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NANOINDENTATION AS A PROBE
OF NANOSCALE RESIDUAL STRESSES:
ATOMISTIC SIMULATION RESULTS

O. SHENDEROVA*, J. MEWKILL and D. W. BRENNER

Department of Materials Science and Engineering,
North Carolina State University, Raleigh, NC 27695-7907

( Received April 1999, accepted May 1999)

Results from two sets of molecular dynamics simulations are reported. In the first set of
simulations a nanoscale tip was used to indent single-crystal gold lattices subjected to external
strains. These were carried out to explore possible relationships between nanoindentation curves
and elastic properties of uniformly strained films. The changes in the slope of the loading
curves reflect the stress state of the sample. In the second set of simulations the use of shallow
nanoindentation for mapping nonuniform residual surface stress near a dislocation intersect-
ing a surface was tested. Correlation between the maximum force on the tip and the initial lo-
cal stresses at the point of indentation were observed. Preliminary atomistic simulations
indicate that atomic-force microscopy can be used as a nondestructive, nanoscale probe of
the surface stress distributions.
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INTRODUCTION

Many applications of thin films and coatings require knowledge of their
mechanical properties. Because of their small volumes, the mechanical prop-
erties of thin films may be significantly different from those in the buik
materials. One powerful method for measuring thin film mechanical
properties is nanoindentation [1-5]. From analysis of indentation load-
displacement data, it is possible in principle to obtain both local elastic
moduli and hardnesses of thin films. However, real films often possess
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residual stresses, and it is well established experimentally that load-
displacement curves measured by nanoindentation can be altered by stress-
es in the sample [l -S5]. Tsui, Oliver and Pharr, for example, studied the
influence of applied stress on the nanoindentation of an aluminum alloy
[3]. They observed an increase in slope of the unloading curve with compres-
sive stress, and a decrease in slope with tensile stress. This is consistent
with previous studies on aluminum films [1, 2] and more recent studies of
strained gold samples [5].

From an analysis of unloading curves, which assumes no change in con-
tact area between the indentor and sample, it appears that the hardness
and elastic modulus of stressed samples increases with compressive stress
and decreases with tensile stress. This is consistent with the properties of
bulk materials, where anharmonicities in the interatomic forces generally
result in an increase in modulus under compression and a decrease un-
der tension. For most FCC metals, for example, the Young’s modulus
decreases for tensile strain along the (111) and (110) directions (although
the modulus increases for tensile strain along the (100) direction) [6-9].
The Young’s modulus dependence on (111) uniaxial strain in gold calcu-
lated from phenomenological data Ref. [7] is illustrated in Figure 1. On the
other hand, Tsui, Oliver and Pharr [3] argue that the magnitude of the
changes in modulus and hardness for their samples obtained from standard
analysis of the loading curves is too large to be accounted for by observ-
able changes in material properties. Instead, they suggest that pile-up of
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FIGURE 1 The Young’s modulus dependence on (111) uniaxial strain in gold.
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material surrounding the indentor causes a change in contact area that
results in the changes in the slope of the indentation curves. This pileup is
apparently promoted by compressive stress and diminished by tensile stress,
leading to the observed changes in indentation data. This conclusion has
been supported by finite element simulations [4].

Because the stress state of a film influences nanoindentation load-
displacement curves, appropriate analysis of shallow indentation curves
measured at different contact points could in principle be used to map lo-
cal residual surface stress distributions. This would be extremely useful for
characterizing the influence of surface features such as dislocations and
steps on residual surface stresses [10, 11]. Such an analysis, however, would
require a detailed understanding of the relationship between these stresses
and the indentation data. A powerful tool to understand this relationship is
atomistic modeling which gives us a way to calculate local atomic stresses
in the indentation point prior and during the indentation.

In this paper, results from a series of molecular dynamics simulations are
reported in which single-crystal gold samples subjected to external strains
were indented (Fig. 2). These were carried out to explore possible rela-
tionships between nanoindentation curves and elastic properties of strained
films. It is demonstrated that the effective modulus of the material, as

FIGURE 2 Snapshots from the simulated indentation of a single-crystal gold (111) surface.
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determined from changes in the slope of the loading curves, increase under
compression and decrease under tension. This is consistent with the experi-
mental observations discussed above. Furthermore, the simulations demon-
strate that for these relatively shallow indentation depths the true contact
area i1s essentially independent of applied strain. Therefore we conclude
that the changes in the slope of the load-displacement curves of strained
films, at least for shallow indentation, may be connected with the true
stress dependence of the elastic modulus of the sample. At a deeper inden-
tation depth (more than approximately 10 A) a raised lip of atoms sur-
rounding the indentor was observed, which is a precursor to pile-up. The
detailed analysis of atomic stress distribution in the vicinity of an indentor,
including the atoms that constitute the raised lip, revealed that atomic
stresses in the lip are roughly half those in the bulk substrate. This suggests
that the contribution of the material in the lip region to the resulting force
acting on the tip is significantly lower than that from the rest of the sub-
strate and this fact might be taken into account when analyzing the experi-
mental data on nanoindentation in the presence of pile-up. To test the
use of shallow nanoindentation for mapping residual surface stresses, simu-
lated indentations were carried out on gold sample containing a disloca-
tion intersecting the surface. Observed correlations between the maximum
load for a constant indentation depth of 2.5 A and residual surface stresses
at the contact points support the potential use of shallow nanoindentation
for mapping residual surface stress distributions.

METHOD OF CALCULATION

The simulations of a strained gold lattice used a system containing 24,576
atoms in an FCC lattice with a thickness 5.4 nm, periodic lateral dimen-
sions of 9.2nm by 8.0nm, and a (111) surface orientation. The tip of a
nanoindentor was modeled by a single sphere with radius 3.2nm. Inter-
atomic forces between atoms in the substrate were calculated using the
embedded-atom method [12].

The tip-surface interaction was modeled with the repulsive region of a
Lennard-Jones potential. This model excludes strong tip-substrate adhesive
interactions, and is intended to model a surface with a passivating layer.
The system was strained by scaling the in-plane atomic positions and peri-
odic boundary conditions followed by relaxation of the system to the mini-
mum energy configuration. The thickness of the strained substrate changed
during the relaxation, yielding a Poisson ratio of v,, = 0.2, for the given
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lattice orientation. Indentation of the relaxéd systems was simulated by
numerically integrating classical equations of motion for the gold atoms
using a constant timestep of 1fs while moving the tip at a constant rate of
10~%nm per timestep into the surface. In addition, hydrostatic and average
shear atomic level stresses, attributed to the individual atoms [13], were cal-
culated and plotted at the maximum indentation point. Loading curves
were obtained by summing the forces on the tip at a given indentation
depth. Maximum indentation depths of 7.5A and 17A were modeled;
these correspond to the absence or presence of the raised lip of the sur-
face, respectively. At both indentation depths the structure of the region
beneath the indentor contained amorphous-like material within several
atomic planes in the vicinity of the indentation point; the nucleation of
dislocation loops was not observed. As discussed by Belak et al. [14], sys-
tem size influences possible mechanisms the release of stored elastic energy
during indentation. These can be either dislocation or non-dislocation
mechanisms, where the latter tends to occur in smaller systems.

The second set of simulations modeled shallow indentation of a (112)
surface of a single-crystal gold sample intersected by edge dislocations
with Burgers vectors b = a/2 (110) lying along the (112) direction. A dis-
location dipole, rather than a single dislocation, was required to maintain
two-dimensional periodic boundary conditions. During energy minimiza-
tion, the complete edge dislocations dissociated into two partials dis-
locations separated by a distance of approximately 6b. Indentation to a
depth of 2A was repeated for 40 points around one of the dislocation
cores.

RESULTS

The load-displacement curves up to an indentation depth of 7.5A rela-
tive to the top surface layer for the strained and unstrained substrates are
plotted in Figure 3. Raising of surface atoms around the indentor was not
observed for any of these cases. The highest strains studied, 7% (both
compression and tension), are significantly higher than the experimental
efforts [5]. These were used in this simulation to enhance the differences
in the strained system behavior originating from the anharmonicity of the
inter-atomic interactions. The effective elastic modulus of a tip-substrate
system can be calculated using the expression [15]:

dFjdh = 2(AE*/7)"/? (1)
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FIGURE 3 Load-displacement curves for different deformation states of the sample.
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FIGURE 4 Cross sections of the indentation profiles of the strained substrates in the absence
(a) and presence (b) of a pileup.

where F is the force applied on the tip, 4 is tip displacement, A4 is the con-
tact area, and E* is the modulus. This expression, which was derived by
Pharr and coworkers [15] based on the analysis of Sneddon [16], is valid
for any tip having the shape of a solid of revolution. Cross sections of
one-half of the indentation surface profiles of the strained and unstrained
substrates are illustrated in the Figure 4a, where atoms of the first sur-
face layer are illustrated. Apparently the indentation profile is essentially
the same for all deformation states. Therefore any change in slope of the
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loading curves can be attributed to changes in elastic modulus. Equation
(1) together with the slopes of the loading curves in Figure 3 yield effec-
tive elastic modulii for the system under 7% compression and tension that
are 13% higher and 11% lower, respectively, than the unstrained sub-
strate. Thus, the influence of the compressive strain on the elastic modulus
is higher in comparison with that of the tension due to anharmonicity of
the interatomic interactions. It can be concluded that at these shallow in-
dentation depths, the contact area is strain independent in the absence of a
pile up and observed changes in the slopes of the indentation curves in the
strained substrates are connected with the strain dependence of the elastic
modulus. At very shallow indentation depth the relative sensitivity of the
tip to changes in the strained sample become more pronounced [17]. The
change in force on the tip relative to applied strain appeared to be more
pronounced at indentation depths of approximately two atomic layers.
This is connected with the specific stress state of atoms near the surface due
to surface relaxation.

At a deeper indentation depth of 17A, gold atoms at the surface-tip
interface were raised above the surrounding surface (Fig. 4b). The raised lip
of atoms was promoted by external compressive strains and diminished by
external tensile strains relative to the unstrained sample; this is consistent
with finite-element simulations that predict pile-up. The height of the lip
above the sample surface was 1.4151, 1.7A and 2.2A for the substrate at
maximum tension, unstrained, and under maximum compression, respec-
tively. Although the raised lip changes the actual contact area (similar to
pile-up characterized by finite element studies), atomic stresses of the
atoms that constitute the lip are roughly half those in the bulk substrate
(Fig. 5). Thus the contribution of the material in the raised lip region to
the resulting force acting on the tip is significantly lower than that from the

FIGURE 5 TIllustration of the distribution of average shear stresses at maximum indentation
depth. (See Color Plate I).
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rest of the substrate. Average shear stresses for atoms in each of these
regions are illustrated in Figure 5. Darker colors correspond to higher
stress values. Stress scale corresponds to that in Figure 6.

The stress distributions calculated from the interatomic potential can be
used to further characterize features of the indentation; these can also be
compared to predictions from continuum mechanics. For each strain state,
shear stresses in the indented substrate were concentrated along the three
(111) slip planes surrounding the contact point, and reached a maximum
value in the sample below the indentor. When the sample was biaxially
stretched, the shear stresses increased in magnitude and in extension be-
neath the indentor (Fig. 6). Biaxial compression, in contrast, diminished
the shear stresses beneath the indentor (Fig. 6). Uniaxial tension resulted in
the same trends in shear stress as was observed for biaxial tension. For
uniaxial compression, however, the shear stresses were unaffected. Thus
the influence of compression on the magnitudes and distribution of shear
stresses differs between uniaxial and biaxial loading. These observations
are consistent with the conclusions of continuum mechanics [3, 18].
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FIGURE 6 Atomic average shear stress profile near the indentation point at biaxial strain.
(See Color Plate II).
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strictly in-plane residual stresses. These results support the use of nano-
scale indentation for mapping residual surface stress distributions.

CONCLUSION

Molecular dynamics simulations of indentation of a single-crystal gold
surface demonstrate that for relatively shallow indentation depths the true
contact area is essentially independent of applied strain. Therefore it can be
concluded that the changes in slopes of load-displacement curves of strain-
ed films, at least for shallow indentation, may be connected with the true
stress dependence of the effective elastic modulus of the sample and tip. In
cases where a raised lip was observed, stress within the region of the lip
was found to be much less than that in the region of the sample below the
indentor. This resuits in essentially lower contribution of atoms of the lip
to the total force on the tip. Furthermore, nanoindentation results at very
shallow depths show an increased sensitivity to changes in applied strain.
The use of Atomic Force Microscopy to probe the surface of a sample
for changes in local surface strains should be performed at very shallow
indents to increase sensitivity and reduce pile-up.

Nanoindentation was also studied as a method to map the stresses sur-
rounding surface features using as a model system dislocations intersect-
ing a surface. Correlations between the maximum force on the tip and the
initial local stresses in the point of indentation were observed, indicating
that atomic-force microscopy can be used as a nondestructive, nanoscale
probe of the surface stress distributions.
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