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An indentation simulation of the crystal Ni is carried out by a molecular dynamics technique (MD) to study
the mechanical behavior at nanometer scales. Indenter tips with both sphere shape and conical shape with 60°
cone angle are used, and simulation samples with different crystal orientations are adopted. Some defects such as
dislocations and point defects are observed. It is found that nucleated defects (dislocations, amorphous atoms)

are from the local region near the pin tip or the sample surface. The temperature distribution of the local region

is analyzed and it can explain our MD simulation results.

PACS: 61.72. Hh, 64.70. Kg

Investigation of the deformation mechanism of
nanometer materials is a hot topic. Some experimen-
tal methods have been developed to measure their
mechanical properties by means of atomic force mi-
croscopy (AFM).[2 Li et al. performed nanoindenta-
tion tests on silver nanowires!) and ZnS nanobelts.?

The merit of atomic force microscopy (AFM)-
based lithography techniques is that AFM can exert
a very small vertical force on the workpiece surface,
which leads to a depth of cut of several nanometers,
and a wealth of information on deformation can be
obtained. Unfortunately, the deformation mechanism
by nanoindentation at the atomic scale is not well un-
derstood, and the experimental protocols are unable
to display the atomic processes involved in dislocation
nucleation and micro defect evolution.

The molecular dynamics technique(MD) approach
has been applied to study various dynamic deforma-
tion processes on the atomic scale. da Silva et al.[* in-
vestigated the structural evolution and the formation
of necks induced by defects. The dependence of de-
formation mechanism on strain rates,!*) size and time-
scale effects,[5] temperature effects,[G] and geometric
shape effects!”) have been investigated in detail. Kim
et al.¥ studied the influence of crystal orientation on
the plough force of a pin tool, and revealed a rela-
tion between an extensive dislocation and the plough
direction of the pin tool.

In this Letter, MD simulations of the canonical
ensemble (NVT) are applied to study the nucleation
and evolution of dislocations and other defects in
monocrystal Ni during the indentation process. Spe-
cial attention is paid to the effect of temperature dis-
tribution on dislocation nucleation.

Two simulation cases are considered. In one case,

DOTI: 10.1088/0256-307X/27/2/026104

the simulation system consists of both a workpiece of
crystal Ni along 2[100], y[010], z[001] and an indenter
tip of rigid diamond, the tip is a sphere shape with a
diameter 7nm, as shown in Fig. 1. In the other case, a
workpiece of crystal Ni is along z[111], y[110], 2[112],
and the indenter tip has a conical shape.

Fig. 1. Schematic of nanometer Ni indentation model for
case 1.

The dimension of the Ni workpiece is constructed
sufficiently large to eliminate boundary effects. Ac-
cording to the previous simulations, the size of a
workpiece of 26ag X 26ag x 36ag along the z,y and z
directions is enough, where ag (3.52A) is the crystal
constant. The workpiece is made up of about 98000
Ni atoms and the tip is made of about 16000 car-
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bon atoms. The periodic boundary condition and free
boundary condition are performed along the x and
y directions, respectively. On the top surface of the
workpiece the diamond tool is applied along the nega-
tive z direction, and three layers of atoms at the bot-
tom side are fixed.

The simulation was carried out at 300 K using an
embedded atom potential for Ni,['% and the interac-
tion between Ni atoms and the diamond atoms of the
pin tool is modeled by the repulsive potential V,(r),[!]
with V,(r) = Ar™", where A and n are material pa-
rameters. In this work, A is chosen to be 10nN A4
and n to be 3, respectively.

Initial velocities of atoms are specified based on
the Maxwellian distribution corresponding to a given
temperature, Ty = 300K, and the magnitudes may
be adjusted so as to keep constant temperature in
the system.'?'3] The time integration of motion
is performed by the fifth Gear’s predictor-corrector
method," time step dt = 1.0fs. The experiment
shows that the Ni hardness is about 3.4 GPa and the
hardness of diamond is 78.96 GPa;[*®! one can assume
that the diamond tip does not deform during the pro-
cess of indentation.

For the first case, after 1000 MD steps of relaxation
with the environment temperature 300K, a stable
structure of the workpiece is obtained. The pin tool
begins to plough into the workpiece along the direc-
tion [001] with velocity 0.176 A /ps. Figure 2 presents
the curves of stresses versus indentation depth. As
the tip reaches at 1.0nm in depth, a rapid rise in the
stress o0,, is observed, the stress is about 2.6 GPa.
With indentation depth increasing, the compressive
stresses increase slowly with fluctuations. The fluc-
tuations may be caused by the thermal vibration of
atoms surrounding the tool due to temperature, or
caused by some defect evolution. During the loading
process, the variation of stress of width direction is
small, and it is not significant in the active research
of AFM indentation.
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Fig. 2. Compressive stress versus depth of indentation.

Figure 3 shows four atomic configurations, the de-

fect firstly is observed in the region near the pin tip,
see Fig. 3(a), where both the pressure and temperature
are higher than that of the other region. As the pin
tool reaches a depth of 1.0nm, some defects are ob-
served. A common neighbor technology!*®! is adopted
to analyze the simulation results, the atoms at some
perfect lattice sites are moved from Figs.3(a), 3(b),
3(c) and 3(d), the atoms with non-perfect lattice are
plotted. Some defects are generated from the surface,
see Fig. 3(b), the slip planes are observed clearly from
Figs. 3(c) and 3(d), and the defect evolution shows a
circle structure over the substrate. Many experiments
have verified that dislocations or other defects are of-
ten formed from the surface.l'”-'® By comparing the
ideal crystal structure, the surface atoms lose some of
their neighboring atoms, therefore there are sites for
defects to nucleate. Koh and Leel' proposed that
the presence of high stresses in the surface of nanome-
ter materials is attributed to the availability of open
bonds, surface atoms are at a higher electronic state
as compared to atoms situated inside the bulk and
possess a higher electronic cohesive energy; this may
result in surface defects being nucleated because of the
formation of asymmetric bounding of surface atoms
with neighboring atoms.

Fig. 3. Defect evolution at different depths of indentation
for case 1: (a) 1.0nm, (b) 2.0nm, (c¢) 3.0nm, (d) 4.0 nm.

Fig. 4. Dislocations and amorphous atoms observed for
case 2.

For the second case, a simulation with different
crystal orientations z[111], y[110], and z[112] is car-
ried out, and the conical indenter is used. From
Fig. 4, several partial dislocations §[112]/(111) are ob-
served. For FCC crystal Ni, the partial dislocation
moves on slip plane (111) are frequently observed in
the experiment.l'” Carrasco et al.2°) made a nanoin-
dentation experiment on Au, dislocations near the in-
dentation site were observed. Morris and coworkers!?!]
developed a hybrid technique incorporating a nanoin-
denter into a transmission election microscope (TEM),
providing in situ images of structural evolution be-
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neath an indentation on Al, the initiation of disloca-
tion activity was studied. In our study, some amor-
phous atoms around the indenter marked within the
square lines are observed due to higher temperature,
which may be caused by friction between the indenter
and substrate Ni.
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Fig. 5. Comparison of thrust force between cases 1 and 2.
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Fig. 6. Temperature versus depth of indentation.

Figure 5 shows a comparison between curves of
thrust forces versus indentation depth. For the first
case, when the indenter reaches the depth of 1 nm, the
thrust force is about 100nN, and it does not increase
with increasing depth. For the second case, the verti-
cal force increases with depth. When depth reaches
about 4nm, force is at 350nN. It is deduced that
the geometric shape of the indenter has an important
effect on the simulation results.[”] Figure 6 displays
the curve of temperature versus indentation depth,
near the tool tip the local temperature reaches over
650K after the depth of indentation reaches about
4nm. Combining Figs.3 and 5 with Fig.6, it may
be understood that temperature may be vital for de-
fects (such as amorphous atoms and dislocations) to
be nucleated in the relatively higher temperature re-
gion. Similar results by MD simulation are obtained
by Tang[?? and Chen et al.**! Rice and Beltz,[* Mey-
ers and Chawlal[?®! pointed out that the effects of ther-
mal activation are very significant in lowering the load

for dislocation nucleation; the tendency of the pro-
cess of dislocation nucleation can be described by the
Arrhenius equation.[?’] Recently, Zhu et al.2%! devel-
oped an atomistic modeling framework to address the
probabilistic nature of surface dislocation nucleation.
Their results show that the nucleation of surface dis-
location is sensitive to temperature, and the applied
load for nucleation of dislocations is reduced with in-
creasing temperature.

In summary, MD simulations are carried out to
understand the atomic scale mechanism of pin tool in-
dentation on a nanometer Ni. The simulation shows
that defects, such as dislocations and amorphous
atoms, are nucleated near the tip. The local temper-
ature near the tip is higher than that of the system,
and it makes an important contribution to defect nu-
cleation and evolution.
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