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ABSTRACT: One common approach to generate lightweight
materials with high specific strength and stiffness is the
incorporation of stiff hollow microparticles (also known as
bubbles or microballoons) into a polymeric matrix. The
mechanical properties of these composites, also known as
syntactic foams, greatly depend on those of the hollow
microparticles. It is critical to precisely control the properties
of these bubbles to fabricate lightweight materials that are
suitable for specific applications. In this paper, we present a
method to tailor the mechanical properties and response of
highly monodisperse nanoparticle-shelled bubbles using thermal treatment. We characterize the mechanical properties of
individual as-assembled bubbles as well as those of thermally treated ones using nanoindentation and quantitative in situ
compression tests. As-assembled bubbles display inelastic response, whereas thermally treated bubbles behave elastically. We also
show that the stiffness and strength of bubbles are enhanced significantly, as much as 12 and 14 times that of the as-assembled
bubbles, respectively, via thermal treatment. We complement the experimental results with finite element analysis (FEA) to
understand the effect of shell thickness nonuniformity as well as the inelasticity on the mechanical response and fracture behavior
of these bubbles. We demonstrate that the failure mechanism of bubbles incorporated into a polymer composite depends on the
structure of the bubbles.
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■ INTRODUCTION

Light-weight materials enhance the energy efficiency of vehicles
and equipment used in transportation, aerospace, and
construction industries;1−4 however, finding a low-density
material that possesses a desirable set of mechanical properties
is challenging because the stiffness and strength of materials are
generally proportional to their density.5−8 One approach that
addresses this limitation is the fabrication of composites made
of polymer and strong hollow particles, also known as
bubbles.9,10 The presence of these bubbles made of an
inorganic material, such as glass, decreases the density of the
composite and at the same time increases its specific strength.
In addition, the incorporation of bubbles can potentially impart
unique thermal, optical, and acoustic properties to the
composites.11−16

Needless to say, the mechanical properties of individual
bubbles greatly affect the properties of these composites, also
known as syntactic foams.17−19 It is highly desirable, therefore,
to control the mechanical response of bubbles to suit the
specific requirements of the final application. For example, high
strength and lightweight or high buoyancy are required in

composite materials used for aircraft structures and underwater
modules such as deep-sea exploration vehicles.4,20 In contrast,
hollow particles with high deformability would be useful in
generating flexible portable devices,21 noise control struc-
tures,22 impact absorbers,23 and sports equipment.24 In addition
to achieving desirable mechanical properties, high uniformity in
the size and properties of these hollow particles could enable
accurate prediction of the structure−property relationship of
the composites containing bubbles.25 Unfortunately, conven-
tional methods of bubble preparation result in particles with
large heterogeneity in size and properties.26,27 It is also
challenging to tailor the mechanical response and to system-
atically characterize individual bubbles.28,29 More importantly,
even a small number of very weak (i.e., defective) bubbles could
result in mechanically fragile regions within the final
composites, seriously jeopardizing the reliability of these hollow
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particles as fillers to generate mechanically robust composites
for applications involving sustained stresses.30

In this work, we use a microfluidic technique to generate
highly monodisperse nanoparticle-shelled bubbles31−33 and
demonstrate that their mechanical properties can be tailored
using thermal treatment. The mechanical response of these
bubbles is studied experimentally using quantitative ex situ and
in situ characterization methods and computationally using
finite element analysis (FEA). We show that thermal treatment
significantly enhances the strength of nanoparticle-shelled
bubbles and also changes the deformation mode of the bubbles
under load. Our finite element analysis shows that the geometry
as well as the inelasticity of the bubble shells can significantly
affect their mechanical response. Furthermore, we show that
the failure mode of these bubbles in a polymer−bubble
composite depends strongly on the structure of the individual
bubbles.

■ RESULTS AND DISCUSSION

Generation and Thermal Treatment of Monodisperse
Nanoparticle-Shelled Bubbles. Nanoparticle-shelled bub-
bles are generated using microfluidic gas-in-oil-in-water (G/O/

W) compound bubbles as templates.31,32,34−44 The three
immiscible fluid phases used for the generation of G/O/W
compound bubbles in a glass capillary microfluidic device are
nitrogen, hydrophobic silica nanoparticles suspended in
toluene, and an aqueous solution containing poly(vinyl alcohol)
(PVA) forming the inner, middle, and outer phases of the
compound bubble, respectively. As described in our previous
reports, this microfluidic approach permits the preparation of
monodisperse compound bubbles at a high rate with precise
control over diameter and shell thickness by controlling the
geometry of the microfluidic device, the physical properties
(viscosity, density, surface tension etc.), and the flow rates of
the three fluids.31,33 PVA in the outer phase stabilizes the oil−
water interface during the microfluidic formation of the
compound bubbles, preventing their coalescence and rup-
ture.31,45 After the generation of G/O/W compound bubbles,
the toluene from the middle phase is allowed to evaporate at
room temperature, causing the silica nanoparticles to jam
around the gas bubble. The evaporation of toluene transforms
the middle layer from a fluid phase to a water-impermeable
solid phase made of jammed nanoparticles, as depicted in
Figure 1. This thin shell formed by the compaction of silica
nanoparticles in the middle phase imparts long-term stability to

Figure 1. Schematic illustration of nanoparticle-shelled bubble formation from a gas-in-oil-in-water (G/O/W) compound bubble generated with a
microfluidic technique. The removal of the toluene in the oil layer drives jamming and compaction of the suspended silica nanoparticles, which forms
a solid shell around the inner gas phase.

Figure 2. (a) Schematic representation of physical modification of nanoparticle-shelled bubbles with thermal treatment and (b) optical micrographs
(inset: SEM micrographs) of nanoparticle-shelled bubbles on a substrate after heat treatment. d and p represent the outer diameter of the bubbles
and the porosity of the bubble shells, respectively. Inset scale bars = 10 μm.
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the bubbles.31 The shell comprises randomly packed silica
nanoparticles and residual PVA remaining on the shell surface.
It is important to note that the silica nanoparticles have an
organic layer that renders them hydrophobic and colloidally
stable in toluene. This organic coating on the silica nano-
particles remains in the shell after the evaporation of toluene
from the oil phase of the compound bubble.
Nanoparticle-shelled bubbles are dried on top of a silicon

substrate forming a monolayer of bubbles. Our previous study
showed that it is important to keep the ratio of shell thickness
to bubble radius above a critical value (0.042) to keep these
bubbles from collapsing during water evaporation.32 In this
work, we generate nanoparticle-shelled bubbles that have an
initial diameter of 40−60 μm and an average shell thickness of
2−3 μm. The dried bubbles on the Si wafer are further
modified by thermal treatment, as shown in Figure 2a.46−48

Bubbles are calcined at 700 °C, which completely removes all
organic components from their shells, as confirmed by
thermogravimetric analysis (TGA; see Figure S1 of the
Supporting Information).49,50 The removal of the organic
components renders the shell porous and water-permeable (see
Figure S2 of the Supporting Information). The diameter of the
bubbles slightly decreases due to the elimination of the organics
and the partial fusion of silica nanoparticles upon calcination.
The geometry of the calcined bubbles can be modified by using
a different geometry of as-assembled bubbles. The calcination
process, however, does not compromise the sphericity or
integrity of the bubbles. The bubble outer surface remains
rough and porous, as shown by the SEM micrograph in the
inset of Figure 2b.
The bubbles can be further modified by subjecting them to a

1200 °C thermal treatment. At this temperature, silica
nanoparticles in the shell completely sinter to form a
nonporous solid silica structure. Although this temperature is
well below the melting temperature of bulk SiO2 (∼1600 °C),
the use of nanoparticles enhances the processability of these
bubbles by lowering the sintering temperature significantly. The

shell, as can be seen in the inset of Figure 2b, becomes smooth,
indicating that it has lost its porosity. The diameter of the
bubble and the shell thickness decrease significantly from their
original values upon sintering; however, the bubbles maintain
their spherical geometry. The diameter and thickness of the
sintered bubbles can be modified by using as-assembled
bubbles with different geometry for sintering. The sintering
process partially fuses some bubbles with each other or with the
substrate, especially if the sintering time is extended beyond 3
h. However, due to the high strength of the sintered shells, the
bubbles can be readily separated and redispersed with little
damage using brief sonication (<1 s). These bubbles float when
redispersed in water, indicating that the shell has become dense
and lost its porosity.

Mechanical Characterization of Bubbles Using Nano-
indentation. In addition to changes in the shell structure and
dimension of the bubbles, the calcination and sintering
processes described above significantly change the mechanical
properties of individual nanoparticle-shelled bubbles. To fully
understand the effect of thermal treatment on the mechanical
response of nanoparticle-shelled bubbles, we perform ex situ
nanoindentation on single bubbles.28,51 We use a 10-μm-radius
60° spheroconical indenter, as schematically illustrated in
Figure 3a. The indenter and a bubble on a flat substrate are
aligned through the main axis perpendicular to the substrate,
assuring that the bubble is center-loaded without any sliding
during the indentation test. The bubbles are loaded at a
constant ratio of loading rate to load (Ṗ/P = constant) of 0.04
s−1 until failure is detected. Failure is assigned to the first large
pop-in event observed on the load−displacement curve (see as
example Figure S3 of the Supporting Information). The average
diameter and shell thickness of as-assembled, calcined, and
sintered bubbles used for all subsequent mechanical character-
ization are summarized in Table 1. Load−displacement curves
are recorded for all experiments and plotted as shown in Figure
3.

Figure 3. (a) Schematic illustration of nanoindentation on a single bubble with a spheroconical indenter. Load−displacement results from ex situ
nanoindentation tests performed on (b) seven as-assembled bubbles, (c) five calcined bubbles, and (d) nine sintered bubbles.
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Seven individual as-assembled bubbles are tested, and the
load−displacement curves are shown in Figure 3b. The
response of these as-assembled bubbles shows nonlinear
mechanical behavior (Figure 3b), reaching an average failure
load Pf = 3.6 ± 1.1 mN and an average failure deflection δf = 3.5
± 0.8 μm, amounting to an 8.7% deflection relative to the initial
diameter (δf/d). The energy to failure extracted by integrating
the load−displacement curves up to the point of failure, has an
average value Uf = 7.7 ± 3.2 mN·μm. Pauchard and Rica
previously studied the deformation mechanisms of an elastic
spherical shell with a thick wall (t/R ∼ 1/10, where t and R are
the thickness and the radius of the shell, respectively), and
observed a sharp transition to nonlinear behavior when
buckling occurs.52 The nonlinear behavior of as-assembled
bubbles cannot be tied to such a buckling phenomenon,
because the deflection of the bubbles in our test is relatively
small (δ/t < 2, where δ is the deflection imposed on the shell).
The nonlinear behavior suggests an inelastic response
governing the mechanical properties of as-assembled bubbles,
which we investigate in more detail below.
Similar nanoindentation tests are performed on calcined and

sintered bubbles. Figure 3c shows the load−displacement
responses of five different calcined bubbles tested. In contrast
to what is observed for the as-assembled bubbles, the calcined
bubbles respond linearly to the applied load, implying a
predominantly elastic behavior. The failure load of the calcined
bubbles is larger than as-assembled bubbles, reaching an
average load of Pf = 6.5 ± 2.1 mN. The average failure
deflection of calcined bubbles, however, is significantly smaller
than that of the as-assembled bubbles; the average deflection is
δf = 1.1 ± 0.3 μm, a mere 2.8% of the initial diameter. The
average energy to failure of the calcined bubbles is Uf = 3.6 ±
1.9 mN·μm. These results suggest that the calcination process
has strengthened the bubble shells, but the absence of organics
in the shell causes a more brittle response, reduced
deformability, and energy to failure.
Sintered bubbles also respond linearly to nanoindentation, as

shown by the nine bubbles tested in Figure 3d. The sintered
bubbles present a significantly higher strength and stiffness
compared to calcined and as-assembled bubbles. The average
failure load for these sintered bubbles is Pf = 50.3 ± 16.1 mN,
an order of magnitude larger than that of calcined ones. It is
interesting to note that the deformability of sintered bubbles is
also greater than that of calcined bubbles, reaching an average
deflection of δf = 2.5 ± 0.8 μm, amounting to a 7.2% of the
initial diameter of the bubble. The average energy to failure of
the sintered bubbles is Uf = 66.7 ± 39.4 mN·μm. Remarkably,
the maximum deflection of the sintered bubbles is quite similar
to that of the original as-assembled bubbles, but the energy to
failure is an order of magnitude higher. The sintering process
has created a shell that is dense and nonporous, which
significantly affects the mechanical response of the bubbles to
indentation, resulting in high strength, stiffness, large
deformability, and exceptionally high energy to failure (tough-

ness). The mechanical properties of the bubbles will be
summarized and compared later.

Finite Element Analysis of Bubble Nanoindentation
Prior to Fracture. The mechanical response of the nano-
particle-shelled bubbles depends significantly on thermal
treatment, as illustrated by the nanoindentation experiments.
Notably, the sintered bubbles are stiffer, i.e., support higher
loads at the same depth of indentation, (and stronger) than the
calcined bubbles, which are stiffer than the as-assembled
bubbles, as seen in Figure 3. Comparing the load-deflection
curves, we see that the as-assembled bubbles display an inelastic
behavior. We also observe some variation in the mechanical
response of bubbles with the same thermal treatment, as seen in
each panel of Figure 3.
To quantify how the mechanical properties of the nano-

particle-shelled bubbles depend on thermal treatments and to
explore what accounts for variations in the mechanical response
of bubbles with the same nominal size and thermal treatment,
we perform finite element analyses (FEA) of the bubbles under
nanoindentation.53 The FEA requires the inputs of the
mechanical properties (elastic moduli and yield strength) of
the bubbles. Those properties are estimated by nano-
indentation testing on SiO2 nanoparticle films prepared on
planar silicon or quartz substrates subjected to the same
thermal treatments as the bubbles. Details on the formation of
nanoparticle films and their characterization are provided in the
Methods section and the Supporting Information. The
nanoindentation results of as-prepared nanoparticle films
suggest that the as-assembled bubble shell behaves approx-
imately as an elastic−perfectly plastic material, i.e., no
hardening beyond yielding. The isotropic von Mises yield
criterion is assumed in FEA modeling, in which case the plastic
strains are incompressible. As indicated by the nanoindentation
results, calcined and sintered films are modeled as ideally
elastic. The outer diameter, shell modulus, and thickness of
bubbles are adjusted to reflect the experimental values and are
given in Table 2. Also, as will be discussed later in more detail,

to study the effect of shell-thickness nonuniformity of each
individual bubble, both uniform and nonuniform shells are
simulated (see Table 2). The finite element results presented
below account for large axisymmetric deflections of the shell
under nanoindentation loading.

Table 1. Diameter and Shell Thickness of Mechanically
Characterized Shelled Bubbles

diameter, d (μm) shell thickness, t (μm)

as-assembled bubbles 40.6 ± 1.1 2.9 ± 0.5
calcined bubbles 37.8 ± 1.6 2.7 ± 0.6
sintered bubbles 34.6 ± 1.1 2.6 ± 0.6

Table 2. FEA Parameters of Simulated as-Assembled,
Calcined, and Sintered Bubbles

shell
modulus,a

E (GPa)
shell

geometry

outer
diameter,
d (μm)

shell
thickness,
t (μm)

as-assembled
bubble

6.9 uniform 40.6 2.9

nonuniform 40.6 2.4 (thin),
3.4 (thick)

calcined
bubble

13.7 uniform 37.8 2.7

nonuniform 37.8 2.1 (thin),
3.3 (thick)

sintered
bubble

76 uniform 34.6 2.6

nonuniform 34.6 2 (thin),
3.2 (thick)

aThe elastic moduli are measured on nanoparticle films on planar
substrates, as explained in the text.
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The experimental and the FEA-simulated load−displacement
curves are shown in Figure 4a−c for each bubble type. For the
as-assembled bubbles, two sets of FE simulations were
conducted on the basis of pure elasticity and elastic−perfect
plasticity, respectively. Figure 4a shows that compared to the
experimental results (shaded region), the elastic FEA displays
linear load−displacement behavior and overestimates the load
and stiffness of the bubbles for indentations greater than about
1 μm. However, the elastic−perfectly plastic model with a
uniaxial yield stress of σY = 118 MPa gives a less stiff response
and matches the nanoindentation experiments. These results, in
contrast to the nanoindentation of the calcined and sintered
bubbles (see Figure 4b,c), indicate that the as-assembled
bubbles likely undergo plastic deformation during indentation,
accounting for the observed nonlinear deformation. The
apparent plastic deformation, we believe, is due to the
rearrangement of randomly packed silica nanoparticles within
the as-assembled bubble shell under load. Such rearrangement
occurs through frictional sliding and causes irreversible
deformation, which results in the plasticity of the as-assembled
bubbles.54

The FEA results of indentation on elastic sintered bubbles
with a Young’s modulus of E = 76 GPa (Figure 4c) display a
linear load−displacement response with excellent agreement
with the experimental results (shaded area in Figure 4c). The
simulation results for the elastic calcined bubbles (Figure 4b)
with a Young’s modulus of E = 13.7 GPa also predict the
linearity of the response; however, these load−displacement
curves lie below the experimental curves. By using a slightly
higher modulus of E = 20 GPa for the bubble shell, the FEA
prediction is in better agreement with the experimental results,
indicating that the Young’s modulus obtained by characterizing
a calcined nanoparticle film on a planar substrate under-
estimates the stiffness of the calcined bubble shell. Such a
discrepancy may be attributed to the difference in the boundary
conditions/confinements; nanoparticle films are bound to a

substrate, whereas bubble shells are free-standing films of
nanoparticle packings.55

We hypothesize that variations observed in the load−
displacement curves for each bubble type, as seen in Figure
3, can be attributed to the nonuniformity in the thickness of the
shell for each bubble and cannot be explained solely by small
variations of the bubble diameter or the material properties of
the shell.56 In fact, recent reports have shown that
nonuniformity in the shell thickness of vesicles can drastically
change their deformation behaviors under hydrostatic pres-
sure.57,58 Also, Carlisle et al. investigated the failure
mechanisms of carbon “microballoons” (linear elastic brittle
materials) with finite element modeling, predicting a change in
failure mode depending on the nonuniformity of the shell.53

SEM observation of broken bubbles shows that the bubble shell
thickness does vary for each bubble (see, for example, Figure 6,
right column), most likely due to the buoyancy of the gaseous
core during solvent evaporation from the middle phase (oil) of
the G/O/W compound bubbles. The effect of shell thickness
variation is approximated by offsetting the two centers of two
spherical surfaces that define the shells, incorporating a thin
section at the top or at the bottom of the bubble. The thinnest
and thickest sections of the bubble shell reflect the standard
deviation of the shell thickness summarized in Table 2.
Load−displacement curves for the nonuniform shells are also

extracted from the FEA simulations and compared with the
experimental results. Figures 4a−c show the simulated load−
displacement curves for bubbles with uniform and nonuniform
shells for each bubble type. It is interesting to note that, for all
bubble types, the stiffness for the nonuniform geometries is
predicted to be less than the stiffness of a uniform bubble with a
wall thickness equal to the average thickness of the nonuniform
ones. Bubbles that are thinnest under the indenter display the
least stiff response. That is, at a given depth of indentation, the
load required for nonuniform shells is always smaller than that
of uniform shells with comparable wall thickness. Shell

Figure 4. Load−displacement curves simulated using FEA for (a) as-assembled, (b) calcined, and (c) sintered bubbles, respectively, with
comparisons to the experimental results (shaded regions). (d) Contour plots from FEA showing first principal stress of a sintered bubble under a
spherical indenter at an indentation depth, in each case, corresponding to the average of the first fracture observed in the experimental
nanoindentation ex situ tests. Panels i, ii, and iii represent different shell geometries (uniform, thin at bottom, and thin at top, respectively),
indicating the differences in the first principal stress distribution along the shell at the maximum indentation depth predicted from the FEA.
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thickness nonuniformity also results in greater stress concen-
trations (see Figure 4d and the discussion below), which likely
causes fracture to occur in the nonuniform bubbles at smaller
indentation depths compared to failure of the uniform bubbles.
The distributions of stresses and strains observed in the FE

simulations can provide insight into failure mechanisms. For
example, for the sintered bubble, principal stress distributions
are plotted in Figure 4d at indentation depths that for each case
correspond to the average of the first observable fractures. In
each case, the maximum principal stress occurs at the inner
surface of the shell beneath the initial point of contact with the

spherical indenter, regardless of the shell geometry (uniform vs
nonuniform thickness). At that location, the maximum
principal stress corresponds to a circumferential stress
component with respect to the axis of symmetry. That stress
would cause a (brittle) crack to initiate along a meridian. The
magnitude of the principal stress as well as the stress
distribution at the average displacement that causes fracture
for each bubble, however, varies noticeably depending on the
shell geometry. The magnitude of the maximum principal
tensile stresses varies from σI = 8.5 to 5.7 and 10.2 GPa, for the
shell with uniform thickness, the shell that is thin at the bottom,

Figure 5. Superimposed SEM images of (a) as-assembled and (b) calcined bubbles before and after load−unload test. (c) Load−displacement curves
of the two bubbles after load−unload cycles. Displacement for each bubble is kept low to ensure that no fracture is observed.

Figure 6. Fracture mechanism of a characteristic as-assembled bubble (left) and calcined bubble (right) from quantitative in situ compression testing
with a flat punch; (a−h) different frames along the experiment. Scale bars 20 μm. Inset graphs indicate the load−displacement at the specific time.
Red arrows point at originated cracks.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am502290h | ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXXF



and the shell that is thin at the top, respectively (Figure 4d).
These differences in the magnitude of the maximum principal
stresses suggest that fracture would occur at different loads for
different geometries. For the different bubble types, as-
assembled, calcined, and sintered, the magnitude of the
maximum principal stress at the average failure deflection for
uniform shells are σI = 135, 528 MPa (for E = 13.7 GPa; 769
MPa for E = 20 GPa), and 8.5 GPa, respectively, which is an
indicative of the critical fracture strength of the shell materials.
Quantitative in Situ Mechanical Characterization of

as-Assembled and Calcined Bubbles. Quantitative in situ
mechanical characterization methods provide invaluable in-
formation that cannot be readily obtained via ex situ techniques
(e.g., nanoindentation) by allowing for simultaneous real-time
monitoring of deformation and failure processes and the
acquisition of load−displacement information during deforma-
tion.59,60 Here we directly observe the mechanical response and
failure of individual as-assembled and calcined bubbles under
displacement-controlled compression. A flat indenter installed
inside a scanning electron microscope (SEM) chamber is used
to apply uniaxial compression at a constant nominal strain rate
δ ̇/d = 0.001 s−1 on individual bubbles on a planar substrate (Si
wafer). The differences between the ex situ and the in situ
methods used in this study are summarized in the Supporting
Information.
We directly observe the plasticity of an as-assembled bubble

by applying and removing a compressive load prior to fracture.
As can be seen from the overlaid SEM images of the as-

assembled bubble after multiple load−unload tests (Figure 5a),
the bubble undergoes a permanent deformation. In contrast, a
calcined bubble returns to its original shape without any
observable permanent deformation (Figure 5b), indicating a
purely elastic response. The quantitative load−displacement
curves for the two bubbles also show that the as-assembled
bubble permanently deforms, whereas the calcined bubble
completely recovers its original shape after one load−unload
cycle (Figure 5c). Also noteworthy is the fact that the as-
assembled bubbles display hysteresis in the load−displacement
curves and permanent deformation upon unloading, as seen in
Figure 5c.
We also compare the failure mechanisms of as-assembled and

calcined bubbles by subjecting them to large compressive loads.
Figure 6 presents a collection of movie frames showing the
compression of an as-assembled bubble (left) and a calcined
bubble (right) between two planar surfaces (full movies are
available in the Supporting Information). Images on the left
column of Figure 6 show that an as-assembled bubble
undergoes a significant deformation before the indenter
moves downward suddenly; this sudden downward movement
coincides with a precipitous drop in the load−displacement
curve (from b to c in the left column of Figure 6), indicating
fracture of the as-assembled bubble. The crack, although not
clearly visible because it runs parallel to the viewing plane,
vertically splits the as-assembled bubble into two halves
(indicated by the red arrow in Figure 6d of the left column).
Following this first crack, the fractured bubble remains in

Figure 7. Load−displacement curves of in situ compression of (a) four as-assembled bubbles and (b) four calcined bubbles, including both the first
failure event as well as the secondary cracking events that occur on loaded remnants of the fracture shells. FEA results for the first failure event are
included in the graphs for three different shell geometries (uniform shell, thin at top, and thin at bottom). FEA results for secondary cracks for
uniform shells are also plotted, including the responses when one or two halves of the shell remain under load between the indenter and the
substrate. (c) Simulation results for the failure prediction of a sintered bubble lacking experimental values. As-assembled bubbles (a) are simulated
with elastic−perfectly plastic von Mises (VM) and Drucker−Prager (DP) models. Calcined (b) and sintered (c) bubbles are simulated with an elastic
model.
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contact between the two plates. We believe that this first crack
initiates at the pole adjacent to the flat indenter. After the first
fracture of as-assembled bubbles, the two split halves continue
to deform significantly under further compression (additional 5
μm) before a second fracture initiates. Interestingly, the second
crack consistently propagates horizontally (parallel to the two
plates), denoted by the red arrow in Figure 6e left, in all of the
six as-assembled samples we test. Additional vertical cracks
appear as the fractured bubble shell is further compressed,
indicated by the red arrow in Figure 6f left.
The failure of stiffer calcined bubbles is quite different from

that of as-assembled bubbles. After a calcined bubble comes in
contact with the flat indenter, it undergoes smaller deformation
than the as-assembled bubble before the first failure (from b to
c in the right column of Figure 6) is observed, which also
corresponds to a vertical crack. With continued loading, a
second crack initiates and propagates in a vertical direction
(perpendicular to the substrate) as indicated by the red arrow
in Figure 6d right, which is strikingly different from the
secondary horizontal cracks observed in the as-assembled
bubbles. Both the first and second cracks in the calcined bubble
initiate at a smaller deformation than the corresponding cracks
in the as-assembled bubbles. Furthermore, subsequent cracks in
the calcined bubble are all formed in the same way (red arrow
in Figure 6e right) running vertically through the shell. The
fractured pieces of the shell are expelled out of the field-of-view
due to the large elastic energy accumulated in the broken shell,
which is not the case for the plastically deforming as-assembled
bubbles.
The first failure event for both the as-assembled and the

calcined bubbles occurs through the propagation of a vertical
crack between the points of contact of the bubble shell with the
plates. As noted, this result is consistent with the FEA results
shown in Figure 4d, in which the maximum first principal stress
is always observed beneath the indenter, and also with previous
reports that studied the failure mechanism of elastic micro-
ballons.53,61 However, the secondary cracking that develops
after the first (vertical) fractures is strikingly different for the
two types of bubbles. Understanding the modes of subsequent
failure (i.e., vertical vs horizontal secondary cracks) after the
first cracks in these bubbles could be of importance in
applications involving composites, because once bubbles fail
with horizontal cracks, their ability to bear compressive loads
will be significantly compromised.62 The load that the as-
assembled bubble can bear after the formation of the second
crack indeed decays to ∼0, as seen in Figure 6f, left. In contrast,
the fractured pieces of the calcined bubbles are able to
withstand substantial load after the formation of multiple
vertical cracks (Figure 6e−g, right). Nevertheless, the fracture
mechanisms of free-standing bubbles under compression may
be different from the mechanisms of bubble failure in a
composite material.
The quantitative load−displacement responses of the two

types of bubbles obtained using in situ compression tests are
consistent with the results from ex situ nanoindentation using
the spherical indenter. As-assembled bubbles respond non-
linearly (Figure 7a), whereas the response of calcined bubbles is
nearly linear (Figure 7b). The breaks in the curves with
significant load drops correspond to successive cracking events.
The average failure loads, at the onset of the first cracking event
of as-assembled and calcined bubbles, are Pf = 3.9 ± 0.7 and 9.9
± 1.4 mN, respectively. The average failure deflections are δf =
2.7 ± 0.4 and 2.0 ± 0.2 μm, amounting to an 6.7% and 5.3%

relative deflection (δf/d), respectively, indicating a larger
deformability by the as-assembled bubbles compared to the
calcined bubbles, as one would expect. The average energies to
failure of as-assembled and calcined bubbles are Uf = 5.5 ± 0.9
and 9.6 ± 1.5 mN·μm, respectively. The difference in the shape
of the indenters in the two tests, spheroconical for nano-
indentation and flat for in situ tests, may have resulted in the
different values of energies to failure obtained from in situ and
ex situ measurements. The results from in situ testing will be
summarized and compared with ex situ results later.

Finite Element Analyses of in Situ Experiments. Using
FEA, we predict the overall load−displacement curves of both
the as-assembled and calcined bubbles, as shown in Figure 7a,b.
The load−displacement behavior is predicted for the full
bubble under flat plate indentation (axisymmetric) showing
consistency with the experimental results. As in the previous
FEA, the as-assembled bubbles are modeled as an elastic−
perfectly plastic von Mises material. The calcined bubbles are
modeled as ideally elastic, once again using two different
Young’s moduli of E = 13.7 and 20 GPa (Figure 7b). Both
simulation results agree well within the range of experimental
tests. Although we cannot perform in situ testing on sintered
bubbles because they are too stiff and strong for our in situ
indentation system, we are able to predict their response using
FEA with a Young’s modulus of E = 76 GPa, as shown in Figure
7c, demonstrating the utility of our computational approach to
understand the mechanical response of these small hollow
structures.
To better understand the nature of secondary cracking and

the load−displacement response of fractured bubbles under
compression, we carry out a series of FE calculations of the half-
shell that arise after the first fracture. The load−displacement
predictions for the secondary cracking depend on whether the
two half-shells remain in full contact with the indenter or only
one of the two half-shells are under load after the first fracture
event (i.e., when the fractured pieces of the shell are expelled
out of the field-of-view due to the large elastic energy
accumulated in the broken shell or when a piece loses contact
between the flats during the further compression). In the case
of the calcined half-shell, the computed first principal stress
distribution is a maximum under the indenter (see Figure S6 of
the Supporting Information), and that corresponds to a
circumferential normal stress component that is consistent
with the vertical secondary cracks in the in situ tests.
Consequently, we believe that the mechanism of cracking in
the calcined bubbles is reasonably well understood.
The mechanism that leads to the formation of horizontal

cracks in the half-shells of as-assembled bubbles is a more
challenging problem. The role of plasticity in redistributing the
stress in as-assembled bubbles during compression may provide
insight. We carry out a series of FE simulations on a
hemispherical as-assembled shell. The first set of calculations
is based on the von Mises elastic−perfectly plastic material
model. Although those results can reasonably predict the
overall load−displacement curves (see Figure 7a), they do not
display definitive trends with respect to distributions of stress
and strain components throughout the bubble that can explain
the horizontal cracking. At levels of indentation that are
consistent with the initiation of the horizontal crack, results
from the FE calculations for the von Mises material model are
studied in detail. For example, we compute and plot the
components of strain in spherical coordinates (not presented
for brevity) to investigate if a concentration in the component
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Figure 8. Finite element simulation of an as-assembled half-bubble modeled as a von Mises material (a) and a Drucker−Prager material (b). In each
case, the appropriate effective plastic strain is plotted over the inner and outer surfaces. Note the elevation of plastic strain near the midmeridian
plane for the Drucker−Prager material.

Figure 9. (a) In blue, diameter, d, and in red, shell thickness, t, of as-assembled, calcined and sintered bubbles. (b) Average failure load of bubbles at
fracture, Pf, as measured by the maximum load registered before the first crack. (c) Average stiffness of bubbles, ΔP/Δδ, computed from the slope of
the load−displacement curves in the elastic regions. For as-assembled bubbles the elastic region is considered at small deflections of δ < 500 nm. (d)
Average maximum deflection of bubbles, δf/d, measured just before fracture, normalized by the initial diameter of the bubble. (e) Average energy to
failure, Uf, computed from the area under the load−displacement curves before the first fracture. Red and blue bars in parts b−e correspond to in situ
compression results and nanoindentation results, respectively.
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of strain acting perpendicular to the incipient horizontal
fracture surface exists. We also monitor stress components
including the von Mises effective stress (Figure S7a of the
Supporting Information) and the hydrostatic pressure (Figure
S8a of the Supporting Information) as well as the effective
plastic strain (Figure 8a). None of those measures can explain
the initiation of a horizontal crack in the as-assembled bubble
on a surface that is roughly one-half a bubble radius below the
indenter.
A few points about plasticity models are warranted at this

point. The von Mises yield criterion and its associated flow rule
are independent of hydrostatic pressure, which is a good
approximation for a fully dense, typically crystalline material.
On the other hand, the as-assembled nanoparticle-shelled
bubbles likely display significant pressure sensitivity in yielding
and plastic flow due to sliding between the nanoparticles.
Another classical model, originally developed for granular
materials and soils, is the Drucker−Prager yield criterion,63

which adds a pressure-dependent term to the von Mises
effective stress. Furthermore, the associated plastic flow rule for
the von Mises model is incompressible, whereas the Drucker−
Prager model includes plastic dilation. Finite element
simulations using the latter model are considered below (see
the Appendix for a detailed description of the Drucker−Prager
model).
The overall load−displacement curves calculated using the

Drucker−Prager model are similar to those predicted using the
von Mises model (see Figure 7a, DP vs VM curves), and both
are in good agreement with experiments. Nevertheless, the

predicted distributions of stresses and strains display consid-
erable differences, as one might expect due to the difference in
incompressible and dilatant plastic flow. We investigate and
compare various components of stresses and strains and find
some significant differences. Comparisons of the effective
plastic strains for each model are plotted in Figure 8 for as-
assembled half-bubbles compressed up to a deflection of 9 μm,
which approximately corresponds to the initiation of the
horizontal crack, averaged for the four specimens from the in
situ tests. Given that the deformations on the outer surface of
the shell are predominately tensile, while they are predom-
inately compressive on the inner surface, we expect the
secondary cracking to initiate on the outer surface. As seen in
Figure 8a for the von Mises material, the magnitude of the
effective plastic strain on the outer surface is less than 0.016,
except right under the indenter, while the effective strain for the
Drucker−Prager material (Figure 8b) reaches a significantly
higher level, up to 0.037, in a region near the midmeridian
plane of the half-shell at a latitude near where horizontal cracks
are observed to form. Those differences, which occur at
approximately the same overall load levels (see Figure 7a), are
significant and indirectly lead to the conclusion that pressure-
sensitive yielding is characteristic of the as-assembled bubbles,
as one would expect. Nevertheless, further detailed studies
beyond the scope of these analyses are required, keeping in
mind that the Drucker−Prager model is a simple extension of
the von Mises model to include pressure sensitivity and plastic
dilation. Other mechanistically based, dilational plasticity
models have been developed, but their consideration is beyond

Figure 10. (a) Layer-by-layer (LbL) method used for the generation of polymer−bubble composites. (b) LbL structure composed of 10 bilayers for
a total thickness of approximately 1 mm. (c) LbL structure made of as-assembled bubbles and polystyrene. (d) LbL structure made of sintered
bubbles and polystyrene. Scale bars = 200 μm.
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the scope of this work. We also note that as-assembled bubbles
likely display rate-dependent mechanical behavior due to the
presence of organic materials, which could affect the
deformation and failure mechanisms under different loading
conditions (i.e., strain rate, stress relaxation).54

Summary of Mechanical Characterization. The results
of mechanical characterization from the ex situ and in situ
indentation tests are summarized for comparison in Figure 9.
As seen in Figure 9a, the bubble outer diameter and the shell
thickness decrease upon thermal treatment due to the removal
of the organics (i.e., PVA and the organic layer on nanoparticle
surface) and the decrease in the shell porosity. The failure load
significantly increases with the thermal treatment temperature
(Figure 9b); that of the calcined bubbles is twice as large as that
of the as-assembled ones, and the sintering process strengthens
the bubbles by another order of magnitude. A similar trend is
observed for the stiffness of the shelled bubbles (Figure 9c).
The measure of the stiffness can be extracted from the slope of
the elastic regime in each load−displacement curve. While the
calcined and sintered bubbles show linear responses, making it
straightforward to obtain the slopes, the as-assembled bubbles
show nonlinear behavior; therefore, we use linear regression
between 0 and 500 nm deflection (R2 ∼ 0.997 for ex situ
nanoindentation, and R2 ∼ 0.957 for in situ tests) to estimate
their stiffness. Sintered bubbles present the largest stiffness, an
order of magnitude larger than the as-assembled bubbles,
followed by the calcined bubbles, as shown in Figure 9c.
The energy to failure, i.e., toughness, and the fracture strain,

which correlate with the failure deflection (compression) of the
bubbles in our experiments, are important properties of the
shelled bubbles. Those properties, together with strength and
the stiffness, will control the mechanical response and damage
tolerance of the composites.30,62,64 The average maximum
deflection at failure normalized by the initial outer diameter of
the bubble is analogous to strain-to-failure and allows us to
compare the deformability of the three different bubbles
(Figure 9d). As-assembled bubbles undergo a relatively large
deflection at failure compared to calcined bubbles. Indeed, the
presence of organics in the shell allows the as-assembled bubble
to undergo relatively large inelastic (plastic) strains, which
increases the bubble ductility. Interestingly, deflection at failure
increases when bubbles are treated at 1200 °C, likely due to the
large strengthening effect of the fusion of silica nanoparticles
and also the elimination of the small defects that porosity
introduces in the calcined bubbles. Because of these factors, the
energy to failure of the sintered bubbles is significantly greater
than those of the as-assembled and calcined bubbles, as seen in
Figure 9e. Both the high deformability and high strength of the
sintered bubbles impart an exceptional ability to absorb energy
before undergoing fracture. A major difference in the behavior
of the sintered bubbles and that of the as-assembled bubbles, of
course, lies in the fact that the sintered bubbles are purely
elastic; thus, bubbles are able to fully recover their original
shape, whereas as-assembled bubbles undergo plastic and thus
irreversible deformation.
Mechanical Response of Bubbles in Polymer−Bubble

Composites. The results from the mechanical testing of
individual bubbles presented above clearly show that thermal
treatments have significant impact on the mechanical properties
of nanoparticle-shelled bubbles. We expect these bubbles to
behave very differently when they are incorporated into a
polymer matrix. To illustrate the difference in the mechanical
responses of the bubbles, we generate bubble−polymer

composites using layer-by-layer (LbL) deposition. As shown
in Figure 10a, bubbles are deposited on a silicon wafer using a
process analogous to the Langmuir−Schaefer technique for
nanoparticle printing.65 Subsequently, a solution of polystyrene
is spin-coated on top of the dried layer of bubbles. Another
layer of bubbles is deposited atop the polymer layer. This
process is repeated to construct the LbL structure, as shown in
Figure 10b. A qualitative comparison of the response of the
bubbles under a large mechanical stress can be made by
cleaving the LbL structure atop the Si wafer. While a crack
propagates through the bubbles in the composite with as-
assembled bubbles (Figure 10c), the crack propagates around
the bubbles in the sample with sintered bubbles (Figure 10d).
This indicates that the weakest link in as-assembled bubble−
polystyrene composite is the bubbles themselves, whereas the
weakest link in the sintered bubble−polystyrene composite is
the bubble−matrix interface. The deformation mechanism of
the bubble reinforced polymer composites are currently under
investigation.

■ CONCLUSIONS
Here, we report the generation of nanoparticle-shelled bubbles
and their structure−mechanical property relationship. Nano-
particle-shelled bubbles are generated using microfluidics, and
their structure and mechanical properties are tailored by
calcination and sintering processes. Both ex situ and in situ
mechanical testing show that the mechanical properties and
deformation/failure modes of these bubbles depend consid-
erably on the thermal treatment conditions. In fact, the strength
of the bubbles is increased by more than an order of magnitude
upon sintering. As-assembled bubbles exhibit an inelastic
response with significant plasticity afforded by the organic
materials in the bubble shell. Interestingly, while the
deformability of calcined bubbles is diminished due to the
loss of organics, the deformability of sintered bubbles is close to
that of as-assembled bubbles, owing to the largely enhanced
elastic range. We also find that the shell geometry has a
significant impact on the response of these bubbles under load,
as shown by finite element analysis. In addition, we use FEA to
study the secondary cracking events on as-assembled and
calcined bubbles, which experimentally are observed to be
horizontal and vertical, respectively. The tendency for
horizontal cracking of as-assembled half-bubbles is consistent
with the predictions of the elastic−perfectly plastic Drucker−
Prager material model that accounts for pressure-sensitive
yielding and plastic dilation, whereas the use of a perfect elastic
Von Mises material model, which is appropriate for the calcined
half-bubbles, predicts the observed vertical cracking in that case.
In addition, we show that it is possible to generate composites
using bubbles with different structure and mechanical proper-
ties. The failure mode of the as-assembled and sintered bubbles
in a polymer−bubble composite is shown to directly depend on
the mechanical properties of individual bubbles. The possibility
of changing the mechanical properties of nanoparticle-shelled
bubbles makes these hollow particles attractive candidates as
fillers for the generation of lightweight materials that need to
satisfy different mechanical requirements. In addition to
tailoring the mechanical properties of bubbles and the
composites containing these bubbles, the incorporation of
various functional nanoparticles such as magnetic, semi-
conducting, and plasmonic nanoparticles into the bubble shell
will enable the formation of lightweight materials with specific
functionality.66−70
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■ METHODS
Generation of Nanoparticle-Shelled Bubbles. Nanoparticle-

shelled bubbles are generated using a glass microfluidic device that
combines coflow and flow-focusing geometry, as previously reported.31

The three immiscible fluid phases used are nitrogen (AirGas, Inc.) as
the inner phase, hydrophobic silica nanoparticles (15 nm average
diameter) suspended in toluene (Nissan Chemical Industries, Ltd.) at
an approximate concentration of 28 wt % as the middle phase, and an
aqueous solution containing poly(vinyl alcohol) (PVA, 87−89%
hydrolyzed, average MW =13 000−23 000, Sigma-Aldrich Co. LLC)
at a concentration of 2 wt % as the outer phase. The geometry of the
gas-in-oil-in-water (G/O/W) compound bubbles is controlled by
tuning the flow rates during the microfluidic generation. The shell
thickness and diameter of the bubble are tuned to be above a critical
value to ensure that the bubbles remain stable upon drying.32 The G/
O/W compound bubbles are collected in a convex air−water interface,
forming a monolayer of bubbles to facilitate the fast evaporation of the
toluene in the middle phase. When the nanoparticle-shelled bubbles
are formed, they are washed to remove the excess of PVA by
exchanging the water in the collecting container three times. A
monolayer of as-assembled bubbles is formed by drying a drop of
bubble suspension on a piece of silicon wafer.
Thermal Treatment: Calcination and Sintering Processes.

Thermal treatment is performed on the monolayer of dried bubbles on
a silicon wafer. The bubbles are calcined at 700 °C using a Thermo
Scientific Thermolyne furnace benchtop muffle type F47900 for
approximately 3 h. The sample is then cooled down to room
temperature by removing the sample from the furnace. For the
generation of sintered bubbles, a monolayer of as-assembled bubbles
on a silicon wafer is sintered at 1200 °C for a short period of time. The
furnace is allowed to reach 1200 °C and then is turned off to cool
down; when temperature in the furnace cools down to 700−800 °C,
the sample is taken out of the furnace.
Characterization of Bubbles and Bubble Shells. As-assembled,

calcined, and sintered bubbles are resuspended in water to verify their
integrity and geometry. Calcined bubbles easily detach from the silicon
wafer by placing a drop of water. Calcined bubbles allow water to
permeate through the shells into their cores due to their porosity and
change in their wettability (see Supporting Information, Figure S2).
Sintered bubbles occasionally remain attached to the substrate after
the sintering process. The detachment of the bubbles from the
substrate is achieved by introducing the silicon wafer with the attached
bubbles in a glass vial containing DI water and performing a brief
ultrasonication (<1 s) using a bath ultrasonicator (9.5 L Fisher-
Scientific FS-110D). Approximately, 90% of the bubbles detach from
the Si wafer without significant damage.
Characterization of the as-assembled, calcined, and sintered bubbles

is performed by optical microscopy using a Zeiss Axioplan 2 upright
microscope equipped with a Q-imaging Retiga 2000R Fast 1394 CCD
digital camera. Images of the monolayer of dried bubbles atop a silicon
wafer before and after the heat treatment are taken in reflection mode
while resuspended bubbles are imaged in transmission mode. ImageJ
software is used for the image analysis to determine average bubble
diameter, size distribution, stability, and permeability. Scanning
electron microscopy (SEM) images are taken using a FEI Quanta
600 FEG ESEM at 5−10 kV. Average shell thickness values are
determined by averaging measurements obtained from the analysis of
SEM images taken on fractured bubbles.
Nanoindentation. Nanoindentation on as-assembled, calcined,

and sintered bubbles is performed using a Nano Indenter G200 from
Agilent Technologies Inc. A 10 μm radius 60° spheroconical rigid
indenter is used to obtain load−displacement curves using a constant
ratio of loading rate to load (Ṗ/P = constant) of 0.04 s−1. Thermal drift
correction is performed. For nanoindentation tests, the bubbles are
deposited onto Si wafers. The Si wafer plates are much stiffer than the
bubbles and undergo negligible deformation.
In Situ Compression. Quantitative in situ mechanical testing of

bubble specimens is performed using a novel custom-built micro- and
nanomechanical testing system installed in a high-resolution field-

emission SEM (FEI Quanta 600F).60 The testing platform consists of
three primary components: (i) a stiff piezoelectric actuator operated in
closed-loop control mode (1 nm resolution), enabling displacement-
controlled testing; (ii) a six degree-of-freedom closed-loop nano-
positioning system (SmarAct SmarPod, with 1 nm and 1 μrad
resolution); and (iii) a capacitive-based force-sensing probe
(Femtotools FT-S10000 microforce sensing probe, with 0.5 μN
resolution at 10 Hz acquisition rate). A square Si flat punch (50 × 50
μm) at the tip of the load cell is used for compression testing.

Special considerations are made during testing to eliminate the
effects of misalignment between the flat punch (and thus the load cell
axis) and the testing specimen. Alignment is achieved by using the
nanopositioning stage. In-plane alignment is relatively straightforward
and achieved by rotation and translation of the tip relative to the
specimen with feedback based on SEM observation. We achieve the
optimal out-of-plane alignment by maximizing the contact stiffness as a
function of rotation angle during low load indentation experiments on
the substrate adjacent to bubble specimens. Compression tests are
operated in displacement control to achieve displacement rates of
approximately 40 and 37 nm/s, for as-assembled and calcined bubbles,
respectively, and SEM images are simultaneously acquired. For in situ
compression tests, the bubbles are deposited onto Si wafers. The Si
wafer plates are much stiffer than the bubbles and undergo negligible
deformation.

Finite Element Analysis. ANSYS 13.0 commercially available
software is used for the simulation of the mechanical characterization
of the single bubbles. Due to the spherical geometry of the shelled
bubbles and the contact symmetry, axisymmetry is assumed and the
simulations are performed in the two-dimensional space using
axisymmetric quadratic elements (PLANE183, higher order 2-D,
eight- or six-node element). The mesh for a cross section of an
axisymmetric bubble (see Figure 4d) comprises more than 5000
elements and 15 000 nodes, with at least 16 elements radially spanning
from the inner shell surface to the outer surface. The substrate is
designed as a 175 × 175 μm2 elastic silicon block (Young’s modulus, E
= 162 GPa and Poisson’s ratio, ν = 0.22) which is large enough to have
a negligible boundary effect on the modeling. For the simulations of
the ex situ nanoidentation, a 10-μm-radius spherical rigid tip is used
for the simulation of the indenter. For the simulations of the in situ
compression, a flat rigid tip is used for the simulation of the indenter.
The contacts between the bubble and the indenter and the bubble and
the substrate are assumed frictionless, and the element types used are
TARGE169 and CONTA172. For boundary conditions, all lines in the
axis y = 0 are fixed in the x direction, and the boundary at the bottom
of the substrate is fixed in both the x and the y directions. The
application of the load is displacement-controlled and was
accomplished by assigning the corresponding deflection conditions
to a pilot node virtually attached to the indenter geometry. Large
deflections of the shell are accounted for in the analysis.

Three-dimensional analyses of hemispherical bubble shells are
performed using ANSYS to understand the failure mechanism of the
half-shells formed after the first crack occurred under compression.
Three-dimensional analysis is needed due to the nonsymmetry of a
hemispherical shell under compression in the equatorial plane, for
which axisymmetry is not suitable. To reduce the simulation time, two
planes of symmetry are applied to the three-dimensional geometry. A
first plane of symmetry can be drawn by dividing the half-shell in two
equal parts throughout the load axis, predicting a symmetrical
deformation through that plane. A second plane of symmetry can be
drawn by dividing the hemispherical shell in half through the
perpendicular plane to the load axis, assuming the indenter is equal to
the substrate, being rigid and with frictionless contact with the half-
shell. Therefore, the three-dimensional analysis is performed in an
eighth of a bubble shell where the inner area, the outer area, and one
edge are free surfaces. The simulations of the hemispherical shell
under compression assume an ideal initial state in which there are no
deformations and the initial state of stress is null.

The element used for the 3D simulations is SOLID187, a 10-node
element that has a quadratic displacement behavior, well-suited to
modeling irregular meshes and with capability for large deflections and
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strains. The mesh has more than 30 000 nodes and 19 000 elements,
with at least four elements radially spanning from the inner shell
surface to the outer surface. The indenter is assumed to be rigid and
the contact with the half-bubble shell is assumed to be frictionless. The
element types used for the contact between indenter and substrate are
TARGE170 and CONTA174. For boundary conditions, in addition to
the symmetries applied, the top node of the shell is restricted in lateral
directions (x and y) to avoid sliding of the shell during the simulation.
The application of the load is displacement-controlled and was
accomplished by assigning the corresponding failure displacement
conditions to a pilot node virtually attached to the indenter geometry.
The analysis used is nonlinear and allows for large deformations.
Spherical coordinates are used for the extraction of the stress and
strain components for a better understanding on the distribution of
stresses and strains and possible failure causes.
The hemispherical calcined bubble shell is modeled as a perfect

elastic material with two different Young’s moduli of 13.7 and 20 GPa
and Poisson ratio of 0.18. The hemispherical as-assembled bubble shell
is modeled as a von Mises elastic−perfectly plastic material with
Young’s modulus of 6.9 GPa, yield stress of 0.12 GPa, and Poisson
ratio of 0.18. The geometric parameters, diameter, and thickness are
defined to represent the average values experimentally measured and
defined in Table 1 for uniform shells.
A Drucker−Prager material model is further used for the simulation

of an as-assembled hemispherical shell. In this case, the element type
used is SOLID65, a bricklike element defined by eight nodes having
three degrees-of-freedom at each node: translations in the nodal x, y,
and z directions. A total of approximately 26 000 elements are used for
this simulation. An associated flow rule in conjunction with the
Drucker−Prager yield function is adopted, which means that the yield
and flow functions are identical.
Nanoparticle Film Generation and Characterization. For the

generation of nanoparticle films, hydrophobic SiO2 nanoparticles
(Nissan Chemical Industries, Ltd.) in toluene, at an approximate
concentration of 14 wt %, are deposited on a Si wafer (approximated
size of 1.5 × 1.5 cm2) by spin-coating using a WS-400BZ-6NPP/Lite
spin-coater from Laurell Technologies Corp, at a rotation speed of
2000 rpm for 2 min. Prior to spin-coating, silicon wafers are treated
with octadecyltrichlorosilane (OTS), which renders the substrates
hydrophobic. To generate crack-free films that are thick enough for
reliable nanoindentation, multideposition of nanoparticles is per-
formed following a method previously reported.73 An intermediate
step of dipping the film in DI water for a few minutes is necessary to
allow for a better buildup of films during the multicoating steps. Three
depositions are used to build a crack-free film of 450 nm in thickness.
To facilitate a homogeneous buildup of crack-free films for calcined
and sintered cases, the multideposition by spin-coating (3000 rpm for
2 min) on OTS-treated quartz slides (approximated size of 1.5 × 1.5
cm2) is alternated with 2 h calcination steps at 700 °C, which results in
uniform films (thickness growth shown in Figure S4 of the Supporting
Information). Five depositions are performed to obtain calcined films
of 710 nm, and these films are sintered at 1200 °C to obtain sintered
films of 500 nm. The verification of obtaining crack-free films is done
by optical microscopy and SEM imaging. Film thickness and porosity
of the films are determined using a J.A. Woolam α-spectroscopic
ellipsometer (SE) with a fixed incidence angle of 70°.74 The
mechanical properties including Young’s modulus and hardness of
the as-assembled, calcined, and sintered films are obtained using
nanoindentation performed using a Nano Indenter G200 from Agilent
Technologies Inc. with continuous stiffness measurement using a
Berkovich indenter tip following similar methods previously
reported.75,76 The indenter tip area function is calibrated using fused
silica, and a constant Young’s modulus is achieved in the depth range
of 40−100 nm. The indenter is stabilized to achieve a thermal drift rate
less than 0.05 nm/s before performing any indentation. The
indentation depths of the as-assembled, calcined, and sintered films
are 200, 300, and 200 nm, respectively, with a constant loading strain
rate of 0.04 s−1. The characterization of the plasticity of as-assembled
film and the determination of its yield strength are performed by
measuring the hardness of the film using Berkovich and cube corner

indenter tips following a previously reported method.77,78 The
properties of the nanoparticle films are detailed in Table S1 of the
Supporting Information.

Polymer−Bubble Composite Generation. Layer-by-layer (LbL)
poymer−bubble composite is generated by first spin-coating a
poly(vinyl alcohol) sacrificial layer on a glass slide (approximated
size of 2 × 2 cm2) using a 2 wt % PVA (87−89% hydrolyzed, average
MW = 13 000−23 000, Sigma-Aldrich Co. LLC) in water solution at
2000 rpm. Subsequently, a polystyrene (PS, approx MW = 190 000,
Scientific Polymer Products, Inc.) layer is spin-coated with a 20 wt %
PS solution in toluene at 2000 rpm. Additional spin-coating steps with
PS solution are performed to increase the thickness of the final PS
layer up to the desired thickness. The film is dried at room conditions
and is used to collect the bubbles using a Langmuir−Schaeffer
technique.65 A monolayer of bubbles is then dried on top of the PS
film. Subsequently, a new layer of PS is spin-coated on top of the
bubbles covering the bubble monolayer. This process is repeated to
reach the final desired composite thickness. The sacrificial PVA layer
can be dissolved in water by immersing the film in water overnight,
obtaining a free-standing LbL film of bubbles and polystyrene.
Characterization of the fractured films is made by SEM.

■ APPENDIX
The Drucker−Prager yield criterion can be expressed as71

σ βσ σ+ =3VM m Y

where σVM is the pressure-independent von Mises effective
stress [σVM

2 = (3/2)sijsij, where sij = σij − (1/3)σkkδij is the
deviatoric stress] and σVM = (1/3)σkk is the mean stress. The
material parameters entering the Drucker−Prager criterion are
the pressure sensitivity (β) and σY. Note that the yield stress in
uniaxial tension is σT = σY/(1 + β), and the yield stress in
uniaxial compression is σC = σY/(1 − β). For granular
(frictional) materials, typically σC > σT, which implies β > 0.
From the overall load−displacement curves for the half-shells of
as-assembled bubbles, i.e. after the first cracking event, the
parameters chosen for the Drucker−Prager material are β =
0.29 and σY = 83.6 MPa. Those parameters correspond to a
compressive yield stress of σC = 118 MPa, which agrees with
the yield stress used for the von Mises model, and to a ratio of
the compressive and tensile yield stress σC/σT = 1.82 (also, the
friction angle which is commonly used to characterize pressure
sensitivity is 22°). An associated flow rule is adopted,72 which
leads to plastic dilatancy.
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