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ARTICLE INFO ABSTRACT

Keywords: Polycrystalline hollow nanoparticles present a unique combination of strength and flexibility. However, the
Hollow nanoparticles exact role displayed by their grain structure in mechanical properties has not been yet fully understood. Here, by
Nanoindentation means of molecular dynamics simulations, the role of grain boundary structure during the nanoindentation of
Polyerystalline materials metallic hollow nanoparticles with a polycrystalline shell was investigated. Our simulations were performed for
Plasticity a range of grain sizes and shell thicknesses, including the large strain regime. Our results show that hNP me-
2010 MSC: chanical properties can be controlled by tuning the grain size of the polycrystalline shell, following an inverse
00-01 Hall-Petch type dependence with the grain size. Deformation involves dislocation activity, twin hardening, grain
99-00 boundary sliding, coalescence, and rotation. For single crystal shells at large strain there is hardenning following

the closure of the internal cavity. For nanocrystalline shells at large strains a constant flow stress regime is
observed even for deformations as high as 80%, thanks to grain boundary activity. Surprisingly, some particular
grain size not only leads to an improvement in strength, but also a flow stress higher than the observed in their
single-crystalline counterparts. Our work, suggest that grain boundary structure can be employed to improve and
tailor desired mechanical properties in hollow nanostructures.

1. Introduction

The mechanical performance of nanocrystalline (NC) materials is
often limited by their ductility [1]. To take advantage of their char-
acteristic ultra-high strength in diverse scenarios it is necessary to look
for novel architectures that help to overcome their current limitations
[2-4]. In this pursuit, Shanet al. [5] converted a compact NC PdSe
structure into a hollow nanosphere, resulting in lightweight, strong and
highly deformable nanostructures. Similarly, Yang et al. [6,7] studied
amorphous carbon hollow nanoparticles (hNP) under nanoindentation,
achieving compressions of 30-50% before material failure; that is, de-
formations an order of magnitude larger than expected for amorphous
carbon films [8]. Moreover, Si hollow nano- and micro-spheres, formed
by single or colloidal arrays, have been suggested as lightweight na-
noparticle protective films [9-11].

The ability to withstand large mechanical deformations seems to be

a characteristic feature of hNPs, whose mechanical properties are
known to differ significantly from bulk, and also with their non-hollow
counterparts [12,13]. This behavior was addressed by atomistic simu-
lations of Pd and Si hNPs, which show that the mechanical response can
be properly controlled by geometrical parameters [14,15]. In fact, some
convenient combinations of radius and shell thickness can improve si-
multaneously strength and flexibility. Interesting, this principle seems
to be also exhibed in core shell NP, where Kilymiset al. [16] show that
convenient shell thickness can delay the plastic deformation.

The cavity of single-crystal (sc) hollow nanostructures introduces
additional degrees of freedom, allowing for surface buckling and stress
redistribution on the hNP shell [14,15]. Considering that in NC mate-
rials the grain displacement or accommodation is often limited by the
grain boundary density, the presence of a cavity can be thought as a
route to enhance grain accommodation and flow. This principle was
explored by Shanet al. [5]; however, in their experiments the exact
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mechanism at small and large deformations, and the role of the grain
boundary structure [5] was not addressed.

Bulk NC display strengthening as the grain size decreases, in the
Hall-Petch (HP) regime, often attributed to dislocation pile-up at grain
boundaries. However, for grains smaller than 15-25 nm, usually there
is an inverse HP regime, that is attributed to enhanced GB activity [1].
Understanding how these regimes apply to a hNP geometry is not tri-
vial, partly because experimental dislocation identification at the na-
noscale is difficult. Molecular Dynamics (MD) simulations can provide
valuable information on the plastic deformation mechanism of hNP
systems, complementing experiments. However, available simulations
have dealt only with pristine, single crystal hNP shells, which are dif-
ficult to create with current synthesis techniques [14,15]. In fact, hNP
synthesized by calcination, Kirkerdall effect, laser ablations, among
others, are likely to be polycrystallines or porous [17]. All these fea-
tures can bring about unexpected combinations of mechanical proper-
ties.

Here, using atomistic simulations, we investigate the nanoindenta-
tion response of metallic Pd hNP, with NC shells, as a possible route to
improve both plasticity yielding and strength. The main focus of our
work is to investigate if the grain boundary structure could be em-
ployed as an additional parameter to control the mechanical properties
of hollow materials. Pd has been chosen due to the large amount of
experimental evidence showing that Pd hNP are likely to be policrys-
taline [18-20], in with the same size-range studied here, together with
Pd relevance as energy storage materials [21,22]. We expect that our
study could be useful to improve the current Pd-based H storage tech-
nologies, which are often limited by the lack of ductility and strength of
the available Pd membranes. [23].

2. Methods

The nanoindentation of metallic hNPs of NC shells is studied by
means of molecular dynamics (MD) simulation, as implemented in the
LAMMPS code [24]. The interaction between Pd atoms is simulated
using the Embedded Atom Method potential [25], with the potential
parameters by Sheng et. al [26]. This potential has shown to success-
fully reproduce experimental and DFT calculations of elastic constants
[27], stacking fault (SF) and twin energies [28], the bulk modulus and
the equation of state of Pd for pressures up to 100 GPa [29], among
other properties. A good description of these parameters is requiered for
the study of mechanical deformations of Pd.

Polycrystalline Pd samples, with the desired average grain size were
created by a Voronoi tessellation algorithm [30]. NC samples were re-
laxed using the following procedure: first, atoms with energies larger
than 50 eV, indicated some degree of overlap, were deleted from the
simulation; next samples were relaxed using conjugate gradient coupled
with a box relaxation to achieve zero pressure. To allow grain boundary
re-accomodation the sample was annealed at a temperature of
T = 2T,,/3, where T, correspond to Pd melting temperature. The
system temperature was controlled with a Nose-Hoover algorithm
coupled to a zero pressure barostat during 20 ps. Finally, the sample
was cooled during 0.2 ns down to 300 K. This procedure leads to a NC
with a residual stress [31,32] as low as 10> GPa. Once the NC is re-
laxed, a hNP with the desired radius and thickness is obtained by car-
ving this “bulk” Pd NC.

This cut will generate a hNP far from equilibrium, since some stress
remnant is to be expected. Thus, the hNP is again relaxed during 0.5 ns
at 300 K to allow grain boundary accommodation and surface re-
construction. This methodology has already been employed for the si-
mulation of other metallic hNPs such as gold [33-35], silver [36],
platinum [37] and palladium [22,38].

The indentation was performed using a repulsive flat indenter, with
a harmonic potential of the form

U(z) =Kz — 20 (€8]
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where z, is the indenter position, and K = 10 eV/A® is the indenter
stiffness.

Before indentation the relaxed hNP is situated on a fixed flat bottom
surface with the same harmonic potential as the indenter. Next the hNP
was relaxed in order to obtain a relaxed contact area with the bottom
surface. No MD simulations of hNP on surfaces are available, and the
only evidence of hNP contact is due to Jiang et al. [36], revealing that
two hNPs can nucleate SFs due to the surface contact.

All hNPs studied here have an external radius of 10 nm, and a shell
thickness ranging from 3 to 10 nm. The hNP were constructed from NCs
with an average grain size d = 5, 7, and 10 nm. This allows to create
hNPs with shells that have different grain boundary densities. The re-
sulting hNPs have different mean grain size than the parent NC bulk
structure.

Defect analysis [39] was carried out using the common neighbor
analysis (CNA), implemented in OVITO [40]. Dislocations were iden-
tified with the DXA algorithm [41], and the defective atom count, such
as in stacking faults or twin boundaries, was analyzed with the Crystal
Analysis Tool (CAT) code. [41]. Strain calculations were also carried
out with OVITO. Grain boundary rotations were identified with the
local crystallographic orientation [42] (Ico) algorithm implemented in
the AACSD code. [43].

Stress-strain plots were obtained computing the atomistic contact
area of the NC and the indenter. To obtain this area, we compute the
number of indenter-NC atoms in contact using the method by
Ziengehain et. al [44], defined by Iz — zo| < 0.2 A, where z is the atom z-
coordinate and z, the indenter position. The flow stress was defined as
the stress (o) averaged within the 0.12 to 0.15 strain range.

3. Results

To characterize the hNP mechanical properties it is necessary to
take into account all the possible relevant parameters that influence
mechanical properties: grain size (d), shell thickness (t), and hNP radius
(R). As a first step Fig. 1 addresses the role of the wall thickness for a
R =10 nm hNP, which was built from a nanocrystal of d = 10 nm
average grain size. The macroscopic stress shows that hNPs of any
thickness have similar mechanical behavior.

NC metal MD simulations[45-47] show a limited quasi-elastic re-
gime, since GB activity leads to early plasticity. A stress maximum is
reached, and thereafter a well defined flow stress is achieved slightly
above 0.10 strain, after some softening. Only the results for t = 3-4 nm
show some similarity with the bulk behavior. Larger t values display
hardenning, suggesting that the geometry plays an important role in
strengthtenning hNPs. This is consistent with recent simulations of re-
lated scenarios. Yuanet al. [48] simulated layer-grained models, with
brick-like grains, and observed hardenning under tension caused by the
formation of sessile dislocations due to reduction of dislocation motion.

— t=10nm
— t=9nm
— t=7nm
t=5nm
— t=3nm

Contact Stress (GPa)

L | L | L | L | L | L
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
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Fig. 1. Contact stress vs. strain for a 10 nm grain size hNP, for several different
wall thicknesses.
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hNP in our simulation also contain grains which are more flat than
equiaxed due to the carving procedure, and many junctions are ob-
served as deformation proceeds. Zahiriet al. [47] simulated bulk NC
under compression, observing hardenning for NC with pre-existing
twins, and stacking faults which lead to enhanced dislocation produc-
tion. hNPs also contain some pre-existing dislocations, as will be shown
below. Kianiet al. [49] used diffusive dynamics simulations to show the
evolution under compression of Cu nanocubes with a Au precipitate
inside. If the precipitate is impenetrable to dislocations significant
hardenning is observed, in agreement with experiments. For hNPs
dislocation motion is restricted by the hollow interior, with dislocations
limited to cross grains and reach free surfaces.

The flow stress difference observed between t = 3 nm and ¢>5 nm
suggests that hardening for larger thickness is due to the presence of a
larger number dislocation junctions than for thinner shells. However, a
dislocations inspection for t = 10 nm and t = 3 nm shows that junc-
tions as %(100) (Hirt), and %(110) (Stair-Rod) make a contribution not
larger than ~5% for both thicknesses. Major differences in dislocation
plasticity were noticed for Shockley partial dislocations with ~74% for
t = 3 nm, versus 58% for t = 10 nm, while full dislocation populations
increase with thickness from 7% for t = 3 nm to 18% for t = 10 nm.

Fig. 2a shows the dependence of flow stress on shell thickness t,
which appears to saturates for the larger t values studied here. This is
consistant with an inverse Hall-Petch effect for grains/thickness below
15-25 nm. For bulk NCs this is due to GB activity, but here the cavity
surface also influences strength (Fig. 2b). In fact, the relatively small
shell thickness creates surface stresses that strongly influence both
thermal and mechanical stability, even under small perturbations [50].
In addition, we also notice that contact pressures close to 17 GPa have
been achieved in sc Pd hNPs [14], but at strains which are considerably
smaller than the ones we observe here.
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Fig. 2. (a) Flow stress as a function of wall thickness t, for 10 nm grain size. The
flow stress was computed averaging the contact stress for strains in the 0.12 to
0.15 range. (b) Flow stress as a function of d/t.
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Fig. 3. (a) Contact stress for a R = 10 nm hNP of thickness t = 5 nm, for dif-
ferent grain sizes. The black line corresponds to a sc hNP. To obtain the sta-
tistics we averaged results of five different nanospheres. (b) Atomic distribution
of ad = 10 nm hNP, for 0.0%, 7.5 and 15% compressions. Orange and blue
atoms indicate that they belong to SF and twin boundaries, respectively. White
atoms delimit the hNP surface and grain boundary structures, while fcc atoms
are deleted from the figure.

Crystalline

To identify the role of the grain boundary structure the Fig. 3 shows
the stress-strain relationship for hNPs with the same radii and thick-
ness, but with different grain sizes. In all these cases, GB design leads to
stresses which differ from sc systems [14,15] (black lines). The ato-
mistic description provided by Fig. 3b clarifies the plastic deformation
mechanisms governing each case. sc hNPs loaded along [001] are
dominated by serrated behavior due to elastic hardenning followed by
sudden activation of few preferential planes causing large stress drops.
These dislocation bursts are dominated by partial dislocations and
stacking faults along preferential {111} planes and become smaller as
the NPs develop a network of SFs and twin boundaries.

Fig. 3a suggests that NC-hNPs tend to behave as a roughly isotropic
material, which is reflected in a smooth stress-strain relation, with few
abrupt drops in the plastic regime. NC-systems show evidence of SFs
and twins in the vicinity of grain boundary junctions. Different grain
orientaions make dislocation activity on different planes possible, but
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Fig. 4. Flow stress vs. grain size for a hNP with R = 10 nm and t = 5 nm. The
stress flow was computed averaging over the range € = 0.10 to € = 0.15. The o
symbol in x axis corresponds to the sc hNP case.

now dislocations glide from one side of the grain to the other, instead of
the longer glide across the whole shell thickness. We notice that the
elastic limits are considerably smaller than for sc, due to GB activity,
but the strengthening due to holds even for strains larger than € = 0.15,
with grain size playing a dominant role in the stresses attained during
the compaction. As expected from the inverse Hall-Petch regime we are
simulating, the larger the grains the harder the NPs are. Shanet al. [5]
observed experimentally that the strength of CdSe hNPs, with 6-8 nm
grain size, differed significantly from the strength of bulk samples;
however, the issue of the role of grain size was not explored further.

Here we find that larger stresses than for the single crystal case are
achieved only for d < 10 nm, as seen in Fig. 4, for a shell thickness of
5 nm. The flow stress of sc hNP is ~3 GPa smaller than for thed = 10 nm
case, which suggests the existence of an optimal grain size structure in
the transition of inverse to conventional Hall-Petch strengthening, as
for bulk NC.

Inverse Hall-Petch effect is usually associated to dominance of GB
activity (sliding, rotation, reaccommodation), over dislocation slip.
Dislocation density for different grain sizes (see Fig. 5) shows similar
dislocaiton activity for 5, 7 and 10 nm grain sizes. The initial disloca-
tion density is not zero, as in the single crystal case, because small
dislocation embryos appear as a consequence of a NC relaxation pro-
cess. The first significant dislocation slip events occur for € = 0.025,
0.06, and 0.075, for d =5, 7 and 10 nm hNPs, respectively. Those
strains are consistent with the yield onset of the respective stress-strain
plots, and are attributed to the nucleation of Shockley partial disloca-
tions mainly from grain boundary junctions. Stair-rod junctions or Hirth
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Fig. 5. Dislocation density vs. strain for a R = 10 nm and ¢t = 5 nm hNP. Black,
red, and blue correspond to 5 nm, 7 nm and 10 nm grain size, respectively. (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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Fig. 6. External view of a hNP of R = 10 nm and ¢ = 5 nm. Top panels cor-
respond to a grain size of d = 10 nm, while bottom panels correspond to d = 7
nm. The color coding illustrates shear strain for different compressive strain.
(For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

partials, contributes less than 4% of the total dislocation lengths.
Therefore, sessile dislocations are negligible, and no hardening is ob-
served in the stress-strain plots of Fig. 3a.

The combination of hollow nanosphere design with grain boundary
structure leads to more complex deformation modes than for conven-
tional NC-systems. The hNP free volume allows for a richer grain
boundary activity, which can be maintained for larger compressions
than in a conventional NC bulk. Fig. 6 illustrates the shear strain of a
hNP for three representative strains. For both grain sizes represented in
the figure the most relevant shear activity does occur in the grain
boundary region. For a 7 nm hNP the shear accumulation is larger than
for d = 10 nm, which is to be expected as the grain boundary density is
larger. It worth noticing that the largest shear zone is observed below
the indenter contact zone; however, some shear accumulation can also
be concentrated far from indenter region, in particular in triple junction
zones. By plotting the shear-strain histograms of Fig. 1S one clearly
observes an increase of sheared atoms in the tails of the distributions,
which follow an inverse tendency with grain size (inset). Shear locali-
zation at grain boundaries will lead to enhanced grain boundary ac-
tivity.

To provide a more detailed description of failure modes during the
nanoindentaion of NC-hNPs, larger compressive strains were also
achieved. Fig. 7 shows the contact pressure plot for two hNPs of
thickness t = 3 nm and 5 nm, up to 80% compressions, respectively.
Both exhibit a similar behavior, while at low strain (15%) there is
hardening; this is followed by a constant stress regimen until strains
80%. Finally, the nanostrucure loses the hollow structure due to full
compaction (vi and iii). The sc hNPs (green and blue) show smaller flow
stress than their polycrystalline counterparts, since 10 nm grain size is
relatively close to the Hall-Petch maximum. The stress-strain behavior
displays some similarities with the one for nanoporous metals [51],
where ligament size limits dislocation slip similarly to grain size. These
metals also show nearly perfect plastic behavior, and porosity reduction
leads to hardenning.

In order to describe the plastic behavior over different regimes
Fig. 8 illustrates both SF and twin boundaries of representative regions.
Stress reduction above 0.1 strain is consistent with the nucleation of
several SF planes (i and iv). This is rather expected as SF planes are
generally the trace the Shockley partial dislocation activity. Soon after
that, twin populations display a noticeable increase during the constant
stress regime, as illustrated in Fig. 8 (ii and v). Shell thickness is too



F.J. Valencia, et al.

25F T f ' f ' i
— t=3nm
L ]_V e |— t=5nm
Y V1 |— t=3nm sc
=20 — t=5nm sc
a9
g
w
wn
9]
p=}
«n
3]
S
=
9]
O
11
0 . | . | . | . =
0 0.2 0.4 0.6 0.8

Strain

Fig. 7. a) Contact stress vs. strain for hNPs of external radius R = 10 nm, grain
size d = 10 nm, and thicknesses ¢t = 3 and ¢t = 5 nm. Regions labeled i, ii, and iii
correspond to representative plastic events for ¢t = 3 nm, while iv, v, and vi
correspond to ¢t = 5 nm. Blue and green curve represent the sc hNP counter-
parts. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

small to allow nucleation in multiple slip planes which would lead to
dislocation junctions. The grain boundary structure and the relatively
large surface area provide potential dislocation sinks. However, this is
not always the case, since twin boundaries can act as a barrier for the
free displacement of Shockley partial dislocations (iii and vi). Inter-
estingly, when inner surfaces made contact a large number of SF are
generated due to a surface reconstruction process, which is reflected in
Fig.2S as a peak in the SF plot below 0.5 strain. Partial contact at the
inner surface is followed up by increasing contact and elimination of
porosity, creating a finite-size nanocrystal which can harden due to
dislocation junctions in the compact material, as it happens for nano-
foams [51].

We notice that for hNPs the small shell thickness dislocation activity
is not the only source contributing to plasticity; in fact, the presence of
the outer and inner surfaces can enhance GB activity. We observe that
the activity is mainly assisted by displacement of adjacent grains, or by
grain boundary rotation (Fig. 3S). Interestingly, grain rotation at room
temperature has been already disscused as the dominant plastic de-
formation mode [52] in thin films. Here, a hNP can be thought of as a
particular case of a thin film material which favors grain boundary
mechanisms for plastic deformation, even at room temperature.

Computational Materials Science 179 (2020) 109642

4. Conclusions

By means of molecular dynamics simulations we investigate the
compression of nanocrystalline Pd hollow nanoparticles during na-
noindentation with planar indenters. The mechanical properties were
studied for different grain sizes and wall thicknesses, as well as in the
small and large strain regimes. Our results suggest that hollow nano-
particle mechanical properties can be tailored by controlling their wall
thickness and grain size, to obtain enhanced strength and ductility.

Plastic deformation is qualitatively similar to the one for bulk na-
nocrystals. There is an inverse Hall-Petch effect with grain size, d, but
also with shell thickness for t < d. Grain boundary activity starts at low
strain, and continues contributing at large deformations, thanks to the
additional degrees of freedom provided by the free surfaces which can
roughen and buckle. Additionally, partials dislocations nucleate from
grain boundary junctions, cross the grains, and can contribute to
twinning. This behavior differs with single-crystal hollow nanoparticles
where dislocations can travel over the whole shell, without being
stopped or absorbed by grain boundary [14,15].

Interesting, nanocrystalline hollow nanoparticles do not show the
maximum stress peak observed in nanocrystalline bulks, and they show
hardening even after the shell collapses. In addition, grain size and shell
thickness can be chosen to give a flow stress significantly larger than for
single-crystal hollow nanoparticles. Interesting, the constant flow stress
regimen can be held even for strains larger than 70%, before the inner
cavity finally collapses.

The hollow nanoparticles considered here are not larger than 20 nm
and somewhat smaller than some experimental nanoshells. However,
those experimental hollw nanoparticles will likely have shell thickness
of the order of the grain size [53,17,5]. Since grain boundary density
can be introduced as an additional parameter to control their me-
chanical properties, we expect that grain boundary engineering could
be employed to improve and taylor desired mechanical properties not
only in hollow nanoparticles, but also in other hollow nanostructures
such as nanoframes [54], nanocages [55], foam-like structures [56],
metallic nanotubes [57], and nanoparticle aerogels [58].

Data Availability

The raw/processed data required to reproduce these findings cannot
be shared at this time due to technical or time limitations.

Fig. 8. Top panels illustrate the indentation process for a hNP of t = 3 nm, R = 10 nm, and grain size d = 10 nm. The bottom panels represent the compression of a
t = 5 nm hNP. Frames i, ii, iii show representative snapshots of the hNP, while iv, v and vi display relevant plastic events. White atoms denote the grain boundary
region, and the inner/outer surfaces. Orange and blue atoms depict atoms belonging to SF and twin boundaries, respectively. The fcc atoms were deleted. (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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