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ABSTRACT
In this work, uniaxial compression of nano/submicropillars in
Au with the initial diameter D between 26.05 and 158.53 nm
was modelled by concurrent atomistic-continuum
simulations. Two models with distinct surface facets were
employed to explore the surface facets-dependent extrinsic
size effects on the plastic deformation of pillars. It is found
that (i) the yielding in pillars with smooth surfaces 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 differences in the plastic
deformation mechanism between the two models, the yield
stress decreased exponentially and increased 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
constraints are ubiquitous in a wide range of engineering applications [1]. For
example, the yield/flow of micro and nanopillars that are important in microelec-
tronic engineering are known to depend on the diameter D, a topic that has been
pursued by researchers via both experiments [2–5] and modelling [6,7]. In nano
and submicron-sized pillars, i.e. D ≤ 100 nm and 100 nm, D ≤ 1 μm, respect-
ively, 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-centred cubic (FCC) Au revealed that pillars with smaller
D generally exhibit higher yield and flow strengths, a phenomenon usually attrib-
uted to either the dislocation starvation [2] or the dislocation source-limited
behaviour [8]. Experiments also found that in FCC metallic nanopillars,
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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, numerical simulations
via atomistic methods [11,12] and discrete dislocation dynamics (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
simulations inAu found that atomic-scale {111} surface facets reduce the strength
of 111〈 〉-oriented single crystalline nanopillars [15] while introducing large {111}
surface 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 crystallo-
graphic orientationmay greatly influence the operative deformationmechanisms
of the pillars [16].

With thesemodelling techniques, however, it is challenging to consider submi-
cropillars due to the trade-off between significant computational demands of ato-
mistic simulations and the uncertainty inherent in continuum-based DDD.
Indeed, to the best of our knowledge, the largest atomistic pillar model in the lit-
erature contained about 45million atoms [6,7], with the correspondingD=70 nm,
representing a nanopillar. On the other hand, while DDD [17] has become a
popular choice to address the dislocation dynamics in deformation of submi-
cro/micropillars, its predictive capability is strongly affected by the empirical par-
ameters and rules introduced for short-range dislocation interactions. In light of
this trade-off, in this Letter, we employ amultiscalematerialsmodelling 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 representation of certain lattice defects
(e.g. dislocations and intrinsic stacking faults) in the coarse-grained domain
without the need ofmesh refinement [21].Moreover, the same interatomic poten-
tial is introduced into both atomistic and coarse-grained domains as the only con-
stitutive rule for dislocation dynamics [22].

In recent years, the CAC approach has been employed for coarse-grained
modelling of a series of thermo and mechanical problems at the nano/submicron
length scales in a wide range of materials [23]. In pure metals, CAC has been
adopted to simulate brittle-to-ductile transition in dynamic fracture [21],
surface indentation [20], dislocation nucleation from notches [24], quasistatic
[20], subsonic [21], and transonic [25] dislocation migration in a lattice, screw
dislocation cross-slip [26], dislocation/void interactions [27], dislocation/stack-
ing fault interactions [28], dislocation/grain boundary interactions [29,30],
dislocations bowing out from obstacles [31], and dislocation multiplication
from Frank-Read sources [32]. The success of these calculations suggests the
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viability of the CAC method for tackling complex dislocation-mediated metal
plasticity problems [33]. 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 had all sur-
faces on the slip planes of the lattice, which are {111} planes in FCC systems,
to accommodate dislocation slip between elements, among which no interele-
ment compatibility was required. In Model-A, only finite elements, each of
which contains 2197 atoms, 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 interstices 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 [34] 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

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.
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atomistic simulations [35–37] and the selected EAM potential has been adopted
to investigate uniaxial deformation of Au nanopillars [11,12]. Consequently, 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 algor-
ithm [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 [38,39];
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 [40]. Note that the PyCAC code has been extensively benchmarked
against atomistic simulations in terms of static dislocation properties and dislo-
cation dynamics including, but not limited to, the generalised stacking fault
energy surface, dislocation core structure/energy/stress fields, Peierls stress,
and dislocation array migration across the atomistic/coarse-grained domain
interface [20,32]. Here, for the pillar models with D=26.05 nm, equivalent mol-
ecular dynamics (MD) simulations have been carried out using LAMMPS [41].
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.

3. Results and discussion

The stress–strain responses for the two models are plotted in Figure 2a and
b. The yield stresses, sY, taken at the strain subject to which dislocations
started to nucleate from the traction-free surfaces, are summarized in
Figure 2c with respect to the initial pillar diameter D. It is shown that (i) for
the same D, Model-A had a lower sY than Model-B and (ii) sY 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 uni-
versal between the yield/flow stress and sample size in small-sized metallic
systems regardless of fabrication technique [1], was used to fit the CAC-pre-
dicted sY-D data set with three parameters s0, k, and n, i.e.

sY(D) = s0 + kDn (1)

which yielded n=0.98 and −0.62 for Model-A and Model-B, respectively. In
other words, sY increased nearly linearly with D for Model-A while decreased
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exponentially with D for Model-B, as a result of their different surface facets. In
previous experiments which applied a compressive loading on pillars with rela-
tively smooth surfaces, i.e. more alike Model-B than Model-A, the power law
slope n=−0.97 for submicropillars [42] and −0.66 for micropillars [43] 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/submicropil-
lars was the key finding of this work. Note that the two fit curves in Figure 2c
were extrapolated to intersect at D=168.67 nm, for which the surface facets mag-
nitude for Model-A, 0.02D, was negligible.

Atomistic structures in the vicinity of the yield point in both models were
analyzed by adaptive common neighbour analysis (a-CNA) [44], 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 paral-
lel {111} planes were nucleated from the sharp edges on the faceted surface. Since
pillars with a larger D contained a larger number of surface facets, they were able

Figure 2. Stress–strain curves of (a) Model-A and (b) Model-B. (c) Yield stresses sY, normalized
by the isotropic shear modulus m = 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.
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to endure a larger amount of elastic compression before yielding occurred; thus
the yield stress increased with D. In Model-B, the yielding corresponded to the
nucleation of dislocations 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 [45], 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
differed.

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-centred cubic
lattices, respectively, the atoms on the traction-free surfaces are in white, and all FCC atoms
are deleted.
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To calculate the dislocation density, we applied a dislocation extraction algor-
ithm [46] 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 3b 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 extrin-
sic 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 rhombohedral 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
had a lower yield stress, sY, than Model-B and (ii) with respect to an increasing
D, sY increased almost linearly in Model-A while decreased exponentially in
Model-B. Analyzing the atomistic structures attributed 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 a
larger amount of elastic compressive strain prior to yielding; in Model-B, the
initial dislocations were nucleated from the intersections between the cylinder
surface and the top/bottom caps, hence a larger pillar contained more dislo-
cation sources 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. Additional extrinsic size effects such as the wall thickness
in the nano/submicrotubes [47] will be explored in the future.

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.
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