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ABSTRACT: Nanoindentation experiments on disordered nanoparticle
packings performed both in an atomic force microscope and in situ in a
transmission electron microscope are used to investigate the mechanics of
plastic deformation. Under an applied load, these highly porous films exhibit
load drops, the magnitudes of which are consistent with an exponential
population distribution. These load drops are attributed to local rearrange-
ments of a small number of particles, which bear similarities to shear
transformation zones and to the T1 process, both of which have been
previously predicted for disordered packings. An increase in the relative
humidity results in an increase in the number of observed load drops,
indicating that the strength of the particle interactions has a significant effect on the modes of plastic deformation. These results
suggest how disordered nanoparticle packings may be expected to behave in devices operating under varying environments.

KEYWORDS: Granular material, in situ TEM, atomic force microscopy, nanoindentation, layer-by-layer, capillary condensation,
porous materials

The plastic deformation mechanisms of disordered
materials, including nanoparticle packings, remain poorly

understood and difficult to predict despite extensive research
efforts.1−3 With a more complete understanding of their
mechanical properties, disordered nanoparticle packings will be
promising in numerous commercial applications, including
optical coatings,4 solar cells,5 and nanoprinting.6 In many of
these applications, nanoparticle packings may benefit from a
tunable index of refraction7 and excellent processability which
allows the materials to adapt to unusual geometries, including
flexible substrates.6 In addition, they serve as a useful model
system for investigating the plastic deformation of disordered
materials in general.8 For example, diamond-like carbon
(DLC) and metallic glass, which are important for many
applications,9−11 are two classes of disordered materials which
could potentially be modeled in this way. The longevity and
durability of applications involving these materials may be
improved if the modes of plastic deformation are more fully
understood. Furthermore, the ambient humidity can affect the
strength of interparticle bonds in disordered nanoparticle
packings, but the attendant effects on the mechanical strength
of the packings is not understood.12 Therefore, it is also
important to investigate how the plasticity of the film is
affected by environmental conditions.13

Disordered materials are known to feature some population
of locally soft spots.1 These soft spots can manifest themselves

as regions of a few atoms or particles with low-frequency
vibrational modes,1 high energy dissipation,14 or mechanically
soft or compliant regions.8 Under an applied stress, these
regions may rearrange, either in the form of a shear
transformation zone (STZ) in which several constituents
cooperatively rearrange,15,16 or via a T1 process in which a
single constituent moves to occupy previously empty volume
without disturbing its neighbors.17 Each of these modes of
plastic deformation leaves behind no obvious trace of their
occurrence, and must be treated as a discrete event. In order to
be studied, these events must be observed or captured in
action, unlike a dislocation which may be observed post
mortem. Furthermore, it is even more difficult to distinguish
between these two modes of deformation, and some
rearrangements could be a hybrid of the properties of an
STZ and a T1 process, as we will discuss later.
Current research suggests that many disordered materials

share similarities in their modes of plastic deformation.13,18−20

Amorphous materials of many types and spanning many length
scales have been recently shown to exhibit comparable yield
strains,13 with the spatial extent of STZs on the order of a few
constituent particle diameters.16,21 The magnitudes of the force
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and displacement relaxations during rearrangements in
disordered materials are often modeled using avalanche
theory,22 which predicts that the magnitudes of slip or
rearrangement events follow a power law probability
distribution. This scaling is seen to apply across many material
systems.23,24 However, it remains an open research question to
determine how the environment and composition of these
materials affect their mechanical response.
An important environmental consideration that can

substantially affect the performance of nanoparticle packings
is humidity.25,26 For example, in a previous study, an increase
in humidity was seen to result in enhanced stiffness and
hardness of a nanoparticle superlattice.27 However, the relative
humidities that were explored were relatively dry (≤35%), and
controlled indirectly via temperature. In experiments on
disordered colloidal packings, an increase in relative humidity
was found to increase the total energy dissipated upon
compression, which suggests that humidity enhances plastic
deformation.13 Molecular dynamics simulations have demon-
strated that the forces exerted by capillary bridges between a
pair of spherical nanoparticles are weakest at relative humidity
levels above 80% and below 10%; the forces are greatest in the
intermediate range.12 In addition, at high humidity levels, it is
possible to form capillary bridges between particles even at
greater separation distances, so the range over which the
capillary force can act is increased.12

Although simulations have extended the analysis of capillary-
mediated interactions to two-dimensional disordered granular
packings,28 the effect of relative humidity on the deformation
mechanisms of a disordered nanoparticle packing, to our
knowledge, has not been investigated experimentally. In
addition to changing the interparticle bonding via capillary
bridge formation,25,29 humidity may also affect the propensity
to form hydrogen bonds or covalent metal oxide bonds
between nanoparticles.30,31 As such, humidity control offers a
convenient means to tune the interactions between neighbor-
ing particles, which may further enhance the use of
nanoparticle packings as model systems for other types of
disordered materials including metallic glasses, which are more
strongly bonded due to interatomic interactions, and granular
packings, which are far more weakly bonded and often purely
repulsive.
Nanoindentation experiments have been used previously to

search for defects in metallic glass32−34 and nanoparticle

packings.2,8 In our previous work,8 we used nanoindentation
techniques to study the mechanical properties of single-
component silica nanoparticle packings which were produced
by spin-coating.4 In this paper, we use nanoindentation
techniques to investigate the effect of humidity on the
mechanical properties of two-component disordered nano-
particle packings which have been deposited using layer-by-
layer (LbL) deposition. This deposition technique produces
films which have a lower packing fraction than those created by
spin-coating. Due to the lower packing fraction in this material,
the rearrangements that occur are more prominent and more
readily quantified than those observed previously in spin-
coated films.8 This paper will demonstrate that capillary
condensation alters the mechanical properties of disordered
nanoparticle packings. In addition, it will examine the
distribution of the sizes of the rearrangements that occur.
Disordered nanoparticle packings were produced by LbL

deposition4 of titania and nanodiamond nanoparticles. The
anatase titania nanoparticles (US Research Nanomaterials,
Houston, TX) had a diameter of 5−15 nm, while the
nanodiamond (RT-DND-SP, Ray Techniques Ltd., Jerusalem,
Israel) had a diameter of 3.5−5.5 nm. The titania nanoparticle
suspension was adjusted from the stock concentration of 15 wt
% to a concentration of 0.05 wt %, and the pH was adjusted to
3 by adding 1 M hydrochloric acid solution. The nanodiamond
suspension was also adjusted from the stock concentration of 5
wt % to a concentration of 0.05 wt %, and the pH was adjusted
to 4. These pH levels were selected to facilitate LbL
deposition: the pH of the two suspensions must be chosen
carefully to prevent bound nanoparticles from being released
into the suspension while still maintaining opposite charges
between the two species.35,36 In the case of these two specific
solutions, exactly matching the pH induces aggregation in one
or the other species as they become un-ionized near their
isoelectric points. The LbL deposition process was performed
to produce 20 bilayers on a 650 μm wide silicon substrate.
AFM topography measurements over the edge of the film
revealed that the film was 166 ± 18 nm thick. The single
crystal silicon substrate (Hysitron, Inc., Eden Prairie, MN)
included a wedge-shaped region which facilitates in situ
observation via transmission electron microscopy (TEM).
TEM (2010F, JEOL Ltd., Tokyo, Japan) confirmed that the
films were disordered, which was also evident in the
topography images taken via atomic force microscopy (AFM).

Figure 1. (a) Transmission electron micrograph of one of the DLC-coated AFM probes used in this study, with the circle of best fit plotted. The
radius of this circle was used in evaluating the area in contact. (b) Example of a force curve with the stiffness S used in determining the modulus
denoted. Several load drops are also visible as serrations in the approach portion of the curve; one is shown in the inset.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.8b01640
Nano Lett. 2018, 18, 5418−5425

5419

http://dx.doi.org/10.1021/acs.nanolett.8b01640


The mechanical properties of the film were evaluated by
performing nanoindentation in an AFM (Icon, Bruker, Boston,
MA) using a tapping-mode cantilever with a DLC coating
(Tap300DLC, BudgetSensors, Sofia, Bulgaria). A fixed
maximum load of 800 nN was used in every experiment.
This maximum load was chosen to prevent probe fracture
which occurs at higher loads. The radius of the AFM probe
was determined using TEM37 and the condition of the probe
was checked before and after every experiment. Experiments
were discarded if the probe was severely damaged and no
longer round. An example of an unused tip is shown in Figure
1a.
In our previous work, we used the Oliver−Pharr method to

determine the reduced modulus of the tip/sample system Er
via

E
S

A2r
π

β
=

(1)

where β is a dimensionless constant equal to 1 for a spherical
probe, S is the slope of the initial part of the retract curve,
shown in Figure 1b, and A is the contact area at the maximum
load.8,38,39 In the present study, however, load drops were
prevalent, which significantly increased the indentation depth
compared with a force−distance curve that exhibits no load
drops. Because the indentation depth was frequently greater
than the radius of the probe, the contact area could be assumed
to be equal to the area of a circle with the same radius as the
probe. However, this large-deformation approximation violates
the assumptions of ref 39 which assumes that the indenter
surface is nearly tangent to the substrate and that most of the
deformation is normal to the substrate. Therefore, in the

present paper we simply report the stiffness S P
h

d
d

= of the

sample, as shown in Figure 1b. We will discuss later the
approximate value of elastic modulus that would be measured
if this assumption is accepted. For the same reason, instead of
hardness, we will report indentation depth here. The energy
dissipated in the course of an indentation experiment is the
cyclic integral of load with respect to depth, Ediss=∮ P dh. Load
drops were frequently observed in the force vs distance curves,
as shown in Figure 1b. These were identified by searching for
successive peaks and valleys using a custom MATLAB
(MathWorks, Natick, MA) script. To distinguish load drops
from instrumental noise, only load drops exceeding a minimum
threshold of 10 nN were included in the analysis.
The humidity in the AFM chamber was varied by opening

the chamber to reach ambient relative humidity (RH ≈ 40−
55%), by flooding the chamber with a supply of dry nitrogen
(RH ≈ 0), and by placing open dishes of nearly boiling water
inside the sealed chamber. These conditions allowed us to
reach relative humidity levels between 18% and 100%. The
boiling water did not affect the temperature of the air inside
the chamber by more than 2 °C. A hygrometer (Fisher
Scientific, Waltham, MA) was used to measure the relative
humidity. Topography scans were performed in tapping mode
both before and after indentation to verify that the surface was
uniform and to determine the deformation of the sample due
to the indentation.
To investigate and eliminate the possibility of any hysteresis

effects related to the formation of capillary bridges, we
performed experiments at first under nearly saturated
conditions, then incrementally reduced the humidity to
ambient conditions, followed by dry, ambient, and saturated

conditions. The data obtained at high humidity are further
divided into 98% and 100% conditions, for reasons to be
discussed further below. With the exception of experiments
performed near saturation, we saw no systematic change in
measurements over 20 min after reaching a particular humidity
level, so experiments were begun immediately after reaching
the target humidity.
To provide another view of rearrangements, nanoindenta-

tion experiments were also performed in situ in a TEM, using a
holder which facilitates mechanical testing (PicoIndenter,
Hysitron, Inc., Eden Prairie, MN). Using this experimental
setup, a sample prepared under the identical conditions but
with 30 bilayers was used to ease visualization. The greater
thickness provided visibility in the TEM. Experiments were
performed on the wedge-shaped portion of the sample, using a
cube-corner diamond punch with an end radius of approx-
imately 200 nm.
We observe that the mechanical properties of the sample

change with the relative humidity, as can be seen in Figure 2.

These results are numerically tabulated in Table 1, in the order
the experiments were performed. The stiffness decreases with
an increase in humidity, while the indentation depth and
energy dissipation both increase. It is expected that the latter
two effects are coupled; a greater indentation depth will
necessarily result in more mechanical work. The fact that
stiffness decreases concurrently with an increase in indentation
depth is surprising: an increase in indentation depth would

Figure 2. Measured (a) stiffness, (b) indentation depth, (c) energy
dissipated, and (d) the pull-off force resulting from adhesion and
capillary forces in the course of performing a nanoindentation
experiment at various relative humidity levels. The error bars
represent the standard deviation of the data set; because of the very
large sample sizes, the differences between the various distributions
are statistically significant with p < 0.05 in almost all cases. The
connecting lines indicate the order in which the experiments were
performed.
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normally be expected to compact the sample further, which
would stiffen the material if all other conditions were held
constant.8,19

The weakening of the particle−particle interactions both
permits the sample to deform farther under a given load, and
also to have a weaker restorative force or stiffness. Due to the
sufficiently large sample sizes used here, the difference between
the distributions of each parameterstiffness, indentation
depth, energy dissipation, and adhesionunder each set of
environmental conditions is statistically significant with p <
0.05 (strong evidence of a difference) in almost all cases.
The gradual increase in the adhesion force shown in Figure

2d supports the hypothesis that the capillary structure is
changing. This trend opposes the trend of decreasing adhesion
force at very high humidity predicted in ref 12. The
discrepancy may be attributed to the difference in the shape
of the rough surface; it is possible to form capillary bridges
with multiple particles rather than with just a single particle,
and this is more likely to occur at higher humidity levels where
the capillaries are generally larger. Verifying this idea requires
further experiments and analysis that are beyond the scope of
this paper.
The indentation depths are systematically greater in this

study than in our prior study, which was conducted using
nominally identical probes on a silica nanoparticle packing that
was produced via spin coating.8 Therefore, all differences
between the present behavior and the behavior witnessed
previously may be attributed to the different materials used in
each system. This observation, as well as the fact that
indentation depth increases with humidity, may both be
attributed to the load drops that are frequently visible in the
force curves collected on this material system. These load
drops appear as serrations in the force curve, as shown in
Figure 1b, and more load drops are seen at high humidity than
at ambient or dry conditions.
At every level of relative humidity we investigated, the

distribution of the magnitudes of all load drops is roughly
exponential, as shown in Figure 3. The dotted lines represent
exponential fits to each data set. The decay length for each
magnitude population distribution ranges from 9 to 20 nN, but
this decay length has no clear, monotonic dependence on
humidity. We speculate that this magnitude is nominally the
same for all data sets, and the discrepancies observed here are
due to random fluctuations in the data. We also note that the
range of load drop magnitudes is constrained by avoiding low

magnitudes below 10 nN, as they could be attributable to
noise, as mentioned above; load drops above 100 nN were very
rarely observed in the 1280 experiments conducted. Given the
distribution observed, improving the statistics above 100 nN
would require orders of magnitude more experiments, which is
not practical.
It is virtually impossible to maintain the humidity in the

AFM chamber just below saturation for the extended duration
needed to perform hundreds of indentation experiments
without disturbing the apparatus. For this reason, we divide
the data collected at high humidity into two categories. The
data collected before reaching saturation is labeled as 98% in
the figures and tables, and the data labeled as 100% are those
collected after the AFM began showing signs of extended pull-
off regimes characteristic of reaching a saturated capillary state.
In particular, the capillary bridge between the film and the
AFM probe can be sustained to a very large separation distance
of several tens of nanometers, so a weak tensile force is
sustained after the tip is no longer in contact with the particles
themselves. An example of such a force curve is shown in the
Supporting Information (Figure S2). The challenge associated
with maintaining the humidity just below saturation is also
responsible for the small sample size in these trials, as seen in
Table 1. In practice, the humidity fluctuated by about 3% in
every trial except when the humidity was at 100%. No
discernible differences in mechanical properties were noted
over a range of humidity of less than 3%, except in the case of
going between 98% and fully saturated.
We observe a clear transition in behavior between a

humidity of 98% and complete saturation. As the chamber
reaches total saturation, more load drops occur at very low
loads below 200 nN and fewer load drops occur at high loads
above 400 nN. In addition, the force curves collected at 100%
humidity suggest that a capillary bridge forms between the tip
and the sample which does not break until the AFM tip is tens
of nanometers away. At such high humidity, the tip leaves a
clearly visible track on the sample when traveling between
indentation sites (Figure S3b), despite the applied normal load

Table 1. Contact Stiffness, Indentation Depth, and Energy
Dissipation Each with Their Standard Deviations for Trials
in the Order in Which They Were Performeda

RH
[%] N

stiffness
[nN/nm]

indentation depth
[nm]

energy dissipation
[keV]

98 36 326 ± 108 43.8 ± 9.0 104.2 ± 31.3
100 91 340 ± 143 44.6 ± 9.8 80.9 ± 26.0
52 170 476 ± 207 20.9 ± 7.6 44.3 ± 16.7
18 195 572 ± 209 15.0 ± 6.4 29.0 ± 13.2
43 197 489 ± 163 18.9 ± 5.9 37.8 ± 11.9
98 79 357 ± 121 39.4 ± 11.2 93.6 ± 30.1
100 67 360 ± 124 40.2 ± 11.0 65.3 ± 21.4

aN is the minimum number of indentation experiments evaluated at
that humidity level. In some specific trials, the stiffness could not be
evaluated, but the indentation depth and energy dissipation are still
reported.

Figure 3. Histogram of the magnitude of load drops normalized by
the number of indentation experiments performed. The distribution at
each humidity level is roughly exponential, as shown by the dotted
lines which are fits to the data. The total number of load drops
observed under each condition is given in the legend. At 98%
humidity, 154 indentation experiments were performed; at 100%
humidity, 258 experiments were performed, and in all other cases, 256
experiments were performed. The number of experiments performed
could not be held exactly equal due to experimental challenges.
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being quite small, on the order of 80 nN. We suggest that once
fully saturated, this packing loses some of its solid structure,
weakening to a viscous, almost slurry-like state. An example
topography scan collected while the system was at saturation is
shown in the Supporting Information (Figure S3a). This
abrupt transition is also our best confirmation of the accuracy
of the hygrometer, which registered 100% humidity at
approximately the same time as the transition occurred. In
addition, fogging and accumulation of condensation on the
glass window further substantiated the estimate that the AFM
chamber reached saturation.
The load drops observed in the current LbL deposited

disordered nanoparticle packing were never observed in our
prior work on spin-coated silica nanoparticles.8 There are
several important distinctions between the nanoparticle
packings used in these two studies. These include the particle
composition, polydispersity, deposition method, and particle
geometry. Of these differences, most likely the deposition
method has the largest impact, because LbL deposition results
in a packing fraction that is below the random close-packed
limit of 64%, which is in part due to the repulsive interactions
between particles of the same composition. By contrast, the
particle composition likely has minimal effect because all
species investigated here and previously are hard relative to the
properties of the packing as a whole. The titania and
nanodiamond nanoparticles, being crystalline, have a some-
what rougher (i.e., faceted) geometry than the silica nano-
particles which are quite smooth and spherical. However, any
effect related to particle roughness should strengthen the
present packings when in fact we observe a new, weakening
mode of plasticity occurring. Similarly, the bidispersity could
contribute to a more densely packed film,40 which should be
less conducive to sudden load-drop events. Therefore, the
reduction in packing fraction is the most obvious explanation
for the observed enhancement in plasticity in the LbL
nanoparticle films as compared with the spin-coated films.
Our observation of material weakening at high humidity

stands in contrast with the findings of Gallego-Go  mez et al.,27

in which conventional nanoindentation was performed on a
colloidal superlattice. The authors of that study observed a
lower elastic modulus and hardness at low humidity. However,
their means of varying the humidity was to vary the
temperature of the substrate, assuming that by doing so the
water in the capillaries would evaporate. The lower modulus
and hardness observed at low humidity may in fact be due to
the greater temperature and greater thermal activation of
mechanisms that allow particle rearrangements. In addition,
their experiments were only able to reach only the dry and
pendular states25 of meniscus formation because they did not
supply the chamber with an extra source of water vapor,
whereas the present experiments reach the predicted funicular
and capillary states.
According to theory, the uptake of water will result in a

change in the shape of the menisci in the sample. We suggest
that these menisci are the reason why a film which is more
compact might also be less stiff. Under very humid conditions,
the meniscus will transition from a pendular to a funicular or
capillary state.25 The reduction in air−liquid interfacial area
reduces the capillary force resulting from surface tension.
Furthermore, capillarity most likely ceases to play a role as the
particles become increasingly surrounded by condensed water,
so the capillary pressure becomes uniform on all sides of each
particle. A similar weakening of the interparticle forces was

previously observed in simulation,12 although that simulation
considered only a pair of particles. Therefore, the overall
structure of a capillary bridge connecting multiple particles was
not considered. A more thorough experimental treatment of
capillary formation between many particles has been
accomplished at the mesoscale by observing wetting of glass
beads with diameters on the order of 300−500 μm.29 X-ray
tomography revealed the shapes of the clusters of water bridges
that formed, which transitioned from individual bridges to
clusters, and finally a percolated network of capillary bridges.26

Only the funicular and capillary states were observed in that
study.29 However, the shapes of capillaries in a granular
packing near saturation have been visualized in a two-
dimensional simulation.28

In LbL deposition, nanoparticles in each deposition step
cannot form a dense monolayer atop an existing packing of
nanoparticles due to electrostatic repulsion, and a packing
fraction much lower than the random close packing limit of
64% is expected.35 This stands in contrast to the spin-coated
silica nanoparticle films we investigated previously,8 which
were expected to be very near the close-packing limit. Despite
the low packing fraction, the nanoparticle packings used here
are in a mechanically stable state, because they do not deform
under the low load of tapping-mode AFM, gravity, or the
inertial forces that result from routine moving or positioning of
the sample. However, the packing cannot be considered to be
in the shear-jammed state, because the shear-jammed state
implies that the packing is stable only under an applied
stress,41,42 which is absent in this system when the system is at
rest. This system is in a loosely packed state, and stability is
imparted in part due to friction and adhesion between
nanoparticles. Although an in-depth investigation of porosity
is outside the scope of the present study, the greater porosity in
the present films nonetheless appears to have a significant
influence on the modes of plasticity we observe.
The transition from the smooth yielding observed on silica

nanoparticle packings to the load drops observed here suggests
that the mechanism of deformation is different in these two
materials. Fluid-cell ellipsometry and Rutherford backscatter-
ing experiments suggest that the porosity is much greater in
LbL deposited films as compared with the spin-coated films
investigated previously.8 The porosity is likely greater than
50%, although experimental difficulties prevent obtaining a
precise value. As the silica nanoparticle films are nearly at the
close-packing limit, their likely mode of plasticity is a
cooperative rearrangement of many particles such as an
STZ.15,16 In contrast, the instantaneous yielding exhibited by
the porous LbL films might exhibit behavior closer to a T1
process, which is a rearrangement primarily consisting of a
single particle moving into a region of excess free volume.17

Because the T1 process requires this free volume, it is more
likely to occur in the porous film. Then as soon as a
freestanding particle breaks loose from its neighbors, the force
curve exhibits a load drop due to the collapse of the void
underneath.
The roughly exponential distribution of load drops suggests

that there is a characteristic load associated with plasticity in
this system. From the exponential fits shown in Figure 3, this
load is estimated to be between 9 and 20 nN. Previous studies
on the distribution of relaxation events have generally
suggested a power-law relationship rather than an exponential
decay.22−24 However, in the overdamped limit, an exponential
decay is sometimes observed at the high-magnitude cutoff.24 A
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power-law relationship suggests that the relaxation events
exhibit a fractal structure.22,24 This fractal structure of the
relaxation events in turn suggests that the material may also
exhibit a fractal structure, where rearrangements may occur
between individual constituents or between clusters of
constituents.23 In the present system, the activation volume
is sufficiently small that only constituent-level rearrangements
may be probed. Therefore, it is likely that only the high-
magnitude cutoff is observed and any power-law distribution
that might exist at a larger scale is not observed here.
Figure 4a shows a topography scan taken prior to

indentation experiments. By comparing this image with its
counterpart taken after indentations are performed, the extent
of plastic deformation can be observed. We carefully correlate
the two scans to correct for drift and subtract to observe the
portions of the film that rearrange as described previously.8

Figure 4b shows one such difference image. The plastically
deformed region is limited to approximately 20 nm across,
which suggests that only one or two particles have been
perturbed. Deformation limited to such a small region is
consistent with the occurrence of one or two T1 events,
especially because the material is quite porous. By contrast, an
STZ typically consists of multiple particles, typically moving in
several directions15,16,43 which may be expected to induce pile-
up. We see no evidence that a single load drop event
corresponds to motion of multiple neighboring particles on the

surface, in the region shown in Figure 4b or in many other
regions in the film. The depths of these load drop events were
typically less than 3 nm, which is less than the diameter of even
the smallest particles, which further demonstrates that the
rearrangements are limited to only a handful of particles. A few
load drop events correspond with displacements as great as 8
nm, which is comparable to the particle diameter. A
rearrangement of only two or three particles may have some
properties of both the STZ and the T1 process.
In order to better observe the rearrangements, we performed

a similar experiment in situ under the beam of a TEM. Two
frames from a video (available as Supporting Information) of
these experiments are shown in Figure 5, along with the force
curve before and after a load drop occurs. A rearrangement
about 60 nm across is visible in the center of the image. This
rearrangement corresponds with the load drop of 2.3 μN,
which is visible in the inset in Figure 5b. The slight recoil
toward the bottom of the load drop occurs because the
experiment is performed in displacement control, but the
controller does not respond quickly enough to prevent
overshoot when such a load drop occurs. The spatial extent
of the rearrangement, as observed in the micrograph, indicates
that it more closely matches the STZ picture of rearrangements
than the T1 process; it may even be large enough to constitute
a system-spanning, avalanche-like rearrangement of multiple
particles. Due to the larger contact area, the magnitude of this

Figure 4. (a) Sample topography scan, taken prior to the experiments performed at 18% humidity. (b) Difference image; the topography after an
indentation experiment has been subtracted from the topography prior to the indentation experiment. The disturbed region is approximately the
area of a single particle, with no other particles disturbed. The region corresponds to the square in part a.

Figure 5. Two frames of a video from an indentation experiment performed in situ under the beam of a transmission electron microscope, viewed
from the side, (a) before and (b) after a load drop occurs. In the inset force curve of part b, the load drop is visible at right. The silicon substrate is
in the top right behind the inset, the diamond indenter is in the bottom left, and the nanoparticle film is in the center. The arrows point to locations
where rearrangements, corresponding with the load drop, are visible.
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load drop is much greater than the maximum load ever applied
in AFM-based nanoindentation experiments in this study.
Nevertheless, these in situ experiments also exhibit a roughly
exponential distribution, as shown in the Supporting
Information (Figure S6); the decay length is much larger, on
the order of 140−180 nN. This larger decay length may be due
to the larger contact area, or to the increased mechanical noise
present in this system. In the in situ system, the root-mean-
square of the mechanical noise out of contact is approximately
200 nN, whereas for the AFM, it is only 0.5 nN. The vibration
of the apparatus also serves to nucleate plastic rearrangements,
and this dynamic effect combined with the larger contact area
are likely responsible for the greater decay length. Nonetheless,
the in situ experiments demonstrate that load drops correspond
with small particle-level rearrangements rather than any other
mechanism of plasticity.
Although the present experiments violate some assumptions

of the Oliver and Pharr model associated with small
deformation,38,39 we can nevertheless estimate the elastic
modulus for the AFM-based experiments using eq 1. The
probe is modeled using a spherical area function, and the
contact depth is evaluated according to ref 39 as we reported
previously.8 In those cases where the indentation depth is
greater than the radius of the AFM tip, the contact area is
taken to be a circle with the same radius as the indenter. This is
a reasonable approximation because the tip is approximately
cylindrical above the hemispherical end. We note that with this
analysis, we are unable to appropriately account for sink-in:
because the indentation depth is greater than the probe radius,
the contact area is unchanged regardless of the choice of ϵ in
eqs 2−3 of ref 39.
Making the assumptions stated above, and given that the

radius of this tip is 23 nm, we evaluate a reduced elastic
modulus of 11 ± 4 GPa at high humidity. The reduced
modulus reached a maximum value of 19 ± 7 GPa at 18%
humidity, which was the lowest humidity we were able to
attain with the current apparatus. These values are significantly
greater than the values we previously determined for silica
nanoparticle packings.8 As those silica nanoparticle films are
believed to be more densely packed than the present films, we
attribute this stiffening primarily to the rougher geometry of
these crystalline particles. The softening at higher humidity
may be attributed to the formation of larger liquid domains,
which eventually merge and no longer benefit from surface
tension, and from the shielding of adhesion forces brought
about by the introduction of the liquid phase.
LbL assembled disordered packings of titania and nano-

diamond nanoparticles exhibit localized plastic deformation
events during indentation which are similar to those reported
previously for other disordered materials.15−17 The magnitudes
and distributions of these load drops follow a roughly
exponential distribution, which shares similarity with the
upper-magnitude tail of an avalanche distribution.24 The
number of load drops that occur at a given indentation site
varies with the relative humidity, with the material being
weaker at higher humidity. At very high humidity, the capillary
bridges become continuous and the material behaves as a thick
colloidal slurry. We are able to observe the motion of particles
in both AFM-based and in situ TEM-based nanoindentation
experiments.
Our results suggest that the mechanical response of the LbL

assembled disordered nanoparticle packings may depend on
the relative humidity of the environment. These data suggest

that the material system may not be well suited for applications
where mechanical stress may be applied while near saturation
humidity, because the packing is not structurally stable.
However, this transition may be useful in reshaping or
molding disordered nanoparticle packings into different shapes
or patterns on a surface. Future research may focus on
distinctions in the magnitude and spatial extent of rearrange-
ments that occur in disordered materials, as varied by tuning
the humidity. Conventional nanoindentation could also be
employed to determine whether the trends observed here at
the nanoscale can be replicated in indentation experiments at
higher load and with greater contact area.
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