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Abstract: Cold spray technology using micron-sized particles to produce coatings is increasingly used
for reparative tasks in various industries. In a cold spray setup, the gun is usually connected to a
robotic arm to deposit coatings on components with complex geometries. For these components, the
standoff distance used in the cold spray process has to be large enough for easy maneuverability of
the gun around a small radial feature. However, a small standoff distance is commonly found in
most studies, which is thought to prevent a velocity drop of the particles over a larger distance. Here,
a study was carried out by measuring the Inconel 625 particle velocity at different spray distances,
ranging from 3 to 40 cm. The highest average velocity of 781 m/s was found at a spray distance of 8 cm.
Furthermore, a study with varying powder feed rates was also conducted. An increase in the powder
feed rate was found to have a minimal effect on the particle velocity. Inconel 625 coatings deposited
at the optimum standoff distance (8 cm) were found to have low porosity and high hardness. The
results in this study demonstrate that a larger standoff distance can be applied without a significant
drop in velocity for cold spray applications requiring high maneuverability.
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1. Introduction

Cold spray is a solid-state deposition technology capable of repairing metallic com-
ponents. This technology has been widely used in industry for repair and restoration
purposes [1]. In a cold spray process, micron-sized metallic particles are accelerated to
supersonic speed via a converging-diverging de Laval nozzle and impact the damaged
parts to form metallic coatings [2]. The main cold spray application setup normally consists
of the cold spray gun attached to a robotic arm. This is to allow repair jobs to be performed
on components with complex geometries by moving the robotic arm in a programmed
path. Complex geometries with small radial features pose a great challenge for the cold
spray gun maneuverability since the cold spray gun nozzle is normally bulky, being tens
of millimeters in size. To overcome this challenge, it is practical to increase the standoff
distance between the damaged part and the gun nozzle. However, studies on particle
velocity at larger spray distances are still lacking.

For cold spray deposition, increasing the standoff distance was generally thought
to result in a lower particle speed due to the drag force exerted on the particle. As such,
small standoff distances such as 2.5 cm [3,4], 3 cm [5,6], 3.5 cm [7], 4 cm [8,9], 5 cm [10],
and 6 cm [11] were used to achieve a deposition on the substrate. However, a study by
Pattison et al. in 2008 found that the standoff distance should be optimized to achieve
a high particle velocity and deposition efficiency [12]. In their study, computational and
experimental studies were conducted to understand the effect of standoff distance. They
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reported that a small standoff distance (<6 cm) will reduce the particle velocity and de-
position efficiency. This is due to a bow shock phenomenon occurring near the substrate
surface caused by the free gas jet impingement, which slows down the particle velocity
before impact. However, in their study, the range of distance considered for particle ve-
locity measurement is only up to 7 cm. Therefore, there is a clear need to understand how
velocity changes with distance in order to achieve a high particle velocity during cold
spray deposition.

A particle with high velocity does not necessarily translate into deposition onto a
substrate. For successful deposition to occur, the particles have to travel at supersonic
velocity higher than a critical velocity determined semi-empirically [2]. A velocity lower
than the critical velocity leads to abrasion of the substrate.

Particle velocity can be increased by increasing the working temperature and pressure
of the cold spray process gas [13]; using propelling gas with a smaller molecular mass,
such as helium [14]; and incorporating an optimized nozzle design into the cold spray
gun [15]. In addition, particle velocity can also be influenced by the powder feed rate in the
nozzle, as reported by Meyer et al. [16]. By increasing the powder feed rate in the nozzle,
the particle velocity decreases due to gas—particle interactions while traveling away from
the nozzle outlet. Other studies also reported similar findings on the effect of powder feed
rate and particle velocity [17,18].

In addition, a study was conducted to visually observe the particle interactions during
flight [19]. Particles were found to collide with each other and the nozzle wall, causing the
particles to disperse away from the axial flow of the jet stream. However, the measurement
equipment used is accompanied with a camera for image processing. It is challenging to
measure particle speed through the images when large amounts of powders pass through
the camera’s field of view at higher powder feed rates.

In this paper, the effects of velocity change were studied at a wide range of spray dis-
tances and powder feed rates. The powder material used here is a nickel-based superalloy,
Inconel 625, which is widely used in the aerospace industry. Cold spray parameters of
working gas temperature and pressure were maximized to achieve a high particle velocity
for each spray distance and powder feed rate. Measurements were done using a commercial
device which utilizes a laser for its measurements. The experimental results show that there
is a highest average velocity of 781 m/s at a spray distance of 8 cm, and particle velocity is
almost constant at different powder feed rates. Cold spray coatings deposited at an 8 cm
standoff distance were found to have low porosity and high hardness. The findings from
this study are beneficial for future cold spray applications on repairing components with
complex geometries.

2. Materials and Methods

Impact Spray System 5/11 (Impact Innovations GmbH, Rattenkirchen, Germany)
was used to spray gas-atomized Inconel 625 powders (Sandvik Osprey Ltd., Sandviken,
Sweden) with the cold spray parameters shown in Table 1. The powder distribution is as
follows: Djg = 15 pm, D5 = 30 um, and Dgg = 45 pm. The powders traveled through a SiC
nozzle in the cold spray gun with a 6 mm diameter nozzle exit. The nozzle has a design
with an expansion ratio of 5.6 and a divergent section length of 160 mm.

Table 1. Cold spray processing parameters used.

Parameter Value
Working gas Nitrogen
Gas pressure 4.5 MPa
Gas temperature 1050 °C
Powder feed rate 5.45 t0 92.65 g/min

Spray distance 3t040 cm
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The sprayed powder velocity and diameter were measured using a cold spray meter
(CSM EVOLUTION, Tecnar Automation Ltd., Quebec, Canada) with the capability of
measuring particle diameters and velocities in the range of 10-300 um and 10-1500 m/s.
The measurement principle of the cold spray meter is the analysis of the electrical signal
produced by the laser scattered by the particles during flight. In the measurement process,
the laser is illuminated on the cold spray plume to produce a scattered laser reflected from
the particles [13]. A photomask with two vertical slits is placed in front of the detector
to detect the scattered laser for the particle diameter and velocity analyses. A twin peak
electrical signal is generated for analyses in the control module. In the control module, the
particle velocity is determined from the equation below:

v = ; x lens optical magnification (1)

where v is the measured particle velocity, s is the distance between the two vertical slits in
the photomask, and ¢ is the time difference between the twin peaks in the electrical signal.
Likewise, the measurement of the particle diameter is determined from the energy radiated
from individual particles. The energy is obtained from the area integral of the twin peaks,
and the particle diameter can be calculated from the equation below:

E
D,=4/—= 2
=\ 5 @

where D), is the particle diameter, E is the energy irradiated by the particles obtained from
the twin peaks, and D, is the diameter coefficient, which is calibrated prior to measurement.

Furthermore, simulations of particle velocity and critical velocity at different spray
distances were conducted using the web-based software by Kinetic Spray Solutions (KSS),
Buchholz, Germany [5]. Coating porosity, powder morphologies and deformation were
observed using a scanning electron microscope (SEM) (JOEL JSM-5600LV, JOEL Ltd., Tokyo,
Japan), a field emission SEM (JOEL JSM-7600f, JOEL Ltd., Tokyo, Japan), and a laser
confocal microscope (Olympus, LEXT OLS4100, Tokyo, Japan). Microhardness of the
coating and substrate was measured using a Vickers hardness tester (FM-300e, Future-tech
Corp., Kawasaki, Japan) with an indentation load of 200 g.

3. Results
3.1. Particle Velocity at Different Spray Distances

The spray distance was measured from the cold spray gun nozzle exit to the mea-
surement point with no substrate present, as shown in Figure 1a. The cold spray gun was
positioned perpendicularly to the laser illumination axis for accurate measurement of the
particle velocity, as illustrated in Figure 1b. Spray distances of 3, 6, 8, 10, 12, 20, 30, and
40 cm were chosen for velocity measurement, and the measurement results are shown in
Figure 2. The average velocities in Figure 2a were calculated from the individual particle
velocity measurements at their corresponding spray distances, as shown in Figure 2b—j.
Simulated particle and critical velocity were also included in Figure 2a to observe and
compare the trends.
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Figure 1. Position of the cold spray gun with respect to the cold spray meter during cold spray
operation. The gun is placed perpendicularly to the cold spray meter measurement point and moved
to the desired spray distance to perform velocity measurement. The spray distance is measured from
the cold spray gun nozzle exit to the velocity measurement point as shown in (a) actual experimental
setup and (b) illustration.
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Figure 2. (a) Velocity measurement and simulation results for Inconel 625 at different spray distances.
(b) Individual particle velocity corresponding to the particle size and spray distance in 3D graphical
format and in 2D graphical format for (c) 3 cm, (d) 6 cm, (e) 8 cm, (f) 10 cm, (g) 12 cm, (h) 20 cm,
(i) 30 cm, and (j) 40 cm spray distances.

The velocity measurements of the powders appear to display an optimum spray distance
to achieve a highest average velocity. The optimum spray distance for Inconel 625 powders is
8 cm, with a highest average velocity of 781 m/s. Similarly, optimum distance obtained
from the KSS software simulation is 8 cm as well. The simulated critical velocity is included
as a guide, and above it, a particle will likely achieve a successful bond onto the substrate [2].
For example, a further increase in the spray distance to greater than 40 cm will result in the
measured particle velocity becoming lower than the critical velocity, and this may have an
effect on the particle deposition. A large error bar in the measurement is due to the large
velocity variation, as shown in Figure 2b—j.

3.2. Particle Velocity at Different Powder Feed Rates

Powder feed rate supplied to the cold spray gun is controlled by adjusting the disk
rotating speed in the powder feeder. Powder feed rates of 5.45-92.65 g/min were used
for the Inconel 625 powders. The upper limit of the powder feed rate corresponds to the
maximum disk rotational speed. The spray distance for this study is the optimum spray
distance of 8 cm, as determined from the previous section. The velocity variation with
different feed rates is not significant in comparison to the spray distance study, as shown in
Figure 3a. Furthermore, the distribution of the individual particle velocity corresponding
to the particle size is similar for every feed rate, as shown in Figure 3b-g.
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Figure 3. (a) Velocity measurement at different powder feed rates. The velocity change is not
significant by changing the powder feed rate. Inset figure shows the magnified graph to clearly
observe the trend. (b) Individual particle velocity measurement corresponding to the particle size
and feed rate in 3D graphical format and in 2D graphical format for (c) 5.45 g/min, (d) 16.35 g/min,
(e) 32.7 g/min, (f) 65.4 g/min, and (g) 92.65 g/min feed rates.
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4. Discussion

Small standoff distance between the cold spray gun and the substrate poses a challenge
to maneuvering the gun around a small radial feature. The results presented in this
study show that the distance can be further increased without sacrificing too much of the
particle velocity to achieve successful bonding for cold spray applications. The velocity
measurement results presented in Figure 2a show that Inconel 625 particle velocities from
340 cm are still above the simulated critical velocity. This indicates that a wider standoff
distance range is available to choose from for cold spray applications. Furthermore, in
Figure 2a, the simulated critical velocity increases at large distances because the particle’s
temperature drops when exposed longer to the air. The particle requires a higher velocity
to compensate for the loss in heat energy for successful bonding, as temperature is an
important parameter for a successful cold spray bond to occur [20,21].

Another interesting observation from the results presented in Figure 2 is the existence
of an optimum spray distance to achieve a high average particle velocity. It is generally
known that any projectiles fired from a barrel will experience a drop from their highest
velocity at the barrel exit due to air resistance. This is why a small standoff distance is
preferred in cold spray applications [3,4,7-11,22,23]. However, in a cold spray process,
the working gas is continuously fed through the system and causes the particle velocity
to continue to increase even after it passes the nozzle exit. This is due to the fact that
the particle continues to accelerate outside the nozzle [12], and the findings in this study
support that. On the other hand, the particle velocity decreases from the highest average
velocity at larger spray distances due to the air resistance experienced by the particles and
the pressure loss from the gas stream. The particle velocity decreases in a linear manner
at 11 m/s per centimeter beyond the optimum spray distance. In addition, the trends in
velocity at different spray distances for other metallic powders were found to be similar
to those seen in research done by Pattison et al. [12]. In their study, copper and titanium
powders were found to continue to accelerate outside of the nozzle. The velocity was found
to keep increasing at larger spray distances, but this is likely due to the fact that they used
a small range of distance of only up to 7 cm.

Velocity distribution of the particles was found to be similar at larger spray distances,
even with a decrease in velocity. As presented in Figure 2j, considerable amounts of
powders are still in the upper range of the velocity distribution at 40 cm. For example,
about 12.6% of particles are above 1000 m/s at the optimum spray distance of 8 cm in
Figure 2e, and at 40 cm, the amount is quite similar, with 7.1% of particles above 1000 m/s
in Figure 2j. This may be due to the irregular Inconel 625 powder morphology, as shown in
the SEM image (Figure 4). An irregularly shaped particle has a larger drag force on it and
is able to achieve a higher velocity over large distances [24].

Figure 4. SEM micrograph showing irregular morphology of the Inconel 625 powders.
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The particle velocity effect from the variation of the powder feed rate is not significant,
as shown in Figure 3. For Inconel 625 powders, the drop in velocity by increasing feed rate
is small, from 789 m/s at 5.45 g/min to 767 m/s at 92.65 g/min, or a decrease of 2.77%.
The velocity decreases by 0.3 m/s for an increase of 1 g/min in the powder feed rate. The
decrease in velocity at high feed rates is less significant due to its density, as a high-density
powder such as Inconel 625, with a density of 8.25 g/cm?, is less strongly affected by the
turbulence flow of the gas jet, and this prevents it from being dispersed away from the jet
stream [18,19].

A further experiment was carried out to cold spray a single particle of Inconel 625 powder
onto an Inconel 625 substrate. The cold spray process was carried out at a large standoff
distance of 20 cm, and successful deposition was achieved, as shown in Figure 5a,b. The
particle is analyzed using the single particle impact evaluation method, as described in
our previous work [25]. A pronounced jetting is formed after the particle impact on
the substrate, as indicated from the height profile in Figure 5b, where the outermost
circumference of the deformed particle is deflected upwards and has a larger profile than
the inner circumference. Previous research has shown that a jetting phenomenon indicates
a successful bond between the particle and the substrate [2,20]. This shows the feasibility of
performing cold spray at a large standoff distance. Furthermore, the deposition efficiency
calculated using the KSS software shows that the deposition efficiency at 20 cm is 95%, as
shown in Figure 5c. The deposition efficiency at spray distances from 3 to 12 cm is 99-100%.

1004 A AAAA

80
60
404

20 - A

Deposition efficiency (%)

0- A

— 1
0 5 10 15 20 25 30 35 40 45
Spray distance (cm)
(9

Figure 5. (a) Single Inconel 625 particle impact on Inconel 625 substrate at 20 cm standoff distance
showing jetting around the circumference as confirmed by the (b) height profile image. (c) Deposition
efficiency of Inconel 625 powder calculated using the KSS software.
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Inconel 625 cold spray coatings at different standoff distances of 3 and 8 cm were also
deposited on Inconel 625 substrate to understand the coating quality. The basic cold spray
parameters used are the same as those shown in Table 1. The powder feed rate used was
32.7 g/min, and substrate traverse speed was 500 mm/s. After the samples were ground
and polished, the porosity and hardness measurements were done, and the results are
presented in Figure 6. From Figure 6a, the average porosity value for the 8 cm standoff
distance is lower than the commonly used 3 cm standoff distance. A similar observation
was found from the microscopic images in Figure 7. This observation is consistent with
Figure 2a, which shows that the highest average velocity occurs at an 8 cm spray distance.
Furthermore, the hardness values were found to be similar for both coatings, as shown in
Figure 6b, indicating that the deformation of the particles after the cold spray process at the
8 cm standoff distance is comparable with the 3 cm standoff distance.

2.0
1.5
9
2
o 1.0 -
e
<)
o
0.5
Standoff distance:
A 3cm
O 8cm
0.0 T T v
0 1 2 3

Distance from coating-substrate interface (mm)

(a)

Figure 6. (a) Porosity in the coatings and (b) hardness results of Inconel 625 coating at 3 and 8 cm

standoff distances.
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T Substrate ! Coating
550 - : i
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(a) (b)

Figure 7. Optical images showing porosity in Inconel 625 coating at (a) 3 and (b) 8 cm standoff distances.
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Interface
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By using the same powder, cold spray system, and parameters within the range dis-
cussed in this paper (standoff distance of 3 cm, powder feed rate of 32.7 g/min), Inconel 625
coatings can be successfully deposited on different substrate materials, including Inconel 625
and Aluminum 6061. The deposited coatings on both substrates are shown in Figure 8, which
was taken with the SEM operated in the backscattered electron (BSE) mode. In Figure 8a,
the deformation of the Inconel substrate at the interface is limited, but the interface was
found to be intimate, indicating a good bond between the coating and substrate, while for
the Aluminum 6061 substrate in Figure 8b, the substrate was found to be largely deformed
by the particles impacted at high velocity. Inconel 625 particles penetrated deep into the
substrate due to the lower substrate hardness, leading to mechanical interlocking, which
could enhance the bonding between the coating and the substrate. The particle velocity at
the same standoff distance is the same for different substrates since the substrates do not
affect the flight of the particle.

<=

¥

~ Coating

Interface

/]

i Coating

Inconel 625
substrate substrate

(a) (b)

Figure 8. SEM micrograph operated in BSE scanning mode of cold sprayed Inconel 625 coating on
(a) Inconel 625 and (b) Aluminum 6061 substrate. Different interface deformation patterns were
observed with different types of substrate material.

5. Conclusions

The research was carried out to study particle velocity changes with varying spray
distances and powder feed rates. From the analyses of the experimental results, the
following conclusions are drawn:

o  There exists a highest average velocity of 781 m/s at an optimum spray distance of
8 cm. The velocity increases from 744 m/s at a 3 cm spray distance and then decreases
beyond an 8 cm spray distance. This is because the powders continue to accelerate
even after leaving the nozzle exit.

e The average particle velocity decreases in a linear manner at 11 m/s per centimeter
after the optimum spray distance of 8 cm.

o The effect of powder feed rate on Inconel 625 powders is less significant; a drop
in velocity of 2.77% was observed by increasing the powder feed rate from 5.45 to
92.65 g/min. This is because Inconel 625 has a high density.

e  Cold spray of a single Inconel 625 particle on Inconel 625 substrate at a 20 cm standoff
distance with pronounced jetting was achieved, indicating that deposition of cold
sprayed Inconel 625 coating can be achieved at large standoff distances.

e  Coatings with low porosity and high hardness were produced at the optimum standoff
distance of 8 cm compared to the commonly used standoff distance of 3 cm.

e Deposition on different types of substrate material was achieved by cold spraying
Inconel 625 powders within the range of the parameters discussed in this study.
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The findings from this study are beneficial for cold spray repair of engineering compo-
nents with complex geometry, where the standoff distance can be increased to improve the
cold spray gun maneuverability. The current study focuses on understanding the effects of
spray distance and powder feed rate on particle velocity. Further research is to be carried
out to gain a better understanding of the microstructures and properties of coatings under
different process parameters.
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