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Molecular dynamics simulations are used to investigate the micro-mechanisms of
nano-indentation for tip to substrate contact. The method combines a many-body
interatomic potential derived from the nearest-neighbor EAM and brownian dynamics (BD)
approach to simulate a rigid tip indenting Cu (001) surface. Elastic contact and plastic
instability of the crystal are investigated through the loading-unloading cycle, the variations
of the system potential energy versus the tip approach, the atomic stress distributions and
the portraits of atomic trajectories and configurations. For elastic indentation, we find that
atomistic stress distributions resembling roughly to those of the continuum Hertzian fields,
except for a jump-to-contact phenomenon in the initial contact stage. When the tip
approach is beyond some critical value, plastic instability of the substrate occurs, and both
the contact load and potential energy decrease dramatically. Detailed calculations reveal
that material yield at the atomic level is still governed by the von Mises shear strain-energy
criterion, while atomistic trajectories show that the displacements in (010) plane of atoms
near the contact region is similar to that in Johnson’s cavity model, accompanied by atomic
cross-layer movements in [010] direction to release the strain energy. The crystal defects
after plastic indentation include subsurface cavities, surface atomic steps and plastic
indent. C© 2000 Kluwer Academic Publishers

1. Introduction
The behavior of solid surfaces under macroscopic and
microscopic indentation have been studied intensively
over the past ten years, both in experimental and the-
oretical aspects [1–3]. These critical investigations are
directly related to the tribological performances of con-
ventional engineering surfaces, and more recently, of
those used in magnetic recording devices and micro-
electronics, such as smooth ultrathin films with novel
microstructures. In recent years, the rapid emergence
of microelectromechanical systems (MEMS) has in-
creased thedemand for achieving submicrometer tol-
eranceswithout sacrificing the reliability of ingenious
components [4]. In engineering precision cutting pro-
cesses, high-tolerance parts with dimensional toler-
ance of a few tens of nanometers are currently being
produced using advanced diamond tools [5]. In these
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circumstances, surface contacts or indentations may oc-
cur in grain boundaries or within a single grain, results
in nano-indentation problems. It is obvious that contin-
uum contact mechanics [6] could not be used to deal
with these difficult tasks.

Molecular dynamics (MD) simulation, as a mature
computer experimental approach, opens a new av-
enue to search for the solutions to the above men-
tioned nanomechanics problems. As precursors, Land-
man et al. [7] used molecular dynamics simulations
and atomic force microscopy (AFM) to investigate the
atomistic mechanisms of nickel tip to gold surface adhe-
sion, nanoindentation and separation processes. Belak
and Stowers [8] made MD simulations of nanometer-
scale deformation of metallic and ceramic surfaces. At
approximately the same time, a massive MD system
composed of over one million atoms were established
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to investigate the non-equilibrium indentation of two-
dimensional crystals [9].

The experience of recent MD simulations in tribol-
ogy field has shown that this novel approach does give
significant insights into the atomic scale phenomena
related to contact formation, separation and fracture
of interfaces [7], friction at sliding diamond interfaces
with hydrogen or methyl group terminations [10], and
reduction in the adhesion force due to the presence
of adsorbed film on the substrate [11]. However, from
the point of view of micro/meso mechanics, a detailed
microscopic picture of material failures, such as sur-
face and near surface defects initiation and evolution
mechanisms in friction and wear processes is still lack-
ing. It is our purpose in this paper to give a complete
description of the tip-to-substrate approach, which is
similar to that of Landman [7] and Belak’s [8] prob-
lem. However, our emphases are placed on the atomic
stress analyses, load-approach and system potential
energy variations and the defects generation mech-
anisms during the elastic-plastic contact of crystals,
which have considerable practical relevance to the mi-
crohardness of ultra-thin films and the material failure
modes.

We conduct MD simulations via the embedded-
atom method (EAM) originally proposed by Daw
and Baskes [12]. But in practice, we adopt Johnson’s
first neighbor modifications (FNEAM) [13] for face-
centered cubic (FCC) copper to accelerate the force
calculations of interacting particles. In section 2, we
will give a brief description of our model system and
MD simulation method. We present our MD results
and analyses in section 3, followed by a summary in
section 4.

2. Methodology
Our MD system is composed of a crystal copper slab
with FCC structure exposing (001) surface, and inter-
acting with a blunted rigid tip. The tip is cleaved by
two (110) planes and two (001) planes from an FCC
structure, which makes the tip infinitely wide in the
[010] direction. The substrate contains two static bot-
tom layers and eighteen dynamic layers with each layer
consisting of 320 atoms. The total number of atoms in
the substrate is 6400, while that of the tip is 140 atoms.
The size of the MD cell in they direction [001] is
9.5a0, wherea0 is the equilibrium lattice constant (for
FCC Cu,a0= 0.3615 nm). This makes the substrate
have a thickness of about 3.4 nm, which is compara-
ble with that in nano-scale indentation hardness test of
thin films [14]. The sizes of the computational cell in
thex [100] andz [010] directions are 40a0 and 4a0 re-
spectively. Periodic boundary conditions are imposed
on [100] and [010] directions. In so doing, the tip-to-
substrate approach in our MD system mimics a plane
stain problem in the continuum elasticity.

In our previous simulations, we used the embedded-
atom method (EAM) developed by Foileset al. [15]
to calculate the atomic potentials and forces. How-
ever, we find it is more convenient to adopt Johnson’s
simple nearest-neighbor analytic model [13], which to

the first-order effects, takes into account the nearest
neighbor contributions to the electron density and the
two-body potential in the FCC lattice. In the Johnson’s
FNEAM, the cutoff distance is between the first and
second neighbors, which makes the force calculations
quite fast. Thus, in our MD simulations, this value is
taken to be 0.8a0 conveniently.

In this study, the substrate is treated as a cold crystal
slab with temperature being controlled around 0.1 K via
brownian dynamics method (see below). The reason for
doing this is that the fluctuations of the atomic stress dis-
tributions due to the thermal effects can be significantly
decreased, and moreover, the crystal defects initiation
mechanisms can be depicted clearly. However, a better
understanding of the thermal effects on these problems
is now being undertaken. The tip is treated rigid (the
tip atoms do not evolve with the time) and moves to-
wards the substrate with increments of 0.02a0 over 200
1t , where the time step1t = 3 fs. This corresponds to
an indentation speed of 12 m/s. For perfect crystals at
low temperature, the longitudinal sound speed is usu-
ally in the order of 103 m/s [9]. In comparison with
the indentation speed of the rigid tip, our results could
be recognized approximately as quasi-static in nature.
Prior to indentation, the distance between the bottom
layer of the tip and the topmost layer of the substrate is
set to be 0.8a0, and the corresponding tip approach is
denoted by zero.

The equations of motion of the dynamic substrate
atoms are integrated using a third order Verlet algo-
rithm for brownian dynamics (BD) [16]. Our earlier
calculations with predictor-corrector Gear-4 algorithm
and simple velocity rescaling [17] to control the tem-
perature revealed that nonphysical sound waves due to
the surface relaxation and tip indentation were reflected
between the bottom static layers and the free surface, re-
sulting in a non-Gaussian velocity distributions of par-
ticles in they [001] direction. These reflecting waves
can only be eliminated with the technique of stochastic
approach. Within the framework of brownian dynam-
ics (BD), the motion of atomic system is approximated
by including the systematic forceFi ({x(t)}) into the
ordinary Langevin equation:

mi ν̇i (t) = Fi ({x(t)})−mi γ νi (t)+ Ri (t) (1)

where Ri (t) represents a random “white noise” force
which is assumed to be stationary, Markovian and Gaus-
sian with zero mean, andγ is a damping coefficient,
its reasonable value isπ/6 times the Debye frequency
ωD (for FCC Cu,γ = 23·5 ps−1) [18]. The systematic
force Fi can be directly calculated from EAM poten-
tial, which may depends on the coordinates of all parti-
cles, denoted by{x(t)}. We control the system pressure
using the external pressure bath method [19]. The ex-
ternal reference pressurep0 is taken to be a few tens
of bar (in the order of 10−3 GPa). In comparison with
the atomic stresses during indentation, this represents
a vanishingly low pressure.

The atomic stresses for the system of discrete parti-
cles can be calculated through the dynamical theory of
crystal lattices by Born and Huang (1954) [20]. For
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many-body potentials, the atomic level stress tensor
associated with an atomα is [21]

σαi j =
1

Äα

∑
β(6=α)

∂Eα

∂Rαβi

Rαβj (2)

where the summation extends over all the neighbors of
atomα, Eα is the potential energy associated with atom
α derived from FNEAM, and is a function of the vector
Rαβ , separating atomα and its neighborsβ. Äα is the
atomic volume.

The atomic von Mises equivalent stress is

σeq= J
1
2

2 J2 = 1

2
Si j Si j (3)

where Si j is the deviatoric stress tensor, given by
Si j = σi j − 1

3σkkδi j .

3. Results and analyses
Prior to the tip approaching, we allow the substrate to
have 1ps relaxation, and find that the surface energy of
Cu(001) is 1.175 J/m2, a reasonable value lower than
the unrelaxed energy (= 1.20 J/m2) [13]. The surface
relaxation of the top layer spacingd12, and of the second
layer spacingd23 for (001) faces relative to the bulk
interlayer spacing are−3.5% and 0.2% respectively.

3.1. Elastic indentation and retraction
Fig. 1a and b represent the variations of the contact load
and system potential energy versus the tip approach,
respectively. We observe that during the initial con-

Figure 1 Variations of (a) the contact loadFy and (b) system potential energyEp versus tip-to-substrate approach.

Figure 2 Atomic configurations of (a) adhesion and (b) indentation.

tact stage, the attractive force between the tip and the
substrate increases dramatically, and the energy curve
decreases sharply. This instability corresponds to the
jump-to-contact (JC) Phenomenon [7]. Our simulations
show that during the JC process, the kinetic tempera-
ture of the system increases from 0.1 K to 0.35 K due to
the bulging of the surface atoms, then this temperature
rise is dissipated to the ambiance in a time span of 1 ps
through stochastic collisions. At onset of contact forma-
tion, where the tip approach is approximately 0.04a0,
the maximum attractive force, or the adhesion forceFy

attains a value of 16 nN. Fig. 2a shows an atomic (010)
slice at JC stage, which portrays the bulging of the sur-
face atoms just beneath the outmost layer of the tip.
The Cu atoms in the region of the surface under the tip
displace by approximately 0.15 nm toward the tip in a
short time span of 0.6 ps.

As the tip approach continues to increase, the load
curve starts to go up, however, the potential energy con-
tinues to drop down until it reaches a local minimum
at 0.32a0, where the contact load equals approximately
to zero. At this point, the system is stable, where the
metal bonding between the tip and the substrate is con-
structed without bond stretching. Further indentation
of the substrate by the rigid tip reveals that the contact
load increases linearly with the distance, while the po-
tential energy increases monotonically, indicating that
the strain energy is stored in the strained substrate due
to the interatomic interactions between the tip and the
sample. The corresponding atomic configuration for tip
approach being 1.3a0 is shown in Fig. 2b, which notably
depicts the surface elastic deformation of the substrate.
Here we see the topmost layer of the tip reaches the
second layer position of the dynamic substrate, and the
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sample surface atoms are indented approximately to
the third layer position. Upon retraction of the tip, we
observe that the unloading curve is almost along the
loading path, suggesting that the response of the mate-
rial is linearly elastic. However, beyond the JC point,
marked hysteresis occurs as a consequence of adhe-
sive bond stretching between the two materials. This
phenomenon was also observed by Landmanet al. [7].
When the adhesion junction breaks, we do not observe
the materials transfer, that is, the Cu sample atoms ad-
here to the Cu rigid tip. This may be due to the small
difference of surface energies between the two materi-
als, and moreover, to the low temperature of the crystal
slab. The variation of the potential energy displays the
same trend as that of the load—distance curve. In par-
ticular, it comes back to the primitive value after the
tip separated from the sample, indicating that no adhe-
sion defects are generated during the elastic indenta-
tion (otherwise there will be induced defect energies,
see below for the plastic indentation). This can also be
demonstrated from the atomic configuration after the
debonding between the tip and the substrate.

In our MD simulations, the atomic stress distribu-
tions are drawn along [100] at surface and [001] on the
y axis. For the elastic indentation, the stress compo-
nentsσz 6= 0, andτzx= τzy= 0, demonstrating that the
contact problem is of the plane strain in nature. During
the JC process and the liftoff of the tip at the hysteresis
stage, we find that the normal stressesσx andσy at the
surface are tensile, while the shear stressτxy is anti-
symmetric due to the attraction of the tip to the side
atoms. Fig. 3 is a prototype of the surface stress dis-
tributions in the hysteresis stage. It is obvious that the
adhesion contact stressσy is much greater than the sur-
face tensile stressσx, while the magnitude of the shear
stressτxy is relatively lower. Detailed calculations re-
veal that at the JC point,σy attains a value of 19.5 GPa,
while in the hysteresis stage, it has a maximum value of
28 GPa at the moment the contact junction breaks. This
critical value is consistent with the Griffith theoretical
fracture strength (30 GPa for usual metals) for Mode-I
crack propagation [22]. Outside the contact region, the
surface stressesσx, σy andτxy level off to 7 GPa, 3 GPa
and zero, respectively. The non-zero stresses ofσx and
σy are due to the surface relaxation of the substrate. This
phenomenon is also described in recent investigations
on the Mode-I crack stress relaxation problems [23].

The atomic stress distributions along [100] at the sur-
face and [001] on they axis when the tip approach is

Figure 3 Atomic stress distributions along thex direction in adhesion
contact.

Figure 4 Atomic stress distributions along (a)x and (b)y directions in
indentation contact.

1.3a0 are drawn in Fig. 4a and b. In Fig. 4a, both the
contact stressσy and the tangential normal stressσx are
negative (compressive), while the surface shear stress
τxy is still anti-symmetric and opposite to that in JC
process, resembling to the near-surface shear stress dis-
tribution in the continuum contact mechanics [6]. The
contact pressure distributionσy, could be roughly rec-
ognized as of a Hertzian type, and its maximum value
is 36 GPa at the contact center. In particular, it is in-
teresting to note that, at atomistic level, the maximum
Mises equivalent stressσeq along y axis occurs at the
second layer position (approximately in the depth of
0.5a0, see Fig. 4b), in accordance with the continuum
Hertzian theory, where yield begins at a point below
the surface [6]. Fig. 4b also reveals that, as the surface
atoms being elastically indented into the third layer po-
sition (corresponding to the surface deformation equal
to a0), the elastic disturbance is well within the range
of 8a0. This effects the rule-of-thumb in ultra-thin film
indentation hardness tests, which states that penetration
depths less than 10 to 20 percent of the layer thickness
will not include substrate material influences [3].

3.2. Plastic indentation and retraction
We turn now to the material plastic instability, where
yielding is driven by the release of the strain energy
stored in the substrate for tip-to-substrate approach.
The defects nucleation at microcontacts [24] are of sig-
nificant importance to the strength of materials, and
the knowledge about the voids initiation and evolution
mechanisms is still lacking.

Further indentation of the rigid tip allows its outmost
layer to reach the third layer position of the substrate,
where the maximum tip approach is 1.8a0. Our findings
reveal that, when the tip approach is greater than a crit-
ical value (about 1.46a0), both the contact load and the
potential energy start to decrease (Fig. 5a and b). This
phenomenon of material softening corresponds to the
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(a) (b)

Figure 5 (a) Plastic loading-unloading curve. (b) Variation of the potential energy in plastic loading-unloading cycle.

Figure 6 Atomic trajectories in plastic indentation.

substrate plastic instability. Atomic trajectories show a
complex pattern of atomic movements near the contact
region: in (010) plane (Fig. 6a), atoms within a range
of 5a0 in radius around the initial contact center move
in a manner similar to the slip-line field in continuum
plasticity, and atoms outside this semi-circle displace
elastically in the radial directions. This atomic level
displacement field is quite similar to that of Johnson’s
simple cavity model in elastic-plastic indentation of
half-space [6]. However, atomic trajectories in (001)
surface of the substrate (Fig. 6b) markedly demon-
strate that atomic cross-layer movements along [010]

Figure 7 Equivalent Mises stress distribution inx direction at onset of
plastic instability.

direction also occur at the contact edges. To understand
this non-plane-strain deformation mechanism, we plot
atomic Mises equivalent stressσeq distribution at the
surface in [100] direction, see Fig. 7. We find at onset
of plastic instability, the maximum Mises stress along
[100] occurs at the two side atoms just under the tip.
This may be due to the significant contribution of large
shear stressτxy to σeq (also plotted in Fig. 7) induced
by the tip indentation. The value ofσeq at side atoms is
even greater than that at a point below the surface (see
Fig. 4b). However, atoms with this maximumσeq at the
contact edge does not “yield” in (010) surface, its strain
energy is released through the cross-layer displacement
in the [010] direction, suggesting that interstitial defects
are generated. Nevertheless, our findings demonstrate
that the material yielding at atomistic level in nanoin-
dentation is still governed by the von Mises shear strain-
energy criterion, and this yielding stress is significantly
greater than the theoretical shear strength of ideal crys-
tal lattice in two-dimensional cases [25], where for FCC
copper, the value equals approximately to one sixth of
the average shear modulusG, i.e., 9.1 GPa. Our simu-
lations also demonstrate the temperature rise in plastic
instability. The corresponding kinetic temperature in-
creases from 0.1 K to 0.6 K due to the release of the sub-
strate strain energy, then it comes back to the ambient
temperature through the stochastic collisions via brow-
nian dynamics.

Retraction of the tip reveals that the unloading curve
is almost parallel to the loading one, resembling to the
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Figure 8 Atomic configuration of substrate defects after plastic inden-
tation.

macroscopic behavior of an elastic-plastic bar under
uniaxial loading and unloading cases, see Fig. 5a.
Atomic trajectories (not depicted here) reveal that no
cross-layer movements occur during this stage, sug-
gesting that the material response during unloading
is elastic. It should be noted that the potential energy
(Fig. 5b) attains a minimum at about 1.3a0. At this point,
the contact load is zero as a result of no bond stretching
occurring between the two materials. Beyond this point,
hysteresis occurs and the potential energy starts to in-
crease, while the load becomes attractive until it reaches
a maximum adhesion force (40 nN) at 0.5a0. This max-
imum value in hysteresis stage is much greater than that
in elastic cases (comparing Fig. 1a and 5a), suggesting
that the adhesion junction in plasticity is stronger than
that in elastic case for pure metal contact. In the final
stage of the tip separation, we observe that the adhe-
sion force vanishes, and the system potential energy is
greater than its initial value at onset of tip approaching.
This indicates that defect energies are induced during
the elasto-plastic indentation process.

Our refined investigations show that, as the tip is
kept at the critical position of plastic instability, the
spontaneous yielding process is accompanied by the
atomic stress relaxations, the dramatic decreases in con-
tact load and potential energy, the abrupt increase in
kinetic temperature, and the atomic cross-layer move-
ments along [010] direction (similar to that in Fig. 6b)
and the pile-up of sample atoms in the vicinity of the tip.
This unstable process proceeds over tens of picosec-
onds until no distinguished variations observed. The
complexity of the material plasticity for FCC crystals
may explain the macroscopic phenomenon where some
ductile materials’ elastic limits are greater than their
yielding stresses, and our findings could also explain to
some extent the micro-mechanisms of materials soft-
ening, such as rock material yield under compression.

Fig. 8 shows the atomic configuration after the tip
separated from the substrate. Two adjacent (010) atomic
slices are superimposed in order to see the substrate
defects more clearly. These defects include subsurface
vacancies, atomic steps on the surface and marked
plastic indent. We do not observe dislocations gener-
ated in the substrate. This may be due to the fact that
the deformation in nanoscale indentation is very local-
ized and that the stored elastic energy is not sufficient

Figure 9 Atomic residual stress distributions on they axis after plastic
contact.

to create this kind of defect. From the contact load and
the projected area of the indent, we obtain the hardness
of Cu being approximate 23 GPa, a value significantly
larger than those in experiments for usual metals, and is
even greater than that estimated from MD simulations
at room temperature [5], indicating that the hardness
of nanometer-scale material at low temperature is ex-
tremely high.

It is interesting to compare the residual stress distri-
butions at atomistic level for plastic indentation with
those of recent finite element method. Fig. 9 shows the
residual stress distributions on they axis. It can be seen
that the normal stressesσx andσy are tensile at the sur-
face, and compressive in the substrate within a range
of 6a0, while the equivalent Mises residual stressσeq is
relatively low. These results are quite similar to those
in elastic-plastic finite element analysis of repeated mi-
croindentation of a half-space by a rigid sphere, where
the sizes of the elements can be as small as 1.25 nm
square [26].

4. Summary
A complete study on tip-to-substrate nanoindentation
has been presented using the constant temperature and
constant pressure molecular dynamics computer simu-
lations. Emphases are placed on the characteristics of
load-approach curve, the variations of the system po-
tential energy, the atomic stress distributions, and the
portraits of atomic trajectories and configurations.

Our main findings include:

1. For elastic indentation, the material’s response is
linear elastic during the loading-unloading cycle, ex-
cept for the unstable JC phenomenon at the first con-
tact and the hysteresis upon separation, which are ac-
companied by a rise in kinetic temperature. In par-
ticular, the maximum adhesive stress in hysteresis
equals approximately to the Griffith theoretical frac-
ture strength. Furthermore, the elastic disturbance is
well within a few atomic layers, and the contact stress
fields at atomistic level are comparable with those in
the macroscopic Hertzian theory.

2. Of paramount importance is that the material
yielding at atomic level is still governed by the von
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Mises shear strain-energy criterion. The plastic insta-
bility is accompanied by the dramatic rise in kinetic
temperature, the elastic-plastic displacements of atoms
near the contact region, similar to those in Johnson’s
cavity model [6], and the cross-layer movements of
atoms to release the high strain energy, suggesting that
interstitial defects are generated during the nanoinden-
tation.

3. Variations of the system potential energy in plas-
ticity demonstrate that the defect energies are induced in
plastic contact. These defects include substrate voids,
surface steps and plastic indent. Line defects such as
edge dislocations in the substrate are not observed.
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