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The metallization of the polymer matrix composite structures arises from the need to overcome some of the limits
of the polymer-based materials, such as poor thermal and electrical conductivity. The cold spray technology has
proved to be one of the most valid solutions for this scope. While the adhesion mechanisms of metal particles on
metallic substrates are quite well known, the phenomena occurring when cold spraying on polymers are far to be
understood. In this scenario, this paper proposes an interpretation of the phenomena leading to adhesion in cold
spraying of metal particles onto polymer-based substrates, including composites. The aim is to try to unveil the
phenomena ruling the adhesion by proposing a theoretical model conceived by conjecturing the phenomena
occurring. The main hypothesis is that the adhesion is influenced by several energy-activated phenomena: the
plastic deformation of the polymer, the plastic deformation of the particles and the loading of the fibers are
conjectured to be the most influencing factors. So, the idea is to try to identify the most likely to occur phe-
nomena based on an energy balance. A theoretical model is developed and validated through a dedicated
experimental campaign to verify the effectiveness of the model to provide sufficiently reliable results. The model
is applied to literature cases and the outcomes obtained are discussed to elucidate the adhesion mechanisms and

the role of the fibers in fiber-reinforced polymers.

1. Introduction

Cold spray deposition is an intriguing coating technique that was
firstly developed in the seventies [1] and which is finding an increasing
interest in the last years in the whirlwind of additive manufacturing [2].
Briefly, the technique consists in accelerating a stream of metal particles
by means of a carrier gas, then these particles impact against the sub-
strate and, depending on the kinetic energy of the particles, different
phenomena can be observed: rebounding when the energy is too low,
erosion when the energy is too high, adhesion when the energy falls
within a proper range [3]. The energy required to achieve adhesion is
ruled by the properties of the particles and substrate [4], the interesting
point of this technique is the possibility to process heat-sensitive mate-
rials [5], in fact both the particles and the substrate remain in solid state
during the process, and the possibility to produce coatings of various
metals on a large number of substrates [6].

A cornerstone in developing the cold spray deposition has been the
understanding of the adhesion mechanism between the powders and the
substrate and between the first layer of particles and the subsequent
impinging particles [7]. To reveal these mechanisms different theories

* Corresponding author.
E-mail address: alessiaserena.perna@unina.it (A.S. Perna).

https://doi.org/10.1016/j.surfcoat.2022.128837

were proposed in literature such as interfacial restructuring [8] or
amorphization [9], mechanical interlocking [10,11], oxide-layer break-
up [12] and adiabatic shear instability [7,13] and several numerical
models were also developed aiming to explain and interpret these
intriguing adhesion phenomena [7]. Some points are still under debate,
for instance, the adiabatic shear instability, which was the most
accredited adhesion mechanism for CS [14], was proved to be not
essential for coating formation from the last activities carried out by
Hassani-Gangaraj et al. [11]. The question “which is the most prevailing
adhesion mechanism?” still stands to date and several research groups
are proposing their lesson.

All the above studies and theories are focused on the deposition of
metal particles on metallic substrates, while the more recent trend in
cold spray is the production of metallic coatings on polymeric substrates.
In fact, some of the surface characteristics of polymers, included com-
posites materials, such as electrical conductivity, thermal conductivity,
electromagnetic shielding, erosion, radiation, and lightning protection
can be improved through the surface metallization process. Several
studies provided diverse successful depositions including titanium
coating onto PEEK for a biocompatibility function of surgical implants
[15], thin or thick copper coating onto various polymers such as
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General symbols

radius of the contact surface between the substrate and the
particle

radius of the contact area at the point of maximum
compression

penetration of the particle at the point of maximum
compression

difference between energy possessed by the particle and
energy required for adhesion

failure strain of the substrate

substrate strain

elastic modulus of the fibers of the composite substrate
potential energy

kinetic energy

energy required for the loading of the fibers

elastic modulus of the matrix of the composite substrate
elastic modulus of the powder material

energy required to plastically deform the substrate
energy required to plastically deform the particle
internal potential energy

elastic modulus of the composite substrate

thermal energy

heath exchange between the particle and the substrate
degrees of freedom

acceleration of free fall

distance of the flying particle from the ground

thermal conductivity of the system

Boltzmann constant

fiber thermal conductivity

FEE

SoD

NSRS S aaaT
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matrix thermal conductivity

particle thermal conductivity

substrate thermal conductivity

mass of the particle

mass of the substrate

number of molecules of a system

Avogadro number

air pressure measured at the inlet of the nozzle
mean contact pressure during dynamic loading
contact pressure in the contact surface between the particle
and the substrate

powder particle density

radius of the particle

average radius of curvature in the contact area
semi-minor axis of the deformed particle

radius of the cone formed at the rear surface of the
composite after the impact

space covered by the particle within the polymer
stand-off distance

time necessary for the particle to adhere
composite thickness

particle temperature

substrate temperature

impact velocity of the particle

carrier gas velocity

volume of a spherical particle

the axial position of the particle in the nozzle
yield stress of the particle material

yield stress of the substrate material

silicone, PVC, epoxy substrates, PU, HDPE, PP, nylon 6 and PTFE for

antifouling function of marine engines [16], electrical conductive

capability for electronic devices [17], lightning strike resistance of

aeronautic structures [18] and so forth for several engineering

Table 1

applications [19]. Particularly for aeronautical and aerospace fields,
polymer-based structures due to their unique properties, such as their
combination of low density and high mechanical performances, can
replace metallic materials in many applications, such as aircraft

Literature reports of cold spray depositions of metallic powders on composite substrates.

Sprayed Target Surface Deposition parameters Literature references
Particles
Powders Matrix Material Fiber Carrier Carrier Gas- Carrier Gas- Nozzle- speed SoD Best cases Reference
Typology typology Gas Pressure, P [bar] Temperature, T [°C] [mm/s] [mm]
Al Epoxy resin Glass fibers  .Air 5-30 room temperature 8.3 40 P = 5 bar [20]
Al, Al/Cu PEEK450 Carbon- .Nitrogen 12-19. 300-450. 5 15-20 Powders = Al- [21]
CA30 fibers. Cu
P =19 bar
T =450 °C
SoD = 15 mm
Al Airplane Grade Carbon Nitrogen 5-20 300-600 200 20 P =5 bar [22]
Epoxy fibers T =600 °C
Al, Cu, Sn, Epoxy resin Carbon Nitrogen 2.9-50 25-700 12.5-500 18-200 Powders = Sn- [23]
Sn/Zn fibers Zn
P = 5.5 bar
T =300 °C
Cu Epoxy resin Carbon Nitrogen 20 250-425 1000 40 T=425°C [24]
fibers
Cu, Sn, Fe Epoxy resin Carbon Nitrogen 3-49 200-425 25 18-40 Powders = Sn [25]
fibers P =12 bar
T =200 °C
Sn, Sn/Cu, Epoxy resin Carbon Nitrogen 4.1-6.9 280-350 25 18 T =300 °C [26]
Sn/Zn fibers P = 4.1 bar
10Cu
Al Polylactic acid Hemp Air 4-8 150-600 3 10-80 P =6 bar [27,28]
(PLA) films fibers- T =200°C
Al/Al1,03 Polylactic acid Hemp Air, 7. 200 3 50. %(Al,03) = [29]
(PLA) films fibers 30 wt%
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structures. The main limitations for such applications are their electrical
resistance. The aircraft structures need to be electrically conductive to
avoid damage from lightning strikes and thunderstorm electric field
attacks.

The adhesion between metallic particles and polymeric substrates, in
cold spray, has been widely experimentally observed and an increasing
number of papers is available in the literature. Table 1 summarizes the
main powder/substrate configurations investigated, and the relative
process parameters adopted.

Looking at the table, the first point that leaps to the eye is that
completely different process parameters for the same powder/substrate
combinations have been proposed, some authors for instance investi-
gated pressure ranges from 4 to 50 bars. This emphasizes the lack of a
single vision in the literature about the best process parameters and
equipment to use for an effective deposition. It is possible to highlight
that very different approaches have been used, this suggests that the
mechanisms ruling the adhesion are not known, so a trial-and-error
approach is used instead of one based on theoretical considerations. In
any case, some preliminary considerations can be drawn from the
literature survey carried out. The polymer matrix typology (e.g.,
whether the polymer matrix is thermoplastic or thermosetting), for
example, was proved to be very influential on the particle impact phe-
nomena. In this regard, Ganesan et al. [30] examined the effect of the
typology of substrate chosen on the bonding mechanism of the particle
and concluded that the particles will bond with the surrounding polymer
matrix only when they penetrate the thermoplastic substrate pro-
foundly. On the contrary, the fragile behavior of thermosetting sub-
strates makes coating formation and growth difficult, if not impossible.
Moreover, Gillet et al. [31] observed that the deposition of powders also
depends on the thickness of the polymer surface layer. The lay-up
sequence and stratification and the fiber typology can also contribute
to the effectiveness of CS depositions, as detailed by Viscusi et al. [32].
So, these outcomes should be considered in approaching the problem.

The main purpose of this work is to provide an interpretation of the
complex phenomena occurring when metallic particles are impinged
onto polymer-based substrates through cold spray, trying to unveil the
physical mechanisms ruling the adhesion of metal particles on polymers.
To this aim, an interpretative model for the impact of a single metallic
particle on a polymeric substrate will be proposed and then validated
with the experimental results.

kinetic energy | =4 | thermal energy
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The basic idea is that adhesion mechanisms are not mutually
exclusive and, therefore, more than one phenomenon may take place
during particle/substrate interaction. It is also assumed that all the
mechanisms involved must require a certain amount of energy to take
place. Therefore, an energetic approach is proposed in this work based
on the evidence that the kinetic energy, once the particle has adhered to
the substrate, is completely converted into other energy forms. It is also
evident that, after the impact, several phenomena take place and the
energy required for the adhesion is, therefore, equal to the total energy
required for those phenomena to occur. In conceiving this model, the
authors identified some energy activated phenomena that are likely to
occur in cold spray, so the model is conceived as an equilibrium equation
between the available energy and the energy requested to activate the
hypothesized phenomena. A representative scheme describing the en-
ergy conversions hypothesized to occur during the deposition is pre-
sented in Fig. 1.

To summarize, the model has been conceived on the phenomena that
the authors believe to occur during the deposition and rule the deposi-
tion itself (as reported in Fig. 1). The energy was chosen as interpreta-
tion key on the assumption that the above-hypothesized phenomena are
energy activated, and two main questions have been posed: i) how much
energy is required to activate these phenomena? ii) where does the ki-
netic energy of the particles go after the adhesion occurs? In the authors'
opinion, if we can answer these two questions, we are able to understand
which are the involved phenomena. Moving one step ahead we could
dare to suggest a theory: if the kinetic energy dissipated by the particles
and the energy required to activate all the hypothesized phenomena are
of the same order of magnitude, it is reasonable to be convicted that
these are the ones responsible for the adhesion (adhesion that has been
experimentally observed, let our recall).

The proposed model was calibrated through a dedicated experi-
mental campaign, by comparing the outcomes of the model with the
experimental pieces of evidence, once again testing the hypothesis done
on the benchmark of the real deposition. After that, some experimental
outcomes reported in the literature were discussed in the light of the
proposed model to assess its capability to describe the adhesion process.

Summarizing this paper aims to answer several open issues: (i) which
are the mechanisms/phenomena involved in the CS deposition on
polymer-based materials; (ii) which is the role of the reinforcement
when spraying on composites; (iii) which are the energy-related aspects

4| heath contribution

soundwaves

plastic deformation
of the substrate

ADHESION //

plastic deformation
of the particle

Kinetic energy
of rebound

]

loading of the fibers

Fig. 1. Representative scheme describing the energy balance.
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in CS on composites.
2. Model development

It is worth recalling that two different interactions can be observed in
cold spraying: i) particle-to-particle interaction, which is responsible for
the coating growth and ii) particle-to-substrate interaction which is
responsible for the coating adhesion [33]. The present paper is focused
on the latter interaction to shed light on the phenomena ruling the
adhesion between the single particle and the target surface.

Two different energies can be defined: E,, which is the amount of
energy possessed by a single particle impacting the substrate and E,
which is the amount of energy required to activate the phenomena (as
conjectured by the authors) leading to the adhesion of the particle.

2.1. Calculation of Ep

The amount of energy owned by a particle (Ep) can be summarized as
in Eq. (1).

Ep =E;+E, + (ET + Ep()t) 1)

It is possible to define the kinetic energy of the particle as Ex = $my?.
The potential energy can be written as E; = mg(h — hp). The term h-hy
corresponds to the stand-off distance, which is usually low in cold spray,
as shown in Table 1. The average thermal energy of a system composed
of N molecules having f degrees of freedom is Er = N %kap [34]. The
internal potential energy relative to the molecules mutual position (Ep,)
can be considered a constant value before and after the adhesion of the
particles onto the substrate and it can be neglected in this study.
Moreover, E; can be assumed to be negligible if compared with the
average values of Ex and Er.

Therefore, based on the considerations above reported, Eq. (1), can
be written as in Eq. (2), that is the energy possessed by a single particle
moving toward a target surface in cold spraying.

1
E, =3 mv? + Ngkb T, 2

2.2. Calculation of Eq4

The main forms of energy in which the particle energy can be con-
verted after the impact include (see Fig. 1): i) heat transfer contribution;
ii) soundwaves; iii) plastic deformation of the substrate; iv) plastic
deformation of the particle; v) kinetic energy related to the rebound of
the particle. Regarding composite materials, due to the presence of the
fibers, a further contribution must be taken into account: vi) loading of
the fibers. In the following sections, the abovementioned contributions
are discussed individually.

2.2.1. Heat transfer contribution

The particle transfers heat to the substrate by thermal conduction, by
virtue of the temperature acquired during the process. Once it has
impacted the substrate, the particle exchanges the acquired heat with
the substrate by thermal conduction. The thermal flow is given by law
(Eq. (3)), where T, and Ty are the temperatures of the particle and the
substrate, respectively.

qc = Hc(T, = T,) 3

For a spherical particle having the r radius and exchanging heath
with alamina [35], Hc = 4re (1/k, + 1/k3)’1, with k, and ks that are the
thermal conductivities of the particle and the substrate, respectively.

The range of interest for the evaluation of the thermal exchange is
the time the particle takes to adhere to the substrate, supposing to
consider the particle adhered once it has reached its final position into
the substrate, and therefore when its speed is zero. Neglecting the
rebound effects, the time taken by the particle to adhere is t = 2s/v. It

Surface & Coatings Technology 447 (2022) 128837

was assumed that the motion of the particle through the substrate is
uniformly decelerated since the space covered is so short that other
types of dissipative effects can be neglected. Therefore, the heat
exchanged in this time interval is portrayed in Eq. (4).

H.(T, — T,)2s
E = M (&)

v

2.2.2. Soundwaves and elastic waves

During the elastic impact, if the velocity is small compared to elastic
wave speeds, the quasi-static approach is justified, and the elastic waves
can be neglected. Moreover, as assessed by Johnson in Contact Me-
chanics [36], this is further validated when plastic deformation occurs:
in fact, the plastic flow leads to the dissipation of part of the energy, as it
diminishes the intensity of the contact pressure, hence reducing the
energy converted into elastic wave motion.

2.2.3. Energy absorbed due to plastic deformation of the substrate

Up to moderate impact speeds (about 500 m/s), the knowledge of
inelastic impact under static conditions, following Hertz's theories, was
used to analyze the impact behavior under a dynamic load. The decision
to follow those theories is motivated by the energy absorption caused by
the plastic flow. In order to analyze the energy absorbed in these con-
ditions, the following assumptions have been made on the basis of the
work of Johnson [36]: i) Yields are calculated with Tresca criterion for
the sake of simplicity, as the results are not largely different compared to
more complicated criteria. ii) Work hardening has been neglected. This
assumption is acceptable due to the material and the field of tension that
arises: in fact, as known from literature, the resulting deformation of the
particle has to be considered small, hence the material does not show an
interesting amount of work hardening [30]. iii) The impact of the par-
ticle is assumed to be normal to the substrate.

Under those conditions, assuming the fully plastic regime, the ma-
terial does not pile-up or sink in along the edges of the impacting
particle.

The kinetic energy consumed for the elastic and plastic local defor-
mation of the impacting bodies (the particle and the substrate in this
case), up to the instant where the compression reaches its maximum
value, can be written as in Eq. (5).

5
%Mvz = / Pds (5)
0

where 3 = -+ L

In the case of a contact of a sphere with a substrate, the compressive
load is P = za®py,. Assuming that the impact between the bodies results
in purely plastic deformation, the energy absorbed by the substrate
during deformation is portrayed in Eq. (6), where a* is the radius of the
contact surface between the substrate and the particle, pq is the mean
contact pressure during dynamic loading and R is the average radius of
curvature in the contact area.

a* ﬂdmpd
EPLA(s :/ na*p 4 da = (6)
(s) b d(R) 4R

The quantity za**/4R is the apparent volume of material displaced
by the particle. It can be assumed that pq is approximately equal to pp,
being in the fully plastic regime, and its value is then p,;, = pg = 3Y;
(which is the yield stress of the substrate material).

2.2.4. Kinetic energy related to the rebound of the particle

This quantity, which is not a material property but depends on the
severity of the impact, can be neglected as a significant amount of en-
ergy is dissipated in the form of plastic deformation such that as the
speed at initial impact increases, the coefficient of restitution decreases
[37]. Moreover, under the hypothesis of achieving adhesion between the
particle and the substrate, the rebound can be considered absent.
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2.2.5. Energy absorption on account of the plastic deformation of the
particle

The energy absorbed for the deformation of the particle was evalu-
ated considering the ideal deformation firstly described by Dieter and
Bacon [38]. Upon impact, the particle deforms, taking up an elliptical
configuration, as shown in Fig. 2, due to the contact pressure. Assuming
that the particle impact direction is perpendicular to the substrate, its
radius in the impact direction contracts, becoming the semi-minor axis
of the ellipse. The work required to deform the particle is expressed in
Eq. (7).

dL = Z { —y, vfi:} . %vasln£ @
2.2.6. Loading of the fibers

A theoretical model to evaluate the energy absorbed by a polymeric
composite during ballistic impact was proposed by Morye et al. [39].
Given the velocities considered and the compatibility of the hypothesis,
it was assumed in this research work that this model could be considered
valid in the framework of cold spray. The following hypotheses have
been made in the development of the model: i) the impacting body is
rigid and does not deform during the impact; ii) the delamination causes
a negligible absorption of energys; iii) the composite failure mechanism
over the thickness is uniform; iv) the loss of energy spent to overcome
the friction between the composite and the impacting body is insignif-
icant and the subsequent heath production is negligible.

The model assumes that there are three main contributions to energy
absorption: i) energy absorbed to promote the breaking of the strained
fibers that have reached the tensile failure upon impact, E7y. ii) Energy
absorbed to deform the fibers that the impinging body has not impacted
directly, Egp. The propagation of transverse waves after the impact of the
projectile, causes the yarns to deform and the formation of a cone in the
rear surface of the composite. iii) The kinetic energy absorbed by the
amount of the substrate that is put into motion by the projectile, Exg. The
total energy can be therefore written as in Eq. (8).

Erowr = Err + Egp + Exe ®

In cold spray, the particles inside the deposition window should not
break the fibers, either put into motion a portion of the composite, due to
their small dimension compared to the substrate. Therefore, the
contribution of Exr and Ep can be considered negligible, in other words,
it can be said that these contributions must be nihil when proper pro-
cessing conditions have been set.

As for Egp, it can be seen from Fig. 3 a schematic deformation of yarn
upon the impact, where the radius of the abovementioned cone formed
in the rear surface of the substrate is R..

The energy absorption during deformation can be evaluated by
integrating the portion of the stress/strain curve of the composite at a
given strain (namely, ¢). Being this curve approximately linear for a
composite material, it is possible to assert that (Eq. (9)):

F
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Fig. 3. Schematic side view of a fiber in a composite deformed during a bal-
listic impact.

1

Epp = Eipaa = EE:EsZ (C)]

Depending on the impact point, not all the yarns deform in the same
manner: the yarns closer to the impact point experience a strain close to
their failure strain, while the farther ones likely do not strain at all. It can
be then asserted that the strain of the composite can vary from a value &
= &9, equal to the failure strain of the composite at the impact point, to a
value of ¢ = 0 at the R, distance, where the yarn is undeformed. It is
possible to express the variation of strain with Eq. (10)

2(R. —r)
e=—"7¢ 10

2R, —2r " (10)

and thus calculate the energy absorbed during deformation as in Eq.
(11), where E; is the elastic modulus of the composite substrate, T is the
composite thickness and R, is the radius of the cone formed at the rear
surface of the composite after the impact.
7EET  |RL (2r)RL PRe an
(2Rc —2r)* | 3 2 316

Eipaa =

2.3. Model formulation

Based on the considerations above discussed, it can be asserted that
the main energy contributions for adhesion, shown schematically in
Fig. 4, are: i) Heat contribution; ii) Plastic deformation of the substrate;
iii) Plastic deformation of the particle; iv) Loading of the fibers. The
assumptions on which this model is based can be here summarized: i)
the energy spent to overcome the frictional force between the particle
and the substrate is considered negligible; ii) the failure mechanism of
the substrate is uniform along the thickness direction; iii) delamination
causes a negligible absorption of energy; iv) a quasi-static approach has
been chosen to describe the deformation of the surface; v) Yields
calculated with Tresca criterion; vi) work hardening has been neglected.

At this point, a first formulation of the model can be released in Eq.
(12), which describes the transformation of kinetic and thermal energy
of the system to other energy contributions.

Fig. 2. Deformation of a single particle upon impact. F is the compressive force applied to the particle.
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Plastic deformation
of the substrate

Heat exchanges

Plastic deformation
of the particle

Deformation of
the superficial
fibers

Fig. 4. Schematic description of the main energy contribution to the bonding in
CS process.

1 H.(T, —T;)2 43y, 3
Emkmﬁﬁn: (1 JS+<M ‘>+Cwn.u
v

2 4R 4
2 4 212 3 4
-lnl>+ nEeT i R:  (2r) RC+rRC7r7
") (2Rc—2r) |3 2 316
12)

In this formulation an issue arises: the contributions of particle
deformation, substrate deformation and fiber loading are overestimated
(as they have a mutual influence) and a distribution of the available
energy (Ep) among these three contributions depending on the material
properties is not considered. All these three contributions have a mutual
influence which is dependent on the materials under investigation. For
example, if steel powders are sprayed on a soft polymer (namely, a
polymer characterized by low values of stiffness) it can be argued that
the particle deformation will be almost zero while the polymer will
experience a high deformation [40], while if softer aluminum particles
are sprayed on a high-performance polymer (PEEK for instance) a
deformation of both particles and substrate is expected and observed
[41]; since Ep, is constant, it can be assumed that the higher the defor-
mation of the substrate the lower the deformation of the particle. On
these premises, a coefficient accounting for the distribution of defor-
mation between particle and substrate and depending on the material
properties must be included. The coefficients A, B and C, as defined in
Eq. (13), are therefore included in the model, where E,q, is the elastic
modulus of the powder material, E; is the elastic modulus of the com-
posite substrate and Erand Ey, are the elastic moduli of the fibers and the
matrix of the composite material, respectively.

A+B+C=1
A+C  Ey
B E, 13)
_E

E,

al >

The final formulation of the model is reported in the Vi-Pe-R-A
equation (Eq. (14)):
f H(T,

1
Emv2 +N§KBT,, =

—T,)2s na™ 3y, 3
- A B(—eY, ;
" + ( IR ) + <4 eYroV

2
olnl) +c nE€T i Rf‘éi(Zr) R2c+r3RC,i
m QRe—2r7 |3 2 316

14)
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3. Materials and methods for experimental validation

The theoretical model proposed through the Vi-Pe-R-A equation has
been validated considering two different experimental cases: i) deposi-
tion of aluminum particles on unreinforced polymeric substrates and ii)
deposition of aluminum particles on fiber reinforced polymers (FRP).
For this purpose, sheets of polypropylene (PP) with a thickness of 0.25
mm were chosen for both the polymer-based substrates. Carbon fiber
fabrics with an areal density of 220 g/m? were used as reinforcement for
the composite material. The compression molding technique under a
pressure of 1.1 MPa at 210 °C for 15 min was used for the manufacturing
of both the panels' typologies. The curing temperature was set in
accordance with the melting temperature of the polymer. The mold was
cooled down in air, while the pressure was kept constant. The laminates
so manufactured presented a thickness of approximately 2.5 mm. The
choice of using these materials is due to the relatively high amount of
material data available to the authors.

Micron-sized AlSi10Mg aluminum powders, provided by LPW South
Europe and with a particle mean diameter of 30 pm and a spherical
shape [42], were cold sprayed through a low-pressure equipment
(DYCOMET). Air was used as carrier gas. Based on preliminary experi-
mental tests and literature background [43,44], the inlet gas pressure
and the SoD were set to 6 bar and 25 mm, respectively, and kept constant
during all the depositions. Different tests were carried out by varying the
gas inlet temperature, from 150 °C to 550 °C, to obtain different parti-
cles impact velocities, which increase as the gas temperature increases
[45]. A k-type thermocouple was used to measure the gas temperature at
the exit of the nozzle with the probe aligned with the axis nozzle. This
allowed for identifying three different deposition ranges: i) a range of
low impact velocity for which the particles do not have enough energy to
adhere, with the resulting rebounding phenomenon; ii) a range of higher
impact velocity where some particles start to adhere, and the deposition
efficiency starts to increase; iii) a range of a further higher impact ve-
locity with the particles that are well anchored to the substrates to form
the coating. The streamwise jet velocity for a given gas temperature was
measured by means of an hot-wire anemometer (Dantec Dynamics,
MiniCTA, Skovlunde, Denmark), equipped with a 5 pm diameter, 1.25
mm long wire probe, and placed at the exit of the nozzle. Its output
signal was acquired by the same data-acquisition system used to
generate the electric signal, with a sampling rate of 10 kHz, for 2000
operating cycles. An estimation of the experimental uncertainty of the
hot-wire data has been made following Yavuzkurt's work [46]. The
uncertainty in the phase-averaged streamwise velocity is found to be <3
% for all the measured values.

It is worth noting that for these measurements, the particles were not
injected into the nozzle so avoiding that the powders would cause
damages to the anemometer probe.

In one-dimensional numerical models about particle acceleration by
the high-speed gas, the particle velocity can be calculated by a drag force
on a single particle in a fluid flow. In particular, Alkhimov et al. [47]
obtained an empirical equation which includes the particle velocity, the
gas velocity and the gas pressure. That means once the gas velocity was
characterized, the resulting particle velocity at the exit of the nozzle can
be calculated through the equation suggested in the literature [48] and
reported in Eq. (15). Here, v is the particle velocity, Py is the air supply
pressure at the entrance of the nozzle, p, is the particle density, r is the
particle radius and x is the axial position of the particle within the
nozzle. The reliability of the proposed equation to make an effective
prediction of particle velocity at the nozzle outlet under the investigated
CS conditions was proved in the literature [47].

- Ve
o [Ppve?
14085, /2 /2
The adhesive strength of the particles after cold spray deposition was
measured following the ASTM D4541 standard and by using a PosiTest

v (15)
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ATM. Aluminum dolly with a 10 mm diameter was bonded on the top
surface of the cold sprayed deposits using cyanoacrylate glue, as shown
in Fig. 5. Any excess adhesive or coating surrounding the dolly was
removed with a drill bit.

Based on both the visual inspections and the results from the adhe-
sive tests, three average values of the particles impact velocity for each
deposition range above discussed were identified. The mean adhesion
values, measured from 3 specimens coated employing the same depo-
sition parameters, are illustrated in Fig. 6.

It is possible to observe that no adhesion occurred for the lowest
impact velocities (100 m/s and 225 m/s for unreinforced and reinforced
panels, respectively); moreover, the adhesion values measured on
reinforced panels are slightly lower than the values obtained for the
unreinforced specimens considering the same experimental conditions,
in agreement with the literature results [49,50].

In summary, the experimental validation of the model was carried
out following this procedure: firstly, the particle velocity value calcu-
lated from Eq. (15) was implemented into the Vi-Pe-R-A equation, then,
the difference between the first member of the equation, representing
the energy possessed by the particle before the impact, and the second
one, which is the energy that the particle requires to adhere to the
substrate, was calculated. Three possible cases were found: i) the dif-
ference is negative meaning that no adhesion should occur; ii) the first
member equals the second one or it is a little above meaning that
adhesion is expected; iii) the difference is positive meaning that the
particle should have the proper energy to anchor with the substrate.
Nevertheless, it is important to notice that the model relies on simpli-
fying hypotheses and several dissipation phenomena are neglected; for
this reason, the energy required for adhesion should be slightly higher
than the quantity defined through E, in the Vi-Pe-R-A equation. The
authors will consider the model validated if it will be able to produce
sufficiently converged results compared with the experimental deposi-
tion outcomes.

The main parameters required for the implementation of the model
have been collected from the data sheets of the materials employed in
the experimental tests and from literature, where necessary. It is worth
to notice that several parameters required some experimental mea-
surements and calculations based on commonly known material me-
chanics theories or isentropic flow models, which are not shown here for
the sake of brevity. It was also assumed that: i) the substrate is at room
temperature due to the relatively short time of deposition and ii) the
particle reaches the same temperature of the carrier gas at the exit of the
nozzle [51,52], so its properties have been evaluated at the gas tem-
perature. All the involved parameters are reported in Table 2.

4. Results
4.1. Model validation

The results given from the model proposed in the Vi-Pe-R-A equation

a)

<

Fig. 5. Positioning of aluminum dolly for adhesion test on a) unreinforced
substrate b) reinforced substrate.
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for the pure polymeric substrates are reported in Table 3, in terms of
difference between E, (which is the amount of energy possessed by a
single particle impacting the substrate) and E, (which is the amount of
energy required to activate the phenomena leading to the adhesion of
the particle). It is worth to notice that the term accounting for the
loading of the fibers has not been considered in this case.

It can be seen from Table 3 that when the particle impact velocity is
low (v; = 100 m/s in this case), no deposition occurs, and the particles
rebound from the substrate. By applying the Vi-Pe-R-A equation, the
difference between the two members, e.g., E, and E,, respectively, is
negative and equal to AE(v;) = ~1.9770-107° J: the available energy is
lower than the energy required to activate the phenomena supposed to
be the ones ruling adhesion. That should mean the particle does not
possess the right energy values to activate the adhesion mechanisms, as
confirmed experimentally.

With the increase of the impact velocity (v2 = 225 m/s in this case),
the particles seem to adhere to the substrate; however, the relatively low
values from adhesion tests confirm the poor deposition overall behavior
observed, meaning that this velocity is not capable of ensuring a good
anchoring of the particles with the substrate. The experimental evidence
is reported in Fig. 7a. By applying the Vi-Pe-R-A equation, it results that
E, is slightly higher than E,, as their difference AE(v2) = 5.6932:10 78 Jis
relatively low. Note that not all particles impact perfectly perpendicular
to the substrate and that some dissipative causes (such as collisions
between the particles that can slow down their path or other dissipative
phenomena) were not considered by the model. That means AE(vz)
should be furtherly smaller, so resulting in very poor values of deposi-
tion efficiency and adhesion values.

If the particle impact velocity increases furtherly (v3 = 400 m/s), an
effective deposition of the particles was observed with the adhesion
values equal to 6.4 MPa, in agreement with the literature [49]. In this
case, an effective coverage was obtained, as confirmed by the picture
shown in Fig. 7b. Under this condition, the model shows that E, is
noticeably higher than E, as proved by the difference AE(v3) =
2.4015:107° J. This means that the energy possessed by the particles is
high enough to offset the dissipative phenomena occurring during the
impact.

It is evident that the model proposed in the Vi-Pe-R-A equation is able
to predict the experimental behavior of the particles during the depo-
sition on a polymeric substrate with a reasonable level of accuracy.

As regards the reinforced specimens, the results given from the
model that takes accounting also for the loading of the fibers, are re-
ported in Table 4.

It can be seen from Table 4 that no deposition was obtained when the
particle impact velocity is 225 m/s. In this case, in agreement with the
experimental outcomes, the difference between Ej, and E,, in the Vi-Pe-R-
A equation is negative and equal to AE(v;) = —1.3742:107° J: the energy
required for adhesion is greater than the energy possessed by the par-
ticle. In this case, contrary to what was observed for unreinforced
polymeric substrates, the relatively higher value of impact velocity (v;
= 225 m/s) is not so great enough to promote adhesion; this behavior is
due to the presence of the fibers that modify the mechanical properties
of the substrate [53].

By increasing the impact velocity (vo = 400 m/s), the particles seem
to adhere to the reinforced substrate. Moreover, the results from the Vi-
Pe-R-A equation showed that E, is higher than E,, as confirmed by the
positive difference AE(vy) = 1.5300-107° J. However, a poor deposition
was observed experimentally, as proved by the relatively low values
from the adhesion tests. That means the impact velocity is not so great to
ensure a good anchoring of the particle with the substrate. The reason is
that the reinforcing fibers make the polymer stiffer and more resistant
compared to unreinforced polymeric substrates and higher impact en-
ergies are required to activate the adhesion mechanism promoting the
coating formation [54].

If the impact velocity increases and reaches 550 m/s, the deposition
occurs as the particles achieved the right velocity to adhere with the
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Fig. 6. Adhesion tests results for a) unreinforced substrates b) reinforced substrates.

Table 2
Main parameters required for the implementation of the model.
Material parameters for polymer Polypropylene
Melting temperature (Tp) [°C] 180
Elastic modulus at 20 °C (E;) [GPa] 1.63
Yield strength at 20 °C (Y,) [MPa] 30
Thermal conductivity (K,,) [W/mK] 0.11
Composite fiber main parameters Carbon Fiber
Elastic modulus (Ey) [GPal] 200
Yield strength (Yp) at 20 °C [MPa] 900
Volume fraction in the composite [%] 50
Thermal conductivity (Ky) [W/mK] 40
Composite panel main characteristics FRP
Number of layers 15
Matrix surface thickness [mm] 0.25
Radius of the contact surface between the substrate and ~ Polymer FRP
the particle (experimentally)
a [mm] 0.025 + 0.020 +
0.01 0.01
Aluminum powder's main parameters
Density, p, [kg/m>] 2700 -
Elastic modulus (Epoy) [GPa] 70 -
Yield strength (Y,) at 20 °C [MPa] 290 -
Particle mass, m [Kg] 3.810 !
Particle mean radius, r [pm] 15
Particle semi-minor axis (after impact), r; [pm] 10
Thermal conductivity (K,) [W/mK] 273 -

substrate. Also, the results from the model confirm this behavior, as
proved by the greater positive difference between the two members of
the Vi-Pe-R-A equation. However, under this condition, the experimental
outcomes showed that degradation and erosion of the substrate took
place due to the relatively high temperature values of the gas impinging
onto the surface (as shown in Fig. 8). Note that this phenomenon was not
taken into account by the Vi-Pe-R-A equation for which the substrate was
considered at room temperature.

Based on these results, it is possible to assess that higher velocities
are required to obtain adhesion on reinforced substrates, due to the

Table 3

higher properties of the composites, compared to pure polymeric sub-
strates. However, due to the relatively high gas temperature involved to
reach the right velocities, the polymeric material used to produce the
composite should be carefully chosen aiming to prevent the erosion of
the substrate during the deposition: high performance polymers (such as
PEEK, for example) could represent a better choice to obtain good cold
spray depositions.

Anyhow, in all the considered cases-study, the model seems to be
able to predict the behavior of a particle during the impact, taking into
account the presence of the fibers, hindering the penetration of the
particle and the higher rigidity of the substrate. Therefore, based on
these results, the model can be effectively applied to literature cases to
assess its capability to describe the adhesion process.

4.2. Application of the model to literature cases

The model has been applied to three different cases, taken from
literature, and the results are here reported. In choosing the cases it was
decided to represent the following conditions: i) the deposition on a pure
soft polymer; ii) the deposition on a pure high-performance polymer; iii)
the deposition on a fiber-reinforced polymer. To this end, the compre-
hensive work of Che et al. [25] dealing with the deposition of copper on
ABS and PEEK substrates under different processing conditions and the
paper by Gillet et al. [31], dealing with the deposition on carbon fiber
reinforced PEEK (CFRP), have been used. The depositions on pure ABS
and PEEK substrates coated with copper powder were firstly considered
under the two different impact velocities reported in literature: i) v; =
225 m/s; ii) v, = 500 m/s; the relative deposition efficiencies (DE) have
been measured and reported by the authors [25]. The results given from
model as well as the deposition efficiency measured are summarized in
Table 5.

The first interesting result is that the model predicts lower energy
required to achieve adhesion for ABS compared to the PEEK, which is
coherent with the lower mechanical properties of ABS.

For the lower velocity (v; = 225 m/s), the energy possessed by the

Experimental vs. theoretical results for cold spray deposition of aluminum particles on unreinforced polymeric substrates.

From Eq. (15) From experimental tests

From Vi-Pe-R-A equation

Particle impact velocity [m/s] Overall behavior Adhesion [MPa] E, [J] E, [J] AE [J]

v; =100 No deposition n.a. 4.5741-1077 6.5511-1077 —-1.9770-10°°
v, =225 Poor deposition 3.2 7.1200-1077 6.5507-1077 5.6932.10°8
v3 = 400 Effective deposition 6.4 3.0564-107° 6.5488.1077 6.5893-107°
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ALUMINUM COATING:
EFFECTIVE DEPOSITION

Fig. 7. Cold spray deposition of aluminum particles on unreinforced polymeric substrates varying the impact velocity: a) v, = 225 m/s (Poor deposition); b) vz = 400

m/s (effective deposition).

Table 4

Experimental vs. theoretical results for cold spray deposition of aluminum particles on fiber-reinforced polymer substrates.

From Eq. (15) From experimental tests

From Vi-Pe-R-A equation

Particle impact velocity [m/s] Overall behavior Adhesion [MPa] E, [J] E, [J] AE [J]
v; = 225 No deposition na. 7.1200-1077 2.0862:107° —-1.3742.10°°
V2 = 400 Poor deposition 3.8 3.0564-10° 1.5263-10°° 1.5300-10°
vz = 550 Effective deposition with substrate erosion 5.3 5.7765-10°° 1.5260-10°° 4.2501-10°°
characterized by relatively low mechanical properties and, therefore, it
ALUMINUM COATING: . .
SiGNE GFERGSION damages. Moreover, the fieterloratlon of the polyme.r. and the conse-
REINFORCED quent erosion can be ascribed to the lower glass transition temperature
SUBSTRATE of the ABS compared to the PEEK substrate, as the latter retains good

5mm

Fig. 8. Macrograph of CS deposition on fiber-reinforced composite substrates
at v3 = 550 m/s showing erosion of the substrate.

particle is higher than the one required for adhesion for both the sub-
strates, as proved by the positive difference between E, and E,. However,
it was observed an adequate deposition efficiency for ABS (>30 %) while
a very poor one was observed for PEEK (<5 %). This experimental result
can be better understood by looking at the outcomes from the model and
considering that the available energy is in the proportion of about 20:1
with the energy required for adhesion for ABS, while it is about 10:1 for
PEEK. Moreover, this is in agreement with the higher mechanical
properties of PEEK, so more energy is required to activate the phe-
nomena leading to adhesion.

For the higher velocity (v2 = 500 m/s), the particle energy value
exceeds two orders of magnitude the energy required for bonding with
AE(v3) = 1.5650-10~° J for ABS and AE(vz) = 1.5605-10° J for PEEK; in
this case, completely different results were observed for the two mate-
rials. For PEEK, a good deposition was observed with a high deposition
efficiency (>60 %), while severe erosion was observed for ABS. In this
case, in contrast to what was found for PEEK, the energy possessed by
the particles is too high at the impact with the ABS substrate (greater
>80 times compared to the energy required for adhesion), which is

Table 5

mechanical properties at relatively high temperatures. Note that this
was not taken into account by the model.

The Vi-Pe-R-A equation was also applied to study the deposition on a
fiber-reinforced polymer. The work of Gillet et al. [31] studied the
deposition of copper powders with different dimensions and the depo-
sition efficiency versus the particle diameter was evaluated experi-
mentally. The mean impact velocity for the three cases considered is
400 m/s. The particle mean diameters are: i) d; = 10 pmy; ii) dy = 23 pm;
iii) d3 = 38 pm. The results given by the model as well as the deposition
efficiency measured by the authors [31] are summarized in Table 6.

If the particles mean diameter is 10 pm, the energy required for the
adhesion is moderately lower than the energy possessed by the particle.
However, the available energy is greater >5 times compared to the
energy required for bonding and the experimental analyses confirm the
adhesion of the particles (DE = 28 %). This can be attributed to the
higher deformation of the particles, which spread on the target surface
promoted by the greater rigidity of the substrate. This result is very
interesting in terms of the beneficial effects of the fibers reinforcing the
polymeric substrate on CS deposition.

A small increase in the particle diameter produces an increase of both
E, and E, values with the balance energy equal to AE(d3) = 5.3612.107°
J. In this case, the available energy of the particle is in a proportion of
6:1 with the energy required for adhesion, which is about equal to the
value reported for the previous condition (d; = 10 pm). However, the
experimental results showed lower deposition efficiency values under

Results from the literature cases: deposition of copper on ABS and PEEK substrates under different processing conditions.

Substrate Particle impact velocity [m/s] From literature From Vi-Pe-R-A equation
Overall behavior DE [%] E, [J] E, [J] AE [J]
ABS vy =225 Effective deposition 30 3.2089-107° 1.8698-10~7 3.0219-107°
v, = 500 Erosion n.a. 1.5837-107° 1.8695-1077 1.5650-107°
PEEK vy =225 Poor deposition 5 3.2089-10°° 2.0229-1077 2.9766-10°°
vz = 500 Effective deposition 60 1.5837-107° 2.0226-1077 1.5605-107°
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Table 6
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Results from the literature cases: deposition of powders with different dimensions on a fiber-reinforced polymer.

Substrate Particle mean diameter [pm] From literature From Vi-Pe-R-A equation
Overall behavior DE [%] E, J] E, [J] AE [J]
CFRP d; =10 Effective deposition 28 5.8655.1077 9.9845.10°8 4.8671-1077
dy =23 Poor deposition 8. 6.2456-107° 8.8443.1077 5.3612-107°
d; =38 Fiber damage <5 2.7366-107° 3.8911-10°° 2.3475.107°
these conditions, with the particles exhibiting less deformation as well as ol
Table 7

higher penetration when impacting the composite substrate. This
experimental-observed condition is related to the damage of the fibers
that was not taken into account by the model.

For the biggest diameter (ds = 38 pm), it can be seen again that the
available energy is >6 times compared to the energy required for
adhesion, meaning that an effective deposition can occur, as shown for
the first case (d; = 10 pm). However, under this condition, the damage
of the fibers was found experimentally with the coating that is carried
away by the impinging particles that possess a high amount of kinetic
energy.

5. Discussion
5.1. Adhesion mechanism

The first point interesting to discuss is that the model seems to well
describe the literature experimental outcomes, the observed results in
terms of deposition efficiency can be explained on the basis of the dif-
ference between the E, and E,, as defined by the model. When AE was
relatively low, the experiments in the literature showed a very low value
of the deposition efficiency; it can be argued that in this case, only the
particles with an impact angle close to 90° have enough energy to
activate the conjectured phenomena, leading to the low value observed
of the deposition efficiency. This can be asserted because the model does
not consider some dissipative events like impacts among the particles
and angles of impact different from 90°, so it can be assumed that the
effective E, was lower than E, and then there is not enough energy to
achieve adhesion. An increase of the deposition efficiency was observed
when AE increases until this difference becomes too high and the erosion
of the substrate is observed. This suggests that for a higher value of E,
the particle has energy enough to activate phenomena such as damage of
the fibers, breaking of the polymer that leads to global erosion behavior.
Different results, in terms of AE thresholds, were obtained for reinforced
polymers and simple polymers, these results highlighted the role paid by
the fibers and corroborated the choice to introduce fibers related terms
in our model. It seems that the presence of the fibers strengthens the
substrate causing the particles plastically deform more. Such a result is
also well described by the model (cfr. A and B coefficients).

Considering the results, it is possible to suggest that the prevailing
mechanism is the mechanical interlocking between the particle and the
substrate: no chemical reaction between the powder and the substrate
occurs and, as confirmed by previous literature works [47], the thermal
softening is not necessary for the onset of jetting. This phenomenon
occurs mainly due to the plastic deformation of the substrate. If the
substrate is stiff enough, and the powder is a soft metal, plastic defor-
mation of the particle can be also expected. When both the substrate and
the particle contribute to the plastic deformation, a better deposition
efficiency is observed.

It is also interesting to discuss the contribution of the conjectured
phenomena under the light of the energy required which is portrayed in
Table 7.

Observing the values of the different contributions presented in
Table 7, it is evident that the presence of the fibers strongly influences
the deposition. In fact, due to the fibers stiffening effect, the reinforced
substrate requires more energy to be deformed of the same quantity (as
evidenced by comparing the values of the energy required to plastically

10

Single energy contribution to particle adhesion for an aluminum particle on
composite and pure polymeric substrate (v = 400 m/s), where Epj4(s) and Eppacp)
are the energy values required to plastically deform the substrate and the par-
ticle, respectively; Ejqq is the energy required for the loading of the fibers and Er
is the thermal energy.

Epracs [J] Eprag) J] Ejoaa [J1 Er [J]
FRP 3.40-10°° 9.22.1077 1.24.107° 1.70-1071°
Pure Polymer 4.62.10°8 4.07-1077 0 1.70-101°

deform the substrate for the composite substrate and the pure polymeric
substrate, Eppa(s). It is possible to assess that the substrate characteris-
tics have a crucial role in the deposition and have to be carefully
considered. The role of the fibers in the deposition will be furtherly
investigated in the next paragraph.

5.2. Role of the fibers

The fibers have a complex influence on the adhesion: on one hand,
the particle energy is partially absorbed by the loading of the fibers, on
the other hand, the presence of the fibers promotes the deformation of
the particle by strengthening the matrix. Plus, the physical presence of
the fibers limits the plunging depth that the particle can achieve because
at a certain point the particle touches and damages the fiber. Both these
evidences can be explained by considering the sketch reported in Fig. 9.

The first row is representative of the low velocity impact. In the case
of pure polymer, the particle impacts on a relatively soft material
characterized by a reduced stiffness; the result is that the particle does
not experience plastic deformation, so the surplus of energy is used to
produce the rebounding phenomenon, hampering the adhesion. On the
other hand, as shown in the second raw of Fig. 9a, when the surplus of
energy becomes very high, the particle can penetrate the polymeric
matrix that plastically deforms and tends to embed the particle, so
promoting the interlocking mechanism. In FRPs, the fibers reinforce-
ment stiffens the polymeric substrate and promotes the particle defor-
mation and adhesion, as shown in Fig. 9b (top). However, with the
increasing of the impact velocity, the particle could have enough energy
to penetrate within the matrix, impacting with the fibers reinforcement
that can fail and break, as schematically shown in Fig. 9b (bottom).
Moreover, as confirmed by literature [31,55], the influence of the fibers
and the consequent lowering of the deposition window is strongly
dependent on the surface matrix thickness of the fiber-reinforced sub-
strate. In fact, as a thicker layer of polymer is present on the surface, the
impact behavior of the composite tends to draw nearer to the pure
polymeric substrate behavior. Therefore, the composite substrate needs
to be accurately designed in order to guarantee the best performances
when spraying metal powders. This crucial aspect should be carefully
considered in further developments of this model.

5.3. Predictive simulations through Vi-Pe-R-A equation

The Vi-Pe-R-A equation can be used as a valid tool to perform qual-
itative analyses to predict the outcomes of the process, varying the
feedstock properties and process conditions of cold spray depositions on
polymer-based materials. In this section, the influence of some peculiar
parameters on CS deposition will be assessed, and the Vi-Pe-Ra equation
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Fig. 9. Sketches of the impacts for increasing AE values (a given AE for each raw in the figure) with different substrates: a) impact of a particle on a pure polymeric

substrate, b) impact of a particle on a composite substrate.

will be employed aiming to provide further insights into the cold spray
process.

The parameters influencing the deposition of metallic particles on
polymer-based substrates were classified here into three main cate-
gories, for the clarity of the discussion: the powder parameters, the
process parameters and the substrates parameters. A single parameter
was chosen for each category and its effect on CS deposition was
analyzed. In particular, the influence of i) the particle size, ii) the par-
ticle impact velocity and iii) the fiber volume percentage within the
composite substrate was examined through the Vi-Pe-R-A equation.

5.3.1. Influence of the particle size

Aiming to assess the influence of the particle size when cold spraying
on polymers, the energy possessed by the particle and the energy
required to obtain adhesion (namely E, and E,, respectively) have been
plotted with respect to the mean radius of the powders, keeping constant
all the remaining parameters that do not involve the particle radius in
the Vi-Pe-R-A equation. In agreement with the materials used for the
experimental validation of the theoretical model (more details in Section
3), a sheet of polypropylene was considered as substrate and AlSi10Mg
aluminum powders were chosen as impacting particles.

For this scope, three different values of impact velocity were
considered, chosen accordingly to the experiments presented in the
previous section: v; = 100 m/s, v, = 225 m/s and v3 = 400 m/s. The
predictive results obtained are shown in Fig. 10. It is worth noticing that
E, is scarcely influenced by the impact velocity, as expected through the
Vi-Pe-R-A equation. In fact, the curves obtained for the three values of
impact velocity appear to overlap in the figure. This is furtherly high-
lighted by observing the magnification in Fig. 10. It is possible to note
that by increasing the particle size, the energy possessed by the particle
increases. However, regardless of the particle radius chosen, when the
particles are sprayed with the lowest impact velocity (v;), the adhesion
never occurs, as confirmed by experimental data obtained for the 30 pm
diameter.

On the other hand, for higher impact velocities (v2 and vs) the
adhesion occurs for every value of the radius of the powder considered.
It is crucial to observe that for relatively small diameter values, the
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Fig. 10. Predictive simulations through Vi-Pe-R-A equation showing the trend
of E, and E, with the particle size for three different impact velocities: v; = 100
m/s, vo = 225 m/s and vz = 400 m/s.

energy surplus possessed by the particle could not be great enough to
obtain good adhesion as some dissipative phenomena have not been
considered within the model. In fact, for very small values of the particle
radius (lower than 15 pm), the E, and E, curves tend to overlap. For this
reason, spraying relatively bigger particles could lead to better-adhered
coatings regardless of impact velocity.

5.3.2. Influence of the particle impact velocity

The particle impact velocity is the most important cold spray process
parameter that influences the bonding phenomena. It is the result of the
process parameters chosen for the deposition, such as the gas tempera-
ture, the gas pressure and the stand-off distance, which have to be
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properly set for the coating formation and grow-up.

Both the E, and E, energy curves were plotted by varying the particle
impact velocity for three different powder materials (Fig. 11). In
particular, the Vi-Pe-R-A equation was particularized for aluminum,
steel and copper materials in order to assess the capability of the model
to predict the behavior of a wide range of materials characterized by
different densities and mechanical characteristics. The particle diameter
was kept equal to 30 pm. The unreinforced polypropylene (whose
characteristics are reported in Section 3) was chosen for this analysis.

The model was proved to be able of predicting the critical velocity,
Verie (namely, the threshold velocity above which the adhesion occurs)
for all the powder materials considered, as evident in Fig. 11. In fact, the
critical velocity can be found at the intersection point between E, and E,
curves, as it is the minimum value of velocity required to obtain
adhesion.

The steel and copper curves showing the energy possessed by the
particle (E, in Fig. 11b and c) are characterized by a greater slope
compared to aluminum (Fig. 11a): in fact, those particles possess higher
energy when sprayed with the same process parameters due to the
relatively greater mass density. However, the mechanical properties of
aluminum are lower than those of steel; in particular, the particle made
of aluminum is characterized by a lower yield strength (290 MPa), so
resulting in a more ductile and deformable material when sprayed onto
the substrate. The result is that it is easier to deposit aluminum particles
compared to steel, characterized by a yield strength of 350 MPa.

It is also possible to observe from Fig. 11c that copper, which is the
material characterized by the lowest value of yield strength (33 MPa)
and highest value of density among the three materials under exami-
nation, has the lowest value of critical velocity (52 m/s), resulting to be
the easiest material to deposit compared to steel and aluminum.

It is known from literature that when cold spraying on metallic
substrates, it is possible to define an erosion velocity as the upper limit of
the particle impact velocity above which the erosive effects, due to
hydrodynamic penetration of the substrate by the particles, occur. This
phenomenon is known from large-scale impact dynamics and can also be
applied to cold spray [56]. When cold spraying on polymers, it is crucial
to underline that the concept of erosion of a polymeric substrate
impacted by metal particles is not clearly defined in the literature. In
fact, the phenomena occurring when the particles impact the substrate
with a velocity higher than the critical one without obtaining adhesion,
are yet to be understood. For this reason, in this work, the erosion ve-
locity has been assessed experimentally for a single case study, as the Vi-
Pe-R-A equation does not take into account these phenomena. The
deposition window for the aluminum case study is shown in Fig. 12.

It can be noticed that the critical velocity (120 m/s) was determined
at the intersection point between E, and E, curves, while the erosion
velocity (for the PP substrate) was found from experimental tests to be
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equal to 600 m/s.

5.3.3. Influence of the fiber volume percentage within the composite
substrate

The Vi-Pe-R-A equation can represent an effective tool to evaluate the
effects of the fiber volume percentage within the composite substrate on
CS deposition. In this section, AlSi10Mg aluminum powders (30 pm as
mean diameter) were chosen as impacting particles and sheets of poly-
propylene reinforced with carbon fibers were considered as substrates
for the analyses. Both the E, and E, energy curves were plotted by
varying the fiber volume percentage for two different impact velocities,
v; = 225 m/s and v, = 304 m/s; the results are shown in Fig. 13.

It can be seen from the figure that the energy required for adhesion
(E,) tends to increase with the increase of the fiber volume percentage
due to the stiffening effects of the fibers. If the particle impact velocity is
set to 225 m/s and the composite substrate is characterized by a fiber
volume percentage equal to 50 % (which are the conditions tested
experimentally), the particles cannot adhere to the target surface, as the
energy required for adhesion is greater than the energy possessed by the
particle. This is the reason for which no bonding was observed experi-
mentally under these conditions (see Table 4 for details). However,
observing the figure, it is possible to assess that there is an upper limit of
fiber volume percentage above which the considered impact velocity

8 X105 . . : . :
Ep
7+ Ea
6 -
1
5r |
= 1
e 1
D45 |
[} 1
< 1
- i
3r 1
Deposition :
2t Window | |
(predicted) 1
1
1
1F  Verit=120m/s | q
/ ¢
b 1
— 1 1 L 1 1
100 200 300 400 500 600 700

v [m/s]
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on reinforced PP substrate.

would not be sufficient to obtain adhesion. In this case, for a composite
characterized by a fiber volume percentage lower than 15 %, the
adhesion could occur as the substrate would be less stiff and would
easily deform for the anchorage of the particle. The minimum particle
velocity required for adhesion when the polymeric PP substrate is
reinforced with a carbon fiber volume percentage of 50 % (which are the
tested conditions reported in Table 4) is 304 m/s, as also shown in
Fig. 13. That means that if the aluminum particle is sprayed with those
parameters, it would be possible to obtain the deposition on a composite
substrate with a fiber volume percentage equal or lower than 50 %.

The model could also be useful to properly assess the best lay-up
strategy of the substrate and predict the best process parameters to
employ to spray on composite characterized by different volume
percentages.

6. Conclusions

Based on the results presented and discussed in the previous sections,
it can be asserted that in this work, for the first time in literature, a
theoretical model was proposed to clarify which are the phenomena
occurring as a result of the impact of a particle on a polymer matrix
composite substrate that leads to the coating formation in cold spraying.
The model proved to be a helpful tool to predict the bonding conditions
for different powder/substrate material configurations, so providing the
proper CS process parameters to be set for deposition. The Vi-Pe-R-A
equation shows promises of being a useful tool to expand the industrial
applications of cold spray technology.

The detailed results of this work can be summarized as follows:

e The proposed model can predict if adhesion will occur, the validation
was successfully carried out by designing a dedicated experimental
campaign whose results showed that the AE, as defined by using the
Vi-Pe-R-A equation, is a reliable parameter to predict the adhesion.

o It was assessed that the model well describes the physics of the

process; with the increasing of the AE a transition from rebound to

adhesion to erosion is observed; AE can be adopted as a criterion to
predict if adhesion will occur, of course the threshold values need to
be carefully found for each combination of powder/substrate.

Relying on the proposed model it can be said that the main phe-

nomena ruling the adhesion of metallic particles on polymeric sub-

strates are: dissipation, plastic deformation of the substrate, plastic
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deformation of the particle and fiber loading. The prevailing mech-
anism, and the most energy-demanding, is the plastic deformation of
the substrate. The distribution of the available energy among the
different phenomena is influenced by the mechanical properties of
the powder and of the substrate; regarding composite substrates the
presence of the fibers contributes to hinder the deformation of the
substrate and increases the deformation of the impacting powders by
stiffening the substrate itself.

The adhesion occurs due to the mechanical interlock between the

particles and the substrate, this mechanical interlock is produced

thanks to the mutual plastic deformation of both particles and
substrate.

e The model, applied to literature cases, was proved to be able to
describe properly the experimental outcomes observed, moreover it
allowed to better understand the reported results.

e The model can be used to choose the particle velocity to reach, once

the properties of substrate and particles are well known.

The substrate has a fundamental role in the process, the presence of

the fibers and the stratification sequence strongly change the adhe-

sion conditions, as a consequence the design of the panel is part of
the processing conditions to be set.

In summary, when cold spraying metal onto polymers, relatively big
particles are recommended (>30 pm) to obtain better-adhered coatings
regardless of impact velocity. The copper particles can be easily
deposited onto soft polymers, like PP, by setting an impact velocity
higher than 52 m/s, while the deposition of aluminum particles and,
even more, that of steel particles, is more difficult as higher impact
velocities must be reached (>120 m/s for aluminum and >141 m/s for
steel). If the polymer is fiber-reinforced, the velocity required for
adhesion increases; in particular, an impact velocity higher than 304 m/
s must be set for the aluminum particles when the polymeric PP sub-
strate is reinforced with a carbon fiber volume percentage of 50 %.
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