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Molecular Dynamic simulations have been performed to study the mechanical behavior of h100i oriented
aluminum nanospheres under compression, and the influence of size on plasticity mechanisms and yield
stress. Plasticity always started by the nucleation of partial dislocations from the surface contact edges.
For large enough nanoparticles, the formation of pyramidal structures is observed in a pseudo-elastic
regime. The pyramid apex favors dislocation nucleation at high compression levels. The plasticity mech-
anisms and the yield stress do not depend on nanoparticle size. Instead, our results suggest that the
geometry and atomic structure of the layers in contact with the indenters control the plastic deformation.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Compared to bulk materials, nano-objects such as nanowires or
nanoparticles often exhibit drastically different mechanical prop-
erties (e.g., hardness, elastic moduli, toughness, etc.) and in partic-
ular a strong dependence on size [1–5]. As a consequence, an
intense research effort has been made to characterize the mechan-
ical behavior of low dimension systems for the last decade [6,7].

The interest for a better understanding of the plastic deforma-
tion of nanoparticles also increased recently, but the corresponding
literature remains limited, noticeably because of the difficulties
associated to the experimental mechanical testing. Gerberich
et al. provided one of the first observations in the matter, by per-
forming axial compression on gold and silicon nanospheres, and
using transmission electron microscopy to characterize the plastic
deformation [1,8–11]. Theoretically, molecular dynamic studies
were performed for silicon nanospheres [12,13], gold [5] and a-
iron [14] faceted nanoparticles. In particular, Mordehai et al.
reported that a dislocations nucleation process occurs from the
surface in gold nanoparticles, in agreement with the mechanism
proposed by Gerberich for silicon nanospheres [1,11]. These dislo-
cations annihilate on the lateral surfaces of the faceted particles,
leading then to defect-free particles during indentation [5]. On
the contrary, dislocations remain pinned to the nucleation site
for a-iron metallic nanoparticles [14].
The shape of the nanoparticle is also expected to play a role. For
instance, the dislocation nucleation of Ni3Al nanocubes under uni-
axial compression was recently simulated [15,16]. The nucleation
of the first Shockley partial dislocations is reported from the edge
or the vertices of the cube, followed by a pseudo-twinning process.
However, the nucleation from the edge or the vertices may be
related to the idealized shape of the cube, since real Ni3Al cubic
nanoprecipitates exhibit rounded edge and vertices [17].

At last, Bian and Wang [18] performed molecular dynamics
simulations of a copper nanosphere compressed along the [001]
crystalline direction, and described the nucleation dislocation pro-
cess. Though this description is limited to the case of a 20 nm
nanoparticle, this work revealed how the nucleation of Shockley
dislocations occurred at the contact edges between the nanosphere
and the flat indenter. These Shockley dislocations propagate and
intersect to form two successive dislocation pyramidal structures.

It is noteworthy that this last study was limited to a single size
for the copper nanospheres. It is highly desirable to investigate
whether this plasticity mechanism is not specific, and to character-
ize an eventual size influence on plasticity mechanisms and yield
stress. We thus report in this paper a detailed description of the
plastic deformation of an aluminum spherical nanoparticle, with
a focus on the nanoparticle size influence in the range 4–20 nm.
2. Simulation method

In this study, molecular dynamics simulations were performed
using the Large-Scale Atomic/Molecular Massively Parallel Simula-
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Fig. 1. Compression setup of a nanosphere.
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tor code, LAMMPS [19]. For the interatomic interactions, we used
the embedded-atom method potential developed by Mishin et al.
[20,21], yielding a lattice constant a0 ¼ 4:05 Å for aluminum. This
potential accurately represents dislocations and in particular their
nucleation and propagation [22–24].

Monocrystalline spherical nanoparticles were initially built by
carving a sphere out of bulk with a given diameter ø, taking care
that top and bottom surfaces along [010] orientation were rigor-
ously identical. We also selected diameter values yielding well
defined facets, in order to avoid unrealistic contact surfaces made
of few atoms. Each system was first relaxed to a local energy min-
imum using conjugate gradients, then the nanoparticle was ther-
mally equilibrated by molecular dynamics in the NVT ensemble
with a timestep of 1 fs, and at a temperature of 10 K using a
Nose-Hoover thermostat [25]. This step leads to a negligible vol-
ume variations of nanospheres, suggesting a very weak relaxation
associated with surfaces creation and the quasi-absence of hydro-
static pressure inside the spheres before mechanical deformation.
The separation d0 between top and bottom (010) surfaces, after
relaxation, corresponds to the reference state at the beginning of
the compression test. d0 values for each nanoparticle are reported
in Table 1. Note that these values are typically lower than the cor-
responding diameters used to build the nanoparticle because of the
discrete character of atomic systems.

In order to perform the uniaxial compression, each particle was
placed between two planar repulsive force fields, perpendicular to
the [010] crystal axis of the nanoparticle, as shown in Fig. 1. Exper-
imentally, the compression is usually carried out using indenters
whose the curvature is large enough compared to the nanosphere
so that the mechanical sollication is equivalent to an axial com-
pression. In simulations, those can then be modeled by using a pla-
nar repulsive force field [12,18]. The external forces acting on a
nanosphere atom are computed according to a chosen analytical
function and to the separation between the planar force field and
atom position as given by:

FyðyÞ ¼ �akðy� yiÞ2 ð1Þ

where yi is the position of indenter along [010], y is the coordinate
for that atom along the same axis and k is a constant related to the
effective stiffness of the indenter, which has been fixed to
1000 eV Å�3 in our study. For the top indenter a ¼ 1 when yP yi
and a ¼ 0 when y < yi, while for the bottom indenter, a = �1 when
y 6 yi and a ¼ 0 when y > yi. Initially, indenters are located at the
same positions than (010) nanoparticle surfaces. Then both inden-
ters were moved towards the particle with a strain rate of 109 s�1,
at 10 K. Tests performed at a lower rate of 108 s�1 showed no appre-
ciable differences. No periodic boundary conditions were used in
any dimension of the simulation box. The compression depth is
d ¼ d0 � d, with d the [010] distance between indenters during
compression. At each deformation step, we computed the contact
surface area between the nanosphere and the indenter according
to the following procedure: (i) a nanosphere atom is considered
to belong to the contact surface if jy� yij < 0:1 Å (ii) the total con-
tact area is computed following the method proposed by Vergeles
et al. [26].
Table 1
Data characterizing the nanoparticle structure (see text and Fig. 5 for the definition of ø, d0

and the first nucleated dislocation from the pyramid apex (rc
2).

ø (nm) d0 (nm) k1 (
ffiffiffi

2
p

a0=4) k2 (
ffiffiffi

2
p

a0=4)

4.01 3.65 3 1
8.00 7.70 3 3
20.01 19.83 9 5
20.17 19.84 7 5
Dislocations and defect structures were analyzed using coordi-
nation numbers [27] and the central symmetry parameter [28].
Molecular dynamics data were analyzed and visualized using the
packages Ovito [29] and ParaView [30].

3. Results

3.1. Plastic deformation mechanisms

We first describe the compression test, using as an illustrative
example the case of a 20.01 nm nanoparticle. At the beginning,
an elastic behavior is obtained, as can be seen on the stress vs
deformation curves in the Fig. 2. The first evidence of plastic defor-
mation occurs at a compression depth d ¼ 5:46 Å (i.e. 2.75% defor-
mation), when eight Shockley partial dislocations are emitted from
the top and bottom contact surface edges of the nanosphere (four
from the top and four from the bottom), and propagate in the four
possible {111} slip planes, as shown in Fig. 3(a), yielding the small
stress drop in Fig. 2.

We found that in all considered nanoparticles, the initiation of
plasticity is due to the nucleation of these partial dislocation from
the edges of the surface in contact with indenters. The edges actu-
ally form steps with the underneath layer and act as stress concen-
trators, a phenomenon well established in the case of the uniaxial
deformation of surfaces [22]. At the yield stress, the maximum
atomic shear stress values are about 4 GPa, and are associated with
atoms on both sides of the {111} planes emerging at the base of
steps.

When d ¼ 5:6 Å (2.82%), atomic layers at top and bottom, form-
ing the initial contact surfaces, merge with their respective under-
neath layers. The intersection of the Shockley partial dislocations
(Fig. 3(b)) forms four stair-rod 1

3 ½100� dislocations according to
the reaction:

1
6
½11 �2� þ 1

6
½1 �12� ¼ 1

3
½100�: ð2Þ

These stair-rod dislocations constitute a pyramid-like structure
(Fig. 3(c)), that has already been observed for another system [18].
As the compression continues, new partial Shockley dislocations
are nucleated from the new contact surface edges, as shown in
; k1 and k2), the first nucleated dislocation (load, contact surface S, and yield stress rc
1),

Load (nN) S (nm2) rc
1 (GPa) rc

2 (GPa)

31.4 2.5 12.46
50.6 4.1 12.47 10.60
58.8 4.7 12.49 10.02
101.1 9.4 10.74 11.76
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Fig. 2. Contact stress as a function of displacement (top graph) and strain (bottom
graph) for the investigated nanospheres.
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Fig. 3(d). Again, those partial dislocations propagate and intersect,
as marked by red arrows in Fig. 3(f), to form a second pyramid, lar-
ger than the first one. When d ¼ 12:36 Å (6.23%), the second atomic
Fig. 3. Dislocation structures occurring during the uniaxial compression of a 20.01 nm A
1
6 < 112 >; red line, stair-rod dislocation with Burgers vectors 1

3 < 100 > and blue line
references to colour in this figure legend, the reader is referred to the web version of th
layer is merged with the third one, see Fig. 3(g). During compres-
sion we also observe the formation a 1

3 ½�101� stair-rod dislocation,
from the intersection between two 1

3 < 100 > stair-rod disloca-
tions (blue arrow on Fig. 3(h)), according to:

1
3
½�100� þ 1

3
½001� ¼ 1

3
½�101�: ð3Þ

However, the initial pyramidal structure is recovered when
compression increases. Note that this double pyramid configura-
tion is obtained for both top and bottom contact surfaces. Starting
from this defected structure, simulations were performed in which
the load is progressively reversed. We found that the partial dislo-
cations loops forming the pyramidal-like structures progressively
retract towards the contact surface, leading to the complete recov-
ery of the pristine nanosphere structure.

Now considering again the double pyramid configuration, and
increasing d to 15.18 Å (7.65%), one 1

3 ½100� stair-rod dislocation
in the larger pyramid begins to dissociate into two Shockley partial
dislocations (Fig. 3(j)). Then, these partial dislocations, with one
end contacting the surface and the other pinned at the tip of the
pyramid, expand (Fig. 3(k, l)). This corresponds to the large load
drops that can be seen for the largest nanoparticles at about 6.5%
and 7.5% in Fig. 2.

As the compression continues, Shockley partial dislocations,
separated by an intrinsic stacking fault, are nucleated from the dis-
sociation of the larger pyramid edges and propagate through the
nanoparticle (4(a, b)). The resulting plastic deformation is now
conserved if the load is removed, in contrast to the pyramidal-
like structure formation, which may be considered as a pseudo-
elastic regime. These dislocations interact and form other disloca-
tions like stair-rod dislocation with Burgers vectors 1

3 < 100 >,

stair-rod dislocation with Burgers vectors 1
6 < 1 �10 >, and perfect

dislocations with Burgers vectors 1
2 < 110 > (marked respectively

by red, orange and light blue arrows in Fig. 4(c, d)). But these dis-
location segments remain short and disappear upon further com-
pression. Shockley partial dislocation then glide through the
nanoparticle and annihilate at opposite surfaces. This nucleation
expansion mechanism is observed until the largest compression
depth investigated here (d ¼ 36:86 Å, 18.6%), and progressively
deconstructs the pyramidal structures on both contact surfaces.
l nanosphere at 10 K (white line, Shockley partial dislocation with Burgers vectors
, stair-rod dislocation with Burgers vectors 1

3 < 110 >). (For interpretation of the
is article.)



Fig. 4. Dislocation structures occurring during the uniaxial compression of a 20.01 nm Al nanosphere at 10 K (white line, Shockley partial dislocation with Burgers vectors
1
6 < 112 >; red line, stair-rod dislocation with Burgers vectors 1

3 < 100 >; orange line, stair-rod dislocation with Burgers vectors 1
6 < 1 �10 >; blue sky, perfect dislocation with

Burgers vectors 1
2 < 110 >). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.2. Size effect

We now discuss the variations in plasticity mechanisms
observed for the other nanoparticle sizes, with respect to the pre-
vious scenario. Considering a smaller 8.00 nm nanosphere, the first
evidence of plastic deformation occurs at a compression depth
d ¼ 4:68 Å (6.1%), thus at a greater strain than for the larger
nanoparticle. Nevertheless, the plasticity mechanisms are rela-
tively similar, i.e. partial dislocations are nucleated from the sur-
face contact edges. These partial dislocations propagate until the
first pyramid structure is formed at d ¼ 4:76 Å (6.2%). However,
unlike the larger nanoparticle, increasing the compression does
not lead to the nucleation of new partial dislocations from the sur-
face contact edges. Instead, we observe the formation and release
of partial dislocations, directly from the apex of the pyramid. The
main qualitative difference with the 20.01 nm case is then the for-
mation of only one pyramidal structure on top and bottom
surfaces.

Compressing a smaller 4.01 nm nanosphere also leads to a qual-
itatively different behavior. In fact, no pyramidal structure is
obtained during compression in the case. When d is equal to
3.4 Å (9.3%), single partial dislocations nucleate from the contact
edges of only one surface, and interact together to form one
stair-rod dislocation, which soon dissociates into two Shockley
partial dislocations. These dislocations glide to the opposite side
of the surface, until they escape from the nanoparticle. Then, the
same mechanism reproduces from the opposite surface.

Focussing first on the possible relation between nanoparticle
size and plasticity mechanisms, an apparent size dependence could
be observed regarding the formation of pyramidal structures com-
posed of stair-rod dislocations. In fact, for a large nanoparticle
(20.01 nm), two pyramids are sequentially formed on both contact
surfaces. Only the first one is formed for the intermediate size
(8.00 nm), and none for the smallest system (4.01 nm). However,
the situation is more complex and strongly depends on the fine
structure of the contact surfaces. To prove it, we investigated the
compression of a 20.17 nm nanoparticle. Since it is only slightly
larger than the 20.01 nm nanosphere, the formation of two pyra-
midal structures is expected. Instead, our simulations revealed
the formation of only one pyramid from both contact surfaces. This
surprising result can be understood by examining the contact sur-
face area (Table 1). Hence, we define k1 and k2 as the separations
along [101] between the contact surface edges (Fig. 5b and c). In
the case of the 20.17 nm nanoparticle, for which the contact sur-
face area is much larger, the analysis of the atomic configurations
after the formation of the first pyramid reveals that a second pyra-
mid started to form, but that gliding partial dislocations interacted
with the stair-rod dislocations of the first pyramidal structure. This
interaction, due to the too short separation between first and sec-
ond contact surface edges, inhibited the formation of a second
pyramid. Instead, for the 20.01 nm nanoparticle, the larger value
of k1 allows for the formation of two successive pyramids. This
argument also explains why there is only a single pyramidal struc-
ture for the 8.00 nm nanoparticle (k1 ¼ 3

ffiffiffi

2
p

a0=4), and no forma-
tion of a third pyramidal structure in all cases since k2 is small
for the sizes considered here. Additionally, one could say that a
short separation between steps defining the contact surface edges
does not allow for an efficient stress concentration, and new dislo-
cations nucleate more easily from another high stress region like
the pyramidal apex (Fig. 5).

Finally, the absence of pyramidal formation in the case of the
smallest 4.01 nm nanosphere is probably due to a different factor.
In fact, because of the small size, there is a strong interaction
between the first nucleated dislocations and the opposite side of
the nanosphere. Partial dislocations are attracted to the opposite
surface, and propagate through the nanoparticle thus preventing
the formation of stair-rod dislocations. The consequences of a
small available volume for dislocation propagation have already
been suggested in the case of nickel nanowires [31].

We focus now on the relation between the nanoparticle size
and the yield stress. The later is usually defined at the onset of
plastic deformation, then often related to the nucleation of the first
dislocation in the case of defect-free nanostructures. However, our
simulations revealed that the first nucleated dislocations, leading
to the pyramidal-like structure formation, will spontaneously
retract to the surface if the load is removed. This ’pseudo-elastic’



Fig. 5. (a) Top view (along [010]) of the 20.01 nm nanosphere. Only the three first
atomic layers are represented with different colors for clarity. (b, c) Side view of the
same nanosphere, before compression (b) and after nucleation of the first pyramidal
structure (c). The red lines show {111} planes, and the orange ellipsis the regions
where the atomic stresses are the largest during compression. k1 (k2) is the distance
along the [101] axis, between the first and second (second and third) layer edges.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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behavior brings an additional difficulty in defining the yield stress.
Therefore we determined two yield stresses here, one associated to
the nucleation of the very first dislocation (rc

1), and a second one
corresponding to the nucleation of dislocations associated with
the dissociation of the stair-rod dislocations forming the pyramid
edges (rc

2). Note that in the case of a 4 nm nanoparticles, there is
only one value since no pyramidal-like formation is obtained.
The Table 1 reports several quantities corresponding to the very
first nucleated dislocation (load, contact surface area and contact
stress rc

1) as well as rc
2. One can see that rc

1 is almost constant
for the three first systems, but significantly lower for the fourth.
Since the main difference between the 20.01 nm and 20.17 nm
nanoparticles is the different contact surface, we conclude that
the size effect, if any for the size range investigated here, is negli-
gible compared to the atomic structure of the contact surfaces.
Since we found that dislocations leading to pyramid-like structures
tend to retract to the closest surface upon unloading, the variation
of rc

2 as a function of nanosphere radius is also analyzed. It is also
clear from Table 1 that there is not a clear dependence between the
system size and rc
2. A similar conclusion has been drawn in the

case of the nanoindentation of nickel nanowires [31].
As noted in the introduction, there have been few theoretical

works investigating a possible size effect for the mechanical prop-
erties of metallic nanoparticles. In one of these, Mordehai and co-
workers proposed a model for the nucleation of dislocation at the
onset of plasticity [32,33], where the maximum stress depends
on the nanoparticle size and the stress decreases from the surface
to the nanoparticle interior according to an inverse power law and
an exponent of about 0.66. We then tried to apply this model to our
results. We found that (i) the maximum shear stress occurs in the
vicinity of the step, but that the magnitude is about 4 GPa for all
nanoparticle sizes, in disagreement with this model (ii) the stress
decreases from the surface to the nanoparticle center, but fitting
this variation with an inverse power-law results in a low correla-
tion coefficient and an exponent equal to 0.47. Therefore it seems
that this nucleation model does not apply to the case of
nanospheres.
4. Conclusions

In this work, MD simulations were performed to study the com-
pressive deformation of aluminum spherical nanoparticles ori-
ented along h001i. In particular, we aimed at investigating the
influence of size on the plasticity mechanisms and yield stress. It
appears that in any cases the initial plastic deformation occurs
by nucleation of Shockley partial dislocations from the contact
edge top and bottom surfaces. For large enough nanoparticles
(i.e. with 8.00 nm diameter and above), the interaction of partial
dislocations on {111} planes forms a pyramidal structures on top
and bottom surfaces. Depending on the contact surface area, a sec-
ond larger pyramid can form outside the first one upon further
compression for the largest nanospheres considered here (about
20 nm diameter). Unloading the nanospheres lead to the disap-
pearance of these pyramid-like structures, the partial dislocations
retracting towards the nearest surface. This stage then appears to
be pseudo-elastic. An irreversible plastic deformation is achieved
only when dislocations are nucleated from the pyramid (or from
the surface in the case of the 4 nm nanosphere). They propagate
through the nanoparticle, being sometimes slowed down during
a short time because of dislocation interactions, until they escape
from the opposite surface. We found that there is no well defined
size effect for the nanoparticles investigated here, for both the
mechanisms and the yield stress. In fact, our results indicate that
this is rather the atomic structure of the contact surface that con-
trols the initiation and propagation of plasticity. The importance of
surface steps has already been emphasized in the elastic regime
[34] and for friction [35]. Our work shows that they are also deter-
minant in the dislocation-mediated plastic regime. One possible
explanation for the absence of size-effect in this study might be
related to the narrow size range of the investigated systems.
Another is the idealized nature of our simulations. In fact, here
we simulated the perfectly h001i oriented compression of spheri-
cal metallic nanoparticles with bare surfaces, at low temperature,
as a first approach to understand the mechanical properties of
these systems. Nevertheless, such ideal conditions are rarely
encountered in real experiments, usually performed at ambiant
temperature, no specific orientations, and with nanoparticles cov-
ered with an oxide layer. The pyramidal-like structures are clearly
a direct consequence of the h001i orientation. A small misorienta-
tion and the influence of temperature are expected to delay their
formation, but not totally suppress it. Ultimately, to bridge the
gap between experiments and theory, a large set of additional cal-
culations would be necessary, especially to build a statistics for dif-
ferent orientations and temperatures. Taking into account the
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coating layer is a more difficult task, but would bring essential
information for a better comprehension of the mechanical proper-
ties of nanoparticles.
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