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Abstract. Polycrystalline Al-1wt%Mg-0.27wt%Sc alloys bearing Al3Sc particles with different 
average sizes of 4 and 11nm in diameter have been cyclically deformed at 423K under various 
constant stress amplitudes, and the relationship between fatigue characteristics and microstructure of 
the alloy has been investigated. The specimen bearing 11 nm particles exhibited a cyclic hardening to 
saturation, while in specimens with the small particles a cyclic softening was observed after initial 
hardening. In the specimen with large particles, dislocations were uniformly distributed under all 
applied stress amplitudes, whereas the specimens bearing small particles, in which cyclic softening 
occurred exhibited clearly developed slip bands. The cyclic softening for the latter specimen was 
explained by particle shearing within the strongly strained slip bands. The width of precipitate free 
zones (PFZs) has been found to be one of the factors affecting the fatigue life of the specimens at 
423K. The two-step aging decreases the width of PFZs, resulting in increase in the fatigue life. 

Introduction 

Aluminum alloys with magnesium as the major alloying element constitute a group of non 
heat-treatable alloys with medium strength, high ductility, excellent corrosion resistance and 
weldability. Unfortunately, the strength of such Al-Mg alloys is lower than precipitation-hardening 
Al alloys. However, the addition of a small amount of scandium has been found to significantly 
improve the strength of Al-Mg alloys [1-3], owing to the presence of coherent, finely dispersed L12 
Al3Sc precipitate particles that can be obtained at a high number density, thus preventing the 
dislocation motion. Also the Al3Sc particles have modest coarsening rates at elevated temperatures, 
leading to the effective suppression of recrystallization and the stabilization of microstructures at 
high temperatures. Thus Sc-containing Al-Mg alloys are expected to be used in higher-temperature 
application compared to conventional structural Al alloys. 

In previous study [4], we examined the cyclic deformation behavior and dislocation 
microstructure under plastic-strain-controlled conditions at 423 K, using an aged Al-Mg-Sc alloy 
with Al3Sc particles of different diameters, i.e. 4, 6 and 11 nm, which correspond to under-age, 
peak-age and over-age conditions, respectively. The over-aged alloy showed cyclic hardening to 
saturation. On the other hand, cyclic softening occurred in the under-aged and peak-aged alloys. 
Transmission electron microscopy (TEM) observation revealed that the 6 and 11 nm Al3Sc particles 
have a stronger retardation effect on the formation of fatigue-induced stable dislocation structure than 
4 nm particles at 423 K. 

To establish a multifunctional method for fatigue life assessments, it is very useful to know the 
similarities and differences between stress- and strain-controlled fatigue behaviors. In this study, a 
polycrystalline Al-Mg-Sc alloy with dispersed Al3Sc particles is cyclically deformed at an elevated 
temperature of 423K under various constant stress amplitudes, and the dislocation structure is 
investigated in relation to the stress-strain responses. As in the previous study [4], the two particle 
diameters of 4 and 11 nm have been selected. 

Experimental procedure 



 

Specimens for fatigue tests were cut from hot-rolled polycrystalline Al-1mass%Mg-0.27mass%Sc 
alloy plates with the stress axis parallel to the rolling direction. These specimens were solutionized at 
905 K for 7.2 x 103 s and water quenched. TEM observations revealed that no precipitates existed in 
the solution treated specimens. To obtain spherical and coherent Al3Sc particles, one set of 
solutionized specimens was aged at 573 K for 9.0 x 102 s, and second set was aged at 623 K for 6.48 
x 104 s, corresponding to under-aging and over-aging conditions which produced almost the same 
Vickers hardness of 70. Hereafter, these under-aged and over-aged specimens will be referred to as 
specimens UA and OA, respectively. The average diameter of Al3Sc particles in specimens UA was 4 
nm, while the particle diameter in specimen OA averaged 11 nm. The average size was determined 
from TEM observations of over 200 particles. In addition another set of solution-treated specimens 
underwent a two-step aging treatment, that is, aging at 573 K for 3.0 x 102, water quenching, and then 
aging at 623 K for 6.48 x 104 s. This two-step aging produced Al3Sc particles with the same diameter 
of 11nm. The two-step-aged specimen will be referred to as specimen OA2. Judging from the Al-Sc 
equilibrium phase diagram [5], the volume fractions of the Al3Sc particles in specimens UA, OA and 
OA2 are nearly identical and are estimated as 0.007. 

 All mechanical tests were carried out at 423K in air. Tensile properties were determined with 
an initial strain rate of 3.0 x 10-3 s-1. Fully-reversed tension-compression fatigue tests were performed 
under stress-amplitude control. The ramp loading method [6] was adopted and the ramp loading 
length was set to 30 cycles. A low frequency of 0.5 Hz was employed when the tests were started and 
the frequency was increased up to 10 Hz after several tens of cycles. The stress-strain hysteresis loops 
were monitored with a digital oscilloscope. 

 The fatigued specimens were sliced into 3mm disks parallel to the stress axis and were 
mechanically ground down to 0.2 mm. Thin foils for TEM observations were prepared by 
electro-polishing. Microscopy was performed with JOEL-2000EX and JOEL-2010FEF microscopes 
operating at 200 kV. 

Results and Discussion 

Mechanical Properties. The solutionized and aged specimens were coarse-grained with an equiaxed 
grain size of 0.5 to 1 mm. The Al-Mg-Sc ternary equilibrium phase diagram [7] shows that Mg in the 
present Al-1mass%Mg-0.27mass%Sc alloy does not form any compounds at the aging temperatures 
examined. In fact, aging of the alloy at 573 and 623 K produced only spherical Al3Sc particles in the 
Al matrix. 

Table 1 summarizes the tensile properties of specimens UA and OA tested at 423 K. For 
comparison, the results obtained at RT are also indicated. At 423 K, the values of 0.2% proof stress of 
the specimens UA and OA are almost the same. The values of 0.2% proof stress and tensile stress of 
both the specimens are smaller than those obtained at RT, while the values of fracture strain of 
specimens show a reverse tendency. 

 
Table 1 Tensile properties of specimens UA, OA and OA2 obtained at 423 
K and room temperature (RT). 

Specimen  
0.2% proof 

stress 
(MPa) 

Tensile 
stress 
(MPa) 

Fracture 
elongation  

(%) 

  423 K RT 423 K RT 423 K RT 

UA  127 130 150 170 24 21 
OA  121 125 147 174 27 21 

OA2  118 125 143 172 29 24 

 
Fatigue tests under stress-amplitude control were performed at 423 K under stress amplitude 

control condition. The cyclic-deformation curves of specimens OA and UA are shown in Figs. 1 (a) 



 

and (b), where the plastic strain amplitude εpl is plotted against the number of fatigue cycles (N). In 
the case of stress-controlled tests, the decrease of εpl against N means cyclic hardening, and the 
increase of εpl corresponds to cyclic softening. For comparison, the cyclic-deformation curves for 
specimens OA and UA obtained at RT are also indicated in Figs. 1 [8]. 

In the OA specimens, monotonic hardening can be seen. The εpl decreases rapidly with increasing 
N and finally reaches saturation at all applied stress amplitudes. In contrast, the cyclic deformation 
curves of specimens UA show initial hardening and then clear cyclic softening at all stress amplitudes. 
No crack was detected on the specimen surface, indicating that the cyclic softening in specimens UA 
is not caused by surface crack initiation. The difference in the fatigue behavior between the 
specimens OA and UA will be discussed bellow in terms of the difference in the size of the Al3Sc 
particles. 
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Fig. 1 Cyclic-deformation curves of specimens (a) OA and (b) UA obtained under various stress amplitudes σa. 
Also shown are the results obtained at RT [8]. 

 

Fig. 2 TEM micrographs of specimens (a) OA and (b) UA fatigued under σa = 90 MPa. The 
inset in (a) is enlarged dark-field image. 

 
Microstructures. Figures 2 (a) and (b) depict the typical fatigue dislocation microstructures formed 
at 423K under a applied stress amplitude σa of 90 MPa for specimens OA and UA. In the specimen 
OA, dislocations were uniformly distributed under all applied stress amplitudes, whereas the 
specimen UA, in which cyclic softening occurred in Fig. 1(b), exhibited clearly developed slip bands 
along the trace of primary slip plane. These slip bands indicate the occurrence of very 
inhomogeneous deformation. In other words, strong strain localization took place within the slip 
bands. Such strong strain localization usually causes the destruction and re-dissolution of particles [9]. 
To check whether shearing of Al3Sc particles occurred during fatigue tests at 423 K, the average size 
of the Al3Sc particles within slip bands or in the matrix was measured by TEM using a specimen UA 
re-aged at 623K for 6.48 x 104 s following a fatigue test to failure. The resulting average diameters 
were about 9 nm within the slip bands and 12 nm in the matrix. This discrepancy in the particle size 
implies that the small Al3Sc particles of 4 nm were cut by moving dislocation within the strongly 



 

strained slip bands. The cyclic softening in specimen UA in fig. 1 (b) can then be explained by a 
decrease in particle strengthening through particle shearing or re-dissolution within the slip bands. 

 
Fatigue Life. The results of fatigue life tests 
(S-N curves) for specimens UA and OA are 
shown in Fig. 3, where σa is plotted as a 
function of the number of cycles to failure 
(Nf). Since slip bands are known as sites for 
crack initiation, as would be expected, the 
specimen OA shows more enhanced fatigue 
life than the specimen UA. 

In the specimen OA, precipitate-free 
zones (PFZs) were formed near the grain 
boundaries, and the averaged PFZs width 
was about 200 nm. In the addition to the 
difference in Al3Sc particle sizes as 
mentioned above, the existence of PFZs can 
be pointed out as another factor affecting 
fatigue life. These PFZs have a low yield 
stress in comparison with the grain interior, thus favoring dislocation movement, and eventually 
crack nucleation seems to occur within the PFZs. In fact, the macroscopic cracks nucleated and 
propagated predominantly along the grain boundaries in the specimen OA, but the crack nucleation in 
the specimen UA occurred almost exclusively along the slip bands. Thus, It can be said that the 
existence of PFZs has a detrimental influence on the fatigue life of specimen OA. 

The tensile properties of specimen OA2, two-step aged at 573 K for 3.0 x 102 s and then at 423 K 
for 6.48 x 104s, are summarized in Table 1. The two-step aging did not essentially change the Al3Sc 
particles size and the strength but does increases the elongation. Also, the width of PFZs was reduced 
from 200 nm to 110 nm by the two-step aging. Comparison between the S-N curves of specimens OA 
and OA2 in Fig. 3 shows that the two-step aging results in enhanced fatigue life. Therefore we 
conclude that the decrease in the PFZ width brings about the increase in the fatigue life. 

Summary 

Stress amplitude controlled fatigue tests of Al-Mg-Sc alloy polycrystals with Al3Sc particles of 4 
and 11 nm in diameter were performed at 423 K. The results and conclusions are summarized as 
follows. 

(1) Specimens UA bearing 4 nm Al3Sc particles show cyclic softening, while specimen OA with 
11 nm Al3Sc particles show cyclic hardening to saturation. 

(2) In the specimens UA, slip band dislocation structures are observed, and, in the specimen OA, 
dislocations are uniformly distributed. 

(3) The cyclic softening of specimen UA is caused by shearing of small Al3Sc particles within the 
slip bands. 

(5) Two-step aging brings about reduction in the width of precipitate-free zones in the specimen 
with large particles and, as a result, it enhanced the fatigue life of the specimen. 
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Fig. 3 S-N curves for specimens OA, UA and OA2 
obtained at 423 K. The results for specimens OA and UA 
obtained at RT are also indicated [8]. 
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