Copyright © 2008 Tech Science Press

CMES, vol.24, no.3, pp.239-248, 2008

Molecular Dynamics Study of Size Effects and Deformation of Thin Films
due to Nanoindentation

Arun K. Nair!, Diana Farkas? and Ronald D. Kriz'

Abstract:  The indentation response of Ni thin
films of thicknesses in the nano scale was stud-
ied using molecular dynamics simulations with
embedded atom method (EAM) interatomic po-
tentials. Simulations were performed in single
crystal films in the [111] orientation with thick-
nesses of 7nm and 33nm. In the elastic regime,
the loading curves observed start deviating from
the Hertzian predictions for indentation depths
greater than 2.5% of the film thickness. The ob-
served loading curves are therefore dependent on
the film thickness. The simulation results also
show that the contact stress necessary to emit the
first dislocation under the indenter is nearly in-
dependent of film thickness. The deformation
mechanism consists of the emission of disloca-
tion loops in the area underneath the indenter.
The loops are emitted in multiple directions with
more dislocations emitted as the films thickness
increases. This effect is interpreted as due to the
back stress created by the first dislocations emit-
ted when they reach the film/substrate interface
and cannot cross into the substrate.

Keyword: Embedded atom method, molecular
dynamics, indentation, Nickel, Thin films.

1 Introduction

Nanoindentation is a widely used testing method
for the study of material properties of thin films.
It is derived from a conventional hardness test
and it is routinely used for evaluation of the
elastic modulus besides the hardness. In cur-
rent instruments, the penetration depth can be
in the nanometer range, hence the name ‘nano-
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indentation’ technique. A common assumption in
the modeling and analysis of indentation is that
the indented medium is semi-infinite. However,
in many nanoindentation tests the analyzed mate-
rial is a thin film, deposited on a substrate that can
itself be a nano-scale film. These problems are of
great interest due to the vast applications of thin
film structures and the miniaturization of many
devices and components. Nanoindentation based
technology has thus been developed in the recent
years and is an important way of addressing the
mechanical properties of thin films, such as hard-
ness. Experimental studies by Gerberich, Nel-
son, Lilleodden, Anderson and Wyrobek (1996)
and Volinsky and Gerberich (2003) have shown
that nanoindentation is a reliable and widely used
technique for probing mechanical properties of
materials.

When addressing properties at the nano-scale new
phenomena may appear that are different from
the more macroscopic counterparts. For exam-
ple, the Hall-Petch strengthening with decreasing
grain size, typical at the macroscopic scale breaks
down at the nanoscale and is actually reversed
when the grain sizes are less than 20 nm (Weert-
man, Farkas, Hemker, Kung, Mayo, Mitra and
Van Swygenhoven (1999); Van Swygenhoven,
Farkas and Caro (2000); Van Swygenhoven, Caro
and Farkas (2001a); Schiotz and Jacobsen (2003);
Schiotz (2004)). In another example, size ef-
fects have been observed in the mechanical prop-
erties of thin FCC films studied by various tech-
niques, including nanoindentation (Espinosa, Pro-
rok and Peng (2004); Espinosa, Panico, Berbenni
and Schwarz (2006); Zong, Lou, Adewoye, El-
mustafa, Hammad and Soboyejo (2006)).

To completely understand mechanical behavior
at the nano scale, molecular dynamics computer
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simulations can be used to model material behav-
ior under various loading conditions. These sim-
ulations can reach now the spatial scales typical
of nanoindentation and can provide great detail
about the mechanisms underlying materials re-
sponse. Simulations have been used extensively
in the past to study the indentation problem and
have provided great insight into the actual pro-
cess of emission of the first dislocations respon-
sible for incipient plasticity as the films are in-
dented (Christopher, Smith and Richter (2001);
Li, Van Vliet, Zhu, Yip and Suresh (2002);
Lilleodden, Zimmerman, Foiles and Nix (2003);
Ma and Yang (2003); Lee, Park, Kim, Jun and
Im (2005); Shiari, Miller and Curtin (2005); Igle-
sias and Leiva (2006); Kim, Yoon, Cho and Jang
(2006)). Christopher, Smith and Richter (2001)
have shown that atomistic modeling was able to
reproduce the experimental features like piling-
up of material along the indenter sides. Studies
conducted by Li, Van Vliet, Zhu, Yip and Suresh
(2002) described the incipient plasticity due to
indentation using atomistic simulation and finite
element-modeling for Al. Atomistic/continuum
modeling of nanoindentaion was also carried out
by Shiari, Miller and Curtin (2005) and Iglesias
and Leiva (2006). Similar work has been carried
out by Ma, Lu, Wang, Roy, Hornung, Wissink
and Komanduri (2005) and Ma, Liu, Lu and Ko-
manduri (2006). Lee, Park, Kim, Jun and Im
(2005) have also modeled Al and described in de-
tail the homogenous nucleation of dislocations.
Szlufarska (2006) and .Schuh (2006) have re-
viewed recent advances in nanoindentation stud-
ies by atomistic modeling. Atomistic simulations
also provide trends and information on the mech-
anisms of plasticity. Most of these studies have
been performed in single crystal samples. The
effects of random high angle grain boundaries
present have been studied by .Hasnaoui, Der-
let and Van Swygenhoven (2004). Their work
showed that the grain boundaries can emit, ab-
sorb and repel dislocations. The effects of thick-
ness and geometry of the indenter in nanoinden-
tation of Ni thin films were studied by Parakala,
Mirshams, Nasrazadani and Lian (2004), showing
that there is an indentation size effect irrespective
of indenter tip geometries.
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Nix and Gao (1998) have modeled indenta-
tion size effects at the micro scale using the
concept of geometrically necessary dislocations
and found that hardness increases as depth de-
creases. However, the model does not address
the hardness-depth relation for indentation at the
nano-scale. Huang, Zhang, Hwang, Nix, Pharr
and Feng (2006) developed an analytical model
applicable to indentation at the nanometer scale
based on maximum allowable geometrically nec-
essary dislocations. Recently, .Cordill, Cham-
bers, Lund, Hallman, Perrey, Carter, Bapat, Ko-
rtshagen and Gerberich (2006) compared the lin-
ear and parabolic hardening models in ultra-small
cubes and films and found out that linear harden-
ing model gave a better representation of the early
trends in experiments; whereas parabolic harden-
ing model fits later stages Zhang, Saha, Huang,
Nix, Hwang, Qu and Li (2007) modeled Tungsten
films deposited on an Aluminum substrate using
conventional mechanism of strain gradient plas-
ticity theory (CMSG), showing that hardness at
the microscopic scale decreases monotonically as
the indentation depth increases and doesn’t reach
a constant macroscopic hardness. Indentation size
effects studies using plasticity theories are also
done by Saha, Xue, Huang and Nix (2001), .Abu
Al-Rub and Voyiadjis (2004) and Qu, Huang,
Pharr and Hwang (2006). Chen, Liu and Wang
(2004) studied the size dependence in Al films
on glass and showed that the hardness increases
when the tip approaches the film/substrate inter-
face.

In the present work we address the effects of
film thickness on indentation response, both in
the elastic and the plastic regimes of single crys-
tal films of varying thicknesses and study the de-
formation mechanism in the plastic regime. We
choose for this investigation films of Ni that are
oriented in the [111] direction and described by
an embedded atom method interatomic potential
(EAM) (Daw and Baskes (1984), Finnis (2003)).
The elastic responses of the films are compared
with Hertzian theory. The technique for the sim-
ulation is classical molecular dynamics. The goal
of the investigation is to elucidate the effects of
film thickness on the elastic and plastic behavior
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2 Sample preparation

In order to study the thickness effects due to in-
dentation, samples of single crystal films were
generated for different thickness. We generated
samples of 7nm and 33nm by changing the di-
mension of the film along [111] direction (Figure
1). The dimensions of 52nm along the direction
and 52nm along the direction were chosen so that
the sample is significantly larger than the inden-
tation contact area at maximum depth (10nm) and
the spurious effects originating from the finite size
of the sample in these directions can be avoided.
Before the indentation process, all the samples
were relaxed for 100 ps at 300°K using molec-
ular dynamics as implemented in the LAMMPS
code (Plimpton (1995)). This relaxation was per-
formed with free surface boundary conditions for
the top of the film and a fixed layer of atoms to
represent the substrate. The boundary conditions
in the directions contained in the film are periodic.

[111]

Figure 1: Orientation and size of the single crystal
films used in the indentation simulations.

3 Indentation Simulation Procedure
3.1 Interatomic potentials

The embedded atom method is currently a com-
mon technique used in molecular dynamics com-
puter simulation of metallic systems (.Daw and
Baskes (1984)). The method provides a good de-
scription of the interatomic forces in the system,
particularly for fcc metals. It calculates the in-
teratomic potentials in metals and models forces

between atoms as follows:
1
E= EZV(W) +Y F(pi), pi=2,0(rij) (D
ij i i

Where E is the total energy of the system, V (r;;)
represents the pair interaction energy between an
atom i and its neighboring atom j, ¢(r;;) is the
electronic density function, and F(p;) represents
an embedding function accounting for the effects
of the free electrons in the metal (Finnis (2003)).
In particular, we used the Ni potential functions
developed by Voter (1987). These potentials re-
produce the perfect lattice properties well and
have been tested extensively.

The molecular dynamics algorithm is used here
as implemented in the LAMMPS code by Plimp-
ton (1995). The boundary conditions used are pe-
riodic in the directions that are perpendicular to
the indentation force. The sample sizes in the di-
rections perpendicular to the indentation direction
were chosen to be large enough to avoid spurious
effects of the periodic boundary conditions used
in these directions. In the direction of the inden-
tation force we used a free surface boundary con-
dition for the top of the film and a fixed boundary
condition for the bottom of the film, representing
a hard substrate. For the indenter, we use a totally
rigid spherical indenter with a force on each atom
given by Plimpton (1995). The force exerted by
the indenter is given by::

F(r)=—k(r—R)? )

Where £ is the specified force constant equal to10
eV/A?, ris the distance from the atom to the cen-
ter of the indenter, and R is the radius of the in-
denter equal to 15 nm. The force obtained us-
ing equation (2) showed excellent agreement with
the force computed from pressure in the [111] di-
rection from the LAMMPS output in the elastic
regime.

Our samples contain up to 8 million atoms. We
typically use 256 processors and each indentation
simulation for the larger size takes about a week
of computational time.
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3.2 Indentation simulation and visualization
of the results

The simulations were performed using the
LAMMPS code (Plimpton (1995)) in which a
rigid spherical indenter with a radius of 15 nm
was chosen. The indention process was started
by lowering the indenter down the [111] direction
into the two thin films at the rate of 1nm per 100
ps. This rate is much faster than in experiments,
and is a result of the limitations of the molecular
dynamics technique, even using massively paral-
lel simulations, as we do here. The simulation
was performed at 300°K with the bottom three
atomic layers fixed in the direction. The top of
the film surface was treated as a free surface. Pe-
riodic boundary conditions were imposed in the-
and directions. The atomic positions are moni-
tored at 10 ps intervals until the indentation pro-
cess is completed after the tip reaches a maxi-
mum depth. The force from the indenter is ob-
tained using the atomic positions corresponding
to each time step and the force given by equation
(2). Contact stresses are obtained as force divided
by contact area with the contact area between the
indenter and the film is given by:

Area = 7t(2Rd — d*) (3)

Where R is the radius of the indenter and d is the
indentation depth.

In order to selectively visualize interior de-
fects, we have employed a visualization tech-
nique based on the centrosymmetry parameter
that was proven effective for the studies of dislo-
cation emission in FCC crystals and is described
by .Kelchner, Plimpton and Hamilton (1998).
Centrosymmetry parameter values between 3 and
20 are typical of dislocation cores and stacking
faults. Values of the centrosymmetry parameter
larger than 20 correspond to atoms at the surface.
The atoms with centrosymmetry parameter lower
than 3 are located near perfect lattice positions
and are not displayed for visualization purposes.
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4 Results and Discussion

4.1 Effect of film thickness in the elastic
regime

Force versus indenter displacement results in the
elastic regime are plotted for the films of two dif-
ferent thickness in Figure 2. The Hertzian theory
(Johnson (1985)) prediction for a semi-infinite
film indented by a spherical indenter is also shown
for comparison. The force in Hertzian theory is
given by:

P = (4/3)ER"/*1*/? )

Where E is the modulus of elasticity of Ni (220
Gpa), R radius of the indenter of 15 nm and h
is the indentation depth. These results show that
indentation into these thin films only follow the
Hertzian predictions for a semi-infinite crystal in
the very initial stages of the indentation. These
results show that in the elastic region, the thinner
films require higher forces to achieve the same
indentation depth than the thicker films. As ex-
pected, the deviation from the Hertzian theory is
larger for the thinner films.

600 ——7nm
33nm
500 = = Hertzian

Load(Nano-Newtons)
'y
=3
o

N
(=3
=3

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Displacement(nm)

Figure 2: Force versus indenter displacements
curves obtained in the elastic regime for films of
7nm and 33nm thicknesses. The Hertzian the-
ory predictions for a semi-infinite film are shown
for comparison along 7nm and 33nm films thick-
nesses.
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4.2 Effect of film thickness on the initial plastic
event

Figure 3 a shows the forces for which the first dis-
location is emitted under the indenter, constituting
the initial plastic event. The force values depend
on film thicknesses, with the first dislocation ap-
pearing at lower indentation depths and requiring
higher forces for the thinner films.
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Figure 3: The initial plastic event indicated by the
arrows for films of both thicknesses. (a) Force
versus indenter displacements curves. (b) Contact
pressure (GPa) vs. indenter displacement curves.

In order to find the stress required to emit the first
dislocation and to observe the effect of thickness
in single crystal films, the contact pressure un-
der the indenter on the film surface was plotted
against the indentation depth for different values
of film thickness, as shown in Figure 3b. The
contact pressure was calculated from the force
of the indenter and the contact areas directly ob-
served in the sample. As the film thickness in-
creases, the first dislocation appears at larger in-

dentation depths. However, the contact pressure
necessary for the initiation of plasticity in these
single crystal films is mostly independent of the
film thickness. This implies that the contact stress
required for the emission of the first dislocation
is not significantly dependent on the film thick-
ness, and independent of the different elastic de-
formation and stress fields created by the inden-
tation of films of various thicknesses. The con-
tact pressure under the indenter necessary for the
homogenous nucleation of the first dislocation
is a material dependent quantity and is not af-
fected by film thickness. The thickness indepen-
dent contact pressure for our [111] single crys-
tal film is approximately 16 GPa. This value
is almost half the value (28 Gpa) previously re-
ported by authors Nair, Parker, Gaudreau, Farkas
and Kriz (2008) using interatomic potential devel-
oped by .Mishin, Farkas, Mehl and Papaconstan-
topoulos (1999).This clearly indicates that the in-
teratomic potential used for simulations also af-
fects the hardness value Hardnesses of 5 to 6
GPa were experimentally observed in the nanoin-
dentation of Ni films with the (100) orientation
Zong, Lou, Adewoye, Elmustafa, Hammad and
Soboyejo (2006) at a depth between 0.01yum and
0.1um. Pan, Nieh and Chen (2006) report ex-
perimental values of 6 to 7 GPa for nanocrys-
talline Ni. One important reason why the value
obtained in the simulations is higher is the fact
that the experiments are performed on films that
contain grain boundaries and other defects, pro-
viding sites for heterogeneous nucleation of dis-
locations.

It is shown in the current study that the critical
stress needed to initiate plasticity in single crys-
tals through homogeneous nucleation of disloca-
tions is independent of the film thickness. Several
experimental studies (.Uchic, Dimiduk, Florando
and Nix (2004); Greer, Oliver and Nix (2005);
Volkert and Lilleodden (2006)) have shown that
the onset of plasticity in micro and nano pillars
is size-dependent. This suggests that in these
experiments heterogeneous nucleation of disloca-
tions is responsible for the onset of plasticity. In-
deeed Nair, Parker, Gaudreau, Farkas and Kriz
(2008) using interatomic potential developed by
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Mishin, Farkas, Mehl and Papaconstantopoulos
(1999) showed that when defects are present in
the films and the dislocations nucleate at these de-
fects, the stress required for this process can be
dependent of the thickness.

Another reason why the hardness obtained in the
simulations can be higher than the experimental
values is that hardness increases with decreas-
ing penetration depth. Zong, Lou, Adewoye, El-
mustafa, Hammad and Soboyejo (2006) have re-
ported that this phenomenon is significant in the
nanoscale and the hardness increases by a factor
of 2 when depth decreases from 500 to 30nm. In
addition, Zhang, Saha, Huang, Nix, Hwang, Qu
and Li (2007) and Qu, Huang, Pharr and Hwang
(2006) found similar effects at the micron to sub-
micron scale.

Hence the value of 16 GPa for the initial plas-
tic event is reasonable for the hardness of Ni thin
films at the nanoscale, considering our indentation
depths are less than 10 nm.

4.3 The plastic region

Figure 4 shows the full results for the indenta-
tion process well into the plastic region. Fig-
ure 4a shows the results in terms of the loading
curves and figure 4b shows the contact pressure
curves. The results indicate that the thinner films
are harder in the plastic regime, due to the effects
of the substrate. In order to understand the rea-
sons for this behavior, in the following section we
analyze the deformation mechanism in detail.

4.4 Deformation Mechanism in Nanoindenta-
tion

The atomistic visualization of the indentation
simulations showed the mechanisms responsible
for the plastic deformation in these films. In the
initial phase of plastic behavior, homogenous nu-
cleation of the dislocations are observed directly
under the indenter and as the force of the inden-
ter increases dislocation loops are formed (Figure
5). This phenomenon is consistent with the stud-
ies done by Li, Van Vliet, Zhu, Yip and Suresh
(2002) and Lee, Park, Kim, Jun and Im (2005)
where they observed the incipient plasticity is ini-
tiated by the homogenously nucleated glide loops.
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Figure 4: Loading (a) and Contact pressure (b) vs.
indenter displacement curves for films of 7nm and
33nm in the plastic regime.

These dislocation loops then start to grow and ex-
pand inside the film and forming prismatic partial
glide loops. Figure 5 shows dislocation loops that
were observed after the initial dislocation burst for
the 33 nm sample at various indentation depths.
Figure 6 shows in detail one such prismatic loop,
where each side of the loop consists of stacking-
fault and are bounded by Shockley partials. The
prismatic partial loops glide down to the hard sub-
strate as the indentation depth increases and can-
not penetrate the substrate. It gets reflected back
as shown in Figure 5. This phenomenon was not
observed by Lee, Park, Kim, Jun and Im (2005)
for Al since the bottom surface was imposed as
a free boundary condition; hence the loop passed
through the substrate leaving an impression of a
parallelogram. Our simulation also indicates that
loops are emitted not only in one direction but in
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Figure 5: Visulaization of the dislocation emis-
sion process in the 33 nm film due to indentation
at depths of (a) 1.2 nm (b) 1.4 nm (c) 1.6 nm (d)
2 nm.

multiple directions (Figure 5 c&d). As the film
thickness decreases, loops cannot move as easily
due to the fact that there is less space available. In
order to understand the effects of this constraint
on the plastic deformation process, we analyzed
quantitatively the number of dislocations emitted
by counting the atoms that have centrosymmetry
parameters between 3 and 10 and are located in
the dislocations. This number of atoms should be
a good quantitative indication of the dislocation

(111) (i

Figure 6: Enhanced view of one of the emitted
dislocation loops.
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Figure 7: Number of atoms contained in the dislo-
cations emitted for films of 7nm and 33nm versus
depth of indentation.

activity as indentation progresses. Figure 7 shows
the number of atoms in the dislocations as a func-
tion of depth for both films. These results show
that film thickness has a significant effect on the
number of dislocation emitted. This explains the
increased hardness observed for the thinner films.

5 Conclusions

In this paper, we simulated the indentation of Ni
[111] thin films of thicknesses 7nm and 33nm
using molecular dynamics. The simulations ad-
dressed the analysis of thickness, size effect and
deformation mechanism of single crystals films
and offer a simple explanation for why continuum
theories fail to address this issue effectively. Sev-
eral important conclusions can be drawn from our
results.
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1. Our results suggest that the contact pressure
necessary to emit the first dislocationis a ma-
terial property in the single crystal films and
is mostly independent of film thickness. For
Ni described by the potential used here this
value is 16 GPa.

2. The deformation mechanism shows, partial
prismatic glide loop consisting of stacking-
fault bounded by Shockley partials being
emitted in multiple directions. These loops
get reflected by the hard substrate.

3. The number of dislocations emitted by thin
films depends on film thickness, as the films
thickness decreases so does the number of
dislocations.
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