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In this work, the manufacturing through cold gas dynamic spray (cold spray or CS) of metallic composite
coatings of Al-Al2O3 on organic composite substrates with thermoplastic PLA matrix and hemp fibers was
studied. Alumina powders, with a mean diameter of 50 lm, were used blended with aluminum powders in
three different weight concentration percentages (0, 15, 20, and 45%) as feedstock material in order to
highlight and discuss the variations of the coating surface properties depending on the alumina percentage.
The coatings were produced by using a low-pressure cold spray equipment. A detailed experimental
campaign, including microstructural observations and confocal microscopy, was carried out to study the
structure of the coatings. Moreover, the tribological behavior of the coatings was studied through both
scratch test and pin-on-disk test. The experiments showed that a small addition of alumina improves the
compactness of the coating and its resistance to scratch and wear behavior.
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1. Introduction

In the recent years, more and more interest was directed to
the tailoring of materials: aiming to save resources and optimize
properties, the materials are engineered to better respond to the
requests that arise during commissioning (Ref 1). In this
context, the composite materials have emerged thanks to the
possibility of totally varying their characteristics by suitably
choosing fibers and matrices (Ref 2-4). A further opportunity is
to give different properties to the substrate and bulk material: it
may be important, for example, to provide scratch and wear
resistance to the workpiece surface and to assign the mechan-
ical properties to the innermost layer (Ref 5). A possibility that
has not yet been thoroughly explored, having to face the
difficulty of coating thermosensitive materials such as polymer
matrix composites, is producing composite coatings on com-
posite substrates (Ref 6).

In fact, conventional coating techniques, like plasma
spraying or thermal spraying, are not suitable for tempera-
ture-sensitive materials, such as composite materials or plastics
(Ref 7). For these reasons, further techniques involving
temperatures well below the melting point of the material have
been investigated, and in this scenario, cold gas dynamic spray
technology (commonly referred as cold spray) has gained
increasing interest in this research context. In cold spray, high-
velocity micron-sized particles of a powder impact on a
substrate, forming a thin metallic layer (Ref 8). This technology
produces near-theoretical density, thick coatings that exhibit
good fatigue performances, high conductivity, excellent corro-
sion behavior and higher hardness and UTS than the bulk
material, due to the intrinsic characteristics of the process (Ref
9-11). Because the particles are heated in the gas stream only to
a fraction of their melting temperature, the cold spray could be
an effective technique to create coatings with materials
sensitive to high temperatures. Upon impact with a target
surface, conversion of kinetic energy to plastic deformation
occurs, the solid particles deform and bond together, granting
strong adhesion of the powders on the substrate (Ref 12).
Acceleration of particles to high velocities is obtained via
expansion of a pressurized gas through a converging-diverging
DeLaval nozzle (Ref 13). In order to adhere on the substrate,
the particles have to reach a critical value of impact kinetic
energy that depends on the mechanical and thermal properties
of the sprayed particles, on the carrier gas temperature (Ref 14)
and on the distance of the nozzle from the substrate, that is
called standoff distance (Ref 15). This technology has been
thoroughly studied and applied for metal substrates (Ref 16-
18), but much less has been said about the application on fiber-
reinforced plastics (FRPs) materials (Ref 19, 20). However, the
deposition of cold-sprayed coatings on composite material
substrates can be a very useful method to overcome some of the
composites weaknesses (Ref 21). For example, the presence of
a metallic coating can vary their electrical and thermal
conductivities and improve their wear and flame resistance,
and in the same case, it can change the surface aesthetics
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appearance. In particular, considering that in the last decade the
interest of natural fiber composites (NFCs), or bio-composites,
is grooving more and more, it is interesting to consider them as
a possible substrate to coat in order to extend their application
fields. (Ref 22). These materials are gaining an increasing
interest in materials research field (Ref 23, 24), due to the
necessity to attain sustainability standards and the growing
environmental awareness (Ref 25). Indeed, if, the on one hand,
the use of the bio-composite materials is associated with a lot of
advantages, on the other hand, some of their applications are
quite limited due to intrinsic disadvantages that characterize the
NFCs such as their poor wear and flame resistance and in some
cases their aesthetic appearance.

Therefore, to overcome these issues related to their super-
ficial properties, the deposition of a metallic coating can give an
important contribution.

Among various kinds of natural fibers used as reinforcement
in NFCs, the hemp fibers are one of the most interesting ones,
they have low density, low cost, high specific strength when
compared to glass or aramid fibers, and their plant can easily be
grown around the world and has the ability to extract heavy
metals from the soil makes. It has been investigated that
producing hemp-based natural fiber-reinforced thermoplastic
mats yield an appreciable reduction in costs of about 20% and
weight reduction of 23% compared with commercially avail-
able glass fiber-reinforced composites (Ref 26).

Regarding the matrix, both thermoplastic and thermoset
polymers were widely used as matrices of NFCs, but with the
aim to use the most environmental polymeric materials, the
polylactic acid (PLA) is one of the best candidates (Ref 27). It
is a synthetic polymer derived from natural monomers (Ref
28, 29, 23, 30). Therefore, on the basis of what above said,
hemp-PLA composite was selected as substrate of this work.
In previous papers of the authors, pure aluminum was
deposited on the same substrates (Ref 31) and a slight
percentage of alumina was added aiming to improve the
buildup of the coating (Ref 32); in this work, alumina was
homogeneously dispersed in the powder mix. In fact, the
presence of hard particles can lift the deposition efficiency up
to 20-30%, reduce the porosity of the coating (1-7%), and
remove poorly bonded particles on the substrate and have a
peening effect on the substrate (Ref 33). Those particles create
micro-asperities that favor the adhesion of the subsequent
particles, widening the contact area of the surface with the
powders (Ref 34). Moreover, creating cold-sprayed coatings
of ductile metals mixed with brittle ceramic materials would
enable physical and mechanical properties to be tailored.
However, particles have to be plastically deformed in order to
adhere to the coating and so less deformable materials, like
ceramic, cannot be efficiently deposited for the lack of plastic
deformation. Although they cannot produce a coating on their
own, hard ceramic particles can remove contamination,
oxides, and impurities on the surface and clean obstruction
in the nozzle. The aim of this work is to investigate the
adhesion mechanisms between the particles and the composite
substrate and to highlight the influence of the coating
composition, in terms of alumina quantity, on the surface
proprieties of the polymer matrix substrate. Four different
alumina/aluminum powder mixtures were investigated: 0, 15,
30, and 45% Al2O3 wt.%. In order to analyze the bonding
between the coating and the substrate, the specimens were
observed by scanning electron microscope (SEM), and
tribological analyses (pin-on-disk test for the wear behavior,

scratch test, and roughness measurements) were carried out in
order to characterize the coating.

2. Materials and Methods

2.1 Manufacturing of the Composite Laminates

Hemp-PLA laminates were used as the substrate. The
polymeric matrix chosen is made of films of biodegradable
polylactic acid (4042D supplied by NatureWorks), while the
reinforcement consists of a bidirectional woven hemp fabric,
with an areal density equal to 160 g/m2 (supplied by MAEKO
S.r.l). The abovementioned woven hemp fabric used for the
process was preliminarily treated by soaking it in 2% NaOH
solution at room temperature for 30 min. After the treatment,
fibers were scrupulously washed with water to remove any
traces of alkali on the surface of the fiber and subsequently
neutralized with 1% acetic acid solution and then dried in an
oven 12 h at 60 �C.

Laminates with a mean thickness of 2.0 mm were manu-
factured through the compression molding technique under a
pressure of 1.1 MPa applied for 5 min. The temperature was set
to 170 �C, according to the melting temperature point of the
polymer (Ref 35).

The mold was cooled down in air, while the pressure was
kept constant.

The fiber volume fraction was set equal to 30% according to
the literature (Ref 36-38) highlighting that this fiber content
allows reaching the best quasi-static and dynamic mechanical
properties.

In order to observe the cross section, the specimens were cut
by means of a precision hacksaw and incorporated in thermo-
plastic resin (Lucite provided by Leco) (Ref 39).

2.2 Cold Spray Deposition Process

For the cold spray deposition, a Dymet 423 low-pressure
cold spray machine was used and argon was adopted as carrier
gas. The choice of low-pressure equipment is a consequence of
the low velocities required when spraying on polymeric
substrates (Ref 40).

Micron-sized powders of aluminum alloy Al-Si12 were used
for the spraying process due to their high ductility and different
percentage of alumina (Al2O3) that were mixed in, in order to
investigate the influence of the metal matrix composite coatings
on bio-composites surface properties. A micrograph of the
powder mixture is shown in Fig. 1.

Aluminum and alumina powders are easily distinguishable
as the former have a rounded morphology, due to their ductile
nature, while the latter are clearly sharper and jagged. What was
acknowledged by visual inspection was confirmed through an
EDS (energy-dispersive x-ray spectrometry) analysis, whose
results are shown in Fig. 2, highlighting that the aluminum/
oxygen ratio is the one that characterizes alumina (37% Al,
63% O2), and Fig. 3 where the composition shown is mostly
aluminum (89% Al, 10%O2). Carbon is present in the EDS
spectrum as it is a coating element.

As for the particle size, the aluminum has a broad
distribution, shown in Fig. 4, in order to promote a higher
compaction factor among the particles of the coating. Alumina,
instead, has a mean size of 50 lm, as noticeable in Fig. 5. As
stated in Introduction, four different alumina/aluminum powder
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mixtures were deposited: 0, 15, 30, and 45% Al2O3 wt.%. The
values were chosen according to the literature. A minimum
value of 15 wt.% of alumina particles was chosen as only
approximately a 5% of the total amount of the ceramic powder
used effectively embeds the coating. An alumina percentage of
45% should be considered as an upper limit value, as exceeding

this quantity would cause the powder to erode and leave the
coating (Ref 32). The powders were combined using a sound-
assisted apparatus consisting of a Plexiglas fluidization column,
complying with the process outlined in literature (Ref 41). The
proper cold spray deposition parameters such as the inlet gas
temperature, the inlet gas pressure, and the standoff distance
were chosen according to the authors� previous work (Ref 31):
those parameters are in the middle of the deposition feasibility
window and were left unchanged, despite the use of different

Fig. 1 SEM micrography of aluminum-alumina powder mixture

Fig. 2 Alumina EDS analysis results: the diagram portrays the mean values calculated on the surface delimited by the red square shown in the
micrograph

Fig. 3 Aluminum EDS analysis results: the diagram portrays the mean values calculated on the surface delimited by the red square shown in
the micrograph

Fig. 4 Aluminum powder size distribution

Journal of Materials Engineering and Performance Volume 28(6) June 2019—3213



powders, in order to analyze only the influence of alumina.
Coating tracks were produced with gas pressure of 7 bar and
gas temperature set to 100 �C. The standoff distance remained
fixed during the process and set to 50 mm. The process
parameters were chosen by considering the necessity to
accelerate the particles up to the required velocity to obtain
adhesion and, in the same time, not heating up too much the
substrate avoiding any damage within the panel. In fact, the
problem of convective heat transfer, which can be neglected
when the substrate is a metal, must be carefully considered
when spraying on composite panels. The necessity to accelerate
the particles arises because, in order to have effective
deposition, the particle momentum has to be high enough to
avoid the rebound of the particles while not reaching values that
would cause strong erosion of the substrate or break the fibers,
as stated in the literature (Ref 42, 43). A k-type thermocouple
was used to measure the temperature of both the carrier gas at
the exit section of the nozzle and the substrate during the whole
process to set the process parameters properly. For each
different powder mixture, a track 80 mm long and 40 mm wide
was deposited with a single pass on the polymeric substrate
with a travel speed of the spraying gun of 3 mm/s.

2.3 Characterization of the Coating

Several tribological and optical analyses were carried out in
order to characterize the coating.

To observe the interface area between substrate and coating,
SEM observations were performed by using a Hitachi TM 3000
SEM on the cross section of the specimens.

Roughness measurements were taken by means of a
confocal microscope (Leica DCM3D). In this analysis, three
roughness parameters, according to EN ISO 4287-1997 stan-
dard, were considered:

Ra, the most acknowledged parameter for evaluation of
roughness, defined as the arithmetic mean of the absolute
value of the height within a sampling area;

Rq, the root-mean-square value of ordinate values along the
sampling length;

Rz, the maximum height of the roughness profile.

Pin-on-disk and scratch tests were also performed in order to
characterize in a more complete way the coating proprieties:
although panels are not usually subjected to slip and wear
stresses, our goal is to analyze the overall behavior of the
coating in order to leave open the possibility of different
applications. As regards the pin-on-disk tests, it was carried out
using a Ducom TR20-LE apparatus. The test consists of a fixed
steel ball (8 mm in diameter) pressing against a rotating
specimen under a fixed normal load of 5 N tracking circular
tracks with a radius of 20 mm and constant peripheral speed of
209,4 mm/s for 96 min without lubricant. The results are
provided in terms of depth of the track left by the passage of the
pin. These results were followed by a confocal microscope
analysis, which allowed to verify the depth values of the tracks
and by optical microscope observations, for measuring the
width of the tracks. The optical microscope used for this
analysis was an Hirox KH8700.

During the scratch test, the diamond scratch tool, used for
testing hard materials, is pressed against the surface of the
specimen using a fixed load and then moved with a constant
speed of 10,4 mm/s for fixed time steps (of 30, 60, and 90 s)
along a 250-mm track. The aforementioned test was carried by
means of Taber test machine. Both the tests were performed
according, respectively, to ASTM G99, for the pin-on-disk test,
and UNI EN 1071-3:2005 for the scratch test.

3. Results

3.1 Study of the Feasibility of the Deposition

The temperature measurements revealed that the highest
temperature measured at the exit of the nozzle was 160 �C,
while the substrate reached a maximum temperature of 120 �C,
well below the melting point of the matrix (Ref 44), ensuring
that its properties are not compromised.

From the visual inspection, it is immediately evident that
there has been deposition of powders on the substrate, as shown
in Fig. 6. The investigations carried out subsequently con-
firmed the effectiveness of this deposition.

The SEM analysis confirmed the correct adhesion: as shown
in Fig. 7, the coating has penetrated the substrate more than
10 lm approximately, regardless of powder composition inves-
tigated. Moreover, as the alumina percentage in the powders

Fig. 5 Aluminum and alumina powder size examples
Fig. 6 Coating obtained through cold spray deposition. The sample
depicted is the coating with 45% Al2O3 content
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increases, the harder particles have an intense peening effect
(Ref 45, 46) and the coating tends to get denser. The values of
surface roughness parameters for each kind of sample, obtained
by using the confocal microscope, are shown in Fig. 8.

It seems evident that the roughness of the coatings has
always a greater value than the roughness of the substrate, and

this aspect can be explained due to the different nature of the
compared surfaces.

In fact, from the comparison of the roughness values of the
various coatings, it is clear that as the percentage of alumina
present in the mixture of powders increases, the roughness
increases.

In particular, the coating made with a mixture of powders
containing 45% of alumina appears to have a roughness
significantly higher than all the others; in fact, with reference to
the average roughness value Ra, there is an increase of 500% in
passing from the coating containing 30% of alumina to that
with 45%. This can be explained as the process parameters
chosen were same in each deposition, proving to be inade-
quately low for mixtures of powders with such a high content
of Al2O3 particles. Moreover, alumina particles deform their
shape less than aluminum particles during the impact. It should
be noticed that a higher roughness is preferred when it is
intended to carry out painting operations as it increases the
adhesion of the paint (Ref 47). Furthermore, alumina hard
ceramic powders produce micro-asperities that promote the
bonding of the subsequent Al particles that impact on the
coating underneath and widen the contact area between the
substrate and the coating. However, another phenomenon
emerges when the percentage of alumina is high, nullifying the
beneficial effect on the growth of the coating: the alumina
particles impact with high kinetic energy on the lower layers.
Since a lower amount of energy is dissipated due to the

Fig. 7 SEM images of coatings with 0% (a), 15% (b), 30% (c), and 45% (d) Al2O3 content

Fig. 8 Results and comparison of roughness analysis

Journal of Materials Engineering and Performance Volume 28(6) June 2019—3215



deformation, we would, therefore, have that the particles with
high energy, impacting the newly formed coating, tear off a part
of it preventing further growth. When alumina percentage
reaches the 45%, this phenomenon prevails on the positive
effect on bonding carried out by alumina particles, resulting in a
discontinuous thin coating (Ref 32, 48).

Example images of the confocal microscope acquisition and
Hirox micrography used to evaluate the track�s parameters are
shown in Fig. 9 and 10, respectively.

Fig. 9 Confocal image of the 15% Al2O3 specimen for evaluation of the depth of the tracks on the coating after the pin-on-disk test

Fig. 10 Hirox image of the 0% Al2O3 specimen for evaluation of
the width of the tracks on the coating after the pin-on-disk test

Fig. 11 Results and comparison of pin-on-disk test in terms of
depth of the tracks [lm]
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By looking at Fig. 11, it can be seen that with the increase in
alumina concentration, the tribological performance of the
composite systems initially tends to increase, as the pin
penetrates less in the coating. However, when the concentration
exceeds the 15%, the behavior of the coating tends to get worse
due to the loads applied; therefore, alumina starts to break away
from the coating causing an overall worsening of the propri-
eties. Analyzing these results, two main phenomena emerged:
adding a small percentage of alumina increases the compaction
factor and hardens the coating; this results in better wear and
hardness proprieties.

It is noticeable that for a 45% of alumina, the wear behavior
seems to be worse than the uncoated substrate also in terms of
width of the trail, as shown in Fig. 12: with such a high
concentration of alumina, powders start to migrate from the
coating acting as abrasive particles and worsening the results. It
also has to be noticed that the width of the track may increases
due to the erosion of the pin as we can clearly see in Fig. 13:
Alumina particles tend to consume the pin more than pure
aluminum causing an overall widening of the track as the
contact surface gets broader.

As for the scratches test, the depth and width measures of
the scratches made on the various coatings were estimated with
observations under the Hirox microscope: in Fig. 14, we can
see the track left from the penetrator during the abovemen-
tioned test.

The diagrams shown in Fig. 15 and 16 report the results of
the scratch test; each figure highlights the behavior of the
different coatings, fixing the applied load, as the duration of the
tests varies.

As can clearly seen in the previous figures, the depth and
width of the track left from the scratch tools decrease as
alumina is added to the coating, but just like it was noticed with
pin-on-disk test, a worse behavior occurs when the quantity of
Al2O3 exceeds the 30%.

By looking at these figures, another phenomenon emerges in
this case: when the percentage of alumina is over 30%, alumina
particle migrates from the coating to the diamond tool, acting as
a built-up edge.

Fig. 12 Results and comparison of pin-on-disk test in terms of the
width of the tracks [mm]

Fig. 13 Pin surface erosion after the test (3000 s): a) pin used to test a 45% Al2O3 specimen and b) pin used to test a 15% Al2O3 specimen

Fig. 14 Hirox image for evaluation of the width of the tracks on
the coating after the scratch test
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4. Conclusions

• The first result obtained after the study conducted is repre-
sented by the possibility of making coatings with each of
the mixtures of powders used (pure aluminum, 15%
Al2O3, 30% Al2O3, and 45% Al2O3); therefore, the cold
spray system seems to be an effective method to create
composite metallic coatings on hemp-PLA composite sub-
strates. Moreover, according to SEM analysis, a good (but
can be further improved) compaction of the coating is ob-
tained.

• Alumina particles are not able to form a coating on their
own, but they cause a roughening of the impacted surface
and carry out a peening effect of it. This causes an in-
crease in the adhesion of the subsequent layers due to the
micro-asperities formed.

• As the alumina percentage increases, roughness turns out
to be increasing up to 500% in passing from the coating
containing 30% Al2O3 to that with 45%.

• Introduction of alumina in the mixture leads to an
improvement in the surface properties of the components
in terms of wear behavior, up to the 60% when the con-
centration of Al2O3 does not exceed the 15%. A further
increase of this wt.% to 45% Al2O3, causes deterioration
of the surface. The scratch behavior has a similar trend to
the wear behavior, with the best performances reached
with an alumina content of 30%.

• Observing the tribological analyses carried out, it can be
said that the best characteristics, in terms of process effi-
ciency and quality of coatings, are obtained with the mix-
ture of powders with 30% Al2O3.

Furthermore, the studied process allows to carry out partial
coatings of the substrate which can give different properties to a
single part of a component.
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