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A B S T R A C T

Within coating applications, cold-spray is nowadays an extended technique commonly used in environments
such as the additive manufacturing or repair industries. The differential factor that leads this approach to be
chosen over others is its low deposition temperature. The need for ensuring the resistance and durability of
the free-standing components has led to the development of models that can predict the kinetic energy of the
particles, which is the main driving parameter affecting the deposit performance. In this study, an optimisation
theoretical model, previously developed by the authors, is validated with the experimental exit particle velocity
data taken from commercial geometries and using Fluent simulations available in literature. The aim of this
work is to relate fundamental parameters in the cold-spray process such as the stagnation conditions, nozzle
geometry, powder size or particle velocity. This objective is achieved by creating novel interdependent maps
connecting these pivotal data by virtue of the model presented. Several graphs describing the final particle
velocity depending on the stagnation pressure and temperature are obtained along with the optimal geometry
for a wide range of materials (aluminium, titanium, steel, Inconel 625 and copper). In addition, the analytical
model is able to hand over a deposition window of particle sizes and velocities that can be achieved using a
specific cold-spray equipment. Both set of maps combined together can be a powerful tool which users and
manufacturers can benefit from on the grounds that they do not only provide information about whether a
deposition can be achieved or not with a cold-spray equipment but also about the stagnation conditions needed.
The results obtained with this methodology reflect the limitations of low and medium-pressure equipment in
terms of the maximum particle diameter that can be deposited and constitute a novel advance in the state of
art of cold-spray. Moreover, the fundamental parameter regarding the geometry, namely the ratio between the
nozzle exit and the nozzle throat diameters, is represented as a function of the above-mentioned parameters.
1. Introduction

Cold-spray has become as a proven technique for preventing and
repairing damaged surfaces. New lines of research related to the use
of this spraying technique for additive manufacturing (CSAM) are
being explored nowadays [1–3]. CSAM can be used to build 3D metal
components opening a wide range of possibilities in the manufacturing
industry, making it possible to establish a sustainable and environ-
mentally respectful manufacturing process. In this process, feedstock
particles are injected into a gas stream at temperatures below their
melting point. The gas pressure accelerates the particles to speeds from
300 m/s to 1200 m/s, and the particles then impact onto the substrate
surface [4,5]. Consequently, the kinetic energy of the particles is turned
into high plastic deformation and heat at the moment of impact. Adhe-
sion between the particles and the substrate is produced by a synergistic
effect between metallurgical bonding and mechanical interlocking [6–
9]. This energy controls the particle bonding process. Therefore, the
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deposits are built from the continuous stacking of sprayed particles.
Consequently, the kinetic energy of the particles is revealed as a
determinant factor for obtaining reliable components by means of this
spraying technique. This energy depends on different parameters. Some
of them are related to the spraying conditions, others are correlated to
the particles (material properties, shape and size).

Regarding the spraying process, the gas stream is intended to trans-
fer sufficient energy to the particles to ensure their adhesion to the
substrate. This gas flow is mainly regulated by the nozzle geometry,
the type of gas, temperature, and pressure [4]. Air [10], N2 [11] and
He [12] are commonly used as the propellant gas. Traditionally, He and
N2 are the preferred choices. He, is more appropriate because higher
velocities can be attained and transferred to the particles due to its low
molecular weight. However, He is exceedingly expensive for extensive
use. On the contrary, the particle velocity is reduced when N2 is chosen,
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due to its higher molecular weight. Nevertheless, this gas is cheaper
than He. Therefore, N2 is the most widely used option in cold-spray
applications [13].

Temperature constitutes an energy contribution to the spraying
process in the form of heat. The increase in gas temperature improves
the gas expansion process through the nozzle, increasing the speed
of the particles. Additionally, the higher the gas temperature rises
the higher the temperature of the particles, leading to an increased
degree of particle softening. This increases the particles’ propensity for
plastic deformation during the impact process, enhancing the depo-
sition efficiency [14,15]. Several previous studies have reported that
the properties of the cold-spray coating may be influenced by the gas
pressure [16]. A rise in the pressure of the process gas increases the
acceleration of the particles during their transit through the nozzle,
allowing to reach significantly higher velocities at the nozzle exit [17].
Therefore, the higher the pressure of the process gas, the higher the
kinetic energy of the particles, which enhances the bonding process at
the particle–substrate and particle–particle contacts [18].

Additionally, the velocity of the particles at the nozzle exit is
governed by their acceleration inside the nozzle, which is determined
by the nozzle design. The main geometric parameters defining the
nozzle geometry are the divergence ratio, the divergent shape and
the divergent section length. Consequently, these geometric parameters
are critical to giving particles high velocities at the nozzle exit [19,
20]. Alonso et al. [19] proposed an optimised isentropic analytical
model to obtain the optimal profile for the divergent part of the nozzle
for the cold-spray process. This model was established considering all
dependencies in the integration of the motion equation. The nozzle
geometry predicted by this model maximises the drag force on the
particle and, consequently, the particle speed. The model was applied
onto aluminium powder with an average particle diameter of 10 μ m,

hich was sprayed at a constant pressure of 30 bar at three different
praying temperatures (573 K, 723 K and 873 K). They reported the
xit particle velocities for different exit nozzle diameter to nozzle throat
iameter ratios, identifying the optimal ratio.

Characteristics of the particles, such as their physical properties,
hape and size, have a significant influence on the deposition process.
or similar average particle sizes, spherical geometries have lower
rag coefficients than irregular ones. Therefore, particles with irregular
eometry show a higher velocity than spherical ones. However, a
pherical morphology is desired to provide better adhesion strength
nd denser deposits [21]. Several studies report that smaller particles
how higher accelerations due to their lower mass, attaining higher
elocities at the nozzle exit [22]. Nevertheless, a physical property that
ombines size and mass is the density. Therefore, a complementary
tudy concerning the effect of density on the kinetic energy of the
articles may be of interest. The effect of density on the characteris-
ics of cold-spray sprayed materials has been studied in combination
ith other properties such as particle size and specific heat [23].
revious research has revealed that the density, melting temperature
nd tensile strength of cold-spray project metals play an important
ole in determining critical speed [24]. In addition, several models
ave been proposed for obtaining an estimation of the force and
he stress withstood by the particle during the impact. These models
epend on particle density; however, they are used to predict deposit
haracteristics [25]. Furthermore, the gas flow behaviour predicted
y the isentropic models through a convergent–divergent transition
sed to predict particle velocity at the nozzle exit depends on the gas
elocity, gas density, gas temperature, gas dynamic viscosity, and drag
oefficient; but not on the particle density [19].

Consequently, the authors of this paper observed a lack of analyt-
cal studies examining the influence of spraying parameters (pressure,
emperature, nozzle geometry, density and geometric characteristics
f the particles) on the velocity of the particles at the nozzle exit.
herefore, the purpose of this work was to analyse the effect of these
2

praying parameters on particle velocity at the nozzle exit due to their
importance for the CSAM industry. Maps of particle velocities were de-
termined by using the analytical model proposed by Alonso et al. [19].
Firstly, this analytical model was validated by comparing experimental
measurements reported in bibliography [10,26,27] with simulation
predictions of particle velocity at the nozzle exit for the same spraying
conditions. Once the model was validated, velocity contour plots were
obtained as a function of the stagnation pressure and temperature. In
addition, contour plots of the ratio between the nozzle exit and the
nozzle throat diameters for two different carrier gases were presented,
as a function of the stagnation pressure and temperature: helium (He)
and nitrogen (N2). These maps were obtained for different metallic
materials of the sprayed particles in order to observe the influence of
density on these velocity contours. Moreover, deposition maps aiming
at determining whether adhesion can be achieved depending on the
cold-spray equipment available and the powder size were obtained.
These results combined together made it possible to identify spraying
conditions that optimise the exit velocity of the particles for different
densities of the sprayed material, providing a powerful tool for additive
manufacturing purposes.

2. Methodology

This section concerns the analytical model previously developed by
the authors [19], which is used to obtain the results presented in the
next sections of this paper. This model is based on the 1D isentropic gas
stream theory by means of a convergent-divergent faucet. In contrast
to other models, it considers the dependence of key parameters such
as the drag coefficient, the gas density or velocity, as well as pressure
and temperature. Under these hypotheses, the problem’s governing
equation is obtained by means of Newton’s second law applied to a
sprayed particle on its movement along the divergent region. It can be
formulated as
𝑑𝑣𝑝
𝑑𝑥

=
𝐶𝐷𝜌𝐴𝑝

2𝑚𝑝𝑣𝑝

(

𝑀
√

𝛾𝑅𝑇 − 𝑣𝑝
)2

𝑝(0) = 𝑣0

(1)

here 𝑣𝑝 is the powder velocity, 𝑥, is the longitudinal coordinate of the
ivergent domain, 𝐶𝐷, is the drag parameter, 𝜌, is the gas density, 𝐴𝑝,
s the particle projected area, 𝑚𝑝, is the particle mass, 𝑀 , is the Mach
umber, 𝛾, is a parameter relating the gas heat capacity under isobaric
nd isochor conditions, 𝑅, is the constant of gases and 𝑇 , is the gas
emperature. Integration of Eq. (1) provides the particle velocity along
he divergent nozzle region, and, consequently, the exit particle speed
hen the geometry, and therefore the Mach number, 𝑀 , is known.

Furthermore, this model can be used to optimise the y-coordinates
f the nozzle shape depending on the stagnation conditions. To this end,
he function representing the drag force of one particle is maximised
onsidering the particle velocity, 𝑣𝑝, and the Mach number, 𝑀 , as the
wo independent variables,

𝐷 =
𝐶𝐷𝜌𝐴𝑝

2

(

𝑀
√

𝛾𝑅𝑇 − 𝑣𝑝
)2

(2)

where 𝐹𝐷 is the drag force associated to a single sprayed-particle. Using
the Lagrange multiplier method at each integration step of Eq. (1), the
drag force is maximised thanks to the obtaining of the optimal Mach
number and thus, the optimal geometry at each integration coordinate
is obtained. The system of equations for determining the optimal 𝑀 at
each iteration is the following:
𝐴𝑝𝜌
2

[

𝑑𝐶𝐷
𝑑𝑅𝑒𝑝

𝜕𝑅𝑒𝑝
𝜕𝑣𝑝

(

𝑀
√

𝛾𝑅𝑇 − 𝑣𝑝
)2

− 2𝐶𝐷

(

𝑀
√

𝛾𝑅𝑇 − 𝑣𝑝
)

]

= 𝜆 (3)

𝑑𝐶𝐷
𝑑𝑅𝑒𝑝

𝜕𝑅𝑒𝑝
𝜕𝑀

𝜌
(

𝑀
√

𝛾𝑅𝑇 − 𝑣𝑝
)2

+ 𝐶𝐷

[

𝑑𝜌
𝑑𝑀

(

𝑀
√

𝛾𝑅𝑇 − 𝑣𝑝
)2

+2𝜌
(

𝑀
√

𝛾𝑅𝑇 − 𝑣𝑝
)

[

√

𝛾𝑅𝑇 +𝑀

√

𝛾𝑅𝑇
2𝑇

𝑑𝑇
𝑑𝑀

]]

= 0 (4)

𝑣 = 𝑘 (5)
𝑝
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Fig. 1. (a) Comparison of results of particle velocity vs. stagnation gas temperature obtained experimentally (triangles), with Fluent (squares) and with the theoretical model
(circles) for a particle made of ZK61 with a diameter of 𝑑𝑝 = 58 μm, stagnation pressure of 𝑃0 = 28 bar and the nozzle geometry given by Suo et al. [10]. (b) Comparison of results
of particle velocity experimentally measured and predicted by the theoretical model for different materials: Al (𝑑𝑝 = 15 μm, 𝑇0 = 588 K, 𝑃0 = 32 bar) [28] and Cu (𝑑𝑝 = 9.6 μm,
𝑇0 = 503 K, 𝑃0 = 20 bar; 𝑑𝑝 = 32.6 μm, 𝑇0 = 283 K, 𝑃0 = 20 bar and 𝑑𝑝 = 32.6 μm, 𝑇0 = 538 K, 𝑃0 = 20 bar) [29].
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where 𝑅𝑒𝑝 is the Reynolds number, 𝜆 is the Lagrange multiplier and 𝑘 is
the particle velocity (assumed to be constant) at each integration step.
The solution of this system of equations coupled with Eq. (6) provides
the optimal y-coordinate of the nozzle’s divergent region as well as the
profile of velocities for all longitudinal coordinates of the nozzle under
certain stagnation conditions and with the nozzle diameter at the throat
being a known parameter:

𝐴
𝐴 ∗

= 1
𝑀

[(

1
𝛾 + 1

)(

1 +
𝛾 − 1
2

𝑀2
)]

𝛾+1
2(𝛾−1)

(6)

here 𝐴 is the area perpendicular to the axial coordinate, and 𝐴 ∗ is
his area at the nozzle throat.

. Validation

The objective of the validation is to evaluate the predictive capabil-
ty of the model in terms of the final particle speed for a given nozzle
hape. To this end, literature has been searched for data regarding exit
article velocity combined with certain geometric parameters. Unfor-
unately, commercial geometries are generally protected and difficult
o obtain. However, the information on geometry reported in some
revious works may be enough to validate the model. Geometric details
uch as the conical geometry of the divergent zone and the diameter
roportion given by the throat and the outlet nozzle sections may be
ufficient for this purpose. Since it has been demonstrated that the main
arameter for determining the final particle speed is the ratio between
he throat and the outlet radii, a conical geometry is reconstructed
sing this parameter to calculate the particle velocity using the model
nd be able to make a comparison with the data found [19]. First,
n experimental validation is carried out and then the validation is
xtended to numerical results found in the literature.

.1. Experimental validation

It is highly challenging to find measured data on the particle speed
n a cold-spray impact along with nozzle geometry. Suo et al. [10]
tudied the effect of the stream gas species on particle speed. They were
ble to measure the exit velocity of a single particle of ZK61 with a
iameter of 𝑑𝑝 = 58 μm subjected to different stagnation temperatures.
o that end, they used a laser-based technique, the particle diagnosis
ystem (DPV-2000). Fig. 1(a) represents a comparison between the
3

article velocity obtained by Suo et al. [10] (experimental measure-
ents and Fluent predictions) and the particle velocity predicted by the

nalytical model vs. stagnation temperature. Fig. 1(b) shows additional
xperimental data that were found for Al [28] and Cu [30] parti-
les. Champagne et al. [28] measured the particle velocity using the
PV-2000 system while [30] benefited from the high velocity oxygen

uel (HVOF) process using an optoelectronic measurement system [31].
ig. 1(b) compares these data with the particle velocity predicted by the
heoretical model for different sizes and stagnation conditions.

Fluent predictions from Suo et al. [10] fit well with the experimen-
al data provided, with differences below 8%. A similar correlation
as obtained with the theoretical model. The differences between

he Fluent predictions and the results obtained with the theoretical
odel are practically negligible (below 2%). Furthermore, both models

apture the well-known experimental fact that the particle speed and
he stagnation temperature are proportional. Moreover, in Fig. 1(b) an
xcellent agreement is observed for the Al prediction with an error
elow 5%. As for the Cu results, all the theoretical predictions are
ithin the error bars or slightly below showing an overall decent
redictive capability of the model. These narrow variations encourage
o use simplified analytical models such as the one proposed in this
ork instead of more computationally complex and time consuming
odels. The maneuverability that the theoretical model guarantees

n terms of simulating different conditions or geometries while only
aving to change a few numbers, and the low computational time of
ach simulation (in the order of seconds), make this model an attractive
lternative to be used in the prediction of cold-spray parameters. In
ddition, it makes it possible to calculate the optimal geometry for any
tagnation conditions and particle characteristics.

.2. Comparison with fluent

Since the model has already been experimentally validated, this
ection will assess whether it can correctly predict the different trends
n particle velocity when different parameters are varied. To prove the
onsistency of the model, it should be capable of accurately predicting
he final particle speed upon the varying of three set of parameters
overning the problem: the stagnation conditions, the particle charac-
eristics and the nozzle geometry. Due to the lack of a wide range of
xperimental data available, Fluent simulations are used to assess the
rends that the analytical model should predict. The above-mentioned
omparisons can be performed according to the three sets.
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Fig. 2. Comparison between the Fluent data and the theoretical model of particle velocity vs. final nozzle diameter: Effect of (a) gas pressure for a fixed stagnation temperature
of 𝑇0 = 600 K, (b) gas temperature for a fixed stagnation temperature of 𝑃0 = 25 bar on optimal nozzle exit diameter, for a particle made of Al with a diameter of 𝑑𝑝 = 15 μm and
the nozzle geometry given by Jung et al. [32].
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Regarding the stagnation conditions, Jung et al. [32] addressed how
pressure and temperature control the particle velocity. Fig. 2 shows
similarity when the theoretical model results are compared with the
ones predicted by Jung et al. [32]. Figs. 2(a) and 2(b) show the particle
velocity (Al, 𝑑𝑝 = 15 μm) vs. the nozzle exit diameter as a function of
ifferent pressures and temperatures, respectively.

Good agreement is observed between the two models. The particle
elocity increases with pressure and temperature as expected in both
odels. In terms of the predicted trends, both models present a convex

urvature with a maximum in between the extreme values of the
xit diameter. From Fig. 2(a) it can be inferred that, as the pressure
ncreases, the maximum is reached with larger nozzle exit diameters.
evertheless, the optimal nozzle exit diameter appears to be constant
ith temperature (Fig. 2(b)). Note that all the curves are reasonably

lat, especially in Fig. 2(b), even though the diameter is doubled. This
eans that the particle speed is not very susceptible to the expansion

atio for this particle material and diameter. This is in accordance
ith the results given by the optimisation model developed by Alonso
t al. [19]. In that study, an optimal region for particle velocity was
redicted. This region was depicted as a proportion between the nozzle
xit and nozzle throat diameters. Alonso et al. [19] reported a rather
lat evolution of this diameter ratio that ranged between 2 and 4.
he ratio shown in Fig. 6 is included approximately between 2 and
. Consequently, the results of the analytical model agree with to those
ddressed by Alonso et al. [19].

The impact of the particle’s dimensions on its velocity is an essential
eature to be captured by the model if different powder feed-stocks
ith different sizes are used. In this regard, Li et al. [26] conducted

imulations within an ample spectrum of particle sizes (from 𝑑𝑝 = 5 μm
o 𝑑𝑝 = 50 μm). Fig. 3 presents the predictions of the theoretical ap-
roach as well as Li et al. [26]’s results for particle speed vs. nozzle exit
iameter for different particle diameters, and for stagnation pressure
nd temperature of 𝑃0 = 25 bar and 𝑇0 = 573 K. The conical geometry
sed is described in full in [26].

According to Fig. 3, smaller and, consequently (provided they have
he same density), lighter particles are propelled to higher velocities
nder the same conditions. This is backed up by the energy and momen-
um conservation laws, so the model is physically consistent. Moreover,
he predicted trends are the same with both models, with the difference
eing a more or less constant offset. Again, as explained above, the
orrelation between particle speed and nozzle exit dimension is not
trong within the ranges analysed.

Nozzle geometry is the last check to prove the theoretical model can
4

e adapted to any condition. Li et al. [26] analysed the influence of two k
Fig. 3. Comparison between the Fluent data and the theoretical model of particle
velocity vs. nozzle exit diameter: Variation of the optimal nozzle exit diameter as a
consequence of particle diameter, for stagnation pressure and temperature of 𝑃0 = 25 bar
nd 𝑇0 = 573 K, for a particle made of 316L stainless steel and the nozzle geometry
iven by Li et al. [26].

f the overriding dimensions regarding nozzle geometry: the divergent
ength and the nozzle throat diameter. Figs. 4(a) and 4(b) represent the
redictions of the theoretical model as well as Li et al. [26]’s results for
article velocity vs. nozzle exit diameter for different divergent lengths
nd nozzle throat diameters, for stagnation pressure and temperature
f 𝑃0 = 25 bar and 𝑇0 = 573 K, respectively. The conical geometry used
s described in full in Li et al. [26].

Fig. 4 reveals that larger divergent lengths point to higher particle
peeds as expected. The trend of both models is almost identical for
he 𝐿𝑑 = 0.12 m case with a difference below 7%. Better matching
esults are obtained for the 𝐿𝑑 = 0.27 m case in terms of the differences
bserved. However, the curves seem to diverge from the starting point.
oth models are consistent with the flat behaviour as the nozzle exit
iameter varies. Moreover, the results with different nozzle throat
iameters, while keeping the expansion ratios constant, are compared
n Fig. 4(b). Even though the trends are dissimilar, both models show
very slight variation in particle velocity when the expansion ratio is

ept constant.
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Fig. 4. Comparison between the Fluent data and the theoretical model of particle velocity vs. nozzle exit diameter: Effect of (a) divergent length with a throat diameter of
𝑡 = 0.0027 m, (b) throat diameter with a divergent length of 𝐿𝑑 = 0.12 m on optimal nozzle exit diameter, for stagnation pressure and temperature of 𝑃0 = 25 bar and 𝑇0 = 573 K,
or a particle made of 316L stainless steel with a diameter of 𝑑𝑝 = 20 μm and the nozzle geometry given by Li et al. [26].
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Fig. 5. Representation of the Fluent and theoretical results of particle and gas
velocities (nitrogen) vs. the longitudinal nozzle coordinate for stagnation pressure and
temperature of 𝑃0 = 30 bar and 𝑇0 = 623 K, for a particle made of Ti with a diameter
f 𝑑𝑝 = 45 μm and the nozzle geometry given by Lupoi [27].

Up to this point, the results provided by the theoretical model show
good degree of agreement with the experiments and simulations

ound in literature. However, these results only account for magnitudes
t the end of the nozzle without knowing if what happens inside the
ozzle is predictable. Although it is impossible to monitor the velocity
f a single particle experimentally during its path through the nozzle,
t can be compared with other simulations in literature. To this end,

comparison between theoretical and Fluent simulations found in
iterature [27] for gas and particle velocities (Ti, 𝑑𝑝 = 45 μm) is shown

in Fig. 5. A conical geometry was used to carry out these simulations,
with an input diameter of 𝑑𝑖 = 20 mm, a throat diameter of𝑑𝑝 = 2.7 mm,
n exit diameter of 𝑑𝑝 = 7.8 μm, a convergent length of 𝐿𝑐 = 20 mm and
divergent length of 𝐿𝑐 = 190 mm.

According to Fig. 5, the gas velocity curves are practically identical
n qualitative terms, and present small quantitative differences. Both
odels predict a steep change at the beginning of the nozzle followed

y a smoother curve. They differ to a greater degree with regard to
article velocity (always below the 14%), although the trend is similar.
5

t can be inferred from this that the transfers of energy and momentum s
etween the particles is lower in the theoretical model due to the
ifferent methods of resolution. Nevertheless, both are believed to be
alid approximations of actual particle velocities.

Overall, it has been shown that the theoretical model can reasonably
redict experimental measurements of particle velocity in the cold-
pray process as displayed in Fig. 1(a), and is a powerful tool in terms
f simplicity, maneuvrability and computational time. In addition,
he comparison with Fluent simulations from literature reveals that
heoretical predictions of particle velocity are quite similar to Fluent
redictions. Moreover, the trends predicted by both models are in
greement when crucial parameters such as the stagnation conditions,
article characteristics or nozzle geometry are varied.

. Results

In this section, the above-mentioned theoretical model was used to
btain the results presented. Note that all the results presented below
efer to the optimal geometry provided by the analytical formulation
nd are obtained for a particle diameter of 𝑑𝑝 = 10 μm. An analysis of
he control that the powder metal exercises is performed in terms of
he final particle speed, depending on the stagnation parameters. The
esults are divided into low-density powder metals such as aluminium
nd titanium and high-density powder metals such as steel, Inconel 625
nd copper. Different maps of the final particle speed are shown, de-
ending on the stagnation parameters for several densities. Moreover,
nformation about the optimal geometry for obtaining the final particle
elocity is provided by means of the relationship between the exit and
he nozzle throat diameters, with the latter and the divergent region
imension being fixed (𝐷𝑛𝑡 = 0.0015 m and 𝐿𝑓 = 0.1 m). In addition,
he relevance of the two most common carrier gases in the process
nitrogen and helium) is measured qualitatively and quantitatively for
ll the powder metals studied. Finally, a methodology to obtain a
eposition window for any material and particle size hinging on the
eatures of any specific cold-spray equipment is implemented.

.1. Analysis of low density powder metals

The main purpose of this analysis is to provide exit particle velocity
aps for aluminium and titanium for different stagnation conditions,

nd impose the optimal nozzle y-coordinates defined by the analyt-
cal model described in Section 2. Furthermore, the most important
eometric features regarding the maximisation of the final particle

peed are the nozzle exit and nozzle throat diameters [19]. That is the
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Fig. 6. (a), (d) Exit particle velocity, (b), (e) contour plots, and (c), (f) proportion between the nozzle exit and nozzle throat diameters, in terms of the stagnation pressure and
emperature, for Aluminium as the powder metal. (a), (b), (c) Nitrogen and (d), (e), (f) Helium as the stream gas.
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eason why these maps are also presented. Figs. 6(a) and 6(d) show the
esulting surfaces of the final particle velocity for a bounded range of
tagnation pressures and temperatures for aluminium, as the powder
etal, and nitrogen and helium, as the carrier gases, respectively.

or a better understanding of Figs. 6(a) and 6(d), Figs. 6(b) and 6(e)
how the contour plots of constant final particle velocities. In addition,
he proportion between the nozzle exit and nozzle throat diameters is
hown in Figs. 6(c) and 6(f). This ratio is of special interest because it
an be used to build a conical geometry reasonably close to the optimal
ne provided by the analytical model if the outcomes of the exit particle
elocity are compared.

Fig. 6(b) confirms that the correlation between the stagnation pa-
ameters, namely pressure and temperature, is inversely proportional
or a constant exit particle velocity. This relationship becomes more ev-
dent as exit particle velocity increases. A comparison of Figs. 6(b) and
(e) proves that the exit particle speed is remarkably higher if helium
s used as the stream gas for the same stagnation status. Furthermore,
he final particle speed increases at a slower pace if the stagnation
ressure is increased regardless of the choice of gas. However, the same
ehaviour is not observed when raising the stagnation temperature; in
his case, the exit particle speed instead increases constantly for both
f them. For a better understanding of Figs. 6(c) and 6(f), a parameter
easuring conicity needs to be defined. Fig. 7 shows a scheme of the

ptimal geometry provided by the analytical model, together with a
onical geometry (built using the diameters given by the analytical
odel in Figs. 6(c) and 6(f)). Although all the results presented were

btained using the analytical model, the conical alternative yields reli-
ble results that are very close to the optimal geometry, and is mainly
sed in the manufacturing industry. That is why figures depending on
he ratio of diameters will be analysed in terms of conicity.

In view of Fig. 7 the angle of conicity is defined as follows:

= 𝑡𝑎𝑛−1
(

𝐷𝑒 −𝐷𝑛𝑡
2𝐿𝑓

)

(7)

where 𝐿𝑓 is the length of the divergent part of the nozzle and 𝐷𝑒
and 𝐷𝑛𝑡 are the nozzle exit and nozzle throat diameters, respectively.
Figs. 6(c) and 6(f) show how the final particle speed increases with the
6

a

angle of conicity. Therefore, Fig. 6(c) compared to Fig. 6(f) reflects that
the required angle of conicity is clearly smaller if helium is used as the
stream gas. In fact, the maximum angle of conicity needed to obtain a
velocity around 1700 m∕s with helium is approximately 𝛼 = 0.24◦ while
he one required to reach a velocity nearly 630 m∕s with nitrogen is
= 0.3◦, showing that a smaller angle is needed to obtain a remarkably
igher velocity when using He as the carrier gas.

Figs. 8(a)–8(c) represent the exit particle velocity in relation to stag-
ation conditions, the velocity contour plots for stagnation temperature
s. stagnation pressure and the contour plots of the proportion between
he nozzle exit and nozzle throat diameters for stagnation temperature
s. stagnation pressure, respectively, for titanium, using nitrogen as
he stream gas. Figs. 8(d)–8(f) are the same but with helium replacing
itrogen as the carrier gas.

Regarding the trends related to the comparison between nitrogen
nd helium, Fig. 8 shows the same behaviour as Fig. 6. Therefore,
he qualitative improvement when using helium and the reduction of
he angle of conicity are independent of the density of the powder
etal. Additionally, the shapes of the curves in Figs. 6 and 8 are the

ame. Moreover, a slightly higher exit particle velocity is obtained
or aluminium when stagnation pressure and temperature are kept
onstant, due to its lower density. In addition, Figs. 8(c) and 8(f)
how lower conicity compared to Figs. 6(c) and 6(f), as demonstrated
y Alonso et al. [19].

.2. Analysis of high density powder metals

To compare the trends of the maps obtained for the low-density
owder metals, a complete study using three of the most common
igh-density powder metals was performed. To this end, steel, Inconel
25 and copper, which are important in various repairing applications,
ere chosen to carry out the study. Figs. 9(a) and 9(d) show the
xit particle velocity for a wide range of stagnation pressures and
emperatures, with steel as the powder metal and nitrogen and helium
s the carrier gases, respectively, and the corresponding contour plots

re also represented in Figs. 9(b) and 9(e). Figs. 9(c) and 9(f) describe
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Fig. 7. Schematic representation of the optimal (straight line) and conical (dashed line) geometries for the divergent part of the nozzle.
Fig. 8. (a), (d) Exit particle velocity, (b), (e) contour plots, and (c), (f) proportion between the nozzle exit and nozzle throat diameters, in terms of the stagnation pressure and
emperature, for Titanium as the powder metal and (a), (b), (c) Nitrogen and (d), (e), (f) Helium as the stream gas.
he ratio of diameters as a function of the same parameters for both
arrier gases.

The steel particles (Fig. 9) qualitatively exhibit the same behaviour
s the aluminium and titanium particles shown in Figs. 6 and 8.
omparing the results depicted in Figs. 6 and Fig. 8 with those shown in
ig. 9, the exit particle velocity is higher for low-density powder metals
s a result of their lower density and, thus, the greater ease with which
hey are carried along the nozzle.

Figs. 10(a) and 11(a), and 10(d) and 11(d) show the exit particle
elocity with varying stagnation conditions for Inconel 625 and copper
s the powder metal and nitrogen and helium as the carrier gases,
espectively, and Figs. 10(b) and 11(b), and 10(e) and 11(e) show the
orresponding contour plots. Figs. 10(c) and 11(c), and 10(f) and 11(f)
llustrate the ratio of diameters as a function of the same parameters
or both metal powders and both carrier gases.

In view of Figs. 10 and 11, the results show that the model’s
redictions are consistent when the density of the particles increases.
n this regard, the final particle speed, as well as conicity, decreases as
he density of the particle increases. Although the behaviour of these
rends may not be so evident for high-density powder metals, due to
he small differences in density, all the cases analysed follow the same
attern with regard to the final particle speed and conicity. This can
7

be seen more clearly if particle metals separated according to a low-
high density threshold are examined. Overall, different maps of the
final particle speed, as well as the ratio of diameters of the nozzle’s
divergent domain, as a function of the stagnation parameters, obtained
with the optimisation analytical model, are presented for a wide range
of particle materials/densities for the most common carrier gases used.

4.3. Deposition windows

When analysing deposition conditions, it is a well-established fact
that the impact velocity of the particle must be within certain low
and a high boundaries describing the non-adhesion and erosion limits,
respectively, to achieve adhesion [5]. The need for discerning if a cold-
spray equipment has the capacity to provide the necessary conditions
to accomplish bonding for a certain material and particle size seems
a compelling reason to elaborate a theoretical guide to elucidate it. In
Fig. 12 the dot-dash green, dash red and solid black lines represent
the maximum obtainable particle velocity vs. the particle diameter
predicted by the analytical model for typical low-pressure (𝑇0𝑚𝑎𝑥 =
873 K, 𝑃0𝑚𝑎𝑥 = 6 bar), medium-pressure (𝑇0𝑚𝑎𝑥 = 873 K, 𝑃0𝑚𝑎𝑥 =
30 bar) and high-pressure (𝑇0𝑚𝑎𝑥 = 1273 K, 𝑃0𝑚𝑎𝑥 = 60 bar) cold-spray
equipment, respectively, for Ti 12(a) and Cu 12(b).
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Fig. 9. (a), (d) Exit particle velocity, (b), (e) contour plots, and (c), (f) proportion between the nozzle exit and nozzle throat diameters, in terms of the stagnation pressure and
emperature, for Steel as the powder metal and (a), (b), (c) Nitrogen and (d), (e), (f) Helium as the stream gas.
Fig. 10. (a), (d) Exit particle velocity, (b), (e) contour plots, and (c), (f) proportion between the nozzle exit and nozzle throat diameters, in terms of the stagnation pressure and
emperature, for Inconel 625 as the powder metal and (a), (b), (c) Nitrogen and (d), (e), (f) Helium as the stream gas.
The intersection between the non-adhesion and erosion limits and
he maximum particle velocity curve encloses an area characterising all
he possible particle velocity-particle diameter pairs compatible with
he cold-spray equipment used. For instance, if the particle diameter is
8

ixed to 𝑑𝑝 = 15 μm in Fig. 12(a) and the desired velocity is defined by
point B, a medium-pressure cold-spray equipment is able to accelerate
the particle up to the desired velocity because point B is inside the red
+ grey region. On the contrary, if the desired velocity is designated by
point A, it cannot be achieved using the same equipment. Additionally,

Figs. 12(a) and 12(b) give insight into the maximum particle diameter
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t

Fig. 11. (a), (d) Exit particle velocity, (b), (e) contour plots, and (c), (f) proportion between the nozzle exit and nozzle throat diameters, in terms of the stagnation pressure and
emperature, for Copper as the powder metal and (a), (b), (c) Nitrogen and (d), (e), (f) Helium as the stream gas.
Fig. 12. Maximum obtainable particle velocity vs. particle diameter predicted by the analytical model for low-pressure (solid black), medium-pressure (dash red) and high-pressure
(dot-dash green) cold-spray equipment. Coloured areas represent the admissible diameters that can be successfully deposited for a low-pressure (grey), medium-pressure (grey +
red) and high-pressure (grey + red + green) cold-spray equipment and their corresponding velocities for (a) Ti and (b) Cu. Non-adhesion and erosion limits are approximate values
extracted from Schmidt et al. [33]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
that can be successfully deposited when using Ti or Cu respectively,
𝑑𝑝,𝑚𝑎𝑥, for a specific cold-spray device. On the grounds that these maps
can be theoretically reproduced for any nozzle geometry, material and
cold-spray equipment, it is imperative to appraise their effectiveness.
This goal can be achieved by representing an experimental point in
these maps. The work performed by Champagne et al. [28] has been
chosen to be represented in Fig. 13 because of the availability of the
data needed.

Fig. 13 illustrates that the experimental point obtained by Cham-
pagne et al. [28] is inside the compatible region of particle velocity-
particle diameter pairs according to the cold-spray equipment described
by Champagne et al. [28]. Overall the graphs shown in this subsection
9

help answering fundamental questions such as if a particle can be
accelerated to a specific velocity with a cold-spray equipment or the
maximum particle diameter that can be used to achieve adhesion. In
fact, as soon as these questions are answered, plots from Sections 4.1
and 4.2 are recalled to yield the necessary stagnations conditions to
reach a certain velocity, connecting the entire process.

5. Conclusions

A previously developed analytical model based on the one-
dimensional isentropic gas theory, which is able to predict aspects
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Fig. 13. Maximum obtainable particle velocity vs. particle diameter predicted by
he analytical model for a medium-pressure cold-spray equipment [28]. The red
rea represents the admissible diameters that can be successfully deposited and
heir corresponding velocities for Al. Point A accounts for the experiment performed
y Champagne et al. [28], which is inside the admissible (red) area. Non-adhesion
nd erosion limits are approximate values extracted from Schmidt et al. [33]. (For
nterpretation of the references to colour in this figure legend, the reader is referred
o the web version of this article.)

uch as final particle speed or optimal nozzle geometry, was exper-
mentally validated in this study. To do so, a few examples found
n literature providing the final particle speed along with the geo-
etric characteristics of the nozzle were used. With these inputs, a

omparison with experimental data for ZK61, aluminium and copper
as possible. Within the cases analysed, good correlation was found,
ith maximum differences lower than 10%. Therefore, the model was
roved to successfully simulate exit particle velocity, reproducing the
onditions of real experiments. Moreover, the trends when varying dif-
erent governing parameters, such as the stagnation conditions, particle
haracteristics or nozzle geometry, were found to be in agreement with
luent simulations found in literature.

Once the model was validated against experimental results, a set
f maps is obtained, describing the exit particle velocity in terms of
he stagnation pressure and temperature. Different powder particles
ithin a wide range of densities were studied, from aluminium (𝜌 =
800 kg∕m3) to copper (𝜌 = 8960 kg∕m3). Furthermore, the two most
ommon gases, helium and nitrogen, were chosen as the stream gas in
he simulations. In addition, the ratio between the exit and throat par-
icle diameters was shown for the powder metals and gases mentioned
bove. A remarkable improvement was observed when helium was
sed as the carrier gas. In fact, with some metals such as aluminium,
he particle velocity almost doubled when using helium in agreement
ith experimental findings. The required conicity also diminishes when
sing helium. Another interesting result revealed by this study is that
he particle velocity increases to a lesser extent as stagnation pressure
ises. However, exit particle velocity increases constantly as stagnation
emperature rises. Furthermore, an inversely proportional relationship
etween stagnation pressure and temperature, while keeping exit par-
icle velocity constant, was observed for all the densities studied.
oreover, in the density range studied, exit particle velocity decreased

or higher densities as it is more energy-expensive to carry a heavier
article. With regard to the geometry’s dependence on particle density,
t was shown that the relationship between the ratio of the nozzle
xit and nozzle throat diameters and density is inversely proportional,
egardless of the carrier gas used.

Apart from the qualitative trends observed, a set of maps was
btained to quantify the adhesion window of a specific cold-spray
10
quipment in terms of particle velocity-particle diameter pairs. These
raphs allow to predict if adhesion occurs or to determine the max-
mum powder diameter to deposit a particle. If combined with the
lots described above, they can include or discard particle velocity-
article diameter pairs and predict the stagnation conditions required
o achieve a certain velocity once deposition is guaranteed. This in-
ormation constitutes a quantitative guide for users and manufacturers
hat could be especially relevant for selecting the optimal cold-spray
onditions to manufacture a component using the CSAM technique.
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