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model with a 100% random distribution. There is an observable local damage at the surface for the 

model with a 100% stringer distribution. This damage, however, does not propagate through the 

thickness to form macroscopic cracks. From the equivalent plastic strain maps of models with 

different stringer levels from 0% to 100% stringers for r/t=0.25, no apparent damage develops when 

the model consists of 100% random particles. When the model has 100% stringer, however, there is 

observable damage on the surface at a bend angle of α=100
o
. With continued deformation, 

considerable damage can be observed leading to very large cracking at α=180
o
. For the models of 

intermediate particle distributions, in general, the extent of crack opening is proportional to the 

volume fraction of stringers. For the case of 20% stringers, a crack developed just beneath the surface 

and a shear band leading up to the surface developed from the crack. When the volume fraction of 

stringers is increased to 40 %, multiple crack openings are found. None of these cracks, however, 

propagates deep through the thickness. With stringer volume fraction greater than 60%, however, a 

large crack can be developed along with several minor surface cracks. The crack initiation is closely 

related to the local particle distributions near the surface, while the crack propagation is related to the 

particle distribution underneath this location.  

 

To illustrate the details of particle distributions on crack initiation and propagation, the crack paths 

are shown on the equivalent strain contours drawn on the non-deformed shape in Figs. 6(a)-(d) for 

various bend angles and 100% stringer particle distribution. In these figures, the areas delineated by 

rectangles are enlarged to show the details of the crack propagation paths. The damage is initiated 

close to the surface near or between particles in stringers (Fig. 6(a)) where the stringers are more 

densely packed. The damage propagates towards other area with densely packed stringers (Fig. 6(b)) 

through localized shear bands. The crack propagation through the thickness occurs along stringers 

and jumps in a zig-zag manner to other stringers (Fig. 6(c)) through excessive deformation of the 

shear bands in the matrix material. Another interesting phenomenon is that the shape of crack path is 

curved where the path is more parallel to the sample surface when it propagates through the thickness, 

which is consistent with experimental observation, which can facilitate crack propagation along the 

stringer when the crack goes deep. It must be noted that the propagating crack at the very end of the 

simulation may not be real as it is too close to the bottom edge where displacement is driven by the 

results from the global model where a more gradual and homogeneous deformation is enforced even 

if the inhomogeneity due to particle distributions is introduced there (Fig. 10(d)).  

 

 
Fig. 6. The equivalent strain contours drawn on non-deformed shape which shows the damage evolution with bending 

angles for the sub-models for the case of 100% stringer and r/t=0.25 
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As for the influence of stringer volume fraction, the observation can be explained as follows. The 

higher the volume fraction, the smaller is the average spacing between stringer through the thickness 

and consequently, there are more areas of densely packed stringers. These densely packed stringer 

regions facilitate faster crack propagation and lead to larger cracks at the end of deformation. 

However, it seems that there is an exception (scatter) for the case when the stringer fraction is 60%, 

where longer and larger cracks are developed than the case when the fraction is 80 %. In this case the 

initial and lone large crack is propagated through the thickness until the final deformation. It is to be 

expected that there is some scatter in the results because random positioning of the isolated particles 

or stringer in the virtual particle field generation process may not be completely “random”. The fields 

generated from different randomization attempts are actually not the same. In this particular case, the 

arrangement of stringers on the left side of the model on the surface and underneath facilitates the 

propagation of the initial nucleated crack. It seems that the cracks initiated earlier will be long and 

wide toward the end as they endure longer propagation times than those initiated later.   

4. Conclusion 

From this review of microstructure-based models of formability of automotive aluminum alloys, it is 

seen that the inhomogeneity caused by spatial grain orientation distributions and second phase hard 

particles have important roles in the development of strain localization. The particle distribution plays 

a key role in controlling the fracture process such as post-necking deformation and fracture in 

uniaxial tension and the bending behavior in wrap bending tests. In agreement with experimental 

observations, the models indicate that stringer distribution will shorten the post-necking thinning 

process and lead to earlier fracture and inferior bendability. 
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