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ii  

ɄŮɟɑɚɖɣɖ 

ɇŬ ůɨɜɗŮŰŬ ɡɚɘəɎ ˊɞɚɡɛŮɟɘəɐɠ ɛɐŰɟŬɠ - ŬɜɧɟɔŬɜɤɜ/əŮɟŬɛɘəɩɜ ŮɔəɚŮɘůɛɎŰɤɜ Ůɚəɨɞɡɜ ɧɚɞ 

əŬɘ ˊŮɟɘůůɧŰŮɟɞ Űɞ ŮɜŭɘŬűɏɟɞɜ ɢɎɟɖ ůŰɞ Ůɡɟɨ űɎůɛŬ Űɤɜ ŮűŬɟɛɞɔɩɜ. ɋɠ ůɨɜɗŮŰɞ ɡɚɘəɧ 

ɞɟɑɕŮŰŬɘ Űɞ ɡɚɘəɧ Űɞ ɞˊɞɑɞ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŰɞɡɚɎɢɘůŰɞɜ 2 ŭɘŬűɞɟŮŰɘəɏɠ ŭɘŬəɟɘŰɏɠ ɛŮŰŬɝɨ 

Űɞɡɠ űɎůŮɘɠ. ɆɡɜŭɡɎɕɞɜŰŬɠ Űɘɠ ɘŭɘɧŰɖŰŮɠ Űɖɠ ɛɐŰɟŬɠ əŬɘ Űɞɡ ŮɔəɚŮɑůɛŬŰɞɠ ɏɢɞɡɛŮ ɏɜŬ ɡɚɘəɧ 

ɛŮ ɜɏŮɠ ɘŭɘɧŰɖŰŮɠ. Ƀɘ ɖɚŮəŰɟɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ ˊɞɚɡɛŮɟɘəɐɠ ɛɐŰɟŬɠ Űɞɡɠ 

ŭɑɜɞɡɜ ůɖɛŬɜŰɘəɧ ɟɧɚɞ ůŰɖɜ ɓɘɞɛɖɢŬɜɑŬ Űɖɠ ɛɘəɟɞɖɚŮəŰɟɞɜɘəɐɠ əŬɗɩɠ ɛˊɞɟɞɨɜ ɜŬ 

ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ůŬɜ ŭɘɖɚŮəŰɟɘəɎ ɡɚɘəɎ ůŮ ůɡůəŮɡɏɠ ŬˊɞɗɐəŮɡůɖɠ ŮɜɏɟɔŮɘŬɠ, ůŬɜ ůŰɞɘɢŮɑŬ 

əɡəɚɤɛɎŰɤɜ ŬɚɚɎ əŬɘ ůŬɜ ɛɞɜɤŰɏɠ ˊŬɟŮɛɓɞɚɩɜ ɖɚŮəŰɟɞɛŬɔɜɖŰɘəɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ ɆŰɖɜ 

ˊŬɟɞɨůŬ ŮɟɔŬůɑŬ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɤɠ ɛɐŰɟŬ  ŮˊɞɝŮɘŭɘəɐ ɟɖŰɑɜɖ əŬɘ ůŬɜ ɏɔəɚŮɘůɛŬ əŬɟɓɑŭɘɞ 

Űɞɡ ȸɞɟɑɞɡ ( ȸ4C). To ȸ4C ŮɑɜŬɘ Űɞ ŰɟɑŰɞ ůəɚɖɟɧŰŮɟɞ ɡɚɘəɧ, ɛŮŰɎ Űɞ ŭɘŬɛɎɜŰɘ əŬɘ Űɞ əɡɓɘəɧ 

ɜɘŰɟɑŭɘɞ Űɞɡ ȸɞɟɑɞɡ, ɏɢŮɘ ɢŬɛɖɚɐ ˊɡəɜɧŰɖŰŬ əŬɘ ˊɞɚɨ əŬɚɏɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ. ɀɏɢɟɘ 

ˊɟɧŰɘɜɞɠ ɢɟɖůɘɛɞˊɞɘɞɨŰŬɜ əɡɟɑɤɠ ůŮ ˊɚɎəŮɠ ɗɤɟɎəɘůɖɠ əŬɘ ůŬɜ ŬˊɞɟɟɞűɖŰɘəɧ ɜŮŰɟɞɜɑɤɜ 

ůŰɖɜ ˊɡɟɖɜɘəɐ ɓɘɞɛɖɢŬɜɑŬ ŬɚɚɎ ŰŮɚŮɡŰŬɑŮɠ ɛŮɚɏŰŮɠ ɡˊɞŭŮɘəɜɨɞɡɜ əŬɘ ˊɞɚɨ əŬɚɏɠ ɖɚŮəŰɟɘəɏɠ 

ɘŭɘɧŰɖŰŮɠ əŬɘ ɢɟɐůɖ ůŰɖɜ ɛɧɜɤůɖ ˊŬɟŮɛɓɞɚɩɜ ɖɚŮəŰɟɞɛŬɔɜɖŰɘəɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ. ɆŰɖɜ 

ˊŬɟɞɨůŬ ŮɟɔŬůɑŬ ˊŬɟŬůəŮɡɎůŰɖəŬɜ 6 ŭɞəɑɛɘŬ ŮˊɞɝŮɘŭɘəɐɠ ɟɖŰɑɜɖɠ əŬɘ B4C, ɛŮ 

ɛŮŰŬɓŬɚɚɧɛŮɜɖ ůɡɔəɏɜŰɟɤůɖ Űɖɠ ŮɔəɚŮɘůɛɏɜɖɠ űɎůɖɠ, ɏŰůɘ ɩůŰŮ ɜŬ ŮɝŮŰŬůŰŮɑ 

ŮɛˊŮɟɘůŰŬŰɤɛɏɜŬ ɖ ůɢɏůɖ -ůɡɔəɏɜŰɟɤůɖɠ ŮɔəɚŮɘůɛɏɜɖɠ űɎůɖɠ əŬɘ ɖɚŮəŰɟɘəɩɜ ɘŭɘɞŰɐŰɤɜ-. 

ũɘŬ Űɞɜ ŭɘɖɚŮəŰɟɘəɧ ɢŬɟŬəŰɖɟɘůɛɧ Űɤɜ ŭɞəɘɛɑɤɜ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ŭɘɎŰŬɝɖ ȹɘɖɚŮəŰɟɘəɐɠ 

ūŬůɛŬŰɞůəɞˊɑŬɠ (Broadband Dielectric Spectroscopy) ɛŮ ɛŮŰŬɓŬɚɚɧɛŮɜɖ ɗŮɟɛɞəɟŬůɑŬ ůŰɞɜ 

ɢɩɟɞ ɛŮŰɟɐůŮɤɜ. ɇɞ Ůɨɟɞɠ ůɡɢɜɞŰɐŰɤɜ ůŰɞ ɞˊɞɑɞ ɏɚŬɓŮ ɢɩɟŬ Űɞ ˊŮɑɟŬɛŬ ɐŰŬɜ 10
-1 

- 10
7
 Hz 

əŬɘ Űɞ ɗŮɟɛɞəɟŬůɘŬəɧ Ůɨɟɞɠ  30
o
C-160

o
C. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɞɡ ɖɚŮəŰɟɘəɞɨ ɢŬɟŬəŰɖɟɘůɛɞɨ 

ɡˊɞŭɖɚɩɜɞɡɜ Űɖɜ ɨˊŬɟɝɖ Űɟɘɩɜ ŭɘŮɟɔŬůɘɩɜ, ůŰɞ ŮɝŮŰŬɕɧɛŮɜɞ űɎůɛŬ ůɡɢɜɞŰɐŰɤɜ. ɆŰɘɠ 

ɡɣɖɚɏɠ ůɡɢɜɧŰɖŰŮɠ ŮɑɢŬɛŮ Űɖɜ ŮɛűɎɜɘůɖ Űɖɠ ŭɘŮɟɔŬůɑŬɠ Űɖɠ ɓ-ɢŬɚɎɟɤůɖɠ, ɖ ɞˊɞɑŬ ůɢŮŰɑɕŮŰŬɘ 

ɛŮ Űɞɜ ŮˊŬɜŬˊɟɞůŬɜŬŰɞɚɘůɛɧ Űɤɜ ˊɚŮɡɟɘəɩɜ ˊɞɚɘəɩɜ ɞɛɎŭɤɜ Űɖɠ ˊɞɚɡɛŮɟɘəɐɠ ŬɚɡůɑŭŬɠ, 

ůŰɘɠ ɛŮůŬɑŮɠ ůɡɢɜɧŰɖŰŮɠ ŮɑɢŬɛŮ Űɖɜ ŮɛűɎɜɘůɖ Űɖɠ Ŭ-ɢŬɚɎɟɤůɖɠ, ɖ ɞˊɞɑŬ ůɢŮŰɑɕŮŰŬɘ ɛŮ Űɖɜ 

ɛŮŰɎˊŰɤůɖ Ŭˊɧ Űɖɜ ɡŬɚɩŭɖ ůŰɖɜ ŮɚŬůŰɞɛŮɟɘəɐ űɎůɖ Űɖɠ ˊɞɚɡɛŮɟɘəɐɠ ɛɐŰɟŬɠ əŬɘ Űɏɚɞɠ ůŰɘɠ 

ɢŬɛɖɚɏɠ ůɡɢɜɧŰɖŰŮɠ ˊŬɟŬŰɖɟɐɗɖəŮ Űɞ űŬɘɜɧɛŮɜɞ Maxwell-Wagner-Sillars Űɞ ɞˊɞɑɞ 

ůɢŮŰɑɕŮŰŬɘ ɛŮ Űɖɜ ŭɘŮˊɘűŬɜŮɘŬəɐ ˊɧɚɤůɖ. 
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Abstract 

Nowadays, polymer matrix composites filled with inorganic/ceramic inclusions gather the 

scientific interest because of their vast uses in numerous applications. A composite refers to a 

materials system that consists of at least two different separated phases. Combining the 

properties of the matrix and the filler we achieve a material with superior properties than that 

of its constituents. The electrical properties of polymer matrix composites give them a 

significant position in the microelectronics industry because of their potential applications 

such as energy storage devices, welding elements in circuit and electromagnetic interference 

shielding. In the present study as a matrix was used a commercially available epoxy resin and 

as a filler Boron carbide (B4C) in the form of powder. Boron carbide is the third hardest 

material on earth after diamond and cubic Boron nitride, with low density and excellent 

mechanical properties. Until recently Boron carbide was used primarily in armor plates and as 

a neutron absorber in the nuclear industry but latest studies suggest interesting electrical 

properties and possible applications in the electromagnetic interference shielding. In this 

study 6 epoxy resin ï Boron carbide specimens were manufactured, varying the concentration 

of the encapsulated phase, in order to investigate thoroughly the dependence of the filler 

content in the presented results. For the dielectric characterization of the specimens we used a 

Broadband Dielectric Spectroscopy device varying the frequency (10
-1 

- 10
7
 Hz) and 

temperature range (30
o
C-160

o
C). The results of the dielectric characterization suggest the 

existence of three distinct relaxation processes which can be attributed to the interfacial 

polarization, known as Maxwell-Wagner-Sillars effect, glass to rubber transition and 

reorientation of polar side groups of the polymeric matrix.  

 

 

 



                                                           

 

iv 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                                           

 

v 

 

 

ȺɡɢŬɟɘůŰɑŮɠ 

ȼ ˊŬɟɞɨůŬ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ ŮəˊɞɜɐɗɖəŮ ůŰŬ ˊɚŬɑůɘŬ Űɖɠ ɞɚɞəɚɐɟɤůɖɠ Űɤɜ ůˊɞɡŭɩɜ 

ɛɞɡ ůŰɞ ɇɛɐɛŬ ȺˊɘůŰɐɛɖɠ Ɉɚɘəɩɜ Űɞɡ ɄŬɜŮˊɘůŰɖɛɑɞɡ ɄŬŰɟɩɜ. ɄɟɧəŮɘŰŬɘ ɔɘŬ ɛɘŬ ɛŮɚɏŰɖ ɛŮ 

ɗɏɛŬ Űɖɜ ŬɜɎˊŰɡɝɖ əŬɘ Űɞɜ ɖɚŮəŰɟɘəɧ ɢŬɟŬəŰɖɟɘůɛɧ ɛɑəɟɞ-ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ ˊɞɚɡɛŮɟɘəɐɠ 

ɛɐŰɟŬɠ/əŬɟɓɘŭɑɞɡ Űɞɡ ȸɞɟɑɞɡ. ȼ ŮɟɔŬůɑŬ ŬɡŰɐ ɏɚŬɓŮ ɢɩɟŬ ůŰɞ ȺɟɔŬůŰɐɟɘɞ Ⱥɡűɡɩɜ Ɉɚɘəɩɜ 

əŬɘ ȼɚŮəŰɟɘəɐɠ ɆɡɛˊŮɟɘűɞɟɎɠ Űɞɡ ɇɛɐɛŬŰɞɠ ȺˊɘůŰɐɛɖɠ Űɤɜ Ɉɚɘəɩɜ. 

ȺɡɢŬɟɘůŰɩ Űɞɜ ŮˊɘɓɚɏˊɞɜŰŬ əŬɗɖɔɖŰɐ ɛɞɡ, ȹɟ. ũŮɩɟɔɘɞ ɉ. ɊŬɟɟɎ ˊɟɩŰŬ ŬˊôɞɚɎ ɔɘŬ Űɖɜ 

ŮɛˊɘůŰɞůɨɜɖ ˊɞɡ ɏŭŮɘɝŮ ůŰɞ ˊɟɧůɤˊɞ ɛɞɡ ŬɜŬɗɏŰɞɜŰŬɠ ɛɞɡ Űɖ ůɡɔəŮəɟɘɛɏɜɖ ŮɟɔŬůɑŬ əŬɘ 

ůŰɖɜ ůɡɜɏɢŮɘŬ ɔɘŬ Űɖɜ əŬɗɞŭɐɔɖůɖ Űɞɡ, Űɘɠ ˊɞɚɨŰɘɛŮɠ ɔɜɩůŮɘɠ ˊɞɡ ɛɞɡ ɛŮŰɏűŮɟŮ əŬɗɩɠ əŬɘ 

ɔɘŬ Űɞ ɎɟɘůŰɞ əɚɑɛŬ əŬɗȭɧɚɖ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ůɡɜŮɟɔŬůɑŬɠ ɛŬɠ .   

ȰˊŮɘŰŬ ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɞɜ ɡˊɞɣɐűɘɞ ŭɘŭɎəŰɞɟŬ ȷɜŬůŰɎůɘɞ ɉ. ɄŬŰůɑŭɖ ɔɘŬ ɧɚɖ 

Űɖɜ ɓɞɐɗŮɘŬ əŬɘ Űɘɠ ɡˊɞŭŮɑɝŮɘɠ ˊɞɡ ɛɞɡ ˊɟɞůɏűŮɟŮ əŬɗɩɠ əŬɘ ɔɘŬ Űɞ ŮɡɢɎɟɘůŰɞ əɚɑɛŬ ůŰɞ 

ŮɟɔŬůŰɐɟɘɞ. Ⱥˊɑůɖɠ, ŮɡɢŬɟɘůŰɩ Űɞɜ ɛŮŰŬˊŰɡɢɘŬəɧ űɞɘŰɖŰɐ ɃɟɏůŰɖ ȸɟɡɩɜɖ ɔɘŬ Űɖɜ ɓɞɐɗŮɘŬ 

əŬɘ Űɞ Ůɨɟɡɗɛɞ ˊŮɟɘɓɎɚɚɞɜ ŮɜŰɧɠ əŬɘ ŮəŰɧɠ Űɞɡ ŮɟɔŬůŰɖɟɑɞɡ. 

ɇɏɚɞɠ, ɞűŮɑɚɤ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɞɜ ˊŬŰɏɟŬ ɛɞɡ ɉɟɐůŰɞ ɔɘŬ ɧɚɖ Űɖɜ ŮɛˊɘůŰɞůɨɜɖ əŬɘ 

ɓɞɐɗŮɘŬ ɞɘəɞɜɞɛɘəɐ əŬɘ ɖɗɘəɐ ůŮ ɧɚɖ Űɖ ŭɘɎɟəŮɘŬ Űɤɜ ůˊɞɡŭɩɜ ɛɞɡ. Ⱥˊɑůɖɠ, ŮɡɢŬɟɘůŰɩ Űɖɜ 

űɑɚɖ ɛɞɡ ɀŬɟɑŬ ɔɘŬ ɧɚɖ Űɖɜ ůŰɐɟɘɝɖ əŬɘ Ŭɜɞɢɐ ůŮ ɧɚɖ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ˊŬɟɞɨůŬɠ ŮɟɔŬůɑŬɠ.    
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1 

ȾŮűɎɚŬɘɞ 1 : ɆɨɜɗŮŰŬ ɈɚɘəɎ 

1.1) ȺɘůŬɔɤɔɐ 

ɇŬ ůɨɜɗŮŰŬ ɡɚɘəɎ ŮɑɜŬɘ ůŰɖɜ ˊɚŮɘɞɣɖűɑŬ Űɞɡɠ ŭɞɛɘəɎ ɡɚɘəɎ, ˊɞɡ ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ Űɞ 

ůɡɜŭɡŬůɛɧ ŭɨɞ ɐ ˊŮɟɘůůɞŰɏɟɤɜ ɡɚɘəɩɜ, ɛŮ ɘŭɘɧŰɖŰŮɠ ŬɜɩŰŮɟŮɠ Ŭˊɧ Űɘɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ Ůˊɘɛɏɟɞɡɠ 

ůɡůŰŬŰɘəɩɜ Űɞɡɠ. ɇŬ Ůˊɘɛɏɟɞɡɠ ɡɚɘəɎ ŬɜŬɛɘɔɜɨɞɜŰŬɘ ůŮ ɛŬəɟɞůəɞˊɘəɧ ŮˊɑˊŮŭɞ əŬɘ ŭŮɜ ŮɑɜŬɘ 

ŭɘŬɚɡŰɎ ɛŮŰŬɝɨ Űɞɡɠ. Ɇɡɜɐɗɤɠ ɖ ɛɑŬ Ŭˊɧ Űɘɠ Ůˊɘɛɏɟɞɡɠ űɎůŮɘɠ ɞɜɞɛɎɕŮŰŬɘ űɎůɖ Ůɜɑůɢɡůɖɠ, ŭɘɧŰɘ 

ŮɑɜŬɘ ŮəŮɑɜɖ ˊɞɡ űɏɟŮɘ ŰŬ ŮɝŬůəɞɨɛŮɜŬ űɞɟŰɑŬ. ȼ Ɏɚɚɖ űɎůɖ, ˊɞɡ ˊŬɑɕŮɘ Űɞ ɟɧɚɞ Űɞɡ ɛɏůɞɡ 

ɛŮŰŬűɞɟɎɠ, ɞɜɞɛɎɕŮŰŬɘ ɛɐŰɟŬ. 

Ⱥɜ ůɡɜŰɞɛɑŬ, ɤɠ ůɨɜɗŮŰŬ ɡɚɘəɎ ŬɜŬűɏɟɞɜŰŬɘ ůɡůŰɐɛŬŰŬ ŭɨɞ ɐ ˊŮɟɘůůɞŰɏɟɤɜ űɡůɘəɩɠ 

ŮɡŭɘɎəɟɘŰɤɜ əŬɘ ɛɖɢŬɜɘəɩɠ ŭɘŬɢɤɟɘɕɞɛɏɜɤɜ ɡɚɘəɩɜ, ɖ ˊŬɟŬůəŮɡɐ Űɤɜ ɞˊɞɑɤɜ ɓŬůɑɕŮŰŬɘ ůŰɖ 

űɡůɘəɐ ŬɜɎɛŮɘɝɖ Űɤɜ ŭɘŬəŮəɟɘɛɏɜɤɜ ɡɚɘəɩɜ, ɛŮ ůŰɧɢɞ Űɖɜ ŮɚŮɔɢɧɛŮɜɖ əŬŰŬɜɞɛɐ Űɤɜ Ůˊɘɛɏɟɞɡɠ 

űɎůŮɤɜ ˊɟɞɠ ŮˊɑŰŮɡɝɖ ɓɏɚŰɘůŰɤɜ ɘŭɘɞŰɐŰɤɜ. ɇŬ ˊŮɟɘůůɧŰŮɟŬ ůɨɜɗŮŰŬ ɏɢɞɡɜ ŭɖɛɘɞɡɟɔɖɗŮɑ ɔɘŬ Űɖ 

ɓŮɚŰɘůŰɞˊɞɑɖůɖ ɛɖɢŬɜɘəɩɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ, ɧˊɤɠ ɖ ŭɡůəŬɛɣɑŬ, ɖ ŭɡůɗɟŬɡůŰɧŰɖŰŬ, ŬɚɚɎ əŬɘ 

ɖ ŬɜŰɞɢɐ ůŮ ɡɣɖɚɏɠ əŬɘ ɗŮɟɛɞəɟŬůɑŮɠ ˊŮɟɘɓɎɚɚɞɜŰɞɠ. 

ɀŮ ɓɎůɖ Űɞ ɡɚɘəɧ Ůɜɑůɢɡůɖɠ, ŰŬ ůɨɜɗŮŰŬ ɡɚɘəɎ ŰŬɝɘɜɞɛɞɨɜŰŬɘ ůŰɘɠ ŰɟŮɘɠ ŬəɧɚɞɡɗŮɠ 

əŬŰɖɔɞɟɑŮɠ: ůɨɜɗŮŰŬ ɛŮ Ůɜɑůɢɡůɖ əɧəəɤɜ (əɞəəɩŭɖ ůɨɜɗŮŰŬ), ůɨɜɗŮŰŬ ɛŮ Ůɜɑůɢɡůɖ 

ɘɜɩɜ (ɘɜɩŭɖ ůɨɜɗŮŰŬ) əŬɘ ŭɞɛɘəɎ ůɨɜɗŮŰŬ ɡɚɘəɎ (ůɡɜɐɗɤɠ ˊɞɚɨůŰɟɤŰŬ) (ůɢɐɛŬ 1.1). 

 

 

 

 

 

 

ɆɢɐɛŬ 1.1: ɇŬɝɘɜɧɛɖůɖ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ. [Ⱦ. ũŬɚɘɩŰɖɠ, 2004] 
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ɆŰŬ əɞəəɩŭɖ ůɨɜɗŮŰŬ ɖ ŭɘŬůˊŬɟɛɏɜɖ űɎůɖ Ůɜɑůɢɡůɖɠ ŮɑɜŬɘ ɖ ɑŭɘŬ ůŮ ɧɚɞɡɠ Űɞɡɠ ɎɝɞɜŮɠ, ŭɖɚŬŭɐ 

ɞɘ ŭɘŬůŰɎůŮɘɠ ŮɑɜŬɘ ˊŮɟɑˊɞɡ ɞɘ ɑŭɘŮɠ əŬɘ ɔɘŬ Űɘɠ ŰɟŮɘɠ ŭɘŮɡɗɨɜůŮɘɠ (ůɢɐɛŬ 1.2). ɆŰŬ ɘɜɩŭɖ ůɨɜɗŮŰŬ 

ɖ űɎůɖ Ůɜɑůɢɡůɖɠ ɏɢŮɘ Űɖ ɔŮɤɛŮŰɟɑŬ Űɖɠ ɑɜŬɠ, ŭɖɚŬŭɐ ɞ ɚɧɔɞɠ Űɞɡ ɛɐəɞɡɠ Űɖɠ ɑɜŬɠ ˊɟɞɠ Űɖ 

ŭɘɎɛŮŰɟɞ Űɖɠ ŮɑɜŬɘ ɛŮɔɎɚɞɠ (ůɢɐɛŬ 1.2). ȯɚɚɞɠ Űɟɧˊɞɠ ŰŬɝɘɜɧɛɖůɖɠ Űɤɜ ůɡɜɗɏŰɤɜ ɡɚɘəɩɜ 

ɔɑɜŮŰŬɘ ɛŮ ɓɎůɖ Űɞ ɡɚɘəɧ Űɖɠ ɛɐŰɟŬɠ, ŭɖɚŬŭɐ ˊɞɚɡɛŮɟɘəɐ, ɛŮŰŬɚɚɘəɐ əŬɘ əŮɟŬɛɘəɐ. 

 

 

 

 

 

 

   

                   ɘɜɩŭŮɠ ůɨɜɗŮŰɞ 

ɆɢɐɛŬ 1.2: ɆŰɞɘɢŮɘɩŭɖ ɛɞɜŰɏɚŬ ůɡɜɗɏŰɤɜ ɛŮ Ůɜɑůɢɡůɖ əɧəəɤɜ əŬɘ ɘɜɩɜ, ŬɜŰɑůŰɞɘɢŬ [Ⱦ ũŬɚɘɩŰɖɠ, 2004]. 

ȼ əɞɘɜɐ ŮˊɘűɎɜŮɘŬ ɛŮŰŬɝɨ Űɤɜ ŭɨɞ ůɡůŰŬŰɘəɩɜ Ůɜɧɠ ůɡɜɗɏŰɞɡ əŬɗɩɠ əŬɘ ɖ ˊŮɟɘɞɢɐ ůŰŬ ɧɟɘŬ 

ŬɡŰɐɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ŮɑɜŬɘ ɔɜɤůŰɐ ɤɠ ŭɘŮˊɘűɎɜŮɘŬ Ůɜɑůɢɡůɖɠ -ɛɐŰɟŬɠ. Ƀɘ ɛɖɢŬɜɘəɏɠ əŬɘ 

űɡůɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ ŭɘŬűɏɟɞɡɜ Ŭˊɧ Űɘɠ ŬɜŰɑůŰɞɘɢŮɠ Űɖɠ ɛɐŰɟŬɠ əŬɘ Űɖɠ 

Ůɜɑůɢɡůɖɠ. ũɘŬ ŮɡəɞɚɑŬ ůŰɞɡɠ ɡˊɞɚɞɔɘůɛɞɨɠ ůɡɜɐɗɤɠ ɗŮɤɟŮɑŰŬɘ ɧŰɘ Űɞ ́Ɏɢɞɠ Űɖɠ ŮɑɜŬɘ ɛɖŭŮɜɘəɧ 

[D Hull, 1981]. 

ɈˊɎɟɢɞɡɜ ŭɘɎűɞɟŬ ɛɞɜŰɏɚŬ ˊŮɟɘɔɟŬűɐɠ Űɞɡ ŭŮůɛɞɨ ˊɞɡ ŬɜŬˊŰɨůůŮŰŬɘ ɛŮŰŬɝɨ Űɖɠ Ůɜɑůɢɡůɖɠ 

əŬɘ Űɖɠ ɛɐŰɟŬɠ, ɧˊɤɠ ɞ ɛɖɢŬɜɘəɧɠ, ɞ űɡůɘəɧɠ əŬɘ ɞ ɢɖɛɘəɧɠ. ȷˊɧ Űɖ ůŰɘɔɛɐ ˊɞɡ ŮˊɘŰŮɡɢɗŮɑ ɛŮ 

ɏɜŬɜ Ŭˊɧ Űɞɡɠ ˊŬɟŬˊɎɜɤ Űɟɧˊɞɡɠ ˊɟɧůűɡůɖ ɛŮŰŬɝɨ Űɤɜ ŭɨɞ űɎůŮɤɜ, ɖ ɛŮŰŬűɞɟɎ Űɞɡ űɞɟŰɑɞɡ 

Ŭˊɧ Űɖ ɛɑŬ űɎůɖ ůŰɖɜ Ɏɚɚɖ ɛˊɞɟŮɑ ɜŬ ŬɜŬɚɡɗŮɑ ɛɖɢŬɜɘəɎ [Ⱦ. ũŬɚɘɩŰɖɠ, 2004], [ȼȼ Yang, 

1993]. 
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 ɄɑɜŬəŬɠ 1.1: ɇɘɛɏɠ  ɞɟɘůɛɏɜɤɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ ŭɘŬűɧɟɤɜ ɡɚɘəɩɜ Ůɜɑůɢɡůɖɠ [D Hull, 1981]. 

Ɉɚɘəɧ 
Ⱥɘŭɘəɧ 
ȸɎɟɞɠ 
(N/m

3
) 

ȺűŮɚəɡůŰɘəɐ 
ȷɜŰɞɢɐ (GPa) 

Ⱥɘŭɘəɐ 
ȷɜŰɞɢɐ 
(MPa) 

'ɀɏŰɟɞ 
ȺɚŬůŰɘəɧŰɖŰŬɠ 

(GPa) 

Ⱥɘŭɘəɧ ɀɏŰɟɞ 
ȺɚŬůŰɘəɧŰɖŰŬɠ 

(MPa) 

ɃɝŮɑŭɘɞ Űɞɡ 
ȷɚɞɡɛɘɜɑɞɡ 

3.95 1.38 0.35 379 96 

ȷɟŬɛɑŭɘɞ 
(Kevlar49) 

1.44 3.6-4.1 2.5-2.85 131 91 

ȯɜɗɟŬəŬɠ 1.78-2.15 1.5-4.8 0.7-2.7 228 - 724 106-407 

ũɡŬɚɑ 
Űɨˊɞɡ Ⱥ 

2.58 3.45 1.34 72.5 28.1 

ȸɎɟɘɞ 2.57 3.6 1.40 400 156 

 

1.1.1) ɆɨɜɗŮŰŬ ɈɚɘəɎ ɄɞɚɡɛŮɟɘəɐɠ ɀɐŰɟŬɠ (ɆɈɄɀ). 

ɇŬ ɡɚɘəɎ ŬɡŰɎ ŬˊɞŰŮɚɞɨɜ Űɞ ɓŬůɘəɧ ŬɜŰɘəŮɑɛŮɜɞ ůŰɖɜ ˊŬɟɞɨůŬ ŮɟɔŬůɑŬ. 

ɉɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŮ ́ɞɚɨ ɛŮɔɎɚɞ Ůɨɟɞɠ ŮűŬɟɛɞɔɩɜ ɚɧɔɤ Űɤɜ ˊɞɚɨ əŬɚɩɜ ɘŭɘɞŰɐŰɤɜ 

Űɞɡɠ (əɡɟɑɤɠ ɛɖɢŬɜɘəɩɜ), Űɖɠ ŮɡəɞɚɑŬɠ ˊŬɟŬɔɤɔɐɠ əŬɘ Űɞɡ əɧůŰɞɡɠ Űɞɡɠ. ɇŬ 

ˊɞɚɡɛŮɟɘəɎ ůɨɜɗŮŰŬ ŬˊɞŰŮɚɞɨɜŰŬɘ ˊɟɞűŬɜɩɠ Ŭˊɧ ˊɞɚɡɛŮɟɘəɐ ɛɐŰɟŬ Ůɜɩ Űɞ ŮɜɘůɢɡŰɘəɧ 

ɛɏůɞ ɛˊɞɟŮɑ ɜŬ ˊɎɟŮɘ Űɖ ɛɞɟűɐ əɧəəɤɜ, ɘɜɩɜ əŰɚ. ȳůɞɜ ŬűɞɟɎ Űɞ ɡɚɘəɧ Űɖɠ ɛɐŰɟŬɠ, 

ŬɡŰɧ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ˊɞɚɡŮůŰŮɟɘəɧ ɐ ɓɘɜɡɚŮůŰŮɟɘəɧ (ɢŬɛɖɚɧ əɧůŰɞɠ), ŮˊɞɝŮɘŭɘəɐ ɟɖŰɑɜɖ 

ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůŰɘɠ ˊŮɟɘůůɧŰŮɟŮɠ ˊŮɟɘˊŰɩůŮɘɠ ɚɧɔɤ Űɤɜ əŬɚɨŰŮɟɤɜ ɛɖɢŬɜɘəɩɜ 

ɘŭɘɞŰɐŰɤɜ (ŬəɟɘɓɧŰŮɟŮɠ Űɤɜ ˊɟɞɖɔɞɡɛɏɜɤɜ), ˊɞɚɡɘɛɘŭɘəɏɠ ɟɖŰɑɜŮɠ ɔɘŬ ɡɣɖɚɏɠ 

ɗŮɟɛɞəɟŬůɑŮɠ (230ÁC) əŬɘ ůˊŬɜɘɧŰŮɟŬ ɗŮɟɛɞˊɚŬůŰɘəɏɠ əŬɘ ɗŮɟɛɞůəɚɖɟɡɜɧɛŮɜŮɠ (əɡɟɑɤɠ 

ůŰɖɜ ȷŮɟɞɜŬɡˊɖɔɘəɐ) [Ⱦ ũŬɚɘɩŰɖɠ, 2004]. 

ȼ Ůˊɘɚɞɔɐ Űɖɠ əŬŰɎɚɚɖɚɖɠ ɛɐŰɟŬɠ ŮɝŬɟŰɎŰŬɘ ůŮ ɛŮɔɎɚɞ ɓŬɗɛɧ Ŭˊɧ Űɖɜ ŬɜŬɛŮɜɧɛŮɜɖ 

Ŭˊɧŭɞůɖ Űɞɡ ůɡɜɗɏŰɞɡ ůŰɖɜ ˊɟɎɝɖ əŬɘ ˊɟɏˊŮɘ ɜŬ ɚŬɛɓɎɜŮɘ ɡˊɧɣɖ ŭɘɎűɞɟɞɡɠ 

ˊŬɟɎɔɞɜŰŮɠ, ɧˊɤɠ ŰŬ ŮűŬɟɛɞɕɧɛŮɜŬ űɞɟŰɑŬ, Űɖ ɗŮɟɛɞəɟŬůɑŬ əŰɚ. ɆɡɢɜɎ, ŮˊɘɚɏɔɞɜŰŬɘ 

ɟɖŰɑɜŮɠ ɛŮ ɓɎůɖ Űɘɠ Űɘɛɏɠ Űɤɜ ɛɏŰɟɤɜ ŮɚŬůŰɘəɧŰɖŰŬɠ Űɞɡɠ. Ƀɘ ˊɚɖɟɞűɞɟɑŮɠ ůɢŮŭɑŬůɖɠ 

ˊɞɚɚɏɠ űɞɟɏɠ ɔɘŬ Űɞɡɠ ˊŬɟŬˊɎɜɤ ˊŬɟɎɔɞɜŰŮɠ ŭŮɜ ŮɑɜŬɘ ˊɎɜŰŬ ŬˊŬɟŬɑŰɖŰŮɠ. ɆɡɜŮˊɩɠ, 
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ɢɟŮɘɎɕŮŰŬɘ Űɘɠ ˊŮɟɘůůɧŰŮɟŮɠ űɞɟɏɠ ˊŮɘɟŬɛŬŰɘəɐ ŬˊɞŰɑɛɖůɖ ɔɘŬ ɛɑŬ ˊɟŬɔɛŬŰɘəɐ 

Ůˊɘɚɞɔɐ ɟɖŰɘɜɤŭɩɜ ɡɚɘəɩɜ [ȼȼ Yang, 1993]. 

ȼ ˊɞɚɡˊɚɞəɧŰɖŰŬ Űɤɜ ůɡɜɗɏŰɤɜ ɡɚɘəɩɜ əŬɘ ɖ ŮɝɎɟŰɖůɖ Űɞɡ ŰŮɚɘəɞɨ ŬˊɞŰŮɚɏůɛŬŰɞɠ 

Ŭˊɧ Űɖ ŭɘŬŭɘəŬůɑŬ ˊŬɟŬůəŮɡɐɠ, əɎɜŮɘ ůɡɢɜɎ Űɖ ůɢŮŭɑŬůɖ Űɞɡ ůɡɜɗɏŰɞɡ, ɛŮ ɓɎůɖ ɛɧɜɞ ŰŬ 

ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɤɜ ůɡůŰŬŰɘəɩɜ Űɞɡ, ŬɜŮˊŬɟəɐ əŬɘ ŮˊɘɓɎɚɚŮɘ Űɞɜ ˊŮɘɟŬɛŬŰɘəɧ ɏɚŮɔɢɞ Űɖɠ 

ůɡɛˊŮɟɘűɞɟɎɠ Űɞɡ. 

 

1.2) ȾŬɟɓɑŭɘɞ Űɞɡ ȸɞɟɑɞɡ(ȸ4C). 

ȼ ɏɜɤůɖ Űɞɡ əŬɟɓɘŭɑɞɡ Űɞɡ ɓɞɟɑɞɡ ŬɜŬəŬɚɨűɗɖəŮ Űɞ 1858, ŰɧŰŮ ɞɘ Joly Űɞ 1883 əŬɘ Moissan 

Űɞ 1894 ŬɜŰɑůŰɞɘɢŬ ŭɖɛɘɞɨɟɔɖůŬɜ Űɘɠ ˊŬɜɞɛɞɘɧŰɡˊŮɠ ŮɜɩůŮɘɠ ȸ3C əŬɘ B6C. ȼ 

ůŰɞɘɢŮɘɞɛŮŰɟɘəɧɠ ɢɖɛɘəɧɠ Űɨˊɞɠ B4C ˊɟɞŰɎɗɖəŮ Űɞ 1934, ɛɏɢɟɘ ŰɧŰŮ ˊɞɚɚɞɑ ŮɜŬɚɚŬəŰɘəɞɑ 

ɢɖɛɘəɞɑ Űɨˊɞɘ ŮɑɢŬɜ ˊɟɞŰŬɗŮɑ əɡɟɑɤɠ Ŭˊɧ ɟɩůɞɡɠ ůɡɔɔɟŬűŮɑɠ ɞɘ ɞˊɞɑŮɠ ɧɛɤɠ ˊɞŰɏ ŭŮɜ 

ŮˊɘɓŮɓŬɘɩɗɖəŬɜ. ɀŮŰɎ Űɞ 1950 ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ˊɞɚɚɏɠ ɛŮɚɏŰŮɠ ˊɞɡ ŬűɞɟɞɨůŬɜ əɡɟɑɤɠ 

Űɖɜ ŭɞɛɐ əŬɘ Űɘɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ [F Thevenot, 1990]. ũŮɜɘəɎ Űɞ əŬɟɓɑŭɘɞ Űɞɡ ɓɞɟɑɞɡ 

ˊɟɞůŮɚəɨŮɘ Űɞ ŮɜŭɘŬűɏɟɞɜ ɔɘŬ Űɘɠ ɖɚŮəŰɟɘəɏɠ əŬɘ ɛɖɢŬɜɘəɏɠ Űɞɡ ɘŭɘɧŰɖŰŮɠ, ɔɑɜŮŰŬɘ ɧɛɤɠ ɚɧɔɞɠ 

ɔɘŬ Űɖɜ ůŰŬɗŮɟɧŰɖŰŬ Űɞɡ ůŰɘɠ ɡɣɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ, Űɖɜ ɡɣɖɚɐ Űɞɡ ůəɚɖɟɧŰɖŰŬ, Űɖɜ ɡɣɖɚɐ 

Ŭˊɞɟɟɧűɖůɖ ɜŮŰɟɞɜɑɤɜ əŬɘ Űɘɠ ŮɝŬɘɟŮŰɘəɏɠ  ɗŮɟɛɞɖɚŮəŰɟɘəɏɠ Űɞɡ ɘŭɘɧŰɖŰŮɠ ůŰɘɠ ɡɣɖɚɏɠ 

ɗŮɟɛɞəɟŬůɑŮɠ [S Mondal, AK Banthia, 2004]. ȺɑɜŬɘ Űɞ ŰɟɑŰɞ ˊɘɞ ůəɚɖɟɧ ɡɚɘəɧ ůŰɞɜ əɧůɛɞ, 

ɛŮ ˊɞɚɨ ɢŬɛɖɚɐ ˊɡəɜɧŰɖŰŬ, ɛŮŰɎ Űɞ ŭɘŬɛɎɜŰɘ əŬɘ Űɞ əɡɓɘəɧ ɜɘŰɟɑŭɘɞ Űɞɡ ɓɞɟɑɞɡ (ȸɁ) , ɛŮ 

ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ ˊŬɟɧɛɞɘŮɠ ɛŮ ŬɡŰɏɠ Űɞɡ ŭɘŬɛŬɜŰɘɞɨ. ɉɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůŮ ŭɘɎűɞɟŮɠ 

ŮűŬɟɛɞɔɏɠ ɧˊɤɠ ˊɚɎəŮɠ ɗɤɟɎəɘůɖɠ-ŬɚŮɝɑůűŬɘɟŬ ɔɘɚɏəŬ, əɞˊŰɘəɎ ŮɟɔŬɚŮɑŬ, ŬɚɚɎ əŬɘ ůŮ 

ŬəɟɞűɨůɘŬ ɡɣɖɚɩɜ ˊɘɏůŮɤɜ. ɉɟɖůɘɛɞˊɞɘŮɑŰŬɘ Ůˊɑůɖɠ ůŬɜ ŬˊɞɟɟɞűɖŰɐɠ ɜŮŰɟɞɜɑɤɜ ůŰɖɜ 

ˊɡɟɖɜɘəɐ ɓɘɞɛɖɢŬɜɑŬ-ŰŮɢɜɞɚɞɔɑŬ. ɄɟɧůűŬŰŮɠ ŭɖɛɞůɘŮɨůŮɘɠ ŬɜŬűɏɟɞɡɜ əŬɘ ɢɟɐůŮɘɠ ůŮ 

ɗŮɟɛɑůŰɞɟɠ ɧŰŬɜ ŬɡŰɧ ŮɔəɚŮɘůŰŮɑ ɛɏůŬ ůŮ IR-Rubber[F El-Tantawy, N Dishovsky, 2004].   

ɇŬ ŬɔɩɔɘɛŬ ůɨɜɗŮŰŬ ɡɚɘəɎ ˊɟɞůŮɚəɨɞɡɜ ɧɚɞ əŬɘ ˊŮɟɘůůɧŰŮɟɞ Űɞ ŮɜŭɘŬűɏɟɞɜ ɚɧɔɤ Űɤɜ 

ˊɞɚɚɩɜ ŮűŬɟɛɞɔɩɜ Űɞɡɠ ůŮ ɖɚŮəŰɟɘəɏɠ əŬɘ ɖɚŮəŰɟɞɜɘəɏɠ ůɡůəŮɡɏɠ. ɆŮ ŬɡŰɏɠ Űɘɠ ŮűŬɟɛɞɔɏɠ ɞ 

ůŰɧɢɞɠ ɛŬɠ ŮɑɜŬɘ ɜŬ ŬɜŬˊŰɨɝɞɡɛŮ ɛɘŬ ŮˊŬɟəɐ Űɘɛɐ Űɖɠ Ůɘŭɘəɐɠ ŬɔɤɔɘɛɧŰɖŰŬɠ əŬɘ Űɖɠ 

ɖɚŮəŰɟɘəɐɠ ŭɘŬˊŮɟŬŰɧŰɖŰŬɠ Űɞɡ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ ɛŬɠ. ȼ ŬɜŰɘəŬŰɎůŰŬůɖ Űɞɡ  ɛŬɨɟɞɡ 
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ɎɜɗɟŬəŬ (carbon black) Ŭˊɧ ɏɜŬ ɛɖ-ɞɝɑŭŮɘɞ Ŭɔɩɔɘɛɞ əŮɟŬɛɘəɧ ɧˊɤɠ Űɞ ȸ4C ɛˊɞɟŮɑ ɜŬ ŭɩůŮɘ 

ɜɏŮɠ ŮűŬɟɛɞɔɏɠ.  

ɀŮ Űɖɜ ɧɚɞ əŬɘ ŬɡɝŬɜɧɛŮɜɖ ɢɟɐůɖ ɖɚŮəŰɟɘəɩɜ ůɡůəŮɡɩɜ ˊŬɟŬŰɖɟɞɨɛŮ űŬɘɜɧɛŮɜŬ 

ɖɚŮəŰɟɞɛŬɔɜɖŰɘəɩɜ ˊŬɟŮɛɓɞɚɩɜ, ŮɘůɏɟɢŮŰŬɘ Ůˊɞɛɏɜɤɠ Űɞ ŮɜŭɘŬűɏɟɞɜ ůŰɞ ɗɏɛŬ Űɖɠ ɛɧɜɤůɖɠ 

Ŭˊɧ Űɖɜ ɖɚŮəŰɟɞɛŬɔɜɖŰɘəɐ ŬəŰɘɜɞɓɞɚɑŬ, əŬɟɓɑŭɘɞ Űɞɡ ȸɞɟɑɞɡ ŭŮɑɢɜŮɘ ɜŬ ŮɑɜŬɘ ɏɜŬ ɡˊɞɣɐűɘɞ 

ɡɚɘəɧ ɛŮ ˊɘɗŬɜɏɠ ŮűŬɟɛɞɔɏɠ ůŰɞɜ ŰɞɛɏŬ ŬɡŰɧ [F El-Tantawy, N Dishovsky, 2004]. 

ɀŮɟɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ ɛŮɔɏɗɖ ɔɘŬ Űɞ əŬɟɓɑŭɘɞ Űɞɡ ȸɞɟɑɞɡ (B4C) ˊɞɡ ŬɜŬűɏɟɞɜŰŬɘ ůŰɖɜ 

ɓɘɓɚɘɞɔɟŬűɑŬ [F Thevenot,1990] ɓɟɑůəɞɜŰŬɘ ůŰɞɜ ˊŬɟŬəɎŰɤ ˊɑɜŬəŬ: 

ɄɑɜŬəŬɠ 1.2: ɉŬɟŬəŰɖɟɘůŰɘəɎ ɛŮɔɏɗɖ ɔɘŬ Űɞ ȾŬɟɓɑŭɘɞ Űɞɡ ȸɞɟɑɞɡ[F Thevenot,1990]  

ɄɡəɜɧŰɖŰŬ(gcm
-3
) 2.52 

ɆɖɛŮɑɞ ɕɏůŮɤɠ(
o
C) 2445 

ɆəɚɖɟɧŰɖŰŬ(Knoop 100Kg)(Kgmm
-2
) 2900-3580 

ɀɏŰɟɞ Young(GPa) 450-470 

ȼɚŮəŰɟɘəɐ ŬɔɤɔɘɛɧŰɖŰŬ-ůɡɜŰŮɚŮůŰɐɠ Seebeck 

ůŰɞɡɠ 25
ɞ
C(S) 

140 

ŪŮɟɛɘəɐ ŬɔɤɔɘɛɧŰɖŰŬ(25
ɞ
C)(W/mK) 30-42 

ɆɡɜŰŮɚŮůŰɐɠ ɗŮɟɛɘəɐɠ ŭɘŬůŰɞɚɐɠ(Ⱦ
-1
) 5-5,73 *10

-6
 

ȾɟɡůŰŬɚɚɘəɐ ŭɞɛɐ ɅɞɛɓɞŮŭɟɘəɐ 

ɃɝɨŰɖŰŬ pK 6-7 (20
o
C) 

MɞɟɘŬəɧ ɓɎɟɞɠ 55,255g/mol 

ȿɧɔɞɠ poison 0.17 

 

1.3) ȺűŬɟɛɞɔɏɠ 

ȺɑɜŬɘ ɔɜɤůŰɧ ɧŰɘ ŰŬ ůɨɜɗŮŰŬ ɡɚɘəɎ əŬɚɨˊŰɞɡɜ ɛŮɔɎɚɞ Ůɨɟɞɠ ŮűŬɟɛɞɔɩɜ əɡɟɑɤɠ ɚɧɔɤ Űɤɜ 

ŮɘŭɘəɎ ůɢŮŭɘŬůɛɏɜɤɜ ɘŭɘɞŰɐŰɤɜ Űɞɡɠ. ɆɨɜɗŮŰŬ ɡɚɘəɎ ɛŮ Ůɜɑůɢɡůɖ ɘɜɩɜ ɎɜɗɟŬəŬ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŮ ɛŮɔɎɚɞ Ůɨɟɞɠ ŮűŬɟɛɞɔɩɜ, ɧˊɤɠ ŮɑɜŬɘ ɖ ȷŮɟɞɜŬɡˊɖɔɘəɐ, ɖ 

ŬŮɟɞŭɘŬůŰɖɛɘəɐ, ɞ ŬɗɚɖŰɘəɧɠ Ůɝɞˊɚɘůɛɧɠ, ɖ əŬŰŬůəŮɡɐ ŭɘŬűɧɟɤɜ ŭɞɢŮɑɤɜ əŬɘ ŮɝŬɟŰɖɛɎŰɤɜ. 

ɆɨɜɗŮŰŬ ɡɚɘəɎ ɛŮ Ůɜɑůɢɡůɖ ɘɜɩɜ ɔɡŬɚɘɞɨ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ əɡɟɑɤɠ ůŰɖ ůɤɚɖɜɞɡɟɔɑŬ, Űɖ 

ɜŬɡˊɖɔɘəɐ, Űɖɜ ŬɡŰɞəɘɜɖŰɞɓɘɞɛɖɢŬɜɑŬ [WD Callister, Jr, 2000]. ɆɨɜɗŮŰŬ ɛŮ ŬɟŬɛɘŭɘəɏɠ ɑɜŮɠ 

ɏɢɞɡɜ ŮɘůŬɢɗŮɑ ŰŬ ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ ůŰɖɜ ŬɡŰɞəɘɜɖŰɞɓɘɞɛɖɢŬɜɑŬ, ŰŬ Ůɑŭɖ ŬɜŬɣɡɢɐɠ, ɔɘŬ 

ɓŬɚɚɘůŰɘəɐ ˊɟɞůŰŬůɑŬ, ůŰɖɜ əŬŰŬůəŮɡɐ ůɢɞɘɜɘɩɜ, ɤɠ ɡˊɞəŬŰɎůŰŬŰɞ Űɞɡ ŬɛɘɎɜŰɞɡ ůŮ ˊɞɚɚɏɠ 

Ŭˊɧ Űɘɠ ŮűŬɟɛɞɔɏɠ Űɞɡ əŰɚ [ȼȼ Yang, 1993]. ɇɏɚɞɠ, ůɨɜɗŮŰŬ ɡɚɘəɎ ɛŮ ŬɔɩɔɘɛŬ ŮɔəɚŮɑůɛŬŰŬ 
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ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŮ ŭɘŬŰɎɝŮɘɠ ɖɚŮəŰɟɞɛŬɔɜɖŰɘəɐ ɗɤɟɎəɘůɖ (Electromagnetic Interference 

Shielding), Űɖ ɗɤɟɎəɘůɖ Ŭˊɧ ɟŬŭɘɞůɡɢɜɧŰɖŰŮɠ (Radio Frequency Interference Shielding), Űɖɜ 

ɖɚŮəŰɟɞůŰŬŰɘəɐ ŭɘɎɢɡůɖ ɖɚŮəŰɟɘəɩɜ űɞɟŰɑɤɜ (Electrostatic Dissipation Of Charges), ůŰɖ 

ɛɘəɟɞɖɚŮəŰɟɞɜɘəɐ, ɔɘŬ ŬɜŰɘŭɘŬɓɟɤŰɘəɐ ˊɟɞůŰŬůɑŬ əŬ [GC Psarras, 2002], [GC Psarras, 2003]. 

  

ɄɑɜŬəŬɠ 1.3:ɃɟɘůɛɏɜŬ ˊɟɞɥɧɜŰŬ Ŭˊɧ ůɨɜɗŮŰŬ ɡɚɘəɎ əŬɘ ɞɘ ŬɜŰɑůŰɞɘɢɞɘ ŰɞɛŮɑɠ Űɞɡɠ [D Hull,1981]. 

  

 

 

 

 

 

 

 

 

 

ȷŮɟɞɜŬɡˊɖɔɘəɐ ˊŰɏɟɡɔŮɠ, ɎŰɟŬəŰɞɘ, ˊɖŭɎɚɘŬ, əɘɜɞɨɛŮɜŬ 

ŮɝŬɟŰɐɛŬŰŬ 
ȷɡŰɞəɘɜɖŰɞɓɘɞɛɖɢŬɜɑŬ   

ŮɚŬůŰɘəɎ, ůɡɛˊɚɏəŰŮɠ, űɟɏɜŬ, ˊɞɘəɑɚŮɠ      

ŮˊɘűɎɜŮɘŮɠ, əɘɜɞɨɛŮɜŬ ŮɝŬɟŰɐɛŬŰŬ 

ɁŬɡˊɖɔɘəɐ 
 əŬŰɎɟŰɘŬ, ůɢɞɘɜɘɎ, əɞɡˊɘɎ 

ȼɚŮəŰɟɞɜɘəɐ   
ŬɘůɗɖŰɐɟŮɠ, ɛɞɜɤŰɏɠ, ŭɘŬəɧˊŰŮɠ 

ȯɚɚŮɠ ȺűŬɟɛɞɔɏɠ                     
ɘŬŰɟɘəɎ ɔɎɜŰɘŬ, ŭɞɢŮɑŬ, ŬɚŮɝɑůűŬɘɟŬ ɔɘɚɏəŬ  
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ȾŮűɎɚŬɘɞ 2: ŪŮɤɟɑŬ ȹɘɖɚŮəŰɟɘəɩɜ Ɉɚɘəɩɜ 

2.1 )ȺɘůŬɔɤɔɐ 

ɋɠ ŭɘɖɚŮəŰɟɘəɧ ɡɚɘəɧ ɞɟɑɕŮŰŬɘ ŬɡŰɧ ˊɞɡ ɏɢŮɘ Űɖɜ ɘəŬɜɧŰɖŰŬ ɜŬ ŭɘŬɛɞɟűɩɜŮŰŬɘ ɤɠ ɖɚŮəŰɟɘəɧ 

ŭɑˊɞɚɞ ɡˊɧ Űɖɜ ŮˊɑŭɟŬůɖ Ůɜɧɠ ŮɝɤŰŮɟɘəɞɨ ɖɚŮəŰɟɘəɞɨ ˊŮŭɑɞɡ. ȹɖɚŬŭɐ, ɧŰŬɜ ɏɜŬ ŰɏŰɞɘɞ ɡɚɘəɧ 

ŰɞˊɞɗŮŰɖɗŮɑ ůŰɞ ŮůɤŰŮɟɘəɧ Ůɜɧɠ ɖɚŮəŰɟɘəɞɨ ˊŮŭɑɞɡ, ŰŬ űɞɟŰɑŬ ůŰɞ ŮůɤŰŮɟɘəɧ Űɞɡ 

ŭɘŮɡɗŮŰɞɨɜŰŬɘ ɛŮ ŰɏŰɞɘɞ Űɟɧˊɞ ɩůŰŮ ɞɘ ŬɜŰɑɗŮŰŮɠ ˊɚŮɡɟɏɠ Űɞɡ ɜŬ ŮɛűŬɜɑɕɞɡɜ ɑůŬ ɗŮŰɘəɎ əŬɘ 

ŬɟɜɖŰɘəɎ ŮˊɘűŬɜŮɘŬəɎ űɞɟŰɑŬ. ɇɞ ɧɚɞ ŭɘɖɚŮəŰɟɘəɧ ˊŬɟŬɛɏɜŮɘ ɞɡŭɏŰŮɟɞ əŬɘ ŭŮɜ ˊŬɟŬŰɖɟŮɑŰŬɘ 

ɛŬəɟɞůəɞˊɘəɐ ɛŮŰŬəɑɜɖůɖ űɞɟŰɑɞɡ. ɇɞ űŬɘɜɧɛŮɜɞ ŬɡŰɧ, ˊɞɡ ɛɧɚɘɠ ˊŮɟɘɔɟɎűɖəŮ, ŮɑɜŬɘ ɔɜɤůŰɧ 

ɤɠ ́ɧɚɤůɖ əŬɘ ŬɑɟŮŰŬɘ ɛŮ Űɖɜ ŬűŬɑɟŮůɖ Űɞɡ ɖɚŮəŰɟɘəɞɨ ˊŮŭɑɞɡ. ȾɎɗŮ ɛɞɜɤŰɐɠ ŮɑɜŬɘ 

ŭɘɖɚŮəŰɟɘəɧ. 

ɇŬ ŭɘɖɚŮəŰɟɘəɎ əŬŰŬŰɎůůɞɜŰŬɘ ůŮ ŭɨɞ ɓŬůɘəɏɠ əŬŰɖɔɞɟɑŮɠ: 

Å ɄɞɚɘəɎ 

ɇŬ ɛɧɟɘŬ ůŮ ɏɜŬ ŰɏŰɞɘɞ ŭɘɖɚŮəŰɟɘəɧ ɏɢɞɡɜ ɛɧɜɘɛɖ ɖɚŮəŰɟɘəɐ ŭɘˊɞɚɘəɐ ɟɞˊɐ, əŬɗɩɠ ŰŬ 

"əɏɜŰɟŬ ɓɎɟɞɡɠ" Űɖɠ əŬŰŬɜɞɛɐɠ Űɤɜ ɗŮŰɘəɩɜ əŬɘ ŬɟɜɖŰɘəɩɜ űɞɟŰɑɤɜ ŭŮɜ 

ůɡɛˊɑˊŰɞɡɜ. 

Å ɀɖ ɄɞɚɘəɎ 

ɇŬ ɛɧɟɘŬ Űɞɡɠ ŭŮɜ ɏɢɞɡɜ ɛɧɜɘɛɖ ŭɘˊɞɚɘəɐ ɟɞˊɐ, əŬɗɩɠ ŰŬ "əɏɜŰɟŬ ɓɎɟɞɡɠ" Űɖɠ əŬŰŬɜɞɛɐɠ 

Űɤɜ ɗŮŰɘəɩɜ əŬɘ ŬɟɜɖŰɘəɩɜ űɞɟŰɑɤɜ ůɡɛˊɑˊŰɞɡɜ. ɀɧɟɘŬ ůɡɛɛŮŰɟɘəɎ ŭɘŮɡɗŮŰɖɛɏɜŬ ůŰɞ 

ɢɩɟɞ, ˊŬɟɞɡůɘɎɕɞɜŰŬɠ ɔŮɤɛŮŰɟɘəɧ əɏɜŰɟɞ ůɡɛɛŮŰɟɑŬɠ, ŮɑɜŬɘ ɛɖ ˊɞɚɘəɎ (ɧˊɤɠ Űɞ CH4). 

2.2) Ɂɧɛɞɠ Űɞɡ Gauss əŬɘ ȼɚŮəŰɟɘəɎ ɀŮɔɏɗɖ 

ɆŰɖɜ ˊŬɟɎɔɟŬűɞ ŬɡŰɐ ɔɑɜŮŰŬɘ ɛɑŬ ŬɜŬűɞɟɎ ůŮ ɞɟɘůɛɏɜŬ ɓŬůɘəɎ ɖɚŮəŰɟɘəɎ ɛŮɔɏɗɖ, ˊɞɡ ŮɑɜŬɘ 

ɢɟɐůɘɛŬ ɔɘŬ Űɞ ŬɜŰɘəŮɑɛŮɜɞ Űɖɠ ˊŬɟɞɨůŬɠ ŮɟɔŬůɑŬɠ, əŬɗɩɠ Ůˊɑůɖɠ, əŬɘ ůŰɖ ůɡɛˊŮɟɘűɞɟɎ 

ŭɘɖɚŮəŰɟɘəɞɨ ɡɚɘəɞɨ ůŮ ɞɛɞɔŮɜɏɠ ɖɚŮəŰɟɘəɧ ˊŮŭɑɞ. 
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ȺɑɜŬɘ ɔɜɤůŰɧ ɧŰɘ ŬɜɎɛŮůŬ ůŰɞɡɠ ɞˊɚɘůɛɞɨɠ/ˊɚɎəŮɠ Ůɜɧɠ ˊɡəɜɤŰɐ, ˊɞɡ űɏɟŮɘ ůŰŬɗŮɟɧ űɞɟŰɑɞ 

əŬɘ ŭŮɜ ŮɑɜŬɘ ůɡɜŭŮŭŮɛɏɜɞɠ ɛŮ əɎˊɞɘŬ ˊɖɔɐ, ɡˊɎɟɢŮɘ ɞɛɞɔŮɜɏɠ ɖɚŮəŰɟɘəɧ ˊŮŭɑɞ ŮɜŰɎůŮɤɠ 

Ⱥ0. ȳŰŬɜ ŰɞˊɞɗŮŰɖɗŮɑ ˊɚɎəŬ ŭɘɖɚŮəŰɟɘəɞɨ ŬɜɎɛŮůŬ ůŰɞɡɠ ɞˊɚɘůɛɞɨɠ, ŰɧŰŮ ɏɢɞɡɛŮ 

ˊɟɞůŬɜŬŰɞɚɘůɛɧ Űɤɜ ɛɧɜɘɛɤɜ əŬɘ ŮˊŬɔɧɛŮɜɤɜ ŭɑˊɞɚɤɜ (ŭɘŬɢɤɟɘůɛɞɑ ůŰŬ əɏɜŰɟŬ ɗŮŰɘəɞɨ əŬɘ 

ŬɟɜɖŰɘəɞɨ űɞɟŰɑɞɡ), Ůɜɩ ɖ ˊɚɎəŬ ŮɑɜŬɘ ůɡɜɞɚɘəɎ ɞɡŭɏŰŮɟɖ. ɇɞ ŬˊɞŰɏɚŮůɛŬ ŮɑɜŬɘ ɖ ŮˊɘűŬɜŮɘŬəɐ 

ůɡůůɩɟŮɡůɖ ɗŮŰɘəɞɨ űɞɟŰɑɞɡ ˊɟɞɠ Űɖɜ ˊɚŮɡɟɎ Űɞɡ ŬɟɜɖŰɘəɞɨ ɞˊɚɘůɛɞɨ əŬɘ ŬɟɜɖŰɘəɞɨ ˊɟɞɠ Űɖɜ 

ˊɚŮɡɟɎ Űɞɡ ɗŮŰɘəɞɨ ɞˊɚɘůɛɞɨ. Ⱥűɧůɞɜ Űɞ ŭɘɖɚŮəŰɟɘəɧ ɡɚɘəɧ ˊŬɟŬɛɏɜŮɘ ůɡɜɞɚɘəɎ ɞɡŭɏŰŮɟɞ, Űɞ 

ŮˊŬɔɧɛŮɜɞ ŮˊɘűŬɜŮɘŬəɧ ɗŮŰɘəɧ űɞɟŰɑɞ ŮɑɜŬɘ ɑůɞ ɛŮ Űɞ ŬɜŰɑůŰɞɘɢɞ ŬɟɜɖŰɘəɧ, ɛŮ ŰŬ ɖɚŮəŰɟɧɜɘŬ 

Űɞɡ ŭɘɖɚŮəŰɟɘəɞɨ ɜŬ ɛŮŰŬəɘɜɞɨɜŰŬɘ Ŭˊɧ Űɘɠ ɗɏůŮɘɠ ɘůɞɟɟɞˊɑŬɠ ůŮ ŬˊɞůŰɎůŮɘɠ ˊɞɚɨ 

ɛɘəɟɧŰŮɟŮɠ Ŭˊɧ Űɘɠ ŬŰɞɛɘəɏɠ ŭɘŬɛɏŰɟɞɡɠ. ȹŮɜ ɛŮŰŬəɘɜŮɑŰŬɘ űɞɟŰɑɞ ɛŬəɟɞůəɞˊɘəɎ, Ůɜɩ Űɞ 

ŭɘɖɚŮəŰɟɘəɧ ŭŮɜ ɡűɑůŰŬŰŬɘ ŭɡɜɎɛŮɘɠ ůɡɜɞɚɘəɎ (ůɢɐɛŬ 2.1). ɇŬ ŮˊɘűŬɜŮɘŬəɎ űɞɟŰɑŬ ŮˊɎɔɞɜŰŬɘ ɏŰůɘ 

ɩůŰŮ Űɞ ́ɟɞəŬɚɞɨɛŮɜɞ Ŭˊɧ ŬɡŰɎ ɖɚŮəŰɟɘəɧ ˊŮŭɑɞ E1 ɜŬ ŮɑɜŬɘ ŬɜŰɑɗŮŰɞ Űɞɡ ŮɝɤŰŮɟɘəɞɨ Ⱥ0. ɇɞ 

ůɡɜɞɚɘəɧ ˊŮŭɑɞ Ⱥ (Nt/Cb) ŮɜŰɧɠ Űɞɡ ŭɘɖɚŮəŰɟɘəɞɨ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɞ ŭɘŬɜɡůɛŬŰɘəɧ ɎɗɟɞɘůɛŬ 

Űɤɜ ŭɨɞ ˊɟɩŰɤɜ ɏɢŮɘ Űɖ űɞɟɎ Űɞɡ ŮůɤŰŮɟɘəɞɨ ˊŮŭɑɞɡ əŬɘ ŮɑɜŬɘ ɛɘəɟɧŰŮɟɞ Űɞɡ ŰŮɚŮɡŰŬɑɞɡ. ȷɡŰɧ 

ůɖɛŬɑɜŮɘ, ɛŮ ŬˊɚɎ ɚɧɔɘŬ, ɧŰɘ Űɞ ŮˊŬɔɧɛŮɜɞ ˊŮŭɑɞ ŮɝŬůɗŮɜŮɑ Űɞ Ŭɟɢɘəɧ. 

 

ɆɢɐɛŬ 2.1: (Ŭ) ɄɚɎəŬ ŭɘɖɚŮəŰɟɘəɞɨ ɢɤɟɑɠ Űɖɜ ŮˊɑŭɟŬůɖ ɖɚŮəŰɟɘəɞɨ ˊŮŭɑɞɡ, ŰŬ űɞɟŰɑŬ ˊŬɟŬɛɏɜɞɡɜ 

ɎŰŬəŰŬ ŭɘŮɡɗŮŰɖɛɏɜŬ, (ɓ) Űɞ ŮɝɤŰŮɟɘəɧ ˊŮŭɑɞ Ⱥ0 ŭɘŬɢɤɟɑɕŮɘ ŮɚŬűɟɎ ŰŬ űɞɟŰɑŬ əŬɘ ˊɟɞəŬɚŮɑ Űɖɜ ŮɛűɎɜɘůɖ 

ŮˊɘűŬɜŮɘŬəɩɜ űɞɟŰɑɤɜ, (ɔ) ŰŬ ŮˊɘűŬɜŮɘŬəɎ űɞɟŰɑŬ ŭɖɛɘɞɡɟɔɞɨɜ ˊŮŭɑɞ Ⱥɘ, ŬɜŰɑɗŮŰɞ ˊɟɞɠ Űɞ ŮɝɤŰŮɟɘəɧ ˊɞɡ 

ˊɟɞəɎɚŮůŮ Űɖɜ ŮɛűɎɜɘůɖ Űɞɡɠ. Ⱥ Űɞ ůɡɜɞɚɘəɧ ˊŮŭɑɞ ɛɏůŬ ůŰɞ ŭɘɖɚŮəŰɟɘəɧ [ũɉ ɊŬɟɟɎɠ, 2004]. 

 

ɆŰɞ ůɢɐɛŬ 2.2 ˊŬɟɞɡůɘɎɕŮŰŬɘ ˊɡəɜɤŰɐɠ ɛŮ ŮˊɑˊŮŭɞɡɠ əŬɘ ˊŬɟɎɚɚɖɚɞɡɠ ɞˊɚɘůɛɞɨɠ ɛŮ əŬɘ 

ɢɤɟɑɠ ŭɘɖɚŮəŰɟɘəɧ, ŬɜŰɑůŰɞɘɢŬ. ȾŬɘ ůŰɘɠ ŭɨɞ ˊŮɟɘˊŰɩůŮɘɠ Űɞ ŮɚŮɨɗŮɟɞ űɞɟŰɑɞ q ůŰɞɡɠ ɞˊɚɘůɛɞɨɠ 

ŮɑɜŬɘ Űɞ ɑŭɘɞ. 
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ȷˊɞɡůɑŬ ŭɘɖɚŮəŰɟɘəɞɨ ɞ ɜɧɛɞɠ Űɞɡ Gauss ŭɑɜŮɘ:  

        

        (2.1) 

 

ɧˊɞɡ Ů0 ɖ ŭɘɖɚŮəŰɟɘəɐ ůŰŬɗŮɟɎ Űɞɡ əŮɜɞɨ (8.854x10
-12

Cb/Ntm) əŬɘ S Űɞ ŮɛɓŬŭɧɜ ŮˊɘűɎɜŮɘŬɠ 

əɎɗŮ ɞˊɚɘůɛɞɨ. ɄŬɟɞɡůɑŬ ŭɘɖɚŮəŰɟɘəɞɨ ŭɘɖɚŮəŰɟɘəɐɠ ůŰŬɗŮɟɎɠ Ů ɗŬ ŮɑɜŬɘ ŬɜŰɑůŰɞɘɢŬ: 

                                                  (2.2) 

ɧˊɞɡ ïq1 Űɞ ŮˊŬɔɧɛŮɜɞ ŮˊɘűŬɜŮɘŬəɧ űɞɟŰɑɞ, ˊɞɡ ɏɢŮɘ ŬɜŰɑɗŮŰɞ ˊɟɧůɖɛɞ Ŭˊɧ Űɞ q əŬɘ ɓɟɑůəŮŰŬɘ 

ɛŬɕɑ Űɞɡ ɛɏůŬ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Gauss (ůɡɜɞɚɘəɧ űɞɟŰɑɞ = q ï q1). 

ȼ ŭɘɖɚŮəŰɟɘəɐ ůŰŬɗŮɟɎ Ů (ůŰŬŰɘəɐ Űɘɛɐ ɖɚŮəŰɟɘəɐɠ ŭɘŬˊŮɟŬŰɧŰɖŰŬɠ) ŭɑɜŮŰŬɘ Ŭˊɧ Űɞ ɚɧɔɞ: 

                 

(2.3) 

ɧˊɞɡ E ɖ ůɡɜɞɚɘəɐ ɏɜŰŬůɖ ɖɚŮəŰɟɘəɞɨ ˊŮŭɑɞɡ Űɞɡ ˊɡəɜɤŰɐ ɛŮ ŭɘɖɚŮəŰɟɘəɧ, Ⱥ0 ɖ ɏɜŰŬůɖ 

ɖɚŮəŰɟɘəɞɨ ˊŮŭɑɞɡ Űɞɡ ˊɡəɜɤŰɐ ɢɤɟɑɠ ŭɘɖɚŮəŰɟɘəɧ, V əŬɘ V0 ɞɘ ŰɎůŮɘɠ əŬɘ C əŬɘ C0 ɞɘ 

ɢɤɟɖŰɘəɧŰɖŰŮɠ Űɞɡ ˊɡəɜɤŰɐ, ɛŮ əŬɘ ɢɤɟɑɠ ŭɘɖɚŮəŰɟɘəɧ, ŬɜŰɑůŰɞɘɢŬ. 

ɇŮɚɘəɎ, ˊɟɞəɨˊŰŮɘ ɖ Ŭəɧɚɞɡɗɖ ɔŮɜɘəɐ ůɢɏůɖ ˊɞɡ ɘůɢɨŮɘ ɔɘŬ əɎɗŮ Ůɑŭɞɠ ˊɡəɜɤŰɐ:  

              (2.4) 

ɆɢɐɛŬ 2.2: ɄɡəɜɤŰɐɠ ɛŮ ŮˊɑˊŮŭɞɡɠ əŬɘ ˊŬɟɎɚɚɖɚɞɡɠ ɞˊɚɘůɛɞɨɠ (Ŭ) ŬˊɞɡůɑŬ, (ɓ) ˊŬɟɞɡůɑŬ 

ŭɘɖɚŮəŰɟɘəɞɨ [ũɉ ɊŬɟɟɎɠ, 2004]. 

[ũɉ ɊŬɟɟɎɠ, 2004]. 
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ɇŬ űɞɟŰɑŬ ˊɞɡ ˊŮɟɘɏɢɞɜŰŬɘ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Gauss ŮɑɜŬɘ ɛɧɜɞ ŰŬ ŮɚŮɨɗŮɟŬ űɞɟŰɑŬ (ŰŬ ŮˊŬɔɧɛŮɜŬ 

ɚŬɛɓɎɜɞɜŰŬɘ ɡˊɧɣɖ ɛŮ Űɖɜ ŮɘůŬɔɤɔɐ Űɞɡ Ů ůŰɞ əɚŮɘůŰɧ ɞɚɞəɚɐɟɤɛŬ) [ũɉ ɊŬɟɟɎɠ, 2004]. 

ɆŰɖ ůɡɜɏɢŮɘŬ, ˊŬɟŬŰɑɗŮɜŰŬɘ ɞɟɘůɛɏɜŬ ɓŬůɘəɎ ɖɚŮəŰɟɘəɎ ɛŮɔɏɗɖ: 

¶ ȼɚŮəŰɟɘəɐ ȹɘˊɞɚɘəɐ Ʌɞˊɐ 

ȼ ɖɚŮəŰɟɘəɐ ŭɘˊɞɚɘəɐ ɟɞˊɐ ɛ ɛɑŬɠ əŬŰŬɜɞɛɐɠ űɞɟŰɑɤɜ ɞɟɑɕŮŰŬɘ ɤɠ Űɞ ŭɘɎɜɡůɛŬ Ŭˊɧ Űɞ əɏɜŰɟɞ 

Űɞɡ ŬɟɜɖŰɘəɞɨ ɤɠ Űɞ əɏɜŰɟɞ Űɞɡ ɗŮŰɘəɞɨ űɞɟŰɑɞɡ (ůɢɐɛŬ 2.3): 

                                                                ɛ = qĀr                                                            (2.5) 

ɧˊɞɡ r  Űɞ ŭɘɎɜɡůɛŬ Űɖɠ ŬˊɧůŰŬůɖɠ ɛŮŰŬɝɨ Űɤɜ ŭɨɞ əɏɜŰɟɤɜ Űɤɜ űɞɟŰɑɤɜ (ɗŮŰɘəɧ əŬɘ 

ŬɟɜɖŰɘəɧ). 

 

ɆɢɐɛŬ 2.3: Ʉɧɚɤůɖ ŬŰɧɛɞɡ ɡˊɧ Űɖɜ ŮˊɑŭɟŬůɖ ŮɝɤŰŮɟɘəɞɨ ˊŮŭɑɞɡ [ũɉ ɊŬɟɟɎɠ, 2004].  

 ȼ ɞɚɘəɐ ŭɘˊɞɚɘəɐ ɟɞˊɐ ɀ Ůɜɧɠ ŭɘɖɚŮəŰɟɘəɞɨ ŮɑɜŬɘ: 

                   (2.6)

  

¶ Ʉɧɚɤůɖ 

ɋɠ űŬɘɜɧɛŮɜɞ ˊŮɟɘɔɟɎűɖəŮ ůŮ ˊɟɞɖɔɞɨɛŮɜɖ ˊŬɟɎɔɟŬűɞ. ɋɠ ɛɏɔŮɗɞɠ, ɖ ˊɧɚɤůɖ ŮəűɟɎɕŮɘ Űɖ 

ŭɘˊɞɚɘəɐ ɟɞˊɐ ŬɜɎ ɛɞɜɎŭŬ ɧɔəɞɡ: 

              (2.7) 

ɧˊɞɡ V ɞ ɧɔəɞɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ. 

ȼ ˊɧɚɤůɖ Ʌ ůɢŮŰɑɕŮŰŬɘ ɛŮ ŰŬ ŮˊŬɔɧɛŮɜŬ űɞɟŰɑŬ əŬɘ ɛŮŰɟɎŰŬɘ ůŮ Cb/m
2
 (SI). ȼ ˊɧɚɤůɖ ŭɑɜŮŰŬɘ əŬɘ 

Ŭˊɧ Űɖ ůɢɏůɖ: 
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                                              (2.8) 

¶ ȼɚŮəŰɟɘəɐ ɀŮŰŬŰɧˊɘůɖ  

ɇɞ ɛɏɔŮɗɞɠ ˊɞɡ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɞ ůɡɜŭɡŬůɛɧ Űɖɠ ɏɜŰŬůɖɠ Űɞɡ ɖɚŮəŰɟɘəɞɨ ˊŮŭɑɞɡ Ⱥ əŬɘ Űɖɠ 

ˊɧɚɤůɖɠ Ʌ ŭŮɜ ŮɑɜŬɘ Ɏɚɚɞ Ŭˊɧ Űɖɜ ɖɚŮəŰɟɘəɐ ɛŮŰŬŰɧˊɘůɖ D:      

                 (2.9) 

 

0D e e= Eȼ ɖɚŮəŰɟɘəɐ ɛŮŰŬŰɧˊɘůɖ D (ůŮ Nt/Cb ůŰɞ S.I.) ůɢŮŰɑɕŮŰŬɘ ɛɧɜɞ ɛŮ ŰŬ ŮɚŮɨɗŮɟŬ 

űɞɟŰɑŬ ůŰɞɡɠ ɞˊɚɘůɛɞɨɠ Űɞɡ ˊɡəɜɤŰɐ. ȼ ɖɚŮəŰɟɘəɐ ɛŮŰŬŰɧˊɘůɖ ŭɑɜŮŰŬɘ əŬɘ Ŭˊɧ Űɖ ůɢɏůɖ : 

                                                 

                                              0D e e= E                                  (2.10) 

ɇɏɚɞɠ, ɖ ɏɜŰŬůɖ Űɞɡ ɖɚŮəŰɟɘəɞɨ ˊŮŭɑɞɡ Ⱥ (ůŮ Nt/Cb ůŰɞ SI) ůɢŮŰɑɕŮŰŬɘ ɛŮ ɧɚŬ ŰŬ 

ɡˊɎɟɢɞɜŰŬ űɞɟŰɑŬ, ŮˊŬɔɧɛŮɜŬ əŬɘ ŮɚŮɨɗŮɟŬ [ũɉ ɊŬɟɟɎɠ, 2004]. 

¶ ɆŰŬŰɘəɐ ɇɘɛɐ Űɖɠ ȼɚŮəŰɟɘəɐɠ ȹɘŬˊŮɟŬŰɧŰɖŰŬɠ 

ȼ ŭɘɖɚŮəŰɟɘəɐ ůŰŬɗŮɟɎ, ɐ ɞɟɗɧŰŮɟŬ ɖ ůŰŬŰɘəɐ Űɘɛɐ Űɖɠ ɖɚŮəŰɟɘəɐɠ ŭɘŬˊŮɟŬŰɧŰɖŰŬɠ, Ů ŭɑɜŮŰŬɘ 

Ŭˊɧ Űɖɜ Ŭəɧɚɞɡɗɖ ůɢɏůɖ: 

                                (2.11) 

 

ɧˊɞɡ ɢ ɖ ɖɚŮəŰɟɘəɐ ŮˊɘŭŮəŰɘəɧŰɖŰŬ, ɖ ɞˊɞɑŬ ŮəűɟɎɕŮɘ Űɞ ˊɞůɧ Űɖɠ ˊɧɚɤůɖɠ ˊɞɡ ˊŬɟɎɔŮɘ ɏɜŬ 

ɞɟɘůɛɏɜɞ ˊŮŭɑɞ. 
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2.3) Ʉɧɚɤůɖ əŬɘ ɄɞɚɤůɘɛɧŰɖŰŬ 

ȰůŰɤ ɧŰɘ ɏɜŬ ŭɘɖɚŮəŰɟɘəɧ ˊŮɟɘɏɢŮɘ n ŭɑˊɞɚŬ ŬɜɎ ɛɞɜɎŭŬ ɧɔəɞɡ əŬɘ Űɞ əŬɗɏɜŬ ɏɢŮɘ ɖɚŮəŰɟɘəɐ 

ŭɘˊɞɚɘəɐ ɟɞˊɐ ɛ, ŰɧŰŮ ɖ ˊɧɚɤůɖ Űɞɡ ŭɘɖɚŮəŰɟɘəɞɨ ŬɡŰɞɨ ɘůɞɨŰŬɘ ɛŮ Űɞ ŭɘŬɜɡůɛŬŰɘəɧ ɛɏůɞ 

ɎɗɟɞɘůɛŬ Űɤɜ ŭɘˊɞɚɘəɩɜ ɟɞˊɩɜ:        

            

                   (2.12) 

 

ɀŮŰɎ Űɖɜ ŮűŬɟɛɞɔɐ ɖɚŮəŰɟɘəɞɨ ˊŮŭɑɞɡ, ɛŬɕɑ ɛŮ ŰŬ ɛɧɜɘɛŬ ŭɑˊɞɚŬ ŮɛűŬɜɑɕɞɜŰŬɘ əŬɘ 

ŮˊŬɔɧɛŮɜŬ:           

                                                                                                                                                   (2.13) 

 ɃˊɧŰŮ ɖ ůɡɜɞɚɘəɐ ˊɧɚɤůɖ ˊŬɑɟɜŮɘ Űɖɜ ɛɞɟűɐ: 

                 (2.14) 

 

ɆɖɛŬɜŰɘəɐ ɛɘəɟɞůəɞˊɘəɐ ɖɚŮəŰɟɘəɐ ˊŬɟɎɛŮŰɟɞɠ ŮɑɜŬɘ ɞ ůɡɜŰŮɚŮůŰɐɠ ˊɧɚɤůɖɠ ɐ ˊɞɚɤůɘɛɧŰɖŰŬ Ŭ, 

ˊɞɡ ŮəűɟɎɕŮɘ Űɖɜ ɘəŬɜɧŰɖŰŬ ˊɧɚɤůɖɠ Űɤɜ ŬŰɧɛɤɜ ɐ ɛɞɟɑɤɜ Űɞɡ ŭɘɖɚŮəŰɟɘəɞɨ (ůŮ m
-3
 ůŰɞ SI). 

ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ɔɟŬɛɛɘəɩɜ ŭɘɖɚŮəŰɟɘəɩɜ ɞɟɑɕŮŰŬɘ ɤɠ: 

            (2.15) 

ɧˊɞɡ m ɖ ůɡɜɞɚɘəɐ ŭɘˊɞɚɘəɐ ɟɞˊɐ Ůɜɧɠ ŬŰɧɛɞɡ ɐ ɛɞɟɑɞɡ (m = ɛ + mŮˊŬɔ)Ā 

ɀŮ ɓɎůɖ Űɖɜ ˊɟɞɏɚŮɡůɖ Űɖɠ, ɖ ˊɞɚɤůɘɛɧŰɖŰŬ ŭɘŬɢɤɟɑɕŮŰŬɘ ůŮ ŭɨɞ ɓŬůɘəɏɠ əŬŰɖɔɞɟɑŮɠ: 

ü ɄɞɚɤůɘɛɧŰɖŰŬ ɄŬɟŬɛɧɟűɤůɖɠ 

ȼ ɞˊɞɑŬ ɛŮ Űɖ ůŮɘɟɎ Űɖɠ ŭɘŬəɟɑɜŮŰŬɘ ůŮ ŭɨɞ ɡˊɞəŬŰɖɔɞɟɑŮɠ: 

ɃˊɧŰŮ ɖ ůɡɜɞɚɘəɐ ˊɧɚɤůɖ ˊŬɑɟɜŮɘ Űɖ ɛɞɟűɐ: 
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¶ ȼɚŮəŰɟɞɜɘəɐ (Ŭe) 

ȰɜŬ ŮűŬɟɛɞɕɧɛŮɜɞ ˊŮŭɑɞ ˊŬɟŬɛɞɟűɩɜŮɘ Űɖ ůűŬɘɟɘəɐ ůɡɛɛŮŰɟɑŬ Űɖɠ ŭɞɛɐɠ Űɞɡ ŬŰɧɛɞɡ, 

ˊɟɞəŬɚɩɜŰŬɠ ɛɘəɟɐ ɛŮŰŬŰɧˊɘůɖ Űɞɡ əɏɜŰɟɞɡ Űɖɠ əŬŰŬɜɞɛɐɠ Űɞɡ ŬɟɜɖŰɘəɞɨ űɞɟŰɑɞɡ 

Űɤɜ ɖɚŮəŰɟɞɜɑɤɜ ůŮ ůɢɏůɖ ɛŮ Űɞ əɏɜŰɟɞ Űɖɠ əŬŰŬɜɞɛɐɠ Űɞɡ ɗŮŰɘəɞɨ űɞɟŰɑɞɡ Űɞɡ ˊɡɟɐɜŬ. 

ɇŬ ɎŰɞɛŬ, ɏŰůɘ, ŬˊɞəŰɞɨɜ ɖɚŮəŰɟɘəɐ ŭɘˊɞɚɘəɐ ɟɞˊɐ. 

¶ ȷŰɞɛɘəɐ ɐ ȽɞɜŰɘəɐ (aa) 

ȼ ŮˊɑŭɟŬůɖ ŮɝɤŰŮɟɘəɞɨ ˊŮŭɑɞɡ ůŮ ɏɜŬ ůɨɜɞɚɞ Űɤɜ ɛɞɟɑɤɜ ˊɟɞəŬɚŮɑ ɛŮŰŬŰɧˊɘůɖ Űɤɜ 

ŬŰɧɛɤɜ ɐ Űɤɜ ɘɧɜŰɤɜ Ŭˊɧ Űɘɠ ɗɏůŮɘɠ ɘůɞɟɟɞˊɑŬɠ Űɞɡɠ, ɏŰůɘ ɩůŰŮ ɜŬ ŮɛűŬɜɘůŰŮɑ 

ɖɚŮəŰɟɘəɐ ŭɘˊɞɚɘəɐ ɟɞˊɐ. 

ü ɄɞɚɤůɘɛɧŰɖŰŬ ɄɟɞůŬɜŬŰɞɚɘůɛɞɨ (Ŭ́ɟ) 

ɄŬɟŬŰɖɟŮɑŰŬɘ ůŮ ́ɞɚɘəɎ ŭɘɖɚŮəŰɟɘəɎ ɛŮ ɛɧɟɘŬ ɐ ɞɛɎŭŮɠ ɛɧɜɘɛɖɠ ɖɚŮəŰɟɘəɐɠ ŭɘˊɞɚɘəɐɠ 

ɟɞˊɐɠ. ɄŬɟɞɡůɑŬ ŮɝɤŰŮɟɘəɞɨ ˊŮŭɑɞɡ ŰŬ ŭɑˊɞɚŬ ŰŮɑɜɞɡɜ ɜŬ ŮɡɗɡɔɟŬɛɛɘůŰɞɨɜ ˊɟɞɠ Űɞ 

ˊŮŭɑɞ ɛŮŰŬɓɎɚɚɞɜŰŬɠ Űɞɜ ŰɡɢŬɑɞ ˊɟɞůŬɜŬŰɞɚɘůɛɧ Űɞɡɠ [ũɉ ɊŬɟɟɎɠ, 2004]. 

ūɡůɘəɎ, ůŮ ɏɜŬ ŭɘɖɚŮəŰɟɘəɧ ɡɚɘəɧ ɛˊɞɟɞɨɜ ɜŬ ŮɛűŬɜɘůŰɞɨɜ əŬɘ ŰŬ ŰɟɑŬ Ůɑŭɖ 

ɞ́ɚɤůɘɛɧŰɖŰŬɠ (ůɢɐɛŬ 3.4). ȼ ˊɟɞəɨˊŰɞɡůŬ ůɡɜɞɚɘəɐ ˊɞɚɤůɘɛɧŰɖŰŬ ŭɑɜŮŰŬɘ Ŭˊɧ Űɞ ɎɗɟɞɘůɛŬ 

Űɤɜ Ůˊɘɛɏɟɞɡɠ ůɡɜɘůŰɤůɩɜ: 

                                                              Ŭ=Ŭe + ŬŬ + Ŭˊɟ                                                    (2.16) 

 

 

 

 

 

 

ɆɢɐɛŬ 2.4: ɄɞɚɤůɘɛɧŰɖŰŬ ůɡɜŬɟŰɐůŮɘ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ [ũ.ɉ.ɊŬɟɟɎɠ, 2004] 
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2.4) ȷˊɧəɟɘůɖ ȹɘɖɚŮəŰɟɘəɩɜ 

ɈˊɎɟɢɞɡɜ ŭɨɞ ɓŬůɘəɎ Ůɑŭɖ Ŭˊɧəɟɘůɖɠ Ůɜɧɠ ŭɘɖɚŮəŰɟɘəɞɨ ɛŮ ɓɎůɖ Űɞ Ůɑŭɞɠ Űɞɡ 

ŮűŬɟɛɞɕɧɛŮɜɞɡ ˊŮŭɑɞɡ, Ŭˊɧəɟɘůɖ ůŮ ůŰŬŰɘəɧ (DC) əŬɘ Ŭˊɧəɟɘůɖ ůŮ ŮɜŬɚɚŬůůɧɛŮɜɞ (AC) 

ɖɚŮəŰɟɘəɧ ˊŮŭɑɞ. ɆŰɖɜ ˊŬɟɞɨůŬ ŮɟɔŬůɑŬ Űɞ ŮɜŭɘŬűɏɟɞɜ ŮůŰɘɎɕŮŰŬɘ ůŰɞ ŭŮɨŰŮɟɞ Ůɑŭɞɠ 

Ŭˊɧəɟɘůɖɠ, ɢɤɟɑɠ ɜŬ ˊŬɟŬɔəɤɜɑɕŮŰŬɘ ɖ Ŭˊɧəɟɘůɖ ůŰɞ ůŰŬŰɘəɧ, ɚɧɔɤ Űɞɡ ɧŰɘ ˊŮɟɘɚŬɛɓɎɜŮɘ 

ɗŮɛŮɚɘɩŭŮɘɠ Ŭɟɢɏɠ. 

2.4.1. ȷˊɧəɟɘůɖ ůŰɞ ůŰŬŰɘəɧ ɖɚŮəŰɟɘəɧ ˊŮŭɑɞ (DC) 

ȼ ŮűŬɟɛɞɔɐ ɖɚŮəŰɟɘəɞɨ ˊŮŭɑɞɡ ůŮ ɛɧɟɘŬ ɛɧɜɘɛɖɠ ŭɘˊɞɚɘəɐɠ ɟɞˊɐɠ ˊɟɞəŬɚŮɑ ɟɞˊɐ ɕŮɨɔɞɡɠ 

ŭɡɜɎɛŮɤɜ ˊɞɡ ŰŮɑɜŮɘ ɜŬ ŮɡɗɡɔɟŬɛɛɑůŮɘ Űɞɡɠ ɎɝɞɜŮɠ Űɤɜ ŭɑˊɞɚɤɜ ůŰɖ ŭɘŮɨɗɡɜůɖ Űɞɡ ˊŮŭɑɞɡ. ȼ 

ˊɧɚɤůɖ əŬɘ ɖ ŭɘŬˊŮɟŬŰɧŰɖŰŬ ɛˊɞɟɞɨɜ ɜŬ ɡˊɞɚɞɔɘůŰɞɨɜ ůɡɜŬɟŰɐůŮɘ Űɤɜ ŭɘˊɞɚɘəɩɜ ɟɞˊɩɜ. ũɘŬ 

ɜŬ ůɡɛɓŮɑ ɧɛɤɠ əɎŰɘ ŰɏŰɞɘɞ, ɗŬ ˊɟɏˊŮɘ ɜŬ ɘůɢɨɞɡɜ əɎˊɞɘŮɠ ɓŬůɘəɏɠ ˊɟɞɦˊɞɗɏůŮɘɠ: 

1. ɇɞ ŮűŬɟɛɞɕɧɛŮɜɞ ɖɚŮəŰɟɘəɧ ˊŮŭɑɞ ŮɑɜŬɘ ůŰŬɗŮɟɧ ɐ ɛŮŰŬɓɎɚɚŮŰŬɘ Űɧůɞ ŬɟɔɎ 

ɩůŰŮ ɜŬ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɘůɞɟɟɞˊɑŬ ɧɚɤɜ Űɤɜ ɛɞɟűɩɜ ˊɧɚɤůɖɠ. 

2. ȼ ɛɧɜɘɛɖ ŭɘˊɞɚɘəɐ ɟɞˊɐ Űɤɜ ɛɞɟɑɤɜ ɛ ŮɑɜŬɘ ŬɜŮɝɎɟŰɖŰɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ əŬɘ 

Űɖɠ ɏɜŰŬůɖɠ Űɞɡ ŮűŬɟɛɞɕɧɛŮɜɞɡ ˊŮŭɑɞɡ. 

3. ɇŬ ŭɑˊɞɚŬ ɜŬ ɛˊɞɟɞɨɜ ɜŬ ɏɢɞɡɜ ɞˊɞɘŬŭɐˊɞŰŮ ŭɘŮɨɗɡɜůɖ ůɢŮŰɘəɎ ɛŮ Űɞ 

ɖɚŮəŰɟɘəɧ ˊŮŭɑɞ. 

4. ȼ əŬŰŬɜɞɛɐ Űɤɜ ɛɧɜɘɛɤɜ ŭɘˊɞɚɘəɩɜ ɟɞˊɩɜ ɜŬ ŬəɞɚɞɡɗŮɑ Űɖɜ əŬŰŬɜɞɛɐ 

Boltzmann. 

5. ɇɞ ŭɘɖɚŮəŰɟɘəɧ ɜŬ ɗŮɤɟŮɑŰŬɘ ɘůɧŰɟɞˊɞ 

Ƀ Debye ɗŮɩɟɖůŮ ɧŰɘ ɖ ɛɧɜɘɛɖ ŭɘˊɞɚɘəɐ ɟɞˊɐ ůɢɖɛŬŰɑɕŮɘ ŬɡɗŬɑɟŮŰɖ ɔɤɜɑŬ ɗ ɛŮ Űɖ ŭɘŮɨɗɡɜůɖ 

Űɞɡ ˊŮŭɑɞɡ Er, ˊɞɡ ˊɟɞůŬɜŬŰɞɚɑɕŮɘ ŰŬ ŭɑˊɞɚŬ (ůɢɐɛŬ 2.5). ɆŰɖ ůɡɜɏɢŮɘŬ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖ 

ůŰŬŰɘůŰɘəɐ ɗŮɩɟɖůɖ ˊɟɞůŬɜŬŰɞɚɘůɛɞɨ Űɞɡ Langevin, ˊɞɡ ŬűɞɟɞɨůŮ Űɘɠ ɛɧɜɘɛŮɠ ɛŬɔɜɖŰɘəɏɠ 

ɟɞˊɏɠ Űɤɜ ˊŬɟŬɛŬɔɜɖŰɘəɩɜ ɡɚɘəɩɜ, əŬŰɏɚɖɝŮ ůŰɖɜ ˊŬɟŬəɎŰɤ ɏəűɟŬůɖ ɔɘŬ Űɖ ůŰŬŰɘəɐ Űɘɛɐ Űɖɠ 

ɖɚŮəŰɟɘəɐɠ ŭɘŬˊŮɟŬŰɧŰɖŰŬɠ: 

                                                                                                            

(2.17) 
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ɆɢɐɛŬ 2.5: ɀɧɜɘɛɞ ŭɑˊɞɚɞ ŮɜŰɧɠ ɖɚŮəŰɟɘəɞɨ ˊŮŭɑɞɡ [ũɉ ɊŬɟɟɎɠ, 2004]. 

 

Ƀ ˊɟɞůŬɜŬŰɞɚɘůɛɧɠ Űɤɜ ɛɧɜɘɛɤɜ ŭɑˊɞɚɤɜ əŬɘ ɖ ˊɟɞəɨˊŰɞɡůŬ ˊɧɚɤůɖ ŮɑɜŬɘ ŭɘŮɟɔŬůɑŮɠ ɘůɢɡɟɎ 

ŮɝŬɟŰɩɛŮɜŮɠ Ŭˊɧ Űɖ ɗŮɟɛɞəɟŬůɑŬ. ɇŬ űŬɘɜɧɛŮɜŬ ˊŬɟŬɛɧɟűɤůɖɠ, ŬɜŰɑɗŮŰŬ, ˊɞɡ ˊɟɞəŬɚɞɨɜ 

ɖɚŮəŰɟɞɜɘəɐ əŬɘ ŬŰɞɛɘəɐ/ɘɞɜŰɘəɐ ˊɧɚɤůɖ, ŮɑɜŬɘ ŮɜŭɞɛɞɟɘŬəɎ űŬɘɜɧɛŮɜŬ əŬɘ ŭŮɜ ŮˊɖɟŮɎɕɞɜŰŬɘ 

Ŭˊɧ Űɖ ɗŮɟɛɞəɟŬůɑŬ. 

ȼ ůɡɜɞɚɘəɐ - ɛɖ ŮɝŬɟŰɩɛŮɜɖ Ŭˊɧ Űɖ ɗŮɟɛɞəɟŬůɑŬ - ˊɧɚɤůɖ ɞűŮɑɚŮŰŬɘ ůŰŬ űŬɘɜɧɛŮɜŬ 

ˊŬɟŬɛɧɟűɤůɖɠ əŬɘ ŮəűɟɎɕŮŰŬɘ ɤɠ: 

                (2.18)

       

ɧˊɞɡ ɖj ɞ Ŭɟɘɗɛɧɠ Űɤɜ ŬŰɧɛɤɜ ɐ ɛɞɟɑɤɜ ŬɜɎ ɛɞɜɎŭŬ ɧɔəɞɡ, ŬŬ ɖ ɞɚɘəɐ ˊɞɚɤůɘɛɧŰɖŰŬ 

ˊŬɟŬɛɧɟűɤůɖɠ (Ŭe + Ŭa), Ej Űɞ Űɞˊɘəɧ ˊŮŭɑɞ əŬɘ j ɞ ŭŮɑəŰɖɠ ˊɞɡ ůɢŮŰɑɕŮŰŬɘ ɛŮ ŰŬ Ůɑŭɖ Űɤɜ ŬŰɧɛɤɜ ɐ 

ɛɞɟɑɤɜ. 

ȼ ́ɧɚɤůɖ ˊɞɡ ɞűŮɑɚŮŰŬɘ ůŰɞɜ ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɛɧɜɘɛɤɜ ŭɑˊɞɚɤɜ ŮɑɜŬɘ: 

                           (2.19) 

ɧˊɞɡ < ɛj, > ɖ ɛɏůɖ Űɘɛɐ Űɖɠ ŭɘˊɞɚɘəɐɠ ɟɞˊɐɠ Űɞɡ j- ɞůŰɞɨ ɛɧɜɘɛɞɡ ŭɑˊɞɚɞɡ. 

ɄɟɞűŬɜɩɠ ɖ ɞɚɘəɐ ˊɧɚɤůɖ ɗŬ ŮɑɜŬɘ Űɞ Ŭəɧɚɞɡɗɞ ɎɗɟɞɘůɛŬ: 
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Ʌ=ɅŬ+Ʌ́ɟ                                                               (2.20) 

  Ůɜɩ ŮɨəɞɚŬ ˊɟɞəɨˊŰŮɘ ɖ Ůɝɑůɤůɖ Debye ɔɘŬ ůŰŬŰɘəɧ ˊŮŭɑɞ: 

          

                 (2.21)

   

 

ɧˊɞɡ Ⱥ0 Űɞ ŮɝɤŰŮɟɘəɎ ŮűŬɟɛɞɕɧɛŮɜɞ ˊŮŭɑɞ. 

ȰɢŮɘ ˊɟɞəɨɣŮɘ ɧŰɘ ůŰŮɟŮɎ ŭɘɖɚŮəŰɟɘəɎ ŬˊɞŰŮɚɞɨɛŮɜŬ Ŭˊɧ ˊŮɟɘůůɧŰŮɟŬ Űɞɡ Ůɜɧɠ Ůɑŭɖ 

ŬŰɧɛɤɜ, ɧŰŬɜ ŭŮɜ ˊŮɟɘɏɢɞɡɜ ɛɧɜɘɛŬ ŭɑˊɞɚŬ, ˊŬɟɞɡůɘɎɕɞɡɜ ɖɚŮəŰɟɞɜɘəɐ əŬɘ ŬŰɞɛɘəɐ/ɘɞɜŰɘəɐ 

ˊɧɚɤůɖ. ɆŰɞɡɠ ɘɞɜŰɘəɞɨɠ əɟɡůŰɎɚɚɞɡɠ ɡˊŮɟɘůɢɨŮɘ ɖ ŬŰɞɛɘəɐ ˊɧɚɤůɖ (Pa Ó 2Pe). ɆŰŬ ɎɛɞɟűŬ 

ŭɘɖɚŮəŰɟɘəɎ ɡˊŮɟɘůɢɨŮɘ ɖ ɖɚŮəŰɟɞɜɘəɐ (Pe >> Pa). 

 

2.4.2. ȷˊɧəɟɘůɖ ůŰɞ ŮɜŬɚɚŬůůɧɛŮɜɞ ɖɚŮəŰɟɘəɧ ˊŮŭɑɞ (AC) 

ȳŰŬɜ ɏɜŬ ŭɘɖɚŮəŰɟɘəɧ ŰɞˊɞɗŮŰŮɑŰŬɘ ŮɜŰɧɠ ɢɟɞɜɘəɎ ŮɝŬɟŰɩɛŮɜɞɡ ɖɚŮəŰɟɘəɞɨ ˊŮŭɑɞɡ, ɖ 

ˊɟɞəɨˊŰɞɡůŬ ˊɧɚɤůɖ ŭŮ ɔɑɜŮŰŬɘ ɛɏɔɘůŰɖ ŬəŬɟɘŬɑŬ. ɈˊɎɟɢŮɘ ɛɑŬ əŬɗɡůŰɏɟɖůɖ ˊɞɡ ɞűŮɑɚŮŰŬɘ 

ůŰɞ "ɘɝɩŭŮɠ" Űɞɡ ɛɏůɞɡ, ŭɖɚŬŭɐ ůŰɖɜ ŬɜŰɑůŰŬůɖ Űɞɡ ɛɏůɞɡ ůŰɘɠ əɘɜɐůŮɘɠ ŮɜŰɧɠ Űɞɡ əŬɘ Űɖɜ 

ŬŭɟɎɜŮɘŬ Űɤɜ ɖɚŮəŰɟɘəɩɜ ŭɑˊɞɚɤɜ əŬŰɎ Űɞɜ ˊɟɞůŬɜŬŰɞɚɘůɛɧ Űɞɡɠ ˊɟɞɠ Űɖ ŭɘŮɨɗɡɜůɖ Űɞɡ 

ŮűŬɟɛɞɕɧɛŮɜɞɡ ˊŮŭɑɞɡ. 

ɆŮ ůɡɜɗɐəŮɠ ŮɜŬɚɚŬůůɧɛŮɜɞɡ ˊŮŭɑɞɡ ˊŬɟɎɔŮŰŬɘ ˊɧɚɤůɖ ˊɞɡ ŮɜŬɚɚɎůůŮɘ Űɖɜ 

əŬŰŮɨɗɡɜůɖ Űɖɠ əŬɘ Ŭɜ ɖ ůɡɢɜɧŰɖŰŬ Űɞɡ ˊŮŭɑɞɡ ŮɑɜŬɘ ŬɟəŮŰɎ ɡɣɖɚɐ, ɞ ˊɟɞůŬɜŬŰɞɚɘůɛɧɠ Űɤɜ 

ŭɑˊɞɚɤɜ əŬɗɡůŰŮɟŮɑ ɤɠ ˊɟɞɠ Űɖ ŭɘŮɨɗɡɜůɖ Űɞɡ ŮűŬɟɛɞɕɧɛŮɜɞɡ ˊŮŭɑɞɡ. ȰŰůɘ, ŮɛűŬɜɑɕŮŰŬɘ ɛɑŬ 

ɔɤɜɘŬəɐ ŭɘŬűɞɟɎ űɎůɖɠ ŭ ɛŮŰŬɝɨ Űɤɜ ŭɘŬɜɡůɛɎŰɤɜ D əŬɘ Ⱥ. ɆŮ ɛɘɔŬŭɘəɐ ɛɞɟűɐ ŮɑɜŬɘ, 

ŬɜŰɑůŰɞɘɢŬ: 
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                              (2.22)

    

                               (2.23)   

                                                                                                                                          (2.24) 

ɧɞ́ɡ D0 əŬɘ Ⱥ0 ŰŬ ˊɚɎŰɖ Űɤɜ ŬɜŰɑůŰɞɘɢɤɜ ŭɘŬɜɡůɛɎŰɤɜ əŬɘ Ů* ɖ ɛɘɔŬŭɘəɐ ɖɚŮəŰɟɘəɐ 

ŭɘŬˊŮɟŬŰɧŰɖŰŬ           

    Ů* = Ů'- ɑŮ"                                                         (2.25) 

,ɧˊɞɡ: 

                   (2.26) 

 

                    (2.27) 

                   (2.28)

  

ȼ űɡůɘəɐ ůɖɛŬůɑŬ Űɞɡ ŰŮɚŮɡŰŬɑɞɡ ɛˊɞɟŮɑ ɜŬ ŬˊɞŭɞɗŮɑ ɤɠ ɞ ɚɧɔɞɠ Űɖɠ ŭŬˊŬɜɞɨɛŮɜɖɠ ˊɟɞɠ Űɖɜ 

ŬˊɞɗɖəŮɡɛɏɜɖ ŮɜɏɟɔŮɘŬ ŬɜɎ əɨəɚɞ űɧɟŰɘůɖɠ. ȳůɞ ŬɡŰɧɠ ɛŮɘɩɜŮŰŬɘ Űɞ ŭɘɖɚŮəŰɟɘəɧ ɗŮɤɟŮɑŰŬɘ 

ŰɏɚŮɘɞɠ ɛɞɜɤŰɐɠ [ũɉ ɊŬɟɟɎɠ, 2004]. 

ȷɜ ɡˊɞŰŮɗŮɑ ɧŰɘ əŬŰɎ Űɖɜ ŮűŬɟɛɞɔɐ ŮɜŬɚɚŬůůɧɛŮɜɞɡ ɖɚŮəŰɟɘəɞɨ ˊŮŭɑɞɡ ŮɜŰɎůŮɤɠ Ⱥ ůŮ 

ŭɘɖɚŮəŰɟɘəɧ ŭŮɜ ŮɛűŬɜɑɕŮŰŬɘ ŭɘŬűɞɟɎ űɎůŮɤɠ ɛŮŰŬɝɨ Űɤɜ ŭɘŬɜɡůɛɎŰɤɜ Űɖɠ ɖɚŮəŰɟɘəɐɠ 

ɛŮŰŬŰɧˊɘůɖɠ D əŬɘ Űɞɡ ˊŮŭɑɞɡ Ⱥ, ɞ ɚɧɔɞɠ D/Ů0Ⱥ ŰŬɡŰɑɕŮŰŬɘ ɛŮ Űɞ ˊɟŬɔɛŬŰɘəɧ ɛɏɟɞɠ Ů' Űɖɠ 

ɖɚŮəŰɟɘəɐɠ ŭɘŬˊŮɟŬŰɧŰɖŰŬɠ (ɧˊɤɠ ůŰɞ DC). 

ȳŰŬɜ, ɚɞɘˊɧɜ, ɏɜŬ ŭɘɖɚŮəŰɟɘəɧ ɡˊɞɓɎɚɚŮŰŬɘ ůŮ ŮɝɤŰŮɟɘəɧ ŮɜŬɚɚŬůůɧɛŮɜɞ ɖɚŮəŰɟɘəɧ ˊŮŭɑɞ, 

ɖ ɖɚŮəŰɟɘəɐ Űɞɡ Ŭˊɧəɟɘůɖ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ: 

1. ɄɚɎŰɞɠ əŬɘ ůɡɢɜɧŰɖŰŬ ˊŮŭɑɞɡ. 

2. ŪŮɟɛɞəɟŬůɑŬ. 

3. ɀɞɟɘŬəɐ ŭɞɛɐ ŭɘɖɚŮəŰɟɘəɞɨ. 
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 2.5) ŪŮɩɟɖůɖ Debye əŬɘ ɢɟɧɜɞɠ ɢŬɚɎɟɤůɖɠ 

Ƀ Debye ɐŰŬɜ Ŭˊɧ Űɞɡɠ ŮˊɘůŰɐɛɞɜŮɠ ˊɞɡ ŬůɢɞɚɐɗɖəŬɜ ůŮ ɛŮɔɎɚɞ ɓŬɗɛɧ ɛŮ Űɖɜ Ŭˊɧəɟɘůɖ 

ŭɘɖɚŮəŰɟɘəɩɜ ɡɚɘəɩɜ ůŮ ŮɜŬɚɚŬůůɧɛŮɜɞ ˊŮŭɑɞ (AC) əŬɘ ŭɘŬɛɧɟűɤůŮ Űɖ ɓŬůɘəɐ ɗŮɤɟɑŬ Űɖɠ 

ŭɘɖɚŮəŰɟɘəɐɠ ɢŬɚɎɟɤůɖɠ, ŮɝŮŰɎɕɞɜŰŬɠ Űɖɜ ŮɝɎɟŰɖůɖ Űɖɠ ŭɘŬˊŮɟŬŰɧŰɖŰŬɠ, Ŭˊɧ Űɖ ůɡɢɜɧŰɖŰŬ. 

ũŮɜɘəɎ, ɞ ɧɟɞɠ ɢŬɚɎɟɤůɖ ŬɜŬűɏɟŮŰŬɘ ůŰɖɜ əŬɗɡůŰɏɟɖůɖ Ůɜɧɠ űɡůɘəɞɨ ůɡůŰɐɛŬŰɞɠ ɜŬ 

ˊŬɟŬəɞɚɞɡɗɐůŮɘ ɛɑŬ ŮɝɤŰŮɟɘəɎ ŮűŬɟɛɞɕɧɛŮɜɖ ŭɘɏɔŮɟůɖ. ȳŰŬɜ ŮűŬɟɛɧɕŮŰŬɘ ɖɚŮəŰɟɘəɧ ˊŮŭɑɞ 

ůŮ ůɨůŰɖɛŬ ˊɞɡ ˊŮɟɘɏɢŮɘ ɛɧɜɘɛŬ ŭɑˊɞɚŬ, ɞ ˊɟɞůŬɜŬŰɞɚɘůɛɧɠ Űɞɡɠ ŬˊŬɘŰŮɑ ɏɜŬ ɢɟɧɜɞ Ű, 

ɔɜɤůŰɧ əŬɘ ɤɠ ɢɟɧɜɞ ɢŬɚɎɟɤůɖɠ. ȷɜ Űɞ ŮűŬɟɛɞɕɧɛŮɜɞ ˊŮŭɑɞ ɛŮŰŬɓɎɚɚŮŰŬɘ ůŮ ɢɟɧɜɞ ɛɘəɟɧŰŮɟɞ 

Ŭˊɧ Űɞ ɢɟɧɜɞ ɢŬɚɎɟɤůɖɠ, ŰŬ ŭɑˊɞɚŬ ŬŭɡɜŬŰɞɨɜ ɜŬ Ŭəɞɚɞɡɗɐůɞɡɜ Űɖ ɛŮŰŬɓɞɚɐ. ȰŰůɘ, ɚɞɘˊɧɜ, ɞ 

ɢɟɧɜɞɠ ɢŬɚɎɟɤůɖɠ Ű ɛˊɞɟŮɑ ɜŬ ɗŮɤɟɖɗŮɑ əŬɘ ɤɠ ɛɏŰɟɞ ɏɜŰŬůɖɠ Űɖɠ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ ɛŮŰŬɝɨ Űɤɜ 

ŭɑˊɞɚɤɜ əŬɘ Űɞɡ ůɡůŰɐɛŬŰɞɠ. ȳɚŬ ŰŬ ˊŬɟŬˊɎɜɤ ɓŬůɑɕɞɜŰŬɘ ůŮ ŭɨɞ ˊɞɚɨ ɓŬůɘəɏɠ ɡˊɞɗɏůŮɘɠ 

(ɈˊɞɗɏůŮɘɠ Debye): 

1. ȺəɗŮŰɘəɐ ˊɟɞůɏɔɔɘůɖ Űɖɠ əŬŰɎůŰŬůɖɠ ɘůɞɟɟɞˊɑŬɠ. 

2. ȺűŬɟɛɞɔɐ Űɖɠ Ŭɟɢɐɠ Űɖɠ ɡˊɏɟɗŮůɖɠ. 

ɀŮ Űɖɜ ŮűŬɟɛɞɔɐ ɖɚŮəŰɟɘəɞɨ ˊŮŭɑɞɡ Ⱥ ůŮ əɎˊɞɘɞ ŭɘɖɚŮəŰɟɘəɧ, ŬəŬɟɘŬɑŬ ůŮ ɢɟɧɜɞ ȹt, Űɞ 

ŰŮɚŮɡŰŬɑɞ ˊɞɚɩɜŮŰŬɘ ɚɧɔɤ űŬɘɜɞɛɏɜɤɜ ˊŬɟŬɛɧɟűɤůɖɠ (ɖɚŮəŰɟɞɜɘəɐ əŬɘ ŬŰɞɛɘəɐ 

ˊɞɚɤůɘɛɧŰɖŰŬ). ȼ Űɘɛɐ Űɖɠ ŬəŬɟɘŬɑŬɠ ŬɡŰɐɠ ˊɧɚɤůɖɠ ůɢŮŰɑɕŮŰŬɘ ɛŮ Űɖɜ ŬəŬɟɘŬɑŬ Űɘɛɐ Űɞɡ 

ˊɟŬɔɛŬŰɘəɞɨ ɛɏɟɞɡɠ Űɖɠ ɖɚŮəŰɟɘəɐɠ ŭɘŬˊŮɟŬŰɧŰɖŰŬɠ ŮÐ, ɧŰŬɜ ɤŸÐ. 

               (2.29) 

ȼ ˊɧɚɤůɖ ˊɞɡ ɞűŮɑɚŮŰŬɘ ůŮ űŬɘɜɧɛŮɜŬ ˊɟɞůŬɜŬŰɞɚɘůɛɞɨ Űɤɜ ŭɑˊɞɚɤɜ ŮɑɜŬɘ ˊɘɞ Ŭɟɔɐ, ɚɧɔɤ Űɖɠ 

ŬŭɟɎɜŮɘŬɠ, əŬɘ ɓŬɗɛɘŬɑŬ ɗŬ űŰɎůŮɘ ůŮ ɛɑŬ ɛɏɔɘůŰɖ Űɘɛɐ: 

                            (2.30) 

 

ɧˊɞɡ Ůs ɖ ɞɟɘŬəɐ Űɘɛɐ Űɞɡ ˊɟŬɔɛŬŰɘəɞɨ ɛɏɟɞɡɠ Űɖɠ ɖɚŮəŰɟɘəɐɠ ŭɘŬˊŮɟŬŰɧŰɖŰŬɠ, ɔɘŬ ɤŸ0. 

ɇŬ ˊŬɟŬˊɎɜɤ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞ Ŭəɧɚɞɡɗɞ ůɢɐɛŬ: 



 

 

19 

     

     

      

 

 

 

 

ɆɢɐɛŬ 2.6: ȹɘɎɔɟŬɛɛŬ ˊɧɚɤůɖɠ - ɢɟɧɜɞɡ ŭɘɖɚŮəŰɟɘəɞɨ ɡɚɘəɞɨ [ũɉ ɊŬɟɟɎɠ, 2004]. 

Ps  ŮɑɜŬɘ ɖ Űɘɛɐ əɞɟŮůɛɞɨ Űɖɠ ˊɧɚɤůɖɠ ˊɞɡ ˊɟɞəŬɚŮɑŰŬɘ Ŭˊɧ ɛɧɜɘɛŬ ŭɑˊɞɚŬ ɐ Ŭˊɧ ɞˊɞɘŬŭɐˊɞŰŮ 

Ɏɚɚɖ ɛŮŰŬŰɧˊɘůɖ űɞɟɏɤɜ ŮɚŮɨɗŮɟɤɜ űɞɟŰɑɤɜ. ȼ ˊɧɚɤůɖ ɔŮɜɘəɧŰŮɟŬ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖ 

ɗŮɟɛɞəɟŬůɑŬ, Űɖ ɢɖɛɘəɐ əŬɘ Űɖ űɡůɘəɐ ŭɞɛɐ Űɞɡ ŭɘɖɚŮəŰɟɘəɞɨ. ȼ ˊɧɚɤůɖ əɞɟŮůɛɞɨ 

ŮˊɘŰɡɔɢɎɜŮŰŬɘ ůŮ ɢɟɧɜɞ ˊɞɡ ˊɞɘəɑɚŮɘ Ŭˊɧ ɛŮɟɘəɎ ɚŮˊŰɎ ɤɠ ɛŮɟɘəɏɠ ɖɛɏɟŮɠ. ȷˊɧ Űɖɜ ŮəɗŮŰɘəɐ 

ˊɟɞůɏɔɔɘůɖ, ɛɑŬ Ůə Űɤɜ ɡˊɞɗɏůŮɤɜ Űɞɡ Debye, ˊɟɞəɨˊŰŮɘ ɖ Ůɝɑůɤůɖ Űɖɠ ˊɧɚɤůɖɠ (ɛŮ 

ɛŬɗɖɛŬŰɘəɐ ɛɞɟűɐ ŬɜɎɚɞɔɖ ɛŮ ŮəŮɑɜɖ Űɖɠ űɧɟŰɘůɖɠ ˊɡəɜɤŰɐ): 

 

                               (2.31) 

ɧˊɞɡ Ű ɞ ɢɟɧɜɞɠ ɢŬɚɎɟɤůɖɠ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ ˊɧɚɤůɖɠ. 

ȼ ɢɟɞɜɘəɎ ŮɝŬɟŰɩɛŮɜɖ ůɡɛˊŮɟɘűɞɟɎ Ůɜɧɠ ŭɘɖɚŮəŰɟɘəɞɨ ˊŮɟɘɔɟɎűŮŰŬɘ Ŭˊɧ Űɖ ŭɘŬűɞɟɘəɐ 

Ůɝɑůɤůɖ: 

                          (2.32) 

 

ɧˊɞɡ E(t) əŬɘ D(t) Űɞ ˊŮŭɑɞ əŬɘ ɖ ɛŮŰŬŰɧˊɘůɖ ůŮ ŮɜŬɚɚŬůůɧɛŮɜɞ ˊŮŭɑɞ (AC). 

ȼ Ůɝɑůɤůɖ (2.32) ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůŰɖ ɛŮɚɏŰɖ ˊɟɞůɏɔɔɘůɖɠ Űɖɠ əŬŰɎůŰŬůɖɠ ɘůɞɟɟɞˊɑŬɠ ůŮ 

ˊɡəɜɤŰɐ ɛŮ ŭɘɖɚŮəŰɟɘəɧ ůŰɘɠ ˊŮɟɘˊŰɩůŮɘɠ: 
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1. ɇɞ ˊŮŭɑɞ, ɐ ɖ ŰɎůɖ ůŰŬ ɎəɟŬ Űɞɡ ˊɡəɜɤŰɐ, ŭɘŬŰɖɟŮɑŰŬɘ ůŰŬɗŮɟɐ. 

2. ȼ ɖɚŮəŰɟɘəɐ ɛŮŰŬŰɧˊɘůɖ ŭɘŬŰɖɟŮɑŰŬɘ ůŰŬɗŮɟɐ. 

3. ȼ ɛɘɔŬŭɘəɐ ɖɚŮəŰɟɘəɐ ŭɘŬˊŮɟŬŰɧŰɖŰŬ ɛŮŰŬɓɎɚɚŮŰŬɘ ɛŮ Űɖ ůɡɢɜɧŰɖŰŬ, ɚɧɔɤ Űɖɠ 

ŮɝɤŰŮɟɘəɐɠ ŮɜŬɚɚŬůůɧɛŮɜɖɠ ŰɎůɖɠ. 

Ⱥˊɑɚɡůɖ Űɖɠ Ůɝɑůɤůɖɠ (2.32) ɞŭɖɔŮɑ ůŰɘɠ ŮɝɘůɩůŮɘɠ ŭɘŬůˊɞɟɎɠ Űɞɡ Debye: 

 

                                            (2.33) 

 

 ɉɤɟɑɕɞɜŰŬɠ Űɞ ˊɟŬɔɛŬŰɘəɧ əŬɘ Űɞ űŬɜŰŬůŰɘəɧ ɛɏɟɞɠ ˊɟɞəɨˊŰŮɘ: 

 

                 (2.34) 

            

                             (2.35) 

 

ɆŰɞ Ŭəɧɚɞɡɗɞ ůɢɐɛŬ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ əŬɘ ɞɘ ŬɜŰɑůŰɞɘɢŮɠ ɔɟŬűɘəɏɠ ˊŬɟŬůŰɎůŮɘɠ: 

 

 

 

 

 

 

 

 

ɆɢɐɛŬ 2.7: Ƀɘ əŬɛˊɨɚŮɠ Űɤɜ Ů' əŬɘ Ů" ůɡɜŬɟŰɐůŮɘ Űɖɠ əɡəɚɘəɐɠ ůɡɢɜɧŰɖŰŬɠ [ũɉ ɊŬɟɟɎɠ, 2004]. 
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ɀɑŬ Ɏɚɚɖ ɛɏɗɞŭɞɠ ŬɜŬˊŬɟɎůŰŬůɖɠ Űɤɜ əŬɛˊɡɚɩɜ Űɤɜ Ůᾳ əŬɘ Ůᾴ, ůɡɜŬɟŰɐůŮɘ Űɖɠ ůɡɢɜɧŰɖŰŬɠ 

ˊŮŭɑɞɡ ɤ, ŭɑɜŮŰŬɘ Ŭˊɧ Űɖ ɔɟŬűɘəɐ ˊŬɟɎůŰŬůɖ Űɞɡ ŭŮɡŰɏɟɞɡ ůɡɜŬɟŰɐůŮɘ Űɞɡ ˊɟɩŰɞɡ, ŭɖɚŬŭɐ Ů" = 

f(Ů'), ɔɜɤůŰɧ ɤɠ ũɟɎűɖɛŬ Cole - Cole: 

 

 

 

 

 

 

 

ɆɢɐɛŬ 2.8: ȹɘɎɔɟŬɛɛŬ Cole-Cole, Ůᾴ = f(Ůᾳ) [ ũ.ɉ. ɊŬɟɟɎɠ , 2004] 

ȳˊɞɡ Ŭˊɧ Űɖɜ Ůɝɑůɤůɖ Debye ˊɟɞəɨˊŰŮɘ ɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ Ůɝɑůɤůɖ ɖɛɘəɡəɚɑɞɡ: 

                          (Ů*-ŮÐ)+ i(Ů*-ŮÐ)= Ůs-ŮÐ                                      (2.36) 

 Ƀɘ ŮɝɘůɩůŮɘɠ ŭɘŬůˊɞɟɎɠ Űɞɡ Debye ˊŮɟɘɔɟɎűɞɡɜ ɛɑŬ ŭɘŮɟɔŬůɑŬ ɖɚŮəŰɟɘəɐɠ ɢŬɚɎɟɤůɖɠ ˊɞɡ 

ɢŬɟŬəŰɖɟɑɕŮŰŬɘ Ŭˊɧ ɏɜŬ ɛɞɜŬŭɘəɧ ɢɟɧɜɞ ɢŬɚɎɟɤůɖɠ. ɆŮ ɏɜŬ ŭɘɖɚŮəŰɟɘəɧ ɛɏůɞ əŬɘ ɘŭɘŬɑŰŮɟŬ 

ůŮ ɏɜŬ ůŰŮɟŮɧ ůɩɛŬ ɛˊɞɟɞɨɜ ɜŬ ɡűɑůŰŬɜŰŬɘ ˊŮɟɘůůɧŰŮɟŬ Űɞɡ Ůɜɧɠ Ůɑŭɖ ɢŬɚɎɟɤůɖɠ [ũɉ 

ɊŬɟɟɎɠ,2004].
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ȾŮűɎɚŬɘɞ 3: ȼɚŮəŰɟɘəɐ ɆɡɛˊŮɟɘűɞɟɎ ɆɡɜɗɏŰɤɜ Ɉɚɘəɩɜ 

3.1) ȼɚŮəŰɟɘəɏɠ ɘŭɘɧŰɖŰŮɠ ɆɨɜɗŮŰɤɜ 

ũŮɜɘəɎ, ɞɘ ɖɚŮəŰɟɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ůɡɜɗɏŰɤɜ ɡɚɘəɩɜ ůɢŮŰɑɕɞɜŰŬɘ ɎɛŮůŬ ɛŮ Űɖɜ Ŭˊɧəɟɘůɖ ˊɞɡ 

ˊŬɟɞɡůɘɎɕɞɡɜ əŬŰɎ Űɖɜ ŮˊɑŭɟŬůɖ Ůɜɧɠ ɖɚŮəŰɟɘəɞɨ ˊŮŭɑɞɡ. ɇŬ ɡɚɘəɎ, ɛŮ ɓɎůɖ Űɞ Ůɑŭɞɠ Űɖɠ 

Ŭˊɧəɟɘůɖɠ Űɞɡɠ, əŬŰŬŰɎůůɞɜŰŬɘ ůŮ ŰɟŮɘɠ ɓŬůɘəɏɠ əŬŰɖɔɞɟɑŮɠ, Űɞɡɠ Ŭɔɤɔɞɨɠ, Űɞɡɠ ɖɛɘŬɔɤɔɞɨɠ 

əŬɘ Űɞɡɠ ɛɞɜɤŰɏɠ. Ƀɘ ˊɟɩŰɞɘ ˊŬɟɞɡůɘɎɕɞɡɜ ɡɣɖɚɏɠ Űɘɛɏɠ ɖɚŮəŰɟɘəɐɠ Ůɘŭɘəɐɠ ŬɔɤɔɘɛɧŰɖŰŬɠ, ɞɘ 

ŰɟɑŰɞɘ ɛŮ Űɖ ŭɘɖɚŮəŰɟɘəɐ ůɡɛˊŮɟɘűɞɟɎ əŬɘ ɞɘ ŭŮɨŰŮɟɞɘ ŬˊɞŰŮɚɞɨɜ ɛɑŬ ŮɜŭɘɎɛŮůɖ əŬŰɎůŰŬůɖ. 

ɆŮ əɎɗŮ ůɨɜɗŮŰɞ ɡɚɘəɧ ɖ ɛɐŰɟŬ ŬˊɞŰŮɚŮɑ Űɞ ɛŮɔŬɚɨŰŮɟɞ ɛɏɟɞɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ əŬɘ əŬɗɞɟɑɕŮɘ, 

əŬŰɎ ɛɑŬ ˊɟɞůɏɔɔɘůɖ, Űɖɜ ɖɚŮəŰɟɘəɐ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ ɡɚɘəɞɨ. ɃˊɧŰŮ, ŰŬ ůɨɜɗŮŰŬ ɡɚɘəɎ 

ˊɞɚɡɛŮɟɘəɐɠ ɛɐŰɟŬɠ əŬŰŬŰɎůůɞɜŰŬɘ ůŰŬ ɛɞɜɤŰɘəɎ ɡɚɘəɎ. Ɉˊɧ ɞɟɘůɛɏɜŮɠ ˊɟɞɦˊɞɗɏůŮɘɠ, 

ůɢŮŰɘəɏɠ ɛŮ Űɖ űɎůɖ Ůɜɑůɢɡůɖɠ/ˊɚɐɟɤůɖɠ, ɏɜŬ ůɨɜɗŮŰɞ ɡɚɘəɧ ŬɡŰɐɠ Űɖɠ ɛɞɟűɐɠ ɡűɑůŰŬŰŬɘ 

ɛŮŰɎɓŬůɖ Ŭˊɧ Űɖ ɛɞɜɤŰɘəɐ ůŰɖɜ Ŭɔɩɔɘɛɖ ůɡɛˊŮɟɘűɞɟɎ. ɆŰɞ Ŭəɧɚɞɡɗɞ ůɢɐɛŬ 

ˊŬɟɞɡůɘɎɕŮŰŬɘ Űɞ Ůɨɟɞɠ Űɘɛɩɜ ŭɘŬűɧɟɤɜ ɡɚɘəɩɜ Űɖɠ ɖɚŮəŰɟɘəɐɠ Ůɘŭɘəɐɠ ŬɔɤɔɘɛɧŰɖŰŬɠ, ŭɖɚŬŭɐ 

Űɞɡ űɡůɘəɞɨ ɛŮɔɏɗɞɡɠ ˊɞɡ ŭɖɚɩɜŮɘ Űɖɜ ŮɡəɞɚɑŬ ɛŮ Űɖɜ ɞˊɞɑŬ űɞɟŮɑɠ ɖɚŮəŰɟɘəɞɨ űɞɟŰɑɞɡ 

ɛˊɞɟɞɨɜ ɜŬ ɟɏɞɡɜ ŭɘŬɛɏůɞɡ Űɤɜ ɡɚɘəɩɜ (ůɢɐɛŬ 3.1). 

 

ɆɢɐɛŬ 3.1: To Ůɨɟɞɠ Űɘɛɩɜ Űɖɠ ɖɚŮəŰɟɘəɐɠ Ůɘŭɘəɐɠ ŬɔɤɔɘɛɧŰɖŰŬɠ, ɔɘŬ ŰŬ ŭɘɎűɞɟŬ ɡɚɘəɎ [RE 

Hummel, 2000]. 

ɆɨɜɗŮŰɞ ɛŮ ŬɔɩɔɘɛŬ ŮɔəɚŮɑůɛŬŰŬ ɗŮɤɟŮɑŰŬɘ Űɞ ɡɚɘəɧ ˊɞɡ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɛɞɜɤŰɘəɐ ɛɐŰɟŬ 

əŬɘ Ŭɔɩɔɘɛɖ űɎůɖ, ŰɡɢŬɑŬ ɐ ɧɢɘ ŭɘŬůˊŬɟɛɏɜɖ ůŰɞ ŮůɤŰŮɟɘəɧ Űɖɠ ɛɐŰɟŬɠ. ɀɎɚɘůŰŬ, ŰŬ 

ůɨɜɗŮŰŬ ŬɡŰɞɨ Űɞɡ Ůɑŭɞɡɠ ˊɞɡ ŬˊŬɜŰɩɜŰŬɘ ůɡɢɜɧŰŮɟŬ ŮɑɜŬɘ ŰŬ əɞəəɩŭɖ, ŰŬ ɞˊɞɑŬ 

ŮˊɘŰɡɔɢɎɜɞɡɜ ɡɣɖɚɏɠ Űɘɛɏɠ ɖɚŮəŰɟɘəɐɠ ŬɔɤɔɘɛɧŰɖŰŬɠ [GC Psarras, 2002], [GC Psarras, 2003]. 
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3.2)ȹɘŮˊɘűŬɜŮɘŬəɐ Ʉɧɚɤůɖ əŬɘ ȹɘɖɚŮəŰɟɘəɐ ȷɜŰɞɢɐ 

ȼ ŭɘŮˊɘűŬɜŮɘŬəɐ ˊɧɚɤůɖ, ɔɜɤůŰɐ əŬɘ ɤɠ űŬɘɜɧɛŮɜɞ Maxwell - Wagner - Sillars (MWS), 

ɞűŮɑɚŮŰŬɘ ůŰɖɜ ɛŮŰŬəɑɜɖůɖ űɞɟŰɑɤɜ, ŮɜŰɧɠ ŮŰŮɟɞɔŮɜɩɜ ůɡůŰɖɛɎŰɤɜ ŭɨɞ ɐ ́ŮɟɘůůɞŰɏɟɤɜ 

űɎůŮɤɜ. ɇŬ űɞɟŰɑŬ ŬɡŰɎ ɛŮŰŬəɘɜɞɨɜŰŬɘ əɎŰɤ Ŭˊɧ Űɖɜ ŮˊɑŭɟŬůɖ ɖɚŮəŰɟɘəɞɨ ˊŮŭɑɞɡ əŬɘ 

ůɡůůɤɟŮɨɞɜŰŬɘ ůŰɖ ŭɘŮˊɘűɎɜŮɘŬ Űɤɜ űɎůŮɤɜ Űɞɡ ůɡɜɗɏŰɞɡ. ɆŰŬ ŮŰŮɟɞɔŮɜɐ ůɡůŰɐɛŬŰŬ ŰŬ 

ɖɚŮəŰɟɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɤɜ űɎůŮɤɜ ŭɘŬűɏɟɞɡɜ ˊɞɚɨ (ɧˊɤɠ, ŬɔɩɔɘɛŬ ŮɔəɚŮɑůɛŬŰŬ ůŮ 

ɛɞɜɤŰɘəɐ ɛɐŰɟŬ), Ůɜɩ ɖ ɔŮɤɛŮŰɟɑŬ Űɞɡ ŮɜɘůɢɡŰɘəɞɨ ɛɏůɞɡ ˊŬɑɕŮɘ ůɖɛŬɜŰɘəɧ ɟɧɚɞ ůŰɖɜ 

əŬŰŬɜɞɛɐ Űɤɜ űɞɟŰɑɤɜ. ȾŬŰɎ Űɖ ůɡůůɩɟŮɡůɖ Űɞɡɠ ůŰɖ ŭɘŮˊɘűɎɜŮɘŬ ŰŬ űɞɟŰɑŬ ůɢɖɛŬŰɑɕɞɡɜ 

ɛŮɔɎɚŬ ɖɚŮəŰɟɘəɎ ŭɑˊɞɚŬ, ŰŬ ɞˊɞɑŬ, ůŰɖ ůɡɜɏɢŮɘŬ, Ŭəɞɚɞɡɗɞɨɜ Űɖɜ əɑɜɖůɖ Űɞɡ ˊŮŭɑɞɡ. ȼ 

ŬŭɟɎɜŮɘŬ ˊɞɡ ́ŬɟɞɡůɘɎɕɞɡɜ ůŰɞɜ ˊɟɞůŬɜŬŰɞɚɘůɛɧ Űɞɡɠ əŬŰɎ Űɖ ŭɘŮɨɗɡɜůɖ Űɞɡ 

ŮɜŬɚɚŬůůɧɛŮɜɞɡ ɖɚŮəŰɟɘəɞɨ ˊŮŭɑɞɡ (AC) ɞŭɖɔŮɑ ůŮ ŮɛűɎɜɘůɖ űŬɘɜɞɛɏɜɤɜ ɢŬɚɎɟɤůɖɠ (ůɢɐɛŬ 

3.2) [GM Tsangaris, 1998]. 

 

 

 

ɆɢɐɛŬ 3.2: ȹɘŮˊɘűŬɜŮɘŬəɐ ˊɧɚɤůɖ ůŮ ůɨɜɗŮŰŬ ɡɚɘəɎ ɛŮ ŮˊɑˊŮŭŬ ůŰɟɩɛŬŰŬ.[Ⱦ. ũŬɚɘɩŰɖɠ, 2004] 

ɋɠ ŭɘɖɚŮəŰɟɘəɐ ŬɜŰɞɢɐ Ůɜɧɠ ɡɚɘəɞɨ ɞɟɑɕŮŰŬɘ ɖ ɛɏɔɘůŰɖ ŰɎůɖ ˊɞɡ ɛˊɞɟŮɑ ɜŬ ŮűŬɟɛɞůŰŮɑ ůŮ 

ɞɟɘůɛɏɜɞɡ ˊɎɢɞɡɠ ɡɚɘəɧ, ɢɤɟɑɠ ŬɡŰɧ ɜŬ ŭɘŬŰɟɖɗŮɑ Ŭˊɧ Űɖ ŭɖɛɘɞɡɟɔɑŬ ůˊɘɜɗɐɟŬ. ȺɜŬɚɚŬəŰɘəɎ, 

ɞɟɑɕŮŰŬɘ ɤɠ ɞ ɢɟɧɜɞɠ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɩůŰŮ ɜŬ ŮˊɏɚɗŮɘ ŭɘɎŰɟɖůɖ Űɞɡ ɡɚɘəɞɨ, ɔɘŬ ŭŮŭɞɛɏɜɖ ŰɎůɖ 

əŬɘ ˊɎɢɞɠ ɡɚɘəɞɨ. ȼ ŭɘɖɚŮəŰɟɘəɐ ŬɜŰɞɢɐ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɘɠ ůɡɜɗɐəŮɠ ŮɝɏŰŬůɖɠ Űɞɡ ŭɞəɘɛɑɞɡ. 

ȿɧɔɤ Űɖɠ ůɡɜɨˊŬɟɝɖɠ ŭɘŬűɞɟŮŰɘəɩɜ űɎůŮɤɜ ůŰŬ ůɨɜɗŮŰŬ ɡɚɘəɎ, ŮˊɏɟɢŮŰŬɘ ŰŬɢɨŰŮɟŬ əŬɘ 

ŮɡəɞɚɧŰŮɟŬ ɖ əŬŰɎɟɟŮɡůɖ Űɞɡɠ. Ⱥˊɑůɖɠ, ɖ ŭɘɖɚŮəŰɟɘəɐ ŬɜŰɞɢɐ ŮˊɖɟŮɎɕŮŰŬɘ Ŭˊɧ Űɖɜ ɨˊŬɟɝɖ 

ŭɘŮˊɘűɎɜŮɘŬɠ, əŮɜɩɜ ŮɜŰɧɠ Űɖɠ ɛɐŰɟŬɠ əŬɘ Űɖɠ ˊŬɟɞɡůɑŬɠ ˊɟɞůɛŮɑɝŮɤɜ. ȳˊɤɠ ůŰɖ 

ŭɘŮˊɘűŬɜŮɘŬəɐ ˊɧɚɤůɖ, ɏŰůɘ əŬɘ ůŰɖ ŭɘɖɚŮəŰɟɘəɐ ŬɜŰɞɢɐ ůɖɛŬɜŰɘəɧ ɟɧɚɞ ˊŬɑɕŮɘ ɖ ɔŮɤɛŮŰɟɑŬ 

Űɤɜ ŮɔəɚŮɘůɛɎŰɤɜ, ŭɘɧŰɘ ɛŮŰŬɓɎɚɚŮɘ Űɖɜ əŬŰŬɜɞɛɐ Űɞɡ ɖɚŮəŰɟɘəɞɨ ˊŮŭɑɞɡ ůŰɞ ůɨɜɗŮŰɞ. 

ɄŬɟɎɔɞɜŰŮɠ ɧˊɤɠ ɖ əŬɗŬɟɧŰɖŰŬ Űɞɡ ŭɞəɘɛɑɞɡ, Űɞ ˊŮɟɘɓɎɚɚɞɜ, ɖ ŮˊɘűŬɜŮɘŬəɐ ŭɘɎɓɟɤůɖ, 

əŬɗɩɠ əŬɘ ɧůɞɘ ˊɟɞŬɜŬűɏɟɗɖəŬɜ ŭɟɞɡɜ ˊɞɚɚɏɠ űɞɟɏɠ əŬŰŬůŰɟɞűɘəɎ, Ŭűɞɨ ɡˊɎɟɢŮɘ ɏɜŰɞɜɖ 
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Űɞˊɘəɐ ŬɜɘůɞŰɟɞˊɑŬ ˊɞɡ ɏɢŮɘ ůŬɜ ŬˊɞŰɏɚŮůɛŬ Űɖ ůɖɛŮɘŬəɐ ůɡůůɩɟŮɡůɖ ɖɚŮəŰɟɘəɩɜ ŰɎůŮɤɜ 

əŬɘ ŰŮɚɘəɎ Űɖɜ əŬŰɎɟɟŮɡůɖ Űɞɡ ɡɚɘəɞɨ [Ⱦ ũŬɚɘɩŰɖɠ, 2004]. 

ȳˊɤɠ ŬɜŬűɏɟɗɖəŮ ůŮ ˊɟɞɖɔɞɨɛŮɜɖ ˊŬɟɎɔɟŬűɞ, ɖ ɖɚŮəŰɟɘəɐ Ůɘŭɘəɐ ŬɔɤɔɘɛɧŰɖŰŬ ů ŮɑɜŬɘ Űɞ 

űɡůɘəɧ ɛɏɔŮɗɞɠ ˊɞɡ ŭŮɑɢɜŮɘ ˊɧůɞ ŮɨəɞɚŬ ɞɘ űɞɟŮɑɠ ɖɚŮəŰɟɘəɞɨ űɞɟŰɑɞɡ ɛˊɞɟɞɨɜ ɜŬ ɟɏɞɡɜ 

ŭɘŬɛɏůɞɡ Űɤɜ ɡɚɘəɩɜ [Ⱦ ũŬɚɘɩŰɖɠ, 2004]. 

ɇŬ ɖɚŮəŰɟɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ ůɡɜɗɏŰɤɜ ɡɚɘəɩɜ ɛŮ ŬɔɩɔɘɛŬ ŮɔəɚŮɑůɛŬŰŬ ůɢŮŰɑɕɞɜŰŬɘ ɛŮ 

Űɖɜ ŮɜɘůɢɡŰɘəɐ Ŭɔɩɔɘɛɖ űɎůɖ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ɖ ɖɚŮəŰɟɘəɐ Űɞɡɠ ŬɔɤɔɘɛɧŰɖŰŬ ŮɝŬɟŰɎŰŬɘ 

Ŭˊɧ Űɖɜ ŬɜŰɑůŰɞɘɢɖ Űɤɜ ŮɔəɚŮɘůɛɎŰɤɜ, Űɞ ůɤɛŬŰɘŭɘŬəɧ ɛɏɔŮɗɞɠ, Űɞ ɞɔəɞɛŮŰɟɘəɧ əɚɎůɛŬ əŬɘ Űɖ 

ɢɤɟɞŰŬɝɘəɐ ŭɘɎŰŬɝɖ Űɞɡ Ŭɔɩɔɘɛɞɡ ˊɚɖɟɤŰɘəɞɨ ɛɏůɞɡ. ȷɟɢɘəɎ, ɖ ɖɚŮəŰɟɘəɐ Ůɘŭɘəɐ ŬɔɤɔɘɛɧŰɖŰŬ 

ŬɡɝɎɜŮɘ ůŰŬŭɘŬəɎ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɞɡ Ŭɔɩɔɘɛɞɡ ˊɚɖɟɤŰɘəɞɨ ɛɏůɞɡ. ɆŮ ɛɑŬ əɟɑůɘɛɖ Űɘɛɐ 

ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ Űɤɜ Ŭɔɩɔɘɛɤɜ ŮɔəɚŮɘůɛɎŰɤɜ, ɔɜɤůŰɐ ɤɠ əŬŰɩűɚɘ ɛŮŰɎɓŬůɖɠ (percolation 

threshold), ɖ ŬɔɤɔɘɛɧŰɖŰŬ ŬɡɝɎɜŮŰŬɘ ŭɟŬůŰɘəɎ ůɖɛŬŰɞŭɞŰɩɜŰŬɠ Űɞ ˊɏɟŬůɛŬ Ŭˊɧ Űɖ ɛɞɜɤŰɘəɐ 

ůŰɖɜ Ŭɔɩɔɘɛɖ ůɡɛˊŮɟɘűɞɟɎ. ɆŰɖ ůɡɜɏɢŮɘŬ, ɛŮŰɎ Ŭˊɧ Űɖɜ əɟɑůɘɛɖ Űɘɛɐ, ɖ Ŭɨɝɖůɖ ɔɑɜŮŰŬɘ ˊɘɞ 

ŬɟɔɎ ɐ ůŰŬɛŬŰɎŮɘ. ȷɡŰɧ ůɡɛɓŬɑɜŮɘ ŭɘɧŰɘ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ůŮ Ŭɔɩɔɘɛɖ űɎůɖ 

ŰŬ ŮɔəɚŮɑůɛŬŰŬ ůɡɜŭɏɞɜŰŬɘ ɛŮŰŬɝɨ Űɞɡɠ ůɢɖɛŬŰɑɕɞɜŰŬɠ ɏɜŬ Ŭɔɩɔɘɛɞ ŭɑəŰɡɞ, ɛɏůŬ Ŭˊɧ Űɞ 

ɞˊɞɑɞ ɛŮŰŬəɘɜɞɨɜŰŬɘ ŰŬ ɖɚŮəŰɟɘəɎ űɞɟŰɑŬ. ȼ ɖɚŮəŰɟɘəɐ Ůɘŭɘəɐ ŬɔɤɔɘɛɧŰɖŰŬ ɛŮŰŬɓɎɚɚŮŰŬɘ ɛŮ 

Űɖɜ Ŭɨɝɖůɖ Űɞɡ ɚɧɔɞɡ Űɤɜ ɖɛɘŬɝɧɜɤɜ Űɤɜ Ŭɔɩɔɘɛɤɜ ůɤɛŬŰɘŭɑɤɜ [Qingzhong, 2004], [GC 

Psarras, 2007], [GC Psarras, 2009],[GC Psarras, 2005] 
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ȾŮűɎɚŬɘɞ 4: AˊɞɗɐəŮɡůɖɠ EɜɏɟɔŮɘŬɠ ůŮ ɁŬɜɞůɨɜɗŮŰŬ ɈɚɘəɎ 

 

4.1) ɁŬɜɞŭɘɖɚŮəŰɟɘəɎ-ȺɘůŬɔɤɔɐ 

        

ȼ ŬˊɞɗɐəŮɡůɖ ɖɚŮəŰɟɘəɐɠ ŮɜɏɟɔŮɘŬɠ ˊŬɑɕŮɘ əɡɟɑŬɟɢɞ ɟɧɚɞ ůŮ űɞɟɖŰɏɠ ɖɚŮəŰɟɘəɏɠ ůɡůəŮɡɏɠ, 

ůŰŬŰɘəɎ ɖɚŮəŰɟɘəɎ ůɡůŰɐɛŬŰŬ , ůŮ ɡɓɟɘŭɘəɎ-ɖɚŮəŰɟɘəɎ ŬɡŰɞəɑɜɖŰŬ əŬɗɩɠ əŬɘ ůŮ ŮűŬɟɛɞɔɏɠ 

ˊŬɚɛɘəɐɠ ŮɜɏɟɔŮɘŬɠ. ȹɖɛɘɞɡɟɔŮɑŰŬɘ Ůˊɞɛɏɜɤɠ ɛɘŬ ŬɜɎɔəɖ ɔɘŬ ˊɡəɜɤŰɏɠ ˊɞɡ ɜŬ ɏɢɞɡɜ Űɖɜ 

ŭɡɜŬŰɧŰɖŰŬ ɜŬ ůɡůůɤɟŮɨɞɡɜ ŬɚɚɎ əŬɘ ɜŬ ŭɘŬɜɏɛɞɡɜ ŮɜɏɟɔŮɘŬ ůɢŮŭɧɜ ůŰɘɔɛɘŬɑŬ. ȷɡŰɐ ɖ 

ɘəŬɜɧŰɖŰŬ ŮɑɜŬɘ ŬɜŬɔəŬɑŬ ɔɘŬ ˊɞɚɚɏɠ ůŰɟŬŰɘɤŰɘəɏɠ ŬɚɚɎ əŬɘ Ůɛˊɞɟɘəɏɠ ŮűŬɟɛɞɔɏɠ ɀŮ Űɞɜ əŬɘɟɧ 

ɧɛɤɠ ɞɘ ŮűŬɟɛɞɔɏɠ ŬɡŰɏɠ ɗŬ ŬˊŬɘŰɐůɞɡɜ ŬəɧɛŬ ɛŮɔŬɚɨŰŮɟɖ ŮɜɏɟɔŮɘŬ, ůɡɜŮˊɩɠ ɗŬ ˊɟɏˊŮɘ ɜŬ 

ŮɑɛŬůŰŮ ůŮ ɗɏůɖ ɜŬ ɛˊɞɟɏůɞɡɛŮ ɜŬ ˊɟɞɓɚɏɣɞɡɛŮ Űɘɠ ŬɜɎɔəŮɠ əŬɘ ɜŬ ŬɜŰŬˊŮɝɏɚɗɞɡɛŮ ɛŮ ɜɏŬ 

ɡɚɘəɎ [Barber P, 2009]. 

 

ɇŬ ŭɘɖɚŮəŰɟɘəɎ ɡɚɘəɎ ɛˊɞɟɞɨɜ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ɔɘŬ ŬˊɞɗɐəŮɡůɖ ŮɜɏɟɔŮɘŬɠ ɚɧɔɤ Űɞɡ 

ŭɘŬɢɤɟɘůɛɞɨ Űɤɜ űɞɟŰɑɤɜ ŮɝŬɘŰɑŬɠ Űɖɠ ˊɟɞəŬɚɞɨɛŮɜɖɠ Ŭˊɧ Űɞ ŮɝɤŰŮɟɘəɧ ˊŮŭɑɞ ˊɧɚɤůɖɠ 

[Barber, 2009].     

ȼ ɖɚŮəŰɟɘəɐ ŭɘŬˊŮɟŬŰɧŰɖŰŬ Ůɜɧɠ ɡɚɘəɞɨ ɞɟɑɕŮŰŬɘ Ŭˊɧ Űɖ ůɢɏůɖ: 

                                          Ů* =Ůᾳ- jŮᾴ                                                             (4.1) 

ɧˊɞɡ, ŮӾ əŬɘ Ůӿ Űɞ ˊɟŬɔɛŬŰɘəɧ əŬɘ Űɞ űŬɜŰŬůŰɘəɧ ɛɏɟɞɠ ŬɜŰɑůŰɞɘɢŬ Űɖɠ ŭɘŬˊŮɟŬŰɧŰɖŰŬɠ əŬɘ  

j=ã-1.To űŬɜŰŬůŰɘəɧ ɛɏɟɞɠ (Ůӿ) ŬˊɞəŬɚŮɑŰŬɘ Ŭɚɚɘɩɠ əŬɘ ŭɘɖɚŮəŰɟɘəɏɠ ŬˊɩɚŮɘŮɠ. 

   

ȾŬɗɩɠ ɖ ˊɧɚɤůɖ Ůɜɧɠ ɡɚɘəɞɨ ˊɞɘəɑɚŮɘ, ɏɜŬ ɛɏɟɞɠ Űɖɠ ŮɜɏɟɔŮɘŬɠ Űɞɡ ˊŮŭɑɞɡ ŬˊɎɔŮŰŬɘ ɚɧɔɤ 

ɛŮŰŬəɑɜɖůɖɠ űɞɟŰɑɤɜ ɐ ɛŮŰŬŰɟɏˊŮŰŬɘ ůŮ ɗŮɟɛɘəɐ ŮɜɏɟɔŮɘŬ. ũɘŬ ɛɘŬ ůɡůəŮɡɐ ŬˊɞɗɐəŮɡůɖɠ 

ŮɜɏɟɔŮɘŬɠ ɧˊɤɠ ɏɜŬɠ ˊɡəɜɤŰɐɠ ůŰɧɢɞɠ ɛŬɠ ŮɑɜŬɘ ɜŬ ŮɚŬɢɘůŰɞˊɞɘɐůɞɡɛŮ Űɘɠ ŬˊɩɚŮɘŮɠ. 

ȾŮɟŬɛɘəɞɑ ˊɡəɜɤŰɏɠ ɓŬůɘůɛɏɜɞɘ ůŮ ŮɨəɞɚŬ ˊɞɚɩůɘɛŬ ŬɜɧɟɔŬɜŬ ɡɚɘəɎ ɏɢɞɡɜ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ 

əŬɘ ůŰɞ ˊŬɟŮɚɗɧɜ. ȼ ˊɡəɜɧŰɖŰŬ ŮɜɏɟɔŮɘŬɠ ˊɞɡ ɛˊɞɟŮɑ ɜŬ ŬˊɞɗɖəŮɡŰŮɑ ɡˊɞɚɞɔɑɕŮŰŬɘ Ŭˊɧ Űɞɜ 

Űɨˊɞ: 

                                              

                                                    W= 
 
 = 
 
Ů0ŮrȺ

2
bd                                                                          (4.2) 

 ȳˊɞɡ Ⱥbd ſ 
Ä

 Űɞ ˊŮŭɑɞ ŬɜŰɞɢɐɠ ůŮ əŬŰɎɟɟŮɡůɖ. 
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4.2)ɀɞɜŰɏɚŬ ɜŬɜɞůɨɜɗŮŰɤɜ ŭɘɖɚŮəŰɟɘəɩɜ 

      

Ƀ Lewis [Lewis,2004], [Lewis,2005] ˊŬɟɏɗŮůŮ ˊɤɠ əŬɗɩɠ Űɞ ɛɏɔŮɗɞɠ Űɤɜ ŮɔəɚŮɘůɛɎŰɤɜ 

ɛŮɘɩɜŮŰŬɘ ůŰɖɜ ɜŬɜɞɛŮŰɟɘəɐ əɚɑɛŬəŬ , ɞɘ ɘŭɘɧŰɖŰŮɠ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ ˊɞɚɡɛŮɟɞɨɠ-ŮɔəɚŮɑůɛŬŰɞɠ 

ɗŬ ɔɑɜɞɜŰŬɘ ˊɘɞ ɘůɢɡɟɏɠ ůŮ ůɢɏůɖ ɛŮ Űɘɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ɧɔəɞɡ Űɞɡ ůɡůŰɐɛŬŰɞɠ (bulk). ɇɞ ɛɞɜŰɏɚɞ 

ŬɡŰɧ ɘůɢɡɟɑɕŮŰŬɘ ˊɤɠ ɛŮ əŬŰɎɚɚɖɚɖ Űɟɞˊɞˊɞɑɖůɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ ŮɔəɚŮɑůɛŬŰɞɠ 

ˊŮŰɡɢŬɑɜɞɡɛŮ əŬɚɨŰŮɟɖ ŭɘŬůˊɞɟɎ Űɞɡ ɛɏůŬ ůŰɖɜ ɛɐŰɟŬ. ɆŮ ɏɜŬ ɜŬɜɞůɨɜɗŮŰɞ ŭɘɖɚŮəŰɟɘəɧ ïɐ 

Ŭɚɚɘɩɠ ɜɎɜɞ-ŭɘɖɚŮəŰɟɘəɧ- ɞɘ ɘŭɘɧŰɖŰŮɠ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ ŮɜɘůɢɨɞɜŰŬɘ Ŭˊɧ Űɖɜ ɛŮɔɎɚɖ ŮˊɘűɎɜŮɘŬ 

Űɤɜ ŮɔəɚŮɘůɛɎŰɤɜ. 

ɄŮɘɟŬɛŬŰɘəɎ Űɞ ɛɞɜŰɏɚɞ ŬɡŰɧ ɛŮɚŮŰɐɗɖəŮ Ŭˊɧ Űɞɜ Sun [Sun,2005] ŬɚɚɎ əŬɘ Ɏɚɚɞɡɠ , ɞɘ ɞˊɞɑɞɘ 

ŬůɢɞɚɐɗɖəŬɜ ɛŮ Űɖɜ Ůˊɘɟɟɞɐ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ ůŰɘɠ ŭɘɖɚŮəŰɟɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ 

ŮˊɞɝŮɘŭɘəɐɠ ɟɖŰɑɜɖɠ-ɞɝɘŭŮɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ. ȷˊɧ ŰŬ ˊŮɘɟɎɛŬŰŬ ˊɟɞɏəɡɣŮ ɧŰɘ ɖ ŭɘɖɚŮəŰɟɘəɐ 

ŭɘŬˊŮɟŬŰɧŰɖŰŬ əŬɘ ɞ ůɡɜŰŮɚŮůŰɐɠ ŬˊɤɚŮɘɩɜ ɐŰŬɜ ɡɣɖɚɧŰŮɟɞɠ ůŰŬ ɜɎɜɞ-ůɨɜɗŮŰŬ Ŭˊô ɧŰɘ ůŰŬ 

ɛɑəɟɞ-ůɨɜɗŮŰŬ ůŮ ɢŬɛɖɚɏɠ ůɡɢɜɧŰɖŰŮɠ. Ƀɘ ɡɣɖɚɧŰŮɟŮɠ ŭɘɖɚŮəŰɟɘəɏɠ ŬˊɩɚŮɘŮɠ  ɔɘŬ ŰŬ ɜɎɜɞ-

ůɨɜɗŮŰŬ ŬˊɞŭɧɗɖəŬɜ ůŰɖɜ Ůɜɘůɢɡɛɏɜɖ ɘɞɜŰɘəɐ ŬɔɤɔɘɛɧŰɖŰŬ ˊɞɡ ˊɟɞəɚɐɗɖəŮ Ŭˊɧ əɎˊɞɘŮɠ 

ˊɟɞůɛɑɝŮɘɠ Űɖɠ ɛŮɗɧŭɞɡ sol-gel əŬŰɎ Űɖɜ ůɨɜɗŮůɖ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Űɞɡ ɞɝŮɘŭɑɞɡ Űɞɡ 

ˊɡɟɘŰɑɞɡ.      

ũŮɜɘəɎ, ɖ çɢŬɟŰɞɔɟɎűɖůɖè Űɖɠ ŬɔɤɔɘɛɧŰɖŰŬɠ Ůɜɧɠ ůɡůŰɐɛŬŰɞɠ ˊɞɚɡɛŮɟɘəɐɠ ɛɐŰɟŬɠ-Ŭɔɩɔɘɛɞɡ 

ŮɔəɚŮɑůɛŬŰɞɠ ŮɛűŬɜɑɕŮɘ 3 ŭɘŬəɟɘŰɏɠ ˊŮɟɘɞɢɏɠ. ȼ ˊɟɩŰɖ ŬɜŬűɏɟŮŰŬɘ ůŮ  ůɡůůɤɛŬŰɩɛŬŰŬ Ŭˊɧ 

ŮɔəɚŮɑůɛŬŰŬ ŰŬ ɞˊɞɑŬ ɧɛɤɠ ŭŮɜ ɓɟɑůəɞɜŰŬɘ ůŮ ŮˊŬűɐ ɛŮŰŬɝɨ Űɞɡɠ. ɆŮ ŬɡŰɎ ŰŬ ůɖɛŮɑŬ ɖ 

ŬɔɤɔɘɛɧŰɖŰŬ ŮɑɜŬɘ ɛŮɔŬɚɨŰŮɟɖ Ŭˊɧ ɧŰɘ ůŰɞ ůɨɜɗŮŰɞ ɛŬəɟɞůəɞˊɘəɎ. ȼ ŭŮɨŰŮɟɖ ˊŮɟɘɞɢɐ 

ŬɜŬűɏɟŮŰŬɘ ůŰɞɜ ɢɩɟɞ ɛŮŰŬɝɨ Űɤɜ ɔŮɘŰɞɜɘəɩɜ ůɡůůɤɛŬŰɤɛɎŰɤɜ, ůŮ ŬɡŰɐ Űɖɜ ˊŮɟɘɞɢɐ ɖ 

ŬɔɤɔɘɛɧŰɖŰŬ ɗŮɤɟŮɑŰŬɘ ɢŬɛɖɚɧŰŮɟɖ Ŭˊɧ Űɖɜ ˊɟɩŰɖ ˊŮɟɘɞɢɐ ŬɚɚɎ ŮɛűŬɜɑɕŮɘ Űɞ ɑŭɘɞ ɛɏɔŮɗɞɠ ɛŮ 

ŬɡŰɐɜ Űɞɡ ůɨɜɗŮŰɞɡ ůɡůŰɐɛŬŰɞɠ. ȼ ŰɟɑŰɖ ˊŮɟɘɞɢɐ ŬɜŰɘůŰɞɘɢŮɑ ůŰɖɜ ɛɞɜɤŰɘəɐ ɛɐŰɟŬ əŬɘ 

ŮɛűŬɜɑɕŮɘ Űɘɠ ɢŬɛɖɚɧŰŮɟŮɠ Űɘɛɏɠ Űɖɠ ŬɔɤɔɘɛɧŰɖŰŬɠ. ɆŰɖɜ ˊɟɩŰɖ ˊŮɟɘɞɢɐ, ŬɜŬɛɏɜŮŰŬɘ ɜŬ 

ˊŬɟŬŰɖɟɖɗŮɑ Ŭɔɤɔɐ űɞɟŰɑɞɡ ˊɞɡ ˊŬɟŬŰɖɟŮɑŰŬɘ ůɡɜɐɗɤɠ ůŰŬ ɛɏŰŬɚɚŬ, Ůɜɩ Űɞ űŬɘɜɧɛŮɜɞ 

ŰɡɢŬɑɤɜ ŬɚɛɎŰɤɜ (hopping) űŬɑɜŮŰŬɘ ɜŬ ŮɑɜŬɘ ɡˊŮɨɗɡɜɞ ɔɘŬ Űɖɜ ŬɔɤɔɘɛɧŰɖŰŬ Űɤɜ ŭɡɞ ŬɡŰɩɜ 

ˊŮɟɘɞɢɩɜ. ȾɎŰɤ Ŭˊɧ Űɞ əŬŰɩűɚɘ ɛŮŰɎɓŬůɖɠ, ůŰɖɜ ˊŮɟɘɞɢɐ ɢŬɛɖɚɐɠ ŬɔɤɔɘɛɧŰɖŰŬɠ, ɖ 

ŬɔɤɔɘɛɧŰɖŰŬ ɚɧɔɤ ŰɡɢŬɑɤɜ ŬɚɛɎŰɤɜ (hopping) ɗŮɤɟŮɑŰŬɘ ɞ əɡɟɑŬɟɢɞɠ ɛɖɢŬɜɘůɛɧɠ ɛŮŰŬűɞɟɎɠ 

űɞɟŰɑɞɡ, Ůɜɩ ɖ ɛŮŰŬɚɚɘəɞɨ Űɨˊɞɡ ŬɔɤɔɘɛɧŰɖŰŬ ŮɑɜŬɘ ˊŮɟɘɞɟɘůɛɏɜɖ Ŭˊɧ Űɖɜ ˊŬɟɞɡůɑŬ ŮəŰŮɜɩɜ 

ɛɞɜɤŰɘəɩɜ ˊŮɟɘɞɢɩɜ. ȷɨɝɖůɖ Űɞɡ ɞɔəɞɛŮŰɟɘəɞɨ əɚɎůɛŬŰɞɠ Űɤɜ Ŭɔɩɔɘɛɤɜ ŮɔəɚŮɘůɛɎŰɤɜ 
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ŮˊɘűɏɟŮɘ Ŭɨɝɖůɖ Űɞɡ ɢɩɟɞɡ ˊɞɡ əŬŰŬɚŬɛɓɎɜɞɡɜ ɞɘ ŬɔɩɔɘɛŮɠ çɜɖůɑŭŮɠè ɛŮ ŬˊɞŰɏɚŮůɛŬ ɖ 

ˊŮɟɘɞɢɐ Űɖɠ ɛŮŰŬɚɚɘəɞɨ Űɨˊɞɡ ŬɔɤɔɘɛɧŰɖŰŬɠ ɜŬ ɛŮɔŬɚɩɜŮɘ əŬɘ ɖ ŬɜɎˊŰɡɝɖ ŬɔɤɔɘɛɧŰɖŰŬɠ 

ŰɡɢŬɑɤɜ ŬɚɛɎŰɤɜ (hopping) ɜŬ ŭɘŮɡəɞɚɨɜŮŰŬɘ ˊŮɟŬɘŰɏɟɤ ɚɧɔɤ Űɖɠ ɛŮɑɤůɖɠ Űɖɠ ŬˊɧůŰŬůɖɠ Űɤɜ 

ɔŮɘŰɞɜɘəɩɜ ůɡůůɤɛŬŰɤɛɎŰɤɜ. ȰɢŮɘ ˊŬɟŬŰɖɟɖɗŮɑ Ůˊɑůɖɠ ˊɤɠ ůɡůůɤɛŬŰɩɛŬŰŬ, ɧŰŬɜ ɡˊɎɟɢŮɘ 

ɛŮɔɎɚɞɠ Ŭɟɘɗɛɧɠ ŮɔəɚŮɘůɛɎŰɤɜ, ɛˊɞɟŮɑ ɜŬ ůɢɖɛŬŰɑůɞɡɜ Ůˊɘˊɚɏɞɜ çŭɘŬŭɟɞɛɏɠè ɛɏůɤ Űɤɜ 

ɞˊɞɑɤɜ ɞɘ űɞɟŮɑɠ ɛˊɞɟɞɨɜ ɜŬ ɛŮŰŬɜŬůŰŮɨůɞɡɜ ɛɏůŬ ůŰɞ ůɨůŰɖɛŬ [GC Psarras, 2009].  

ɄɟɞůɗɏŰɞɜŰŬɠ əŬŰɎɚɚɖɚŮɠ ɞɟɔŬɜɘəɏɠ ɞɛɎŭŮɠ ůŰɖɜ ŭɘŮůˊŬɟɛɏɜɖ űɎůɖ ɏɢɞɡɛŮ Űɖɜ ŭɡɜŬŰɧŰɖŰŬ 

ɜŬ ŮˊɖɟŮɎůɞɡɛŮ Űɖɜ űɨůɖ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ. ūŰɎɜɞɡɛŮ Ůˊɞɛɏɜɤɠ ůŰɞ ůɡɛˊɏɟŬůɛŬ ˊɤɠ ɛŮ ɛɘŬ 

ůɤůŰɐ Ůˊɘɚɞɔɐ  ɞɟɔŬɜɘəɩɜ ŮˊɘəŬɚɨɣŮɤɜ Űɤɜ ŮɔəɚŮɘůɛɎŰɤɜ, əɡɟɑɤɠ ɛŮ ɧŰɘ ɏɢŮɘ ɜŬ əɎɜŮɘ ɛŮ Űɖɜ 

ˊɞɚɘəɧŰɖŰŬ əŬɘ Űɞ ɛɏɔŮɗɞɠ, ɛˊɞɟɞɨɛŮ ɜŬ ɏɢɞɡɛŮ ˊɞɚɨ ůɖɛŬɜŰɘəɐ ŮˊɑŭɟŬůɖ ůŰɘɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ 

ɜŬɜɞŭɘɖɚŮəŰɟɘəɞɨ ɛŬɠ ůŮ ɛŬəɟɞůəɞˊɘəɧ ŮˊɑˊŮŭɞ [Barber P, 2009].        
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ȾŮűɎɚŬɘɞ 5: ɄŮɘɟŬɛŬŰɘəɐ ŭɘŬŭɘəŬůɑŬ 

5.1 ȺɘůŬɔɤɔɐ 

ȷɡŰɧ Űɞ əŮűɎɚŬɘɞ ɏɢŮɘ ɤɠ ůŰɧɢɞ Űɖɜ ˊŮɟɘɔɟŬűɐ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ ˊɞɡ ŬəɞɚɞɡɗɐɗɖəŮ ɔɘŬ  Űɖɜ 

ˊŬɟŬůəŮɡɐ Űɤɜ ŭɞəɘɛɑɤɜ, Űɖɜ ɛɞɟűɞˊɞɑɖůɖ- Űɟɞˊɞˊɞɑɖůɖ Űɤɜ ŭɞəɘɛɑɤɜ əŬɘ Űɘɠ ˊŮɘɟŬɛŬŰɘəɏɠ 

ŰŮɢɜɘəɏɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɔɘŬ Űɞɜ ɢŬɟŬəŰɖɟɘůɛɧ Űɞɡɠ. 

5.2  ɄŬɟŬůəŮɡɐ ŭɞəɘɛɑɤɜ 

ȼ ˊŬɟŬůəŮɡɐ Űɤɜ ŭɞəɘɛɑɤɜ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ůŰɞ óȺɟɔŬůŰɐɟɘɞ Ⱥɡűɡɩɜ Ɉɚɘəɩɜ əŬɘ 

ȼɚŮəŰɟɘəɐɠ ɆɡɛˊŮɟɘűɞɟɎɠ Ɉɚɘəɩɜô Űɞɡ ɇɛɐɛŬŰɞɠ ȺˊɘůŰɐɛɖɠ Űɤɜ Ɉɚɘəɩɜ Űɞɡ ɄŬɜŮˊɘůŰɖɛɑɞɡ 

ɄŬŰɟɩɜ. ɇŬ ɡɚɘəɎ ŰŬ ɞˊɞɑŬ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɐŰŬɜ ŰŬ Ůɝɐɠ: 

¶ ȺɛˊɞɟɘəɎ ŭɘŬɗɏůɘɛɖ ŮˊɞɝŮɘŭɘəɐ ɟɖŰɑɜɖ ɢŬɛɖɚɞɨ ɘɝɩŭɞɡɠ (Epoxol 2004A) Űɖɠ Neotex 

ȷ.Ⱥ. ȷɗɐɜŬ, ȺɚɚɎŭŬ. 

¶ ɆəɚɖɟɡɜŰɐɠ ɓɟŬŭŮɑŬɠ ɚŮɘŰɞɡɟɔɑŬɠ (Epoxol 2004B) Űɖɠ Neotex ȷ.Ⱥ. ȷɗɐɜŬ, ȺɚɚɎŭŬ. 

¶ ȾŬɟɓɑŭɘɞ Űɞɡ ȸɞɟɑɞɡ (ȸ4C) ůŮ ɛɞɟűɐ ůəɧɜɖɠ ɛŮ ŭɘɎɛŮŰɟɞ əɧəəɞɡ 1̓0ɛm Űɖɠ ŮŰŬɘɟŮɑŬɠ 

Sigma-Aldrich. 

ȷəɞɚɞɡɗɐɗɖəŮ ɖ ŭɘŬŭɘəŬůɑŬ Űɖɠ ɗɏɟɛɞ-ůəɚɐɟɡɜůɖɠ Űɖɠ ɟɖŰɑɜɖɠ (curing). ɆɡɜɞɚɘəɎ 

ˊŬɟŬůəŮɡɎůŰɖəŬɜ 6 ɛŮ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ ɤɠ ˊɟɞɠ Űɖɜ ŮɔəɚŮɘůɛɏɜɖ űɎůɖ 0phr, 5phr, 10phr, 

12phr, 15 phr əŬɘ 20 phr (parts per hundred resin). H ŬɜŬɚɞɔɑŬ ɟɖŰɑɜɖɠ əŬɘ ůəɚɖɟɡɜŰɐ ɐŰŬɜ 2:1 

əŬɘ ɔɘŬ Űɖɜ ˊŬɟŬůəŮɡɐ Űɞɡɠ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɐˊɘŬ ŬɜɎŭŮɡůɖ ɛɏůŬ ůŮ ɚɞɡŰɟɧ ɡˊŮɟɐɢɤɜ 

ˊɟɞůɏɢɞɜŰŬɠ ɏŰůɘ ɩůŰŮ ɜŬ ɛɖɜ ůɢɖɛŬŰɘůŰɞɨɜ űɡůŬɚɑŭŮɠ ŮɜŰɧɠ Űɞɡ ůɡɜɗɏŰɞɡ.   

ɀŮ Űɞ ˊɏɟŬɠ Űɖɠ ŬɜɎɛɘɝɖɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ ɟɖŰɑɜɖ ï ůəɚɖɟɡɜŰɐɠ - B4C, ŰŬ ŭɞəɑɛɘŬ 

ŰɞˊɞɗŮŰɐɗɖəŬɜ ůŮ ŮɘŭɘəɎ əŬɚɞɨˊɘŬ əŬɘ ŬűɏɗɖəŬɜ ɔɘŬ 7 ɖɛɏɟŮɠ ɏŰůɘ ɩůŰŮ ɜŬ ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ ɞ 

ˊɞɚɡɛŮɟɘůɛɧɠ. ȰˊŮɘŰŬ ŮˊŮɝŮɟɔŬůŰɐəŬɛŮ ɗŮɟɛɘəɎ ŰŬ ŭɞəɑɛɘŬ ɗŮɟɛŬɑɜɞɜŰŬɠ ŰŬ ɔɘŬ 4 ɩɟŮɠ ůŰɞɡɠ 

100
o
C ˊɟŬɔɛŬŰɞˊɞɘɩɜŰŬɠ ɛŮŰŬ-ůəɚɐɟɡɜůɖ (post-curing).  
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ȺɘəɧɜŬ 5.1: ȹɞəɑɛɘŬ 5phr ï 10phr ï 12phr. 

 

 

 

 

 

 

ȺɘəɞɜɎ 5.2: ȹɞəɑɛɘŬ 15phr ï 20phr. 

 

ɀŮ Űɞ ˊɏɟŬɠ Űɖɠ ɗŮɟɛɘəɐɠ ŮˊŮɝŮɟɔŬůɑŬɠ ŰŬ ŭɞəɑɛɘŬ ɚŮɘɎɜɗɖəŬɜ ůŮ ŰɟɘɓŮɑɞ ɛŮ ɜŰɞɡəɧɢŬɟŰɞ 

Ʌ1200 əŬɟɓɘŭɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ (silicon carbide) ɏŰůɘ ɩůŰŮ  ɜŬ ɏɢɞɡɛŮ əŬɚɨŰŮɟɖ ŮˊŬűɐ ɛŮ Űɖɜ 

ŭɘɎŰŬɝɖ ȹɘɖɚŮəŰɟɘəɐɠ ūŬůɛŬŰɞůəɞˊɑŬɠ BDS (Broadband Dielectric Spectroscopy).  
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ɄɑɜŬəŬɠ 5.1: ȹɘŬůŰɎůŮɘɠ əŬɘ  ɢŬɟŬəŰɖɟɘůŰɘəɎ ɛŮɔɏɗɖ ŭɞəɘɛɑɤɜ.

ȹɞəɑɛɘɞ 

(phr)  

ɀɎɕŬ 

ŮɔəɚŮɘůɛɏɜɖɠ 

űɎůɖɠ(gr) 

ɀ(gr) ɄɎɢɞɠ 

(mm) 

ȹɘɎɛŮŰɟɞɠ 

(mm) 

AəŰɑɜŬ(mm) ȳɔəɞɠ(mm^3) ɄɡəɜɧŰɖŰŬ(g

r/cm^3) 

OɔəɞɛŮŰɟɘəɧ 

əɚɎůɛŬ 

ŮɔəɚŮɘůɛɏɜɖɠ 

űɎůɖɠ 

0 0 2.607 2.304 36 18 2345.186 1.063 0 

5 0.35 2.925 2.664 36 18 2711.621 1.078 0.01504 

10 0.90 3.251 2.934 36 18 2986.448 1.088 0.03943 

12 1.08 3.118 2.732 36 18 2780.837 1.121 0.04786 

15 1.35 3.066 2.616 36 18 2662.763 1.151 0.05984 

20 1.80 3.226 2.700 36 18 2748.265 1.187 0.07881 
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5.3 ɄŮɘɟŬɛŬŰɘəɐ ŭɘɎŰŬɝɖ 

ũɘŬ Űɞɜ ɢŬɟŬəŰɖɟɘůɛɧ Űɤɜ ŭɞəɘɛɑɤɜ ˊɞɡ ˊŬɟŬůəŮɡɎůŰɖəŬɜ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɖ ŰŮɢɜɘəɐ Űɖɠ 

ȹɘɖɚŮəŰɟɘəɐɠ ūŬůɛŬŰɞůəɞˊɑŬɠ. ȼ ŰŮɢɜɘəɐ ŬɡŰɐ ɏɢŮɘ ŮɝŮɚɘɢɗŮɑ ŰŬ ŰŮɚŮɡŰŬɑŬ 20 ɢɟɧɜɘŬ ůŮ ŰɏŰɞɘɞ 

ɓŬɗɛɧ ɏŰůɘ ɩůŰŮ Űɞ űɎůɛŬ Űɖɠ ɜŬ əŬɚɨˊŰŮɘ ůɡɢɜɧŰɖŰŮɠ Ŭˊɧ ɛHz ɏɤɠ THz, ɏŰůɘ ˊɚɏɞɜ 

ɞɜɞɛɎůŰɖəŮ ȹɘɖɚŮəŰɟɘəɐ ūŬůɛŬŰɞůəɞˊɑŬ ȺɡɟŮɑŬɠ Ȼɩɜɖɠ (Broadband Dielectric Spectroscopy). 

ȿɧɔɤ Űɖɠ ɛŮɔɎɚɖɠ ˊɞɘəɘɚɑŬɠ ůŮ ɔŮɤɛŮŰɟɑŬ ŭɞəɘɛɑɤɜ əŬɘ Űɖɜ ŮɚɎɢɘůŰɖ ˊɟɞŮŰɞɘɛŬůɑŬ ˊɞɡ 

ɢɟŮɘɎɕɞɜŰŬɘ ɖ ŰŮɢɜɘəɐ ŬɡŰɐ ˊɟɞŰɘɛɎŰŬɘ ůŮ ůɢɏůɖ ɛŮ ɎɚɚŮɠ ɛŮɗɧŭɞɡɠ. 

ɀŮɟɘəɎ Ŭˊɧ ŰŬ ɛŮɔɏɗɖ ŰŬ ɞˊɞɑŬ ɛˊɞɟɞɨɜ ɜŬ ˊɟɞůŭɘɞɟɘůŰɞɨɜ ɛŮ ŬɡŰɐ Űɖɜ ŰŮɢɜɘəɐ ŮɑɜŬɘ: Űɞ 

ˊɟŬɔɛŬŰɘəɧ (ŮӾ) əŬɘ Űɞ űŬɜŰŬůŰɘəɧ (Ůӿ) ɛɏɟɞɠ Űɖɠ ɖɚŮəŰɟɘəɐɠ ŭɘŬˊŮɟŬŰɧŰɖŰŬɠ, Űɞ ˊɟŬɔɛŬŰɘəɧ 

(ɀӾ) əŬɘ Űɞ űŬɜŰŬůŰɘəɧ (ɀӿ) ɛɏɟɞɠ Űɞɡ ɖɚŮəŰɟɘəɞɨ ɛɏŰɟɞɡ, ɖ ŮűŬˊŰɞɛɏɜɖ Űɤɜ ŬˊɤɚŮɘɩɜ 

(tanŭ), ɖ Ůɘŭɘəɐ ŬɔɤɔɘɛɧŰɖŰŬ ŮɜŬɚɚŬůůɞɛɏɜɞɡ (ů) ə.Ŭ. ȿɧɔɤ Űɞɡ ɛŮɔɎɚɞɡ Ůɨɟɞɡɠ ɚŮɘŰɞɡɟɔɑŬɠ 

əŬɘ ŮɡŬɘůɗɖůɑŬɠ Űɖɠ ɛŮɗɧŭɞɡ ɛˊɞɟɞɨɛŮ ɜŬ ɛŮɚŮŰɐůɞɡɛŮ Űɖ ůɡɛˊŮɟɘűɞɟɎ ɖɚŮəŰɟɘəɩɜ ŭɘˊɧɚɤɜ 

ɛɏůŬ ůŰɞ ɡɚɘəɧ əŬɗɩɠ əŬɘ Űɘɠ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ ɛŮŰŬɝɨ Űɞɡɠ [Kremer F., 2003]. ȼ ŰŮɢɜɘəɐ ŬɡŰɐ 

Ůˊɞɛɏɜɤɠ ŮɜŭŮɑəɜɡŰŬɘ Űɧůɞ ɔɘŬ ɛɖ ïŬɔɩɔɘɛŬ, ɧůɞ əŬɘ ɔɘŬ ɖɛɘŬɔɩɔɘɛŬ ɡɚɘəɎ.  

ɆŰɖɜ ůɡɔəŮəɟɘɛɏɜɖ ˊŮɟɑˊŰɤůɖ ŰŬ ŭɞəɑɛɘŬ ŰɞˊɞɗŮŰɐɗɖəŬɜ ŬɜɎɛŮůŬ ůŮ Ůˊɘɢɟɡůɤɛɏɜɞɡɠ 

ɛŮŰŬɚɚɘəɞɨɠ ɞˊɚɘůɛɞɨɠ ŭɘŬɛɏŰɟɞɡ 40mm ůŰɞ əɎŰɤ ɛɏɟɞɠ əŬɘ 30mm ůŰɞ Ɏɜɤ ɛŮ Űɞ ŭɞəɑɛɘɞ ɜŬ 

ɏɢŮɘ Űɞɜ ɟɧɚɞ Űɞɡ ŭɘɖɚŮəŰɟɘəɞɨ ɧˊɤɠ ůŮ ɏɜŬɜ ˊɡəɜɤŰɐ.  

 

ȺɘəɧɜŬ 5.3: ɆɢɖɛŬŰɘəɐ ŬɜŬˊŬɟɎůŰŬůɖ Űɖɠ ˊŮɘɟŬɛŬŰɘəɐɠ ŭɘɎŰŬɝɖɠ.[novocontrol.com] 

ɆŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ (ŮɘəɧɜŬ 5.4) űŬɑɜŮŰŬɘ ɖ əɡɣŮɚɑŭŬ ɛɏůŬ ůŰɖɜ ɞˊɞɑŬ ŰɞˊɞɗŮŰɐɗɖəŬɜ ŰŬ 

ŭɞəɑɛɘŬ. ɆŰɞ əɎŰɤ ɛɏɟɞɠ Űɖɠ űŬɑɜŮŰŬɘ ɖ ŭɘɎŰŬɝɖ Űɤɜ ɞˊɚɘůɛɩɜ ɛŮ Űɞ ŭɘɖɚŮəŰɟɘəɧ Űɖɠ ŮɘəɧɜŬɠ 

5.3. 
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ȺɘəɧɜŬ 5.4: ȾɡɣŮɚɑŭŬ  BDS 1200.[novocontrol.com] 

 

 

 

 

ȺɘəɧɜŬ 5.5: ȼɚŮəŰɟɘəɐ ůɡɜŭŮůɛɞɚɞɔɑŬ əɡɣŮɚɑŭŬɠ ɛŮ ɖɚŮəŰɟɘəɐ ɔɏűɡɟŬ Alpha-N Analyzer (High 

resolution dielectric analyzer).[novocontrol.com] 

 

 

O ɖɚŮəŰɟɘəɧɠ ɢŬɟŬəŰɖɟɘůɛɧɠ Űɤɜ ŭɞəɘɛɑɤɜ ůŰɖɜ ˊŬɟɞɨůŬ ŮɟɔŬůɑŬ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ůŮ Ůɨɟɞɠ 

ůɡɢɜɞŰɐŰɤɜ 10
-1
ȼz-10

7
ȼz ɛŮ Űɖ ɓɞɐɗŮɘŬ Űɖɠ ɖɚŮəŰɟɘəɐɠ ɔɏűɡɟŬɠ Alpha-N Analyzer (High 

resolution dielectric analyzer) Űɖɠ ŮŰŬɘɟŮɑŬɠ Novocontrol. 
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ȺɘəɧɜŬ 5.6: ɆɢɖɛŬŰɘəɐ ŬɜŬˊŬɟɎůŰŬůɖ űɞɨɟɜɞɡ novotherm.[novocontrol.com] 

 

 

ɆŰɖ ůɡɜɏɢŮɘŬ ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɖɜ ŮɘəɧɜŬ 5.6 ɖ əɡɣŮɚɑŭŬ ŰɞˊɞɗŮŰɐɗɖəŮ ɛɏůŬ ůŰɞɜ űɞɨɟɜɞ 

novotherm ɛɏůɤ Űɞɡ ɞˊɞɑɞɡ ŮɑɢŬɛŮ Űɖ ŭɡɜŬŰɧŰɖŰŬ ɜŬ ŮɚɏɔɢɞɡɛŮ Űɖ ɗŮɟɛɞəɟŬůɑŬ ůŰɖ ɞˊɞɑŬ ɗŬ 

ɓɟɑůəŮŰŬɘ ɖ əɡɣŮɚɑŭŬ . ɇɞ ɗŮɟɛɞəɟŬůɘŬəɧ Ůɨɟɞɠ Űɤɜ ɛŮŰɟɐůŮɤɜ ɐŰŬɜ 30
o
C ï 160

o
C ɛŮ ɓɐɛŬ 

5
ɞ
C. ȼ ɗŮɟɛɞəɟŬůɑŬ ŮɚŮɔɢɧŰŬɜ ɛŮ ŬəɟɑɓŮɘŬ Ñ0.1%. 
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ȾŮűɎɚŬɘɞ 6: ȹɘɖɚŮəŰɟɘəɏɠ ɛŮŰɟɐůŮɘɠ ɡˊɧ ůŰŬɗŮɟɐ ɗŮɟɛɞəɟŬůɑŬ. 

6.1) ɄɟŬɔɛŬŰɘəɧ ɛɏɟɞɠ Űɖɠ ɖɚŮəŰɟɘəɐɠ ŭɘŬˊŮɟŬŰɧŰɖŰŬɠ (Ůᾳ). 
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ɆɢɐɛŬ 6.1: ȾŬɛˊɨɚŮɠ Űɞɡ ˊɟŬɔɛŬŰɘəɞɨ ɛɏɟɞɡɠ Űɖɠ ɖɚŮəŰɟɘəɐɠ ŭɘŬˊŮɟŬŰɧŰɖŰŬɠ, ɤɠ ˊɟɞɠ Űɖ ůɡɢɜɧŰɖŰŬ, ůŮ ɗŮɟɛɞəɟŬůɘŬəɧ 

Ůɨɟɞɠ 30oC-160ɞC ɔɘŬ Űɞ ŭɞəɑɛɘɞ ŮˊɞɝŮɘŭɘəɐɠ ɟɖŰɑɜɖɠ. 
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ɆɢɐɛŬ 6.2: ȾŬɛˊɨɚŮɠ ˊɟŬɔɛŬŰɘəɞɨ ɛɏɟɞɡɠ Űɖɠ ɖɚŮəŰɟɘəɐɠ ŭɘŬˊŮɟŬŰɧŰɖŰŬɠ, ɤɠ ˊɟɞɠ Űɖ ůɡɢɜɧŰɖŰŬ, ůŮ ɗŮɟɛɞəɟŬůɘŬəɧ 

Ůɨɟɞɠ 30oC-160ɞC ɔɘŬ Űɞ ŭɞəɑɛɘɞ ɛŮ 5phr ȸ4C. 
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ɆɢɐɛŬ 6.3: ȾŬɛˊɨɚŮɠ Űɞɡ ˊɟŬɔɛŬŰɘəɞɨ ɛɏɟɞɡɠ Űɖɠ ɖɚŮəŰɟɘəɐɠ ŭɘŬˊŮɟŬŰɧŰɖŰŬɠ, ɤɠ ˊɟɞɠ Űɖ ůɡɢɜɧŰɖŰŬ, ůŮ ɗŮɟɛɞəɟŬůɘŬəɧ 

Ůɨɟɞɠ 30oC-160ɞC ɔɘŬ Űɞ ŭɞəɑɛɘɞ ɛŮ 10 phr  ȸ4C. 
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ɆɢɐɛŬ 6.4: ȾŬɛˊɨɚŮɠ ˊɟŬɔɛŬŰɘəɞɨ ɛɏɟɞɡɠ Űɖɠ ɖɚŮəŰɟɘəɐɠ ŭɘŬˊŮɟŬŰɧŰɖŰŬɠ, ɤɠ ˊɟɞɠ Űɖ ůɡɢɜɧŰɖŰŬ, ůŮ ɗŮɟɛɞəɟŬůɘŬəɧ 

Ůɨɟɞɠ 30oC-160ɞC ɔɘŬ Űɞ ŭɞəɑɛɘɞ ɛŮ 12 phr B4C. 
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ɆɢɐɛŬ 6.5: ȾŬɛˊɨɚŮɠ ˊɟŬɔɛŬŰɘəɞɨ ɛɏɟɞɡɠ Űɖɠ ɖɚŮəŰɟɘəɐɠ ŭɘŬˊŮɟŬŰɧŰɖŰŬɠ, ɤɠ ˊɟɞɠ Űɖ ůɡɢɜɧŰɖŰŬ, ůŮ ɗŮɟɛɞəɟŬůɘŬəɧ 

Ůɨɟɞɠ 30oC-160ɞC ɔɘŬ Űɞ ŭɞəɑɛɘɞ ɛŮ 15 phr B4C. 

 

 

 

ɆɢɐɛŬ 6.6: ȾŬɛˊɨɚŮɠ ˊɟŬɔɛŬŰɘəɞɨ ɛɏɟɞɡɠ Űɖɠ ɖɚŮəŰɟɘəɐɠ ŭɘŬˊŮɟŬŰɧŰɖŰŬɠ, ɤɠ ˊɟɞɠ Űɖ ůɡɢɜɧŰɖŰŬ, ůŮ ɗŮɟɛɞəɟŬůɘŬəɧ 

Ůɨɟɞɠ 30oC-160ɞC ɔɘŬ Űɞ ŭɞəɑɛɘɞ ɛŮ 20 phr B4C. 


