
ORIGINAL ARTICLE

Processing parameters affecting cold spay
coatings performances

P. Cavaliere & A. Silvello

Received: 6 March 2013 /Accepted: 24 October 2013 /Published online: 24 November 2013
# Springer-Verlag London 2013

Abstract In the present paper, the microstructural and me-
chanical properties of metal–metal cold spray deposits are
described. Different spray particles coatings (Al-, Ti-, Ni-
based particles) deposited on different substrates (Al-, Ti-,
Fe-, Ni-, Mg-based bulk materials) were produced and their
mechanical and microstructural properties were characterized.
Microhardness, porosity, grain size and adhesion strength of
the coatings were analyzed as a function of processing param-
eters such as particle velocity, particle dimensions, gas densi-
ty, substrate hardness, and temperature. The results were
employed to build a database used to obtain a provisional
model through a multi-objective optimization software. For
each different substrate and particle type, the working points
were defined in terms of processing parameters to optimize
mechanical and microstructural behavior of coatings. The
error calculation of the final properties of the deposits dem-
onstrated the precision of the developed model.
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1 Introduction

Cold spraying is a coating technology based on aero and high-
speed impact dynamics of small particles (usually 1–50 μm in
diameter). A coating is formed through the intensive plastic
deformation of particles impacting on a substrate at a temper-
ature well below the melting point of the spray material. It can
be considered a safe and green technology because of the
absence of a high-temperature gas jet, radiation, and explosive
gases. An example of a key application of the cold spray

process is the recovery of costly aircraft parts during overhaul
and repair. Cold spray also can be used in the development of
unique materials and for the production of actual parts. Cold
spray can be used to produce a new class of materials that
could not be achieved by conventional ingot metallurgy. Even
if it has great application potentials in aerospace, automobile
manufacture, chemical industry, etc., there are still many
fundamental aspects to be uncovered. Since adhesion of the
metal powder to the substrate and deposited material is
achieved in the solid state, the characteristics of cold spray
deposits are quite unique. Cold spray can potentially provide
with restoration, sealing, surface modification, wear resis-
tance, thermal barriers, heat dissipation, rapid prototyping,
aesthetic coatings, fatigue resistance, and many other applica-
tions without the undesirable effects of process temperatures
or metallurgical incompatibilities among materials. It can also
be used to increase the heat resistance of a material. Research,
aimed to improve the cold spraying technology, is still being
conducted worldwide today. Many interesting papers have
been presented in literature in the most recent years. In
[1–8], there is a description of mechanical and microstructural
behavior of Ti coatings on different substrates with particular
emphasis on the effect of processing parameters. In [9–21],
the different possibilities are shown of spraying pure Al
or Al–alloys on different substrates such as Al–alloys,
Mg–alloys, and steel underlying the phenomenon of severe
plastic deformation of particles during impact. In [22, 23], a
detailed description of Mg alloy corrosive protection through
cold spray is shown. In [24–31], we find the properties of
cold spray Ni, Ni-Cr and Al alloys particles on various
substrates. Cu and Cu alloys deposit properties are described
in [32–38]. Mechanical properties of cold spray coatings
strongly depend on particles bonding on the substrate; such
bonding is dependent on mechanical properties of the sub-
strate and particles and on the processing parameters
employed during spray. Some authors emphasize the
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enhancement of shear instability as an instrument to improve
such bonding [28, 39], such non-equilibrium phenomena lead
to the deformation inducing melting during impact which
increases the bonding effect during spray clearly the phenom-
enon is enhanced as improving processing parameters as a
function of the different materials of the substrate and parti-
cles. It has been also demonstrated that the surface finishing
strongly influences the substrate deposit interface microstruc-
ture and consequently the microstructural and mechanical

behavior [34]; depending on the difference between the hard-
ness of the impacting particles and substrate, the processing
parameters can lead to different aspect of the interface: inter-
facial instability and adiabatic shear instability [39, 40]. The
conclusion is that with the same material, the processing
conditions can lead to a shift between the behaviors. From
an experimental point of view, it seems that the matter of fact
is the incoming of partial melting due to particular localized
conditions, such conclusions (supported by numerical

Fig. 1 Workflow of the analyses

Fig. 2 Design space in terms of
main input ranges, in red they are
indicated the six validation
designs
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investigations) have been demonstrated for some specific
materials and conditions but the results seem not conclusive
at the present. Other authors focus the attention on the cou-
pling between critical velocity of the particles and hard/soft
interaction between the substrate and the particles leading to
optimal conditions for metal on metal bonding [41]; in the
present paper, the velocity of the particles and the
difference between the hardness of the substrate and of
the particles were largely considered in the analyses of
the results. Flow pressure governing particles speed and
gas temperature is fundamental. Flow pressure and particle
speed are directly related to the impact energy. If such energy
is too low, the particles do not bond to the substrate and
consequently erode it. Temperature is fundamental because
it regulates the particles ductility leading them to correctly
flatten for bonding.

The in-depth analysis of industrial processes, depending on
different parameters, needs the employment of computational

multi-objective optimization tools. modeFRONTIER® (mF)
platform allows the managing of a wide range of experimental
data and the obtaining of an easy overview of the entire
product development process. The correct employing of a
design of experiment (DOE) technique leads to a reduction
in the number of calculations. After that, these well-distributed
results can be used to create an interpolating surface. These
kinds of interpolation and regression methodologies are also
known as response surface methods (RSMs). The subject of
the present paper was necessary because of the large amount
of processing parameters and results belonging to various
particles sprayed on different substrates. By employing such
technique, it can be possible to monitor the physical properties
and processing parameters affecting cold spray coatings per-
formances. In addition, the developed model provides with a
useful tool to predict mechanical and microstructural features
in conditions different from the ones belonging to the original
database. Once data have been obtained, whether from an

Fig. 3 Al on AA7075 adhesion strength (a) and porosity (b)
Fig. 4 Microstructure of aluminum particles sprayed on AA7075 at
500 °C and 1.5 MPa
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optimization or DOE, the user can turn to the extensive post-
processing features to analyze the results.

2 Experimental procedure

Different cold spray deposits were prepared by employing
CGT Kinetics 4000 series Cold spray system with a tungsten
carbideMOCDe Laval nozzle. The deposits were prepared on
different substrate materials by employing different particles
characterized by various dimensions. The cold spray parame-
ters in the present study were: substrate temperature, gas type,
gas temperature and pressure, nozzle–substrate distance. The
monitored outputs were: deposit grain size, micro hardness,
adhesion strength, and porosity. The mean grain size of the
deposits was measured through X-ray diffraction by using a
Rigaku Ultima + diffractometer, selected specimens were
characterized through TEM observations for measurements
comparisons. The microhardness and the adhesion strength

w e r e m e a s u r e d b y e m p l o y i n g N a n o T e s t
MICROMATERIALTM platform. The porosity was calculated
through a statistical analysis performed on Zeiss EVO40 SEM
observations, for each sample five different images of 200×
200 μm2 were analyzed. To allow modeFRONTIER to com-
pute the effect of the gas change, the values of the different gas
densities as a function of their temperature were introduced in
the database. The database was built by introducing the input
parameters, the corresponding output for each processing
condition experimentally analyzed and the physical correla-
tions between the different conditions. The overall process is
outlined in the workflow through the analysis carried out by
modeFRONTIER (Fig. 1).

3 Numerical procedure

The workflow is divided into data flow (solid line) and logic
flow (dotted line) which have a common node (calculator

Fig. 5 Al on Mg alloy adhesion strength (a) and porosity (b) Fig. 6 Ti on pure Ti adhesion strength (a) and porosity (b)
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node) in which mathematical functions, representative of the
process, are introduced. In the data flow, all the parameters
that should be optimized in numerical simulations are intro-
duced: material, particle dimensions, substrate temperature,
gas temperature and pressure, substrate–nozzle distance, par-
ticle velocity. The output variables define a multipurpose and
have been minimized or maximized taking into account some
constraints or limitations typical of the actual process. At this
point, the nodes that make up the logic flow of numerical
analysis are defined. The first node is the DoE, which is the set
of design from which the different possible working condi-
tions are analyzed. Therefore, it 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, an appropriate method of assessment proposed
by the modeFRONTIER was used: reduced factorial. This
method has the very important characteristic of not presenting
relationships between variables, and allows us to create a
space design covering all the different possible configurations
andmore easily achieving the optimum. The core work flow is
a specific response surface, which proves to be 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 them as a node operator in our work flow. The
available tools are the ones offered by modeFRONTIER, such
as RSM distance, the RSM residual, and RSM function plot.
After an analysis of all, areas carried out through different
tools proposed in the design space of mF panel, the optimal
condition of analysis for each of the output variables can be
chosen. The choices lead to the use of RBF type surfaces with
theMultiQuadrics Hardy's radial function. New designs fill all
the range of analysis. These designs are introduced in the
response surface that has been set in the first step of study.
In this way, mF generates a determined number of working
parameters which lead to a particular goal. At this point the
user has to choose the set of input that optimizes the value of
each output, considering the physical and technological con-
straints. The experimental design consists of 376 input and
output obtained from experimental data. To train the virtual
surface in the training phase, they were included 370 experimen-
tal design input and output. The remaining six were used in the
design validation phase. Such last designs were chosen in order
to fulfill all the design space in terms of input ranges (Fig. 2).

Fig. 7 Cu on AA7075 adhesion strength (a) and porosity (b). Cu on steel adhesion strength (c) and porosity (d)
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In the validation phase, the Δ error was measured includ-
ing in the “trained” RSM only the input remaining conditions.
Then, the numerical calculated results were compared with the
experimental ones.

4 Results and discussion

The results in terms of mechanical and microstructural prop-
erties of cold deposits have been analyzed as a function of the
deposited materials on different substrates. The first main
parameters, affecting the final properties of the deposited
samples, were working gas pressure and temperature. They
resulted fundamental in the variation of adhesion and porosity
of the deposits. The higher the pre-heat temperature is, the
higher is the thermal energy retained by the particles
impacting on the substrate. The deposition of the coatings
was carried out with a single step at a high transverse velocity.
Thus, the gas interaction with the substrate material was

limited. In terms of cold spray coatings, it is important to note
that the gas temperature will increase the substrate tempera-
ture. A very different behavior was observed by changing
sprayed particles and substrates. In Fig. 3, the adhesion
strength and deposit porosity as a function of gas pressure
and temperature in the case of aluminum particles on AA7075
substrate are shown.

The adhesion strength shows a maximum in correspon-
dence of high gas temperature and intermediate pressure. An
example of the microstructure of aluminum particles sprayed
on AA7075 at 500 °C and 1.5 MPa is shown in Fig. 4.

In the same conditions, the porosity of the deposits results
very high. Normally, the efficiency of the deposits in terms of
porosity reduction is related to high particles deformation
(related to the particles speed and pressure); such porosity is
inversely proportional to the gas temperature. In fact, the
higher is the temperature, the larger results the melting due
to deformation that conduces to an increase in porosity also in
the case of high levels of adhesion strength. In the case of pure

Fig. 8 Ti on steel adhesion strength (a) and porosity (b) Fig. 9 Ti6Al4Von Ti6Al4Vadhesion strength (a) and porosity (b)

268 Int J Adv Manuf Technol (2014) 71:263–277



aluminum particles, sprayed on magnesium alloys substrates,
adhesion strength shows maximum values for high tempera-
ture and pressure; in such conditions, deposit porosity shows
minimum levels (Fig. 5).

A similar behavior was observed for titanium particles
sprayed on pure titanium substrate; in such cases, high adhe-
sion strength is shown for high pressure and intermediate
temperature (Fig. 6).

In such conditions, porosity shows the minimum level. A
more energetic impact of the particles on the substrate leads to
more plastic deformation; this part of the coating formation
process leads to metallurgical bonding as well as porosity
reduction. In such case, the processing conditions are optimal
to reduce melting (Ti has a melting point very higher with
respect to aluminum alloys) and to have a non-melting medi-
ated deformation in order to reach low levels of porosity with
very high levels of adhesion strength. The best coupling
between high adhesion strength and low porosity is reached
for temperature of 350 °C and 4MPa of gas pressure, far from
such conditions adhesion strength tends to be lower with an

increase in the deposit porosity. Copper particles deposited on
AA7075 show maximum values of adhesion strength in cor-
respondence to high temperature and high pressure (Fig. 7a);

Fig. 10 Ni on Ni adhesion strength (a) and porosity (b)

Fig. 11 Ni on steel adhesion strength (a) and porosity (b)

Fig. 12 Grain size variation Al deposits on AZ91
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in the same conditions, the porosity of the deposits shows
minimum levels (Fig. 7b). In the case of copper deposited on
steel substrate, the maximum values in adhesion strength
(Fig. 7c) and the minimum levels of porosity (Fig. 7d) are
reached for intermediate values of pressure and temperature.

The same behavior has been observed in the case of pure
titanium deposited on steel substrate (Fig. 8).

Such behavior is due to the very similar hardness between
Cu–steel and Ti–steel, resulting in a strong jetting of the
particles appearing just in a very narrow range of spraying
conditions. Ti6Al4V particles sprayed on Ti6Al4V substrate
show the best deposition performances in correspondence of
high gas pressure and intermediate temperatures (Fig. 9).

By changing process conditions, changes in the in-flight
velocity of cold sprayed particles were obtained. The analysis
of the deposition of Ni particles shows that such material is

strongly sensitive to the particles velocity (function of the
pressure), the gas temperature and the particles size; in the
case of cold-sprayed Ni the analysis of the results was con-
ducted as a function of the pressure and particles velocity.

Ni sprayed on Ni substrate shows the best performances for
high gas pressure and high particles velocity (Fig. 10).

The sprayed metallic powder particles impacted onto the
substrate in a solid state are heavily deformed in a very short
period, typically less than 10 ns, and well bonded to the
substrate. Furthermore, the severe and nearly adiabatic plastic
deformation generates heating of the impacted region and
forms very fine grains with the size of several tens of nano-
meters within the particles. It is suggested that the grain
refinement results from in situ dynamic recrystallization. Ac-
tually, it seems that a higher particle velocity is necessary to
make much larger plastic deformation. In the case of Ni

Table 1 Correlation coefficients indicating the relationships between the different input and output analyzed in the present study

Correlation coefficients

Gas
density

Pressure Temperature Distance Velocity Sub_Temperature Sub_HV Adhesion Grain
size

Dep_HV Porosity

Gas density 1 0.675 0.062 0.415 0.102 0.12 0.073 0.037 −0.18 −0.035 0.035

Pressure 0.675 1 0.307 0.322 0.349 0.157 0.19 0.385 −0.247 0.143 0.08

Temperature 0.062 0.307 1 0.003 0.291 0.115 0.056 0.383 −0.243 0.184 0.025

Distance 0.415 0.322 0.003 1 0.182 −0.056 0.093 0.022 −0.11 0.096 0.042

Velocity 0.102 0.349 0.291 0.182 1 0 0 0.461 −0.319 0.187 −0.089
Sub_Temperature 0.12 0.157 0.115 −0.056 0 1 0.193 0.241 −0.096 0.046 0.145

Sub_HV 0.073 0.19 0.056 0.093 0 0.193 1 0.05 −0.13 0.309 0.235

Adhesion 0.037 0.385 0.383 0.022 0.461 0.241 0.05 1 −0.191 0.183 0.138

Grain size −0.18 −0.247 −0.243 −0.11 −0.319 −0.096 −0.13 −0.191 1 −0.148 −0.016
Dep_HV −0.035 0.143 0.184 0.096 0.187 0.046 0.309 0.183 −0.148 1 0.008

Porosity 0.035 0.08 0.025 0.042 −0.089 0.145 0.235 0.138 −0.016 0.008 1

Fig. 13 Deposit porosity and microhardness as a function of gas pressure and substrate microhardness
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Fig. 14 Adhesion strength vs.
particles velocity and substrate
temperature (Ades_str is the
adhesion strength; T_sub is the
substrate temperature; v_part is
the particles velocity)
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particles sprayed on steel substrate, the best performances are
in correspondence to intermediate values of pressure and
velocity (Fig. 11).

The ability of cold-sprayed particles to undergo plastic
deformation and adiabatic shear is a function of material
properties, such as yield strength and melting point as well

Fig. 15 Grain size vs. particles
velocity and substrate hardness
(Grains is the deposit grain size;
Sub is the substrate hardness;
v_Part is the particles velocity)
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as process conditions, such as deposition temperature, particle
velocity, and particle size. When a particle reaches the sub-
strate at its critical velocity, adiabatic shear takes place con-
tributing to the formation of a metallurgical bonding. For each
condition of substrate, particle pressure and temperature, it is

possible to individuate a critical velocity of the particles. For
speeds higher than such critical velocity, bonding is not
achieved. The substrate deformation contributed to the forma-
tion of an intimate, possibly metallurgical, contact between
the materials. In the case of substrate much harder than the

Fig. 16 Porosity vs. substrate
hardness and substrate
temperature (T_Sub is the
substrate temperature; Por_ is
the deposit porosity; Sub is the
substrate hardness)
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cold-sprayed particles, it is possible to obtain good quality
deposits with lower temperatures and particles velocity levels.
As the difference between the hardness of the substrate and the
particles decreases, it is necessary to employ more severe
conditions in terms of high pressure and high temperature.
In general, the yield strength of the material affects the critical
velocity required to induce adiabatic shear and therefore the
ability of the material to form a strong, metallurgical bond. An
interesting aspect is represented by the grain size variation as a
function of processing parameters. The deposit grain size
decreases with increasing pressure and increasing gas temper-
ature (directly related to the increase of the particle speed).
Such behavior is shown for Al particles deposited on
AZ91 Mg alloy (Fig. 12).

In the present analysis, it is fundamental to employ the so
called “scatter matrix” that allows the immediate recognition
of how much the different variables are correlated to each
other. Actually, the parameters are correlated strongly 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. An example of the present study is
given in Table 1 from such a matrix, it is also possible to
observe the different weight of all the parameters, the more the
value differs from 0 the more it influences the corresponding
variable.

By focusing the attention on the variation of the analyzed
outputs, it is evident how the deposit microstructure is strong-
ly influenced by the particle velocity which is directly related
to gas temperature and pressure; then it is influenced by the
gas density and by the starting particle dimension. The deposit
microhardness is strongly related to the substrate microhard-
ness, and, with the same weight, to the particle velocity and
dimension. The adhesion strength is largely influenced by the
particle velocity, by the substrate temperature, and by the
particle dimensions. The deposit porosity is mainly dependent
on the substrate temperature and hardness. Deposit microhard-
ness and porosity, as a function of substrate microhardness
and gas pressure dependence, is clearly shown in Fig. 13.

It is clear how deposit porosity increases with the increase
of the substrate hardness up to a maximum and then it de-
creases with the increase of substrate hardness. The deposit
hardness continuously increases as the substrate hardness
increases. By analyzing in particular each single output as a
function of the main input parameters influencing its behavior,
we can see that the grain size is strongly influenced by the
particle velocity which is directly related to the gas tempera-
ture and pressure, by the gas density, and by the starting
particle dimension.

By correlating outputs with inputs through the use of
modeFRONTIER, it is possible to achieve “phenomenologi-
cal modeling,” refine and calibrate the predictive models that
simulate the phenomena in question (“Calibration”) and

validate these models (“Validation”). The methodological ap-
proach used was an empirical approach without pre-allocated
analytical framework. The experimental data, appropriately
filtered and reordered, are processed in order to build meta-
models representative of the n -dimensional phenomenon and
referring to an experimental database. The 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 algorithm
ED (evolutionary design), which provides with the out-
put analytical expression, the equations simulating the
processes have been obtained and validated. The advan-
tage of this method is to use the very powerful numerical
tools, which generate very complex forecasting models.

Taking a look at the results analyzed through
modeFRONTIER, it is evident that adhesion strength in-
creases with the increase of the particle velocity and decreas-
ing of the substrate temperature (Fig. 14). The adhesion
strength also increases with the increase of the gas
temperature.

An interesting result is represented by the grain size behav-
ior. Figure 15 shows how the deposit grain size decreases with
the increasing of the particle velocity and the substrate
hardness.

In Fig. 16, we see how the deposit porosity decreases as the
substrate hardness and the substrate temperature increase.

How each fundamental mechanical or microstructural
property of the deposits is governed by different processing
parameters must be noted. In such scenario, it is possible to
tune the processing parameters in order to optimize one of the
analyzed mechanical or microstructural properties (and, at the
same time, reduce the possibility of lower performances of the
coatings caused by the worsening of other properties). A
multiobjective optimization tool allows us to optimize one or
more output parameters indicating which processing parame-
ters should be tuned and also to individuate the ranges of
modification inside the design space. Many examples can be
underlined. Deposit porosity is strongly influenced by the
substrate hardness and temperature so that by increasing the
substrate hardness and the substrate temperature it is possible
to decrease the deposit porosity. In such conditions, there is a
very narrow range of possible particles velocity that can be
employed to obtain a good quality deposit. If the adhesion
strength is taken into account also, the range is further re-
duced. On the contrary, a deposit with low porosity but with a

Table 2 Output MSE
cold spray Output MSE

Adhesion strength (MPa) 64.9

Microhardness (HV) 17.8

Porosity (%) 0.25

Grain size (nm) 729
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low adhesion strength is obtained. An interesting situation is
represented by the relationships between the adhesion strength
and the deposit microhardness. They are related to the same
input parameters but with an inverse proportionality. They are
strongly influenced by gas pressure and temperature and
obviously by particles velocity; but by tuning such input param-
eters, it was demonstrated that by increasing adhesion strength, a
decrease in grain size is produced with a contemporary increase
in mechanical properties. Another interesting analysis can be
done on each single input parameter and by observing the effect
on microstructural and mechanical behavior. All the output
properties of the deposits are governed by the starting particles
dimensions. The gas density has a strong influence on the
deposit grain size and aminor effect on the remaining properties.
Particle velocity appears to be the most influencing processing
parameter. The substrate temperature appears to influence both
adhesion strength and porosity while it has a lower effect on
microhardness and grain size. The substrate hardness appears to
strongly influence porosity, microhardness, and grain size while
it has a lower influence on adhesion strength.

The analytical instrument used for the calculation of the
error between output numerically and experimentally has been
the mean square error (MSE) applied on the points of mea-
surement of the specific size of output.

Expressing the discrepancy between experimental and nu-
merical values as follows:

Δyi ¼ yexp;i − ynum;i ð1Þ

the MSE for the outputs representative of a point is equal to:

MSE ¼
X

i¼1

6 Δyið Þ2
6

ð2Þ

Table 2 shows the MSE calculated on the outputs relating
to the cold spray. To give them a physical sense, which is
attributable to the units of measure of the question, was
sufficient to calculate the square root.

As already mentioned, the results are a compromise be-
tween the minimal error and the fact that they are as represen-
tative as possible of the entire database. The errors calculated
by modeFRONTIER for each validation design are shown in
Tables 3, 4, 5, and 6.

An in-depth analysis of the calculated errors can lead to the
conclusion that the developed model is really precise, also due
to the large number of experimental conditions employed to
develop the used database. Such a model can be used to

Table 6 Deposit grain size calculated for the six validation design

Grain size

Numerical Experimental (Num-Exper) (Num-Exper)2

Design 1 27.3 28 −0.65 0.4

Design 2 18.6 20 −1.3 1.8

Design 3 79.3 75 4.3 18.3

Design 4 1,264.3 1,200 64.3 4,136.8

Design 5 39 35 4 16

Design 6 100.6 115 −14.3 206

Mean square
error

729

Table 5 Deposit porosity error calculated for the six validation design

Porosity

Numerical Experimental (Num-Exper) (Num-Exper)2

Design 1 1.2 1.2 0.04 0.002

Design 2 12.2 13 −0.8 0.64

Design 3 0.18 0.2 −0.02 0.0004

Design 4 9.1 10 −0.9 0.8

Design 5 0.015 0.01 0.005 3.2E−05
Design 6 0.9 1.2 −0.3 0.09

Mean square
error

0.25

Table 4 Microhardness error calculated for the six validation design

Microhardness

Numerical Experimental (Num-Exper) (Num-Exper)2

Design 1 340.8 335 5.8 33.9

Design 2 283.7 285 −1.3 1.74

Design 3 48.8 51 −2.16 4.67

Design 4 57.8 50 7.8 60.8

Design 5 170.4 170 0.4 0.16

Design 6 477.3 475 2.3 5.4

Mean square
error

17.8

Table 3 Adhesion strength error calculated for the six validation design

Adhesion strength

Numerical Experimental (Num-Exper) (Num-Exper)2

Design 1 269 280 −10.9 119.7

Design 2 113.9 105 8.9 79.1

Design 3 68.5 60 8.5 72.1

Design 4 28.6 18 10.6 113.4

Design 5 10.6 10 0.65 0.42

Design 6 57.2 55 2.2 4.8

Mean square
error

64.9
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optimize the properties of metal–metal cold spray deposits and
to be used as a provisional instrument in the development of
alternative and different deposition conditions.

5 Conclusions

In the present paper, a large number of experimental results of
mechanical and microstructural properties of cold-sprayed
deposits, obtained in a broad range of processing parameters
for metal particles deposited on metal substrates, are de-
scribed. The effect of particles size and material, gas pressure
and temperature, particles velocity and substrate hardness on
coating adhesion, microstructure, hardness, and porosity were
underlined. Such analyses were performed for different parti-
cles materials (Ti and Ti–alloys, Al and Al–alloys, Mg, Ni and
Ni–alloys, Cu) deposited on different substrates. The study
allowed us to obtain a very broad experimental space capable
of including all the possible processing conditions for the
actual cold spray technology. The results were employed to
build a database consisting of 376 experimental conditions.
The results were analyzed through a multi-objective optimi-
zation software (modeFRONTIER) in order to develop a
provisional model capable of simulating the deposit properties
as a function of different processing parameters. The
employed method was the RSM (response surface methodol-
ogy). Such method allows us to simulate the actual process
through the use of physical laws with appropriate calibrated
coefficients. The different weight of the processing pa-
rameters affecting the mechanical and microstructural
properties of the deposits was calculated. The robustness
of the developed model has been demonstrated by the
error calculation between the experimental results and
the calculated ones. The number of experimental data and the
described model has optimal potential to provide with a tool
capable of predicting coatings quality in very different exper-
imental conditions.
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