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Abstract

A laboratory-scale cold spray system with the capability of accelerating 10 — 100um
polymer particles up to Mach 2 was used to deposit polystyrene and polyamide particles on a
variety of different substrates for both cases of like-on-like deposition and deposition onto a
melt-cast low-density polyethylene (LDPE) substrate. By systematically varying the particle
temperature and impact velocity, the deposition window was developed for each particle and
substrate combination in order to understand the cold spray processing conditions necessary to
form coatings. The results were compared to those of the micro-ballistic single particle impact
experiments. In the latter technique, an ablation laser pulse was used to accelerate a single
polymer particle to over 400m/s while being tracked during flight and rebound from the substrate
using ultrafast laser photography. Single particle impact studies provide information about the
particle impact dynamics including the plastic deformation of a successfully deposited particles
and the coefficient of restitution of a rebounding particle that cannot be monitored during cold
spray. Particles of both polyamide and polystyrene were found to deposit on a soft LDPE
substrate at similar impact velocities using both deposition techniques. A number of differences
between the two techniques were also observed. Like-on-like deposition was only found to be
successful in cold spray. Additionally, when single particle impacts successfully deposited, the
efficiency of deposition was close to 100%, while for the cold spray processes the deposition was
less than 5%. These results suggest multiple particle impacts and/or surface roughness can play a

major role in the effectiveness and efficiency of the cold spray deposition process for polymers.
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1. Introduction

Cold spray is a solid-state coating process that uses a high-speed gas jet to accelerate solid
powder particles toward a substrate [1, 2]. Upon impact with the substrate, the particles
plastically deform and form strong chemical and/or mechanical bonds with the substrate to form
a strong, homogeneous coating with properties comparable to the original powder and little to no
porosity. The main advantage of this process over other additive manufacturing and coating
techniques like plasma spray, high velocity oxygen fuel, or laser cladding is that melting is
avoided in this method which minimizes chances of oxidation and evaporation and hinders
mismatches between microstructure, expansion and other properties [2, 3]. Additionally, a
technical advantage of the cold spray process, similar to thermal spray, is that the spraying gun
can be held by a robot arm and the substrate can be mounted on a 3D printing platform to form
complex structures [4]. Cold spray has evolved into a viable additive manufacturing solution,
especially for an increasing number of non-traditional applications, such as in the aerospace
industry where it has been adapted for the repair and reconditioning of metal parts and
components [8]. Cold spray of polymers and polymeric composites has also been used recently
to fabricate biocompatible and antibacterial coatings [5]. Additionally, as environmental, health
and safety regulations are becoming progressively more stringent, interest in cold spray has

grown as a potentially greener alternative because of the lack of solvents in the processing.

Since the onset of cold spray application in mid-1980s, copper, aluminum, nickel, iron, zinc,
tin, and alloys of these elements have been studied extensively [2, 6 — 8]. There are also many
studies of metallization of polymer substrates using cold spray technique, including tin cold-
sprayed onto the surface of polystyrene, polyamide-6, and polypropylene or aluminum cold-
sprayed onto carbon reinforced Polyether ether ketone (PEEK) [4] and copper onto Polyvinyl
chloride (PVC) and other polymers [9 — 11]. However, investigations on the cold spray
deposition of polymer particles on polymer substrates are very sparse and few [12 — 15]. One
obstacle that researchers face in their investigations on polymers, is the low deposition efficiency
obtained in this process. For example, in the work of Y. Xu et al. [14] less than 1% of the
polymer particles were found to adhere to the surface. This is quite different from the
observations in metal cold spray where close to 100% deposition efficiency is achieved [8]. In

our previous work, we optimized the deposition efficiency for HDPE particles and were able to



increase it to nearly 10% by modifying process variables including nozzle geometry, powder
flowrate, carrier gas properties, particle temperature, substrate temperature and particle impact
velocity [15]. In this study, our aim is to better understand the role of these process parameters
by comparing cold spray deposition to micro-ballistic single particle impacts where the particle
flight and rebound can be observed through high speed photography and the deformation and

final state of particles after deposition can be observed through electron microscopy.

In metallic cold spray, it has been argued that the strong shear flow formed at the interface
between the impacting particle and the substrate can remove the oxide layer from the
particle/substrate interface allowing for a strong metallurgical bond to form between the freshly
exposed surfaces. In the cold spray deposition of most polymer particles, the formation of
metallic bonds is not possible. As a result, other bonding mechanisms such as mechanical
interlocking [4], crack filling [16], particle/substrate modulus difference [17], interfacial flow
instability [18], and adiabatic shear instability [19] are most likely responsible for particle
adhesion. The adiabatic shear instability is regarded as the dominant bonding mechanism when
significant plastic deformation occurs during impact as is the case for polymer particles [19].
The adiabatic assumption hypothesizes that the heat generated from the impact-induced plastic
deformation does not diffuse far from regions of high deformation and subsequently the high
shear can dramatically increase the interfacial temperature between the particle and the substrate.
For plastic particles, this adiabatic assumption is reasonable due to the low thermal conduction of
the polymer. The elevated temperature, in turn, leads to thermal softening which allows for more
plastic deformation and energy dissipation. The adiabatic shear instability can lead to mechanical
interlocking and mixing between the particle and the substrate resulting in particle adhesion due
to an interfacial flow instability between two materials of different viscosities [18] [21]. Closer
examination of the interface between the substrate and the adhered particle is still needed in
order to conclusively determine the dominant bonding mechanism in the cold spray deposition of
polymers. Monitoring the evolution of the flattening ratio and the crater depth during the impact
of cold sprayed polymer powders would be quite helpful in understanding the bonding
mechanism. Unfortunately, these experiments are quite difficult because of the large number of

particles depositing during cold spray and the peening effect of the subsequent successful and



unsuccessful particle impacts. Here, again single particle impact studies can lead to insights into

the impact and adhesion of particles during the cold spray process.

In this study, cold spray deposition and single particle impact experiments of polyamide 12
and polystyrene particles for both cases of like-on-like deposition and deposition on low-density
polyethylene were performed to further explore the adhesion process of polymer particles
impacting a polymer substrate. We will show that single particle impact studies can provide
some valuable insights to the particle deposition process and highlight intriguing differences

between single particle and multiple particle impacts.

2. Materials and Methods

A laboratory-scale cold spray system using a consumer grade single-stage air compressor
with the capability of accelerating particles up to Mach 2 was used to deposit polystyrene
particles with an average diameter of D = 40um and polyamide 12 (PA) particles with an
average diameter of D = 50um. The polymer cold spray system is described in detail in Bush et
al. [15]. It was designed to use either a compressed nitrogen cylinder or a 1.85kW consumer-
grade single-stage air compressor capable of producing a pressure of 6.2 bars at 8.5 m*/hr. The
compressed air traveled through filters and a pressure regulator before entering a heated pressure
vessel which housed the powder feeder. The hot gas/powder mixture then exited the vessel and
passed through the nozzle. The powder and process gas are heated together and mixed well

upstream of the nozzle.

The aluminum pressure vessel was heated with three 500W band heaters (Omega MB-1).
The temperature of the pressure vessel was monitored with an internal bore thermocouple
(Omega BT) inserted through a radial pressure fitting near the bottom of the barrel and was
controlled with a PID temperature controller (Omega CN2110). The inner diameter of the
pressure vessel was 38mm and it had a total length 27cm. Nozzle inlet conditions were
monitored via a thermocouple and a pressure transducer (Omega PX309-300GV) inserted just
upstream of the nozzle as seen in Figure 1la. A schematic diagram of the cold spray setup used in
this study is shown in Figure 1a, alongside a picture of the actual cold spray system in Figure 1b
[15]. The powder feed was accomplished by routing the carrier air around a vibratory powder

dispenser contained in the pressure vessel. A pneumatic vibrator (Cleveland Vibrators VM-25)



was mounted on a connecting rod above the pressure vessel. The connecting rod ran through a
slip-fit bushing and into the vessel, where it transmitted vibration to an attached aluminum tube
that contained the powder to be deposited. The bottom of the tube was capped with coarse wire
mesh, which allowed agitated powder to fall into the surrounding carrier gas.

A temperature-controlled 2D xy-stage operated by an open source software package
designed for 3D printing (Repetier-Host) was used to move the substrate underneath the nozzle
exit at controlled speeds to create deposition patterns consisting of 1D lines and 2D square
patterns. Here all 2D deposition patterns were 2cm x 2cm squares that required multiple passes
to deposit with 25% overlap between sequential lines (the overlap percentage is true for specific
conditions of particle size, velocity and flowrate of about 50um, 150m/s and 35g/min,
respectively). For both the PA and PS particles, deposition was studied on substrates melt-cast
from either the polystyrene or polyamide particles to test like-on-like deposition or substrates
melt-cast from LDPE to study deposition on a substrate with a different modulus. For
simplification, in presenting the results of these experiments, we will use the abbreviation PS-on-
LDPE, PS-on-PS, PA-on-LDPE, and PA-on-PA, respectively

A one-dimensional (1D) inviscid compressible flow model of the gas and particle
dynamics created by Champagne et al. [22, 23] was used to calculate the velocity, temperature,
and pressure variations through the nozzle. It was assumed that the particles do not disturb the
flow field. The particle impact velocity and temperature were then calculated using a simple drag
law and a lumped capacitance heat transfer model as outlined in Bush et al. [15]. In order to
calculate the impact velocity and temperature of the particles, information about the particle
diameter along with values of the gas velocity, temperature and pressure along the nozzle were

needed.

In the micro-ballistic single particle impact experiments, an ablation laser pulse (5 — 8ns
pulse duration, 1064 nm) was created by using a neodymium-doped yttrium aluminum garnet,
Nd:YAG laser medium (Quanta-Ray INDI-40-10-HG, Spectra-Physics) to accelerate an
individual polymer particle placed near the focal point of the laser ablation on a
polydimethylsiloxane (PDMS)/Au/glass substrate. This process is shown schematically in Figure
1c. The particle was subsequently accelerated by the rapid expanding motion of an 80um thick

elastomeric film made of cross-linked PDMS. Combining a femtosecond laser source with three



electro-optic modulators, this micro-ballistic single particle impact experiment, can provide up to
40 million frames per second. A photonic crystal fiber (SCG-800, Newport) was used to convert
the gated laser pulses to white light, resulting in an image like the one seen in Figure 1d,
containing multiple exposure of the particle in flight as it approaches and rebounds off the
substrate. The particle diameter and velocity were measured directly from the ultrafast
photograph. Both the PA and PS particles were successfully accelerated in the micro-ballistic
system and impacted on both like-on-like substrates of melt cast PS and PA and on a melt cast
LDPE substrate.
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Figure 1 — a) A schematic diagram of the cold spray setup, b) a picture of the cold spray setup
used in these experiments, ¢) a schematic diagram of the single particle impact setup and d)
sample ultrafast images of particles approaching and impacting different target substrates.



The material properties of the PA and PS powders and the LDPE substrate studied in this
work are presented in Table 1. As can be observed from the SEM images of the feedstock
powders in Figure 2, the PS particles are nearly spherical, but the PA are more irregular with
facetted surfaces and sharp edges which make them more challenging to process through the
hopper of the cold spray system. The original spherical shape of the PS particles also allowed for a
study of the plastic deformation for the deposited particles in the micro-ballistic single particle impact
experiments because the original, undeformed radius, ro, could be compared against the final, deformed

radius, r, of the deposited particle measured normal to the impact direction in order to calculate the

resulting compression ratio, Ar/r,=(r—r,)/r, , of the PS particles.

Table 1 — Properties of polymer materials studied either as powder particles or substrate

Material To[°C] | Tm[°C] | My of the repeat unit [g/mol] | D [um] Supplier
LDPE (substrate) -125 112 28 - McMaster Carr
PA (powder) 97 180 300 50+ 25 KU Leuven
PS (powder) 100 175 104 44+ 4 KU Leuven

LD, - G PG

) .

Figure 2 — SEM images of the feedstock powder particles (a) PA and (b) PS.
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3. Results and Discussion

A series of cold spray experiments were performed for PS and PA particles deposited on
melt-cast PS, PA, and LDPE substrates. In all the experiments, the substrate temperature was
fixed at Ts = 100 °C, while the particle temperature and impact velocity were varied so that the
deposition window for each particle/substrate combination could be determined. In Figure 3, the
deposition windows of PA-on-LDPE, PA-on-PA, PS-on-LDPE and PS-on-PS are shown for the
cold spray technique as a function of particle temperature. The lower bounds of the deposition
window is defined by the critical particle impact velocity above which deposition of PS and PA
particles were found to be possible. This critical particle impact velocity, V., is defined
independently from deposition efficiency such that any observed deposition, even if it was at an
extremely low deposition efficiency, was considered to be successful. As we will discuss later,
deposition efficiency was found to improve with increasing impact velocity and, as a result,
operation at the critical impact velocity is not the most optimized settings for cold spray

deposition. Typical cold spray systems operate at 1.5V,;.

When depositing on the softer melt-cast LDPE substrate, as seen in Figure 3a and 3c, the
critical impact velocity for the PS and PA particles at room temperature was found to be slightly
above 160 m/s. As the temperature was increased, the critical velocity was found to decrease
roughly linearly with increasing temperature for both the PS and the PA particles to values close
to 150 m/s at a particle temperature of T, =100°C. The same decreasing trend has been observed
for cold spray of metals like aluminum, copper and steel for the critical velocity with increasing
the particle temperature [25 — 27]. The deposition window for PA and PS on LDPE are similar in
some ways. For instance, from Figure 3a and 3c, we note that the critical velocity decays with
roughly the same temperature dependence for both the PA and PS particles deposited on LDPE.
However, there are some important differences to be pointed out as well. At 120°C and above,
the PS particles became tacky inside the powder feeding hopper, making powder delivery
difficult and cold spray processing impossible. This did not happen for PA particles which could
be processed well above T, = 120 °C. The other major difference was the existence of an upper
velocity limit for PS particles above which particles were found to rebound from the substrate
leaving signs of erosion on the surface of the substrate. At room temperature, this upper limit

was found to be 230m/s for the PS particles. It was found to increase linearly with increasing



particle temperature resulting in a deposition window that expands with increasing temperature.
The PA particles, on the other hand, appeared to deposit on LDPE even at the highest velocities
studied in this work. It is possible that an upper limit would have been found for PA if higher
velocity experiments were performed, however, here we chose to limit our study to velocities
less than the speed of sound, Ma = 1, to avoid issues associated with shock waves. This upper
limit has been observed before [15], and represents the limit where the incoming particles begin

to remove particles that initially adhere through an ablation process.

For the case of like-on-like deposition shown in Figure 3b and 3d, the deposition
boundaries were found to shift to higher critical velocity for a given particle temperature creating
smaller windows of deposition than those deposited on LDPE. For example, at room
temperature, the critical velocity for PA shifted from V., = 161m/s on LDPE to V. = 181m/s on
PA (Figure 3a and 3b) while the critical velocity for PS shifted from 161m/s on LDPE to 170m/s
on PS (Figure 3c and 3d). As the temperature was increased, the critical velocity was found to
decay about 1.5 times more rapidly for deposition of PA-on-PA than that of PA-on-LDPE.
Interestingly, deposition of PA on both substrates it reached roughly the same critical velocity of
about V¢ = 155m/s once the particle temperature reached T, =120 °C. The change in slope
between substrates was not as great for the PS but it can still be observed in Figures 3a and 3b
resulting in a critical impact velocity of V¢, = 155m/s for PS-on-LDPE and V., = 170m/s for PS-
on-PS at a particle temperature T, =100°C. The observed differences in critical impact velocity
between deposition on LDPE and the like-on-like deposition are likely due to the mismatch in
the modulus between the particle and substrate. It is well known that a modulus mismatch can
lead to an increase in plastic deformation and thus an increased likelihood of adhesion upon
impact [15, 21, 28]. The differences observed between the like-on-like deposition of PS and PA
were unexpected as both PS and PA have roughly the same Ty and Ty, The differences could be
linked to the stronger temperature dependence of the critical impact velocity of the PA particles
than that of the PS particles.

From Figure 3 (a — d), an upper limit of deposition can be observed in three of the four
deposition windows. Beyond the critical velocities for erosion, particle deposition was initially
successful. However, all the polymer particles that initially adhered to the surface were all

subsequently stripped from the substrate as the cold spray stream traversed the surface. The



coating failure was always found to occur at the interface between the deposited particles and
substrate indicating an adhesive failure induced either by impacting particles dislodging
adsorbed particles or the high speed impinging air jet shearing particles from the substrate. For
PA particles, the upper limit of deposition was found when the substrate was changed from
LDPE to melt-cast PA. Within the range of our experiments, no upper limit was found for PA-
on-LDPE deposition. PA-on-PA deposition was found to fail for particle impact velocity above
Vi > 210m/s for experiments performed at room temperature. This upper limit of deposition for
PA-on-PA was found to increase slightly as the temperature increased reaching a value of V; =
220m/s at 120°C. For the PS particles, an upper limit of the deposition window was found for
both PS-on-PS and PS-on-LDPE depositions, although with slightly different rate of increase in
the maximum impact velocity with increasing temperature. The dashed lines which have been
superimposed over the deposition data in Figure 3 illustrate the trend of both the lower and upper
limits of deposition with increasing temperature. The slope of these trendlines was found to
range between 0.23 and 0.33. This is notably smaller than what was previously obtained for the
cold spray deposition of HDPE particles on PVC and POM (polyoxymethylene) substrates where
slopes were between 0.55 — 0.66 [15]. A similarly weaker temperature dependence of critical
velocity for successful deposition of both the PA and PS particles was also observed for cold
spray deposition compared to HDPE particles. These differences are likely due to differences in
the thermal softening of the different polymers at high temperatures and high deformation rates
of impact. Interestingly, the upper velocity limit which

10
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Figure 3 — Deposition window of (a) PA-on-LDPE, (b) PA-on-PA, (c) PS-on-LDPE and (d) PS-
on-PS in cold spray experiment showing the transition from no deposition (!) to deposition (I).
In all cases, the substrate was held fixed at Ts= 100°C and the stand-off distance was 10mm.
Above T,>120°C, the particles became tacky in the hopper making cold spray impossible.

In order to better understand the window of deposition achieved in cold spray, a series of
micro-ballistic single particle impact experiments were performed under experimental conditions
designed to mimic those experienced in the cold spray process. In all cases, the particle and
substrate temperature were held constant at 100°C while the particle impact velocity was varied
from 50 — 500m/s. In each case, the impact velocity was measured from the ultrafast photographs

and, in the experiments where adhesion was not observed, the rebound velocity was also
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measured. After the successful adhesion experiments, electron microscopy was used to inspect

the shape and deformation induced in the particle and substrate.

In Figures 4 and 5, the results from single particle impact experiments are shown.
Included in these figures are the rebound velocity, V,, and the coefficient of restitution, C, =
V/V;. Here, Vi is the particle impact velocity and V. is the particle rebound velocity. For particles
that were found to adhere to the surface, V. = 0. In Figure 4, the rebound velocity and the
coefficient of restitution are presented for micro-ballistic single particle impacts of PS particles
with on an LDPE substrate at 100°C to test the importance of particle size on the results. In these
experiments, particle diameters ranging from D, = 40 to 47pum were studied. Within the particle
size range studied, no significant variation was observed on either of the critical velocity or the
coefficient of restitution. Similar results were obtained for PA particles depositing on LDPE in
single particle impact experiment. The critical velocity obtained for PA particles in the single
impact method, did not show significant dependency on particle size even though the variation in
PA particles sizes (50 25um) was significantly larger than PS particles (44 £ 4um). Thus,
particle impact velocity appears to be the most important experimental variable governing
particle deposition.

In Figure 5, the results from single particle impact experiments are shown for PS particles
impacts on PS and LDPE substrates as well as PA particle impacts on PA and LDPE substrates
for varying impact velocity. In Table 2, the critical velocity obtained from both micro-ballistic
single particle impact experiments and cold spray process for PS particles depositing on PS and
LDPE and PA particles depositing on PA and LDPE is presented for comparison. The particles
and substrates were kept at 100°C in both the cold spray and micro-ballistic impact experiments
to make comparison possible. It can be seen from the data in Table 2 that the micro-ballistic
single impacts of PS particles depositing on LDPE vyielded a critical velocity in the range of V¢ =
120m/s to 140m/s. This critical velocity compares favorably to the value obtained from the cold
spray process, V¢ = 160 = 7m/s. The PA particles started depositing on LDPE at a slightly higher
critical velocity range in the single impact experiments, V¢ = 170 to 180m/s. Again, this critical
velocity compares favorably with the value measured in the cold spray process, V¢ = 150 +
30m/s. The larger standard deviations obtained for critical velocities of PA particles in the cold

spray process compared to that of PS particles is due to the wider size distribution of PA

12



particles (50 = 25um) compared to that of PS particles (44 = 4um). This size variation affects
the calculation of the impact velocity as the particle velocity is not measured in the cold spray
process but predicted from a series from the compressible flow calculations [15], where the

particle diameter is an important input parameter.

The coefficient of restitution, C, = V//V;, is plotted against the impact velocity in Figure
5b. The coefficient of restitution, or more appropriately, one minus the square of the coefficient
of restitution, (1 - C;%), is indicative of the amount of kinetic energy dissipated by the impacting
particles. From numerical simulation, it is known that in high speed collisions with velocities
above 250 m/s, a large portion of the kinetic energy is dissipated in the form of plastic
deformation in regions adjacent to particle/substrate interface [18]. In the case of depositing on
LDPE, the coefficient of restitution was found to decrease with increasing the particle impact
velocity, V;, for both PS and PA in micro-ballistic single impact trials until it reached zero at the
critical velocity when the particles began to adhere. Above the critical velocity, C, = 0, indicating
100% deposition efficiency for PA and PS particles accelerated onto LDPE substrate through the
micro-ballistic impact experiments. This observation also indicates that there is no upper velocity
limit, at least, within the range of impact velocities tested here for deposition of PA and PS on
LDPE in the single impact trials. This suggests that the impact of successive particles plays a
role in the failure to successfully deposit PS and PA on LDPE at large velocities in cold spray.
Perhaps the shear stress of successive impacts at a glancing angle is enough to dislodge poorly
adhered particles. We will come back to this discussion later in the paper.

13
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Table 2 — Critical velocity obtained from single particle impact test and cold spray process for PS
and PA particles deposited on LDPE and PS or PA substrates. Particle and substrate temperature
were kept at 100°C.

Particle and Single Particle Impact Test Cold Spray Process
Substrate Materials Results Results
PS-on-LDPE 120 — 140m/s 160 £ 7m/s
PA-on-LDPE 170 — 180m/s 150 =% 30m/s
PS-on-PS No deposition 170 £ 7m/s
PA-on-PA No deposition 160 £ 30m/s

In the case of micro-ballistic single particle like-on-like deposition, the coefficient of
restitution was found to decrease for both the PS and PA particles with increasing impact
velocity. The functional form was similar to that observed for impacts on LDPE. However,
adhesion was not observed and as a result, the coefficient of restitution never reached zero.
Instead, at impact velocities above V; = 300m/s, the data in the coefficient of restitution plots
appeared to approach an asymptotic value of C, = 0.2 for both the PS and PA particles. Thus,
successful like-on-like deposition was not achieved for either PS or PA particles in the micro-
ballistic single impact method over the impact velocity range of 100 — 400m/s at 100°C. This
represents a major discrepancy between the single particle impact results and the results of the
cold spray deposition for which particle adhesion was achieved in like-on-like deposition above

a critical velocity of approximately V., = 170m/s for both PS and PA.

For particles that do adhere to the substrate, SEM can be used to study their final shape
and degree of deformation. A series of SEM images of PA particles absorbed on the LDPE

substrate following micro-ballistic single particle impact at 100°C are shown in
Figure 6. All of the SEM images presented in

Figure 6 were at an angle of 80°. Some evidences of melting of the particles can be
observed at the interface connecting the particle to the substrate where the surface roughness of
the particle clearly changes from rough to smooth. As the impact velocity was increased, the

degree of polymer melting, and flow clearly increased with liquid regions appearing to flow or
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climb up the side of the particle after or during deposition. During impact the particle deforms
the interface. If the particle or substrate locally melts, it could be pulled back up with the particle
as some of the deformation is elastically recovered. It is not clear, however, if the melting
originates from the particle or from the substrate. It is likely that the majority of the melt polymer
has originated from the substrate rather than the particle because the melting point of LDPE is
more than 50°C less than that of PA. However, recent numerical simulations have shown that
upon impact, the temperature at the interface should exceed the melting temperatures of both
LDPE and PA [21]. If the melting did indeed originate from the substrate, then it follows that
any volume of LDPE from the substrate that has wetted onto the particle, must have been
displaced from the substrate leaving behind a crater. However, because no crater is visible
adjacent to the deposited particles, any LDPE polymer present on the impacted particle must
have been displaced from just beneath the particle. It is likely that the flow of the substrate

material onto the particles is contributing to the particle/substrate bond.

The SEM images of PS single particles deposited on LDPE in the micro-ballistic
experiment at different impact velocities are shown in Figure 7. Although significant differences
are not observed between these SEM images in Figure 7(a — c) at various impact velocities, a
small increasing trend is noticeable in the plastic deformation of the PS particles with increasing
the impact velocity. Evidence of melting is also visible around the PS particle deposited on
LDPE, more noticeably in Figure 7c at an impact velocity of Vi = 290m/s. The presence of the
clear melted region might help explain the difference between the like-on-like and particle on
LDPE results. LDPE is well above its Ty at the processing temperature and its melt temperature,
Tm = 110 °C is just above the process temperature. As a result, local melting of the LDPE at the
particle substrate interface is likely. This molten region likely helps dissipate energy and increase
adhesion strength. For both the PS and PA particles, the melting temperature is well above the

processing conditions and as a result melting is unlikely.
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The plastic deformation measured following the successful deposition of the PS particles

onto an LDPE substrate using the micro-ballistic single impact technique experiments are plotted
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Figure 8. The plastic deformation of the particles was found to increase linearly with
increasing impact velocity. Similar linear trends were observed between the plastic deformation
and the impact velocity for aluminum particles depositing on either sapphire or aluminum in
laser-induced single particle impact experiments [24, 29]. Unfortunately, the plastic deformation
could not be quantified for the PA particles because, unlike the PS particles, they did not begin
the experiment spherical and, as a result, it is unclear what initial condition the final deformed

particle should be compared to in order to determine the plastic deformation.
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Figure 6 — SEM images of PA particles deposited on LDPE through a micro-ballistic impact
experiment. The data include particles with impact velocities of a) V; = 225m/s, b) 295m/s, c)
355m/s, d) 382m/s, e) higher magnification imaging of (d), and f) 384m/s. All experiments were
performed at 100°C. All images are taken at 80° angle so that the interface between particle and

substrate could be observed.

Figure 7 — SEM images of the individual particles of polystyrene deposited on a LDPE substrate
at impact velocities of a) V; = 140m/s, b) 230m/s, c) 290m/s. Both particles and substrates were

at a temperature of T, = T, = 100°C.
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The coefficient of restitution was used to infer the total energy dissipated for both the

rebounding and adhering particles, (1 - C?), and it is included in

—_— T T T T T T 8
=, 100 + O K> OO <><>? 7
< L
o o O [ 1]
T 98r o o 16
'@ I % °
2 S ° 19
0O ot
3 14
2 o
w 94 - 13
‘G - o0 17
= . o
3 % 11
S i
o

90 1 1 1 1 1 1 0

0 50 100 150 200 250 300 350

Particle Impact Velocity, V. [m/s]

Figure 8 to provide a direct comparison to plastic deformation data of the PS particles.
For PS-on-LDPE, at impact velocities as low as V; = 50m/s, the percentage of impact energy
dissipation was above 90%. With increasing impact velocity, the dissipated portion of the impact
energy was found to increase monotonically until it reached 100% at V; = 140m/s. SEM images
of the PS particles deposited on LDPE in the micro-ballistic single particle experiments were
analyzed using a software, ImageJ to measure the radius, r, of the PS particle perpendicular to
the substrate surface. The results were compared to the initial diameter, ro of the PS particle
known from the ultrafast photography before impact.

The plastic deformation of the PS particles deposited on the LDPE substrate in the micro-
ballistic single particle impacts was studied using the SEM images. The compression ratio of the
particle needed for deposition of PS-on-LDPE in the single particle impact method was
measured to be Ar/ro = 1.5%. Here, local strains which should clearly be much larger than this at
the interface between the particle and the substrate and not be directly measured. The numerical
simulation of Shah et al. [21] for the impact of high density polyethylene (HDPE) particles on a
HDPE substrate at room temperature showed that the compression ratio of the particle increases
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from 0.5% at impact velocity of V; =150m/s to 1.5% at the impact velocity of V; = 250m/s. This
suggests that giving similar compression ratios that it is reasonable to use these simulations to
probe in more details of the deformation and temperature history of the particles and infer similar
trend in our experimental impacts. Meanwhile, in the simulations of Shah et al. [21] the
temperature at the particle/substrate interfacial region was shown to increase from 32°C to 47°C
when the impact velocity was increased from V; = 150 to 250m/s. The present single impact
study for PS particles impacting on an LDPE substrate indicated an increase in compression ratio
from 1.5% at the impact velocity of V; = 140m/s to 7.2% at the impact velocity of V; = 295m/s.
Wanting et al. [24] studied the laser induced single particle impact of aluminum particles with an
average diameter of D, = 19um on sapphire and found an increase in the plastic deformation of
the particles from Ar/ro = 15% to Ar/ro = 55% with increasing the impact velocity from V; =
170m/s to V; = 700m/s. Thus, the compression ratio we obtained here in the micro-ballistic single
impact experiments for the PS particles on LDPE is an order of magnitude less than that of
aluminum particles depositing on sapphire in a similar deposition technique. This implies
another important difference between metals and polymers when applying these additive

manufacturing techniques.

The cold spray deposition efficiency, DE, of PA-on LDPE, PS-on-LDPE, PA-on-PA and PS-
on-PS is plotted against particle impact velocity in Figure 9. The deposition is quantified by
measuring the change in mass of the substrate after deposition and comparing that to the mass of
powder used during the experiment. The deposition efficiency of the PA particles was found to
be larger than that of the PS particles for both the case of cold spray deposition on LDPE and the
case of like-on-like deposition. These differences are likely due to the variations of their
mechanical and viscoelastic properties at elevated temperatures and extremely high shear rates.
In Figure 9, a monotonic increase in the deposition efficiency is observed with increasing the
impact velocity of the PA and PS particles in both like-on-like deposition cases and deposition
on LDPE. With increasing impact velocity, however, the deposition efficiency was not found to
increase past 5% for any of the velocities or any of the studied particle-substrate combinations.
For metals like copper and aluminum, on the other hand, the variation of deposition efficiency
deposition efficiency with particle impact velocity is reported to be quite different [2]. They

resemble more like a step function rather than a continuous trend observed here. In metal cold
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spray, at impact velocities just above the critical velocity, a deposition efficiency of DE = 25% is
observed, but then it abruptly increases to DE = 75 — 100% at impact velocities higher than

1.2V [2]. A similar trend was not observed here or for HDPE depositions in the past [15].

The results of the single particle impacts, however, showed a 100% deposition for the
roughly 25 trials of particles impacting the LDPE substrate at velocities above the critical
velocity. One possible reason for the differences between deposition efficiency of cold spray and
that of micro-ballistic single impacts could be that the successive impacts might be dislodging
the initially deposited particles. The roughness of the substrate surface can also play a role in
determining the deposition efficiency. In the cold spray process, only the first layer of particles
hit the smooth surface of the substrate and thereafter all other incoming particles impacted on the
rough and bumpy surface of an already deposited layer of particles. This was not the case for the
single particle impact experiments because secondary impacts were not examined and the single

particle was impacted on the smooth substrate surface rather than deposited particles.
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Figure 8 — Results for the micro-ballistic single particle impact experiment including the plastic
deformation (e) and percent of energy dissipation upon impact () for PS particles accelerated
toward the LDPE substrate. All experiments were performed at 100°C.
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Figure 9 — Deposition efficiency as a function of particle impact velocity for PA-on-LDPE (1),
PA-on-PA (!), PS-on-LDPE (o), and PS-on-PS (e), in the cold spray process. Both particle and

substrate were at T, = T =100°C.

The reasons behind the successful like-on-like deposition observed for cold spray of PS
and PA and the failure to obtain successful deposition for micro-ballistic single impacts may also
stem from multiple impacts; either successive or simultaneous. Multiple impacts, if head on or
nearly head on, can produce extra plastic deformation and melting in the initially deposited
primary particle. Thus, it seems reasonable that multiple particle strikes can be either
advantageous or disadvantageous depending on the angle of impact. If the secondary particle
collides simultaneous with the primary particle, it could increase the likelihood of adhesion of
the primary particle by increasing the primary particle deformation upon impact. If the secondary
particle collides after the primary has already adhered to the substrate it might still be beneficial
as it could induce additional deformation through peening that could improve the strength of the
primary particle/substrate adhesion making the primary particle less susceptible to the
detrimental effects of an impact at a more acute angle which could dislodge a weakly adhered
particle. Ganesan et al. [9] also confirmed the significance of the peening effect of secondary

particles in the formation of a uniform coating on a polymeric substrate.

For simultaneous particle impacts to play a key role in the cold spray deposition process
of polymers, there must be a non-zero probability of a second particle hitting the first particle
within the time it is impacting the substrate. This impact time has been calculated to be about 30
ns [21]. In order to assess this possibility, take for example, a specific set of process conditions in

which the impact velocity of particles is 200m/s, the standoff distance from the nozzle exit is 10
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mm, the particle flowrate is 50g/min, and the mean particle size is 40um. Under these conditions,
the probability of second particle striking the primary particle during its impact can be
approximated to be about 1%. Although not large, this probability of hitting in cold spray is
significant enough that it is reasonable to assert that simultaneous multi-body impact could be
playing a role in explaining the difference between these two methods. It is also important to
note that in cold spray, the deposition efficiency was found to increase with increasing flowrate
of particles up to a limit of 50g/min. Finally, we should note that the peening effect of other
particles and their bombardment on an already impacted particle as well as reducing the

roughness of the substrate can affect the particle/substrate bonding process.
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4. Conclusions

In this work, we utilized a laboratory-scale cold spray setup to deposit PA and PS either
on LDPE or on melt cast substrates of PA and PS. Variation of the critical velocity was studied
with increasing particle temperature which helped developing deposition maps for the four
particle/substrate combinations studied in this work. A series of laser induced micro-ballistic
single particle impact experiments were also conducted using the same materials as powder
particle or substrate and the results were compared to those of the cold spray process. For the
cases where polymer particles were deposited on LDPE, both methods yielded roughly similar
critical velocities for both PA and PS particles. The cold spray process yielded a critical velocity
of Vo = 160 + 7m/s and 150 + 30m/s for PS-on-LDPE and PA-on-LDPE depositions,
respectively. The micro-ballistic single particle impact method, on the other hand, measured the
critical velocity in the V¢ = 120 — 140m/s and 170 — 180m/s ranges for PS-on-LDPE and PA-on-
LDPE depositions, respectively. However, there appeared to be several important differences
between the single particle impact experiment and the cold spray process. The deposition
efficiency did not exceed 5% in the cold spray process whereas in the micro-ballistic single
particle impact method 100% deposition efficiency was achieved at impact velocities above the
critical velocity. Unlike the cold spray process, in single particle impact, the effect of successive
particle collisions on the first deposited particle as well as the effect of airflow is eliminated. The
enhanced plastic deformation in both the primary particle and the substrate beneath the primary
particle due to the successive head on particle collisions might explain why we achieved like-on-
like deposition in the cold spray process but not in the micro-ballistic single particle impacts. The
plastic deformation in micro-ballistic single particle impacts was measured for PS particles
depositing on LDPE from SEM studies and was found to be comparable to the simulation results
for cold spray of polymers. However, compared to metals, the plastic deformation of the studied
polymers in the micro-ballistic single particle impact experiments was an order of magnitude
smaller than that of metals depositing on sapphire in a same process but at considerably higher
impact velocities. Finally, the cold spray process showed a monotonic increase in deposition
efficiency of the studied polymer materials with the impact velocity which is quite different from

that of metals which more looks like a step function.
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Highlights

Windows of deposition over the velocity and temperature space were developed for
polystyrene and polyamide particles in the cold spray technique.

A set of laser-induced single particle impact experiments were carried out as well for
these two materials and the results were compared to that of the cold spray process.
The critical velocity was slightly different for the two techniques.

The peening effect of the multiple particles in the cold spray process was proven to
encourage bonding.

SEM analysis revealed the important role of interfacial melting in the formation of a
strong particle/substrate bond.
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