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Abstract

Whether the strength of materials keeps increasing, saturates or decreases when characteristic dimensions are reduced down to the
nanometer scale remains an open question. To bring new insights, first principles molecular dynamics calculations are performed
to model the compression of 1–2 nm aluminum nanoparticles with different shapes. We find that the plastic deformation occurs
at high strains and stresses by a mechanism combining diffusive and displacive atomic displacements. This deformation mode
is characterized by a slow dynamic and the partial or even complete recovery of crystalline order. The strength depends on the
nanoparticles shape, and is in all cases significantly higher than the theoretical bulk strength. It is however substantially lower than
values extrapolated using reported classical molecular dynamics investigations. Our results suggest that the strength saturates at
low scales.
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Since the pioneering works by Taylor [1] and Brenner [2],
we know that the strength of metals can be several orders of
magnitude higher than in the bulk when samples dimensions
are significantly reduced. Recently, Rabkin and collaborators
demonstrated that it is even possible to reach the theoretical
strength, an intrinsic property of material which can be de-
termined using ab initio calculations [3], when compressing
Ni [4] and Mo [5] nanoparticles (NP) with sizes of a few hun-
dreds of nanometers. The strength seems to reach a plateau
when sizes are further reduced, at least for iron NP [6]. Ulti-
mately, Azadehranjbar et al. showed that platinum NP becomes
weaker under compression for decreasing sizes in the range 9–
41 nm [7], because of the dominant role of surface diffusion at
low scales and room temperature.

Compression experiments at the nanoscale are difficult to
perform, and results are prone to uncertainties. One additional
complexity is the influence of shape on mechanical properties
at small sizes [5, 8–10]. Molecular dynamics (MD) simulations
are an interesting alternative to experiments, with a full control
of NP models and simulation conditions [11]. However they are
limited to short timescales, which prevents their use for describ-
ing diffusive mechanisms at play for small NP and ambient con-
ditions. It explains why most available simulation studies focus
on low temperatures at 10 K or below, for which thermally ac-
tivated surface diffusion is negligible. In the case of fcc NP,
classical MD calculations reveal that the strength increases ac-
cording to a power law relation when the size decreases from
80 nm to 5 nm, with a dislocation-mediated plasticity [12–14].

An intriguing and unanswered question is how strength varies
when the NP size is further decreased? Extrapolations using
published power law relations lead to extremely high values of
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50 GPa (Al) and 80 GPa (Ni) for 1 nm NP [12], much larger
than the theoretical strength of the respective bulks. Such values
obviously call for further validation, especially since classical
MD calculations rely on the use of interatomic potentials which
are often not designed to model accurately surfaces and highly
strained materials, two critical aspects of small NP compres-
sion. To circumvent this issue and obtain meaningful answers,
we perform ab initio molecular dynamics (AIMD) to simulate
the compression of Al NP in the size range 1–2 nm. Aluminum
is selected here because of its reduced computational cost in
AIMD calculations compared to other fccmetals, and the avail-
ability of data from classical MD simulations [12, 14]. We fo-
cus on strength and plasticity mechanisms, and consider the in-
fluence of NP shapes.

Figure 1: Examples of investigated nanoparticle models: a) Wulff (W201), b)
sphere (S236), c) octahedron (O231), d) icosahedron (I309). Compression axis
is vertical in this figure.
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AIMD calculations are performed using the Quantum Espresso
code [15]. Conversely to previous similar compression simula-
tions [16–18], a Born-Oppenheimer framework is used for dy-
namics since it is more efficient for metallic systems. Electronic
structure calculations are made in supercells large enough to en-
sure a minimum vacuum distance of 10 Å between NP replicas.
An excellent compromise between accuracy and performance
is obtained using a 30 Ry plane wave cutoff, a γ-point sam-
pling, 1st-order Methfessel-Paxton smearing [19] and the PBE
exchange-correlation functional [20]. Core electrons are taken
into account in the framework of the projector-augmented wave
method [21].

The compression of NP is achieved by means of combining
AIMD calculations with planar repulsive classical force fields.
This original approach allows ignoring flat punch indenters into
electronic structure calculations, thus making feasible the lat-
ter using current high performance computation resources. The
method is fully described in Ref. [22], and only general prin-
ciples are recalled here. Two planar force fields, sandwich-
ing the NP, are moved closer along the compression direction
with a speed of 0.05 Å ps−1, yielding an indentation veloc-
ity of 0.1 Å ps−1 similar to values used in classical investiga-
tions [11]. In the present study a force field strength param-
eter of 1836 eV Å−3 is used, which mimics incompressible
flat-punch indenters. A typical compression simulation requires
about 6×103 AIMD steps, corresponding to a total duration of
30 ps. The temperature is set at 1 K and controlled thanks to
a velocity-rescaling thermostat [23]. The advantages of using a
low temperature are: (i) the well known strain rate issue of sim-
ulations is largely mitigated [24], (ii) diffusion plasticity, exper-
imentally reported at higher temperatures [7, 25], is suppressed,
(iii) a meaningful comparison with previous classical MD cal-
culations of NP compression, also performed at low tempera-
tures [12–14].

We consider NP with various shapes like Octahedron (O),
Wulff-like (W) and sphere (S), which are all energetically sta-
ble and exhibit well defined {111} facets (Fig. 1). The W NP are
generated using the surface energies reported by Wan et al. [26].
Icosahedral-type (I) NP, shown as low energy configurations
for Al clusters and characterized by the absence of fcc stack-
ing [27], are also studied for comparison (Fig. 1). These models
are first relaxed until forces are lower than 0.026 eV Å−1. They
are next oriented so as to get the compression axis normal to
{111} facets. In the following, NP are named according to their
shape and their number of atoms (Fig. 1).

The total energy and the forces applied by the force fields
are recorded during all compression tests. The contact stress
is calculated by dividing the applied force by the contact sur-
face at each step. To obtain the latter, we first determine NP
atoms less than 0.1 Å away from the force field position along
the compression axis. The area S 0 of the 2D convex hull built
from these atoms can be used as a first guess of the contact sur-
face. However using S 0 yields unrealistically high stress values
for small NP because contributions from surface edge atoms
are underestimated. Corrections have been proposed to better
account for edge atoms surface, using atomically-defined quan-
tities [18, 28]. In the present work, we adopt an even more

Figure 2: Force (nN, blue), energy (eV, red), stress (GPa, orange), and contact
surface (Å2, green) as a function of engineering strain, for the compression
of O231. The pink strip marks the strain range for which plastic deformation
occurs.

conservative approach by postulating that the projected surface
of an atom is equal to s111, the area per atom of a {111} surface.
Assuming a regular polygonal shape for the contact surface, we
calculate the corrected contact surface S = S 0 + (m/2 + 1)s111,
with m the number of edge atoms. Within this definition S can
be considered an upper limit of the contact surface. Finally
the engineering strain ε is defined relatively to the difference
between force field positions, with an origin corresponding to
applied forces departing from zero.

The applied force, energy, and contact stress calculated dur-
ing the compression of O231 are shown in Fig. 2. All quanti-
ties increase with the strain, first weakly up to ε = 0.02 then
markedly with seemingly linear (force and stress) or quadratic
(energy) variations. The first stage is associated with a signifi-
cant increase of the contact surface (Fig. 2) due to the progres-
sive flattening of the indented facets, which are initially slightly
curved after the initial relaxation. At a strain ε ' 0.10 both
force and stress curves soften. A similar behavior is observed
during the compression of bulk aluminum [29]. Maxima are
reached at a strain εy = 0.135 − 0.140, first for force/stress,
and next for energy, marking the end of the elastic stage and
the initiation of plastic deformation. Maxima are followed by
large but gentle decreases. This is substantially different from
sharp drops associated with dislocation nucleation/propagation
in larger NP [12], and suggests a slow and stress-driven plastic
deformation.

Curves for O, S and W nanoparticles share similar charac-
teristics, albeit with minor differences for the strain ranges of
each stage. For instance, indented facets for W and S are ini-
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Figure 3: Side views of O231 at different compression strains (compression
axis vertical to the figure). a) Atoms are represented by spheres colored us-
ing the polyhedral template matching method [30] (green: fcc atoms, red: hcp
atoms, white: unknown structure). A cross section is made to see the NP in-
side. b) Atoms are represented by spheres colored according to their zero-strain
positions along the compression axis. c) Cumulative atomic displacements (rel-
atively to ε = 0) are shown as colored arrows centered on atomic positions. The
arrows color depends on the z-component of the displacement.

tially almost planar, with a short and limited flattening stage.
We also note that εy is remarkably always in the range 0.13-
0.14 for O, W, S and I147 NP. Only for I309 plasticity occurs at
a slightly lower strain εy ' 0.12.

In most cases the plastic deformation is associated with the
displacement of a large proportion of the NP atoms, mainly lo-
cated in the central {111} planes perpendicular to the compres-
sion axis. This mechanism can be identified as diffusion under
stress but with a variable degree of correlation between neigh-
boring atoms. To better illustrate this concept, several steps
during the deformation of O231 are represented in Fig. 3 (A full
movie is also available in Supp. Mat.). At a strain ε = 0.119,
i.e. right before the onset of plasticity, the fcc stacking is pre-
served, although one can note slight distortions, lateral NP ex-
pansion, and non homogeneous deformations (Figs. 3-b,c). By
increasing the strain, atoms in center planes tend to mix in a
seemingly random fashion. A close inspection of cumulative
atomic displacements however reveals a partial correlation be-
tween neighboring atoms as well as migration directions mainly
contained in tilted {111} planes. This corresponds to an increase
of atoms in a hcp local environment. At ε = 0.158 the NP
structural transformation is complete, with a transition from n
to n−1 {111} planes along the compression axis, and the mixing
of atoms in the center planes. Interestingly, the fcc stacking is
largely recovered although residual disorder can be observed in
a limited region.

A similar scenario is identified for the other NP with fcc
stacking, with variations in displacement correlations and in
residual disorder. The highest degree of correlation is observed
for S236. In that case, one half of the NP glides along a tilted
{111} plane, i.e. it corresponds to the formation and propaga-
tion across the NP of a dislocation in a {111} plane. The low-
est proportion of residual disorder is obtained for O44, O85,
and S116, while Wulff-like NP exhibit the most disordered fi-

Figure 4: Strength (GPa) versus size (nm) plots for Al nanoparticles (Wulff: red
hexagons, sphere: green circles, octahedron: dark blue losange, icosahedron:
orange pentagons). The light blue strip shows the theoretical bulk strength
range. The dashed black line represents values extrapolated from Ref. [12].

nal structures. Finally, the plastic deformation of icosahedral
NP results in the disordered failure of one of the contact sur-
faces, while no irreversible displacements are observed in the
NP center (see movies in Supp. Mat.). This could be explained
by the lack of {111} planes in these NP.

A noteworthy feature in all cases is the wide strain range
over which the plasticity mechanisms are at work. This is in
sharp contrast with larger NP yielding by dislocation avalanches [11,
12, 31], which highlights the specific and original mechanical
properties of small fcc NP. The gentle and progressive stress
relaxation is partly due to the diffusion under stress character
of the plastic deformation. It also suggests that the yield path
in configuration space is characterized by wide and low energy
barriers, which is characteristic of mechanisms with large acti-
vation volume. In fact, we note that a large proportion of atoms
is significantly displaced during plastic deformation, hinting
that the activation volume is of the same order of magnitude
than the NP volume.

The strength values, defined as the maximum stress at the
onset of plasticity, are reported in Fig. 4 for all investigated NP.
A striking feature is the very high strength in all cases. As pre-
viously mentioned, we carefully checked that this is not caused
by an underestimation of the contact surfaces. For instance, we
find that S116 and S236 are significantly stronger than W79,
I147, or I309 although their contact surface areas at yield are
similar. Small NP also seem to be stronger than large ones for a
given shape, except for icosahedron, but additional data would
be needed to be more conclusive. Overall, we find that there is
a clear influence of shape on strength, in agreement with pre-
vious works at larger scales [8, 9, 11]. To our knowledge, this
aspect remains largely unexplained in literature. Mordehai et
al. proposed that the initiation of plasticity is intimately related
to stress gradients in the vicinity of contact surface edges [32].
The NP shape may influence the localization and the magni-
tude of stress inhomogeneities, and thus the threshold stress to
activate plasticity mechanisms.

It is also interesting to compare our results with the theo-
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retical strength of bulk aluminum. First principles calculated
values for the 〈112〉{111} slip system range from 2.84 GPa to
3.16 GPa [33–35]. With a Schmid factor of 0.314 for a 〈111〉
compression, this corresponds to a theoretical bulk strength range
of 9.04–10.06 GPa. All our data are significantly higher for all
sizes and shapes (Fig. 4). This can be partly explained by pre-
dictions of a significant hardening of bulk Al when subjected
to a normal stress along 〈111〉 [33]. For the smallest NP, one
also cannot exclude a possible quantum confinement effect [27].
Finally, we note that decreasing the dimensions increases the
influence of surfaces and the stability of amorphous configu-
rations relatively to the crystalline phase, a well established re-
sult [36]. Our calculations reveal distortions in atomic positions
at large strains, in agreement with a lesser stability of the crys-
talline order. Such distortions might inhibit the correlated dis-
placements of atoms, thus delaying the onset of plasticity and
increasing the strength.

One motivation of this work was to check the validity at
low scales of strength–size relations obtained from classical
MD calculations. In particular Feruz and Mordehai determine
that the strength of Al Wulff-like NP compressed along 〈111〉 is
σc = 49.16R−0.512 for sizes between 5 nm and 30 nm. Figure 4
shows stresses extrapolated at smaller sizes using this relation,
which are roughly twice as high as our values. Such a large dif-
ference can hardly be explained by minor technical differences
between investigations. It is possible that the Feruz relation was
not valid at low scales since it relies on calculations made with
classical potentials, probably not accurate enough to describe
highly strained small NP. Another explanation is that the NP
strength stops increasing for sizes below 5 nm, with only small
variations depending on shape. A similar behavior is proposed
for Fe [6] and Ni [4] NP, albeit with different size transitions
and NP shapes.

In summary, using an original approach combining first-
principles molecular dynamics calculations and repulsive force
fields, we find that aluminum NP with sizes 1–2 nm yield at
very high stresses during a 〈111〉 compression. The plastic de-
formation corresponds to a combination of diffusive and dis-
placive mechanisms, resulting in a sluggish dynamics after yield.
Further investigations are required to better understand and char-
acterize this deformation mode, and to determine the critical NP
size above which dislocation nucleation and propagation occur.
At last we find that the strength depends on the NP shape, and is
higher than the theoretical bulk strength but clearly lower than
predictions from classical MD calculations of larger systems,
hinting that strength stops increasing below a size threshold.
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[21] P. E. Blöchl, Projector augmented-wave method, Phys. Rev. B 50 (1994)
17953–17979. doi:10.1103/PhysRevB.50.17953.

[22] L. Pizzagalli, Finite-temperature mechanical properties of nanostructures
with first-principles accuracy, Phys. Rev. B 102 (9) (2020) 094102.

[23] G. Bussi, D. Donadio, M. Parrinello, Canonical sampling through
velocity rescaling, J. Chem. Phys. 126 (1) (2007) 014101.
doi:10.1063/1.2408420.

[24] J. Li, The mechanics and physics of defect nucleation, Mater. Res. Soc.
Bull. 32 (2007) 151–159.

[25] J. Sun, L. He, Y.-C. Lo, T. Xu, H. Bi, L. Sun, Z. Zhang, S. X. Mao, J. Li,
Liquid-like pseudoelasticity of sub-10-nm crystalline silver particles, Na-
ture Materials 13 (11) (2014) 1007–1012. doi:10.1038/nmat4105.

[26] J. Wan, Y. L. Fan, D. W. Gong, S. G. Shen, X. Q. Fan, Surface relaxation
and stress of fcc metals: Cu, ag, au, ni, pd, pt, al and pb, Modelling and
Simulation in Materials Science and Engineering 7 (2) (1999) 189–206.
doi:10.1088/0965-0393/7/2/005.

[27] R. Ahlrichs, S. D. Elliott, Clusters of aluminium, a density
functional study, Phys. Chem. Chem. Phys. 1 (1) (1999) 13–21.
doi:10.1039/a807713d.

[28] B. Molleman, T. Hiemstra, Size and shape dependency of the surface en-
ergy of metallic nanoparticles: unifying the atomic and thermodynamic
approaches, Phys. Chem. Chem. Phys. 20 (31) (2018) 20575–20587.
doi:10.1039/c8cp02346h.

[29] W. Li, T. Wang, Ab initio investigation of the elasticity and stability
of aluminium, J. Phys.: Condens. Matter 10 (43) (1998) 9889–9904.
doi:10.1088/0953-8984/10/43/033.

[30] P. Mahler Larsen, S. Schmidt, J. Schiøtz, Robust structural identifica-
tion via polyhedral template matching, Modelling Simul. Mater. Sci. Eng.
24 (5) (2016) 055007. doi:10.1088/0965-0393/24/5/055007.

[31] S. Bel Haj Salah, C. Gerard, L. Pizzagalli, Influence of sur-
face atomic structure on the mechanical response of aluminum
nanospheres under compression, Comp. Mat. Sci. 129 (2017) 273–278.
doi:10.1016/j.commatsci.2016.12.033.

[32] D. Mordehai, S.-W. Lee, B. Backes, D. J. Srolovitz, W. D. Nix, E. Rabkin,
Size effect in compression of single-crystal gold microparticles, Acta
Mater. 59 (13) (2011) 5202 – 5215. doi:10.1016/j.actamat.2011.04.057.

[33] S. Ogata, J. Li, S. Yip, Ideal pure shear strength of aluminum and copper,
Science 298 (5594) (2002) 807–811. doi:10.1126/science.1076652.

[34] D. M. Clatterbuck, C. R. Krenn, M. L. Cohen, J. W. Morris, Phonon in-
stabilities and the ideal strength of aluminum, Phys. Rev. Lett. 91 (13)
(2003) 135501. doi:10.1103/physrevlett.91.135501.

[35] R. Yang, B. Tang, T. Gao, A comparison of mechanical properties be-
tween al and al3mg, Int. J. of Mod. Phys. B 30 (01) (2016) 1550243.
doi:10.1142/s0217979215502434.

[36] L. Piot, S. L. Floch, T. Cornier, S. Daniele, D. Machon, Amorphiza-
tion in nanoparticles, J. Phys. Chem. C 117 (21) (2013) 11133–11140.
doi:10.1021/jp401121c.

5


