
https://www.tandfonline.com/action/journalInformation?journalCode=lmmp20
https://www.tandfonline.com/loi/lmmp20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/10426914.2021.1942908
https://doi.org/10.1080/10426914.2021.1942908
https://www.tandfonline.com/action/authorSubmission?journalCode=lmmp20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=lmmp20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/10426914.2021.1942908
https://www.tandfonline.com/doi/mlt/10.1080/10426914.2021.1942908
http://crossmark.crossref.org/dialog/?doi=10.1080/10426914.2021.1942908&domain=pdf&date_stamp=2021-06-16
http://crossmark.crossref.org/dialog/?doi=10.1080/10426914.2021.1942908&domain=pdf&date_stamp=2021-06-16


A novel manufacturing route for integrated 3D-printed composites and cold-sprayed 
metallic layer
Antonio Viscusia, Roberta Della Gatta a, Francesco Delloro b, Ilaria Papaa, Alessia Serena Pernaa,c, 
and Antonello Astarita a

aDepartment of Chemical, Materials and Industrial Production Engineering, University of Naples Federico II, Naples, Italy; bDépartement Mécanique Et 
Matériaux, (MINES ParisTech), Paris, France; cDepartment of Management Information and Production Engineering, University of Bergamo, Bergamo, 
Italy

ABSTRACT
Polymer matrix composites (PMCs) are the most used in aerospace fields due to their special mechanical 
properties coupled with reduced weight. Metallic structures can be manufactured on the surface of PMCs 
producing hybrid constructions with intriguing characteristics. The cold spray technology (CS) seems to 
be the best solution for the manufacturing of metallic coatings on polymer-based substrates. However, 
the last researches on PMCs metallization through CS were carried out without taking into account 
a proper manufacturing of the substrates. Therefore, the customized manufacturing of PMCs used as 
substrates for CS deposition represents a crucial aspect to be considered, the target surface should be 
designed and manufactured to fit better the CS requirements. In this scenario, the Fused Filament 
Fabrication method (FFF) is the best solution for tailored composites manufacturing. Therefore, this 
work aims to develop a novel manufacturing route to produce innovative composite structures by 
using the FFF technology for the 3D-printed polymer-based substrate and the cold spray technology 
for the 3D-printed metal deposition. The novelty is that, for the first time, the polymer-based substrates 
will be designed and manufactured “ad hoc” for the cold spray metallization by using the rapid proto
typing 3D-printing process successfully integrated with CS technology.
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Introduction

The reinforced polymer matrix composites (PMCs) are vastly 
used in numerous engineering fields due to their outstanding 
performances and other unique properties such as ease of 
formation and machining and good size stability.[1] The main 
advantages of these materials lie in their anisotropic and het
erogeneous properties that allow obtaining low weight – high- 
performance structures.[2] The use of PMCs in the aerospace 
field gradually increased in the last years due to the develop
ment of new polymers with enhanced mechanical and physical 
properties.[3,4] However, PMCs field of application could be 
expanded furtherly if a metallic-based structure (or a Metal 
Matrix Composite) was manufactured on the polymer-based 

surface, resulting in a novel hybrid composite structure with 
intriguing properties. For instance, some of PMCs surface 
characteristics such as electrical conductivity, thermal conduc
tivity, electromagnetic shielding, erosion, radiation and light
ning protection would be improved through the surface 
metallization process and the coating manufacturing.

Several technologies can be used potentially to metallize the 
PMCs, such as PVD or CVD,[5,6] electroplating,[7] 

electroforming,[8] and conventional thermal spraying 
processes.[9] Unfortunately, these techniques have disadvan
tages that strongly limit their uses and applications, as reported 
by Zhou et al..[10] Moreover, some of these technologies may 
lead the substrate to deterioration and degradation, making the 
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metallization impossible to carry out.[11] In this scenario, it is 
widely accepted in the literature that cold spray technology 
(CS), a relatively new additive coating technique, is one of the 
best solutions for the manufacturing of a metallic coating on 
polymer-based substrates, such as PMCs.[12]

CS technology is a “cold” thermal spray coating technique 
involving the deposition of micron-sized particles (10–100 µm 
in diameter[13]) on a target surface. The term cold refers to the 
capacity of this technique to keep the temperature of the 
processed powders below the melting point of the particle’s 
material during the deposition process. The result is that the 
particles impacting the substrate in the solid-state at relatively 
high velocity deform and bond together for the coating forma
tion and grow-up .[14] That means that CS can be effectively 
used to spray particles on temperature-sensitive materials, such 
as polymer matrix composites or plastics without inducing 
extensive thermal deterioration phenomena, as proved in 
literature.[15,16] In CS processes, the powders (metallic and/or 
nonmetallic particles[17]) are dragged by a gas stream (typically 
air, helium, argon) expanding through a converging-diverging 
de-Laval nozzle to supersonic conditions.[18] The achieved 
impact velocities usually range between 300 and 1200 m s−1. 

[19] As the particles exit from the nozzle at high speeds and 
impinge on the substrate, they undergo significant plastic 
deformations and bond to the target surface.[20]

The study of metal particles deposition on composites or 
polymeric surfaces through the cold spray technology is in its 
early stage. The first results showed that PMCs metallization’s 
quality is strongly dependent on CS process parameters such as 
gas species,[11,21] gas pressure and temperature,[11,22] standoff 
distance[23] and powder typology.[11,24] Moreover, the last 
researches on this topic proved that the key factors for an 
effective PMCs metallization are the substrate typology and 
stratification, which in turn, depend on PMCs manufacturing 
processes.

In this regard, Gillet et al.[25] suggested that a polymer layer 
protecting the carbon fibers on top of the substrate seems to be 
necessary, also finding that the powders deposition depends on 
the polymer surface layer thickness. Perna et al.[26] studied 
custom-made composite panels with different matrix thick
nesses on the surface to point out the influence of the fibers 
in the deposition and to study the feasibility and the growth of 
the coating. Viscusi et al.[27] proposed an original manufactur
ing method that provides the surface polylactic acid (PLA) 
treatment for thermosetting basalt fiber-reinforced plastics. 
So, the issues pointed out by Ganesan et al.[28] for the metalli
zation of thermoset-based materials have been overcome 
partially.

The last studies on this topic (CS metal depositions on 
plastics, included composites) were carried out by spraying 
metallic particles under different working conditions in terms 
of CS process parameters and substrate typology, without tak
ing account for a proper design and manufacturing of the 
substrates.[12,25,29,30] In fact, the main outcomes proved that 
the composite stratification, layup sequence and fiber density, 
which are strictly related to the composite manufacturing 
processes, can have a strong influence on the CS deposition 

process. Therefore, the customized manufacturing of the poly
mer-based substrates for CS deposition represents a crucial 
aspect to be considered, namely the target surface should be 
designed and manufactured to fit better the CS requirements.

For this purpose, there exist different additive manufactur
ing technologies for composite materials allowing for the pro
duction of tailored fiber-reinforced polymer matrix panels.[31] 

These technologies enable the production of polymer-based 
components in a single step and, regardless of the complexity 
of the component, with reduced processing time and cost.[32] 

In particular, thermoplastic polymers are used thanks to their 
capacity to be melted and molded even at relatively low 
temperatures.[33] The most common method for printing 
a thermoplastic polymer is the Fused Filament Fabrication 
(FFF) method which relies on the thermal extrusion of 
a thermoplastic feedstock from a mobile heated nozzle.[34]

FFF technology allows for the deposition of two different 
types of filaments by using a double extruder. A nozzle is 
dedicated to a “matrix” filament used to form the outer shell 
as well as fill the part. The second nozzle takes care of deposit
ing a continuous thread of fiber such as carbon, fiberglass or 
Kevlar, on each possible layer. The fibers within 3D-printed 
parts manage to give the polymer-based component 
a resistance comparable to that of a metal part with lower 
production cost and a high degree of automation. The reinfor
cements deposition can be optimized, layer-by-layer, allowing 
for an increase in design freedom and mechanical 
performance.[35] Among the several companies developing 
commercial 3D-printers capable of processing continuous 
fiber-reinforced composite materials, the Markforged printers 
excel.

It appears clear that FFF technology, which allows for the 
manufacturing of customized fiber-reinforced polymer matrix 
laminates, is a very promising technique to be integrated suc
cessfully with the cold spray technology, as it represents the 
best solution for the manufacturing of 3D-printed panels tai
lored for the CS requirements.

Therefore, this research work aims to study for the first time in 
literature a novel manufacturing route for the production of 
innovative composite structures by using the FFF technology 
(Markforged) for the 3D-printed polymer-based substrate and 
the cold spray technology for the 3D-printed metal deposition. 
For this purpose, both the layup sequence and stratification of the 
substrates and the cold spray process parameters were varied to 
study the manufacturing process in its wholeness. Onyx, a novel 
nylon-based thermoplastic polymer functionalized with short 
carbon fibers, was chosen as matrix material for the 3D-printed 
laminates.

Three kinds of laminates were produced and studied as cold- 
sprayed substrates to evaluate the influence of both the stratifi
cation and the fiber percentage: i) Unreinforced Onyx lami
nates; ii) Onyx reinforced with a continuous carbon fiber 
deposited alternating one layer of fibers at [0]° and two layers 
of matrix, and iii) Onyx reinforced with continuous carbon fiber 
in each layer deposited following the sequence [0/45/90/135]°.

Each laminate was metallized through the Low-Pressure 
Cold Spray technology (LPCS) by setting the same CS process 
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parameters. Micron-sized aluminum powders were used for 
PMCs metallization. The products were sectioned and then 
observed through optical, SEM and confocal microscopies 
aiming to analyze the influence of the substrate typology and 
characteristics on the CS deposition process.

Materials and methods

The 3D-printed composite materials taken into account in this 
paper were made through the FFF technology (Markforged 
X7). The used matrix is Onyx, a novel nylon-based material 
with short carbon fibers dispersed in it. It represents a high 
strength thermoplastic material, with excellent surface finish
ing that can be molded unreinforced or reinforced with con
tinuous fibers in order to give a resistance comparable to 
aluminum. The material provides greater strength and 
a matte black surface finish to the 3D-printed parts. 
Compared to traditional nylon, Onyx is about 3.5 times more 
resistant and has a greater hardness and a HDT (Heat 
Deflection Temperature) of 140°C .[36] The short carbon fibers 
dispersed in the nylon filament, modify the behavior of the 
material on cooling, inducing lower thermal deformations so 
that the dimensions of the molded pieces faithfully reproduce 
the model designed in CAD. By selecting printing parameters, 
such as deposition strategy, and the characteristics of the 
materials involved, the cloud-based software optimize the pro
cess in order to quickly obtain a printout of the desired part.

The dual extruder system generates the composite part, 
layer-by-layer, according to the Continuous Fiber Fabrication 
(CFF) process technology. The first nozzle builds the plastic 
matrix and the second wrap the fiber. With a built-in laser 
micrometer, the printer automatically scans the processing 
plate with 1 µm precision to create a contour map of its surface. 
At this point, it calibrates its measurements with the extrusion 

readings to correctly set the height of the nozzle and the 
dynamic adjustment of the topography. In this way, the printer 
ensures that your printouts are precisely positioned inside the 
printing chamber (Fig. 1). Given the excellent surface finish 
obtainable, no further chemical or mechanical processing is 
required on the molded parts, with a considerable saving in 
terms of time.

The long carbon fiber used to produce the fiber-reinforced 
polymers is made up of thin elemental carbon filaments. Fibers 
have extremely variable chemical and physical properties. The 
modulus of elasticity varies from about 350 kg/cm2, a value 
between the glass fibers and aluminum ones, up to 7000 kg/ 
cm2, or three times greater than the modulus of steel.[36]

The manufacturing of the specimens was carried out by 
defining three macro-typologies for the samples, referred now 
as FO (Full Onyx), LFC (Low Fiber Content) and HFC (High 
Fiber Content). They are characterized by different fiber 
volume fractions and layup sequences; in particular:

ǒ FO: Onyx laminates made of nylon, as a thermoplastic 
matrix, and chopped carbon fibers randomly dispersed in 
it;

ǒ LFC: Onyx reinforced with a continuous carbon fiber 
deposited alternating one layer of fibers at [0]° and two 
layers of matrix;

ǒ HFC: Onyx reinforced with a continuous carbon fiber 
filament in each layer deposited following the sequence 
[0/45/90/135]°.

Each panel is 135 mm in length and 36 mm in width. Each layer 
constituting the stratified panel is about 0.125 mm with a final 
thickness of the samples equal to t = 4 ± 0.2 mm. For both the 
reinforced configurations (referred to as LFC and HFC in this 
activity), the bottom, as well as the top surfaces of the panels, 

Figure 1. Simple sketch of FFF technology for the 3D-printed polymer-based materials.
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were made by depositing four consecutive layers of Onyx 
matrix. This strategy is used to avoid exposing the fibers on 

the outer surface and to take advantage of the higher quality 
surface finish and accuracy ensured by the unreinforced Onyx. 

Figure 2. Scan pattern for the panels’ manufacturing.

Table 1. Experimental data of the panels’ manufacturing. For the “Layup sequence” raw, the subscripted number indicates the number of layers of the same typology. 
Note that the term “sym” was used to indicate a symmetric configuration.

FO LFC HFC

Matrix Typology Onyx Onyx Onyx
Long carbon fiber layers NO YES YES
Printing temperature [°C] 260 260 260
Layer thickness [mm] 0.125 0.125 0.125
Panel thickness [mm] 4 ± 0.2 4 ± 0.2 4 ± 0.2
Layup sequence [Onyx 16] sym [Onyx 4/0°/Onyx 2/0°/Onyx 2/0°/Onyx 2/0°/Onyx 2] sym [Onyx 4/(0°/45°/90°/135°)3] sym
Number of layers 32 32 32

Figure 3. Layup sequences and stratification of 3D-printed composite substrates. (For the clarity of the picture, the layup sequence repetition was not drawn throughout 
the panel thickness for reinforced laminates).
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Printing is performed at 260°C with an estimated speed of 
6.90 cm3/h for the Onyx layers and 2.39 cm3/h for the carbon 
fiber layers. For the LFC configuration, the layup sequence 
“matrix-matrix-reinforcement” was repeated throughout the 
panel’s thickness in its wholeness with a symmetric configura
tion; the same procedure was applied for the [0/45/90/135]° 
layup construction. The scan pattern used for the panels’ man
ufacturing is reported in Fig. 2. Concerning the matrix layer, 
firstly the nozzle defines the boundaries of each layer (the red 
pattern performed in the x-y plane in Fig. 2) and then the 
rectangular filler for the matrix core structure. The fiber scan 
strategy is performed in agreement with the layup sequence 
defined during the design phase. For the sake of clarity, the 
fiber scan pattern at 0° only is reported in Fig. 2.

(The experimental data of the panels’ manufacturing are 
summarized in Table 1 pointing out the layup sequence and 
the strategy of manufacturing, mainly).

The surface finishing of each manufactured panel was 
observed by means of confocal Leica DCM3D Scan and optical 
microscopes aiming to analyze the surface characteristics and 
chose the most appropriate face upon which the deposition can 
be carried out effectively. An explanatory sketch of the panel 
stratification and layup is reported in Fig. 3.

A low-pressure CS equipment (Dycomet 423) with nitrogen 
as a carrier gas was used for the cold spray depositions, which 

was proved to be the most suitable to successfully spray metal 
particles on thermoplastic substrates.[28] To limit the cost and 
the maintenance of the nozzle,[37] a composite nozzle made of 
a fixed converging-diverging part and an interchangeable 
divergent part has been used. The geometrical features are 
summarized in Table 2.

Micron-sized powders of pure aluminum (99.9%) were 
cold-sprayed on the 3D-printed substrates. The processed par
ticles, provided by Toyo Aluminum K.K, have a spherical shape 
with a mean diameter of about 20 µm; for further details, the 
cumulative powder distribution (in volume percentage) and 
the SEM image of the particles are shown in Fig. 4. The choice 
of particle size and shape was taken by considering what was 
found in previous studies.[24] The deposition process was com
puterized by a numerically and remotely controlled panto
graph. Under these conditions, the nozzle moves at a set 
speed and a set standoff distance when spraying onto the 
substrate.

The strategy adopted for the cold spray deposition on ther
moplastic-based polymers was based on preliminary experi
mental tests as well as literature results.[38] In fact, different 
coating tracks with a travel speed of the spraying gun equal to 
8 mm/s were preliminarily produced by varying the process 
parameters in a wide range (inlet gas temperature: 150–600°C, 
inlet gas pressure: 4–8 bar, standoff distance (SoD): 10– 
80 mm). The abovementioned tests were not here reported 
for the sake of brevity.

In particular, regarding the inlet gas temperature, the 
tested values were chosen by taking into account that the 
temperature of the gas flow on the target surface was below 
the melting point of the polymeric material. At the same 
time, the temperature results greater than the glass-transition 
one; this was done to avoid the deterioration phenomena of 
the substrate and ensure the softening so that the metallic 

Table 2. Geometrical features of the nozzle.

Converging-Diverging part
Interchangeable diver

gent part

Inlet 
section Throat

Outlet 
section

Inlet 
Section

Outlet 
section

Mean length 
[mm]

0 7 19 19 139

Mean radius 
[mm]

4.5 1.25 1.7 2 2.5

Figure 4. Cumulative powder distribution (in volume percentage) and SEM image of aluminum particles used in this research activity.
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particles can penetrate the polymeric surface. Concerning the 
gas pressure, the correct value was set considering that the 
higher the pressure, the higher the substrate erosion due to 
the strong shot peening effect of the particles. Finally, 
regarding the standoff distance, the larger the SoD values, 
the lower the momentum of the particles upon impact with 
the substrate, resulting in particles rebounding, thus in 
a poor and thin coating. This result was corroborated by 
the available literature.[21] In detail, a single-track coating 
was developed on the surface of each laminate by spraying, 
layer-by-layer, aluminum particles. The number of passes of 
the spray gun was set to 3. The inlet gas pressure and the 
standoff distance were set to 6 bar and 10 mm, respectively, 
and kept constant during the deposition. Different propellant 
gas temperatures (250°C, 300°C, 350°C and 400°C) were 
used to investigate their influence on the deposition of Al 
powder on each laminate. As summarized in Table 3, 12 
different samples are provided with a combination of the 
above-mentioned parameters.

Microscope observations were carried out on each specimen 
aiming to analyze the influence of the substrate typology and 
characteristics on the CS deposition process. For this purpose, 
samples were cut perpendicularly to the sprayed surface by 
a precision hacksaw and observed from two different direc
tions: top surface view and cross-section view.

The surface observations were carried out by using 
a Hitachi TM 3000 SEM and confocal microscope (Leica 
DCM3D Scan). Optical microscope analyses were also car
ried out. Aiming to quantify the deposition, the surface 
coverage and the coating thickness of each coating were 
calculated similarly to what was done in previous studies.
[37,39–42] As evidenced by Della Gatta et al. work,[39] the 
amount of the covered surface, indicated as surface coverage, 
can be considered as an indicator for effective deposition, 
and, for this purpose, investigations of SEM images have 
been carried out using the commercial software Image 
J. To estimate coating heights and roughness measurements, 
the generation of three-dimensional surfaces of selected coat
ing areas was performed through confocal analyses. After the 
creation of the surface, results have been exported to 
LeicaMap Software for the profile extraction. To analyze 
the morphology of the deposited particles, cross-section ana
lyses were performed. Samples were incorporated in 
a thermosetting resin by a cold mounting process and then 
polished and metallized for SEM observations.

Results

Panels’ manufacturing

As evidenced in the previous section, three different manufac
turing strategies for the PMCs substrates, in terms of layup 
sequences and fiber density, have been chosen. The results 
from the optical microscope analyses of the cross-sections of 
the 3D-printed laminates defined during the design phase are 
shown in Fig. 5 aiming to better examine the real structures of 
the panels and correlate them with the deposition outcomes; 
this was done to point out the relationship between the panel 
stratification and the CS deposition.

It is possible to notice that both the reinforced panels have 
four layers of Onyx matrix on the top surface. Four layers of 
Onyx were also deposited on the bottom surface that is not 
shown in the figure. In particular, the “matrix-matrix- 
reinforcement” configuration is certainly visible from Fig. 5 
(LFC); regarding the layup sequence of the HFC panel, the 
lighter phase pointing out from the carbon fiber package is an 
indicator of the different orientation of the fibers constituting 
the laminate. Voids and micro defects of the matrix generating 
between each polymer track and the following one are visible 
within all the above-mentioned configurations; several studies 
are carrying out on this topic in the recent literature to opti
mize the manufacturing process.[43,44]

The results of the confocal microscope observations carried 
out on both the front and the back faces of a 3D-printed panel 
are reported in Fig. 6.

In particular, the scope of this preliminary analysis was to 
study the texturing (namely the random and repetitive devia
tions from the nominal surface, including roughness, waviness, 
lay, and flaws) of the target surface and identify the most 
suitable face to be cold-sprayed.

In Fig. 6, the confocal images of both the faces of the panel 
FO (Onyx only), chosen as a representative laminate, are 
shown. More in detail, it can be seen that the front face of the 
panel is characterized by a more pronounced superficial textur
ing than the back face. Moreover, the like-grid surface of the 
former is quite dense with a reduced space between two con
secutive valleys of the surface texturing in contrast to what was 
observed for the back face. The texturing of this last one is 
characterized by relatively large “isolated dimples” that should 
not promote the deformation and the sticking of the particles 
impacting the substrate. When the spacing of the like-grid 
surface’s lines is too high, the presence of the texture should 
not influence the powder deposition.

Cold spray deposition process

Based on the results presented in the previous section on the 
different characteristics of the surface texturing resulting from 
the panels’ manufacturing, the powders have been cold- 
sprayed on the front face of each panel to benefit the effect of 
the texturing, as shown in Fig. 6.

The effect of the front face texturing of the polymer-based 
substrate on the cold spray deposition of metallic particles, 
such as aluminum powder, has been furtherly studied by 
SEM cross-section observations. In particular, it is possible to 
note from Fig. 7 that the particles are entirely entangled within 

Table 3. Combination of CS process parameters used in this research activity.

Panels Gas Pressure [bar] SoD [mm] Gas Temperature [°C]

FO 6 10 250
6 10 300
6 10 350
6 10 400

LFC 6 10 250
6 10 300
6 10 350
6 10 400

HFC 6 10 250
6 10 300
6 10 350
6 10 400
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Figure 5. Illustrative sketch and optical images of the layup sequences and stratification of 3D-printed composite substrates. The nomenclature chosen was highlighted 
in the previous paragraph.

Figure 6. Real picture of 3D-printed laminate (FO configuration) reporting the confocal microscope observations of both the front and the back faces of the panel.
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each valley traced by two consecutive polymer tracks and this 
seems to guarantee an improved adhesion and a relatively high 
coating thickness and homogeneity. The polymer track valley 
was highlighted by the red dash-line in Fig. 7.

The macroscopical effects of these phenomena can also be 
pointed out by observing the top view images of the coated 
panels. In fact, it is possible to notice from Fig. 8 the presence 
of metallic bands, made of cold-sprayed aluminum particles, 
on the surface of the polymeric substrate; this is due to the 
capacity of the particles to deposit into the portions between 
two contiguous polymer-based filaments, evidencing the ben
eficial effect of the surface texturing.

After inspecting the impact of the surface texturing of the 
specimen on the deposition, namely on the bonding mechan
isms involved, it was necessary to highlight the influence of the 
layup sequence and the strategy of panels’ manufacturing. In 
order to do so, the first parameter the authors analyzed was the 
surface coverage, which is a good indicator of the number of 
particles effectively adhered to the substrate.[42] The results 
obtained for the three typologies of substrates, by varying the 
gas temperature of CS deposition, are shown in Fig. 9.

It is possible to notice that for all the layup sequences, a rise 
in the temperature leads to an increment of the surface cover
age, reaching values also of about 90% in the coating core.

Regardless of the temperature values analyzed, it is also 
possible to notice from Fig. 9 that the best performances in 
terms of surface coverage are guaranteed by the LFC panels 
(with the layup sequence “matrix-matrix-reinforcement”). 
This result is also confirmed by SEM observations showing 
the surface coverage, made of aluminum particles, for each 
substrate typology (Fig. 10).

It can be seen from Fig. 10b that for the LFC layup sequence, 
the coating appears denser and more compact than the others 
with excellent metallic coverage and few voids inside. However, 
with an increase in the gas temperature, the differences in 
terms of surface coverage among the three layup sequences 
tend to smooth out. In fact, it is possible to notice from Fig. 9 
that the percentage increase of the surface coverage for LFC 
panels, for FO and HFC laminates, remains in the relatively 

Figure 7. Cross-section SEM image of a coated specimen. The particles are 
completely locked into the surface texture.

Figure 8. Optical observations of the boundary portion of a coated specimen. The surface texturing is evident with the particles get entangled in the space between two 
contiguous polymer-based filaments.

Figure 9. Surface coverage for different substrates and temperatures.
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small range of 2.5% when the temperature of the impinging gas 
is 400°C, and it seems to be greater than 9% for lower values of 
the gas temperature, such as 250°C. The main result is that the 
effects of the manufacturing strategy of the panels tend to be 
less important with the increase in the gas temperature values.

The coating height analysis furtherly confirms the results 
obtained for the surface coverage. In particular, it is possible to 
observe from Fig. 11 that for LFC and HFC panels, an increase in 
the gas temperature causes an increase in the coating thickness.

Regarding the FO panels, in contrast to what was observed 
for the other two configuration substrates, there is no appreci
able trend of the coating height with the increase in the gas 
temperature. That means that for every gas temperature value 
under investigation, the adhesion mechanism involved for this 
configuration is not influenced more by the cold spray process 
parameters effectively (such as the gas temperature); the effects 
of the manufacturing process and layup of the panels seem to 
have a noticeable influence. In fact, for unreinforced FO panels, 

it was found that the coating profile follows the morphology of 
the composite panel surface, meaning that the particles pene
trating within the substrate did not firmly anchor with the 
surrounding surface and did not promote the coating growth.

These results are confirmed by the pictures shown in Fig. 12 
reporting a representative roughness profile for each substrate 
typology.

By looking Fig. 12, it is evident that the manufacturing 
process of the substrates has a crucial influence on CS deposi
tion with the roughness profile of the coated FO panels that 
seems to be very similar to the uncoated one. A different 
behavior was observed for both LFC and HFC panels showing 
the presence of a thicker coating.

Discussion

Effects of the surface texturing

The texturing of the substrate can have a noticeable influence 
on CS deposition and the face in contact with the construction 
plate during the 3D-printing process was proved to be char
acterized by a smoothed roughness (Fig. 6) that does not 
promote the sticking of the sprayed particles with the impacted 
surface. This result was corroborated by literature where the 
beneficial influence of the superficial texturing has been 
observed for metal substrates.[45]

Such a result occurring because the powders that impact the 
space among the grid lines do not feel the presence of the grid 
itself. Therefore, it seems to be necessary that the valleys of the 
texturing had a comparable dimension to the feedstock powder 
diameter; this is a key factor for the particle interlocking 
between the substrate and the powders as the latter may 
impinge into the valleys becoming entangled. The superficial 
texturing characteristics are related to the deposition process of 
the contiguous Onyx filaments and can be changed by setting 
the 3D-printing process parameters.

It is known from the literature[21] that the metal coating 
grow-up on polymer-based surfaces is very difficult, if not 
impossible, due to energetic phenomena: the anchorage energy 
between the polymeric substrate and the metallic first layer is 

Figure 10. SEM images of the surface of the coatings for the three layup sequences (a) FO, (b) LFC and (c) HFC, respectively. The temperature was set at 250°C.

Figure 11. Coating height evaluation for different deposition temperature values 
on different composite layup sequences.
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smaller than the energy required for the second layer adhering 
on the first one. The result is that the upcoming particles 
impacting the first layer remove the “un-bonded particles”, so 
producing erosion and disruption of the coating itself. The 
front face texturing, in this case, promotes the bonding 
mechanisms and the interlocking phenomena between the 
first layer and the substrate with the particles that are well 
entangled within each valley (see Fig. 7). That means that is 
very difficult for the upcoming particles to remove them as they 
remain firmly anchored to the polymer surface, so as they can 
provide the right energy upon impact the metallic layer, 
deforming and flattening, so promoting the coating formation 
and grow-up. These mechanisms prove the effectiveness of the 
texturing which can be properly defined through the manufac
turing route of the panel.

The particle interlocking mechanism was better observed at 
the boundary area of CSed coating track, where a few particles 
only possess the right velocity to adhere to the substrate. This 
intriguing adhesion mechanism is no visible within the core of 
the coating track due to the relatively high deposition efficiency 
of the CS process in that area. Moreover, the authors decided to 
analyze the boundary area also to better understand what are 
the main mechanisms involved at two contiguous polymer- 
based filaments during the deposition and, hence, what hap
pens when they overlap during the scan strategy. This analysis 
could be very useful in the future to plan and design the proper 
scan strategy for both the CS deposition and the panels’ 
manufacturing.

It is worth noting that the mechanisms that have been 
observed in Fig. 8 remain valid for all the substrate typologies 
as the top surface of the panels was obtained with the same 

filament deposition strategy; the process parameters chosen for 
the cold spray deposition can influence the number of depos
ited particles but do not affect the mechanism of adhesion 
involved and above discussed.

Effects of the panels’ manufacturing strategy

The results from Fig. 9 show an increase of the surface coverage 
values with the gas temperature, regardless of the panels’ con
figuration. The reason is that a rise in gas temperature causes 
an increase in the mean velocity of the powders[46]; that means 
that more particles can reach the right velocity to adhere to the 
substrate, regardless of the layup sequence of the panel. 
Moreover, an increase in the temperature of the carrier gas 
leads to the thermal softening of the powders that will deform 
more when impact the target surface leading to a wider contact 
area with the substrate and so to better deposition and cover
age. Furthermore, the substrate will soften too due to the 
relatively hotter gas impinging on it: in particular, the softening 
effect favors the embedding of the particles that firmly anchor 
with the polymer-based surface. The improvements in the 
deposition for higher temperatures is furtherly confirmed in 
the literature.[30]

The best performances of the surface coverage were found 
for LFC panels, for each value of the investigated gas tempera
ture. This beneficial characteristic may be explained as the LFC 
panel, compared to the FO panel, is charged with fiber layers, 
in agreement with the sequence “matrix-matrix- 
reinforcement”; as proved in literature,[25] the presence of the 
fibers within the laminate causes the particles to deform more 

Figure 12. Representative roughness profile of 3D-printed specimens. It is possible to notice that the coating on the FO (full Onyx) panels follows the morphology of the 
composite panel surface, while in LFC and HFC panels it is not possible to observe the original morphology of the substrate.
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upon impact, as they collide on a more rigid substrate.[21] 

A more pronounced deformation of the particles leads to 
a wider contact area between the particle and the substrates 
and better bonding. As a consequence, the upcoming particles 
do not cause erosion and detaching of the first particles depos
ited that are firmly anchored to the target surface. For this 
reason, it can be asserted that the deposition window of the 
fiber-reinforced polymers (like LFC panels) tends to be lower 
and narrower compared to the pure polymer (like FO panels 
made of Onyx matrix only): in fact, the particles colliding on 
a rigid substrate, due to the reinforcement inside, will tend to 
deform more causing adhesion even for relatively lower velo
cities. Hence, for a given impact velocity, more particles pos
sess the right velocity to adhere to the substrate for the 
reinforced LFC panels, so resulting in greater surface coverage 
values.

As regards the HFC panels, characterized by a higher 
volume percentage of fibers, it is possible to observe an 
improvement in terms of surface coverage compared to the 
full Onyx panel (FO), for the same reasons highlighted above 
for LFC panels. However, it is possible to notice that the surface 
coverage of this typology of panels is lower than LFC panels, 
which are characterized by a lower volume percentage of fibers 
interspersed with portions of matrix material. The layup 
sequence of HFC panels causes them to be more rigid than 
LFC panels. For these reasons, the superficial portion of the 
matrix cannot deform adequately upon impact, as the fibers 
constrain its deformation. It is worth noting that four layers of 
matrix characterize each typology of 3D-printed panels only on 
the top surface (Fig. 3 for more details). For LFC panels this 
constraining effect is partially eased by the presence of matrix 
material layers under every layer of reinforcement (remind the 
sequence “matrix-matrix-reinforcement”), supporting the 
deformation of the fibers and allowing for the surface matrix 
layer to deform more. This mechanism moves up the cold 
spray deposition window for HFC panels, compared to LFC 
configuration, due to the greater content of fibers within the 
composite substrate. In particular, the minimum adhesion 
velocity increases for the above mentioned reasons as the 

panel becomes more rigid, as also demonstrated in the litera
ture .[47] From the outcomes above discussed, an optimal value 
of fiber volume fraction seems to exist. For substrates built 
using this optimal configuration, the cold spray deposition was 
proved to give the best results. This further proves that the 
composite stratification, layup sequence and fiber density, 
which are strictly related to the composite manufacturing 
processes, have a noticeable influence on the CS deposition 
process.

At the same time, the maximum velocity for the adhesion to 
occur (the erosion velocity) tends to become lower for both 
LFC and HFC panels. Because of the excessively high velocities, 
the particles tend to erode the substrate easily as the polymer 
cannot deform rapidly enough at such high velocities, as the 
fibers tend to constrain it. It is evident that this phenomenon is 
more pronounced for HFC panels. An explanatory sketch of 
the effects of the panels manufacturing and layup construction 
on the cold spray deposition window is reported in Fig. 13.

It is worth noting that the above mentioned considerations 
remain valid for each temperature value of the carrier gas. 
However, when the relatively hotter gas carrying the particles 
impinges the reinforced substrate, the thermal softening effects 
of the material become more important so that the constrain
ing phenomena produced by the fibers are released without 
noticeable stiffening effects for the polymeric substrate. At 
relatively higher temperatures of the gas, the softened polymer 
matrix can flow more freely and deform upon impact.[29] The 
result is that the powders, under these gas conditions, impact 
a less rigid surface because the contribution of the fibers to the 
stiffening of the panels is less prominent and does not produce 
severe deformation of the particles resulting in a lower incre
ment of the metallic coverage compared to the unreinforced 
panels.

As a result of these considerations, it can be asserted that the 
presence of the fibers has a beneficial effect on particle adhe
sion. However, a limit fiber content/fiber-layer thickness value 
exists, upon which the beneficial effect of the reinforcement is 
nullified and an overall lowering of the properties in terms of 
adhered particles is observed.

Figure 13. Illustrative sketch of deposition windows for three different typologies of substrates. The deposition window of both LFC (ΔVLFC ) and HFC (ΔVHFC ) panels tend 
to be lower and narrower compared to that of FO (ΔVFO) panels: ΔVFO>ΔVLFC>ΔVHFC .
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The results obtained from the surface coverage analyses 
were also confirmed by the coating height graphs (namely, 
with the increase of the gas temperature, more particles can 
reach the right velocity to adhere and the thermal softening 
effects become successfully for deposition[48]). However, the 
difference in trend observed for FO panels is related to the 
increased penetration of the particles within the unreinforced 
polymeric matrix that is more evident in the FO panels, being 
the substrate less rigid than the reinforced LFC and HFC 
panels. As proved by the relatively low values of the surface 
coverage from the analysis above discussed, for FO panels the 
particles seem to not fully adhere to the substrate and are 
carried off from the impinging particles hindering the coating 
growth. This phenomenon takes place also at relatively higher 
temperature values of the carrier gas as the particles further 
penetrate the softened target surface. That is the reason for 
which the coating height is the lowest for FO panels.

Moreover, for FO laminates, the relatively soft surface seems 
to not cause severe deformation of the impacting powders, so 
resulting in a poor adhered metallic layer tending to be 
removed from the upcoming particles.[28] It follows that, for 
this kind of sample, the coating grow-up is very difficult and 
the coating was proved to track the morphology of the panel 
surface with visible peaks and valleys of the coating profile (see 
Fig. 12). Hence, the coating height is strongly affected by the 
morphology of the substrate, which in turn depends on the 
manufacturing strategy adopted. In fact, it was proved that this 
phenomenon seems to be not so prominent for the reinforced 
panels (for both LFC and HFC laminates) that show an appre
ciable coating profile highlighting the ability of the particles to 
form a thicker metallic coating.

All the results found in this activity prove that the bonding 
mechanisms involved depend on the substrate typology, the 
substrate scan strategy and the layup sequence. In fact, the 
beneficial effects of the fibers within the laminates were also 
confirmed by the results above.

It is evident that the 3D-printing manufacturing process for 
the composite laminates represents a potential solution for the 
customization of the panels that should be produced to fit 
better the CS deposition requirements.

Conclusions

The aim of this research work was to develop a novel manu
facturing route of integrated 3D-printed composites and cold- 
sprayed metallic layer in order to obtain tailored hybrid con
structions with enhanced properties. For this purpose, both the 
layup sequence and stratification of the composite substrates 
and the cold spray process parameters were varied to study the 
fabrication process in its wholeness. Therefore, based on the 
experimental results presented and discussed in the previous 
sections, the following conclusions could be drawn:

ǒ The integrated manufacturing solution here developed 
involving the FFF technology and the cold spray techni
que for the production of tailored composite structures 
was proved to be effective.

ǒ The effects of the surface texturing of the 3D-printed 
panels on CS deposition were proved: the distance 
among the valleys of the texturing should have 
a comparable dimension to the feedstock powder 
diameter. The best results of depositions were 
obtained when the like-grid surface’s lines is in the 
range of 100 μm. Higher values of distance do not 
promote the particle deformation and adhesion.

ǒ The best values of the surface coverage were found for 
LFC panels and for the highest value of the gas tem
perature investigated (T = 400°C). This is due to 
a larger number of particles reaching the right velocity 
to adhere and the thermal softening effects experi
enced by the substrates. The difference in the surface 
coverage values among the three layup configurations 
was found to be maximum (greater than 9%) for the 
lowest value of the gas temperature (250°C). For this 
condition, the panels’ manufacturing strategy becomes 
more important.

ǒ The coating height was proved to increase with the gas 
temperature and it reached the highest values (≈45 μm) 
for LFC panels metallized with a gas temperature equal to 
400°C. For FO panels the coating height did not show this 
trend as the particles impact on a less rigid surface that 
does not promote the coating buildup. This proves the 
beneficial effects of the fibers within the laminate on the 
CS deposition process.

ǒ A threshold fiber content/fiber-layer thickness value was 
proved to exist, upon which the beneficial effect of the 
reinforcement is nullified and an overall lowering of the 
properties in terms of surface coverage and coating height 
is observed.

Based on the results obtained, it can be asserted that the 3D- 
printing process represents a very promising and potential 
solution for the manufacturing of the composite structures to 
be used as substrates for the cold spray deposition; in this 
regard, a more detailed study based on the influence of the 
panels’ manufacturing strategy and the fiber volume density of 
the composites will be planned by the authors, aiming to better 
understand the effects of these parameters on the 3D- 
integrated process.
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