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ABSTRACT: Atomic force microscopy-based nanoindentation is used to
image and probe the local mechanical properties of thin disordered
nanoparticle packings. The probed region is limited to the size of a few
particles, and an individual particle can be loaded and displaced to a
fraction of a single particle radius. The results demonstrate heterogeneous
mechanical response that is location-dependent. The weak locations may
be analogous to the “soft spots” previously predicted in glasses and other

disordered packings.
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morphous materials are becoming increasingly common in
a number of applications, including microelectromechan-
ical systems,"” optical and protective coatings,”* solar cells,”
electronics,® and proposed for biomedical applications.é’7 In
these applications, the lack of grain structure enables small or
thin structures to be fabricated with extremely smooth and
conformal surfaces and can also result in excellent tribological
properties.g’9 Amorphous systems can range from atomic
glasses to colloidal and granular systems. This includes
nanoparticle packings, which have significant practical rele-
vance. For example, certain types of nanoparticle packings have
been demonstrated to have useful optical antireflection
properties, as well as superhydrophilicity which can prevent
fogging." In addition, as porous materials, they have high
surface area, making them useful functional materials, such as
for electrochemistry.'® Although interest in these materials has
grown significantly, approaches for characterizing their
mechanical behavior are lacking, and their mechanical failure
mechanisms are not well-understood. Disordered nanoparticle
packings are a convenient system for analysis of deformation
modes in amorphous materials because the length scale is small
enough that interparticle forces remain relevant, while, unlike in
atomic glasses, the particles themselves can be resolved. In this
study, we investigate the mechanical properties and deforma-
tion mechanisms of nanoparticle packings using atomic force
microscopy both to image and also to elastically and plastically
deform the system.
The physics of amorphous materials over a wide range of
length scales have been shown to share certain similarities,
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especially in their mechanical deformation and failure
mechanisms.''™'® Such a system is said to be “jammed” if
the material is compressed tightly enough that it remains
rigid."” In this condition, the atoms in the interior of the system
are held in place by their neighbors, providing a restoring force
in all directions. An externally applied stress can modify the
shape of the potential energy landscape until the energy barrier
for some particular atomic-level rearrangement is sufficiently
reduced that the rearrangement occurs.

Computational simulations of disordered packings have
revealed that the frequencies and density of vibrational states
may correlate with their local structure and mechanical
properties.""'* The lowest-frequency vibrational modes in the
system tend to be quasi-localized, exciting atoms in particular
regions more than elsewhere. These regions represent sites
where the restoring forces are weak, and have been labeled as
soft spots;'* typically, they are approximately 10 particles in
size. Under an applied strain, some of these vibrational modes
reduce to zero, indicating a complete disappearance of one of
the restorative forces in the system.

In the simulations, the reduction of a vibrational frequency to
zero leads to a structural instability that results in a
rearrangement of a few atoms. These rearrangements are
consistent with the hypothesized shear transformation zones or
STZs. These rearrangements of a few atoms are believed to be
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the fundamental units of plastic deformation in metallic glasses
and other disordered materials,'> akin to the way that
dislocations are the units of plastic deformation in crystalline
metals. Unlike dislocations, however, an STZ rearrangement is
an event which leaves behind no observable evidence of its
occurrence. Whereas a dislocation can be imaged using
transmission electron microscopy or inferred at the surface by
the existence of discrete atomic steps, an STZ rearrangement
must be witnessed in action or imaged before and after its
occurrence. This is extremely challenging in experimental work
because it is not generally possible to predict where an STZ will
occur. STZs have been witnessed in simulations'® and in large-
scale experimental systems such as bubble rafts'” and
disordered colloids."® While they are hypothesized to occur at
soft spots, to date only limited work has attempted to identify
soft spots spatially in real atomic-scale systems.'”** Moreover,
once an STZ has actuated, it often causes an avalanche of
events propagating at close to the speed of sound, leading to
the formation of a shear band.*"** Therefore, observing a single
STZ in an experiment is difficult not only due to the challenge
of predicting where it will occur, but also because it is difficult
to isolate a single STZ temporally.

Disordered nanoparticle packings are sufficiently small that
van der Waals and other physicochemical interactions can still
be significant. This property makes them an appealing analogue
for atomic glasses, with the advantage that individual
constituents, i.e., the nanoparticles, act like “artificial atoms”
which are readily imageable. Nanoparticle packings are also
beneficial in this context because, in principle, it is feasible to
perturb a nanoparticle packing by a deflection that is small
compared to the particle radius and measure the ensuing
deformation with subparticle size resolution. This reduces the
likelihood of unintentionally instigating a cascade effect; by
contrast, it is exceptionally difficult to apply a load to a single
atom in a metallic glass. Although nanoparticle packings at this
length scale have never been used to gain particle-level
resolution of STZs, conventional nanoindentation has shown
that they develop shear bands at the mesoscale,”’ thus
demonstrating a similarity in deformation modes between
nanoparticle packings and metallic glasses. In addition,
conventional nanoindentation is capable of estimating the
density of defects in a metallic glass;24’25 however, this
technique cannot pinpoint the location of soft spots or STZs
because of its limited lateral spatial resolution as compared with
scanning probe techniques.

Recently the mechanical properties of disordered nano-
particle films have been characterized using conventional
indentation techniques, demonstrating that they exhibit
properties of both granular and viscoplastic materials.”® For
example, nanoindentation revealed that atomic layer deposition
may be used to strengthen nanoparticle packings.””** Nano-
indentation experiments also showed that particle shape
anisotropy causes an increase in toughness and a reduction in
the stiffness of nanoparticle packings.23 However, the
fundamental deformation and failure mechanisms of nano-
particle packings due to external stress, such as resulting from
nanoindentation, have not yet been determined.

In the present study, nanoindentation was performed on
nanoparticle packings using atomic force microscopy (AFM).
With its nanometer-scale spatial resolution, AFM is able to
probe the mechanical heterogeneities hypothesized to occur in
amorphous materials. Since soft spots are favorable at free
surfaces,” there is an increased likelihood of finding them with
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AFM-based mechanical measurements that probe the surface of
the nanoparticle packing. We find that those nanoparticles with
a strong mechanical connection to the substrate’ can be
identified with AFM nanoindentation.

Thin films were prepared by spin-coating from a 5% by
weight aqueous colloidal solution of 20.0 + 4.8 nm diameter
SiO, nanoparticles with thin alumina coatings (LUDOX CL,
Sigma-Aldrich, St. Louis, MO) onto a silicon wafer. The particle
size was confirmed by both transmission and scanning electron
microscopy as well as dynamic light scattering. The alumina
coating produces a smoother, rounder particle than found for
pure SiO,, which produces a better analogue to atomic glasses.
The films were deposited onto a silicon wafer by spin-coating at
1500 rpm, which produces an approximately 100 nm thick film
as determined by ellipsometry. Thicker films were prepared by
repeating this process multiple times, which was necessary to
suppress cracking.

Films were imaged using an AFM (Icon, Bruker, Boston,
MA) with a silicon tapping-mode probe coated with a
diamond-like carbon film (Tap300DLC, BudgetSensors, Sofia,
Bulgaria). The spring constant of the probe was calibrated by
performing multiple indents along the length of a reference
cantilever with a known spring constant (CLFC, Veeco, Inc.).
AFM nanoindentation was performed to maximum forces in a
range from 100 to 800 nN, yielding data about the deflection of
the cantilever as a function of the position of its base. A typical
force curve is shown in Figure 2a, with the deflection of the
probing cantilever subtracted from the position of the cantilever
base, so the deflection axis represents the deflection of the
sample only. From this force—displacement curve, mechanical
properties were determined using the methods outlined in ref
32.

Amplitude modulation AFM (AM-AFM; also known as
tapping mode) topographic imaging was used to characterize
the surface of the film, to ensure that the region of interest is
flat at the particle level and free of contamination. In addition,
this technique was used to determine the exact positions of
nanoparticles in the film with subnanometer resolution. Drive
amplitudes, set point, scan size and resolution, and feedback
gains were all tuned to yield high-quality scans with minimal
noise or damage to the sample and tip; typical values are given
in Table S1 in the Supporting Information. A typical
topography scan is shown in Figure la, where the entire 500
nm X 500 nm scan has a root-mean-square (RMS) roughness
of 2.23 nm, or 2.11 nm after line-by-line flattening has been
applied. Over a collection of ten 500 nm scans, the RMS
roughness was 2.97 + 0.30 nm, or 2.41 + 0.21 nm with line-by-
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Figure 1. (a) Topography of a film of silica nanoparticles taken using
tapping-mode AFM before performing indentations. (b) A subset of
the difference image between the before and after scans (black square
in a), showing the disturbed region limited to a single particle size.
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Figure 2. (a) An example force curve, showing an indentation on a 10S nm thick SiO, nanoparticle film. (b) Transmission electron micrograph of
one of the AFM probe tips used in this study. The best-fit circle to the tip geometry is indicated in white and has a radius of 16.7 nm.

line flattening. This is well below the particle diameter of 21
nm, indicating an extremely smooth film. The RMS roughness
is affected by imaging artifacts resulting from tip convolution,
which tend to reduce the measured roughness below that of a
particle radius.”® However, the low roughness over an area that
is large compared to the particle size indicates that the film
topography is generally uniform, with no substantial relief or
variance in thickness. The roughness that is observed is due to
the curved topography of the particles themselves. This shape
effect may be compared with angstrom-scale roughness and
atomic corrugation in conventional materials.**

Mechanical properties were determined quantitatively from
the force—displacement curves using custom algorithms written
in MATLAB (MathWorks, Natick, MA). The reduced modulus
(of the probe and sample) was determined as

g SV
T2BVA (1)

where S is the slope of the retract curve as the unloading
process begins, depicted in Figure 2a, § is a fitting constant,
which is taken to be unity following the procedure in ref 32,
and A is the contact area, evaluated using a spherical area
function for a probe of known radius R.

Transmission electron microscopy (TEM) was used to
characterize the area function of the AFM probe.” The radius
was determined by fitting a circle to manually selected points at
the apex of the probe (Figure 2b). This radius was used to
compute the spherical area function used in the measurement
of hardness and elastic modulus. The probe was also imaged
after scanning, verifying that it was not damaged. The area
function was evaluated at a depth h,,, — €P,../S, where € =
0.75 following the procedure in refs 32 and 36 and P, S, and
hy are defined as shown in Figure 2a.

The plane—strain modulus of the system as defined in eq 1 is
a reduced modulus which is a function of the moduli of the
materials in contact:

1 1—ysz+1—I/Pz

Ey

)

where E, v, E;, and v, are the Young’s modulus and Poisson’s
. L 132,36

ratio of the sample and probe, respectively. Because the

Poisson’s ratio is not known for the present disordered
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nanoparticle packings, the effective modulus of the sample E
= E,/(1 — v;*) will be reported here.

The hardness of the sample was evaluated using the equation

H= Pm_ax
A )
where P, is the maximum load encountered during the
indent.*>*°

The loads used in this study are no higher than 800 nN. The
authors of refs 32 and 36 intended that both the loads and the
depth of indentation are far greater than those used in this
study. They consider loads as high as 10 mN to be “very low”
for nanoindentation;”” however, the method has been applied
with loads of 100 yN and indentation depths as low as 100 nm
on nanoparticle superlattices.”® Moreover, the valid range of
indentation loads and depths are dependent on the indenter
size, which here is far smaller than those used in other studies.
Similar low-load AFM nanoindentation techniques for uniform
surfaces are already in use, for example, PeakForce Tapping,®”
which relies on comparable assumptions but makes use of the
Derjaguin—Muller—Toporov (DMT) contact model to eval-
uate the elastic modulus.”® PeakForce mode evaluates hardness
in a similar fashion to eq 3.

The interpretation of the area function and area of contact
has some ambiguity in the present work, because the
corrugation resulting from the radii of the nanoparticles (10
nm) is of comparable size to the indentation depth and radius
of contact (typically 2—15 nm and 6—18 nm, respectively). The
true contact area of an indenter with a homogeneous sample
could be interpreted as the area in which, at each point, the
normal motion of the surface of the material is exactly equal to
that of the indenter tip in contact with that point. By this
understanding, it is reasonable to consider the voids between
nanoparticles to be part of the contact area as well, which is
consistent with the area function as defined here. The methods
of Oliver and Pharr were developed for homogeneous, flat
samples. Although these packings are flat as compared with the
nanoparticle size, they are not homogeneous. For this reason,
the reported modulus should be considered an “effective”
modulus not only because it is the plane—strain modulus (eq
2), but also because it represents the elastic response of a
porous, granular material.
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Figure 3. Effective modulus as a function of depth for silica nanoparticle films with thicknesses of 105 nm (a) and 431 nm (b), determined using
AFM nanoindentation with various maximum loads P, as shown in the legend. The fits are best fits to E.¢ = Kg P,/ hm.o Where Kg and m are
fitting parameters. The values of these parameters are presented in Table 1. The insets depict the modulus values normalized by P,,,,, demonstrating

how all data points collapse onto a single curve.

Energy dissipation, the unrecovered work done in indenting
the material, is evaluated as the cyclic integral of the force curve
#P dh.

Topography scans obtained using tapping mode AFM before
and after performing indents are used to estimate the affected
volume of a single indentation. Figure la shows a topography
scan taken before a series of indents. Figure 1b shows the result
of subtracting the preindent topography scan from the
postindent topography scan. The postindent topography scan
is visually indistinguishable from the preindent scan, and is
provided in Figure S1b for comparison. However, there is a
measurable postindent (plastic) displacement. To facilitate the
subtraction of pre- and postindent scans to determine this
displacement, the pre- and postindent scans are correlated
together using a custom image-correlating drift-correction
routine. In Figure 1b, the affected region is clearly evident
and localized to a single particle. This demonstrates the high
spatial resolution of this technique. The slight shading of the
surrounding particles indicates a small mismatch in the
correlation of the scans, which nonetheless is usually less
than 1 nm. Moreover, it shows that the plastic deformation at
the surface is confined to the extreme limit of a single particle.
Across hundreds of indent sites, the affected region is typically
only 1—3 particles.

The effective elastic moduli of the films, as measured using
AFM nanoindentation, are plotted against total indentation
depth in Figure 3. Each data point is calculated from a single
unique indentation at a unique location. The considerable
spread in the measured values of modulus and hardness
indicates local variations in the film structure (the root-mean-
square of the modulus values can be up to 40% of the mean
value across a given sample). When a similar investigation was
performed on homogeneous poly(methyl methacrylate), no
such variation was observed. The accessible range of depths
using AFM nanoindentation is from 0 to 20 nm. The insets for
each plot show the effective modulus values normalized by the
load P, which collapses the power law fit to a single curve.
The uniformity of the data is readily apparent, demonstrating
that all of the scatter can be attributed to a single structural
degree of freedom in addition to the preselected applied load.
We believe this degree of freedom corresponds to the softness
or stiffness of the measured region. In addition, the fact that the
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form of the curve is uniform suggests that the mechanism of
yielding is the same regardless of the applied load or stress.

The size of the error bars is determined from uncertainty in
the determination of tip radius, which becomes slightly blunted
in the course of indentations. The limits of the error bars
represent the modulus as evaluated using the tip radius from
TEM images before versus after the indentation session. For
example, the tip shown in Figure 2b had a radius of 20.6 nm
and was measured to be 214 nm after a series of 128
indentations. All of the probes used in this study had radii
between 16 and 39 nm, and any progressive change in their
shapes was recorded. This is believed to be the greatest source
of uncertainty in the study, and its effect is always less than 8%
for modulus and 16% for hardness. This experimental
uncertainty is distinct from the spread in the data, with the
latter being a real characteristic of the mechanical properties of
the film. The combined effects of both the uncertainty and
spread in the data are indicated in the range of moduli given in
Table 1.

Table 1. Experimentally-Determined Values of Effective
Modulus and the Best-Fit Power Laws Depicted in Figure 3°

film thickness  E.4 (GPa) power-law fit H (GPa)
105 nm 93+ 3.6  Eg=0.127P,/(hy )" 1.03 + 0.51
431 nm 7.8 £ 1.9 Eo5 = 0.141P, ./ (h )3 0.71 + 0.24

“Displacement for the power law fit is assumed to be nanometers.

Films were studied at ages between 4 days and 6 months
from synthesis. The effect of age on mechanical properties will
be discussed later, but for consistency all data shown in Figure
3 and Table 1 were collected 4 days after synthesis with the
same AFM probe.

The variation in the values of effective modulus is much
greater for a thin film of 105 nm (Figure 3a) than for a film
with 431 nm thickness (Figure 3b). The effect of film depth on
the variance of the effective modulus (shown in Table 1)
indicates that the effective modulus is related to film depth—
meaning that, in the thinner film, “strong” and “weak” spots
exist. We hypothesize that these are related in part to how well
particles at the surface can communicate mechanically with the
rigid substrate. It is worth emphasizing that each indent is
performed to a fixed maximum load, so the range of moduli and
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Figure 4. (a) Modulus, (b) energy dissipation, (c) total deformation, and (d) recovered (elastic) deformation for consecutive indents on the same
location, normalized to the value for the initial indent. Lines connect data points corresponding to the same location and set of indents. The stiffness
increases slightly with compaction, while the energy dissipation and deformation—all measures of plasticity—decrease.

indentation depths indicate the degree to which the film is
locally strong or weak. Despite the substantial variance, the data
for each film thickness can nevertheless be fit to a single power
law of the form E 4 = KgP,,../ I, (Figure 3). In other words, a
single pair of values for Kg and m fit all of the data for each film
thickness (Table 1). This relationship was chosen based on
dimensional analysis: E and P, the only quantities with
force dependence, must be linearly related, while the
relationship between modulus and indentation depth may
vary due the presence of other length scales contributing to the
relationship (particle radius, probe radius, and film thickness,
although the latter is seen to have no effect on the power law as
seen in Table 1).*!

The effective modulus data fits a power law with m = 1.3,
regardless of the film depth, suggesting that the mechanisms of
elastic deformation remain consistent regardless of film
thickness. Among various data sets taken on multiple films
with multiple probes, the value of m varied in the range 0.9 < m
< 1.35. However, the power law consistently fits the data set
with high accuracy. For example, in the experiments shown
here, the 95% confidence intervals are 1.301 + 0.062 for the
105 nm film and 1.307 + 0.083 for the 431 nm film. The
exponent may vary as a result of varying experimental
parameters such as the probe size and shape. However, within
a single experiment, the value of m remains remarkably
consistent, and all data shown in Figure 3 were collected with
the same probe. For the thinner 105 nm film, several outliers
with high modulus—still fitting the power law—are visible
(Figure 3a) which are not present in the 431 nm film. These
stiffer sites only occur for values of P, near the middle of the
range investigated. Furthermore, the hardness is closely
correlated with the modulus at each site. Typical values of
H/E. & = 0.10 + 0.02, which are comparable to existing data for
the yield strain of a range of disordered packings (including
colloidal assemblies and metallic glasses)'” using reasonable
estimates for yield stress from hardness.”” This suggests that
these nanoparticle packings also exhibit what has been
proposed as a universal mode of cooperative plastic
deformation in glassy systems that have the capability for finite
plastic flow."?
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We analyzed the distribution of the effective moduli for 11
experiments, each of which consisted of loads between 100 and
800 nN on 105 nm thick films, performed between 4 and 180
days after synthesis. Error bars indicate the standard deviation
of values for a given load and age, with mean values shown by
the surface. The best-fit polynomial surface in load/logarithmic
time follows the relation (see Figure S3a in the Supporting
Information ):

Eg = 522 + 0.0209B, — 225 X 10°P2

+ 1.07 In(age) (4)
with Eg in GPa, P, in nN, and age in days. This surface is
concave down over the range of loads analyzed with confidence
p < 0.05, further demonstrating that the highest moduli appear
for loads in the middle of the range. In addition, the positive
coefficient of the In(age) term shows that the films exhibit
slight stiffening with age. The sign of each term in eq 4 is
confirmed with confidence p < 0.0S.

Performing repeated indentations at the same location allows
us to separate the effects of elastic and plastic deformation.
Representative samples of a series of five indents per site
between 400 nN and 800 nN are shown in Figure 4. The
measured elastic modulus, dissipated energy, total deformation,
and recovered elastic deformation (h—h;) are plotted in
order for each set of five consecutive indents. Each is
normalized by the value of the respective parameter on the
first indent. (The contact area for all indents was assumed to be
equal to that of the first indent. This assumption is necessary
because the sample deforms plastically to match the shape of
the indenter during the unloading of the first indent, preventing
a reasonable evaluation for successive indents. Note that with
this assumption, and with load fixed, the hardness H = P, ,.,/A
remains constant by definition.)

Figure 4 reveals that the dissipated energy is generally highest
on the first indent and reduces significantly with successive
indents. This energy is proposed to be dissipated through
friction between moving particles, indicating that the film
rearranges to a more stable configuration under the applied
force and retains that position after reloading. The total
deformation is seen to decrease almost monotonically for all
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Figure S. (a) Several force curves to a fixed load of 800 nN representing AFM nanoindentations on various locations on a nanoparticle film, showing
the significant variability in curve shape and indent depth. Inflection points characteristic of rearrangements are indicated with arrows in the deepest
indents. (b) Several force curves from a repeated indentation on the same site, showing that the retract curves and subsequent approach curves do

not overlap.

indents, while the recovered deformation varies nearly
randomly. The total deformation is affected by plasticity, and
thus is greatest on the first indent, while the recovered
deformation reflects only the elastic response from the unload
and is relatively unaffected by reloading. This demonstrates that
the mechanisms at play are related to particle motion rather
than other effects, such as plastic deformation of the tip or
particle. The measured elastic modulus (Figure 4a) increases
somewhat with reloading (but with significant scatter). This
stiffening may be related to compaction of the film. However,
because the elastic indentation depth remains relatively
constant after the first indent (Figure 4d), it is not expected
that the modulus should change significantly.

This study provides unprecedented measurement of the
mechanical properties of a disordered nanoparticle packing
resolved at the level of the single constituent particles. This
permits us to apply load to individual particles and to observe
both their local motions (and those of their neighbors) and
their mechanical responses. This has not previously been
accomplished in a disordered system at this length scale, where
the effects of adhesion between the constituent particles are still
relevant.

A consistent trend in the data was the significant spatial
variation of local modulus. This effect was not present on
homogeneous, monolithic reference samples such as rigid
silicon and poly(methyl methacrylate). Conventional nano-
indentation with a Berkovich indenter was also performed, and
this substantial variance was not observed: in conventional
nanoindentation, the sampled region is significantly larger,
representing an average of tens or hundreds of particles. We
thus propose that these regions with lower modulus correspond
to preexisting soft spots found at the free surface. Soft spots
have already been witnessed to be enhanced in their population
at free surfaces in simulations of harmonic spring-connected
spheres.” The kinks or inflection points in many of the deepest
force curves (Figure Sa) indicate that some yielding event took
place, which we attribute to rearrangements of nanoparticles in
shear transformation zones. The highest values of moduli
appear for values of 200 < P_,, < 600 nN, suggesting that the
nanoparticle packing rearranges plastically at higher loads to
accommodate the indenter tip. Particle motion is observed in
the pre- and postindentation scans, especially for loads above
400 nN, as seen in Figure 1.

The relationship between film thickness and measured
modulus does not match the standard predictions for substrate
effects resulting from nanoindentation on homogeneous thin
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films.*>** Standard predictions assume that indents that are
shallow compared to the film depth will have lower measured
moduli but the distribution will be wider than for deeper
indents,*’ possibly due to surface roughness or uncertainty in
the shape of the indenter’s blunted end. Conversely, for these
nanoparticle packings, the distribution is wider for thinner films
as seen in Table 1. The lower end of the modulus distribution is
comparable for both 105 and 431 nm films, indicating that
“weak” regions are mechanically disconnected from the
substrate and independent of film thickness effects. The
thinner film has an exaggerated upper bound of its modulus
distribution, indicating that “hard” regions are strongly
mechanically connected to the substrate, which further
demonstrates the structural inhomogeneity of these films. For
example, a column of five colinear particles connecting the
substrate to the indenter may be mechanically stiff or hard,
whereas a region where the nanoparticles are staggered in a
zigzag pattern could be soft.””*> Note that these structural
features do not necessarily imply that the local packing fraction
is greater in the vicinity of a hard region.

The observed relationship between maximum applied load
and measured modulus—wherein the loads between 200 nN
and 600 nN produced the stiffest material response—was
confirmed valid across 11 similar data sets with p < 0.05
confidence. This distribution is independent of the observed
aging effects. A homogeneous, linear material should exhibit a
uniform elastic modulus at every location, regardless of the
load. That this material exhibits both an increasing modulus
trend with increasing load at low loads, and a decreasing
modulus with load at higher loads, indicates that at least two
nonlinear deformation mechanisms must be at play. We
postulate that the lower-load mechanism is that of jamming,
as the system compacts under the load.'>** The higher-load
mechanism is proposed to be a yielding mechanism which
softens the material under adequate stress, as mentioned
previously. This deformation takes the form of particle
rearrangements and may correspond to the activation of
shear transformation zones.'> Fluid cell ellipsometry was used
to measure the porosity of the films, and the packing fraction
was determined to be 0.70 < ® < 0.81." This range of values is
significantly greater than the predicted value ® ~ 0.64 for
random jammed packing of monodisperse spheres*® but is
typical of measured values for nanoparticle packings."” Tt is
likely that the discrepancy between the measured value and the
predicted value is due to the polydispersity of the spheres, thin
alumina coating, and random error in the method. Never-
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theless, the present packings are likely very close to the
jamming transition, such that they jam locally when a load of
200—600 nN is applied to a single particle.

Films exhibited a small but measurable stiffening behavior as
they aged from 4 to 180 days from synthesis, as shown in eq 4
and Figure S3 in the Supporting Information. This stiffening
behavior may be attributed to the formation of either hydrogen
bonds or oxide bridges between nanoparticles, as the surfaces of
the alumina-coated particles are expected to possess a
significant density of —OH groups. Molecular dynamics
simulations have previously revealed aging in silanol-terminated
silica surfaces, albeit over a shorter time scale.*® Strengthening
behavior (increasing static friction) with time has been
observed in friction experiments for time scales of up to days
in macroscopic tests,”” and over shorter time scales (seconds)
in nanoscale single asperity contact tests.”” These nanoparticles
are coated with alumina. We hypothesize that Al-O-—Al
bridges form over time, which makes the particles more
strongly bound.

The behavior witnessed in Figure 5b is not expected for an
ideal elastoplastic material. For such a material, if the indenter is
reloaded, the reloading portion of the force curve for the
subsequent indent should exactly match the withdrawal portion
of the previous one.”® Here the curves do not overlap (Figure
Sb). This indicates some energy dissipation mechanism which
is at play during the retraction and reloading. This is plausibly
due to interparticle friction, as has been witnessed previously in
nanoindentation on nanoparticle packings.”* This also explains
why the energy dissipation does not drop all the way to zero in
Figure 4b, as would otherwise be expected. This type of
interparticle friction has been observed in granular packings at
larger scales.’”*" Further study into the nature of adhesion and
friction between the nanoparticles is warranted; experiments to
further investigate these interactions are under development in
our laboratory.

The major difference between “stiff” and “soft” force curves
lies in their shapes, as seen in Figure Sa. Regions identified as
“stift” behave in a nearly hard-wall or homogeneous fashion, as
shown in the red and blue curves. “Soft” regions exhibit much
deeper indents. The gray and black curves both exhibit
inflection points at depths of 7—10 nm, which is comparable
to the particle radius. This indicates that a local, plastic
rearrangement of nanoparticles has taken place, and the
rearrangements can sometimes be identified in the topography
scans taken before and after indents (Figure 1b).

It is challenging to accurately calculate the density of soft
spots in the present material. However, a rough estimate can be
made from the size and depth of the indentation sites, and an
estimate of the fraction of indentation sites at which
rearrangements occur. From the difference topography image
in Figure Slg, it can be estimated that rearrangements are 1—3
particles in size on the surface, and from the depth of the force
curves in Figure Sa, which is on the order of one particle radius,
the depth is approximately two particles. Thus, we estimate that
4—6 particles are involved in a rearrangement in this system. If
10% of the sites are soft—again judging from the difference
image and Figure 3—then the soft spot density is
approximately one per 40—60 particles. This value falls within
the wide range of amorphous material defect densities reported
elsewhere.”**>*”°? The value we determine may be affected by
the properties of the present system, including its packing
fraction which is below jamming, the threshold for softness that
we used, and the fact that our technique only probes particles
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within a few diameters of a free surface, where soft spots are
known to have an enhanced population.”

The mechanical properties of silica nanoparticle packings
have been measured using AFM nanoindentation. It has been
shown that these films are mechanically inhomogeneous, and
the measured effective elastic modulus varies by up to 80% at
different locations. However, despite this large spread, the
elastic modulus has a clear power-law dependence on maximum
load and depth at all locations. The observed displacements at
the single particle level combined with the measured force—
displacement response supports a picture where plasticity is
related to rearrangements of a few particles, in accordance with
the stress-driven shear transformation zone theory in
amorphous materials. The observed failure strain is consistent
with that observed for other disordered packings. This response
is markedly distinct from that expected for crystalline
arrangements which accommodate flow via dislocation motion.
These results are useful in the design of nanoparticle coatings,
especially those with a functional mechanical application. They
may also assist in the ongoing search for toughening
mechanisms of disordered packings. Specifically, because
plasticity likely originates at soft spots, it is expected that
they contribute to ductility. Therefore, materials designed using
processing routes which enhance the sizes or concentrations of
soft spots may be less susceptible to fracture.

Atomic force microscopy has also demonstrated mechanical
heterogeneity in metallic glasses,"” lending credence to the idea
that nanoparticle films are effective analogs for atomic glasses.
This is especially true for those amorphous materials with
isotropic bonding configurations, such as metallic glasses,
colloidal suspensions, and granular packings, particularly those
that are bound by adhesive forces between the particles. The
spatial variability of mechanical properties demonstrated here,
and their structural dependence, are potentially exhibited in
many of these systems as well.
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