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ʃʁ ˊʾ˂ʹ˕ʹ 

ʁʽ ʻʶˊ˃ʽˁʷˌ ˁʰˍʶˊʴʰˋʾʶˌ ʵʽʰ˂ˎˍˇˉˇʾʹˋʹˌ ˁʰʽ ˍʶ˔˄ʹˍʺˌ ʴʺˊʰ˄ˋʹˌ ˃ʶˍʱ ˍʹ ʵʽʷ˂ʰˋʹ ˋʶ 

ˉˊˇʿˈ˄ˍʰ ʵʽʷ˂ʰˋʹˌ ˁˊʱ˃ʰˍˇˌ Al ˍʹˌ ˋʶʽˊʱˌ сxxx ʵʽʰ˃ˇˊ˒˗˄ˇˎ˄ ˍʽˌ ˍʶ˂ʽˁʷˌ ˃ʹ˔ʰ˄ʽˁʷˌ 

ʽʵʽˈˍʹˍʶˌ ˁʰʽ ˇ ˁʰˍʱ˂˂ʹ˂ˇˌ ˋ˔ʶʵʽʰˋ˃ˈˌ ˍˇˎˌ ʶʾ˄ʰʽ ʰˉʰˊʰʾˍʹˍˇˌ ʴʽʰ ˍʹ˄ ʶˉʾˍʶˎ˅́  ˍˇˎ 

ʶˉʽʻˎ˃ʹˍˇ ˏ ˋˎ˄ʵˎʰˋ˃ˇ ˏ ˎ˕́˂ʺˌ ʰ˄ˍˇ˔ʺˌ ˁʰʽ ʰˉˇˊˊˈ˒ʹˋʹˌ ʶ˄ʷˊʴʶʽʰˌ ˋʶ ˉʶˊʾˉˍ˖ˋʹ 

ˁˊˇˏˋʹˌ.   

ɼh ˍʱ ˍʹ˄ ʵʽʰ˂ˎˍˇˉˇʾʹˋʹ ʹ ˉˊˇˋ˒ʶˊˈ˃ʶ˄ʹ ʻʶˊ˃ˈˍʹˍʰ ˃ˉˇˊʶʾ ˄ʰ ˉˊˇˁʰ˂ʷˋʶʽ 

ʰ˄ʶˉʽʻˏ˃ʹˍʹ ˃ʶʴʷʻˎ˄ˋʹ ˁˈˁˁˇˎ ˁʰʽ ʶ˂ʱˍˍ˖ˋʹ ˍ˖˄ ˃ʹ˔ʰ˄ʽˁ˗˄ ʽʵʽˇˍʺˍ˖˄Φ ʁ ˊˎʻ˃ˈˌ ˕ˏ˅ʹˌ 

ʰˉˈ ˍʹ ʻʶˊ˃ˇˁˊʰˋʾʰ ˋˍʶˊʶˇˏ ʵʽʰ˂ˏ˃ʰˍˇˌ ʷ˔ʶʽ ʱ˃ʶˋʹ ʶˉʾʵˊʰˋʹ ˋˍʹ˄ ʵˎˋʻˊʰˎˋˍˈˍʹˍʰ ˍ˖˄ 

ˉˊˇ˒ʾ˂Φ ʋʰ˃ʹ˂ʺ ˍʰ˔ˏˍʹˍʰ ˕ˏ˅ʹˌ ˋ˔ʶˍʾʸʶˍʰʽ ˃ʶ ˉʶˊʽˇˊʽˋ˃ˈ ˍʹˌ ˇ˂ˁʽ˃ˈˍʹˍʰˌΣ ˂ˈʴ˖ 

ˋ˔ʹ˃ʰˍʽˋ˃ˇˏ ˉʶˊʽˁˊˎˋˍʰ˂˂ʽˁ˗˄ ʸ˖˄˗˄ ˔˖ˊʾˌ ˁʰˍʰˁˊʹ˃˄ʾˋ˃ʰˍʰΣ ˇʽ ˇ̄ ˇʾʶˌ ʰˉˇˍʶ˂ˇˏ˄ 

ˉʶˊʽˇ˔ʷˌ ˔ʰ˃ʹ˂ˈˍʶˊʹˌ h ˄ˍˇ˔ʺ ̩ˁ ʰʽ ˇ˂ˁʽ˃ˈˍʹˍʰ ̩h ˉˈ ˍˇ ʶˋ˖ˍʶˊʽˁˈ ̱ ˖˄ ˁˈˁˁ˖˄ Al.  

ɶ ʁˉʽʵʽ˖ˁˈ˃ʶ˄ʹ ʰˏ˅ʹˋʹ ˍʹˌ ʰ˄ˍˇ˔ʺˌ ʶˉʷˊ˔ʶˍʰʽ ˃ʷˋ˖ ˁʰˍʰˁˊʺ˃˄ʽˋʹˌ ˍˇˎ ˃ʷʴʽˋˍˇˎ 

ʵˎ˄ʰˍˇˏ ˉ˂ʺʻˇˎˌ ˁʰˍʰˁˊʹ˃˄ʽˋ˃ʱˍ˖˄ ʲΩΩ ˁʰʽ ʲ˘ ˁʰʽ ʰˉˈ ʵʽʰ˃ˈˊ˒˖ˋʹ ˃ʹ 

ʰ˄ʰˁˊˎˋˍʰ˂˂˖˃ʷ˄ʹˌ ˃ʽˁˊˇʵˇ˃ʺˌ ʺ ˃ʽˁˊˇˏ ˃ʷˋˇˎ ˃ʶʴʷʻˇˎˌ ˁˈˁˁˇˎ ˁʰˍʱ ˍʹ ʵʽʷ˂ʰˋʹ. 

ɼˊʱ˃ʰˍʰ ˃ʶ ˉʶˊʾˋˋʶʽʰ Si ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍʹ ˋˍˇʽ˔ʶʽˇ˃ʶˍˊʽˁʺ ʰ˄ʰ˂ˇʴʾʰ Mg:Si - 2:1 ʁ ˃˒ʰ˄ʾʸˇˎ˄ 

ˁʰˍʰˁˊʺ˃˄ʽˋʹ ˁˊˎˋˍʱ˂˂˖˄ Si ˋʶ ̄ʁˊʽˁˊˎˋˍʰ˂˂ʽˁʷˌ ʻʷˋʶʽˌ ˃ʶ ʰˉˇˍʷ˂ʶˋ˃ʰ ˍʹ˄ ʶ˂ʱˍˍ˖ˋʹ ˍʹˌ 

ˇ˂ˁʽ˃ˈˍʹˍʰˌΦ ʆʰˎˍˈ˔ˊˇ˄ʰ ˈ˃˖ˌ ˉʰˊʰˍʹˊʶʾˍʰʽ ˁʰʽ ʶˉʽˍʱ˔ˎ˄ˋʹ ˍʹˌ ˁʽ˄ʹˍʽˁʺˌ ˍʹˌ ˍʶ˔˄ʹˍʺˌ 

ʴʺˊʰ˄ˋʹˌ ˂ˈʴ˖ ˍˇˎ ˃ʽˁˊˈˍʶˊˇˎ ʰˉʰʽˍˇˏ˃ʶ˄ˇˎ ʰˊʽʻ˃ˇˏ ʰ˂˃ʱˍ˖˄ ˍ˖˄ ˁˊʰ˃ʰˍʽˁ˗˄ 

ˋˍˇʽ˔ʶʾ˖˄ ʴʽʰ ˋ˔ʹ˃ʰˍʽˋ˃ˈ ˒ʱˋʶ˖˄ ˋˎ˄ˇ˔ʺˌΦ ɮˉˈ ˍʰ ˉʶʽˊʰ˃ʰˍʽˁʱ ʵʶʵˇ˃ʷ˄ʰ ˉˊˇʷˁˎ˕ʶ ˉ˖ˌ 

ˋ̱  hˁˊʱ˃ʰˍʰ ˉʶˊʽʶˁˍʽˁˈˍʹˍʰˌ лΣс҈ ˁʰʽ лΣу҈ ˁΦʲΦ ˋʶ Mg2Si ˃ʶ ˉʶˊʾˋˋʶʽʰ Si  ́ ˍʶ˔˄ʹˍʺ 

ʴʺˊʰ˄ˋʹ ˋˍˇˎˌ мтлˇC ʴʽʰ пл ˗ˊʶˌ ʶˉʽ˒ʷˊʶʽ ˎ˕ʹ˂ˈˍʶˊʶˌ ˍʽ˃ʷˌ ʰ˄ˍˇ˔ʺˌ, ʶ˄˗ ˋˍʰ ˃ʶ лΣу҈ 

Mg2Si ˁʰʽ мΣл҈ ˃ʶ Mn ˁʰʽ ˉʶˊʾˋˋʶʽʰ Si ˇʽ ˉˊˇˍʶʽ˄ˈ˃ʶ˄ʶˌ ˋˎ˄ʻʺˁʶˌ ʶʾ˄ʰʽ 200ˇC ʴʽʰ ˔ˊˈ˄ˇ 

ˉʰˊʰ˃ˇ˄ʺˌ п ˖ˊ˗˄Φ  

ɶ hˉˇ˒ˎʴʺ ˍˇˎ ˋˍʰʵʾˇˎ ˒ˎˋʽˁʺˌ ʴʺˊʰ˄ˋʹˌ нп ˖ˊ˗˄ ˃ʶˍʰ˅ˏ ʵʽʰ˂ˎˍˇˉˇʾʹˋʹˌ ˁʰʽ 

ˍʶ˔˄ʹˍʺˌ ʴʺˊʰ˄ˋʹˌ ʶʾ˔ʶ ʰˊ˄ʹˍʽˁʺ ʺ ʰ˃ʶ˂ʹˍʷʰ ʶˉʾʵˊʰˋʹ ˋˍʹ˄ ˇ˂ˁʽ˃ˈˍʹˍʰ όʶ˂ʱˍˍ˖ˋʹ 

ʵʽʰˍˇ˃ʺˌύ ʰ˂˂ʱ ʻʶˍʽˁʺ ˈˋˇ˄ ʰ˒ˇˊʱ ˋˍʹ˄ ʰ˄ˍˇ˔ʺ ˍ˖˄ ˉˊˇ˒ʾ˂ ˃ʷˋʹˌ ˁˊʰ˃ʱˍ˖ˋʹˌΦ ʁʽ ʵˇˁʽ˃ʷˌ 

ˁʰˍʷʵʶʽ˅ʰ˄ ʶˉʾˋʹˌ ˉ˖ˌ ˃ʶ ˍʶ˔˄ʹˍʺ ʴʺˊʰ˄ˋʹ ˋʶ ʵˏˇ ˋˍʱʵʽʰΣ ʵʹ˂ʰʵʺ ˃ʶ ˍʹ˄ ʶ˄ˋ˖˃ʱˍ˖ˋʹ 

ʶ˄ˈˌ мˇˎ ˋˍʰʵʾˇˎ ʴʺˊʰ˄ˋʹˌ ˋʶ ʻʶˊ˃ˇˁˊʰˋʾʰ ˔ʰ˃ʹ˂ˈˍʶˊʹ ˍʹˌ ˁˏˊʽʰˌ ˉˇˎ ʷˉʶˍʰʽΣ 

ʶˉʽˍˎʴ˔ʱ˄ʶˍʰʽ ʻʶˍʽˁʺ ʰˉˈˁˊʽˋʹ ˍˇˎ ˎ˂ʽˁˇˏ ˋˍʹ˄ ˁʽ˄ʹˍʽˁʺ ˍʹˌ ˋˁ˂ʺˊˎ˄ˋʹˌ.  
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ɮˉˈ ˍʹ˄ ˉˊʰʴ˃ʰˍˇˉˇʾʹˋʹ ʵˇˁʽ˃˗˄ ʻ˂ʾ˕ʹˌ ʵʽʰˉʽˋˍ˗ʻʹˁʶ ˁʰ˂ˏˍʶˊʹ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˍ˖˄ 

ˉˊˇ˒ʾ˂ ˃ʶˍʱ ʰˉˈ ʻʶˊ˃ʽˁʺ ˁʰˍʶˊʴʰˋʾʰ ˋˍˇˎˌ нллˇC ˋˎʴˁˊʽˍʽˁʱ ˃ʶ ˍˇˎˌ мтлˇCΣ ˁʰʻ˗ˌ 

ʶˎ˄ˇʶʾˍʰʽ ʹ ɹʶ˄ʽˁʶˎ˃ʷ˄ʹ, ʰ˄ˍʾ ʴʽʰ ˍʹ˄ ˉʶˊʽˁˊˎˋˍʰ˂˂ʽˁʺ ˁʰˍʰˁˊʺ˃˄ʽˋʹ. ʅ̱ ʰ ˉˊˇ˒ʾ˂ ˃ ʁ˃ʹ 

ʰ˄ʰˁˊˎˋˍʰ˂˂˖˃ʷ˄ʹ ˃ʽˁˊˇʵˇ˃ʺ (ˈˉ˖ˌ ˉΦ˔Φ ˋˍˇ ˁ́ʱ˃ʰ слунύ ʹ ˏˉʰˊ˅ʹ ʶˎ˃ʶʴʷʻ˖ ˄

ˁ́ ˎˋˍʱ˂˂˖˄ ˁˇ˄ˍʱ ˋˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ ˇʵʺʴʹˋʶ, ˁʰˍʱ ˍʹ˄ ˋˎ˃ˉʾʶˋʹ ˍˇˎˌΣ ˋ̱ ʹ˄ ʰ˄ʱˉˍˎ˅ʹ 

ʸ̟ ˄˗˄ ˇ˂ʾˋʻʹˋʹˌ ˁʰʽ ̄ ˊ˗ʽ˃˖˄ ˊ˖ʴ˃ʰˍ˗ˋʶ˖˄.   

ɶ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍ˖˄ ʵˇˁʽ˃˗˄ ʻ˂ʾ˕ʹˌ ˃ʶ ˂ˇʴʽˋ˃ʽˁˈ ˉʶˉʶˊʰˋ˃ʷ˄˖˄ ˋˍˇʽ˔ʶʾ˖˄ 

ʰ˄ʰˉʰˊʺʴʶ ˃ʁ ˉˇ˂ˏ ˁʰ˂ʺ ˉˊˇˋʷʴʴʽˋʹ ˍʹ˄ ˃ˇˊ˒ˇ˂ˇʴʾʰ ˍ˖˄ ˋˎ˃ˉʽʶˋ˃ʷ˄˖˄ ʵˇˁʽ˃ʾ˖˄ ˁʰʽ ˍʽˌ 

ˍʽ˃ʷˌ ˃ʷˋˇˎ ˒ˇˊˍʾˇˎ ʻ˂ʾ˕ʹˌΣ ʰˉˇʵʶʽˁ˄ˏˇ˄ˍʰˌ ˉ˖ˌ ˃ˉˇˊʶʾ ˄ʰ ʰˉˇˍʶ˂ʷˋʶʽ ˇˎˋʽʰˋˍʽˁˈ 
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Extended abstract 

The present Thesis deals with the homogenization and artificial aging thermal 

treatments of 6xxx series alloy extruded profiles aiming at the optimization of the 

mechanical properties as this can be expressed by a combination of the highest strength and 

energy absorption. This is required by the automotive industry in order to ensure 

minimization of the energy ǘǊŀƴǎŦŜǊ ƛƴǎƛŘŜ ǘƘŜ ǇŀǎǎŜƴƎŜǊǎΩ Ŏŀōƛƴ in the case of a crash. 

In the frame of the examination, extrusions with four different concentrations of Mg 

and Si and with two different cross-sections, square and complex with three boxes of 

different wall thickness, were tested (alloy 1: 0.6% Mg2Si excess Si, alloy 2: 0.8% Mg2Si, alloy 

3: 0.8% Mg2Si excess Si, alloy 4: 1.0% Mg2Si, excess Si, Mn containing). More specifically the 

effects of (i) cooling rate after solid solution treatment, (ii) natural aging and (iii) artificial 

aging temperature were investigated. The analytical techniques that were implemented 

included optical and scanning electron microscopy, transmission electron microscopy, 

tensile testing, compression testing and finite element analysis.  

The higher the amount of alloying elements the higher the rate of the kinetics of the 

aging process and the strength in T6 condition. With excess Si, Si crystals are precipitated 

deteriorating ductility especially when this occurs in precipitate free zones (PFZs). However 

the Si content is in general enabling the formation of hardening constituents due to the 

smaller distance the Si atoms have to travel in order to reach the Mg ones. Indicative 

measurements with TEM revealed 25% increase in the number density of coherent particles 

by a respective increase in the Mg2Si percentage from 0.6 to 1%.  

In alloys with 0.6 and 0.8% Mg2Si and excess Si 40 hours aging at 170ˇC enabled 

higher yield and tensile strength values than with aging at 200ˇC. In the balanced alloy with 

0.8% Mg2Si aging at 200ˇC produces superior strength, but it is expected that prolonged 

aging at 170oC (more than 40 hours) would be more effective. For 6082 alloy with 1.08% 

Mg2Si slight differences in strength were observed between these two heat treatments. 

Regarding the preaging conditions the effects of (i) two step aging and (ii) 24 hours 

natural aging after solution treatment were investigated. 12 hours preaging at 100oC 
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resulted in acceleration of aging kinetics leading to massive non-coherent particles 

precipitation and increase in strength by 8-13MPa without any compromise on the ductility.   

Results showed that water quenching (wq) after heat treatment at 550oC for 50 min 

prevented the non-desirable precipitation of non-coherent phases, retaining a higher 

amount of alloying elements in solid solution which became available for precipitation in a 

controlled and efficient way during subsequent artificial aging. On the contrary, air cooling 

(ac) led to non-desirable, intergranular, mainly, precipitation and formation of precipitate 

free zones (PFZs), which rendered low ductility, due to the difference in hardness between 

these narrow zones and the inner part of the grains. Consequently, ac samples exhibited 

lower strength, slower response to artificial aging, and also grain boundary sensitization 

which resulted to intergranular cracking in tensile tests. PFZ formation was also detected in 

wq samples but only in overaged condition (T7). Not naturally aged samples exhibited higher 

strength values than from the naturally aged (by 8MPa for the alloy with 0.6%Mg2Si and by 

22MPa for 1,0% Mg2Si). However not naturally aged samples had lower values of toughness 

in the post-uniform elongation area.  

For the evaluation of toughness indices ʆFR, ʆUTS ˁʰʽ ʆPI were calculated from ̀-  ʁ

curves referring to toughness at FRacture or total amount of toughness, toughness at UTS or 

toughness corresponding to the area of uniform elongation and toughness in Plastic region 

(post uniform).  

For alloy 1 (0.6%Mg2Si) ʆFR ˁ ʰʽ ʆUTS values had values 32 ˁʰʽ 25J/cm3 in ʆ4 ˁʰʽ ʆ6 

metallurgical condition while ʆPI had lower value in T4 than in T6 condition (6 and 10J/cm3 

respectively). These values of toughness were higher than those anticipated by aging at 

200ˇC and 220ˇC. Prolonged preaging step at 100ˇC led to an increase of ʆFR ˁ ʰʽ ʆUTS values 

and slight decrease of ʆPI. In ac samples low toughness was expressed by a progressive 

tendency for converging of ʆFR ˁʰʽ ʆUTS with aging progress which indicated that the total 

amount of toughness resulted from deformation in the elastic and proportionality regions. 

Similar results were acquired for alloy 2. Alloys 3 and 4 differed in that in WQ condition ʆFR 

received lower values than in aged condition and a considerable raise and stabilization of 

toughness value was realized with the completion of preaging stage.  
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ʆPI proved to be a very reliable index for the characterization of samples as more or less 

ductile even when two samples had comparable ʆFR values and it could be well related with 

the observed reduction in area from the tensile tests. It also received high values in T7 

condition even if ʆFR was decreased and the respective tensile specimens were also very 

ductile. 

Comparing samples with and without natural aging it was found that for alloy 1, in 

underaged condition naturally aged samples had higher ʆFR ˁʰʽ ʆUTS values but lower ʆPI due 

to the higher aging degree while in peak age condition ʆFR and ʆUTS were comparable but ʆPI 

was higher for naturally aged specimens. For alloy 4 naturally aged specimens had also 

higher values, while for alloys 2 the opposite was observed. For alloy 3 similar fracture 

values were found.    

The results of compression tests proved that extrusions with high strain rate 

sensitivity indices (m) are expected to present acceptable buckling behavior, high local peak 

values of compression load and also high mean load values (energy absorption). Shear zones 

formation and stress concentration during deformation on the secondarily recrystallized 

grains near the surfaces in 6082 alloy was detrimental to the observed bucking behavior. 

Aging at 220oC for 6106 alloy improved significantly the buckling behavior, due to massive 

precipitation and the subsequent neutralization of the effect of the PFZs, while at 200oC 

buckling mode was also crack free in all examined alloys, because of the equivalent (or less 

localized) rate of precipitation on grain boundary interfaces and grain interior regions. Useful 

conclusions were also drawn regarding the maximization of mean load with prolonged 

preaging step and the destructive buckling mode of ac extrusions due to PFZs formation. 

In the assessment of crash tolerance properties of extrusions both tensile and 

compression tests are indispensable. In case that the microstructure includes sensitized 

areas such as stress concentration sites (corners, weld areas with oxides, non-uniform grain 

structure.) compression testing constitutes a more effective method for the suitability of the 

selected material. On the contrary, the calculation of strain during necking from stress-strain 

curves is a useful and easy way of understanding whether a sample has a tendency to display 

a more or less ductile behavior. The conclusions from the calculation of fracture toughness 

from these two tests were also different. The most typical example was the wq specimen in 

T4 condition, which in the tensile test overcame the other specimens, while in compression 
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test the respective specimen showed the half energy absorption compared with specimens 

in T6 condition.  

Finite element modeling of compression test was efficient in reproducing the 

morphology of the compressed specimens, regardless of the buckling behavior. A good 

agreement was observed for fracture toughness values and load-displacement curves 

morphologies obtained from actual tests and the model regarding square cross-section 

specimens, while inconsistency eventuated for those with the complex cross-section. After 

constructing the model a series of tests was feasible, including examination of the effect of 

fracture strain, strain rate and wall thickness of the extrusions. A fracture strain increase 

resulted in mean load increase, no change in maximum load and limitation of discontinuities 

formation. Strain rate affected particularly the maximum load and less the mean load, 

induced shortening of the neighboring peak load distances in the curves and change of the 

curves mode from regular to irregular. Increasing the wall thickness caused a considerable 

increase of both mean and maximum load, while the buckling mode was also affected.               
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1 ɞʅʎɻɾʖɾʙ 

1.1 ɩʀʍʅɾʍɻʒʙ ʐʂʏ ʀʍɾɻʎʚɻʏ 

 ɶ ʁˎˊʶʾʰ ˔ˊʺˋʹ ˉˊˇʿˈ˄ˍ˖˄ ʵʽʷ˂ʰˋʹˌ ˁˊʱ˃ʰˍˇˌ ˋʶʽˊʱˌ сxxx ˃ʶ ˎ˕ʹ˂ʺ ʰ˄ˍˇ˔ʺ ˁʰʽ 

ʽˁʰ˄ˈˍʹˍʰ ʰˉˇˊˊˈ˒ʹˋʹˌ ʶ˄ʷˊʴʶʽʰˌ ˋˍʹ˄ ʰˎˍˇˁʽ˄ʹˍˇʲʽˇ˃ʹ˔ʰ˄ʾʰ ʷ˔ʶʽ ˋˍʹˊʽ˔ʻʶʾ ˋʶ ˃ʶʴʱ˂ˇ 

ˈʴˁˇ ʷˊʶˎ˄ʰˌ, ˉˇˎ ʰ˒ˇˊʱ ˋˍʹ˄ ʶˉʽ˂ˇʴʺ ˍˇˎ ʶʾʵˇˎˌ ˁʰʽ ˍʹˌ ˋˎʴˁʷ˄ˍˊ˖ˋʹˌ ˍ˖˄ ˁˊʰ˃ʰˍʽˁ˗˄ 

ˋˍˇʽ˔ʶʾ˖˄ ˁʰʽ ˋˍʹ ʲʶ˂ˍʽˋˍˇˉˇʾʹˋʹ ˈ˂˖˄ ˍ˖˄ ˒ʱˋʶ˖˄ ˍʹˌ ˉʰˊʰʴ˖ʴʽˁʺˌ ʵʽʰʵʽˁʰˋʾʰˌΣ ʰˉˈ ˍʹ 

˔ˏˍʶˎˋʹ ˍʹˌ ʰˊ˔ʽˁʺˌ ˃ˉʽʴʽʷˍʰˌ ˃ʷ˔ˊʽ ˍʹ˄ ˍʶ˂ʽˁʺ ʵʽʰ˃ˈˊ˒˖ˋʹ ˍˇˎ ˋ˔ʺ˃ʰˍˇˌ ˍ˖˄ ˉˊˇ˒ʾ˂ (1).  

 

ʅ˔ʺ˃ʰ 1 ʅ˔ʶʵʽʱʴˊʰ˃˃ʰ ʵʽʰʵʽˁʰˋʾʰˌ ˉʰˊʰʴ˖ʴʺˌ ˉˊˇʿˈ˄ˍ˖˄ ʵʽʷ˂ʰˋʹˌ Al (2).  

ɶ ˉʶˊʽʲʰ˂˂ˇ˄ˍʽˁʺ ˄ˇ˃ˇʻʶˋʾʰ ˁʰʽ ˍˇ ˁˈˋˍˇˌ ˃ʶˍʰ˒ˇˊʱˌ ʰˉˇˍʶ˂ˇˏ˄ ʽˋ˔ˎˊʱ ˁʾ˄ʹˍˊʰ ʴʽʰ 

ˍʹ ˃ʶʾ˖ˋʹ ˍˇˎ ʲʱˊˇˎˌ ˍ˖˄ ˇ˔ʹ˃ʱˍ˖˄Φ ʁ ˉʶˊʽˇˊʽˋ˃ˈˌ ˍ˖˄ ʶˁˉˇ˃ˉ˗˄ CO2 ˁʰʽ ʱ˂˂˖˄ ʰʶˊʾ˖˄ 

ʶˉʽʲʱ˂˂ˇˎ˄ ʰˁˈ˃ʹ ˃ʶʴʰ˂ˏˍʶˊʹ ʶ˂ʱˍˍ˖ˋʹ ˍˇˎ ʲʱˊˇˎˌ ˉˇˎ ˃ˉˇˊʶʾ ˄ʰ ʶˉʽˍʶˎ˔ʻʶʾ ˃ˈ˄ˇ ˃ʶ 

˔ˊʹˋʽ˃ˇˉˇʾʹˋʹ ʲʶ˂ˍʽ˖˃ʷ˄˖˄ ˎ˂ʽˁ˗˄ ˈˉ˖ˌ ˍʰ ˁˊʱ˃ʰˍʰ ʰ˂ˇˎ˃ʽ˄ʾˇˎ ʰˎ˅ʹ˃ʷ˄ʹˌ ʰ˄ˍˇ˔ʺˌΣ 

ʵʽʰ˃ˇˊ˒˖ˋʽ˃ˈˍʹˍʰˌΣ ʰ˄ˍʾˋˍʰˋʹˌ ˋˍʹ ʵʽʱʲˊ˖ˋʹ ˁʰʽ ʰˉˇˊˊˈ˒ʹˋʹˌ ʶ˄ʷˊʴʶʽʰˌ ˋʶ ˋˏʴˁˊˇˎˋʹΦ 

ʅˍʹ˄ ˉʰˊˇˏˋʰ ʶˊʴʰˋʾʰ ˍˇ ʰ˄ˍʽˁʶʾ˃ʶ˄ˇ ʷˊʶˎ˄ʰˌ ʰˉˇˍʶ˂ˇˏ˄ ˇʽ ʻʶˊ˃ʽˁʷˌ ˁʰˍʶˊʴʰˋʾʶˌ ˁʰʽ ˇʽ 

ʶˉʰˁˈ˂ˇˎʻʶˌ ˃ʹ˔ʰ˄ʽˁʷˌ ʽʵʽˈˍʹˍʶˌ ˍ˖˄ ˉˊˇ˒ʾ˂Σ ʵʹ˂ʰʵʺ ˋˎ˄ˇˉˍʽˁʱ ˍˇ ˋˍʱʵʽˇ ˉˇˎ ʷˉʶˍʰʽ 

ʰˎˍˇˏ ˍʹˌ ʵʽʷ˂ʰˋʹˌΦ ʂˉ˖ˌ ʰ˄ʰ˒ʷˊʶˍʰʽ ˁʰʽ ˋˍˇ˄ ˍʾˍ˂ˇ ˍʹˌ ʶˊʴʰˋʾʰˌΣ ˇ ˍʶ˂ʽˁˈˌ ˋˁˇˉˈˌ ʶʾ˄ʰʽ 

ʹ ʲʶ˂ˍʽˋˍˇˉˇʾʹˋʹ ˍ˖˄ ʻʶˊ˃ʽˁ˗˄ ˁʰˍʶˊʴʰˋʽ˗˄ ʰˉˇˋˁˇˉ˗˄ˍʰˌ ˋˍʹ˄ ʶˉʾˍʶˎ˅ʹ ˍˇˎ 

ˋˎ˄ʵˎʰˋ˃ˇˏ ˍʹˌ ˃ʷʴʽˋˍʹˌ ʰ˄ˍˇ˔ʺˌ ˁʰʽ ˍʹˌ ˃ʶʴʰ˂ˏˍʶˊʹˌ ʰˉˇˊˊˈ˒ʹˋʹˌ ʶ˄ʷˊʴʶʽʰˌ ˋʶ 

ˉʶˊʾˉˍ˖ˋʹ ˁˊˇˏˋʹˌΦ ɴ˄ʰ ˉˊˇ˒ʾ˂ ˉˇˎ ʻʰ ʷ˔ʶʽ ˃ˈ˄ˇ ˎ˕ʹ˂ʺ ʰ˄ˍˇ˔ʺ, ʰ˂˂ʱ ˃ʽˁˊʺ ʶ˄ʷˊʴʶʽʰ 

ʻˊʰˏˋʹˌ ʶʾ˄ʰʽ ʰˁʰˍʱ˂˂ʹ˂ˇ ʴʽʰ ˍˇˉˇʻʷˍʹˋʹ ˋˍʰ ˉˊˇʵʽʰʴʶʴˊʰ˃˃ʷ˄ʰ ˋʹ˃ʶʾʰ ˍˇˎ 
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ʰˎˍˇˁʽ˄ʺˍˇˎ ˂ˈʴ˖ ˕ʰʻˎˊˈˍʹˍʰˌ ˉˇˎ ˋˎ˄ʶˉʱʴʶˍʰʽ ˃ʶˍʰ˒ˇˊʱ ˃ʶʴʱ˂ˇˎ ˉˇˋˇˏ ʶ˄ʷˊʴʶʽʰˌ 

ˋˍʹ˄ ˁʰ˃ˉʾ˄ʰ ʶˉʽʲʰˍ˗˄ ˋʶ ˉʶˊʾˉˍ˖ˋʹ ˋˏʴˁˊˇˎˋʹˌΦ ɮ˄ˍʽˋˍˇʾ˔˖ˌ ˔h ˃ʹ˂ʺ ʰ˄ˍˇ˔ʺ ˁʰʽ ˃ʶʴʱ˂ʹ 

ʶ˄ʷˊʴʶʽʰ ʻˊʰˏˋʹˌ ʽˋˇʵˎ˄ʰ˃ʶʾ ˃ʶ ˉˊ˗ʽ˃ʹ ˁʰˍʱˊˊʶˎˋʹ ˍˇˎ ˉˊˇ˒ʾ˂ ˉˇˎ ˁˊʾ˄ʶˍʰʽ ʴʽʰ ˍˇ˄ ʾʵʽˇ 

˂ˈʴˇ ˃ ʹ ʁ̄ ʽˍˊʶˉˍʺ (3).  

ɶ ʵˎ˄ʰˍˈˍʹˍʰ ˔ˊʹˋʽ˃ˇˉˇʾʹˋʹˌ ˋˍʰ ˉʶʽˊʱ˃ʰˍʰ ˍʶˋˋʱˊ˖˄ ʵʽʰ˒ˇˊʶˍʽˁ˗˄ ˁˊʰ˃ʱˍ˖˄ 

ˉʰˊʶʾ˔ʶ ˍʹ ˄ʶˎ˔ʷˊʶʽʰ ˉʰˊʰˍʺˊʹˋʹˌ ˁʰʽ ˃ʶ˂ʷˍʹˌ ˍʹˌ ʶˉʾʵˊʰˋʹˌ ˍ˖˄ ʲʰˋʽˁ˗˄ ˁˊʰ˃ʰˍʽˁ˗˄ 

ˋˍˇʽ˔ʶʾ˖˄ (Mg, Si) ˃ʶ ˃ʽˁˊʷˌ ʵʽʰ˒ˇˊˇˉˇʽʺˋʶʽˌ ˋˍʰ ˉˇˋˇˋˍʱ ˍˇˎˌΣ ʶˉʽˍˊʷˉˇ˄ˍʰˌ ˍʹ˄ 

ʶˉʰ˂ʺʻʶˎˋʹ ʺ ˃ʹ ˋˎ˃ˉʶˊʰˋ˃ʱˍ˖˄ ʱ˂˂˖˄ ˋˎʴʴˊʰ˒ʷ˖˄ ˁʰʽ ˉʰˊʱ˂˂ʹ˂ʰ ˍʹ˄ ʶ˅ʰʴ˖ʴʺ ˄ʷ˖˄Σ 

˔ˊʺˋʽ˃˖˄ ˉˇˊʽˋ˃ʱˍ˖˄ ˋ˔ʶˍʽˁ˗ˌ ˃ʶ ̱̩̔  ̔ʵʽˈˍʹˍʶˌ ˍ˖˄ ˁˊh˃ʱˍ˖˄ ʰˉˈ ˍʽˌ ʻʶˊ˃ʽˁʷˌ 

ˁʰˍʶˊʴʰˋʾʶˌ ʵʽʰ˂ˎˍˇˉˇʾʹˋʹˌ ˁʰʽ ʴʺˊʰ˄ˋʹˌ. ʆ̌ ʲʰˋʽˁˈ ˋʹ˃ʶʾˇ ʷˊʶˎ˄ʰˌ ˍʹˌ ʵʽʰˍˊʽʲʺˌ ʶʾ˄ʰʽ 

ˍˇ ˉ̠ˌ ʵʽʰ˃ˇˊ˒˗˄ʶˍʰʽ ʹ ˃ʽˁˊˇʵˇ˃ʺ ˁʰʽ ˇʽ ˃ʹ˔ʰ˄ʽˁʷˌ ʽʵʽˈˍʹˍʶˌ ˖ˌ ʰˉˇˍʷ˂ʶˋ˃ʰ ˍʹˌ: 

ʰΦ ɳˉʾʵˊʰˋʹˌ ˍʹˌ ˍʰ˔ˏˍʹˍʰ ˕ˏ˅ʹˌ ˃ʶˍʱ ˍʹ ʻʶˊ˃ʽˁʺ ˁʰˍʶˊʴʰˋʾʰ ̀ ˍʶˊʶˇˏ ʵʽʰ˂ˏ˃ʰˍˇˌ 

ʲΦ ɳˉʾʵˊʰˋʹ ̩̱ ʹˌ ˒ˎˋʽˁʺˌ ʴʺˊʰ˄ˋʹˌ 24h h ˃ʷˋ˖ˌ ˃ʶˍʱ ˍʹ ʻʶˊ˃ʽˁʺ ˁʰˍʶˊʴʰˋʾʰ ˋˍʶˊʶˇˏ 

ʵʽʰ˂ˏ˃ʰˍˇˌ 

ʴΦ ɳˉʾʵˊʰˋʹˌ ˋˎʴˁʶˁˊʽ˃ʷ˄˖˄ ˋˎ˄ʻʹˁ˗˄ ˍʶ˔˄ʹˍʺˌ ʴʺˊʰ˄ˋʹˌ 

ʆʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍʹˌ ˃ʶ˂ʷˍʹˌ ˃ˉˇˊˇˏ˄ ˄ʰ ʰ˅ʽˇˉˇʽʹʻˇˏ˄ ʴʽʰ ˍʹ˄ ʶ˅ʷ˂ʽ˅ʹ ˍʹˌ ˋ˔ʶˍʽˁʺˌ 

ˍʶ˔˄ˇ˂ˇʴʾʰˌ ˋˍˇ ˔˗ˊˇ ˍʹˌ ʶ˂ ˂ʹ˄ʽˁʺ ̩ˉʰˊʰʴ˖ʴʺ ̩ˉˊˇ˒ʾ˂ ʴʽʰ ˍʹ˄ ʰˎˍˇˁʽ˄ʹˍˇʲʽˇ˃ʹ˔ʰ˄ʾʰ ˁʰʽ 

˄ʰ ʰˉˇˍʶ˂ʷˋˇˎ˄ ˍˇ ˎˉˈʲʰʻˊˇ ʴʽʰ ˉʶˊʰʽˍʷˊ˖ ʶ˄ʵʶ˂ʶ˔ʺ ʷˊʶˎ˄ʰ ˋʶ hˁ ʰʵʹ˃ʰʿˁˈ ˁʰʽ 

ʲʽˇ˃ʹ˔ʰ˄ʽˁˈ ʶˉʾˉʶʵˇΦ   

ʍˌ ʶˊʴʰ˂ʶʾʰ ʴʽʰ ˍʹ ˃ʶ˂ʷˍʹ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ˇʽ ˃ʹ˔ʰ˄ʽˁʷˌ ʵˇˁʽ˃ʷˌ ʶ˒ʶ˂ˁˎˋ˃ˇˏ ˁʰʽ 

ʻ˂ʾ˕ʹˌΣ ʹ ˃ʶˍʰ˂˂ˇʴˊʰ˒ʾʰ ˁʰʽ ʹ ́˂ʶˁˍˊˇ˄ʽˁʺ ˃ʽˁˊˇˋˁˇˉʾʰ ˁʰʻ˗ˌ ˁʰʽ ʹ ́˂ʶˁˍˊˇ˄ʽˁʺ 

˃ʽˁˊˇˋˁˇˉʾʰ ʵʽʶˊ˔ˈ˃ʶ˄ʹˌ ʵʷˋ˃ʹˌΦ ɳˉʽˉˊˈˋʻʶˍʰΣ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʶ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˃ʶ 

ˉʶˉʶˊʰˋ˃ʷ˄ʰ ˋˍˇʽ˔ʶʾʰ ˍʹˌ ʵˇˁʽ˃ʺˌ ʻ˂ʾ˕ʹˌ ˃ʶ ˋˍˈ˔ˇ ˍʹ ˃ʶ˂ʷˍʹ ʵʽʰ˒ˈˊ˖˄ ʴʶ˖˃ʶˍˊʽˁ˗˄ 

ˉʰˊʰ˃ʷˍˊ˖˄ ˁʰʽ ˉʶʽˊʰ˃ʰˍʽˁ˗˄ ˋˎ˄ʻʹˁ˗˄, ˉˇˎ ˋ˔ʶˍʾʸˇ˄ˍʰʽ ˃ʶ ˍʹ˄ ˍʶ˂ʽˁʺ ˃ˇˊ˒ˇ˂ˇʴʾʰ ˉˇˎ 

˂ʰ˃ʲʱ˄ˇˎ˄ ˍʰ ʵˇˁʾ˃ʽʰ ˃ʶ ˍʹ ˋˎ˃ˉʾʶˋʹΦ  

ʅˍʽˌ ʰˁˈ˂ˇˎʻʶˌ ̄ ʰˊʰʴˊʱ˒ˇˎˌ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ʲʽʲ˂ʽˇʴˊʰ˒ʽˁʺ ʰ˄ʰˋˁˈˉʹˋʹ ˋ˔ʶˍʽˁʺ ˃ʶ ˍʰ 

ʻʷ˃ʰˍʰ ˉˇˎ ˃ʶ˂ʶˍ˗˄ˍʰʽ ˋˍʰ ʶˉˈ˃ʶ˄ʰ ɼʶ˒ʱ˂ʰʽʰΦ    
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1.2 ɞʌʚɿʍɻʎʂ ʐʖʉ ʆʍɻʈɻʐʅʆʡʉ ʎʐʋʅʔʀʚʖʉ ʎʐʅʏ ʈʂʔɻʉʅʆʘʏ ʆɻʅ 

ʒʑʎʅʆʘʏ ʅɿʅʝʐʂʐʀʏ ʐʖʉ ʆʍɻʈʗʐʖʉ Al 

ɶ ʶˉʾʵˊʰˋʹ ˍ˖˄ ˁˊʰ˃ʰˍʽˁ˗˄ ˋˍˇʽ˔ʶʾ˖˄ ˋˍʽˌ ʽʵʽˈˍʹˍʶˌ ˍˇˎ Al ʶ˅ʰˊˍʱˍʰʽ ʰˉˈ ˍʹ ˋˍʶˊʶʺ 

ʵʽʰ˂ˎˍˈˍʹˍʰ ˁʰʽ ˍʹ˄ ˍʰ˔ˏˍʹˍʰ ʵʽʱ˔ˎˋʹˌ ˍˇˎˌ ˋˍʹ ˃ʺˍˊʰ ˍˇˎ AlΦ ɾʶ ʲʱˋʹ ʰˎˍˇˏˌ ˍˇˎ ̩

ˉʰˊʱʴˇ˄ˍʶˌ ˁʰˍʹʴˇˊʽˇˉˇʽˇˏ˄ˍʰʽ ̟ ˌ ʶ˅ʺˌ (4), (5):  

ʃʾ˄ʰˁʰˌ 1 ɼʰˍʹʴˇˊʽˇˉˇʾʹˋʹ ʲʰˋʽˁ˗˄ ˁˊʰ˃ʰˍʽˁ˗˄ ˋˍˇʽ˔ʶʾ˖˄ ˍˇˎ Al. 

ɳ˅ʰʽˊʶˍʽˁʱ ˔ʰ˃ʹ˂ʺ 

ʵʽʰ˂ˎˍˈˍʹˍʰ 

ɾʷˍˊʽʰ ʵʽʰ˂ˎˍˈˍʹˍʰ ˁʰʽ 

˔ʰ˃ʹ˂ʺ ˍʰ˔ˏˍʹˍʰ ʵʽʱ˔ˎˋʹˌ 

ɼʰ˂ʺ ʵʽʰ˂ˎˍˈˍʹˍʰ ˁʰʽ ˎ˕ʹ˂ʺ 

ˍʰ˔ˏˍʹˍʰ ʵʽʱ˔ˎˋʹˌ 

Fe, B Cr, Mn, Zr, Ti Cu, Mg, Si 

 

Aˏ˅ʹˋʹ ˍʹ̩ ˉʶˊʽʶˁˍʽˁˈˍʹˍʰ ̩ˍ˖˄ ʲʰˋʽˁ˗˄ ˁˊʰ˃ʰˍʽˁ˗˄ ˋˍˇʽ˔ʶʾ˖˄ όMg, Si, Cu) ˉˊˇˁʰ˂ʶʾ 

ʰˏ˅ʹˋʹ ˍ́  ̩ʰ˄ˍˇ˔ʺˌ ˁʰʽ ˃ʶʾ˖ˋʹ ˍʹˌ ʵʽʶ˂ʰˋʽ˃ˈˍʹˍʰˌ1  (ʅ˔ʺ˃ʰ 2)Φ ʆʰ ˃ʶˍʰʲʰˍʽˁʱ ˋˍˇʽ˔ʶʾʰ 

(Mn, Cr, Zrύ ˉˊˇˋˍʾʻʶ˄ˍʰʽ ʴʽʰ ʲʶ˂ˍʾ˖ˋʹ ˍʹˌ ˇ˂ˁʽ˃ˈˍʹˍʰˌ ˁʰʽ ˍʹˌ ʵˎˋʻˊʰˎˋˍˈˍʹˍʰˌ, ʰ˂˂ʱ 

ʷ˔ˇˎ˄ ɻ ˎˋ˃ʶ˄ʶʾˌ ʶˉʽˉˍ˗ˋʶʽˌ ˋˍʹ ʵʽʶ˂ʰˋʽ˃ˈˍʹˍʰ ˁʰʽ ˍʹ˄ ʶ˃ʲʰˉˍˈˍʹˍʰΦ  

 

ʅ˔ʺ˃ʰ 2 ɶ ʵʽʰ˒ˇˊʱ ˃ʶʴʷʻˇˎˌ ˃ʶˍʰ˅ˏ ʰˍˇ˃ʽˁʺˌ ʵʽʰ˃ʷˍˊˇˎ ʰ˂ˇˎ˃ʽ˄ʾˇˎ ˁʰʽ ˁˊʰ˃ʰˍʽˁˇˏ 

ˋˍˇʽ˔ʶʾˇˎ ʵʹ˃ʽˇˎˊʴʶʾ ʶˋ˖ˍʶˊʽˁʷˌ ˍʱˋʶʽˌ ˉˇˎ ʰ˂˂ʹ˂ʶˉʽʵˊˇˏ˄ ˃ʶ ʰˍʰ˅ʾʶˌ ˉˊˇˁʰ˂˗˄ˍʰˌ 

ʽˋ˔ˎˊˇˉˇʾʹˋʹ. ʃˊʰˁˍʽˁʱ ˋˍˇ ʰ˂ˇˎ˃ʾ˄ʽˇ ˈ˂ʰ ˍʰ ˋˍʶˊʶʱ ʵʽʰ˂ˏ˃ʰˍʰ ʶʾ˄ʰʽ ˃ʶ ʱˍˇ˃ʰ 

ʰ˄ˍʽˁʰˍʱˋˍʰˋʹˌ (6), (7). 

ɮ˄ʰ˂ˎˍʽˁʱ ʹ ʶˉʾʵˊʰˋʹ ˍ˖˄ ˋˍˇʽ˔ʶʾ˖˄ ʶʾ˄ʰʽ ʹ ʶ˅ʺˌΥ 

                                                           
1
 ɲʽʶ˂ʰˋʽ˃ˈˍʹˍʰ ˇ˄ˇ˃ʱʸʶˍʰʽ ʹ ʶˎˁˇ˂ʾʰ ˃ʶ ˍʹ˄ ˇˉˇʾʰ ˃ʽʰ ˃ˉʽʴʽʷˍʰ ˎ˒ʾˋˍʰˍʰʽ ʵʽʷ˂ʰˋʹΣ ʷ˔ˇ˄ˍʰˌ ˖ˌ 
ˁˊʽˍʺˊʽʰ ˍʹ ʵˏ˄ʰ˃ʹ ˉˇˎ ʰˋˁʶʾ ʹ ˉˊʷˋʰΣ ˍʹ˄ ʰˉˇˎˋʾʰ ˋˍˊʶʲ˂˗ˋʶ˖˄ ˋˍʹ˄ ʷ˅ˇʵˇ ˍʹˌ ˃ʺˍˊʰˌ ˁʰʽ ˍʹ˄ 
ˍʰ˔ˏˍʹˍʰ ʵʽʷ˂ʰˋʹˌΦ   
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Mg: ʃˊˇˋʻʺˁʹ Mg ˉˊˇˁʰ˂ʶʾ ˃ʶʾ˖ˋʹ ˍʹˌ ˇ˂ˁʽ˃ˈˍʹˍʰ,̩ ˍʹ̩ ʵˎˋʻˊʰˎˋˍˈˍʹˍʰ ̩ˁʰʽ ˍʹ̩ 

ʵʽʶ˂ʰˋʽ˃ˈˍʹˍʰ,̩ ʰ˂˂ʱ ʲʶ˂ˍʽ˗˄ʶʽ ˍʹ˄ ʶ˃ʲʰˉˍˈˍʹˍʰ ˁʰʽ ˍʹ˄ ʰ˄ˍˇ˔ʺΦ ʆˇ Mg ʶ˄ ˗˄ʶˍʰʽ ˃ʶ ˍˇ 

ʵʽʰʻʷˋʽ˃ˇ Si ˉˊˇˌ ˋ˔ʹ˃ʰˍʽˋ˃ˈ ˍʹˌ ˒ʱˋʹˌ ˉˎˊʽˍʽˇˏ˔ˇˎ ˃ʰʴ˄ʹˋʾˇˎ όMg2Si), ʽˇ˄ˍʽˁˇˏ ɻʁ ˋ˃ˇ ˏ

(8). ʃʁ ˊʾˋˋʶʽʰ MgΣ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍʹ˄ ʽʵʰ˄ʽˁʺ ˁΦʲΦ ʴʽʰ ˍʹ ˒ʱˋʹ ʰ˄ʰ˂ˇʴʾʰ мΥм,73 (Mg:Si) 

ˉˊˇˁʰ˂ʶʾ ˃ʁ ʾ˖ˋʹ ˍʹ̩ ʵʽʰ˂ˎˍˈˍʹˍʰ ̩ˍʹˌ ˒ʱˋʹˌ Mg2SiΣ ʶ˄˗ ʴ̔ ʰ ˉʶˊʽʶˁˍʽˁˈˍʹˍʰ Si>1,2% ́  

ˉʶˊʾˋˋʶʽʰ Mg ʁ ˉʽ˒ʷˊʶʽ ʶ˂ʱˍˍ˖ˋʹ ˍʹˌ  h ˄ˍˇ˔ʺ ̩(9).  

Si: ɾʶ̱ ʱ ʰˉˈ ʲʰ˒ʺ ʰˉˈ ˍʹ ʻʶˊ˃ˇˁˊʰˋʾʰ ˋˍʶˊʶˇˏ ʵʽʰ˂ˏ˃ʰˍˇˌ ˍh  ʱˍˇ˃ʰ Si ˋ˔ʹ˃ʰˍʾʸˇˎ˄ 

ˍʰ˔ˏˍʰˍʰ ˁʰˍʰˁˊʹ˃˄ʾˋ˃ʰˍʰ ˔ʱ˄ˇ˄ˍʰˌ ˋ˔ʶʵˈ˄ ʰ˃ʷˋ˖ˌ ˍʹ ˋˎ˄ˇ˔ʺ ˍˇˎˌ ˃ʶ ˍˇ ˃ʹˍˊʽˁˈ ˉ˂ʷʴ˃ʰ. 

ʆʰ ˁh ˍʰˁˊʹ˃˄ʾˋ˃ʰˍʰ ˉˇˎ ʵʹ˃ʽˇˎˊʴˇˏ˄ˍʰʽ ʷ˔ˇˎ˄ ˍʹ ˃ˇˊ˒ʺ ˉˊ̔ˋ˃ʱˍ˖˄Σ ˊʱʲʵ˖ ˄ ʺ 

ˉ˂hˁʽʵʾ˖˄ (10). ʃʁ ˊʾˋˋʶʽʰ Si ˉˊˇˁʰ˂ʶʾ ʽˋ˔ˎˊˇˉˇʾʹˋʹ ˁˊʱ˃ʰˍˇˌΣ ʰ˂˂ʱ ʵˊʰ ʰˊ˄ʹˍʽˁ ɦˋˍʹ 

ʵʽʶ˂ʰˋʽ˃ˈˍʹˍʰΣ ˍʹ˄ ˇ˂ˁʽ˃ˈˍʹˍʰΣ ˍʹ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˋʶ ʻ˂ʾ˕ʹ ˁʰʽ ˍʹ ʵˎˋʻˊʰˎˋˍˈˍʹˍʰ ˂ˈʴ˖ 

ˍʹˌ ʶˉʽ˂ʶˁˍʽˁʺˌ ˁʰʻʾʸʹˋʹˌ ˁˊˎˋˍʱ˂˂˖˄ Si ˋ̱  hˈˊʽʰ ˁˈˁˁ˖˄ ˁʰʽ ˍʹˌ ˍˇˉʽˁʺˌ ˋˎʴˁʷ˄ˍˊ˖ˋʹˌ 

ˍʱˋʶ˖˄ (11), (12), (13). ɳˉʽˉ˂ʷˇ˄, ʶˉʽˍʰ˔ˏ˄ʶʽ ˍʹ ʴʺˊʰ˄ˋʹ ʶˉʽ˒ʷˊˇ˄ˍʰˌ ˍʰ˔ˏˍʶˊʰ ˍʹ ˃ʷʴʽˋˍʹ 

ˍʽ˃ʺ ˋˁ˂ʹˊˈˍʹˍʰ.̩ ʁʽ Ceresara ˁʰʽ Marioara ʲˊʺˁʰ˄ ˉ˖ˌ ˉʶˊʾˋˋʶʽʰ Si ˋʶ ˁˊʱ˃ʰ Al-

0,8%Mg2Si ʶˉʽˍʰ˔ˏ˄ʶʽ ˋʹ˃ʰ˄ˍʽˁʱ ˍʹ ʵʽʰʵʽˁʰˋʾʰ ˍʹˌ ʴʺˊʰ˄ˋʹˌΣ ˁʰʻ˗ˌ ʶ˂ʰˍˍ˗˄ʶˍʰʽ  ̌

ʰˉʰʽˍˇˏ˃ʶ˄ˇˌ ˃ʷˋˇˌ ʰˊʽʻ˃ˈˌ ʰ˂˃ʱˍ˖˄ ʴʽʰ ˍˇ ̝̀ ʹ˃ʰˍʽˋ˃ˈ ʸ˖˄˗˄ GP (14), (15). ʅˍ̔ˌ 

ʶˎˊ˖ˉʰʿˁʷˌ ʲʽˇ˃ʹ˔ʰ˄ʾʶˌ ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ʶˉʽˍʶˎ˔ʻʶʾ ʰˏ˅ʹˋʹ ˍʹˌ ʰ˄ˍˇ˔ʺˌ ˋˍʰ ˁˊʱ˃ʰˍʰ ˍʹˌ 

ˋʶʽˊʱˌ сxxx ˉˊˇˍʽ˃ʱˍʰʽ ʹ ˉʶˊʾˋˋʶʽʰ SiΣ ˋʶ ʰ˄ˍʾʻʶˋʹ ˃ʶ ˍʽˌ ɶʃɮΣ ˈˉˇˎ ˉˊˇˍʽ˃ʱˍʰʽ ʹ 

ˋˍˇʽ˔ʶʽˇ˃ʶˍˊʽˁʺ ʰ˄ʰ˂ˇʴʾʰ ˃ʶ ˉˊˇˋʻʺˁʶˌ Cu ˁ ʰʽ Cr (9). 

Mg2Si: ɶ ˒ʱˋʹ ˉˎˊʽˍʽˇˏ˔ˇˎ ˃ʰʴ˄ʹˋʾˇˎ - Mg2Si ʶʾ˄ʰʽ ˃ʶˋˇ˃ʶˍʰ˂˂ʽˁʺ ʷ˄˖ˋʹ ʽˇ˄ˍʽˁˇˏ 

ʵʶˋ˃ˇˏΦ ɮ˄ʺˁʶʽ ˋˍʽˌ ˒ʱˋʶʽˌ ˉˇˎ ˉʶˊʽʴˊʱ˒ˇ˄ˍʰʽ ʰˉˈ ˍˇ˄ ʴʶ˄ʽˁˈ ˍˏˉˇ ɮxByΣ ˈˉˇˎ ˍʰ x, y 

ʰ˄ˍʽˋˍˇʽ˔ˇˏ˄ ˋˍʰ ˋʻʷ˄ʹ ˍ˖˄ ˋˎ˃˃ʶˍʶ˔ˈ˄ˍ˖˄ ˋˍˇʽ˔ʶʾ˖˄ ɮ ˁʰʽ ɰ (16), (17). ɮˏ˅ʹˋʹ ˍʹˌ 

ˉʶˊʽʶˁˍʽˁˈˍʹˍʰˌ ˍˇˎ Mg2Si ˉˊˇˁʰ˂ʶʾ ʰˏ˅ʹˋʹ ˍʹ̩ ʰ˄ˍˇ˔ʺ ̩ˁʰʽ ʶ˂ʱˍˍ˖ˋʹ ˍʹ̩ ʵʽʶ˂ʰˋʽ˃ˈˍʹˍʰ.̩ 

ɳ˄ʵʶʽˁˍʽˁʱ, ˃ʶ hˏ ˅ʹˋʹ ˍʹˌ ˉʶˊʽʶˁˍʽˁˈˍʹˍʰˌ ʰˉˈ лΣр% ˋʶ лΣфр% ˁʰʽ мΣор҈, ʹ ˍʰ˔ˏˍʹˍʰ 

ʵʽʷ˂ʰˋʹˌ ˃ʁ ʽ˗˄ʶˍʰʽ ˁʰˍʱ пл ˁʰʽ тл҈ ʰ˄ˍʾˋˍˇʽ˔ʰ (18). ɹˋˇˊˊˇˉʾʰ ˍˇˎ ˂ˈʴˇˎ Mg:Si ˉˊˇˋʵʾʵʶʽ 

ˋˍˇ ˁˊʱ˃ʰ ˎ˕ʹ˂ˈˍʶˊʹ ʰ˄ˍʾˋˍʰˋʹ ˋˍʹ ʵʽʱʲˊ˖ˋʹ ˃ʶ ʲʶ˂ˇ˄ʽˋ˃ˇˏˌ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˁˊʱ˃ʰˍ h˃ʹ 

ʽˋˇˊˊˇˉʾʰˌΦ ɱʽʰ ˍʹ ʵʽʰˍʺˊʹˋʹ ˍʹˌ ˒ʱˋʹˌ Mg2Si όʰ˂˂ʱ ˁʰʽ ˍ́  ̩ˉʶˊʾˋˋʶʽʰ ̩ Si) ˋʶ ˋˍʶˊʶˈ 

ʵʽʱ˂ˎ˃ʰ, ˉˊʷˉʶʽ ˍʰ ˉˊˇ˒ʾ˂ ʁ˅ʶˊ˔ˈ˃ʶ˄ʰ ˍʹˌ ˃ʺˍˊʰˌ ʵʽʷ˂ʰˋʹˌ ˄ʰ ˎ˒ ʾˋˍʰ˄ˍʰʽ ˕ˏ˅ʹ ˃ʶ 

ʶ˂ʱ˔ʽˋˍˇ ˊˎʻ˃ˈ мрлˇC/˂ʶˉˍˈ (19). 
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ʅ˔ʺ˃ʰ 3 ɲʽʱʴˊʰ˃˃ʰ ˒ʱˋʶ˖˄ Al-Mg2SiΣ ˃ʶ ˇˊʽˇʻʶˍʹ˃ʷ˄ʹ ˍʹ˄ ˉʶˊʽˇ˔ʺ ˉˇˎ ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋˍˇ 

ˁˊʱ˃ʰ слсо (4). 

ʆˇ ˉˇˋˇˋˍˈ ˍʹˌ ˁˊʰ˃ʱˍ˖ˋʹˌ ˋʶ Mg2Si ˁʰʻˇˊʾʸʶˍʰʽ ʰˉˈ ˍʹ˄ ˉˊˇˋʵˇˁ˗˃ʶ˄ʹ ʰ˄ˍˇ˔ʺ ˁʰʽ 

ˍ́ ʵʽʶ˂ʰˋʽ˃ˈˍʹˍʰΦ ɶ ˋˁʽʰˋ˃ʷ˄ʹ ˉʶˊʽˇ˔ʺ ˋˍˇ ʅ˔ʺ˃ʰ 3 ˁʰʻˇˊʾʸʶʽ ˍʹ˄ ˁˊʾˋʽ˃ʹ ˉʶˊʽˇ˔ʺ 

ˉʶˊʽʶˁˍʽˁˈˍʹˍʰˌ ˋʶ Mg2Si ʴʽʰ ˍʹ˄ ˁʰˍʰˋˁʶˎʺ ˉˊˇ˒ʾ˂ ˁˊʱ˃ʰˍˇˌ слсоΦ ʁʽ ˁʰˍʰˁˈˊˎ˒ʶˌ 

ʴˊʰ˃˃ʷˌ ʰˉˇˍʶ˂ˇˏ˄ ˍʰ ˈˊʽʰ ˍʹˌ ˉʶˊʽʶˁˍʽˁˈˍʹˍʰˌ ˍˇˎ ˁˊʱ˃ʰˍˇˌ ˋʶ Mg2Si ˁʰʽ ʰ˄ˍʽˋˍˇʽ˔ˇˏ˄ 

ˋˍʹ ʶ˂ʱ˔ʽˋˍʹ ˁʰʽ ˃ʷʴʽˋˍʹ ˉʶˊʽʶˁˍʽˁˈˍʹˍʰ ˋʶ ˃ʰʴ˄ʺˋʽˇΦ  

ʅˍʰ ʅ˔ʺ˃ʰˍʰ о-5 ̄ ʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˍʰ ʵʽʰʴˊʱ˃˃ʰˍʰ ˒ʱˋʶ˖˄ Al-Mg ʴʽʰ ˉʶˊʽʶˁˍʽˁˈˍʹˍʶˌ Si 

0,35%, 0,5% ˁʰʽ 0,95% ˉˇˎ ʰ˄ˍʽˋˍˇʽ˔ˇˏ˄ ˋˍʰ ˁˊʱ˃ʰˍʰ ˉˇˎ ˃ʶ˂ʶˍ˗˄ˍʰʽ ˋˍʹ ʵʽʰˍˊʽʲʺ 

(20)(ʃʾ˄ʰˁʰˌ 2). ɮˎ˅ʰ˄ˇ˃ʷ˄ʹˌ ˍʹˌ ˉʶˊʽʶˁˍʽˁˈˍʹˍʰˌ ˋʶ Si, ˉh ˊʰˍʹˊʶʾˍʰʽ ˃ʶʾ˖ˋʹ ˍʹˌ 

ʵʽʰ˂ˎˍˈˍʹˍʰˌ ˍˇˎ Mg ˁʰʽ ʰ˄ˍʾˋˍˇʽ˔ʰ ˃ʶʴʷʻˎ˄ˋʹ ˍʹˌ ʵʽ˒ʰˋʽˁʺˌ ˉʶˊʽˇ˔ʺˌ Al(FCC)+Mg2Si. H 

ʻʶˊ˃ˇˁˊʰˋʾʰ ʵʽʰ˂ˎˍˇˉˇʾʹˋʹˌ ˍ˖˄ ʵʶʽʴ˃ʱˍ˖˄ ˉˇˎ ˃ʶ˂ʶˍ˗˄ˍʰʽ ʶˉʽ˂ʷ˔ʻʹˁʶ ʾˋʹ ˉˊˇˌ 550ˇC 

(ˋˍʹ ʻʶˊ˃ˇˁˊʰˋʾʰ ʰˎˍʺ ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˃ˇ˄ˇ˒ʰˋʽˁʺ ˉʶˊʽˇ˔ʺ Al(FCC).    

ɶ ˋˍʶˊʶʺ ʵʽʰ˂ˎˍˈˍʹˍʰ ˍˇˎ Mg2Si ˋˍˇ ˁˊʱ˃ʰ слсо ʶʾ˄ʰʽ м,пн҈ ˋˍˇˎˌ ррлˇC ˁʰʽ м҈ ˋʶ 

ʻʶˊ˃ˇˁˊʰˋʾʰ рллˇCΦ ʂˍʰ˄ ˍˇ ˃ʰʴ˄ʺˋʽˇ ʺ ˍˇ ˉˎˊʾˍʽˇ ʲˊʾˋˁˇ˄̱ʰʽ ˋʶ ˉʶˊʾˋˋʶʽʰ ʹ ʵʽʰ˂ˎˍˈˍʹˍʰ 

ˍˇˎ Mg2Si ˃ ʶʽ˗˄ʶˍʰʽ ʰ˄ʱ˂ˇʴʰ ˃ʶ ˍˇ ˉˇˋˇˋˍˈ ˉʶˊʾˋˋʶʽʰˌΦ   
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 ʅ˔ʺ˃ʰ 4 ɲʽʱʴˊʰ˃˃ʰ ˒ʱˋʶ˖˄ Al-Mg  ɹ ʽʰ ˉʶˊʽʶˁˍʽˁˈˍʹˍʰ Si 0,35% (20).  

 

ʅ˔ʺ˃ʰ 5 ɲʽʱʴˊʰ˃˃ʰ ˒ʱˋʶ˖˄ Al-Mg  ɹ ʽʰ ˉʶˊʽʶˁˍʽˁˈˍʹˍʰ Si 0,5% (20). 

Melt 

L+Al solid solution  Al solid solution 

Al solid solution+Mg2Si 

Melt 

L+Al solid solution  
Al solid solution 

Al solid solution+Mg2Si 
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ʅ˔ʺ˃ʰ 6 ɲʽʱʴˊʰ˃˃ʰ ˒ʱˋʶ˖˄ Al-Mg  ɹ ʽʰ ˉʶˊʽʶˁˍʽˁˈˍʹˍʰ Si 0,95% (20). 

ʃʾ˄ʰˁʰˌ 2 ʋʹ˃ʽˁʺ ˋˏˋˍʰˋʹ ˁˊʰ˃ʱˍ˖˄ ˍ˖˄ ˉˊˇʿˈ˄ˍ˖˄ ʵʽʷ˂ʰˋʹˌ ˉˇˎ ˃ʶ˂ʶˍ˗˄ˍʰʽ ˋˍʹ 

ʵʽʰˍˊʽʲʺ ˁʰʽ ˎˉˇ˂ˇʴʽˋ˃ˈˌ ˉʶˊʽʶˁˍʽˁˈˍʹˍʰˌ ˍʹˌ ˒ʱˋʹˌ ˉˎˊʽˍʽˇˏ˔ˇˎ ˃ʰʴ˄ʹˋʾˇˎ όMg2Si) 

ˋˏ˃˒˖˄ʰ ˉˊˇˌ ˍˇ ʰˁˈ˂ˇˎʻˇ ˍˎˉˇ˂ˈʴʽˇ ˉˇˎ ʲʰˋʾʸʶˍʰʽ ˋˍʹ ˋˍˇʽ˔ʶʽˇ˃ʶˍˊʽˁʺ ʰ˄ʰ˂ˇʴʾʰ 

ʰˍˈ˃˖˄ Mg ˁʰʽ SiΣ ˁʰʽ ˋˍʹ ʵʷˋ˃ʶˎˋʹ Si ʰˉˈ ˍʰ Fe ˁʰʽ Mn ʴʽʰ ˋ˔ʹ˃ʰˍʽˋ˃ˈ 

˃ʶˋˇ˃ʶˍʰ˂˂ʽˁ˗˄ ʶ˄˗ˋʶ˖˄ AlFeMnSi (19): 

Siɻ ʽʰʻʷˋʽ˃ˇ ʴʽʰ ˋ˔ʹ˃ʰˍʽˋ˃ˈ aƎн{ƛ= %Si - ѻ όCŜҌaƴύ 

Sih ˉʰʽˍˇˏ˃ʶ˄ˇ ʴʽʰ ˋ˔ʹ˃ʰˍʽˋ˃ˈ Mg2Si= 0,58 x Mg. 

ɳ˒ˈˋˇ˄ ˍˇ ʵʽʰʻʷˋʽ˃ˇ Si ʶʾ˄ʰʽ ˉʶˊʽˋˋˈˍʶˊˇ ʰˉˈ ˍˇ ʰˉʰʽˍˇˏ˃ʶ˄ˇΣ ˍˇ Si ʲˊʾˋˁʶˍʰʽ ˋʶ 

ˉʶˊʾˋˋʶʽʰΣ ʶ˄˗ ˋʶ ʰ˄ˍʾʻʶˍʹ ˉʶˊʾˉˍ˖ˋʹ ˋʶ ˉʶˊʾˋˋʶʽʰ ʲˊʾˋˁʶˍʰʽ ˍˇ Mg 

ɼˊʱ˃ʰ Si Mg Fe Mn Cu Ti Zn Siɻ ʽʰʻʷˋʽ˃ˇ Sih ˉʰʽˍˇˏ˃ʶ˄ˇ Sī ʶˊʾˋˋʶʽʰ %Mg2Si 

1 6106 0,5 0,39 0,16 0,1 0,11 0,01 0,01 0,44 0,23 0,21 0,62 

2 6063 0,35 0,5 0,22 0,11 0,11 0,012 0,012 0,27 0,29 -0,02 0,79 

3 6005 0,51 0,51 0,22 0,1 0,15 0,02 0,02 0,43 0,29 0,14 0,80 

4 6082 0,95 0,65 0,18 0,48 0,0008 0,017 0,1 0,79 0,38 0,41 1,03 

Melt 

L+Al solid solution  

Al solid solution 

Al solid solution+Mg2Si 
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Cu: ɾʽˁˊʺ ˉˊˇˋʻʺˁʹ Cu ʰˎ˅ʱ˄ʶʽ ˍˇ ˈˊʽˇ ʵʽʰˊˊˇʺˌ, ʲʁ ˂ˍ̠̔ ˄ʶʽ ˍʹ˄ ʶ˃ʲʰˉˍˈˍʹˍʰ ˁʰʽ 

ʰˎ˅ʱ˄ʶʽ ˍʹ˄ ˇ˂ˁʽ˃ˈˍʹˍʰ ˁʰʽ ˍʹ ʵˎˋʻˊʰˎˋˍˈˍʹˍʰ ʵˊ˗˄ˍʰˌ ʰˉˇˍˊʶˉˍʽˁʱ ˋˍʹ˄ ʶˁ˂ʶˁˍʽˁʺ 

ˁʰʻʾʸʹˋʹ ˋˍʰ ˈˊʽʰ ˁˈˁˁ˖˄ (21), (22). O Saito ˋˍʹ˄ ʷˊʶˎ˄ʰ ˍˇˎ (23) ˃ʶ˂ʷˍʹˋʶ ˍʽˌ ˃ʹ˔ʰ˄ʽˁʷˌ 

ʽʵʽˈˍʹˍʶˌ ˁˊʱ˃ʰˍˇˌ ˃ʶ лΣр҈ Mg, 0,42% Si, ˔˖ˊʾˌ Cu ˁʰʽ ˃ʶ лΣм҈ Cu. ɾʶˍʱ ʰˉˈ ˍʶ˔˄ʹˍʺ 

ʴʺˊʰ˄ˋʹ ˋˍˇˎˌ мурˇC ʴʽʰ мн ˗ˊʶˌΣ ˋˍ̌  ˁˊʱ˃ʰ ˃ʶ ˉˊˇˋʻʺˁʹ Cu ˉʰˊʰˍʹˊʺʻʹˁʶ ˃ʶʴʰ˂ˏˍʶˊˇˌ 

ʰˊʽʻ˃ˈˌ ˁʰˍʰˁˊʹ˃˄ʽˋ˃ʱˍ˖˄ ʲ˘˘ ˁʰʽ ʰˎ˅ʹ˃ʷ˄ʹ ˋˁ˂ʹˊˈˍʹˍʰ ˁʰˍʱ 10HV. ɮ˄ˍʾˋˍˇʽ˔ʰ ʶʾ˄ʰʽ ˁʰʽ 

ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍˇˎ Ogawa (24). ɶ ˉˊˇˋʻʺˁʹ Cu ʷ˔ʶʽ ʰˊ˄ʹˍʽˁʺ ʶˉʾʵˊʰˋʹ ˋˍʹ˄ ʰ˄ˍʾˋˍʰˋʹ 

ˋˍʹ ʵʽʱʲˊ˖ˋʹ ˍ˖˄ ˁˊʰ˃ʱˍ˖˄ ˍʹˌ ˋʶʽˊʱˌ сxxx (25). 

Fe: ʁ Fe ʷ˔ʶ̔ h́ ˄ʹˍʽˁʺ ʶˉʾʵˊʰˋʹ ˋˍʹ ʵʽʶ˂ʰˋʽ˃ˈˍʹˍʰ ˁʰʽ ʰ˃ʶ˂ʹˍʷʰ ˋˍʹ˄ ʶ˃ʲʰˉˍˈˍʹˍʰ 

(26). ɲ́ ʰ ˖ˌ ˉʰˊʶ˃ˉˇʵʽˋˍʺˌ ʰ˄ʰˁˊˎˋˍʱ˂˂˖ˋʹˌ ʵʹ˃ʽˇˎˊʴ˗˄ˍʰˌ ˃ʶˋˇ˃ʶˍʰ˂˂ʽˁʷˌ ʶ˄˗ˋʶʽˌ ˃ʶ 

ˍˇ Si ό-hAlFeSi). ɮˏ˅ʹˋʹ ˍʹˌ ˉʶˊʽʶˁˍʽˁˈˍʹˍʰˌ ʰˉˈ л,м ˋʶ 0,о҈ ʶʾ˄ʰʽ ʽˋˇʵˏ˄ʰ˃ʹ ˃ʶ ʶ˂ʱˍˍ˖ˋʹ 

ˍʹˌ ʵʽʰʻʷˋʽ˃ʹˌ ˋˎʴˁʷ˄ˍˊ˖ˋʹˌ Si ˁʰˍʱ л,05%. ɮ˄ ˍʾˋˍˇʽ˔ʹ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ʷ˔ˇˎ˄ ˍˇ Mn ˁʰʽ ˍˇ 

Cr ˉˇˎ ˁʰˍʱ ˍʹ ˋˍʶˊʶˇˉˇʾʹˋʹ ˋ˔ʹ˃ʰˍʾʸˇˎ ˄ˍʽˌ ˃ʶˋˇ˃ʶˍʰ˂˂ʽˁʷˌ ʶ˄˗ˋʶʽˌ -hAl(FeMnCr)Si (27). 

O Fe ʷ˔ʶʽ ˎ˕ʹ˂ˈ ˉˇˋˇˋˍˈ ˋˍʰ ˁˊʱ˃ʰˍʰ слсо ʴʽʰ ʵʹ˃ʽˇˎˊʴʾʰ ζ˃ʰˍη ʶˉʽ˒ʱ˄ʶʽʰˌ ˋʶ 

ʰ˄ˇʵʽ˖˃ʷ˄ʰ ˉˊˇ˒ʾ˂ (19). ʃʰˊʱ ˍʹ˄ ˃ʽˁˊʺ ʰˏ˅ʹˋʹ ˉˇˎ ʶˉʽ˒ʷˊʶʽ ˋˍʹ˄ ʰ˄ˍˇ˔ʺ ʹ 

ˉʶˊʽʶˁˍʽˁˈˍʹˍʰ ˍˇˎ ˉˊʷˉʶʽ ˄ʰ ˉʰˊʰ˃ʷ˄ʶʽ ˃ʽˁˊˈˍʶˊʹ ˍˇˎ лΣо҈ ʴʽʰˍʾ ˋʶ ʱ˂˂ʹ ˉʶˊʾˉˍ˖ˋʹ ˍˇ 

˃ʶʴʱ˂ˇ ˉ˂ʺʻˇˌ ˍ˖˄ ˃ʶˋˇ˃ʶˍʰ˂˂ʽˁ˗˄ ʶ˄˗ˋʶ˖˄ ʶˉʽ˒ʷˊʶʽ ˍʰ˔ʶʾʰ ʵʹ˃ʽˇˎˊʴʾʰ ˁʰʽ ʶˉʷˁˍʰˋʹ 

ˊ˖ʴ˃ʰˍ˗ˋʶ˖˄ ˋʶ ˁʰʻʶˋˍ˗ˌ ˁˊˇˏˋʹˌ (28).  

Mn, CrΥ ʹ ˉˊˇˋʻʺˁʹ Mn ˋˍʰ ˁˊʱ˃ʰˍʰ Al ˉˊˇˋʵʾʵʶʽ ˁʰ˂ʺ ʵʽʰ˃ˇˊ˒˖ˋʽ˃ˈˍʹˍʰΣ ˎ˕ʹ˂ʺ 

ʰ˄ˍˇ˔ʺΣ ʲʶ˂ˍʽ˖˃ʷ˄ʹ ʰ˄ˍˇ˔ʺ ˋˍʹ˄ ˁˈˉ˖ˋʹ ˁʰʽ ˃ʶʴʰ˂ˏˍʶˊʹ ˇ˂ˁʽ˃ˈˍʹˍʰΦ ʃʰˊʱ˂˂ʹ˂ʰ 

ʰˎ˅ʱ˄ʶˍʰʽ  ́ʶˎʰʽˋʻʹˋʾʰ ˋˍʹ ʲʰ˒ʺ ˃ʶ ʰˉˇˍʷ˂ʶˋ˃ʰ ʰˊʴʺ ˕ˏ˅ʹ ˄ʰ ʶˉʽ˒ʷˊʶʽ ˉˎˊʺ˄˖ˋʹ 

ˁʰˍʰˁˊʹ˃˄ʽˋ˃ʱˍ˖˄ Mg2Si ˋʶ hɻ ʽʱ˂ˎˍʰ ˋ˖˃ʰˍʾʵʽʰ Mn. ʃʶˊʽʶˁˍʽˁˈˍʹˍʰ ˋʶ Mn 0,р҈ ˁΦʲΦ 

ˁʰʻʽˋˍʱ ˍˇ ˁˊʱ˃ʰ ˉˇ˂ˏ ʶˎʰʾˋʻʹˍˇ ˋˍʹ ʲʰ˒ʺΦ To ɾn ʲˊʾˋˁʶˍʰʽ ˋʶ ˋˍʶˊʶˈ ʵʽʱ˂ˎ˃ʰ ˋˍˇˎˌ 

ˉˊ˖ˍˇʴʶ˄ʶʾˌ ʵʶ˄ʵˊʾˍʶˌ Al ˁʰʽ ʶˎ˄ˇʶʾ ˍˇ ˋ˔ʹ˃ʰˍʽˋ˃ˈ ˍʹˌ ˒ʱˋʹˌ ʰ-Al(Fe,Mn)Si ˋʶ ʲʱˊˇˌ ˍʹˌ 

ʲʶ˂ˇ˄ˇʶʽʵˇˏˌ -̡AlFeSi (29)Φ ʇ˕ʹ˂ʺ ˉʶˊʽʶˁˍʽˁˈˍʹˍʰ ˋʶ Mn ˁʰʽ Cr ʶˉʽ˒ʷˊʶʽ ˍʹ ʵʹ˃ʽˇˎˊʴʾʰ ˃ʹ 

ʰ˄ʰˁˊˎˋˍʰ˂˂˖˃ʷ˄ʹˌ ˃ʽˁˊˇʵˇ˃ʺˌ ˁʰʽ ˉʶˊʽˇˊʽˋ˃ˈ ˍʹˌ ˉˇˋˈˍʹˍʰˌ ˍˇˎ Mg2Si ˉˇˎ 

ˁʰˍʰˁˊʹ˃˄ʾʸʶˍʰʽ ˋˍʰ ˈˊʽʰ ˁˈˁˁ˖˄ (16). To Cr ˂ʰ˃ʲʱ˄ʶʽ ˃ʷˊˇˌ ˋˍˇ ˋ˔ʹ˃ʰˍʽˋ˃ˈ 

˃ʶˋˇ˃ʶˍʰ˂˂ʽˁ˗˄ ʶ˄˗ˋʶ˖˄ AlCrSi ˁʰʽ AlFeMnCrSi ʶˎ˄ˇ˗˄ˍʰˌ ˍʹ˄ ʰˉ˗˂ʶʽʰ ˉˇˋˈˍʹˍʰˌ Si (19). 

ɳ˄ʵʶʽˁˍʽˁʱΣ ˉʶˊʽʶˁˍʽˁˈˍʹˍʰ 0,11% ΦˁʲΦ ˇʵʹʴʶʾ ˋʶ ʰ˄ʰˁˊˎˋˍʰ˂˂˖˃ʷ˄ʹ ˃ʽˁˊˇʵˇ˃ʺ ˃ʶ ˃ʽˁˊˈ 

˃ʷʴʶʻˇˌ ˁˈˁˁˇˎ ˁʰʽ л,3% ˁΦʲΦ ˋ ʁ˃ʹ ʰ˄ʰˁˊˎˋˍʰ˂˂˖˃ʷ˄ʹ ˃ʽˁˊˇʵˇ˃ʺΦ ɱʽʰ ˍʹ ˃ʁʴʽˋˍˇˉˇʾʹˋʹ 

ˍ˖˄ ʰˉˇˍʶ˂ʶˋ˃ʱˍ˖˄ ˍʹˌ ˉʰˊʶ˃ˉˈʵʽˋʹˌ ˍʹˌ ʰ˄ʰˁˊˎˋˍʱ˂˂˖ˋʹˌ ˋˎ˄ʽˋˍʱˍʰʽ ʹ ʰˉˇ˒ˎʴʺ 
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ˋˎˋˋ˖˃ʱˍ˖ˋʹ ̩ˍ˖˄ ˋˍˇʽ˔ʶʾ˖˄ ʰˎˍ˗˄ ˁʰˍʱ ˍʹ˄ ʵʽʰ˂ˎˍˇ̄̌ ʾʹˋʹΣ ʵʽʰʵʽˁʰˋʾʰ ˉˇˎ ʶˎ˄ˇʶʾˍʰʽ 

ʰˉˈ ˎ˕ʹ˂ʺ ʻʶ́˃ˇˁˊʰˋʾʰ ˁʰʽ ˉʰˊʰˍʶˍʰ˃ʷ˄ˇ ˔ˊˈ˄ˇ ˉʰˊʰ˃ˇ˄ʺˌ. To Cr ʲʶ˂ˍʽ˗˄ʶʽ ˍʹ˄ 

ʰ˄ˍʾˋˍʰˋʹ ˋˍʹ ʵʽʱʲˊ˖ˋʹΣ ˖ˋˍˈˋˇ ˉʶˊʽˇˊʾʸʶʽ ˍʹ ʵʽʰ˂ˎˍˈˍʹˍʰ ˍˇˎ ɾn ˁʰʽ ˍʹ˄ ʵʽʶ˂ʰˋʽ˃ˈˍʹˍʰΦ 

ɱʽʰ ˍˇ˄ ˂ˈʴˇ ʰˎˍˈ ˉˊˇˍʶʾ˄ʶˍʰʽ ʹ ˉʶˊʽʶˁˍʽˁˈˍʹˍʰ  ˍˇˎ ˄ʰ ˃ʹ˄ ˎˉʶˊʲʰʾ˄ʶʽ ˍˇ лΣм҈ (30). 

TiΥ ʆˇ Ti ˉˊˇˋˍʾʻʶˍʰʽ ˃ʶ ˍʹ ˃ˇˊ˒ʺ ˉˊˇˁˊʰ˃ʱˍ˖˄ Al-Ti-B ʺ Al-Ti-C ˃ʶ ˋˁˇˉˈ ˍʹ˄ 

ʶˁ˂ʷˉˍˎ˄ˋʹ ˁˈˁˁˇˎ ˍʹˌ ˃ˉʽʴʽʷˍʰˌΦ ʂˍʰ˄ ˉˊˇˋˍʾʻʶˍʰʽ Al-Ti-B ˍʰ ˋ˖˃ʰˍʾʵʽʰ όTi,B) ˁʰʽ (Ti,Al) 

ʰˉˈ ˍʰ ˇˉˇʾʰ ˋˎ˄ʾˋˍʰˍʰʽ ˂ʶʽˍˇˎˊʴˇˏ˄ ˖ˌ ˒ˏˍˊʰ ʴʽʰ ˉˎˊʺ˄˖ˋʹ ʵʶ˄ʵˊʽˍ˗˄ Al ˁʰˍʱ ˍʹ 

ˋˍʶˊʶˇˉˇʾʹˋʹΦ ʆʰ ˉˊˇˁ ˊʱ˃ʰˍʰ Al-Ti-C ˂ʶʽˍˇˎˊʴˇˏ˄ ˃ʶ ˍˇ˄ ʾʵʽˇ ˍˊˈˉˇ ˃ʶ ˍʹ ʵʽʰ˒ˇˊʱ ˈˍʽ ʹ 

ʶˁ˂ʷˉˍˎ˄ˋʹ ˇ˒ʶʾ˂ʶˍʰʽ ˋʶ ˋ˖˃ʰˍʾʵʽʰ  όTi,C) ʰ˄ˍʾ ʴʽʰ όTi,B)Φ ɶ ʰˉʰʽˍˇˏ˃ʶ˄ʹ ˉʶˊʽʶˁˍʽˁˈˍʹˍʰ 

ˍ˖˄ ˁˊʰ˃ʱˍ˖˄ ˍʹˌ ˋʶʽˊʱˌ сxxx ˋʶ Ti ʶʾ ˄ʰʽ лΦллр-лΦло҈Σ ˖ˋˍˈˋˇ ˋˍʹ˄ ˉʰˍʷ˄ˍʰ ˍˇˎ Furu (30) 

ˉʶˊʽʴˊʱ˒ʶˍʰʽ ˈˍʽ ˃ʶ ˉʶˊʾˋˋʶʽʰ Ti (0.05-0.2%) ʲʶ˂ˍʽ˗˄ʶˍʰʽ ʹ ˇ˂ˁʽ˃ˈˍʹˍʰ ˍ˖˄ ˉʰˊʰʴˈ˃ʶ˄˖˄ 

ˉˊˇ˒ʾ˂ ˁʰʽ ʹ ʵˊʱˋʹ ˍˇˎ ʶʾ˄ʰʽ ˉˊˇˋʻʶˍʽˁʺ ˋˍʹ ʵˊʱˋʹ ˍ˖˄ Mn ˁʰʽ Cr. ɶ ˃ʷʴʽˋˍʹ ˉˇˋˈˍʹˍʰ 

ˍˇˎ Ti ʶ˅ʰˊˍʱˍʰʽ ʰˉˈ ˍʹ˄ ˉˇˋˈˍʹˍʰ ˉˇˎ ˃ˉˇˊʶʾ ˄ʰ ʵʽʰˍʹˊʹʻʶʾ ˋʶ ˋˍʶˊʶˈ ʵʽʱ˂ˎ˃ʰ ˁʰʽ ʰˉˈ 

ˍʹ˄ ʶ˂ʱˍˍ˖ˋʹ ˍʹˌ ʵʽʶ˂ʰˋʽ˃ˈˍʹˍʰˌΦ   

V: ʆˇ V ʶˉʽˍˊʷˉʶʽ ˍʹ ʵʹ˃ʽˇˎˊʴʾʰ ˂ʶˉˍˈˁˇˁˁ˖˄, ʰ˄ʰˁˊˎˋˍʰ˂˂˖˃ʷ˄˖˄ ˃ʽˁˊˇʵˇ˃˗˄ ˃ʷˋ˖ 

ˋ˔ʹ˃ʰˍʽˋ˃ˇˏ ˋ˖˃ʰˍʽʵʾ˖˄ AlV ˃ʶʴʷʻˇˎˌ ˄ʰ˄ˇ˃ʷˍˊ˖˄ ˃ʷˋh  ˋˍˇˎˌ ʵʶ˄ʵˊʾˍʶˌ Al 

ˉˊˇˋ˒ʷˊˇ˄ˍʰˌ ʽˁʰ˄ˇˉˇʽʹˍʽˁˈ ˋˎ˄ʵˎʰˋ˃ˈ ʰ˄ˍˇ˔ʺˌΣ ʵˎˋʻˊʰˎˋˍˈˍʹˍʰˌ ˁʰʽ ʵʽʶ˂ʰˋʽ˃ˈˍʹˍʰˌ 

ˁʰʽ ʰ˄ˍˇ˔ʺˌ ˋˍʹ ʵʽʱʲˊ˖ˋʹ. ʁ Zhu (31) ʰ˄ʰ˒ˇˊʽˁʱ ˃ʶ ˍʹ˄ ʶˉʾʵˊʰˋʹ ˍˇˎ VΣ ˋʹ˃ʶʽ˗˄ʶʽ ˉ˖ˌ ˍˇ 

V ʲˊʽˋˁˈ˃ʶ˄ˇ ʶ˄ ʵʽʰ˂ˏˋʶʽ ˋʶ ˉʶˊʽʶˁˍʽˁˈˍʹˍʰ 0,04% ̫ ˔ʶ̔ ˃ʽˁˊʺ ʶˉʾʵˊʰˋʹ ˋˍʽˌ ˃ʹ˔ʰ˄ʽˁʷˌ 

ʽʵʽˈˍʹˍʶˌ ˁʰʽ ʰˊ˄ʹˍʽˁʺ ʶˉʾʵˊʰˋʹ ˋˍʹ˄ ʰ˄ˍʾˋˍʰˋʹ ˋˍʹ ʵʽʱʲˊ˖ˋʹΦ ʆˇ ˉˇˋˇˋˍˈ ˁˊʰ˃ʱˍ˖ˋʹˌ 

ʵʽʰˍʹˊʶʾˍʰʽ ˋʶ ~0,1wt% ˂ˈʴ˖ ʶ˂ʱˍˍ˖ˋʹˌ ˍʹˌ ʵʽʶ˂ʰˋʽ˃ˈˍʹˍʰˌ. ʆˇ V ʰ˄ʰˋˍʷ˂˂ʶʽ ˍˇ 

ˋ˔ʹ˃ʰˍʽˋ˃ˈ ˍʹˌ ˒ʱˋʹˌ ʲ˘˘ (ˋˎ˄ˇ˔ʺˌ) ̄ ˊˇˌ ˈ˒ʶ˂ˇˌ ˍʹˌ ˒ʱˋʹˌ ʲ ̆(ʹ˃ʽ̀ˎ ˄ˇ˔ʺˌ) ʶ˃˒ʰ˄ʾʸˇ˄ˍʰˌ 

ʵˊʱˋʹ ʶˉʽˍʱ˔ˎ˄ˋʹˌ ˍ˖˄ ˒ʰʽ˄ˇ˃ʷ˄˖˄ ˉˇˎ ʶˁʵʹ˂˗˄ˇ˄ˍʰʽ ˃ʶ ˍʹ ʴʺˊʰ˄ˋʹΦ ʅʶ ˉʰˍʷ˄ˍʰ ˍʹˌ 

Swiss Aluminium (32) ˁʰˍʰʴˊʱ˒ʶˍʰʽ ʹ ʻʶˍʽˁʺ ʶˉʾʵˊʰˋʹ ˍˇˎ V ˃ʶˍʱ ʰˉˈ ˁʰˍʶˊʴʰˋʾʰ ʻʶˊ˃ʺˌ 

ʵʽʰ˃ˈˊ˒˖ˋʹˌ ˋˍʹ ʵʹ˃ʽˇˎˊʴʾʰ ˂ʶˉˍˈˁˇˁˁʹˌ ˃ʽˁˊˇʵˇ˃ʺˌΣ ʹ ˇˉˇʾʰ ʷ˔ʶʽ ˋʹ˃ʰ˄ˍʽˁʱ ˇ˒ʷ˂ʹ 

ˋˍʹ˄ ʰ˄ˍˇ˔ʺΣ ˍʹ˄ ˁʰˍʶˊʴʰˋʾʰ ʶ˄ ˕ˎ˔ˊ˗ ˁʰʽ ˍʹ ʵʽʶ˂ʰˋʽ˃ˈˍʹˍʰΦ 

ʆˇ V ʵˊʰ ˋˎ˄ʶˊʴʽˋˍʽˁʱ ˃ʶ ˍʰ Cr, Mn, Ti ˁʰʽ Zr ˉˊˇˌ ʵʹ˃ʽˇˎˊʴʾʰ ˇ˃ˇʽˈ˃ˇˊ˒˖˄Σ ˖ˌ ˉˊˇˌ 

ˍʹ ˃ʽˁˊˇʵˇ˃ʺΣ ˉˊˇ˒ʾ˂Σ ˃ʶ ʲʶ˂ˍʽ˖˃ʷ˄ʹ ʽˁʰ˄ˈˍʹˍʰ ʰˉˇˊˊˈ˒ʹˋʹˌ ʶ˄ʷˊʴʶʽʰˌ. ʍˋˍˈˋˇΣ ˍʰ 

ˋˍˇʽ˔ʶʾʰ ʰˎˍʱ ʷ˔ˇˎ˄ ʰˊ˄ʹˍʽˁʺ ʶˉʾʵˊʰˋʹ ˋˍʹ˄ ʰʴ˖ʴʽ˃ˈˍʹˍʰ (ʃʾ˄ʰˁʰˌ о). ʅʶ ˃ʶ˂ʷˍʹ ˍʹˌ Lech-

Grega (33) ̄ ʰˊˇˎˋʽʱʸʶˍʰʽ ˈˍʽ ˉˊˇˋʻʺˁʹ лΣн҈V ʵˊʰ ʰˊ˄ʹˍʽˁʱ ˋˍʹ˄ ʰ˄ˍˇ˔ʺ ˃ʶˍʱ ʰˉˈ ˍʶ˔˄ʹˍʺ 

ʴʺˊʰ˄ˋʹΣ ʰ˂˂ʱ ʻʶˍʽˁʱ ˋˍʹ˄ ˇ˂ˁʽ˃ˈˍʹˍʰΦ 
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ʃʾ˄ʰˁʰˌ 3 ɳ˂ʱˍˍ˖ˋʹ ˍʹˌ ʹ˂ʶˁˍˊʽˁʺˌ ʰʴ˖ʴʽ˃ˈˍʹˍʰˌ ʰˉˈ ˍʹ˄ ˉˊˇˋʻʺˁʹ /ǊΣ ±Σ aƴ ˁʰʽ ¢ƛ (19). 

ʅˍˇʽ˔ʶʾˇ ʃʶˊʽʶˁˍʽˁˈˍʹˍʰ ɳ˂ʱˍˍ˖ˋʹ ˍʹˌ ҈IACS h ʴ˖ʴʽ˃ˈˍʹˍʰˌ  

ʰ˄ʱ лΣллм҈ ˉˊˇˋʻʺˁʹ 

Cr 0-0,010 0,091 

V 0-0,010 0,081 

Mn 0-0,050 0,067 

Ti 0-0,010 0,065 

 

Sn: O Sn ʁ ˉʽʵˊʱ ʻʶˍʽˁʱ ˋˍʽˌ ˃ʹ˔ʰ˄ʽˁʷˌ ʽʵʽˈˍʹˍʶˌ ˉʶˊʽˇˊʾʸˇ˄ˍʰˌ ˍʽˌ ʵˎˋ˃ʶ˄ʶʾˌ ʶˉʽˉˍ˗ˋʶʽˌ 

ˍʹˌ ˒ˎˋʽˁʺˌ ʴʺˊʰ˄ˋʹˌΦ ʅʶ ˋ˔ʶˍʽˁʺ ˃ʶ˂ʷˍʹ ˍˇˎ Pogatscher (34) ʰ˄ʰ˒ʷˊʶˍʰʽ ˉ˖ˌ ˉˊˇˋʻʺˁʹ 

500ppm Sn ˋ ʁ ˉˊˇ˒ʾ˂ ˁˊʱ˃ʰˍˇˌ 6061 ʶʾ˔ʶ ʻʶˍʽˁʺ ʶˉʾʵˊʰˋʹ ˋˍʹ ˋˁ˂ʹˊˈˍʹˍʰ. ɮˎˍˈ 

ˇ˒ʶʾ˂ʶˍʰʽ ˋˍˇ ˈˍʽ ˍʰ ʱˍˇ˃ʰ ˍˇˎ Sn ʷ˔ˇˎ˄ ˃ʶʴʱ˂ʹ ˍʱˋʹ ˋˏ˄ʵʶˋʹˌ ˃ʶ ˁʶ˄ʷˌ ˉ˂ʶʴ˃ʰˍʽˁʷˌ 

ʻʷˋʶʽˌ (vacancies) ˁʰʽ ʰˉˇˍˊʷˉˇˎ˄ ˍˇ˄ ʶʴˁ˂˖ʲʽˋ˃ˈ ˍ˖˄ ˁʶ˄˗˄ ʻʷˋʶ˖˄ ʰˉˈ ˋˎ˃ˉ˂ʷʴ˃ʰˍʰ 

ʰˍˈ˃˖˄ Mg ˁʰʽ Si. ɮ˄ˍʾˋˍˇʽ˔ʶˌ ˃ʶ˂ʷˍʶ ̩ˍʹˌ Werinos (35), (36) ˉʰˊˇˎˋʽʱʸˇˎ˄ ˍ ́ʻʶˍʽˁʺ 

ʶˉʾʵˊʰˋʹ ˉˊˇˋʻʺˁʹˌ лΣлпwt% Sn ̀ ʶ ˁˊʱ˃ʰ слсм ʴʽʰ ʵʽʱ˒ˇˊʶˌ ʻʶˊ˃ˇˁˊʰˋʾʶˌ ʴʺˊʰ˄ˋʹˌ.   

SrΥ ʆˇ Sr ˋʶ ˉʶˊʽʶˁˍʽˁˈˍʹˍʰ л,15% ʶˉʽˍʰ˔ˏ˄ʶʽ ˍˇ ˃ʶˍʰˋ˔ʹ˃ʰˍʽˋ˃ˈ ˍʹˌ ʲҦ -hAlFeSi. ɴ̝ ʶʽ 

ʵˊʱˋʹ ʶˁ˂ʷˉˍˎ˄ˋʹˌ ˁˈˁˁˇˎ ˁʰʽ ʲʶ˂ˍʽ˗˄ʶʽ ˍʹ˄ ˇ˂ˁʽ˃ˈˍʹˍʰ ˔˖ˊʾˌ ˄ʰ ʶˉʽʵˊʱ ʰˊ˄ʹˍʽˁʱ ˋˍʹ˄ 

ʹ˂ʶˁˍˊʽˁʺ ʰʴ˖ʴʽ˃ˈˍʹˍʰΦ  

NiΥ ʃˊˇˋʻʺˁʹ ʷ˖ˌ л,лр҈ ʷ˔ʶʽ ʶ˂ʰ˒ˊ˗ˌ ʻʶˍʽˁʺ ʶˉʾʵˊʰˋʹ ˋˍʽˌ ˃ʹ˔ʰ˄ʽˁʷˌ ʽʵʽˈˍʹˍʶˌΣ ʰ˂˂ʱ 

ʰˊ˄ʹˍʽˁʺ ˋˍʹ˄ ʰ˄ˍʾˋˍʰˋʹ ˋˍʹ ʵʽʱʲˊ˖ˋʹΦ 

Cd, In, Pb: ɾʽˁˊʺ ˉˊˇˋʻʺˁʹ Cd, In ˁʰʽ Pb ˉʶˊʽˇˊʾʸʶʽ ˍʽˌ ʰˊ˄ʹˍʽˁʷˌ ʶˉʽˉˍ˗ˋʶʽˌ ˍʹˌ 

˒ˎˋʽˁʺˌ ʴʺˊʰ˄ˋʹˌ ʴʽʰ ˔ʰ˃ʹ˂ʷˌ ʻʶˊ˃ˇˁˊʰˋʾʶˌ ˍʶ˔˄ʹˍʺˌ ʴʺˊʰ˄ˋʹˌ. ʍˋˍˈˋˇ ˇ Pb ˁʰʽ o Sn 

ʵʶˋ˃ʶˏˇˎ˄ ˃ʷˊˇˌ ˍˇˎ Mg ˉˊˇˌ ˋ˔ʹ˃ʰˍʽˋ˃ˈ ʰʵʽʱ˂ˎˍ˖˄ ˕ʰʻˎˊ˗˄ ˒ʱˋʶ˖˄ ˍˇˎ ˍˏˉˇˎ Mg2X 

(10). 

Ag, Ge: ʆʰ ʵˏˇ ʰˎˍʱ ˋˍˇʽ˔ʶʾʰΣ ˂ˈʴ˖ ˍʹˌ ˎ˕ʹ˂ʺˌ ʶ˄ʷˊʴʶʽʰˌ ʵʶˋ˃ˇˏ ˃ʶ ˁʶ˄ʷˌ 

ˉ˂ʶʴ˃ʰˍʽˁʷˌ ʻʷˋʶʽˌ, ʵˊˇˎ˄ ʰˉˇˍˊʶˉˍʽˁʱ ˋˍʹ˄ ˉʶˊʽˁˊˎˋˍʰ˂˂ʽˁʺ ˁʰˍʰˁˊʺ˃˄ʽˋʹ ˁʰʽ ˍˇ 

ˋ˔ʹ˃ʰˍʽˋ˃ˈ ˉʶˊʽˁˊˎˋˍʰ˂˂ʽˁ˗˄ ʸ˖˄˗˄ ˔˖ˊʾˌ ˁʰˍʰˁˊʹ˃˄ʾˋ˃ʰˍʰ (37), (38). ɳˉʾˋʹˌΣ ˉ́ ˇˋʻʺˁʹ 

0,11% Ag ˋʶ ˁˊʱ˃ʰ ˃ʶ 1% Mg2Si ˁʰʽ ˉʶˊʾˋˋʶʽʰ Mg ˉˊˇˁʰ˂ʶʾ ʰˏ˅ʹˋʹ ˍʹˌ ˋˁ˂ʹˊˈˍʹˍʰˌ ˁʰˍʱ 

17HV ˁ ʰʽ ʲʶ˂ˍʾ˖ˋʹ ˍʹˌ ʰˉˈˁˊʽˋʹˌ ˋˍʹ ʴʺˊʰ˄ˋʹ (24). 
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1.3 ɫʆʇʙʍʑʉʎʂ ʎʐʀʍʀʋʞ ɿʅɻʇʞʈɻʐʋʏ ʆɻʅ ʀʌʚɿʍɻʎʂ ʐʂʏ ʐɻʔʞʐʂʐɻʏ 

ʕʞʊʂʏ ɻʌʝ ʐʂ ʃʀʍʈʋʆʍɻʎʚɻ ɿʅʘʇɻʎʂʏ 

ɱʽʰ ˍʰ ˉˊˇ˒ʾ˂ ˁˊʱ˃ʰˍˇ ̩ˋʶʽˊʱˌ 6xxx, ˈˉ˖ˌ ˍˇ 6106 ˁʰʽ ˍˇ слун ˉˇˎ ˃ʶ˂ʶˍ˗˄ˍʰʽ ˋˍʹ˄ 

ʵʽʰˍˊʽʲʺΣ ˇ ˔ˊˈ˄ˇˌ ˉˇˎ ˃ʶˋˇ˂ʰʲʶʾ ˃ʶˍʰ˅ˏ ʶ˅ˈʵˇˎ ʰˉˈ ˍʹ ˃ʺˍˊʰ ˍʹˌ ˉˊʷˋʰˌ ʵʽʷ˂ʰˋʹˌ ˁʰʽ 

ʲʰ˒ʺˌ ˃ ʁ˄ʶˊˈ ʶʾˍʶ ˕ˏ˅ʹˌ ˃ʶ ˊʶˏ˃ʰ ʰʷˊʰΣ ʷ˔ʶʽ ˋʹ˃ʰ˄ˍʽˁʺ ʶˉʾʵˊʰˋʹ ˋˍʹ˄ ˍʶ˂ʽˁʺ ˃ʽˁˊˇʵˇ˃ʺ 

ˁʰʽ ˍʽˌ ˃ʹ˔ʰ˄ʽˁʷˌ ʽʵʽˈˍʹˍʶˌ (39). ʅˍh ˁˊʱ˃ʰˍʰ ˉˇˎ ˉʶˊʽʷ˔ˇˎ˄ Cr ˁʰʽ Mn ˁʰʽ ʶʾ˄ʰʽ ʶˎʰʾˋʻʹˍʰ 

ˋˍʹ ʲʰ˒ʺ όʽʵʽʰʾˍʶˊʰ ˃ ʁCrύ ˋ˔ʹ˃ʰˍʾʸˇ˄ˍʰʽ ʵʶˎˍʶˊˇʴʶ˄ʺ ˋ˖˃ʰˍʾʵʽʰ ˉˇˎ ˉˊˇˁʰ˂ˇˏ˄ ʰˍʰ˅ʾʶˌ, 

ʶ̄ ʱ˄˖ ˋˍʽˌ ˇˉˇʾʶˌ ˉˊʰʴ˃ʰˍˇˉˇʽʶʾˍʰʽ ˉˊˇˍʽ˃ʹˍʷʰ ˁʰˍʰˁˊʺ˃˄ʽˋʹ ˒ʱˋʶ˖˄ ˁʰˍʱ ˍʹ ʴʺˊʰ˄ˋʹΦ 

ɮ˄ˍʽʻʷˍ˖ˌ ˋʶ ˁ́ ʱ˃ʰˍʰ ˉˇˎ ˉʶˊʽʷ˔ˇˎ˄ Zr ʵʹ˃ʽˇˎˊʴˇˏ˄ˍʰʽ ˁʰˍʱ ˁʰ˄ˈ˄ʰ ˒ʱˋʶʽˌ ˋˎ˄ˇ˔ʺˌ ˁʰʽ 

ʵʶ˄ ʶʾ˄ʰʽ ʶˎʰʾˋʻʹˍʰ ˋʶ ʲʰ˒ʺ (ʵʶ ʴʾ˄ʶˍʰʽ ʶˏˁˇ˂ʰ ˉˎˊʺ˄˖ˋʹ ˋʶ ʵʽʶˉʽ˒ʱ˄ʶʽʶˌ ˋˎ˄ˇ˔ʺˌ) (10), 

(40). 

ɱʽʰ ˍʹ˄ ʶˏˊʶˋʹ ˍʹˌ ˁˊʾˋʽ˃ʹˌ ˍʰ˔ˏˍʹˍʰˌ ˕ˏ˅ʹˌ ˍ˖˄ ˉˊˇ˒ʾ˂ ʰˉˈ ˍʹ ʻʶˊ˃ˇˁˊʰˋʾʰ 

ʵʽʷ˂ʰˋʹˌ ʰ˂˂ʱ ˁʰʽ ˍˇˎ ʻʶˊ˃ˇˁˊʰˋʽʰˁˇˏ ʶˏˊˇˎˌ, ˋˍˇ ˇˉˇʾˇ ʹ ˉʰˊʰ˃ˇ˄ʺ ˍˇˎˌ ʰˉˇʲʰʾ˄ʶʽ 

ʰˊ˄ʹˍʽˁʺ ʴʽʰ ˍʽˌ ˃ʹ˔ʰ˄ʽˁʷˌ ʽʵʽˈˍʹˍʶˌΣ ʷ˔ˇˎ˄ ˉˊʰʴ˃ʰˍˇˉˇʽʹʻʶʾ ʰˊˁʶˍʷˌ ˃ʶ˂ʷˍʶˌΦ ʅʶ ˃ʽʰ ʰˉΩ 

ʰˎˍʷˌ ˇ E.C. Beatty (41) ˉʶˊʽʴˊʱ˒ʶʽ ˍʹ˄ ʰˁˈ˂ˇˎʻʹ ʶˊʴʰˋˍʹˊʽʰˁʺ ʵˇˁʽ˃ʺΥ ˉˊˇʿˈ˄ˍʰ 

ʵʽʷ˂ʰˋʹˌ ˁˊʱ˃ʰˍˇˌ слсо ʻʶˊ˃ʰ˄ʻʺˁʰ˄ ˋˍˇˎˌ рмрˇCΣ ʵʽʰˍʹˊʺʻʹˁʰ˄ ˋˍʹ ʻʶˊ˃ˇˁˊʰˋʾʰ ʰˎˍʺ 

ʴʽʰ ол ˂ʶˉˍʱ ʴʽʰ ˉ˂ʺˊʹ ʵʽʰ˂ˎˍˇˉˇʾʹˋ ́ ˍʹˌ ˒ʱˋʹˌ Mg2Si ˁʰʽ ʰˁˇ˂ˇˏʻ˖ˌ ˕ˏ˔ʻʹˁʰ˄ 

ʰˉˈˍˇ˃ʰ ˋʶ ʵʽʱ˒ˇˊʶˌ ʻʶˊ˃ˇˁˊʰˋʾʶˌ ˃ʶˍʰ˅ˏ нолˇC ˁʰʽ пллˇC, ˋʶ ˂ˇˎˍˊʱ ʰ˂ʱˍ˖˄Φ ʆh  

ʵʶʾʴ˃ʰˍʰ ˉʰˊʷ˃ʶʽ˄ ʰ˄ ˋˍʰ ˂ˇˎˍˊʱ ʴʽʰ м ˖ˌ он ˂ʶˉˍʱ ˁʰʽ ʰˁˇ˂ˇˏ̒ʹ̀ ʶ ʲʰ˒ʺ ˋʶ ˄ʶˊˈΦ ʆˇ 

ʰˉˇˍʷ˂ʶˋ˃ʰ ʺˍʰ˄ ˍʰ˔ʶʾʰ ˁʰˍʰˁˊʺ˃˄ʽˋʹ ˍʹˌ ˒ʱˋʹ̩ ˃ʹ ˋˎ˄ˇ˔ʺˌ -̡Mg2Si, ˈˍʰ˄ ˍʰ ʵʶʾʴ˃ʰˍʰ 

˕ˏ˔ʻʹˁʰ˄ ˋˍʹ ʻʶˊ˃ˇˁˊʰˋʽʰˁʺ ˉʶˊʽˇ˔ʺ ˃ʶˍʰ˅ˏ оплˇC ˁʰʽ нслˇC ˁʰʽ ˃ʶˍʱ ˎˉʷˋˍʹˋʰ˄ 

ʴʺˊʰ˄ˋʹ ˋˍˇˎˌ 170ˇC. ʅˍ̌ ʅ˔ʺ˃ʰ 7 ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˇ ˋˎˋ˔ʶˍʽˋ˃ˈˌ ˊˎʻ˃ˇ ˏ˕ˏ˅ʹˌ ʰˉˈ ˍʹ 

ʻʶˊ˃ˇˁˊʰˋʾʰ ˋˍʶˊʶˇˏ ʵʽʰ˂ˏ˃ʰˍˇˌ ˃ʶ ˍˇ ˈˊʽˇ ʵʽʰˊˊˇʺˌ ˍˇˎ ˎ˂ʽˁˇˏ ˃ʶˍʱ ˍˇ ˉʷˊʰˌ ˍʹˌ 

ˍʶ˔˄ʹˍʺ ̩ʴʺˊʰ˄ˋʹ.̩ ɲʽh̄ ʽˋˍ˗˄ʶˍʰʽ ˈˍʽ ˍˇ ˈˊʽˇ ʵʽʰˊˊˇʺˌ ʰˎ˅ʱ˄ʶˍʰʽ ˋˎ˄ʶ˔˗ˌ ˃ʶ ʰˎ˅ʰ˄ˈ˃ʶ˄ˇ 

ˊˎʻ˃ˈ ˕ˏ˅ʹˌ ˒ˍʱ˄ˇ˄ˍʰˌ ˉʶˊʾˉˇˎ ˍˇ фр҈ ˍʹˌ ˃ʷʴʽˋˍʹˌ ˍʽ˃ʺˌ όнол ɾPaύ ˃ʶ ˊˎʻ˃ˈ ˕ˏ˅ʹˌ 

120ˇCκ˂ʶˉˍˈΦ  
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ʅ˔ʺ˃ʰ 7 ɳˉʾʵˊʰˋʹ ˍˇˎ ˊˎʻ˃ˇˏ ˕ˏ˅ʹˌ ʰˉˈ ˍʹ ʻʶˊ˃ˇˁˊʰˋʾʰ ˋˍʶˊʶˇˏ ʵʽʰ˂ˏ˃ʰˍˇˌ ˋˍʹ˄ 

ʰ˄ˍˇ˔ʺ ˉˊˇ˒ʾ˂ ˁˊʱ˃ʰˍˇˌ слсо ˋʶ ˃ʶˍʰ˂˂ˇˎˊʴʽˁʺ ˁʰˍʱˋˍʰˋʹ ʆс (41). 

ɶ ʲʰ˒ʺ ˋˎ˄ˍʶ˂ʶʾ ˋˍʹ ʵʹ˃ʽˇˎˊʴʾʰ ˎˉʷˊˁˇˊˇ ˎˋˍʶˊʶˇ ˏʵʽhˏ˂ ˃ʰ̱ˇˌ ˋʶ ʻʶˊ˃ˇˁˊʰˋʾʰ 

ʵ˖˃ʰˍʾˇˎΣ ˉˇˎ ʶʾ˄ʰʽ ˉʽˇ ˋˁ˂ʹˊˈ, ʰ˂˂ʱ ˁʰʽ ˉʽˇ ˈ˂ˁʽ˃ˇ ʰˉˈ ˎ˂ʽˁˈ ˉˇˎ ˎ˒ʾˋˍʰˍʰʽ ʰˊʴʺ ˕ˏ˅ʹΦ 

ɶ ˋˁ˂ʺˊˎ˄ˋʹ ˉˊˇˁʰ˂ʶʾˍʰʽ ʰˉˈ ˍʹ˄ ˉʰˊʶ˃ˉˈʵʽˋʹ ˍʹˌ ˁʾ˄ʹˋʹˌ ˍ˖˄ ʵʽʰˍʰˊʰ˔˗˄ ʰˉˈ ˍʰ ʱˍˇ˃ʰ 

ʰ˄ˍʽˁʰˍʱˋˍʰˋʹˌΦ ɶ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹ ʰˍˈ˃˖˄ ʰ˄ˍʽˁʰˍʱˋˍʰˋʹˌ-ʵʽʰˍʰˊʰ˔˗˄ ʲʰˋʾʸʶˍʰʽ ˋˍʹ 

ʵʽʰ˒ˇˊʱ ˃ʶʴʷʻˇˎˌ ˍ˖˄ ʰˍˈ˃˖˄ Mg ˁʰʽ Si ʰˉˈ ˍʰ ʱˍˇ˃ʰ ˍˇˎ Al ˁʰʽ ˍ˖˄ ˍˇˉʽˁ˗ ˄

ˉʰˊʰ˃ˇˊ˒˗ˋʶ˖ ˄ˍˇˎ ˉ˂ʷʴ˃ʰˍˇˌΦ ɮ́ ʴʺ ˕ˏ˅ʹ ˉˊˇˁʰ˂ʶʾ ʰ˄ʶˉʽʻˏ˃ʹˍʹ ˉˊˈ˖ˊʹ ˁʰˍʰˁˊʺ˃˄ʽˋʹ 

ˁʰʽ ˉʶˊʽˇˊʽˋ˃ˈ ˍʹˌ ʵʽʰʻʷˋʽ˃ʹ ̩ˉˇˋˈˍʹˍʰ ̩ˁˊʰ˃ʰˍʽˁ˗ ˄ˋˍˇʽ˔ʶʾ˖ ˄ʴʽʰ ˋˁ˂ʺˊˎ˄ˋʹ ˁʰˍʱ ˍʹ 

ʴʺˊʰ˄ˋʹ (42), (43). 

ʅˏ˃˒˖˄ʰ ˃ʶ ̱̌ ˄ P. Castany (26) ˃ʶ ˍʹ ʲʰ˒ʺ ʶˎ˄ˇʶʾˍʰʽ ʹ ˁʰˍʰˁˊʺ˃˄ʽˋʹ ˋ˒ʰʽˊˇʶʽʵ˗˄ 

ˋˎ˃ˉ˂ʶʴ˃ʱˍ˖˄ Mg2Si ˁʰʽ ˃ʽˁˊˇ ˏˉˇˋˇˋˍˇˏ ˊʰʲʵˇʶʽʵ˗˄ ˋ˖˃ʰˍʽʵʾ˖˄ Si ˋˍʰ ˈˊʽʰ ˁˈˁˁ˖˄, 

ʶ˄˗ ʹ ʰˊʴʺ ˕ˏ˅ʹ ʰ˄ˍʽˋˍˊʷ˒ʶʽ ˍʽˌ ʰ˄ʰ˂ˇʴʾʶˌ ʰˎˍʷˌ. ʅ̱ ʹ ʵʶˏˍʶˊʹ ˉʶˊʾˉˍ˖ˋʹ ˍʰ ˈˊʽʰ ˁˈˁˁ˖˄ 

ˁʰ˂ˏˉˍˇ˄ˍʰʽ ʰˉˈ ˁʰˍʰˁˊʹ˃˄ʾˋ˃ʰˍʰ, ˍʰ ˇˉˇʾʰ ˋʶ ˋˎ˄ʻʺˁʶˌ ˒ˈˊˍʽˋʹˌ ʰˉˇˍʶ˂ˇˏ˄ ˋʹ˃ʶʾʰ 

ʶˁˁʾ˄ʹˋʹˌ ˃ʽˁˊˇˊ˖ʴ˃˗˄. ʅˍʹ˄ ʾʵʽʰ ʶˊʴʰˋʾʰ ʰ˄ʰ˒ʷˊʶˍʰʽ ˉ˖ˌ ˃ʶˍʱ ʰˉˈ ʲʰ˒ʺ ˋˎ˄ʰ˄ˍʱˍʰʽ 

˃ʶʴʰ˂ˏˍʶˊʹ ˉˎˁ˄ˈˍʹˍʰ ʰˍʰ˅ʽ˗˄ ˋˍˇ ʶˋ˖ˍʶˊʽˁˈ ˍ̟ ˄ ˁˈˁˁ˖˄ ʰˉΩ ˈˍʽ ˋʶ ʵʶʾʴ˃ʰ ˉˇˎ 

ˎ˒ʾˋˍʰˍʰʽ h ˊʴʺ ˕ˏ˅ʹ.   

ʆʰ ˉ˂ʶˇ˄ʶˁˍʺ˃ʰˍʰ ˍʹˌ ʲʰ˒ʺˌ ˉʶˊʽʴˊʱ˒ˇ˄ˍʰʽ ˋʶ ˉʰˍʷ˄ˍʰ ˍʹˌ NORSK HYDRO (30) ˋˍʹ˄ 

ˇˉˇʾʰ ˍʰ ʲʰ˃˃ʷ˄ʰ ˋʶ ˄ʶˊˈ ʵˇˁʾ˃ʽʰ ˂ʰ˃ʲʱ˄ˇˎ˄ ˋʶ ʵʶˁʰʲʱʻ˃ʽʰ ˁ˂ʾ˃ʰˁʰ ʲʰʻ˃ˈ уΣр-фΣр ˁʰʽ 

ˍʰ ʰˊʴʱ ˕ˎ˔ˈ˃ʶ˄ʰ р-сΣ ʰ˄ʰ˒ˇˊʽˁʱ ˃ʶ ˍʹ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˍˇˎˌ ˋʶ ˋˎ˃ˉʾʶˋʹΦ  
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1.4 ɫʆʇʙʍʑʉʎʂ ʈʀ ʆɻʐɻʆʍʙʈʉʅʎʂ 

ɶ ˋˁ˂ʺˊˎ˄ˋʹ ˃ʶ ˁʰˍʰˁˊʺ˃˄ʽˋʹ ˁʰˍʱ ˍʹ ʵʽʱˊˁʶʽʰ ˍʹˌ ˍʶ˔˄ʹˍʺˌ ʴʺˊʰ˄ˋʹˌ ˎˉʶˊˁʰ˂ˏˉˍʶʽ 

ˍʹ ˃ʶʾ˖ˋʹ ˍʹˌ ˋˁ˂ʹˊˈˍʹˍʰˌ ˉˇˎ ˉˊˇˁʰ˂ʶʾˍʰʽ ʰˉˈ ˍʹ˄ ʰˉ˗˂ʶʽʰ ˍˇˎ ˎˉʷˊˁˇˊˇˎ ˋˍʶˊʶˇˏ 

ʵʽʰ˂ˏ˃ʰˍˇˌ. ɶ ʶ˃˒ʱ˄ʽˋʹ ˍ˖˄ ˁʰˍʰˁˊʹ˃˄ʽˋ˃ʱˍ˖˄ ʶ˄ˍˈˌ ˍˇˎ ˇ˃ˇʴʶ˄ˇˏˌ ˋˍʶˊʶˇˏ ʵʽʰ˂ˏ˃ʰˍˇˌ 

ˋˎ˄ʶˉʱʴʶˍʰʽ ˍʹ˄ ʶˁʵʺ˂˖ˋʹ ˋʹ˃ʰ˄ˍʽˁ˗˄ ˉʰˊʰ˃ˇˊ˒˗ˋʶ˖˄ ˋˍʹ ˃ʺˍˊʰ ˁʰʽ ˍʹ˄ ʰ˄ʱˉˍˎ˅ʹ 

ʶ˂ʰˋˍʽˁʺˌ ʶ˄ʷˊʴʶʽʰˌ ˋˍʽˌ ˉʶˊʽˇ˔ʷˌ ʴˏˊ˖ ʰˉˈ ˍʰ ˁʰˍʰˁˊʹ˃˄ʾˋ˃ʰˍʰΦ ɶ ʶ˄ʷˊʴʶʽʰ ʰˎˍʺ 

ʵʽʰʵˊʰ˃ʰˍʾʸʶʽ ˋʹ˃ʰ˄ˍʽˁˈ ˊˈ˂ˇ ˋˍˇ ʶʾʵˇˌ ˍˇˎ ˁʰˍʰˁˊʹ˃˄ʾˋ˃ʰˍˇˌ ˉˇˎ ʻʰ ˉˊˇˁˏ˕ʶʽΦ ɶ 

˃ʶˍʰʲˇ˂ʺ ˋˍʹ˄ ʶ˂ʶˏʻʶˊʹ ʶ˄ʷˊʴʶʽʰ ˂ˈʴ˖ ˍʹˌ ˁʰˍʰˁˊʺ˃˄ʽˋʹˌ ʶ˄ˈˌ ˋ˖˃ʰˍʽʵʾˇˎ ʰˉˇˍʶ˂ʶʾ ˍˇ 

ʱʻˊˇʽˋ˃ʰ ˍˊʽ˗˄ ʶˉʽ˃ʷˊˇˎˌ ˃ʶˍʰʲˇ˂˗˄Σ όʰύ ˃ʶʾ˖ˋʹ ˍʹˌ ʶ˂ʶˏʻʶˊʹˌ ʶ˄ʷˊʴʶʽʰˌ ʰ˄ʱ ˃ˇ˄ʱʵʰ 

ˈʴˁˇˎΣ όʲύ ʰˏ˅ʹˋʹ ˍʹˌ ʶ˂ʶˏʻʶˊʹˌ ʶ˄ʷˊʴʶʽʰˌ ˂ˈʴ˖ ˍʹˌ ʵʽʶˉʽ˒ʰ˄ʶʽʰˁʺˌ ʶ˄ʷˊʴʶʽʰˌ 

ˁʰˍʰˁˊʹ˃˄ʾˋ˃ʰˍˇˌ-˃ʹˍˊʽˁʺˌ ˒ʱˋʹˌ ˁʰʽ όʴύ ʰˏ˅ʹˋʹ ˍʹˌ ʶ˄ʷˊʴʶʽʰˌ ˂ˈʴ˖ ˍˇˉʽˁ˗˄ ʶ˂ʰˋˍʽˁ˗˄ 

ˉʰˊʰ˃ˇˊ˒˗ˋʶ˖˄Φ ʁʽ ʵˏˇ ˉˊ˗ˍˇʽ ˉʰˊʱʴˇ˄ˍʶˌ ʶʾ˄ʰʽ ˉʰˊˈ˃ˇʽˇʽ ˃ʶ ʰˎˍˇˏˌ ˉˇˎ ˁʰʻˇˊʾʸˇˎ˄ 

ˍʹ ˃ʶˍʰʲˇ˂ʺ ˍʹˌ ʶ˂ʶˏʻʶˊʹˌ ʶ˄ʷˊʴʶʽʰˌ ˁʰˍʱ ˍʹ˄ ˉˎˊʺ˄˖ˋʹ ʶ˄ˈˌ ˋˍʶˊʶˇˏ ˋʶ ˍʺʴ˃ʰΣ ˁʰʻ˗ˌ 

ʰ˒ˇˊˇˏ˄ ˋʶ ʵʽʰʵʽˁʰˋʾʰ ˉˎˊʺ˄˖ˋʹˌ ˁʰʽ ʰ˄ʱˉˍˎ˅ʹˌΦ ʁ ˍˊʾˍˇˌ ˉʰˊʱʴˇ˄ˍʰˌ ʶʾ˄ʰʽ ʰˎˍˈˌ ˉˇˎ 

ˁʰʻˇˊʾʸʶʽ ˍʹ ˃ˇˊ˒ʺΣ ˋˎ˄ˇ˔ʺˌ ʺ ˃ʹ ˋˎ˄ˇ˔ʺˌΣ ˍˇˎ ˁʰˍʰˁˊʹ˃˄ʾˋ˃ʰˍˇˌ (44).  

ʆʰ ˋ˖˃ʰˍʾʵʽʰ ˋˎ˄ˇ˔ʺˌ ʶʾ˄ʰʽ ˉʶˊʽˇ˔ʷˌ ʶ˄ˍˈˌ ˍʹˌ ʵˇ˃ʺˌ ˍˇˎ ˃ʶˍʱ˂˂ˇˎΣ ˈˉˇˎ ˍʰ ʱˍˇ˃ʰ 

ˍʹˌ ʵʽʰ˂ˎ˃ʷ˄ʹˌ ˇˎˋʾʰˌ ʷ˔ˇˎ˄ ˍʹ˄ ʰˉʰʽˍˇˏ˃ʶ˄ʹ ˋˎʴˁʷ˄ˍˊ˖ˋʹ ʴʽʰ ˍʹ ʵʹ˃ʽˇˎˊʴʾʰ ˍʹˌ 

ʵʶˏˍʶˊʹˌ ˒ʱˋʹˌ ˔˖ˊʾˌ ˄ʰ ˉʰˊʰˍʹˊʶʾˍʰʽ ʵʹ˃ʽˇˎˊʴʾʰ ʵʽʶˉʽ˒ʱ˄ʶʽʰ ̩˃ʁ ˍʰ˅ˏ ˍʹˌ ˄ʷʰˌ ˒ʱˋʹˌ 

ˁʰʽ ˍʹˌ ˃ʺˍˊʰˌ. ɶ ɻʹ˃ʽˇˎˊʴʾʰ ˒ʱˋʶ˖˄ ˋˎ˄ˇ˔ʺˌ ˋˎ˄ʶˉʱʴʶˍʰʽ ˎ˕ʹ˂ʺ ˍʽ˃ʺ ʶ˂ʰˋˍʽˁʺˌ 

ʶ˄ʷˊʴʶʽʰˌ ˁʰʽ ˃ʹʵʶ˄ʽˁʺ ˍʽ˃̋ ˍʹˌ ʵʽʶˉʽ˒ʰ˄ʶʽʰˁʺˌ ʶ˄ʷˊʴʶʽʰˌΦ ɮ˄ˍʾʻʶˍʰΣ ˍʰ ˋ˖˃ʰˍʾʵʽʰ ˃ʹ 

ˋˎ˄ˇ˔ʺˌ ʶʾ˄ʰʽ ʵʽʰˁˊʽˍʱ ˋ˖˃ʰˍʾʵʽʰΣ ʵʽʰ˔˖ˊʾʸˇ˄ˍʰʽ ˃ʶ ˋʰ˒ʺ ʵʽʶˉʽ˒ʱ˄ʶʽʰ ʰˉˈ ˍˇ ˉʶˊʽʲʱ˂˂ˇ˄ 

ˍˇˎˌ ˁʰʽ ʵʽʰ˃ˇˊ˒˗˄ˇˎ˄ ˔ʰ˃ʹ˂ʺ ˍʽ˃ʺ ʶ˂ʰˋˍʽˁʺˌ ʶ˄ʷˊʴʶʽʰˌΦ ʅˍʹ˄ ˉˊʱ˅ʹΣ ʹ ʵʽʰˍʺˊʹˋʹ ˍʹˌ 

ˋˎ˄ˇ˔ʺˌ ʶˎ˄ˇʶʾˍʰʽ ˋʶ ˉˊ˗ʽ˃ʰ ˋˍʱʵʽʰ ʰ˄ʱˉˍˎ˅ʹˌ ˍ˖˄ ˁʰˍʰˁˊʹ˃˄ʽˋ˃ʱˍ˖˄ ˁʰʽ ʹ ʰˉ˗˂ʶʽʰ 

ˋˎ˄ˇ˔ʺˌ ˋˍʰ ˍʶ˂ʽˁʱΦ ɶ ʰʽˍʾʰ ʶʾ˄ʰʽ ˈˍʽ ˇ ˂ˈʴˇˌ ʶˉʽ˒ʱ˄ʶʽʰˌ ˉˊˇˌ ˈʴˁˇ ʶʾ˄ʰʽ ˃ʶʴʱ˂ˇˌ ʴʽʰ ˃ʽˁˊʱ 

ˋ˖˃ʰˍʾʵʽʰ ˁʰʽ ˍˇ ˋˏˋˍʹ˃ʰ ˂ʶʽˍˇˎˊʴʶʾ ˃ʶ ˋˁˇˉˈ ˍˇ˄ ˉʶˊʽˇˊʽˋ˃ˈ ˍʹˌ ʶˉʽ˒ʰ˄ʶʽʰˁʺˌ ʶ˄ʷˊʴʶʽʰˌΦ 

ʂˋˇ ˍˇ ˋ˖˃ʰˍʾʵʽˇ ʰ˄ʰˉˍˏˋˋʶˍʰʽ ʹ ʶ˄ʷˊʴʶʽʰ ˉʰˊʰ˃ˈˊ˒˖ˋʹˌ ʰˎ˅ʱ˄ʶˍʰʽ ˃ʷ˔ˊʽ ˍˇ ˋʹ˃ʶʾˇ 

ˉˇˎ ʹ ˋˎ˄ˇ˔ʺ ˔ʱ˄ʶˍʰʽΣ ʹ ʶ˂ʰˋˍʽˁʺ ʶ˄ʷˊʴʶʽʰ ʶ˂ʰˍˍ˗˄ʶˍʰʽ ˁʰʽ ʵʹ˃ʽˇˎˊʴʶʾˍʰʽ ʵʽʶˉʽ˒ʱ˄ʶʽʰ ̄ ˇˎ 

ʶˉʽ˒ʷˊʶʽ ˃ʶʴʰ˂ˏˍʶˊʹ ˁʰˍʱ ʰˉˈ˂ˎˍʹ ˍʽ˃ʺ ˉˍ˗ˋʹ ˍʹˌ ʶ˂ʰˋˍʽˁʺˌ ʶ˄ʷˊʴʶʽʰˌΣ ʰˉˈ ˍʹ˄ ʰˏ˅ʹˋʹ 

ˍʹˌ ˍʽ˃ʺ ̩̱ ʹˌ ʶ˄ʷˊʴʶʽʰˌ ˂ˈʴ˖ ʵʹ˃ʽˇˎˊʴʾʰˌ ˍʹˌ ˄ʷʰˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌΦ      

ʆʰ ˁʰˍʰˁˊʹ˃˄ʾˋ˃ʰˍʰ ˉˇˎ ˋ˔ʹ˃ʰˍʾʸˇ˄ˍʰʽ ˉˊˇʲʱ˂ˇˎ˄ ʰˉˇˍʶ˂ʶˋ˃ʰˍʽˁʺ ʰ˄ˍʾˋˍʰˋʹ ˋˍʹ˄ 

ˁʾ˄ʹˋʹ ˍ˖˄ ʵʽʰˍʰˊʰ˔˗˄Σ ʴʽʰˍʾ ʶʾ˄ʰʽ ˋˁ˂ʹˊʱ ˋ˖˃ʰˍʾʵʽʰ ˃ʶ ʵʽʰ˒ˇˊʶˍʽˁʺ ʵˇ˃ʺ ʰˉˈ ʰˎˍʺ ˍˇˎ 
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˃ʹˍˊʽˁˇˏ ˉ˂ʷʴ˃ʰˍˇˌ ˁʰʽ ˇʽ ẖ ʰ˅ʾʶˌ ʵ ʁ ˃ˉˇˊˇˏ˄ ˄ʰ ˍʰ ̱˃ ʺˋˇˎ˄ ό˃ʹ ʵʽʰˍ˃ˈ˃ʶ˄ʰ-non 

shearable). ʅˎ˄ʰˁˈ˂ˇˎʻʰΣ ʹ ˁʾ˄ʹˋʹ ˍ˖˄ ʵʽʰˍʰˊʰ˔˗˄ ʶˉʽˍˎʴ˔ʱ˄ʶˍʰʽ ˃ˈ˄ˇ ˃ʶ ʰˏ˅ʹˋʹ ˍʹˌ 

ʵʽʰˍ˃ʹˍʽˁʺˌ ˍʱˋʹˌ2. ʂˋˇ ˂ʶˉˍˇ˃ʶˊʷˋˍʶˊ ́ˁʰʽ ˉˎˁ˄ˈˍʶˊʹ ʶʾ˄ʰʽ ʹ ʵʽʰˋˉˇˊʱ ˍ˖˄ ˋ˖˃ʰˍʽʵʾ˖˄ 

ˍˈˋˇ ʰˉˇˍʶ˂ʶˋ˃ʰˍʽˁˈˍʶˊʹ ʶʾ˄ʰʽ ʹ ˋˁ˂ʺˊˎ˄ˋʹ ˉˇˎ ˉˊˇˁʰ˂ʶʾˍʰʽ. ʁʽ ʸ˗˄ʶˌ Guinier-Preston 

(GP) ˁʰʽ ˍʰ ˋ˖˃ʰˍʾʵʽʰ ˋˎ˄ˇ˔ʺˌ ʵʶ˄ ʶˉʽˍˊʷˉˇˎ˄ ˍʹ˄ ˁʱ˃˕ʹ ˍ˖˄ ʰˍʰ˅ʽ˗˄ ˂ˈʴ˖ ˍ˖˄ ˃ʽˁˊ˗˄ 

ʰˁˍʾ˄˖˄ ˁʰ˃ˉˎ˂ˈˍʹˍʰˌ ˍˇˎˌ ˁʰʽ ʴʽʰ ˄ʰ ˃ˉˇˊʷˋˇˎ˄ ˇ̔  ʵʽʰˍʰˊʰ˔ʷˌ ˄ʰ ˁʽ˄ʹʻˇˏ˄, ˉˊʷˉʶʽ ˄ʰ 

ˍ˃ʺˋˇˎ˄ ˍʰ ˋ˖˃ʰˍʾʵʽʰ. ɾʶ ˍʹ˄ ˉˊˈˇʵˇ ˍʹˌ ʴʺˊʰ˄ˋʹˌ ˁʰʽ ˍʹ˄ ʰˏ˅ʹˋʹ ˍˇˎ ˃ʶʴʷʻˇˎˌ ˍ˖˄ 

˒ʱˋʶ˖˄, ʹ ˃ʶˍʰˁʾ˄ʹˋʹ ˍ˖˄ ʰˍʰ˅ʽ˗˄ ʴʾ˄ʶˍʰʽ ʵˎˋ˔ʶˊʷˋˍʶˊʹ ˁʰʽ ˍˇ ˈˊʽˇ ʵʽʰˊˊˇʺˌ ˋʶ 

ˁʰʻʶˋˍ˗ˌ ˎˉˇʴʺˊʰ˄ˋʹˌ ʰˎ˅ʱ˄ʶʽ όˍ̌ ˈˊʽˇ ʵʽʰˊˊˇʺˌ ʶ˄ˈˌ ˎ˂ʽˁˇˏ ˋˎˋ˔ʶˍʾʸʶˍʰʽ ˃ʶ ˍʹ˄ 

ʰ˄ˍʾˋˍʰˋʹ ˉˇˎ ˉˊˇʲʱ˂˂ʶˍʰʽ ˋˍʹ˄ ˁʾ˄ʹˋʹ ˍ˖˄ ʰˍʰ˅ʽ˗˄). ʂˍʰ˄ ˍʰ ˋ˖˃ʰˍʾʵʽʰ ʰˉˇˁˍʺˋˇˎ˄ ʷ˄ʰ 

ˁˊʾˋʽ˃ˇ ˃ʷʴʶʻˇˌΣ ˇʽ ʰˍʰ˅ʾʶˌ ʵʶ ˃ˉˇˊˇˏ˄ ˉ˂ʷˇ˄ ˄ʰ ˍʰ ˍ˃ʺˋˇˎ˄ ˁʰʽ ˍʰ ˉʰˊʰˁʱ˃ˉˍˇˎ˄ ˃ʶ ˍˇ 

˃ʹ˔ʰ˄ʽˋ˃ˈ ˍ˖˄ ˉʹʴ˗˄ Frank-Read (ʅ˔ʺ˃ʰ 8). ʁʽ ʵʽʰˍʰˊʰ˔ʷˌ ʰ˒ʺ˄ˇˎ˄ ˋˍˇ ˉʷˊʰˋ˃ʰ ˍˇˎˌ 

ʷ˄ʰ˄ ʵʰˁˍˏ˂ʽˇ ˉˊʽˋ˃ʰˍʽˁʺˌ ʵʽʰˍʰˊʰ˔ʺˌ ʴˏˊ˖ ʰˉˈ ˁʱʻʶ ˋ˖˃ʰˍʾʵʽˇ ˁʰʽ ʹ ʰˉˈˋˍʰˋʹ ˃ʶˍʰ˅ˏ 

ˍ˖˄ ˋ˖˃ʰˍʽʵʾ˖˄ ˃ʶʽ˗˄ʶˍʰʽΦ ʆˇ ʰˉˇˍʷ˂ʶˋ˃ʰ ʶʾ˄ʰʽ ˋˁ˂ʺˊˎ˄ˋʹ ˃ʷˋ˖ ʶ˄ʵˇˍˊʱ˔ˎ˄ˋʹˌΦ ʅʶ ʰˎˍˈ 

ˍˇ ˁʰʻʶˋˍ˗ˌ, ˍˇ ˈˊʽˇ ʵʽʰˊˊˇʺˌ ʶ˂ʰˍˍ˗˄ʶˍʰʽ ˃ʶ ˎˉʶˊʴʺˊʰ˄ˋʹ ˂ˈʴ˖ ˍʹˌ ʰˎ˅ʰ˄ˈ˃ʶ˄ʹˌ 

ʰˉˈˋˍʰˋʹˌ ˃ʶˍʰ˅ˏ ˍ˖˄ ˋ˖˃ʰˍʽʵʾ˖˄Φ ʆˇ ˈˊʽˇ ʵʽʰˊˊˇʺˌ ʶ˃˒ʰ˄ʾʸʶʽ ˃ʽʰ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʺ 

˃ʷʴʽˋˍʹ ˍʽ˃ʺ, ˈˍʰ˄ ˇ ˃ʹ˔ʰ˄ʽˋ˃ˈˌ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹˌ ˋ˖˃ʰˍʽʵʾ˖˄-ʰˍʰ˅ʽ˗˄ ˃ʶˍʰʲʱ˂˂ʶˍʰʽ ʰˉˈ 

ʵʽʱˍ˃ʹˋʹ ˋʶ ˉʰˊʱˁʰ˃˕ʹ ό˃ʶˍʱʲʰˋʹ ʰˉˈ ʴʺˊʰ˄ˋʹ ˋʶ ˎˉʶˊʴʺˊʰ˄ˋʹύ (43), (45). 

 

                                                           

2
 ɶ ˃ʷʴʽˋˍʹ ˍʱˋʹ ʽˋˇˏˍʰʽ ˃ʶ ˍmax=

l

bm
Σ ˈˉˇˎ l ́  ʰˉˈˋˍʰˋʹ ˍ˖˄ ˋ˖˃ʰˍʽʵʾ˖˄Φ 
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ʅ˔ʺ˃ʰ 8 ɲʹ˃ʽˇˎˊʴʾʰ ˒ʰʽ˄ˇ˃ʷ˄ˇˎ ʶ˄ʵˇˍˊʱ˔ˎ˄ˋʹˌ  ˃ ʷˋ˖ ˋ˔ʹ˃ʰˍʽˋ˃ˇˏ ʵʰˁˍˎ˂ʾ˖˄ 

ʵʽʰˍʰˊʰ˔˗˄Σ ˂ˈʴ˖ ˍʹˌ ˃ʽˁˊʺˌ ʰˉˈˋˍʰˋʹˌ ˃ʶˍʰ˅ˏ ˍ˖˄ ˋ˖˃ʰˍʽʵʾ˖˄ (6).  

1.5 ɞʌʚɿʍɻʎʂ ʐʂʏ ʒʑʎʅʆʙʏ ɾʙʍɻʉʎʂʏ ʎʐʂʉ ʈʂʔɻʉʅʆʘʏ ʅɿʅʝʐʂʐʀʏ 

ɮˉˈ ˍʹ ˋˍʽʴ˃ʺ ˉˇˎ ʷ˄h  ˉˊˇ˒ʾ˂ ʲˊʶʻʶʾ ˋʶ ˋˎ˄ʻʺˁʶˌ ˉʶˊʽʲʱ˂˂ˇ˄ˍˇˌ ˃ ʶˍʱ ʰˉˈ ʵʽʰʵʽˁʰˋʾʰ 

ʵʽʰ˂ˎˍˇˉˇʾʹˋʹˌΣ ˅ʶˁʽ˄ʱ ʹ ˒ʱˋʹ ˍʹˌ ˒ˎˋʽˁʺˌ ʴʺˊʰ˄ˋʹˌΦ ʇˉˈ ˍˇ ˁʰʻʶˋˍ˗ˌ ʰˎˍˈ ʹ 

ˋˁ˂ʹˊˈˍʹˍʰ ˍˇˎ ˎ˂ʽˁˇˏ ʰˎ˅ʱ˄ʶˍʰʽ ʰˊ˔ʽˁʱ ˃ʶ ʴˊʺʴˇˊˇ ˁʰʽ ˁʰˍˈˉʽ˄ ˃ʶ ˈ˂ˇ ˁʰʽ ʲˊʰʵˏˍʶˊˇ 

ˊˎʻ˃ˈΦ ɼʰʻ̠ˌ ˍˇ ˃ʷˋˇ ˃ʷʴʶʻˇˌ ˁˈˁˁˇˎ ˉʰˊʰ˃ʷ˄ʶʽ ˋˍʰʻʶˊˈ ʴʾ˄ʶˍʰʽ ˒ʰ˄ʶˊˈ ˉ˖ˌ ʹ 

˃ʶˍʰʲˇ˂ʺ ˇ˒ʶʾ˂ʶˍʰʽ ʰˉˇˁ˂ʶʽˋˍʽˁʱ ˋˍʹ˄ ˋˍʰʵʽʰˁʺ ˁʰˍʰˋˍˊˇ˒ʺ ˍˇˎ ˋˍʶˊʶˇˏ ʵʽʰ˂ˏ˃ʰˍˇˌ ˁʰʽ 

ˋˍʹ ʵʹ˃ʽˇˎˊʴʾʰ ˒ʱˋʶ˖˄ ˋˎ˄ˇ˔ʺˌ (ʅ˔ʺ˃ʰ 9). ʃʰˊʰˁʱˍ˖ ʰ˄ʰ˒ʷˊˇ˄ˍʰʽ ˋˎ˄ˇˉˍʽˁʱ ˋʹ˃ʰ˄ˍʽˁʷˌ 

ʶˊʴʰˋʾʶˌ ˋ˔ʶˍʽˁʷˌ ˃ʶ ˍʹ˄ ʶˉʾʵˊʰˋʹ ˍ́ ˌ ˒ˎˋʽˁʺˌ ʴʺˊʰ˄ˋʹˌ ˋˍʽˌ ˃ʹ˔ʰ˄ʽˁʷˌ ʽʵʽˈˍʹˍʶˌ ˁʰʽ ˍʹ 

˃ʽˁˊˇʵˇ˃ʺ ˍ˖˄ ˁˊʰ˃ʱˍ˖˄ Al.  

ʅˍʹ ˃ʶ˂ʷˍʹ ˍˇˎ ɿ. C. Parson (46) ˋˎ˃ˉʶˊʰʾ˄ʶˍʰʽ ˉ˖ˌ ˋʶ ˁˊʱ˃ʰˍʰ ˃ʶ ˉʶˊʽʶˁˍʽˁˈˍʹˍʰ 

0,8% Mg2Si, ˉʶ́ʽˇˊʽˋ˃ʷ˄ʹ ˒ˎˋʽˁʺ ʴʺˊʰ˄ˋʹ ʷ˔ʶʽ ʻʶˍʽˁʺ ʶˉʾʵˊʰˋʹΣ ʶ˄˗ ˋʶ ˁˊʱ˃ʰˍʰ ˃ʶ 

ˉʶˊʽʶˁˍʽˁˈˍʹˍʰ ˃ʶʴʰ˂ˏˍʶˊʹ ˍˇˎ 0,9% ́  ˒ˎˋʽˁʺ ʴʺˊʰ˄ˋʹ ʶʾ˄ʰʽ ˉʱ˄ˍʰ ʰˊ˄ʹˍʽˁʺ ʴʽʰ ˍʹ˄ 

ʰ˄ˍˇ˔ʺΦ ʃʰˊˈ˃ˇʽʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˁʰˍʰʴˊʱ˒ˇ˄ˍʰʽ ˋˍʹ˄ ʰ˄ʰ˒ˇˊʱ (9), ˈˉˇˎ ʶˉʽˉ˂ʷˇ˄ 

ˍˇ˄ʾʸʶˍʰʽ ˈˍʽΣ ˈˍʰ˄ ʷ˄ʰ ˒ˎˋʽˁʱ ʴʹˊʰˋ˃ʷ˄ˇ ˉˊˇ˒ʾ˂ ˁˊʱ˃ʰˍˇˌ ˃ ʁMg2SiҔлΣф҈ ˎˉˇʲ˂ʹʻʶʾ ˋʶ 

ˍʶ˔˄ʹˍʺ ʴʺˊʰ˄ˋʹΣ ˍ hˈˊʽh ʵʽʰˊˊˇʺˌ ˁʰʽ ʻˊʰˏˋʹˌ ʰˎ˅ʱ˄ˇ˄̱ʰʽ ˃ʶ ̡́ʰʵˏˍʶˊˇ ˊˎʻ˃ˈ ˁʰʽ ˈˍʽ ʹ 

˃ʶʾ˖ˋʹ ˍʹˌ ʰ˄ˍˇ˔ʺˌ ˃ˉˇˊʶʾ ˃ʶˊʽˁ˗ˌ ˄ʰ ʰˉˇ˒ʶˎ˔ʻʶʾ ˎˉˇʲʱ˂˂ˇ˄ˍʰˌ ˍˇ ˎ˂ʽˁˈ ˋʶ ˋˏ˄ˍˇ˃ʹ 

ˍʶ˔˄ʹˍʺ ʴʺˊʰ˄ˋʹ ʰ˃ʷˋ˖ˌ ˃ʶˍʱ ˍʹ ʲʰ˒ʺΣ ˋʶ ʻʶˊ˃ˇˁˊʰˋʾʰ ˔ʰ˃ʹ˂ˈˍʶˊʹ ʰˉˈ ʰˎˍʺ ˍʹˌ ˍʶ˂ʽˁʺˌ 

ʴʹˊʱ˄ˋʶ˖ˌ όʵʽʰʵʽˁʰˋʾʰ ʴ˄˖ˋˍʺ ˖ˌ ʵʽˉ˂ʺ ʴʺˊʰ˄ˋʹ ʺ ʴʺˊʰ˄ˋʹ ʵˏˇ ˋˍʰʵʾ˖˄ύ.  
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ʅ˔ʺ˃ʰ 9 ʅˁ˂ʺˊˎ˄ˋʹ ˂ˈʴ˖ ˒ˎˋʽˁʺˌ ʴʺˊʰ˄ˋʹˌ ˁˊʰ˃ʱˍ˖˄ м ˁʰʽ н ˃ʶˍʱ ʰˉˈ ʲʰ˒ʺ όǿǉύ ˁʰʽ 

ʰˊʴʺ ˕ˏ˅ʹ όŀŎύ ʰˉˈ ˍʹ ʻʶˊ˃ˇˁˊʰˋʾʰ ʵʽʰ˂ˎˍˇˉˇʾʹˋʹˌΦ    

ɮ˄ʰ˒ˇˊʱ ˋʶ ʻʶˍʽˁʺ ʶˉʾˉˍ˖ˋʹ ˍʹˌ ˒ΦʴΦ ʴʽʰ ˍʹ˄ ʰ˄ˍˇ˔ʺ ˁˊʰ˃ʱˍ˖˄ ˔ʰ˃ʹ˂ʺˌ 

ˉʶˊʽʶˁˍʽˁˈˍʹˍʰˌ ˋʶ Mg ˁʰʽ Si ʴʾ˄ʶˍʰʽ ˋʶ ˃ʶ˂ʷˍʹ ˍˇˎ S. Pogatscher (47)Φ ʅˍʰ ˋˎ˃ˉʶˊʱˋ˃ʰˍʰ 

ˍʹˌ ʶ˄ ˂ˈʴ˖ ʶˊʴʰˋʾʰˌ  ˋʹ˃ʶʽ˗˄ʶˍʰʽ ˈˍʽ ʹ ˒ΦʴΦ ˁʰʽ ʹ ˃ʶʽ˖˃ʷ˄ʹ ˁʽ˄ʹˍʽˁˈˍʹˍʰ ˍ˖˄ ˁʶ˄˗˄ 

ʻʷˋʶ˖˄ ˃ˉˇˊʶʾ ˄ʰ ʰˉˇˍʶ˂ʷˋʶʽ ʰˉˇˍˊʶˉˍʽˁˈ ˉʰˊʱʴˇ˄ˍʰ ˍʹˌ ˉʶˊʽˁˊˎˋˍʰ˂˂ʽˁʺˌ 

ˁʰˍʰˁˊʺ˃˄ʽˋʹˌ ˁʰʽ ˍʹˌ ʵʹ˃ʽˇˎˊʴʾʰˌ ɵʋɼ ˋʶ ˍʶ˔˄ʹˍʷˌ ʴʹˊʱ˄ˋʶʽˌ ˎ˕ʹ˂˗˄ ʻʶˊ˃ˇˁˊʰˋʽ˗˄ 

(210ˇC). ʅˍˇ ʾʵʽˇ ˋˎ˃ˉʷˊʰˋ˃ʰ ˁʰˍʰ˂ʺʴʶʽ ˁʰʽ ʹ M. Werinos ̀ ʶ ʱ˂˂ʹ ʰ˄ʰ˒ˇˊʱ (36). 

ʁ Esmaeili (48) ˋʹ˃ʶʽ˗˄ʶʽ ˉ˖ˌ ʹ ˋˁ˂ʹˊˈˍʹˍʰ ˒ˎˋʽˁʱ ʴʹˊʰˋ˃ʷ˄˖˄ ˉˊˇ˒ʾ˂ ˁˊʱ˃ʰˍˇˌ ˃ʶ  

лΣс҈ ɾg2Si, ˃ˉˇˊʶʾ ˄ʰ ʰˎ˅ʹʻʶʾ ˃ʶ ʵˏˇ ˗ˊʶˌ ˉˊˇʴʺˊʰ˄ˋʹ ˋˍˇˎˌ мрлoC ˁʰʽ ˃ʶ ʰˊʴˈ ˊˎʻ˃ˈ 

ʰ˄̍ʵˇˎ ˖ˌ ˍʹ˄ ˍʶ˂ʽˁʺ ʻʶˊ˃ˇˁˊʰˋʾʰ ʴʺˊʰ˄ˋʹˌΦ ʅʶ ˁˊʱ˃ʰˍʰ ˃ʶ лΣф҈ ɾg2Si ʹ ˒ΦʴΦ ʵʶ˄ ʷ˔ʶʽ 

ˋʹ˃ʰ˄ˍʽˁʺ ʶˉʽˊˊˇʺ, ʶ˄˗ ˋʶ ˎ˕ʹ˂ˈˍʶˊʶˌ ˋˎʴˁʶ˄ˍˊ˗ˋʶʽˌ ˖ˌ 1,2%, ʶ̄ ʽʵˊʱ ʰˊ˄ʹˍʽˁ ɦˋˍʹ˄ 

ˁʽ˄ʹˍʽˁʺ ̄ ˎˊʺ˄˖ˋʹˌ ˁʰʽ ʰ˄ʱˉˍˎ˅ʹˌ ˍʹˌ ˒ʱˋʹˌ ˋˎ˄ˇ˔ʺˌ ʲ˘˘Φ 

ɮ˄ʰ˒ˇˊʽˁʱ ˃ʶ ˍʰ ʰʾˍʽʰ ˍʹˌ ʶ˂ʱˍˍ˖ˋʹ ̩ˍ̟ ˄ ˃ʹ˔ʰ˄ʽˁ˗˄ ʽʵʽˇˍʺˍ˖˄ ʶ˅ʰʽˍʾʰˌ ˍʹˌ ˒ˎˋʽˁʺ ̩

ʴʺˊʰ˄ˋʹ ̩ˋʶ ʻʶˊ˃ˇˁˊʰˋʾʰ -нл ˖ˌ 50ˇC, ˇ D. W. Pashley (49) ʰ˄ʰ˒ʷˊʶʽ ˈˍʽ ˈˋˇ ˃ʶʴʰ˂ˏˍʶˊʹˌ 

ʵʽʱˊˁʶʽʰˌ ʶʾ˄ʰʽ ʹ ˉʶˊʾˇʵˇˌ ˍʹˌ ˒ˎˋʽˁʺˌ ʴʺˊʰ˄ˋʹˌ ˍˈˋˇ ˃ʶʴʰ˂ˏˍʶˊˇˌ ʶʾ˄ʰʽ ˇ ʰˊʽʻ˃ˈˌ ˍ˖˄ 

ˋˎ˃ˉ˂ʶʴ˃ʱˍ˖˄ ˉˇˎ ʵʽʰ˂ˎˍˇˉˇʽˇˏ˄ˍʰʽ ˁʰˍʱ ˍʹ˄ ˍʶ˔˄ʹˍʺ ʴʺˊʰ˄ˋʹ ˉˊˇˁʰ˂˗˄ˍʰˌ ʶ˂ʱˍˍ˖ˋʹ 

ˍ˖˄ ˃́˔ʰ˄ʽˁ˗ ˄ ʽʵʽˇˍʺˍ˖˄. ɳˉʾˋʹˌΣ ˎˉˇˋˍʹˊʾʸʶʽ ˉ˖ˌ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍʹˌ ˒ˎˋʽˁʺˌ 
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ʴʺˊʰ˄ˋʹˌ ʶʾ˄ʰʽ ˉʽˇ ʵˎˋ˃ʶ˄ʺ ʰ˄ ʶ˒ʰˊ˃ˇˋˍˇˏ˄ ˔ʰ˃ʹ˂ˈˍʶˊʶˌ ʻʶˊ˃ˇˁˊʰˋʾʶˌ ˍʶ˔˄ʹˍʺˌ 

ʴʺˊʰ˄ˋʹˌΦ ʆˇ ˍʶ˂ʶˎˍʰʾˇ ˋˎ˃ˉʷˊʰˋ˃ʰ ˋˍʹˊʾʸʶˍʰʽ ˋˍʹ ʻʶ˖ˊʾʰ ˈˍʽ ˎ˕ʹ˂ʺ ʻʶˊ˃ˇˁˊʰˋʾʰ 

ʽˋˇʵˎ˄ʰ˃ʶʾ ˃ʶ ʵʹ˃ʽˇˎˊʴʾʰ ˉˇ˂˂˗˄ ˉˎˊʺ˄˖˄ ʴʽʰ ˋ˔ʹ˃ʰˍʽˋ˃ ˈ ˁʰˍʰˁˊʹ˃˄ʽˋ˃ʱˍ˖˄ ʰ˂˂ʱ ˁʰʽ 

ˈˍʽ ˋʶ ˎ˕ʹ˂ˈˍʶˊʹ ʻʶˊ˃ˇˁˊʰˋʾʰ ʴʺˊʰ˄ˋʹˌ ˉˊˇˁʰ˂ʶʾˍʰʽ ʴˊʺʴˇˊʹ ʰ˄ʰʵʽʰ˂ˎˍˇˉˇʾʹˋʹ ˍ˖˄ 

ʰˋˍʰʻ˗˄ ˋˎ˃ˉ˂ʶʴ˃ʱˍ˖˄, ˗ˋˍʶ ˍˇ ˁˊʱ˃ʰ ˄ʰ ʁ˃ ˉ˂ˇˎˍʾʸʶˍʰʽ ˋʶ ˁˊʰ˃ʰˍʽˁʱ ˋˍˇʽ˔ʶʾʰ ˉˇˎ 

ˉˊˇˋ˒ʷˊˇˎ˄ ˉʶˊʰʽˍʷˊ˖ ʽˋ˔ˎˊˇˉˇʾʹˋʹ ˁʰˍʱ ˍʽˌ ˁˊʾˋʽ˃ʶˌ ʵˏˇ ̄ ˊ˗ˍʶˌ ˗ˊʶˌ ʴʺˊʰ˄ˋʹˌ.  

ɼʰˍʱ ˍˇ ˄ɮΦ Serizawa (50)  ́˒ΦʴΦ ˇʵʹʴʶʾ ˋʶ ˔ʰ˃ʹ˂ʺˌ ˉˎˁ˄ˈˍʹˍʰˌ ˁʰʻʾʸʹˋʹ ˒ʱˋʶ˖˄ 

ˋˎ˄ˇ˔ʺˌ ʲ˘˘ ˋˍʹ˄ ˍΦʴΦ ˂ˈʴ˖ ˋ˔ʹ˃ʰˍʽˋ˃ˇˏ ʵˎ ˋʵʽʱ˂ˎˍ˖˄, ʺ ʵˎˋˁˈ˂˖ˌ ˃ʶˍʰˍˊʶˉˈ˃ʶ˄˖˄ ˋʶ 

˒ʱˋʶʽˌ ʲ˘˘Σ ˋˎ˃ˉ˂ʶʴ˃ʱˍ˖˄ ʰˍˈ˃˖˄ (clusters) Mg ˁʰʽ Si (ʅ˔ʺ˃ʰ 10). ɼʰʽ ˋˍʹ˄ ʶˊʴʰˋʾʰ ʰˎˍʺ 

ʴʾ˄ʶˍʰʽ ʰ˄ʰ˒ˇˊʱ ˋˍʹ˄ ʰˊ˄ʹˍʽˁʺ ʶˉʾʵˊʰˋʹ ˍʹˌ Φ˒ʴΦ, ʰ˄ ʁ̄ ʽ˂ʶ˔ʻʶʾ ˔ʰ˃ʹ˂ʺ ʻʶˊ˃ˇˁˊʰˋʾʰ ˍΦʴΦ 

(ˉΦ˔Φ ˃ʽˁˊˈˍʶˊʹ ˍ˖˄ 160 ̌ C).  

 

ʅ˔ʺ˃ʰ 10 ʅ˔ʹ˃ʰˍʽˁʺ ʰˉʶʽˁˈ˄ʽˋʹ ˍʹˌ ʰˊ˄ʹˍʽˁʺ ̩ʁ ˉʾʵˊʰˋʹ ̩̱ ʹˌ ˒ˎˋʽˁʺˌ ʴʺˊʰ˄ˋʹˌ ˋˍʹ˄ 

ˁʰˍʰˁˊʺ˃˄ʽˋʹ ˍʹˌ ˒ʱˋʹˌ ʲ˘˘ (51). 

 ʅʶ ̫́ ʶˎ˄ʶ ̩ ˍ̟ ˄ Zelger, Lingfei ˁʰʽ Takaki (9), (52), (53), (54) ˋʹ˃ʶʽ˗˄ʶˍʰʽ ˉ˖ˌ ˋˍʰ 

ˉʶˊʽˋˋˈˍʶˊʰ ˁˊʱ˃ʰˍʰ ˍʹˌ ˋʶʽˊʱˌ сxxx, ʴʽʰ ˄ʰ ʶ˃˒ʰ˄ʽˋˍʶʾ ʹ ʰˊ˄ʹˍʽˁʺ ʶˉʾʵˊʰˋʹ ˍʹˌ ˒ˎˋʽˁʺˌ 

ʴʺˊʰ˄ˋʹˌ ˋˍʽˌ ˃ʹ˔ʰ˄ʽˁʷˌ ʽʵʽˈˍʹˍʶˌ, ʰˉʰʽˍʶʾˍʰʽ ˍˇˎ˂ʱ˔ʽˋˍˇ ˄ мΣр ˗ˊʰ ˉʰˊʰ˃ˇ˄ʺ ˋʶ 

ʻʶ́˃ˇˁˊʰˋʾʰ ˉʶˊʽʲʱ˂˂ˇ˄ˍˇˌ ˃ʶˍʱ ˍʹ ʲʰ˒ʺΦ ʆˇ h̄ ˇˍʷ˂ʶˋ˃ʰ ʶʾ˄ʰʽ ˈˍʽ ʴʽʰ ˍʹ˄ ʶˉʾˍʶˎ˅ʹ 

˃ʶˍʰ˂˂ˇˎˊʴʽˁʺ ̩ˁʰˍʱˋˍʰˋʹ ̩˃ʷʴʽˋˍʹˌ ˋˁ˂ʺˊˎ˄ˋʹˌ όʆсύ ʰˉʰʽˍʶʾˍʰʽ ˃ʶʴʰ˂ˏˍʶˊʹ ʵʽʱˊˁʶʽʰ 

ˍʶ˔˄ʹˍʺˌ ʴʺˊʰ˄ˋʹ.̩   
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ʅʁ  ʱ˂˂ʶˌ ʷˊʶˎ˄ʶˌ ˉˇˎ ˉˊʰʴ˃ʰˍˇˉˇʾʹˋʰ˄ ˇʽ Dorward ˁʰʽ Zhong (55), (56) ʲˊ̫ʻʹˁʰ˄ 

ˉʰˊˈ˃ˇʽʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰΦ ʅʶ ˁˊʱ˃ʰˍʰ ˃ʶ 0,6-0,9% ̀ ˎʴˁʷ˄ˍˊ˖ˋʹ Mg2Si ʹ ˒ΦʴΦ ʶʾ˔ʶ ʻʶˍʽˁʺ 

ʶˉʾʵˊʰˋʹ ˋˍʹ˄ ʰ˄ˍˇ˔ʺΦ ɰˊʷʻʹˁʶ ˉ˖ˌ ʴʽʰ ˍˇ ˃ʶˍʰˋ˔ʹ˃ʰˍʽˋ˃ˈ ˍ˖˄ ʸ˖˄˗˄ GP ˋˍʽˌ ˒ʱ̀ʁ ʽˌ ʲ˘˘ 

ˁʰʽ ʲ˘ ʰˉʰʽˍʶʾˍʰʽ ˁʰˍʱ ˍˇ ˋˍʱʵʽˇ ˍʹˌ ˉˊˇʴʺˊʰ˄ˋʹˌΣ ˍˇ ˃ʷʴʶʻˇˌ ˍˇˎˌ ˄ʰ ˎˉʶˊʲʶʾ ˃ʽʰ ˍʽ˃ʺ 

ˁˊʾˋʽ˃ˇˎ ˃ʁʴ̫ʻˇˎˌΦ ʅʶ ʰ˄ˍʾʻʶˍʹ ˉʶˊʾˉˍ˖ˋʹ, ʵʽʰ˂ˎˍˇˉˇʽˇˏ˄ˍʰʽ ˃ʷ˔ˊʽˌ ˈˍˇˎ ʶˉʷ˂ʻʶʽ 

ʽˋˇˊˊˇˉʾʰ ˃ʶ ˍʹ ˃ʺˍˊʰ (ʰ˄ʰ˒ˇˊʽˁʱ ˃ʶ ˍʹ ˋˎʴˁʷ˄ˍˊ˖ˋʹ ˍʹˌ ʵʽʰ˂ˎ˃ʷ˄ʹˌ ˇˎˋʾʰˌ) ʺ 

˃ʶʴʶʻˏ˄ˇ˄ˍʰʽ ˋʶ ̡h ʻ˃ˈ ˉˇˎ ʵʶ˄ ʶˉʽ˒ʷˊˇˎ˄ ˍʹ˄ ʶˉʽʻˎ˃ʹˍʺ ˋˁ˂ʺˊˎ˄ˋʹΦ ʅʶ ˁ́ ʱ˃ʰˍʰ 

ˋˎʴˁʷ˄ˍˊ˖ˋʹˌ 0,6% ̀ ʶ Mg2Si ʹ ʁˉʾʵˊʰˋʹ ˍʹˌ ˉˊˇʴʺˊʰ˄ˋʹ ̩ʶʾ˄ʰʽ ˉʱ˄ˍʰ ʻʶˍʽˁʺ ʴʽʰ ˍʽˌ 

ˍʶ˂ʽˁʷˌ ˃ʹ˔ʰ˄ʽˁʷˌ ʽʵʽˈˍʹˍʶˌΣ ʶ˄˗ ʴʽʰ ˉʶˊʽʶˁˍʽˁˈˍʹˍʰ ʱ˄˖ ˍˇˎ м҈ ʹ ˉˊˇʴʺˊʰ˄ˋʹ ʶʾ˄ʰʽ 

ʰˊ˄ʹˍʽˁʺ (5).  

ʅʶ ʱ˂˂ʹ ˉʹʴʺ ʰ˄ʰ˒ʷˊʶˍʰʽ ˉ˖ˌ ʹ ˍʰ˔ʶʾʰ ʲʰ˒ʺ ˁʰʽ ʹ ˃ʶʴʱ˂ʹ ˉʶˊʾˋˋʶʽʰ ˁʶ˄˗˄ 

ˉ˂ʶʴ˃ʰˍʽˁ˗˄ ʻʷˋʶ˖˄ ˃ˉˇˊʶʾ ˄ʰ ˁʰˍʰ˂ʺ˅ˇˎ˄ ˋʶ ˋ˔ʹ˃ʰˍʽˋ˃ˈ ʲˊˈ˔˖˄ ʰˍʰ˅ʽ˗˄ ˃ʶ ˃ʶʴʱ˂ʹ 

ˉˎˁ˄ˈˍʹˍʰΦ ʁʽ ʲˊˈ˔ˇʽ ʰˎˍˇʾ ʰˉˇˍʶ˂ˇˏ˄ ʻʷˋʶʽˌ ˉˎˊʺ˄˖ˋʹˌ ʶ˄ʵʽʱ˃ʶˋ˖˄ ˁʰˍʰˁˊʹ˃˄ʽˋ˃ʱˍ˖˄ 

˃ʶ ʰˉˇˍʷ˂ʶˋ˃ʰ  ˔ʰ˃ʹ˂ʺ ˉˎˁ˄ˈˍʹˍʰ ˒ʱˋʶ˖˄ ˋˎ˄ˇ˔ʺˌ ˁʰʽ ˃ʽˁˊˈˍʶˊʹ ʰ˄ˍˇ˔ʺ ˋˍʰ ʴʹˊʰˋ˃ʷ˄ʰ 

ˁˊʱ˃ʰˍʰ (37).  

ʅ˔ʶˍʽˁʱ ˃ʶ ˍʹ˄ ʰ˄ˍʽ˃ʶˍ˗ˉʽˋʹ ˍ˖˄ ʶˉʽˉˍ˗ˋʶ˖˄ ʰˉˈ ˍʹ ˒ΦʴΦ ˇ S. Pogatscher (34) 

ˉʶˊʽʴˊʱ˒ʶʽ ˉ˖ˌ ʹ ˁˊʰ˃ʱˍ˖ˋʹ ˃ʶ SnΣ ʶ˄ˈˌ ˋˍˇʽ˔ʶʾˇˎ ˃ʶ ˎ˕ʹ˂ʺ ʶ˄ʷˊʴʶʽʰ ʵʶˋ˃ˇˏ (binding 

energy) ˃ʶ ˍʽˌ ˎˉʱˊ˔ˇˎˋʶˌ ˁʶ˄ʷˌ ˉ˂ʶʴ˃ʰˍʽˁʷˌ ʻʷˋʶʽˌ ʰˉˇˍˊʷˉʶʽ ˍˇ ˋ˔ʹ˃ʰˍʽˋ˃ˈ 

ˋˎ˃ˉ˂ʶʴ˃ʱˍ˖˄ Mg-Si ˁʰˍʱ ˍʹ ˒ΦʴΦ ɴˍˋʽΣ ʰ˄ ˇʽ ʶ˄˗ˋʶʽˌ ˃ʶˍʰ˅ˏ ʰˍˈ˃˖˄ Sn ˁʰʽ ˁʶ˄˗˄ 

ˉ˂ʶʴ˃ʰˍʽˁ˗˄ ʻʷˋʶ˖˄ ʶʾ˄ʰʽ ʻʶˊ˃ʽˁʱ ʰˋˍʰʻʶʾˌ ˋˍʽˌ ˋˎ˄ʺʻʶʽˌ ʻʶˊ˃ˇˁˊʰˋʾʶˌ ˍΦʴΦ, 

ʶˉʽˍˎʴ˔ʱ˄ʶˍʰʽ ʲʶ˂ˍʽ˖˃ʷ˄ʹ ˁʰˍʰˁˊʺ˃˄ʽˋʹ ˍʹˌ ˒ʱˋʹˌ ʲ˘˘Φ ɮ˄ˍʾʻʶˍʰΣ ˍʰ ˋˎ˃ˉ˂ʷʴ˃ʰˍʰ Mg-Si 

ˉˇˎ ʵʹ˃ʽˇˎˊʴˇˏ˄ˍʰʽ ˁʰˍʱ ˍʹ ˒ˎˋʽˁʺ ʴʺˊʰ˄ˋʹ ˃ʶ ˍʹ ˋ˔ʶˍʽˁʱ ʰˊʴʺ ˁʽ˄ʹˍʽˁʺ ʵʽʱ˂ˎˋʹˌ ˍˇˎˌ 

˂ʶʽˍˇˎˊʴˇˏ˄ ˖ˌ ˉʰʴʾʵʶˌ ˁʶ˄˗˄ ˉ˂ʶʴ˃ʰˍʽˁ˗˄ ʻʷˋʶ˖˄ ʶˉʽʲˊʰʵˏ˄ˇ˄ˍʰˌ ˍʹ˄ ˁʰˍʰˁˊʺ˃˄ʽˋʹ 

˒ʱˋʶ˖˄ ˋˎ˄ˇ˔ʺˌ ˁʰˍʱ ˍʹ ʵʽʱˊˁʶʽʰ ˍʹˌ ˍΦʴΦΦ ʃʰˊˈ˃ˇʽʰ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ʶ˃˒ʰ˄ʾʸˇˎ˄ ˁʰʽ ʱ˂˂ʰ 

ˋˍˇʽ˔ʶʾʰ ˈˉ˖ˌ ˍˇ In ˁʰʽ ˍˇ Cd όʴʾ˄ʶˍʰʽ ʰ˄ʰ˒ˇˊʱ ʴʽʰ ʶˉʽʲˊʱʵˎ˄ˋʹ ˍˇˎ ˋ˔ʹ˃ʰˍʽˋ˃ˇˏ ʸ˖˄˗˄ 

GP ɹ ʽʰ нлл ʹ˃ʷˊʶˌ ˋˍˇˎˌ олˇC, ̍ ˍʰ˄ ʷ˔ʶʽ ˉˊˇʹʴʹʻʶʾ ʰˊʴʺ ʲʰ˒ʺ (37)).  

ɿʶˈˍʶˊʶˌ ˃ʶ˂ʷˍʶˌ ˉˊˇˍʶʾ˄ˇˎ˄ ˍʹ ʵʽʱˁˊʽˋʹ ˍ˖˄ ˋˎ˃ˉ˂ʶʴ˃ʱˍ˖˄ ʰˍˈ˃˖˄ ˋʶ н ˁʰˍʹʴˇˊʾʶˌ, 

ˍˏˉˇˎ όɹύ ˉˇˎ ˋ˔ʹ˃ʰˍʾʸˇ˄ˍʰʽ ˋʶ ʻʶˊ˃ˇˁˊʰˋʾʰ ˉʶˊʽʲʱ˂˂ˇ˄ˍˇˌ ˁʰʽ ˍˏˉˇˎ όɹɹύ ˉˇˎ 

ˋ˔ʹ˃ʰˍʾʸˇ˄ˍʰʽ ˋ ʁ ʻʶˊ˃ˇˁˊʰˋʾʰ ʶ˄ʵʽʱ˃ʶˋʹ ˃ʶˍʰ˅ˏ ˉʶˊʽʲʱ˂˂ˇ˄ˍˇˌ ˁʰʽ ʶˉʽ˂ʶʴ˃ʷ˄ʹˌ 

ʻʶˊ˃ˇˁˊʰˋʾʰˌ ˍʶ˔˄ʹˍʺˌ ʴʺˊʰ˄ˋʹˌΦ ʆʰ ˉˊ˗ˍʰ ʵˊˇˎ˄ ʰˊ˄ʹˍʽˁʱ ˁʰʽ ˍʰ ʵʶˏˍʶˊʰ ʻʶˍʽˁʱ ˋˍʹ 

ʵʹ˃ʽˇˎˊʴʾʰ ˁʰʽ ʵʽʶˏˊˎ˄ˋʹ ˍ˖˄ ˒ʱˋʶ˖˄ ˋˎ˄ˇ˔ʺˌ ʲ˘˘ (57). ɮ˄ʰ˒ʷˊʶˍʰʽ ˃ʱ˂ʽˋˍʰ ˈˍʽ ˍʰ 
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ˋˎ˃ˉ˂ʷʴ˃ʰˍʰ ˉˇˎ ˉˊˇˁʰ˂ˇˏ˄ ˍʹ˄ ʰˊ˄ʹˍʽˁʺ ʶˉʾʵˊʰˋʹ ˍʹˌ ˒ˎˋʽˁʺˌ ʴʺˊʰ˄ˋʹˌ ʰˉˇˍʶ˂ˇˏ˄ˍʰʽ 

ˁˎˊʾ˖ˌ ʰˉˈ ʱˍˇ˃ʰ Si (51).   

ʅˏ˃˒˖˄ʰ ˃ʶ ˍˇ˄ Aruga (58) ˇʽ ʸ˗˄ʶˌ GP ˉˇˎ ˋ˔ʹ˃ʰˍʾʸˇ˄ˍʰʽ ˋˍˇˎˌ тлˇCΣ ˋʶ ˁˊʱ˃ʰˍʰ 

ʽˋˇˊˊˇˉʾʰˌ ʺ ˉʶˊʾˋˋʶʽʰˌ Si, ˃ˉˇˊˇˏ˄ ˄ʰ ʶ˅ʶ˂ʽ˔ʻˇˏ˄ ˋʶ ˒ʱˋʶʽˌ ʲ˘˘ ˁʰʽ ʷ˔ˇˎ˄ ˃ʶʴʰ˂ˏˍʶˊʶˌ 

ʵʽʰˋˍʱˋʶʽˌ ʰˉˈ ˍʰ ˋˎ˃ˉ˂ʷʴ˃ʰˍʰ ʰˍˈ˃˖˄ Si ʺ Mg-Si ˉˇˎ ˋ˔ʹ˃ʰˍʾʸˇ˄ˍʰʽ ˃ʶ ˍʹ ˒ˎˋʽˁʺ 

ʴʺˊʰ˄ˋʹΦ ʅˍʰ ˉˊ˗ˍʰ ˂ʶˉˍʱ ˍʹˌ ˒ˎˋʽˁʺˌ ʴʺˊʰ˄ˋʹˌ ˋ˔ʹ˃ʰˍʾʸˇ˄ˍʰʽ ˍʰ ˋˎ˃ˉ˂ʷʴ˃ʰˍʰ ˉˇˎ ʶʾ˄ʰʽ 

ˉ˂ˇˏˋʽʰ ˋʶ Si ˁʰʽ ˁʰˍˈˉʽ˄ ˋʶ ʵʽʱˋˍʹ˃ʰ ˃ʽʰˌ ʶʲʵˇ˃ʱʵʰˌ ˋ˔ʹ˃ʰˍʾʸˇ˄ˍʰʽ ˍʰ Mg-Si ˂̍ ʴ˖ ˍʹˌ 

ʰˊʴʺˌ ʵʽʱ˔ˎˋʹˌ ˍˇˎ Mg. ʆʰ ˉˊ˗ˍʰ ˁʰˍʱ ˍʹ˄ ˍʶ˔˄ʹˍʺ ʴʺˊʰ˄ˋʹ ʵʶ ˃ˉˇˊˇˏ˄ ˄ʰ ʰ˄ʰˉˍˎ˔ʻˇˏ˄Σ 

ʶ˄˗ ˍʰ ʵʶˏˍʶˊʰ ʵʽʰ˂ˎˍˇˉˇʽˇˏ˄ˍʰʽ ˉˊˇˁʰ˂˗˄ˍʰˌ ʰ˄ʰˋˍˊˇ˒ʺ ˋˍʹ˄ ˁʰ˃ˉˏ˂ʹ ˍʹˌ 

ˋˁ˂ʹˊˈˍʹˍʰˌ ˋˍʽˌ ʰˊ˔ʷˌ ˍʹˌ ʴʺˊʰ˄ˋʹˌΦ ʁ ˉˊˇˍʽ˃ʹˍʷˇˌ ˋ˔ʹ˃ʰˍʽˋ˃ˈˌ ˋˎ˃ˉ˂ʶʴ˃ʱˍ˖˄ ʰˍˈ˃˖˄ 

Si ˃ʶˍʱ ˍʹ˄ ˇ˃ˇʴʶ˄ˇˉˇʾʹˋʹ ˇ˒ʶʾ˂ʶˍʰʽ ˋˍʹ˄ ˔ʰ˃ʹ˂ʺ ˍʽ˃ʺ ˍʹˌ ʶ˄ʷˊʴʶʽʰˌ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹˌ 

˃ʶˍʰ˅ˏ ˉ˂ʶʴ˃ʰˍʽˁ˗˄ ˁʶ˄˗˄ ˁʰʽ ʰˍˈ˃˖˄ Si. 

1.6 ɨ ʍʝʇʋʏ ʐʖʉ ʆʀʉʡʉ ʌʇʀɾʈɻʐʅʆʡʉ ʃʘʎʀʖʉ ʎʐʂʉ ʐɻʔʞʐʂʐɻ 

ɿʅʗʔʑʎʂʏ 

ʁ ˋ˔ʹ˃ʰˍʽˋ˃ˈˌ ˋˎ˃ˉ˂ʶʴ˃ʱˍ˖˄ ʰˍˈ˃˖˄ ʰˉˈ ˍʰ ʶ˄ ʵʽʰ˂ˏˋʶʽ ˁˊʰ˃ʰˍʽˁʱ ˋˍˇʽ˔ʶʾʰΣ ˍˈˋˇ ˋʶ 

ʻʶˊ˃̌ ˁˊʰˋʾʰ ˉʶˊʽʲʱ˂˂ˇ˄ˍˇˌ ˈˋˇ ˁʰʽ ˋʶ ˎ˕ʹ˂ˈˍʶˊʹΣ ˎˉˇʲˇʹʻʶʾˍʰʽ ʰˉˈ ʵʽʱ˒ˇˊʶˌ ʰˍʷ˂ʶʽʶˌ 

ˍʹˌ ʵˇ˃ʺˌ ˁʰʽ ˁˎˊʾ˖ˌ ʰˉˈ ˍ́ ˄ ˉʰˊˇˎˋʾʰ ˉ˂ʶʴ˃ʰˍʽˁ˗ ˄ˁʶ˄̠˄ Σ ʰˍʰ˅ʾʶˌ ˁʰʽ ˍʰ ˈˊʽʰ ˁˈˁˁ˖˄ ʺ 

ʱ˂˂ʶˌ ʵʽʶˉʽ˒ʱ˄ʶʽʶˌΦ ʅʶ ˋ˔ʶˍʽˁʺ ʰ˄ʰ˒ˇˊʱ ˍˇˎ Masuda ʰ˄ʰ˒ʷˊʶˍʰʽ ˈˍʽ ʰˁˈ˃ʰ ˁʰʽ ˃ʽˁˊˈˍʶˊʹ 

ʰˉˈ о҈ ˉʰˊʰ˃ˈˊ˒˖ˋʹ ˉˊʽ˄ ˍʹ˄ ˉˊˇʴʺˊʰ˄ˋʹ ʶˉʽ˒ʷˊʶʽ ˍʰ˔ˏˍʶˊʹ ʰˉˈˁˊʽˋʹ ˋˍʹ ʴʺˊʰ˄ˋʹ 

ˋˍʰ ˁˊʱ˃ʰˍʰ ˋʶʽˊʱˌ сxxx ˁʰʽ ʶˉʽˍʱ˔ˎ˄ˋʹ ˍʹˌ ˁʰˍʰˁˊʺ˃˄ʽˋʹˌ ˍʹˌ ˒ʱˋʹˌ ʲΩΩ (59)Φ ɴ˄ʰ ˃ʷˊˇˌ 

ˍʹˌ ʶ˄ʷˊʴʶʽʰˌ ˍ˖˄ ʰˍʶ˂ʶʽ˗˄ ʰˎˍ˗˄ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ʴʽʰ ˍʹ˄ ˎˉʷˊʲʰˋʹ ˍˇˎ ʶ˄ʶˊʴʶʽʰˁˇˏ 

˒ˊʱʴ˃ʰˍˇˌ ʴʽʰ ˉˎˊʺ˄˖ˋʹ όˉʶˊʾˉˍ˖ˋʹ ʶˍʶˊˇʴʶ˄ˇˏ̩ ˉˎˊʺ˄˖ˋʹ ̩ (60)). ɶ ʶ˅ʾˋ˖ˋʹ ˉˇˎ 

ˉʶˊʽʴˊʱ˒ʶʽ ˍʹ˄ ʵʽʰʵʽˁʰˋʾʰ h ˎˍʺ ʶʾ˄ʰʽ ʹΥ 

ɲG όʶˍʶˊˇʴʶ˄ˇˏˌ ˒ˏˍˊ˖ˋʹˌύ= -ɮΩ ɲGv + ɰΩʴ + C̆ -ʁɲGD, 

ˈ̄ ˇˎ ɲGv ʹ ˃ʶˍʰʲˇ˂ʺ ˍʹˌ ʶ˄ʷˊʴʶʽʰˌ ˁʰˍΩ ˈʴˁˇΣ ʴ ʹ ʶ˄ʷˊʴʶʽʰ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌΣ ʶ ʹ 

ʶ˄ʷˊʴʶʽʰ ˉʰˊʰ˃ˈˊ˒˖ˋʹˌΣ ɲGD ʹ ʶ˄ʷˊʴʶʽʰ ˍˇˎ ʰˉʰ˂ʶʽ˒ˈ˃ʶ˄ˇˎ ˋ˒ʱ˂˃ʰˍˇˌ ˁʰʽ ɮ˘Σ ɰ˘Σ C̆ 

ˉʰˊʱ˃ʶˍˊˇʽ ˍˇˎ ˋ˔ʺ˃ʰˍˇˌ ˁʰʽ ˍʹˌ ˋˏˋˍʰˋʹˌ ˍʹˌ ˄ʷʰˌ ˒ʱˋʹˌ (61).  
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ʅ˔ʺ˃ʰ 11 ɮˊʽˋˍʶˊʱΥ ˁʶ˄ʷˌ ˉ˂ʶʴ˃ʰˍʽˁʷˌ ʻʷˋʶʽˌ ˋʶ ˁˊˎˋˍʰ˂˂ʽˁˈ ˉ˂ʷʴ˃ʰΦ ʃ˂ʹˋʾˇ˄ ˍʹˌ 

ʻʶˊ˃ˇˁˊʰˋʾʰˌ ˍʺ˅ʹˌ ˃ʽʰ ˋˍʽˌ мллл ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋʶ ˁʶ˄ʺ ʻʷˋʹΦ ɲʶ˅ʽʱΥ ʁʽ ʶˋ˖ˍʶˊʽˁʷˌ ˍʱˋʶʽˌ 

ˉˇˎ ˉˊˇ˅ʶ˄ˇˏ˄ ˍʰ ʱˍˇ˃ʰ ˉʰˊʶ˃ʲˇ˂ʺˌ ˔ʰ˂ʰˊ˗˄ˇˎ˄ ˂ˈʴ˖ ˍʹˌ ˏˉʰˊ˅ʹˌ ˉʰˊʰˉ˂ʺˋʽ˖˄ 

ˁʶ˄̠˄ ̄ ˂ʶʴ˃ʰˍʽˁ˗  ˄̒ ʷˋʶ˖  ˄(6).  

 ɶ ˍʰ˔ˏˍʹˍʰ ˍʹˌ ʶ˅ʷ˂ʽ˅ʹˌ ˍʹˌ ˉˎˊʺ˄˖ˋʹˌ ʶʾ˄ʰʽ ʱ˃ʶˋʰ ˋˎ˄ˎ˒ʰˋ˃ʷ˄ʹ ˃ʶ ˍʹ˄ 

ˋˎʴˁʷ˄ˍˊ˖ˋʹ ˍ˖˄ ˉ˂ʶʴ˃ʰˍʽˁ˗˄ ˁʶ˄˗˄ όvacancies). ʅˍʰ ˃ʷˍʰ˂˂ʰ, ́  ˋˎʴˁʷ˄ˍˊ˖ˋʹ ʽˋˇˊˊˇˉʾʰˌ 

ˍ˖˄ ˉ˂ʶʴ˃ʰˍʽˁ˗˄ ˁʶ˄˗˄ ʶʾ˄ʰʽ ʶˁʻʶˍʽˁʺ ˋˎ˄ʱˊˍʹˋʹ ˍʹˌ ʻʶˊ˃ˇˁˊʰˋʾʰˌ3  ˁ ʰʽ ˋˉʱ˄ʽʰ 

ˎ̄ ʶˊʲʰʾ˄ʶʽ ˍʹ˄ ˍʽ˃ʺ мκмл5 ʱˍˇ˃ʰ (ʅ˔ʺ˃ʰ 11)Φ ɾʶ ʰˉˈˍˇ˃ʹ ˈ˃˖ˌ ˕ˏ˅ʹ ʰˉˈ ˍ ́ʻʶˊ˃ˇˁˊʰˋʾʰ 

ˋˍʶˊʶˇˏ ʵʽʰ˂ˏ˃ʰˍˇˌ ʶ˅ʰ˂ʶʾ˒ʶˍʰʽ ˇ ʰˉʰʽˍˇˏ˃ʶ˄ˇˌ ˔ˊˈ˄ˇˌ ʴʽʰ ʶˉʾˍʶˎ˅ʹ ˍʹˌ ˋˎʴˁʷ˄ˍˊ˖ˋʹˌ 

ʽˋˇˊˊˇˉʾʰˌ ˁʰʽ ʵʹ˃ʽˇˎˊʴʶʾˍʰʽ ˃ʶʴʱ˂ˇˌ ʰˊʽʻ˃ˈˌ ˉ˂ʶʴ˃ʰˍʽˁ˗˄ ˁʶ˄˗˄Φ ɮˉˇˍʷ˂ʶˋ˃ʰ ˍ˖˄ 

ζˉʰʴ˖˃ʷ˄˖˄η ˉ˂ʶʴ˃ʰˍʽˁ˗˄ ˁʶ˄˗˄ ˉˇˎ ˉˊˇˁˏˉˍˇˎ˄ ʶʾ˄ʰʽ ʹ ʰˏ˅ʹˋʹ ˍʹˌ ˍʰ˔ˏˍʹˍʰ ̩ʵʽʱ˔ˎˋʹˌ 

ˍ˖˄ ʰˍˈ˃˖˄ ˁʰʽ ʹ ʶˉʽˍʱ˔ˎ˄ˋʹ ˍ˖˄ ʵʽʰʵʽˁʰˋʽ˗˄ ˉˎˊʺ˄˖ˋʹˌ ˁʰʽ ʵʽʶˏˊˎ˄ˋʹˌ ˋʶ ˋˎ˄ʻʺˁʶˌ 

ʴʺˊʰ˄ˋʹˌ. ɶ ˁʽ˄ˇˏˋʰ ʵˏ˄ʰ˃ʹ ʴʽʰ ˉˎˊʺ˄˖ˋʹ ʶʾ˄ʰʽ ˍˈˋˇ ˎ˕ʹ˂ˈˍʶˊʹ ˈˋˇ ˔ʰ˃ʹ˂ˈˍʶˊʹ ʶʾ˄ʰʽ ʹ 

ʻʶˊ˃ˇˁˊʰˋʾʰ ʴʺˊʰ˄ˋʹˌ ˋʶ ʰ˄ˍʾʻʶˋʹ ˃ʶ ˈˍʽ ʽˋ˔ˏʶʽ ʴʽʰ ˍʹ˄ ˍʰ˔ˏˍʹˍʰ ʵʽʱ˔ˎˋʹˌ (ʅ˔ʺ˃ʰ 12). 

ɽˈʴ˖ ˍʹˌ ˏˉʰˊ˅ʹˌ ˍ˖˄ ˁʶ˄˗˄ ˋʶ ˔ʰ˃ʹ˂ʷˌ ʻʶˊ˃ˇˁˊʰˋʾʶˌ ʹ ˍʰ˔ˏˍʹˍʰ ˋ˔ʹ˃ʰˍʽˋ˃ˇ ˏˍ˖˄ 

ʸ˖˄˗˄ GP ʶʾ˄ʰʽ 107 ˒ˇˊʷˌ ˃ʶʴʰ˂ˏˍʶˊʹ ˍʹˌ ʰ˄ʰ˃ʶ˄ˈ˃ʶ˄ʹˌ ʰˉˈ ˍʹ ˉˊˇʲ˂ʶˉˈ˃ʶ˄ʹ ˍʰ˔ˏˍʹˍʰ 

ʵʽʱ˔ˎˋʹˌ (10). ʁʽ ʸ˗˄ʶˌ GP ʵʽʰˍʹˊˇˏ˄ ˋˎ˄ˇ˔ʺ ˃ʶ ˍʹ ˃ʺˍˊʰ ˋʶ ˈ˂ˇ ˍˇ ˃ʺˁˇˌ ˍˇˎˌ 

ˉˊˇˁʰ˂˗˄ˍʰˌ ˉʶˊʽˇˊʽˋ˃ʷ˄ʶˌ ˃ˈ˄ˇ ˉʰˊʰ˃ˇˊ˒˗ˋʶʽˌ, ʶ˄˗ ʹ h˄ ˍʾˋˍʰˋʹ ˍˇˎˌ ˋˍʹ˄ ˁʾ˄ʹˋʹ ˍ˖˄ 

ʰˍʰ˅ʽ˗˄ ˉˊˇˁˏˉˍʶʽ ʰˉˈ ˍʹ ˔ʹ˃ʽˁʺ ʶ˄ʷˊʴʶʽʰ ˍ˖˄ ʵʶˋ˃˗˄ Mg-Si (62) (ʅ˔ʺ˃ʰ 13). 

                                                           
3
 ʁ ʰˊʽʻ˃ˈˌ ˍ˖˄ ˉ˂ʶʴ˃ʰˍʽˁ˗˄ ˁʶ˄˗˄ ʹ ʶʾ˄ʰʽ ˋˎ˄ʱˊˍʹˋʹ ˍʹˌ ʻʶˊ˃ˇˁˊʰˋʾʰˌ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʹ ˋ˔ʷˋʹ 

ʹҐɿϝexp(-Q/KTύΣ ˈˉˇˎ ɿ ʶʾ˄ʰʽ ˇ ʰˊʽʻ˃ˈˌ ˍ˖˄ ˉ˂ʶʴ˃ʰˍʽˁ˗˄ ʻʷˋʶ˖˄Σ ɼ ʹ ˋˍʰʻʶˊʱ ˍˇˎ Boltzmann 

(13,81x10
-24

 J/K), T ʹ ʰˉˈ˂ˎˍʹ ʻʶˊ˃ˇˁˊʰˋʾʰ ˁʰʽ Q ʹ ʶ˄ʷˊʴʶʽʰ ˋ˔ʹ˃ʰˍʽˋ˃ˇˏ ʶ˄ˈˌ ˉ˂ʶʴ˃ʰˍʽˁˇˏ ˁʶ˄ˇˏΣ 

ˉʶˊʾˉˇˎ ʾˋʹ ˃ʶ мeV. 
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ʅ˔ʺ˃ʰ 12 ɶ ˁʽ˄ˇˏˋʰ ʵˏ˄ʰ˃ʹ ʴʽʰ ˁʰʻʾʸʹˋʹ ʶʾ˄ʰʽ ˔ʰ˃ʹ˂ˈˍʶˊʹ ˋʶ ˎ˕ʹ˂ʷˌ ʻʶˊ˃ˇˁˊʰˋʾʶˌΣ 

ʰ˂˂ʱ ʹ ˍʰ˔ˏˍʹˍʰ ʵʽʱ˔ˎˋʹˌ ˎ˕ʹ˂ʺΦ ɮˎˍˈ ˇʵʹʴʶʾ ˋʶ ˉʶˊʽˇˊʽˋ˃ʷ˄ˇ ʰˊʽʻ˃ˈ ʻʷˋʶ˖˄ 

ˉˎˊʺ˄˖ˋʹˌ ˉˇˎ ʰ˄ʰˉˍˏˋˋˇ˄ˍʰʽ ˍʰ˔ʷ˖ˌ (6).  

 

ʅ˔ʺ˃ʰ 13 ʁʽ ʸ˗˄ʶˌ Dt ʷ˔ˇˎ˄ ʾʵʽʰ ʵˇ˃ʺ ʰ˂˂ʱ ʵʽʰ˒ˇˊʶˍʽˁʺ ˉ˂ʶʴ˃ʰˍʽˁʺ ˉʰˊʱ˃ʶˍˊˇ ʰˉˈ ˍʹ 

˃ʺˍˊʰ ʰ˂ˇˎ˃ʽ˄ʾˇˎ ˁʰʽ ˉˊˇˁʰ˂ˇˏ˄ ˉʰˊʰ˃ˇˊ˒˗ˋʶʽˌ ˋˎ˄ˇ˔ʺˌ (6). 

ɮ˄  ̫˄ ʰ ˁˊʱ˃ʰ ˕ˎ˔ʻʶʾ ʰˉˈˍˇ˃ʰ ʰˉˈ ʵʽʰ˒ˇˊʶˍʽˁʷˌ ʻʶˊ˃ˇˁˊʰˋʾʶˌ ˋˍʶˊʶˇˏ ʵʽʰ˂ˏ˃ʰˍˇˌ 

ˁʰʽ ˁʰˍˈˉʽ˄ ˎˉˇˋˍʶʾ ʴʺˊʰ˄ˋʹ ˋˍʹ˄ ʾʵʽʰ ʻʶˊ˃ˇˁˊʰˋʾʰΣ ʹ ʰˊ˔ʽˁʺ ˍʰ˔ˏˍʹˍʰ ʵʹ˃ʽˇˎˊʴʾʰˌ 

ʸ˖˄˗˄ GP ʶʾ˄ʰʽ ˎ˕ʹ˂ˈˍʶˊʹ ˋˍʰ ʵʶʾʴ˃ʰˍʰ ˉˇˎ ˉˊˇʷˊ˔ˇ˄ˍʰʽ ʰˉˈ ˎ˕ʹ˂ˈˍʶˊʹ ʻʶˊ˃ˇˁˊʰˋʾʰ 

ʴʶʴˇ˄ˈˌ ˉˇˎ ʶˉʾˋʹˌ ʰˉˇʵʶʽˁ˄ˏʶʽ ˉ˖ˌ ʹ ˋˎʴˁʷ˄ˍˊ˖ˋʹ ˍ˖˄ ˁʶ˄˗˄Σ ʹ ˇˉˇʾʰ ʶʾ˄ʰʽ ʶˁʻʶˍʽˁʺ  

ˋˎ˄ʱˊˍʹˋʹ ˍʹˌ ʻʶˊ˃ˇˁˊʰˋʾʰˌΣ ʶˉʽʵˊʱ ˋʹ˃ʰ˄ˍʽˁʱ ˋˍʹ ʻʶˊ˃ʽˁʺ ˁʰˍʶˊʴʰˋʾʰ ˍʹˌ ʴʺˊʰ˄ˋʹˌ. 

ɮˁˈ˃ʹ, ʰ˄ ʹ ˕ˏ˅ʹ ʵʽʰˁˇˉʶʾ ˋʶ ˁʱˉˇʽʰ ʶ˄ʵʽʱ˃ʶˋʹ ʻʶˊ˃ˇˁˊʰˋʾʰ ˁʰʽ ʵʹ˃ʽˇˎˊʴʹʻˇˏ˄ ˄ʷʶˌ 

ˋˎ˄ʻʺˁʶˌ ʽˋˇˊˊˇˉʾʰˌΣ ʹ ˍʰ˔ˏˍʹˍʰ ˉʱ˂ʽ ʶ˂ʰˍˍ˗˄ʶˍʰʽΦ ʃʰˊˈ˃ˇʽʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ 

ˉʰˊʰˍʹˊˇˏ˄ˍʰʽ ˃ʶ ˃ʶʾ˖ˋʹ ˍˇˎ ˊˎʻ˃ˇˏ ˕ˏ˅ʹˌ ʰˉˈ ˍʹ ʻʶˊ˃ˇˁˊʰˋʾʰ ʵʽʰ˂ˏ˃ʰˍˇˌΦ ɽˈʴ˖ ˍˇˎ 

˒ʰʽ˄ˇ˃ʷ˄ˇˎ ʰˎˍˇˏ, ˋʶ ˉˊˇ˒ʾ˂ ˃ʶ ˍ˃ʺ˃ʰˍʰ ˃ʽˁˊˇˏ ˁʰʽ ˃ʶʴʱ˂ˇˎ ˉʱ˔ˇˎˌ ˋˎ˔˄ʱ ˋˎ˄ʰ˄ˍʱˍʰʽ 

ʰ˄ˇ˃ˇʽˇʴʷ˄ʶʽʰ ˋˍʽˌ ˃ʹ˔ʰ˄ʽˁʷˌ ʽʵʽˈˍʹˍʶˌΦ    
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 ɶ ʵʽʱ˔ˎˋʹ ˍ˖˄ ʰˍˈ˃˖˄ ˋʶ ˁˊʱ˃ʰˍʰ ʰ˄ˍʽˁʰˍʱˋˍʰˋʹˌ ˉˊʰʴ˃ʰˍˇˉˇʽʶʾˍʰʽ ˃ʷˋ˖ ʵʽʱ˔ˎˋʹˌ 

ˍ˖˄ ˁʶ˄˗˄ ʻʷˋʶ˖˄ ˋˍˇ ˉ˂ʷʴ˃ʰΦ ʆˇ ʴʶʴˇ˄ˈˌ ̄ ˖ˌ ˋʶ ʷ˄ʰ ˁˊʱ˃ʰ ʹ ʶ˄ʷˊʴʶʽʰ ʶ˄ʶˊʴˇˉˇʾʹˋʹˌ ʴʽʰ 

ʵʽʱ˔ˎˋʹ ˍ˖˄ ʰˍˈ˃˖˄ ˍˇˎ ˃ʶˍʱ˂˂ˇˎ ˉˇˎ ʰˉˇˍʶ˂ʶʾ ˍˇ˄ ʵʽʰ˂ˏˍʹ ʶʾ˄ʰʽ ˃ʶʴʰ˂ˏˍʶˊʹ ˍʹˌ  

ʶ˄ʷˊʴʶʽʰˌ ˉˇˎ ʰˉʰʽˍʶʾˍʰʽ ʴʽʰ ˍʹ ˃ʶˍʰˁʾ˄ʹˋʹ ˍ˖˄ ˅ʷ˄˖˄ ʰˍˈ˃˖˄ ʰˉˇʵʶʽˁ˄ˏʶʽ ˈˍʽ ˇʽ ˁʶ˄ʷˌ 

ʻʷˋʶʽˌ ˋˎʴˁʶ˄ˍˊ˗˄ˇ˄ˍʰʽ ˉˊˇˍʽ˃ʹˍʷʰ ʴˏˊ˖ ʰˉˈ ˍʽˌ ʻʷˋʶʽˌ ˍ˖˄ ʰˍˈ˃˖˄ ʰ˄ˍʽˁʰˍʱˋˍʰˋʹˌ 

ʰˉˇˍʶ˂˗˄ˍʰˌ ̫ ˄ʰ ʶʾʵˇˌ ζˉʰʴʾʵʰˌη ˍˇˎˌ (63).   

ɶ ˋˎ˄ʶʽˋ˒ˇˊʱ ˍ˖˄ ˁʶ˄˗˄ ˉ˂ʶʴ˃ʰˍʽˁ˗˄ ʻʷˋʶ˖˄ ʵʶ˄ ʶʾ˄ʰʽ ʹ ʾʵʽʰ ˋʶ ˈ˂ʰ ˍʰ ˁˊʱ˃ʰˍʰ ˍˈˋˇ 

ˋˍʹ˄ ˍʶ˔˄ʹˍʺ ˈˋˇ ˁʰʽ ˋˍʹ ˒ˎˋʽˁʺ ʴʺˊʰ˄ˋʹ. ɮ˄ʰ˒ˇˊʽˁʱ ˃ʶ ˍʶ˔˄ʹˍʺ ʴʺˊʰ˄ˋʹ ʰ˄ʰ˒ʷˊʶˍʰʽ ˍˇ 

ʶ˅ʺˌ ˉʰˊʱʵʶʽʴ˃ʰ-ˋ ʁˁˊʱ˃ʰˍʰ Al-4%Cu ˃ʶˍʱ ʰˉˈ ʻʶˊ˃ʽˁʺ ˁʰˍʶˊʴʰˋʾʰ ʵʽʰ˂ˎˍˇˉˇʾʹˋʹˌ ˁʰʽ 

ʲʰ˒ʺˌΣ ʴʺˊʰ˄ˋʹ ˋˍˇˎˌ нллˇC ʶˉʽ˒ʷˊʶʽ ˍʰ˔ʶʾʰ ˋˎˋˋ˗ˊʶˎˋʹ ˁʰʽ ʰˉ˗˂ʶʽʰ ˍ˖˄ ˁʶ˄˗˄ ʻʷˋʶ˖˄ 

ˋʶ ˈˊʽʰ ˁˈˁˁ˖˄ ˂ˈʴ˖ ˍʹˌ ˃ʶʴʰ˂ˏˍʶˊʹˌ ˁʽ˄ʹˍʽˁˈˍʹˍʰˌ ˉˇˎ ʷ˔ˇˎ˄ ˋˍʹ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ 

ʻʶˊ˃ˇˁˊʰˋʾʰ ˋˎʴˁˊʽˍʽˁʱ ˃ʶ ˍʰ ʱˍˇ˃ʰ ˍˇˎ Cu ˃ʶ ʰˉˇˍʷ˂ʶˋ˃ʰ ˋʹ˃ʰ˄ˍʽˁʺ ʶˉʽʲˊʱʵˎ˄ˋʹ ˍʹˌ 

ʵʽʰʵʽˁʰˋʾʰˌ ʴʺˊʰ˄ˋʹˌ. ʅ˔ʶˍʽˁʱ ˃ʶ ˍʹ ˒ˎˋʽˁʺ ʴʺˊʰ˄ˋʹ ʰ˄ʰ˒ʷˊʶˍʰʽ ʹ ʵʽʰ˒ˇˊʱ ˃ʶˍʰ˅ˏ  ˍ˖˄ 

ˁˊh˃ʱˍ˖˄ Al-Cu-Mg  ˁʰʽ Al-4%Cu. ʆˇ ˉˊ˗ˍˇ ʶ˃˒ʰ˄ʾʸʶʽ ˋʹ˃ʰ˄ˍʽˁʱ ˃ʶʴʰ˂ˏˍʶˊʹ ʰˏ˅ʹˋʹ ˍʹˌ 

ˋˁ˂ʹˊˈˍʹˍʰˌ ˃ʶ ˒ˎˋʽˁʺ ʴʺˊʰ˄ˋʹΣ ˋˎʴˁˊʽˍʽˁʱ ˃ʶ ˍˇ ʵʶˏˍʶˊˇ ˁˊʱ˃ʰΣ ˁʰʻ˗ˌ ˍʰ ʱˍˇ˃ʰ Mg 

ʰˉˇˍʶ˂ˇˏ˄ ζˉʰʴʾʵʶˌη ˁʶ˄˗˄ ˉ˂ʶʴ˃ʰˍʽˁ˗˄ ʻʷˋʶ˖˄ όʶ˃ˉˇʵʾʸˇˎ˄ ˍʹ ˃ʶˍʰˁʾ˄ʹˋʹ ˍˇˎˌύ 

ʵʽʶˎˁˇ˂ˏ˄ˇ˄ˍʰˌ ʷˍˋʽ ˍʹ ˃ʶˍʰˁʾ˄ʹˋʹ ˍ˖˄ ʰˍˈ˃˖˄ Cu ̄ ˊˇˌ ˋ˔ʹ˃ʰˍʽˋ˃ˈ ˍ˖˄ ʸ˖˄˗˄ GP (60).   

ʁ ˔ˊˈ˄ˇˌ ˉˇˎ ʰˉʰʽˍʶʾˍʰʽ ʴʽʰ ˍʹ˄ ʶˉʾˍʶˎ˅ʹ ˍʹˌ ˋˎʴˁʷ˄ˍˊ˖ˋʹˌ ʽˋˇˊˊˇˉʾʰˌ ˍ˖˄ ˁʶ˄˗˄ 

ˉ˂ʶʴ˃ʰˍʽˁ˗˄ ʻʷˋʶ˖˄ ʶʾ˄ʰʽ ˃ʶʴʱ˂ˇˌ ʴʽʰ ˔ʰ˃ʹ˂ʷˌ ʻʶˊ˃ˇˁˊʰˋʾʶˌ ˁʰʽ ˋˏ˄ˍˇ˃ˇˌ ˋʶ ˎ˕ʹ˂ʷˌ, 

ʰ˂˂ʱ ˋʶ ˁʱʻʶ ˉʶˊʾˉˍ˖ˋʹ ˃ʷˋ˖ ʵʽʱ˔ˎˋʹˌ ˃ʶˍʰ˄ʰˋˍʶˏˇˎ˄ ˋʶ ʴʶʽˍˇ˄ʽˁʷˌ ˉʶˊʽˇ˔ʷˌ ˇˊʾ˖˄ 

ˁˈˁˁ˖˄ ˁʰʽ ʱ˂˂˖˄ ʵʽʶˉʽ˒ʰ˄ʶʽ˗˄ (64)Φ ɶ ˁʾ˄ʹˋʹ ˍˇˎˌ ˋˎ˄ˍʶ˂ʶʾˍʰʽ ˃ʷˋ˖ ʵʽʰʵˇ˔ʽˁ˗˄ ʰ˂˃ʱˍ˖˄ 

ʰˍˈ˃˖˄ ˋˍʽˌ ʻʷˋʶʽˌ ʰˎˍʷˌ ˃ʶ ˊˎʻ˃ˈ ˉˇˎ ʶʾ˄ʰʽ ʶˁʻʶˍʽˁʺ ˋˎ˄ʱˊˍʹˋʹ ˍʹˌ ʻʶˊ˃ˇˁˊʰˋʾʰˌ ˁʰʽ 

ʰ˄ʱ˂ˇʴˇˌ ˃ʶ ʷ˄ʰ ˋˎ˄ˍʶ˂ʶˋˍʺ ɮ ˉˇˎ ʶ˅ʰˊˍʱˍʰʽ ʰˉˈ ˍˇ˄ ʰˊʽʻ˃ˈ ˍ˖˄ ʰˍˈ˃˖˄ ˉˇˎ ʴʶʽˍ˄ʽʱʸˇˎ˄ 

˃ʶ ˍʹ ˁʶ˄ʺ ʻʷˋʹ ˁʰʽ ˍʹ ˋˎ˔˄ˈˍʹˍʰ ʵˈ˄ʹˋʹˌ ˍ˖˄ ʰˍˈ˃˖˄Φ ʂˋˇ ʶ˄ˍˇ˄ˈˍʶˊʹ ʶʾ˄ʰʽ ʹ ʵˈ˄ʹˋʹΣ 

ˍˈˋˇ ˃ʶʴʰ˂ˏˍʶˊʹ ʶʾ˄ʰʽ ˉʽʻʰ˄ˈˍʹˍʰ ˄ʰ ˉˊʰʴ˃ʰˍˇˉˇʽʹʻʶʾ ˍˇ ʱ˂˃ʰ (65).  

1.7 ɫʔʂʈɻʐʅʎʈʝʏ ʁʖʉʡʉ GPȟ ʆɻʃʚʁʂʎʂ ʒʗʎʀʖʉ ʎʑʉʋʔʙʏ ʆɻʅ 

ʂʈʅʎʑʉʋʔʙʏ 

ʅʶ ˉˇ˂˂ʷˌ ˃ʶ˂ʷˍʶˌ ʷ˔ˇˎ˄ ʵʽʰˉʽˋˍ˖ʻʶʾ ʵˏˇ ʶʾʵʹ ˋˎ˃ˉ˂ʶʴ˃ʱˍ˖˄ ˉˇˎ ˋ˔ʹ˃ʰˍʾʸˇ˄ˍʰʽ ˉˊʽ˄ 

ˍʹ ˒ʱˋʹ ʲ˘˘Φ ʆʰ ˍˏˉˇˎ όɹύ ʰˉˇˍʶ˂ˇˏ˄ˍʰʽ ˁˎˊʾ˖ˌ ʰˉˈ SiΣ ʶ˄˗ ˍʰ ˍˏˉˇˎ όɹɹύ ʰˉˈ Si ˁʰʽ MgΦ ɱʽʰ 

ˍʹ˄ ʰˉˇ˒ˎʴʺ ˍʹˌ ʶˉʾʵˊʰˋʹˌ ˍʹˌ ˒ˎˋʽˁʺˌ ʴʺˊʰ˄ˋʹˌ ʰˉʰʽˍʶʾˍʰʽ ˇ ˋ˔ʹ˃ʰˍʽˋ˃ˈˌ ˍ˖˄ ˍˏˉˇˎ όɹɹύ 

ˉˊʽ˄ ˍˇ ˋ˔ʹ˃ʰˍʽˋ˃ˈ ˍ˖˄ ˍˏˉˇˎ όɹύΦ ʁ Kim (66) ʵʽʰˉʾˋˍ˖ˋʶ ˉ˖ˌ ˋˍʰ ˉˊ˗ˍʰ ˋˍʱʵʽʰ ˍʹˌ 
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˒ˎˋʽˁʺˌ ʴʺˊʰ˄ˋʹˌ ʵʹ˃ʽˇˎˊʴˇˏ˄ˍʰʽ ˋˎ˃ˉ˂ʷʴ˃ʰˍʰ ʰˍˈ˃˖˄ ˉ˂ˇˏˋʽʰ ˋʶ Si ˁʰʽ ˃ʶˍʱ ʰˎˍʱ 

ʶ˃ˉ˂ˇˎˍʾʸˇ˄ˍʰʽ ˃ʶ ˍʰ ˉʽˇ ʵˎˋˁʾ˄ʹˍʰ ʱˍˇ˃ʰ Mg. ʆˇ ˉ˂ʺʻˇˌ ˍ˖˄ ˋˎ˃ˉ˂ʶʴ˃ʱˍ˖˄ ʰˎ˅ʱ˄ʶˍʰʽ ˃ʶ 

ˍˇ ˉˇˋˇˋˍˈ ˁˊʰ˃ʱˍ˖ˋʹˌ ˋʶ Mg ˁʰʽ {ƛ ˁʰʽ ʴʽʰ ˂ˈʴˇˎˌ Mg/SiҐмΦ ʅʶ ʶˊʴʰˋʾʰ ˍˇˎ V. Fallah (67) 

ˁʰˍʰʴˊʱ˒ˇ˄ˍʰʽ ˉʰˊˈ˃ˇʽʰ ˋˎ˃ˉʶˊʱˋ˃ʰˍʰ ˁʰʽ ʶˉʽˉ˂ʷˇ˄ ˋʹ˃ʶʽ˗˄ʶˍʰʽ ʹ ʱ˃ʶˋʹ ˋˎˋ˔ʷˍʽˋʹ 

ˍ˖˄ ʻʷˋʶ˖˄ ˉˎˊʺ˄˖ˋʹˌ ˍ˖˄ ˋˎ˃ˉ˂ʶʴ˃ʱˍ˖˄ ˁʰʽ ˍ˖˄ ʸ˖˄˗˄ GP ˃ʶ ˉˊˇːˉʱˊ˔ˇˎˋʶˌ ʰˍʰ˅ʾʶˌ. 

ʅʶ ˁʱʻʶ ˉʶˊʾˉˍ˖ˋʹ ʹ ʵʽʰʵʽˁʰˋʾʰ ˍʹˌ ˁʰˍʰˁˊʺ˃˄ʽˋʹˌ ˋ˔ʶˍʾʸʶˍʰʽ ˁʰʽ ʶ˂ʷʴ˔ʶˍʰʽ ʰˉˈ 

˒ʰʽ˄ˈ˃ʶ˄ʰ ʵʽʱ˔ˎˋʹˌ (63).  

ɼʰˍʱ ˍˇ˄ Rometsch (68) ʵʽʱˁˊʽˋʹ ˃ʶˍʰ˅ˏ ˍ˖˄ ˒ʱˋʶ̟˄ ˋˎ˄ˇ˔ʺˌ ˁʰʽ ʹ˃ʽˋˎ˄ˇ˔ʺˌ ˃ˉˇˊʶʾ 

˄ʰ ɹʾ ˄ʶʽ ˃ʶ ʲʱˋʹ ˍˇ˄ ʰˊʽʻ˃ˈ ˍ˖˄ ʰˍˈ˃˖˄ ʰˉˈ ˍʰ ˇˉˇʾʰ ʰˉˇˍʶ˂ˇˏ˄ˍʰʽ ˖ˌ ʶ˅ʺˌ: όʰύ 

ˋˎ˃ˉ˂ʷʴ˃ʰˍʰ ʰˍˈ˃˖˄ όғмст ʱˍˇ˃ʰύΣ όʲύ ʸ˗˄ʶˌ  ˋˎ˄ˇ˔ʺˌ όмст-рлл ʱˍˇ˃ʰύ ˁʰʽ όʴύ 

ˁʰˍʰˁˊʹ˃˄ʾˋ˃ʰˍʰ όҔрлл ʱˍˇ˃ʰύΦ ʁʽ Guinier ˁʰʽ Lambot ˋʶ ˉʰ˂ʽˈˍʶˊʹ ʷˊʶˎ˄ʰΣ ʰ˄ʷ˒ʶˊʰ˄ 

ˉ˖ˌ ˇʽ ʸ˗˄ʶˌ GP ˋˎ˄ʾˋˍʰ˄ˍʰʽ ʰˉˈ ˃ʽʰ ˋʶʽˊʱ ʰˍˈ˃˖˄ Si, ˇˊʽˇʻʶˍʹ˃ʷ˄ʹˌ ˃ʶˍʰ˅ˏ ʵˏˇ ˋʶʽˊ˗ ˄

ʰˍˈ˃˖˄ Mg ˃ ʶ ˉ˂ʱˍˇˌ мл-нл), ˃ ʺˁˇˌ Ϥмлл) ˁʰʽ ˃ ʷˋʹ ˉˎˁ˄ˈˍʹˍʰ н-5x1015/cm3Φ ɾʁ ʴʺˊʰ˄ˋʹ 

ˉʰˊʰˍʹˊʺʻʹˁʶ ʰˏ˅ʹˋʹ ˍ˖˄ ʵʽʰˋˍʱˋʶ˖˄ ˍˇˎˌ ˁʰʽ ˍʰˎˍˈ˔ˊˇ˄ʹ ʶ˂ʱˍˍ˖ˋʹ ˍʹˌ ˉˎˁ˄ˈˍʹˍʰˌ ˋʶ 

1013/cm3. 

ʁʽ ˒ʱˋʶʽˌ ʲ˘˘ ʰˉˇˍʶ˂ˇˏ˄ˍʰʽ ʰˉˈ ˇ˃ʱʵʶˌ ʲʶ˂ˇ˄ˇʶʽʵ˗˄ ˋ˖˃ʰˍʽʵʾ˖˄Σ 

ˉˊˇˋʰ˄ʰˍˇ˂ʽˋ˃ʷ˄˖˄ ˋˍʽˌ о ʽˋˇʵˏ˄ʰ˃ʶˌ ʵʽʶˎ̒ ˏ˄ˋʶʽˌ ғмллҔ ˍʹˌ ˃ʺˍˊʰˌ AlΣ ˃ʶ ˃ʷˋˇ ˃ʺˁˇˌ 

20-40nm ˁʰʽ ʵʽʱ˃ʶˍˊˇ пnmΦ ʂˋˇ ˂ʶˉˍˇ˃ʶˊʷˋˍʶˊʶˌ ʶʾ˄ʰʽ ˁʰʽ ˈˋˇ ˃ʶʴʰ˂ˏˍʶˊʹ ʹ ̄ˎ ˁ˄ˈˍʹˍʰ 

ˍˇˎˌΣ ˍˈˋˇ ˃ʶʴʰ˂ˏˍʶˊʹ ʶʾ˄ʰʽ ˁʰʽ ʹ ˋˁ˂ʺˊˎ˄ˋʹ ˉˇˎ ˉˊˇˁʰ˂ˇˏ˄ (46)Φ ɾʶ ˍʹ˄ ˉˊˈˇʵˇ ˍʹˌ 

ʴʺˊʰ˄ˋʹˌ ʶ˄ˍˈˌ ˍʹˌ ˃ʺˍˊʰˌ, ˋˎ˄ˎˉʱˊ˔ˇˎ˄ ˇʽ ˒ʱˋʶʽˌ ʲ˘˘ ˁʰʽ ʲ˘ ˁʰʽ ˍˇ ˃ʷʴʶʻˇˌ ˍ˖˄ 

ˁʰˍʰˁˊʹ˃˄ʽˋ˃ʱˍ˖˄ ʵʽʰ˃ˇˊ˒˗˄ʶˍʰʽ ˉ˂ʷˇ˄ ˋʶ ˃̫ ˋˇ ˃ʺˁˇˌ 130nm ˁʰʽ ʵʽʱ˃ʶˍˊˇ ˃ʶʴʰ˂ˏˍʶˊʹ 

ˍ˖˄ 4nm. ɾʶ ˉʰˊʰˍʶˍʰ˃ʷ˄ʹ ʴʺˊʰ˄ˋʹ ʹ ˒ɦ ˋʹ ʲ˘, ˉˇˎ ʶʾ˄ʰʽ ʶˉʾˋʹˌ ˉˊˇˋʰ˄ʰˍˇ˂ʽˋ˃ʷ˄ʹ ˋˍʹ 

ʵʽʶˏʻˎ˄ˋʹ ғмллҔΣ ʵʽʶˎˊˏ˄ʶˍʰʽ ˋʶ ˃ʺˁˇˌ мол-420nm ˁʰʽ ʵʽʱ˃ʶˍˊˇ нлnmΦ ɶ ˎ˕ʹ˂ˈˍʶˊʹ ˍʽ˃ʺ 

ˋˁ˂ʹˊˈˍʹˍʰˌ ˍ˖˄ ˁˊʰ˃ʱˍ˖˄ ˋˎ˃ˉʾˉˍʶʽ ˃ʶ ˍʹ˄ ʶ˃˒ʱ˄ʽˋʹ ˍʹˌ ˃ʶʴʰ˂ˏˍʶˊʹ ̩ ʰʻˊˇʽˋˍʽˁʱ 

ˉˎˁ˄ˈˍʹˍʰˌΣ ˍ˖˄ ˁ ʰˍʰˁˊʹ˃˄ʽˋ˃ʱˍ˖˄ ʲ˘˘ ˁʰʽ ʲ ̆(69), (70).   

ʅˏ˃˒˖˄ʰ ˃ʶ ˍˇ˄ Y. Yan (71) ˇʽ ˒ʱˋʶʽˌ ʲ˘˘ ʷ˔ˇˎ˄ ˃ʷˋʶˌ ʵʽʰˋˍʱˋʶʽˌ пx4x50nmΣ ʰ˄ʺˁˇˎ˄ 

ˋˍˇ ˃ˇ˄ˇˁ˂ʽ˄ʷˌ ˋˏˋˍʹ˃ʰ ˃ʶ ˉʰˊʰ˃ʷˍˊˇˎˌ ˉ˂ʷʴ˃ʰˍˇˌ ƻŦ ŀҐмΦрмс ƴƳΣ ōҐлΦплр ƴƳΣ ŎҐлΦстп 

ƴƳ ˁʰʽ ʴ˖˄ʾʰ ˃ʶˍʰ˅ˏ b ˁ ʰʽ c=105.оϲΦ ɶ ˉˊˇˍʶʽ˄ˈ˃ʶ˄ʹ ʰ˄ʰ˂ˇʴʾʰ ʰˍˈ˃˖˄ ˋˍʽˌ ˒ʱˋʶʽˌ ˋˎ˄ˇ˔ʺˌ 

ʶʾ˄ʰʽ Mg5Si4Al2. ʁʽ ˒ʱˋʶʽˌ ʲ˘ ˃ʶ ˔ʹ˃ʽˁˈ ˍˏˉˇ Mg9Si5 ʷ˔ˇˎ˄ ʶ˅ʰʴ˖˄ʽˁʺ ʵˇ˃ʺ ˃ʶ ˉʰˊʰ˃ʷˍˊˇˎˌ 

ˉ˂ʷʴ˃ʰˍˇˌ a=0.715 nm ˁ ʰʽ c=1.215 nmΦ ʆˇ ˃ʷʴʶʻˇˌ ˍˇˎˌ ʶʾ˄ʰʽ ˃ʶˊʽˁʷˌ ʶˁʰˍˇ˄ˍʱʵʶˌ nm 

˃ʺˁˇˌ ˁʰʽ млnm ɻ ʽʱ˃ʶˍˊˇˌΦ   
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ʅʶ ̄hˍʷ˄ˍʰ ˍ˖˄ Tundal ˁʰʽ Oddvin (72) ˉʶˊʽʴˊʱ˒ʶˍʰʽ ʹ ʲʷ˂ˍʽˋˍʹ ʰ˄ʰ˂ˇʴʾʰ Mg/Si ˋˍʹ˄ 

ˇˉˇʾʰ ˈ˂ʹ ʹ ʵʽʰʻʷˋʽ˃ʹ ˉˇˋˈˍʹˍʰ ˍ˖˄ ˁˊʰ˃ʰˍʽˁ˗˄ ˋˍˇʽ˔ʶʾ˖˄ ˃ˉˇˊʶʾ ˄ʰ ˃ʶˍʰˍˊʰˉʶʾ ˋʶ 

˒ʱˋʶʽˌ Mg5Si6. ɶ ˉˊʰʴ˃ʰˍˇˉˇʾʹˋʹ ˍʶ˔˄ʹˍʺˌ ʴʺˊʰ˄ˋʹˌ ˋʶ ʵˏˇ ˋˍʱʵʽʰ ʰˉˇʲʰʾ˄ʶʽ ʻʶˍʽˁʺ 

˂ˈʴ˖ ˋ˔ʹ˃ʰˍʽˋ˃ˇˏ ˃ʶʴʰ˂ˏˍʶˊʹˌ ˉˎˁ˄ˈˍʹˍʰˌ ˁʰˍʰˁˊʹ˃˄ʾˋ˃ʰˍʰ Mg-SiΦ ɶ ʵʽʰʵʽˁʰˋʾʰ ˍʹˌ 

ʻʶˊ˃ʽˁʺˌ ˁʰˍʶˊʴʰˋʾʰˌ ʵʶ ˃ˉˇˊʶʾ ˄ʰ ˉˊʰʴ˃ʰˍˇˉˇʽʹʻʶʾ ˋˍʹ˄ ˔ʰ˃ʹ˂ʺ ʻʶˊ˃ˇˁˊʰˋʾʰ ˍʹˌ 

ˉˊˇʴʺˊʰ˄ˋʹˌ ˂ˈʴ˖ ˍʹˌ ʰˉʰʽˍˇˏ˃ʶ˄ʹˌ ʵʽʱˊˁʶʽʰˌ ˁʰʽ ˍʹˌ ˃ʽˁˊʺˌ ʵˎ˄ʰ˃ʽˁˈˍʹˍʰˌ ˍˇˎ 

˒ˇˏˊ˄ˇˎΦ ʅˎ˄ʷ˔ʽˋʹ ˍʹˌ ʴʺˊʰ˄ˋʹˌ ˋʶ ˎ˕ʹ˂ˈˍʶˊʹ ʻʶˊ˃ˇˁˊʰˋʾʰ ʶˎ˄ˇʶʾ ˍʹ˄ ʰ˄ʱˉˍˎ˅ʹ ˍ˖˄ 

ʺʵʹ ˋ˔ʹ˃ʰˍʽˋ˃ʷ˄˖˄ ˋ˖˃ʰˍʽʵʾ˖˄Φ ʅˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ʰˎˍʺ ʰˉʰʽˍʶʾˍʰʽ ˇ ˊˎʻ˃ˈˌ ʰˏ˅ʹˋʹˌ ˍʹˌ 

ʻʶˊ˃ˇˁˊʰˋʾʰˌ ˄ʰ ʶʾ˄ʰʽ ˃ʽˁˊˈˌ ˗ˋˍʶ ˄ʰ ʰˉˇ˒ʶˎ˔ʻʶʾ ʵʽʰ˂ˎˍˇˉˇʾʹˋʹ ˍ˖˄ ˃ʽˁˊˈˍʶˊ˖˄ 

˒ʱˋʶ˖˄Φ     

ʆʰ ˉ˂ʶˇ˄ʶˁˍʺ˃ʰˍʰ ˍʹˌ ʽˋˇˊˊˇˉʹ˃ʷ˄ʹˌ ʰ˄ʰ˂ˇʴʾʰˌ Mg/SiΣ ʽʵʽʰʾˍʶˊʰ ʴʽʰ ˍʹ ˋˎ˃ˉʶˊʽ˒ˇˊʱ 

ˋʶ ˁˊˇˏˋʹ ʰ˄ʰ˒ʷˊˇ˄ˍʰʽ ˁʰʽ ˋʶ ˉʰˍʷ˄ˍʰ ˍʹˌ AlerisΦ ɼˊʱ˃ʰ ˃ʶ ˉʶˊʾˋˋʶʽʰ Mg  ̋Si ʴʾ˄ʶˍʰʽ 

ʶˎʰʾˋʻʹˍˇ ˋˍʹ ʲʰ˒ʺ ˁʰʽ ʵʽʰˍʹˊʶʾ ʵˏˋˁˇ˂ʰ ˍʰ ˁˊʰ˃ʰˍʽˁʱ ˋˍˇʽ˔ʶʾʰ ˋʶ ʵʽʱ˂ˎˋʹ (28).  

1.8 ɝʂʈʅʋʑʍɾʚɻ ʁʖʉʡʉ ʔʖʍʚʏ ʆɻʐɻʆʍʂʈʉʚʎʈɻʐɻ ɉɟɯɣɊ (precipitate  

free  zones-PFZs) ʎʐɻ ʝʍʅɻ ʐʖʉ ʆʝʆʆʖʉ ʆɻʅ ʌʀʍʅʆʍʑʎʐɻʇʇʅʆʙ 

ʀʑɻʅʎʃʂʐʋʌʋʚʂʎʂ 

ɶ ʻʶˊ˃ʽˁʺ ˁʰˍʶˊʴʰˋʾʰ ʴʺˊʰ˄ˋʹ,̩ ʽʵʾ˖ˌ ˋʶ ˎ˕ʹ˂ʷˌ ʻʶˊ˃ˇˁˊʰˋʾʶˌ όˉΦ˔Φ ʱ˄˖ ˍ˖˄ ннлˇC) 

ʶˉʽ˒ʷˊʶʽ ʴˊʺʴˇˊʹ ˋˎˋˋ˗ˊʶˎˋʹ ˁʰʽ ʰˉ˗˂ʶʽʰ ˃ʶʴʱ˂ˇˎ ʰˊʽʻ˃ˇˏ ˁʶ˄˗˄ ˉ˂ʶʴ˃ʰˍʽˁ˗˄ ʻʷˋʶ˖˄ 

ˉʱ˄˖ ˋˍʰ ˈˊʽʰ ˁˈˁˁ˖˄Σ ˍʰ ˇˉˇʾʰ ʶʾ˄ʰʽ ʻʶˊ˃ˇʵˎ˄ʰ˃ʽˁʱ ˉʽˇ ʰˋˍʰʻʶʾˌ ˉʶˊʽˇ˔ʷˌ ʰˉˈ ˍˇ 

ʶˋ˖ˍʶˊʽˁˈ ˍ˖˄ ˁˊˎˋˍʱ˂˂˖˄Σ ʰˉˈ ˍʽˌ ˉʰˊʰˁʶʾ˃ʶ˄ʶˌ ˉʶˊʽˇ˔ʷˌ, ˋˍʽˌ ˇˉˇʾʶˌ ˁʰʻʾ̀ ˍʰˍʰʽ ˉ˂ʷˇ˄ 

ʲˊʰʵˏˍʶˊˇ̩  ̌ˋ˔ʹ˃ʰˍʽˋ˃ˈ ̩˒ʱˋʶ˖˄ ˋˎ˄ˇ˔ʺˌ. ɮˎˍˈ ˋˎ˃ʲʰʾ˄ʶʽ ˁʰʻ˗ˌ ʹ ˍʰ˔ˏˍʹˍʰ ʵʽʱ˔ˎˋʹˌ 

ˍ˖˄ ˁʶ˄˗˄ ʻʷˋʶ˖˄ ʶʾ˄ʰʽ ˃ʶʴʰ˂ˏˍʶˊʹ ʰˎˍʺˌ ˍ˖˄ ʰˍˈ˃˖˄ ʰ˄ˍʽˁʰˍʱˋˍʰˋʹˌΦ ʆˇ ʰˉˇˍʷ˂ʶˋ˃ʰ 

ʶʾ˄ʰʽ ʹ ʁ˃˒ʱ˄ʽˋʹ ζʰˉˇʴˎ˃˄˖˃ʷ˄˖˄η ʰˉˈ ˁʰˍʰˁˊʹ˃˄ʾˋ˃ʰˍʰ ʸ˖˄˗˄ (PFZs)Σ ˍˇ ˉ˂ʱˍˇˌ ˍ˖˄ 

ˇˉˇʾ˖˄ ʶʾ˄ʰʽ ʰ˄ʱ˂ˇʴˇ ̱ ʹ̩ ̒ ʶˊ˃ˇˁˊʰˋʾʰ ̩ɹ ʺˊʰ˄ˋʹˌ (ʅ˔ʺ˃ʰ 14) (73).  

ɶ ʶ˅ʾˋ˖ˋʹ ˉˇˎ ˉʶˊʽʴˊʱ˒ʶʽ ˍʹ ʵʽʱ˔ˎˋʹ ˍˈˋˇ ʶ˄ˍˈˌ ˍ˖˄ ˁˈˁˁ˖˄ ˈˋˇ ˁʰʽ ˋˍʽˌ 

ˉʶˊʽˁˊˎˋˍʰ˂˂ʽˁʷˌ ʻʷˋʶʽˌ ʷ˔ʶʽ ˍʹ˄ ʾʵʽʰ ˃ˇˊ˒ʺΥ  

D = A * Ὡ Ⱦ  , 

ˈˉˇˎ ˇʽ ˋˎ˄ˍʶ˂ʶˋˍʷˌ ɮ ˁʰʽ Q ʶʾ˄ʰʽ ʰ˄ʶ˅ʱˊˍʹˍˇʽ ˍʹˌ ʻʶˊ˃ˇˁˊʰˋʾʰˌΣ R ʺ ˋˍʰʻʶˊʱ ˍ˖˄ 

ʰʶˊʾ˖˄ ˁʰʽ ʆ ʹ ʰˉˈ˂ˎˍʹ ʻʶˊ˃ˇˁˊʰˋʾʰΦ ʁ ˋˎ˄ˍʶ˂ʶˋˍʺˌ Q ʰˉˇˍʶ˂ʶʾ ˃ʷˍˊˇ ˍʹˌ ʰˉʰʽˍˇˏ˃ʶ˄ʹˌ 

ʶ˄ʷˊʴʶʽʰˌ  ʶ˄ʶˊʴˇˉˇʾʹˋʹˌ ʴʽʰ ˍʹ ˃ʶˍʰˉʺʵʹˋʹ ˍ˖˄ ʰˍˈ˃˖˄ ˁʰʽ ˂ʰ˃ʲʱ˄ʶʽ ˔ʰ˃ʹ˂ˈˍʶˊʶˌ ˍʽ˃ʷˌ 
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ʴʽʰ ˍʰ  ˈˊʽʰ ˁˈˁˁ˖˄Σ ˃ʶ ˍʹ ʵʽʰ˒ˇˊʱ ˄ʰ ˃ʹ˄ ʶʾ˄ʰʽ ʹ ʾʵʽʰ ʴʽʰ ˈ˂ʰ ˍʰ ˃ʷˍʰ˂˂ʰ ˁʰʽ ˍʰ ʱˍˇ˃ʰ 

ʰ˄ˍʽˁʰˍʱˋˍʰˋʹˌ (63). 

 

ʅ˔ʺ˃ʰ 14 ɾʽˁˊˇʵˇ˃ʺ ʵʶʾʴ˃ʰˍˇˌ 8hмтлɱAC (˃ʶˍʱ ʰˉˈ ˔ʹ˃ʽˁʺ ˉˊˇˋʲˇ˂ʺ ˃ʶ лΣр҈HF. 

ʃʰˊʰˍʹˊʶʾˍʰʽ ʶˁˍʶˍʰ˃ʷ˄ˇˌ ˋ˔ʹ˃ʰˍʽˋ˃ˈˌ PFZs (˂ʶˎˁʷˌ ʸ˗˄ʶˌ ˋˍʰ ˈˊʽʰ ˁ ˈˁˁ˖˄ύ.  

ɶ ʵʹ˃ʽˇˎˊʴʾʰ ˍ˖˄ ʸ˖˄˗˄ ˃ˉˇˊʶʾ ʰˁˈ˃ʹ ˄ʰ ̄́ ˇˁ˂ʹʻʶʾ ʶˉʾˋʹˌ ʰˉˈ ʰˊʴʺ ˕ˏ˅ʹ ʰˉˈ ˍʹ 

ʻʶˊ˃ˇˁˊʰˋʾʰ ˋˍʶˊʶˇˏ ʵʽʰ˂ˏ˃ʰˍˇˌ όslow/air cooling)Φ ʁ M. De Haas (74) ʵʽʰˉʾˋˍ˖ˋʶ ˍˇ 

ˋ˔ʹ˃ʰˍʽˋ˃ˈ PFZs ˃ʶ ʶˏˊˇˌ орnm ˁʰʽ нулnm, ˋʶ ʵˇˁʾ˃ʽ hˁˊʱ˃ʰˍˇˌ слсм ˁʰʽ ˉʱ˔ˇˎˌ мΣоmm 

ˉˇˎ ˎˉʷˋˍʹˋʰ˄ ʲʰ˒ʺ ˁʰʽ ʰˊʴʺ ˕ˏ˅ʹ ʰ˄ˍʾˋˍˇʽ˔ʰΣ ˃ʶˍʱ ʰˉˈ ɹ̋ ˊʰ˄ˋʹ но ˖ˊ˗˄ ˋʶ 

ʻʶˊ˃ˇˁˊʰˋʾʰ мслˇC. ɶ ʵʽʰ˒ˇˊʱ ˋˍʹ ˃ʽˁˊˇʵˇ˃ʺ ʶʾ˔ʶ ʶˉʾʵˊʰˋʹ ˋˍʹ˄ ˍʽ˃ʺ ˍʹˌ 

ˉʰˊʰ˃ˈˊ˒˖ˋʹ ̩ʻˊʰˏˋʹˌ ˉˇˎ ʺˍʰ˄ ˁʰˍʱ пΣр҈ ˃ʽˁˊˈˍʶˊʹ ˋˍˇ ʵˇˁʾ˃ʽˇ ˃ʶ ʰˊʴʺ ˕ˏ˅ʹΣ ˍˇ 

ˇˉˇʾˇ ˉh ˊʱ˂˂ʹ˂ʰ ʶˁʵʺ˂˖ˋʶ ˁʰʽ ˃ʶʴʰ˂ˏˍʶˊˇ ˉˇˋˇˋˍˈ ˉʶˊʽˁˊˎˋˍʰ˂˂ʽˁʺˌ ʻˊʰˏˋʹˌ. ʁ 

ˋˎʴʴˊʰ˒ʷʰˌ ʰ˄ʰ˒ʷˊʶʽ ˋ˔ʶˍʽˁʱ ˉ˖ˌ  ́ʵʽʱʵˇˋʹ ˍʹˌ ˊ˖ʴ˃ʱˍ˖ˋʹˌ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʶ ˃ʶ 

ˋ˔ʶˍʽˁʺ ˃ʶˍʰˍˈˉʽˋʹ ˍ˖˄ ˇˊʾ˖˄ ˁˈˁˁ˖˄ ˖ˌ ʰˉˇˍʷ˂ʶˋ˃ʰ ˍʹˌ ˉˊˇˍʽ˃ʹˍʷʰˌ ˉʰˊʰ˃ˈˊ˒˖ˋʹˌ 

ˍ˖˄ ˋ˔ʶˍʽˁʱ ζ˃ ʰ˂ʰˁ˗˄η PFZs. ʅˏ˃˒̟ ˄ʰ ˃ʶ ˍˇ˄ F. Afonskii (75),  ́ ˉʰˊʰ˃ˈˊ˒˖ˋʹ ˉˇˎ 

ˎ˒ʾˋˍʰ˄ˍʰʽ ˇ ̔ PFZs ʶ˅ʰˊˍʱˍʰʽ ʰˉˈ ˍˇ˄ ˉˊˇˋʰ˄ʰˍˇ˂ʽˋ˃ˈ ˍ˖˄ ˁˈˁˁ˖˄ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍʹ 

ʵʽʶˏʻˎ˄ˋʹ ˁˏˊʽʰˌ ˍʱˋʹˌ ˁʰʻ˗ˌ ˁʰʽ ˍˇ˄ ˁˊˎˋˍʰ˂˂ˇʴˊʰ˒ʽˁˈ ˉˊˇˋʰ˄ʰˍˇ˂ʽˋ˃ˈ ˍ˖˄ ˁˈˁˁ˖˄ 

˃ʶˍʰ˅ˏ ˍˇˎˌΦ  
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ʅˏ˃˒˖˄ʰ ˃ʶ ˃ʽʰ ʱ˂˂ʹ ʶˊ˃ʹ˄ʶʾʰ ˉʶˊʾ ˍʹˌ ʵʹ˃ʽˇˎˊʴʾʰˌ ˍ˖˄ PFZs ˁʰʻ˗ˌ ˁʰˍʱ ˍʹ ʴʺˊʰ˄ˋʹ 

ʹ ˋˎʴˁʷ˄ˍˊ˖ˋʹ ˍ˖˄ ʶ˄ ʵʽʰ˂ˏˋʶʽ ˁˊʰ˃ʰˍʽˁ˗˄ ˋˍˇʽ˔ʶʾ˖˄ ʶʾ˄ʰʽ ʹ ʾʵʽʰ ˉʰ˄ˍˇˏ ˍˈˋˇ ˋˍʰ ˈˊʽʰ 

ˁˈˁˁ˖˄ ˈˋˇ ˁʰʽ ˋˍˇ ʶˋ˖ˍʶˊʽˁˈ ˍˇˎˌΣ ˇ ˃ʹ ˋ˔ʹ˃ʰˍʽˋ˃ˈˌ ˋˎ˃ˉ˂ʶʴ˃ʱˍ˖˄ ˇ˒ʶʾ˂ʶˍʰʽ ˋˍˇ ˈˍʽ 

ˋˍʽˌ ʴʶʽˍ˄ʽʱʸˇˎˋʶˌ ˉʶˊʽˇ˔ʷˌ ˍ˖˄ ˇˊʾ˖˄ όʺ ʱ˂˂˖˄ ʵʽʶˉʽ˒ʰ˄ʶʽ˗˄ύ ʵʶ˄ ˅ʶˉʶˊ˄ʽʷˍʰʽ ˃ʽʰ ˁˊʾˋʽ˃ʹ 

ˍʽ˃ʺ ˎˉʶˊˁˇˊʶˋ˃ˇˏ ˍʹˌ ˋˎʴˁʷ˄ˍˊ˖ˋʹˌ ˍ˖˄ ˁʶ˄˗˄ ʻʷˋʶ˖˄Φ ɴˍˋʽΣ ˍˇ ˉ˂ʱˍˇˌ ˍ˖˄ PFZs 

ˁʰʻˇˊʾʸʶˍʰʽ ʰˉˈ ˍˇ ˉˊˇ˒ʾ˂ ˍʹˌ ˋˎʴˁʷ˄ˍˊ˖ˋʹˌ ˍ˖˄ ˁʶ˄˗˄Φ ɱʽʰ ˔ʰ˃ʹ˂ʷˌ ʻʶˊ˃ˇˁˊʰˋʾʶˌ ˋˍʽˌ 

ˇˉˇʾʶˌ ʹ ˁʽ˄ˇˏˋʰ ʵˏ˄ʰ˃ʹ ʴʽʰ ˉˎˊʺ˄˖ˋʹ ʶʾ˄ʰʽ ˎ˕ʹ˂ʺΣ ʹ ˁˊʾˋʽ˃ʹ ˍʽ˃ʺ ʶʾ˄ʰʽ ˔ʰ˃ʹ˂ʺ ˁʰʽ ˍˇ 

ˉ˂ʱˍˇˌ ˍ˖˄ ʸ˖˄˗˄ ˃ʽˁˊˈΦ ʇ˕ʹ˂ʺ ˍʰ˔ˏˍʹˍʰ ˕ˏ˅ʹˌ ʰˉˈ ˋˍʶˊʶˈ ʵʽʱ˂ˎ˃ʰ ʶˉʽ˒ʷˊʶʽ ʶˉʾˋʹˌ 

ˋˍʶ˄ʷˌ PFZs ˂ˈʴ˖ ˉʶˊʽˇˊʽˋ˃ˇˏ ˍˇˎ ˉ˂ʱˍˇˎˌ ˍˇˎ ˉˊˇ˒ʾ˂ ˋˎʴˁʷ˄ˍˊ˖ˋʹˌ ˍ˖˄ ˁʶ˄˗˄ ʴˏˊ˖ 

ʰˉˈ ˍʰ ˈˊʽʰ ˁˈˁˁ˖˄Φ ʃʰˊˈ˃ˇʽʶˌ ʸ˗˄ʶˌ ˋ˔ʹ˃ʰˍʾʸˇ˄ˍʰʽ ˁʰʽ ʴˏˊ˖ ʰˉˈ ʶʴˁ˂ʶʾˋ˃ʰˍʰ ʺ ʰˍʰ˅ʾʶˌ 

(64). 

ɶ ˃ʽˁˊˇ˃ʹ˔ʰ˄ʽˁʺ ˁʰˍʱˋˍʰˋʹ ˉˇˎ ʶˎʻˏ˄ʶˍʰʽ ʴʽʰ ˍʹ˄ ʶˁʵʺ˂˖ˋʹ ˉʶˊʽˁˊˎˋˍʰ˂˂ʽˁʺ ̩

ʻˊʰˏˋʹ ̩˔ʰˊʰˁˍʹˊʾʸʶˍʰʽ ʰˉˈ ˋʹ˃ʰ˄ˍʽˁʺ ʵʽʰ˒ˇˊʱ ˋˍʹ ˍʽ˃ʺ ˍʹˌ ˋˁ˂ʹˊˈˍʹˍʰ ̩˃ʶˍʰ˅ˏ ˍˇˎ 

ʶˋ˖ˍʶˊʽˁˇ ˏ ˍˇˎ ˁˈˁˁˇˎ ˉˇˎ ˉʶˊʽʷ˔ʶʽ ˁʰˍʰˁˊʹ˃˄ʾˋ˃ʰˍʰ (ˉʶˊʽˇ˔ʺ ʰ) ˁʰʽ ʶ˄ˈˌ ʵ̔ˁ ˍˏ̌ ˎ 

˃ʰ˂ʰˁˇˏ ˎ˂ʽˁˇˏ ˔˖ˊʾˌ ˁʰˍʰˁˊʹ˃˄ʾˋ˃ʰˍʰ ˉˇˎ ˁʰˍʰ˂ʰ˃ʲʱ˄ʶʽ ˍʰ ˈˊʽʰ ˍ˖˄ ˁˈˁˁ˖˄ όˉʶˊʽˇ˔ʺ 

)̡Φ ɼʰˍʱ ˍʹ ʵʽʱˊˁʶʽʰ ˍʹˌ ʴʺˊʰ˄ˋʹˌ ˇʽ ˃ʹ˔ʰ˄ʽˁʷˌ ʽʵʽˈˍʹˍʶˌ ˍ˖˄ ˉʶˊʽˇ˔˗˄ ʰ ˁʰʽ ʲ ˋˍʰʵʽʰˁʱ 

ʵʽʰ˒ˇˊˇˉˇʽˇˏ˄ˍʰʽ ˃ʶ ˋˁ˂ʺˊˎ˄ˋʹ ˍʹˌ ʰ ˁʰʽ ʴˊʺʴˇˊʹ ʰˉˇʵˎ˄ʱ˃˖ˋʹ ˍʹˌ ʲΦ ɾʶ ʶ˒ʰˊ˃ˇʴʺ 

ʶ˅˖ˍʶˊʽˁʺˌ ˃ʹ˔ʰ˄ʽˁʺˌ ˍʱˋʹˌ ˇ ̔ˉʰˊʰ˃ˇˊ˒˗ˋʶʽˌ ˍ˖˄ ˉʶˊʽˇ˔˗˄ ʰ ˁʰʽ ʲΣ ʶ hˁʰʽ ʶ ̡ʰ˄ˍʾˋˍˇʽ˔ʰΣ 

˂ʰ˃ʲʱ˄ˇˎ˄ ʵʽʰ˒ˇˊʶˍʽˁʷˌ ˍʽ˃ʷˌ ˁʰʽ ʹ ˇ˂ʽˁʺ ˉʰˊʰ˃ˈˊ˒˖ˋʹ ʶ˅ʰˊˍʱˍʰʽ ʰˉˈ ˍˇ˄ ˋ˔ʶˍʽˁˈ ˂ˈʴ ̌

ˍ˖˄ ˈʴˁ˖˄ ˍˇˎˌ, f  hˁʰʽ f Φ̡ ɳ˒ˈˋˇ˄ ˋˍʹ˄ ˉʶˊʽˇ˔ʺ ʲ ˋʹ˃ʶʽ˖ʻʶʾ ʶˁˁʾ˄ʹˋʹ ˊ˖ʴ˃ʱˍ˖ˋʹˌ ˉˊʽ˄ ˍʹ 

ʵʽʰˊˊˇʺ ˍʹˌ ʰ, ˍˈˍʶ ʹ ˇ˂ʽˁʺ ˉʰˊʰ˃ˈˊ˒˖ˋʹ ʶ˅ʰˊˍʱˍʰʽ ʰˉˇˁ˂ʶʽˋˍʽˁʱ ʰˉˈ ˍˇ ʴʽ˄ˈ˃ʶ˄ˇ f *̡ʶ̡Φ  

ʂˉ˖ˌ ʴʾ˄ʶˍʰʽ ʰ˄ˍʽ˂ʹˉˍˈΣ ʹ ʶˉʾʵˊʰˋʹ ˃ʽʰˌ ʸ˗˄ʹˌ ˔˖ˊʾˌ ˁʰˍʰˁˊʹ˃˄ʾˋ˃ʰˍʰ ʶʾ˄ʰʽ ˍˈˋˇ ˉʽˇ 

ʵˎˋ˃ʶ˄ʺˌ (i) ˈˋˇ ˉʽˇ ˃ʶʴɦ˂ ˇ ʶʾ˄ʰʽ ˍˇ ˉʱ˔ˇˌ ˍʹˌΣ (ii) ˈˋˇ ˃ʽˁˊˈˍʶˊʹ ʶʾ˄ʰʽ ʹ ʰ˄ˍˇ˔ʺ ˍʹˌΣ (iii) 

ˈˋˇ ˃ʽˁˊˈˍʶˊʹ ʶʾ˄ʰʽ ʹ ʶˉʽ˃ʺˁˎ˄ˋʹ ʻˊʰˏˋʹˌ ˍʹˌΣ (iv) ˈˋˇ ˃ʶʴʰ˂ˏˍʶˊˇ ʶʾ˄ʰʽ ˍˇ ˃ʷʴʶʻˇˌ 

ˁˈˁˁˇˎ ˁʰʽ (v) ˃ʶʴʰ˂ˏˍʶˊˇˌ ˇ ˂ˈʴˇˌ YSh /TS̡ (76). ɲʽʰˁˊˎˋˍʰ˂˂ʽˁʺΣ ˉʽˇ ˈ˂ˁʽ˃ʹ ʻˊʰˏˋʹ ˃ʶ 

ˋˎ˄ʷ˄˖ˋʹ ˃ʽˁˊˇʻˎ˂ʱˁ˖˄ ˋʹ˃ʶʽ˗˄ʶˍʰʽ ˈˍʰ˄ όʰύ ˃ʶˍʰ˅ˏ ʶˋ˖ˍʶˊʽˁˇˏ ˍ˖˄ ˁˈˁˁ˖˄ ˁʰʽ ˍ˖˄ 

ˇˊʾ˖˄ ˍˇˎˌ ʵʶ˄ ˎˉʱˊ˔ʶʽ ʵʽʰ˒ˇˊʱ ˋˍʹ ˋˁ˂ʹˊˈˍʹˍʰΣ ˇˉˈˍʶ ˁʰʽ ʹ ˉʰˊʰ˃ˈˊ˒˖ˋʹ ˉˇˎ 

ˎ˒ʾˋˍʰ˄ˍʰʽ ʶʾ˄ʰʽ ˉʰˊˈ˃ˇʽʰ, ̍ ˉ˖ˌ ˉʰˊʰˍʹˊʶʾˍʰʽ ˋʶ ˁhˍʱˋˍʰˋʹ ˎˉʶˊʴʺˊʰ˄ˋʹˌΣ ʺ όʲύ ˈˍʰ˄ ˍˇ 

ˎ˂ ʽˁ̍ ʷ˔ʶʽ ˃ʽˁˊˈ ˃ʷʴʶʻˇˌ ˁˈˁˁˇˎΣ ˇˉˈˍʶ ˋʹ˃ʶʽ˗˄ʶˍʰʽ ʰ˄ʰ˔ʰʾˍʽˋʹ ˍʹˌ ʵʽʱʵˇˋʹˌ ˍʹˌ ˊ˖ʴ˃ʺˌ 

(crack arrestment) (73).  

ʅ˔ʶˍʽˁʱ ˃ʶ ˍʹ˄ ʶˁʵʺ˂˖ˋʹ ˉʶˊʽˁˊˎˋˍʰ˂˂ʽˁʺˌ ʻˊʰˏˋʹˌΣ ˇ Camero (69) ʰ˄ʰ˒ʷˊʶ ̔ˉ˖ˌ 

ʶˎ˄ˇʶʾˍʰʽ ʰˉˈ ˍʹ˄ ˏˉʰˊ˅ʹ ˉʶˊʾˋˋʶʽʰ ̩Si ˂ˈʴ˖ ʶˉʽ˂ʶˁˍʽˁʺ ̩ˁʰʻʾʸʹˋʹ ̩ˁˊˎˋˍʱ˂˂˖˄ Si ˋˍʰ 
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ˈˊʽʰ ˁˈˁˁ˖˄Φ ɸˊʰˎˋˍˇʴˊʰ˒ʽˁʷˌ ˉʰˊʰˍʹˊʺˋʶʽˌ ˁʰʽ ˃ʶ˂ʷˍʶˌ ˃ʶ ʆɳɾ ˉʱ˄˖ ˋʶ ˈˊʽʰ ˁˈˁˁ˖˄, 

˒ʰ˄ʷˊ˖ˋʰ˄ ˍˇ ˋ˔ʹ˃ʰˍʽˋ˃ˈ ˉˇ˂ˏ ˃ʽˁˊ˗˄ ʻˎ˂ʱˁ˖˄ ʶˉʰ˂ʹʻʶˏˇ˄ˍʰˌ ˍˇ˄ ʽˋ˔ˎˊʽˋ˃ˈ ʰˎˍˈΣ ʶ˄˗ 

ʹ ˍʱˋʹ ʴʽʰ ˉʶˊʽˁˊˎˋˍʰ˂˂ʽˁʺ ʻˊʰˏˋʹ ʲˊʷʻʹˁʶ ˃ʁ ʴʰ˂ˏˍʶˊʹ ˋˍʹ˄ ˁʰˍʱˋˍʰˋʹ ˃ʷʴʽˋˍʹˌ 

ˋˁ˂ʺˊˎ˄ˋʹˌ (77).  

ʅʶ ʱ˂˂ʹ ʶˊʴʰˋʾʰΣ ˇ G. Masing (78) ˉʰˊʰˍʺˊʹˋʶ ˉˊˇˍʽ˃ʹˍʷʰ ˁʰʻʾʸʹˋʹ ˒ʱˋʶ˖˄ ˋʶ ˈˊʽʰ 

ˁˈˁˁ˖˄ ˋˎˋ˔ʶˍʾʸˇ˄ˍʰˌ ˍˇ ˒ʰʽ˄ˈ˃ʶ˄ˇ ʰˎˍˈ ˃ʶ ˍʹ˄ ˁʰˍʰˁˊʺ˃˄ʽˋʹ ˉˇˎ ˉʰˊʰˍʹˊʶʾˍʰʽ ˋˍʽˌ 

ʰˍʰ˅ʾʶˌ ˉˇˎ ʵʹ˃ʽˇˎˊʴˇˏ˄ˍʰʽ ˃ʶˍʱ ʰˉˈ ˉ˂ʰˋˍʽˁʺ ˉʰˊʰ˃ˈˊ˒˖ˋʹΦ ɶ ˁʰʻʾʸʹˋʹ ˉˊˇˁʱ˂ʶˋʶ ˃ʶ 

ˍʹ ˋʶʽˊʱ ˍʹˌ ʴˏˊ˖ ˍʹˌ ˍʰˋʽˁʱ ˉʶʵʾʰ ˁʰʽ ˉʰˊʰ˃ˇˊ˒˗ˋʶʽˌ ˍˇˎ ˉ˂ʷʴ˃ʰˍˇˌ ʶˎ˄ˇ˗˄ˍʰˌ ˍʹ˄ 

ʶˉʽˍʱ˔ˎ˄ˋʹ ˍʹˌ ʰˎˍˇˁʰˍʰ˂ˎˈ˃ʶ˄ʹˌ ʵʽʰʵʽˁʰˋʾʰˌΦ  

1.9 ɩʀʅʍɻʈɻʐʅʆʘʏ ɿʋʆʅʈʘʏ ʃʇʚʕʂʏ ʌʍʋʛʝʉʐʖʉ ɿʅʘʇɻʎʂʏ 

ɶ ʽˁʰ˄ˈˍʹˍʰ ʰˉˇˊˊˈ˒ʹˋʹˌ ʶ˄ʷˊʴʶʽʰˌ ʶ˄ˈˌ ˉˊˇ˒ʾ˂ ˉˇˎ ˎ˒ʾˋˍʰˍʰʽ ʻ˂ʾ˕ʹ ʶ˅ʰˊˍʱˍʰʽ ʰˉˈ 

ʵʽʱ˒ˇˊʶˌ ˉʰˊʰ˃ʷˍˊˇˎˌ ˈˉ˖ˌ ʹ ˃ʽˁˊˇʵˇ˃ʺ, ʹ ˃ʶˍʰ˂˂ˇˎˊʴʽˁʺ ˍˇˎ ˁʰˍʱˋˍʰˋʹ, ˇ ˊˎʻ˃ˈ ̩

ˉʰˊʰ˃ˈˊ˒˖ˋʹˌ ˁʰʽ ˍʰ ʴʶ˖˃ʶˍˊʽˁʱ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˍˇˎΦ   

ɱʽʰ ˍˇ˄ ˊˈ˂ˇ ˍʹ̩ ˃ʽˁˊˇʵˇ˃ʺˌ ̱˖˄ ˉˊˇ˒ʾ˂ ˋˍʹ˄ ʰˉˇˊˊˈ˒ʹˋʹ ʶ˄ʷˊʴʶʽʰˌ ˁʰˍʱ ˍʹ 

ˋˎ˃ˉʾʶˋʹ ˃ˉˇˊʶʾ ˄ʰ ʰ˄ʰ˒ʶˊʻʶʾ ˖ˌ ˉʰˊʱʵʶʽʴ˃ʰ ʹ ɻ̔ ʰʵʽˁʰˋʾʰ ʶˁˁʾ˄ʹˋʹˌ ˁʰʽ ʶˉʷˁˍʰˋʹˌ ˍʹˌ 

ˊ˖ʴ˃ʱˍ˖ˋʹˌΦ ʅʶ ˉʶˊʽˇ˔ʷˌ ˍˇˉʽˁʺˌ ˋˎʴˁʷ˄ˍˊ˖ˋʹˌ ˍʱˋʶ˖˄ ʶˉʱ˄˖ ˋˍʽˌ ʶ˂ʶˏʻʶˊʶˌ ʶˉʽ˒ʱ˄ʶʽʶˌ  

ˍ˖˄ ʵˇˁʽ˃ʾ˖˄ ˁʰˍʱ ˍˇ ˋ˔ʹ˃ʰˍʽˋ˃ˈ ˍ˖˄ ˂ˇʲ˗˄ ʶˉʷˊ˔ʶˍʰʽ ʵʹ˃ʽˇˎˊʴʾʰ ˊ˖ʴ˃ʰˍ˗ˋʶ˖˄ ʴʽʰ 

ʶˁˍˈ˄˖ˋʹ ˍ˖˄ ˍʱˋʶ˖˄ ˋʶ ˔ˇ˄ʵˊˈˁˇˁˁʰ ˎ˂ʽˁʱ ʶ˄˗ ʰ˄ˍʽʻʷˍ˖ˌ ˋʶ ˂ʶˉˍˇˁˊˎˋˍʰ˂˂ʽˁʱ 

ˉʰˊʰˍʹˊʶʾˍʰʽ ˇ ˋ˔ʹ˃ʰˍʽˋ˃ˈˌ ˍ˖˄ ˂ˇʲ˗˄ ʶʾ˄ʰʽ ʶ˂ʶˏʻʶˊˇˌ ʰˋˎ˄ʶ˔ʶʽ˗˄Φ ɳ˒ˈˋˇ˄ ˋʹ˃ʶʽ˖ʻʶʾ 

ʶˁˁʾ˄ʹˋʹ ˊ˖ʴ˃ʱˍ˖ˋʹˌΣ ʹ ɻʽʱʵˇˋʹ ˍʹˌ ˎˉˇʲˇʹʻʶʾˍʰʽ ʰˉˈ ˍʹ˄ ˏˉʰˊ˅ʹ ˁʰˍʰˁˊʹ˃˄ʽˋ˃ʱˍ˖˄Σ 

PFZs ˋˍʰ ˈˊʽʰ ˁˈˁˁ˖˄ (26)Σ ʶ˄˗ ˋʹ˃ʰ˄ˍʽˁʺ ʶʾ˄ʰʽ ˁʰʽ ʹ ʶˉʾʵˊʰˋʹ ˍˇˎ ˉ˂ʺʻˇˎˌ ˁʰʽ ˍˇˎ 

˃ʶʴʷʻˇˎˌ ˍ˖˄ ˃ʶˋˇ˃ʶˍʰ˂˂ʽˁ˗˄ ʶ˄˗ˋʶ˖˄ ˉˇˎ ʰˉˇˍʶ˂ˇˏ˄ ˋʹ˃ʶʾʰ ˋˎʴˁʷ˄ˍˊ˖ˋʹˌ ˍʱˋʶ˖˄. 

ʅˏ˃˒˖˄ʰ ˃ʶ ˍʰ ˉˊˇʹʴˇˏ˃ʶ˄ʰ ˍʰ ̄ ˂ʺˊ˖ˌ ʰ˄ʰˁˊˎˋˍʰ˂˂˖˃ʷ˄ʰ ˎ˂ʽˁʱ ʶ˃˒ʰ˄ʾʸˇˎ˄ 

˔ʰ˃ʹ˂ˈˍʶˊʹ ʵˎˋʻˊʰˎˋˍˈˍʹˍʰ ʰˉˈ ˃ʶˊʽˁ˗ˌ ʺ ˃ʹ ʰ˄ʰˁˊˎˋˍʰ˂˂˖˃ʷ˄ʰ ˁʰʽ ʴʽʰ ˍˇ˄ ˂ˈʴˇ ʰˎˍˈ 

ˋʶ ˁˊʱ˃ʰˍʰ, ˈˉ˖ˌ ˍʰ слсм ˁʰʽ слун ˁʰʽ сормΣ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ʶˎˊʷ˖ˌ ˋˍʹ˄ 

ʰˎˍˇˁʽ˄ʹˍˇʲʽˇ˃ʹ˔ʰ˄ʾʰΣ ʴʾ˄ʶˍʰʽ ˉˊˇˋʻʺˁʹ Mn ˁʰʽ Cr ˖ˌ ̄́h ʶ˃ˉˇʵʽˋˍ˗˄ ʰ˄ʰˁˊˎˋˍʱ˂˂˖ˋʹˌ 

(60). ɶ ˉˊˇˋʻʺˁʹ ˉˊʷˉʶʽ ˄ʰ ʰˉˇˋˁˇˉʶʾ ˋˍʹ˄ ʵʹ˃ʽˇˎˊʴʾʰ ˉ˂ʺˊ˖ˌ ʰ˄ʰˁˊˎˋˍʰ˂˂˖˃ʷ˄ˇˎ 

ˎ˂ʽˁˇˏ ˔˖ˊʾˌ ʶ˃˒ʱ˄ʽˋʹ ʶˉʽ˒ʰ˄ʶʽʰˁ˗˄ ˔ˇ˄ʵˊˈˁˇˁˁ˖˄ ʸ˖˄˗˄ ˍ˖˄ ˇˉˇʾ˖˄ ˇ ˋ˔ʹ˃ʰˍʽˋ˃ˈˌ 

ʶˎ˄ˇʶʾˍʰʽ ˋˎ˄ʺʻ˖ˌ ʰˉˈ ˍʽˌ ˋˎ˄ʻʺˁʶˌ ʵʽʷ˂ʰˋʹ ̩ό˃ʽˁˊˇʵˇ˃ʺ ˍˏˉˇˎ άsandwichέ).        

ʅˍʽˌ ʰ˄ʰ˒ˇˊʷˌ (79), (80) ˁʰʽ (81) ʴʾ˄ʶˍʰʽ ˂ˈʴˇˌ ʴʽʰ ˍʹ˄ ʶˉʾʵˊʰˋʹ ˍʹˌ ʰˉˈˍˇ˃ʹˌ ˁʰʽ ˍʹˌ 

ʰˊʴʺˌ ˕ˏ˅ʹˌ ʰˉˈ ˍʹ ˒ʱˋʹ ʵʽʰ˂ˎˍˇˉˇʾʹˋʹˌΣ ˋˍʹ˄ ʰˉˇˊˊˈ˒ʹˋʹ ʶ˄ʷˊʴʶʽʰˌ ˁʰˍʱ ˍʹ ˋˍʰˍʽˁʺ 



ɼʶ˒ʱ˂ʰʽˇ 1 ɳʽˋʰʴ˖ʴʺ 

 

  28 

˒ˈˊˍʽˋʹ-ʻ˂ʾ˕ʹ ˉˊˇ˒ʾ˂ ˁˊʱ˃ʰˍˇˌ 6106 ˁʰʽ 6063. ʆʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˉˇˎ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ 

ʵʶʾ˔˄ˇˎ˄ ʰˉˇʵʶˁˍʺ ˋˎ˃ˉʾʶˋʹ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍ˖˄ ʲʰ˃˃ʷ˄˖˄ ʵˇˁʽ˃ʾ˖˄ ʵʹ˂ʰʵʺ ʰˉˇˎˋʾʰ ʺ 

ʶˁʵʺ˂˖ˋʹ ˃ʽˁˊ˗˄ ˊ˖ʴ˃ʰˍ˗ˋʶ˖˄ ˉˇˎ ʵʶ˄ ʶˉʽ˒ʷˊˇˎ˄ ˉˍ˗ˋʹ ˍˇˎ ˒ˇˊˍʾˇˎ ʻ˂ʾ˕ʹˌ ˁʰʽ ˍʹˌ 

ʶ˄ʷˊʴʶʽʰˌΦ ɮ˄ˍʾʻʶˍʰ ˋˍʰ ʵʶʾʴ˃ʰˍʰ ˉˇˎ ˎˉʷˋˍʹˋʰ˄ ʰˊʴʺ ˕ˏ˅ʹ ʶˁʵʹ˂˗ʻʹˁʶ ˁʰˍʰˋˍˊˇ˒ʽˁʺ 

ˋˎ˃ˉʾʶˋʹ ˂ˈʴ˖ ˉʶˊʽˁˊˎˋˍʰ˂˂ʽˁʺˌ ʻˊʰˏˋʹˌ ό˕ʰʻˎˊˇˉˇʾʹˋʹ ˂ˈʴ˖ ˉʶˊʽˁˊˎˋˍʰ˂˂ʽˁʺˌ 

ʶˎʰʽˋʻʹˍˇˉˇʾʹˋʹˌ ʰˉˈ ʵʹ˃ʽˇˎˊʴʾʰ PFZs). ʅˍʽˌ ʾʵʽʶˌ ʰ˄ʰ˒ˇˊʷˌ ʶˉʽˋʹ˃ʰʾ˄ʶˍʰʽ ˇ ˊˈ˂ˇˌ ˍʹˌ 

˃ʶˍʰ˂˂ˇˎˊʴʽˁʺˌ ˁʰˍʱˋˍʰˋʹˌ ˋˍʹ˄ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˍ˖˄ ˉˊˇ˒ʾ˂ ˁʰˍʱ ˍʹ ˋˎ˃ˉʾʶˋʹΦ ʅˍʰ 

ʲʰ˃˃ʷ˄ʰ ʵˇˁʾ˃ʽʰ ʹ ˍΦʴΦ ʶˉʽ˒ʷˊʶʽ ʰˏ˅ʹˋʹ ˍˇˎ ˃ʷʴʽˋˍˇˎ ˁʰʽ ˍˇˎ ˃ʷˋˇˎ ˒ˇˊˍʾˇˎ ˃ʷ˔ˊʽ ˍˇ 

ˋʹ˃ʶʾˇ ˉˇˎ ʰˊ˔ʾʸˇˎ˄ ˄ʰ ʶ˃˒ʰ˄ʾʸˇ˄ˍʰʽΣ ʷˋˍ˖ ˁʰʽ ˋʶ ˃ʽˁˊˈ ʲʰʻ˃ˈΣ ˒ʰʽ˄ˈ˃ʶ˄ʰ ˕ʰʻˎˊˈˍʹˍʰˌΦ    

ʅʶ ˁhˍʱˋˍʰˋʹ ˎˉʶˊʴʺˊʰ˄ˋʹˌ ʹ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ʶʾ˄ʰʽ ˋˎ˄ʱˊˍʹˋʹ ˉʶˊʽˋˋˈˍʶˊ˖˄ ˉʰˊʰʴˈ˄ˍ˖˄Σ 

ˈˉ˖ˌ ˍˇˎ ʲʰʻ˃ˇˏ ˃ʶʴʷʻˎ˄ˋʹˌ ˍ˖˄ ˒ʱˋʶ˖˄Σ ˍʹˌ ʵʽʰ˒ˇˊʱˌ ˍʹˌ ˋˁ˂ʹˊˈˍʹˍʰˌ ʶ˄ˍˈˌ ˁʰʽ ˋˍʰ 

ˈˊʽʰ ˍ˖˄ ˁˈˁˁ˖˄ ˁ˂ˉΦ 

ʅʁ ˃ʶ˂ʷˍʹ ˍˇˎ M. De Haas (74) ˉʰˊˇˎˋʽʱʸʶˍʰʽ ʹ ʶ˅ʱˊˍʹˋʹ ˍʹˌ ʵˎˋʻˊʰˎˋˍˈˍʹˍʰ ̩ʰˉˈ ˍʹ 

ʻʶˊ˃ˇˁˊʰˋʾʰ ˋˍʶˊʶˇˏ ʵʽʰ˂ˏ˃ʰˍˇˌ ˁʰʽ ʰˉˈ ˍʹ˄ ˍʰ˔ˏˍʹˍʰ ˕ˏ˅ʹˌ ˋʶ ʰ˄ʰˁˊˎˋˍʰ˂˂˖˃ʷ˄ʰ 

ʵˇˁʾ˃ ʽʰ ˉʱ˔ˇˎˌ мΣ3mm (ʅ˔ʺ˃ʰ 15). ɾʶ ˍʹ˄ ˍʶ˔˄ʹˍʺ ʴʺˊʰ˄ˋʹ ʹ ˍʽ˃ʺ ˍʹˌ ʵˎˋʻˊʰˎˋˍˈˍʹˍʰˌ 

ˋʁ ʲʰ˃˃ʷ˄ˇ ʵʶʾʴ˃ʰ (wq) ˁʰʽ ˋ ʁʵʶʾʴ˃ʰ ˃ʶ ʰˊʴʺ ˕ˏ˅ʹ (ac) ʰˊ˔ʽˁʱ ˋʹ˃ʶʾ˖ˋʶ ʰˏ˅ʹˋʹ ˂ˈʴ˖ 

ˍʹˌ ʰˏ˅ʹˋʹˌ ˍˇˎ ˇˊʾˇˎ ʵʽʰˊˊˇʺˌΦ ɼh ˍˈˉʽ˄, ̀ ˍˇ wq ʁ ˂ʰˍˍ˖˄ˈˍʰ˄ ˋˎ˄ʶ˔˗ˌ, ʁ ˄˗ ˋˍˇ ac h ˊ˔ʽˁʱ 

ʶ˂ʰˍˍ˗ʻʹˁʶΣ ˃ʶˍʱ ˋʹ˃ʶʾ˖ˋʶ ʰˏ˅ʹˋʹ ˁʰʽ ʶ˂ʰˍˍ˗ʻʹˁʶ ˅ʰ˄ʱ ˁʰˍʱ ˍʹ˄ ˎˉʶˊʴʺˊʰ˄ˋʹ. ɶ ˍʱˋʹ 

ʰˎˍʺ ˍˇˎ ac ʵʶʾʴ˃ʰˍˇˌ ʶ˅ʹʴʶʾˍʰʽ ˖ˌ ʶ˅ʺˌΥ ˋʁ  ˉˊˇ˔˖ˊʹ˃ʷ˄ˇ ˋˍʱʵʽ ̌ ʴʺˊʰ˄ˋʹˌ ˍʰ 

ˁʰˍʰˁˊʹ˃˄ʾˋ˃ʰˍʰ ˋˍʰ ˈˊʽʰ ʵʽʶˎˊˏ˄ˇ˄ˍʰʽ ˁʰʽ ˁʰ˂ˏˉˍˇˎ˄  ̀ˎ˄ʶ˔˗ˌ ˃ʶʴʰ˂ˏˍʶˊˇ ˃ʷˊˇˌ ˍʹˌ 

ʶˉʽ˒ʱ˄ʶʽʰˌ ˍ˖˄ ˇˊʾ˖˄ ˉˊˇˁʰ˂˗˄ˍʰˌ ˃ʶʾ˖ˋʹ ˍʹˌ ʵˎˋʻˊʰˎˋˍˈˍʹˍʰˌ ˁʰʽ ʰˏ˅ʹˋʹ ˍˇˎ 

ˉˇˋˇˋˍˇˏ ˍʹˌ ˉʶˊʽˁˊˎˋˍʰ˂˂ʽˁʺˌ ʶʽˌ ʲʱˊˇˌ ˍʹˌ ˈ˂ˁ̔˃ ʹˌ ʻˊʰˏˋʹˌ. ʂˍʰ˄ ʹ ʵʽʰʻʷˋʽ˃ʹ 

ˉˇˋˈˍʹˍʰ ˋʶ ˁˊʰ˃ʰˍʽˁʱ ˋˍˇʽ˔ʶʾʰ ʶ˅ʰ˄ˍ˂ʹʻʶʾ ˂ˈʴ˖ ʴʶ˄ʽˁʶˎ˃ʷ˄ʹˌ ˁʰˍʰˁˊʺ˃˄ʽˋʹˌ, ˇʽ ˒ʱˋʶʽˌ 

ˍʶʾ˄ˇˎ˄ ˄ʰ ʵʽʶˎˊˎ˄ʻˇˏ˄ ˋʶ ˃ʷʴʶʻˇˌ ʶ˂ʰ˔ʽˋˍˇˉˇʽ˗˄ˍʰˌ ˍʹ ʶˉʽ˒ʰ˄ʶʽʰˁʺ ˍˇˎˌ ʶ˄ʷˊʴʶʽʰ, 

ˉˊˇˁʰ˂˗˄ˍʰˌ ˍˇˉʽˁʱ ʰˏ˅ʹˋʹ ˍʹˌ ˉʰˊʰ˃ˈˊ˒˖ˋʹˌ ʻˊʰˏˋʹˌ ʰ˂˂ʱ ˁʰʽ ˍʹˌ ˋˎ˄ˇ˂ʽˁʺˌ 

ʵˎˋʻˊʰˎˋˍˈˍʹˍʰˌ ˍˇˎ ʵʶʾʴ˃ʰˍˇˌ. ɾʶ ˍʹ˄ ˎˉʶˊʴʺˊʰ˄ˋʹ ʹ ʵˎˋʻˊʰˎˋˍˈˍʹˍʰ ˃ʶʽ˗˄ʶˍʰʽ ˂ˈʴ˖ 

ˍʹˌ ˋʹ˃ʰ˄ˍʽˁʺˌ ʵʽʶˏˊˎ˄ˋʹˌ ˍ˖˄ ˒ʱˋʶ˖˄ ˃ʹ ˋˎ˄ˇ˔ʺˌ ˁʰʽ ˍʹˌ ʶ˂ʱˍˍ˖ˋʹˌ ˍʹˌ ʰ˄ˍˇ˔ʺˌ.  
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ʅ˔ʺ˃ʰ 15 ɳ˄ʷˊʴʶʽʰ ʻˊʰˏˋʹˌ wq ˁʰʽ ac ʵˇˁʽ˃ʾ˖˄ ˋˎ˄ʰˊˍʺˋʶʽ ˔ˊˈ˄ˇˎ ʴʺˊʰ˄ˋʹˌ (74). ʆʰ 

ʲʷ˂ʹ ˉˊˇˋʵʽˇˊʾʸˇˎ˄ ʵˏˇ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʷˌ ˉʶˊʽˇ˔ʷˌ ʴʽʰ ˍˇ ac ʵʶʾʴ˃ʰΣ ˃ˉ˂ʶ-ʶ˂ʱˍˍ˖ˋʹ ˍʹˌ 

ʵˎˋʻˊʰˎˋˍˈˍʹˍʰˌ ˂ˈʴ˖ ˉʶˊʽˁˊˎˋˍʰ˂˂ʽˁʺˌ ˁʰˍʰˁˊʺ˃˄ʽˋʹˌΣ ˉˇˊˍˇˁʰ˂ʾ-ʵʽʶˏˊˎ˄ˋʹ 

˒ʱˋʶ˖˄ ˁʰʽ ʶ˂ʱˍˍ˖ˋʹ ˍʹˌ ʶˉʽ˒ʰ˄ʶʽʰˁʺˌ ˍˇˎˌ ʶ˄ʷˊʴʶʽʰˌΦ 

ʅʹ˃ʶʽ˗˄ʶˍʰʽ ˉ˖ˌ ˉʰˊʱ ˍˇ ʴʶʴˇ˄ˈˌ ˈˍʽ ˍˇ ˉˇˋˇˋˍˈ ˁʰˍʰˁˊʺ˃˄ʽˋʹˌ ˋˍʰ ˈˊʽʰ ˁˈˁˁ˖˄ ˋʶ 

˃ʶˍʰ˂˂ˇˎˊʴʽˁʺ ˁʰˍʱˋˍʰˋʹ ʆс ʺˍʰ˄ ˃ʶʴʰ˂ˏˍʶˊˇ ˋˍˇ wq ʵˇˁʾ˃ʽˇ ˂ˈʴ˖ ˍˇˎ ˉˇ˂ˏ 

˃ʶʴʰ˂ˏˍʶˊˇˎ ʶˏˊˇˎˌ ˍ˖ ˄PFZs ˋˍˇ ac ʵˇˁʾ˃ʽˇΣ ʹ ˋˎʴˁʷ˄ˍˊ˖ˋʹ ˍʱˋʹˌ ˋˍˇ ac ʵˇˁʾ˃ʽˇ ʺˍʰ˄ 

˃ʶʴʰ˂ˏˍʶˊʹ ˁʰʽ ʹ ʵˎˋʻˊʰˎˋˍˈˍʹˍʰ ʰ˄ˍʾˋˍˇʽ˔ʰ ˃ʽˁˊˈˍʶˊʹΦ      

ʅʁ ˉʰˊˈ˃ˇʽʰ ˋˎ˃ˉʶˊʱˋ˃ʰˍʰ ˁʰˍʷ˂ʹ˅ʶ ˁʰʽ ˇ Totten (10) ˉˇˎ ʲˊʺˁʶ ˉ˖ˌ ʰˏ˅ʹˋʹ ˍˇˎ 

ʲʰʻ˃ˇˏ ʴʺˊʰ˄ˋʹˌ ˃ʷ˔ˊʽ ˍʹ˄ ˁʰˍʱˋˍʰˋʹ ˃ʷʴʽˋˍʹˌ ˋˁ˂ʺˊˎ˄ˋʹˌ ˉˊˇˁʰ˂ʶʾ ʰˊ˔ʽˁʱ ʰˏ˅ʹˋʹ ˁʰʽ 

˃ʶˍʱ ˃ʶʾ˖ˋʹ ˍʹˌ ʵˎˋʻˊʰˎˋˍˈˍʹˍʰˌΦ ɶ ˎ̄ʁ ˊʴʺˊʰ˄ˋʹ ʶ˄ʵʷ˔ʶˍʰʽ ˄ʰ ˉˊˇˁʰ˂ʷˋʶʽ ʰˏ˅ʹˋʹΣ 

˃ʶʾ˖ˋʹ ʺ ˁʰ˃ʾʰ ʶˉʾʵˊʰˋʹ ˋˍʹ ʵˎˋʻˊʰˎˋˍˈˍʹˍʰΦ ɮˏ˅ʹˋʹ ʶˉʷˊ˔ʶˍʰʽ, ˈˍʰ˄ ʹ ʻˊʰˏˋʹ ʴʾ˄ʶˍʰʽ 

ˋˍʹ ˃ʺˍˊʰ ˍˇˎ ˎ˂ʽˁˇˏ ˁʰʽ ˃ʶʾ˖ˋʹ ˈˍʰ˄ ˁˎˊʽʰˊ˔ʶʾ ʹ ˁʰˍʰˁˊʺ˃˄ʽˋʹ ˒ʱˋʶ˖˄ ˋˍʰ ˈˊʽʰ ˁˈˁˁ˖˄Φ 

ɮˊ˄ʹˍʽˁʱ ʶˉʹˊʷʰˋʶ ˍʹ ʵˎˋʻˊʰˎˋˍˈˍʹˍʰ ʹ ˁʰʻʾʸʹˋʹ ˁˊˎˋˍʱ˂˂˖˄ Si ̀ ˍʰ ˈˊʽʰ ˁˈˁˁ˖˄.  

ʁ Qiao (82) ˉˊʰʴ˃ʰˍˇˉˇʾʹˋʶ ʵˇˁʽ˃ʷˌ ʻ˂ʾ˕ʹˌ ˋʶ ˉˊˇ˒ʾ˂ ˁˊʱ˃ʰˍˇˌ слсоΣ 

˃ʶˍʰ˂˂ˇˎˊʴʽˁʺˌ ˁʰˍʱˋˍʰˋʹˌ ʆсΣ ˇˊʻˇʴ˖˄ʽˁʺˌ ʵʽʰˍˇ˃ʺˌ ˃ʶ ˉʱ˔ˇˌ ˍˇʽ˔˗˃ʰˍˇˌ м ˁʰʽ нmm 

ˁʰʽ ˍʰ˔ˏˍʹˍʶ ̩ ˋˎ˃ˉʾʶˋʹˌ ˉˇˎ ʰ˄ˍʽˋˍˇʽ˔ˇˏˋʰ˄ ˋʶ ˋˍʰˍʽˁʺ ˁʰʽ ʹ˃ʽ-ˋˍʰˍʽˁʺ ʵˇˁʽ˃ʺΦ ʆʰ 

ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ʷʵʶʽ˅ʰ˄ ˉ˖ˌ ʰˏ˅ʹˋʹ ˍˇˎ ˊˎʻ˃ˇˏ ˉʰˊʰ˃ˈˊ˒˖ˋʹˌ ˁʰʽ ˍˇˎ ˉʱ˔ˇˎˌ 

ˍˇʽ˔˗˃ʰˍˇˌ ˍ˖˄ ˉˊˇ˒ʾ˂ ˉˊˇˁʰ˂ʶʾ ʰˏ˅ʹˋʹ ˍˇˎ ˃ʷʴʽˋˍˇˎ ˒ˇˊˍʾˇˎ ˁʰʽ ˍʹˌ ʰˉˇˊˊʽ˒ʻʶʾˋʹˌ 

T6 
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ʶ˄ʷˊʴʶʽʰˌ. ɶ ˃ˇˊ˒ˇ˂ˇʴʾʰ ˍ˖˄ ˋˎ˃ˉʽʶˋ˃ʷ˄˖˄ ʵˇˁʽ˃ʾ˖˄ ʶˉʹˊʶʱˋˍʹˁʶ ʰˉˈ ˍˇ ˊˎʻ˃ˈ 

˒ˈˊˍʽˋʹˌ ʰ˂˂ʱ ʺˍʰ˄ ʰ˄ʶ˅ʱˊˍʹˍʹ ˍˇˎ ˉʱ˔ˇˎˌ ˍˇʽ˔˗˃ʰˍˇˌΦ  

ɮˉˈ ˍʹ˄ ʶˊʶˎ˄ʹˍʽˁʺ ˇ˃ʱʵʰ ˍˇˎ Kim Dong-Kuk (83) ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʰ˄ ˃ʁ ˍˊʺˋʶʽˌ 

ʰˉˇˊˊˈ˒ʹˋʹˌ ʶ˄ʷˊʴʶʽʰˌ ˋʶ ˉˊˇ˒ʾ˂ ʵʽʰˍˇ˃ʺˌ 30x30 ˃ʶ о ʵʽʰ˒ˇˊʶˍʽˁʷˌ ˍʰ˔ˏˍʹˍʶˌ 

ˉʰˊʰ˃ˈˊ˒˖ˋʹˌ (10-1, 1 ˁʰʽ 10 s-1). ʅˏ˃˒˖˄ʰ ˃ʶ ˍ hʶˎˊʺ˃ʰˍʰ ˃ ʶ ˊˎʻ˃ˈ ˉʰˊʰ˃ˈˊ˒˖ˋʹˌ 10-1 

ˇ̔  ˉ˂ʰˋˍʽˁʷˌ ˉˍˎ˔˗ˋʶʽˌ ʰ˄ʰˉˍˏˋˋˇ˄ˍʰ˄ ʰˊ˔ʽˁʱ ˋˍʹ ˃ʽʰ ˃ʶˊʽʱ ˍˇˎ ʵˇˁʽ˃ʾˇˎ ˁʰʽ ˃ʶˍʱ ˋˍʹ˄ 

ʱ˂˂ʹ, ˃ʶ ʰˋˏ˃˃ʶˍˊˇ ˃ˇˍʾʲˇ ˉˍˏ˔˖ˋʹˌΦ ɶ ˉˊ˗ˍʹ ˉˍˏ˔˖ˋʹ ˉˊˇˁʰ˂ˇˏˋʶ ˋˎʴˁʷ˄ˍˊ˖ˋʹ ˍʱˋʹˌ 

ˋˍʹ˄ ʱ˂˂ʹ ˃ʶˊʽʱ ˁʰʽ ˋ˔ʹ˃ʰˍʽˋ˃ˈ ˍʹ̩ ʵʶˏˍʶˊʹ ̩ˉˍˏ˔˖ˋʹ ̩ˎˉˈ ˃ʽˁˊˈˍʶˊˇ ˒ˇˊˍʾˇΦ ʁ ʶˉʰˊˁʺˌ 

˔ˊˈ˄̌ ˌ ˉˇˎ ˃ʶˋˇ˂ʰʲˇˏˋʶ ˃ʷ˔ˊʽ ˍʹ ʵʹ˃ʽˇˎˊʴʾʰ ˍʹˌ ʶˉˈ˃ʶ˄ʹˌ ˉˍˏ˔˖ˋʹˌ ʶ̄ ʷˍˊʶˉʶ ˍʹ˄ 

ʰˏ˅ʹˋʹ ˍʹˌ ˋˎ˄ˇ˂ʽˁʺˌ ʰˁʰ˃˕ʾʰˌ ˍˇˎ ʵˇˁʽ˃ʾˇˎ ˃ʶ ʰˉˇˍʷ˂ʶˋ˃ʰ ˍʹ˄ ˇ˃ˇʽˇ˃ˇˊ˒ʾʰ ˍˇˎ 

˃ʁʴ̫ʻˇˎ̩  ˍ˖˄ ˁˇˊˎ˒˗˄ ˋˍʹ˄ ˁʰ˃ˉˏ˂ʹ ˒ˇˊˍʾˇˎ ʲˊʱ˔ˎ˄ˋʹˌ ˁʰʽ ˍ́  ̩˃ʶˍʰ˅ˏ ˍˇˎˌ ʰˉˈˋˍʰˋʹ.̩ 

ɮˏ ˅ʹˋʹ ˍˇˎ ˊˎʻ˃ˇˏ ˉʰˊʰ˃ˈˊ˒˖ˋʹˌ ˋ ʁ1 ˁʰʽ 10 s-1 ʵʶ˄ ˉˊˇˁʱ˂ʶˋʶ ˃ʶˍʰʲˇ˂ʺ ˋˍˇ ˋ˔ʺ˃ʰ ˁʰʽ 

ˍ̌  ˄ʰˊʽʻ˃ˈ ˍ˖˄ ˉˍˎ˔˗ˋʶ˖˄Φ ʍˋˍˈˋˇ, ʹ ʰˉˈˋˍʰˋʹ ˃ʶˍʰ˅ˏ ˉˊ˗ˍʹˌ ˁʰʽ ʵʶˏˍʶˊʹˌ ˉˍˏ˔˖ˋʹˌ 

ʶ˂ʰˍˍ˗ʻʹˁʶΣ ʶ˄˗ ˍˇ ˃ʷʴʶʻˇˌ ˁʰʽ ʹ ʰˉˈˋˍʰˋʹ ˃ʶˍʰ˅ˏ ˍ˖˄ ˁˇˊˎ˒˗˄ ʷʴʽ˄ʰ˄ ʰˁʰ˄ˈ˄ʽˋˍ h

˔˖ˊʾˌ ˈ˃˖ˌ ˄ʰ ˉʰˊʰˍʹˊʹʻʶʾ ˃ʶˍʰʲˇ˂ʺ ˋˍʹ ˋˎ˄ˇ˂ʽˁʺ ʰˉˇˊˊˈ˒ʹˋʹ ʶ˄ʷˊʴʶʽʰˌ. ʆ ̌ˉʱ˔ˇˌ ˍˇˎ 

ʵˇˁʽ˃ʾˇˎ ʶˉʹˊʷʰˋʶ ˋʹ˃ʰ˄ˍʽˁʱ ˍˇ˄ ˍˊˈˉˇ ˁʰˍʱˊˊʶˎˋʹˌΦ ɾʶ ˉʱ˔ˇ ̩ˍˇʽ˔˗˃ʰˍˇˌ 1,5mm ˁʰʽ 

2,0mm ʵʹ˃ʽˇˎˊʴʺʻʹˁʰ˄ ʷ˅ʽ ˁˇˊˎ˒ʷˌ ʰ˂˂ʱ ˃ʶ ˉʱ˔ˇˌ оΣлmm ˃ˈ˄ˇ ˍˊʶʽˌΦ ʆˇ ˋ˔ʺ˃ʰ ˍ˖˄ ˍˊʽ˗˄ 

ˉˍˎ˔˗ˋʶ˖˄ ʺˍʰ˄ ˋˎ˃˃ʶˍˊʽˁˈ ˁʰʽ ˍˇ ˃ʷʴʶʻˇˌ ˍ˖˄ ˍˊʽ˗˄ ˁˇˊˎ˒˗˄ ˍʹˌ ˁʰ˃ˉˏ˂ʹˌ ˉʰˊˈ˃ˇʽˇ 

όʰˎ˅ʰ˄ˇ˃ʷ˄ˇˎ ˍˇˎ ˉʱ˔ˇˎˌ ˍˇʽ˔˗˃ʰˍˇˌ ʶˎ˄ˇʶʾˍʰʽ ʹ ˋˎ˃˃ʶˍˊʽˁʺ ˃ˇˊ˒ˇ˂ˇʴʾʰ ˋˍʹ˄ 

ˁʰˍʱˊˊʶˎˋʹύ. ɮˎˍˈ ˋˎ˄ʷʲʹ, ʵʽˈˍʽ ˇʽ ˉˍˎ˔˗ˋʶʽˌ ˃ʶ ˋˎ˃˃ʶˍˊʽˁʺ ʰ˄ʱˉˍˎ˅ʹ ʶˁʵʹ˂˗ʻʹˁʰ˄ 

ˇ˃ˇʽˈ˃ˇˊ˒ʰ ˋʶ ˈ˂ʹ ˍʹ ʵʽʰˍˇ˃ʺ ˁʰʽ ʹ ʰ˄ˍʾˋˍʰˋʹ ˍˇˎ ʵˇˁʽ˃ʾˇˎ ʺˍʰ˄ ˇ˃ˇʽˈ˃ˇˊ˒ʰ 

ˁʰˍʰ˄ʶ˃ʹ˃ʷ˄ʹ ˋʶ ˈ˂ʶˌ ˍʽˌ ˉ˂ʶˎˊʷˌ. ɶ ʾʵʽʰ ˇ˃ʱʵʰ ʶˊʶˎ˄ʹˍ˗˄ ˋʶ ʱ˂˂ʹ ʶˊʴʰˋʾʰ (84) 

ʶˉʽˋʹ˃ʰʾ˄ʶʽ ˉ˖ˌ ˉˊ˗ʽ˃ʹ ʶˁʵʺ˂˖ˋʹ ˊ˖ʴ˃ʱˍ˖ˋʹˌ ʶ˃˒ʰ˄ʾʸʶˍʰʽ ˋʶ ˉˊˇ˒ʾ˂ ˋˍʰ ˇˉˇʾʰ ʹ 

ˁʰ˃ˉˎ˂ˈˍʹˍʰ ˍ˖˄ ʴ˖˄ʽ˗˄ ˍ˖˄ ʵˇˁʽ˃ʾ˖˄ ʶʾ˄ʰʽ ˃ʽˁˊʺ. 

ɳ˅ʰʽˊʶˍʽˁˈ ʶ˄ʵʽʰ˒ʷˊˇ˄ ˉʰˊˇˎˋʽʱʸˇˎ˄ ˁʰʽ ˇʽ ˃ʶ˂ʷˍʶˌ ˍ˖˄ Langseth ˁʰʽ Hopperstad (85), 

(86), (87), (88), (89) ˉʱ˄˖ ˋʶ ˂ʶˉˍˈˍˇʽ˔ʰ ˉˊˇ˒ʾ˂ ˁˊʱ˃ʰˍˇˌ слслΣ ˍʶˍˊʰʴ˖˄ʽˁʺˌ ʵʽʰˍˇ˃ʺˌΣ ˋʶ 

˃ʶˍʰ˂˂ˇˎˊʴʽˁʺ ˁʰˍʱˋˍʰˋʹ ʆпΣ ˎˉˇʴʺˊʰ˄ˋʹˌ ˁʰʽ ˃ʷʴʽˋˍʹˌ ˋˁ˂ʺˊˎ˄ˋʹˌΦ ɶ ʶˊʶˎ˄ʹˍʽˁʺ ˇ˃ʱʵʰ 

ʵʽʰˉʾˋˍ˖ˋʶ ʷ˄ʰ ˃ʶʴʱ˂ˇ ʰˊʽʻ˃ˈ ʵˎˋʵʽʱˁˊʽˍ˖˄ ˃ʽˁˊˇˁʰ˃ˉˎ˂˗ˋʶ˖˄ ˋˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ 

ʵˇˁʽ˃ʾ˖ ˄80x80 ̀ ʶ ˋˎ˄ʻʺˁʶˌ ʻ˂ʾ˕ʹˌΣ ˉˊˇ ˍˇˎ ˋ˔ʹ˃ʰˍʽˋ˃ˇˏ ˍʹˌ ʰˊ˔ʽˁʺˌ ˉˍˏ˔˖ˋʹˌΦ ʅʶ ˃ʽʰ 

ˁˊʾˋʽ˃ʹ ˍʽ˃ʺ ˒ˇˊˍʾˇ ˎ˃ʽʰ ʶ˅ ʰˎˍ˗˄ ʶ˅ʶ˂ʽˋˋˈˍʰ˄ ˋʶ ˉˍˏ˔˖ˋʹΣ ˋʶ ˋʹ˃ʶʾˇ ˉˇˎ ʵʽʷ˒ʶˊʶ ʰˉˈ 

ʵˇˁʽ˃ʺ ˋʶ ʵˇˁʽ˃ʺΦ ʁ ʰˊʽʻ˃ˈˌ ˍ˖˄ ˉˍˎ˔˗ˋʶ˖˄ ˉˇˎ ʵʹ˃ʽˇˎˊʴʺʻʹˁʰ˄ ˁʰˍʱ ˍʹ˄ 
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ˉʰˊʰ˃ˈˊ˒˖ˋʹ ʺˍʰ˄ ˋˎ˄ʱˊˍʹˋʹ ˍʹ̩ ʰ˄ˍˇ˔ʺ ̩ˍˇˎ ˎ˂ʽˁˇˏΦ ʅʶ ˋˎ˄ʻʺˁʶˌ ˋˍʰˍʽˁʺˌ ˒ˈˊˍʽˋʹˌ  

10-4 s-1 ˋʁ  ˃ʶˍʰ˂˂ˇˎˊʴʽˁʺ ˁʰˍʱˋˍʰˋʹ ʆп ʶˁʵʹ˂˗ʻʹˁʰ˄ с ˉˍˎ˔˗ˋʶʽˌ ˁʰʽ ˋʶ ˁʰˍʱˋˍʰˋʹ ʆс 7 

ˉˍˎ˔˗ˋʶʽˌΣ ʰˉˇʵʶʽˁ˄ˏˇ˄ˍʰˌ ˉ˖ˌ ʹ ʵʽʰʵˊˇ˃ʺ ˉˇˎ ʰˉʰ̔ ˍʶʾˍʰʽ ʴʽʰ ˍˇ ˋ˔ʹ˃ʰˍʽˋ˃ˈ ˃ʽʰˌ 

ˉˍˏ˔˖ˋʹˌ ʶ˅ʰˊˍʱˍʰʽ ʰˉˈ ˍʹ ˃ʶˍʰ˂˂ˇˎˊʴʽˁʺ ˁʰˍʱˋˍʰˋʹ ˍˇˎ ˎ˂ʽˁˇˏ. ɳˉʾˋʹˌΣ ˉʰˊʰˍʹˊʺʻʹˁʶ 

ˉ˖ˌ ˋʶ ˃ʁ ˍʰ˂˂ˇˎˊʴʽˁʺ ˁʰˍʱˋˍʰˋʹ ʆс ˇʽ ˉˍˎ˔˗ˋʶʽˌ ʵʹ˃ʽˇˎˊʴʺʻʹˁʰ˄ ʵʽʰʵˇ˔ʽˁʱΣ ʶ˄˗ ˋ ʁʆп 

ʶ˃˒ʰ˄ʾʸˇ˄ˍʰ˄ ʵˏˇ ˔˖ˊʽˋˍʷˌ ˉˍˎ˔˗ˋʶʽˌ ˁʰʽ ˁʰˍˈˉʽ˄ ˃ʽʰ ˍˊʾˍ ́˃ʶˍʰ˅ˏ ˍ˖˄ ʵˏˇ ˉˊ˗ˍ˖˄Φ 

ɳˉʽˋʹ˃ʰʾ˄ʶˍʰʽ ʰˁˈ˃ʹ ˁʰʽ ˉ˖ˌ ˋʶ ˁʰˍʱˋˍʰˋʹ ʲʰ˒ʺˌ ˁʰʽ ˒ˎˋʽˁʺˌ ʴʺˊʰ˄ˋʹˌ όʆпύ ˍˇ ˃ʷʴʽˋˍˇ 

˒ˇˊˍʾˇ ʶˉʽˍˎʴ˔ʱ˄ʶˍʰʽ ˃ʶ ˃ʶʴʱ˂ʹ ˃ʶʾ˖ˋʹ ˍʹˌ ʰˁʰ˃˕ʾʰˌ ʹ ˇˉˇʾʰ ʶˁʵʹ˂˗˄ʶˍʰʽ ˃ʶ ʶ˂ʱˍˍ˖ˋʹ 

ˍʹˌ ˁ˂ʾˋʹˌ ˍʹˌ ˁʰ˃ˉˏ˂ʹˌ ʲˊʱ˔ˎ˄ˋʹˌ-ˉʰˊʰ˃ˈˊ˒˖ˋʹˌΦ ʃʰˊΩ ˈ˂ʰ ʰˎˍʱ, ˇ ˃ʶʴʰ˂ˏˍʶˊˇˌ 

ʲʰʻ˃ˈˌ ʶˊʴˇˋˁ˂ʺˊˎ˄ˋʹˌ ʶˉʽˍˊʷˉʶʽ ʰˎ˅ʹ˃ʷ˄ʹ ʰ˅ˇ˄ʽˁʺ ˉʰˊʰ˃ˈˊ˒˖ˋʹ ˉˊˇ ˍʹˌ ʶˉʾˍʶˎ˅ʹˌ ˍˇˎ 

˃ʶʴʾˋˍˇˎ ˒ˇˊˍʾˇˎ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍʹ˄ ˁʰˍʱˋˍʰˋʹ ʆс. 
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2 ɫʔʀɿʅɻʎʈʝʏ ʐʂʏ ʌʀʅʍɻʈɻʐʅʆʙʏ ɿʅɻɿʅʆɻʎʚɻʏ 

2.1 ɣʍʗʈɻʐɻ ʆɻʅ ɿʅɻʐʋʈʘʏ ʐʖʉ ɿʅɻʐʅʃʘʈʀʉʖʉ ʌʍʋʛʝʉʐʖʉ ɿʅʘʇɻʎʂʏ 

ʅˍʹ˄ ˉˊ˗ˍʹ ˒ʱˋʹ ˍˇˎ ˉʶʽˊʰ˃ʰˍʽˁˇˏ ˋ˔ʶʵʽʰˋ˃ˇˏ ˋˎ˃ˉʶˊʽ˂ʺ˒ʻʹˁʰ˄ ˉˊˇ˒ʾ˂ 

ˁˊʱ˃ʰˍˇˌ 6106 ˁ ʰʽ 6063 ̄ ˇˎ ˋˍʹ˄ ʵʽʰˍˊʽʲʺ ʰ˄ʰ˒ʷˊˇ˄ˍʰʽ ˖ˌ ˁˊʱ˃ʰˍʰ м ˁʰʽ н ʰ˄ˍʾˋˍˇʽ˔ʰΦ ʆʰ 

ˉˊˇ˒ʾ˂ ˁˊʱ˃ʰˍˇˌ м ʶʾ˄ʰʽ ˍʶˍˊʰʴ˖˄ʽˁʺˌ ʵʽʰˍˇ˃ʺˌ ˃ʶ ˉ˂ʶˎˊʱ трmm ˁʰʽ ˉʱ˔ˇˌ ˍˇʽ˔˗˃ʰˍˇˌ 

1,9mm (ˉ́ ˇ˒ʾ˂ ʵʽʰˍˇ˃ʺˌ ζɮηύ ˁʰʽ ˉˇ˂ˏˉ˂ˇˁʹˌ ʵʽʰˍˇ˃ʺˌ ˃ʶ ˍˊʾʰ ʵʽʰ˒ˇˊʶˍʽˁʱ ˉʱ˔ʹ 

ˍˇʽ˔˗˃ʰˍˇˌ όмΣрΣ нΣр ˁʰʽ оΣрmmΣ ˉˊˇ˒ʾ˂ ʵʽʰˍˇ˃ʺˌ ζɰη) ʴʽʰ ˍˇ ˁˊʱ˃ʰ н όʅ˔ʺ˃ʰ 16ύΦ ɴˍˋʽ 

ˎˉʺˊ˅ʶ ʶˎ˔ʷˊʶʽʰ ˋˎʴˁˊʽˍʽˁʺˌ ˃ʶ˂ʷˍʹˌ ʰ˄ʰ˒ˇˊʽˁʱ ˃ʶ ˍʹ˄ ˉʶˊʽʶˁˍʽˁˈˍʹˍʰ ˋʶ ˉˎˊʽˍʽˇˏ˔ˇ 

˃ʰʴ˄ʺˋʽˇΣ ʰ˂˂ʱ ˁʰʽ ˉʰˊʰˍʺˊʹˋʹˌ ˍʹˌ ʶˉʾʵˊʰˋʹˌ ˍˇˎ ʵʽʰ˒ˇˊʶˍʽˁˇˏ ˉʱ˔ˇˎˌ ˍˇʽ˔˗˃ʰˍˇˌ ˋˍˇ 

ʾʵʽˇ ˉˊˇ˒ʾ˂Φ ɼʰˍʱ ˍʹ ʵʽʱˊˁʶʽʰ ˍʹˌ ʶ˅ʷ˂ʽ˅ʹˌ ˍ˖˄ ˉʶʽˊʰ˃ʱˍ˖˄ ˁʰˍʷˋˍʹ ʵˎ˄ʰˍʺ ʹ ˉʰˊʰ˂ʰʲʺ 

ˉˊˇ˒ʾ˂ ʵʽʰˍˇ˃ʺˌ ζɰ ˁˊʱ˃ʰˍˇˌ сллр ˁʰʽ слун όˁˊʱ˃ʰˍʰ о ˁʰʽ пύ ʶˎ˄ˇ˗˄ˍʰˌ ˍʹ˄ ˉʶˊʰʽˍʷˊ˖ 

˂ʺ˕ʹ ʵʶʵˇ˃ʷ˄˖˄ ˋ˔ʶˍʽˁʱ ˃ʶ ˍʹ˄ ʶˉʾʵˊʰˋʹ ˍʹˌ ˁˊʰ˃ʱˍ˖ˋʹˌ ˋʶ Mg, Si ˁʰʽ Mn. ʁ ʰˊʽʻ˃ˈˌ 

ˍ˖˄ ʵʽʰˍʽʻʷ˃ʶ˄˖˄ ˉˊˇ˒ʾ˂ ˁʰʻˈˊʽˋʶ ˍˇ ˉ˂ʺʻˇˌ ˍ˖˄ ˃ʹ˔ʰ˄ʽˁ˗˄ ʵˇˁʽ˃˗˄ ˃ʶ ˍˇ ˃ʶʴʰ˂ˏˍʶˊˇ 

ˈʴˁˇ ˄ʰ ʵʽʶ˅ʱʴʶˍʰʽ ɹ ʽʰ ˍˇ ˁˊʱ˃ʰ м.   

 

ʅ˔ʺ˃ʰ 16 ʃˇ˂ˏˉ˂ˇˁʺ ʵʽʰˍˇ˃ʺ ζɰηΣ ʰˉˇˍʶ˂ˇˏ˃ʶ˄ʹ ʰˉˈ ˍˊʾʰ ˇˊʻˇʴ˗˄ʽʰ ˍ˃ʺ˃ʰˍʰ 

ʵʽʰ˒ˇˊʶˍʽˁˇˏ ˉʱ˔ˇˎˌ ˍˇʽ˔˗˃ʰˍˇˌΦ 
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2.2  ɫʆʋʌʅʈʝʐʂʐɻ ʈʀʇʘʐʂʏ ʐʂʏ ʈʅʆʍʋɿʋʈʙʏ 

ɶ ˃ʶˍʰ˂˂ˇʴˊʰ˒ʽˁʺ ˃ʶ˂ʷˍʹ ˍ˖˄ ˉˊˇʿˈ˄ˍ˖˄ ʵʽʷ˂ʰˋʹˌ Al ʰˉˇˋˁˇˉʶʾ ˋˍʹ˄ ˉʰˊʰˍʺˊʹˋʹ 

ˍ˖˄ ˃ʶˍʰˋ˔ʹ˃ʰˍʽˋ˃˗˄ ˒ʱˋʶ˖˄ ˉˇˎ ˉˊʰʴ˃ʰˍˇˉˇʽˇˏ˄ˍʰʽ ˃ʶ ˍʽˌ ʻʶˊ˃ʽˁʷˌ ˁʰˍʶˊʴʰˋʾʶˌ 

ʵʽʰ˂ˎˍˇˉˇʾʹˋʹˌ (SHT)Σ ˒ˎˋʽˁʺˌ (˒ΦʴΦ) ˁ ʰʽ ˍʶ˔˄ʹˍʺˌ ʴʺˊʰ˄ˋʹˌ (ˍΦʴΦ) ˁ ʰʽ ˋˍˇ ˋˎˋ˔ʶˍʽˋ˃ˈ ˍˇˎˌ 

˃ʶ ̱̔ ˌ ˃ʹ˔ʰ˄ʽˁʷˌ ʽʵʽˈˍʹˍʶˌ, ˈˉ˖ˌ ˎˉˇ˂ˇʴʾˋˍʹˁʰ˄ ˁʰʽ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˋˍʰ ʶˉˈ˃ʶ˄ʰ 

ˁʶ˒ʱ˂ʰʽʰ ˉˇˎ ˉʶˊʽʴˊʱ˒ˇˎ˄ ˍʽˌ ʵˇˁʽ˃ʷˌ ʶ˒ʶ˂ˁˎˋ˃ˇˏ ˁʰʽ ʻ˂ʾ˕ʹˌ.  

ʆh  ˁˏˊʽʰ ˋʹ˃ʶʾ h ˍʹˌ ʷˊʶˎ˄ʰˌ ʰˉˇˍʶ˂ˇˏ˄ όʰύ ʹ ʵʽʰʵʽˁʰˋʾʰ ˍʹˌ ˉˎˊʺ˄˖ˋʹˌ ˁʰʽ 

ʰ˄ʱˉˍˎ˅ʹˌΣ ˍ˖˄ ˒ʱˋʶ˖˄ ˋˎ˄ˇ˔ʺˌ όGP+ʲ˘˘ύΣ ʹ˃ʽˋˎ˄ˇ˔ʺˌ (ʲ˘ύ ˁʰʽ ˃ʹ ˋˎ˄ˇ˔ʺˌ όʲ-Mg2SiύΣ ˍˇ 

˃ʷʴʶʻˇˌ ˁʰʽ ʹ ˁʰˍʰ˄ˇ˃ʺ ˍ˖˄ ˇˉˇʾ˖˄ ˋ˔ʶˍʾʸˇ˄ˍʰʽ ʱ˃ʶˋʰ ˃ʶ ˒ʰʽ˄ˈ˃ʶ˄ʰ ˋˁ˂ʺˊˎ˄ˋʹˌΣ 

ˎˉʶˊʴʺˊʰ˄ˋʹˌ ˁʰʽ ˉʶˊʽˁˊˎˋˍʰ˂˂ʽˁʺˌ ʶˎʰʽˋʻʹˍˇˉˇʾʹˋʹˌ ˁʰʽ όʲύ ˇ ˋ˔ʹ˃ʰˍʽˋ˃ˈˌ PFZs ˉˇˎ 

ʶʾ˄ʰʽ ˁʰʻˇˊʽˋˍʽˁˈˌ ʴʽʰ ˍʹ˄ ʰˉˇˊˊˈ˒ʹˋʹ ʶ˄ʷˊʴʶʽʰˌ ˉˊʽ˄ ˍʹ ʻˊʰˏˋʹ ˍˈˋˇ ˋʶ ʶ˒ʶ˂ˁˎˋ˃ˈ ˈˋˇ 

ˁʰʽ ˋʶ ʻ˂ʾ˕ʹΦ  

ʅ˔ʶˍʽˁʱ ˃ʶ ˍʽˌ ˒ʱˋʶʽˌ ʶˉʽʵʽ˗ˁʶˍʰʽ ˇ ˉˊˇˋʵʽˇˊʽˋ˃ˈˌ ˍ˖˄ ˋˎ˄ʻʹˁ˗˄ ˉˇˎ ʶˎ˄ˇˇˏ˄ 

ˉʶˊʽˁˊˎˋˍʰ˂˂ʽˁʺ ˁʰˍʰˁˊʺ˃˄ʽˋʹ ʶʾˍʶ ʽˋˇˊˊˇˉʹ˃ʷ˄ʹ ˁʰˍʰˁˊʺ˃˄ʽˋʹ ˃ʶˍʰ˅ˏ ˇˊʾ˖˄ ˁˈˁˁ˖˄ ˁʰʽ 

˃ʺˍˊʰ ̩Al ˉˇˎ ʶˉʾˋʹˌ ʶˉʽʵˊˇˏ˄ ˋˍˇ ˔ʰˊʰˁˍʹˊʽˋ˃ˈ ʶ˄ˈˌ ˉˊˇ˒ʾ˂ ˖ˌ ˉʶˊʽˋˋˈˍʶˊˇ ʺ ˂ʽʴˈˍʶˊˇ 

ˈ˂ˁʽ˃ˇˎ ˈˉ˖ˌ  ˉʰˊʰˍʹˊʶʾˍʰʽ ˋʶ ˉʶˊʽˉˍ˗ˋʶʽˌ ˃ʰʸʽˁʺˌ ˁʰˍʰˁˊʺ˃˄ʽˋʹˌ ˒ʱˋʶ˖˄ 

όˉʰˊʰʻʷˍˇ˄ˍʰʽ ˉʰˊʰʵʶʾʴ˃ʰˍʰ ˋˍˇ ɼʶ˒ʱ˂ʰʽˇ оύ. ʆ ̌˔ˊˇ˄ʽˁ ̍ˋʹ˃ʶʾˇ ̱ʹˌ ˍΦʴΦ ˉˇˎ ʰˊ˔ʾʸʶʽ ˄ʰ 

ʴʾ˄ʶˍʰʽ ʰ˄ˍʽ˂ʹˉˍʺ ʹ ˁʰˍʰˁˊʺ˃˄ʽˋʹ ˃ʶ ʹ˂ʶˁˍˊˇ˄ʽˁʺ ˁʰʽ ˇˉˍʽˁʺ ˃ʽˁˊˇˋˁˇˉʾʰ ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋˍʹ 

ʵʹ˃ʽˇˎˊʴʾʰ ˒ʱˋʶ˖˄ ʹ˃ʽˋˎ˄ˇ˔ʺˌ ˁʰʽ ˃ʹ ˋˎ˄ˇ˔ʺˌΣ ʶ˄˗ ˃ʶ ˍʹ˄ ʹ˂ʶˁˍˊˇ˄ʽˁʺ ˃ʽˁˊˇˋˁˇˉʾʰ 

ʵʽʶˊ˔ˇ˃ʷ˄ˇˎ ˒˖ˍˈˌ ˁʰʻʾˋˍʰˍʰʽ ʶ˒ʽˁˍʺ ˁʰʽ ʹ ˉʰˊʰˍʺˊʹˋʹ ˍ˖˄ ˒ʱˋʶ˖˄ ˋˎ˄ˇ˔ʺˌ.   

ʃʰˊʱ˂˂ʹ˂ʰ ʴʽʰ ˍˇ˄ ˉ˂ʺˊʹ ˔ʰˊʰˁˍʹˊʽˋ˃ˈ ˍʹˌ ˃ʽˁˊˇʵˇ˃ʺˌ ʰˉʰˊʰʾˍʹˍʹ ʶʾ˄ʰʽ  ́˃ʶ˂ʷˍʹ 

ˍʹˌ ˃ˇˊ˒ˇ˂ˇʴʾʰ ̩ˁʰʽ ˍˇ ˎ˃ʷˋˇ ˎ˃ʁ ʴʷʻˇˎˌ ˁˈˁˁ˖˄ ˍ˖˄ ̄́ ˇ˒ʾ˂ ˉˇˎ ˋ˔ʶˍʾʸʶˍʰʽ ʱ˃ʶˋʰ ˃ʶ ˍʽˌ 

˃ʹ˔ʰ˄ʽˁʷˌ ʽʵʽˈˍʹˍʶˌ ˃ʷˋ˖ ̱ ʹˌ ˋ˔ʷˋʹ Hall-Petch): 

ˋҐˋ0+kd-1/2, 

 ̍ ˉˇˎ  ̀ ˍˇ ˈˊʽˇ ʵʽʰˊˊˇʺˌ,  0̀ ˃ʽʰ ˋˍʰʻʶˊʱ ˃ʶ ʵʽʰˋˍʱˋʶʽˌ ˍʱˋʹˌΣ ƪ ˉʰˊʱ˃ʶˍˊˇˌ 

ʶ˅ʰˊˍ˗˃ʶ˄ʹ ʰˉˈ ˍˇ ˎ˂ʽˁˈ ˁʰʽ d ˍˇ ˃ʷʴʶʻˇˌ ˁˈˁˁˇˎ (90). ʆʰ ˈˊʽʰ ˁˈˁˁ˖˄ ʰˉˇˍʶ˂ˇˏ˄ 

ˇˎˋʽʰˋˍʽˁʱ ʶ˃ˉˈʵʽʰ ˋˍʹ˄ ˁʾ˄ʹˋʹ ˍ˖˄ ʵʽʰˍʰˊʰ˔˗˄Σ ʰ˒ˇˏ ˋˍʰ ˉˇ˂ˎˁˊˎˋˍʰ˂˂ʽˁʱ ˎ˂ʽˁʱ ʵʶ˄ 

ˉˊˇˁˏˉˍʶʽ ˋˎ˄ʷ˔ʶʽʰ ˋˍʰ ʶˉʾˉʶʵʰ ˇ˂ʾˋʻʹˋʹˌ ˃ʶˍʰ˅ˏ ʴʶʽˍˇ˄ʽˁ˗˄ ˁˈˁˁ˖˄Φ ɶ ˋˎʴˁʷ˄ˍˊ˖ˋʹ 

ˈ˃˖ˌ ˍ˖˄ ʵʽʰˍʰˊʰ˔˗˄ ʵʹ˃ʽˇˎˊʴʶʾ ˍˇˉʽˁʺ ʰ˄ʱˉˍˎ˅ʹ ˍʱˋʶ˖˄ ˁʰʽ ˃ʷˋ˖ ʰˎˍ˗˄ ˉʰˊʰʴ˖ʴʺ 

˄ʷ˖˄ ʵʽʰˍʰˊʰ˔˗˄ ˁʰʽ ʶ˄ʶˊʴˇˉˇʾʹˋʹ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ ˇ˂ʾˋʻʹˋʹˌ ˋˍˇˎˌ ʵʽˉ˂ʰ˄ˇˏˌ ˁˈˁˁˇˎˌ 
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ˋʶ ʲʰʻ˃ˈ ˉˇˎ ʶ˅ʰˊˍʱˍʰʽ ʰˉˈ ˍˇ ˃ʷˋˇ ˃ʷʴʶʻˇˌ ˁˈˁˁˇˎ ˍˇˎ ˎ˂ʽˁˇˏ4. ʁ ˎˉˇ˂ˇʴʽˋ˃ˈˌ ˍʹˌ 

ˍʽ˃ʺˌ ˍˇˎ ˃ʷˋˇˎ ˃ʶʴʷʻˇˎˌ ˁˈˁˁˇˎ ʷʴʽ˄ʶ ˋˏ˃˒˖˄ʰ ˉˊˇˌ ˍˇ ˉˊˈˍˎˉˇ ASTM E112 ˃ʶ ˍʹ 

˃ʷʻˇʵˇ ˍ˖˄ ˍˊʽ˗˄ ˇ˃ˈˁʶ˄ˍˊ˖˄ ˁˏˁ˂˖˄ όAbrams method) (91). ʂˉ˖ˌ ˉˊˇˁˏˉˍʶʽ ˁʰʽ ʰˉˈ ˍʰ 

ʴʶ˄ʽˁʱ ˋˎ˃ˉʶˊʱˋ˃ʰˍʰ ʹ ˃ˇˊ˒ˇ˂ˇʴʾʰ ˍ˖˄ ˁˈˁˁ˖˄ ʶˉʽʵˊʱ ˁʰʽ ˋˍʹ˄ ʶʽˁˈ˄ʰ ˍʹˌ ʵʽʰˋˉˇˊʱˌ 

ˍ˖˄ ˁʰˍʰˁˊʹ˃˄ʽˋ˃ʱˍ˖˄ ʰˉˇʵʶʽˁ˄ˏˇ˄ˍʰˌ ˉ˖ˌ ʹ ˃ʶ˂ʷˍʹ ˍʹˌ ˃ʽˁˊˇʵˇ˃ʺˌ ˍ˖˄ ˉˊˇ˒ʾ˂ ˉˇˎ 

ˉˊˇˇˊʾʸˇ˄ˍʰʽ ʴʽʰ ʰˉˇˊˊˈ˒ʹˋʹ ʶ˄ʷˊʴʶʽʰˌ ʶʾ˄ʰʽ ˉˇ˂ˎˋʺ˃ʰ˄ˍʹΦ 

2.3 ɡʀʍʈʅʆʘʏ ʆɻʐʀʍɾɻʎʚʀʏ ʒʗʎʀʖʉ ʌʍʋɾʙʍɻʉʎʂʏ ʆɻʅ ʆʑʍʚʖʏ 

ʎʐɻɿʚʋʑ ʐʀʔʉʂʐʙʏ ɾʙʍɻʉʎʂʏ 

ɶ ʶˉʽ˂ˇʴʺ ˍ˖˄ ʻʶˊ˃ʽˁ˗˄ ˁʰˍʶˊʴʰˋʽ˗˄ ʷʴʽ˄ʶ ˗ˋˍʶ ˄ʰ ˋˎ˃ˉ˂ʹˊ˖ʻʶʾ ʷ˄ʰ ˒ʱˋ˃ʰ 

ʻʶˊ˃ˇˁˊʰˋʽ˗˄ ˁʰʽ ˔ˊˈ˄˖˄ ˉˇˎ ˁʰ˂ˏˉˍˇˎ˄ ˍʽˌ ʰ˄ʱʴˁʶˌ ˍʹˌ ʷˊʶˎ˄ʰˌ ʰ˄ʰ˒ˇˊʽˁʱ ˃ʶ ˍʹ 

˃ʽˁˊˇʵˇ˃ʺ ˁʰʽ ˍʽˌ ˃ʹ˔ʰ˄ʽˁʷˌ ʽʵʽˈˍʹˍʶˌΣ ʰ˂˂ʱ ˁʰʽ ˄ʰ ˎˉʱˊ˔ʶʽ ˁˇʽ˄ˈ ˋˏ˄ˇ˂ˇ ˁʰʽ ˃ʶ ˍʽˌ 

ˉˊʰˁˍʽˁʷˌ ˉˇˎ ʷ˔ˇˎ˄ ʶ˒ʰˊ˃ˇʴʺ ˋˍʹ ʲʽˇ˃ʹ˔ʰ˄ʾʰ . 

ʅˍh ʅ˔ʺ˃ʰˍʰ му ˁʰʽ мф ʴʾ˄ʶˍʰʽ ˉʶˊʽʴˊʰ˒ʺ ˍ˖˄ ʻʶˊ˃ʽˁ˗ ˄ ˁʰˍʶˊʴʰˋʽ˗˄ ˉˇˎ 

ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʰ˄ ˍʰ ˇˉˇʾʰ ˉʶˊʽ˂ʰ˃ʲʱ˄ˇˎ˄ ʵˏˇ ˒ʱˋʶʽˌΣ ˍʹˌ ̄ ˊˇʴʺˊʰ˄ˋʹˌ ˁ ʰʽ ˍʹˌ ˁˎˊʾ˖ˌ 

ʴʺˊʰ˄ˋʹˌ. ɮˊ˔ʽˁʱΣ ˍʰ ˁˇ˃˃ʷ˄ʰ ʵˇˁʾ˃ʽʰ ʶ˒ʶ˂ˁˎˋ˃ˇˏ ʶʽˋʺ˔ʻʹˋʰ˄ ˋʶ ˒ˇˏˊ˄ˇ ʰ˄ˈˉˍʹˋʹˌ ˃ʶ 

ˁˎˁ˂ˇ˒ˇˊʾʰ ʰʷˊʰ, ˈˉˇˎ ˉʰˊʷ˃ʶʽ˄ʰ˄ ˋˍˇˎˌ р50ˇC ʴʽʰ ˍˇˎ˂ʱ˔ʽˋˍˇ˄ 50 ˂ʶˉˍʱ ˃ʶ ˋˍˈ˔ˇ ˍʹ 

ʵʹ˃ʽˇˎˊʴʾʰ ˋˍʶˊʶˇˏ ʵʽʰ˂ˏ˃ʰˍˇˌ όʅʆɮɲɹʁ мύΦ ʅˍʹ ʻʶˊ˃ˇˁˊʰˋʾʰ ʰˎˍʺ ˍʰ ˉˊˇ˒ʾ˂ ʲˊʾˋˁˇ˄ˍʰʽ 

ʶ˄ˍˈˌ ˍʹˌ ˃ˇ˄ˇ˒ʰˋʽˁʺˌ ˉʶˊʽˇ˔ʺˌΣ ˈˉ˖ˌ ʵʽʰˁˊʾ˄ʶˍʰʽ ˁʰʽ ʰˉˈ ˍʽˌ ˁʰ˃ˉˏ˂ʶˌ ˋˍʶˊʶʺˌ 

ʵʽʰ˂ˎˍˈˍʹˍʰˌ ˍˇˎ ʅ˔ʺ˃ʰˍˇˌ 17 (92)Φ ʅʹ˃ʶʽ˗˄ʶˍʰʽ ˈˍʽ ˍʰ ˉˊˇ˒ʾ˂ ˉˇˎ ˃ʶ˂ʶˍ˗˄ˍʰʽ ˋˍʹ 

ʵʽʰˍˊʽʲʺ ˉˊˇʷˊ˔ˇ˄ˍʰʽ ʺʵʹ ʰˉˈ ʵʽʰʵʽˁʰˋʾʰ ˉˇˎ ˉʶˊʽ˂ʱ˃ʲʰ˄ʶ ʲʰ˒ʺ ˋˍʹ˄ ˉˊʷˋˋʰ ό˕ˏ˅ʹ ˃ʶ 

                                                           

4 ʁ McClintock (86) ˉʶˊʽʴˊʱ˒ˇ˄ˍʰˌ ˍʹ ˃ʽˁˊˇ˃ʹ˔ʰ˄ʽˁʺ ˁʰˍʱˋˍʰˋʹ ˍˇˎ ˒ʰʽ˄ˇ˃ʷ˄ˇˎ 

ʰˎˍˇˏ ʰ˄ʰ˒ʷˊʶʽ ˈˍʽ ˉʰˊˇˎˋʾʰ ˍʰˋʽˁˇˏ ˉʶʵʾˇˎΣ ʰˊ˔ʽˁʱ ʵʹ˃ʽˇˎˊʴˇˏ˄ˍʰʽ ʰˋˎ˄ʷ˔ʶʽʶˌ 

ʰˍˇ˃ʽˁ˗˄ ʵʽʰˋˍʱˋʶ˖˄ ˃ʷˋ˖ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹˌ ʵˏˇ ˍˇˎ˂ʱ˔ʽˋˍˇ˄ ʰˍʰ˅ʽ˗˄ ˉʱ˄˖ ˋˍʰ ˈˊʽʰ 

ˁˈˁˁ˖˄Φ ɼʰˍˈˉʽ˄Σ ˃ʶ ʴˊʺʴˇˊˇ ˊˎʻ˃ˈ ζʰˉˇˊˊˇ˒ˇˏ˄ˍʰʽη ˈ˂ʶˌ ˇʽ ʴʶʽˍˇ˄ʽˁʷˌ ʰˍʰ˅ʾʶˌ 

ʵʽʶˎˊˏ˄ˇ˄ˍʰˌ ˍʹ˄ ˉˊˇːˉʱˊ˔ˇˎˋʰ ʰˋˎ˄ʷ˔ʶʽʰ ˋʶ ʵʽʰˋˍʱˋʶʽˌ ˃ʽˁˊˇˋˁˇˉʽˁʷˌ ʵʹ˃ʽˇˎˊʴ˗˄ˍʰˌ 

ʶˁˁʾ˄ʹˋʹ ˊ˖ʴ˃ʱˍ˖ˋʹˌΦ ɮ˄ ˍˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ˈˊʽˇ ˁˈˁˁˇˎ ʶʾ˄ʰʽ ʴʽʰ ˇˉˇʽˇ˄ʵʺˉˇˍʶ ˂ˈʴˇ 

˕ʰʻˎˊˇˉˇʽʹ˃ʷ˄ˇ (ˉΦ˔Φ ˉʰˊˇˎˋʾʰ PFZ), ˍˈˍʶ ʹ ʰ˄ʱˉˍˎ˅ʹ ˍʱˋʶ˖˄ ˁʰˍʰ˂ʺʴʶʽ ˋʶ ʵʹ˃ʽˇˎˊʴʾʰ 

ˉʶˊʽˁˊˎˋˍʰ˂˂ʽˁʺˌ ˊ˖ʴ˃ʺˌ ˁʰʽ ʹ ˍʶ˂ʽˁʺ ˋˎ˄ʷ˄˖ˋʹ ˍˇˎˌ ˋʶ ʻˊʰˏˋʹ ˃ʶ ˉˇ˂ˏ ˃ʽˁˊʺ ˋˎ˄ˇ˂ʽˁʺ 

ˉʰˊʰ˃ˈˊ˒˖ˋʹΦ  
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ˋˉˊʷʽ ˄ʶˊˇˏ ˃ʶˍʱ ʰˉˈ ˍʹ ʵʽʷ˂ʰˋʹ) ˁʰʽ ʶˉˇ˃ʷ˄˖ˌ ʹ ʵʽʰ˂ˎˍˇˉˇʾʹˋʹ ʰˉˇˋˁˇˉˇˏˋʶ ˋˍʹ˄ 

ʶ˅ʱ˂ʶʽ˕ʹ ˍʹˌ ˉʶˊʽˇˊʽˋ˃ʷ˄ʹˌ ˁʰˍʰˁˊʺ˃˄ʽˋʹˌ ˉˇˎ ʶʾ˔ʶ ˉˊʰʴ˃ʰˍˇˉˇʽʹʻʶʾ ˃ʶ ˒ˎˋʽˁʺ ʴʺˊʰ˄ˋʹΦ 

ʁʽ ˋˎ˄ʻʺˁʶˌ ˍʹˌ ʵʽʰ˂ˎˍˇ̄ ˇʾʹˋʹˌ ˋˍʹˊʾ˔ʻʹˁʰ˄ ˁʰʽ ˋʶ ʶˎˊʶʾʰ ˃ʶ˂ʷˍʹ ˍʹˌ ʲʽʲ˂ʽˇʴˊʰ˒ʾʰˌ όˉΦ˔Φ 

ʲ˂Φ ʃʾ˄ʰˁʰˌ 4Σ ʰ˄ˍʽˋˍˇʽ˔ʾʰ ˃ʶ ˍʹ˄ ˉʰˍʷ˄ˍʰ ˍʹˌ Hoogovens Bonn (93) ʴʽʰ ˉˊˇ˒ʾ˂ ˉˇˎ ʷ˔ˇˎ˄ 

ˎˉˇˋˍʶʾ ʰˊʴʺ ˕ˏ˅ʹ ̋  ̡ ʰ˒ʺ ˋʶ ˄ʶˊˈύΦ  

ɾʶˍʱ ˍʹ˄ ʵʽʰ˂ˎˍˇˉˇʾʹˋʹ ˍʰ ˉˊˇ˒ʾ˂ ˎˉʷˋˍʹˋʰ˄ ʲʰ˒ʺ ˃ʶ ʶ˃ʲʱˉˍʽˋʹ ˋʶ ʵʶ˅ʰ˃ʶ˄ʺ ˃ʶ 

˄ʶˊˈ (water quenching-wqύ ʺ ʶ˄ʰ˂˂ʰˁˍʽˁʱ ˕ˏ˅ʹ ˋˍˇ˄ ʰʷˊʰ (air cooling-ac), ˗ˋˍʶ ˄ʰ 

˃ʶ˂ʶˍʹʻʶʾ ʹ ʶˉʾʵˊʰˋʹ ˍˇˎ ˊˎʻ˃ˇˏ ˕ˏ˅ʹˌ ˋˍʹ˄ ʰˉˇˍʶ˂ʶˋ˃ʰˍʽˁˈˍʹˍʰ ˍʹˌ ˍʶ˔˄ʹˍʺˌ ʴʺˊʰ˄ˋʹˌ 

όʅʆɮɲɹʁ нύΣ ˋˏ˃˒˖˄ʰ ˁʰʽ ˃ʶ ˍʰ ˈˋʰ ʰ˄ʰ˒ʷˊʻʹˁʰ˄ ˋˍˇ ɼʶ˒ʱ˂ʰʽˇ ˍʹˌ ɳʽˋʰʴ˖ʴʺˌ ˉʶˊʾ  

ʶ˂ʱˍˍ˖ˋʹˌ ˍ˖˄ ʵʽʰʻʷˋʽ˃˖˄ ˁʶ˄˗˄ ʻʷˋʶ˖˄ ˍˇˎ ˉ˂ʷʴ˃ʰˍˇˌ ˁʰʽ ʰ˄ʶˉʽʻˏ˃ʹˍʹˌ ˁʰˍʰˁˊʺ˃˄ʽˋʹˌ 

ˋʶ ˉˇ˂ˏ ˎ˕ʹ˂ʺ ʻʶˊ˃ˇˁˊʰˋʾʰΦ ʁ ˊˎʻ˃ˈˌ ˕ˏ˅ʹˌ ˍ˖˄ ac ʵˇˁʽ˃ʾ˖˄ ˃ʶˍˊʺʻʹˁʶ ˃ʶ 

ʻʶˊ˃ˇˋˍˇʽ˔ʶʾʰ ˁʰʽ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ 20.  

ɮ˒ˇˏ ˉʰˊʷ˃ʶʽ˄ʰ˄ ˋʶ ʻʶˊ˃ˇˁˊʰˋʾʰ ˉʶˊʽʲʱ˂˂ˇ˄ˍˇˌ ʴʽʰ 24h ό˒ˎˋʽˁʺ ʴʺˊʰ˄ˋʹ, natural 

aging ς ʅʆɮɲɹʁ о), ʶʽˋʺ˔ʻʹˋʰ˄ ˋˍˇ˄ ˒ˇˏˊ˄ˇ ʴʽʰ ˍʶ˔˄ʹˍʺ ʴʺˊʰ˄ˋʹ ˋʶ ʵˏˇ ˋˍɦʵʽʰ (step 

aging)Φ ʃˊˇʹʴʺʻʹˁʶ ʻʶˊ˃ʽˁʺ ˁʰˍʶˊʴʰˋʾʰ ˋʶ ˔ʰ˃ʹ˂ʺ ʻʶˊ˃ˇˁˊʰˋʾʰ 100ˇC όʹ ʶˉʽ˂ˇʴʺ ˍʹˌ 

ˇˉˇʾʰˌ ʷʴʽ˄ʶ ʶˉʾˋʹˌ ˃ʶˍʱ ʰˉˈ ʰ˄ʱʴ˄˖ˋʹ ʲʽʲ˂ʽˇʴˊʰ˒ʽˁ˗˄ ʵʶʵˇ˃ʷ˄˖˄ ʰ˂˂ʱ ˁʰʽ ʲʽˇ˃ʹ˔ʰ˄ʽˁʺ 

ˉˊʰˁˍʽˁʺ ʴʽʰ ʲʶ˂ˍʾ˖ˋʹ ˍʹˌ ʰ˄ˍˇ˔ʺˌύ ʴʽʰ ˔ˊˇ˄ʽˁʺ ʵʽʱˊˁʶʽʰ лΣ п ʺ мнh - ʅʆɮɲɹʁ пΦ ʆʰ 

ʵʶʾʴ˃ʰˍʰ ˉˇˎ ʷ˃ʶʽ˄ʰ˄ ʴʽʰ пh 100oC ʷ˔ˇˎ˄ ˋˍʹ˄ ˉʶˊʽʴˊʰ˒ʺ ˍˇˎˌ ˍˇ ʴˊʱ˃˃ʰ ɮ ˉΦ˔Φ пh170AWQ 

5, ɹ ʽʰ мнh ̱ ˇ ʴˊʱ˃˃ʰ ɰ ̄ Φ˔Φ 8h170BWQ ˁ ʰʽ ʴʽʰ 0h ̱ ˇ ʴˊʱ˃˃ʰ C (ˉΦ˔Φ 12h200CAC).  

 

ʅ˔ʺ˃ʰ 17 ɼʰ˃ˉˏ˂ʶˌ ˋˍʶˊʶʺˌ ʵʽʰ˂ˎˍˈˍʹˍʰˌ ˋʹ˃ʰ˄ˍʽˁ˗˄ ˁˊʰ˃ʰˍʽˁ˗˄ ˋˍˇʽ˔ʶʾ˖˄ ˍˇˎ ʰ˂ˇˎ˃ʽ˄ʾˇˎΦ 

ɱʽʰ ˍʹ˄ ʵʽʰˍˊʽʲʺ ʲʰˊˏˍʹˍʰ ʷ˔ʶʽ ʹ ˁʰ˃ˉˏ˂ʹ ˍˇˎ Mg2Si.  

                                                           
5
 ɼ˖ʵʽˁˇˉˇʾʹˋʹ ʵʶʽʴ˃ʱˍ˖˄Υ ɲʽʱˊˁʶʽʰΣɸʶˊ˃ˇˁˊʰˋʾʰ ʴʺˊʰ˄ˋʹˌΣʅˎ˄ʻʺˁʶˌ ˉˊˇʴʺˊʰ˄ˋʹˌ

ʆˊˈˉˇˌ ˕ˏ˅ʹˌ
 Σ ˉΦ˔Φ 

4h170ɮ
WQ 

= п ˗ˊʶˌ
 
ʴʺˊʰ˄ˋʹ ˋˍˇˎˌ мтл

ˇ
 C ̀ ʶ ʵʶʾʴ˃ʰ ˉˇˎ ˎˉʷˋˍʹ ʲʰ˒ʺ ˃ʶˍʱ ˍʹ ʵʽʰ˂ˎˍˇˉˇʾʹˋʹΣ ˃ʶ 

ˉˊˇʴʺˊʰ˄ˋʹ пh ̀ ˍˇˎˌ млл
ˇ
C. 
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ʅˍʹ ʵʶˏˍʶˊʹ ˒ʱˋʹ ˍʹˌ ˍʶ˔˄ʹˍʺˌ ʴʺˊʰ˄ˋʹˌ ˇʽ ʻʶˊ˃ˇˁˊʰˋʾʶˌ ʴʺˊʰ˄ˋʹˌ ˉˇˎ ʶˉʽ˂ʷ˔ʻʹˁʰ˄Σ 

˃ʶˍʱ ʰˉˈ ˃ʶ˂ʷˍʹ ˋˍˇʽ˔ʶʾ˖˄ ˉˇˎ ʰ˄ˍ˂ʺʻʹˁʰ˄ ˍˈˋˇ ʰˉˈ ˍʹ˄ ʲʽˇ˃ʹ˔ʰ˄ʽˁʺ ʶ˃ˉʶʽˊʾʰ ˈˋˇ ˁʰʽ 

ˍʹ˄ ʲʽʲ˂ʽˇʴˊʰ˒ʾʰΣ ʺˍʰ˄ мтлˇC, 200ˇC ˁʰʽ 220ˇC όʅʆɮɲɹʁ рύΦ ɶ ʻʶˊ˃ˇˁˊʰˋʾʰ ˍ˖˄ мсл 

ʶˉʽ˂ʷ˔ʻʹˁʶ ˖ˌ ʹ ˃ʽˁˊˈˍʶˊʹ ʵˎ˄ʰˍʺ ʴʽʰ ʵʹ˃ʽˇˎˊʴʾʰ ˋˎ˄ʻʹˁ˗˄ ˃ʷʴʽˋˍʹˌ ˋˁ˂ʺˊˎ˄ˋʹˌ ʶ˄ˍˈˌ 

ˍʹˌ ʶˉʽ˂ʶʴ˃ʷ˄ʹˌ ʵʽʱˊˁʶʽʰˌ ˍʹˌ ʻʶˊ˃ʽˁʺˌ ˁʰˍʶˊʴʰˋʾʰˌΦ ʁ ˃ʶʴʰ˂ˏˍʶˊˇˌ ˈʴˁˇˌ ˍ˖˄ ʵˇˁʽ˃˗˄ 

ʷʴʽ˄ʶ ˃ʶ ʴʺˊʰ˄ˋʹ ˋˍˇˎˌ мтлˇC ˉˇˎ ʺˍʰ˄ ʹ ˋˎ˄ʺʻʹˌ ˉˊʰˁˍʽˁʺ ʴʽʰ ˍʰ ˁˊʱ˃ʰˍʰ ˍʹˌ ˋʶʽˊʱˌ 

6106 ˋˍʰ ˇˉˇʾʰ ˎˉʺˊ˔ʶ ˃ʶʴʱ˂ˇˌ ʵʽʰʻʷˋʽ˃ˇˌ ˈʴˁˇˌ ˉˊˇ˒ʾ˂Φ ʅˍʹ ʻʶˊ˃ˇˁˊʰˋʾʰ ʰˎˍʺ ʹ 

ʲʽʲ˂ʽˇʴˊʰ˒ʾʰ ʰ˄ʰ˒ʷˊʶʽ ˍʹ˄ ʰ˄ʱʴˁʹ ˉʰˊʰ˃ˇ˄ʺˌ ʵʶʽʴ˃ʱˍ˖˄ ˋˍˇ ˒ˇˏˊ˄ˇ ʴʽʰ ˉʶˊʽˋˋˈˍʶˊˇ 

ʰˉˈ мр ˗ˊʶˌ ʴʽʰ ˍʹ˄ ʶˉʾˍʶˎ˅ʹ ˃ʷʴʽˋˍʹˌ ʰ˄ˍˇ˔ʺˌΦ ɱʽʰ ˍʹ ˃ʶ˂ʷˍʹ ˍˇˎ ˒ʰʽ˄ˇ˃ʷ˄ˇˎ ˍʹˌ 

ʶˉʽˍʰ˔ˎ˄ˈ˃ʶ˄ʹˌ ʴʺˊʰ˄ˋʹˌ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʶ ʴʺˊʰ˄ˋʹ ˋˍˇˎˌ нллˇCΣ ʶ˄˗ ʴʽʰ ˍʹ ˃ʶ˂ʷˍʹ ˍ˖˄ 

˒ʰʽ˄ˇ˃ʷ˄˖˄ ˎˉʶˊʴʺˊʰ˄ˋʹˌ  ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʶ ʴʺˊʰ˄ˋʹ ˋˍˇˎˌ ннлˇCΦ ɶ ʶˉʽ˂ˇʴʺ ˍ˖˄ ˍʽ˃˗˄ 

ʰˎˍ˗˄ ʰˉʷʲ˂ʶˉʶ ˋˍʹ ʵˎ˄ʰˍˈˍʹˍʰ ˃ʶ˂ʷˍʹˌ ˍ˖˄ ˉˊˇ˒ʾ˂ ˁʰʽ ˍ˖˄ ˍʶˋˋʱˊ˖˄ ˁˊʰ˃ʱˍ˖˄ ˋʶ 

ˁʰˍʱˋˍʰˋʹ ˎˉˇʴʺˊʰ˄ˋʹˌΣ ˃ʷʴʽˋˍʹˌ ˋˁ˂ʺˊˎ˄ˋʹˌ ˁʰʽ ˎˉʶˊʴʺˊʰ˄ˋʹˌΦ ɾʶˍʱ ˍʹ˄ ˇ˂ˇˁ˂ʺˊ˖ˋʹ 

ˍˇˎ ʶˁʱˋˍˇˍʶ ʻʶˊ˃ʽˁˇˏ ˁˏˁ˂ˇˎ ʰˁˇ˂ˇˏʻʹˋʶ ʰˊʴʺ ˕ˏ˅ʹΦ 

ɳˁˍˈˌ ˍ˖˄ ʵˇˁʽ˃˗˄ ˉˇˎ ˉʶˊʽʴˊʱ˒ˇ˄ˍʰʽ ʰ˄˖ˍʷˊ˖ ʷʴʽ˄ʶ ˁʰʽ ˃ʶ˂ʷˍʹ ʵˇˁ̔˃ ʾ˖˄ όi) ˔˖ˊʾˌ 

˒ˎˋʽˁʺ ʴʺˊʰ˄ˋʹ όʲ˂Φ ʅ˔ʺ˃ʰ 19ύΦ ʆʰ ˋ˔ʶˍʽˁʱ ʵˇˁʾ˃ʽʰ ˒ʷˊˇˎ˄ ˍʰ ʴˊʱ˃˃ʰˍʰ ɿɿɮҐNo ɿatural 

ɮging ˉΦ˔Φ ɿɿɮплƘмтлɮ. ɽˈʴ˖ ˍˇˎ ʴʶʴˇ˄ˈˍˇˌ ˉ˖ˌ ʹ ʲʰ˒ʺ ˋʶ ˄ʶˊˈ ˉˊˇˋ˒ʷˊʶʽ ˋʰ˒ʺ 

ˉ˂ʶˇ˄ʶˁˍʺ˃ʰˍʰ ʷ˄ʰ˄ˍʽ ˍʹˌ ˕ˏ˅ʹˌ ˋˍˇ˄ ʰʷˊʰΣ ˖ˌ ʵʽʰʵʽˁʰˋʾʰ ʴʽʰ ˍʹ ʲʶ˂ˍʽˋˍˇˉˇʾʹˋʹ ˍ˖˄ 

˃ʹ˔ʰ˄ʽˁ˗˄ ʽʵʽˇˍʺˍ˖˄ ˁʰʽ ˂ˈʴ˖ ˍˇˎ ˉʶˊʽˇˊʽˋ˃ʷ˄ˇˎ ʰˊʽʻ˃ˇˏ ˍ˖˄ ʵʽʰˍʽʻʷ˃ʶ˄˖˄ ˉˊˇ˒ʾ˂Σ ˋˍʰ 

ˉˊˇ˒ʾ˂ ˁˊʱ˃ʰˍˇˌ о ˁʰʽ п ʵʶ˄ ʵʽʶ˄ʶˊʴʺʻʹˁʰ˄ ʵˇˁʽ˃ʷˌ ʴʽʰ ˋˎ˄ʻʺˁʶˌ ʰˊʴʺˌ ˕ˏ˅ʹˌ όac-

ʵʶʾʴ˃ʰˍʰ).  

ʅˍˇ ˁʶʾ˃ʶ˄ˇ ˁʰʽ ˋˍʹ˄ ˉʶˊʽʴˊʰ˒ʺ ˍ˖˄ ˃ʶˍʰ˂˂ˇˎˊʴʽˁ˗˄ ˁʰˍʰˋˍʱˋʶ˖˄ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ 

ˇʽ ˋˎ˃ʲˇ˂ʽˋ˃ˇʾΥ 

ʆпΥ ʴʽʰ ʻʶˊ˃ʽˁʺ ˁʰˍʶˊʴʰˋʾʰ ʵʽʰ˂ˎˍˇˉˇʾʹˋʹˌΣ ʲʰ˒ʺ ˁʰʽ ˒ˎˋʽˁʺ ʴʺˊʰ˄ˋʹΣ 

ʆсΥ ʴʽʰ ʻʶˊ˃ʽˁʺ ˁʰˍʶˊʴʰˋʾʰ ʵʽʰ˂ˎˍˇ̄ ˇʾʹˋʹˌΣ ʲʰ˒ʺ ˁʰʽ ˍʶ˔˄ʹˍʺ ʴʺˊʰ˄ˋʹ ˋʶ 

ʻʶˊ˃ˇˁˊʰˋʾʰ ˎ˕ʹ˂ˈˍʶˊʹ ʰˎˍʺˌ ˍˇˎ ˉʶˊʽʲʱ˂˂ˇ˄ˍˇˌ ˁʰʽ  

ʆтΥ ʴʽʰ ʻʶˊ˃ʽˁʺ ˁʰˍʶˊʴʰˋʾʰ ʵʽʰ˂ˎˍˇˉˇʾʹˋʹˌΣ ʲʰ˒ʺ ˁʰʽ ˍʶ˔˄ʹˍʺ ʴʺˊʰ˄ˋʹ ˋʶ 

ʻʶˊ˃ˇˁˊʰˋʾʰ ʺ ˔ˊˈ˄ˇ ˉˇˎ ʶˉʽ˒ʷˊʶʽ ˋˍʰʻʶˊˇˉˇʾʹˋʹ ˍˇˎ ˎ˂ʽˁˇˏ ˁʰʽ ˎˉʷˊʲʰˋʹ ˍˇˎ ˋʹ˃ʶʾˇˎ 

ˍʹˌ ˃ʷʴʽˋˍʹˌ ˋˁ˂ʹˊˈˍʹˍʰˌ (60), (92). 
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ʅ˔ʺ˃ʰ 18 ɲʽʱʴˊʰ˃˃ʰ ́ ˇʺˌ ʻʶˊ˃ʽˁ˗˄ ˁʰˍʶˊʴʰˋʽ˗˄ ˃ʶ ˒ˎˋʽˁʺ ʴʺˊʰ˄ˋʹ ˃ʶˍʱ ˍʹ 

ʵʽʰ˂ˎˍˇˉˇʾʹˋʹΦ 
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ʅ˔ʺ˃ʰ 19 ɲʽʱʴˊʰ˃˃ʰ ́ ˇʺˌ ʻʶˊ˃ʽˁ˗˄ ˁʰˍʶˊʴʰˋʽ˗˄ ˔˖ˊʾˌ ˒ ˎˋʽˁʺ ʴʺˊʰ˄ˋʹ ˃ʶˍʱ ˍʹ 

ʵʽʰ˂ˎˍˇˉˇʾʹˋʹΦ 

 

ʅ˔ʺ˃ʰ 20 ʄˎʻ˃ˈˌ ˕ˏ˅ʹˌ ac ɻ ʶʽʴ˃ʱˍ˖˄Σ ʶ˅ʶˊ˔ˇ˃ʷ˄˖˄ ˍˇˎ ˒ˇˏˊ˄ˇˎ ʵʽʰ˂ˎˍˇˉˇʾʹˋʹˌΦ 
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ʃʾ˄ʰˁʰˌ 4 ɰʽʲ˂ʽˇʴˊʰ˒ʾʰ ʰˉΩ ˈˉˇˎ ʰ˄ˍ˂ʺʻʹˁʰ˄ ˉ˂ʹˊˇ˒ˇˊʾʶˌ ˋ˔ʶˍʽˁʱ ˃ʶ ˍʽˌ ˋˎ˄ʻʺˁʶˌ ˍ˖˄ 

ʶˉʽ˂ʶʴ˃ʷ˄˖˄ ʻʶˊ˃ʽˁ˗˄ ˁʰˍʶˊʴʰˋʽ˗˄ ʵʽʰ˂ˎˍˇˉˇʾʹˋʹˌ ˁʰʽ ʴʺˊʰ˄ˋʹˌ. 

ɸʶˊ˃̔ˁʺ 

ˁʰˍʶˊʴʰˋʾʰ 
ɰʽʲ˂ʽˇʴˊʰ˒ʾʰ 

ɸʶˊ˃ˇˁˊʰˋʾʰ 

ʴʺˊʰ˄ˋʹˌ 
ɰʽʲ˂ʽˇʴˊʰ˒ʾʰ 

ɲʽʰ˂ˎˍˇˉˇʾʹˋʹ 

ˋˍˇˎˌ р50ˇC 

(68), (53), (56), (12), (9), 

(14), (93), (94) 

160 (39), (52), (74) 

170 
(11), (15), (50), (95) 

(36) 

ʃˊˇʴʺˊʰ˄ˋʹ ˋˍˇˎˌ 

100ˇC 
(50) (55) (51) (58) (57) (72) 180 (48), (67) 

ʆʶ˔˄ʹˍʺ ʴʺˊʰ˄ˋʹ ˋʶ 

н ˋˍʱʵʽʰ 
(72) 

200 
(24), (82), (86), (96) 

(36) 

220 (72) (97) 

 

2.4 ɝʋʆʅʈʘʏ ʀʒʀʇʆʑʎʈʋʞ 

ʁʽ ʵˇˁʽ˃ʷˌ ʶ˒ʶ˂ˁˎˋ˃ˇˏ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʰ˄ ˋˍˇ ʶˊʴʰˋˍʺˊʽˇ ˃ʹ˔ʰ˄ʽˁ˗˄ ʽʵʽˇˍʺˍ˖˄ ˁʰʽ 

˃ʹ˔ʰ˄ˇˎˊʴʽˁ˗˄ ˁʰˍʶˊʴʰˋʽ˗˄ ˍˇˎ ɳɽɼɳɾɳ ˃ʶ ˋˍˈ˔ˇ όiύ ˍʹ ˃ʶ˂ʷˍʹ  ˍʹˌ ʶˉʾʵˊʰˋʹˌ ˍ˖˄ 

ˋˎ˄ʻʹˁ˗˄ ʴʺˊʰ˄ˋʹˌ όʻʶˊ˃ˇˁˊʰˋʾʰ ˁʰʽ ˔ˊˇ˄ʽˁʺ ʵʽʱˊˁʶʽʰύ ˁʰʽ ˍˇˎ ˉˇˋˇˋˍˇˏ ˍʹˌ 

ˁˊʰ˃ʱˍ˖ˋʹˌ ˋˍʹ ʵʽʰ˃ˈˊ˒˖ˋʹ ˍ˖˄ ˃ʹ˔ʰ˄ʽˁ˗˄ ʽʵʽˇˍʺˍ˖˄ ˁʰʽ ˍʹˌ ˃ʶˍʰ˂˂ˇˎˊʴʽˁʺˌ 

ˁʰˍʱˋˍʰˋʹˌ ˍ˖˄ ˉˊˇ˒ʾ˂ ˁʰʽ όiiύ ˍˇ˄ ˎˉˇ˂ˇʴʽˋ˃ˈ ˍʹˌ ʶ˄ʷˊʴʶʽʰˌ ʰˋˍˇ˔ʾʰˌ ʰˉˈ ˍˇ ʶ˃ʲʰʵˈ ˍʹˌ 

ˉʶˊʽˇ˔ʺˌ ˉˇˎ ˇˊʽˇʻʶˍˇˏ˄ ˇʽ ˁʰ˃ˉˏ˂ʶ ̩̱ ʱˋʹˌ-ˉʰˊʰ˃ˈˊ˒˖ˋʹˌ (60). ʅʹ˃ʶʽ˗˄ʶˍʰʽ ˉ˖ˌ ʹ ˉˇ˂ˏ 

˃ʶʴʱ˂ʹ ˉ˂ʶʽˇ˕ʹ˒ʾʰ ˍ˖˄ ʶˊʶˎ˄˗˄ ˉʱ˄˖ ˋˍʹ˄ ˍΦʴΦ ˍ˖˄ ˁˊʰ˃ʱˍ˖˄ ˍʹˌ ˋʶʽˊʱˌ сxxx 

˔ˊʹˋʽ˃ˇˉˇʽʶʾ ˃ˈ˄ˇ ˍʹ˄ ˍʶ˔˄ʽˁʺ ˍʹˌ ˋˁ˂ʹˊˇ˃ʷˍˊʹˋʹˌ ʴʽʰ ˍʹ˄ ˉʰˊʰˍʺˊʹˋʹ ˍˇˎ ˒ʰʽ˄ˇ˃ʷ˄ˇˎ 

ˍʹˌ ˋˁ˂ʺˊˎ˄ˋʹˌΦ ɴˍˋʽ ˉʰˊʰ˃ʷ˄ˇˎ˄ ʶˊ˖ˍʹ˃ʰˍʽˁʱ ˋ˔ʶˍʽˁʱ ˃ʶ ˍʹ˄ ˃ʶˍʰʲˇ˂ʺ ˍʹˌ ˇ˂ˁʽ˃ˈˍʹˍʰˌ 

ˉˇˎ ʶʾ˄ʰʽ ʶ˅ʾˋˇˎ ˋʹ˃ʰ˄ˍʽˁʺ ʴʽʰ ˍʹ˄ ʰˉʰʾˍʹˋʹ ʰˉˇˊˊˈ˒ʹˋʹˌ ʶ˄ʷˊʴʶʽʰˌΣ ˍʰ ˇˉˇʾʰ ˃ˉˇˊˇˏ˄ 

˄ʰ ʰˉʰ˄ˍʹʻˇˏ˄ ˃ʶ ˍʽˌ ʵˇˁʽ˃ʷˌ ʶ˒ʶ˂ˁˎˋ˃ˇˏ ˁʰʽ ˍˇ˄ ˎˉˇ˂ˇʴʽˋ˃ˈ ˍʹˌ ʁ ˄ʷˊʴʶʽʰ̩ h ˋˍˇ˔ʾʰˌΦ  

  ʁʽ ˍʽ˃ʷˌ ˍʹˌ ʰ˄ˍˇ˔ʺˌ ˁʰʽ ˍʹˌ ˉʰˊʰ˃ˈˊ˒˖ˋʹˌ ˍ˖˄ ˉˊˇ˒ʾ˂ ˁʰʻˇˊʾʸˇ˄ˍʰʽ ʰˉˈ ˍʽˌ 

ˉˊˇʵʽʰʴˊʰ˒ʷˌ ˍ˖˄ ʰˎˍˇˁʽ˄ʹˍˇʲʽˇ˃ʹ˔ʰ˄ʽ˗˄ ˁʰʽ ʰˉˇˍʶ˂ˇˏ˄ ˋˎ˄ʺʻ˖ˌ ˍˇ ˉˊ˗ˍˇ 

˔ʰˊʰˁˍʹˊʽˋˍʽˁˈ ˉˇˎ ˃ʶ˂ʶˍʱˍʰʽ ʰˉˈ ˍˇ˄ ˉˇʽˇˍʽˁˈ ʷ˂ʶʴ˔ˇ ˍ˖˄ ˁʰˍʰˋˁʶˎʰˋˍ˗˄Φ ɳ˒ˈˋˇ˄ ˇʽ 

˃ʹ˔ʰ˄ʽˁʷˌ ʽʵʽˈˍʹˍʶˌ ʶʾ˄ʰʽ ʶ˄ˍˈˌ ˇˊʾ˖˄ ʶ˅ʶˍʱʸˇ˄ˍʰʽ ˋˍʹ ˋˎ˄ʷ˔ʶʽʰ ʹ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˋˍʹ ʻ˂ʾ˕ʹ 
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όʹ˃ʽˋˍʰˍʽˁʺ ʵˇˁʽ˃ʺ ˋˎ˃ˉʾʶˋʹˌ ʺ ˁˊˇˏˋʹˌ ˃ʶ ˉˍ˗ˋʹ ʶ˄ˈˌ ʲʰˊʽʵʾˇˎ ʰˉˈ ˃ʶʴʱ˂ˇ ˏ˕ˇˌ ˋˍˇ 

ˉˊˇ˒ʾ˂ύΣ ʹ ʰ˄ˍʾˋˍʰˋʹ ˋˍʹ ʵʽʱʲˊ˖ˋʹ ˁ˂ˉΦ 

ɾʷˋ˖ ˍ˖˄ ʵˇˁʽ˃˗˄ ʶ˒ʶ˂ˁˎˋ˃ˇˏ ˃ˉˇˊˇˏ˄ ˄ʰ ʶ˅ʰ˔ʻˇˏ˄ ˋˎ˃ˉʶˊʱˋ˃ʰˍʰ ʴʽʰ ˍʹ 

ʵˎˋʻˊʰˎˋˍˈˍʹˍʰ ʶ˄ˈˌ ˎ˂ʽˁˇˏ ˉˇˎ ˇˊʾʸʶˍʰʽ ˖ˌ ʹ ʽˁʰ˄ˈˍʹˍʰ ˍˇˎ ˄ʰ ʰ˄ʻʾˋˍʰˍʰʽ ˋʶ ˍʱˋʶʽˌ 

˃ʶʴʰ˂ˏˍʶˊʶˌ ˍˇˎ ˇˊʾˇˎ ʵʽʰˊˊˇʺˌ ʵʾ˔˖ˌ ˄ʰ ʶˉʷˊ˔ʶˍʰʽ ʻˊʰˏˋʹ (60), (98)Φ ɴ˄ʰˌ ˍˊˈˉˇˌ 

ˁʰʻˇˊʽˋ˃ˇˏ ˍʹˌ ʵˎˋʻˊʰˎˋˍˈˍʹˍʰˌ ʶʾ˄ʰʽ ˃ʷˋ˖ ˍˇˎ ˎˉˇ˂ˇʴʽˋ˃ˇˏ ˍˇˎ ʶ˃ʲʰʵˇ ˏ ˍʹˌ 

ˁʰ˃ˉˏ˂ʹˌ ˋ-ʶ ˉˇˎ ʰˉˇˍʶ˂ʶʾ ʵʶʾˁˍʹ ˍˇˎ ˉˇˋˇˏ ˍˇˎ ʷˊʴˇˎ όʺ ˍʹˌ ʶ˄ʷˊʴʶʽʰˌύ ʰ˄ʱ ˃ˇ˄ʱʵʰ 

ˈʴˁˇˎ ˉˇˎ ˃ˉˇˊʶʾ ˄ʰ ˎˉˇˋˍʶʾ ˍˇ ˎ˂ʽˁˈ ˔˖ˊʾˌ ˄ʰ ʰˋˍˇ˔ʺˋʶʽ ό˃ʰʻʹ˃ʰˍʽˁˈˌ ˉˊˇˋʵʽˇˊʽˋ˃ˈˌ 

ˍʹˌ ʵˎˋʻˊʰˎˋˍˈˍʹˍʰˌΣ (90)). ʂˉ˖ˌ ʴʾ˄ʶˍʰʽ ʰ˄ˍʽ˂ʹˉˍˈ ʹ ˃ʶˍˊˇˏ˃ʶ˄ʹ ˍʽ˃ʺ ˋˎ˄ʵˎʱʸʶʽ ˃ʰʸʾ ˍʹ˄ 

ʰ˄ˍˇ˔ʺ ˁʰʽ ˍʹ˄ ˇ˂ˁʽ˃ˈˍʹˍʰ ˍˇˎ ˃ʶˍʱ˂˂ˇˎΦ ɳˁˍˈˌ ʰˉˈ ˍʹ˄ ˇ˂ˇˁ˂ʺˊ˖ˋʹ ˍʹˌ ˁʰ˃ˉˏ˂ʹˌΣ ʴʽʰ 

ˈ˂ˁʽ˃ʰ ˎ˂ʽˁʱ ˍˇ ʶ˃ʲʰʵˈ˄ ˃ ˉˇˊʶʾ ˄ʰ ˎˉˇ˂ˇʴʽˋˍʶʾ ˁʰˍʱ ˉˊˇˋʷʴʴʽˋʹ ˃ʶ ˍˇ˄ ˍˏˉˇ:  

UT Ғ   * El (98). 

ʆˇ ʅ˔ʺ˃ʰ 21 ʵʶʾ˔˄ʶʽ ˍʹ ʵʽʰ˒ˇˊʱ ˋˍˇ ˉˇˋˈ ˍʹˌ ʶ˄ʷˊʴʶʽʰˌ ˉˇˎ ʰˉˇˊˊˇ˒ʱˍʰʽ ʰˉˈ ʷ˄ʰ 

ʵˇˁʾ˃ ʽˇ ˉˇˎ ʶ˃˒ʰ˄ʾʸʶʽ ˈ˂ˁʽ˃ʹ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˁʰʽ ʷ˄ʰ ˃ʶ ˕ʰʻˎˊʺΦ ɮ˄ ˁʰʽ ˍˇ ʵʶˏˍʶˊˇ ʷ˔ʶʽ 

˃ʶʴʰ˂ˏˍʶˊˇ ˈˊʽˇ ʵʽʰˊˊˇʺˌ ˁʰʽ ʻˊʰˏˋʹˌ ʹ ʵˎˋʻˊʰˎˋˍˈˍʹˍʰ ˍˇˎ ˉˊ˗ˍˇˎ ʶʾ˄ʰʽ ˉˇ˂ˏ 

˃ʶʴʰ˂ˏˍʶˊʹ ˂ˈʴ˖ ˍʹˌ ˃ʶʴʱ˂ʹˌ ʶˉʽ˃ʺˁˎ˄ˋʹˌ ʻˊʰˏˋʹˌΦ  

 

ʅ˔ʺ˃ʰ 21 ɶ ʰˉˇˊˊˈ˒ʹˋʹ ʶ˄ʷˊʴʶʽʰˌ ʶ˄ˈˌ ˈ˂ˁʽ˃ˇˎ ˁʰʽ ʶ˄ˈˌ ˕ʰʻˎˊˇˏ ˎ˂ʽˁˇˏΣ όʶ˃ʲʰʵˈ˄ 

ˁʰ˃ˉˏ˂ʹˌ ˍʱˋʹˌ-ˉʰˊʰ˃ˈˊ˒˖ˋʹˌύ (99).   
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ɶ ˉˊʰʴ˃ʰˍˇˉˇʾʹˋʹ ʵˇˁʽ˃˗˄ ˃ˉˇˊʶʾ ˄ʰ ʴʾ˄ʶʽ ˋʶ ˔ʰ˃ʹ˂ʺˌ ʵˎ˄ʰ˃ʽˁˈˍʹˍʰˌ ˃ʹ˔ʰ˄ʺ 

ʶ˒ʶ˂ˁˎˋ˃ˇˏ ˁʰʽ ʹ ˁˏˊʽʰ ʵˎˋˁˇ˂ʾʰ ʷʴˁʶʽˍʰʽ ˋˍʹ˄ ˋ˖ˋˍʺ ˁʰˍʰˋˁʶˎʺ ˍ˖˄ ʵˇˁʽ˃ʾ˖˄ όˉΦ˔Φ 

ʰˉˇ˒ˎʴʺ ˉʰˊʰ˃ˇˊ˒˗ˋʶ˖˄ ˁʰˍʱ ˍʹ˄ ˁˇˉʺ ˋʶ ˉʶˊʾˉˍ˖ˋʹ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ˉˊʷˋʰ). 

ɳ˒ˈˋˇ˄ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ʰˉˇʵʶʽˁ˄ˏˇˎ˄ ˈˍʽ ˇ ˎˉˇ˂ˇʴʽˋ˃ˈˌ ˍʹˌ ʶ˄ʷˊʴʶʽʰˌ ʻˊʰˏˋʹˌ ʰˉˈ ˍʹ˄ 

ˁʰ˃ˉˏ˂ʹ ˋ-  ʁˉʰˊʱʴʶʽ ʵʶʵˇ˃ʷ˄ʰ ˉˇˎ ˎˉʶˊˁʰ˂ˏˉˍˇˎ˄ ˍʹ˄ ʰ˄ʱʴˁʹ ʵʽʶ˅ʰʴ˖ʴʺˌ ˉʽˇ ʵˏˋˁˇ˂˖˄ 

ˋˍʹ˄ ˉˊʰʴ˃ʰˍˇˉˇʾʹˋʹ ʵˇˁʽ˃˗˄ όˈˉ˖ˌ ʹ˃ʽˋˍʰˍʽˁʺˌ ʻ˂ʾ˕ʹˌ ˉˇˎ ʰˉʰʽˍʶʾ ˃ʶʴʰ˂ˏˍʶˊʹ̩  

ʵˎ˄ʰ˃ʽˁˈˍʹˍʰˌ ˃ʹ˔ʰ˄ ̋̋  ˁˊˇˏˋʹˌ ˃ʶ ʶ˂ʶˏʻʶˊʹ ˉˍ˗ˋʹ ʲʱˊˇˎˌ ˉʱ˄˖ ˋʶ ˉˊˇ˒ʾ˂Σ ʵˇˁʽ˃ʺ ˉˇˎ 

ˉˊˇːˉˇʻʷˍʶʽ ʵˏˋˁˇ˂ʹ ˉˊˇʶˍˇʽ˃ʰˋʾʰ ʵˇˁʽ˃ʾˇˎύ ˍˈˍʶ ʵʽʶˎˁˇ˂ˏ˄ʶˍʰʽ ˋʹ˃ʰ˄ˍʽˁʱ ʹ ʵʽʰʵʽˁʰˋʾʰ 

ˍʹˌ ˃ʶ˂ʷˍʹˌ ˍʹˌ ʽˁʰ˄ˈˍʹˍʰˌ ʰˉˇˊˊˈ˒ʹˋʹˌ ʶ˄ʷˊʴʶʽʰˌ ˍ˖˄ ˉˊˇ˒ʾ˂ Al ʰˉˈ ˍʰ ˉʶˊʽˋˋˈˍʶˊʰ 

ʶˊʴʰˋˍʺˊʽʰ ˃ʶ˂ʷˍʹˌ ˃ ʹ˔ʰ˄ʽˁ˗˄ ʽʵʽˇˍʺˍ˖˄ ʺ ˉˇʽˇˍʽˁˇˏ ʶ˂ʷʴ˔ˇˎ ˍ˖˄ ˉʰˊʰʴ˖ʴʽˁ˗˄ ˃ˇ˄ʱʵ˖˄.     

ʆh  ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍ˖˄ ˃ʹ˔ʰ˄ʽˁ˗˄ ʵˇˁʽ˃˗˄ ˔ˊʹˋʾ˃ʶˎˋʰ˄ ʶˉʽˉ˂ʷˇ˄ ˖ˌ ʵʶʵˇ˃ʷ˄ʰ 

ʶʽˋˈʵˇˎ ˋˍʹ˄ ˁʰˍʰˋˁʶˎʺ ˍˇˎ ˃ˇ˄ˍʷ˂ˇˎ ˍʹˌ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ˍʹˌ ʵˇˁʽ˃ʺˌ ʻ˂ʾ˕ʹˌ ˃ʶ 

ˉʶˉʶˊʰˋ˃ʷ˄ʰ ˋˍˇʽ˔ʶʾʰ όʲ˂Φ ɼʶ˒ʱ˂ʰʽˇ 6). 

2.5 ɝʋʆʅʈʘʏ ʂʈʅʎʐɻʐʅʆʙʏ ʃʇʚʕʂʏ 

ɶ ˃ˇˊ˒ˇ˂ˇʴʾʰ ˍ˖˄ ˋˎ˃ˉʽʶˋ˃ʷ˄˖˄ ˉˊˇ˒ʾ˂ ˋʶ ʵˇˁʽ˃ʷˌ ʹ˃ʽˋˍʰˍʽˁʺˌ ʻ˂ʾ˕ʹˌ ʶʾ˄ʰʽ ʰˁˈ˃ʹ 

ʷ˄ʰ ˔ʰˊʰˁˍʹˊʽˋˍʽˁˈ ˉˇˎ ʰ˅ʽˇ˂ˇʴʶʾˍʰʽ ʰˉˈ ˍˇ˄ ˁʰˍʰˋˁʶˎʰˋˍʺΦ ɶ ʵʹ˃ʽˇˎˊʴʾʰ ˊ˖ʴ˃ʰˍ˗ˋʶ˖˄Σ 

ʹ ˃ˇˊ˒ʺ ˍ˖˄ ˉˍˎ˔˗ˋʶ˖˄ ˁʰʽ ˇʽ ˍʽ˃ʷˌ ˍˇˎ ˃ʷˋˇˎ ˁʰʽ ˃ʷʴʽˋˍˇˎ ˒ˇˊˍʾˇˎ ʶʾ˄ʰʽ ˍʰ ˋˍˇʽ˔ʶʾʰ ˉˇˎ 

ʶ˅ʶˍʱʸˇ˄ˍʰʽΦ ʆʹ˄ ˎ˂ˇˉˇʾʹˋʹ ˍ˖˄ ʵˇˁʽ˃˗˄ ʰ˄ʰ˂ʰ˃ʲʱ˄ˇˎ˄ ʶˊʴʰˋˍʺˊʽʰ ˉˇˎ ˋˎ˄ʶˊʴʱʸˇ˄ˍʰʽ ˃ʶ 

ˍʹ ʲʽˇ˃ʹ˔ʰ˄ʾʰ ˁʰʻ˗ˌ ˇ ʰˉʰʽˍˇˏ˃ʶ˄ˇˌ ʶ˅ˇˉ˂ʽˋ˃ˈˌ ʵʶ˄ ʶʾ˄ʰʽ ˋˎ˔˄ʱ ʵʽʰʻʷˋʽ˃ˇˌΦ ʅˍˇ ˉ˂ʰʾˋʽˇ 

ˍ˖˄ ʶˊʴʰˋˍʹˊʽʰˁ˗˄ ʵˇˁʽ˃˗˄ ˍʹˌ ʵʽʰˍˊʽʲʺˌ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʰ˄ ʵˇˁʽ˃ʷˌ ʻ˂ʾ˕ʹˌ ˋʶ ˉˊˇ˒ʾ˂ 

ʵʽʰˍˇ˃ʺˌ ζɮη ˁʰʽ ζɰη ˁʰʽ ʰˁˇ˂ˇˏʻʹˋʶ ˋˎˋ˔ʶˍʽˋ˃ˈˌ ˃ʶ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍ˖˄ ʵˇˁʽ˃˗˄ 

ʶ˒ʶ˂ˁˎˋ˃ˇˏ ʴʽʰ ʶ˅ʰʴ˖ʴʺ ˋˎ˃ˉʶˊʰˋ˃ʱˍ˖˄ ʰ˄ʰ˒ˇˊʽˁʱ ˃ʶ ˍʰ ˉ˂ʶˇ˄ʶˁˍʺ˃ʰˍʰ ˁʰʽ 

˃ʶʽˇ˄ʶˁˍʺ˃ʰˍʰ ˍʹˌ ˁʱʻʶ ˃ʶʻˈʵˇˎ ˎˉˇ˂ˇʴʽˋ˃ˇˏ ˋˍˇ˄ ˎˉˇ˂ˇʴʽˋ˃ˈ ˍʹˌ ʶ˄ʷˊʴʶʽʰˌ ʻˊʰˏˋʹˌΦ  

2.6 ɩʍʋʎʋʈʋʚʖʎʂ ʐʖʉ ɿʋʆʅʈʡʉ ʃʇʚʕʂʏ ʈʀ ʌʀʌʀʍɻʎʈʘʉɻ ʎʐʋʅʔʀʚɻ 

ɽˈʴ˖ ˍʹˌ ʵˎˋˁˇ˂ʾʰˌ ˉˇˎ ˋˎ˄ʶˉʱʴʶˍʰʽ ʹ ˎ˂ˇˉˇʾʹˋʹ ʵˇˁʽ˃˗˄ ʻ˂ʾ˕ʹˌ ʶ˅ʶˍʱˋˍʹˁʶ ʹ 

ʵˎ˄ʰˍˈˍʹˍʰ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ˍʹˌ ʵˇˁʽ˃ʺˌ ˃ʶ ˉʶˉʶˊʰˋ˃ʷ˄ʰ ˋˍˇʽ˔ʶʾʰΦ ɴ˄ʰ ʰˉˈ ˍʰ ˋʹ˃ʰ˄ˍʽˁʱ  

ˉ˂ʶ̌˄ ʶˁˍʺ˃ʰˍʰ ˉˇˎ ˉˊˇˁˏˉˍˇˎ˄ ʰˉˈ ˍʹ˄ ʶˉʽˍˎ˔ʺ ˇ˂ˇˁ˂ʺˊ˖ˋʹ ˍʹˌ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ʶʾ˄ʰʽ ʹ 

ʵˎ˄ʰˍˈˍʹˍʰ ˋ˔ʶʵʽʰˋ˃ˇˏ ˍ˖˄ ʻʶˊ˃ʽˁ˗˄ ˁʰˍʶˊʴʰˋʽ˗˄ ˃ʶ ʲʱˋʹ ˍʹ˄ ˉˊˈʴ˄˖ˋʹ ˍʹˌ 

ˋˎ˃ˉʶˊʽ˒ˇˊʱˌ ˍ˖˄ ˉˊˇ˒ʾ˂ ˁʰˍʱ ˍʹ˄ ˁʰˍʱˊˊʶˎˋʹΣ ʴʶʴˇ˄ˈˌ ˉˇˎ ʽˋˇʵˎ˄ʰ˃ʶʾ ˃ʶ ˃ʶʴʱ˂ʹ 

ʶ˅ˇʽˁˇ˄ˈ˃ʹˋʹ ˔ˊʹ˃ʱˍ˖˄ ˁʰʽ ˔ˊˈ˄ˇˎ ˉˇˎ ˋˎ˄ʶˉʱʴˇ˄ˍʰʽ ʰ˄ʶˉʽˍˎ˔ʶʾˌ ʻʶˊ˃ʽˁʷˌ ˁʰˍʶˊʴʰˋʾʶˌΣ 

ʵˇˁʽ˃ʷˌ ˁʰʽ ʰ˄ʰˁˏˁ˂˖ˋʹ ˍˇˎ ˎ˂ʽˁˇˏΦ  
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3 ɚʉʗʇʑʎʂ ʐʂʏ ʈʅʆʍʋɿʋʈʙʏ ʈʀ ʋʌʐʅʆʙ, ʂʇʀʆʐʍʋʉʅʆʙ 

ʈʅʆʍʋʎʆʋʌʚɻ ʆɻʅ ʈʅʆʍʋʎʆʋʌʚɻ ɿʅʀʍʔʝʈʀʉʂʏ ɿʘʎʈʂʏ  
 

3.1 ɫʆʋʌʝʏ ʐʂʏ ʈʀʇʘʐʂʏ ʐʂʏ ʈʅʆʍʋɿʋʈʙʏ 

ɶ ˉˊˇʶˍˇʽ˃ʰˋʾʰ ˍ˖˄ ʵˇˁʽ˃ʾ˖˄ ʴʽʰ ˃ʶˍʰ˂˂ˇʴˊʰ˒ʾʰ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʶ ˃ ʁ ˕ˎ˔ˊˈ 

ʶʴˁʽʲ˖ˍʽˋ˃ˈ ˎˉˈ ˁʶ˄ˈΣ ˂ʶʾʰ˄ˋʹ ˋʶ о ˋˍʱʵʽʰ ˃ʶ ˔ˊʺˋʹ SiC ˔ʰˊˍʽ˗˄ ннлΣ рлл ˁʰʽ мнлл grit ˃ʶ 

˔ˊʺˋʹ ˄ʶˊˇˏ ˖ˌ ˕ˎˁˍʽˁˈ ˃ʷˋˇ ˁʰʽ ˋˍʾ˂ʲ˖ˋʹ ˋʶ ʵˏˇ ˋˍʱʵʽʰ ˃ʶ ʰʽ˗ˊʹ˃ʰ ʵʽʰ˃ʰ˄ˍʽˇˏ о˃m 

ˁʰʽ colloidal silica лΣлн˃mΦ ɾʶˍʱ ˍˇ ˉʷˊʰˌ ˁʱʻʶ ʶˉʽ˃ʷˊˇˎˌ ˋˍʰʵʾˇˎ ʴʽ˄ˈˍʰ˄ ˁʰʻʰˊʽˋ˃ˈˌ ˃ʶ 

ʰ˂ˁˇˈ˂ʹΣ ˋˍʷʴ˄˖˃ʰ ˃ʶ ˊʶˏ˃ʰ ʸʶˋˍˇˏ ʰʷˊʰ ˁ ʰʽ ʷ˂ʶʴ˔ˇˌ ˍ˖˄ ʶˉʽ˒ʰ˄ʶʽ˗˄Φ  

ɶ ˃ʽˁˊˇˋˁˇˉʽˁʺ ʶ˅ʷˍʰˋʹ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʶ ˃ʶ ʰ˄ʱˋˍˊˇ˒ˇ ˇˉˍʽˁˈ ˃ʽˁˊˇˋˁˈˉʽˇ Nikon 

Epiphot олл ˁʰʽ ʹ˂ʶˁˍˊˇ˄ʽˁˈ ˃ʽˁˊˇˋˁˈˉʽˇ ˋʱˊ˖ˋʹˌ (SEM) Philips XL40 SFEGΣ ʶ˅ˇˉ˂ʽˋ˃ʷ˄ˇ 

˃ʶ ʰ˄ʽ˔˄ʶˎˍʺ ˃ʽˁˊˇʰ˄ʱ˂ˎˋʹˌ EDAX6. ɶ ̀ˎ˄ʺʻʹˌ ˍʱˋʹ ˂ʶʽˍˇˎˊʴʾʰˌ ˍˇˎ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ 

˃ʽˁˊˇˋˁˇˉʾˇˎ ʺˍʰ˄ 10kV ˃ʶ ˃̫ ʴʽˋˍʹ н0kV. ʅˍʰ ʶʴˁʽʲ˖ˍʽˋ˃ʷ˄ʰ ʵˇˁʾ˃ʽʰ ˉˇˎ ˃ʶ˂ʶˍʺʻʹˁʰ˄ ˃ʶ 

ˍˇ SEM, ˉˊˇʹʴʺʻʹˁʶ ʶˉʽˁʱ˂ˎ˕ʹ ˍʹˌ ʶˉʽ˒ʱ˄ʶʽʰˌ ˃ʶ ˒ʽ˂˃ AuΦ ɶ ˉʰˊʰˍʺˊʹˋʹ ˍ˖˄ 

ʶʴˁʽʲ˖ˍʽˋ˃ʷ˄˖˄ ʵˇˁʽ˃ʾ˖˄ ʷʴʽ˄ʶ ˉʰˊʱ˂˂ʹ˂ʰ ˋˍʹ ʵʽʶˏʻˎ˄ˋʹ ˍʹˌ ʵʽʷ˂ʰˋʹˌΦ ɶ ̝ ʹ˃ʽˁʺ 

ˉˊˇˋʲˇ˂ʺ ʴʽʰ ˃ʶ˂ʷˍʹ ˍʹˌ ˁʰʻʾʸʹˋʹˌ ˍ˖˄ ˒ʱˋʶ˖˄ Mg2Si ˉʶˊʽʶ˂ ʱ˃ʲʰ˄ʶ ʶ˃ʲʱˉˍʽˋʹ ˋʶ 

ʵʽʱ˂ˎ˃ʰ HFлΣр҈ ʴʽʰ олsecΦ ʁʽ ˃ʶˋˇ˃ʶˍʰ˂˂ʽˁʷˌ ʶ˄˗ˋʶʽˌ ʰˉˇˁʰ˂ˏˉˍˇ˄ˍʰʽ ˁʰʽ ˃ʶ ʰˉ˂ʺ 

ˋˍʾ˂ʲ˖ˋʹΣ ʰ˂˂ʱ ˃ʶ ˔ʹ˃ʽˁʺ ˉˊˇˋʲˇ˂ʺ ˍʰ ˈˊʽʰ ˍˇˎˌ ʵʽʰʴˊʱ˒ˇ˄ˍʰʽ ˋʰ˒ʷˋˍʶˊʰ (91)Φ ɾʶ 

ˉʰˊʱˍʰˋʹ ˍʹˌ ˔ˊˇ˄ʽˁʺˌ ʵʽʱˊˁʶʽʰˌ ˍʹˌ ˉˊˇˋʲˇ˂ʺˌ όфлsecύ ˒ʰ˄ʶˊ˗˄ˇ˄ˍʰʽ ˍʰ ˈˊʽʰ ˁˈˁˁ˖˄ ˁʰʽ 

ˇʽ ˉʶˊʽˁˊˎˋˍʰ˂˂ʽˁʷˌ ʸ˗˄ʶˌ ˔˖ˊʾˌ ˁʰˍʰˁˊʹ˃˄ʾˋ˃ʰˍʰ όPFZsύΣ ʰ˂˂ʱ ʹ ˉˇʽˈˍʹˍʰ ˍʹˌ ʶˉʽ˒ʱ˄ʶʽʰˌ 

˔ʶʽ́̌ˍʶˊʶˏʶʽ ˂ˈʴ˖ ʷ˄ˍˇ˄ʹˌ ˁˊˎˋˍʰ˂˂ˇʴˊʰ˒ʽˁʺˌ ˉˊˇˋʲˇ˂ʺˌ7  ˁ ʰʽ ʰˉˇ˃ʱˁˊˎ˄ˋʹˌ 

ˋ˖˃ʰˍʽʵʾ˖˄ ʰˉˈ ˍʹ ˃ʺˍˊʰ ˃ʶ ̱h ˎˍˈ˔ˊˇ˄ʹ ʵʹ˃ʽˇˎˊʴʾʰ ˃ʽˁˊˇˁˊʰˍʺˊ˖˄ όetch pits). ɶ ˃ʶ˂ʷˍʹ 

ˍ˖˄ ˁˈˁˁ˖˄ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʶ ˃ʶ̱ ʱ ʰˉˈ ʹ˂ʶˁˍˊˇ˂ˎˍʽˁʺ ˉˊˇˋʲˇ˂ʺ όʵʽʰʵʽˁʰˋʾʰ ˉˊˇˋʲˇ˂ʺˌ 

˃ʶ ʶ˄ʰˉˈʻʶˋʹ ʶ˄ˈˌ ˒ʽ˂˃ ˇ˅ʶʽʵʾˇˎ ˋˍʹ ˃ʶˍʰ˂˂ʽˁʺ ʶˉʽ˒ʱ˄ʶʽʰύ ʴʽʰ мнлs ˃ʶ ʵʽʱ˂ˎ˃ʰ BarkerΩs 

όʵ˃Φ мΣу҈ ɶɰF4) ˁʰʽ ˉʰˊʰˍʺˊʹˋʹ ˃ʶ ˉˇ˂˖˃ʷ˄ˇ ˒˖ˌ ˋʶ ˔ʰ˃ʹ˂ʷˌ ˋ˔ʶˍʽˁʱ ˃ʶʴʶʻˏ˄ˋʶʽˌΣ ˖ˌ 

100x, ɹ ʽʰ ˍʹ˄ ʲʁ ˂ˍʽˋˍˇˉˇʾʹˋʹ ˍʹˌ ̝ ˊ˖˃ʰˍʽˁʺˌ ʰ˄ˍʾʻʶˋʹ ̩˃ ʶˍʰ˅ˏ ʴʶʽˍˇ˄ʽˁ˗˄ ˁˈˁˁ˖˄Φ   

                                                           
6
 ɾʷʻˇʵˇˌ ʰ˄ʱ˂ˎˋʹˌ ˍ˖˄ ʶˁˉʶ˃ˉˈ˃ʶ˄˖˄ ˒ʰˋ˃ʱˍ˖˄ ʶ˄ʶˊʴʶʽʰˁʺˌ ʵʽʰˋˉˇˊʱˌ ʰˁˍʾ˄˖˄ ʋ ˉˇˎ 
ˉˊˇˁˏˉˍˇˎ˄ ʰˉˈ ˍʹ ʵʽʶʾˋʵˎˋʹ ˍ˖˄ ʶˉʽˍʰ˔ˎ˄ʻʷ˄ˍ˖˄ ʹ˂ʶˁˍˊˇ˄ʾ˖˄Σ ʲʱˋʶʽ ˍʹˌ ʶ˄ʷˊʴʶʽʰˌ ʰˁˍʽ˄ˇʲˇ˂ʾʰˌΦ 
7
 ʆʰ ʶˉʾˉʶʵʰ ˃ʶ ˃ʽˁˊˇˏˌ ʵʶʾˁˍʶˌ ʵʽʰʲˊ˗˄ˇ˄ˍʰʽ ʶˎˁˇ˂ˈˍʶˊʰΦ ʅˍˇ Al ˃ʶ ˎˉʶˊˉˊˇˋʲˇ˂ʺ ˉʰˊʰˍʹˊʶʾˍʰʽ 
ʶ˃˒ʱ˄ʽˋʹ ˍˊʽʴ˖˄ʽˁ˗˄ ˋʹ˃ʰʵʽ˗˄ (etch pits) ˉˇˎ ʰ˄ˍʽˋˍˇʽ˔ˇˏ˄ ˋˍʰ ˉˎˁ˄ʱ ʶˉʾˉʶʵʰ ϑмммϒ ˍˇˎ 
ʶʵˊˇˁʶ˄ˍˊ˖˃ʷ˄ˇˎ ˁˎʲʽˁˇˏ ˋˎˋˍʺ˃ʰˍˇˌΦ  
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ɶ ʁ˅ʷˍʰˋʹ ˋʶ ˃ʶʴʱ˂ʶˌ ˃ʶʴʶʻˏ˄ˋʶʽˌ ˃ʶ ˍʹ ˔ˊʺˋʹ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ ˃ʽˁˊˇˋˁˇˉʾˇˎ ʶˉʷˍˊʶ˕ʶ 

ˍʹ˄ ʰ˄ʰʴ˄˗ˊʽˋʹ ˎˉˇ˃ʽˁˊˇˋˁˇˉʽˁˇˏ ˃ʶʴʷʻˇˎˌ ˁˈˁˁ˖˄ όˉΦ˔Φ ˍ˖˄ ʰ˄ʰˁˊˎˋˍʰ˂˂˖˃ʷ˄˖˄ 

ˁˈˁˁ˖˄ ˋˍ ̌ ˁˊʱ˃ʰ слун ˉˇˎ ˉʶˊʽʶʾ˔ʶ ˉʰˊʶ˃ˉˇʵʽˋˍʷˌ ʰ˄ʰˁˊˎˋˍʱ˂˂˖ˋʹˌύ ˁʰʽ ˍˇˎ 

ˉˊˇˋʵʽˇˊʽˋ˃ˇˏ ˍ˖˄ ˉˊˇˍʽ˃ʹˍʷ˖˄ ˉʶˊʽˇ˔˗˄ ˁʰˍʰˁˊʺ˃˄ʽˋʹˌ ̱ ˖˄ ˒ʱˋʶ˖˄ ʹ˃ʽˋˎ˄ˇ˔ʺˌΦ ɮˁˈ˃ʹΣ 

˃ʶ ˍʹ ˋˎ˄ʵˎʰˋ˃ʷ˄ʹ ˔ˊʺˋʹ ʰ˄ʽ˔˄ʶˎˍʺ ˇˉʽˋʻˇˋˁʶʵʰʸˈ˃ʶ˄˖˄ ʹ˂ʶˁˍˊˇ˄ʾ˖˄ (BSE) ˁʰʽ 

˒ʰˋ˃ʰˍˇˋˁˇˉʾʰˌ ʶ˄ʶˊʴʶʽʰˁʺˌ ʵʽʰˋˉˇˊʱˌ ʰˁˍʾ˄˖˄-ʋ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʶ ˋʹ˃ʶʽʰˁʺ ˔ʹ˃ʽˁʺ 

ʰ˄ʱ˂ˎˋʹ ˁʰʽ ʰ˄ʰʴ˄˗ˊʽˋʹ ˍ˖˄ ˒ ʱˋʶ˖˄.   

ʁʽ ˒ʱˋʶʽˌ ˋˎ˄ˇ˔ʺˌ ˉˇˎ ˉˊˇˋʵʾʵˇˎ˄ ˍʹ ˃ʷʴʽˋˍʹ ˋˁ˂ʹˊˈˍʹˍʰ ˋˍʰ ˁˊʱ˃ʰˍʰ ˍʹˌ ˋʶʽˊʱˌ 

6xxxΣ ˁʰˍʰˁˊʹ˃˄ʾˋ˃ʰˍʰ ˁˊˎˋˍʱ˂˂˖˄ SiΣ ˃ʶˋˇ˃ʶˍʰ˂˂ʽˁʷˌ ʶ˄˗ˋʶʽˌ AlFeSi ˁʰʽ ʹ ʵʹ˃ʽˇˎˊʴʾʰ 

PFZs ʶ˅ʶˍʱˋˍʹˁʰ˄ ʶˉʽˉ˂ʷˇ˄ ˃ʁ  ˔ˊʺˋʹ ʹ˂ʶˁˍˊˇ˄ʽˁʺˌ ˃ʽˁˊˇˋˁˇˉʾʰˌ ʵʽʶˊ˔ˈ˃ʶ˄ʹˌ ʵʷˋ˃ʹˌ 

όʆɳɾύΦ ɴˍˋʽ ˁʰˍʷˋˍʹ ʶˉʾˋʹˌ ʵˎ˄ʰˍˈˌ ˇ ˉˊˇˋʶʴʴʽˋˍʽˁˈˌ ˎˉˇ˂ˇʴʽˋ˃ˈˌ ˍˇˎ ˃ʶʴʷʻˇˎˌ ˁʰʽ ˍˇˎ 

ˉ˂ʺʻˇˎˌ ˍ˖˄ ˁʰˍʰˁˊʹ˃˄ʽˋ˃ʱˍ˖˄ ʰ˄ʱ˂ˇʴʰ ˃ʶ ˍʹ ˃ʶˍʰ˂˂ˇˎˊʴʽˁʺ ˁʰˍʱˋˍʰˋʹ ˁʰʽ ˍʹ˄ 

ˉˇˋˈˍʹˍʰ ˁˊʰ˃ʰˍʽˁ˗˄ ˋˍˇʽ˔ʶʾ˖˄ (˃ʶ˂ʶˍʺʻʹˁʰ˄ ʵˇˁʾ˃ʽʰ ʰˉˈ ˍʰ ˁˊʱ˃ʰˍʰ м ˁʰʽ п ˃ʶ ˍʹ 

˃ʽˁˊˈˍʶˊʹ ˁʰʽ ˃ʶʴʰ˂ˏˍʶˊʹ ˉʶˊʽʶˁˍʽˁˈˍʹˍʰ ˋʶ Mg2Si). ɶ ˉˊˇʶˍˇʽ˃ʰˋʾʰ ˍ˖˄ ʵʶʽʴ˃ʱˍ˖˄ 

ʵʽʶ˄ʶˊʴʺʻʹˁʶ ˖ˌ ʶ˅ʺˌΥ 

ʰΦ ʋʶʽˊˇˁʾ˄ʹˍʹ ˂ʶʾʰ˄ˋʹ ʵˇˁʽ˃ʾ˖˄ ʰˉˈ ˍʰ ˍˇʽ˔˗˃ʰˍʰ ˍ˖˄ ˉˊˇ˒ʾ˂ ˃ʷ˔ˊʽ ˉʱ˔ˇˎˌ олл˃m 

ʲΦ ʅˍʾ˂ʲ˖ˋʹ ˃ʷ˔ˊʽ ˉʱ˔ˇˎˌ млл˃m 

ʴΦ ɲʹ˃ʽˇˎˊʴʾʰ ʵʾˋˁ˖˄ ʵʽʰ˃ʷˍˊˇˎ оmm ˃ ʶ ˃ʹ˔ʰ˄ʽˁʺ ˉˊʷˋʰ 

ʵΦ ɶ˂ʶˁˍˊˇ˂ˎˍʽˁʺ ˂ʶʾʰ˄ˋʹ ˃ʷ˔ˊʽ ˋʹ˃ʶʾˇˎ ʵʽʱˍˊʹˋʹˌ ˃ʶ ˋˎˋˁʶˎʺ STRUERS TENOPOL 3, 

˃ʶ ˔ˊʺˋʹ мр҈ ˉʶˊ˔˂˖ˊʽˁˇˏ ˇ˅ʷˇˌ ˋʶ ˃ʶʻʰ˄ˈ˂ʹΣ ˋʶ -40ˇ C ˁ ʰʽ ˃ʶ ˍʱˋʹ ммV 

ʶΦ ɾʶ˂ʷˍʹ ˃ʶ ˃ʽˁˊˇˋˁˈˉʽˇ FEI CM20 TEM ˃ʶ ˂ʶʽˍˇˎˊʴʾʰ ˋˍʰ нллkVΣ ˃ʶ ʶʴˁʰˍʶˋˍʹ˃ʷ˄ˇ 

ʰ˄ʰ˂ˎˍʺ EDAX EDS ˁʰʽ ˒ʾ˂ˍˊˇ ʶʽˁˈ˄ʰˌ GATAN GIF200 (ʹ ˉˊˇʶˍˇʽ˃ʰˋʾʰ ʰˉˈ ˍˇ 

ˋˍʱʵʽˇ ζʲη ˁʰʽ ˃ʶˍʱ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʶ ˋˍˇ ɳɼɳʊɳ ζɲɶɾʁɼʄɹʆʁʅηύ. 

ʅˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍʹˌ ˃ʽˁˊˇˋˁˇˉʾʰˌ ˁʰʽ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰ ˍʹˌ ˁʰˍʰˁˊʺ˃˄ʽˋʹˌ ˍ˖˄ ˒ʱˋʶ˖˄ 

ˉˇˎ ̄h ˊʰˍʾʻʶ˄ˍʰʽ ˋˍʽˌ ʶˉˈ˃ʶ˄ʶˌ ˉʰˊʰʴˊʱ˒ˇˎˌ ˒ʰ˄ʶˊ˗˄ʶˍʰʽ ˉ˖ˌ ˋ ʁ ʵʶʾʴ˃ʰˍʰ ʰˉˈ 

ˍˊˇˉˇˉˇʾʹˋʹ ˍˇˎ ˋˍʰʵʾˇˎ ˍʹˌ ˉˊˇʴʺˊʰ˄ˋʹˌ ˋˍˇˎˌ мллˇC ˇʽ ˃ʽˁˊˇʵˇ˃ʷˌ ˉˇˎ ˉˊˇˁˏˉˍˇˎ˄ 

ʶʾ˄ʰʽ ˉʰˊˈ˃ˇʽʶˌ ˃ʶ ˍʹˌ ʲʰˋʽˁʺˌ ʻʶˊ˃ʽˁʺˌ ˁʰˍʶˊʴʰˋʾʰˌ ˋˍˇˎˌ мтлˇC. ɮ˄ˍʾʻʶˍʰ ˃ʶ ˍʹ˄ 

ʶ˒ʰˊ˃ˇʴʺ ʻʶˊ˃ʽˁ˗˄ ˁʰˍʶˊʴʰˋʽ˗˄ ˋˍˇˎˌ мтлΣ ˋˍˇˎˌ нлл ˁʰʽ ˋˍˇˎˌ ннлˇC ˇʽ ʵʽʰ˒ˇˊʷˌ ˉˇˎ 

ˉˊˇˁˏˉˍˇˎ˄ ʶʾ˄ʰʽ ˋʹ˃ʰ˄ˍʽˁʷˌ ʴʽʰ ˍʹ˄ ʶˊ˃ʹ˄ʶʾʰ ˍ˖˄ ˃ʹ˔ʰ˄ʽˁ˗˄ ʽʵʽˇˍʺˍ˖˄ ˁʰʽ ʴʾ ˄ˇ˄ˍʰʽ 

ʶˏˁˇ˂ʰ ˇˊʰˍʷˌ ˍˈˋˇ ˃ʶ ˇˉˍʽˁʺ ˈˋˇ ˁʰʽ ˃ʶ ́˂ʶˁˍˊˇ˄ʽˁʺ ˃ʽˁˊˇˋˁˇˉʾʰ ̀ ʱˊ˖ˋʹˌ.  
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3.2 ɚʌʋʐʀʇʘʎʈɻʐɻ ʋʌʐʅʆʙʏ ʆɻʅ ʂʇʀʆʐʍʋʉʅʆʙʏ ʈʅʆʍʋʎʆʋʌʚɻʏ  

3.2.1 ɥʋʍʒʋʇʋɾʚɻ ʆʝʆʆʖʉ Al 

ɶ ˃ˇˊ˒ˇ˂ˇʴʾʰ ˍ˖˄ ˁˈˁˁ˖˄ ˋˍʰ ˉˊˇ˒ʾ˂ ˁˊʰ˃ʱˍ˖˄ Al ˉˇˎ ʵʶ˄ ˉʶˊʽʷ˔ˇˎ˄ ˉʰˊʶ˃ˉˇʵʽˋˍʷˌ 

ʰ˄ʰˁˊˎˋˍʱ˂˂˖ˋʹˌ ʶʾ˄ʰʽ ʽˋˇʰ˅ˇ˄ʽˁʺ ˋʶ ˈ˂ˇ ˍˇ ˉʱ˔ˇˌ ˂ˈʴ˖ ʵˎ˄ʰ˃ʽˁʺˌ ʰ˄ʰˁˊˎˋˍʱ˂˂˖ˋʹˌ 

ˋˍʹ˄ ʷ˅ˇʵˇ ˍʹˌ ˃ʺˍˊʰˌ ˍʹˌ ˉˊʷˋʰˌ ɻ ʽʷ˂ʰˋʹˌ όˁˊɦ˃ ʰˍʰ 1-3, (100)). ʅˍˇ ʅ˔ʺ˃ʰ 22 ʁ ˃˒ʰ˄ʾʸʶˍʰʽ 

ʹ ˉ˂ʺˊ˖ˌ ʰ˄ʰˁˊˎˋˍʰ˂˂˖˃ʷ˄ʹ ˃ʽˁˊˇʵˇ˃ʺ ˍˇˎ ˁˊʱ˃ʰˍˇˌ м ˃ʶ лΣсн҈ Mg2SiΣ ˉʰˊʱ˂˂ʹ˂ʰ ˋˍʹ 

˒ˇˊʱ ʵʽʷ˂ʰˋʹˌΦ ɶ ˃ʽˁˊˇʵˇ˃ʺ ʶʾ˄ʰʽ ˇ˃ˇʽˈ˃ˇˊ˒ʹ ˋʶ ˈ˂ˇ ˍˇ ˉʱ˔ˇˌ ˍˇˎ ˍˇʽ˔˗˃ʰˍˇˌ ˁʰʽ ˍˇ 

˃ʷˋˇ ˃ʷʴʶʻˇˌ ˁˈˁˁˇˎ ʶʾ˄ʰʽ срm˃. ʅˍˇ ʅ˔ʺ˃ʰ 23 ˉʰˊˇˎˋʽʱʸʶˍʰʽ ʹ ˃ʽˁˊˇʵˇ˃ʺ ˍˇˎ ˉˊˇ˒ʾ˂ 

ˁˊʱ˃ʰˍˇˌ н ˃ʶ лΣтф҈ Mg2Si ˉˇˎ ʶʾ˄ʰʽ ʶˉʾˋʹˌ ˇ˃ˇʽˈ˃ˇˊ˒ʹ ʽˋˇʰ˅ˇ˄ʽˁʺ ˃ʶ ˃ʷˋˇ ˃ʷʴʶʻˇˌ 

ˁˈˁˁˇˎ 73˃ m. 

ʂˍʰ˄ ʹ ʴʶ˖˃ʶˍˊʾʰ ˍˇˎ ˉˊˇ˒ʾ˂ ʶʾ˄ʰʽ ˉˇ˂ˏˉ˂ˇˁʹΣ ˈˉ˖ˌ ˋˎ˃ʲʰʾ˄ʶʽ ʴʽʰ ˍʰ ˉˊˇ˒ʾ˂ 

ʵʽʰˍˇ˃ʺˌ ζɰηΣ ˎˉʱˊ˔ʶʽ ˉʶˊʾˉˍ˖ˋʹ ˇ ʵʽʰ˒ˇˊʶˍʽˁˈˌ ʲʰʻ˃ˈˌ ˉʰˊʰ˃ˈˊ˒˖ˋʹˌ ˁʰʽ ʹ 

ʵʽʰ˒ˇˊʶˍʽˁʺ ˍʰ˔ˏˍʹˍʰ ʰˉˈ˕ˎ˅ʹˌ ˃ʶˍʰ˅ˏ ʶˉʽ˒ʱ˄ʶʽʰˌ ˁʰʽ ˃ʷˋˇˎ ˍˇˎ ˍˇʽ˔˗˃ʰˍˇˌ ˄ʰ 

ˇʵʹʴʺˋʶʽ ˋʶ ʰ˄ˇ˃ˇʽˇʴʶ˄ʷˌ ˃ʷʴʶʻˇˌ ˁˈˁˁˇˎΦ ʅˍʰ ˉˊˇ˒ʾ˂ ˁˊʱ˃ʰˍˇˌ о ˃ʶ лΣул҈ Mg2Si, ʅ˔ʺ˃ʰ 

24Σ ʹ ˃ʽˁˊˇʵˇ˃ʺ ˋˍʰ ˍˇʽ˔˗˃ʰˍʰ мΣр ˁʰʽ нΣрmm ʶʾ˄ʰʽ ˉ˂ʺˊ˖ˌ ʰ˄ʰˁˊˎˋˍʰ˂˂˖˃ʷ˄ʹ ˃ʶ ˃ʷˋˇ 

˃ʷʴʶʻˇˌ ˁˈˁˁˇˎ фл˃mΣ ʰ˂˂ʱ ˋˍˇ ˔ˇ˄ʵˊˈ ˍˇʾ˔˖˃ʰ ˍ˖˄ оΣрmm ˇʽ ˋˎ˄ʻʺˁʶˌ ʵʽʷ˂ʰˋʹˌ 

ʶˎ˄ˈʹˋʰ˄ ˍʹ ʵʹ˃ʽˇˎˊʴʾʰ ˃ʽʰˌ ˁʶ˄ˍˊʽˁʺˌ ʸ˗˄ʹˌ ˉʱ˔ˇˎˌ ϤмΣрmmΣ ʰˉˇˍʶ˂ˇˏ˃ʶ˄ʹˌ ʰˉˈ 

ʶˎ˃ʶʴʷʻʶʽˌ ˁˈˁˁˇˎˌ 300˃ m. 

ʅˍʰ ˉˊˇ˒ʾ˂ ˁˊʱ˃ʰˍˇˌ п ˃ʶ ˉʰˊʶ˃ˉˇʵʽˋˍʷˌ ʰ˄ʰˁˊˎˋˍʱ˂˂˖ˋʹˌ ʶ˃˒ʰ˄ʾʸʶˍʰʽ ˃ʹ 

ʰ˄ʰˁˊˎˋˍʰ˂˂˖˃ʷ˄ʹ ˃ʽˁˊˇʵˇ˃ʺ ʺ ʰ˄ʰˁˊˎˋˍʰ˂˂˖˃ʷ˄ʹ ˃ˈ˄ˇ ʶˉʽ˒ʰ˄ʶʽʰˁʱ.  ʆˇ ˁʷ˄ˍˊˇ 

ʰˉˇˍʶ˂ʶʾˍʰʽ ʰˉˈ ˉʰˊʰ˃ˇˊ˒˖˃ʷ˄ˇˎˌ ˁˈˁˁˇˎˌ ʺ ˎˉˇ˃ʽˁˊˇˋˁˇˉʽˁˇˏˌ ˁˈˁˁˇˎˌ ˉˇˎ ˃ˈ˂ʽˌ 

ʷ˔ˇˎ˄ ʵʽʷ˂ʻʶʽ ʰˉˈ ˍˇ ˋˍʱʵʽˇ ˍʹˌ ʰˉˇˁʰˍʱˋˍʰˋʹˌ ˋˍʹ˄ ʰ˄ʰˁˊˎˋˍʱ˂˂˖ˋʹ όˉʶˊʾˉˍ˖ˋʹ 

ˁˊʱ˃ʰˍˇˌ п, ˃ʽˁˊˇʵˇ˃ʺ ˍˏˉˇˎ άsandwichέ). ʅˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ʰˎˍʺ ʰˉʰʽˍʶʾˍʰʽ ʽʵʽʰʾˍʶˊʹ 

ˉˊˇˋˇ˔ʺ ʴʽʰˍʾ ʹ ʻʶˊ˃ʽˁʺ ˁʰˍʶˊʴʰˋʾʰ ʵʽʰ˂ˎˍˇˉˇʾʹˋʹˌ ʶ˄ʵʷ˔ʶˍʰʽ ˄ʰ ˉˊˇˁʰ˂ʷˋʶʽ ˋʶ ˍˎ˔ʰʾʶˌ 

ʻʷˋʶʽˌ ˍˇˎ ˉˊˇ˒ʾ˂ ʰ˄ʶˉʽʻˏ˃ʹˍʹ ˃ʶʴʷʻˎ˄ˋʹ ˍ˖˄ ˁˈˁˁ˖˄ όʵʶˎˍʶˊˇʴʶ˄ʺˌ ʰ˄ʰˁˊˎˋˍʱ˂˂˖ˋʹύ.  
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ʅ˔ʺ˃ʰ 22 ɹˋˇʰ˅ˇ˄ʽˁʺΣ ˉ˂ʺˊ˖ˌ ʰ˄ʰˁˊˎˋˍʰ˂˂˖˃ʷ˄ʹ ˃ʽˁˊˇʵˇ˃ʺ ˉˊˇ˒ʾ˂ ζɮη ˁˊʱ˃ʰˍˇˌ м 

˃ʶˍʱ ʰˉˈ ʵʽʰ˂ˎˍˇˉˇʾʹˋʹΣ ʲʰ˒ʺ ˋʶ ˄ʶˊˈ ˁʰʽ ˒ˎˋʽˁʺ ʴʺˊʰ˄ˋʹ όʵʶʾʴ˃ʰ ²vΣ 

˃ʶˍʰ˂˂ˇˎˊʴʽˁʺ ˁʰˍʱˋˍʰˋʹ ʆпύΦ ʆˇ˃ʺ ˉʰˊʱ˂˂ʹ˂ʰ ˋˍʹ ʵʽʷ˂ʰˋʹΣ ʹ˂ʶˁˍˊˇ˂ˎˍʽˁʺ ˉˊˇˋʲˇ˂ʺ 

˃ʶ ʵʽʱ˂ˎ˃ʰ .ŀǊƪŜǊΩǎ ˁʰʽ ˉʰˊʰˍʺˊʹˋʹ ˃ʶ ˉˇ˂˖˃ʷ˄ˇ ˒˖ˌΦ 

 

ʅ˔ʺ˃ʰ 23 ɾʽˁˊˇʵˇ˃ʺ ˉˊˇ˒ʾ˂ ζɰη ˁˊʱ˃ʰˍˇˌ н ˉʰˊʱ˂˂ʹ˂ʰ ˋˍʹ ʵʽʷ˂ʰˋʹΦ ʆˇʾ˔˖˃ʰ ˉʱ˔ˇˎˌ 

оΣр ƳƳ ˁʰʽ ˃ʶˍʰ˂˂ˇˎˊʴʽˁʺ ˁʰˍʱˋˍʰˋʹ ʆп όʵʶʾʴ˃ʰ ²vύΦ  
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ʅ˔ʺ˃ʰ 24 ɾʽˁˊˇʵˇ˃ʺ ˉˊˇ˒ʾ˂ ζɰη ˁˊʱ˃ʰˍˇˌ о ˉʰˊʱ˂˂ʹ˂ʰ ˋˍʹ ʵʽʷ˂ʰˋʹΦ ʆˇʾ˔˖˃ʰ ˉʱ˔ˇˎˌ 

3,5 mm ˁʰʽ ˃ʶˍʰ˂˂ˇˎˊʴʽˁʺ ˁʰˍʱˋˍʰˋʹ ʆпΦ ʁ ˃ʽˁˊˈˍʶˊˇˌ ʲʰʻ˃ˈˌ ˉʰˊʰ˃ˈˊ˒˖ˋʹˌ ˋˍˇ 

˃ʷˋˇ ˍˇˎ ˍˇʽ˔˗˃ʰˍˇˌ ˇʵʺʴʹˋʶ ˋʶ  ˃ʶʴʱ˂ˇ ˃ʷʴʶʻˇˌ ˁˈˁˁˇˎΦ  

 

 ̡
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ʅ˔ʺ˃ʰ 25 ɾʽˁˊˇʵˇ˃ʺ ˉˊˇ˒ʾ˂ ζɰη ˁˊʱ˃ʰˍˇˌ 4 ˉʰˊʱ˂˂ʹ˂ʰ ˋˍʹ ʵʽʷ˂ʰˋʹΦ ʆˇʾ˔˖˃ʰ ˉʱ˔ˇˎˌ 

3,5 mm ˁ ʰʽ ˃ʶˍʰ˂˂ˇˎˊʴʽˁʺ ˁʰˍʱˋˍʰˋʹ ʆп.  

ɳˉʽˋʹ˃ʰʾ˄ʶˍʰʽ ʹ ˉˇ˂˂ʰˉ˂ʺ ˋʹ˃ʰˋʾʰ ˍʹˌ ˏˉʰˊ˅ʹˌ ˃ʹ ʰ˄ʰˁˊˎˋˍʰ˂˂˖˃ʷ˄ʹˌ ˃ʽˁˊˇʵˇ˃ʺˌ 

ʴʽʰ ˍʹ˄ ʲʶ˂ˍʾ˖ˋʹ ˍʹˌ ʰ˄ˍˇ˔ʺˌ ˁʰʽ ˍʹˌ ʵˎˋʻˊʰˎˋˍˈˍʹˍʰˌΣ ˍˇ˄ ˉʶˊʽˇˊʽˋ˃ˈ ˍʹˌ ˍʱˋʹˌ ʴʽʰ 

ˉʶˊʽˁˊˎˋˍʰ˂˂ʽˁʺ ˁʰˍʰˁˊʺ˃˄ʽˋʹ -˖ˌ ˈˊʽʰ ˁˈˁˁ˖˄ ˃ʽˁˊʺˌ ʴ˖˄ʾʰˌ- ˁʰʽ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ 

ʻˊʰˏˋʹˌ-ʰˋˍˇ˔ʾʰˌ ˋˍˇ˄ ʶ˒ʶ˂ˁˎˋ˃ˈΣ ʶˎ˄ˇ˗˄ˍʰˌ ˍʹ˄ ʶ˃˒ʱ˄ʽˋʹ ʵʽʰˁˊˎˋˍʰ˂˂ʽˁʺˌ ˈ˂ˁʽ˃ʹˌ 

ʻˊʰˏˋʹˌ ʷ˄ʰ˄ˍʽ ˈ˂ˁʽ˃ʹˌ ˉʶˊʽˁˊˎˋˍʰ˂˂ʽˁʺˌ όˈˋˇ ˃ʶʴʰ˂ˏˍʶˊˇ ʶʾ˄ʰʽ ˍˇ ˃ʷˋˇ ˃ʷʴʶʻˇˌ ˁˈˁˁˇˎ 

ˍˈˋˇ ˃ʶʴʰ˂ˏˍʶˊʹ ʶʾ˄ʰʽ ʹ ˍʱˋʹ ʴʽʰ ˉʶˊʽˁˊˎˋˍʰ˂˂ʽˁʺ ʻˊʰˏˋʹ ˂ˈʴ˖ ˍʹˌ ʶˉʾʵˊʰˋʹˌ ˍʹˌ 

ˉʰˊˇˎˋʾʰˌ ˁʰˍʰˁˊʹ˃˄ʽˋ˃ʱˍ˖˄ύΦ ʆʰ ˁʰˍʰˁˊʹ˃˄ʾˋ˃ʰˍʰ ʷ˔ˇˎ˄ ˍʹ˄ ˍʱˋʹ ˄ʰ ʶʾ˄ʰʽ ˃ʽˁˊˈˍʶˊʰ ˋʶ 

ˈˊʽʰ ˁˈˁˁ˖˄ ˃ʽˁˊʺˌ ʴ˖˄ʾʰˌ ˂ˈʴ˖ ˍˇˎ ˃ʽˁˊˈˍʶˊˇˎ ʵʽʰʻʷˋʽ˃ˇˎ ˔˗ˊˇˎ ˁʰʽ ˍʹˌ ʶ˂ʰˍˍ˖˃ʷ˄ʹ ̩

ˍʰ˔ˏˍʹˍʰˌ ʵʽʱ˔ˎˋʹˌ ˉˇˎ ˉˊˇˁʰ˂ʶʾ ˃ʽˁˊʺ ˍʰ˔ˏˍʹˍʰ ʰ˄ʱˉˍˎ˅ʹˌ ˁʰʽ ʵʽʶˏˊˎ˄ˋʹˌ ˒ʱˋʶ˖˄Φ ʁʽ 

PFZs ˉˇˎ ʰ˄ˍʽˋˍˇʽ˔ˇˏ˄ ˋˍʰ ˋˏ˄ˇˊʰ ʰˎˍʱ ʶʾ˄ʰʽ ʶˉʾˋʹˌ ˃ʽˁˊˈˍʶˊʶˌΦ ʆʰ ˈˊʽʰ ˁˈˁˁ˖˄ ˃ʽˁˊʺˌ 

ʴ˖˄ʾʰˌ ʰˉˇˍʶ˂ˇˏ˄ ˈ˃˖ˌ ˃ʽˁˊˈˍʶˊʰ ʶ˃ˉˈʵʽʰ ˋˍʹ ˃ʶˍʱʵˇˋʹ ʸ˖˄˗˄ ˇ˂ʾˋʻʹˋʹˌ ˂ˈʴ˖ ˍʹˌ 

˃ʽˁˊʺˌ ʰˉˈˁ˂ʽˋʹˌ ˋˍʹ ʵʽʶˏʻˎ˄ˋʹ ˍ˖˄ ˁˊˎˋˍʰ˂˂ʽˁ˗˄ ˉ˂ʶʴ˃ʱˍ˖˄Σ ʴʶʴˇ˄ˈˌ ˉˇˎ ʽˋˇʵˎ˄ʰ˃ʶʾ 

˃ʶ ˉʶˊʽˇˊʽˋ˃ˈ ˎ˕ʹ˂ʺˌ ˋˎʴˁʷ˄ˍˊ˖ˋʹˌ ˍʱˋʶ˖˄ ˂ˈʴ˖ ʰˏ˅ʹˋʹˌ ˍˇˎ ˉ˂ʺʻˇˎˌ ˍ˖˄ ʰˍʰ˅ʽ˗˄ 

(101).  
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3.2.2 ɚʌʋʐʀʇʘʎʈɻʐɻ ɾʅɻ ʐʋ ʆʍʗʈɻ ρ ɿʅɻʐʋʈʙʏ ȺɚȻ 

ɳˉʾʵˊʰˋʹ ˍʹˌ ˍʶ˔˄ʹˍʺ ̩ʴʺˊʰ˄ˋʹ ̩ˋˍ́ ˃ʽˁˊˇʵˇ˃ʺ ˍ˖˄ ǿǉ ʵʶʽʴ˃ʱˍ˖˄: ɶ ʵʽʰ˂ˎˍˇˉˇʾʹˋʹ 

ˍʹˌ ˒ʱˋʹˌ aƎ2Si ˋˍˇˎˌ р50ˇ/ ˋˎ˄ˍʶ˂ʶʾ ˋˍʹ ʵʹ˃ʽˇˎˊʴʾʰ ˎˉʷˊˁˇˊʹˌ ˃ʺˍˊʰˌ ʰ-˒ʱˋʹˌ 

ʰ˂ˇˎ˃ʽ˄ʾˇˎΦ ɾʶ ˍʹ ʲʰ˒ʺ ʹ ʵʽʷ˂ʶˎˋʹ ʰˉˈ ˍˇ ˁˊʾˋʽ˃ˇ ʻʶˊ˃ˇˁˊʰˋʽʰˁˈ ˉʶʵʾˇ прл-250ˇC ʶʾ˄ʰʽ 

ˍʰ˔ˏˍʰˍʹΦ ʅˍʽˌ ˔ʰ˃ʹ˂ˈˍʶˊʶˌ ˍʽ˃ʷˌ όˉ˂ʹˋʾˇ˄ ˍ˖˄ нрлˇC) ʽɻ ʽʰʾˍʶˊʰ ˋʹ˃ʰ˄ˍʽˁʺ ʴʽʰ ˍʹ˄ 

ˁʰˍʰˁˊʺ˃˄ʽˋʹ ʶʾ˄ʰʽ ʹ ˁʽ˄ˇˏˋʰ ʵˏ˄ʰ˃ʹ, ʶ˄˗ ˋˍʽˌ ˎ˕ʹ˂ˈˍʶˊʶˌ ˁˎˊʽʰˊ˔ʶʾ ʹ ˎ˕ʹ˂ʺ ˍʰ˔ˏˍʹˍʰ 

ʵʽʱ˔ˎˋʹˌΦ ɶ ˁʽ˄ʹˍʽˁʺ ˍʹˌ ˁʰˍʰˁˊʺ˃˄ʽˋʹˌ ˁʰʻˇˊʾʸʶˍʰʽ ʰˉˈ ˍˎˉʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ˁʰ˃ˉˏ˂ʹˌ C 

ˁʰʽ ʶ˒ˈˋˇ˄ ˎˉʱˊ˅ʶʽ ˍˇ˃ʺ ˍʹˌ ˃ˏˍʹˌ ˍʹˌ ˁʰ˃ˉˏ˂ʹˌ ˃ʶ ˍʹ˄ ˁʰ˃ˉˏ˂ʹ ˕ˏ˅ʹˌ, ʵʹ˃ʽˇˎˊʴˇˏ˄ˍʰʽ 

ˋˎ˄ʻʺˁʶˌ ʴʽʰ ʶˍʶˊˇʴʶ˄ʺ ˉˎˊʺ˄˖ˋʹ ˁʰʽ ʵʽʰ˃ˈˊ˒˖ˋʹ ˔ʰ˃ʹ˂˗˄ ˃ʹ˔ʰ˄ʽˁ˗˄ ʽʵʽˇˍʺˍ˖˄ ˁʰʽ 

ʰ˄ˍˇ˔ʺˌ ˋˍʹ ʵʽʱʲˊ˖ˋʹΦ ʁʽ ɻ̔ ʱˋˉʰˊˍʶˌ ˒ʱˋʶʽˌ !ƭCŜaƴ{ƛ ˉˇˎ ʷ˔ˇˎ˄ ʰˉˇˁˍʺˋʶʽ 

ˉˊˇˋʰ˄ʰˍˇ˂ʽˋ˃ˈ ˉʰˊʱ˂˂ʹ˂ʰ ˋˍʹ ʵʽʶˏʻˎ˄ˋʹ ˍʹˌ ʵʽʷ˂ʰˋʹˌ (ʅ˔ʺ˃ʰ 26Σ ʵʶʾʴ˃ʰ ²v ˋʶ 

ˁʰˍʱˋˍʰˋʹ ʆп) ʵʽʰʵˊʰ˃ʰˍʾʸˇˎ˄ ˋˉˇˎʵʰʾˇ ˊˈ˂ˇ ˋˍʹ ʵʽʰ˃ˈˊ˒˖ˋʹ ˍʹˌ ˇ˂ˁʽ˃ˈˍʹˍʰˌ ˍ˖˄ 

ʵʶʽʴ˃ʱˍ˖˄ όˋˎ˄ʶˊʴʽˋˍʽˁʺ ʵˊʱˋʹ ˃ʶ ˍʹ˄ ˁʰˍʰˁˊʺ˃˄ʽˋʹ ˁʰʽ ˍʹ˄ ˏˉʰˊ˅ʹ PFZs)Σ ʴʶʴˇ˄ˈˌ ˉˇˎ 

ʰˉˇˍˎˉ˗˄ʶˍʰʽ ˋˍʹ ˃ˇˊ˒ˇ˂ˇʴʾʰ ˍ˖˄ ʶˉʽ˒ʰ˄ʶʽ˗˄ ʻˊʰˏˋʹˌ ˍ˖˄ ʵˇˁʽ˃ʾ˖˄ ʶ˒ʶ˂ˁˎˋ˃ˇˏΦ ʅˍˇ 

ʅ˔ʺ˃ʰ 27 ʵʽʰˁˊʾ˄ˇ˄ˍʰʽ ˍ h ˈˊʽʰ ˁˈˁˁ˖˄ ˎ˕ʹ˂ʺˌ ʴ˖˄ʾʰˌ ˍˇˎ ʵʶʾʴ˃ʰˍˇˌ WQ, ˉˇˎ ʵʶ˄ 

ʶ˃˒ʰ˄ʾʸˇˎ˄ ˁʰˍʰˁˊʹ˃˄ʾˋ˃ʰˍʰ (ʹ ʰˉˈˍˇ˃ʹ ˕ˏ˅ʹ ʰˉˇˍˊʷˉʶʽ ˍʹ˄ ˉʶˊʽˁˊˎˋˍʰ˂˂ʽˁʺ 

ˁʰˍʰˁˊʺ˃˄ʽˋʹ ˁˊˎˋˍʱ˂˂˖˄ {ƛ ˁʰʽ aƎ2Si). ɾʶˍʱ ˁʰʽ ʰˉˈ ˍʹ ˋˎ˃ˉ˂ʺˊ˖ˋʹ ˍˇˎ ˋˍʰʵʾˇˎ ˍʹˌ 

ˉˊˇɹ̋ ˊʰ˄ˋʹˌ όʵʶʾʴ˃ʰ лh170AWQ) ʹ ʶʽˁˈ˄ʰ ˍʹˌ ˃ʽˁˊˇʵˇ˃ʺˌ ʶʾ˄ʰʽ ˉʰˊˈ˃ˇʽʰ ˔˖ˊʾˌ 

ˁʰˍʰˁˊʺ˃˄ʽˋʹ ˒ʱˋʶ˖˄ ˃ʹ ˋˎ˄ˇ˔ʺˌ.  

  

ʅ˔ʺ˃ʰ 26 ɾʽˁˊˇʵˇ˃ʺ ʵʶʾʴ˃ʰˍˇˌ WQ ˃ʶˍʱ ʰˉˈ ˔ʹ˃ʽˁʺ ˉˊˇˋʲˇ˂ʺ ˃ʶ лΣр҈HF. 

ʃʰˊʰˍʹˊˇˏ˄ˍʰʽ ˃ˈ˄ˇ ˒ʱˋʶʽˌ AlFeMnSi.  
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ʅ˔ʺ˃ʰ 27 ɶ˂ʶˁˍˊˇ˄ʽˁʺ ˃ʽˁˊˇʴˊʰ˒ʾʰ ˍˇˎ ʾʵʽˇˎ ʵʶʾʴ˃ʰˍˇˌΦ ʅˍʰ ˈˊʽʰ ˁˈˁˁ˖˄ ʵʶ˄ 

ˋʹ˃ʶʽ˗˄ʶˍʰʽ ˁʰʻʾʸʹˋʹ ˒ʱˋʶ˖˄ Mg2SiΦ ʁʽ ˒ʱˋʶʽˌ AlFeMnSi ʶ˃˒ʰ˄ʾʸˇ˄ˍʰʽ ˂ʶˎˁʷˌΦ ɶ 

ˉˊˇˋʲˇ˂ʺ ʵʹ˃ʽˇˎˊʴʶʾ ˃ʽˁˊˇ-ˁˊʰˍʺˊʶˌ ʴˏˊ˖ ʰˉˈ ˍʽˌ ˒ʱˋʶʽˌ ˃ʶ ʰˉˇˍʷ˂ʶˋ˃ʰ ˇˊʽˋ˃ʷ˄ʶˌ ˄ʰ 

ʰˉˇ˃ʰˁˊˎ˄ʻˇˏ˄ ʰ˒ʺ˄ˇ˄ˍʰˌ ˍʰ ʰˉˇˍˎˉ˗˃ʰˍʰ ˍˇˎˌ ό˃ʰˏˊʰ ˋˍʾʴ˃ʰˍʰύΦ  

ɶ ˉʁ́ ʽˁˊˎˋˍʰ˂˂ʽˁʺ ˁʰˍʰˁˊʺ˃˄ʽˋʹ ʴʾ˄ʶˍʰʽ ʶ˃˒ʰ˄ʺˌ ˃ʶˍʱ ʰˉˈ у ˗ˊʶˌ ʴʺˊʰ˄ˋʹ ˋˍˇˎˌ 

170ˇC (ʅ˔ʺ˃ʰ 28) ˁʰʽ ʶˁʵʹ˂˗˄ʶˍʰʽ ˁʰˍʱ ˉˊˇˍʶˊʰʽˈˍʹˍʰ ˋʶ ˍˊʽˉ˂ʱ ˈˊʽʰ ˁˈˁˁ˖˄ ˉˇˎ 

ʰˉˇˍʶ˂ˇˏ˄ ˍʽˌ ˉʶˊʽˇ˔ʷˌ ˃ʁ  ˍʹ ˔ʰ˃ʹ˂ˈˍʶˊʹ ʶ˄ʷˊʴʶʽʰ ʴʽʰ ˉˎˊʺ˄˖ˋʹ (ʅ˔ʺ˃ʰ 29)Φ ɾʶ 

ʶˉʽ˃ʺˁˎ˄ˋʹ ˍʹˌ ʴʺˊʰ˄ˋʹ ̩ ˖ ̩ 40 ˗ˊʶˌ ʹ ˁʰˍʰˁˊʺ˃˄ʽˋʹ ʴʾ˄ʶˍʰʽ ʽʵʽʰʾˍʶˊʰ ʷ˄ˍˇ˄ʹ 

ʶˉʽˍˊʷˉˇ˄ˍʰˌ ˍʹ ˋʰ˒ʺ ʵʽʰʴˊʰ˒ʺ ˍ˖˄ ˇˊʾ˖˄ ˁˈˁˁ˖˄ (grain boundary decoration, ʅ˔ʺ˃ʰ 30).  
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ʅ˔ʺ˃ʰ 28 ɾʽˁˊˇʵˇ˃ʺ ʵʶʾʴ˃ʰˍˇˌ 8hмтлɮWQ ˃ʶˍʱ ʰˉˈ ˔ʹ˃ʽˁʺ ˉˊˇˋʲˇ˂ʺ ˃ʶ лΣр҈HF. ɶ 

ˁʰˍʰˁˊʺ˃˄ʽˋʹ Mg2Si ̀ ˍʰ ˈˊʽʰ ˁˈˁˁ˖˄ ʶʾ˄ʰʽ ʶ˃˒ʰ˄ʺˌ.  

 

ʅ˔ʺ˃ʰ 29 ɶ˂ʶˁˍˊˇ˄ʽˁʺ ˃ʽˁˊˇʴˊʰ˒ʾʰ ̱ ˇˎ ʾʵʽˇˎ ʵʶʾʴ˃ʰˍˇˌΦ ʆʰ ˍˊʽˉ˂ʱ ˈˊʽʰ ˁˈˁˁ˖˄ 

ʰˉˇˍʶ˂ˇˏ˄ ˉˊˇˍʽ˃ʹˍʷʰ ʻʷˋʹ ˁʰʻʾʸʹˋʹˌ ˒ʱˋʶ˖˄. 
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ʅ˔ʺ˃ʰ 30 ɾʽˁˊˇʵˇ˃ʺ ʵʶʾʴ˃ʰˍˇˌ 40hмтлɮWQ ˃ʶˍʱ ʰˉˈ ˔ʹ˃ʽˁʺ ˉˊˇˋʲˇ˂ʺ ˃ʶ лΣр҈HF. 

ʃh ˊʰˍʹˊʶʾˍʰʽ ʷ˄ˍˇ˄ʹΣ ʶˁ˂ʶˁˍʽˁʺ ˁʰʻʾʸʹˋʹ ˒ʱˋʶ˖˄ ˃ʹ ˋˎ˄ˇ˔ʺˌ ˋˍʰ ˈˊʽʰ ˁˈˁˁ˖˄ όgrain 

boundary decoration). 

ʃʰˊʰˍʹˊʶʾˍʰʽ, ʵʹ˂ʰʵʺ, ˉ˖ˌ ʹ ʵʽʶˏˊˎ˄ˋʹ ˍ˖˄ ˁʰˍʰˁˊʹ˃˄ʽˋ˃ʱˍ˖˄Σ ʰˁˈ˃ʰ ˁʰʽ ˋʶ 

ˉˊˇ˔˖ˊʹ˃ʷ˄ʰ ˋˍʱʵʽʰ ʴʺˊʰ˄ˋʹˌΣ ˂ʰ˃ʲʱ˄ʶʽ ˔˗ˊʰ ʶˉʽ˂ʶˁˍʽˁʱ ˋˍʰ ˈˊʽʰ ˁˈˁˁ˖˄ ˎ˕ʹ˂ʺˌ 

ʴ˖˄ʾʰˌ ˁʰʽ ˋʶ ˃ʽˁˊˈˍʶˊˇ ʲʰʻ˃ˈ ˋˍʽˌ ˃ʶˋˇ˃ʶˍʰ˂˂ʽˁʷˌ ˒ʱˋʶʽˌ ˂ ˈʴ˖ ʶˍʶˊˇʴʶ˄ˇˏˌ ˉˎˊʺ˄˖ˋʹˌΣ 

ʶ˄˗ ˋˍˇ ʶˋ˖ˍʶˊʽˁˈ ˍ˖˄ ˁˈˁˁ˖˄ ʹ ʵʽʰʵʽˁʰˋʾʰ ˁʰʻˎˋˍʶˊʶʾ ˉʰˊʱ ˍʹ˄ ʵʶʵˇ˃ʷ˄ʹ ˏˉʰˊ˅ʹ 

ʰˍˈ˃˖˄ ʵʽʰ˂ˎ˃ʷ˄ʹˌ ˇˎˋʾʰˌΦ ʅˍˇˎˌ мслˇC ˁʰʽ ˋˍˇˎˌ мулˇC ˍʰ h̄ˇˍʶ˂ʷˋ˃ʰˍʰ ʶʾ˄ʰʽ ˉʰˊˈ˃ˇʽʰ 

ˁʰʽ ˇʽ ˈˉˇʽʶˌ ʵʽʰ˒ˇˊʷˌ ʵˎˋʵʽʱˁˊʽˍʶˌ ɹ ʽʰ ʴʹˊʱ˄ˋʶʽˌ ˃ʽˁˊˈˍʶˊʶˌ ˍ˖˄ у ˖ˊ˗˄.  

 

ʅ˔ʺ˃ʰ 31 ɾʽˁˊˇʵˇ˃ʺ ʵʶʾʴ˃ʰˍˇˌ 12hмтлɰWQ ˃ʶˍʱ ʰˉˈ ˔ʹ˃ʽˁʺ ˉˊˇˋʲˇ˂ʺ ˃ʶ лΣр҈HF. ɶ 

ˁʰˍʰˁˊʺ˃˄ʽˋʹ Mg2Si ̀ ˍʰ ˈˊʽʰ ˁˈˁˁ˖˄ ʶʾ˄ʰʽ ʶ˃˒ʰ˄ʺˌ.  
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ɶ ˍˊˇˉˇˉˇʾʹˋʹ ˍˇˎ ˋˍʰʵʾˇˎ ˍʹˌ ˉˊˇʴʺˊʰ˄ˋʹˌ пʲ ˃ʶ ʶˉʽ˃ʺˁˎ˄ˋʹ ˍʹˌ ˉʰˊʰ˃ˇ˄ʺˌ ˋˍˇˎˌ 

100ˇ/ ʰˉˈ п ˋʶ мн ˗ˊʶˌ ˉ́ ˇˁʰ˂ʶʾ h ˁˈ˃ʰ ˉʽˇ ʶˁˍʶˍʰ˃ʷ˄ʹ ˁʰˍʰˁˊʺ˃˄ʽˋʹ ˒ʱˋʶ˖˄ ˃ʹ ˋˎ˄ˇ˔ʺˌ 

ˋˍʰ ˈˊʽʰ ˁˈˁˁ˖˄, ˈˉ˖ˌ ˉʰˊʰˍʹˊʶʾˍʰʽ ˋˍ̌ ʵʶʾʴ˃ʰ 12h170BWQ ʴʶʴˇ˄ˈˌ ˉˇˎ ˒ʰ˄ʶˊ˗˄ʶʽ ˍʹ˄ 

ʽʵʽʰʾˍʶˊʹ ˋʹ˃ʰˋʾʰ ˍʹˌ ʰˎ˅ʹ˃ʷ˄ʹˌ ʵʽʱˊˁʶʽʰˌ ˍˇˎ ˋˍʰʵʾˇˎ ˉˊˇʴʺˊʰ˄ˋʹˌ ʴʽʰ ˍʹ˄ ˁʽ˄ʹˍʽˁʺ ˍʹˌ 

ˁʰˍʰˁˊʺ˃˄ʽˋʹˌ (ʅ˔ʺ˃ʰ 31).  

ɮˊˁʶˍʱ ʵʽʰ˒ˇˊʶˍʽˁʺ ʶʾ˄ʰʽ ʹ ˃ʽˁˊˇʵˇ˃ʺ ˃ʶ ˍʶ˔˄ʹˍʺ ʴʺˊʰ˄ˋʹ ˋˍˇˎˌ нллˇC. ɮˉˈ ˍʽˌ 

ˉˊ˗ˍʶˌ п ˗ˊʶˌ ʻʶˊ˃ʽˁʺˌ ˁʰˍʶˊʴʰˋʾʰˌ ˋʹ˃ʶʽ˗˄ʶˍʰʽ ˃ʰʸʽˁʺ ˁʰˍʰˁˊʺ˃˄ʽˋʹ ˒ʱˋʶ˖˄ ʺ˃ʽ- ˁʰʽ 

˃ʹ ˋˎ˄ˇ˔ʺˌ ˍˈˋˇ ˋʶ ʶ˄ʵˇˁˊˎˋˍʰ˂˂ʽˁʷˌ ˈˋˇ ˁʰʽ ˋʶ ˉʶˊʽˁˊˎˋˍʰ˂˂ʽˁʷˌ ˉʶˊʽˇ˔ʷˌ όʲ˂Φ ˋ˔ʶˍʽˁʷˌ 

ʹ˂ʶˁˍˊˇ˄ʽˁʷˌ ˃ʽˁˊˇʴˊʰ˒ʾʶˌ ˋˍ hʅ˔ʺ˃ʰˍʰ он ˁʰʽ оо). ɶ ʽˋˇˊˊˇˉʹ˃ʷ˄ʹ ʰˎˍʺ ˁʰˍʱˋˍʰˋʹ 

ʵʽʰʵˊʰ˃ʰˍʾʸʶʽ ˉˇ˂ˏ ʻʶˍʽˁˈ ˊˈ˂ˇ ʴʽʰ ˍʽˌ ˃ʹ˔ʰ˄ʽˁʷˌ ʽʵʽˈˍʹˍʶˌ ˁʰʽ ˍʹ˄ ˇ˂ˁʽ˃ˈˍʹˍʰ ˍˇˎ ˎ˂ʽˁˇˏ 

ˁʰʽ ʶˉʽˉ˂ʷˇ˄ ˒ʰʾ˄ʶˍʰʽ ˉ˖ˌ ʰˉˇˍˊʷˉʶˍʰʽ ˇ ˋ˔ʹ˃ʰˍʽˋ˃ˈˌ PFZs. 

ɾ  ʁɹ ʺˊʰ˄ˋʹ ˋˍˇˎˌ ннлˇC ʁˉʷˊ˔ʶˍʰʽ h ˁˈ˃ʹ ˉʽˇ ̫ ˄ˍˇ˄ʹΣ ʴʶ˄ʽˁʶˎ˃ʷ˄ʹ ˁʰˍʰˁˊʺ˃˄ʽˋʹ ˃ʷˋʰ 

ˋ̱ ʰ ˉˊ˗ˍʰ 30min, ʶ˄˗ ˃ʶˍʱ ʰˉˈ м ˗ˊʰ ʴʺˊʰ˄ˋʹ ʶˁʵʹ˂˗˄ʶˍʰʽ ʶˁˍʶˍʰ˃ʷ˄ˇˌ ˋ˔ʹ˃ʰˍʽˋ˃ˈˌ 

PFZs (ʅ˔ʺ˃ʰ 34) ̄ ˂ʱˍˇˎˌ ʶˎʵʽʱˁˊʽˍˇˎ ʰˁˈ˃ʰ ˁʰʽ ˃ʶ ˍˇ ˇˉˍʽˁˈ ˃ʽˁˊˇˋˁˈˉʽˇ όˍʹˌ ˍʱ˅ʹˌ ˍ˖˄ н-

пm˃). ɶ ˃ʽˁˊˇʵˇ˃ʺ ˉˇˎ ˋ˔ʹ˃ʰˍʾʸʶˍʰʽ ˃ʶˍʱ ʰˉˈ ʰˊˁʶˍʷˌ ˗ˊʶˌ ˉʰˊʰ˃ˇ˄ʺˌ ˋˍʹ ʻʶˊ˃ˇˁˊʰˋʾʰ 

ʰˎˍʺ ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋˍʹ ˃ʽˁˊˇʵˇ˃ʺ ʽˋˇˊˊˇˉʾʰˌ ˉˇˎ ʻʰ ʶʾ˔ʶ ˍˇ ˎ˂ʽˁˈ, ʰ˄ ˃ʁ ˍʱ ʰˉˈ ˍʹ ̒ʁˊ˃ʽˁʺ 

ˁʰˍʶˊʴʰˋʾʰ ʵʽʰ˂ˎˍˇˉˇʾʹˋʹˌ ˍˇˎ ʶˉʽˍˊʶˉˈˍʰ˄ ˄ʰ ˎˉˇˋˍʶʾ ˉˇ˂ˏ ʰˊʴʺ ˕ˏ˅Σ́ ʵʹ˂ʰʵʺ ʰ˄ ˉ˔ ˍˇ 

ʵʶʾʴ˃ʰ ˉʰˊʷ˃ʶ˄ʶ ʶ˄ˍˈˌ ˍˇˎ ˒ˇˏˊ˄ˇˎ ˃ʷ˔ˊʽ ˄ʰ ˒ˍʱˋʶʽ ˋˍʹ ʻʶˊ˃ˇˁˊʰˋʾʰ ʵ˖˃ʰˍʾˇˎ όfurnace 

cooling) (70).   

 

ʅ˔ʺ˃ʰ 32 ɼˊʱ˃ʰ мΣ ʵʶʾʴ˃ʰ  8h200AWQ, ˃ ʰʸʽˁʺ ˁʰˍʰˁˊʺ˃˄ʽˋʹ ˒ʱˋʶ˖˄ ˃ʹ ˋˎ˄ˇ˔ʺˌ ˍˈˋˇ 

ˋˍʰ ˈˊʽʰ ˈˋˇ ˁʰʽ ˋˍˇ ʶˋ˖ˍʶˊʽˁˈ ˍ˖˄ ˁˈˁˁ˖˄Φ 
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ʅ˔ʺ˃ʰ 33 ɼˊʱ˃ʰ мΣ ʵʶʾʴ˃ʰ  12h200AWQ, ˃ ʰʸʽˁʺ ˁʰˍʰˁˊʺ˃˄ʽˋʹ ˒ʱˋʶ˖˄ ˃ʹ ˋˎ˄ˇ˔ʺˌ ˍˈˋˇ ˋˍʰ ˈˊʽʰ ˈˋˇ 

ˁʰʽ ˋˍˇ ʶˋ˖ˍʶˊʽˁˈ ˍ˖˄ ˁˈˁˁ˖˄Φ 

   

 

ʅ˔ʺ˃ʰ 34 ɾʽˁˊˇʵˇ˃ʺ ʵʶʽʴ˃ʱˍ˖˄ όʰύ олminннлɮWQ ˁ ʰʽ όʲύ 60minннлɮWQ
 ˃ ʶˍʱ ʰˉˈ ˔ʹ˃ʽˁʺ 

ˉˊˇˋʲˇ˂ʺ ˃ʶ лΣр҈ICΦ 

 ̡ h  ̡



ɼʶ˒ʱ˂ʰʽˇ 3 ɮ˄ʱ˂ˎˋʹ ˍʹˌ ˃ʽˁˊˇʵˇ˃ʺˌ ˃ʶ ˇˉˍʽˁʺ, ́ ˂ʶˁˍˊˇ˄ʽˁʺ ˃ ʽˁˊˇˋˁˇˉʾʰ ˁ ʰʽ ˃ʽˁˊˇˋˁˇˉʾʰ 
ʵʽʶˊ˔ˈ˃ʶ˄ʹˌ ʵʷˋ˃ʹˌ  

 

ɳˉʾʵˊʰˋʹ ˍʹˌ ˍʶ˔˄ʹˍʺ ̩ʴʺˊʰ˄ˋʹ ̩ˋˍ́ ˃ʽˁˊˇʵˇ˃ʺ ˍ˖˄ ac ʵʶʽʴ˃ʱˍ˖˄: ɶ ʰˊʴʺ ˕ˏ˅ʹ 

ˉˊˇˁʰ˂ʶʾ ʵʽʰ˒ˇˊˇˉˇʽʺˋʶʽˌ ˋˍʹ˄ ˁʽ˄ʹˍʽˁʺ ˁʰˍʰˁˊʺ˃˄ʽˋʹˌ ˁʰʽ ˍʹ˄  ˉˊˇˁˏˉˍˇˎˋʰ ˃ʽˁˊˇʵˇ˃ʺ 

ˍ˖˄ ac ʵʶʽʴ˃ʱˍ˖˄ ˋˎʴˁˊʽˍʽˁʱ ˃ʶ ˍ˖˄ wq. ʆ̌  ʵʶʾʴ˃ʰ !/ ˈˉ˖ˌ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˁʰʽ ˋˍʹ˄ 

ˁʰ˃ˉˏ˂ʹ ˍˇˎ ʅ˔ʺ˃ʰˍˇˌ 20 ˉʰˊʰ˃ʷ˄ʶʽ ˋʶ ʻʶˊ˃ˇˁˊʰˋʾʶˌ ˃ʶˍʰ˅ˏ рол ˁʰʽ нрлˇC ʴʽʰ ˉʶˊʾˉˇˎ 

75 sec ʵʽʱˋˍʹ˃ʰ ˍˇ ˇˉˇʾˇ ʰˉˇʵʶʽˁ˄ˏʶˍʰʽ ʰˊˁʶˍˈ ʴʽʰ ˄ʰ ˉˊˇˁʰ˂ʷˋʶʽ ʰˊ˄ʹˍʽˁʷˌ ʶˉʽʵˊʱˋʶʽˌ 

ˋˍʽˌ ˃ʹ˔ʰ˄ʽˁʷˌ ʽʵʽˈˍʹˍʶˌ ˍˇˎ ˎ˂ʽˁˇˏΦ ɮˎˍʷˌ ʰˉˇˍˎˉ˗˄ˇ˄ˍʰʽ ˁʰʽ ˋˍʹ ˃ʽˁˊˇʵˇ˃ʺ ˈˉ˖ˌ 

ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˁʰʽ ˋˍˇ ʅ˔ʺ˃ʰ 35 ʴʽʰ ˍˇ ʵʶʾʴ˃ʰ AC, ˍˇ ˇˉˇʾˇ ˔ʰˊʰˁˍʹˊʾʸʶˍʰʽ ʰˉˈ ʷ˄ˍˇ˄ʹ 

ˁʰˍʰˁˊʺ˃˄ʽˋʹ ˍˈˋˇ ˉʶˊʾ- ˈˋˇ ˁʰʽ ʶ˄ʵˇˁˊˎˋˍʰ˂˂ʽˁʱ όˋˎʴˁˊʽˍʽˁʱ ˃ʶ ˍˇ ʵʶʾʴ˃ʰ WQ 

˃ʶˍʰ˂˂ˇˎˊʴʽˁʺˌ ˁʰˍʱˋˍʰˋʹˌ ʆп). ʅˍʹ ʲʽʲ˂ʽˇʴˊʰ˒ʾʰ ʰ˄ʰ˒ʷˊʶˍʰʽ ˉ˖ˌ ʹ ˉʶˊʽˁˊˎˋˍʰ˂˂ʽˁʺ 

ˁʰˍʰˁˊʺ˃˄ʽˋʹ ʰˉˇˍʶ˂ʶʾ ˋˏ˄ʹʻʶˌ ˒ʰʽ˄ˈ˃ʶ˄ˇ ʴʽʰ ˍʰ ˁˊʱ˃ʰˍʰ ˍʹˌ ˁʰˍʹʴˇˊʾʰˌ ʰˎˍʺˌ (92). 

ɱʶ˄ʽˁʱ ˃ʱ˂ʽˋˍʰΣ ʹ ˉʶˊʽˁˊˎˋˍʰ˂˂ʽˁʺ ˁʰˍʰˁˊʺ˃˄ʽˋʹ ˃ˉˇˊʶʾ ˄ʰ ʰˉˇˍʶ˂ʷˋʶʽ ʷ˄ʵʁ̔ ˅ʹ ˍʹˌ 

ˍʰ˔ˏˍʹˍʰˌ ˕ˏ˅ʹˌ ʶ˄ˈˌ ʵʶʾʴ˃ʰˍˇˌ ʰˉˈ ˍʹ ʻʶˊ˃ˇˁˊʰˋʾʰ ˋˍʶˊʶˇˏ ʵʽʰ˂ˏ˃ʰˍˇˌΦ ɮ˄ ˇ ˊˎʻ˃ˈˌ 

˕ˏ˅ʹˌ ʴʾ˄ʶʽ ʰˁˈ˃ʰ ˃ʽˁˊˈˍʶˊˇˌ, ˍʰ ˁʰˍʰˁˊʹ˃˄ʾˋ˃ʰˍʰ ˍʶʾ˄ˇˎ˄ ˄ʰ ʴʾ˄ˇˎ˄ ʰˁˈ˃ʰ ˉʶˊʽˋˋˈˍʶˊʰ 

ˋʶ ˉ˂ʺʻˇˌ, ʰ˂˂ʱ ˁʰʽ ˄ʰ ʵʽʶˎˊˎ˄ʻˇˏ˄ (coalescence)Φ ʅˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ʰˎˍʺ ʹ ˔ˊ˖˃ʰˍʽˁʺ 

ʰ˄ˍʾʻʶˋʹ ˍ˖˄ ˁˈˁˁ˖˄ ˃ʶ ʵʽʰ˒ˇˊʶˍʽˁˈ ˉˊˇˋʰ˄ʰˍˇ˂ʽˋ˃ˈΣ ˁʰˍʱ ˍʹ˄ ˉʰˊʰˍʺˊʹˋʹ ˃ʶ ˉˇ˂˖˃ʷ˄ˇ 

˒˖ˌ ʶ˂ʰˍˍ˗˄ʶˍʰʽΦ ɳˉʾˋʹˌΣ ̱ ʰ ʵʶʾʴ˃ʰˍʰ ʰˎˍʱ ʁ̄ ʽʵʶʽˁ˄ˏˇˎ˄ ̄ ˊˇʵʽʱʻʶˋʹ ʴʽʰ ˉʶˊʽˁˊˎˋˍʰ˂˂ʽˁʺ 

ʵʽʱʲˊ˖ˋʹΦ ɮˎˍˈ ʲʷʲʰʽʰ ʵʶ˄ ˇ˒ʶʾ˂ʶˍʰʽ ˃ˈ˄ˇ ˋˍʰ ˁʰˍʰˁˊʹ˃˄ʾˋ˃ʰˍʰΣ ʰ˂˂ʱ ˁʰʽ ˋˍʹ˄ ˏˉʰˊ˅ʹ 

PFZs ̀ ˍʰ ˈˊʽʰ ˁˈˁˁ˖˄ ˉˇˎ ˂ʶʽˍˇˎˊʴˇˏ˄ ˖ˌ ʰ˄ˇʵʽˁʷˌ ˉʶˊʽˇ˔ʷˌ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍˇ ʶˋ˖ˍʶˊʽˁˈ ˍ˖˄ 

ˁˈˁˁ˖˄Φ        

  

ʅ˔ʺ˃ʰ 35 ɾʽˁˊˇʵˇ˃ʺ ʵʶʾʴ˃ʰˍˇˌ AC ˃ʶˍʱ ʰˉˈ ˔ʹ˃ʽˁʺ ˉˊˇˋʲˇ˂ʺ ˃ʶ лΣр҈HF. ʃʰˊʰˍʹˊʶʾˍʰʽ 

ʴʶ˄ʽˁʶˎ˃ʷ˄ʹ ˁʰˍʰˁˊʺ˃˄ʽˋʹ ˒ʱˋʶ˖˄ ˃ʹ ˋˎ˄ˇ˔ʺˌΦ 
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ɲʶʵ̌˃ ʷ˄ˇˎ ˉ˖ˌ ˋˍʰ ˉʶˊʽˋˋˈˍʶˊʰ ˁˊʱ˃ʰˍʰ ˋˁ˂ʺˊˎ˄ˋʹˌ ˃ʶ ˁʰˍʰˁˊʺ˃˄ʽˋʹ ˇʽ ˒ʱˋʶʽˌ ˃ʹ 

ˋˎ˄ˇ˔ʺˌ ˋ˔ʹ˃ʰˍʾʸˇ˄ˍʰʽ ˃ʶ ʶˍʶˊˇʴʶ˄ʺ ˉˎˊʺ˄˖ˋʹ ˋˍʰ ˈˊʽʰ ˁˈˁˁ˖˄Σ ʶˁˍʽ˃ʱˍʰʽ ˉ˖ˌ ˇ ˂ˈʴˇˌ 

ˍˇˎ ˈʴˁˇˎ ˍˇˎˌ fi ʻʰ ˉˊˇˁʰ˂ʶʾ ʶ˂ʱˍˍ˖ˋʹ ˍˇˎ ˃ʷˊˇˎˌ ˍʹˌ ˉʰˊʰ˃ˈˊ˒˖ˋʹˌ ʻˊʰˏˋʹˌ ˉˇˎ 

ʶˁʵʹ˂˗˄ʶˍʰʽ ˋʶ ˉʶˊʽˁˊˎˋˍʰ˂˂ʽˁʷˌ ˉʶˊʽˇ˔ʷˌ ʶfi ̀ ˏ˃˒˖˄ʰ ˃ʶ ˍˇ˄ ˍˏˉˇΥ 

efi= Ѝ Ѝ  ‐ὲ ς 1, 

ˈˉˇˎ C~1,5 ʶʾ˄ʰʽ ˉʰˊʱʴˇ˄ˍʰˌ ˉˇˎ ˎˉʶʽˋʷˊ˔ʶˍʰʽ ˂ˈʴ˖ ˍˇˎ ˍʰ˔ˏˍʶˊˇˎ ˋ˔ʹ˃ʰˍʽˋ˃ˇˏ 

ʰˋˎ˄ʶ˔ʶʽ˗˄ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍʹ ˃ʺˍˊʰ ˉˊʽ˄ ˍʹ˄ ˉˊʰʴ˃ʰˍˇˉˇʾʹˋʹ ˋˎ˄ʻʹˁ˗˄ ʰˋˍʱʻʶʽʰˌ ˁʰʽ ʶn ʹ 

ˁˊʾˋʽ˃ʹ ˍʽ˃ʺ ˍʹˌ ˉʰˊʰ˃ˈˊ˒˖ˋʹˌ ʴʽʰ ˍʹ ʵʹ˃ʽˇˎˊʴʾʰ ʰˋˎ˄ʷ˔ʶʽʰˌ ˋˍʹ ʵʽʶˉʽ˒ʱ˄ʶʽʰ ʶ˄ˈˌ 

ˋ˖˃ʰˍʽʵʾˇˎ ˃ʹ ˋˎ˄ˇ˔ʺˌΦ ɶ ˉʰˊʰ˃ˈˊ˒˖ˋʹ ʻˊʰˏˋʹˌ ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋˍʹ˄ ʰˉʰʽˍˇˏ˃ʶ˄ʹ 

ˉʰˊʰ˃ˈˊ˒˖ˋʹ ʴʽʰ ʶˉʷˁˍʰˋʹ ˍ˖˄ ʰˋˎ˄ʶ˔ʶʽ˗˄ ˃ʷ˔ˊʽ ˃ʺˁˇˎˌ ʾˋˇˎ ˉˊˇˌ ˍʹ˄ ʰˉˈˋˍʰˋʹ 

˃ʶˍʰ˅ˏ ˍ˖˄ ˋ˖˃ʰˍʽʵʾ˖˄Φ ʂˍʰ˄ ˋˎ˃ʲʶʾ ʰˎˍˈ, ʹ ʻˊʰˏˋʹ ʻʰ ʶʾ˄ʰʽ ˉʶˊʽˁˊˎˋˍʰ˂˂ʽˁʺΦ ɶ 

ˋˎ˄ˇ˂ʽˁʺ ˉʰˊʰ˃ˈˊ˒˖ˋʹ ʻˊʰˏˋʹˌ ʶf ʶ˅ʰˊˍʱˍʰʽ ʰˉˈ ˍˇ ˃ʷˋˇ ˃ʷʴʶʻˇˌ ˁˈˁˁˇˎ D ˁʰʽ ˍˇ 

ˉ˂ʱˍˇˌ ˍʹˌ PFZ d ̀ ˏ˃˒˖˄ʰ ˃ʶ ˍʹ ˋ˔ʷˋʹΥ 

fʁ= fʁt+ fʁi  

ˈˉˇˎ ʶft ʶʾ˄ʰʽ ˇ ˂ˈʴˇˌ ˍʹˌ ˉʰˊʰ˃ˈˊ˒˖ˋʹˌ ˉˇˎ ˉˊʰʴ˃ʰˍˇˉˇʽʶʾˍʰʽ ˋˍˇ ʶˋ˖ˍʶˊʽˁˈ ˍ˖˄ 

ˁˈˁˁ˖˄Φ ɶ ˁˊʾˋʽ˃ʹ ˉʰˊʱ˃ʶˍˊˇˌ ˉˇˎ ˁʰʻˇˊʾʸʶʽ ˍʹ˄ ʶf ʶʾ˄ʰʽ ʶʾˍʶ ʹ ʶft ʶʾˍʶ ʹ ʶfi ˉˇˎ ʶ˅ʰˊˍʱˍʰʽ 

ʰˉˈ ˍʹ ʵʽʰ˒ˇˊʱ ˍˇˎ ˇˊʾˇˎ ʵʽʰˊˊˇʺˌ ˃ʶˍʰ˅ˏ PFZ ˁʰʽ ʶˋ˖ˍʶˊʽˁˇˏ ˍ˖˄ ˁˈˁˁ˖˄Φ ɮ˄ ʹ 

ˉʰˊʰ˃ˈˊ˒˖ˋʹ ˋˎ˄ˇ˂ʽˁʱ ˉʶˊʽˇˊʾʸʶˍʰʽ ˋˍʰ ˃ʰ˂ʰˁʱ ˈˊʽʰ ˁˈˁˁ˖˄, ˍˈˍʶ ˇ ˉʰˊʱʴˇ˄ˍʰˌ ʶft 

˃ˉˇˊʶʾ ˄ʰ ʰʴ˄ˇʹʻʶʾ (101). 

ɾʶˍʱ ʰˉˈ п ˗ˊʶˌ ʴʺˊʰ˄ˋʹˌ ˋˍˇˎˌ мтлˇ/ ʶˁʵʹ˂˗˄ʶˍʰʽ ˋ˔ʹ˃ʰˍʽˋ˃ˈˌ tC½ǎ ˁʰʽ 

ʴʶ˄ʽˁʶˎ˃ʷ˄ʹ ˁʰˍʰˁˊʺ˃˄ʽˋʹ ˈˉ˖ˌ ˉʰˊʰˍʹˊʶʾˍʰʽ ˁʰʽ ʰˉˈ ˍʽˌ ˇˉˍʽˁʷˌ ˃ʽˁˊˇʴˊʰ˒ʾʶˌ ˍ˖˄ 

ʅ˔ʹ˃ʱˍ˖˄ ос ˁʰʽ от. ɾʶ ˉʶˊʰʽˍʷˊ˖ ʴʺˊʰ˄ˋʹ ʶˉʷˊ˔ʶˍʰʽ ʵʽʶˏˊˎ˄ˋʹ ˍ˖˄ ˒ʱˋʶ˖˄ ˁʰʽ ˍˇˎ 

ˉ˂ʱˍˇˎˌ ˍ˖˄ PFZs ˁ ʰʻʽˋˍ˗˄ˍʰˌ ˍˇ ˎ˂ʽˁˈ ˋˎ˄ʶ˔˗ˌ ˕ʰʻˎˊˈˍʶˊˇΦ 
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  56 

 

ʅ˔ʺ˃ʰ 36 ɾʽˁˊˇʵˇ˃ʺ ʵʶʾʴ˃ʰˍˇˌ 4hмтлɮAC ˃ʶˍʱ ʰˉˈ ˔ʹ˃ʽˁʺ ˉˊˇˋʲˇ˂ʺ ˃ʶ лΣр҈HF. 

ʃʰˊʰˍʹˊʶʾˍʰʽ ˋ˔ʹ˃ʰˍʽˋ˃ˈˌ PFZs.  

 

ʅ˔ʺ˃ʰ 37 ɾʽˁˊˇʵˇ˃ʺ ʵʶʾʴ˃ʰˍˇˌ пƘмтлɰAC ˃ ʶˍʱ ʰˉˈ ˔ʹ˃ʽˁʺ ˉˊˇˋʲˇ˂ʺ ˃ʶ лΣр҈ICΦ 

ɳˁˍʶˍʰ˃ʷ˄ˇˌ ˋ˔ʹ˃ʰˍʽˋ˃ˈˌ tC½ǎΦ 

3.2.3 ɚʌʋʐʀʇʘʎʈɻʐɻ ɾʅɻ ʐɻ ʆʍʗʈɻʐɻ 2 ʆɻʅ 3 ɿʅɻʐʋʈʙʏ ȺɛȻ  

ʆʰ ̄́ ˇ˒ʾ˂ ˁˊʱ˃ʰˍˇˌ н ˁʰʽ о ˂ˈʴ˖ ˍʹˌ ˉʰˊˈ˃ˇʽʰˌ ˁˊʰ˃ʱˍ˖ˋʹˌ (Mg2Si 0,79 ˁ ʰʽ лΣул҈ 

ʰ˄ˍʾˋˍˇʽ˔ʰ) ˃ ʶ˂ʶˍ˗˄ˍʰʽ ˃ʰʸʾ ʰ˄ʰ˒ˇˊʽˁʱ ˃ʶ ˍʰ ˒ʰʽ˄ˈ˃ʶ˄ʰ ˁʰˍʰˁˊʺ˃˄ʽˋʹˌΦ ʆʶ˔˄ʹˍʺ ʴʺˊʰ˄ˋʹ 

wq ˉˊˇ˒ʾ˂ ˋˍˇˎˌ мтлˇC ˉˊˇˁʰ˂ʶʾ ˃ʶʴʰ˂ˏˍʶˊˇ ˉˇˋˇˋˍˈ ʶ˄ʵˇˁˊˎˋˍʰ˂˂ʽˁʺˌ ˁʰˍʰˁˊʺ˃˄ʽˋʹˌ 

ʰˉˈ ˍˇ ˁˊʱ˃ʰ м ʰ˂˂ʱ ˁʰʽ ˉʶˊʽˁˊˎˋˍʰ˂˂ʽˁʺ ˁʰˍʰˁˊʺ˃˄ʽˋʹ ˈˋˇ ˁʰʽ ˋ˔ʹ˃ʰˍʽˋ˃ˈ ˋˍʶ˄˗˄ PFZs 

(ʅ˔ʺ˃ʰ 38). ɾʶ ʴʺˊʰ˄ˋʹ ˋˍˇˎˌ нллˇC ʹ ˁʰˍʰˁˊʺ˃˄ʽˋʹ ʶʾ˄ʰʽ ˉʽˇ ʴʶ˄ʽˁʶˎ˃ʷ˄ʹ ˁʰʽ ˇ 
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  57 

ˋ˔ʹ˃ʰˍʽˋ˃ˈˌ PFZs ʰ˄ˍʽ˂ʹˉˍˈˌ ˃ʶˍʱ ʰˉˈ п ˗ˊʶˌ ʴʺˊʰ˄ˋʹ (ʅ˔ʺ˃ʰ 39)Σ ʶ˄˗ ˋˍʽˌ мн ˗ˊʶˌ 

ˉʰˊʰˍʹˊʶʾˍʰʽ ʵʽʶˏˊˎ˄ˋʹ ˍ˖˄ ˒ʱˋʶ˖˄ ˍˈˋˇ ˉʶˊʾ- ˈˋˇ ˁʰʽ ʶ˄ʵˇˁˊˎˋˍʰ˂˂ʽˁʱ ˁʰʽ ˇʽ PFZs 

ʵʽʰʴˊʱ˒ˇ˄ˍʰʽ ˃ʶ ˃ʶʴʰ˂ˏˍʶˊʹ ˋʰ˒ʺ˄ʶʽʰ (ʅ˔ʺ˃ʰ 40).  

 

ʅ˔ʺ˃ʰ 38 ɼˊʱ˃ʰ 3Σ ʵʶʾʴ˃ʰ  12h170AWQΣ ˃ʰʸʽˁʺ ˁʰˍʰˁˊʺ˃˄ʽˋʹ ˒ʱˋʶ˖˄ ˃ʹ ˋˎ˄ˇ˔ʺˌΦ 

 

ʅ˔ʺ˃ʰ 39 ɼˊʱ˃ʰ 2Σ ʵʶʾʴ˃ʰ  4h200AWQΣ ˃ʰʸʽˁʺ ˁʰˍʰˁˊʺ˃˄ʽˋʹ ˒ʱˋʶ˖˄ ˃ʹ ˋˎ˄ˇ˔ʺˌΦ 
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ʅ˔ʺ˃ʰ 40 ɼˊʱ˃ʰ 2Σ ʵʶʾʴ˃ʰ  12h200AWQΣ ˃ʰʸʽˁʺ ˁʰˍʰˁˊʺ˃˄ʽˋʹ ˒ʱˋʶ˖˄ ˃ʹ ˋˎ˄ˇ˔ʺˌΦ 

ʅʶ ˁʰˍʱˋˍʰˋʹ ˎˉʶˊʴʺˊʰ˄ˋʹˌ ʆт ˃ʶˍʱ ʰˉˈ ˁʰˍʶˊʴʰˋʾʰ ˋˍˇˎˌ ннлˇC ˉʰˊʰˍʹˊˇˏ˄ˍʰʽ 

˒ʱˋʶʽˌ ˃ʹ ˋˎ˄ˇ˔ʺˌ ʲʶ˂ˇ˄ˇʶʽʵˇˏˌ ˃ˇˊ˒ˇ˂ˇʴʾʰˌ ˋˍˇ ʶˋ˖ˍʶˊʽˁˈ ˍ˖˄ ˁˈˁˁ˖˄ ˁʰʽ 

ˉʶˊʽˁˊˎˋˍʰ˂˂ʽˁʺ ˁʰˍʰˁˊʺ˃˄ʽˋʹ ʰ˂˂ʱ ˁʰʽ ˋ˔ʹ˃ʰˍʽˋ˃ˈˌ PFZs ʶˏˊˇˎˌ олл˃m ˃ʶˍʱ ʰˉˈ п 

˗ˊʶˌ ʴʺˊʰ˄ˋʹˌ όʅ˔ʺ˃ʰˍʰ пм ˁʰʽ пнύ.    

 

ʅ˔ʺ˃ʰ 41 ɼˊʱ˃ʰ 3Σ ʵʶʾʴ˃ʰ  4h220AWQΣ ˃ʰʸʽˁʺ ˁʰˍʰˁˊʺ˃˄ʽˋʹ ˒ʱˋʶ˖˄ ˃ʹ ˋˎ˄ˇ˔ʺˌΦ 



ɼʶ˒ʱ˂ʰʽˇ 3 ɮ˄ʱ˂ˎˋʹ ˍʹˌ ˃ʽˁˊˇʵˇ˃ʺˌ ˃ʶ ˇˉˍʽˁʺ, ́ ˂ʶˁˍˊˇ˄ʽˁʺ ˃ ʽˁˊˇˋˁˇˉʾʰ ˁ ʰʽ ˃ʽˁˊˇˋˁˇˉʾʰ 
ʵʽʶˊ˔ˈ˃ʶ˄ʹˌ ʵʷˋ˃ʹˌ  
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ʅ˔ʺ˃ʰ 42 ɼˊʱ˃ʰ 3Σ ʵʶʾʴ˃ʰ  12h220AWQΣ ˃ʰʸʽˁʺ ˁʰˍʰˁˊʺ˃˄ʽˋʹ ˒ʱˋʶ˖˄ ˃ʹ ˋˎ˄ˇ˔ʺˌΦ 

3.2.4 ɚʌʋʐʀʇʘʎʈɻʐɻ ɾʅɻ ʐʋ ʆʍʗʈɻ τ ɿʅɻʐʋʈʙʏ ȺɛȻ  

ɶ ɹʺˊʰ˄ˋʹ ˃ʶˍʱ ʰˉˈ ʵʽʰ˂ˎˍˇˉˇʾʹˋʹ ˁʰʽ ʲʰ˒ʺ ˋˍʰ ʵʶʾʴ˃ʰˍʰ ˃ʶ ʰˁˈ˃ʰ ˃ʶʴʰ˂ˏˍʶˊʹ 

ˁˊʰ˃ʱˍ˖ˋʹ ʷ˔ʶʽ ˉʰˊˈ˃ˇʽʰ ʶˉʾʵˊʰˋʹ ˃ʶ ˍʰ ˁˊʱ˃ʰˍʰ 2 ˁʰʽ 3 ˃ʶ ˍʹ ʵʽʰ˒ˇˊʱ ˉ˖ˌ ʹ 

ˁʰˍʰˁˊʺ˃˄ʽˋʹ ʶʾ˄ʰʽ ʰˁˈ˃ʰ ˉʽˇ ʷ˄ˍˇ˄ʹ ˂ˈʴˇ ˍʹˌ ˃ʶʴʰ˂ˏˍʶˊʹˌ ʵʽʰʻʷˋʽ˃ʹˌ ˉˇˋˈˍʹˍʰˌ ˋʶ 

ˁˊʰ˃ʰˍʽˁʱ ˋˍˇʽ˔ʶʾʰ ˁʰʽ ˂ˈʴ˖ ˍˇˎ ʴʶʴˇ˄ˈˍˇˌ ˉ˖ˌ ˍʰ ʱˍˇ˃ʰ ʰ˄ˍʽˁʰˍʱˋˍʰˋʹˌ ʵʶˋ˃ʶˏˇˎ˄ ˃ʶˍʱ 

ˍʹ ʵʽʰ˂ˎˍˇˉˇʾʹˋʹ ˁʰʽ ˍʹ ʲʰ˒ʺ ʰˁˈ˃ʰ ˃ʶʴʰ˂ˏˍʶˊˇ ʰˊʽʻ˃ˈ ˁʶ˄˗˄ ˉ˂ʶʴ˃ʰˍʽˁ˗˄ ʻʷˋʶ˖˄ ˋʶ 

ʻʶˊ˃ˇˁˊʰˋʾʰ ʵ˖˃ʰˍʾˇˎ ˉˇˎ ʶˉʽˍˊʷˉʶʽ ˍʹ˄ ˍʰ˔ˏˍʶˊʹ ʵʽʱ˔ˎˋʹ ˍ˖˄ ʰˍˈ˃˖˄ ʱˊʰ ˁʰʽ 

ʶˉʽˍʱ˔ˎ˄ˋʹ ˍʹˌ ˁʽ˄ʹˍʽˁʺˌ ˍʹˌ ʴʺˊʰ˄ˋʹˌΦ  

ɶ ˃ˇˊ˒ˇ˂ˇʴʾʰ ˁʰʽ ˍˇ ˃ʷˋˇ ˃ʷʴʶʻˇˌ ˍ˖˄ ˁˈˁˁ˖˄ ʶˉʹˊʶʱʸʶʽ ˋʹ˃ʰ˄ˍʽˁʱ ˍʹ ʵʽʰʵʽˁʰˋʾʰ ˍʹˌ 

ˁʰˍʰˁˊʺ˃˄ʽˋʹˌΦ ʂˉ˖ˌ ʵʽʰˉʽˋˍ˗˄ʶˍʰʽ ˁʰʽ ʰˉˈ ˍʹ˄ ʹ˂ʶˁˍˊˇ˄ʽˁʺ ˃ʽˁˊˇʴˊʰ˒ʾʰ ˍˇˎ ʅ˔ʺ˃ʰˍˇˌ 

43 ʰˉˈ ˉˊˇ˒ʾ˂ ˋʶ ˃ʶˍʰ˂˂ˇˎˊʴʽˁʺ ˁʰˍʱˋˍʰˋʹ ʆсΣ ʹ ˂ʶˉˍˇˁˊˎˋˍʰ˂˂ʽˁʺ ˃ʽˁˊˇʵˇ˃ʺ ʷ˔ʶʽ 

ʰˉˇˍʷ˂ʶˋ˃ʰ ˍʹ ˃ʹ ʶ˄ˍˇˉʽˋ˃ʷ˄ʹ ˁʰˍʰˁˊʺ˃˄ʽˋʹ ˒ʱˋʶ˖˄ ˃ʶˍʱ ʰˉˈ ʴʺˊʰ˄ˋʹ ˋʶ ̒ʁˊ˃ˇˁˊʰˋʾʰ 

170ˇCΣ ˈˉ˖ˌ ˋˎ˄ʷʲʰʽ˄ʶ ˉΦ˔Φ ˋˍˇ ˁˊʱ˃ʰ м, ʷˍˋʽ ˗ˋˍʶ ˄ʰ ʵʾ˄ʶˍʰʽ ʹ ʶʽˁˈ˄ʰ ˍʹˌ ˃ʰʸʽˁʺˌ 

ˁʰˍʰˁˊʺ˃˄ʽˋʹˌΣ ʰ˄ˍʾˋˍˇʽ˔ʹˌ ˃ʶ ˍʹ˄ ʶʽˁˈ˄ʰ ˉˇˎ ʷ˔ʶʽ ˍˇ ̄́ˇ˒ʾ˂ ˁˊʱ˃ʰˍˇˌ 1 h ˒ˈˍˇˎ ˎˉˇˋˍʶʾ 

ʴʺˊʰ˄ˋʹ ˋʶ ˎ˕ʹ˂ˈˍʶˊʶˌ ʻʶˊ˃ˇˁˊʰˋʾʶˌ όнллΣ ннлˇC)Φ ʁʽ ʾʵʽʶˌ ˋˎ˄ʻʺˁʶˌ ˁʰˍʰˁˊʺ˃˄ʽˋʹˌ 

ˉʰˊʰˍʹˊˇˏ˄ˍʰʽ ˁʰʽ ˋˍʹ˄ ʶˉʽ˒ʰ˄ʶʽʰˁʺ ʰ˄ʰˁˊˎˋˍʰ˂˂˖˃ʷ˄ʹ ʸ˗˄ʹ ˃ʶ ˍˇˎˌ ʶˎ˃ʶʴʷʻʶʽˌ 

ˁˈˁˁˇˎˌΣ ˁʰʻ˗ˌ ʹ ˏˉʰˊ˅ʹ ˉˇ˂ˏ ˃ʶʴʱ˂ˇˎ ˃ʶʴʷʻˇˎˌ ˁˈˁˁ˖˄ ʰˉˇˍʶ˂ʶʾ ʶˉʾˋʹˌ ʰ˄ʰˋˍʰ˂ˍʽˁˈ 

ˉʰˊʱʴˇ˄ˍʰ ʴʽʰ ʶ˃˒ʱ˄ʽˋʹ ˉʶˊʽˁˊˎˋˍʰ˂˂ʽˁʺ ̩ˁ ʰˍʰˁˊʺ˃˄ʽˋʹ ̩(63).  



ɼʶ˒ʱ˂ʰʽˇ 3 ɮ˄ʱ˂ˎˋʹ ˍʹˌ ˃ʽˁˊˇʵˇ˃ʺˌ ˃ʶ ˇˉˍʽˁʺ, ́ ˂ʶˁˍˊˇ˄ʽˁʺ ˃ ʽˁˊˇˋˁˇˉʾʰ ˁ ʰʽ ˃ʽˁˊˇˋˁˇˉʾʰ 
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ʅ˔ʺ˃ʰ 43 ɼ́ ʱ˃ʰ пΣ ʵʶʾʴ˃ʰ  4h170AWQ, ˃ ʰʸʽˁʺ ˁʰˍʰˁˊʺ˃˄ʽˋʹ ˒ʱˋʶ˖˄ ˃ʹ ˋˎ˄ˇ˔ʺˌΦ 

ɾʶ ʶ˒ʰˊ˃ˇʴʺ ˉʽˇ ʷ˄ˍˇ˄˖˄ ˋˎ˄ʻʹˁ˗˄ ʴʺˊʰ˄ˋʹˌ ˁʰʽ ʻʶˊ˃ˇˁˊʰˋʾʶˌ нллˇC  ̋220ˇC, ʰˉˈ 

ˍʽˌ п ˉˊ˗ˍʶˌ ˗ˊʶˌ ˍʰ ˁʰˍʰˁˊʹ˃˄ʾˋ˃ʰˍʰ ʵʽʶˎˊˏ˄ˇ˄ˍʰʽ ˁʰʽ ˔ʱ˄ˇˎ˄ ˍʹ ˋˎ˄ˇ˔ʺ ˃ʶ ˍʹ ˃ʺˍˊʰ 

ʶˉʽ˒ʷˊˇ˄ˍʰˌ ˋˎ˄ʻʺˁʶˌ ˎˉʶˊʴʺˊʰ˄ˋʹˌ όʲ˂Φ ʲʶ˂ˇ˄ˇʶʽʵʺ ˁʰˍʰˁˊʹ˃˄ʾˋ˃ʰˍʰ ˋˍʹ˄ ʹ˂ʶˁˍˊˇ˄ʽˁʺ 

˃ʽˁˊˇʴˊʰ˒ʾʰ ˍˇˎ ʅ˔ʺ˃ʰˍˇˌ пп ˁ ʰʽ ˋ˔ʶˍʽˁʺ ʰ˄ʰ˒ˇˊʱ (102)).  

 

ʅ˔ʺ˃ʰ 44 ɼˊʱ˃ʰ пΣ ʵʶʾʴ˃ʰ  4h220AWQ, ˃ ʰʸʽˁʺ ˁʰˍʰˁˊʺ˃˄ʽˋʹ ˒ʱˋʶ˖˄ ˃ʹ ˋˎ˄ˇ˔ʺˌ. 
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ʵʽʶˊ˔ˈ˃ʶ˄ʹˌ ʵʷˋ˃ʹˌ  

 

  61 

ɱʽʰ ˁʱʻʶ ʻʶˊ˃ˇˁˊʰˋʾʰ ˉˇˎ ʶ˒ʰˊ˃ˈˋˍʹˁʶ ˋˍʰ ˉˊˇ˒ʾ˂ ˁˊʱ˃ʰˍˇˌ п ˍˇ ʰˉˇˍʷ˂ʶˋ˃ʰ ˍʹˌ 

ˁʰˍʰˁˊʺ˃˄ʽˋʹˌ ʶʾ˄ʰʽ ˍʷˍˇʽˇ ˉˇˎ ʵʶ˄ ʶˎ˄ˇʶʾ ˍʹ˄ ˉʶˊʽˁˊˎˋˍʰ˂˂ʽˁʺ ʶˎʰʽˋʻʹˍˇˉˇʾʹˋʹ ˁʰʽ ˍʹ˄ 

ʶˁʵʺ˂˖ˋʹ ˕ʰʻˎˊˈˍʹˍʰˌΦ ɮ˄ˍʾʻʶˍʰ ʶ˂ʱˍˍ˖ˋʹ ˍʹˌ ˇ˂ˁʽ˃ˈˍʹˍʰˌ ʻʰ ˃ˉˇˊˇˏˋʶ ˄ʰ ˉˊˇʷ˂ʻʶʽ 

˃ˈ˄ˇ ʰˉˈ ˍʹ ˃ˇˊ˒ˇ˂ˇʴʾʰ ˍ˖˄ ˁˈˁˁ˖˄ ˁʰʽ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰ ˍʰ ʶˉʽ˒ʰ˄ʶʽʰˁʱ 

ʰ˄ʰˁˊˎˋˍʰ˂˂˖˃ʷ˄ʰ ˋˍˊ˗˃ʰˍʰ ʺ ʰˉˈ ˍˎ˔ˈ˄ ˉˊˇʲ˂ʺ˃ʰˍʰ ʰˉˈ ʵʶˎˍʶˊˇʴʶ˄ʺ 

ʰ˄ʰˁˊˎˋˍʱ˂˂˖ˋʹ ˁʰʽ ˍˇˎ ʶˋ˖ˍʶˊʽˁˇˏ ˃ʶˍʱ ʰˉˈ ʻʶˊ˃ʽˁʺ ˁʰˍʶˊʴʰˋʾʰ ˋˍʶˊʶˇˏ ʵʽʰ˂ˏ˃ʰˍˇˌΦ 

3.3 ɚʌʋʐʀʇʘʎʈɻʐɻ ʐʂʏ ʈʀʇʘʐʂʏ ʈʀ ɬɞɥ  

ɾʶ ˍʹ ˃ʽˁˊˇˋˁˇˉʾʰ ʵʽʶˊ˔ˈ˃ʶ˄ʹˌ ʵʷˋ˃ʹˌ ˃ʶ˂ʶˍʺʻʹˁʶ ˉˊˇˋʶʴʴʽˋˍʽˁʱ ˍˇ ˃ʷʴʶʻˇˌ ˁʰʽ ʹ 

ˉˎˁ˄ˈˍʹˍʰ ˍ˖˄ ˁʰˍʰˁˊʹ˃˄ʽˋ˃ʱˍ˖˄ ˁʰʻ˗ˌ ˁʰʽ ʹ ʵʹ˃ʽˇˎˊʴʾʰ PFZs ˋʶ ˃ʶˍʰ˂˂ˇˎˊʴʽˁʷˌ 

ˁʰˍʰˋˍʱˋʶʽˌ ʆпΣ ʆс ˁʰʽ ʆт όʲ˂Φ ˉʶˊʽ˂ʹˉˍʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˋˍˇ˄ ʃʾ˄ʰˁʰ рύΦ ɮˉˈ ˍʰ р ʵˇˁʾ˃ʽʰ 

ˉˇˎ ʶ˅ʶˍʱˋˍʹˁʰ˄ ˍʰ о ʱ˄ʹˁʰ˄ ˋˍˇ ˁˊʱ˃ʰ м- ʵʶʾʴ˃ʰ WQ (ʃʰˊʱˊˍʹ˃ʰ-ʅ˔ʺ˃ʰˍʰ мусΣ муу), 

4h170ɮWQ (ʅ˔ʺ˃ʰ 45, ʃʰˊʱˊˍʹ˃ʰ-ʅ˔ʺ˃ʰ 189) ˁ ʰʽ 12h170ɰWQ (ʅ˔ʺ˃ʰ 46Σ ʃʰˊʱˊˍʹ˃ʰ-ʅ˔ʺ˃ʰ 

190) - ˁʰʽ ˍ h2 ˋˍˇ ˁˊʱ˃ʰ 4 - 24h170ɮWQ (ʅ˔ʺ˃ʰˍʰ птΣ пуΣ ʃʰˊʱˊˍʹ˃ʰ-ʅ˔ʺ˃ʰˍʰ мфмΣ мфн) 

ˁʰʽ 12h200ɮWQ (ʅ˔ʺ˃ʰˍʰ пф-51-ʅ˔ʺ˃ʰ 51Σ ʃʰˊʱˊˍʹ˃ʰ-ʅ˔ʺ˃ʰ 193).  

ʆʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍʹˌ ʷˊʶˎ˄ʰˌ ʶʾ˄ʰʽ ʶ˄ʵʶʽˁˍʽˁʱ ˂ˈʴ˖ ˍˇˎ ʴʶʴˇ˄ˈˍˇˌ ˉ˖ˌ ˃ʶ˂ʶˍʺʻʹˁʶ 

˃ˈ˄ˇ ʷ˄ʰ ʵˇˁʾ˃ʽˇ ʰˉˈ ˁʱʻʶ ʷ˄ʰ ʰˉˈ ˍʰ р ˉˊˇ˒ʾ˂ ˁʰʽ ˂ˈʴ˖ ˍʹˌ ˉʶˊʽˇˊʽˋ˃ʷ˄ʹˌ ʶˉʽ˒ʱ˄ʶʽʰˌ 

ˉʰˊʰˍʺˊʹˋʹˌΦ ɮˉˈ ˍʹ ˃ʶ˂ʷˍʹ ˍˇˎ ˁˊʱ˃ʰˍˇˌ м ʶˉʽˋʹ˃ʰʾ˄ʶˍʰʽ ʹ ʰ˄ʱˉˍˎ˅ʹ ˍ˖˄ 

ˁʰˍʰˁˊʹ˃˄ʽˋ˃ʱˍ˖˄ ʲ˘˘ ˁʰˍʱ ˃ʺˁˇˌ ˍʹˌ ʵʽʶˏʻˎ˄ˋʹˌ ғмллҔ ˍʹˌ ˃ʺˍˊʰˌ ˍˇˎ Al ˍʰ ˇˉˇʾʰ 

ʰˉˇˍʶ˂ˇˏ˄ ˍˇ˄ ʲʰˋʽˁˈ ˉʰˊʱʴˇ˄ˍʰ ˋˁ˂ʺˊˎ˄ˋʹˌ ˍˇˎ ˁˊʱ˃ʰˍˇˌ ˋʶ ˃ʶˍʰ˂˂ˇˎˊʴʽˁʺ ˁh ˍɦ̀ ˍʰˋʹ 

ʆсΣ ˍˇ ˉ˂ʺʻˇˌ ˁʰʽ ˃ʷʴʶʻˇˌ ˍ˖˄ ˇˉˇʾ˖˄ ʰˎ˅ʱ˄ʶˍʰʽ ˃ʶ ˍʹ˄ ˉˊˈˇʵˇ ˍʹˌ ʴʺˊʰ˄ˋʹˌ. ʅʶ 

˃ʶˍʰ˂˂ˇˎˊʴʽˁʺ ˁ ʰˍʱˋˍʰˋʹ ʆп ˉʰˊʰˍʹˊˇˏ˄ˍʰʽ ˃ˈ˄ˇ ˋˎ˃ˉ˂ʷʴ˃ʰˍʰ ʰˍˈ˃˖˄ ʺ ʸ˗˄ʶˌ GP.  

ʅˎʴˁˊʾ˄ˇ˄ˍʰˌ ˍʰ ˁˊʱ˃ʰˍʰ м ˁʰʽ п ˋˍʹ ˁʰˍʱˋˍʰˋʹ ˃ʷʴʽˋˍʹˌ ˋˁ˂ʺˊˎ˄ˋʹˌ ʵʽʰˉʽˋˍ˗˄ʶˍʰʽ 

ˉ˖ˌ ˍˇ ˁˊʱ˃ʰ м ʶ˃˒ʰ˄ʾʸʶʽ ˃ʽˁˊˈˍʶˊʰ ˁʰʽ ˂ʽʴˈˍʶˊʰ ˁʰˍʰˁˊʹ˃˄ʾˋ˃ʰˍʰ ʰˉˈ ˍˇ ˁˊʱ˃ʰ пΦ ɶ 

˃ʶ˂ʷˍʹ ˍˇˎ ˎˉʶˊʴʹˊʰˋ˃ʷ˄ˇˎ ʵʶʾʴ˃ʰˍˇˌ ˍˇˎ ˁˊʱ˃ʰˍˇˌ п ʷʵʶʽ˅ʶ ˈˍʽ ʹ ʵʽʶˏˊˎ˄ˋʹ ˍˇˎ 

˃ʶʴʷʻˇˎˌ ˍ˖˄ ˁʰˍʰˁˊʹ˃˄ʽˋ˃ʱˍ˖˄ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍʹ˄ ˁʰˍʱˋˍʰˋʹ ʆсΣ ˋˎ˄ˇʵʶˏˍʹˁʶ ʰˉˈ 

ʶ˂ʱˍˍ˖ˋʹ ˍˇˎ ˉ˂ʺʻˇˎˌ ˍˇˎˌ όʲˊʷʻʹˁʰ˄ ˂ʽʴˈˍʶˊʰ ˁʰˍʰˁˊʹ˃˄ʾˋ˃ʰˍʰ ʲ˘˘ ˁʰʽ ʲ˘ύΣ ʶ˄˗ ˋˍˇ ʆт 

ˉʰˊʰˍʹˊʺʻʹˁʰ˄ ʶˉʾˋʹˌ ˁʰʽ PFZs. ʆʷ˂ˇˌΣ ˁʰʽ ˋˍʰ н ʵˇˁʾ˃ʽʰ ˍˇˎ ˁˊʱ˃ʰˍˇˌ п ʶ˄ˍˇˉʾˋˍʹˁʰ˄ 

ˋˎ˃ˉ˂ʷʴ˃ʰˍʰ ʰˍˈ˃˖˄ SiΣ ˍˈˋˇ ˋˍʹ ˃ʺˍˊʰ ˈˋˇ ˁʰʽ ˋʶ ˈˊʽʰ ˁˈˁˁ˖˄.  



ɼʶ˒ʱ˂ʰʽˇ 3 ɮ˄ʱ˂ˎˋʹ ˍʹˌ ˃ʽˁˊˇʵˇ˃ʺˌ ˃ʶ ˇˉˍʽˁʺ, ́ ˂ʶˁˍˊˇ˄ʽˁʺ ˃ ʽˁˊˇˋˁˇˉʾʰ ˁ ʰʽ ˃ʽˁˊˇˋˁˇˉʾʰ 
ʵʽʶˊ˔ˈ˃ʶ˄ʹˌ ʵʷˋ˃ʹˌ  

 

ʃʾ˄ʰˁʰˌ 5 ɳ˄ʵʶʽˁˍʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˃ʶ˂ʷˍʹˌ ʶˉʽ˂ʶʴ˃ʷ˄˖˄ ʵʶʽʴ˃ʱˍ˖˄ ˃ ʶ ʆɳɾΣ ˃ʷʴʶʻˇˌ 

ˁʰʽ ˉˎˁ˄ˈˍʹˍʰ ˁʰˍʰˁˊʹ˃˄ʽˋ˃ʱˍ˖˄ . 

ɲʶʾʴ˃ʰ 

ɾʶˍʰ˂˂ˇˎˊʴʽˁʺ 

ˁʰˍʱˋˍʰˋʹ 

ɾʺˁˇˌ 

ˁʰˍʰˁˊʹ˃˄ʽˋ˃ʱˍ˖˄ 

(nm) 

ʃ˂ʱˍˇˌ 

ˁʰˍʰˁˊʹ˃˄ʽˋ˃ʱˍ˖˄ 

(nm) 

ʃˎˁ˄ˈˍʹˍʰ 

ˁʰˍʰˁˊʹ˃˄ʽˋ˃ʱˍ˖˄ 

(x104/ m˃3) 

1 ɼˊʱ˃ʰ м - WQ ʆп ʃʰˊʰˍʹˊʺʻʹˁʰ˄ ˃ˈ˄ˇ ʸ˗˄ʶˌ GP 

2 
ɼˊʱ˃ʰ м - 

4h170ɮWQ 
ʆс 15-20 3-3,5 3,2 

3 
ɼˊʱ˃ʰ м - 

12h170ɰWQ 
T6 25-30 3,5-4 4,2 

4 
ɼˊʱ˃ʰ п - 

24hмтлɮWQ 
T6 30-45 4-4,5 5,2 

5 
ɼˊʱ˃ʰ п - 

12h200ɮWQ 
ʆт 40-60 4,5-5,5 2,6 

 

  

ʅ˔ʺ˃ʰ 45 όʰύ ɼˊʱ˃ʰ мΣ ʵʶʾʴ˃ʰ 4h170ɮWQ. ɳʽˁˈ˄ʰ ˒˖ˍʶʽ˄ˇˏ ˉʶʵʾˇˎ ʰˉˈ ˍʹ ˃ʺˍˊʰ Al. όʲύ 

ɳʽˁˈ˄ʰ ˋˁˇˍʶʽ˄ˇˏ ˉʶʵʾˇˎΣ ʵʽʰˁˊʾ˄ˇ˄ˍʰʽ ˍʰ ˁʰˍʰˁˊʹ˃˄ʾˋ˃ʰˍʰ ʲ˘˘Φ  
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ʵʽʶˊ˔ˈ˃ʶ˄ʹˌ ʵʷˋ˃ʹˌ  

 

  63 

  

ʅ˔ʺ˃ʰ 46 όʰύ ɼˊʱ˃ʰ мΣ ʵʶʾʴ˃ʰ 12h170ɰWQ. ɳʽˁˈ˄ʰ ˋˁˇˍʶʽ˄ˇˏ ˉʶʵʾˇˎ ˍ˖˄ 

ˁʰˍʰˁˊʹ˃˄ʽˋ˃ʱˍ˖˄ ʲ˘˘Φ όʲύ ɳʽˁˈ˄ʰ ˋˁˇˍʶʽ˄ˇˏ ˉʶʵʾˇˎ ˍ˖˄ ˁʰˍʰˁˊʹ˃˄ʽˋ˃ʱˍ˖˄ ʲ˘˘Σ 

ʵʽʰ˒ˇˊʶˍʽˁʺ ˉʶˊʽˇ˔ʺΦ 

  

ʅ˔ʺ˃ʰ 47 όʰύ ɼˊʱ˃ʰ пΣ ʵʶʾʴ˃ʰ нпh170ɮWQ ɳʽˁˈ˄ʰ ˋˁˇˍʶʽ˄ˇˏ ˉʶʵʾˇˎ ʰˉˈ ʵʽʰ˒ˇˊʶˍʽˁˈ 

ˋʹ˃ʶʾˇΦ όʲύ ɳʽˁˈ˄ʰ ˋˁˇˍʶʽ˄ˇˏ ˉʶʵʾˇˎ , ˃ ʶʴʰ˂ˏˍʶˊʹ ˃ʶʴʷʻˎ˄ˋʹΦ  

 h  ̡

 h  ̡



ɼʶ˒ʱ˂ʰʽˇ 3 ɮ˄ʱ˂ˎˋʹ ˍʹˌ ˃ʽˁˊˇʵˇ˃ʺˌ ˃ʶ ˇˉˍʽˁʺ, ́ ˂ʶˁˍˊˇ˄ʽˁʺ ˃ ʽˁˊˇˋˁˇˉʾʰ ˁ ʰʽ ˃ʽˁˊˇˋˁˇˉʾʰ 
ʵʽʶˊ˔ˈ˃ʶ˄ʹˌ ʵʷˋ˃ʹˌ  

 

  64 

  

ʅ˔ʺ˃ʰ 48 όʰύ ɳʽˁˈ˄ʰ ˒˖ˍʶʽ˄ˇˏ ˉʶʵʾˇˎ ˉˇˎ ʵʶʾ˔˄ʶʽ ˒ʱˋʶʽˌ ˉ˂ˇˏˋʽʶˌ ˋʶ Fe (S1, S2, Sпύ ˁʰʽ 

ˁˊˏˋˍʰ˂˂ˇ Si (S3). όʲύ ɳʽˁˈ˄ʰ ˒˖ˍʶʽ˄ˇˏ ˉʶʵʾˇˎΣ ˁˊˏˋˍʰ˂˂ˇʽ Si όɮΣ ɰύ. 

  

ʅ˔ʺ˃ʰ 49 όʰύ ɼˊʱ˃ʰ пΣ ʵʶʾʴ˃ʰ мнh200ɮWQ ɯ˂˂ʹ ˉʶˊʽˇ˔ʺ ʰˉˈ ˍʹ ˃ʺˍˊʰ AlΣ ˋˍʹ ˃ʷˋʹ 

ʵʽʰˁˊʾ˄ʶˍʰʽ ˋ˖˃ʰˍʾʵʽˇ ʲ ˒ʱˋʹˌΦ όʲύ ɳʽˁˈ˄ʰ ˋˁˇˍʶʽ˄ˇˏ ˉʶʵʾˇˎ ˍʹˌ ˃ʺˍˊʰˌ Al. 

 h  ̡

 h  ̡



ɼʶ˒ʱ˂ʰʽˇ 3 ɮ˄ʱ˂ˎˋʹ ˍʹˌ ˃ʽˁˊˇʵˇ˃ʺˌ ˃ʶ ˇˉˍʽˁʺ, ́ ˂ʶˁˍˊˇ˄ʽˁʺ ˃ ʽˁˊˇˋˁˇˉʾʰ ˁ ʰʽ ˃ʽˁˊˇˋˁˇˉʾʰ 
ʵʽʶˊ˔ˈ˃ʶ˄ʹˌ ʵʷˋ˃ʹˌ  

 

  65 

  

ʅ˔ʺ˃ʰ 50 όʰύ ɳʽˁˈ˄ʰ ˋˁˇˍʶʽ˄ˇˏ ˉʶʵʾˇˎ ˍʹˌ ˃ʺˍˊʰˌ AlΣ ʵʽʰˁˊʾ˄ʶˍʰʽ ˋ˖˃ʰˍʾʵʽˇ ˒ʱˋʹˌ AlFeSi. όʲύ ɳʽˁˈ˄ʰ 

ˋˁˇˍʶʽ˄ˇˏ ˉʶʵʾˇˎ ˍʹˌ ˃ʺˍˊʰˌ Al h ˉˈ ʱ˂˂ʹ ˉʶˊʽˇ˔ʺΦ 

  

ʅ˔ʺ˃ʰ 51 όʰύΣ όʲύ ɲʹ˃ʽˇˎˊʴʾʰ ʸ˗˄ʹˌ ˔˖ˊʾˌ ˁʰˍʰˁˊʹ˃˄ʾˋ˃ʰˍʰ (PFZ) ̀ ʶ ˈˊʽˇ ˁˈˁˁˇˎΦ 

  

 h  ̡



ɼʶ˒ʱ˂ʰʽˇ 3 ɮ˄ʱ˂ˎˋʹ ˍʹˌ ˃ʽˁˊˇʵˇ˃ʺˌ ˃ʶ ˇˉˍʽˁʺ, ́ ˂ʶˁˍˊˇ˄ʽˁʺ ˃ ʽˁˊˇˋˁˇˉʾʰ ˁ ʰʽ ˃ʽˁˊˇˋˁˇˉʾʰ 
ʵʽʶˊ˔ˈ˃ʶ˄ʹˌ ʵʷˋ˃ʹˌ  

 

  66 

3.4 ɫʔʋʇʅɻʎʈʝʏ ɻʌʋʐʀʇʀʎʈʗʐʖʉ ɻʌʝ ʐʂ ʈʀʇʘʐʂ ʐʂʏ ʈʅʆʍʋɿʋʈʙʏ  

ʆʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍʹˌ ˃ʶˍʰ˂˂ˇʴˊʰ˒ʽˁʺˌ ˃ʶ˂ʷˍʹˌ ˒ʰ˄ʷˊ˖ˋʰ˄ ˋʹ˃ʰ˄ˍʽˁʱ 

ˉ˂ʶˇ˄ʶˁˍʺ˃ʰˍʰ ʴʽʰ ʶ˒ʰˊ˃ˇʴʺ ˉˊʰˁˍʽˁʺˌ ʰˉˈˍˇ˃ʹ ̩ ˕ˏ˅ʹ̩ (wq) ʰˉˈ ˍʹ ʻʶˊ˃ˇˁˊʰˋʾʰ 

ˋˍʶˊʶˇˏ ʵʽʰ˂ˏ˃ʰˍˇˌ.  ʅʶ ˃ʶˍʰ˂˂ˇˎˊʴʽˁʺ ˁʰˍʱˋˍʰˋʹ ʆп ʰˉʁˍˊʱˉʹ  ́ˁʰˍʰˁˊʺ˃˄ʽˋʹ ˒ʱˋʶ˖˄ 

˃ʹ ˋˎ˄ˇ˔ʺˌ ˁʰʽ ʵʽʰˍʹˊʺʻʹˁʶ ʶ˄ ʵʽʰ˂ˏˋʶʽ ˃ʶʴʰ˂ˏˍʶˊʹ ˉˇˋˈˍʹˍʰ ˁˊʰ˃ʰˍʽˁ˗˄ ˋˍˇʽ˔ʶʾ˖˄, ʹ 

ˇˉˇʾʰ ˉʰˊʱ˃ʶʽ˄ʶ ʵʽʰʻʷˋʽ˃ʹ ʴʽʰ ʽˋ˔ˎˊˇˉˇʾʹˋʹ ˃ʷˋ˖ ʴʺˊʰ˄ˋʹˌΦ ɮ˄ˍʽʻʷˍ˖ˌΣ ʹ ʰˊʴʺ ˕ˏ˅ʹ 

ˉˇˎ ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋʶ ˃ʷˋˇ ˊˎʻ˃ˈ ʶ˂ʱˍˍ˖ˋʹˌ ˍʹˌ ʻʶˊ˃ˇˁˊʰˋʾʰˌ оΣтˇC/s ʴʽʰ ˍʰ ˉˊ˗ˍʰ тлs 

ˋ˔ʶˍʾʸʶˍʰʽ ˃ʶ ˉˊ˗ʽ˃ʹ, ˃ʹ ʶˉʽʻˎ˃ʹˍʺ ˉʶˊʽˁˊˎˋˍʰ˂˂ʽˁʺ ˁˎˊʾ˖ˌ ˁʰˍʰˁˊʺ˃˄ʽˋʹ, 

ʶˎʰʽˋʻʹˍˇˉˇʾʹˋʹ ˁʰʽ ˋ̝ ʹ˃ʰˍʽˋ˃ˈ PFZs ˉˇˎ ʴʾ˄ˇ˄ˍʰʽ ʽʵʽʰʾˍʶˊʰ ʰʽˋʻʹˍʷˌ ˃ʶ ˍʹ˄ ʶ˅ʷ˂ʽ˅ʹ ˍʹˌ 

ˍʶ˔˄ʹˍʺˌ ʴʺˊʰ˄ˋʹˌ. ʍˌ ʶˁ ˍˇˏˍˇˎ, ˍʰ ac ʵʶʾʴ˃ʰˍʰ ʰ˄ʰ˃ʷ˄ʶˍʰʽ ˄ʰ ʶˉʽʵʶʽˁ˄ˏˇˎ˄, ʶˁˍˈˌ ˍʹˌ 

˃ʶʴʰ˂ˏˍʶˊʹˌ ʶˉʽʵʶˁˍʽˁˈˍʹˍʰˌ ˋʶ ˉʶˊʽˁˊˎˋˍʰ˂˂ʽˁʺ ʵʽʱʲˊ˖ˋʹ (60), ˔ʰ˃ʹ˂ʺ ˇ˂ˁʽ˃ˈˍʹˍʰ 

˂ˈʴ˖ ˍʹˌ ˉˊˇˁˏˉˍˇˎˋʰˌ ʵʽʰ˒ˇˊʱˌ ˋˍʹ ˋˁ˂ʹˊˈˍʹˍʰ ˃ʶˍʰ˅ˏ ˍˇˎ ʴʹˊʰˋ˃ʷ˄ˇˎ ʶˋ˖ˍʶˊʽˁˇˏ 

ˍ˖˄ ˁˈˁˁ˖˄ ˁʰʽ ˍʹˌ ˃ʰ˂ʰˁˈˍʶˊʹˌ ˉʶˊʽˁˊˎˋˍʰ˂˂ʽˁʺˌ ʸ˗˄ʹˌΦ ʅˍʹ ˒ ʱˋʹ ˍʹˌ ˎˉʶˊʴʺˊʰ˄ˋʹˌ όʆтύ 

ʹ ʶ˅ʾˋ˖ˋʹ ˍʹˌ ˋˁ˂ʹˊˈˍʹˍʰˌ ˉˇˎ ʶˉʷˊ˔ʶˍʰʽ ʰˉˈ ˍʹ˄ ʶ˅ʰˋʻʷ˄ʹˋʹ ˍʹˌ ˃ʺˍˊʰˌ ʰ˄ʰʽˊʶʾ ˍ̌ 

˒ʰʽ˄ˈ˃ʶ˄ˇ ˍʹˌ ʶˎʰʽˋʻʹˍˇˉˇʾʹˋʹˌ. ʅˍʰ wq ʵʶʾʴ˃ʰˍʰΣ ʰ˄ˍʾˋˍˇʽ˔ʰ ˒ʰʽ˄ˈ˃ʶ˄ʰ ˋ˔ʹ˃ʰˍʽˋ˃ˇˏ 

PFZs ʶˁʵʹ˂˗˄ˇ˄ˍʰʽ ˋʶ ˁʰˍʱˋˍʰˋʹ ʆт όˉΦ˔Φ ˃ʶ ʴʺˊʰ˄ˋʹ ˋˍˇˎˌ 220ˇCύΣ ʰ˂˂ʱ ʹ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ 

ʻʶˊ˃ʽˁʺ ˁʰˍʶˊʴʰˋʾʰ ʵʶ˄ ʷ˔ʶʽ ˉˊʰˁˍʽˁˈ ʶ˄ʵʽʰ˒ʷˊˇ˄ ʴʽʰ ˍʹ˄ ˁʰˍʰˋˁʶˎʺ ˉˊˇ˒ʾ˂ ˃ʶʴʱ˂ʹˌ 

ʵˎˋʻˊʰˎˋˍˈˍʹˍʰˌ ˂ˈʴ˖ ˍʹˌ ˔ʰ˃ʹ˂ʺˌ ˍʽ˃ʺˌ ˍʹˌ ʰ˄ˍˇ˔ʺˌΦ ɮˉˈ ˍʰ ˉʰˊʰˉʱ˄˖ ˋˎ˄ʱʴʶˍʰʽ ˈˍʽ 

ʴ̔ ʰ ˍʹ˄ ʶˉʾˍʶˎ˅ʹ ˍ˖˄ ˉ˂ʶˇ˄ʶˁˍʹ˃ʱˍ˖˄ ˍʹˌ ʰˉˈˍˇ˃ʹˌ ˕ˏ˅ʹˌ ˋˍʹ ʲʽˇ˃ʹ˔ʰ˄ʾʰ ˉˊʷˉʶʽ (i) ˁ ʰˍʱ 

ˍʹ˄ ˉˊˇʻʷˊ˃ʰ˄ˋʹ ˍʹˌ ˃ˉʽʴʽʷˍʰˌ ˄ʰ ʶˉʽʵʽ˗ˁʶˍʰʽ ʹ ʵʽʰ˂ˎˍˇˉˇʾʹˋʹ ˍˇˎ ˋˎ ˄ˈ˂ˇˎ ˍ˖˄ 

ˁˊʰ˃ʰˍʽˁ˗˄ ˋˍˇʽ˔ʶʾ˖˄ ˁʰʽ (ii) ˋˍʹ˄ ʷ˅ˇʵˇ ˍʹˌ ˃ʺˍˊʰˌ ˄ʰ ʁ˒ ʰˊ˃ˈʸʶˍʰʽ ʹ ˍʰ˔ˏˍʶˊʹ ʵˎ˄ʰˍʺ 

˕ˏ˅ʹ ˍ˖˄ ˉˊˇ˒ʾ˂Σ ʰˊˁʶʾ ˄ʰ ʰˉˇ˒ʶˏʴˇ˄ˍʰʽ ʰ˄ʶˉʽʻˏ˃ʹˍʶˌ ˉʰˊʰ˃ˇˊ˒˗ˋʶʽˌκˋˍˊʶʲ˂˗ˋʶʽˌ 

˂ˈʴ˖ ʰ˄ʱˉˍˎ˅ʹˌ ʶˋ˖ˍʶˊʽˁ˗˄ ˍʱˋʶ˖˄Φ   

ʂˋˇ ˃ʶʴʰ˂ˏˍʶˊʹ ʶʾ˄ʰʽ ʹ ˁˊʰ˃ʱˍ˖ˋʹ ˍˈˋˇ ˍʰ˔ˏˍʶˊʹ ʶʾ˄ʰʽ ʹ ˁʽ˄ʹˍʽˁʺ ˍʹˌ ʵʽʱ˔ˎˋʹˌ ˋˍʹ˄ 

ˍʶ˔˄ʹˍʺ ʴʺˊʰ˄ˋʹ ˂ˈʴ˖ ˍʹˌ ζˉʰʴʾʵʶˎˋʹˌη ˁʶ˄˗˄ ˉ˂ʶʴ˃ʰˍʽˁ˗˄ ʻʷˋʶ˖˄ ʴˏˊ˖ ʰˉˈ ˍʽˌ ʻʷˋʶʽˌ 

ˉˇˎ ˁʰˍʰ˂ʰ˃ʲʱ˄ˇˎ˄ ˍʰ ʱˍˇ˃ʰ ʰ˄ˍʽˁʰˍʱˋˍʰˋʹˌ όʹ ˍʱˋʹ ˉˇˎ ʷ˔ˇˎ˄ ˍʰ ʱˍˇ˃ʰ ˄ʰ 

ʵʹ˃ʽˇˎˊʴˇˏ˄ ʵʶˋ˃ˇˏˌ ˃ʶ ˍʽˌ ˁʶ˄ʷˌ ʻʷˋʶʽˌ ʲʷʲʰʽʰ ʵʽʰ˒ʷˊʶʽύΦ ɶ ʰ˂˂ʹ˂ˇˎ˔ʾʰ ˍʹˌ 

ˁʰˍʰˁˊʺ˃˄ʽˋʹˌ ˒ʱˋʶ˖˄ ˋˎ˄ˇ˔ʺˌ-ʹ˃ʽˋˎ˄ˇ˔ʺˌ-˃ʹ ˋˎ˄ˇ˔ʺˌ ʶˁʵʹ˂˗˄ʶˍʰʽΣ ʴʽʰ ˍʹ˄ ʶ˒ʰˊ˃ˇʴʺ 

ˉʰˊˈ˃ˇʽ˖˄ ˋˎ˄ʻʹˁ˗˄ ʴʺˊʰ˄ˋʹˌΣ ʴˊʹʴˇˊˈˍʶˊʰ ˋˍˇ ˉʽˇ ʽˋ˔ˎˊʱ ˁˊʰ˃ʰˍ˖˃ʷ˄ʰ ˎ˂ʽˁˈ ˁʰʽ ʷˍˋʽ 

ˉΦ˔Φ ˍˇ ˁˊʱ˃ʰ п ˃ʶ мΣл3%Mg2Si ʰ˄ʰ˃ʷ˄ʶˍʰʽ ˄ʰ ˒ˍʱˋʶʽΣ ˍʰ˔ˏˍʶˊʰ ˋʶ ˁʰˍʱˋˍʰˋʹ ˃ʷʴʽˋˍʹˌ 

ˋˁ˂ʺˊˎ˄ˋʹˌ ˁʰʽ ˁʰˍˈˉʽ˄ ˎˉʶˊʴʺˊʰ˄ˋʹˌΦ    



ɼʶ˒ʱ˂ʰʽˇ 3 ɮ˄ʱ˂ˎˋʹ ˍʹˌ ˃ʽˁˊˇʵˇ˃ʺˌ ˃ʶ ˇˉˍʽˁʺ, ́ ˂ʶˁˍˊˇ˄ʽˁʺ ˃ ʽˁˊˇˋˁˇˉʾʰ ˁ ʰʽ ˃ʽˁˊˇˋˁˇˉʾʰ 
ʵʽʶˊ˔ˈ˃ʶ˄ʹˌ ʵʷˋ˃ʹˌ  

 

  67 

ɶ ˃ˇˊ˒ˇ˂ˇʴʾʰ ˍ˖˄ ˁˈˁˁ˖˄ Al ˋʁ ˉˊˇ˒ʾ˂ ˔˖ˊʾˌ ˉʰˊʶ˃ˉˇʵʽˋˍʷˌ ʰ˄ʰˁˊˎˋˍʱ˂˂˖ˋʹˌ ʶʾ˄ʰʽ 

ʽˋˇʰ˅ˇ˄ʽˁʺΣ ʶ˄˗ ʹ ˉˊˇˋʻʺˁʹ лΣпу҈ɾn ˋˍˇ ˁˊʱ˃ʰ п ʶˎ˄ˈʹˋʶ ˍʹ ʵʹ˃ʽˇˎˊʴʾʰ ˃ʽˁˊˇʵˇ˃ʺˌ 

ˉˇˎ h̄ ˇˍʶ˂ʶʾˍʰʽ ʰˉˈ ʶˎ˃ʶʴʷʻʶʽˌ ˁˈˁˁˇˎˌ ˋˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ ˁʰʽ ˂ʶˉˍˇ˃ʶˊʶʾˌ, 

ʰ˄ʰˁˊˎˋˍʰ˂˂˖˃ʷ˄ˇˎˌ ˁˊˎˋˍʱ˂˂ˇˎˌ ̀ ˍˇ ˁʷ˄ˍˊˇΦ ɱʽʰ ˍʹ˄ ˉ˂ʺˊʹ ʰˉˇ˒ˎʴʺ ʰ˄ʰˁˊˎˋˍʱ˂˂˖ˋʹˌ 

ʻʰ ˃ˉˇˊˇˏˋʶ ʹ ˉˊˇˋʻʺˁʹ Mn ˄ʰ ˋˎ˄ʵˎʰˋˍʶʾ ˃ʶ ˉˊˇˋʻʺˁʹ Cr. ɶ ˉʰˊʶ˃ˉˈʵʽˋʹ ˍʹˌ 

ʰ˄ʰˁˊˎˋˍʱ˂˂˖ˋʹˌ ʶˁˍˈˌ ˍʹˌ ʽˋ˔ˎˊˇˉˇʾʹˋʹˌ ˃ʷˋ˖ ˍˇˎ ˃ʽˁˊˇˏ ˃ʶʴʷʻˇˎˌ ˁˈˁˁˇˎ ʰˉˇˍʶ˂ʶʾ 

ʰ˄ʰˋˍʰ˂ˍʽˁˈ ˉʰˊʱʴˇ˄ˍʰ ʴʽʰ ˉʶˊʽˁˊˎˋˍʰ˂˂ʽˁʺ ˁʰˍʰˁˊʺ˃˄ʽˋʹ ˁʰʽ ˕ʰʻˎˊˇˉˇʾʹˋʹ ̱ ˇˎ ˎ˂ʽˁˇˏΦ 

ɱʽʰ ˄ʰ ʶʾ˄ʰʽ ʰˉˇˍʶ˂ʶˋ˃ʰˍʽˁˈˍʶˊʹ ʹ ʵˊʱˋʹ ʰˎˍʺ ˈ˃˖ˌ ʻʰ ˉˊʷˉʶʽ ˁʰʽ ˍʰ ʶˉʽ˒ʰ˄ʶʽʰˁʱ 

˔ˇ˄ʵˊˈˁˇˁˁʰ ˋˍˊ˗˃ʰˍʰ ˄ʰ ʰˉˇ˒ʶˏʴˇ˄ˍʰʽ ˍʶ˂ʶʾ˖ˌ ʶʾˍʶ ˍˇ ʶˏˊˇˌ ˍˇˎˌ ˄ʰ ʶʾ˄ʰʽ ˍˇ ˃ʽˁˊˈˍʶˊˇ 

ʵˎ˄ʰˍˈΦ    

ʂˋˇ˄ ʰ˒ˇˊʱ ˋˍʰ ˒ʰʽ˄ˈ˃ʶ˄ʰ ˉˇˎ ˋˎ˃ʲʰʾ˄ˇˎ˄ ˋʶ ʰˍˇ˃ʽˁʺ ˁ˂ʾ˃ʰˁʰΣ ʹ ˃ʶ˂ʷˍʹ 

ˋˍˇ˔ʶˎ˃ʷ˄˖˄ ʵʶʽʴ˃ʱˍ˖˄ ˃ʶ ʆɳɾ ʶˉʽʲʶʲʰʾ˖ˋʶ ˉ˖ˌ ʹ ˃ʷʴʽˋˍʹ ˋˁ˂ʺˊˎ˄ˋʹ ˋˎ˃ˉʾˉˍʶʽ ˃ʶ ˍʹ˄ 

ʶ˃˒ʱ˄ʽˋʹ ˍʹˌ ˃ʷʴʽˋˍʹˌ ˉˎˁ˄ˈˍʹˍʰˌ ˒ʱˋʶ˖˄ ˋˎ˄ˇ˔ʺˌ ˁʰʽ ʹ˃ʽˋˎ˄ˇ˔ʺˌΦ ɶ ˒ʱˋʹ ˍʹˌ 

ˎˉʶˊʴʺˊʰ˄ˋʹˌ ˋ˔ʶˍʾʸʶˍʰʽ ˃ʶ ɻ̔ ʶˏˊˎ˄ˋʹ ˁʰʽ ʶ˂ʱˍˍ˖ˋʹ ˍˇˎ ˉ˂ʺʻˇˎˌ ˍ˖˄ ˁʰˍʰˁˊʹ˃˄ʽˋ˃ʱˍ˖˄. 

ʅʶ ˁˊʱ˃ʰˍʰ ˋˍʰ ˇˉˇʾʰ ˍˇ Si ʲˊʾˋˁʶˍʰʽ ˋʶ ˉʶˊʾˋˋʶʽʰ ˋˎ˄ʰ˄ˍ˗˄ˍʰʽ ˁˊˏˋˍʰ˂˂ˇʽ Si ˍˈˋˇ ˋʶ 

ˉʶˊʽˁˊˎˋˍʰ˂˂ʽˁʷˌ ˈˋˇ ˁʰʽ ʶ˄ʵˇˁˊˎˋˍʰ˂˂ʽˁʷˌ ʻʷˋʶʽˌΦ 
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4 ɚʊʅʋʇʝɾʂʎʂ ʈʂʔɻʉʅʆʡʉ ʅɿʅʋʐʙʐʖʉ ʈʀ ɿʋʆʅʈʘʏ ʀʒʀʇʆʑʎʈʋʞ  

4.1 ɩʀʍʅɾʍɻʒʙ ʐʂʏ ʌʀʅʍɻʈɻʐʅʆʙʏ ɿʅɻɿʅʆɻʎʚɻʏ  

ʃʶˊʾ ˍʹˌ ˋˁˇˉʽ˃ˈˍʹˍʰˌ ˍʹˌ ʵʽʶ˄ʷˊʴʶʽʰˌ ˍ˖˄ ʵˇˁʽ˃˗˄ ʶ˒ʶ˂ˁˎˋ˃ˇˏ ʷʴʽ˄ʶ ˂ˈʴˇˌ ˋˍˇ 

ɼʶ˒ʱ˂ʰʽˇ нΦ ʅˍʽˌ ʵˇˁʽ˃ʷˌ ʶ˒ʶ˂ˁˎˋ˃ˇˏ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ˍˇˎ˂ʱ˔ʽˋˍˇ˄ ˍˊʾʰ ʵˇˁʾ˃ʽʰ ʰ˄ʱ 

ʻʶˊ˃ʽˁʺ ˁʰˍʶˊʴʰˋʾʰ ˁ ʰʽ ʶʾʵˇˌ ˁˊʱ˃ʰˍˇˌ. ʆʰ ʵˇˁʾ˃ʽʰ ʶʾ˔ʰ˄ ˃ʺˁˇˌ 160mmΣ ˉʱ˔ˇˌ ʾˋˇ ˉˊˇˌ ˍˇ 

ˉʱ˔ˇˌ ˍˇˎ ˍˇʽ˔˗˃ʰˍˇˌ ˁʰʽ ʶ˂ʺ˒ʻʹˋʰ˄ ʰˉˈ ˍʰ ˃ʹˍˊʽˁʱ ˉˊˇ˒ʾ˂ ˃ʶ ˁˇˉʺ ˋʶ ˎʵˊʰˎ˂ʽˁʺ ˉˊʷˋʰ 

(7) (ʲ˂Φ ʃʰˊʱˊˍʹ˃ʰΣ ʅ˔ʺ˃ʰ 171). ɮˉˈ ˍʰ ˉˊˇ˒ʾ˂ ʵʽʰˍˇ˃ʺˌ ζɰη ʶ˂ʺ˒ʻʹˋʰ˄ ʵˇˁʾ˃ʽʰ ˁʰʽ ʰˉˈ 

ˍʰ ˍˊʾʰ ʵʽʰ˒ˇˊʶˍʽˁˇˏ ˉʱ˔ˇˎˌ ˍˇʽ˔˗˃ʰˍʰ ˁʰʽ ˎˉˇ˂ˇʴʾˋʻʹˁʶ ˇ ˃ʷˋˇˌ ˈˊˇˌ ˍ˖˄ ˍʽ˃˗˄ ˍʹˌ 

ʰ˄ˍˇ˔ʺˌ ˁʰʽ ˍʹˌ ˉʰˊʰ˃ˈˊ˒˖ˋʹˌ ˋˏ˃˒˖˄ʰ ˁʰʽ ˉˊˇˌ ˍʽˌ ˇʵʹʴʾʶˌ ˍˇˎ ʴʶˊ˃ʰ˄ʽˁˇ ˏˉˊ̱̌ˏ̄ ˇˎ 

ˍʹˌ VW/AUDI, TL116 (103). ʁʽ ʵˇˁʽ˃ʷˌ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʰ˄ ˋʶ ˋʶˊʲˇˎʵˊʰˎ˂ʽˁʺ ˃ʹ˔ʰ˄ʺ 

INTSTRON уулн ˃ʷʴʽˋˍʹˌ ʵˎ˄ʰ˃ʽˁˈˍʹˍʰˌ нрлkɿ ˁʰʽ ˋʶ ʹ˂ʶˁˍˊˇ˃ʹ˔ʰ˄ʽˁʺ ˃ʹ˔ʰ˄ʺ INSTRON 

ррст ˃ʷʴʽˋˍʹˌ ʵˎ˄ʰ˃ʽˁˈˍʹˍʰˌ олkN. H ˁʰˍʰˋˁʶˎʺ ˍ˖˄ ʵˇˁʽ˃ʾ˖˄ ˁʰʻ˗ˌ ʶˉʾˋʹˌ ˁʰʽ ʹ 

ʵʽʶ˅ʰʴ˖ʴʺ ˍ˖˄ ʵˇˁʽ˃˗˄ ʶ˒ʶ˂ˁˎˋ˃ˇˏ ˍ˖˄ ˉʰˊʰˉʱ˄˖ ʵˇˁʽ˃ʾ˖˄ ˎ˂ˇˉˇʽʺʻʹˁʰ˄ ˋˏ˃˒˖˄ʰ ˃ʶ 

ˍʽˌ ˇʵʹʴʾʶˌ ˍˇˎ ˉˊ̌ˍˏˉˇˎ BS EN ISO 6892-1. 

ʃʰˊʰˁʱˍ˖ ˉʰˊʰˍʾʻʶ˄ ˍʰʽ: 

ʰΦ ɳ˄ ʵʶʽˁˍʽˁʱ ʵʽʰʴˊʱ˃˃ʰˍʰ ˍʱˋʹˌ-ˉʰˊʰ˃ˈˊ˒˖ˋʹˌ wq ˁʰʽ ac ʵʶʽʴ˃ʱˍ˖˄ ʰˉˈ ˍˇ ˁˊʱ˃ʰ 

1, ̱ ʰ ˇˉˇʾʰ ˁˊʾʻʹˁʰ˄ ʰ˄ʰʴˁʰʾʰ ʴʽʰ ˍʹ˄ ʶˊ˃ʹ˄ʶʾʰ ˍ˖˄ ʵʽʰ˒ˇˊ˗˄ ˉˇˎ ˋˎ˄ʰ˄ˍʺʻʹˁʰ˄ 

ˋˍʹ˄ ˇ˂ˁʽ˃ˈˍʹˍʰ ˁʰʽ ˋˍʹ ʵˎˋʻˊʰˎˋˍˈˍʹˍʰ ˍ˖˄ ʰ˄ˍʽˋˍˇʾ˔˖˄ ʵʶʽʴ˃ʱˍ˖˄Φ ɱʽʰ ˂ˈʴˇˎˌ 

ʶˎ˔ʶˊʷˋˍʶˊʹˌ ʰˉʶʽˁˈ˄ʽˋʹˌ ˁʰʽ ˃ʶ˂ʷˍʹˌ ˍ˖˄ ʵʽʰʴˊʰ˃˃ʱˍ˖˄ ʷ˔ʶʽ ʶˉʽ˂ʶʴʶʾ ʹ 

ʰˉʶʽˁˈ˄ʽˋʹ ˇˊʽˋ˃ʷ˄˖˄ ˃ˈ˄ˇ ˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗ ˄ˁ ʰ˃ˉˏ˂˖ ˄h ˄ʱ ʻʶˊ˃ʽˁʺ ˁʰˍʶˊʴʰˋʾʰΦ  

ʲΦ ʅˎʴˁʶ˄ˍˊ˖ˍʽˁʱ ʵʽʰʴˊʱ˃˃ʰˍʰ ˉˇˎ ʰˉʶʽˁˇ˄ʾʸˇˎ˄ ˍʽˌ ˃ʷˋʶˌ ˍʽ˃ʷˌ ˁʰʽ ˍʹ˄ ˍˎˉʽˁʺ 

ʰˉˈˁ˂ʽˋʹ ˍˇˎ ˇˊʾˇˎ ʵʽʰˊˊˇʺˌΣ ˃ʷʴʽˋˍʹˌ ʰ˄ˍˇ˔ʺˌ ˁʰʽ ʶˉʽ˃ʺˁˎ˄ˋʹ ̩ ʻˊhˏˋʹˌ 

ˋˎ˄ʰˊˍʺˋʶʽ ˍˇˎ ˔ˊˈ˄ˇˎ ʴʺˊʰ˄ˋʹˌ.  

4.2 ɚʌʋʐʀʇʘʎʈɻʐɻ ɿʋʆʅʈʡʉ ʌʍʋʒʚʇ ʆʍʗʈɻʐʋʏ ρȟ ɿʅɻʐʋʈʙʏ ȺɚȻ 

ɲʶʾʴ˃ʰˍʰ ʰˉˈ ˍˇ ˋˍʱʵʽˇ ˍʹˌ ˉˊˇʴʺˊʰ˄ˋʹˌ 

ʁʽ ˁh˃ˉˏ˂ʶˌ ˋ-ʶ ˍ˖˄ ʵˇˁʽ˃ʾ˖˄ ˉˇˎ ˉˊˇʷˁˎ˕ʰ˄ ʰˉˈ ˍˇ ˋˍʱʵʽˇ ˍʹˌ ˉˊˇʴʺˊʰ˄ˋʹˌ - WQ, 

AC ˁʰʽ лhмтлɮWQ  ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ 52. ʆʰ ʵˏˇ ˉˊ˗ˍʰ ʰˉˇˍʶ˂ˇˏ˄ ˍʽˌ ʰˊ˔ʽˁʷ ̩

ˁʰˍh̀ ˍʱˋʶʽˌ ̱ ˖˄ ʵˇˁʽ˃ʾ˖˄ ʺ ʰ˂˂ʽ˗ˌ ˍ h̄ ˊ˗ˍh ˋʹ˃ʶʾ hˋˍ̔ˌ ˁ ʰ˃ˉˏ˂ʶ ̩ʴʺˊʰ˄ˋʹˌ ʴʽʰ ˍ hˇˉˇʾ h

ˎˉˇ˂ˇʴʾˋˍʹˁʰ˄ ˇʽ ˍʽ˃ʷˌ ˍ˖˄ ˍˊʽ˗˄ ʽʵʽˇˍʺˍ˖˄ YS, TS ˁʰʽ El. ʆˇ ʵʶʾʴ˃ʰ 0hмтлɮWQ ʶʾ˄ʰʽ ʵʶʾʴ˃ʰ 
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ʲʰ˃˃̫ ˄ˇ ˋʶ ˄ʶˊˈ ˃ʶˍʱ ˍʹ˄ ʵʽʰ˂ˎˍˇˉˇʾʹˋʹ ˉˇˎ ʷ˔ʶʽ ʶˉʽˉˊˈˋʻʶˍʰ ˎˉˇˋˍʶʾ ˒ΦʴΦ нп ˖ˊ˗˄ ˁʰʽ 

ˋˎ˄ˇ˂ʽˁʱ 6 ˗ˊʶˌ ˉˊˇʴʺˊʰ˄ˋʹ, ˈˉ˖ˌ ˉʶˊʽʴˊʱ˒ʶˍʰʽ ˋˍʹ˄ ˉʶʽˊʰ˃ʰˍʽˁʺ ʵʽʰʵʽˁʰˋʾʰ. ɮˉˈ ˍʰ 

ˍˊʾʰ ˉˊˇʰ˄ʰ˒ʶˊʻʷ˄ˍʰ ʵʶʾʴ˃ʰˍʰ ˍˇ ʵʶʾʴ˃ʰ AC ʷ˔ʶʽ ˍʽˌ ˔ʰ˃ʹ˂ˈˍʶˊʶˌ ˍʽ˃ʷˌ ˇˊʾˇˎ ʵʽʰˊˊˇʺˌ, 

ʰ˄ˍˇ˔ʺˌ ˁ ʰʽ ʶˉʽ˃ʺˁˎ˄ˋʹ ʻˊʰˏˋʹˌ (YSAC=69MPa, TSAC=165MPa, ElAC=23%ύ ˁʰʽ ˍˇ˄ ˎ˕ʹ˂ˈˍʶˊˇ 

ˋˎ˄ˍʶ˂ʶˋˍʺ ʶˊʴˇˋˁ˂ʺˊˎ˄ˋʹˌ όnAC=0,31, nWQ=0,29, n0hмтлɮWQ=0,27). ʁʽ ˎ˕ʹ˂ˈˍʶˊʶˌ ˍʽ˃ʷˌ ˍ˖˄ 

˃ʹ˔ʰ˄ʽˁ˗ ˄ʽʵʽˇ̱ʺ̱˖ ˄ˍˇˎ ʵʶʾʴ˃ʰˍˇˌ WQ (YSWQ=77MPa, TSWQ=174MPa, ElWQ=26%) ˋʶ ˋ˔ʷˋʹ 

˃ʶ ˍˇ AC ˇ˒ʶʾ˂ˇ˄ˍʰʽ ˋˍˇ˄ ˋˎ˄ʵˎʰˋ˃ˈ ʵˏˇ ˉʰˊʰʴˈ˄ˍ˖˄Υ όʰύ ˍʹˌ ˋˁ˂ʺˊˎ˄ˋʹˌ ˋˍʶˊʶˇˏ 

ʵʽʰ˂ˏ˃ʰˍˇˌ ˉˇˎ ˄ʰʽ ˃ʶ˄ ˎ˒ʾˋˍʰˍʰʽ ˁʰʽ ˋˍˇ AC ʰ˂˂ʱ ʶʾ˄ʰʽ ˃ʶʴʰ˂ˏˍʶˊʹ ˋˍˇ WQ ˁʰʽ ʹ ˇˉˇʾʰ 

ˎˉʶˊˁʰ˂ˏˉˍʶʽ ˍʹ˄ ˉʽʻʰ˄ʺ ʽˋ˔ˎˊˇˉˇʾʹˋʹ ˍˇˎ ɮC ʰˉˈ ˉˊ˗ʽ˃ʹ ˁʰˍʰˁˊʺ˃˄ʽˋʹ ˂ˈʴ˖ ˍʹˌ 

ʲˊʰʵˏˍʶˊʹˌ ˕ˏ˅ʹˌ ˁʰʽ ˍʹˌ ʰ˄ʰ˃ʶ˄ˈ˃ʶ˄ʹˌ ˃ʹ ʶˉʽʻˎ˃ʹˍʺˌ ˁʰˍʰˁˊʺ˃˄ʽˋʹˌ ˁʰˍʱ ˍʹ ˃ʶˍʱʲʰˋʹ 

ʰˉˈ ˍʹ˄ ˁˊʾˋʽ˃ʹ ˉʶˊʽˇ˔ʺ ˁʰʽ όʲύ ˍʹ˄ ˁʽ˄ʹˍʽˁʺ ˍʹˌ ˒ˎˋʽˁʺ ̩ʴʺˊʰ˄ˋʹ ̩ˉˇˎ ˂ˈʴ˖ ˍˇˎ ˉˇ˂ˏ 

˃ʶʴʰ˂ˏˍʶˊˇˎ ʰˊʽʻ˃ˇˏ ˍ˖˄ ζˉʰʴ˖˃ʷ˄˖˄η ˉ˂ʶʴ˃ʰˍʽˁ˗˄ ʻʷˋʶ˖˄ ʶʾ˄ʰʽ ˎ˕ʹ˂ˈˍʶˊ ́ˋˍˇ WQ 

ʵʶʾʴ˃ʰ. ɾʶ ˍʹ˄ ˇ˂ˇˁ˂ʺˊ˖ˋʹ ˍˇˎ ˋˍʰʵʾˇˎ ˍʹˌ ˉˊˇʴʺˊʰ˄ˋʹˌ όʵʶʾʴ˃ʰ 0h170ɮWQ) 

ˉʰˊʰˍʹˊʶʾˍʰʽ ˉʶˊʽˇˊʽˋ˃ʷ˄ʹ ʰˏ˅ʹˋʹ ˍˈˋˇ ˍˇˎ ˇˊʾˇˎ ʵʽʰˊˊˇʺˌ ˈˋˇ ˁʰʽ ˍˇˎ ˇˊʾˇˎ ʻˊʰˏˋʹˌ 

ʰ˂˂ʱ ˁʰʽ ˃̔ˁˊʺ ʶ˂ʱˍˍ˖ˋʹ ˍʹˌ ˉ˂ʰˋˍʽˁʺˌ ˉʰˊʰ˃ˈˊ˒˖ˋʹˌ ˁʰʽ ˍˇˎ ˋˎ˄ˍʶ˂ʶˋˍʺ 

ʶˊʴˇˋˁ˂ʺˊˎ˄ˋʹˌ (YS0h170ɮWQ=85MPa, TS0h170ɮWQ=182MPaΣ ɳl0h170ɮWQ=25%). 

ɮˉˈ ˍʽˌ ˁʰ˃ˉˏ˂ʶ ̩ -̀ʶ ˎˉˇ˂ˇʴʾʸʶˍʰʽ ˁʰʽ ʹ ˍʽ˃ʺ ˍʹˌ ˃ʹ ˇ˃ˇʽˈ˃ˇˊ˒ʹ ̩ ˉ˂ʰˋˍʽˁʺ ̩

ˉʰˊʰ˃ˈˊ˒˖ˋʹ ̩ (Eln.un.) ˉˇˎ ˉˊˇˁˏˉˍʶʽ ʶˏˁˇ˂ʰ ˃ʶ ʰ˒ʰʾˊʶˋʹ ˍʹˌ ˍʽ˃ʺˌ ˍʹˌ ʶˉʽ˃ʺˁˎ˄ˋʹˌ 

ˉʰˊʰ˃ˈˊ˒˖ˋʹˌ ˉˇˎ ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋˍˇ ˃ʷʴʽˋˍˇ ˒ˇˊˍʾˇ ʰˉˈ ˍʹ ˋˎ˄ˇ˂ʽˁʺ ʶˉʽ˃ʺˁˎ˄ˋʹΦ ɮˉˇˍʶ˂ʶʾ 

˃ʽʰ ʽʵʽʰʾˍʶˊʰ ˔ˊʺˋʽ˃ʹ ˉʰˊʱ˃ʶˍˊˇ ˃ʹ˔ʰ˄ʽˁ˗˄ ʽʵʽˇˍʺˍ˖˄ ˉˇˎ ˔ʰˊʰˁˍʹˊʾʸʶʽ ˍʹ˄ ʽˁʰ˄ˈˍʹˍʰ 

ˍ˖˄ ˎ˂ʽˁ˗˄ ˄ʰ ʰ˄ˍʽˋˍʷˁˇ˄ˍʰʽ ˋˍʹ ʻˊʰˏˋʹ ˃ʶˍʱ ˍʹ˄ ʶˉʾˍʶˎ˅ʹ ˍˇˎ ˃ʷʴʽˋˍˇˎ ˒ˇˊˍʾˇˎ ˁʰʽ 

ˉˊʷˉʶʽ ˄ʰ ˃ʶ˂ʶˍʱˍʰʽ ˋˍʰ ʵʶʾʴ˃ʰˍʰ ˃ʶ ʶ˒ʰˊ˃ˇʴʺ ˍʹ˄ ʰˉˇˊˊˈ˒ʹˋʹ ʶ˄ʷˊʴʶʽʰˌ. ɱʽʰ ˍʰ 

ʵʶʾʴ˃ʰˍʰ WQ, AC ˁ ʰʽ 0h170ɮWQ ́  Eln.un. ˂ ʰ˃ʲʱ˄ʶʽ ˍʽ˃ʷˌ р ˁ ʰʽ 5 ˁ ʰʽ 3҈ ʰ˄ˍʾˋˍˇʽ˔ʰΦ  
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ʅ˔ʺ˃ʰ 52 ɼˊʱ˃ʰ мΥ ɼʰ˃ˉˏ˂ʶˌ ˋ-ʶ ʵʶʽʴ˃ʱˍ˖˄ WQ, AC ˁʰʽ 0hмтлɮWQ. ɮˉʶʽˁˇ˄ʾʸʶˍʰʽ ˃ʽʰ 

˔ʰˊʰˁˍʹˊʽˋˍʽˁʺ ˁʰ˃ˉˏ˂ʹ ʴʽʰ ˁʱʻʶ ʻʶˊ˃ʽˁʺ ˁʰˍʶˊʴʰˋʾʰΦ 

ʆʶ˔˄ʹˍʺ ʴ̋ ˊʰ˄ˋʹ ˋˍˇˎˌ 170ˇC ό˖ˌ пл ˗ˊʶˌύ  

ʅˍˇ ʅ˔ʺ˃ʰ 53 ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˁʰ˃ˉˏ˂ʶˌ -̀ʶ ˍˇˎ ˉˇˎ ʰ˄ˍʽˋˍˇʽ˔ˇˏ˄ ˋʶ ˔ˊˈ˄ˇ ˉʰˊʰ˃ˇ˄ʺˌ 

пΣ сΣ уΣ млΣ мнΣ мсΣ нп ˁʰʽ пл ˗ˊʶˌ ˋˍˇˎˌ мтлˇC (ʵʶʾʴ˃ʰˍʰ пh170ɮWQ ˖ˌ плh170ɮWQ, 

ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˃ʽʰ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʺ ˁʰ˃ˉˏ˂ʹ ʴʽʰ ˁʱʻʶ ʻʶˊ˃ʽˁʺ ˁʰˍʶˊʴʰˋʾʰύΦ ʂˉ˖ˌ ʴʾ˄ʶˍʰʽ 

˒ʰ˄ʶˊˈ ʹ ʰ˄ˍˇ˔ʺ ʰˎ˅ʱ˄ʶˍʰʽ ˊʰʴʵʰʾʰ όʰ˄ˍʾʻʶˍʰ  ́ ʶˉʽ˃ʺˁˎ˄ˋʹ ʻˊʰˏˋʹˌ ˃ʶʽ˗˄ʶˍʰʽύ ˋˍˇ 

ʵʽʱˋˍʹ˃ʰ ˍˇˎ ˁˎˊʾ˖ˌ ˋˍʰʵʾˇˎ ˍʹˌ ˍΦʴΦ ˃ʶˍʰ˅ˏ л ˁʰʽ п ˖ˊ˗˄Σ ʰˉˈ ˍʽˌ п ˖ˌ ˍʽˌ мн ˗ˊʶˌ 

˃ʶˍʰʲʱ˂˂ʶˍʰʽ ˃ʶ ˃ʽˁˊˈˍʶˊˇ ˊˎʻ˃ˈ ʶ˄˗ ʰˉˈ ˍʽˌ мс ˁʰʽ ˖ˌ ˍʽˌ пл ˗ˊʶˌ ʵʶ˄ ˉʰˊʰˍʹˊʶʾˍʰʽ 

ˋʹ˃ʰ˄ˍʽˁʺ ˃ʶˍʰʲˇ˂ʺ ˋˍʽˌ ˃ʹ˔ʰ˄ʽˁʷˌ ʽʵʽˈˍʹˍʶˌΦ ɴˍˋʽ ʹ ό˃ʷˋʹ ˍʽ˃ʺύ ˃ʷʴʽˋˍʹ ʰ˄ˍˇ˔ʺ (TS) ˍˇˎ 

ʵʶʾʴ˃ʰˍˇˌ пh170ɮWQ ʺˍʰ˄ нрлɾPaΣ ˃ʶʴʰ˂ˏˍʶˊʹ ˁʰˍʱ суMPa ʰˉˈ ˍˇˎ ʵʶʾʴ˃ʰˍˇˌ лh170ɮWQ, 

ˋˍˇ ʵʶʾʴ˃ʰ мнh170ɮWQ ʺˍʰ˄ нсуMPa ˈˉ˖ˌ ˁʰʽ ˋˍˇ ʵʶʾʴ˃ʰ плh170ɮWQ 267MPaΦ ɶ 

˃ʶʴʰ˂ˏˍʶˊʹ ˍʽ˃ʺ ˍʹˌ ʰ˄ˍˇ˔ʺˌ ʲˊʷʻʹˁʶ ˋˍˇ ʵʶʾʴ˃ʰ нпh170ɮWQ нтнɾPaΦ ʃʰˊˈ˃ˇʽʰ 

ˋˎ˃ˉʶˊʽ˒ˇˊʱ ʶʾ˔ʰ˄ ˁʰʽ ˇʽ ˍʽ˃ʷˌ ˍ˖˄ ˇˊʾ˖˄ ʵʽʰˊˊˇʺˌ όʇS): 0h170ɮWQ -урɾPa, 4h170ɮWQ -

206ɾPa, 16h170ɮWQ -240ɾPa ˁ ʰʽ плh170ɮWQ-нпсɾPa ̄ ˇˎ ʺˍʰ˄ ˁʰʽ ʹ ˃ʶʴʰ˂ˏˍʶˊʹ ˍʽ˃ʺΦ 

ɶ ʶˉʽ˃ʺˁˎ˄ˋʹ ʻˊʰˏˋʹˌ όɳl) ˃ʶ ˍʹ˄ ˉˊˈˇʵˇ ˍʹˌ ˍΦʴΦ ʶ˂ʰˍˍ˗ʻʹˁʶ ʰˉˈ нп,5҈ ˋˍˇ ʵʶʾʴ˃ʰ 

0h170AWQ ˋʶ мпΣо҈ ˋˍˇ ʵʶʾʴ˃ʰ пh170AWQ Σ ˃ʶ ʶ˂ʱ˔ʽˋˍʹ ˍʽ˃ʺ 12,2҈ ˋˍˇ ʵʶʾʴ˃ʰ плh170AWQ. 

ʃʰˊʰˍʹˊʶʾˍʰʽ ˉ˖ˌ ˍˇ ˉˇˋˇˋˍˈ ˍʹˌ ʰ˄ˇ˃ˇʽˈ˃ˇˊ˒ʹˌ ˉʰˊʰ˃ˈˊ˒˖ˋʹˌ ˁʰˍʱ ˍʹ˄ ˍΦʴΦ ʵʶ˄ 

˃ʶˍʰʲʱ˂˂ʶˍʰʽ ʰ˄ʱ˂ˇʴʰ ˃ʶ ˍˇ ˉˇˋˇˋˍˈ ˍʹˌ ˇ˂ʽˁʺˌ ˉʰˊʰ˃ˈˊ˒˖ˋʹˌΦ ɴˍˋʽ ˋˍˇ ʵʶʾʴ˃ʰ 
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0h170AWQ ʹ ɳn.un. ʺˍʰ˄ о҈Σ ˋˍˇ ʵʶʾʴ˃ʰ пh170AWQ оΣм҈Σ ˋˍˇ ʵʶʾʴ˃ʰ мсh170AWQ 3,6% ʁ ˄˗ ˋˍˇ 

ʵʶʾʴ˃ʰ плh170AWQ 3,3%. ʂ˂ʰ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ 54.  

ɴ˄ʰ ʰˁˈ˃ʹ ʰˉˇˍʷ˂ʶˋ˃ʰ ˍʹˌ ʻʶˊ˃ʽˁʺˌ ˁʰˍʶˊʴʰˋʾʰˌ ʺˍʰ˄ ʹ ʶ˂ʱˍˍ˖ˋʹ ˍˇˎ ˂ˈʴˇˎ TS/YS ˁʰʽ 

ˍʹˌ ˍʽ˃ʺˌ ˍˇˎ ˋˎ˄ˍʶ˂ʶˋˍʺ ʶ˄ʵˇˍˊʱ˔ˎ˄ˋʹˌ (n4hмтлɮWQ =0,11, n12hмтлɮWQ=0,08) ̄ ˇˎ ˒ʰ˄ʶˊ˗˄ˇˎ˄ 

ʰˏ˅ʹˋʹ ˍʹˌ ʶˎˁˇ˂ʾʰˌ ˃ʶˍʰˁʾ˄ʹˋʹˌ ˍ˖˄ ʰˍʰ˅ʽ˗˄ (104) ˂ˈʴ˖ ˍʹˌ ˃ʰʸʽˁʺ ̩ʵʹ˃ʽˇˎˊʴʾʰ ̩ʸ˖˄˗˄ 

GP ˁʰʽ ˁʰʻʾʸʹˋʹ ̩˒ʱˋʶ˖˄ ˋˎ˄ˇ˔ʺˌ ˁʰʽ ʹ˃ʽˋˎ˄ˇ˔ʺˌ ˉˇˎ ζʰˉˇʴˎ˃˄˗˄ˇˎ˄η ˍʹ ˃ʺˍˊʰ ʰˉˈ ˍʰ 

ʶ˄ ʵʽʰ˂ˏˋʶʽ ˁˊʰ˃ʰˍʽˁʱ ˋˍˇʽ˔ʶʾʰΦ ʅˍʹ˄ ˁʰˍʱˋˍʰˋʹ ˍʹˌ ˃ʷʴʽˋˍʹˌ ˋˁ˂ʺˊˎ˄ˋʹˌ ʹ ˃ˇˊ˒ˇ˂ˇʴʾʰ 

ˍʹˌ ˁʰ˃ˉˏ˂ʹˌ ˍʰʽˊʽʱʸʶʽ ˃ʶ ˍʹ˄ ʰ˄ˍʾˋˍˇʽ˔ʹ ˍˇˎ ˁʰʻʰˊˇ ˏAl (ʲΦ˂ ˁʰ˃ˉˏ˂ʹ ˋ-ʶ ˋˍˇ ʅ˔ʺ˃ʰ 55 

ʰˉˈ ˁˊʱ˃ʰ млрл) (105).    

    

ʅ˔ʺ˃ʰ 53 ɼˊʱ˃ʰ мΥ ɼʰ˃ˉˏ˂ʶˌ ˋ-ʶ ʵʶʽʴ˃ʱˍ˖˄ ˃ʶ ʴʺˊʰ˄ˋʹ ˋˍˇˎˌ м70ˇC (wq).  
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ʅ˔ʺ˃ʰ 54 Ḱ ʱ˃ʰ м: ɮˉˇˍʶ˂ʷˋ˃ʰˍʰ ʵˇˁʽ˃˗˄ ʶ˒ʶ˂ˁˎˋ˃ˇˏ ʴʽʰ ʴʺˊʰ˄ˋʹ ˋˍˇˎˌ м70ˇC (wq), 

ˉ˂ʺʻˇˌ ʵˇˁʽ˃˗˄ n=10.   

 

ʅ˔ʺ˃ʰ 55 ɲʽʱʴˊʰ˃˃ʰ ˍʱˋʹˌ-ˉʰˊʰ˃ˈˊ˒˖ˋʹˌ ʵˇˁʽ˃ʾˇˎ ˉʱ˔ˇˎˌ оΣлрƳƳΣ ˁˊʱ˃ʰˍˇˌ млрл 

όʇ{Ґпу atŀ Σ ¢{Ґтф atŀΣ 9ƭΦΥпо҈ύΦ 

ʆʶ˔˄ʹˍʺ ʴʺˊʰ˄ˋʹ ŀŎ ʵˇˁʽ˃ʾ˖  ˄

ɶ ɻʽʰ˒ˇˊˇˉˇʾʹˋʹ ˃ʶˍʰ˅ˏ wq ˁ ʰʽ ac ɻ ˇˁʽ˃ʾ˖˄ ʰ˒ˇˊˇˏˋʶ ˋˍˇ ˊˎʻ˃ˈ ˕ˏ˅ʹˌ ˃ʶˍʱ ʰˉˈ ˍʹ˄ 

ʻʶˊ˃ʽˁʺ ˁʰˍʶˊʴʰˋʾʰ ʵʽʰ˂ˎˍˇˉˇʾʹˋʹˌ ˉ̌ ˎ ˋˍʰ ac  ʺˍʰ˄ ˃ʽˁˊˈˍʶˊˇˌ ˁʰʻ˗ˌ ʹ ˕ˏ˅ʹ ʷʴʽ˄ʶ ˋˍˇ˄ 

ʰʷˊʰΦ ɶ ˉʰˊʰ˃ˇ˄ʺ ˍˇˎˌ ˋʶ ʻʶˊ˃ˇˁˊʰˋʾʰ ˃ʶʴʰ˂ˏˍʶˊʹ ˍ˖˄ оллˇC ʴʽʰ ʷ˄ʰ ˉʶˊʾˉˇˎ ˂ʶˉˍˈ 

ʰˉˇʵʶʾ˔ʻʹˁʶ ˁʰʻˇˊʽˋˍʽˁʺ ʴʽʰ ˍʹ˄ ʵʽʰ˃ˈˊ˒˖ˋʹ ˍʹˌ ˇ˂ˁʽ˃ˈˍʹˍʰ ̩ˈˉ˖ˌ ʰˎˍʺ ʶˁ˒ˊʱʸʶˍʰʽ 

˃ʷˋ˖ ˍʹˌ ʶ˂ʱˍˍ˖ˋʹˌ ˍʹˌ ʵʽʰˍˇ˃ʺˌ ˉˇˎ ˃ˉˇˊʶʾ ˄ʰ ˃ʶˍˊʹʻʶʾ ˃ʶ ˂ˇʴʽˋ˃ʽˁˈ ʶˉʶ˅ʶˊʴʰˋʾʰˌ 
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ʶʽˁˈ˄ʰˌ ˋʶ ˋˍʶˊʶˇˋˁˇˉʽˁʷˌ ˃ʽˁˊˇʴˊʰ˒ʾʶˌ ˍʹˌ ʶˉʽ˒ʱ˄ʶʽʰˌ ʻˊʰˏˋʹˌ. ʅˍˇ ʅ˔ʺ˃ʰ 56 ˒ʰʾ˄ˇ˄ˍʰʽ 

ˇʽ ʶˉʽ˒ʱ˄ʶʽʶˌ ʻˊʰˏˋʹˌ wq ˁʰʽ ac ʵʶʽʴ˃ʱˍ˖˄ ˃ʶ нп ˁʰʽ пл ˗ˊʶˌ ʴʺˊʰ˄ˋʹΦ ɲʽʰˁˊʾ˄ʶˍʰʽ ˉ˖ˌ ʹ 

ʶ˂ʱˍˍ˖ˋʹ ˍʹˌ ʵʽʰˍˇ˃ʺˌ ˋˍʰ ac ʶʾ˄ʰʽ 0,4-0,5mm ʶ˄˗ ʰ˄ˍʽʻʷˍ˖ˌ ˋˍʰ wq ʶʾ˄ʰʽ 0,7-0,9mm 

(ʰˊ˔ʽˁˈ ˉʱ˔ˇˌ ʵˇˁʽ˃ʾ˖˄ мΣфmm). ʋʰˊʰˁˍʹˊʽˋˍʽˁʷˌ ˁʰ˃ˉˏ˂ʶˌ ˋ-  ʁac ʵˇˁʽ˃ʾ˖˄ ʵʾ˄ˇ˄ˍʰʽ ˋˍˇ 

ʅ˔ʺ˃ʰ 57 ˁ ʰʽ ˋˎʴˁʶ˄ˍˊ˖ˍʽˁʱ ˇʽ ˍʽ˃ʷˌ ˍ˖˄ ˃ʹ˔ʰ˄ʽˁ˗˄ ʽʵʽˇˍʺˍ˖˄ ˋˍˇ ʅ˔ʺ˃ʰ 58. 

 

ʅ˔ʺ˃ʰ 56 ɳˉʽ˒ʱ˄ʶʽʶˌ ʻˊʰˏˋʹˌ wq ˁʰʽ ac ʵʶ̔ʴ˃ʱˍ˖˄ ˃ʶ ʾʵʽʶˌ ˋˎ˄ʻʺˁʶˌ ʴʺˊʰ˄ˋʹˌΦ ʅˍʰ 

ˉ˂ʰʾˋʽʰ ʵʾˉ˂ʰ ˋˍˇ˄ ˁ˖ʵʽˁˈ ˍ˖˄ ʵʶʽʴ˃ʱˍ˖˄ ʰ˄ʰ˒ʷˊʶˍʰʽ ˍˇ ˉ˂ʱˍˇˌ ˍʹˌ ʶˉʽ˒ʱ˄ʶʽʰˌ 

ʻˊʰˏˋʹˌΦ ɶ ˃ʶʾ˖ˋʹ ˍʹˌ ʵʽʰˍˇ˃ʺˌ ʶʾ˄ʰʽ ˃ʶʴʰ˂ˏˍʶˊʹ ˋˍʰ wq.  

ʂˉ˖ˌ ʴʾ˄ʶˍʰʽ ʰ˄ˍʽ˂ʹˉˍˈ ˇʽ ʰˊʽʻ˃ʹˍʽˁʷˌ ˍʽ˃ʷˌ ˍ˖˄ ˃ʶʴʶʻ˗˄ YS, TS ˁʰʽ El ʵʶ˄ ʶ˃˒ʰ˄ʾʸˇˎ˄ 

˃ʶʴʱ˂ʶˌ ʵʽʰ˒ˇˊʷˌ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍʰ wq ʵˇˁʾ˃ʽʰΦ ʍˋˍˈˋˇ ˇˎˋʽʰˋˍʽˁʺ ʵʽʰ˒ˇˊˇˉˇʾʹˋʹ 

ʶˉʽˋʹ˃ʰʾ˄ʶˍʰʽ ˋˍʹ˄ ˍʽ˃ʺ ˍʹˌ ʰ˄ˇ˃ˇʽˈ˃ˇˊ˒ʹˌ ˉ˂ʰˋˍʽˁʺˌ ˉʰˊʰ˃ˈˊ˒˖ˋʹˌ ˈˉ˖ˌ ʶˁ˒ˊʱʸʶˍʰʽ 

ʰˉˈ ˍʹ˄ ʷˁˍʰˋʹ ˉˇˎ ʶ˃˒ʰ˄ʾʸˇˎ˄ ˇʽ ˁʰ˃ˉˏ˂ʶˌ ˋ-ʶ ˃ʶˍʱ ˍˇ ˃ʷʴʽˋˍˇ ˒ˇˊˍʾˇ. ɱʽʰ ˍΦʴΦ ˃ʷ˔ˊʽ мн 

˗ˊʶˌ ʹ ˍʽ˃ʺ ˍʹˌ ʶˉʽ˃ʺˁˎ˄ˋʹˌ ʻˊʰˏˋʹˌ ˋˍʰ ac ʵʶʾʴ˃ʰˍʰ ˂ʰ˃ʲʱ˄ʶʽ ˍʽ˃ʷˌ ˉʰˊʰˉ˂ʺˋʽʶˌ ˍ˖˄ 

wq ( Φ̄˔Φ ʴʽʰ п ˗ˊʶˌΥ El4h170A
WQ=14,3% ˁ ʰʽ El4h170A

AC=15,7% ˁʰʽ ʴʽʰ мн ˗ˊʶˌΥ El12h170A
WQ=13,7% 

ˁʰʽ El12h170A
AC=13,0%ύΣ ʰ˂˂ʱ ʹ ʰ˄ˇ˃ˇʽˈ˃ˇˊ˒ʹ ˉ˂ʰˋˍʽˁʺ ˉʰˊʰ˃ˈˊ˒˖ˋʹ ʷ˔ʶʽ ˉˇ˂ˏ ˃ʶʴʱ˂ʹ 

ʵʽʰ˒ˇˊʱ ˃ʶ ˃ʶʴʰ˂ˏˍʶˊʶˌ ˍʽ˃ʷˌ ʴʽʰ ˍʰ wq ʵˇˁʾ˃ʽʰ (ʴʽʰ п ˗ˊʶˌ ˍΦʴΦ: Eln.un.4h170A
WQ=3,1% ˁ ʰʽ 

Eln.un.4h170A
AC=1,9% ˁʰʽ ʴʽʰ мн ˗ˊʶˌΥ Eln.un.12h170A

WQ=3,7% ˁʰʽ Eln.un.12h170A
AC=2,1%). ɱʽʰ 

˃ʶʴʰ˂ˏˍʶˊʹ ʵʽʱˊˁʶʽʰ ʴʺˊʰ˄ˋʹˌ ˍˈˋˇ ʹ ˋˎ˄ˇ˂ʽˁʺ ˈˋˇ ˁʰʽ ʹ ˃́  ˇ˃ˇʽˈ˃ˇˊ˒ʹ ˉʰˊʰ˃ˈˊ˒˖ˋʹ 

ʷ˔ˇˎ˄ ˉˇ˂ˏ ˔ʰ˃ʹ˂ʷˌ ˍʽ˃ʷˌ ˋˍʰ ac ʵʶʾʴ˃ʰˍʰ (ʴʽʰ нп ˗ˊʶˌΥ Eln.un.24h170A
WQ=3,5% ˁʰʽ 

Eln.un.24h170A
AC=0,5% ˁʰʽ ʴʽʰ пл ˗ˊʶˌΥ Eln.un.40h170A

WQ=3,3% ˁ ʰʽ Eln.un.40h170A
AC=0,6%). ɶ ˃ʷʴʽˋˍʹ 

ɲˇˁʾ˃ʽˇ 40h170AWQ  

ˉ˂ʱˍˇˌ ʶˉʽ˒ʱ˄ʶʽʰˌ ʻˊʰˏˋʹˌ м,2mm 

ɲˇˁʾ˃ʽˇ 40h170AAC  

ˉ˂ʱˍˇˌ ʶˉʽ˒ʱ˄ʶʽʰˌ ʻˊʰˏˋʹˌ 1,5mm 
ɲˇˁʾ˃ʽˇ 24h170AWQ  

ˉ˂ʱˍˇˌ ʶˉʽ˒ʱ˄ʶʽʰˌ ʻˊʰˏˋʹˌ 1,0mm 

ɲˇˁʾ˃ʽˇ 24h170AAC ˉ˂ʱˍˇˌ 

ʶˉʽ˒ʱ˄ʶʽʰˌ ʻˊʰˏˋʹˌ 1,4mm 
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ˍʽ˃ʺ ˍˇˎ ˇˊʾˇˎ ʵʽʰˊˊˇʺˌ ʶˉʽˍˎʴ˔ʱ˄ʶ̱ ʰʽ ˃ʶˍʱ ʰˉˈ 40 ̠ ˊʶˌ ˉʰˊʰ˃ˇ˄ʺˌ ˋˍˇˎˌ мтлˇC (243MPa) 

ˁʰʽ ʹ ˃ʷʴʽˋˍʹ ʰ˄ˍˇ˔ʺ ˃ʶˍʱ ʰˉˈ нп ˗ˊʶˌ όнсрMPa) ʷ˔ˇ˄ˍʰˌ ˉˇ˂ˏ ˃ʽˁˊʺ ʵʽʰ˒ˇˊʱ ˋʶ ˋ˔ʷˋʹ ˃ʶ 

ˍʰ wq.  

 

ʅ˔ʺ˃ʰ 57 ɼˊʱ˃ʰ мΥ ɼʰ˃ˉˏ˂ʶˌ ˋ-ʶ ʵʶʽʴ˃ʱˍ˖˄ ˃ʶ ʴʺˊʰ˄ˋʹ ˋˍˇˎˌ м70ˇC (ac).  

 
























































































































































































































































































