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Abstract The use of ultrafine powders in the micro-cold
spray (MCS) process, also referred to as the aerosol
deposition method, typically results in porous and/or
poorly adhering films because the particles do not impact at
a high enough velocity for sufficient plastic deformation
and interparticle bonding to occur. Under typical operating
conditions, particles < 100 nm accelerate to high veloci-
ties but then are slowed by the stagnant gas in the bow
shock that forms just upstream of the substrate. Using
larger particles reduces particle slowing, but large particles
can cause erosion of the film at high impact velocity,
decreasing deposition efficiency. In this study, a pressure
relief channel nozzle using helium as a carrier gas is pro-
posed such that high-velocity deposition of yttria-stabilized
zirconia particles as small as 10 nm in diameter is possible.
This is well below the size range of powders previously
used for MCS. The proposed nozzle design increases
impact velocities for 10, 20, and 50 nm particles by
~ 880, 560, and 160 m/s, respectively, when compared to
a conventional nozzle. Experimental deposition of ultrafine
8YSZ powder shows that the pressure relief channel nozzle
results in lower porosity and more uniform deposits, with a
~ 186% increase in deposition efficiency.
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Introduction

Spray coating of metal and ceramic films produced from a
feedstock of aerosolized dry particles via micro-cold spray
(MCS), also referred to as the aerosol deposition method
and vacuum kinetic spraying, has been widely studied in
recent years (Ref 1-5). The particles are entrained in a low
pressure 26.7-101 kPa (200-760 Torr) carrier gas and
accelerated through a nozzle into a vacuum chamber 0.13-
1.3 kPa (1.0-10 Torr). Upon impact with a room temper-
ature substrate, particles deform and adhere to form a solid
film with thicknesses of 1-100 um.

Particles must impact with sufficient velocity to plasti-
cally deform and produce high density, adherent films.
Finer particles can be easily accelerated to high velocities
because of their large drag-to-mass ratio, but they are then
slowed by the stagnant gas in the bow shock that forms
upstream of the substrate for typical operating conditions
used in MCS. The low impact velocities for fine pow-
ders < 100 nm in diameter with conventional nozzle
geometries often lead to poorly adherent and/or low-den-
sity films (Ref 6-8). Larger ceramic particles have suffi-
cient momentum that they are not strongly affected by the
bow shock, but their impact can cause erosion of the pre-
viously deposited films and underlying substrate. Thus, in
practice, particles that have been used for MCS to date
have diameters between 100 nm and 2 pm. Additionally,
recent molecular dynamics studies of single nanoparticle
impacts have indicated that, at sufficiently high impact
velocities, particles < 50 nm in diameter can deform and
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adhere without fracture (Ref 9-12). Larger particles that are
currently used typically fracture upon impact with large
portions of the fractured particle removed in the gas stream
(Ref 13). The deposition of finer particles at high velocity
should improve deposition efficiency by both reducing
erosion and increasing the fraction of each particle that
adheres to the substrate.

We recently proposed a methodology for designing
nozzles that contain a pressure relief channel that allows
the gas pressure within the stagnation region to be sub-
stantially reduced (Ref 14). The introduction of the pres-
sure relief channel particularly benefits the impact
velocities for finer particles because they slow less in the
stagnation region than they would with a conventional
nozzle. It was previously shown that this new nozzle
design, when used with nitrogen carrier gas, allowed par-
ticles as small as 50 nm to be deposited at impact veloci-
ties > 450 m/s, improving deposition efficiency for a
yttria-stabilized zirconia (YSZ) powder with a broad par-
ticle size distribution. For particles < 50 nm in diameter,
however, the relatively high density of the nitrogen carrier
gas in the stagnation region slowed particles to velocities
too slow for deposition.

In this paper, we investigate the use of a pressure relief
channel nozzle in combination with helium carrier gas to
deposit yttria-stabilized zirconia (YSZ) particles that have
a nominal mean size of < 50 nm, but with a relatively
wide dispersion in particle/agglomerate sizes. Numerical
studies are performed to predict the particle impact
velocities with helium gas for particles as small as 10 nm.
Experiments are conducted to compare deposits produced
using the pressure relief channel nozzle to deposits pro-
duced with a conventional converging—diverging nozzle.

Methodology
Nozzle Geometries

A geometry for the pressure relief channel nozzle was
determined in a previous study that showed it produced low
gas pressures in the bow shock region and significantly
increased particle impact velocities and deposition effi-
ciency for fine 8YSZ particles in a nitrogen gas (Ref 14).
The outer geometry and cross-section of the nozzle used to
manufacture a prototype are shown in Fig. 1(a) and (b),
respectively. The pressure relief channels in the side of the
diverging region allow gas to be removed from nozzle,
lowering the pressure in the downstream bow shock. Three,
thin support features, concentric about the nozzle axis and
visible in Fig. 1(a), are presented within the pressure relief
channels to connect the upper and lower portions of the
nozzle. The cross-section in Fig. 1(b) shows that the
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Fig. 1 (a) Outer and (b) cross-sectional views of a three-dimensional
model of the pressure relief channel nozzle

portion of the diverging region between pressure relief
channels and the nozzle outlet is slightly inset to encourage
gas diversion away from the nozzle axis.

Previous work determined that a two-dimensional
approximation of the nozzle geometry that is symmetric
about the axis and ignores the support features within the
pressure relief channels provides a reasonable approxima-
tion for numerically calculated gas and particle velocities
when compared to a three-dimensional geometry with
support structures included (Ref 14). Due to the high
computational cost of performing three-dimensional com-
putational fluid dynamics (CFD) studies that can accurately
model the relevant gas flow, a two-dimensional approxi-
mation is used in this work.

The pressure relief channel nozzle geometry used for the
CFD simulations is shown in Fig. 2(a). Additionally, a
converging—diverging nozzle with a similar geometry to
those currently used in cold spray and micro-cold spray
(Ref 15) is defined in Fig. 2(b) to compare with the pres-
sure relief channel nozzle. For both nozzle geometries, a
40 mm long, 10 mm radius inlet region converges to a
I-mm-diameter nozzle throat. The respective geometries
result in outlet diameters of approximately 8.0 mm for the
conventional converging—diverging nozzle and 4.6 mm for
the pressure relief channel nozzle. Downstream of the
nozzle exit is a 40-mm-wide substrate, depicted as a ver-
tical blue line, with a 110-mm-long outlet that is parallel to
the nozzle axis and starts at the outer substrate edge. The
length of the nozzle diverging region, L, is set to 100 mm.
The dimensions listed for the pressure relief channel
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(a) Pressure Relief Channel Geometry
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Fig. 2 Two-dimensional geometry employed in the CFD simulations
for the (a) pressure relief channel nozzle and the (b) conventional
converging—diverging nozzle geometry. Solid black lines represent
the boundaries of the nozzle or deposition system, and the solid blue

geometry in Fig. 2(a) are identical to those determined in
previous work (Ref 14) and used for the manufactured
nozzle as shown in Fig. 1.

Computational Fluid Dynamics Analysis for Gas
Velocities

The gas flow profile for all nozzles was obtained using the
CFD module of the COMSOL Multiphysics® software
package (Ref 16). Parameters for the time-dependent sol-
ver, boundaries, and mesh for the CFD simulations were
similar to those in previous work (Ref 14, 17). Gas flow
through the nozzle was calculated using the two-dimen-
sional, fully compressible Navier-Stokes equations. The
temperature dependence of the gas viscosity was approxi-
mated using Sutherland’s law, and heat transport was cal-
culated using the Kays—Crawford model. Details on the

100 mm

line is the substrate. The green-dashed lines represent the inlet (left),
outlet (top), and the dash-dotted line represents the symmetric nozzle
axis (bottom) (Color figure online)

implementation of these models can be found in the
COMSOL CFD User Guide (Ref 18). The Spalart—All-
maras turbulence model (Ref 19), previously used to
accurately model turbulence in supersonic gas flows
through a nozzle (Ref 20), was used to model any turbu-
lence that may arise in the simulation. A time-dependent
solver was used to reach an approximately steady state
flow. Flow became close to steady state at approximately
1 ms, but the simulations were carried out to 3 ms for each
nozzle geometry. A fine, triagonal mesh with a maximum
element edge length of 0.05 mm in the shock wave regions
has been shown previously to be of sufficient density to
accurately calculate the flow field (Ref 14, 17). The thin
boundary layers in the gas flow along the walls of the
nozzles were refined using the COMSOL boundary layer
mesh function which adds a layer of dense quadrilateral
mesh elements. This meshing scheme is described in detail
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in the COMSOL CFD user guide (Ref 16). The effects of
inlet pressure, outlet pressure, and nozzle-to-substrate dis-
tance on gas and particle velocity are well documented in
other studies (Ref 21-25). For this reason, analysis in this
study was limited to a single pressure with static inlet and
outlet pressures of 40 kPa (300 torr) and 0.13 kPa (1 torr),
respectively, and a nozzle-to-substrate distance of 10 mm.
Simulations were two-dimensional and symmetric about
the nozzle axis. Helium was used as the carrier gas.

Numerical Analysis of Particle Velocities

The gas velocity, density, temperature, and viscosity were
determined from the solution of the CFD simulation at each
node of the finite element mesh. Using the two-dimensional
equation for particle motion and the particle drag relations
developed by Li et al. (Ref 26), the trajectory and velocity
of 20, 50, and 100 nm particles were calculated from the
nozzle inlet to their impact on the substrate. Because the
gas velocity upstream of the nozzle inlet is low enough that
the choice of particle velocity is not critical to the calcu-
lation, each particle was given an arbitrary but realistic
initial velocity of 95% of the gas velocity. At each step in
the trajectory, gas properties were calculated via linear
interpolation between the data points exported from the
CFD solution. For these calculations, it was assumed that
particles were spherical, solid particles with a density of
5.9 g/lem® (the density of 8YSZ). In addition, it was
assumed that the gas and particle surface were at the same
temperatures and that the particles did not perturb the gas
flow field.

Experimental Procedures

Using the parameters determined in a previous study (Ref
14) and shown in Fig. 2(a), the pressure relief nozzle
shown in Fig. 1 was fabricated out of Nylon 12 using
selective laser sintering (SLS) at UT Austin’s Center for
Additive Manufacturing and Design Innovation (CAMDI).
A traditional converging—diverging nozzle whose geometry
is shown in Fig. 2(b) was also fabricated in the same
manner for comparison. Images of the SLS-manufactured
nozzles are shown in the supplementary material of the
previous study (Ref 14).

The powder used for this study was 8YSZ with an
average primary particle size of 40 nm, as reported by the
manufacturer (Tosoh TZ-8Y, Tokyo, Japan). Five mea-
surements of the average feed rate exiting the feeder were
conducted by weighing the mass of fed powder every 5 s
over a period of 5 min. The feed rate was determined to be
0.16 £ 0.01 g/min. The powder and helium carrier gas
were directed into a deagglomerator which subjected the
particles to high-shearing forces, which aerosolized them
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and broke apart soft agglomerates. The gas/particle mixture
was then accelerated through the nozzle into a vacuum
chamber onto a substrate affixed to an x-y-z motion stage.
Schematics of the MCS set-up have been published pre-
viously (Ref 4) along with detailed designs of the feeder
and deagglomerator (Ref 27). For the current experiments,
the nozzle exit-to-substrate distance was fixed at 10 mm
and single crystal, polished silicon substrates were used as
the substrate. The 8YSZ film was deposited by scanning
the substrates back and forth beneath the nozzle in a
straight line 20 times at a scan speed of 10 mm/s. The gas
flow rate was set to 10 slpm, which resulted in gas pres-
sures upstream of the nozzle inlet of ~ 33 kPa for the
traditional converging—diverging nozzle and ~ 37 kPa for
the pressure relief channel nozzle. The deposition chamber
pressure for all tests was < 0.075 kPa.

Cross sections of the resulting films were prepared using
a broad beam argon ion mill for 30 min under an accel-
erating voltage of 6 kV and an ion beam current of 0.3 mA
(IM4000C broad beam ion milling system, Hitachi, Ltd.,
Tokyo, Japan). Samples were sonicated in deionized water
before and after cross sectioning to remove any loose
powder or non-adherent portions of the film. Cross-sec-
tional images of the films were obtained using a scanning
electron microscope (SEM). Additionally, profiles and
surface roughness of the films deposited with each nozzle
were obtained using digital microscopy (VHX-7000,
Keyence Corporation-film profiles, Zeta-20, KLA Corpo-
ration-surface roughness).

Results
Simulation Results

The calculated particle impact velocities are plotted versus
the impacting particle size on a linear-log scale in Fig. 3.
This plot confirms that the calculated particle impact
velocities for particle sizes < 100 nm for the pressure
relief nozzle geometry are significantly greater compared
to the impact velocities for traditional converging—diverg-
ing nozzle. For example, impact velocities of > 800 m/s
are predicted for a 10 nm particle when using the improved
nozzle whereas this size particle is not predicted to impact
at all when using a traditional nozzle. The differences
between the predicted impact velocities for the improved
versus traditional nozzle decrease with particle size so that
as the particle size approaches 100 nm, the differences
between the nozzles are negligible.

Plots of velocity magnitude within the conventional
nozzle and pressure relief channel nozzle are shown in
Fig. 4(a) and (b), respectively. Negligible differences in gas
velocities are observed within the nozzles; however, a large
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fraction of the gas is diverted away from the main gas
stream in the pressure relief channel nozzle. This diversion
of gas leads to a significant decrease in gas pressure within
the bow shock region. Pressure contours in a magnified,
5 mm x 5 mm view directly upstream of the substrate are
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—l— Improved Nozzle
—>— Conventional Nozzle

10' 107

Particle Diameter [nm]

Fig. 3 Comparison of particle impact velocities versus particle size
(log scale) predicted for the improved nozzle and the conventional
nozzle. Calculations were performed for 8YSZ particles using helium
as the carrier gas at an upstream pressure of 40 kPa and a chamber
pressure of 0.13 kPa

(a) (b)

Fig. 4 The velocity magnitude of the helium gas within the
(a) conventional and (b) pressure relief channel nozzle. Magnified
views of the pressure contours in the bow shock for the (c) conven-
tional and (d) pressure relief channel nozzle. The black and red boxes

shown in Fig. 4(c) and (d). For the conventional nozzle
(Fig. 4c), a bow forms shock 2.9 mm above the substrate
surface with a maximum pressure of 7.5 kPa. In contrast,
the bow shock occurs at approximately 1.2 mm from the
substrate surface (Fig. 4d), and the gas reaches a maximum
pressure of 4.9 kPa for the pressure relief nozzle. Due to
the similarities in gas velocities within the nozzle, particles
reach the bow shock at similar velocities. However, the
thinner, lower pressure stagnant gas below the bow shock
for the pressure relief channel nozzle allows parti-
cles < 100 nm to maintain the much higher velocities
observed in Fig. 3.

The gas velocity, temperature, pressure, and Mach
number along the central axis of each nozzle are examined
in Fig. 5. Due to the slightly larger diverging angle for the
conventional nozzle, gas velocity increases and gas pres-
sure decreases at a higher rate between the nozzle throat
and the midway point of the diverging region as shown in
Fig. 5(a) and (c). At the location of the pressure relief
channel, a small decrease in pressure is observed corre-
sponding with a decrease in temperature and significant
increases in gas velocity and Mach number for the
improved nozzle. Directly upstream of the bow shock, a
decrease in gas velocity and Mach number to slightly

Bow Shock Region: 5 mm x 5 mm

in (a) and (b) show the regions that are magnified in (c) and (d),
respectively. The vertical black line along the center of each plot
represents the symmetric nozzle axis (Color figure online)
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Fig. 5 The gas (a) velocity, (b) temperature, (c) pressure, and
(d) Mach number along the central axis of the conventional and
improved pressure relief channel nozzles. The location of the nozzle

below that of the conventional nozzle is observed for the
pressure relief channel nozzle. As fine particles are easily
accelerated by the carrier gas, particle velocities upstream
of the bow shock should be similar between the two noz-
zles. As the gas passes the bow shock and reaches the
substrate, the gas stagnates. This results in a sharp drop in
gas velocity and Mach number to near zero, and corre-
sponding increases in pressure and temperature are
observed. The lower pressure within the stagnation region
for the pressure relief channel nozzle allows particles to
maintain a higher impact velocity.

The removal of gas through the pressure relief channel
can also have significant effects on particles that are not
traveling along the central axis of the nozzle. To study
these effects, calculations were performed for 20, 50, and
100 nm-diameter particles with initial radial locations from
0 to 9 mm from the nozzle axis, and their trajectories are
shown in Fig. 6. This plot shows that 20 nm-diameter
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throat (yellow), pressure relief channel (blue), and substrate (gray) are
indicated in each plot (Color figure online)

particles are well focused in the upper portion of the
diverging region, but defocus as they pass the pressure
relief channels. Since they are focused in the center of the
stream as they near the pressure relief channel region, all
particles continue through the nozzle and impact on the
substrate with the exception of the particle with an initial
radial location of 9 mm which defocuses to such a degree
that it impacts on an inner wall of the nozzle near the
nozzle exit. The 50 nm particles are also well focused, and
due to their larger mass, experience less defocusing when
passing the pressure relief channel. For the largest 100 nm-
diameter particles, significant overfocusing near the nozzle
throat is observed. This overfocusing, combined with the
defocusing effects of the pressure relief channels, causes
particles with radial locations > 4 mm to impact on the
nozzle walls or be diverted through the channels.

The degree to which particles focus within the nozzle
can significantly affect their impact velocities. Figure 7
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Fig. 6 Particle trajectories for (a) 20 nm, (b) 50 nm, and (c) 100 nm particles for the improved pressure relief channel nozzle design using
helium as the carrier gas with an upstream pressure of 40 kPa and a chamber pressure of 0.13 kPa
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Fig. 7 Particle normal impact velocity versus radial impact location
for the (a) conventional converging—diverging nozzle and (b) im-
proved pressure relief channel nozzle for particle sizes of 20-100 nm

shows that the normal axial impact velocities at non-zero
radial impact locations can vary by up to 1000 m/s when
comparing the conventional and pressure relief channel
nozzle. For the conventional converging—diverging nozzle,
the axial impact velocities for 20 and 50 nm particles vary
minimally as the radial impact location increases since both
particle diameters focus to within 2 mm of the nozzle axis.
The 100 nm particles overfocusing significantly, similar to
what is shown in Fig. 6(c) with the pressure relief channel
nozzle, but a much larger portion of particles impacts since
no pressure relief channel is present to divert particles out
of the flow. The overfocused 100 nm particles maintain
high axial impact velocities until radial impact locations
exceed 3 mm away from the nozzle axis. For the pressure
relief channel nozzle, the diversion of gas flow away from
the nozzle axis pulls the smaller 20 nm particles away from

50 nm = 20 nm

1400 - (b) Improved Nozzle
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800 -
600 -
400 -
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200

2 4 6
Radial Impact Location [mm]

o 4

using helium as the carrier gas with an upstream pressure of 40 kPa
and a chamber pressure of 0.13 kPa

the nozzle centerline as shown in Fig. 6(a). This leads to a
drop-off in impact velocities for particles accelerated using
the pressure relief channel nozzle that is not observed with
a conventional nozzle for 20 nm particles impact-
ing > 1 mm away from the nozzle axis. The overfocusing
that occurs for 100 nm particles leads to a small drop-off in
impact velocity for impact locations up to about 2 mm,
similar to the drop-off in impact velocities for the con-
ventional nozzle. However, the large drop-off in impact
velocity at large radial distances observed in Fig. 7(a) with
the conventional nozzle is not observed for the pressure
relief channel nozzle because the particles located at large
radial distances in the flow are diverted into the pressure
relief channels. The channels effectively act like an aper-
ture that removes particles at larger radial distances in the
flow.
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Experimental Results

Representative SEM images of the as-received powder and
the powder after it had passed through the high-shear
deagglomerator, but before it was accelerated through the
nozzle are shown in Fig. 8(a) and (b). Figure 8(a) shows a
mix of large and small agglomerates along with some
unagglomerated primary particles in the as-received sam-
ple. Figure 8(b) shows the absence of large agglomerates,
because they were broken apart by the high-shear deag-
glomerator. However, many small agglomerates are still
present, along with many individual primary particles. The
agglomerates have a lower density relative to the bulk
8YSZ (Ref 4) and thus would be expected to experience
significantly more deceleration in the bow shock than
similarly sized dense particles.

Fig. 8 Morphology of the powder (a) as-received and (b) after
passing through the high-shear deagglomerator
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Following deposition of films using each nozzle, rep-
resentative cross sections at the center of the deposited line
were prepared to study the coating thickness and mor-
phology. The cross sections are shown in Fig. 9. The
coatings deposited using the pressure relief nozzle are
significantly thicker, ~ 13 pm, compared to the coatings
deposited with the traditional converging—diverging noz-
zle, ~ 5 um. Variations in film thickness are observed in
the film deposited using a conventional converging—di-
verging nozzle that are not presented in the film produced
using the pressure relief channel nozzle. This is likely due
to the build-up of loosely compacted powder in some areas
of the film as is typical of films deposited using conven-
tional nozzles and ultrafine ceramic powders (Ref 6-8).
This loose powder does not adhere strongly to the substrate

(b) -

Fig. 9 SEM images of cross sections for films produced using
(a) converging—diverging nozzle and (b) improved pressure relief
channel nozzle
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and is removed during sonication, leaving behind uneven
film thicknesses and porosity.

To better understand the deposition efficiency, the films
were examined using optical microscopy and profilometry.
Figure 10(a) shows plan-view optical images of the
deposited 8YSZ lines. The line patterns deposited with the
improved nozzle are narrower than those produced with the
conventional nozzle. Lines deposited with the traditional
converging—diverging nozzle are wider and visibly less
opaque. The difference in line width can be mostly
attributed to the difference in outlet diameters of the two
nozzles. For the improved nozzle, the initial diverging
angle is 1°, while the conventional nozzle has a diverging
angle of 2°. This leads to small differences in particle
focusing behavior within the upper portion of the nozzle
diverging regions observed in Fig. 6 but has a small effect
on gas velocities near the nozzle exit and thus on particle
velocities prior to crossing the bow shock. The lower
portion of the diverging region of the improved nozzle is
slightly inset, further reducing the outlet diameter. This
results in outlet diameters of 4.6 and 8 mm for the
improved nozzle and the conventional converging—di-
verging nozzle, respectively. These outlet diameters clo-
sely match the observed film widths, indicating that the
particles and agglomerates shown in Fig. 8(a) are dispersed
across the width of the nozzle during deposition. Since the
films produced using the conventional nozzle have a larger
width, they are also thinner. This difference in thickness
observed in Fig. 9 is likely a contributing factor in the
difference in opacity between the two films; however,
slight differences in film density could be a contributing
factor.

Fig. 10 (a) Optical images of
the films deposited using the
pressure relief channel nozzle
(left) and the conventional
converging—diverging nozzle
(right) and (b) average cross-
sectional profiles of deposited
films. Average cross-sectional
area (M) and standard deviation
(SD) for films deposited with
each nozzle are included in the
figure legend

——— Improved Nozzle (M: 27510 p.mz SD: 2600 umz)

Eight separate profile measurements were obtained for
each film. The average cross-sectional profile for each film
is shown in Fig. 10(b). Average cross-sectional areas of
14,790 pm? and 27,510 pm? with standard deviations of
1750 pm? and 2600 pm? were measured for the films
produced with the conventional nozzle and pressure relief
channel nozzle, respectively, indicating an increase in
deposition efficiency of 186% for the improved nozzle.

Ten surface roughness measurements were taken over
randomly selected 212 x 159 um (100x magnification)
regions near the center of each film. Film surface roughness
(Sa) was determined to be 0.45 £ 0.04 um for the film
deposited  with  the conventional nozzle and
0.31 4+ 0.01 pum for the film deposited with the improved
nozzle. These measurements confirm the results from the
cross-sectional images as shown in Fig. 9 which indicates a
smoother and more consistent film thickness for the film
deposited with the improved nozzle.

Discussion

We have considered the effects only of drag forces on
particle velocities in this study. The effects on particle
velocity of other forces such as the Saffman lift force,
pressure gradient force, Magnus force, and thermophoretic
force have been examined in previous publications, and it
is appropriate to discuss them in the context of the present
study (Ref 28, 29). The pressure gradient and Magnus
forces are expected to be several orders of magnitude
smaller than the drag force and were therefore neglected in
this study (Ref 28). The Saffman lift force has been shown

Conventional Nozzle (M: 14790 pmz SD: 1750 umz)

(b)

Film Thickness [um]

Film Width [mm]
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to increase focusing in a nozzle for silver microparticles
(Ref 28) and therefore could affect the degree focusing that
we observed with MCS. The thermophoretic force could
also affect results since it has been shown to slightly
decrease particle impact velocities (Ref 29). However,
further work is needed before the Saffman lift force and the
thermophoretic force can be incorporated into models of
MCS because there are limitations with the current for-
mulations of both models. The current implementation of
the Saffman lift force is not valid for compressible or
rarified flows that are present for MCS conditions (Ref
30, 31), and the data upon which the thermophoretic model
is based are from experimental data from low-velocity
laminar flows that have not been validated for conditions
similar to those found in MCS (Ref 32). Thus, including
the effects of these forces is beyond the scope of the pre-
sent study.

The predicted particle velocities in this and previous
related work assume that the particles used in MCS are
solid, spherical particles. However, in practice, the micron-
to sub-micron-sized ceramic particles used in MCS are
susceptible to agglomeration due to Van der Walls or
electrostatic forces between the particles, and the severity
of agglomeration increases for the ultrafine particles that
are enabled by use of a pressure relief channel nozzle
design. Filtering and size classification (Ref 8) have been
used previously to solve this problem by removing
agglomerates from the deposited powder so that only
individual particles are deposited. Although effective, fil-
tering reduces the overall efficiency of the deposition
process since a large fraction of the powder is removed
before it is fed into this system and thus alternatives to
filtering that can achieve higher utilization of the powder
are desirable.

In this paper, we utilized strong shear forces introduced
in deagglomerator located upstream of the nozzle to pro-
duce a mixture of individual particles and small agglom-
erates, as shown Fig. 7. Compared to individual, solid
particles, small agglomerates are also more strongly slowed
by the bow shock due to their increased drag-to-mass ratio.
Thus, the calculated benefits of using the improved nozzle
design to reduce particle slowing could be even greater for
agglomerates than predicted for individual particles. It
follows that the use of the improved nozzle design may
allow small agglomerates, which have low relative densi-
ties compared to solid particles and would be strongly
affected by the dense, stagnant gas downstream of the bow
shock, to deposit and contribute to film formation.

Another method that has been utilized previously for
increasing the deposition efficiency is to eliminate the finer
particles in the size distribution through a combination of
heat treatment and ball milling of the powder prior to
deposition (Ref 6, 33, 34). The heat treatment increases the
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density of the agglomerates and reduces the drag-to-mass
ratio, making them less susceptible to particle slowing in
the bow shock. However, even with relatively monosized
powders, the impact velocity produced with a conventional
nozzle must be carefully selected; if the velocity is too low,
the particles elastically rebound rather than depositing and
if the velocity is too high, the larger momentum upon
impact for larger particles that are moving at high velocity
erodes the substrate and film. This damage to the substrate
and film results in reduced deposition rates and poorer film
quality (Ref 35).

We previously showed that the use of a pressure relief
channel nozzle with N, gas was effective at depositing sub-
micron scale YSZ powders that had a distribution in par-
ticle and agglomerate sizes without the need for powder
heat treatments (Ref 14). However, the produced films
were porous, indicating that the impact velocities were
high enough to deposit the smallest particles, but still too
low to deform the particles sufficiently to produce dense
films. In this study, higher impact velocities were attained
for fine particles. The impact velocity was increased from
approximately 500 m/s to over 1200 m/s for a 50 nm YSZ
particle by using He gas in combination with the pressure
relief channel nozzle design. The analysis predicted that
using this combination, particles in the size range from 20
to 100 nm can be deposited at velocities of greater than
1000 m/s. SEM images of film cross sections revealed
films produced from particles and small agglomerates with
a primary particle size of 40 nm exhibited minimal
porosity. These results suggest that the use of finer particle
sizes in combination with a pressure relief channel nozzle
design and He gas allows the deposition of dense films
without significant film erosion and without the need for
size filtering or powder heat treatments.

The results of the analysis revealed that there is a trade-
off that arises with the pressure relief channel nozzle
design. For example, Figs. 6 and 7 show that the use of
ultrafine powders enabled by the pressure relief channel
nozzle results in particle defocusing by the finest particle
sizes and overfocusing for particles 100 nm and larger,
leading to decreased impact velocities and removal of
particles through the channels. While this is the first
example that we are aware of for a nozzle geometry
designed to increase impact velocities for ultrafine pow-
ders, particle focusing was not considered in this nozzle
design. There have been many previous studies of nozzle
geometries aimed at improving particle focusing or opti-
mizing bow shock behavior. For example, aerodynamic
focusing by using multiple flat nozzles placed in series has
shown to be effective at focusing particles down to as fine
as 5 nm (Ref 36, 37). It is notable that the same trade-off
between focusing and particle impact velocity occurs for
these nozzle geometries. This is because multiple nozzles
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placed in series focus the aerosol, but successively lower
upstream pressures reduce the degree to which the particles
can be accelerated. For MCS, nozzles have been designed
largely to eliminate adverse shock wave behavior that can
result in wide variation in particle behavior (Ref 38, 39).
These nozzles, while optimized for the particle size ranges
typically used in MCS, have the same limitations on par-
ticle size as the conventional converging—diverging nozzle
presented in this work.

While this work demonstrates significant increases in
deposition efficiency for an ultrafine powder when using a
pressure relief channel nozzle, much has yet to be under-
stood about the effects of various process parameters. The
differences in deposition efficiencies between the two films
as shown in Figs. 9 and 10 may be the result of at least one
the films that have reached a limiting thickness. The uni-
form thickness and minimal visible porosity in the film
deposited with the pressure relief channel nozzle suggest
that it may be possible to further increase the film thickness
with additional deposition. The apparently higher porosity
and uneven thickness of the film deposited with the con-
ventional converging—diverging nozzle suggest that this
film thickness may already be limited by the lack of
deposition of fine particles. Future work to examine the
effects of various process parameters is necessary to fully
understand the benefits and limitations of the pressure
relief channel nozzles.

Conclusions

The use of a pressure relief channel nozzle in combination
with a helium carrier gas is shown to increase the deposi-
tion efficiency and improve film quality when compared to
films deposited using a conventional converging—diverging
nozzle. This combination allows 8YSZ particles as small as
10 nm to be deposited at impact velocities > 800 m/s by
increasing gas velocities to ~ 1500 m/s and minimizing
gas density in the stagnation region. While some fraction of
particles exits the nozzle through the pressure relief chan-
nel and does not impact on the substrate, apparent density
and uniformity of the deposited films are improved when
compared to a conventional converging—diverging nozzle,
and an increase in deposition efficiency of > 180% is
observed.
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