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Abstract: Cold spray (CS) has recently become one of the popular additive manufacturing (AM) processes for
its advantages: high-forming efficiency, low temperature, and no phase changing of materials. These advantages
may make CS able to form large volume objects and possibly directly iterate with material-removing processes
to become a hybrid AM process. Current research proposes using a bulk-based volume-forming strategy (e.g. a
tessellation-based method) for volume building. Although it can form 3D volumes, the control of the process is
difficult and it has limitations in forming complex 3D near-net-shapes with acceptable accuracy. This also
conflicts with the basic principle of AM, where the volume forming is via the manner of layer by layer. To solve
this problem for easy process control, this paper proposes a new spray strategy, one that considers the
characteristics of cold spray and kinematic parameters, to enhance stable layer building for 3D shape forming.
Both simulation and experiments are conducted for method verification. The benchmarking test on some basic
objects shows better shape accuracy than existing methods, and the proposed process is easier to control, repeat
and follow. This implies that the proposed method makes CS a real and ready layer-by-layer AM process for 3D

shape forming.
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1. Introduction

Additive manufacturing technology (also called rapid manufacturing or 3D printing) has been declared the
first manufacturing ‘revolution’ of the 21st century by leading industry authorities. People now are exploring and
developing different AM technologies to fabricate freestanding metal components for aviation, space,
automotive, biomedical, and other industries. Nowadays, there are several types of AM technology that are being
employed commercially, like selective laser melting (SLM) and selective laser sintering (SLS), as well as wire
and arc additive manufacturing (WAAM) [1-5]. However, among these techniques, high-power electron beams
or high-frequency laser radiations are used for heating or melting materials, which can lead to unsatisfactory

results such as oxidations, grain growth, residual thermal stresses, and phase transformations.

Cold spray (CS) is a newly developed surface-coating technique discovered in the 1980s. In practice,
sprayed powders are accelerated to critical velocity (500 to 1500 m/s) by high-pressure gas, undergoing plastic
deformation and bonding together with a substrate [6]. Nowadays, materials such as metals, ceramics, polymers,
composite materials, and nanocrystalline powders are successfully deposited by CS [7-11]. Moreover, many
advantages make CS a potentially competitive technology. For example, being a non-thermal or low-temperature
process, CS allows spraying thermally sensitive materials without the risk of melting, oxidation, thermal
decomposition, crystallization, grain growth, or phase transformations; the high speed and energy of sprayed
particles make CS have high deposition efficiency; the sprayed coating has excellence performance including
structural homogeneity, high density, high purity, notable cohesive strength, and frequently moderate
compressive residual stresses [12—15]. Therefore, CS has been applied to restore damaged metal components as
a repairing technique as well as to fabricate freestanding metal components as an AM technology [16-25]. To
date, some companies or research institutions have intensively invested in the cold spray additive manufacturing
(CSAM) process and have achieved various results. For example, General Electric company (GE) builds large
amounts of components for aviation’s jet engines by using the CSAM system. They also used two robots to
produce large metal components for the first time, where one robot held the component and moved it to a precise
position, while the other one held the spray gun to spray materials on the component [23]. Titomic company has
adopted the CS process to spray titanium or titanium alloy materials onto a scaffold to produce a load-bearing
structure [24]. There is no doubt that CSAM will be more widely used in the field of direct metal manufacturing

and will eventually develop and innovate in the direction of commercialisation.



However, it also has been noted that CSAM has some disadvantages, such as low spatial resolution and
dimensional accuracy. Besides, the distribution and velocity of particles in the feedstock jet are uneven [26],
which causes the distribution of particles to nearly approximate Gaussian distribution [27,28]. In practice, an
axisymmetric de-Laval nozzle is often used to emerge high-speed particles. When the nozzle traverse speed is
low or the number of scanning passes is more, a triangular coating profile will be formed and the subsequent
deposition of particles will be difficult [16,26]. As the schematic of CS particle deposition, shown in Fig. 1,
continuous spraying makes the single-track profile gradually change from a thin coating with high deposition
efficiency at the beginning (as shown in Fig. 1a) to a triangular-like coating with low deposition efficiency (as
shown in Fig. 1b). During the spray process, the velocity of particles in the centre of the feedstock jet is
generally higher than that of those in the other areas. Furthermore, the absolute number and the size of particles
deposited on the centre area of the track are larger than the particles on the edges. As a result, the thickness in the
middle will increase significantly, making the impact angle of the particles near the centre line gradually
decrease. It is well known that particles in the cold spray process need to reach a critical speed in order to
produce plastic deformation to form a coating. Therefore, cold spraying is a process that is sensitive to the spray
angle; an impact angle of 90° can achieve maximum deposition efficiency [29,30]. For particles with smaller
spray angle, the velocity component perpendicular to the impact surface will not reach critical velocity, so it will
rebound and dissipate without forming a coating. Therefore, the coating morphology slowly rising in the middle
is not conducive to subsequent particle deposition. The impact angle decreases rapidly and the deposition rate
decreases sharply, especially for the particles around the centre line [31]. Gradually, only particles in the centre
can continue to deposit by the high-pressure gas. All this further exacerbates the difficulty of subsequent particle
deposition, and eventually the area where particles can be deposited in the middle also continues to shrink to the
point where it forms a triangular single-track profile [16,26]. Obviously, this characteristic would limit the
application of CSAM for shape forming if the appropriate spraying method is not used. Although the idea of
additive manufacturing by cold spraying has been proposed for a long time, there is no effective application for
creating volumetric components in this field. Therefore, it is necessary to study the building strategy of CSAM to

overcome its inherent limitations.
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Fig. 1. Schematic of particle impact conditions in cases with (a) high deposition efficiency phase and (b) low deposition

efficiency phase

In process benchmarking, local deposition of thick and vertical walls is always required to show the
capability of forming complex components with diverse geometries. In order to build a thick and vertical wall
without edge milling, J. Pattison et al. [16] proposed a strategy of triangular-tessellation. The process is to tilt the
nozzle by a 4/5-axis system so that the current coating is sprayed perpendicularly onto the inclined surface of the
previous track. However, they did not give any details on when the nozzle should be tilted and by which angle.
Moreover, by using this method, a typical triangular-like shape should be generated before tilting the nozzle, as
shown in Fig. 2. The particle impact conditions are not optimal in this case. Firstly, the typical triangular-like
morphology influences overall deposition efficiency [26]. Such conditions can be attributed to the impact angle
decrease, as mentioned above. It has been proved that the optimal impact angle in cold spray is 90° [28,32-34].
If the impact angle decreases, the deposition efficiency drops sharply. Secondly, high and sharp profiles can
cause a tangential component of particle impact velocity, which may generate tensile forces and reduce total
contact areas and bonding strength between the particles and the previously sprayed coating or substrate [33].
The porosity would also become greater [29,34]. Considering all the above-mentioned problems, this triangular-

tessellation technique may not be a good solution for shape forming to obtain high-quality objects.

To solve the problems of CS for shape forming as discussed above, this study proposes a novel spray
strategy that enables us to elaborate freeform 3D objects with acceptable precision. In view of the characteristic
of CS deposition, three parameters are proposed to adjust the coating morphology in order to avoid forming

triangular-like deposits. They are deflection angles 8, offsets s, and retreat distance d respectively, which will be
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discussed in detail in the next section. Different combinations of these parameters were studied by a previously
developed CS simulation model [30], which found that the setting of the three key parameters played a key role
in determining the layer geometry, and thus the component built-up process. To compare with existing spray-
coating strategies for additive forming, this paper also adopts the widely used benchmarking test shape, thick and
vertical walls, to demonstrate the performance of the proposed new spray strategy. When additively building the

walls or other thick coatings, the effective coating area can be fully covered without edge loss.

The remainder of this paper is organised as follows: Section 2 details the proposed strategy; Section 3
presents the numerical simulation and physical experiment procedure as well as illustrative results of
benchmarking test and discussions; Section 4 draws a conclusion for this study and gives perspectives on future

work.

1
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Fig. 2. Schematic of the triangular-tessellation strategy proposed by J. Pattison [16]

2. Spray strategies for CSAM

Starting with the deposition of simple coatings and ending with the fabrication of more complex
components, it is always necessary to deposit thick and vertical walls, which is considered elementary geometry.
In the CS process, the axisymmetric de-Laval nozzle can increase the velocity of gas and particles, thus it is
widely used to form various coatings. Moreover, the growth of the coating is affected by the spray parameters
such as gas pressure, temperature, and feedstock rate, as well as kinematic parameters including the nozzle
scanning speed, the spray angle and the spray distance. Therefore, it is necessary to investigate the influence of
different parameters on the shape and the height of the single track deposited by CS. Based on these results, a

special spray strategy could be proposed for creating thick and vertical walls.

2.1. Experimental setup
In this study, a homemade CSAM system is applied to conduct the experiments. As shown in Fig. 3, the

apparatus consists of a high-pressure compressed gas source, power sources, a powder feeder, a spray gun, and
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an industrial robot (ABB IRB 2400). A computer in communication with the robot controller is used to program
and simulate the experimental processes. An axisymmetric de-Laval nozzle with an expansion ratio of 8.3 was

used in the experiments. The dimension details are displayed in Fig. 4.

Firstly, in order to reveal the relationship between operating parameters and as-sprayed coatings, and to
help establish the specific numerical model of the coating profile to be used in section 3, single-track spraying
experiments were carried out in this study. Due to the long response time of controlling spray parameters such as
gas temperature, powder feed rate, etc., the experiments focused only on kinematic parameters which can be
rapidly changed and controlled by the robot. Therefore, the variable parameters depended on different numbers
of scanning pass, different nozzle traverse speeds, and different spray angles. A pure Cu powder with near-
spherical morphology was used to deposit on Al substrates. The diameter range of powder is between 10 and
45 pum (average size of 26 pm). Fig. 5 shows the morphology and size distribution of the pure Cu powder. High-
pressure air was applied as the propellant gas, and as powder carrier gas at a temperature of 500°C and a pressure
of 3 MPa. The morphology of deposition was measured by a 3D profiler (LJ-V7060, Keyence, Japan). More

detailed descriptions of the operating parameters are listed in Table.1.
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Fig. 5. SEM image of pure Cu powder used in experiments
Table. 1. Detailed description of operating parameters
Group Nozzle traverse Spray angle (°) Powder feeding Spray distance = Number
speed (mm/s) rate (g/min) (mm) of
scanning
passes
1 100 90 24 30 1~20
2 20, 50, 100, 200 90 24 30 10
3 100 50, 60, 70, 80, 90 24 30 20

2.2. Single-track analysis

Fig. 6 shows the experiment results of group 1 in Table.1, which were carried out at different numbers of
scanning passes while the other parameters were kept constant. It was found that the coating got thicker
constantly and the shape of the single track became a triangle gradually when the number of scanning passes
increased. Fig. 7 presents the experiment results of group 2 in Table.l. It shows that different nozzle traverse
speeds can significantly change the height of the deposits, and a lower traverse speed will result in an increased

coating thickness. Fig. 8 shows the results of group 3 in Table.l. It shows that the spray angles affect not only



deposition efficiency but also the shape of the track profile. The track asymmetry became more evident as the

spray angle decreased.

The kinematic parameters are the main factors affecting the coating morphology in CS, and the deposits are

bound to become triangular-like when the axisymmetric nozzle is used to spray continuously. If the kinematic

parameters are not changed when spraying on the same regions, the particle impact condition will be worse.

Therefore, it is important to avoid the tendency of triangular-like forming. An effective solution should be

considered to ensure that the deposits can grow stably. Actually, if the height of deposits is low, then the

impacting surface could be considered flat. Also, the impact surface can be kept flat by adjusting the kinematic

parameters (such as spray angle) for every layer to avoid increasing the middle height of the coating, so that the

deposits can grow up layer by layer.
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Fig. 7. (a) Single tracks deposited at different nozzle traverse speed (b) Profiles of single tracks measured by the 3D profiler
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Fig. 8. (a) Single tracks deposited at different spray angles (b) Profiles of the single tracks measured by the 3D profiler

2.3. Spray strategy

According to the above analysis, a special spray strategy should be formulated to prevent CS deposits from
developing into triangular shapes, which are usually associated with high porosity and low adhesion. Many
researchers have suggested that the coating profile can be approximated as a symmetric Gaussian distribution
curve [27,28]. A normal Gaussian curve is shown in Fig. 9; u is the centre position of the peak and o is the
standard deviation. The values less than ¢ away from the mean account for 68.27% of the set, while the
remaining portion is relatively low. Therefore, it is necessary to make mass distribution gradually concentrate on
both sides. According to the above analysis, spray angles can change the symmetry, shifting the centre of gravity
of the sprayed coatings in the direction of the incoming particles. Hence, the mass distribution of the layer can be
uniformed by tilting the nozzle. Unlike the triangular-tessellation strategy, this spray strategy does not make
triangular-like deposits before tilting the nozzle. The inclined spray manner is to compensate for the thickness

difference between the middle and side of the deposit.

As displayed in Fig.10, three main parameters were proposed to control the shape of deposits: 8 is the
deflection angle in order to replenish particle depositions at the edge; s is the offset that can adjust the track
width in horizon; d is the value that adjusts the retreat distance of the nozzle according to the growth height of
layers. It can ensure that the spray distance between the top layer and the nozzle exit is consistent during
spraying. Every layer is composed of a first track in the middle, a second track on the left, and a third one on the
right. The first track should be controlled to avoid a triangular-like profile in the middle before performing the
left and the right track. After spraying the left and the right track, the current layer could be formed as a flat
surface before the next cycle. In this way, the single layer can steadily rise in a track-by-track manner without
appearing to have defective triangular-like depositions. Meanwhile, this spray strategy also appropriates to

fabricate large bricks or a thick coating (as shown in Fig. 11). The surface of the prescribed area is sprayed in a



perpendicular manner by specifying a scanning step of the corrected distribution. Then the edges are sprayed by

tilting the nozzle to compensate for the edge loss.

Although the spraying strategy is mentioned above, how to choose the right value of parameters has become
a key issue. It is indeed possible to conduct a large number of experiments through trial and error to explore the
combination of parameters, but this will be very time-consuming and material-consuming. Through simulation,

the coating morphology can be obtained in advance under the premise of using the current parameter set.
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Fig. 10. Schematic of CSAM spray strategy for thick and vertical walls
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Fig. 11. Schematic of CSAM spray strategy for large blocks or thick coatings

3. Simulation and experimental verification
Simulation tests and validation experiments were carried out to verify the reliability of the proposed spray
strategy. Here, the simulation can obtain instructive spraying parameters and prevent repeated spraying

experiences. In addition, changes in deposits under current spray strategy can be observed more intuitively.

3.1. Simulation

In our previous work, a three-dimensional geometric model of the coating profile based on Gaussian
distribution was developed for simulating coating thickness in CS [30]. A brief description of the simulation
methodology is as follows. Firstly, the three-dimensional geometric model is represented by a Gaussian
approximation function. This function takes into account the effect of spray parameters and kinematic
parameters on deposition efficiency. Secondly, an algorithm couples the model with real robotic trajectories to
simulate coating deposition in RobotStudio™ (ABB). Finally, the simulation results are presented in the

graphical virtual environment.

Table.2 lists the detailed description of parameters used in the simulation. In the current simulation
procedure, the first track is generated under normal parameters (in the case of perpendicular spray), as shown in
Fig. 12a. It is a typical Gaussian profile. Then the left track, shown in Fig. 12b, is obtained by tilting angle of 6
and offsetting distance of s to the left side. Thirdly, the right track is also created by the tilting angle of & and the
offsetting distance of s to the other side (see in Fig. 12c). The coating created by such operations can be
considered one layer. Then the subsequent layers will be created on top of the previous layer following the same

procedure. It was observed that the profile topography may change due to different parameters, and it was found

11



that the flatness and verticality of the formed profile are closely related to the combination of these parameters,
while these two attributes are exactly the criteria for judging the quality of the control, reducing the post-

machining to achieve net shape.

Table. 2. Detailed description of parameters used in simulation

Group deflection angle offset distance s nozzle retreat
0 (°) (mm) distance d (mm)
1 30 0, o, 20, 30, 40 -
2 10, 20, 30, 40 20 -
3 30 26 0, Layer thickness

Fig. 12. Schematic of simulate operation

3.1.1 Simulation results and discussions

Fig.13 shows the results when the deflection angle is 30° (#=30°) and only the offset distance s is changed
(group 1 in Table.2). Fig.13 al—a5 show the same situation after performing the first track, which is a typical
Gaussian distribution coating profile in the case of vertical spray. Fig.13 bl-b5 show the second track
superposed on the first one with different offset distance s of 0 mm, ¢ mm, 26 mm, 36 mm and 46 mm,
respectively. Fig.13 c1—c5 show the third track accumulated on the other side with the offset distance s of 0 mm,
6 mm, 26 mm, 3¢ mm and 46 mm, respectively. Fig.13 d1-d5 illustrate the deposit results in colour, which
correspond to Fig.13 c1—c5, respectively, and their ranges are indicated by a colour bar. It can be found that the
mass distribution gradually concentrated on both sides. But when the value of s is larger than three standard
deviations, the peaks of mass appear again on both sides of the first track. According to the final results, it can be
concluded that as s increases, the width of track increases, while the flatness increases initially and then

decreases.

12
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Fig. 13. Lateral view of spray strategy simulation in a situation where the deflection angle was 30° (6=30°), and the offset

distance s changed

Fig.14 shows the simulation results in a case where the offset distance s is fixed at 2o and the deflection
angle is changed (group 2 in Table.2). Fig.14 al—a5 show the first track, which is a typical Gaussian distribution
coating profile. Fig.14 bl-b4 show the second track when the deflection angle 8 is 10° 20°, 30°, and 40°,
respectively. Fig.14 cl—-c4 show the third track by the deflection angle & of 10° 20°, 30°, 40° respectively.
Fig.14 d1-d4 show the results represented in colour corresponding to Fig.14 cl—c4, respectively. It can be found
that as € increased, the mass distribution gradually concentrated on the side. However, increasing 6 means
reducing the spray angle, which will reduce deposition efficiency. When the deflection angle is 40°, the mass is
concentrated in the middle and the flatness is decreased. According to the final results, it can be concluded that
as O increases, flatness initially increases and then decreases. However, 6 cannot be too large because it will

significantly reduce deposition efficiency.
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Fig. 14. Lateral view of spray strategy simulation in a situation where the offset distance was 2o (s=20), and the deflection

angle ¢ changed

Fig. 15 shows the comparison results between appending d (the value of nozzle retreat distance) and
without it (group 3 in Table.2). The value of d equals the height of the layer. Fig.15 al and a2 show the first
layer, which is formed at a deflection angle of 30 ° and an offset distance of 26 mm. Fig.15 b1 and b2 show the
first + second layers. However, the result in Fig.15 b2 was obtained by appending d, while Fig.15 b1 does not. It
can be found that the flatness decreases without appending d while the other case can obtain the desired flatness.
After spraying the third layer, the deposit in Fig. 15 d2 can keep flat while the deposits in Fig. 15 d1 become

uneven. Therefore, the value of nozzle retreat can ensure the required flatness and the stable growth of the

deposits.
a1 b1 c1 d1 icigst ity

a2 b2 c2 Height .Max

Fig. 15. Results comparison between without and with retreat distance d

Thus, the effects of three parameters have been studied in term of simulation, so that the experimental
validation can be carried out to verify the reliability of the model, and to build the vertical wall and some basic

volumetric components by using the optimal set of parameters.
14



3.2 Experiment

In the experiment, the apparatus and equipment, including the nozzle, are the same as used in the above
single-track experiments. The pure Cu powder (the same powder as the above-mentioned section) with a feeding
rate of 24 g/min was used to deposit on Al substrates. The temperature and the pressure of the compressed air
were 500°C and 3 MPa, respectively. The nozzle traverse speed was defined as 100 mm/s. The spray distance
was kept at 30 mm. The morphology of deposits was measured by the 3D profiler. Last but not least, due to the
moving system being in charge of the industrial robot, the tool centre point (TCP) needed to be defined precisely

to ensure the accuracy of the spray.

3.2.1. Experiment results and discussion

Fig. 16 shows the deposits profile curves measured by the 3D profiler, with a deflection angle of 30°
(6=30°), and the offset distance of 0 mm, ¢ mm, 26 mm, 36 mm, 46 mm, respectively. They were indicated by
lines of different colours. It was found that when s was 0 mm and ¢ mm, the deposits profile tended to become
triangular-like; when s was 306 mm, 46 mm, the efficiency was dissatisfying; when s was 20 mm, the deposits
had a flat top surface and good efficiency. Fig. 17 shows the results with an offset distance of 26 mm and the
deflection angles of 10°, 20°, 30°, and 40°. Obviously, when 6 was 40°, the efficiency was not good, while the
deposits tended to form triangles with the deflection angles of 10° and 20°. Conclusively, these profiles proved
that the value of deflection angle and offset distance can definitely affect the flatness and the efficiency of

deposits, as discussed previously.
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Fig. 16. Experiment results at the deflection angle of 30° (6 = 30°), and the offset distance was 0 mm, c mm, 2 6 mm, 3 ¢

mm, 4 ¢ mm, respectively (s = was 0 mm, ¢ mm, 2 6 mm, 3 ¢ mm, 4 ¢ mm)
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Fig. 17. Experiment results at the offset distance of 2 6 mm ( s= 2 ¢ mm), and the deflection angle was 10°, 20°, 30°, 40°,

respectively (6 =10°, 20°, 30°, 40°)

Fig. 18 illustrates the results of multiple layers. The value of nozzle retreat distance was set to 0.4 mm in
order to make the deposits grow stably in the preconceived manner. Fig. 18a illustrates cross-section image of
pure Copper-aluminum samples produced by the spray strategy with the axisymmetric de-Laval nozzle, taken by
the optical microscope. It can be observed that the profile is not a typical CS triangular-like, and the upper
surface has a substantially large and flat area, which created quite favourable conditions for the subsequent
deposition of particles. Besides, the coating was dense and had no obvious cracks. The partial enlargement view
showed the sample etched to reveal the particle/particle boundaries (as shown in Fig. 18a’). The particles appear
to be tightly bonded. There were some pores in the coating, and the porosity was calculated to about 0.4% using
imaging software (ImagelJ). Fig. 18b shows the results of each sprayed track measured by the 3D profiler. Lines
of different colours are used to distinguish the profile of different tracks. The growth of the coating in the
processing can be observed. The deposits could basically be formed in the preconceived manner, as confirmed
by the simulation in the previous section. It is obvious that layer-by-layer deposition permits the coating to grow

stably without forming triangular morphology.
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Fig. 18. (a) Cross-sectional view sprayed track using optical microscope; (a’) Optical micrograph of coatings (b) Each

sprayed track morphology measured by a 3D profiler

Moreover, this spray strategy can be applied to build blocks or thick coatings on prescribed areas without
edge losses. Fig. 19 shows thick coatings on the prescribed area. It can be seen that the normal spray strategy
leads to edge losses. This means that during the coating formation, the area of the upper surface shrinks (more
than 34% in this case). While the same coating was sprayed by performing this strategy, the borders were
compensated without edge losses. The coating grew layer by layer, and the effective area reached nearly 100%.
Finally, based on the presented spray strategy, different shaped samples were created successfully. As Fig. 20
illustrates, thick and vertical walls could be built on both a flat surface (Fig. 20a, b, and c¢) and on a curved
surface (Fig. 20d). It proved that this method can be used for shape control and production of more complex

components in cold spray additive manufacturing.



Fig. 20. (a) a thick and vertical wall was created on a flat surface; (b) a block was created on a flat surface; (c) a thick and

vertical curved wall was created on a flat surface; (d) a thick and vertical wall was created on a curved surface.

4. Conclusion

Both industrial and academic communities are paying more and more attention to CS-based AM, especially
for direct manufacturing of soft metal components. A stable layer-by-layer building strategy and capability of CS
is a key preliminary step for forming complex 3D shapes in an additive way. This paper focused on the spraying
parameters, considering the kinematic factors and the coating morphology characteristics of CS, in order to
develop a stable layer-building strategy. Numerical simulation and actual benchmarking case study validate the
proposed method, and the proper parameters that can establish the best stable layer in the current system are: the
deflection angle @ is 30°, the offset distance s is 26 mm and the nozzle retreat distance d is the layer thickness. It

implies that more complex 3D geometries can be built by using this proposed layer-building strategy and
18



sophisticated coating scanning paths. Future work will further investigate the impact of nozzle shape and size on

the layer building and the development of a multi-axis robotic tool-path planning strategy for building complex

3D curved layers or freeform 3D objects in near-net-shape with the proposed layer-building method.
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