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Abstract: The cold spray coating properties and performances are largely affected by feedstock
characteristics and the employed processing parameters. Starting from experimental results obtained
from the bibliographic data, the relationships between starting particles, processing conditions,
and coating properties obtained by cold gas spray were analyzed. The relationships among these
properties and particle velocity were described for various material systems. The effect on particle
flattening, hardness, and porosity were largely described. Finally, the influence of the different
parameters on the process output and on the coating properties was analytically defined through the
employment of the multi-objective simulation tool modeFRONTIER. The analysis of data from the
bibliography is a new trend that can also be applied to cold spray in order to analyze the effect of
powder properties and spraying parameters on the cold spray (CS) process.

Keywords: cold spray; processing conditions; data analysis; particle velocity; coating properties;
additive manufacturing; thermal spray processes; optimization; multi-objective simulation
tool modeFRONTIER

1. Introduction

Cold spray (CS), developed and studied over the last 15 years, has been established as a very
powerful additive manufacturing technology for coatings or bulk production [1]. Among its many
applications, cold spray has become very effective in modern industries for repairing tasks [2]. Despite
the availability of different commercial cold spray machines, there is still great interest in studying the
in-flight behavior and the deformation mechanisms of feedstock particles during the process in order
to extend cold spray technology to different metals and alloys. For this, the deposit formation must be
considered to occur in two consecutive steps. In the initial stage, the first impacting particles adhere to
the substrate; in the following step, a coating layer is grown due to the further adhesion of particles to
this first layer of adhered particles [3]. In both steps, different microstructural mechanisms, such as
atomic and metallurgical bonding as well as interparticle cohesion, are a consequence of the severe
plastic deformation and adiabatic shear instability of particles experienced during the impact. However,
knowledge of bonding mechanisms in CS remains an interesting and open field of research [4]. It is
widely accepted that adhesion of the sprayed particles to the substrate is due to the phenomenon of
heteroepitaxy (one kind of crystal is grown upon the surface of a different type) and adiabatic shearing.
These phenomena lead to dynamic recrystallization that causes metallurgical bonding, mechanical
anchoring, mechanical interlocking, and interfacial mixing, as well as the formation of hard amorphous
layers at the substrate-coating interfaces [5–8].
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Given that many types of materials can be deposited through cold spray, and that many new and
promising examples are continuously presented in the literature, various processing routes have been
investigated to optimize the overall process. It is known that the nozzle dimensions (short or long) and
materials (such as WC, glass, or SiC), the propellant gas (N2 or He), the spraying temperature, and the
pressure, as well as the powder particles’ morphology and density, directly influence gas flow inside
the nozzle. Thus, many spraying parameters are involved in the in-flight behavior and the impact
conditions of particles [9].

Particle impact velocity is recognized as one of the most relevant parameters (among all
processing conditions) governing cold sprayed deposit formation, growth, and final mechanical
and microstructural properties. For this reason, many diagnostic tools have been developed to monitor
this parameter based on in-flight particle behavior [10]. Many finite element modeling (FEM) studies
that predict the in-flight and impact conditions for various cold spray settings can be found in the
literature [11,12]. In these studies, the gas–particle interaction and impact conditions are modeled by
means of complex equations as a function of physical parameters such as the gas densities, particle
morphology, mechanical properties, and microstructure of coatings and/or substrate influence [13,14].

In these models, the equations can be solved by the force and momentum balances for every single
particle [13,14]. Another important aspect of cold spray is heat transfer during particle deformation.
Many scientific studies highlight that this heat transfer is directly dependent on the impact velocity,
which also influences the final coating hardness and porosity [15,16]. Thus, many complex models
capable of accurately predicting particle velocity, as an explicit function of different spraying parameters
(mainly pressure, temperature, and particle morphology), can be found in the literature [17,18]. The
coatings’ microstructure and properties can be largely modified by tuning all the involved processing
parameters [19,20].

The aim of the present study is to analyze the relationships between processing parameters and
coating properties in cold spray to obtain a simple model capable of describing coating properties
as a function of different process parameters. This is possible by employing the well-known
multi-objective simulation tool modeFRONTIER. modeFRONTIER is an integration platform for
multi-objective and multi-disciplinary optimization. It provides seamless coupling with third-party
engineering tools, enables automation of the design simulation process, and facilitates analytic decision
making. This powerful workflow enables the execution of complex chains of design optimization,
innovative algorithms that determine the set of best possible solutions by combining opposing
objectives, and post-processing tools that allow the user to perform sophisticated statistical analysis
and data visualization.

The coating formation analyses were carried out for the main metals and alloys used in cold spray
technology based on the experimental data described in the literature. For this reason, the present work
uses a broad range of materials, with different densities, particle dimensions, and spraying parameters.
Analysis of data from the bibliography is a new trend that can also be applied to cold spray in order
to analyze the effect of powder properties and spraying parameters on the CS process. On the one
hand, experimental data gathered from the literature has the advantage of being able to process large
amounts of data; on the other hand, special attention must be paid to the heterogeneity of these data.
In this bibliographic research, there are several sources of uncertainty (using different equipment and
nozzles for example). In this study, we propose new combinations of parameters that would allow us
to simplify the understanding of the data.

2. Materials and Methods

The material properties and processing parameters considered for this study for all material
systems are listed in Table 1. This table presents the large amount of experimental data collected from
the literature for this study in order to achieve a good relationship between the processing parameters
and coating properties in cold spray for as many materials as possible.



Coatings 2020, 10, 91 3 of 19

Table 1. Materials and processing conditions employed for the present study.

Material Density
(g/cm3)

Particle
Diameter

(µm)

Particle
Hardness

(GPa)

Spray
Temperature

(◦C)

Spray
Pressure

(MPa)

Gas
Density
(g/cm3)

References

Fe and Fe Alloys 7.9–8 5–35 1.5–2.5 200–1000 1.5–5 0.1–1.75 [21–24]
Cu and Cu Alloys 8.3–8.96 5–60 1.5–2.25 25–1000 0.6–5 0.1–2.85 [25–36]
Al and Al Alloys 2.35–3.6 6.7–150 0.37–1.1 20–560 0.6–3.4 0.06–2 [37–44]
Ti and Ti Alloys 3.95–4.5 15–60 1.4–4.3 50–950 0.5–5 0.065–2.35 [45–54]

Co and Co Alloys 7.95–8.86 24–40 1.04–4.5 550–800 1–4 0.09–1.16 [55–58]
Ni and Ni Alloys 8.22–8.9 12–50 4–6.3 5–1000 1–7 0.096–2.7 [59–64]

Ta 16.7 75 1.52 230–430 1–2.5 0.068–1.67 [65]
Mg and Mg Alloys 1.74–1.83 58–60 0.3–0.55 350–630 2.5–3 0.16–1.92 [66]

For the calculations, only experimental measurements or calculations supported by experimental
validation were recorded. Thus, data from finite element models were not used for the calculation
carried out in this study.

It has been demonstrated that irregularly shaped powders show broader distributions of particle
impact velocity than spherical particles [67]. For this reason, only spherical particles were considered
for the calculations in this study. The spraying temperature and pressure were considered as the
main parameters for evaluating the effects of the spraying parameters on impact velocity. Notably,
experimental results using nitrogen, helium, air, argon, and/or a mixture of these gases as propellant
gases were employed for the calculations. Propellant gas properties are crucial for achieving high
deposition efficiency and high-quality coatings by cold spray. Thus, temperature and pressure
were considered to calculate the gas properties (mainly density) during spray in every situation,
and the values of the different gas densities as a function of their temperature were used for building
the database.

The database was built by introducing the input parameters, the corresponding output for
each processing condition to be experimentally analyzed, and the physical correlations between the
different conditions. The overall process is outlined in the workflow for the analysis carried out by
modeFRONTIER (version 5.6.0.1, Figure 1).
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Figure 1. Workflow of the performed analyses.

modeFRONTIER enables multidisciplinary engineering practices to consolidate specialized
expertise and streamline teamwork by allocating software resources where needed. Depending on
the step of the engineering problem at hand, it is possible to access different functionalities within
the same installation through dedicated modules or directly in modeFRONTIER, according to the
profile of the user. The workflow is divided into data flow and logic flow, which have a common node
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(calculator node), in which the mathematical functions representative of the process are introduced. In
the data flow, all the parameters that should be analyzed in numerical simulations are introduced:
material density, particle dimensions, particle hardness, gas temperature, gas pressure, and gas
density. The output variables have multipurpose definitions and have been minimized or maximized
considering some constraints or limitations typical of the actual process. Here, the nodes that comprise
the logic flow of numerical analysis are defined [68,69]. The first node is the design of experiments
(DoE), which is the set of designs from which the different possible working conditions are analyzed.
This means achieving a set number of designs that will be used by the scheduler (the node where the
best algorithm is introduced) for optimization. In the present case, the most appropriate method of
assessment is the fractional factorial method. This is a very common method that assumes high order
interactions are not significant. The core workflow is a specific response surface, which is the only
node in common between the logical flow and data flow. For each output variable to be minimized, it
is necessary to create a response surface. The next step is to evaluate the performance surface and use
it as a node operator in our workflow. The available tools are the ones offered by modeFRONTIER,
including the response surface method (RSM) distance, the RSM residual, and RSM function plot.
After an analysis of all areas, carried out through the different tools proposed in the design space of the
mF panel, the optimal condition for the analysis of all output variables can be chosen. Specifically,
once the individual objectives would be unable to attain their own optimum levels; here, a set of
best possible compromises between them represents the optimum, and the locus of these solutions
is known as the Pareto frontier. After the RSM has been built for the output variables, it is possible
to use the surrogate model to evaluate the performance of pins instead of the real solver. Since the
design evaluation using RSM is very fast, a massive optimization of the design space is performed
by using the response surface. Thus, virtual optimization is the optimization carried out by running
the problem on the surrogate model. At the end of the virtual optimization, the best so-far designs
(those that belong to the Pareto frontier) are re-calculated by running the real solver. This process is
named validation of the response surface (Figure 2).
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These choices lead to the use of radial basis function (RBF)-type surfaces with the MultiQuadrics
Hardy’s radial function. New designs fill the entire range of analysis. For each objective and each
constraint, a different set of RSM is trained, whose fitness quality is checked independently to guarantee
the usage of the best RSM in every single case. These designs are introduced to the response surface
established in the first step of the study. In this way, mF generates a determined number of working
parameters that lead to a particular goal. At this point, the user has to choose the set of inputs that
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optimizes the value of each output, considering the physical and technological constraints. Specifically,
the network is capable of identifying significant inputs through a simple probabilistic procedure.
The computation starts with a population of neural networks, each having a different topology and
combination of weights, and the same data set is run through them. The algorithm includes also a local
refinement around the best solutions to improve the accuracy of the solutions. At this point, the best
solutions thus obtained, pertaining to the Pareto frontier, can be validated through real-time expensive
simulations, updating in this way the database used for the RSM training. At each iteration the newly
evaluated designs enrich the training database, permitting a more and more accurate RSM to be built
in an adaptive and iterative way.

The main goal of these analyses is to calculate the weights that each parameter has for one
selected output. The methodological approach used was an empirical approach without a pre-allocated
analytical framework. The experimental data, after being appropriately filtered and reordered, are
then processed to build metamodels representative of the n-dimensional phenomena by referring to
an experimental database. This meta-model can be considered a black box capable of providing the
desired output values of the variables following the introduction of the input variables. Through the
use of the evolutionary design (ED) algorithm, which provides the output’s analytical expression, the
equations simulating the processes have been obtained and validated.

3. Results and Discussion

The aim of this study was to obtain the simple correlation between the impact particle velocity and
all the spraying parameters affecting in-flight particle behavior. For this correlation, it was necessary
to design a parameter called the “process parameter” that incorporates the main properties of the
materials being propelled and the gas propellant, as well as the particles’ morphologies. In this
way, a simple parameter can take into consideration the most important variables related to spray
behavior, and this parameter allows both the particles and the gas properties to be concentrated. Thus,
the process parameter was developed considering the densities of the gas and materials, the particles’
diameters, and was calculated according to Equation (1):

Process parameter =
ρp

d
P
ρg

(1)

where ρp is the material density, d is the particle diameter, P is the gas pressure, and ρg is the gas
density in the spray conditions.

Figure 3 shows the evolution of impact velocity particles for the selected cold sprayed materials
as a function of the “process parameter”. As stated above, the data considered to calculate the process
parameter are included in Table 1.

In these figures, it can be observed that, independent of the alloys, all the plots show a similar
correlation between the particle impact velocity and the process parameter. Thus, in all these profiles,
a sharp increase in the particles’ impact velocities are observed by increasing the process parameter up
to a maximum value for particle impact velocity. After this maximum, the particle velocity decreases
according to higher values of the process parameter.
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It is accepted that deposition behavior has been always related to the impact velocity of cold
spray. High impact velocity is considered to favor adiabatic shear instability during impact. This
phenomenon leads to optimal material deformation and facilitates particle–interface bonding due
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to the interlocking between the particles and metallurgical junctions. Bonding is achieved once an
impacting particle accelerates over the previously established critical velocity. In this way, it is possible
to identify a process window able to produce particle bonding by coupling both the impact temperature
and velocity [71–73]. These plots show that the particle velocity is managed by spraying parameters
(the material and gas properties and spraying pressure and temperature). On the one hand, the particle
acceleration in the nozzle scales with gas density. For this reason, a particle acceleration limit has
been found in cold spray when N2 and air are used as propellant gases. This limit, however, can be
overcome by employing a mix with He gas or pure He as carrier [74]. Additionally, particle sizes are
not totally homogeneous in feedstock materials, and, as a result, particle temperature changes with the
particle dimensions. All these properties are included in the process parameter and the plots show
that when the spraying parameter is not correct, deposition leads to the incomplete bonding of all the
particles, which directly affects deposition efficiency, as will be shown in the following.

As expected, despite the fact that all the materials show a similar correlation between the impact
velocity and the new process parameter, in these figures, it can be observed that there are some
differences among the materials used for this study for the maximum impact velocity position and/or
the growth of impact velocity as a function of the process parameter. To facilitate understanding of
this comparison, Figure 4 presents a summary of the cold sprayed impact velocity as a function of the
process parameter (Equation (1)), for all the studied materials.

The particle impact velocity seems to drastically increase for the light materials (Mg, Al, Ti, and
their alloys) and for low process parameters values. Furthermore, for these materials, the particle
velocity decreases very rapidly after reaching the maximum value of particle velocity. These results
indicate that as material density increases, a higher process parameter is needed to increase the particle
velocity. However, for materials with high density, there is a broad range of process parameters for
which the impact velocity is close to the maximum value.

Coatings 2020, 10, x FOR PEER REVIEW 7 of 19 

 

  
(g) (h) 

Figure 3. Particle velocity vs. process parameter for the different pure metals and alloys analyzed in 
the present study. (a) Al and Al Alloys [38–44], (b) Co and Co Alloys [5,49,70], (c) Cu and Cu Alloys 
[29–36], (d) Fe and Fe Alloys [27,41,46], (e) Mg and Mg Alloys [66], (f) Ni and Ni Alloys [59–64], (g) 
Ta [21], (h) Ti and Ti Alloys [46–54]. 

As expected, despite the fact that all the materials show a similar correlation between the impact 
velocity and the new process parameter, in these figures, it can be observed that there are some 
differences among the materials used for this study for the maximum impact velocity position and/or 
the growth of impact velocity as a function of the process parameter. To facilitate understanding of 
this comparison, Figure 4 presents a summary of the cold sprayed impact velocity as a function of 
the process parameter (Equation (1)), for all the studied materials. 

The particle impact velocity seems to drastically increase for the light materials (Mg, Al, Ti, and 
their alloys) and for low process parameters values. Furthermore, for these materials, the particle 
velocity decreases very rapidly after reaching the maximum value of particle velocity. These results 
indicate that as material density increases, a higher process parameter is needed to increase the 
particle velocity. However, for materials with high density, there is a broad range of process 
parameters for which the impact velocity is close to the maximum value. 

As noted by many researchers, the dependence of particle velocity on processing conditions does 
not follow a linear behavior [75,76]. For this reason, research on the effects of spraying conditions on 
overall process behavior and coating formation remains incomplete from many perspectives. In 
addition, many interesting results have emerged from finite element modeling studies. Many of these 
models are conducted by simplifying the parameters used during spray, yielding results that are not 
always close to the experimental conditions. Consequently, the present study has chosen to use only 
data belonging to experimental observations. 

 
Figure 4. Particle impact velocity as a function of the process parameter for all the studied
alloys [71–73,75,76].

As noted by many researchers, the dependence of particle velocity on processing conditions does
not follow a linear behavior [75,76]. For this reason, research on the effects of spraying conditions
on overall process behavior and coating formation remains incomplete from many perspectives.
In addition, many interesting results have emerged from finite element modeling studies. Many of
these models are conducted by simplifying the parameters used during spray, yielding results that are
not always close to the experimental conditions. Consequently, the present study has chosen to use
only data belonging to experimental observations.
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In order to eliminate the effect of the density of the sprayed material on this relationship, the process
parameter was normalized with respect to the material density; the correlation of the normalized
process parameter and particle velocities are included in Figure 5a. This allowed us to obtain a common
fitting curve capable of predicting the particles’ in-flight and impact behavior under a wide range of
spraying conditions. A similar approach was employed in [18], where the authors considered that by
multiplying the particle diameter by the material density, it is possible to obtain a material independent
parameter, which could be directly related to the particle velocity.

Coatings 2020, 10, x FOR PEER REVIEW 8 of 19 

 

Figure 4. Particle impact velocity as a function of the process parameter for all the studied alloys [71–
73,75,76]. 

In order to eliminate the effect of the density of the sprayed material on this relationship, the 
process parameter was normalized with respect to the material density; the correlation of the 
normalized process parameter and particle velocities are included in Figure 5a. This allowed us to 
obtain a common fitting curve capable of predicting the particles’ in-flight and impact behavior under 
a wide range of spraying conditions. A similar approach was employed in [18], where the authors 
considered that by multiplying the particle diameter by the material density, it is possible to obtain a 
material independent parameter, which could be directly related to the particle velocity. 

In addition, the authors estimated that the squared particle diameter multiplied by the material 
density and specific heat could be considered a material independent combination parameter, which 
could be related to the particle temperature. For comparison, the data used in this study have also 
been plotted while taking into consideration the sprayed material’s specific heat expressed in 
kcal/(kg·°C) (Figure 5b). It is known that the rate at which a material loses heat after impact plays an 
important role in bonding. In this sense, the cooling rate of the material is affected by particle size, 
the heat capacity of the spraying material, and its thermal conductivity. The cooling rate should be 
“low enough” to promote shear instability but “high enough” to allow the interface to cool down 
quickly and complete the bonding process. Shear instability can be hindered in small particles due to 
high thermal gradients with their surroundings [20,77]. 

  
(a) (b) 

Figure 5. (a) Relationship between the particle velocity and (b) the process parameter normalized over 
the particle density. The black triangles define the common fitting curve. 

The deposition efficiency of the selected data (Table 1) was plotted as a function of the process 
parameter and as a function of the process parameter normalized to the material density (Figure 6). 
Deposition efficiency increases with both the process parameter and the normalized values up to a 
maximum; then, it decreases for all materials, showing behavior similar to the behavior previously 
described for the particle velocity. This result can be explained by the increase of no-bonded particles 
as the impact velocity is outside of the optimal processing window, which indicates when the impact 
velocity is lower or higher than the critical velocity. In cold spray, not all particles can be accelerated 
to critical velocity; due to the heterogeneity of the powder particle size, large and small particles often 
do not attain critical velocity and bounce off the surface [78]. On the other hand, a very high particle 
velocity leads to erosion of the surface or of previously deposited material [79]. 

Figure 5. (a) Relationship between the particle velocity and (b) the process parameter normalized over
the particle density. The black triangles define the common fitting curve.

In addition, the authors estimated that the squared particle diameter multiplied by the material
density and specific heat could be considered a material independent combination parameter, which
could be related to the particle temperature. For comparison, the data used in this study have also been
plotted while taking into consideration the sprayed material’s specific heat expressed in kcal/(kg·◦C)
(Figure 5b). It is known that the rate at which a material loses heat after impact plays an important role
in bonding. In this sense, the cooling rate of the material is affected by particle size, the heat capacity
of the spraying material, and its thermal conductivity. The cooling rate should be “low enough” to
promote shear instability but “high enough” to allow the interface to cool down quickly and complete
the bonding process. Shear instability can be hindered in small particles due to high thermal gradients
with their surroundings [20,77].

The deposition efficiency of the selected data (Table 1) was plotted as a function of the process
parameter and as a function of the process parameter normalized to the material density (Figure 6).
Deposition efficiency increases with both the process parameter and the normalized values up to a
maximum; then, it decreases for all materials, showing behavior similar to the behavior previously
described for the particle velocity. This result can be explained by the increase of no-bonded particles
as the impact velocity is outside of the optimal processing window, which indicates when the impact
velocity is lower or higher than the critical velocity. In cold spray, not all particles can be accelerated to
critical velocity; due to the heterogeneity of the powder particle size, large and small particles often
do not attain critical velocity and bounce off the surface [78]. On the other hand, a very high particle
velocity leads to erosion of the surface or of previously deposited material [79].
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For all these reasons, many scientists suggest caution when interpreting deposition efficiency
without taking into consideration the particle size distribution of the feedstock material. Thus, further
investigations on the relationships between processing parameters, particle size, and coating properties
would be very useful for an in-depth understanding of the overall cold spray process. For instance,
a very interesting study coupling all these issues is presented for the IN718 alloy in [80].

At this point, an analysis of the correlation between particle size distribution and the deposition
efficiency has been carried out. In order to get a parameter that represents the size distribution of a
powder, laser-scattering characterization was carried out. From the results obtained (Figure 7), the area
below the size distribution curve was measured. The calculated area was divided for the mean particle
diameter in order to obtain a representative parameter of the particle powder size.

The “velocity parameter” was calculated as described in Equation (2) as a process parameter. In
this parameter, particle velocity, particle density, and particle size are included:

Velocity parameter =
A
d

ρp

Vp
(2)

where A is the area (under the curve particles diameter volume frequency) and Vp the particle velocity.
The summary for the studied alloys is shown in Figure 8.
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Figure 8. Deposition efficiency as a function of the velocity parameter for different alloys [43,80–87].

As a general trend, the deposition efficiency increases with the velocity parameter up to a
maximum, then the efficiency starts to decrease for many materials and different particle sizes and
distributions. Different processing conditions were employed to validate the results. These spray
conditions can be observed in Figure 9a,b. By focusing the analyses on Ni, Fe and Ni, and Fe alloys
(Figure 9a,b), the behavior was confirmed for a very wide range of particle dimensions and distributions
(listed in Table 2).
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Figure 9. Deposition efficiency as a function of the velocity parameter for Ni (a) [59–61,80,81] and
Fe [22,23,82,85] (b) alloys.

Table 2. Parameters for Fe and Fe alloys and Ni and Ni alloys.

Material Density
(g/cm3)

Particle
Diameter

(µm)

Distribution
Area

Spray
Temperature

(◦C)

Spray
Pressure

(MPa)

Particle
Velocity

(m/s)
References

Ni and Ni Alloys 7.9–8 13.5–148.5 225–1100 400–1000 2–5 230–860 [59–61,80,81]
Fe and Fe Alloys 7.9–8 5–45 223–533 200–1000 1.5–5 460–990 [22,23,82,85]

The flattening ratio as a function of the particle velocity is shown in Figure 10. The flattening ratio
is defined [17,88] by considering the larger over the smaller particle dimension of the splats within
a coating.
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The particle velocity data were also normalized by the critical velocity. The flattening ratio
increases with the particle velocity and with the particle velocity over the critical velocity. The flattening
ratio provides the severity of how particles deform during impact. Generally, higher flattening
indicates lower porosity results. A higher flattering ratio involves large particle deformations and
thus leads to optimal pore filling [89,90]. This ratio is considered a very important parameter for
the quality monitoring of cold sprayed coatings, which are principally dependent on the particle
velocity as confirmed by the following numerical analyses. The coating material hardens because of
the continuous impact and flattening. This leads to an increase in the coating hardness. This hardening
behavior, under optimal impact velocity conditions, makes the coating hardness remarkably higher
than the correspondent cold-worked material [90]. As previously mentioned, the flattening behavior
also influences the deposit porosity. To evaluate the cold sprayed coatings’ hardness as a function
of particle velocity, another parameter was developed. This “hardness to porosity” is related to the
particle velocity and the results were plotted in Figure 11.
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The hardness to porosity was calculated by employing Equation (3).

Hardness to porosity =
Hc ×

( 100−p
100

)
Hp

(3)

In Equation (3), Hc is the coating hardness, p is the coating porosity, and Hp is the particle hardness.
All data were deeply analyzed through modeFRONTIER. In the present analysis, it was necessary

to employ a “scatter matrix” that allows immediate recognition of how strongly the different variables
are correlated to each other. The parameters are strongly correlated if the corresponding value in
the table is distant from zero in a range between −1 and 1. If the value is 1, the parameters are
directly proportional, while if the value is −1, the parameters are inversely proportional. A summary
of the present study is given in Table 3 based on this matrix. It is also possible to observe the
different weights of all the parameters. The more the value differs from 0, the more it influences the
corresponding variable.

A database, adapted by including the defined “process parameter”, as well as the correlation
among the different parameters while considering the provided analytical solutions, has been developed.
The correlations among the employed parameters belonging to the modeFRONTIER analyses are
summarized in Table 4.

Based on the performed analyses, it is evident how the particles’ velocity (and the particles’
impact conditions) are mainly dependent based on gas pressure and gas temperature (both related
to gas density). With a remarkable inverse dependence, a particle’s velocity is related to a particle’s
diameter; with a lower weight, the impact velocity is dependent on the material density with an
inverse relationship. The variation in deposit variation is primarily dependent on the particle velocity.
Secondarily, this variation is dependent on gas density, with an inverse relationship. Porosity is
mainly related to particle velocity and gas pressure. Deposition efficiency shows a direct pronounced
dependence on particle velocity, as well as on particle density, with an inverse dependence on gas
density. The flattening ratio is mainly dependent on the particles’ velocity and the gas temperature.
All these results are consistent with the deformation mechanisms acting during cold spray. First,
the dependence of flattening ratio on the gas temperature is consistent with the fact that the higher
the gas temperature, the higher the particles’ temperature results during impact; this allows for a
more pronounced deformation leading to a high flattening of the particles. Obviously, severe plastic
deformation is directly dependent on the particles’ velocity, which locally governs the strain rate
leading to the sprayed material’s dynamic recrystallization. In addition, a higher particle velocity
leads to an increase in the heat generated upon impact favoring this process [17,91]. Thus, bonding
quality increases with particle size under the same impact velocities because the maximum temperature
and corresponding bonding time are both increased [20]. How each fundamental mechanical or
microstructural property of the deposits is governed by different processing parameters must be
noted. In this scenario, it is possible to tune the processing parameters in order to optimize one of the
mechanical or microstructural properties without worsening the coating performance. A multi-objective
optimization tool allows us to optimize the output parameters. The results indicated which processing
parameters should be tuned and also the ranges of modification inside the design space.
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Table 3. Correlation behavior among the different input/output employed in the present study.

Correlation Coefficients

Input/Output Material
Density

Particle
Diameter

Particle
Hardness

Gas
Pressure

Gas
Temperature

Gas
Density

Particle
Velocity

Deposit
Hardness Porosity Deposition

Efficiency
Flattening

Ratio

Material density 1 0 0.745 0 0 0 −0.316 0.578 −0.056 0.579 −0.249
Particle diameter 0 1 0 0 0 0 −0.431 −0.187 −0.213 0.104 0.097
Particle hardness 0.745 0 1 0 0 0 0 0.935 0.109 0 −0.324

Gas pressure 0 0 0 1 0 0.893 0.594 0.417 −0.682 0.768 0.804
Gas temperature 0 0 0 0 1 −0.702 0.498 0.297 −0.471 0.592 0.897

Gas density 0 0 0 0.893 −0.702 1 −0.341 −0.458 −0.395 −0.738 −0.582
Particle velocity −0.316 −0.431 0 0.594 0.498 −0.341 1 0.682 −0.734 0.803 0.817

Deposit hardness 0.578 −0.187 0.935 0.417 0.297 −0.458 0.682 1 0 0 −0.352
Porosity −0.056 −0.213 0.109 −0.682 −0.471 −0.395 −0.734 0 1 0 −0.819

Deposition efficiency 0.579 0.104 0 0.768 0.592 −0.738 0.803 0 0 1 0
Flattening ratio −0.249 0.097 −0.324 0.804 0.897 −0.582 0.817 −0.352 −0.819 0 1

Table 4. Correlation behavior among the different input/output (taking into account the defined process parameter) employed in the present study.

Correlation Coefficients

Input/Output Process
Parameter

Process
Parameter/Material

Density

Particle
Velocity

Deposit
Hardness Porosity Deposition

Efficiency
Flattening

Ratio
Hardness to

Porosity

Process parameter 1 1 0.785 0.607 −0.439 0.871 0.893 0.674
Process parameter/material density 1 1 0.894 0.573 −0.493 0.747 0.894 0.784

Particle velocity 0.785 0.894 1 0.682 −0.734 0.803 0.817 0.832
Deposit hardness 0.607 0.573 0.682 1 0 0 −0.352 0.988

Porosity −0.439 −0.493 −0.734 0 1 0 −0.819 −0.964
Deposition efficiency 0.871 0.747 0.803 0 0 1 0 0

Flattening ratio 0.893 0.894 0.817 −0.352 −0.819 0 1 0
Hardness to porosity 0.674 0.784 0.832 0.988 −0.964 0 0 1
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4. Conclusions

Bibliographic data were employed to build a database to be analyzed through a multi-objective
optimization software (modeFRONTIER) to develop a provisional simple model capable of simulating
the coating properties as a function of different processing parameters. Using a variety of state-of-the-art
optimization techniques ranging from gradient-based methods to genetic algorithms, users can optimize
their process or design by specifying their objectives and defining variables that affect factors such as
operating conditions. modeFRONTIER is very effective in performing the optimization by modifying
the value assigned to the input variables and monitoring the outputs.

The results confirm that using a large experimental dataset makes it possible to analyze the cold
spray process. The relationships for many metals systems have been analytically described in the
present study. Simple parameters that consider the effect of temperature and pressure on the employed
gas density, as well as the effects of powder properties, have been related to the particle velocity and
to the coating properties of the sprayed deposits. As expected, the model confirms that the particles’
velocity is dependent on the gas pressure and gas temperature. There is also an inverse dependence of
particle velocity with particle diameter. Moreover, to a lesser extent, the impact velocity is dependent
on material density, with an inverse relationship. Deposition efficiency shows a direct dependency with
particle velocity as well as with the particle density, and has an inverse dependency with gas density.

The calculated process parameter is related to the main properties of the materials, such as the
carrier’s gas pressure and temperature (both leading to gas density variation), as well as to the particles’
densities and dimensions. It was shown that the impact velocity increases by increasing the process
parameter. By defining a velocity parameter, the dependence of the deposition efficiency on the particle
dimensions and size distribution was calculated.

This study allowed us to develop a very broad experimental space capable of including all
the most crucial processing conditions for the actual cold spray technologies used in many material
systems. This procedure allows us to simulate the actual process using physical laws with appropriately
calibrated coefficients. The different weights of the processing parameters affecting the mechanical and
microstructural properties of the deposits were calculated.

The number of process parameter could be decreased in order to analyze their effect on the process
if a high level of correlation for the defined process parameter is considered (Tables 5 and 6).

Table 5. Correlation behavior among the different input/output.

Correlation Coefficients

Input
Output Particles

Velocity
Deposit

Hardness
Porosity Deposition

Efficiency
Flattering

Ratio

Material density −0.316 0.578 −0.056 0.579 −0.249
Particle diameter −0.431 -0.187 −0.213 0.104 0.097
Particle hardness 0 0.935 0.109 0 −0.324

Gas pressure 0.594 0.417 −0.682 0.768 0.804
Gas temperature 0.498 0.297 −0.471 0.592 0.897

Gas density −0.341 −0.458 −0.395 −0.738 −0.582

Table 6. Correlation behavior among the process parameter and the coating properties.

Correlation Coefficients

Input
Output Particles

Velocity
Deposit

Hardness
Porosity Deposition

Efficiency
Flattering

Ratio
Hardness to

Porosity

Process parameter 0.785 0.607 −0.439 0.871 0.893 0.674
Process parameter/material

density 0.894 0.573 −0.493 0.747 0.894 0.784
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The approach of using data analysis on multiple and disperse data gathered from bibliography
has thus proven consistent with the expected trends dictated by previous knowledge, thereby opening
the door to more complex data analysis in the future.
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