
July 31, 2018 Philosophical Magazine Letters pillar˙au˙cac

To appear in Philosophical Magazine Letters
Vol. 00, No. 00, Month 20XX, 1–9

Concurrent atomistic-continuum simulations of uniaxial

compression of gold nano/submicropillars

Shuozhi Xua∗, Marat I. Latypovb,c and Yanqing Suc

aCalifornia NanoSystems Institute, University of California, Santa Barbara, Santa

Barbara, CA 93106-6105, USA; bMaterials Department, University of California, Santa

Barbara, Santa Barbara, CA 93106-5050, USA; cDepartment of Mechanical Engineering,

University of California, Santa Barbara, Santa Barbara, CA 93106-5070, USA

(July 31, 2018)

In this work, uniaxial compression of nano/submicropillars in Au with the initial diam-
eter D between 26.05 and 158.53 nm was modeled by concurrent atomistic-continuum
simulations. Two models with distinct surface facets were employed to explore the sur-
face facets-dependent extrinsic size effects on the plastic deformation of pillars. It is
found that (i) the yielding in pillars with smooth surface was controlled by dislocation
nucleation from the two ends of the pillars, and (ii) in pillars with faceted surfaces,
dislocations were initiated from the sharp edges on the surface. As a result of the dif-
ferences in the plastic deformation mechanism between the two models, the yield stress
decreases exponentially and increases nearly linearly with respect to an increasing D
in pillars with smooth and faceted surfaces, respectively.
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1. Introduction

Extrinsic size effects on mechanical properties of materials due to dimensional con-
straints are ubiquitous in a wide range of engineering applications [1]. For example,
the yield/flow of micro and nanopillars that are important in microelectronic engi-
neering are known to depend on the diameter D, a topic that has been pursued by
researchers via both experiments [2–5] and modeling [6, 7]. In nano and submicron-
sized pillars, i.e., D ≤ 100 nm and 100 nm < D ≤ 1 µm, respectively, the specific
plastic deformation mechanism during uniaxial loading — either dislocation slip,
twinning, or phase transformation — may vary as D changes. In particular, when
dislocation slip controls the plastic deformation, experiments in face-centered cubic
(FCC) Au revealed that pillars with smaller D generally exhibit higher yield and
flow strengths, a phenomenon usually attributed to either the dislocation starva-
tion [2] or the dislocation source-limited behavior [8]. Experiments also found that
in FCC metallic nanopillars, atomic-scale {111} facets are formed on the surface
[9], which is characteristic of the dislocation nucleation events [10]. Because it is
difficult to obtain in situ atomic trajectory inside the materials in experiments, nu-
merical simulations via atomistic methods [11, 12] and discrete dislocation dynamics
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(DDD) [13, 14] have been conducted to shed light on the underlying mechanisms of
the extrinsic size effects in deformed pillars. For example, previous atomistic sim-
ulations in Au found that atomic-scale {111} surface facets reduce the strength of
〈111〉-oriented single crystalline nanopillars [15] while introducing large {111} sur-
face facets increases the strength of 〈111〉-oriented nanotwinned nanopillars [11, 12].
To our best knowledge, it remains unexplored how large surface facets affect the
plastic deformation of single crystalline FCC nano/submicropillars, and particularly
those of 〈100〉-oriented type. We remark that the axial crystallographic orientation
may greatly influence the operative deformation mechanisms of the pillars [16].

With these modeling techniques, however, it is challenging to consider submi-
cropillars due to the trade-off between significant computational demands of atom-
istic simulations and the uncertainty inherent in continuum-based DDD. Indeed,
to the best of our knowledge, the largest atomistic pillar model in the literature
contained about 45 million atoms [6, 7], with the corresponding D = 70 nm, rep-
resenting a nanopillar. On the other hand, while DDD [17] has become a popular
choice to address the dislocation dynamics in deformation of submicro/micropillars,
its predictive capability is strongly affected by the empirical parameters and rules
introduced for short-range dislocation interactions. In light of this trade-off, in this
Letter, we employ a multiscale materials modeling technique named the concurrent
atomistic-continuum (CAC) method [18–20] to combine atomic-level accuracy with
mesoscale efficiency. As a partitioned-domain method, the CAC simulation domain
usually consists of an atomistic domain and a coarse-grained domain. Compared
with most other multiscale approaches, CAC has the advantage of enabling the rep-
resentation of certain lattice defects (e.g., dislocations and intrinsic stacking faults)
in the coarse-grained domain without the need of mesh refinement [21]. Moreover,
the same interatomic potential is introduced into both atomistic and coarse-grained
domains as the only constitutive rule for dislocation dynamics.

In recent years, the CAC approach has been employed for coarse-grained model-
ing of a series of thermo and mechanical problems at the nano/submicron length
scales in a wide range of materials [22]. In pure metals, CAC has been adopted
to simulate brittle-to-ductile transition in dynamic fracture [21], surface indenta-
tion [20], dislocation nucleation from notches [23], quasistatic [20], subsonic [21],
and transonic [24] dislocation migration in a lattice, screw dislocation cross-slip
[25], dislocation/void interactions [26], dislocation/stacking fault interactions [27],
dislocation/grain boundary interactions [28, 29], dislocations bowing out from ob-
stacles [30], and dislocation multiplication from Frank-Read sources [31]. The suc-
cess of these calculations suggests the viability of the CAC method for tackling
complex dislocation-mediated metal plasticity problems [32]. In this work, large
scale CAC simulations will be carried out to investigate compressive loading of
nano/submicron-sized pillars in Au with D up to 158.53 nm.

2. Materials and Methods

Two CAC models, illustrated in Figure 1, were adopted to represent pillars; all
boundaries of the simulation cell were assumed traction-free. In the coarse-grained
domain, discontinuous 3D rhombohedral finite elements with all surfaces laying on
the slip planes of the lattice, which are {111} planes in FCC systems, to accommo-
date dislocation slip between elements, among which no interelement compatibility
was required. In Model-A, only finite elements, each of which contains 2197 atoms,
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Figure 1. Two CAC models of nanopillars in FCC Au with D = 26.05 nm. In Model-A, the simulation

cell consisted of only finite elements, and so the surface was faceted; in Model-B, an atomistic domain was
introduced to ‘fill in’ the interstices between the boundary of a cylinder and the element boundaries. In

both models, the atoms/nodes within the green regions were not allowed to move along the z direction after

each incremental compressive strain was affinely applied to the whole pillar.

were employed. As a result of the element shape, the pillars naturally had {111}
faceted surfaces. In Model-B, discrete atoms were introduced to ‘fill in’ the inter-
stices between the element boundaries in Model-A and the boundary of a cylinder.
For both models, the pillar diameter D varied from 26.05 to 158.53 nm, while a fixed
length-to-diameter ratio of 3 was maintained. An embedded-atom method (EAM)
potential [33] was employed to calculate the interatomic forces and energies, with
a lattice constant a0 = 4.0701 Å. We remark that the interatomic potential plays
a crucial role in atomistic simulations [34–36] and the selected EAM potential has
been adopted to investigate uniaxial deformation of Au nanopillars [11, 12]. Con-
sequently, the simulation cell, with all three axes along 〈100〉 directions, contained
up to 559.12 million atoms in an equivalent fully-resolved atomistic model.

After the systems were energy minimized using a conjugate gradient algorithm
[20], dynamic CAC simulations were run with a constant compressive strain rate
of 109 s−1 imposed on each pillar along the axial z direction at 10 K. Specifically,
within each time step (5 fs), the whole pillar was first affinely compressed, then
atoms/nodes near both ends of each pillar (the green regions in Figure 1) were not
allowed to move along the z direction during the same velocity Verlet iteration.
In other words, all atoms/nodes were allowed to freely move within the x-y plane
all the time. The engineering stress was calculated by dividing the total virial of
the system by the real-time simulation cell volume. All simulations were conducted
using PyCAC [37, 38]; for post-processing purpose, the atomic positions inside the
finite elements were interpolated from the nodes in the coarse-grained domain and
visualized by OVITO [39]. Note that the PyCAC code has been extensively bench-
marked against atomistic simulations in terms of static dislocation properties and
dislocation dynamics including, but not limited to, the generalized stacking fault
energy surface, dislocation core structure/energy/stress fields, Peierls stress, and
dislocation array migration across the atomistic/coarse-grained domain interface
[20, 31]. Here, for the pillar models with D = 26.05 nm, equivalent molecular dy-
namics (MD) simulations have been carried out using LAMMPS [40]. Note that
while MD and CAC simulations predict somewhat different stress-strain curves, the
yield stress and dislocation dynamics are well represented in CAC simulations.
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3. Results and Discussion

0

0.5

1

1.5

2

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

S
tr
es
s
(G

P
a)

Strain

D = 26.05 nm (MD)
D = 26.05 nm
D = 52.71 nm
D = 79.16 nm

D = 105.62 nm
D = 132.07 nm
D = 158.53 nm

(a) Model-A

0

1

2

3

4

5

6

7

8

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

S
tr
es
s
(G

P
a)

Strain

D = 26.05 nm (MD)
D = 26.05 nm
D = 52.71 nm
D = 79.16 nm

D = 105.62 nm
D = 132.07 nm
D = 158.53 nm

(b) Model-B

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

100 200 300 400 500 600

Y
ie
ld

st
re
ss

σ
Y
/µ

Pillar diameter D/b

Model-A
Fit with Eq. 1

Model-B
Fit with Eq. 1

(c)

Figure 2. Stress–strain curves of (a) Model-A and (b) Model-B. (c) Yield stresses σY, normalized by the

isotropic shear modulus µ = 27 GPa and taken at the strain subject to which dislocations started to nucleate
from the traction-free surfaces, are plotted with respect to the initial pillar diameter D which is normalized

by the magnitude of the Burgers vector of the full dislocation b = a0/
√

2 = 0.288 nm.

The stress–strain responses for the two models are plotted in Figure 2(a–b). The
yield stresses, σY, taken at the strain subject to which dislocations started to nu-
cleate from the traction-free surfaces, are summarized in Figure 2(c) with respect
to the initial pillar diameter D. It is shown that (i) for the same D, Model-A had a
lower σY than Model-B and (ii) σY increased and decreased with an increasing D
for Model-A and Model-B, respectively. A power law relation, which was confirmed
by numerous experiments to be universal between the yield/flow stress and sample
size in small-sized metallic systems regardless of fabrication technique [1], was used
to fit the CAC-predicted σY-D data set with three parameters σ0, k, and n, i.e.,

σY(D) = σ0 + kDn (1)

which yielded n = 0.98 and −0.62 for Model-A and Model-B, respectively. In other
words, σY increased nearly linearly with D for Model-A while decreased exponen-
tially with D for Model-B, as a result of their different surface facets. In previous
experiments which applied a compressive loading on pillars with relatively smooth
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surfaces, i.e., more alike Model-B than Model-A, the power law slope n = −0.97
for submicropillars [41] and −0.66 for micropillars [42] in Au, the latter of which
was close to the CAC-predicted value for Model-B. This faceted surface-induced
change in the extrinsic size effect in nano/submicropillars was the key finding of
this work. Note that the two fit curves in Figure 2(c) were extrapolated to intersect
at D = 168.67 nm, for which the surface facets magnitude for Model-A, 0.02D, was
negligible.

(a) Model-A

(b) Model-B

Figure 3. MD- and CAC-predicted atomistic structures of the nanopillar with D = 26.05 nm for (a)

Model-A and (b) Model-B. Note that for CAC simulation results, in the coarse-grained domain, atoms
within elements are linearly interpolated from the nodal positions. Atoms are colored by a-CNA [43]: red
and blue are for atoms in hexagonal close-packed and body-centered cubic lattices, respectively, the atoms

on the traction-free surfaces are in white, and all FCC atoms are deleted.

Atomistic structures in the vicinity of the yield point in both models were ana-
lyzed by adaptive common neighbor analysis (a-CNA) [43], as shown in Figure 3.
In Model-A, the faceted surface formed a ‘spring-like’ structure, which withstood
some compressive strain before multiple dislocations on parallel {111} planes were
nucleated from the sharp edges on the faceted surface. Since pillars with a larger
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D contained a larger number of surface facets, they were able to endure a larger
amount of elastic compression before yielding occurred; thus the yield stress in-
creased with D. In Model-B, the yielding corresponded to the nucleation of disloca-
tions on different {111} planes from the intersections between the cylinder surface
and top/bottom caps. With an increasing D, the perimeter of the caps, and hence
the number of dislocation sources, increased. This change in the dislocation source
number, along with the fact that larger pillars have a smaller Young’s modulus due
to the lower residual stress on the surface [44], resulted in a lower yield stress for
pillars with a larger D. Between the two models, the differences in their underlying
plastic deformation mechanisms may be the reason why their pillar size effects on
the yield stress differ.
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Figure 4. Evolution of dislocation density, calculated by a dislocation extraction algorithm [45], with strain

for different initial pillar parameter D of (a) Model-A and (b) Model-B.

To calculate the dislocation density, we applied a dislocation extraction algorithm
[45] to the atomistic structures, as shown in Figure 4. It is found that, at the same
strain, (i) for the same D, the dislocation density in Model-A was lower than that
in Model-B, corresponding to the rapid dislocation avalanches shown in Figure 3(b)
and (ii) for both models, pillars with a larger D generally had a higher dislocation
density; no dislocation starvation was observed.

4. Conclusion

In this work, large scale CAC simulations were conducted to explore the extrinsic
size effects on the compressive plastic deformation of nano/submicropillars in Au.
Two models with different types of surface were considered: in Model-A, only rhom-
bohedral finite elements were employed and so the surfaces were faceted on {111}
planes; in Model-B, the faceted surface in Model-A was ‘smoothened’ by filling in
atoms. For both models, the pillar diameter D varied from 26.05 to 158.53 nm. It is
found that (i) for the same D, Model-A has a lower yield stress, σY, than Model-B
and (ii) with respect to an increasing D, σY increases almost linearly in Model-A
while decreases exponentially in Model-B. Analyzing the atomistic structures at-
tributed the above findings to the different plastic deformation in the two models:
in Model-A, the yielding was controlled by dislocation nucleation from the faceted
surfaces which formed a ‘spring-like’ structure and so a larger pillar was able to
withstand larger amount of elastic compressive strain prior to yielding; in Model-B,
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the initial dislocations were nucleated from the intersections between the cylinder
surface and the top/bottom caps, hence a larger pillar contained more dislocation
source which, along with its smaller Young’s modulus, led to a lower yield stress.
Our work highlights the significance of considering the surface facets in investigating
the extrinsic size effects on the yield/flow of metallic nano/submicropillars. Addi-
tional extrinsic size effects such as the wall thickness in the nano/submicrotubes
[46] will be explored in the future.
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