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The influence of specimen size on the mechanical behavior of Au pillars is studied by means of molecular dynamics (MD)
simulations with the EAM potential. Under compression at 300 K, as the deformation of pillars is in the plastic stage, nuclea-
tion of partial dislocations is observed. The coupling effect of surface stress and thermal activation is considered when analyz-
ing the size effect on the yield property of the Au pillars. It appears that both the tensile stress component and the temperature
in the surface layer impart significant effect on the mechanical behaviors of the nano-sized Au pillars.
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In recent years there has been an increased focus in the
specimen size effects on solids. Such effects have been es-
tablished in various metals and alloys under tension, torsion,
indentation as well as compression [1-3]. Various theories
have been proposed and articulated to explain size effect
under torsion and indentation in regard to strain gradient
plasticity [4-7]. Recently focus has been given to the size
effect of single crystal metals under compression because of
the advent of focused ion beam (FIB) technique that allows
the fabrication of pillars to small sizes (pillars with diameter
<100 nm that can be manufactured with FIB). It has been
argued that under micro-tension, strain gradient effect is
absent, and thus an alternative theory has to be suggested to
explain the strong effect of pillar size on the plastic behav-
ior of single crystal metals. In situ TEM by Shan et al. [8]
has substantiated the idea that source starvation might be
the mechanism responsible for the strong size effect under
micro- and nano-compression of single crystal metals. The
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strong interest in size effect is justified by the importance of
the knowledge of the mechanical behaviors of small-size
features because it is imperative to the development of
nano-electro-mechanical systems (NEMS) and micro-elec-
tro-mechanical systems (MEMS) [9,10].

Greer and Nix [11] investigated the plastic deformation
of free-standing single crystal Au pillars by both experi-
mental and molecular dynamics (MD) simulations. Their
results indicate that the flow stress of these pillars exhibits
strong size effects and increases significantly with decreas-
ing pillar diameter at the sub-micro scale. They proposed an
explanation for their observations based on dislocation
starvation in that dislocations can easily exit the pillar sur-
face before multiplication mechanisms such as cross-slip
and dislocation-dislocation interactions commence. As a
consequence, high stresses are required in order to nucleate
new dislocations and to continue the plastic deformation
processes [12—15]. The dislocation starvation mechanism
has been supported by discrete dislocation analysis [16—18].
Frick et al. [19] performed experiments to investigate the
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uniaxial compression behavior of FIB manufactured [111]
Ni pillars, with pillar diameters ranging from approximately
25 pm to below 200 nm. Their results also revealed a strong
increase in yield stress and work hardening with decreasing
pillar diameter.

Atomistic simulations have been employed to investigate
the plastic deformation mechanisms with respect to size
effect in nanometer scale materials [20-25]. Horstemeyer et
al. [20] studied the length and time scale effects on the plas-
tic flow of face-centered cubic (FCC) metals under simple
shear loading. Others [21] investigated the mechanical re-
sponses of Au nanowires subjected to uniaxial compression
and discussed the effects of size and slenderness ratio on the
mechanical properties. Some researchers have studied the
size and strain rate effects in tensile deformation of copper
nanowires [22]. Yang et al. [23] and Liang et al. [24] re-
vealed an increase in the tensile yield stress of metal nan-
owires with a decreasing cross-sectional area, and von
Mises yield condition was used to analyze the simulation
results in literature [23]. Diao et al. [25] employed MD to
study the effect of specimen size on the yielding behavior of
Au nanowires with a width less than 6 nm. The results
showed that the compressive yield stress becomes more
pronounced with increasing nanowire width, which is in
contrast to the other results [11]. The contradiction may be
attributed to different plastic deformation mechanism. By
using the concept of critical resolved shear stress, Diao et al.
[25] proposed a local yield criterion to explain the observed
size dependence of the yielding behavior. Since nanowires
with diameter less than 6 nm have a large surface-area/
volume ratio as compared to sub-micro specimens, it should
not be unduly expected to find a strong surface effect. They
also noted out those free surfaces are critical in the yielding
of nanowires. Firstly they act as preferential nucleation sites
for defects and secondly the surface stresses can exist on the
surface of a wire, and such stresses may induce the yielding
of the nanowire. These characteristics may also be observed
on the nano-pillars. The details of the dislocation nucleation
from the surface by MD simulations are usually carried out
at pronounced strain rates [26,27]. However, Zhu et al. [28]
developed an atomistic modeling framework to address the
surface dislocation nucleation. That is, a small activation
volume led to the increased strain-rate and temperature sen-
sitivities of flow stress. Hence, the nucleation stress over a
large range of temperatures and strain rates may be able to
be predicted [29].

Though many researchers have uncovered interesting
observations in regard to the deformation mechanisms such
as the yield behavior on the nanometer-scale specimens of
single crystal metals, there is yet no comprehensive under-
standing available of the mechanism leading to the observed
behavior. The objective of this work is to use atomistic sim-
ulation to quantitatively study the size effect of nanometer
pillars of the single crystal Au under uniaxial compressive
loading. Specifically we have taken into account the cou-
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pling effect of surface stresses and temperature in the sur-
face layer in order to provide a new interpretation regarding
the size dependence of plastic deformation on the nanome-
ter scale.

1 Computation and modeling

1.1 Interatomic potential

It is known that the accuracy of MD simulations is dictated
by the accuracy of the interatomic potentials being used.
The embedded atom method (EAM) to describe potential
for FCC Au [30] is adopted. In this context, the total energy
of the system is given by

N 1
Er = L F P+ 5 20,45, M

where ¢, (r;) is the pair interaction and r; is the distance

between atoms i and j, F, is the embedding function and

i

p,; is the electronic density at the site of atom i. Most sim-

ulation results show that the EAM potential is valid for me-
tallic materials. All parameters for the interatomic potential
of Au can be found from [30]. The components of the stress
tensor associated with an atoms is defined as [31,32]:
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where o, is the stress component, p is the atomic mo-
mentum, m is the atomic mass, r; and rl.j'. are the k-th,

1-th components of r;, and € 1is the volume of an atom.

1.2 Models of nano-pillars

Pillar samples to be used in the MD simulations are ideal
and dislocation-free Au single crystal. Diameters of the pil-
lars range from 5 nm to 15 nm. Figures 1(a) and 1(b) are the
three-dimensional atomic system model and the profile of a
cross section along the pillar axis. The pillar diameter d is
measured at the half height of the pillar. The aspect ratio
(height to diameter) is 4, and the taper angle is about 2.86°.
The geometry of the pillars modeled in this work is compa-
rable to those experimentally investigated by Greer and Nix
[11], but the pillar size of the present work is smaller.

The MD simulations are performed under the NVT en-
semble. Initial velocities of atoms are specified based on the
Maxwellian distribution corresponding to 7=300 K, and the
magnitudes may be adjusted to permit the temperature con-
stant in the system according to the Nose-Hoover thermostat
[33,34]. The time integration of motion is performed by
using the velocity-Verlet algorithm [35].

To simulate the compressive load acting on the two ends
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of the pillar along its axis direction, the x and y displace-
ments of top two layers and bottom two layers displace-
ments were constrained, while their movement in the z-axis
([001]) at an average loading rate of 5.0x10° s7! was pre-
scribed. The pillar side surface was free. After each loading
step, 1000 steps of MD relaxation at the constant tempera-
ture of 300 K were performed, so that the equilibrium state
of atoms could be reached.

According to the geometric structure of a nano-pillar, it
can be divided into two regions: the first is the surface layer,
and second is the interior region. Suppose N, is the total
number of atoms, that is, N=N+N;, where N, and N, are the
numbers of the surface atoms and the interior atoms, re-
spectively. The surface atom fraction is the ratio of NJ/N,,
and the interior atom fraction is the ratio of Ni/N..

For simplification in the following analysis, we first de-
fine the following quantities:

Nt
Ou = ,,il Gyl N> 3
Ns
O-kl,sp = n=1 O-kl,n /Nt’ (4)
Ni
O-kl,ip = Zn:l O-kl,n /Nl ’ (5)

where o, is the average stress, o, , and o, are termed

the average surface stress portion and average interior stress
portion, respectively, and o, , is the stress of atom n, and

k and I are the coordinate directions. Based on above defini-
tions, one can derive o, =0y, +0,,, which correlates to

the average stress per atom consisting of two parts: the sur-
face stress portion and the interior stress portion.

(b)
Pillar surface

-

Figure 1 (Color online) Atom configuration after relaxation. (a) Three-
dimensional; (b) diagram of the cross section.
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2 Results and discussion

2.1 Plastic deformation mechanism at atomic scale

Before relaxation, pillars carved from the block have perfect
lattice in the interior, but the surface atoms are in close
proximity to atoms without symmetry, and as a conse-
quence they are in a tensile stress state.

Relaxation is carried out with temperature of 300 K, and
a stable atomic system is obtained after 10000 MD steps at
a time interval Ar=2fs. By comparing with the ideal

crystal structure, the surface atoms lose some of their
neighboring atoms, thus there will be an unbalanced force
acting on these atoms, which leads to the tensile stress on
the surface and compressive stress in the interior. The whole
atomic system will reach equilibrium gradually with the
process of relaxation.

A small amount of compressed deformation is observed
by examining the motion of the surface atoms. It is ob-
served that the pillar surface is no longer smooth upon de-
formation, and some defects appear on the surface. The co-
ordination number of the surface atoms is less than 12 for a
perfect FCC lattice.

Figure 2(a) shows the potential energy plotted versus
MD steps of nanopillars after NVT relaxation. It can be
seen that the system can reach the stable state after 1000
MD steps. The average potential energy of per atom is
about —3.854 eV. The potential energy on the surface is a
slightly more evident than that within the interior. Figure
2(b) shows the kinetic energy plotted versus MD steps. It
seems that the kinetic energy on the surface is more signifi-
cant than that of the interior region.

After relaxation, the average stresses per atom in the in-
terior and surface are about —2.23 GPa, and 2.3 GPa, re-
spectively. Similar results are obtained in the MD simula-
tions of Au nanowires by Diao et al. [25].

Koh and Lee [36] proposed that the presence of tensile
stresses in the surface of nanometer materials is attributed to
the availability of surface atoms at a higher electronic ener-
gy state as compared to atoms situated within the interior of
the material. This may result in surface tension because of
formation of asymmetric bonding of surface atoms with
neighboring atoms.

The slip systems of <-112>/(1-11) of FCC metal are
selected to study the yielding behavior of the nano-pillars of
Au. Figure 3(a) shows the initial relaxed atomic configura-
tion at zero compressive strain, which shows a consistent
periodic atomic structure with stacking sequence of
ABCABC... along [1-11] direction. As the compressive
strain reaches 4%, the deformation is still elastic with no
dislocations nucleated, as shown in Figure 3(b). As the
compressive strain reaches 5%, partial dislocations begin to
appear, as observed in Figure 3(c), on the slip plane of
(1-11), and the partial dislocation nucleated and extended
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Figure 2 Average energy per atom versus MD steps during NVT relaxation. (a) Average potential energy per atom versus MD steps; (b) average kinetic

energy per atom versus MD steps.
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Figure 3 Atom configuration on slip plane (1-11). (a) O strain; (b) strain=4%; (c) strain=5%; (d) strain=6%.

in the [-112] direction. At this point, the initially periodic
structure of the atomic system becomes one with a stacking
fault defect. Finally, when the compressive strain is 6%
more stacking faults are observed as is shown in Figure
3(d).

Let us take a pillar with diameter 12.5 nm for a more de-
tailed analysis. The stress-strain curve of this nano-pillar is
plotted in Figure 4. As the total strain reaches 4%, the stress
o, is about —0.55 GPa. No defects are observed, implying

that the compressed deformation is still within the elastic
range (Figure 3(a)). This is further verified by the atomic
configuration shown in Figure 3(b). As the total strain
reaches 5%, the stress o, increases to —0.72 GPa. The cor-
responding atomic arrangements are shown in Figure 3(b).
The resolved shear stress acting on the slip system
{-112>/(1-11) is r=0,m. m is Schmidt factor and m=
cosacosfl, where « is angle between two vectors <1-11>
and <001>, and fis angle between <—112> and <001>, here



Tang QH  Sci China-Phys Mech Astron
04 p
| A A A A 4 R G
0.2 |
[ = System stress
9O P ®  Interior stress portion
w 02} 4 Surface stress portion
5 .
< _04b "o 5
-3 ! -
@ -06F a
@
& [ L | S n
w 08 °
4 . . .
B [ 3 L ] ®
-1.2 e o
-1 [ z 4 . ; ? .

0.00 0.02 0.04 0.06 0.08 0.10
Strain

Figure 4 (Color online) Curve of the stress portion versus strain for
diameter 12.5 nm.

m is about 0.471. It is the shear stress z which led to dislo-
cation nucleation. We see here that plastic yielding has oc-
curred as a several slip systems have been activated, in ac-
cordance with the analysis of Figure 3(c). As strain is 6%,
the stress o, is about —0.69 GPa, and the stress-strain

curve begins to level. This is attributed to activation of more
slip systems, which also leads to the creation of more de-
fects. The atom configuration (c) in Figure 3 shows clearly
the generation of more defects. After the compressive strain
reaches 9%, the stress has dropped greatly, such that the
pillar has lost its ability to bear the applied load.

As the stress-strain curve (Figure 4) indicates, evolution
of interior stress portion follows the same pace as that of the
average (applied) stress. The interior stress portion increases
with strain in the elastic deformation regime. After the
yielding of the pillar, the interior stress portion exhibits
some variation. This is an interesting observation which has
been established also for pillar sizes, from 5 nm to 15 nm. It
could be interpreted that as nano-pillar of Au is going
through plastic flow, the surface stress portion shows no
significant variation. This is unlike the interior stress por-
tion which can be used to characterize the various stages of
plastic deformation.

2.2 Size effect on the mechanical behavior of nano-
pillars of Au

To study the size effect on the mechanical behavior at na-
nometer scale, MD simulations were used to investigate the
behaviors of five nano-pillars of under compressive load.
The diameters of the nano-pillars are 5 nm, 7.5 nm, 10 nm,
12.5 nm and 15 nm, respectively.

Figure 5 shows the yield stresses of the pillars as a func-
tion of the pillar diameter. The yield stress increases with
pillar size. Also shown in Figure 5 are the surface stress
portion and the interior stress portion versus pillar sizes.
Upon yielding, both the interior stress portion and the sur-
face stress portion are sensitive to the pillar size. As the
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Figure 5 (Color online) Curve of the yield stress versus sizes.

pillar diameter increases, the influence of the surface stress
portion decreases. If the pillar diameter is sufficiently large,
the surface stress portion approaches zero, implying that the
influence of pillar surface on the mechanical behavior can
be neglected.

Combining Figures 3(c) and 3(d), one can observe that
the slip direction of the leading partial dislocation is along
[1-1-2] on the slip plane (1-11), which is consistent with
direction of interior shear stress. Based on our simulation a
suggestion is proposed that the interior shear stress state is
vital to the yielding behavior of pillar Au. Diao et al. [25]
performed MD simulation of nanowire and a similar result
was obtained. From Figure 5 it can be observed that as the
pillar diameter decreases, the surface stress portion increas-
es markedly. If the pillar diameter is 7.5 nm, the surface
stress reaches —0.525 GPa, the negative value meaning that
the surface layer is in the tension state. The tensile stress
state in the surface layer is quite remarkable at the nanome-
ter scale. The evolution of the surface stress portion with the
pillar sizes is similar to that of the yield stress, indicating
that the yielding is sensitive to the stress state of the surface
layer.

MD simulations of the five pillars with different pillar
sizes show that the interior atoms are in a compressive state,
whereas the surface atoms are in a tensile state. This sug-
gests that the lattice parameter of the interior is ay— &, where
ap and ¢ are the equilibrium (stress-free) lattice constant and
a small quantity, respectively. On the contrary, the lattice
parameter of the surface layers should be o+ & That is to
say, the interior atoms are subjected to constraint by the
surrounding atoms, and their imposed velocity may thus be
relatively small. Surface atoms are subject to less constraint,
resulting in a higher imposed velocity. This notion has been
substantiated by MD simulation. Based on statistic thermal
analysis, the temperature of an atomic system is dependent
on atomic velocity. Rice and Beltz [37] and Meyers and
Chawla [38] pointed out that the effects of thermal activa-
tion are significantly lower for the load of dislocation nu-
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cleation. The kinetics of dislocation nucleation can be de-
scribed by the Arrhenius type equation [38]. Combining the
concept of thermal activation energy with MD simulations,
Kitagawa et al. [39] as well as Zhang et al. [40] revealed
that the critical stress intensity factor K. for dislocation
nucleation at a crack tip decreases with temperature, and
thermal fluctuations within a system may assist atoms in
overcoming the potential barrier and generate dislocations.
Recently, researchers have developed an atomistic modeling
framework to address the probabilistic nature of surface
dislocation nucleation [28]. The results show that the nucle-
ation of surface dislocation is sensitive to temperature and
the applied load required for dislocation nucleation is re-
duced with temperature.

Experimentally, dislocations are frequently observed to
nucleate at material surface. We believe, based on our MD
simulations, the thermal activation may be a critical mecha-
nism because the surface temperature is higher than that of
the interior region. Therefore, the thermal activation should
also assist us to understand the size effect on yielding be-
havior of nanometer materials.

3 Conclusions

MD simulations of five nano-pillars of Au with different
pillar sizes are carried out in order to understand the size
effect on the yielding behavior of nanometer materials. By
combining the analysis of thermal activation with both evo-
lutions of the surface stress, our work reveals the mecha-
nism of plastic deformation at nanoscale.

For a typical pillar with diameter of 12.5 nm, as strain is
5%, the nucleation of partial dislocation is observed, and the
yield stress reaches —0.72 GPa.

The thermal activation is important in lowering the ex-
ternal load required for dislocation nucleation. MD simula-
tions show that the surface temperature is higher than that of
interior region, and this result may explain the frequent ob-
servations that dislocations are nucleated at material surfac-
es.

The MD simulations show that as the pillar size de-
creases the yield stress also decreases, which is accompa-
nied by great increase in the surface stress of the nano-
pillars.
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