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Understanding and mastering the mechanical properties of metallic nanoparticles is crucial for
their use in a wide range of applications. In this context, we use atomic-scale (Molecular Dynamics)
and continuous (Finite Elements) calculations to investigate in details gold nanoparticles under
deformation. By combining these two approaches, we show that the elastic properties of such nano-

objects are driven by their size but, above all, by their shape.

This outcome was achieved by

introducing a descriptor in the analysis of our results enabling to distinguish among the different
nanoparticle shapes studied in the present work. In addition, other transition-metal nanoparticles
have been considered (copper and platinum) using the aforementioned approach. The same strong
dependence of the elastic properties with the shape was revealed, thus highlighting the universal

character of our achievements.

I. INTRODUCTION

Metallic nanoparticles (NPs) are fascinating objects
with unique properties that differ significantly from their
bulk counterparts due to their high surface area to vol-
ume ratio. Consequently, many nanoparticle-based tech-
nology approaches are foreseen in different fields such
as catalysis, medical or optics applications'. However,
NPs can be subjected to mechanical constraints, what-
ever their domain of use, leading to structural modifi-
cations or even irreversible changes that can drastically
affect their intended application?. In this context, un-
derstanding the structural modifications of small-sized
metallic NPs induced by elastic deformations is crucial.
Yet, this must be adressed by taking into account that
the physics at the nanoscale is particular, especially for
NPs whose diameter is smaller than around 10 nm. Typ-
ical examples include the dependence on the size of the
melting temperature® or surface energy4 in case of pure
NPs as well as the order-disorder transition temperature
for bimetallic nanoalloys®.

Regarding the mechanical properties of metallic ma-
terials, an increase in strength is commonly observed
when the characteristic microstructural length scale is re-
duced®?. This mainly concerns systems with a minimal
size of the order of a hundred nanometers where three
regimes have been highlighted In case of plastic deforma-
tions: the nanometer regime (~ 100 nm and below), an
intermediate regime (between 100 nm and approximately
1 wm), and a bulk-like regime®. However, the study of
the mechanical properties of NPs of a few nanometers
is much more complex. From an experimental point of
view, in situ Transmission Electron Microscopy nanoin-
dentation is a suitable tool for addressing this issue as
it provides real-time monitoring of the deformation® '2.
Although powerful, these techniques are rather cumber-
some limiting their use for systematic studies and often
require a numerical support. Indeed, different theoretical

models based on analytical calculations have been pro-
posed to characterize the structural properties of NPs
under elastic deformation'1*. Despite being attractive
on a purely formal point of view, these models are not
really adapted to NPs since they do not take explicitly
into account their finite shape i.e. the prevalent role of
the surfaces, the vertices and the edges that lead to spe-
cific structural properties. More specifically, the nature
of the different surface sites should not be ignored, es-
pecially since as the size decreases, the contribution of
facets, which are predominant for large dimensions, de-
creases in favour of vertices and edges. In order to obtain
an atomic-scale view, in which the surface sites are clearly
treated, computer simulations are generally considered
very useful tools to investigate the mechanical properties
of NPs. Among the possible techniques!®'7, molecular
dynamics (MD) simulations are the most widespread as
they enable to precisely characterize the elastic and plas-
tic mechanisms of NPs under deformation whose sizes are
close to the experiments'® 2!,

Surprisingly, there is no exhaustive study regarding
the effects of size and shape on the elastic properties
of NPs. Most of the previously published works con-
cerned uniaxial compression along a specific orientation
for fairly large NPs (above 10 nm) whose shape is rarely
observed (cubic, spherical, truncated spherical, ...). How-
ever, these studies are incomplete to better understand
and predict the properties of metallic NPs under elastic
deformation. To address this issue, different sizes (rang-
ing from 4 to 25 nm) and shapes (truncated-cube, cubo-
octahedra and Wulff) of NPs, close to those experimen-
tally observed, are investigated using complementary ap-
proaches, i.e. MD and Finite elements (FE). Thanks to
these approaches, the elastic deformations during nanoin-
dentation along the (111) and (001) facets are analyzed.
NPs of three different metal (Au,Cu,Pt) will be consid-
ered to draw conclusions as general as possible.



II. METHODOLOGY
A. Nanoparticles

Nanoparticles are systems of finite size that cannot be
considered as simple fragments of a crystalline solid thus
adopting structural arrangements that differ from the
those of bulk?2. In this context, Wulff established a well
known rule to describe the equilibrium forms of free poly-
hedral crystals?® that has been extended to supported
systems?*. Among all the possible identified structures,
we focus our study on morphologies that are observed
experimentally , i.e. truncated cube, cuboctahedral and
Wulff shapes (see Fig. 1a). Note that the particular case
of icosahedral NPs, common for small aggregates, is not
considered here since the icosahedral arrangement is un-
stable for particles larger than 4-5 nanometers. As seen

FIG. 1. (a) Truncated cube, cuboctahedral and Wulff struc-
tures (b) (001) and (111) facets present at the surface of the
NPs. (c) Schematic representation of the indentation of the
NP where plane indenters are imposed.

in Fig. 1b, the shapes addressed in the present work are
based on the face-centered cubic (FCC) lattice, leading
to the presence of outer facets of (111) and (001) orien-
tations. To highlight size effects, NPs with diameters (d)
ranging from 4 to 25 nm range (around 102 to 10° atoms,
respectively) are taken into account. More precisely, d is
defined as following:

1/3
d=2- (3Veff>
4

with Vir¢ being the effective volume of a sphere equal
to the exact volume of the considered nanoparticle. The
size is strictly related to the number of atoms of the
NP and allows us a more methodical study of different
shapes at same size. Lastly, different transition metal
elements (Au, Cu and Pt) are considered to generalize
as much as possible our conclusions on the elastic
properties.

In the following, the NPs deformation procedure using
plane indenters (see Fig. 1c¢) is detailed from atomistic

and continuous approaches.

B. Atomistic calculations - Molecular Dynamics

The MD simulations are carried out using the open
source Large-scale Atomic/Molecular Massively Paral-
lel Simulators (LAMMPS) package?®. To study nano-
indentation of NPs, we apply the methodology success-
fully adopted in Ref.'8:20:21:26  Tp this study, we explore
Au, Cu and Pt NPs at the atomic level by using a specific
N-body inter-atomic potential derived from the second
moment approximation of the tight-binding scheme (TB-
SMA).2"28 The accuracy of TB-SMA models depends

Lattice |Cohesive| B | C’ | Cys
parameter| energy

SMA (Au) 4.08 -3.81 [165]16.0|44.5
Experiments (Au)| 4.08 -3.81 |166(16.0|45.0
SMA (Cu) 3.63 -3.39 |154|23.0|54.5
Experiments (Cu) 3.62 -3.50 |142]24.0|75.0
SMA (Pt) 3.98 -5.53  [220(35.0| 100
Experiments (Pt) 3.92 -5.86 [288|52.0|77.0

TABLE I. Comparison of our TB-SMA model with exper-
imental data: lattice parameters (A)?° cohesive energies
(eV/at),?° bulk modulus and elastic modulii (GPa)* for Au,
Cu and Pt in a FCC structure.

critically on the validity of the database to which the
parameters of the potentials are fitted. Here, we sum-
marize only the crucial points of the TB-SMA potential
and refer the reader to the Ref.3' 33 for more details. In
particular, the parameters of the TB-SMA potentials are
obtained by fitting on the experimental values of the lat-
tice parameter, the cohesive energy, and the elastic mod-
uli (bulk modulus and the two shear moduli) for a FCC
structure as seen in Table I. Such approach is then per-
fectly adapted to deal with large systems (~1000 to 10000
atoms) and to reproduce the main energetic properties of
transition and noble metals. Using this approach, it is
interesting to note that we are able to distinguish the
different surface sites, i.e. vertices, edges and facets. Ob-
viously, with increasing size the contribution of the ver-
tices and edges, which are preponderant for small sizes,
decreases in favour of the facets.

To model NPs compression via the nanoindentation
procedure, the Verlet algorithm with a timestep of 1 fs
combined with the Nose-Hoover thermostat at 0.01 K
is used for the integration of equations of motion in the
NVT canonical ensemble. The size of the supercell in the
all directions is large enough to avoid artefacts due to in-
teraction between images caused by periodic boundary
conditions. Prior to compression, the NPs are relaxed at
0.01 K until convergence of the total energy (a relative
error of €, = 107> has been considered) to get the equilib-
rium configuration. As seen in Fig. 1lc, the indenter and
substrate are simulated with two rigid infinite planes,
parallel to the (001) or (111) facet of the NP. The effect



FIG. 2. (a) NP of different sizes revealing the surface sites
i.e. vertices, edges, (001) and (111) facets. (b) Typical meshes
used in FE calculations where the mesh is more refined on the
surface sites.

of an indenter is implemented by introducing in the MD
simulation fictitious repulsive forces to be integrated. In
the present simulations, we used a quadratic repulsive
force: F(r) = —K(r — R)? with K = 1000 eV.A~3 and
R corresponding to the indenter position in agreement
with previous works'®26. During the simulation we use
two moving indenters (bottom and top plane in Fig. 1c),
each of them applying a strain rate of about 3 - 107s™!
which corresponds to an indenter velocity of roughly 0.06
t0 0.6 m.s~! As stated in the Ref.'®, the velocity has to be
less than the speed of sound in the considered material to
allow the atoms to reorganise before a new displacement
is imposed.

C. Continuous modeling - Finite Element

In our continuous approach, indentation has been mod-
eled using FE method assuming a linear elastic material.
Within this framework, the stress acting on a system is
directly proportional to its deformation and can be ex-
pressed by the Hooke’s law so that ¢ = FE - ¢, where
o and € are, respectively, the second order stress and
strain tensor and F is the elastic constant third order ten-
sor. In FE calculations, the linear elastic problem can be
solved by computing the mechanical equilibrium, using
the Hooke’s law, in a discrete domain (here the NP), im-
posing the proper boundary conditions. In this study, we
used an open source FE code named FEniCS3* where sec-
ond order partial differential equations and a variational
approach are adapted to handle a linear elastic problem.
The continuous domain is discretised in a three dimen-
sional mesh, where the solution, the displacement field,
is computed at the nodes (see Fig. 2a). It is worth noting
that the generation of an accurate mesh is a fundamental
step for obtaining results comparable with atomistic sim-
ulations. With this purpose, the meshes are refined until
the results converge by means of a linear iterative solver.
Similar to atomic-scale MD studies, a displacement is ap-
plied as a boundary conditions, to mimic a rigid indenter,
at the top surface of the NP while the bottom surface is
fixed. A non uniform mesh is generated with more points

on the regions near the contact surfaces (i.e. the top and
the bottom surfaces), where more heterogeneous stress
field is expected, as seen in Fig. 2a. Moreover, the reso-
lution of the continuous equations implies to consider the
proper elastic constants of the studied system. In this
case, the cubic symmetry of the bulk FCC crystal im-
poses that only three independent elastic constants are
expected (c11, c12 and cqq). To ensure consistency with
the MD simulations, the values considered here are those
calculated at the atomic scale from the TB-SMA poten-
tials (see Table I), using anisotropic formulation of the
Hooke’s law.

III. GOLD NANOPARTICLES

The elastic properties of gold NPs calculated by the
two previous approaches are now compared macroscopi-
cally and locally. First, the true stress true strain curves
are investigated to identify the overall mechanical prop-
erties. In a second step, the stress maps are calculated
to have a local insight of the elastic deformations of NPs.

A. Stress - strain curves

We first examine the mechanical response of NPs under
deformation by means of stress-strain curves. Figure 3
shows a typical example of this analysis for a given size
and shape of Au NP. Regarding the MD simulations,

- Atomistic solution
—— Continuous solution
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Stress (GPa)
N
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Strain

FIG. 3. Typical stress-strain curve. Comparison between the
continuous solution and the atomistic one.

the characteristics common to all the calculated results
show two main regimes. During the very early stages of
the loading, the stress variation is initially linear corre-
sponding to an elastic regime. Then, the stress has a
peak value, which defines the yield point corresponding
to the largest stress that the NP can handle. Above this
point, a meaningful reduction of the stress is noticed,
which indicates that the plastic deformation has been
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FIG. 4. Compressive stress as a function of strain of Wulff-
shaped NP of different sizes: (a) 4 nm and (b) 18 nm. Com-
parison between FE and MD calculations with indentation on
(001) and (111) facets.

activated. More precisely, the emergence of plasticity in
NPs results from the heterogeneous nucleation of disloca-
tions from the contact surfaces'®2%:26. In the case of FE
calculations, it can be noticed that only the elastic part
is probed since FE formulation is based on the Hooke’s
law (see Fig. 3). By focusing on the initial deformation
process, elastic properties can be extracted. To this pur-
pose, it is therefore necessary to determine a macroscopic
quantity to analyze the global behavior of the NP under
elastic deformation. As done in previous works!820:26 e
define an average value named the true stress compres-
sion equal to the ratio between the force applied by the
indenter and the surface contact area (A4). At the atomic
level, A is not a well defined concept. As a result, many

4

approaches exist but all of them follow the same recipe?®.
Firstly, we need to identify the atoms in contact with the
indenter. In our case, all atoms at a distance lower than
1 A from the considered indenter. It is noteworthy that
no significant differences are reported by slightly varying
this parameter. Then, A is determined by computing a
Delaunay triangulation of the points defined by the co-
ordinates of atom centers at each indenter displacement.
Consequently, the true stress strain in MD calculations
can be obtained, since the indenter position is a known
quantity. From FE calculations, the true strain stress is
an easy accessible data. The only difficulty lays in the
force calculation which is not straightforward and this
has to be done by computing the reaction force gener-
ated by the NP on the surface where the displacement is
imposed.

To highlight elastic size effect, the mechanical re-
sponses of NPs of different diameters d are considered.
Figure 4 depicts the stress-strain curves of a small (d =4
nm) and larger (d = 18 nm) Wulff NPs nanoindented
with plane indenter on the (001) and (111) facets. In
the case of MD simulations, deviation from linearity in
the elastic regime is observed for the small NP as seen in
Fig. 4a. This trend is found for all particles below 5-6 nm
in agreement with previous calculations'?29-36 where the
influence of surfaces on the mechanical behavior inside
small NPs is emphasized. For the larger NPs, a linear
trend is observed in the elastic regime until plastic de-
formation, whatever the facet considered (see Fig. 4b).
Obviously, finite elements fail to reproduce the deviation
from the linear regime observed for small particles (in-
trinsically, no deviation from linearity can be observed).
In contrast, the agreement between MD and finite el-
ements for larger particles is quite remarkable proving
that a linear elasticity framework can be used to model
mechanical properties at the nanoscale. Besides, plastic
behaviour can be noticed in MD results: the critical yield
stress (o) can be extracted since it corresponds to the
maximum value before a drop, corresponding to disloca-
tion nucleation events. As already discussed in'®, increas-
ing the NPs size implies a reduction in the critical stress
according to the following equation: o¢ = a-d~ P where
o and B are fitted values. We found that for the (001)
and (111) facets, B is equal to 0.461 and 0.523, respec-
tively. The second value is in good agreement with the
0.530£0.013 found by Feruz et al. for Wulff structure'?.
Note that so far only (111) facets were considered in the
literature. Hence, we show here that this size-dependent
strength can also be extended to (001) facets. A more
detailed analysis on the onset of plasticity in FCC metal
NPs will be presented in a future work.

To better analyse the elastic behaviour of NPs, effec-
tive Young modulus (Ecsy i.e. Ao/Ae€ ) are extracted
from the stress-strain curves for all NP sizes. The results
for indentation on both facets are presented in Fig. 5.
Above 5 nm, it can be observed that MD and FE cal-
culations provide very similar results with extremely low
errors. This is not so surprising for large particles since
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finite elements reproduce the elastic domain very well as
revealed in Fig. 4b. For smaller particles, it is clear that
the deviation from linearity already discussed in Fig. 4b is
not reproduced with FE calculations. Furthermore, the
parameter E.y¢s is also difficult to be defined for small
Nps. For this reason an error bar is introduced that con-
sider different possible linear fit for the elastic part of a
given nanoparticle stress-strain curve. Due to the devia-
tion from linearity using MD calculations, E, sy values for
small NP have larger error bars than the large ones. Nev-
ertheless, when comparing results from FE and MD cal-
culations even for small NPs, the global slope of the curve
is rather correct enabling to get effective Young modulus
values in agreement between both approaches. As the
size of the nanoparticles increase the value of the effec-
tive Young modulus for both (001) and (111) indentation

converges to a plateau®”. while the Eé}?) is larger than
ES}(}I), as expected in anisotropic media (F(111) > (001

for bulk), the value of the plateau depends on the shape
of the NP, as it will be highlighted in section IV.

B. Stress Map

In the previous section we discussed the mechanical
properties of NPs from a global point view via the
stress-strain curve. Here we want to analyse local elastic
properties, by the means of stress maps, comparing MD
and FE outcomes. In order to highlight the similarities
between the two simulation approaches, the surface
contraction peculiar to transition metals®® reproduced
in atomistic simulations is neglected. Therefore, we
took as reference state (no stress in the NP) the atomic
positions after relaxation steps. Concerning the FE
approach, the displacement fields is computed at each
node of the mesh for an imposed indentation depth.

From this displacement field, the stress is computed
and by interpolation is projected on the mesh nodes.
Obviously, the mesh size is crucial to achieve robust
results.  Therefore, the mesh was refined until the
convergence of stress values. In Fig. 6, the stress
distributions obtained from MD and FE calculations are
presented in case of small (6 nm) and large (20 nm)
NPs. This corresponds to nanoindentations on a (001)
facet (on the left) and on a (111) facet (on the right) at
2.5% strain, in a linear regime. Concerning the (001)
indentation, stress is concentrated in two conical regions,
close to the plane indenters. For all the components of
the stress field, the maximum value is observed at the
corners as already discussed in'®2¢, If we observe the
77 component, the stress field is negative due to the
compression imposed by the applied loading and we can
notice that with the presence of free surfaces, the stress
decrease rapidly moving from the top or the bottom
surface to the center of the nanoparticle. Remarkably,
FE and MD calculations give very similar results for
both NP sizes: the values for stress tensor components
computed with the two approaches are very close, with
differences less than 5 %. Such common features were
also obtained for a nano-indentation on the (111) facets,
for any particle sizes and shapes. The only dissimilarity
with (001) indentation is that the stress distribution is
more homogeneous in the z direction. This is because
the plane indenters has a larger contact area, indeed for
Wulff structures (111) surfaces are wider then (001).

Studying nanoindentation of a Wulff Au nanoparticle,
we have shown both finite elements and atomistic simula-
tions are perfectly adapted to capture the elastic proper-
ties on both a local (stess map) and a global (stress-strain
curve) viewpoint. The agreement betwween the two dif-
ferent approaches is good, notably for NPs with diameter
above 5 nm. It is then tempting to think that such fea-
tures are mainly driven by the shape of the particle and
not by atomistic features such as the presence of specific
surface sites (edges, vertices and surface arrangement).

IV. SHAPE EFFECTS

To highlight shape effect on the elastic properties, the
mechanical responses of different Au NPs are consid-
ered. In Fig. 7, the calculated effective Young modu-
lus for various NP shape as a function of size are pre-
sented. First, we can notice that the general observa-
tion of section III A for Wulff shape NPs are valid also
for truncated-octahedra and truncated cubes: for NPs
larger than 5 nm the value of E.¢¢ converge to a plateau
and no visible size effect is observed. In the case of the
truncated-octahedron, there is a stronger variation of the
E.rs values for small size NPs (< 5 nm) in MD calcu-
lations, from ~ 200 to ~ 175 GPa. For larger particles,
E.;y reaches a constant value around 175 GPa. Again,
FE approach is not able to reproduce such a size depen-
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dence, suggesting that the role of specific surface sites
cannot be neglected in small NPs. On the other hand,

the agreement between FE and MD for larger particles
is quite remarkable. More interestingly, a strong shape
effect is observed in Fig. 7, where the E.y; plateau value
changes depending on the shape. Indeed, wide differences
are obtained ranging from ~ 50 GPa (truncated cube) to
~ 175 GPa (truncated octahedra). To further emphasise
the observed shape effect, we introduce a descriptor G to
classify the shape of the NPs with respect to the ratio
between (001) and (111) facets:

8- A

G = ,
6 - Agoor)

(1)
where A(111) and Aoy are the area of the (111) and
(001) facets, respectively. The factors 8 and 6 correspond
to the number of free surfaces. From this descriptor,
it is then possible to clearly distinguish the different
shapes considered in our study (see Fig. 8). Moreover,
two limiting cases are also identified: the cube and the
octahedron with G = 0 and G = oo, respectively. At a
given NP size (here 20 nm), Fig. 8b depicts the variation
of the effective Young modulus for different shapes.
Again, a very good agreement is found between FE
and MD calculations. A maximum difference of about
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4% 1is revealed and corresponds to the truncated-cube
shapes. Such deviation is due to the non linearity of the
stress-strain curves in approaching a cubic system (for
cubes a very large elastic deformation of about 10% is
observed before the plastic onset, so non-linear behaviour
is observed in MD simulations). Very interestingly, a
significant variation of the order of 200 GPa can be
observed between the two limiting shapes. This consider-
able effect illustrates that the influence of the NP shapes
on the elastic properties is huge for a 20 nm nanoparticle.

To generalize, E.s; computed values in function of
different shapes (G descriptor) and of NP sizes ranging
from 4 to 25 nm is presented in Fig. 9 in a bi-dimensional
map for MD simulations (left panel) for FE simulation
(right panel). On one hand, no size effect is identified
(above 5nm). Indeed, the variation of the E.s¢ with the
size of the NP is negligible, never exceeding few GPa
for a given NP shape. On the other hand, significant
variation of the effective young’s modulus are remarked
with NP shape. From truncated-cube to truncated-
octahedron structures, a difference of about 150 GPa on
the effective young’s modulus is reported. Here again,
we can note that the agreement between the atomistic
and finite element calculations is remarkable whatever
the shape and size of the NP.

All the results presented so far concern nano-
indentation on (001) facets. Meanwhile, the same con-
clusions have been achieved by investigating the defor-

mation mechanisms on (111) facets (see Sec. I. of the
Supplemental Materials). It is important to stress that
our analysis show that the shape, not the size, of the gold
NPs has a wide impact on its macroscopic measured elas-
tic properties.

V. GENERALIZATION TO OTHER SYSTEMS

In the previous sections, the investigations were fo-
cused on gold NPs. To generalize our conclusions, the
analysis of the elastic properties of NPs has been ex-
tended to other metals, such as Cu and Pt. The calcu-
lated effective Young modulus are presented in Fig. 10
for different sizes and shapes in case of Au, Co and Pt by
imposing nanoindentation on (001) facets. More results
can be found in Sec. IT and III of the Supplemental Mate-
rials for Cu and Pt, respectively. Whatever the material
considered, we first see that the finite elements reproduce
the atomistic calculations for NP sizes exceeding 5 nm.
For smaller diameters, the differences are fairly notable
for Cu and Pt (< 40 GPa ) but minor for Au NPs (< 15
GPa). Beyond this limit, no size effect is reported with
a constant value for E.;¢. More interestingly, it can be
seen that the elastic properties vary strongly with the
shape of the particle. As shown in Fig. 10b, significant
variations of the elastic properties are highlighted what-
ever the transition metals. Indeed, E.;s varies of hun-
dreds of GPa moving from small value to large value of
G. For the nanoindentation of the (111) facet, the same
trend is observed, and the same conclusions can be drawn
for Cu and Pt, as seen in Sec. IV and V of the Supple-
mental Materials, respectively.

VI. CONCLUSION

In this work, we have presented an extensive study
on elastic deformations of metallic nanoparticles with
different shapes and sizes, imposing a mechanical loading
via nano-indentation on (001) and (111) facets. By
combining atomistic and continuous calculations, no size
effect is revealed for nanoparticles with a diameter of
larger than 5 nm. More interestingly, we have shown
that the elastic properties of NPs are highly driven by
the shape of the particle, finding that the ratio between
(111) and (001) is a suitable descriptor to address this
shape dependence. These results were achieved by
nanoindenting Au, Cu and Pt NPs, showing that our
conclusion can be applied to different transition metal
nanoparticles. Thanks to this study, we can state that
controlling the shape of nanoparticles can be viable path
for the engineering of a new class of nano-objects with
unique and targeted mechanical properties.

SUPPLEMENTAL MATERIAL :
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TUNING ELASTIC PROPERTIES OF METALLIC
NANOPARTICLES BY SHAPE CONTROLLING:
FROM ATOMISTIC TO CONTINUOUS MODELS

Sec. 1. Elastic properties of Au nanoparticles
under (111) deformation

All the results concerning the elastic properties of gold
nanoparticles for nanoindentation on (111) facets are pre-
sented in the Fig. 11, 12 and 13.
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FIG. 11. Effective Young modulus as a function of the size
for Au nanoparticles with different shapes. Comparison be-
tween continuous and atomistic calculations with indentation
on (111) facets.
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FIG. 12. Effective Young modulus as a function of the shape
for gold nanoparticles. Results from continuous and atomistic
calculations correspond to an indentation on (111) facets for
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FIG. 13. Effective Young modulus as a function of the size
and shapes for gold nanoparticles in a map form. Comparison
between (a) atomistic and (b) continuous calculations with
indentation on (111) facets.

Sec. II. Elastic properties of Cu nanoparticles
under (001) deformation

More results concerning the elastic properties of Cop-
per nanoparticles for nanoindentation on (001) facets are
presented in the Fig. 14 and 15.
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FIG. 14. Effective Young modulus as a function of the shape
for copper nanoparticles. Results from continuous and atom-
istic calculations correspond to an indentation on (001) facets
for a 20 nm diameter NP.
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shapes for copper nanoparticles in a map form. Comparison
between (a) atomistic and (b) continuous calculations with
indentation on (001) facets.

Sec. III. Elastic properties of Pt nanoparticles
under (001) deformation

More results concerning the elastic properties of Plat-
inum nanoparticles for nanoindentation on (001) facets
are presented in the Fig. 16 and 17.
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FIG. 16. Effective Young modulus as a function of the shape
for platinum nanoparticles. Results from continuous and
atomistic calculations correspond to an indentation on (001)
facets for a 20 nm diameter NP.
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shapes for platinum nanoparticles in a map form. Comparison
between (a) atomistic and (b) continuous calculations with
indentation on (001) facets.

Sec. IV. Elastic properties of Cu nanoparticles
under (111) deformation

All the results concerning the elastic properties of Cu
nanoparticles for nanoindentation on (111) facets are pre-
sented in the Fig. 18 and 19
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FIG. 18. Effective Young modulus as a function of the shape
for copper nanoparticles. Results from continuous and atom-
istic calculations correspond to an indentation on (111) facets
for a 20 nm diameter NP.
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FIG. 19. Effective Young modulus as a function of the size and
shapes for copper nanoparticles in a map form. Comparison
between (a) atomistic and (b) continuous calculations with
indentation on (111) facets.

Sec. V. Elastic properties of Pt nanoparticles
under (111) deformation
All the results concerning the elastic properties of Pt

nanoparticles for nanoindentation on (111) facets are pre-
sented in the Fig. 20 and 21
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