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Abstract: Single-crystalline nanoparticles play an increasingly important role in a wide variety of
fields including pharmaceuticals, advanced materials, catalysts for fuel cells, energy materials, as
well as environmental detection and monitoring. Yet, the deformation mechanisms of very small

nanoparticles are still poorly understood, in particular the role played by single dislocations and



their interaction with surfaces. In this work, silver nanoparticles with particularly small dimensions
(~20 nanometers in diameter) are compressed in situ in an aberration-corrected transmission
electron microscopy and molecular dynamics simulations. During compression, the emergence of
both dislocations and nanotwins were observed. However, these defects prove to be unstable and
disappear upon removal of the indenter. Atomistic simulations confirm the role played by image
stresses associated with the nearby surfaces and the reduction in dislocation line length as it
approaches the free surface, thereby supporting the experimental observations. These results
provide justification for the frequent observation of the absence of dislocations in nanoparticles of
a few nanometers size during in-situ experiments, even after significant deformation. This
phenomenon contributes to the self-healing of samples through dislocation ejection towards the

surfaces.

Introduction

Nanoparticles (NPs) are subjected to intriguing size and shape effects due to their increased
surface-to-volume ratio. While there are still many unanswered questions about NPs, reducing the
characteristic length of crystals to the nanoscale has a significant impact on their mechanical
properties. Among these properties, plastic deformation is critical for many applications, and thus,
understanding the behavior of dislocations in NPs is essential to design and develop novel
materials. For example, in pharmaceuticals, tablets are the desirable form of drug delivery, yet NPs
need to be compacted to ensure easy administration to patients [1]. In the case of advanced
materials, nanoparticles are typically embedded in composites to improve their mechanical
properties [2]. In catalysis, it is well established that strain modifies the chemical properties of
metallic systems [3,4]. For batteries, NPs forming the electrodes are commonly subjected to
calendering, in conjunction with carbon and a binder, to increase the volumetric energy density
and electrical conductivity [5]. Yet, most of the studies about the plastic deformation of nanoscale
materials have focused on 1D (nanopillars, nanowires, nanorods, nanotubes), 2D (nanofilms), and

3D nanocrystalline (bulk) materials [6-14], as well as nanoscale metallic contacts [15-19].

The literature on the compression of individual NPs is sparser [20-23], particularly for sizes below
100 nm [24-29]. Wu et al. found a significant amount of nanotwins in Pb and Ge NPs [24], while

Gerberich et al. [25,26] reported that Si nanospheres were superhard and exhibited reverse plastic



displacement. Mordehai et al. [27] performed nanomechanical testing of gold NPs ranging from
80 nm to 180 nm and reported a reduction in the strength of the particles for a decrease in particle
size. They attributed these results to the ability of free surfaces to capture dislocations. However,
no dislocation was observed due to the limitations of the technique used. To explain the absence
of dislocations, Mordehai et al. [27] and Zhang et al. [28] performed molecular dynamics (MD)
simulations and claimed that below a critical NP size, dislocations become unstable due to the
presence of free surfaces. Kositski and Mordehai performed MD indentation simulations of a-Fe
NPs and thin films, showing that, in contrast with recent observations in FCC metals,
the indentation curves for the NPs and thin films were alike and that 2<111>{110} type
dislocations were nucleated in six possible directions, but remained pinned to their nucleation sites

[29].

Carlton and Ferreira [30] were the first to attempt to observe the behavior of dislocations in
individual NPs with sizes < 100 nm using diffraction contrast in-sifu transmission electron
microscopy (TEM) nanocompression experiments. However, the delicate nature of these
experiments, in particular tilting the NPs to proper diffraction conditions, makes these diffraction
contrast in-situ TEM experiments very challenging. In some cases, the contrast of dislocations may
actually result from various artifacts, such as strain contours and thickness fringes. To overcome
these difficulties, Carlton and Ferreira [30] carried out phase contrast in-situ nanocompression
TEM experiments. In this case, dislocations appeared during deformation, while upon removal of
the indenter, the dislocations disappeared. Yet, the Burgers vector of the dislocations was difficult
to establish and not determined; the atomic columns were not observed due to limitations in image
resolution; the overlap of the indenter with the NP produced less interpretable images; and no
computer simulations were performed to interpret the experimental results. These obstacles have
not permitted the verification of the type of defects present during the deformation. Subsequently,
J. Sun et al. [31] compressed sub-10 nm Ag NPs (partially bonded on the surface of a tungsten
stip) onto ZrO> by in situ TEM. The authors claimed that the shape changes due to deformation
were dominated by surface diffusion, with no sign of dislocation activity. However, the orientation
of the particles with respect to the indenter was not determined nor the resolution was high enough
to identify the atomic columns. Issa et al. have compressed MgO cubes with sizes < 100 nm, using

diffraction contrast in-situ TEM [32, 33]. The authors observed the appearance of contrast bands,



upon compression, which suggested the presence of perfect dislocations, confirmed by the MD
compression simulations [32], as well as surface dislocation nucleation and starvation events that
result in the absence of dislocations, after unloading [33]. In another paper, Wagner et al. also
reported the formation of dislocation embryos, leading to the onset of plasticity [34]. In addition,
significant plastic deformation by partial dislocations was also observed [34]. Using high-pressure
XRD, optical absorbance spectroscopy and MD simulations, Parakh et al. [35] have deformed 3.9
nm Au nanoparticles in the form of a thin film. They reported that the plastic deformation was
governed by stacking faults through the nucleation of partial dislocations at the surface. Later, the
same group [36] used post-compression TEM images to show that upon unloading the samples the
amount of microtwins had decreased. More recently, Chen et al., showed that upon removing
surface imperfections from MgO NPs, they observed a quasi-homogeneous surface nucleation of

dislocations, leading to an increase of the compressive strength [37].

In the current paper, we perform, for the first time, aberration-corrected in-situ TEM
nanocompression experiments in individual NPs with sizes < 20 nm, in combination with MD
computer simulations. Under these conditions, we were able to resolve the atomic columns and
orientation of the NPs, which in conjunction with MD simulations, allows us to identify
unambiguously the type of defects operating during the nanocompression experiments, as well as
monitor the behavior of the defects after the load is removed. In addition, it enabled us to
determine the effect of the shape of both the Ag NPs and the indenter, as well as the orientation on

the type of defect that nucleates at the surface of the NPs.

Deformation of silver nanoparticles using in-situ TEM nanocompression

Nearly spherical silver (Ag) NPs, provided by NovacentrixTM with a nominal size of 20 nm, were
used for the in-situ TEM nanocompression experiments. Ag NPs are particularly suitable for these
experiments as, in addition to exhibiting the classical FCC structure, they do not readily form a
native oxide. The FCC structure is ideal as the types of defects caused by plastic deformation are
for the most part well known, and the absence of an oxide layer is an important parameter of this
study as it might greatly impact the overall mechanical properties at the nanoscale, where the

thickness of an oxide layer may become a significant fraction of the overall sample dimensions.



Many nanocompression experiments were performed, yet to set the right orientation between the
nanoindenter and the particle, such that the particle does not move upon indentation, and obtain
the appropriate imaging conditions, it is very challenging. Thus, in this paper we have selected an
experiment which allows us to make a complete dislocation analysis and simultaneously be

representative of the behavior of this material.

In this context, phase contrast aberration-corrected TEM images were acquired before, during, and
after nanocompression. To be able to locate the atomic positions in the phase contrast TEM images,
a multislice computer simulation (using the simulaTEM software [38]) of the Ag NP was
performed, based on the conditions used during the operation of the aberration-corrected JEOL
2200 TEM. As shown in the supplemental Figure S1, both the aberration-corrected phase contrast
image (Figure S1-A) and the contrast transfer function (Figure S1-B) confirm that for a defocus of
14 A and a spherical aberration coefficient of 1um used in the experiments, the atomic columns
exhibit a white contrast. A movie clip of the in-situ TEM nanocompression experiments can be
seen in the supported file (Movie S1). In several other in-situ TEM experiments we performed,
dislocations were also found, as shown for example in Figure S2, but the configuration discussed
next (Figure 1) was found to be the best for a complete analysis. Although in this study we only
present a limited number of particles due to the challenge of the in-situ TEM experiments at atomic
scale (requires contact alignment, surface cleanliness, crystallographic orientation), our insightful
observations of mechanical deformation behavior of nanoparticles open a door for future

experiments.

Figure 1 shows an Ag NP with a size of approximately 20 nm (labelled I) before and during
compression. We focused our analysis on the top region of NP 1, as this area is not affected by the
presence of a second NP (labelled II), which is in the background and is not contacted by the
indenter during the entire in-situ TEM experiment. A detailed investigation of the NP I top region
confirms that the sample is dislocation-free before compression, as shown by the continuous lattice
planes (Figure 1B). After careful adjustment of focus, the W probe was brought into contact with
the Ag NP. Figures 1C and D (the latter being digitally magnified) illustrate the time of contact
between the indenter and NP I where the lattice fringes remain continuous. This confirms that the

NP deforms only elastically at this stage, without any sign of dislocations. At this point we were



not able to identify whether the two particles I and II are connected through a neck or discontinued.
However, Figures 1E-1G shows that particle II exhibits an in-plane anti-clock rotation of 48

degrees with respect to particle 1.

overlap
region




Fig. 1: Phase contrast TEM images taken from the in-situ nanoindentation experiment: A) The
two NPs I and II before the experiment. The region highlighted in yellow represents where the
overlap between the two NPs occurs. B) Magnification of the previous image displaying the NP I
top region of interest. C) Initial contact between the NP and the indenter (time=2:30 in movie S1),
D) Higher magnification of C). E) Overlap of particles I and II during nanoindentation. The yellow
squares corresponding to particles I and II were used to acquire the FFTs shown in F) and G). F)
FFT of particle I along the [011] zone axis. G) FFT of particle II along the [011] zone axis with

an in-plane anti-clock rotation of 48 degrees with respect to I.

Dislocation nucleation and motion during in-situ TEM nanocompression

Figure 2 illustrates NP I under compression at a displacement of 3.6 nm. The inset in Figure 2A
shows the FFT of the high-resolution image. The electron beam is oriented parallel to the [Oﬁ]

direction. A careful examination of Figure 2A indicates a region within the NP where significant

changes in contrast have occurred (region within the yellow box). This region was digitally
magnified in Figure 2B, where a shear of two consecutive (111) planes is observed and attributed

to a two-layer nanotwin, thus producing an extrinsic stacking-fault and a twin front. A detailed
analysis of this defect shows that the twin front is bounded by two Shockley partial dislocations
with Burgers vector b=1/6[211], along two consecutive [111] planes, as shown in Figure 2C. The
possible occurrence of a two-layer nanotwin in <111>-oriented Wulff-shaped Ag NPs under
compression is confirmed by MD simulations (Figure 2D). At the end of the experiment, the
indenter probe was moved back to examine the sample in a relaxed state, after deformation.
Hereafter, the NP shows a defect-free atomic configuration, i.e. the two-layer nanotwin has left

the sample after the indenter removal (inset images in Figure 2E).

The stress required to nucleate a dislocation (or a nanotwin) in NPs is usually larger than that
required to activate glide. Thus, once defects are generated by the load imposed by the indenter,
they are supposed to run across the NP and produce deformation. This mechanism is highlighted
by the flat surface of the NP produced upon removing the indenter (Figure 2E), as this is possible
only after significant plastic deformation. However, under certain conditions, dislocations and/or

twins may remain stationary within the NP. This can happen if the stress imposed by the indenter



is compensated by other stress sources, in particular, i) image stresses induced by either the
presence of nearby free surfaces or surfaces in contact with the indenter/substrate, ii) internal
stresses caused by other dislocations inside the NP [39], and iii) gradient in shear stress as a

function of depth due to the spherical/faceted shape of the particle. This is the case for the observed

two-layer nanotwin, which remains stable while the indenter is in contact with the NP.

Fig. 2: Phase contrast TEM images of the nanoindentation experiment and MD simulation. A) NP
being compressed, where changes in contrast can be found in the region within the yellow box
(time=3:50 in movie S1). The FFT in the inset indicates that the electron beam is oriented parallel

to the [01_1] direction. B) Magnification of region in image A showing the formation of a two-

layer twin. C) Shear of two a/6[211] Shockley partial dislocations along two consecutive (111)

planes, which combine to form a two-layer nanotwin. D) MD simulation of a <111>-oriented

Waulff-shaped Ag NP under compression. A two-layer twin is bounded by the atoms colored in red



(HCP local crystal structure). Atoms colored in green refer to the FCC’s local crystalline structure.
E) NP with a perfect registry of planes once the strain from the nanoindenter is released
(time=12:50 in movie S1).

Additional MD simulations of Ag NP under compression were carried out in order to confirm these
observations. The nanocompression method is based on the use of two virtual force fields, used as
substrate and indenter [32, 40], and is illustrated in Figure 3A. Several indenter shapes and sample
orientations were tested for spherical and Wulff-shaped NPs to reproduce the experimental
conditions associated with <111>-oriented NPs. All the simulations were characterized by a two-
stage deformation process, including an initial elastic deformation stage, followed by a

plasticization of the NP induced by the nucleation of defects from the sample surfaces.

The orientation and the shape of the NPs play a key role in the type of defects that occur during
the deformation process in the simulations. In particular, plastic deformation induced by the
nucleation of 1/6<112>{111} Shockley partial dislocations is observed for <I111>-oriented
spherical particles compressed using a flat punch (Figure 3B), while <110>-oriented spheres
(using a flat punch) and <111> oriented Wulff-shaped NPs (using a spherical indenter) exhibit the
nucleation of both Shockley partials and 2<110> prismatic loops (Burger vector does not lie in the
plane of the loop) made of {111} interconnected dislocations (Figures 3C-D). No nanotwins are
noticed in these cases. While the nucleation of Shockley partial dislocations is quite common in
FCC metal nanostructures [41-43], the occurrence of prismatic loops is more frequently observed
in nanoindentation and irradiation cases [44-46]. In addition, this mechanism was recently
observed in Au nanowhiskers under compression along the [110] direction using a flat punch [13],
a configuration which is characterized by a highly localized stress state under the tip, as in the
classical nanoindentation case. Nevertheless, the plastic deformation processes change in the case
of Wulff-shaped NPs compressed using a flat punch force field contacting the {001} or {111}
facets (Figures 3E and 3F, respectively), where the joint nucleation of Shockley partial dislocations
and nanotwins is observed. However, while NPs compressed along the <001> type directions show
nanotwins with particularly large thicknesses (Figure 3E), only two-layer nanotwins are observed
in <l11>-oriented Wulff-shaped NPs (Figure 3F), similar to those observed in our in situ TEM
nanocompression tests. These results were reproduced using two other interatomic potentials [47,

48] which cancels the hypothesis of a bias induced by the atomic interaction model.
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Fig. 3: MD simulation of Ag NPs under compression or indentation, A) MD compression
protocol using force fields as substrate and indenter (flat punch illustrated as an example), B)
nanocompression of <111> oriented Ag nanosphere (flat punch), C) nanocompression of <110>
oriented Ag nanosphere (flat punch), D) nanoindentation of a <111> oriented Wulff-shaped Ag
NP (spherical indenter), E) nanocompression of a <001> oriented Wulff-shaped Ag NP (flat
punch), and F) nanocompression of a <111>-oriented Wulff-shaped Ag NP (flat punch). Surface
atoms are colored in grey, stacking-faults and twin boundaries are characterized by local
crystalline structure (HCP stacking) and colored in red, partial dislocations are colored in green,
and nanotwin domains are highlighted in yellow. FCC perfect crystal atoms have been removed
for the sake of clarity. The NPs and indenter shapes, as well as the direction of compression, are

shown in the insets.

The various cases investigated in the simulation provide a clear picture of the deformation
processes driving the plastic deformation of FCC Ag NPs. First, 1/6<112>{111} partial
dislocations are observed in all the cases. They can either be uncorrelated leading to the formation
of extended stacking-faults or correlated (as in the bulk material) leading to the slip system
activation depends on the compression axis and stress concentration. Secondly, prismatic loops

can be expelled from the surface in case of indentation using a shaped tip or compression of
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spherical NPs. Those two cases are typical of highly concentrated and localized stress. Lastly, Ag
NPs can deform by the nucleation and propagation of nanotwins but only for certain orientations.
Sharma et al. [49] have recently discussed dislocation-based processes that operate during the
compression of <111> oriented Ag hemispheres, emphasizing the lack of twins in the system,
despite the low stacking-fault energy of Ag [50]. While the same conclusion applies here for
<l11>-oriented Ag nanospheres, nanotwins are observed for <I111> and <001>-oriented Wulff-
shaped NPs. While <001> oriented samples show particularly thick twins (more than three layers),
which are relevant in the deformation process, their proportion is reduced (but not zero) in the case
of <111>-faceted NPs where only a few two-layer nanotwins have been observed in both in-situ
nanocompression experiments and MD simulations. The lack of twins in <I11>-oriented FCC
metals under compression can be justified using a classical Schmid approach, which suggests pure
dislocation glide [51]. While two-layer nanotwins were lacking in the MD simulation of <I111>-
oriented hemispheres [49], their occurrence in <111>-oriented Wulff NPs is another confirmation

of the influence of shape on the elementary deformation mechanisms of NPs [40, 52, 53].

Despite the experimental observation of nanotwins, we were unable to detect their nucleation in
real-time, during the experiment (see movie clip in the supported file), due to their extreme
velocity, which can reach a significant fraction of the speed of sound (3650 m/s in Ag) for shear
stresses near the theoretical critical shear strength [54-56]. These velocities are associated with a
time scale in the order of picoseconds (10-!%s) for the distance traveled along the NP. While such
a time scale is typical of MD simulations, it is not yet possible to capture dislocations at such
speeds in real time using CCD, CMOS, or even direct electron cameras, in conventional electron
microscopes. Currently, the only option is to use dedicated time-resolved electron microscopes
which can match the timescale of atomic-scale motions down to attoseconds [57,58,59]. So, the
nanotwin was characterized immediately after stopping the deformation. Ultimately, the stability
of dislocations within a NP is strongly dependent on the image stresses which increase as the
particle size decreases [24, 60]. Thus, dislocations are unstable in individual and isolated NPs
below a critical size, and consequently are spontaneously ejected toward the NP surfaces in the

absence of applied stress.
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To better assess the stability of the dislocations in Ag NPs, additional MD simulations were
performed using the <111> oriented Wulff-shaped NP and the virtual flat punch. As shown in
Figures 2E and 3F, a two-layer nanotwin like the one shown in the nanoindentation experiment,
can be observed using this geometry. In particular, the aim was to investigate the relationship
between the nanotwin dynamics and the image forces, by canceling the applied stress at various
times during its propagation. For that purpose, four configurations corresponding to low (L), low-
mid (LM), high-mid (HM), and high (H) positions of the nanotwin front in the NP were extracted
from the master simulation and used as the starting points of a new simulation set, where the
indenter is pushed backward at a constant rate. Figure 4 illustrates the respective configurations,
before and after the withdrawal of the nanoindenter. The simulations show similar behavior for the
L, LM, and HM cases (Figures 4A and 4B) where the nanotwin goes backward towards the surface,
while for the H case, the nanotwin travels through the entire NP, reaching the opposite surface
from where it had just nucleated after the indenter is removed (Figures 4C and 4D). These results
were obtained by moving back the indenter at the same displacement rate as during the indentation
without any steady-state stage. One may note that maintaining the indenter for too long at a fixed
position, after the nucleation of the nanotwin, leads to the propagation of the twin (for all the L,
LM, HM, and H cases) as it maintains an elevated applied stress in the range of the critical

compressive stress for twin nucleation.

During Nanocompression  After Indenter Removal

- B

HM
LM,
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Fig. 4: MD simulations of the two-layer nanotwin stability as a function of its progression inside
the Ag NP. Four positions of the twin front labeled as low (L), low-mid (LM), high-mid (HM),
and high (H) in reference to the twin front position inside the NP are investigated. A) L, LM,
and HM configurations under compressive stress. Only the L configuration is shown for the sake
of clarity. Additional LM and HM positions are labeled using black crosses. B) L, LM, and HM
configurations after removing the indenter (without applied stress). C) H configuration under
compressive stress. D) H configuration after withdrawing the indenter. For all Figures, perfect
crystal lattices are not shown but the NP surface is shown in transparent light grey. Stacking-
faults and twin boundaries are characterized by atoms colored in red (HCP environment), partial
dislocations are emphasized by green curves using the DXA algorithm, and nanotwin domains

are highlighted in yellow.

These results can be rationalized using both image forces and energy balance arguments. On the
one hand, while the nanotwin front is still near the nucleating surface (L, LM, and HM cases), it
is energetically more favorable to travel back and eliminate the extrinsic planar fault and the
surface steps generated by the defect propagation once the applied stress is removed. On the other
hand, when the twin front is closer to the opposite surface, and the indenter is removed, the image
forces induced by the opposite surface are strong enough to extend the nanotwin to cross the entire
NP. This explains why nanotwinned domains are stable once they have entirely crossed the NP,
even after the indenter is removed, in contrast to other dislocations that are ejected and will not
leave any trace, nor will be observed due their speed and limitations of the camera. Thus, the front
of the two-layer nanotwin observed in the experiments must still be near the surface to disappear
once the indenter is removed. To determine the image stress 7 acting on the dislocations during the

in-situ experiment we consider the following expression [61]:

Glb 2-v 1

T M an 201-v)d (1)
where,
_ Gp—Gq
k= G2+Gq (2)
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and G; = 24 GPa is the shear modulus for silver, G2=0 is the shear modulus for vacuum, b is the
Burgers vector of the partial dislocations, v=0.37 is the Poisson ratio of silver, and d is the distance

between a dislocation and the nearest NP surface. For the configuration shown in Figure 2B

bpartiar = %\/(—2)2 + (—1)2+ (—1)2=1.66 A and d is approximately 4 nm for the partial

dislocation. This leads to an image stress of about 455 MPa for the partial dislocations associated
with the nanotwin, which is above the average yield stress for polycrystalline silver that is 45 MPa.
Note that such process should depend on the sample size. For the case of a silver single crystal the
resolved shear stress is orientation dependent and related with the Schmid factor, which is much
less than the yield stress for polycrystalline silver. This confirms that for such configurations, these

defects should be ejected out by the surfaces.

Conclusions

In this study, we use aberration-corrected in-situ TEM to investigate the deformation of a 20 nm
size Ag NP under compression along <111>. In particular, a two-layer nanotwin was identified
before it left the sample upon removing the indenter. Using MD simulations, we have shown that
the shape of both the Ag NPs and the indenter, as well as the orientation, play key roles in the type
of defect that nucleates at the surface of the NP. While the <111> orientation generally impedes
dislocation twinning in FCC metals, nanotwins are observed in our case due to a particularly heavy
stress state induced by the faceted shape of the FCC Ag NP. The defect stability within the NP is
also discussed. Both the simulations and the derived model confirm that within a critical distance
traveled inside the NP, two-layer nanotwins can reverse and subsequently eject from the surface.
On the other hand, if this critical distance is exceeded, the two-layer nanotwins will cross the entire
sample because of the attractive image forces. Overall, it seems that the mechanisms of
deformation acting on individual single-crystal metallic NPs below 20 nm are similar to those
present in larger particles, i.e., by dislocation nucleation and glide. However, the smaller the NPs,
the higher the tendency to experience the effect of nearby surfaces and the associated image
stresses. Consequently, smaller NPs will be likely self-healing, thereby ejecting dislocations

towards the free surfaces.

METHODS

14



In-situ Aberration-Corrected TEM Nanocompression

Nearly-spherical Ag NPs, provided by Novacentrix™, with a nominal size of 20 nm, were first
affixed to a gold metal wire by dry dipping. In dry dipping, the wire is held by tweezers and dipped
directly into a dry powder of NPs. During this process, the particles adhere to the wire due to Van
der Waals forces. The wire supporting the Ag powder is then inserted into a Nanofactory
instruments holder, which is located opposite to the probe. The nanoindenter tungsten probes for
the specimen holder were purchased from Zyvex instruments. The tungsten probe was carefully
affixed to the moving end of the specimen holder, which was then inserted into the TEM column.
To conduct the in-situ nanocompression experiments, the W probe and the sample (silver NPs
supported on a gold wire) were brought close to one another, and the image wobbler (automated
variation of the objective lens current) was used to make sure the selected NP and the indenter
were both in the focal plane. Under these conditions, the probe is expected to make contact if
translated toward the NP. Subsequently, the Ag NPs were compressed in-situ by the W indenter,
which due to its large radius of curvature, acts as a flat punch. The indenter was displaced
perpendicularly to the (111) surface of the NP at a constant rate of 4 A/s. The NP was imaged at
30 frames/second by a CCD camera, coupled to a double aberration-corrected JEOL 2200FS
transmission electron microscope (TEM), operated at 200 kV and located at Brookhaven National
Laboratory. We have used a defocus value of 14 A and a spherical aberration coefficient of 1 pm,
which was then used for computing the contrast transfer function. Phase contrast TEM images
were acquired upon initial contact with the indenter and during each increment of displacement.
One last snapshot was taken after the indenter removal. Force measurements were not taken during
the experiments because the non-ideal shapes of the indenter and NP would make accurate

estimates of the stress very difficult to determine, even if the forces were known.

Molecular Dynamics Simulations

MD simulations of Ag NPs under compression are performed using the open-source code
LAMMPS [62]. Simulations are carried out using the embedded-atom method (EAM) and the
interatomic potential of Zhou et al. [63, 64] commonly used to model Ag alloy properties including
dislocation nucleation (see e.g. [49] and references therein). Additional simulations were also

performed using the Adams and the Williams interatomic potentials for comparison [47,48]. Here
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experimental NPs being particularly small with non-regular shapes, various shapes (with
characteristic sizes of 20 to 25 nm), and orientations are investigated in the simulation including
nanospheres and <110>- and <111>-oriented Wulff-shape NPs as designed using Atomsk [65] and
the Wulff pack Python package [66]. Prior to compression, the potential energy of the system is
first minimized at 0 K using a force norm criterion fum<10° eV/A before equilibration
consecutively in the NVE (30 ps) and NVT (50 ps) ensembles with a final temperature of 5 or 300
K monitored using the Nosé-Hoover thermostat. All MD simulations are performed using a
timestep of 2 fs and free-boundary conditions. Nanocompression is modeled using the force-field
method as already described in [32, 40]. Compression is performed by displacing the top (flat or
spherical) force field towards the NP at a constant displacement rate equivalent to a longitudinal
strain rate of &,,=108 /s typical of MD simulations calculated along the vertical axis. In contrast,
the bottom force field is kept fixed. A comparison between displacement- and load-control
nanocompression simulations applied to FCC NPs is presented in [56]. Finally, atomic
configurations are analyzed using the polyhedral template matching algorithm [67] and the

dislocation extraction algorithm (DXA) [68] as implemented in Ovito [69].
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