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ɳˎ˔ʰˊʽˋˍʾʶˌ 
 

ȼ ŭɘˊɚɤɛŬŰɘəɐ ŬɡŰɐ ŮəˊɞɜɐɗɖəŮ ůŰɞ Rheinisch-Westfªlische Technische Hochschule 

Aachen Ŭˊɧ Űɞɜ ɀɎɟŰɘɞ Űɞɡ 2019 ɛɏɢɟɘ Űɞɜ ɆŮˊŰɏɛɓɟɘɞ Űɞɡ 2019. 

ȷˊɧ Űɖ ɗɏůɖ ŬɡŰɐ, ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ ɗŮɟɛɎ Űɞɜ ŮˊɘɓɚɏˊɞɜŰŬ əŬɗɖɔɖŰɐ ɛɞɡ, 

Dr-Ing Ɇˊɨɟɞ ɄŬˊŬŮɡɗɡɛɑɞɡ, Ůˊɑəɞɡɟɞɠ əŬɗɖɔɖŰɐɠ Űɖɠ ůɢɞɚɐɠ ɀɖɢŬɜɘəɩɜ ɀŮŰŬɚ-

ɚŮɑɤɜ- ɀŮŰŬɚɚɞɡɟɔɩɜ ɔɘŬ Űɘɠ ɡˊɞŭŮɑɝŮɘɠ əŬɘ Űɖɜ əŬɗɞɟɘůŰɘəɐ ůɡɛɓɞɚɐ Űɞɡ ůŮ 

ɞˊɞɘɞŭɐˊɞŰŮ ɕɐŰɖɛŬ ˊɟɞɏəɡɣŮ əŬɗô ɧɚɖ Űɖɜ ŭɘɎɟəŮɘŬ Ůəˊɧɜɖůɖɠ Űɖɠ ŭɘˊɚɤɛŬŰɘəɐɠ 

ŮɟɔŬůɑŬɠ. 

 ȷəɧɛŬ, Űɞɜ əŬɗɖɔɖŰɐ Wolfgang Bleck əŬɘ Űɞɜ ɛŮŰŬŭɘŭŬəŰɞɟɘəɧ Tarek Allam Űɞɡ ˊŬ-

ɜŮɛɘůŰɖɛɑɞɡ Rheinisch-Westfªlische Technische Hochschule ɔɘŬ Űɖɜ ɓɞɐɗŮɘŬ Űɞɡɠ 

əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ˊŮɘɟŬɛŬŰɘəɐɠ ŭɘŬŭɘəŬůɑŬɠ Űɖɠ ŭɘˊɚɤɛŬŰɘəɐɠ ɛɞɡ ůŰɞ Aachen. 

ɇɞɜ ŭɘŭŬəŰɞɟɘəɧ ȷɚɏɝŬɜŭɟɞ ɆŮɟŬűŮɑɛ ɔɘŬ Űɖɜ əŬɗɞŭɐɔɖůɖ Űɞɡ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ 

ˊŬɟŬɛɞɜɐɠ ɛɞɡ ůŰɞ ȽɜůŰɘŰɞɨŰɞ. 

ɇɏɚɞɠ, ŮɡɢŬɟɘůŰɩ Űɞɡɠ əŬɗɖɔɖŰɏɠ əŬɘ ɧɚɞ Űɞ ɡˊɧɚɞɘˊɞ ˊɟɞůɤˊɘəɧ Űɞɡ ŮɟɔŬůŰɖɟɑɞɡ 

ɀŮŰŬɚɚɞɔɜɤůɑŬɠ ˊɞɡ ɛŮ ůɡɛɓɞɨɚŮɡůŬɜ əŬɘ ɛŮ əŬɗɞŭɐɔɖůŬɜ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ 

ŭɘˊɚɤɛŬŰɘəɐɠ ɛɞɡ. 
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ʃʶˊʾ˂ʹ˕ʹ 
 

Ƀɘ ɢɎɚɡɓŮɠ ɛŮ ɛɏůɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɛŬɔɔɎɜɘɞ (3-12 % wt) ˊŬɟɞɡůɘɎɕɞɡɜ ɘŭɘŬɑŰŮɟɞ 

ŮɜŭɘŬűɏɟɞɜ ɚɧɔɤ Űɞɡ ůɡɜŭɡŬůɛɞɨ əŬɚɩɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ əŬɘ Űɞɡ ɢŬɛɖɚɞɨ əɧ-

ůŰɞɡɠ ˊŬɟŬɔɤɔɐɠ. ȿɧɔɤ Űɞɡ ɧŰɘ Űɞ ɡɚɘəɧ ɓɟɑůəŮŰŬɘ ůŰɞ ůŰɎŭɘɞ Űɖɠ ɛŮɚɏŰɖɠ- ɏɟŮɡɜŬɠ, 

əŬɗɑůŰŬŰŬɘ ŬɜŬɔəŬɑŬ ɖ ŭɘŮɟŮɨɜɖůɖ Űɤɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ ůŮ ɢŬɛɖɚɏɠ ɗŮɟɛɞəɟŬ-

ůɑŮɠ əŬɘ ɞ ůɡɜŭɡŬůɛɧɠ Űɞɡ ɛŮ Űɖ ɛɘəɟɞŭɞɛɐ Űɞɡ.  

ɆŰɖ ůɡɔəŮəɟɘɛɏɜɖ ŭɘˊɚɤɛŬŰɘəɐ, ůŰɧɢɞɠ ɐŰŬɜ ɖ ŭɘŮɟŮɨɜɖůɖ Űɤɜ ɘŭɘɞŰɐŰɤɜ əɟɞɨůɖɠ əŬɘ 

Űɞɡ ůɢɖɛŬŰɘůɛɞɨ əŬɘ ŬɜɎˊŰɡɝɖ ɟɤɔɛɩɜ ůŮ ɢɎɚɡɓŬ ɛŮ ɢɖɛɘəɐ ůɨůŰŬůɖ Fe-12Mn-3Al-

0.05C. ȹɞəɘɛɐ Charpy ́ ɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ůŮ ˊɏɜŰŮ ŭɘŬűɞɟŮŰɘəɏɠ ɗŮɟɛɞəɟŬůɑŮɠ: 20ɞC, 

-50 ɞC, -100 ɞC, -150 ɞC əŬɘ -196 ɞC. Ƀ ɢɎɚɡɓŬɠ ŭŮɜ ˊŬɟɞɡůɘɎɕŮɘ ɗŮɟɛɞəɟŬůɑŬ ɛŮŰɎ-

ɓŬůɖɠ Ŭˊɧ ɧɚəɘɛɖ ůŮ ɣŬɗɡɟɐ ɗɟŬɨůɖ əŬɘ, ůɨɛűɤɜŬ ɛŮ Űɞ ŭɘɎɔɟŬɛɛŬ ŮɜɏɟɔŮɘŬɠ əɟɞɨ-

ůɖɠ əŬɘ ɗŮɟɛɞəɟŬůɑŬɠ, ɛŮŰɎ Űɞɡɠ -100 ɞC, ɖ ŮɜɏɟɔŮɘŬ əɟɞɨůɖɠ ɛŮɘɩɜŮŰŬɘ. ȼ ŮɜɏɟɔŮɘŬ 

ůɢɖɛŬŰɘůɛɞɨ Űɤɜ ɟɤɔɛɩɜ ŮɑɢŮ ůɡɜŬűŮɑɠ Űɘɛɏɠ ůŰɘɠ ŬɟɜɖŰɘəɏɠ ɗŮɟɛɞəɟŬůɑŮɠ ŮəŰɧɠ Ŭˊɧ 

Űɖ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ, ůɡɜŮˊɎɔɞɜŰŬɠ ɧŰɘ ɖ ɛɘəɟɞŭɞɛɐ ˊɞɡ ůɢɖɛŬŰɑůŰɖəŮ ůŮ ŬɡŰɏɠ 

əŬɗɡůŰŮɟŮɑ Űɞ ůɢɖɛŬŰɘůɛɧ Űɞɡɠ. 

ȰˊŮɘŰŬ, ŰŬ ŭɞəɑɛɘŬ ɞŭɖɔɐɗɖəŬɜ ɔɘŬ ŬɜɎɚɡůɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ɗɟŬɨůɖɠ Űɞɡɠ, ŬɜɎɚɡůɖ 

ɛŮ ˊŮɟɑɗɚŬůɖ ŬəŰɘɜɩɜ ɉ əŬɘ ɛŮ Űɖɜ ŰŮɢɜɘəɐ EBSD. ɆŰɖ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ, ɖ Ůˊɘ-

űɎɜŮɘŬ ɗɟŬɨůɖɠ ɐŰŬɜ, əɡɟɑɤɠ, ɧɚəɘɛɖ ɛŮ ɛŮɔɎɚŮɠ əɞɘɚɧŰɖŰŮɠ ɞɘ ɞˊɞɑŮɠ, ɧůɞ ɖ ɗŮɟɛɞ-

əɟŬůɑŬ ɛŮɘɩɜŮŰŬɘ , ɔɑɜɞɜŰŬɘ ɛɘəɟɧŰŮɟŮɠ əŬɗɩɠ ŭŮɜ ˊɟɞɚŬɓŬɑɜɞɡɜ ɜŬ ŬɜŬˊŰɡɢɗɞɨɜ. 

ɆŰɞɡɠ -196 ɞC, ŮɛűŬɜɑɕɞɜŰŬɘ əŬɘ ŮˊɑˊŮŭŬ ůɢɘůɛɞɨ (quasi cleavage) ɞˊɧŰŮ ɖ ŮˊɘűɎɜŮɘŬ 

ɗɟŬɨůɖɠ ɔɑɜŮŰŬɘ ˊɘɞ ɣŬɗɡɟɐ.  

ɆɨɛűɤɜŬ ɛŮ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɞɡ XRD əŬɘ EBSD, ɧůɞ ɛŮɘɩɜŮŰŬɘ ɖ ɗŮɟɛɞəɟŬůɑŬ , ɞ 

ɤůŰŮɜɑŰɖɠ ŬɟɢɑɕŮɘ əŬɘ ɛŮŰŬůɢɖɛŬŰɑɕŮŰŬɘ ůŮ Ů- əŬɘ ŬôɛŬɟŰŮɜůɑŰɖɠ, ůŰɞɡɠ əɧəəɞɡɠ Űɤɜ 

ɞˊɞɑɤɜ ŬɜŬˊŰɨůůɞɜŰŬɘ ɞɘ ɟɤɔɛɏɠ.  ȼ ŮɜɏɟɔŮɘŬ ŮˊɘůŰɞɑɓŬɝɖɠ , ɧůɞ ɛŮɘɩɜŮŰŬɘ ɖ ɗŮɟɛɞ-

əɟŬůɑŬ, ɛŮɘɩɜŮŰŬɘ ɛŮ ŬˊɞŰɏɚŮůɛŬ ůŰɘɠ ɢŬɛɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ ɞ əɨɟɘɞɠ ɛɖɢŬɜɘůɛɧɠ 

ˊŬɟŬɛɧɟűɤůɖɠ ŮɑɜŬɘ Űɞ űŬɘɜɧɛŮɜɞ TRIP. 
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Abstract  
 

Steels containing 3-12% wt. Mn show great interest because they present great combi-

nation of mechanical properties and low production cost. Since this type of steel is still 

under survey, it seems major to investigate the mechanical properties in low tempera-

tures in combination with their microstructure. 

In this thesis, goal was to investigate the impact properties and crack initiation and 

propagation in steel with chemical composition Fe-12Mn-3Al-0.05C. Test Charpy was 

conducted in five different temperatures: 20oC, -50 oC, -100 oC, -150 oC əŬɘ -196 oC. 

The steel didnôt present ductile to brittle transition temperature, according to the dia-

gram of force-deflection and after the 100oC, the total impact energy decreases. The 

crack energy initiation had similar values in low temperatures except in room temper-

ature meaning that the microstructure in low temperatures delayed the crack initiation 

in comparison to 20oC. 

Afterwards, the specimens were taken for investigation for fracture surface and X-Ray 

Diffraction and Electron Back-Scattered Diffraction analysis. In room temperature, the 

fracture was ductile with large dimples that become smaller as the test temperature de-

creases because they donôt have time to develop. In -196 oC, the fracture surface is 

considered quasi-cleavage and it becomes more brittle. 

According to XRD and EBSD results, the retained austenite transforms to aô and Ů mar-

tensite and in their boundaries, cracks initiate and propagate. The stacking fault energy 

decreases as the temperature decreases and the main deformation mechanism in low 

temperatures is the TRIP effect. 
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1. ɳʽˋʰʴ˖ʴʺ 
 

ɇɘɠ ŰŮɚŮɡŰŬɑŮɠ ŭŮəŬŮŰɑŮɠ, ɖ ŬɡŰɞəɘɜɖŰɞɓɘɞɛɖɢŬɜɑŬ ˊɟɞɤɗŮɑ Űɞɡɠ  ˊɟɞɖɔɛɏɜɞɡɠ ɢɎɚɡɓŮɠ 

ɡɣɖɚɐɠ ŬɜŰɞɢɐɠ (advanced high strength steels), ɚɧɔɤ Űɞɡ ŮɝŬɘɟŮŰɘəɞɨ ůɡɜŭɡŬůɛɞɨ 

Űɞɡɠ ůŮ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ əŬɘ Űɞɡ ɢŬɛɖɚɞɨ Űɞɡɠ ɓɎɟɞɡɠ. ȼ ˊɟɩŰɖɠ ɔŮɜɘɎɠ (1ɖɠ) 

ˊɟɞɖɔɛɏɜɞɘ ɢɎɚɡɓŮɠ ɡɣɖɚɐɠ ŬɜŰɞɢɐɠ, əŬŰɏɢɞɡɜ əɡɟɑɤɠ űŮɟɟɘŰɘəɐ ɛɘəɟɞŭɞɛɐ əŬɘ ɞɘ 

əɡɟɘɧŰŮɟɞɘ ŮɑɜŬɘ ɞɘ ŭɘűŬůɘəɞɑ űŮɟɟɘŰɞɛŬɔɜɖŰɘəɞɑ (dual-phase) ɢɎɚɡɓŮɠ əŬɘ ɞɘ ɢɎɚɡɓŮɠ 

transformation- induced plasticity (TRIP). ȷɚɚɎ ɚɧɔɤ Űɞɡ ˊŮɟɘɞɟɘůɛɏɜɞɡ ůɡɜŭɡŬůɛɞɨ 

ɞɚəɘɛɧŰɖŰŬɠ əŬɘ ŬɜŰɞɢɐɠ, ŬɜŬˊŰɨɢɗɖəŬɜ ɞɘ ˊɟɞɖɔɛɏɜɞɘ ɢɎɚɡɓŮɠ ŭŮɨŰŮɟɖɠ ɔŮɜɘɎɠ (2ɖɠ). 

ɄɟɧəŮɘŰŬɘ ɔɘŬ ɤůŰŮɜɘŰɘŰəɞɨɠ ɢɎɚɡɓŮɠ ɛŮ ɡɣɖɚɐ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɛŬɔɔɎɜɘɞ əŬɘ ˊŬ-

ɟɞɡůɘɎɕɞɡɜ ˊŬɟɧɛɞɘŬ ůɡɛˊŮɟɘűɞɟɎ ɛŮ Űɞɡɠ ŬɜɞɝŮɑŭɤŰɞɡɠ ɢɎɚɡɓŮɠ. ɄŬɟɧɚŬ ŬɡŰɎ, ɖ 

ŭɨůəɞɚɖ ɛŮŰŬɚɚɞɡɟɔɘəɐ ŭɘŮɟɔŬůɑŬ Űɞɡɠ əŬɘ ɖ ɡɣɖɚɐ ůɡɔəɏɜŰɟɤůɖ əɟŬɛŬŰɘəɩɜ ůŰɞɘ-

ɢŮɑɤɜ ŮɑɢŬɜ ɤɠ ŬˊɞŰɏɚŮůɛŬ Űɞ ɡɣɖɚɧ əɧůŰɞɠ ˊŬɟŬɔɤɔɐɠ Űɞɡɠ. ɄɟɧůűŬŰŬ, ɏɜŰɞɜɞ Ůɜ-

ŭɘŬűɏɟɞɜ ɏɢŮɘ ŭɖɛɘɞɡɟɔɖɗŮɑ  ɔɨɟɤ Ŭˊɧ ˊɟɞɖɔɛɏɜɞɡɠ ɢɎɚɡɓŮɠ ɡɣɖɚɐɠ ŬɜŰɞɢɐɠ ŰɟɑŰɖɠ 

ɔŮɜɘɎɠ (3ɖɠ). Ƀɘ Ůɜ ɚɧɔɤ, ˊŬɟɞɡůɘɎɕɞɡɜ ɓŬůɘəɎ ˊɚŮɞɜŮəŰɐɛŬŰŬ ɧˊɤɠ ɧŰɘ ŮɛűŬɜɑɕɞɡɜ 

əŬɚɨŰŮɟɞ ůɡɜŭɡŬůɛɧ ŬɜŰɞɢɐɠ ɛŮ ɞɚəɘɛɧŰɖŰŬ ůŮ ůɢɏůɖ ɛŮ Űɖɠ ˊɟɩŰɖɠ ɔŮɜɘɎɠ əŬɘ ɢŬ-

ɛɖɚɧŰŮɟɞ əɧůŰɞɠ ˊŬɟŬɔɤɔɐɠ ůŮ ůɢɏůɖ ɛŮ Űɖɠ ŭŮɨŰŮɟɖɠ (KUZIAK et al. 2008). 

Ƀɘ ɢɎɚɡɓŮɠ ɛŮ ɛɏůɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɛŬɔɔɎɜɘɞ (medium manganese steels- MMnS) 

Ŭɜɐəɞɡɜ ůŰɖ əŬŰɖɔɞɟɑŬ ˊɟɞɖɔɛɏɜɤɜ ɢŬɚɨɓɤɜ ɡɣɖɚɐɠ ŬɜŰɞɢɐɠ ŰɟɑŰɖɠ ɔŮɜɘɎɠ, ɛŮ ˊŮ-

ɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɛŬɔɔɎɜɘɞ 3-12% wt. ɄɟɧəŮɘŰŬɘ ɔɘŬ ɢɎɚɡɓŮɠ ˊɞɡ ˊŬɟɞɡůɘɎɕɞɡɜ ŮɝŬɘ-

ɟŮŰɘəɏɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ : ɛɏɔɘůŰɖ ŮűŮɚəɡůŰɘəɐ ŬɜŰɞɢɐ * ůɡɜɞɚɘəɐ Ůˊɘɛɐəɡɜůɖ > 

35.000 ɀPa% (Han and Lee 2014). ɇŬɡŰɧɢɟɞɜŬ, ˊŬɟɞɡůɘɎɕɞɡɜ ɢŬɛɖɚɧŰŮɟɞ əɧůŰɞɠ 

ůŮ ůɢɏůɖ ɛŮ Űɖɠ ŭŮɨŰŮɟɖɠ ɔŮɜɘɎɠ əŬɗɩɠ ɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɛŬɔɔɎɜɘɞ ŮɑɜŬɘ ɛɘəɟɧŰŮɟɖ. 

H ɛɘəɟɞŭɞɛɐ Űɞɡɠ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɚŮˊŰɧəɞəəɞ űŮɟɟɑŰɖ əŬɘ ɛŮɔɎɚɞ ˊɞůɞůŰɧ ˊŬɟŬɛɏ-

ɜɞɜŰɞɠ ɤůŰŮɜɑŰɖ (retained austenite), ɖ ɞˊɞɑŬ ůɢɖɛŬŰɑɕŮŰŬɘ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ ŬɜɧˊŰɖ-

ůɖɠ ůŰɖɜ ˊŮɟɘɞɢɐ Ŭ+ɔ (intercritical annealing). ȾŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ˊŬɟŬɛɧɟűɤůɖɠ, 

ɞ ́ŬɟŬɛɏɜɞɜ ɤůŰŮɜɑŰɖɠ ɛŮŰŬůɢɖɛŬŰɑɕŮŰŬɘ ůŮ ŬôɛŬɟŰŮɜůɑŰɖ ɐ/əŬɘ ŭɘŭɡɛɑŮɠ, ɞˊɧŰŮ ŬɜŰɑ-

ůŰɞɘɢŬ ŮɛűŬɜɑɕŮŰŬɘ Űɞ űŬɘɜɧɛŮɜɞ TRIP (transformation-induced-plasticity) ɐ/əŬɘ Űɞ 

űŬɘɜɧɛŮɜɞ TWIP (twinning-induced-plasticity)(Ma et al. 2018). Ƀ ˊŬɟŬɛɏɜɞɜ ɤůŰŮɜɑ-

Űɖɠ ɏɢŮɘ ŬˊɞŭŮɘɢɗŮɑ ɧŰɘ ɓŮɚŰɘɩɜŮɘ Űɖɜ ŬɜŰɞɢɐ ůŮ ɢŬɛɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ, əŬɗɩɠ əŬɗɡ-

ůŰŮɟŮɑ Űɖɜ ŬɜɎˊŰɡɝɖ Űɤɜ ɟɤɔɛɩɜ. ɀŮ ŬɡŰɧ Űɞ Űɟɧˊɞ, ŬɡŰɞɑ ɞɘ ɢɎɚɡɓŮɠ ɜŬ əŬŰɏɢɞɡɜ 

əŬɚɧ ůɡɜŭɡŬůɛɧ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ (tensile properties)  əŬɘ ŬɜŰɞɢɐ ůŮ əɟɞɨůɖ 

(impact properties). ũɘŬ ŬɡŰɧ Űɞ ɚɧɔɞ, ɖ ɛɘəɟɞŭɞɛɐ əŬɘ ɞɘ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ 
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ɢŬɚɨɓɤɜ ɛŮ ɛɏůɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɛŬɔɔɎɜɘɞ əŬɗɑůŰŬŰŬɘ ŬɜŬɔəŬɑɞ ɜŬ ɛŮɚŮŰɖɗɞɨɜ ˊŮ-

ɟŬɘŰɏɟɤ. 

ɆŰɧɢɞɠ ŬɡŰɐɠ Űɖɠ ŭɘˊɚɤɛŬŰɘəɐɠ ŮɟɔŬůɑŬɠ ɐŰŬɜ ɖ ɛŮɚɏŰɖ əŬɘ ůɨɔəɟɘůɖ Űɖɠ ŬɜŰɞɢɐɠ ůŮ 

əɟɞɨůɖ ůŮ ŭɘŬűɞɟŮŰɘəɏɠ ɗŮɟɛɞəɟŬůɑŮɠ ɢŬɚɨɓɤɜ ɛŮ ɛɏůɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɛŬɔɔɎɜɘɞ 

ɣɡɢɟɐɠ ɏɚŬůɖɠ. Ƀɘ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ ŬɡŰɏɠ, ůɡůɢŮŰɑůŰɖəŬɜ ɛŮ Űɖ ɛɘəɟɞŭɞɛɐ Űɤɜ 

ɢŬɚɨɓɤɜ ůŰɖɜ ŬɜŰɑůŰɞɘɢɖ ɗŮɟɛɞəɟŬůɑŬ əŬɘ Űɞ ɛɖɢŬɜɘůɛɧ ɗɟŬɨůɖɠ. 
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2. ɸʶ˖ˊʹˍʽˁˈ ɾʷˊˇˌ  
 

2.1. ɾʹ˔ʰ˄ʽˁʺ ˍʹˌ ɸˊʰˏˋʹˌ 
 

ȾɎɗŮ ɡɚɘəɧ ˊŬɟɞɡůɘɎɕŮɘ ɛɏɔɘůŰɖ ŬɜŰɞɢɐ əɎŰɤ Ŭˊɧ ůɡɔəŮəɟɘɛɏɜɞ űɞɟŰɑɞ ˊɞɡ ŬůəŮɑŰŬɘ 

əŬɘ, ɛŮŰɎ, ůˊɎŮɘ ɐ ˊŬɟŬɛɞɟűɩɜŮŰŬɘ. ȼ ɗɟŬɨůɖ ɝŮəɘɜɎŮɘ ɧŰŬɜ ɖ ŰɎůɖ ˊɞɡ ŬůəŮɑŰŬɘ Ŭˊɧ 

ŮɝɤŰŮɟɘəɏɠ ŭɡɜɎɛŮɘɠ ůŰɞ ɡɚɘəɧ, ŰɏŰɞɘŬ ŭŮ ˊɞɡ ɝŮˊŮɟɜɎ Űɖɜ ŮůɤŰŮɟɘəɐ Űɞɡ ŰɎůɖ. ȾŬŰɎ 

Űɖ ŭɘɎɟəŮɘŬ ˊɞɡ ŬůəŮɑŰŬɘ Űɞ űɞɟŰɑɞ, Űɞ ɡɚɘəɧ ŬɟɢɑɕŮɘ ɜŬ ˊŬɟŬɛɞɟűɩɜŮŰŬɘ. ũɘŬ ɜŬ ɛˊɞ-

ɟɏůŮɘ ɜŬ ŬɜŬɚɡɗŮɑ ɖ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ ɡɚɘəɞɨ ɧŰŬɜ ŮűŬɟɛɧɕŮŰŬɘ űɞɟŰɑɞ, ˊɟɏˊŮɘ ɜŬ ɛŮ-

ɚŮŰɖɗŮɑ ɖ ŬɜŰɞɢɐ Űɞɡ. ȼ ŬɜŰɞɢɐ ůŮ əɟɞɨůɖ ɗŮɤɟŮɑŰŬɘ ɖ ŮɜɏɟɔŮɘŬ ˊɞɡ ŬˊɞɟɟɞűɎ Űɞ 

ɡɚɘəɧ ˊɟɘɜ Ŭˊɧ Űɖ ɗɟŬɨůɖ Űɞɡ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ ɡɣɖɚɐɠ ˊŬɟŬɛɧɟűɤůɖɠ (ɀ. Mºser). 

ȳŰŬɜ Űɞ ɡɚɘəɧ ɏɢŮɘ ŬˊɞɟɟɞűɐůŮɘ ɡɣɖɚɧ ˊɞůɞůŰɧ ŮɜɏɟɔŮɘŬɠ əŬɘ ˊŬɟɞɡůɘɎɕŮɘ ɡɣɖɚɐ 

ˊɚŬůŰɘəɐ ˊŬɟŬɛɧɟűɤůɖ ˊɟɘɜ Űɖ ɗɟŬɨůɖ, ɗŮɤɟŮɑŰŬɘ ɧɚəɘɛɞ. ȷɚɚɘɩɠ, ɧŰŬɜ ŬˊɞɟɟɞűɎ 

ɢŬɛɖɚɧ ˊɞůɞůŰɧ, ɞɜɞɛɎɕŮŰŬɘ ɣŬɗɡɟɧ. ɆɡɜŮˊɩɠ, ɖ ŬɜŰɞɢɐ Űɤɜ ɡɚɘəɩɜ ˊɞɡ ɢɟɖůɘɛɞ-

ˊɞɘɞɨɜŰŬɘ ůŮ əŬŰŬůəŮɡɏɠ ˊɟɏˊŮɘ ɜŬ ɛŮɚŮŰɖɗŮɑ ɩůŰŮ ɜŬ ɛɖɜ ɡˊɎɟɝŮɘ ŬˊɧŰɞɛɖ ŬůŰɞɢɑŬ. 

ȷɜɎɚɞɔŬ ɛŮ Űɖ ɛɘəɟɞŭɞɛɐ Űɞɡ ɡɚɘəɞɨ, Űɖ ɗŮɟɛɞəɟŬůɑŬ ˊɞɡ ŮəŰɑɗŮŰŬɘ , Űɖ ɢɖɛɘəɐ Űɞɡ 

ůɨůŰŬůɖ əŬɘ Űɖɜ ŰɎůɖ ˊɞɡ ŬůəŮɑŰŬɘ, ɞ ɛɖɢŬɜɘůɛɧɠ ɗɟŬɨůɖɠ ɛŮŰŬɓɎɚɚŮŰŬɘ. Ƀɘ ŭɨɞ ˊɘɞ 

əɞɘɜɞɑ ɛɖɢŬɜɘůɛɞɑ ɗɟŬɨůɖɠ ŮɑɜŬɘ : (Ŭ) ȳɚəɘɛɖ ɗɟŬɨůɖ əŬɘ (ɓ) ɊŬɗɡɟɐ ɗɟŬɨůɖ. 

ɆŮ əɎɗŮ ɡɚɘəɧ, ɖ ŭɘŬŭɘəŬůɑŬ Űɞɡ ůɢɖɛŬŰɘůɛɞɨ əŬɘ Űɖɠ ŬɜɎˊŰɡɝɖɠ Űɤɜ ɟɤɔɛɩɜ ˊŮɟɘɏɢŮɘ 

ŰŬ ŬəɧɚɞɡɗŬ ůŰɎŭɘŬ: ůɢɖɛŬŰɘůɛɧɠ ɟɤɔɛɩɜ, ɏɜŬɟɝɖ ɟɤɔɛɩɜ əŬɘ ŬɜɎˊŰɡɝɖ Űɞɡɠ.  

ɇɞ ˊɟɩŰɞ ůŰɎŭɘɞ ˊŮɟɘɚŬɛɓɎɜŮɘ Űɖɜ ́ ɡɟɐɜɤůɖ ɟɤɔɛɐɠ ůŰɞ Ŭɟɢɘəɧ ɡɚɘəɧ əŬɘ Űɞ ŭŮɨŰŮɟɞ 

Űɖɜ ɏɜŬɟɝɖ əɑɜɖůɖɠ Űɖɠ, ɚɧɔɤ ůŰŬŰɘəɞɨ ɐ ŭɡɜŬɛɘəɞɨ űɞɟŰɑɞɡ. ȳŰŬɜ ɖ ɟɤɔɛɐ ŬɟɢɑɕŮɘ 

ɜŬ ŬɜŬˊŰɨůůŮŰŬɘ ůŰŬɗŮɟɎ əɎŰɤ Ŭˊɧ ůɡɜŮɢɐ əŬŰŬɜɎɚɤůɖ ŮɜɏɟɔŮɘŬɠ, ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ 

ɧɚəɘɛɖ ɗɟŬɨůɖ. ȳŰŬɜ ɖ ŮɜɏɟɔŮɘŬ ŬɟɢɑɕŮɘ ɜŬ ŬˊŮɚŮɡɗŮɟɩɜŮŰŬɘ, ŰɧŰŮ ɖ ɟɤɔɛɐ ŬɟɢɑɕŮɘ ɜŬ 

ŬɜŬˊŰɨůůŮŰŬɘ ɛɖ ůŰŬɗŮɟɎ əŬɘ ɖ ɗɟŬɨůɖ ɗŮɤɟŮɑŰŬɘ ɣŬɗɡɟɐ (Wolfgang Bleck 2017). 

 

 

2.1.1. ʂ˂ˁʽ˃ʹ ɸˊʰˏˋʹ  
 

ɀɏůɤ Űɖɠ ɗɟŬɡůŰɞɔɟŬűɑŬɠ ɛŮɚŮŰɐɗɖəŮ ɖ ŮˊɘűɎɜŮɘŬ ɗɟŬɨůɖɠ əŬɘ ŭɘŮɝɐɢɗɖ Űɞ ůɡɛˊɏ-

ɟŬůɛŬ ɧŰɘ ɡˊɎɟɢɞɡɜ ŭɨɞ ɓŬůɘəɎ Ůɑŭɖ ɗɟŬɨůɖɠ: ɧɚəɘɛɖ əŬɘ ɣŬɗɡɟɐ. ȼ ŮˊɘűɎɜŮɘŬ Űɖɠ 
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ɧɚəɘɛɖɠ ɗɟŬɨůɖɠ, ůɨɛűɤɜŬ ɛŮ Űɖ ɗɟŬɡůŰɞɔɟŬűɑŬ, ˊŮɟɘɏɢŮɘ ɛɘəɟɏɠ əɞɘɚɧŰɖŰŮɠ 

(dimples).ȹɖɛɘɞɡɟɔɞɨɜŰŬɘ ɧŰŬɜ Űɞ ɡɚɘəɧ ɓɟɑůəŮŰŬɘ ůŮ əŬŰɎůŰŬůɖ ŬůŰɎɗŮɘŬɠ əŬɘ ůɢɖ-

ɛŬŰɑɕŮɘ ɛɘŬ ˊŮɟɘɞɢɐ ɚŬɘɛɞɨ ɛŮŰɎ Ŭˊɧ Űɖɜ ŮűŬɟɛɞɔɐ ɛɏɔɘůŰɞɡ űɞɟŰɑɞɡ. 

ȼ Ůɝɏɚɘɝɖ Űɖɠ ɧɚəɘɛɖɠ ɗɟŬɨůɖɠ ɢɤɟɑɕŮŰŬɘ ůŮ ŰɟɑŬ ůŰɎŭɘŬ : ˊɡɟɐɜɤůɖ ɛɘəɟɞɞˊɩɜ , Ŭ-

ɜɎˊŰɡɝɖ ɛɘəɟɞɞˊɩɜ əŬɘ, Űɏɚɞɠ, ɖ ůɡɜɏɜɤůɖ Űɤɜ ɛɘəɟɞɞˊɩɜ ˊɞɡ ůɢɖɛŬŰɑɕɞɡɜ ɟɤɔɛɐ. 

ɆɡɢɜɎ, ɞɘ ɛɘəɟɞɞˊɏɠ ůɢɖɛŬŰɑɕɞɜŰŬɘ ůŮ ŮɔəɚŮɑůɛŬŰŬ ɐ ůŮ ŭŮɨŰŮɟɖɠ űɎůɖɠ ůɤɛŬŰɑŭɘŬ 

(əŬɟɓɑŭɘŬ, ɜɘŰɟɑŭɘŬ əŬɘ ŮɜŭɞɛŮŰŬɚɚɘəɏɠ ŮɜɩůŮɘɠ) ɧŰŬɜ ŮűŬɟɛɧɕŮŰŬɘ ŰɎůɖ ŰɏŰɞɘŬ ɩůŰŮ 

ŬɡŰɎ ŰŬ ůɤɛŬŰɑŭɘŬ ɜŬ Ŭˊɞəɞɚɚɖɗɞɨɜ Ŭˊɧ Űɖ ɛɐŰɟŬ Űɞɡ ɡɚɘəɞɨ  ŮˊŮɘŭɐ ŭŮɜ ɛˊɞɟɞɨɜ ɜŬ 

ˊŬɟŬəɞɚɞɡɗɐůɞɡɜ Űɖ ˊɚŬůŰɘəɐ ˊŬɟŬɛɧɟűɤůɖ Űɖɠ. ɀŮɔɎɚŬ ŮɔəɚŮɑůɛŬŰŬ ɛˊɞɟɞɨɜ ɜŬ 

əŬɗŬɟɑůɞɡɜ Űɞ ůɖɛŮɑɞ ɏɜŬɟɝɖɠ Űɖɠ ɧɚəɘɛɖɠ ɗɟŬɨůɖɠ, əŬɗɩɠ ɧŰŬɜ ɗɟŬɨɞɜŰŬɘ ůɡɔəŮ-

ɜŰɟɩɜɞɜŰŬɘ ŰɞˊɘəɎ ŰɎůŮɘɠ ɞˊɧŰŮ əŬɘ ɞ ɓŬɗɛɧɠ ˊŬɟŬɛɧɟűɤůɖɠ (D. Broek 1973). ȹɘɎ-

űɞɟŬ ɛɞɜŰɏɚŬ ɏɢɞɡɜ ŬɜŬˊŰɡɢɗŮɑ ɔɘŬ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɖɠ ŰɎůɖɠ ˊɡɟɐɜɤůɖɠ Űɤɜ ɛɘəɟɞ-

ɞˊɩɜ. ȺɎɜ ɞ Ŭɟɢɘəɧɠ ɧɔəɞɠ Űɤɜ ɛɘəɟɞɞˊɩɜ ŮɑɜŬɘ ɛɘəɟɧɠ (<10%), ŰɧŰŮ əɎɗŮ ɛɘəɟɞɞˊɐ 

ŬɜŬˊŰɨůůŮŰŬɘ ɝŮɢɤɟɘůŰɎ əŬɘ Ŭɟɢɑɕɞɡɜ ɞɘ ɔŮɘŰɞɜɘəɏɠ ɛɘəɟɞɞˊɏɠ ɜŬ ŬɚɚɖɚɞŮˊɘŭɟɞɨɜ. ȼ 

əŬŰŮɨɗɡɜůɖ Űɖɠ ɟɤɔɛɐɠ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖɜ ŮɜŰŬŰɘəɐ əŬŰɎůŰŬůɖ Űɞɡ ɡɚɘəɞɨ (Anderson 

2005).  

ȳŰŬɜ ɞɘ ɛɘəɟɞɞˊɏɠ ůɢɖɛŬŰɘůŰɞɨɜ, ɖ Ůˊɘˊɚɏɞɜ ˊŬɟŬɛɧɟűɤůɖ əŬɘ ɖ ɡŭɟɞůŰŬŰɘəɐ ˊɑŮůɖ 

ˊɟɞəŬɚɞɨɜ Űɖ ɛŮɔɏɗɡɜůɖ Űɞɡɠ əŬɘ, ŰŮɚɘəɎ, Űɖ ůɡɜɏɜɤůɖ Űɞɡɠ.  

ȼ ŬɜɎˊŰɡɝɖ Űɖɠ ɟɤɔɛɐɠ, ɞűŮɑɚŮŰŬɘ ůŰɖɜ ˊŬɟŬˊɎɜɤ ůŰɖ ůɡɜɏɜɤůɖ, ɧˊɤɠ űŬɑɜŮŰŬɘ əŬɘ 

ůŰɖɜ ŮɘəɧɜŬ 1. 
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ɳʽˁˈ˄ʰ 1: ɾʹ˔ʰ˄ʽˋ˃ˈˌ ʂ˂ˁʽ˃ʹˌ ɸˊʰˏˋʹˌ όʰύ ʵʽʰˋˉˇˊʱ ˋ˖˃ʰˍʽʵʾ˖˄ όʲύ ˉˎˊʺ˄˖ˋʹ ˃ʽˁˊˇˇˉ˗˄ όʴύ ʰ˄ʱˉˍˎ˅ʹ ˃ʽˁˊˇπ
ˇˉ˗˄ όʵύ ˋˎ˄ʷ˄˖ˋʹ ˃ʽˁˊˇˇˉ˗˄ ˁʰʽ όʶύ ʻˊʰˏˋʹ όʋʰʽʵʶ˃ʶ˄ˈˉˇˎ˂ˇˌ ɱˊʹʴˈˊʹˌ нллтύ 

 

 

ɆŮ ɔŮɜɘəɏɠ ɔɟŬɛɛɏɠ, ɖ ŮˊɘűɎɜŮɘŬ Űɖɠ ɧɚəɘɛɖɠ ɗɟŬɨůɖɠ ůəŮŭɎɕŮɘ Űɞ űɤɠ ɚɧɔɤ Űɤɜ əɞɘ-

ɚɞŰɐŰɤɜ ˊɞɡ ˊŬɟɞɡůɘɎɕŮɘ ɞˊɧŰŮ ŮɑɜŬɘ əŬɘ ˊɘɞ ůəɞŰŮɘɜɐ Ŭˊɧ Űɖɜ ŮˊɘűɎɜŮɘŬ ɣŬɗɡɟɐɠ 

ɗɟŬɨůɖɠ. 

 

2.1.2. ʅ˔ʽˋ˃ˈˌ 

 

ȼ ɗɟŬɨůɖ Ŭˊɧ ůɢɘůɛɧ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɚɧɔɤ Űɖɠ ɔɟɐɔɞɟɖɠ ŭɘɎŭɞůɖɠ Űɤɜ ɟɤɔɛɩɜ ůŮ 

ůɡɔəŮəɟɘɛɏɜɞ əɟɡůŰŬɚɚɞɔɟŬűɘəɧ ŮˊɑˊŮŭɞ. Ɇɡɜɐɗɤɠ, ɔɑɜŮŰŬɘ ůŮ ŮˊɑˊŮŭɞ with the low-

est packing density, əŬɗɩɠ ɚɘɔɧŰŮɟɞɘ ŭŮůɛɞɑ ˊɟɏˊŮɘ ɜŬ ůˊɎůɞɡɜ əŬɘ ɖ ŬˊɧůŰŬůɖ ɛŮ-

ŰŬɝɨ Űɤɜ Ůˊɘˊɏŭɤɜ ŮɑɜŬɘ ɛɘəɟɧŰŮɟɖ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, ůŰŬ ɛɏŰŬɚɚŬ ɛŮ ɢɤɟɞəŮɜŰɟɤɛɏɜɖ 

əɡɓɘəɐ ŭɞɛɐ, ɞ ůɢɘůɛɧɠ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ůŰŬ {100} ŮˊɑˊŮŭŬ. ɆŰŬ ˊɞɚɡəɟɡůŰŬɚɚɘəɎ 

ɛɏŰŬɚɚŬ, ɖ ɗɟŬɨůɖ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ŭɘŬəɟɡůŰŬɚɚɘəɎ (transgranular fracture) əŬɗɩɠ, 

ɚɧɔɤ Űɤɜ ŭɘŬűɞɟŮŰɘəɩɜ ˊɟɞůŬɜŬŰɞɚɘůɛɩɜ Űɤɜ ɔŮɘŰɞɜɘəɩɜ əɧəəɤɜ,  ɖ ɟɤɔɛɐ ŬɚɚɎɕŮɘ 

əŬŰŮɨɗɡɜůɖ Ŭˊɧ əɧəəɞ ůŮ əɧəəɞ ɔɘŬ ɜŬ ůɡɜŮɢɑůŮɘ Űɖ ŭɘɎŭɞůɖ əŬŰɎ ɛɐəɞɠ Űɤɜ əɟɡ-

ůŰŬɚɚɞɔɟŬűɘəɩɜ Ůˊɘˊɏŭɤɜ ůɢɘůɛɞɨ. ȼ ůɡɜɐɗɖɠ əŬŰŮɨɗɡɜůɖ Űɖɠ ɟɤɔɛɐɠ Ŭˊɧ ůɢɘůɛɧ 

ŮɑɜŬɘ əɎɗŮŰɖ ůŰɖɜ ɛɏɔɘůŰɖ ŰɎůɖ ˊɞɡ ŮűŬɟɛɧɕŮŰŬɘ (Anderson 2005). ȼ ɗɟŬɨůɖ ŬɡŰɞɨ 

Űɞɡ Űɨˊɞɡ ɛˊɞɟŮɑ ɜŬ ŭɘŬɢɤɟɘůŰŮɑ ůŮ ŭɨɞ ůŰɎŭɘŬ: ŭɖɛɘɞɡɟɔɑŬ ɛɘəɟɞɟɤɔɛɩɜ ɔɨɟɤ Ŭˊɧ 
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Űɞ əɧəəɞ əŬɘ ɖ ŭɘɎŭɞůɖ Űɖɠ ɟɤɔɛɐɠ. H əɑɜɖůɖ Űɤɜ ɛɘəɟɞɟɤɔɛɩɜ ɓŬůɑɕŮŰŬɘ əŬɘ ůŰɖɜ 

əɑɜɖůɖ Űɤɜ ŭɘŬŰŬɟŬɢɩɜ. ɇɏɚɞɠ, ůŰŬ ɡɚɘəɎ ˊɞɡ ŬůŰɞɢɞɨɜ ɚɧɔɤ ůɢɘůɛɞɨ, ɖ ɗɟŬɨůɖ ɛˊɞ-

ɟŮɑ ɜŬ ɔɑɜŮŰŬɘ əŬɘ ˊŮɟɘəɟɡůŰŬɚɚɘəɎ (Wolfgang Bleck 2017).  

ȼ ˊŮɟɘəɟɡůŰŬɚɚɘəɐ əŬɘ ɖ ŭɘŬəɟɡůŰŬɚɚɘəɐ ɗɟŬɨůɖ ŮɛűŬɜɑɕŮŰŬɘ ůŰɖɜ ŮɘəɧɜŬ 2. 

 

 

ɳʽˁˈ˄ʰ 2Υ ɲʽʰˁˊˎˋˍʰ˂˂ʽˁʺ ˁʰʽ ˉʶˊʽˁˊˎˋˍʰ˂˂ʽˁʺ ˊ˖ʴ˃ʺ ˋʶ ˁˊˏˋˍʰ˂˂ˇ (Wolfgang Bleck 2017) 

 

ȼ ˊŮɟɘəɟɡůŰŬɚɚɘəɐ ɗɟŬɨůɖ ɛˊɞɟŮɑ ɜŬ ůɡɛɓŮɑ ɔɘŬ Űɞɡɠ Ŭəɧɚɞɡɗɞɡɠ ɚɧɔɞɡɠ : 

¶ ɚɧɔɤ Űɖɠ əŬŰŬəɟɐɛɜɘůɖɠ ɣŬɗɡɟɐɠ ɗɟŬɨůɖɠ ůŰŬ ɧɟɘŬ Űɤɜ əɧəəɤɜ  

¶ ˊŮɟɘəɟɡůŰŬɚɚɘəɐ ŭɘɎɓɟɤůɖ  

¶ ɆˊɖɚŬɑɤůɖ Űɤɜ ɞɟɑɤɜ əɧəəɤɜ ɐ ɟɖɔɛɎŰɤůɖ ůŮ ɡɣɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ 

ȼ əŬŰŬəɟɐɛɜɘůɖ Űɖɠ ɣŬɗɡɟɐɠ ɗɟŬɨůɖɠ ɛˊɞɟŮɑ ɜŬ ůɡɛɓŮɑ ɚɧɔɤ ɚŬɜɗŬůɛɏɜɞɡ Űɟɧˊɞɡ 

ɗɏɟɛŬɜůɖɠ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, ɖ ɣŬɗɡɟɞˊɞɑɖůɖ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ɗŮɟɛɘəɐɠ əŬŰŮɟɔŬ-

ůɑŬɠ ˊɟɞəŬɚŮɑ ŮɝŬůɗɏɜɖůɖ Űɤɜ ɞɟɑɤɜ Űɤɜ əɧəəɤɜ, ɚɧɔɤ Űɖɠ əŬɗɑɕɖůɖɠ űɎůŮɤɜ ɐ Űɞ 

ŭɘŬűɞɟɘůɛɧ ŬɜŮˊɘɗɨɛɖŰɤɜ ůŰɞɘɢŮɑɤɜ (ˊ.ɢ. ɗŮɑɞ ɐ űɩůűɞɟɞ) ůŰɞ ɧɟɘŬ Űɞɡ ˊɟɤŰɞɔŮɜɐ 

ɤůŰŮɜɑŰɖ (prior austenite) (Anderson 2005). 

ɆɨɛűɤɜŬ ɛŮ ˊɟɞɖɔɞɨɛŮɜŮɠ ɏɟŮɡɜŮɠ, ɖ ˊŮɟɘəɟɡůŰŬɚɚɘəɐ ɗɟŬɨůɖ ŮɑɜŬɘ ɖ əɡɟɑŬɟɢɖ 

ɛɞɟűɐ ɣŬɗɡɟɐɠ ɗɟŬɨůɖɠ, ɧŰŬɜ ɖ ŰɎůɖ Űɖɠ ŭɘŬəɟɡůŰŬɚɚɘəɐɠ ɗɟŬɨůɖɠ ŮɑɜŬɘ ɛŮɔŬɚɨŰŮɟɖ 

Ŭˊɧ ŬɡŰɐ Űɖɠ ˊŮɟɘəɟɡůŰŬɚɚɘəɐɠ (Kwon et al. 2013). 
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2.1.3. ɾʶˍʱʲʰˋʹ ʰˉˈ ˈ˂ˁʽ˃ʹ ˋˍʹ˄ ˕ʰʻˎˊʺ ʻˊʰˏˋʹ  
 

ɇŬ ˊŮɟɘůůɧŰŮɟŬ ɛɏŰŬɚɚŬ ˊŬɟɞɡůɘɎɕɞɡɜ ɗŮɟɛɞəɟŬůɑŬ ɛŮŰɎɓŬůɖɠ Ŭˊɧ ɧɚəɘɛɖ ůŮ ɣŬ-

ɗɡɟɐ ɗɟŬɨůɖ, ɖ ɞˊɞɑŬ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ əŬɘ ůŬɜ ɛɏɔŮɗɞɠ Űɖɠ ŮɡɗɟŬɡůŰɧŰɖŰŬɠ Űɞɡ ɡɚɘ-

əɞɨ. ɈˊɎɟɢɞɡɜ ˊɞɚɚɞɑ Űɟɧˊɞɘ ɔɘŬ ɜŬ ɡˊɞɚɞɔɘůŰŮɑ ŬɡŰɐ ɖ ɗŮɟɛɞəɟŬůɑŬ. Ʉɞɚɚɏɠ űɞɟɏɠ 

ɗŮɤɟŮɑŰŬɘ ɖ ɗŮɟɛɞəɟŬůɑŬ, ůŰɖɜ ɞˊɞɑŬ Űɞ ɡɚɘəɧ ˊŬɟɞɡůɘɎɕŮɘ 50% ɧɚəɘɛɖ ɗɟŬɨůɖ əŬɘ 

50% ɣŬɗɡɟɐ. ȸŬůɘəɧɠ ˊŬɟɎɔɞɜŰŬɠ ˊɞɡ ŮˊɖɟŮɎɕŮɘ Űɖ ɗŮɟɛɞəɟŬůɑŬ ŬɡŰɐ ŮɑɜŬɘ ɖ ɨˊŬɟɝɖ 

Ůɔəɞˊɩɜ. ɆŰɘɠ Ůɔəɞˊɏɠ ůɡɔəŮɜŰɟɩɜɞɜŰŬɘ ŰɎůŮɘɠ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ˊŬɟɞɡůɘɎɕŮŰŬɘ ɡ-

ɣɖɚɐ ůɡɔəɏɜŰɟɤůɖ ˊŬɟŬɛɞɟűɩůŮɤɜ ɛŮ Űɞˊɘəɐ Ůɟɔɞůəɚɐɟɡɜůɖ. ȷɡŰɐ ɖ Ůɟɔɞůəɚɐ-

ɟɡɜůɖ ɛˊɞɟŮɑ ɜŬ ɏɢŮɘ ɤɠ ŬˊɞŰɏɚŮůɛŬ Űɞ ůɢɖɛŬŰɘůɛɧ ɛɘəɟɞɟɖɔɛŬŰɩůŮɤɜ ˊɞɡ ŭɘŮɡəɞ-

ɚɨɜɞɡɜ Űɖɜ ɗɟŬɨůɖ (ɉŬɘŭŮɛŮɜɧˊɞɡɚɞɠ ũɟɖɔɧɟɖɠ 2007).  

ȯɚɚɞɠ ůɖɛŬɜŰɘəɧɠ ˊŬɟɎɔɞɜŰŬɠ ˊɞɡ ŮˊɖɟŮɎɕŮɘ Űɖ ɗŮɟɛɞəɟŬůɑŬ ŮɑɜŬɘ ɖ ɢɖɛɘəɐ ůɨůŰŬůɖ 

Űɞɡ ɡɚɘəɞɨ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, Űɞ ɛŬɔɔɎɜɘɞ əŬɘ ɞ ɎɜɗɟŬəŬɠ ŮˊɖɟŮɎɕŮɘ ůŮ ɛŮɔɎɚɞ ɓŬɗɛɧ 

Űɖ ɗŮɟɛɞəɟŬůɑŬ.ɇɞ ˊɟɩŰɞ Űɖɜ ŬɡɝɎɜŮɘ, Ůɜɩ Űɞ ŭŮɨŰŮɟɞ Űɖɜ ɛŮɘɩɜŮɘ (ɉŬɘŭŮɛŮɜɧˊɞɡɚɞɠ 

ũɟɖɔɧɟɖɠ 2007). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ɾʶ˂ʷˍʹ ʰˋˍˇ˔ʾʰˌ ˁʰʽ ˃ʹ˔ʰ˄ʽˁ˗˄ ʽʵʽˇˍʺˍ˖˄ ˋʶ ˔ʱ˂ˎʲʰ ˃ʶ ˃ʷˋʹ ˉʶˊʽʶˁˍʽˁˈˍʹˍʰ ˋʶ ˃ʰʴʴʱ˄ʽˇ  

 

17 
 

2.2.  ʃˊˇʹʴ˃ʷ˄ˇʽ ʋʱ˂ˎʲʶˌ ˎ˕ʹ˂ʺˌ ʰ˄ˍˇ˔ʺˌ 
 

Ƀ ɢɎɚɡɓŬɠ ŮɑɜŬɘ Űɞ ɓŬůɘəɧ ɡɚɘəɧ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůŰɞ çůɩɛŬè Űɞɡ ŬɡŰɞəɘɜɐŰɞɡ 

ɚɧɔɤ Űɖɠ ˊɞɘəɘɚɞɛɞɟűɑŬɠ əŬɘ Űɞɡ ɢŬɛɖɚɞɨ əɧůŰɞɡɠ. Ƀɘ Ŭɟɢɘəɞɑ ɢɎɚɡɓŮɠ ŮɑɢŬɜ əɡɟɑɤɠ 

űŮɟɟɘŰɘəɐ ɛɘəɟɞŭɞɛɐ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ɏɢɞɡɜ ɢŬɛɖɚɐ ŬɜŰɞɢɐ, ŬɚɚɎ ɡɣɖɚɐ ɞɚəɘɛɧ-

ŰɖŰŬ. ȼ ůəɚɐɟɡɜůɖ Űɞɡ ɢɎɚɡɓŬ, ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɛɖɢŬɜɘůɛɞɨɠ, ɧˊɤɠ Űɖɜ ŮɚɎŰŰɤůɖ 

Űɞɡ ɛŮɔɏɗɞɡɠ əɧəəɞɡ, ɛŮ ůŰŮɟŮɧ ŭɘɎɚɡɛŬ ɐ ɛŮ əŬŰŬəɟɐɛɜɘůɖ, ŮɑɢŬɜ ɤɠ ŬˊɞŰɏɚŮůɛŬ 

Űɖɜ ŮɚɎŰŰɤůɖ Űɖɠ ɞɚəɘɛɧŰɖŰŬɠ  Űɞɡ. ɆɡɜŮˊɩɠ, ɖ ŬɜɎɔəɖ ɔɘŬ Űɖɜ ŬɜɎˊŰɡɝɖ ɢŬɚɨɓɤɜ ɛŮ 

ɡɣɖɚɐ ŬɜŰɞɢɐ ɔɘŬ Űɖɜ ŬɡŰɞəɘɜɖŰɞɓɘɞɛɖɢŬɜɑŬ, əɡɟɑɤɠ, ɔɘŬ Űɖ ɓŮɚŰɑɤůɐ Űɖɠ ůɡɛˊŮɟɘ-

űɞɟɎɠ Űɞɡ ŬɡŰɞəɘɜɐŰɞɡ, ůŮ ˊŮɟɑˊŰɤůɖ ůɨɔəɟɞɡůɖɠ, ɐŰŬɜ ŬˊŬɟŬɑŰɖŰɖ.  

ũɘŬ ŬɡŰɧ Űɞ ɚɧɔɞ, ɞɘ ˊɟɞɖɔɛɏɜɞɘ ɢɎɚɡɓŮɠ ɡɣɖɚɐɠ ŬɜŰɞɢɐɠ ŬɜŬˊŰɨɢɗɖəŬɜ əŬɗɩɠ ˊŬ-

ɟŮɑɢŬɜ əŬɘ Űɖ ŭɡɜŬŰɧŰɖŰŬ ɛŮɑɤůɖɠ ŮɝŬɘɟŮŰɘəɎ Űɞɡ ˊɎɢɞɡɠ Űɞɡɠ. ɆɐɛŮɟŬ, ɢɟɖůɘɛɞˊɞɘ-

ɞɨɜŰŬɘ ůŰɞ ɛŮɔŬɚɨŰŮɟɞ ˊɞůɞůŰɧ Űɞɡ ůɩɛŬŰɞɠ Űɞɡ ŬɡŰɞəɑɜɖŰɞɡ əŬɘ, əɡɟɑɤɠ, ůŰɘɠ ˊŮ-

ɟɘɞɢɏɠ Űɞɡ ˊɞɡ ˊɟɞɓɚɏˊŮŰŬɘ ɜŬ ˊŬɟŬɛɞɟűɤɗɞɨɜ ɚɧɔɤ ůɨɔəɟɞɡůɖɠ (Shome and 

Tumuluru 2015a). 

ɆŰɖɜ ŮɘəɧɜŬ 3, ˊŬɟɞɡůɘɎɕŮŰŬɘ ɔɘŬ ŭɘɎűɞɟɞɡɠ Űɨˊɞɡɠ ˊɟɞɖɔɛɏɜɤɜ ɢŬɚɨɓɤɜ ɡɣɖɚɐɠ Ŭ-

ɜŰɞɢɐɠ (ˊ.ɢ. Dual Phase ɢɎɚɡɓŮɠ, ɢɎɚɡɓŮɠ TRIP ə.ɚ.ˊ) ɞ ůɡɜŭɡŬůɛɧɠ ɞɚəɘɛɧŰɖŰŬɠ əŬɘ 

Űɖɠ ŬɜŰɞɢɐɠ. 

 

ɳʽˁˈ˄ʰ 3Υ ɲʽʱʴˊʰ˃˃ʰ ˍʱˋʹˌ-ˉʰˊʰ˃ˈˊ˒˖ˋʹˌ  ʴʽʰ ˉˊˇʹʴ˃ʷ˄ˇˎˌ ˔ʱ˂ˎʲʶˌ ˎ˕ʹ˂ʺˌ ʰ˄ˍˇ˔ʺˌ ˁʱʻʶ ʴʶ˄ʽʱˌ  (Lee and 
Han 2015) 
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ȼ 1ɖɠ ɔŮɜɘɎɠ ˊɟɞɖɔɛɏɜɞɘ ɢɎɚɡɓŮɠ ŮɑɢŬɜ, əɡɟɑɤɠ, ɛŬɟŰŮɜůɘŰɘəɐ ŭɞɛɐ ɛŮ ɛɑŬ Ůˊɘˊɚɏɞɜ 

űɎůɖ ɛŮ ůŰɧɢɞ Űɖ ɓŮɚŰɑɤůɖ Űɖɠ ɞɚəɘɛɧŰɖŰŬɠ Űɞɡɠ. Ƀ ˊɘɞ ɔɜɤůŰɧɠ ɢɎɚɡɓŬɠ ˊɞɡ ŬɜɐəŮɘ 

ůŮ ŬɡŰɐ Űɖ əŬŰɖɔɞɟɑŬ ŮɑɜŬɘ ɞ ŭɘűŬůɘəɧɠ ɢɎɚɡɓŬɠ ɛŮ űŮɟɟɘŰɘəɐ əŬɘ ɛŬɟŰŮɜůɘŰɘəɐ ɛɘəɟɞ-

ŭɞɛɐ.  ȷ́ ɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɛŬɟŰŮɜůɘŰɘəɏɠ ɜɖůɑŭŮɠ ůŮ ɛɑŬ ɛŬɚŬəɐ űŮɟɟɘŰɘəɐ ɛɐŰɟŬ. ȷɡŰɧ 

ŮˊɘŰɡɔɢɎɜŮŰŬɘ, əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ŬɜɧˊŰɖůɖɠ, ˊɞɡ ɞ ɤůŰŮɜɑŰɖɠ ŮɛˊɚɞɡŰɑɕŮŰŬɘ ůŮ Ɏɜ-

ɗɟŬəŬ əŬɘ, ɛŮŰɎ Űɖɜ ɣɨɝɖ, ɛŮŰŬůɢɖɛŬŰɑɕŮŰŬɘ ůŮ ɛŬɟŰŮɜůɑŰɖ. ũɘŬ ɜŬ ɛˊɞɟɏůŮɘ ɜŬ ŭɘŬ-

ŰɖɟɖɗŮɑ ɖ əŬŰɎɚɚɖɚɖ ůəɚɖɟɧŰɖŰŬ Űɞɡ ɢɎɚɡɓŬ, ˊɟɏˊŮɘ ɜŬ ɏɢŮɘ ŰɏŰɞɘŬ ɢɖɛɘəɐ ůɨůŰŬůɖ, 

ɩůŰŮ ɜŬ ůŰŬɗŮɟɞˊɞɘɖɗŮɑ ɛŮɟɘəɩɠ ɞ ɤůŰŮɜɑŰɖɠ ůŰɖ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ (ɗ.ŭ). ɇɞ 

ɜɘəɏɚɘɞ, Űɞ ɛŬɔɔɎɜɘɞ əŬɘ Űɞ ɛɞɚɡɓŭŬɑɜɘɞ ɛˊɞɟɞɨɜ ɜŬ ˊŬɑɝɞɡɜ ŬɡŰɧ Űɞ ɟɧɚɞ ɛŬɕɑ ɛŮ ɏɜŬ 

ˊɞůɞůŰɧ ɎɜɗɟŬəŬ. ũŮɜɘəɎ, ŬɡŰɞɑ ɞɘ ɢɎɚɡɓŮɠ ˊŬɟɞɡůɘɎɕɞɡɜ ɢŬɛɖɚɧ ůɢŮŰɘəɎ ɧɟɘɞ ŭɘŬɟ-

ɟɞɐɠ ɚɧɔɤ Űɖɠ ɨˊŬɟɝɖɠ Űɞɡ űŮɟɟɑŰɖ əŬɘ ɡɣɖɚɧ ɓŬɗɛɧ ŮɜŭɞŰɟɎɢɡɜůɖɠ ɚɧɔɤ Űɖɠ ɛŬɟ-

ŰŮɜůɘŰɘəɐɠ űɎůɖɠ. Ƀ ɏɚŮɔɢɞɠ Űɞɡ ɛŮɔɏɗɞɡɠ Űɞɡ əɧəəɞɡ Űɞɡ űŮɟɟɑŰɖ əŬɘ Űɞɡ ɧɔəɞɡ Űɞɡ 

ɛŬɟŰŮɜůɑŰɖ ɛˊɞɟŮɑ ɜŬ ɞŭɖɔɐůŮɘ ůŰɞ ɓɏɚŰɘůŰɞ ůɡɜŭɡŬůɛɧ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ (Shome 

and Tumuluru 2015a). 

Ƀɘ ɢɎɚɡɓŮɠ transformation-Induced Plasticity (TRIP) Ŭɜɐəɞɡɜ əŬɘ ŬɡŰɞɑ ůŰɞɡɠ ɢɎɚɡɓŮɠ 

1ɖɠ ɔŮɜɘɎɠ. ɄɟɧəŮɘŰŬɘ ɔɘŬ ˊɞɚɡűŬůɘəɞɨɠ ɢɎɚɡɓŮɠ ˊɞɡ ŬˊɞŰŮɚɞɨɜŰŬɘ, əɡɟɑɤɠ, űŮɟɟɑŰɖ, 

ˊŬɟŬɛɏɜɞɜŰŬ ɤůŰŮɜɑŰɖ, ɛˊŬɘɜɑŰɖ ɐ/ ɛŬɟŰŮɜůɑŰɖ. Ƀ ɤůŰŮɜɑŰɖɠ, ɧˊɤɠ ŬɜŬűɏɟɗɖəŮ əŬɘ 

ˊŬɟŬˊɎɜɤ, ůŰŬɗŮɟɞˊɞɘŮɑŰŬɘ ůŰɖ ɗ.ŭ ɚɧɔɤ ɢɖɛɘəɐɠ ůɨůŰŬůɖɠ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɞ ɛŬɟŰŮɜ-

ůɘŰɘəɧɠ ɛŮŰŬůɢɖɛŬŰɘůɛɧɠ ɜŬ ɝŮəɘɜɎŮɘ əɎŰɤ Ŭˊɧ Űɖ ɗ.ŭ. ȳůɞ ˊɘɞ ůŰŬɗŮɟɧɠ ŮɑɜŬɘ, Űɧůɖ 

ˊŮɟɘůůɧŰŮɟɖ ŰɎůɖ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ Űɞ ɛŮŰŬůɢɖɛŬŰɘůɛɧ ůŮ ɛŬɟŰŮɜůɑŰɖ əŬɘ əŬɗɡůŰŮɟŮɑ 

əŬɘ ŬɟəŮŰɧ ɢɟɧɜɞ ɛŮŰɎ Űɖ ˊŬɟŬɛɧɟűɤůɖ. Ƀ ɛŮŰŬůɢɖɛŬŰɘůɛɧɠ ŬɡŰɧɠ ŬɡɝɎɜŮɘ Űɖɜ ůəɚɖ-

ɟɧŰɖŰŬ ( high hardening rate), ŬəɧɛŬ əŬɘ ůŮ ɡɣɖɚɏɠ ˊŬɟŬɛɞɟűɩůŮɘɠ əŬɘ Ŭˊɧ ŬɡŰɧ Űɞ 

űŬɘɜɧɛŮɜɞ ɞɘ Ůɜ ɚɧɔɤ ɢɎɚɡɓŮɠ ˊŬɑɟɜɞɡɜ Űɞ ɧɜɞɛŬ Űɞɡɠ. ȿɧɔɤ Űɤɜ ɡɣɖɚɩɜ ˊɞůɞůŰɩɜ 

ŮɜŭɞŰɟɎɢɡɜůɖɠ (high work hardening rates), ɏɢɞɡɜ ŮɝŬɘɟŮŰɘəɐ ŭɘŬɛɞɟűɤůɘɛɧŰɖŰŬ 

(Shome and Tumuluru 2015b). 

ɆŰɞɡɠ ˊɟɞɖɔɛɏɜɞɡɠ ɢɎɚɡɓŮɠ ŭŮɨŰŮɟɖɠ ɔŮɜɘɎɠ, Ŭɜɐəɞɡɜ ɞɘ ɢɎɚɡɓŮɠ TWIP (twinning-

induced plasticity). ɄŬɟɞɡůɘɎɕɞɡɜ ůɖɛŬɜŰɘəɧ ŮɜŭɘŬűɏɟɞɜ, ŭɘɧŰɘ ŮɛűŬɜɑɕɞɡɜ ŮɝŬɘɟŮŰɘ-

əɏɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ ůŰɖ ɗ.ŭ., ɧˊɤɠ ɡɣɖɚɐ ŬɜŰɞɢɐ (ŮűŮɚəɡůŰɘəɐ ŬɜŰɞɢɐ ɛɏɢɟɘ əŬɘ 

1GPa) əŬɘ ŮɝŬɘɟŮŰɘəɐ ɞɚəɘɛɧŰɖŰŬ. ȺɘŭɘəɧŰŮɟŬ, ɢŬɟŬəŰɖɟɑɕɞɜŰŬɘ Ŭˊɧ ůŰŬɗŮɟɐ ɤůŰŮɜɘ-

Űɘəɐ ɛɘəɟɞŭɞɛɐ ůŰɖ ɗ.ŭ., ɚɧɔɤ Űɞɡ ɡɣɖɚɞɨ ˊɞůɞůŰɞɨ ůŮ ɛŬɔɔɎɜɘɞ (ɛŮŰŬɝɨ 15-30 %wt) 

əŬɘ Űɞɡ ɢŬɛɖɚɞɨ ˊɞůɞůŰɞɨ ůŮ ɎɜɗɟŬəŬ (əɎŰɤ Ŭˊɧ 0,6% wt). ȾŬɗɩɠ ɞ ɢɎɚɡɓŬɠ ˊŬɟŬ-

ɛɞɟűɩɜŮŰŬɘ ůɢɖɛŬŰɑɕɞɜŰŬɘ ůŰɞɜ ɤůŰŮɜɑŰɖ ŭɘŭɡɛɑŮɠ, ɚɧɔɤ Űɖɠ ɛŮŰŬɓɞɚɐɠ Űɖɠ ŮɜɏɟɔŮɘŬɠ 
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ŮˊɘůŰɞɑɓŬɝɖɠ. ɆŰɖ ůɡɜɏɢŮɘŬ, ɞɘ ŭɘŭɡɛɑŮɠ ŬɡŰɏɠ ŭɟɞɡɜ ůŬɜ ŮɛˊɧŭɘŬ əɑɜɖůɖɠ Űɤɜ ŭɘŬŰŬ-

ɟŬɢɩɜ ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɞ ɡɣɖɚɧ ˊɞůɞůŰɧ Ůɟɔɞůəɚɐɟɡɜůɖɠ. Ⱥˊɘˊɚɏɞɜ, ɞɘ əɟŬɛŬŰɘəɏɠ 

ˊɟɞůɗɐəŮɠ Ůˊɘŭɟɞɨɜ ůŰɖɜ ŮɜɏɟɔŮɘŬ ŮˊɘůŰɞɑɓŬɝɖɠ ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɖɜ əŬɗɡůŰɏɟɖůɖ Űɞɡ 

ɛŬɟŰŮɜůɘŰɘəɞɨ ɛŮŰŬůɢɖɛŬŰɘůɛɞɨ.  

ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, ɖ ˊɟɞůɗɐəɖ Si ůŰɞɜ ɢɎɚɡɓŬ ɛŮɘɩɜŮɘ Űɖɜ ŮɜɏɟɔŮɘŬ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɞ 

ɛŬɟŰŮɜůɘŰɘəɧɠ ɛŮŰŬůɢɖɛŬŰɘůɛɧɠ ˊŬɟŬŰŮɑɜŮŰŬɘ (Frommeyer et al. 2003). ɆɖɛŮɘɩɜɞɡɛŮ 

ɧŰɘ, ɞɘ ɢɎɚɡɓŮɠ ŬɡŰɞɑ, ˊŬɟŬ ŰŬ ůɖɛŬɜŰɘəɎ ˊɚŮɞɜŮəŰɐɛŬŰɎ Űɞɡɠ, ŭŮɜ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ 

ůŰɖ ɓɘɞɛɖɢŬɜɑŬ ɚɧɔɤ Űɞɡ ɡɣɖɚɞɨ əɧůŰɞɡɠ ˊŬɟŬɔɤɔɐɠ Űɞɡɠ. 

 

2.3. ʋʱ˂ˎʲʶˌ ˃ʶ ˃ʷˋʹ ˉʶˊʽʶˁˍʽˁˈˍʹˍʰ ˋʶ ˃ʰʴʴʱ˄ʽˇ όMMnS) 
 

ɆŰɞɡɠ ˊɟɞɖɔɛɏɜɞɡɠ ɢɎɚɡɓŮɠ ŰɟɑŰɖɠ ɔŮɜɘɎɠ, Ŭɜɐəɞɡɜ ɞɘ ɢɎɚɡɓŮɠ ɛŮ ɛɏůɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ 

ůŮ ɛŬɔɔɎɜɘɞ, ɞɘ ɞˊɞɑɞɘ ˊŬɟɞɡůɘɎɕɞɡɜ ɘŭɘŬɑŰŮɟɞ ŮɜŭɘŬűɏɟɞɜ, ɚɧɔɤ Űɞɡ ɧŰɘ ůɡɜŭɡɎɕɞɡɜ 

Űɧůɞ ůɢŮŰɘəɎ ɢŬɛɖɚɧ əɧůŰɞɠ ˊŬɟŬɔɤɔɐɠ ɧůɞ əŬɘ əŬɚɏɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ. ɄŬɟɧɚɞ, 

ˊɞɡ ɞɘ ɛŬɟŰŮɜůɘŰɘəɞɑ ɢɎɚɡɓŮɠ Fe-Ni ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ Ůɡɟɏɤɠ ůŮ ŮűŬɟɛɞɔɏɠ ůŮ əɟɡɞ-

ɔɞɜɘəɐ ɗŮɟɛɞəɟŬůɑŬ ɚɧɔɤ Űɖɠ ɡɣɖɚɐɠ ŬɜŰɞɢɐɠ Űɞɡɠ, ɖ Űɘɛɐ Űɞɡ Ni ŭɖɛɘɞɨɟɔɖůŮ Űɖɜ 

ŬɜɎɔəɖ ɔɘŬ Űɖɜ ŬɜɎˊŰɡɝɖ əɟŬɛɎŰɤɜ ɛŮ ɢŬɛɖɚɧŰŮɟɞ əɧůŰɞɠ. ũɘŬ ŬɡŰɧ Űɞ ɚɧɔɞ, ŬɜŬˊŰɡ-

ɢɗɐəŬɜ ɞɘ Fe-Mn ɢɎɚɡɓŮɠ əŬɘ ŬɡŰɞɑ ɛŮ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ Mn 3-12% wt əŬɘ ɢŬɛɖɚɧ 

ˊɞůɞůŰɧ ůŮ C, ɗŮɤɟɞɨɜŰŬɘ ɞɘ ɢɎɚɡɓŮɠ ɛŮ ɛɏůɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɛŬɔɔɎɜɘɞ (Kim et al. 

2019). 

2.3.1. ɾʽˁˊˇʵˇ˃ʺ 
 

ȼ ɛɘəɟɞŭɞɛɐ Űɞɡɠ ɛŮŰɎ Űɖ ɗŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ ŮɑɜŬɘ ɚŮˊŰɧəəɞəɖ  əŬɘ ŭɘűŬůɘəɐ ˊŮɟɘ-

ɚŬɛɓɎɜɞɜŰŬɠ Ŭ űŮɟɟɑŰɖ əŬɘ ɔR ˊŬɟŬɛɏɜɤɜ ɤůŰŮɜɑŰɖ ůŰɖ ɗ.ŭ.. ȼ ůŰŬɗŮɟɧŰɖŰŬ əŬɘ ɖ 

ŬɜɎˊŰɡɝɖ Űɞɡ ɤůŰŮɜɑŰɖ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞɜ ɗŮɟɛɘəɧ əɨəɚɞ ˊɞɡ ŬəɞɚɞɡɗŮɑŰŬɘ, ŰŬ əɟŬ-

ɛŬŰɘəɎ ůŰɞɘɢŮɑŬ ŰŬ ɞˊɞɑŬ ɗŬ ŬɜŬɚɡɗɞɨɜ ůŰŬ ˊŬɟŬəɎŰɤ əŮűɎɚŬɘŬ (Xu et al. 2012). 

H ˊɘɞ əɞɘɜɐ ɗŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ ˊɞɡ ŮűŬɟɛɧɕŮŰŬɘ ůŮ ŬɡŰɞɨɠ Űɞɡɠ ɢɎɚɡɓŮɠ ŮɑɜŬɘ ɖ 

ɗŮɟɛɐ əŬɘ ɣɡɢɟɐ ɏɚŬůɖ ŬəɞɚɞɡɗɞɨɛŮɜŮɠ Ŭˊɧ ŬɜɧˊŰɖůɖ ůŰɖ ˊŮɟɘɞɢɐ Ŭ+ɔ (intercritical 

annealing).  

ɆŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ, ˊŬɟɞɡůɘɎɕŮŰŬɘ Űɞ ŭɘɎɔɟŬɛɛŬ ɛŮŰŬůŰŬɗɩɜ űɎůŮɤɜ Űɞɡ ůɡůŰɐ-

ɛŬŰɞɠ Fe-Mn-C. 
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ɳʽˁˈ˄ʰ 4Υ ɲʽʱʴˊʰ˃˃ʰ ˃ʶˍʰˋˍʰʻ˗˄ ˒ʱˋʶ˖˄ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ Fe-Mn-C (MŞtais et al. 2017) 

ɆɨɛűɤɜŬ ɛŮ Űɞ ŭɘɎɔɟŬɛɛŬ ɔɘŬ ˊɞůɞůŰɧ Mn 10-15% wt əŬɘ ˊɞɚɨ ɢŬɛɖɚɎ ˊɞůɞůŰɎ ůŮ 

C, ɞɘ ɓŬůɘəɏɠ űɎůŮɘɠ Űɞɡ ɢɎɚɡɓŬ ŮɑɜŬɘ ɞ ɤůŰŮɜɑŰɖɠ, ɞ Ŭô-əŬɘ Ů-ɛŬɟŰŮɜůɑŰɖɠ. 

 

2.3.2. ɳˉʾʵˊʰˋʹ ʰ˄ˈˉˍʹˋʹˌ ˋˍʹ˄ ˉʶˊʽˇ˔ʺ ʰҌʴ ˋˍˇˎˌ ˔ʱ˂ˎʲʶˌ MMnS 
 

ȾŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ŬɜɧˊŰɖůɖɠ, ˊŬɟŬŰɖɟɞɨɜŰŬɘ ŰŬ ŰɟɑŬ ŬəɧɚɞɡɗŬ ůŰɎŭɘŬ: 

1) ȷˊɞəŬŰɎůŰŬůɖ: ɟ́ŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ůŮ ɢŬɛɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ əŬɘ ˊŮɟɘɚŬɛɓɎ-

ɜŮɘ ɛɘŬ ŬɜŬŭɘɎŰŬɝɖ Űɤɜ ŬŰŬɝɘɩɜ əŬɘ Űɤɜ ŭɘŬŰŬɟŬɢɩɜ ůŮ ůɢɖɛŬŰɘůɛɞɨɠ ɢŬɛɖ-

ɚɧŰŮɟɖɠ ŮɜɏɟɔŮɘŬɠ, ɧˊɤɠ ɞ ůɢɖɛŬŰɘůɛɧɠ ůɡɜɧɟɤɜ ɛɘəɟɐɠ ɔɤɜɑŬɠ. ȹŮɜ ˊŮɟɘɚŬɛ-

ɓɎɜŮɘ Űɖɜ ɛŮŰŬɓɞɚɐ Űɖɠ ŭɞɛɐɠ Űɞɡ əɧəəɞɡ Űɞɡ ɡɚɘəɞɨ. 

2) ȷɜŬəɟɡůŰɎɚɚɤůɖ: ɧŰŬɜ ɖ ŬɜɧˊŰɖůɖ ́ ɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ůŮ ɡɣɖɚɧŰŮɟŮɠ ɗŮɟɛɞ-

əɟŬůɑŮɠ, ůɢɖɛŬŰɑɕɞɜŰŬɘ əŬɘ ŬɜŬˊŰɨůůɞɜŰŬɘ ɜɏɞɘ əɧəəɞɘ ɢɤɟɑɠ ŬŰŬɝɑŮɠ ůŰɞ ˊŬ-

ɟŬɛɞɟűɤɛɏɜɞ ɡɚɘəɧ. ȿɧɔɤ Űɖɠ ɛŮɑɤůɖɠ Űɖɠ ˊɡəɜɧŰɖŰŬɠ Űɤɜ ŬŰŬɝɘɩɜ ɛŮɘɩɜŮ-

ŰŬɘ əŬɘ ɖ ůəɚɖɟɧŰɖŰŬ Űɞɡ ɡɚɘəɞɨ. ȼ ŬɜŬəɟɡůŰɎɚɚɤůɖ ˊɞɡ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ 

ˊɎɜɤ Ŭˊɧ ɛɘŬ əɟɑůɘɛɖ ɗŮɟɛɞəɟŬůɑŬ, ɞɜɞɛɎɕŮŰŬɘ ɗŮɟɛɞəɟŬůɑŬ ŬɜŬəɟɡůŰŬɚɚɩ-

ůŮɤɠ, ɖ ɞˊɞɑŬ ŮɑɜŬɘ ůɡɢɜɎ, Űɞ ůɖɛŮɑɞ Űɐɝɖɠ Űɞɡ ɡɚɘəɞɨ. 
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3) ȷɜɎˊŰɡɝɖ əɧəəɤɜ: Ŭɜ Űɞ ɡɚɘəɧ ˊɞɡ ɏɢŮɘ ɡˊɞůŰŮɑ ŬɜŬəɟɡůŰɎɚɚɤůɖ, ɗŮɟɛŬɜɗŮɑ 

ˊŮɟŬɘŰɏɟɤ ůŰɖɜ ɑŭɘŬ ɗŮɟɛɞəɟŬůɑŬ ɐ ůŮ ɡɣɖɚɧŰŮɟɖ, ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ŬɜɎˊŰɡɝɖ 

Űɤɜ əɧəəɤɜ. ɇŬ ɧɟɘŬ Űɤɜ ŬɜɞˊŰɖɛɏɜɤɜ əɧəəɤɜ ɛŮŰŬəɘɜɞɨɜŰŬɘ ɛŮ ŬˊɞŰɏɚŮůɛŬ 

ɜŬ ůɢɖɛŬŰɑɕɞɜŰŬɘ ɛŮɔŬɚɨŰŮɟɞɘ əɧəəɞɘ (ɉŬɘŭŮɛŮɜɧˊɞɡɚɞɠ ũɟɖɔɧɟɖɠ 2007). 

ɆɨɛűɤɜŬ ɛŮ ˊɟɞɖɔɞɨɛŮɜŮɠ ɏɟŮɡɜŮɠ, ɖ ŬɜɧˊŰɖůɖ ůŰɖɜ ˊŮɟɘɞɢɐ Ŭ+ɔ (ɛŮŰŬɝɨ Űɖɠ ɗŮɟɛɞ-

əɟŬůɑŬɠ ȷ1 əŬɘ ȷ3) ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɖ ɔɘŬ Űɖɜ ŬˊɧəŰɖůɖ əŬɚɩɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ 

əŬɘ ɛɘəɟɞŭɞɛɐɠ, ɧˊɤɠ ŬɜŬűɏɟɗɖəŮ ˊŬɟŬˊɎɜɤ, ůŰɖ ɗ.ŭ. ůŰɞɡɠ ɢɎɚɡɓŮɠ ɛŮ ɛɏůɖ ˊŮɟɘŮ-

əŰɘəɧŰɖŰŬ ůŮ ɛŬɔɔɎɜɘɞ (Haupt et al. 2017). ȼ ŬɜɧˊŰɖůɖ ůŰɖɜ ˊŮɟɘɞɢɐ Ŭ+ɔ ˊɟɏˊŮɘ ɜŬ 

ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɛŮŰŬɝɨ Űɤɜ ɗŮɟɛɞəɟŬůɘɩɜ ɏɜŬɟɝɖɠ əŬɘ ɚɐɝɖɠ Űɞɡ ɛŮŰŬůɢɖɛŬŰɘůɛɞɨ 

Ŭˊɧ ŬôɛŬɟŰŮɜůɑŰɖ (ɞ ɞˊɞɑɞɠ ůɢɖɛŬŰɑɕŮŰŬɘ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ ɣɨɝɖɠ) ůŮ ŮˊŬɜŮɛűŬɜɘɕɧ-

ɛŮɜɞ ɤůŰŮɜɑŰɖ. Ƀ ɧɟɞɠ ŮˊŬɜŮɛűŬɜɘɕɧɛŮɜɞɠ ɤůŰŮɜɑŰɖɠ (çreversed austeniteè)  ŬɜŬűɏ-

ɟŮŰŬɘ ůŮ ŬɡŰɧɜ ˊɞɡ ůɢɖɛŬŰɑɕŮŰŬɘ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ŬɜɧˊŰɖůɖɠ, ɚɧɔɤ Űɞɡ ŭɘŬűɞɟɘ-

ůɛɞɨ əɟŬɛŬŰɘəɩɜ ůŰɞɘɢŮɑɤɜ ůŰɞɜ ɤůŰŮɜɑŰɖ Ŭˊɧ ŬôɛŬɟŰŮɜůɑŰɖ (Haupt et al. 2017).  

Ƀ ůɡɜɞɚɘəɧɠ ɤůŰŮɜɑŰɖɠ ůŰɖ ɗ.ŭ., ŮɑɜŬɘ ŬɡŰɧɠ ˊɞɡ ɡˊɐɟɢŮ ˊɟɘɜ Űɖɜ ŬɜɧˊŰɖůɖ (ˊɟɤŰɞɔŮ-

ɜɐɠ ɤůŰŮɜɑŰɖɠ) ŬɚɚɎ əŬɘ ŮəŮɑɜɞɠ ́ ɞɡ ůɢɖɛŬŰɑůŰɖəŮ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ɗŮɟɛɘəɐɠ əŬ-

ŰŮɟɔŬůɑŬɠ (ŮˊŬɜŮɛűŬɜɘɕɧɛŮɜɞɠ ɤůŰŮɜɑŰɖɠ), ɧˊɤɠ űŬɑɜŮŰŬɘ əŬɘ ůŰɖɜ ŮɘəɧɜŬ 5. 
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ɆɖɛŬɜŰɘəɧɠ ˊŬɟɎɔɞɜŰŬɠ ˊɞɡ ŮˊɖɟŮɎɕŮɘ Űɖɜ ŰŮɚɘəɐ ɛɘəɟɞŭɞɛɐ əŬɘ Űɘɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧ-

ŰɖŰŮɠ Űɤɜ MMnS ŮɑɜŬɘ ɖ Ůˊɘɚɞɔɐ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ əŬɘ ɢɟɧɜɞɡ ˊŬɟŬɛɞɜɐɠ Űɖɠ Ŭɜɧ-

ˊŰɖůɖɠ ůŰɖ ŭɘűŬůɘəɐ ˊŮɟɘɞɢɐ Ŭ+ɔ. ɇɞ ˊɞůɞůŰɧ Űɞɡ ˊŬɟŬɛɏɜɞɜŰɞɠ ɤůŰŮɜɑŰɖ ɛŮŰŬɓɎɚ-

ɚŮŰŬɘ, ŬɜɎɚɞɔŬ ɛŮ Űɖ ɗŮɟɛɞəɟŬůɑŬ Űɖɠ ŬɜɧˊŰɖůɖɠ, ůŮ ŭɞəɑɛɘŬ ɣɡɢɟɐɠ əŬɘ ɗŮɟɛɐɠ ɏɚŬ-

ůɖɠ. 

ũɘŬ MMnS ɣɡɢɟɐɠ ɏɚŬůɖɠ ɛŮ ɡɣɖɚɧ ˊɞůɞůŰɧ ůŮ ɛŬɔɔɎɜɘɞ (10-12% wt), ůɨɛűɤɜŬ ɛŮ 

ˊɟɞɖɔɞɨɛŮɜŮɠ ɏɟŮɡɜŮɠ, ɧŰŬɜ ɡˊɏůŰɖůŬɜ ŬɜɧˊŰɖůɖ ůŮ ɢŬɛɖɚɐ ɗŮɟɛɞəɟŬůɑŬ (500-

550ɞC), ˊŬɟɞɡůɑŬůŬɜ ɛɖ ŬɜŬəɟɡůŰŬɚɚɤɛɏɜɖ ŭɘűŬůɘəɐ ɛɘəɟɞŭɞɛɐ (ŬôɛŬɟŰŮɜůɘŰɘəɐ ɛŮ 

ɜɖůɑŭŮɠ ˊŬɟŬɛɏɜɞɜŰɞɠ ɤůŰŮɜɑŰɖ). ȼ ɢŬɛɖɚɐ ɗŮɟɛɞəɟŬůɑŬ ˊɟɞəɎɚŮůŮ ɛɧɜɞ ŬˊɞəŬŰɎ-

ůŰŬůɖ Űɞɡ Ŭô ɛŬɟŰŮɜůɑŰɖ. ȳůɞ ŬɡɝɎɜŮŰŬɘ ɖ ɗŮɟɛɞəɟŬůɑŬ ŬɜɧˊŰɖůɖɠ, ɖ ɛɘəɟɞŭɞɛɐ Ŭ-

ˊɞəŰɎ ŮˊɘɛɐəŮɘɠ əŬɘ ɘůŬɝɞɜɘəɞɨɠ əɧəəɞɡɠ, ɞˊɧŰŮ ůŰɖɜ ˊŮɟɑˊŰɤůɖ ŬɡŰɐ ɝŮəɘɜɎ Űɞ ůŰɎ-

ŭɘɞ Űɖɠ ŬɜŬəɟɡůŰɎɚɚɤůɖɠ. ɆŮ ŬəɧɛŬ ɡɣɖɚɧŰŮɟŮɠ ɗŮɟɛɞəɟŬůɑŮɠ (700-750 ɞC), ɖ ɛɘ-

əɟɞŭɞɛɐ ŬˊɞŰŮɚŮɑŰŬɘ ɛɧɜɞ Ŭˊɧ ɘůŬɝɞɜɘəɞɨɠ əɧəəɞɡɠ űŮɟɟɑŰɖ əŬɘ ˊŬɟŬɛɏɜɞɜŰɞɠ ɤůŰŮ-

ɜɑŰɖ, ɞˊɧŰŮ ɖ ŬɜŬəɟɡůŰɎɚɚɤůɖ ɏɢŮɘ ɞɚɞəɚɖɟɤɗŮɑ.  

ȺˊɘˊɟɞůɗɏŰɤɠ, ɞ ɛɏůɞɠ ɧɟɞɠ əɧəəɞɡ Űɞɡ ˊŬɟŬɛɏɜɞɜŰɞɠ ɤůŰŮɜɑŰɖ, ŬɡɝɎɜŮŰŬɘ ɛŮ Űɖɜ 

Ŭɨɝɖůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ ŬɜɧˊŰɖůɖɠ. ȼ Ŭɨɝɖůɖ Űɞɡ ɛŮɔɏɗɞɡɠ Űɞɡ əɧəəɞɡ ɏɢŮɘ ɤɠ 

ŬˊɞŰɏɚŮůɛŬ Űɖ ɛŮɑɤůɖ Űɖɠ ɗŮɟɛɘəɐɠ ůŰŬɗŮɟɧŰɖŰŬɠ Űɞɡ ˊŬɟŬɛɏɜɞɜŰɞɠ ɤůŰŮɜɑŰɖ. ȷəɞ-

ɚɞɨɗɤɠ, ɛŮɘɩɜŮŰŬɘ  əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ ɣɨɝɖɠ ɚɧɔɤ Űɖɠ ŬůŰɎɗŮɘŬɠ Űɞɡ, ɛŮŰŬůɢɖɛŬŰɑɕŮŰŬɘ 

ůŮ Ŭô ɛŬɟŰŮɜůɑŰɖ. ũɘŬ ŬɡŰɧ Űɞ ɚɧɔɞ, Űɞ ˊɞůɞůŰɧ Űɞɡ ɤůŰŮɜɑŰɖ ůŰɖ ɗ.ŭ. ɛŮɘɩɜŮŰŬɘ (Ma 

et al. 2018). 

MMnS ɗŮɟɛɐɠ ɏɚŬůɖɠ, ůɨɛűɤɜŬ ɛŮ ˊɟɞɖɔɞɨɛŮɜŮɠ ɏɟŮɡɜŮɠ, ˊɞɡ ɡˊɏůŰɖůŬɜ ŬɜɧˊŰɖůɖ 

ůŰɞɡɠ 600-650 ɞC ɓŬɗɛɞɨɠ, ŮɛűɎɜɘɕŬɜ ́ ɚŬəɑŭɘŬ űŮɟɟɑŰɖ əŬɘ ɤůŰŮɜɑŰɖ. ɄŬɟŬŰɖɟɐɗɖəŮ 

ŭŮ, ɧŰɘ  ɧůɞ ŬɡɝɎɜŮŰŬɘ ɖ ɗŮɟɛɞəɟŬůɑŬ, ɞ ɤůŰŮɜɑŰɖɠ ɔɑɜŮŰŬɘ ɓŮɚɞɜɞŮɘŭɐɠ. ȷɚɚɎ əŬɘ ůŮ 

ɡɣɖɚɧŰŮɟŮɠ ɗŮɟɛɞəɟŬůɑŮɠ, ɞ ɤůŰŮɜɑŰɖɠ ɔɑɜŮŰŬɘ ɚɘɔɧŰŮɟɞ ůŰŬɗŮɟɧɠ, ɧˊɤɠ əŬɘ ůŰɖɜ ˊŮ-

ɟɑˊŰɤůɖ Űɖɠ ɣɡɢɟɐɠ ɏɚŬůɖɠ (Liu et al. 2018).  

 

H əɨɟɘŬ ŭɘŬűɞɟɎ ŬɜɎɛŮůŬ ůŮ ŭɞəɑɛɘŬ ɣɡɢɟɐɠ əŬɘ ɗŮɟɛɐɠ ɏɚŬůɖɠ ˊɞɡ ŭɖɛɘɞɡɟɔŮɑ ɖ 

ŭɘŬűɞɟŮŰɘəɐ ɗŮɟɛɞəɟŬůɑŬ ŬɜɧˊŰɖůɖɠ, ɓɟɑůəŮŰŬɘ ůŰɖ ɛɞɟűɞɚɞɔɑŬ Űɖɠ ɛɘəɟɞŭɞɛɐɠ əŬɘ 

ůŰɞɜ ɧɔəɞ Űɞɡ ɤůŰŮɜɑŰɖ. Ƀ ɧɔəɞɠ Űɞɡ ɤůŰŮɜɑŰɖ ůŰɖɠ ɗŮɟɛɐɠ ɏɚŬůɖɠ ŭɞəɑɛɘŬ ɐŰŬɜ ɛɘ-

əɟɧŰŮɟɞɠ ůŮ ůɢɏůɖ ɛŮ Űɖɠ ɣɡɢɟɐɠ ůŰɖɜ ɑŭɘŬ ɗŮɟɛɞəɟŬůɑŬ ŬɜɧˊŰɖůɖɠ.  
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ȷɡŰɧ űŬɑɜŮŰŬɘ əŬɘ ůŰɖɜ ŮɘəɧɜŬ 6 ɔɘŬ ɢɎɚɡɓŬ ɛŮ ɢɖɛɘəɐ ůɨůŰŬůɖ Fe-0.12C-5Mn-1Al-

0.2Mo-0.05Nb. 

 

ɳʽˁˈ˄ʰ 6Υ ʇˉˇ˂ˇʴʽʸˈ˃ʶ˄ˇˌ ˈʴˁˇˌ ˖ˋˍʶ˄ʾˍʹ ʴʽʰ ˕ˎ˔ˊʺˌ ˁʰʽ ʻʶˊ˃ʺˌ ʷ˂ʰˋʹˌ MMnS ˁ ʰʻ˗ˌ ʰˎ˅ʱ˄ʶˍʰʽ ʹ ʻʶˊ˃ˇˁˊʰπ
ˋʾʰ ʰ˄ˈˉˍʹˋʹˌ (Liu et al. 2018) 

ɆŰŬ ŭɞəɑɛɘŬ, ˊɞɡ ˊŬɟɏɛŮɘɜŬɜ ůŰɖ ɗŮɟɛɞəɟŬůɑŬ ŬɜɧˊŰɖůɖɠ ɔɘŬ 1-10 min, əɧəəɞɘ ɤůŰŮ-

ɜɑŰɖ ůɢɖɛŬŰɑůŰɖəŬɜ ůŰŬ ɧɟɘŬ əɧəəɤɜ ɛŮɔɎɚɖɠ ɔɤɜɑŬɠ əŬɘ ŬɜŬˊŰɨůůɞɜŰŬɘ ůŰɖ ɛŬɟŰŮɜ-

ůɑŰɘəɐ ŭɞɛɐ (Dong et al. 2013). O ɧɔəɞɠ Űɞɡ ɤůŰŮɜɑŰɖ ŬɡɝɎɜŮŰŬɘ ɧůɞ ŬɡɝɎɜŮŰŬɘ ɞ ɢɟɧ-

ɜɞɠ ˊŬɟŬɛɞɜɐɠ, ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɖ ɛŮɑɤůɖ Űɖɠ ůŰŬɗŮɟɧŰɖŰŬɠ Űɞɡ. ɀŮŰɎ Űɞɜ Ŭɟɢɘəɧ 

ůɢɖɛŬŰɘůɛɧ Űɤɜ əɧəəɤɜ, Űɞ ɛɏůɞ ɛɏɔŮɗɞɠ əɧəəɞɡ ŬɡɝɎɜŮŰŬɘ ŬɟɔɎ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɖɠ 

ˊŬɟŬɛɞɜɐɠ. ũɘŬ ŬɡŰɧ əŬɘ ɖ Ůˊɘɚɞɔɐ ɡɣɖɚɞɨ ɢɟɧɜɞɡ ˊŬɟŬɛɞɜɐɠ ůŰɖɜ ŬɜɧˊŰɖůɖ ŭŮɜ 

ŮˊɘűɏɟŮɘ ɛŮɔɎɚɖ ŭɘŬűɞɟɎ ůŰɞɜ ɧɔəɞ Űɞɡ ɤůŰŮɜɑŰɖ (Dong et al. 2013). 

2.3.3. ɾʹ˔ʰ˄ʽˁʷˌ ɹʵʽˈˍʹˍʶˌ 
 

ȼ Ůˊɘɚɞɔɐ ɗŮɟɛɞəɟŬůɑŬɠ Űɖɠ ŬɜɧˊŰɖůɖɠ ůŰɖɜ ˊŮɟɘɞɢɐ Ŭ+ɔ ŮˊɖɟŮɎɕŮɘ, Ůˊɑůɖɠ, əŬɘ Űɘɠ 

ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ɢɎɚɡɓŬ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, Ŭˊɧ Űɖ ɛŮɚɏŰɖ Űɤɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞ-

ŰɐŰɤɜ Űɞɡ ɢɎɚɡɓŬ Fe-12Mn-3Al-0.05C ˊɞɡ ɏɢŮɘ ɡˊɞůŰŮɑ ŬɜɧˊŰɖůɖ ůŰɞɡɠ 675ɞC ɔɘŬ 

ŭɨɞ ɩɟŮɠ, ˊɟɞɏəɡɣŬɜ ŰŬ ŬəɧɚɞɡɗŬ ŬˊɞŰŮɚɏůɛŬŰŬ (Shen et al. 2019) : 
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ɳʽˁˈ˄ʰ 7Υ ɮˉˇˍʶ˂ʷˋ˃ʰˍʰ ˃ʹ˔ʰ˄ʽˁ˗˄ ʽʵʽˇˍʺˍ˖˄ ˋˍˇ˄ ˔ʱ˂ˎʲʰ Fe-12Mn-3Al-0.05C ˃ʶˍʱ ʰˉˈ ʰ˄ˈˉˍʹˋʹ ˋˍˇˎˌ стрČ 
ʴʽʰ ʵˏˇ ˗ˊʶˌ ˁ ʰʽ ˇ ˈʴˁˇˌ ˍˇˎ ˖ˋˍʶ˄ʾˍʹ ˃ʶˍʱ ʰˉˈ ʵˇˁʽ˃ʷˌ ʶ˒ʶ˂ˁˎˋ˃ˇˏ (Shen et al. 2019). 

ȼ ŮűŮɚəɡůŰɘəɐ ŬɜŰɞɢɐ Űɞɡ ɡɚɘəɞɨ ŬɜɏɟɢŮŰŬɘ ůŰŬ 811 MPa əŬɘ ɖ ůɡɜɞɚɘəɐ Ůˊɘɛɐəɡɜůɖ 

ŮɑɜŬɘ 33,1%.  ȼ ŬɜɧˊŰɖůɖ ůŰɖɜ ˊŮɟɘɞɢɐ Ŭ+ɔ ŮɑɢŮ ɤɠ ŬˊɞŰɏɚŮůɛŬ Űɞ ůɢɖɛŬŰɘůɛɧ ŮˊŬ-

ɜŮɛűŬɜɘɕɧɛŮɜɞɡ ɤůŰŮɜɑŰɖ ɛŮɘɩɜɞɜŰŬɠ, ɏŰůɘ, Űɖɜ ŮűŮɚəɡůŰɘəɐ ŬɜŰɞɢɐ əŬɘ ŬɡɝɎɜɞɜŰŬɠ 

Űɖɜ ɞɚəɞɛɧŰɖŰŬ Űɞɡ. ȼ ŬɜŰɞɢɐ Űɞɡ ɢɎɚɡɓŬ ɛŮŰɎ Űɖ ɣɡɢɟɐ ɏɚŬůɖ ɐŰŬɜ 1400 MPa (Ma 

et al. 2018). 

Ƀ ůɢɖɛŬŰɘůɛɧɠ Űɞɡ ɤůŰŮɜɑŰɖ ŮˊɖɟŮɎɕŮɘ əŬɘ Űɘɠ ɘŭɘɧŰɖŰŮɠ əɟɞɨůɖɠ. ɄɟɞɖɔɞɨɛŮɜŮɠ ɏ-

ɟŮɡɜŮɠ, ˊɞɡ  ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ŭɞəɘɛɏɠ əɟɞɨůɖɠ ůŮ MMnS ɛŮ 9% wt Mn ɛŮŰɎ Ŭˊɧ 

ŬɜɧˊŰɖůɖ ůŮ 400-600ɞC ɏŭɤůŬɜ ŰŬ ŬəɧɚɞɡɗŬ ŬˊɞŰŮɚɏůɛŬŰŬ: 

 

 



ɾʶ˂ʷˍʹ ʰˋˍˇ˔ʾʰˌ ˁʰʽ ˃ʹ˔ʰ˄ʽˁ˗˄ ʽʵʽˇˍʺˍ˖˄ ˋʶ ˔ʱ˂ˎʲʰ ˃ʶ ˃ʷˋʹ ˉʶˊʽʶˁˍʽˁˈˍʹˍʰ ˋʶ ˃ʰʴʴʱ˄ʽˇ  

 

25 
 

 

ɳʽˁˈ˄ʰ 8Υ ɮˉˇˍʶ˂ʷˋ˃ʰˍʰ ʵˇˁʽ˃ʺˌ ˁˊˇˏˋʹˌ ˋʶ MMnS ˃ ʶ ф҈ wt ˁ ʰʽ ˉˊˇˋʻʺˁʹ ɰ (Kuzmina et al. 2015). 

 

ȼ ɗŮɟɛɞəɟŬůɑŬ ɛŮŰŬɓɎůŮɤɠ Ŭˊɧ ɧɚəɘɛɖ ůŮ ɣŬɗɡɟɐ ɗɟŬɨůɖ ɡˊɞɚɞɔɑůŰɖəŮ ůŰɞɡɠ 20ɞC 

(Kuzmina et al. 2015) Ůɜɩ ůŮ ɢɎɚɡɓŬ ɛŮ 8% wt Mn , ɖ ŮɜɏɟɔŮɘŬ əɟɞɨůɖɠ ůŰɞɡɠ -196 

ɞC ɐŰŬɜ əɎŰɤ Ŭˊɧ 1 J əŬɘ ɗŮɟɛɞəɟŬůɑŬ ɛŮŰŬɓɎůŮɤɠ -20 ɞC (Han et al. 2014). 

 

2.3.4. ɳˉʾʵˊʰˋʹ ˉˊ˖ˍˇʴʶ˄ˇˏˌ ˖ˋˍʶ˄ʾˍʹ ˋˍʹ˄ ʰ˄ˍˇ˔ʺ ˋʶ ˁˊˇˏˋʹ ˋˍˇˎˌ   

MMnS 
  

Ƀɘ ɢɎɚɡɓŮɠ ɀɀnS ́ ŬɟɞɡůɘɎɕɞɡɜ ɢŬɛɖɚɐ ŬɜŰɞɢɐ ůŮ əɟɞɨůɖ ůŮ ɢŬɛɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ 

ɚɧɔɤ ɛŮɔɎɚɤɜ əɧəəɤɜ ɤůŰŮɜɑŰɖ əŬɘ ŰŬ ɧɟɘŬ əɧəəɤɜ Űɞɡ ˊɟɤŰɞɔŮɜɐ ɤůŰŮɜɑŰɖ ŮˊɖɟŮ-

Ɏɕɞɡɜ Űɘɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ. 

ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, ůŮ ɢɎɚɡɓŬ MMnS ɛŮ 7% wt Mn ɣɡɢɟɐɠ əŬɘ ɗŮɟɛɐɠ ɏɚŬůɖɠ ˊɟŬɔɛŬ-

ŰɞˊɞɘɐɗɖəŮ ŬɜɧˊŰɖůɖ ůŰɞɡɠ 640ɞC ɔɘŬ 30 ɚŮˊŰɎ əŬɘ ŭɞəɘɛɏɠ Charpy. ȾŬɘ ŰŬ ŭɨɞ Ůɑŭɖ 

ŭɞəɘɛɑɤɜ, ˊŬɟɞɡůɑŬůŬɜ űŮɟɟɘŰɘəɐ əŬɘ ɤůŰŮɜɘŰɘəɐ (ˊŬɟŬɛɏɜɤɜ) ɛɘəɟɞŭɞɛɐ ɛŮ Űɖ ŭɘŬ-

űɞɟɎ, ɧŰɘ ŬɡŰɎ Űɖɠ ɗŮɟɛɐɠ ɏɚŬůɖɠ ˊŬɟɞɡůɑŬɕŬɜ ɓŮɚɞɜɞŮɘŭŮɑɠ əɧəəɞɡɠ əŬɘ ŬɡŰɎ Űɖɠ 

ɣɡɢɟɐɠ ɏɚŬůɖɠ ůűŬɘɟɞŮɘŭŮɑɠ (Han et al. 2017b). Ƀɘ ŮɜɏɟɔŮɘŮɠ əɟɞɨůɖɠ Űɖɠ ɣɡɢɟɐɠ ɏ-

ɚŬůɖɠ ɐŰŬɜ ɡɣɖɚɧŰŮɟŮɠ Ŭˊɧ ŬɡŰɏɠ Űɖɠ ɗŮɟɛɐɠ ŮəŰɧɠ Ŭˊɧ Űɘɠ ɗŮɟɛɞəɟŬůɑŮɠ əɞɜŰɎ ůŰɖ 
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ɗ.ŭ.. ɇŬ ŭɞəɑɛɘŬ ɣɡɢɟɐɠ ɏɚŬůɖɠ ˊŬɟɞɡůɑŬůŬɜ ɧɚəɘɛɖ ɗɟŬɨůɖ ůŰɘɠ ɡɣɖɚɏɠ ɗŮɟɛɞəɟŬ-

ůɑŮɠ, Ůɜɩ ůŮ ɢŬɛɖɚɧŰŮɟŮɠ ŮɛűɎɜɘůŬɜ ˊŮɟɘəɟɡůŰŬɚɚɘəɐ ɗɟŬɨůɖ ůŰŬ ɧɟɘŬ əɧəəɤɜ Űɞɡ 

űŮɟɟɑŰɖ əŬɘ Űɞɡ ŬȭɛŬɟŰŮɜůɑŰɖ.  

ɆŮ ŬɜŰɑɗŮůɖ, ŰŬ ŭɞəɑɛɘŬ ɗŮɟɛɐɠ ɏɚŬůɖɠ ˊŬɟɞɡůɑŬůŬɜ ůŮ ɢŬɛɖɚɧŰŮɟŮɠ ɗŮɟɛɞəɟŬůɑŮɠ 

ˊŮɟɘəɟɡůŰŬɚɚɘəɐ ɗɟŬɨůɖ ůŰŬ ɧɟɘŬ əɧəəɤɜ Űɞɡ ˊɟɤŰɞɔŮɜɞɨɠ ɤůŰŮɜɑŰɖ ɚɧɔɤ ŭɘŬűɞɟɘ-

ůɛɞɨ əɟŬɛŬŰɘəɩɜ ůŰɞɘɢŮɑɤɜ. ȷɡŰɧ ɏɢŮɘ ɤɠ ŬˊɞŰɏɚŮůɛŬ, Űɖ ɛŮɑɤůɖ Űɖɠ ŮɜɏɟɔŮɘŬɠ əɟɞɨ-

ůɖɠ ŬɡŰɩɜ Űɤɜ ŭɞəɘɛɑɤɜ ůŰɘɠ ɢŬɛɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ (Han et al. 2017a). 

2.3.5. ɾʹ˔ʰ˄ʽˋ˃ˇʾ ʃʰˊʰ˃ˈˊ˒˖ˋʹˌ 
 

ȼ ŮɜɏɟɔŮɘŬ ŮˊɘůŰɞɑɓŬɝɖɠ (ŮɜɏɟɔŮɘŬ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ Űɖɜ ŬɚɚŬɔɐ Űɖɠ ŬɚɚɖɚɞɡɢɑŬɠ Űɤɜ 

ůŰɟɤɛɎŰɤɜ Űɞɡ ɡɚɘəɞɨ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ˊŬɟŬɛɧɟűɤůɖɠ) ŮɑɜŬɘ ɏɜŬɠ Ŭˊɧ Űɞɡɠ ɓŬ-

ůɘəɞɨɠ ˊŬɟɎɔɞɜŰŮɠ ˊɞɡ ŮˊɖɟŮɎɕɞɡɜ Űɞ ɛɖɢŬɜɘůɛɧ ˊŬɟŬɛɧɟűɤůɖɠ. ȼ ŬɜɧˊŰɖůɖ ůŰɖɜ 

ˊŮɟɘɞɢɐ Ŭ+ɔ ŮˊɖɟŮɎɕŮɘ Űɖ ůŰŬɗŮɟɧŰɖŰŬ Űɞɡ ɤůŰŮɜɑŰɖ , ɞˊɧŰŮ əŬɘ Űɖɜ ŮɜɏɟɔŮɘŬ ŮˊɘůŰɞɑ-

ɓŬɝɖɠ Űɞɡ. ȼ ɢɖɛɘəɐ ůɨůŰŬůɖ Űɞɡ ɡɚɘəɞɨ ŭɘŬɛɞɟűɩɜŮɘ Űɖɜ Űɘɛɐ Űɖɠ ůŰɞɜ ɤůŰŮɜɑŰɖ 

ɚɧɔɤ Űɞɡ ŭɘŬűɞɟɘůɛɞɨ əɟŬɛŬŰɘəɩɜ ůŰɞɘɢŮɑɤɜ ůŰɞɜ ɤůŰŮɜɑŰɖ (ůŮ ŬɡŰɞɨɠ Űɞɡ ɢɎɚɡɓŮɠ 

Mn əŬɘ C). H ˊɟɞůɗɐəɖ, Ůˊɘˊɚɏɞɜ, Al əŬɘ Si ŮˊɖɟŮɎɕɞɡɜ Űɖɜ ŮɜɏɟɔŮɘŬ əŬɘ, ůɡɜŮˊɩɠ 

əŬɘ Űɞ ɛɖɢŬɜɘůɛɧ ˊŬɟŬɛɧɟűɤůɖɠ.  

ȷɝɘɞůɖɛŮɑɤŰɞ ŮɑɜŬɘ ɧŰɘ, ůɨɛűɤɜŬ ɛŮ Űɘɠ Űɘɛɏɠ Űɖɠ ŮɜɏɟɔŮɘŬɠ ŮˊɘůŰɞɑɓŬɝɖɠ, əŬɘ Űɞ űŬɘ-

ɜɧɛŮɜɞ TWIP əŬɘ TRIP ɛˊɞɟŮɑ ɜŬ ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ ůŮ ŬɡŰɞɨɠ Űɞɡɠ ɢɎɚɡɓŮɠ. ũɘŬ Űɘɛɏɠ 

ˊɎɜɤ Ŭˊɧ 20 mJ*m-2, ɞ əɡɟɑŬɟɢɞɠ ɛɖɢŬɜɘůɛɧɠ ˊŬɟŬɛɧɟűɤůɖɠ ŮɑɜŬɘ Űɞ űŬɘɜɧɛŮɜɞ 

TWIP, Ůɜɩ ɔɘŬ Űɘɛɏɠ əɎŰɤ Ŭˊɧ 20 mJ*m-2 ŮˊɘəɟŬŰŮɑ Űɞ űŬɘɜɧɛŮɜɞ TRIP. ũɘŬ Űɘɛɏɠ 

əɞɜŰɎ ůŰŬ 20 mJ*m-2, ŬɜɎɚɞɔŬ Űɞ Ŭɜ ŮɑɜŬɘ ˊɎɜɤ ɐ əɎŰɤ Ŭˊɧ ŬɡŰɐ Űɖ Űɘɛɐ, Űɞ ɡɚɘəɧ 

ˊŬɟŬɛɞɟűɩɜŮŰŬɘ ůɨɛűɤɜŬ əŬɘ ɛŮ ŰŬ ŭɨɞ űŬɘɜɧɛŮɜŬ, ŬɚɚɎ əɡɟɑɤɠ ŮˊɘəɟŬŰŮɑ Űɞ ɏɜŬ 

Ŭˊɧ ŰŬ ŭɨɞ (Ma et al. 2018). 

ɆŰɞɡɠ MMnS, Űɞ űŬɘɜɧɛŮɜɞ TRIP ŮɑɜŬɘ ɡˊŮɨɗɡɜɞ ɔɘŬ Űɞ ůɢɖɛŬŰɘůɛɧ Űɞɡ Ŭô 

(BCC/BCT) ɛŬɟŰŮɜůɑŰɖ Ŭˊɧ Űɞɜ ɤůŰŮɜɑŰɖ ɐ Űɞ Ů-ɛŬɟŰŮɜůɑŰɖ (HCP). 
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2.3.6. ɳˉʾʵˊʰˋʹ ˁˊʰ˃ʰˍʽˁ˗˄ ˋˍˇʽ˔ʶʾ˖˄ 
 

ɀŬɔɔɎɜɘɞ 

ɋɠ Űɞ ɓŬůɘəɧ ůŰɞɘɢŮɑɞ əɟŬɛɎŰɤůɖɠ ŬɡŰɩɜ Űɤɜ ɢŬɚɨɓɤɜ, ůŰŬɗŮɟɞˊɞɘŮɑ Űɞɜ ɤůŰŮɜɑŰɖ 

əŬɘ ŬɡɝɎɜŮɘ Űɞɜ ɧɔəɞ Űɞɡ Ůɘɠ ɓɎɟɞɠ Űɞɡ űŮɟɟɑŰɖ. ȳůɞ ˊɘɞ ɡɣɖɚɐ ŮɑɜŬɘ ɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ 

ůŮ ɛŬɔɔɎɜɘɞ, ɞ ɢɎɚɡɓŬɠ ɛˊɞɟŮɑ ɜŬ ɗŮɟɛŬɜɗŮɑ ůŮ ɢŬɛɖɚɧŰŮɟŮɠ  ɗŮɟɛɞəɟŬůɑŮɠ , ɞŭɖɔɩ-

ɜŰŬɠ ɏŰůɘ ůŮ ɚŮˊŰɧŰŮɟɞɡɠ əɧəəɞɡɠ. ȳůɞ ɛŮɔŬɚɨŰŮɟɞ ŮɑɜŬɘ ˊɞůɞůŰɧ Űɞɡ ɤůŰŮɜɑŰɖ, Ů-

ɜŮɟɔɞˊɞɘŮɑŰŬɘ Űɞ űŬɘɜɧɛŮɜɞ TRIP.  Ⱥˊɑůɖɠ, ŮˊɖɟŮɎɕŮɘ Űɖ ɗŮɟɛɞəɟŬůɑŬ ɛŮŰŬɓɎůŮɤɠ 

Ŭˊɧ ɧɚəɘɛɖ ůŮ ɣŬɗɡɟɐ ɛŮɘɩɜɞɜŰɎɠ Űɖ , ůŮ ůɡɜŭɡŬůɛɧ ɛŮ ɢŬɛɖɚɧ ˊɞůɞůŰɧ ůŮ ɎɜɗɟŬəŬ 

(Lee and Han 2015). ɇɏɚɞɠ, ůɢɖɛŬŰɑɕŮɘ ůɞɡɚűɑŭɘŬ ůŰɖ ŭɞɛɐ Űɞɡ ɡɚɘəɞɨ ŰŬ ɞˊɞɑŬ ůɡɛ-

ɓɎɚɞɡɜ, Ůˊɑůɖɠ, ůŰɖɜ ŮəɚɏˊŰɡɜůɖ Űɞɡ əɧəəɞɡ (Lee and Han 2015). 

ȯɜɗɟŬəŬɠ 

Ƀ ɎɜɗɟŬəŬɠ, ɧˊɤɠ əŬɘ Űɞ Mn, ŬˊɞŰŮɚŮɑ ůŰŬɗŮɟɞˊɞɘɖŰɐ Űɞɡ ɤůŰŮɜɑŰɖ əŬɘ ɞ ɧɔəɞɠ Űɞɡ 

ŬɡɝɎɜŮŰŬɘ ŬɜɎɚɞɔŬ ɛŮ Űɞ ˊɞůɞůŰɧ Űɞɡ. ȺˊɖɟŮɎɕŮɘ ŭŮ Űɖɜ ŮűŮɚəɡůŰɘəɐ ŬɜŰɞɢɐ əŬɘ Űɖɜ 

ŬɜŰɞɢɐ ůŮ əɟɞɨůɖ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, ɢɎɚɡɓŮɠ ɛŮ ɛŮɔɎɚɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɎɜɗɟŬəŬ 

ˊŬɟɞɡůɑŬůŬɜ ɡɣɖɚɐ ŮűŮɚəɡůŰɘəɐ ŬɜŰɞɢɐ ŬɚɚɎ ɢŬɛɖɚɐ ŬɜŰɞɢɐ ůŮ əɟɞɨůɖ, ɘŭɘŬɑŰŮɟŬ, 

ůŰɖɜ ˊŮɟɘɞɢɐ Űɖɠ Ůɔəɞˊɐɠ.  

ɆŰɞ ˊŬɟŬəɎŰɤ ŭɘɎɔɟŬɛɛŬ ˊŬɟɞɡůɘɎɕŮŰŬɘ ɖ ŮˊɑŭɟŬůɖ Űɞɡ ɎɜɗɟŬəŬ ůŰɖɜ ŮɜɏɟɔŮɘŬ əɟɞɨ-

ůɖɠ ɢŬɚɨɓɤɜ ůŮ ŭɘɎűɞɟŮɠ ɗŮɟɛɞəɟŬůɑŮɠ: 

 

ɳʽˁˈ˄ʰ 9Υ ɳˉʾʵˊʰˋʹ ʱ˄ʻˊʰˁʰ ˋˍʹ˄ ʶ˄ʷˊʴʶʽʰ ˁˊˇˏˋʹˌ ˔ʰ˂ˏʲ˖˄ ˋʶ ʵʽʱ˒ˇˊʶˌ ʻʶˊ˃ˇˁˊʰˋʾʶˌ ʵˇˁʽ˃ʺ. 
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ɳʽˁˈ˄ʰ 10: Salt Bath ̀ ˍˇ ʽ˄ˋˍʽˍˇˏˍˇ ɹɳɶK 

 

3. ʃʶʽˊʰ˃ʰˍʽˁˈ ɾʷˊˇˌ 
 

3.1.  ʃʶˊʽʴˊʰ˒ʺ ˍˇˎ ˎ˂ʽˁˇˏ 
 

Ɇô ŬɡŰɐ Űɖ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɢɎɚɡɓŮɠ MMnS ɣɡɢɟɐɠ ɏɚŬůɖɠ 

ɛŮ Űɖɜ Ŭəɧɚɞɡɗɖ ɢɖɛɘəɐ ůɨůŰŬůɖ: 

ɉɎɚɡɓŬɠ Fe C Mn Al Si 

X5MnAl12-3 Balanced 0,05 12 3 - 
ʃʾ˄ʰˁʰˌ 1Υ ʋʹ˃ʽˁʺ ˋˏˋˍʰˋʹ ˍˇˎ ʶ˅ʶˍʰʸˈ˃ʶ˄ˇˎ ˔ʱ˂ˎʲʰ ˋʶ wt% 

 

ȳɚŬ ŰŬ ŭŮɑɔɛŬŰŬ, ůŮ ůɢɐɛŬ ˊŬɟŬɚɚɖɚɧɔɟŬɛɛɞɡ, ůűɡɟɖɚŬŰɐɗɖəŬɜ əŬɘ, ůŰɖ ůɡɜɏɢŮɘŬ, 

ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɗŮɟɛɐ əŬɘ ɣɡɢɟɐ ɏɚŬůɖ. ɇɞ ŰŮɚɘəɧ ˊɎɢɞɠ Űɞɡ ɡɚɘəɞɨ ŮɑɜŬɘ 1,5 mm. 

ɀŮŰɎ Űɖ ɗŮɟɛɐ ɏɚŬůɖ, Űɞ ɡɚɘəɧ ɡˊɏůŰɖ ɞɛɞɔŮɜɞˊɞɑɖůɖ ůŰɞɡɠ 1150oC ɔɘŬ ŭɨɞ ɩɟŮɠ 

əŬɘ ɛŮŰɎ ɓŬűɐ ůŮ ɜŮɟɧ. ȰˊŮɘŰŬ, ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɣɡɢɟɐ ɏɚŬůɖ ɛŮ 50% ɛŮɑɤůɖ ˊɎ-

ɢɞɡɠ. ɇɏɚɞɠ, ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ŬɜɧˊŰɖůɖ ůŰɖ ˊŮɟɘɞɢɐ Ŭ+ɔ ɛŮ ŮˊɘɚŮɔɧɛŮɜɖ ɗŮɟɛɞəɟŬ-

ůɑŬ 675ɞC ɔɘŬ ŭɨɞ ɩɟŮɠ əŬɘ ɓŬűɐ ůŮ ɜŮɟɧ ɛɏɢɟɘ Űɖ ɗ.ŭ..  ȼ ŬɜɧˊŰɖůɖ ˊɟŬɔɛŬŰɞɘɐɗɖəŮ 

ůŮ salt bath, ɧˊɤɠ ŮɛűŬɜɑɕŮŰŬɘ əŬɘ ůŰɖɜ ŮɘəɧɜŬ 10. 
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O ɗŮɟɛɘəɧɠ əɨəɚɞɠ, ˊɞɡ ŬəɞɚɞɡɗɐɗɖəŮ ɛŮŰɎ Űɖ ɗŮɟɛɐ ɏɚŬůɖ, ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɖɜ Ůɘ-

əɧɜŬ 5.  

 

ɳʽˁˈ˄ʰ 11Υ ɸʶˊ˃ʽˁˈˌ ɼˏˁ˂ˇˌ ˍˇˎ ʶ˅ʶˍʰʸˈ˃ʶ˄ˇˎ ˔ʱ˂ˎʲʰ MMnS ˃ ʶˍʱ ʰˉˈ ʻʶˊ˃ʺ ʷ˂ʰˋʹ  

 

Oɘ ɚɧɔɞɘ ɛŮ ɓɎůɖ Űɞɡɠ ɞˊɞɑɞɡɠ ŮˊɘɚɏɢŰɖəŮ ŬɡŰɐ ɖ ɗŮɟɛɞəɟŬůɑŬ ɔɘŬ Űɖɜ ŬɜɧˊŰɖůɖ ŮɑɜŬɘ 

Ŭəɧɚɞɡɗɞɘ: 

¶ ȷɟɢɘəɩɠ, ŮˊŮɘŭɐ ɖ ɣɡɢɟɐ ɏɚŬůɖ ˊɟɘɜ Űɖɜ ŬɜɧˊŰɖůɖ ŭɑɜŮɘ Űɖɜ əɘɜɖŰɐɟɘŬ ŭɨɜŬɛɖ 

ɔɘŬ ŬɜŬəɟɡůŰɎɚɚɤůɖ (ɚɧɔɤ Űɞɡ ŬˊɞɗɖəŮɡɛɏɜɞɡ ɣɡɢɟɞɨ ɏɟɔɞɡ ůŰɞ ɡɚɘəɧ ˊɞɡ 

ˊɟɞɏɟɢŮŰŬɘ Ŭˊɧ Űɖɜ ˊɚŬůŰɘəɐ ˊŬɟŬɛɧɟűɤůɖ), ɖ ɗŮɟɛɞəɟŬůɑŬ Űɖɠ ŬɜɧˊŰɖůɖɠ 

ŮˊɖɟŮɎɕŮɘ Űɞɜ Űɟɧˊɞ ŬɜŬəɟɡůŰɎɚɚɤůɖɠ Űɞɡ ɡɚɘəɞɨ. 

¶  ȳˊɤɠ ŬɜŬűɏɟɗɖəŮ əŬɘ ˊŬɟŬˊɎɜɤ, ůŮ ɢŬɛɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ  ŬɜɧˊŰɖůɖɠ ůŰɖɜ 

ˊŮɟɘɞɢɐ Ŭ+ɔ (əɞɜŰɎ ůŰɖɜ ȷ1), ɧˊɤɠ 500-550ɞC ɓŬɗɛɞɨɠ, ŭŮɜ ˊŬɟɞɡůɘɎɕŮŰŬɘ 

ŬɜŬəɟɡůŰɎɚɚɤůɖ ŬɚɚɎ, ɛɧɜɞ, ŬˊɞəŬŰɎůŰŬůɖ Űɞɡ ˊŬɟŬɛɞɟűɤɛɏɜɞɡ ŬôɛŬɟŰŮɜ-

ůɑŰɖ. ȼ ŬɜŬəɟɡůŰɎɚɚɤůɖ ɏɢŮɘ ɤɠ ŬˊɞŰɏɚŮůɛŬ Űɖ ɛŮɑɤůɖ Űɖɠ ˊɡəɜɧŰɖŰŬɠ Űɤɜ 

ŭɘŬŰŬɟŬɢɩɜ. O ˊŬɟŬɛɏɜɤɜ ɤůŰŮɜɑŰɖɠ ŮɑɜŬɘ ˊɞɚɨ ɗŮɟɛɞŭɡɜŬɛɘəɎ ůŰŬɗŮɟɧɠ, ɛŮ 

ŬˊɞŰɏɚŮůɛŬ Űɖ ɢŬɛɖɚɐ Ůɟɔɞůəɚɐɟɡɜůɖ (strain hardening rate) Űɞɡ ɡɚɘəɞɨ. 
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¶ ɆŮ ɡɣɖɚɧŰŮɟŮɠ ɗŮɟɛɞəɟŬůɑŮɠ ŬɜɧˊŰɖůɖɠ (600-650ɞC), ŬɟɢɑɕŮɘ ɜŬ ˊɟŬɔɛŬŰɞ-

ˊɞɘŮɑŰŬɘ ŬɜŬəɟɡůŰɎɚɚɤůɖ ůɨɛűɤɜŬ ɛŮ ˊɟɞɖɔɞɨɛŮɜŮɠ ɏɟŮɡɜŮɠ əŬɗɩɠ ɖ ɛɞɟűɞ-

ɚɞɔɑŬ Űɞɡ ɡɚɘəɞɨ ɢŬɟŬəŰɖɟɑɕŮŰŬɘ Ŭˊɧ Ůˊɘɛɐəɖɠ əŬɘ ɘůŬɝɞɜɘəɞɨɠ əɧəəɞɡɠ.  

¶ ɆŰɞɡɠ 700-750 ɞC ɓŬɗɛɞɨɠ, Űɞ ˊɞůɞůŰɧ Űɞɡ ˊŬɟŬɛɏɜɞɜŰɞɠ ɤůŰŮɜɑŰɖ ɛŮɘɩɜŮŰŬɘ 

ɛŮŰɎ Űɖɜ ŬɜɧˊŰɖůɖ. ȷɡŰɧ ůɡɛɓŬɑɜŮɘ ɔɘŬŰɑ ɧůɞ ŬɡɝɎɜŮŰŬɘ ɖ ɗŮɟɛɞəɟŬůɑŬ, ůɢɖ-

ɛŬŰɑɕɞɜŰŬɘ ɧɚɞ əŬɘ ɛŮɔŬɚɨŰŮɟɞɘ əɧəəɞɘ ˊŬɟŬɛɏɜɞɜŰɞɠ ɤůŰŮɜɑŰɖ ɞ ɞˊɞɑɞɠ ŭŮɜ 

ŮɑɜŬɘ ɗŮɟɛɞŭɡɜŬɛɘəɎ ůŰŬɗŮɟɧɠ əŬɘ ɤɠ ŬˊɞŰɏɚŮůɛŬ, əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ɣɨ-

ɝɖɠ, ɛˊɞɟŮɑ ɜŬ ɛŮŰŬůɢɖɛŬŰɘůŰŮɑ ůŮ ŬôɛŬɟŰŮɜůɑŰɖ. 

ũɘŬ Űɞɡɠ ˊŬɟŬˊɎɜɤ ɚɧɔɞɡɠ, əŬɗɑůŰŬŰŬɘ ůɖɛŬɜŰɘəɧ ɜŬ ŮˊɘɚŮɢɗŮɑ ɛɑŬ ɗŮɟɛɞəɟŬ-

ůɑŬ ůŰɖɜ ɞˊɞɑŬ, ɞ ˊŬɟŬɛɏɜɤɜ ɤůŰŮɜɑŰɖɠ ɜŬ ŮɑɜŬɘ ɗŮɟɛɞŭɡɜŬɛɘəɎ ůŰŬɗŮɟɧɠ. 

Ƀɘ ɗŮɟɛɞəɟŬůɑŮɠ A1 əŬɘ A3 ɡˊɞɚɞɔɑůŰɖəŬɜ Ŭˊɧ Űɞ ˊɟɧɔɟŬɛɛŬ Thermo-Calc ɛŮ  ́ ŬəɏŰɞ 

ŭŮŭɞɛɏɜɤɜ (ŮɘəɧɜŬ 12) əŬɘ ˊɟɞɏəɡɣŬɜ 510ɞC əŬɘ 760ɞC ŬɜŰɑůŰɞɘɢŬ. 

 

ɳʽˁˈ˄ʰ 12Υ ɲʽʰ˒ˇˊʽˋ˃ˈˌ ˁˊʰ˃aˍʽˁ˗˄ ˋˍˇʽ˔ʶʾ˖˄ ˋˍʹ˄ ̝ ˖ˊˇˁʶ˄ˍˊ˖˃ʷ˄ʹ όbcc) ˁ ʰʽ ʶ˄ʵˇˁʶ˄ˍˊ˖˃ʷ˄ʹ (fcc) ɹ ʽʰ ˍˇ˄ 
˔ʱ˂ˎʲʰ ʋрAMnAl12-3 

ɇɞ ɑŭɘɞ ŭɘɎɔɟŬɛɛŬ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ ɜŬ ɡˊɞɚɞɔɘůŰŮɑ ɖ ɗŮɟɛɞəɟŬůɑŬ ɏɜŬɟɝɖɠ Űɞɡ 

ɛŬɟŰŮɜůɘŰɘəɞɨ ɛŮŰŬůɢɖɛŬŰɘůɛɞɨ (ɀs). 
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ũɘŬ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɖɠ ŮɜɏɟɔŮɘŬɠ ŮˊɘůŰɞɑɓŬɝɖɠ Űɞɡ ŮɝŮŰŬɕɧɛŮɜɞɡ ɢɎɚɡɓŬ ůŮ ŰɏůůŮɟɘɠ 

ŭɘŬűɞɟŮŰɘəɏɠ ɗŮɟɛɞəɟŬůɑŮɠ (ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ, -50ɞC, -100 ɞC əŬɘ -200 ɞC ɓŬɗ-

ɛɞɨɠ), ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ Űɞ Ŭəɧɚɞɡɗɞ ŭɘɎɔɟŬɛɛŬ, ɧˊɞɡ ŭɘŬɔɟŬɛɛŬŰɘəɎ ŮɛűŬɜɑɕŮŰŬɘ ɧŰɘ 

ɖ ŮɜɏɟɔŮɘŬ ŮˊɘůŰɞɑɓŬɝɖɠ Űɞɡ ŮɝŮŰŬɕɧɛŮɜɞɡ ɢɎɚɡɓŬ, ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖɜ ŮˊɘɚŮɔɧɛŮɜɖ 

ɗŮɟɛɞəɟŬůɑŬ ŬɜɧˊŰɖůɖɠ ŬɜɎɛŮůŬ ůŰɖɜ ȷ1 əŬɘ ȷ3. ɄɟɞɏəɡɣŮ ɛŮ ɓɎůɖ Űɞ ˊɟɧɔɟŬɛɛŬ 

Thermo-Calc. 

 

ɳʽˁˈ˄ʰ 13 Υ ɲʽʱʴˊʰ˃˃ʰ ˎˉˇ˂ˇʴʽˋ˃ˇˏ ˍʹˌ ʶ˄ʷˊʴʶʽʰˌ ʶˉʽˋˍˇʾʲʰ˅ʹˌ ˋˎ˄h́ ˍʺˋʶʽ ˍʹˌ ʻʶˊ˃ˇˁˊʰˋʾʰˌ  ʰ˄ˇˉˍʺˋʶ˖ˌ ̀ ˍʹ 
ˉʶˊʽˇ˔ʺ ʰҌʴ ˁ ʰʽ ˍˇ ˉˊˇʲ˂ʶˉˈ˃ʶ˄ˇ ˉˇˋˇˋˍˈ ˖ˋˍʶ˄ʾˍʹ ˃ ʶˍʱ ˍʹ˄ ʰ˄ˈˉˍʹˋʹ. 
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ȼ ŮɜɏɟɔŮɘŬ ŮˊɘůŰɞɑɓŬɝɖɠ (Ů.Ů.) ůŮ əɎɗŮ ɗŮɟɛɞəɟŬůɑŬ, ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞɜ Ŭəɧɚɞɡɗɞ 

ˊɑɜŬəŬ: 

ŪŮɟɛɞəɟŬůɑŬ (ɞC) ȺɜɏɟɔŮɘŬ ȺˊɘůŰɞɑɓŬɝɖɠ (mJ/m2) 

Ū.ŭ. 21,0 

-50 10,2 

-100 2,5 

-200 -2,0 

ʃʾ˄ʰˁʰˌ 2 Υ ʆʽ˃ʷˌ ʶ˄ʷˊʴʶʽʰˌ ʶˉʽˋˍˇʾʲʰ˅ʹˌ ˋʶ mJ/m2 ̱ ˇˎ ʶ˅ʶˍʰʸˈ˃ʶ˄ˇˎ ˔ʱ˂ˎʲʰ ˋˍʽˌ ˍʷˋˋʶˊʽˌ ʵʽʰ˒ˇˊʶˍʽˁʷˌ ʻʶˊπ
˃ˇˁˊʰˋʾʶˌ ˃ʶ ʲʱˋʹ ˍˇ ˉʰˊʰˉʱ˄˖ ʵʽʱʴˊʰ˃˃ʰΦ 
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3.2.  Charpy V-ʶʴˁˇˉʺˌ ʆʁ ˋˍ 
  

ȼ ŭɞəɘɛɐ Charpy ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ˊɞɚɨ ůɡɢɜɎ ɔɘŬ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɖɠ ŬɜŰɞɢɐɠ ůŮ 

əɟɞɨůɖ. ɆŰɖ ŭɞəɘɛɐ, ɏɜŬ ɡɚɘəɧ ˊɞɡ ɏɢŮɘ Ůɔəɞˊɐ, ŰɞˊɞɗŮŰŮɑŰŬɘ ŬɜɎɛŮůŬ ůŮ ŭɨɞ ůŰɖɟɑɔ-

ɛŬŰŬ əŬɘ ůŰɖ ɗɏůɖ ŬɡŰɐ, əɟɞɨŮŰŬɘ. ɇɞ űɞɟŰɑɞ ŮűŬɟɛɧɕŮŰŬɘ ɤɠ əɟɞɡůŰɘəɧ əŰɨˊɖɛŬ 

ɛɏůɤ ůűɡɟɘɞɨ ˊɞɡ ŬˊŮɚŮɡɗŮɟɩɜŮŰŬɘ Ŭˊɧ ɏɜŬ Ŭɜɡɣɤɛɏɜɞ ůɖɛŮɑɞ ůŰŬɗŮɟɞɨ ɨɣɞɡɠ h. 

ɇɞ ůűɡɟɑ əɟɞɨŮɘ Űɞ ŭɞəɑɛɘɞ ůŰɖɜ ŬɜŰɑɗŮŰɖ ˊɚŮɡɟɎ Ŭˊɧ Űɖɜ Ůɔəɞˊɐ.  

 H ŬˊɞɟɟɞűɞɨɛŮɜɖ ŮɜɏɟɔŮɘŬ əŬŰɎ Űɖ ɗɟŬɨůɖ ŬɜŰŬɜŬəɚɎŰŬɘ ɤɠ ɖ ŭɘŬűɞɟɎ ɛŮŰŬɝɨ Űɞɡ 

Ŭɟɢɘəɞɨ ɨɣɞɡɠ h Űɞɡ ůűɡɟɘɞɨ əŬɘ Űɞɡ ɨɣɞɡɠ Űɞɡ ɛŮŰɎ Űɖɜ əɟɞɨůɖ. ȼ ɛɞɜɎŭŬ ɛɏŰɟɖůɖɠ 

Űɖɠ ŮɑɜŬɘ ůŮ Joules (J)  əŬɘ ůŰɖɜ ˊŮɟɘɞɢɐ Űɖɠ Ůɔəɞˊɐɠ, ɞɜɞɛɎɕŮŰŬɘ ŭɡůɗɟŬɡůŰɧŰɖŰŬ 

Ůɔəɞˊɐɠ ɖ ɞˊɞɑŬ ɛŮŰɟɘɏŰŬɘ ůŮ J/cm2 (Saba et al. 2019). Ɇɡɜɐɗɤɠ, Űɞ ŭŮɑɔɛŬ ɏɢŮɘ ŭɘŬ-

ůŰɎůŮɘɠ 55 mm x10 mm x 10 mm ŬɚɚɎ əŬɘ ɛɘəɟɧŰŮɟŬ ɛŮɔɏɗɖ ůŮ ˊɎɢɞɠ ŮɑɜŬɘ ŬˊɞŭŮəŰɎ 

ɩůŰŮ ɜŬ ɔɑɜŮɘ ɖ ŭɞəɘɛɐ. 

ɆŰɖɜ ́ ŬɟɞɨůŬ ɛŮɚɏŰɖ, ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ŭɞəɘɛɐ Charpy V-Ůɔəɞˊɐɠ əŬɘ Űɞ ɡɚɘəɧ ŮɑɢŮ 

ŭɘŬůŰɎůŮɘɠ 55 mm x10 mm x 1,5 mm, ɧˊɤɠ ɛˊɞɟŮɑ ɜŬ űŬɜŮɑ əŬɘ ůŰɖɜ ŮɘəɧɜŬ 14. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ɳʽˁˈ˄ʰ 14Υ ɲʽʰˋˍʱˋʶʽˌ ʶ˅ʶˍʰʸˈ˃ʶ˄ˇˎ ʵˇˁʽ˃ʾˇˎ ʴʽʰ ʵˇˁʽ˃ʺ Charpy ˃ ʶ RDΥ ˁʰˍʶˏʻˎ˄ˋʹ ʷ˂ʰˋʹˌ 

 

1.5 
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ʅʊʇʄɹ 

ɆŰɖɜ ŮɘəɧɜŬ 15, ˊŬɟɞɡůɘɎɕŮŰŬɘ ɖ ůɢɖɛŬŰɘəɐ ŬˊŮɘəɧɜɘůɖ Űɖɠ ŭɞəɘɛɐɠ Charpy ́ ɞɡ ˊɟŬɔ-

ɛŬŰɞˊɞɘɐɗɖəŮ ɔɘŬ Űɞ ŮɝŮŰŬɕɧɛŮɜɞ ɢɎɚɡɓŬ ůŰɞ Max Plank Institute for Iron research 

ůŰɞ ɁŰɑůŮɚɜŰɞɟű. 
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ɳʽˁˈ˄ʰ 15Υ ɮˉʶʽˁˇʾ˄ʹˋʹ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ʵˇˁʽ˃ʺˌ Charpy ̀ ˍˇ 
Max Planc Institut. 

 

 

 

 

 

 

 

 

 

 

 

 

 

ȺˊɘˊɟɞůɗɏŰɤɠ, ɡˊɞɚɞɔɑůŰɖəŮ Űɞ űɞɟŰɑɞ ˊɞɡ ŮűŬɟɛɧůŰɖəŮ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ŭɞəɘ-

ɛɐɠ əŬŰɎ ɛɐəɞɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ. ȷˊɧ Űɞ Űɡˊɘəɧ ŭɘɎɔɟŬɛɛŬ, űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ, ɛˊɞ-

ɟŮɑ ɜŬ ɡˊɞɚɞɔɘůŰŮɑ ɖ ŭɨɜŬɛɖ ˊɞɡ ŮűŬɟɛɧůŰɖəŮ ɔɘŬ Űɖɜ ɏɜŬɟɝɖ Űɖɠ ˊɚŬůŰɘəɐɠ ˊŬɟŬ-

ɛɧɟűɤůɖɠ (Fgy). ɀŮŰɎ Ŭˊɧ ŬɡŰɧ Űɞ ůɖɛŮɑɞ, Űɞ űɞɟŰɑɞ ˊŬɑɟɜŮɘ Űɖ ɛɏɔɘůŰɖ Űɘɛɐ Űɞɡ (Fm) 

əŬɘ, ɏˊŮɘŰŬ, ɖ Űɘɛɐ Űɞɡ űɞɟŰɑɞɡ ŬɟɢɑɕŮɘ ɜŬ ɛŮɘɩɜŮŰŬɘ ɚɧɔɤ Űɖɠ ɗɟŬɨůɖɠ Űɞɡ ɡɚɘəɞɨ 

(Patryk Jakubczak, Jarosğaw BieniaŜ, Barbara Surowska 2014). ȼ Fm əŬɗɞɟɑɕŮɘ Űɖɜ ˊŮ-

ɟɘɞɢɐ ɏɜŬɟɝɖ Űɖɠ ůŰŬɗŮɟɐɠ ŬɜɎˊŰɡɝɖɠ Űɤɜ ɟɤɔɛɩɜ əŬɘ , əŬɗɩɠ Űɞ űɞɟŰɑɞ ɛŮɘɩɜŮŰŬɘ, 

Fu ɗŮɤɟŮɑŰŬɘ ɖ ŭɨɜŬɛɖ ˊɞɡ ŮűŬɟɛɧůŰɖəŮ ɔɘŬ Űɖɜ ŬɜɎˊŰɡɝɖ ŬůŰŬɗɩɠ Űɤɜ ɟɤɔɛɩɜ. 

ɆɡɜɞɚɘəɎ, ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ŭɞəɘɛɏɠ Charpy ůŮ ˊɏɜŰŮ ŭɘŬűɞɟŮŰɘəɏɠ ɗŮɟɛɞəɟŬůɑŮɠ : 

ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ (20ɞC) , -50 ɞC, -100 ɞC, -150 ɞC əŬɘ -196 ɞC ɓŬɗɛɞɨɠ əŬɘ Űɞɡ-

ɚɎɢɘůŰɞɜ ŭɨɞ ŭŮɑɔɛŬŰŬ ɔɘŬ əɎɗŮ ɗŮɟɛɞəɟŬůɑŬ ɡˊɏůŰɖůŬɜ Űɖ ŭɞəɘɛɐ. Ƀɘ Ůɔəɞˊɏɠ ůŰŬ 

ŭŮɑɔɛŬŰŬ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ əɎɗŮŰŬ ůŰɖ əŬŰŮɨɗɡɜůɖ Űɖɠ ɏɚŬůɖɠ ˊɟɘɜ Űɖ ɗŮɟɛɘəɐ Ů-

ɝŮɟɔŬůɑŬ. 

 

 

 

ɲʶʾʴ˃ʰ 
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3.3. ʃˊˇʶˍˇʽ˃ʰˋʾʰ ˍ˖˄ ʵʶʽʴ˃ʱˍ˖˄ 
 

ȼ ɚŮɑŬɜůɖ Űɤɜ ŭɞəɘɛɑɤɜ ɐŰŬɜ Űɞ ˊɟɩŰɞ ůŰɎŭɘɞ Űɖɠ ˊɟɞŮŰɞɘɛŬůɑŬɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡɠ 

ɩůŰŮ ɜŬ ˊŬɟŬŰɖɟɖɗɞɨɜ ůŮ ɞˊŰɘəɧ ɐ ɖɚŮəŰɟɞɜɘəɧ ɛɘəɟɞůəɧˊɘɞ (SEM), ɐ ŬɜɎɚɡůɖ ˊŮ-

ɟɑɗɚŬůɖɠ ŬəŰɘɜɩɜ-ɉ (XRD) ɐ ɛŮ Űɖɜ ŰŮɢɜɘəɐ EBSD. 

H ŭɘŮɟɔŬůɑŬ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ůŮ ˊŮɟɘůŰɟŮűɧɛŮɜɞ Űɟɞɢɧ Űɖɠ ŮŰŬɘɟŮɑŬɠ ATM (Saphir 

330). Ƀ Űɟɞɢɧɠ əŬɚɡˊŰɧŰŬɜ ɛŮ ɢŬɟŰɘɎ əŬɟɓɘŭɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ (SiC), ˊɞɡ ɐŰŬɜ ɞɡůɘŬ-

ůŰɘəɎ əŬɘ Űɞ ɛɏůɞ ɚŮɑŬɜůɖɠ. ɇŬ ɢŬɟŰɘɎ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɔɘŬ ˊɟɞŮŰɞɘɛŬůɑŬ Ůˊɘ-

űŬɜŮɘɩɜ ɔɘŬ ɛŮŰŬɚɚɞɔɟŬűɑŬ, ɐŰŬɜ ɞɜɞɛŬůŰɘəɐɠ ˊɡəɜɧŰɖŰŬɠ əɧəəɤɜ: 220-, 400-, 800-, 

1200- əŬɘ 2000-, 4000-grit ɚɧɔɤ Űɞɡ ɚŮˊŰɞɨ ɡɚɘəɞɨ. ɇɏɚɞɠ ŰŬ ŭɞəɑɛɘŬ, əŬɗŬɟɑůŰɖəŬɜ 

ɛŮ ŬɘɗŬɜɧɚɖ əŬɘ ůŰŮɔɜɩɗɖəŬɜ ɛŮ ɟŮɨɛŬ əɟɨɞɡ ŬɏɟŬ. 

ɇɞ ŮˊɧɛŮɜɞ ůŰɎŭɘɞ ˊɟɞŮŰɞɘɛŬůɑŬɠ Űɤɜ ŮˊɘűŬɜŮɘɩɜ Űɤɜ ŭɞəɘɛɑɤɜ ɔɘŬ ɛŮŰŬɚɚɞɔɟŬűɑŬ 

ɐŰŬɜ ɖ ůŰɑɚɓɤůɖ. ȼ ůŰɑɚɓɤůɖ ŮɑɜŬɘ ɛɘŬ ŭɘŬŭɘəŬůɑŬ ɧˊɞɡ ɔɑɜŮŰŬɘ ˊɟɞůˊɎɗŮɘŬ ůŰɞ ɛɏŰɟɞ 

Űɞɡ ŭɡɜŬŰɞɨ ɜŬ ŮɚŬŰŰɤɗŮɑ Űɞ ɛɏɔŮɗɞɠ Űɤɜ ɔɟŬɛɛɩɜ ɚŮɑŬɜůɖɠ əŬɘ ɜŬ ŭɖɛɘɞɡɟɔɖɗŮɑ ɛɘŬ 

ɞɛɞɘɧɛɞɟűɖ ŮˊɑˊŮŭɖ ŮˊɘűɎɜŮɘŬ ŬˊŬɚɚŬɔɛɏɜɖ Ŭˊɧ ůűɎɚɛŬŰŬ ɚŮɑŬɜůɖɠ. ɄɟŬɔɛŬŰɞˊɞɘ-

ɐɗɖəŮ ůŮ ˊɎɜɘɜɞɡɠ Űɟɞɢɞɨɠ ˊɞɡ ˊŮɟɘɏɢɞɡɜ əɧəəɞɡɠ ŭɘŬɛŬɜŰɘɞɨ ůŮ ŭɘŬůˊɞɟɎ ŭɘŬɛɏŰɟɞɡ 

6ɛm, ɞ ŭŮɨŰŮɟɞɠ əɧəəɞɡɠ ŭɘŬɛŬɜŰɘɞɨ ɛŮ ŭɘɎɛŮŰɟɞ 3 ɛm əŬɘ ɞ ŰŮɚŮɡŰŬɑɞɠ ɛŮ 1 ɛm. ɆŬɜ 

ɚɘˊŬɜŰɘəɧ ɛɏůɞ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ Űɞ METADI diamond suspension. ɇɏɚɞɠ, ŰŬ ŭɞəɑɛɘŬ 

əŬɗŬɟɑůŰɖəŬɜ, Ůˊɑůɖɠ, ɛŮ ŬɘɗŬɜɧɚɖ. 

 

3.4.  ʆʶ˔˄ʽˁʷˌ ɮ˄ʱ˂ˎˋʹˌ ˍʹˌ ɾʽˁˊˇʵˇ˃ʺˌ 
 

3.4.1. ɸˊʰˎˋˍˇʴˊʰ˒ʾʰ ɶ˂ʶˁˍˊˇ˄ʽˁˇˏ ɾʽˁˊˇˋˁˈˉʽˇˏ ʅʱˊ˖ˋʹˌ (Scanning 

Electron Microscope, SEM) 
 

To ɖɚŮəŰɟɞɜɘəɧ ɛɘəɟɞůəɧˊɘɞ ůɎɟɤůɖɠ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůŰɖ ŭɘŮɟŮɨɜɖůɖ ŮˊɘűŬɜŮɘɩɜ 

əŬɘ ɛɘəɟɞŭɞɛɩɜ ůŮ əɚɑɛŬəŬ ɛɘəɟɞɛɏŰɟɞɡ ŬɚɚɎ əŬɘ ůŮ ɛɘəɟɧŰŮɟɖ əŬɘ ɛˊɞɟŮɑ ɜŬ ˊŬɟɞɡ-

ůɘɎůŮɘ ŮɘəɧɜŬ, ŬəɧɛŬ, əŬɘ ůŮ ɛŮɔɎɚɞ ɓɎɗɞɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ. ȼ ˊɖɔɐ ŭɖɛɘɞɡɟɔŮɑ ŭɏůɛɖ 

ɖɚŮəŰɟɞɜɑɤɜ (ˊɟɤŰɞɔŮɜɐ ɖɚŮəŰɟɧɜɘŬ), ɖ ɞˊɞɑŬ ŭɘŮɟɢɧɛŮɜɖ ɛɏůɤ ɛɘŬɠ ůŮɘɟɎɠ ɛŬɔɜɖŰɘ-

əɩɜ űŬəɩɜ, ŮˊɘŰŬɢɨɜŮŰŬɘ əŬɘ ŮůŰɘɎɕŮŰŬɘ ˊɎɜɤ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ŭɞəɘɛɑɞɡ. ɆɡɜŮˊɩɠ, 

Űɞ ŭɞəɑɛɘɞ, ˊɞɡ ŮɝŮŰɎɕŮŰŬɘ, ůŬɟɩɜŮŰŬɘ Ŭˊɧ ŬɡŰɐɜ Űɖɜ ˊɟɞůˊɑˊŰɞɡůŬ ŭɏůɛɖ ɖɚŮəŰɟɞ-
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ɜɑɤɜ əŬɘ, ŬɜɎɚɞɔŬ ɛŮ Űɖɜ ŬɚɚɖɚŮˊɑŭɟŬůɖ Űɤɜ ˊɟɤŰɞɔŮɜɩɜ ɖɚŮəŰɟɞɜɑɤɜ əŬɘ Űɤɜ ŬŰɧ-

ɛɤɜ Űɞɡ ɡɚɘəɞɨ, ˊɟɞəŬɚŮɑŰŬɘ ɖ Ůəˊɞɛˊɐ ŭŮɡŰŮɟɞɔŮɜɩɜ əŬɘ ɞˊɘůɗɞůəŮŭŬɕɧɛŮɜɤɜ ɖɚŮ-

əŰɟɞɜɑɤɜ. ɇŬ ŭŮɡŰŮɟɞɔŮɜɐ ɖɚŮəŰɟɧɜɘŬ ˊɟɞɏɟɢɞɜŰŬɘ Ŭˊɧ Űɘɠ ŬɜŮɚŬůŰɘəɏɠ ůɡɔəɟɞɨůŮɘɠ 

Űɤɜ ˊɟɤŰɞɔŮɜɩɜ ɖɚŮəŰɟɞɜɑɤɜ ɛŮ ŰŬ ɎŰɞɛŬ Űɤɜ ŮˊɘűŬɜŮɘŬəɩɜ ůŰɟɤɛɎŰɤɜ Ůɜɩ ŰŬ ɞˊɘ-

ůɗɞůəŮŭŬɕɧɛŮɜŬ Ŭˊɧ Űɘɠ ŮɚŬůŰɘəɏɠ ˊŬɟŬɛɞɟűɩůŮɘɠ. 

ȳɚŬ ŰŬ ůɐɛŬŰŬ əŬɘ, əɡɟɑɤɠ Űɤɜ ŭŮɡŰŮɟɞɔŮɜɩɜ əŬɘ Űɤɜ ɞˊɘůɗɞůəŮŭŬɕɧɛŮɜɤɜ Ůɜɘůɢɨɞ-

ɜŰŬɘ əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ŭɘŬɛɞɟűɩɜɞɡɜ Űɖɜ ɏɜŰŬůɖ ɛɘŬɠ ŮɝɤŰŮɟɘəɐɠ əŬɗɞŭɘəɐɠ ŭɏůɛɖɠ, 

ɖ ɞˊɞɑŬ ˊɟɞůˊɑˊŰŮɘ ůŮ űɗɞɟɑɕɞɡůŬ ɞɗɧɜɖ ŬəɞɚɞɡɗɩɜŰŬɠ Űɖɜ ɑŭɘŬ ůɎɟɤůɖ ɖ ɞˊɞɑŬ ɞ-

ŭɖɔŮɑ Űɖ ŭɏůɛɖ Űɞɡ ɛɘəɟɞůəɞˊɑɞɡ. ɇɞ ŬˊɞŰɏɚŮůɛŬ ŮɑɜŬɘ ɖ ɛŮɔŮɗɡůɛɏɜɖ ŬˊŮɘəɧɜɘůɖ  

Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ ˊɞɡ ůŬɟɩɜŮɘ ɖ ŭɏůɛɖ Űɞɡ ɛɘəɟɞůəɞˊɑɞɡ (ɉɟɡůɞɡɚɎəɖɠ 

ũɘɎɜɜɖɠ 2007) 

ɆŰɖ ůɡɔəŮəɟɘɛɏɜɖ ŭɘˊɚɤɛŬŰɘəɐ, ɛŮŰɎ Űɘɠ ŭɞəɘɛɏɠ Charpy, ŰŬ ŭŮɑɔɛŬŰŬ ɞŭɖɔɐɗɖəŬɜ ɔɘŬ 

ŬɜɎɚɡůɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ɗɟŬɨůɖɠ Űɞɡɠ ůŮ ɏɜŬ Zeiss Gemini ɖɚŮəŰɟɞɜɘəɧ ɛɘəɟɞůəɧˊɘɞ 

ůɎɟɤůɖɠ ˊɞɡ əŬŰɏɢŮɘ űŬůɛŬŰɞůəɞˊɑŬ ŮɜŮɟɔŮɘŬəɐɠ ŭɘŬůˊɞɟɎɠ ŬəŰɘɜɩɜ ɉ (EDS). 

 

3.4.2. ɲˇ˃ʽˁˈˌ ʋʰˊʰˁˍʹˊʽˋ˃ˈˌ ˃ʷˋ˖ ˍʹˌ ʆʶ˔˄ʽˁʺˌ EBSD (Electron 

Back-Scattered Diffraction) 
 

ɄɟɧəŮɘŰŬɘ ɔɘŬ ɛɑŬ ŰŮɢɜɘəɐ Űɞɡ ɖɚŮəŰɟɞɜɘəɞɨ ɛɘəɟɞůəɞˊɑɞɡ ůɎɟɤůɖɠ ɛŮ əɎɛŮɟŬ 

backscatter ɖɚŮəŰɟɞɜɑɤɜ, ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Űɖɜ ŭɘŮɝŬɔɤɔɐ ůɡɛˊŮɟŬůɛɎŰɤɜ ɔɘŬ 

Űɖ əɟɡůŰŬɚɚɞɔɟŬűɘəɐ űɎůɖ, ˊɟɞůŬɜŬŰɞɚɘůɛɧ əŬɘ Űɖ ɛŮɚɏŰɖ Űɤɜ ŬŰŮɚŮɘɩɜ Űɖɠ ɛɘəɟɞ-

ŭɞɛɐɠ. Ⱥˊɘˊɚɏɞɜ, ɔɑɜŮŰŬɘ ŰŬɡŰɞˊɞɑɖůɖ Űɤɜ űɎůŮɤɜ əŬɘ ˊɟɞůŭɘɞɟɘůɛɧɠ Űɖɠ ɛɞɟűɞɚɞ-

ɔɑŬɠ Űɤɜ ɞɟɑɤɜ Űɤɜ əɧəəɤɜ əŬɗɩɠ, əŬɘ Űɖɜ ˊɞůɞŰɘəɞˊɞɑɖůɖ Űɤɜ ŰɎůŮɤɜ ŬɚɚɎ əŬɘ əŬ-

ŰŬɜɞɛɐ Űɤɜ ŭɘŬŰŬɟŬɢɩɜ. 

ɇŬ ŭŮɑɔɛŬŰŬ Ŭűɞɨ ɏɢɞɡɜ ɡˊɞůŰŮɑ əŬŰɎɚɚɖɚɖ ŮˊŮɝŮɟɔŬůɑŬ, ŰɞˊɞɗŮŰɞɨɜŰŬɘ ůŰɞ ɗɎɚŬɛɞ 

ɡˊɞŭɞɢɐɠ Űɞɡ ɛɖɢŬɜɐɛŬŰɞɠ əŬɘ ɖ ˊŮɟɑɗɚŬůɖ ŬɜɘɢɜŮɨŮŰŬɘ Ŭˊɧ əɎɛŮɟŬ űɤůűɞɟɞɨɢɞɡ 

ɞɗɧɜɖɠ, ɖ ɞˊɞɑŬ ŮɘůɎɔŮŰŬɘ ůŰɞ ɗɎɚŬɛɞ ɛŮ ɔɤɜɑŬ ɑůɖ ɐ ɛŮɔŬɚɨŰŮɟɖ Űɤɜ 90ɞ ɤɠ ́ɟɞɠ Űɞ 

ŭŮɑɔɛŬ. ɇŬ ɖɚŮəŰɟɧɜɘŬ, ˊɞɡ ˊŮɟɘɗɚɩɜŰŬɘ, ɗŬ əŬŰŮɡɗɡɜɗɞɨɜ ˊɟɞɠ Űɖ űɤůűɞɟɞɨɢɞ ɞ-

ɗɧɜɖ Űɖɠ əɎɛŮɟŬɠ əŬɘ ɗŬ ŮɜŰɞˊɘůŰɞɨɜ ɚɧɔɤ űɗɞɟɘůɛɞɨ Ŭˊɧ Űɖɜ CCD əɎɛŮɟŬ ́ ɞɡ ŮɑɜŬɘ 

ɡˊŮɨɗɡɜɖ ɔɘŬ Űɖɜ əŬŰŬɔɟŬűɐ Űɖɠ ŮɘəɧɜŬɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ. 
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ɳʽˁˈ˄ʰ 16Υ ɳ˅ʶˍʰʸˈ˃ʶ˄ʹ ˉʶˊʽo˔ʺ ʵʶʽʴ˃ʱˍ˖˄ ʴʽʰ ˍˇ ˃ʹ˔ʱ˄ʹ˃ʰ EBSD (fracture e surfaceΥ ʶˉʽ˒ʱ˄ʶʽʰ ʻˊʰˏˋʹˌ ˁʰʽ Notch 
facetΥʶʴˁˇˉʺύΦ 

= 

 

ɇŬ ɞˊɘůɗɞůəŮŭŬɕɧɛŮɜŬ ɖɚŮəŰɟɧɜɘŬ  ˊɟɞɏɟɢɞɜŰŬɘ Ŭˊɧ Űɘɠ ŮɚŬůŰɘəɏɠ ůɡɔəɟɞɨůŮɘɠ ˊɟɤ-

ŰɞɔŮɜɩɜ ɖɚŮəŰɟɞɜɑɤɜ ɛŮ ŰŬ ɎŰɞɛŬ Űɤɜ ŮˊɘűŬɜŮɘŬəɩɜ ůŰɟɤɛɎŰɤɜ. ȾŬŰɎ Űɖɜ ́ ŮɟɑɗɚŬůɖ 

əŬɘ ɧŰŬɜ ɖ ŮˊɘűɎɜŮɘŬ Űɞɡ ɡɚɘəɞɨ ŮɑɜŬɘ əŬŰɎɚɚɖɚŬ əɟɡůŰŬɚɚɘəɐ ɚŬɛɓɎɜɞɜŰŬɘ ŰŬ 

Kikuchi bands (ɐ Ŭɚɚɘɩɠ Electron Backscatter Patterns). ȷˊɧ Űɖɜ ɔŮɤɛŮŰɟɑŬ Űɞɡ, ɛˊɞ-

ɟŮɑ ɜŬ ŭɘŮɝŬɢɗɞɨɜ ůɡɛˊŮɟɎůɛŬŰŬ ɔɘŬ Űɘɠ əɟɡůŰŬɚɚɞɔɟŬűɘəɏɠ űɎůŮɘɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ əŬɘ 

Űɞ ˊɟɞůŬɜŬŰɞɚɘůɛɧ Űɞɡɠ. 

ɇŬ ŮɝŮŰŬɕɧɛŮɜŬ ŭɞəɑɛɘŬ ɛŮŰɎ Űɖɜ ŬɜɎɚɡůɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ɗɟŬɨůɖɠ Űɞɡɠ, əɧˊɖəŬɜ əŬɘ 

ɡˊɏůŰɖůŬɜ ɚŮɑŬɜůɖ əŬɘ ůŰɑɚɓɤůɖ. ɇɏɚɞɠ, ɞŭɖɔɐɗɖəŬɜ ůŰɞ ɛɖɢɎɜɖɛŬ ȺȸSD. ȾɎɗŮ ŭɞ-

əɑɛɘɞ ŮɑɢŮ Űɖ ɛɞɟűɐ ˊɞɡ űŬɑɜŮŰŬɘ əŬɘ ůŰɖɜ ŮɘəɧɜŬ 16. 

 

 

 

 

 

 

 

 

 

 

 

 

3.4.3. ʃʶˊʾʻ˂ʰˋʹ ʰˁˍʽ˄˗˄ ʋ όXRD) 
 

 Ƀɘ ŬəŰɑɜŮɠ ɉ ŮɑɜŬɘ ɛɘŬ ɛɞɟűɐ ɖɚŮəŰɟɞɛŬɔɜɖŰɘəɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ ɖ ɞˊɞɑŬ ɏɢŮɘ ɡɣɖɚɏɠ 

ŮɜɏɟɔŮɘŮɠ əŬɘ ɛɘəɟɎ ɛɐəɖ əɨɛŬŰɞɠ -Űɖɠ ŰɎɝɖɠ Űɤɜ ŬˊɞůŰɎůŮɤɜ ɛŮŰŬɝɨ ŬŰɧɛɤɜ ůŰŬ 

ůŰŮɟŮɎ. ȳŰŬɜ ɛɘŬ ŭɏůɛɖ ŬəŰɘɜɩɜ ɉ ŮɘůɢɤɟɐůŮɘ ůŮ ɏɜŬ ůŰŮɟŮɧ ɡɚɘəɧ ɡˊɧ ɔɤɜɑŬ ɗ əŬɘ 

ɛɐəɞɠ əɨɛŬŰɞɠ ɚ , ɏɜŬ ŰɛɐɛŬ ŬɡŰɐɠ Űɖɠ ŭɏůɛɖɠ ɗŬ ůəŮŭŬůŰŮɑ ˊɟɞɠ ɧɚŮɠ Űɘɠ ŭɘŮɡɗɨɜůŮɘɠ 

Ŭˊɧ ŰŬ ɖɚŮəŰɟɧɜɘŬ ˊɞɡ ŬɜŰɘůŰɞɘɢɞɨɜ ůŮ əɎɗŮ ɎŰɞɛɞ ɐ ɘɧɜ ˊɞɡ ɓɟɑůəŮŰŬɘ ůŰɖɜ ˊɞɟŮɑŬ 

Űɖɠ. 

ȼ ́ŬɟŬəɎŰɤ ŮɘəɧɜŬ ŬˊŮɘəɞɜɑɕŮɘ Űɖ ˊŮɟɑɗɚŬůɖ Űɤɜ ŬəŰɑɜɤɜ ɉ. 

EBSD ς ʁ ˅ʶπ

ˍʰʸˈ˃ʶ˄ʹ 

ˉʶˊʽˇ˔ʺ  
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ɳʽˁˈ˄ʰ 17 ʅ˔ʹ˃ʰˍʽˁʺ ʰ˄ʰˉʰˊʱˋˍʰˋʹ ˍʹˌ ˉʶˊʾʻ˂ʰˋʹˌ ʰˁˍʾ˄˖˄ ʋ (https://serc.carleton.edu/research_educa-
tion/geochemsheets/BraggsLaw.html) 

ɆŰɖ ůɡɔəŮəɟɘɛɏɜɖ ŭɘˊɚɤɛŬŰɘəɐ , ɖ ˊŮɟɑɗɚŬůɖ ŬəŰɑɜɤɜ ɉ ɏɔɘɜŮ ɛŮ ɚɎɛˊŬ Fe (ɛɐəɞɠ 

əɨɛŬŰɞɠ 1.93604 Angstrom). ɆŰɧɢɞɠ ɐŰŬɜ ɖ ŬɜɑɢɜŮɡůɖ Űɤɜ űɎůŮɤɜ ˊɞɡ ŮɛˊŮɟɘɏɢɞɜŰŬɘ 

ůŰɞ ˊɞɚɡűŬůɘəɧ ɡɚɘəɧ əŬɘ ɞ ɡˊɞɚɞɔɘůɛɧɠ Űɤɜ űɎůŮɤɜ Ŭˊɧ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɞɡ ŮɛɓŬ-

ŭɞɨ Űɤɜ əɞɟɡűɩɜ. ȼ ˊŮɟɘɞɢɐ ˊɞɡ ɏɔɘɜŮ ɖ ˊŮɟɑɗɚŬůɖ ɐŰŬɜ ɖ ɑŭɘŬ ɛŮ Űɖɜ ŰŮɢɜɘəɐ EBSD 

ɧˊɤɠ űŬɑɜŮŰŬɘ əŬɘ ůŰɖɜ ŮɘəɧɜŬ 16. 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://serc.carleton.edu/research_education/geochemsheets/BraggsLaw.html
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https://serc.carleton.edu/research_education/geochemsheets/BraggsLaw.html
https://serc.carleton.edu/research_education/geochemsheets/BraggsLaw.html
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4. ɮˉˇˍʶ˂ʷˋ˃ʰˍʰ 
 

4.1.  ɾʽˁˊˇʵˇ˃ʺ ˎ˂ʽˁˇˏ ˃ʶˍʱ ˍʹ˄ ʰ˄ˈˉˍʹˋʹ 
 

ȳˊɤɠ ŬɜŬűɏɟɗɖəŮ ˊŬɟŬˊɎɜɤ, ɞ ŮɝŮŰŬɕɧɛŮɜɞɠ ɢɎɚɡɓŬɠ ɉ5AMnAl12-3 ɡˊɧəŮɘŰŬɘ ůŮ 

ɗŮɟɛɐ ɏɚŬůɖ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ɏɢŮɘ ɤůŰŮɜɘŰɘəɐ ɛɘəɟɞŭɞɛɐ ůŮ ŰɏŰɞɘŬ ɡɣɖɚɐ ɗŮɟɛɞ-

əɟŬůɑŬ, ɖ ɞˊɞɑŬ ˊŬɟŬɛɏɜŮɘ ůŰŬɗŮɟɐ əŬɘ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ɞɛɞɔŮɜɞˊɞɑɖůɖɠ. ɇɞ ɔŮ-

ɔɞɜɧɠ ŬɡŰɧ ŮˊɘɓŮɓŬɘɩɜŮŰŬɘ əŬɘ Ŭˊɧ Űɞ ŭɘɎɔɟŬɛɛŬ űɎůŮɤɜ (ŮɘəɧɜŬ 12).   

ɀŮŰɎ Űɖɜ  ŬɜɧˊŰɖůɖ, ɞ Fe-12Mn-3Al-0.05C ˊŬɟɞɡůɘɎɕŮɘ ŭɘűŬůɘəɐ űŮɟɟɘŰɘəɐ əŬɘ ɤ-

ůŰŮɜɘŰɘəɐ ɛɘəɟɞŭɞɛɐ. ȷɡŰɐ ɖ ɛɘəɟɞŭɞɛɐ ɛˊɞɟŮɑ ɜŬ űŬɜŮɑ əŬɘ ůŰɖɜ ŮɘəɧɜŬ 18.  Ƀ ɤůŰŮ-

ɜɑŰɖɠ (ɛˊɚŮ ˊŮɟɘɞɢɐ) ɓɟɑůəŮŰŬɘ əɡɟɑɤɠ ůŰɖɜ ˊŮɟɘɞɢɐ ɛŮ Űɞɡɠ ůűŬɘɟɞŮɘŭɐɠ əɧəəɞɡɠ əŬɘ 

ůŰɖɜ ˊŮɟɘɞɢɐ ɛŮ Űɘɠ ɛŬɟŰŮɜůɘŰɘəɏɠ ɓŮɚɧɜŮɠ (ˊɞɟŰɞəŬɚɑ əɨəɚɞɠ ůŰɖɜ ŮɘəɧɜŬ 18). ɇɞ 

ˊɞůɞůŰɧ Űɞɡ ɤůŰŮɜɑŰɖ ɛŮŰɎ Űɖɜ ŬɜɧˊŰɖůɖ ŬɜɏɟɢŮŰŬɘ ůŰɞ 39% əŬɘ ɛŮ ˊɞůɞůŰɧ ɛŮŰŬ-

ůɢɖɛŬŰɘůɛɞɨ 23,9% , ɧˊɤɠ űŬɑɜŮŰŬɘ əŬɘ ůŰɞ ˊɑɜŬəŬ 2. 

 

ɳʽˁˈ˄ʰ 18: EBSD- Xɦ ˊˍʹˌ ˒ʱˋʶ˖˄ ˃ʽˁˊˇʵˇ˃ʺˌ ˍˇˎ ʶ˅ʶˍʰʸˈ˃ʶ˄ˇˎ ˔ʱ˂ˎʲʰ X5MnAl12-3 ̞ ˎ˔ˊʺˌ ʷ˂ʰˋʹˌ ˃ʶˍʱ ʰˉˈ 
ʰ˄ˈˉˍʹˋʹ ̀ ˍʹ˄ ˉʶˊʽˇ˔ʺ ʰҌʴ ̱ ˇˎˌ стрČ ɹ ʽʰ ʵˏˇ ˗ˊʶˌ (Shen et al. 2019) 

 

 

ʃʾ˄ʰˁʰˌ 3: :  Ex-Situ SYXRD h ˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍˇˎ ˔ʱ˂ˎʲʰ X5MnAl12-3 ̞ ˎ˔ˊʺˌ ʷ˂ʰˋʹˌ ˃ʶˍʱ ʰˉˈ ʰ˄ˈˉˍʹˋʹ ̀ ˍʹ˄ ˉʶπ
ˊʽˇ˔ʺ ʰҌʴ (Shen et al. 2019) 

 

ɆɖɛŮɘɩɜŮŰŬɘ ɧŰɘ ŰŬ ˊŬɟŬˊɎɜɤ ŬˊɞŰŮɚɏůɛŬŰŬ EBSD Űɞɡ ŮɝŮŰŬɕɧɛŮɜɞɡ ɢɎɚɡɓŬ ɛŮŰɎ 

Űɖɜ ŬɜɧˊŰɖůɖ, ˊɎɟɗɖəŬɜ Ŭˊɧ Ɏɚɚɞ ŮɟŮɡɜɖŰɘəɧ ˊɟɧɔɟŬɛɛŬ  Űɤɜ Xiao Shen, Wenwen 
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Song, Simon Sevsek, Yan Ma, Claas H¿ter, Robert Spatschek and Wolfgang Bleck Űɞɡ 

ˊŬɜŮˊɘůŰɖɛɑɞɡ RWTH ůŰɞ ȽɜůŰɘŰɞɨŰɞ ȽȺȼȾ.  

4.2. ɮˉˇˍʶ˂ʷˋ˃ʰˍʰ ɲˇˁʽ˃ʺ ̩Charpy 
   

ȳˊɤɠ ŬɜŬűɏɟɗɖəŮ ˊŬɟŬˊɎɜɤ, ŭɞəɘɛɏɠ Charpy ˊɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ ůŮ ˊɏɜŰŮ ŭɘŬűɞɟŮ-

Űɘəɏɠ ɗŮɟɛɞəɟŬůɑŮɠ 20ɞC , -50 ɞC, -100 ɞC, -150 ɞC əŬɘ -196 ɞC ɓŬɗɛɞɨɠ. ɆɡɜŮˊɩɠ, 

ɡˊɞɚɞɔɑůŰɖəŬɜ: ɖ ŮɜɏɟɔŮɘŬ əɟɞɨůɖɠ, ɖ ŮɜɏɟɔŮɘŬ ɏɜŬɟɝɖɠ Űɤɜ ɟɤɔɛɩɜ (Energy initia-

tion-Ⱥi) əŬɘ ɖ ŮɜɏɟɔŮɘŬ ŬɜɎˊŰɡɝɖɠ Űɞɡɠ (Energy propagation- Ep). 

ɆŰɞ Ŭəɧɚɞɡɗɞ ŭɘɎɔɟŬɛɛŬ, ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɞɘ ŮɜɏɟɔŮɘŮɠ əɟɞɨůɖɠ Űɤɜ ŭɞəɘɛɑɤɜ ŭɘŬɘɟŮ-

ɛɏɜŮɠ ɛŮ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡɠ, ůŮ ɧɚŮɠ Űɘɠ ɗŮɟɛɞəɟŬůɑŮɠ. ɆŰɖ ɗ.ŭ, ɖ ɛɏůɖ ŮɜɏɟɔŮɘŬ əɟɞɨ-

ůɖɠ ŮɑɜŬɘ 13,1 J əŬɘ ůŰɖ əɟɡɞɔɞɜɘəɐ ɗŮɟɛɞəɟŬůɑŬ, 10,6 J. 

 

ɳʽˁˈ˄ʰ 19Υ ɳ˄ʷˊʴʶʽʰ ɼˊˇˏˋʹˌ vs. ɸʶˊ˃ˇˁˊʰˋʾʰ ˉˇˎ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʶ ʹ ʵˇˁʽ˃ʺ Charpy 

 

 

 

ɄŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ ɧůɞ ŬɡɝɎɜŮŰŬɘ ɖ ɗŮɟɛɞəɟŬůɑŬ, ɖ ůɡɜɞɚɘəɐ ŮɜɏɟɔŮɘŬ əɟɞɨůɖɠ ŬɡɝɎ-

ɜŮŰŬɘ ɛɏɢɟɘ əŬɘ ɚɑɔɞ ˊɘɞ ˊɎɜɤ Ŭˊɧ Űɞɡɠ -100ɞC ɓŬɗɛɞɨɠ. ɆŰɞɡɠ -50ɞC, ɡˊɎɟɢŮɘ ˊŰɩůɖ 

Űɖɠ ŮɜɏɟɔŮɘŬɠ ůŰŬ 14,5 J Ŭˊɧ 15,1 ůŰɞɡɠ -100ɞC ɛŮ ůŰŬɗŮɟɧ ɟɡɗɛɧ. ɆɨɛűɤɜŬ ɛŮ Űɞ 
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ŭɘɎɔɟŬɛɛŬ, ɞ ŮɝŮŰŬɕɧɛŮɜɞɠ ɢɎɚɡɓŬɠ ŭŮɜ ˊŬɟɞɡůɘɎɕŮɘ ɗŮɟɛɞəɟŬůɑŬ ɛŮŰɎɓŬůɖɠ Ŭˊɧ ɧɚ-

əɘɛɖ ůŮ ɣŬɗɡɟɐ ɗɟŬɨůɖ. 

ɆŰɖɜ ŮɘəɧɜŬ 20, ˊŬɟɞɡůɘɎɕŮŰŬɘ Űɞ ŭɘɎɔɟŬɛɛŬ űɞɟŰɑɞɡ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ŭɞəɘɛɐɠ 

ɛŮ Űɖɜ ɛŮŰŬŰɧˊɘůɖ (deflection) əŬŰɎ ɛɐəɞɠ Űɞɡ ŭɞəɘɛɑɞɡ ůŰɘɠ ˊɏɜŰŮ ɗŮɟɛɞəɟŬůɑŮɠ ˊɞɡ 

ɏɔɘɜŬɜ ɞɘ ŭɞəɘɛɏɠ. ɇɞ ɛɏɔɘůŰɞ űɞɟŰɑɞ űŬɑɜŮŰŬɘ ɜŬ ŬůəŮɑŰŬɘ ůŰɞɡɠ -150ɞC (4532,7 N) 

ŬɚɚɎ ɛŮ ŬɡŰɐ ůŰɞɡɠ -196 ɞC ɜŬ ŮɑɜŬɘ ŬɟəŮŰɎ əɞɜŰɎ. 

 

ɳʽˁˈ˄ʰ 20Υɲʽʱʴˊʰ˃˃ʰ ʊˇˊˍʾˇˎ ˁʰʽ ɾʶˍʰˍˈˉʽˋʹˌ ʵˇˁʽ˃ʺˌ Charpy ɹ ʽʰ ˍˇ˄ ʶ˅ʶˍʰʸˈ˃ʶ˄ˇ ˔ʱ˂ˎʲʰ ˕ˎ˔ˊʺˌ ʷ˂ʰˋʹˌ ʴʽʰ 
ˈ˂ʶˌ ˍʽˌ ʻʶˊ˃ˇˁˊʰˋʾʶˌ 

ɇɖ ɛŮɔŬɚɨŰŮɟɖ ɛŮŰŬŰɧˊɘůɖ ˊɟɘɜ Űɖ ɗɟŬɨůɖ Űɞɡ ɡɚɘəɞɨ, Űɖɜ ˊŬɟɞɡůɘɎɕŮɘ Űɞ ŭɞəɑɛɘɞ 

ůŰɖ ɗ.ŭ. (12,5 mm). ȳůɞ ɖ ɗŮɟɛɞəɟŬůɑŬ ůŰɖ ŭɞəɘɛɐ Charpy ɛŮɘɩɜŮŰŬɘ, ɖ ɛŮŰŬŰɧˊɘůɖ 

Űɞɡ ŭɞəɘɛɑɞɡ ɛŮɘɩɜŮŰŬɘ əŬɘ ůŰɖɜ əɟɡɞɔɞɜɘəɐ ɗŮɟɛɞəɟŬůɑŬ ɏɢŮɘ ɛŮɘɤɗŮɑ ůŰŬ 6,5 mm. 

ȷˊɧ ŬɡŰɧ Űɞ ŭɘɎɔɟŬɛɛŬ ɡˊɞɚɞɔɑůŰɖəŮ ɔɘŬ əɎɗŮ ɗŮɟɛɞəɟŬůɑŬ, ɖ Ⱥi əŬɘ Ep. ɇɞ ŮɛɓŬŭɧɜ Űɖɠ 

əɎŰɤ Ŭˊɧ Űɖɜ əŬɛˊɨɚɖ űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ ŬɜŰɘůŰɞɘɢŮɑ ůŰɖɜ ůɡɜɞɚɘəɐ ŮɜɏɟɔŮɘŬ 

əɟɞɨůɖɠ ˊɞɡ ŬˊɞɟɟɞűɖůŮ Űɞ ŭɞəɑɛɘɞ. ȳŰŬɜ ŮűŬɟɛɧůŰɖəŮ ɖ ɛɏɔɘůŰɖ ŭɨɜŬɛɖ əɟɞɨůɖɠ, 

ɖ ŮɜɏɟɔŮɘŬ ˊɞɡ ŬˊɞɟɟɞűɐɗɖəŮ ɛɏɢɟɘ ŮəŮɑɜɞ Űɞ ůɖɛŮɑɞ, ɗŮɤɟŮɑŰŬɘ ɖ ŮɜɏɟɔŮɘŬ ˊɞɡ ɢɟŮɘŬ-

ůŰɖəŮ ɔɘŬ ɜŬ ůɢɖɛŬŰɘůŰɞɨɜ ɞɘ ɟɤɔɛɏɠ. ɈˊɞɚɞɔɑɕŮŰŬɘ, ůɡɜŮˊɩɠ, ɤɠ Űɞ ŮɛɓŬŭɧɜ Ŭˊɧ Űɖɜ 

Ŭɟɢɐ Űɖɠ əŬɛˊɨɚɖɠ (Ŭɟɢɐ Űɖɠ ŭɞəɘɛɐɠ) ɛɏɢɟɘ Űɞ ůɖɛŮɑɞ ˊɞɡ ŬůəɐɗɖəŮ Fmax. 

ȷɜŰɑůŰɞɘɢŬ, ɖ ŮɜɏɟɔŮɘŬ ˊɞɡ ŬˊɞɟɟɞűɐɗɖəŮ ɛŮŰɎ Űɖɜ Ɏůəɖůɖ Űɖɠ ɛɏɔɘůŰɖɠ ŭɨɜŬɛɖɠ 

ɛɏɢɟɘ Űɖɜ ɗɟŬɨůɖ Űɞɡ ŭɞəɘɛɑɞɡ, ɗŮɤɟŮɑŰŬɘ ɤɠ ɖ Ep. ɈˊɞɚɞɔɑɕŮŰŬɘ, ɞɛɞɑɤɠ ɧˊɤɠ ɖ Ⱥɘ, 
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ɤɠ Űɞ ŮɛɓŬŭɧɜ Ŭˊɧ Űɖɜ Fmax ɛɏɢɟɘ Űɞ Űɏɚɞɠ Űɖɠ ŭɞəɘɛɐɠ. ȳˊɤɠ ŬɜŬűɏɟɗɖəŮ əŬɘ ˊŬɟŬ-

ˊɎɜɤ, Űɞ ɎɗɟɞɘůɛŬ Űɤɜ ŭɨɞ ŮɜŮɟɔŮɘɩɜ ŬˊɞŰŮɚɞɨɜ Űɖ ůɡɜɞɚɘəɐ ŮɜɏɟɔŮɘŬ əɟɞɨůɖɠ ˊɞɡ 

ŬˊɞɟɟɧűɖůŮ Űɞ ɡɚɘəɧ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ əɟɞɨůɖɠ. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ Ep əŬɘ Űɤɜ 

Ⱥɘ ́ŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞ ˊŬɟŬəɎŰɤ ŭɘɎɔɟŬɛɛŬ: 
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ɳʽˁˈ˄ʰ 21Υ ɲʽʱʴˊʰ˃˃ʰ ˋˎ˄ˇ˂ʽˁʺˌ ʶ˄ʷˊʴʶʽʰˌ ˁˊˇˏˋʹˌ ˍˇˎ ʋрɾnAl12-3 ̝ ˖ˊʽˋ˃ʷ˄ˇ ˋˍʹ˄ ʶ˄ʷˊʴʶʽʰ ˋ˔ʹ˃ʰˍʽˋ˃ˇˏ ˍ˖˄ 
ˊ˖ʴ˃˗˄ όɳʽύ ˁʰʽ ˍʹ˄ ʶ˄ʷˊʴʶʽʰ ʰ˄ʱˉˍˎ˅ʹˌ ˍˇˎˌ όɳp). 

 

H Ei, ɧůɞ ɖ ɗŮɟɛɞəɟŬůɑŬ ɛŮɘɩɜŮŰŬɘ Ŭˊɧ Űɖ ɗ.ŭ. ůŰɞɡɠ -50oC ɓŬɗɛɞɨɠ, ŬɡɝɎɜŮŰŬɘ Ŭˊɧ 

0, 86 J ůŰŬ 3,17 J Ůɜɩ ůŰɘɠ ɡˊɧɚɞɘˊŮɠ ɗŮɟɛɞəɟŬůɑŮɠ ɖ Űɘɛɐ Űɖɠ ˊŬɟŬɛɏɜŮɘ ůŰŬɗŮɟɐ ɛŮ 

ɛɘəɟɏɠ ŬɡɝɞɛŮɘɩůŮɘɠ (ɧˊɤɠ ůŰɞɡɠ -150oC). ȷɜŰɘɗɏŰɤɠ, ɖ  Ep ˊŬɟŬɛɏɜŮɘ ůŰŬɗŮɟɐ ɛŮ 

Ůɨɟɞɠ 11,35-12,37 J Ŭˊɧ Űɖ ɗ.ŭ. ůŰɞɡɠ -100oC. ɆŮ ɢŬɛɖɚɧŰŮɟŮɠ ɗŮɟɛɞəɟŬůɑŮɠ, ɖ Ep 

ɛŮɘɩɜŮŰŬɘ ůŰŬ 8,21 J and 7,38 ůŰɞɡɠ  -150oC əŬɘ  -196oC, ŬɜŰɑůŰɞɘɢŬ. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ 

ŬɡŰŬ ŭɘəŬɘɞɚɞɨɜ Űɖ ɛŮɑɤůɖ Űɖɠ ůɡɜɞɚɘəɐɠ ŮɜɏɟɔŮɘŬɠ əɟɞɨůɖɠ ůŮ ɢŬɛɖɚɧŰŮɟŮɠ ɗŮɟɛɞ-

əɟŬůɑŮɠ. 
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4.3.  ɮˉˇˍʶ˂ʷˋ˃ʰˍʰ ɸˊʰˎˋˍˇʴˊʰ˒ʾʰˌ  
 

ɆŰɘɠ ŬəɧɚɞɡɗŮɠ űɤŰɞɔɟŬűɑŮɠ, ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ŬɜɎɚɡůɖɠ Űɖɠ Ů-

ˊɘűɎɜŮɘŬɠ ɗɟŬɨůɖɠ Űɞɡ ɉ5ɀnAl12 -3 ɣɡɢɟɐɠ ɏɚŬůɖɠ Ŭˊɧ Űɞ SEM. ȼ ŬɜɎɚɡůɖ Űɖɠ ŮˊɘűɎ-

ɜŮɘŬɠ ɗɟŬɨůɖɠ ɏɔɘɜŮ ůŰŬ ŭɞəɑɛɘŬ ŰŬ ɞˊɞɑŬ ɡˊɏůŰɖ Űɖ ŭɞəɘɛɐ ůŰɘɠ ɗŮɟɛɞəɟŬůɑŮɠ : 20ɞC, -50 

ɞC, -100 ɞC, - əŬɘ -196 ɞC. ȼ ˊŮɟɘɞɢɐ ˊɞɡ ɏɔɘɜŮ ɖ ŬɜɎɚɡůɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ɗɟŬɨůɖɠ 

ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞ ˊŬɟŬəɎŰɤ ŭɘɎɔɟŬɛɛŬ: 

 

ɳʽˁˈ˄ʰ 22Υ ʅ˔ʹ˃ʰˍʽˁʺ ɮˉʶʽˁˈ˄ʽˋʹ ˍˇˎ ʵʶʾʴ˃ʰˍˇˌ ʴʽʰ ˍʹ˄ ʰ˄ʱ˂ˎˋʹ ˍʹˌ ʶˉʽ˒ʱ˄ʶʽʰˌ ʻˊʰˏˋʹˌ ˋˍˇ SEM. 

 

 

 

 

 

 

 

 

 

 

 

 

ɳʴˁˇˉʺ 

 

ɾʷˋʹ 

 

ʆʷ˂ˇˌ  

 

ɳˉʽ˒ʱ˄ʶʽʰ 

ɸˊʰˏˋʹˌ 



ɾʶ˂ʷˍʹ ʰˋˍˇ˔ʾʰˌ ˁʰʽ ˃ʹ˔ʰ˄ʽˁ˗˄ ʽʵʽˇˍʺˍ˖˄ ˋʶ ˔ʱ˂ˎʲʰ ˃ʶ ˃ʷˋʹ ˉʶˊʽʶˁˍʽˁˈˍʹˍʰ ˋʶ ˃ʰʴʴʱ˄ʽˇ  

 

45 
 

 ȯəɟɖ ȺˊɘűɎɜŮɘŬɠ ŪɟŬɨůɖɠ 

(ɇɏɚɞɠ) 

Ⱥɔəɞˊɐ 

 

 

 

 

Ū.ŭ. 
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-196OC 

 

 

 

 

ɳʽˁˈ˄ʰ 23Υ ɮˉˇˍʶ˂ʷˋ˃ʰˍʰ SEM- ʻˊʰˎˋˍˇʴˊʰ˒ʾʰˌ ʴʽʰ ˍˇ˄ ʋрMnAl12-3 ˋˍʹ˄ ˉʶˊʽˇ˔ʺ ˍʹˌ ʶʴˁˇˉʺˌ ˁʰʽ ˋˍˇ ˍʶ˂ʽˁˈ 
ˋˍʱʵʽˇ ʰ˄ʱˉˍˎ˅ʹˌ ˍ˖˄ ˊ˖ʴ˃˗˄ ˋˍʹ˄ ʱ˂˂ʹ ʱˁˊʹ ˍˇˎ ʵˇˁʾ˃ʽˇˎ ˃ʶ ˃ʶʴʷʻˎ˄ˋʹ x20 ̀ ˍʽˌ ˍʷˋˋʶˊʽˌ ʻʶˊ˃ˇˁˊʰˋʾʶˌ. 
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ɳʽˁˈ˄ʰ 24Υ ɮˉˇˍʶ˂ʷˋ˃ʰˍʰ SEM- ̒ ˊʰˎˋˍˇʴˊʰ˒ʾʰˌ ʴʽʰ ˍˇ˄ ʋрMnAl12-3 ̀ ˍʹ˄ ˉʶˊʽˇ˔ʺ ˍʹˌ ʶʴˁˇˉʺΣ ˋˍʹ ˃ʷˋʹ ˁʰʽ ˋˍˇ 
ˍʷ˂ˇˌ ˍʹˌ ʶˉʽ˒ʱ˄ʶʽʰˌ ˃ʶ ˃ʶʴʷʻˎ˄ˋʹ xрлл ˋˍʽˌ ˍʷˋˋʶˊʽˌ ʻʶˊ˃ˇˁˊʰˋʾʶˌΦ 

 

ɆŰɖ ɗ.ŭ., ůŮ ɧɚŮɠ Űɘɠ ɕɩɜŮɠ, ɖ ŮˊɘűɎɜŮɘŬ ɗɟŬɨůɖɠ ˊŮɟɘɏɢŮɘ əɞɘɚɧŰɖŰŮɠ (dimples) əŬɘ 

ɛɘəɟɞɞˊɏɠ (voids). ȽŭɘŬɑŰŮɟŬ, ůŰɖ ɛɏůɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ɗɟŬɨůɖɠ, ɞɘ əɞɘɚɧŰɖŰŮɠ ŮɑɜŬɘ 

ɏɜŰɞɜŮɠ, ɛŮ ŬˊɞŰɏɚŮůɛŬ ɖ ɗɟŬɨůɖ ůŮ ŬɡŰɐ Űɖ ɗŮɟɛɞəɟŬůɑŬ ɜŬ ɢŬɟŬəŰɖɟɑɕŮŰŬɘ ɧɚəɘɛɖ. 

ȳůɞ ɛŮɘɩɜŮŰŬɘ ɖ ɗŮɟɛɞəɟŬůɑŬ, ɞɘ əɞɘɚɧŰɖŰŮɠ ŭŮɜ ˊŬɟɞɡůɘɎɕɞɡɜ Űɞ ɑŭɘɞ ɛɏɔŮɗɞɠ əŬɗɩɠ 

ŭŮɜ ˊɟɞɚŬɓŬɑɜɞɡɜ ɜŬ ŬɜŬˊŰɡɢɗɞɨɜ. ɆŰɖɜ ˊŮɟɘɞɢɐ Űɖɠ ŬɜɎˊŰɡɝɖɠ Űɖɠ ɗɟŬɨůɖɠ (Űɏɚɞɠ), 

űŬɑɜŮŰŬɘ ɞɘ əɞɘɚɧŰɖŰŮɠ ɜŬ ɏɢɞɡɜ ɛŮɔŬɚɨŰŮɟɞ ɓɎɗɞɠ. ɆŰɞɡɠ -196oC ɓŬɗɛɞɨɠ, ɖ ŮˊɘűɎ-

ɜŮɘŬ ɗɟŬɨůɖɠ ˊŬɟɞɡůɘɎɕŮɘ əɞɘɚɧŰɖŰŮɠ ˊɞɡ ŭŮɜ ɛˊɞɟɞɨůŬɜ ɜŬ ŬɜŬˊŰɡɢɗɞɨɜ, ɚɧɔɤ ɢŬ-

ɛɖɚɐɠ ɗŮɟɛɞəɟŬůɑŬɠ ŬəɧɛŬ ˊɘɞ ɏɜŰɞɜŬ (ˊɟɎůɘɜɞɠ əɨəɚɞɠ). ɆŮ ŬɡŰɐ Űɖ ɗŮɟɛɞəɟŬůɑŬ, 

Ůˊɑůɖɠ, ŮɛűŬɜɑɕɞɜŰŬɘ əŬɘ ŮˊɑˊŮŭŬ ůɢɘůɛɞɨ ( əɧəəɘɜɞɠ əɨəɚɞɠ). ɇɞ ɔŮɔɞɜɧɠ ŬɡŰɧ ŮˊɘɓŮ-

ɓŬɘɩɜŮɘ ɧŰɘ ɖ ɗɟŬɨůɖ ůŮ ɢŬɛɖɚɧŰŮɟŮɠ ɗŮɟɛɞəɟŬůɑŮɠ ɔɑɜŮŰŬɘ ˊɘɞ ɣŬɗɡɟɐ. ȼ ŮˊɘűɎɜŮɘŬ 

ŬɡŰɐ ɛˊɞɟŮɑ ɜŬ ɢŬɟŬəŰɖɟɘůŰŮɑ əŬɘ ɤɠ quasi cleavage. 

 ɆŰɞɡɠ -50 ɞC ɓŬɗɛɞɨɠ, ɡˊɎɟɢɞɡɜ ɛŮɔɎɚŮɠ əɞɘɚɧŰɖŰŮɠ ɛɏůŬ ůŮ ŮɔəɚŮɑůɛŬŰŬ ˊɞɡ ˊŮɟɘɏ-

ɢɞɡɜ MnS əŬɘ Al 2N3 ůɨɛűɤɜŬ ɛŮ Űɖ ɢɖɛɘəɐ ŬɜɎɚɡůɖ Űɞɡ SEM (spot 1,2,3) ůŰɖɜ ŮɘəɧɜŬ 

18. 

ˋ˔ʽˋ˃ˈˌ 
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ɳʽˁˈ˄ʰ 25Υ ɮˉˇˍʷ˂ʶˋ˃ʰˍʰ SEM- ̒ ˊʰˎˋˍˇʴˊʰ˒ʾʰˌ ʴʽʰ ˍˇ˄ ʋрMnAl12-3 ̀ ˍˇˎˌ -50oC ˃ ʶ ˃ʶʴʷʻˎ˄ˋʹ x2000. 

 

 

4.4. ɮˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍʹˌ ˍʶ˔˄ʽˁʺˌ EBSD 
 

ɀŮ Űɖ ɢɟɐůɖ Űɞɡ ɖɚŮəŰɟɞɜɘəɞɨ ɛɘəɟɞůəɞˊɑɞɡ ůɎɟɤůɖɠ (SEM), əŬɘ ˊɘɞ ůɡɔəŮəɟɘɛɏɜŬ, 

ɛŮ Űɖɜ ŰŮɢɜɘəɐ EBSD, ůŰɞ ɡɚɘəɧ ɏɔɘɜŮ ɢŬɟŬəŰɖɟɘůɛɧɠ Űɖɠ ŭɞɛɐɠ Űɞɡ ůŮ ŮˊɑˊŮŭɞ ɛɘəɟɞ-

əɚɑɛŬəŬɠ. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ŰŮɢɜɘəɐɠ ˊŬɟŬŰɑɗŮɜŰŬɘ ˊŬɟŬəɎŰɤ: 
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ɳʽˁˈ˄ʰ 26: ɮˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍʶ˔˄ʽˁʺˌ EBSD ̱ ˇˎ ʋсɾnAl12-3 ̞ ˎ˔ˊʺˌ ʷ˂ʰˋʹˌ ˋˍʽˌ -50̌ C, -100oC ˁ ʰʽ -196oC. 

ȳůɞ ɖ ɗŮɟɛɞəɟŬůɑŬ ɛŮɘɩɜŮŰŬɘ, ɖ űɎůɖ Ŭ ɔɑɜŮŰŬɘ ɧɚɞ əŬɘ ˊɘɞ ɏɜŰɞɜɖ. ɆŰɖ ɗ.ŭ. ˊŬɟŬŰɖ-

ɟɞɨɜŰŬɘ ˊɘɗŬɜɧɜ ŭɘŭɡɛɑŮɠ (ɛɤɓ əɨəɚɞɠ) Ůɜɩ ůŰɞɡɠ -196ɞC ɖ ɛŬɨɟɖ ˊŮɟɘɞɢɐ ˊɞɡ ŭŮɜ 

ɛˊɞɟŮɑ ɜŬ ŬɜŬɔɜɤɟɑůŮɘ Űɞ ɛɖɢɎɜɖɛŬ, ɛˊɞɟŮɑ ɜŬ ɗŮɤɟɖɗŮɑ ɟɤɔɛɐ. 

4.5. ɮˉˇˍʶ˂ʷˋ˃ʰˍʰ XRD 
 

ȼ ˊŮɟɑɗɚŬůɖ ŬəŰɑɜɤɜ ɉ ɔɘŬ ɜŬ ŭɘŮɝŬɢɗɞɨɜ ůɡɛˊŮɟɎůɛŬŰŬ ɔɘŬ Űɖ ɛɘəɟɞŭɞɛɐ 

Űɤɜ ŭɞəɘɛɑɤɜ ůŰɘɠ ˊŬɟŬɎ́ɜɤ ŰɏůůŮɟɘɠ ɗŮɟɛɞəɟŬůɑŮɠ, ɏŭɤůŮ ŰŬ ŬəɧɚɞɡɗŬ Ŭ-

ˊɞŰŮɚɏůɛŬŰŬ: 






















