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ABSTRACT 
 
Quasicontinuum simulations have been performed to 

study the nanoindentation of a columnar grain boundary 
(GB) network in nanocrystalline Al at zero temperature.  
The objective was to investigate the relationship between 
structural evolution at GBs and incipient plasticity when the 
average grain size becomes smaller than the nanoindenter 
tip radius. A GB network made of low-angle and high-
angle <110> tilt GBs was simulated by generating 
randomly-oriented 5-nm grains at the surface of a 200 nm-
thick film. The major conclusions of this investigation are 
that (1) nanocrystalline GB networks cause significant 
softening effects at the contact interface; (2) GB movement 
and deformation twins are found to be the predominant 
deformation modes in columnar nanocrystalline Al; and (3) 
the cooperative grain deformation behavior is driven by the 
redistribution of atomic shear stress gradients between 
grains. 
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1 INTRODUCTION 
 
The structure of a grain boundary (GB) network has a 

pronounced influence on the deformation of nanocrystalline 
metals.  This observation is supported by atomistic results 
showing that intergranular slip and GB behavior such as 
GB sliding and GB migration, can vary in nanocrystalline 
metals based on the type of structural units and point 
defects present in the GBs [1].  In addition, grain growth 
via GB movement mechanisms has been observed in 
nanocrystalline Al at room temperature under in-situ TEM 
nanoindentation [2].  Similarly, recent evidence of rapid-
grain growth at room and cryogenic temperatures has been 
found in nanocrystalline Cu under micro-indentation [3].  
This abnormal GB behavior is not fully understood in 
nanocrystalline metals.  Furthermore, the effect of 
nanoindentation on grain size evolution in nanomaterials 
needs to be fundamentally addressed. 

In the present paper, we report on the nanoindentation 
of a columnar GB network in nanocrystalline Al simulated 
by hybrid continuum/atomistic modeling.  This 

investigation aims at understanding the relationship 
between structure evolution at GBs and incipient plasticity 
for indenter tips significantly larger than the average grain 
size.  The nanoindentation simulations were performed by 
quasicontinuum method at zero temperature.  A GB 
network made of vicinal and high-angle <110> tilt GBs was 
studied by generating randomly-oriented nanosized grains 
at the surface of a 200 nm-thick film.  This study shows for 
the first time the simulation of growth, coalescence and 
disappearance of nanosized grains by nanoindentation in 
the athermal limit. 

Section 2 provides the details of the computational set 
up.  In Section 3, we present and discuss the 
nanoindentation response and underlying deformation 
mechanisms of both single crystal and nanocrystalline Al 
films. 

 
 
2 COMPUTATIONAL PROCEDURE 

 
Both film and indenter geometries were simulated using 

the quasicontinuum method [8].  This technique provides 
the solution of equilibrium atomic configurations by energy 
minimization, given externally imposed forces or 
displacements; and does not explicitly represent every atom 
in the simulation cell.  In fact, the regions of small 
deformation gradients are treated as continuum zones by 
finite element method.  In the present model, only the 
region at the interface between indenter tip and substrate 
was modeled by full atomistic.  The indenter was 
represented by an Al single crystal cylinder with a radius of 
15 nm.  The indenter axis was oriented along the [ 011 ] 
direction with a <100> direction of indentation.  The film 
dimensions were 400nm × 200nm × 0.286nm.  The size of 
the full atomistic zone was 50nm × 25nm.  A periodic 
boundary condition was imposed in the out-of-plane 
direction.  Two structures were studied for the film.  The 
first structure consisted in a single crystal with a (111) 
surface and a [ 011 ] out-of-plane direction.  The second 
structure investigated was a polycrystal constructed as 
follows.  Reference atoms were placed randomly in the 
sample at an average distance equal to the desired grain size 
and GBs were formed by a Voronoi construction which was 
based on a constrained-Delaunay connectivity scheme.  For 
this study, the average grain size was 5 nm.   
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