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Summary
When the size of a physical system is smaller than its characteristic dimensions,
the macroscopic viewpoint may not be applicable. In addition, experiments at micro/nanometer scale are difficult and the analysis of nano-experimental data is far
from simple. This is mostly due to the lack of effective models that are able to study
the structural characteristics and mechanics behavior of the micro/nanometer physical systems. Atomic simulation simulation has been used extensively in the investigation of nanoscale phenomena. However, the size limit of atomic simulation is
far short to reach the macroscale because of the limitation in computer capacity.
Therefore, the atomic simulation alone cannot predict the properties and responses
of macroscopic/microscopic materials directly from their nano-structures.
On the other hand, the conventional continuum based finite element method
(FEM) are not applicable to nanoscale components because they are developed for
macro/microscale problems. The macro/microscale behaviors of the materials are
incorporated in the conventional continuum FEM via the constitutive models of
solids, which are usually determined from macroscopic experiments. These constitutive models represent the collective behavior of many atoms, and cannot accurately predict the response of discrete atoms.
Since the atomistic and continuum simulations have difficulties to investigate
the material behavior at micro- and nano- scales, respectively, recently developed
multiscale simulation approaches have emerged as a viable means to study materials and systems across different length scales [1-7]. Such multiscale approaches
utilize the atomic simulation and the finite element method for the atomistic and
continuum descriptions, respectively. The basic idea is to combine the atomistic
simulation methods which capture the nanoscale physics laws with the continuum
FEM which represents the collective behavior of atoms but significantly reduces
the degrees of freedom [8-12].
Tribology is the science and technology of interacting surfaces in relative motion. It is of immense economic importance [13-15]. Tribology has found wide
acceptance in both science and engineering. The study of rolling element bearings,
seals, gears, cams, viscous dampers, human joints, and magnetic storage devices,
are some of the applications in which tribology is currently used. Tribology is also
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critical for the design of MEMS/NEMS and BioMEMS/BioNEMS [16, 17]. For example, adhesion between biological molecular layers and the substrate, and friction
and wear of biological layers are important for BioMEMS/BioNEMS applications.
In nanotriboligical contact of nanocoating/substrate systems, the coating and its
tribological contact are at atomic scale while the much thicker substrate can be at
micrometer scale. To fully understand the mechanics behavior and the role of coating/substrate interface, the atomic structure of the coating/substrate interface has
to be determined by an atomistic description [18-24]. The fundamental structure
of such coating/substrate system should be reflected in theoretical model. This is
a multiscale problem: the nanocoatings and the heterostructure interface should be
described by an atomistic model, while the much thicker substrate should be modeled by the traditional finite element method. The typical description of this multiscale approach for the nanotribological contact of a nanocoating/substrate system
is shown in Fig. 1.
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Figure 1: Atomic configuration/finite element multiscale computation of a nontribological contact (through an indenter) of a nanometer coating on a much thicker
substrate (a 2-D example).
This paper contains two parts. The first part is the development of a coupling
atomistic and finite element model to simulate the systems with micrometer and
nanometer length scales. The second part is the application of this multi-scale
coupling model to the analysis of the tribological contact analysis of a nanocoating/substrate system. In the simulation, it is important to understand that the characteristic length scales of the atomistic and continuum systems are inherently different. The atomistic system’s length scale is invariably set by the bond lengths
and is the same throughout the system. The continuum system’s length scale, on
the other hand, is set by the size of the finite elements used, and it can vary within
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the system. These two systems must be properly coupled together so that their characteristic length scales will match. For this, fine meshing in the substrate towards
the coating direction is made until atomistic dimensions are reached. Therefore, the
finite element grid and the atomistic lattice coincide each other at the connection
face between the atomic domain and the finite element domain.
In principle, both nanocoating and the much thicker substrate can be modelled by atomic model. But this is apparently not practically since the time taken
for the calculation of a huge number of atoms is not affordable. The proposed
atomic model, coupled with finite element method, is especially efficient for the
multi-scale simulation of nanocoating/substrate systems. The approach uses the
atomistic simulation methods for domains in which the discrete motion of atoms is
important and must be accounted for, and use the continuum FEM for the rest part
of the structure where the response of materials and systems can be represented
by the continuum models. The method is introduced for reducing the degrees
of freedom in simulations of mechanical behavior of materials without sacrificing important physics. By simulating nanoscale contact region, the nanocoating,
and the coating/substrate interface via atomic model, more physical phenomena
can be revealed than by using continuum model alone. Numerical results in this
paper include the local stresses and deformations underneath the indenter and at
the coating/substrate interface. Cracking mechanisms of coating and delamination
of the coating/substrate interface are explored. In addition, the effects of residual
stresses, coating/substrate interface adhesion strength, coating thickness, and the
indentation load are also investigated.
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