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A B S T R A C T

The aim of the present study is to investigate the feasibility and the criteria of using the cold spray technique for
surface patterning to create two-dimensional surface features on various substrates. Metal meshes (16, 45, 170,
200, 400, and 5/16″) were used as screens for surface patterning in this investigation; fabricated features were
characterized with optical microscope, scanning electron microscope, and optical profilometer. Processing
parameters like mesh size, standoff distance, gun traverse speed, and number of spray passes were examined to
study their influence to the morphology of the fabricated features. Two-dimensional aluminum features were
successfully fabricated on aluminum, soda-lime glass, silicon wafer, and the copper foil-layer of printed circuit
board. The smallest feature created with −45 to +5 μm aluminum feedstock powders, has an average size of
67.4 μm. It was determined that the pore size of a mesh needs to be at least 3.3 times bigger than the average size
of feedstock powders in order to create features successfully. To estimate the probability of feedstock powders
passing through a mesh and simulate the topography of the fabricated features, a Monte Carlo simulation in-
corporating the particle size distribution and the geometries of meshes was developed. With the capability of
creating features on diverse substrates, the cold spray surface patterning technique shows promising potential to
create heterogeneous two-dimensional functional features or devices at micron-sized with high efficiency.

1. Introduction

Cold gas dynamic spray is a solid state coating technique. The
feedstock powders are injected into a convergent-divergent (de Laval)
nozzle and accelerated by high pressure gas (most commonly com-
pressed air, nitrogen, or helium) to supersonic speed (200 to 1200m/s)
[1–3]. Once the impact velocities of the feedstock powders exceed
critical velocity [1] [4, 5], the powders adhere to the substrate with
plastic deformation, instead of bouncing back. Assadi et al. suggested
that thermal softening and adiabatic shear instability at the interface of
particle and substrate play an important role in the bonding formation
of cold spray [4] [6, 7]. Cold spray is conducted at relatively low
temperatures compared to thermal spray. No melting of feedstock
powders is involved in the deposition process, and the particle impact
temperature is relatively low. A dense coating with low oxide content
can be formed with this technique. Besides the benefits of a low pro-
cessing temperature, coatings of various materials such as metals, metal
matrix composites, ceramics, polymers, and nanomaterials, can be
fabricated with cold-gas dynamic spray on various substrates, including
metals, ceramics, semiconductors, and polymers [8–10].

Cold spray is a surface-coating technique, which is commonly used

to produce: wear resistant, corrosion resistant, thermal barrier, anti-
fouling, and conductive/nonconductive (electrical and thermal) coat-
ings [8–15]. In addition to forming functional coatings, cold spray is
also well-known for its capability to restore damaged parts to their
original dimensions, also known as additive repairing [16]. With this
capability, the part can be restored to a functional condition instead of
replacing an expensive damaged part entirely. In practice, a corroded
gear box of a Seahawk helicopter was restored by cold spray, which
provided a cost savings of 35–50% [17]. Along to its repairing cap-
abilities, cold spray is also known for its potential in additive manu-
facturing [18]. Recently M. E. Lynch et al. have demonstrated a de-
signing and optimizing process for cold spray additive manufacturing
for a part with 20% reduction in weight [19]. All previously described
applications of cold spray focused on the fabrication of functional
coatings, additive repairing, and additive manufacturing; however, the
potential of using cold spray as a surface patterning technique was
rarely explored.

Some of widely known surface patterning techniques for preparing
and creating patterns on surfaces from the arrangement of single atom
to the macro-scale features include etching, laser patterning, film de-
position, and lithography [20–27]. Etching, laser patterning, and
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lithography mostly pattern surfaces by removal of materials [21–27].
The film deposition techniques such as physical vapor deposition and
chemical vapor deposition require systems under vacuum; the surface
area that can be patterned is typically limited by the space in a system
chamber [22] [28, 29]. Cold spray does not require vacuum and has
high deposition efficiency. A coating of hundreds of microns can be
deposited on a square inch area within a few seconds. Moreover, the
system can be designed to be portable and be used in field. By in-
corporating a screen in cold spray process, cold spray can be used to
create bottom-up surface patterns. Several studies have been reported
regarding the surface patterning using cold spray; D. Kim et al. have
used cold spray to deposit one-dimensional copper lines with widths
varying from 150 to 1500 μm on silicon wafer and soda-lime glass to
explore the potential of cold spray technology to print electrodes in
solar cell applications [10]; S. V. Klinkov et al. studied cold spray
through a mask (wire) with transverse size in the range 0.3–1mm to
produce one-dimensional non-conductive path (region with no coating)
[30]; Y. Cormier et al. explored the manufacturability of two dimen-
sional fin arrays from 12 to 30 fins/in to serve as compact heat ex-
changer by cold spray process using steel wire mesh [31–33]. The prior
publications focused on production of one-dimensional features and the
heat exchanger application of cold sprayed fins. The current study fo-
cuses on the fabrication of two-dimensional surface patterns through
metal screens (metal meshes) to explore the influence of particle size of
feedstock powders, pore and wire size of meshes, standoff distance, gun
temperature, gun pressure, and gun traverse speed to the geometries of
the patterned features on various substrates. The aim of the present
study includes investigation of how small a two-dimensional surface
feature can be fabricated with metal meshes and commercial aluminum
powders, the ratio of the pore size of a mesh to the average particle size
of feedstock powders for successful cold spray deposition, how geo-
metries of the features can be modified, and what substrate (aluminum,
glass, silicon wafer, and printed circuit board) can be patterned using
cold spray surface patterning technique. The cold sprayed features were
characterized by optical microscopy, scanning electron microscopy
(SEM), and optical profilometer. A Monte Carlo simulation was devel-
oped to evaluate the deposition probability of feedstock powders

passing through the meshes and simulate the morphologies of patterned
features.

2. Material and methods

The cold spray patterning experiments were carried out on a
Centerline SST series C low pressure cold spray system (<300 psi) with
cabinet and robotic control [34]. UltiFlow polymer nozzle with length
of 120mm, orifice size of 2mm), and maximum operation temperature
of 350 °C was used to spray feedstock powders in all the cold spray
experiments. The feedstock powders used in the experiments are alu-
minum 3 μm from Pyro Chem Source, 5 μm from Alpha Chemicals, and
−45 to +5 μm (Al 99.5 Min., SST - A5001) from Centerline. The
screens used are 200 (75 μm) and 400 (37 μm) 316 stainless steel me-
shes from Beyondsupply; 5/16″ (8 mm.) mesh from Surplus EQ Co., 16
(1190 μm) and 170 (88 μm) copper meshes from Deal MFG. Co., 45
(355 μm) mesh from Advantech Co, and 3D printed 8mm ABS (Acry-
lonitrile Butadiene Styrene) mesh. The carrier gas used in this in-
vestigation was high purity nitrogen. The nozzle inlet pressure was
1.38MPa and nozzle inlet temperatures ranged between 150 and
300 °C. The substrates tested were 1100 series aluminum, silicon wafer
from Montco Silicon Tech, soda-lime glass from Ted Pella Inc., and
printed circuit board from Uxcell. All substrates were cleaned with
acetone before use, and no surface treatment such as grit blasting was
applied to the substrates. All the processing parameters for cold spray
surface patterning experiments on these substrates are listed in Table 1,
Table 2, and Table 3.

The morphology of the patterned substrates was analyzed with a
Dino-Lite digital microscope for low magnification imaging. Nikon
Epiphot 200 metallographic optical microscope and the Zeiss Neon 40
field emission scanning electron microscope were used to measure the
feature size of the fabricated features and the pore size of the meshes at
high magnification. The particles size of the feedstock powders was
analyzed by laser scattering particle size distribution analyzer: LA-
950V2, HORIBA. The feature heights and three-dimensional topo-
graphy of the features were characterized by Zygo NewView 7100 op-
tical profilometer. All the measurements were conducted in Image J

Table 1
Cold spray processing parameters and feature height of features fabricated with meshes, 16, 170, 200, and 400, on aluminum substrate.

Sample ID Al-1 Al-2 Al-3 Al-4 Al-5 Al-6 Al-7 Al-8

Mesh 16 16a 16 170 170 200 200 400
Pressure (Psi) 200 200a 200 160 200 200 200 200
Gas temp. (°C) 320 320a 320 150 300 300 300 300
Feed rate (%) 40 40a 40 15 20 15 20 20
Gun traverse speed (mm/s) 10 10a 20 20 20 20 40 20
Standoff distance nozzle – mesh (mm.) 25 25a 25 15 25 25 25 15
Standoff Distance mesh –Substrate (mm.) 2 2a 2 0 0 0 0 0
Feature height (μm) 392.3 ± 9.5 760.6 ± 25.6a 59.9 ± 2.1 N/Ab 12.0 ± 0.8 8.8 ± 1.2 11.5 ± 2.2 N/Ab

a The only data set fabricated with two passes.
b No adhesion of powders.

Table 2
Cold spray processing parameters and feature height of features fabricated with meshes, 5/16″, 16, and 45, on glass and silicon wafer substrates.

Sample ID Glass-1 Si-2 Si-3 Si-4 Si-5 Si-6

Mesh 16a 5/16” 16 16 45 45
Pressure (Psi) 200a 200 200 200 200 200
Gas temp. (°C) 320a 320 245 245 245 245
Feed rate (%) 40a 20 20 20 20 20
Gun traverse speed (mm/s) 20a 40 40 40 40 40
Standoff distance nozzle – mesh (mm.) 50a 50 25 25 25 25
Standoff distance mesh –substrate (mm.) 3.58a 11 1 2.37 0 2.37
Feature height (μm) 589.1 ± 165.5a 58.57 ± 9.1 157.8 ± 2.1 175.2 ± 5.5 33.4 ± 3.0 156.9 ± 4.7

a The only data set fabricated on glass substrate.
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[35]. The statistical analysis was carried out in JMP Pro12. The Monte
Carlo simulation and the simulation of particle velocity were both
conducted in Matlab.

3. Results and discussion

3.1. Powder morphology and size

The feedstock powders considered for this research were 3 μm, 5
μm, and −45 to +5 μm. Upon simple visual observation, the first two
were found to be agglomerated with an appearance of being humid,
even after being ultrasonically sieved. Initial coating deposition trials
were performed using these powders, which resulted in clogging the
system's powder feeder. On the other hand, −45 to +5 μm powders
look loose and could be sprayed on the substrates without any problem.
The particle size of the −45 to +5 μm powders was examined in the
laser scattering particle size analyzer, and the particle size distribution
was plotted in Fig. 1(a). The average particle size is 20.4 μm, and the
standard deviation is 32.6 μm. The 10th percentile is 10.1 μm, and the
90th percentile is 28.3 μm; which shows that 80% of the actual particles
are within 10.1 μm and 28.3 μm range. The measured data correlate
with the specification of the −45 to +5 μm powder provided by the
vendor. The SEM and ImageJ software were used to analyze the par-
ticles' morphology of the SST-A5001 powder. The mean Feret diameter
of the particles is 12.8 μm, and the 90% confidence interval is between
11.0 μm and 14.7 μm. These values are within the range of the speci-
fication. The difference shown between the results of the laser scat-
tering analyzer and the SEM might be due to the geometries of the
particles. The mean roundness was found to be 0.55, and the aspect
ratio 2.07 in the SEM analysis, which indicates that these particles are
elongated with an irregular morphology as shown in Fig. 1 (b). One
benefit of having these irregular morphologies is that it has been re-
ported that powders with irregular morphologies present a higher in-

flight velocity than same-size powders with spherical morphologies
[36].

3.2. Screens and substrates

To produce two-dimensional surface features, five meshes, 16, 45,
170, 200, 400, and 5/16″ were used as screens to block the sprayed
particles from deposition on aluminum, glass, silicon wafer, and printed
circuit board (PCB) substrates. A 3D printed 8mm ABS plastic mesh was
considered as a screen to examine the feasibility of using plastic screen
for cold spray surface patterning; however, the plastic mesh deformed
transiently with impacting particles with gas temperature of 300 °C
(Fig. 9), which results in no features patterned on a substrate. To pre-
vent deformation of the plastic mesh, the gas temperature can certainly
be reduced below 300 °C, but this will result in no adhesion of alu-
minum particles to the substrates; therefore, using plastic screen for
cold spray surface pattering is determined to be not feasible in our in-
vestigation.

Both copper and stainless steel meshes worked very well for
spraying aluminum feedstock powders with gas temperatures above
300 °C. All the copper and stainless steel meshes were found to be
reusable for multiple experiments; this reusable nature is cost-friendly
for the application of cold spray surface patterning. Due to its porosity,
the adhesion of a cold sprayed coating to the mesh is poor; even if a
coating were formed on top of a fine mesh, it could be removed easily.

Although only metal meshes with square pores and circular pores
(one sample was fabricated with a mesh with circular pores) were
tested in the present study, the findings can certainly be applicable to
metal screens with pores in various morphologies. Metal additive
manufacturing techniques can potentially be used to fabricate screens
with morphologies of interest.

Results show that two-dimensional features with various geometries
could be fabricated on different substrates including aluminum, silicon,

Table 3
Cold spray processing parameters and feature height of features fabricated with meshes, 16 and 45, on copper foil layer of PCB.

Sample ID PCB-1 PCB-2 PCB-3 PCB-4 PCB-5 PCB-6 PCB-7

Mesh 16 45 45 45 45 45 45
Pressure (Psi) 200 200 200 200 200 200 200
Gas temp. (°C) 245 245 245 245 245 245 245
Feed rate (%) 20 10 20 20 20 20 10
Gun traverse speed (mm/s) 20 20 20 20 40 40 20
Standoff distance nozzle – mesh (mm.) 25 25 25 25 25 25 25
Standoff distance mesh –Substrate (mm.) 1.7 1.7 1.7 3.7 0 1.7 0
Feature height (μm) 346.1 ± 6.0 255.7 ± 5.2 249.4 ± 11.8 214.2 ± 4.6 86.9 ± 2.4 190.5 ± 4.7 142.4 ± 3.1

Fig. 1. (a) particle size distribution and (b) SEM image of Centerline SST-A5001 aluminum feedstock powders.
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soda-lime glass, and copper foil layer of PCB as shown in Fig. 2. In-
itially, the nonconductive layer of PCB had been sprayed with alu-
minum feedstock powders; however, besides the formation of a groove
on the substrate caused by erosion from impacting particles, no adhe-
sion of aluminum feedstock powders was obtained. As a result, the
copper foil layer was used as a substrate. The sample identification (ID),
cold spray processing parameters, and the corresponding feature
heights are listed in Table 1 for the aluminum substrate, Table 2 for
glass and silicon wafer substrates, and Table 3 for PCB substrate. De-
tailed discussion on how cold spray processing parameters influence the
fabricated two-dimensional features is described in the following sec-
tions.

3.3. Pore size and feature size

Part of the objective of this research is to examine how small the
two-dimensional features can be fabricated with the cold spray surface
patterning technique. Mesh (16, 170, 200, and 400) were used as
screens to block the impacting particles from deposition to fabricate
two-dimensional surface features on aluminum substrates. During the
cold spray surface patterning process, the screens were secured above
the substrates with a standoff distance of 2mm for features fabricated
with mesh 16 (samples Al-1, Al-2, and Al-3), and a standoff distance of
0mm for features fabricated with mesh 170, mesh 200, and mesh 400
(samples Al-4, Al-5, Al-6, Al-7, and Al-8). The pore and wire sizes of the
meshes, feature sizes, and feature heights were measured in the SEM
and optical profilometer. The sample IDs and the representative
average data (with margin of errors) are listed in Table 4, and the
corresponding cold spray processing parameters are listed in Table 1.
Surface features were created with mesh 16, mesh 170, and mesh
200 successfully, but not with the mesh 400 which has pore size of
37.3 ± 1.5 μm and wire size of 25.5 ± 0.2 μm. This result is under-
standable because reduction of pore size also reduces the probability of

impacting particles passing through the mesh. Once the pore size of a
mesh is reduced to a critical size or below, the impacting particles can
no longer pass the mesh.

Fig. 3(a), (b), and (c) show the SEM images of mesh 16, mesh 170,
and mesh 200 respectively. As shown in the images, the metal wires in
mesh 16 and mesh 170 are well-aligned to each other; however, those
in mesh 200 appear wavy. These observations are in accordance with
expectations based on pore size. The margin of error of pore size in
mesh 200 is relatively high compared to the average pore size. This
high margin of error was found to influence the margin of error of the
feature size accordingly. The features fabricated with mesh 16, mesh
170, and mesh 200, are shown in Fig. 3(d), (e), and (f). Well-defined
two-dimensional arrays of features were fabricated, especially the fea-
tures fabricated with mesh 16, which have distinct square features re-
plicating the square pores of the mesh. Although both features fabri-
cated with mesh 170 and mesh 200 are in well-aligned arrays, each
individual feature has irregular morphology. Due to feedstock powder
size being relatively big (compared to the pore sizes of mesh 170 and
mesh 200), and only a small amount of the impacting particles can be
deposited on the substrate to form surface features. Thus, each in-
dividual feature was only composed of small amount of particles, re-
sulting in irregular morphology. One interesting observation found in

Fig. 2. Two-dimensional features fabricated on aluminum, silicon wafer, glass, and copper foil layer of PCB with cold spray surface patterning technique.

Table 4
Sample IDs, pore size and wire size of meshes (60, 170, and 400), feature size
and feature height of the patterns fabricated on aluminum substrate.

Sample ID Al-1 Al-5 Al-7

Mesh 16 170 200
Pore size (μm) 1087.4 ± 9.7 87.6 ± 0.9 68.0 ± 5.4
Wire size (μm) 588.9 ± 3.6 55.5 ± 0.7 44.8 ± 0.5
Feature size (μm) 1282.5 ± 27.7 100.4 ± 4.3 67.4 ± 3.1
Feature height (μm) 392.3 ± 9.5 12.0 ± 0.8 11.5 ± 2.2
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the features fabricated with mesh 16 and mesh 170 is that the feature
size is actually larger than the pore size. The basis of this for mesh 16 is
that a 2mm standoff distance between the mesh and substrate was used
during the fabrication process. This small spacing allows small amounts
of the impacting particles to get beneath the mesh, leading to larger
feature size. However, no standoff distance between the mesh and
substrate was used for fabrication of features with mesh 170, so the
enlargement of the features is not due to the standoff distance, but
possibly the screen (metal mesh) being unsecured during the cold spray
surface patterning process. Without proper screen clamping, the pat-
terns cannot be fabricated successfully. Minor movement of a screen
might occur during the traverse movement of the gun and result in
particles being sprayed underneath the meshes and, therefore en-
largement of the feature size. Although both features fabricated with
mesh 16 and mesh 170 (samples Al-1 and Al-5) are larger than the pore
size, the features fabricated with mesh 200 (sample Al-7) were found to
be consistent with average pore size.

As shown in Fig. 4, all feature sizes of sample Al-7 are within the
expected range; the mean and variance of the feature and pore size are
also very similar. A Two-sample t-test was conducted for feature sizes
fabricated with mesh 200 and pore size of mesh 200 (sample Al-7). The
p-value of the t-test is 0.84, which is higher than the significance level
of 0.05, indicating that the patterned features fabricated with mesh 200
and zero standoff distance replicated the morphology of the pore

regions of the mesh 200 very well. The smallest features created in the
study were fabricated with mesh 200 and have an average feature size
of 67.4 μm, which is approximately 3.3 times of the average particle

Fig. 3. SEM images show the morphology of (a) mesh 16, (b) mesh 170, and (c) mesh 200; the morphology of the features fabricated with (d) mesh 16, (e) mesh 170,
and (f) mesh 200; the topography of the feature fabricated with (g) mesh 16. Line profiles of the feature heights of features fabricated with mesh 170 and mesh 200
obtained by optical profilometer are shown in (h) and (i) respectively.

Fig. 4. Distribution of feature size of features fabricated with mesh 200 and
pore size of mesh 200. The diamond means show the 95% confidence intervals
of individual data set and one way analysis of variance data.
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size measured from laser scattering analysis. The mesh 400, which was
unable to fabricate features, has an average pore size approximately 1.8
times of the average particle size. Based on the above results, in the
present study the pore size needs to be larger than 3.3 times the average
particle size of feed stock powders in order to have successful deposi-
tion of patterned features.

The feature heights of the samples were also examined in the SEM
and optical profilometer; the data are shown in Fig. 3(g), (h), and (i). As
shown in Fig. 3(g), when the pore size is much bigger than the particle
size, the two-dimensional feature tends to form in a pyramid. This
observation was also found in the fin arrays produced by Y. Cormier
et al. [31–33]. The formation of this pyramid-shaped morphology was
not done intentionally. The underlying formation mechanism of this
pyramid-shaped morphology is not clear. One observation is worth
noting that with a nozzle sitting in one location of a substrate for 200 s,
a cone-shaped feature formed; no further adhesion of the impacting
particles was observed with increased spraying time (Fig. 5(a)). The
angle between the edge of the cone and the horizontal substrate was
measured to be approximately 77°. The formation of this inclined edge
might be correlated with divergent spray of incident particles. A di-
vergence angle of 6.94° was measured from the cross-section of the
nozzle used in the experiment and listed in Table 5. The inclined edge of
observed pyramid-shaped morphology might also be correlated with
this divergent spray of incident particles. Kim et al. proposed that the
recirculation zone shown in Fig. 5(b) played an important role for the
formation of the pyramid-shaped morphology [10]. Investigation of

how pyramid-shaped morphology was formed is not within the scope of
current work. Detailed investigation of these potential factors needs to
be conducted in future study.

The average feature heights fabricated with mesh 170 and mesh 200
were found to be very similar (samples Al-5 and Al-7). The two-sample
t-test gave a p-value of 0.60, which indicates that both feature heights
are statistically indistinguishable. The 40mm/s gun traverse speed,
used for the fabrication of features with mesh 200 (sample Al-7) was 2
times higher than the parameter used for the fabrication of features
with mesh 170 (sample Al-5). Thus, the duration of the cold spray for
mesh 170 should be 2 times higher than the time sprayed with mesh
200. However, this longer duration of the spray was not reflected in the
feature heights. One main reason for this is that after one pass of cold
spray, both of the tops of the mesh 170 and mesh 200 were fully cov-
ered with a layer of cold sprayed coating. This prevented further de-
position of any particles; therefore, adjustment of the feature height for
mesh smaller than 170 can be challenging. Finer powders with non-
agglomerated property might be a potential solution for this problem.

It is worth noting here that changing the screen used for the pat-
terning not only affects the feature size, but also the feature height. Two
pairs of samples (Si-4 and Si-6; PCB-1 and PCB-2), which share identical
cold spray processing parameters but different mesh size, have different
feature heights, as shown in Table 2 and Table 3. The samples (Si-4 and
PCB-1) fabricated with mesh 16 have feature heights of
175.2 ± 5.5 μm and 346.1 ± 6.0 μm, respectively. In contrast, the
samples (Si-6 and PCB-3) fabricated with mesh 45 have feature heights
of 156.9 ± 4.7 μm and 249.4 ± 11.8 μm. This result shows that the
feature height tends to be higher when using bigger meshes (lower
mesh numbers). The source of this result is likely due to the formation
of a recirculation zone generated near the edges of a mesh. Mesh with
smaller pores may lead to a higher backflow of gas stream near a
substrate, which reduces the momentum of impacting particles and
prevents particles bonding.

The SEM images in Fig. 6(a) and (b) show the aluminum cold
sprayed features fabricated with mesh 16 and mesh 45 on a copper foil
layer of PCB; Fig. 6(c) and (d) show the aluminum features fabricated
with mesh 16 and mesh 45 on a silicon wafer substrate. Both features
fabricated with mesh 16 are higher than the ones fabricated with mesh
45. Again, the pyramid-shaped morphologies were found in all the
features, despite the substrates used being PCB and silicon wafer rather
than aluminum.

3.4. Monte Carlo simulation

In the present study, a Monte Carlo simulation was developed to
estimate the probability of feedstock powders passing through the
meshes and depositing on the substrates. The simulation uses the par-
ticle size distribution measured from laser-scattering analysis, the
average wire width, and the average pore size listed in Table 4 as input
parameters. The morphologies of particles used in the simulation were
all assumed to be spherical. The simulation algorithm was described in
following steps. Step 1: A two-dimensional matrix representing a sub-
strate covered with a wire mesh was created with the average wire
width and pore size. The value in the matrix is 0 for area without mesh

Fig. 5. (a) Optical image of cold sprayed coating at single location with dura-
tion of 200 s. (b) Schematic drawing of the recirculation zone near the edges of
a screen (not to scale).

Table 5
The dimensions of the de Laval nozzle used in the experiments. Note: the dimensions
were measure from actual cross-section of the nozzle used. Note: drawing not to scale.

Nozzle 
parameters

Distance
(mm)
4.5

2.8

5.6

14.5

6.5

11.5

87.5
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and 1 for area covered with mesh. Step 2: A random index within the
matrix representing the location where the impact of a particle takes
place was generated. Step 3: A random number was generated between
1 and 100. This number was used as the percentile to assign the size of
simulated particle from the particle size distribution measured from
laser-scattering analysis. Step 4: A spherical particle with the assigned
particle size generated from the percentile in Step 3 was dropped at the
location generated in Step 2. If the particle with assigned size did not
overlay with the area covered with the mesh (area with value of 1), the
particle passed the mesh. Step 5: The volume of the particle passing the
mesh was projected on the underlying two-dimensional matrix to form
coating topography. Step 1 through 5 is one Monte Carlo step. In each
simulation, 1000 Monte Carlo steps were simulated for mesh 16, mesh
170, mesh 200, and mesh 400; ten simulations were run for each
sample. The average probabilities of particles passing the mesh 16,
mesh 170, mesh 200, and mesh 400, are 40.4%, 21.9%, 18.2%, and
8.3% respectively. The above probabilities were calculated based on
assuming that all passing particles were considered as deposited
without taking into account their sizes. T. Schmidt et al. stated an
equation to estimate a “critical particle diameter” (dcrit) for cold spray
deposition [1]. Particles with diameters above the critical particle
diameter have slow thermal diffusion which allows localized shear in-
stability to occur at the surface of impacting spherical particles. The
equation is listed as follow [1]:

= ×d k
c ρ v

36crit
p particle

k is the thermal conductivity, cpis the specific heat, ρ is the density,
and vparticle is the particle velocity. To be able to take this critical par-
ticle diameter into account in the simulation, the particle velocity needs
to be estimated. J. F. Schiel has created a one-dimensional model of the
fluid dynamics and particle transport properties to estimate particle
velocity of cold sprayed particles for the Centerline SST model series C

Ultilife nozzle [37]. The simulated particle velocities have been com-
pared and show good consistency with the data measured with a laser
velocimetry. This model was utilized to estimate the particle velocity
with our cold spray processing parameters: aluminum feedstock pow-
ders, 200 psi, 300 °C, and transport gas of nitrogen. The particle velo-
city was estimated to be 558m/s from the model for all the particles.
With the inputs of particle velocity, thermal conductivity, specific heat
and density of aluminum in the equation above, the critical particle
diameter was estimated to be 5.1 μm, which is below 0.26 percentile of
the total particle size distribution measured from laser scattering ana-
lysis. Thus, no obvious change was found in the result of Monte Carlo
simulation incorporating the critical particle diameter of 5.1 μm.
However, if the deceleration of the smaller particles (due to bow-shock
near the substrate) is also taken into account; the optimum size range
for most materials falls within −45 to 10 μm [1, 38]. If the deposition
of the particles in the Monte Carlo simulation is further limited to
particle size larger than 10 μm, the deposition probabilities further
decrease to 37.8%, 20.6% 16.3%, and 6.7% for mesh 16, mesh 170,
mesh 200, and mesh 400, respectively.

In the simulation, the probability for particles to deposit with mesh
400 is 6.7%, but in actual experimental data there were no features
found in samples fabricated with mesh 400. It is possible that the si-
mulation did not take the incident angle of the impacting particles into
account. Intuitively if the nozzle was tilted from the normal of the
substrate, the pores of the mesh look smaller from line of sight of the
nozzle. With part of the impacting particles being tilted relative to the
normal of a substrate (not all the particles exiting the nozzle are parallel
to the nozzle), the probability of passing through the pores of the mesh
can be even lower. Furthermore, the decelerating of sprayed particles
due to bow-shock, which can reduce the velocity of smaller impacting
particles below critical velocity and result in no adhesion between
particles and a substrate, was not considered in the simulation. Some
dented marks generated by the impacting particles were observed on

Fig. 6. SEM images of aluminum cold sprayed features fabricated with (a) mesh 16 and (b) mesh 45 on copper foil layer of PCB, and (c) mesh 16 and (d) mesh 45 on
silicon wafer substrate.
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the surface of substrate sprayed with mesh 400, but no adhesion of
particles was found. This indicates that the particles did get through the
mesh 400 but no adhesion was formed. Although, the actual geometry
of the feedstock powders was not considered in the simulation, many
feedstock powders have elongated irregular shapes (As shown in
Fig. 1(b)), which might further prevent the particles passing through
the pores. Thus, in reality, the actual deposition probability could be
lower than the simulated value of 6.7%.

In addition to the probability of particles passing a mesh, the to-
pography of the features can be simulated in the Monte Carlo

simulation. Since the number of particles leaving the nozzle in an ex-
periment is unknown, the number of Monte Carlo steps for the simu-
lation is also unknown. Therefore, instead of estimating coating thick-
ness of the features only the topography (surface morphology) is
meaningful in the simulation. An arbitrary number of Monte Carlo
steps, 25,000, was used to simulate the topography of features fabri-
cated with mesh 170, mesh 200, and mesh 400. The corresponding
simulated cold sprayed features fabricated with mesh 170, mesh 200,
and mesh 400, are shown in Fig. 7(a), (b), and (c). The topography
shown in Fig. 7(a) and (b) were found to be similar to the experimental
data shown in Fig. 3(e), (f), (h), and (i). The line profiles of the vertical
center of the simulated features in Fig. 7(a), (b), and (c) are shown in
Fig. 7(d), (e), and (f). The line profiles of the simulated features fabri-
cated with mesh 170 and mesh 200, which are shown in Fig. 7(d) and
(e), were also found to be similar to the line profiles of experimental
features obtained by an optical profilometer in Fig. 3(h) and (i). These
results indicate that the Monte Carlo simulation is effective in esti-
mating the topography of the final features. It is worth noting that the
coating thickness of the simulated features and the experimental fea-
tures was found to be higher at the center of the features and the reason
is given as follows. The probability of a bigger particle passing near the
center of a pore is higher than the probability of a bigger particle
passing near the edge of a pore because the bigger particle may be
blocked by the mesh when it travels near the edge of the pore. For
example, for a 20 μm particle to pass a 20 μm pore successfully, it has to
pass through the center of the pore. If the volume of the particle is
projected to a 2-dimensional substrate, consequently a feature with
convex shape form at the center of the pore.

Fig. 7. Simulated features of (a) mesh 170, (b) mesh 200, and (c) mesh 400 by Monte Carlo simulation with 25,000 particles and experimental particle size
distribution measured by laser scattering analysis. Successful bonding of particles to the substrates was limited to feedstock powders with particle size of 10 μm and
above. The corresponding line profiles of the vertical center features in (a), (b), and (c) are shown in (d), (e), and (f).

Fig. 8. The feature height versus the standoff distance between mesh and
substrate of the five paired data sets fabricated with standoff distance of 0mm,
1mm, 1.7mm, 2.37 mm, and 3.7 mm on PCB and silicon substrates. Each data
set comprises a pair of features fabricated with same cold spray processing
parameters other than the standoff distance.
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3.5. Standoff distance between mesh and substrate

One aspect of the cold spray surface patterning that was important
to investigate was the influence on the morphology of fabricated fea-
tures exerted by the standoff distance between the mesh and the sub-
strate. The standoff distances of 0mm, 1mm, 1.7mm, 2.37mm, and
3.7 mm were used for fabrication of aluminum features on copper foil
layers of PCB substrates and silicon wafer substrates. Five paired data
sets were fabricated (samples PCB-5 and PCB-6, samples PCB-7 and
PCB-2, samples PCB-3 and PCB-4, samples Si-5 and Si-6, and samples Si-
3 and Si-4), and each data set comprised a pair of features fabricated
with the same cold spray processing parameters except for the standoff
distances. The details of the cold spray processing parameters of the
data sets are listed in Tables 2 and 3. The feature heights versus the
standoff distance between mesh and substrate of the five data sets are
plotted in Fig. 8. A general trend appears in the plotting, showing that
the feature heights increase along standoff distances of 0mm to
~2.37mm; however, the feature heights start decreasing with the in-
crease of standoff distances of ~2.37mm to 3.7mm. The data appears
to support an optimal standoff distance for cold spray surface pat-
terning for fabricating features with maximum feature height. Besides
the change of feature height with the standoff distance, it was found
that a higher standoff distance between mesh and substrate leads to
more particles sprayed beneath the mesh and a smaller separation be-
tween the features.

The optical and SEM images in Fig. 9 show the morphology of the
patterned features presented the five data sets mentioned above. The
samples fabricated with 0mm and 1.7 mm standoff distances (PCB-5
and PCB-6) are shown in Fig. 9 (a) and (b); the samples fabricated with
0mm and 1.7 mm standoff distances (PCB-7 and PCB-2) are shown in
Fig. 9(c) and (d); the samples fabricated with 1.7mm and 3.7mm
standoff distances (PCB-3 and PCB-4) are shown in Fig. 9(e) and (f).
Reduction in the separation between features correlated with the in-
crease of the standoff distances as observed in Fig. 9(a) through (f).
Additionally, the samples fabricated with 0mm and 2.37mm standoff
distances (Si-5 and Si-6) are shown in Fig. 10(a) and (b); the samples
fabricated with 1mm and 2.37mm standoff distances (Si-3 and Si-4)
are shown in Fig. 10(c) and (d).

The same trend was observed in the features fabricated on the si-
licon wafer substrate. Observations indicate that with smaller standoff
distances between mesh and substrate, the separation between the
features becomes more pronounced. Although both feature height and
the separation between features are affected by the standoff distances,
the morphologies of the features above are all pyramid-shaped, despite
the materials of substrates used in the cold spray.

3.6. Gun traverse speed and number of passes

In normal cold spray coating, if the sprayed particles exceed the
critical velocity, the coating thickness can be controlled simply by
changing the gun's traverse speed and number of passes. The total mass
deposit is a simple calculation: feed rate times the distance of travel
divided by the gun's traverse speed. With a slow gun traverse speed, or
additional passes, more materials can be deposited on a substrate. To
examine whether these parameters also influence the feature height,
aluminum powders were sprayed with mesh 16 on aluminum substrates
with the same cold spray processing parameters except for the gun
traverse speeds (samples Al-1 and Al-3). The same type of experiment
was also conducted with mesh 45 on copper foil layers of PCB (samples
PCB-3 and PCB-6). The cold spray processing parameters and the fea-
ture heights are shown in Table 3. Despite the different substrates and
meshes used, a general trend was found: When the gun's traverse speed
is increased, the dwell time of the nozzle on top of the screens is re-
duced. In features fabricated with mesh 16, the average feature height
dropped from 392.3 to 59.9 μm with an increase of gun traverse speeds
of 10 to 20mm/s; and this held true with the features fabricated with

Fig. 9. The samples PCB-5 and PCB-6 fabricated with 0mm and 1.7mm
standoff distances are shown in (a) and (b); the samples PCB-7 and PCB-2
fabricated with 0mm and 1.7mm standoff distances are shown in (c) and (d);
the samples PCB-3 and PCB-4 fabricated with 1.7 mm and 3.7mm standoff
distances are shown in (e) and (f). Note: the samples listed here represent the
data shown in Fig. 8.
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mesh 45 as well. The average feature height dropped from 249.4 to
190.5 μm with an increase of gun traverse speeds of 20 to 40mm/s.
Thus, the feature height can be reduced by increasing the gun traverse
speed.

The morphology of the features was examined in both optical

microscope and SEM. Features fabricated with mesh 16 and gun tra-
verse speeds of 10 and 20mm/s are shown in Fig. 11(a) and (b). The
features fabricated with mesh 45 and gun traverse speeds of 20 and
40mm/s are shown in Fig. 11(c) and (d). Again, the pyramid-shaped
morphologies were found in the features. Modifications in cold-spray

Fig. 10. The samples Si-5 and Si-6 fabricated with 0mm and 2.37mm standoff distances are shown in (a) and (b); the samples Si-3 and Si-4 fabricated with 1mm and
2.37 mm standoff distances are shown in 10 (c) and (d). Note: the samples listed here represent the data shown in Fig. 8.
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processing parameters produced no changes in the pyramid-shaped
morphology.

The influence of the number of passes was examined by spraying
one and two passes of aluminum powders with mesh 16 on aluminum
substrates with the same cold-spray processing parameters (samples Al-
1 and Al-2) as shown in Table 1.

The feature fabricated with one pass is shown in Fig. 12(a), and the
one with two passes is shown in Fig. 12(b).The height of the two di-
mensional features fabricated with one pass was 392.3 ± 9.5 μm; the
height of the features fabricated with two passes was 760.6 ± 9.5 μm.
Although the features fabricated with two passes were higher, the
feature height was not proportional to the number of passes. The
morphologies of the features were examined with the SEM. The
morphologies of both features stayed as pyramids, but the angles

between the edges of the features and the substrates increased from 40°
to 52° with spray increase of one pass to two passes. As having the
morphology of a pyramid (flat pyramid), the top flat area reduces with
the increase of the feature height, which means that less flat area is
available for cold-spray deposition. Once a feature reaches a critical
height, no further deposition can occur and, the feature will ultimately
form a pyramid with sharp tip on top. As shown in Fig. 12(b), there is
no flat area remaining on top of the pyramid-shaped feature; because of
this geometry, the impacting particle will simply bounce off the feature
rather than adhere to it. A similar result was also found in one-di-
mensional features fabricated by Kim et al. They reported that the as-
pect ratio (feature height divided by feature width) of the copper
electrodes deposited by cold spray increases with number of passes
[10]. With seven passes, a film formed at the tip of prism-shaped copper

Fig. 11. Optical Images and SEM images of aluminum features fabricated with mesh 16 and gun traverse speed of (a) 10mm/s. and (b) 20mm/s; with mesh 45 and
gun traverse speed of (c) 20mm/s. and (d) 40mm/s.

Fig. 12. SEM images of aluminum features fabricated with (a) one pass and (b) two passes.
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electrode [10]. The formation of pyramid-shaped geometry in the two-
dimensional features limited the addition of feature heights. This ex-
plains why the average feature heights fabricated with two passes is not
equal to twice the average feature heights fabricated with one pass. This
limitation of feature heights, due to the pyramid-shaped morphology,
might limit the application of cold-spray surface patterning. Tilting of
the nozzle or the substrate might resolve the issue, but further in-
vestigation is needed to address this problem.

4. Conclusion

The current study presents the feasibility of fabricating two-di-
mensional features with aluminum feedstock powders on aluminum,
silicon, soda-lime glass, and copper foil layers of PCB substrates. It was
found that the two-dimensional features could be fabricated with
copper and stainless steel screens on the substrates listed above. More
precisely features could be fabricated with mesh 16, mesh 45, mesh
170, and mesh 200, but not mesh 400. The smallest features that could
be fabricated with 45 to +5 μm feedstock powders had an average
feature size of 67.4 ± 3.1 μm. The smallest mesh pore size needs to be
approximately 3.3 times larger than the average feedstock powders
particle size in order to have successful deposition. The feature height
was found to be influenced by the mesh number, the standoff distance
between mesh and substrate, the gun's traverse speed, and the number
of passes. Generally speaking, smaller mesh numbers, slower gun tra-
verse speeds, and higher numbers of passes result in higher feature
heights. There is an optimal standoff distance between mesh and sub-
strate for fabricating features with optimal deposition efficiency.
Additionally, the standoff distance between the mesh and substrate
influences the feature size and the separation between features. With a
high standoff distance, feature size increases and overlapping occurs.
To have optimal separation between features and an optimal replication
of the morphology of a mesh, zero standoff distance between mesh and
substrate should be used. All the features fabricated in the investigation
displayed pyramid-shaped morphology. The maximum feature height is
limited by the pyramid-shaped morphology. For fabrication with mesh
170 or higher, the feature height was further limited by cold sprayed
coating formed on the fine mesh.

The Monte Carlo simulation, incorporating the measured particle
size distribution and the geometries of the metal screens, demonstrated
to be a useful tool for estimating the probability of feedstock powders
passing through the meshes. Despite the coating thickness cannot be
estimated due to unknown of total number of particles exiting the
nozzle during an experiment, both the morphologies and the line pro-
files of simulated features fabricated with mesh 170 and mesh
200 showed good correlation with the experimental data, indicating
that the Monte Carlo simulation is also a valuable tool for the simula-
tion and visual inspection of surface morphology and topography of
features fabricated by the cold-spray surface patterning technique.
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