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Orientation effects of elastic–plastic deformation at surfaces:
nanoindentation of nickel single crystals

OYEON KUM*

Department of Chemistry, Clemson University, Clemson, SC 29634, USA

(Received March 2004; in final form July 2004)

Molecular dynamics simulations were performed to study anisotropic features in nanomechanical properties at the surfaces of
nickel single crystals as a function of indenter size and velocity for three crystallographic orientations: k100l, k110l, and
k111l. The tabular form of Voter’s embedded atom method (EAM) potential was used to describe the interatomic interactions
of nickel single crystals. A strongly repulsive potential model between the indenter tip and the metal surface was designed to
address the effect of a passivation layer. The force vs. displacement curves for indentation followed the power law solution of
F ¼ kdn for elastic deformation. The value of n was dependent on the indenter velocity, following the Hertzian solution
ðn ¼ 1:5Þ at the high velocity of approximately 670 m/s but showing a non-Hertzian power ðn ¼ 2:5Þ at the low velocity of
approximately 67 m/s. The force fitted micro-modulus showed a dependency on indenter size and velocity for the three
crystallographic orientations. The results of dislocation nucleation—the early stage of plasticity—in the different orientations
showed anisotropy: stacking faults in the k100l orientation, deep partial dislocations in the k110l orientation, and shallow
partial dislocations followed by stacking faults in the k111l orientation.
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1. Introduction

Considerable attention has been devoted recently to

understanding of the connection between atomic scale

processes and the measurable mechanical properties of

materials. One of the most interesting computational

challenges for the atomistic calculations of material pro-

perties is to investigate the mechanical deformation,

fracture, and friction of solids and thin films. My recent

studies of large-scale simulations of single nickel crystals

using Morse-type pair potentials, the analytical form of

embedded atom method (EAM) potential, and the tabular

form of the EAM potential under shock compressed con-

ditions [1,2] represent a good start toward a more realistic

study of materials using atomistic methods. Specifically,

understanding the mechanical behavior under the surface

of small volume nickel crystals as they come into contact

with an indenter is becoming increasingly important from

both scientific and technological viewpoints. Nickel is one

of the favored materials for either reactively or catalytically

forming a smooth electroless deposition of additional thin

layers to provide enhanced magnetic read–write capability

on magnetic memory disks [3].

In nanoindentation experiments, an interfacial force

microscope and atomic-force microscopy are used to

investigate the detailed mechanisms of deformation during

indentation at a very small scale. Such experiments are

usually used not only to measure the nano-mechanical

properties, for example, the hardness or the Young’s

modulus, but also to study the dislocation nucleation at the

nanometer level, although the stress and strain distribution

associated with indentations is still poorly understood,

especially in crystalline solids exhibiting well-defined slip

systems such as fcc single crystals. Modern nanoindenta-

tion techniques have allowed for the measurement of load

or force on the indenter tip as a function of tip

displacement during indentation and retraction where the

contact radius is less than 100 nm [4]. These small

volumes are appropriate for large-scale molecular

dynamics simulations for making direct comparisons

between experiments and simulations. Such comparisons

may solve the discrepancies among different models and

experiments. For example, a typical nanoindentation

curve exhibits abrupt bursts in displacement at a constant

load in the region of the positive slope, whereas, a

classical curve shows a relatively smooth positive slope.
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Such discrepancies are postulated to result from

the discrete nucleation of dislocation loops below

the indenter, but the exact mechanisms, which are

still under discussion, are difficult to investigate

experimentally [5].

Previous atomistic simulations using EAM potentials or

other semiempirical potential models, as well as first-

principle methods [6–8], showed strong bonding between

the indenter tip and the surface due to the large energy of

adhesion between two clean surfaces. This phenomena

leads to a jump to contact when the indenter approaches

and a necking between the tip and surface during

retraction appears [9]. However, this tip–surface adhesion

interaction in experiments is dramatically reduced because

either is not atomically cleaned or the surfaces are

passivated by the addition of an alkanethiol layer that

prevents bonding between the two. To address this issue,

this paper presents a computational model describing a

frictionless indenter represented by a strong repulsive

potential for atomistic calculations to study elastic and

plastic deformation during indentation on a passivated

surface. This series of simulations provides a new insight

into the initial stages of plastic deformation.

Almost all metals are somewhat elastically anisotropic,

a property that makes nanoindentation measurements

complicated. The purpose of this work was both to gain

insight into the yielding phenomena in atomistic scale

processes and to examine the anisotropy at the early stages

of plasticity involved in the deformation of nickel single

crystals for three crystallographic orientations: k100l,
k110l and k111l. Using the large-scale molecular

dynamics code (double-SPMD code [2]), the typical

micromechanical parameter of micro-modulus and its

dependency on indenter size, velocity, and crystallo-

graphic orientations were calculated. In addition, the

anisotropic features of dislocation nucleation—the early

stage of plasticity—in the different orientations were

studied. The organization of this paper is as follows. In

Section 2, the atomic interaction of the EAM potential and

the indenter tip–surface interaction model are described

in detail. In Section 3, the loading curves using power law

solutions and deformation phenomena in three crystal-

lographic orientations are analyzed. Finally, Section 4 is

devoted to the conclusions of this study.

2. The model

Since a typical dislocation separation is the order of mm

for well-annealed metals, the area under the nanoindenter

should behave close to that of a perfect single crystal, i.e.

dislocation free. Voter’s tabular form of the EAM potential

model was employed to describe the atomic interactions of

nickel single crystals. Since this potential model is

described in detail elsewhere [10], only a brief summary is

provided here. In metals, not all electrons are localized at

the nuclei, with the valence electrons often being shared

among many ions, suggesting a nearly free-electron gas.

The EAM potential describes the embedding energy as a

function of the background electron density and the

atomic species. The total energy (Etot) of a system of N

atoms is written as a sum of the atom energies:

Etot ¼
XN

i

Ei: ð1Þ

In the embedded atom method, Ei is given by

Ei ¼
1

2 j

X
fij þ FðriÞ; ð2Þ

with

ri ¼
j

X
rðrijÞ; ð3Þ

where rij is the distance between atom i and atom j, f is the

pairwise interaction between atoms. r is the pairwise

interaction leading to the density term ri of the embedding

function, FðrÞ: The key to EAM is the nonlinearity of the

function FðrÞ; which, thus, provides the many-body

contribution to the energy attributed to the shared nearly

free-electron gas.

Voter’s nickel EAM potential, employed here, repro-

duces the bulk lattice constant, cohesive energy, elastic

constants, and vacancy formation energy, as well as the

bond formation energy and bond length of the gas phase

nickel dimer, as shown in table 1. Though the potential

model has been proven to be successful in solving many

problems, including the melting behavior, the structure of

small nickel clusters on nickel surfaces, the thermo-

dynamic properties of liquid nickel, the large-scale fracture

dynamics studying the dislocation emission from a three-

dimensional crack, and the surface-diffusion, [11–14]

there has been little if any study of the energetics of

stacking faults and yield stresses caused by the dislocation

nucleation. Therefore, it is significant that this investi-

gation provides new insights into the atomistic processes

resulting from the deformation of nickel single crystals.

Previous atomistic calculations have studied indenta-

tion and retraction using EAM potentials [6], other

semiempirical potential models [7], or first-principle

methods [8]. These calculations have shown a strong

Table 1. Experimental input and best-fit calculated properties for the
EAM nickel potential [10]

Property Calculated Experimental

a0 (Å) 3.52 –
Ecoh (eV) 4.45 –
B (1012 erg/cm3) 1.80 –
C11 (1012 erg/cm2) 2.44 2.47
C12 (1012 erg/cm3) 1.48 1.47
C44 (1012 erg/cm3) 1.26 1.25
D Ef

lv (eV) 1.6 1.6
Re (Å) 2.23 2.2
De (eV) 1.94 1.95

The fitting procedure reproduces a0, Ecoh, and B exactly. The root-mean-square
fitting error for the remaining data is about 1.2%.
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bonding between the indenter tip and the surface because

of the large amount of adhesion energy between two clean

surfaces, causing a jump to contact when the indenter

approaches and a necking between the tip and surface

during retraction. However, the tip–surface adhesion

interaction was found to be reduced dramatically in

experiments because each was not atomically clean or

their surfaces were passivated by the addition of an

alkanethiol layer which prevents the bonding [15]. In this

study, a strongly repulsive potential model between

the indenter tip and the metal surface was designed to

simulate the passivated surface. Each atom in the indented

material interacted with the idealized spherical indenter

via the following repulsive potential:

VðrÞ ¼ eðs=rÞa; ð4Þ

where e is energy, s is the indenter radius, r is the distance

between an atom and the center of the indenter, and a is

the power of the potential. In the simulations, a was 150

to guarantee a strongly repulsive force between the

indenter and the surface. As is customary, reduced

(or dimensionless) quantities were used to specify various

physical parameters. The energy unit is eV, the unit of

length is Å, and the unit of mass is the atomic unit of

nickel. Thus, the time unit t0 ¼ ðms2=eÞ1=2 and the force

unit is 43.59042 (nN).

3. Results and discussion

Simulations were performed for two indenter diameters

(5.0 and 6.0 nm) and two indenter velocities (approxi-

mately 670 and 67 m/s). The indenter approached the cold

(zero temperature) fcc nickel single crystals oriented in

the k100l, k110l and k111l directions. The total number of

atoms involved were 400,000, 397,600 and 397,440 for

the k100l, k110l, and k111l orientations, respectively.

Figure 1 shows the indented nickel single crystals for

these three orientations. As the figure shows, the

orientation-dependent pattern of the surface deformation

is the diamond shape for the k100l indentation, the circular

shape with star fish shape boundary for the k110l
indentation, and the triangular shape for the k111l
indentation.

Figure 2 shows the indentation force (F) vs. the

displacement depth (d) curves for the three crystal

orientations for the indenter diameter of 5.0 nm and its

velocity of approximately 670 m/s. In the top panel,

the typical features of the curves for the three orientations

are elastic deformations followed by plastic deformations.

All three curves have displacement excursions that

correspond to the initiation of the plastic deformation

(yield points). Overall, the indentation curves follow the

Hertzian solution for elastic deformation which is the

power law of F ¼ kdn; where n ¼ 1:5: The values of k,

corresponding to the indentation modulus or micro-

hardness, are 0.40, 0.52 and 0.53 for the k100l, k110l, and

k111l orientations, respectively. The bottom panel shows

the Hertzian curve fit to the elastic deformation in the

k110l orientation.

The force vs. displacement curves of the three crystal

orientations for the indenter diameter of 6.0 nm and its

velocity of approximately 670 m/s are shown in the top

panel in figure 3. As can be seen, the larger indenter

produces higher micro-hardness. The values of k are 0.49,

0.64 and 0.66 for the k100l, k110l and k111l orientations,

Figure 1. The indented nickel single crystals from top to bottom are the
k100l, k110l, and k111l orientations, respectively. The indenter velocity is
approximately 670 m/s and its diameter is 6.0 nm.
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respectively. The anisotropy is shown clearly in the

different orientation directions. Comparing with figure 2,

it can be seen that indenter size is considered an important

parameter of anisotropy. The bottom panel shows

the Hertzian curve fit to the elastic deformation in

the k100l orientation. In figures 2 and 3, Hertzian power

law solutions explain the elastic deformation for both

indenter sizes.

Figure 4 shows the indentation force vs. the displace-

ment curves for the three orientations at the indenter

velocity of approximately 67 m/s and a diameter of

5.0 nm. Compared with the results shown in figure 2, a

slower velocity indenter resulted in slowly varying

microscopic modes of indentation curves in the region

of elastic deformation initiation. The top panel shows the

different excursion points for each direction: the yield

strength of the k110l orientation was the weakest, while

that of the k100l orientation was the strongest with the

k111l orientation being the average. The results suggest

three modes of dislocation nucleation, requiring high

energy for stacking faults and relatively low energy for

partial dislocations. The force is better fitted with the

higher power solution, F ¼ kdn; where n ¼ 2:5: There-

fore, the Hertzian solution for describing the elastic

deformation is no longer valid. The values of k are 0.05,

0.09 and 0.06 in the k100l, k110l, and k111l orientations,

respectively. The bottom panel shows the higher power

law solution ðn ¼ 2:5Þ in the range of elastic deformation

initiation in the k111l orientation. Thus, the force vs.

displacement curves show a strong dependency on

indenter velocity.

The centrosymmetry parameter, defined below, [9] is

used to describe the dislocation nucleation:

P ¼
i¼1;6

X
Ri þ Riþ6j j

2; ð5Þ

where Ri and Riþ6 are the vectors or bonds corresponding

to the six pairs of opposite nearest neighbors in the fcc

lattice. The 12 nearest-neighbor vectors for each atom are

first determined in an undistorted bulk fcc lattice with the

orientation of the slab. The analogous set of 12 vectors for

each atom in the distorted lattice Ri is then generated by

finding those neighbors in the distorted lattice with vectors

closest in distance to the undistorted nearest-neighbor

vectors. It is possible that this set will contain duplicates or

non-nearest neighbors if a given atom has fewer than 12

nearest neighbors or a very distorted local environment.

Each of the equal and opposite pairs of vectors is added

together; then the sum of the squares of the six resulting

vectors is calculated. This final number, which is a

measure of the departure from centrosymmetry in

Figure 2. Top panel: indentation force vs. displacement curves in the
three orientations. The indenter velocity is approximately 670 m/s and its
diameter is 5.0 nm. Bottom panel: hertzian power law curve fit to the
elastic deformation in the k110l indentation, where k ¼ 0:40 and n ¼ 1:5:
The force unit is 43.59042 nN and the length unit is Å.

Figure 3. Top panel: indentation force vs. displacement curves in the
three orientation directions. The indenter velocity is approximately
670 m/s and its diameter is 6.0 nm. Bottom panel: hertzian power law
curve fit to the elastic deformation in the k100l indentation, where k ¼
0:45 and n ¼ 1:5: See figure 2 caption for units.
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the immediate vicinity of any given atom, is used to

determine if it is near a defect [9].

The centrosymmetry parameter, P, is useful to

distinguish partial dislocations and stacking faults [9].

The range of values from 0.5 to 4.0 represents partial

dislocations and the range between 4.0 and the values of

the surface atoms is defined as stacking faults [9]. In a

perfect nickel crystal lattice, P is zero for all atoms. It is

24.78 Å2 for the surface atoms in the k100l orientation,

30.88 Å2 and 6.11 Å2 for the surface atoms in the k110l
orientation, and 18.59 Å2 for the surface atoms in the

k111l orientation. The k110l orientation has two P-values

because the two layers of atoms have different numbers

of neighbors. These values assume that the distance to

the nearest neighbor does not change in the vicinity of

the defects.

Figure 5 shows early dislocation nucleations in the

three crystal orientations. For the k100l orientation,

dislocation nucleation started with stacking faults in the

(111) plane. This slip plane agreed with that of the

shocked fcc single crystal deformation [1]. Table 2

shows the centrosymmetry values for all the atoms in

figure 5. These results suggest that the dislocations

propagate non-symmetrically, evolving into mixed

modes with stacking faults and partial dislocations. For

the k110l orientation, dislocation nucleation started early

at the smallest displacement and propagated as partial

dislocations. This slip direction agreed with that of the

shocked fcc single crystal deformation [1]. For the k111l
orientation, the initiation of dislocation nucleation took

the longest time among the three orientations, propagat-

ing as mixed modes of partial dislocations and stacking

faults. The centrosymmetry parameter was useful in

discriminating the modes of deformation but did

not provide helpful information on the Burgers vectors

of dislocations. The slip vector defined by Zimmerman

et al. [16] is known to be useful for calculating

the Burgers vectors of dislocations. A slip vector

model is now under investigation to calculate the

Burgers vectors.

4. Conclusions

Using molecular dynamics simulations with a system size

of about 400,000 atoms, I studied the anisotropic features of

nanoindentation of nickel single crystals at the surfaces in

the three crystallographic orientations:k100l, k110l, and

k111l. Atomic interactions of the system were described

using Voter’s tabular form of the EAM potential. The

indenter tip interacting with the system surface was

described using the strong repulsive potential model to

simulate the effect of a passivation layer. Anisotropic

parameters at the surfaces were investigated as a function of

indenter size and velocity in the three crystal orientations.

The force–displacement curves followed the power law

solutions for elastic deformation in general. At the indenter

velocity of approximately 670 m/s, the Hertzian power law

solution, F ¼ kd1:5; described the elastic deformation for

all three orientations. However, at the low velocity of

approximately 67 m/s, the higher power law solution, F ¼

kd2:5; provided a better fit for the elastic curves. Thus,

elastic behavior was dependent on the indenter velocity.

The orientation dependency of the hardness was analyzed

quantitatively by calculating the micro modulus, k. The

discrete yield phenomena were different for the three

different orientations. Thus, the results showed the

dependency of anisotropic elastic–plastic deformation on

the indenter size, velocity, and crystal orientation.

The centrosymmetry parameter was used to quantitat-

ively discriminate the modes of deformation. For the k100l
orientation, dislocation nucleation started as stacking

faults in the two (111) surfaces. However, the dislocation

propagation occurred non-symmetrically and soon

evolved into mixed modes of stacking faults and partial

dislocations. For the k110l orientation, dislocation

nucleation occurred as partial dislocations. For the k111l
orientation, dislocation nucleation took the longest time

among the three orientations, starting as partial dislo-

cations. However, the deformation pattern was different

from that of the k110l orientation: the two dislocation

Figure 4. Top panel: indentation force vs. displacement curves in the
three orientation directions. The indenter velocity is approximately
67 m/s and its diameter is 5.0 nm. Bottom panel: general power law curve
fit to the elastic deformation in the k111l indentation, where k ¼ 0:06 and
n ¼ 2:5: At the low velocity, the higher order power law curve fits the
elastic deformation better than the Hertzian curve. See figure 2 caption
for units.
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modes, partial dislocation and stacking faults, occurred

immediately and almost simultaneously. The results for

the slip plane and slip direction agreed with those

observed in the shocked nickel single crystals.
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