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Au (111) nanoindentation – MD analysis

• Early stages of indentation 
mediated by a small number of 
defects → Need Need atomisticsatomistics

• But elastic (long range) field 
important too → large cellslarge cells

• Indenter sizes ~ 70 nm, film 
thickness ~ 1 µm → large cellslarge cells

• The vast majority of atoms in 
MD calculations move 
according to smooth elastic 
fields → MD wastefulMD wasteful!

•• MixedMixed continuum/atomistic continuum/atomistic 
description.

Li, J., K.J. Van Vliet, T. Zhu, S. Yip, S. Suresh, 
“Atomistic mechanisms governing elastic limit 

and incipient plasticity in crystals”, Nature, 418, 
(2002), 307.

?
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Multiscale continuum/atomistic models

•• ObjectiveObjective: OneOne modelmodel which bridges atomistic and which bridges atomistic and 
continuum descriptionscontinuum descriptions seamlesslyseamlessly, i.e., contains 
atomistic and continuum limits as special cases.

• All physicsphysics should be defined at the fundamentalshould be defined at the fundamental
(atomistic) levellevel (e.g., empirical potentials, DFT).

•• CoarseCoarse--graining should not introduce additional graining should not introduce additional 
physics or assumptionsphysics or assumptions (e.g., random noise, 
viscosity, thermostats, thermodynamic equilibrium…).

•• Coarsening/refinementCoarsening/refinement should be::
–– InhomogeneousInhomogeneous (e.g., full atomistics within defect 

cores, continuum-like behavior away from defects) 
–– AdaptiveAdaptive, i.e., local resolution should be provided 

by the method itself as part of the solution.
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The quasicontinuum (QC) method, T=0
Tadmor, Ortiz and Phillips,Phil. Mag. A, 76 (1996) 1529. 
Knap and Ortiz, J. Mech. Phys. Solids, 49 (2001) 1899.
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Lattice statics – Problem definition
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Lattice statics - Problem definition
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QC - Reduction
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QC - Reduction
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QC - Reduction
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QC - Reduction
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QC – Lattice summation rules
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QC – Reduced equations
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Lattice summation rules - Stability

Zero-energy mode of 32x32 Lennard-Jones fcc
cluster resulting from node-based summation rule.
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Cluster-based lattice summation rules
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Cluster-based lattice summation rules

Truncation scheme for
overlapping clusters
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Cluster sums - Effect of cluster size

Effect of cluster size on energy error for 0.1σ indentation
of 64x64x64 fcc cell sample of Lennard-Jones crystal.
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QC - Convergence

Convergence of energy error under regular refinement of 
fcc cell sample of Lennard-Jones crystal under point load
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QC - Adaptivity

Longest-edge bisection
of tetrahedron (1,2,a,b)

along longest edge (a,b)
and of ring of tetrahedra

incident on (a,b)
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Nanoindentation of [001] Au

(Kiely and Houston, Phys Rev B, 1998)
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Nanoindentation of [001] Au

• Nanoindentation of [001] 
Au, 2x2x1 micrometers

• Spherical indentor, R=7 
and 70 nm

• Johnson EAM potential
• Total number of atoms ~ 

0.25 10^12
• Initial number of nodes ~ 

10,000
• Final number of nodes ~ 

100,000
Detail of initial computational mesh

(Knap and Ortiz, 2002) (Movie)
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Nanoindentation - [001] Au

7 nm indenter, depth = 0.92 nm
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Nanoindentation - [001] Au

7 nm indenter, depth = 0.92 nm
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Nanoindentation - [001] Au

70 nm indenter, depth = 0.75 nm
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Nanoindentation - [001] Au

(Movie)

70 nm indenter, depth = 0.75 nm
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QC extensions: Complex lattices

Ag-Au nanoindentation
(Kovalewsky and Ortiz, 2003) 

A B

(Movie)
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QC extensions: Charge redistribution

Tetragonal (room temp)

O2-

Ba2+
Ti4+ c

a

BaTiO3
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QC extensions - Dynamics

Shenoy, Ortiz and Phillips 
(unpublished) 
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QC extensions – Finite temperature
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QC extensions – Coupling to OFDFT

X Y

Z

1000 nm 1000 

nm

1000 nm

E.A. Carter, M. Fago, R. Hayes, M. Ortiz, 2002

Structure: fcc Al crystal
Size: 2µm x 2µm x 1µm single crystal
Indenter radius: 0.75µm 
Mesh: 105 elements  ⇒ 420 OFDFT calculations
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Concluding remarks
• Continuum/atomistic methods are useful for:

– Overcoming the size and time limitations of straight 
molecular dynamics

– Building atomistic realism and fidelity into 
continuum boundary value problems

• Outstanding issues:
– Mathematical analysis
– Mesh optimization
– Finite temperature
– Transport properties: 

• Mass 
• Viscosity
• Heat conduction

– Dislocation dynamics Nanovoid cavitation
Marian, Knap and Ortiz

(2003)


	Mixed continuum/atomistic models: The quasi-continuum method
	Au (111) nanoindentation – MD analysis
	Multiscale continuum/atomistic models
	The quasicontinuum (QC) method, T=0
	Lattice statics – Problem definition
	Lattice statics - Problem definition
	QC - Reduction
	QC - Reduction
	QC - Reduction
	QC - Reduction
	QC – Lattice summation rules
	QC – Reduced equations
	Lattice summation rules - Stability
	Cluster-based lattice summation rules
	Cluster-based lattice summation rules
	Cluster sums - Effect of cluster size
	QC - Convergence
	QC - Adaptivity
	Nanoindentation of [001] Au
	Nanoindentation of [001] Au
	Nanoindentation - [001] Au
	Nanoindentation - [001] Au
	Nanoindentation - [001] Au
	Nanoindentation - [001] Au
	QC extensions: Complex lattices
	QC extensions: Charge redistribution
	QC extensions - Dynamics
	QC extensions – Finite temperature
	QC extensions – Coupling to OFDFT
	Concluding remarks
	
	
	
	
	
	



