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Abstract

The integration of metals and polymers in the same component to couple the best properties and advantages of both these
classes of materials can be useful for engineering applications. In this scenario, the aim of this paper is to integrate additive
manufacturing of composites with cold spray deposition of metal particles: in particular, 3D-printed carbon fibre-reinforced
plastics (CFRP) panels were coated with aluminium particles to couple the lightweight and high mechanical properties of
CFRP with high wear resistance and hardness of metals. CFRP panels have been produced by using the Fused Filament
Fabrication (FFF) technology, then the panels have been coated with aluminium particles by using a low pressure cold spray
facility. Panels with various stratification sequences have been produced to investigate the feasibility of the process and to
highlight the influence of the lay-up strategy on the whole process; the parameters of the cold spray process have been also
optimized to ensure an effective deposition. Adhesion tests, distortion measurements, cross-section observations and surface
coverage measurements have been chosen as response outputs to evaluate the effectiveness of the process and to assess the
influence of the process parameters. The integration between FFF of CFRPs and cold spray deposition of aluminium particles
has been proved, values of surface coverage close to 100% and good values of adhesion strength (close to 4 MPa) have been
achieved; moreover, the presence of the fibres, giving a higher stiffness to the substrate, avoids the occurrence of distortion
phenomena during the deposition. It was also proved that the printing parameters influence the deposition: an increase in
the infill density from 30% to 50% leads to an increase in the adhesion strength up to 40%. In summary, the results obtained
proved the feasibility of the process and allowed to enucleate directions of future research.

Keywords Additive manufacturing - Cold spray deposition - Fused filament fabrication - Carbon fibre reinforced plastics -
Aluminium alloys

Introduction The possibility to obtain high-performance and light-

weight structures has attracted a plethora of engineering

The growing demand for engineered materials able to
answer the different requests arising during their applica-
tions has brought increasing interest toward composite
materials, such as the Polymer Matrix Composites (PMCs),
whose properties are completely tailorable due to their ani-
sotropic structure [1, 2].
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fields, increasing, in the last few years, the use of PMCs for
high-end uses [3]. However, to further expand their fields of
application and reduce the issues related to their main draw-
backs (such as their poor surface properties and high sensi-
tivity to heat), the metallization of PMCs has been consid-
ered as one of the most promising solutions, as studied in the
literature [4]. In fact, the surface metallization can enhance
the thermal and electrical conductivity of PMCs, improve
their erosion behaviour and guarantee lightning protection,
which is a crucial aspect to be considered for aircrafts [5, 6].

Among the several techniques allowing to metallize the
surface of PMCs, the cold spray (CS) technology emerges,
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due to the possibility to obtain thick coatings without
the risk of damaging the substrate like other metalliza-
tion techniques [7-9]. CS, in fact, exploits kinetic energy
allowing the deposition of micron-sized metallic powders
(10-100 pm in diameter [10, 11]) that do not reach the melt-
ing temperature during the process, retaining their original
properties [12]. The powders are transported by a carrier
gas (typically air, nitrogen or helium) that is accelerated at
supersonic velocities through a de-Laval nozzle. When the
gas/particles stream impacts the surface with a velocity that
ranges between 300 and 1200 ms™!, the powders undergo
severe plastic deformations and bond together creating a
thick, homogeneous coating [13]. The most influencing cold
spray process parameters are the gas species, the gas pres-
sure and temperature, and the standoff distance (SoD) [14].
It is known that the deposition process can be effectively
carried out if the abovementioned process parameters are
properly chosen.

Despite the technological interest in depositing metallic
powders on PMCs through cold spray, up to date, there are
still numerous knowledge gaps. In fact, it is still not clear
what are the best practices to obtain the highest-quality
coatings neither the bonding mechanism between the pow-
ders and the substrate [15]. As shown in the literature, a
trial and error approach is used to find the more suitable
CS conditions and different values of the deposition process
parameters are used by the researchers for the same powder-
substrate combinations [7, 16, 17]. For instance, the authors
[18] attained to metallize PEEK polymer substrates by
spraying aluminium particles with a gas pressure of 41 bar
and by setting the standoff distance at 75 mm. Other authors
[19] tried to coat the same substrate typology with Al-based
particles by setting the gas pressure in the range 3—5 bar and
SoD between 25 and 125 mm. This emphasizes the lack of a
single vision in the literature about the best process param-
eters and equipment to use for an effective deposition. The
reason is that the metallization of PMCs through CS is in
its early stage and a lot of work needs to be carried out to
answer the open questions on this topic.

The last studies proved that, aiming to obtain an effective
deposition, the attention must be focused also on the com-
posite lay-up sequence and stratification. The stratification
of the substrate must be considered and treated as a process
parameter, as well as standoff distance or inlet gas pressure.

Some previous studies of the authors particularly high-
light the influence of the matrix layer thickness deposited
on the surface of the reinforced polymer, as it affects the
deformation of the particles and thus the coating homogene-
ity [20]. The authors [21] proved that steel 316 L powder can
be successfully deposited on a composite substrate with the
cold spray technique, suggesting that with a proper choice
of the lay-up sequence and matrix layer thickness, along
with suitable cold spray process parameters, the deposition
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of hard materials can be achievable. For these reasons, it
is clear that the composite substrates would need to be tai-
lored to perfectly meet CS requirements, i.e., the customized
manufacturing would seem to be a valid route to pursue to
obtain high-quality metallic coatings on PMCs.

A plethora of different techniques exists to produce cus-
tomized substrates. In this scenario, additive manufactur-
ing (AM) techniques appear as the best solutions to obtain
tailored composites, by varying the lay-up sequence and
stratification, with lower production cost and a high degree
of automation, if compared to the traditional ones. Also, the
surface morphology can be easily customized through AM
due to the possibility of choosing the suitable deposition
strategies of both matrix and reinforcements [22].

A well-established technology capable of producing
thermoplastic-based composites is the Fused Filament Fab-
rication [23]. This technology relies on a double mobile
nozzle to extrude both matrix and long fibres, which can
be printed according to different deposition strategies and
printing parameters. Particularly, in this process, polymer
filaments are fed into a heated nozzle which allows for the
extrusion of polymer strands to build up 3D objects, layer-
by-layer, according to Computer-Assisted Design (CAD)
3D models [24]. The adhesion among the extruded polymer
strands is the main requirement for fabricating defect-free
objects characterised by mechanical properties similar to
those typically obtained with conventional extrusion and
injection moulding processes [22].

To date, the most used thermoplastic polymers are acry-
lonitrile butadiene styrene (ABS), polylactic acid (PLA),
polycarbonate (PC), polyetheretherketone (PEEK) and nylon
due to their relatively low cost as well as their low melting
temperatures. Reinforcing materials, such as fibres, can be
added to the polymer matrix during printing, in order to
produce a composite structure with improved mechanical
properties. The reinforcing fibres can be in the form of short
or continuous fibres (carbon, fibreglass or kevlar); a dedi-
cated nozzle takes care of depositing a continuous thread of
composite fibre on each possible layer [25].

It is clear that FFF technology, as a versatile AM tech-
nique, can be integrated successfully with the cold spray
technology, for the manufacturing of customized PMC
substrates, designed ad hoc to meet the CS requirements.
A preliminary study proving the effectiveness of the inte-
grated FFF-CS solution was carried out by Viscusi et al.
[26] who evidenced the central role of the surface textur-
ing of the 3D-printed panels (that is possible to regulate
through the panel manufacturing route) on the characteristics
of the CSed coatings. In particular, the authors proved that
the distance among the valleys of the texturing should have
a comparable dimension to the feedstock powder diameter
with the particles remaining entangled between the traces
tracked by two consecutive polymer tracks.
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Based on these preliminary results, a more detailed
analysis would need to be carried out. For instance, very
few works in literature [9, 27-29] deal with the adhesion
characteristics of CSed metal coatings on PMCs and, to the
authors’ best of knowledge, none of these correlated the
results from the adhesion tests to both CS process param-
eters and the printing strategy. Therefore, this research activ-
ity aims to study more in-depth the influence of the panels
manufacturing strategy on cold spray deposition process for
the optimization of the process in its wholeness and charac-
terize the properties of the hybrid 3D-printed-CSed struc-
tures obtained.

For this purpose, Onyx-based unreinforced panels, as well
as long carbon fibre reinforced panels, were 3D-printed, by
adopting different stratification strategies, to point out the
influence of the fibre on the deposition. Onyx is a novel
nylon-based polymer with short carbon fibres, which was
chosen as matrix material for the 3D-printed laminates. Both
the sample’s typologies (pure Onyx and reinforced panels)
were manufactured with three different values of matrix
infill density (namely the amount of Onyx used to build a
layer) in the core and three different values of matrix layer
thickness on the surface. In particular, filler percentages of
30%, 40% and 50% were considered in this activity. Each
laminate was metallized through the Low-Pressure Cold
Spray technology (LPCS) by setting the same CS process
parameters, determined in previous research activities [26,
30, 31]. Micron-sized aluminium powders were used for
PMCs metallization. The products were sectioned and then
observed through optical, SEM and confocal microscopies.
The distortion of each specimen was calculated after the
metallization process along with the surface coverage, the
particle splat size and distribution; the coating height was
also evaluated. The adhesion strength of each coating was
measured and correlated with the results from the micro-
scope analyses.

In summary, the influence of the 3D-printed substrate
characteristics on CS deposition was analysed by discuss-
ing: (i) the effect of the fibres reinforcing the polymer; (ii)
the effect of the infill density; (iii) the effect of the superficial
layer thickness.

Materials and Methods
3D-Printing of the substrates

The composite laminates were manufactured through FFF
technology using a Markforged X7 printer. This printer uses
a double nozzle to extrude fibres and matrix filaments. The
process was controlled by a built-in laser micrometre that
scans the process plate building a map of the surface in order
to calibrate the height of the nozzle with a high degree of

precision (1 pm). The materials chosen for the laminates
were Onyx for the matrix and long carbon fibres as rein-
forcement. Onyx is a thermoplastic-based material made of
nylon mixed with short carbon fibres. The heat deflection
temperature of Onyx is 140 °C. The presence of short fibres
guarantees better performances compared to unreinforced
nylon. In fact, they modify the behaviour of the nylon on
cooling, guaranteeing better dimensional stability by reduc-
ing the thermal deformations [31-33].

Long carbon fibres optimized for the printing were cho-
sen as reinforcement: a thin film of nylon encompasses
each packet of fibres guaranteeing improved compatibility
between matrix and fibres.

The printing process was carried out by setting the tem-
perature of the extrusion nozzle at 260 °C to ensure the melt-
ing of the polymer, with a mean speed of 2.39 cm?/h for the
fibres layers and 6.90 cm*/h for the Onyx layers. Pure Onyx
panels as well as reinforced laminates were manufactured
in this activity and are referred below as 3D-O and 3D-F,
respectively.

The infill pattern chosen for the Onyx matrix is triangu-
lar in the core and three different percentages filling values
(30%, 40% and 50%) were considered for all the samples, as
shown in Fig. 1, schematically; meanwhile, the outermost
surfaces of the panels were printed with one, two or three
layers of 100% fill Onyx filament (the so-called infill solid
strategy at 45° [34]) to take the advantages of the resulting
higher surface finishing (the details in Fig. 2).

A 0/90 symmetric configuration was set for the reinforced
samples which were produced alternating one layer of matrix
and one layer of fibres, following the lay-up sequences
shown in Fig. 2.

Concerning the matrix layer, firstly the nozzle defines the
boundaries of each layer (see Fig. 1) and then the triangular
pattern for the matrix core structure.

As summarized in Table 1, 18 different samples were
3D-printed. The table also reports the main geometric
characteristics of each specimen. The square-shaped pan-
els (80 80 mm) have a thickness in the range 2.0-2.5 mm
depending on the number of layers used for the outermost
surfaces. Each layer constituting the stratified panel is about
0.125 mm depending on the heated nozzle geometry.

Metallization process through cold spray

Cold spray deposition of micron-sized A1Si10Mg aluminium
powders, provided by LPW South Europe, was carried out
by means of a Dycomet 423 low-pressure equipment, using
air as the carrier gas [13]. The powders used have a mean
diameter of 20 pm and have a spherical shape, as previous
studies suggested those characteristics as ideal for the depo-
sition [35]. A macrograph and the cumulative size distribu-
tion of the chosen powders are portrayed in Fig. 3.
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Fig. 1 Illustrative sketch of
Onyx-based matrix printing
strategy by varying the infill
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The spray gun was mounted on a robot (HIGH-Z S-400/T
CNC-Technik) to allow for control and repeatability of the
coating deposition. To ensure the repeatability of the results
three coated tracks were produced on each substrate by set-
ting a single-pass of the spray gun under the same cold spray
process conditions. The range of suitable CS process param-
eters was determined through preliminary experimental
tests, which are not here reported for the sake of brevity, as
well as literature results [36]. In particular, by setting a travel
speed of the spraying gun equal to 1 mm/s for the formation
of the track, the inlet gas pressure and temperature were set
to 6 bar and 300 °C, respectively, the SoD was set to 45 mm
and kept constant during the deposition. It is worth noting
that the pressure value was set taking into account that the
higher the pressure of the carrier gas, the higher the penetra-
tion of particles into the polymer. However, if the pressure
of the gas is too high, erosion can take place [37-39]. The
gas temperature was chosen considering the glass transition
temperature of nylon. As literature studies evidence [40],
the deposition should be carried out with a temperature of
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the gas impinging on the surface that is higher than the glass
transition temperature of the substrate material, in order to
guarantee an adequate softening of the impacted surface.
Moreover, the gas temperature should be lower than the
melting temperature of nylon in order to avoid deterioration
phenomena. The stripes observed in Fig. 4 in grey colour
represent the single track coatings obtained through the cold
spray process.. Note that both the pure Onyx and the rein-
forced specimens with one layer of matrix on the outermost
surfaces only are shown, for the sake of brevity.

Panels characterization

Confocal acquisitions (LEICA DCM3D Scan) were per-
formed to measure the coating height and analyse the surface
morphology of the samples correlating the manufacturing
process of the panels with CS deposition mechanisms. A
3D surface taken from a randomized area of the specimen
was generated and exported to LeicaMap software in order
to analyse the surface topography according to the ISO
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Table 1 3D-printed samples

N. of speci- ID label N. of superfi- Infillden-  Layer thick-  Panel thick- Layup sequence
manufactured through FFF mens cial layers sity [%] ness [mm)] ness [mm)]
technology

Pure Onyx panels
1 3D-0, 5 1 30 0.125 2.0 \
2 3D-0, 4 1 40 0.125 2.0 \
3 3D-0, 5 1 50 0.125 2.0 \

\
4 3D-0,3 2 30 0.125 2.25 \
5 3D-0, 49 40 0.125 2.25 \
6 3D-0, 5 50 0.125 2.25 \

\
7 3D-0; 39 3 30 0.125 2.5 \\
8 3D-0; 49 3 40 0.125 2.5 \\
9 3D-05 5 3 50 0.125 2.5 \\
Fibre reinforced panels
10 3D-F, 5 1 30 0.125 2.0 [0/90]sym
11 3D-F 49 1 40 0.125 2.0 [0/90]sym
12 3D-F, 5 1 50 0.125 2.0 [0/90]sym
13 3D-F, 3 2 30 0.125 2.25 [0/90]sym
14 3D-F, 49 2 40 0.125 2.25 [0/90]sym
15 3D-F, 5 2 50 0.125 2.25 [0/90]sym
16 3D-F; 5 3 30 0.125 2.5 [0/90]sym
17 3D-Fs 4 3 40 0.125 2.5 [0/90]sym
18 3D-F; 5 3 50 0.125 2.5 [0/90]sym

Fig.3 a Powder size distribu-
tion. b SEM micrographs of

AlSi10Mg aluminium powders

25

Counts (%)
&

25178-2:2012 standard. The main parameters evaluated
were: (i) Sv, (Maximum Valley Depth), namely the depth of
the lowest point; (ii) Sp, (Maximum Peak Height), namely
the height of the highest point; (iii) Sz that is the maximum
height of the surface. It is worth to note that the last param-
eter was used for the processing and the discussing of the

Particle size (um)

results obtained; in particular, Sz was considered as a meas-
urement parameter of the coating height, as also shown in
literature [20].

The non-reinforced samples showed a visible distortion
of the substrate due to the cold spray process, while the rein-
forced ones showed no distortion at all due to the obvious
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Fig.4 Coating tracks made of
AlSi10Mg powders produced
by CS on both the pure Onyx
(3D-0,) and the reinforced
(3D-F,) specimens with one
layer of matrix on the outermost
surfaces

stiffening effect of the fibres. To quantify this distortion,
indicated as & (%), and analyse the effects of both the Onyx
infill strategy and the surface matrix thickness, the approach
of Rokni et al. [19] was followed and the following formula
has been used (Eq. 1).

- dO ° (1)

In Eq. 1, d (um) is the distance between the lowest and the
highest points of the distorted samples calculated as shown
in Fig. 5, ¢t (pm) is the coating height and d,, (pm) is the
sample thickness before spraying. Nevertheless, in this work,
the distortion was calculated as a percentage of the initial
substrate thickness.

The surface of the coated laminates was also analysed
through Scanning Electronic Microscope (SEM) Hitachi
TM 3000. The SEM images were post-processed by means

Fig.5 Cross-section photogra-
phy of the distorted panel; d is
the distance between the lowest
and the highest points of the
sample
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of image analyses software (IMAGE J) in order to measure
the splat size (namely the size of the powders deformed as a
result of the impact on the substrate) and calculate the size
distribution of the splat. The latter was evaluated from SEM
images by creating a binary mask of the acquired surface and
evaluating the pixel threshold. In Fig. 6 the metallic particles
are identified in white, while the substrate is evidenced in
black. The splats were then divided employing a size filter,
working as a virtual sieve, as shown in Fig. 6a and b. Six
different diameters ranges were evaluated (considering par-
ticles up to 60 um), for the measurement of the percentual of
superficial area occupied by the particles of each size range.

The adhesive strength was measured using following the
ASTM D4541 standard and by using a PosiTest ATM. Alu-
minium dollies with a 10 mm diameter were bonded to the
top surface of the cold sprayed deposits using cyanoacrylate
glue. Any excess adhesive or coating surrounding the dolly
was removed with a drill bit. To assess the success of the
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Fig.6 a Particles with a diam-
eter above the mean size of the
feedstock powders (20 pm);

b particles with a diameter
below the mean size of the
feedstock powders (20 pm)

test, dolly surfaces were analysed by means of an optical
microscope in order to quantify the amount of the removed
coating.

Results
Confocal analyses: morphology and coating height

As described in the previous paragraphs, one, two or three
superficial matrix layers, with a 45 degrees pattern (100%
fill Onyx filament), were produced on the outermost surfaces
of the panels aiming to analyse the effects of the superficial
layer thickness on CS deposition.

It is possible to observe from the confocal microsco-
pies in Fig. 7, which shows the surface morphology of
the uncoated pure Onyx samples, that if a single layer of
matrix with 45 degrees pattern is printed on the surface,
the underlying triangle pattern is well visible. If more lay-
ers are printed on the surface, the triangle pattern tends to
disappear, as shown in the figure. It is possible to observe
the same behaviour for the reinforced panels, not here por-
trayed for the sake of brevity. This would result in a differ-
ent behaviour of the particles impacting the target surface,
as the particles impinge different surface morphologies,
influencing the cold spray deposition. The particles depo-
sition, in fact, would be affected by the layer thickness as

Fig. 7 Confocal acquisitions of
the top-surface of the uncoated
pure Onyx samples

3D-0 30

well as the surface pattern. These aspects will be exten-
sively discussed in the following paragraphs.

Confocal analyses were also carried on all the coated
samples reported in Table 1. However, for the sake of brev-
ity, the surface morphology of pure Onyx panels with one
layer of matrix only on the outermost surfaces, is shown in
Fig. 8. From the figure, it is evident the triangular pattern
resulted from the manufacturing strategy of the panel. In
particular, the coloured blue zones indicate the filling pat-
tern with the Al particles that seem to be entirely impacted
within each valley tracked by two consecutive polymer
tracks, as also proved in literature [36]. It can be seen
that the dimensions of the highlighted triangular structures
tend to be smaller with the increase of the infill density (in
particular moving from 30% to 50%), with a reduced space
between two consecutive valleys.

The height parameters were evaluated from the confocal
analyses; the results obtained are reported in Fig. 9.

It can be observed from the figure that the height
parameters of the fibre reinforced panels are lower than
those of pure Onyx samples, regardless of the infill den-
sity and the surface thickness considered. That means the
coating height (i.e. Sz) of the 3D-F panels is higher than
that of 3D-O samples. These results suggest the higher
deformation of the particles impacting the reinforced/
stiffer substrates.

3D'02‘30

&

1 mm

SURFACE LAYER THICKNESS
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Substrate distortion

Figure 10 shows the pure Onyx panels profiles after the
cold spray deposition of Al powder. All the samples exhibit
both concave and convex distortion caused by cold sprayed
deposits. This substrate distortion was not observed for

AL COATING

Fig.8 Confocal acquisitions

of the top surface of the coated
pure Onyx samples highlighting
the infill density

carbon reinforced onyx panels and therefore these samples
are not considered for this type of analysis. This mismatch
between these two types of substrates may be attributed
to the lower stiffening of the Onyx panels, which undergo
higher thermal deflection upon the deposition.

POLYMER TRACK
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The results of the substrate distortion calculated through
Eq. 1 are reported in Fig. 11. Generally, the results vary
with both the matrix infill and the external substrate layers.
In detail, as the number of superficial layers increases from
one to three, the distortion decreases from a maximum of
225% to a minimum of 65%. At the same time, as the matrix
infill increases from 30% to 50%, a decrease in the substrate
distortion is observed. Besides, it is evident that the sub-
strate distortion is maximum (up to 225%) in the case of
30% infill and one superficial matrix layer and minimum
in the case of 50% infill and three superficial matrix layers.
Anyway, it is interesting to note that the effect of the matrix
infill percentage tends to flatten when increasing the num-
ber of external layers: substrates with one superficial matrix
layer showed a wide range of distortion (115-225%) with
respect to the different matrix infill, while substrates with
three external layers showed a substrate distortion in the
same range (60-70%), with no significant dependence on
matrix infill. From these results, it is possible to point out
that the superficial matrix thickness plays a leading role in
the substrate distortion (i.e. substrate stiffening) while the
effect of the matrix infill tends to be reduced increasing the
number of external layers.

SEM analyses: surface coverage, splat size, splat
distribution

The SEM top-view micrographs of the coated surfaces are
portrayed in Fig. 12 in order to appreciate the deformation
of the particles and analyse the effects of the fibres reinforc-
ing the polymer, the infill density and the superficial layer
thickness on the surface coverage of the samples.

250
I nfill 30%
Infill 40%
1 0,
200 1 Infill 50%
X
~ 150 |-
c
.0
5
:'@' 100 |
o
1 I%
0
2 3

Layers

Fig. 11 Results of the substrate distortion of pure Onyx panels calcu-
lated through Eq. 1

It can be observed an overall good coverage for all the
specimens analysed, characterised by the presence of few
voids among the particles. The coatings obtained on fibre
reinforced specimens appear more homogeneous due to the
increased deformation of the particles, caused by the stiffen-
ing effect of the fibres. This can be furtherly highlighted by
analysing the particles splat size results, as shown in Fig. 13.

It can be noticed that the mean splat size is slightly higher
for the fibre reinforced panels due to the higher stiffness
of the reinforced panels that promote the deformation of
the particles. This is also confirmed by the splat size distri-
bution analysis. As an example, Fig. 14 shows a compari-
son between 3D-0O, 3, and 3D-F, 3 panels: it is possible to
observe that the size distribution is more homogeneous for
the fibre reinforced panels as more particles are deformed
and a higher percentage of bigger particles is present and
cover the substrate surface.

Adhesion Strength

The results of the adhesion strength tests are shown in
Fig. 15. By observing these figures, the cold sprayed coat-
ings on pure Onyx samples show a greater adhesion strength
(up to 5.8 MPa) compared to the ones on carbon reinforced
Onyx (up to 4.2 MPa). These values are in the same range
reported previously for metallic coatings/polymeric sub-
strates [16].

As seen in Fig. 15a, for coatings on pure Onyx panels,
the adhesion strength varies from a minimum of 3 MPa to
a maximum of 5.8 MPa. When increasing the matrix infill
at a fixed number of superficial layers, the coating adhe-
sion increases. However, as also observed for the substrate
distortion, the scatter among the three panels (30%, 40%
and 50%), in terms of adhesion strength values, tends to
be reduced when increasing the number of the superficial
matrix layers.

On the other hand, as seen in Fig. 15b, in the case of car-
bon reinforced onyx substrates, the variation of the adhesion
strength is less pronounced and results in the range from 2.6
to 4.2 MPa. Also in this case, at a fixed number of superficial
layers, the adhesion generally increases when increasing the
matrix infill.

To assess the effectiveness of the adhesion tests, residual
coating particles adhered on the dolly surface have been
investigated through optical analysis. In particular, three dif-
ferent morphologies of the fracture surface were found: (1)
AlSi10Mg coating, (2) Onyx substrate and (3) glue or other
impurities. The measure of the area fractions of the dolly
that are interested by the coating, or the substrate or other
impurities were calculated by SEM images. For the sake of
brevity, only the results obtained for pure Onyx samples are
reported in Fig. 16.
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Fig. 12 SEM top-view micro- 3D-01.30 3D-01,40 3D-01.50

graphs of the coated surfaces .

082 00 20w 048 w00 0w

3D-0230 3D-02.40 3D-0250

078 B0 XOwm

3D-03.30 3D-03.40 3D-03.50

081 500 0w

083 W00 200wm

081 #5300 2Wwm

3D-F1.30 3D-F1.40 3D-F150

083 W0 0wm

084 B® JOwn

O87 4D  J00wm

082 00 0em

3D-F2,30 3D-F2.40 3D-F250

88 D O 081 B oen

3D-F330 3D-F3.40 3D-F350

B
B
8
H

@ Springer



International Journal of Material Forming (2022) 15: 15 Page 110f 17 15

B 3D-02 2 3D-0s e
55 55 - - - - mean
50 4 50
45 45
340+ S 40+
o35 o 35
y’ 304 === ===z —=== g 30+
= 25 - 25
—= 20 = 20 == =
315 &5
10 10+
5 — 5
0 | | 0.
40 50
Infill (%) Infill (%) Infill (%)
3D-F 3D-F: 3D-F
1 -]max ? . [ max
N min o i
60, omew 2 o0 il
50+ ,_\452- 50+
=45 = =45
540- 3&- 540-
35 [0} 35
§3o- . 5301 = “g’ao- -
=25 =257 25
S 20 2 20, 3 20-
=%
&1s n 15 n 15
10+ 104 10
3] Ny T . 2 5
0- & 40 0-
Infill (%) Infill (%) Infill (%)
Fig. 13 Particles splat size from SEM images. The dotted lines evidence the mean splat size
Flg 14 Splat size distribution 30'02'30 3D-F2,30
analysis for 3D-0, 3 € 3D-F, 5, 19 ) ) ) ! ' 190 190 ) ) ! ) ] 10
samples 0 { g | %0

%area

Splat Size (um) Splat Size (um)

Fig. 15 Results of the adhe- " a) " b)
sion strength tests for both pure [ Infill 30% Infill 30%
Onyx (a) and reinforced (b) [__] Infil 40%) Infill 40%

—~ Z Infill 50% Infill 50%
samples o ) S

& =9

C =

e g

Z o

[ =

2 s

2 2t 3

g -

<
[

@ Springer



15 Page 12 of 17

International Journal of Material Forming (2022) 15: 15

[ Coating 7} Substrate [ ] Glue or other]|
100
80 7%
O\o
@ 60
(O]
|
©
3
40}
©
=
=
[7)]
20
0 oS Q' &
6§° 59“%““ - b§°°§
1 2 3
Layers

Fig. 16 Area fractions of the dolly surface for the pure Onyx samples

The results presented in Fig. 16 prove that the surfaces
of the dollies after the test are covered for over 60% by Al
coating. These results suggest that the bonding between
Onyx substrate and Al coating is weaker than the bonding
between the glue and the coating, thus the test was properly
carried out.

Discussion

As pointed out in previous works [36], the manufacturing
strategy of the substrate can have a great influence on the
cold spray deposition process. For this reason, in order to
highlight the influence of the substrate characteristics on
cold spray deposition, the following features were con-
sidered and below discussed: (i) the effect of the fibres

2004 70
£ 260+
2150 3 50
£ S
=) 540+
2100 o %
g 3
"§ 50 g 20
o © 10

o
0- 0-
onyx reinforced onyx onyx

a)

reinforcing the polymer panels, (ii) the effect of the infill
density, (iii) the effect of the superficial layer thickness.

Effect of fibres

The results portrayed in the previous paragraphs have been
processed in order to highlight and discuss the influence of
fibres reinforcing the Onyx panels on the cold spray deposi-
tion process, as shown in Fig. 17.

Figure 17a illustrates the comparison, in terms of mean
coating height, between the pure Onyx and reinforced pan-
els. As shown in the figure, the reinforced panels globally
have a value of the coating height that is lower of about
70% compared to the unreinforced panels. The lowering of
the coating height is usually due to two main phenomena
occurring during the deposition: (i) the deformation of the
particles, (ii) the penetration of the particles into the sub-
strate [41].

Figure 17b portrays the percentage of particle splats hav-
ing a diameter higher than the mean diameter of the feed-
stock particles, so it represents the percentage of particles
that experience deformation upon impact with the substrate.
Looking at Fig. 17b, it is possible to notice that 60% of the
particles sprayed on the reinforced substrate have under-
gone a severe deformation, while only 50% of the particles
sprayed on the unreinforced substrates have reached a diam-
eter higher than the mean diameter of the processing pow-
ders. Consequently, it is possible to assert that the coating
produced on the reinforced panels is more deformed. As
proved in literature [20], this is due to the stiffening effect
of the reinforcement.

Moreover, it is possible to observe from the cross-
section micrographs of the specimens in Fig. 18 (where
3D-F; 49 and 3D-0Oj 4, panels are considered as examples)
that the coatings produced on the reinforced panels have
a lower penetration depth (about 13 pm) compared to
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Fig. 17 Effect of the fibres on cold spray deposition. a Mean coating height of pure Onyx and fibre reinforced panels; b percentage of deformed

particles due to deposition; ¢ adhesion strength values
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Fig. 18 SEM images of 3D-F; 4,
and 3D-O; 4, samples. The pen-
etration depth is calculated as
the distance of the deepest point
reached by the coating from the
substrate main plane

the coatings obtained on the unreinforced panels (about
25 pm), due to constraining effect of the fibres.

This suggests that the prevailing phenomenon caus-
ing the lowering of the coating height on the reinforced
panels is the plastic deformation of the particles caused
by the stiffening effect of the fibres.

By looking at the results illustrated in Fig. 17c, it is
possible to notice that the coating produced on the rein-
forced panels results less adhered with the substrate,
compared to the coating produced on the unreinforced
panels. This result highlights that the higher deformation
of the coating produced on the reinforced panels does
not determine a higher adhesion, contrary to what was
observed for metallic coatings on metallic substrates [42,
43]. For this reason, in order to obtain a higher adhesion,
it would be necessary to promote a greater penetration of
the particles into the substrates, while the deformation of
the particles seems to be not so important for adhesion.

In conclusion, it is possible to assert that the pres-
ence of the fibres leads to more homogeneous coatings
(as shown in SEM micrographs in Fig. 12), but causes an
overall worsening of the adhesion of the coating on the
substrate.
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Effect of the infill density

The influence of the infill density on the mechanisms rul-
ing the adhesion of the metallic particles on the 3D-printed
substrates is evidenced in the graphs in Fig. 19.

From Fig. 19a it is possible to notice an overall low-
ering of the coating height when the infill percentage is
increased moving from 30% to 50%. The lowering of the
coating height can be ascribed to a higher deformation of
the particles, as confirmed by Fig. 19b, where it is possi-
ble to notice that for an infill density of 30%, about 37% of
the particles are deformed acquiring a diameter higher than
the mean diameter of the feedstock particles, while for an
infill density of the 50%, about the 65% of the particles are
highly deformed. The higher deformation of the particles
would seem to be determined by the stiffening of the panels
when the infill density is increased. This is confirmed by
the results obtained by measuring the substrate distortion
presented in the previous paragraphs. In fact, the panels
having an infill density of 30%, portray higher values of
distortion than the panels that have infill densities of 40%
and 50%, regardless of the number of onyx layers on the sur-
face, evidencing an increasing stiffness of the panels when
the infill density is increased. On the basis of the results
obtained in the previous paragraph, it would be reasonable
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Fig. 19 Influence of the infill density on CS deposition. a Mean coating height; b percentage of deformed particles; ¢ adhesion strength values
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to expect that a better adhesion is obtained on the less stiff
panels with the particles that should penetrate profoundly
the substrate; however, looking at Fig. 19c it is possible to
notice that increasing the infill density, the adhesion values
increase as well. In fact, the stiffening effect caused by the
increase of the infill density is not as relevant as the stiff-
ening effect caused by the fibres, as proved by the fact the
reinforced panels do not experience important distortion
during the deposition process. The reason is that there is a
further phenomenon that prevails over the stiffening effect in
determining the adhesion values. As suggested by previous
literature studies [36], the superficial texturing can have a
remarkable influence on the adhesion mechanisms [44, 45].
Starting from a value of the infill density equal to 30% and
moving toward 50%, there is a densification of the texturing
(see Fig. 8 above reported) that causes the entanglement of
the particles between two consecutive polymer tracks.

For these reasons, the adhesion of the coating was proved
to be stronger for the denser panels, as it is more difficult to
remove the entangled particles from the substrate. The main
result of this study is that by lowering the distance between
the polymer tracks (namely increasing the infill density) it is
possible to increase the adhesion between the metallic parti-
cles and the polymeric substrate: increasing the infill density
from 30% to 50%, the adhesion strength increases up to 40%.

Effect of the superficial matrix layer thickness

It is possible to observe the influence of the superficial
matrix layer thickness on the cold spray deposition process
of metals-to-polymers, by looking at the results presented
in Fig. 20.

Looking at Fig. 20a, it is possible to notice a decrease
of the coating height when two layers of Onyx are depos-
ited on the top surface of the panel; the same trend was
observed when a further layer of matrix on the surface of
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the panel is added. This phenomenon is due to the defor-
mation of the particles that tend to deform greatly with the
increase of the number of the superficial layers, as shown
in Fig. 20b. In fact, it is possible to observe that the per-
centage of deformed particles is about 45% for the panel
with a single layer on the surface while, when two layers
are deposited, 52% of the particles are deformed. Adding a
third Onyx layer, the coating appears much more deformed
as almost 55% of the splats have a higher diameter than
the mean diameter of the processing powders. This behav-
iour is coherent with the trend of the coating height. The
reason is that the particles impact on a more rigid surface,
as proved by the results above presented. In particular, it
was found in the previous paragraphs that the superficial
matrix thickness plays a leading role in the substrate dis-
tortion, i.e. in the substrate stiffening, as the panels with
three external layers showed a reduced substrate distortion
(see Fig. 11). As for adhesion strength values, by looking
Fig. 20c, it can be seen that by adding two layers on the
top surface of the panel, the adhesion reduces compared
to the case when a single layer is deposited on the surface.
Moreover, by adding a further layer on the surface, a fur-
ther worsening of the adhesion behaviour can be observed.
The reasons are to be found in the stiffness of the panels
that tend to increase with the number of superficial layers.
In fact, the particles that impact on a softer substrate (like
the panels with a single layer of matrix on the surface) can
penetrate greatly the polymer surface anchoring with the
surrounding polymeric material [46] so resulting in higher
values of adhesion strength.

In summary, increasing the superficial matrix layer
thickness it is possible to produce more homogenous
metallic coatings (made by more deformed particles) but
characterised by a lower adhesion with the polymeric sub-
strate: increasing the number of superficial layers from 1
to 3, the adhesion strength reduces up to 25%.
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Fig. 20 Influence of the superficial matrix layer thickness. a Mean coating height; b percentage of deformed particles; ¢ adhesion strength values
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Conclusions

The cold spray deposition of Al particles on 3D-printed pan-
els was studied by focusing attention on the influence of the
manufacturing strategy of PMCs on the metallization pro-
cess. In particular, in this research activity, the effect of the
fibres reinforcing the polymer, the effect of the infill density
and the influence of the superficial layer thickness were ana-
lysed in detail. Based on the above discussed experimental
results, the following conclusions can be drawn:

e The integration between FFF of CFRP and cold spray
deposition of aluminium particles has been proved, val-
ues of surface coverage close to 100% and good values
of adhesion strength (close to 4 MPa) have been achieved
when the processing conditions are properly set;

e It has been proved that the lay-up sequence of the com-
posite substrate has a fundamental role in the produc-
tion of these hybrid structures, the lay-up sequence is
more important than the deposition conditions;

e The presence of the fibres leads to more homogeneous
coatings (as shown in SEM micrographs in Fig. 12)
but causes an overall worsening of the adhesion of the
coating on the substrate.

e Increasing the infill density leads to an increase of the
adhesion strength between the metallic particles and the
polymeric substrate: increasing the infill density from
30% to 50%, the adhesion strength increases up to 40%.

e Increasing the superficial matrix layer thickness, it is
possible to produce more homogenous metallic coat-
ings (made by more deformed particles) but character-
ised by a lower adhesion with the polymeric substrate:
increasing the number of superficial layers from 1 to 3,
the adhesion strength reduces up to 25%.

e The presence of the fibres, giving a higher stiffness to
the substrate, avoids the occurrence of distortion phe-
nomena during the deposition;

e The growth of the coating is still an issue, the maxi-
mum thickness achievable is lower than 100 pm.

Moving from these conclusions some recommendations
of future work can be suggested:

e The adhesion between the powders and the substrate
must be improved, a higher adhesion strength will
widen the field of application of these structures;

e The growth of the coating must be also studied, to date,
it is possible to obtain a coating with a limited thickness;

e The deposition on thermoset polymers should also be
investigated;

e Once the adhesion strength is improved and the growth
of the coating has been obtained, the printing of com-

plex shaped metal features on composite panels should
be investigated.
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