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Background & Motivation

Ongoing advancements in fabrication methods have enable the development of 

nanocrystalline materials which exhibit numerous desired properties – high strength, 

diffusivity and electrical resistivity- that are directly from the grain boundary 

content[1]. 

• The thermodynamical instability of the nanocrystalline materials is unconventionally high 

resulting in rapid grain growth at relatively low temperatures, as evidenced by recent 

experiment and computational studies[2-5]. 

• Solute segregation to grain boundaries can reduce grain boundary energy and therefore 

should also lead to stabilizing and hardening the alloys. Indeed, grain boundary 

strengthening by solute additions has been predicted by a number of Molecular Dynamics 

simulations[6,7].  

• The focus of this study was to examine the effects of solute on strength in 

nanocrystalline Al-Mg alloy by Molecular Dynamics simulations.

• Mg is selected added to Al to promote GB segregation strengthening based on Al-based 

stability map.  

• The implications of stabilizing GBs through doping on the governing deformation 

mechanisms is studied by MD simulation. 

Molecular Dynamics Simulation Procedure

Nanocrystalline Al-Mg alloys are built with different grain size and solute content:

• In this research, the equiaxed polycrystalline structures will first be built by Voronoi 

tessellation procedure. Then, the structures are relaxed and deformed by using LAMMPS 

and EAM potential to capture atomic forces.

• Introducing solute atoms into the pure Al systems are implemented by two methods. In 

one set of samples, the Al atoms will be randomly replaced by Mg atoms. The other set of 

samples, a hybrid MD/MC scheme[8] is utilized to introduce Mg atoms to achieved a 

equilibrium state with solute segregation at grain boundaries. 

• Al-Mg alloys are applied  by the uniaxial tensile loading in the X-direction, the strain rate 

is 109 s-1 .The deformation behavior of  Al-Mg structures are analyzed by a series of 

analysis methods as CNA(Common Neighbor Analysis), Slip vector, Microrotation.

The Implications of Grain Boundary State for Mechanical Properties
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Conclusions

• MD simulation of nanocrystalline Al-Mg alloys of various solute contents and grain sizes are preformed to study the chemical structures, especially of the GBs, and the mechanical properties of these alloys. The element distribution in the GBs 

is of great importance for the strength of a nanocrystalline alloy. The equilibrium solute configuration in the GBs is inherently different from the random solid solution alloys.

• Solute enrichment at GBs lowers their energy, which reduces the GB plasticity component of deformation via local atomic shuffling GB segregation reduced strain accommodated by GBs, which delayed the onset of dislocation plasticity in 

turn enhancing the flow stress. This effect is eliminated at higher compositions where solute distributions become homogeneous.

• Deformation mechanisms of Al-Mg alloys are revealed by a series of  simulation analysis methods that GBs plasticity and dislocation activity are studied by Microrotation and Green strain tensor. 

Quantifying Grain Boundary Segregation
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GB solute excess drives the reductions in GB energy and excess free volume  

1 at.% Mg 5 at.% Mg

20 at.% Mg10 at.% Mg

Peak difference in flow stress aligns with the GB segregated state

This corresponds to a reduce excess free volume

What about deformation mechanisms?

• Strength scaling quantified from flow curves

Hybrid system has higher solute segregation at GB, the segregation states converge at higher 

concentration

Energy 

Minimization

▪ Conjugate 

gradient (CG) 

relaxation to a 

final relative 

energy 

convergence of 

10-12

▪ MD relaxation at 

50K for 0.2 ns

▪ Average grain 

size of 10 nm 

𝐵𝐹𝑉 = 𝐴𝑉𝑔𝑏 − 𝐴𝑉𝑠𝑖𝑛𝑔𝑙𝑒 (Xgb)
𝛾 =

𝐸𝑝𝑜𝑙𝑦 − 𝐸𝑠𝑖𝑛𝑔𝑙𝑒

𝐴𝑔𝑏

At the peak stress near 

yielding, GBs plasticity 

reduced in the solute 

segregated structure and 

dislocation plasticity 

delayed to larger strains

ε= 5.71% ε= 5.79%ε= 5.75%ε= 5.6%CNA

Microrotation(MR)

GB segregation reduced strain 

accommodated by GBs, which 

delayed the onset of dislocation 

plasticity in turn enhancing the flow 

stress

→GB energy and dislocation 

nucleation

→Transition post-yield due to reduced 

degree of dislocation plasticity
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Microrotation of GB

20at.% MD 20at.% Hybrid
At the lower strain, MR of 

GB at MD is greater than 

Hybrid, the values of MR 

are converged in the higher 

strain. For the higher 

composition(above 20%), 

MR are become similar


