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Supplementary Figure 1 | Structure of the hierarchical nanostructured Al alloy and 

polycrystalline Al in MD simulation. a, volume variation of Al85Ni15 during quenching. b, The 

partial RDF curves of Al85Ni15 after quenching and relaxation. The atomistic model of c, Glass-

crystal hierarchical nanostructure composed of amorphous Al85Ni15 and Al nanograins, and d, 

polycrystalline Al, colored by CNA method (green: fcc, light grey: disordered). 

  



3 
 

 

Supplementary Figure 2 | The atomistic model and deformation mode of the glass-crystal 

hierarchical nanostructure with 2.5 nm-thick MG phase. The atom configurations at strains of  

a, 0%, b, 10% and c, 30% colored by CNA method. The corresponding ASS distribution of the 

hierarchical nanostructure at the strain of d, 10% and e, 30%. 
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Supplementary Figure 3 | HRTEM image of the grain-grain interface in the crystallized Al 

alloy. The hierarchical nanostructured Al alloy was annealed at 300 ºC for 2 h to fully crystallize 

the amorphous phase. The inset FFT image is generated from the dashed rectangle area in the main 

image, showing this area is not amorphous. 
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Supplementary Figure 4 | Mechnical property of the hierarchical nanostructured Al alloy 

pillar with diameter of 8 μm. The insets are SEM images (tilt by 60º) of the pillar before and 

after compression, which show homogeneous plastic deformation. 
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Supplementary Figure 5 | Tension property of the hierarchical nanostructured Al alloy (2 

μm-width dog-bone shaped sample). Snapshots from SEM in-situ tension movie (Supplementary 

Movie 4) a, before and b, during tension, showing 16.5% engineering strain of the sample. c, 

Tensile true stress-strain and engineering stress-strain (inset) curves of the sample. The error bars 

are standard deviations. 
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Supplementary Figure 6 | Structure and mechanical property of the hierarchical 

nanostructured Mg alloy. a, Cross-sectional TEM image of the hierarchical nanostructured Mg 

alloy, showing nanograins surrounded with light contrast grain-grain interfaces. b and c are the 

zoomed-in images in a. b shows a nano-sized amorphous phase forms between the two grains. The 

FFT image (inset) of the dashed rectangle region in b shows a halo ring pattern, indicating an 

amorphous structure. c shows a hcp structure with zone axis of [-2 4 -2 3].  d, Compressive 

engineering stress-strain curves of the hierarchical nanostructured Mg alloy and Mg-based MG 

pillar samples with the same diameter of 1 μm. The plasticity of the hierarchical nanostructured 

Mg alloy is lower than that of the hierarchical nanostructured Al alloy, which may be attributed to 

that its nanograins possess hcp structure and are not homogeneously distributed. 
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Supplementary Figure 7 | Specific yield strength vs. E/σy diagram for ultrastrong materials, 

where E is the Young’s modulus and σy is the yield strength of a material. Smaller E/σy indicates 

the strength is much closer to the theoretical limit, that E/σy=20 is the near ideal-strength regime14. 

The data points are all from compression tests1-11. The error bar is standard deviation. 
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Supplementary Figure 8 | Compressive true stress-strain curve for the hierarchical 

nanostructured Al alloy pillar sample (1 μm diameter), showing a, ultrahigh strength and large 

plasticity with strain hardening. b, a 2 μm-diameter pillar sample was compressed to 66% (dark 

line), and subsequently was milled to diameter of 1 μm with aspect ratio of 2:1, and at last was 

performed by compression test (red line), which confirms the strain hardening capacity. The inset 

images in a and b illustrate relative size of the pillar samples and their fabrication procedure.  
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Supplementary Figure 9 | Structure evolution difference between the hierarchical 

nanostructured Al alloy and polycrystalline Al in MD simulation. The atomic configurations 

of the hierarchical nanostructured Al-based alloy (a and b) and polycrystalline Al (d and e) at a 

strain of 0% and 7.5%, colored by CNA method. The corresponding ASS configurations at a strain 

of 7.5% for the hierarchical nanostructured Al-based alloy (c) and polycrystalline Al (f). 
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Supplementary Figure 10 | Structure evolution of a layered model fcc-Al/GB/Al85Ni15 MG in 

MD simulation. a, The schematic diagram. b-e, The successive atomic snapshots during 

compression. 
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Supplementary Figure 11 | Structure evolution of a layered model fcc-Al/Al85Ni15 MG in MD 

simulation. The successive atomic snapshots colored by CAN method (a-c) and the corresponding 

ASS configurations (d-f) during compression.   
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Supplementary Figure 12 | Morphology evolution of the glass/crystal interface in MD 

simulation. Front view and side view of the glass/crystal interface morphologies in a layered 

model fcc-Al/Al85Ni15 MG before (a and b) and after (c and d) compression.  
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Supplementary Figure 13 | The variation of the fraction of crystal in the hierarchical 

nanostructured Al-based alloy during plastic deformation in MD simulation. 
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