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Abstract. Molecular dynamics simulations are used to investigate the nucleation
and dynamics of dislocations during nanoindentation of a (111) FCC plane. The
core structure around the dislocation is visualized by coloring the atoms with de-
viating coordination number and its Burgers vector is automatically determined.
Discontinuities in the load-depth curves are related to the nucleation of edge dislo-
cation dipoles (loading) and the annihilation of dislocations (unloading).

31.1 Introduction

In nanoindentation experiments an indenter with a contact area on a nanoscale
is pushed at constant speed v from a given height fi, to a given depth h,. into
the material (loading), and is subsequently retracted to its original position
following the same trajectory as for the loading process (unloading). For sin-
gle erystals the measured load-displacement response, which shows the force
required to push the tip a certain distance into the material, shows charac-
teristic discontinuities,

It has been shown that molecular dynamies (MD) simulations can pro-
vide a qualitative analysis of discrete plasticity events that are consistent
with experimental observations of nanoindentation in single crystals [1]. In
MDD simulations several methods are used to identify the location and type
of defeets in the material. Amongst others, these techniques rely on the se-
lection of atoms on the basis of their potential energy, their centrosymmetry
parameter [2], their coordination number, their atomic stress tensor or their
slip vector [3]. Recently, the A-criterion has been used in MD sinmlations to
predict the location and slip character (slip plane and Burgers vector) of a
homogeneously nucleated defect [1]. Below we present a technigue to anto-
matically determine the Burgers vector in MD simulations of nanoindentation

of a erystal plane.

31.2 Model and Simulation Method

The system we study is the (111) plane of an FCC lattice consisting of N
ators with mass . Prior to indentation the system is defect-free. The width
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of the system is given by L, = xag and the thickness or height by L, = yag,
where ayg a/v2 and a denotes the lattice parameter. The atoms at the
bottom layer and at the left and right boundary of the material are kept
fixed. Thus, we do not use periodic boundary conditions.

Since our goal is to study generic material properties and dislocation
micleation and dyvnamics during indentation we consider a simple non-trivial
model. We assume that the interatomic forces are described by a Lennard-
Jones (LJ) potential Viry;) = 4e (_rrl,r’-r.,;_?)lz —(a/ry )ﬁ] where r;; denotes
the distanee between atoms 7 and j. ¢ denotes the minimum of the potential
function and o denotes the interatomic distance at which the potential is zero.
The potential quickly falls to negligible values for large values of r;;. Hence
in practice a truncation r. can be applied beyond which the force between
particles is defined to vanish [4]. A typical entoff distance is v, = 2.5 4.
However for zero-temperature, harmonic theory shows that in order to recover
the correct elastic continuum theory, the radins ». has to be increased to at
least 3.5a.

[ this study we nse a rigid half-sphere tip with diameter d, = day. Only
the outer atoms of the tip interact with the dynamic material atoms. The
interaction is considered to be purely repulsive and modeled by the repulsive
part of the LJ potential. As such, there is zero friction between the indenter
and the material. The potential parameters are denoted by o and ¢'. The
direction of indentation is [121]. The indenter moves towards the material
with increments of 4, over Ny time steps Af, corresponding to an indentation
speed v =y /AN, Prior to indentation the topmost layer of the material
is positioned at y = 0, hence hy, = 0 and h. < 0. The force acting on the
indenter is caleulated by summing the y-components of forces acting on the
individual outer atoms of the tip.

We use standard MD technology [4] to simulate the motion of the material
atoms. Equations of motion are integrated using the Verlet and a fourth-order
simplectic integrator [5]. We divide the simulation space into small cubic cells
with dimensions R, = v.. Each cell is represented by a linked-list of the atoms
within it [4].

The use of some kind of thermostat is mandatory to dissipate the encrgy
that is added to the system by pressing the indenter into the material. We
have studied varions mechanisms: Nosé-Hoover thermostat [6], Langevin dy-
namics 7] and the Berendsen thermostat [8]. Our test shows that the Berend-
sen thermostat dissipates the extra energy very last. The Berendsen thermo-
stat does not exactly reproduce the canonical distribution but is widely used
becanse of its stability and efficiency in MD simulations [9]. Moreover also the
more “rigorons” Nosé-Hoover thermostat can fail to reproduce the expected
statistical mechanical behavior [9]. Since we are interested in the mechanism
of defect nucleation under nanoindentation, a non-equilibrinm process, and
the analysis of the emerging dislocations, the use of the Berendsen thermostat
i justified. We use the kinetic energy to define the effective temperature 7',
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31.3 Dislocation Analysis

Defects in the material are visualized by coloring the atoms according to
their coordination munber €. The coordination number counts the number
of nearest neighbors of an atom. In a static and perfect (111) plane of a
FCC lattice, C' counts all atoms at a distance D = ay of the atom under
consideration. Hence, all atoms have ¢ = 6. In our MD simulations the
atoms are not static and therefore we take D = 3an/2 to compute ', So-
called “defect atoms” and atoms at the svstem boundaries have O £ 6.

We calculate €' for each atom and subsequently group the defect atoms in
“defects”™ by searching for nearest-neighbor defect atoms of the defect atom
under consideration. In this way we label the defects consisting of connected
deflect atoms.

For each defect we mark the nearest-neighbor atoms of the defect atoms
which are not belonging to the defect itself. i.c. we mark the atoms forming
the outer perimeter of the defect (see the encircled atoms surrounding the
defects in Fig. 31.3). These atoms form a closed loop enclosing the dislocation
line. We use this circuit of atoms to compute the Burgers vector. We move
from one atom in the loop to the next and determine the veetor between
them. We compare this vector with the perfect FCC lattice vectors and store
the lattice vector which resembles the vector between the atoms the most, We
then take the next atom in the loop, repeat the above procedure and add the
newly determined lattice vector to the previous one. We continue until the
loop closes. The resulting vector from summing up the lattice vectors is the
Burgers vector b. The sense of b is chosen such that the Burgers vector points
from the end-to-the-beginning of the cirenit (in the sense of a right-handed
screw) in the perfect erystal [10].

31.4 Results

We report on nanoindentation simulations for two systems of different size,
referred to as system 1 and 2, respectively. System 1 (2) contains N =
5075(20549) atoms, L, = 99ay(199a,) and L, 25an(blag), where ag =
0.16837 nm. Hence the system has a thickness of 7.3nm (14.9nm) and a
length of 16.7nm (33.51um). The other simulation parameters are given in
the table in Fig. 31.3.

We first indent the defect-free system 1. The initial deformation of the
material is elastic but at a certain indentation depth two subsurface edge dis-
location dipoles nucleate slightly displaced [rom the loading axis. The dipoles
split: One dislocation proceeds towards the material surface and forms a sur-
face slip step of one atomic diameter, a second dislocation proceeds into the
material. The two dislocations of opposite sense that miegrate into the mate-

rial (denoted by 1 and 2 in Figs. 31.3 and 31.3) subsequently glide in opposite
{110 slip directions. The Burgers vector of dislocation 1 1s by = [011]/2 and
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Maodel parameters
mo= 9.208810 kg

L e=1leV
-...---....__“““.",.....-.on. o 045
T =50 K
R. = 1.5 nm
At =25 1s
iy = 6.7
e =10 eV
o' = 0.4 nm
Seh Yy — (LO1 nm
q’%@ N, = 800
: v =5 m/s
hiy = 1 nm

e = —0.5 nm
Fig. 31.1. Left: MD simulation of systemn 1 after four dipole nucleation events,
illustrating the formation of four surface slip steps ol one atomic diameter (encircled
at the surface of the material) and four edge dislocations (indicated by 1. 2, 3 and 4]
confined within the material. The atoms are colored according to their coordination
number. Right: Simulation parameters
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Fig. 31.2. Load-indentation depth response of system 1 during loading (black)
and unloading (grev). The discontinuities in the loading curve correspond to the
nucleation of dislocation dipoles, indicated by 1, 2, 3 and 4 corresponding to the
edpe dislocations migrating into the material (see Fig. 31.3). The small drops in the
unloading curve correspond to the annihilation of dislocations. indicated by 5 and
the traversed 1

of dislocation 2, by = [110]/2. Upon further loading the atoms in a small
localized region under the slip steps become disordered but no dislocations
are nucleated at the slip steps. Instead, a third and fourth subsurface edge
dislocation dipole is nucleated. Again two dislocations move towards the ma-
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terial surface to create surface slip steps and two other dislocations (denoted
by 3 and 4 in Figs.31.3 and 31.3) with Burgers vectors by = |[011]/2 and
by — [110]/2 migrate into the material. The depth of nucleation is increased
with respect to the first subsurface dipole nucleation events. Since ihe slip
plane orientation is always 307 off axis, the slip steps appear at increasing dis-
tances from the loading axis. This process of subsequent subsurface nucleation
events was also observed in monotonic loading experiments of the Bragg-Nye
bubble raft [11]. During the unloading process dislocations 3 and 4 move to-
wards each other along their slip directions. collide and form a new edge dis-
location (denoted by 5 in Fig. 31.3) that subsequently glides in the horizontal
{101} direction. The Burgers vector of dislocation 5 is bs = by + by = [101]/2.
Upon further unloading, dislocation 1 migrates to the material surface and
disappears thereby ereating an extra surface slip step. In the final stage the
material has an imprint of the indenter remaining on its surface. Five surface
slip steps of one atomic diameter are created on the surface of the material
and two edge dislocations remain as defects inside the material.

Figure 31.3 shows the load-depth response of the system. It is seen that
each signilicant discontinuons load relaxation corresponds with the nucleation
of an edge dislocation dipole. This was also seen in [1]. Although less clearly
visible., the annihilation of dislocations gives rise to discontinuities in the
unloading curve.

Indentation of system 2 shows similar results (not shown). In this system
only three subsurface edge dislocation dipoles are nucleated. Upon unload-
ing the third dislocation, that has migrated into the material. moves to the
surface, disappears and removes one surface slip step. The fact that there are
less dislocations nucleated can be understood from the fact that this system
is much larger compared to system 1 and hence less stress is build up in the
svstem. The load-depth response of system 2 shows similar behavior as that
of system 1 but the applied loads are a factor of two smaller compared to
those in system 1.

In simmary. relatively small MD systems are suflicient to investigate the
qualitative behavior of dislocation nucleation and annihilation in nanoinden-
tation experiments. This observation may be important for the coupling of
atomistic simulations to contimunm dynamics [12].
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