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Clear understanding of the superior mechanical strength of nanometer-sized metal single crystals is
required to derive advanced mechanical components retaining such superiority. Although high quality
studies have been reported on nano-crystalline metals, the superiority of small single crystals has neither
been fundamentally explained nor quantified to this date. Here we present a molecular dynamics study of

aluminum single crystals in the size range from 4.1 nm to 40.5 nm. We show that the ultimate mechan-
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ical strength deteriorates exponentially as the single crystal size increases. The small crystals superiority
is explained by their ability to continuously form vacancies and to recover them.

© 2013 Published by Elsevier B.V.

1. Introduction

Nano-crystalline materials (conventionally with sizes below
100 nm) usually exhibit superior mechanical strength compared
to their polycrystalline counterparts [1-5]. In recent years, this fact
has attracted the attention of researchers who are seeking to fabri-
cate advanced classes of bulk metals starting from these nano-
structures. Furthermore, optimized consolidation and sintering
methods have been developed in an attempt to allow for retention
of the nanometer-scale properties in the bulk product [1,2]. Creat-
ing such bulk materials is not a simple task, however. To benefit
from the superior nanometer-scale features in designing innova-
tive mechanical components for specific applications, a clear
understanding of the behavior of the starting nano-crystalline pre-
cursors is crucial.

The mechanical properties of nano-crystalline metals have been
experimentally and computationally investigated either as single
crystals [6,10-12,14-18] or polycrystalline [7-9,13]. Although of
these high quality publications no clear quantification of the supe-
riority of small single crystals and no clear explanation of such
superiority were concluded. Consequently, no concrete conclu-
sions on how to retain the nanometer-scale properties in the de-
rived bulk materials could be obtained.

As the size of materials reduces down to the nanometer-scale,
their experimental characterization becomes extremely difficult, if
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notimpossible. On the contrary, using computational methods, such
as molecular dynamics simulations, becomes convenient to under-
standing the atomic-scale origins of the peculiar mechanical proper-
ties of nano-crystalline materials as well as their dependencies on
crystal size and different processing scenarios. The ability of molec-
ular dynamics simulations to accurately capture the correct behav-
ior of materials depends on many factors, among which are the
availability of sufficient computational resources, the accuracy of
interatomic potentials, adaptation of the correct simulation frame-
work depending on the problem at hand, the level of analysis and
visualization, and, of course, the critical interpretation of results.

In this article we present a molecular dynamics study of the
dependence of the mechanical properties of nano-crystalline alu-
minum, in the single crystal form, on crystal size. The results re-
ported in this article are part of a more detailed study aiming to
fabricate bulk materials with advanced mechanical properties
starting from aluminum nano-crystals. We believe that having a
clear understanding of the mechanical behavior of single crystals
will allow the possibility of the preservation of their superior prop-
erties when we deal with derived polycrystalline materials. In fu-
ture communications, we will present an optimized sintering
procedure for fabricating bulk materials that can better retain the
advanced nanoscopic mechanical properties.

2. Computational methods

We study single aluminum crystals in the size range from
4.1 nm to 40.5 nm. The number of atoms in the studied samples
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ranged from 4000 to 4,000,000. In the following, we briefly de-
scribe our simulation framework. We use the Embedded Atom
Method (EAM) [20,21]. The selected many-body potential was
developed by Mishin et al. by fitting the potential againist both
experimental and ab-initio datasets [19]. We selected this potential
from other many-body potentials based on our evaluations of the
predicted structures and mechanical properties of bulk aluminum.
Molecular dynamics simulations were carried out using the Large-
scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)
code [22]. The computational work was carried out on the IBM Blue
Gene/P SHAHEEN supercomputer at King Abdullah University of
Science and Technology (KAUST).

The starting atomistic configurations were prepared by stacking
n =10, 13, 16, 20, 30, 40, 50, 60, 70, 80, 90, and 100 ideal face-cen-
tered cubic (FCC) aluminum unit cells in three dimensions. The lat-
tice constant for the employed interatomic potential was
optimized to match the experimental value of 0.405 nm. The sim-
ulation time step was set to 0.001 ps. No periodic boundary condi-
tions were assumed in any direction, since we are simulating
samples of finite size, and are not interested in mimicking an infi-
nite bulk material. Two 2.0 nm thick vacuum layers are placed at
the top and bottom of the simulation box in the z-direction. The
lowest and highest two atomic layers of atoms are kept fixed dur-
ing the different simulation stages. Contrary to most published
studies in this field, we do not apply any simple thermostatting
schemes, such as the velocity scaling method or the Berendsen
thermostat, since we are dealing with non-equilibrium molecular
dynamics. Instead, we employ the so-called stochastic boundary
conditions thermostatting scheme [23]. To achieve this, we couple
the eight atomic layers adjacent to the fixed layers to the Langevin
thermostat. The coupling between the simulated systems and the
Langevin thermostat is weak enough such that no significant per-
turbations to the sample with smallest size is induced.

All simulations are conducted in the microcanonical ensemble
(the atoms number, system volume, and energy are fixed). Molec-
ular dynamics simulation of each sample comprised two main
stages: (i) equilibration at 300 K for 500 ps, and (ii) continuous
deformation at 300 K for 2000 ps. In the second stage, we carry
out uniaxial tensile testing in the z-direction. The applied uniaxial
strain ranged from 0.0 to 1.5 with an increment of 0.001. After each
straining step, the system is left to evolve for 1.0 ps. This corre-
sponds to a constant strain rate of 1.0 x 10° s~'. The calculated
atomistic configurations are visualized using the AomEye package
[24].

3. Results and discussion

Our molecular dynamics results are reported in Fig. 1. In Fig. 1a
we report stress-strain curves of single aluminum crystals with
sizes ranging from 4.1 nm to 40.5 nm. It should be noted that the
stress and strain values reported here are the engineering ones.
In qualitative agreement with the published literature [16,17],
the stress-strain curve from a single crystal is typically formed
by an elastic region where the stress increases quasi-linearly with
the applied strain until it reaches a maximum, and then it de-
creases along the plastic deformation region. The first peak in
our stress-strain curves is located at a strain value of ~0.1. The
location of this peak slightly shifts to lower strain values with
increasing the single crystal size. In Refs. [17,16], the locations of
the main peaks were 0.035 and 0.2, respectively.

It should be noted that the quality of our stress-strain curves
for nano-crystalline aluminum samples is excellent compared with
the ones published in most of the relevant literature when periodic
boundary conditions were not assumed. Thanks to the stochastic
boundary conditions thermostatting scheme, there are no

significant perturbations of the thermostat to the system’s natural
dynamics. Applying full periodic boundary conditions could also
produce curves that are much less noisy due to the fact that energy
conservation schemes are more accurate in this case, although this
setting is not appropriate for simulating materials with finite sizes.

There are two major observations in Fig. 1a. First, the ultimate
tensile strength of the material decreases as the crystal size in-
creases. This result is highlighted in Fig. 1b (symbols) which shows
the ultimate strength as a function of the crystal size. The strength
values were calculated as the average of the highest ten data points
on the first peak in the stress-strain curves. This curve can be fitted
to an exponential decay function as shown by the red dotted line in
Fig. 1b. From this figure, we can see that the material’s strength de-
pends strongly on the crystal size. In fact, the ultimate tensile
strength decays exponentially as the crystal size increases. Such
quantitative dependence of the ultimate tensile strength on the
single crystal size has never been presented in literature in the case
of metals.

The second major result, and probably the more interesting one
in Fig. 1a is that the stress values, beyond the first stress peak,
oscillate as a function of the applied strain with oscillation ampli-
tudes dependent on the crystal size. In fact, small-sized nano-crys-
tals have stress—strain curves with larger oscillations. As the crystal
size increases, these oscillations decrease in amplitude and become
smeared at 40.5 nm. In the following we explain the atomic-scale
origins of these results through a detailed analysis of the calculated
atomistic configurations.

We calculated the different coordination environments as a
function of the applied strain and crystal size. Ideally, each alumi-
num atom should have 12 nearest neighbors in the first coordina-
tion shell. However, when the single crystal is strained, various
coordination environments may occur simultaneously. In our
atomistic configurations, we detected coordination numbers rang-
ing from 5 to 13. Analysis of the different coordination environ-
ments as a function of crystal size and applied strain is a very
important step in understanding the roles of different types of
structural defects in determining a material’'s strength. Movies
for each coordination environment as a function of the applied
strain, and also a movie for the various coordination numbers rep-
resented by different colors, are available online as supplementary
materials for the sample size of 20.2 nm.

The presence of 11-coordinated atoms indicates aluminum
atoms that lack one nearest neighbor in the first coordination shell,
and therefore represent atoms present near vacancies. Fig. 2a re-
ports the concentration of vacancies as a function of the crystal size
and applied strain. The vacancy concentration curves show one
major peak located at a strain value of ~0.1 (i.e., coinciding with
the first stress-strain peak). Furthermore, the location of this peak
slightly shifts to lower strain values with increasing the crystal
size, being consistent with the stress-strain curves. We observe
that the concentration of vacancies decreases as the single crystal
size increases. The most interesting result here is the observation
that beyond the first stress-strain peak, the concentration of
vacancies oscillates, with the peaks representing maximum popu-
lation of vacancies and the dips representing recovery of vacant
atoms. Furthermore, the amplitude of these oscillations decreases
as the crystal size increases. We believe that the presence of such
modulations in the density of vacancies is the major reason for the
oscillations seen in the stress-strain curves. This correlation has
never been demonstrated in the literature to this date.

To better understand this behavior of vacancies we report in
Fig. 2b the concentration of dislocation cores, calculated as the
concentration of the 13-coordinated aluminum atoms. From this
figure it is clear that concentration of dislocation cores modulates
as a function of the applied strain, in the same way the vacancies
do. Furthermore, the amplitudes of these oscillations smear out
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Fig. 1. Deformation behavior of single aluminum crystals in the size range from 4.1 nm to 40.5 nm: (a) stress-strain curves; and (b) ultimate strength as a function of crystal
size. The strength values were fitted to an exponential decay function (shown by the red dotted line). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 2. Deformation behavior of single aluminum crystals in the size range from 4.1 nm to 40.5 nm: (a) concentration of vacancies, calculated as the concentration of the 11-
coordinated aluminum atoms; (b) concentration of dislocation cores, calculated as the concentration of the 13-coordinated aluminum atoms; and (c) probability distribution
function of vacancies around dislocation cores. Curves in the different figures are vertically shifted for clarity.

as the single crystal size increases. This is because in the small
crystals vacancies are continuously forming and are annihilated
by atoms from the nearby dislocations. From Fig. 2a and b we
see that this kind of interaction becomes weak in the large crystals.

To confirm this result we report in Fig. 2c the probability distri-
bution of vacancies around dislocation cores as a function of crystal
size. The curves in this figure were normalized by the total number

of dislocation-vacancy pairs persent in each sample. From this fig-
ure we see that for the sample with size of 4.1 nm there is a high
probability of finding vacancies around dislocation cores. This
probability decreases when the crystal size increases, and becomes
almost independent of the crystal size beyond 10.0 nm. This ex-
plains the weak vacancy-dislocation interaction in the large single
crystals. As we will demonstrate later, such large single crystals
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Fig. 3. The different coordination environments present in single aluminum crystals at a strain of 0.126 (i.e., at the first minimum after the main stress-strain peak) for
different crystal sizes. Images were taken at distance of 0.5 nm from the actual crystal surface. The cyan, purple, brown, orange, green, red, blue, gray, and magenta colors
represent the 5, 6, 7, 8, 9, 10, 11, 12, and 13-coordinated atoms, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

dissipate the applied stress through another mechanism, namely
formation of grains at their surfaces. The oscillating behavior in va-
cancy concentration and the accompanying vacancy-dislocation
interaction reported here clearly explains the jumps observed in
the stress-strain curves of plastically deformed crystals [12], re-
ferred to therein as dislocation avalanches. Our results also explain
the in-situ transmission electron microscopy tensile tests of alumi-
num single crystal [15], where it was argued that dislocations do
escape from the crystal surfaces.

In Fig. 3, we show atomistic configurations of the samples with
sizes of 4.1, 5.3, 6.5, 8.1, 12.2, 16.2, 20.2, 24.3, 28.4, 32.4, 36.5, and
40.5 nm. These snapshots were taken at a strain value of 0.126, i.e.,
at the first minimum after the main stress-strain peak. Atoms are
colored according to their coordination environments. The 5, 6, 7,
8,9, 10, 11, 12, and 13-coordinated atoms are represented by the
cyan, purple, brown, orange, green, red, blue, gray, and magenta
colors, respectively. The reported images were taken at distance
of 0.5 nm from the actual crystal surface. In this figure, we see that
the behavior of defects strongly depends on the size of the crystal.
For crystals with large sizes such as from 12.2 to 40.5 nm, the for-
mation of grains at the surfaces takes place already at a strain of
0.126. Furthermore, the formation of such grains takes place at
the surface first, then evolves inside the material in the coarse of
the tensile testing. Two movies comparing the formation of grains
at distances of 0.5 and 1.0 nm from the surface of the largest sim-
ulated sample are available online as supplementary materials.

Let us consider the 8-coordinated atoms (represented by the or-
ange color in Fig. 3). These atoms may represent free surfaces of
grains or regions with disordered local structures. To track this sit-
uation as a function of crystal size, we calculated the density pro-
file of the 8-coordinated atoms along the x-direction.These profiles
are reported in the supplementary materials. For small crystals, we
found that these aluminum atoms have a homogeneous distribu-
tion, which means that they are present in small regions of disor-
dered local structures. On the contrary, for large crystals, the
density profiles exhibit clear maxima, which indicates that a signif-
icant fraction of the 8-coordinated atoms represent free surfaces of
grains. Furthermore, the fraction that represents free surfaces of
grains increases as the size of single crystal increases. The tendency

of large crystals to form grains at their surfaces can be explained by
the small vacancy-dislocation interaction probability in this case,
which leads to large growth of dislocations. This important result
does not only confirm, but also visualizes the individual dislocation
cells concept characterized by the spatially resolved X-ray mea-
surements on a deformed copper single crystal [11].

4. Conclusions

In summary, we have presented a quantitative description of
aluminum single crystals mechanical strength as a function of their
size, and explained why small metal single crystals show higher
strength. Aluminum single crystals mechanical strength decays
exponentially as the crystal size increases. Small single crystals
possess better strength due to their ability to continuously form
vacancies and recover them. This study provides important find-
ings that may allow for developing advanced bulk materials in
which superior nano-scale mechanical properties can be retained.
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