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ȺɈɉȷɅȽɆɇȽȺɆ 

 

ȼ ˊŬɟɞɨůŬ ɛŮŰŬˊŰɡɢɘŬəɐ ŮɟɔŬůɑŬ ɛŮ ŰɑŰɚɞ çɀŮɚɏŰɖ ŬůŰɞɢɑŬɠ ŭɘŮˊɘűɎɜŮɘŬɠ 

ɑɜŬɠ ɎɜɗɟŬəŬ/Ůˊɞɝɘəɐɠ ɟɖŰɑɜɖɠ ɛŮ Űɖɜ ɇŮɢɜɘəɐ Űɖɠ ɁŬɜɞŭɘŮɑůŭɡůɖɠ əŬɘ Űɖ 

ɀɏɗɞŭɞ Űɤɜ ɄŮˊŮɟŬůɛɏɜɤɜ ɆŰɞɘɢŮɑɤɜè ŮəˊɞɜɐɗɖəŮ ůŰŬ ˊɚŬɑůɘŬ Űɞɡ 

ȹɘŬŰɛɖɛŬŰɘəɞɨ ɄɟɞɔɟɎɛɛŬŰɞɠ ɀŮŰŬˊŰɡɢɘŬəɩɜ Ɇˊɞɡŭɩɜ (ȹɄɀɆ), 

çȺˊɘůŰɐɛɖ əŬɘ ɇŮɢɜɞɚɞɔɑŬ Ɉɚɘəɩɜè Űɖɠ Ɇɢɞɚɐɠ ɉɖɛɘəɩɜ ɀɖɢŬɜɘəɩɜ Űɞɡ 

Ⱥɗɜɘəɞɨ ɀŮŰůɧɓɘɞɡ ɄɞɚɡŰŮɢɜŮɑɞɡ. 

ŪŬ ɐɗŮɚŬ ɜŬ ŮəűɟɎůɤ Űɘɠ ɗŮɟɛɏɠ ɛɞɡ ŮɡɢŬɟɘůŰɑŮɠ ůŰɞɜ ŮˊɘɓɚɏˊɞɜŰŬ 

ȾŬɗɖɔɖŰɐ Ⱦ.ȷ. ɉŬɟɘŰɑŭɖ, ɔɘŬ Űɖɜ ŮɡəŬɘɟɑŬ ˊɞɡ ɛɞɡ ɏŭɤůŮ ɜŬ Ůəˊɞɜɐůɤ Űɖ 

ɛŮŰŬˊŰɡɢɘŬəɐ ŮɟɔŬůɑŬ ůŰɖɜ ȺɟŮɡɜɖŰɘəɐ ɀɞɜɎŭŬ çɄɟɞɖɔɛɏɜɤɜ, ɆɨɜɗŮŰɤɜ, 

ɁɎɜɞ-Ɉɚɘəɩɜ əŬɘ ɁŬɜɞŰŮɢɜɞɚɞɔɑŬɠè, ɔɘŬ Űɖɜ ŮɛˊɘůŰɞůɨɜɖ ˊɞɡ ɛɞɡ ɏŭŮɘɝŮ, 

əŬɗɩɠ əŬɘ ɔɘŬ Űɖɜ ŮˊɘůŰɖɛɞɜɘəɐ əŬɗɞŭɐɔɖůɖ əŬɘ ůŰɐɟɘɝɐ Űɞɡ əŬŰɎ Űɖ 

ŭɘɎɟəŮɘŬ Űɖɠ Ůəˊɧɜɖůɖɠ Űɖɠ ɛŮŰŬˊŰɡɢɘŬəɐɠ ŮɟɔŬůɑŬɠ.  

ȽŭɘŬɑŰŮɟŬ, ŮɡɢŬɟɘůŰɩ ɗŮɟɛɎ Űɞɜ ȹ. ȹɟŬɔŬŰɞɔɘɎɜɜɖ, Ɉˊɞɣɐűɘɞ ȹɘŭɎəŰɞɟŬ ɔɘŬ 

Űɖ əŬɗɞɟɘůŰɘəɐ əŬɘ ˊɞɚɨŰɘɛɖ ɓɞɐɗŮɘŬ ˊɞɡ ɛɞɡ ˊɟɞůɏűŮɟŮ, əŬɗɩɠ əŬɘ Űɞɜ 

ɢɟɧɜɞ ˊɞɡ ŬűɘɏɟɤůŮ. Ⱥˊɘˊɚɏɞɜ, Űɞɜ ŮɡɢŬɟɘůŰɩ Űɧůɞ ɔɘŬ Űɘɠ ɔɜɩůŮɘɠ ˊɞɡ ɛɞɡ 
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əŬɘ ůɡɛˊŬɟɎůŰŬůɖ ˊɞɡ ɞŭɐɔɖůŬɜ ůŰɖɜ ɞɛŬɚɐ ŭɘŮəˊŮɟŬɑɤůɖ Űɖɠ ŮɟɔŬůɑŬɠ.  
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NANO ɔɘŬ Űɖ ůɡɜŮɟɔŬůɑŬ, Űɖɜ ɡˊɞůŰɐɟɘɝɖ əŬɘ Űɞ ŮɡɢɎɟɘůŰɞ əŬɘ űɘɚɘəɧ əɚɑɛŬ, 

əŬɗɩɠ əŬɘ ɧɚɞɡɠ ɧůɞɡɠ ůɡɜɏɓŬɚŬɜ ɛŮ ɞˊɞɘɞɜŭɐˊɞŰŮ Űɟɧˊɞ ůŰɖɜ ŮˊɘŰɡɢɐ 

Ůəˊɧɜɖůɖ ŬɡŰɐɠ Űɖɠ ɛŮŰŬˊŰɡɢɘŬəɐɠ ŮɟɔŬůɑŬɠ.  

ɇɏɚɞɠ, ŮɡɢŬɟɘůŰɩ Űɖɜ ɞɘəɞɔɏɜŮɘŬ ɛɞɡ ɔɘŬ Űɖ ůŰɐɟɘɝɖ əŬɘ Űɖɜ ŮɛˊɘůŰɞůɨɜɖ ˊɞɡ 

ɛɞɡ ɏŭŮɘɝŮ əŬɗô ɧɚɖ Űɖ ŭɘɎɟəŮɘŬ Űɤɜ ɛŮŰŬˊŰɡɢɘŬəɩɜ ɛɞɡ ůˊɞɡŭɩɜ, əŬɗɩɠ əŬɘ 

Űɞɡɠ ůŰŮɜɞɨɠ ɛɞɡ űɑɚɞɡɠ ɔɘŬ Űɖ ŬɜŮəŰɑɛɖŰɖ ůɡɛˊŬɟɎůŰŬůɖ əŬɘ əŬŰŬɜɧɖůɖ 

Űɞɡɠ. 
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ɄȺɅȽȿȼɊȼ 

 

ɆŰɧɢɞɠ Űɖɠ ˊŬɟɞɨůŬɠ ŮɟɔŬůɑŬɠ ŮɑɜŬɘ ɖ ɛŮɚɏŰɖ ŬɜŰɞɢɐɠ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ ɑɜŬɠ 

ɎɜɗɟŬəŬ/Ůˊɞɝɘəɐɠ ɟɖŰɑɜɖɠ ɡˊɧ əɡəɚɘəɐ űɧɟŰɘůɖ ɛŮ Űɖɜ ŰŮɢɜɘəɐ Űɖɠ 

ɜŬɜɞŭɘŮɑůŭɡůɖɠ. ɆŰŬ ˊɚŬɑůɘŬ Űɖɠ ŮɟɔŬůɑŬɠ, ŭɘŮɝɐɢɗɖůŬɜ ˊŮɘɟɎɛŬŰŬ 

ɜŬɜɞŭɘŮɑůŭɡůɖɠ ůŮ ŭŮɑɔɛŬŰŬ ůɡɜɗɏŰɞɡ ɘɜɩɜ ɎɜɗɟŬəŬ / Ůˊɞɝɘəɐɠ ɟɖŰɑɜɖɠ ɛŮ 

ŭɘŬűɞɟŮŰɘəɞɨɠ ˊɟɞůŬɜŬŰɞɚɘůɛɞɨɠ ɘɜɩɜ, ŮˊɘɚŮəŰɘəɎ, ůŮ ˊŮɟɘɞɢɏɠ ɑɜŬɠ, ɛɐŰɟŬɠ 

əŬɘ ŭɘŮˊɘűɎɜŮɘŬɠ ɑɜŬɠ/ɛɐŰɟŬɠ. Ƀɘ ɛŮŰɟɐůŮɘɠ Űɤɜ ŭŮɘɔɛɎŰɤɜ 

ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ůŮ ɛɞɜɞəɡəɚɘəɐ əŬɘ ˊɞɚɡəɡəɚɘəɐ űɧɟŰɘůɖ ï ŬˊɞűɧɟŰɘůɖ 

əŬɘ Ŭˊɧ Űɘɠ əŬɛˊɨɚŮɠ űɞɟŰɑɞɡ ï ɓɎɗɞɡɠ ŭɘŮɑůŭɡůɖɠ ˊɞɡ ˊɟɞɏəɡɣŬɜ, 

ŬɝɘɞɚɞɔɐɗɖəŬɜ ɞɘ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ůɡɜɗɏŰɤɜ. ɄŬɟŬŰɖɟɐɗɖəŮ ɧŰɘ ůŮ 

ŮɜŰɡˊɩůŮɘɠ ůŮ ˊŮɟɘɞɢɏɠ əɞɜŰɎ ůŰɖ ŭɘŮˊɘűɎɜŮɘŬ, ŮɛűŬɜɑůŰɖəŮ ɛɘŬ ŬůɡɜɏɢŮɘŬ 

ůŰɘɠ ˊŮɘɟŬɛŬŰɘəɏɠ əŬɛˊɨɚŮɠ Űɨˊɞɡ çpop-inè. ɇɞ çpop-inè ůɡɜŭɏŮŰŬɘ ɛŮ Űɖ 

ɛŮŰɎɓŬůɖ Ŭˊɧ Űɖɜ əɡɟɑɤɠ ŮɚŬůŰɘəɐ/ŮɚŬůŰɞˊɚŬůŰɘəɐ ˊŬɟŬɛɧɟűɤůɖ ůŰɖɜ 

ˊŬɟŬɛɧɟűɤůɖ ɛŮ Űɖ ɛŮɟɘəɐ Ŭˊɞəɧɚɚɖůɖ ɑɜŬɠ/ɛɐŰɟŬɠ. ȼ ɛɘəɟɞŭɞɛɐ əŬɘ ɖ 

ɛɞɟűɞɚɞɔɑŬ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ ůɡɜɗɏŰɞɡ ɛŮɚŮŰɐɗɖəŬɜ ɛŮ ɞˊŰɘəɧ 

ɛɘəɟɞůəɧˊɘɞ (OM), ɖɚŮəŰɟɞɜɘəɧ ɛɘəɟɞůəɧˊɘɞ ůɎɟɤůɖɠ (SEM) əŬɘ 

ɛɘəɟɞůəɧˊɘɞ ůɎɟɤůɖɠ ŬəɑŭŬɠ (SPM). ȼ ɛɞɟűɐ Űɖɠ ŬůŰɞɢɑŬɠ (ůɢɘůɛɧɠ ɑɜŬɠ, 

Ŭˊɞəɧɚɚɖůɖ ɑɜŬɠ/ɛɐŰɟŬɠ, ŬůŰɞɢɑŬ ɛɐŰɟŬɠ, ŮəŰŮŰŬɛɏɜɖ ˊɚŬůŰɘəɐ 

ˊŬɟŬɛɧɟűɤůɖ) əŬɗɞɟɑůŰɖəŮ Ŭˊɧ ŰŬ ŭɘŬɔɟɎɛɛŬŰŬ űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ ůŮ 

ŬɜŰɘˊŬɟŬɓɞɚɐ ɛŮ Űɘɠ ŮɘəɧɜŮɠ ɛɘəɟɞůəɞˊɑŬɠ ˊɟɘɜ əŬɘ ɛŮŰɎ Űɖ ɜŬɜɞŭɘŮɑůŭɡůɖ.  

ɋůŰɧůɞ, ɖ ŮɟɛɖɜŮɑŬ Űɤɜ ˊŮɘɟŬɛŬŰɘəɩɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ ɔɘŬ Űɞɜ ˊɟɞůŭɘɞɟɘůɛɧ 

Űɤɜ ɘŭɘɞŰɐŰɤɜ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ ŭŮɜ ŮɑɜŬɘ ɛɞɜɞůɐɛŬɜŰɖ əŬɘ ŬˊŬɘŰŮɑŰŬɘ ɏɜŬ 

ɚŮˊŰɞɛŮɟɏɠ ɛɘəɟɞɛɖɢŬɜɘəɧ ɛɞɜŰɏɚɞ. ȾŬŰɎ ŰŬ ˊŮɘɟɎɛŬŰŬ ɜŬɜɞŭɘŮɑůŭɡůɖɠ 

ŮɛűŬɜɑɕɞɜŰŬɘ ɘŭɘŬɑŰŮɟɞɘ ˊŮɟɘɞɟɘůɛɞɑ, ɧˊɤɠ ɖ Űɞˊɘəɐ ɛɘəɟɞŭɞɛɐ (ŭɘɎŰŬɝɖ 
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ABSTRACT  

 

The aim of present work is to study the strength of carbon fiber/epoxy interface 

under cyclic loading with nanoindentation technique. In this thesis, 

nanoindentation experiments were performed on specimens of carbon fiber 

reinforced polymer composites-CFRPs with different fiber orientations, 

selectively, in fiber, matrix and  fiber/matrix interface areas. Nanoindentation 

measurements were performed to single and multicycle loading - unloading 

and the mechanical properties of the composite were evaluated. It was 

observed that indentations in the region close to the interface, an abrupt pop-

in type event was appeared. This event is plausibly connected to a transition 

from mainly elastic/elastoplastic deformation to deformation by partial 

fiber/matrix decohesion. Microstructure and surface morphology of the 

composite were studied by optical microscopy (OM), scanning electron 

microscopy (SEM) and scanning probe microscopy (SPM). The form of failure 

(split fiber, fiber / matrix decohesion, matrix failure, plastic deformation) were 

determined from the load-displacement curves and SEM and SPM images 

before and after nanoindentation. However, the interpretation of experimental 

results to determine the interface properties is not straightforward and requires 

a detailed micromechanical model. In the nanoindentation experiments shown 

particular limitations, such as the local microstructure (fiber packing), the 

anisotropy of the carbon fibers, the influence of residual stresses and fiber-

matrix friction after decohesion. Therefore, it was attempted to study the 

phenomenon, by using computational models. A three-dimensional 

fiber/matrix model was built from ANSYS Parametric Design Language ï 

APDL. Suitable finite elements were selected for meshing of the tip and the 

sample (fiber and matrix) and meshing close to contact of fiber and matrix, 

which was expected larger deformations. To build the appropriate code were 

evaluated various models with different tip geometries and specimen mesh, 

boundary conditions and material properties in order to find appropriate 

parameters for the failure of the interface and the deformation mechanism 

during the experimental indentations. Emphasis was given to the effect of 

fiber/matrix friction and the mechanical properties of the matrix (elastic 

modulus and yield strength) in the load-displacement curves. 

 

Keywords: Nanoindentation, Finite Element Method, carbon fiber/epoxy 

interface, interfacial strength, single loading-unloading, multicycle loading-

unloading, failure 
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 1 

ȾȺūȷȿȷȽɃ 1. ɆɨɜɗŮŰŬ ɈɚɘəɎ ɄɞɚɡɛŮɟɘəɐɠ ɀɐŰɟŬɠ 

ȺɜɘůɢɡɛɏɜŬ ɛŮ ȲɜŮɠ ȯɜɗɟŬəŬ 

 

ɇŬ ˊɞɚɡɛŮɟɘəɎ ůɨɜɗŮŰŬ ŮɜɘůɢɡɛɏɜŬ ɛŮ ɑɜŮɠ ɎɜɗɟŬəŬ (Carbon Fiber 

Reinforced Polymer Composites-CFRPs) əŬŰŬůəŮɡɎɕɞɜŰŬɘ ɛŮ ŬɜɎɛŮɘɝɖ ɘɜɩɜ 

ɎɜɗɟŬəŬ əŬɘ ˊɚŬůŰɘəɐɠ ɟɖŰɑɜɖɠ ɡˊɧ əŬɗɞɟɘůɛɏɜŮɠ ůɡɜɗɐəŮɠ. ɇŬ ůɨɜɗŮŰŬ 

ŬɡŰɎ ŭɘŬəɟɑɜɞɜŰŬɘ Ŭˊɧ Űɖɜ ɡɣɖɚɐ Űɞɡɠ ŬɜŰɞɢɐ əŬɘ ŬəŬɛɣɑŬ, Űɖ ɢŬɛɖɚɐ 

ˊɡəɜɧŰɖŰŬ, Űɘɠ ŮɝŬɘɟŮŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ ŭɘŬɓɟɞɢɐɠ əŬɘ Űɘɠ ɡɣɖɚɏɠ ŬɜŰɘůŰɎůŮɘɠ 

ůŰɖɜ Ůˊɘɟɟɞɐ əŬɘ Űɖ ŭɘɎɓɟɤůɖ ůŮ ůɡɜŭɡŬůɛɧ ɛŮ Űɖɜ Űɟɞˊɞˊɞɘɐůɘɛɖ ɗŮɟɛɘəɐ 

ŭɘŬůŰɞɚɐ. ȼ ŬˊɚɞɨůŰŮɟɖ ŭɞɛɐ Űɤɜ CFRPs ŮɑɜŬɘ ůɨɜɗŮŰŬ ɛɘŬɠ əŬŰŮɨɗɡɜůɖɠ 

ůŰŬ ɞˊɞɑŬ ɧɚŮɠ ɞɘ ɑɜŮɠ ŮɑɜŬɘ ŰɞˊɞɗŮŰɖɛɏɜŮɠ ˊŬɟɎɚɚɖɚŮɠ ɛŮŰŬɝɨ Űɞɡɠ ˊɟɞɠ Űɖɜ 

ɑŭɘŬ ŭɘŮɨɗɡɜůɖ ůŰɖɜ ˊɞɚɡɛŮɟɘəɐ ɛɐŰɟŬ, ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ ɆɢɐɛŬ 1.1(a). ȼ 

ˊɘɞ əɞɘɜɐ ɛɞɟűɐ CFRPs ŮɑɜŬɘ Űɞ ˊɞɚɡůŰɟɤɛŬŰɘəɧ cross-ply, ɧˊɤɠ ŮɑɜŬɘ ɖ 

ŮˊɑůŰɟɤůɖ ɛɘŬɠ ŬəɞɚɞɡɗɑŬɠ ůŰɟɩůŮɤɜ ɛɞɜɐɠ əŬŰŮɨɗɡɜůɖɠ. Ɇɡɜɐɗɤɠ ŰŬ 

ˊɞɚɡůŰɟɤɛŬŰɘəɎ cross-ply, ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ ɆɢɐɛŬ 1.1(b), ˊŬɟɞɡůɘɎɕɞɡɜ 

ˊɞɚɨˊɚɞəŮɠ ŭɘŬŭɘəŬůɑŮɠ ɓɚɎɓɖɠ ˊɞɡ ˊŮɟɘɚŬɛɓɎɜɞɡɜ Ŭˊɞəɧɚɚɖůɖ Űɤɜ ɘɜɩɜ-

ɛɐŰɟŬɠ, ŮɔəɎɟůɘŮɠ ɟɤɔɛɏɠ, Ŭˊɞűɚɞɑɤůɖ əŬɘ ŬůŰɞɢɑŬ Űɤɜ ɘɜɩɜ. ɆŮ ɎɚɚŬ 

ŭɞɛɘəɎ ɛɞɜŰɏɚŬ, ɧˊɤɠ ůŰŬ CFRPs ŮɜɘůɢɡɛɏɜŬ ɛŮ ɨűŬůɛŬ, ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ 

ɆɢɐɛŬ 1.1(c), ɞɘ ɑɜŮɠ ˊɚɏəɞɜŰŬɘ ɖ ɛɑŬ ɔɨɟɤ Ŭˊɧ Űɖɜ Ɏɚɚɖ. ȷɡŰɐ ɖ Ůɘŭɘəɐ ŭɞɛɐ 

ɓŮɚŰɘɩɜŮɘ Űɖɜ Ŭɜɞɢɐ ɓɚɎɓɖɠ Űɤɜ ůɡɜɗɏŰɤɜ. Ⱥˊɘˊɚɏɞɜ, ɏɢɞɡɜ ŬɜŬˊŰɡɢɗŮɑ ŰŬ 

ŰɟɘůŭɘɎůŰŬŰŬ ɞɟɗɞɔɤɜɘəɎ ɡűŬůɛɏɜŬ CFRPs, ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ ɆɢɐɛŬ 

1.1(d), ůŰŬ ɞˊɞɑŬ ɞɘ ɑɜŮɠ ŰɞˊɞɗŮŰɞɨɜŰŬɘ ůŮ ŰɟŮɘɠ ɞɟɗɞɔɩɜɘŮɠ ŭɘŮɡɗɨɜůŮɘɠ ɖ ɛɘŬ 

ɛŮ Űɖɜ Ɏɚɚɖ. ȿɧɔɤ Űɞɡ ˊɟɞŰɨˊɞɡ cross-over, ŬɡŰɐ ɖ ŭɞɛɐ ˊɞɚɚŬˊɚɩɜ 

ŭɘŮɡɗɨɜůŮɤɜ ˊɟɞůŭɑŭŮɘ ůŰŬ CFRPs əŬɚɨŰŮɟɖ ŬɜŰɑůŰŬůɖ Ŭˊɞəɧɚɚɖůɖɠ. ȺəŰɧɠ 

Ŭˊɧ Űɖɜ Ůɜɑůɢɡůɖ, ɘɜɩɜ ɎɜɗɟŬəŬ, ŰŬ CFRPs ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ ŮˊɞɝŮɘŭɘəɏɠ 

ɛɐŰɟŮɠ, ɞɘ ɞˊɞɑŮɠ əŬɗɞɟɑɕɞɡɜ Űɞ ɛɞŰɑɓɞ Űɤɜ CFRPs. ȷɜ əŬɘ ɖ Ůˊɞɝɘəɐ ɛɐŰɟŬ 

ŭŮɜ ɏɢŮɘ Űɧůɖ ŬɜŰɞɢɐ ɧůɞ ɞɘ ɑɜŮɠ ɎɜɗɟŬəŬ, ɓɞɖɗɎ Űɖ ɛŮŰŬűɞɟɎ űɞɟŰɑɤɜ ŮɜŰɧɠ 

Űɤɜ ůɡɜɗɏŰɤɜ ɡɚɘəɩɜ [1]. 

 

ɆɢɐɛŬ 1.1: ɇɏůůŮɟɘɠ Űɨˊɞɘ ŭɞɛɩɜ CFRPs: (a) ůɨɜɗŮŰŬ ɛɞɜɐɠ ŭɘŮɨɗɡɜůɖɠ, 

(b) ůɨɜɗŮŰŬ cross-ply, (c) 2D ɡűŬɜŰɎ CFRPs, əŬɘ (d) 3D ɞɟɗɞɔɩɜɘŬ ɡűŬɜŰɎ 

CFRPs [1] . 
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1.1 ɀɖɢŬɜɘəɏɠ ȽŭɘɧŰɖŰŮɠ 

 

ɇŬ CFRPs ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ Ůɡɟɏɤɠ ůŮ ˊɞɚɚɏɠ ŮűŬɟɛɞɔɏɠ ɚɧɔɤ Űɤɜ 

ŮɝŬɘɟŮŰɘəɩɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ Űɞɡɠ. ɇɞ ɡɚɘəɧ ŬɡŰɧ ɏɢŮɘ ˊɞɚɨ ɡɣɖɚɧ ɛɏŰɟɞ 

ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ ɡɣɖɚɐ ŬɜŰɞɢɐ ůŮ ŮűŮɚəɡůɛɧ ˊŮɟɑˊɞɡ 7 GPa. ȼ ɢŬɛɖɚɐ 

ˊɡəɜɧŰɖŰŬ əŬɘ ɖ ɢŬɛɖɚɐ ɗŮɟɛɘəɐ ŭɘŬůŰɞɚɐ ŮɑɜŬɘ Ůˊɑůɖɠ ŭɨɞ Ŭˊɧ Űɞɡɠ ɚɧɔɞɡɠ 

Űɖɠ ŮɡɟŮɑŬɠ ɢɟɐůɖɠ Űɞɡ. Ⱥˊɘˊɚɏɞɜ, ŰŬ CFRPs ɏɢɞɡɜ ɡɣɖɚɐ ɢɖɛɘəɐ ŬŭɟɎɜŮɘŬ 

əŬɘ ɛˊɞɟɞɨɜ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ůŮ ŭɘŬɓɟɤŰɘəɧ ˊŮɟɘɓɎɚɚɞɜ. ȷɜ əŬɘ ɛŮɟɘəɏɠ 

űɞɟɏɠ ɛˊɞɟŮɑ ɜŬ ˊŬɟŬŰɖɟɖɗŮɑ ŬůŰɞɢɑŬ ɡˊɧ űɞɟŰɑɞ əɧˊɤůɖɠ, ŰŬ CFRPs ɏɢɞɡɜ 

əŬɚɨŰŮɟɖ ůɡɛˊŮɟɘűɞɟɎ əɧˊɤůɖɠ Ŭˊɧ ŰŬ ɛɏŰŬɚɚŬ. ɇɞ ɧɟɘɞ ŬɜŰɞɢɐɠ Űɤɜ 

CFRPs űŰɎɜŮɘ ˊŮɟɑˊɞɡ 60-80% Űɖɠ ŰɎůɖɠ ɗɟŬɨůɖɠ, Ůɜɩ Űɞ ɧɟɘɞ ŬɜŰɞɢɐɠ Űɤɜ 

ɛŮŰɎɚɚɤɜ űŰɎɜŮɘ ɛɧɜɞ ˊŮɟɑˊɞɡ Űɞ 30% Űɖɠ ŰɎůɖɠ ɗɟŬɨůɖɠ [2]. ɋůŰɧůɞ, ŰŬ 

CFRPs ŮɑɜŬɘ ůɢŮŰɘəɎ ŮɨɗɟŬɡůŰŬ ůŮ ůɨɔəɟɘůɖ ɛŮ ŰŬ ɛŮŰŬɚɚɘəɎ ɡɚɘəɎ. ȾŬŰɎ Űɖ 

ŭɘɎɟəŮɘŬ Űɖɠ əɧˊɤůɖɠ, ɛˊɞɟŮɑ ɜŬ ůɡɛɓŮɑ Ŭˊɞəɧɚɚɖůɖ ůŰŬ CFRPs. ȷəɧɛɖ, 

ɏɢŮɘ ŭɘŮɝŬɢɗŮɑ ɛŮɚɏŰɖ ɛŮ Űɖɜ ŮˊɑŭɟŬůɖ Űɖɠ ɡɔɟŬůɑŬɠ ůŰŬ CFRPs [3] əŬɘ ɏɢŮɘ 

ŬˊɞŭŮɘɢɗŮɑ ɧŰɘ ɞɘ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ CFRPs ŮˊɘŭŮɘɜɩɜɞɜŰŬɘ ɚɧɔɤ Űɖɠ 

ɡɔɟŬůɑŬɠ. 

 

1.2 ȺűŬɟɛɞɔɏɠ 

 

ȼ Ůɜɑůɢɡůɖ ůɡɜɗɏŰɤɜ ˊɞɚɡɛŮɟɘəɐɠ ɛɐŰɟŬɠ ɛŮ ɑɜŮɠ ɎɜɗɟŬəŬ ɎɟɢɘůŮ ɜŬ 

ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Ůɛˊɞɟɘəɐ ˊŬɟŬɔɤɔɐ ůŰɖ ŭŮəŬŮŰɑŬ Űɞɡ 1960. ũɘŬ ɏɜŬ 

Ůɨɟɞɠ ˊɘɗŬɜɩɜ ŮűŬɟɛɞɔɩɜ, ɘŭɘŬɑŰŮɟŬ ůŰɞɜ ŰɞɛɏŬ Űɖɠ ɛɖɢŬɜɞɚɞɔɑŬɠ, Űɖɠ 

ŬŮɟɞˊɞɟɑŬɠ əŬɘ Űɖɠ ŬɡŰɞəɘɜɖŰɞɓɘɞɛɖɢŬɜɑŬɠ, ɞɘ ɑɜŮɠ ɎɜɗɟŬəŬ əŬŰɎ əɨɟɘɞ ɚɧɔɞ 

ˊɟɞŰɘɛɩɜŰŬɘ ɔɘŬ Ůɜɑůɢɡůɖ ůŮ ůɨɜɗŮŰŬ ɡɚɘəɎ ɚɧɔɤ Űɤɜ ŮɝŬɘɟŮŰɘəɩɜ ɘŭɘɞŰɐŰɤɜ 

Űɞɡɠ, ɧˊɤɠ ɖ ɡɣɖɚɐ Ůɘŭɘəɐ ŬɜŰɞɢɐ əŬɘ ŬəŬɛɣɑŬ, ɖ Ŭ́ ɧŭɞůɖ ůŰɖɜ ŬɜŬɚɞɔɑŬ 

ɓɎɟɞɡɠ, ɖ ɡɣɖɚɐ ɗŮɟɛɘəɐ ůŰŬɗŮɟɧŰɖŰŬ, ɖ ɡɣɖɚɐ ŬɔɤɔɘɛɧŰɖŰŬ əŬɘ ɖ 

ŬɜŰɑůŰŬůɖ ůŮ ŭɘɎɓɟɤůɖ. ɇŬ CFRPs ɏɢɞɡɜ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ Ůɡɟɏɤɠ ůŮ 

ůɖɛŬɜŰɘəɎ ŮɝŬɟŰɐɛŬŰŬ əŬɘ ŭɞɛɏɠ, ɧˊɤɠ ůŰɖɜ ɎŰɟŬəŰɞ ŬŮɟɞůəŬűɩɜ əŬɘ ůŰɘɠ 

ŭɞɛɏɠ Űɤɜ ˊŰŮɟɡɔɑɤɜ, ůŰɞɡɠ ɟɧŰɞɟŮɠ ŮɚɘəɞˊŰɏɟɤɜ əŬɘ ůŰɘɠ ɚŮˊɑŭŮɠ 

ŬɜŮɛɞɔŮɜɖŰɟɘɩɜ, ůŮ ŭɞɛɏɠ ɞŭɘəɩɜ əŬɘ ɗŬɚɎůůɘɤɜ ŬɛŬɝɤɛɎŰɤɜ, əŬɗɩɠ əŬɘ ůŮ 

ɔɏűɡɟŮɠ əŬɘ ɛŮɔɎɚŬ ŬůŰɘəɎ ɏɟɔŬ ɡˊɞŭɞɛɐɠ. ȼ Ŭˊɧŭɞůɖ Űɤɜ ɞɢɖɛɎŰɤɜ əŬɘ Űɤɜ 

ŭɞɛɘəɩɜ ŮɔəŬŰŬůŰɎůŮɤɜ ɏɢŮɘ ɓŮɚŰɘɤɗŮɑ ůɖɛŬɜŰɘəɎ ɛŮ Űɖ ɢɟɐůɖ CFRPs, ɚɧɔɤ 

Űɖɠ ɛŮɑɤůɖɠ Űɞɡ ɓɎɟɞɡɠ Űɞɡɠ əŬɘ Űɖɠ ŰŬɡŰɧɢɟɞɜɖɠ Ŭɨɝɖůɖɠ Űɖɠ ŬɜŰɞɢɐɠ əŬɘ 

Űɖɠ ŬɜɗŮəŰɘəɧŰɖŰŬɠ Űɞɡɠ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, ɖ ŮűŬɟɛɞɔɐ Űɤɜ CFRPs ůŰɞ ɜɏɞ 

Boeing 787 ɏɢŮɘ űŰɎůŮɘ ůŰɞ 60% Űɞɡ ůɡɜɧɚɞɡ Űɤɜ ůŰɞɘɢŮɑɤɜ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ, Űɞ ɞˊɞɑɞ ɏɢŮɘ ɞŭɖɔɐůŮɘ ůŮ Ŭɨɝɖůɖ 20% ůŰɖɜ Ŭˊɧŭɞůɖ 

əŬɡůɑɛɞɡ [1]. 



 

 3 

ɇŬ ůɨɜɗŮŰŬ ɡɚɘəɎ ŮɜɘůɢɡɛɏɜŬ ɛŮ ɑɜŮɠ ɎɜɗɟŬəŬ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ, Ůˊɑůɖɠ ɔɘŬ 

ŮűŬɟɛɞɔɏɠ ůŮ ŬɜŮɛɞɔŮɜɜɐŰɟɘŮɠ ůŰŬ ŮɜŮɟɔŮɘŬəɎ ůɡůŰɐɛŬŰŬ Űɖɠ 

ŬɡŰɞəɘɜɖŰɞɓɘɞɛɖɢŬɜɑŬɠ, ůŮ əɡɣɏɚŮɠ əŬɡůɑɛɞɡ, ůŮ ˊɚŬŰűɧɟɛŮɠ ɡˊŮɟɎəŰɘɤɜ ï 

ɗŬɚɎůůɘɤɜ ɔŮɤŰɟɐůŮɤɜ, ůŮ ůŰɟɞɓɘɚɞɛɖɢŬɜɏɠ, ɔɘŬ ɛŮŰŬűɞɟɎ əŬɘ ŬˊɞɗɐəŮɡůɖ 

ůɡɛˊɘŮůɛɏɜɞɡ űɡůɘəɞɨ ŬŮɟɑɞɡ, ɔɘŬ ŬɜŰɘůŰŬŰɘəɎ əŬɘ ɖɚŮəŰɟɞɛŬɔɜɖŰɘəɎ ɡɚɘəɎ 

ɗɤɟɎəɘůɖɠ [4]. Ƀɘ Liu əŬɘ Kumar [5] ŮˊŬɜŮɝɏŰŬůŬɜ Űɖɜ ɡˊɎɟɢɞɡůŬ ˊɟɧɞŭɞ 

Űɖɠ ŭɞɛɐɠ Űɤɜ ɘɜɩɜ ɎɜɗɟŬəŬ, Űɖɜ əŬŰŬůəŮɡɐ əŬɘ Űɘɠ ɘŭɘɧŰɖŰŮɠ Űɞɡɠ, 

ůɡɛˊŮɟɘɚŬɛɓɎɜɞɜŰŬɠ Űɖɜ ŮɜůɤɛɎŰɤůɖ Űɤɜ ɜŬɜɞůɤɚɐɜɤɜ ůŰɘɠ ˊɟɧŭɟɞɛŮɠ 

ɑɜŮɠ ɔɘŬ Űɖ ɓŮɚŰɑɤůɖ Űɤɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ. ɋůŰɧůɞ, ɞɘ ɓŬůɘəɏɠ ɛɖɢŬɜɘəɏɠ 

ɘŭɘɧŰɖŰŮɠ ŬɡŰɩɜ Űɤɜ ůɡɜɗɏŰɤɜ ɡɚɘəɩɜ, ɧˊɤɠ ɖ ŬɜɗŮəŰɘəɧŰɖŰŬ, ɖ ŭɘŬɛɐəɖ ɐ 

ŮɔəɎɟůɘŬ ŬɜŰɞɢɐ ˊŮɟɘɞɟɑɕɞɜŰŬɘ Ŭˊɧ Űɖɜ əŬəɐ ŭɘŮˊɘűŬɜŮɘŬəɐ ˊɟɧůűɡůɖ 

ɛŮŰŬɝɨ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɤɜ ɘɜɩɜ ɎɜɗɟŬəŬ əŬɘ Űɤɜ ˊɞɚɡɛŮɟɘəɩɜ ɡɚɘəɩɜ.  

ȼ ɢɟɐůɖ Űɤɜ ůɡɜɗɏŰɤɜ ɡɚɘəɩɜ 

ɘɜɩɜ ɎɜɗɟŬəŬ / ˊɞɚɡɛŮɟɘəɐɠ 

ɛɐŰɟŬɠ ůŮ ŬɡŰɞəɑɜɖŰŬ ɡɣɖɚɩɜ 

ŮˊɘŭɧůŮɤɜ ɛˊɞɟŮɑ ɜŬ ɞŭɖɔɐůŮɘ 

ůŮ Ůɝɞɘəɞɜɧɛɖůɖ ɓɎɟɞɡɠ 75-

80% Űɞɡ ɢɎɚɡɓŬ, 30-40% Űɞɡ 

Ŭɚɞɡɛɘɜɑɞɡ, əŬɘ 50% Űɞɡ 

ůɡɜɗɏŰɞɡ Ůɜɘůɢɡɛɏɜɞɡ ɛŮ ɑɜŮɠ 

ɔɡŬɚɘɞɨ. ȼ Ford, Űɞ 1979, 

ˊŬɟɐɔŬɔŮ ɏɜŬ ŬɡŰɞəɑɜɖŰɞ 

ůɢŮŭɧɜ Ůɝ ɞɚɞəɚɐɟɞɡ Ŭˊɧ 

ůɨɜɗŮŰŬ ɘɜɩɜ ɎɜɗɟŬəŬ ɔɘŬ Űɖɜ 

ŬɜŰɘɛŮŰɩˊɘůɖ Űɞɡ ɡɣɖɚɞɨ 

əɧůŰɞɡɠ Űɤɜ əŬɡůɑɛɤɜ. ȼ ɢɟɐůɖ ůɡɜɗɏŰɤɜ ɡɚɘəɩɜ ɛŮɑɤůŮ Űɞ ɓɎɟɞɠ əŬŰɎ 544 

kg ůŮ ůɨɔəɟɘůɖ ɛŮ Űɞɜ ɘůɞŭɨɜŬɛɞ ɢɎɚɡɓŬ. ȼ Lamborghini Murcielago 

ɢɟɖůɘɛɞˊɞɘŮɑ ůɨɜɗŮŰŬ ɡɚɘəɎ ɛŮ ɑɜŮɠ ɎɜɗɟŬəŬ ůŰɘɠ ŮɝɤŰŮɟɘəɏɠ ˊɧɟŰŮɠ. ȼ 

Ferrari Enzo (ɆɢɐɛŬ 1.2) ɢɟɖůɘɛɞˊɞɘŮɑ ůɨɜɗŮŰŬ ɘɜɩɜ ɎɜɗɟŬəŬ ůŰɞɜ ůəŮɚŮŰɧ. 

ȼ Porsche Carrera GT ɕɡɔɑɕŮɘ ɛɧɚɘɠ 1.380 kg əŬɘ ŮɑɜŬɘ Űɞ ˊɟɩŰɞ ɞŭɘəɧ ɧɢɖɛŬ 

ɛŮ Űɞ əɎŰɤ ɛɏɟɞɠ Űɞɡ ŬɛŬɝɩɛŬŰɞɠ ɜŬ ŮɑɜŬɘ Ůɝ ɞɚɞəɚɐɟɞɡ Ŭˊɧ ůɨɜɗŮŰŬ ɛŮ ɑɜŮɠ 

ɎɜɗɟŬəŬ [6]. 

 

 1.3 ɀɖɢŬɜɘůɛɞɑ ɓɚɎɓɖɠ əŬɘ ŬůŰɞɢɑŬɠ Űɤɜ ůɡɜɗɏŰɤɜ ɡɚɘəɩɜ 

CFRP 

 

ȰɜŬ Ŭˊɧ ŰŬ əɟɑůɘɛŬ ɕɖŰɐɛŬŰŬ ɔɘŬ Űɖɜ ŮˊɘŰɡɢɐ ŮűŬɟɛɞɔɐ Űɤɜ CFRPs ŮɑɜŬɘ ɖ 

ŮəŰɑɛɖůɖ Űɖɠ əŬŰɎůŰŬůɖɠ ɓɚɎɓɖɠ əŬɘ ɖ Ŭəɟɘɓɐɠ ˊɟɧɓɚŮɣɖ Űɖɠ ɡˊɞɚŮɘˊɧɛŮɜɖɠ 

ŭɘɎɟəŮɘŬɠ ɕɤɐɠ Űɤɜ ŭɞɛɘəɩɜ ůŰɞɘɢŮɑɤɜ Űɞɡ CFRP. Ƀ ˊɟɞůŭɘɞɟɘůɛɧɠ Űɖɠ 

ɆɢɐɛŬ 1.2: ȷɡŰɞəɑɜɖŰɞ ɡɣɖɚɩɜ ŮˊɘŭɧůŮɤɜ. 
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ɓɚɎɓɖɠ əŬɘ ɖ ˊɟɧɓɚŮɣɖ Űɖɠ ŬˊɞɛɏɜɞɡůŬɠ ɕɤɐɠ Űɤɜ ůɡůŰŬŰɘəɩɜ Űɞɡ CFRP 

ˊɞɡ ŮəŰɑɗŮŰŬɘ ůŮ ˊɞɚɨˊɚɞəŮɠ űɞɟŰɑůŮɘɠ ˊŬɑɕɞɡɜ ɓŬůɘəɧ ɟɧɚɞ ůŰɖ ɚŮɘŰɞɡɟɔɑŬ 

əŬɘ Űɖɜ ŬůűɎɚŮɘŬ Űɤɜ ůɡůŰɖɛɎŰɤɜ. Ɉˊɧ ŬˊŬɘŰɖŰɘəɎ ˊŮɟɘɓɎɚɚɞɜŰŬ əŬɘ 

űɞɟŰɑůŮɘɠ əŬŰɎ Űɖ ɚŮɘŰɞɡɟɔɑŬ ɛˊɞɟŮɑ ɜŬ ůɡɛɓŮɑ ůŮ ŬɡŰɎ ŰŬ ɡɚɘəɎ ɓɚɎɓɖ, ɡˊɧ 

Űɖ ɛɞɟűɐ Űɖɠ ŭɘŮɑůŭɡůɖɠ, Űɖɠ Ŭˊɞəɧɚɚɖůɖɠ ɐ/əŬɘ Űɖɠ ŮɔəɎɟůɘŬɠ ɟɖɔɛɎŰɤůɖɠ. 

ɀŮ ůɡɜŮɢɐ ˊŬɟŬəɞɚɞɨɗɖůɖ ɛˊɞɟŮɑ ɜŬ əŬŰŬůŰŮɑ ŭɡɜŬŰɐ ɖ ˊɟɧɓɚŮɣɖ Űɖɠ 

ɡˊɞɚŮɘˊɧɛŮɜɖɠ ŭɘɎɟəŮɘŬɠ ɕɤɐɠ, əŬɘ ɛŮ Űɖ ůŮɘɟɎ Űɖɠ ɛˊɞɟŮɑ ɜŬ ˊŬɟɏɢŮɘ ɏɚŮɔɢɞ 

ˊŬɟɎŰŬůɖɠ ɕɤɐɠ ɐ ˊŮɟɘɞɟɘůɛɧ Űɤɜ ɓɚŬɓɩɜ, ɏŰůɘ ɩůŰŮ ɜŬ ɓŮɚŰɘɤɗŮɑ ɖ 

ŬůűɎɚŮɘŬ əŬɘ ɖ ŬɝɘɞˊɘůŰɑŬ Űɤɜ ŭɞɛɘəɩɜ ůŰɞɘɢŮɑɤɜ əŬɘ ɜŬ ˊɟɞɓɚŮűɗɞɨɜ ɞɘ 

əŬŰŬůŰɟɞűɘəɏɠ ŬůŰɞɢɑŮɠ. ɇŬ CFRPs ŮɑɜŬɘ ˊɞɚɡɚŮɘŰɞɡɟɔɘəɎ ɡɚɘəɎ ůŰŬ ɞˊɞɑŬ ɖ 

ɓɚɎɓɖ ůɡɜŭɏŮŰŬɘ ɛŮ Űɖɜ ɖɚŮəŰɟɘəɐ ŬɜŰɑůŰŬůɖ Űɞɡ ɡɚɘəɞɨ, ˊŬɟɏɢɞɜŰŬɠ Űɖ 

ŭɡɜŬŰɧŰɖŰŬ ˊɚɖɟɞűɞɟɘɩɜ ůŮ ˊɟŬɔɛŬŰɘəɧ ɢɟɧɜɞ ůɢŮŰɘəɎ ɛŮ Űɖɜ əŬŰɎůŰŬůɖ 

ɓɚɎɓɖɠ, ɛɏůɤ Űɖɠ ˊŬɟŬəɞɚɞɨɗɖůɖɠ Űɖɠ ŬɜŰɑůŰŬůɖɠ. ȰɢŮɘ ŭɘŮɝŬɢɗŮɑ 

ˊŮɘɟŬɛŬŰɘəɐ ŮɟɔŬůɑŬ ůŰɖɟɘɕɧɛŮɜɖ ůŰŬ ɖɚŮəŰɟɘəɎ ŬɔɩɔɘɛŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ 

Űɤɜ ɘɜɩɜ ɎɜɗɟŬəŬ ɔɘŬ Űɖɜ ŬɜɑɢɜŮɡůɖ ɓɚŬɓɩɜ ůŰŬ CFRPs. ɆɡɔəɟɘŰɘəɎ ɛŮ Űɘɠ 

əɚŬůɘəɏɠ ɛɖ əŬŰŬůŰɟɞűɘəɏɠ ŰŮɢɜɘəɏɠ Ŭɝɘɞɚɧɔɖůɖɠ, ɧˊɤɠ ɖ ŬəɞɡůŰɘəɐ 

Ůəˊɞɛˊɐ, ɏɢŮɘ ŬˊɞŭŮɘɢɗŮɑ ɧŰɘ ɖ ɛɏŰɟɖůɖ Űɖɠ ŬɜŰɑůŰŬůɖɠ ŮˊɘŰɟɏˊŮɘ Űɖɜ 

ˊŬɟŬəɞɚɞɨɗɖůɖ Űɖɠ Ůɝɏɚɘɝɖɠ in-situ ŭɘŬűɧɟɤɜ ŮůɤŰŮɟɘəɩɜ ɓɚŬɓɩɜ 

ˊɡɟɐɜɤůɖɠ əŬɘ Űɖɜ ŬɜɎˊŰɡɝɖ űŬɘɜɞɛɏɜɤɜ ɧˊɤɠ ɗɟŬɨůŮɘɠ ɘɜɩɜ, ɟɤɔɛɩɜ ůŰɖ 

ɛɐŰɟŬ əŬɘ Ŭˊɞəɧɚɚɖůɖ ɑɜŬɠ-ɛɐŰɟŬɠ [7, 8].  

ɈˊɎɟɢɞɡɜ ŰɟŮɘɠ ɓŬůɘəɞɑ Űɨˊɞɘ ɓɚŬɓɩɜ ůŰŬ CFRPs ɡˊɧ ůɡɜɗɐəŮɠ űɧɟŰɘůɖɠ. ȼ 

ɗɟŬɨůɖ ɑɜŬɠ, ɧˊɤɠ ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 1.3(a), ŮɑɜŬɘ ɏɜŬɠ Ŭˊɧ Űɞɡɠ 

ɓŬůɘəɞɨɠ Űɨˊɞɡɠ ɓɚɎɓɖɠ, ɧˊɞɡ ɞɘ ůˊŬůɛɏɜŮɠ ɑɜŮɠ ɢɎɜɞɡɜ Űɖɜ ŬɜŰɞɢɐ Űɞɡɠ əŬɘ 

Űɖɜ ɘəŬɜɧŰɖŰŬ ɛŮŰŬűɞɟɎɠ űɞɟŰɑɤɜ. ȼ ŭŮɨŰŮɟɖ ɛɞɟűɐ ɓɚɎɓɖɠ ŮɑɜŬɘ ɖ ŭɞɛɘəɐ 

ɓɚɎɓɖ Űɖɠ ɛɐŰɟŬɠ ˊɞɡ ŮɑɜŬɘ ˊɘɞ ůɡɜɖɗɘůɛɏɜɖ Ŭˊɧ Űɘɠ ɓɚɎɓŮɠ ɗɟŬɨůɖɠ ɘɜɩɜ. 

ȹŮŭɞɛɏɜɞɡ ɧŰɘ ɖ ŬɜŰɞɢɐ Űɤɜ ɘɜɩɜ ŮɑɜŬɘ ůɖɛŬɜŰɘəɎ ɘůɢɡɟɧŰŮɟɖ Ŭˊɧ Űɖɠ 

ɛɐŰɟŬɠ, ůŰŬ ůɨɜɗŮŰŬ ůɡɜɐɗɤɠ ɖ ɓɚɎɓɖ ŮɛűŬɜɑɕŮŰŬɘ ůŰɖ ɛɐŰɟŬ ɜɤɟɑŰŮɟŬ Ŭˊɧ 

ɧŰɘ ůŰɘɠ ɑɜŮɠ. ɄŬɟŬŰɖɟɞɨɜŰŬɘ ůɡɢɜɎ ŭɨɞ əɨɟɘɞɘ Űɨˊɞɘ ɓɚŬɓɩɜ Űɖɠ ɛɐŰɟŬɠ [3]. 

ȼ ɛɑŬ ɛɞɟűɐ ɓɚŬɓɩɜ Űɖɠ ɛɐŰɟŬɠ ˊɟɞəŬɚŮɑ ˊŮɟɘůůɧŰŮɟŮɠ ŮˊŬűɏɠ ɘɜɩɜ ɖ ɛɑŬ 

ɛŮ Űɖɜ Ɏɚɚɖ, Ůɜɩ ɖ Ɏɚɚɖ ɛɞɟűɐ ŮɑɜŬɘ ɖ ɓɚɎɓɖ Ŭˊɧ Űɖɜ cross-ply ɟɤɔɛɐ ɛɏůŬ 

ůŰɘɠ ůŰɟɩůŮɘɠ Űɤɜ ɘɜɩɜ, ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ ɆɢɐɛŬ 1.3(b). Ƀ ŰɟɑŰɞɠ Űɨˊɞɠ 

ɓɚŬɓɩɜ, ɧˊɤɠ ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 1.3(c), ŮɑɜŬɘ ɖ Ŭˊɞəɧɚɚɖůɖ Űɤɜ 

CFRPs ůŰɖɜ ɞˊɞɑŬ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ɞ Űɞˊɘəɧɠ ŭɘŬɢɤɟɘůɛɧɠ Űɤɜ ůŰɟɩůŮɤɜ Űɤɜ 

ɘɜɩɜ ɚɧɔɤ Űɖɠ ɟɖɔɛɎŰɤůɖɠ Űɖɠ ɛɐŰɟŬɠ ɛŮŰŬɝɨ Űɤɜ ůŰɟɤɛɎŰɤɜ əŬɘ ɖ 

Ŭˊɞəɧɚɚɖůɖ ůŰɖ ŭɘŮˊɘűɎɜŮɘŬ ɑɜŬɠ-ɛɐŰɟŬɠ. ȼ Ŭˊɞəɧɚɚɖůɖ ŮˊɖɟŮɎɕŮɘ Űɖɜ 

ŬɝɘɞˊɘůŰɑŬ Űɤɜ ůɡɜɗɏŰɤɜ ɡɚɘəɩɜ əŬɘ ŮɑɜŬɘ ˊɞɚɨ ŭɨůəɞɚɞ ɜŬ ŬɜɘɢɜŮɡɗŮɑ ɛŮ Űɖ 

ɢɟɐůɖ ůɡɛɓŬŰɘəɩɜ ɛŮɗɧŭɤɜ ɛɖ əŬŰŬůŰɟɞűɘəɞɨ Ůɚɏɔɢɞɡ (ɀȾȺ) [1]. 
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ɆɢɐɛŬ 1.3:  ɇɟŮɘɠ Űɨˊɞɘ ɓɚŬɓɩɜ ůŰŬ CFRPs: (a) ɗɟŬɨůɖ ɘɜɩɜ, (b) cross-ply 

ɟɤɔɛɐ əŬɘ (c) Ŭˊɞəɧɚɚɖůɖ [1] . 

 

1.4 ȹɘŮˊɘűɎɜŮɘŬ ȲɜŬɠ/MɐŰɟŬɠ 

 

Ƀɘ ɑɜŮɠ ŮɝŬůűŬɚɑɕɞɡɜ Űɖɜ ŬɜŰɞɢɐ Űɞɡ ɡɚɘəɞɨ, ɖ ɛɐŰɟŬ ɓɞɖɗɎ ůŰɞ ɜŬ 

ŭɘŬŰɖɟɖɗŮɑ Űɞ ůɢɐɛŬ Űɞɡ, Ůɜɩ ɖ ŭɘŮˊɘűɎɜŮɘŬ, ɤɠ ɓŬůɘəɧ ůŰɞɘɢŮɑɞ Űɞɡ 

ůɡɜɗɏŰɞɡ, ɛŮŰŬűɏɟŮɘ Űɞ űɞɟŰɑɞ Ŭˊɧ Űɖ ɛɐŰɟŬ ůŰɘɠ ɑɜŮɠ əŬɘ, ɤɠ Ůə ŰɞɨŰɞɡ, ŮɑɜŬɘ 

ɡ́ Ůɨɗɡɜɖ ɔɘŬ Űɖɜ ŮˊɑŭɟŬůɖ Űɖɠ çȺɜɑůɢɡůɖɠè. 

ɇŬ ŮɜɘůɢɡɛɏɜŬ ɛŮ ɑɜŮɠ ůɨɜɗŮŰŬ ɛˊɞɟɞɨɜ ɜŬ ŮɝŮŰŬůŰɞɨɜ ůŮ ŰɏůůŮɟŬ ŭɞɛɘəɎ 

ŮˊɑˊŮŭŬ (ɆɢɐɛŬ 1.4). ɆŰɞ ɛɞɟɘŬəɧ ŮˊɑˊŮŭɞ (molecular level) (ɆɢɐɛŬ 1.4(a)), 

ɖ ŬɚɚɖɚŮˊɑŭɟŬůɖ ɛŮŰŬɝɨ Űɤɜ ŭɨɞ Ŭɜɧɛɞɘɤɜ űɎůŮɤɜ, Űɖɠ ɑɜŬɠ əŬɘ Űɖɠ ɛɐŰɟŬɠ, 

əŬɗɞɟɑɕŮŰŬɘ Ŭˊɧ Űɘɠ ɢɖɛɘəɏɠ ŭɞɛɏɠ əŬɘ Űɤɜ ŭɨɞ űɎůŮɤɜ əŬɘ ɞűŮɑɚŮŰŬɘ ůŰɘɠ 

ŭɡɜɎɛŮɘɠ van der Waals, Űɘɠ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ ɞɝɏɞɠ-ɓɎůŮɤɠ əŬɘ Űɞɡɠ ɢɖɛɘəɞɨɠ 

ŭŮůɛɞɨɠ (əɡɟɑɤɠ Űɤɜ ɞɛɞɘɞˊɞɚɘəɩɜ). ȷˊɧ ɢɖɛɘəɐ Ɏˊɞɣɖ, ɖ ŬɜŰɞɢɐ Űɖɠ 

ŭɘŮˊɘűŬɜŮɘŬəɐɠ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖɜ ŮˊɘűŬɜŮɘŬəɐ 

ůɡɔəɏɜŰɟɤůɖ Űɤɜ ŭɘŮˊɘűŬɜŮɘŬəɩɜ ŭŮůɛɩɜ əŬɘ Űɘɠ ŮɜɏɟɔŮɘŮɠ ŭŮůɛɞɨ. 

ɄɞůɞŰɘəɎ, ɢŬɟŬəŰɖɟɑɕŮŰŬɘ Ŭˊɧ Űɞ ɏɟɔɞ Űɖɠ ˊɟɧůűɡůɖɠ, Űɞ ɞˊɞɑɞ 

ˊŮɟɘɚŬɛɓɎɜŮɘ Űɘɠ ůɡɜŮɘůűɞɟɏɠ ɧɚɤɜ Űɤɜ Űɨˊɤɜ űɡůɘəɩɜ əŬɘ ɢɖɛɘəɩɜ 

ŬɚɚɖɚŮˊɘŭɟɎůŮɤɜ, Űɧůɞ ůŮ Űɞˊɘəɧ (ɞɝɏɞɠ-ɓɎůɖɠ, ɞɛɞɘɞˊɞɚɘəɧ) ɧůɞ əŬɘ ůŮ ɛɖ-

Űɞˊɘəɧ, ɧˊɤɠ ɞɘ ŭɡɜɎɛŮɘɠ van der Waals. ɆŰɞ ŮˊɑˊŮŭɞ Űɖɠ ɛɘəɟɞəɚɑɛŬəŬɠ 

(micro level) (ɛɞɜɏɠ ɑɜŮɠ, ɆɢɐɛŬ 1.4(b)), ɖ ŭɘŮˊɘűŬɜŮɘŬəɐ ŬɚɚɖɚŮˊɑŭɟŬůɖ 

ůɡɜɐɗɤɠ ˊŮɟɘɔɟɎűŮŰŬɘ Ŭˊɧ Űɘɠ ŭɘɎűɞɟŮɠ ˊŬɟŬɛɏŰɟɞɡɠ ˊɞɡ ɢŬɟŬəŰɖɟɑɕɞɡɜ Űɖ 

ɛŮŰŬűɞɟɎ űɞɟŰɑɞɡ ɛɏůɤ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ: ŬɜŰɞɢɐ Űɞɡ ŭŮůɛɞɨ, ŭɘŮˊɘűŬɜŮɘŬəɐ 

ŭɘŬŰɛɖŰɘəɐ ŰɎůɖ, əɟɑůɘɛɞɠ ɟɡɗɛɧɠ ŬˊŮɚŮɡɗɏɟɤůɖɠ ŮɜɏɟɔŮɘŬɠ, əɚˊ. ɇɞ 

ɛŮůɞŮˊɑˊŮŭɞ (meso level) (ɆɢɐɛŬ 1.4(c)) ɚŬɛɓɎɜŮɘ ɡˊɧɣɖ Űɖɜ ˊɟŬɔɛŬŰɘəɐ 

əŬŰŬɜɞɛɐ Űɤɜ ŮɜɘůɢɡŰɘəɩɜ ɘɜɩɜ ůŰɖ ɛɐŰɟŬ əŬɘ ˊɟɞůŭɘɞɟɑɕŮɘ Űɞ ŭɞɛɘəɧ 
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ůŰɞɘɢŮɑɞ Űɞɡ ůɡɜɗɏŰɞɡ əŬɘ, Űɏɚɞɠ, Űɞ ɛŬəɟɞŮˊɑˊŮŭɞ (macro level) 

ɢŬɟŬəŰɖɟɑɕŮɘ ŰŬ ɛɏɟɖ ɐ, ŰɞɡɚɎɢɘůŰɞɜ, Űɞ ůɨɜɗŮŰɞ ɤɠ bulk ɡɚɘəɧ. 

 

 

ɆɢɐɛŬ 1.4: ȹɞɛɘəɎ ŮˊɑˊŮŭŬ Ůɜɧɠ ůɡɜɗɏŰɞɡ Ůɜɘůɢɡɛɏɜɞɡ ɛŮ ɑɜŮɠ: ɛɞɟɘŬəɧ 

ŮˊɑˊŮŭɞ (a), ɛɘəɟɞŮˊɑˊŮŭɞ (b) əŬɘ ɛŮůɞŮˊɑˊŮŭɞ (c) [9] .  

 

ȼ ɏɜɜɞɘŬ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ ɏɢŮɘ ůɖɛŬůɑŬ ůŰɖɜ ɓɘɓɚɘɞɔɟŬűɑŬ ůŰŬ ŭɨɞ ˊɟɩŰŬ 

ŮˊɑˊŮŭŬ. ɇɞ ɛɞɟɘŬəɧ ŮˊɑˊŮŭɞ ɛŮɚŮŰɎŰŬɘ Ŭˊɧ Űɖ ɢɖɛŮɑŬ əŬɘ Űɖ ɛɞɟɘŬəɐ űɡůɘəɐ, 

əŬɘ Űɞ əɨɟɘɞ ŬɜŰɘəŮɑɛŮɜɞ ɛŮɚɏŰɖɠ ŮɑɜŬɘ ''ɖ ɗŮɛŮɚɘɩŭɖɠ ˊɟɧůűɡůɖ'', ɧˊɤɠ ɖ 

űɨůɖ əŬɘ ɖ ŮˊɘűŬɜŮɘŬəɐ ˊɡəɜɧŰɖŰŬ Űɤɜ ŭŮůɛɩɜ ˊɟɧůűɡůɖɠ, ɖ ŮˊɘűŬɜŮɘŬəɐ 

ŮɜɏɟɔŮɘŬ əɚˊ. ũŮɜɘəɎ ɕɖŰɐɛŬŰŬ ˊɞɡ ůɢŮŰɑɕɞɜŰŬɘ ɛŮ Űɖɜ ŮˊɘűŬɜŮɘŬəɐ ŮɜɏɟɔŮɘŬ 

ŮɝŮŰɎɕɞɜŰŬɘ Ŭˊɧ Űɖ ɗŮɟɛɞŭɡɜŬɛɘəɐ. ɋůŰɧůɞ, Ŭˊɧ Űɖɜ Ɏˊɞɣɖ Űɖɠ ɛɖɢŬɜɘəɐɠ, 

Űɖɠ ɞˊɞɑŬɠ ŰŬ ˊɟɞɓɚɐɛŬŰŬ ŮɑɜŬɘ ɖ Ŭˊɧŭɞůɖ ɛŮŰŬűɞɟɎɠ Űɖɠ ŰɎůɖɠ əŬɘ ɖ 

ŭɘŮˊɘűŬɜŮɘŬəɐ ŬɜŰɞɢɐ, Űɞ ɛɘəɟɞ-ŮˊɑˊŮŭɞ ŮɑɜŬɘ Űɞ ˊɘɞ ůɖɛŬɜŰɘəɧ. Ƀɘ ɛɞɟɘŬəɏɠ 

ˊŰɡɢɏɠ Űɖɠ ɛŮɚɏŰɖɠ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ ŬɜŬűɏɟɞɜŰŬɘ ůɡɢɜɎ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ 

ɧůɞɜ ŬűɞɟɎ Űɖ ŭɘŬɛɧɟűɤůɖ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ, Ůɜɩ ɞɘ ɛɘəɟɞɛɖɢŬɜɘəɏɠ 

ŬɜŬűɏɟɞɜŰŬɘ ůɢŮŭɧɜ ŬˊɞəɚŮɘůŰɘəɎ ɤɠ ŬɜɖůɡɢɑŬ ɔɘŬ Űɖ ŭɘŮˊɘűŬɜŮɘŬəɐ ŬůŰɞɢɑŬ. 

ȿŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɖ ɧŰɘ, ůŰɖɜ ˊɟŬɔɛŬŰɘəɧŰɖŰŬ, ɞɘ ɛɞɟɘŬəɏɠ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ 

ůŰɖ ŭɘŮˊɘűɎɜŮɘŬ ŮˊɖɟŮɎɕɞɡɜ ɎɛŮůŬ Űɖ ŭɘŮˊɘűŬɜŮɘŬəɐ ŬɜŰɞɢɐ əŬɘ, ɤɠ Ůə 

ŰɞɨŰɞɡ, ɖ ɢɤɟɘůŰɐ ɗŮɩɟɖůɖ Űɤɜ ŭɨɞ Ůˊɘˊɏŭɤɜ ŮɑɜŬɘ ɛɘŬ ɡˊŮɟŬˊɚɞɨůŰŮɡůɖ, 

ɔɑɜŮŰŬɘ ˊŮɟɘɞɟɘůɛɧɠ, ůŰɖɜ ɛɘəɟɞɛɖɢŬɜɘəɐ ˊŮɟɘɔɟŬűɐ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ, 

ŮɘŭɘəɧŰŮɟŬ, ůŰɘɠ ŰŮɢɜɘəɏɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ Űɞɜ ɢŬɟŬəŰɖɟɘůɛɧ Űɤɜ 

ɘŭɘɞŰɐŰɤɜ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ ɘɜɩɜ / ɛɐŰɟŬɠ. ȼ ˊɟɞůɏɔɔɘůɖ ŬɡŰɐ ˊŮɟɘɚŬɛɓɎɜŮɘ 

ŰɟɑŬ ŬɚɚɖɚɏɜŭŮŰŬ ˊɟɞɓɚɐɛŬŰŬ: (1) Űɖɜ Ůˊɘɚɞɔɐ Űɤɜ ŭɘŮˊɘűŬɜŮɘŬəɩɜ 

ˊŬɟŬɛɏŰɟɤɜ ˊɞɡ ˊɟɏˊŮɘ ɜŬ ɛŮŰɟɖɗɞɨɜ, (2) Űɖɜ əŬŰɎɚɚɖɚɖ Ůˊɘɚɞɔɐ Űɤɜ 

ɛɘəɟɞɛɖɢŬɜɘəɩɜ ŭɞəɘɛɩɜ ɔɘŬ Űɞɜ ɢŬɟŬəŰɖɟɘůɛɧ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ əŬɘ (3) Űɖɜ 

ŬɜɎˊŰɡɝɖ ɛɞɜŰɏɚɤɜ ɔɘŬ ɜŬ ůɢŮŰɑɕɞɜŰŬɘ ŮˊŬɟəɩɠ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ 

ŭɞəɘɛɩɜ ɛŮ Űɘɠ ŭɘŮˊɘűŬɜŮɘŬəɏɠ ˊŬɟŬɛɏŰɟɞɡɠ, ɐ, ɛŮ ɎɚɚŬ ɚɧɔɘŬ, Űɖɜ əŬŰɎɚɚɖɚɖ 

ŮˊŮɝŮɟɔŬůɑŬ Űɤɜ ŭŮŭɞɛɏɜɤɜ [1, 9]. 
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ȾȺūȷȿȷȽɃ 2. ɉŬɟŬəŰɖɟɘůɛɧɠ ŭɘŮˊɘűɎɜŮɘŬɠ ɑɜŬɠ/ɛɐŰɟŬɠ 

 

ɇŬ ůɨɜɗŮŰŬ ɡɚɘəɎ ˊɞɚɡɛŮɟɘəɐɠ ɛɐŰɟŬɠ ŮɜɘůɢɡɛɏɜŬ ɛŮ ɑɜŮɠ ˊŮɟɘɏɢɞɡɜ ɏɜŬ 

ɛŮɔɎɚɞ əɚɎůɛŬ ɧɔəɞɡ ɘɜɩɜ ɛɘəɟɐɠ ŭɘŬɛɏŰɟɞɡ, ɞŭɖɔɩɜŰŬɠ ůŮ ɛɘŬ ˊɞɚɨ ɛŮɔɎɚɖ 

ˊŮɟɘɞɢɐ ŭɘŮˊɘűɎɜŮɘŬɠ ŬɜɎ ɛɞɜɎŭŬ ɧɔəɞɡ (Űɖɠ ŰɎɝɖɠ Űɤɜ 105 m2 / m3 ůŮ ŰɡˊɘəɎ 

ůɨɜɗŮŰŬ ɡɚɘəɎ ɛŮ ɑɜŮɠ ɎɜɗɟŬəŬ). ɋɠ ŬˊɞŰɏɚŮůɛŬ, ɖ ɛɖɢŬɜɘəɐ Ŭˊɧŭɞůɖ Űɞɡ 

ůɡɜɗɏŰɞɡ ŭŮɜ ŮɝŬɟŰɎŰŬɘ ɛɧɜɞ Ŭˊɧ Űɘɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɖɠ ɛɐŰɟŬɠ əŬɘ Űɤɜ 

ɘɜɩɜ ŬɚɚɎ əŬɘ Ŭˊɧ Űɖ ɢɤɟɘəɐ əŬŰŬɜɞɛɐ əŬɘ Űɖɜ ŬɜŰɞɢɐ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ. ɀɑŬ 

əŬɚɐ ŭɘŮˊɘűŬɜŮɘŬəɐ ˊɟɧůűɡůɖ ŮɝŬůűŬɚɑɕŮɘ Űɖɜ ŬˊɞŰŮɚŮůɛŬŰɘəɐ ɛŮŰŬűɞɟɎ 

űɞɟŰɑɞɡ Ŭˊɧ Űɖɜ ɛɐŰɟŬ ˊɟɞɠ Űɖɜ ɑɜŬ əŬɘ  ɞɘ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ əŬŰɎ Űɖɜ 

əɎɗŮŰɖ ŭɘŮɨɗɡɜůɖ Űɤɜ ɘɜɩɜ, əŬɗɩɠ əŬɘ ɖ ŬɜŰɞɢɐ ůŮ ŭɘɎŰɛɖůɖ əŬɘ ŬůŰɞɢɑŬ 

ŮˊɖɟŮɎɕɞɜŰŬɘ Ŭˊɧ Űɘɠ ɘŭɘɧŰɖŰŮɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ [1-5]. ȼ ˊɟɧůűɡůɖ Űɖɠ 

ŭɘŮˊɘűɎɜŮɘŬɠ  ɘɜɩɜ / ɛɐŰɟŬɠ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛŮ ŭɘŬűɞɟŮŰɘəɞɨɠ ɛɖɢŬɜɘəɞɨɠ, 

űɡůɘəɞɨɠ əŬɘ ɢɖɛɘəɞɨɠ ɛɖɢŬɜɘůɛɞɨɠ əŬɘ ŮˊɖɟŮɎɕŮŰŬɘ Ůˊɑůɖɠ Ŭˊɧ Űɘɠ ɗŮɟɛɘəɏɠ 

ˊŬɟŬɛɏɜɞɡůŮɠ ŰɎůŮɘɠ, Ůɜɩ ɞ ůɢŮŭɘŬůɛɧɠ ɘůɢɡɟɧŰŮɟɤɜ ŭɘŮˊɘűŬɜŮɘɩɜ ɘɜɩɜ-

ɛɐŰɟŬɠ ŮɑɜŬɘ  ɛɘŬ ˊɞɚɨ ŮɜŮɟɔɐ ˊŮɟɘɞɢɐ ɏɟŮɡɜŬɠ [6]. 

 

2.1 ɇŮɢɜɘəɏɠ ɉŬɟŬəŰɖɟɘůɛɞɨ ȹɘŮˊɘűɎɜŮɘŬɠ 

 

ɇɞ əɟɑůɘɛɞ ɛɏɔŮɗɞɠ ˊɞɡ ɏɢŮɘ ůɖɛŬůɑŬ ɔɘŬ Űɞɜ ɢŬɟŬəŰɖɟɘůɛɧ Űɤɜ ɛɖɢŬɜɘəɩɜ 

ɘŭɘɞŰɐŰɤɜ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ ɘɜɩɜ / ɛɐŰɟŬɠ ŮɑɜŬɘ ɖ ŭɘŮˊɘűŬɜŮɘŬəɐ ŭɘŬŰɛɖŰɘəɐ 

ŬɜŰɞɢɐ (Ƚnterfacial Shear Strength-IFSS). ɄŬɟɎ Űɖ ɛŮɔɎɚɖ ůˊɞɡŭŬɘɧŰɖŰŬ 

ŬɡŰɐɠ Űɖɠ ˊŬɟŬɛɏŰɟɞɡ, ŭŮɜ ɡˊɎɟɢŮɘ əɞɘɜɐ Ŭˊɞŭɞɢɐ ɔɘŬ Űɖ ɓɏɚŰɘůŰɖ ŰŮɢɜɘəɐ 

ɛɏŰɟɖůɖɠ Űɖɠ IFSS, ɞɨŰŮ ɡˊɎɟɢŮɘ ɛɘŬ ˊɟɧŰɡˊɖ ŭɘŬŭɘəŬůɑŬ. Ƀɘ ŭɘŮˊɘűŬɜŮɘŬəɏɠ 

ɘŭɘɧŰɖŰŮɠ ɛˊɞɟɞɨɜ ɜŬ Ŭɝɘɞɚɞɔɖɗɞɨɜ ɛŮ ɛɘəɟɞɛɖɢŬɜɘəɏɠ ŰŮɢɜɘəɏɠ, əŬɗɩɠ əŬɘ 

ɛŮ ɛŬəɟɞɛɖɢŬɜɘəɏɠ ŭɞəɘɛɏɠ. Ƀɘ ɛŬəɟɞɛɖɢŬɜɘəɏɠ ŭɞəɘɛɏɠ, ɧˊɤɠ ɖ ŭɞəɘɛɐ 

ŭɘŬůŰɟɤɛŬŰɘəɐɠ ŭɘŬŰɛɖŰɘəɐɠ ŬɜŰɞɢɐɠ, ůɨɛűɤɜŬ ɛŮ Űɞ ˊɟɧŰɡˊɞ ASTM 

D2344, ɏɢɞɡɜ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɔɘŬ Űɖɜ ŮəŰɑɛɖůɖ Űɤɜ ŭɘŮˊɘűŬɜŮɘŬəɩɜ 

ɘŭɘɞŰɐŰɤɜ, ŬɚɚɎ ŭŮɜ ɛˊɞɟɞɨɜ ɜŬ ˊŬɟɏɢɞɡɜ ɛɘŬ ɏɛɛŮůɖ, ˊɞɘɞŰɘəɐ ŮəŰɑɛɖůɖ 

ɚɧɔɤ Űɤɜ ˊɞɚɨˊɚɞəɤɜ əŬɘ ˊɞɚɡəɚɑɛŬəɤɜ ŬɚɚɖɚŮˊɘŭɟɎůŮɤɜ ˊɞɡ ŮɛˊɚɏəɞɜŰŬɘ 

ůŰɞ ɛɖɢŬɜɘůɛɧ ŬůŰɞɢɑŬɠ. ȷɜŰɑɗŮŰŬ, ɞɘ ɛɘəɟɞɛɖɢŬɜɘəɏɠ ŭɞəɘɛɏɠ ɡˊɞɚɞɔɑɕɞɡɜ 

ŬˊŮɡɗŮɑŬɠ Űɖɜ IFSS  əŬɘ ɛˊɞɟɞɨɜ ɜŬ ɢɤɟɘůŰɞɨɜ ůŮ ŭɨɞ ɞɛɎŭŮɠ ŬɜɎɚɞɔŬ ɛŮ Űɞ 

Ŭɜ ɞɘ ɛŮŰɟɐůŮɘɠ ŭɘŮɜŮɟɔɞɨɜŰŬɘ ůŮ ɛɘəɟɞůɨɜɗŮŰŬ ˊɞɡ ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ ɛɞɜɏɠ 

ɑɜŮɠ ɐ ŭɏůɛŮɠ ɘɜɩɜ ŮɜůɤɛŬŰɤɛɏɜŮɠ ůŰɖ ɛɐŰɟŬ ɐ Ŭˊɧ ŭŮɑɔɛŬŰŬ ˊɟŬɔɛŬŰɘəɩɜ 

ůɡɜɗɏŰɤɜ [4]. 
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Ƀɘ ŰŮɢɜɘəɏɠ ɢŬɟŬəŰɖɟɘůɛɞɨ ˊɞɡ ŮűŬɟɛɧɕɞɜŰŬɘ ůŮ ɛɘəɟɞůɨɜɗŮŰŬ ɛɞɜɐɠ ɑɜŬɠ 

ˊŮɟɘɚŬɛɓɎɜɞɡɜ Űɖ ŭɞəɘɛɐ fragmentation [7], Űɖ ŭɞəɘɛɐ ůɡɛˊɑŮůɖɠ ŮɜɘŬɑŬɠ ɑɜŬɠ 

[8], Űɖ ŭɞəɘɛɐ pull-out [9] əŬɘ Űɖ ŭɞəɘɛɐ microdroplet [10]. 

ɄɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ ůŮ ŭŮɑɔɛŬŰŬ ɛɘəɟɞůɡɜɗɏŰɤɜ ŮɘŭɘəɎ əŬŰŬůəŮɡŬůɛɏɜŬ ɔɘŬ 

Űɞ ůəɞˊɧ ŬɡŰɧ əŬɘ ɖ ŬɜŰɞɢɐ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ ˊɟɞɏɟɢŮŰŬɘ  ɓɎůŮɘ 

ŬˊɚɞɡůŰŮɡɛɏɜɤɜ ɛɞɜŰɏɚɤɜ ɛŮŰŬűɞɟɎɠ űɞɟŰɑɞɡ, əŬŰɎɚɚɖɚɤɜ ɔɘŬ ŬɡŰɧɜ Űɞɜ 

Űɨˊɞ ɛɘəɟɞůɡɜɗɏŰɞɡ. ɄŬɟɧɚɞ ˊɞɡ ɞɘ ŰŮɢɜɘəɏɠ ŬɡŰɏɠ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɜ Ůɡɟɏɤɠ 

ůŰɞ ˊŬɟŮɚɗɧɜ, ɐŰŬɜ ˊɎɜŰŬ ɔɜɤůŰɧ ɧŰɘ Űɞ Űɞˊɘəɧ ˊŮɟɘɓɎɚɚɞɜ ůŮ ŬɡŰɎ ŰŬ 

ɛɘəɟɞůɨɜɗŮŰŬ ŭŮɜ ɐŰŬɜ ŬɜŰɘˊɟɞůɤˊŮɡŰɘəɧ Űɤɜ ɛɖɢŬɜɘəɩɜ əŬɘ Űɤɜ űɡůɘəɞ-

ɢɖɛɘəɩɜ ůɡɜɗɖəɩɜ Űɤɜ ˊɟŬɔɛŬŰɘəɩɜ ůɡɜɗɏŰɤɜ ɡɚɘəɩɜ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, ɖ 

ˊɡəɜɧŰɖŰŬ ˊŬəŮŰŬɟɑůɛŬŰɞɠ Űɤɜ ɘɜɩɜ, ɞɘ ɗŮɟɛɘəɏɠ ˊŬɟŬɛɏɜɞɡůŮɠ ŰɎůŮɘɠ, ɖ 

ˊɡəɜɧŰɖŰŬ ŭɘŬůŰŬɡɟɩůŮɤɜ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ əŬɘ ɖ ɛɞɟűɞɚɞɔɑŬ Űɤɜ 

əɟɡůŰŬɚɚɘŰɩɜ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ˊɞɚɨ ŭɘŬűɞɟŮŰɘəɏɠ, ɞŭɖɔɩɜŰŬɠ ůŮ ůɖɛŬɜŰɘəɏɠ 

ŬɚɚŬɔɏɠ ůŰɘɠ ɘŭɘɧŰɖŰŮɠ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ [11]. 

Ƀɘ ŰŮɢɜɘəɏɠ ɢŬɟŬəŰɖɟɘůɛɞɨ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŮ ŭɏůɛŮɠ ɘɜɩɜ ŬɟɢɘəɎ 

ŬɜŬˊŰɨɢɗɖəŬɜ ɔɘŬ ůɨɜɗŮŰŬ ɛŮ əŮɟŬɛɘəɐ əŬɘ ɛŮŰŬɚɚɘəɐ ɛɐŰɟŬ. 

ɉɟɖůɘɛɞˊɞɘɞɨɜ ŰɡˊɞˊɞɘɖɛɏɜŬ ůɨɜɗŮŰŬ ɡɚɘəɎ əŬɘ ˊŮɟɘɚŬɛɓɎɜɞɡɜ Űɖ ŭɞəɘɛɐ 

push-out [12], Űɖ ŭɞəɘɛɐ ůɡɛˊɑŮůɖɠ əɞɛɛŬŰɘɞɨ [13], əŬɘ Űɖ ŭɞəɘɛɐ push-in 

[11,14]. ȼ ŮűŬɟɛɞɔɐ Űɖɠ ŭɞəɘɛɐɠ ůɡɛˊɑŮůɖɠ əɞɛɛŬŰɘɞɨ ɔɘŬ ůɨɜɗŮŰŬ 

ˊɞɚɡɛŮɟɘəɐɠ ɛɐŰɟŬɠ ŭŮ ůɡɜɑůŰŬŰŬɘ, Ůɜɩ ɖ push-out ɢɟŮɘɎɕŮŰŬɘ ɛɘŬ ŭɨůəɞɚɖ 

ˊɟɞŮŰɞɘɛŬůɑŬ ɛɑŬɠ ˊɞɚɨ ɚŮˊŰɐɠ ɛŮɛɓɟɎɜɖɠ (~50 ɛm), ɞŭɖɔɩɜŰŬɠ ůŰɞ 

ůɡɛˊɏɟŬůɛŬ ɧŰɘ ɖ ŭɞəɘɛɐ push-in ŮɑɜŬɘ ɖ əŬɚɨŰŮɟɖ ŮɜŬɚɚŬəŰɘəɐ ɚɨůɖ. 

Ⱥ́ ɘˊɚɏɞɜ, ɖ əŬŰŬɔɟŬűɐ űɞɟŰɑɞɡ əŬɘ ɛŮŰŬŰɧˊɘůɖɠ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ 

ŭɞəɘɛɐɠ push-in ɛɘŬɠ ɛŮɛɞɜɤɛɏɜɖɠ ɑɜŬɠ ůŮ ɏɜŬ ůɨɜɗŮŰɞ ŮɔəɎɟůɘŬɠ Űɞɛɐɠ ɏɢŮɘ 

ŬˊɚɞˊɞɘɖɗŮɑ ɛŮ Űɖ ɓɞɐɗŮɘŬ Ůɜɧɠ ɜŬɜɞŭɘŮɘůŭɡŰɐ ŮˊɑˊŮŭɖɠ ŬəɑŭŬɠ. ɋůŰɧůɞ, ɖ 

ŮɟɛɖɜŮɑŬ Űɤɜ ˊŮɘɟŬɛŬŰɘəɩɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ ɔɘŬ Űɞɜ ˊɟɞůŭɘɞɟɘůɛɧ Űɤɜ 

ɘŭɘɞŰɐŰɤɜ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ ŭŮɜ ŮɑɜŬɘ ɛɞɜɞůɐɛŬɜŰɖ əŬɘ ŬˊŬɘŰŮɑ ɏɜŬ ɚŮˊŰɞɛŮɟɏɠ 

ɛɘəɟɞɛɖɢŬɜɘəɧ ɛɞɜŰɏɚɞ. Ƀɘ Űɡˊɘəɏɠ ˊɟɞůŮɔɔɑůŮɘɠ ɛŮ ɓɎůɖ Űɘɠ ŰŮɢɜɘəɏɠ ŬɡŰɏɠ,  

ŭŮɜ ɛˊɞɟɞɨɜ ɜŬ ɚɎɓɞɡɜ ɡˊɧɣɖ Űɞɡɠ ůɖɛŬɜŰɘəɞɨɠ ˊŬɟɎɔɞɜŰŮɠ ɧˊɤɠ Űɞ Űɞˊɘəɧ 

Ů́ɟɘɓɎɚɚɞɜ (ˊŬəŮŰɎɟɘůɛŬ ɘɜɩɜ) [14], Űɘɠ ŬɜɘůɞŰɟɞˊɘəɏɠ ŮɚŬůŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ 

Űɤɜ ɘɜɩɜ ɎɜɗɟŬəŬ əŬɘ Űɖɜ ŮˊɑŭɟŬůɖ Űɤɜ ˊŬɟŬɛŮɜɞɡůɩɜ ŰɎůŮɤɜ əŬŰɎ Űɖɜ 

ŮˊŮɝŮɟɔŬůɑŬ, əŬɗɩɠ əŬɘ Űɖɜ Űɟɘɓɐ ɘɜɩɜ-ɛɐŰɟŬɠ ɛŮŰɎ Űɖɜ Ŭˊɞəɧɚɚɖůɖ ůŰɘɠ 

ɘŭɘɧŰɖŰŮɠ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ. 

ɋɠ ŬˊɞŰɏɚŮůɛŬ, ɞɘ ˊŮɘɟŬɛŬŰɘəɏɠ ŰŮɢɜɘəɏɠ ˊɞɡ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ˊŬɟŬˊɎɜɤ 

ɛˊɞɟɞɨɜ ɜŬ ŮűŬɟɛɞůŰɞɨɜ ɔɘŬ Űɖ ɛŮɚɏŰɖ Űɤɜ ɘŭɘɞŰɐŰɤɜ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ 

ůɡɜɗɏŰɤɜ ɡɚɘəɩɜ ˊɞɡ ˊŮɟɘɏɢɞɡɜ ɑɜŮɠ ɛŮ ŭɘŬűɞɟŮŰɘəɏɠ ŮˊɘűŬɜŮɘŬəɏɠ 

əŬŰŮɟɔŬůɑŮɠ, ŬɚɚɎ ŬˊŬɘŰɞɨɜŰŬɘ ˊɞɚɨˊɚɞəŮɠ ɛŬɗɖɛŬŰɘəɏɠ ůɢɏůɖɠ ɔɘŬ Űɖɜ 

ŮɝŬɔɤɔɐ Űɘɛɩɜ ɔɘŬ Űɘɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ (ˊ.ɢ. ŬɜŰɞɢɐ, 

ŭɡůɗɟŬɡůŰɧŰɖŰŬ). ɇɞ ůɡɛˊɏɟŬůɛŬ ŬɡŰɧ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɖɜ ŮɝŬɘɟŮŰɘəɎ 

ɛŮɔɎɚɖ ŭɘŬůˊɞɟɎ Űɤɜ ɘŭɘɞŰɐŰɤɜ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ Űɤɜ ˊŬɜɞɛɞɘɧŰɡˊɤɜ 
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ůɡɜɗɏŰɤɜ ɧŰŬɜ ɛŮŰɟɩɜŰŬɘ ɛŮ ŭɘŬűɞɟŮŰɘəɏɠ ŰŮɢɜɘəɏɠ əŬɘ Ŭˊɧ Űɞ ɔŮɔɞɜɧɠ ɧŰɘ ŭŮɜ 

ɡˊɎɟɢŮɘ əŬɜɏɜŬ ŬˊɞŭŮəŰɧ ˊɟɧŰɡˊɞ ɔɘŬ Űɖ ɛɏŰɟɖůɖ Űɤɜ ɘŭɘɞŰɐŰɤɜ Űɖɠ 

ŭɘŮˊɘűɎɜŮɘŬɠ ůŰŬ ůɨɜɗŮŰŬ ɡɚɘəɎ [15]. 

 

2.1.1 ȹɞəɘɛɐ Push-in  

 

ȼ ŭɞəɘɛɐ push-in ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ŬɟɢɘəɎ Ŭˊɧ Űɞɜ Tse [16] əŬɘ Űɞɜ Mandell 

[17] ɔɘŬ Űɞɜ əŬɗɞɟɘůɛɧ Űɖɠ ŬɜŰɞɢɐɠ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ Űɤɜ ůɡɜɗɏŰɤɜ 

Ůɜɘůɢɡɛɏɜɤɜ ɛŮ ɑɜŮɠ. ȷɟɔɧŰŮɟŬ ˊɞɚɚɞɑ Ɏɚɚɞɘ ŮɟŮɡɜɖŰɏɠ, ɧˊɤɠ ɞ Netravali əŬɘ 

ůɡɜŮɟɔɎŰŮɠ [18] əŬɘ ɞɘ Walson əŬɘ Clyne [19], ɓŮɚŰɑɤůŬɜ Űɖɜ ŰŮɢɜɘəɐ push-

in, ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŬɡɝɖɗŮɑ ɖ ŬəɟɑɓŮɘŬ Űɖɠ ˊɟɞůŭɘɞɟɘɕɧɛŮɜɖɠ ŬɜŰɞɢɐɠ Űɖɠ 

ŭɘŮˊɘűɎɜŮɘŬɠ. ɇɖɜ ɑŭɘŬ ůŰɘɔɛɐ, ˊɟŬɔɛŬŰɞˊɞɑɖůŬɜ ŬɜɎɚɡůɖ ŭɞəɘɛɩɜ push-in 

ɛŮ ŬɟɘɗɛɖŰɘəɏɠ ˊɟɞůŮɔɔɑůŮɘɠ ɧˊɤɠ FEM əŬɘ BEM. 

ȾŬŰɎ Űɖ ŭɞəɘɛɐ push-in ŮűŬɟɛɧɕŮŰŬɘ űɞɟŰɑɞ ůŰɖɜ ɑɜŬ ɛŮ ɏɜŬɜ ŮˊɑˊŮŭɞ 

ɜŬɜɞŭɘŮɘůŭɡŰɐ ɏɤɠ ɧŰɞɡ ɚɎɓŮɘ ɢɩɟŬ ɖ ɗɟŬɨůɖ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ (ɆɢɐɛŬ 2.1). 

ɇɞ ŮűŬɟɛɞɕɧɛŮɜɞ űɞɟŰɑɞ Ʌ əŬɘ ɖ ɛŮŰŬŰɧˊɘůɖ Űɖɠ ɑɜŬɠ, u, ˊŬɟŬəɞɚɞɡɗɞɨɜŰŬɘ 

ůɡɜŮɢɩɠ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ŭɞəɘɛɐɠ əŬɘ ɖ ŬɜŰɑůŰɞɘɢɖ əŬɛˊɨɚɖ Ʌ-u 

ŬˊŮɘəɞɜɑɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 2.1(b). ȷɡŰɐ ɖ əŬɛˊɨɚɖ ˊŬɟɞɡůɘɎɕŮɘ ɏɜŬ ůɢɐɛŬ 

çSè, ɧˊɞɡ ɖ Ŭɟɢɘəɐ ˊŮɟɘɞɢɐ ŬɜŰɘůŰɞɘɢŮɑ ůŰɖɜ ɕɩɜɖ ŬŰŮɚɞɨɠ ŮˊŬűɐɠ ɛŮŰŬɝɨ 

Űɖɠ ŬəɑŭŬɠ əŬɘ Űɖɠ ɑɜŬɠ əŬɘ ŬəɞɚɞɡɗŮɑŰŬɘ Ŭˊɧ ɛɑŬ ɔɟŬɛɛɘəɐ ɕɩɜɖ (ɛŮ ŬəŬɛɣɑŬ 

S0) ɚɧɔɤ Űɖɠ ŮɚŬůŰɘəɐɠ ˊŬɟŬɛɧɟűɤůɖɠ Űɤɜ ɘɜɩɜ əŬɘ Űɖɠ ɛɐŰɟŬɠ, ɖ ɞˊɞɑŬ 

ŰŮɚŮɘɩɜŮɘ ɛŮ Űɖɜ ɏɜŬɟɝɖ Űɖɠ ŬůŰɞɢɑŬɠ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ. ȼ ŬɜŰɞɢɐ Űɖɠ 

ŭɘŮˊɘűɎɜŮɘŬɠ (IFSS) ɛˊɞɟŮɑ ɜŬ ˊɟɞůŭɘɞɟɑɕŮŰŬɘ Ŭˊɧ Űo əɟɑůɘɛɞ űɞɟŰɑɞ Pc əŬŰɎ 

Űɖɜ ɏɜŬɟɝɖ Űɖɠ ŬůŰɞɢɑŬɠ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ, ŭɖɚŬŭɐ Űɖɠ ɛɖ ɔɟŬɛɛɘəɧŰɖŰŬɠ, 

ɛɏůɤ Űɞɡ ˊɟɧŰɡˊɞɡ ɛɞɜŰɏɚɞɡ ŭɘɎŰɛɖůɖɠ shear-lag model, ůɨɛűɤɜŬ ɛŮ:  

22
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=                                                           (1) 

ɧˊɞɡ r ŮɑɜŬɘ ɖ ŬəŰɑɜŬ Űɖɠ ɑɜŬɠ əŬɘ n ŮɑɜŬɘ ɛɑŬ ˊŬɟɎɛŮŰɟɞɠ ɖ ɞˊɞɑŬ ŮɝŬɟŰɎŰŬɘ 

Ŭˊɧ Űɘɠ ŮɚŬůŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ɘɜɩɜ əŬɘ Űɖɠ ɛɐŰɟŬɠ əŬɘ Űɞ Űɞˊɘəɧ əɚɎůɛŬ 

ɧɔəɞɡ Űɤɜ ɘɜɩɜ, ŭɖɚŬŭɐ ɞ ˊŮɟɘɞɟɘůɛɧɠ ˊɞɡ ŮˊɘɓɎɚɚŮŰŬɘ Ŭˊɧ Űɘɠ ɔŮɘŰɞɜɘəɏɠ 

ɑɜŮɠ. ȷəɞɚɞɡɗɩɜŰŬɠ Űɞ ɛɞɜŰɏɚɞ ŭɘɎŰɛɖůɖɠ, Űɞ n ɛˊɞɟŮɑ ɜŬ ˊɟɞůŭɘɞɟɘůɗŮɑ Ŭˊɧ 

Űɖɜ əɚɑůɖ Űɖɠ əŬɛˊɨɚɖɠ Ʌ-u ůŰɖ ɔɟŬɛɛɘəɐ ˊŮɟɘɞɢɐ, S0, ůɨɛűɤɜŬ ɛŮ: 
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ɧˊɞɡ Űɞ Ⱥ1
f ŬɜŰɘˊɟɞůɤˊŮɨŮɘ Űɞ ŭɘŬɛɐəŮɠ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ Űɤɜ ɘɜɩɜ. ȼ 

ŭɘŮˊɘűŬɜŮɘŬəɐ ŬɜŰɞɢɐ - ŬɜɎɚɞɔŬ ɛŮ Űɞ ɛɞɜŰɏɚɞ ŭɘɎŰɛɖůɖɠ - ŭɑɜŮŰŬɘ Ŭˊɧ, 
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Ⱥɜɩ ŬɡŰɐ ɖ ůŰɟŬŰɖɔɘəɐ ŮɑɜŬɘ ŮɚəɡůŰɘəɐ ɔɘŬ Űɖɜ ŬˊɚɧŰɖŰɎ Űɖɠ, ɏɢŮɘ ŬˊɞŭŮɘɢɗŮɑ 

ɧŰɘ ɖ ˊŮɟɘɞɟɘůŰɘəɐ ŮˊɑŭɟŬůɖ Űɤɜ ɔɨɟɤ ɘɜɩɜ ŭŮɜ ɚŬɛɓɎɜŮŰŬɘ ɡˊɧɣɖ ɛŮ 

ŬəɟɑɓŮɘŬ, ɞŭɖɔɩɜŰŬɠ ůŮ ˊɞɚɨ ɛŮɔɎɚŬ ůűɎɚɛŬŰŬ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ 

ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ ɛŮ ˊɞɚɨ ɛŮɔɎɚɞ əɚɎůɛŬ ɧɔəɞɡ ɘɜɩɜ.  

 

 

ɆɢɐɛŬ 2.1: (a) ɆɢɖɛŬŰɘəɐ ŬˊŮɘəɧɜɘůɖ ŭɞəɘɛɐɠ push-in ůŮ ɑɜŬ əŬɘ (b) 

ŬɜŰɘˊɟɞůɤˊŮɡŰɘəɐ əŬɛˊɨɚɖ űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ ɑɜŬɠ [20]. 

 

2.1.2 ȹɞəɘɛɐ Push-out 

 

ɆŰɖ ŭɞəɘɛɐ push-out, ɛɘŬ Ůˊɘɛɏɟɞɡɠ ɑɜŬ Ŭˊɧ ɏɜŬ ɚŮˊŰɧ űɨɚɚɞ ůɡɜɗɏŰɞɡ 

ŭɏɢŮŰŬɘ űɞɟŰɑɞ ɛɏɢɟɘ ɜŬ ŮˊɏɚɗŮɘ ɞɚɑůɗɖůɖ Űɖɠ ɑɜŬɠ. ȼ ŭɨɜŬɛɖ ˊɞɡ ŬůəŮɑŰŬɘ 

ůŰɖɜ ɑɜŬ ɞŭɖɔŮɑ ůŰɖɜ ˊɚɐɟɖ ɗɟŬɨůɖ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ ɑɜŬɠ / ɛɐŰɟŬɠ, əŬɘ ɖ ɑɜŬ 

ɤɗŮɑŰŬɘ ɏɝɤ Ŭˊɧ Űɞ ɚŮˊŰɧ űɨɚɚɞ. ɆŮ ɔŮɜɘəɏɠ ɔɟŬɛɛɏɠ, ɖ əŬɛˊɨɚɖ ŭɨɜŬɛɖɠ-

ɛŮŰŬŰɧˊɘůɖɠ Űɖɠ ŭɞəɘɛɐɠ push-out ɏɢŮɘ ŰɟŮɘɠ ˊŮɟɘɞɢɏɠ (ɆɢɐɛŬ 2.2). ȼ Ŭɟɢɘəɐ 

ˊŮɟɘɞɢɐ ŬɜŰɘůŰɞɘɢŮɑ ůŰɖɜ ŮɚŬůŰɘəɐ əɎɛɣɖ Űɞɡ űɨɚɚɞɡ Űɞɡ ůɡɜɗɏŰɞɡ ɛŮŰŬɝɨ 

Űɤɜ ɡˊɞůŰɖɟɘɔɛɎŰɤɜ, Ůɜɩ ɖ ŮˊɧɛŮɜɖ ˊŮɟɘɞɢɐ ŬɜŰɘůŰɞɘɢŮɑ ůŰɖɜ ŮɚŬůŰɘəɐ 

ˊŬɟŬɛɧɟűɤůɖ Űɖɠ ɑɜŬɠ ɛŮ Űɖ ŭɟɎůɖ Űɞɡ ŮɜŰɡˊɤŰɐ. ȼ ˊŮɟɘɞɢɐ ŬɡŰɐ ŰŮɚŮɘɩɜŮɘ 

ŬˊɧŰɞɛŬ ɛŮ Űɖɜ ɗɟŬɨůɖ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ əŬɘ Űɖɜ ɞɚɑůɗɖůɖ Űɤɜ ɘɜɩɜ ůŰɞ 
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űɨɚɚɞ, ɞŭɖɔɩɜŰŬɠ ůŮ ɛɏɔɘůŰɞ űɞɟŰɑɞ. ȼ ɛɏůɖ ŭɘŬŰɛɖŰɘəɐ ŰɎůɖ ůŰɖ 

ŭɘŮˊɘűɎɜŮɘŬ ɑɜŬɠ / ɛɐŰɟŬɠ ŭɑɜŮŰŬɘ Ŭˊɧ 

†
ς“ὶὩ

                                                             (4) 

ɧˊɞɡ Ʌ ŮɑɜŬɘ Űɞ ŮűŬɟɛɞɕɧɛŮɜɞ űɞɟŰɑɞ, r ɖ ŬəŰɑɜŬ Űɖɠ ɑɜŬɠ, əŬɘ e Űɞ ˊɎɢɞɠ Űɞɡ 

űɨɚɚɞɡ əŬɘ ɖ IFSS ŭɑɜŮŰŬɘ Ŭˊɧ Űɖɜ Ůɝɑůɤůɖ ŬɡŰɐ ɛɏůɤ Űɞɡ ɛɏɔɘůŰɞɡ űɞɟŰɑɞɡ 

ůŰɖ ŭɞəɘɛɐ push-out. [20] 

 

 

 

ɆɢɐɛŬ 2.2: ȹɞəɘɛɐ Push-out [20]. 

 

2.2 ŪŮɤɟɖŰɘəɎ ɛɞɜŰɏɚŬ ŭɘŮˊɘűŬɜŮɘŬəɐɠ ŬůŰɞɢɑŬɠ ůŰɘɠ 

ɛɘəɟɞɛɖɢŬɜɘəɏɠ ŭɞəɘɛɏɠ  

 

ɇŬ ɗŮɤɟɖŰɘəɎ ɛɞɜŰɏɚŬ ŭɘŮˊɘűŬɜŮɘŬəɐɠ ŬůŰɞɢɑŬɠ ɛˊɞɟɞɨɜ ɜŬ ŰŬɝɘɜɞɛɖɗɞɨɜ ůŮ 

ŭɨɞ ɛŮɔɎɚŮɠ əŬŰɖɔɞɟɑŮɠ, ŬɜɎɚɞɔŬ ɛŮ Űɖ ɓŬůɘəɐ ɡˊɧɗŮůɖ Űɖɠ əŬŰɎůŰŬůɖɠ ɔɘŬ 

Ŭˊɞəɧɚɚɖůɖ (ɛŮ Ůˊɘˊɚɏɞɜ ˊŬɟŬɚɚŬɔɏɠ ŬɜŰɘˊɟɞůɤˊŮɨɞɜŰŬɠ ɘŭɘŬɘŰŮɟɧŰɖŰŮɠ Űɖɠ 

ŭɘŬŭɘəŬůɑŬɠ Ŭˊɞəɧɚɚɖůɖɠ ɘŭɑɤɠ Űɤɜ ůɡůŰɖɛɎŰɤɜ ɑɜŬɠ-ɛɐŰɟŬɠ) [21]. 
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2.2.1 ȷˊɞəɧɚɚɖůɖ ŮɚŮɔɢɧɛŮɜɖɠ ŰɎůɖɠ (Stress-controlled 

debonding) 

 

ɇŬ ɛɞɜŰɏɚŬ Ŭˊɞəɧɚɚɖůɖɠ ŮɚŮɔɢɧɛŮɜɖɠ ŰɎůɖɠ ŮɑɜŬɘ ɘůŰɞɟɘəɎ ŰŬ ˊɟɩŰŬ, ŰŬ 

ɞˊɞɑŬ ɏɢɞɡɜ ŬɜŬˊŰɡɢɗŮɑ Ŭˊɧ ˊɞɚɚɞɨɠ ŮɟŮɡɜɖŰɏɠ [22]. ɆŮ ŬɡŰɎ ŰŬ ɛɞɜŰɏɚŬ, ɖ 

ŰŮɚɘəɐ ŭɘŮˊɘűŬɜŮɘŬəɐ ŭɘŬŰɛɖŰɘəɐ ŬɜŰɞɢɐ, Űd (Űɞˊɘəɐ ŭɘŬŰɛɖŰɘəɐ ŰɎůɖ əɞɜŰɎ 

ůŰɞ Ɏəɟɞ Űɖɠ ɟɤɔɛɐɠ, ɖ ɞˊɞɑŬ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ Űɖɜ ˊŬɟŬɔɤɔɐ Ŭˊɞəɧɚɚɖůɖɠ) 

ɡˊɞŰɑɗŮŰŬɘ ɧŰɘ ŮɑɜŬɘ ůŰŬɗŮɟɐ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ŭɞəɘɛɐɠ (ŭɖɚŬŭɐ, 

ŬɜŮɝɎɟŰɖŰɖ Űɞɡ ɛɐəɞɡɠ Űɖɠ ɟɤɔɛɐɠ, Ŭ). ȷɡŰɧ ŬˊŮɘəɞɜɑɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 2.3, 

Űɞ ɞˊɞɑɞ ŭŮɑɢɜŮɘ Űɖɜ əŬŰŬɜɞɛɐ Űɖɠ ŭɘŮˊɘűŬɜŮɘŬəɐɠ ŭɘŬŰɛɖŰɘəɐɠ ŰɎůɖɠ əŬŰɎ 

ɛɐəɞɠ Űɖɠ ŮɜůɤɛŬŰɤɛɏɜɖɠ ɑɜŬɠ. ȼ əŬɛˊɨɚɖ 1 ŬɜŰɘůŰɞɘɢŮɑ ůŰɖ ůŰɘɔɛɐ Űɖɠ 

ɏɜŬɟɝɖɠ Űɖɠ ɟɤɔɛɐɠ, ɧˊɞɡ ɖ ŭɘŮˊɘűŬɜŮɘŬəɐ ŭɘŬŰɛɖŰɘəɐ ŰɎůɖ ŮɑɜŬɘ Űd ůŰɞ Ɏəɟɞ 

Űɖɠ ɟɤɔɛɐɠ (x = 0) əŬɘ ɛŮɘɩɜŮŰŬɘ əŬŰɎ ɛɐəɞɠ Űɖɠ ŮɜůɤɛŬŰɤɛɏɜɖɠ ɑɜŬɠ. ȼ 

əŬɛˊɨɚɖ 2 ˊŬɟɞɡůɘɎɕŮɘ Űɖɜ əŬŰŬɜɞɛɐ Űɤɜ ŭɘŬŰɛɖŰɘəɩɜ ŰɎůŮɤɜ ɔɘŬ ɏɜŬ 

ˊɟɞɢɤɟɖɛɏɜɞ ůŰɎŭɘɞ Űɖɠ Ŭˊɞəɧɚɚɖůɖɠ (ɟɤɔɛɐ ɛɐəɞɡɠ a = 50 ɛm). ɆŰɖɜ 

ˊŮɟɘɞɢɐ Ŭˊɞəɧɚɚɖůɖɠ (x < a), ɖ ŭɘŬŰɛɖŰɘəɐ ŰɎůɖ ˊɟɞůŭɘɞɟɑɕŮŰŬɘ ɛŮ Űɖ 

ŭɘŮˊɘűŬɜŮɘŬəɐ Űɟɘɓɐ əŬɘ ɗŮɤɟŮɑŰŬɘ ɧŰɘ ŮɑɜŬɘ ůŰŬɗŮɟɐ. ɆŰɖɜ ɎɗɘəŰɖ ɕɩɜɖ, ɖ 

ŭɘŬŰɛɖŰɘəɐ ŰɎůɖ ɛŮɘɩɜŮŰŬɘ Ŭˊɧ Űɖɜ ɑŭɘŬ Űɘɛɐ Űd, ɛŮ ɎɚɚŬ ɚɧɔɘŬ, ɖ ɛɏɔɘůŰɖ Űɘɛɐ 

ŮɑɜŬɘ ůŰŬɗŮɟɐ əŬɘ ŭŮɜ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞ ɛɐəɞɠ Űɖɠ ɟɤɔɛɐɠ. 

 

 

ɆɢɐɛŬ 2.3: ȹɘŮˊɘűŬɜŮɘŬəɐ əŬŰŬɜɞɛɐ Űɤɜ ŭɘŬŰɛɖŰɘəɩɜ ŰɎůŮɤɜ əŬŰɎ ɛɐəɞɠ 

Űɞɡ ŮɜůɤɛŬŰɤɛɏɜɞɡ ɛɐəɞɡɠ: əŬŰɎ Űɖ ůŰɘɔɛɐ Űɖɠ ɏɜŬɟɝɖɠ Űɖɠ ɟɤɔɛɐɠ (1) 

əŬɘ ůŮ ˊɟɞɢɤɟɖɛɏɜɞ ůŰɎŭɘɞ Ŭˊɞəɧɚɚɖůɖɠ ɧŰŬɜ Űɞ ɛɐəɞɠ ɟɤɔɛɐɠ ŮɑɜŬɘ a = 

50 ɛm (2) [22]. 
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2.2.2 ȷˊɞəɧɚɚɖůɖ ŮɚŮɔɢɧɛŮɜɖɠ ŮɜɏɟɔŮɘŬɠ (Energy-controlled 

debonding) 

 

ɇŬ ɛɞɜŰɏɚŬ Ŭˊɞəɧɚɚɖůɖɠ ŮɚŮɔɢɧɛŮɜɖɠ ŮɜɏɟɔŮɘŬɠ ɡˊɞɗɏŰɞɡɜ ɧŰɘ ɖ ɕɩɜɖ 

Ŭˊɞəɧɚɚɖůɖɠ ŮəŰŮɑɜŮŰŬɘ ɧŰŬɜ ɞ ɟɡɗɛɧɠ ŬˊŮɚŮɡɗɏɟɤůɖɠ Űɖɠ ŮɜɏɟɔŮɘŬɠ, G, 

űŰɎɜŮɘ ɛɘŬ əɟɑůɘɛɖ Űɘɛɐ, Gic. ȰŰůɘ, Űɞ Gic ŮɑɜŬɘ ɖ Ůɘŭɘəɐ ŭɘŮˊɘűŬɜŮɘŬəɐ 

ˊŬɟɎɛŮŰɟɞɠ ůŮ ŬɡŰɐ Űɖɜ ˊɟɞůɏɔɔɘůɖ, əŬɘ G = Gic əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ 

ŭɞəɘɛɐɠ. Ƀɘ Liu əŬɘ Nairn [23] ŭɘŬɛɧɟűɤůŬɜ Űɖɜ Ůɝɑůɤůɖ G ůŮ ɛɘŬ ɛɞɟűɐ 

G =g(Ŭ,le,F,ȹɇ, Ɏɚɚɞɘ ˊŬɟɎɔɞɜŰŮɠ), 

ɧˊɞɡ ȹT ŮɑɜŬɘ ɖ ŭɘŬűɞɟɎ ɗŮɟɛɞəɟŬůɑŬɠ ɛŮŰŬɝɨ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ ŭɞəɘɛɐɠ əŬɘ 

Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ ɢɤɟɑɠ ŰɎůŮɘɠ, əŬɘ çɎɚɚɞɘè ˊŬɟɎɔɞɜŰŮɠ ˊŮɟɘɚŬɛɓɎɜɞɡɜ Űɖ 

ŭɘŮˊɘűŬɜŮɘŬəɐ Űɟɘɓɐ əŬɘ Űɖ ɔŮɤɛŮŰɟɑŬ Űɞɡ ŭŮɑɔɛŬŰɞɠ. 

 

2.2.3 ɄɑŮůɖ ˊɟɧůűɡůɖɠ (Adhesional pressure) 

 

ȰɜŬ ŮɜŭɘŬűɏɟɞɜ ɛɞɜŰɏɚɞ Űɖɠ ŭɘŮˊɘűŬɜŮɘŬəɐɠ ŬůŰɞɢɑŬɠ ůŮ ŭɞəɘɛɏɠ microbond 

əŬɘ pull-out əŬɘ ɛɘŬ ɜɏŬ ŭɘŮˊɘűŬɜŮɘŬəɐ ˊŬɟɎɛŮŰɟɞɠ ɔɘŬ Űɞ ɢŬɟŬəŰɖɟɘůɛɧ Űɖɠ 

ˊɟɧůűɡůɖɠ, ɖ ˊɑŮůɖ ˊɟɧůűɡůɖɠ (ůult), ˊɟɞŰɎɗɖəŮ Ŭˊɧ Űɞɡɠ Pisanova et al. 

[24]. ȳˊɤɠ ˊŬɟŬŰɖɟɐɗɖəŮ ˊŮɘɟŬɛŬŰɘəɎ, ɖ ɏɜŬɟɝɖ Űɖɠ ɟɤɔɛɐɠ ůŮ ŬɡŰɏɠ Űɘɠ 

ŭɞəɘɛɏɠ ŮɛűŬɜɑɕŮŰŬɘ ůŮ əŬɜɞɜɘəɐ 

ɏɜŰŬůɖ (Mode Ƚ). ɆŰɞ ɆɢɐɛŬ 2.4 

ŬˊŮɘəɞɜɑɕŮŰŬɘ ůɢɖɛŬŰɘəɎ ɖ 

ŭɘŮˊɘűŬɜŮɘŬəɐ ŬůŰɞɢɑŬ ůŮ ɛɞɟɘŬəɧ 

ŮˊɑˊŮŭɞ. Ƀɘ ŭɘŬɛɞɟɘŬəɞɑ ŭŮůɛɞɑ 

űɞɟŰɑɕɞɜŰŬɘ ůŰɖɜ əɎɗŮŰɖ əŬŰŮɨɗɡɜůɖ 

ˊɟɞɠ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɤɜ ɘɜɩɜ, ɚɧɔɤ 

Űɤɜ ŭɘŬŭɞɢɘəɩɜ ŭɘŬəɞˊɩɜ Űɞɡɠ, ɖ 

əɞɟɡűɐ Űɖɠ ɟɤɔɛɐɠ əɘɜŮɑŰŬɘ əŬŰɎ 

ɛɐəɞɠ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ.   

 

ɆɢɐɛŬ 2.4: ȷˊŮɘəɧɜɘůɖ Űɞɡ ŬɜɞɑɔɛŬŰɞɠ ɟɤɔɛɐɠ ůŰɖ ŭɞəɘɛɐ microbond 

əŬŰɎ Űɞ ɛɞɟɘŬəɧ ŮˊɑˊŮŭɞ. ɆŰɖɜ ˊŮɟɘɞɢɐ fd, ŭɟɞɡɜ ɛɧɜɞ ŭɘŬůˊɞɟɎ ŭɡɜɎɛŮɤɜ 

(van der Waals), əŬɘ ůŰɖɜ ˊŮɟɘɞɢɐ fab ŭɟɞɨɜ əŬɘ ŭɘŬůˊɞɟɎ əŬɘ 

ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ ɞɝɏɞɠ-ɓɎůŮɤɠ [24]. 
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2.2.4 ɀɞɜŰɏɚŬ ˊɞɡ ůɡɛˊŮɟɘɚŬɛɓɎɜɞɡɜ ŬŰŮɚŮɑɠ ŭɘŮˊɘűɎɜŮɘŮɠ  

 

ɇŬ ŰɟɑŬ ɛɞɜŰɏɚŬ ˊɞɡ ˊŮɟɘɔɟɎűɞɜŰŬɘ ˊŬɟŬˊɎɜɤ ɏɢɞɡɜ ŬɜŬˊŰɡɢɗŮɑ ɡˊɧ Űɖɜ 

ˊɟɞɦˊɧɗŮůɖ ɧŰɘ ɖ ɑɜŬ ŬˊɞəɞɚɚɎŰŬɘ Ŭˊɧ Űɖɜ ɛɐŰɟŬ ɤɠ ɛɘŬ ŭɘŮˊɘűŬɜŮɘŬəɐ 

ɟɤɔɛɐ ˊɞɡ ɏɢŮɘ ɏɜŬ Ŭɘɢɛɖɟɧ Ɏəɟɞ, Űɞ ɞˊɞɑɞ ŭɘŬŭɑŭŮŰŬɘ əŬŰɎ ɛɐəɞɠ Űɤɜ ɞɟɑɤɜ 

Űɤɜ ɘɜɩɜ-ɛɐŰɟŬɠ. ɋůŰɧůɞ, ˊŬɟŬŰɖɟɐɗɖəŮ ɧŰɘ ˊɞɚɚɎ ůɡůŰɐɛŬŰŬ ˊɞɚɡɛŮɟɞɨɠ- 

ɑɜŬɠ ŬůŰɞɢɞɨɜ ɡˊɧ űɞɟŰɑɞ ɛŮ ɏɜŬ ˊɘɞ ˊŮɟɑˊɚɞəɞ Űɟɧˊɞ. ɆɡɔəŮəɟɘɛɏɜŬ, Űɞ 

ɛˊɟɞůŰɘɜɧ ɛɏɟɞɠ Űɖɠ Ŭˊɞəɧɚɚɖůɖɠ ŭŮɜ ŮɜŰɞˊɑɕŮŰŬɘ ůɡɢɜɎ ůŮ ɏɜŬ ůɖɛŮɑɞ (Űɞ 

Ɏəɟɞ Űɖɠ ɟɤɔɛɐɠ), ŬɚɚɎ ŮɑɜŬɘ ɛɎɚɚɞɜ ɛɘŬ ŬůŬűɐɠ ˊŮɟɘɞɢɐ Űɖɠ ɞˊɞɑŬɠ Űɞ 

ɛɐəɞɠ əŬŰɎ ɛɐəɞɠ Űɖɠ ɑɜŬɠ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ɏɤɠ ŬɟəŮŰɩɜ ŭɘŬɛɏŰɟɤɜ ɑɜŮɠ. ȺɜŰɧɠ 

Űɖɠ ˊŮɟɘɞɢɐɠ ŬɡŰɐɠ, ŭɘŬŰɖɟŮɑŰŬɘ ɛɘŬ ɛŮɟɘəɐ ŮˊŬűɐ ˊɟɧůűɡůɖɠ ɛŮŰŬɝɨ Űɖɠ ɑɜŬɠ 

əŬɘ Űɖɠ ɛɐŰɟŬɠ (ŬŰŮɚɐɠ ŭɘŮˊɘűɎɜŮɘŬ), əŬɘ ɛŮŰɎ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ˊɚɐɟɖɠ 

Ŭˊɞəɧɚɚɖůɖ, ˊɑůɤ Ŭˊɧ ŬɡŰɐ Űɖɜ ŬůŬűɐ ɕɩɜɖ. ȼ ůɡɛˊŮɟɘűɞɟɎ ŬɡŰɐ 

ˊŬɟŬŰɖɟɐɗɖəŮ ˊŮɘɟŬɛŬŰɘəɎ Ŭˊɧ Űɞɜ Piggott [25] ɔɘŬ ůɨůŰɖɛŬ ɑɜŬɠ ɎɜɗɟŬəŬ-

Ůˊɞɝɘəɐɠ ɛɐŰɟŬɠ. Ƀ Piggott ́ ɟɧŰŮɘɜŮ ɛɘŬ ˊɞɘɞŰɘəɐ ˊŮɟɘɔɟŬűɐ Űɞɡ ɛɖɢŬɜɘůɛɞɨ 

ŬɡŰɞɨ Űɞɡ űŬɘɜɞɛɏɜɞɡ (ˊɞɚɚŬˊɚɏɠ ɟɖɔɛŬŰɩůŮɘɠ Űɖɠ ɛɐŰɟŬɠ ŬɜŬˊŰɨůůɞɜŰŬɘ 

ůŮ '' hackle ŭɘɎŰɛɖůɖ ''), ŬɚɚɎ ŭŮɜ ˊɟɞůˊɎɗɖůŮ ɜŬ ŬɜŰɚɐůŮɘ əŬɜɏɜŬ ˊɞůɞŰɘəɧ 

ŬˊɞŰɏɚŮůɛŬ. ȰɜŬ əŬŰɎɚɚɖɚɞ ɛŬɗɖɛŬŰɘəɧ ɛɞɜŰɏɚɞ ŬɜŬˊŰɨɢɗɖəŮ Ŭˊɧ Űɞɜ 

Brameshuber et al. [26], Űɞ ɞˊɞɑɞ ŮűŬɟɛɧɕŮŰŬɘ ůŮ ŰɟɎɓɖɔɛŬ ɛɞɜɩɜ ɘɜɩɜ Ŭˊɧ 

ɛɘŬ ɛɐŰɟŬ ŰůɘɛɏɜŰɞɡ. ȷɡŰɧ Űɞ ɛɞɜŰɏɚɞ ɓŬůɑɕŮŰŬɘ ůŮ ɏɜŬ ɜɧɛɞ ˊɞɚɡɔɟŬɛɛɘəɞɨ 

ŭŮůɛɞɨ ˊɞɡ ŬˊŮɘəɞɜɑɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 2.5, ɧˊɞɡ ɖ ŭɘŮˊɘűŬɜŮɘŬəɐ ŭɘŬŰɛɖŰɘəɐ 

ŰɎůɖ ůɢŮŭɘɎɕŮŰŬɘ ɤɠ ůɡɜɎɟŰɖůɖ Űɖɠ ɞɚɑůɗɖůɖɠ (ůɢŮŰɘəɐ ɛŮŰŬŰɧˊɘůɖ) ɛŮŰŬɝɨ 

Űɖɠ ɑɜŬɠ əŬɘ Űɖɠ ɛɐŰɟŬɠ.  

 

 

ɆɢɐɛŬ 2.5: Ɂɧɛɞɠ ˊɞɚɡɔɟŬɛɛɘəɞɨ ŭŮůɛɞɨ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůŰɞ 

ɛɞɜŰɏɚɞ ɛŮ ŭɨɞ ůŰɎŭɘŬ Ŭˊɞəɧɚɚɖůɖɠ (ŬŰŮɚɐɠ ŭɘŮˊɘűɎɜŮɘŬ) [26].  
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ȼ ˊŮɟɘɞɢɐ Ƚ ŬɜŰɘůŰɞɘɢŮɑ ůŮ ɛɘŬ ŬəɧɛŬ ɎɗɘəŰɖ ŭɘŮˊɘűɎɜŮɘŬ, ɖ ˊŮɟɘɞɢɐ ȽȽ 

ˊŮɟɘɔɟɎűŮɘ Űɖ ɛŮɑɤůɖ Űɖɠ ɔɟŬɛɛɘəɐɠ ŰɎůɖɠ ůŰɖ ɕɩɜɖ ''ŬŰŮɚɞɨɠ ŭɘŮˊɘűɎɜŮɘŬɠ'', 

əŬɘ ɖ ˊŮɟɘɞɢɐ ȽȽȽ (ɛŮ ůŰŬɗŮɟɎ Ű) ŬɜŬűɏɟŮŰŬɘ ůŰɖɜ ˊɚɐɟɖ Ŭˊɞəɧɚɚɖůɖ Űɖɠ 

ŭɘŮˊɘűɎɜŮɘŬɠ, ɖ ɞˊɞɑŬ ɛŮŰŬűɏɟŮɘ ɛɧɜɞ űɞɟŰɑɞ Űɟɘɓɐɠ. Ƀɘ ůɡɔɔɟŬűŮɑɠ 

ŮɘůɐɔŬɔŬɜ ˊɏɜŰŮ ŬɜŮɝɎɟŰɖŰŮɠ ŭɘŮˊɘűŬɜŮɘŬəɏɠ ˊŬɟŬɛɏŰɟɞɡɠ ɞɘ ɞˊɞɑŮɠ ɛˊɞɟɞɨɜ 

ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ɔɘŬ Űɖɜ ˊɟɞůɞɛɞɑɤůɖ Űɤɜ əŬɛˊɡɚɩɜ ŭɨɜŬɛɖɠ-

ɛŮŰŬŰɧˊɘůɖɠ: Űmax1 (ɖ ɛɏɔɘůŰɖ ŭɡɜŬŰɐ ŭɘŬŰɛɖŰɘəɐ ŰɎůɖ ůŰɘɠ ŮɚŮɨɗŮɟŮɠ 

ˊŮɟɘɞɢɏɠ, ɏɜŬ ŬɜɎɚɞɔɞ Űɞɡ Űd), scrit (ɖ ɛɏɔɘůŰɖ ɞɚɑůɗɖůɖ ůŰɖɜ ˊŮɟɘɞɢɐ Ƚ), Űmax2 

(ɖ ɛɏɔɘůŰɖ ŭɘŬŰɛɖŰɘəɐ ŰɎůɖ ůŰɖɜ ˊŮɟɘɞɢɐ ȽȽ, ˊɞɡ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ɑůɖ ɐ 

ɛɘəɟɧŰŮɟɖ Ŭˊɧ Űɖɜ Űmax1), n (ɞ ˊŬɟɎɔɞɜŰŬɠ ˊɞɡ əŬɗɞɟɑɕŮɘ Űɖ ɛɏɔɘůŰɖ ɞɚɑůɗɖůɖ 

ɛɏůŬ ůŰɖɜ ŬŰŮɚɐ ŭɘŮˊɘűɎɜŮɘŬ, ˊŮɟɘɞɢɐ ȽȽ) əŬɘ Űf (ŰɎůɖ Űɟɘɓɐɠ ůŰɘɠ ˊŮɟɘɞɢɏɠ 

Ŭˊɞəɧɚɚɖůɖɠ). 

 

2.3 ȷɜŬɚɡŰɘəɏɠ ɛɏɗɞŭɞɘ ɛɘəɟɞɛɖɢŬɜɘəɐɠ ɛɞɜŰŮɚɞˊɞɑɖůɖɠ Űɤɜ 

ůɡɜɗɏŰɤɜ ɡɚɘəɩɜ Ůɜɘůɢɡɛɏɜɤɜ ɛŮ ɑɜŮɠ  

 

ȼ ɡˊɞɓɎɗɛɘůɖ Űɤɜ ůɨɜɗŮŰɤɜ ɡˊɧ űɧɟŰɘůɖ əŬɗɞɟɑɕŮŰŬɘ Ŭˊɧ Űɖ ɟɖɔɛɎŰɤůɖ ůŰɖ 

ɛɘəɟɞəɚɑɛŬəŬ, Űɖɜ Ŭ́ ɞəɧɚɚɖůɖ əŬɘ Űɖɜ ˊŬɟŬɛɧɟűɤůɖ. Ɉˊɧ ŭɘŬɛɐəɖɠ 

ŮűŮɚəɡůŰɘəɐ (ůŰŬŰɘəɐ) űɧɟŰɘůɖ, Űɞ əɨɟɘɞ ɛɏɟɞɠ Űɞɡ űɞɟŰɑɞɡ ɝŮəɘɜɎ əɡɟɑɤɠ 

Ŭˊɧ Űɘɠ ɑɜŮɠ. ȺɎɜ Űɞ űɞɟŰɑɞ ɡˊŮɟɓŮɑ əɎˊɞɘɞ əɟɑůɘɛɞ ŮˊɑˊŮŭɞ, ɞɘ ɑɜŮɠ ɛˊɞɟŮɑ ɜŬ 

ŬůŰɞɢɐůɞɡɜ. Ƀɘ ɟɤɔɛɏɠ ůŰɘɠ ɑɜŮɠ ˊɟɞəŬɚɞɨɜ ɡɣɖɚɧŰŮɟɖ ůɡɔəɏɜŰɟɤůɖ 

ŰɎůŮɤɜ ůŰɖ ɛɐŰɟŬ, ɖ ɞˊɞɑŬ ɛˊɞɟŮɑ ɜŬ ɞŭɖɔɐůŮɘ ůŰɖ ɟɖɔɛɎŰɤůɖ Űɖɠ. ȷɡŰɧ Űɞ 

űŬɘɜɧɛŮɜɞ ɛˊɞɟŮɑ ɜŬ ˊŬɟŬŰɖɟɖɗŮɑ ůŮ ŮɜɘůɢɡɛɏɜŬ ɛŮ ɑɜŮɠ ůɨɜɗŮŰŬ ɡɚɘəɎ ɛŮ 

Űɖɜ ɘůɢɡɟɐ ŭɘŮˊɘűɎɜŮɘŬ ɑɜŬɠ/ɛɐŰɟŬɠ ɜŬ ɡˊɧəŮɘŰŬɘ ůŮ ŮűŮɚəɡůŰɘəɐ űɧɟŰɘůɖ  

əŬŰɎ ɛɐəɞɠ Űɤɜ Ŭɝɧɜɤɜ Űɤɜ ɘɜɩɜ. ȺɎɜ ɖ ŭɘŮˊɘűɎɜŮɘŬ ɐŰŬɜ ůɢŮŰɘəɎ ŬůɗŮɜɐɠ, 

ɞɘ ɛɘəɟɞɟɤɔɛɏɠ ɗŬ ɛˊɞɟɞɨůŬɜ ɜŬ ůɢɖɛŬŰɘůŰɞɨɜ ůŰɘɠ ŭɘŮˊɘűɎɜŮɘŮɠ 

(Ŭˊɞəɧɚɚɖůɖ ɑɜŬɠ/ɛɐŰɟŬɠ), ɞŭɖɔɩɜŰŬɠ ůŰɞ pull-out Űɖɠ ɑɜŬɠ əŬɘ Űɖ 

ɟɖɔɛɎŰɤůɖ Űɖɠ ɛɐŰɟŬɠ, əŬɗɩɠ əŬɘ ůŰɖɜ ŬɜɎˊŰɡɝɖ Űɖɠ ɟɤɔɛɐɠ. 

Ɉˊɧ űɧɟŰɘůɖ ŮəŰɧɠ ɎɝɞɜŬ ŮűŮɚəɡůɛɞɨ, ŮɑɜŬɘ ŮɜŮɟɔɞɑ ŭɘɎűɞɟɞɘ ɛɖɢŬɜɘůɛɞɑ 

ŬůŰɞɢɑŬɠ: ŬůŰɞɢɑŬ Űɤɜ ɘɜɩɜ ůŮ ŮűŮɚəɡůɛɧ (ŮɜŮɟɔɐ ůŮ ɢŬɛɖɚɏɠ ɔɤɜɑŮɠ ɛŮŰŬɝɨ 

Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ əŬɘ Űɖɠ ŮűŬɟɛɞɕɧɛŮɜɖɠ ŭɨɜŬɛɖɠ), ŭɘɎŰɛɖůɖ əŬŰɎ ɛɐəɞɠ Űɖɠ 

ŭɘŮˊɘűɎɜŮɘŬɠ, Ŭˊɞəɧɚɚɖůɖ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ ůŮ ŮűŮɚəɡůɛɧ əŬɘ ɟɖɔɛɎŰɤůɖ Űɖɠ 

ɛɐŰɟŬɠ (ɞɘ ŭɨɞ ŰŮɚŮɡŰŬɑɞɘ ɛɖɢŬɜɘůɛɞɑ ˊŬɟŬŰɖɟɞɨɜŰŬɘ ůŮ ɡɣɖɚɏɠ ɔɤɜɑŮɠ 

ɛŮŰŬɝɨ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ əŬɘ Űɖɠ ŮűŬɟɛɞɕɧɛŮɜɖɠ ŭɨɜŬɛɖɠ) [27]. 

 



 

 17 

2.3.1 ȷɜŬɚɡŰɘəɎ ɛɞɜŰɏɚŬ ɓɚŬɓɩɜ əŬɘ ŬɜŰɞɢɐ Űɤɜ ůɡɜɗɏŰɤɜ 

ɡɚɘəɩɜ Ůɜɘůɢɡɛɏɜɤɜ ɛŮ ɑɜŮɠ: ŮűŮɚəɡůŰɘəɐ űɧɟŰɘůɖ 

 

ȼ ŬɜŰɞɢɐ Űɤɜ Ůɜɘůɢɡɛɏɜɤɜ ɛŮ ɑɜŮɠ ůɡɜɗɏŰɤɜ ɡɚɘəɩɜ əŬɗɞɟɑɕŮŰŬɘ Ŭˊɧ Űɖɜ 

ɟɤɔɛɎŰɤůɖ ůŰɖ ɛɘəɟɞəɚɑɛŬəŬ, Űɖɜ Ŭˊɞəɧɚɚɖůɖ əŬɘ Űɖɜ ŬɚɚɖɚŮˊɑŭɟŬůɖ 

ɛŮŰŬɝɨ Űɤɜ ůŰɞɘɢŮɑɤɜ əŬɘ Űɤɜ űɎůŮɤɜ Űɞɡ ůɨɜɗŮŰɞɡ. ɄɟɞəŮɘɛɏɜɞɡ ɜŬ 

ɛɞɜŰŮɚɞˊɞɘɖɗɞɨɜ ŬɡŰɏɠ ɞɘ ŭɘŬŭɘəŬůɑŮɠ, ɏɢɞɡɜ ŬɜŬˊŰɡɢɗŮɑ ŬɟəŮŰɏɠ ŬɜŬɚɡŰɘəɏɠ 

ɛɏɗɞŭɞɘ, ɛŮŰŬɝɨ Űɤɜ ɞˊɞɑɤɜ, ɛˊɞɟɞɨɜ ɜŬ ŬɜŬűŮɟɗɞɨɜ ŰŬ ɛɞɜŰɏɚŬ ŭɘŬŰɛɖŰɘəɐɠ 

ɡůŰɏɟɖůɖɠ  (shear lag-based models), Űɞ ɛɞɜŰɏɚɞ ŭɏůɛɖɠ ɘɜɩɜ (fiber bundle 

model) əŬɘ ɞɘ ɔŮɜɘəŮɨůŮɘɠ Űɞɡ, ŰŬ ɛɞɜŰɏɚŬ ɗɟŬɡůŰɞɛɖɢŬɜɘəɐɠ (fracture 

mechanics) əŬɘ ůɡɜŮɢɞɨɠ ɛɖɢŬɜɘəɐɠ ɓɚɎɓɖɠ (continuum damage mechanics) 

[28]. 

ɇɞ ɛɞɜŰɏɚɞ ŭɘŬŰɛɖŰɘəɐɠ ɡůŰɏɟɖůɖɠ (shear lag model), ˊɞɡ ŬɜŬˊŰɨɢɗɖəŮ Ŭˊɧ 

Űɞɜ Cox [29] ŮɑɜŬɘ ɛɘŬ Ŭˊɧ Űɘɠ ˊɘɞ ůɡɢɜɎ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜŮɠ ˊɟɞůŮɔɔɑůŮɘɠ 

ůŰɖɜ ɗŮɤɟɖŰɘəɐ ŬɜɎɚɡůɖ Űɖɠ ŬɜŰɞɢɐɠ əŬɘ Űɖɠ ɓɚɎɓɖɠ Űɤɜ ůɡɜɗɏŰɤɜ 

Ůɜɘůɢɡɛɏɜɤɜ ɛŮ ɑɜŮɠ. ɆŮ ŬɡŰɧ Űɞ ɛɞɜŰɏɚɞ, ɖ ɘůɞɟɟɞˊɑŬ ŭɨɜŬɛɖɠ ůŰɖɜ ɑɜŬ 

ɗŮɤɟŮɑŰŬɘ ɛŮ ɓɎůɖ Űɖɜ ˊŬɟŬŭɞɢɐ ɧŰɘ ɖ ɛŮŰŬűɞɟɎ űɞɟŰɑɞɡ Ŭˊɧ Űɘɠ ɑɜŮɠ ůŰɖ 

ɛɐŰɟŬ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ɛɧɜɞ ɛɏůɤ ŭɘŬŰɛɖŰɘəɩɜ ŰɎůŮɤɜ. ɇŬ ɛɞɜŰɏɚŬ ˊɞɡ 

ɓŬůɑɕɞɜŰŬɘ ůŰɖɜ ˊɟɞůɏɔɔɘůɖ Űɖɠ ŭɘŬŰɛɖŰɘəɐɠ ɡůŰɏɟɖůɖɠ ŮˊɘŰɟɏˊɞɡɜ Űɖ 

ɛŮɚɏŰɖ Űɖɠ ŬɜŬəŬŰŬɜɞɛɐɠ Űɤɜ ŰɎůŮɤɜ Ŭˊɧ Űɖɜ ŬůŰɞɢɑŬ ɎɗɘəŰɤɜ ɘɜɩɜ əŬɘ Űɖɜ 

ŬɜɎɚɡůɖ Űɖɠ əŬŰŬɜɞɛɐɠ Űɤɜ ŰɎůŮɤɜ əŬɘ Űɖ ůɡůůɩɟŮɡůɖ Űɤɜ ɓɚŬɓɩɜ ůŰŬ 

ɡɚɘəɎ, ɚŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɖ Űɘɠ ˊɞɚɚŬˊɚɏɠ ɗɟŬɨůŮɘɠ ůŰɘɠ ɑɜŮɠ, Űɘɠ ŬŰɏɚŮɘŮɠ Űɖɠ 

Ŭˊɞəɧɚɚɖůɖɠ ɘɜɩɜ / ɛɐŰɟŬɠ əŬɘ Űɖ ŭɘŮˊɘűŬɜŮɘŬəɐ Űɟɘɓɐ ɘɜɩɜ / ɛɐŰɟŬɠ. 

ɆŰɞ ɛɞɜŰɏɚɞ ŭɏůɛɖɠ ɘɜɩɜ (fiber bundle model), ɖ Ůɝɏɚɘɝɖ Űɖɠ ɓɚɎɓɖɠ ůŮ ɛɘŬ 

ŭɏůɛɖ ɘɜɩɜ ɛŮŰɎ Ŭˊɧ ɛɑŬ ɐ ˊŮɟɘůůɧŰŮɟŮɠ ŬůŰɞɢɑŮɠ ɘɜɩɜ ɛɞɜŰŮɚɞˊɞɘŮɑŰŬɘ 

ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ůŰŬŰɘůŰɘəɎ ɛɞɜŰɏɚŬ Űɖɠ ŬɜŰɞɢɐɠ ɘɜɩɜ əŬɘ ŭɘŬűɞɟŮŰɘəɞɨɠ 

əŬɜɧɜŮɠ əŬŰŬɛŮɟɘůɛɞɨ Űɞɡ űɞɟŰɑɞɡ. ɄɟɧůűŬŰŬ, ˊɟɞŰɎɗɖəŮ ɏɜŬɠ Ŭɟɘɗɛɧɠ 

ɔŮɜɘəŮɨůŮɤɜ Űɞɡ əɚŬůůɘəɞɨ ɛɞɜŰɏɚɞɡ ŭɏůɛɖɠ ɘɜɩɜ, ɞɘ ɞˊɞɑŮɠ ɚŬɛɓɎɜɞɡɜ 

ɡˊɧɣɖ Űɞɡɠ ɟɧɚɞɡɠ Űɖɠ ɛɐŰɟŬɠ əŬɘ Űɤɜ ŭɘŮˊɘűŬɜŮɘɩɜ, Űɖ ɛɖ ɔɟŬɛɛɘəɐ 

ůɡɛˊŮɟɘűɞɟɎ Űɤɜ ɘɜɩɜ əŬɘ Űɖɠ ɛɐŰɟŬɠ əŬɘ Űɖɜ ˊɟŬɔɛŬŰɘəɐ ɛɘəɟɞɛɖɢŬɜɘəɐ 

ŬůŰɞɢɑŬɠ Űɤɜ ůɨɜɗŮŰɤɜ [30].  

ũɘŬ Űɖɜ ŮəŰɧɠ ɎɝɞɜŬ ɐ ŮɔəɎɟůɘŬ űɧɟŰɘůɖ, Űɞ ˊɟɧɓɚɖɛŬ Űɖɠ ůəɚɐɟɡɜůɖɠ Űɞɡ 

ɡɚɘəɞɨ ɛŮ ŬɡɝɖɛɏɜŮɠ ɟɤɔɛɏɠ ɘɜɩɜ ŮɑɜŬɘ ůɖɛŬɜŰɘəɐ. ɆŰɞ ɟɤɔɛŬŰɤɛɏɜɞ 

ůɨɜɗŮŰɞ, ɖ ˊɟɧůűɡůɖ ɑɜŬɠ / ɛɐŰɟŬɠ (ůɨɜŭŮůɖ ŭɘŬ Űɟɘɓɐɠ əŬɘ ɢɖɛɘəɐ ůɨɜŭŮůɖ) 

əŬɗɞɟɑɕɞɡɜ Űɖɜ ŬɜŰɑůŰŬůɖ ɗɟŬɨůɖɠ Űɞɡ ůɨɜɗŮŰɞɡ. ȼ əɚŬůɘəɐ ɛɖɢŬɜɘəɐ 

ɗɟŬɨůɖɠ ɛŮ ɓɎůɖ Űɞ ɛɞɜŰɏɚɞ Űɖɠ ɟɖɔɛɎŰɤůɖɠ Űɖɠ ɛɐŰɟŬɠ ŬɜŬˊŰɨɢɗɖəŮ Ŭˊɧ 

Űɞɜ Watson əŬɘ ůɡɜŮɟɔɎŰŮɠ [31]. Ƀ Marshall əŬɘ ůɡɜŮɟɔɎŰŮɠ [32] 

ɢɟɖůɘɛɞˊɞɑɖůŬɜ Űɖɜ ˊɟɞůɏɔɔɘůɖ Űɖɠ ɏɜŰŬůɖɠ ŰɎůɖɠ ɔɘŬ Űɞɜ ˊɟɞůŭɘɞɟɘůɛɧ Űɖɠ 

ŰɎůɖɠ ɟɖɔɛɎŰɤůɖɠ Űɖɠ ɛɐŰɟŬɠ ůŰŬ ůɨɜɗŮŰŬ ɡɚɘəɎ. ɆŰɖɜ ˊɟɞůɏɔɔɘůɖ ŬɡŰɐ, ɞɘ 
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ɑɜŮɠ ŬɜŰɘˊɟɞůɤˊŮɨɞɜŰŬɘ Ŭˊɧ ŮɚəŰɘəɏɠ ŭɡɜɎɛŮɘɠ ˊɞɡ ůɡɜŭɏɞɡɜ Űɘɠ ɑɜŮɠ ɛɏůɤ 

Űɖɠ ɟɤɔɛɐɠ. Ƀ Budiansky əŬɘ ůɡɜŮɟɔɎŰŮɠ [33] ŮɝɏŰŬůŬɜ Űɖ ŭɘɎŭɞůɖ Űɤɜ 

ɟɤɔɛɩɜ Űɖɠ ůŰŬɗŮɟɐɠ əŬŰɎůŰŬůɖɠ Űɖɠ ɛɐŰɟŬɠ ůŰŬ ůɨɜɗŮŰŬ ɡɚɘəɎ, əŬɘ 

ɔŮɜɑəŮɡůŬɜ əɎˊɞɘŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ɗŮɤɟɑŬɠ Aveston-Cooper-Kelly, 

ůɡɛˊŮɟɘɚŬɛɓŬɜɞɛɏɜɤɜ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ ɔɘŬ Űɘɠ Ŭɟɢɘəɏɠ ŰɎůŮɘɠ Űɖɠ ɛɐŰɟŬɠ, 

ɚŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɖ Űɖɜ ŮɜɏɟɔŮɘŬ Űɟɘɓɐɠ əŬɘ ˊɘɗŬɜɏɠ ŬɚɚŬɔɏɠ Űɖɠ ŮɜɏɟɔŮɘŬɠ 

ɚɧɔɤ Űɖɠ ŮˊɏəŰŬůɖɠ ɟɤɔɛɐɠ.  

ȰɜŬɠ Ŭɟɘɗɛɧɠ ɛɞɜŰɏɚɤɜ Űɖɠ ɡˊɞɓɎɗɛɘůɖɠ Űɤɜ ůɡɜɗɏŰɤɜ Ůɜɘůɢɡɛɏɜɤɜ ɛŮ ɑɜŮɠ 

ɓŬůɑɕɞɜŰŬɘ ůŰɘɠ ɛŮɗɧŭɞɡɠ Űɖɠ ɛɖɢŬɜɘəɐɠ ůɡɜŮɢɞɨɠ ɓɚɎɓɖɠ (continuum 

damage mechanics-CDM) [34]. ɆŰɖ ɛɖɢŬɜɘəɐ ůɡɜŮɢɞɨɠ ɓɚɎɓɖɠ, ɖ ŮˊɑŭɟŬůɖ 

ˊɞɚɚɩɜ ɛɘəɟɞɟɤɔɛɩɜ ɔɘŬ Űɖ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ ɡɚɘəɞɨ ŭɘŬɛɞɟűɩɜŮŰŬɘ ɤɠ ɏɜŬɠ 

ŰŬɜɡůŰɐɠ ˊɞɡ ɢŬɟŬəŰɖɟɑɕŮɘ Űɘɠ ɛŮɘɤɛɏɜŮɠ ŬˊɞŰŮɚŮůɛŬŰɘəɏɠ ˊŮɟɘɞɢɏɠ Ůɜɧɠ 

ɡɚɘəɞɨ. ɇŬ ˊɚŮɞɜŮəŰɐɛŬŰŬ Űɖɠ ˊɟɞůɏɔɔɘůɖɠ CDM ɔɘŬ Űɖɜ ɛɞɜŰŮɚɞˊɞɑɖůɖ Űɤɜ 

ůɡɜɗɏŰɤɜ Ůɜɘůɢɡɛɏɜɤɜ ɛŮ ɑɜŮɠ ˊŮɟɘɚŬɛɓɎɜɞɡɜ ŬˊɚɎ Űɞɡɠ ɞɟɘůɛɞɨɠ Űɤɜ 

ɛŮŰŬɓɚɖŰɩɜ ɓɚɎɓɖɠ ůŰŬ ɛɞɜɐɠ əŬŰŮɨɗɡɜůɖɠ ɡɚɘəɎ, əŬɘ, əŬŰɎ ůɡɜɏˊŮɘŬ, Űɖɜ 

ŬˊɚɧŰɖŰŬ Űɖɠ ŮűŬɟɛɞɔɐɠ Űɖɠ. 

ɆŰɞ ˊɚŬɑůɘɞ Űɖɠ ŬɜŬɚɡŰɘəɐɠ ɛɘəɟɞɛɖɢŬɜɘəɐɠ Űɤɜ ɡɚɘəɩɜ, ɞɘ ůɢɏůŮɘɠ ɛŮŰŬɝɨ 

Űɞɡ ˊŮɟɘŮɢɞɛɏɜɞɡ Űɞɡ ɧɔəɞɡ Űɤɜ ɛɏůɤɜ ŮɜɘůɢɨůŮɤɠ, Űɞɡ ůɢɐɛŬŰɞɠ əŬɘ Űɞɡ 

ˊɟɞůŬɜŬŰɞɚɘůɛɞɨ Űɞɡɠ əŬɘ Űɘɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ɡɚɘəɩɜ əŬɗɞɟɑɕɞɜŰŬɘ 

ɛŮ ɓɎůɖ Űɘɠ ɛŮŰŬɓɞɚɘəɏɠ Ŭɟɢɏɠ Űɖɠ ɛɖɢŬɜɘəɐɠ Űɤɜ ɡɚɘəɩɜ əŬɘ Ɏɚɚɤɜ ɛŮɗɧŭɤɜ 

ɛɖɢŬɜɘəɐɠ ůɡɜŮɢɞɨɠ ɛɏůɞɡ. ȷɡŰɏɠ ɞɘ ůɢɏůŮɘɠ ŮˊɘŰɟɏˊɞɡɜ ɜŬ ɛŮɚŮŰɖɗŮɑ ɖ 

ŮˊɑŭɟŬůɖ Űɞɡ ɡɚɘəɞɨ əŬŰŬůəŮɡɐɠ, ɖ ɔŮɤɛŮŰɟɑŬ Ůɜɑůɢɡůɖɠ əŬɘ ɖ əŬŰŬɜɞɛɐ ůŰɘɠ 

ŮɚŬůŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ. 

ɆŮ ɔŮɜɘəɏɠ ɔɟŬɛɛɏɠ, ŰŬ ŬɜŬɚɡŰɘəɎ ɛɞɜŰɏɚŬ ŮˊɘŰɟɏˊɞɡɜ Űɖɜ ŬɜɎɚɡůɖ Űɖɠ 

ŬɚɚɖɚŮˊɑŭɟŬůɖɠ ɛŮŰŬɝɨ Űɤɜ əɨɟɘɤɜ Űɟɧˊɤɜ ɓɚɎɓɖɠ ůŰŬ ůɨɜɗŮŰŬ ɡɚɘəɎ ɔɘŬ 

Űɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ Ŭˊɚɩɜ ɛɘəɟɞŭɞɛɩɜ, Űɤɜ ŮɚŬůŰɘəɩɜ űɎůŮɤɜ əŬɘ Űɤɜ 

Ŭˊɚɩɜ ůɡɜɗɖəɩɜ űɧɟŰɘůɖɠ. ȺɑɜŬɘ ŭɨůəɞɚɞ ɜŬ ŮˊŮəŰŮɑɜɞɡɜ Űɘɠ ɛŮɗɧŭɞɡɠ ŬɡŰɏɠ 

ůŮ ́ɞɚɨˊɚɞəŮɠ ŮˊɘŭɟɎůŮɘɠ, ɧˊɤɠ ɡɚɘəɎ ɛɖ ɔɟŬɛɛɘəɐɠ ůɡɛˊŮɟɘűɞɟɎɠ, 

ŮɝŮɚɘůůɧɛŮɜŮɠ ɛɘəɟɞŭɞɛɏɠ, ə.ɚˊ. ɄŬɟɧɚŬ ŬɡŰɎ, ŬɡŰɏɠ ɞɘ ɛɏɗɞŭɞɘ ŮˊɘŰɟɏˊɞɡɜ 

Űɖɜ ŬɜɎɚɡůɖ Űɤɜ ŮˊɘˊŰɩůŮɤɜ Űɤɜ ůɡɔəŮəɟɘɛɏɜɤɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ 

ɛɘəɟɞŭɞɛɐɠ ůŰɖɜ ŬɜŰɑůŰŬůɖ ůŰɖ ɓɚɎɓɖ Űɤɜ ůɡɜɗɏŰɤɜ ɡɚɘəɩɜ. 
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ȾȺūȷȿȷȽɃ 3. ɁŬɜɞŭɘŮɑůŭɡůɖ 

 

Ƀɘ ˊŬɟŬŭɞůɘŬəɏɠ ŰŮɢɜɘəɏɠ ɛɏŰɟɖůɖɠ Űɖɠ ůəɚɖɟɧŰɖŰŬɠ (Vickers, Knoop, 

Brinell əŬɘ Rockwell) ɓŬůɑɕɞɜŰŬɘ ůŮ ůɡɔəŮəɟɘɛɏɜɞɡɠ əŬɜɧɜŮɠ ŭɘŮɝŬɔɤɔɐɠ Űɤɜ 

ɛŮŰɟɐůŮɤɜ. ȺəŰɧɠ Ŭˊɧ Űɖɜ Rockwell ɧɚŮɠ ɞɘ ɡˊɧɚɞɘˊŮɠ ɞɟɑɕɞɡɜ Űɖɜ 

ůəɚɖɟɧŰɖŰŬ ɤɠ Űɞ ɚɧɔɞ űɞɟŰɑɞɡ F ˊɞɡ ŮűŬɟɛɧɕŮŰŬɘ ˊɟɞɠ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ 

ŬˊɞŰɡˊɩɛŬŰɞɠ ȷ. ȼ ŮˊɘűɎɜŮɘŬ Űɞɡ ŬˊɞŰɡˊɩɛŬŰɞɠ ůɡɜɐɗɤɠ ɡˊɞɚɞɔɑɕŮŰŬɘ 

ɛɏůɤ ɞˊŰɘəɐɠ ɛɘəɟɞůəɞˊɑŬɠ, Ůɜɩ ɖ Űɘɛɐ Űɖɠ ůəɚɖɟɧŰɖŰŬɠ ˊɞɡ ˊɟɞəɨˊŰŮɘ 

ɓŬůɑɕŮŰŬɘ ůŰɞ ŬˊɞŰɨˊɤɛŬ ˊɞɡ ˊɟɞəɨˊŰŮɘ. ɄŬɟɧɚɞ ˊɞɡ ɖ ŭɨɜŬɛɖ ɛˊɞɟŮɑ ɜŬ 

ɛŮŰɟɖɗŮɑ ɛŮ əŬɚɐ ŬəɟɑɓŮɘŬ Űɞ ɛŮɘɞɜɏəŰɖɛŬ ˊɞɡ ˊɟɞəɨˊŰŮɘ ɏɔəŮɘŰŬɘ ůŰɞ 

ˊɞůɞůŰɧ Ŭəɟɘɓɞɨɠ ɛɏŰɟɖůɖɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ ŬˊɞŰɡˊɩɛŬŰɞɠ.  

ɀɘŬ ɜɏŬ ŰŮɢɜɘəɐ ɓŬůɘůɛɏɜɖ ůŰɖɜ ŬɜɑɢɜŮɡůɖ Űɞɡ ɓɎɗɞɡɠ ŭɘŮɑůŭɡůɖɠ Űɞɡ 

ŮɜŰɡˊɤŰɐ (ɐ ŮɔɢŬɟɎəŰɖ) ŬɜŬˊŰɨɢɗɖəŮ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ɡˊɞɚɞɔɑɕɞɜŰŬɘ ɛŮ 

ɛŮɔɎɚɖ ŬəɟɑɓŮɘŬ ɞɘ Űɘɛɏɠ ůəɚɖɟɧŰɖŰŬɠ əŬɘ ɞɘ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ ɡɚɘəɩɜ, 

ɧˊɞɡ ɞ ɡˊɞɚɞɔɘůɛɧɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ ŬˊɞŰɡˊɩɛŬŰɞɠ ŮɑɜŬɘ ŭɨůəɞɚɞɠ. ȼ 

ɜŬɜɞŭɘŮɑůŭɡůɖ ɐ ɜŬɜɞůəɚɖɟɞɛɏŰɟɖůɖ (nanoindentation) ŬˊɞŰŮɚŮɑ ɛɑŬ Ŭˊɧ Űɘɠ 

ˊɘɞ ŭɘŬŭŮŭɞɛɏɜŮɠ ŰŮɢɜɘəɏɠ ɛɏŰɟɖůɖɠ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ ɜŬɜɞŭɞɛɖɛɏɜɤɜ 

ɡɚɘəɩɜ. ȼ ŰŮɢɜɘəɐ ŬɡŰɐ ůŰɖɟɑɕŮŰŬɘ ůŰɖ ůɡɜŮɢɐ ŮűŬɟɛɞɔɐ űɞɟŰɑɞɡ ůŰɞ ŭŮɑɔɛŬ, 

ɛɏůɤ Ůɜɧɠ ŮɔɢŬɟɎəŰɖ (indenter), ɛŮ ŰŬɡŰɧɢɟɞɜɖ əŬŰŬɔɟŬűɐ Űɖɠ ɛŮŰŬŰɧˊɘůɖɠ 

ˊɞɡ ˊɟɞəŬɚŮɑŰŬɘ Ŭˊɧ ŬɡŰɧ. ȷˊɧ Űɖɜ ŬɜɎɚɡůɖ Űɤɜ əŬɛˊɨɚɤɜ űɞɟŰɑɞɡ-

ɛŮŰŬŰɧˊɘůɖɠ ɛˊɞɟɞɨɜ ɜŬ ˊɟɞůŭɘɞɟɘůŰɞɨɜ ɞɘ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ, ɧˊɤɠ ŮɑɜŬɘ 

ɖ ůəɚɖɟɧŰɖŰŬ, Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ ɖ ŬəŬɛɣɑŬ [1-5]. 

 

 

 

ɆɢɐɛŬ 3.1: ȾŬɛˊɨɚɖ űɧɟŰɘůɖɠ-Ŭ́ ɞűɧɟŰɘůɖɠ ůŮ ůɡɛɓŬŰɘəɧ ˊŮɑɟŬɛŬ 

ɜŬɜɞŭɘŮɑůŭɡůɖɠ [2] . 
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ɆŰɘɠ əŬɛˊɨɚŮɠ űɧɟŰɘůɖɠ - ŬˊɞűɧɟŰɘůɖɠ ŭɘŬəɟɑɜɞɜŰŬɘ ŰŬ ˊɘɞ əɎŰɤ əɟɑůɘɛŬ 

ɛŮɔɏɗɖ: 

hmax : ɀɏɔɘůŰɞ ɓɎɗɞɠ ŭɘŮɑůŭɡůɖɠ Űɖɠ ŬəɑŭŬɠ Űɞɡ ŮɜŰɡˊɤŰɐ  

Pmax : ɀɏɔɘůŰɞ ŮűŬɟɛɞɕɧɛŮɜɞ űɞɟŰɑɞ  

hf : ɇŮɚɘəɧ ˊŬɟŬɛɏɜɞɜ ɓɎɗɞɠ ŭɘŮɑůŭɡůɖɠ ůŰɞ ɡɚɘəɧ ɛŮŰɎ Űɖɜ ŬˊɞűɧɟŰɘůɖ  

hc : ȸɎɗɞɠ ŮˊŬűɐɠ ɡɚɘəɞɨ əŬɘ ŬəɑŭŬɠ ŭɘŮɑůŭɡůɖɠ ɛŮŰɎ Űɖɜ ŬˊɞűɧɟŰɘůɖ  

he : ȺɚŬůŰɘəɐ ɛŮŰŬŰɧˊɘůɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ əŬŰɎ Űɖɜ ŬˊɞűɧɟŰɘůɖ 

hs : ȺɚŬůŰɘəɐ ɛŮŰŬŰɧˊɘůɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ ɢɤɟɑɠ ŮˊŬűɐ ɛŮ Űɖɜ 

ŬəɑŭŬ  

 

ȼ ŬəŬɛɣɑŬ S (Stiffness) Űɞɡ ɡɚɘəɞɨ ɡˊɞɚɞɔɑɕŮŰŬɘ Ŭˊɧ Űɖɜ ůɢɏůɖ: 

Ὓ                                                                     (1) 

ŭɖɚŬŭɐ Ŭˊɧ Űɖɜ əɚɑůɖ Űɞɡ ɔɟŬɛɛɘəɞɨ ŰɛɐɛŬŰɞɠ Űɖɠ əŬɛˊɨɚɖɠ ŬˊɞűɧɟŰɘůɖɠ 

(ɆɢɐɛŬ 3.1). ȼ ŬəŬɛɣɑŬ ŮɑɜŬɘ ɖ əɟɑůɘɛɖ ˊɞůɧŰɖŰŬ, ɛɏůɤ Űɖɠ ɞˊɞɑŬɠ 

ɡˊɞɚɞɔɑɕŮŰŬɘ Űɧůɞ Űɞ ɛɏŰɟɞ Űɖɠ ŮɚŬůŰɘəɧŰɖŰŬɠ E ɧůɞ əŬɘ ɖ ůəɚɖɟɧŰɖŰŬ H 

(Hardness) Űɤɜ ɡɚɘəɩɜ ɖ ɞˊɞɑŬ ŭɑɜŮŰŬɘ Ŭˊɧ Űɖɜ ůɢɏůɖ: 

Ὄ                                                                 (2) 

ɧ́ ɞɡ, ȷ: ɖ ŮˊɘűɎɜŮɘŬ ŮˊŬűɐɠ.  

 

ȼ ˊɚŬůŰɘəɧŰɖŰŬ ŮəűɟɎɕŮŰŬɘ Ŭˊɧ Űɞ ŮɛɓŬŭɧ ˊɞɡ ˊŮɟɘəɚŮɑŮɘ ɖ əŬɛˊɨɚɖ 

űɧɟŰɘůɖɠ-ŬˊɞűɧɟŰɘůɖɠ əŬɘ ŬɜŰɘˊɟɞůɤˊŮɨŮɘ Űɞ ˊɞůɧ Űɖɠ ŮɜɏɟɔŮɘŬɠ ˊɞɡ 

ˊŬɟŬɛɏɜŮɘ ůŰɞ ˊɟɞɠ ɛɏŰɟɖůɖ ɡɚɘəɧ ɛŮŰɎ Űɖɜ ŭɘŬŭɘəŬůɑŬ Űɖɠ ɜŬɜɞŭɘŮɑůŭɡůɖɠ. 

ȼ ˊɚŬůŰɘəɧŰɖŰŬ ůɢŮŰɑɕŮŰŬɘ ɛŮ Űɞ ɏɟɔɞ ˊɞɡ ŭŬˊŬɜɎŰŬɘ ɔɘŬ Űɖɜ ˊɚŬůŰɘəɐ 

ˊŬɟŬɛɧɟűɤůɖ ůŮ ůɢɏůɖ ɛŮ Űɞ ůɡɜɞɚɘəɧ ɏɟɔɞ ˊɞɡ ŭŬˊŬɜɎŰŬɘ ůŮ ɏɜŬɜ əɨəɚɞ 

űɧɟŰɘůɖɠ-ŬˊɞűɧɟŰɘůɖɠ (ɆɢɐɛŬ 3.2): 

‏ ρ                                              (3) 

ȼ ŮˊɘűɎɜŮɘŬ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Űɞɜ ˊɟɞůŭɘɞɟɘůɛɧ Űɖɠ ůəɚɖɟɧŰɖŰŬɠ 

ɡˊɞɚɞɔɑɕŮŰŬɘ Ŭˊɧ Űɞ ɓɎɗɞɠ ŮˊŬűɐɠ. ɄŬɟɧɚŬ ŬɡŰɎ Űɞ ˊɚŮɞɜɏəŰɖɛŬ Űɖɠ ɛɖ 

ɎɛŮůɖɠ ɛɏŰɟɖůɖɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ŭɖɛɘɞɡɟɔŮɑ ɜɏŬ ˊɟɞɓɚɐɛŬŰŬ. Ƀ ŮɡəɞɚɧŰŮɟɞɠ 

Űɟɧˊɞɠ ɔɘŬ ɜŬ ˊɟɞůŭɘɞɟɘůŰŮɑ ɖ ŮˊɘűɎɜŮɘŬ ŮɑɜŬɘ ɜŬ ɡˊɞŰŮɗŮɑ ɧŰɘ ɖ ŬəɑŭŬ Űɞɡ 

ŮɜŰɡˊɤŰɐ ɏɢŮɘ ɘŭŬɜɘəɧ ůɢɐɛŬ əŬɘ ɜŬ ɡˊɞɚɞɔɘůŰŮɑ Ŭˊɧ Űɞ ɛɏɔɘůŰɞ ɓɎɗɞɠ 

ŭɘŮɑůŭɡůɖɠ ɓɎůɖ Űɖɠ ɘŭŬɜɘəɐɠ ɔŮɤɛŮŰɟɑŬɠ. ȳɛɤɠ ɞɘ ŬˊɞəɚɑůŮɘɠ Űɖɠ ŬəɑŭŬɠ Ŭˊɧ 

Űɖɜ ɘŭŬɜɘəɐ ɔŮɤɛŮŰɟɑŬ ŮɑɜŬɘ ůɖɛŬɜŰɘəɏɠ əŬɘ ɔɑɜɞɜŰŬɘ ůɖɛŬɜŰɘəɧŰŮɟŮɠ ɛŮ Űɖɜ 

ɛŮɑɤůɖ Űɞɡ ɓɎɗɞɡɠ ŭɘŮɑůŭɡůɖɠ. Ⱥˊɘˊɚɏɞɜ, ɖ ɡˊɞɚɞɔɘɕɧɛŮɜɖ ŮˊɘűɎɜŮɘŬ 

ŮˊŬűɐɠ, ůŮ ŬɜŰɑɗŮůɖ ɛŮ Űɞɜ ˊŬɟŬŭɞůɘŬəɧ ɞɟɘůɛɧ Űɖɠ ůəɚɖɟɧŰɖŰŬɠ ŮɑɜŬɘ 
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ůɡɜɎɟŰɖůɖ Űɧůɞ Űɤɜ ˊɚŬůŰɘəɩɜ ɧůɞ əŬɘ Űɤɜ ŮɚŬůŰɘəɩɜ ɘŭɘɞŰɐŰɤɜ Űɞɡ 

ɡɚɘəɞɨ, əɎŰɘ ˊɞɡ ˊɟɏˊŮɘ ɜŬ ɚɖűɗŮɑ ɡˊɧɣɖ ůŰɖɜ ŬɜɎɚɡůɖ Űɤɜ ŭŮŭɞɛɏɜɤɜ. 

 

 

ɆɢɐɛŬ 3.2: Ɉˊɞɚɞɔɘůɛɧɠ Űɞɡ ɏɟɔɞɡ ˊɚŬůŰɘəɐɠ əŬɘ ŮɚŬůŰɘəɐɠ 

ˊŬɟŬɛɧɟűɤůɐɠ [2] . 

 

Ʉɚɏɞɜ ɖ ˊɘɞ Ůɡɟɏɤɠ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɖ ɛɏɗɞŭɞɠ ˊɟɞůŭɘɞɟɘůɛɞɨ Űɖɠ 

ůəɚɖɟɧŰɖŰŬɠ əŬɘ Űɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ ŮɑɜŬɘ ŬɡŰɐ ˊɞɡ ŬɜŬˊŰɨɢɗɖəŮ Ŭˊɧ 

Űɞɡɠ Oliver əŬɘ Pharr [6], ɞɘ ɞˊɞɑɞɘ ůŰɖɟɑɢɗɖəŬɜ ůŰɘɠ ɛŮɚɏŰŮɠ Űɤɜ Doerner əŬɘ 

Nix [8]. ȼ ɛɏɗɞŭɞɠ Oliver əŬɘ Pharr ɏɢŮɘ əŬɗɘŮɟɤɗŮɑ Ŭˊɧ Űɞ 1992 əŬɘ 

ŮɜůɤɛŬŰɩɗɖəŮ ůŰɞ ˊɟɧŰɡˊɞ ISO 14577:2002 ɔɘŬ Űɘɠ ɜŬɜɞŭɘŮɘůŭɨůŮɘɠ [7]. 

 

3.1 ɀɏɗɞŭɞɠ Oliver-Pharr  ɔɘŬ ŮɜŰɡˊɤŰɏɠ Ŭɝɞɜɘəɐɠ ůɡɛɛŮŰɟɑŬɠ 

3.1.1 Ʉɚɐɟɤɠ ŮɚŬůŰɘəɐ ɗŮɩɟɖůɖ 

 

ɆŰɞ ɆɢɐɛŬ 3.3 ˊŬɟɞɡůɘɎɕŮŰŬɘ ɖ ɜŬɜɞŭɘŮɑůŭɡůɖ ɛŮ əɤɜɘəɧ ɐ ˊɡɟŬɛɘŭɘəɧ 

ŮɔɢŬɟɎəŰɖ əŬŰɎ Űɖɜ ɛɏɔɘůŰɖ űɧɟŰɘůɖ əŬɘ ůŰɖɜ ůɡɜɏɢŮɘŬ Űɖɜ ŬˊɞűɧɟŰɘůɖ ɛŮ 

ɓɎůɖ Űɞ ɛɞɜŰɏɚɞ Oliver-Pharr. 
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ɆɢɐɛŬ 3.3: ɁŬɜɞŭɘŮɑůŭɡůɖ ɛŮ əɤɜɘəɧ ɐ ˊɡɟŬɛɘŭɘəɧ ŮɜŰɡˊɤŰɐ əŬŰɎ Űɖ 

ɛɏɔɘůŰɖ űɧɟŰɘůɖ (ˊɎɜɤ) əŬɘ ɛŮŰɎ Űɖɜ ŬˊɞűɧɟŰɘůɖ (əɎŰɤ) ɛŮ ɓɎůɖ Űɞ 

ɛɞɜŰɏɚɞ Oliver ï Pharr [2] . 

 

ɀɏůɤ Űɖɠ ɛŮŰŬŰɧˊɘůɖɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ əŬŰɎ Űɖɜ ŭɘŮɑůŭɡůɖ, h, 

ɛˊɞɟŮɑ ɜŬ ɡˊɞɚɞɔɘůŰŮɑ ɖ ˊŬɟŬɛɧɟűɤůɖ (deformation) Űɞɡ ŭŮɑɔɛŬŰɞɠ. ũɘŬ Űɞɜ 

ɡˊɞɚɞɔɘůɛɧ Űɖɠ ɛɏɔɘůŰɖɠ ɛŮŰŬŰɧˊɘůɖɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ, hmax, 

ˊɟɏˊŮɘ ɜŬ ůɡɜɡˊɞɚɞɔɘůŰŮɑ əŬɘ ɖ ˊŬɟŬɛɧɟűɤůɖ Űɞɡ ŮɜŰɡˊɤŰɐ. ŪŮɤɟɩɜŰŬɠ 

ɎəŬɛˊŰɞ ŮɜŰɡˊɤŰɐ (rigid indenter), ɖ ɛɏɔɘůŰɖ ɛŮŰŬŰɧˊɘůɖ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖɜ 

ŮɚŬůŰɘəɐ əŬɘ Űɖɜ ˊɚŬůŰɘəɐ ɛŮŰŬŰɧˊɘůɖ əŬɘ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɞ ɎɗɟɞɘůɛŬ Űɞɡɠ. 

ũɘŬ Űɖɜ ŮˊŬɜɎəŰɖůɖ Űɖɠ ůɡɛɓŬŰɧŰɖŰŬɠ Űɖɠ ˊŬɟŬŭɞůɘŬəɐɠ ůəɚɖɟɧŰɖŰŬɠ ɛŮ 

ŬɡŰɐ ˊɞɡ ɛŮŰɟɐɗɖəŮ Ŭˊɧ Űɞ ˊŮɑɟŬɛŬ ɜŬɜɞŭɘŮɑůŭɡůɖɠ, ˊɟɏˊŮɘ ɜŬ ˊɟɞůŭɘɞɟɘůŰŮɑ 

ɖ ŮˊɘűɎɜŮɘŬ Űɞɡ ŬˊɞŰɡˊɩɛŬŰɞɠ ɛŮŰɎ Űɖɜ ŬˊɞűɧɟŰɘůɖ. ũɘŬ ɜŬ ɔɑɜŮɘ ŬɡŰɧ ɗŬ 

ˊɟɏˊŮɘ ŬɟɢɘəɎ ɜŬ ɔɑɜɞɡɜ əɎˊɞɘŮɠ ˊŬɟŬŭɞɢɏɠ [1, 2, 3]: 

 

¶ ȼ ŮˊɘűɎɜŮɘŬ ŮˊŬűɐɠ ɡˊɧ ɛɏɔɘůŰɖ űɧɟŰɘůɖ əŬɘ ɖ ŮˊɘűɎɜŮɘŬ 

ŬˊɞŰɡˊɩɛŬŰɞɠ ɛŮŰɎ Űɖɜ ŬˊɞűɧɟŰɘůɖ ŮɑɜŬɘ ɑůŮɠ. ȷɡŰɧ ůɖɛŬɑɜŮɘ ɧŰɘ ŭŮɜ 

ɡˊɎɟɢŮɘ ŮɚŬůŰɘəɐ ŬˊɞəŬŰɎůŰŬůɖ ůŰɞ ŮˊɑˊŮŭɞ ŮˊŬűɐɠ (hc = h0) əŬɘ ɖ 

ŭɘɎɛŮŰɟɞɠ Űɞɡ ŬˊɞŰɡˊɩɛŬŰɞɠ ŭŮɜ ŬɚɚɎɕŮɘ ɛŮ Űɖɜ ŬűŬɑɟŮůɖ Űɞɡ 

űɞɟŰɑɞɡ.  

¶ Ƀɘ ˊɚŬůŰɘəɏɠ əŬɘ ŮɚŬůŰɘəɏɠ ˊŬɟŬɛɞɟűɩůŮɘɠ ŭŮɜ ŮˊɖɟŮɎɕɞɜŰŬɘ ɛŮŰŬɝɨ 

Űɞɡɠ. ȼ ŮɚŬůŰɘəɐ ˊŬɟŬɛɧɟűɤůɖ ŮɑɜŬɘ ɑŭɘŬ ˊɎɜɤ Ŭˊɧ Űɖɜ ˊŮɟɘɞɢɐ 

ŮˊŬűɐɠ ŬɜŮɝŬɟŰɐŰɤɠ ˊɚŬůŰɘəɐɠ ˊŬɟŬɛɧɟűɤůɖɠ. ɇɞ ɛɏŰɟɞ Young 

ŮɑɜŬɘ Űɞ ɑŭɘɞ ɔɘŬ Űɘɠ ˊŬɟŬɛɞɟűɤɛɏɜŮɠ əŬɘ ɛɖ ˊŮɟɘɞɢɏɠ Űɞɡ ɡɚɘəɞɨ.  

¶ ȼ ŰɟŬɢɨŰɖŰŬ Űɖɠ ŮˊɘűɎɜŮɘŬɠ, ŰŬ űŬɘɜɧɛŮɜŬ ůɡůůɩɟŮɡůɖɠ (pile-up 

effects) ɐ ɛɖ ŬɜŬůŰɟɏɣɘɛɖɠ (ˊɚŬůŰɘəɐɠ) ɓɨɗɘůɖɠ (sink-in effects) 

ɗŮɤɟɞɨɜŰŬɘ ŬɛŮɚɖŰɏŬ.  

¶ Ƀ ŮɜŰɡˊɤŰɐɠ ŮɑɜŬɘ ɎəŬɛˊŰɞɠ. 



 

 26 

ɀŮ ɔɜɤůŰɧ Űɞ ůɢɐɛŬ Űɖɠ ŬəɑŭŬɠ Űɞɡ ŮɜŰɡˊɤŰɐ, ůɨɛűɤɜŬ ɛŮ Űɖɜ ˊɟɩŰɖ 

ˊŬɟŬŭɞɢɐ, ɖ ˊŬɟŬɛɏɜɞɡůŬ ŮˊɘűɎɜŮɘŬ Űɞɡ ŬˊɞŰɡˊɩɛŬŰɞɠ ɛˊɞɟŮɑ ɜŬ 

ɡˊɞɚɞɔɘůŰŮɑ Ŭˊɧ Űɞ ɓɎɗɞɠ ŭɘŮɑůŭɡůɖɠ Űɞɡ ŮɜŰɡˊɤŰɐ ɡˊɧ ɛɏɔɘůŰɞ űɞɟŰɑɞ, hc, 

ɛŮ Űɖɜ ˊɟɞɦˊɧɗŮůɖ ɧŰɘ ɛˊɞɟɞɨɛŮ ɜŬ ɡˊɞɚɞɔɑůɞɡɛŮ Űɖɜ ˊŬɟŬɛɧɟűɤůɖ ˊɎɜɤ 

Ŭˊɧ Űɖɜ ˊŮɟɘɞɢɐ ŮˊŬűɐɠ, hs [3, 6, 8]. 

O Sneddon [9] ɢɟɖůɘɛɞˊɞɑɖůŮ ŰŬ ɛɞɜŰɏɚŬ Űɤɜ Hertz əŬɘ Boussinesq ɔɘŬ ɜŬ 

ŮɝŬɔɎɔŮɘ ɛɑŬ ɔŮɜɘəŮɡɛɏɜɖ ůɢɏůɖ ɛŮŰŬɝɨ Űɞɡ űɞɟŰɑɞɡ P əŬɘ Űɖɠ ɛŮŰŬŰɧˊɘůɖɠ h 

ɔɘŬ ɎəŬɛˊŰɞ ŮɜŰɡˊɤŰɐ ɛŮ Ŭɝɞɜɘəɐ ůɡɛɛŮŰɟɑŬ ˊɞɡ ɤɗŮɑŰŬɘ ůŮ ɏɜŬ ŮɚŬůŰɘəɧ 

ɡɚɘəɧ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ˊɟɞůŭɘɞɟɘůŰŮɑ Űɞ ˊɞůɞůŰɧ ŮɚŬůŰɘəɐɠ ˊŬɟŬɛɧɟűɤůɖɠ 

Űɞɡɠ ɡɚɘəɞɨ. Ƀ ɛɧɜɞɠ ˊŮɟɘɞɟɘůɛɧɠ ˊɞɡ ɏɗŮůŮ ɐŰŬɜ ɞ ŮɜŰɡˊɤŰɐɠ ɜŬ 

ˊŮɟɘɔɟɎűŮŰŬɘ ɤɠ ůŰŮɟŮɧ Ůə ˊŮɟɘůŰɟɞűɐɠ ɛɑŬɠ ɞɛŬɚɐɠ ůɡɜɎɟŰɖůɖɠ.  

ȸŬůɘəɐ ˊŬɟŬŭɞɢɐ ůŰɖ ɗŮɩɟɖůɖ Űɞɡ Sneddon ŮɑɜŬɘ ɧŰɘ ɖ ˊŮɟɘɞɢɐ ŮˊŬűɐɠ ŮɑɜŬɘ 

ŬɟəŮŰɎ ɛɘəɟɐ ůŮ ůɢɏůɖ ɛŮ Űɘɠ ŭɘŬůŰɎůŮɘɠ Űɤɜ ɡɚɘəɩɜ, ɩůŰŮ ɞɘ ŰɎůŮɘɠ ˊɞɡ 

ŬɜŬˊŰɨůůɞɜŰŬɘ ůŰɖɜ ˊŮɟɘɞɢɐ ŬɡŰɐ ɜŬ ɛɖɜ ŮɝŬɟŰɩɜŰŬɘ ɘůɢɡɟɎ Ŭˊɧ Űɞ Ŭəɟɘɓɏɠ 

ůɢɐɛŬ Űɤɜ ůɤɛɎŰɤɜ ɐ Űɤɜ Űɟɧˊɞ ˊɞɡ ůŰɖɟɑɕɞɜŰŬɘ (elastic half-spaces). 

ɆɨɛűɤɜŬ ɛŮ ŰŬ ˊŬɟŬˊɎɜɤ ˊɟɞəɨˊŰɞɡɜ ɞɘ ɔŮɜɘəŮɡɛɏɜŮɠ ůɢɏůŮɘɠ Űɞɡ Sneddon 

ɔɘŬ əɨɚɘɜŭɟɞ ŬəŰɑɜŬɠ Ŭ əŬɘ əɩɜɞ ɔɤɜɑŬɠ ű ŬɜŰɑůŰɞɘɢŬ [9, 10]: 

ὖ Ὤ                                                        (4) 

 

ὖ Ὤ                                                  (5) 

 

ɧˊɞɡ, ɛ: Űɞ ɛɏŰɟɞ ŭɘɎŰɛɖůɖɠ (shear modulus)  

          ɜ: ɞ ɚɧɔɞɠ Poisson 

 

ũɘŬ Űɞɜ ˊɟɞůŭɘɞɟɘůɛɧ Űɞɡ ɚɧɔɞɡ Űɖɠ ŮɚŬůŰɘəɐɠ ˊŬɟŬɛɧɟűɤůɖɠ ˊɎɜɤ Ŭˊɧ Űɖɜ 

ˊŮɟɘɞɢɐ ŮˊŬűɐɠ ˊɟɞɠ Űɖ ůɡɜɞɚɘəɐ ŮɚŬůŰɘəɐ ˊŬɟŬɛɧɟűɤůɖ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ 

ɞɘ ŬɜŰɑůŰɞɘɢŮɠ ŬɜŬɚɡŰɘəɏɠ ůɢɏůŮɘɠ Űɞɡ Sneddon. ũɘŬ əɩɜɞ [1, 6]: 

ύὶ ‌ὸὥὲ‌, r Ò Ŭ                                (6) 

 

ύὢ
ςὬ
ÓÉÎ ὶ Ѝὶ ὥ , r > a       (7) 

 

ɧˊɞɡ, r: ɖ Ŭɝɞɜɘəɐ ɗɏůɖ (r=0 ůŰɞ əɏɜŰɟɞ ŮˊŬűɐɠ)  

          Ŭ: ɖ ŬəŰɑɜŬ Űɖɠ ŮˊŬűɐɠ  
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ȷˊɧ Űɖɜ ˊɘɞ ˊɎɜɤ Ůɝɑůɤůɖ ˊɟɞəɨˊŰŮɘ: 

ȟ
ρ ς“                                                  (8) 

ȯɟŬ ɔɘŬ ɏɜŬ ɞˊɞɘɞŭɐˊɞŰŮ ůŰŮɟŮɧ Ůə ˊŮɟɘůŰɟɞűɐɠ ɔɘŬ Űɞ ɞˊɞɑɞ ŮɑɜŬɘ ɔɜɤůŰɏɠ 

ɞɘ ŬɜŬɚɡŰɘəɏɠ ůɢɏůŮɘɠ Ŭˊɧ Űɖ ɗŮɤɟɑŬ ŮɚŬůŰɘəɐɠ ŮˊŬűɐɠ əŬɘ ɎɟŬ ɞ ɚɧɔɞɠ 

hs/hmax,e, Űɞ ɓɎɗɞɠ ŮˊŬűɐɠ ɛˊɞɟŮɑ ɜŬ ɡˊɞɚɞɔɘůŰŮɑ Ŭˊɧ Űɖɜ ˊɘɞ əɎŰɤ ůɢɏůɖ 

ɚŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɖ ɧŰɘ hmax = hmax,e + h0: 

hc = hmax,e (1-X) + Xh0                                           (9) 

 

ŪŮɤɟɩɜŰŬɠ ɧŰɘ ŮɑɜŬɘ ɔɜɤůŰɐ ɖ ůɡɜɎɟŰɖůɖ ŮˊŬűɐɠ Ac = f(hc), ɖ ůəɚɖɟɧŰɖŰŬ 

ɡˊɞɚɞɔɑɕŮŰŬɘ Ŭˊɧ Űɖɜ ůɢɏůɖ: 

ῷ                                                             (10) 

 

ɀŮ ˊɟɞůŬɟɛɞɔɐ Űɤɜ ŭŮŭɞɛɏɜɤɜ Űɖɠ əŬɛˊɨɚɖɠ ŬˊɞűɧɟŰɘůɖɠ ɛˊɞɟŮɑ ɜŬ 

ˊɟɞůŭɘɞɟɘůŰŮɑ ɖ ŬəŬɛɣɑŬ , S (stiffness). ȼ ˊɟɩŰɖ ˊŬɟɎɔɤɔɞɠ dP / dh ůŰɞ hmax 

əŬɚŮɑŰŬɘ ŬəŬɛɣɑŬ Űɖɠ ŮˊŬűɐɠ (contact stiffness, S). Ƀɘ Oliver əŬɘ Pharr 

ɏŭŮɘɝŬɜ ɧŰɘ ŭɘŬűɞɟɑɕɞɜŰŬɠ Űɘɠ ŬɜŬɚɡŰɘəɏɠ ůɢɏůŮɘɠ űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ Űɞɡ 

Sneddon ɔɘŬ ŮɜŰɡˊɤŰɏɠ ɛŮ ůɢɐɛŬ ůŰŮɟŮɞɨ Ůə ˊŮɟɘůŰɟɞűɐɠ ɛˊɞɟŮɑ ɜŬ 

ˊɟɞůŭɘɞɟɘůŰŮɑ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ, ŮɎɜ ŮɑɜŬɘ ɔɜɤůŰɐ ɖ ŮˊɘűɎɜŮɘŬ ŮˊŬűɐɠ 

ɛɏůɤ Űɖɠ ůɢɏůɖɠ [11]: 

Ὓ
Ѝ
Ѝ̈́                                               (11) 

 

ȼ ŮɝŬɔɤɔɐ Űɖɠ ˊɘɞ ˊɎɜɤ ůɢɏůɖɠ ɓŬůɑůŰɖəŮ ůŰɖɜ ˊŬɟŬŭɞɢɐ ɧŰɘ ɞ ŮɜŰɡˊɤŰɐɠ 

ŮɑɜŬɘ ɎəŬɛˊŰɞɠ. ɆŰɖɜ ˊɟŬɔɛŬŰɘəɧŰɖŰŬ ɧɛɤɠ, ɞ ŮɜŰɡˊɤŰɐɠ ˊŬɟŬɛɞɟűɩɜŮŰŬɘ 

ŮɚŬůŰɘəɎ. ȼ ŮɜůɤɛɎŰɤůɖ Űɖɠ ˊŬɟŬɛɧɟűɤůɖɠ Űɞɡ ŮɜŰɡˊɤŰɐ ůŰɞ ɛɞɜŰɏɚɞ 

ɔɑɜŮŰŬɘ ɛŮ ɓɎůɖ Űɖ ɔŮɜɘəɐ ůɢɏůɖ Ŭˊɧ Űɖ ɗŮɤɟɑŬ Űɖɠ ŮɚŬůŰɘəɧŰɖŰŬɠ, ˊɞɡ ŭɑɜŮɘ 

Űɞ ɚɧɔɞ Űɤɜ ˊŬɟŬɛɞɟűɩůŮɤɜ ůŰɖɜ ŭɘŮɨɗɡɜůɖ ŮűŬɟɛɞɔɐɠ Űɖɠ ŭɨɜŬɛɖɠ ŭɨɞ 

ůɤɛɎŰɤɜ ŬɡɗŬɑɟŮŰɞɡ ůɢɐɛŬŰɞɠ Űɤɜ ɞˊɞɑɤɜ ɖ ŮˊɘűɎɜŮɘŬ ŮˊŬűɐɠ ŮɑɜŬɘ əɎɗŮŰɖ 

ůŰɖ ŭɘŮɨɗɡɜůɖ ŭɨɜŬɛɖɠ [1]: 

                                                      (12) 

 

ɧˊɞɡ,  ɜ: ɞ ɚɧɔɞɠ Poisson  

           E: Űɞ ɛɏŰɟɞ Young  

           i, s: ŭŮɑəŰŮɠ ɔɘŬ Űɞɜ ŮɜŰɡˊɤŰɐ əŬɘ Űɞ ŭŮɑɔɛŬ ŬɜŰɑůŰɞɘɢŬ  



 

 28 

ɀŮ ɓɎůɖ ŬɡŰɐ Űɖ ůɢɏůɖ ɞɟɑɕŮŰŬɘ Űɞ ůɨɜɗŮŰɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ Er (reduced 

modulus) [3, 4]: 

                                               (13) 

 

əŬɘ ɖ Ůɝɑůɤůɖ 11 ŰɟɞˊɞˊɞɘŮɑŰŬɘ ŬɜŰɑůŰɞɘɢŬ [3,5]: 

Ὓ
Ѝ
Ѝ̈́ Ὁ                                                         (14) 

 

Ƀɘ Oliver əŬɘ Pharr ˊɟɧŰŮɘɜŬɜ Űɖ ɢɟɖůɘɛɞˊɞɑɖůɖ Űɞɡ ˊŬɟɎɔɞɜŰŬ Ů ɔɘŬ Űɞɜ 

ˊɟɞůŭɘɞɟɘůɛɧ Űɞɡ ɓɎɗɞɡɠ ŭɘŮɑůŭɡůɖɠ. ɆɡɔəŮəɟɘɛɏɜŬ, ˊŬɟŬŰɐɟɖůŬɜ ɧŰɘ ɔɘŬ 

ŮɜŰɡˊɤŰɏɠ ɛŮ ůɢɏůɖ űɞɟŰɑɞɡ ï ɛŮŰŬŰɧˊɘůɖɠ Űɞɡ Űɨˊɞɡ P= Ŭhm , ɧˊɤɠ əɤɜɘəɞɑ 

ɐ əɡɚɘɜŭɟɘəɞɑ [6]: 

                                          (15) 

 

ȼ ůɢɏůɖ 15 ŬűɞɟɎ ɛɧɜɞ Űɘɠ ŮɚŬůŰɘəɏɠ ˊŬɟŬɛɞɟűɩůŮɘɠ ɎɟŬ: 

ȟ
                                                          (16) 

 

ɃɟɑɕɞɜŰŬɠ Űɞɜ ˊŬɟɎɔɞɜŰŬ Ů ɤɠ [6]: 

‐ ά
ȟ

                                                        (17) 

 

ˊɟɞəɨˊŰŮɘ ɖ ůɢɏůɖ: 

Ὤ Ὤ ‐                                                 (18) 

 

3.1.2 ȺɚŬůŰɞˊɚŬůŰɘəɐ ŪŮɩɟɖůɖ 

 

ɆŰɞ ɆɢɐɛŬ 3.4 ˊŬɟɞɡůɘɎɕŮŰŬɘ ɖ əŬŰŬɜɞɛɐ Űɖɠ ˊɑŮůɖɠ ůŰɖɜ ˊŮɟɘɞɢɐ Űɖɠ 

ŮˊŬűɐɠ ɔɘŬ ŭɘɎűɞɟŮɠ ɔŮɤɛŮŰɟɑŮɠ ŮɔɢŬɟŬəŰɩɜ. ũɘŬ əɤɜɘəɧ ŮɜŰɡˊɤŰɐ, 

ˊɟɞəɨˊŰŮɘ ɧŰɘ ɖ ˊɑŮůɖ ůŰɞ əɏɜŰɟɞ Űɖɠ ŮˊŬűɐɠ ɔɑɜŮŰŬɘ ɎˊŮɘɟɖ. ɇɞ ɑŭɘɞ ɘůɢɨŮɘ 

ůŰŬ ɎəɟŬ Űɖɠ ŮˊŬűɐɠ ɔɘŬ ŮˊɑˊŮŭɞ ŮɜŰɡˊɤŰɐ. ɇŬ ɡɚɘəɎ ŭŮɜ ɛˊɞɟɞɨɜ ɜŬ 

ŬɜŰɘůŰŬɗɞɨɜ ůŮ ŰɏŰɞɘŬ ˊɑŮůɖ, əŬɘ ˊɟɞəŬɚŮɑŰŬɘ ˊɚŬůŰɘəɐ ɟɞɐ ˊɞɡ ɛŮɘɩɜŮɘ Űɖɜ 
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ˊɑŮůɖ ůɖɛŬɜŰɘəɎ. Ƀɘ Oliver əŬɘ Pharr ɏɢɞɡɜ ŭŮɑɝŮɘ ɧŰɘ ɖ əŬɛˊɨɚɖ ŬˊɞűɧɟŰɘůɖɠ 

ɔɘŬ ŮɚŬůŰɞˊɚŬůŰɘəɏɠ ŭɘŮɘůŭɨůŮɘɠ ɛˊɞɟŮɑ ɜŬ ˊŮɟɘɔɟŬűŮɑ Ŭˊɧ ɛɑŬ ůɡɜɎɟŰɖůɖ 

Űɖɠ ɛɞɟűɐɠ [1, 6, 12]:  

P = K( h ï h0 )m                                                      (19) 

 

 

ɆɢɐɛŬ 3.4: ȾŬŰŬɜɞɛɐ Űɖɠ ˊɑŮůɖɠ (pm) ůŰɖɜ ˊŮɟɘɞɢɐ Űɖɠ ŮˊŬűɐɠ ŬəŰɑɜŬɠ Ŭ 

ɔɘŬ ˊɚɐɟɤɠ ŮɚŬůŰɘəɐ ŮˊŬűɐ [12]. 

 

ũɘŬ ŮɜŰɡˊɤŰɏɠ ɔŮɤɛŮŰɟɑŬɠ Berkovich ɞɘ ˊŮɘɟŬɛŬŰɘəɏɠ Űɘɛɏɠ ˊɞɡ ɓɟɏɗɖəŬɜ ɔɘŬ 

Űɞɜ ŮəɗɏŰɖ m ŮɑɜŬɘ 1,2-1,6 Ůɜɩ ɖ əŬɚɨŰŮɟɖ Űɘɛɐ ɔɘŬ Űɞɜ ˊŬɟɎɔɞɜŰŬ Ů ɐŰŬɜ 

0,75 (m=1,5). Ƀ ŮəɗɏŰɖɠ m ŬɜŰɘůŰɞɘɢŮɑ ůŮ ůűŬɘɟɘəɧ ŮɜŰɡˊɤŰɐ əŬɘ ɧɢɘ ůŮ 

ˊɡɟŬɛɘŭɘəɧ (m=2). O ɚɧɔɞɠ ŮɑɜŬɘ ɖ ŬɚɚŬɔɐ Űɖɠ əŬŰŬɜɞɛɐɠ Űɖɠ ˊɑŮůɖɠ ɚɧɔɤ 

Űɖɠ ˊɚŬůŰɘəɐɠ ˊŬɟŬɛɧɟűɤůɖɠ. ɄŬɟɧŰɘ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ˊɡɟŬɛɘŭɘəɧɠ 

ŮɜŰɡˊɤŰɐɠ, ɖ əŬŰŬɜɞɛɐ Űɖɠ ˊɑŮůɖɠ ˊɟɞůŮɔɔɑɕŮɘ ŬɡŰɐ Ůɜɧɠ ůűŬɘɟɘəɞɨ 

ŮɜŰɡˊɤŰɐ. ɆɡɜŮˊɩɠ ɖ ŮɚŬůŰɞˊɚŬůŰɘəɐ ɗŮɩɟɖůɖ ŬˊŬɘŰŮɑ Űɟɞˊɞˊɞɑɖůɖ Űɞɡ 

ˊŬɟɎɔɞɜŰŬ Ů ɔɘŬ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɞɡ ˊɟŬɔɛŬŰɘəɞɨ ɓɎɗɞɡɠ ŮˊŬűɐɠ Ŭˊɧ Űɖɜ 

Ůɝɑůɤůɖ 18. ɇɞ ˊɟɧŰɡˊɞ ISO 14577 ˊɟɞŰŮɑɜŮɘ Űɘɛɐ 0,75 ɔɘŬ ŭɘŮɘůŭɨůŮɘɠ ůŮ 

Vickers əŬɘ Berkovich, ɧɛɤɠ ŬɡŰɐ ŮɑɜŬɘ ɛɑŬ ˊɟɞůɏɔɔɘůɖ əŬɘ ŬɜɎɚɞɔŬ ɛŮ Űɞ 

ɡɚɘəɧ ɞɘ ŬˊɞəɚɑůŮɘɠ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ůɖɛŬɜŰɘəɏɠ. Ƀɘ Woirgard əŬɘ ůɡɜŮɟɔɎŰŮɠ 

ˊɟɧŰŮɘɜŬɜ ɛɑŬ ůɡɜɎɟŰɖůɖ ɡˊɞɚɞɔɘůɛɞɨ Űɞɡ Ů ˊɞɡ ŮɝŬɟŰɎŰŬɘ ɛɧɜɞ Ŭˊɧ Űɞɜ 

ŮəɗɏŰɖ Űɖɠ ˊɘɞ əɎŰɤ ůɢɏůɖɠ [14, 15]: 

 

‐ά άρ
Ѝ

                        (20) 
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3.2 ɀɏɗɞŭɞɠ Oliver-Pharr  ɔɘŬ ŮɜŰɡˊɤŰɏɠ ɛɖ Ŭɝɞɜɘəɐɠ 

ůɡɛɛŮŰɟɑŬɠ 

 

ɆŰŬ ˊŮɘɟɎɛŬŰŬ ɜŬɜɞŭɘŮɑůŭɡůɖɠ ůɡɜɐɗɤɠ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ŮɜŰɡˊɤŰɏɠ ɛɖ 

Ŭɝɞɜɘəɐɠ ůɡɛɛŮŰɟɑŬɠ. Ⱥɜɩ ŬɟɢɘəɎ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ˊɞɚɨ ɞ ŮɔɢŬɟɎəŰɖɠ Űɨˊɞɡ 

Vickers (ŰŮŰɟŬɔɤɜɘəɐ ˊɡɟŬɛɑŭŬ), ˊɚɏɞɜ ŮˊɘəɟŬŰŮɑ ɖ ɢɟɐůɖ ŮɜŰɡˊɤŰɐ Űɨˊɞɡ 

Berkovich (Űɟɘɔɤɜɘəɐ ˊɡɟŬɛɑŭŬ) ɚɧɔɤ Űɖɠ ɛŮɔŬɚɨŰŮɟɖɠ ŮɡəɞɚɑŬɠ əŬŰŬůəŮɡɐɠ 

Űɖɠ Ŭɘɢɛɖɟɐɠ ŬəɑŭŬɠ. Ⱥˊɘˊɚɏɞɜ, ɖ Berkovich ɏɢŮɘ Űɞɜ ɑŭɘɞ ɚɧɔɞ ŮˊɘűɎɜŮɘŬɠ 

ˊɟɞɠ ɓɎɗɞɠ ŭɘŮɑůŭɡůɖɠ ɛŮ Űɖ Vickers əŬɗɘůŰɩɜŰŬɠ ɏŰůɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ 

ůɡɔəɟɑůɘɛŬ ɛŮ ŬɡŰɎ Űɖɠ Vickers [1-5].  

ȼ ɘůɢɨɠ Űɖɠ ɛŮɗɧŭɞɡ Oliver-Pharr ɔɘŬ ŮɜŰɡˊɤŰɏɠ ɛɖ Ŭɝɞɜɘəɐɠ ůɡɛɛŮŰɟɑŬɠ ŭŮɜ 

ɏɢŮɘ ŬˊɞŭŮɘɢɗŮɑ ɛŬɗɖɛŬŰɘəɎ. ɄŬɟɧɚŬ ŬɡŰɎ ɏɢɞɡɜ ɔɑɜŮɘ ŬɟəŮŰɏɠ ˊɟɞůˊɎɗŮɘŮɠ 

ˊɟɞůŬɟɛɞɔɐɠ Űɖɠ ɛɏůɤ əɚŬůůɘəɩɜ ɛŮɗɧŭɤɜ ŬɟɘɗɛɖŰɘəɐɠ ŬɜɎɚɡůɖɠ əŬɘ ˊɘɞ 

ˊɟɧůűŬŰŬ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ (FEM), ɔɘŬ ˊɚɐɟɤɠ ŮɚŬůŰɘəɐ ŮˊŬűɐ. ȷˊɧ 

Űɘɠ ˊɟɩŰŮɠ əŬɘ ˊɘɞ ɔɜɤůŰɏɠ ɛŮɚɏŰŮɠ, ɐŰŬɜ ŬɡŰɐ Űɞɡ King, ɞ ɞˊɞɑɞɠ əŬŰɏɚɖɝŮ 

ɛɏůɤ ŬɟɘɗɛɖŰɘəɐɠ ŬɜɎɚɡůɖɠ ůŰɖɜ ˊɟɞůŬɟɛɞɔɐ Űɖɠ ůɢɏůɖɠ 14 ɛɏůɤ ɛɑŬɠ 

ůŰŬɗŮɟɎɠ ɓ ŮɝŬɟŰɩɛŮɜɖɠ Ŭˊɧ Űɖ ɔŮɤɛŮŰɟɑŬ Űɞɡ ŮɜŰɡˊɤŰɐ [16]: 

 

Ὓ
Ѝ
‍Ѝ̈́ Ὁ                                                (21) 

 

ɧˊɞɡ, ɓ = 1.000 ɔɘŬ əɡəɚɘəɐ ŮˊɘűɎɜŮɘŬ ŮˊŬűɐɠ  

          ɓ = 1.034 ɔɘŬ Űɟɘɔɤɜɘəɐ ŮˊɘűɎɜŮɘŬ ŮˊŬűɐɠ  

          ɓ = 1.012 ɔɘŬ ŰŮŰɟŬɔɤɜɘəɐ ŮˊɘűɎɜŮɘŬ ŮˊŬűɐɠ  

 

Ƀ Bilodaeu [17] ɛŮ Űɖɜ ůŮɘɟɎ Űɞɡ, ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɛɑŬ ˊŬɟɧɛɞɘŬ ŬɜɎɚɡůɖ 

ɓɟɐəŮ ɛɑŬ ˊɟɞůŮɔɔɘůŰɘəɐ ɚɨůɖ ɔɘŬ ˊɡɟŬɛɘŭɘəɞɨɠ ŮɜŰɡˊɤŰɏɠ. Ƀɘ Vlassak əŬɘ 

Nix [18] ŬəɞɚɞɡɗɩɜŰŬɠ ɛɑŬ ˊŬɟɧɛɞɘŬ ɛɏɗɞŭɞ ɛŮ ŬɡŰɐɜ Űɞɡ King, ŬɚɚɎ ɛŮ 

ŬɜɘůɞŰɟɞˊɘəɐ ɗŮɩɟɖůɖ Űɞɡ ŭŮɑɔɛŬŰɞɠ, ɓɟɐəŬɜ ɧŰɘ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ 

ˊɞɡ ɡˊɞɚɞɔɑɕŮŰŬɘ ɛŮ Űɟɘɔɤɜɘəɧ ŮɜŰɡˊɤŰɐ ŮɑɜŬɘ 5-6 % ɡɣɖɚɧŰŮɟɞ Ŭˊɧ Űɞ 

ŬɜŰɑůŰɞɘɢɞ ɔɘŬ ŮɜŰɡˊɤŰɏɠ ɛŮ Ŭɝɞɜɘəɐ ůɡɛɛŮŰɟɑŬ əŬɘ ɛŮŰŬɓɎɚɚŮŰŬɘ ŮɚɎɢɘůŰŬ 

ɛŮ Űɞɜ ˊɟɞůŬɜŬŰɞɚɘůɛɧ Űɞɡ ŮɔɢŬɟɎəŰɖ ůŰɞ ŮˊɑˊŮŭɞ ŭɘŮɑůŭɡůɖɠ. Ƀ 

Giannakopoulos əŬɘ ůɡɜŮɟɔɎŰŮɠ [19] ůɨɔəɟɘɜŬɜ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ ɔɘŬ Űɖɜ 

ŬəŬɛɣɑŬ ɛɏůɤ ɛɑŬɠ ˊɞɚɨ Ŭəɟɘɓɞɨɠ FE ŬɜɎɚɡůɖɠ ɔɘŬ Berkovich ɛŮ ŬɡŰɎ Űɖɠ 

Ůɝɑůɤůɖɠ 20 Űɞɡ King əŬɘ ɓɟɐəŬɜ ɧŰɘ ɖ Ŭˊɧəɚɘůɖ əɡɛŬɑɜŮŰŬɘ ɛɏɢɟɘ 5%. Ƀɘ 

Gao əŬɘ Wu [20] ŬˊɏŭŮɘɝŬɜ ɧŰɘ ɖ ŬəŬɛɣɑŬ ŮˊŬűɐɠ Ůɜɧɠ ůŰɟɤɛŬŰɘəɞɨ ɡɚɘəɞɨ 

ŭŮɜ ŮɝŬɟŰɎŰŬɘ ɘůɢɡɟɎ Ŭˊɧ Űɞ ůɢɐɛŬ Űɖɠ əɎɗŮŰɖɠ Űɞɛɐɠ Űɞɡ ŮɜŰɡˊɤŰɐ, ŮɎɜ 

ŬɡŰɧ ŭŮɜ ŬˊɞəɚɑɜŮɘ Ŭˊɧ əɨəɚɞ. Ƀ Hendrix [21] ɏɢŮɘ ˊɟɞůŭɘɞɟɑůŮɘ Űɖɜ Űɘɛɐ Űɞɡ 
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ɓ ɗŮɤɟɩɜŰŬɠ ůŰŬɗŮɟɧ ˊɟɞűɑɚ ˊɑŮůɖɠ ŮˊŬűɐɠ ɔɘŬ Űɟɘɔɤɜɘəɐ əŬɘ ŰŮŰɟŬɔɤɜɘəɐ 

ŮˊŬűɐ.  

 

ɄɑɜŬəŬɠ 3.1: ɇɘɛɏɠ Űɞɡ ŭɘɞɟɗɤŰɘəɞɨ ˊŬɟɎɔɞɜŰŬ ɛɖ Ŭɝɞɜɘəɐɠ ůɡɛɛŮŰɟɑŬɠ ɔɘŬ 

Űɟɘɔɤɜɘəɧ ůɢɐɛŬ əɎɗŮŰɖɠ Űɞɛɐɠ ŮɜŰɡˊɤŰɐ [16-22]. 

ɀɏɗɞŭɞɠ ɇɘɛɐ ɓ ȺɜŰɡˊɤŰɏɠ 

ȷɜŬɚɡŰɘəɎ, ȺɚŬůŰɘəɐ ɗŮɩɟɖůɖ 1,0340 Flat Punch (ŮˊɑˊŮŭɞɠ)  

 

FEM, ȺɚŬůŰɞˊɚŬůŰɘəɐ ɗŮɩɟɖůɖ  

 

1,0550 ɄɡɟŬɛɘŭɘəɧɠ (Berkovich)  

 

FEM, ȺɚŬůŰɞˊɚŬůŰɘəɐ ɗŮɩɟɖůɖ  

 

1,1360 ɄɡɟŬɛɘŭɘəɧɠ (Berkovich)  

 

ȷɜŬɚɡŰɘəɎ, ȺɚŬůŰɘəɐ ɗŮɩɟɖůɖ  

 

1,1410 ɄɡɟŬɛɘŭɘəɧɠ  

 

ȷɜŬɚɡŰɘəɎ, ȺɚŬůŰɘəɐ ȷɜɘůɞŰɟɞˊɘəɐ 

ɗŮɩɟɖůɖ  

 

1,0580 Flat Punch (ŮˊɑˊŮŭɞɠ)  

 

ɆŰŬɗŮɟɐ ˊɑŮůɖ ůŰɖɜ ˊŮɟɘɞɢɐ ŮˊŬűɐɠ  

 

1,0226 - 

 

ȳˊɤɠ űŬɑɜŮŰŬɘ Ŭˊɧ Űɞɜ ˊɑɜŬəŬ, ɖ ɛɘəɟɧŰŮɟɖ ŭɘɧɟɗɤůɖ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɖ 

ɗŮɩɟɖůɖ ůŰŬɗŮɟɐɠ ˊɑŮůɖɠ Űɞɡ Hendrix. ȳˊɤɠ, ˊɟɞŬɜŬűɏɟɗɖəŮ ɞɘ ɎˊŮɘɟŮɠ 

ˊɘɏůŮɘɠ ůŰɖɜ ŬəɑŭŬ ɗŬ ɛŮɘɤɗɞɨɜ Ŭˊɧ Űɖɜ ˊɚŬůŰɘəɐ ˊŬɟŬɛɧɟűɤůɖ, ɎɟŬ ŬɡŰɐ 

ŮɑɜŬɘ ɖ ˊɘɗŬɜɧŰŮɟɖ əŬŰŬɜɞɛɐ Űɖɠ ˊɑŮůɖɠ. ũɘŬ ŬɡŰɧ Űɞ ɚɧɔɞ, ůŰɞ ˊɟɧŰɡˊɞ ISO 

14577 ˊɟɞŰŮɑɜŮŰŬɘ ɜŬ ɛɖ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ŭɘɧɟɗɤůɖ ɔɘŬ Berkovich ŮɜŰɡˊɤŰɏɠ 

(ɓ=1). ɆŰɖɜ ˊɟŬɔɛŬŰɘəɧŰɖŰŬ, ŮɑɜŬɘ ˊɘɗŬɜɏɠ ɞɘ ŬˊɞəɚɑůŮɘɠ Ŭˊɧ Űɖɜ Űɘɛɐ 1 ɔɘŬ 

ɡɚɘəɎ ɡɣɖɚɐɠ ŮɚŬůŰɘəɧŰɖŰŬɠ ɛŮ ɛɘəɟɐ ˊɚŬůŰɘəɐ ɕɩɜɖ ɧɛɤɠ Űɞ ůűɎɚɛŬ ˊɞɡ 

ɡˊŮɘůɏɟɢŮŰŬɘ ŮɑɜŬɘ ɛɘəɟɧŰŮɟɞ Űɞɡ 5% [22]. 

 

3.3 ȹɘɞɟɗɩůŮɘɠ-ȸŮɚŰɘɩůŮɘɠ Űɖɠ ɛŮɗɧŭɞɡ Oliver -Pharr  

3.3.1 ȺˊɘűɎɜŮɘŬ ŮˊŬűɐɠ-ȾŬɛˊɡɚɧŰɖŰŬ ŬəɑŭŬɠ 

 

ũɘŬ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɘɛɩɜ Űɤɜ ɜŬɜɞɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ ɛŮ Űɞ ɛɞɜŰɏɚɞ 

Oliver-Pharr ŮɑɜŬɘ ůɖɛŬɜŰɘəɧɠ ɞ ɡˊɞɚɞɔɘůɛɧɠ Űɖɠ Ŭəɟɘɓɞɨɠ Űɘɛɐɠ Űɖɠ 
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ŮˊɘűɎɜŮɘŬɠ ŮˊŬűɐɠ Űɖɠ ŬəɑŭŬɠ ɛŮ Űɞ ˊɟɞɠ ŮɝɏŰŬůɖ ɡɚɘəɧ. ȽŭŬɜɘəɎ, ɖ ŮˊɘűɎɜŮɘŬ 

ŮˊŬűɐɠ ɡˊɞɚɞɔɑɕŮŰŬɘ ɛɏůɤ Űɤɜ ɔŮɤɛŮŰɟɘəɩɜ ůɢɏůŮɤɜ ˊɞɡ ɘůɢɨɞɡɜ ɔɘŬ əɎɗŮ 

ůɢɐɛŬ ŮɜŰɡˊɤŰɐ. ɄŬɟɧɚŬ ŬɡŰɎ əŬɜɏɜŬɠ ŮɜŰɡˊɤŰɐɠ ŭŮɜ ɛˊɞɟŮɑ ɜŬ 

ˊŬɟŬůəŮɡŬůŰŮɑ ɛŮ ɘŭŬɜɘəɧ Ŭɘɢɛɖɟɧ Ɏəɟɞ. Ƀɘ ˊŮɟɘůůɧŰŮɟɞɘ ŮɜŰɡˊɤŰɏɠ 

ŭɘŬɗɏŰɞɡɜ əŬɛˊɡɚɧŰɖŰŬ ŬəɑŭŬɠ 50 nm ɏɤɠ əŬɘ ɛŮɟɘəɏɠ ŮəŬŰɞɜŰɎŭŮɠ nm. ɇɞ 

ˊɟɧŰɡˊɞ ISO 14577 ɗɏŰŮɘ ŰŬ 200 nm ɤɠ Ɏɜɤ ɧɟɘɞ ɔɘŬ ɛŮŰɟɐůŮɘɠ ůŰɖ 

ɜŬɜɞəɚɑɛŬəŬ. ȼ əŬɛˊɡɚɧŰɖŰŬ Űɖɠ ŬəɑŭŬɠ ŬɡɝɎɜŮŰŬɘ əŬŰɎ Űɖ ɢɟɐůɖ Űɞɡ 

ŮɜŰɡˊɤŰɐ ɚɧɔɤ űɗɞɟɎɠ.  

ɈˊɎɟɢɞɡɜ ŭɨɞ ɓŬůɘəɏɠ əŬŰɖɔɞɟɑŮɠ ɛŮɗɧŭɤɜ ɡˊɞɚɞɔɘůɛɞɨ Űɖɠ ůɡɜɎɟŰɖůɖɠ Űɖɠ 

ŮˊɘűɎɜŮɘŬɠ: Ŭ) ȯɛŮůɖ ɛɏŰɟɖůɖ ɛɏůɤ AFM əŬɘ ɓ) ɏɛɛŮůɖ ɛɏŰɟɖůɖ 

ɡˊɞɚɞɔɑɕɞɜŰŬɠ Űɖ ůɡɜɎɟŰɖůɖ Ac = f(hc) ɛɏůɤ ŭɘŮɘůŭɨůŮɤɜ ůŮ ɘůɞŰɟɞˊɘəɧ 

ɡɚɘəɧ ɔɜɤůŰɞɨ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ. ɆŰɖɜ ˊŬɟɞɨůŬ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ 

ŮűŬɟɛɧůŰɖəŮ ɖ ŭŮɨŰŮɟɖ ɛɏɗɞŭɞɠ əŬɘ ůɡɔəŮəɟɘɛɏɜŬ ŬɡŰɐ Űɤɜ Oliver əŬɘ Pharr. 

ɄɟɧůűŬŰŬ, ˊɟɞŰɎɗɖəŮ Ŭˊɧ Űɞɜ Oliver əŬɘ ɓŮɚŰɘɩɗɖəŮ Ŭˊɧ Űɞɡɠ Troyon əŬɘ 

ůɡɜŮɟɔɎŰŮɠ ɛɘŬ ŮɜŬɚɚŬəŰɘəɐ ɛɏɗɞŭɞɠ ɡˊɞɚɞɔɘůɛɞɨ Űɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ 

ˊɞɡ ŭŮɜ ŬˊŬɘŰŮɑ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ŮˊŬűɐɠ. ȼ ɛɏɗɞŭɞɠ ŬɡŰɐ 

ɓŬůɑɕŮŰŬɘ ůŰɖɜ ŬəŬɛɣɑŬ Űɧůɞ Ŭˊɧ Űɖɜ əŬɛˊɨɚɖ űɧɟŰɘůɖɠ ɧůɞ əŬɘ Ŭˊɧ Űɖɜ 

əŬɛˊɨɚɖ ŬˊɞűɧɟŰɘůɖɠ (two-slope method) [1, 6, 23, 24]. 

 

 

ɆɢɐɛŬ 3.5: ȺˊɑŭɟŬůɖ Űɖɠ űɗɞɟɎɠ (Ŭɨɝɖůɖ Űɖɠ əŬɛˊɡɚɧŰɖŰŬɠ) Űɖɠ ŬəɑŭŬɠ 

Űɞɡ ŮɔɢŬɟɎəŰɖ [24]. 

 

ȼ əŬɛˊɡɚɧŰɖŰŬ Űɖɠ ŬəɑŭŬɠ ɏɢŮɘ ůɡůɢŮŰɘůŰŮɑ ɛŮ Űɖ ɛŮŰɎɓŬůɖ Ŭˊɧ Űɖɜ ˊɚɐɟɤɠ 

ŮɚŬůŰɘəɐ ůŰɖɜ ŮɚŬůŰɞˊɚŬůŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ. ȳůɞ ˊɘɞ Ŭɘɢɛɖɟɐ ŮɑɜŬɘ ɖ Ɏəɟɖ 
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Űɖɠ ŬəɑŭŬɠ Űɧůɞ ˊɘɞ ɔɟɐɔɞɟŬ, ůŮ ɛɘəɟɧŰŮɟŬ űɞɟŰɑŬ, ɗŬ ŮɛűŬɜɘůŰŮɑ ɖ 

ɛŮŰɎɓŬůɖ. ɇɞ űŬɘɜɧɛŮɜɞ ŬˊɞŭɑŭŮŰŬɘ ůŰɖ ɛŮɔŬɚɨŰŮɟɖ ůɡɔəɏɜŰɟɤůɖ ŰɎůŮɤɜ, 

ɖ ɞˊɞɑŬ ŮɡɜɞŮɑ Űɖɜ ɏɜŬɟɝɖ Űɖɠ ˊɚŬůŰɘəɐɠ ˊŬɟŬɛɧɟűɤůɖɠ [5, 25]. 

 

3.3.2 ȷəŰɘɜɘəɐ ˊŬɟŬɛɧɟűɤůɖ 

 

ȼ ŭɘɎɛŮŰɟɞɠ ŮˊŬűɐɠ ɗŮɤɟŮɑŰŬɘ ˊɟɞůŮɔɔɘůŰɘəɎ ɧŰɘ ŭŮɜ ŬɚɚɎɕŮɘ ɛŮŰɎ Űɖɜ 

ŬˊɞűɧɟŰɘůɖ. ȷɡŰɐ ɖ ˊɟɞůɏɔɔɘůɖ ŮɑɜŬɘ ŬɟəŮŰɎ Ŭəɟɘɓɐɠ ɔɘŬ ɛŬɚŬəɎ ɡɚɘəɎ. ũɘŬ 

ɡɚɘəɎ ɛŮ ɛŮɔɎɚɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ ɖ ŮɚŬůŰɘəɐ ŮˊŬɜŬűɞɟɎ ɛˊɞɟŮɑ ɜŬ 

ůɡɜɞŭŮɨŮŰŬɘ Ŭˊɧ ůɖɛŬɜŰɘəɐ ŬɚɚŬɔɐ ůŰɖɜ ŬəŰɑɜŬ ŮˊŬűɐɠ (ɆɢɐɛŬ 3.6). 

 

 

ɆɢɐɛŬ 3.6: ɀŮŰŬɓɞɚɐ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ŮˊŬűɐɠ ɛŮŰɎ Űɖɜ ŬˊɞűɧɟŰɘůɖ [2] . 

 

ũɘŬ ŮɜŰɡˊɤŰɏɠ ɛŮ Ŭɝɞɜɘəɐ ůɡɛɛŮŰɟɑŬ ɖ ŬəŰɘɜɘəɐ ˊŬɟŬɛɧɟűɤůɖ ɛˊɞɟŮɑ ɜŬ 

ɡˊɞɚɞɔɘůŰŮɑ ŬɜŬɚɡŰɘəɎ ɛŮ ɓɎůɖ Űɘɠ ůɢɏůŮɘɠ Ŭˊɧ Űɖ ɗŮɤɟɑŬ ŮɚŬůŰɘəɧŰɖŰŬɠ. Ƀɘ 

Bolshakov əŬɘ ůɡɜŮɟɔɎŰŮɠ [26] ɏŭŮɘɝŬɜ ɧŰɘ ɢɟŮɘɎɕŮŰŬɘ ɛɘŬ ŭɘɧɟɗɤůɖ ůŰɖɜ 

Ůɝɑůɤůɖ 18, əŬɗɩɠ Űɞ ůɢɐɛŬ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ŮˊŬűɐɠ ůŮ əɎɗŮŰɖ Űɞɛɐ ɤɠ ˊɟɞɠ 

Űɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ŭŮɑɔɛŬŰɞɠ ŭŮɜ ŮɑɜŬɘ ɔɟŬɛɛɘəɧ, ŬɚɚɎ ŰɞɝɞŮɘŭɏɠ. ɇɞ 

űŬɘɜɧɛŮɜɞ ŬɡŰɧ ŮɑɜŬɘ ˊɘɞ ɏɜŰɞɜɞ ɔɘŬ Ŭɘɢɛɖɟɞɨɠ ŮɜŰɡˊɤŰɏɠ əŬɘ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ 

Űɞɜ ɚɧɔɞ Poisson Űɞɡ ɡɚɘəɞɨ. Ƀɘ Hay əŬɘ ůɡɜŮɟɔɎŰŮɠ [27] ˊɟɧŰŮɘɜŬɜ ɏɜŬ 

ŭɘɞɟɗɤŰɘəɧ ˊŬɟɎɔɞɜŰŬ y ɔɘŬ Űɖɜ Ůɝɑůɤůɖ 17 ˊɞɡ ŮɑɜŬɘ ůɡɜɎɟŰɖůɖ Űɖɠ ɔɤɜɑŬɠ 

Űɞɡ əŮɜŰɟɘəɞɨ ɎɝɞɜŬ əŬɘ Űɞɡ ɚɧɔɞɡ Poisson Űɞɡ ɡɚɘəɞɨ. ɋůŰɧůɞ ɞ ɚɧɔɞɠ 

Poisson ůŰɘɠ ˊŮɟɘůůɧŰŮɟŮɠ ˊŮɟɘˊŰɩůŮɘɠ ɜŬɜɞŭɘŮɘůŭɨůŮɤɜ ŭŮɜ ŮɑɜŬɘ ɔɜɤůŰɧɠ 

Ůə Űɤɜ ˊɟɞŰɏɟɤɜ ɐ Ŭɜ ŮɑɜŬɘ, ɖ ŬəɟɑɓŮɘŬ Űɞɡ ŮɑɜŬɘ Ŭɛűɑɓɞɚɖ. ũɘŬ ɜŬ ɘůɢɨŮɘ ɖ 

ŭɘɧɟɗɤůɖ ŬɡŰɐ ɞ ˊŬɟɎɔɞɜŰŬɠ y ɗŬ ˊɟɏˊŮɘ ɜŬ ɚɖűɗŮɑ ɡˊɧɣɖ əŬŰɎ Űɞɜ 

ˊɟɞůŭɘɞɟɘůɛɧ Űɖɠ ůɡɜɎɟŰɖůɖɠ Ac = f(hc) (area function method). ɆŮ 

ˊŮɟɑˊŰɤůɖ ˊɞɡ ŭŮɜ ŮűŬɟɛɧɕŮŰŬɘ ɖ ŭɘɧɟɗɤůɖ Űɞ ɛɏɔŮɗɞɠ Űɞɡ ůűɎɚɛŬŰɞɠ ɗŬ 

ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖ ŭɘŬűɞɟɎ Űɞɡ ɚɧɔɞɡ Poisson Űɞɡ ɛŮŰɟɞɨɛŮɜɞɡ ŭŮɑɔɛŬŰɞɠ əŬɘ 
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Űɞɡ ˊɟɞŰɨˊɞɡ ɡɚɘəɞɨ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɖɠ 

ůɡɜɎɟŰɖůɖɠ ŮˊɘűɎɜŮɘŬɠ ŮˊŬűɐɠ [1, 3, 26, 27]. 

 

3.3.3 ūŬɘɜɧɛŮɜɞ ůɡůůɩɟŮɡůɖɠ (Pile-up Effects) 

 

ɆŰɖ ɛɏɗɞŭɞ OliverïPharr ɔɘŬ Űɞɜ ˊɟɞůŭɘɞɟɘůɛɧ Űɞɡ ɓɎɗɞɡɠ ŮˊŬűɐɠ 

ůɡɜɡˊɞɚɞɔɑɕŮŰŬɘ ɖ ŮɚŬůŰɘəɐ ɓɨɗɘůɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ɔɨɟɤ Ŭˊɧ Űɖɜ ˊŮɟɘɞɢɐ 

ŮˊŬűɐɠ (sink-in), ŬɚɚɎ Űɞ ŬɜŰɑɗŮŰɞ űŬɘɜɧɛŮɜɞ, ŭɖɚŬŭɐ ɖ ůɡůůɩɟŮɡůɖ ɡɚɘəɞɨ 

(pile-up) ŭŮɜ ɚŬɛɓɎɜŮŰŬɘ ɡˊɧɣɖ. ȳˊɤɠ űŬɑɜŮŰŬɘ Ŭˊɧ Űɞ ɆɢɐɛŬ 3.7, ůŰɖɜ 

ˊŮɟɑˊŰɤůɖ Űɖɠ ůɡůůɩɟŮɡůɖɠ ɡɚɘəɞɨ, Űɞ ɓɎɗɞɠ ŮˊŬűɐɠ ŮɑɜŬɘ ɛŮɔŬɚɨŰŮɟɞ Ŭˊɧ 

Űɞ ɛɏɔɘůŰɞ ɓɎɗɞɠ ˊɞɡ ɛŮŰɟɎŰŬɘ, ɞŭɖɔɩɜŰŬɠ ůŮ ůɖɛŬɜŰɘəɎ ůűɎɚɛŬŰŬ ůŰɞɜ 

ɡˊɞɚɞɔɘůɛɧ Űɤɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ. Ƀɘ Marx əŬɘ Balke [28] ˊŮɟɘɏɔɟŬɣŬɜ 

Űɞ űŬɘɜɧɛŮɜɞ űɞɟɛŬɚɘůŰɘəɎ ɛŮ Űɞɜ ˊŬɟɎɔɞɜŰŬ ŭ: 

Ὤ Ѝ‏Ὤ , ŭ < 1: sink-in, ŭ > 1: pile-up         (22) 

 

 

 

ɆɢɐɛŬ 3.7: ȺˊɑŭɟŬůɖ Űɤɜ űŬɘɜɞɛɏɜɤɜ ɓɨɗɘůɖɠ əŬɘ ůɡůůɩɟŮɡůɖɠ ůŰɞ 

ɓɎɗɞɠ ŮˊŬűɐɠ [28]. 

 

ɇɞ űŬɘɜɧɛŮɜɞ Űɖɠ ůɡůůɩɟŮɡůɖɠ ŬɜŬɛɏɜŮŰŬɘ ɜŬ ŮɑɜŬɘ ůɖɛŬɜŰɘəɧ ůŮ ɛŬɚŬəɎ, 

ɧɚəɘɛŬ ɡɚɘəɎ. ɆŮ ůəɚɖɟɎ, ɣŬɗɡɟɎ ɡɚɘəɎ ɖ ɓɨɗɘůɖ ŮɑɜŬɘ ɖ ŮˊɘəɟŬŰɞɨůŬ 

ůɡɛˊŮɟɘűɞɟɎ. ɄɟɧůűŬŰŬ ɞɘ Oliver əŬɘ Pharr ɛŮɚɏŰɖůŬɜ Űɖɜ ŬɝɘɞˊɘůŰɑŬ Űɖɠ 

ɛŮɗɧŭɞɡ Űɞɡɠ ůŮ ůɢɏůɖ ɛŮ ŰŬ űŬɘɜɧɛŮɜŬ ůɡůůɩɟŮɡůɖɠ, ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɤɠ 

əɟɘŰɐɟɘɞ Űɞ ɚɧɔɞ hf / hmacro. ȸɟɐəŬɜ ɧŰɘ ɖ ɛɏɗɞŭɞɠ ˊɟɞɓɚɏˊŮɘ ɛŮ ˊɞɚɨ ŬəɟɑɓŮɘŬ 

Űɘɠ ɘŭɘɧŰɖŰŮɠ ɔɘŬ ɡɚɘəɎ ɛŮ hf/hmacro<0.7 əŬɘ ɔɘŬ ɡɚɘəɎ ˊɞɡ ŮɜŭɞŰɟŬɢɨɜɞɜŰŬɘ 

əŬŰɎ Űɖɜ ɜŬɜɞŭɘŮɑůŭɡůɖ. ũɘŬ ɛŮɔŬɚɨŰŮɟŮɠ Űɘɛɏɠ Űɞɡ ɚɧɔɞɡ ŰŬ űŬɘɜɧɛŮɜŬ 

ůɡůůɩɟŮɡůɖɠ ɔɑɜɞɜŰŬɘ ůɖɛŬɜŰɘəɎ əŬɘ ɖ ŬəɟɑɓŮɘŬ ɛŮɘɩɜŮŰŬɘ. ȺɘŭɘəɎ ɔɘŬ 

ɜŬɜɞŭɘŮɘůŭɡůŮɘɠ ɛŮ Berkovich, o Larsson [19] ɛɏůɤ ɡˊɞɚɞɔɘůɛɩɜ FE ɓɟɐəŮ 
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ɧŰɘ ɖ ˊŬɟŬɛɧɟűɤůɖ ˊɞɡ ˊɟɞəŬɚŮɑŰŬɘ ŰŮɑɜŮɘ ɜŬ ŭɑɜŮɘ ůɡůůɤɟŮɨůŮɘɠ ůŰŬ ɛɏůŬ 

Űɤɜ ˊɚŮɡɟɩɜ əŬɘ ɓɡɗɑůŮɘɠ ůŰɘɠ ɔɤɜɑŮɠ, ɞˊɧŰŮ ŬɚɚɖɚɞŬɜŬɘɟɞɨɜŰŬɘ ůɡɜɞɚɘəɎ 

[29, 30]. 
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ȾȺūȷȿȷȽɃ 4. ɀŮɚɏŰɖ ŬůŰɞɢɑŬɠ ŭɘŮˊɘűɎɜŮɘŬɠ ɑɜŬɠ ɎɜɗɟŬəŬ/ 

Ůˊɞɝɘəɐɠ ɟɖŰɑɜɖɠ ɛŮ Űɖɜ ŰŮɢɜɘəɐ Űɖɠ ɜŬɜɞŭɘŮɑůŭɡůɖɠ 

 

4.1 ɄŮɘɟŬɛŬŰɘəɐ ȹɘɎŰŬɝɖ 

 

ȼ ŭɘɎŰŬɝɖ TriboLabÈ Űɖɠ Hysitron ŬˊɞŰŮɚŮɑ ɏɜŬ ůɨɔɢɟɞɜɞ ɧɟɔŬɜɞ ŮəŰɏɚŮůɖɠ 

ˊŮɘɟŬɛɎŰɤɜ ŭɘŮɑůŭɡůɖɠ əŬɘ ŮɔɢɎɟŬɝɖɠ. ȸŬůɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡ ŮɑɜŬɘ ɖ 

ɡɣɖɚɐ ŭɘŬəɟɘŰɘəɐ Űɞɡ ɘəŬɜɧŰɖŰŬ ůŰɖ ɛŮŰŬŰɧˊɘůɖ Űɖɠ ŬəɑŭŬɠ Űɞɡ ŮɔɢŬɟɎəŰɖ (0.04 

nm), Ůɜɩ Űɞ ɛɏɔɘůŰɞ ɓɎɗɞɠ ŭɘŮɑůŭɡůɖɠ ŮɑɜŬɘ 3 ɛm, əŬɘ ůŰɞ ŮűŬɟɛɞɕɧɛŮɜɞ űɞɟŰɑɞ 

(1 nN) ɛŮ ɛɏɔɘůŰɖ Űɘɛɐ űɞɟŰɑɞɡ 35 mN.  

ɇŬ ŭŮɑɔɛŬŰŬ ŰɞˊɞɗŮŰɞɨɜŰŬɘ ůŮ Ůɘŭɘəɏɠ ɗɏůŮɘɠ (ɆɢɐɛŬ 4.1) ˊɎɜɤ ůŰɖɜ ɉ-Ɉ 

ŰɟɎˊŮɕŬ, ɖ əɑɜɖůɖ Űɖɠ ɞˊɞɑŬɠ ŮɚɏɔɢŮŰŬɘ Ŭˊɧ ɡˊɞɚɞɔɘůŰɐ. ɀŮŰŬəɘɜɩɜŰŬɠ Űɞ 

ŭŮɘɔɛŬŰɞűɞɟɏŬ űɏɟŮŰŬɘ ɖ ůŰɐɚɖ, ůŰɖɜ ɞˊɞɑŬ ůŰɖɟɑɕŮŰŬɘ ɞ ŮɔɢŬɟɎəŰɖɠ 

(ŮɜŰɡˊɤŰɐɠ), ŮˊɎɜɤ Ŭˊɧ Űɞ ŭŮɑɔɛŬ, ŮˊɞˊŰŮɨŮŰŬɘ ɖ ŮˊɘűɎɜŮɘŬ Űɞɡ ɡɚɘəɞɨ ɛŮ 

ɛɘəɟɞůəɞˊɑŬ ůɎɟɤůɖɠ (Scanning Probe Microscopy ï SPM, scan size 10-20 ɛm, 

scan rate 1-2 ȼz) əŬɘ ŮˊɘɚɏɔɞɜŰŬɘ ɞɘ ɗɏůŮɘɠ ůŰɘɠ ɞˊɞɑŮɠ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɖ 

ŭɘŮɑůŭɡůɖ. 

 

 

 

ɆɢɐɛŬ 4.1: ȹɘɎŰŬɝɖ ɜŬɜɞŭɘŮɑůŭɡůɖɠ (Ŭ) ŮɝɤŰŮɟɘəɎ, (ɓ) ŮůɤŰŮɟɘəɎ əŬɘ (ɔ) ɞ 

ŭŮɘɔɛŬŰɞűɞɟɏŬɠ Űɖɠ ŭɘɎŰŬɝɖɠ. 
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ɆɢɐɛŬ 4.2: ȹɘɎɔɟŬɛɛŬ Űɞɡ ůɡůŰɐɛŬŰɞɠ ŮɔɢɎɟŬɝɖɠ. 

 

ȼ əɑɜɖůɖ Űɞɡ ŮɔɢŬɟɎəŰɖ ŮɚɏɔɢŮŰŬɘ Ŭˊɧ ˊɖɜɑɞ, Űɞ ɞˊɞɑɞ ŮɜŮɟɔɞˊɞɘŮɑŰŬɘ ɛɏůɤ 

ɛŮŰŬɓɚɖŰɐɠ ˊɖɔɐɠ ɟŮɨɛŬŰɞɠ. ȳŰŬɜ ɖ ŬəɑŭŬ ŮɔɢɎɟŬɝɖɠ ɏɟɗŮɘ ˊɎɜɤ Ŭˊɧ Űɖɜ 

ˊɟɞŮˊɘɚŮɔɛɏɜɖ ˊŮɟɘɞɢɐ Űɞɡ ŭŮɑɔɛŬŰɞɠ, ŰɧŰŮ ŮűŬɟɛɧɕŮŰŬɘ űɞɟŰɑɞ ůŰɖɜ ŬəɑŭŬ, Űɞ 

ɞˊɞɑɞ ɛŮŰŬɓɎɚɚŮŰŬɘ ůɨɛűɤɜŬ ɛŮ Űɞ ɟŮɨɛŬ űɧɟŰɘůɖɠ Űɞɡ ˊɖɜɑɞɡ, ŬəɞɚɞɡɗɩɜŰŬɠ 

Űɘɠ ˊɟɞŮˊɘɚŮɔɛɏɜŮɠ ůɡɜɗɐəŮɠ ŮəŰɏɚŮůɖɠ Űɞɡ ˊŮɘɟɎɛŬŰɞɠ. ɇɞ ɓɎɗɞɠ ŭɘŮɑůŭɡůɖɠ 

Űɖɠ ŬəɑŭŬɠ ŮɔɢɎɟŬɝɖɠ ˊɟɞůŭɘɞɟɑɕŮŰŬɘ Ŭˊɧ ɢɤɟɖŰɘəɧ ŬɘůɗɖŰɐɟŬ ɛŮŰŬŰɧˊɘůɖɠ, ɖ 

ɏɝɞŭɞɠ Űɞɡ ɞˊɞɑɞɡ ůɡɜŭɏŮŰŬɘ ɛŮ ŬɘůɗɖŰɐɟŬ ɛŮŰŬŰɧˊɘůɖɠ, ɞ ɞˊɞɑɞɠ ɣɖűɘɞˊɞɘŮɑ Űɞ 

ůɐɛŬ ɛŮŰŬŰɧˊɘůɖɠ, əŬɘ Űɞ ɞŭɖɔŮɑ ůŮ ɣɖűɘŬəɧ ɓɞɚŰɧɛŮŰɟɞ ůɡɜŭŮŭŮɛɏɜɞ ɛŮ Űɞɜ 

ɡˊɞɚɞɔɘůŰɐ.  

ɇɞ űɞɟŰɑɞ ˊɞɡ ŮűŬɟɛɧɕŮŰŬɘ ůŰɖɜ ŬəɑŭŬ ŮɔɢɎɟŬɝɖɠ əŬŰŬɔɟɎűŮŰŬɘ Ŭˊɧ ŬɜɘɢɜŮɡŰɐ 

ɟŮɨɛŬŰɞɠ, ɞ ɞˊɞɑɞɠ çŭɘŬɓɎɕŮɘè Űɞ ɟŮɨɛŬ űɧɟŰɘůɖɠ ůŰɞ ˊɖɜɑɞ. ɇɞ ɟŮɨɛŬ űɧɟŰɘůɖɠ 

ɣɖűɘɞˊɞɘŮɑŰŬɘ Ŭˊɧ ŬɜɘɢɜŮɡŰɐ ůɡɜŭŮŭŮɛɏɜɞ ɛŮ ɣɖűɘŬəɧ ɓɞɚŰɧɛŮŰɟɞ, Űɞ ɞˊɞɑɞ ɛŮ 

Űɖɜ ůŮɘɟɎ Űɞɡ ůɡɜŭɏŮŰŬɘ ůŮ Ůɑůɞŭɞ Űɞɡ ɡˊɞɚɞɔɘůŰɐ. ɇŬ ŭŮŭɞɛɏɜŬ ˊɞɡ 

ŬɜŬűɏɟɗɖəŬɜ ˊŬɟŬˊɎɜɤ, ɛŮŰɟɐůŮɘɠ əŬɘ ůɡɜɗɐəŮɠ ˊŮɘɟɎɛŬŰɞɠ, ŮɘůɏɟɢɞɜŰŬɘ ůŰɞ 

ɡˊɞɚɞɔɘůŰɐ əŬɘ ůŰɖɜ ůɡůəŮɡɐ mass storage. ɇŬ ůŰɞɘɢŮɑŬ ŬɡŰɎ ŬɝɘɞˊɞɘɞɨɜŰŬɘ 

ůŰɞɜ ˊɟɞůŭɘɞɟɘůɛɧ Űɤɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ.  

Ƀ ŮɔɢŬɟɎəŰɖɠ ŮɑɜŬɘ ɛɑŬ ůŰɐɚɖ ŰɞˊɞɗŮŰɖɛɏɜɖ ůŰɞ ůɩɛŬ Űɖɠ ŭɘɎŰŬɝɖɠ. ȼ ŬəɑŭŬ 

ŮɔɢɎɟŬɝɖɠ ɓɟɑůəŮŰŬɘ ůŰɞ əɎŰɤ ŮɚŮɨɗŮɟɞ Ɏəɟɞ Űɞɡ ŮɔɢŬɟɎəŰɖ. ȼ ŬəɑŭŬ ŮɑɜŬɘ ɏɜŬ 

ŭɘŬɛɎɜŰɘ ɛŮ ɔŮɤɛŮŰɟɑŬ Berkovich (ˊɡɟŬɛɑŭŬ Űɟɘɩɜ Ůˊɘˊɏŭɤɜ). ɇŬ ɔŮɤɛŮŰɟɘəɎ Űɖɠ 

ɢŬɟŬəŰɖɟɘůŰɘəɎ ŮɑɜŬɘ ŰŬ ŬəɧɚɞɡɗŬ: 
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¶ S/ h = 7.5315  

¶ ɄɟɞɓŬɚɚɧɛŮɜɖ ȺˊɘűɎɜŮɘŬ ȷ:  

ȷ = f(h)  

¶ ũɤɜɑŬ ȾŮɜŰɟɘəɞɨ ȯɝɞɜŬ: 65.3   

¶ ȽůɞŭɨɜŬɛɖ Ⱦɤɜɘəɐ ũɤɜɑŬ: 

70.32   

¶ ȷəŰɑɜŬ ȺˊŬűɐɠ: Ɂ/ȷ  

¶ ȾŬɛˊɡɚɧŰɖŰŬ: ~120 nm  

 
 

 

ɄɟɏˊŮɘ ɜŬ ŬɜŬűŮɟɗŮɑ ɧŰɘ ůŰɖ ůŰɐɚɖ Űɞɡ ŮɔɢŬɟɎəŰɖ ŮɑɜŬɘ ŭɡɜŬŰɐ ɖ ŰɞˊɞɗɏŰɖůɖ 

ŬəɑŭŬɠ ŭɘŬűɞɟŮŰɘəɐɠ ɔŮɤɛŮŰɟɑŬɠ Ŭˊɧ ŮəŮɑɜɖ Űɖɠ Berkovich, ɧˊɤɠ Vickers, cube 

corner, ůűŬɘɟɘəɐ ə.Ɏ., ŬɜɎɚɞɔŬ ɛŮ Űɞ Ůɑŭɞɠ Űɞɡ ˊɟɞɠ ɛɏŰɟɖůɖ ɡɚɘəɞɨ. Ⱥˊɑůɖɠ, Űɞ 

ɧɟɔŬɜɞ ɡˊɞɚɞɔɑɕŮɘ Űɖɜ ɛŮŰŬŰɧˊɘůɖ ˊɞɡ ɞűŮɑɚŮŰŬɘ ůŮ ɗŮɟɛɘəɎ űŬɘɜɧɛŮɜŬ əŬŰɎ Űɖ 

ŭɘɎɟəŮɘŬ Űɞɡ ˊŮɘɟɎɛŬŰɞɠ.  

 

4.2 ɄŮɘɟŬɛŬŰɘəɐ ȹɘŬŭɘəŬůɑŬ 

 

ũɘŬ Űɖɜ ŭɘŮɝŬɔɤɔɐ Űɤɜ ˊŮɘɟŬɛɎŰɤɜ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ůɨɜɗŮŰɞ ɘɜɩɜ ɎɜɗɟŬəŬ-

Ůˊɞɝɘəɐɠ ɟɖŰɑɜɖɠ, ɛŮ ɑɜŮɠ T700S, ŭɘŬɛɏŰɟɞɡ 7 ɛm əŬɘ əɚɎůɛŬ ɧɔəɞɡ ɘɜɩɜ 60%. 

ɇɞ ůɨɜɗŮŰɞ ŬɡŰɧ ŮɑɜŬɘ ŮɛˊɞɟɘəɎ ŭɘŬɗɏůɘɛɞ əŬɘ əŬŰŬůəŮɡɎɕŮŰŬɘ Ŭˊɧ Űɖɜ Toray 

Carbon Fibers America Inc. 

ȷɟɢɘəɎ, əɧˊɖəŬɜ ůŮ ɛɖɢŬɜɐ əɞˊɐɠ CNC ɛŮ ɡɔɟɞɓɞɚɐ, ŰɟɑŬ ŭɞəɑɛɘŬ 1cm x 1cm 

(ɛŮ ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ  0ɞ, 45ɞ əŬɘ 90ɞ) Ŭˊɧ ɛɘŬ ˊɚɎəŬ Űɞɡ ůɡɜɗɏŰɞɡ (plate 

S512) əŬɘ ŮɔəɘɓɤŰɑůŰɖəŬɜ ůŮ ɟɖŰɑɜɖ ɔɘŬ ˊŮɟŬɘŰɏɟɤ ŮˊŮɝŮɟɔŬůɑŬ. ɆŰɖ ůɡɜɏɢŮɘŬ, 

ɏɔɘɜŮ ɚŮɑŬɜůɖ Űɤɜ ŮɔəɘɓɤŰɘůɛɏɜɤɜ ŭŮɘɔɛɎŰɤɜ ůŮ ŬŭɘɎɓɟɞɢŬ ɚŮɘŬɜŰɘəɎ ɢŬɟŰɘɎ 

əŬɟɓɘŭɑɤɜ Űɞɡ ˊɡɟɘŰɑɞɡ (SiC) ɛŮ 1200, 2000 əŬɘ 4000 grit əŬɘ ŰŬɡŰɧɢɟɞɜɖ 

ˊŬɟɞɢɐ ɜŮɟɞɨ, ɛŮ ůəɞˊɧ Űɖ ɛŮɑɤůɖ Űɖɠ ŰɟŬɢɨŰɖŰŬɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɤɜ ŭɞəɘɛɑɤɜ 

ɛŮ ŮɝɞɛɎɚɡɜůɖ Űɤɜ ɔɟŬɛɛɩůŮɤɜ əŬɘ ŬəɞɚɞɨɗɖůŮ ůŰɑɚɓɤůɖ ɛŮ ŰɟŮɘɠ Űɨˊɞɡɠ 

ˊŬɜɘɩɜ əŬɘ Űɤɜ ŬɜŰɑůŰɞɘɢɤɜ ůŰɘɚɓɤŰɘəɩɜ ɡɔɟɩɜ ɛŮ ŭɘŬűɞɟŮŰɘəɎ ɛŮɔɏɗɖ 

ɚŮɘŬɜŰɘəɩɜ ůɤɛŬŰɘŭɑɤɜ (ŭɘŬɛŬɜŰɘɩɜ) əɞəəɞɛŮŰɟɑŬɠ 3 ɛm, 1 ɛm əŬɘ 0,04 ɛm. ȼ 

ɛɘəɟɞŭɞɛɐ əŬɘ ɖ ɛɞɟűɞɚɞɔɑŬ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ ůɡɜɗɏŰɞɡ ɛŮɚŮŰɐɗɖəŬɜ ɛŮ 

ɃˊŰɘəɐ ɀɘəɟɞůəɞˊɑŬ (Optical Microscopy-OM), ȼɚŮəŰɟɞɜɘəɐ ɀɘəɟɞůəɞˊɑŬ 

ɆɢɐɛŬ 4.3: ɉŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɞɡ ŮɔɢŬɟɎəŰɖ 

ɔŮɤɛŮŰɟɑŬɠ Berkovich 
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ɆɎɟɤůɖɠ (Scanning Electron Microscopy-SEM) əŬɘ ɀɘəɟɞůəɞˊɑŬ ɆɎɟɤůɖɠ 

ȷəɑŭŬɠ (Scanning Probe Microscopy-SPM). 

ȾŬŰɎ Űɖɜ ˊŮɘɟŬɛŬŰɘəɐ ŭɘŬŭɘəŬůɑŬ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ɛŮŰɟɐůŮɘɠ 

ɜŬɜɞŭɘŮɑůŭɡůɖɠ ɔɘŬ ŭɘɎűɞɟŬ ŮˊɘɓŬɚɚɧɛŮɜŬ űɞɟŰɑŬ, əŬŰɎ Űɘɠ ɞˊɞɑŮɠ ɚŬɛɓɎɜɞɜŰŬɘ 

əŬɛˊɨɚŮɠ űɧɟŰɘůɖɠ-ŬˊɞűɧɟŰɘůɖɠ, ŭɖɚŬŭɐ əŬɛˊɨɚŮɠ űɞɟŰɑɞɡ ůɡɜŬɟŰɐůŮɘ ɛŮ Űɞ 

ɓɎɗɞɠ ŭɘŮɑůŭɡůɖɠ ůŮ ŰɟɑŬ ŭŮɑɔɛŬŰŬ ůɡɜɗɏŰɞɡ ɘɜɩɜ ɎɜɗɟŬəŬ-Ůˊɞɝɘəɐɠ ɟɖŰɑɜɖɠ ɛŮ 

ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ ůŰɘɠ 0o, 45o əŬɘ 90o, ɧˊɤɠ űŬɑɜɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 4.4. ȷˊɧ 

Űɘɠ əŬɛˊɨɚŮɠ, ɧˊɤɠ ɏɢŮɘ ɐŭɖ ŬɜŬɚɡɗŮɑ ůŰɞ ȾŮűɎɚŬɘɞ 3, əŬɘ ɛɏůɤ Űɞɡ ɛɞɜŰɏɚɞɡ 

Oliver-Pharr ɚŬɛɓɎɜɞɜŰŬɘ ŭŮŭɞɛɏɜŬ ůəɚɖɟɧŰɖŰŬɠ (H) əŬɘ ůɡɜɗɏŰɞɡ ɛɏŰɟɞɡ 

ŮɚŬůŰɘəɧŰɖŰŬɠ (Ⱥr), Ŭˊɧ Űɞ Ɏɜɤ ŰɛɐɛŬ Űɖɠ əŬɛˊɨɚɖɠ ŬˊɞűɧɟŰɘůɖɠ. ȷˊɧ Űɖɜ 

ˊŬɟŬŰɐɟɖůɖ Űɤɜ əŬɛˊɨɚɤɜ űɞɟŰɑɞɡ ï ɓɎɗɞɡɠ ŭɘŮɑůŭɡůɖɠ ɛˊɞɟɞɨɜ ɜŬ ŮɝŬɢɗɞɨɜ 

ˊɞɘɞŰɘəɎ ůɡɛˊŮɟɎůɛŬŰŬ ɔɘŬ Űɖ ɛɖɢŬɜɘəɐ ůɡɛˊŮɟɘűɞɟɎ Űɤɜ ɡˊɧ ɛŮɚɏŰɖ 

ŭŮɘɔɛɎŰɤɜ əŬɘ Űɞɡɠ ɛɖɢŬɜɘůɛɞɨɠ ˊŬɟŬɛɧɟűɤůɖɠ. ɆɡɔəŮəɟɘɛɏɜŬ, 

ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ɛɞɜɞəɡəɚɘəɏɠ (single) ɛŮŰɟɐůŮɘɠ ɜŬɜɞŭɘŮɑůŭɡůɖɠ ɛŮ 

ɛɏɔɘůŰɞ ŮˊɘɓŬɚɚɧɛŮɜɞ űɞɟŰɑɞ 10000 ɛɁ ůŮ ŭɘɎűɞɟŬ ůɖɛŮɑŬ (ɑɜŬ ɎɜɗɟŬəŬ, ɛɐŰɟŬ 

əŬɘ ŭɘŮˊɘűɎɜŮɘŬ ɑɜŬɠ-ɛɐŰɟŬɠ) əŬɘ ůŰŬ ŰɟɑŬ ŭŮɑɔɛŬŰŬ, əŬɗɩɠ əŬɘ ɛŮɛɞɜɤɛɏɜŮɠ 

ɛŮŰɟɐůŮɘɠ ɛŮ ɛɏɔɘůŰɞ űɞɟŰɑɞ 30000 ɛɁ. Ⱥˊɑůɖɠ, ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ 

ˊɞɚɡəɡəɚɘəɏɠ ɛŮŰɟɐůŮɘɠ (multi-cycle) ɛŮ ŬɡɝŬɜɧɛŮɜɞ ŮˊɘɓŬɚɚɧɛŮɜɞ űɞɟŰɑɞ Ŭˊɧ 

1500 ɏɤɠ 10000 ɛɁ, ɛŮ ɓɐɛŬ 500 ɛɁ əŬɘ ˊɞɚɡəɡəɚɘəɏɠ ɛŮ ŮˊɘɓŬɚɚɧɛŮɜɞ űɞɟŰɑɞ 

Ŭˊɧ 1500 ɏɤɠ 34500 ɛɁ, ɛŮ ɓɐɛŬ 1500 ɛɁ. 

ȾɎɗŮ ɛɞɜɞəɡəɚɘəɐ ɛɏŰɟɖůɖ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛŮ űɧɟŰɘůɖ (loading) ɔɘŬ 20 s 

ɛɏɢɟɘ Űɞ ɛɏɔɘůŰɞ űɞɟŰɑɞ (10000 ɛɁ), ŬəɞɚɞɨɗɖůŮ ŭɘŬŰɐɟɖůɖ Űɞɡ ɛɏɔɘůŰɞɡ 

űɞɟŰɑɞɡ ɔɘŬ 5 s, ɩůŰŮ ɜŬ ɡˊɎɟɢŮɘ ɢɟɧɜɞɠ ɔɘŬ ɜŬ ŮˊɘůŰɟɏɣŮɘ ˊɚɐɟɤɠ Űɞ ůɨɜɗŮŰɞ 

ůŮ ˊɚɐɟɖ ŮˊŬűɐ ɛŮ Űɖɜ ŬəɑŭŬ  əŬɘ 20 s ŬˊɞűɧɟŰɘůɖ (unloading). ɆŰɘɠ 

ɛɞɜɞəɡəɚɘəɏɠ ɛŮŰɟɐůŮɘɠ, ůŰɘɠ ɞˊɞɑŮɠ Űɞ ɛɏɔɘůŰɞ űɞɟŰɑɞ ɟɡɗɛɑůŰɖəŮ ůŰŬ 30000 

ɛɁ, ɖ ɢɟɞɜɘəɐ Ůɝɏɚɘɝɖ Űɞɡ ŮűŬɟɛɞɕɧɛŮɜɞɡ űɞɟŰɑɞɡ ɞɟɑůŰɖəŮ ɤɠ 60 s űɧɟŰɘůɖ, 3 

s ŭɘŬŰɐɟɖůɖ ɛɏɔɘůŰɞɡ űɞɟŰɑɞɡ əŬɘ 60 s ŬˊɞűɧɟŰɘůɖ (60-3-60). 

 

 

 

ɆɢɐɛŬ 4.4: ɀŮɚɏŰɖ ŭŮɘɔɛɎŰɤɜ ůɡɜɗɏŰɞɡ ɘɜɩɜ ɎɜɗɟŬəŬ/Ůˊɞɝɘəɐɠ ɟɖŰɑɜɖɠ ɛŮ 

ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ 0ɞ, 45ɞ əŬɘ 90ɞ. 
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4.3 ȷɜɎɚɡůɖ ˊŮɘɟŬɛŬŰɘəɩɜ ŭŮŭɞɛɏɜɤɜ 

4.3.1 ɀɘəɟɞŭɞɛɐ ůɡɜɗɏŰɞɡ ɘɜɩɜ ɎɜɗɟŬəŬ/Ůˊɞɝɘəɐɠ ɟɖŰɑɜɖɠ  

 

ɆŰɞ ˊŬɟŬəɎŰɤ ůɢɐɛŬ űŬɑɜŮŰŬɘ ɖ ɛɘəɟɞŭɞɛɐ Űɞɡ ůɡɜɗɏŰɞɡ ɘɜɩɜ ɎɜɗɟŬəŬ-

Ůˊɞɝɘəɐɠ ɟɖŰɑɜɖɠ ɛŮ ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ ůŰɘɠ 0ɞ. ɆŰɞ ɆɢɐɛŬ 4.5(Ŭ), ɛŮ ɚŮɡəɧ 

ɢɟɩɛŬ ŬˊŮɘəɞɜɑɕɞɜŰŬɘ ɞɘ ɑɜŮɠ əŬɘ ɛŮ ɛŬɨɟɞ ɖ ŮˊɞɝŮɘŭɘəɐ ɟɖŰɑɜɖ, ɧˊɤɠ ŬɡŰɧ 

ɚɐűɗɖəŮ Ŭˊɧ Űɞ ɞˊŰɘəɧ ɛɘəɟɞůəɧˊɘɞ (OM), Ůɜɩ ůŰɞ ɆɢɐɛŬ 4.5(ɓ) ́ ŬɟŬŰɑɗŮŰŬɘ ɖ 

ɛɞɟűɞɚɞɔɑŬ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ, ɖ ɞˊɞɑŬ ɚɐűɗɖəŮ Ŭˊɧ Űɞ ɛɘəɟɞůəɧˊɘɞ 

ůɎɟɤůɖɠ ŬəɑŭŬɠ (SPM) əŬɘ ŭɘŬəɟɑɜŮŰŬɘ ŮɨəɞɚŬ ɖ ˊɞɚɡɛŮɟɘəɐ ɛɐŰɟŬ Ŭˊɧ Űɖ 

ŭɘŬɛɐəɖ Űɞɛɐ Űɤɜ ɘɜɩɜ, ɚɧɔɤ Űɖɠ ŭɘŬűɞɟɎɠ ůŰɖɜ ŰɟŬɢɨŰɖŰŬ. ɆŰɖɜ ŮɘəɧɜŬ 

ɖɚŮəŰɟɞɜɘəɐɠ ɛɘəɟɞůəɞˊɑŬɠ ůɎɟɤůɖɠ (SEM), ɖ ɛɞɟűɞɚɞɔɑŬ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɖɠ 

ˊɞɚɡɛŮɟɘəɐɠ ɛɐŰɟŬɠ ŮɑɜŬɘ ˊɘɞ ŰɟŬɢŮɑŬ ůŮ ůɢɏůɖ ɛŮ ŬɡŰɐ Űɖɠ ɑɜŬɠ (ɆɢɐɛŬ 4.5(ɔ)). 

 

   

ɆɢɐɛŬ 4.5: ɀɘəɟɞŭɞɛɐ ůɡɜɗɏŰɞɡ ɘɜɩɜ ɎɜɗɟŬəŬ-Ůˊɞɝɘəɐɠ ɟɖŰɑɜɖɠ ɛŮ 

ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ ůŰɘɠ 0ɞ, (Ŭ) ȺɘəɧɜŬ Ƀɀ, (ɓ) ȺɘəɧɜŬ SPM əŬɘ (ɔ) ȺɘəɧɜŬ 

SEM. 

 

Ƀɘ ɑɜŮɠ ɎɜɗɟŬəŬ əŬŰŬɜɏɛɞɜŰŬɘ ůɢŮŰɘəɎ ɞɛɞɘɞɔŮɜɩɠ ɛɏůŬ ůŰɖɜ ŮˊɞɝŮɘŭɘəɐ ɛɐŰɟŬ, 

ɧˊɤɠ ŬˊŮɘəɞɜɑɕŮŰŬɘ ůŰŬ ɆɢɐɛŬŰŬ 4.6 əŬɘ 4.7 Űɞɡ ůɡɜɗɏŰɞɡ ɘɜɩɜ ɎɜɗɟŬəŬ-

Ůˊɞɝɘəɐɠ ɟɖŰɑɜɖɠ ɛŮ ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ ůŰɘɠ 45ɞ əŬɘ 90ɞ, ŬɜŰɑůŰɞɘɢŬ. ɆŰɞ 

ɆɢɐɛŬ 4.6 (ȺɘəɧɜŮɠ Ƀɀ, SPM əŬɘ SEM) ˊŬɟŬŰɑɗŮɜŰŬɘ ɖ ɛɘəɟɞŭɞɛɐ Űɞɡ 

ŭŮɑɔɛŬŰɞɠ ɛŮ ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ ůŰɘɠ 45ɞ, ɧˊɞɡ ŭɘŬəɟɑɜŮŰŬɘ ɖ Űɞɛɐ Űɤɜ ɘɜɩɜ 

ɡˊɧ ɔɤɜɑŬ 45ɞ. ɆŰɞ ɆɢɐɛŬ 4.7 ŭɘŬəɟɑɜŮŰŬɘ ɖ ŮɔəɎɟůɘŬ ŭɘɎɛŮŰɟɞɠ Űɤɜ ɘɜɩɜ əŬɘ ůŮ 

ɞɟɘůɛɏɜŮɠ ˊŮɟɘɞɢɏɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ ˊŬɟŬŰɖɟŮɑŰŬɘ ˊɡəɜɐ ŮɝŬɔɤɜɘəɐ ůŰɞɑɓŬɝɖ Űɤɜ 

ɘɜɩɜ, Ůɜɩ ůŮ ɎɚɚŮɠ ˊɘɞ ŬɟŬɘɐ ŭɘɎŰŬɝɖ Űɤɜ ɘɜɩɜ.  
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ɆɢɐɛŬ 4.6: ɀɘəɟɞŭɞɛɐ ůɡɜɗɏŰɞɡ ɘɜɩɜ ɎɜɗɟŬəŬ-Ůˊɞɝɘəɐɠ ɟɖŰɑɜɖɠ ɛŮ 

ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ ůŰɘɠ 45ɞ, (Ŭ) ȺɘəɧɜŬ Ƀɀ, (ɓ) ȺɘəɧɜŬ SPM əŬɘ (ɔ) 

ȺɘəɧɜŬ SEM. 

 

   

ɆɢɐɛŬ 4.7: ɀɘəɟɞŭɞɛɐ ůɡɜɗɏŰɞɡ ɘɜɩɜ ɎɜɗɟŬəŬ-Ůˊɞɝɘəɐɠ ɟɖŰɑɜɖɠ ɛŮ 

ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ ůŰɘɠ 90ɞ, (Ŭ) ȺɘəɧɜŬ Ƀɀ, (ɓ) ȺɘəɧɜŬ SPM əŬɘ (ɔ) 

ȺɘəɧɜŬ SEM. 

 

ɆŰɘɠ ɛŮŰɟɐůŮɘɠ ɜŬɜɞŭɘŮɑůŭɡůɖɠ, ɖ ɛɞɟűɞɚɞɔɑŬ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ 

ˊŬɑɕŮɘ ůɖɛŬɜŰɘəɧ ɟɧɚɞ. ũɘŬ Űɞ ɚɧɔɞ ŬɡŰɧ, ɖ ˊɟɞůŮəŰɘəɐ ˊɟɞŮŰɞɘɛŬůɑŬ Űɞɡ 

ŭŮɑɔɛŬŰɞɠ, əŬŰɎ Űɖ ɚŮɑŬɜůɖ əŬɘ Űɖ ůŰɑɚɓɤůɖ, ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɖ. Ƀɘ Desaeger əŬɘ 

Verpoest [1] ɏŭŮɘɝŬɜ ɛɘŬ ŭɘŬűɞɟɎ 40% ůŰŬ űɞɟŰɑŬ Ŭˊɞəɧɚɚɖůɖɠ ŬˊɚɎ 

ŬɚɚɎɕɞɜŰŬɠ Űɖ ŭɘŬŭɘəŬůɑŬ ůŰɑɚɓɤůɖɠ. Ƀɘ ŭɨɞ ůɖɛŬɜŰɘəɞɑ ůŰɧɢɞɘ əŬŰɎ Űɖ 

ůŰɑɚɓɤůɖ ŮɑɜŬɘ ɜŬ ŮɘůŬɢɗɞɨɜ ɧůɞ Űɞ ŭɡɜŬŰɧɜ ɚɘɔɧŰŮɟŮɠ ŮˊɘűŬɜŮɘŬəɏɠ ŬŰɏɚŮɘŮɠ 

əŬɘ ŭɘŮˊɘűŬɜŮɘŬəɏɠ ŰɎůŮɘɠ, ɞɘ ɞˊɞɑŮɠ ˊɟɞəŬɚɞɨɜ ˊɟɧɤɟɖ ŭɘŮˊɘűŬɜŮɘŬəɐ 

ɟɖɔɛɎŰɤůɖ əŬŰɎ Űɖɜ ˊɟɞŮŰɞɘɛŬůɑŬ Űɤɜ ŭɞəɘɛɑɤɜ ɔɘŬ ŭɞəɘɛɏɠ ɜŬɜɞŭɘŮɑůŭɡůɖɠ əŬɘ 

ɜŬ ˊŬɟŬɢɗŮɑ ɛɘŬ ˊɞɚɨ ŮˊɑˊŮŭɖ ŮˊɘűɎɜŮɘŬ, ɏŰůɘ ɩůŰŮ ɜŬ ŬɜŬŭŮɘɢɗŮɑ ɖ ɛɞɟűɞɚɞɔɑŬ 

Űɖɠ ŮˊɘűɎɜŮɘŬ əŬɘ ɖ ɛɘəɟɞŭɞɛɐ Űɞɡ ůɡɜɗɏŰɞɡ. 

ɆŰɞ ɆɢɐɛŬ 4.8(Ŭ) ŬˊŮɘəɞɜɑɕŮŰŬɘ ɖ ɛɞɟűɞɚɞɔɑŬ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ ɛŮ 

ˊɟɞůŬɜŬŰɞɚɘůɛɧ 90ɞ ɛŮŰɎ Ŭˊɧ Űɖɜ əɞˊɐ Űɞɡ  ůŮ ɛɖɢŬɜɐ əɞˊɐɠ ɛŮ ɡɔɟɞɓɞɚɐ, ɧˊɞɡ 

ˊŬɟŬŰɖɟɞɨɜŰŬɘ ŬŰɏɚŮɘŮɠ (ɞˊɏɠ, ŰɟŬɢɨŰɖŰŬ) ůŰɖɜ ŮˊɘűɎɜŮɘŬ əŬɘ Ŭˊɞəɧɚɚɖůɖ Űɤɜ 

ɘɜɩɜ ɎɜɗɟŬəŬ. ɀŮŰɎ Ŭˊɧ ɢɤɟɑɠ ɏɛűŬůɖ ůŰɖ ɚŮˊŰɞɛɏɟŮɘŬ (ŭɘŬűɞɟŮŰɘəɐ 



 

 44 

ŭɘŬŭɘəŬůɑŬ ɚŮɑŬɜůɖɠ əŬɘ ůŰɑɚɓɤůɖɠ) ˊɟɞŮŰɞɘɛŬůɑŬ Űɞɡ ŭŮɑɔɛŬŰɞɠ (ɆɢɐɛŬ 4.8(ɓ)) 

ˊŬɟŬŰɖɟɞɨɜŰŬɘ ɗɟŬɨůŮɘɠ ůŰɘɠ ɑɜŮɠ əŬɘ Ŭˊɞəɧɚɚɖůɖ Űɤɜ ɘɜɩɜ Ŭˊɧ Űɖ ɛɐŰɟŬ ůŰɖ 

ŭɘŮˊɘűɎɜŮɘŬ, ɞɘ ɞˊɞɑŮɠ ˊɟɞɏɟɢɞɜŰŬɘ Ŭˊɧ Űɖ ůŰɑɚɓɤůɖ, ŬɚɚɎ əŬɘ Ŭˊɧ 

ˊŬɟŬɛɏɜɞɡůŮɠ ŰɎůŮɘɠ. 

 

  

ɆɢɐɛŬ 4.8: ɀɞɟűɞɚɞɔɑŬ ŮˊɘűɎɜŮɘŬɠ ůɡɜɗɏŰɞɡ 90ɞ (Ŭ) ɛŮŰɎ Űɖɜ əɞˊɐ Űɞɡ 

ŭŮɑɔɛŬŰɞɠ əŬɘ (ɓ) ɛŮŰɎ Ŭˊɧ ɛɖ ˊɟɞůŮəŰɘəɐ ɚŮɑŬɜůɖ əŬɘ ůŰɑɚɓɤůɖ. 

 

4.3.2 ɁŬɜɞɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ ůɡɜɗɏŰɞɡ ɘɜɩɜ ɎɜɗɟŬəŬ/Ůˊɞɝɘəɐɠ 

ɟɖŰɑɜɖɠ ɛŮ ŮˊɘɓŬɚɚɧɛŮɜɞ űɞɟŰɑɞ 10000 ɛɁ 

 

Ƀɘ ɛɞɜɞəɡəɚɘəɏɠ ɛŮŰɟɐůŮɘɠ ɜŬɜɞŭɘŮɑůŭɡůɖɠ ŮˊɘɚɏɢɗɖəŬɜ ŰɡɢŬɑŬ, ŬɜŮɝŬɟŰɐŰɤɠ 

Űɞɡ Űɞˊɘəɞɨ ˊŮɟɘŮɢɞɛɏɜɞɡ ɧɔəɞɡ ɘɜɩɜ ˊɞɡ ˊŮɟɘɓɎɚɚɞɡɜ Űɖ ɗɏůɖ ɛɏŰɟɖůɖɠ. ɀŮ 

ɓɎůɖ ŬɡŰɐ Űɖɜ ŰɡɢŬɑŬ Ůˊɘɚɞɔɐ, ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ɛɏŰɟɖůɖɠ ŬɜŰɘˊɟɞůɤˊŮɨɞɡɜ 

Űɖ ŭɘŮˊɘűŬɜŮɘŬəɐ ŬɜŰɞɢɐ əŬɘ Űɖ ůɡɛˊŮɟɘűɞɟɎ ŬůŰɞɢɑŬɠ Űɞɡ ůɡɜɞɚɘəɞɨ ŭŮɑɔɛŬŰɞɠ. 

ɆŰɞ ɆɢɐɛŬ 4.9 ́ ŬɟɞɡůɘɎɕɞɜŰŬɘ ŮɜŭŮɘəŰɘəɎ ŰŬ ŭɘŬɔɟɎɛɛŬŰŬ űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ 

Űɤɜ ůɡɜɗɏŰɤɜ ɘɜɩɜ ɎɜɗɟŬəŬ-ŮˊɞɝŮɘŭɘəɐɠ ɟɖŰɑɜɖɠ ɛŮ ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ 0ɞ, 

45ɞ əŬɘ 90ɞ əŬŰɎ Űɘɠ ɛŮɛɞɜɤɛɏɜŮɠ ɛŮŰɟɐůŮɘɠ ɜŬɜɞŭɘŮɑůŭɡůɖɠ ɛŮ ŮˊɘɓŬɚɚɧɛŮɜɞ 

űɞɟŰɑɞ 10000 ɛɁ, ɧˊɞɡ ŮɑɜŬɘ ŮɛűŬɜɐ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ ɖ ůəɚɖɟɧŰɖŰŬ 

Űɤɜ ŭŮɘɔɛɎŰɤɜ. Ƀɘ ɛŮŰɟɐůŮɘɠ Űɤɜ ŭɘŬɔɟŬɛɛɎŰɤɜ űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ, ˊɞɡ 

ˊŬɟŬŰɑɗŮɜŰŬɘ ůŰɞ ˊŬɟŬəɎŰɤ ůɢɐɛŬ, ɏɢɞɡɜ ɚɖűɗŮɑ Ŭˊɧ ˊŮɟɘɞɢɐ ɑɜŬɠ. 

ɄŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ ɖ ůəɚɖɟɧŰɖŰŬ ŮɑɜŬɘ ɡɣɖɚɧŰŮɟŬ 

ůŰɞ ŭŮɑɔɛŬ ɛŮ ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ 90ɞ, ŮˊŬɚɖɗŮɨɞɜŰŬɠ ɧŰɘ ɞɘ ɛɖɢŬɜɘəɏɠ 

ɘŭɘɧŰɖŰŮɠ Űɞɡ ůɡɜɗɏŰɞɡ ŮɑɜŬɘ əŬɚɨŰŮɟŮɠ ůŰɖ ŭɘŮɡɗɡɜůɖ Űɤɜ ɘɜɩɜ. 

ɆŰɖɜ əŬɛˊɨɚɖ űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ ɛŮ ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ 0ɞ, 

ɖ Ŭɟɢɘəɐ ɛŮŰŬŰɧˊɘůɖ Űɞɡ ŮɜŰɡˊɤŰɐ ɏɤɠ ŰŬ 50 nm ˊŮɟɑˊɞɡ ɞŭɖɔŮɑ ůŮ ɛɘəɟɐ 

Ŭɨɝɖůɖ Űɞɡ űɞɟŰɑɞɡ əŬɘ ˊŮɟŬɘŰɏɟɤ ɛŮŰŬŰɧˊɘůɖ ɞŭɖɔŮɑ ůŮ ŬˊɧŰɞɛɖ Ŭɨɝɖůɖ Űɞɡ 
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űɞɟŰɑɞɡ ɛɏɢɟɘ Űɞ ɛɏɔɘůŰɞ űɞɟŰɑɞ (əŬɛˊɨɚɖ űɧɟŰɘůɖɠ), ɛŮ Űɖ ɛŮŰŬŰɧˊɘůɖ Űɞɡ 

ŮɜŰɡˊɤŰɐ ɜŬ űŰɎɜŮɘ ŰŬ 550 nm ˊŮɟɑˊɞɡ. ɀŮŰɎ Űɞ ɛɏɔɘůŰɞ űɞɟŰɑɞ ŬəɞɚɞɡɗŮɑ ɖ 

ŬˊɞűɧɟŰɘůɖ Űɞɡ ŭŮɑɔɛŬŰɞɠ əŬɘ ɖ ˊŬɟŬɛɏɜɞɡůŬ ɛŮŰŬŰɧˊɘůɖ ŮɑɜŬɘ ˊŮɟɑˊɞɡ 20 nm. 

 

  

 

ɆɢɐɛŬ 4.9: ȹɘŬɔɟɎɛɛŬŰŬ űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ Űɤɜ ůɡɜɗɏŰɤɜ ɘɜɩɜ ɎɜɗɟŬəŬ-

ŮˊɞɝŮɘŭɘəɐɠ ɟɖŰɑɜɖɠ ɛŮ ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ 0ɞ, 45ɞ əŬɘ 90ɞ. 

 

ɆŰɖɜ əŬɛˊɨɚɖ űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ ɛŮ ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ 45ɞ, 

ɖ əŬɛˊɨɚɖ űɧɟŰɘůɖɠ űŰɎɜŮɘ ůŰɞ ɛɏɔɘůŰɞ űɞɟŰɑɞ ɛŮ ɛŮŰŬŰɧˊɘůɖ ůŰŬ 130 nm 

ˊŮɟɑˊɞɡ, Ůɜɩ ɖ ˊŬɟŬɛɏɜɞɡůŬ ɛŮŰŬŰɧˊɘůɖ əŬŰɎ Űɖɜ ŬˊɞűɧɟŰɘůɖ Űɞɡ ŭŮɑɔɛŬŰɞɠ 

ŮɑɜŬɘ ˊŮɟɑˊɞɡ 10 nm. 

ɆŰɖɜ əŬɛˊɨɚɖ űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ ɛŮ ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ 90ɞ, 

ɖ əŬɛˊɨɚɖ űɧɟŰɘůɖɠ űŰɎɜŮɘ ůŰɞ ɛɏɔɘůŰɞ űɞɟŰɑɞ ɛŮ ɛŮŰŬŰɧˊɘůɖ ůŰŬ 380 nm 

ˊŮɟɑˊɞɡ, Ůɜɩ ɖ ˊŬɟŬɛɏɜɞɡůŬ ɛŮŰŬŰɧˊɘůɖ əŬŰɎ Űɖɜ ŬˊɞűɧɟŰɘůɖ Űɞɡ ŭŮɑɔɛŬŰɞɠ 

ŮɑɜŬɘ ˊŮɟɑˊɞɡ 50 nm. 
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4.3.3 ɁŬɜɞɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ ůɡɜɗɏŰɞɡ ɘɜɩɜ ɎɜɗɟŬəŬ/Ůˊɞɝɘəɐɠ 

ɟɖŰɑɜɖɠ ɛŮ ŮˊɘɓŬɚɚɧɛŮɜɞ űɞɟŰɑɞ Ŭˊɧ 1500 ɏɤɠ 10000 ɛɁ 

 

ɄɟɞəŮɘɛɏɜɞɡ ɜŬ ŭɘŮɟŮɡɜɖɗɞɨɜ ˊŮɟŬɘŰɏɟɤ ɞɘ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ůɡɜɗɏŰɤɜ 

ɘɜɩɜ ɎɜɗɟŬəŬ - Ůˊɞɝɘəɐɠ ɟɖŰɑɜɖɠ, ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ˊɞɚɡəɡəɚɘəɏɠ ɛŮŰɟɐůŮɘɠ 

ɜŬɜɞŭɘŮɑůŭɡůɖɠ ɛŮ ŬɡɝŬɜɧɛŮɜɞ ŮˊɘɓŬɚɚɧɛŮɜɞ űɞɟŰɑɞ Ŭˊɧ 1500 ɏɤɠ 10000 ɛɁ, 

ɛŮ ɓɐɛŬ 500 ɛɁ ůŮ ŭŮɑɔɛŬŰŬ ɛŮ ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ 0ɞ, 45ɞ əŬɘ 90ɞ, ŰɡɢŬɑŬ ůŮ 

ɧɚɖ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɤɜ ŭŮɘɔɛɎŰɤɜ. 

 

 

 

  

ɆɢɐɛŬ 4.10: Ʉɞɚɡəɡəɚɘəɏɠ ɛŮŰɟɐůŮɘɠ ɜŬɜɞŭɘŮɑůŭɡůɖɠ ɛŮ ŬɡɝŬɜɧɛŮɜɞ 

ŮˊɘɓŬɚɚɧɛŮɜɞ űɞɟŰɑɞ Ŭˊɧ 1500 ɏɤɠ 10000 ɛɁ, ɛŮ ɓɐɛŬ 500 ɛɁ ŭŮɑɔɛŬŰɞɠ ɛŮ 

ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ 0ɞ. 

 

ɆŰɞ ŭŮɑɔɛŬ ɛŮ ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ ůŰɘɠ 0ɞ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ˊɞɚɡəɡəɚɘəɏɠ 

ɛŮŰɟɐůŮɘɠ ůŮ 18 ůɖɛŮɑŬ Űɖɠ ŮˊɘűɎɜŮɘɎɠ Űɞɡ. ɆŰɞ ɆɢɐɛŬ 4. 10 ŮˊɎɜɤ ŬɟɘůŰŮɟɎ 

űŬɑɜŮŰŬɘ ɛɑŬ ŮɘəɧɜŬ SPM Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ, ůŰɖɜ ɞˊɞɑŬ 

ŬˊŮɘəɞɜɑɕɞɜŰŬɘ ŬɟɘɗɛɖɛɏɜŬ ŰŬ ůɖɛŮɑŬ Űɤɜ ɛŮŰɟɐůŮɤɜ. ɆŰŬ ŭɘŬɔɟɎɛɛŬŰŬ 

űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɞɘ ŮˊŬɜŬɚŬɛɓŬɜɧɛŮɜŮɠ əŬɛˊɨɚŮɠ 

űɧɟŰɘůɖɠ-ŬˊɞűɧɟŰɘůɖɠ Űɤɜ ůɖɛŮɑɤɜ 1, 8 əŬɘ 11 (ŮˊɎɜɤ ŭŮɝɘɎ, əɎŰɤ ŬɟɘůŰŮɟɎ əŬɘ 
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əɎŰɤ ŭŮɝɘɎ, ŬɜŰɑůŰɞɘɢŬ). Ƀɘ əŬɛˊɨɚŮɠ 8 əŬɘ 11 ɏɢɞɡɜ Űɖɜ ɑŭɘŬ ůɢŮŭɧɜ ɛɞɟűɐ, 

ŭɖɚɎŭɖ ůŰŮɜɐ əŬŰŬɜɞɛɐ Űɤɜ əŬɛˊɡɚɩɜ űɧɟŰɘůɖɠ-ŬˊɞűɧɟŰɘůɖɠ əŬɘ ɛŮŰŬŰɧˊɘůɖ 

Űɞɡ ŮɜŰɡˊɤŰɐ ɏɤɠ əŬɘ 650 nm ˊŮɟɑˊɞɡ ůŰɞ ɛɏɔɘůŰɞ űɞɟŰɑɞ. ɆŰɖɜ əŬɛˊɨɚɖ 1 ɞɘ 

əŬɛˊɨɚŮɠ űɧɟŰɘůɖɠ-ŬˊɞűɧɟŰɘůɖɠ ŮɑɜŬɘ ˊɘɞ ŬɟŬɘɏɠ əŬɘ ɖ ɛŮŰŬŰɧˊɘůɖ Űɞɡ 

ŭɘŮɘůŭɡŰɐ űŰɎɜŮɘ ɏɤɠ əŬɘ ŰŬ 1200 nm ˊŮɟɑˊɞɡ, ůŰɞ ɛɏɔɘůŰɞ űɞɟŰɑɞ. Ƀɘ ɛŮŰɟɐůŮɘɠ 

Űɤɜ əŬɛˊɡɚɩɜ 8 əŬɘ 11 ɚɐűɗɖəŬɜ Ŭˊɧ Űɖɜ ŭɘŮɑůŭɡůɖ ůŮ ɑɜŬ, Ůɜɩ Űɖɠ əŬɛˊɨɚɖɠ 

1 ˊɘɗŬɜɧɜ ɜŬ ɚɐűɗɖəŮ Ŭˊɧ ŭɘŮɑůŭɡůɖ ŬɟɢɘəɎ ůŮ ɑɜŬ əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ůŮ ɛɐŰɟŬ. 

ɆŰɞ ŭŮɑɔɛŬ ɛŮ ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ Űɘɠ 45ɞ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ˊɞɚɡəɡəɚɘəɏɠ 

ɛŮŰɟɐůŮɘɠ ůŮ 3 ůɖɛŮɑŬ ůŰɖ ŭɘŮˊɘűɎɜŮɘŬ ɑɜŬɠ-ɛɐŰɟŬɠ, ɧˊɤɠ űŬɑɜɞɜŰŬɘ ůŰɖɜ ŮɘəɧɜŬ 

SPM Űɞɡ ɆɢɐɛŬŰɞɠ 4.11. ɇŬ ŭɘŬɔɟɎɛɛŬŰŬ űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ ŮɑɜŬɘ ˊŬɟɧɛɞɘŬ 

əŬɘ ɔɘŬ Űɘɠ ŰɟŮɘɠ ɛŮŰɟɐůŮɘɠ əŬɘ ɞ ŰŮɚŮɡŰŬɑɞɠ əɨəɚɞɠ űɧɟŰɘůɖɠ-ŬˊɞűɧɟŰɘůɖɠ 

űŰɎɜŮɘ ůŮ ɛɘŬ ɛŮŰŬŰɧˊɘůɖ Űɞɡ ŭɘŮɘůŭɡŰɐ Űɖɠ ŰɎɝŮɤɠ Űɤɜ 550 nm ˊŮɟɑˊɞɡ, ůŰɞ 

ɛɏɔɘůŰɞ űɞɟŰɑɞ. 

 

  

  

ɆɢɐɛŬ 4.11: Ʉɞɚɡəɡəɚɘəɏɠ ɛŮŰɟɐůŮɘɠ ɜŬɜɞŭɘŮɑůŭɡůɖɠ ɛŮ ŬɡɝŬɜɧɛŮɜɞ 

ŮˊɘɓŬɚɚɧɛŮɜɞ űɞɟŰɑɞ Ŭˊɧ 1500 ɏɤɠ 10000 ɛɁ, ɛŮ ɓɐɛŬ 500 ɛɁ ŭŮɑɔɛŬŰɞɠ ɛŮ 

ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ 45ɞ. 
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ɆɢɐɛŬ 4.12: Ʉɞɚɡəɡəɚɘəɏɠ ɛŮŰɟɐůŮɘɠ ɜŬɜɞŭɘŮɑůŭɡůɖɠ ɛŮ ŬɡɝŬɜɧɛŮɜɞ 

ŮˊɘɓŬɚɚɧɛŮɜɞ űɞɟŰɑɞ Ŭˊɧ 1500 ɏɤɠ 10000 ɛɁ, ɛŮ ɓɐɛŬ 500 ɛɁ ŭŮɑɔɛŬŰɞɠ ɛŮ 

ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ 90ɞ. 

 

ɆŰɞ ɆɢɐɛŬ 4.12 ŬˊŮɘəɞɜɑɕɞɜŰŬɘ ŮɜŭŮɘəŰɘəɎ ŰŬ ŭɘŬɔɟɎɛɛŬŰŬ űɞɟŰɑɞɡ-

ɛŮŰŬŰɧˊɘůɖɠ, ŰŬ ɞˊɞɑŬ ɚɐűɗɖəŬɜ əŬŰɎ Űɘɠ ˊɞɚɡəɡəɚɘəɏɠ űɞɟŰɑůŮɘɠ ůŰɖ ɛɐŰɟŬ, 

ůŰɖɜ ɑɜŬ əŬɘ əɞɜŰɎ ůŰɖ ŭɘŮˊɘűɎɜŮɘŬ ɑɜŬɠ-ɛɐŰɟŬɠ, ůŮ ɏɜŬ ˊɚɏɔɛŬ 7x7, Űɞɡ 

ŭŮɑɔɛŬŰɞɠ ɛŮ ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ 90ɞ. ɄŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ ůŰɖ ɛɐŰɟŬ ɞ 

ŰŮɚŮɡŰŬɑɞɠ əɨəɚɞɠ űɧɟŰɘůɖɠ-ŬˊɞűɧɟŰɘůɖɠ űŰɎɜŮɘ ɛɏɢɟɘ ɛɑŬ ɛŮŰŬŰɧˊɘůɖ Űɞɡ 

ŮɜŰɡˊɤŰɐ ůŰŬ 400 nm ˊŮɟɑˊɞɡ, Ůɜɩ ůŰɖɜ ɑɜŬ ɛɏɢɟɘ ŰŬ 350 nm, ůŰɞ ɛɏɔɘůŰɞ 

űɞɟŰɑɞ. ȷˊɧ Űɘɠ ɛŮŰɟɐůŮɘɠ ůŰɖ ŭɘŮˊɘűɎɜŮɘŬ ɑɜŬɠ-ɛɐŰɟŬɠ ˊɟɞəɨˊŰɞɡɜ 

ŭɘŬɔɟɎɛɛŬŰŬ űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ, ɧˊɞɡ ůŮ ɏɜŬɜ Ŭˊɧ Űɞɡɠ əɨəɚɞɡɠ űɧɟŰɘůɖɠ - 

ŬˊɞűɧɟŰɘůɖɠ, əŬŰɎ Űɖ űɧɟŰɘůɖ ˊŬɟŬŰɖɟŮɑŰŬɘ ůŰŬɗŮɟɞˊɞɑɖůɖ Űɞɡ űɞɟŰɑɞɡ ɛɏɢɟɘ 

ɛɘŬ ɞɟɘůɛɏɜɖ ɛŮŰŬŰɧˊɘůɖ Űɞɡ ŭɘŮɘůŭɡŰɐ, ŬəɞɚɞɡɗŮɑ Ŭɨɝɖůɖ Űɖɠ ɛŮŰŬŰɧˊɘůɖɠ 
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ɛɏɢɟɘ Űɞ ɛɏɔɘůŰɞ űɞɟŰɑɞ əŬɘ ŬˊɞűɧɟŰɘůɖ. ɇɞ ɔŮɔɞɜɧɠ ŬɡŰɧ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ 

əŬɚŮɑŰŬɘ pop-in [2, 3]. ɇŬ pop-in events ˊŬɟŬŰɖɟɞɨɜŰŬɘ ůŮ ŭɘŬűɞɟŮŰɘəɞɨɠ 

əɨəɚɞɡɠ űɧɟŰɘůɖɠ-ŬˊɞűɧɟŰɘůɖɠ, ůŮ ŭɘŬűɞɟŮŰɘəɎ űɞɟŰɑŬ, əŬɗɩɠ əŬɘ ůŮ 

ŭɘŬűɞɟŮŰɘəɏɠ ɛŮŰŬŰɞˊɑůŮɘɠ Űɞɡ ŮɜŰɡˊɤŰɐ. ȼ ŭɘŬűɞɟɞˊɞɑɖůɖ ŬɡŰɐ ɞűŮɑɚŮŰŬɘ ůŰɖɜ 

Űɞˊɘəɐ ɛɘəɟɞŭɞɛɐ (ɆɢɐɛŬ 4.7(Ŭ)) Űɞɡ ŭŮɑɔɛŬŰɞɠ əŬŰɎ Űɖ ɛɏŰɟɖůɖ, ŭɖɚŬŭɐ Űɖɜ 

ˊɡəɜɐ ɐ ŬɟŬɘɐ ůŰɞɑɓŬɝɖ Űɤɜ ɘɜɩɜ, ɧˊɤɠ ŬɡŰɧ ŬˊɞŭŮɘəɜɨŮŰŬɘ ˊŬɟŬəɎŰɤ.  

 

 

ɆɢɐɛŬ 4.13: ɀɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ ŭŮɑɔɛŬŰɞɠ ˊɟɘɜ əŬɘ ɛŮŰɎ Űɞ pop-in. 

 

 

ɆɢɐɛŬ 4.14: ɆəɚɖɟɧŰɖŰŬ ŭŮɑɔɛŬŰɞɠ ˊɟɘɜ əŬɘ ɛŮŰɎ Űɞ pop-in. 

 

ȾŬŰɎ Űɘɠ ˊɞɚɡəɡəɚɘəɏɠ ŬɡŰɏɠ ɛŮŰɟɐůŮɘɠ ůŰɖ ŭɘŮˊɘűɎɜŮɘŬ ɑɜŬɠ-ɛɐŰɟŬɠ ˊɟɞɏəɡɣŬɜ 

8 ŭɘŬɔɟɎɛɛŬŰŬ űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ ɛŮ pop-in events, Ŭˊɧ ŰŬ ɞˊɞɑŬ 

ɡˊɞɚɞɔɑůŰɖəŬɜ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ ɖ ůəɚɖɟɧŰɖŰŬ, ˊɟɘɜ əŬɘ ɛŮŰɎ Űɞ 
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ɔŮɔɞɜɧɠ. ɆŰŬ ɆɢɐɛŬŰŬ 4.13 əŬɘ 4.14 űŬɑɜɞɜŰŬɘ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ ɖ 

ůəɚɖɟɧŰɖŰŬ Űɞɡ ŭŮɑɔɛŬŰɞɠ ˊɟɘɜ əŬɘ ɛŮŰɎ Űɞ pop-in. ɄŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ ůŮ ɧɚŮɠ Űɘɠ 

ɛŮŰɟɐůŮɘɠ Űɧůɞ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ, ɧůɞ əŬɘ ɖ ůəɚɖɟɧŰɖŰŬ Űɞɡ ŭŮɑɔɛŬŰɞɠ 

ˊŬɟɞɡůɘɎɕɞɡɜ ɡɣɖɚɧŰŮɟŮɠ Űɘɛɏɠ ˊɟɘɜ Űɞ pop-in. ȼ ɛŮɑɤůɖ Űɞɡ ɛɏŰɟɞɡ 

ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ Űɖɠ ůəɚɖɟɧŰɖŰŬɠ ɛŮŰɎ Űɞ ɔŮɔɞɜɧɠ ɞűŮɑɚŮŰŬɘ ůŰɖ ɛŮɟɘəɐ 

Ŭˊɞəɧɚɚɖůɖ Űɖɠ ɑɜŬɠ ɛŮ Űɖ ɛɐŰɟŬ [4]. 

 

4.3.4 ɁŬɜɞɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ ůɡɜɗɏŰɞɡ ɘɜɩɜ ɎɜɗɟŬəŬ/Ůˊɞɝɘəɐɠ 

ɟɖŰɑɜɖɠ ɛŮ ŮˊɘɓŬɚɚɧɛŮɜɞ űɞɟŰɑɞ 30000 ɛɁ 

 

ɆŰŬ ŭŮɑɔɛŬŰŬ ɛŮ ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ 0ɞ, 45ɞ əŬɘ 90ɞ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ 

ɛɞɜɞəɡəɚɘəɏɠ ɛŮŰɟɐůŮɘɠ ɜŬɜɞŭɘŮɑůŭɡůɖɠ ɛŮ ŮˊɘɓŬɚɚɧɛŮɜɞ űɞɟŰɑɞ 30000 ɛɁ 

(ɆɢɐɛŬ 4.15). ɆŰŬ ůɨɜɗŮŰŬ ɛŮ ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ 0ɞ əŬɘ 45ɞ ɞɘ ɛŮŰɟɐůŮɘɠ 

ɏɔɘɜŬɜ ůŮ ɏɜŬ ˊɚɏɔɛŬ 5x5 ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɤɜ ŭŮɘɔɛɎŰɤɜ, ɧˊɤɠ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ 

ůŰɘɠ ŮɘəɧɜŮɠ SEM Űɤɜ ůɢɖɛɎŰɤɜ 4.16 əŬɘ 4.17, ŬɜŰɑůŰɞɘɢŬ. 

 

 

ɆɢɐɛŬ 4.15: ȹɘɎɔɟŬɛɛŬ űɞɟŰɑɞɡ-ɢɟɧɜɞɡ ɛɞɜɞəɡəɚɘəɐɠ űɧɟŰɘůɖɠ-

ŬˊɞűɧɟŰɘůɖɠ. 

 

ɆŰɞ ɆɢɐɛŬ 4.16 ˊŬɟŬŰɑɗŮɜŰŬɘ ŮɜŭŮɘəŰɘəɎ ŰŬ ŭɘŬɔɟɎɛɛŬŰŬ űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ 

Ŭˊɧ ŭɘɎűɞɟŮɠ ˊŮɟɘɞɢɏɠ ɛŮŰɟɐůŮɤɜ, ŭɖɚŬŭɐ ůŮ ɑɜŬ, ůŮ ɛɐŰɟŬ əŬɘ ůŮ ˊŮɟɘɞɢɐ 

ɛɐŰɟŬɠ, ůŰɖɜ ɞˊɞɑŬ ɖ ɑɜŬ ɓɟɑůəŮŰŬɘ ůŮ ɛɘəɟɧ ɓɎɗɞɠ əɎŰɤ Ŭˊɧ Űɖ ɛɐŰɟŬ, ɧˊɤɠ 

űŬɑɜŮŰŬɘ ɞˊŰɘəɎ ůŰɖɜ ŮɘəɧɜŬ SEM (ŮɜŰɡˊɩůŮɘɠ 5, 6, 15, 16 əŬɘ 25). ȼ əŬɛˊɨɚɖ 

űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ 6 ŬɜŰɘˊɟɞůɤˊŮɨŮɘ ɛɏŰɟɖůŮɘɠ ůŰɖɜ ˊŮɟɘɞɢɐ ɛɐŰɟŬɠ ɛŮ ɑɜŬ 

ůŮ ɛɘəɟɧ ɓɎɗɞɠ, ůŰɖɜ ɞˊɞɑŬ ɖ əŬɛˊɨɚɖ űɧɟŰɘůɖɠ űŰɎɜŮɘ ůŰɞ ɛɏɔɘůŰɞ űɞɟŰɑɞ ɛŮ 

ɛŮŰŬŰɧˊɘůɖ ůŰŬ 1300 nm ˊŮɟɑˊɞɡ, Ůɜɩ ɖ ˊŬɟŬɛɏɜɞɡůŬ ɛŮŰŬŰɧˊɘůɖ əŬŰɎ Űɖɜ 

ŬˊɞűɧɟŰɘůɖ Űɞɡ ŭŮɑɔɛŬŰɞɠ ŮɑɜŬɘ ˊŮɟɑˊɞɡ 50 nm. Ƀɘ Űɘɛɏɠ Űɞɡ ɛɏŰɟɞɡ 

ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ Űɖɠ ůəɚɖɟɧŰɖŰŬɠ ůŮ ŬɡŰɐ Űɖɜ ˊŮɟɘɞɢɐ ɛɏŰɟɖůɖɠ (10.02 GPa 

əŬɘ 1.16 GPa, ŬɜŰɑůŰɞɘɢŬ) ŮɛűŬɜɑɕɞɜŰŬɘ ɢŬɛɖɚɧŰŮɟŮɠ ůɡɔəɟɘŰɘəɎ ɛŮ Űɘɠ Űɘɛɏɠ ůŮ 

ɛŮŰɟɐůŮɘɠ ůŰɖɜ ɑɜŬ əŬɘ ůŰɖ ɛɐŰɟŬ. Ƀɘ əŬɛˊɨɚŮɠ 10 əŬɘ 12 ŮɚɐűɗɖůŬɜ Ŭˊɧ 
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ɛŮŰɟɐůŮɘɠ ůŮ ˊŮɟɘɞɢɐ ɛɐŰɟŬɠ əŬɘ ˊŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ ɧɚŮɠ ɞɘ əŬɛˊɨɚŮɠ űɧɟŰɘůɖɠ 

űŰɎɜɞɡɜ ůŰɞ ɛɏɔɘůŰɞ űɞɟŰɑɞ ɛŮ ɛŮŰŬŰɧˊɘůɖ ůŰŬ 1200 nm ˊŮɟɑˊɞɡ, Ůɜɩ ɖ ɛɏůɖ 

Űɘɛɐ Űɖɠ ˊŬɟŬɛɏɜɞɡůŬɠ ɛŮŰŬŰɧˊɘůɖɠ əŬŰɎ Űɖɜ ŬˊɞűɧɟŰɘůɖ Űɞɡ ŭŮɑɔɛŬŰɞɠ ŮɑɜŬɘ 

ˊŮɟɑˊɞɡ 250 nm. ɄɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ŭɏəŬ ŮɜŰɡˊɩůŮɘɠ ůŮ ˊŮɟɘɞɢɐ ɛɐŰɟŬɠ, Ŭˊɧ 

Űɘɠ ɞˊɞɑŮɠ ɞ ɛɏůɞɠ ɧɟɞɠ Űɤɜ Űɘɛɩɜ Űɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ Űɖɠ 

ůəɚɖɟɧŰɖŰŬɠ ɐŰŬɜ 12.55 GPa əŬɘ 1.55 GPa, ŬɜŰɑůŰɞɘɢŬ. ȼ ɛɏŰɟɖůɖ Űɖɠ əŬɛˊɨɚɖɠ 

24 ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ůŮ ˊŮɟɘɞɢɐ ɑɜŬɠ. ȷˊɧ Űɘɠ ŭɏəŬ ŮɜŰɡˊɩůŮɘɠ, ˊɞɡ 

ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ůŮ ˊŮɟɘɞɢɐ ɑɜŬɠ, ˊŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ ɞɘ Űɘɛɏɠ Űɞɡ ɛɏŰɟɞɡ 

ŮɚŬůŰɘəɧŰɖŰŬɠ (ɛɏůɖ Űɘɛɐ 11.73 GPa) əŬɘ Űɖɠ ůəɚɖɟɧŰɖŰŬɠ (ɛɏůɖ Űɘɛɐ 1.75 GPa) 

ŮɑɜŬɘ ɡɣɖɚɧŰŮɟŮɠ ůɡɔəɟɘŰɘəɎ ɛŮ ŬɡŰɏɠ ˊɞɡ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ůŮ ˊŮɟɘɞɢɐ 

ɛɐŰɟŬɠ. 

 

  

  

  

ɆɢɐɛŬ 4.16:  ɀɞɜɞəɡəɚɘəɏɠ ɛŮŰɟɐůŮɘɠ ɜŬɜɞŭɘŮɑůŭɡůɖɠ, ɛŮ ŮˊɘɓŬɚɚɧɛŮɜɞ 

űɞɟŰɑɞ 30000 ɛɁ, ŭŮɑɔɛŬŰɞɠ ɛŮ ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ 0ɞ. 
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ɆŰɞ ɆɢɐɛŬ 4.17 ́ ŬɟɞɡůɘɎɕɞɜŰŬɘ ŰŬ ŭɘŬɔɟɎɛɛŬŰŬ űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ, ŰŬ ɞˊɞɑŬ 

ŮɚɐűɗɖůŬɜ Ŭˊɧ ˊŮɟɘɞɢɐ ɛɐŰɟŬɠ (əŬɛˊɨɚɖ 6), ˊŮɟɘɞɢɐ ŭɘŮˊɘűɎɜŮɘŬɠ ɑɜŬɠ-ɛɐŰɟŬɠ 

(əŬɛˊɨɚɖ 20) əŬɘ ˊŮɟɘɞɢɐ ɑɜŬɠ (əŬɛˊɨɚɖ 3). ɄŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ ɞɘ Űɘɛɏɠ Űɞɡ 

ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ Űɖɠ ůəɚɖɟɧŰɖŰŬɠ ŮɑɜŬɘ ˊŬɟɧɛɞɘŮɠ, ŬɜŮɝŬɟŰɐŰɞɡ 

ˊŮɟɘɞɢɐɠ ŮɜŰɨˊɤůɖɠ əŬɘ ɡˊɞɚɞɔɑůŰɖəŬɜ ɞɘ ɛɏůŮɠ Űɘɛɏɠ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ 

(1.48 GPa) əŬɘ ůəɚɖɟɧŰɖŰŬɠ (205 MPa) Űɤɜ Ůɑəɞůɘ ˊɏɜŰŮ ɛŮŰɟɐůŮɤɜ. 

 

  

  

ɆɢɐɛŬ 4.17:  ɀɞɜɞəɡəɚɘəɏɠ ɛŮŰɟɐůŮɘɠ ɜŬɜɞŭɘŮɑůŭɡůɖɠ, ɛŮ ŮˊɘɓŬɚɚɧɛŮɜɞ 

űɞɟŰɑɞ 30000 ɛɁ, ŭŮɑɔɛŬŰɞɠ ɛŮ ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ 45ɞ. 

 

ɆŰɞ ŭŮɑɔɛŬ ɛŮ ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ Űɘɠ 90ɞ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ɛɞɜɞəɡəɚɘəɏɠ 

ɛŮŰɟɐůŮɘɠ ɜŬɜɞŭɘŮɑůŭɡůɖɠ ŰɡɢŬɑŬ ůŰɖɜ ŮˊɘűɎɜŮɘɎ Űɞɡ ŬɜŮɝŬɟŰɐŰɤɠ Űɞɡ Űɞˊɘəɞɨ 

ˊŮɟɘŮɢɞɛɏɜɞɡ ɧɔəɞɡ ɘɜɩɜ ˊɞɡ ˊŮɟɘɓɎɚɚɞɡɜ Űɖ ɗɏůɖ ɛɏŰɟɖůɖɠ, ɧˊɤɠ űŬɑɜɞɜŰŬɘ 

ůŰɖɜ ŮɘəɧɜŬ SPM Űɞɡ ɆɢɐɛŬŰɞɠ 4.18. ɆŰɞ ɆɢɐɛŬ 4.18 ˊŬɟɞɡůɘɎɕɞɜŰŬɘ, Ůˊɑůɖɠ, 

ŮɜŭŮɘəŰɘəɎ ŭɘŬɔɟɎɛɛŬŰŬ űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ. ȼ əŬɛˊɨɚɖ 1 ŬɜŰɘˊɟɞůɤˊŮɨŮɘ 

ɛŮŰɟɐůŮɘɠ ůŮ ɑɜŬ əŬɘ ŮɑɜŬɘ ŮɛűŬɜŮɑɠ ɞɘ ɡɣɖɚɏɠ Űɘɛɏɠ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ 

ůəɚɖɟɧŰɖŰŬɠ. ɆŰɘɠ əŬɛˊɨɚŮɠ 2 əŬɘ 3, ɞɘ ɞˊɞɑŮɠ ŬɜŰɘˊɟɞůɤˊŮɨɞɡɜ ɛŮŰɟɐůŮɘɠ ůŮ 

ˊŮɟɘɞɢɏɠ ɛɐŰɟŬɠ, ɡˊɞɚɞɔɑůŰɖəŬɜ ŭɘŬűɞɟŮŰɘəɏɠ Űɘɛɏɠ ůəɚɖɟɧŰɖŰŬɠ əŬɘ 

ˊŬɟŬŰɖɟɞɨɜŰŬɘ ŭɘŬűɞɟŮŰɘəɏɠ ɛŮŰŬŰɞˊɑůŮɘɠ Űɞɡ ŮɜŰɡˊɤŰɐ. ȼ ŭɘŬűɞɟɞˊɞɑɖůɖ ŬɡŰɐ 

ɞűŮɑɚŮŰŬɘ ůŰo ŭɘŬűɞɟŮŰɘəɧ Űɞˊɘəɧ ˊŮɟɘɓɎɚɚɞɜ əŬɘ Űɖ ůŰɞɑɓŬɝɖ Űɤɜ ɘɜɩɜ-ɛɐŰɟŬɠ.  

Ƀɘ əŬɛˊɨɚŮɠ 4 əŬɘ 5 (ɆɢɐɛŬ 4.18) ŮɚɐűɗɖůŬɜ Ŭˊɧ Űɖ ŭɘŮˊɘűɎɜŮɘŬ ɑɜŬɠ-ɛɐŰɟŬɠ 

əŬɘ ˊŬɟɞɡůɘɎɕɞɡɜ pop-in event ůŮ ŭɘŬűɞɟŮŰɘəɧ űɞɟŰɑɞ əŬɘ ŭɘŬűɞɟŮŰɘəɐ 

ɛŮŰŬŰɧˊɘůɖ, ɚɧɔɤ Űɖɠ ɛɘəɟɞŭɞɛɐɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ ůŰŬ ůɖɛŮɑŬ Űɤɜ ɛŮŰɟɐůŮɤɜ. 
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ɆɢɐɛŬ 4.18:  ɀɞɜɞəɡəɚɘəɏɠ ɛŮŰɟɐůŮɘɠ ɜŬɜɞŭɘŮɑůŭɡůɖɠ, ɛŮ ŮˊɘɓŬɚɚɧɛŮɜɞ 

űɞɟŰɑɞ 30000 ɛɁ, ŭŮɑɔɛŬŰɞɠ ɛŮ ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ 90ɞ. 

 

ȼ ɛɖɢŬɜɘəɐ ŮˊɑŭɟŬůɖ Űɞɡ ˊŮɟɘɞɟɘůɛɞɨ Űɖɠ ɛɐŰɟŬɠ Ŭˊɧ Űɘɠ ˊŮɟɘɓɎɚɚɞɡůŮɠ ɑɜŮɠ 

ɏɢŮɘ ɢŬɟŬəŰɖɟɘůŰŮɑ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɛɞɜŰɏɚŬ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ [5]. ȼ 

ɛŮɚɏŰɖ ŬɡŰɐ ŭɑɜŮɘ ɛɘŬ ŮɘəɧɜŬ ɔɘŬ Űɖ ɛŮŰŬűɞɟɎ Űɖɠ ŰɎůɖɠ ůŰɞ ɡˊɧůŰɟɤɛŬ ɛŮŰŬɝɨ 

Űɤɜ ŭɞɛɘəɩɜ ůŰɞɘɢŮɑɤɜ, əŬŰɎ Űɞɜ ɢŬɟŬəŰɖɟɘůɛɧ ɛɘəɟɞŭɞɛɩɜ ŭɘŬűɞɟŮŰɘəɐɠ 

ůŰɞɑɓŬɝɖɠ ɘɜɩɜ-ɛɐŰɟŬɠ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖɜ ŰŮɢɜɘəɐ Űɖɠ ɜŬɜɞŭɘŮɑůŭɡůɖɠ əŬɘ 

ɏŭŮɘɝŮ ɧŰɘ Űɞ ɛɏŰɟɞ Űɞɡ ɓɎɗɞɡɠ ŭɘŮɑůŭɡůɖɠ ɔɘŬ Űɞ ɡɚɘəɧ Űɖɠ ɛɐŰɟŬɠ ɛˊɞɟŮɑ ɜŬ 

ɡˊŮɟŮəŰɘɛɖɗŮɑ əŬŰɎ 47% ɚɧɔɤ Űɖɠ ŭɘŬűɞɟŮŰɘəɐɠ ůŰɞɑɓŬɝɖɠ. 

ȼ ŮˊɑŭɟŬůɖ Űɞɡ ˊŮɟɘɞɟɘůɛɞɨ Űɤɜ ɘɜɩɜ ɏɢŮɘ ɢŬɟŬəŰɖɟɘůŰŮɑ Ůˊɑůɖɠ ˊŮɘɟŬɛŬŰɘəɎ 

Ŭˊɧ Űɞɜ M. Hardiman əŬɘ Űɞɡɠ ůɡɜŮɟɔɎŰŮɠ Űɞɡ [6], ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ŰŬ ŭŮŭɞɛɏɜŬ 

Ŭˊɧ 50 ɜŬɜɞŭɘŮɘůŭɨůŮɘɠ, ɞɘ ɞˊɞɑŮɠ ŭɘŮɝɐɢɗɖůŬɜ ůŮ ŭɘɎűɞɟŬ ñˊŬəɏŰŬò ɟɖŰɑɜɖɠ Űɤɜ 
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ŭŮɘɔɛɎŰɤɜ, ŭɖɚŬŭɐ ůŮ ˊŮɟɘɞɢɏɠ Űɞɡ ůɡɜɗɏŰɞɡ ˊɞɡ ɖ ɛɐŰɟŬ (ɟɖŰɑɜɖ) 

əŬŰŬɚŬɛɓɎɜŮɘ ɛŮɔɎɚɞ ŮɛɓŬŭɧɜ.  

 

ɆɢɐɛŬ 4.19:  ȺɘəɧɜŬ ɞˊŰɘəɞɨ ɛɘəɟɞůəɞˊɑɞɡ (1000x) ɛŮ Űɞ ŬˊɞŰɨˊɤɛŬ ɛɘŬɠ 

ŭɘŮɑůŭɡůɖɠ, ɖ ɞˊɞɑŬ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ůŮ ɏɜŬ ñˊŬəɏŰɞò ɛɐŰɟŬɠ ɛŮ ŬəŰɑɜŬ 

5,71 ɛm [6] . 

 

ɆŰɞ ɆɢɐɛŬ 4.19 űŬɑɜŮŰŬɘ Űɞ ŬˊɞŰɨˊɤɛŬ Űɖɠ ɛɏŰɟɖůɖɠ ůŰɞ əɏɜŰɟɞ Űɞɡ ñˊŬəɏŰɞɡò 

ɛɐŰɟŬɠ əŬɘ ůŰɞ ɆɢɐɛŬ 4.20 ůɡɔəɟɑɜɞɜŰŬɘ ŰŬ ŭŮŭɞɛɏɜŬ Űɞɡ ɛɏŰɟɞɡ CSM 

(continuous stiffness measurement) ɔɘŬ ŭɨɞ ŮɜŰɡˊɩůŮɘɠ ɛŮ ŭɘŬűɞɟŮŰɘəɐ ŬəŰɑɜŬ 

ñˊŬəɏŰɞɡò ɛŮ ŰŬ ŭŮŭɞɛɏɜŬ  CSM Űɖɠ ɟɖŰɑɜɖɠ. ũɘŬ ŰŬ ɢŬɛɖɚɧŰŮɟŬ ɓɎɗɖ 

ŭɘŮɑůŭɡůɖɠ ɞɘ Űɘɛɏɠ Űɞɡ ɛɏŰɟɞɡ ˊŬɟŬɛɏɜɞɡɜ ůɢŮŰɘəɎ ůŰŬɗŮɟɏɠ ůŮ ůɢɏůɖ ɛŮ Űɖ 

ɛŮŰŬŰɧˊɘůɖ Űɞɡ ŮɜŰɡˊɤŰɐ. ȷɡŰɧ ŬəɞɚɞɡɗŮɑŰŬɘ Ŭˊɧ ɛɑŬ ˊŮɟɘɞɢɐ ůŰŬŭɘŬəɐɠ 

Ŭɨɝɖůɖɠ ůŰɘɠ Űɘɛɏɠ Űɞɡ ɛɏŰɟɞɡ ůɡɜŬɟŰɐůŮɘ Űɖɠ Ŭɨɝɖůɖɠ Űɖɠ ɛŮŰŬŰɧˊɘůɖɠ Űɞɡ 

ŮɜŰɡˊɤŰɐ, ɚɧɔɤ Űɖɠ ɛɖɢŬɜɘəɐɠ ˊŮɟɘɞɟɘůŰɘəɐɠ ŮˊɑŭɟŬůɖɠ Űɤɜ ˊŮɟɘɓŬɚɚɞɡůɩɜ 

ɘɜɩɜ. ɀŮŰɎ Ŭˊɧ əɎˊɞɘɞ ůɖɛɏɘɞ, ɞ ůɡɜŰŮɚŮůŰɐɠ ŬɟɢɑɕŮɘ ɜŬ ŬɡɝɎɜŮŰŬɘ ɔɟɐɔɞɟŬ 

ŮˊŮɘŭɐ ɞ ŮɜŰɡˊɤŰɐɠ ɏɟɢŮŰŬɘ ůŮ ŮˊŬűɐ ɛŮ ɛɑŬ ɐ ɛŮ ˊŮɟɘůůɧŰŮɟŮɠ Ŭˊɧ Űɘɠ ɑɜŮɠ ˊɞɡ 

ˊŮɟɘɓɎɚɚɞɡɜ Űɖɜ ˊŮɟɘɞɢɐ Űɖɠ ɛɐŰɟŬɠ. 

 

ɆɢɐɛŬ 4.20:  ɀɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ ůɡɜŬɟŰɐůŮɘ ɓɎɗɞɡɠ ŭɘŮɑůŭɡůɖɠ ɔɘŬ 

ɛŮŰɟɐůŮɘɠ ɜŬɜɞŭɘŮɑůŭɡůɖɠ ůŮ əŬɗŬɟɐ 6376 ɟɖŰɑɜɖ əŬɘ ůŮ ŭɨɞ ñˊŬəɏŰŬò 

ɟɖŰɑɜɖɠ [6] . 



 

 55 

Ƀ ɢŬɟŬəŰɖɟɘůɛɧɠ ŬɡŰɐɠ Űɖɠ ŮˊɑŭɟŬůɖɠ ŮˊɏŰɟŮɣŮ Űɖ ůɨɔəɟɘůɖ Űɤɜ ˊŬɟŬɔɛŬŰɘəɩɜ 

Űɘɛɩɜ Űɞɡ ɛɏŰɟɞɡ ɔɘŬ əɎɗŮ ñˊŬəɏŰɞò ɛɐŰɟŬɠ ɛŮ ŮəŮɑɜɖ Űɖɠ əŬɗŬɟɐɠ ɛɐŰɟŬɠ. Ƀ 

ůɡɜŰŮɚŮůŰɐɠ ŭɘŮɑůŭɡůɖɠ ɔɘŬ ˊɞɚɚɎ Ŭˊɧ ŰŬ ñˊŬəɏŰŬò ɛɐŰɟŬɠ ɓɟɏɗɖəŮ ɜŬ 

ŬˊɞəɚɑɜŮɘ Ŭˊɧ Űɖɜ Űɘɛɐ Űɖɠ əŬɗŬɟɐɠ ɟɖŰɑɜɖɠ. ȹɘŬˊɘůŰɩɗɖəŮ ɧŰɘ ŬɡŰɐ ɖ ŬɚɚŬɔɐ 

ůŰɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞ ɛɏɔŮɗɞɠ Űɞɡ ñˊŬəɏŰɞɡò Űɖɠ ɛɐŰɟŬɠ 

əŬɘ ŬɡɝɎɜŮŰŬɘ ɏɤɠ əŬɘ 19% ůŮ ůɨɔəɟɘůɖ ɛŮ Űɖɜ Űɘɛɐ Űɖɠ ɛɐŰɟŬɠ. 

 

4.3.5 ɁŬɜɞɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ ůɡɜɗɏŰɞɡ ɘɜɩɜ ɎɜɗɟŬəŬ/Ůˊɞɝɘəɐɠ 

ɟɖŰɑɜɖɠ ɛŮ ŮˊɘɓŬɚɚɧɛŮɜɞ űɞɟŰɑɞ Ŭˊɧ 1500 ɏɤɠ 34500 ɛɁ 

 

ũɘŬ ˊŮɟŬɘŰɏɟɤ ŭɘŮɟŮɨɜɖůɖ Űɤɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ Űɤɜ ůɡɜɗɏŰɤɜ ɘɜɩɜ 

ɎɜɗɟŬəŬ-Ůˊɞɝɘəɐɠ ɟɖŰɑɜɖɠ ɛŮ ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ 0ɞ, 45ɞ əŬɘ 90ɞ 

ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ˊɞɚɡəɡəɚɘəɏɠ ɛŮŰɟɐůŮɘɠ ɜŬɜɞŭɘŮɑůŭɡůɖɠ ɛŮ ŬɡɝŬɜɧɛŮɜɞ 

ŮˊɘɓŬɚɚɧɛŮɜɞ űɞɟŰɑɞ Ŭˊɧ 1500 ɏɤɠ 34500 ɛɁ, ɛŮ ɓɐɛŬ 1500 ɛɁ əŬɘ ɟɡɗɛɧ 

űɧɟŰɘůɖɠ 1 mN/s ŰɡɢŬɑŬ ůŮ ɧɚɖ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɤɜ ŭŮɘɔɛɎŰɤɜ. ɇɞ ŭŮɑɔɛŬ ɛŮ 

ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ 0ɞ ɡˊɞɓɚɐɗɖəŮ ůŮ ˊɞɚɡəɡəɚɘəɏɠ ɛŮŰɟɐůŮɘɠ, ůŮ 36 ůɖɛŮɑŬ 

ˊɚɏɔɛŬŰɞɠ 6x6, Űɞ ŭŮɑɔɛŬ Űɤɜ 45ɞ ůŮ 42 ůɖɛŮɑŬ ˊɚɏɔɛŬŰɞɠ 6x7, Ůɜɩ ůŰɞ ŭŮɑɔɛŬ 

ɛŮ ˊɟɞůŬɜŬŰɞɚɘůɛɧ 90ɞ ˊŬɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ˊɞɚɡəɡəɚɘəɏɠ ɛŮŰɟɐůŮɘɠ, ůŮ 64 

ůɖɛŮɑŬ ˊɚɏɔɛŬŰɞɠ 8x8. ɇɞ ŭɘɎɔɟŬɛɛŬ ˊɞɚɡəɡəɚɘəɐɠ űɧɟŰɘůɖɠ-ŬˊɞűɧɟŰɘůɖɠ 

(űɞɟŰɑɞ ůɡɜŬɟŰɐůŮɘ Űɞɡ ɢɟɧɜɞɡ) űŬɑɜŮŰŬɘ ůŰɞ ɆɢɐɛŬ 4.21.  

 

 

ɆɢɐɛŬ 4.21:  ȹɘɎɔɟŬɛɛŬ űɞɟŰɑɞɡ-ɢɟɧɜɞɡ ˊɞɚɡəɡəɚɘəɐɠ űɧɟŰɘůɖɠ-ŬˊɞűɧɟŰɘůɖɠ 

 

ɆŰɞ ŭŮɑɔɛŬ ɛŮ ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ ůŰɘɠ 0ɞ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ˊɞɚɡəɡəɚɘəɏɠ 

ɛŮŰɟɐůŮɘɠ ůŮ 36 ůɖɛŮɑŬ Űɖɠ ŮˊɘűɎɜŮɘɎɠ Űɞɡ. ɆŰɞ ɆɢɐɛŬ 4.22 ŮˊɎɜɤ ŬɟɘůŰŮɟɎ 

űŬɑɜŮŰŬɘ ɛɑŬ ŮɘəɧɜŬ SEM Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ, ůŰɖɜ ɞˊɞɑŬ 

ŬˊŮɘəɞɜɑɕɞɜŰŬɘ ŬɟɘɗɛɖɛɏɜŬ ŰŬ ůɖɛŮɑŬ Űɤɜ ɛŮŰɟɐůŮɤɜ.  
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ɆɢɐɛŬ 4.22: Ʉɞɚɡəɡəɚɘəɏɠ ɛŮŰɟɐůŮɘɠ ɜŬɜɞŭɘŮɑůŭɡůɖɠ ɛŮ ŬɡɝŬɜɧɛŮɜɞ 

ŮˊɘɓŬɚɚɧɛŮɜɞ űɞɟŰɑɞ Ŭˊɧ 1500 ɏɤɠ 34500 ɛɁ, ɛŮ ɓɐɛŬ 1500 ɛɁ ŭŮɑɔɛŬŰɞɠ ɛŮ 

ɟ́ɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ 0ɞ. 
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ɆŰŬ ŭɘŬɔɟɎɛɛŬŰŬ űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɞɘ ŮˊŬɜŬɚŬɛɓŬɜɧɛŮɜŮɠ 

əŬɛˊɨɚŮɠ űɧɟŰɘůɖɠ-ŬˊɞűɧɟŰɘůɖɠ Űɤɜ ůɖɛŮɑɤɜ 3, 9, 25, 26, 31, 34 əŬɘ 36 ȼ 

ɛɏŰɟɖůɖ Űɖɠ əŬɛˊɨɚɖɠ 9 ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ůŰɖ ŭɘŮˊɘűɎɜŮɘŬ ɑɜŬɠ-ɛɐŰɟŬɠ, ůŰɖɜ 

ɞˊɞɑŬ ˊŬɟŬŰɖɟŮɑŰŬɘ ɛŮŰŬŰɧˊɘůɖ Űɞɡ ŭɘŮɘůŭɡŰɐ ɏɤɠ əŬɘ 1800 nm ́ Ůɟɑˊɞɡ, əŬŰɎ Űɞ 

ɛɏɔɘůŰɞ űɞɟŰɑɞ. Ƀɘ əŬɛˊɨɚŮɠ 3 əŬɘ 34 ɏɢɞɡɜ Űɖɜ ɑŭɘŬ ůɢŮŭɧɜ ɛɞɟűɐ, ŭɖɚɎŭɖ 

ůŰŮɜɐ əŬŰŬɜɞɛɐ Űɤɜ əŬɛˊɡɚɩɜ űɧɟŰɘůɖɠ-ŬˊɞűɧɟŰɘůɖɠ əŬɘ ɛŮŰŬŰɧˊɘůɖ Űɞɡ 

ŮɜŰɡˊɤŰɐ ɏɤɠ əŬɘ 1250 nm ˊŮɟɑˊɞɡ ůŰɞ ɛɏɔɘůŰɞ űɞɟŰɑɞ. Ƀɘ əŬɛˊɨɚŮɠ ŬɡŰɏɠ 

ŬɜŰɘˊɟɞůɤˊŮɨɞɡɜ ɛŮŰɟɐůŮɘɠ ůŮ ɑɜŬ əŬɘ ɞɘ Űɘɛɏɠ Űɞɡ ůɢŮŰɘəɞɨ ɛɏŰɟɞɡ 

ŮɚŬůŰɘəɧŰɖŰŬɠ (ˊŮɟɑˊɞɡ 11.5 GPa) əŬɘ Űɖɠ ůəɚɖɟɧŰɖŰŬɠ (ˊŮɟɑˊɞɡ 2.4 GPa) ŮɑɜŬɘ 

ˊŬɟɧɛɞɘŮɠ. ɆŰɘɠ əŬɛˊɨɚŮɠ 25 əŬɘ 36, ɞɘ ɞˊɞɑŮɠ ŬɜŰɘˊɟɞůɤˊŮɨɞɡɜ ɛŮŰɟɐůŮɘɠ ůŮ 

ɛɐŰɟŬ, ŰŬ ŭɘŬɔɟɎɛɛŬŰŬ űɧɟŰɘůɖɠ-ŬˊɞűɧɟŰɘůɖɠ ŮɑɜŬɘ ˊɘɞ ŬɟŬɘɎ ůŮ ůɨɔəɟɘůɖ ɛŮ 

ŬɡŰɩɜ Űɤɜ ɛŮŰɟɐůŮɤɜ ůŮ ɑɜŬ. ȷəɧɛɖ, ˊŬɟŬŰɖɟŮɑŰŬɘ ŭɘŬűɞɟŮŰɘəɐ ɛɞɟűɐ ɛŮŰŬɝɨ 

Űɤɜ ŭɡɞ ŭɘŬɔɟŬɛɛɎŰɤɜ, ŭɘŬűɞɟŮŰɘəɐ ɛŮŰŬŰɧˊɘůɖ Űɞɡ ŭɘŮɘůŭɡŰɐ, ɖ ɞˊɞɑŬ űŰɎɜŮɘ 

ɏɤɠ əŬɘ 2200 nm əŬɘ 1800 nm ˊŮɟɑˊɞɡ ůŰŬ ɛɏɔɘůŰŬ űɞɟŰɑŬ əŬɘ ɡˊɞɚɞɔɑůŰɖəŬɜ 

ŭɘŬűɞɟŮŰɘəɏɠ Űɘɛɏɠ ůəɚɖɟɧŰɖŰŬɠ. ȼ ŭɘŬűɞɟɞˊɞɑɖůɖ ŬɡŰɐ ɞűŮɑɚŮŰŬɘ ůŰo 

ŭɘŬűɞɟŮŰɘəɧ Űɞˊɘəɧ ˊŮɟɘɓɎɚɚɞɜ, əŬɗɩɠ əŬɘ ůŰɞ ɔŮɔɞɜɧɠ ɧŰɘ ɖ ɛɏŰɟɖůɖ ůŰɞ 

ůɖɛŮɑɞ 36, ŬɟɢɘəɎ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ůŮ ˊŮɟɘɞɢɐ ɛɐŰɟŬɠ əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ɧůɞ ɞ 

ŮɜŰɡˊɤŰɐɠ ɛŮŰŬŰɞˊɘɕɧŰŬɜ ɖ ɛɑŬ ˊɚŮɡɟɎ Űɞɡ ŬəɞɡɛˊɞɨůŮ ˊŮɟɘɞɢɐ ɑɜŬɠ. ȼ 

ɛɏŰɟɖůɖ Űɖɠ əŬɛˊɨɚɖɠ 26 ɚɐűɗɖəŮ Ŭˊɧ ŭɘŮɑůŭɡůɖ ŬɟɢɘəɎ ůŮ ɑɜŬ əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ 

ůŮ ɛɐŰɟŬ, Ůɜɩ Űɖɠ əŬɛˊɨɚɖɠ 31 Ŭˊɧ ŭɘŮɑůŭɡůɖ ŬɟɢɘəɎ ůŮ ɛɐŰɟŬ əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ 

ůŮ ɑɜŬ, ɧˊɤɠ ˊŬɟŬŰɖɟŮɑŰŬɘ ůŰɞ ɏɜɗŮŰɞ (ŮɘəɧɜŬ SEM) Űɤɜ əŬɛˊɡɚɩɜ. 

ɆŰɞ ŭŮɑɔɛŬ ɛŮ ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ Űɘɠ 45ɞ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ˊɞɚɡəɡəɚɘəɏɠ 

ɛŮŰɟɐůŮɘɠ ɜŬɜɞŭɘŮɑůŭɡůɖɠ ůŰɖɜ ŮˊɘűɎɜŮɘɎ Űɞɡ ŬɜŮɝŬɟŰɐŰɤɠ Űɞɡ Űɞˊɘəɞɨ 

ˊŮɟɘŮɢɞɛɏɜɞɡ ɧɔəɞɡ ɘɜɩɜ ˊɞɡ ˊŮɟɘɓɎɚɚɞɡɜ Űɖ ɗɏůɖ ɛɏŰɟɖůɖɠ, ɧˊɤɠ űŬɑɜɞɜŰŬɘ 

ůŰɖɜ ŮɘəɧɜŬ SEM Űɞɡ ɆɢɐɛŬŰɞɠ 4.23. ɆŰɞ ɆɢɐɛŬ 4.23 ˊŬɟɞɡůɘɎɕɞɜŰŬɘ, Ůˊɑůɖɠ, 

ŮɜŭŮɘəŰɘəɎ ŭɘŬɔɟɎɛɛŬŰŬ űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ. ȼ əŬɛˊɨɚɖ 13, 20 əŬɘ 29 

ŬɜŰɘˊɟɞůɤˊŮɨɞɡɜ ɛŮŰɟɐůŮɘɠ ůŮ ɑɜŬ əŬɘ ŮɑɜŬɘ ŮɛűŬɜŮɑɠ ɞɘ ɡɣɖɚɏɠ Űɘɛɏɠ ɛɏŰɟɞɡ 

ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ ůəɚɖɟɧŰɖŰŬɠ. Ƀ ŰŮɚŮɡŰŬɑɞɠ əɨəɚɞɠ űɧɟŰɘůɖɠ-ŬˊɞűɧɟŰɘůɖɠ 

Űɤɜ ɛŮŰɟɐůŮɤɜ 13 əŬɘ 20 űŰɎɜŮɘ ůŮ ɛɘŬ ɛŮŰŬŰɧˊɘůɖ Űɞɡ ŭɘŮɘůŭɡŰɐ Űɖɠ ŰɎɝŮɤɠ 

Űɤɜ 1200 nm ́ Ůɟɑˊɞɡ, ůŰɞ ɛɏɔɘůŰɞ űɞɟŰɑɞ, Ůɜɩ Űɖɠ 29 ůŰŬ 1000 nm ́ Ůɟɑˊɞɡ. ɆŰɞ 

ɏɜɗŮŰɞ (ŮɘəɧɜŬ SEM) Űɖɠ əŬɛˊɨɚɖɠ 29 ˊŬɟŬŰɖɟŮɑŰŬɘ ůɢɘůɛɧɠ Űɖɠ ɑɜŬɠ, ɔŮɔɞɜɧɠ 

ˊɞɡ ŮˊŬɚɖɗŮɨŮŰŬɘ əŬɘ Ŭˊɧ Űɘɠ ɡɣɖɚɧŰŮɟŮɠ Űɘɛɏɠ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ 

ůəɚɖɟɧŰɖŰŬɠ, ůɡɔəɟɘŰɘəɎ ɛŮ ŬɡŰɏɠ Űɤɜ ɛŮŰɟɐůŮɤɜ ůŰŬ ůɖɛŮɑŬ 13 əŬɘ 20. ɆŰɘɠ 

əŬɛˊɨɚŮɠ 10 əŬɘ 12, ɞɘ ɞˊɞɑŮɠ ŬɜŰɘˊɟɞůɤˊŮɨɞɡɜ ɛŮŰɟɐůŮɘɠ ůŮ ˊŮɟɘɞɢɏɠ ɛɐŰɟŬɠ, 

ɡˊɞɚɞɔɑůŰɖəŬɜ ŭɘŬűɞɟŮŰɘəɏɠ Űɘɛɏɠ ůəɚɖɟɧŰɖŰŬɠ əŬɘ ˊŬɟŬŰɖɟɞɨɜŰŬɘ 

ŭɘŬűɞɟŮŰɘəɏɠ ɛŮŰŬŰɞˊɑůŮɘɠ Űɞɡ ŮɜŰɡˊɤŰɐ. ȼ ŭɘŬűɞɟɞˊɞɑɖůɖ ŬɡŰɐ ɞűŮɑɚŮŰŬɘ ůŰo 

ŭɘŬűɞɟŮŰɘəɧ Űɞˊɘəɧ ˊŮɟɘɓɎɚɚɞɜ əŬɘ Űɖ ůŰɞɑɓŬɝɖ Űɤɜ ɘɜɩɜ-ɛɐŰɟŬɠ. ȼ ɛɘəɟɞŭɞɛɐ 

Űɞɡ ŭŮɑɔɛŬŰɞɠ ůŰŬ ůɖɛŮɑŬ Űɤɜ ɛŮŰɟɐůŮɤɜ 35 əŬɘ 37 ŮɑɜŬɘ ˊŬɟɧɛɞɘŬ. ɄŬɟɧɚŬ 

ŬɡŰɎ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ ɖ ůəɚɖɟɧŰɖŰŬ əŬŰɎ Űɖ ɛɏŰɟɖůɖ 35 ŮɑɜŬɘ 

ɡɣɖɚɧŰŮɟŬ ůŮ ůɢɏůɖ ɛŮ Űɖɠ 37, ŭɘɧŰɘ ůŰɞ ůɖɛŮɑɞ 35 ɞɘ ɑɜŮɠ ŮɑɜŬɘ ůŮ ŮˊŬűɐ (ˊɘɞ 

ˊɡəɜɐ ŭɘɎŰŬɝɖ ɘɜɩɜ) ůŮ ůɢɏůɖ ɛŮ Űɖ ɛɘəɟɞŭɞɛɐ Űɞɡ ůɖɛŮɑɞɡ 37. ȼ ɛɏŰɟɖůɖ Űɖɠ 
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əŬɛˊɨɚɖɠ 4 ɚɐűɗɖəŮ Ŭˊɧ ŭɘŮɑůŭɡůɖ ŬɟɢɘəɎ ůŮ ɛɐŰɟŬ əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ůŮ ɑɜŬ, 

ɧˊɤɠ ˊŬɟŬŰɖɟŮɑŰŬɘ ůŰɞ ɏɜɗŮŰɞ (ŮɘəɧɜŬ SEM). Ƀɘ əŬɛˊɨɚŮɠ 3, 11 əŬɘ 40 

ŮɚɐűɗɖůŬɜ Ŭˊɧ Űɖ ŭɘŮˊɘűɎɜŮɘŬ ɑɜŬɠ-ɛɐŰɟŬɠ əŬɘ ˊŬɟɞɡůɘɎɕɞɡɜ pop-in event ůŮ 

ŭɘŬűɞɟŮŰɘəɧ űɞɟŰɑɞ əŬɘ ŭɘŬűɞɟŮŰɘəɐ ɛŮŰŬŰɧˊɘůɖ, ɚɧɔɤ Űɖɠ ɛɘəɟɞŭɞɛɐɠ Űɞɡ 

ŭŮɑɔɛŬŰɞɠ ůŰŬ ůɖɛŮɑŬ Űɤɜ ɛŮŰɟɐůŮɤɜ. 
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ɆɢɐɛŬ 4.23: Ʉɞɚɡəɡəɚɘəɏɠ ɛŮŰɟɐůŮɘɠ ɜŬɜɞŭɘŮɑůŭɡůɖɠ ɛŮ ŬɡɝŬɜɧɛŮɜɞ 

ŮˊɘɓŬɚɚɧɛŮɜɞ űɞɟŰɑɞ Ŭˊɧ 1500 ɏɤɠ 34500 ɛɁ, ɛŮ ɓɐɛŬ 1500 ɛɁ ŭŮɑɔɛŬŰɞɠ ɛŮ 

ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ 45ɞ. 

 

ɆŰɞ ˊŬɟŬəɎŰɤ ůɢɐɛŬ űŬɑɜŮŰŬɘ ɖ ɛɘəɟɞŭɞɛɐ Űɞɡ ůɡɜɗɏŰɞɡ ɘɜɩɜ ɎɜɗɟŬəŬ-

Ůˊɞɝɘəɐɠ ɟɖŰɑɜɖɠ, ɛŮ ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ 90ɞ, ˊɟɘɜ əŬɘ ɛŮŰɎ Űɘɠ ɛŮŰɟɐůŮɘɠ 

ɜŬɜɞŭɘŮɑůŭɡůɖɠ. ɆŰɞ ɆɢɐɛŬ 4.24(Ŭ) ˊŬɟɞɡůɘɎɕŮŰŬɘ ɛɘŬ ŮɘəɧɜŬ SPM Űɞɡ 

ŭŮɑɔɛŬŰɞɠ ˊɟɘɜ Űɘɠ ɛŮŰɟɐůŮɘɠ, Ůɜɩ ůŰɞ ɆɢɐɛŬ 4.24(ɓ) ɛɘŬ ŮɘəɧɜŬ SPM ɛŮŰɎ Űɘɠ 

ɛŮŰɐůŮɘɠ, ůŰɖɜ ɞˊɞɑŬ ŮɑɜŬɘ ŮɛűŬɜɐ ŰŬ ŬˊɞŰɡˊɩɛŬŰŬ ɛŮɟɘəɩɜ Ůə Űɤɜ ɛŮŰɟɐůŮɤɜ. 

ɆŰɞ ɆɢɐɛŬ 4.24(ɔ) ŬˊŮɘəɞɜɑɕɞɜŰŬɘ ŰŬ 64 ŬˊɞŰɡˊɩɛŬŰŬ Űɤɜ ɛŮŰɟɐůŮɤɜ, ɧˊɤɠ 

ŬɡŰɎ ɚɐűɗɖəŬɜ Ŭˊɧ Űɞ ɖɚŮəŰɟɞɜɘəɧ ɛɘəɟɞůəɧˊɘɞ ůɎɟɤůɖɠ əŬɘ ŭɘŬəɟɑɜŮŰŬɘ Űɞ 

ˊɚɏɔɛŬ 8x8. ɇɏɚɞɠ, ůŰɞ ɆɢɐɛŬ 4.24(ŭ) űŬɑɜŮŰŬɘ ɖ Ŭɟɑɗɛɖůɖ Űɤɜ ŬˊɞŰɡˊɤɛɎŰɤɜ, 
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ɛŮ Űɖ ůŮɘɟɎ ˊɞɡ ŭɘŮɝɐɢɗɖůŬɜ ɞɘ ɛŮŰɟɐůŮɘɠ ɜŬɜɞŭɘŮɑůŭɡůɖɠ əŬɘ ɖ ŬɜŰɘůŰɞɑɢɘůɖ 

Űɤɜ ŬˊɞŰɡˊɤɛɎŰɤɜ Űɖɠ ŮɘəɧɜŬɠ SPM ɛŮ Űɖɠ ŮɘəɧɜŬɠ SEM. 

 

  

  

ɆɢɐɛŬ 4.24:  ȺɘəɧɜŮɠ SPM əŬɘ SEM ŭŮɑɔɛŬŰɞɠ ɛŮ ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ 90ɞ 

ˊɟɘɜ əŬɘ ɛŮŰɎ Űɘɠ ɛŮŰɟɐůŮɘɠ ɜŬɜɞŭɘŮɑůŭɡůɖɠ ɛŮ ŮɛűŬɜɐ Űɞ ˊɚɏɔɛŬ 8x8. 

 

ɆŰɞ ɆɢɐɛŬ 4.25 ŬˊŮɘəɞɜɑɕɞɜŰŬɘ ŰŬ ŬˊɞŰɡˊɩɛŬŰŬ Űɤɜ ɛŮŰɟɐůŮɤɜ 

ɜŬɜɞŭɘŮɑůŭɡůɖɠ ůŮ ɛŮɔɏɗɡɜůɖ, ůŮ ɏɝɘ ŭɘŬűɞɟŮŰɘəɏɠ ˊŮɟɘɞɢɏɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ, ůŰɘɠ 

ɞˊɞɑŮɠ ŮɑɜŬɘ ŮɛűŬɜɐ ŰŬ ŬˊɞŰɡˊɩɛŬŰŬ ůŮ ˊŮɟɘɞɢɐ ɛɐŰɟŬɠ, ůŮ ɑɜŬ əŬɘ ůŰɖ 

ŭɘŮˊɘűɎɜŮɘŬ ɑɜŬɠ-ɛɐŰɟŬɠ. ȹɘŬəɟɑɜɞɜŰŬɘ ɞɘ ɛɞɟűɏɠ Űɖɠ ŬůŰɞɢɑŬɠ əŬŰɎ Űɘɠ 

ɛŮŰɟɐůŮɘɠ ůŮ ŭɘŬűɞɟŮŰɘəɏɠ ˊŮɟɘɞɢɏɠ, ɧˊɞɡ ˊŬɟŬŰɖɟŮɑŰŬɘ ůɢɘůɛɧɠ Űɖɠ ɑɜŬɠ, 

Ŭˊɞəɧɚɚɖůɖ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ ɑɜŬɠ-ɛɐŰɟŬɠ əŬɘ ˊɚŬůŰɘəɐ ˊŬɟŬɛɧɟűɤůɖ Űɖɠ 

ɛɐŰɟŬɠ. 
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ɆɢɐɛŬ 4.25:  ɀŮɔŮɗɨɜůŮɘɠ  ŬˊɞŰɡˊɤɛɎŰɤɜ ŮɘəɧɜŬɠ SEM ůŮ ŭɘŬűɞɟŮŰɘəɎ 

ůɖɛŮɑŬ. 

 

ɀɘŬ ůŮɘɟɎ Ŭˊɧ ˊɞɚɡəɡəɚɘəɏɠ ŭɞəɘɛɏɠ push-in ɛŮ ɛɏɔɘůŰɞ űɞɟŰɑɞ 34500 ɛɁ 

ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ůŰɞ əɏɜŰɟɞ Űɤɜ ɘɜɩɜ.  ȼ ŬůŰɞɢɑŬ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ ɑɜŬɠ-

ɛɐŰɟŬɠ əŬŰɎ Űɖ ŭɞəɘɛɐ push-in ɢɤɟɑɕŮŰŬɘ ůŮ ŭɨɞ ůŰɎŭɘŬ. ɆŰɞ ˊɟɩŰɞ ůŰɎŭɘɞ, ɖ 

ɛŮŰŬŰɧˊɘůɖ Űɖɠ ɑɜŬɠ ŬɡɝɎɜŮŰŬɘ ɛŮ Űɞ ŮűŬɟɛɞɕɧɛŮɜɞ űɞɟŰɑɞ, ůŰŬ ˊɚŬɑůɘŬ Űɖɠ 

ɔɟŬɛɛɘəɐɠ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ ůŰɞ ŭŮɨŰŮɟɞ ůŰɎŭɘɞ, ɖ ɑɜŬ ŬɟɢɑɕŮɘ ɜŬ ɞɚɘůɗŬɑɜŮɘ 
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Ŭˊɧ Űɖ ɛɐŰɟŬ əŬɘ ɖ ɟɤɔɛɐ ŬɟɢɑɕŮɘ ɜŬ ŭɘŬŭɑŭŮŰŬɘ ůŰɖ ŭɘŮˊɘűɎɜŮɘŬ, ɛɏɢɟɘ Űɖ 

ŭɘŮˊɘűŬɜŮɘŬəɐ ŬůŰɞɢɑŬ, ůŰɖɜ ɞˊɞɑŬ ŮˊɘŰɡɔɢɎɜŮŰŬɘ Űɞ ɛɏɔɘůŰɞ űɞɟŰɑɞ əŬɘ ɖ 

ɛɏɔɘůŰɖ ɛŮŰŬŰɧˊɘůɖ əŬŰɎ Űɖɜ Ŭˊɞəɧɚɚɖůɖ Űɖɠ ɑɜŬɠ. 

ɆŰɞ ɆɢɐɛŬ 4.26 ŬˊŮɘəɞɜɑɕɞɜŰŬɘ ɞɘ ŮɘəɧɜŮɠ SEM əŬɘ SPM Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ 

ŭŮɑɔɛŬŰɞɠ, ůŰɘɠ ɞˊɞɑŮɠ űŬɑɜŮŰŬɘ Űɞ ŬˊɞŰɨˊɤɛŬ Űɖɠ 50ɖɠ ɛɏŰɟɖůɖɠ (ˊŮɟɘŮɢɧɛŮɜɞ 

əɨəɚɞɡ ɛŮ ŭɘŬəŮəɞɛɛɏɜŮɠ ɔɟŬɛɛɏɠ), ɖ ɞˊɞɑŬ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ůŰɞ əɏɜŰɟɞ Űɖɠ 

ɑɜŬɠ. ɇɞ ůɢɐɛŬ Űɞɡ ŮɜŰɡˊɤŰɐ ŮˊɘŰɟɏˊŮɘ Űɖɜ ŮˊɘűŬɜŮɘŬəɐ űɧɟŰɘůɖ ůŰɖ ŭɘŬŰɞɛɐ 

Űɤɜ ŮɝŮŰŬɕɧɛŮɜɤɜ ɘɜɩɜ, ŭɘŬɛɏŰɟɞɡ 7 ɛm ˊŮɟɑˊɞɡ, ɢɤɟɑɠ ɜŬ ŬɔɔɑɕŮɘ Űɖɜ 

ˊŮɟɘɓɎɚɚɞɡůŬ ɛɐŰɟŬ, əŬŰɎ Űɖ ŭɞəɘɛɐ push-in. 

 

  

ɆɢɐɛŬ 4.26:  ȺɘəɧɜŮɠ SEM əŬɘ SPM ɛŮ ŮɛűŬɜɐ Űɞ ŬˊɞŰɨˊɤɛŬ Űɖɠ 50ɖɠ 

ɛɏŰɟɖůɖɠ. 

 

ȷˊɧ Űɞ ɆɢɐɛŬ 4.27 ́ ŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ ɖ ɛŮŰŬŰɧˊɘůɖ Űɞɡ ŮɜŰɡˊɤŰɐ űŰɎɜŮɘ ˊŮɟɑˊɞɡ 

ůŰŬ 700 nm, ůŰɞ ɛɏɔɘůŰɞ ŮˊɘɓŬɚɚɧɛŮɜɞ űɞɟŰɑɞ (ŰŮɚŮɡŰŬɑɞɠ əɨəɚɞɠ űɧɟŰɘůɖɠ-

ŬˊɞűɧɟŰɘůɖɠ) əŬɘ ůŰɘɠ ŰɏůůŮɟɘɠ ɛŮŰɟɐůŮɘɠ. ȼ ɛɞɟűɐ Űɤɜ ŭɘŬɔɟŬɛɛɎŰɤɜ ŮɑɜŬɘ 

ˊŬɟɧɛɞɘŬ ůŮ ɧɚŮɠ Űɘɠ ɛŮŰɟɐůŮɘɠ ˊɞɡ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ůŰɞ əɏɜŰɟɞ Űɖɠ ɑɜŬɠ əŬɘ 

ɞɘ Űɘɛɏɠ Űɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ Űɖɠ ůəɚɖɟɧŰɖŰŬɠ ˊŬɟɞɡůɘɎɕɞɡɜ ɛɘəɟɏɠ 

ŬˊɞəɚɑůŮɘɠ ɛŮŰŬɝɨ Űɞɡɠ, ɞŭɖɔɩɜŰŬɠ ůŰɞ ůɡɛˊɏɟŬůɛŬ ɧŰɘ ɖ ɛɘəɟɞŭɞɛɐ Űɞɡ 

ŭŮɑɔɛŬŰɞɠ ŭŮɜ ŮˊɖɟŮɎɕŮɘ Űɘɠ ɛŮŰɟɐůŮɘɠ ůŰɞ əɏɜŰɟɞ Űɖɠ ɑɜŬɠ, əŬɗɩɠ, ɧˊɤɠ űŬɑɜŮŰŬɘ 

Ŭˊɧ Űɞ ɆɢɐɛŬ 4.24(ŭ) ɖ ɛɘəɟɞŭɞɛɐ Űɞɡ ŭŮɑɔɛŬŰɞɠ ŮɑɜŬɘ ŭɘŬűɞɟŮŰɘəɐ ůŮ əɎɗŮ 

ɛɏŰɟɖůɖ. 
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ɆɢɐɛŬ 4.27:  Ʉɞɚɡəɡəɚɘəɏɠ ɛŮŰɟɐůŮɘɠ ɜŬɜɞŭɘŮɑůŭɡůɖɠ ɛŮ ŬɡɝŬɜɧɛŮɜɞ 

ŮˊɘɓŬɚɚɧɛŮɜɞ űɞɟŰɑɞ Ŭˊɧ 1500 ɏɤɠ 34500 ɛɁ, ɛŮ ɓɐɛŬ 1500 ɛɁ ŭŮɑɔɛŬŰɞɠ ɛŮ 

ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ 90ɞ, ůŰɞ əɏɜŰɟɞ Űɖɠ ɑɜŬɠ. 

 

Ƀ ɛɏůɞɠ ɧɟɞɠ Űɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ Űɤɜ ŰŮůůɎɟɤɜ ɛŮŰɟɐůŮɤɜ ůŰɞ əɏɜŰɟɞ 

Űɖɠ ɑɜŬɠ ŮɑɜŬɘ 38.75 GPa əŬɘ Űɖɠ ůəɚɖɟɧŰɖŰŬɠ 4.96 GPa (ɄɑɜŬəŬɠ 4.1).  

 

ɄɑɜŬəŬɠ 4.1: ɀɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ ůəɚɖɟɧŰɖŰŬ Űɤɜ ɛŮŰɟɐůŮɤɜ ůŰɞ 

əɏɜŰɟɞ Űɖɠ ɑɜŬɠ. 

ɀɏŰɟɖůɖ  12 26 50 59 M.O. 

Er (GPa) 39.15 38.32 40.09 37.43 38.75 

H (GPa) 4.48 4.42 5.34 5.61 4.96 

 

ɆŰɞ ɆɢɐɛŬ 4.28 ŬˊŮɘəɞɜɑɕŮŰŬɘ Űɞ ŬˊɞŰɨˊɤɛŬ Űɞɡ ŮɜŰɡˊɤŰɐ əŬŰɎ Űɖ 33ɖ ɛɏŰɟɖůɖ, 

ɧˊɤɠ ŬɡŰɧ ɚɐűɗɖəŮ Ŭˊɧ Űɞ ɞˊŰɘəɧ ɛɘəɟɞůəɧˊɘɞ ůɎɟɤůɖɠ, ɧˊɞɡ ŭɘŬəɟɑɜŮŰŬɘ ɖ 

ɗɟŬɨůɖ Űɖɠ ɑɜŬɠ.  
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ɆɢɐɛŬ 4.28:  ȺɘəɧɜŬ SEM ɛŮ ŮɛűŬɜɐ Űɞ ŬˊɞŰɨˊɤɛŬ Űɖɠ 33ɖɠ ɛɏŰɟɖůɖɠ. 

 

 
 

 
 

ɆɢɐɛŬ 4.29:  Ʉɞɚɡəɡəɚɘəɏɠ ɛŮŰɟɐůŮɘɠ ɜŬɜɞŭɘŮɑůŭɡůɖɠ ɛŮ ŬɡɝŬɜɧɛŮɜɞ 

ŮˊɘɓŬɚɚɧɛŮɜɞ űɞɟŰɑɞ Ŭˊɧ 1500 ɏɤɠ 34500 ɛɁ, ɛŮ ɓɐɛŬ 1500 ɛɁ ŭŮɑɔɛŬŰɞɠ ɛŮ 

ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ 90ɞ, ůŰɞ Ɏəɟɞ Űɖɠ ɑɜŬɠ. 

 

ɆŰɞ ɆɢɐɛŬ 4.29 ˊŬɟŬŰɑɗŮɜŰŬɘ ŰŬ ŭɘŬɔɟɎɛɛŬŰŬ űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ Űɤɜ 

ˊɞɚɡəɡəɚɘəɩɜ ɛŮŰɟɐůŮɤɜ ůŰɞ Ɏəɟɞ Űɖɠ ɑɜŬɠ. ɆŰɘɠ əŬɛˊɨɚŮɠ Űɤɜ ɛŮŰɟɐůŮɤɜ 13, 

30 əŬɘ 33 ɖ ɛŮŰŬŰɧˊɘůɖ Űɞɡ ŮɜŰɡˊɤŰɐ, ɧŰŬɜ Űɞ űɞɟŰɑɞ ŮɑɜŬɘ ɛɏɔɘůŰɞ, űŰɎɜŮɘ ůŰŬ 

800 nm ˊŮɟɑˊɞɡ əŬɘ ůŰɘɠ ŰɟŮɘɠ əŬɛˊɨɚŮɠ, Ůɜɩ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ ɖ 
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ůəɚɖɟɧŰɖŰɎ Űɞɡɠ ˊŬɟɞɡůɘɎɕɞɡɜ ɛɘəɟɐ Ŭˊɧəɚɘůɖ ɛŮŰŬɝɨ Űɞɡɠ. ɆŰɞ ŭɘɎɔɟŬɛɛŬ 16 

ˊŬɟŬŰɖɟŮɑŰŬɘ ɛŮɔɎɚɖ ɛŮŰŬŰɧˊɘůɖ Űɞɡ ŮɜŰɡˊɤŰɐ ůŰɞ ɛɏɔɘůŰɞ űɞɟŰɑɞ (ˊŮɟɑˊɞɡ 

1700 nm) əŬɘ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ ɖ ůəɚɖɟɧŰɖŰŬ Ŭˊɞəɚɑɜɞɡɜ Ŭˊɧ ŬɡŰɎ 

Űɤɜ ɛŮŰɟɐůŮɤɜ 13, 30 əŬɘ 33. ȼ Ŭˊɧəɚɘůɖ ŬɡŰɐ ɞűŮɑɚŮŰŬɘ ůŰɖ ɛɘəɟɞŭɞɛɐ Űɞɡ 

ŭŮɑɔɛŬŰɞɠ, ɧˊɞɡ ůŰɖ ɛɘəɟɞŭɞɛɐ Űɖɠ ɛɏŰɟɖůɖɠ 16 ŮɛűŬɜɑɕŮŰŬɘ ɛŮɔɎɚɖ ˊŮɟɘɞɢɐ 

ɛɐŰɟŬɠ, ɖ ɞˊɞɑŬ ˊŮɟɘɓɎɚɚŮɘ Űɖɜ ˊɟɞɠ ɛɏŰɟɖůɖ ɑɜŬ, Ůɜɩ ůŰɘɠ ɡˊɧɚɞɘˊŮɠ ɛŮŰɟɐůŮɘɠ 

ɖ ŭɘɎŰŬɝɖ Űɤɜ ɘɜɩɜ ŮɑɜŬɘ ˊɘɞ ˊɡəɜɐ (ɆɢɐɛŬ 4.24(ŭ)). ɃˊɧŰŮ, ɞɘ ɛŮŰɟɐůŮɘɠ ůŰɞ 

Ɏəɟɞ ɛɘŬɠ ɑɜŬɠ ŮˊɖɟŮɎɕɞɜŰŬɘ ůɖɛŬɜŰɘəɎ Ŭˊɧ Űɖɜ Űɞˊɘəɐ ɛɘəɟɞŭɞɛɐ Űɖɠ ˊŮɟɘɞɢɐɠ 

Űɖɠ ɛɏŰɟɖůɖɠ. 

ɆŰɞ ɆɢɐɛŬ 4.30 ŬˊŮɘəɞɜɑɕɞɜŰŬɘ ŬˊɞŰɡˊɩɛŬŰŬ ůŰɖ ɛɐŰɟŬ Űɞɡ ŭŮɑɔɛŬŰɞɠ, ɖ ɞˊɞɑŬ 

ˊŮɟɘɓɎɚɚŮŰŬɘ Ŭˊɧ ɑɜŮɠ. ɇŬ ñˊŬəɏŰŬò ɛɐŰɟŬɠ ŮɑɜŬɘ ŭɘŬűɞɟŮŰɘəɎ ůŮ əɎɗŮ ɛɏŰɟɖůɖ. 

ɆŰɖɜ ŮɘəɧɜŬ SPM űŬɑɜɞɜŰŬɘ ŰŬ ŬˊɞŰɡˊɩɛŬŰŬ Űɤɜ ɛŮŰɟɐůŮɤɜ 45, 51 əŬɘ 54, ůŰɖɜ 

ɞˊɞɑŬ ŭɘŬˊɘůŰɩɜŮŰŬɘ ɧŰɘ ɖ ˊŮɟɘɞɢɐ Űɖɠ ɛɐŰɟŬɠ ŮɑɜŬɘ ŭɘŬűɞɟŮŰɘəɐ ɔɘŬ əɎɗŮ 

ɛɏŰɟɖůɖ. ɆŰɖɜ ŮɘəɧɜŬ SEM űŬɑɜŮŰŬɘ ɖ ɗɟŬɨůɖ Űɞɡ Ɏəɟɞɡ ɛɘŬɠ Ůə Űɤɜ 

ˊŮɟɘɓŬɚɚɞɡůɩɜ ɘɜɩɜ əŬŰɎ Űɖ ɛɏŰɟɖůɖ ůŰɖ ɛɐŰɟŬ. 

 

  

ɆɢɐɛŬ 4.30:  ȺɘəɧɜŬ SPM ɛŮ ŮɛűŬɜɐ ŰŬ ŬˊɞŰɡˊɩɛŬŰŬ Űɤɜ 45, 51 əŬɘ 54 

ɛŮŰɟɐůŮɤɜ əŬɘ ŮɘəɧɜŬ SEM ɛŮ ŮɛűŬɜɐ Űɞ ŬˊɞŰɨˊɤɛŬ Űɖɠ 51ɖɠ ɛɏŰɟɖůɖɠ. 

 

ɇŬ ŭɘŬɔɟɎɛɛŬŰŬ űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ Űɤɜ ɛŮŰɟɐůŮɤɜ 22, 29, 31 əŬɘ 45 ŮɑɜŬɘ 

ˊŬɟɧɛɞɘŬ, ɖ ɛŮŰŬŰɧˊɘůɖ Űɞɡ ŮɜŰɡˊɤŰɐ űŰɎɜŮɘ ɛɏɢɟɘ ŰŬ 900 nm ˊŮɟɑˊɞɡ, ɧŰŬɜ Űɞ 

űɞɟŰɑɞ ŮɑɜŬɘ ɛɏɔɘůŰɞ əŬɘ ŭŮɜ ˊŬɟŬŰɖɟɞɨɜŰŬɘ ŬˊɞəɚɑůŮɘɠ ůŰɘɠ Űɘɛɏɠ Űɞɡ ɛɏŰɟɞɡ 

ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ Űɖɠ ůəɚɖɟɧŰɖŰŬɠ Űɞɡɠ. ȷəɧɛɖ, ɖ Űɞˊɘəɐ ɛɘəɟɞŭɞɛɐ Űɞɡ 

ŭŮɑɔɛŬŰɞɠ ůŰɘɠ ɛŮŰɟɐůŮɘɠ ŬɡŰɏɠ ŮɑɜŬɘ ˊŬɟɧɛɞɘŬ (ɆɢɐɛŬ 4.24(ŭ)). ȾŬŰɎ Űɘɠ 

ɛŮŰɟɐůŮɘɠ 51 əŬɘ 54 ˊŬɟŬŰɖɟɞɨɜŰŬɘ Ŭˊɧəɚɘůɖ ůŰɘɠ Űɘɛɏɠ Űɞɡ ɛɏŰɟɞɡ 

ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ Űɖɠ ůəɚɖɟɧŰɖŰŬɠ, ɖ ɞˊɞɑŬ ɞűŮɑɚŮŰŬɘ ůŰɖɜ ɛŮɔŬɚɨŰŮɟɖ ˊŮɟɘɞɢɐ 

ɛɐŰɟŬɠ ˊɞɡ ɏɢɞɡɜ ŬɡŰɎ ŰŬ ñˊŬəɏŰŬò ɛɐŰɟŬɠ (ɆɢɐɛŬ 4.30). Ƀ Hardiman [6] (ɧˊɤɠ 

ŬɜŬűɏɟŮŰŬɘ əŬɘ ˊŬɟŬˊɎɜɤ) ɓɟɐəŮ ɧŰɘ ɞ ůɡɜŰŮɚŮůŰɐɠ ŭɘŮɑůŭɡůɖɠ ɔɘŬ ŭɘɎűɞɟŬ 
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ñˊŬəɏŰŬò ɛɐŰɟŬɠ ŬˊɞəɚɑɜŮɘ Ŭˊɧ Űɖɜ Űɘɛɐ Űɖɠ əŬɗŬɟɐɠ ɟɖŰɑɜɖɠ əŬɘ ŭɘŬˊɑůŰɤůŮ 

ɧŰɘ ŬɡŰɐ ɖ ŬɚɚŬɔɐ ůŰɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞ ɛɏɔŮɗɞɠ Űɞɡ 

ñˊŬəɏŰɞɡò Űɖɠ ɛɐŰɟŬɠ əŬɘ ŬɡɝɎɜŮŰŬɘ ɏɤɠ əŬɘ 19% ůŮ ůɨɔəɟɘůɖ ɛŮ Űɖɜ Űɘɛɐ Űɖɠ 

ɛɐŰɟŬɠ. Ⱥˊɞɛɏɜɤɠ, ɞɘ ŬɜɤŰɏɟɤ ˊŬɟŬŰɖɟɐůŮɘɠ ɞŭɖɔɞɨɜ ůŰɞ ůɡɛˊɏɟŬůɛŬ ɧŰɘ ɖ 

Űɞˊɘəɐ ɛɘəɟɞŭɞɛɐ Űɞɡ ŭŮɑɔɛŬŰɞɠ ˊŬɑɕŮɘ ůɖɛŬɜŰɘəɧ ɟɧɚɞ əŬŰɎ Űɖ ɛɏŰɟɖůɖ 

ɜŬɜɞŭɘŮɑůŭɡůɖɠ ůŮ ˊŮɟɘɞɢɐ ɛɐŰɟŬɠ. 

 

 
 

  

  

ɆɢɐɛŬ 4.31:  Ʉɞɚɡəɡəɚɘəɏɠ ɛŮŰɟɐůŮɘɠ ɜŬɜɞŭɘŮɑůŭɡůɖɠ ɛŮ ŬɡɝŬɜɧɛŮɜɞ 

ŮˊɘɓŬɚɚɧɛŮɜɞ űɞɟŰɑɞ Ŭˊɧ 1500 ɏɤɠ 34500 ɛɁ, ɛŮ ɓɐɛŬ 1500 ɛɁ ŭŮɑɔɛŬŰɞɠ ɛŮ 

ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ 90ɞ, ůŰɖ ɛɐŰɟŬ. 
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ɆɢɐɛŬ 4.32:  Ʉɞɚɡəɡəɚɘəɏɠ ɛŮŰɟɐůŮɘɠ ɜŬɜɞŭɘŮɑůŭɡůɖɠ ɛŮ ŬɡɝŬɜɧɛŮɜɞ 

ŮˊɘɓŬɚɚɧɛŮɜɞ űɞɟŰɑɞ Ŭˊɧ 1500 ɏɤɠ 34500 ɛɁ, ɛŮ ɓɐɛŬ 1500 ɛɁ ŭŮɑɔɛŬŰɞɠ ɛŮ 

ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ 90ɞ, ůŰɖ ŭɘŮˊɘűɎɜŮɘŬ ɑɜŬɠ-ɛɐŰɟŬɠ. 
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ɆŰɖɜ ȺɘəɧɜŬ SPM Űɞɡ ɆɢɐɛŬŰɞɠ 4.32 (ŮˊɎɜɤ ŬɟɘůŰŮɟɎ) űŬɑɜɞɜŰŬɘ ŰŬ 

ŬˊɞŰɡˊɩɛŬŰŬ ɞɟɘůɛɏɜɤɜ Ůə Űɤɜ ˊɞɚɡəɡəɚɘəɩɜ ɛŮŰɟɐůŮɤɜ ɜŬɜɞŭɘŮɑůŭɡůɖɠ (38, 

42 ,43, 44, 46, 47 əŬɘ 52) ůŰɖ ŭɘŮˊɘűɎɜŮɘŬ ɑɜŬɠ-ɛɐŰɟŬɠ. ȷˊɧ ŰŬ ŭɘŬɔɟɎɛɛŬŰŬ 

űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ Űɤɜ ɛŮŰɟɐůŮɤɜ ŬɡŰɩɜ ˊŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ ɖ ɛɞɟűɐ Űɤɜ 

əŬɛˊɡɚɩɜ ŮɑɜŬɘ ŭɘŬűɞɟŮŰɘəɐ ɔɘŬ Űɖɜ əɎɗŮ ɛɏŰɟɖůɖ əŬɘ ɞɘ Űɘɛɏɠ Űɞɡ ɛɏŰɟɞɡ 

ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ Űɖɠ ůəɚɖɟɧŰɖŰŬɠ ˊŬɟɞɡůɘɎɕɞɡɜ ɛŮɔɎɚŮɠ ŬˊɞəɚɑůŮɘɠ ɛŮŰŬɝɨ 

Űɞɡɠ. ȷəɧɛɖ, ˊŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ ɖ Űɞˊɘəɐ ɛɘəɟɞŭɞɛɐ ŮɑɜŬɘ ŭɘŬűɞɟŮŰɘəɐ ɔɘŬ əɎɗŮ 

ɛɏŰɟɖůɖ (ȺɘəɧɜŬ SPM), ɞŭɖɔɩɜŰŬɠ ůŰɞ ůɡɛˊɏɟŬůɛŬ ɧŰɘ ɖ ɛɘəɟɞŭɞɛɐ Űɞɡ 

ŭŮɑɔɛŬŰɞɠ ŮˊɖɟŮɎɕŮɘ ůɖɛŬɜŰɘəɎ Űɘɠ ɛŮŰɟɐůŮɘɠ ɜŬɜɞŭɘŮɑůŭɡůɖɠ ůŰɖ ŭɘŮˊɘűɎɜŮɘŬ. 

ɇɏɚɞɠ, Ŭˊɧ ɛŮŰɟɐůŮɘɠ ůŰɖ ŭɘŮˊɘűɎɜŮɘŬ, ɏɢɞɡɜ ˊɟɞəɨɣŮɘ ŭɘŬɟɎɛɛŬŰŬ űɞɟŰɑɞɡ-

ɛŮŰŬŰɧˊɘůɖɠ, ŰŬ ɞˊɞɑŬ ˊŬɟɞɡůɑŬɕɞɡɜ ůŰŬɗŮɟɞˊɞɑɖůɖ Űɞɡ űɞɟŰɑɞɡ ɔɘŬ ɏɜŬ Ůɨɟɞɠ 

Űɘɛɩɜ ɛŮŰŬŰɞˊɑůŮɤɠ (pop-in event), ɧˊɤɠ ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞ əŮűɎɚŬɘɞ 4.3.5.6. 

 

4.3.5.1 ɀŮɚɏŰɖ ˊŮɟɑˊŰɤůɖɠ (Case study)  

 

Oɘ Mueller əŬɘ ůɡɜŮɟɔɎŰŮɠ [7] ˊɟŬɔɛŬŰɞˊɞɑɖůŬɜ ɛɘəɟɞůəɞˊɘəɐ ŬɜɎɚɡůɖ Űɤɜ 

ŭɞəɘɛɩɜ push-out ɛŮ ŬəɑŭŬ Berkovich, ůŮ ůɨɜɗŮŰŬ əŮɟŬɛɘəɐɠ ɛɐŰɟŬɠ əŬɘ 

ŬɝɘɞɚɧɔɖůŬɜ Űɖ ŭɘŮˊɘűŬɜŮɘŬəɐ Űɞɡɠ ŭɡůɗɟŬɡůŰɧŰɖŰŬ. ɆŰɞ ɆɢɐɛŬ 4.28 űŬɑɜŮŰŬɘ 

ɛɑŬ Űɡˊɘəɐ əŬɛˊɨɚɖ űɞɟŰɑɞɡ-ɛŮŰŬŰɞˊɑůŮɤɠ ɛɘŬɠ ŭɞəɘɛɐɠ push-out ́ ɞɡ ŮəŰŮɚŮɑŰŬɘ 

ɛŮ ŬəɑŭŬ Berkovich. ȼ Ŭɟɢɘəɐ ɛŮŰŬŰɧˊɘůɖ Űɞɡ ɜŬɜɞŭɘŮɘůŭɡŰɐ (űɧɟŰɘůɖ) ɞŭɖɔŮɑ 

ůŮ Ŭɨɝɖůɖ Űɞɡ űɞɟŰɑɞɡ Űɞ ɞˊɞɑɞ ŬəɞɚɞɡɗŮɑŰŬɘ Ŭˊɧ ůŰŬɗŮɟɞˊɞɑɖůɖ űɞɟŰɑɞɡ ůŰŬ 

230 mN (pop-in), ɛɘŬ ŭŮɨŰŮɟɖ Ŭɨɝɖůɖ Űɞɡ űɞɟŰɑɞɡ ɛɏɢɟɘ Űo ŭŮɨŰŮɟɞ pop-in, ́ ɞɡ 

ŮˊɘŰɡɔɢɎɜŮŰŬɘ ůŰŬ 390 mN əŬɘ Űɖɜ ŰŮɚɘəɐ Ŭɨɝɖůɖ ɛɏɢɟɘ Űɞ ɛɏɔɘůŰɞ űɞɟŰɑɞ. ȼ 

ŬˊɞɛɎəɟɡɜůɖ Űɞɡ ŮɜŰɡˊɤŰɐ (ŬˊɞűɧɟŰɘůɖ) ɞŭɖɔŮɑ ůŮ ɛŮɑɤůɖ Űɞɡ űɞɟŰɑɞɡ, 

űɗɎɜɞɜŰŬɠ Űɞ ɛɖŭŮɜɘəɧ űɞɟŰɑɞ ůŮ ɛɘŬ ɛŮŰŬŰɧˊɘůɖ ůŰŬ 1,53 ɛm. 

ũɘŬ ɛɘŬ ɚŮˊŰɞɛŮɟɐ ɛɘəɟɞůəɞˊɘəɐ ŬɜɎɚɡůɖ Űɖɠ ˊɟɞɧŭɞɡ Űɖɠ ŬůŰɞɢɑŬɠ əŬŰɎ Űɖ 

ŭɞəɘɛɐ push-out, ɞɘ ɛŮŰɟɐůŮɘɠ ůŰŬɛɎŰɖůŬɜ əŬɘ ɏɔɘɜŮ ŬˊɞűɧɟŰɘůɖ ůŮ ŭɘɎűɞɟŬ 

ůŰɎŭɘŬ, ŰɏůůŮɟŬ Ŭˊɧ ŰŬ ɞˊɞɑŬ ůɖɛŮɘɩɜɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 4.33. 
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ɆɢɐɛŬ 4.33:  ȷɜŰɘˊɟɞůɤˊŮɡŰɘəɧ ŭɘɎɔɟŬɛɛŬ űɞɟŰɑɞɡ-ɛŮŰŬŰɞˊɑůŮɤɠ ŭɞəɘɛɐɠ 

push-out ˊɞɡ ŮəŰŮɚŮɑŰŬɘ ɛŮ ŬəɑŭŬ Berkovich. ɇŬ ůŰɎŭɘŬ ůŰŬ ɞˊɞɑŬ ɔɑɜɞɜŰŬɘ ɞɘ 

ɛŮŰɟɐůŮɘɠ ɛɘəɟɞůəɞˊɘəɐɠ ŬɜɎɚɡůɖɠ ɡˊɞŭŮɘəɜɨɞɜŰŬɘ ɛŮ ɓɏɚɖ (1-4) [7] . 

 

ɀŮŰɎ Űɖ ŭɘŬəɞˊɐ Űɞɡ ˊŮɘɟɎɛŬŰɞɠ ůŰɞ Űɏɚɞɠ Űɖɠ ˊɟɩŰɖɠ Ŭɨɝɖůɖɠ Űɖɠ əŬɛˊɨɚɖɠ 

űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ (ɆɢɐɛŬ 4.33, ůɖɛŮɑɞ 1), ɞɘ ɛɘəɟɞɔɟŬűɑŮɠ SEM Űɖɠ 

ɛˊɟɞůŰɘɜɐɠ ˊɚŮɡɟɎɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ (ɆɢɐɛŬ 4.34 (Ŭ)) ŭŮɑɢɜɞɡɜ ɏɜŬ 

əŮɜŰɟŬɟɘůɛɏɜɞ ŬˊɞŰɨˊɤɛŬ Űɖɠ ˊɡɟŬɛɘŭɘəɐɠ ŬəɑŭŬɠ ůŰɖɜ ɑɜŬ. ɇɞ ŬˊɞŰɨˊɤɛŬ 

ˊŮɟɘɞɟɑɕŮŰŬɘ ůŰɖɜ ŮɔəɎɟůɘŬ ˊŮɟɘɞɢɐ Űɖɠ ɑɜŬɠ ɏŰůɘ ɩůŰŮ ɖ ŮˊŬűɐ ɛŮŰŬɝɨ Űɞɡ 

ŮɜŰɡˊɤŰɐ əŬɘ Űɖɠ ˊŮɟɘɓɎɚɚɞɡůŬɠ ɛɐŰɟŬɠ ɜŬ ɛˊɞɟŮɑ ɜŬ ŬˊɞəɚŮɘůŰŮɑ. ɇɞ ɓɎɗɞɠ 

Űɞɡ ˊɡɟŬɛɘŭɘəɞɨ ŬˊɞŰɡˊɩɛŬŰɞɠ əŬɗɞɟɑɕŮŰŬɘ Ŭˊɧ ɛŮŰɟɐůŮɘɠ AFM əŬɘ ŬɜɏɟɢŮŰŬɘ 

ůŰŬ 150 nm. ȹŮɜ ɡˊɎɟɢŮɘ əŬɛɑŬ ˊŬɟŬɛɏɜɞɡůŬ ɘůɢɩɟɖůɖ (push-in) Űɖɠ ɑɜŬɠ ůŮ 

ůɢɏůɖ ɛŮ Űɖɜ ˊŮɟɘɓɎɚɚɞɡůŬ ŮˊɘűɎɜŮɘŬ Űɞɡ ŭŮɑɔɛŬŰɞɠ əŬɘ Ŭɧ́ Űɘɠ ɏɟŮɡɜŮɠ ɛŮ AFM 

əŬɘ SEM ŭŮɜ ɓɟɏɗɖəŮ əŬɛɑŬ ɏɜŭŮɘɝɖ ŮɝɤɗɐůŮɤɠ (push-out) Űɖɠ ɑɜŬɠ ůŰɖɜ ˊɑůɤ 

ˊɚŮɡɟɎ Űɞɡ ŭŮɑɔɛŬŰɞɠ. ȺəŰɧɠ Ŭˊɧ Űɖɜ ŬɜɑɢɜŮɡůɖ Űɖɠ ˊɚŬůŰɘəɐɠ ˊŬɟŬɛɧɟűɤůɖɠ 

Űɖɠ ɑɜŬɠ, ɏɢŮɘ ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ əŬɘ ŮɚŬůŰɘəɐ ˊŬɟŬɛɧɟűɤůɖ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ 

Ŭɟɢɘəɐɠ ɛŮŰŬŰɧˊɘůɖɠ Űɞɡ ŮɜŰɡˊɤŰɐ, əŬɗɩɠ ɖ ɛŮŰŬŰɧˊɘůɐ Űɞɡ, 1.0 ɛm (ɆɢɐɛŬ 

4.33) ɡˊŮɟɓŬɑɜŮɘ Űɞ ɓɎɗɞɠ Űɞɡ ŬˊɞŰɡˊɩɛŬŰɞɠ (150 nm) ɛŮ ɛŮɔɎɚɖ ŭɘŬűɞɟɎ. 

ȾŬɗɩɠ ɖ ɑɜŬ ůɡɜŭɏŮŰŬɘ ɛɖɢŬɜɘəɎ ɛŮ Űɖɜ ˊŮɟɘɓɎɚɚɞɡůŬ ɛɐŰɟŬ, ɖ ŮɚŬůŰɘəɐ 

ˊŬɟŬɛɧɟűɤůɖ ɚŬɛɓɎɜŮɘ ɢɩɟŬ əŬɘ ůŰɘɠ ɑɜŮɠ əŬɘ ůŰɖ ɛɐŰɟŬ. ȼ Ŭɜɞŭɘəɐ əɡɟŰɧŰɖŰŬ 

Űɖɠ əŬɛˊɨɚɖɠ űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ ɞűŮɑɚŮŰŬɘ ůŰɞ ˊɡɟŬɛɘŭɘəɧ ůɢɐɛŬ Űɖɠ ŬəɑŭŬɠ, 

ɚɧɔɤ Űɖɠ Ŭɨɝɖůɖɠ Űɖɠ ˊɟɞɓɚŮˊɧɛŮɜɖɠ ŮˊɘűɎɜŮɘŬɠ ŮˊŬűɐɠ ɛŮŰŬɝɨ Űɞɡ Ɏəɟɞɡ Űɞɡ 

ŮɜŰɡˊɤŰɐ əŬɘ Űɞɡ ŭŮɑɔɛŬŰɞɠ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ űɧɟŰɘůɖɠ. 
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ɆɢɐɛŬ 4.34:  ȷɜɎɚɡůɖ SEM Űɤɜ ŮˊɘűŬɜŮɘɩɜ Űɞɡ ŭŮɑɔɛŬŰɞɠ ɛŮŰɎ Ŭˊɧ ŭɘŬəɞˊɐ 

Űɤɜ ŭɞəɘɛɩɜ push-out ůŮ ŭɘɎűɞɟŬ ůŰɎŭɘŬ. ȼ Ŭɟɑɗɛɖůɖ Űɤɜ ůŰŬŭɑɤɜ űŬɑɜŮŰŬɘ 

ůŰɞ ɆɢɐɛŬ 4.28. (a) ůɖɛŮɑɞ 1, (b) ůɖɛŮɑɞ 2, (c) ůŰɖɜ  ˊɑůɤ ˊɚŮɡɟɎ Űɞɡ 

ŭŮɑɔɛŬŰɞɠ, ůɖɛŮɑɞ 2, (d) ůɖɛŮɑɞ 3, (e) ůɖɛŮɑɞ 4, (f) ůŰɖɜ ˊɑůɤ ˊɚŮɡɟɎ Űɞɡ 

ŭŮɑɔɛŬŰɞɠ, ůɖɛŮɑɞ 4 [7] . 

 

ɀŮ Űɖɜ Ŭɨɝɖůɖ Űɞɡ űɞɟŰɑɞɡ, ɖ ŰɎůɖ ůŰɖ ŭɘŮˊɘűɎɜŮɘŬ ɑɜŬɠ-ɛɐŰɟŬɠ ŬɡɝɎɜŮŰŬɘ əŬɘ 

ɧŰŬɜ ɖ Űɞˊɘəɐ ŰɎůɖ ůŰɖ ŭɘŮˊɘűɎɜŮɘŬ ɡˊŮɟɓŮɑ ɛɘŬ əɟɑůɘɛɖ Űɘɛɐ, ůɢɖɛŬŰɑɕŮŰŬɘ ɛɘŬ 

Ŭɟɢɘəɐ ɟɤɔɛɐ Ŭˊɞəɧɚɚɖůɖɠ ɑɜŬɠ-ɛɐŰɟŬɠ. ɆŰŬ ˊŮɟɘůůɧŰŮɟŬ Ŭˊɧ ŰŬ ˊŮɘɟɎɛŬŰŬ 

ɞ́ɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ŬəɑŭŬ Berkovich, ɖ ɏɜŬɟɝɖ Űɖɠ ɟɤɔɛɐɠ ŭŮɜ ɛˊɞɟŮɑ ɜŬ 

ŬˊɞŭɞɗŮɑ ůŮ ɏɜŬ ɞɟɘůɛɏɜɞ ůɖɛŮɑɞ ůŰɞ ŭɘɎɔɟŬɛɛŬ űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ. ȼ 

ɏɜŬɟɝɖ Űɖɠ ɟɤɔɛɐɠ ˊɟɞəŬɚŮɑ ɛŮɟɘəɐ Ŭˊɞəɧɚɚɖůɖ əŬɘ ɛɖɢŬɜɘəɐ ŬˊɞŭɏůɛŮɡůɖ 

Űɤɜ ɘɜɩɜ əŬɘ Űɖɠ ɛɐŰɟŬɠ əŬɘ əŬŰɎ ůɡɜɏˊŮɘŬ, ɡˊɎɟɢŮɘ ɛɘŬ ɝŬűɜɘəɐ ɛŮɑɤůɖ Űɞɡ 

ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ ɑɜŬɠ-ɛɐŰɟŬɠ, Űɞ ɞˊɞɑɞ ɞŭɖɔŮɑ ůŮ 

ŬɜɘůɞɟɟɞˊɑŬ Űɤɜ ŭɡɜɎɛŮɤɜ əŬɘ, ɤɠ Ůə ŰɞɨŰɞɡ ůŮ ɛɘŬ ŬˊɧŰɞɛɖ ɛŮŰŬŰɧˊɘůɖ Űɞɡ 

ŮɜŰɡˊɤŰɐ. ɆŰɖɜ əŬɛˊɨɚɖ űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ, ŬɡŰɧ ɏɢŮɘ ůŬɜ ŬˊɞŰɏɚŮůɛŬ ɛɘŬ 

ůɡɛˊŮɟɘűɞɟɎ ůŰŬɗŮɟɞˊɞɑɖůɖɠ űɞɟŰɑɞɡ (ɛŮŰŬɝɨ Űɤɜ ůɖɛŮɑɤɜ 1 əŬɘ 2 ůŰɞ ɆɢɐɛŬ 

4.33, ůŰŬ 230 mɁ). Ƀɘ ɛɘəɟɞɔɟŬűɑŮɠ SEM Űɤɜ ŭŮɘɔɛɎŰɤɜ Ŭˊɧ Űɘɠ ŭɞəɘɛɏɠ push-

out ˊɞɡ ŭɘŬəɧˊɖəŬɜ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɞɡ ˊɟɩŰɞɡ pop-in ŮˊɘɓŮɓŬɘɩɜɞɡɜ ɧŰɘ ɖ 

ŬəɑŭŬ ɏɢŮɘ ɏɟɗŮɘ ůŮ ŮˊŬűɐ ɛɧɜɞ ɛŮ Űɖɜ ɑɜŬ, əŬɘ ɧɢɘ ɛŮ Űɖɜ ŮɡɟɨŰŮɟɖ ˊŮɟɘɞɢɐ Űɖɠ 

ɛɐŰɟŬɠ. 

ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ɧ́ ɞɡ ɖ ŭɞəɘɛɐ push-out ŭɘŬəɧˊɖəŮ Ŭɛɏůɤɠ ɛŮŰɎ Űɞ ˊɟɩŰɞ pop-

in (ɆɢɐɛŬ 4.33, ůɖɛŮɑɞ 2), ɖ ŬɜɎɚɡůɖ SEM ŬˊɞəŬɚɨˊŰŮɘ ˊɚŬůŰɘəɐ 

ˊŬɟŬɛɧɟűɤůɖ ůŰɖɜ ɑɜŬ əŬɘ ůŰɖ ɔŮɘŰɞɜɘəɐ ɛɐŰɟŬ (ɆɢɐɛŬ 4.34 (b)) ˊɞɡ ˊɟɞəɨˊŰŮɘ 
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Ŭˊɧ Űɖɜ ŬəɑŭŬ Berkovich, ŬˊɞŭŮɘəɜɨoɜŰŬɠ ɧŰɘ ɝŮəɘɜɩɜŰŬɠ Ŭˊɧ Űɞ ˊɟɩŰɞ pop-in, 

Űɧůɞ ɞɘ ɑɜŮɠ ɧůɞ əŬɘ ɖ ɛɐŰɟŬ űɞɟŰɑɕɞɜŰŬɘ ŬˊŮɡɗŮɑŬɠ Ŭˊɧ Űɖɜ Ɏəɟɖ Űɞɡ ŮɜŰɡˊɤŰɐ. 

ɆŰɖɜ ˊɑůɤ ˊɚŮɡɟɎ Űɞɡ ŭŮɑɔɛŬŰɞɠ, ŭŮɜ ˊŬɟŬŰɖɟɐɗɖəŬɜ ŬˊɞəɚɑůŮɘɠ Ŭˊɧ Űɖɜ Ŭɟɢɘəɐ 

əŬŰɎůŰŬůɖ ɛŮ SEM (ɆɢɐɛŬ 4.34 (c)) əŬɘ AFM. 

ɄŮɟŬɘŰɏɟɤ ɛŮŰŬŰɧˊɘůɖ Űɞɡ Ɏəɟɞɡ Űɞɡ ŭɘŮɘůŭɡŰɐ ɞŭɖɔŮɑ ůŮ ˊŮɟŬɘŰɏɟɤ Ŭɨɝɖůɖ 

Űɞɡ űɞɟŰɑɞɡ ůŰɞ ŭɘɎɔɟŬɛɛŬ űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ (ɆɢɐɛŬ 4.33, ůɖɛŮɑŬ 2 əŬɘ 3), 

ɖ ɞˊɞɑŬ ˊɟɞəŬɚŮɑŰŬɘ Ŭˊɧ Űɖɜ Ŭɨɝɖůɖ Űɤɜ ˊɚŬůŰɘəɩɜ əŬɘ ŮɚŬůŰɘəɩɜ 

ˊŬɟŬɛɞɟűɩůŮɤɜ Űɤɜ ɘɜɩɜ əŬɘ Űɖɠ ɛɐŰɟŬɠ (ɆɢɐɛŬ 4.34 (d)).  

Ƀɘ ɛŮŰŬŰɞˊɑůŮɘɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɤɜ ɘɜɩɜ ŬˊŮɘəɞɜɑɕɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 4.35. ȾŬŰɎ 

Űɖ űɧɟŰɘůɖ, ɖ ɑɜŬ ŮɘůɢɤɟŮɑ ůŰɞ ŭŮɑɔɛŬ, ɚɧɔɤ Űɤɜ ˊɚŬůŰɘəɩɜ əŬɘ ŮɚŬůŰɘəɩɜ 

ˊŬɟŬɛɞɟűɩůŮɤɜ Űɤɜ ɘɜɩɜ əŬɘ Űɖɠ ˊŮɟɘɓɎɚɚɞɡůŬɠ ɛɐŰɟŬɠ (ŭɘŬəŮəɞɛɛɏɜɖ 

ɔɟŬɛɛɐ), ɧˊɞɡ ŬɜŰɘůŰɞɘɢŮɑ ůŰɖɜ ɛŮŰŬŰɧˊɘůɖ Űɞɡ ŮɜŰɡˊɤŰɐ, ɧˊɤɠ űŬɑɜŮŰŬɘ əŬɘ ůŰɞ 

ŭɘɎɔɟŬɛɛŬ űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ (ɆɢɐɛŬ 4.33, ůɖɛŮɑɞ 3: 1680 nm). ɆŮ ŬɡŰɐɜ Űɖ 

ɛŮŰŬŰɧˊɘůɖ, ɖ ɟɤɔɛɐ ɏɢŮɘ ɐŭɖ ŭɘŬŭɞɗŮɑ əŬŰɎ ɛɐəɞɠ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ, ŬɚɚɎ ŭŮɜ 

ɏɢŮɘ Ŭəɧɛɖ űɗɎůŮɘ Űɖɜ ˊɑůɤ ˊɚŮɡɟɎ Űɞɡ ŭŮɑɔɛŬŰɞɠ (ɆɢɐɛŬ 4.35, ɕɘɔə-ɕŬɔə 

ɔɟŬɛɛɐ). ɀŮŰɎ Űɖɜ ŬˊɞűɧɟŰɘůɖ Űɞɡ ŭŮɑɔɛŬŰɞɠ, ɞɘ ŮɚŬůŰɘəɏɠ ˊŬɟŬɛɞɟűɩůŮɘɠ 

ɢŬɚŬɟɩɜɞɡɜ əŬɘ ŬˊɞɛɏɜŮɘ ɏɜŬ ɓɎɗɞɠ Ůəɢɩɟɖůɖɠ (push-in). Ƀɘ ŭɞəɘɛɏɠ push-out 

ůŮ ŬɡŰɧ Űɞ ůŰɎŭɘɞ (ɆɢɐɛŬ 4.33, ůɖɛŮɑɞ 3) ŬɜŰɘůŰɞɘɢɞɨɜ ůŰɘɠ ŭɞəɘɛɏɠ push-in, ɞɘ 

ɞˊɞɑŮɠ ůɡɜɐɗɤɠ ŮəŰŮɚɞɨɜŰŬɘ ůŮ ŭŮɑɔɛŬŰŬ ɛŮ ɛŮɔŬɚɨŰŮɟɞ ˊɎɢɞɠ. 

 

 

ɆɢɐɛŬ 4.35:  ɆɢɖɛŬŰɘəɐ ŬˊŮɘəɧɜɘůɖ Űɤɜ ˊɚŬůŰɘəɩɜ əŬɘ ŮɚŬůŰɘəɩɜ 

ˊŬɟŬɛɞɟűɩůŮɤɜ Űɞɡ ŭŮɑɔɛŬŰɞɠ push-out ůŰɞ ůɖɛŮɑɞ 3. ȼ ŭɘŬəŮəɞɛɛɏɜɖ 

ɔɟŬɛɛɐ ůɖɛŬŰɞŭɞŰŮɑ Űɖɜ ɗɏůɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɤɜ ɘɜɩɜ ɡˊɧ űɞɟŰɑɞ, Ůɜɩ ɖ 

ůɡɜŮɢɐɠ ɔɟŬɛɛɐ ɛŮŰɎ Űɖɜ ŬˊɞűɧɟŰɘůɖ [7] . 

 

ȳŰŬɜ ɖ ɟɤɔɛɐ űɗɎůŮɘ ůŰɖɜ ˊɑůɤ ˊɚŮɡɟɎ, ɖ ɑɜŬ əŬɘ ɖ ɛɐŰɟŬ ŬˊɞəɞɚɚɩɜŰŬɘ 

ŮɜŰŮɚɩɠ əŬɘ ɖ ůɡɛˊɘŮůɛɏɜɖ ɑɜŬ ɛˊɞɟŮɑ ɜŬ ŮˊŮəŰŬɗŮɑ ˊɟɞɠ Űɖɜ ˊɑůɤ ˊɚŮɡɟɎ Űɞɡ 

ŭŮɑɔɛŬŰɞɠ. ȼ ŮɝɎɚŮɘɣɖ Űɖɠ ůɨɜŭŮůɖɠ ɘɜɩɜ-ɛɐŰɟŬɠ ɛŬɕɑ ɛŮ ɛɘŬ ɛŮɟɘəɐ ɢŬɚɎɟɤůɖ 

Űɖɠ ɑɜŬɠ ɞŭɖɔŮɑ ůŮ ŬɜɘůɞɟɟɞˊɑŬ Űɤɜ ŭɡɜɎɛŮɤɜ əŬɘ, ɤɠ Ůə ŰɞɨŰɞɡ ůŮ ɛɘŬ ɝŬűɜɘəɐ 

ɛŮŰŬŰɧˊɘůɖ Űɞɡ Ɏəɟɞɡ Űɞɡ ŮɜŰɡˊɤŰɐ, ɖ ɞˊɞɑŬ ˊɟɞəŬɚŮɑ Űɞ ŭŮɨŰŮɟɞ pop-in, ɧˊɤɠ 
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űŬɑɜŮŰŬɘ ůŰɞ ŭɘɎɔɟŬɛɛŬ űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ, ůŰŬ 390 mN (ɆɢɐɛŬ 4.33, ɛŮŰŬɝɨ 

Űɤɜ ůɖɛŮɑɤɜ 3 əŬɘ 4). 

ɇŬ ˊŮɘɟɎɛŬŰŬ ˊɞɡ ůŰŬɛɎŰɖůŬɜ Ŭɛɏůɤɠ ɛŮŰɎ Űɞ ŭŮɨŰŮɟɞ pop-in (ůɖɛŮɑɞ 4), 

ŬˊɞəŬɚɨˊŰɞɡɜ ɧŰɘ ɖ ɑɜŬ ɤɗŮɑŰŬɘ ůŮ ɛɘŬ ŬˊɧůŰŬůɖ ˊŮɟɑˊɞɡ 790 nm ɛŮ ˊɡɟŬɛɘŭɘəɧ 

ŬˊɞŰɨˊɤɛŬ ůŰŬ 260 nm. ȺəŰɧɠ Ŭˊɧ Űɞ ˊɡɟŬɛɘŭɘəɧ ŬˊɞŰɨˊɤɛŬ, ŭŮɜ ˊŬɟŬŰɖɟŮɑŰŬɘ 

ˊŮɟŬɘŰɏɟɤ ɓɚɎɓɖ ůŰɖɜ ɑɜŬ (ɆɢɐɛŬ 4.34 (e)). ɆŰɖɜ ˊɑůɤ ˊɚŮɡɟɎ Űɞɡ ŭŮɑɔɛŬŰɞɠ, ɖ 

ɑɜŬ ˊɟɞŮɝɏɢŮɘ Ŭˊɧ Űɖɜ ŮˊɘűɎɜŮɘŬ (ɆɢɐɛŬ 4.34 (f)) ŬˊɞŭŮɘəɜɨɞɜŰŬɠ ɧŰɘ 

ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ Ůɝɩɗɖůɖ Űɖɠ ɑɜŬɠ ůŰɞ ŭŮɨŰŮɟɞ pop-in Űɞɡ ŭɘŬɔɟɎɛɛŬŰɞɠ 

űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ. 

ɀŮŰɎ Űɞ pop-in, ɚŬɛɓɎɜŮɘ ɢɩɟŬ ɛɘŬ Ɏɚɚɖ Ŭɨɝɖůɖ Űɞɡ űɞɟŰɑɞɡ (ɆɢɐɛŬ 4.34, 

ůɖɛŮɑɞ 4 ɏɤɠ Űɞ ɛɏɔɘůŰɞ űɞɟŰɑɞ) ɛŮ əɚɑůɖ ˊŬɟɧɛɞɘŬ ɛŮ Űɖɜ əɚɑůɖ ɛŮŰŬɝɨ Űɤɜ 

ůɖɛŮɑɤɜ 2 əŬɘ 3. ɇŬ ˊŮɘɟɎɛŬŰŬ ŮˊɘɓŮɓŬɘɩɜɞɡɜ ɧŰɘ Űɞ ɓɎɗɞɠ Ůɝɩɗɖůɖɠ əŬɗɩɠ əŬɘ 

Űɞ ŬˊɞŰɨˊɤɛŬ Űɖɠ ɛɐŰɟŬɠ ŬɡɝɎɜŮŰŬɘ, ɧŰŬɜ ɖ űɧɟŰɘůɖ ůɡɜŮɢɑɕŮŰŬɘ. 

ɆɡɜɞɣɑɕɞɜŰŬɠ, ɞɘ əŬɛˊɨɚŮɠ űɞɟŰɑɞɡ-ɛŮŰŬŰɞˊɑůŮɤɠ Űɤɜ ŭɞəɘɛɩɜ push-out ˊɞɡ 

ˊɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ ɛŮ ŬəɑŭŬ Berkovich ɏŭŮɘɝŬɜ ŭɨɞ ɏɜŰɞɜŬ pop-in: ɇɞ ˊɟɩŰɞ 

ɛˊɞɟŮɑ ɜŬ ŬˊɞŭɞɗŮɑ ůŰɖɜ Ůəɢɩɟɖůɖ Űɖɠ ɑɜŬɠ (push-in) əŬɘ Űɞ ŭŮɨŰŮɟɞ ůŰɖɜ 

Ůɝɩɗɖůɖ Űɖɠ ɑɜŬɠ (push-out).  

 

4.3.5.2 çPop-in eventsè 

 

ȷˊɧ ŰŬ ŭɘŬɔɟɎɛɛŬŰŬ űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ Űɤɜ ˊɞɚɡəɡəɚɘəɩɜ ɛŮŰɟɐůŮɤɜ 

ɜŬɜɞŭɘŮɑůŭɡůɖɠ, ˊɞɡ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ůŰɞ ůɡɜɗɏŰɞ ɘɜɩɜ ɎɜɗɟŬəŬ-Ůˊɞɝɘəɐɠ 

ɟɖŰɑɜɖɠ ɛŮ ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ 90ɞ, ŰɡɢŬɑŬ ůŮ ɧɚɖ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ŭŮɑɔɛŬŰɞɠ, 

ˊŬɟŬŰɖɟɐɗɖəŮ ɧŰɘ ůŰɖɜ ˊŮɟɘɞɢɐ əɞɜŰɎ ůŰɖ ŭɘŮˊɘűɎɜŮɘŬ, ŮɡɜɞɐɗɖəŮ ɖ ŮɛűɎɜɘůɖ 

çpop-in eventè. ɇŬ pop-in ˊŬɟŬŰɖɟɞɨɜŰŬɘ ůŮ ŭɘŬűɞɟŮŰɘəɞɨɠ əɨəɚɞɡɠ űɧɟŰɘůɖɠ-

ŬˊɞűɧɟŰɘůɖɠ, ůŮ ŭɘŬűɞɟŮŰɘəɎ űɞɟŰɑŬ, əŬɗɩɠ əŬɘ ůŮ ŭɘŬűɞɟŮŰɘəɏɠ ɛŮŰŬŰɞˊɑůŮɘɠ 

Űɞɡ ŮɜŰɡˊɤŰɐ. ȼ ŭɘŬűɞɟɞˊɞɑɖůɖ ŬɡŰɐ ɞűŮɑɚŮŰŬɘ ůŰɖɜ Űɞˊɘəɐ ɛɘəɟɞŭɞɛɐ Űɞɡ 

ŭŮɑɔɛŬŰɞɠ əŬŰɎ Űɖ ɛɏŰɟɖůɖ, ŭɖɚŬŭɐ Űɖɜ ˊɡəɜɐ ɐ ŬɟŬɘɐ ůŰɞɑɓŬɝɖ Űɤɜ ɘɜɩɜ. ȸɎůŮɘ 

Űɞɡ ɆɢɐɛŬŰɞɠ 4.24, ɞɘ ŭɘŬűɞɟɞˊɞɘɐůŮɘɠ Űɤɜ əŬɛˊɡɚɩɜ űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ 

ɛˊɞɟɞɨɜ ɜŬ əŬŰɖɔɞɟɘɞˊɞɘɖɗɞɨɜ ůŮ ŰɟŮɘɠ ŭɘŬűɞɟŮŰɘəɏɠ Űɞˊɘəɏɠ ɛɘəɟɞŭɞɛɏɠ, ˊɞɡ 

ŬɜŰɘůŰɞɘɢɞɨɜ ůŮ ŰɟŮɘɠ ŭɘŬűɞɟŮŰɘəɏɠ ɞɛɎŭŮɠ pop-in. ɆŰɞ ɆɢɐɛŬ 4.36 ŭɑɜŮŰŬɘ ɖ 

ůɢɖɛŬŰɘəɐ ŬɜŬˊŬɟɎůŰŬůɖ Űɤɜ ɛɘəɟɞŭɞɛɩɜ ŬɡŰɩɜ, ɧˊɞɡ ůŰɞ ůɢɐɛŬ 4.31(Ŭ) 

ˊŬɟŬŰɖɟŮɑŰŬɘ ˊɡəɜɐ ůŰɞɑɓŬɝɖ Űɤɜ ɘɜɩɜ ñɀɘəɟɞŭɞɛɐ 1ò, ůŰɖ ñɀɘəɟɞŭɞɛɐ 2ò 

ˊŬɟŬŰɖɟŮɑŰŬɘ ˊɘɞ ŬɟŬɘɐ ůŰɞɑɓŬɝɖ Űɤɜ ɘɜɩɜ, Ůɜɩ ɖ ñɀɘəɟɞŭɞɛɐ 3ò ŬˊɞŰŮɚŮɑŰŬɘ 

Ŭˊɧ ɛŮɔŬɚɨŰŮɟɖ ˊŮɟɘɞɢɐ ɛɐŰɟŬɠ. 
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ɆɢɐɛŬ 4.36:  ɇɞˊɘəɏɠ ɛɘəɟɞŭɞɛɏɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ŭŮɑɔɛŬŰɞɠ (Ŭ) 

ɀɘəɟɞŭɞɛɐ 1, (ɓ) ɀɘəɟɞŭɞɛɐ 2 əŬɘ (ɔ) ɀɘəɟɞŭɞɛɐ 3.  

 

ɆŰɞ ɆɢɐɛŬ 4.37 űŬɑɜɞɜŰŬɘ ŰŬ ŭɘŬɔɟɎɛɛŬŰŬ űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ, ŰŬ ɞˊɞɑŬ 

ɚɐűɗɖəŬɜ Ŭˊɧ ŮɜŰɡˊɩůŮɘɠ ůŰɖ ŭɘŮˊɘűɎɜŮɘŬ ɑɜŬɠ-ɛɐŰɟŬɠ ɛŮ Űɞˊɘəɐ ɛɘəɟɞŭɞɛɐ Űɖɠ 

ŮˊɘűɎɜŮɘŬɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ ˊŬɟɧɛɞɘŬ ɛŮ ŬɡŰɐ Űɖɠ ñɀɘəɟɞŭɞɛɐɠ 1ò, ɧˊɞɡ ŮɑɜŬɘ 

ŮɛűŬɜɏɠ Űɞ pop-in. ɇŬ pop-in ɚŬɛɓɎɜɞɡɜ ɢɩɟŬ əŬŰɎ Űɞɜ ˊɏɛˊŰɞ əɨəɚɞ űɧɟŰɘůɖɠ-

ŬˊɞűɧɟŰɘůɖɠ, əŬŰô ŮɝŬɑɟŮůɖ Űɖɠ ŮɜŰɨˊɤůɖɠ 60, ˊɞɡ ŮɛűŬɜɑůŰɖəŮ ůŰɞɜ ɏəŰɞ 

əɨəɚɞ, ůŰŬ 5500 ɛɁ ˊŮɟɑˊɞɡ əŬɘ ůŮ ɏɜŬ Ůɨɟɞɠ Űɘɛɩɜ ɛŮŰŬŰɞˊɑůŮɤɠ Ŭˊɧ 250 ɏɤɠ 

350 nm. ȷəɧɛɖ, ɞɘ Űɘɛɏɠ Űɖɠ ůəɚɖɟɧŰɖŰŬɠ əŬɘ Űɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ, ˊɞɡ 

ɡˊɞɚɞɔɑɕɞɜŰŬɘ Ŭˊɧ Űɞɜ ŰŮɚŮɡŰŬɑɞ əɨəɚɞ ŮɑɜŬɘ ŭɘŬűɞɟŮŰɘəɏɠ ɛŮŰŬɝɨ Űɞɡɠ. 

ȷˊɧ ŰŬ ŭɘŬɔɟɎɛɛŬŰŬ Űɖɠ ŭŮɨŰŮɟɖɠ ɞɛɎŭŬɠ pop-in (ɆɢɐɛŬ 4.38) ́ ŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ 

Űɞ pop-in ɚŬɛɓɎɜŮɘ ɢɩɟŬ ůŰɞɜ 12ɞ əɨəɚɞ űɧɟŰɘůɖɠ - ŬˊɞűɧɟŰɘůɖɠ, ˊŮɟɑˊɞɡ ůŰŬ 

16000 ɛɁ, ɛŮ ɏɜŬ Ůɨɟɞɠ Űɘɛɩɜ ɛŮŰŬŰɧˊɘůɖɠ ɜŬ əɡɛŬɑɜŮŰŬɘ ůŰŬ 500 nm. Ƀɘ Űɘɛɏɠ  

Űɖɠ ůəɚɖɟɧŰɖŰŬɠ əŬɘ Űɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ Űɞɡ ŰŮɚŮɡŰŬɑɞɡ əɨəɚɞɡ ŮɑɜŬɘ 

ˊŬɟɧɛɞɘŮɠ. 

ɆŰɞ ɆɢɐɛŬ 4.39 ŭɑɜɞɜŰŬɘ ŰŬ ŭɘŬɔɟɎɛɛŬŰŬ űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ Űɖɠ ŰɟɑŰɖɠ 

ɞɛɎŭŬɠ pop-in (ñɀɘəɟɞŭɞɛɐ 3ò). KŬŰɎ Űɘɠ ɛŮŰɟɐůŮɘɠ 17 əŬɘ 28 ɚŬɛɓɎɜɞɡɜ ɢɩɟŬ 

ŭɨɞ pop-in, ůŰɞɜ 15ɞ əŬɘ 17ɞ əɨəɚɞ űɟɧɟŰɘůɖɠ-ŬˊɞűɧɟŰɘůɖɠ əŬɘ ůŰɞɜ 14ɞ əŬɘ 18ɞ, 

ŬɜŰɑůŰɞɘɢŬ əŬɘ ɞɘ Űɘɛɏɠ Űɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ Űɖɠ ůəɚɖɟɧŰɖŰŬɠ ŮɑɜŬɘ 

ˊŬɟɞɛɞɘŮɠ. ɇɞ ˊɟɩŰɞ pop-in ŮɛűŬɜɑɕŮŰŬɘ ůŮ űɞɟŰɑɞ 20000 ɛɁ ˊŮɟɑˊɞɡ, Ůɜɩ Űɞ 

ŭŮɨŰŮɟɞ ůŰŬ 23000 ɛɁ. ɆŰɘɠ ɡˊɧɚɞɘˊŮɠ ɛŮŰɟɐůŮɘɠ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ɏɜŬ pop-in ůŮ 

űɞɟŰɑɞ 20000 ɛɁ ˊŮɟɑˊɞɡ, ůŰɞɜ 15ɞ əɨəɚɞ űɧɟŰɘůɖɠ-ŬˊɞűɧɟŰɘůɖɠ ůŰɘɠ ɛŮŰɟɐůŮɘɠ 

32 əŬɘ 36, ůŰɞɜ 16ɞ əɨəɚɞ ůŰɖ ɛɏŰɟɖůɖ 61 əŬɘ ůŰɞɜ 18ɞ ůŰɖɜ 56. 
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ɆɢɐɛŬ 4.37:  ȾŬɛˊɨɚŮɠ űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ ñɀɘəɟɞŭɞɛɐɠ 1ò. 

 

 
 

 

ɆɢɐɛŬ 4.38:  ȾŬɛˊɨɚŮɠ űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ ñɀɘəɟɞŭɞɛɐɠ 2ò. 
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ɆɢɐɛŬ 4.39:  ȾŬɛˊɨɚŮɠ űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ ñɀɘəɟɞŭɞɛɐɠ 3ò. 

 

ȷˊɧ ŰŬ ɆɢɐɛŬŰŬ 4.37, 4.38 əŬɘ 4.349, ˊŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ Űɞ pop-in ŮɛűŬɜɑɕŮŰŬɘ ůŮ 

ɢŬɛɖɚɧŰŮɟŬ űɞɟŰɑŬ əŬŰɎ Űɘɠ ɛŮŰɟɐůŮɘɠ ůŰɖ ñɀɘəɟɞŭɞɛɐ 1ò əŬɘ ůŮ ɡɣɖɚɧŰŮɟŬ 

ůŰɖ ñɀɘəɟɞŭɞɛɐ 3ò. ȳŰŬɜ ɞɘ ɛŮŰɟɐůŮɘɠ ɔɑɜɞɜŰŬɘ ůŮ ɛɘəɟɞŭɞɛɐ ɛŮ ˊɡəɜɐ ŭɘɎŰŬɝɖ 

ɘɜɩɜ, ɖ ɏɜŬɟɝɖ Űɖɠ ɟɤɔɛɐɠ ŬɟɢɑɕŮɘ ůŮ ɢŬɛɖɚɧŰŮɟŬ űɞɟŰɑŬ, Ůɜɩ ɧŰŬɜ ɖ ŭɘɎŰŬɝɖ 

ŮɑɜŬɘ ˊɘɞ ŬɟŬɘɐ ŬˊŬɘŰɞɨɜŰŬɘ ɛŮɔŬɚɨŰŮɟŬ űɞɟŰɑŬ ɔɘŬ ɜŬ ɚɎɓŮɘ ɢɩɟŬ Űɞ pop-in,  

ɞŭɖɔɩɜŰŬɠ ůŰɞ ůɡɛˊɏɟŬůɛŬ ɧŰɘ Űɞ űɞɟŰɑɞ ůŰɞ ɞˊɞɑɞ ɚŬɛɓɎɜŮɘ ɢɩɟŬ Űɞ pop-in 

ŮˊɖɟŮɎɕŮŰŬɘ Ŭˊɧ Űɖɜ Űɞˊɘəɐ ɛɘəɟɞŭɞɛɐ, ůŰɖɜ ɞˊɞɑŬ ɔɑɜŮŰŬɘ ɖ ɛɏŰɟɖůɖ 

ɜŬɜɞŭɘŮɑůŭɡůɖɠ. ȷɡŰɐ ɖ ˊŬɟŬŰɐɟɖůɖ ŮɑɜŬɘ ɚɞɔɘəɐ, ŭŮŭɞɛɏɜɞɡ ɧŰɘ ɧŰŬɜ ɞ 

ŮɜŰɡˊɤŰɐɠ ŭɘŮɘůŭɨŮɘ ůŮ ɛɘŬ ɛŮɔŬɚɨŰŮɟɖ ˊŮɟɘɞɢɐ ɛɐŰɟŬɠ ɛˊɞɟŮɑ ɜŬ ŬˊɞɟɟɞűɖɗŮɑ 

ˊŮɟɘůůɧŰŮɟɖ Ŭˊɧ Űɖɜ ŮɜɏɟɔŮɘŬ ŭɘŮɑůŭɡůɖɠ ɛɏůɤ Űɖɠ ˊɚŬůŰɘəɐɠ ˊŬɟŬɛɧɟűɤůɖɠ 

Űɖɠ ɛɐŰɟŬɠ ɛɏɢɟɘ ɜŬ ŬɟɢɑůŮɘ ɖ Ŭˊɞəɧɚɚɖůɖ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ ɑɜŬɠ-ɛɐŰɟŬɠ. 

ȷəɧɛɖ, ˊŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ ůŰɖɜ ˊɟɩŰɖ ɞɛɎŭŬ Űɞ pop-in ɚŬɛɓɎɜŮɘ ɢɩɟŬ ůŰɞɜ 5ɞ 
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əɨəɚɞ űɧɟŰɘůɖɠ-ŬˊɞűɧɟŰɘůɖɠ, ůŰɖ ŭŮɨŰŮɟɖ ůŰɞɜ 12ɞ, Ůɜɩ ůŰɖɜ ŰɟɑŰɖ ůŰɞɜ 15ɞ, 

16ɞ ɐ 18ɞ ŬɜɎɚɞɔɤɠ Űɖ ɛɏŰɟɖůɖ. 

 

ɄɑɜŬəŬɠ 4.2:  ɇɘɛɏɠ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ ůəɚɖɟɧŰɖŰŬɠ əŬɘ əɨəɚɞɠ ˊɟɘɜ 

əŬɘ ɛŮŰɎ Űɞ pop-in ɔɘŬ Űɘɠ ŰɟŮɘɠ ŭɘŬűɞɟŮŰɘəɏɠ Űɞˊɘəɏɠ ɛɘəɟɞŭoɛɏɠ. 

 

 

Ⱥ
ɜ
Ű
ɨ
ˊ
ɤ
ů
ɖ

 

 

  

Ʉɟɘɜ Űɞ Pop-in  

  

  

ɀŮŰɎ Űɞ Pop-in  

  

 Er (GPa) H (GPa) Ⱦɨəɚɞɠ Er (GPa) H (GPa) Ⱦɨəɚɞɠ 

ɀ
ɘ
ə
ɟ
ɞ
ŭ
ɞ
ɛ
ɐ
 
1

 35 37.8 4.63 4 28 2.39 5 

36 38.42 4.17 4 41.22 1.97 5 

39 39.35 4.59 4 30.77 1.31 5 

60 42.22 4.88 5 39.63 3.22 6 

 ɀ.Ƀ.: 39.45 4.57  34.9 2.22  

ɀ
ɘ
ə
ɟ
ɞ
ŭ
ɞ
ɛ
ɐ

 2
 

1 36.89 4.07 11 29.46 1.7 12 

4 36.76 4.06 11 33.18 1.92 12 

37 38.59 4.24 11 34.69 3.1 12 

 ɀ.Ƀ.: 37.41 4.12  32.44 2.24  

ɀ
ɘ
ə
ɟ
ɞ
ŭ
ɞ
ɛ
ɐ
 
3

 

17 40.26 4.08 14 35.54 2.77 15 

 36.06 2.43 16 30.62 1.59 17 

28 39.89 5.05 13 35.89 3.75 14 

 35.55 2.46 17 36.73 2.01 18 

32 42.93 6.81 14 28.78 1.29 15 

55 36.16 3.72 14 33.15 2.05 15 

56 52.88 7.64 17 34.89 2.33 18 

61 38.01 3.84 15 37.39 3.15 16 

 ɀ.Ƀ.: 40.22 4.5  34.12 2.37  

 

ɆŰɞɜ ɄɑɜŬəŬ 4.2 ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɞɘ Űɘɛɏɠ Űɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ 

ůəɚɖɟɧŰɖŰŬɠ ˊɟɘɜ əŬɘ ɛŮŰɎ Űɞ pop-in əŬŰɎ Űɘɠ ŮɜŰɡˊɩůŮɘɠ ůŰɘɠ ŰɟŮɘɠ ŭɘŬűɞɟŮŰɘəɏɠ 

Űɞˊɘəɏɠ ɛɘəɟɞŭɞɛɏɠ Űɞɡ ůɡɜɗɏŰɞɡ. ɈˊɞɚɞɔɑůŰɖəŮ ɞ ɛɏůɞɠ ɧɟɞɠ Űɤɜ Űɘɛɩɜ ɛɏŰɟɞɡ 

ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ ůəɚɖɟɧŰɖŰŬɠ ˊɟɘɜ əŬɘ ɛŮŰɎ Űɞ pop-in ɔɘŬ əɎɗŮ ɛɘəɟɞŭɞɛɐ əŬɘ 
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ˊŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ ɞɘ Űɘɛɏɠ ŮɑɜŬɘ ˊŬɟɧɛɞɘŮɠ əŬɘ ůŰɘɠ ŰɟŮɘɠ ˊŮɟɘˊŰɩůŮɘɠ. ɇɏɚɞɠ, ůŰŬ 

ɆɢɐɛŬŰŬ 4.40 əŬɘ 4.41 ŬˊŮɘəɞɜɑɕɞɜŰŬɘ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ ɖ 

ůəɚɖɟɧŰɖŰŬ ˊɟɘɜ əŬɘ ɛŮŰɎ Űɞ pop-in, ˊɞɡ ˊɟɞɏəɡɣŬɜ Ŭˊɧ ɧɚŮɠ Űɘɠ ɛŮŰɟɐůŮɘɠ əŬɘ 

Űɤɜ Űɟɘɩɜ ɛɘəɟɞŭɞɛɩɜ. ɄŬɟŬŰɖɟŮɑŰŬɘ ɛŮɑɤůɖ Űɧůɞ Űɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ, 

ɧůɞ əŬɘ Űɖɠ ůəɚɖɟɧŰɖŰŬɠ ůŮ ɧɚŮɠ Űɘɠ ɛŮŰɟɐůŮɘɠ ɛŮŰɎ Űɞ pop-in, ɖ ɞˊɞɑŬ ɞűŮɑɚŮŰŬɘ 

ůŰɖ ɛŮɟɘəɐ Ŭˊɞəɧɚɚɖůɖ Űɖɠ ɑɜŬɠ ɛŮ Űɖ ɛɐŰɟŬ. 

Ƀ ɛɏůɞɠ ɧɟɞɠ Űɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ, ˊɞɡ ɡˊɞɚɞɔɑůŰɖəŮ Ŭˊɧ ŰŬ pop-in ɧɚɤɜ 

Űɤɜ ɛɘəɟɞŭɞɛɩɜ, ŮɑɜŬɘ 39.56 GPa ́ ɟɑɜ Űɞ pop-in əŬɘ 34.09 GPa ɛŮŰɎ əŬɘ ɞ ɛɏůɞɠ 

ɧɟɞɠ Űɖɠ ůəɚɖɟɧŰɖŰŬɠ ŮɑɜŬɘ 4.48 GPa ˊɟɑɜ Űɞ pop-in əŬɘ 2.33 GPa ɛŮŰɎ. 

 

 

ɆɢɐɛŬ 4.40:  Ɇɨɔəɟɘůɖ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ ˊɟɘɜ əŬɘ ɛŮŰɎ Űɞ pop-in Űɤɜ 

Űɟɘɩɜ ŭɘŬűɞɟŮŰɘəɩɜ Űɞˊɘəɩɜ ɛɘəɟɞŭɞɛɩɜ.  

 

 

ɆɢɐɛŬ 4.41:  Ɇɨɔəɟɘůɖ ůəɚɖɟɧŰɖŰŬɠ ˊɟɘɜ əŬɘ ɛŮŰɎ Űɞ pop-in Űɤɜ Űɟɘɩɜ 

ŭɘŬűɞɟŮŰɘəɩɜ Űɞˊɘəɩɜ ɛɘəɟɞŭɞɛɩɜ.  
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ɆŰɞ ɆɢɐɛŬ 4.42 ŭɑɜɞɜŰŬɘ ɞɘ Űɘɛɏɠ Űɖɠ ŮɚŬůŰɘəɐɠ ŮɜɏɟɔŮɘŬɠ Űɞɡ ˊɟɩŰɞɡ əɨəɚɞɡ 

űɧɟŰɘůɖɠ-ŬˊɞűɧɟŰɘůɖɠ, ˊɟɘɜ Űɞ pop-in, ɛŮŰɎ Űɞ pop-in əŬɘ Űɞɡ ŰŮɚŮɡŰŬɑɞɡ 

əɨəɚɞɡ, ɔɘŬ əɎɗŮ ɛɘəɟɞŭɞɛɐ ɝŮɢɤɟɘůŰɎ. Ƀɘ Űɘɛɏɠ əɎɗŮ ůɖɛŮɑɞɡ Űɞɡ ŭɘŬɔɟɎɛɛŬŰɞɠ 

ɡˊɞɚɞɔɑůŰɖəŬɜ Ŭˊɧ Űɞ ɛɏůɞ ɧɟɞ Űɤɜ ŮɛɓŬŭɩɜ Űɤɜ ŭɘŬɔɟɎɛɛŬŰɤɜ űɞɟŰɑɞɡ-

ɛŮŰŬŰɧˊɘůɖɠ əŬŰɎ Űɖɜ ŬˊɞűɧɟŰɘůɖ (ůŰɞɜ 1ɞ əɨəɚɞ, ˊɟɘɜ Űɞ pop-in, ɛŮŰɎ Űɞ pop-

in əŬɘ ůŰɞɜ 22ɞ əɨəɚɞ), ɔɘŬ Űɘɠ ɛŮŰɟɐůŮɘɠ ɜŬɜɞŭɘŮɑůŭɡůɖɠ əɎɗŮ ɛɘəɟɞŭɞɛɐɠ. 

 

ɆɢɐɛŬ 4.42:  Ɇɨɔəɟɘůɖ ŮɚŬůŰɘəɐɠ ŮɜɏɟɔŮɘŬɠ Űɤɜ Űɟɘɩɜ ŭɘŬűɞɟŮŰɘəɩɜ Űɞˊɘəɩɜ 

ɛɘəɟɞŭɞɛɩɜ. 

 

Ƀɘ Űɘɛɏɠ Űɖɠ ˊɚŬůŰɘəɐɠ ŮɜɏɟɔŮɘŬɠ ɡˊɞɚɞɔɑůŰɖəŬɜ ŬűŬɘɟɩɜŰŬɠ Űɘɠ Űɘɛɏɠ Űɖɠ 

ŮɚŬůŰɘəɐɠ ŮɜɏɟɔŮɘŬɠ Ŭˊɧ ŬɡŰɏɠ Űɖɠ ɞɚɘəɐɠ ŮɜɏɟɔŮɘŬɠ (ŮɛɓŬŭɧɜ əŬɛˊɨɚɖɠ 

űɧɟŰɘůɖɠ). ɆŰɞ ɆɢɐɛŬ 4.43 ŬˊŮɘəɞɜɑɕɞɜŰŬɘ ɞɘ Űɘɛɏɠ Űɖɠ ˊɚŬůŰɘəɐɠ ŮɜɏɟɔŮɘŬɠ Űɞɡ 

ˊɟɩŰɞɡ əɨəɚɞɡ űɧɟŰɘůɖɠ-ŬˊɞűɧɟŰɘůɖɠ, Űɞɡ pop-in əŬɘ Űɞɡ ŰŮɚŮɡŰŬɑɞɡ əɨəɚɞɡ, 

ɔɘŬ əɎɗŮ ɛɘəɟɞŭɞɛɐ ɝŮɢɤɟɘůŰɎ. ɄŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ Űɧůɞ ɞɘ Űɘɛɏɠ Űɖɠ ŮɚŬůŰɘəɐɠ, 

ɧůɞ əŬɘ Űɖɠ ˊɚŬůŰɘəɐɠ ŮɜɏɟɔŮɘŬɠ ŮɑɜŬɘ ɡɣɖɚɧŰŮɟŮɠ ůŰɖ ñɀɘəɟɞŭɞɛɐ 1ò əŬɘ 

ɢŬɛɖɚɧŰŮɟŮɠ ůŰɖ ñɀɘəɟɞŭɞɛɐ 3ò.  

 

ɆɢɐɛŬ 4.43:  Ɇɨɔəɟɘůɖ ŮɚŬůŰɘəɐɠ ŮɜɏɟɔŮɘŬɠ Űɤɜ Űɟɘɩɜ ŭɘŬűɞɟŮŰɘəɩɜ Űɞˊɘəɩɜ 

ɛɘəɟɞŭɞɛɩɜ 
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ɆŰŬ ˊŬɟŬəɎŰɤ ŭɘŬɔɟɎɛɛŬŰŬ űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ ɔɑɜŮŰŬɘ ůɨɔəɟɘůɖ Űɖɠ 

ŮɛűɎɜɘůɖɠ pop-in ůŰɘɠ ɛɞɜɞəɡəɚɘəɏɠ ɛŮŰɟɐůŮɘɠ ɛŮ ŮˊɘɓŬɚɚɧɛŮɜɞ űɞɟŰɑɞ 10000 

ɛɁ əŬɘ ůŰɘɠ ˊɞɚɡəɡəɚɘəɏɠ ɛŮ ŬɡɝŬɜɧɛŮɜɞ ŮˊɘɓŬɚɚɧɛŮɜɞ űɞɟŰɑɞ Ŭˊɧ 1500 ɏɤɠ 

10000 ɛɁ, ɛŮ ɓɐɛŬ 500 ɛɁ. ɆŰɖ ñɀɘəɟɞŭɞɛɐ 1ò ́ŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ ɖ ŮɛűɎɜɘůɖ 

Űɞɡ pop-in ɚŬɛɓɎɜŮɘ ɢɩɟŬ ůŮ ɡɣɖɚɧŰŮɟŬ űɞɟŰɑŬ ůŰŬ ŭɘŬɔɟɎɛɛŬŰŬ űɞɟŰɑɞɡ-

ɛŮŰŬŰɧˊɘůɖɠ Űɤɜ ɛɞɜɞəɡəɚɘəɩɜ űɞɟŰɑůŮɤɜ ůŮ ůɨɔəɟɘůɖ ɛŮ Űɤɜ ˊɞɚɡəɡəɚɘəɩɜ, 

ɧˊɞɡ Űɞ pop-in ŮɛűŬɜɑɕŮŰŬɘ ůŮ ɢŬɛɖɚɧŰŮɟŮɠ Űɘɛɏɠ űɞɟŰɑɞɡ (ɆɢɐɛŬ 4.44). 

 

ɆɢɐɛŬ 4.44:  Ɇɨɔəɟɘůɖ ŮɛűɎɜɘůɖɠ pop-in ůŰɘɠ ˊɞɚɡəɡəɚɘəɏɠ əŬɘ ɛɞɜɞəɡəɚɘəɏɠ 

űɞɟŰɑůŮɘɠ Űɖɠ ñɀɘəɟɞŭɞɛɐɠ 1ò 

 

ɆŰɞ ɆɢɐɛŬ 4.45 űŬɑɜŮŰŬɘ ɧŰɘ ɖ ŮɛűɎɜɘůɖ Űɞɡ pop-in, ůŰɖ ñɀɘəɟɞŭɞɛɐ 2ò 

ɚŬɛɓɎɜŮɘ ɢɩɟŬ ůŮ ɢŬɛɖɚɧŰŮɟŬ űɞɟŰɑŬ ůŰŬ ŭɘŬɔɟɎɛɛŬŰŬ űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ 

Űɤɜ ɛɞɜɞəɡəɚɘəɩɜ űɞɟŰɑůŮɤɜ ůŮ ůɨɔəɟɘůɖ ɛŮ Űɤɜ ˊɞɚɡəɡəɚɘəɩɜ, ɧˊɞɡ Űɞ pop-

in ŮɛűŬɜɑɕŮŰŬɘ ůŮ ɡɣɖɚɧŰŮɟŮɠ Űɘɛɏɠ űɞɟŰɑɞɡ. 

 

ɆɢɐɛŬ 4.45:  Ɇɨɔəɟɘůɖ ŮɛűɎɜɘůɖɠ pop-in ůŰɘɠ ˊɞɚɡəɡəɚɘəɏɠ əŬɘ ɛɞɜɞəɡəɚɘəɏɠ 

űɞɟŰɑůŮɘɠ Űɖɠ ñɀɘəɟɞŭɞɛɐɠ 2ò. 
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ɆɢɐɛŬ 4.46:  Ɇɨɔəɟɘůɖ ŮɛűɎɜɘůɖɠ pop-in ůŰɘɠ ˊɞɚɡəɡəɚɘəɏɠ əŬɘ ɛɞɜɞəɡəɚɘəɏɠ 

űɞɟŰɑůŮɘɠ Űɖɠ ñɀɘəɟɞŭɞɛɐɠ 3ò 

 

ȼ ŮɛűɎɜɘůɖ Űɞɡ pop-in ůŰɖ ñɀɘəɟɞŭɞɛɐ 3ò ɚŬɛɓɎɜŮɘ ɢɩɟŬ ůŮ ůɢŮŰɘəɎ ɑŭɘŮɠ Űɘɛɏɠ 

űɞɟŰɑɞɡ əŬŰɎ Űɘɠ ɛɞɜɞəɡəɚɘəɏɠ əŬɘ Űɘɠ ˊɞɚɡəɡəɚɘəɏɠ űɞɟŰɑůŮɘɠ. ɄŬɟŬŰɖɟŮɑŰŬɘ 

ŭɘŬűɞɟɞˊɞɑɖůɖ Űɞɡ űɞɟŰɑɞɡ əŬɘ Űɖɠ ɛŮŰŬŰɧˊɘůɖɠ ŮɛűɎɜɘůɖɠ Űɞɡ pop-in ůŰɘɠ 

ˊɞɚɡəɡəɚɘəɏɠ Ŭˊɧ Űɘɠ ɛɞɜɞəɡəɚɘəɏɠ ůŰɘɠ ɑŭɘŮɠ Űɞˊɘəɏɠ ɛɘəɟɞŭɞɛɏɠ. 

 

ɆŮ ɧɚŬ ŰŬ ŭŮɑɔɛŬŰŬ ˊŬɟŬŰɖɟɐɗɖəŮ Ŭˊɞəɧɚɚɖůɖ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ ɑɜŬɠ-ɛɐŰɟŬɠ, 

ŬɚɚɎ ˊŬɟɧɚŬ ŬɡŰɎ ŭŮɜ ˊŬɟŬŰɖɟɐɗɖəŮ pop-in ůŰɞ ɑŭɘɞ ˊɞůɞůŰɧ. ɆŰɞ ɆɢɐɛŬ 4.47 

ˊŬɟɞɡůɘɎɕŮŰŬɘ Űɞ ɘůŰɧɔɟŬɛɛŬ, ůŰɞ ɞˊɞɑɞ ɔɑɜŮŰŬɘ ůɨɔəɟɘůɖ Űɞɡ ˊɞůɞůŰɞɨ 

ŮɛűɎɜɘůɖɠ pop-in əŬŰɎ Űɖɜ Ŭˊɞəɧɚɚɖůɖ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ Űɤɜ ůɡɜɗɏŰɤɜ ɛŮ 

ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ 0ɞ, 45ɞ əŬɘ 90ɞ. ɄŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ ůŰɞ ŭŮɑɔɛŬ ɛŮ 

ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ 90ɞ ŮɛűŬɜɑɕŮŰŬɘ pop-in ůŰɞ ɏɜŬ ŰɟɑŰɞ Űɤɜ ŭɘŮɘůŭɨůŮɤɜ 

(ŭɖɚŬŭɐ ůŰɞ 37.5%),  ůŰɞ ŭŮɑɔɛŬ 45ɞ Űɞ pop-in ŮɛűŬɜɑɕŮŰŬɘ ůŰɞ 16.7% Űɤɜ 

ŭɘŮɘůŭɨůŮɤɜ, Ůɜɩ ůŰɞ ŭŮɑɔɛŬ 0ɞ  ŭŮɜ ˊŬɟŬŰɖɟɐɗɖəŮ əŬɗɧɚɞɡ pop-in. 

 

 

ɆɢɐɛŬ 4.47: Ɇɨɔəɟɘůɖ ˊɞůɞůŰɞɨ ŮɛűɎɜɘůɖɠ pop-in əŬŰɎ Űɖɜ Ŭˊɞəɧɚɚɖůɖ Űɖɠ 

ŭɘŮˊɘűɎɜŮɘŬɠ Űɤɜ ůɡɜɗɏŰɤɜ ɛŮ ˊɟɞůŬɜŬŰɞɚɘůɛɧ ɘɜɩɜ 0ɞ, 45ɞ əŬɘ 90ɞ. 

 
























































