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Abstract

Aerosol deposition (AD) with gas phase-synthesized chain-like nanoaggregates can yield
dense coatings from the impaction of particles on a substrate; however, dense coating formation is
not well understood. Here, we study coating consolidation at the single nanoaggregate level.
Flame spray pyrolysis-made tin oxide nanoaggregates are mobility (size) filtered, accelerated
through a de Laval nozzle, and impacted on alumina substrates. TEM images obtained from low
velocity collection and supersonic deposition are compared via quantitative image analysis, which
reveals that upon supersonic impact nanoaggregates fragment into smaller aggregates. This
suggests that fragmentation is a key step in producing coatings denser than the depositing
nanoaggregates themselves. We supplement experiments with detailed particle trajectory
calculations, which show that the impact energies per atom during nanoaggregate deposition are
below 0.2 eV/molecule. These results suggest that fragmentation can only occur at locations where
nanoaggregates bonded by van der Waals and capillary interactions.
Topical Heading: Inorganic Materials: Synthesis and Processing
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Introduction

Aerosol deposition (AD)'2 is a low temperature, particle-based, additive manufacturing
process which can yield coatings with thicknesses in the 1-100 um range. It is employed in the
production of ceramic coatings*® with specific dielectic’®, ferroelectric®, and thermoelectric®®
properties, in solar cell production,*? and in the production of tailored surface properties for heat
transfer applications.’®* Because of the diversity of materials it can be applied to as well as its

simple implementation, AD will likely find continued application in future manufacturing systems.
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In AD, micrometer, submicrometer, or nanosized particles are inertially deposited from the gas
phase onto a substrate at sub-atmospheric pressures. At deposition particles exceed supersonic
speeds (Mach number > 1) and approach hypersonic speeds (Mach number of 5).151
Microparticle AD (also commonly called low pressure cold spray), the most commonly studied
form of the technique, typically yields dense coatings, i.e. near bulk density layers formed via
plastic deformation of impacting particles.t’2° Conversely, recent studies?* show that AD
techniques utilizing nanoparticles and aggregated nanoparticles (i.e. nanoaggregates, which are
more prevalent as nanoparticles typically aggregate during aerosolization?® or gas phase
synthesis?®) can lead to both relatively dense coatings, exceeding?’? the random packing limit of
spherical particles, and highly porous coatings.??> The porosity has been found tunable by modest
adjustments to deposition process parameters, including the upstream-to-downstream nozzle
pressure ratio and the distance from the nozzle throat to the substrate. Such control over coating
microstructure has numerous potential applications, as it provides a means to tune the thermal,
optical, and electronic properties of coatings without changing material chemistry or process
temperature.

Although tunable, it is presently not possible to design an AD system and set process
parameters a priori to achieve a desired coating porosity and microstructure. The formation of
porous coatings via particle deposition is relatively straightforward to understand and control; both
simulations?®-! and experiments®?-** focusing on low speed deposition (velocities below 10> m s°
1 reveal that when nanoaggregate deposition occurs without any aggregate deformation or
fragmentation, the resulting coating is highly porous and often dendritic. Meanwhile, it is not clear
how AD yields coatings which are far denser than the originally synthesized nanoaggregates, and

how to set process conditions which yield such dense coatings. The velocity of impacting particles



depends on both their acceleration in the nozzle and their extent of deceleration in the bow shock
which typically forms at the substrate surface. Accurate calculations nanoparticle trajectories in
such systems have only recently been made possible, as they require knowledge of the particle
drag coefficient in a less studied Knudsen number-Mach number regime.®® There are also limited
experimental studies focused on understanding dense coating formation in nanoaggregate AD.
The design of inertial impactors for particle collection has shown that at elevated velocities (in
excess of 10> m s?), nanoaggregates may rebound upon impaction with surfaces or may
fragment.3%®  However, the process conditions and nozzle-substrate geometry for such
experiments are typically very different from those utilized in AD (they are typically lower flow
rate systems).

In an effort to better understand dense coating formation in nanoaggregate AD, in this study
we have experimentally examined changes to nanoaggregate structure resulting from the AD
process at the single aggregate level under high speed deposition conditions relevant to coating
formation. We generated nanoaggregates of SnO; using flame spray pyrolysis.>® Unique for a
study of deposition under conditions relevant to AD, we utilized differential mobility analysis to
isolate a fraction of nanoaggregates in a specific mobility window, and then passed nanoaggregates
through a de Laval style (converging-diverging) supersonic AD system, where they impacted on
a translating Al>Os substrate. To our knowledge, this is the first investigation of mobility selected
nanoaggregate impact in a flow regime relevant to AD, i.e. where nanoaggregate velocities can
exceed 300 m s but the downstream pressure is in excess of 1 Torr (leading to a bow shock), and
dense coating formation is demonstrated under the same conditions as experiments as the single
nanoaggregate level. Nanoaggregates were similarly collected at lower velocities using an

electrostatic sampler. TEM imaging with automated processing, wherein we extrapolate imaged



nanoaggregate structures to three-dimensional quasifractal models,?4%4! was then used to
quantitatively assess structural changes to nanoaggregates brought about by the AD process. We
further coupled our experimental observations with computational fluid dynamics and particle
trajectory simulations to predict aggregate impaction velocities under the pressure ratios

employed,® and to determine the average impact translational energy per atom.

Experimental & Numerical Methods
Flame Spray Pyrolysis

The continuous flow flame spray pyrolysis (FSP) reactor (Figure 1a) utilized to generate
SnO; nanoaggregates was based on the designs of Pratsinis and coworkers.*® It was fabricated by
ParteQ GMBH (Kuppenheim, Germany). As a precursor solution, Tin(ll) Ethylhexanoate (Alfa
Aesar) was mixed with 2-Ethylhexanoic acid (Alfa Aesar) at a ratio of 1:3 w/w. Details on FSP
system operation to produce SnO2 nanoaggregates are provided in the supporting information. The
FSP reactor was housed within a fume hood enclosure where the air was actively pumped through
a HEPA filter and into building exhaust. Figure 1b displays a schematic diagram of the
experimental system. A funnel sampler was placed ~ 50 cm above the FSP reactor and was pumped
with an Edwards E2M80 rotary pump at ~700 | min™. Such high flow rates served to dilute the
aerosol from its particle concentration within the flame, which reduces but does not complete
mitigate aggregation during sampling. A 0.6 — 1.0 I min sample of the aerosol flow was drawn
away for analysis and deposition experiments. Sampling was carried out more than ten tube
diameters downstream, and with the high Reynolds numbers employed in the sampling system
particle concentrations were relatively uniform radially at the point of sampling. This sampled

flow was passed through a commercial diffusion drier (TSI Inc. 3062, rated for < 1 | min* flow



rates) to remove excess water vapor, and through a tube furnace (Lindberg blue) at held at 1000°C
for residual carbon removal before analysis and deposition. Earlier experiments were performed
without the tube furnace, yielding image analysis and mobility analysis results which are not
distinguishable from those presented subsequently, hence the furnace only served as a thermal
denuder for carbonaceous material and not to sinter or restructure nanoaggregates. Following the
diffusion drier the relative humidity at 300 K was below 10% (measured previously for such
diffusion driers, though at this humidity water molecules may have remained adsorbed on
nanoaggregates), and with the tube furnace with SEM/EDX analysis of nanoaggregates coatings
we did not detect any residual carbon. However, this post-flame treatment does not guarantee that
all nanoaggregates are composed of primary particles bonded together by sintered bridges.
Instead, there was certainly a distribution of particle-particle bond types and bond energies,
including sintering bridges, weaker van der Waals interactions, and in instances with residual

water, capillary interactions.

Supersonic Aerosol Deposition

Following the tube furnace, the aerosol flow was passed through a Po-210 radioactive
source. In the source sufficient numbers of ion particle collisions led to particles attaining a size
and morphology dependent, but relatively material insensitive steady-state charge distribution,*2
at which the majority of particles were uncharged, but there were appreciable numbers of singly
charged, doubly charged, and higher charge state particles in the size range examined. After charge
conditioning, particles were passed into a differential mobility analyzer (DMA, custom-made, but
with identical dimensions to a model 3081 DMA, TSI Inc., Shoreview, MN). The DMA, whose

operating principle is discussed in detail previously,*® only transmits particles within a narrow



mobility (charge to drag ratio) window. DMAs are normally used as “monodisperse” size selection
tools (i.e. as bandpass filters). However, because of the existence of multiply charged particles,
here DMA selection served simply to filter out nanoaggregates smaller than an effective mobility
equivalent size (i.e. it was used a high pass filter that transmits multiply charged larger particles
along with singly charged smaller particles of the selected mobility diameter). The DMA was
calibrated with 125 nm and 220 nm polystyrene latex particles, and was operated with a
recirculating sheath flow of 5.7 | min™t. For AD experiments, nanoaggregates were size-selected
at applied DMA voltages of 400 V (corresponding to a singly charged mobility diameter of 63
nm), 1000 V (103 nm), and 3000 V (205 nm).

Mobility selected nanoaggregates were then mixed with a clean flow of N2, and passed into
the supersonic AD system. Depicted in Figure 1c, the AD system consists of a linear gradient slit
nozzle with a 2 cm width, an upstream length of 2.54 cm, a downstream length of 3.46 cm, a 0.2
mm thickness at the throat (smaller than most previously utilized AD nozzles), and upstream and
downstream contour (half) angles of 4.2% and 1.8°, respectively. Such modest converging and
diverging angles are applied to avoid overexpansion of the flow. The nozzle is connected to a
chamber where a substrate translation stage is mounted 6.7 mm below the nozzle outlet. The
complete assembly is depicted in Figure 1d. The downstream chamber was continuously pumped
using a combined Edwards E2M80 vacuum pump and EH200 roots blower system. Pressure taps
were inserted both upstream of the nozzle and in the deposition chamber, with the pressure in both
regions monitored using a Baratron pressure gage (MKS Instruments).

During deposition experiments, 6 individual 0.76 cm x 1 cm laser machined Al.O3
substrates were mounted in the substrate holder, with a 200-mesh carbon coated copper grids

mounted on each substrate to collect particles for transmission electron microscope analysis after



supersonic impaction. The translation stage (automatically controlled) moved at a speed of 1.06
mm s, corresponding to almost 1 pass per minute, and a single pass was found sufficient for
analysis of DMA-selected nanoaggregates. Four separate upstream pressure to downstream
pressure ratios were employed in experiments, 101.3 to 1.3 kPa, 66.3 to 0.91 kPa, 25.9 to 0.23 kPa,
and 7.9 to 0.07 kPa, respectively. For the highest upstream pressure, 22 1 min of N, was mixed
with the flow exiting the DMA. For each of the reduced upstream pressure experiments, an orifice
(operated in sub-critical conditions in some circumstances) was placed upstream of the nozzle and
the dilution N2 was reduced such that 0.6 — 1.0 | min* of aerosol flow was still pulled through the
DMA. With 101.3 to 1.3 kPa upstream to downstream conditions, experiments were carried out
with all three DMA set points. At reduced pressures only the 1000 V DMA setting was employed.
For all test conditions, we did not observe any nanoaggregate “bounce”, i.e. impaction with the
surface followed by rebound. Bounce events are detectable in the deposition system as they lead
to the formation of visible a porous deposit on the top of the deposition chamber, on the both sides
of the nozzle.

In addition to experiments with DMA selection, experiments were performed with the
DMA bypassed at the 101.3 to 1.3 kPa pressure ratio condition to examine the formation of
coatings. The coatings produced were characterized after 1-25 minutes (1-25 passes) of deposition
via scanning electron microscopy (SEM) and X-ray diffraction (XRD), as discussed in the Electron

Microscopy & Material Analysis subsection.

Electrostatic Collection
For each supersonic aerosol deposition experiment with DMA selection, nanoaggregates

were also collected on carbon-coated 75-mesh copper grids at low velocities using a TSI Inc.



nanometer aerosol sampler 3089.% The TEM grids were mounted with double-sided carbon tape
on the sampling plate; the plate was biased at -10 kV with aerosol delivered at flow rate of 1 I min
!, Nanoaggregates had an estimated deposition velocity of the order of 10° m s* (calculated from
the particle electrical mobilities and the field strength applied in the instrument). Mobility based
size distribution functions of nanoaggregates were also collected by stepping the DMA voltage in
the 50 V- 6500 V range in 10 V increments and detecting particles using a TSI Inc. 3786
condensation particle counter. The resulting mobility based size distribution functions were

inverted using a non-linear least squares method.

Electron Microscopy & Material Analysis

In total, deposition experiments resulted in DMA selected nanoaggregates collected at
supersonic velocities and collected electrostatically, as well as coatings produced after 1 — 25
minutes of deposition (1 to 25 passes as the stage scan rate was approximately 1 one per pass).
We imaged DMA selected nanoaggregates after deposition using a Technai T12 transmission
electron microscope with an acceleration voltage of 120 kV at the University of Minnesota
Characterization Facility. Following previous studies,?®4%4! an in-house MATLAB script was
used to identify aggregate projections in images, and to then fit each identified aggregate to a
quasifractal (statistical) model by calculating properties of the detected projections. In the
quasifractal model, the number of primary particles in an aggregate N, is linked to the aggregate

radius of gyration via the equation:

v = (%) @

ap
where D is the fractal dimension (ranging from 3.0 for compact aggregates to 1.0 for straight

chains), ks is the pre-exponential factor, Rq is the three-dimensional radius of gyration, and ay is



the primary particle radius. Fitting was performed specifically following the approach described
by Chen et al,® in which the normalized perimeter, longest end-to-end distance, observable
projected area, and two-dimensional radius of gyration are calculated for each nanoaggregate
projection, and then compared to these four parameters calculated for more than 60,000 projections
of computational generated aggregates (using the cluster-cluster algorithm of Filippov et al*°) of
prescribed kf, Dt, and N (with a maximum of N = 3000). The results of the fitting procedure are
the weighted average values of ks, Dr, and N for each imaged aggregate projection. Prior research
has shown that although this approach does not enable precise extrapolation of the three-
dimensional architecture of all nanoaggregates, the reconstructed quasifractal aggregates with best
fit values of ks, Dy, and N have drag coefficients*! and mass-drag (mass-mobility) scalings?® in good
agreement with experimental measurements. For each deposition condition, 160 to 400 individual
aggregates were analyzed. As discussed in the Results & Discussion section, we utilized the
inferred ks, Dr, and N values for each aggregate to determine to what extent supersonic deposition
led to fragmentation and restructuring.

We also imaged deposited coatings using by bisecting the coated substrates and mounting
them vertically under a scanning electron microscope (Hitachi S4700). To ensure crystalline SnO;
synthesis, XRD was performed using a Bruker D8 Discover on both coatings and collected powder
(low velocity collection). The resulting spectra were peak fit using the Scherrer equation to infer

a mean crystallite size.

Particle Trajectory Simulations
To estimate the velocities of nanoaggregates upon impact with the substrate to correlate

with experimental observations, we simulated both the flow profile in the AD system and particle
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trajectories following the approach of Li et al.3® For flow simulations, we utilized ANSYS Fluent
v19 to model the conservation of fluid mass, momentum (via Menter’s shear stress transport
turbulence model for compressible flow), and energy in the AD system. Details on the number of
elements used in calculations and simulation convergence criteria are provided in the supporting
information, along with contour plots of the flow velocity, temperature, and pressure under the
four examined conditions (Figure S1).

Assuming one-way coupling (a particle dilute system), we modeled particle trajectories in
the AD system using a Lagrangian particle tracking approach, accounting for particle inertia and
drag. As particles migrate through a nozzle they transition through a highly variable Mach number
and Knudsen number regime, for which neither continuum drag models nor low speed
(incompressible) drag models are applicable. Prior simulations and measurements*® do provide a
drag coefficient applicable to nanoaggregates across a wide Knudsen number range, but not one
applicable to nanoaggregates (non-spherical particles) at elevated Mach numbers. We therefore
modeled nanoaggregates as spheres in trajectory calculations, and utilized the drag model provided
by Li et al,® which is a neural network fit to a compilation of available experimental
measurements*’ and direct simulation Monte Carlo results. This model enables computation of the
drag coefficient as a function of the local Mach number (particle relative velocity to the local speed
of sound ratio) and Knudsen number (gas mean free path to particle diameter). Trajectory
calculations were carried out for 10 nm - 600 nm diameter particles seeded uniformly along the
nozzle upstream width, with assumed densities of 6950 kg m (the SnO2 bulk density), 3500 kg
m=3, and 1000 kg m=. As nanoaggregates typically behave similar to particles of low density
aerodynamically; the choice to model three densities was thus made in an effort to account for

varying degrees aggregation. While improved drag laws are certainly needed for exact
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calculations of nanoaggregate impaction, variable density simulations nonetheless provide order
of magnitude estimates of nanoaggregate impact velocities and kinetic energies to aid in

interpreting experimental observations.

Results & Discussion
Nanoaggregate size distribution & Coating Characterization

Inverted number based mobility diameter distributions (dn/dDp, where n is number
concentration and Dy is mobility diameter) of deposited particles from three separate days of
experiments are shown in Figure S2. Though there is day-to-day variability in the concentration
of nanoaggregates produced (which is anticipated with FSP), aggregate size distributions were
repeatably broad, with peak (mode) mobility diameters near 100 nm. The singly charged DMA
set point diameters used in experiments (63 nm, 104 nm, and 205 nm) spanned the high
concentration region of the distribution function. XRD spectra of the filter collected powder and
of the deposited coatings are shown in Figure S3a, with reference peak locations for SnO labelled.
XRD spectra confirmed that FSP generated crystalline SnO2, and Scherrer equation analysis
(Figure S3b) of the spectra led to an inferred powder crystallite size of 5.66 nm, and a
supersonically deposited coating crystalline size of 7.80 nm. Considering how nanoparticles form
in FSP, the disparity in mobility diameter and crystallite size suggests that FSP synthesized SnO>
particles are highly aggregated (with direct evidence provided subsequently). While the detected
increase in crystallite size for the supersonically deposited coating may have been caused by the
heating of nanoaggregates during high speed deposition,'®* this change is small, and as inferred
crystallite sizes can be affected by background subtraction procedures, we do not believe this

difference suggests AD leads to changes in nanoparticle crystallinity.
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Figure 2a-i displays selected SEM cross sectional views of coatings deposited for 1-25
minutes. Figure S4 displays zoomed out SEM images of films after 25 minutes of deposition,
demonstrating coating uniformity. The Al>Osz substrate appears darker than the SnO> coating in
each image. These images show that coatings increase in thickness over time, and that below 5
minutes films are noticeably porous. Relatively dense coatings (on the micrometer scale) result for
deposition times of 7 minutes and longer. While efforts to infer the porosity via weighing
substrates proved to be too variable (high uncertainty), we can state that at longer times, the
porosity drops below 0.50 and is significantly lower than the effective porosities of individual
nanoaggregates (which can have effective porosities > 0.90). The deposited film thickness is
quantified in the film thickness vs deposition time plot shown in Figure 2j. Each data point
represents the average thickness measured through the image analysis of cross-sectional images at
multiple different locations of 14 different samples against each deposition condition. From Figure
2] we observe that the initially deposited layer at 1 min is approximately 15 um thick, and then
with longer deposition up to 5 min, surprisingly the thickness decreases to <5 um. Following this,
with even longer deposition time up to 25 min the film thickness increases monotonically. This
suggests that the initially deposited SnO> nanoaggregates first undergo densification by further

deposition, followed by denser film growth.

Supersonic Aerosol Deposition of DMA selected Nanoaggregates.

In addition to acting as a high pass (in mobility diameter) filter, in this study, the DMA
selection serves to dilute the aerosol prior to deposition, enabling examination of nanoaggregates
at the single nanoaggregate level. Selected TEM images collected via both electrostatic deposition

and supersonic deposition (101.3 to 1.33 kPa, upstream pressure to downstream pressure) are
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shown in Figure 3. Electrostatic deposition reveals that as anticipated, FSP leads to the formation
of chain-like nanoaggregates composed of 102-10° primary particles (with an average primary
particle radius near 7 nm for the SnO, aggregates). Also evident is that TEM images of
electrostatic deposits had larger nanoaggregates, which appeared to be sparsely populated on grids,
while TEM images of supersonic deposits had smaller nanoaggregates, with a higher degree of
grid coverage (for the same deposition time and aerosol mass flow rate). While this is partly
attributed to the lower collection efficiency of the electrostatic sampler (an imperfect collector)
and the supersonic deposition system (a near perfect collector in the absence of bounce), higher
grid coverage (by number) is also evidence of nanoaggregate fragmentation. Qualitative
comparison of images from the two deposition processes hence suggests that supersonic deposition
leads to the fragmentation of nanoaggregates, and that the fragments do not rebound from the
surface. This is in-line with prior studies, which revealed that supersonic deposition (though at
lower velocities than employed here) did lead to aggregate fragmentation, 8 and when aggregates
fragment, they do not rebound (bounce) from the substrate surface.*®

SEM and TEM imaging alone therefore confirm the findings of prior work, i.e. AD of
nanoaggregates facilitates the formation of dense coatings (as compared to nanoaggregate effective
porosities), and nanoaggregates fragment during supersonic deposition. To better quantify the
fragmentation process, we inferred the most probable number of primary particles per aggregate,
fractal dimension, and pre-exponential factor (N, Dy, and ks, respectively) for nanoaggregates
observed in TEM images (as well as a projected area weighted primary particle radius). To
demonstrate three-dimensional reconstruction, for selected nanoaggregate images we employed
the cluster-cluster algorithm to computationally generate quasifractal aggregates with these

inferred properties. A comparison of the images to their 3-dimensional extrapolations is provided
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in Figure 4, for both electrostatically and supersonically deposited nanoaggregates and
nanoaggregate fragments. Though qualitative, visual comparison of the projections and
computationally generated aggregates show consistent structural similarities, hence we elect to
utilize the three dimensional properties of computationally generated aggregates to better quantify
how supersonic deposition alters nanoaggregate morphology.

Figure 5 displays plots of the inferred number of primary particles per aggregate as a
function of the measured two-dimensional radius of gyration for electrostatically and

supersonically deposited nanoaggregates (with symbol size scaled non-linearly by inferred

aggregate volume, V, = @ag). The disparity between the nanoaggregate fragment sizes is

apparent; the supersonically deposited nanoaggregate fragments are clustered in regions of smaller
primary particle number and radius of gyration in the plot. There is little to no difference in the
fragment sizes between DMA selected mobility diameters of 63 nm and 104 nm, though this may
be because a large fraction of the nanoaggregates transmitted at the 63 nm setting were doubly and
triply charged (and larger than 63 nm in true drag equivalent diameter). Meanwhile, the
nanoaggregate fragments resulting from 205 nm mobility diameter deposition are on average,
larger in number of primary particles per aggregate than nanoaggregate fragments from the smaller
mobility diameter settings. This implies that larger nanoaggregates may yield larger fragments.
To compare nanoaggregate morphologies, we define a “sphericity” ® for nanoaggregates

and nanoaggregate fragments using the equation:

4N 3
Va—V, ap=Vc
@ —Ya"%c _ _3 (2)
Vs—Ve Vs—Ve

where V, is the inferred nanoaggregate volume resulting from quasifractal analysis, V. is the
volume of a cylinder of radius equal to the nanoaggregate’s primary particle radius and length
equivalent to the radius of gyration of the nanoaggregate, and Vs is the volume of a sphere with
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same radius of gyration. The sphericity (®) hence has a maximum value of 1.0 (a perfect sphere)
and at sizes larger than the primary particle radius, a minimum of 0.0 (a straight chain). Sphericity
values are plotted in Figure 6 for nanoaggregates and supersonically deposited nanoaggregate
fragments versus radius of gyration. For each of the three applied DMA settings, focusing first on
the electrostatically deposited nanoaggregates, the minimum radius of gyration is near % of the
DMA set singly charged mobility diameter, confirming the DMA functions as a high pass filter
(and not a band pass filter because of multiple charging in the sub-um range). The sphericity is
broadly distributed; however, the vast majority of electrostatically deposited nanoaggregates have
©® values below 0.2 (i.e. they are chain-like). Meanwhile, nanoaggregate fragments are more
uniformly distributed in ®, and not only are they smaller in number of primary particles per
aggregate, but also many of them are structurally much more compact than the nanoaggregates
they are derived from. This is further confirmed in the bottom-right plot of Figure 6, which
contains a compilation of all data at 101.3 to 1.33 kPa, as well as the theoretical lines for
quasifractal aggregates of variable fractal dimension (noted on each line) and a pre-exponential
factor of 1.3. Nearly all of the electrostatically deposited nanoaggregates have ® values falling
between the lines for fractal dimensions of 1.8 and 2.6, while a non-negligible number of the
supersonically deposited nanoaggregate fragments have © values above the fractal dimension 2.8
line. We also remark that in all cases there are nanoaggregate fragments with low © values,
indicating that while fragmentation process yields primarily denser fragments, some chain-like
structures remain.

Nanoaggregate AD is hence mechanistically different that microparticle AD, 1 in that it
does not rely on plastic deformation of larger particles which remain intact on deposition and

instead hinges upon fragmentation. While the experiments performed do not fully describe why
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fragmentation can yield denser coatings, it is noteworthy that with operating conditions which
successfully lead to denser coating formation, nanoaggregates clearly fragment into smaller,
largely denser (higher sphericity) structures. Two subsequent concerns are then (1) determination
of the extent to which changing AD process parameters influences nanoaggregate fragmentation
and coating formation, and (2) determination of the reason AD is able to fragment nanoaggregates.
To first address (1), sphericity © is plotted in Figure 7 for supersonically deposited nanoaggregate
fragments with four distinct upstream-downstream nozzle pressure settings (and a DMA selected
mobility diameter of 103 nm). In all instances, the observed aggregates are smaller than those
observed after electrostatic collection, indicating they are nanoaggregate fragments. Despite wide
variability ® and the radius of gyration, a clear trend with pressure emerges; deposition at higher
pressures results in smaller nanoaggregate fragments. Simulations of particle trajectories help to
explain this observation. Figure S5 of the supporting information displays plots of mean particle
impaction velocities (averaged over all initial starting locations) as a function of particle diameter
(spheres) with three specific densities (with 6950 kg m™ being equal to that of bulk SnO,). Briefly,
results show that for any nozzle, there is an upper size limit (affected by particle density) beyond
which particles are not accelerated to the fluid speed. Second, at the substrate surface (for the
nozzle design utilized), higher upstream pressures lead to a more intense, higher pressure shock,
and smaller particles lack the inertia to migrate though the shock and maintain high speed during
impaction. The deceleration of particles is appreciable; all simulated particles < 100 nm in
diameter decelerate by more than 100 m s for upstream nozzle pressures of 66.3 kPa and larger.
Combining these effects, all impaction speed versus particle diameter plots will display a
maximum at a specific particle diameter (the maximum is beyond 600 nm for the higher pressures

examined here). The maximum speed particle diameter decreases with decreasing the pressure, but
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the maximum impaction speed also decreases with pressure. Therefore, in the present study lower
pressure deposition reduces nanoaggregate impaction velocity, which we experimentally correlate
with a reduced degree of nanoaggregate fragmentation during deposition.

Trajectory simulations additionally provide insight into how nanoaggregates can fragment.
We remark that fragmentation could only occur at substrate impact, where complete translational
energy to internal energy transfer occurs. While the carrier gas is cold following the nozzle
expansion, in the shock region the temperature returns nearly returns to 300 K (see supporting
information Figure S1), and while the impact of nanoaggregates may lead to some substrate
heating, the extent of substrate heating is certainly not to temperatures sufficient to promote
changes to nanoaggregate morphology over time. It is hence the translational energy to internal
energy conversion at impact, locally (for nanoaggregates) which drives fragmentation. For a
prescribed diameter and effective density, the mean impact velocity can be directly converted into
the translational impact energy per particle and per SnO2 molecule. For an effective density of
1000 kg m3, translational impact energies per particle and translational impact energies per SnO;
are reported (in electronvolts) in Figure 8a and Figure 8b, respectively. The translational impact
energies increase with increasing diameter, under all examined conditions, changing by multiple
orders of magnitude. Meanwhile, the translational impact energies per molecule scale with the
square of impact velocity only, and are bounded below 0.2 eV per molecule (this is also true with
higher assumed densities, and similar to the impact translational energies estimated by Huang et
al in supersonic deposition®). While the translational kinetic energy per molecule is up to a factor
of 5 times the thermal energy at 300 K, it is well below the energy required to break chemical
(ionic and covalent) bonds in metal oxides, which are in excess of 1 eV.*® The assumptions made

in trajectory calculations would not change this difference, hence it does not appear that AD is
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capable of breaking chemical bonds within SnO> nanoaggregates. However, as noted in the
“Experimental & Numerical Methods” section, the nanoaggregates synthesized, despite post-
flame sintering in a tube furnace, likely consist of a wide distribution of bond types and bond
energies between primary particles; particles colliding and binding within the flame environment
may be connected by sintered bridges (chemical bonds), but those colliding and binding in the
post-flame environment (even during sampling) will be held together by a combination of van der
Waals interactions, and if residual water remains bound to the tin oxide surfaces, capillary
interactions.® Salameh et al** used molecular dynamics to examine the force displacement curves
of TiO aggregates held together by such weaker capillary interactions. Integration of their force-
displacement curves yields fragmentation and restructuring potential energy barriers near 1 eV,
and nanoaggregates composed of up to 10* primary particles could certainly have 102-10° such
bonds. Upon impact and conversion of translational impact energy into internal modes of energy
(within the nanoaggregate) there would be ample kinetic energy to drive the fragmentation of
nanoaggregates at these non-chemically bound interfaces. This is additionally consistent with the
finding of reduced fragmentation at reduced pressure, as in these situations, translational impact

energies are reduced (though this is less noticeable on a log scale).

Conclusions

Nanoaggregate aerosol deposition has been studied in a converging-diverging nozzle
system using SnO2 nanoaggregates generated by flame spray pyrolysis. Dense coating formation
was confirmed from SEM images for the operating conditions examined, which also showed the
initially the coating thickness does not increase linearly. At the earliest stages of deposition,

nanoaggregate impaction leads to porous deposits. This appears to be followed by consolidation
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to a denser coating via continued impaction of the nanoaggregates over extended periods of time.
To examine this process at the single nanoaggregate level, TEM analysis enabled extrapolation of
possible three dimensional architectures for nanoaggregates after both electrostatic and supersonic
deposition.  Such analysis confirmed that nanoaggregates fragment in supersonic aerosol
deposition, and that the fragments released are more closely packed than the initial nanoaggregates.
The nanoaggregate AD process is therefore distinct in operation from microparticle aerosol
deposition and cold spray deposition, where fragmentation need not occur. Combined
experimental characterization and trajectory simulations at variable operating pressure show that
the extent of fragmentation is directly linked to the impacting nanoaggregate speeds; higher
translational impact energies at deposition are obtained at higher operating pressures, and hence
such operating conditions yield smaller fragments. Comparison of the translational kinetic energy
per atom to bond energies in metal oxides and binding energies for weakly bound nanoparticles
suggests that there is sufficient impact energy for fragmentation of nanoaggregates only at non-
chemically bonded interfaces. This is likely the reason why the resulting fragments are still
clusters of primary particles (not all bonds are broken). Future studies, informed by the findings
noted here, will be needed to examine the consolidation step in nanoaggregate AD and to

specifically understand the lower limit achievable in porosity.
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Figure 1. Schematic diagrams of (a) the flame spray pyrolysis (FSP) reactor, (b) the combined
FSP-differential mobility analyzer (DMA)-supersonic deposition system, (c) the converging-
diverging nozzle employed, and (d) the supersonic deposition system, including the translation

stage for deposition.
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Figure 2. Cross sectional SEM images of coatings produced by supersonic deposition of FSP
synthesized SnO> nanoaggregates with 101.3 kPa upstream, 1.3 kPa downstream nozzle
conditions. The coatings were deposited for (a) 1 min, (b) 2 min, (c) 3 min, (d) 5 min, (e) 7 min,
(f) 20 min, (g) 15 min, (h) 20 min and (i) 25 min. (j) The supersonically deposited film thickness
as a function of deposition time. Error bars represent the standard deviation based on

measurements at multiple substrate locations.
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Figure 3. TEM images of SnO, nanoaggregates and nanoaggregate fragments resulting from
electrostatic deposition (left) and supersonic deposition (right) at 101.3 kPa upstream, 1.3 kPa
downstream conditions after DMA selection. The applied DMA voltage and nominal singly

charged mobility diameter are noted are the respective row values for each column.
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Figure 4. Selected TEM images of electrostatically and supersonically (column values
respectively) deposited SnO, nanoaggregates and nanoaggregate fragments after DMA selection
(row values respectively). Shown for comparison are cluster-cluster algorithm reconstructions of

quasifractal architectures (green aggregates) with the most probable N, ki, and Ds for each

nanoaggregate.
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Figure 5. The most probable number of particles per aggregate as a function of the measured two-
dimensional radius of gyration for each nanoaggregate observed in TEM images, deposited after
DMA selection at (a) 400 V, (b) 1000 V, and (c) 3000 V. The singly charged mobility diameter
is noted in each plot. Color-filled bubbles represent electrostatically deposited nanoaggregates.
Bubbles with no in-fill color represent supersonically deposited nanoaggregate fragments at 101.3

kPa Torr upstream, 1.3 kPa downstream conditions.

32



~0.1

©

>

phericit

w

0.0

\
RV A
——— i

Poaad

250

1

=@ .1 1

5 10 2

5 50100 250

0.01
1000

0.25

0.1+
0.05+
0.025 ¢

AR
L=

Inferred Radius of Gyration (nm)

2 5 10 25501002

50

1000

Figure 6. The sphericity parameter ®, which spans from 1.0 for spheres to zero for cylinders, as

a function of the inferred radius of gyration for all nanoaggregates observed. Symbols with infill

color represent electrostatically deposited nanoaggregates. Open symbols represent supersonically

deposited nanoaggregate fragments at 101.3 kPa upstream, 1.3 kPa downstream conditions. The

summary plot in the bottom right is a cumulative plot of the prior three individual plots of 63 nm,

103 nm and 205 nm nanoaggregates respectively, and is overlaid with the theoretical curves for

quasifractal aggregates with the fractal dimension noted.
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Figure 7. The sphericity parameter ® as a function of the inferred radius of gyration for
nanoaggregate fragments supersonically deposited at upstream-downstream pressure ratios of
101.3-1.3, 66.3-0.91, 25.9-0.23, and 7.9-0.07 (in kPa). The deposited nanoaggregates were DMA

selected at a singly charged mobility diameter of 103 nm.
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Figure 8. The translational impact energy (a) and translational impact energy per SnO> molecule
(b) calculated from trajectory calculations assuming an effective nanoaggregate density of 1000
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25.9 kPa to 0.23 kPa; Blue triangles: 7.9 kPa to 0.07 kPa, upstream to downstream pressures.
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