ůŰŮɟŮɏɠ ŮˊɞɝŮɘŭɘəɏɠ ɟɖŰɑɜŮɠ ˊŬɟɞɡůɘɎɕɞɡɜ ɘůɢɡɟɐ ŬɜŰɑůŰŬůɖ Űɟɘɓɐɠ əŬɘ 

Ůˊɑůɖɠ ˊɞɚɨ əŬɚɐ ɢɖɛɘəɐ ŬɜŰɑůŰŬůɖ.  

ɇŬ ůɖɛŬɜŰɘəɧŰŮɟŬ ˊɚŮɞɜŮəŰɐɛŬŰŬ Űɤɜ ůŰŮɟŮɩɜ ŮˊɞɝŮɘŭɘəɩɜ ɟɖŰɘɜɩɜ 

ůɡɔəɟɘɜɧɛŮɜɤɜ ɛŮ Űɘɠ ɛŮ Űɘɠ ɡɔɟɏɠ, ŮɑɜŬɘ ɖ Ůɨəɞɚɖ ŮˊŮɝŮɟɔŬůɑŬ Űɞɡɠ, ɖ ɛɖɢŬɜɘəɐ 

ŬɜŰɞɢɐ, ɖ ɡɣɖɚɐ ɢɖɛɘəɐ ŬɜŰɑůŰŬůɖ əŬɘ Űɞ ɎɟɘůŰɞ əɞɚɚɩŭŮɠ.  

Ƀɘ əŬɚɏɠ űɡůɘəɞɢɖɛɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ŮˊɞɝŮɘŭɘəɩɜ ɟɖŰɘɜɩɜ ŮɑɢŬɜ ɤɠ 

ŬˊɞŰɏɚŮůɛŬ Űɖɜ ɔɟɐɔɞɟɖ ŬɜɎˊŰɡɝɖ əŬɘ ŮɡɟŮɑŬ ɢɟɐůɖ Űɞɡɠ. ȰŰůɘ ŬˊɞŰŮɚɞɨɜ ůɢŮŭɧɜ 
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ˊɎɜŰŬ Űɞ ɏɜŬ Ŭˊɧ ŰŬ ŭɨɞ ɐ ˊŮɟɘůůɧŰŮɟŬ ˊɟɞɥɧɜŰŬ ˊɞɡ ůɡɜŭɡɎɕɞɜŰŬɘ ɔɘŬ ɜŬ ŭɩůɞɡɜ Űɞ 

ŰŮɚɘəɧ ůɨɜɗŮŰɞ ɡɚɘəɧ. ɆŮ ˊɎɟŬ ˊɞɚɚɏɠ ˊŮɟɘˊŰɩůŮɘɠ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ əŬɘ ŮɜŰŮɚɩɠ 

ɛɧɜŮɠ Űɞɡɠ.  

  

1.6.2 ȽȹȽɃɇȼɇȺɆ ɆɇȺɅȺɋɁ ȺɄɃɂȺȽȹȽȾɋɁ ɅȼɇȽɁɋɁ 

Ƀɘ ůŰŮɟŮɏɠ ŮˊɞɝŮɘŭɘəɏɠ ɟɖŰɑɜŮɠ ŮɑɜŬɘ ɎəŬɛˊŰŬ ɎɛɞɟűŬ ůŰŮɟŮɎ ˊɞɡ ɛɞɘɎɕɞɡɜ ɛŮ 

ɔɡŬɚɑ. Ⱥˊɑůɖɠ ɞɘ ůŰŮɟŮɏɠ Ůˊɞɝɘŭɘəɏɠ ɟɖŰɑɜŮɠ ɏɢɞɡɜ ůəɚɖɟɐ əŬɘ ŬɛŮŰɎɓɚɖŰɖ ŬɜŰɑůŰŬůɖ 

Űɟɘɓɐɠ əŬɘ ˊɞɚɨ əŬɚɐ ɢɖɛɘəɐ ůɨůŰŬůɖ. ɇŬ ůɖɛŬɜŰɘəɧŰŮɟŬ ˊɚŮɞɜŮəŰɐɛŬŰŬ Űɤɜ 

ůŰŮɟŮɩɜ ŮˊɞɝŮɘŭɘəɩɜ ɟɖŰɘɜɩɜ ůŮ ůɢɏůɖ ɛŮ Űɘɠ ɡɔɟɏɠ ɟɖŰɑɜŮɠ ŮɑɜŬɘ ɖ Ůɨəɞɚɖ 

ŮˊŮɝŮɟɔŬůɑŬ Űɞɡɠ, ɖ ɛɖɢŬɜɘəɐ ŬɜŰɞɢɐ, ɖ ɡɣɖɚɐ ɢɖɛɘəɐ ŬɜŰɑůŰŬůɖ əŬɘ Űɞ ɎɟɘůŰɞ 

əɞɚɚɩŭŮɠ [1Ŭ],[2Ŭ]. 

 
 

ȺɘəɧɜŬ 1.16 ȺˊɞɝŮɘŭɘəɐ ɟɖŰɑɜɖ ůŮ ůŰŮɟŮɎ ɛɞɟűɐ 

 

1.6.3 ȽȹȽɃɇȼɇȺɆ ɈũɅɋɁ ȺɄɃɂȺȽȹȽȾɋɁ ɅȼɇȽɁɋɁ 

  

Ƀɘ ɡɔɟɏɠ ŮˊɞɝŮɘŭɘəɏɠ ɟɖŰɑɜŮɠ [1Ŭ],[2Ŭ] ˊŬɟɞɡůɘɎɕɞɡɜ Űɘɠ ˊŬɟŬəɎŰɤ ɘŭɘɧŰɖŰŮɠ:  
  

1. ɉŬɛɖɚɐ  ɡɔɟɞůəɞˊɘəɧŰɖŰŬ  əŬɘ  ɘəŬɜɞˊɞɘɖŰɘəɐ  ŬɜŰɞɢɐ  ůŰɖɜ  ŮˊɑŭɟŬůɖ 

ŭɘŬɚɨɛŬŰɞɠ ɞɝɏɤɜ, ɓɎůŮɤɜ əŬɘ ˊɞɚɚɩɜ ɞɟɔŬɜɘəɩɜ ŭɘŬɚɡŰɩɜ.  

2. ȺɑɜŬɘ ɡɔɟɎ ɛŮ ɢŬɛɖɚɧ ɘɝɩŭŮɠ (low viscosity), ɧˊɤɠ əŬɘ ŰŬ ɛɑɔɛŬŰŬ Űɞɡɠ 

ɛŮ ˊɟɧůɗŮŰŬ (ˊɚŬůŰɘəɞˊɞɘɖŰɏɠ,  ůəɚɖɟɡɜŰɏɠ)  ɛŮ  ŬˊɞŰɏɚŮůɛŬ  Űɖ  Ůɨəɞɚɖ əŬŰŮɟɔŬůɑŬ 

Űɞɡɠ. 

3. Ƀɘ  ɓŬůɘəɏɠ  Űɞɡɠ  ɘŭɘɧŰɖŰŮɠ  ɛˊɞɟɞɨɜ  ɜŬ  ŰɟɞˊɞˊɞɘɞɨɜŰŬɘ  əɎɗŮ  űɞɟɎ 

ŬɜɎɚɞɔŬ ɛŮ Űɘɠ ŬˊŬɘŰɐůŮɘɠ Űɖɠ ůɡɔəŮəɟɘɛɏɜɖɠ ŮűŬɟɛɞɔɐɠ (ŬɜɎɛɘɝɖ ɛŮ əɎˊɞɘɞ  
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ˊɟɧůɗŮŰɞ  Űɖɠ  Ůˊɘɚɞɔɐɠ  ɛŬɠ,  ɢɟɐůɖ  ŰɟɞˊɞˊɞɘɖŰɘəɩɜ  əŬɘ ůɡɜɗɏůŮɤɜ), əɎŰɘ ˊɞɡ ɏɢŮɘ 

ůŬɜ ŬˊɞŰɏɚŮůɛŬ Űɖɜ ˊɞɘəɘɚɑŬ Űɤɜ ŮűŬɟɛɞɔɩɜ. 

4. Ɉɣɖɚɐ  ŭɨɜŬɛɖ  ůɡɔəɧɚɚɖůɖɠ, ɘŭɘɧŰɖŰŬ ˊɞɡ ŮɑɜŬɘ Ŭˊɧ Űɘɠ ɛŮɔŬɚɨŰŮɟŮɠ 

ˊɞɡ ɏɢɞɡɜ ˊŬɟŬŰɖɟɖɗŮɑ ůŰɖ  ůɨɔɢɟɞɜɖ  ŰŮɢɜɞɚɞɔɑŬ  ˊɚŬůŰɘəɩɜ.   

5. Ɉɣɖɚɏɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ əŬɘ ɎɟɘůŰɖ ɖɚŮəŰɟɘəɐ ɛɧɜɤůɖ.  

6. Ⱥɨəɞɚɖ ŮˊŮɝŮɟɔŬůɑŬ Űɤɜ ɟɖŰɘɜɩɜ Ŭˊɧ 5ÁC ɏɤɠ 150ÁC, ɓɏɓŬɘŬ ŬɡŰɧ 

ŮɝŬɟŰɎŰŬɘ əŬɘ Ŭˊɧ Űɖɜ Ůəɚɞɔɐ Űɞɡ ˊɟɞůɗɏŰɞɡ. 

7. ɀɘəɟɐ  ůɡůŰɞɚɐ  əŬŰɎ  Űɞɜ  ˊɞɚɡɛŮɟɘůɛɧ  əŬŰɎ  Űɖ  ŭɘɎɟəŮɘŬ  Űɖɠ 

ŮˊŮɝŮɟɔŬůɑŬɠ Űɞɡɠ, ˊɞɡ ŬˊɞŰŮɚŮɑ ɛŮɔɎɚɞ ˊɚŮɞɜɏəŰɖɛŬ. 

8. ȺɝŬůűŬɚɑɕɞɡɜ  ˊɟɧůűɡůɖ  ůŮ  ɝɖɟɏɠ  əŬɘ  ɡɔɟɏɠ  ŮˊɘűɎɜŮɘŮɠ,  Ůɜɩ 

ůŰŮɟŮɞˊɞɘɞɨɜŰŬɘ  əŬɘ  əɎŰɤ  Ŭˊɧ  Űɖɜ  ŮˊɘűɎɜŮɘŬ  ɨŭŬŰɞɠ.  ȼ  ˊɟɧůűɡůɖ ŮɝŬůűŬɚɑɕŮŰŬɘ 

ˊɎɜɤ ůŮ ɔɜɤůŰɎ ŭɞɛɘəɎ ɡɚɘəɎ, ɧˊɤɠ ůəɡɟɧŭŮɛŬ, ɛɏŰŬɚɚŬ, ɛɎɟɛŬɟŬ, ˊɏŰɟŬ əŬɘ ɝɨɚɞ. 

9.  ɄŬɟɞɡůɘɎɕɞɡɜ əŬɚɐ ɢɖɛɘəɐ ŬɜŰɑůŰŬůɖ, ˊɞɡ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞ ˊɟɧůɗŮŰɞ 

ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ. ɆɡɜɞɚɘəɎ ɞɘ ˊŮɟɘůůɧŰŮɟŮɠ ɟɖŰɑɜŮɠ ɏɢɞɡɜ ɡɣɖɚɐ ŬɜŰɑůŰŬůɖ ůŰŬ 

əŬɡůŰɘəɎ əŬɘ əŬɚɐ ɛɏɢɟɘ ɎɟɘůŰɖ ůŰŬ ɞɝɏŬ. 

10. ȹŮɜ ŬɡɝɎɜɞɡɜ Űɞɜ ɧɔəɞ Űɞɡɠ əŬŰɎ Űɖɜ ůəɚɐɟɡɜůɖ, Ůɜɩ ˊŬɟɞɡůɘɎɕɞɡɜ 

ɡɣɖɚɐ ŬɜŰɞɢɐ ɢɤɟɑɠ ɜŬ ɔɑɜɞɜŰŬɘ ŮɨɗɟŬɡůŰŮɠ. ȺɑɜŬɘ ŬˊɧɚɡŰŬ ɛɖ ŭɘŬɓɟɤŰɘəɏɠ əŬɘ ŮɑɜŬɘ 

əŬŰɎɚɚɖɚŮɠ ɔɘŬ ɢɟɐůɖ ůŮ əŬŰŬůəŮɡɏɠ Ŭˊɧ ɞˊɚɘůɛɏɜɞ ůəɡɟɧŭŮɛŬ ɐ ŭɞɛɘəɧ ɢɎɚɡɓŬ. 

 

1.6.4 ɃȽ ȸȷɆȽȾȺɆ ȺūȷɅɀɃũȺɆ ɆɇȽɆ ȺɄɃɂȺȽȹȽȾȺɆ ɅȼɇȽɁȺɆ 

ɀŮɟɘəɏɠ Ŭˊɧ Űɘɠ ůɖɛŬɜŰɘəɧŰŮɟŮɠ ŮűŬɟɛɞɔɏɠ Űɤɜ ŮˊɞɝŮɘŭɘəɩɜ ɟɖŰɘɜɩɜ ŮɑɜŬɘ 

ɞɘ ŬəɧɚɞɡɗŮɠ [1Ŭ],[2Ŭ]:  

 

1. ɆŰɖɜ  əŬŰŬůəŮɡɐ  əŰɘɟɑɤɜ,  ŬɡŰɞəɘɜɖŰɞŭɟɧɛɤɜ,  ɔŮɜɘəɎ  ůŮ  əŬŰŬůəŮɡɏɠ  

ˊɞɡ ɏɢɞɡɜ  ŬˊŬɘŰɐůŮɘɠ  ɔɘŬ  ɡɣɖɚɐ  ɢɖɛɘəɐ  ŬɜŰɑůŰŬůɖ  (ɓŬůɘəɧ  ůɡɔəɞɚɚɖŰɘəɧ 

ůəɡɟɞŭɏɛŬŰɞɠ).  

2. ɆŰɖ  ŬŮɟɞɜŬɡˊɖɔɘəɐ ɓɘɞɛɖɢŬɜɑŬ əŬɗɩɠ əŬɘ ůŰɖɜ ɓɘɞɛɖɢŬɜɑŬ 

ŬɡŰɞəɘɜɐŰɤɜ əŬɘ  ˊɚɞɑɤɜ (ɓŬůɘəɧ ůɡɔəɞɚɚɖŰɘəɧ ůŮ ŭɞɛɘəɎ ɛɏɟɖ Űɖɠ ŬŰɟɎəŰɞɡ 

ŬŮɟɞůəɎűɞɡɠ, ɛŮŰŬɚɚɘəɩɜ əŬɘ ˊɚŬůŰɘəɩɜ ŰɛɖɛɎŰɤɜ ůŮ ɓɎɟəŮɠ əŬɘ ŬɡŰɞəɑɜɖŰŬ) ɚɧɔɤ 

Űɖɠ ɡɣɖɚɐɠ əŬɘ ŰɏɚŮɘŬɠ ůŰŮɔŬɜɧŰɖŰŬɠ.   

3. ɆŰɖɜ əŬŰŬůəŮɡɐ Űɟɘɢɩɜ ɔɘŬ ˊɘɜɏɚŬ  

4. ɋɠ űɡɚɚɩŭŮɘɠ ɟɖŰɑɜŮɠ (laminatedretins) ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ ˊɚŬɘůɑɤɜ əŬɘ 

ŰŮɚŮɘɤɛɎŰɤɜ ŬŮɟɞůəŬűɩɜ əŬɘ ˊɡɟŬɨɚɤɜ.  

5. ɋɠ ŭɘŬɚɨɛŬŰŬ ŮˊɑůŰɟɤůɖɠ ˊɞɡ ɏɢɞɡɜ ɤɠ ɓŬůɘəɧ ůɡůŰŬŰɘəɧ Űɖ ɟɖŰɑɜɖ. 

ȷɡŰɎ ŮɑɜŬɘ  ɢɟɐůɘɛŬ  ɔɘŬ  Űɖ  ůɡɜŰɐɟɖůɖ  əŬɘ  Űɖɜ  əŬŰŬůəŮɡɐ  ŰŮɚŮɘɤɛɎŰɤɜ  ɧˊɤɠ 

ŰŮɚŮɘɩɛŬŰŬ ɗŬɚɎůůɘŬɠ ɡűɐɠ, ŰŮɚŮɘɩɛŬŰŬ ɚɘɗɞŭɞɛɐɠ, ŰŮɚŮɘɩɛŬŰŬ  ŬŮɟɞůəŬűɩɜ. 

ȷəɧɛɖ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ ŮˊŬɚŮɑɣŮɘɠ əŬŰŬůəŮɡŬůŰɘəɞɨ ɢɎɚɡɓŬ, ŮˊŬɚŮɑɣŮɘɠ 
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ŭŮɝŬɛŮɜɩɜ, ˊŰɡůůɧɛŮɜɤɜ Ŭɔɤɔɩɜ əŬɘ ˊɚŬəɩɜ ůəɡɟɞŭɏɛŬŰɞɠ.  

6. ɆɡůŰɐɛŬŰŬ ŮˊɞɝŮɘŭɘəɩɜ-ɟɖŰɘɜɩɜ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŬɜ  ůɡɔəɞɚɚɖŰɘəɎ, 

ŮˊɘəŬɚɡˊŰɘəɎ əŬɘ ůŬɜ ɛɏůŬ ŮɜůɤɛɎŰɤůɖɠ ɖɚŮəŰɟɘəɩɜ ŮɝŬɟŰɖɛɎŰɤɜ.  

7. ɇɡˊɘəɏɠ ŮűŬɟɛɞɔɏɠ ɢɡŰɩɜ ŮˊɞɝŮɘŭɘəɩɜ-ɟɖŰɘɜɩɜ ŬˊɞŰŮɚɞɨɜ ɞɘ 

əŬŰŬůəŮɡɏɠ ŬɜɗŮəŰɘəɩɜ ůŮ ɢɖɛɘəɎ ŬɜŰɚɘɩɜ əŬɘ ůɤɚɐɜɤɜ, ŮɟɔŬɚŮɑɤɜ, ɛɖŰɟɩɜ, əŬɗɩɠ 

əŬɘ ɖɚŮəŰɟɞɛŬɔɜɖŰɘəɩɜ ɛɞɜɤŰɘəɩɜ Ůɘŭɩɜ. 

Ⱥˊɑůɖɠ ɡˊɎɟɢɞɡɜ ɟɖŰɑɜŮɠ (wetcome) ŭɨɞ ůɡůŰŬŰɘəɩɜ ɔɘŬ ŮˊŬɚŮɑɣŮɘɠ ŮˊɘűŬɜŮɘɩɜ 

(ɡɔɟɩɜ əŬɘ ůŰŮɟŮɩɜ). ȼ ɝɖɟɐ ɛŮɛɓɟɎɜɖ ˊɞɡ ůɢɖɛŬŰɑɕɞɡɜ ɏɢŮɘ ˊɡɟŬɜŬůɢŮŰɘəɏɠ 

ɘŭɘɧŰɖŰŮɠ əŬɘ ɏŰůɘ ŭŮɜ ŮˊɘŰɟɏˊɞɡɜ Űɖɜ ŮɝɎˊɚɤůɖ Űɖɠ űɤŰɘɎɠ.  

1.  Ƀɘ ɟɖŰɑɜŮɠ ŬɡŰɏɠ ˊɟɞɞɟɑɕɞɜŰŬɘ ɔɘŬ  ɡɔɟɞɛɧɜɤůɖ, ˊɟɞůŰŬůɑŬ əŬɘ  

ŭɘŬəɧůɛɖůɖ ŭŬˊɏŭɤɜ, Űɞɑɢɤɜ əŬɘ ɞɟɧűɤɜ ůŮ ɞɘəɞŭɞɛɘəɞɨɠ, ɓɘɞɛɖɢŬɜɘəɞɨɠ, 

ŬɔɟɞŰɘəɞɨɠ əŬɘ Ɏɚɚɞɡɠ ɢɩɟɞɡɠ.   

2.  ȺűŬɟɛɧɕɞɜŰŬɘ ůŮ ŮˊɘűɎɜŮɘŮɠ ůəɡɟɞŭɏɛŬŰɞɠ, ŰůɘɛŮɜŰɞəɞɜɘɎɛŬŰɞɠ, 

ˊɏŰɟŬɠ, ůɞɓɎŭɤɜ, Űɞɨɓɚɤɜ, ɔɨɣɞɡ, ŬůűɎɚŰɞɡ ə.Ŭ.  

3.  ũɘŬ Űɖ ůɨɜŭŮůɖ ˊŬɚɘɞɨ əŬɘ ɜɏɞɡ ůəɡɟɞŭɏɛŬŰɞɠ əɡɟɑɤɠ ůŮ ɡɔɟɞɨɠ 

ɢɩɟɞɡɠ.  

4.  ũɘŬ Űɖɜ ˊɟɞůŰŬůɑŬ əŰɘɟɑɤɜ Ŭˊɧ Űɖ ŭɘɎɓɟɤůɖ əŬɘ ŭɘŮɑůŭɡůɖ Űɖɠ 

ɡɔɟŬůɑŬɠ. 

5.  ũɘŬ Űɖɜ ɡɔɟɞɛɧɜɤůɖ ˊɘůɘɜɩɜ əŬɘ ŭŮɝŬɛŮɜɩɜ.  

6.  ũɘŬ Űɖɜ ɡɔɟɞɛɧɜɤůɖ ɡˊɞɔŮɑɤɜ ɢɩɟɤɜ əŬɘ ˊŬŰŬɟɘɩɜ, ŭŬˊɏŭɤɜ ə.ɚ.ˊ 

 

ɀŮɘɞɜɏəŰɖɛŬ Űɤɜ ŮˊɞɝŮɘŭɘəɩɜ ɟɖŰɘɜɩɜ  ŬˊɞŰŮɚŮɑ Űɞ ɡɣɖɚɧ Űɞɡɠ əɧůŰɞɠ. ɇɞ 

ɔŮɔɞɜɧɠ ŬɡŰɧ ŬɜŰɘůŰŬɗɛɑɕŮŰŬɘ ɧɛɤɠ Ŭˊɧ Űɖ ɛŮɔɎɚɖ ɢɟɖůɘɛɧŰɖŰŬ Űɞɡɠ əŬɘ Űɖɜ ŮɡɟŮɑŬ 

ŮűŬɟɛɞɔɐ ˊɞɡ ɏɢɞɡɜ. 

 

1.7 ȽɁɋȹȼ ɆɈɁŪȺɇȷ ɈȿȽȾȷ 

1.7.1 ɃɅȽɆɀɃɆ 

ȷˊɞŰŮɚŮɑ ɑůɤɠ Űɖ ůɖɛŬɜŰɘəɧŰŮɟɖ əŬŰɖɔɞɟɑŬ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ, ŭŮŭɞɛɏɜɖɠ Űɖɠ 

ŮɡɟɨŰŬŰɖɠ ŮɝɎˊɚɤůɖɠ ˊɞɡ ŬɡŰɎ ɔɜɤɟɑɕɞɡɜ ůŮ ˊɚɖɗɩɟŬ ŮűŬɟɛɞɔɩɜ. Ƀ ɞˊɚɘůɛɧɠ, ɞ 

ɞˊɞɑɞɠ ŮɑɜŬɘ ŰɞˊɞɗŮŰɖɛɏɜɞɠ ůŰɖ ɛɐŰɟŬ ɛŮ Űɖ ɛɞɟűɐ ɘɜɩɜ, ŬˊɞŰŮɚŮɑŰŬɘ ŮɜŬɚɚŬəŰɘəɎ 

Ŭˊɧ ɔɡŬɚɑ (Glass), ɓɧɟɘɞ (Boron), ɎɜɗɟŬəŬ (Carbon), ɔɟŬűɑŰɖ (graphite), ŬɟŬɛɑŭɘɞ 

(ȾɏɓɚŬɟ) ɐ əŬɘ əɎˊɞɘɞ ɛɏŰŬɚɚɞ, ŬɜŰɑɗŮŰŬ ɖ ɛɐŰɟŬ ŮɑɜŬɘ ůɡɜɐɗɤɠ ɛɘŬ ŮˊɞɝŮɘŭɘəɐ 

ɟɖŰɑɜɖ ɐ əɎˊɞɘɞ Ɏɚɚɞ ˊɞɚɡɛŮɟɏɠ, ɢɤɟɑɠ ɜŬ ŬˊŬɔɞɟŮɨŮɘ Űɖɜ əŬŰɎŰŬɝɖ ůŰɖɜ ɑŭɘŬ 

əŬŰɖɔɞɟɑŬ ůɡɜɗɏŰɤɜ ɡɚɘəɩɜ ɛŮ ɛŮŰŬɚɚɘəɐ ɛɐŰɟŬ (ˊ.ɢ Ŭɚɞɡɛɘɜɑɞɡ) əŬɘ Űɖ ɢɟɐůɖ 

ɞˊɚɘůɛɞɨ Ŭˊɧ ɏɜŬ ɐ ˊŮɟɘůůɧŰŮɟŬ ˊŬɟŬˊɎɜɤ ɡɚɘəɎ. 

 ɀɘŬ ɑɜŬ ɢŬɟŬəŰɖɟɑɕŮŰŬɘ Ŭˊɧ Űɞɜ ˊɞɚɨ ɛŮɔɎɚɞ ɚɧɔɞ ɛɐəɞɡɠ/ŭɘŬɛɏŰɟɞ. Ƀɘ ɑɜŮɠ 

ŭɘŬűɧɟɤɜ ɡɚɘəɩɜ ŮɑɜŬɘ ůŮ ɔŮɜɘəɏɠ ɔɟŬɛɛɏɠ ŬɟəŮŰɎ ˊɘɞ ŬɜɗŮəŰɘəɏɠ Ŭˊɧ ŰŬ ŬɜŰɑůŰɞɘɢŬ 
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ɡɚɘəɎ  ůŰɖ  ůɡɜɐɗɖ  ɛɞɟűɐ  Űɞɡɠ.  ũɘŬ  ˊŬɟɎŭŮɘɔɛŬ, ŰŬ  ůɡɜɖɗɘůɛɏɜŬ  űɨɚɚŬ ɡɎɚɞɡ 

ɗɟŬɨɞɜŰŬɘ ůŮ ŰɎůŮɘɠ ɛɧɜɞ ɛŮɟɘəɩɜ MPa , Ůɜɩ ɞɘ ɑɜŮɠ ɡɎɚɞɡ ŭɨɜŬɜŰŬɘ ɜŬ ɏɢɞɡɜ ŬɜŰɞɢɐ 

ɗɟŬɨůŮɤɠ ɖ ɞˊɞɑŬ ŬɜɏɟɢŮŰŬɘ Ŭˊɧ 2.8GPa  ɏɤɠ 4.8GPa ɧŰŬɜ ŬɡŰɏɠ ŭɘŬŰɑɗŮɜŰŬɘ ůŰɞ 

Ůɛˊɧɟɘɞ, Ůɜɩ  ɛɏɢɟɘ  7.0GPa  ɧŰŬɜ ŬɡŰɏɠ  ɏɢɞɡɜ ˊŬɟŬůəŮɡŬůɗŮɑ ůŰɞ ŮɟɔŬůŰɐɟɘɞ. ȷɡŰɧ 

ˊɟɞűŬɜɩɠ ŭŮɑɢɜŮɘ ɧŰɘ ɖ ɔŮɤɛŮŰɟɑŬ əŬɘ ɖ ŭɞɛɐ ɛɘŬɠ ɑɜŬɠ ŮɑɜŬɘ ŬˊɞűŬůɘůŰɘəɐɠ ůɖɛŬůɑŬɠ 

ɔɘŬ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɖɠ ŬɜŰɞɢɐɠ Űɖɠ əŬɘ ɗŬ ˊɟɏˊŮɘ ɜŬ ɚŬɛɓɎɜŮŰŬɘ ɡˊô ɧɣɖ ůŰɘɠ ůɢŮŰɘəɏɠ 

ŮűŬɟɛɞɔɏɠ. ɇɞ ˊŬɟɎŭɞɝɞ Űɖɠ ɑɜŬɠ, ɖ ɞˊɞɑŬ ɏɢŮɘ ŭɘŬűɞɟŮŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ Ŭˊɧ ŬɡŰɏɠ Űɘɠ 

ɞˊɞɑŮɠ ɏɢŮɘ Űɞ ɡɚɘəɧ ɧŰŬɜ ŭŮɜ ŮɑɜŬɘ ŭɘŬɛɞɟűɤɛɏɜɞ ůŮ ɛɞɟűɐ ɑɜŬɠ, ɞűŮɑɚŮŰŬɘ ůŰɖɜ ˊɚɏɞɜ 

ŰɏɚŮɘŬ ŭɞɛɐ Űɖɠ. ȰŰůɘ, ŮɜŰɧɠ Űɖɠ ɑɜŬɠ ɞɘ əɟɨůŰŬɚɚɞɘ Űɞɡ ɡɚɘəɞɨ ŮɑɜŬɘ 

ŮɡɗɡɔɟŬɛɛɘůɛɏɜɞɘ əŬŰɎ Űɞɜ ŭɘŬɛɐəɖ ɎɝɞɜŬ Űɖɠ ɑɜŬɠ. Ⱥˊɘˊɚɏɞɜ ɡˊɎɟɢɞɡɜ ɚɘɔɧŰŮɟŮɠ 

ŮůɤŰŮɟɘəɏɠ ŬŰɏɚŮɘŮɠ ůŰɖɜ ɑɜŬ ůŮ ůɢɏůɖ ɛŮ Űɞ ůɨɜɖɗŮɠ ɡɚɘəɧ Űɞ ɞˊɞɑɞ ɏɢŮɘ Ɏɚɚɖ ŰɡɢŬɑŬ 

ŭɘŬɛɧɟűɤůɖ [1Ŭ],[2Ŭ].   

 

1.7.2 ɀȼɉȷɁȽȾȺɆ ȽȹȽɃɇȼɇȺɆ ȽɁɋȹɋɁ ɆɈɁŪȺɇɋɁ ɈȿȽȾɋɁ 

ɇŬ ɘɜɩŭɖ ůɨɜɗŮŰŬ ɡɚɘəɎ ˊŬɟɞɡůɘɎɕɞɡɜ ɔŮɜɘəɎ ˊɞɚɨ əŬɚɐ ůɡɛˊŮɟɘűɞɟɎ ůŮ 

ŮűŮɚəɡůɛɧ ŮɘŭɘəɎ əŬŰɎ Űɖɜ ˊŮɟɑˊŰɤůɖ ˊɞɡ ɖ ŭɘŮɨɗɡɜůɖ Űɖɠ ŰɎůɖɠ ŰŬɡŰɑɕŮŰŬɘ ɛŮ ŬɡŰɐ 

Űɤɜ ɘɜɩɜ. ŪŬ ˊɟɏˊŮɘ ɓɏɓŬɘŬ ɜŬ ůɖɛŮɘɤɗŮɑ, ˊɤɠ ɔɘŬ ɜŬ ˊŬɟɞɡůɘɎɕŮɘ Űɞ ůɨɜɗŮŰɞ ɡɚɘəɧ 

əŬɚɨŰŮɟŮɠ ɘŭɘɧŰɖŰŮɠ Ŭˊɧ Űɖ ɛɐŰɟŬ, ɢɟŮɘɎɕŮŰŬɘ ɖ əŬŰô ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɤɜ ɘɜɩɜ Uf 

ɜŬ ɝŮˊŮɟɜɎ ɛɘŬ əɟɑůɘɛɖ ŮɚɎɢɘůŰɖ Űɘɛɐ, ɔɘŬŰɑ ŭɘŬűɞɟŮŰɘəɎ ɖ ŮűŬɟɛɞɕɧɛŮɜɖ ŰɎůɖ 

ŬɜŬɚŬɛɓɎɜŮŰŬɘ Ŭˊɧ Űɖɜ ɧɚəɘɛɖ ɛɐŰɟŬ ɖ ɞˊɞɑŬ əŬɘ ˊŬɟŬɛɞɟűɩɜŮŰŬɘ. 

ȼ ŬɜŰɞɢɐ Űɞɡɠ ůŮ ɗɚɑɣɖ ŮɑɜŬɘ ɛŮɘɤɛɏɜɖ əɎŰɘ ˊɞɡ ɞűŮɑɚŮŰŬɘ ůŮ űŬɘɜɧɛŮɜŬ 

əɨɟŰɤůɖɠ, ŬɜŬŭɑˊɚɤůɖɠ əŬɘ ɚɡɔɘůɛɞɨ Űɤɜ ɘɜɩɜ (buckling effect) ˊɞɡ ˊɟɞəŬɚɞɨɜŰŬɘ 

ɧŰŬɜ ŬůəɞɨɜŰŬɘ ɗɚɘˊŰɘəɎ űɞɟŰɑŬ. 

H ůɡɛˊŮɟɘűɞɟɎ Űɞɡɠ ůŮ əɧˊɤůɖ, ŮɑɜŬɘ ŭɨůəɞɚɞ ɜŬ ˊɟɞɓɚŮűɗŮɑ, Ŭűɞɨ ŭŮɜ ɘůɢɨŮɘ 

ůŰɖɜ ˊŮɟɑˊŰɤůɖ ŬɡŰɐ ɞ əŬɜɧɜŬɠ Űɤɜ ɛŮɘɔɛɎŰɤɜ, ŬɚɚɎ ŬˊŬɘŰɞɨɜŰŬɘ ˊŮɘɟŬɛŬŰɘəɏɠ 

ŭɞəɘɛɏɠ ɔɘŬ əɎɗŮ ůɡɔəŮəɟɘɛɏɜɞ ɘɜɩŭŮɠ ɡɚɘəɧ. ȷɜɎɚɞɔŮɠ ŭɞəɘɛɏɠ ɏŭŮɘɝŬɜ ˊɤɠ Űɖɜ 

əŬɚɨŰŮɟɖ ůɡɛˊŮɟɘűɞɟɎ ůŮ əɧˊɤůɖ ˊŬɟɞɡůɘɎɕɞɡɜ ŰŬ ɘɜɩŭɖ ɡɚɘəɎ ŬˊɞŰŮɚɞɨɛŮɜŬ Ŭˊɧ 

ŮˊɞɝŮɘŭɘəɐ ɛɐŰɟŬ əŬɘ ɑɜŮɠ ɔɟŬűɑŰɖ. 

ȳůɞɜ ŬűɞɟɎ Űɖ ůɡɛˊŮɟɘűɞɟɎ Űɞɡɠ ůŮ Űɟɘɓɐ, ŬɡŰɐ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞ ɛɐəɞɠ, Űɞɜ 

ˊɟɞůŬɜŬŰɞɚɘůɛɧ əŬɘ Űɘɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ɘɜɩɜ [1Ŭ],[2Ŭ]. 

 

 
ȺɘəɧɜŬ 1.17 ȽɜɩŭŮɠ ɡɚɘəɧ ɛŮ ůɡɜŮɢŮɑɠ ɑɜŮɠ 
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1.7.3 ȺȽȹȼ ȽɁɋɁ 

ɄŬɟŬəɎŰɤ ŬɜŬűɏɟɞɜŰŬɘ ůɡɜɞˊŰɘəɎ ŰŬ Ůɑŭɖ ɘɜɩɜ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŰŬ 

ůɨɜɗŮŰŬ ɡɚɘəɎ [1Ŭ],[2Ŭ]. 

 

1.7.3.1 ȽɁȺɆ ũɈȷȿȽɃɈ  

Ƀɘ ɑɜŮɠ ɔɡŬɚɘɞɨ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ůŰŬ ůɨɜɗŮŰŬ ˊɟɩŰɖɠ ɔŮɜɘɎɠ (1940) əŬɘ ɖ 

ɢɟɐůɖ Űɞɡɠ ůɡɜŮɢɑɕŮŰŬɘ ŮˊɘŰɡɢɩɠ ɛɏɢɟɘ ůɐɛŮɟŬ. ȺɑɜŬɘ Ŭˊɧ Űɞɡɠ ˊɚɏɞɜ ŭɘŬŭŮŭɞɛɏɜɞɡɠ 

Űɨˊɞɡɠ ŮɜɘůɢɡŰɘəɩɜ ɘɜɩɜ ůŰŬ ůɨɜɗŮŰŬ ˊɞɚɡɛŮɟɘəɐɠ ɛɐŰɟŬɠ. ȼ ŭɞɛɘəɐ Űɞɡɠ ɓɎůɖ ŮɑɜŬɘ 

ŰŬ ɞɝŮɑŭɘŬ ˊɡɟɘŰɑɞɡ, ŬůɓŮůŰɑɞɡ, ɓɞɟɑɞɡ, Ŭɚɞɡɛɘɜɑɞɡ ə.Ŭ. ŪŮɤɟɞɨɜŰŬɘ Ŭˊɧ ŰŬ ˊɘɞ űɗɖɜɎ 

ŮɜɘůɢɡŰɘəɎ ɡɚɘəɎ. 

ɉŬɟŬəŰɖɟɘůŰɘəɐ ŭɞɛɐ Űɞɡ ɔɡŬɚɘɞɨ ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɖɜ ŮɘəɧɜŬ ˊɞɡ ŬəɞɚɞɡɗŮɑ. 

 
ȺɘəɧɜŬ 1.18 ȹɞɛɐ ɑɜŬɠ ɔɡŬɚɘɞɨ 

 

ȷɜɎɚɞɔŬ ɛŮ Űɖ ɢɖɛɘəɐ Űɞɡɠ ůɨůŰŬůɖ ɞɘ ɑɜŮɠ ɔɡŬɚɘɞɨ ɢŬɟŬəŰɖɟɑɕɞɜŰŬɘ Űɨˊɞɡ E, 

C əŬɘ S Űɤɜ ɞˊɞɑɤɜ ɞɘ əɨɟɘŮɠ  űɡůɘəɏɠ əŬɘ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞ 

ˊŬɟŬəɎŰɤ ˊɑɜŬəŬ 

ȺɘəɧɜŬ 1.19 ɉŬɟŬəŰɖɟɘůŰɘəɎ Űɤɜ ŭɘŬűɧɟɤɜ Űɨˊɤɜ ɘɜɩɜ ɔɡŬɚɘɞɨ 
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E- glass (E=electrical): ɄɟɧəŮɘŰŬɘ ɔɘŬ ŰŬ ůɡɢɜɧŰŮɟŬ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜŬ 

ɡŬɚɞɜɐɛŬŰŬ ɛŮ əŬɚɏɠ ɖɚŮəŰɟɘəɏɠ ɘŭɘɧŰɖŰŮɠ, ŬɜŰɞɢɐ, əŬɘ ŭɡůəŬɛɣɑŬ, əŬɗɩɠ əŬɘ ˊɞɚɨ 

əŬɚɐ ůɡɛˊŮɟɘűɞɟɎ ůŰɖɜ ŬɚɚŬɔɐ Űɤɜ əŬɘɟɘəɩɜ ůɡɜɗɖəɩɜ, ŬɚɚɎ ɛŮ ɛɏŰɟɘŬ ŬɜŰɞɢɐ ůŮ 

ɢɖɛɘəɎ ŬɜŰɘŭɟŬůŰɐɟɘŬ. 

C-glass (C=corrosion): ɈŬɚɞɜɐɛŬŰŬ ɛŮ ɡɣɖɚɐ ŬɜŰɑůŰŬůɖ ůŰɖ ɢɖɛɘəɐ ŭɘɎɓɟɤůɖ 

əŬɘ əŬɚɨŰŮɟŮɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Ŭˊɧ Űɘɠ ɑɜŮɠ Űɨˊɞɡ E, Ŭˊɧ Űɘɠ ɞˊɞɑŮɠ ɧɛɤɠ ŮɑɜŬɘ 

ŬəɟɘɓɧŰŮɟŮɠ. 

S-glass (S=stiffness): ȷəɟɘɓɧŰŮɟɞ ɡɚɘəɧ Ŭˊɧ Űɞ E-glass ɛŮ ɡɣɖɚɧŰŮɟɖ 

ŭɡůəŬɛɣɑŬ əŬɘ ɗŮɟɛɘəɐ ŬɜŰɞɢɐ. ɉɟɖůɘɛɞˊɞɘŮɑŰŬɘ əɡɟɑɤɠ ůŰɖɜ ŬŮɟɞˊɞɟɘəɐ 

ɓɘɞɛɖɢŬɜɑŬ. 

ȳŰŬɜ ˊŮɟɘɏɢɞɜŰŬɘ ɛŮɔɎɚŬ ˊɞůɞůŰɎ SiO2 (>99.5%) ˊŬɟŬŰɖɟɞɨɜŰŬɘ ŬɡɝɖɛɏɜŮɠ 

Űɘɛɏɠ Űɤɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ Űɖɠ ɑɜŬɠ əŬɘ Űɖɠ ɛɏɔɘůŰɖɠ ɗŮɟɛɞəɟŬůɑŬɠ ɢɟɐůɖɠ Űɞɡ 

ůɨɜɗŮŰɞɡ. ũɘô ŬɡŰɧ Űɞ ɚɧɔɞ, ůŮ Ůɘŭɘəɏɠ ŮűŬɟɛɞɔɏɠ ɧˊɞɡ ŬˊŬɘŰɞɨɜŰŬɘ ɡɣɖɚɏɠ ɛɖɢŬɜɘəɏɠ 

ɘŭɘɧŰɖŰŮɠ əɎŰɤ Ŭˊɧ ɡɣɖɚɐ ɗŮɟɛɞəɟŬůɑŬ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɑɜŮɠ Ŭˊɧ 100% əŬɗŬɟɐ 

ˊɡɟɑŰɘŬ. 

ɇŬ ɓŬůɘəɎ ˊɚŮɞɜŮəŰɐɛŬŰŬ Űɤɜ ɡŬɚɞɜɖɛɎŰɤɜ ŮɑɜŬɘ Űɞ ɢŬɛɖɚɧ əɧůŰɞɠ əŬɘ ɖ 

ɡɣɖɚɐ ŬɜŰɞɢɐ, Ůɜɩ ůŰŬ əɨɟɘŬ ɛŮɘɞɜŮəŰɐɛŬŰŬ Űɞɡɠ ŮɜŰɎůůɞɜŰŬɘ Űɞ ɢŬɛɖɚɧ ɛɏŰɟɞ 

ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ ɖ ɛɘəɟɐ ŬɜŰɞɢɐ Űɞɡɠ ɏɜŬɜŰɘ űɗɞɟɎɠ Ůə Űɟɘɓɐɠ (ɚɨůɖ Űɖɠ ůɡɜɏɢŮɘŬɠ 

Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡɠ). ȺɔɢŬɟɎɝŮɘɠ əŬɘ Ůəŭɞɟɏɠ ŭɖɛɘɞɡɟɔɞɨɜ ˊŮɟɘɞɢɏɠ ůɡɔəɏɜŰɟɤůɖɠ 

ŰɎůŮɤɜ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɖɠ ɑɜŬɠ, ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɖɜ ŰŬɢŮɑŬ ɡˊɞɓɎɗɛɘůɖ Űɤɜ 

ɛɖɢŬɜɘəɩɜ Űɞɡɠ ɘŭɘɞŰɐŰɤɜ əŬɘ Űɖɠ ɘəŬɜɧŰɖŰŬɠ ˊɟɧůűɡůɖɠ Űɞɡɠ ůŰɖ ˊɞɚɡɛŮɟɘəɐ ɛɐŰɟŬ.  

ȼ ˊŬɟŬɔɤɔɐ Űɤɜ ɘɜɩɜ ɔɡŬɚɘɞɨ ɔɑɜŮŰŬɘ ɛŮ Ůəɓɞɚɐ ŰɐɔɛŬŰɞɠ ɔɡŬɚɘɞɨ ŭɘŬɛɏůɞɡ 

ɛɐŰɟŬɠ ɛŮ ŭɘɎŰɟɖŰɞ ˊɡɗɛɏɜŬ əŬɘ ˊŮɟɘɚŬɛɓɎɜŮɘ Űɘɠ ŬəɧɚɞɡɗŮɠ űɎůŮɘɠ: 

 
ȺɘəɧɜŬ 1.20 ȹɘɎɔɟŬɛɛŬ ůŰŬŭɑɤɜ ˊŬɟŬɔɤɔɐɠ ɘɜɩɜ ɔɡŬɚɘɞɨ 
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¶ ȼ ˊɟɩŰɖ ɨɚɖ ŰɞˊɞɗŮŰŮɑŰŬɘ ůŮ ŭŮɝŬɛŮɜɐ, ɧˊɞɡ ŰɐəŮŰŬɘ. 

¶ ɇɞ ŰɐɔɛŬ ŰɞˊɞɗŮŰŮɑŰŬɘ ůŮ ůŮɘɟɎ əɡɚɘɜŭɟɘəɩɜ ŭɞɢŮɑɤɜ ɛŮ ŭɘɎŰɟɖŰɞ 

ˊɡɗɛɏɜŬ (ŭɘɎɛŮŰɟɞɠ ɞˊɩɜ 1-2 mm) 

¶ ɇɞ ɔɡŬɚɑ ɟɏŮɘ ɛɏůŬ Ŭˊɧ Űɘɠ ɞˊɏɠ Űɞɡ ˊɡɗɛɏɜŬ ɡˊɧ Űɖɜ ŮˊɑŭɟŬůɖ Űɖɠ 

ɓŬɟɨŰɖŰŬɠ. 

¶ Ƀɘ ˊŬɟŬɔɧɛŮɜŮɠ ɑɜŮɠ ůɡɔəŮɜŰɟɩɜɞɜŰŬɘ ůŮ ɏɜŬ ůɨɜɞɚɞ əŬɘ ŰŬɜɨɞɜŰŬɘ 

ɛɖɢŬɜɘəɎ ɛɏɢɟɘɠ ɧŰɞɡ ŬˊɞəŰɐůɞɡɜ Űɖɜ əŬŰɎɚɚɖɚɖ ŭɘɎɛŮŰɟɞ (1-15 ɛm) əŬɘ ŬəɞɚɞɡɗŮɑ 

ŮɚŬűɟɧɠ ɣŮəŬůɛɧɠ Űɞɡɠ ɛŮ ɜŮɟɧ (ɣɨɝɖ).  

¶ ȷəɞɚɞɨɗɤɠ ɞɘ ɑɜŮɠ ŭɘɏɟɢɞɜŰŬɘ Ŭˊɧ ɘɛɎɜŰŬ ˊɞɡ ŮˊɘɓɎɚɚŮɘ ůŮ ŬɡŰɏɠ 

ˊɟɞůŰŬŰŮɡŰɘəɧ ɚɘˊŬɜŰɘəɧ ůɡɜŭŮŰɘəɧ ɡɚɘəɧ (binder) ɐ ŮɘŭɘəɎ əɞɚɚɞŮɘŭɐ ˊɟɧůɗŮŰŬ ˊɞɡ 

ŭɟɞɡɜ ɤɠ ˊɟɞůŰŬŰŮɡŰɘəɏɠ ŮˊɘəŬɚɨɣŮɘɠ əŬɘ ůɡɜŮɘůűɏɟɞɡɜ ůŰɖɜ əŬɚɨŰŮɟɖ ˊɟɧůűɡůɖ 

ɘɜɩɜ-ɛɐŰɟŬɠ. 

¶ ɇɏɚɞɠ, ɞɘ ɑɜŮɠ ˊŮɟɘŰɡɚɑɔɞɜŰŬɘ ŬɜɎ ŭɏůɛŮɠ (stand ɐ end) Űɤɜ 204 ɜɖɛŬŰɑɤɜ 

(Űɡˊɘəɐ Űɘɛɐ) ɔɨɟɤ Ŭˊɧ ŰɨɛˊŬɜɞ, ˊɞɡ ˊŮɟɘůŰɟɏűŮŰŬɘ ɛŮ ɛŮɔɎɚɖ ŰŬɢɨŰɖŰŬ (Űɖɠ ŰɎɝɖɠ 

Űɤɜ 50m/s). 

¶ Ƀɘ ɟɧɚɞɘ ɡŬɚɞɜɐɛŬŰɞɠ ɡűɑůŰŬɜŰŬɘ ɝɐɟŬɜůɖ ˊɟɘɜ ɡˊɞɓɚɖɗɞɨɜ ůŮ 

ɞˊɞɘŬŭɐˊɞŰŮ ˊŮɟŬɘŰɏɟɤ ŭɘŮɟɔŬůɑŬ ɛɞɟűɐɠ. 

 

Ⱥɘŭɘəɏɠ ůɖɛŮɘɩůŮɘɠ: 

 

¶ Ƀ ɏɚŮɔɢɞɠ Űɖɠ ŭɘŬɛɏŰɟɞɡ Űɤɜ ɘɜɩɜ ɔɑɜŮŰŬɘ ɛŮ ɟɨɗɛɘůɖ Űɖɠ ůŰɎɗɛɖɠ 

ŰɐɔɛŬŰɞɠ ɛɏůŬ ůŰɖ ŭŮɝŬɛŮɜɐ, Űɖɠ ˊɡəɜɧŰɖŰŬɠ Űɞɡ, Űɖɠ ŭɘŬɛɏŰɟɞɡ Űɤɜ ɞˊɩɜ əŬɘ Űɖɠ 

ŰŬɢɨŰɖŰŬɠ ˊŮɟɘůŰɟɞűɐɠ Űɞɡ ŰɡɛˊɎɜɞɡ. 

¶ ȾŬŰɎ Űɖ ŭɘɎɟəŮɘŬ ˊŬɟŬɔɤɔɐɠ Űɤɜ ɘɜɩɜ, ˊɟɏˊŮɘ ɜŬ ŬˊɞűŮɨɔŮŰŬɘ ɖ ŮˊŬűɐ 

ɘɜɩɜ ɛŮŰŬɝɨ Űɞɡɠ, əŬɗɩɠ əŬɘ ɛŮ ɎɚɚŬ ŬɜŰɘəŮɑɛŮɜŬ, ˊɞɡ ɛˊɞɟŮɑ ɜŬ ˊɟɞəŬɚɏůɞɡɜ 

ŮˊɘűŬɜŮɘŬəɏɠ əŬəɩůŮɘɠ ůŰɖɜ ɑɜŬ. 

¶ ɇŬ ɢɖɛɘəɎ ˊɟɧůɗŮŰŬ (sizes) ŭɘŬəɟɑɜɞɜŰŬɘ ůŮ ˊɟɞůɤɟɘɜɎ əŬɘ ůɡɛɓŬŰɎ. ɇŬ 

ˊɟɞůɤɟɘɜɎ ˊɟɧůɗŮŰŬ ɏɢɞɡɜ əɨɟɘɞ ůŰɧɢɞ ŬűŮɜɧɠ Űɖ ˊɟɞůŰŬůɑŬ Űɖɠ ɑɜŬɠ ɏɜŬɜŰɘ ɛŮɑɤůɖɠ 

Űɖɠ ŬɜŰɞɢɐɠ ɚɧɔɤ Űɟɘɓɐɠ Űɖɠ ɛŮ Űɘɠ ɎɚɚŮɠ ɑɜŮɠ əŬɘ ŬűŮŰɏɟɞɡ Űɖ ůɨɜŭŮůɖ Űɤɜ ɘɜɩɜ 

ɛŮŰŬɝɨ Űɞɡɠ ůŰɖɜ ˊŮɟɑˊŰɤůɖ ˊɞɡ ŭɘŬɛɞɟűɤɗɞɨɜ ůŮ ˊɚɏɝɖ ɨűŬɜůɖɠ. ȷəɧɛɖ 

ˊɟɞůŭɑŭɞɡɜ ůŰɖɜ ɑɜŬ ŬɜŰɘůŰŬŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ.  

Ɇɡɜɐɗɤɠ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ŬɛɡɚɏɚŬɘŬ, ˊɞɡ ŭɘŮɡəɞɚɨɜɞɡɜ 

ŬˊɞŰŮɚŮůɛŬŰɘəɎ Űɖɜ ˊɟɧůűɡůɖ ɑɜŬɠ əŬɘ ɟɖŰɑɜɖɠ ŮɛˊɞŰɘůɛɞɨ. ɇŬ ˊɟɞůɤɟɘɜɎ ˊɟɧůɗŮŰŬ 

ŬˊɞɛŬəɟɨɜɞɜŰŬɘ ŮɨəɞɚŬ ɛŮ ɗɏɟɛŬɜůɖ Űɤɜ ɘɜɩɜ ůŮ əɚɘɛŬŰɘɕɧɛŮɜɞ ˊŮɟɘɓɎɚɚɞɜ ůŮ 

ɗŮɟɛɞəɟŬůɑŬ > 340oC ɔɘŬ ɢɟɞɜɘəɧ ŭɘɎůŰɖɛŬ 15-20h. 

ɇŬ ůɡɛɓŬŰɎ ˊɟɧůɗŮŰŬ ɏɢɞɡɜ ůŰɧɢɞ Űɖ ɓŮɚŰɑɤůɖ Űɖɠ Ŭɟɢɘəɐɠ ˊɟɧůűɡůɖɠ 

ɟɖŰɑɜɖɠ-ɔɡŬɚɘɞɨ əŬɘ Űɖ ɛŮɑɤůɖ Űɤɜ ŭɡůɎɟŮůŰɤɜ ŮˊɘˊŰɩůŮɤɜ Űɖɠ ɡɔɟŬůɑŬɠ ɐ Ɏɚɚɤɜ 

ˊŮɟɘɓŬɚɚɞɜŰɘəɩɜ ŮˊɘŭɟɎůŮɤɜ. ɄɟɧəŮɘŰŬɘ ˊŮɟɑ ɞɟɔŬɜɞˊɡɟɘŰɘəɩɜ ŮɜɩůŮɤɜ Űɨˊɞɡ 

X3Si(CH2)nY, ɧˊɞɡ ɖ Y ɞɛɎŭŬ ŮɑɜŬɘ ůɡɛɓŬŰɐ ˊɟɞɠ Űɖɜ ˊɞɚɡɛŮɟɘəɐ ɛɐŰɟŬ, ɖ X 

ɡŭɟɞɚɡɧɛŮɜɖ ɞɛɎŭŬ ůŰɞ ˊɡɟɑŰɘɞ əŬɘ n=0-3. ȷɡŰɎ ˊŮɟɘɔɟɎűɞɜŰŬɘ ůŰɞ ˊŬɟŬəɎŰɤ ůɢɐɛŬ 
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ȺɘəɧɜŬ 1.21 ȹɘɎɔɟŬɛɛŬ ůŰŬŭɑɤɜ ˊŬɟŬɔɤɔɐɠ ɘɜɩɜ ɔɡŬɚɘɞɨ 

 

¶ ȼ ŬɜŰɞɢɐ əŬɘ ɖ ŭɡůəŬɛɣɑŬ Űɞɡ ɔɡŬɚɘɞɨ ˊɟɞůŭɘɞɟɑɕŮŰŬɘ Ŭˊɧ Űɖɜ 

ŰɟɘůŭɘɎůŰŬŰɖ ŭɞɛɐ əŬɘ ŭɘɎŰŬɝɖ Űɤɜ ůɡůŰŬŰɘəɩɜ ɞɝŮɘŭɑɤɜ Űɞɡ. ȿɧɔɤ ŬɡŰɐɠ Űɖɠ ŭɞɛɐɠ 

ŰŬ ɡŬɚɞɜɐɛŬŰŬ ŮɑɜŬɘ ɘůɧŰɟɞˊŬ ɡɚɘəɎ əŬɘ ˊŬɟɞɡůɘɎɕɞɡɜ ɔɟŬɛɛɘəɐ ŮɚŬůŰɘəɐ 

ůɡɛˊŮɟɘűɞɟɎ. ȼ ůɡɛɛŮŰɞɢɐ əŬɘ ɛŮŰŬɚɚɘəɩɜ ɞɝŮɘŭɑɤɜ ůŰɖ ůɨɜɗŮůɖ Űɤɜ ɘɜɩɜ ɛˊɞɟŮɑ 

ɜŬ ŮˊɘűɏɟŮɘ ŬɚɚŬɔɏɠ ůŰɘɠ űɡůɘəɞɢɖɛɘəɏɠ Űɞɡɠ ɘŭɘɧŰɖŰŮɠ. 

 

1.7.3.2 ȽɁȺɆ ȷɁŪɅȷȾȷ 

Ƀɘ ɑɜŮɠ ɔɟŬűɑŰɖ ŮɑɜŬɘ ɖ ŮˊɘəɟŬŰɏůŰŮɟɖ Ůɜɑůɢɡůɖ Űɧůɞ ɡɣɖɚɐɠ ŬɜŰɞɢɐɠ, ɧůɞ əŬɘ  

ɡɣɖɚɞɨ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ, ɖ ɞˊɞɑŬ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Űɖɜ ˊŬɟŬůəŮɡɐ ɡɣɖɚɩɜ 

ŮˊɘŭɧůŮɤɜ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ ɟɖŰɘɜɘəɐɠ ɛɐŰɟŬɠ. ũŮɜɘəɎ, ɧŰŬɜ ŬˊŬɘŰŮɑŰŬɘ ɞ ɓɏɚŰɘůŰɞɠ 

ůɡɜŭɡŬůɛɧɠ ɛɖɢŬɜɘəɐɠ ůɡɛˊŮɟɘűɞɟɎɠ əŬɘ ŮɚɎŰŰɤůɖɠ ɓɎɟɞɡɠ, ɞɘ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜŮɠ 

ɑɜŮɠ ŮɑɜŬɘ ůɡɜɐɗɤɠ, ɑɜŮɠ ɎɜɗɟŬəŬ. 

Ⱥˊɑůɖɠ, ɞɘ ɑɜŮɠ ɎɜɗɟŬəŬ ˊɟɞŰɘɛɩɜŰŬɘ ɧŰŬɜ ɖ ɗŮɟɛɘəɐ ŭɘŬůŰɞɚɐ Ůɜɧɠ ɡɚɘəɞɨ 

ˊɟɏˊŮɘ ɜŬ ůɡɔəɟŬŰɖɗŮɑ ůŮ ɢŬɛɖɚɧ ŮˊɑˊŮŭɞ ɐ ɧŰŬɜ ŬˊŬɘŰŮɑŰŬɘ ůɡɛɓŬŰɧŰɖŰŬ Űɤɜ 

ɢŬɟŬəŰɖɟɘůŰɘəɩɜ ŭɘŬůŰɞɚɐɠ ŭɨɞ ůɡɜŮɜɤɛɏɜɤɜ ŭɘŬűɞɟŮŰɘəɩɜ ɡɚɘəɩɜ. 

ȼ ɡˊŮɟɞɢɐ ŬɡŰɐ Űɤɜ ŬɜɗɟŬəɞɜɖɛɎŰɤɜ ɞűŮɑɚŮŰŬɘ ůŰɖ űɨůɖ Űɞɡ ɎɜɗɟŬəŬ (ɤɠ 

ůŰɞɘɢŮɑɞɡ) əŬɗɩɠ əŬɘ ůŰɞɡɠ ŮɜŭɞŬŰɞɛɘəɞɨɠ ŭŮůɛɞɨɠ ˊɞɡ ůɢɖɛŬŰɑɕŮɘ ɛŮ ɎɚɚŬ ɎŰɞɛŬ 

ɎɜɗɟŬəŬ. Ƀ ɔɟŬűɑŰɖɠ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŬɜɘůɧŰɟɞˊɞɡɠ ˊɞɚɡəɟɡůŰŬɚɚɑŰŮɠ, Űɤɜ ɞˊɞɑɤɜ ɖ 

ŬɜɘůɞŰɟɞˊɑŬ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɘɠ ůɡɜɗɐəŮɠ ˊŬɟŬůəŮɡɐɠ Űɞɡɠ. 

ȷˊɞŰɏɚŮůɛŬ Űɞɡ ɘůɢɡɟɞɨ ˊɟɞůŬɜŬŰɞɚɘůɛɞɨ Űɤɜ əɟɡůŰŬɚɚɘŰɩɜ ˊŬɟɎɚɚɖɚŬ ůŰɞ 

ŭɘŬɛɐəɖ ɎɝɞɜŬ Űɤɜ ŬɜɗɟŬəɞɜɖɛɎŰɤɜ, ŮɑɜŬɘ ɖ ɡɣɖɚɐ ůŰɘɓŬɟɧŰɖŰŬ, ɖ ŬɜŰɞɢɐ ůŮ ɗɟŬɨůɖ 

əŬɘ ɞ ɢŬɛɖɚɧɠ ůɡɜŰŮɚŮůŰɐɠ ɗŮɟɛɘəɐɠ ŭɘŬůŰɞɚɐɠ əŬŰɎ Űɖ ŭɘŮɨɗɡɜůɖ ŬɡŰɐ. ɆŰɖ 

ɔɟŬűɘŰɘəɐ ŭɞɛɐ ŰŬ ɎŰɞɛŬ C ɏɢɞɡɜ ˊɡəɜɐ ŭɘɎŰŬɝɖ, ɛŮ ɛɞɟűɐ ŮɝŬɔɤɜɘəɩɜ Ůˊɘˊɏŭɤɜ 

ɧˊɤɠ ůŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ. 
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ȺɘəɧɜŬ 1.22 ũɟŬűɘŰɘəɐ ŭɞɛɐ 

 

Ƀ ɘůɢɡɟɧɠ ŭŮůɛɧɠ ɛŮŰŬɝɨ Űɤɜ  ŬŰɧɛɤɜ ůŰɘɠ ŮˊɑˊŮŭŮɠ ŬɡŰɏɠ  ŮɝŬɔɤɜɘəɏɠ 

ůŰɟɩůŮɘɠ ɞŭɖɔŮɑ ůŮ ŮɝŬɘɟŮŰɘəɎ ɡɣɖɚɧ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ. ȷɜŰɑɗŮŰŬ, ɞ ŬůɗŮɜɐɠ 

ŭŮůɛɧɠ Űɨˊɞɡ Van Der Waals ˊɞɡ ɡűɑůŰŬŰŬɘ ɛŮŰŬɝɨ ɔŮɘŰɞɜɘəɩɜ ůŰɟɩůŮɤɜ, ɏɢŮɘ ɤɠ 

ŬˊɞŰɏɚŮůɛŬ ɏɜŬ ɢŬɛɖɚɧŰŮɟɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ ˊɟɞɠ ŬɡŰɐ Űɖ ŭɘŮɨɗɡɜůɖ. ɇɡˊɘəɐ 

ŭɞɛɐ Űɞɡ ŬɜɗɟŬəɞɜɐɛŬŰɞɠ, ɧˊɤɠ ɏɢŮɘ ɚɖűɗŮɑ Ŭˊɧ ɖɚŮəŰɟɞɜɘəɧ ɛɘəɟɞůəɧˊɘɞ 

ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɖɜ ŮɘəɧɜŬ ˊɞɡ ŬəɞɚɞɡɗŮɑ. 

 
ȺɘəɧɜŬ 1.23 ȹɞɛɐ ŬɜɗɟŬəɞɜɐɛŬŰɞɠ 

 

ɆŰɖɜ ˊŬɟŬɔɤɔɐ ŬɜɗɟŬəɞɜɖɛɎŰɤɜ, ɤɠ ˊɟɩŰɖ ɨɚɖ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ˊɞɚɡɛŮɟɘəɏɠ 

ɑɜŮɠ ˊɞɚɡŬəɟɡɚɞɜɘŰɟɑɚɘɞɡ (PAN), ɑɜŮɠ ŰŮɢɜɖŰɐɠ ɛŮŰɎɝŬɠ (rayon) əŬɘ ˊɑůůŬ. 
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ȼ ˊŬɟŬɔɤɔɐ  ɘɜɩɜ ɔɟŬűɑŰɖ Ŭˊɧ ɑɜŮɠ (PAN) ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ůŮ ŰɟɑŬ ůŰɎŭɘŬ: 

 
ȺɘəɧɜŬ 1.24 ȹɘɎɔɟŬɛɛŬ ůŰŬŭɑɤɜ ˊŬɟŬɔɤɔɐɠ ɘɜɩɜ ɔɟŬűɑŰɖ 

 

¶ ɃɝŮɑŭɤůɖ Űɤɜ ɘɜɩɜ PAN ůŰɞɜ ŬɏɟŬ əŬɘ ůŮ ɢŬɛɖɚɐ ɗŮɟɛɞəɟŬůɑŬ (100-

200ɞC), ɛŮ ŰŬɡŰɧɢɟɞɜɖ ŮűŬɟɛɞɔɐ ŰɎůɖɠ, ɖ ɞˊɞɑŬ ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɖ ɔɘŬ Űɖɜ 

ŮɡɗɡɔɟɎɛɛɘůɖ Űɤɜ Ŭɚɡůɑŭɤɜ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ. 

¶ Ʉɡɟɧɚɡůɖ, ɡˊɧ ŰɎůɖ, ůŮ ɞɡŭɏŰŮɟɖ ɐ ŬɜŬɔɤɔɘəɐ ŬŰɛɧůűŬɘɟŬ əŬɘ ůŮ 

ɗŮɟɛɞəɟŬůɑŬ 1100-1500 ɞC. Ƀɘ ˊŬɟŬɔɧɛŮɜŮɠ ɑɜŮɠ ůŰɞ ůŰɎŭɘɞ ŬɡŰɧ ɢŬɟŬəŰɖɟɑɕɞɜŰŬɘ ɤɠ 

ɑɜŮɠ ɡɣɖɚɐɠ ŬɜŰɞɢɐɠ (high strength carbon fibers) əŬɘ ɖ ŬɜŰɞɢɐ Űɞɡɠ űŰɎɜŮɘ ŰŬ 3000 

MPa. 

¶ ȼ ɗɏɟɛŬɜůɖ ůŮ ɞɡŭɏŰŮɟɖ ɐ ŬɜŬɔɤɔɘəɐ ŬŰɛɧůűŬɘɟŬ ůɡɜŮɢɑɕŮŰŬɘ ůŮ 

ɡɣɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ (2500-3500 ɞC), ɞˊɧŰŮ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɔɟŬűɘŰɑŬůɖ, ɛŮ 

ŰŬɡŰɧɢɟɞɜɖ ŬɜŬəɟɡůŰɎɚɚɤůɖ, ˊɞɡ ɞŭɖɔŮɑ ůŮ ɘůɢɡɟɧ ˊɟɞůŬɜŬŰɞɚɘůɛɧ Űɤɜ 

əɟɡůŰŬɚɚɘŰɩɜ. Ƀɘ ˊŬɟŬɔɧɛŮɜŮɠ ɑɜŮɠ ůŮ ŬɡŰɧ Űɞ ůŰɎŭɘɞ ɢŬɟŬəŰɖɟɑɕɞɜŰŬɘ ɤɠ ɑɜŮɠ 

ɡɣɖɚɞɨ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ (high module carbon fibers) əŬɘ ɏɢɞɡɜ ɛɏŰɟɞ 

ŮɚŬůŰɘəɧŰɖŰŬɠ ˊŮɟɑˊɞɡ 400GPa, ɖ ŭŮ ŭɘɎɛŮŰɟɞɠ Űɞɡɠ ŮɑɜŬɘ ˊŮɟɑˊɞɡ 10ɛm. ɆŰɞɜ 

ˊŬɟŬəɎŰɤ ˊɑɜŬəŬ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ ɘɜɩɜ ɎɜɗɟŬəŬ ˊɞɡ ɏɢɞɡɜ 

ˊŬɟŬɢɗŮɑ ůŮ ŭɨɞ ůŰɎŭɘŬ ɞɝŮɑŭɤůɖ əŬɘ ˊɡɟɧɚɡůɖ) əŬɘ ůŮ ŰɟɑŬ ůŰɎŭɘŬ (ɞɝŮɑŭɤůɖ, 

ˊɡɟɧɚɡůɖ, ɗɏɟɛŬɜůɖ ůŮ ɡɣɖɚɐ ɗŮɟɛɞəɟŬůɑŬ), ŬɜŰɑůŰɞɘɢŬ. 

 
ȺɘəɧɜŬ 1.25 ȽŭɘɧŰɖŰŮɠ  ɘɜɩɜ ɔɟŬűɑŰɖ 
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ɆɖɛŮɘɩɜŮŰŬɘ ŰŬ ŬəɧɚɞɡɗŬ: 

 

¶ ɆŮ ɞɝŮɘŭɤŰɘəɐ ŬŰɛɧůűŬɘɟŬ, ɖ ɛɏɔɘůŰɖ ɗŮɟɛɞəɟŬůɑŬ ɢɟɐůɖɠ Űɤɜ 

ŬɜɗɟŬəɞɜɖɛɎŰɤɜ ˊŮɟɘɞɟɑɕŮŰŬɘ ůŰɞɡɠ 500 ɞC əŬɘ ɔɘŬ Űɞɡɠ ŭɨɞ Űɨˊɞɡɠ ɘɜɩɜ. ȾŬŰɎ Űɞ 

ůɢŮŭɘŬůɛɧ Űɞɡ ůɡɜɗɏŰɞɡ ˊɟɏˊŮɘ ɞˊɤůŭɐˊɞŰŮ ɜŬ ɚŬɛɓɎɜŮŰŬɘ ɡˊɧɣɖ əŬɘ ɖ ɛɏɔɘůŰɖ 

ɗŮɟɛɞəɟŬůɑŬ ɢɟɐůɖɠ Űɖɠ ɛɐŰɟŬɠ. 

 

¶ Ƀɘ ɘŭɘɧŰɖŰŮɠ Űɤɜ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɤɜ ŬɜɗɟŬəɞɜɖɛɎŰɤɜ ŮɝŬɟŰɩɜŰŬɘ 

ůɖɛŬɜŰɘəɎ Ŭˊɧ Űɖɜ ŬɟɢɘŰŮəŰɞɜɘəɐ Űɤɜ ɘɜɩɜ Űɞɡ PAN (ɛɞɜɞŭɘŮɡɗɡɜŰɘəɏɠ ɑɜŮɠ, 

ŭɘŭɘɎůŰŬŰɞ ˊɚɏɔɛŬ, ŰɟɘůŭɘɎůŰŬŰɞ ˊɚɏɔɛŬ). Ƀ Űɟɧˊɞɠ ŭɘŮɡɗɏŰɖůɖɠ Űɤɜ ɘɜɩɜ ŬɡŰɩɜ 

əŬɗɞɟɑɕŮɘ əŬɘ Űɞ ɓŬɗɛɧ ŬɜɘůɞŰɟɞˊɑŬɠ Űɤɜ ŬɜɗɟŬəɞɜɖɛɎŰɤɜ ˊɞɡ ˊɟɞəɨˊŰɞɡɜ əŬɘ 

ɛˊɞɟŮɑ ɜŬ ˊɞɘəɑɚɚŮɘ Ŭˊɧ Űɖɜ ˊɚɐɟɖ ɘůɞŰɟɞˊɑŬ ɤɠ Űɖɜ ˊɚɐɟɖ ŬɜɘůɞŰɟɞˊɑŬ. 

 

¶   ȼ ŭɡɜŬŰɧŰɖŰŬ Ůˊɘɚɞɔɐɠ, Ŭˊɧ ɏɜŬ ɛŮɔɎɚɞ Ůɨɟɞɠ Űɘɛɩɜ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ 

əɎɗŮ ůŰŬŭɑɞɡ ˊŬɟŬɔɤɔɐɠ ŬɜɗɟŬəɞɜɖɛɎŰɤɜ, ŭɑɜŮɘ Űɖɜ ŮɡɢɏɟŮɘŬ ˊŬɟŬɔɤɔɐɠ 

ŬɜɗɟŬəɞɜɖɛɎŰɤɜ ŭɘŬűɞɟŮŰɘəɞɨ ɓŬɗɛɞɨ ɔɟŬűɘŰɑŬůɖɠ əŬɘ ŭɘŬűɞɟŮŰɘəɩɜ ɘŭɘɞŰɐŰɤɜ (ɞɘ 

ɛɖɢŬɜɘəɏɠ əŬɘ űɡůɘəɏɠ ɘŭɘɧŰɖŰŮɠ, ɧˊɤɠ ɖ ɗŮɟɛɘəɐ əŬɘ ɖ ɖɚŮəŰɟɘəɐ ŬɔɤɔɘɛɧŰɖŰŬ, 

ŮɝŬɟŰɩɜŰŬɘ Ŭˊɧ Űɞ ɓŬɗɛɧ ɔɟŬűɘŰɑŬůɖɠ əŬɘ Űɞ ɓŬɗɛɧ ŬɜɘůɞŰɟɞˊɑŬɠ). ũŮɜɘəɎ, ɧůɞ 

əŬɚɨŰŮɟŬ ˊɟɞůŬɜŬŰɞɚɘůɛɏɜŮɠ ŮɑɜŬɘ ɞɘ ɑɜŮɠ əŬɘ ɧůɞ ɡɣɖɚɧŰŮɟɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ 

ɔɟŬűɑŰɖ ŭɘŬɗɏŰɞɡɜ Űɧůɞ əŬɚɨŰŮɟŮɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ ŮˊɘŭŮɘəɜɨɞɡɜ. 

 

¶ ɇɏɚɞɠ Űɞ əɧůŰɞɠ ˊŬɟŬɔɤɔɐɠ Űɤɜ ɘɜɩɜ ɔɟŬűɑŰɖ ŮɑɜŬɘ ŭɏəŬ űɞɟɏɠ 

ŰɞɡɚɎɢɘůŰɞɜ ɡɣɖɚɧŰŮɟɞ Ŭˊɧ Űɞ əɧůŰɞɠ ˊŬɟŬɔɤɔɐɠ Űɤɜ ɘɜɩɜ ɔɡŬɚɘɞɨ.   

 

1.7.3.3 ȽɁȺɆ ɄɃȿɈɀȺɅɃɈɆ 

Ƀɘ ˊɘɞ ŭɘŬŭŮŭɞɛɏɜŮɠ ɑɜŮɠ ˊɞɚɡɛŮɟɞɨɠ ŮɑɜŬɘ ɞɘ ɑɜŮɠ Ŭˊɧ Nylon, ˊɞɚɡŬɘɗɡɚɏɜɘɞ əŬɘ 

Kevlar. ɇŬ ɜɐɛŬŰŬ Nylon əŬɘ ˊɞɚɡŮůŰɏɟŬ ˊŬɟɎɔɞɜŰŬɘ ɛŮ űɡɔɞəŮɜŰɟɘəɐ ˊŮɟɘŭɑɜɖůɖ 

ŰɐɔɛŬŰɞɠ, Ůɜɩ ŬəɟɡɚɘəɎ əŬɘ əɡŰŰŬɟɘɜɘəɎ ɜɐɛŬŰŬ ˊŬɟŬůəŮɡɎɕɞɜŰŬɘ ɛŮ űɡɔɞəŮɜŰɟɘəɐ 

ˊŮɟɘŭɐɜɖůɖ ŭɘŬɚɨɛŬŰɞɠ əŬɘ ůɡɜŬəɧɚɞɡɗŮɠ ŰŮɢɜɘəɏɠ əŬɗɑɕɖůɖɠ ɘɕɐɛŬŰɞɠ. ȼ ŬɜŰɞɢɐ 

Űɞɡɠ ŭŮɜ ɝŮˊŮɟɜɎ ŰŬ 10Pa, Ůɜɩ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ ˊɚɖůɘɎɕŮɘ ŰŬ 1000 Pa. ɄŬɟɧɚɞ 

ˊɞɡ Ŭˊɧ ɛɖɢŬɜɘəɐɠ Ɏˊɞɣɖɠ ŭŮɜ əŬŰŬŰɎůůɞɜŰŬɘ ůŰɘɠ ɑɜŮɠ ɡɣɖɚɐɠ Ŭˊɧŭɞůɖɠ, ŮɜŰɞɨŰɞɘɠ 

Űɞ ɢŬɛɖɚɧ əɧůŰɞɠ ˊŬɟŬɔɤɔɐɠ Űɞɡɠ Űɘɠ əŬɗɘůŰɎ ŭɖɛɞűɘɚŮɑɠ ůŰɖɜ ŬɔɞɟɎ. 

 ȼ ˊɟɩŰɖ ɡɣɖɚɐɠ Ŭˊɧŭɞůɖ ɞɟɔŬɜɘəɐ ɑɜŬ ŬɟŬɛɘŭɑɞɡ əŬŰŬůəŮɡɎůŰɖəŮ Ŭˊɧ Űɖɜ 

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

Űɨˊɞɡɠ: 

¶ Kevlar -29: ɀŮ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ 60 GPa əŬɘ ŬɜŰɞɢɐ ůŮ ŮűŮɚəɡůɛɧ 

3,6GPa. 

¶ Kevlar -49: ɀŮ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ 120 GPa əŬɘ ŬɜŰɞɢɐ ůŮ 

ŮűŮɚəɡůɛɧ3,6 GPa. 



ʅʶ˂ʾʵʰ 39 h ˉˈ 267 
 

¶ Kevlar -149: ɀŮ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ 180 GPa əŬɘ ŬɜŰɞɢɐ ůŮ 

ŮűŮɚəɡůɛɧ3,4 GPa. 

 

ȼ ˊɡəɜɧŰɖŰŬ əŬɘ Űɤɜ Űɟɘɩɜ Űɨˊɤɜ ŮɑɜŬɘ ɑŭɘŬ (1.45 g/cm3 ). ȼ ŭɘŬűɞɟŮŰɘəɐ 

ŮɚŬůŰɘəɧŰɖŰŬ ɞűŮɑɚŮŰŬɘ ůŰɞ ɔŮɔɞɜɧɠ Űɖɠ ɓŮɚŰɘɤɛɏɜɖɠ ŮɡɗɡɔɟɎɛɛɘůɖɠ Űɤɜ ɛɞɟɘŬəɩɜ 

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

ˊɞɡ ŬəɞɚɞɡɗŮɑ ˊŬɟŬŰɑɗŮɜŰŬɘ ɞɘ ɓŬůɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ɘɜɩɜ Kevlar. 

 
ȺɘəɧɜŬ 1.26 ȽŭɘɧŰɖŰŮɠ ɘɜɩɜ Kevlar 

 

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

ɞɘ ˊɞɚɡɛŮɟɘəɏɠ ŭɞɛɘəɏɠ ŬɚɡůɑŭŮɠ Űɞɡ ɡɚɘəɞɨ ŮɑɜŬɘ ŬɡŰɏɠ əŬɗŬɡŰɏɠ ˊɘɞ ɘůɢɡɟɏɠ əŬɘ 

ůɡɜŰɎůůɞɜŰŬɘ ɏŰůɘ, ɩůŰŮ ɜŬ ŭɖɛɘɞɡɟɔɞɨɜ ɏɜŬ ůŰŬɗŮɟɧŰŮɟɞ ˊɚɏɔɛŬ, ůŮ ɛɞɟűɐ ŮˊɑˊŮŭɖɠ 

ŰŬɘɜɑŬɠ ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ ˊŬɟŬəɎŰɤ ůɢɐɛŬ.  

 

 
ȺɘəɧɜŬ 1.27 ȽŭɘɧŰɖŰŮɠ  ɘɜɩɜ ɔɟŬűɑŰɖ 

 

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

ŬˊɞŭɑŭɞɜŰŬɠ ůŰɞ ˊɟɞɥɧɜ ɘŭɘŬɑŰŮɟŬ ɡɣɖɚɏɠ ŮˊɘŭɧůŮɘɠ əŬŰɎ Űɖɜ Ŭɝɞɜɘəɐ ŭɘŮɨɗɡɜůɖ, ŬɚɚɎ 

űŰɤɢɐ ůɡɛˊŮɟɘűɞɟɎ əŬŰɎ Űɖɜ ŮɔəɎɟůɘŬ ŭɘŮɨɗɡɜůɖ. Ⱥˊɘˊɚɏɞɜ, Ůɜɩ ůŰɖɜ ŮűŮɚəɡůŰɘəɐ 

əŬŰŬˊɧɜɖůɖ Űɞ ɡɚɘəɧ ůɡɛˊŮɟɘűɏɟŮŰŬɘ ŮɚŬůŰɘəɎ ɛŮ ˊŬɟŬɛɧɟűɤůɖ ɏɤɠ əŬɘ 2%, ɖ 

ɛŮɔɎɚɖ Űɞɡ ŬŭɡɜŬɛɑŬ ŮɛűŬɜɑɕŮŰŬɘ ůŰɖ ɗɚɑɣɖ, ɧˊɞɡ ůŮ 0,3% ɗɚɘˊŰɘəɐ ˊŬɟŬɛɧɟűɤůɖ 
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ŬɜŬˊŰɨůůŮŰŬɘ ˊɚŬůŰɘəɞɨ Űɨˊɞɡ ŬůŰɞɢɑŬ. ȷɝɘɞůɖɛŮɑɤŰɞ, ɧɛɤɠ, ŮɑɜŬɘ ɧŰɘ ɖ ŬůŰɞɢɑŬ 

ŬɡŰɐ ŭŮɜ ŮɑɜŬɘ əŬŰŬůŰɟɞűɘəɐ, ŬɚɚɎ ɏɢŮɘ Űɖ ɛɞɟűɐ ˊŰɡɢɩůŮɤɜ (kink bands). 

 
ȺɘəɧɜŬ 1.28 ɀɏɗɞŭɞɠ ˊŬɟŬɔɤɔɐɠ ȷɟŬɛɘŭɑɞɡ 

 

1.7.3.4 ɀȺɇȷȿȿȽȾȺɆ ȽɁȺɆ   

ȹɘɎűɞɟŬ ɛɏŰŬɚɚŬ ɧˊɤɠ Űɞ ɓɧɟɘɞ (B), Űɞ ɓɖɟɨɚɚɘɞ (Be) əŬɘ Űɞ ɓɞɚűɟɎɛɘɞ (W) ɗŬ 

ɛˊɞɟɞɨůŬɜ ɜŬ ŬˊɞŰŮɚɏůɞɡɜ ŮɝŬɘɟŮŰɘəɧ ŮɜɘůɢɡŰɘəɧ ůɡɜɗɏŰɤɜ ɡɚɘəɩɜ, Ŭűɞɨ 

ˊŬɟɞɡůɘɎɕɞɡɜ ɡɣɖɚɐ Űɘɛɐ ŬəŬɛɣɑŬɠ ůŮ ůɢɏůɖ ɛŮ Űɞ Ůɘŭɘəɧ ɓɎɟɞɠ Űɞɡɠ (Ůɘŭɘəɐ 

ŬəŬɛɣɑŬ). ɇɞ ɓɧɟɘɞ ŮɑɜŬɘ Űɞ ˊŮɟɘůůɧŰŮɟɞ ɡˊɞůɢɧɛŮɜɞ ɡɚɘəɧ ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ ɘɜɩɜ 

Ůɜɑůɢɡůɖɠ. ɄŬɟɧɚŬ ŬɡŰɎ ɞɘ ŰŮɢɜɘəɏɠ ˊŬɟŬɔɤɔɐɠ ɛŮŰŬɚɚɘəɩɜ ɘɜɩɜ Ůɜɑůɢɡůɖɠ 

ŮɝŬəɞɚɞɡɗɞɨɜ ɜŬ ˊŬɟŬɛɏɜɞɡɜ ˊɞɚɨ ŭŬˊŬɜɖɟɏɠ. 

 

ɆɐɛŮɟŬ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ŭɨɞ ŰŮɢɜɘəɏɠ ɔɘŬ Űɖɜ ˊŬɟŬɔɤɔɐ ɘɜɩɜ ɓɞɟɑɞɡ: 

 

¶ ȷɜŬɔɤɔɐ Ŭˊɧ Ŭɚɞɔɞɜɑŭɘɞ Űɞɡ ɓɞɟɑɞɡ 

 

ȷɚɞɔɞɜɑŭɘɞ Űɞɡ ɓɞɟɑɞɡ (ůɡɜɐɗɤɠ BCl3) ŬɜɎɔŮŰŬɘ Ŭˊɧ ɡŭɟɞɔɧɜɞ ůŮ ɏɜŬɜ əɚŮɘůŰɧ 

ɗɎɚŬɛɞ ɡɣɖɚɐɠ ɗŮɟɛɞəɟŬůɑŬɠ (1100 ɞC) əŬɘ ŬˊɞŰɑɗŮŰŬɘ ůŮ ˊɞɚɨ ɚŮˊŰɧ ɜɐɛŬ 

ɓɞɚűɟŬɛɑɞɡ, ŭɘŬɛɏŰɟɞɡ 10-15 ɛm, ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ ůɢɐɛŬ ˊɞɡ ŬəɞɚɞɡɗŮɑ. ȼ 

ŭɘɎɛŮŰɟɞɠ Űɤɜ ˊŬɟŬɔɧɛŮɜɤɜ ɘɜɩɜ ɛŮ ŬɡŰɐɜ Űɖɜ ŰŮɢɜɘəɐ əɡɛŬɑɜŮŰŬɘ ɛŮŰŬɝɨ 100-200 

ɛm, Ůɜɩ ɞɘ ɑɜŮɠ ˊŬɟɞɡůɘɎɕɞɡɜ ŮɝŬɘɟŮŰɘəɐ ŭɡůəŬɛɣɑŬ əŬɘ ɛɖɢŬɜɘəɐ ŬɜŰɞɢɐ. 
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ȺɘəɧɜŬ 1.29 ɀɏɗɞŭɞɠ ˊŬɟŬɔɤɔɐɠ ɛŮ ŬɜŬɔɤɔɐ Ŭˊɧ Ŭɚɞɔɞɜɑŭɘɞ Űɞɡ ɓɞɟɑɞɡ 

 

¶ ȷˊɧɗŮůɖ ɛŮ ŰŮɢɜɘəɐ CVD 

 

ɇɞ ɓɧɟɘɞ ŬˊɞŰɑɗŮŰŬɘ ůŮ ɜɐɛŬ ɎɜɗɟŬəŬ ɐ ɓɞɚűɟŬɛɑɞɡ ɛŮ Űɖɜ ŰŮɢɜɘəɐ Űɖɠ ɢɖɛɘəɐɠ 

ŮɜŬˊɧɗŮůɖɠ ŬŰɛɩɜ (CVD). ȼ ŰŮɢɜɘəɐ ŬɡŰɐ ŮɑɜŬɘ ɖ ɞɘəɞɜɞɛɘəɧŰŮɟɖ Ŭˊɧ Űɖɜ 

ˊɟɞɖɔɞɨɛŮɜɖ, ŬɚɚɎ Űɞ ˊɟɞɥɧɜ ɏɢŮɘ ɢŬɛɖɚɧŰŮɟɖ ɛɖɢŬɜɘəɐ ŬɜŰɞɢɐ. 

 

Ƀɘ ɑɜŮɠ ɓɞɟɑɞɡ ɏɢɞɡɜ ɡɣɖɚɐ ɛɖɢŬɜɘəɐ ŬɜŰɞɢɐ (E=300-420 GPa, UTS=3000-3700 

MPa), Ůɜɩ ɞɘ Űɘɛɏɠ Űɤɜ ɘŭɘɞŰɐŰɤɜ Űɞɡɠ ŭɘŬŰɖɟɞɨɜŰŬɘ ůŰŬɗŮɟɏɠ ɤɠ Űɞɡɠ 500 ɞC. ũɘŬ Űɖ 

ɢɟɐůɖ Űɞɡɠ ůŮ ɡɣɖɚɧŰŮɟŮɠ ɗŮɟɛɞəɟŬůɑŮɠ, ɗŬ ˊɟɏˊŮɘ ɜŬ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ 

ˊɟɞůŰŬŰŮɡŰɘəɧ ŮˊɑůŰɟɤɛŬ əŬɟɓɘŭɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ (ɑɜŮɠ Borsic) ɐ ɜɘŰɟɘŭɑɞɡ Űɞɡ ɓɞɟɑɞɡ. 

ɇŬ ŮˊɘůŰɟɩɛŬŰŬ ŬɡŰɎ ŬˊɞŰɟɏˊɞɡɜ Űɖɜ ŬɜŰɑŭɟŬůɖ Űɞɡ ɡɚɘəɞɨ Ůɜɑůɢɡůɖɠ ɛŮ ŬɡŰɧ Űɖɠ 

ɛɐŰɟŬɠ. ɆŮ ɡɣɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ, əɡɟɑɤɠ ůŮ ůɨɜɗŮŰŬ ɛŮ ɛŮŰŬɚɚɘəɐ ɛɐŰɟŬ ŰɘŰŬɜɑɞɡ ɐ 

Ŭɚɞɡɛɘɜɑɞɡ, ŮɡɜɞŮɑŰŬɘ  ɖ ŭɘɎɢɡůɖ ɛɏůɤ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ ɑɜŬɠ-ɛɐŰɟŬ əŬɗɩɠ əŬɘ ɞɘ 

ŬɜŰɘŭɟɎůŮɘɠ ůŮ ůŰŮɟŮɎ əŬŰɎůŰŬůɖ ˊɞɡ ɞŭɖɔɞɨɜ ůŰɞ ůɢɖɛŬŰɘůɛɧ ŮɨɗɟŬɡůŰɤɜ ɛŮůɞ-

ɛŮŰŬɚɚɘəɩɜ ŮɜɩůŮɤɜ əŬɘ ŬůŰɞɢɑŬ Űɞɡ ůɡɜɗɏŰɞɡ. 

 

1.7.3.5 ȾȺɅȷɀȽȾȺɆ ȽɁȺɆ 

Ƀɘ əŮɟŬɛɘəɏɠ ɑɜŮɠ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŮ ŮűŬɟɛɞɔɏɠ ɡɣɖɚɩɜ ɗŮɟɛɞəɟŬůɘɩɜ. 

ɉŬɟŬəŰɖɟɑɕɞɜŰŬɘ Ŭˊɧ ɡɣɖɚɐ ŬɜŰɞɢɐ, ůŰɘɓŬɟɧŰɖŰŬ əŬɘ ɗŮɟɛɘəɐ ŮɡůŰɎɗŮɘŬ. Ƀɘ 

ůɡɜɖɗɏůŰŮɟŬ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜŮɠ əŮɟŬɛɘəɏɠ ɑɜŮɠ ŮɑɜŬɘ ɞɘ ɑɜŮɠ əŬɟɓɘŭɑɞɡ əŬɘ ˊɡɟɘŰɑɞɡ 

(SiC) əŬɘ Ŭɚɞɡɛɘɜɑɞɡ (Al 2O3), Ůɜɩ ůˊŬɜɘɧŰŮɟŬ ůɡɜŬɜŰɩɜŰŬɘ əŬɘ ɑɜŮɠ Si3N4, BeO, B4C 

əŬɘ ZrO2. 

ɇɞ əŬɟɓɑŭɘɞ Űɞɡ ˊɡɟɘŰɑɞɡ (SiC) əŬɘ ŬɚɞɡɛɑɜŬɠ (Al 2O3), ŮɑɜŬɘ ŭɡɜŬŰɧɜ ɜŬ 

ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɤɠ ŮɜɘůɢɡŰɘəɧ ɡɚɘəɧ ŮɑŰŮ ɛŮ Űɖ ɛɞɟűɐ ɘɜɩɜ, ŮɑŰŮ ɛŮ Űɖ ɛɞɟűɐ 

űɡɚɚɘŭɑɤɜ. Ƀɘ ɑɜŮɠ SiC ˊŬɟɞɡůɘɎɕɞɡɜ ɡɣɖɚɏɠ Űɘɛɏɠ ŬɜŰɞɢɐɠ əŬɘ ŬɜɩŰŮɟŮɠ ɛɖɢŬɜɘəɏɠ 

ɘŭɘɧŰɖŰŮɠ Ŭˊɧ ŰŬ űɡɚɚɑŭɘŬ. Ƀɘ ɛɏɗɞŭɞɘ ˊŬɟŬɔɤɔɐɠ Űɤɜ ɡˊɧɣɖ ɘɜɩɜ ůɡɜɑůŰŬɜŰŬɘ ůŰɘɠ 

ˊŬɟŬəɎŰɤ: 

¶ ɀŮ ɢɖɛɘəɐ ŮɜŬˊɧɗŮůɖ ŬŰɛɩɜ (CVD) ɢɚɤɟɘɞɨɢɞɡ ůɘɚŬɜɑɞɡ ůŮ ɑɜŮɠ 

ɎɜɗɟŬəŬ. Ƀɘ ˊŬɟŬɔɧɛŮɜŮɠ ɑɜŮɠ ɏɢɞɡɜ ˊɡɟɐɜŬ ŭɘŬɛɏŰɟɞɡ 10-25 ɛm əŬɘ ŮɝɤŰŮɟɘəɐ 

ŭɘɎɛŮŰɟɞ 100-150ɛm. 
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¶ ȷˊɧ ˊɞɚɡɛŮɟɘəɏɠ ɑɜŮɠ (Nicalon). 

ŪɏɟɛŬɜůɖ ůŮ əŮɜɧ ůŮ ɗŮɟɛɞəɟŬůɑŬ 850 ɞC ɛŮŰŬŰɟɏˊŮɘ Űɖɜ ˊɞɚɡɛŮɟɘəɐ ɑɜŬ ůŮ 

ŬɜɧɟɔŬɜɞ SiC , Ůɜɩ ɗɏɟɛŬɜůɖ ůŮ ɡɣɖɚɧŰŮɟɖ ɗŮɟɛɞəɟŬůɑŬ (>1000 ɞC) ˊɟɞəŬɚŮɑ 

əɟɡůŰɎɚɚɤůɖ ůŮ ɓ- SiC. Ƀɘ ˊŬɟŬɔɧɛŮɜŮɠ ɑɜŮɠ ɏɢɞɡɜ ŭɘɎɛŮŰɟɞ 10-15ɛm. 

 

¶ ɇɟɘɢɑŰŮɠ SiC Ŭˊɧ űɚɞɘɧ ɟɡɕɘɞɨ. 

Ƀ űɚɞɘɧɠ Űɞɡ ɟɡɕɘɞɨ ˊŮɟɘɏɢŮɘ ~15% ə.ɓ SiO2. ŪɏɟɛŬɜůɖ ůŮ ɗŮɟɛɞəɟŬůɑŬ 700-

900 ɞC ɞŭɖɔŮɑ ůŮ ɡˊɧɚŮɘɛɛŬ SiO2 əŬɘ ŮɚŮɨɗŮɟɞ ɎɜɗɟŬəŬ. ŪɏɟɛŬɜůɖ Űɞɡ ɡˊɞɚŮɑɛɛŬŰɞɠ 

ůŮ ɗŮɟɛɞəɟŬůɑŬ ~1500 ɞC əŬɘ ůŮ ˊŮɟɘɓɎɚɚɞɜ ŬɕɩŰɞɡ ɐ ŬɛɛɤɜɑŬɠ ɞŭɖɔŮɑ ůŰɞ 

ůɢɖɛŬŰɘůɛɧ SiC. Ƀɘ ˊŬɟŬɔɧɛŮɜɞɘ ŰɟɘɢɑŰŮɠ ɏɢɞɡɜ ŭɘɎɛŮŰɟɞ ~0,1-1ɛm əŬɘ ɛɐəɞɠ ~50ɛm. 

 

ɄŬɟŬəɎŰɤ ˊŬɟɞɡůɘɎɕŮŰŬɘ ůɡɔəɟɘŰɘəɧɠ ˊɑɜŬəŬɠ Űɤɜ ɘŭɘɞŰɐŰɤɜ Űɤɜ ɘɜɩɜ Ŭˊɧ əɎɗŮ 

ɛɏɗɞŭɞ. 

 
ȺɘəɧɜŬ 1.30 ȽŭɘɧŰɖŰŮɠ ɘɜɩɜ Ŭˊɧ ŭɘŬűɞɟŮŰɘəɐ ɛɏɗɞŭɞ ˊŬɟŬɔɤɔɐɠ 

 

ũŮɜɘəɎ ɞɘ ɛɏɗɞŭɞɘ ˊŬɟŬůəŮɡɐɠ Űɤɜ əŮɟŬɛɘəɩɜ ɘɜɩɜ ŮɑɜŬɘ ɘŭɘŬɑŰŮɟŬ ŭŬˊŬɜɖɟɏɠ. 

ɇɞ SiC ˊŬɟɞɡůɘɎɕŮɘ ůŰŬɗŮɟɐ ɛɖɢŬɜɘəɐ ŬɜŰɞɢɐ ɤɠ Űɞɡɠ 1400  ɞC, ɤůŰɧůɞ ɖ 

ɛɏɔɘůŰɖ ŮˊɘŰɟŮˊŰɐ ɗŮɟɛɞəɟŬůɑŬ ɢɟɐůɖɠ Űɞɡ, ˊŮɟɘɞɟɑɕŮŰŬɘ ůŰɞɡɠ  900 ɞC, ɚɧɔɤ Űɖɠ 

ůɖɛŬɜŰɘəɐɠ ŭɟŬůŰɘəɧŰɖŰŬɠ Űɞɡ ˊɎɜɤ Ŭˊɧ Űɖ ɗŮɟɛɞəɟŬůɑŬ ŬɡŰɐ. 

Ƀɘ ɛɞɜɞəɟɡůŰŬɚɚɘəɏɠ ɑɜŮɠ ŬɚɞɡɛɑɜŬɠ (Al 2O3) ŭɘŬɛɏŰɟɞɡ 250mm ɏɢɞɡɜ 

ŮɝŬɘɟŮŰɘəɏɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ. ȿɧɔɤ Űɖɠ ɘůɢɡɟɐɠ űɨůŮɤɠ Űɤɜ ɢɖɛɘəɩɜ ŭŮůɛɩɜ, ɖ 

ůŰŬɗŮɟɧŰɖŰŬ Űɤɜ ɛɖɢŬɜɘəɩɜ Űɞɡɠ ɘŭɘɞŰɐŰɤɜ ŭɘŬŰɖɟŮɑŰŬɘ ɤɠ Űɞɡɠ  800 ɞC. Ƀɘ 

ɛɞɜɞəɟɡůŰŬɚɚɘəɏɠ ɑɜŮɠ ŬɚɞɡɛɑɜŬɠ ŮɑɜŬɘ ŮɝŬɘɟŮŰɘəɎ ŮɡŬɑůɗɖŰŮɠ ɏɜŬɜŰɘ ŮˊɘűŬɜŮɘŬəɐɠ 

űɗɞɟɎɠ ˊɞɡ ɞŭɖɔŮɑ ŰŬɢɨŰŬŰŬ ůŮ ŬůŰɞɢɑŬ. 

 

1.7.3.6 ɇɅȽɉȽɇȺɆ (WHISKERS) 

Ƀɘ ŰɟɘɢɘŰɏɠ ŮɑɜŬɘ ɜɖɛŬŰɘəɞɑ ɛɞɜɞəɟɨůŰŬɚɚɞɘ ˊɞɡ ˊŬɟɎɔɞɜŰŬɘ ɛŮ ŬˊɞůɨɜɗŮůɖ 

ɎɚŬŰɞɠ ɛŮŰɎɚɚɞɡ ůŮ ŬɜŬɔɤɔɘəɐ ŬŰɛɧůűŬɘɟŬ, əɎŰɤ Ŭˊɧ ŬɡůŰɖɟɎ ŮɚŮɔɢɧɛŮɜŮɠ 

ůɡɜɗɐəŮɠ ɗŮɟɛɞəɟŬůɑŬɠ. ȼ ŭɘɎɛŮŰɟɞɠ Űɞɡɠ ŮɑɜŬɘ Űɖɠ ŰɎɝɖɠ Űɞɡ 1ɛm, Ůɜɩ Űɞ ɛɐəɞɠ Űɞɡɠ 

ɛˊɞɟŮɑ ɜŬ űŰɎůŮɘ ŰŬ ɛŮɟɘəɎ ɢɘɚɘɞůŰɎ əŬɘ ˊŬɟɞɡůɘɎɕɞɡɜ Űɘɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Ůɜɧɠ 

ŰɏɚŮɘɞɡ əɟɡůŰɎɚɚɞɡ. Ƀɘ ŮɝɤŰŮɟɘəɏɠ Űɞɡɠ ŮˊɘűɎɜŮɘŮɠ ŮɑɜŬɘ ɚŮɑŮɠ əŬɘ ŭŮɜ ˊŬɟɞɡůɘɎɕɞɡɜ 

ɕɩɜŮɠ ůɡɔəɏɜŰɟɤůɖɠ ŰɎůŮɤɜ. 
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Ƀɘ ŮɡɟɨŰŮɟŬ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɞɘ ŰɟɘɢɑŰŮɠ ŮɑɜŬɘ Ŭˊɧ ŬɚɞɡɛɑɜŬ, ɔɟŬűɑŰɖ, əŬɟɓɑŭɘɞ 

Űɞɡ ˊɡɟɘŰɑɞɡ, ɓɖɟɨɚɚɘŬ əŬɘ ɜɘŰɟɑŭɘɞ Űɞɡ ˊɡɟɘŰɑɞɡ. ȼ ˊŬɟŬɔɤɔɐ ŰɟɘɢɘŰɩɜ ůŮ 

ɓɘɞɛɖɢŬɜɘəɐ əɚɑɛŬəŬ ŮɑɜŬɘ ŭɨůəɞɚɖ. ɆŰɞ ˊɑɜŬəŬ ɔɑɜŮŰŬɘ ůɨɔəɟɘůɖ Űɤɜ ɘŭɘɞŰɐŰɤɜ ɘɜɩɜ 

ŰɟɘɢɘŰɩɜ Ŭˊɧ SiC əŬɘ Al 2O3 . 

 
ȺɘəɧɜŬ 1.31 ȽŭɘɧŰɖŰŮɠ ɘɜɩɜ Ŭˊɧ SiC əŬɘ Al2O3 

 

1.7.3.7 ȽɁȺɆ ūɈɆȽȾɋɁ ɃɅɈȾɇɋɁ ɄɃɅɋɁ 

ȷɟəŮŰɎ ɞɟɡəŰɎ ˊɞɡ ɓɟɑůəɞɜŰŬɘ ůŮ ɘɜɩŭɖ ɐ űɡɚɚɩŭɖ ɛɞɟűɐ, ɛˊɞɟɞɨɜ ɜŬ 

ŬˊɞŰŮɚɏůɞɡɜ űɗɖɜɧ ŮɜɘůɢɡŰɘəɧ ɡɚɘəɧ, ŬɚɚɎ ɢŬɛɖɚɩɜ ˊɟɞŭɘŬɔɟŬűɩɜ. ȺɡɟɨŰŮɟŬ 

ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜŬ ŰɏŰɞɘŬ ɞɟɡəŰɎ ŮɑɜŬɘ ɞ ŬɛɑŬɜŰɞɠ əŬɘ ɖ ɛŬɟɛŬɟɡɔɑŬ (mica). 

Ƀɘ ɑɜŮɠ ŬɛɘɎɜŰɞɡ ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ 500 ˊŮɟɑˊɞɡ ůŰɞɘɢŮɘɩŭɖ ɘɜɑŭɘŬ, ŭɘŬɛɏŰɟɞɡ 

~10nm, əŬɘ ɏɢɞɡɜ ŭɘɎɛŮŰɟɞ ~2010ɛm əŬɘ ɛɐəɞɠ ŬɟəŮŰɎ cm. ɀˊɞɟɞɨɜ ɜŬ 

ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ɛɏɢɟɘ ɗŮɟɛɞəɟŬůɑŬ 500 ɞC, ɞˊɧŰŮ ɖ ɛɖɢŬɜɘəɐ ŬɜŰɞɢɐ Űɞɡ ɡɚɘəɞɨ 

ɛŮɘɩɜŮŰŬɘ ůɖɛŬɜŰɘəɎ. ɇɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ Űɖɠ ɑɜŬɠ  ŮɑɜŬɘ Űɖɠ ŰɎɝɖɠ Űɤɜ 160GPa, 

Ůɜɩ ɖ ɛɖɢŬɜɘəɐ  ŬɜŰɞɢɐ ɛˊɞɟŮɑ ɜŬ űɗɎůŮɘ ɛɏɢɟɘ 5500GPa. Ƀ ŬɛɑŬɜŰɞɠ ɚɧɔɤ Űɞɡ 

ɢŬɛɖɚɞɨ Űɞɡ əɧůŰɞɡɠ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ŮɡɟɨŰŬŰŬ. 

Ƀɘ ɛŬɟɛŬɟɡɔɑŮɠ Ŭɜɐəɞɡɜ ůŰɖɜ əŬŰɖɔɞɟɑŬ Űɤɜ űɡɚɚɞˊɡɟɘŰɘəɩɜ ɞɟɡəŰɩɜ, 

ɢŬɟŬəŰɖɟɑɕɞɜŰŬɘ Ŭˊɧ ŰɏɚŮɘɞ ůɢɘůɛɧ əŬɘ ŬˊɞɢɤɟɑɕɞɜŰŬɘ ŮɨəɞɚŬ Ŭˊɧ Űɞ ˊɏŰɟɤɛŬ ɛŮ 

ɛɞɟűɐ űɡɚɚɘŭɑɤɜ, ŰŬ ɞˊɞɑŬ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɤɠ ůɡůŰŬŰɘəɧ Ůɜɑůɢɡůɖɠ Űɞɡ ůɨɜɗŮŰɞɡ 

ɡɚɘəɞɨ. ȼ ŬɜŰɞɢɐ ůŮ ŮűŮɚəɡůɛɧ ɛˊɞɟŮɑ ɜŬ űɗɎůŮɘ ɛɏɢɟɘ 2500 MPa  (ŰɏɚŮɘŬ űɡɚɚɑŭɘŬ), 

Ůɜɩ ɚɧɔɞ ŬŰŮɚŮɘɩɜ ůŰɘɠ ɎəɟŮɠ Űɤɜ űɡɚɚɘŭɑɤɜ, ɞɘ ůɡɜɐɗŮɘɠ Űɘɛɏɠ Űɖɠ ŬɜŰɞɢɐɠ 

əɡɛŬɑɜɞɜŰŬɘ ůŰɖɜ ˊŮɟɘɞɢɐ 700-900MPa. ɇɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ Űɤɜ ɛŬɟɛŬɟɡɔɘɩɜ 

ŮɑɜŬɘ ˊŮɟɑˊɞɡ 250 GPa əŬɘ ɖ ˊɡəɜɧŰɖŰŬ Űɞɡɠ 2,8 g/cm3     
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1.7.3.8 ɆɈũȾɅȽɆȼ ȺɁȽɆɉɈɇȽȾɋɁ ȽɁɋɁ 

 
ȺɘəɧɜŬ 1.32 ɋɠ ˊɟɞɠ Űɖɜ Ůɘŭɘəɐ ŬɜŰɞɢɐ əŬɘ Ůɘŭɘəɐ ŬəŬɛɣɑŬ 

 

 
ȺɘəɧɜŬ 1.33 ɋɠ ˊɟɞɠ Űɖɜ ɗŮɟɛɘəɐ ŮɡůŰɎɗŮɘŬ 

 
ȺɘəɧɜŬ 1.34 ɋɠ ˊɟɞɠ Űɖɜ ˊŬɟŬɛɧɟűɤůɖ ɗɟŬɨůɖɠ 

 

1.8 ȾɃȾȾɋȹȼ ɆɈɁŪȺɇȷ ɈȿȽȾȷ 

ɇŬ əɞəəɩŭɖ ůɨɜɗŮŰŬ ɡɚɘəɎ [1Ŭ],[2Ŭ] ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ ˊɞɚɨ ɛɘəɟɎ ůɤɛŬŰɑŭɘŬ 

ůŮ ůɢɐɛŬ əɧəəɞɡ, əɎˊɞɘɞɡ ɘůɢɡɟɞɨ əŬɘ ŬɜɗŮəŰɘəɞɨ ɡɚɘəɞɨ, ŰŬ ɞˊɞɑŬ ŮɑɜŬɘ 

ŭɘŮůˊŬɟɛɏɜŬ ɛɏůŬ ůŰɖ ɛɐŰɟŬ ɖ ɞˊɞɑŬ ŮɑɜŬɘ Ŭˊɧ ŭɘŬűɞɟŮŰɘəɧ ɡɚɘəɧ. Ƀɘ əɧəəɞɘ ɛˊɞɟŮɑ 

ɜŬ ŮɑɜŬɘ ɛŮŰŬɚɚɘəɞɑ ɐ ɛɖ, ɧˊɤɠ Ůˊɑůɖɠ əŬɘ ɖ ɛɐŰɟŬ. ɇŬ əɞəəɩŭɖ ɡɚɘəɎ ɏɢɞɡɜ 

ɡˊɞŭŮɏůŰŮɟŮɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ ůŮ ůɢɏůɖ ɛŮ ŰŬ ɘɜɩŭɖ, ɛɘŬɠ əŬɘ ɖ ůɡɜŮɘůűɞɟɎ Űɤɜ 
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ůɤɛŬŰɘŭɑɤɜ ůŰɖ ɛɖɢŬɜɘəɐ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ ůɨɜɗŮŰɞɡ ŮɑɜŬɘ ɛɘəɟɧŰŮɟɖ Ŭˊɧ ŬɡŰɐ Űɤɜ 

ɘɜɩɜ. ȰɜŬ ůɖɛŬɜŰɘəɧ ɔɜɩɟɘůɛŬ Űɤɜ əɞəəɤŭɩɜ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ, ŮɑɜŬɘ ɖ ɢŬɛɖɚɐ 

ůɡɜɐɗɤɠ ˊɡəɜɧŰɖŰŬ ůŮ ůɤɛŬŰɑŭɘŬ, ˊɞɡ ɧɛɤɠ ˊɟɞůŭɑŭŮɘ ŬɟəŮŰɏɠ əŬɚɏɠ ɘŭɘɧŰɖŰŮɠ ůŮ 

ŬɡŰɎ ŰŬ ɡɚɘəɎ. ɋɠ ˊɟɩŰɖ ɨɚɖ ůŰŬ əɞəəɩŭɖ, ɛˊɞɟɞɨɜ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ əɎˊɞɘŬ 

űɡůɘəɎ ɞɟɡəŰɎ ɧˊɤɠ ɞ ŰɎɚəɖɠ, Ůɜɩ ɖ ŭɘŬŭɘəŬůɑŬ ɛɞɟűɞˊɞɑɖůɖɠ ŬɡŰɩɜ Űɤɜ ɡɚɘəɩɜ 

ŮɑɜŬɘ ůɢŮŰɘəɎ Ŭˊɚɐ əŬɘ ŬɡŰɞɛŬŰɞˊɞɘɖɛɏɜɖ, ɔŮɔɞɜɧɠ ˊɞɡ ŮˊɘŰɟɏˊŮɘ Űɖɜ ɛŬɕɘəɐ 

ˊŬɟŬɔɤɔɐ  ˊɟɞɥɧɜŰɤɜ.  Ⱦɞəəɩŭɖ ɡɚɘəɎ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŮ ŮűŬɟɛɞɔɏɠ ɛɖ ɡɣɖɚɩɜ 

ŬˊŬɘŰɐůŮɤɜ ɧˊɤɠ ŬɜŰɘəŮɑɛŮɜŬ əŬɗɖɛŮɟɘɜɐɠ ɢɟɐůɖɠ, ŮɝŬɟŰɐɛŬŰŬ ŬɡŰɞəɘɜɐŰɤɜ əŬɘ 

ɎɚɚŬ. Ƀɘ əɧəəɞɘ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ɛŮŰŬɚɚɘəɐɠ ɡűɐɠ ɐ ɛɖ əŬɘ ŭɨɜŬŰŬɘ ɜŬ ůɡɜŭɡŬůɗɞɨɜ 

ÕŮ ŭɘŬűɧɟɤɜ Űɨˊɤɜ ɛɐŰɟŮɠ. Ƀɘ ŭɘɎűɞɟɞɘ ůɡɜŭɡŬůɛɞɑ  ɛɐŰɟŬɠ/əɧəəɤɜ ˊɞɡ   ɛˊɞɟɞɨɜ 

ɜŬ ŮˊɘŰŮɡɢɗɞɨɜ, ŬɜŬűɏɟɞɜŰŬɘ ˊŬɟŬəɎŰɤ. ȰŰůɘ, Ŭˊɧ ŬɡŰɐɜ Űɖɜ Ɏˊɞɣɖ ɏɢɞɡɛŮ ŰɏůůŮɟɘɠ 

ŭɡɜŬŰɞɨɠ ůɡɜŭɡŬůɛɞɨɠ: 

 

1. ɈɚɘəɎ ɛɖ ɛŮŰŬɚɚɘəɞɨ ŮɔəɚŮɑůɛŬŰɞɠ ŮɜŰɧɠ ɛɖ ɛŮŰŬɚɚɘəɐɠ ɛɐŰɟŬɠ 

 

ɇɞ Õɖ ɞˊɚɘůɛɏɜɞ ůəɡɟɧŭŮɛŬ ŬˊɞŰŮɚŮɑ Űɞ ˊɘɞ əɞɘɜɧ ˊŬɟɎŭŮɘɔɛŬ Ůɜɧɠ 

ŰɏŰɞɘɞɡ ɡɚɘəɞɨ. ɇɞ ůəɡɟɧŭŮɛŬ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ əɧəəɞɡɠ Ɏɛɛɞɡ əŬɘ ˊɏŰɟŬɠ çŭŮɛɏɜɞɡɠè 

ÕŮ ɏɜŬ ɛŮɑɔɛŬ ŰůɘɛɏɜŰɞɡ əŬɘ ɜŮɟɞɨ, Űɞ ɞˊɞɑɞ ɏɢŮɘ ŬɜŰɘŭɟɎůŮɘ ɢɖɛɘəɎ əŬɘ ɏɢŮɘ 

ůəɚɖɟɨɜŮɘ. ȼ ŬɜŰɞɢɐ Űɞɡ ůəɡɟɞŭɏɛŬŰɞɠ ŬˊɞŭɑŭŮŰŬɘ ůŰɖɜ ɨˊŬɟɝɖ əɧəəɤɜ ˊɏŰɟŬɠ. 

Ⱥˊɑůɖɠ űɚɞɨŭŮɠ ɛɖ ɛŮŰŬɚɚɘəɩɜ  ɡɚɘəɩɜ, ɧˊɤɠ ɞ ɛŬɟɛŬɟɡɔɑŬɠ ɐ Űɞ ɔɡŬɚɑ, ɛˊɞɟɞɨɜ ɜŬ 

ŬˊɞŰŮɚɏůɞɡɜ Űɞ əɞəəɩŭŮɠ ɏɔəɚŮɘůɛŬ ɛɘŬɠ ɔɡɎɚɘɜɖɠ ɐ ˊɚŬůŰɘəɐɠ ɛɐŰɟŬɠ. 

 

2. ɈɚɘəɎ ɛŮŰŬɚɚɘəɞɨ ŮɔəɚŮɑůɛŬŰɞɠ ŮɜŰɧɠ ɛɖ ɛŮŰŬɚɚɘəɐɠ ɛɐŰɟŬɠ 

 

ȰɜŬ ɢŬɟŬəŰɖɟɘůŰɘəɧ ˊŬɟɎŭŮɘɔɛŬ ŰɏŰɞɘɞɡ ɡɚɘəɞɨ ŮɑɜŬɘ Űɞ ɏɔəɚŮɘůɛŬ 

ɢŬɚəɞɨ ɛɏůŬ ůŮ ŮˊɞɝŮɘŭɘəɐ  ɟɖŰɑɜɖ,  ˊɞɡ  ŬɡɝɎɜŮɘ  əŬŰɎ  ˊɞɚɨ  Űɖɜ  ɖɚŮəŰɟɘəɐ  

ŬɔɤɔɘɛɧŰɖŰŬ  ŬɡŰɐɠ. Ⱥˊɑůɖɠ ŮɑɜŬɘ ůɡɜɐɗɖ ŰŬ ůɨɜɗŮŰŬ ɡɚɘəɎ ɛŮ ɏɔəɚŮɘůɛŬ ɢŬɚəɞɨ , 

ɡˊɧ ɛɞɟűɐ űɚɞɨŭŬɠ. Ɇəɞˊɧɠ Űɖɠ ˊŬɟŬůəŮɡɐɠ ŰɏŰɞɘɤɜ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ ŮɑɜŬɘ ɖ 

ŭɖɛɘɞɡɟɔɑŬ Ůɜɧɠ ɡɚɘəɞɨ ÕŮ ɓŮɚŰɘɤɛɏɜŮɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ (ŬɜŰɞɢɐ, ɛɏŰɟɞ 

ŮɚŬůŰɘəɧŰɖŰŬɠ, ɧɟɘɞ ŭɘŬɟɟɞɐɠ), ɖ Ŭɨɝɖůɖ Űɖɠ ɖɚŮəŰɟɘəɐɠ əŬɘ ɗŮɟɛɘəɐɠ ŬɔɤɔɘɛɧŰɖŰŬɠ 

əŬɗɩɠ əŬɘ ɖ ɛŮɑɤůɖ Űɞɡ ůɡɜŰŮɚŮůŰɐ ɗŮɟɛɘəɐɠ ŭɘŬůŰɞɚɐɠ əŬɘ Űɖɠ űɗɞɟɎɠ Űɖɠ ɛɐŰɟŬɠ. 

 
ȺɘəɧɜŬ 1.35 ɈɚɘəɎ ɛŮŰŬɚɚɘəɞɨ ŮɔəɚŮɑůɛŬŰɞɠ ŮɜŰɧɠ ɛɖ ɛŮŰŬɚɚɘəɐɠ ɛɐŰɟŬɠ 
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3. ɈɚɘəɎ ɛŮŰŬɚɚɘəɞɨ ŮɔəɚŮɑůɛŬŰɞɠ ŮɜŰɧɠ ɛŮŰŬɚɚɘəɐɠ ɛɐŰɟŬɠ 

 

ȰɜŬ ˊŬɟɎŭŮɘɔɛŬ ɡɚɘəɞɨ ŬɡŰɐɠ Űɖɠ əŬŰɖɔɞɟɑŬɠ ŮɑɜŬɘ ŰŬ əɟɎɛŬŰŬ ɢŬɚəɞɨ 

ɐ ɢɎɚɡɓŬ ˊɞɡ ˊŮɟɘɏɢɞɡɜ əɧəəɞɡɠ ɛɧɚɡɓŭɞɡ, ɖ ɨˊŬɟɝɖ Űɤɜ ɞˊɞɑɤɜ əŬɗɘůŰɎ ŰŬ 

ˊŬɟŬˊɎɜɤ ɡɚɘəɎ əŬŰŮɟɔɎůɘɛŬ ůŰɘɠ ŮɟɔŬɚŮɘɞɛɖɢŬɜɏɠ. ɄɞɚɚɎ ɛɏŰŬɚɚŬ ɧˊɤɠ ŮɑɜŬɘ Űɞ 

ɢɟɩɛɘɞ, Űɞ ɓɞɚűɟɎɛɘɞ əŬɘ Űɞ ɛɞɚɡɓŭŬɑɜɘɞ, Ŭɜ əŬɘ ŮɑɜŬɘ ŮɨɗɟŬɡůŰŬ ůŮ ɗŮɟɛɞəɟŬůɑŬ 

ˊŮɟɘɓɎɚɚɞɜŰɞɠ ɏɢɞɡɜ ́ ŬɟɧɚŬ ŬɡŰɎ ́ ɞɚɨŰɘɛŮɠ ɘŭɘɧŰɖŰŮɠ. ȰŰůɘ ɛˊɞɟɞɨɜ ɜŬ ŬˊɞŰŮɚɏůɞɡɜ 

Űɞ əɞəəɩŭŮɠ ɏɔəɚŮɘůɛŬ Ɏɚɚɤɜ ɛŮŰɎɚɚɤɜ, ŰŬ ɞˊɞɑŬ ˊŬɟɞɡůɘɎɕɞɡɜ ɧɚəɘɛɖ 

ůɡɛˊŮɟɘűɞɟɎ ůŮ ɗŮɟɛɞəɟŬůɑŬ ˊŮɟɘɓɎɚɚɞɜŰɞɠ. ɇɞ ůɨɜɗŮŰɞ ɡɚɘəɧ ˊɞɡ ˊɟɞəɨˊŰŮɘ ŮɑɜŬɘ 

ɧɚəɘɛɞ ůŰɖ ɗŮɟɛɞəɟŬůɑŬ ŬɡŰɐ, Ůɜɩ ŭɘŬɗɏŰŮɘ ˊŬɟɎɚɚɖɚŬ əŬɘ əɎˊɞɘŮɠ Ŭˊɧ Űɘɠ ɘŭɘɧŰɖŰŮɠ 

Űɞɡ ŮɨɗɟŬɡůŰɞɡ ŮɔəɚŮɑůɛŬŰɞɠ. 

 

4. ɈɚɘəɎ ɛɖ ɛŮŰŬɚɚɘəɞɨ ŮɔəɚŮɑůɛŬŰɞɠ ŮɜŰɧɠ ɛŮŰŬɚɚɘəɐɠ ɛɐŰɟŬɠ 

 

ɀɖ ɛŮŰŬɚɚɘəɎ ɡɚɘəɎ ɛˊɞɟɞɨɜ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ůŮ ɛɞɟűɐ əɞəəɩŭɞɡɠ 

ŮɔəɚŮɑůɛŬŰɞɠ  ɛɏůŬ ůŮ  ɛŮŰŬɚɚɘəɐ ɛɐŰɟŬ. ɇŬ ɡɚɘəɎ ˊɞɡ  ˊɟɞəɨˊŰɞɡɜ  ɞɜɞɛɎɕɞɜŰŬɘ 

əŮɟŬɛɞɛɏŰŬɚɚŬ. ɇŬ əŮɟŬɛɞɛɏŰŬɚɚŬ ɛˊɞɟɞɨɜ ɜŬ ŮɑɜŬɘ ŭɡɞ Ůɘŭɩɜ ŬɜɎɚɞɔŬ ɛŮ Űɞ 

ɏɔəɚŮɘůɛŬ.  

ɇɞ ˊɟɩŰɞ Ůɑŭɞɠ ŮɑɜŬɘ əŮɟŬɛɞɛɏŰŬɚɚŬ ɛŮ əɧəəɞɡɠ ɞɝŮɘŭɑɞɡ Ůɜɧɠ 

ɛŮŰɎɚɚɞɡ ɛɏůŬ ůŮ ɛŮŰŬɚɚɘəɐ ɛɐŰɟŬ, ŰŬ ɞˊɞɑŬ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŰɖɜ əŬŰŬůəŮɡɐ 

ŮɟɔŬɚŮɑɤɜ əŬɘ ůŮ ŮűŬɟɛɞɔɏɠ ɡɣɖɚɐɠ ɗŮɟɛɞəɟŬůɑŬɠ ɧˊɞɡ ɖ ŬɜŰɑůŰŬůɖ ůŰɖ ŭɘɎɓɟɤůɖ 

ŮɑɜŬɘ ůɖɛŬɜŰɘəɐ.  

ɇɞ ŭŮɨŰŮɟɞ Ůɑŭɞɠ ŮɑɜŬɘ ŰŬ əŮɟŬɛɞɛɏŰŬɚɚŬ ɛŮ əɧəəɞɡɠ əŬɟɓɘŭɑɞɡ Ůɜɧɠ 

ɛŮŰɎɚɚɞɡ ɛɏůŬ ůŮ ɛŮŰŬɚɚɘəɐ ɛɐŰɟŬ. ȰŰůɘ, Űɞ əŬɟɓɑŭɘɞ Űɞɡ ɓɞɚűɟŬɛɑɞɡ ɛɏůŬ ůŮ 

ɛɐŰɟŬ əɞɓŬɚŰɑɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůŮ ŰɛɐɛŬŰŬ ɛɖɢŬɜɩɜ, ŰŬ ɞˊɞɑŬ ŬˊŬɘŰɞɨɜ ɛŮɔɎɚɖ 

ŬɜŰɞɢɐ ůŰɖɜ ɞɝŮɑŭɤůɖ əŬɘ ůŰɖ ŭɘɎɓɟɤůɖ, Ůɜɩ ɏɢŮɘ ůɡɜŰŮɚŮůŰɐ ɗŮɟɛɘəɐɠ ŭɘŬůŰɞɚɐɠ 

ˊŬɟŬˊɚɐůɘɞ ɛŮ ŬɡŰɧɜ Űɞɡ ɢɎɚɡɓŬ. ȷɡŰɧ ɏɢŮɘ ůŬɜ ŬˊɞŰɏɚŮůɛŬ ɜŬ ŮɑɜŬɘ əŬŰɎɚɚɖɚɞ ɔɘŬ 

ɢɟɐůŮɘɠ ůŮ ɓŬɚɓɑŭŮɠ ə.Ŭ. Ⱥˊɑůɖɠ Űɞ əŬɟɓɑŭɘɞ Űɞɡ ŰɘŰŬɜɑɞɡ ɛɏůŬ ůŮ ɛɐŰɟŬ ɜɘəŮɚɑɞɡ ɐ 

əɞɓŬɚŰɑɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůɡɢɜɎ ůŮ ŮűŬɟɛɞɔɏɠ ɡɣɖɚɐɠ ɗŮɟɛɞəɟŬůɑŬɠ, ɧˊɤɠ ˊ.ɢ. ůŮ 

ŭɘɎűɞɟŬ ɛɏɟɖ ůŰɟɞɓɘɚɞɛɖɢŬɜɩɜ. ɇɏɚɞɠ ŰŬ əŮɟŬɛɞɛɏŰŬɚɚŬ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŰɞɡɠ 

ˊɡɟɖɜɘəɞɨɠ ŬɜŰɘŭɟŬůŰɐɟŮɠ ůŬɜ əŬɨůɘɛŬ. 

 

ɇŬ əɞəəɩŭɖ ůɨɜɗŮŰŬ ɡɚɘəɎ ŭɨɜŬŰŬɘ ɜŬ ŰŬɝɘɜɞɛɖɗɞɨɜ əŬɘ ɛŮ əɟɘŰɐɟɘɞ Űɞ ɛɏɔŮɗɞɠ 

Űɤɜ əɧəəɤɜ ɤɠ Ůɝɐɠ: 

 

1. ɆɨɜɗŮŰŬ ɛŮ Ůɜɑůɢɡůɖ ůɤɛŬŰɘŭɑɤɜ ɛŮɔɎɚɞɡ ɛŮɔɏɗɞɡɠ. 

ɇŬ ůɤɛŬŰɑŭɘŬ ɏɢɞɡɜ ŭɘɎɛŮŰɟɞ ɚɑɔɤɜ ɛm əŬɘ ˊŮɟɘɏɢɞɜŰŬɘ ůŮ ˊɞůɞůŰɧ 

ɛŮɔŬɚɨŰŮɟɞ Űɞɡ 25%. ȼ ůɡɜɐɗɖɠ əŬŰô ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬ əɡɛŬɑɜŮŰŬɘ ŬɜɎɛŮůŬ 60-

90%. 
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2. ɆɨɜɗŮŰŬ ɛŮ Ůɜɑůɢɡůɖ ɛɘəɟɩɜ ůɤɛŬŰɘŭɑɤɜ ůŮ ŭɘŬůˊɞɟɎ. 

ɇŬ ŮɔəɚŮɑůɛŬŰŬ, ˊɞɡ ůɡɜɐɗɤɠ ˊɟɧəŮɘŰŬɘ ɔɘŬ ɞɝŮɑŭɘŬ, ˊŮɟɘɏɢɞɜŰŬɘ ůŰɞ 

ůɨɜɗŮŰɞ ůŮ ůɡɔəŮɜŰɟɩůŮɘɠ ɛɘəɟɧŰŮɟŮɠ Űɞɡ 15% əŬŰô ɧɔəɞ. ȼ ŭɘɎɛŮŰɟɞɠ Űɤɜ 

ůɤɛŬŰɘŭɑɤɜ ˊɞɘəɑɚŮɘ ɛŮŰŬɝɨ 0,01-0,1 ɛm. ȼ ɘůɢɡɟɞˊɞɑɖůɖ Űɖɠ ɛɐŰɟŬɠ ŮˊɘŰɡɔɢɎɜŮŰŬɘ 

ɛŮ Űɖɜ ˊŬɟŮɛˊɧŭɘůɖ Űɖɠ ɛŮŰɎŭɞůɖɠ Űɤɜ ŭɘŬŰŬɟŬɢɩɜ ŮɝŬɘŰɑŬɠ Űɖɠ ɨˊŬɟɝɖɠ ůɤɛŬŰɘŭɑɤɜ. 

 

1.9 ɆɇɅɋɀȷɇȽȾȷ ɆɈɁŪȺɇȷ ɈȿȽȾȷ 

ɇŬ ˊɞɚɨůŰɟɤŰŬ (laminate) ɐ ůŰɟɤɛŬŰɘəɎ ůɨɜɗŮŰŬ ɡɚɘəɎ [1Ŭ],[2Ŭ] ŮɑɜŬɘ ÕɘŬ 

əŬŰɖɔɞɟɑŬ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ ůŰɖɜ ɞˊɞɑŬ ŰŬ ɡɚɘəɎ Űɖɠ ɛɐŰɟŬɠ əŬɘ Űɖɠ Ůɜɑůɢɡůɖɠ ŮɑɜŬɘ 

ɡˊɧ Űɖ Õɛɞɟűɐ ůŰɟɩůŮɤɜ əŬɘ űɨɚɚɤɜ. ȹɘɎűɞɟŬ ɡɚɘəɎ ɛˊɞɟɞɨɜ ɜŬ ůɡɜŭɡŬůɗɞɨɜ ɐ əŬɘ 

ɜŬ ŬˊɞŰŮɚɏůɞɡɜ Űɘɠ ůŰɟɩůŮɘɠ (ůŰɟɩɛŬŰŬ ɐ űɨɚɚŬ (ply)) ˊɞɡ ůɡɜɗɏŰɞɡɜ ŰŬ 

ˊɞɚɨůŰɟɤŰŬ ůɨɜɗŮŰŬ ɡɚɘəɎ. ɇŬ ůɨɜɗŮŰŬ ŬɡŰɞɨ Űɞɡ Űɨˊɞɡ ɛˊɞɟŮɑ ɜŬ ɏɢɞɡɜ ˊɞɚɨ əŬɚɏɠ 

ɘŭɘɧŰɖŰŮɠ, ɧˊɤɠ ŭɡůəŬɛɣɑŬ, ŬɜŰɞɢɐ, ŬɜŰɑůŰŬůɖ ůŰɖ ŭɘɎɓɟɤůɖ əŬɘ ůŰɖ űɗɞɟɎ, 

ŬəɞɡůŰɘəɐ əŬɘ ɗŮɟɛɘəɐ ɛɧɜɤůɖ ə.Ŭ. 

Ƀɘ Ůˊɘɛɏɟɞɡɠ ůŰɟɩůŮɘɠ ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ ɑɜŮɠ ɡɣɖɚɐɠ ŬɜŰɞɢɐɠ əŬɘ ɛɏŰɟɞɡ 

ŮɚŬůŰɘəɧŰɖŰŬɠ, çŭŮɛɏɜŮɠè ɛŮ ɏɜŬ ˊɞɚɡɛŮɟɏɠ, ɛŮŰŬɚɚɘəɧ  ɐ əŮɟŬɛɘəɧ ůɡɜŭŮŰɘəɧ ɡɚɘəɧ. 

ɁŬ ˊɞɨɛŮ Ůŭɩ ɧŰɘ ɞɘ ɑɜŮɠ Űɤɜ ůŰɟɩůŮɤɜ ɛˊɞɟɞɨɜ ɜŬ ŮɑɜŬɘ əŬɘ ŭɘŬűɞɟŮŰɘəɎ 

ˊɟɞůŬɜŬŰɞɚɘůɛɏɜŮɠ ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ, ˊɟɎɔɛŬ Űɞ ɞˊɞɑɞ ɓŮɚŰɘɩɜŮɘ 

Űɘɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ɡɚɘəɞɨ ůŮ ˊɞɚɚɏɠ ŭɘŮɡɗɨɜůŮɘɠ.  ȲɜŮɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ 

ůɡɜɐɗɤɠ, ˊŮɟɘɚŬɛɓɎɜɞɡɜ ɔɟŬűɑŰɖ, ɔɡŬɚɑ, ɓɧɟɘɞ, əŬɘ əŬɟɓɑŭɘɞ Űɞɡ ˊɡɟɘŰɑɞɡ. ɀŮɟɘəɎ 

ůɡɜŭŮŰɘəɎ ɡɚɘəɎ  ŮɑɜŬɘ  ŮˊɞɝŮɘŭɘəɏɠ ɟɖŰɑɜŮɠ, ɞɘ ˊɞɚɡɥɛɑŭŮɠ, Űɞ Ŭɚɞɡɛɑɜɘɞ, Űɞ ŰɘŰɎɜɘɞ əŬɘ 

ɖ ŬɚɞɡɛɑɜŬ. Ⱥˊɑůɖɠ ɞɘ Ůˊɘɛɏɟɞɡɠ ůŰɟɩůŮɘɠ ɔŮɜɘəɎ ŮɑɜŬɘ ɞɟɗɧŰɟɞˊŮɠ (ŭɖɚŬŭɐ, ɛŮ əɨɟɘŮɠ 

ɘŭɘɧŰɖŰŮɠ ůŮ ɞɟɗɞɔɩɜɘŮɠ əŬŰŮɡɗɨɜůŮɘɠ) ɐ ŮɔəŬɟůɑɤɠ ɘůɧŰɟɞˊŮɠ (ɛŮ ɘůɧŰɟɞˊŮɠ ɘŭɘɧŰɖŰŮɠ 

ůŰɞ ŮɔəɎɟůɘɞ ŮˊɑˊŮŭɞ). ɋůŰɧůɞ ɞɘ Ůˊɘɛɏɟɞɡɠ ůŰɟɩůŮɘɠ ɛˊɞɟɞɨɜ ɜŬ ˊŬɟɞɡůɘɎɕɞɡɜ əŬɘ 

ŬɜɘůɧŰɟɞˊŮɠ (ɛŮ ɛŮŰŬɓɚɖŰɐ əŬŰŮɨɗɡɜůɖ Űɤɜ əɨɟɘɤɜ ɘŭɘɞŰɐŰɤɜ), ɞɟɗɧŰɟɞˊŮɠ, ɐ ɖɛɘ-

ɘůɧŰɟɞˊŮɠ ɘŭɘɧŰɖŰŮɠ. ɇŬ ɖɛɘ-ɘůɞŰɟɞˊɘəɎ ŮɚɎůɛŬŰŬ ŮɛűŬɜɑɕɞɡɜ ɘůɧŰɟɞˊɖ (ŭɖɚŬŭɐ, 

ŬɜŮɝɎɟŰɖŰɖ Ŭˊɧ Űɖɜ əŬŰŮɨɗɡɜůɖ) Ŭˊɧəɟɘůɖ ŮɜŰɧɠ Űɞɡ Ůˊɘˊɏŭɞɡ ŬɚɚɎ ŭŮɜ 

ˊŮɟɘɞɟɑɕɞɜŰŬɘ ůŮ ɘůɞŰɟɞˊɘəɐ (əŬɛˊŰɘəɐ) Ŭˊɧəɟɘůɖ ŮəŰɧɠ ŬɡŰɞɨ.  

ɇŬ əɡɟɘɧŰŮɟŬ Ůɑŭɖ Űɤɜ ˊɞɚɨůŰɟɤŰɤɜ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ ŮɑɜŬɘ: 

1. ɇŬ ŭɘɛɏŰŬɚɚŬ 

2. ɇŬ ŮˊɘɛŮŰŬɚɚɤɛɏɜŬ ɛɏŰŬɚɚŬ 

3. ȼ ɨŬɚɞɠ ŬůűŬɚŮɑŬɠ 

4. ɇŬ ɡɚɘəɎ ÕŮ ŮˊɑůŰɟɤůɖ ˊɚŬůŰɘəɞɨ 
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ȺɘəɧɜŬ 1.36 ɄɞɚɨůŰɟɤŰŬ ůɨɜɗŮŰŬ ɡɚɘəɎ 

 

1.10 ȽɁɋȹȼ ɀȺɇȷȿȿȽȾȷ ɄɃȿɈɆɇɅɋɇȷ ɆɈɁŪȺɇȷ ɈȿȽȾȷ-

ɈȸɅȽȹȽȾȷ ɆɈɁŪȺɇȷ ɈȿȽȾȷ   (Fiber-Metal laminates) 

ȷɝɑɕŮɘ ɜŬ ɔɑɜŮɘ Ůɘŭɘəɐ ɛɜŮɑŬ ůŮ ŬɡŰɞɨ Űɞɡ Ůɑŭɞɡɠ ůɨɜɗŮŰŬ ɡɚɘəɎ [3] ɔɘŬŰɑ 

ˊŬɟɞɡůɘɎɕɞɡɜ ɞɟɘůɛɏɜŮɠ  ŮɝŬɘɟŮŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ. ȷɡŰɎ ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ ŭɘŬŭɞɢɘəɏɠ 

ůŰɟɩůŮɘɠ ɛŮŰŬɚɚɘəɩɜ ˊɚŬəɩɜ əŬɘ ůŰɟɩůŮɘɠ Ůɜɘůɢɡɛɏɜɤɜ ɛŮ ɑɜŮɠ  ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ 

ˊɞɡ ɏɢɞɡɜ əɞɚɚɖɗŮɑ ɛŮŰŬɝɨ Űɞɡɠ. Ƀɘ ůŰɟɩůŮɘɠ ŬɡŰɏɠ ŮɜŬɚɚɎůůɞɜŰŬɘ ɛŮŰŬɝɨ Űɞɡɠ əŬɘ 

ŬˊɞŰŮɚɞɨɜ Űɞ ɡɓɟɘŭɘəɧ ˊɞɚɨůŰɟɤŰɞ.  ȼ əɎɗŮ ůŰɟɩůɖ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ ŬˊɞŰŮɚŮɑŰŬɘ 

Ŭˊɧ ɏɜŬ ŮˊɑˊŮŭɞ (ɚŮˊŰɞɨ ˊɎɢɞɡɠ) ɘɜɩŭɞɡɠ ůɨɜɗŮŰɞɡ ɡɚɘəɞɡ Űɞɡ ɞˊɞɑɞɡ ɞɘ ɑɜŮɠ ɏɢɞɡɜ 

ůɡɔəŮəɟɘɛɏɜɞ ˊɟɞůŬɜŬŰɞɚɘůɛɧ əŬɘ ŭɘŬŰɎůůɞɜŰŬɘ əɎɗŮŰŬ ůŰɖɜ ŭɘŮɨɗɡɜůɖ Űɞɡ ˊɎɢɞɡɠ. 

ɇɞ ˊɟɩŰɞ ɘɜɩŭŮɠ-ɛŮŰŬɚɚɘəɧ ˊɞɚɨůŰɟɤŰɞ ˊŬɟɞɡůɘɎůŰɖəŮ Ŭˊɧ Űɞ ˊŬɜŮˊɘůŰɐɛɘɞ 

Űɞɡ Delft Űɞ 1981 əŬɘ ɐŰŬɜ Űɞ ŮˊɞɜɞɛŬɕɧɛŮɜɞ ARALL  ( Aramid Reinforced Aluminum 

Laminates) Űɞ ɞˊɞɑɞ ˊɟɞɞɟɘɕɧŰŬɜ ɔɘŬ ɢɟɐůɖ ůŰɖɜ ŬŮɟɞɜŬɡˊɖɔɘəɐ ɓɘɞɛɖɢŬɜɑŬ. ɆŰɞ 

ARALL  ɞɘ ůŰɟɩůŮɘɠ Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ ŮɑɜŬɘ ŮɜɘůɢɡɛɏɜŮɠ ɛŮ ɑɜŮɠ ŬɟŬɛɘŭɑɞɡ 

(Kevlar). ȹŮɜ əŬɗɘŮɟɩɗɖəŮ ɚɧɔɤ ɡɣɖɚɞɨ əɧůŰɞɡɠ əŬŰŬůəŮɡɐɠ. Ⱥˊɑůɖɠ ŰŮɚŮɡŰŬɑŬ ɏɢŮɘ 

ŭɖɛɘɞɡɟɔɖɗŮɑ əŬɘ Űɞ ŮˊɞɜɞɛŬɕɧɛŮɜɞ CARALL (Carbon  Reinforced Aluminum 

Laminates) ɓŬůɘůɛɏɜɞ ůŮ ɑɜŮɠ ɎɜɗɟŬəŬ. ɇɞ ˊɟɩŰɞ ɘɜɩŭŮɠ ɛŮŰŬɚɚɘəɧ ˊɞɚɨůŰɟɤŰɞ ˊɞɡ 

ɖ ɢɟɐůɖ Űɞɡ əŬɗɘŮɟɩɗɖəŮ ŮɑɜŬɘ Űɞ GLARE (Glass Reinforced). ȷɡŰɧ ɏɔɘɜŮ ɔɨɟɤ ůŰɞ 

1991 əŬɘ Ŭˊɧ ŰɧŰŮ ɏɢŮɘ ŭɘŬŭɞɗŮɑ ŬɟəŮŰɎ. Ƀ Űɟɧˊɞɠ əŬŰŬůəŮɡɐɠ Űɞɡ ŬˊŮɘəɞɜɑɕŮŰŬɘ ůŰɖɜ 

ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ.  
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ȺɘəɧɜŬ 1.37 Glare Hybrid composite material 

 To Glare ůɡɜŭɡɎɕɞɜŰŬɠ Űɘɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ɡɚɘəɩɜ ˊɞɡ Űɞ ŬˊɞŰŮɚɞɨɜ, 

ˊŬɟɞɡůɘɎɕŮɘ ŮɝŬɘɟŮŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ ůŮ əɧˊɤůɖ. Ⱥˊɑůɖɠ ɖ ŬɜŰɞɢɐ Űɞɡ ůŮ əɟɞɨůɖ, ůŮ 

ŭɘɎɓɟɤůɖ, ůŮ űɚɧɔŬ əŬɗɩɠ əŬɘ ůŮ ůŰŬŰɘəɏɠ əŬŰŬˊɞɜɐůŮɘɠ ɛɖɢŬɜɞɚɞɔɘəɩɜ 

əŬŰŬůəŮɡɩɜ ɘŭɘŬɑŰŮɟɞɡ ŮɜŭɘŬűɏɟɞɜŰɞɠ, ŮɑɜŬɘ əŬŰɎ ˊɞɚɨ ɓŮɚŰɘɤɛɏɜŮɠ ůɡɔəɟɘɜɧɛŮɜŮɠ 

ɛŮ Űɘɠ ŬɜŰɑůŰɞɘɢŮɠ Űɞɡ Ŭˊɚɞɨ Ŭɚɞɡɛɘɜɑɞɡ. ɄŬɟŬəɎŰɤ ŬɜŬɔɟɎűɞɜŰŬɘ ɞɘ ɓŬůɘəɞɑ Űɨˊɞɘ 

Glare ˊɞɡ ˊŬɟɞɡůɘɎɕɞɡɜ ɧˊɤɠ ŮɑɜŬɘ űɡůɘəɧ ŭɘŬűɞɟŮŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ. 

  

 
ȺɘəɧɜŬ 1.38 ȾŬŰɖɔɞɟɑŮɠ Glare  

 

Ʉɘɞ ŬɜŬɚɡŰɘəɎ ɧůɞɜ ŬűɞɟɎ ŰŬ ůɖɛŬɜŰɘəɧŰŮɟŬ ˊɚŮɞɜŮəŰɐɛŬŰŬ ŬɡŰɞɨ Űɞɡ ɡɚɘəɞɨ, 

ŮɑɜŬɘ ɧŰɘ ůŮ ůɢɏůɖ ɛŮ Űɞ Ŭˊɚɧ Ŭɚɞɡɛɑɜɘɞ ˊŬɟɞɡůɘɎɕŮɘ ŮɝŬɘɟŮŰɘəɐ ŬɜŰɞɢɐ ůŮ əɧˊɤůɖ 

ɧˊɤɠ ɏɢɞɡɜ ŭŮɑɝŮɘ ˊŮɘɟŬɛŬŰɘəɏɠ ŭɘŬŭɘəŬůɑŮɠ əŬɗɩɠ ŬɜŰɏɢŮɘ ůŮ ˊɞɚɨ ɛŮɔŬɚɨŰŮɟɞ Ŭɟɘɗɛɧ 

əɨəɚɤɜ űɧɟŰɘůɖɠ ɔɘŬ Űɞ ɑŭɘɞ ɛɐəɞɠ ɟɤɔɛɐɠ. ȼ ɛŮɑɤůɖ Űɞɡ ɟɡɗɛɞɨ ŭɘɎŭɞůɖɠ Űɤɜ 

ɟɤɔɛɩɜ ɞűŮɑɚŮŰŬɘ ůŰɖɜ ɨˊŬɟɝɖ Űɤɜ ɘɜɩɜ ůŰɘɠ ůŰɟɩůŮɘɠ Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ. Ƀɘ ɑɜŮɠ 

ŭŮɜ ŮˊɖɟŮɎɕɞɜŰŬɘ Ŭˊɧ ŰŬ űɞɟŰɑŬ əɧˊɤůɖɠ ůŮ ŬɜŰɑɗŮůɖ ɛŮ Űɘɠ ɛŮŰŬɚɚɘəɏɠ ůŰɟɩůŮɘɠ 
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Ŭɚɞɡɛɘɜɑɞɡ, ɧˊɞɡ ɝŮəɘɜɞɨɜ əŬɘ ŭɘŬŭɑŭɞɜŰŬɘ ɟŬɔŭŬɑŬ  ɞɘ ɞˊɞɘŮůŭɐˊɞŰŮ ɟɤɔɛɏɠ. Ƀɘ ɑɜŮɠ 

əŬŰɎ Űɖɜ űɧɟŰɘůɖ ˊŬɟŬɛɏɜɞɡɜ ɎɗɘəŰŮɠ, ́ ŬɟŬɚŬɛɓɎɜɞɜŰŬɠ Űɞ űɞɟŰɑɞ ůŰɖɜ ˊŮɟɘɞɢɐ Űɖɠ 

ɟɤɔɛɐɠ əŬɘ ˊŬɟɎɚɚɖɚŬ ˊŮɟɘɞɟɑɕɞɡɜ Űɞ ɎɜɞɘɔɛŬ Űɖɠ. ȷɡŰɧ Űɞ űŬɘɜɧɛŮɜɞ ɞɜɞɛɎɕŮŰŬɘ 

ɘɜɩŭɖɠ ɔŮűɨɟɤůɖ əŬɘ ˊɟɞəŬɚŮɑ ɛŮɑɤůɖ Űɞɡ ɟɡɗɛɞɨ ŭɘɎŭɞůɖɠ Űɤɜ ɟɤɔɛɩɜ. 

Ⱥˊɑůɖɠ ɖ ŬɜŰɞɢɐ ůŮ əɟɞɨůɖ ŮɑɜŬɘ ˊɎɟŬ ˊɞɚɨ ɛŮɔɎɚɖ, Ůɜɩ ɛŮ ˊŮɘɟɎɛŬŰŬ ɏɢŮɘ 

ŬˊɞŭŮɘɢɗŮɑ ɧŰɘ ŮɑɜŬɘ ˊɞɚɨ əŬɚɨŰŮɟɖ Ŭˊɧ ŬɡŰɐɜ Űɞɡ Ŭɚɞɡɛɘɜɑɞɡ. ȼ ˊɞɚɨ əŬɚɐ Ŭˊɧəɟɘůɖ 

Űɞɡ Glare ůŮ əɟɞɨůŮɘɠ ɞűŮɑɚŮŰŬɘ ůŰɖɜ ɡɣɖɚɐ ŮűŮɚəɡůŰɘəɐ ŬɜŰɞɢɐ Űɤɜ ɔɡɎɚɘɜɤɜ ɘɜɩɜ 

Űɞɡ, ŬɚɚɎ əɡɟɑɤɠ ůŰɖɜ Ŭɨɝɖůɖ Űɖɠ ŮűŮɚəɡůŰɘəɐɠ ŬɜŰɞɢɐɠ Űɞɡɠ ůŮ ɡɣɖɚɧ ɟɡɗɛɧ 

ɛŮŰŬɓɞɚɐɠ Űɤɜ ˊŬɟŬɛɞɟűɩůŮɤɜ.  

ɄŬɟɞɡůɘɎɕŮɘ ˊɞɚɨ ɡɣɖɚɐ ˊŬɟŬɛɏɜɞɡůŬ ŬɜŰɞɢɐ, ŭɖɚŬŭɐ ɡˊɞɚŮɘˊɧɛŮɜɖ  ůŰŬŰɘəɐ 

ŬɜŰɞɢɐ ɨůŰŮɟŬ Ŭˊɧ ɞˊɞɘŬŭɐˊɞŰŮ ɕɖɛɘɎ ɧˊɤɠ ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ ɚɧɔɤ əɟɞɨůɖɠ ɛŮ əɎˊɞɘɞ 

ŬɜŰɘəŮɑɛŮɜɞ. ũɘŬ Űɞɜ ɚɧɔɞ ŬɡŰɧ ŮɑɜŬɘ ˊɞɚɨ ŭɘŬŭŮŭɞɛɏɜɖ ɖ ɢɟɐůɖ Űɞɡ Glare ůŰɖɜ 

ŬŮɟɞɜŬɡˊɖɔɘəɐ ɓɘɞɛɖɢŬɜɑŬ. 

ȰɢŮɘ ˊɞɚɨ əŬɚɐ ůɡɛˊŮɟɘűɞɟɎ ůŰɖɜ ŭɘɎɓɟɤůɖ ŬɜŰɑůŰɞɘɢɖ ɛŮ Űɞ ɛɞɜɞɚɘɗɘəɧ 

Ŭɚɞɡɛɑɜɘɞ. ȼ ɧˊɞɘŬ Űɡɢɧɜ ŭɘɎɓɟɤůɖ ůŰŬɛŬŰɎ ůŰɘɠ ŮɝɤŰŮɟɘəɏɠ ůŰɟɩůŮɘɠ Ŭɚɞɡɛɘɜɑɞɡ, 

Ŭűɞɨ ůŰɖɜ  ůɡɜɏɢŮɘŬ ɞɘ ůŰɟɩůŮɘɠ Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ ŭŮɜ ŮˊɘŰɟɏˊɞɡɜ Űɖɜ ˊŮɟŬɘŰɏɟɤ 

ŭɘɎɓɟɤůɖ ůŰɞ ŮůɤŰŮɟɘəɧ Űɞɡ.  

Ⱥˊɘˊɚɏɞɜ ɏɢŮɘ ˊɎɟŬ ˊɞɚɨ əŬɚɐ ŬɜŰɞɢɐ ůŮ űɚɧɔŬ, Ŭűɞɨ ɏɢŮɘ ˊɡɟɑɛŬɢŮɠ ɘŭɘɧŰɖŰŮɠ 

ˊɞɚɨ ŬɜɩŰŮɟŮɠ Űɧůɞ Ŭˊɧ Űɞ ɛɞɜɞɚɘɗɘəɧ Ŭɚɞɡɛɑɜɘɞ ɧůɞ əŬɘ Ŭˊɧ ŰŬ əɚŬůɘəɎ ůɨɜɗŮŰŬ 

ɡɚɘəɎ. ȷɡŰɧ ůɡɛɓŬɑɜŮɘ ɔɘŬŰɑ ůŰɘɠ ɡɣɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ Űɞ ŮɝɤŰŮɟɘəɧ ůŰɟɩɛŬ 

Ŭɚɞɡɛɘɜɑɞɡ ɚɘɩɜŮɘ, ɧɛɤɠ ůŰɞ ŮˊɧɛŮɜɞ ůŰɟɩɛŬ ɛŮ Űɞ ůɨɜɗŮŰɞ ɡɚɘəɧ Ůɜɩ ɖ ɛɐŰɟŬ 

ɚɘɩɜŮɘ, ɞɘ ɑɜŮɠ ˊŬɟŬɛɏɜɞɡɜ ɎɗɘəŰŮɠ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ŭɖɛɘɞɡɟɔŮɑŰŬɘ ɏɜŬ űɟɎɔɛŬ 

ˊɡɟɧɠ. Ⱥˊɑůɖɠ ɖ ɗŮɟɛɘəɐ ɛɧɜɤůɖ ŬɡɝɎɜŮŰŬɘ ɚɧɔɤ Űɞɡ Ŭˊɞɢɤɟɘůɛɞɨ Űɤɜ ůŰɟɩůŮɤɜ 

Ŭˊɧ Űɖɜ ɗŮɟɛɧŰɖŰŬ. ɇŮɚɘəɎ ɞɘ ŮůɤŰŮɟɘəɏɠ ůŰɟɩůŮɘɠ Ŭɚɞɡɛɑɜɘɞɡ ˊɑůɤ Ŭˊɧ ŬɡŰɏɠ Űɞɡ 

ůɨɜɗŮŰɞɡ ˊŬɟŬɛɏɜɞɡɜ ŬɜŬɚɚɞɑɤŰŮɠ, ɏŰůɘ ɩůŰŮ ɖ ŬɜŰɑɗŮŰŬ ˊɚŮɡɟɎ Ŭˊɧ ŮəŮɑɜɖ Űɖɠ 

űɚɧɔŬɠ ɜŬ ́ŬɟŬɛɏɜŮɘ ůŮ ŬɜŮəŰɎ ŮˊɑˊŮŭŬ ɗŮɟɛɞəɟŬůɑŬɠ ɛŮ ɘəŬɜɞˊɞɘɖŰɘəɐ ɛɖɢŬɜɘəɐ 

ŬɜŰɞɢɐ. ȼ ŬɜɤŰɏɟɤ ɘŭɘɧŰɖŰŬ ɛŬɕɑ ɛŮ Űɖɜ ˊɞɚɨ əŬɚɐ ŬɜŰɞɢɐ ůŮ əɟɞɨůɖ ˊɟɞůŭɑŭɞɡɜ 

ůŰɞ Glare ɛŮɔɎɚɖ ŬɜŰɞɢɐ ůŮ űɞɟŰɑŬ ɚɧɔɤ ŮəɟɐɝŮɤɜ. 

ȿɧɔɤ Űɤɜ ŮɝɤŰŮɟɘəɩɜ ůŰɟɩůŮɤɜ Ŭɚɞɡɛɘɜɑɞɡ ˊŬɟɞɡůɘɎɕŮɘ ˊɞɚɨ əŬɚɐ ŬɜŰɞɢɐ 

ůŰɖɜ ɡɔɟŬůɑŬ, Ŭűɞɨ ɖ ɛɐŰɟŬ Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ ɏɟɢŮŰŬɘ ůŮ ŮˊŬűɐ ɛŮ Űɞ ɡɔɟɧ 

ůŰɞɘɢŮɑɞ ɛɧɜɞ Ŭˊɧ Űɘɠ ŮɚŮɨɗŮɟŮɠ ɎəɟŮɠ Űɞɡ ɡɚɘəɞɨ.  

ȰɢŮɘ Ůɘŭɘəɧ ɓɎɟɞɠ ˊŮɟɑˊɞɡ 10% ɛɘəɟɧŰŮɟɞ Ŭˊɧ Űɞɡ Ŭɚɞɡɛɘɜɑɞɡ, Ůɜɩ ŮˊɘŰɟɏˊŮɘ 

Űɖɜ Ůɨəɞɚɖ əŬŰŮɟɔŬůɑŬ əŬɘ ɛɞɟűɞˊɞɑɖůɖ Űɞɡ. ȺˊɘůəŮɡɎɕŮŰŬɘ ɛŮ ɛŮɗɧŭɞɡɠ ŬɜŰɑůŰɞɘɢŮɠ 

ɛŮ ŬɡŰɏɠ ˊɞɡ ŮűŬɟɛɧɕɞɜŰŬɘ ɔɘŬ Űɖɜ ŮˊɘůəŮɡɐ Űɞɡ Ŭɚɞɡɛɘɜɑɞɡ. 

ȺűŬɟɛɧɕŮŰŬɘ əŬŰɎ əɨɟɘɞ ɚɧɔɞ ůŰɖɜ ŬŮɟɞˊɞɟɘəɐ ɓɘɞɛɖɢŬɜɑŬ, Űɧůɞ ɔɘŬ Űɖɜ 

əŬŰŬůəŮɡɐ ŬŰɟɎəŰɤɜ, ɧůɞ əŬɘ ŮɜɘůɢɡŰɘəɩɜ ůŰɞɘɢŮɑɤɜ. Ⱥˊɑůɖɠ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Űɖɜ 

ŮˊɘůəŮɡɐ ɟɖɔɛŬŰɩůŮɤɜ  ɛŮŰŬɚɚɘəɩɜ ŬŰɟɎəŰɤɜ (patch repair), ɧˊɞɡ ˊŬɟɞɡůɘɎɕŮɘ ˊɞɚɨ 

əŬɚɨŰŮɟɖ ůɡɛˊŮɟɘűɞɟɎ Ŭˊɧ ŰŬ əɚŬůɘəɎ ůɨɜɗŮŰŬ ɡɚɘəɎ, ɚɧɔɤ Űɖɠ ɛɘəɟɧŰŮɟɖɠ ɗŮɟɛɘəɐɠ 

ŬůɡɛɓŬŰɧŰɖŰŬɠ. ȹɖɚŬŭɐ Űɖɠ ŭɘŬűɞɟɎɠ ˊɞɡ ɡˊɎɟɢŮɘ ɛŮŰŬɝɨ Űɤɜ ůɡɜŰŮɚŮůŰɩɜ ɗŮɟɛɘəɐɠ 

ŭɘŬůŰɞɚɐɠ ůŰɞ Glare əŬɘ ůŰɞ Ŭɚɞɡɛɑɜɘɞ, ˊɞɡ ŮɑɜŬɘ ůɢŮŭɧɜ ɛɖŭŮɜɘəɐ, ůɡɔəɟɘŰɘəɎ ɛŮ 

ŬɡŰɐɠ ˊɞɡ ɡˊɎɟɢŮɘ ɛŮŰŬɝɨ əɚŬůɘəɞɨ ůɨɜɗŮŰɞɡ əŬɘ Ŭɚɞɡɛɘɜɑɞɡ. 
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ɆŰɖɠ ˊŬɟŬəɎŰɤ ŮɘəɧɜŮɠ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŮűŬɟɛɞɔɏɠ Űɞɡ Glare ůŰɞ Airbus A-380 

ɧˊɞɡ ˊɞɚɚɎ ŰɛɐɛŬŰŬ Űɖɠ ŬŰɟɎəŰɞɡ ŮɑɜŬɘ ŬˊɞəɚŮɘůŰɘəɎ Ŭˊɧ Glare. 

 

 
ȺɘəɧɜŬ 1.39 Airbus A-380 

 

 

 
ȺɘəɧɜŬ 1.40 Ƀɚɞəɚɖɟɤɛɏɜɞ ŰɛɐɛŬ ŬŰɟɎəŰɞɡ Airbus A-380 Ŭˊɧ Glare 
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ȾȺūȷȿȷȽɃ 2:ɆɇɃȽɉȺȽȷ ŪȺɋɅȽȷɆ 

2.1 ȸȷɆȽȾȺɆ ȺɁɁɃȽȺɆ 

2.1.1 ɆɈɁɇɃɀɃȽ ɃɅȽɆɀɃȽ ɆɇɃȽɉȺȽɋɁ ɀȼɉȷɁȽȾȼɆ 

Ɂɧɛɞɠ Űɞɡ ȼɞɞke [1ɓ],[2ɓ],[60]: 

 

ȺɘəɧɜŬ 2.1 ȺűŮɚəɡůɛɧɠ ïɗɚɑɣɖ ɟɎɓŭɞɡ 

Ƀ Robert Hooke (1678) ŬˊɏŭŮɘɝŮ ˊŮɘɟŬɛŬŰɘəɎ ɧŰɘ ɡˊɎɟɢŮɘ ůɢɏůɖ ɛŮŰŬɝɨ ŰɎůɖɠ 

əŬɘ ˊŬɟŬɛɧɟűɤůɖɠ ɖ ɞˊɞɑŬ ŭɘŬŰɡˊɩɜŮŰŬɘ ˊŬɟŬəɎŰɤ. 

ȰůŰɤ ɖ ˊɟɘůɛŬŰɘəɐ ŬɓŬɟɐɠ ɟɎɓŭɞɠ ȷȸ, ɖ ɞˊɞɑŬ əŬŰŬˊɞɜŮɑŰŬɘ Ŭˊɧ Ŭɝɞɜɘəɐ 

ŮűŮɚəɡůŰɘəɐ ŭɨɜŬɛɖ Ʌ ˊɞɡ ŬůəŮɑŰŬɘ ůŰɞ əɏɜŰɟɞ ɓɎɟɞɡɠ ȸ Űɖɠ ŭɘŬŰɞɛɐɠ Űɖɠ ȺɘəɧɜŬɠ 

(2.1). ȰůŰɤ Ůˊɑůɖɠ F Űɞ ŮɛɓŬŭɧ Űɖɠ ŭɘŬŰɞɛɐɠ, Űɞ ɞˊɞɑɞ ɗŮɤɟŮɑŰŬɘ ůŰŬɗŮɟɧ ůŮ 

ɞɚɧəɚɖɟɞ Űɞ ɛɐəɞɠ l Űɖɠ ɟɎɓŭɞɡ. 

ɀŮ Űɖɜ ŮˊŮɜɏɟɔŮɘŬ Űɖɠ ŮűŮɚəɡůŰɘəɐɠ ŭɨɜŬɛɖɠ Ʌ ɖ ɟɎɓŭɞɠ ɗŬ ŮˊɘɛɖəɡɜɗŮɑ əŬŰɎ  

ȹl əŬɘ ŰŮɚɘəɎ Űɞ ůɖɛŮɑɞ ȸ ŮűŬɟɛɞɔɐɠ Űɖɠ ŭɨɜŬɛɖɠ, ɗŬ ɛŮŰŬŰɞˊɘůŰŮɑ ŭŮɝɘɧŰŮɟŬ ůŰɖ ɗɏůɖ 

Bô ɞˊɧŰŮ Űɞ ŰŮɚɘəɧ ɛɐəɞɠ Űɖɠ ɟɎɓŭɞɡ, ɔɑɜŮɘ l ô.  

Ƀ Hooke ˊŮɘɟŬɛŬŰɘɕɧɛŮɜɞɠ ɛŮ ŰɏŰɞɘŮɠ ˊɟɘůɛŬŰɘəɏɠ ɟɎɓŭɞɡɠ ˊɞɘəɑɚɤɜ ɡɚɘəɩɜ, 

ɡˊɞɓŬɚɚɧɛŮɜŮɠ ůŮ ɛɞɜɞŬɝɞɜɘəɧ ŮűŮɚəɡůɛɧ ŮɜŰɧɠ Űɖɠ ˊŮɟɘɞɢɐɠ Űɖɠ ŮɚŬůŰɘəɐɠ 

ůɡɛˊŮɟɘűɞɟɎɠ Űɤɜ ɡɚɘəɩɜ, ˊŬɟŬŰɐɟɖůŮ ɞŰɘ ɖ Ůˊɘɛɐəɡɜůɖ ȹl Űɖɠ ɟɎɓŭɞɡ ɐŰŬɜ 

ŬɜɎɚɞɔɖ Űɧůɞ ˊɟɞɠ Űɖɜ ŮűŮɚəɨɞɡůŬ ŭɨɜŬɛɖ Ʌ, ɧůɞ əŬɘ ˊɟɞɠ Űɞ Ŭɟɢɘəɧ Űɖɠ ɛɐəɞɠ l əŬɘ 
ŬɜŰɘůŰɟɧűɤɠ ŬɜɎɚɞɔɖ Űɞɡ ŮɛɓŬŭɞɨ Ʌ Űɖɠ ŭɘŬŰɞɛɐɠ . 

ȼ ˊɚɐɟɖɠ ɛŬɗɖɛŬŰɘəɐ ŭɘŬŰɨˊɤůɖ Űɞɡ ɜɧɛɞɡ Űɞɡ Hooke ŮɑɜŬɘ ɖ ˊŬɟŬəɎŰɤ: 

 

EF

P^
=̂D                                                                                                        (2.1.1)          

ȳˊɞɡ D̂ = ' ̂ -  ̂= (ȸȸ') ŮɑɜŬɘ ɖ ˊŬɟŬɛɧɟűɤůɖ Űɖɠ ɟɎɓŭɞɡ ˊɞɡ ɔɘŬ Űɞɜ 
ŮűŮɚəɡůɛɧ əŬɚŮɑŰŬɘ Ůˊɘɛɐəɡɜůɖ ɐ ɛɐəɡɜůɖ Ůɜɩ ɔɘŬ Űɖ ɗɚɑɣɖ ŮˊɘɓɟɎɢɡɜůɖ ɐ 
ɓɟɎɢɡɜůɖ  (ůŮ m, cm, mm əɚˊ). 

Ʌ, ŮɑɜŬɘ Űɞ Ŭɝɞɜɘəɧ űɞɟŰɑɞ (ŭɨɜŬɛɖ) ŮűŮɚəɡůɛɞɨ (ůŮ Ɂ, t, əɚˊ). 

F, ŮɑɜŬɘ Űɞ ŮɛɓŬŭɧ Űɖɠ əɎɗŮŰɖɠ ŭɘŬŰɞɛɐɠ ůŰɞɜ ɎɝɞɜŬ Űɖɠ ɟɎɓŭɞɡ (ůŮ m2, cm2,  

əɚˊ). 

 

 

 



ʅʶ˂ʾʵʰ 53 h ˉˈ 267 
 

Ⱥ, ŮɑɜŬɘ ɞ ůɡɜŰŮɚŮůŰɐɠ ŬɜŬɚɞɔɑŬɠ, ˊɞɡ ŮɑɜŬɘ ɖ ŮɚŬůŰɘəɐ ůŰŬɗŮɟɎ ɖ ɞˊɞɑŬ 

ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞ Ůɑŭɞɠ Űɞɡ ɡɚɘəɞɨ. ȼ ůŰŬɗŮɟɎ ŬɡŰɐ ɞɜɞɛɎɕŮŰŬɘ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ 

ɐ ɛɏŰɟɞ Űɞɡ Ɉɞung (ůŮ Ɂ/m2, at, əɚˊ). 

Ƀ ɜɧɛɞɠ ŬɡŰɧɠ ŮˊɘɓŮɓŬɘɩɗɖəŮ ůŰɖ ůɡɜɏɢŮɘŬ Ŭˊɧ ˊɞɚɚɞɨɠ ŮɟŮɡɜɖŰɏɠ, ɞɘ ɞˊɞɑɞɘ 

ˊŮɘɟŬɛŬŰɑůŰɖəŬɜ ůŮ ɛŮɔɎɚɞ ˊɚɐɗɞɠ ŭɞəɘɛɑɤɜ əŬɘ Ŭˊɧ ŭɘɎűɞɟŬ ɡɚɘəɎ. ȹɘŬˊɘůŰɩɗɖəŮ 

ŭŮ ɧŰɘ ŬɡŰɧɠ ɘůɢɨŮɘ ɧɢɘ ɛɧɜɞ ɔɘŬ ŭɞəɑɛɘŬ ɡˊɞɓŬɚɚɧɛŮɜŬ ůŮ ŮűŮɚəɡůɛɧ ŬɚɚɎ əŬɘ ɗɚɑɣɖ. 

ɀŮ Űɖɜ ˊŬɟŬŭɞɢɐ ɧŰɘ ɞɘ ŬɜŬˊŰɡůůɧɛŮɜŮɠ ɞɟɗɏɠ ŰɎůŮɘɠ ůŮ ɛɑŬ ŰɡɢŬɑŬ ŭɘŬŰɞɛɐ Űɖɠ 

ɟɎɓŭɞɡ əŬŰŬɜɏɛɞɜŰŬɘ ɞɛɞɘɧɛɞɟűŬ ůŮ ŬɡŰɐɜ (ɧˊɤɠ ůɡɛɓŬɑɜŮɘ ˊŮɟɑˊɞɡ əŬɘ ůŰɖɜ ˊɟɎɝɖ) 

əŬɘ Ŭɜ ŬɛŮɚɐůɞɡɛŮ Űɞ ɑŭɘɞ Űɞ ɓɎɟɞɠ Űɖɠ, ɖ ɞɟɗɐ ŰɎůɖ ů ŮɑɜŬɘFP=s , ɖ ŭŮ Ŭɜɖɔɛɏɜɖ 

ˊŬɟŬɛɧɟűɤůɖ Ů Ŭˊɧ Űɖ ůɢɏůɖ ɞɟɘůɛɞɨ Űɖɠ ŮɑɜŬɘ ^̂D=e . 

ɃˊɧŰŮ ɚŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɖ Űɘɠ ŭɨɞ ˊɟɞɖɔɞɨɛŮɜŮɠ ŮɝɘůɩůŮɘɠ, ɞ ɜɧɛɞɠ Űɞɡ Hooke 

ɔɟɎűŮŰŬɘ əŬɘ ɛŮ Űɖɜ Ůɝɐɠ ŬˊɚɞɨůŰŮɟɖ ɛɞɟűɐ: 

      ů = ŮȺ                                                                                                         (2.1.2 ) 

 

ȼ ŬɜɤŰɏɟɤ Ůɝɑůɤůɖ ŮəűɟŬůɛɏɜɖ ɛŮ ɚɧɔɘŬ, ŭɘŬŰɡˊɩɜŮɘ ůɡɜɞˊŰɘəɎ Űɞ ɜɧɛɞ Űɞɡ 

Hooke ɤɠ Ůɝɐɠ :ç ȼ ŰɎůɖ ŮɑɜŬɘ ŬɜɎɚɞɔɖ ˊɟɞɠ Űɖɜ Ŭɜɖɔɛɏɜɖ ˊŬɟŬɛɧɟűɤůɖè. 

 

ɇɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ Ⱥ ŮɑɜŬɘ ɞ ůɡɜŰŮɚŮůŰɐɠ ŬɜŬɚɞɔɑŬɠ ɛŮŰŬɝɨ Űɖɠ ŰɎůɖɠ əŬɘ 

Űɖɠ Ŭɜɖɔɛɏɜɖɠ ˊŬɟŬɛɧɟűɤůɖɠ, ɧˊɤɠ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɖɜ ŬɜɤŰɏɟɤ Ůɝɑůɤůɖ. ȿɨɜɞɜŰŬɠ 

Űɖ ŭŮ ɤɠ ˊɟɞɠ Ⱥ ɏɢɞɡɛŮ :  

Ⱥ =                                                                         (2 .1 .3 ) 

 

ȺˊŮɘŭɐ ɖ Ŭɜɖɔɛɏɜɖ ˊŬɟŬɛɧɟűɤůɖ Ů ŮɑɜŬɘ ŬŭɘɎůŰŬŰɞ ɛɏɔŮɗɞɠ , Űɞ ɛɏŰɟɞ 

ŮɚŬůŰɘəɧŰɖŰŬɠ Ⱥ ɏɢŮɘ ɛɞɜɎŭŮɠ ŰɎůɖɠ. ȷˊɧ Űɞɜ ɞɟɘůɛɧ ˊɟɞəɨˊŰŮɘ ɧŰɘ Űɞ Ⱥ 

ŬɜŰɘˊɟɞůɤˊŮɨŮɘ Űɖɜ ŰɎůɖ ŮəŮɑɜɖ ů, ɖ ɞˊɞɑŬ ɗŬ ˊɟɞəŬɚɞɨůŮ Ŭɜɖɔɛɏɜɖ ˊŬɟŬɛɧɟűɤůɖ 

Ů=1, ŭɖɚŬŭɐ D̂ =  ̂ɐ ŭɘŬűɞɟŮŰɘəɎ, ŬɜŰɘˊɟɞůɤˊŮɨŮɘ Űɖɜ ŰɎůɖ ŮəŮɑɜɖ ɖ ɞˊɞɑŬ ɗŬ 

ŭɘˊɚŬůɑŬɕŮ Űɞ Ŭɟɢɘəɧ ɛɐəɞɠ ɛɘŬɠ ɟɎɓŭɞɡ. 

 

ɀɏŰɟɞ ȹɘɎŰɛɖůɖɠ [1ɓ],[2ɓ],[60]: 

 

ȺɘəɧɜŬ 2.2 ȹɘɎŰɛɖůɖ 



ʅʶ˂ʾʵʰ 54 h ˉˈ 267 
 

ȹɘŬˊɘůŰɩůŬɛŮ ɧŰɘ ɞ ɜɧɛɞɠ Űɞɡ Hooke ůɡɜŭɏŮɘ Űɘɠ ɞɟɗɏɠ ŰɎůŮɘɠ ɛŮ Űɖɜ Ŭɜɖɔɛɏɜɖ 

ˊŬɟŬɛɧɟűɤůɖ ůŰɖɜ ŮɚŬůŰɘəɐ ˊŮɟɘɞɢɐ, ɛŮ Űɖɜ ɔɟŬɛɛɘəɐ ůɢɏůɖ       ů = ŮȺ. ȷɜŰɑůŰɞɘɢŬ 

ɞ ɜɧɛɞɠ Űɞɡ Hooke ůɡɜŭɏŮɘ Űɘɠ ŭɘŬŰɛɖŰɘəɏɠ ŰɎůŮɘɠ Ű ɛŮ Űɖ ɔɤɜɘŬəɐ ˊŬɟŬɛɧɟűɤůɖ ɔ ɛŮ 

Űɖɜ ŬɜɎɚɞɔɖ ɔɟŬɛɛɘəɐ ůɢɏůɖ. 

Ű = Gɔ ɧˊɞɡ ɔ ůŮ rad.                                                                                  (2.1.4) 

ɇɞ G ŮɑɜŬɘ ůŰŬɗŮɟɐ ˊɞůɧŰɖŰŬ ˊɞɡ ɏɢŮɘ ŭɘŬůŰɎůŮɘɠ ŰɎůɖɠ, ɧˊɤɠ űŬɑɜŮŰŬɘ Ŭˊɧ Űɖɜ 

ˊŬɟŬˊɎɜɤ Ůɝɑůɤůɖ əŬɘ ɢŬɟŬəŰɖɟɑɕŮɘ Űɘɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ŭɘŬűɧɟɤɜ ɡɚɘəɩɜ. 

ȺɑɜŬɘ ŭŮ əɎŰɘ ŬɜɎɚɞɔɞ Űɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ Ⱥ əŬɘ ɞɜɞɛɎɕŮŰŬɘ ɛɏŰɟɞ ŭɘɎŰɛɖůɖɠ. 

ȿɧɔɞɠ Poisson [1ɓ],[2ɓ],[60]: 

ɀɑŬ ˊɟɘůɛŬŰɘəɐ ɟɎɓŭɞɠ ɛɐəɞɡɠ l, ɛŮ Űɖɜ ŮˊŮɜɏɟɔŮɘŬ ŮűŮɚəɡůŰɘəɐɠ ŭɨɜŬɛɖɠ P 

ˊŬɟɞɡůɘɎɕŮɘ ɛŮŰŬɓɞɚɐ əŬɘ ůɡɔəŮəɟɘɛɏɜŬ Ŭɨɝɖůɖ Űɞɡ Ŭɜɖɔɛɏɜɤɜ ˊɚŮɡɟɘəɩɜ 

ɓɟŬɢɨɜůŮɤɜ Ůy əŬɘ Ůz əŬŰɎ Űɞɡɠ ɎɝɞɜŮɠ y əŬɘ z ŬɜŰɑůŰɞɘɢŬ. Ƀɘ ɓɟŬɢɨɜůŮɘɠ ŬɡŰɏɠ  ˊɟɞɠ 

Űɖɜ Ŭɜɖɔɛɏɜɖ Ŭɝɞɜɘəɐ Ůˊɘɛɐəɡɜůɖ ɛŬɠ ŭɑɜɞɡɜ Űɞɜ ůŰŬɗŮɟɧ Ŭɟɘɗɛɧ ɜ, ɔɘŬ əɎɗŮ ɡɚɘəɧ 

ˊɞɡ əŬŰŬˊɞɜŮɑŰŬɘ ɛŮ űɞɟŰɑŬ ŰɏŰɞɘŬ ɩůŰŮ ɜŬ ɘůɢɨŮɘ ɞ ɜɧɛɞɠ Űɞɡ Hooke. ȼ ůŰŬɗŮɟɎ 

ŬɡŰɐ ɞɜɞɛɎɕŮŰŬɘ ɚɧɔɞɠ Űɞɡ Ʌɞɑsson ɐ ůɡɜŰŮɚŮůŰɐɠ ŮɔəɎɟůɘŬɠ ˊŬɟŬɛɧɟűɤůɖɠ. 

ȰŰůɘ ɘůɢɨŮɘ ɖ ůɢɏůɖ: 

ce

e

e

e
z

x

y
v -=-=

                                                                           (2.1.5) 

ȹŮŭɞɛɏɜɞɡ ɧŰɘ ɞɘ ŬɜɖɔɛɏɜŮɠ ɓɟŬɢɨɜůŮɘɠ ŮɑɜŬɘ ŬɟɜɖŰɘəɞɑ Ŭɟɘɗɛɞɑ, Űɞ ŬɟɜɖŰɘəɧ 

ˊɟɧůɖɛɞ ůŰɖ ůɢɏůɖ (2.1.5), ŭɘəŬɘɞɚɞɔŮɑŰŬɘ. Ƀ ɚɧɔɞɠ Poisson ŮɑɜŬɘ çəŬɗŬɟɧɠè Ŭɟɘɗɛɧɠ, 

ɞ ɞˊɞɑɞɠ ˊɎɜŰɞŰŮ ŮɑɜŬɘ ɛɘəɟɧŰŮɟɞɠ ɐ ɑůɞɠ Ŭˊɧ 0.5 əŬɘ ɛŮɔŬɚɨŰŮɟɞɠ ɐ ɑůɞɠ Űɞɡ 0. ũɘŬ 

ŰŬ ɛɏŰŬɚɚŬ ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ ɘůɢɨŮɘ ɧŰɘ 0.25  ɜ  0.35 . Ƀ ɚɧɔɞɠ Poisson ˊŬɑɟɜŮɘ Űɖɜ 

ɛŮɔŬɚɨŰŮɟɐ Űɞɡ Űɘɛɐ ɔɘŬ əɎˊɞɘɞ ɡɚɘəɧ, ůŰɞ ɧɟɘɞ ŬɜɎɛŮůŬ ůŰɖɜ çŮɚŬůŰɘəɐè əŬɘ 

çˊɚŬůŰɘəɐè ˊŮɟɘɞɢɐ, ɧˊɞɡ əŬɘ ůŰŬɛŬŰɎ ɜŬ ɘůɢɨŮɘ ɞ ɜɧɛɞɠ Űɞɡ Hooke. 

                                                                                                                                                                                                    
ȺɘəɧɜŬ 2.3 Ƀɟɗɏɠ ŰɎůŮɘɠ 
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ɃɛɞɘɞɔŮɜɏɠ ɡɚɘəɧ: ɞɜɞɛɎɕŮŰŬɘ ŮəŮɑɜɞ Űɞ ɡɚɘəɧ ˊɞɡ ˊŬɟɞɡůɘɎɕŮɘ Űɘɠ ɑŭɘŮɠ ɘŭɘɧŰɖŰŮɠ ůŮ 

ɧɚŬ ŰŬ ůɖɛŮɑŬ Űɖɠ ɛɎɕŬɠ Űɞɡ. ȹɘŬűɞɟŮŰɘəɎ ɚɏɔŮŰŬɘ ŬɜɞɛɞɘɞɔŮɜɏɠ. 

 çɇŮɚŮɑɤɠ ŮɚŬůŰɘəɧè ůɩɛŬ: ɞɜɞɛɎɕŮŰŬɘ Űɞ ůɩɛŬ ŮəŮɑɜɞ, Űɞ ɞˊɞɑɞ ŮˊŬɜɏɟɢŮŰŬɘ 

Ŭəɟɘɓɩɠ ůŰɞ Ŭɟɢɘəɧ Űɞɡ ůɢɐɛŬ əŬɘ ɧɔəɞ ɛŮŰɎ Űɖɜ ŬˊɞűɧɟŰɘůɖ. Ƀɘ ŭŮ, ˊɟɞəŬɚɞɨɛŮɜŮɠ 

ˊŬɟŬɛɞɟűɩůŮɘɠ , ɞɜɞɛɎɕɞɜŰŬɘ ŰɧŰŮ çŮɚŬůŰɘəɏɠè.  

  çɇŮɚŮɑɤɠ ˊɚŬůŰɘəɧè ůɩɛŬ: ɢŬɟŬəŰɖɟɑɕŮŰŬɘ Űɞ ůɩɛŬ ŮəŮɑɜɞ, Űɞ ɞˊɞɑɞ ˊŬɟŬɛɏɜŮɘ 

ŬˊɞɚɨŰɤɠ ůŰɖ ˊŬɟŬɛɞɟűɤɛɏɜɖ əŬŰɎůŰŬůɖ ˊɞɡ ɏűŰŬůŮ əŬɘ ɛŮŰɎ Űɖɜ ŬˊɞűɧɟŰɘůɖ. ɆŰɖ 

ˊŮɟɑˊŰɤůɖ ŬɡŰɐ ɚɏɛŮ ɧŰɘ Űɞ ůɩɛŬ ɏɢŮɘ ɡˊɞůŰŮɑ ɛɧɜɘɛɖ ɐ ˊɚŬůŰɘəɐ ˊŬɟŬɛɧɟűɤůɖ. 

 

ȺɘəɧɜŬ 2.4 ȹɘɎɔɟŬɛɛŬ ɇɎůŮɤɜ-ɄŬɟŬɛɞɟűɩůŮɤɜ 

ȷɜɖɔɛɏɜɖ ŭɘɧɔəɤůɖ [1ɓ],[2ɓ],[60]: 

ȾŬŰɎ Űɖɜ əŬŰŬˊɧɜɖůɖ ɛɘŬɠ ɟɎɓŭɞɡ ůŮ ŮűŮɚəɡůɛɧ ˊɟɘɜ Ŭˊɧ Űɖɜ Ůˊɘɓɞɚɐ Űɞɡ 

ŮɝɤŰŮɟɘəɞɨ űɞɟŰɑɞɡ, ɖ ɟɎɓŭɞɠ ŮɑɢŮ ɛɐəɞɠ  ̂(ȺɘəɧɜŬ 2.3), ŮɛɓŬŭɧ ŭɘŬŰɞɛɐɠ F ŬɜɎɚɞɔɞ 

Űɞɡ ŰŮŰɟŬɔɩɜɞɡ Űɖɠ ŭɘɎůŰŬůɖɠ b, ŭɖɚŬŭɐ F=ɚb2 əŬɘ ɧɔəɞ V = F̂ = ɚ̂b2, ɧˊɞɡ Űɞ ɚ 

ŮɑɜŬɘ əŬɗŬɟɧɠ Ŭɟɘɗɛɧɠ ɢŬɟŬəŰɖɟɘůŰɘəɧɠ Űɞɡ Ůɑŭɞɡɠ Űɖɠ ŭɘŬŰɞɛɐɠ. 

ɀŮŰɎ Űɖɜ Ůˊɘɓɞɚɐ Űɞɡ ŮűŮɚəɡůŰɘəɞɨ űɞɟŰɑɞɡ əŬɘ Űɖɜ ŭɖɛɘɞɡɟɔɑŬ Űɖɠ 

ŬɜŰɑůŰɞɘɢɖɠ  ˊŬɟŬɛɧɟűɤůɖ, Űɞ ŰŮɚɘəɧ ɛɐəɞɠ ɏůŰɤ ' ̂  Űɖɠ ɟɎɓŭɞɡ ɔɑɜŮŰŬɘ: 

 

        )1(' e+=D+= ^^^^                                                               (2 .1 .6)    
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ȼ ŰŮɚɘəɐ ŭɘɎůŰŬůɖ Űɖɠ ŮɔəɎɟůɘŬɠ ˊɚŮɡɟɎɠ - Űɖɠ ɟɎɓŭɞɡ, ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɖ 

ůɢɏůɖ ɞɟɘůɛɞɨ Űɞɡ ɚɧɔɞɡ Poisson ɜ əŬɘ ŮɑɜŬɘ: 

 

)1( '
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-=-=-=                                                     (2 .1 .7 ) 

 

ɇɞ ŰŮɚɘəɧ ŮɛɓŬŭɧ Fô Űɖɠ ŭɘŬŰɞɛɐɠ ɛŮŰɎ Űɖɜ ˊŬɟŬɛɧɟűɤůɖ ŮɑɜŬɘ: 

 

 

2 2

2 2 2 2

'  ' (1 )(1 )
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l e ne e ne e

= = + - =

+ - + - +                  (2 .1 .8) 

ȺˊŮɘŭɐ Űɞ Ů ůŰɖɜ ŮɚŬůŰɘəɐ ˊŮɟɘɞɢɐ ŮɑɜŬɘ ˊɞɚɨ ɛɘəɟɧɠ Ŭɟɘɗɛɧɠ, ɢɤɟɑɠ ůɖɛŬɜŰɘəɧ 

ůűɎɚɛŬ, ɛˊɞɟɞɨɛŮ ɜŬ ˊŬɟŬɚŮɑɣɞɡɛŮ Űɞɡɠ ɧɟɞɡɠ ˊɞɡ ˊŮɟɘɏɢɞɡɜ Ů2 əŬɘ Ů3 ůŰɖɜ ˊɘɞ 

ˊɎɜɤ Ůɝɑůɤůɖ, ɞˊɧŰŮ ɞ ɜɏɞɠ ɧɔəɞɠ ŮɑɜŬɘ ˊŮɟɑˊɞɡ: 

)21(' 2 neel -+º bV ^                                                                                     ( 2.1.9) 

ɃɜɞɛɎɕɞɡɛŮ Ŭɜɖɔɛɏɜɖ ɛŮŰŬɓɞɚɐ ɧɔəɞɡ Ū (ɐ Ŭɜɖɔɛɏɜɖ ŭɘɧɔəɤůɖ ) Űɖɠ ɟɎɓŭɞɡ 

Űɞ ˊɖɚɑəɞ: 

)21()21(
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                                                       (2.1.10)  

ɀɏŰɟɞ ȹɘɧɔəɤůɖɠ [1ɓ],[2ɓ],[60]: 

ɃɜɞɛɎɕɞɡɛŮ ɛɏŰɟɞ ŭɘɧɔəɤůɖɠ Ⱦ Ůɜɧɠ ɡɚɘəɞɨ, Űɞ ɚɧɔɞ: 

VV /D

R
=

Q
=K
s

                                                                                          (2.1.11) 

ȳˊɞɡ  p ŮɑɜŬɘ ɖ ɞɛɞɘɧɛɞɟűɖ ˊɑŮůɖ ˊɞɡ ŬůəŮɑŰŬɘ ůŰɞ ůɩɛŬ əŬɘ Ū ɖ Ŭɜɖɔɛɏɜɖ 

ŭɘɧɔəɤůɖ. ɇɞ Ⱦ Ŭˊɧ Űɖ ůɢɏůɖ ɞɟɘůɛɞɨ Űɞɡ ˊɟɞəɨˊŰŮɘ ɧŰɘ ɏɢŮɘ ɛɞɜɎŭŮɠ ŰɎůɖɠ [Ɂ/m2]. 
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ȺɑɜŬɘ ŭɖɚŬŭɐ əŬɘ ŬɡŰɧ ɛɑŬ ŮɚŬůŰɘəɐ ůŰŬɗŮɟɎ, ɧˊɤɠ Űɞ Ⱥ əŬɘ Űɞ G.

 

ȺɘəɧɜŬ 2.5 ɆŰŬɗŮɟɎ ŭɘɧɔəɤůɖɠ 

2.1.2 ȺɁȺɅũȺȽȷ ɄȷɅȷɀɃɅūɋɆȼɆ, ɆɇȺɅɅɃɇȼɇȷ 

Ƀɘ ŭɨɞ ɗŮɛŮɚɘɩŭŮɘɠ Űɟɧˊɞɘ ɛŮ Űɞɡɠ ɞˊɞɑɞɡɠ ŰŬ ɡɚɘəɎ ŬɜŰɘŭɟɞɨɜ ůŰɖɜ Ůˊɘɓɞɚɐ 

ŮɝɤŰŮɟɘəɩɜ ŭɡɜɎɛŮɤɜ ŮɑɜŬɘ ɖ ŬɚɚŬɔɐ Űɞɡ ɧɔəɞɡ Űɞɡɠ əŬɘ ɖ ŬɚɚŬɔɐ Űɞɡ ůɢɐɛŬŰɧɠ Űɞɡɠ 

[1ɓ],[2ɓ],[60]. 

ȼ ŬɚɚŬɔɐ Űɞɡ ɧɔəɞɡ Ůɜɧɠ ůŰɞɘɢŮɘɩŭɞɡɠ əɨɓɞɡ ɛˊɞɟŮɑ ɜŬ ɔɑɜŮɘ ɛŮ ɞɛɞɘɧɗŮŰɖ 

ŬɚɚŬɔɐ ɧɚɤɜ Űɤɜ ɔɟŬɛɛɘəɩɜ Űɞɡ ŭɘŬůŰɎůŮɤɜ əŬɘ ˊɟɞűŬɜɩɠ ɗŬ ˊɟɏˊŮɘ ɜŬ ŮɝŬɟŰɎŰŬɘ 

ɛɧɜɞɜ Ŭˊɧ Űɘɠ ɞɟɗɏɠ ˊŬɟŬɛɞɟűɩůŮɘɠ. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ŬɡŰɐ ɞ ůŰɞɘɢŮɘɩŭɖɠ əɨɓɞɠ 

ŭɘŬŰɖɟŮɑ Űɞ ůɢɐɛŬ Űɞɡ, ŬɚɚɎ ɛŮ ŭɘŬűɞɟŮŰɘəɏɠ ŭɘŬůŰɎůŮɘɠ Űɤɜ Ŭəɛɩɜ Űɞɡ. 

ȼ ŬɚɚŬɔɐ ůɢɐɛŬŰɞɠ Ůɜɧɠ ůŰɞɘɢŮɘɩŭɞɡɠ əɨɓɞɡ ɛˊɞɟŮɑ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ɛŮ ŭɡɞ 

Űɟɧˊɞɡɠ: 

Ŭ) ɀŮ ŬɚɚŬɔɐ Űɤɜ ɔɤɜɘɩɜ Űɞɡ əɨɓɞɡ ɢɤɟɑɠ ŬɘůɗɖŰɐ ŬɚɚŬɔɐ Űɤɜ 

ɔɟŬɛɛɘəɩɜ Űɞɡ ŭɘŬůŰɎůŮɤɜ (ˊ.ɢ. ˊŮɟɑˊŰɤůɖ əŬɗŬɟɐɠ ŭɘŬŰɛɐůŮɤɠ). 

 

ɓ) ɀŮ ɛɖ ɞɛɞɘɧɗŮŰɖ ŬɚɚŬɔɐ Űɤɜ ɔɟŬɛɛɘəɩɜ ŭɘŬůŰɎůŮɩɜ ɞˊɧŰŮ ŬɡŰɧɠ 

ɛŮŰŬŰɟɏˊŮŰŬɘ ůŮ ůŰɞɘɢŮɘɩŭŮɠ ɞɟɗɞɔɩɜɘɞ  ˊŬɟŬɚɚɖɚŮˊɑˊŮŭɞ. 

 

ȷɡŰɧ ɓŮɓŬɑŬ ůɖɛŬɑɜŮɘ ɧŰɘ ɛŮɟɘəɏɠ ɔɤɜɑŮɠ, ɗŬ ŬɚɚɎɝɞɡɜ Űɘɛɐ, ɧˊɤɠ əŬɘ ŮəŮɑɜŮɠ 

Űɤɜ ŭɘŬɔɩɜɘɤɜ Űɞɡ. Ⱥˊɞɛɏɜɤɠ, ɖ ŬɚɚŬɔɐ Űɞɡ ůɢɐɛŬŰɧɠ Űɞɡ ŮˊɘŰɡɔɢɎɜŮŰŬɘ Űɧůɞ Ŭˊɧ 

ɞɟɗɏɠ ɧůɞ əŬɘ Ŭˊɧ ŭɘŬŰɛɖŰɘəɏɠ ˊŬɟŬɛɞɟűɩůŮɘɠ. 

 



ʅʶ˂ʾʵʰ 58 h ˉˈ 267 
 

ũɘŬ Űɘɠ ŬɚɚŬɔɏɠ ŬɡŰɏɠ ŬˊŬɘŰŮɑŰŬɘ ɖ əŬŰŬɓɞɚɐ ŮɝɤŰŮɟɘəɞɨ ɏɟɔɞɡ ˊɞɡ 

ŮˊɘŰɡɔɢɎɜŮŰŬɘ Ŭˊɧ Űɖɜ Ůˊɘɓɞɚɐ űɞɟŰɑɤɜ. ɇɞ ɏɟɔɞ ŬɡŰɧ ŬˊɞɗɖəŮɨŮŰŬɘ ůŰɞ ŭɞəɑɛɘɞ ɤɠ 

ŮɜɏɟɔŮɘŬ ˊŬɟŬɛɧɟűɤůɖɠ, ɖ ɞˊɞɑŬ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŭɡɞ ˊɟɞůɗŮŰɏɞɡɠ, ɏɜŬɜ ˊɞɡ 

ŬɜŰɘůŰɞɘɢŮɑ ůŰɖɜ ŬɚɚŬɔɐ ɧɔəɞɡ əŬɘ ɞɜɞɛɎɕŮŰŬɘ ŮɜɏɟɔŮɘŬ ɛŮŰŬɓɞɚɐɠ ɧɔəɞɡ əŬɘ ɏɜŬɜ 

ˊɞɡ ŬɜŰɘůŰɞɘɢŮɑ ůŰɖɜ ŬɚɚŬɔɐ ůɢɐɛŬŰɞɠ ɐ Ŭɚɚɘɩɠ ůŰɟɏɓɚɤůɖ Űɞɡ ɡɚɘəɞɨ əŬɘ əŬɚŮɑŰŬɘ 

ůŰɟɞűɘəɐ ŮɜɏɟɔŮɘŬ. ɄɟɞűŬɜɩɠ Űɞ ɎɗɟɞɘůɛŬ Űɤɜ ŭɡɞ ŬɡŰɩɜ ɧɟɤɜ ŬˊɞŰŮɚŮɑ Űɞ ůɨɜɞɚɞ 

Űɖɠ ŮɜɏɟɔŮɘŬɠ ˊŬɟŬɛɧɟűɤůɖɠ ˊɞɡ ŬˊɞɗɖəŮɨŰɖəŮ ůŰɞ ɡɚɘəɧ əŬɘ ɘůɞɨŰŬɘ ɛŮ Űɞ ɏɟɔɞ Űɤɜ 

ŮɝɤŰŮɟɘəɩɜ ŭɡɜɎɛŮɤɜ ˊɞɡ ŭŬˊŬɜɐɗɖəŮ ɔɘŬ Űɖ űɧɟŰɘůɖ Űɞɡ ŭɞəɘɛɑɞɡ. 

ɇɞ ŮɛɓŬŭɧɜ Űɞɡ ɢɤɟɑɞɡ ŬɜɎɛŮůɞ ůŰɖɜ əŬɛˊɨɚɖ ů-Ů əŬɘ Űɞɜ ɎɝɞɜŬ Űɤɜ 

ˊŬɟŬɛɞɟűɩůŮɤɜ (Ⱥɘə.2.4) ˊŬɟɘůŰɎɜŮɘ Űɖ ůɡɜɞɚɘəɐ ˊɡəɜɧŰɖŰŬ Űɖɠ ŮɜɏɟɔŮɘŬɠ 

ˊŬɟŬɛɧɟűɤůɖɠ ˊɞɡ ŮɑɜŬɘ ŬˊɞɗɖəŮɡɛɏɜɖ ůŰɞ ɡɚɘəɧ ɐ ɏɢŮɘ əŬŰŬɜŬɚɤɗŮɑ Ŭˊɧ ŬɡŰɧ Ŭˊɧ 

Űɖɜ Ŭɟɢɐ Űɖɠ űɧɟŰɘůɖɠ Űɞɡ ɛɏɢɟɘ Űɖ ůŰɘɔɛɐ ˊɞɡ ɖ ŰɎůɖ ɔɑɜŮŰŬɘ ů (ŰɡɢŬɑɞ ůɖɛŮɑɞ) ˊɞɡ 

ŬɜŰɘůŰɞɘɢŮɑ ůŮ ́ ŬɟŬɛɧɟűɤůɖ Ů (ŰɡɢŬɑɞ ůɖɛŮɑɞ). ȳŰŬɜ Űɞ ɕŮɨɔɞɠ (ů, Ů) ŬɜŰɘůŰɞɘɢŮɑ ůŰɞ 

ůɖɛŮɑɞ ɗɟŬɨůɖɠ ɗ Űɞɡ ɡɚɘəɞɨ ŰɧŰŮ ɖ ůɡɜɞɚɘəɐ ˊɡəɜɧŰɖŰŬ Űɖɠ ŮɜɏɟɔŮɘŬɠ 

ˊŬɟŬɛɧɟűɤůɖɠ əŬɚŮɑŰŬɘ ůŰŮɟɟɧŰɖŰŬ Űɞɡ ɡɚɘəɞɨ əŬɘ ŬˊɞŰŮɚŮɑ ɛɏŰɟɞ Űɖɠ 

ŬˊŬɘŰɞɨɛŮɜɖɠ Ŭˊɧ Űɞ ɡɚɘəɧ ŮɜɏɟɔŮɘŬɠ ɔɘŬ Űɖ ɗɟŬɨůɖ. 

 

2.1.3 ȼ ɇȷɂȽɁɃɀȼɆȼ ɇɋɁ ɀȺɆɋɁ ȸȷɆȺȽ ɇɋɁ ȷɁȺɂȷɅɇȼɇɋɁ 

ȺȿȷɆɇȽȾɋɁ ɆɇȷŪȺɅɋɁ 

ȷɜɘůɧŰɟɞˊɞ Űɟɘəɚɘɜɏɠ ɛɏůɞ: Űɞ ɛɏůɞ Űɞ ɞˊɞɑɞ ŭŮɜ ˊŬɟɞɡůɘɎɕŮɘ ůɡɛɛŮŰɟɑŮɠ əŬɘ 

ɏɢŮɘ 21 ŮɚŬůŰɘəɏɠ ůŰŬɗŮɟɏɠ ŬɜŮɝɎɟŰɖŰŮɠ. 

 

ɀɞɜɞəɚɘɜɏɠ ɛɏůɞ: Űɞ ɛɏůɞ ŬɡŰɧ ɏɢŮɘ ɏɜŬ ŮˊɑˊŮŭɞ ůɡɛɛŮŰɟɑŬɠ əŬɘ əɎɗŮ ŭɘŮɨɗɡɜůɖ 

ɏɢŮɘ ɑŭɘŮɠ ɘŭɘɧŰɖŰŮɠ ɛŮ Űɖɜ ůɡɛɛŮŰɟɘəɐ Űɖɠ ɤɠ ˊɟɞɠ Űɞ ŮˊɑˊŮŭɞ ŬɡŰɧ. ȷˊɞŭŮɘəɜɨŮŰŬɘ ɧŰɘ 

Űɞ ɛɏůɞ ŬɡŰɧ ɏɢŮɘ 13 ŮɚŬůŰɘəɏɠ ůŰŬɗŮɟɏɠ. 

 

ɃɟɗɧŰɟɞˊɞ ɛɏůɞ: ɧŰŬɜ Űɞ ɡɚɘəɧ ˊŬɟɞɡůɘɎɕŮɘ ůɡɜɞɚɘəɎ ŭɨɞ əɎɗŮŰŬ ŮˊɑˊŮŭŬ 

ůɡɛɛŮŰɟɑŬɠ ŰɧŰŮ ɚɏɔŮŰŬɘ ɞɟɗɧŰɟɞˊɞ. ɇɞ ɛɏůɞ ŬɡŰɧ ɏɢŮɘ 9 ŬɜŮɝɎɟŰɖŰŮɠ ŮɚŬůŰɘəɏɠ 

ůŰŬɗŮɟɏɠ. 

 

ȺɔəŬɟůɑɤɠ ɘůɧŰɟɞˊɞ ɛɏůɞ: ɛɘŬ ŬəɧɛŬ ŬɜɩŰŮɟɖ ŰɎɝɖ ŮɚŬůŰɘəɐɠ ůɡɛɛŮŰɟɑŬɠ Ŭˊɧ 

ŬɡŰɐ Űɞɡ ɞɟɗɧŰɟɞˊɞɡ ɛɏůɞɡ. ɇɞ ɛɏůɞ ůŮ ŬɡŰɐ Űɖɜ ˊŮɟɑˊŰɤůɖ ˊŬɟɞɡůɘɎɕŮɘ ɏɜŬɜ ɎɝɞɜŬ 

ůɡɛɛŮŰɟɑŬɠ ɤɠ ˊɟɞɠ Űɘɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ. Ƀɘ ŬɜŮɝɎɟŰɖŰŮɠ ŮɚŬůŰɘəɏɠ ůŰŬɗŮɟɏɠ ŮɑɜŬɘ 

5. 

 

ȽůɧŰɟɞˊɞ ɛɏůɞ: ŰŬ ɛɏůŬ ůŰŬ ɞˊɞɑŬ əɎɗŮ ŭɘŮɨɗɡɜůɖ ŮɑɜŬɘ ŭɘŮɨɗɡɜůɖ ɡɚɘəɐɠ 

ůɡɛɛŮŰɟɑŬɠ. ȷɟəɞɨɜ ɛɧɜɞ 2 ŮɚŬůŰɘəɏɠ ůŰŬɗŮɟɏɠ ɔɘŬ Űɖɜ ˊŮɟɘɔɟŬűɐ Űɞɡ ɛɏůɞɡ (Űɞ 

ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ Ⱥ əŬɘ ɞ ɚɧɔɞɠ Poisson v ɐ əɎˊɞɘŮɠ Ŭˊɧ Űɘɠ ɡˊɧɚɞɘˊŮɠ ůŰŬɗŮɟɏɠ 

ɧˊɤɠ ɛ, ɚ əŬɘ ə əŬɘ  ɢɟɐůɖ Űɤɜ ůɢŮŰɘəɩɜ ŮɝɘůɩůŮɤɜ ɛŮŰŬŰɟɞˊɐɠ). 
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2.2 ŪȺɋɅȽȷ ȺɁȹȽȷɀȺɆȼɆ ūȷɆȼɆ 

2.2.1 ɃɅȽɆɀɃɆ ŪȺɅɀɃȾɅȷɆȽȷɆ ɈȷȿɋȹɃɈɆ ɀȺɇȷɄɇɋɆȼɆ ɇg 

ȼ ɗŮɟɛɞəɟŬůɑŬ ɡŬɚɩŭɞɡɠ ɛŮŰɎˊŰɤůɖɠ  (ɇg) ŮɑɜŬɘ ɏɜŬ Ůɨɟɞɠ ɗŮɟɛɞəɟŬůɘɩɜ ɧˊɞɡ 

ɏɜŬ ɗŮɟɛɞůəɚɖɟɡɜɧɛŮɜɞ ˊɞɚɡɛŮɟɏɠ  ɛŮŰŬɓŬɑɜŮɘ Ŭˊɧ Űɖ ůəɚɖɟɐ, ůŰŮɟŮɎ əŬɘ ɡŬɚɩŭɖ 

əŬŰɎůŰŬůɖ ůŮ ɛɑŬ ˊŮɟɘůůɧŰŮɟɞ ŮɨəŬɛˊŰɖ ɛŬɚŬəɐ, ŮɚŬůŰɘəɐ [1ɔ],[2ɔ],[61]. ȹɖɚŬŭɐ 

ŮɑɜŬɘ ɏɜŬ Ůɨɟɞɠ ɗŮɟɛɞəɟŬůɘɩɜ ˊɞɡ ɏɜŬ ɡɚɘəɧ ŬɚɚɎɕŮɘ ůɡɛˊŮɟɘűɞɟɎ Ŭˊɧ ůŰŮɟŮɧ ůŮ 

ɟŮɡůŰɧ ɐ Űɞ ŬɜɎˊɞŭɞ. 

ɆŰɖɜ ˊɟŬɔɛŬŰɘəɧŰɖŰŬ Űɞ (ɇg) ŭŮɜ ŮɑɜŬɘ ɛɑŬ ɝŮəɎɗŬɟɖ ɗŮɟɛɞŭɡɜŬɛɘəɐ ɛŮŰɎɓŬůɖ, 

ŬɚɚɎ ɏɜŬ Ůɨɟɞɠ ɗŮɟɛɞəɟŬůɘɩɜ ůŰɞ ɞˊɞɑɞ ŬɡɝɎɜŮŰŬɘ ůɖɛŬɜŰɘəɎ ɖ əɘɜɖŰɘəɧŰɖŰŬ Űɤɜ 

ˊɞɚɡɛŮɟɘəɩɜ Ŭɚɡůɑŭɤɜ. ȼ ɛɏɔɘůŰɖ Űɘɛɐ (ɇg) əŬɗɞɟɑɕŮŰŬɘ Ŭˊɧ Űɖ ɢɖɛɘəɐ ŭɞɛɐ Űɖɠ 

ŮˊɞɝŮɘŭɘəɐɠ ɟɖŰɑɜɖɠ, Űɞɜ Űɨˊɞ Űɞɡ ůəɚɖɟɡɜŰɐ əŬɘ Űɞ ɓŬɗɛɧ Űɖɠ ɗŮɟɛɘəɐɠ əŬŰŮɟɔŬůɑŬɠ. 

ȹŮŭɞɛɏɜɞɡ ɧŰɘ ɖ ɗŮɟɛɞəɟŬůɑŬ ɡŬɚɩŭɞɡɠ ɛŮŰɎˊŰɤůɖɠ (ɇg), ŮɑɜŬɘ ɏɜŬ Ůɨɟɞɠ 

ɗŮɟɛɞəɟŬůɘɩɜ əŬɘ ɧɢɘ ɛɑŬ ůɡɔəŮəɟɘɛɏɜɖ ɗŮɟɛɞəɟŬůɑŬ, ŮɑɜŬɘ ɓɞɚɘəɧ ɜŬ ɞɟɑɕɞɡɛŮ ɛɑŬ 

ɛɏůɖ Űɘɛɐ Űɖɠ ˊŮɟɘɞɢɐɠ ˊɞɡ ɞɟɘɞɗŮŰŮɑŰŮ Ŭˊɧ Űɘɠ ŮűŬˊŰɧɛŮɜŮɠ ůŰɘɠ ŭɨɞ ŮˊɑˊŮŭŮɠ 

ˊŮɟɘɞɢɏɠ Űɖɠ əŬɛˊɨɚɖɠ ɟɞɐɠ Űɖɠ ɗŮɟɛɧŰɖŰŬɠ. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɞɡ ŮˊɞɝŮɘŭɘəɞɨ ɡɚɘəɞɨ 

ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɖɜ ˊŬɟŬəɎŰɤ əŬɛˊɨɚɖ ŮɑɜŬɘ ɖ ɇg ŮɑɜŬɘ  75 ɞC. 

 

 
ȺɘəɧɜŬ 2.5 ȹɘɎɔɟŬɛɛŬ DCS ɗŮɟɛɞəɟŬůɑŬɠ ɡŬɚɩŭɞɡɠ ɛŮŰɎˊŰɤůɖɠ 

 

 

ɇɞɜɑɕŮŰŬɘ ɧŰɘ ɖ ɇg ɛŮŰɟɘɏŰŬɘ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɞ ɗŮɟɛɘəɧ ŬɜŬɚɡŰɐ Differential 

Scanning  Calorimetry  (DSC) ˊɞɡ ɢɟɖůɘɛɞˊɞɑɖůŮ ɞ Lipatov. 

Ⱥˊɑůɖɠ ɛˊɞɟŮɑ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɖ ɛɏɗɞŭɞɠ TMA (Thermomechanical Analysis) 

ɐ ɛɏɗɞŭɞɠ DMA (Dynamic Mechanical Analysis). 
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2.2.2 ɄȺɅȽũɅȷūȼ ɇȼɆ ȺɁȹȽȷɀȺɆȼɆ ūȷɆȼɆ  

ɀŮŰŬɝɨ Űɤɜ ůˊɞɡŭŬɘɧŰŮɟɤɜ ˊŬɟŬɔɧɜŰɤɜ ɞɘ ɞˊɞɑɞɘ ˊɟɞůŭɘɞɟɑɕɞɡɜ Űɖɜ 

ɓɘůəɞŮɚŬůŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ Űɤɜ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ ɛŮ ˊɞɚɡɛŮɟɘəɐ ɛɐŰɟŬ, ŮɑɜŬɘ 

[1ɔ],[2ɔ]: 

 

¶ ɖ ˊɟɞůɟɧűɖůɖ ˊɞɚɡɛŮɟɘəɩɜ ɛŬəɟɞɛɞɟɑɤɜ ŮɜŰɧɠ Űɤɜ ŮɔəɚŮɘůɛɎŰɤɜ. 

¶ ɖ ˊɟɧůűɡůɖ ɛŮŰŬɝɨ ɛɐŰɟŬɠ əŬɘ ŮɔəɚŮɑůɛŬŰɞɠ. 

 

ȼ ˊɟɞůɟɧűɖůɖ Űɤɜ ˊɞɚɡɛŮɟɘəɩɜ ɛŬəɟɞɛɞɟɑɤɜ Ŭˊɧ Űɞ ɏɔəɚŮɘůɛŬ, ŮɑɜŬɘ ɖ 

əɨɟɘŬ ŬɘŰɑŬ ɔɘŬ Űɖɜ ŭɘŬűɞɟŮŰɘəɐ ŭɘŬɛɧɟűɤůɖ Űɤɜ ɛŬəɟɞɛɞɟɑɤɜ ɔɨɟɤ Ŭˊɧ Űɞ 

ɏɔəɚŮɘůɛŬ ůŮ ůɢɏůɖ ɛŮ Űɖ ŭɘŬɛɧɟűɤůɖ Űɞɡɠ ůŰɖ ɛɐŰɟŬ ɔŮɜɘəɧŰŮɟŬ. ȼ ŬɚɚŬɔɐ Űɖɠ 

əŬŰɎůŰŬůɖɠ Űɤɜ ɛŬəɟɞɛɞɟɑɤɜ ɔɨɟɤ Ŭˊɧ Űɞ ɏɔəɚŮɘůɛŬ, ˊɟɞůŭɘɞɟɑɕŮɘ Űɖɜ ˊŮɟɘɞɢɐ Űɖɠ 

ŮɜŭɘɎɛŮůɖɠ űɎůɖɠ, ɖ ɞˊɞɑŬ ɏɢŮɘ ŭɘŬűɞɟŮŰɘəɐ ŭɞɛɐ əŬɘ ɘŭɘɧŰɖŰŮɠ Ŭˊɧ Űɖ ɛɐŰɟŬ. ȰŰůɘ, 

əŬŰŬɚɐɔɞɡɛŮ ɧŰɘ ɖ ˊŬɟɞɡůɑŬ ŮɔəɚŮɑůɛŬŰɞɠ ɛɏůŬ ůŰɖɜ ˊɞɚɡɛŮɟɘəɐ ɛɐŰɟŬ ŭɖɛɘɞɡɟɔŮɑ 

ɛɑŬ ŬŰɏɚŮɘŬ ůŰɞ ˊɞɚɡɛŮɟɘəɧ ŭɞɛɘəɧ ŭɑəŰɡɞ Űɖɠ. 

ȺɑɜŬɘ ɔɜɤůŰɧ ɧŰɘ ɞɘ ɘŭɘɧŰɖŰŮɠ Űɤɜ ˊɞɚɡɛŮɟɘəɩɜ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ əŬŰɎ Űɖɜ 

ɢŬɚɎɟɤůɖ, ŮˊɖɟŮɎɕɞɜŰŬɘ ůɖɛŬɜŰɘəɎ Ŭˊɧ Űɖɜ ɨˊŬɟɝɖ Űɖɠ ŮɜŭɘɎɛŮůɖɠ űɎůɖɠ [4]-[10]. 

ȷˊɧ ŬɡŰɐ Űɖɜ Ɏˊɞɣɖ ŮɑɜŬɘ ˊɞɚɨ ůɖɛŬɜŰɘəɐ ɖ ɛŮɚɏŰɖ Űɖɠ ɗŮɟɛɞɛɖɢŬɜɘəɐɠ 

ůɡɛˊŮɟɘűɞɟɎɠ ŬɡŰɩɜ Űɤɜ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ əŬɘ ɖ ůɡɚɚɞɔɐ ˊɚɖɟɞűɞɟɘɩɜ ɔɘŬ Űɖɜ ŭɞɛɐ 

əŬɘ Űɘɠ ɘŭɘɧŰɖŰŮɠ Űɖɠ ŮɜŭɘɎɛŮůɖɠ űɎůɖɠ, əŬɗɩɠ Ůˊɑůɖɠ əŬɘ Űɖɜ ŮˊɑŭɟŬůɖ Űɖɠ ůŰɖɜ 

ɓɘůəɞŮɚŬůŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ ůɨɜɗŮŰɞɡ ůɡůŰɐɛŬŰɞɠ ɛŬɠ. 

ɋůŰɧůɞ, ɖ ŭɞɛɐ əŬɘ ɞɘ ɘŭɘɧŰɖŰŮɠ Űɖɠ ŮɜŭɘɎɛŮůɖɠ űɎůɖɠ ŮɝŬɟŰɩɜŰŬɘ, ůŮ ůɖɛŬɜŰɘəɧ 

ɓŬɗɛɧ, Ŭˊɧ Űɖɜ ɛŮɗɞŭɞɚɞɔɑŬ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Űɞɜ ˊɟɞůŭɘɞɟɘůɛɧ Űɖɠ. ȷɡŰɧ 

ůɡɛɓŬɑɜŮɘ ŭɘɧŰɘ əɎɗŮ ɛɑŬ Ŭˊɧ Űɘɠ ɛŮɗɧŭɞɡɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɢŬɟŬəŰɖɟɑɕŮŰŬɘ Ŭˊɧ 

Űɞɡɠ ŭɘəɞɨɠ Űɖɠ ɘŭɘŬɑŰŮɟɞɡɠ ˊŮɟɘɞɟɘůɛɞɨɠ. ɋɠ ůɡɜɏˊŮɘŬ Űɤɜ ˊŬɟŬˊɎɜɤ, ŰŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ ŰŬ ɞˊɞɑŬ ɚŬɛɓɎɜɞɜŰŬɘ Ŭˊɧ Űɘɠ ŭɘŬűɞɟŮŰɘəɏɠ ɛŮɗɧŭɞɡɠ ˊɟɞůŭɘɞɟɘůɛɞɨ 

Űɖɠ ŮɜŭɘɎɛŮůɖɠ űɎůɖɠ ŮɑɜŬɘ ůɡɢɜɎ ŭɘŬűɞɟŮŰɘəɎ ɛŮŰŬɝɨ Űɞɡɠ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ 

ɔɜɤɟɑɕɞɡɛŮ ɧŰɘ ɞ ˊɟɞůŭɘɞɟɘůɛɧɠ Űɖɠ ŮɜŭɘɎɛŮůɖɠ űɎůɖɠ ŮɑɜŬɘ ɎɟɟɖəŰŬ ůɡɜŭŮŭŮɛɏɜɞɠ 

ɛŮ Űɖɜ ɗŮɟɛɞəɟŬůɑŬ ɡŬɚɩŭɞɡɠ ɛŮŰŬɓɎůŮɤɠ ɇg. ɋůŰɧůɞ, Ůɜɩ ɡˊɎɟɢɞɡɜ ŬɟəŮŰɏɠ 

ˊŮɘɟŬɛŬŰɘəɏɠ ɛɏɗɞŭɞɘ ɔɘŬ Űɖɜ ŮɨɟŮůɖ Űɘɛɩɜ ɔɘŬ Űɖɜ ɇg , ɧˊɤɠ ɖ ɗŮɟɛɘŭɞɛŮŰɟɑŬ, ɖ 

ŭɘŬůŰɞɚɞɛŮŰɟɑŬ, ɞɘ ŭɡɜŬɛɘəɏɠ ɛŮŰɟɐůŮɘɠ ə.Ŭ., ŬɡŰɏɠ ŮɝɎɔɞɡɜ ŭɘŬűɞɟŮŰɘəɎ 

ŬˊɞŰŮɚɏůɛŬŰŬ ɛŮŰŬɝɨ Űɞɡɠ [11],[12]. 

 ȿɧɔɤ Űɖɠ ˊŬɟŬˊɎɜɤ ŭɡůəɞɚɑŬɠ, ŭɖɛɘɞɡɟɔɐɗɖəŮ ɏɜŬ ɢɎůɛŬ ŬɜɎɛŮůŬ ůŰŬ 

ŮɡɟɐɛŬŰŬ ŭɘŬűɧɟɤɜ ŮɟŮɡɜɖŰɩɜ ɔɘŬ Űɖɜ ŮˊɑŭɟŬůɖ Űɖɠ əŬŰ' ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ Űɞɡ 

ŮɔəɚŮɑůɛŬŰɞɠ, ůŰɖɜ ɡŬɚɩŭɖ ɛŮŰŬɓŬŰɘəɐ ɗŮɟɛɞəɟŬůɑŬ ɇg [13]. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, 

ŬɟəŮŰɞɑ ŮɟŮɡɜɖŰɏɠ ɓɟɐəŬɜ ɧŰɘ ɧŰŬɜ ŬɡɝɎɜŮŰŬɘ ɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɏɔəɚŮɘůɛŬ Ůɜɧɠ 

ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ, ŬɡɝɎɜŮŰŬɘ əŬɘ ɖ ɗŮɟɛɞəɟŬůɑŬ ɡŬɚɩŭɞɡɠ ɛŮŰŬɓɎůŮɤɠ ɇg əŬɘ ɧŰɘ ɖ 

ůɢɏůɖ ŬɡŰɐ ŮɑɜŬɘ ɔɟŬɛɛɘəɐ. ȯɚɚɞɘ ŮɟŮɡɜɖŰɏɠ ɓɟɐəŬɜ ɧŰɘ ɖ ɗŮɟɛɞəɟŬůɑŬ ɡŬɚɩŭɞɡɠ 

ɛŮŰŬɓɎůŮɤɠ ɇg ŭŮɜ ŮˊɖɟŮɎɕŮŰŬɘ ůɖɛŬɜŰɘəɎ Ŭˊɧ Űɖɜ əŬŰ' ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɞɡ 

ŮɔəɚŮɑůɛŬŰɞɠ [14],[15],[16]. ɇɏɚɞɠ ɡˊɐɟɢŬɜ əŬɘ ŮɟŮɡɜɖŰɏɠ ˊɞɡ ɓɟɐəŬɜ ɧŰɘ ɞɘ Űɘɛɏɠ Űɖɠ 

ɡŬɚɩŭɞɡɠ ɛŮŰŬɓŬŰɘəɐɠ ɗŮɟɛɞəɟŬůɑŬɠ ɇg ŮɝŬɟŰɩɜŰŬɘ ˊɞɚɨ Ŭˊɧ Űɖɜ əŬŰ' ɧɔəɞ 

ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɞɡ ŮɔəɚŮɑůɛŬŰɞɠ, ɛɎɚɘůŰŬ ůŮ ˊɞɚɚɏɠ ˊŮɟɘˊŰɩůŮɘɠ ɖ ɇg ŮɚŬŰŰɩɜŮŰŬɘ 

ɧŰŬɜ ŬɡɝɎɜŮŰŬɘ ɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ [17]. 
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ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ɛŮŰɟɐůŮɤɜ ɛŮ Űɖɜ ɛɏɗɞŭɞ Űɖɠ ɗŮɟɛɘŭɞɛŮŰɟɑŬɠ ɛɘŬ ˊŬɟɎɛŮŰɟɞɠ 

ɖ ɞˊɞɑŬ ŮˊɘŭɟɎ ůŰɞɜ ˊɟɞůŭɘɞɟɘůɛɧ Űɤɜ ɡŬɚɤŭɩɜ ɛŮŰŬɓŬŰɘəɩɜ ɗŮɟɛɞəɟŬůɘɩɜ ɇg, ŮɑɜŬɘ 

ɞ ɟɡɗɛɧɠ ɗɏɟɛŬɜůɖɠ ŬɜɎ ɛɎɕŬ ɐ Ŭɚɚɘɩɠ Ůɘŭɘəɐ ɗŮɟɛɧŰɖŰŬ. ȰɢŮɘ ˊŬɟŬŰɖɟɖɗŮɑ ɧŰɘ, ůŮ 

D.S.C ɛŮŰɟɐůŮɘɠ ˊɞɡ ɏɔɘɜŬɜ ɛŮ Űɖɜ ɓɞɐɗŮɘŬ Ůɜɧɠ ɗŮɟɛɘəɞɨ ŬɜŬɚɡŰɐ, ɖ ŮɝɎɟŰɖůɖ Űɖɠ 

ɡŬɚɩŭɞɡɠ ɛŮŰŬɓŬŰɘəɐɠ ɗŮɟɛɞəɟŬůɑŬɠ Ŭˊɧ Űɖɜ Ůɘŭɘəɐ ɗŮɟɛɧŰɖŰŬ ȼr, ŮɑɜŬɘ ŰɏŰɞɘŬ ɩůŰŮ 

ŭɘŬűɞɟɏɠ Űɖɠ ŰɎɝŮɤɠ Űɤɜ 15o C ɜŬ ɛˊɞɟɞɨɜ ɜŬ ˊŬɟŬŰɖɟɖɗɞɨɜ ɔɘŬ ŭɘŬűɞɟŮŰɘəɞɨɠ 

ɟɡɗɛɞɨɠ ɗɏɟɛŬɜůɖɠ [18],[19],[20]. 

 

 

 
 

ȺɘəɧɜŬ 2.6 ȹɘűŬůɘəɧ ɀɞɜŰɏɚɞ ȺɔəɚŮɑůɛŬŰɞɠ ïɀɐŰɟŬɠ 

 

 

2.2.3 ŪȺɋɅȼɇȽȾɃɆ ɈɄɃȿɃũȽɆɀɃɆ ɄȷɉɃɈɆ ȺɁȹȽȷɀȺɆȼɆ 

ūȷɆȼɆ 

Ʉɘɞ ŬɜŬɚɡŰɘəɎ ˊŬɟŬəɎŰɤ ɗŬ ˊŮɟɘɔɟŬűɐ ɖ ŭɘŬŭɘəŬůɑŬ ŮɨɟŮůɖɠ Űɞɡ ˊɎɢɞɡɠ Űɖɠ 

ŮɜŭɘɎɛŮůɖɠ űɎůɖɠ. ȷɠ ɗŮɤɟɐůɞɡɛŮ ɏɜŬ ůŰɞɘɢŮɑɞ Ůɚɏɔɢɞɡ əɎɜɞɜŰŬɠ ɢɟɐůɖ Űɞɡ 

ŰɟɘűŬůɘəɞɨ ɛɞɜŰɏɚɞɡ (Ⱥɘə.2.7), Űɞ ɞˊɞɑɞ ˊɟɞəɨˊŰŮɘ ɞɡůɘŬůŰɘəɎ Ŭˊɧ Űɞ ŭɘűŬůɘəɧ 

ɛɞɜŰɏɚɞ (Ⱥɘə.2.6) ɛŮ Űɖɜ ˊɟɞůɗɐəɖ Űɖɠ ŮɜŭɘɎɛŮůɖɠ űɎůɖɠ, əŬɘ ŮɑɜŬɘ Űɞ ŭɞɛɘəɧ 

çəɨŰŰŬɟɞè ɔɘŬ ɏɜŬ ɘɜɩŭŮɠ ůɨɜɗŮŰɞ ɡɚɘəɧ, Űɞ ɞˊɞɑɞ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɛɏůŬ ˊɟɞɠ ŰŬ ɏɝɤ, 

Ŭˊɧ ɏɔəɚŮɘůɛŬ, ŮɜŭɘɎɛŮůɖ űɎůɖ əŬɘ ɛɐŰɟŬ ŬɜŰɑůŰɞɘɢŬ. ɁŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ ŭŮɜ ŬɚɚɎɕŮɘ 

ɞ ůɡɜɞɚɘəɧɠ ɧɔəɞɠ ůŮ ůɢɏůɖ ɛŮ Űɞ ŭɘűŬůɘəɧ ɛɞɜŰɏɚɞ ɔɘŬŰɑ ɖ ŮɜŭɘɎɛŮůɖ űɎůɖ ŮɑɜŬɘ 

ŬˊɚɎ Ŭɚɚɞɘɤɛɏɜɖ ɛɐŰɟŬ, ɎɟŬ əŬŰŬɚŬɛɓɎɜŮɘ ŰɛɐɛŬ Űɞɡ ɧɔəɞɡ ˊɞɡ ɏɢŮɘ ɖ ɛɐŰɟŬ ůŰɞ 

ŭɘűŬůɘəɧ ɛɞɜŰɏɚɞ. 
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ȺɘəɧɜŬ 2.7 ɇɟɘűŬůɘəɧ ɛɞɜŰɏɚɞ  

ȷɜ ɞɟɑůɞɡɛŮ ɤɠ rf, ri əŬɘ rm  Űɘɠ ŬəŰɑɜŮɠ Űɤɜ ˊŮɟɘɞɢɩɜ Űɤɜ űɎůŮɤɜ Űɞɡ ˊŬɟŬˊɎɜɤ 

ɛɞɜŰɏɚɞɡ, ɛŮ Űɞɡɠ ŭŮɑəŰŮɠ f, i, m ɜŬ ůɡɛɓɞɚɑɕɞɡɜ Űɞ ɏɔəɚŮɘůɛŬ, Űɖɜ ŮɜŭɘɎɛŮůɖ űɎůɖ 

əŬɘ Űɖɜ ɛɐŰɟŬ ŬɜŰɘůŰɞɑɢɤɠ, ŰɧŰŮ ɞɘ ŬɜŰɑůŰɞɘɢŮɠ əŬŰô ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ ɗŬ 

ɔɟɎűɞɜŰŬɘ ɤɠ: 

2

2

m

f

f
r

r
U = , 

2

22

m

fi

i
r

rr
U

-
= , 

2

22

m

im

m
r

rr
U

-
=                                                       

(2.2.1) 

ȾŬɘ Ůˊɑůɖɠ ɗŬ ɘůɢɨŮɘ 

)1( ifm UUU --=                                                                                          (2.2.2) 

ȾŬɗɩɠ ɖ əŬŰ' ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɞɡ ŮɔəɚŮɑůɛŬŰɞɠ ŬɡɝɎɜŮŰŬɘ, Űɞ ˊɞůɞůŰɧ Űɤɜ 

ɛŬəɟɞɛɞɟɑɤɜ Űɖɠ ɛɐŰɟŬɠ, ŰŬ ɞˊɞɑŬ ɢŬɟŬəŰɖɟɑɕɞɜŰŬɘ Ŭˊɧ ɛŮɘɤɛɏɜɖ əɘɜɖŰɘəɧŰɖŰŬ, 

Ůˊɑůɖɠ ŬɡɝɎɜŮŰŬɘ. ȷɡŰɧ ɘůɞŭɡɜŬɛŮɑ ɛŮ Ŭɨɝɖůɖ Űɖɠ əŬŰ' ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ Űɖɠ 

ŮɜŭɘɎɛŮůɖɠ űɎůɖɠ, ˊɞɡ ɞŭɖɔŮɑ ůŰɞ ůɡɛˊɏɟŬůɛŬ ɧŰɘ ɡˊɎɟɢŮɘ ɛɑŬ ůɢɏůɖ ŬɜɎɛŮůŬ ůŰɞ 

ȹCp Űɞ ɞˊɞɑɞ ŮəűɟɎɕŮɘ Űɖɜ ŬˊɧŰɞɛɖ ɛŮŰŬɓɞɚɐ Űɖɠ Ůɘŭɘəɐɠ ɗŮɟɛɧŰɖŰŬɠ ůŰɖɜ ɡŬɚɩŭɖ 

ɛŮŰŬɓŬŰɘəɐ ˊŮɟɘɞɢɐ ɛɘŬɠ ɞɡůɑŬɠ, əŬɘ Űɖɠ əŬŰ' ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ Űɖɠ ŮɜŭɘɎɛŮůɖɠ 

űɎůɖɠ. ȼ ůɢɏůɖ ŬɡŰɐ ɔɘŬ ŰŬ ɘɜɩŭɖ ɡɚɘəɎ ŮəűɟɎɕŮŰŬɘ Ŭˊɧ Űɞɜ ˊŬɟŬəɎŰɤ Űɨˊɞ[21],[22]: 
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ȳˊɞɡ Űɞ  ȹr ŮəűɟɎɕŮɘ Űɞ ˊɎɢɞɠ Űɖɠ ŮɜŭɘɎɛŮůɖɠ űɎůɖɠ əŬɘ ɖ ˊŬɟɎɛŮŰɟɞɠ ɛ 

ŭɑɜŮŰŬɘ ɓɎůŮɘ Ŭˊɧ Űɞɜ Űɨˊɞ: 
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-=m                                                                                                   (2.2.4) 

ȳˊɞɡ 
f

pCD  ŮɑɜŬɘ ɖ ŬˊɧŰɞɛɖ ɛŮŰŬɓɞɚɐ Űɖɠ Ůɘŭɘəɐɠ ɗŮɟɛɧŰɖŰŬɠ ɔɘŬ Űɖɜ 

ˊɞɚɡɛŮɟɘəɐ ɛɐŰɟŬ ɛŮ ɏɔəɚŮɘůɛŬ, Ůɜɩ 
0

pCD  ŮɑɜŬɘ ɖ ŬˊɧŰɞɛɖ ɛŮŰŬɓɞɚɐ Űɖɠ Ůɘŭɘəɐɠ 

ɗŮɟɛɧŰɖŰŬɠ ɔɘŬ Űɖɜ ˊɞɚɡɛŮɟɘəɐ ɛɐŰɟŬ çůəɏŰɖè, ɢɤɟɑɠ ɏɔəɚŮɘůɛŬ, ůŰɘɠ ŬɜŰɑůŰɞɘɢŮɠ 

ɡŬɚɩŭŮɘɠ ɛŮŰŬɓŬŰɘəɏɠ ɗŮɟɛɞəɟŬůɑŮɠ Űɞɡɠ. 

ȼ ůɢɏůɖ (2.2.3), Ŭűɞɨ rf + ȹr ˊɞɡ ɘůɞɨŰŬɘ ɞɡůɘŬůŰɘəɎ ɛŮ ri, ɛŮ Űɖɜ ɓɞɐɗŮɘŬ Űɤɜ 

ůɢɏůŮɤɜ (2.2.1),ɛˊɞɟŮɑ ɜŬ ɔɟŬűŰŮɑ əŬɘ ůŬɜ: 
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ȼ ůɢɏůɖ (2.2.5) ɛŬɕɑ ɛŮ Űɖɜ (2.2.1) əŬɘ Űɖɜ (2.2.2) ŮɝɎɔɞɡɜ Űɖɜ Ůɝɐɠ ůɢɏůɖ: 

)1(1

1

2

2

m--

-
=

+
==

f

f

if

f

i

f

U

U

UU

U

r

r
cnt                                                               (2.2.6) 

ɇŮɚɘəɎ ɡˊɞɚɞɔɑɕɞɡɛŮ ɛŮ Űɖɜ ɓɞɐɗŮɘŬ Űɤɜ DSC (differential scanning 

calorimetry) ɛŮŰɟɐůŮɤɜ, ŰŬ ɎɚɛŬŰŬ Űɖɠ Ůɘŭɘəɐɠ ɗŮɟɛɧŰɖŰŬɠ ȹCp ůŰɖɜ ɡŬɚɩŭɖ 

ɛŮŰɎɓŬůɖ Ůɜɧɠ ɘɜɩŭɞɡɠ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ əŬɘ Űɞɡ ŬɜŰɑůŰɞɘɢɞɡ ˊɞɚɡɛŮɟɞɨɠ, Ŭˊɧ Űɞ 

ɞˊɞɑɞ ŮɑɜŬɘ ŬˊɞəɚŮɘůŰɘəɎ űŰɘŬɔɛɏɜɖ ɖ ɛɐŰɟŬ Űɞɡ Ůɜ ɚɧɔɞ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ (ŭɖɚŬŭɐ 

ɢɤɟɑɠ ɜŬ ɡˊɎɟɢŮɘ əŬɗɧɚɞɡ ɏɔəɚŮɘůɛŬ). ȰŰůɘ ɛˊɞɟɞɨɛŮ ɜŬ ŮəŰɘɛɐůɞɡɛŮ Űɞɜ ˊŬɟɎɔɞɜŰŬ 

ɛ əŬɘ ɎɟŬ əŬɘ Űɞ ˊɎɢɞɠ Űɖɠ ŮɜŭɘɎɛŮůɖɠ űɎůɖɠ, Ŭűɞɨ ɛŬɠ ŮɑɜŬɘ ɔɜɤůŰɐ ɖ əŬŰ' ɧɔəɞ 

ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɞɡ ŮɔəɚŮɑůɛŬŰɞɠ. 
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2.2.4 ɄȺȽɅȷɀȷɇȽȾȼ ɄȺɅȽũɅȷūȼ ȾȷȽ ɄɅɃɆȹȽɃɅȽɆɀɃɆ ɇɃɈ 

ɄȷɉɃɈɆ ȾȷȽ ɇȼɆ Ⱦȷɇ' ɃũȾɃ ɄȺɅȽȺȾɇȽȾɃɇȼɇȷɆ ɇȼɆ 

ȺɁȹȽȷɀȺɆȼɆ ūȷɆȼɆ 

ɆŰɞ ȺɟɔŬůŰɐɟɘɞ ȷɜŰɞɢɐɠ Ɉɚɘəɩɜ Űɞɡ ȺɀɄ ɏɢɞɡɜ ɔɑɜŮɘ ůɡůŰɖɛŬŰɘəɏɠ ɛŮŰɟɐůŮɘɠ 

ɗŮɟɛɞɢɤɟɖŰɘəɧŰɖŰŬɠ Ůˊɑ ŭɞəɘɛɑɤɜ ŮˊɞɝŮɘŭɘəɐɠ ɟɖŰɑɜɖɠ əŬɘ ɘɜɩɜ ɔɡŬɚɘɞɨ. ɄŬɟŬəɎŰɤ 

ɗŬ ˊŮɟɘɔɟɎɣɞɡɛŮ ɛɑŬ Ŭˊɧ Űɘɠ ˊŮɘɟŬɛŬŰɘəɏɠ ɏɟŮɡɜŮɠ [23],[24],[25] ˊɞɡ ɏɔɘɜŬɜ ɔɘŬ Űɖɜ 

ɛɏŰɟɖůɖ Űɞɡ ˊɎɢɞɡɠ əŬɘ Űɖɠ əŬŰ' ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ Űɖɠ ŮɜŭɘɎɛŮůɖɠ űɎůɖɠ. 

ɆŰɖɜ ůɡɔəŮəɟɘɛɏɜɖ ɏɟŮɡɜŬ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɘɜɩŭɖ ůɨɜɗŮŰŬ ɡɚɘəɎ ɛɞɜɐɠ 

əŬŰŮɨɗɡɜůɖɠ ŬˊɞŰŮɚɞɨɛŮɜŬ Ŭˊɧ ɛɑŬ ŮˊɞɝŮɘŭɘəɐ ɛɐŰɟŬ (PermaglassɉȺ5/1, Permali 

Ltd.,U.K) Ůɜɘůɢɡɛɏɜɖ ɛŮ ůɡɜŮɢŮɑɠ ɑɜŮɠ ɔɡŬɚɘɞɨ Űɨˊɞɡ-Ⱥ. ɇɞ ɡɚɘəɧ Űɖɠ ɛɐŰɟŬɠ 

ɓŬůɑůɗɖəŮ ůŮ ŭɘɔɚɡəɘŭɡɚŬɘɗɏɟŬ Űɖɠ ŭɘůűŬɘɜɧɚɖɠ ȷ, ůɡɜŭɡŬůɛɏɜɞ ɛŮ ůəɚɖɟɡɜŰɐ Ŭˊɧ 

ŬɟɤɛŬŰɘəɐ Ŭɛɑɜɖ (Araldite My 750/ȼɇ972, Ciba-Geigy, U.K). Ƀɘ ɑɜŮɠ ɔɡŬɚɘɞɨ ŮɑɢŬɜ 

ŭɘɎɛŮŰɟɞ 1,2ɉ10-5 m əŬɘ ɖ əŬŰ' ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰɎ Űɞɡɠ ɐŰŬɜ 0.65. 

ȼ əŬŰ' ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɤɜ ɘɜɩɜ ɔɡŬɚɘɞɨ ˊɟɞůŭɘɞɟɑůŰɖəŮ ɛŮ Űɞ ůɡɜɐɗɖ 

Űɟɧˊɞ, ŭɖɚŬŭɐ əŬɑɔɞɜŰŬɠ ŭŮɑɔɛŬŰŬ Űɞɡ ɘɜɩŭɞɡɠ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ əŬɘ ɕɡɔɑɕɞɜŰŬɠ Űɞ 

ɡˊɧɚɞɘˊɞ. ȰŰůɘ ɖ əŬŰɎ ɛɎɕŬ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɞɡ ɔɡŬɚɘɞɨ ɡˊɞɚɞɔɑůŰɖəŮ 79.6% (+/- 

0.28%). ɀŮ Űɖɜ ɢɟɐůɖ Űɞɡ ŬˊɞŰŮɚɏůɛŬŰɞɠ ŬɡŰɞɨ əŬɘ Űɤɜ Űɘɛɩɜ Űɤɜ Ůɘŭɘəɩɜ 

ˊɡəɜɞŰɐŰɤɜ Űɞɡ ɔɡŬɚɘɞɨ (ɟg =2.55gr/cm3) əŬɘ Űɖɠ ŮˊɞɝŮɘŭɘəɐɠ ɛɐŰɟŬɠ 

(ɟc=1.20gr/cm3), əŬɘ əɎɜɞɜŰŬɠ əŬɘ əɎˊɞɘɞɡɠ Ůɨəɞɚɞɡɠ ɡˊɞɚɞɔɘůɛɞɨɠ, ɡˊɞɚɞɔɑɕŮŰŬɘ ɧŰɘ 

ɖ əŬŰ' ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɤɜ ɘɜɩɜ ɔɡŬɚɘɞɨ Űɞɡ ˊŮɘɟɎɛŬŰɞɠ ɛŬɠ ŮɑɜŬɘ 0.65. 

ȷˊɧ Űɖɜ Ɏɚɚɖ ɛŮɟɘɎ , ŭɞəɑɛɘŬ ɛŮ ŭɘɎɛŮŰɟɞ 0.004 m əŬɘ ˊɎɢɞɡɠ ˊɞɡ ˊɞɘəɑɚŮɘ Ŭˊɧ 

0.001m ɛɏɢɟɘ 0.0015m, űŰɘŬɔɛɏɜŬ ŮɑŰŮ Ŭˊɧ ɘɜɩŭŮɠ ůɨɜɗŮŰɞ ɡɚɘəɧ ůŮ ŭɘɎűɞɟŮɠ əŬŰ' 

ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ ŮɑŰŮ űŰɘŬɔɛɏɜŬ Ŭˊɧ Űɞ ɡɚɘəɧ ŬˊɞəɚŮɘůŰɘəɎ Űɖɠ ɛɐŰɟŬɠ 

ɡˊɞɓɚɐɗɖəŬɜ ůŮ ŭɞəɘɛɏɠ DSC, ɛŮ ɗŮɟɛɘəɧ ŬɜŬɚɡŰɐ ůŰɖɜ ˊŮɟɘɞɢɐ Űɖɠ ɡŬɚɩŭɞɡɠ 

ɛŮŰŬɓŬŰɘəɐɠ ɗŮɟɛɞəɟŬůɑŬɠ Űɞɡɠ, ɏŰůɘ ɩůŰŮ ɜŬ ˊɟɞůŭɘɞɟɘůɗɞɨɜ ɞɘ Űɘɛɏɠ Űɖɠ Ůɘŭɘəɐɠ 

ɗŮɟɛɧŰɖŰɎɠ Űɞɡɠ. 

Ƀɘ Űɘɛɏɠ Űɞɡ ˊŬɟɎɔɞɜŰŬ ɛ (ůɢɏůɖ 2.2.4) ŮɝɐɢɗɖůŬɜ Ŭˊɧ Űɘɠ Űɘɛɏɠ Űɤɜ ŬɚɛɎŰɤɜ 

Űɤɜ Ůɘŭɘəɩɜ ɗŮɟɛɞŰɐŰɤɜ Űɖɠ ɛɐŰɟŬɠ Ůɜɘůɢɡɛɏɜɖɠ ɛŮ ɑɜŮɠ ɔɡŬɚɘɞɨ əŬɘ Űɖɠ ɛɖ 

Ůɜɘůɢɡɛɏɜɖɠ ɛɐŰɟŬɠ, ŭɖɚŬŭɐ Űɤɜ 
f

pCD  əŬɘ
0

pCD  ŬɜŰɑůŰɞɘɢŬ, ˊɞɡ ɡˊɞɚɞɔɑůɗɖəŬɜ Ŭˊɧ 

ŰŬ ȹCp = f(ɇ) ŭɘŬɔɟɎɛɛŬŰŬ, ůɨɛűɤɜŬ ɛŮ Űɞ ŭɘɎɔɟŬɛɛŬ Űɖɠ ȺɘəɧɜŬɠ 2.8. Ƀɘ Űɘɛɏɠ Űɞɡ 

ɛ ́ ɞɡ ˊɟɞůŭɘɞɟɑůɗɖəŬɜ Ŭˊɧ Űɘɠ DSC ŭɞəɘɛɏɠ, ŮˊɏŰɟŮɣŬɜ əŬɘ Űɖɜ ŮəŰɑɛɖůɖ Űɞɡ ˊɎɢɞɡɠ 

Űɖɠ ŮɜŭɘɎɛŮůɖɠ űɎůɖɠ ɔɘŬ əɎɗŮ ůɨɜɗŮŰɞ ɡɚɘəɧ (ɔɘŬ əɎɗŮ ŭɘŬűɞɟŮŰɘəɐ əŬŰ' ɧɔəɞ 

ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɏɔəɚŮɘůɛŬ). 

ȰɢŮɘ ŭŮɘɢɗŮɑ [22] ɧŰɘ ɔɘŬ Űɖɠ ɛɘŬɠ əŬŰŮɨɗɡɜůɖɠ ɘɜɩŭɖ ůɨɜɗŮŰŬ ɡɚɘəɎ, ɡˊɎɟɢŮɘ ɛɘŬ 

ˊŬɟŬɓɞɚɘəɐ ůɢɏůɖ ŬɜɎɛŮůŬ ůŰɖɜ əŬŰ' ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɖɠ ŮɜŭɘɎɛŮůɖɠ űɎůɖɠ əŬɘ 

ůŰɖɜ əŬŰ' ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɞɡ ŮɔəɚŮɑůɛŬŰɞɠ. 

ȷɡŰɐ ɖ ůɢɏůɖ ŮɑɜŬɘ ɤɠ Ůɝɐɠ: 

 
2

fi CUU =                                                                                                                        (2.2.7) 
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ȳˊɞɡ ɛŮ Ui əŬɘ Uf ůɡɛɓɞɚɑɕɞɡɛŮ Űɖɜ əŬŰ' ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɖɠ ŮɜŭɘɎɛŮůɖɠ 

űɎůɖɠ əŬɘ Űɞɡ ŮɔəɚŮɑůɛŬŰɞɠ ŬɜŰɑůŰɞɘɢŬ. 

ȼ ůŰŬɗŮɟɎ C ůŰɖɜ ˊŮɟɑˊŰɤůɖ ɛŬɠ ŮɑɜŬɘ ɑůɖ ɛŮ 0.123 [26]. 

 

ȺɘəɧɜŬ 2.8 ȹɘɎɔɟŬɛɛŬ Cp = f(ɇ) 

ɁŬ ůɖɛŮɘɩůɞɡɛŮ Ůŭɩ ɧŰɘ ɨůŰŮɟŬ Ŭˊɧ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɖɠ ůɢɏůɖɠ (2.2.7) əŬɘ ɛŮ 

Űɖɜ ɓɞɐɗŮɘŬ Űɖɠ ůɢɏůɖɠ (2.2.3) ŮɝɎɔŮŰŬɘ ɞ ˊŬɟŬəɎŰɤ ˊɑɜŬəŬɠ Űɘɛɩɜ  ɔɘŬ Űɞ ŰɟɘűŬůɘəɧ 

ɛɞɜŰɏɚɞ ɛŮ ŮɜŭɘɎɛŮůɖ űɎůɖ əŬɘ ˊŬɟŬŰɖɟɞɨɛŮ Ŭˊɧ Űɞ Ŭəɧɚɞɡɗɞ ŭɘɎɔɟŬɛɛŬ ɧŰɘ ɖ 

ɛŮŰŬɓɞɚɐ Űɖɠ əŬŰô ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ Űɖɠ ŮɜŭɘɎɛŮůɖɠ űɎůɖɠ ůɡɜŬɟŰɐůŮɘ Űɖɠ əŬŰô 

ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ Űɞɡ ŮɔəɚŮɑůɛŬŰɞɠ ŮɑɜŬɘ ˊŮɟɑˊɞɡ ˊŬɟŬɓɞɚɘəɐ [1ɔ],[2ɔ]: 

 

Uf Ui r i(ɛm) 

0.10 0.00120 6.036 

0.20 0.00492 6.073 

0.30 0.01107 6.110 

0.40 0.01968 6.146 

0.50 0.03075 6.182 

0.60 0.04428 6.217 

0.65 0.05200 6.235 

0.70 0.06027 6.254 

0.80 0.07872 6.288 

0.90 0.09963 6.323 
ɄɑɜŬəŬɠ Ŭ 
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ȺɘəɧɜŬ 2.8 ȹɘɎɔɟŬɛɛŬ Uf   - Ui 

 

ȼ ůɢɏůɖ  (2.2.7) ɧɛɤɠ ɔɘŬ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ ŮɔəɚŮɑůɛŬŰɞɠ ɛŮɔŬɚɨŰŮɟŮɠ Ŭˊɧ 0,65 

ŭŮɜ ŮɡůŰŬɗŮɑ, əŬɗɩɠ ˊŬɟŬŰɖɟɞɨɛŮ ɧŰɘ ɔɘŬ 90,0=fU  Űɞ ɡˊɧɚɞɘˊɞ 0,10 ůɨɛűɤɜŬ ɛŮ ŰŬ 

ˊŬɟŬˊɎɜɤ ɗŬ ŬˊɞŰŮɚŮɑ Űɖɜ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɖɠ ŮɜŭɘŬɛɏůɞɡ űɎůŮɤɠ. ȷɡŰɧ ůɡɜŮˊɎɔŮŰŬɘ 

ˊɤɠ ɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɖɠ ɛɐŰɟŬɠ ŮɑɜŬɘ ɛɖŭŮɜɘəɐ ˊɟɎɔɛŬ ɎŰɞˊɞ. Ⱥˊɞɛɏɜɤɠ ɗŬ ˊɟɏˊŮɘ 

ɜŬ ŮˊŮəŰŮɑɜɞɡɛŮ  Űɘɠ ˊɟɞɓɚɏɣŮɘɠ ɛŬɠ ɔɘŬ Űɞɡɠ ůɡɜŰŮɚŮůŰɏɠ ˊɏɟŬ Űɖɠ 65,0=fU  ɖ ɞˊɞɑŬ 

əŬɘ ŮɑɜŬɘ ɖ ɓŬůɘəɐ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ɘɜɩɜ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůŰɘɠ ˊŮɘɟŬɛŬŰɘəɏɠ 

ɛŮɗɧŭɞɡɠ.  

ȰŰůɘ ɚɞɘˊɧɜ ɛˊɞɟɞɨɛŮ ɜŬ ɗŮɤɟɐůɞɡɛŮ ɧŰɘ ɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɖɠ ŮɜŭɘŬɛɏůɞɡ 

űɎůŮɤɠ, ɖ ɞˊɞɑŬ ŮɑɜŬɘ ɛɖŭɏɜ ɔɘŬ 0=fU  Ŭűɞɨ ŭŮɜ ɡˊɎɟɢɞɡɜ ɑɜŮɠ, ŬɡɝɎɜŮŰŬɘ əŬɘ űŰɎɜŮɘ 

ůŮ ɛɑŬ ɛɏɔɘůŰɖ Űɘɛɐ ɔɘŬ ɛɘŬ ůɡɔəŮəɟɘɛɏɜɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ 
fU  əŬɘ ɏˊŮɘŰŬ ɛŮɘɩɜŮŰŬɘ 

ŰŮɑɜɞɜŰŬɠ ůŰɞ ɛɖŭɏɜ ɧŰŬɜ 1=fU  ɧˊɞɡ ŭŮɜ ɡˊɎɟɢŮɘ ˊɚɏɞɜ əŬɗɧɚɞɡ ɛɐŰɟŬ əŬɗɩɠ 

ůɨɛűɤɜŬ ɛŮ Űɞ ɛɞɜŰɏɚɞ ɛŬɠ ɘůɢɨŮɘ ɖ ůɢɏůɖ 
mfi UUU --=1 . ȸɏɓŬɘŬ ůŰɞ ůɖɛŮɑɞ ŬɡŰɧ  

ɗŬ ˊɟɏˊŮɘ ɜŬ ŰɞɜɑůɞɡɛŮ ˊɤɠ ɔɘŬ ɏɜŬ ˊɟŬɔɛŬŰɘəɧ ɡɚɘəɧ ɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɞɡ ůŮ ɑɜŮɠ 

ŭŮɜ ɛˊɞɟŮɑ ɜŬ ɡˊŮɟɓŮɑ Űɞ 90% ɔɘŬ ɞˊɞɘŬŭɐˊɞŰŮ əŬŰŬɜɞɛɐ ɘɜɩɜ. 

ȰŰůɘ ɚɞɘˊɧɜ ɗŮɤɟɞɨɛŮ ɛɑŬ ŰɟɘŰɞɓɎɗɛɘŬ ˊŬɟŬɓɞɚɘəɐ ůɢɏůɖ, ɖ ɞˊɞɑŬ ɛˊɞɟŮɑ ɜŬ 

ˊŮɟɘɔɟɎɣŮɘ əŬɚɨŰŮɟŬ Űɖ ůɢɏůɖ ɛŮŰŬɝɨ ŮɔəɚŮɑůɛŬŰɞɠ əŬɘ ŮɜŭɘŬɛɏůɞɡ űɎůŮɤɠ: 

 

                                           

3 2

1 2 3 4i f f fU CU C U C U C= + + +
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ũɘŬ ɜŬ ɡˊɞɚɞɔɑůɞɡɛŮ Űɘɠ ůŰŬɗŮɟɏɠ 4321 ,,, CCCC  ɛˊɞɟɞɨɛŮ ɜŬ ŮˊɘɚɏɝɞɡɛŮ Űɖ 

ˊŮɘɟŬɛŬŰɘəɐ Űɘɛɐ ɔɘŬ 65,0=fU  əŬɗɩɠ əŬɘ Űɘɠ ůɡɜɞɟɘŬəɏɠ ůɡɜɗɐəŮɠ: 

 Ŭ) 0=iU  ɧŰŬɜ 0=fU  əŬɗɩɠ ŮəŮɑ ŭŮɜ ɏɢɞɡɛŮ ɑɜŮɠ  

 ɓ) 0=iU  ɧŰŬɜ 1=fU  (ůŰɖ ˊɟŬɔɛŬŰɘəɧŰɖŰŬ 90,0=fU ) ɧˊɞɡ ŭŮɜ ɡˊɎɟɢŮɘ 

əŬɗɧɚɞɡ ɛɐŰɟŬ1 

ɔ) ɔɘŬ 0=fU ɡˊɎɟɢŮɘ Űɞˊɘəɧ ŬəɟɧŰŬŰɞ ŭɖɚŬŭɐ ɗŬ ɘůɢɨŮɘ 0=
µ

µ

f

i

U

U
 

ŭ) ɔɘŬ 65,0=fU  ɗŬ ˊɟɏˊŮɘ 052,0=iU .  

 

ɉɟɖůɘɛɞˊɞɘɩɜŰŬɠ ŬɡŰɏɠ Űɘɠ ůɡɜɞɟɘŬəɏɠ ůɡɜɗɐəŮɠ ɡˊɞɚɞɔɑɕɞɡɛŮ Űɘɠ ůŰŬɗŮɟɏɠ 

4321 ,,, CCCC  əŬɘ ɏɢɞɡɛŮ : 1 20.3516, 0.3516C C=- = , 03 =C  əŬɘ 04 =C . Ⱥˊɞɛɏɜɤɠ ɖ 

Ŭəɟɘɓɐɠ ůɢɏůɖ ŮɑɜŬɘ ɖ: 

 
3 20.3516 0.3516i f fU U U=- +

 
 

ɀŮŰɎ Ŭˊɧ ɡˊɞɚɞɔɘůɛɞɨɠ ɛŮ Űɖɜ ˊŬɟŬˊɎɜɤ ůɢɏůɖ ˊɟɞəɨˊŰŮɘ ɞ ́ ŬɟŬəɎŰɤ ˊɑɜŬəŬɠ 

Űɘɛɩɜ ɔɘŬ Űɞ ŰɟɘűŬůɘəɧ ɛɞɜŰɏɚɞ ɛŮ ŮɜŭɘɎɛŮůɖ űɎůɖ. ȷ́ɧ Űɞ Ŭəɧɚɞɡɗɞ ŭɘɎɔɟŬɛɛŬ 

ˊŬɟŬŰɖɟɞɨɛŮ ɧŰɘ ɖ ɛŮŰŬɓɞɚɐ Űɖɠ əŬŰô ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ Űɖɠ ŮɜŭɘɎɛŮůɖɠ űɎůɖɠ 

ůɡɜŬɟŰɐůŮɘ Űɖɠ əŬŰô ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ Űɞɡ ŮɔəɚŮɑůɛŬŰɞɠ ŮɑɜŬɘ ˊŮɟɑˊɞɡ 

ˊŬɟŬɓɞɚɘəɐ: 

Uf Ui 

0,10 0.0031644 

0,20 0.0112512 

0,30 0.0221508 

0,40 0.0337536 

0,50 0.0439500 

0,60 0.0506304 

0,65 0.0519929 

0,70 0.0516852 

0,80 0.0450048 

0,90 0.0284796 
ɄɑɜŬəŬɠ ɓ 
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ȺɘəɧɜŬ 2.9 ȷəɟɘɓɏůŰŮɟɞ ŭɘɎɔɟŬɛɛŬ Uf   - Ui 
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ȾȺūȷȿȷȽɃ 3 : ũȺɋɀȺɇɅȽȾȷ ɆɇɃȽɉȺȽȷ 

ŪȺɋɅȼɇȽȾɋɁ ɀɃɁɇȺȿɋɁ 

3.1 ŪȺɋɅȼɇȽȾɃɆ ɄɅɃɆȹȽɃɅȽɆɀɃɆ ȷȾɇȽɁɋɁ ɇȺɇɅȷūȷɆȽȾɃɈ 

ȾɈȿȽɁȹɅȽȾɃɈ ɀɃɁɇȺȿɃɈ ɉɋɅȽɆ ȺɁȹȽȷɀȺɆȼ ūȷɆȼ  

3.1.1 ũȺɋɀȺɇɅȽȾȼ ȾȷɇȷɁɃɀȼ ȽɁɋɁ  

ɆŮ ŬɡŰɐɜ Űɖɜ ɡˊɧ-ŮɜɧŰɖŰŬ, ɗŬ ɗŮɤɟɐůɞɡɛŮ Űɞɜ Űɟɧˊɞ ɛŮ Űɞɜ ɞˊɞɑɞ əŬŰŬɜɏɛɞɜŰŬɘ 

ɞɘ ɑɜŮɠ ɔɡŬɚɘɞɨ(ɘɜɩŭɖ ŮɔəɚŮɑůɛŬŰŬ) ɛɏůŬ ůŰɖ ɛɎɕŬ Űɖɠ ɛɐŰɟŬɠ Ůɜɧɠ ɘɜɩŭɞɡɠ ůɨɜɗŮŰɞɡ 

ɡɚɘəɞɨ ɏŰůɘ ɩůŰŮ ɜŬ ɛˊɞɟɏůɞɡɛŮ ɨůŰŮɟŬ ɜŬ ˊɟɞůŭɘɞɟɑůɞɡɛŮ Űɘɠ ŬəŰɑɜŮɠ Űɞɡ 

əɡɚɘɜŭɟɘəɞɨ ɛɞɜŰɏɚɞɡ ˊɞɡ ɗŬ ˊɟɞəɨɣŮɘ ɛɏůŬ Ŭˊɧ ŬɡŰɐɜ Űɖɜ ɛŮɚɏŰɖ [1ŭ],[2ŭ]. 

 

 

ȺɘəɧɜŬ 3.1 ɀɞɜŰɏɚɞ ɛŮ 5 ɑɜŮɠ  

 

ȺɘəɧɜŬ 3.2 ɆŰɞɘɢŮɘɩŭŮɠ ȹɞɛɘəɧ ȾɨŰŰŬɟɞ  
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ŪŮɤɟɞɨɛŮ ɚɞɘˊɧɜ ɧŰɘ 4 ɑɜŮɠ əŬŰŬɚŬɛɓɎɜɞɡɜ Űɘɠ əɞɟɡűɏɠ Ůɜɧɠ ŰɡɢŬɑɞɡ 

ŰŮŰɟŬɔɤɜɘəɞɨ ˊɟɑůɛŬŰɞɠ Ŭəɛɐɠ ɚ əŬɘ ˊŮˊŮɟŬůɛɏɜɞɡ ɛɐəɞɡɠ h əŬɘ ɛɑŬ ɑɜŬ 

əŬŰŬɚŬɛɓɎɜŮɘ Űɞ əɏɜŰɟɞ ɓɎɟɞɡɠ Űɞɡ. ɇɞ ɡˊɧɣɖ ˊɟɑůɛŬ ˊŮɟɘəɚŮɑŮŰŬɘ ůŮ ɏɜŬ ŭŮɨŰŮɟɞ 

ŰŮŰɟŬɔɤɜɘəɧ ˊɟɑůɛŬ Ŭəɛɐɠ 2ɚ əŬɘ ɑŭɘɞɡ ɛɐəɞɡɠ (Ⱥɘə.3.1,Ⱥɘə.3.2).ɇɞ ˊɟɑůɛŬ ŬɡŰɧ 

ŮˊŬɜŬɚŬɛɓɎɜŮŰŬɘ ůɡɛɛŮŰɟɘəɎ ůŮ ɧɚɖ Űɖɜ ɛɎɕŬ Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ əŬɘ Űɞ ɞɟɑɕɞɡɛŮ 

ɤɠ Űɞ ůŰɞɘɢŮɘɩŭŮɠ ŭɞɛɘəɧ çəɨŰŰŬɟɞè Űɞɡ ɡɚɘəɞɨ. ɇɞ ŰɛɐɛŬ ɛŮŰŬɝɨ Űɤɜ ɘɜɩɜ ŬɚɚɎ 

əŬɘ Űɞ ŰɛɐɛŬ ŬɜɎɛŮůŬ ůŰɞ Ŭɟɢɘəɧ ŰŮŰɟŬɔɤɜɘəɧ ˊɟɑůɛŬ əŬɘ Űɞ ŭɞɛɘəɧ çəɨŰŰŬɟɞè Űɞɡ 

ɡɚɘəɞɨ, ŬɜŰɘˊɟɞůɤˊŮɨŮɘ Űɖɜ ɛɐŰɟŬ Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ. 

ɇɞ ˊɟɑůɛŬ Ŭəɛɐɠ 2ɚ ɗŬ Űɞ ŬɜŬɔɎɔɞɡɛŮ ŰɩɟŬ, ůŮ ɏɜŬ çɘůɞŭɨɜŬɛɞè əɡɚɘɜŭɟɘəɧ 

ɛɞɜŰɏɚɞ ɛŮ ɑŭɘɞ ɛɐəɞɠ h ɔɘŬ ɜŬ ŮəɛŮŰŬɚɚŮɡɗɞɨɛŮ ɏŰůɘ Űɖɜ əɡɚɘɜŭɟɘəɐ ůɡɛɛŮŰɟɑŬ əŬɘ 

Űɘɠ ŬˊɚɞˊɞɘɐůŮɘɠ ˊɞɡ ɗŬ ˊɟɞəɨɣɞɡɜ Ŭˊɧ ŬɡŰɐɜ, ůŮ ɏɜŬ ŰŮŰɟŬűŬůɘəɧ ɛɞɜŰɏɚɞ. 

ɇɞ ŰŮŰɟŬűŬůɘəɧ ɛɞɜŰɏɚɞ ɛŬɠ, ɗŬ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŰɏůůŮɟɘɠ ɞɛɧəŮɜŰɟɞɡɠ 

əɡɚɑɜŭɟɞɡɠ ŬəŰɑɜŬɠ a,b,c,d (a<b<c<d) (Ⱥɘə.3.3). ɆŮ ŬɡŰɧ Űɞ ɛɞɜŰɏɚɞ , ɖ ŭŮɨŰŮɟɖ əŬɘ ɖ 

ŰɏŰŬɟŰɖ űɎůɖ (ˊɞɟŰɞəŬɚɑ), ˊɞɡ Űɘɠ ŬˊɞŰŮɚɞɨɜ ɞ əɡɚɘɜŭɟɘəɧɠ űɚɞɘɧɠ ɛŮ ŮůɤŰŮɟɘəɐ 

ŬəŰɑɜŬ a əŬɘ ŮɝɤŰŮɟɘəɐ b, əŬɘ ɞ əɡɚɘɜŭɟɘəɧɠ űɚɞɘɧɠ ɛŮ ŮůɤŰŮɟɘəɐ ŬəŰɑɜŬ c əŬɘ 

ŮɝɤŰŮɟɘəɐ ŬəŰɑɜŬ d, ŬɜŰɘˊɟɞůɤˊŮɨɞɡɜ Űɞ ɡɚɘəɧ Űɖɠ ɛɐŰɟŬɠ əŬɘ ɗŬ ŰŬ ůɡɛɓɞɚɑɕɞɡɛŮ 

ɛŮ m. Ƀ əɨɚɘɜŭɟɞɠ ɛŮ ŬəŰɑɜŬ a əŬɗɩɠ əŬɘ ɞ əɡɚɘɜŭɟɘəɧɠ űɚɞɘɧɠ ɛŮ ŮůɤŰŮɟɘəɐ ŬəŰɑɜŬ 

b əŬɘ ŮɝɤŰŮɟɘəɐ ŬəŰɑɜŬ c, ˊɟɩŰɖ əŬɘ ŰɟɑŰɖ űɎůɖ (ˊɟɎůɘɜɞ), ŬɜŰɘˊɟɞůɤˊŮɨɞɡɜ Űɞ 

ůɨɜɞɚɞ Űɤɜ ɘɜɩɜ Űɞɡ ŭɞɛɘəɞɨ ɛŬɠ çəɡŰŰɎɟɞɡè əŬɘ ŰŬ ůɡɛɓɞɚɑɕɞɡɛŮ ɛŮ f. 

 

 
ȺɘəɧɜŬ 3.3 Ⱦɡɚɘɜŭɟɘəɧ ɇŮŰɟŬűŬůɘəɧ ɀɞɜŰɏɚɞ 

 

ũɘŬ ɏɜŬ ɘɜɩŭŮɠ ůɨɜɗŮŰɞ ɡɚɘəɧ, ɝɏɟɞɡɛŮ Űɖɜ əŬŰ' ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɤɜ ɘɜɩɜ 

Űɞɡ Uf, ɧˊɤɠ Ůˊɑůɖɠ əŬɘ Űɖɜ ŬəŰɑɜŬ Űɤɜ ɘɜɩɜ Űɞɡ rf . ũɘŬ Űɞ ˊɟɑůɛŬ Ŭəɛɐɠ 2ɚ ɖ Uf ɗŬ 

ˊɟɞəɨˊŰŮɘ ɤɠ ɞ ɚɧɔɞɠ Űɞɡ ɧɔəɞɡ Űɤɜ ˊɏɜŰŮ ɘɜɩɜ Űɞɡ, ˊɟɞɠ Űɞɜ ɧɔəɞ ɞɚɧəɚɖɟɞɡ Űɞɡ 

ˊɟɑůɛŬŰɞɠ, ŭɖɚŬŭɐ: 
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2 2

2 2

5 5 5

(2 ) 4 4

f f f

f f

f

V r h r
U r

V h Uol

p p p
l

l l
= = = Ý =                                                                (3.1.1) 

Ⱥˊɑůɖɠ ɞ ɧɔəɞɠ Űɞɡ ˊɟɑůɛŬŰɞɠ ɛŮ Ŭəɛɐ 2ɚ ŬɜŰɘˊɟɞůɤˊŮɨŮŰŬɘ Ŭˊɧ Űɞɜ ɧɔəɞ Űɞɡ 

əɡɚɑɜŭɟɞɡ ŬəŰɑɜŬɠ d ůŰɞ əɡɚɘɜŭɟɘəɧ ɛɞɜŰɏɚɞ. ȰŰůɘ ɗŬ ɏɢɞɡɛŮ: 

2 2 1
(2 ) 2h d h dl p l

p
= Ý =                                                                           (3.1.2) 

ȼ ˊɟɩŰɖ űɎůɖ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ Űɖɜ əɡɚɘɜŭɟɘəɐ ɑɜŬ ˊɞɡ ɓɟɑůəŮŰŬɘ ůŰɞ əɏɜŰɟɞ 

ɓɎɟɞɡɠ Űɞɡ ˊɟɑůɛŬŰɞɠ. ɃˊɧŰŮ ɗŬ ɘůɢɨŮɘ: 

fa = r                                                                                                              (3.1.3) 

ȺˊɧɛŮɜɞ  ɓɐɛŬ ŮɑɜŬɘ ɞ ɡˊɞɚɞɔɘůɛɧɠ Űɤɜ ŬəŰɘɜɩɜ b,c. 

ŪŮɤɟɞɨɛŮ Űɞ ŰŮŰɟŬɔɤɜɘəɧ ˊɟɑůɛŬ Ŭəɛɐɠ ɚ ɧˊɤɠ ˊɟɘɜ. ȼ ŬˊɧůŰŬůɖ Ŭˊɧ Űɞɜ 

əŮɜŰɟɘəɧ ɎɝɞɜŬ Űɞɡ , ɏɤɠ ɛɑŬ Ůə Űɤɜ əɞɟɡűɩɜ Űɞɡ, ɧˊɤɠ ˊɟɞəɨˊŰŮɘ Ŭˊɧ ŮűŬɟɛɞɔɐ 

ɔŮɤɛŮŰɟɘəɩɜ ɡˊɞɚɞɔɘůɛɩɜ, ɏɢŮɘ ɛɐəɞɠ 
Ѝ
‗. ȷɜ ɞɜɞɛɎůɞɡɛŮ ŬɡŰɐɜ Űɖɜ ŬˊɧůŰŬůɖ w, 

Űɞ w ɗŬ ŬɜŰɘˊɟɞůɤˊŮɨŮɘ Űɖɜ ŬˊɧůŰŬůɖ Űɞɡ ɎɝɞɜŬ Űɞɡ ˊɟɑůɛŬŰɞɠ Ŭˊɧ ŰŬ əɏɜŰɟŬ Űɤɜ 

ɘɜɩɜ əŬɘ ɘůɢɨŮɘ ɧŰɘ (Ⱥɘə.3.4):  

ύ
Ѝ
‗                                                                                                        (3.1.4)                                             

 

 
ȺɘəɧɜŬ 3.4 ɇŮŰɟŬɔɤɜɘəɧ ˊɟɑůɛŬ 
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ŪŮɤɟɞɨɛŮ Ůˊɑůɖɠ ɧŰɘ ɞ əɡɚɘɜŭɟɘəɧɠ űɚɞɘɧɠ ɛŮ ŬəŰɑɜŮɠ b,c əŬŰŬɜɏɛŮŰŬɘ ɘůɞɞɔəɘəɎ 

ŮəŬŰɏɟɤɗŮɜ Űɖɠ əɡɚɘɜŭɟɘəɐɠ ŮˊɘűɎɜŮɘŬɠ ˊɞɡ ɞɟɑɕŮɘ ɖ ŬəŰɑɜŬ w, ˊɟɞůŬɟɛɞůɛɏɜɖ ůŰɞ 

ŰŮŰɟŬűŬůɘəɧ ɛɞɜŰɏɚɞ. ŪŬ ɘůɢɨŮɘ ɚɞɘˊɧɜ: 

2222222 2)()( cbwhbwhwc +=Ý-=- pp                                                    (3.1.5) 

Ƀ ɧɔəɞɠ Űɖɠ ŰɟɑŰɖɠ űɎůɖɠ ɘůɞɨŰŬɘ ɛŮ Űɞɜ ɧɔəɞ Űɤɜ ŰŮůůɎɟɤɜ ɘɜɩɜ əŬɘ ɎɟŬ ɗŬ 

ˊɟɏˊŮɘ: 

222222 44)( ff rbchrhbc =-Ý=- pp                                                            (3.1.6) 

ȷˊɧ Űɞ ůɨůŰɖɛŬ Űɤɜ ŮɝɘůɩůŮɤɜ (3.1.5), (3.1.6) ˊɟɞəɨˊŰɞɡɜ ɞɘ ŮəűɟɎůŮɘɠ Űɤɜ 

c,b ɤɠ Ůɝɐɠ: 

2 22 fb w r= -                                                                                                (3.1.7) 

2 22 fc w r= +                                                                                                (3.1.8) 

 

ȾŬɘ ɎɟŬ Ŭˊɧ Űɘɠ ůɢɏůŮɘɠ (3.1.1) əŬɘ (3.1.3) ɗŬ ɏɢɞɡɛŮ: 

fa = r                                                                                                              (3.1.9) 

2

f 2

f

f

5ˊr
b = - 2r

8U
                                                                                         (3.1.10) 

2

f 2

f

f

5ˊr
c = + 2r

8U
                                                                                        (3.1.11) 

f

f

5
d = r

U
                                                                                                  (3.1.12) 

ȾŬŰŬűɏɟŬɛŮ ɏŰůɘ ɜŬ ŮəűɟɎůɞɡɛŮ Űɘɠ ŬəŰɑɜŮɠ a, b, c, d ůɡɜŬɟŰɐůŮɘ Űɤɜ ɔɜɤůŰɩɜ 

ɛŮɔŮɗɩɜ 
fU  əŬɘ 

fr . 
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3.1.2 ũȺɋɀȺɇɅȽȾɃȽ ɄȺɅȽɃɅȽɆɀɃȽ 

ɆŮ ŬɡŰɐ Űɖɜ ɡˊɞŮɜɧŰɖŰŬ ɗŬ ŮɝŮŰɎůɞɡɛŮ Űɞɡɠ ɔŮɤɛŮŰɟɘəɞɨɠ ˊŮɟɘɞɟɘůɛɞɨɠ ˊɞɡ 

ˊɟɞəɨˊŰɞɡɜ ɔɘŬ Űɞ əɡɚɘɜŭɟɘəɧ ŰŮŰɟŬűŬůɘəɧ ɛɞɜŰɏɚɞ ɢɤɟɑɠ ŮɜŭɘɎɛŮůɖ űɎůɖ, ɓɎůŮɘ Űɖɠ 

əŬŰŬɜɞɛɐɠ Űɤɜ ɘɜɩɜ ɔɡŬɚɘɞɨ ˊɞɡ ɏɢɞɡɛŮ ɗŮɤɟɐůŮɘ. ɁŬ ůɖɛŮɘɩůɞɡɛŮ Ůŭɩ ɧŰɘ ɖ 

ɗŮɩɟɖůɖ ɨˊŬɟɝɖɠ ŮɜŭɘɎɛŮůɖɠ űɎůɖɠ ůŰɞ ůɡɔəŮəɟɘɛɏɜɞ ɛɞɜŰɏɚɞ, ŭŮɜ ŮˊɖɟŮɎɕŮɘ Űɘɠ 

ůɢɏůŮɘɠ Űɤɜ ɔŮɤɛŮŰɟɘəɩɜ ˊŮɟɘɞɟɘůɛɩɜ əŬɘ ŬɡŰɧ ŭɘɧŰɘ ɖ ŮɜŭɘɎɛŮůɖ űɎůɖ ɗŮɤɟŮɑŰŬɘ 

Ŭɚɚɞɘɤɛɏɜɖ ɛɐŰɟŬ əŬɘ ůɡɜŮˊɩɠ ŮɑɜŬɘ ɛɏɟɞɠ Űɖɠ ɛɐŰɟŬɠ. ȯɟŬ ɗŬ ɏɢɞɡɛŮ: 

2 2

2 2
5 5

0 2 0 2 0
4 4

5
1,9625

8

f f

f f

f f

f f

r r
b r r

U U

U U

p p

p

> Ý - > Ý - > Ý

< Ý <

                                          (3.1.13)                                                                                      

2 2 2 2

2 2

2 3

1 5 5
3 0,65416

2 4 24

f f f

f f f f

f

a b r w r r w

r r U U
U

p p

< Ý < - Ý < Ý

< Ý < Ý <
                                               (3.1.14)  

 
2 2

2 2 2

2 2

1 4
2 2 2

2

5
2 0.773 1,51

4

f f

f f f

f

c d w r r

r r U
U

l l
l
p p

p

< Ý + < Ý + < Ý

< Ý <

                      (3.1.15)     

ȯɟŬ ůɡɛˊŮɟŬɑɜɞɡɛŮ ɧŰɘ ɓɎůŮɘ ŬɡŰɞɨ Űɞɡ ɛɞɜŰɏɚɞɡ ɖ ɛɏɔɘůŰɖ ŮˊɘŰɟŮˊŰɐ əŬŰô 

ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɘɜɩŭŮɠ ɏɔəɚŮɘůɛŬ ɗŬ ŮɑɜŬɘ fU < 0,65416. 

3.2 ɈɄɃȿɃũȽɆɀɃɆ ȷȾɇȽɁɋɁ ȾȷȽ Ⱦȷɇô ɃũȾɃ 

ɄȺɅȽȺȾɇȽȾɃɇȼɇɋɁ ȺɁȹȽȷɀȺɆȼɆ ūȷɆȼɆ ɆɇɃ ȺɄɇȷūȷɆȽȾɃ 

ɀɃɁɇȺȿɃ 

ȼ ˊɟɩŰɖ űɎůɖ, Ŭˊɧ ɛɏůŬ ˊɟɞɠ ŰŬ ɏɝɤ, ɛŮ ŬəŰɑɜŬ r1  ŬɜŰɘˊɟɞůɤˊŮɨŮɘ Űɖɜ ˊɟɩŰɖ 

ˊŮɟɘɞɢɐ Űɞɡ ŮɔəɚŮɑůɛŬŰɞɠ.  

ȼ ŭŮɨŰŮɟɖ űɎůɖ, ŮɑɜŬɘ ɞ əɡɚɘɜŭɟɘəɧɠ űɚɞɘɧɠ ɛŮ ŮůɤŰŮɟɘəɐ ŬəŰɑɜŬ Űɖɜ r1 əŬɘ 

ŮɝɤŰŮɟɘəɐ ŬəŰɑɜŬ Űɖɜ r2 əŬɘ ŬɜŰɘˊɟɞůɤˊŮɨŮɘ Űɖɜ ˊɟɩŰɖ ˊŮɟɘɞɢɐ Űɖɠ ŮɜŭɘɎɛŮůɖɠ űɎůɖɠ.  

ȼ ŰɟɑŰɖ űɎůɖ, ŮɑɜŬɘ ɞ əɡɚɘɜŭɟɘəɧɠ űɚɞɘɧɠ ɛŮ ŮůɤŰŮɟɘəɐ ŬəŰɑɜŬ Űɖɜ r2 əŬɘ 

ŮɝɤŰŮɟɘəɐ ŬəŰɑɜŬ Űɖɜ r3 əŬɘ ŬɜŰɘˊɟɞůɤˊŮɨŮɘ Űɖɜ ˊɟɩŰɖ ˊŮɟɘɞɢɐ Űɖɠ ɛɐŰɟŬɠ.  

ȼ ŰɏŰŬɟŰɖ űɎůɖ ŮɑɜŬɘ ɞ əɡɚɘɜŭɟɘəɧɠ űɚɞɘɧɠ ɛŮ ŮůɤŰŮɟɘəɐ ŬəŰɑɜŬ Űɖɜ r3 əŬɘ 

ŮɝɤŰŮɟɘəɐ ŬəŰɑɜŬ Űɖɜ r4 əŬɘ ŬɜŰɘˊɟɞůɤˊŮɨŮɘ Űɖɜ ŭŮɨŰŮɟɖ ˊŮɟɘɞɢɐ Űɖɠ ŮɜŭɘɎɛŮůɖɠ 

űɎůɖɠ.  
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ȼ ˊɏɛˊŰɖ űɎůɖ ŮɑɜŬɘ ɞ əɡɚɘɜŭɟɘəɧɠ űɚɞɘɧɠ ɛŮ ŮůɤŰŮɟɘəɐ ŬəŰɑɜŬ Űɖɜ r4 əŬɘ 

ŮɝɤŰŮɟɘəɐ ŬəŰɑɜŬ Űɖɜ r5 əŬɘ ŬɜŰɘˊɟɞůɤˊŮɨŮɘ Űɖɜ ŭŮɨŰŮɟɖ ˊŮɟɘɞɢɐ Űɞɡ ŮɔəɚŮɑůɛŬŰɞɠ.  

ȼ ɏəŰɖ űɎůɖ ŮɑɜŬɘ ɞ əɡɚɘɜŭɟɘəɧɠ űɚɞɘɧɠ ɛŮ ŮůɤŰŮɟɘəɐ ŬəŰɑɜŬ r5 əŬɘ ŮɝɤŰŮɟɘəɐ 

ŬəŰɑɜŬ r6 əŬɘ ŬɜŰɘˊɟɞůɤˊŮɨŮɘ Űɖ ŰɟɑŰɖ ˊŮɟɘɞɢɐ Űɖɠ ŮɜŭɘɎɛŮůɖɠ űɎůɖɠ.  

ȼ ɏɓŭɞɛɖ əŬɘ ŰŮɚŮɡŰŬɑŬ űɎůɖ ŮɑɜŬɘ ɞ əɡɚɘɜŭɟɘəɧɠ űɚɞɘɧɠ ɛŮ ŮůɤŰŮɟɘəɐ ŬəŰɑɜŬ r6 

əŬɘ ŮɝɤŰŮɟɘəɐ ŬəŰɑɜŬ r7 əŬɘ ŬɜŰɘˊɟɞůɤˊŮɨŮɘ Űɖ ŭŮɨŰŮɟɖ ˊŮɟɘɞɢɐ Űɖɠ ɛɐŰɟŬɠ. 

 

 

 
ȺɘəɧɜŬ 3.5 ȺˊŰŬűŬůɘəɧ əɡɚɘɜŭɟɘəɧ ɛɞɜŰɏɚɞ 

 

ȷɟɢɘəɎ ˊɟɏˊŮɘ ɜŬ ˊɟɞůŭɘɞɟɑůɞɡɛŮ Űɘɠ ŬəŰɑɜŮɠ ůŰɘɠ ˊŮɟɘɞɢɏɠ Űɖɠ ŮɜŭɘɎɛŮůɖɠ 

űɎůɖɠ, Űɖɜ 2r , 4r  əŬɘ 6r  (Ⱥɘə.3.5), əŬɗɩɠ əŬɘ Űɖɜ əŬŰô ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬ əɎɗŮ ɛɑŬɠ 

Ŭˊɧ Űɘɠ ˊŮɟɘɞɢɏɠ ŬɡŰɏɠ. 

Ƀɘ əŬŰô ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ ůŰɞ ŮˊŰŬűŬůɘəɧ əɡɚɘɜŭɟɘəɧ ɛɞɜŰɏɚɞ ɞɟɑɕɞɜŰŬɘ ɤɠ 

Ůɝɐɠ: 

1. U1 ɖ əŬŰô ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɖɠ ˊɟɩŰɖɠ ˊŮɟɘɞɢɐɠ Űɞɡ ŮɔəɚŮɑůɛŬŰɞɠ 

(ˊɟɩŰɖ űɎůɖ). 

2. U2  ɖ əŬŰô ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɖɠ ˊɟɩŰɖɠ ˊŮɟɘɞɢɐɠ Űɖɠ ŮɜŭɘɎɛŮůɖɠ 

űɎůɖɠ (ŭŮɨŰŮɟɖ űɎůɖ). 

3. U3  ɖ əŬŰô ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɖɠ ˊɟɩŰɖɠ ˊŮɟɘɞɢɐɠ Űɖɠ ɛɐŰɟŬɠ (ɇɟɑŰɖ 

űɎůɖ). 

4. U4  ɖ əŬŰô ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɖɠ ŭŮɨŰŮɟɖɠ ˊŮɟɘɞɢɐɠ Űɖɠ ŮɜŭɘɎɛŮůɖɠ 

űɎůɖɠ (ŰɏŰŬɟŰɖ űɎůɖ). 



ʅʶ˂ʾʵʰ 75 h ˉˈ 267 
 

5. U5  ɖ əŬŰô ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɖɠ ŭŮɨŰŮɟɖɠ ́ Ůɟɘɞɢɐɠ Űɞɡ ŮɔəɚŮɑůɛŬŰɞɠ 

(ˊɏɛˊŰɖ űɎůɖ). 

6. U6  ɖ əŬŰô ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɖɠ ŰɟɑŰɖɠ ˊŮɟɘɞɢɐɠ Űɖɠ ŮɜŭɘɎɛŮůɖɠ 

űɎůɖɠ (ɏəŰɖ űɎůɖ). 

7. U7  ɖ əŬŰô ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɖɠ ŭŮɨŰŮɟɖɠ ˊŮɟɘɞɢɐɠ Űɖɠ ɛɐŰɟŬɠ 

(ɏɓŭɞɛɖ űɎůɖ). 

ŪŮɤɟɞɨɛŮ Ůˊɑůɖɠ ŰŬ əɎŰɤɗɘ: 

1. 73 UUU m +=  , ɧˊɞɡ mU  ŮɑɜŬɘ ɖ ůɡɜɞɚɘəɐ əŬŰô ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɖɠ 

ɛɐŰɟŬɠ ůŰɞ ɛɞɜŰɏɚɞ 

2. 642 UUUU i ++=  , ɧˊɞɡ iU  ŮɑɜŬɘ ɖ ůɡɜɞɚɘəɐ əŬŰô ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬ 

Űɖɠ ŮɜŭɘɎɛŮůɖɠ űɎůɖɠ  

3. 
51 UUU f += ,  ɧˊɞɡ  

fU ŮɑɜŬɘ ɖ ůɡɜɞɚɘəɐ əŬŰô ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɖɠ 

ɑɜŬɠ. 

Ⱥˊɑůɖɠ ůɡɛɓɞɚɑɕɞɡɛŮ ɤɠ Ůɝɐɠ: 

1. 
1,1 fUU =  

2. 
1,2 iUU =  

3. 
1,3 mUU =  

4. 
2,4 iUU =  

5. 
2,5 fUU =  

6. 
3,6 iUU =  

7. 
2,7 mUU =  

ȾɎɜɞɜŰŬɠ Űɖ ˊŬɟŬŭɞɢɐ ŰɩɟŬ, ɧŰɘ ɖ ŮɜŭɘɎɛŮůɖ űɎůɖ ɛˊɞɟŮɑ ɜŬ ɗŮɤɟɖɗŮɑ ɛɐŰɟŬ 

əŬɘ ɧŰɘ ɖ ŬɜŬɚɞɔɑŬ Űɖɠ ɗŬ ŮɑɜŬɘ ůŰŬɗŮɟɐ əŬɘ ůŰɘɠ ŭɨɞ ˊŮɟɘɞɢɏɠ ŮɛűɎɜɘůɖɠ Űɖɠ ɗŬ ɘůɢɨŮɘ 

ɧŰɘ: 

k
UU

U

U

U

UU

UUU

U

U

U

UU

if

i

m

i

mm

iii

m

i

m

ii
=

--
==

+

++
==

+

12,1,

3,2,1,

2,

3,

1,

2,1,
                           (3.2.1) 

ũɜɤɟɑɕɞɜŰŬɠ ɓɏɓŬɘŬ ɧŰɘ ɔŮɜɘəɎ ɘůɢɨŮɘ: 

               
ifm UUU --=1                                                                                       (3.2.2) 

ȯɟŬ Ŭˊɧ Űɘɠ ůɢɏůŮɘɠ (3.2.1), (3.2.2) ɗŮɤɟɩɜŰŬɠ ɧŰɘ 
2,1, ii UU =  ˊɟɞəɨˊŰɞɡɜ ŰŬ 

ˊŬɟŬəɎŰɤ: 
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ɆŮ ŬɡŰɧ Űɞ ůɖɛŮɑɞ ɜŬ ůɖɛŮɘɩůɞɡɛŮ ɧŰɘ ɞɘ ůɢɏůŮɘɠ Űɤɜ ŬəŰɘɜɩɜ Űɞɡ ŰŮŰɟŬűŬůɘəɞɨ 

ɛɞɜŰɏɚɞɡ ɢɤɟɑɠ ŮɜŭɘɎɛŮůɖ űɎůɖ, ˊɞɡ ůɡɛɓɞɚɑɕɞɜŰŬɜ ůŰɖ ˊɟɞɖɔɞɨɛŮɜɖ ŮɜɧŰɖŰŬ (ɓɚ. 

Ⱥɘə. 3.3) ɛŮ a, b, c, d ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ əŬɘ ůŰɖ ɗŮɤɟɖŰɘəɐ ŬɜɎˊŰɡɝɖ Űɞɡ ŮˊŰŬűŬůɘəɞɨ 

ɛɞɜŰɏɚɞɡ. Ƀɘ ŬəŰɑɜŮɠ a, b, c, d Űɞɡ ŰŮŰɟŬűŬůɘəɞɨ ɛɞɜŰɏɚɞɡ ɢɤɟɑɠ ŮɜŭɘɎɛŮůɖ űɎůɖ, 

Ŭˊɚɩɠ ɛŮŰɞɜɞɛɎɕɞɜŰŬɘ ůŮ 1r , 3r , 5r , 7r  ŬɜŰɑůŰɞɘɢŬ əŬɘ ɞɟɑɕɞɡɜ Űɘɠ ŮɝɤŰŮɟɘəɏɠ ŬəŰɑɜŮɠ 

Űɤɜ ˊŮɟɘɞɢɩɜ Űɖɠ 1ɖɠ , 3ɖɠ , 5ɖɠ , 7ɖɠ  űɎůɖɠ Űɞɡ ŮˊŰŬűŬůɘəɞɨ ɛɞɜŰɏɚɞɡ.  

ȷɡŰɧ ůɡɛɓŬɑɜŮɘ ɔɘŬŰɑ ɖ ŮɜŭɘɎɛŮůɖ űɎůɖ ɗŮɤɟŮɑŰŬɘ Ŭɚɚɞɘɤɛɏɜɖ ɛɐŰɟŬ əŬɘ ɎɟŬ 

ŭŮɜ ɡˊɎɟɢŮɘ ˊɟɞůɗɐəɖ Ɏɚɚɞɡ ɡɚɘəɞɨ ůŰɞ ɛɞɜŰɏɚɞ ɛŬɠ. ɋɠ Ůə ŰɞɨŰɞɡ ɖ ŮɝɤŰŮɟɘəɐ 

ŬəŰɑɜŬ Űɞɡ ŮˊŰŬűŬůɘəɞɨ ɛɞɜŰɏɚɞɡ ˊɞɡ ˊɟɞəɨˊŰŮɘ əŬŰɎ Űɖɜ ɗŮɩɟɖůɖ Űɖɠ ŮɘůŬɔɤɔɐɠ 

Űɖɠ ŮɜŭɘɎɛŮůɖɠ űɎůɖɠ ɔɨɟɤ Ŭˊɧ Űɞ ɏɔəɚŮɘůɛŬ, ˊŬɟŬɛɏɜŮɘ ɑŭɘŬ ɛŮ Űɞɡ ŰŮŰɟŬűŬůɘəɞɨ 

ɛɞɜŰɏɚɞɡ. Ⱥˊɑůɖɠ ˊŬɟŬɛŮɑɜŮɘ ɧɛɞɘŬ əŬɘ ɖ ŮɝɤŰŮɟɘəɐ əŬɘ ŮůɤŰŮɟɘəɐ ŬəŰɑɜŬ Űɖɠ 

ŭŮɨŰŮɟɖɠ űɎůɖɠ Űɞɡ ŮɔəɚŮɑůɛŬŰɞɠ Űɞɡ ŰŮŰɟŬűŬůɘəɞɡ ɛɞɜŰɏɚɞɡ ɢɤɟɑɠ ŮɜŭɘɎɛŮůɖ űɎůɖ, 

ɛŮ Űɘɠ ŬɜŰɑůŰɞɘɢŮɠ ůŰɞ ŮŰ́ŬűŬůɘəɧ ɛɞɜŰɏɚɞ. ȹɖɚŬŭɐ ɖ ɗŮɩɟɖůɖ Űɖɠ ŮɜŭɘɎɛŮůɖɠ űɎůɖɠ 

ŭŮɜ ŮˊɖɟŮɎɕŮɘ Űɖɜ əŬŰô ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɏɔəɚŮɘůɛŬ, ˊŬɟɎ ɛɧɜɞ Űɖɜ əŬŰô ɧɔəɞ 

ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɛɐŰɟŬ. 

ȷˊɧ ˊɟɞɖɔɞɨɛŮɜɖ ɛŮɚɏŰɖ (ɓɚɏˊŮ əŮű.2), ɔɘŬ əɎɗŮ Űɘɛɐ Űɖɠ əŬŰô ɧɔəɞ 

ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ůŮ ɏɔəɚŮɘůɛŬ ɡˊɎɟɢŮɘ ɛɑŬ ůɡɔəŮəɟɘɛɏɜɖ Űɘɛɐ Űɖɠ əŬŰô ɧɔəɞ 

ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ůŮ ŮɜŭɘɎɛŮůɖ űɎůɖ. ɇŬ ɕŮɡɔɎɟɘŬ Űɤɜ Űɘɛɩɜ Űɤɜ ˊŬɟŬˊɎɜɤ 

ˊŮɟɘŮəŰɘəɞŰɐŰɤɜ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞ ɄɑɜŬəŬ ɓ. 
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Uf Ui 

0,10 0.0031644 

0,20 0.0112512 

0,30 0.0221508 

0,40 0.0337536 

0,50 0.0439500 

0,60 0.0506304 

0,65 0.0519929 

0,70 0.0516852 

0,80 0.0450048 

0,90 0.0284796 
ɄɑɜŬəŬɠ ɓ 

 

ɉɟɖůɘɛɞˊɞɘɩɜŰŬɠ ŰɩɟŬ, Űɘɠ ůɢɏůŮɘɠ (3.1.9), (3.1.10), (3.1.11), (3.1.12), (3.2.1), 

(3.2.2), (3.2.3), (3.2.4), (3.2.5), (3.2.6)  ɔɘŬ əɎɗŮ ɕŮɨɔɞɠ Űɘɛɩɜ (
fU , iU ) Űɞɡ ɄɑɜŬəŬ 

ɓ, ɡˊɞɚɞɔɑɕɞɜŰŬɘ ɞɘ ŬəŰɑɜŮɠ ɔɘŬ ɧɚŮɠ Űɘɠ űɎůŮɘɠ Űɞɡ ŮˊŰŬűŬůɘəɞɨ ɛŬɠ ɛɞɜŰɏɚɞɡ əŬɘ 

ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŬɜŬɚɡŰɘəɎ ůŰɞ ɄɑɜŬəŬ ɔ. Ⱥŭɩ ɜŬ ŬɜŬűɏɟɞɡɛŮ ɧŰɘ ɖ ŭɘɎɛŮŰɟɞɠ Űɤɜ 

ŮɔəɚŮɘůɛɎŰɤɜ ɗŮɤɟŮɑŰŬɘ ɔɜɤůŰɐ, əŬɘ ɏɢŮɘ Űɘɛɐ 12ɛm. ȯɟŬ əŬɘ ɖ ŬəŰɑɜŬ Űɞɡɠ, 
fr  ɗŬ 

ŮɑɜŬɘ ɑůɖ ɛŮ 6ɛm. 

 

fU  
iU  1r (ɛm) 2r  (ɛm) 3r  (ɛm) 4r  (ɛm) 5r  (ɛm) 6r  (ɛm) 7r  (ɛm) 

0.10 0.0031644 6 6.08725 25.19640 25.21732 27.90803 27.97228 42.42641 

0.20 0.0112512 6 6.14313 16.77585 16.82757 20.62594 20.78710 30.00000 

0.30 0.0221508 6 6.16860 12.79138 12.87133 17.53908 17.80089 24.49490 

0.40 0.0337536 6 6.16350 10.23302 10.32973 15.77069 16.12570 21.21320 

0.50 0.0439500 6 6.12651 8.32897 8.42056 14.60725 15.04195 18.97367 

0.60 0.0506304 6 6.05498 6.76829 6.81707 13.77714 14.27435 17.32051 

0.65 0.0519929 6 6.00500 6.06197 6.06691 13.44423 13.96547 16.64101 

ɄɑɜŬəŬɠ ɔ 

 

ȰɢɞɜŰŬɠ ɡˊɞɚɞɔɑůŮɘ Űɘɠ ŬəŰɑɜŮɠ Űɞɡ ŮˊŰŬűŬůɘəɞɨ əɡɚɘɜŭɟɘəɞɨ ɛŬɠ ɛɞɜŰɏɚɞɡ ɗŬ 

ŮɑɜŬɘ Ůɨəɞɚɞɠ əŬɘ ɞ ɡˊɞɚɞɔɘůɛɧɠ Űɤɜ əŬŰô ɧɔəɞ ˊŮɟɘŮəŰɘəɞŰɐŰɤɜ Űɤɜ ŮˊŰɎ űɎůŮɤɜ. 

ũɘŬ Űɘɠ əŬŰô ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ əŬɘ Űɤɜ ŮˊŰɎ űɎůŮɤɜ ɗŬ ɘůɢɨŮɘ əŬŰɎ ŰŬ ɔɜɤůŰɎ: 
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ɄŬɟŬəɎŰɤ ˊŬɟŬɗɏŰɞɡɛŮ Űɞɜ ɄɑɜŬəŬ ŭ ɛŮ ůɡɔəŮɜŰɟɤɛɏɜŮɠ Űɘɠ Űɘɛɏɠ Űɤɜ əŬŰô 

ɧɔəɞ ˊŮɟɘŮəŰɘəɞŰɐŰɤɜ Űɤɜ ŮˊŰɎ űɎůŮɤɜ, ɔɘŬ Űɘɠ ŬɜŰɑůŰɞɘɢŮɠ Űɘɛɏɠ Űɖɠ əŬŰô ɧɔəɞ 

ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ůŮ ɏɔəɚŮɘůɛŬ Űɞɡ ˊɑɜŬəŬ ɔ. Ⱥˊɑůɖɠ ůŰɞɡɠ ɄɑɜŬəŮɠ ɔ əŬɘ ŭ ɏɢɞɡɛŮ 

ɚɎɓŮɘ ɡˊɧɣɘɜ əŬɘ Űɞɡɠ ɔŮɤɛŮŰɟɘəɞɨɠ ˊŮɟɘɞɟɘůɛɞɨɠ ˊɞɡ ɛŮɚŮŰɐɗɖəŬɜ ůŰɖɜ ɡˊɞŮɜɧŰɖŰŬ 

3.1.2. 

 

1U  2U  3U  4U  5U  6U  7U  

0.020585959 0.000585915 0.332113167 0.000585915 0.079414085 0.001994630 0.565306288 

0.041931200 0.001931200 0.270767882 0.001931200 0.158068800 0.007415960 0.519884958 

0.063419427 0.003419427 0.209279655 0.003419427 0.236580573 0.015420150 0.471880768 

0.084419429 0.004419430 0.148279652 0.004419430 0.315580571 0.025163361 0.422137558 

0.104261440 0.004261414 0.088437668 0.004261414 0.395738586 0.035801751 0.371499168 

0.122209280 0.002209280 0.030489801 0.002209280 0.477790720 0.046491481 0.320809437 

0.130216561 0.000216561 0.002482521 0.000216561 0.519783439 0.051591948 0.295708970 

ɄɑɜŬəŬɠ ŭ 

 
ȺɘəɧɜŬ 3.6 ȺɜŭɘɎɛŮůɖ ūɎůɖ ɆɨɜɗŮŰɞɡ Ɉɚɘəɞɨ 
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ȾȺūȷȿȷȽɃ 4:ȺȿȷɆɇȽȾȺɆ ɆɇȷŪȺɅȺɆ ȾȷȽ ȿɃũɃȽ 

ɅɃȽSSɃɁ ȺɁȹȽȷɀȺɆȼɆ ūȷɆȼɆ 

4.1 ɄɅɃɆȹȽɃɅȽɆɀɃɆ  ȺȿȷɆɇȽȾɋɁ ɆɇȷŪȺɅɋɁ ȾȷȽ ȿɃũɋɁ 

POISSON ȺɁȹȽȷɀȺɆȼɆ ūȷɆȼɆ  

ȼ űɡůɘəɐ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ ůɡůŰɐɛŬŰɞɠ ŮɝŬɟŰɎŰŬɘ ɝŮɢɤɟɘůŰɎ Ŭˊɧ Űɘɠ ɘŭɘɧŰɖŰŮɠ 

Űɞɡ ŮɔəɚŮɑůɛŬŰɞɠ əŬɘ Űɖɠ ɛɐŰɟŬɠ, ɧˊɤɠ Ůˊɑůɖɠ əŬɘ Ŭˊɧ Űɖɜ ŬɚɚɖɚŮˊɑŭɟŬůɖ Űɞɡɠ. ȷɡŰɐ 

ɖ ŬɚɚɖɚŮˊɑŭɟŬůɖ ŮɑɜŬɘ ŭɡɜŬŰɧ ɜŬ ɚɖűɗŮɑ ɡˊɧɣɖ ɡˊɧ Űɖ ɛɞɟűɐ Űɖɠ ŮɜŭɘɎɛŮůɖɠ űɎůɖɠ, 

ɖ ɞˊɞɑŬ ŭɖɛɘɞɡɟɔŮɑŰŬɘ əŬŰɎ Űɖɜ ˊŬɟŬɔɤɔɐ Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ əŬɘ ˊŬɑɕŮɘ ůɖɛŬɜŰɘəɧ 

ɟɧɚɞ ůŰɖ ɔŮɜɘəɐ ɗŮɟɛɞɛɖɢŬɜɘəɐ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ [1Ů],[2Ů]. 

ũŮɜɘəɩɠ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ Ⱥi , Űɞ ɛɏŰɟɞ ŭɘɎŰɛɖůɖɠ Gi əŬɘ ɞ ɚɧɔɞɠ Ʌoisson 

ɜi Űɖɠ ŮɜŭɘɎɛŮůɖɠ űɎůɖɠ ɛˊɞɟɞɨɜ ɜŬ ŮəűɟŬůɗɞɨɜ ɤɠ ɏɜŬ ˊɞɚɡɩɜɡɛɞ n ɓŬɗɛɞɨ ɛŮ 

ɛŮŰŬɓɚɖŰɐ ŬəŰɑɜŬ r . 

ȹɖɚŬŭɐ: 

i( ) ,  ( )  ( ) ( )i iE f r G h r v r g rkai= = =  

ɐ 

         
n n 1 n 2 n n 1 n 2

i 1 1 1 i 2 2 2

n n 1 n 2

i 3 3 3

E (r) A r B r C r ......., G (r) A r B r C r ....,

v (r) A r B r C r ....

- - - -

- -

= + + + = + + +

= + + +
 

ɧˊɞɡ  

rf,1 Ò r Ò ri,1 , rm,1 Ò r Ò ri,2  əŬɘ rf,2 Ò r Ò ri,3  ɔɘŬ əɎɗŮ ŮɜŭɘɎɛŮůɖ űɎůɖ.  

ɆŰɖ ɛŮɚɏŰɖ ŬɡŰɐ ɔɘŬ ɚɧɔɞɡɠ ŬˊɚɞɨůŰŮɡůɖɠ, ɚŬɛɓɎɜɞɡɛŮ ɡˊɧɣɘɜ Űɖɜ ˊŬɟŬɓɞɚɘəɐ 

ɛŮŰŬɓɞɚɐ Űɤɜ Ⱥi , Gi, vi , əŬɗɩɠ ŬɡŰɞɨ Űɞɡ Ůɑŭɞɡɠ  ɖ ɛŮŰŬɓɞɚɐ ɏɢŮɘ ˊŬɟŬŰɖɟɖɗŮɑ, ɧŰɘ 

ůɡɔəɟɘɜɧɛŮɜɖ ɛŮ Űɖɜ ɔɟŬɛɛɘəɐ, Űɖɜ ɡˊŮɟɓɞɚɘəɐ əŬɘ Űɖɜ ŮəɗŮŰɘəɐ ŭɑɜŮɘ ŬəɟɘɓɏůŰŮɟŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ ůŮ ůɢɏůɖ ɛŮ ŰŬ ŬɜŰɑůŰɞɘɢŬ ˊŮɘɟŬɛŬŰɘəɎ ŭŮŭɞɛɏɜŬ [27]. 

ŪŮɤɟɞɨɛŮ ɧŰɘ Ⱥm Ò Ei( r ) Ò Ef  , Gm Ò Gi( r ) Ò Gf  əŬɘ vf  Ò vi( r ) Ò vm ɧŰŬɜ  

rf,1 Ò r Ò ri,1 , rm,1 Ò r Ò ri,2  əŬɘ rf,2 Ò r Ò ri,3  ɔɘŬ əɎɗŮ ŮɜŭɘɎɛŮůɖ űɎůɖ. ȺˊŮɘŭɐ ůŰɞ 

ŮˊŰŬűŬůɘəɧ ɛɞɜŰɏɚɞ ɏɢɞɡɛŮ 3 ŮɜŭɘɎɛŮůŮɠ űɎůŮɘɠ, ɞɘ ɞɟɘŬəɏɠ ůɡɜɗɐəŮɠ ɗŬ ŮɑɜŬɘ ɞɘ 

ˊŬɟŬəɎŰɤ: 

¶ ũɘŬ Űɖɜ ˊɟɩŰɖ ŮɜŭɘɎɛŮůɖ űɎůɖ (ˊŮɟɘɞɢɐ 2 ůŰɖɜ Ⱥɘə.3.5) 

ɆŰɞ 
1,frr =  : 

fi nErE =)( , 
fi nGrG =)( əŬɘ 

fi nvrv =)(                                  (4.1.1) 

ɆŰɞ 
1,irr =   : mi ErE =)(  ,  mi GrG =)(  əŬɘ mi vrv =)(         (4.1.2) 
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¶ ũɘŬ Űɖɜ ŭŮɨŰŮɟɖ ŮɜŭɘɎɛŮůɖ űɎůɖ (ˊŮɟɘɞɢɐ 4 ůŰɖɜ Ⱥɘə.3.5) 

ɆŰɞ 
1,mrr =  : mi ErE =)( , mi GrG =)(  əŬɘ mi vrv =)(                         (4.1.3) 

ɆŰɞ 
2,irr =   : 

fi nErE =)( , 
fi nGrG =)(  əŬɘ 

fi nvrv =)(         (4.1.4) 

¶ ũɘŬ Űɖɜ ŰɟɑŰɖ ŮɜŭɘɎɛŮůɖ űɎůɖ (ˊŮɟɘɞɢɐ 6 ůŰɖɜ Ⱥɘə.3.5) 

ɆŰɞ 
2,frr =  : 

fi nErE =)( , 
fi nGrG =)(  əŬɘ 

fi nvrv =)(                  (4.1.5) 

ɆŰɞ 
3,irr =   : mi ErE =)(  , mi GrG =)(  əŬɘ mi vrv =)(                       (4.1.6) 

ɀŮ i ,m , f  ɗŬ ůɡɛɓɞɚɑɕɞɡɛŮ Űɖɜ ŮɜŭɘɎɛŮůɖ űɎůɖ, Űɖɜ ɛɐŰɟŬ əŬɘ Űɞ ɏɔəɚŮɘůɛŬ 

ŬɜŰɑůŰɞɘɢŬ. 

ȹŮɢɧɛŬůŰŮ ŭɖɚŬŭɐ, ɧŰɘ ŰŬ (r) v(r) (r) , GȺ iii kai  Űɖɠ ŮɜŭɘɎɛŮůɖɠ űɎůɖɠ ůŰɞ ɧɟɘɞ 

ŬɡŰɐɠ ɛŮ Űɖ ɛɐŰɟŬ ŮɑɜŬɘ ɑůŬ ɛŮ Ⱥm , Gm əŬɘ vm ŬɜŰɘůŰɞɑɢɤɠ, Ŭűɞɨ ɗŮɤɟɐůŬɛŮ ɧŰɘ ɖ 

ŮɜŭɘɎɛŮůɖ űɎůɖ ŮɑɜŬɘ ɛɘŬ ˊŮɟɘɞɢɐ Ŭɚɚɞɘɤɛɏɜɖɠ ɛɐŰɟŬɠ. ȷɜŰɑůŰɞɘɢŬ ůŰɞ ɧɟɘɞ ɛŮ Űɞ 

ɏɔəɚŮɘůɛŬ ɖ ŮɜŭɘɎɛŮůɖ űɎůɖ əŬɗɧŰɘ Ŭɚɚɞɘɤɛɏɜɖ ɛɐŰɟŬ ŭŮɜ ŭɨɜŬŰŬɘ ɜŬ űɗɎůŮɘ Űɘɠ 

Űɘɛɏɠ   Ef , Gf  əŬɘ vf Űɞɡ ŮɔəɚŮɑůɛŬŰɞɠ. ȼ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɖɠ ŮɜŭɘŬɛɏůɞɡ űɎůŮɤɠ 

əɞɜŰɎ ůŰɞ ɏɔəɚŮɘůɛŬ ŮəűɟɎɕɞɜŰŬɘ ɛŮ ɓɎůɖ Űɞɜ ůɡɜŰŮɚŮůŰɐ ́ ɟɞůűɨůŮɤɠ n, ́ ɞɡ ˊŬɑɟɜŮɘ 

Űɘɛɏɠ ɛɘəɟɧŰŮɟŮɠ ɐ ɑůŮɠ ɛŮ 1. ȹɖɚŬŭɐ ɗŮɤɟɞɨɛŮ ɧŰɘ ɡűɑůŰŬŰŬɘ ɏɜŬ ˊɞůɞůŰɧ ŮˊɑŭɟŬůɖɠ 

Űɞɡ ŮɔəɚŮɑůɛŬŰɞɠ ůŰɖɜ ŮɜŭɘɎɛŮůɖ űɎůɖ, ˊɞɡ ŮəűɟɎɕŮŰŬɘ ɛɏůɤ ŬɡŰɞɨ Űɞɡ ůɡɜŰŮɚŮůŰɐ. 

ũɘŬ ɜŬ ŮəŰɘɛɐůɞɡɛŮ Űɖ ɛɏɔɘůŰɖ ŭɡɜŬŰɐ ŮˊɑŭɟŬůɖ Űɖɠ ŮɜŭɘɎɛŮůɖɠ űɎůɖɠ, ɗŬ 

ɗŮɤɟɐůɞɡɛŮ ɧŰɘ ŰŬ (r) v(r) (r) , GȺ iii kai  ůŰɞ ɧɟɘɞ ŬɡŰɐɠ ɛŮ Űɞ ɏɔəɚŮɘůɛŬ ŮɑɜŬɘ ɑůŬ ɛŮ Ef 

, Gf  əŬɘ vf  ŬɜŰɘůŰɞɑɢɤɠ, ŭɖɚŬŭɐ ɧŰɘ n=1. 

ɁŬ ůɖɛŮɘɩůɞɡɛŮ ɧŰɘ ɞɘ ɛŮŰɟɐůŮɘɠ əŬɘ ɞɘ ɡˊɞɚɞɔɘůɛɞɑ ɔɘŬ Űɘɠ ˊŬɟŬəɎŰɤ 

ɡˊɞŮɜɧŰɖŰŮɠ ɏɔɘɜŬɜ ɛŮ ɓɎůɖ Űɘɠ Űɘɛɏɠ Űɖɠ ɛŮɚɏŰɖɠ ɔɘŬ Űɞ ŰɟɘűŬůɘəɧ ɛɞɜŰɏɚɞ ɛŮ 

ŮɜŭɘɎɛŮůɖ űɎůɖ [27],[23],[24] əŬɘ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ Ů. 

Ɉɚɘəɧ 

ɀɏŰɟɞ 

ȺɚŬůŰɘəɧŰɖŰŬɠ 

Ⱥ(GPa) 

ȿɧɔɞɠ 

Poisson v 

ɀɏŰɟɞ 

ŭɘŬŰɛɐůŮɤɠ 

G(GPa) 

Ⱥˊɞɝ. ɅɖŰɑɜɖ 3.5 0.35 1.29 

ȴŬɚɞɠ 70 0.20 30 
ɄɑɜŬəŬɠ Ů 
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4.1.1 ɀȺȿȺɇȼ ɄȷɅȷȸɃȿȽȾȼɆ ɀȺɇȷȸɃȿȼɆ  

ɆɨɛűɤɜŬ ɛŮ ŬɡŰɐ Űɖ ɛŮŰŬɓɞɚɐ ŰŬ )(rEi , )(rGi , )(rvi  ɛŮŰŬɓɎɚɚɞɜŰŬɘ ɤɠ Ůɝɐɠ: 

2

1 1 1

2

2 2 2

2

3 3 3

( )

( )

( )

i

i

i

A r B r C

A r

E r

G r B r C

A r B r Cv r

=

=

=

+ +

+ +

+ +

      ɛŮ  1,, iif rrr ¢¢ , 2,1, im rrr ¢¢  əŬɘ 3,2, if rrr ¢¢   

ŬɜŰɑůŰɞɘɢŬ ɔɘŬ Űɖɜ əɎɗŮ ŮɜŭɘɎɛŮůɖ űɎůɖ. 

ȺűŬɟɛɧɕɞɜŰŬɠ  ŰɩɟŬ əŬɘ Űɘɠ ɞɟɘŬəɏɠ ůɡɜɗɐəŮɠ ˊɞɡ ɏɢɞɡɛŮ ŬɜŬűɏɟŮɘ ˊɘɞ ˊɎɜɤ 

əŬɘ ɔɘŬ Űɘɠ 3 ŮɜŭɘɎɛŮůŮɠ űɎůŮɘɠ, ɡˊɞɚɞɔɑɕɞɡɛŮ Űɘɠ ůŰŬɗŮɟɏɠ 

1 1 1 2 2 2 3 3 3, , , , , , , ,A B C A B C A B C . ũɘŬ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɤɜ ˊŬɟŬˊɎɜɤ  ŮəŰɧɠ Ŭˊɧ Űɘɠ 

ˊɟɞŬɜŬűŮɟɗŮɑůŮɠ ɞɟɘŬəɏɠ ůɡɜɗɐəŮɠ (4.1.1), (4.1.2), (4.1.3), (4.1.4), (4.1.5), (4.1.6) ɗŬ 

ɗŮɤɟɐůɞɡɛŮ ɧŰɘ ŰŬ Ei(r), Gi(r)  ɔɘŬ r=ri,1, r=rm,1 əŬɘ r=ri,3 ɗŬ ˊŬɟɞɡůɘɎɕɞɡɜ ŮɚɎɢɘůŰɞ, 

Ůɜɩ Űɞ ɜi(r) ɗŬ ˊŬɟɞɡůɘɎɕŮɘ ɛɏɔɘůŰɞ ɔɘŬ r=ri,1, r=rm,1 əŬɘ r=ri,3. 

ɆŰŬ ůɖɛŮɑŬ ˊɞɡ ɏɢɞɡɛŮ ŮɚɎɢɘůŰɞ ɘůɢɨŮɘ:  π   ɛŮ  π 

ɆŰŬ ůɖɛŮɑŬ ˊɞɡ ɏɢɞɡɛŮ ɛɏɔɘůŰɞ ɘůɢɨŮɘ:  π   ɛŮ  π 

 

ȰŰůɘ ˊɟɞəɨˊŰŮɘ ɧŰɘ: 

¶ ũɘŬ Űɖɜ ˊɟɩŰɖ ŮɜŭɘɎɛŮůɖ űɎůɖ: 

( )
1

2

2

1

f mnE E

r
A

r

-

-
=           

( )
( )

2

1 2

2 1

2f mnE E r

r r
B

-
-

-
=        

( )
( )

2

21 2

2 1

f m

m

nE E
rC E

r r

-
= +

-
  

        
( )

2

2

2

1

f mnG G

r
A

r

-

-
=           

( )
( )

2

2 2

2 1

2f mnG G r

r r
B

-
-

-
=        

( )
( )

2

22 2

2 1

f m

m

nG G
rC G

r r

-
= +

-
  

( )
3

1

2

2

f mn

r
A

r

n n-

-
=            

( )
( )

2

3 2

2 1

2f mn r

r r
B

n n-
-

-
=          

( )
( )

3

2

2

22

1

f m

m

n
r

r r
C

n n
n

-
= +

-
  

 

 

 

 

 



ʅʶ˂ʾʵʰ 82 h ˉˈ 267 
 

ȯɟŬ :   

,1( )iE r =
( )

( )
( )

( )
( )

22 2

22 2 2

2 1 2 1 2 1

2f m f mf m

m

nE E r nE EnE E
r r E r

r r r r r r

å õå õ - --
æ ö- + +æ ö

æ ö æ ö- - -ç ÷ ç ÷

                         (4.1.1.1) 

,1( )iG r = 
( )

( )
( )

( )
( )

22 2

22 2 2

2 1 2 1 2 1

2f m f mf m

m

nG G r nG GnG G
r r G r

r r r r r r

å õå õ - --
æ ö- + +æ ö

æ ö æ ö- - -ç ÷ ç ÷

                       (4.1.1.2) 

( )

( )
( )

( )
( )

22 2

,1 22 2 2

2 1 2 1 2 1

2
( )

f m f mf m

i m

n r nn
r r r r

r r r r r r

n n n nn n
n n

å õå õ - --
æ ö= - + +æ ö

æ ö æ ö- - -ç ÷ ç ÷

                               (4.1.1.3)

 

 

 

¶ ũɘŬ Űɖɜ ŭŮɨŰŮɟɖ ŮɜŭɘɎɛŮůɖ űɎůɖ: 

( )
( )

1

4

2

3

f mnE E

r
A

r

-

-
=            

( )
( )

3

1 2

4 3

2f mnE E r

r r
B

-

-
=-        

( )
( )

2

21 3

4 3

m

f mnE E
rC E

r r

-
+=

-
  

( )
( )

2

4

2

3

f mnG G

r
A

r

-

-
=           

( )
( )

3

2 2

4 3

2f mnG G r

r r
B

-

-
=-        

( )
( )

2

22 3

4 3

m

f mnG G
rC G

r r

-
+=

-
  

( )
( )

3

3

2

4

f mn

r
A

r

n n-

-
=             

( )
( )

3

3 2

4 3

2f mn r

r r
B

n n-

-
=-          

( )
( )

3

4

2

32

3

m

f mn
r

r r
C

n n
n

-

-
+=   

 

 

ȯɟŬ: 

( )
( )

( )
( )

( )
( )

32 2

,2 32 2 2

4 3 4 3 4 3

2
( )

f m f m f m

i m

nE E nE E r nE E
E r r r E r

r r r r r r

- - -
= - + +

- - -
                               (4.1.1.4) 

( )
( )

( )
( )

( )
( )

32 2

,2 32 2 2

4 3 4 3 4 3

2
( )

f m f m f m

i m

nG G nG G r nG G
G r r r G r

r r r r r r

- - -
= - + +

- - -
                            (4.1.1.5) 

( )
( )

( )
( )

( )
( )

32 2

,2 32 2 2

4 3 4 3 4 3

2
( )

f m f m f m

i m

n n r n
r r r r

r r r r r r

n n n n n n
n n

- - -
= - + +

- - -
                                 (4.1.1.6) 
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¶ ũɘŬ Űɖɜ ɇɟɑŰɖ ŮɜŭɘɎɛŮůɖ űɎůɖ: 

 

( )
1

6

2

5

f mnE E

r
A

r

-

-
=             

( )
( )

6

1 2

6 5

2f mnE E r

r r
B

-
-

-
=          

( )
( )

2

21 6

6 5

f m

m

nE E
rC E

r r

-
= +

-
  

( )
2

6

2

5

f mnG G

r
A

r

-

-
=            

( )
( )

6

2 2

6 5

2f mnG G r

r r
B

-
-

-
=          

( )
( )

2

22 6

6 5

f m

m

nG G
rC G

r r

-
= +

-
  

( )
3

5

2

6

f mn

r
A

r

n n-

-
=              

( )
( )

6

3 2

6 5

2f mn r

r r
B

n n-
-

-
=   

( )
( )

3

6

2

62

5

f m

m

n
r

r r
C

n n
n

-
= +

-
  

 

 

ȯɟŬ: 

( )

( )
( )

( )
( )

62 2

,3( ) 62 2 2

6 5 6 5 6 5

2f m f mf m

i r m

nE E r nE EnE E
E r r E r

r r r r r r

å õå õ - --
æ ö= - + +æ ö

æ ö æ ö- - -ç ÷ ç ÷

                           (4.1.1.7) 

( )

( )
( )

( )
( )

62 2

,3( ) 62 2 2

6 5 6 5 6 5

2f m f mf m

i r m

nG G r nG GnG G
G r r G r

r r r r r r

å õå õ - --
æ ö= - + +æ ö

æ ö æ ö- - -ç ÷ ç ÷

                         (4.1.1.8) 

( )

( )
( )

( )
( )

62 2

,3 62 2 2

6 5 6 5 6 5

2
( )

f m f mf m

i m

n r nn
r r r r

r r r r r r

n n n nn n
n n

å õå õ - --
æ ö= - + +æ ö

æ ö æ ö- - -ç ÷ ç ÷

                               (4.1.1.9) 
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Ⱥˊɘˊɚɏɞɜ ɡˊɞɚɞɔɑɕɞɡɛŮ Űɖɜ ɛɏůɖ Űɘɛɐ Űɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ, Űɞɡ ɛɏŰɟɞɡ 

ŭɘŬŰɛɐůŮɤɠ əŬɘ Űɞɡ ɚɧɔɞɡ Poisson Űɖɠ əɎɗŮ ŮɜŭɘɎɛŮůɖɠ űɎůɖɠ. 

¶ ũɘŬ Űɖɜ ˊɟɩŰɖ ŮɜŭɘɎɛŮůɖ űɎůɖ: 

2

1

,1 ,1

,1

1
( )

r

i i

i r

E E r dV
V
= ñ  

2

1

,1 ,1

,1

1
( )

r

i i

i r

G G r dV
V
= ñ  

2

1

,1 ,1

,1

1
( )

r

i i

i r

v v r dV
V
= ñ  

¶ ũɘŬ Űɖɜ ŭŮɨŰŮɟɖ ŮɜŭɘɎɛŮůɖ űɎůɖ: 

4

3

,2 ,2

,2

1
( )

r

i i

i r

E E r dV
V
= ñ  

4

3

,2 ,2

,2

1
( )

r

i i

i r

G G r dV
V
= ñ  

4

3

,2 ,2

,2

1
( )

r

i i

i r

v v r dV
V
= ñ  

¶ ũɘŬ Űɖɜ ŰɟɑŰɖ ŮɜŭɘɎɛŮůɖ űɎůɖ: 

6

5

,3 ,3

,3

1
( )

r

i i

i r

E E r dV
V
= ñ  

6

5

,3 ,3

,3

1
( )

r

i i

i r

G G r dV
V
= ñ  

6

5

,3 ,3

,3

1
( )

r

i i

i r

v v r dV
V
= ñ  

ȳˊɞɡ   

2 2

,1 2 1

2 2

,2 4 3

2 2

,3 6 5

( )

( )

( )

i

i

i

V r r h

V r r h

V r r h

p

p

p

= -

= -

= -

  əŬɘ 2dV rhdrp=  
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Ⱥˊɞɛɏɜɤɠ ˊɟɞəɨˊŰŮɘ: 

¶ ũɘŬ Űɖɜ ˊɟɩŰɖ ŮɜŭɘɎɛŮůɖ űɎůɖ: 

 

1 2 1 2

,1

1 2

(3 5 3 )

6( )

m m f f

i

E r E r E nr E nr
E

r r

+ + +
=

+
      (4.1.1.10) 

 

1 2 1 2

,1

1 2

(3 5 3 )

6( )

m m f f

i

G r G r G nr G nr
G

r r

+ + +
=

+
      (4.1.1.11) 

 

1 2 1 2

,1

1 2

(3 5 3 )

6( )

m m f f

i

r r nr nr

r r

n n n n
n

+ + +
=

+
      (4.1.1.12) 

 

¶ ũɘŬ Űɖɜ ŭŮɨŰŮɟɖ ŮɜŭɘɎɛŮůɖ űɎůɖ: 

3 4 3 4

,2

4 3

(5 3 3 )

6( )

m m f f

i

E r E r E nr E nr
E

r r

+ + +
=

+
      (4.1.1.13) 

3 4 3 4

,2

4 3

(5 3 3 )

6( )

m m f f

i

G r G r G nr G nr
G

r r

+ + +
=

+
      (4.1.1.14) 

3 4 3 4

,2

4 3

(5 3 3 )

6( )

m m f f

i

r r nr nr

r r

n n n n
n

+ + +
=

+
       (4.1.1.15) 

¶ ũɘŬ Űɖɜ ŰɟɑŰɖ ŮɜŭɘɎɛŮůɖ űɎůɖ: 

 

5 6 5 6

,3

6 5

(3 5 3 )

6( )

m m f f

i

E r E r E nr E nr
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ɆŰɖɜ ůɡɜɏɢŮɘŬ ˊŬɟɞɡůɘɎɕɞɡɛŮ ůŮ ɛɞɟűɐ ˊɘɜɎəɤɜ Űɞɡɠ ɛɏůɞɡɠ ɧɟɞɡɠ Űɤɜ 

ŮɚŬůŰɘəɩɜ ůŰŬɗŮɟɩɜ əŬɘ Űɤɜ ɚɧɔɤɜ Poisson ɔɘŬ Űɘɠ ŰɟŮɘɠ ŮɜŭɘɎɛŮůŮɠ űɎůŮɘɠ ůŰɞ 

əɡɚɘɜŭɟɘəɧ ŮˊŰŬűŬůɘəɧ ɛɞɜŰɏɚɞ, ɛŮ ˊŬɟŬɓɞɚɘəɐ ɛŮŰŬɓɞɚɐ ɔɘŬ ŭɘɎűɞɟŮɠ Űɘɛɏɠ Űɞɡ n . 
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1ɖ ȺɜŭɑŬɛŮůɖ ūɎůɖ 

ɀȺɇɅɃ ȺȿȷɆɇȽȾɃɇȼɇȷɆ Ⱥ (GPa) 

fU  n=0,2 n=0,4 n=0,6 n=0,8 n=1 

0,10 6.9874 11.6372 16.2870 20.9368 25.5867 

0,20 6.9794 11.6185   16.2577 20.8969 25.5360 

0,30 6.9758 11.6101 16.2444 20.8788 25.5131 

0,40 6.9765 11.6118 16.2471 20.8824 25.5177 

0,50 6.9817 11.6241 16.2664 20.9087 25.5510 

0,60 6.9920 11.6480 16.3041 20.9601 25.6161 

0,65 6.9993 11.6650 16.3307 20.9964 25.6621 
ɄɑɜŬəŬɠ ůŰ.1  

ɀȺɇɅɃ ȹȽȷɇɀȼɆȼɆ G (GPa) 

fU  n=0,2 n=0,4 n=0,6 n=0,8 n=1 

0,10 2.8543 4.8471 6.8399 8.8327 10.8255 

0,20 2.8507 4.8390 6.8272 8.8154 10.8036 

0,30 2.8491 4.8353 6.8214 8.8076 10.7937 

0,40 2.8494 4.8360 6.8226 8.8091 10.7957 

0,50 2.8518 4.8414 6.8309 8.8205 10.8101 

0,60 2.8564 4.8519 6.8473 8.8427 10.8382 

0,65 2.8597 4.8593 6.8588 8.8584 10.8580 
ɄɑɜŬəŬɠ ůŰ.2 

ȿɃũɃɆ POISSON (v) 

fU  n=0,2 n=0,4 n=0,6 n=0,8 n=1 

0,10 0.2470 0.2603 0.2736 0.2869 0.3002 

0,20 0.2473 0.2605 0.2738 0.2870 0.3003 

0,30 0.2474 0.2606 0.2739 0.2871 0.3003 

0,40 0.2474 0.2606 0.2738 0.2871 0.3003 

0,50 0.2472 0.2605 0.2737 0.2870 0.3003 

0,60 0.2469 0.2602 0.2735 0.2868 0.3001 

0,65 0.2467 0.2600 0.2733 0.2867 0.3000 
ɄɑɜŬəŬɠ ůŰ.3 
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2ɖ ȺɜŭɑŬɛŮůɖ ūɎůɖ 

ɀȺɇɅɃ ȺȿȷɆɇȽȾɃɇȼɇȷɆ Ⱥ (GPa) 

fU  n=0,2 n=0,4 n=0,6 n=0,8 n=1 

0,10 7.0007 11.6684 16.3360 21.0036 25.6713 

0,20 7.0027 11.6730 16.3432 21.0135 25.6837 

0,30 7.0055 11.6794 16.3533 21.0273 25.7012 

0,40 7.0082 11.6859 16.3635 21.0412 25.7188 

0,50 7.0096 11.6890 16.3684 21.0478 25.7273 

0,60 7.0063 11.6813 16.3564 21.0314 25.7065 

0,65 7.0007 11.6683 16.3359 21.0036 25.6712 
ɄɑɜŬəŬɠ ɕ.1  

ɀȺɇɅɃ ȹȽȷɇɀȼɆȼɆ G (GPa) 

fU  n=0,2 n=0,4 n=0,6 n=0,8 n=1 

0,10 2.8603 4.8607 6.8612 8.8616 10.8620 

0,20 2.8612 4.8627 6.8643 8.8658 10.8674 

0,30 2.8624 4.8656 6.8687 8.8718 10.8749 

0,40 2.8637 4.8684 6.8731 8.8778 10.8825 

0,50 2.8643 4.8698 6.8752 8.8807 10.8862 

0,60 2.8628 4.8664 6.8700 8.8736 10.8772 

0,65 2.8603 4.8607 6.8611 8.8615 10.8619 
ɄɑɜŬəŬɠ ɕ.2 

ȿɃũɃɆ POISSON (v) 

fU  n=0,2 n=0,4 n=0,6 n=0,8 n=1 

0,10 0.2466 0.2600 0.2733 0.2867 0.3000 

0,20 0.2466 0.2599 0.2733 0.2866 0.3000 

0,30 0.2465 0.2599 0.2732 0.2866 0.2999 

0,40 0.2464 0.2598 0.2732 0.2865 0.2999 

0,50 0.2464 0.2598 0.2731 0.2865 0.2999 

0,60 0.2465 0.2598 0.2732 0.2866 0.2999 

0,65 0.2466 0.2600 0.2733 0.2867 0.3000 
ɄɑɜŬəŬɠ ɕ.3 
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3ɖ ȺɜŭɑŬɛŮůɖ ūɎůɖ 

ɀȺɇɅɃ ȺȿȷɆɇȽȾɃɇȼɇȷɆ Ⱥ (GPa) 

fU  n=0,2 n=0,4 n=0,6 n=0,8 n=1 

0,10 6.9980 11.6620 16.3260 20.9899 25.6539 

0,20 6.9932 11.6508 16.3084 20.9660 25.6235 

0,30 6.9870 11.6364 16.2858 20.9352 25.5846 

0,40 6.9805 11.6212 16.2619 20.9026 25.5433 

0,50 6.9743 11.6068 16.2393 20.8717 25.5042 

0,60 6.9690 11.5943 16.2196 20.8449 25.4702 

0,65 6.9667 11.5890 16.2113 20.8336 25.4559 
ɄɑɜŬəŬɠ ɖ.1  

ɀȺɇɅɃ ȹȽȷɇɀȼɆȼɆ G (GPa) 

fU  n=0,2 n=0,4 n=0,6 n=0,8 n=1 

0,10 2.8591 4.8579 6.8568 8.8556 10.8545 

0,20 2.8569 4.8531 6.8492   8.8453 10.8414   

0,30 2.8542 4.8468 6.8394 8.8320 10.8246 

0,40 2.8513 4.8401 6.8290 8.8179 10.8067 

0,50 2.8485 4.8338 6.8192 8.8045 10.7898 

0,60 2.8461 4.8284 6.8106 8.7929 10.7752 

0,65 2.8451 4.8261 6.8070 8.7880 10.7690 
ɄɑɜŬəŬɠ ɖ.2 

ȿɃũɃɆ POISSON (v) 

fU  n=0,2 n=0,4 n=0,6 n=0,8 n=1 

0,10 0.2467 0.2601 0.2734 0.2867 0.3000 

0,20 0.2469 0.2602 0.2735 0.2868 0.3001 

0,30 0.2470 0.2603 0.2736 0.2869 0.3002 

0,40 0.2472 0.2605 0.2738 0.2870 0.3003 

0,50 0.2474 0.2607 0.2739 0.2871 0.3004 

0,60 0.2476 0.2608 0.2740 0.2872 0.3004 

0,65 0.2476 0.2609 0.2741 0.2873 0.3005 
 ɄɑɜŬəŬɠ ɖ.3  
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4.2 ɄȽɁȷȾȺɆ-ȹȽȷũɅȷɀɀȷɇȷ-ɆɈɀɄȺɅȷɆɀȷɇȷ  

ɆŰɞɡɠ ˊŬɟŬəɎŰɤ ˊɑɜŬəŮɠ əŬɘ ŭɘŬɔɟɎɛɛŬŰŬ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŬɜŬɚɡŰɘəɎ ɞɘ Űɘɛɏɠ 

Űɤɜ ŮɚŬůŰɘəɩɜ ůŰŬɗŮɟɩɜ ɔɘŬ ɛɘŬ ůɡɔəŮəɟɘɛɏɜɖ əŬŰô ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ 

ɏɔəɚŮɘůɛŬ, ɔɘŬ əɎɗŮ ɛɑŬ Ŭˊɧ Űɘɠ ŰɟŮɘɠ ŮɜŭɘɎɛŮůŮɠ űɎůŮɘɠ Űɞɡ ŮˊŰŬűŬůɘəɞɨ ɛɞɜŰɏɚɞɡ 

ŬəɞɚɞɡɗɩɜŰŬɠ ˊŬɟŬɓɞɚɘəɐ ɛŮŰŬɓɞɚɐ. ȼ əŬŰô ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ˊɞɡ ŮˊɘɚɏɢɗɖəŮ 

ŮɑɜŬɘ ɖ 65.0=fU , ŭɖɚŬŭɐ ɖ ɛɏɔɘůŰɖ ˊɞɡ ɛˊɞɟŮɑ ɜŬ ɛŮɚŮŰɖɗŮɑ ɛŮ Űɞ ɛɞɜŰɏɚɞ ɛŬɠ. 

ɆŰɖ ˊŬɟɞɡůɑŬůɖ ˊɞɡ ŬəɞɚɞɡɗŮɑ ɏɢɞɡɛŮ ŮɜŮɟɔɐůŮɘ ɤɠ Ůɝɐɠ:  

ũɘŬ Űɖɜ ˊŬɟŬˊɎɜɤ əŬŰô ɧɔəɞ ́ ŮɟɘŮəŰɘəɧŰɖŰŬ Ŭˊɧ Űɞɜ ˊɑɜŬəŬ ɔ Űɞɡ ˊɟɞɖɔɞɨɛŮɜɞɡ 

əŮűŬɚŬɑɞɡ ɔɜɤɟɑɕɞɡɛŮ ŰŬ ɧɟɘŬ Űɤɜ ŬəŰɑɜɤɜ r  ˊɞɡ ŬɜŰɘůŰɞɘɢɞɨɜ ůŮ əɎɗŮ ɛɑŬ Ŭˊɧ Űɘɠ 

ŰɟŮɑɠ ŮɜŭɘɎɛŮůŮɠ űɎůŮɘɠ, Űɞɡ ɗŮɤɟɖŰɘəɞɨ  ŮˊŰŬűŬůɘəɞɨ ɛɞɜŰɏɚɞɡ ɛŮ ˊŬɟŬɓɞɚɘəɐ 

ɛŮŰŬɓɞɚɐ Űɖɠ ŮɜŭɘŬɛɏůɞɡ űɎůŮɤɠ. ȷɡŰɐɜ Űɖɜ ɛŮŰŬɓɞɚɐ Űɖɠ ŬəŰɑɜŬɠ Űɖɠ əɎɗŮ 

ŮɜŭɘɎɛŮůɖɠ űɎůɖɠ, Űɖɜ ɢɤɟɑɕɞɡɛŮ ůŮ 10 ɑůŬ ŭɘŬůŰɐɛŬŰŬ. ɀŮŰɎ Ŭˊɧ ŬɡŰɐ Űɖɜ 

ŭɘŬŭɘəŬůɑŬ ůŰɘɠ Űɘɛɏɠ ˊɞɡ ˊɟɞəɨˊŰɞɡɜ ɔɘŬ Űɖɜ ŬəŰɑɜŬ r Űɖɠ ŮɜŭɘɎɛŮůɞɡ űɎůŮɤɠ, 

ɡˊɞɚɞɔɑɕɞɡɛŮ Űɘɠ ŮɚŬůŰɘəɏɠ ůŰŬɗŮɟɏɠ ɔɘŬ 5 Űɘɛɏɠ Űɞɡ ůɡɜŰŮɚŮůŰɐ n ŮˊɑŭɟŬůɖɠ Űɞɡ 

ŮɔəɚŮɑůɛŬŰɞɠ.  
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ɀɏŰɟɞ ȺɚŬůŰɘəɧŰɖŰŬɠ 1ɖɠ ȺɜŭɘɎɛŮůɖɠ ūɎůɖɠ ɄŬɟŬɓɞɚɘəɧ ɀɞɜŰɏɚɞ 

ɀɏŰɟɞ ȺɚŬůŰɘəɧŰɖŰŬɠ 1ɖɠ ȺɜŭɘɎɛŮůɖɠ ūɎůɖɠ Ⱥ(GPa) 

r(ɛm) n=0,2 n=0,4 n=0,6 n=0,8 n=1 

6.0000 14.0000 28.0000 42.0000 56.0000 70.0000 

6.0005 12.0050 23.3450 34.6850 46.0250 57.3650 

6.0010 10.2200 19.1800 28.1400 37.1000 46.0600 

6.0015 8.6450 15.5050 22.3650 29.2250 36.0850 

6.0020 7.2800 12.3200 17.3600 22.4000 27.4400 

6.0025 6.1250 9.6250 13.1250 16.6250 20.1250 

6.0030 5.1800 7.4200 9.6600 11.9000 14.1400 

6.0035 4.4450 5.7050 6.9650 8.2250 9.4850 

6.0040 3.9200 4.4800 5.0400 5.6000 6.1600 

6.0045 3.6050 3.7450 3.8850 4.0250 4.1650 

6.0050 3.5000 3.5000 3.5000 3.5000 3.5000 

ɄɑɜŬəŬɠ ɗ.1 

 
ȺɘəɧɜŬ 4.1 ȹɘɎɔɟŬɛɛŬ Ⱥi,1 
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ɀɏŰɟɞ ȺɚŬůŰɘəɧŰɖŰŬɠ 2ɖɠ ȺɜŭɘɎɛŮůɖɠ ūɎůɖɠ ɄŬɟŬɓɞɚɘəɧ ɀɞɜŰɏɚɞ 

ɀɏŰɟɞ ȺɚŬůŰɘəɧŰɖŰŬɠ 2ɖɠ ȺɜŭɘɎɛŮůɖɠ ūɎůɖɠ Ⱥ (GPa) 

r (ɛm) n=0,2 n=0,4 n=0,6 n=0,8 n=1 

6.0620 3.5000 3.5000 3.5000 3.5000 3.5000 

6.0625 3.6050 3.7450 3.8850 4.0250 4.1650 

6.0630 3.9200 4.4800 5.0400 5.6000 6.1600 

6.0635 4.4450 5.7050 6.9650 8.2250 9.4850 

6.0639 5.1800 7.4200 9.6600 11.9000 14.1400 

6.0644 6.1250 9.6250 13.1250 16.6250 20.1250 

6.0649 7.2800 12.3200 17.3600 22.4000 27.4400 

6.0654 8.6450 15.5050 22.3650 29.2250 36.0850 

6.0659 10.2200 19.1800 28.1400 37.1000 46.0600 

6.0664 12.0050 23.3450 34.6850 46.0250 57.3650 

6.0669 14.0000 28.0000 42.0000 56.0000 70.0000 

ɄɑɜŬəŬɠ ɗ.2 

 
ȺɘəɧɜŬ 4.2 ȹɘɎɔɟŬɛɛŬ Ⱥi,2 
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ɀɏŰɟɞ ȺɚŬůŰɘəɧŰɖŰŬɠ 3ɖɠ ȺɜŭɘɎɛŮůɖɠ ūɎůɖɠ ɄŬɟŬɓɞɚɘəɧ ɀɞɜŰɏɚɞ 

ɀɏŰɟɞ ȺɚŬůŰɘəɧŰɖŰŬɠ 3ɖɠ ȺɜŭɘɎɛŮůɖɠ ūɎůɖɠ Ⱥ(GPa) 

r(ɛm) n=0,2 n=0,4 n=0,6 n=0,8 n=1 

13.4442 14.0000 28.0000 42.0000 56.0000 70.0000 

13.4964 12.0050 23.3450 34.6850 46.0250 57.3650 

13.5485 10.2200 19.1800 28.1400 37.1000 46.0600 

13.6006 8.6450 15.5050 22.3650 29.2250 36.0850 

13.6527 7.2800 12.3200 17.3600 22.4000 27.4400 

13.7048 6.1250 9.6250 13.1250 16.6250 20.1250 

13.7570 5.1800 7.4200 9.6600 11.9000 14.1400 

13.8091 4.4450 5.7050 6.9650 8.2250 9.4850 

13.8612 3.9200 4.4800 5.0400 5.6000 6.1600 

13.9133 3.6050 3.7450 3.8850 4.0250 4.1650 

13.9655 3.5000 3.5000 3.5000 3.5000 3.5000 

ɄɑɜŬəŬɠ ɗ.3 

 
ȺɘəɧɜŬ 4.3 ȹɘɎɔɟŬɛɛŬ Ⱥi,3 
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ɀɏŰɟɞ ȹɘŬŰɛɐůŮɤɠ 1ɖɠ ȺɜŭɘɎɛŮůɖɠ ūɎůɖɠ ɄŬɟŬɓɞɚɘəɧ ɀɞɜŰɏɚɞ 

ɀɏŰɟɞ ȹɘɎŰɛɖůɖɠ 1ɖɠ ȺɜŭɘɎɛŮůɖɠ ūɎůɖɠ G(GPa) 

r(ɛm) n=0,2 n=0,4 n=0,6 n=0,8 n=1 

6.0000 6.0000 12.0000 18.0000 24.0000 30.0000 

6.0005 5.1051 9.9651 14.8251 19.6851 24.5451 

6.0010 4.3044 8.1444 11.9844 15.8244 19.6644 

6.0015 3.5979 6.5379 9.4779 12.4179 15.3579 

6.0020 2.9856 5.1456 7.3056 9.4656 11.6256 

6.0025 2.4675 3.9675 5.4675 6.9675 8.4675 

6.0030 2.0436 3.0036 3.9636 4.9236 5.8836 

6.0035 1.7139 2.2539 2.7939 3.3339 3.8739 

6.0040 1.4784 1.7184 1.9584 2.1984 2.4384 

6.0045 1.3371 1.3971 1.4571 1.5171 1.5771 

6.0050 1.2900 1.2900 1.2900 1.2900 1.2900 

ɄɑɜŬəŬɠ ɘ.1 

 
ȺɘəɧɜŬ 4.4 ȹɘɎɔɟŬɛɛŬ Gi,1 
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ɀɏŰɟɞ ȹɘŬŰɛɐůŮɤɠ 2ɖɠ ȺɜŭɘɎɛŮůɖɠ ūɎůɖɠ ɄŬɟŬɓɞɚɘəɧ ɀɞɜŰɏɚɞ 

ɀɏŰɟɞ ȹɘɎŰɛɖůɖɠ  2ɖɠ ȺɜŭɘɎɛŮůɖɠ ūɎůɖɠ  G(GPa) 

r (ɛm) n=0,2 n=0,4 n=0,6 n=0,8 n=1 

6.0620 1.2900 1.2900 1.2900 1.2900 1.2900 

6.0625 1.3371 1.3971 1.4571 1.5171 1.5771 

6.0630 1.4784 1.7184 1.9584 2.1984 2.4384 

6.0635 1.7139 2.2539 2.7939 3.3339 3.8739 

6.0639 2.0436 3.0036 3.9636 4.9236 5.8836 

6.0644 2.4675 3.9675 5.4675 6.9675 8.4675 

6.0649 2.9856 5.1456 7.3056 9.4656 11.6256 

6.0654 3.5979 6.5379 9.4779 12.4179 15.3579 

6.0659 4.3044 8.1444 11.9844 15.8244 19.6644 

6.0664 5.1051 9.9651 14.8251 19.6851 24.5451 

6.0669 6.0000 12.0000 18.0000 24.0000 30.0000 

ɄɑɜŬəŬɠ ɘ.2 

 
ȺɘəɧɜŬ 4.5 ȹɘɎɔɟŬɛɛŬ Gi,2 
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ɀɏŰɟɞ ȹɘŬŰɛɐůŮɤɠ 3ɖɠ ȺɜŭɘɎɛŮůɖɠ ūɎůɖɠ ɄŬɟŬɓɞɚɘəɧ ɀɞɜŰɏɚɞ 

ɀɏŰɟɞ ȹɘɎŰɛɖůɖɠ 3ɖɠ ȺɜŭɘɎɛŮůɖɠ ūɎůɖɠ G(GPa) 

r(ɛm) n=0,2 n=0,4 n=0,6 n=0,8 n=1 

13.4442 6.0000 12.0000 18.0000 24.0000 30.0000 

13.4964 5.1051 9.9651 14.8251 19.6851 24.5451 

13.5485 4.3044 8.1444 11.9844 15.8244 19.6644 

13.6006 3.5979 6.5379 9.4779 12.4179 15.3579 

13.6527 2.9856 5.1456 7.3056 9.4656 11.6256 

13.7048 2.4675 3.9675 5.4675 6.9675 8.4675 

13.7570 2.0436 3.0036 3.9636 4.9236 5.8836 

13.8091 1.7139 2.2539 2.7939 3.3339 3.8739 

13.8612 1.4784 1.7184 1.9584 2.1984 2.4384 

13.9133 1.3371 1.3971 1.4571 1.5171 1.5771 

13.9655 1.2900 1.2900 1.2900 1.2900 1.2900 

ɄɑɜŬəŬɠ ɘ.3 

ȺɘəɧɜŬ 4.6 ȹɘɎɔɟŬɛɛŬ Gi,3 
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ȿɧɔɞɠ Poisson 1ɖɠ ȺɜŭɘɎɛŮůɖɠ ūɎůɖɠ ɄŬɟŬɓɞɚɘəɧ  ɀɞɜŰɏɚɞ 

ȿɧɔɞɠ Poisson (ɜ) 1ɖɠ ȺɜŭɘɎɛŮůɖɠ ūɎůɖɠ 

r(ɛm) n=0,2 n=0,4 n=0,6 n=0,8 n=1 

6.0000 0.0400 0.0800 0.1200 0.1600 0.2000 

6.0005 0.0989 0.1313 0.1200 0.1961 0.2285 

6.0010 0.1516 0.1772 0.1637 0.2284 0.2540 

6.0015 0.1981 0.2177 0.2028 0.2569 0.2765 

6.0020 0.2384 0.2528 0.2373 0.2816 0.2960 

6.0025 0.2725 0.2825 0.2672 0.3025 0.3125 

6.0030 0.3004 0.3068 0.2925 0.3196 0.3260 

6.0035 0.3221 0.3257 0.3132 0.3329 0.3365 

6.0040 0.3376 0.3392 0.3293 0.3424 0.3440 

6.0045 0.3469 0.3473 0.3408 0.3481 0.3485 

6.0050 0.3500 0.3500 0.3477 0.3500 0.3500 

ɄɑɜŬəŬɠ ɘŬ.1 

 
ȺɘəɧɜŬ 4.7 ȹɘɎɔɟŬɛɛŬ ɜi,1 
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ȿɧɔɞɠ Poisson 2ɖɠ ȺɜŭɘɎɛŮůɖɠ ūɎůɖɠ ɄŬɟŬɓɞɚɘəɧ ɀɞɜŰɏɚɞ 

ȿɧɔɞɠ Poisson (ɜ) 2ɖɠ ȺɜŭɘɎɛŮůɖɠ ūɎůɖɠ 

r(ɛm) n=0,2 n=0,4 n=0,6 n=0,8 n=1 

6.0620 0.3500 0.3500 0.3500 0.3500 0.3500 

6.0625 0.3469 0.3473 0.3477 0.3481 0.3485 

6.0630 0.3376 0.3392 0.3408 0.3424 0.3440 

6.0635 0.3221 0.3257 0.3293 0.3329 0.3365 

6.0639 0.3004 0.3068 0.3132 0.3196 0.3260 

6.0644 0.2725 0.2825 0.2925 0.3025 0.3125 

6.0649 0.2384 0.2528 0.2672 0.2816 0.2960 

6.0654 0.1981 0.2177 0.2373 0.2569 0.2765 

6.0659 0.1516 0.1772 0.2028 0.2284 0.2540 

6.0664 0.0989 0.1313 0.1637 0.1961 0.2285 

6.0669 0.0400 0.0800 0.1200 0.1600 0.2000 

ɄɑɜŬəŬɠ ɘŬ.2 

 
ȺɘəɧɜŬ 4.8 ȹɘɎɔɟŬɛɛŬ ɜi,2 
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ȿɧɔɞɠ Poisson 3ɖɠ ȺɜŭɘɎɛŮůɖɠ ūɎůɖɠ ɄŬɟŬɓɞɚɘəɧ ɀɞɜŰɏɚɞ 

ȿɧɔɞɠ Poisson (ɜ) 3ɖɠ ȺɜŭɘɎɛŮůɖɠ ūɎůɖɠ 

r(ɛm) n=0,2 n=0,4 n=0,6 n=0,8 n=1 

13.4442 0.0400 0.0800 0.1200 0.1600 0.2000 

13.4964 0.0989 0.1313 0.1637 0.1961 0.2285 

13.5485 0.1516 0.1772 0.2028 0.2284 0.2540 

13.6006 0.1981 0.2177 0.2373 0.2569 0.2765 

13.6527 0.2384 0.2528 0.2672 0.2816 0.2960 

13.7048 0.2725 0.2825 0.2925 0.3025 0.3125 

13.7570 0.3004 0.3068 0.3132 0.3196 0.3260 

13.8091 0.3221 0.3257 0.3293 0.3329 0.3365 

13.8612 0.3376 0.3392 0.3408 0.3424 0.3440 

13.9133 0.3469 0.3473 0.3477 0.3481 0.3485 

13.9655 0.3500 0.3500 0.3500 0.3500 0.3500 

ɄɑɜŬəŬɠ ɘŬ.3 

 

ȺɘəɧɜŬ 4.9 ȹɘɎɔɟŬɛɛŬ ɜi,3 
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ɇŬ ɔŮɜɘəɎ ůɡɛˊŮɟɎůɛŬŰŬ ˊɞɡ ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ Űɖɜ ˊŬɟŬˊɎɜɤ ɛŮɚɏŰɖ ŮɑɜŬɘ ŰŬ 

Ůɝɐɠ: 

ɆŰɖɜ 1ɖ ŮɜŭɘɎɛŮůɖ űɎůɖ ˊŬɟŬŰɖɟɞɨɛŮ ɛɑŬ ɛŮɑɤůɖ Űɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ 

Űɞɡ ɛɏŰɟɞɡ ŭɘɎŰɛɖůɖɠ əŬɗɩɠ ŬɡɝɎɜŮŰŬɘ ɖ ŬəŰɑɜŬɠ r. ȷɡŰɧ ŮɑɜŬɘ əɎŰɘ ˊɞɡ ˊŮɟɘɛɏɜŬɛŮ 

əŬɗɩɠ ɧůɞ ŬˊɞɛŬəɟɡɜɧɛŬůŰŮ Ŭˊɧ Űɞ ɏɔəɚŮɘůɛŬ ˊɚɖůɘɎɕɞɡɛŮ Űɖ ɛɐŰɟŬ, ˊɞɡ ɏɢŮɘ 

ɛɘəɟɧŰŮɟɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ ɛɘəɟɧŰŮɟɞ ɛɏŰɟɞ ŭɘɎŰɛɖůɖɠ ŬɜŰɑůŰɞɘɢŬ. Ⱥˊɑůɖɠ 

ˊŬɟŬŰɖɟɞɨɛŮ ɧŰɘ ɧůɞ ɛŮɘɩɜɞɜŰŬɘ ɞɘ Űɘɛɏɠ Űɞɡ ůɡɜŰŮɚŮůŰɐ ˊɟɞůűɨůŮɤɠ n ɞɘ əŬɛˊɨɚŮɠ 

ŭɑɜɞɡɜ ɛɘəɟɧŰŮɟŮɠ Űɘɛɏɠ ɔɘŬ Űɘɠ Ŭɟɢɘəɏɠ Űɘɛɏɠ Űɞɡ r  , Ůɜɩ ɧůɞ ŬɡɝɎɜŮŰŬɘ Űɞ r  ŰŮɑɜɞɡɜ 

ɜŬ ůɡɔəɚɑɜɞɡɜ ůŮ ɛɘŬ ɛɧɜɞ Űɘɛɐ. ȷɡŰɧ ůɡɛɓŬɑɜŮɘ ɔɘŬŰɑ ɧŰŬɜ ɓɟɘůəɧɛŬůŰŮ əɞɜŰɎ ůŰɞ 

ɏɔəɚŮɘůɛŬ, ɧůɞ ɛŮɔŬɚɨŰŮɟɞɠ ŮɑɜŬɘ ɞ ůɡɜŰŮɚŮůŰɐɠ ˊɟɞůűɨůŮɤɠ n Űɧůɞ ˊŮɟɘůůɧŰŮɟɞ 

ŮˊɖɟŮɎɕŮŰŬɘ ɖ ŮɜŭɘɎɛŮůɖ űɎůɖ. ȷˊɧ Űɖɜ Ɏɚɚɖ ˊɚŮɡɟɎ , ɏɢɞɡɛŮ ɗŮɤɟɐůŮɘ ɧŰɘ ɖ ɛɐŰɟŬ 

ŮˊɖɟŮɎɕŮɘ Űɖɜ ŮɜŭɘɎɛŮůɖ űɎůɖ ůŰɞ 100% əŬɘ ɎɟŬ ůŰɞ ɧɟɘɞ Űɖɠ ɛɐŰɟŬɠ ɛŮ Űɖɜ 

ŮɜŭɘɎɛŮůɖ űɎůɖ ɖ Űɘɛɏɠ Űɤɜ ŮɚŬůŰɘəɩɜ ůŰŬɗŮɟɩɜ ɗŬ ůɡɛˊɑˊŰɞɡɜ ɛŮ ŬɡŰɏɠ Űɖɠ ɛɐŰɟŬɠ 

ɔɘŬ əɎɗŮ ůɡɜŰŮɚŮůŰɐ ˊɟɞůűɨůŮɤɠ n. 

ɆŮ ɧŰɘ ŬűɞɟɎ Űɖɜ 2ɖ ŮɜŭɘɎɛŮůɖ űɎůɖ ˊŬɟŬŰɖɟɞɨɛŮ ɛɑŬ Ŭɨɝɖůɖ Űɞɡ ɛɏŰɟɞɡ 

ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ Űɞɡ ɛɏŰɟɞɡ ŭɘɎŰɛɖůɖɠ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ŬəŰɑɜŬɠ r. ȷɡŰɧ ŮɑɜŬɘ 
ɚɞɔɘəɧ ɔɘŬŰɑ əŬɗɩɠ ŬˊɞɛŬəɟɡɜɧɛŬůŰŮ Ŭˊɧ Űɖɜ ˊŮɟɘɞɢɐ Űɖɠ ɛɐŰɟŬɠ əŬɘ ˊɚɖůɘɎɕɞɡɛŮ 

Űɖɜ ˊŮɟɘɞɢɐ Űɞɡ ŮɔəɚŮɑůɛŬŰɞɠ, ŰŬ ɛɏŰɟŬ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ ŭɘŬŰɛɐůŮɤɠ ŰŮɑɜɞɡɜ ɜŬ 

Ŭɡɝɖɗɞɨɜ əŬɘ ɜŬ ˊɚɖůɘɎůɞɡɜ ŮəŮɑɜŬ Űɞɡ ŮɔəɚŮɑůɛŬŰɞɠ, ˊɞɡ ɤɠ ɔɜɤůŰɩɜ ŮɑɜŬɘ 

ɛŮɔŬɚɨŰŮɟŬ Ŭˊɧ ŰŬ ŬɜŰɑůŰɞɘɢŬ Űɖɠ ɛɐŰɟŬɠ. 

Ⱥˊɑůɖɠ ˊŬɟŬŰɖɟɞɨɛŮ ɧŰɘ ŬɟɢɘəɎ ɞɘ əŬɛˊɨɚŮɠ ɝŮəɘɜɞɨɜ Ŭˊɧ ɛɘŬ ɛɧɜɞ Űɘɛɐ, Ŭűɞɨ 

ɖ 2 ŮɜŭɘɎɛŮůɖ űɎůɖ ɝŮəɘɜɎ Ŭˊɧ ˊŮɟɘɞɢɐ ɛɐŰɟŬɠ əŬɘ ůŰɖɜ ůɡɜɏɢŮɘŬ ˊŬɟɞɡůɘɎɕɞɡɜ 

Ɏɜɞŭɞ. ȷəɧɛŬ ɓɚɏˊɞɡɛŮ  ɧŰɘ ɧůɞ ɛŮɘɩɜɞɜŰŬɘ ɞɘ Űɘɛɏɠ Űɞɡ n ɞɘ əŬɛˊɨɚŮɠ ŭɑɜɞɡɜ 

ɛɘəɟɧŰŮɟŮɠ Űɘɛɏɠ. ȷɡŰɧ ůɡɛɓŬɑɜŮɘ ɔɘŬŰɑ ɧˊɤɠ ŮɑˊŬɛŮ əŬɘ ˊŬɟŬˊɎɜɤ ɧůɞ ɓɟɘůəɧɛŬůŰŮ 

əɞɜŰɎ ůŰɞ ɏɔəɚŮɘůɛŬ ɞ ůɡɜŰŮɚŮůŰɐɠ n Ů́ ɖɟŮɎɕŮɘ ɎɛŮůŬ Űɖɜ ŮɜŭɘɎɛŮůɖ űɎůɖ. ȷˊɧ Űɖɜ 

Ɏɚɚɖ ˊɚŮɡɟɎ , ɏɢɞɡɛŮ ɗŮɤɟɐůŮɘ ɧŰɘ ɖ ɛɐŰɟŬ ŮˊɖɟŮɎɕŮɘ Űɖɜ ŮɜŭɘɎɛŮůɖ űɎůɖ ůŰɞ 100% 

əŬɘ ɎɟŬ ůŰɞ ɧɟɘɞ Űɖɠ ɛɐŰɟŬɠ ɛŮ Űɖɜ ŮɜŭɘɎɛŮůɖ űɎůɖ ɖ Űɘɛɏɠ Űɤɜ ŮɚŬůŰɘəɩɜ ůŰŬɗŮɟɩɜ 

ɗŬ ůɡɛˊɑˊŰɞɡɜ ɛŮ ŬɡŰɏɠ Űɖɠ ɛɐŰɟŬɠ.  

ɆŮ ɧŰɘ ŬűɞɟɎ Űɖɜ 3ɖ ŮɜŭɘɎɛŮůɖ űɎůɖ ́ŬɟŬŰɖɟɞɨɛŮ ɛɑŬ ɛŮɑɤůɖ Űɞɡ ɛɏŰɟɞɡ 

ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ Űɞɡ ɛɏŰɟɞɡ ŭɘɎŰɛɖůɖɠ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ŬəŰɑɜŬɠ r. ȷɡŰɧ ŮɑɜŬɘ 
əɎŰɘ ˊɞɡ ŬɜŬɛɏɜŬɛŮ əŬɗɩɠ ɧůɞ ŬˊɞɛŬəɟɡɜɧɛŬůŰŮ Ŭˊɧ Űɞ ɏɔəɚŮɘůɛŬ, ́ ɚɖůɘɎɕɞɡɛŮ ́ ɘɞ 

əɞɜŰɎ ůŰɖɜ ˊŮɟɘɞɢɐ Űɖɠ ɛɐŰɟŬɠ ɖ ɞˊɞɑŬ ɏɢŮɘ ɛɘəɟɧŰŮɟɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ ɛɏŰɟɞ 

ŭɘŬŰɛɐůŮɤɠ. Ⱥˊɑůɖɠ ˊŬɟŬŰɖɟɞɨɛŮ ɧŰɘ ɧůɞ ɛŮɘɩɜɞɜŰŬɘ ɞɘ Űɘɛɏɠ Űɞɡ n ɞɘ əŬɛˊɨɚŮɠ 

ŭɑɜɞɡɜ ɛɘəɟɧŰŮɟŮɠ Űɘɛɏɠ. ȷɡŰɧ ůɡɛɓŬɑɜŮɘ ɔɘŬ Űɞɡɠ ɚɧɔɞɡɠ ˊɞɡ ŬɜŬűɏɟŬɛŮ ˊŬɟŬˊɎɜɤ.  

ȳůɞɜ ŬűɞɟɎ Űɖɜ 1ɖ ŮɜŭɘɎɛŮůɖ űɎůɖ ˊŬɟŬŰɖɟɞɨɛŮ ɛɑŬ Ŭɨɝɖůɖ Űɞɡ ɚɧɔɞɡ Poisson 

ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ŬəŰɑɜŬɠ r. ȷɡŰɧ ŮɑɜŬɘ ŬɜŬɛŮɜɧɛŮɜɞ Ŭűɞɨ ɧůɞ ŬˊɞɛŬəɟɡɜɧɛŬůŰŮ 

Ŭˊɧ Űɞ ɏɔəɚŮɘůɛŬ, Űɧůɞ ˊɚɖůɘɎɕɞɡɛŮ ˊɘɞ əɞɜŰɎ ůŰɖɜ ˊŮɟɘɞɢɐ Űɖɠ ɛɐŰɟŬɠ ɖ ɞˊɞɑŬ ɏɢŮɘ 

ɛŮɔŬɚɨŰŮɟɞ ɚɧɔɞ Poisson. 

ɆŰɖɜ 2ɖ ŮɜŭɘɎɛŮůɖ űɎůɖ ˊŬɟŬŰɖɟɞɨɛŮ ɛɑŬ ɛŮɑɤůɖ Űɞɡ ɚɧɔɞɡ Poisson ɛŮ Űɖɜ 

Ŭɨɝɖůɖ Űɖɠ ŬəŰɑɜŬɠ r. ȷɡŰɧ ŮɑɜŬɘ ŬɜŬɛŮɜɧɛŮɜɞ Ŭűɞɨ ɧůɞ ŬˊɞɛŬəɟɡɜɧɛŬůŰŮ Ŭˊɧ Űɖ 

ɛɐŰɟŬ, Űɧůɞ ˊɚɖůɘɎɕɞɡɛŮ ˊɘɞ əɞɜŰɎ ůŰɖɜ ˊŮɟɘɞɢɐ Űɞɡ ŮɔəɚŮɑůɛŬŰɞɠ Űɞ ɞˊɞɑɞ ɏɢŮɘ 
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ɛɘəɟɧŰŮɟɞ ɚɧɔɞ Poisson. 

ɇɏɚɞɠ ůŮ ɧŰɘ ŬűɞɟɎ Űɖɜ 3ɖ ŮɜŭɘɎɛŮůɖ űɎůɖ ˊŬɟŬŰɖɟɞɨɛŮ ɛɑŬ Ŭɨɝɖůɖ Űɞɡ ɚɧɔɞɡ 

Poisson ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ŬəŰɑɜŬɠ r. ȷɡŰɧ ŮɑɜŬɘ ŬɜŬɛŮɜɧɛŮɜɞ Ŭűɞɨ ɧůɞ 

ŬˊɞɛŬəɟɡɜɧɛŬůŰŮ Ŭˊɧ Űɞ ɏɔəɚŮɘůɛŬ, Űɧůɞ ˊɚɖůɘɎɕɞɡɛŮ ˊɘɞ əɞɜŰɎ ůŰɖɜ ˊŮɟɘɞɢɐ Űɖɠ 

ɛɐŰɟŬɠ ɖ ɞˊɞɑŬ ɏɢŮɘ ɛŮɔŬɚɨŰŮɟɞ ɚɧɔɞ Poisson. ɆŰŬ ŭɘŬɔɟɎɛɛŬŰŬ Űɞɡ ɚɧɔɞɡ Poisson 

əŬɘ Űɤɜ Űɟɘɩɜ ŮɜŭɘŬɛɏůɤɜ űɎůŮɤɜ, ɧůɞɜ ŬűɞɟɎ Űɖɜ ɛŮŰŬɓɞɚɐ Űɞɡ ůɡɜŰŮɚŮůŰɐ 

ˊɟɞůűɨůŮɤɠ n ˊŬɟŬŰɖɟɞɨɛŮ ɧŰɘ ɧůɞ ŬɡŰɧɠ ɛŮɘɩɜŮŰŬɘ Űɧůɞ ɛɘəɟɧŰŮɟɖ Űɘɛɐ ˊŬɑɟɜŮɘ ɞ 

ɚɧɔɞɠ Poisson Űɖɠ əɎɗŮ ŮɜŭɘɎɛŮůɖɠ űɎůɖɠ ůŰɞ ůɨɜɞɟɞ Űɖɠ ɛŮ Űɞ ɏɔəɚŮɘůɛŬ.  

 

 

4.3 ȷɁɇɃɉȼ ȽɁɋȹɃɈɆ ɆɈɁŪȺɇɃɈ ɈȿȽȾɃɈ ɀȺ ȺɁȹȽȷɀȺɆȼ 

ūȷɆȼ  

ȺˊŮɘŭɐ ɞɘ ɑɜŮɠ ŮɑɜŬɘ ɣŬɗɡɟɎ ɡɚɘəɎ əŬɘ ɗŮɤɟɞɨɜŰŬɘ ŮɚŬůŰɘəɎ, ɛŮ ůɢŮŭɧɜ ɔɟŬɛɛɘəɐ 

ɛŮŰŬɓɞɚɐ ůŰɞ ŭɘɎɔɟŬɛɛŬ ŰɎůɖɠ ï ˊŬɟŬɛɧɟűɤůɖɠ (ů -Ů), ɖ ŬɜŰɞɢɐ Űɞɡɠ ŮɑɜŬɘ əŬɘ Űɞ 

ůɖɛŮɑɞ ɗɟŬɨůɖɠ Űɞɡɠ.  

ȷɜŰɑůŰɞɘɢŬ ɖ ɛɐŰɟŬ, ˊɞɡ ŮɑɜŬɘ ɓɘůəɞŮɚŬůŰɘəɧ ɡɚɘəɧ, ˊŬɟɞɡůɘɎɕŮɘ ŮɡɗɨɔɟŬɛɛɞ 

ŰɛɐɛŬ ůŰɖɜ Ŭɟɢɐ Űɞɡ ŭɘŬɔɟɎɛɛŬŰɞɠ ů-Ů, ŬɚɚɎ Ůɜ ůɡɜŮɢŮɑŬ Űɞ ŭɘɎɔɟŬɛɛŬ ɏɢŮɘ əŬɘ 

əŬɛˊɨɚɖ ɛɞɟűɐ. ɆŮ ɏɜŬ ŰɏŰɞɘɞ ɡɚɘəɧ, ɖ ŬɜŰɞɢɐ ŭɨɜŬŰŬɘ ɜŬ ɗŮɤɟɖɗŮɑ ɤɠ Űɞ ɧɟɘɞ 

ɗɟŬɨůɖɠ, ŬɚɚɎ Ŭəɧɛɖ əŬɘ əɎˊɞɘɞ ɛŬɗɖɛŬŰɘəɧ ɛɏɔɘůŰɞ ůŰɞ ŭɘɎɔɟŬɛɛŬ. ɄŬɟɧɚŬ ŬɡŰɎ, 

ɧŰŬɜ Űɞ ŭɘɎɔɟŬɛɛŬ ů-Ů Űɖɠ ɟɖŰɑɜɖɠ ɗŮɤɟŮɑŰŬɘ ɤɠ ŭɘɎɔɟŬɛɛŬ ŮɚŬůŰɘəɞɨ ɡɚɘəɞɨ ɛŮ 

ɔɟŬɛɛɘəɐ ɛŮŰŬɓɞɚɐ, ŰɧŰŮ ɖ ŬɜŰɞɢɐ Űɞɡ ɗŮɤɟŮɑŰŬɘ ɖ ŰɎůɖ ɗɟŬɨůɖɠ.  

ɆŰɞ ˊŬɟŬəɎŰɤ ŭɘɎɔɟŬɛɛŬ [28Ŭ] ɖ ŬɜŰɞɢɐ ůŮ ŮűŮɚəɡůɛɧ  Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ 

ŭɑɜŮŰŬɘ Ŭˊɧ Űɖɜ ˊŬɟŬəɎŰɤ ůɢɏůɖ: 

. f f m mU Uants s s= +             (4.3.1) 

ɐ ŬɜŰɑůŰɞɘɢŬ Ŭɜ ɏɢɞɡɛŮ ŮɜŭɘɎɛŮůɖ űɎůɖ ɖ ůɢɏůɖ ɔɑɜŮŰŬɘ: 

. f f m m i iU U Uants s s s= + +              (4.3.2) 

ȳˊɞɡ ,f m iU U Ukai  ɞɘ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ Űɞɡ ŮɔəɚŮɑůɛŬŰɞɠ Űɖɠ ɛɐŰɟŬɠ əŬɘ Űɖɠ 

ŮɜŭɘŬɛɏůɞɡ űɎůŮɤɠ əŬɘ  ɖ ŬɜŰɑůŰɞɘɢɖ ŬɜŰɞɢɐ. 

ɆɨɛűɤɜŬ ɛŮ Űɞɡɠ ˊɑɜŬəŮɠ A.2 əŬɘ ȷ.3 ůŰɖɜ ˊŬɟŬˊɞɛˊɐ [28] əŬɘ Űɞɜ ˊɑɜŬəŬ Ů 

Űɞɡ 2ɞɡ əŮűŬɚŬɑɞɡ Űɖɠ ɛŮɚɏŰɖɠ ɛŬɠ ɏɢɞɡɛŮ ůŬɜ ŭŮŭɞɛɏɜŬ: 

max

max

3308 , 70 , 0.04726

84 , 3.5 , 0.024

f f f

m m m

Mpa E Gpa

Mpa E Gpa

s e

s e

= = =

= = =
            (4.3.3) 

ŪŮɤɟɩɜŰŬɠ ɧŰɘ Űɞ ɏɔəɚŮɘůɛŬ ɏɢŮɘ Űɖɜ ɛɏɔɘůŰɖ ŮˊɑŭɟŬůɖ ůŰɖɜ ŮɜŭɘɎɛŮůɖ űɎůɖ 

əŬɘ ɗŮɤɟɩɜŰŬɠ ɧŰɘmax max max( ) / 2 (0.04726 0.024) / 2 0.03563i f me e e= + = + =  ŰɧŰŮ 

ɏɢɞɡɛŮ: 938 , 25.6i iMpa E Gpas= =  

 ɀŮ ŰŬ ˊŬɟŬˊɎɜɤ ŭŮŭɞɛɏɜŬ ɓɟɘůəɧɛŬůŰŮ Ůˊɞɛɏɜɤɠ ůŰɖɜ 2ɖ  ˊŮɟɑˊŰɤůɖ Űɞɡ 

əŮűŬɚŬɑɞɡ 5 Űɖɠ ˊŬɟŬˊɞɛˊɐɠ [28] ůɨɛűɤɜŬ ɛŮ Űɞ Ŭəɧɚɞɡɗɞ ŭɘɎɔɟŬɛɛŬ: 
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ȺɘəɧɜŬ 4.10 ȹɘɎɔɟŬɛɛŬ ů-Ů 

 

ɃˊɧŰŮ ɘůɢɨŮɘ ɧŰɘ 
*

. f f m mU Uants s s= +  ɧˊɞɡ ůŬɜ ŬɜŰɞɢɐ ɔɘŬ Űɞ ɏɔəɚŮɘůɛŬ 

ˊŬɑɟɜɞɡɛŮ Űɞ ůɖɛŮɑɞ ɧˊɞɡ  ŰɏɛɜŮɘ Űɖɜ əŬɛˊɨɚɖ Űɞɡ ŮɔəɚŮɑůɛŬŰɞɠ ɖ əɎɗŮŰɖ ůŰɞ Ům max. 

ȯɟŬ 
*

max 0.024 70 1.68f m fE Gpas e= Ö = Ö =  ɞˊɧŰŮ ɔɘŬ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɏɔəɚŮɘůɛŬ 65% 

ˊɞɡ ŮɑɜŬɘ ɖ ɛɏɔɘůŰɖ ůŰɖɜ ɞˊɞɑŬ ŬɜŰŬˊɞəɟɑɜŮŰŬɘ əɡɚɘɜŭɟɘəɧ ɛɞɜŰɏɚɞ ɛŬɠ ɏɢɞɡɛŮ ɧŰɘ: 
*

. 0.65 1680 0.35 84f f m mU Uants s s= + = Ö + Ö =1121Mpa 

 

ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ɛŬɠ ˊɞɡ ɏɢɞɡɛŮ əŬɘ ŮɜŭɘɎɛŮůɖ űɎůɖ Űɞ ŭɘɎɔɟŬɛɛŬ ɔɑɜŮŰŬɘ 

 
ȺɘəɧɜŬ 4.11 ȹɘɎɔɟŬɛɛŬ ů-Ů ɛŮ ŮɜŭɘɎɛŮůɖ űɎůɖ 
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ɃˊɧŰŮ ɘůɢɨŮɘ ɧŰɘ 
* *

. f f m m i iU U Uants s s s= + +  ɧˊɞɡ ŬɜŰɑůŰɞɘɢŬ ɛŮ Űɖɜ 

ˊɟɞɖɔɞɨɛŮɜɖ ˊŮɟɑˊŰɤůɖ ůŬɜ ŬɜŰɞɢɐ Űɖɠ ŮɜŭɘŬɛɏůɞɡ űɎůŮɤɠ ˊŬɑɟɜɞɡɛŮ Űɞ ůɖɛŮɑɞ 

ɧˊɞɡ  ŰɏɛɜŮɘ Űɖɜ əŬɛˊɨɚɖ Űɖɠ ŮɜŭɘŬɛɏůɞɡ űɎůŮɤɠ ɖ əɎɗŮŰɖ ůŰɞ Ům max. ȯɟŬ 
*

max 0.024 25.6 0.6144i m iE Gpas e= Ö = Ö =  ɞˊɧŰŮ ɔɘŬ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɏɔəɚŮɘůɛŬ 65% 

ˊɞɡ ŮɑɜŬɘ ɖ ɛɏɔɘůŰɖ ˊɞɡ ɛˊɞɟŮɑ ɜŬ ˊŮŰɨɢŮɘ Űɞ əɡɚɘɜŭɟɘəɧ ɛɞɜŰɏɚɞ ɛŬɠ ɏɢɞɡɛŮ ɧŰɘ: 

 
* *

. 0.65 1680 0.2980071 84 0.05199 614.4f f m m i iU U Uants s s s= + + = Ö + Ö + Ö =1149Mpa 

 

Ʉɞɡ ŮɑɜŬɘ ɟŮŬɚɘůŰɘəɐ Űɘɛɐ Ŭűɞɨ ůɨɛűɤɜŬ ɛŮ Űɞɜ ˊɑɜŬəŬ A.4 Űɖɠ ˊŬɟŬˊɞɛˊɐɠ 

[28], ɔɘŬ ůɨɜɗŮŰɞ ɡɚɘəɧ ɛŮ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɏɔəɚŮɘůɛŬ 55% ɖ ŬɜŰɞɢɐ ˊɞɡ ŭɑɜŮŰŬɘ 

ŮɑɜŬɘ 1140Mpa. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ʅʶ˂ʾʵʰ 103 h ˉˈ 267 
 

ȾȺūȷȿȷȽɃ 5: ȷɁȷɄɇɈɂȼ ȺɄɇȷūȷɆȽȾɃɈ 

ȾɈȿȽɁȹɅȽȾɃɈ ɀɃɁɇȺȿɃɈ  

5.1 ɄȺɅȽũɅȷūȼ ȾɈȿȽɁȹɅȽȾɃɈ ȺɄɇȷūȷɆȽȾɃɈ ɀɃɁɇȺȿɃɈ  

ȼ ɗŮɤɟɖŰɘəɐ ŬɜɎˊŰɡɝɖ Űɞɡ əɡɚɘɜŭɟɘəɞɨ ŮˊŰŬűŬůɘəɞɨ ɛɞɜŰɏɚɞɡ ˊɞɡ ɗŬ 

ɢɟɖůɘɛɞˊɞɘɐůɞɡɛŮ ɔɘŬ Űɖɜ ˊŬɟŬəɎŰɤ ɛŮɚɏŰɖ ɓŬůɑɕŮŰŬɘ ůŰɘɠ Ůɝɐɠ ˊŬɟŬŭɞɢɏɠ: 

 

¶ ɇɞ ɏɔəɚŮɘůɛŬ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɑɜŮɠ ˊɞɡ ɏɢɞɡɜ ŰɏɚŮɘɞ əɡɚɘɜŭɟɘəɧ ůɢɐɛŬ 

¶ Ƀɘ űɎůŮɘɠ Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ ɗŮɤɟɞɨɜŰŬɘ ŮɚŬůŰɘəɎ, ɞɛɞɔŮɜɐ əŬɘ 

ɘůɧŰɟɞˊŬ ɡɚɘəɎ 

¶ Ƀ Ŭɟɘɗɛɧɠ Űɤɜ ŮɔəɚŮɘůɛɎŰɤɜ ŮɑɜŬɘ ɛŮɔɎɚɞɠ əŬɘ ɖ əŬŰŬɜɞɛɐ Űɞɡɠ 

ɞɛɞɘɧɛɞɟűɖ ɏŰůɘ ɩůŰŮ Űɞ ůɨɜɗŮŰɞ ɡɚɘəɧ ɜŬ ɛˊɞɟŮɑ ɜŬ ɗŮɤɟɖɗŮɑ ɞɛɞɘɞɔŮɜɏɠ 

¶ Ƀɘ ˊŬɟŬɛɞɟűɩůŮɘɠ ˊɞɡ ŬɜŬˊŰɨůůɞɜŰŬɘ ůŰɞ ůɨɜɗŮŰɞ ɡɚɘəɧ ŮɑɜŬɘ ŬɟəŮŰɎ 

ɛɘəɟɏɠ ɩůŰŮ ɛˊɞɟŮɑ ɜŬ ɗŮɤɟɖɗŮɑ ɧŰɘ ɘůɢɨɞɡɜ ɞɘ ɔɟŬɛɛɘəɏɠ ůɢɏůŮɘɠ ŰɎůŮɤɜ-

ˊŬɟŬɛɞɟűɩůŮɤɜ. 

 

 
ȺɘəɧɜŬ 5.1 Ⱦɡɚɘɜŭɟɘəɧ ŮˊŰŬűŬůɘəɧ ɛɞɜŰɏɚɞ 

 

ɁŬ ŬɜŬűɏɟɞɡɛŮ ůŮ ŬɡŰɧ Űɞ ůɖɛŮɑɞ ɧŰɘ: 

f,1 1R = R  Űɞ ç1è ůɡɛɓɞɚɑɕŮɘ Űɖɜ 1ɖ űɎůɖ (ˊŮɟɘɞɢɐ ɛŮ ɏɔəɚŮɘůɛŬ) 

i,1 2R = R   Űɞ ç2è ůɡɛɓɞɚɑɕŮɘ Űɖɜ 2ɖ űɎůɖ (ˊŮɟɘɞɢɐ ŮɜŭɘɎɛŮůɖɠ űɎůɖɠ) 

m,1 3R = R  Űɞ ç3è ůɡɛɓɞɚɑɕŮɘ Űɖɜ 3ɖ űɎůɖ (ˊŮɟɘɞɢɐ ɛŮ ɛɐŰɟŬ) 

i,2 4R = R  Űɞ ç4è ůɡɛɓɞɚɑɕŮɘ Űɖɜ 4ɖ űɎůɖ (ˊŮɟɘɞɢɐ ŮɜŭɘɎɛŮůɖɠ űɎůɖɠ) 

f,2 5R = R  Űɞ ç5è ůɡɛɓɞɚɑɕŮɘ Űɖɜ 5ɖ űɎůɖ (ˊŮɟɘɞɢɐ ɛŮ ɏɔəɚŮɘůɛŬ) 
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i,3 6R = R   Űɞ ç6è ůɡɛɓɞɚɑɕŮɘ Űɖɜ 6ɖ űɎůɖ (ˊŮɟɘɞɢɐ ŮɜŭɘɎɛŮůɖɠ űɎůɖɠ) 

m,2 7R = R  Űɞ ç7è ůɡɛɓɞɚɑɕŮɘ Űɖɜ 7ɖ űɎůɖ (ˊŮɟɘɞɢɐ ɛŮ ɛɐŰɟŬ) 

ȳˊɞɡ RɛˊɞɟŮɑ ɜŬ ůɡɛɓɞɚɑɕŮɘ ŮɑŰŮ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ Ⱥ, ŮɑŰŮ Űɞ ɚɧɔɞ 

Poisson v, ŮɑŰŮ Űɞ ɛɏŰɟɞ ŭɘŬŰɛɐůŮɤɠ G. 

ɆŰɘɠ ŮɜɧŰɖŰŮɠ ˊɞɡ ɗŬ Ŭəɞɚɞɡɗɐůɞɡɜ, ɗŬ ŬɜŬűɏɟɞɡɛŮ ɗŮɤɟɖŰɘəɞɨɠ Űɨˊɞɡɠ ˊɞɡ 

ɏɢɞɡɜ ŮɝŬɢɗŮɑ Ŭˊɧ ˊɟɞɖɔɞɨɛŮɜŮɠ ɛŮɚɏŰŮɠ [1ůŰ],[2ůŰ] ɛŮ Űɖɜ ɓɞɐɗŮɘŬ Űɖɠ ɗŮɤɟɑŬɠ 

ŮɚŬůŰɘəɧŰɖŰŬɠ, ɔɘŬ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɞɡ ŭɘŬɛɐəɞɡɠ əŬɘ Űɞɡ ŮɔəɎɟůɘɞɡ ɛɏŰɟɞɡ 

ŮɚŬůŰɘəɧŰɖŰŬɠ, Űɞɡ ŭɘŬɛɐəɞɡɠ əŬɘ ŮɔəɎɟůɘɞɡ ɚɧɔɞɡ Poisson əŬɘ Űɞɡ ŭɘŬɛɐəɞɡɠ ɛɏŰɟɞɡ 

ŭɘŬŰɛɐůŮɤɠ, Ůɜɧɠ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ ɛŮ ɓɎůɖ Űɞ əɡɚɘɜŭɟɘəɧ ŮˊŰŬűŬůɘəɧ ɛɞɜŰɏɚɞ. ɆŰɞ 

Űɏɚɞɠ Űɞɡ əŮűŬɚŬɑɞɡ ɗŬ ˊŬɟɞɡůɘɎůɞɡɛŮ Űɞɡɠ ɗŮɤɟɖŰɘəɞɨɠ Űɨˊɞɡɠ ɔɘŬ Űɞɜ ɡˊɞɚɞɔɘůɛɧ 

Űɤɜ ŮɚŬůŰɘəɩɜ ůŰŬɗŮɟɩɜ Ůɜɧɠ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ  ɡˊɧ ɔɤɜɑŬ űɧɟŰɘůɖɠ, ɔɘŬ 

ůɡɔəŮəɟɘɛɏɜɖ ɧɛɤɠ əŬŰô ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɏɔəɚŮɘůɛŬ. 

5.2 ɈɄɃȿɃũȽɆɀɃɆ ɇɃɈ ȹȽȷɀȼȾɃɈɆ ɀȺɇɅɃɈ 

ȺȿȷɆɇȽȾɃɇȼɇȷɆ  ȺL  

ȷˊɧ ˊɟɞɖɔɞɨɛŮɜŮɠ ɛŮɚɏŰŮɠ [1ůŰ] əŬɘ [2ůŰ] ɛŮ ɢɟɐůɖ Űɖɠ ŰŬůɘəɐɠ ůɡɜɎɟŰɖůɖɠ 

Űɞɡ Airy ū ɔɘŬ əɡɚɘɜŭɟɘəɏɠ ůɡɜŰŮŰŬɔɛɏɜŮɠ 

Ð
4 3 2

4

4 3 2 2 3

d ʊ нŘʊ м Řʊ м Řʊ
ʊҐ Ҍ π Ҍ

dr r dr r dr r dr
                     (5.2.1) 

əŬɘ Űɖɜ ɗŮɤɟɑŬ ŮɚŬůŰɘəɧŰɖŰŬɠ ɏɢŮɘ ˊɟɞəɨɣŮɘ ɖ ˊŬɟŬəɎŰɤ ůɢɏůɖ ɔɘŬ Űɞ ŭɘɎɛɖəŮɠ ɛɏŰɟɞ 

ŮɚŬůŰɘəɧŰɖŰŬɠ EL. 

ñ ñ ñ ñ ñ ñ ñ ñ
3 5 67 1 2 4 7

1 2 3 4 5 6

r r rr r r r r

L 1 2 3 4 5 6 7

0 0 r r r r r r

E rdr = E rdr + rE (r)dr +E rdr + rE (r)dr +E rdr + rE (r)dr +E rdr                                                                                                                  

     (5.2.2) 

ȺəŰŮɚɩɜŰŬɠ Űɘɠ ɞɚɞəɚɖɟɩůŮɘɠ əŬɘ ɔɜɤɟɑɕɞɜŰŬɠ ɧŰɘ: 

¶ 
2

1
1 2

7

r
U =

r
 

¶ 
2 2

2 1
2 2

7

(r -r )
U =

r
 

¶ 
2 2

3 2
3 2

7

(r -r )
U =

r
             (5.2.3) 

¶ 
2 2

4 3
4 2

7

(r -r )
U =

r
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¶ 
2 2

5 4
5 2

7

(r -r )
U =

r
 

¶ 
2 2

6 5
6 2

7

(r -r )
U =

r
 

¶ 
2 2

7 6
7 2

7

(r -r )
U =

r
 

 

ȾŬɗɩɠ əŬɘ ɧŰɘ: 

1 f

3 m

5 f

7 m

E = E

E = E

E = E

E = E

              (5.2.4) 

ŪŬ ɏɢɞɡɛŮ: 

ñ ñ ñ
62 4

1 3 5

rr r

L 1 1 2 3 3 4 5 5 6 7 72 2 2
7 7 7r r r

2 2 2
E = E U + rE (r)dr +E U + rE (r)dr +E U + rE (r)dr +E U

r r r
              

     (5.2.5) 

ȾŬɘ ŰŮɚɘəɎ: 

Ýñ ñ ñ

ñ ñ ñ

62 4

1 3 5

62 4

1 3 5

rr r

L f 1 2 m 3 4 f 5 6 m 72 2 2
7 7 7r r r

rr r

L f f,1 i,1 m m,1 i,2 f f,2 i,3 m m,22 2 2
7 7 7r r r

2 2 2
E = E U + rE (r)dr +E U + rE (r)dr +E U + rE (r)dr +E U

r r r

2 2 2
E = E U + rE (r)dr +E U + rE (r)dr +E U + rE (r)dr +E U

r r r

  

                   (5.2.6) 

ŪŮɤɟɞɨɛŮ ŰɩɟŬ ɧŰɘ ɞɘ ůɡɜŬɟŰɐůŮɘɠ Ⱥi,1(r), Ei,2(r) əŬɘ Ⱥi,3(r) Ŭəɞɚɞɡɗɞɨɜ Űɖɜ 

ˊŬɟŬɓɞɚɘəɐ  ɛŮŰŬɓɞɚɐ ůɨɛűɤɜŬ ɛŮ Űɘɠ ůɢɏůŮɘɠ (4.1.1.1), (4.1.1.4) əŬɘ (4.1.1.7), ɧˊɞɡ 

ɚŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɘɜ Űɖɜ ˊŮɟɑˊŰɤůɖ ɔɘŬ n=1, ɏɢɞɡɛŮ Űɖɜ ɛɏɔɘůŰɖ ŮˊɑŭɟŬůɖ Űɞɡ 

ŮɔəɚŮɑůɛŬŰɞɠ ůŰŬ ůɨɜɞɟŬ ɛŮ Űɖɜ ŮɜŭɘɎɛŮůɖ űɎůɖ. 

 Ⱥˊɑůɖɠ ɧˊɤɠ ŬɜŬűɏɟŬɛŮ ůŰɞ ˊɟɞɖɔɞɨɛŮɜɞ əŮűɎɚŬɘɞ ɏɢŮɘ ŬˊɞŭŮɘɢɗŮɑ ɧŰɘ ŬɡŰɞɨ 

Űɞɡ Ůɑŭɞɡɠ ɖ ɛŮŰŬɓɞɚɐ ůŮ ůɢɏůɖ ɛŮ Űɖɜ ɔɟŬɛɛɘəɐ, Űɖɜ ɡˊŮɟɓɞɚɘəɐ əŬɘ Űɖɜ ŮəɗŮŰɘəɐ 

ŭɑɜŮɘ ŬəɟɘɓɏůŰŮɟŬ ŬˊɞŰŮɚɏůɛŬŰŬ ůŮ ůɢɏůɖ ɛŮ ŰŬ ˊŮɘɟŬɛŬŰɘəɎ ŭŮŭɞɛɏɜŬ [27],[29]. 
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ȺəŰŮɚɩɜŰŬɠ Űɘɠ ɞɚɞəɚɖɟɩůŮɘɠ ɛŮ ɢɟɐůɖ Űɖɠ ˊŬɟŬɓɞɚɘəɐɠ ɛŮŰŬɓɞɚɐɠ ɗŬ 

ɏɢɞɡɛŮ: 

 

1 2 f 1 f 2 m 1 m 2
L f 1 f 5 m 3 m 7 2

7

3 4 f 3 f 4 m 3 m 4 5 6 f 5 f 6 m 5 m 6
2 2
7 7

((r - r )(3E r +E r + 3E r + 5E r ))
E = E U +E U +E U +E U -

6r

((r - r )(E r + 3E r + 5E r + 3E r )) ((r - r )(3E r +E r + 3E r+ 5E r ))
- -

6r 6r

 

                                                                                                           (5.2.7) 

 

ȾɎɜɞɜŰŬɠ ˊɟɎɝŮɘɠ əŬɘ ŬɜŰɘəŬɗɘůŰɩɜŰŬɠ Űɘɠ ŬəŰɑɜŮɠ ɛŮ Űɘɠ əŬŰô ɧɔəɞ 

ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ Űɖɠ ɛɐŰɟŬɠ, Űɞɡ  ŮɔəɚŮɑůɛŬŰɞɠ əŬɘ Űɖɠ ŮɜŭɘŬɛɏůɞɡ űɎůŮɤɠ ɗŬ ɏɢɞɡɛŮ 

Űɞɜ ŰŮɚɘəɧ Űɨˊɞ ɔɘŬ Űɞ ŭɘɎɛɖəŮɠ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ: 

 

f 5f 1 f 2 f 4
L

f 6 m 1 m 2 m 4
m 3

1/2 1/2
m 5 m 6 f 1 2 3 1 2 3 4

m 7

1/2 1/2 1/2 1/2
m 1 2 3 1 2 3 4 f 1 1 2

1/2 1/2
f 1 2 3 4 5m 1 1 2

2E U2E U E U E U
E = + + +

3 6 6 3

E U E U 5E U 5E U
+ + + +E U +

6 3 6 6

E U 5E U E (U +U +U ) (U +U +U +U )
+ + +E U -

3 6 3

E (U +U +U ) (U +U +U +U ) E U (U +U )
+ +

3 3

E (U +U +U +U +U )E U (U +U )
- +

3

1/2 1/2
1 2 3 4 5 6

1/2 1/2
m 1 2 3 4 5 1 2 3 4 5 6

(U +U +U +U +U +U )

3

E (U +U +U +U +U ) (U +U +U +U +U +U )
-

3

 

                                                                                                                          

                                                                                                                               (5.2.8) 
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5.3 ɈɄɃȿɃũȽɆɀɃɆ ɇɃɈ ȹȽȷɀȼȾɃɈɆ ȿɃũɃɈ POISSON ɜLT   

O ŭɘŬɛɐəɖɠ ɚɧɔɞɠ Poisson ɧˊɤɠ ɏɢŮɘ ŭɘŬŰɡˊɤɗŮɑ Ŭˊɧ ˊɟɞɖɔɞɨɛŮɜŮɠ ɛŮɚɏŰŮɠ [1ůŰ] 

əŬɘ [2ůŰ] ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɞɜ ɜɧɛɞ Űɤɜ űɎůŮɤɜ ɗŮɤɟɩɜŰŬɠ ɧŰɘ: 

¶ 
2

1
1 2

7

r
U =

r
 

¶ 
2 2

2 1
2 2

7

(r -r )
U =

r
 

¶ 
2 2

3 2
3 2

7

(r -r )
U =

r
 

¶ 
2 2

4 3
4 2

7

(r -r )
U =

r
 

¶ 
2 2

5 4
5 2

7

(r -r )
U =

r
 

¶ 
2 2

6 5
6 2

7

(r -r )
U =

r
 

¶ 
2 2

7 6
7 2

7

(r -r )
U =

r
 

 

ɃˊɧŰŮ ˊɟɞəɨˊŰŮɘ: 

Ýñ ñ ñ

ñ ñ ñ

62 4

1 3 5

62 4

1 3 5

rr r

LT 1 1 2 3 3 4 5 5 6 7 72 2 2
7 7 7r r r

rr r

LT f f,1 i,1 m m,1 i,2 f f,2 i,3 m m,22 2 2
7 7 7r r r

2 2 2
v = v U + v (r)rdr + v U + v (r)rdr + v U + v (r)rdr + v U

r r r

2 2 2
v = v U + v (r)rdr + v U + v (r)rdr + v U + v (r)rdr + v U

r r r

                                  

     (5.3.2) 

Ƀɘ ůɡɜŬɟŰɐůŮɘɠ
,1 ,2 ,3( ), ( ), ( )i i iv r v r v r  ɗŮɤɟɞɨɛŮ ɧŰɘ Ŭəɞɚɞɡɗɞɨɜ Űɖɜ ˊŬɟŬɓɞɚɘəɐ 

ɛŮŰŬɓɞɚɐ ɧˊɤɠ əŬɘ ůŰɖɜ ˊɟɞɖɔɞɡɛɏɜɖ ˊŬɟɎɔɟŬűɞ ůɨɛűɤɜŬ ɛŮ Űɘɠ ůɢɏůŮɘɠ, (4.1.1.3), 

(4.1.1.7) əŬɘ (4.1.1.9), ɧˊɞɡ ɚŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɘɜ Űɖɜ ˊŮɟɑˊŰɤůɖ ɔɘŬ n=1, ɏɢɞɡɛŮ Űɖɜ 

ɛɏɔɘůŰɖ ŮˊɑŭɟŬůɖ Űɞɡ ŮɔəɚŮɑůɛŬŰɞɠ ůŰŬ ůɨɜɞɟŬ ɛŮ Űɖɜ ŮɜŭɘɎɛŮůɖ űɎůɖ. 
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ȺəŰŮɚɩɜŰŬɠ Űɘɠ ɞɚɞəɚɖɟɩůŮɘɠ ɛŮ ɢɟɐůɖ Űɖɠ ˊŬɟŬɓɞɚɘəɐɠ ɛŮŰŬɓɞɚɐɠ ɗŬ ɏɢɞɡɛŮ: 

 

1 2 f 1 f 2 m 1 m 2
LT f 1 f 5 m 3 m 7 2

7

3 4 f 3 f 4 m 3 m 4 5 6 f 5 f 6 m 5 m 6
2 2
7 7

((r - r )(3˄ Ǌ Ҍ˄Ǌ Ҍо˄ Ǌ Ҍр˄ Ǌύύ
˄ Ґ˄¦ Ҍ˄¦ Ҍ˄ ¦ Ҍ˄ ¦ π

6r

((r -r )(˄ Ǌ Ҍо˄Ǌ Ҍр˄ Ǌ Ҍо˄ Ǌ ύύ όόǊ πǊύόо˄Ǌ Ҍ˄Ǌ Ҍо˄ Ǌ+ 5˄ Ǌ ύύ
- -

6r 6r

      (5.3.3) 

 

ȾɎɜɞɜŰŬɠ ˊɟɎɝŮɘɠ əŬɘ ŬɜŰɘəŬɗɘůŰɩɜŰŬɠ Űɘɠ ŬəŰɑɜŮɠ ɛŮ Űɘɠ əŬŰô ɧɔəɞ 

ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ Űɖɠ ɛɐŰɟŬɠ, Űɞɡ  ŮɔəɚŮɑůɛŬŰɞɠ əŬɘ Űɖɠ ŮɜŭɘŬɛɏůɞɡ űɎůŮɤɠ ɗŬ ɏɢɞɡɛŮ 

Űɞɜ ŰŮɚɘəɧ Űɨˊɞ ɔɘŬ Űɞ ŭɘɎɛɖəŮɠ ɚɧɔɞ Poisson Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ: 

 

f 5f 1 f 2 f 4
LT

f 6 m 1 m 2 m 4
m 3

1/2 1/2
m 5 m 6 f 1 2 3 1 2 3 4

m 7

1/2 1/2 1/2 1/2
m 1 2 3 1 2 3 4 f 1 1 2

1/2 1/2
f 1 2 3 4 5m 1 1 2

2˄¦2˄¦ ˄¦ ˄¦
˄ Ґ Ҍ Ҍ Ҍ

3 6 6 3

˄¦ ˄ ¦ р˄ ¦ р˄ ¦
+ + + +˄ ¦ Ҍ

6 3 6 6

˄ ¦ р˄ ¦ ˄ ό¦ Ҍ¦ Ҍ¦ ύ ό¦ Ҍ¦ Ҍ¦ Ҍ¦ ύ
+ + +˄ ¦ π

3 6 3

˄ ό¦ Ҍ¦ Ҍ¦ ύ ό¦ Ҍ¦ Ҍ¦ Ҍ¦ ύ˄¦ ό¦ Ҍ¦ ύ
+ +

3 3

E (U +U +U +U +UE U (U +U )
- +

3

1/2 1/2
1 2 3 4 5 6

1/2 1/2
m 1 2 3 4 5 1 2 3 4 5 6

) (U +U +U +U +U +U )

3

E (U +U +U +U +U ) (U +U +U +U +U +U )
-

3

        (5.3.4) 

 

5.4 ɈɄɃȿɃũȽɆɀɃɆ ɇɃɈ ȺũȾȷɅɆȽɃɈ ȿɃũɃɈ POISSON vTT  

ɇɞɜ ŮɔəɎɟůɘɞ ɚɧɔɞ Poisson Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ ɗŬ Űɞɜ ɡˊɞɚɞɔɑůɞɡɛŮ Ŭˊɧ Űɞɜ 

ŬɜŰɑůŰɟɞűɞ ɜɧɛɞ Űɤɜ űɎůŮɤɜ, ɧˊɤɠ ɏɢŮɘ ɔɑɜŮɘ əŬɘ ůŮ ˊɟɞɖɔɞɨɛŮɜŮɠ ɛŮɚɏŰŮɠ [1ůŰ] əŬɘ 

[2ůŰ], ɛŮ Űɖɜ ɢɟɐůɖ Űɞɡ ŮˊŰŬűŬůɘəɞɨ əɡɚɘɜŭɟɘəɞɨ ɛɞɜŰɏɚɞɡ ɛŮ ŮɜŭɘɎɛŮůɖ űɎůɖ, Ŭˊɧ 

Űɖɜ ůɢɏůɖ: 

3 5 61 2 4 7

TT 1 2 3 4 5 6 7

U U UU U U U1
= + + + + + +

v v v (r) v v (r) v v (r) v
                                                       (5.4.1) 
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ũɜɤɟɑɕɞɡɛŮ ɧŰɘ: 

2 2
2 1

2 2
7

(r -r )
U =

r
                                                                                                   (5.4.2) 

2 2
4 3

4 2
7

(r -r )
U =

r
                      

2 2
6 5

6 2
7

(r -r )
U =

r
 

ȼ ůɢɏůɖ (5.4.1) ɛˊɞɟŮɑ ɛŮ ɢɟɐůɖ Űɖɠ (5.4.2)  ɜŬ ɔɟŬűŰŮɑ ɤɠ: 

Ý

è ø è ø è øê ú ê ú ê ú
Ýñ ñ ñ

62 4

1 3 5

2 2 2 22 2
3 4 3 5 6 51 2 1 7

2 2 2
TT 1 7 2 3 7 4 5 7 6 7

2 2 2 2 2 2rr r

3 51 7
2 2 2

TT 1 7 2 3 7 4 5 7 6 7r r r

TT

U r -r U r -rU r -r U1 1 1 1
= + + + + + +

v v r v (r) v r v (r) v r v (r) v

(r + dr) -r (r + dr) -r (r + dr) -rU UU U1 1 1 1
= + dr + + dr + + dr +

v v r v (r) v r v (r) v r v (r) v

U1
=

v ñ ñ ñ
62 4

1 3 5

rr r

3 51 7
2 2 2

1 7 2 3 7 4 5 7 6 7r r r

U U U2 r 2 r 2 r
+ dr + + dr + + dr +

v r v (r) v r v (r) v r v (r) v

        

                        (5.4.3) 

ŪŮɤɟɩɜŰŬɠ ɧŰɘ ɞɘ ɧɟɞɘ ˊɞɡ ŮɑɜŬɘ ɡɣɤɛɏɜɞɘ ůŰɞ ŰŮŰɟɎɔɤɜɞ ŮɑɜŬɘ ˊɞɚɨ ɛɘəɟɞɑ 

ŰŮɚɘəɎ ɗŬ ɏɢɞɡɛŮ: 

Ý

Ý

ñ ñ ñ

ñ ñ ñ

ñ

62 4

1 3 5

62 4

1 3 5

2

1

rr r

3 51 7
2 2 2

TT 1 7 2 3 7 4 5 7 6 7r r r

rr r

3 51 7
2 2 2

TT f 7 i,1 m 7 i,2 f 7 i,3 mr r r

r

31
TT 2

f 7 i,1 mr

U UU U1 2 r 2 r 2 r
= + dr + + dr + + dr +

v v r v (r) v r v (r) v r v (r) v

U UU U1 2 r 2 r 2 r
= + dr + + dr + + dr +

v v r v (r) v r v (r) v r v (r) v

UU 2 r 2
v = 1 + dr + +

v r v (r) v ñ ñ
64

3 5

rr

5 7
2 2

7 i,2 f 7 i,3 mr r

U Ur 2 r
dr + + dr +

r v (r) v r v (r) v

               (5.4.4) 

Ƀɘ ůɡɜŬɟŰɐůŮɘɠ
i,1 i,2 i,3v (r),v (r),v (r) ɗŮɤɟɞɨɛŮ ɧŰɘ Ŭəɞɚɞɡɗɞɨɜ Űɖɜ ˊŬɟŬɓɞɚɘəɐ 

ɛŮŰŬɓɞɚɐ ɧˊɤɠ əŬɘ ůŰɘɠ ˊɟɞɖɔɞɨɛŮɜŮɠ ˊŬɟŬɔɟɎűɞɡɠ ůɨɛűɤɜŬ ɛŮ Űɘɠ ůɢɏůŮɘɠ, 

(4.1.1.3), (4.1.1.7) əŬɘ (4.1.1.9), ɧˊɞɡ ɚŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɘɜ Űɖɜ ˊŮɟɑˊŰɤůɖ ɔɘŬ n=1, 

ɏɢɞɡɛŮ Űɖɜ ɛɏɔɘůŰɖ ŮˊɑŭɟŬůɖ Űɞɡ ŮɔəɚŮɑůɛŬŰɞɠ ůŰŬ ůɨɜɞɟŬ ɛŮ Űɖɜ ŮɜŭɘɎɛŮůɖ űɎůɖ. 
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5.5 ɈɄɃȿɃũȽɆɀɃɆ ɇɃɈ ȺũȾȷɅɆȽɃɈ ɀȺɇɅɃɈ ȺȿȷɆɇȽȾɃɇȼɇȷɆ 

Ⱥɇ  

ȷ ɧ́ ˊɟɞɖɔɞɨɛŮɜŮɠ ɛŮɚɏŰŮɠ [1ůŰ] əŬɘ [2ůŰ] ɔɘŬ Űɞ ŮˊŰŬűŬůɘəɧ əɡɚɘɜŭɟɘəɧ 

ɛɞɜŰɏɚɞ ɛŮ ɢɟɐůɖ Űɖɠ ŰŬůɘəɐɠ ůɡɜɎɟŰɖůɖɠ Űɞɡ Airy ū ɔɘŬ əɡɚɘɜŭɟɘəɏɠ ůɡɜŰŮŰŬɔɛɏɜŮɠ 

Ð
4 3 2

4

4 3 2 2 3

d ʊ нŘʊ м Řʊ м Řʊ
ʊҐ Ҍ π Ҍ

dr r dr r dr r dr
                  (5.5.1) 

əŬɘ Űɖɜ ɗŮɤɟɑŬ ŮɚŬůŰɘəɧŰɖŰŬɠ ɏɢŮɘ ŮɝŬɢɗŮɑ ɞ ˊŬɟŬəɎŰɤ ɗŮɤɟɖŰɘəɧɠ Űɨˊɞɠ ɔɘŬ Űɞɜ 

ɡˊɞɚɞɔɘůɛɧ Űɞɡ ŮɔəɎɟůɘɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ ůŰɞ ůɨɜɗŮŰɞ ɡɚɘəɧ. 

 

 

 

è øê ú

è ø è øê ú ê ú

ñ ñ ñ ñ

ñ ñ ñ

37 1 2

1 2

5 64

3 4 5

2 rr r r 22
2 2 3 31 1

c 1 2 30 0 r r

2 2r rr 2
4 4 6 65 5

4 5 6r r r

2
7 7

7

1- v (r) - (2v (r)) r (2 - v -2v )(2 - v -2v )1
rdr = rdr +2 dr + rdr +

2K E E (r) E

1- v (r) - (2v (r)) r 1 - v (r) - (2v (r)) r(2 - v -2v )
+2 dr + rdr +2 dr +

E (r) E E (r)

(2 - v -2v )
+

E ñ
7

6

r

r

rdr

    (5.5.2)                                                                                                                 

              

ȺəŰŮɚɩɜŰŬɠ Űɘɠ ɞɚɞəɚɖɟɩůŮɘɠ əŬɘ ɔɜɤɟɑɕɞɜŰŬɠ ɧŰɘ: 

¶ 
2

1
1 2

7

r
U =

r
 

¶ 
2 2

2 1
2 2

7

(r -r )
U =

r
 

¶ 
2 2

3 2
3 2

7

(r -r )
U =

r
 

¶ 
2 2

4 3
4 2

7

(r -r )
U =

r
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ŪŬ ɏɢɞɡɛŮ: 

è øê ú

è ø è øê ú ê ú

ñ

ñ ñ

2

1

64

3 5

2r 22
2 2 3 3 31 1 1

2
c 1 7 2 3r

2 2rr 2
4 4 6 65 5 5

2 2
7 4 5 7 6r r

2
7 7 7

7

1- v (r) -2(v (r)) r U (1- v -2v )U (1- v -2v )1 2
= + dr + +

2K E r E (r) E

1- v (r) -2(v (r)) r 1- v (r) -2(v (r)) rU (1- v -2v )2 2
+ dr + + dr +

r E (r) E r E (r)

U (1- v -2v )
+

E

 

                                                                                                                               (5.5.3) 

ɇɞ ɛɏŰɟɞ ŭɘɧɔəɤůɖɠ ɔɘŬ Űɞ ůɨɜɗŮŰɞ ɡɚɘəɧ ɛŬɠ ɔɜɤɟɑɕɞɡɛŮ ɧŰɘ ŮɑɜŬɘ ɑůɞ ɛŮ [23]: 

è ø
é ù
ê ú

c 2
TT LT

T T

P 1
K = =
ɲ± 1- v 2v

2 -
V E E

                                                                             (5.5.4) 

ȾɎɜɞɜŰŬɠ ɢɟɐůɖ Űɖɠ ůɢɏůɖɠ (5.4.3), ɖ (5.4.4) ɗŬ ɔɑɜŮɘ: 

è øê ú

è ø è øê ú ê ú

ñ

ñ ñ

2

1

64

3 5

2r 22 2
2 2 3 3 3TT LT 1 1 1

2
T L 1 7 2 3r

2 2rr 2
4 4 6 65 5 5

2 2
7 4 5 7 6r r

2
7 7 7

7

1- v (r) -2(v (r)) r U (1- v -2v )1- v 2v U (1- v -2v ) 2
- = + dr + +

E E E r E (r) E

1- v (r) -2(v (r)) r 1- v (r) -2(v (r)) rU (1- v -2v )2 2
+ dr + + dr +

r E (r) E r E (r)

U (1- v -2v )
+

E

                                                                                                                  

     (5.5.5) 

ȼ ůɢɏůɖ (5.5.5) ɛŬɠ ŭɑɜŮɘ Űɞ ŮɔəɎɟůɘɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ Ⱥɇ. Ƀɘ ůɡɜŬɟŰɐůŮɘɠ

i,1 i,2 i,3 i,1 i,2 i,3v (r),v (r),v (r),E (r),E (r),E (r)ɗŮɤɟɞɨɛŮ ɧŰɘ Ŭəɞɚɞɡɗɞɨɜ Űɖɜ ˊŬɟŬɓɞɚɘəɐ 

ɛŮŰŬɓɞɚɐ ɧˊɤɠ əŬɘ ůŰɘɠ ˊɟɞɖɔɞɨɛŮɜŮɠ ́ ŬɟŬɔɟɎűɞɡɠ ůɨɛűɤɜŬ ɛŮ Űɘɠ ůɢɏůŮɘɠ (4.1.1.1), 

(4.1.1.3), (4.1.1.4), (4.1.1.6), (4.1.1.7) əŬɘ (4.1.1.9), ɧˊɞɡ ɚŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɘɜ Űɖɜ 

ˊŮɟɑˊŰɤůɖ ɔɘŬ n=1, ɏɢɞɡɛŮ Űɖɜ ɛɏɔɘůŰɖ ŮˊɑŭɟŬůɖ Űɞɡ ŮɔəɚŮɑůɛŬŰɞɠ ůŰŬ ůɨɜɞɟŬ ɛŮ Űɖɜ 

ŮɜŭɘɎɛŮůɖ űɎůɖ. 

 Ƀɘ ɗŮɤɟɖŰɘəɞɑ Űɨˊɞɘ Űɞɡ ŭɘŬɛɐəɞɡɠ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ ȺL,Űɞɡ ŭɘŬɛɐəɞɡɠ 

ɚɧɔɞɡ Poisson ɜLT  əŬɘ Űɞɡ ŮɔəɎɟůɘɞɡ ɚɧɔɞɡ Poisson ɜɇɇ  ɏɢɞɡɜ ɡˊɞɚɞɔɘůŰŮɑ ůŰɘɠ 

ˊɟɞɖɔɞɨɛŮɜŮɠ ˊŬɟŬɔɟɎűɞɡɠ. ȰŰůɘ ɞ ɗŮɤɟɖŰɘəɧɠ Űɨˊɞɠ Űɞɡ ŮɔəɎɟůɘɞɡ ɛɏŰɟɞɡ 

ŮɚŬůŰɘəɧŰɖŰŬɠ Ⱥɇ  ŮɑɜŬɘ : 
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2
m m

m

- v -2v )

E

                (5.5.6) 

 

5.6 ɈɄɃȿɃũȽɆɀɃɆ ɇɃɈ ȹȽȷɀȼȾɃɈɆ ɀȺɇɅɃɈ ȹȽȷɇɀȼɆȺɋɆ 

GLT   

 
ȺɘəɧɜŬ 5.2 ȹɘɎŰɛɖůɖ ɔ0 

 

ũɘŬ Űɞɜ ˊɟɞůŭɘɞɟɘůɛɧ Űɞɡ ɛɏŰɟɞɡ ŭɘŬŰɛɐůŮɤɠ GLT ˊɞɡ ŬůəŮɑŰŬɘ ɛɘŬ ŭɘɎŰɛɖůɖ ɔ0 

(ȺɘəɧɜŬ 5.2) ɗŬ ɢɟɖůɘɛɞˊɞɘɐůɞɡɛŮ Űɖɜ ůɢɏůɖ Űɤɜ ŮɟŮɡɜɖŰɩɜ Tsai-Hahn [30] ˊɞɡ 

ŭɑɜŮɘ əŬɚɎ ŬˊɞŰŮɚɏůɛŬŰŬ ˊŬɟɧŰɘ ŬˊɞŰŮɚŮɑ ɛɑŬ ɓŮɚŰɘɤɛɏɜɖ ɛɞɟűɐ Űɞɡ ŬɜŰɑůŰɟɞűɞɡ 

ɜɧɛɞɡ Űɤɜ űɎůŮɤɜ ɛŮ ɢɟɐůɖ Ůɜɧɠ ůɡɜŰŮɚŮůŰɐ 50.02 =n . 

Tsai-Hahn  

è ø
é ù
ê ú

f 2 m

LT f 2 m f m

U n U1 1
= +

G U +n U G G
                          (5.6.1) 
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Ƀ Űɨˊɞɠ Űɤɜ Tsai-Hahn ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɞɡ ɗŮɤɟɖŰɘəɞɨ ŮˊŰŬűŬůɘəɞɨ ɛɞɜŰɏɚɞɡ 

ɛŮŰŬůɢɖɛŬŰɑɕŮŰŬɘ ɤɠ Ůɝɐɠ 

è ø
é ù
ê ú

Þ

f 2 m

LT f 2 m f m

U n U1 1
= +

G U +n U G G   

è ø
é ù
ê ú

è ø
é ù
ê ú

f,1 i,1 2 m,1 i,2 f,2 i,3 2 m,2

LT f,1 f,2 2 m,1 m,2 i,1 i,2 i,3 f i,1 m i,2 f i,3 m

i,1 i,2 i,3f-total 2 m-total

f-total 2 m-total i-total f m i,1 i,2 i,3

U U n U U U U n U1 1
= + + + + + + =

G U +U +n (U +U )+U +U +U G G G G G G G

U U UU n U1
+ + + +

U +n U +U G G G G G

  

                (5.6.2) 

ɃˊɧŰŮ ɖ ŰŮɚɘəɐ ůɢɏůɖ Űɞɡ ŭɘŬɛɐəɞɡɠ ɛɏŰɟɞɡ ŭɘŬŰɛɐůŮɤɠ ɗɏŰɞɜŰŬɠ  

f-total f

m-total m

i-total i

U = U

U = U

U = U

  

ȺɑɜŬɘ 
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é ùê ú

è ø
é ù
é ùê ú
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rr r
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rr r
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LT 2 2 2

f 2 m i f m 7 i,1 7 i,2 7 i,3r r r

U n U1 1 2 r 2 r 2 r
= + + dr + dr + dr

G (U +n U +U ) G G r G (r) r G (r) r G (r)

U n U1 2 r 2 r 2 r
G = 1 + + dr + dr + dr

(U +n U +U ) G G r G (r) r G (r) r G (r)

 

                (5.6.3) 

 

ȳˊɞɡ ɧˊɤɠ əŬɘ ůŰɘɠ ˊɟɞɖɔɞɨɛŮɜŮɠ ˊŬɟŬɔɟɎűɞɡɠ ɗŮɤɟɞɨɛŮ ɧŰɘ ŰŬ 

i,1 i,2 i,3G (r),G (r),G (r)Ŭəɞɚɞɡɗɞɨɜ Űɖɜ ˊŬɟŬɓɞɚɘəɐ ɛŮŰŬɓɞɚɐ ůɨɛűɤɜŬ ɛŮ Űɘɠ ůɢɏůŮɘɠ 

(4.1.1.2), (4.1.1.5) əŬɘ (4.1.1.8), ɧˊɞɡ ɚŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɘɜ Űɖɜ ˊŮɟɑˊŰɤůɖ ɔɘŬ n=1, 

ɏɢɞɡɛŮ Űɖɜ ɛɏɔɘůŰɖ ŮˊɑŭɟŬůɖ Űɞɡ ŮɔəɚŮɑůɛŬŰɞɠ ůŰŬ ůɨɜɞɟŬ ɛŮ Űɖɜ ŮɜŭɘɎɛŮůɖ űɎůɖ. 
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5.7 ɈɄɃȿɃũȽɆɀɃɆ Eɗ, Gɗ, ɜɗ 

ɆŮ ŬɡŰɐ Űɖɜ ŮɜɧŰɖŰŬ ɗŬ ˊŬɟɞɡůɘɎůɞɡɛŮ Űɞɡɠ ɗŮɤɟɖŰɘəɞɨɠ Űɨˊɞɡɠ ɔɘŬ Űɞ ɛɏŰɟɞ 

ŮɚŬůŰɘəɧŰɖŰŬɠ, Űɞ ɛɏŰɟɞ ŭɘŬŰɛɐůŮɤɠ əŬɘ Űɞ ɚɧɔɞ Poisson, ɡˊɧ ɔɤɜɑŬ űɧɟŰɘůɖɠ q. ȼ 

ɔɤɜɑŬ q, ŮɑɜŬɘ ɖ ɔɤɜɑŬ ˊɞɡ ůɢɖɛŬŰɑɕŮɘ ɞ ɎɝɞɜŬɠ űɞɟŰɑůŮɤɠ ɛŮ Űɖɜ ŭɘŮɨɗɡɜůɖ Űɤɜ 

ɘɜɩɜ. Ƀɘ ůɢɏůŮɘɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɛŮ ŮɑɜŬɘ ɞɘ ŬəɧɚɞɡɗŮɠ [25]: 

 

ũɘŬ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ qE ɡˊɧ ɔɤɜɑŬ űɧɟŰɘůɖɠ q ɗŬ ɏɢɞɡɛŮ: 

å õ
æ ö
ç ÷

4 2 2 4LT

ʻ [ [¢ [ ¢

2v1 1 1 1
= (cos̒ ύ Ҍ π όǎƛƴʻύ όŎƻǎʻύ Ҍ όǎƛƴʻύ

E E G E E
                                       (5.7.1) 

 

ũɘŬ Űɞ ɛɏŰɟɞ ŭɘŬŰɛɐůŮɤɠ qG  ɡˊɧ ɔɤɜɑŬ űɧɟŰɘůɖɠ q ɗŬ ɏɢɞɡɛŮ: 

å õ
è øæ ö ê ú

ç ÷

2 2 4 4LT

ʻ [ ¢ [ [¢ [¢

4v1 2 2 1 1
= 2 + + - (sin̒ ύ όŎƻǎʻύ Ҍ όǎƛƴʻύ ҌόŎƻǎʻύ

G E E E G G
                   (5.7.2) 

 

ũɘŬ Űɞɜ ɚɧɔɞ Poisson qv  ɡˊɧ ɔɤɜɑŬ űɧɟŰɘůɖɠ q ɗŬ ɏɢɞɡɛŮ: 

è øå õ
è øé ùæ öê ú

ç ÷ê ú

4 4 2 2LT
ʻ ʻ

L L T LT

v 1 1 1
v = E (sin̒ ύ ҌόŎƻǎʻύ π Ҍ π όǎƛƴʻύ όŎƻǎʻύ

E E E G
                             (5.7.3) 

 

ȼ ŮűŬɟɛɞɔɐ Űɤɜ ŮəűɟɎůŮɤɜ ˊɞɡ ˊŬɟɞɡůɘɎůŰɖəŬɜ ˊŬɟŬˊɎɜɤ ɔɘŬ ŰŬ qqq GvE ,,  ɗŬ 

ɔɑɜŮɘ ˊŬɟŬəɎŰɤ ɔɘŬ əŬŰô ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɏɔəɚŮɘůɛŬ 0,65 [31] ɞˊɧŰŮ əŬɘ ŰŬ 

ɛŮɔɏɗɖ LTLTTL vGEE ,,,  ɗŬ ŮɑɜŬɘ ɡˊɞɚɞɔɘůɛɏɜŬ ůŰɖɜ ůɡɔəŮəɟɘɛɏɜɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ. 
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5.8 ɀɃɁɇȺȿȷ ȾȷȽ ȺȾūɅȷɆȺȽɆ ũȽȷ ɇȽɆ ȺȿȷɆɇȽȾȺɆ ɆɇȷŪȺɅȺɆ 

ȾȷȽ ɇɃɈɆ ȿɃũɃɈɆ POISSON ȽɁɋȹɋɁ ɆɈɁŪȺɇɋɁ ɈȿȽȾɋɁ  

ɆŰɖ ůɡɜɏɢŮɘŬ ˊŬɟŬɗɏŰɞɡɛŮ ɗŮɤɟɖŰɘəɏɠ ůɢɏůŮɘɠ ˊɞɡ əŬŰɎ əŬɘɟɞɨɠ ɏɢɞɡɜ 

ŮəűɟɎůŮɘ ŭɘɎűɞɟɞɘ ŮɟŮɡɜɖŰɏɠ ɔɘŬ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɞɡ ŭɘŬɛɐəɞɡɠ ɛɏŰɟɞɡ 

ŮɚŬůŰɘəɧŰɖŰŬɠ LE ,Űɞɡ ŭɘŬɛɐəɖ ɚɧɔɞɡ Poisson Lv , Űɞɡ ŮɔəɎɟůɘɞɡ ɛɏŰɟɞɡ 

ŮɚŬůŰɘəɧŰɖŰŬɠ TE əŬɘ Űɞɡ ŭɘŬɛɐəɞɡɠ ɛɏŰɟɞɡ ŭɘɎŰɛɖůɖɠLTG . ɁŬ ŬɜŬűɏɟɞɡɛŮ əŬŰɎ ŰŬ 

ɔɜɤůŰɎ ˊɤɠ ɞ ŭŮɑəŰɖɠ f ŭɖɚɩɜŮɘ Űɞ ɏɔəɚŮɘůɛŬ (filler) Ůɜɩ ɞ ŭŮɑəŰɖɠ ɞ m ŭɖɚɩɜŮɘ Űɖɜ 

ɛɐŰɟŬ (matrix). 

 

5.8.1 ɇɈɄɃȽ ȹȽȷɀȼȾɃɈɆ ɀȺɇɅɃɈ ȺȿȷɆɇȽȾɃɇȼɇȷɆ ȺL 

Ⱥɝɑůɤůɖ ŪŮɞɢɎɟɖ-ɆɘŭŮɟɑŭɖ-ɄŬˊŬɜɘəɞɚɎɞɡ[27]: 

Ƀɘ ˊŬɟŬˊɎɜɤ ŮɟŮɡɜɖŰɏɠ ɗŮɩɟɖůŬɜ Űɖɜ ɨˊŬɟɝɖ ɛɘŬɠ ŮɜŭɘɎɛŮůɖɠ űɎůɖɠ ɖ ɞˊɞɑŬ 

ŭɖɛɘɞɡɟɔŮɑŰŬɘ ŬɜɎɛŮůŬ ůŰɖɜ ɛɐŰɟŬ əŬɘ ůŰɞ ɏɔəɚŮɘůɛŬ. ɇɞ ɛɞɜŰɏɚɞ Űɞɡɠ ŮɑɜŬɘ 

əɡɚɘɜŭɟɘəɧ ŰɟɘűŬůɘəɧ əŬɘ ɖ əŬŰŬɜɞɛɐ Űɞɡ ŭɘŬɛɐəɞɡɠ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ Űɖɠ 

ŮɜŭɘɎɛŮůɖɠ űɎůɖɠ ůŰɞɜ ˊŬɟŬəɎŰɤ Űɨˊɞ ŮˊɘɚɏɢɗɖəŮ ɜŬ ŮɑɜŬɘ ˊŬɟŬɓɞɚɘəɐ. 
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     (5.8.1) 

ȳˊɞɡ Ůŭɩ ɚɧɔɤ Űɖɠ ŮɜŭɘɎɛŮůɖɠ űɎůɖɠ: m f iU = 1-U -U 

Ɂɧɛɞɠ Űɤɜ űɎůŮɤɜ (mixture law): 

L f f m mE = E U +E U                                                                                                (5.8.2) 
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Ⱥɝɑůɤůɖ Ekvall  [32]:  

'L f f mm
E = E U +E U                                                                                          (5.8.3) 

 ȳˊɞɡ '
m

2m
m

E
E =

(1-2v )
 

5.8.2 ɇɈɄɃȽ ȹȽȷɀȼȾɃɈɆ ȿɃũɃɈ POISSON ɜLT   

Ⱥɝɑůɤůɖ ŪŮɞɢɎɟɖ-ɆɘŭŮɟɑŭɖ-ɄŬˊŬɜɘəɞɚɎɞɡ [27]: 

ŪŮɤɟɩɜŰŬɠ əŬɘ ˊɎɚɘ Űɞ əɡɚɘɜŭɟɘəɧ ŰɟɘűŬůɘəɧ ɛɞɜŰɏɚɞ ɛŮ Űɖɜ ŮɜŭɘɎɛŮůɖ űɎůɖ 

əŬɘ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖɜ ˊŬɟŬɓɞɚɘəɐ ɛŮŰŬɓɞɚɐ, ɞɘ ˊŬɟŬˊɎɜɤ ŮɟŮɡɜɖŰɏɠ ɏŭŮɘɝŬɜ ɧŰɘ 

ɘůɢɨŮɘ ɖ Ůɝɐɠ ůɢɏůɖ: 

[ ]

[ ]

è ø
é ù
ê ú

ë û
ì ü
í ý

è ø
é ù
ê ú

ë ûè øî î
ì üé ù
î îê úí ý

3 1 1 3

2 2 2 2
f m m f m f m f

LT f f m m 1 1

2 2
m f

1 1
2 2

f m m m f f m

1 1

2 2
m f

1 11
2 22

f m m f m f m m f

3(v + v )(1-U ) +U (1-U )+U (1-U ) +U
v = v U + v U + +

6 (1-U ) -U

8(v - v )(1 -U ) 1-U +U + U (1-U )

+ +

6 (1-U ) -U

6 v (1-U )+ v U -2v U (1-U ) (1-U ) +U

+

(1
è ø
é ù
ê ú

1 1

2 2
m f-U ) -U

 

                                                                                                                               (5.8.4) 

ȳˊɞɡ Ůŭɩ ɚɧɔɤ Űɖɠ ŮɜŭɘɎɛŮůɖɠ űɎůɖɠ: m f iU = 1-U -U 

Ɂɧɛɞɠ Űɤɜ űɎůŮɤɜ (mixture law): 

L f f m mv = v U + v U                                                                                                (5.8.5) 

 

Ⱥɝɑůɤůɖ Rosen [33]:  

f f 1 m m 2 m
LT

f f 3 m m 2

U E L +U E L v
v =

U E L +U E L
                                                                                        (5.8.6) 
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ȳˊɞɡ: 

2
1 f m f m m m

2
2 f f f f m m

2
3 m f m m

L = 2v (1- v )U + v (1+ v )U

L = U (1- v -2v )U +(1+ v )U

L = 2(1- v )U +(1+ v )U

 

5.8.3 ɇɈɄɃȽ ȺũȾȷɅɆȽɃɈ ɀȺɇɅɃɈ ȺȿȷɆɇȽȾɃɇȼɇȷɆ ȺT 

Ⱥɝɑůɤůɖ ɆɘŭŮɟɑŭɖ [23]:  

ŪŮɤɟɩɜŰŬɠ Űɖɜ ɨˊŬɟɝɖ ŮɜŭɘɎɛŮůɖɠ űɎůɖɠ ůŰɞ əɡɚɘɜŭɟɘəɧ ŰɟɘűŬůɘəɧ ɛɞɜŰɏɚɞ 

əŬɘ ɏůŰɤ ɧŰɘ )(rEi  əŬɘ )(rvi  ɞɘ ůɡɜŬɟŰɐůŮɘɠ ˊɞɡ ˊŮɟɘɔɟɎűɞɡɜ Űɞ ɛɏŰɟɞ 

ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ Űɞɜ ɚɧɔɞ Poisson Űɖɠ ŮɜŭɘɎɛŮůɖɠ űɎůɖɠ, ɛŮ ɓɎůɖ Űɖɜ ˊŬɟŬɓɞɚɘəɐ 

ɛŮŰŬɓɞɚɐ, ŰɧŰŮ Űɞ ŮɔəɎɟůɘɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ Űɞɡ ɛɞɜŰɏɚɞɡ TE  ɗŬ ŮɑɜŬɘ: 

ñ
b2 2

2 2TT LT f i i
f f f m m m 2

T L f m ia

1- v 2v 2U (1- v (r) -2v (r))1 1
- = (1- v -2v )U + (1- v -2v )U + rdr

E E E E a E (r)
                         

                                                                                                                     (5.8.7) 

ȳˊɞɡ ŰŬ LE əŬɘ ŰŬ LTv  ŭɑɜɞɜŰŬɘ Ŭˊɧ Űɘɠ ůɢɏůŮɘɠ (5.8.1) əŬɘ (5.8.4). ɄɎɚɘ ɚɧɔɤ Űɖɠ 

ŮɜŭɘɎɛŮůɖɠ űɎůɖɠ ɗŬ ɘůɢɨŮɘ ɧŰɘ m f iU = 1-U -U 

Ⱥɝɑůɤůɖ Paul [34]:  

ȼ Ůɝɑůɤůɖ Űɞɡ Paul ŬˊɞŰŮɚŮɑ ɏɜŬ ŮɚɎɢɘůŰɞ ɧɟɘɞ ɔɘŬ Űɞ TE  əŬɘ ŮɑɜŬɘ ɖ Ůɝɐɠ: 

f m

T f m

U U1
= +

E E E
                                                                                               (5.8.8) 

Ⱥɝɑůɤůɖ Whitney-Riley [35]:  

c T L
T 2

L c L

2K (1- v )E
E =

E + 4K v
                                                                                                    (5.8.9) 

ȳˊɞɡ cK  Űɞ ɛɏŰɟɞ ŭɘɞɔəɩůŮɤɠ Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ əŬɘ ɘůɢɨŮɘ ɖ ůɢɏůɖ: 

f m m f m m f
c

f m f m f

(k +G )k -(k -k )G U
K =

(k +G )-(k -k )U
 

ɛŮ f
f 2

f f

E
k =

(1- v -2v )
 əŬɘ m

m 2
m m

E
k =

(1- v -2v )
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Ⱥɝɑůɤůɖ Ekvall  [36]:  

'

'

f m
T 2

f m f mm

E E
E =

U E +U E (1- v )
                                                                                 (5.8.10) 

ȳˊɞɡ '
m

2m
m

E
E =

(1-2v )
 

Ⱥɝɑůɤůɖ Tsai-Hahn [30]:  

è ø
é ù
ê ú

f 2 m

T f 2 m f m

U n U1 1
= +

E U +n U E E
            ɧˊɞɡ 50.02 =n                                           (5.8.11) 

Ⱥɝɑůɤůɖ Halpin-Tsai [30]:  

å õ
æ ö
ç ÷

f
T m

f

1+˅ƴ¦
E = E

1-nU
         ɧˊɞɡ 

f m

f m

E E -1
n =

E E +˅
     əŬɘ  ɝ=2                                  (5.8.12) 

5.8.4 ɇɈɄɃȽ ȹȽȷɀȼȾɃɈɆ ɀȺɇɅɃɈ ȹȽȷɇɀȼɆȺɋɆ GLT  

Ⱥɝɑůɤůɖ ɆɘŭŮɟɑŭɖ [24]:  

ŪŮɤɟŮɑŰŬɘ Ŭˊɧ Űɞɜ ŮɟŮɡɜɖŰɐ Űɞ ŰɟɘűŬůɘəɧ ɛɞɜŰɏɚɞ ɛŮ Űɖɜ ŮɜŭɘɎɛŮůɖ űɎůɖ, ɧˊɞɡ 

ɛŮ )(rGi  ůɡɛɓɞɚɑɕŮŰŬɘ Űɞ ŭɘɎɛɖəŮɠ ɛɏŰɟɞ ŭɘŬŰɛɐůŮɤɠ Űɖɠ ŮɜŭɘɎɛŮůɖɠ űɎůɖɠ, Űɞ ɞˊɞɑɞ 

ˊŮɟɘɔɟɎűŮŰŬɘ ɛŮ Űɖɜ ˊŬɟŬɓɞɚɘəɐ  ɛŮŰŬɓɞɚɐ. ɇɞ ŭɘɎɛɖəŮɠ ɛɏŰɟɞ ŭɘŬŰɛɐůŮɤɠ LTG  ɗŬ 

ŮɑɜŬɘ: 

è ø
é ù
ê ú

ñ
b 2

2 2 2f
LT 0 f 0 f i 0 m 0 m2

ma

2U K
G ʴ ҐDό!Ҍʴ ύ ¦ Ҍ DόǊύό5Ҍʴ ύ ǊŘǊҌD όYҌʴ ύ Ҍ ¦

a 1-U
 

                                                                                                                             (5.8.13) 

ȳˊɞɡ  

2 2
m i

02 2
m i i m

(G -G )(c -b )
A = D = ʴ

(G +G )b -(G -G )b
 , 

2
i m

02 2
m i i m

(G -G )b
K = ʴ

(G +G )b -(G -G )b
 

əŬɘ m f iU = 1-U -U 

Ɂɧɛɞɠ Űɤɜ űɎůŮɤɜ (mixture law): 

f m
LT

f m m f

G G
G =

G U +G U
                                                                                                 (5.8.14) 
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Ⱥɝɑůɤůɖ Hashin-Rosen [37]:  

Ƀɘ Hashin əŬɘ Rosen ɏŭɤůŬɜ ɛɘŬ ɏəűɟŬůɖ ɖ ɞˊɞɑŬ ŬˊɞŰŮɚŮɑ ɏɜŬ əɎŰɤ ɧɟɘɞ ɔɘŬ 

Űɞ LTG əŬɘ ŮɑɜŬɘ ɖ Ůɝɐɠ: 

f f m m
LT m

f m f m

(1+U )G +G U
G = G

(1+U )G +G U
                                                                                  (5.8.15) 

Ⱥɝɑůɤůɖ Hashin [38]:  

O Hashin ɏŭɤůŮ Ůˊɑůɖɠ ɛɘŬ ɏəűɟŬůɖ ˊɞɡ ŬˊɞŰŮɚŮɑ ɏɜŬ Ɏɜɤ ɧɟɘɞ ɔɘŬ Űɞ LTG əŬɘ 

ŮɑɜŬɘ ɖ Ůɝɐɠ: 

m m f f
LT f

m f m f

(1+U )G +G U
G = G

(1+U )G +G U
                                                                                   (5.8.16)    

Ⱥɝɑůɤůɖ Ekvall -Greszcuk [39],[40]:  

ñ

m f
LT

m f

ˉκн

m f m f0

G G
G =

RʊD ҌόмπwύD

sin̒ Řʻ
˃ʶ ʊҐ

(G G )+ sin̒ όмπόD κDύύ

                                                                              (5.8.17) 

R ŮɑɜŬɘ ɞ ɚɧɔɞɠ Űɖɠ ŬəŰɑɜŬɠ Űɖɠ ɑɜŬɠ ˊɟɞɠ Űɞ ɛɐəɞɠ Űɞɡ ůŰɞɘɢŮɑɞɡ əŬŰɎ Űɖɜ 

ŭɘŮɨɗɡɜůɖ űɧɟŰɘůɖɠ ɗ 

Ⱥɝɑůɤůɖ Tsai-Hahn [30]:  

è ø
é ù
ê ú

f 2 m

LT f 2 m f m

U n U1 1
= +

G U +n U G G
   ɧˊɞɡ 50.02 =n                                                    (5.8.18) 

Ⱥɝɑůɤůɖ Halpin-Tsai [30]:  

å õ
æ ö
ç ÷

f
LT m

f

1+˅ƴ¦
G = G

1-nU
        ɧˊɞɡ ,f m

f m

G G -1
n = ˅Ґн

G G +˅
     əŬɘ  ɝ=2                                (5.8.19) 
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5.9 ɄȽɁȷȾȺɆ ȷɄɃɇȺȿȺɆɀȷɇɋɁ -ȹȽȷũɅȷɀɀȷɇȷ  

ũɘŬ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɤɜ ŰŮɚɘəɩɜ ůɢɏůŮɤɜ Űɤɜ ŮɚŬůŰɘəɩɜ ůŰŬɗŮɟɩɜ əŬɘ Űɤɜ 

ɚɧɔɤɜ Poisson, ɧˊɤɠ ŮɝɐɢɗɖůŬɜ ůŰɘɠ ˊɟɞɖɔɞɨɛŮɜŮɠ ˊŬɟŬɔɟɎűɞɡɠ, ɢɟɖůɘɛɞˊɞɘɐůŬɛŮ 

Űɞ ˊɟɧɔɟŬɛɛŬ "Matlab 2019". 

Ƀɘ Űɘɛɏɠ Űɤɜ ŮɚŬůŰɘəɩɜ ůŰŬɗŮɟɩɜ əŬɘ Űɤɜ ɚɧɔɤɜ Poisson ŮɝɐɢɗɖůŬɜ Ŭˊɧ Űɘɠ  

ŬəɧɚɞɡɗŮɠ ɗŮɤɟɖŰɘəɏɠ ůɢɏůŮɘɠ: 

 Ŭ. ȹɘɎɛɖəŮɠ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ LE  (5.2.6) əŬɘ (5.2.7), (5.2.8). 

 ɓ. ȹɘɎɛɖəŮɠ ȿɧɔɞɡ POISSON LTn  (5.3.2), (5.3.3) əŬɘ (5.3.4)  

 ɔ. ȺɔəɎɟůɘɞɡ ȿɧɔɞɡ POISSON TTn   (5.4.4) 

 ŭ. ȺɔəɎɟůɘɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ TE  (5.5.6) 

 Ů. ȹɘɎɛɖəŮɠ ɛɏŰɟɞ ȹɘŬŰɛɐůŮɤɠ LTG  (5.5.3) 

 

Ƀɘ Űɘɛɏɠ Űɤɜ ŮɚŬůŰɘəɩɜ ůŰŬɗŮɟɩɜ Űɤɜ ůɡůŰŬŰɘəɩɜ Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ůŰɖɜ ɛŮɚɏŰɖ, ŭɑɜɞɜŰŬɘ ůŰɞɜ ˊɑɜŬəŬ Ů Űɞɡ ȾŮűŬɚŬɑɞɡ 4. 

ȷɜŬɚɡŰɘəɧŰŮɟɖ ˊŮɟɘɔɟŬűɐ Űɤɜ ůɡůŰŬŰɘəɩɜ Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ  ɗŬ ɔɑɜŮɘ ůŮ ŮˊɧɛŮɜɞ 

əŮűɎɚŬɘɞ ůŰɖɜ ŬɜɎɚɡůɖ Űɤɜ ŭɡɜŬɛɘəɩɜ ŮɚŬůŰɘəɩɜ ůŰŬɗŮɟɩɜ. 

 

Ɉɚɘəɧ 
ɀɏŰɟɞ ȺɚŬůŰɘəɧŰɖŰŬɠ 

Ⱥ(GPa) 

ȿɧɔɞɠ 

Poisson v 

ɀɏŰɟɞ 

ŭɘŬŰɛɐůŮɤɠ 

G(GPa) 

Ⱥˊɞɝ. ɅɖŰɑɜɖ 3.5 0.35 1.29 

ȴŬɚɞɠ 70 0.20 30 
ɄɑɜŬəŬɠ Ů 

5.9.1 ɄȽɁȷȾȺɆ  

ɆŰɖɜ ˊŬɟɎɔɟŬűɞ ŬɡŰɐ ɗŬ ˊŬɟŬɗɏůɞɡɛŮ Űɘɠ Űɘɛɏɠ Űɤɜ ŮɚŬůŰɘəɩɜ ůŰŬɗŮɟɩɜ ɔɘŬ 

ŭɘɎűɞɟŮɠ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ ůŮ ɏɔəɚŮɘůɛŬ, ɧˊɤɠ ɡˊɞɚɞɔɑůŰɖəŬɜ Ŭˊɧ Űɘɠ ɗŮɤɟɖŰɘəɏɠ 

ůɢɏůŮɘɠ ˊɞɡ ŮɝɐɔŬɛŮ ɔɘŬ Űɞ ɗŮɤɟɖŰɘəɧ ŮˊŰŬűŬůɘəɧ ɛɞɜŰɏɚɞ. 

ũɘŬ ɚɧɔɞɡɠ ůɨɔəɟɘůɖɠ Űɧůɞ ůŰɞɡɠ ˊɑɜŬəŮɠ Űɘɛɩɜ ɧůɞ əŬɘ ůŰŬ ŬɜŰɑůŰɞɘɢŬ 

ŭɘŬɔɟɎɛɛŬŰŬ ɗŬ ˊŬɟŬɗɏůɞɡɛŮ əŬɘ Űɘɠ Űɘɛɏɠ ˊɞɡ ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ ŰŬ ɛɞɜŰɏɚŬ ɏŰŮɟɤɜ 

ŮɟŮɡɜɖŰɩɜ. 

ɆŰɞɜ ɄɑɜŬəŬ ɘɓ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůɡɔəŮɜŰɟɤŰɘəɎ ŬɜɎɚɞɔŬ ɛŮ Űɖɜ ˊŮɟɘŮəŰɘəɧŰɖŰŬ 

ůŮ ɏɔəɚŮɘůɛŬ, ɖ əŬŰ' ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɖɠ əɎɗŮ űɎůɖɠ, ɖ ŬɜŰɑůŰɞɘɢɖ ŬəŰɑɜŬ Űɖɠ əŬɘ 

ɞɘ ŮɚŬůŰɘəɏɠ ůŰŬɗŮɟɏɠ Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ. ȷɡŰɎ ɡˊɞɚɞɔɑůɗɖəŬɜ ɓɎůŮɘ Űɞɡ 

əɡɚɘɜŭɟɘəɞɨ ŮˊŰŬűŬůɘəɞɨ ɛɞɜŰɏɚɞɡ ɛŮ ˊŬɟŬɓɞɚɘəɐ ɛŮŰŬɓɞɚɐ Űɖɠ ŮɜŭɘŬɛɏůɞɡ űɎůŮɤɠ.  

Ⱥˊɘ́ɟɧůɗŮŰŬ ůŰɞɜ ɑŭɘɞ ˊɑɜŬəŬ ŬɜŬɔɟɎűɞɡɛŮ Űɘɠ Űɘɛɏɠ ɚ Űɞɡ ɛɐəɞɡɠ Űɖɠ ˊɚŮɡɟɎɠ 

Űɞɡ ŮůɤŰŮɟɘəɞɨ ŰŮŰɟŬɔɤɜɘəɞɨ ˊɟɑůɛŬŰɞɠ Űɞɡ ŭɞɛɘəɞɨ çəɡŰŰɎɟɞɡè Űɞɡ ůɨɜɗŮŰɞɡ 

ɡɚɘəɞɨ, ˊɟɘɜ ŬɡŰɧ Űɞ ŬɜŬɔɎɔɞɡɛŮ ůŮ əɡɚɘɜŭɟɘəɧ. 

ɆŰɞɜ ɄɑɜŬəŬ ɘɔ ́ ŬɟŬɗɏŰɞɡɛŮ Űɘɠ Űɘɛɏɠ Űɞɡ ȹɘŬɛɐəɞɡɠ ɀɏŰɟɞɡ ȺɚŬůŰɘəɧŰɖŰŬɠ 

LE  ɧˊɤɠ ɡˊɞɚɞɔɑůŰɖəŮ ɔɘŬ ŭɘɎűɞɟŮɠ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ ůŮ ɏɔəɚŮɘůɛŬ Ŭˊɧ Űɞ ɗŮɤɟɖŰɘəɧ 
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ŮˊŰŬűŬůɘəɧ ɛɞɜŰɏɚɞ, Űɘɠ Űɘɛɏɠ ˊɞɡ ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ Ɏɚɚɞɡɠ ŮɟŮɡɜɖŰɏɠ əŬɗɩɠ əŬɘ ŰŬ 

ˊŮɘɟŬɛŬŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ ˊɞɡ ɏɢɞɡɜ ŬɜŰɚɖɗŮɑ Ŭˊɧ Űɘɠ ˊɖɔɏɠ [41],[42] əŬɘ [43] Űɖɠ 

ɓɘɓɚɘɞɔɟŬűɑŬɠ əŬɘ ŬɜŬűɏɟɞɜŰŬɘ ůŰɞɜ ˊɑɜŬəŬ ɤɠ Experiment Data I , Experiment 

Data I I  əŬɘ Experiment Data I II . 

ɆŰɞɜ ɄɑɜŬəŬ ɘŭ ́ ŬɟŬɗɏŰɞɡɛŮ Űɘɠ Űɘɛɏɠ Űɞɡ ȹɘŬɛɐəɞɡɠ ȿɧɔɞɡ Poisson LTv  ɧˊɤɠ 

ɡˊɞɚɞɔɑůŰɖəŮ ɔɘŬ ŭɘɎűɞɟŮɠ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ ůŮ ɏɔəɚŮɘůɛŬ Ŭˊɧ Űɞ ɗŮɤɟɖŰɘəɧ 

ŮˊŰŬűŬůɘəɧ ɛɞɜŰɏɚɞ, Űɘɠ Űɘɛɏɠ ˊɞɡ ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ Ɏɚɚɞɡɠ ŮɟŮɡɜɖŰɏɠ əŬɗɩɠ əŬɘ ŰŬ 

ˊŮɘɟŬɛŬŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ ˊɞɡ ɏɢɞɡɜ ŬɜŰɚɖɗŮɑ Ŭˊɧ Űɘɠ ˊɖɔɏɠ [42] əŬɘ [44] Űɖɠ 

ɓɘɓɚɘɞɔɟŬűɑŬɠ əŬɘ ŬɜŬűɏɟɞɜŰŬɘ ůŰɞɜ ˊɑɜŬəŬ ɤɠ Experiment Data I  əŬɘ Experiment 

Data I I . 

ɆŰɞɜ ɄɑɜŬəŬ ɘŮ ́ ŬɟŬɗɏŰɞɡɛŮ Űɘɠ Űɘɛɏɠ Űɞɡ ȺɔəɎɟůɘɞɡ ȿɧɔɞɡ Poisson TTv  ɧˊɤɠ 

ɡˊɞɚɞɔɑůŰɖəŮ ɔɘŬ ŭɘɎűɞɟŮɠ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ ůŮ ɏɔəɚŮɘůɛŬ Ŭˊɧ Űɞ ɗŮɤɟɖŰɘəɧ 

ŮˊŰŬűŬůɘəɧ ɛɞɜŰɏɚɞ. 

ɆŰɞɜ ɄɑɜŬəŬ ɘůŰ ˊŬɟŬɗɏŰɞɡɛŮ Űɘɠ Űɘɛɏɠ Űɞɡ ȺɔəɎɟůɘɞɡ ɀɏŰɟɞɡ 

ȺɚŬůŰɘəɧŰɖŰŬɠ TE  ɧˊɤɠ ɡˊɞɚɞɔɑůŰɖəŮ ɔɘŬ ŭɘɎűɞɟŮɠ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ ůŮ ɏɔəɚŮɘůɛŬ 

Ŭˊɧ Űɞ ɗŮɤɟɖŰɘəɧ ŮˊŰŬűŬůɘəɧ ɛɞɜŰɏɚɞ, Űɘɠ Űɘɛɏɠ ˊɞɡ ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ Ɏɚɚɞɡɠ 

ŮɟŮɡɜɖŰɏɠ əŬɗɩɠ əŬɘ ŰŬ ˊŮɘɟŬɛŬŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ ˊɞɡ ɏɢɞɡɜ ŬɜŰɚɖɗŮɑ Ŭˊɧ Űɘɠ ˊɖɔɏɠ 

[42],[45] əŬɘ [46] Űɖɠ ɓɘɓɚɘɞɔɟŬűɑŬɠ əŬɘ ŬɜŬűɏɟɞɜŰŬɘ ůŰɞɜ ˊɑɜŬəŬ ɤɠ Experiment 

Data I , Experiment Data I I  əŬɘ Experiment Data I II . 

ɆŰɞɜ ɄɑɜŬəŬ ɘɕ ́ ŬɟŬɗɏŰɞɡɛŮ Űɘɠ Űɘɛɏɠ Űɞɡ ȹɘŬɛɐəɞɡɠ  ɀɏŰɟɞɡ ȹɘŬŰɛɐůŮɤɠLTG  

ɧˊɤɠ ɡˊɞɚɞɔɑůŰɖəŮ ɔɘŬ ŭɘɎűɞɟŮɠ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ ůŮ ɏɔəɚŮɘůɛŬ Ŭˊɧ Űɞ ɗŮɤɟɖŰɘəɧ 

ŮˊŰŬűŬůɘəɧ ɛɞɜŰɏɚɞ, Űɘɠ Űɘɛɏɠ ˊɞɡ ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ Ɏɚɚɞɡɠ ŮɟŮɡɜɖŰɏɠ əŬɗɩɠ əŬɘ ŰŬ 

ˊŮɘɟŬɛŬŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ ˊɞɡ ɏɢɞɡɜ ŬɜŰɚɖɗŮɑ Ŭˊɧ Űɘɠ ˊɖɔɏɠ [47] əŬɘ [48] Űɖɠ 

ɓɘɓɚɘɞɔɟŬűɑŬɠ əŬɘ ŬɜŬűɏɟɞɜŰŬɘ ůŰɞɜ ˊɑɜŬəŬ ɤɠ Experiment Data I  əŬɘ Experiment 

Data II . 

ɆŰɞɜ ɄɑɜŬəŬ ɘɖ ˊŬɟŬɗɏŰɞɡɛŮ Űɘɠ Űɘɛɏɠ Űɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ Eq  , Űɞɡ 

ɛɏŰɟɞɡ ŭɘŬŰɛɐůŮɤɠ Gq əŬɘ Űɞɡ ɚɧɔɞ Poisson vq ɡˊɧ ɔɤɜɑŬ űɧɟŰɘůɖɠ ɗ (Ŭˊɧ 0ɞ ɛɏɢɟɘ 

90ɞ), ɔɘŬ  0.65 əŬŰ' ɧɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɏɔəɚŮɘůɛŬ ɧˊɤɠ ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ Űɞ 

ɗŮɤɟɖŰɘəɧ ŮˊŰŬűŬůɘəɧ ɛɞɜŰɏɚɞ. Ⱥˊɑůɖɠ  ŬɜŬɔɟɎűɞɡɛŮ ŰŬ ˊŮɘɟŬɛŬŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ 

ˊɞɡ ɏɢɞɡɜ ŬɜŰɚɖɗŮɑ  Ŭˊɧ Űɖɜ ˊɖɔɐ [31] Űɖɠ ɓɘɓɚɘɞɔɟŬűɑŬɠ əŬɘ ŬɜŬűɏɟɞɜŰŬɘ ůŰɞɜ 

ˊɑɜŬəŬ ɤɠ Experiment DataEq, Experiment DataGq əŬɘ Experiment Datavq .  

 

 

ɄȷɅȷɇȼɅȼɆȼ 

ɇŬ ˊŮɘɟŬɛŬŰɘəɎ ŭŮŭɞɛɏɜŬ ɔɘŬ Űɞ ŮɔəɎɟůɘɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ Ⱥɇ əŬɘ Űɞ 

ŭɘɎɛɖəŮɠ ɛɏŰɟɞ ŭɘŬŰɛɐůŮɤɠ LTG  ˊɟɞɏəɡɣŬɜ Ŭˊɧ ŬɜɎɔɜɤůɖ ŬɜŰɑůŰɞɘɢɤɜ 

ŭɘŬɔɟŬɛɛɎŰɤɜ. ȺɝŬɘŰɑŬɠ Űɞɡ ɔŮɔɞɜɧŰɞɠ ɧŰɘ ŭŮɜ ɡˊɐɟɢŬɜ ɞɘ ˊɑɜŬəŮɠ ɛŮ Űɘɠ ŬəɟɘɓŮɑɠ 

ˊŮɘɟŬɛŬŰɘəɏɠ Űɘɛɏɠ, ŮɑɜŬɘ  ́ ɘɗŬɜɐ ɛɘŬ  ɛɘəɟɐ Ŭˊɧəɚɘůɖ Ŭˊɧ Űɘɠ ŬɜŰɑůŰɞɘɢŮɠ ˊɟŬɔɛŬŰɘəɏɠ 

Űɘɛɏɠ Űɤɜ ˊŮɘɟŬɛɎŰɤɜ. 
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ȺɄɇȷūȷɆȽȾɃ ȾɈȿȽɁȹɅȽȾɃ ɀɃɁɇȺȿɃ 
Uf 10% 20% 30% 40% 50% 60% 65% 

U1 0.0200000 0.0400000 0.0600000 0.0800000 0.1000000 0.1200000 0.1300000 

U2 0.000585915 0.001931200 0.003419427 0.004419430 0.004261414 0.002209280 0.000216561 

U3 0.332113167 0.270767882 0.209279655 0.148279652 0.088437668 0.030489801 0.002482521 

U4 0.000585915 0.001931200 0.003419427 0.004419430 0.004261414 0.002209280 0.000216561 

U5 0.079414085 0.158068800 0.236580573 0.315580571 0.395738586 0.477790720 0.519783439 

U6 0.001994630 0.007415960 0.015420150 0.025163361 0.035801751 0.046491481 0.051591948 

U7 0.565306288 0.519884958 0.471880768 0.422137558 0.371499168 0.320809437 0.295708970 

ɚ(ɛm) 37.59943 26.58681 21.70804 18.79971 16.81497 15.34990 14.74771 

r 1(ɛm) 6.00000 6.00000 6,00000 6.00000 6.00000 6.00000 6.00000 

r 2(ɛm) 6.08725 6.14313 6.16860 6.16350 6.12651 6.05498 6.00500 

r 3(ɛm) 25.19640 16.77585 12.79138 10.23302 8.32897 6.76829 6.06197 

r 4(ɛm) 25.21732 16.82757 12.87133 10.32973 8.42056 6.81707 6.06691 

r 5(ɛm) 27.90803 20.62594 17.53908 15.77069 14.60725 13.77714 13.44423 

r 6(ɛm) 27.97228 20.78710 17.80089 16.12570 15.04195 14.27435 13.96547 

r 7(ɛm) 42.42641 30.00000 24.49490 21.21320 18.973667 17.32051 16.64101 

EL  10.1812 16.9210 23.7143 30.5563 37.4431 44.3724 47.8529 

vLT  0.331 0.314 0.297 0.281 0.266 0.252 0.245 

vTT 0.3349 0.3197 0.3044 0.2890 0.2734 0.2578 0.2500 

ET 5.2571 6.4408 7.7129 9.2841 11.3800 14.3632 16.3913 

GLT  1.5695 1.9277 2.3937 3.0133 3.8642 5.0892 5.9232 

ɄɑɜŬəŬɠ ɘɓ 
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ȹȽȷɀȼȾȺɆ ɀȺɇɅɃ ȺȿȷɆɇȽȾɃɇȼɇȷɆ  EL (Gpa) 

Uf  əŬŰ'ɞɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬ 

ůŮ ɏɔəɚŮɘůɛŬ 
0% 10% 20% 30% 40% 50% 60% 65% 

ŪȺɋɅ. ȺɄɇȷū. ɀɃɁɇ. 3.500 10.1812 16.9210 23.7143 30.5563 37.4431 44.3724 47.8529 

ŪȺɃɉȷɅȼɆ ɆȽȹȺɅȽȹȼɆ 

ɄȷɄȷɁȽȾɃȿȷɃɈ 
3.500 10.38 17.31 24.3 31.35 38.45 45.60 49.13 

ɁɃɀɃɆ ɇɋɁ ūȷɆȺɋɁ 3.500 10.35 17.20 24.05 30.90 37.75 44.60 48.03 

EKVALL  4.640 11.37 18.11 24.85 31.59 38.32 45.05 48.42 

Experiment Data I 3.500 10.36 17.22 26.07 30.92 37.77 44.62 48.13 

Experiment Data II  3.450 10.41 17.38 - - 38.11 45.12 48.62 

Experiment Data II I - - - - -  48.14 52.15 

ɄɑɜŬəŬɠ ɘɔ 

 

 

ȹȽȷɀȼȾȺɆ ȿɃũɃɆ POISSON ɜLɇ 

Uf  əŬŰ'ɞɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ 

ɏɔəɚŮɘůɛŬ 
0% 10% 20% 30% 40% 50% 60% 65% 

ŪȺɋɅ. ȺɄɇȷū. ɀɃɁɇȺȿɃ 0.350 0.331 0.314 0.297 0.281 0.266 0.252 0.245 

ŪȺɃɉȷɅȼɆ ɆȽȹȺɅȽȹȼɆ 

ɄȷɄȷɁȽȾɃȿȷɃɈ 
0.350 0.335 0.320 0.304 0.289 0.273 0.258 0.250 

ɁɃɀɃɆ ɇɋɁ ūȷɆȺɋɁ 0.350 0.335 0.320 0.305 0.290 0.275 0.260 0.253 

ROSEN 0.350 0.331 0.314 0.297 0.281 0.266 0.252 0.245 

Experment Data I 0.350 0.332 0.315 0.300 0.286 0.273 0.262 0.256 

Experment Data II  0.350 0.330 0.320 - - 0.280 0.260 - 

ɄɑɜŬəŬɠ Ƚŭ 

 

ȺũȾȷɅɆȽɃɆ ȿɃũɃɆ POISSON ɜTɇ 

Uf  əŬŰ'ɞɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ 

ɏɔəɚŮɘůɛŬ 
0% 10% 20% 30% 40% 50% 60% 65% 

ŪȺɋɅ. ȺɄɇȷū. ɀɃɁɇȺȿɃ 0.3500 0.3349 0.3197 0.3044 0.2890 0.2734 0.2578 0.2500 

ɄɑɜŬəŬɠ ɘŮ 
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ɄɑɜŬəŬɠ ɘůŰ 

 

 

ȹȽȷɀȼȾȺɆ ɀȺɇɅɃ ȹȽȷɇɀȼɆȼɆ GLT  (GPa) 

Uf  əŬŰ'ɞɔəɞ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ 

ɏɔəɚŮɘůɛŬ 
0% 10% 20% 30% 40% 50% 55% 60% 65% 

ŪȺɋɅ. ȺɄɇȷū. ɀɃɁɇ. 1.2900 1.5695 1.9277 2.3937 3.0133 3.8642 - 5.0892 5.9232 

ɆȽȹȺɅȽȹȼɆ  1.2900 1.57 1.90 2.33 2.91 3.74 - 4.99 5.89 

ɁɃɀɃɆ ɇɋɁ ūȷɆȺɋɁ 1.2900 4.17 7.04 9.91 12.78 15.65 - 18.52 19.96 

TSAI-HAHN 1.2900 1.56 1.90 2.33 2.90 3.70 - 4.93 5.82 

EKVALL -GRESZCZUK 1.2900 1.44 1.61 1.82 2.11 2.49 - 3.05 3.44 

HASHIN-ROSEN 1.2900 1.56 1.88 2.29 2.81 3.50 - 4.48 5.14 

HASHIN 1.2900 2.87 4.61 6.54 8.71 11.14 - 13.90 15.42 

Experiment Data I - - - - - - 6.41 6.88 7.50 

Experiment Data II  - - - - - - - 6.09 6.79 

ɄɑɜŬəŬɠ ɘɕ 

 

 

 

 

 

 

ȺũȾȷɅɆȽɃ ɀȺɇɅɃ ȺȿȷɆɇȽȾɃɇȼɇȷɆ  Eɇ (Gpa)  

Uf  əŬŰ'ɞɔəɞ 

ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ 

ɏɔəɚŮɘůɛŬ 

0% 10% 20% 30% 40% 50% 55% 60% 65% 

ŪȺɋɅ. ȺɄɇȷū. 

ɀɃɁɇ. 
3.5000         5.2571 6.4408     7.7129     9.2841    11.3800    - 14.3632    16.3913 

ɆȽȹȺɅȽȹȼɆ  3.50 5.32 6.56 7.88 9.48 11.60 - 14.67 17.15 

PAUL ï LOWER 

BOUND 

3.50 3.87 4.32 4.90 5.65 6.68 - 8.16 9.32 

WHITNEY-RILEY 3.50 5.13 6.08 6.98 8.02 9.31 - 11.04 12.28 

EKVALL  4.64 5.12 5.70 6.45 7.41 8.74 - 10.57 12.00 

HALPIN-TSAI 3.50 4.50 5.70 7.19 9.08 11.54 - 14.88 17.29 

TSAI-HAHN 3.50 4.23 5.13 6.28 7.80 9.93 - 13.15 15.48 

Experment Data I - - 4.40 7.52 - 11.60 - 15.00 - 

Experment Data II - - - - - - 15.80 - 17.60 

Experment Data III - - - - - - - 15.40 - 
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Ⱥɗ , ɜɗ, Gɗ     Uf=65%  

ɗɞ Ⱥɗ ɜɗ Gɗ 

Eɗ 

Experiment 

Data 

ɜɗ 

Experiment 

Data 

Gɗ 

Experiment 

Data 

0 47.8529 0.2450 5.9232 49.130 0.249 6.450 

5 45.9134 0.2616 6.0055 - - - 

10 41.0688 0.3024 6.2556 - - - 

15 35.2399 0.3493 6.6819 37.273 0.342 7.229 

20 29.8416 0.3892 7.2916 - - - 

25 25.4381 0.4164 8.0757 - - - 

30 22.0736 0.4304 8.9835 23.735 0.416 9.532 

35 19.5996 0.4321 9.8897 - - - 

40 17.8372 0.4230 10.5868 - - - 

45 16.6325 0.4040 10.8525 17.921 - 11.339 

50 15.8660 0.3762 10.5868 - - - 

55 15.4464 0.3406 9.8897 - - - 

60 15.3003 0.2983 8.9835 16.363 0.287 9.532 

65 15.3625 0.2515 8.0757 - - - 

70 15.5674 0.2030 7.2916 - - - 

75 15.8444 0.1571 6.6819 16.749 0.154 7.229 

80 16.1184 0.1187 6.2556 - - - 

85 16.3182 0.0930 6.0055 - - - 

90 16.3913 0.0839 5.9232 17.220 0.086 6.450 

ɄɑɜŬəŬɠ ɘɖ 
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5.9.2 ȹȽȷũɅȷɀɀȷɇȷ  

ɄŬɟŬəɎŰɤ ˊŬɟŬŰɑɗŮɜŰŬɘ ŰŬ ůɡɔəɟɘŰɘəɎ  ŭɘŬɔɟɎɛɛŬŰŬ ɛŮ Űɘɠ ŮɚŬůŰɘəɏɠ ůŰŬɗŮɟɏɠ 

ɔɘŬ Űɞ ŮˊŰŬűŬůɘəɧ ɛɞɜŰɏɚɞ, ŰŬ ɛɞɜŰɏɚŬ Űɤɜ Ɏɚɚɤɜ ɛŮɚŮŰɖŰɩɜ əŬɘ Űɘɠ ɡűɘůŰɎɛŮɜŮɠ 

ˊŮɘɟŬɛŬŰɘəɏɠ Űɘɛɏɠ. ɇŬ ɗŮɤɟɖŰɘəɎ ɛɞɜŰɏɚŬ ŬˊŮɘəɞɜɑɕɞɜŰŬɘ ɛŮ ɛɑŬ ůɡɜŮɢɐ ɔɟŬɛɛɐ 

ŭɘŬűɞɟŮŰɘəɞɨ ɢɟɩɛŬŰɞɠ Ůɜɩ ŰŬ ɡűɘůŰɎɛŮɜŬ ˊŮɘɟŬɛŬŰɘəɎ ŭŮŭɞɛɏɜŬ ɛɧɜɞ ɤɠ ůɖɛŮɑŬ. 

 Ⱥˊɑůɖɠ ˊŬɟŬŰɑɗŮɜŰŬɘ əŬɘ ŰŬ ŭɘŬɔɟɎɛɛŬŰŬ ˊɞɡ ˊɟɞɏəɡɣŬɜ Ŭˊɧ Űɞ ŮˊŰŬűŬůɘəɧ 

ɛŬɠ ɛɞɜŰɏɚɞ Űɤɜ , ,E Gq q qn  ɛŬɕɑ Űɘɠ ˊŮɘɟŬɛŬŰɘəɏɠ Űɘɛɏɠ ŬɡŰɩɜ, ɔɘŬ əŬŰô ɧɔəɞ 

Ů́ɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɏɔəɚŮɘůɛŬ 65%. 

 

 

 
ȺɘəɧɜŬ 5.2 ȹɘɎɔɟŬɛɛŬ 

LE  
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ȺɘəɧɜŬ 5.3 ȹɘɎɔɟŬɛɛŬ 

LTn  

 

 
ȺɘəɧɜŬ 5.4 ȹɘɎɔɟŬɛɛŬ 

TTn  
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ȺɘəɧɜŬ 5.5 ȹɘɎɔɟŬɛɛŬ 

TE  

 

 
ȺɘəɧɜŬ 5.6 ȹɘɎɔɟŬɛɛŬ 

LTG  
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ȺɘəɧɜŬ 5.7 ȹɘɎɔɟŬɛɛŬ EQ 

 

 
ȺɘəɧɜŬ 5.8 ȹɘɎɔɟŬɛɛŬ nQ 
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ȺɘəɧɜŬ 5.9 ȹɘɎɔɟŬɛɛŬ GQ 
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5.10 ɆɉɃȿȽȷɆɀɃɆ ȷɄɃɇȺȿȺɆɀȷɇɋɁ - ɆɈɀɄȺɅȷɆɀȷɇȷ  

ȷɟɢɘəɎ ɜŬ ŬɜŬűɏɟɞɡɛŮ ɧŰɘ  ɖ Ŭˊɧəɚɘůɖ Űɤɜ Űɘɛɩɜ Űɤɜ ŮɚŬůŰɘəɩɜ ůŰŬɗŮɟɩɜ, ˊɞɡ 

ŮɝɐɢɗɖůŬɜ Ŭˊɧ Űɞ ŮˊŰŬűŬůɘəɧ əɡɚɘɜŭɟɘəɧ ɛɞɜŰɏɚɞ, ůŮ ůɢɏůɖ ɛŮ ŰŬ  ɡűɘůŰɎɛŮɜŬ 

ˊŮɘɟŬɛŬŰɘəɎ ŭŮŭɞɛɏɜŬ ŮɑɜŬɘ ŬɜŬɛŮɜɧɛŮɜɖ ɔɘŬ Űɞɡɠ Ůɝɐɠ əŬŰŬůəŮɡŬůŰɘəɞɨɠ əɡɟɑɤɠ 

ɚɧɔɞɡɠ: 

¶ ȼ əŬŰŬɜɞɛɐ Űɤɜ ɘɜɩɜ ɛɏůŬ ůŰɖ ɟɖŰɑɜɖ Ŭɜ əŬɘ Űɖɜ ɗŮɤɟɞɨɛŮ ɞɛɞɘɞɔŮɜɐ 

ůŰɖɜ ˊɟŬɔɛŬŰɘəɧŰɖŰŬ ŭŮɜ ŮɑɜŬɘ. 

¶ ȴˊŬɟɝɖ ŬŰŮɚŮɘɩɜ ůŰɖ ɛɐŰɟŬ (űɡůŬɚɑŭŮɠ, ŬŰŮɚŮɑɠ ŭŮůɛɞɑ əɚˊ.) 

¶ ȴˊŬɟɝɖ ŬůɡɜɏɢŮɘŬɠ ɛŮŰŬɝɨ ŮɔəɚŮɑůɛŬŰɞɠ əŬɘ ɛɐŰɟŬɠ, ŭɖɚŬŭɐ ɧɢɘ əŬɚɐ 

ůɡɜɞɢɐ Űɞɡ ɡɚɘəɞɨ. 

¶ ɇɞ ɗŮɤɟɖŰɘəɧ ɛɞɜŰɏɚɞ ˊɟɞɓɚɏˊŮɘ ŰɏɚŮɘŬ ɔŮɤɛŮŰɟɘəɎ ůɢɐɛŬŰŬ 

(əɡɚɘɜŭɟɘəɏɠ ɑɜŮɠ) Ůɜɩ ůŰɖɜ ˊɟŬɔɛŬŰɘəɧŰɖŰŬ ŭɨɜŬŰŬɘ ɜŬ ɡˊɎɟɢɞɡɜ ɛɘəɟɏɠ ŬŰɏɚŮɘŮɠ 

ůŰɖɜ ŮˊɘűɎɜŮɘŬ əŬɘ əŬɗɩɠ əŬɘ ɑɜŮɠ ɛŮ ŭɘŬűɞɟŮŰɘəɧ ɛɏɔŮɗɞɠ. 

¶ ȼ ŰɏɚŮɘŬ  ŮɡɗɡɔɟɎɛɛɘůɖ  Űɤɜ ɘɜɩɜ ŮɑɜŬɘ ˊɞɚɨ ŭɨůəɞɚɞ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ůŰŬ 

ŭɞəɑɛɘŬ Űɤɜ ˊŮɘɟŬɛɎŰɤɜ. 

¶ ɇŬ ˊŮɘɟŬɛŬŰɘəɎ ŭŮŭɞɛɏɜŬ ŮɛˊŮɟɘɏɢɞɡɜ əŬɘ ŬɡŰɎ ůűɎɚɛŬŰŬ  ɛŮŰɟɐůŮɤɜ 

Űɧůɞ Ŭˊɧ Űɞɡɠ ɢŮɘɟɘůŰɏɠ ɞɟɔɎɜɤɜ ɧůɞ əŬɘ Ŭˊɧ ŰŬ ɑŭɘŬ ŰŬ ɧɟɔŬɜŬ. 

ɄɏɟŬ Űɤɜ ŬɜɤŰɏɟɤ Űɞ ŪŮɤɟɖŰɘəɧ ȺˊŰŬűŬůɘəɧ ɀɞɜŰɏɚɞ ŭŮɑɢɜŮɘ ɜŬ 

ŬɜŰŬˊɞəɟɑɜŮŰŬɘ ŬɟəŮŰɎ əŬɚɎ ůŰɖɜ ˊɟŬɔɛŬŰɘəɧŰɖŰŬ Ŭűɞɨ ɞɘ Űɘɛɏɠ ˊɞɡ ŮɝɐɢɗɖůŬɜ Ŭˊɧ 

ŬɡŰɧ, ˊɟɞůŮɔɔɑɕɞɡɜ ɘəŬɜɞˊɞɘɖŰɘəɎ ŰŬ ɡűɘůŰɎɛŮɜŬ ˊŮɘɟŬɛŬŰɘəɎ ŭŮŭɞɛɏɜŬ ůŰɘɠ 

ˊŮɟɘůůɧŰŮɟŮɠ Űɤɜ ˊŮɟɘˊŰɩůŮɤɜ. ɄŬɟŬəɎŰɤ ɗŬ ůɢɞɚɘɎůɞɡɛŮ ŬɜŬɚɡŰɘəɧŰŮɟŬ ŰŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ŭɘŬɔɟŬɛɛɎŰɤɜ Űɖɠ ˊɟɞɖɔɞɨɛŮɜɖɠ ˊŬɟŬɔɟɎűɞɡ. 

 

ȹɘŬɛɐəŮɠ ɀɏŰɟɞ ȺɚŬůŰɘəɧŰɖŰŬɠ EL 

 
ɆŰɞ ŭɘɎɔɟŬɛɛŬ Űɖɠ ŮɘəɧɜŬɠ 5.2  ŬˊɞŰɡˊɩɜŮŰŬɘ ɖ ɛŮŰŬɓɞɚɐ  Űɞɡ ȹɘŬɛɐəɞɡɠ 

ɀɏŰɟɞɡ ȺɚŬůŰɘəɧŰɖŰŬɠ (EL) Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ ůɡɜŬɟŰɐůŮɘ Űɖɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ 

ůŮ ɏɔəɚŮɘůɛŬ Uf. ɆŰɞ ŭɘɎɔɟŬɛɛŬ ŮəŰɧɠ Ŭˊɧ Űɞ ŮˊŰŬűŬůɘəɧ ɛɞɜŰɏɚɞ űŬɑɜɞɜŰŬɘ əŬɘ ŰŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ŮɟŮɡɜɖŰɩɜ ŪŮɞɢɎɟɖ-ɆɘŭŮɟɑŭɖ-ɄŬˊŬɜɘəɞɚɎɞɡ [27] əŬɘ Ekvall [32], 

ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɞɡ  Ɂɧɛɞɡ Űɤɜ ūɎůŮɤɜ [5.8.2] əŬɗɩɠ əŬɘ ŰŬ ˊŮɘɟŬɛŬŰɘəɎ ŭŮŭɞɛɏɜŬ 

ˊɞɡ ŬɜŰɚɐɗɖəŬɜ Ŭˊɧ Űɖɜ ɓɘɓɚɘɞɔɟŬűɑŬ experiment data Ƚ [41], experiment data ȽȽ 

[42] əŬɘ experiment data ȽȽȽ [43]. 

ȷɡŰɧ ˊɞɡ ˊŬɟŬŰɖɟɞɨɛŮ ůŮ ɧɚŮɠ Űɘɠ ɛŮɚɏŰŮɠ əŬɘ ůŰŬ ˊŮɘɟŬɛŬŰɘəɎ ŭŮŭɞɛɏɜŬ ŮɑɜŬɘ 

ɧŰɘ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ ŬɡɝɎɜŮŰŬɘ ɧůɞ ŬɡɝɎɜŮŰŬɘ ɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɏɔəɚŮɘůɛŬ. 

Ⱥˊɑůɖɠ ˊŬɟŬŰɖɟɞɨɛŮ ˊɞɚɨ əŬɚɐ ůɨɔəɚɘůɖ Űɘɛɩɜ ůŮ ɧɚŮɠ Űɘɠ ɗŮɤɟɖŰɘəɏɠ ɛŮɚɏŰŮɠ 

ɘŭɘŬɑŰŮɟŬ ɛŮŰŬɝɨ Űɞɡ ŮˊŰŬűŬůɘəɞɨ ɛɞɜŰɏɚɞɡ , Űɞɡ ɛɞɜŰɏɚɞɡ Űɤɜ ŮɟŮɡɜɖŰɩɜ ŪŮɞɢɎɟɖ-

ɆɘŭŮɟɑŭɖ-ɄŬˊŬɜɘəɞɚɎɞɡ [27] əŬɘ Űɞɡ ɜɧɛɞɡ Űɤɜ űɎůŮɤɜ[5.8.2]. ɀɑŬ Ŭɛɡŭɟɐ ŭɘŬűɞɟɎ 

ɡˊɎɟɢŮɘ ɛŮŰŬɝɨ Űɤɜ ˊɟɞɖɔɞɨɛŮɜɤɜ ɛɞɜŰɏɚɤɜ əŬɘ Űɞɡ ɛɞɜŰɏɚɞɡ Űɞɡ ŮɟŮɡɜɖŰɐ Ekvall 

[32]   

ɇɏɚɞɠ ˊɞɚɨ əŬɚɐ ůɨɔəɚɘůɖ ˊŬɟŬŰɖɟɞɨɛŮ ɛŮŰŬɝɨ Űɤɜ ɗŮɤɟɖŰɘəɩɜ ɛɞɜŰɏɚɤɜ əŬɘ 

Űɤɜ ɡűɘůŰɎɛŮɜɤɜ ˊŮɘɟŬɛŬŰɘəɩɜ ŭŮŭɞɛɏɜɤɜ   
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ȹɘŬɛɐəɖɠ ȿɧɔɞɠ Poisson vLT  

 

ɆŰɞ ŭɘɎɔɟŬɛɛŬ Űɖɠ ŮɘəɧɜŬɠ 5.3  ŬˊɞŰɡˊɩɜŮŰŬɘ ɖ ɛŮŰŬɓɞɚɐ  Űɞɡ ȹɘŬɛɐəɞɡɠ 

ȿɧɔɞɡ Poisson (ɜLT )  Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ ůɡɜŬɟŰɐůŮɘ Űɖɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ůŮ 

ɏɔəɚŮɘůɛŬ Uf. ɆŰɞ ŭɘɎɔɟŬɛɛŬ ŮəŰɧɠ Ŭˊɧ Űɞ ŮˊŰŬűŬůɘəɧ ɛɞɜŰɏɚɞ űŬɑɜɞɜŰŬɘ əŬɘ  ŰŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ŮɟŮɡɜɖŰɩɜ ŪŮɞɢɎɟɖ-ɆɘŭŮɟɑŭɖ-ɄŬˊŬɜɘəɞɚɎɞɡ [27] əŬɘ Rosen [33], 

ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɞɡ Ɂɧɛɞɡ Űɤɜ ūɎůŮɤɜ [5.8.5] əŬɗɩɠ əŬɘ ŰŬ ˊŮɘɟŬɛŬŰɘəɎ ŭŮŭɞɛɏɜŬ 

ˊɞɡ ŬɜŰɚɐɗɖəŬɜ Ŭˊɧ Űɖɜ ɓɘɓɚɘɞɔɟŬűɑŬ experiment data Ƚ [42] əŬɘ experiment data 

ȽȽ [44].  

ȷɡŰɧ ˊɞɡ ˊŬɟŬŰɖɟɞɨɛŮ ůŮ ɧɚŮɠ Űɘɠ ɛŮɚɏŰŮɠ əŬɘ ůŰŬ ˊŮɘɟŬɛŬŰɘəɎ ŭŮŭɞɛɏɜŬ ŮɑɜŬɘ 

ɧŰɘ o ŭɘŬɛɐəɖɠ ɚɧɔɞɠ Poisson ɛŮɘɩɜŮŰŬɘ ɧůɞ ŬɡɝɎɜŮŰŬɘ ɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɏɔəɚŮɘůɛŬ. 

Ⱥˊɑůɖɠ ˊŬɟŬŰɖɟɞɨɛŮ ɛɘŬ ůɢŮŭɧɜ ŰɏɚŮɘŬ ůɨɔəɚɘůɖ Űɘɛɩɜ ɛŮŰŬɝɨ Űɞɡ ŮˊŰŬűŬůɘəɞɨ 

ɛɞɜŰɏɚɞɡ əŬɘ Űɞɡ ɛɞɜŰɏɚɞɡ Űɞɡ Rosen [33] əŬɗɩɠ əŬɘ ɛɘŬ ůɢŮŭɧɜ  ŰɏɚŮɘŬ ůɨɔəɚɘůɖ Űɞɡ 

ɛɞɜŰɏɚɞɡ Űɤɜ ŮɟŮɡɜɖŰɩɜ ŪŮɞɢɎɟɖ-ɆɘŭŮɟɑŭɖ-ɄŬˊŬɜɘəɞɚɎɞɡ [27] əŬɘ Űɞɡ ɜɧɛɞɡ Űɤɜ 

űɎůŮɤɜ[5.8.5]. 

ũŮɜɘəɧŰŮɟŬ ˊŬɟŬŰɖɟɞɨɛŮ əŬɚɐ ůɨɔəɚɘůɖ ɧɚɤɜ Űɤɜ ɗŮɤɟɖŰɘəɩɜ ɛɞɜŰɏɚɤɜ 

ɛŮŰŬɝɨ Űɞɡɠ  əŬɗɩɠ əŬɘ ˊɞɚɨ əŬɚɐ ůɨɔəɚɘůɖ ɛŮŰŬɝɨ Űɤɜ ɗŮɤɟɖŰɘəɩɜ ɛɞɜŰɏɚɤɜ əŬɘ 

Űɤɜ ɡűɘůŰɎɛŮɜɤɜ ˊŮɘɟŬɛŬŰɘəɩɜ ŭŮŭɞɛɏɜɤɜ. 

 

ȺɔəɎɟůɘɞɠ ȿɧɔɞɠ Poisson vɇɇ 

 

ɆŰɞ ŭɘɎɔɟŬɛɛŬ Űɖɠ ŮɘəɧɜŬɠ 5.4  ŬˊɞŰɡˊɩɜŮŰŬɘ ɖ ɛŮŰŬɓɞɚɐ  Űɞɡ ȺɔəɎɟůɘɞɡ 

ȿɧɔɞɡ Poisson (ɜɇT)  Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ ůɡɜŬɟŰɐůŮɘ Űɖɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ůŮ 

ɏɔəɚŮɘůɛŬ Uf. 

ȷɡŰɧ ˊɞɡ ˊŬɟŬŰɖɟɞɨɛŮ ŮɑɜŬɘ ɧŰɘ o ȺɔəɎɟůɘɞɠ ȿɧɔɞɠ Poisson ɛŮɘɩɜŮŰŬɘ ɧůɞ 

ŬɡɝɎɜŮŰŬɘ ɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɏɔəɚŮɘůɛŬ. 

ũɘŬ Űɞɜ ȺɔəɎɟůɘɞ ȿɧɔɞ Poisson ŭŮɜ ɏɢɞɡɛŮ ůŰɞɘɢŮɑŬ Ŭˊɧ Ɏɚɚɞɡɠ ɛŮɚŮŰɖŰɏɠ ɐ 

ˊŮɘɟŬɛŬŰɘəɎ ŭŮŭɞɛɏɜŬ. 
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ɆŰɞ ŭɘɎɔɟŬɛɛŬ Űɖɠ ŮɘəɧɜŬɠ 5.5  ŬˊɞŰɡˊɩɜŮŰŬɘ ɖ ɛŮŰŬɓɞɚɐ  Űɞɡ ȺɔəɎɟůɘɞɡ 

ɀɏŰɟɞɡ ȺɚŬůŰɘəɧŰɖŰŬɠ (ET) Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ ůɡɜŬɟŰɐůŮɘ Űɖɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ 

ůŮ ɏɔəɚŮɘůɛŬ Uf. ɆŰɞ ŭɘɎɔɟŬɛɛŬ ŮəŰɧɠ Ŭˊɧ Űɞ ŮˊŰŬűŬůɘəɧ ɛɞɜŰɏɚɞ űŬɑɜɞɜŰŬɘ əŬɘ ŰŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ŮɟŮɡɜɖŰɩɜ ɆɘŭŮɟɑŭɖ [23], Paul-Lower Bound [34], Whitney-Riley 

[35], Ekvall [36], Tsai-Hahn [30] əŬɘ Halpin-Tsai[30] əŬɗɩɠ əŬɘ ŰŬ ˊŮɘɟŬɛŬŰɘəɎ 

ŭŮŭɞɛɏɜŬ ˊɞɡ ŬɜŰɚɐɗɖəŬɜ Ŭˊɧ Űɖɜ ɓɘɓɚɘɞɔɟŬűɑŬ experiment data Ƚ [42], experiment 

data ȽȽ [45] əŬɘ experiment data ȽȽȽ [46]. 

ȷɡŰɧ ˊɞɡ ˊŬɟŬŰɖɟɞɨɛŮ ůŮ ɧɚŮɠ Űɘɠ ɛŮɚɏŰŮɠ əŬɘ ůŰŬ ˊŮɘɟŬɛŬŰɘəɎ ŭŮŭɞɛɏɜŬ ŮɑɜŬɘ 

ɧŰɘ Űɞ ȺɔəɎɟůɘɞ ɀɏŰɟɞ ȺɚŬůŰɘəɧŰɖŰŬɠ ŬɡɝɎɜŮŰŬɘ ɧůɞ ŬɡɝɎɜŮŰŬɘ ɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ 

ɏɔəɚŮɘůɛŬ. 

ɄŬɟŬŰɖɟɞɨɛŮ ůɢŮŭɧɜ ŰɏɚŮɘŬ ůɨɔəɚɘůɖ Űɘɛɩɜ Űɞɡ ɗŮɤɟɖŰɘəɞɨ ŮˊŰŬűŬůɘəɞɨ 

ɛɞɜŰɏɚɞɡ əŬɘ Űɤɜ Űɘɛɩɜ ˊɞɡ ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ Űɖɜ ɛŮɚɏŰɖ Űɞɡ ŮɟŮɡɜɖŰɐ ɆɘŭŮɟɑŭɖ [23], 

ˊɞɡ ɗŬ Űɖɜ ɢŬɟŬəŰɖɟɑɕŬɛŮ ŬɜŬɛŮɜɧɛŮɜɖ əŬɗɩɠ əŬɘ ŰŬ ŭɨɞ ɛɞɜŰɏɚŬ ˊɟɞəɨˊŰɞɡɜ  

ɚŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɘɜ  Űɖɠ ɗŮɤɟɑŬ Űɖɠ ŮɜŭɘŬɛɏůɞɡ űɎůŮɤɠ. ɇɞ ɛɞɜŰɏɚɞ  Űɤɜ Halpin-

Tsai[30] ůɡɔəɚɑɜŮɘ ɛŮ ŰŬ ˊɟɞɖɔɞɨɛŮɜŬ ŭɨɞ ůŮ ɚɑɔɞ ɛɘəɟɧŰŮɟɞ ɓŬɗɛɧ ɔɘŬ  
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ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ ůŮ ɏɔəɚŮɘůɛŬ ɛɏɢɟɘ Uf=0.4, Ůɜɩ ɔɘŬ ɛŮɔŬɚɨŰŮɟŮɠ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ ɖ 

ůɨɔəɚɘůɖ ŮɑɜŬɘ ˊɞɚɨ əŬɚɐ. ɆŮ ɛɘəɟɧŰŮɟɞ ɓŬɗɛɧ ŮɑɜŬɘ ɖ ůɨɔəɚɘůɖ ɛŮ Űɞ ɛɞɜŰɏɚɞ Űɤɜ 

ŮɟŮɡɜɖŰɩɜ Tsai-Hahn[30]. ȷəɧɛŬ ˊŬɟŬŰɖɟɞɨɛŮ ůɨɔəɚɘůɖ Űɤɜ Űɘɛɩɜ ɛŮŰŬɝɨ Űɤɜ 

ŮɟŮɡɜɖŰɩɜ Whitney-Riley [35] əŬɘ Ekvall [36] ˊɞɡ ɧɛɤɠ ŭŮɜ ŮɑɜŬɘ əɞɜŰɎ ůŰɘɠ Űɘɛɏɠ  

ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ Űɞ  ɗŮɤɟɖŰɘəɧ ŮˊŰŬűŬůɘəɧ ɛɞɜŰɏɚɞ, ɘŭɘŬɑŰŮɟŬ ɧůɞ ŬɡɝɎɜŮŰŬɘ ɖ 

ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɏɔəɚŮɘůɛŬ. Ƀɘ Űɘɛɏɠ Űɞɡ ɛɞɜŰɏɚɞɡ Űɤɜ Paul-Lower Bound [34] ŭŮɜ 

ůɡɔəɚɑɜɞɡɜ ɛŮ Űɘɠ Űɘɛɏɠ əɎˊɞɘɞɡ Ŭˊɧ ŰŬ ˊɟɞŬɜŬűŮɟɧɛŮɜŬ ɛɞɜŰɏɚŬ əŬɘ ɗŬ ɚɏɔŬɛŮ ɧŰɘ 

ŮɛűŬɜɑɕɞɜŰŬɘ ŬɟəŮŰɎ ɛŮɘɤɛɏɜŮɠ. 

ɇɏɚɞɠ ˊɞɚɨ əŬɚɐ ůɨɔəɚɘůɖ ˊŬɟŬŰɖɟɞɨɛŮ ɛŮŰŬɝɨ Űɞɡ ŪŮɤɟɖŰɘəɞɨ ȺˊŰŬűŬůɘəɞɨ 

ɀɞɜŰɏɚɞɡ əŬɘ Űɤɜ ɡűɘůŰɎɛŮɜɤɜ ˊŮɘɟŬɛŬŰɘəɩɜ ŭŮŭɞɛɏɜɤɜ.  

 

ȹɘŬɛɐəŮɠ ɀɏŰɟɞ ȹɘŬŰɛɐůŮɤɠ GLT  

 

ɆŰɞ ŭɘɎɔɟŬɛɛŬ Űɖɠ ŮɘəɧɜŬɠ 5.6  ŬˊɞŰɡˊɩɜŮŰŬɘ ɖ ɛŮŰŬɓɞɚɐ  Űɞɡ ȹɘŬɛɐəɞɡɠ 

ɀɏŰɟɞɡ ȹɘŬŰɛɐůŮɤɠ (GLT ) Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ ůɡɜŬɟŰɐůŮɘ Űɖɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ůŮ 

ɏɔəɚŮɘůɛŬ Uf. ɆŰɞ ŭɘɎɔɟŬɛɛŬ ŮəŰɧɠ Ŭˊɧ Űɞ ŮˊŰŬűŬůɘəɧ ɛɞɜŰɏɚɞ űŬɑɜɞɜŰŬɘ əŬɘ ŰŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ŮɟŮɡɜɖŰɩɜ ɆɘŭŮɟɑŭɖ [24], Ekvall-Greszczuk [39] , [40], Hashin 

[38], Hashin-Rosen [37], Tsai-Hahn[30], ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɞɡ Ɂɧɛɞ Űɤɜ ūɎůŮɤɜ 

[5.8.14] əŬɗɩɠ əŬɘ ŰŬ ˊŮɘɟŬɛŬŰɘəɎ ŭŮŭɞɛɏɜŬ ˊɞɡ ŬɜŰɚɐɗɖəŬɜ Ŭˊɧ Űɖɜ ɓɘɓɚɘɞɔɟŬűɑŬ 

experiment data Ƚ [47] əŬɘ experiment data ȽȽ [48] . 

ȷɡŰɧ ˊɞɡ ˊŬɟŬŰɖɟɞɨɛŮ ůŮ ɧɚŮɠ Űɘɠ ɛŮɚɏŰŮɠ əŬɘ ůŰŬ ˊŮɘɟŬɛŬŰɘəɎ ŭŮŭɞɛɏɜŬ ŮɑɜŬɘ 

ɧŰɘ Űɞ ȹɘɎɛɖəŮɠ ɀɏŰɟɞ ȹɘŬŰɛɐůŮɤɠ ŬɡɝɎɜŮŰŬɘ ɧůɞ ŬɡɝɎɜŮŰŬɘ ɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ 

ɏɔəɚŮɘůɛŬ. 

ɄŬɟŬŰɖɟɞɨɛŮ ůɢŮŭɧɜ ŰɏɚŮɘŬ ůɨɔəɚɘůɖ Űɘɛɩɜ Űɞɡ ɗŮɤɟɖŰɘəɞɨ ŮˊŰŬűŬůɘəɞɨ 

ɛɞɜŰɏɚɞɡ əŬɘ Űɤɜ Űɘɛɩɜ ˊɞɡ ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ Űɖɜ ɛŮɚɏŰɖ Űɞɡ ŮɟŮɡɜɖŰɐ ɆɘŭŮɟɑŭɖ [24] 

əŬɘ Űɤɜ ŮɟŮɡɜɖŰɩɜ Tsai-Hahn[30]. ȷɡŰɧ ŮɑɜŬɘ əɎŰɘ ˊɞɡ ŬɜŬɛɏɜŬɛŮ əŬɗɩɠ ɧˊɤɠ ɐŭɖ 

ŬɜŬűɏɟŬɛŮ Űɞ  ŪŮɤɟɖŰɘəɧ Ⱥ́ ŰŬűŬůɘəɧ ɀɞɜŰɏɚɞ ˊɞɡ ɛŮɚŮŰɐůŬɛŮ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɞ 

ɛɞɜŰɏɚɞ Űɤɜ Tsai-Hahn ɚŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɘɜ  Űɖɠ ɗŮɤɟɑŬ Űɖɠ ŮɜŭɘŬɛɏůɞɡ űɎůŮɤɠ. ɇɞ 

ɛɞɜŰɏɚɞ ɆɘŭŮɟɑŭɖ ɚŬɛɓɎɜŮɘ Ůˊɑůɖɠ ɡˊɧɣɘɜ ŬɡŰɐ Űɖɜ ɗŮɩɟɖůɖ. 

ɇɞ ɛɞɜŰɏɚɞ  Űɤɜ Hashin-Rosen [37] ůɡɔəɚɑɜŮɘ ɛŮ ŰŬ ˊɟɞɖɔɞɨɛŮɜŬ ŰɟɑŬ ůŮ əŬɚɧ  

ɓŬɗɛɧ ɘŭɘŬɑŰŮɟŬ ɔɘŬ  ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ ůŮ ɏɔəɚŮɘůɛŬ ɛɏɢɟɘ Uf=0.4, Ůɜɩ ɔɘŬ ɛŮɔŬɚɨŰŮɟŮɠ 

ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ ɖ ůɨɔəɚɘůɖ ŮɑɜŬɘ ɛɘəɟɧŰŮɟɖ. ɆŮ ɛɘəɟɧŰŮɟɞ ɓŬɗɛɧ ŮɑɜŬɘ ɖ ůɨɔəɚɘůɖ 

ɗŮɤɟɖŰɘəɞɨ ŮˊŰŬűŬůɘəɞɨ ɛɞɜŰɏɚɞɡ, ɛŮ Űɞ ɛɞɜŰɏɚɞ Űɤɜ ŮɟŮɡɜɖŰɩɜ Ekvall-Greszczuk 

[39],[40] ˊɞɡ ŭɑɜŮɘ ɢŬɛɖɚɧŰŮɟŮɠ Űɘɛɏɠ ɧůɞ ŬɡɝɎɜŮŰŬɘ ɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɏɔəɚŮɘůɛŬ. 

ɇŬ ɛɞɜŰɏɚŬ ˊɞɡ ́ ɟɞəɨˊŰɞɡɜ Ŭˊɧ Űɞɜ  ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɞɡ Ɂɧɛɞ Űɤɜ ūɎůŮɤɜ [5.8.14] 

əŬɘ Űɞɡ ŮɝŮɟŮɡɜɖŰɐ Hashin [38] ŭŮɜ ŮɛűŬɜɑɕɞɡɜ əŬɚɐ ůɨɔəɚɘůɖ ɛŮ Űɞ ŪŮɤɟɖŰɘəɧ 

ȺˊŰŬűŬůɘəɧ ɀɞɜŰɏɚɞ. 

 ɇɏɚɞɠ əŬɚɐ ůɨɔəɚɘůɖ ˊŬɟŬŰɖɟɞɨɛŮ ɛŮŰŬɝɨ Űɞɡ ŪŮɤɟɖŰɘəɞɨ ȺˊŰŬűŬůɘəɞɨ 

ɀɞɜŰɏɚɞɡ əŬɘ Űɤɜ ɡűɘůŰɎɛŮɜɤɜ ˊŮɘɟŬɛŬŰɘəɩɜ ŭŮŭɞɛɏɜɤɜ.  

 

ȹɘŬɔɟɎɛɛŬŰŬ ȺɚŬůŰɘəɩɜ ɆŰŬɗŮɟɩɜ ɡˊɧ ɔɤɜɑŬ űɧɟŰɘůɖɠ ɗ 

 
ɆŰŬ ŭɘŬɔɟɎɛɛŬŰŬ ˊɞɡ Ŭűɞɟɞɨɜ Űɖɜ űɧɟŰɘůɖ ɡˊɧ ɔɤɜɑŬ, ɔɘŬ ɚɧɔɞɡɠ ɞɛŬɚɞˊɞɑɖůɖɠ 

Űɤɜ ŭɘŬɔɟŬɛɛɎŰɤɜ ŬɚɚɎ əŬɘ ɞɘəɞɜɞɛɑŬɠ ɡˊɞɚɞɔɘůŰɘəɞɨ ɢɟɧɜɞɡ ɢɟɖůɘɛɞˊɞɘɐůŬɛŮ Űɖɜ 

ŮɜŰɞɚɐ ñfit  ( 'cubicinterp')- Piecewise cubic interpolationò Űɞɡ Matlab ɩůŰŮ ɜŬ əɎɜɞɡɛŮ 

Űɞ ɚŮɔɧɛŮɜɞ ñcurve fittingò.  

ȹɘŬűɞɟŮŰɘəɎ ɗŬ ŬˊŬɘŰɞɨɜŰŬɜ ˊɞɚɨ ˊŮɟɘůůɧŰŮɟŬ ůɖɛŮɑŬ əŬɘ ɡˊɞɚɞɔɘůŰɘəɧɠ 
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ɢɟɧɜɞɠ ɩůŰŮ ɜŬ ɏɢɞɡɛŮ ɞɛŬɚɐ ɛɞɟűɐ ůŰŬ ŮɝŬɔɧɛŮɜŬ ŭɘŬɔɟɎɛɛŬŰŬ.  

 

ɀɏŰɟɞ ȺɚŬůŰɘəɧŰɖŰŬɠ ɡˊɧ ɔɤɜɑŬ űɧɟŰɘůɖɠ  Eɗ  

 

ɆŰɞ ŭɘɎɔɟŬɛɛŬ Űɖɠ ŮɘəɧɜŬɠ 5.7  ŬˊɞŰɡˊɩɜŮŰŬɘ ɖ ɛŮŰŬɓɞɚɐ Űɞɡ ɛɏŰɟɞɡ 

ŮɚŬůŰɘəɧŰɖŰŬɠ Eɗ Űɞɡ ɘɜɩŭɞɡɠ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ ůɡɜŬɟŰɐůŮɘ Űɖɠ ɔɤɜɑŬɠ ɘɜɩɜ (ɗ), ɓɎůɖ 

Űɞɡ ɗŮɤɟɖŰɘəɞɨ ŮˊŰŬűŬůɘəɞɨ ɛɞɜŰɏɚɞɡ.   

ɄŬɟŬŰɖɟɞɨɛŮ ɛɑŬ ŬɟɢɘəɎ ɏɜŰɞɜɖ ɛŮɑɤůɖ Űɞɡ ɀɏŰɟɞɡ ȺɚŬůŰɘəɧŰɖŰŬɠ Ŭˊɧ Űɘɠ 00 

ˊɞɡ ɏɢŮɘ Űɖɜ Űɘɛɐ Űɞɡ ȹɘŬɛɐəɞɡɠ ɀɏŰɟɞɡ ȺɚŬůŰɘəɧŰɖŰŬɠ ɛɏɢɟɘ ˊŮɟɑˊɞɡ Űɘɠ 500, ůŰɖɜ 

ůɡɜŮɢŮɑŬ ɛɑŬ ůɢŮŰɘəɐ ůŰŬɗŮɟɞˊɞɑɖůɖ  ɛɏɢɟɘ Űɘɠ 700 əŬɘ Űɏɚɞɠ ɛɑŬ ɛɘəɟɐ Ŭɨɝɖůɖ ɛɏɢɟɘ 

Űɘɠ 90ɞ  ˊɞɡ ůɡɛˊɑˊŰŮɘ, ɧˊɤɠ əŬɘ ɐŰŬɜ ŬɜŬɛŮɜɧɛŮɜɞ Ŭˊɧ Űɖɜ ɗŮɤɟɑŬ Űɤɜ ůɨɜɗŮŰɤɜ 

ɡɚɘəɩɜ [28ɓ], ɛŮ Űɖɜ Űɘɛɐ Űɞɡ ȺɔəɎɟůɘɞɡ ɀɏŰɟɞɡ ȺɚŬůŰɘəɧŰɖŰŬɠ Eɇ.  

Ƀɘ Űɘɛɏɠ Űɤɜ ˊŮɘɟŬɛŬŰɘəɩɜ ŭŮŭɞɛɏɜɤɜ Ŭəɞɚɞɡɗɞɨɜ Űɖɜ ɑŭɘŬ ɛɞɟűɐ  ɛŮ Űɖɜ 

ɗŮɤɟɖŰɘəɐ əŬɛˊɨɚɖ Űɞɡ Eɗ, Ůɜɩ ˊŬɟŬŰɖɟɞɨɛŮ ˊɞɚɨ əŬɚɐ ůɨɔəɚɘůɖ ɛŮŰŬɝɨ Űɤɜ 

ˊŮɘɟŬɛŬŰɘəɩɜ ŭŮŭɞɛɏɜɤɜ əŬɘ Űɤɜ Űɘɛɩɜ ɞɘ ɞˊɞɑŮɠ ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ Űɞ ɗŮɤɟɖŰɘəɧ 

ŮˊŰŬűŬůɘəɧ ɛɞɜŰɏɚɞ. 

 

 

ȿɧɔɞɠ Poisson ɡˊɧ ɔɤɜɑŬ űɧɟŰɘůɖɠ vɗ  
 

 ɆŰɞ ŭɘɎɔɟŬɛɛŬ Űɖɠ ŮɘəɧɜŬɠ 5.8  ŬˊɞŰɡˊɩɜŮŰŬɘ ɖ ɛŮŰŬɓɞɚɐ Űɞɡ ɚɧɔɞɡ Poisson vɗ 
Űɞɡ ɘɜɩŭɞɡɠ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ ůɡɜŬɟŰɐůŮɘ Űɖɠ ɔɤɜɑŬɠ ɘɜɩɜ (ɗ), ɓɎůɖ Űɞɡ ɗŮɤɟɖŰɘəɞɨ 

ŮˊŰŬűŬůɘəɞɨ ɛɞɜŰɏɚɞɡ.   

ɄŬɟŬŰɖɟɞɨɛŮ ɧŰɘ Űɞ vɗ ŬɡɝɎɜŮɘ Ŭˊɧ Űɘɠ 00 ˊɞɡ ŮɑɜŬɘ ɖ Űɘɛɐ Űɞɡ ŭɘŬɛɐəɞɡɠ ɚɧɔɞɡ 

Poisson ɛɏɢɟɘ Űɘɠ 350  ˊŮɟɑˊɞɡ ɧˊɞɡ ɡˊɎɟɢŮɘ ɏɜŬ ɛɏɔɘůŰɞ ůŰɖɜ ůɡɜŮɢŮɑŬ ŮɚŬŰŰɩɜŮŰŬɘ 

ɛɏɢɟɘ Űɘɠ 900.  

Ƀɘ Űɘɛɏɠ Űɤɜ ˊŮɘɟŬɛŬŰɘəɩɜ ŭŮŭɞɛɏɜɤɜ Ŭəɞɚɞɡɗɞɨɜ Űɖɜ ɑŭɘŬ ɛɞɟűɐ  ɛŮ Űɖɜ 

ɗŮɤɟɖŰɘəɐ əŬɛˊɨɚɖ Űɞɡ ɜɗ, Ůɜɩ ˊŬɟŬŰɖɟɞɨɛŮ ˊɞɚɨ əŬɚɐ ůɨɔəɚɘůɖ ɛŮŰŬɝɨ Űɤɜ 

ˊŮɘɟŬɛŬŰɘəɩɜ ŭŮŭɞɛɏɜɤɜ əŬɘ Űɤɜ Űɘɛɩɜ ɞɘ ɞˊɞɑŮɠ ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ Űɞ ɗŮɤɟɖŰɘəɧ 

ŮˊŰŬűŬůɘəɧ ɛɞɜŰɏɚɞ. 

 

ɀɏŰɟɞ ȹɘŬŰɛɐůŮɤɠ ɡˊɧ ɔɤɜɑŬ űɧɟŰɘůɖɠ Gɗ  

 

ɆŰɞ ŭɘɎɔɟŬɛɛŬ Űɖɠ ŮɘəɧɜŬɠ 5.9  ŬˊɞŰɡˊɩɜŮŰŬɘ ɖ ɛŮŰŬɓɞɚɐ Űɞɡ ɛɏŰɟɞɡ 

ȹɘŬŰɛɐůŮɤɠ Gɗ Űɞɡ ɘɜɩŭɞɡɠ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ ůɡɜŬɟŰɐůŮɘ Űɖɠ ɔɤɜɑŬɠ ɘɜɩɜ (ɗ), ɓɎůɖ 

Űɞɡ ɗŮɤɟɖŰɘəɞɨ ŮˊŰŬűŬůɘəɞɨ ɛɞɜŰɏɚɞɡ. 

ɄŬɟŬŰɖɟɞɨɛŮ ɛɑŬ Ŭɨɝɖůɖ Ŭˊɧ Űɘɠ 00 ɛɏɢɟɘ Űɘɠ 45ɞ ɧˊɞɡ ɏɢɞɡɛŮ ɛɏɔɘůŰɖ Űɘɛɐ. 

ɆŰɖɜ ůɡɜɏɢŮɘŬ ɏɢɞɡɛŮ ŮɚɎŰŰɤůɖ ɛɏɢɟɘ Űɘɠ 900 ɧˊɞɡ ɝŬɜŬˊŬɑɟɜŮɘ Űɖɜ Ŭɟɢɘəɐ Űɘɛɐ. ɇɞ 

ŭɘɎɔɟŬɛɛŬ ˊɞɡ ˊɟɞəɨˊŰŮɘ ŮɑɜŬɘ ŰŮɚɘəɎ ůɡɛɛŮŰɟɘəɧ ɤɠ ˊɟɞɠ Űɖɜ ɔɤɜɑŬ űɧɟŰɘůɖɠ ɧˊɤɠ 

əŬɘ ɐŰŬɜ ŬɜŬɛŮɜɧɛŮɜɞ Ŭˊɧ Űɖɜ ɗŮɤɟɑŬ Űɤɜ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ [28ɓ].  

Ƀɘ Űɘɛɏɠ Űɤɜ ˊŮɘɟŬɛŬŰɘəɩɜ ŭŮŭɞɛɏɜɤɜ Ŭəɞɚɞɡɗɞɨɜ Űɖɜ ɑŭɘŬ ɛɞɟűɐ  ɛŮ Űɖɜ 

ɗŮɤɟɖŰɘəɐ əŬɛˊɨɚɖ Űɞɡ Gɗ, Ůɜɩ ˊŬɟŬŰɖɟɞɨɛŮ əŬɚɐ ůɨɔəɚɘůɖ ɛŮŰŬɝɨ Űɤɜ 

ˊŮɘɟŬɛŬŰɘəɩɜ ŭŮŭɞɛɏɜɤɜ əŬɘ Űɤɜ Űɘɛɩɜ ɞɘ ɞˊɞɑŮɠ ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ Űɞ ɗŮɤɟɖŰɘəɧ 

ŮˊŰŬűŬůɘəɧ ɛɞɜŰɏɚɞ. 

 

 



ʅʶ˂ʾʵʰ 135 h ˉˈ 267 
 

ȾȺūȷȿȷȽɃ 6: ŪȺɋɅȽȷ  ȹɈɁȷɀȽȾɋɁ 

ȺȿȷɆɇȽȾɋɁ ɆɇȷŪȺɅɋɁ-ŪȺɋɅȽȷ 

ȷɁɇȽɆɇɃȽɉȽȷɆ ɇɃɈ ñHASHINò  

 
6.1 ȺȽɆȷũɋũȼ  

ȼ əɚŬůůɘəɐ ɗŮɤɟɑŬ Űɖɠ ŮɚŬůŰɘəɧŰɖŰŬɠ ŬůɢɞɚŮɑŰŬɘ ɛŮ Űɘɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ 

Űɤɜ ŮɚŬůŰɘəɩɜ ůŰŮɟŮɩɜ, ɔɘŬ ŰŬ ɞˊɞɑŬ, ůɨɛűɤɜŬ ɛŮ Űɞ ɜɧɛɞ Űɞɡ Hooke, ɖ ŰɎůɖ ŮɑɜŬɘ 

ˊɎɜŰŬ Ůɡɗɏɤɠ ŬɜɎɚɞɔɖ ɛŮ Űɖɜ ˊŬɟŬɛɧɟűɤůɖ, ɔɘŬ ɛɘəɟɏɠ ˊŬɟŬɛɞɟűɩůŮɘɠ, ŬɚɚɎ 

ŬɜŮɝɎɟŰɖŰɖ Ŭˊɧ Űɖɜ ŰŬɢɨŰɖŰŬ ˊŬɟŬɛɧɟűɤůɖɠ. ȼ əɚŬůůɘəɐ ɗŮɤɟɑŬ Űɖɠ ɡŭɟɞŭɡɜŬɛɘəɐɠ 

ŬůɢɞɚŮɑŰŬɘ ɛŮ Űɘɠ ɘŭɘɧŰɖŰŮɠ ɘɝɤŭɩɜ ɡɔɟɩɜ, ɧˊɞɡ ůɨɛűɤɜŬ ɛŮ Űɞ ɜɧɛɞ Űɞɡ ɁŮɨŰɤɜŬ, ɖ 

ŰɎůɖ ŮɑɜŬɘ ˊɎɜŰŬ ŬɜɎɚɞɔɖ ɛŮ Űɖɜ ŰŬɢɨŰɖŰŬ ˊŬɟŬɛɧɟűɤůɖɠ, ŬɚɚɎ ŬɜŮɝɎɟŰɖŰɖ Ŭˊɧ 

Űɖɜ ɑŭɘŬ Űɖɜ ˊŬɟŬɛɧɟűɤůɖ. Ƀɘ ˊŬɟŬˊɎɜɤ ɗŮɤɟɑŮɠ Ŭűɞɟɞɨɜ ɘŭŬɜɘəɏɠ əŬŰŬůŰɎůŮɘɠ, 

ˊŬɟɎ Űɞ ɔŮɔɞɜɧɠ ɧŰɘ ɖ ůɡɛˊŮɟɘűɞɟɎ ˊɞɚɚɩɜ ůŰŮɟŮɩɜ ˊɚɖůɘɎɕŮɘ Űɞ ɜɧɛɞ Űɞɡ Hooke 

əŬɘ ˊɞɚɚɎ ɡɔɟɎ ˊɟɞůŮɔɔɑɕɞɡɜ Űɞ ɜɧɛɞ Űɞɡ ɁŮɨŰɤɜŬ ɔɘŬ ŬˊŮɘɟɞůŰɏɠ ŰŬɢɨŰɖŰŮɠ 

ˊŬɟŬɛɧɟűɤůɖɠ. 

Ɇɡɜɐɗɤɠ ˊŬɟŬŰɖɟɞɨɜŰŬɘ ŭɡɞ Ůɘŭɩɜ ŬˊɞəɚɑůŮɘɠ. ɄɟɩŰɞɜ, ɧŰŬɜ ŮˊɘɓɎɚɚɞɜŰŬɘ 

ˊŮˊŮɟŬůɛɏɜŮɠ ˊŬɟŬɛɞɟűɩůŮɘɠ ůŮ ůŰŮɟŮɎ, ůɡɜɐɗɤɠ ˊɞɚɨ ɛŬɚŬəɎ ɔɘŬ ɜŬ 

ˊŬɟŬɛɞɟűɩɜɞɜŰŬɘ ɢɤɟɑɠ ɜŬ ůˊɎɜŮ, ɞɘ ůɢɏůŮɘɠ ŰɎůŮɤɜ- ˊŬɟŬɛɞɟűɩůŮɤɜ ɔɑɜɞɜŰŬɘ 

ŬɟəŮŰɎ ˊŮɟɑˊɚɞəŮɠ. ȷɜŰɑůŰɞɘɢŬ ůŮ ˊŮɟɘˊŰɩůŮɘɠ ůŰŬɗŮɟɐɠ ɟɞɐɠ ɛŮ ˊŮˊŮɟŬůɛɏɜɖ 

ŰŬɢɨŰɖŰŬ ˊŬɟŬɛɧɟűɤůɖɠ, ˊɞɚɚɎ ɡɔɟɎ Ŭˊɞəɚɑɜɞɡɜ ůɖɛŬɜŰɘəɎ Ŭˊɧ Űɖ ɁŮɡŰɤɜɘəɐ 

ůɡɛˊŮɟɘűɞɟɎ. ȼ ŭɘŬɢɤɟɘůŰɘəɐ ɔɟŬɛɛɐ ŬɜɎɛŮůŬ ůŰɞ ˊŮˊŮɟŬůɛɏɜɞ əŬɘ Űɞ ŬˊŮɘɟɞůŰɧ 

əɡɛŬɑɜŮŰŬɘ ůɖɛŬɜŰɘəɎ əŬɘ ůɡɢɜɎ ŮɝŬɟŰɎŰŬɘ əɨɟɘŬ Ŭˊɧ Űɞ ɡɚɘəɧ.  

ȹŮɨŰŮɟɞɜ, ɧŰŬɜ ɖ ˊŬɟŬɛɧɟűɤůɖ, ɧůɞ əŬɘ ɖ ŰŬɢɨŰɖŰŬ ˊŬɟŬɛɧɟűɤůɖɠ ŮɑɜŬɘ 

ŬˊŮɘɟɞůŰɏɠ, ɏɜŬ ůɨůŰɖɛŬ ɛˊɞɟŮɑ ɜŬ ŮɛűŬɜɑɕŮŰŬɘ ɛŮ ůɡɜŭɡŬůɛɏɜŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ 

Űɧůɞ Űɖɠ ɡɔɟɐɠ, ɧůɞ əŬɘ Űɖɠ ůŰŮɟŮɐɠ əŬŰɎůŰŬůɖɠ. ȰŰůɘ ɏɜŬ ɡɚɘəɧ, ˊɞɡ ŭŮɜ ŮɑɜŬɘ 

Ŭəɟɘɓɩɠ ůŰŮɟŮɧ ŭŮ ŭɘŬŰɖɟŮɑ ɛɘŬ ůŰŬɗŮɟɐ ˊŬɟŬɛɧɟűɤůɖ əɎŰɤ Ŭˊɧ ůŰŬɗŮɟɐ ŰɎůɖ, ŬɚɚɎ 

ˊŬɟŬɛɞɟűɩɜŮŰŬɘ ŬɟɔɎ ɛŮ Űɞ ɢɟɧɜɞ, ɐ ɏɟˊŮɘ. ȳŰŬɜ Űɞ ɑŭɘɞ ɡɚɘəɧ ɏɢŮɘ ɛɘŬ ůŰŬɗŮɟɐ 

ˊŬɟŬɛɧɟűɤůɖ, ɖ ŰɎůɖ ˊɞɡ ɢɟŮɘɎɕŮŰŬɘ ɔɘŬ ɜŬ Űɖ ŭɘŬŰɖɟɐůŮɘ ůŰŬɗŮɟɐ ŮɚŬŰŰɩɜŮŰŬɘ 

ɓŬɗɛɘŬɑŬ. Ⱥˊɑůɖɠ ɏɜŬ ɡɚɘəɧ ˊɞɡ ŭŮɜ ŮɑɜŬɘ Ŭəɟɘɓɩɠ ɡɔɟɧ, ɛˊɞɟŮɑ, Ůɜɩ ɟɏŮɘ ɛŮ Űɖɜ 

Ůˊɘɓɞɚɐ ɛɘŬɠ ůŰŬɗŮɟɐɠ ŰɎůɖɠ, ɜŬ ŬˊɞɗɖəŮɨůŮɘ ɛɏɟɞɠ Űɖɠ ŮɜɏɟɔŮɘŬɠ ˊɞɡ ŭɏɢŮŰŬɘ ŬɜŰɑ 

ɜŬ Űɖɜ ŭɘŬůəɞɟˊɑůŮɘ ůŬɜ ɗŮɟɛɧŰɖŰŬ. ȳŰŬɜ ɡɚɘəɎ ŬɡŰɐɠ Űɖɠ ɛɞɟűɐɠ ɓɟɑůəɞɜŰŬɘ ůŰɖɜ 

ŮˊɑŭɟŬůɖ ŮɜŬɚɚŬůůɧɛŮɜɖɠ ŰɎůɖɠ, ɖ ˊŬɟŬɛɧɟűɤůɖ ŭŮɜ ŮɑɜŬɘ ɞɨŰŮ Ŭəɟɘɓɩɠ ůŮ űɎůɖ 

ɛŮ Űɖɜ ŰɎůɖ (ˊŮɟɑˊŰɤůɖ ŰɏɚŮɘɞɡ ŮɚŬůŰɘəɞɨ ůŰŮɟŮɞɨ), ɞɨŰŮ ůŮ ŭɘŬűɞɟɎ űɎůɖɠ 90o 

(ˊŮɟɑˊŰɤůɖ ŰɏɚŮɘɞɡ ɘɝɩŭɞɡɠ ɡɔɟɞɨ), ŬɚɚɎ ŮɑɜŬɘ əɎˊɞɡ ŬɜɎɛŮůŬ. 

ɀɏɟɞɠ Űɖɠ ŮɘůŬɔɧɛŮɜɖɠ ŮɜɏɟɔŮɘŬɠ ŬˊɞɗɖəŮɨŮŰŬɘ əŬɘ ŬɜŬəŰɎŰŬɘ ůŮ əɎɗŮ əɨəɚɞ, 

Ůɜɩ ɏɜŬ ɛɏɟɞɠ ůəŮŭɎɕŮŰŬɘ ůŬɜ ɗŮɟɛɧŰɖŰŬ. ɈɚɘəɎ Űɤɜ ɞˊɞɑɤɜ ɖ ůɡɛˊŮɟɘűɞɟɎ ɏɢŮɘ 

ŰɏŰɞɘŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ ɚɏɔɞɜŰŬɘ çɓɘůəɞŮɚŬůŰɘəɎè. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ŬˊŮɘɟɞůŰɐɠ 

ˊŬɟŬɛɧɟűɤůɖɠ əŬɘ ŰŬɢɨŰɖŰŬɠ ˊŬɟŬɛɧɟűɤůɖɠ, ɏɢɞɡɛŮ ɔɟŬɛɛɘəɐ ɓɘůəɞŮɚŬůŰɘəɐ 
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ůɡɛˊŮɟɘűɞɟɎ əŬɘ ŰɧŰŮ ɖ ŰɎůɖ ˊɟɞɠ ˊŬɟŬɛɧɟűɤůɖ ŮɑɜŬɘ ůɡɜɎɟŰɖůɖ ɛɧɜɞ Űɞɡ ɢɟɧɜɞɡ 

(ɐ Űɖɠ ůɡɢɜɧŰɖŰŬɠ) əŬɘ ɧɢɘ Űɞɡ ɛŮɔɏɗɞɡɠ Űɖɠ ŰɎůɖɠ.  

ȼ űŬɘɜɞɛŮɜɞɚɞɔɘəɐ ɗŮɤɟɑŬ Űɖɠ ɔɟŬɛɛɘəɐɠ ɓɘůəɞŮɚŬůŰɘəɧŰɖŰŬɠ ɏɔɘɜŮ ɛŮ 

ˊŮɘɟɎɛŬŰŬ Ůɟˊɡůɛɞɨ əŬɘ ɢŬɚɎɟɤůɐɠ ůŮ ɑɜŮɠ ɛŮŰɎɚɚɞɡ ɐ ɔɡŬɚɘɞɨ ɛŮ Űɖ ůəɏŭŬůɖ Űɖɠ 

ŮɜɏɟɔŮɘŬɠ ůŮ ɖɛɘŰɞɜɞŮɘŭɩɠ ɛŮŰŬɓŬɚɚɧɛŮɜŮɠ ˊŬɟŬɛɞɟűɩůŮɘɠ. ȼ ɗŮɤɟɑŬ ŬɡŰɐ ɏŭɤůŮ 

ɢɟɐůɘɛŮɠ ˊɚɖɟɞűɞɟɑŮɠ ɔɘŬ Űɖ ŭɞɛɐ Űɤɜ ɛŮŰɎɚɚɤɜ, ɛŮ Űɘɠ ŬˊɞəɚɑůŮɘɠ Ŭˊɧ Űɖɜ əɚŬůůɘəɐ 

ŮɚŬůŰɘəɧŰɖŰŬ ɜŬ ŮɑɜŬɘ ɛɘəɟɏɠ. ȷɜŰɑɗŮŰŬ ůŰŬ ůɨɜɗŮŰŬ ɡɚɘəɎ ɖ ɛɖɢŬɜɘəɐ ůɡɛˊŮɟɘűɞɟɎ 

əɡɟɘŬɟɢŮɑŰŬɘ Ŭˊɧ ŰŬ ɓɘůəɞŮɚŬůŰɘəɎ űŬɘɜɧɛŮɜŬ ˊɞɡ ůɡɢɜɎ ŮɑɜŬɘ ɗŮŬɛŬŰɘəɎ. ȼ ɡˊŮɟɞɢɐ 

Űɖɠ ɓɘůəɞŮɚŬůŰɘəɧŰɖŰŬɠ ůŰŬ ůɨɜɗŮŰŬ ɡɚɘəɎ ŮɑɜŬɘ əɎŰɘ ˊɞɡ ŬɜŬɛɏɜŮŰŬɘ, Ŭɜ ŬɜŬɚɞɔɘůŰŮɑ 

əŬɜŮɑɠ Űɘɠ ˊɞɚɨˊɚɞəŮɠ ɛɞɟɘŬəɏɠ ŭɘŮɡɗŮŰɐůŮɘɠ ˊɞɡ ɔɑɜɞɜŰŬɘ ɛŮ Űɖɜ ŮˊɑŭɟŬůɖ əɎˊɞɘŬɠ 

ɛŬəɟɞůəɞˊɘəɐɠ ɛɖɢŬɜɘəɐɠ ˊŬɟŬɛɧɟűɤůɖɠ.  

ȳŰŬɜ ˊŬɟŬɛɞɟűɩɜŮŰŬɘ əɎˊɞɘɞ ůəɚɖɟɧ ůŰŮɟŮɧ, ɧˊɤɠ Űɞ ŭɘŬɛɎɜŰɘ, ŰŬ ɎŰɞɛŬ 

ɛŮŰŬŰɞˊɑɕɞɜŰŬɘ Ŭˊɧ Űɘɠ ɗɏůŮɘɠ ɘůɞɟɟɞˊɑŬɠ ůŮ ˊŮɟɘɞɢɏɠ ŭɡɜɎɛŮɤɜ Űɞˊɘəɞɨ ɢŬɟŬəŰɐɟŬ. 

ɆŮ əɎˊɞɘɞ ɡɔɟɧ, ɖ ɘɝɩŭɖɠ ɟɞɐ, ɛŮ Űɖɜ Ůˊɘɓɞɚɐ ɛɘŬɠ ŰɎůɖɠ, ŬɜŰŬɜŬəɚɎ Űɖɜ ŬɚɚŬɔɐ ɛŮ 

Űɞɜ ɢɟɧɜɞ Űɖɠ əŬŰŬɜɞɛɐɠ Űɤɜ ɛɞɟɑɤɜ ˊɞɡ ˊŮɟɘɓɎɚɚɞɡɜ ɏɜŬ ŭŮŭɞɛɏɜɞ ɛɧɟɘɞ. 

 Ƀɘ ɛŮŰɟɐůŮɘɠ Űɤɜ ɓɘůəɞŮɚŬůŰɘəɩɜ ɘŭɘɞŰɐŰɤɜ Űɤɜ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ ŭɑɜɞɡɜ 

ůɖɛŬɜŰɘəɐ ˊɚɖɟɞűɧɟɖůɖ ɔɘŬ Űɖɜ űɨůɖ əŬɘ Űɖɜ ŰŬɢɨŰɖŰŬ Űɤɜ ɛɞɟɘŬəɩɜ ŭɘŮɡɗɨɜůŮɤɜ. 

Ⱥˊɘˊɚɏɞɜ, ɞɘ ɛŮŰɟɐůŮɘɠ ŬɡŰɏɠ ŬˊɞəŰɞɨɜ ɘŭɘŬɑŰŮɟɖ ůɖɛŬůɑŬ, ɚɧɔɤ Űɖɠ ˊɟŬəŰɘəɐɠ ŬɝɑŬɠ 

Űɖɠ ɛɖɢŬɜɘəɐɠ ůɡɛˊŮɟɘűɞɟɎɠ, ůŰɖ ŭɘŮɟɔŬůɑŬ əŬɘ ɢɟɐůɖ Űɤɜ ŮɚŬůŰɞɛŮɟɩɜ, Űɤɜ 

ˊɚŬůŰɘəɩɜ əŬɘ Űɤɜ ɘɜɩɜ. ɄŮɘɟɎɛŬŰŬ ůŰŬ ɞˊɞɑŬ ŮˊɘɓɎɚɚŮŰŬɘ ůŰɞ ɡɚɘəɧ ɛɘŬ 

əɡɛŬɘɜɧɛŮɜɖ ŰɎůɖ ɐ ˊŬɟŬɛɧɟűɤůɖ, ŮɑɜŬɘ ůɖɛŬɜŰɘəɎ ɔɘŬ Űɖ ɛŮɚɏŰɖ Űɖɠ 

ɓɘůəɞŮɚŬůŰɘəɐɠ ůɡɛˊŮɟɘűɞɟɎɠ Űɤɜ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ. ɇŬ ˊŮɟɘůůɧŰŮɟŬ ɡɚɘəɎ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŰɘɠ əŬŰŬůəŮɡɏɠ,  ɏɢɞɡɜ ůŮ ɏɜŬ ɓŬɗɛɧ ɘɝɤŭɞŮɚŬůŰɘəɧ 

ɢŬɟŬəŰɐɟŬ. ũɘŬ Űɞ ɚɧɔɞ ŬɡŰɧ ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɞɠ ɞ ɏɚŮɔɢɞɠ Űɤɜ ɡɚɘəɩɜ ŬɡŰɩɜ ˊɟɘɜ 

Ŭˊɧ Űɖɜ ůɢŮŭɑŬůɖ Űɤɜ ŰŮɚɘəɩɜ ˊɟɞɥɧɜŰɤɜ. Ƀɘ ůɡɜɖɗɏůŰŮɟɞɘ ɏɚŮɔɢɞɘ ɓŬůɑɕɞɜŰŬɘ ůŮ 

ɛŮŰɟɐůŮɘɠ [49]: 

 

Ŭ. Ⱥɟˊɡůɛɞɨ 

ɓ. ɉŬɚɎɟɤůɖɠ ŰɎůŮɤɜ 

ɔ. ȹɡɜŬɛɞɛɖɢŬɜɘəɐɠ űɧɟŰɘůɖɠ  

 

ɀŮ Űɘɠ ɛŮŰɟɐůŮɘɠ ŬɡŰɏɠ ˊŬɑɟɜɞɡɛŮ ŭŮŭɞɛɏɜŬ ˊɞɡ ůɡůɢŮŰɑɕɞɡɜ ŰɎůɖ, Ŭɜɖɔɛɏɜɖ 

ˊŬɟŬɛɧɟűɤůɖ, ɗŮɟɛɞəɟŬůɑŬ əŬɘ ɢɟɧɜɞ. 

ȷˊɧ Űɘɠ ůŰŬŰɘəɏɠ ŮɚŬůŰɘəɏɠ ůŰŬɗŮɟɏɠ ɔɘŬ ɜŬ ñˊŮɟɎůɞɡɛŮò ůŰɘɠ ŬɜŰɑůŰɞɘɢŮɠ ŭɡɜŬɛɘəɏɠ, 

ɢɟɖůɘɛɞˊɞɘɞɨɛŮ Űɖɜ Ŭɟɢɐ Űɖɠ ŬɜŰɘůŰɞɘɢɑŬɠ, ůɨɛűɤɜŬ ɛŮ Űɖɜ ɞˊɞɑŬ ɏɢɞɡɛŮ Űɘɠ 

ŬəɧɚɞɡɗŮɠ ůɢɏůŮɘɠ : 

 
* ' '' * ' ''
f f f m m m

* ' '' * ' ''
f f f m m m

E = E +iE , E = E +iE

˄ Ґ˄ πƛ˄ Σ ˄ Ґ˄ πƛ˄
                                            (6.1.1) 
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ũɘŬ ɚɧɔɞɡɠ Ŭˊɚɞˊɞɑɖůɖɠ Űɤɜ ˊɞɚɨ ɛɘəɟɩɜ, ůɡɔəɟɘŰɘəɎ, ɧɟɤɜ ɗŮɤɟɞɨɛŮ ɧŰɘ: 

əŬɑ ŭŮɡŰŮɟŮɡɧɜŰɞɠ

ɞˊɧŰŮ ɏɢɞɡɛŮ:

º º

º

º

º

'' ''
f m

* '
f f f

* '
f f f

* '
m m m

E 0 ˄ л

E = E E

˄ Ґ˄ ˄

˄ Ґ˄ ˄

                                              (6.1.2) 

 

ȷɡŰɐ ɖ ŭɘŬŭɘəŬůɑŬ Űɞɡ ɡˊɞɚɞɔɘůɛɞɨ Űɤɜ ɛɘɔŬŭɘəɩɜ ɛɏŰɟɤɜ ,Űɤɜ ɓɘůəɞŮɚŬůŰɘəɩɜ 

ɡɚɘəɩɜ Ŭˊɧ Űɘɠ ŬɜŰɑůŰɞɘɢŮɠ ŮəűɟɎůŮɘɠ Űɤɜ ŮɚŬůŰɘəɩɜ ůŰŬɗŮɟɩɜ (ɔɘŬ ŰŬ ŮɚŬůŰɘəɎ 

ɡɚɘəɎ) ɞɜɞɛɎɕŮŰŬɘ Ŭɟɢɐ Űɖɠ ŬɜŰɘůŰɞɘɢɑŬɠ Űɞɡ Hashin [50]. 

ɆŰɖɜ ˊŬɟɞɨůŬ ŬɜɎɚɡůɖ ŬəɞɚɞɡɗɩɜŰŬɠ ŬɡŰɐ Űɖɜ ŭɘŬŭɘəŬůɑŬ ɡˊɞɚɞɔɑɕɞɜŰŬɘ ɞɘ 

ŮəűɟɎůŮɘɠ ɔɘŬ ŰŬ ŭɡɜŬɛɘəɎ ɛɏŰɟŬ Űɤɜ ŮɚŬůŰɘəɩɜ ůŰŬɗŮɟɩɜ Űɞɡ ɘɜɩŭɞɡɠ ůɨɜɗŮŰɞɡ 

ɡɚɘəɞɨ. ȺűŬɟɛɧɕɞɡɛŮ ŭɖɚŬŭɐ Űɖɜ Ŭɟɢɐ Űɖɠ ŬɜŰɘůŰɞɘɢɑŬɠ, ůŰɖɜ ɏəűɟŬůɖ Űɞɡ ɛɏŰɟɞɡ 

ŮɚŬůŰɘəɧŰɖŰŬɠ, ɛɏŰɟɞɡ ŭɘŬŰɛɐůŮɤɠ əŬɘ ɚɧɔɞɡ Poisson ˊɞɡ ɡˊɞɚɞɔɑůŰɖəŬɜ ůŰɞ 

ˊɟɞɖɔɞɨɛŮɜɞ əŮűɎɚŬɘɞ, ɛŮ ɓɎůɖ Űɞ ɗŮɤɟɖŰɘəɧ ŮˊŰŬűŬůɘəɧ ɛɞɜŰɏɚɞ ɚŬɛɓɎɜɞɜŰŬɠ 

ɡˊɧɣɘɜ Űɖɜ ɗŮɤɟɑŬ Űɖɠ ŮɜŭɘŬɛɏůɞɡ űɎůŮɤɠ. 

 

6.2 ɆɈɁŪȺɇɃ (ɀȽũȷȹȽȾɃ) ɀȺɇɅɃ ȺȿȷɆɇȽȾɃɇȼɇȷɆ  

Ƀɘ ɢɟɞɜɘəɎ ŮɝŬɟŰɖɛɏɜŮɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ˊɞɚɡɛŮɟɩɜ ɛŮ Ůɜɑůɢɡůɖ 

ŮɔəɚŮɘůɛɎŰɤɜ ŮɑɜŬɘ ŭɘŬűɞɟŮŰɘəɏɠ Ŭˊɧ ŮəŮɑɜŮɠ Űɤɜ ɛɖ Ůɜɘůɢɡɛɏɜɤɜ. ɇɟŮɘɠ ŮɑɜŬɘ ɞɘ 

ˊŬɟɎɔɞɜŰŮɠ ˊɞɡ ŮˊɖɟŮɎɕɞɡɜ Űɘɠ ɛɖɢŬɜɘəɏɠ ŬɡŰɏɠ ɘŭɘɧŰɖŰŮɠ: 

 Ŭ) Ƀɘ ɘŭɘɧŰɖŰŮɠ Űɞɡ ŮˊɘűŬɜŮɘŬəɞɨ ůŰɟɩɛŬŰɞɠ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ. 

 ɓ)  Ƀ ůɢɖɛŬŰɘůɛɧɠ ˊɟɧůɗŮŰɤɜ ŭŮůɛɩɜ ˊɞɚɡɛŮɟɞɨɠ ŮˊɘűŬɜŮɑŬɠ. 

ɔ)  ȼ ˊŬɟɞɡůɑŬ ŮɔəɚŮɘůɛɎŰɤɜ. 

ũɘŬ Űɘɠ ŮˊɞɝŮɘŭɘəɏɠ ɟɖŰɑɜŮɠ ɞɘ ɞˊɞɑŮɠ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ Űɞɜ ůɢɖɛŬŰɘůɛɧ Űɖɠ 

ɛɐŰɟŬɠ Űɤɜ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ, ɏɢŮɘ ɔɑɜŮɘ ŬɟəŮŰɐ ɏɟŮɡɜŬ ŮˊɎɜɤ ůŰɖɜ ŭɡɜŬɛɘəɐ 

ɛɖɢŬɜɘəɐ ůɡɛˊŮɟɘűɞɟɎ Űɞɡɠ ɧˊɞɡ ɞɘ ɑɜŮɠ ŮɑɜŬɘ ŮɜɘůɢɡɛɏɜŮɠ ɛŮ ŮɔəɚŮɑůɛŬŰŬ. Ƀ Dally 

ɏəŬɜŮ ɏɟŮɡɜŬ ůɢŮŰɘəɎ ɛŮ Űɖɜ əɧˊɤůɖ ŬɡŰɩɜ Űɤɜ ɡɚɘəɩɜ ɔɘŬ ůɡɢɜɧŰɖŰŬ ɏɤɠ 40Hz. Ƀ 

Plunkett ŭɘŮɟŮɨɜɖůŮ Űɘɠ ˊŮɘɟŬɛŬŰɘəɏɠ ɛŮɗɧŭɞɡɠ ɔɘŬ Űɖɜ ɛɏŰɟɖůɖ Űɞɡ ůɡɜŰŮɚŮůŰɐ 

ŬˊɞůɓɏůŮɤɠ əŬɘ ɡˊɧŭŮɘɝŮ əɎˊɞɘŮɠ ˊɟɞűɡɚɎɝŮɘɠ ˊɞɡ ˊɟɏˊŮɘ ɜŬ ɚŬɛɓɎɜɞɜŰŬɘ ɧŰŬɜ 

ɔɑɜɞɜŰŬɘ ɛŮŰɟɐůŮɘɠ. Ƀ Murayama ŬɜɏˊŰɡɝŮ ɛɘŬ ɜɏŬ ɛɏɗɞŭɞ ɔɘŬ Űɖɜ ɛɏŰɟɖůɖ Űɤɜ 

ŭɡɜŬɛɘəɩɜ ɛɖɢŬɜɘəɩɜ ůŰŬɗŮɟɩɜ Űɤɜ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ, ůŮ əɎɛɣɖ ɔɘŬ ŭɘɎűɞɟŮɠ 

ɗŮɟɛɞəɟŬůɑŮɠ. Ⱥˊɑůɖɠ, ŭɘɎűɞɟɞɘ ŮɟŮɡɜɖŰɏɠ ŬɜŬűɏɟɞɡɜ ŬˊɞŰŮɚɏůɛŬŰŬ ɔɘŬ ŰŬ ŭɡɜŬɛɘəɎ 

ɛɏŰɟŬ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ Űɞɜ ůɡɜŰŮɚŮůŰɐ ŬˊɞůɓɏůŮɤɠ ɛɏůŬ Ŭˊɧ ˊŮɘɟɎɛŬŰŬ 

ŰŬɚŬɜŰɩůŮɤɜ ˊɞɡ ɏɔɘɜŬɜ ůŮ ŭɞəɞɨɠ. 

Ƀɘ Schultz əŬɘ Tsai ŬɜŬűɏɟɞɡɜ əŬɚɎ ŬˊɞŰŮɚɏůɛŬŰŬ ɔɘŬ ŰŬ ŭɡɜŬɛɘəɧ ɛɏŰɟɞ 

ŮɚŬůŰɘəɧŰɖŰŬɠ, ŬɚɚɎ ɛɧɜɞ ˊɞɘɞŰɘəɐ ůɡɛűɤɜɑŬ ɔɘŬ Űɞɜ ůɡɜŰŮɚŮůŰɐ ŬˊɞůɓɏůŮɤɠ əŬɘ ɛɘŬ 

ŬɜɩɛŬɚɖ ŮɝɎɟŰɖůɖ Ŭˊɧ Űɖɜ ůɡɢɜɧŰɖŰŬ. 

ȼ ŭɡɜŬɛɞɛɖɢŬɜɘəɐ űɧɟŰɘůɖ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ ɜŬ ɚɖűɗɞɨɜ ɞɟɘůɛɏɜŮɠ 

ˊɚɖɟɞűɞɟɑŮɠ, ɛŮ Űɘɠ ɞˊɞɑŮɠ ɔɑɜŮŰŬɘ ŭɡɜŬŰɧɠ ɞ ŭɘŬɢɤɟɘůɛɧɠ Űɖɠ ŮɚŬůŰɘəɐɠ Ŭˊɧ Űɖɜ 
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ɘɝɩŭɖ Ŭˊɧəɟɘůɖ Űɤɜ ɡɚɘəɩɜ. ȷəɞɚɞɡɗŮɑ ɖ ˊŮɟɘɔɟŬűɐ Űɖɠ Ŭˊɧəɟɘůɖɠ Űɤɜ ɡɚɘəɩɜ 

əɎŰɤ Ŭˊɧ ŭɡɜŬɛɞɛɖɢŬɜɘəɐ űɧɟŰɘůɖ. ȺɑɜŬɘ ɔɜɤůŰɧ ɧŰɘ ɖ ˊɚŮɘɞɣɖűɑŬ Űɤɜ ůŰŮɟŮɩɜ ɧŰŬɜ 

ɡˊɧəŮɘŰŬɘ ůŮ ɛɘəɟɏɠ ˊŬɟŬɛɞɟűɩůŮɘɠ, ŬəɞɚɞɡɗŮɑ Űɞ ɜɧɛɞ Űɞɡ Hooke: 

 

ˋҐ9ʶ                                   (6.2.1) 

 

ȺɎɜ ɡˊɞɗɏůɞɡɛŮ ɧŰɘ ůŰɞ ɡɚɘəɧ ŮˊɘɓɎɚɚŮŰŬɘ ɛɘŬ ŰɎůɖ ŭɧɜɖůɖɠ ɖɛɘŰɞɜɞŮɘŭɞɨɠ 

ɛɞɟűɐɠ, ŰɧŰŮ əŬɘ ɖ ŮɛűŬɜɘɕɧɛŮɜɖ Ŭɜɖɔɛɏɜɖ ˊŬɟŬɛɧɟűɤůɖ ŮɑɜŬɘ ɖɛɘŰɞɜɞŮɘŭɞɨɠ 

ɛɞɟűɐɠ Űɖɠ ɑŭɘŬɠ ůɡɢɜɧŰɖŰŬɠ, ˊŬɟɞɡůɘɎɕŮɘ ɧɛɤɠ ɛɘŬ ŭɘŬűɞɟɎ űɎůɖɠ ŭ. ȰŰůɘ, Ŭɜ: 

 

0ˋҐˋ ʹ˃ό˖ǘύ                                             (6.2.2) 

 

ɇɧŰŮ, 

 

0ʶҐʶ ʹ˃ό˖ǘπʵύ                                 (6.2.3) 

ȳ́ ɞɡ:  

ů0=Űɞ ˊɚɎŰɞɠ Űɖɠ ŰɎůɖɠ 

ɤ=ɖ əɡəɚɘəɐ ůɡɢɜɧŰɖŰŬ- ɤ=2ˊf 

f=ɖ ůɡɢɜɧŰɖŰŬ ŰŬɚŬɜŰɩůŮɤɜ 

t=ɢɟɧɜɞɠ 

 

ɀɘŬ Ɏɚɚɖ ɏəűɟŬůɖ ŮɑɜŬɘ : 

 
* i˖ǘ

0

* i˖ǘ
0

ˋ Ґˋ Ŝ

ʶ Ґʶ Ŝ
                                    (6.2.4) 

 

ɀŮ Űɖ ɓɞɐɗŮɘŬ Űɤɜ ŭɨɞ ˊŬɟŬˊɎɜɤ ůɢɏůŮɤɜ, ɛˊɞɟɞɨɛŮ ɜŬ ɞɟɑůɞɡɛŮ Űɞ ɛɘɔŬŭɘəɧ 

ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ Ⱥ* ɤɠ Ůɝɐɠ: 

*
* ' ''

*

ˋ
E = E +iE =

ʶ
                                            (6.2.5) 

ȷɜ ůŰɖɜ ˊɘɞ ˊɎɜɤ ůɢɏůɖ ŬɜŰɘəŬŰŬůŰɐůɞɡɛŮ Űɘɠ ůɢɏůŮɘɠ ˊɞɡ ŭɑɜɞɡɜ ŰŬ ů zəŬɘ Ů,z 

ɡˊɞɚɞɔɑɕɞɡɛŮ: 

( )
å õ å õ
æ ö æ ö
ç ÷ ç ÷

* ' '' i ʵ0 0

0 0

ˋ ˋ
E = E +iE = e = ˋˎ˄ʵҌƛʹ˃ʵ

ʶ ʶ
                         (6.2.6) 
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Ⱥˊɞɛɏɜɤɠ ˊɟɞəɨˊŰŮɘ: 

å õ
æ ö
ç ÷

å õ
æ ö
ç ÷

' 0

0

'' 0

0

ˋ
E = ˋˎ˄ʵ

ʶ

ˋ
E = ʹ˃ʵ

ʶ

                   (6.2.7)                                

                

ɆŰɘɠ ˊŬɟŬˊɎɜɤ ůɢɏůŮɘɠ, Űɞ Ⱥǋ ˊɞɡ ŮɑɜŬɘ Űɞ ˊɟŬɔɛŬŰɘəɧ ɛɏɟɞɠ Űɞɡ ɛɘɔŬŭɘəɞɨ 

ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ ɞɜɞɛɎɕŮŰŬɘ ŭɡɜŬɛɘəɧ ɛɏŰɟɞ ŬˊɞɗɐəŮɡůɖɠ, Ůɜɩ Űɞ Ⱥǋǋ ˊɞɡ 

ŮɑɜŬɘ Űɞ űŬɜŰŬůŰɘəɧ ɛɏɟɞɠ Űɞɡ ɛɘɔŬŭɘəɞɨ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ, ɞɜɞɛɎɕŮŰŬɘ 

ŭɡɜŬɛɘəɧ ɛɏŰɟɞ ŬˊɤɚŮɘɩɜ. ȼ ŰɎůɖ ˊɞɡ ŭŮɜ ɓɟɑůəŮŰŬɘ ůŮ űɎůɖ ɛŮ Űɖɜ ˊŬɟŬɛɧɟűɤůɖ, 

ɛˊɞɟŮɑ ɜŬ ŬɜŬɚɡɗŮɑ ůŮ ŭɨɞ ůɡɜɘůŰɩůŮɠ Ŭˊɧ Űɘɠ ɞˊɞɑŮɠ ɖ ɛɘŬ ɓɟɑůəŮŰŬɘ ůŮ űɎůɖ ɛŮ Űɖɜ 

ˊŬɟŬɛɧɟűɤůɖ əŬɘ ɖ Ɏɚɚɖ ɗŬ ŭɘŬűɏɟŮɘ Ŭˊɧ ŬɡŰɐɜ əŬŰɎ űɎůɖ ɑůɖ ɛŮ ˊ/2. ȰŰůɘ 

ɛˊɞɟɞɨɛŮ ɜŬ ɏɢɞɡɛŮ ɏɜŬɜ ˊɞɘɞŰɘəɧ ˊɟɞůŭɘɞɟɘůɛɧ Űɤɜ Ⱥǋ əŬɘ Ⱥǋǋ [49]. 

6.3 ȹɈɁȷɀȽȾɃ ɀȺɇɅɃ ȷɄɃŪȼȾȺɈɆȼɆ  

ɇɞ ŭɡɜŬɛɘəɧ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ Ⱥǋ ŮɑɜŬɘ Űɞ ˊɟŬɔɛŬŰɘəɧ ɛɏɟɞɠ Űɞɡ ɛɘɔŬŭɘəɞɨ 

ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ. ȺɑɜŬɘ ɑůɞ ɛŮ Űɞ ɚɧɔɞ ɛŮŰŬɝɨ Űɞɡ ɛɏɟɞɡɠ Űɖɠ ŰɎůɖɠ ˊɞɡ 

ɓɟɑůəŮŰŬɘ ůŮ űɎůɖ ɛŮ Űɖɜ ˊŬɟŬɛɧɟűɤůɖ, ˊɟɞɠ Űɖɜ Űɘɛɐ ŬɡŰɐɠ Űɖɠ ˊŬɟŬɛɧɟűɤůɖɠ. ɇɞ 

ŭɡɜŬɛɘəɧ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ ɢŬɟŬəŰɖɟɑɕŮɘ Űɖɜ ˊɞůɧŰɖŰŬ ŮɜɏɟɔŮɘŬɠ ˊɞɡ ɚŬɛɓɎɜŮŰŬɘ 

əŬɘ ˊɞɡ ŮɚəɨŮŰŬɘ Ŭˊɧ ɛɘŬ ɛɞɜɎŭŬ əɎˊɞɘɞɡ ɧɔəɞɡ Ůɜɧɠ ůɩɛŬŰɞɠ ůŮ ŭɘɎɟəŮɘŬ ɛɘŬɠ 

ˊŮɟɘɧŭɞɡ. ũɘŬ ŰŬɚŬɜŰɩůŮɘɠ ůŰŬɗŮɟɞɨ ˊɚɎŰɞɡɠ ɖ Űɘɛɐ Űɞɡ ŭɡɜŬɛɘəɞɨ ɛɏŰɟɞɡ 

ŮɚŬůŰɘəɧŰɖŰŬɠ Ⱥǋ ŬɡɝɎɜŮɘ (ɐ ɛɏɜŮɘ ůŰŬɗŮɟɐ) ɛŮ ɛɘŬ ŬɜŰɑůŰɞɘɢɖ Ŭɨɝɖůɖ Űɖɠ 

ůɡɢɜɧŰɖŰŬɠ [49]. 

 

6.4 ȹɈɁȷɀȽȾɃ ɀȺɇɅɃ ȷɄɋȿȺȽɋɁ 

ɇɞ ɛɏŰɟɞ ŬˊɤɚŮɘɩɜ Ⱥǋǋ ŮɑɜŬɘ ɞ ɚɧɔɞɠ ɛŮŰŬɝɨ Űɞɡ ɛɏɟɞɡɠ Űɖɠ ŰɎůɖɠ ˊɞɡ ɓɟɑůəŮŰŬɘ 

ůŮ ŭɘŬűɞɟɎ űɎůɖɠ ˊ/2 ɛŮ Űɖɜ ˊŬɟŬɛɧɟűɤůɖ, ˊɟɞɠ Űɖɜ Űɘɛɐ ŬɡŰɐɠ Űɖɠ ˊŬɟŬɛɧɟűɤůɖɠ. 

ɇɞ ɛɏŰɟɞ ŬˊɤɚŮɘɩɜ Ⱥǋǋ ɢŬɟŬəŰɖɟɑɕŮɘ Űɞ ɛɏŰɟɞ ŮəŮɑɜɞ Űɖɠ ŮɜɏɟɔŮɘŬɠ Űɖɠ ŮɚŬůŰɘəɐɠ 

ŰŬɚɎɜŰɤůɖɠ ˊɞɡ ɢɎɜŮŰŬɘ ɡˊɧ ɛɞɟűɐ ɗŮɟɛɧŰɖŰŬɠ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ ɛɘŬɠ ˊŮɟɘɧŭɞɡ 

ŰŬɚɎɜŰɤůɖɠ. ȳŰŬɜ ɖ ŭɘŬűɞɟɎ űɎůɖɠ ŬɜɎɛŮůŬ ůŰɖɜ ŰɎůɖ əŬɘ ůŰɖɜ ˊŬɟŬɛɧɟűɤůɖ ɔɑɜŮɘ 

ɛɏɔɘůŰɖ, Űɞ ɛɏŰɟɞ ŬˊɤɚŮɘɩɜ Ⱥǋǋ ɚŬɛɓɎɜŮɘ ɛɘŬ ɛɏɔɘůŰɖ Űɘɛɐ. ȰŰůɘ Űɞ ɛɏŰɟɞ ŬˊɤɚŮɘɩɜ 

ɢŬɟŬəŰɖɟɑɕŮɘ Űɖ ŭɘŬůˊɞɟɎ Űɖɠ ŮɜɏɟɔŮɘŬɠ Űɖɠ ŰŬɚɎɜŰɤůɖɠ ůŮ ɏɜŬ ɓɘůəɞŮɚŬůŰɘəɧ 

ůɩɛŬ. 

 

ȼ Ŭəɟɘɓɐɠ Űɘɛɐ Űɞɡ ůɨɜɗŮŰɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ, ŮɑɜŬɘ: 

 

() ()
2 2* ' ''E = E + E                                                       (6.4.1) 
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ȷˊɧ Űɖɜ Ɏɚɚɖ ɛŮɟɘɎ ɖ ůɢɏůɖ ɛŮŰŬɝɨ Űɞɡ ˊɚɎŰɞɡɠ Űɤɜ Űɘɛɩɜ Űɖɠ ŰɎůɖɠ əŬɘ Űɖɠ 

ˊŬɟŬɛɧɟűɤůɖɠ ɛˊɞɟŮɑ ɜŬ ɔɟŬűŮɑ: 

() ()
2 2' ''0

0

ˋ
= E + E

ʶ
                       (6.4.2) 

ȼ ŭɘŬűɞɟɎ űɎůɖɠ ɛŮŰŬɝɨ ŰɎůɖɠ-ˊŬɟŬɛɧɟűɤůɖɠ ŮɑɜŬɘ əŬɗɞɟɘůɛɏɜɖ ůɡɜɐɗɤɠ Ŭˊɧ 

Űɞɜ ůɡɜŰŮɚŮůŰɐ Űɤɜ ɛɖɢŬɜɘəɩɜ ŬˊɤɚŮɘɩɜ. 

 
''

'

E
ʶ˒ʵҐ

E
                        (6.4.3) 

 

Ƀɘ ůɢɏůŮɘɠ ɛŮŰŬɝɨ Űɞɡ ɛɘɔŬŭɘəɞɨ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ Ⱥ* əŬɘ Űɖɠ ŭɘŬűɞɟɎɠ 

űɎůɖɠ ŭ ɛˊɞɟɞɨɜ ŮɨəɞɚŬ ɜŬ Ŭˊɞŭɞɗɞɨɜ Ŭˊɧ Űɞ ŭɘŬɜɡůɛŬŰɘəɧ ŭɘɎɔɟŬɛɛŬ Űɖɠ ȺɘəɧɜŬɠ 

6.1: 

 

 

 
ȺɘəɧɜŬ 6.1 ȹɘŬɜɡůɛŬŰɘəɧ ŭɘɎɔɟŬɛɛŬ ɛɘɔŬŭɘəɞɨ ɛɏŰɟɞɡ ŬˊɤɚŮɘɩɜ 

 

 
' *

'' *

E = È ˎ˄ʵ

E = É ˃ʵ
                                                  (6.4.4) 

 

 

ȷɜ ɏɜŬ ůɩɛŬ ŮɑɜŬɘ ɘŭŬɜɘəɎ ŮɚŬůŰɘəɧ, ŰɧŰŮ ɏɢɞɡɛŮ ŭ=0 əŬɘ Ⱥ* = Ⱥǋ ɧˊɤɠ ˊɟɞəɨˊŰŮɘ 

Ŭˊɧ Űɘɠ ůɢɏůŮɘɠ 6.4.1 əŬɘ 6.4.4. ɆŰɖɜ ˊɟŬɔɛŬŰɘəɧŰɖŰŬ əŬɜɏɜŬ ůŰɏɟŮɞ ůɩɛŬ ŭŮɜ ŮɑɜŬɘ 

ɘŭŬɜɘəɎ ŮɚŬůŰɘəɧ. ȳɚŬ ŰŬ ůŰŮɟŮɎ ɏɢɞɡɜ ɛŬɕɑ ŮɚŬůŰɘəɏɠ əŬɘ ɘɝɩŭŮɘɠ ɘŭɘɧŰɖŰŮɠ ɛɏɢɟɘ 

ɏɜŬ ɞɟɘůŰɘəɧ ɛɏɔŮɗɞɠ. ȼ ɘɝɩŭɖɠ ůɡɛˊŮɟɘűɞɟɎ ůŮ ˊɞɚɚɎ Ŭˊɧ ŬɡŰɎ ŮəŭɖɚɩɜŮŰŬɘ Űɧůɞ 

ŬŭɨɜŬɛŬ, ɩůŰŮ ˊɟŬəŰɘəɎ ŬɡŰɎ ŰŬ ɡɚɘəɎ ɜŬ ɗŮɤɟɞɨɜŰŬɘ ɘŭŬɜɘəɎ ŮɚŬůŰɘəɎ [49]. 
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6.5 ɆɈɁŪȺɇɃ (ɀȽũȷȹȽȾɃ) ɀȺɇɅɃ ȺɁȹɃɆȺɋɆ 

ɀŮɟɘəɏɠ űɞɟɏɠ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɖ ɏɜɜɞɘŬ Űɞɡ ɛɘɔŬŭɘəɞɨ ɛɏŰɟɞɡ ŮɜŭɧůŮɤɠ ɤɠ ɞ 

Ŭˊɞəɚɑɜɤɜ ŰŬɜɡůŰɐɠ Űɞɡ ɛɘɔŬŭɘəɞɨ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ, ŭɖɚŬŭɐ: 

 

* ' ''

*

1
D = = D - iD

E
                        (6.5.1) 

 

ȳˊɞɡ Űɞ Dǋ ɞɜɞɛɎɕŮŰŬɘ ŭɡɜŬɛɘəɧ ɛɏŰɟɞ ŮɜŭɧůŮɤɠ əŬɘ Űɞ Dǋǋ ɞɜɞɛɎɕŮŰŬɘ 

ŬˊɩɚŮɘŬ ŮɜŭɧůŮɤɠ. ȷəɞɚɞɡɗɞɨɜ ɞɘ ůɢɏůŮɘɠ ˊɞɡ ůɡɜŭɏɞɡɜ Űɘɠ ůɡɜɘůŰɩůŮɠ Űɞɡ 

ůɨɜɗŮŰɞɡ ɛɏŰɟɞɡ ŮɜŭɧůŮɤɠ ɛŮ ŬɡŰɏɠ Űɞɡ ůɨɜɗŮŰɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ [49]. 

' '
*

2

1 1
- i ʶ˒ʵ

E ED =
1+ʶ˒ ʵ

                        (6.5.2) 

 

'
'

2

1

ED =
1+ʶ˒ ʵ

                                   (6.5.3) 

 

( )

' ''
''

2 2

ʶ˒ʵ м

E ED = =
1+ʶ˒ ʵ1+ʶ˒ ʵ πм

                                                                           (6.5.4) 

 

6.6 ɆɈɁŪȺɇɃɆ (ɀȽũȷȹȽȾɃɆ) ȿɃũɃɆ POISSON  

ȹɡɞ ŬəɧɛŬ ůɖɛŬɜŰɘəɎ ɛŮɔɏɗɖ ŮɑɜŬɘ ɞ ɛɘɔŬŭɘəɧɠ ɚɧɔɞɠ Űɞɡ Poisson ɜ* əŬɘ Űɞ 

ɛɘɔŬŭɘəɧ ɛɏŰɟɞ ŭɘɧɔəɤůɖɠ Ⱦ*. ɇŬ ŭɡɞ ŬɡŰɎ ɛŮɔɏɗɖ ŭɑɜɞɜŰŬɘ Ŭˊɧ Űɘɠ ůɢɏůŮɘɠ [49]: 

 
*

* ' ''

*

E
˄ Ґ˄ πƛ˄ Ґ πм

2G
                        (6.6.1) 

 

6.7 ɆȴɁŪȺɇɃ (ɀȽũȷȹȽȾȳ) ɀȰɇɅɃ ȹȽȳũȾɋɆȼɆ  

( )

*
* ' ''

*

E
K = K -iK =

3 1- 2˄
                           (6.7.1) 
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6.8 ɆɈɁŪȺɇɃ (ɀȽũȷȹȽȾɃ) ɀȺɇɅɃ ȹȽȷɇɀȼɆȼɆ  

( )

*
* ' ''

*

E
G = G -iG =

2 1+˄
                                  (6.8.1) 

 

ũɘŬ ɜŬ ˊŮɟɘɔɟŬűɐ ɖ ɓɘůəɞŮɚŬůŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ Ůɜɧɠ ɘůɧŰɟɞˊɞɡ ůɩɛŬŰɞɠ 

ɢɟŮɘɎɕɞɜŰŬɘ ŭɡɞ ŬɜŮɝɎɟŰɖŰŮɠ ɛɘɔŬŭɘəɏɠ ůŰŬɗŮɟɏɠ ŮɚŬůŰɘəɧŰɖŰŬɠ, ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ Űɞ 

ɛɘɔŬŭɘəɧ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ E* əŬɘ Űɞ ɛɘɔŬŭɘəɧ ɛɏŰɟɞ ŭɘɎŰɛɖůɖɠ G* , ɐ o ɛɘɔŬŭɘəɧɠ 

ɚɧɔɞɠ Poisson [49]. 
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ȾȺūȷȿȷȽɃ 7: ɄɅɃɆȹȽɃɅȽɆɀɃɆ ȹɈɁȷɀȽȾɋɁ 

ȺȿȷɆɇȽȾɋɁ ɆɇȷŪȺɅɋɁ 

 

7.1 ɈɄɃȿɃũȽɆɀɃɆ ɇɃɈ ȹɈɁȷɀȽȾɋɁ ɀȺɇɅɋɁ ȺȿȷɆɇȽȾɋɁ 

ɆɇȷŪȺɅɋɁ ɆɇɃ ȺɄɇȷūȷɆȽȾɃ ɀɃɁɇȺȿɃ ȸȷɆȺȽ ɇɋɁ 

ɆɇȷɇȽȾɋɁ ŪȺɋɅȼɇȽȾɋɁ ɇɈɄɋɁ  

7.2.1 ȹȽȷɀȼȾȺɆ ȹɈɁȷɀȽȾɃ ɀȺɇɅɃ ȺȿȷɆɇȽȾɃɇȼɇȷɆ   

 ȺűŬɟɛɧɕɞɜŰŬɠ Űɖɜ Ŭɟɢɐ Űɖɠ ŬɜŰɘůŰɞɘɢɑŬɠ Űɞɡ Hashin ůŰɖɜ Ůɝɑůɤůɖ Űɞɡ 

ůŰŬŰɘəɞɨ ŭɘŬɛɐəɞɡɠ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ, ŭɖɚŬŭɐ ůŰɖɜ Ůɝɑůɤůɖ (5.2.6) ɏɢɞɡɛŮ: 

ñ ñ ñ
62 4

1 3 5

rr r

L f 1 2 m 3 4 f 5 6 m 72 2 2
7 7 7r r r

2 2 2
E =E U + rE (r)dr+E U + rE (r)dr+E U + rE (r)dr+E U

r r r
  

            

                                   (5.2.6) 

( ) ( ) ( ) ( )

( ) ( )

Ýñ ñ ñ

ñ ñ

62 4

1 3 5

2 4

1 3

rr r

* * * * * * * *
L f 1 2 m 3 4 f 5 6 m 72 2 2

7 7 7r r r

' '' ' '' ' '' ' '' ' ''
L L f f 1 m m 3 f f 5 m m 7

r r

' '' ' ''
2 2 4 42 2

7 7r r

2 2 2
E =E U + rE (r)dr+E U + rE (r)dr+E U + rE (r)dr+E U

r r r

E +iE = E +iE U + E +iE U + E +iE U + E +iE U

2 2 2
+ E (r)+iE (r) rdr+ E (r)+iE (r) rdr+

r r
( )ñ

6

5

r

' ''
6 62

7 r

E (r)+iE (r) rdr
r

 

                                                                (7.2.1.1) 

ŪŮɤɟɞɨɛŮ ŰɩɟŬ ɧŰɘ ɞɘ ůɡɜŬɟŰɐůŮɘɠ ¹ ¹ ¹' ' ' ' ' '
i,1 2 i,2 4 i,3 6E r E r ,E r E r E r( ) ( E) ( ) ( ), ( ) (r) əŬɘ

¹ ¹ ¹'' '' '' '' '' ''
i,1 2 i,2 4 i,3 6E r E r ,E r E( ) ( ) ( ) ( ), ( )r E r E(r) Ŭəɞɚɞɡɗɞɨɜ Űɖɜ ˊŬɟŬɓɞɚɘəɐ  ɛŮŰŬɓɞɚɐ 

ůɨɛűɤɜŬ ɛŮ Űɘɠ ůɢɏůŮɘɠ (4.1.1.1), (4.1.1.4) əŬɘ (4.1.1.7), ɧˊɞɡ ɚŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɘɜ 

Űɖɜ ˊŮɟɑˊŰɤůɖ ɔɘŬ n=1, ɏɢɞɡɛŮ Űɖɜ ɛɏɔɘůŰɖ ŮˊɑŭɟŬůɖ Űɞɡ ŮɔəɚŮɑůɛŬŰɞɠ ůŰŬ ůɨɜɞɟŬ 

ɛŮ Űɖɜ ŮɜŭɘɎɛŮůɖ űɎůɖ. 

 

ȯɟŬ ɢɤɟɑɕɞɜŰŬɠ Űɞ ́ɟŬɔɛŬŰɘəɧ ɛɏɟɞɠ ɛŮ Űɞ űŬɜŰŬůŰɘəɧɜ ɛɏɟɞɠ Űɤɜ ɛɘɔŬŭɘəɩɜ 

ˊɞɡ ˊɟɞəɨˊŰɞɡɜ ɏɢɞɡɛŮ: 
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Ý

ñ ñ ñ
62 4

1 3 5

' ' ' ' '
L f 1 m 3 f 5 m 7

rr r

' ' '
2 4 62 2 2

7 7 7r r r

'' ' '
ff f f

' ' ' '
'

51 2 4

6 1 2 4
3

1/2
5 6 1 2 3 1 2 3

7

f m m m
m

' ' '
'm m f
m

2 U2 U U U
+ + +

3 6 6 3

U U 5 U 5 U

E = E U +E U +E U +E U

2 2 2
+ E (r)rdr + E (r)rd

+ + + + U +
6 3 6 6

U 5 U (U +U +U ) (U +U +U +U
+ + + U

r + E (r)rdr =
r r r

EE E E

E E E E
E

E E E
-E

3 6

1/2
4

1/2 1/2 1/2 1/2
1 2 3 1 2 3 4 1 1 2

1/2 1/21/2 1/2
1 2 3 4 5 1 2 3 4 5 61 1 2

1

' '
m f

/2 1/2
1 2 3 4 5 1 2 3 4 5 6

''
fm

'
m

)

3

(U +U +U ) (U +U +U +U ) U (U +U )
+ +

3 3

(U +U +U +U +U ) (U +U +U +U +U +U )U (U +U )
- +

3 3

(U +U +U +U +U ) (U +U +U +U +U +U )

E

-

E E

E

E

3                

                (7.2.1.2) 

ȾŬɘ ŬɜŰɑůŰɞɘɢŬ 

Ý

ñ ñ ñ
62 4

1 3 5

51

'' '' '' '' ''
L f 1 m 3 f 5 m 7

rr r

'' '' ''
2 4 62 2 2

7 7 7r r r

'''' '' ''
ff f f

'' '' '' ''
''f m m m
m

'' '' ''
''m

2 4

6 1 2 4
3

5 6 1m f
7m

E =E U +E U +E U +E U

2 2 2
+ E (r)rdr + E (r)rd

2 U2 U U

r + E (r)rdr =
r r r

EE E E

E E E E
E

E

U
+ + +

3 6 6 3

U U 5 U 5 U
+ + + + U +

6 3 6 6

U 5 UE E
E

(U
+ + + U -

3 6

1/2 1/2
2 3 1 2 3 4

1/2 1/2 1/2 1/2
1 2 3 1 2 3 4 1 1 2

1/2 1/2
1 1 2

1/2 1/2
1 2 3 4 5 1 2 3 4 5 6

1/2 1/2
1 2 3 4 5 1 2 3 4 5 6

'' ''
m f

''
m

''
f

''
m

+U +U ) (U +U +U +U )

3
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             (7.2.1.3) 
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7.2.2 ȹȽȷɀȼȾȺɆ ȹɈɁȷɀȽȾɃ ɀȺɇɅɃ ȺȿȷɆɇȽȾȳɇȼɇȷɆ ɀȺ 

ɄȷɅȷȹɃɉȺɆ  

ȽůɢɨŮɘ ɧŰɘ:,ʰ˒ˇˏ' ''
f f fE E E 0 ŮˊŮɘŭɐ Űɞ ɡɚɘəɧ Űɖɠ ɑɜŬɠ ŭŮɜ ɗŮɤɟŮɑŰŬɘ 

ɓɘůəɞŮɚŬůŰɘəɧ ɡɚɘəɧ ŬɚɚɎ ŰŮɚŮɑɤɠ ŮɚŬůŰɘəɧ. 

 Ⱥˊɘˊɚɏɞɜ ɞɘ ŭɡɜŬɛɘəɞɑ ɚɧɔɞɘ Poisson Űɖɠ ɛɐŰɟŬɠ əŬɘ Űɞɡ ŮɔəɚŮɑůɛŬŰɞɠ Űɞɡ 

ůɡɜɗɏŰɞɡ ɡɚɘəɞɨ ŭɨɜŬŰŬɘ ɜŬ ɗŮɤɟɖɗɞɨɜ ɤɠ ́ ɟŬɔɛŬŰɘəɞɑ Ŭɟɘɗɛɞɑ [51]. ȷɡŰɧ ůɡɛɓŬɑɜŮɘ 

ɔɘŬŰɑ ɞɘ ůɡɜŰŮɚŮůŰɏɠ ŬˊɤɚŮɘɩɜ ůŮ ŮűŮɚəɡůɛɧ əŬɘ ŭɘɎŰɛɖůɖ nE ɐ tanŭE əŬɑ nG ɐ tanŭG 

ŮɑɜŬɘ ˊɟɞůŮɔɔɘůŰɘəɎ ɑůɞɘ [52],[53]. 

 ȹɖɚŬŭɐ 

,

º º

º º

,ʰ˒ˇˏ

ʰ˒ˇˏ

* ''
m m m

* ''
f f f

˄ ˄ ˄ л

˄ ˄ ˄ л
  

 

ɃˊɧŰŮ ɛŮ ɓɎůɖ ŰŬ ˊŬɟŬˊɎɜɤ ˊɟɞəɨˊŰɞɡɜ: 
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+ +

3 3

(U +UU (U +U )
- +

3

EE 1/2 1/2
3 4 5 1 2 3 4 5 6

1/2 1/2
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3
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                                  (7.2.2.1) 
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                     (7.2.2.2) 
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7.3.1 ȹȽȷɀȼȾȺɆ ȹɈɁȷɀȽȾɃɆ ȿɃũɃɆ POISSON  

ȺűŬɟɛɧɕɞɜŰŬɠ Űɖɜ Ŭɟɢɐ Űɖɠ ŬɜŰɘůŰɞɘɢɑŬɠ Űɞɡ Hashin ůŰɖɜ Ůɝɑůɤůɖ Űɞɡ ůŰŬŰɘəɞɨ 

ŭɘŬɛɐəɞɡɠ ɚɧɔɞɡ Poisson, ŭɖɚŬŭɐ ůŰɖɜ Ůɝɑůɤůɖ (5.3.2) ɏɢɞɡɛŮ: 

Ýñ ñ ñ

ñ ñ ñ

62 4

1 3 5

62 4

1 3 5

rr r

LT 1 1 2 3 3 4 5 5 6 7 72 2 2
7 7 7r r r

rr r

LT f 1 i,1 m 3 i,2 f 5 i,3 m 72 2 2
7 7 7r r r

2 2 2
v =v U + v (r)rdr+v U + v (r)rdr+v U + v (r)rdr+v U

r r r

2 2 2
v =v U + v (r)rdr+v U + v (r)rdr+v U + v (r)rdr+v U

r r r

         

      (5.3.2) 

 

( ) ( ) ( ) ( )

( ) ( ) ( )ñ ñ ñ
62 4

1 3 5

* ' '' ' '' ' '' ' '' ' ''
LT LT LT f f 1 m m 3 f f 5 m m 7

rr r

' '' ' '' ' ''
2 2 4 4 6 62 2 2

7 7 7r r r

˄ Ґ˄ πƛ˄ Ґ ˄ πƛ˄ ¦ Ҍ ˄ πƛ˄ ¦ Ҍ ˄ πƛ˄ ¦ Ҍ ˄ πƛ˄ ¦

2 2 2
+ ˄ όǊύπƛ˄ όǊύ ǊŘǊҌ ˄ όǊύπƛ˄ όǊύ ǊŘǊҌ ˄ όǊύπƛ˄ όǊύ Ǌdr

r r r

 

               (7.3.1.1) 

ŪŮɤɟɞɨɛŮ ɧŰɘ ɞɘ ůɡɜŬɟŰɐůŮɘɠ¹ ¹ ¹' ' ' ' ' '
i,1 2 i,2 4 i,3 6v (r) v (r),v (r) v (r),v (r) v (r) əŬɘ 

¹ ¹ ¹'' '' '' '' '' ''
i,1 2 i,2 4 i,3 6v (r) v (r),v (r) v (r),v (r) v (r)Ŭəɞɚɞɡɗɞɨɜ Űɖɜ ˊŬɟŬɓɞɚɘəɐ ɛŮŰŬɓɞɚɐ 

ůɨɛűɤɜŬ ɛŮ Űɘɠ ůɢɏůŮɘɠ, (4.1.1.3), (4.1.1.7) əŬɘ (4.1.1.9), ɧˊɞɡ ɚŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɘɜ 

Űɖɜ ˊŮɟɑˊŰɤůɖ ɔɘŬ n=1, ɏɢɞɡɛŮ Űɖɜ ɛɏɔɘůŰɖ ŮˊɑŭɟŬůɖ Űɞɡ ŮɔəɚŮɑůɛŬŰɞɠ ůŰŬ ůɨɜɞɟŬ 

ɛŮ Űɖɜ ŮɜŭɘɎɛŮůɖ űɎůɖ. 

ȯɟŬ ɢɤɟɑɕɞɜŰŬɠ Űɞ ˊɟŬɔɛŬŰɘəɧ ɛɏɟɞɠ ɛŮ Űɞ űŬɜŰŬůŰɘəɧɜ ɛɏɟɞɠ Űɤɜ ɛɘɔŬŭɘəɩɜ 

ˊɞɡ ˊɟɞəɨˊŰɞɡɜ ɏɢɞɡɛŮ: 
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3 6
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6m 3 4 5

U )

3
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+U )
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˄ U
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                          (7.3.1.2) 

ȾŬɘ ŬɜŰɑůŰɞɘɢŬ 

Ý

ñ ñ ñ
62 4

1 3 5

51 2 4

6 1 2

'' '' '' '' ''
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             (7.3.1.3) 
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7.3.2 ȹȽȷɀȼȾȺɆ ȹɈɁȷɀȽȾɃɆ ȿɃũɃɆ POISSON ɀȺ ɄȷɅȷȹɃɉȺɆ  

ȳˊɤɠ ŬɜŬűɏɟŬɛŮ ůŰɖɜ ˊŬɟɎɔɟŬűɞ 7.2.2 ŪŮɤɟɞɨɛŮ ɧŰɘ: 
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,
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ɃˊɧŰŮ ˊɟɞəɨˊŰɞɡɜ 
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                                             (7.3.2.1) 

 
''
LT˄ Ґл                                (7.3.2.2) 
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7.3.3 ȹȽȷɀȼȾȺɆ ȹɈɁȷɀȽȾɃɆ ȿɃũɃɆ POISSON ȹȽūȷɆȽȾɃY 

ɀɃɁɇȺȿɃY ɀȺ ɉɅȼɆȼ ɇɋɁ ɆɉȺɆȺɋɁ ɇɋɁ WHITNEY -RILEY   

ũɘŬ ůɨɔəɟɘůɖ Űɤɜ ˊŬɟŬˊɎɜɤ ŬˊɞŰŮɚŮůɛɎŰɤɜ Ŭˊɧ Űɞ ŮˊŰŬűŬůɘəɧ ɛɞɜŰɏɚɞ 

ɢɟɖůɘɛɞˊɞɘɞɨɛŮ Űɖɜ ůɢɏůɖ ɔɘŬ Űɞ ůŰŬŰɘəɧ ŭɘŬɛɐəɖ ɚɧɔɞ Poisson  Űɤɜ Whitney-riley  

[44]: 

( )( )
( )( ) ( ) ( )è ø

ê ú

2
m f m f f

LT m 2 2
m f f f m m f m f

2 v - v 1- v E U
v = v -

E 1-U 1- v -2v + 1- v -2v U + 1+ v E
  

                (7.3.3.1)

   

ȺűŬɟɛɧɕɞɜŰŬɠ Űɖɠ Ŭɟɢɐ ŬɜŰɘůŰɞɘɢɑŬɠ Űɞɡ Hashin ɏɢɞɡɛŮ, ’ᶻ ’ Ὥ’   

  
ɇɞ ˊɟŬɔɛŬŰɘəɧ ɛɏɟɞɠ: 

 

 
( )( )

( )( ) ( ) ( )è ø
ê ú

' ' ' 2 '
m f m f f' '

LT m ' ' ' 2 ' ' 2 ' '
m f f f m m f m f

2 v - v 1- v E U
v = v -

E 1-U 1- v -2v + 1- v -2v U + 1+ v E

               (7.3.3.2) 

ɇɞ űŬɜŰŬůŰɘəɧ ɛɏɟɞɠ: 
 

 
( )( )

( )( ) ( ) ( )è ø
ê ú

" " " 2 "
m f m f f" "

LT m " " "2 " " 2 " "
m f f f m m f m f

2 v - v 1- v E U
v = v -

E 1-U 1- v -2v + 1- v -2v U + 1+ v E

                      

       (7.3.3.3) 

ȳˊɤɠ ŬɜŬűɏɟŬɛŮ ůŰɖɜ ˊŬɟɎɔɟŬűɞ 7.2.2 ŪŮɤɟɞɨɛŮ ɧŰɘ: 
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7.4.1 ȺũȾȷɅɆȽɃɆ ȹɈɁȷɀȽȾɃɆ ȿɃũɃɆ POISSON  

ȺűŬɟɛɧɕɞɜŰŬɠ Űɖɜ Ŭɟɢɐ Űɖɠ ŬɜŰɘůŰɞɘɢɑŬɠ Űɞɡ Hashin ůŰɖɜ Ůɝɑůɤůɖ Űɞɡ ůŰŬŰɘəɞɨ 

ŮɔəɎɟůɘɞɡ ɚɧɔɞɡ Poisson, ŭɖɚŬŭɐ ůŰɖɜ Ůɝɑůɤůɖ (5.4.4) ɏɢɞɡɛŮ: 

Ý

Ý

ñ ñ ñ

ñ ñ ñ

62 4

1 3 5

62 4

1 3 5

rr r

3 51 7
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TT 1 7 2 3 7 4 5 7 6 7r r r
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TT f 7 i,1 m 7 i,2 f 7 i,3 mr r r
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= + dr + + dr + + dr +

v v r v (r) v r v (r) v r v (r) v

U UU U1 2 r 2 r 2 r
= + dr + + dr + + dr +

v v r v (r) v r v (r) v r v (r) v

                 (5.4.4) 
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                               (7.4.1.1) 
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  (7.4.1.2) 

ȯɟŬ ɢɤɟɑɕɞɜŰŬɠ Űɞ ˊɟŬɔɛŬŰɘəɧ ɛɏɟɞɠ ɛŮ Űɞ űŬɜŰŬůŰɘəɧɜ ɛɏɟɞɠ Űɤɜ ɛɘɔŬŭɘəɩɜ 

ůŰɖɜ ˊŬɟŬˊɎɜɤ ůɢɏůɖ ɏɢɞɡɛŮ: 

  
( ) ( )

( ) ( )

ñ

ñ ñ

2

1

64

3 5

r' ' ''
f,1 f i,1 m,1 mTT

2' 2" 2 2' 2"2' 2'' 2' 2"
f f 7 m mrTT TT i,1 i,1

rr ' ' ' '
i,2 f,2 f i,3 m,2 m

2 2' 2" 2 2'2' 2" 2' 2"
7 f f 7 mr ri,2 i,2 i,3 i,3

U ˄ ˄ όǊύǊ ¦ ˄˄ 2
= + dr +
˄ Ҍ˄ Ǌ ˄ Ҍ˄˄ Ҍ˄ ˄ όǊύҌ˄ όǊύ

˄ όǊύǊ ¦ ˄ ˄ όǊύǊ ¦ ˄2 2
+ dr + + dr +

r ˄ Ҍ˄ Ǌ ˄ Ҍ˄ όǊύҌ˄ όǊύ ˄ όǊύҌ˄ όǊύ
2"
m

= L
˄

           (7.4.1.3)           



ʅʶ˂ʾʵʰ 151 h ˉˈ 267 
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( ) ( )
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f,1 f i,1 m,1 mTT

2' 2" 2 2' 2"2' 2'' 2' 2"
f f 7 m mrTT TT i,1 i,1

rr " " " "
i,2 f,2 f i,3 m,2 m

2 2' 2" 2 2'2' 2" 2' 2"
7 f f 7 mr ri,2 i,2 i,3 i,3

U ˄ ˄ όǊύǊ ¦ ˄˄ 2
= + dr +
˄ Ҍ˄ Ǌ ˄ Ҍ˄˄ Ҍ˄ ˄ όǊύҌ˄ όǊύ

˄ όǊύǊ ¦ ˄ ˄ όǊύǊ ¦ ˄2 2
+ dr + + dr +

r ˄ Ҍ˄ Ǌ ˄˄ όǊύҌ˄ όǊύ ˄ όǊύҌ˄ όǊύ
2"
m

= B
+˄

          

(7.4.1.4)           

 

7.4.2 ȺũȾȷɅɆȽɃɆ ȹɈɁȷɀȽȾɃɆ ȿɃũɃɆ POISSON ɀȺ ɄȷɅȷȹɃɉȺɆ 

ȳˊɤɠ ŬɜŬűɏɟŬɛŮ ůŰɖɜ ˊŬɟɎɔɟŬűɞ 7.2.2 ŪŮɤɟɞɨɛŮ ɧŰɘ: 
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,

,

ɨ

ɨ

ɨ

ajo

ajo

ajo

º º

º º
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' ''
f f f

* ''
m m m

* ''
f f f

E E E 0

˄ ˄ ˄ л
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ɃˊɧŰŮ ɛŮ ŭŮŭɞɛɏɜɞ Űɘɠ ůɢɏůŮɘɠ ɔɘŬ Űɞ ɚɧɔɞ Poisson Űɤɜ ŮɜŭɘɎɛŮůɤɜ űɎůŮɤɜ  

¹ ¹ ¹' ' ' ' ' '
i,1 2 i,2 4 i,3 6v (r) v (r),v (r) v (r),v (r) v (r) əŬɘ ¹ ¹ ¹'' '' '' '' '' ''

i,1 2 i,2 4 i,3 6v (r) v (r),v (r) v (r),v (r) v (r) ɧˊɤɠ 

ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ Űɘɠ ůɢɏůŮɘɠ (4.1.1.3), (4.1.1.6) əŬɘ (4.1.1.9) əŬɘ ŮűŬɟɛɧɕɞɜŰŬɠ Űɘɠ 

ˊɟɞɖɔɞɨɛŮɜŮɠ ˊŬɟŬŭɞɢɏɠ ˊɟɞəɨˊŰŮɘ ɧŰɘ  "
i,1,2,3˄ όǊύҐлŰŮɚɘəɎ ɏɢɞɡɛŮ: 

 

( ) ñ ñ ñ
62 4

1 3 5

rr r'
f,1 m,1 f,2 m,2TT

2 ' 2 ' 2 '2' 2''
f 7 i,1 m 7 i,2 f 7 i,3 mr r rTT TT

U U U U˄ 2 r 2 r 2 r
= + dr + + dr + + dr +
˄ Ǌ ˄ όǊύ ˄ Ǌ ˄ όǊύ ˄ Ǌ ˄ όǊύ ˄˄ Ҍ˄

 

                                             (7.4.2.1) 

 

( )
Ý

''
''TT
TT2' 2''

TT TT

˄
= 0 ˄ Ґл

˄ Ҍ˄
                                              (7.4.2.2) 

  
        ɃˊɧŰŮ Ŭˊɧ ŰŬ ˊŬɟŬˊɎɜɤ ɏɢɞɡɛŮ:       

                          

 

ñ ñ ñ
62 4

1 3 5

rr r

f,1 m,1 f,2 m,2

' 2 ' 2 ' 2 '
TT f 7 i,1 m 7 i,2 f 7 i,3 mr r r

U U U U1 2 r 2 r 2 r
= + dr + + dr + + dr +

˄ ˄ Ǌ ˄ όǊύ ˄ Ǌ ˄ όǊύ ˄ Ǌ ˄ όǊύ ˄
         (7.4.2.3) 

 
 
 
 
 
 
 



ʅʶ˂ʾʵʰ 152 h ˉˈ 267 
 

7.5.1 ȺũȾȷɅɆȽɃ ȹɈɁȷɀȽȾɃ ɀȺɇɅɃ ȺȿȷɆɇȽȾɃɇȼɇȷɆ 

ȺűŬɟɛɧɕɞɜŰŬɠ Űɖɜ Ŭɟɢɐ Űɖɠ ŬɜŰɘůŰɞɘɢɑŬɠ Űɞɡ Hashin ůŰɖɜ Ůɝɑůɤůɖ Űɞɡ ůŰŬŰɘəɞɨ 

ŮɔəɎɟůɘɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ, ŭɖɚŬŭɐ ůŰɖɜ Ůɝɑůɤůɖ (5.5.5) ɏɢɞɡɛŮ: 

è øê ú

è ø è øê ú ê ú

ñ

ñ ñ

2

1

64

3 5

2r 22 2
2 2 3 3 3TT LT 1 1 1

2
T L 1 7 2 3r

2 2rr 2
4 4 6 65 5 5

2 2
7 4 5 7 6r r

2
7 7 7

7

1- v (r) -2(v (r)) r U (1- v -2v )1- v 2v U (1- v -2v ) 2
- = + dr + +

E E E r E (r) E

1- v (r) -2(v (r)) r 1- v (r) -2(v (r)) rU (1- v -2v )2 2
+ dr + + dr +

r E (r) E r E (r)

U (1- v -2v )
+

E

 

 

     (5.5.5) 

ɃˊɧŰŮ 

 

è øê ú
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64

3 5

2r 22 2
i,1 i,1 3 m mTT LT 1 f f

2
T L f 7 i,1 mr

2 2rr 2
i,2 i,2 i,3 i,35 f f

2 2
7 i,2 f 7 i,3r r

1- v (r) -2(v (r)) r U (1- v -2v )1- v 2v U (1- v -2v ) 2
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E E E r E (r) E

1- v (r) -2(v (r)) r 1- v (r) -2(v (r)) rU (1- v -2v )2 2
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r E (r) E r E (r)

2
7 m m

m

U (1- v -2v )
+

E

 

             

  (7.5.1.1) 
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5

2r
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  (7.5.1.2) 
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ȼ ˊŬɟŬˊɎɜɤ ůɢɏůɖ ɔɑɜŮŰŬɘ: 

 

è øê ú
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1

' '' ' '' 2 ' '' ' '' 2
TT TT LT LT 1 f f f f

' '' ' '' ' ''
T T L L f f

' '' ' '' 2r ' '' ' '
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' 2
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' '' ' '' 2
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r E (r)+ iE (r) E + iE

1-(v (r) - iv (r)) -2(v (r) - iv (r)) r2
+

r E
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5

r ' '' ' '' 2
7 m m m m

' '' ' ''
,3 i,3 m mr

U (1-(v - iv ) -2(v - iv ) )
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(r)+ iE (r) E + iE

 

                                      (7.5.1.3) 

 

 

 

ȷɟɘůŰŮɟɧ ɛɏɚɞɠ Űɖɠ ůɢɏůɖɠ (7.5.1.3): 

 
' '' ' '' ' '' 2 ' ''
TT TT T T LT LT L L

' '' ' '' ' ''
T T T T L L

' ' '' '' ' '' ' '' '
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-

E +E

' '' ' '' 2
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=
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ì ü
í ý

ë û
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í ý
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-
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     (7.5.1.4) 
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ȹŮɝɘɧ ɛɏɚɞɠ Űɖɠ ůɢɏůɖɠ (7.5.1.3):  

 

¶ ȰɔəɚŮɘůɛŬ əŬɘ ɛɐŰɟŬ: 
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+
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  (7.5.1.5) 
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¶ ȺɜŭɘɎɛŮůŮɠ űɎůŮɘɠ Űɖɠ ůɢɏůɖɠ (7.5.1.3): 
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ɃˊɧŰŮ ŰŮɚɘəɎ ɏɢɞɡɛŮ: 
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E (r)(1 - v (r) -2v (r)+2v (r))+E (r)v (r)(1+ 4v (r)) r
dr

E (r)+E (r)
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  (7.5.1.7) 
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ȯɟŬ ɢɤɟɑɕɞɜŰŬɠ Űɞ ˊɟŬɔɛŬŰɘəɧ ɛɏɟɞɠ ɛŮ Űɞ űŬɜŰŬůŰɘəɧɜ ɛɏɟɞɠ Űɤɜ ɛɘɔŬŭɘəɩɜ 

ˊɞɡ ˊɟɞəɨˊŰɞɡɜ ůŰɘɠ ůɢɏůŮɘɠ (7.5.1.4) ɏɤɠ (7.5.1.7) ɏɢɞɡɛŮ: 

ɄɟŬɔɛŬŰɘəɧ ɛɏɟɞɠ: 

' ' '' '' '2 '' ' ' '' ''
TT T TT T LT LT L LT LT L

'2 ''2 '2 ''2
T T L L

' '2 ''2 ' ' '' ''
f,1 f,2 f f f f f f f

'2 ''2
f f

' '2 ''2 ' ' '' ''
m,1 m,2 m m m f m m m

'2
m

[(1 - v )E + v E ] 2[(v - v )E -2v v E ]
- =

E +E E +E

(U +U )[(1 - v -2v +2v )E +(1+ 4v )v E ]
+

E +E

(U +U )[(1 - v -2v +2v )E +(1+ 4v )v E ]

E

è øê ú

èê

ñ
2

1

''2
m

' ' '2 ''2 '' '' 'r
i,1 i,1 i,1 i,1 i,1 i,1 i,1

2 '2 ''2
7 i,1 i,1r

' ' '2 ''2 '' '' '
i,2 i,2 i,2 i,2 i,2 i,2 i,2

2
7

+E

E (r)(1 - v (r) -2v (r)+2v (r))+E (r)v (r)(1+ 4v (r)) r2
+ dr

r E (r)+E (r)

E (r)(1 - v (r) -2v (r)+2v (r))+E (r)v (r)(1+ 4v (r))2
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r

øú

è øê ú
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3

6

5
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'2 ''2
i,2 i,2r

' ' '2 ''2 '' '' 'r
i,3 i,3 i,3 i,3 i,3 i,3 i,3

2 '2 ''2
7 i,3 i,3r

r
dr

E (r)+E (r)

E (r)(1 - v (r) -2v (r)+2v (r))+E (r)v (r)(1+ 4v (r)) r2
+ dr

r E (r)+E (r)

  

 
 (7.5.1.8) 

ȾŬɘ ŬɜŰɑůŰɞɘɢŬ Ŭˊɧ Űɞ űŬɜŰŬůŰɘəɧ ɛɏɟɞɠ: 

 
' '' ' '' '2 ''2 '' ' '' '
T TT TT T LT LT L LT LT L

'2 ''2 '2 ''2
T T L L

' '2 ''2 '' ' '' '
f,1 f,2 f f f f f f f
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[E v - (1 - v )E ] 2[(v - v )E +2v v E ]
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(U +U )[-(1 - v -2v +2v )E +(1+ 4v )v E ]
+

è øê ú
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1

'2 ''2
m m

'' ' '2 ''2 ' '' 'r
i,1 i,1 i,1 i,1 i,1 i,1 i,1

2 '2 ''2
7 i,1 i,1r

'' ' '2 ''2 ' '' '
i,2 i,2 i,2 i,2 i,2 i,2 i,2

2
7

E +E

-E (r)(1 - v (r) -2v (r)+2v (r))+E (r)v (r)(1+ 4v (r)) r2
+ dr

r E (r)+E (r)

-E (r)(1 - v (r) -2v (r)+2v (r))+E (r)v (r)(1+ 4v2
+

r

è øê ú

è øê ú
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3
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7 i,3 i,3r

(r)) r
dr

E (r)+E (r)

-E (r)(1 - v (r) -2v (r)+2v (r))+E (r)v (r)(1+ 4v (r)) r2
+ dr

r E (r)+E (r)
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7.5.2 ȺũȾȷɅɆȽɃ ȹɈɁȷɀȽȾɃ ɀȺɇɅɃ ȺȿȷɆɇȽȾɃɇȼɇȷɆ ɀȺ 

ɄȷɅȷȹɃɉȺɆ  

ȳˊɤɠ ŬɜŬűɏɟŬɛŮ ůŰɖɜ ˊŬɟɎɔɟŬűɞ 7.2.2 ŪŮɤɟɞɨɛŮ ɧŰɘ: 

 

,

,

,

ɨ

ɨ

ɨ

ajo

ajo

ajo

º º

º º

º º

' ''
f f f

* ''
m m m

* ''
f f f

E E E 0

˄ ˄ ˄ л

˄ ˄ ˄ л

 

 

Ⱥˊɑůɖɠ ɏɢŮɘ ˊɟɞəɨɣŮɘ Ŭˊɧ Űɘɠ ůɢɏůŮɘɠ (7.3.2.2) əŬɘ (7.4.3.2)  ɧŰɘ 
''
LT

''
TT

v = 0

v = 0
. 

ȺˊɘˊɟɧůɗŮŰŬ ɗŮɤɟɞɨɛŮ ɧŰɘ ɞɘ ůɡɜŬɟŰɐůŮɘɠ ¹ ¹ ¹' ' ' ' ' '
i,1 2 i,2 4 i,3 6E r E r ,E r E r E r( ) ( E) ( ) ( ), ( ) (r) əŬɘ

¹ ¹¹'' '' '' '' '' ''
i,1 2 i,2 4 i,3 6E ( ) ( ) ( ) ( ), (r E r ,E r E r E r E) (r) ,ůɨɛűɤɜŬ ɛŮ Űɘɠ ůɢɏůŮɘɠ (4.1.1.1), (4.1.1.4) əŬɘ 

(4.1.1.7) əŬɗɩɠ əŬɘ ɞɘ ůɡɜŬɟŰɐůŮɘɠ¹ ¹ ¹' ' ' ' ' '
i,1 2 i,2 4 i,3 6v (r) v (r),v (r) v (r),v (r) v (r) əŬɘ 

¹ ¹ ¹'' '' '' '' '' ''
i,1 2 i,2 4 i,3 6v (r) v (r),v (r) v (r),v (r) v (r) ůɨɛűɤɜŬ ɛŮ Űɘɠ ůɢɏůŮɘɠ, (4.1.1.3), (4.1.1.7) əŬɘ 

(4.1.1.9), Ŭəɞɚɞɡɗɞɨɜ Űɖɜ ˊŬɟŬɓɞɚɘəɐ ɛŮŰŬɓɞɚɐ ɚŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɘɜ Űɖɜ ˊŮɟɑˊŰɤůɖ 

ɔɘŬ n=1, ˊɞɡ ɏɢɞɡɛŮ Űɖɜ ɛɏɔɘůŰɖ ŮˊɑŭɟŬůɖ Űɞɡ ŮɔəɚŮɑůɛŬŰɞɠ ůŰŬ ůɨɜɞɟŬ ɛŮ Űɖɜ 

ŮɜŭɘɎɛŮůɖ űɎůɖ. 

 

ɃˊɧŰŮ ɏɢɞɡɛŮ: 
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2 1 2 1

' '' ' ''
f f m m' '' 2
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n(E + iE ) - (E + iE
+E + iE + r
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nE -E nE -E 2r nE -E
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f m f m 2 f m'' 2 '' 2
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2 1 2 1 2 1
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nE -E nE -E 2r nE -E
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-E 2r E
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-E
r +E + r
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  (7.5.2.1) 
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             (7.5.2.2) 
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ɇŬ ŬɜŰɑůŰɞɘɢŬ ɘůɢɨɞɡɜ  ɔɘŬ Űɞɡɠ ɚɧɔɞɡɠ Poisson Űɤɜ ŮɜŭɘɎɛŮůɤɜ űɎůŮɤɜ. 

ɃˊɧŰŮ ŰŮɚɘəɎ ůŮ ůɡɜŭɡŬůɛɧ ɛŮ ɧɚŮɠ Űɘɠ ˊŬɟŬˊɎɜɤ ůɢɏůŮɘɠ əŬɘ Űɘɠ ůɢɏůŮɘɠ (7.5.1.8) 

əŬɘ (7.5.1.9) ˊɟɞəɨˊŰŮɘ: 

 
ɄɟŬɔɛŬŰɘəɧ ɛɏɟɞɠ: 
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  (7.5.2.4) 

 ūŬɜŰŬůŰɘəɧ ɛɏɟɞɠ: 

 

è ø
ê ú
ñ
2

1

' '2 ''' '' '2 ''
m,1 m,2 m m mTT T LT L

'2 ''2 '2 ''2 '2 ''2
T T L L m m

'' ' '2 ''2 ' '' 'r
i,1 i,1 i,1 i,1 i,1 i,1 i,1

2 '2 ''2
7 i,1 i,1r

(U +U )[(1- v -2v )E ](1- v )E 2v E
= +

E +E E +iE E +E

-E (r)(1- v (r)-2v (r)+2v (r))+E (r)v (r)(1+ 4v (r)) r2
- dr
r E (r)+E (r)

2
-

è ø
ê ú

è ø
ê ú

ñ
4

3

'' ' '2 ''2 ' '' 'r
i,2 i,2 i,2 i,2 i,2 i,2 i,2

2 '2 ''2
7 i,2 i,2r

'' ' '2 ''2 ' '' '
i,3 i,3 i,3 i,3 i,3 i,3 i,3

2
7 i,

-E (r)(1- v (r)-2v (r)+2v (r))+E (r)v (r)(1+ 4v (r)) r
dr

r E (r)+E (r)

-E (r)(1- v (r)-2v (r)+2v (r))+E (r)v (r)(1+ 4v (r)) r2
-
r Eñ

6

5

r

'2 ''2
3 i,3r

dr
(r)+E (r)

 
 

  (7.5.2.5) 
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ŪɏŰɞɜŰŬɠ ɛŮŰŬɓɚɖŰɏɠ ůŰɘɠ ůɢɏůŮɘɠ (7.5.2.4) əŬɘ (7.5.2.5) ˊɟɞəɨˊŰŮɘ: 
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(7.5.2.6)

(7.5.2.7)
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(1 - v )V
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(1 - v )W
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ɃˊɧŰŮ ůɡɜŭɡɎɕɞɜŰŬɠ Űɘɠ ůɢɏůŮɘɠ (7.5.2.4) ɏɤɠ (7.5.2.7) ˊɟɞəɨˊŰɞɡɜ ŰŬ  

ŬɟɘɗɛɖŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ ɔɘŬ ŰŬ əŬɑ' ''
T TE Eˊɞɡ ŬɜŬűɏɟɞɜŰŬɘ ůŰɖɜ ˊŬɟɎɔɟŬűɞ 7.8 
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7.6.1 ȹȽȷɀȼȾȺɆ ȹɈɁȷɀȽȾɃ ɀȺɇɅɃ ȹȽȷɇɀȼɆȺɋɆ  

ȺűŬɟɛɧɕɞɡɛŮ Űɖɜ Ŭɟɢɐ Űɖɠ ŬɜŰɘůŰɞɘɢɑŬɠ Űɞɡ Hashin ůŰɖɜ Ůɝɑůɤůɖ Űɞɡ ůŰŬŰɘəɞɨ 

ŭɘŬɛɐəɞɡɠ ɛɏŰɟɞɡ ŭɘŬŰɛɐůŮɤɠ, ŭɖɚŬŭɐ ůŰɖɜ Ůɝɑůɤůɖ (5.6.3). ȳˊɤɠ ɐŭɖ  ŬɜŬűɏɟŬɛŮ 

ˊɟɞɐɚɗŮ Ŭˊɧ Űɞɜ ɛŮŰŬůɢɖɛŬŰɘůɛɧ Űɖɠ Ůɝɑůɤůɖɠ Űɤɜ ŮɟŮɡɜɖŰɩɜ Tsai-Hahn ɔɘŬ Űɖɜ 

ˊŮɟɑˊŰɤůɖ Űɞɡ ŮˊŰŬűŬůɘəɞɨ ɛɞɜŰɏɚɞɡ ɛŮ ŮɜŭɘɎɛŮůɖ űɎůɖ: 
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                    (5.6.3) 

ɃˊɧŰŮ: 
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             (7.6.1.1) 
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ȯɟŬ ɢɤɟɑɕɞɜŰŬɠ Űɞ ˊɟŬɔɛŬŰɘəɧ ɛɏɟɞɠ ɛŮ Űɞ űŬɜŰŬůŰɘəɧɜ ɛɏɟɞɠ Űɤɜ ɛɘɔŬŭɘəɩɜ 

ůŰɖɜ ˊŬɟŬˊɎɜɤ ůɢɏůɖ (7.6.1.2) ɏɢɞɡɛŮ: 

ɄɟŬɔɛŬŰɘəɧ ɛɏɟɞɠ:  
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                  (7.6.1.3) 

ūŬɜŰŬůŰɘəɧ ɛɏɟɞɠ: 
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              (7.6.1.4) 

ŪɏŰɞɜŰŬɠ ɛŮŰŬɓɚɖŰɏɠ ůŰɘɠ ůɢɏůŮɘɠ (7.6.1.3) əŬɘ (7.6.1.4) ˊɟɞəɨˊŰŮɘ: 

 

ɞˊɧŰŮ ŰŮɚɘəɎ:
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(7.6.1.6)
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7.6.2 ȹȽȷɀȼȾȺɆ ȹɈɁȷɀȽȾɃ ɀȺɇɅɃ ȹȽȷɇɀȼɆȺɋɆ ɀȺ 

ɄȷɅȷȹɃɉȺɆ  

ȳˊɤɠ ŬɜŬűɏɟŬɛŮ ůŰɖɜ ˊŬɟɎɔɟŬűɞ 7.2.2 ŪŮɤɟɞɨɛŮ ɧŰɘ: 
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ȺˊɘˊɟɧůɗŮŰŬ ɏɢɞɡɛŮ: 

( )

( )

Ý Ý

Ý
è ø
é ùê ú

è ø
é ùê ú

*
*

*

' '' ' '' ' '' ' ''
' ''

' '' ' '' 2' ''2

' ' ' '' '' '' ' '' '' ' ' '' ' '' '' ' '' ''
' ''

2' ''2

E E
G = G =

2(1+˄ύ нόмҌ˄ ύ

(E +iE )(1 +˄ Ҍƛ˄ ύ ό9 Ҍƛ9 ύόмҌ˄ Ҍƛ˄ ύ
G +iG = =

2(1+˄ πƛ˄ ύόмҌ˄ Ҍƛ˄ ύ2 1+˄ Ҍ˄

E +E˄ π9˄ Ҍƛ ˄9 Ҍ9 Ҍ9E +E˄ Ҍƛ˄9 Ҍƛ9 Ҍƛ9˄ π9˄
G +iG = =

2 1+˄ Ҍ˄

( )

( )è ø
é ùê ú

' '

2' ''2

˄

2 1+˄ Ҍ˄

 

              (7.6.2.1) 

ɃˊɧŰŮ ɢɤɟɑɕɞɜŰŬɠ ˊɟŬɔɛŬŰɘəɧ ɛŮ űŬɜŰŬůŰɘəɧ ɛɏɟɞɠ Űɖɠ ůɢɏůɖɠ (7.6.2.1) ɏɢɞɡɛŮ: 
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         (7.6.2.3) 

ȰŰůɘ ɞɘ ůɢɏůŮɘɠ (7.6.2.2) əŬɘ (7.6.2.3) ɛŮ ɢɟɐůɖ Űɤɜ ˊŬɟŬˊɎɜɤ ˊŬɟŬŭɞɢɩɜ 

ɔɑɜɞɜŰŬɘ ɔɘŬ Űɞ ɏɔəɚŮɘůɛŬ əŬɘ Űɖɜ ɛɐŰɟŬ ŬɜŰɑůŰɞɘɢŬ: 
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     (7.6.2.4) 
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                         (7.6.2.5) 

ɃˊɧŰŮ ɛŮ ɢɟɐůɖ ůɡɜɞɚɘəɎ Űɤɜ ˊŬɟŬˊɎɜɤ ˊŬɟŬŭɞɢɩɜ ɞɘ ůɢɏůŮɘɠ (7.6.1.3) əŬɘ 

(7.6.1.4) ɔɑɜɞɜŰŬɘ: 

ɄɟŬɔɛŬŰɘəɧ ɛɏɟɞɠ:  
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                           (7.6.2.6) 

ūŬɜŰŬůŰɘəɧ ɛɏɟɞɠ: 
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              (7.6.2.7) 

ȳˊɞɡ ɔɘŬ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɤɜ əŬɑ' ' ' '' '' ''
i,1 i,2 i,3 i,1 i,2 i,3G (r),G (r),G (r) G (r),G (r),G (r)ɗŮɤɟɞɨɛŮ 

ɧŰɘ Ŭəɞɚɞɡɗɞɨɜ Űɖɜ ˊŬɟŬɓɞɚɘəɐ ɛŮŰŬɓɞɚɐ ůɨɛűɤɜŬ ɛŮ Űɘɠ ůɢɏůŮɘɠ (4.1.1.2), (4.1.1.5) 

əŬɘ (4.1.1.8), ɚŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɘɜ Űɖɜ ˊŮɟɑˊŰɤůɖ ɔɘŬ n=1 ˊɞɡ ɏɢɞɡɛŮ Űɖɜ ɛɏɔɘůŰɖ 

ŮˊɑŭɟŬůɖ Űɞɡ ŮɔəɚŮɑůɛŬŰɞɠ ůŰŬ ůɨɜɞɟŬ ɛŮ Űɖɜ ŮɜŭɘɎɛŮůɖ űɎůɖ. 
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ŪɏŰɞɜŰŬɠ ɛŮŰŬɓɚɖŰɏɠ ůŰɘɠ ůɢɏůŮɘɠ ɛŮ Űɘɠ ˊŬɟŬŭɞɢɏɠ (7.6.2.6) əŬɘ (7.6.2.7) 

ˊɟɞəɨˊŰŮɘ: 
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ɃˊɧŰŮ ůɡɜŭɡɎɕɞɜŰŬɠ Űɘɠ ůɢɏůŮɘɠ (7.6.2.6) ɏɤɠ (7.6.2.9) ˊɟɞəɨˊŰɞɡɜ ŰŬ  
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7.7 ȺȿȷɆɇȽȾȺɆ ɆɇȷŪȺɅȺɆ ɆȺ ɆɈɁȯɅɇȼɆȼ ɀȺ ɇȼɁ ũɋɁȲȷ 

ūȳɅɇȽɆȼɆ  

 

7.7.1 ȹɈɁȷɀȽȾɃ ɀȺɇɅɃ ȺȿȷɆɇȽȾɃɇȼɇȷɆ  ɆȺ ɆɈɁȷɅɇȼɆȼ ɀȺ 

ɇȼɁ ũɋɁȽȷ ūOɅɇȽɆȼɆ  

 

ȺűŬɟɛɧɕɞɜŰŬɠ Űɖɜ Ŭɟɢɐ Űɖɠ ŬɜŰɘůŰɞɘɢɑŬɠ Űɞɡ Hashin ůŰɞɜ Űɨˊɞ ɔɘŬ Űɞ ɡˊɧ 

ɔɤɜɑŬ ůŰŬŰɘəɧ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ (5.7.1) , ŭɖɚŬŭɐ ůŰɖɜ Ůɝɑůɤůɖ : 
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ȷɟɘůŰŮɟɧ ɛɏɚɞɠ ɔɑɜŮŰŬɘ: 
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                                                                                                                   (7.7.1.5) 
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ȰŰůɘ Ŭˊɧ Űɘɠ ůɢɏůŮɘɠ (7.7.1.1) ɏɤɠ (7.7.1.5) ɢɤɟɑɕɞɜŰŬɠ Űɞ ˊɟŬɔɛŬŰɘəɧ Ŭˊɧ Űɞ 

űŬɜŰŬůŰɘəɧ ɛɏɟɞɠ ˊɟɞəɨˊŰɞɡɜ: 
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ūŬɜŰŬůŰɘəɧ ɛɏɟɞɠ 
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ȷˊɧ Űɘɠ ůɢɏůŮɘɠ (7.7.1.6) əŬɘ (7.7.1.7) 
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7.7.2 ȹɈɁȷɀȽȾɃ ɀȺɇɅɃ ȺȿȷɆɇȽȾɃɇȼɇȷɆ  ɆȺ ɆɈɁAɅɇȼɆȼ ɀȺ 

ɇȼɁ ũɋɁȽȷ ūȳɅɇȽɆȼɆ ɀȺ ɄȷɅȷȹɃɉȺɆ  

 

ȳˊɤɠ ŬɜŬűɏɟŬɛŮ ůŰɖɜ ˊŬɟɎɔɟŬűɞ 7.2.2 ŪŮɤɟɞɨɛŮ ɧŰɘ: 
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ȷ́ ɧ Űɘɠ ůɢɏůŮɘɠ (7.3.2.2) əŬɘ ( 7.4.3.2)  ɏɢŮɘ ˊɟɞəɨɣŮɘ ɧŰɘ 
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 , 

 

ȰŰůɘ Ŭˊɧ Űɘɠ ůɢɏůŮɘɠ (7.7.1.6) ɏɤɠ (7.7.1.7) ˊɟɞəɨˊŰɞɡɜ: 

 

ɄɟŬɔɛŬŰɘəɧ ɛɏɟɞɠ 
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  (7.7.2.1) 

ūŬɜŰŬůŰɘəɧ ɛɏɟɞɠ 
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é ù
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                        (7.7.2.2) 

 

ȷˊɧ Űɘɠ ůɢɏůŮɘɠ (7.7.2.1) əŬɘ (7.7.2.2) əŬɘ ɗŮɤɟɩɜŰŬɠ ɧŰɘ ŰŬ 0 0,Z T  ɏɢɞɡɜ 

ɡˊɞɚɞɔɘůŰŮɑ ɛŮ ɓɎůɖ Űɘɠ ˊŬɟŬŭɞɢɏɠ ˊɞɡ ŬɜŬűɏɟŬɛŮ ɏɢɞɡɛŮ: 
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ɞˊɧŰŮ ŰŮɚɘəɎ:

(7.7.2.3)

(7.7.2
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(7.7.  2.5  ) 
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ɸ
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ɃˊɧŰŮ ůɡɜŭɡɎɕɞɜŰŬɠ Űɘɠ ůɢɏůŮɘɠ (7.7.2.1) ɏɤɠ (7.7.2.4) ˊɟɞəɨˊŰɞɡɜ ŰŬ  

ŬɟɘɗɛɖŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ ɔɘŬ ŰŬ əŬɑ' ''
ʻ ʻE Eˊɞɡ ŬɜŬűɏɟɞɜŰŬɘ ůŰɖɜ ˊŬɟɎɔɟŬűɞ 7.8. 

 

7.7.3 ȹɈɁȷɀȽȾɃ ɀȺɇɅɃ ȹȽȷɇɀȼɆȺɋɆ  ɆȺ ɆɈɁȷɅɇȼɆȼ ɀȺ ɇȼɁ 

ũɋɁȽȷ ūɃɅɇȽɆȼɆ  

 

ȺűŬɟɛɧɕɞɜŰŬɠ Űɖɜ Ŭɟɢɐ Űɖɠ ŬɜŰɘůŰɞɘɢɑŬɠ Űɞɡ Hashin ůŰɞɜ Űɨˊɞ ɔɘŬ Űɞ ɡˊɧ 

ɔɤɜɑŬ ůŰŬŰɘəɧ ɛɏŰɟɞ ŭɘŬŰɛɐůŮɤɠ (5.7.2) , ŭɖɚŬŭɐ ůŰɖɜ Ůɝɑůɤůɖ: 
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ɃˊɧŰŮ 

 

( )

( )
( )

å õ
Ýæ ö

ç ÷

å õ
æ ö
æ ö
ç ÷

*
22 2 2 2LT

* * * *
ʻ [ ¢ [ [¢

' ''
ʻ ʻ

' ''
2LT LT 2 2 2 2

' '' ' '' ' '' ' ''
L L ʆ ʆ [ [ [¢ [¢

E E

˄

E E E

2˄1 1 1 1
= 4 + + sin̒ Ŏƻǎ ʻҌ Ŏƻǎ ʻπǎƛƴʻ  

G E G

1
=

G +iG

2 - i˄1 1 1
4 + + sinʻŎƻǎ ʻҌ Ŏƻǎ ʻπǎƛƴʻ   

+Ei + iE + iE G +iG

  

              (7.7.3.1) 

 

ȰŰůɘ ˊɟɞəɨˊŰŮɘ 
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  (7.7.3.2) 

 

ȰŰůɘ Ŭˊɧ Űɖɜ ůɢɏůɖ (7.7.3.2) ɢɤɟɑɕɞɜŰŬɠ Űɞ ˊɟŬɔɛŬŰɘəɧ Ŭˊɧ Űɞ űŬɜŰŬůŰɘəɧ 

ɛɏɟɞɠ ˊɟɞəɨˊŰŮɘ: 

 

ɄɟŬɔɛŬŰɘəɧ ɛɏɟɞɠ 
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  (7.7.3.3) 
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ūŬɜŰŬůŰɘəɧ ɛɏɟɞɠ 
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  (7.7.3.4) 

 

ȷəɞɚɞɡɗɩɜŰŬɠ Űɖɜ ɑŭɘŬ ɛŮɗɞŭɞɚɞɔɑŬ ɛŮ Űɖɜ ˊɟɞɖɔɞɨɛŮɜɖ ˊŬɟɎɔɟŬűɞ ɏɢɞɡɛŮ 
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F            (7.7.3.5) 

 

7.7.4 ȹɈɁȷɀȽȾɃ ɀȺɇɅɃ ȹȽȷɇɀȼɆȺɋɆ  ɆȺ ɆɈɁȷɅɇȼɆȼ ɀȺ ɇȼɁ 

ũɋɁȽȷ ūɃɅɇȽɆȼɆ ɀȺ ɄȷɅȷȹɃɉȺɆ  

 

ȳˊɤɠ ŬɜŬűɏɟŬɛŮ ůŰɖɜ ˊŬɟɎɔɟŬűɞ 7.2.2 ŪŮɤɟɞɨɛŮ ɧŰɘ: 
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ȷ́ ɧ Űɘɠ ůɢɏůŮɘɠ (7.3.2.2) əŬɘ ( 7.4.3.2)  ɏɢŮɘ ˊɟɞəɨɣŮɘ ɧŰɘ 
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LT
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TT

v = 0

v = 0
 , 

 

 

ȰŰůɘ Ŭˊɧ Űɘɠ ůɢɏůŮɘɠ (7.7.3.3) əŬɘ  (7.7.3.4) ˊɟɞəɨˊŰɞɡɜ: 
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  (7.7.4.1) 
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ūŬɜŰŬůŰɘəɧ ɛɏɟɞɠ 
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  (7.7.4.2) 

 
 
 
 

ȷˊɧ Űɘɠ ůɢɏůŮɘɠ (7.7.4.1) əŬɘ (7.7.4.2) əŬɘ ɗŮɤɟɩɜŰŬɠ ɧŰɘ ŰŬ 0 0,F S  ɏɢɞɡɜ ɡˊɞɚɞɔɘůŰŮɑ 

ɛŮ ɓɎůɖ Űɘɠ ˊŬɟŬŭɞɢɏɠ ˊɞɡ ŬɜŬűɏɟŬɛŮ ɏɢɞɡɛŮ: 
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          (7.7.4.3) 

 

ɃˊɧŰŮ ůɡɜŭɡɎɕɞɜŰŬɠ Űɘɠ ůɢɏůŮɘɠ (7.7.4.1) ɏɤɠ (7.7.4.3) ˊɟɞəɨˊŰɞɡɜ ŰŬ  

ŬɟɘɗɛɖŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ ɔɘŬ ŰŬ əŬɑ' ''
ʻ ʻG Gˊɞɡ ŬɜŬűɏɟɞɜŰŬɘ ůŰɖɜ ˊŬɟɎɔɟŬűɞ 7.8. 

 

 

7.7.5 ȹɈɁȷɀȽȾɃɆ ȿɃũɃɆ POISSON ɆȺ ɆɈɁȷɅɇȼɆȼ ɀȺ ɇȼɁ 

ũɋɁȽȷ ūɃɅɇȽɆȼɆ  

 

ȺűŬɟɛɧɕɞɜŰŬɠ Űɖɜ Ŭɟɢɐ Űɖɠ ŬɜŰɘůŰɞɘɢɑŬɠ Űɞɡ Hashin ůŰɞɜ Űɨˊɞ ɔɘŬ Űɞ ɡˊɧ 

ɔɤɜɑŬ ůŰŬŰɘəɧ ɚɧɔɞ Poisson  (5.7.3) , ŭɖɚŬŭɐ ůŰɖɜ Ůɝɑůɤůɖ : 
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ɃˊɧŰŮ 
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ȰŰůɘ ɏɢɞɡɛŮ: 
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  (7.7.5.2) 

ȰŰůɘ Ŭˊɧ Űɖɜ ůɢɏůɖ (7.7.5.2) ɢɤɟɑɕɞɜŰŬɠ Űɞ ˊɟŬɔɛŬŰɘəɧ Ŭˊɧ Űɞ űŬɜŰŬůŰɘəɧ 

ɛɏɟɞɠ ˊɟɞəɨˊŰŮɘ: 
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  (7.7.5.3) 
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ūŬɜŰŬůŰɘəɧ ɛɏɟɞɠ 
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                (7.7.5.4) 

ȷˊɧ Űɖɜ ůɢɏůɖ (7.7.5.3) ˊɟɞəɨˊŰŮɘ: 
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  (7.7.5.6) 
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ɃˊɧŰŮ Ŭˊɧ (7.7.5.5) əŬɘ (7.7.5.6) ɏɢɞɡɛŮ 

 

( )
( )( )

( )( )( )

( )( )å õ
æ ö
ç ÷

å õ
æ ö
ç ÷

' 2 '' 2
ʻ ʻ ɸ' 2 '' 2 ''

ʻ ʻ ʻ' ''
' ʻ ɸ ʻ
ʻ '

ʻ

' 2 '' 2 ' 2 '' 2
ʻ ʻ ʻ ʻ ɸ

ɸ' ' ''
ʻ ʻ ɸ ʻ

' 2 '' 2
' 2 '' 2 ''ʻ ʻ
ʻ ʻ ʻ

' '
' ''ʻ ʻ
ʻ ʻ

''
ʻ

' ''
ʻ ʻ

+E J-Htanɻ
H +E + E

(E + tanɻ ύ
˄ Ґ 

H +E +E J-Htanɻ
+ tanɻ

(E + tanɻ ύ

T
+E J-HH +E EZ

+ =
T

(E + )
Z

T
J-H

ɶ Z

E
E

E
=

E

E E
=

E E

EE

E EE

=

E

+ E
Tɵ Z(E + )
Z

( )

å õ å õ
æ ö æ ö
ç ÷ ç ÷

å õ å õ
æ ö æ ö
ç ÷ ç ÷

(7.7.1.
''
ʻ'

'' ʻ
ʻ ''

ʻ

2 2

10)

2 2

T T
J-H J-H

ɶ ɶZ Z
+ E + =

Z TE Tɵ ɵZ( + )ZE ( + )
T ZE Z

J H JZ HT
- -

JZ -HTɶ ¢ ɶ ¢ ɶ ¢T Z TZ TZ
+ = + = +

Z T Z Tɵ ½ ɵ ½ ɵ ½ ό½ Ҍ¢ ύ( + ) ( + )
T Z TZ T

=

Z

  

  

 

  (7.7.5.7) 

ȾŬɘ ŰŮɚɘəɎ Ŭˊɧ (7.7.5.7), (7.7.1.8) əŬɘ (7.7.1.9) ɏɢɞɡɛŮ: 

 

( ) ( )' ' '' '' ''
ʻ ʻ ʻ ʻ ʻ

H T H T
= -

Z Z Z

1

Z Z
˄ Ҍ Wɳ Iɳ Ґ  Ҍ  ˄ Ґ IҌ¢˄             (7.7.5.8) 

 

7.7.6 ȹɈɁȷɀȽȾɃɆ ȿɃũɃɆ POISSON ɆȺ ɆɈɁȯɅɇȼɆȼ ɀȺ ɇȼɁ 

ũɋɁȲȷ ūȳɅɇȽɆȼɆ ɀȺ ɄȷɅȷȹɃɉȺɆ  

 

ȳˊɤɠ ŬɜŬűɏɟŬɛŮ ůŰɖɜ ˊŬɟɎɔɟŬűɞ 7.2.2 ŪŮɤɟɞɨɛŮ ɧŰɘ: 
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ȷűɞɨ ɏɢŮɘ ˊɟɞəɨɣŮɘ Ŭˊɧ Űɘɠ ůɢɏůŮɘɠ (7.3.2.2) əŬɘ ( 7.4.3.2)  ɧŰɘ 
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v = 0
 , əŬɗɩɠ 

əŬɘ Ŭˊɧ Űɘɠ ŮɝɘůɩůŮɘɠ (7.7.5.3) əŬɘ (7.7.5.4) ɏɢɞɡɛŮ: 
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ɄɟŬɔɛŬŰɘəɧ ɛɏɟɞɠ 
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ūŬɜŰŬůŰɘəɧ ɛɏɟɞɠ 
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                (7.7.6.2) 

 

ȷˊɧ Űɘɠ ůɢɏůŮɘɠ (7.7.6.1) əŬɘ (7.7.6.2) əŬɘ ɗŮɤɟɩɜŰŬɠ ɧŰɘ ŰŬ 0 0,H J  ɏɢɞɡɜ 

ɡˊɞɚɞɔɘůŰŮɑ ɛŮ ɓɎůɖ Űɘɠ ˊŬɟŬŭɞɢɏɠ ˊɞɡ ŬɜŬűɏɟŬɛŮ ɏɢɞɡɛŮ: 

 

 

( )( )' 2 '' 2
ʻ ʻ л л ɸ'' ' ''

ʻ л ʻ л ʻ' ''
ʻ ɸ ʻ

+E J -H tanɻ
˄ Ґ Ґ Wɳ Iɳ   

(E + tanɻ ύ

E
-

E
        (7.7.6.3) 

( ) ( )' ' '' '' ''
ʻ л ʻ л ʻ ʻ л

0 0
0 ʻ

0 0

0 0 0 0 0

H T H T
= -

Z Z Z

1
˄ Ҍ W ɳ Iɳ Ґ  Ҍ  ˄ Ґ I

Z Z
+ T˄                       (7.7.6.4) 

ɃˊɧŰŮ ůɡɜŭɡɎɕɞɜŰŬɠ Űɘɠ ůɢɏůŮɘɠ (7.7.6.1) ɏɤɠ (7.7.6.4) ˊɟɞəɨˊŰɞɡɜ ŰŬ  

ŬɟɘɗɛɖŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ ɔɘŬ ŰŬ əŬɑ' ''
ʻ ʻ˄ ˄́ ɞɡ ŬɜŬűɏɟɞɜŰŬɘ ůŰɖɜ ˊŬɟɎɔɟŬűɞ 7.8. 
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7.8 ȷɄɃɇȺȿȺɆɀȷɇȷ ȹɈɁȷɀȽȾɋɁ ȺȿȷɆɇȽȾɋɁ ɆɇȷŪȺɅɋɁ  

 

ȼ ŮűŬɟɛɞɔɐ Űɞɡ ɛɞɜŰɏɚɞɡ əŬɘ Űɤɜ ɗŮɤɟɖŰɘəɩɜ ůɢɏůŮɤɜ ɏɔɘɜŮ ɔɘŬ ɏɜŬ ɘɜɩŭŮɠ 

ůɨɜɗŮŰɞ ɡɚɘəɧ ŬˊɞŰŮɚɞɨɛŮɜɞ Ŭˊɧ ŮˊɞɝŮɘŭɘəɐ ɟɖŰɑɜɖ Ůɜɘůɢɡɛɏɜɖ ɛŮ ɑɜŮɠ ɔɡŬɚɘɞɨ. 

ɆɡɔəŮəɟɘɛɏɜŬ Űɞ ɡɚɘəɧ Űɞ ɞˊɞɑɞ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ůŰŬ ˊŮɘɟɎɛŬŰŬ ŮɑɜŬɘ ɏɜŬ ůɨɜɗŮŰɞ 

ɡɚɘəɧ (Permaglass XE5/1, Permali Ltd U.K.), Űɞ ɞˊɞɑɞ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɛɐŰɟŬ 

ŮˊɞɝŮɘŭɘəɐɠ ɟɖŰɑɜɖɠ (diglycidyl ether of bisphenol A), ɛŮ ůəɚɖɟɡɜŰɐ Ŭɛɑɜɖɠ (Araldite 

MY 750/HT 972, CibaGeigy U.K.) əŬɘ ɛŮ ůɡɜŮɢŮɑɠ ɑɜŮɠ ɡɎɚɞɡ (glass fibres) ŭɘŬɛɏŰɟɞɡ 

Ὠ = 1,2 Ĭ 10ī5ά ɛŮ ɢŬɟŬəŰɖɟɘůŰɘəɎ ůŰɞɘɢŮɑŬ ɧˊɤɠ ŭɑɜɞɜŰŬɘ Ŭˊɧ Űɞɜ ˊɟɞɛɖɗŮɡŰɐ. ȷˊɧ 

ɛŮŰɟɐůŮɘɠ ˊɞɡ ɏɔɘɜŬɜ, ɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɑɜŮɠ ɡɎɚɞɡ ɓɟɏɗɖəŮ ˊŮɟɑˊɞɡ 80% əŬŰɎ 

ɓɎɟɞɠ əŬɘ 65% əŬŰô ɧɔəɞ əŬɘ 60% əŬŰɎ ɓɎɟɞɠ əŬɘ 40% əŬŰô ɧɔəɞ. Ƀ ˊɟɞůŭɘɞɟɘůɛɧɠ 

Űɖɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ Űɤɜ ɘɜɩɜ ɏɔɘɜŮ ɛŮ Űɖɜ ɛɏɗɞŭɞ Űɖɠ əŬɨůŮɤɠ (burn off test) 

ůɨɛűɤɜŬ ɛŮ Űɖɜ ˊɟɞŭɘŬɔɟŬűɐ BS 2782. ȰɜŬ ɞɟɗɞɔɩɜɘɞ ŰŮɛɎɢɘɞ əɧˊŰŮŰŬɘ Ŭˊɧ əɎɗŮ 

ŭɞəɑɛɘɞ əŬɘ Ŭűɞɨ ɕɡɔɘůɗŮɑ ŰɞˊɞɗŮŰŮɑŰŬɘ ůŮ əɚɑɓŬɜɞ ůŮ ɗŮɟɛɞəɟŬůɑŬ 620Ñ20  ɔɘŬ ɜŬ 

əŬŮɑ ɖ ɟɖŰɑɜɖ. ȷˊɧ Űɞ ɓɎɟɞɠ Űɞɡ ɡˊɞɚŮɑɛɛŬŰɞɠ Űɞ ɞˊɞɑɞ ɗŮɤɟŮɑŰŬɘ ɧŰɘ ŮɑɜŬɘ ɑɜŮɠ ɡɎɚɞɡ 

ɡˊɞɚɞɔɑɕŮŰŬɘ ɖ əŬŰɎ ɓɎɟɞɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬ. Ƀ ˊɟɞůŭɘɞɟɘůɛɧɠ Űɖɠ əŬŰô ɧɔəɞ 

ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ɔɑɜŮŰŬɘ Ŭˊɧ Űɖɜ ůɢɏůɖ: 

1

1
f

m f

f m

U
M

M

r

r

=

+
             (7.8.1)

                  

ȳˊɞɡ 

ὓf =ɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ əŬŰɎ ɓɎɟɞɠ Űɤɜ ɘɜɩɜ 

ὓά =ɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ əŬŰɎ ɓɎɟɞɠ Űɖɠ ɟɖŰɑɜɖɠ 

”Ὢ =ɖ ˊɡəɜɧŰɖŰŬ Űɤɜ ɘɜɩɜ 

”ά =ɖ ˊɡəɜɧŰɖŰŬ Űɖɠ ɟɖŰɑɜɖɠ 

 

Ƀɘ ɛŮŰɟɐůŮɘɠ ɏŭɤůŬɜ əŬŰɎ ɓɎɟɞɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɞɡ ɡɚɘəɞɨ ůŮ ɑɜŮɠ ɡɎɚɞɡ 

(79,6Ñ0,28)%, (59,6Ñ0,28)%,  ɛŮ ŭŮŭɞɛɏɜɞ Űɘɠ ˊɡəɜɧŰɖŰŮɠ ”Ὢ = 2,55Ὣὶ/ὧά3 ‖‌― ”ά = 

1,20 Ὣὶ/ὧά3  ɞɘ ɞˊɞɑŮɠ ŭɑɜɞɜŰŬɜ Ŭˊɧ Űɞɡɠ ˊɟɞɛɖɗŮɡŰɏɠ Űɞɡ ɡɚɘəɞɨ. 

Ƀɘ Űɘɛɏɠ Űɤɜ ůŰŬŰɘəɩɜ ŮɚŬůŰɘəɩɜ ůŰŬɗŮɟɩɜ Űɤɜ ůɡůŰŬŰɘəɩɜ Űɞɡ ůɨɜɗŮŰɞɡ 

ɡɚɘəɞɨ ŮɑɜŬɘ ŬɡŰɏɠ ˊɞɡ ˊŬɟŬŰɑɗŮɜŰŬɘ ůŰɞɜ ˊŬɟŬəɎŰɤ ˊɑɜŬəŬ Ů ɧˊɤɠ ŭɧɗɖəŮ əŬɘ ɔɘŬ 

Űɞɡɠ ɡˊɞɚɞɔɘůɛɞɨɠ ůŰɞ əŮűɎɚŬɘɞ 4. 

 

Ɉɚɘəɧ 

ɀɏŰɟɞ 

ȺɚŬůŰɘəɧŰɖŰŬɠ 

Ⱥ(GPa) 

ȿɧɔɞɠ 

Poisson v 

ɀɏŰɟɞ 

ŭɘŬŰɛɐůŮɤɠ 

G (GPa) 

Ⱥˊɞɝ. ɅɖŰɑɜɖ 3.5 0.35 1.29 

ȴŬɚɞɠ 70 0.20 30 

ɄɑɜŬəŬɠ Ů 
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ũɘŬ ɜŬ ŮˊŬɚɖɗŮɡɗɞɨɜ ɞɘ ɗŮɤɟɖŰɘəɏɠ Űɘɛɏɠ Űɞɡ ɛɞɜŰɏɚɞɡ, ŭɞəɑɛɘŬ Ŭˊɧ Űɞ ɑŭɘɞ 

ɡɚɘəɧ ŭɞəɘɛɎůŰɖəŬɜ əŬɘ ˊɟɞůŭɘɞɟɑůŰɖəŬɜ ɞɘ ŭɡɜŬɛɘəɏɠ ŮɚŬůŰɘəɏɠ ůŰŬɗŮɟɏɠ Űɞɡɠ, ůŮ 

ɏɜŬ Ůɨɟɞɠ ɗŮɟɛɞəɟŬůɘɩɜ. ȼ ůɡůəŮɡɐ ɛɏŰɟɖůɖɠ ŭɡɜŬɛɘəɩɜ ŮɚŬůŰɘəɩɜ ůŰŬɗŮɟɩɜ 

(viscoelastometer) ŮűɎɟɛɞɕŮ ɖɛɘŰɞɜɞŮɘŭɐ ŮűŮɚəɡůŰɘəɐ ˊŬɟŬɛɧɟűɤůɖ ůŮ ůɡɜŮɢɐ 

ůɡɢɜɧŰɖŰŬ ůŰɞ ɏɜŬ Ɏəɟɞ Űɞɡ ŭɞəɘɛɑɞɡ əŬɘ ɖ Ŭˊɧəɟɘůɖ Űɖɠ ŰɎůŮɤɠ ɛŮŰɟɘɧŰŬɜ ůŰɞ Ɏɚɚɞ 

Ɏəɟɞ. Ƀɘ Űɘɛɏɠ Űɤɜ ῴǋ əŬɘ ῴǋǋ ɚŬɛɓɎɜɞɜŰŬɜ ŬˊŮɡɗŮɑŬɠ ɛŮ Űɖɜ ɢɟɐůɖ ŭɨɞ ɛŮŰŬŰɟɞˊɏɤɜ. 

ȹɡɜŬɛɘəɏɠ ɛŮŰɟɐůŮɘɠ ɏɔɘɜŬɜ ůŮ ůɡɢɜɧŰɖŰŮɠ f=100Hz, f=110Hz əŬɘ f=800Hz ɛŮ Űɞ 

Ůɨɟɞɠ Űɤɜ ˊŬɟŬɛɞɟűɩůŮɤɜ ɜŬ ŮɑɜŬɘ Ŭˊɧ 0,4% ɏɤɠ 0,6%. ȾŬŰɎ Űɖɜ ŭɘɎɟəŮɘŬ Űɤɜ 

ˊŮɘɟŬɛɎŰɤɜ ŰŬ ŭɞəɑɛɘŬ ɗŮɟɛɎɜɗɖəŬɜ ɛŮ ɟɡɗɛɧ 1ɞC/min. Ƀɘ ŭɘŬůŰɎůŮɘɠ Űɤɜ ŭɞəɘɛɑɤɜ 

ɐŰŬɜ 100x12x3,5mm.  

ɆɨɛűɤɜŬ ɛŮ ŰŬ ˊŬɟŬˊɎɜɤ ůŰŬ ˊŬɟŬəɎŰɤ ŭɘŬɔɟɎɛɛŬŰŬ əŬɘ ˊɑɜŬəŮɠ 

ŬɜŬɔɟɎűɞɜŰŬɘ ɔɘŬ ɚɧɔɞɡɠ ůɨɔəɟɘůɖɠ ŰŬ ˊŮɘɟŬɛŬŰɘəɎ ŭŮŭɞɛɏɜŬ ˊɞɡ ˊɟɞɏəɡɣŬɜ Ŭˊɧ Űɖɜ 

ˊŬɟŬˊɎɜɤ ˊŮɘɟŬɛŬŰɘəɐ ŭɘŬŭɘəŬůɑŬ [54]. 
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7.8.1 ɄȽɁȷȾȺɆ-ȹȽȷũɅȷɀɀȷɇȷ ȹɈɁȷɀȽȾɋɁ ȺȿȷɆɇȽȾɋɁ 

ɆɇȷŪȺɅɋɁ ũȽȷ (Uf=0.4,f=100Hz) 

 
Uf=0.40 , f=100ȼz 

ɇ(ęC) '

mE  (GPa) ''

mE  (GPa) 

30 3.395 0.297 

40 3.148 0.306 

50 2.901 0.309 

60 2.716 0.312 

70 2.469 0.314 

80 2.284 0.316 

90 2.037 0.322 

  100 1.534 0.327 

ɄɑɜŬəŬɠ ɘɗ 

  

 

     

       ɄɑɜŬəŬɠ ə      ɄɑɜŬəŬɠ əŬ 

                                                  

                     

 

                             

 

 

 

 

 

 

 

 

 
ɄɑɜŬəŬɠ əɓ      ɄɑɜŬəŬɠ əɔ 

                                                                                       

 

 

 

 

 

Uf=0.40 , f=100ȼz  Uf=0.40 , f=100ȼz 

ɇ(ęC) 
'

LE (GPa) ɄŮɑɟŬɛŬ I ɄŮɑɟŬɛŬ II ɇ(ęC) ''

LE (GPa) ɄŮɑɟŬɛŬ 

30 30.4940 29.8765 30.392 30     0.1762 0.1867 

40 30.3475 29.7778 30.196 40     0.1815 0.1887 

50 30.2010 29.6914 30.000 50     0.1833 0.1918 

60 30.0913 29.6296 30.000 60     0.1851 0.1943 

70 29.9448 29.5062 29.902 70     0.1862 0.1953 

80 29.8350 29.4444 29.804 80     0.1874 0.1964 

90 29.6885 29.3827 29.706 90     0.1910 0.2001 

100 29.3902 28.9506 29.118 100     0.1940 0.2037 

Uf=0.40 , f=100ȼz  Uf=0.40 , f=100ȼz 

ɇ(ęC) '

LTv 7 phase  '

LTv W-R ɇ(ęC) '

TTv  

30 0.281 0.281309 30 0.288971 

40 0.281 0.281241 40 0.288971 

50 0.281 0.281172 50 0.288971 

60 0.281 0.281121 60 0.288971 

70 0.281 0.281052 70 0.288971 

80 0.281 0.281000 80 0.288971 

90 0.281 0.280932 90 0.288971 

100 0.281 0.280790 100 0.288971 
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ɄɑɜŬəŬɠ əŭ                         ɄɑɜŬəŬɠ əŮ 

                                        

 

 

 
 
 
 
 
 
 
 
 
 

ɄɑɜŬəŬɠ əůŰ                        ɄɑɜŬəŬɠ əɕ 

 

 

 

 

 

Seven Phase Model E'ɗ (GPa) ï Experiment E'ɗ (GPa),Uf=0.40,f=100ȼz 
 0o 15o 30o 45o 60o 75o 90o 

T(oC) E'ɗ Exp E'ɗ Exp E'ɗ Exp E'ɗ Exp E'ɗ Exp E'ɗ Exp E'ɗ Exp 

30 30.4940 30.15 20.4169 24.55 11.7232 15.8 8.6328 12.7 8.0478 10.75 8.5914 10.25 9.0454 10 

40 30.3475 29.87 19.7320 24.2 11.0504 15.55 8.0665 12.47 7.5079 10.57 8.0282 10 8.4638 9.75 

50 30.2010 29.75 18.9945 23.95 10.3563 15.42 7.4917 12.22 6.9617 10,25 7.4566 9.75 7.8720 9.5 

60 30.0913 29.63 18.4044 23.73 9.8224 15.17 7.0558 11.85 6.5485 10 7.0230 9.38 7.4220 9.14 

70 29.9448 29.5 17.5572 23.45 9.0886 14.93 6.4660 11.6 5.9909 9.75 6.4362 9.14 6.8117 8.88 

80 29.8350 29.38 16.8736 23.2 8.5233 14.68 6.0186 11.35 5.5690 9.38 5.9910 8.88 6.3475 8.65 

90 29.6885 29.25 15.8852 22.84 7.7458 14.3 5.4129 11.01 4.9996 9.14 5.3884 8.52 5.7178 8.27 

100 29.3902 28.88 13.5321 22.35 6.0742 13.44 4.1497 10.52 3.8181 8.75 4.1311 8.15 4.3980 7.9 

ɄɑɜŬəŬɠ əɖ 

 

 

 

 

 

Uf=0.40 , f=100ȼz  Uf=0.40,f=100ȼz 

ɇ(ęC) '

TE

(GPa) 

ɇ(ęC) ''

TE (GPa) 

30     9.0454 30     0.6945 

40     8.4638 40     0.7276 

50     7.8720 50     0.7475 

60     7.4220 60     0.7647 

70     6.8117 70     0.7834 

80     6.3475 80     0.7991 

90     5.7178 90     0.8295 

100     4.3980 100     0.8757 

Uf=0.40 , f=100ȼz  Uf=0.40,f=100ȼz 

ɇ(ęC) '

LTG (GPa) ɇ(ęC) ''

LTG (GPa) 

30     2.9541 30     0.2415 

40     2.7518 40     0.2510 

50     2.5477 50     0.2557 

60     2.3937 60     0.2599 

70     2.1864 70     0.2640 

80     2.0300 80     0.2675 

90     1.8194 90     0.2751 

100     1.3846 100     0.2848 
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Seven Phase Model ''

ɗ
E (GPa), Uf=0.40,f=100ȼz 

 0o 15o 30o 45o 60o 75o 90o 

T(oC) 
''

ɗ
E  ''

ɗ
E  ''

ɗ
E  ''

ɗ
E  ''

ɗ
E  ''

ɗ
E  ''

ɗ
E  

30 0.1762 0.7992 0.7964  0.6750 0.6448 0.6727 0.6945 

40 0.1815 0.8834 0.8455 0.7055 0.6720 0.7031 0.7276 

50 0.1833 0.9618 0.8806 0.7229 0.6865 0.7205 0.7475 

60 0.1851 1.0310 0.9106 0.7380 0.6993 0.7356 0.7647 

70 0.1862 1.1299 0.9471 0.7542 0.7123 0.7517 0.7834 

80 0.1874 1.2167 0.9774 0.7677 0.7234 0.7652 0.7991 

90 0.1910 1.3652 1.0311 0.7946 0.7462 0.7921 0.8295 

100 0.1940 1.7291 1.1278 0.8338 0.7775 0.8312 0.8757 
ɄɑɜŬəŬɠ əɗ 

 

 

 

Seven Phase Model G'ɗ (GPa), Uf=0.40,f=100ȼz 

 0o 15o 30o 45o 60o 75o 90o 

T(oC) G'ɗ G'ɗ G'ɗ G'ɗ G'ɗ G'ɗ G'ɗ 

30 2.9541 3.3984 4.8593 6.1881 4.8593 3.3984 2.9541 

40 2.7518 3.1760 4.5904 5.9035 4.5904 3.1760 2.7518 

50 2.5477 2.9502 4.3118 5.6034 4.3118 2.9502 2.5477 

60 2.3937 2.7789 4.0967 5.3679 4.0967 2.7789 2.3937 

70 2.1864 2.5471 3.8001 5.0374 3.8001 2.5471 2.1864 

80 2.0300 2.3712 3.5706 4.7770 3.5706 2.3712 2.0300 

90 1.8194 2.1330 3.2537 4.4105 3.2537 2.1330 1.8194 

100 1.3846 1.6359 2.5669 3.5850 2.5669 1.6359 1.3846 
ɄɑɜŬəŬɠ ɚ 

 

 

 

 

Seven Phase Model ''

ɗ
G (GPa), Uf=0.40,f=100ȼz 

 0o 15o 30o 45o 60o 75o 90o 

T(oC) 
''

ɗ
G  ''

ɗ
G  ''

ɗ
G  ''

ɗ
G  ''

ɗ
G  ''

ɗ
G  ''

ɗ
G  

30 0.2415 0.2649 0.3183 0.3354 0.3183 0.2649 0.2415 

40 0.2510 0.2770 0.3392 0.3635 0.3392 0.2770 0.2510 

50 0.2557 0.2839 0.3547 0.3871 0.3547 0.2839 0.2557 

60 0.2599 0.2899 0.3680 0.4073 0.3680 0.2899 0.2599 

70 0.2640 0.2964 0.3844 0.4343 0.3844 0.2964 0.2640 

80 0.2675 0.3018 0.3981 0.4572 0.3981 0.3018 0.2675 

90 0.2751 0.3124 0.4220 0.4962 0.4220 0.3124 0.2751 

100 0.2848 0.3281 0.4666 0.5789 0.4666 0.3281 0.2848 
ɄɑɜŬəŬɠ ɚŬ 
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Seven Phase Model ɜ'ɗ (GPa), Uf=0.40,f=100ȼz 

 0o 15o 30o 45o 60o 75o 90o 

T(oC) ɜ'ɗ ɜ'ɗ ɜ'ɗ ɜ'ɗ ɜ'ɗ ɜ'ɗ ɜ'ɗ 

30 0.2810 0.4126 0.4958 0.4607 0.3407 0.1740 0.0834 

40 0.2810 0.4203 0.5030 0.4652 0.3422 0.1715 0.0784 

50 0.2810 0.4289 0.5105 0.4697 0.3436 0.1689 0.0733 

60 0.2810 0.4358 0.5163 0.4732 0.3448 0.1670 0.0693 

70 0.2810 0.4459 0.5244 0.4780 0.3463 0.1643 0.0640 

80 0.2810 0.4542 0.5307 0.4816 0.3474 0.1622 0.0598 

90 0.2810 0.4664 0.5394 0.4866 0.3490 0.1594 0.0542 

100 0.2810 0.4963 0.5586 0.4971 0.3524 0.1534 0.0421 
ɄɑɜŬəŬɠ ɚɓ 
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ȺɘəɧɜŬ 7.8.1.1 ȹɘɎɔɟŬɛɛŬ ˊŮɘɟŬɛŬŰɘəɩɜ Űɘɛɩɜ'

mE   

 
ȺɘəɧɜŬ 7.8.1.2 ȹɘɎɔɟŬɛɛŬ ˊŮɘɟŬɛŬŰɘəɩɜ Űɘɛɩɜ''

mE  
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ȺɘəɧɜŬ 7.8.1.3 ȹɘɎɔɟŬɛɛŬ '

LE   

 

     

ȺɘəɧɜŬ 7.8.1.4 ȹɘɎɔɟŬɛɛŬ''

LE  
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ȺɘəɧɜŬ 7.8.1.5 ȹɘɎɔɟŬɛɛŬ'

LTv  

 

ȺɘəɧɜŬ 7.8.1.6 ȹɘɎɔɟŬɛɛŬ'

TTn  
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ȺɘəɧɜŬ 7.8.1.7 ȹɘɎɔɟŬɛɛŬ'

TE  

 

ȺɘəɧɜŬ 7.8.1.8 ȹɘɎɔɟŬɛɛŬ''

TE  
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ȺɘəɧɜŬ 7.8.1.9 ȹɘɎɔɟŬɛɛŬ'

LTG  

 

ȺɘəɧɜŬ 7.8.1.10 ȹɘɎɔɟŬɛɛŬ''

LTG  
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ȺɘəɧɜŬ 7.8.1.11Ŭ ȹɘɎɔɟŬɛɛŬ'Eq 

 

 

ȺɘəɧɜŬ 7.8.1.11ɓ ȹɘɎɔɟŬɛɛŬ'EqůŮ ůɢɏůɖ ɛŮ Űɖɜ ɔɤɜɑŬ űɧɟŰɘůɖɠ 
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ȺɘəɧɜŬ 7.8.1.12Ŭ ȹɘɎɔɟŬɛɛŬ''Eq 

 

ȺɘəɧɜŬ 7.8.1.12ɓ ȹɘɎɔɟŬɛɛŬ''Eq 
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ȺɘəɧɜŬ 7.8.1.13Ŭ ȹɘɎɔɟŬɛɛŬ  

 

ȺɘəɧɜŬ 7.8.1.13ɓ ȹɘɎɔɟŬɛɛŬ  






















































































































































