










 

The prediction from the first-principles calculations,  

indicating that the misfit strain of the iron atom in 

aluminum is 3.90 %, suggests that iron is one of the 

more effective elements to increase its strength in 

aluminum with less grain boundary embrittlement if the 

low solid solubility limit in aluminum is not considered.  

It was previously reported that the vapor quench 

processed Al-1~3 at% Fe alloys exhibited the high 

values in yield stress more than about 700 MPa with a 

reasonable ductility [23]. The 
57

Fe Mössbauer spectra 

analyses on a splat quenched Al-1 at% Fe alloy showed 

that a fraction of the isolated iron atoms (monomer) was 

about 89 % and that the remaining iron atoms formed 

the atomic clusters such as dimer (~10 %) and trimer 

(<1 %) [24].  Also it was pointed out that Al-Fe 

supersaturated solid solution alloys fabricated by vapor 

quenching possibly contained the iron atomic clusters, 

as shown in Fig. 3 [23].  The charge density distribution of the iron monomer and the iron dimer in 

Al-1.0 at% Fe alloy, as shown in Fig. 4, suggests that the value of the misfit strain for the dimer is 

higher at -11.1 % in maximum than that for the monomer at -3.9 %.  Assuming the mixture rule that 

the solid solution strengthening due to the iron monomer and the iron dimer is independent each 

other, Eq. (1) is modified as follows 
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where εmonomer and εdimer are the misfit strain for the iron 

monomer and the iron dimer, and cmonomer and cdimer are 

the concentration for the iron monomer and the iron 

dimer respectively.  

In the case of Al-Fe supersaturated solid solution, 

taking M = 3.06, µ = 26.5 GPa [25], ν = 0.347 [25], and 

ε = 0.0390 which was calculated from the first 

principles, finally Eq. (2) gives the contribution to the 

yield stress due to the solid solution strengthening. The 

dependence of the contribution to the yield stress due to 

the solid solution strengthening as a function of the iron 

content is shown in Fig. 5 for a ratio of the dimer 

concentration to the whole concentration (cdimer/c), 

including the analytical results obtained using the grain 

size and the yield stress measured by experimental.  

The values of 

! 

"#
s
 by the analyses from the reported 

experimental data for Al-1~2 at% Fe alloys are twice or 

more higher than that of the theoretical values when no 

existence of the iron dimer is considered.  On the other 

hand, the theoretical values of 

! 

"#
s
 when cdimer/c = 

0.1~0.2 agree with the experimental data very well.  

Also these values from 0.1 to 0.2 are corresponding to 

the fraction of the dimer reported from the Mössbauer 

spectra analyses for Al-1~2 at% Fe alloys [24]. 

 
Fig.3   Atomic clusters observed in  the Al-Fe 

supersaturated solid solution alloys 

fabricated by vapor quenching [23]. 

 
Fig.4   The charge density distribution of the 

iron monomer and the iron dimer in 

Al-1.0 at% Fe alloy. 

 
Fig.5  The change of σs with cdimer/c estimated 

from the misfit strain by the 

first-principles calculations as s function 

of the iron content; including the 

experimental data reported [23].  
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5. Macro-Scaled Fracture Mechanisms  

Nanocrystalline Al-Fe alloys with iron content from 1.15 

to 1.71 at% were produced by a vapor quenching and 

were supersaturated solid solution without any 

identifiable iron-bearing participles, then exhibited a 

nano-scaled grain size of typically smaller than 100 nm 

with high-angle grain boundaries, as shown in Fig. 6 [23].   

Nominal stress-strain relations of Al-Fe alloys at a strain 

rate of 10
3
 s

-1
 are shown in Fig. 7. Note that the values in 

flow stress of the present Al-Fe alloys are higher than 

those of the conventional aluminum alloys with micro 

order grain sizes, and that the flow stress increases with 

increasing iron content. An abnormally high tensile 

strength of ~900 MPa and ductility of about 5% in 

tension can be obtained in Al-1.7 at% Fe alloy. This 

indicates that Al-Fe solid solution exhibits the high yield 

strength with good ductility. 

 An examination of the fractured specimen revealed 

that the final fracture event occurred at a macroscopic 

shear plane inclined more than 45° with respect to the 

tensile axis, indicating the formation of localized shear 

bands (Fig.8). The specimen also exhibited a 

macroscopic necking near the fracture surface, especially 

in the plate thickness direction. The fracture surface of 

Al-1.7Fe alloy is shown in Fig. 9. The dimple sizes are 

also found to be 5 to 10 times the sub-grain size of the 

present alloys. These images clearly indicate that the 

local failure process during fracture is ductile in the 

nanocrystalline Al-Fe alloys, with the mechanism of 

failure arising from the nucleation, growth and 

coalescence of voids.  

6. Summary 

The solid solution strengthening and the fracture 

mechanisms of the aluminum alloys were investigated 

from the multi-length scales analyses, i.e., micro/nano, 

meso and macro scales researches.  As first, the misfit 

strain, the grain boundary segregation energy and the 

surface segregation energy in the aluminum binary alloys 

with 55 solute atoms were calculated from the first 

principles to identify the more effective strengthen 

elements with less grain boundary embrittlement such as 

an intergranular fracture. The calculated results indicated 

that iron monomer and dimer could create the larger 

misfit strains at -3.90 and -11.1 respectively in aluminum 

solution, and the fracture criteria proposed by Rice and 

Wang subtracted the surface segregation energy from the 

grain boundary segregation energy of solute atom in 

aluminum suggested that iron was one of the best 

 
Fig.6  A typical microstructure of nano- 

crystalline Al-1.2 at% Fe alloy with 

grains of typically smaller than 100 

nm in size. 

 

 
Fig.7    Nominal stress-strain relations of 

Al-Fe alloys at 10
3
 s

-1
. 

 
Fig.8  A macroscopic shear plane inclined 

more than 45° with respect to the 

tensile axis, indicating the formation of 

localized shear bands. 

 

 
Fig. 9  Fracture surface of Al–1.7Fe alloy. 
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elements to increase its strength in aluminum without grain boundary embrittlement from the 

knowledge of the atomistic level and the requirement from the element strategy.  Al-1.7 at% Fe 

alloy in supersaturated solid solution produced by a vapor quenching showed an abnormally high 

tensile strength of ~900 MPa and a relatively good ductility of about 5 % in tension, so it indicates 

that Al-Fe supersaturated solid solution exhibits the very high strength with good ductility.  The 

analyses using both the misfit strain and the volume fraction of iron monomer or dimer suggested 

that an unexpected increment in strength results originating in the existence of a fraction of about 

20 % of the iron dimer and the rest of the iron monomer. It is postulated that both the nano-grained 

structures less than 100 nm and the solid solution strengthening due to the large misfit strain by iron 

solution in aluminum could achieve the abnormal high yield strength of Al-Fe supersaturated solid 

solution produced by the vapor quenching process.   

The contribution to an increment of the yield strength due to the solid solution strengthening 

could be estimated from the misfit strain. The strengthening mechanisms for the Al-Fe 

supersaturated solid solution have seldom been discussed from the knowledge of the atomic 

structure and bonding state. However this analyses from atomistic level by prediction from the 

first-principles calculations could provide us physical image of the strengthening mechanisms.   
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