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Abstract

A previous study on the pull-off testing of metallized
carbon fiber reinforced polymers (CFRPs) via cold spray
showed that better adhesion strengths could be obtained when
features such as carbon fibers or surfacing elements were
present, by providing potential mechanical interlocking
features. In this work, the effect of the fiber orientation on the
deposition and bonding of the metallic coating to the
thermoplastic composite substrate is explored. Pure Sn powder
was cold sprayed onto two thermoplastic Polyether-Ether-
Ketone (PEEK) CFRP substrates, containing carbon fibers with
different orientations: one had fibers in the plane of the
substrate (uni-directional tape), while the other had fibers
mostly perpendicular to the substrate (ZRT film).
Characterization of the coatings was performed via scanning
electron microscopy (SEM) and confocal microscopy, and
some aspects of mechanical testing (namely wear and scratch
testing) were carried out to assess the effect of the substrate on
the properties of the coatings.

Introduction

Applying metallic coatings to polymers and polymer
matrix composites, or “metallizing”, has been the focus of
numerous studies over the past few decades [1]. The considered
applications have ranged from lightning strike and
electromagnetic field protection [2, 3], to protection from wear
or erosion [4-6], as well as de-icing/anti-icing applications [7,
8]. Typically, metallized carbon fiber reinforced polymers
(CFRPs) could be valuable new materials to consider for the
aerospace industry as they would combine higher strength-to-
weight ratios than standard aluminum alloy counterparts, with
the beneficial surface properties of metals.

Some solutions have involved using vacuum
deposition techniques [4, 5], but these techniques are limited in
terms of industrial upscaling. For large parts, they would
require cost-intensive processes to develop large metallic
coatings, and the potential to develop thicker coatings (e.g. over
100 um) is quite limited [9]. Thermal spray has appeared as an
interesting industrial approach to the rapid development of
coatings across large surface areas, and with variable, easily
controllable thicknesses. Several researchers have successfully

achieved coating deposition with flame spray [7], wire-arc
spray [10, 11], or air plasma spray [12], but these techniques
utilize high levels of thermal energy, which can notably lead to
oxidation of the metallic feedstock as well as heat damage to
the substrate [3].

Cold-spray would appear as a more legitimate
approach to the metallization of CFRP as it relies on relatively
lower temperatures of operation than other thermal spray
techniques [13], and it even has the potential to be scaled-up to
be considered as an additive manufacturing technique [14].
However, cold-spray relies on the acceleration of particles to
supersonic velocities, that will enable plastic deformation upon
impact with the substrate, a necessary condition for metal
powders to bond to metal substrates. In the case of metal
powders on polymer substrates, the dissimilar nature of the
materials, has often led to erosion of the substrate [15, 16].
Several key approaches to improving deposition have been
taken, notably, by exploring various types of polymeric
substrates [11, 17], various feedstock powder materials [15, 18,
19], various feedstock properties (e.g. different particle sizes
[20], use of powder mixtures [21-23]) or surface preparation
conditions. For the surface preparation, several approaches
have been performed with some advancements concerning the
development of interlayers [16, 24], while others explored the
surface treatment of the polymeric substrate [25-27]. The works
of Che et al. [15], then Liberati ef al. [27], have helped better
describe the mechanisms for cold spray deposition of tin onto
CFRP substrates: they established that a “crack-filling”
mechanism enabled the deposition of tin onto the CFRP [15],
and that the bonding was enhanced by the presence of surface
features (fibers, surfacing elements) that allowed mechanical
anchoring of the coating at the surface [27].

Nevertheless, in all studies, little attention has been given to the
actual fibers and their potential role in the metallization process.
Some work has been performed [28] on characterizing the
mechanical properties of CFRP substrates with different fiber
orientation, but this has not been carried out with the
perspective of developing coatings on the substrate. This study
offers a first approach to characterizing the effect of fiber
orientation on the cold-spray deposition of tin onto CFRPs. In
this work, pure Sn powder was cold-sprayed onto two
thermoplastic ~ Polyether-Ether-Ketone ~ (PEEK)  CFRP
substrates, containing carbon fibers with different orientations:
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one had fibers in the plane of the substrate (uni-directional
tape), while the other had fibers mostly perpendicular to the
substrate (ZRT film). The coatings were characterized via
secondary electron microscope (SEM) and confocal
microscopy, and some aspects of mechanical testing (wear and
scratch testing) were carried out to assess the effect of the
substrate on the properties of the coatings.

Experimental Methods

Materials and Cold-Spray Conditions

The feedstock material used in this work, which was
characterized in [29], is a spheroidal Sn powder (CenterLine
SST, Windsor, ON, Canada) with a median particle size (Dso)
of 13 um and a hardness of 8 = 1 HV ;. The particle size was
measured with a wet laser diffraction particle size analyzer
(FlowSync, Microtrac, PA, USA), and the average Vickers
hardness of the feedstock powders was measured by mounting
the powders, grinding to a metallographic finish and using a
Clark CM-100AT Microhardness Tester (Sun-Tec, Novi, MI,
USA) for a penetration time of 15 s under a load of 10 gf on 10
well-spaced areas. The error given for the hardness values
corresponds to the standard deviation of the measurements. Tin
was chosen based on its softness with the concept that any
differences may be related to the substrate. Also, it is one of the
simpler materials to spray on CFRP substrates, being the center
of a number of studies [15, 17, 21, 22, 27, 29-31].

The substrates used in this work are a ZRT/PEEK film (Boston
Materials, Bedford, MA, USA) and a carbon fiber/PEEK (CF-
PEEK) unidirectional tape (Toray Cetex© TC1200, Toray
Advanced Composites, USA). The ZRT/PEEK film is
developed by means of vertically orienting sub-millimetre
carbon fibers using the roll-to-roll process, to produce thin films
of carbon fibres aligned in the normal direction, in a PEEK
polymer matrix. The reclaimed fibers are dispersed into water
and subjected to a magnetic field in order to be vertically
aligned [32]. The water is then evaporated and the ZRT film is
left dry on the carrier film, ready to be processed according to
the desired application. The ZRT film is then melt infiltrated
with PEEK, yielding the ZRT/PEEK film: this substrate will be
referred to as the Z sample. The CF-PEEK unidirectional tape
is composed of continuously long carbon fibers bonded and
aligned by a semi-crystalline PEEK matrix forming a
unidirectional tape, which is then isotropically layered up to the
appropriate thickness via compression molding. This sample
will be referred to as the XY sample. The hardness of these
substrates was measured as per the powders and was found to
be between 22 and 36 HV.01.

The cold spraying was performed at the McGill-NRC cold
spray facility at National Research Council Canada in
Boucherville (QC, Canada). The cold spraying was performed
at low pressure with a commercially available CenterLine SST
SSM-P3300 system (Supersonic Spray Technologies,
CenterLine Windsor Limited, Canada) and a #440-00125
standard straight, round, stainless-steel nozzle. This choice
enabled the use of the so-called ‘‘downstream injection’” mode,
where the particles are injected in the main gas stream after the
throat of the nozzle. The risk of clogging the nozzle when using

metals with low melting points, such as tin, is thus reduced. The
primary cold spray parameters were a gas temperature of 330°C
and pressure of 60psi (0.41 MPa). These parameters were
chosen based on previously successful cold spray campaigns
with tin [15, 21, 29, 30] and at the selected conditions, a degree
of melting was observed in previous work [15, 21]. The carrier
gas was nitrogen, the standoff distance was 18 mm, the step size
was 1 mm with 22 steps, and the gun travel speed was 25 mm/s.
The powder feeder rate was set to 1 revolution per minute
(RPM), which gave a measured feeding rate of 11 g/min,
measured every three sprays to assess the variation. The
substrates were cleaned with ethanol, but not grit-blasted to
avoid damaging the substrate. They were then pre-heated by
operating a single pass, without powder injection, at the given
conditions. Then, only one pass was sprayed for each set of
conditions. The deposition efficiency (DE) of the spraying
process was determined as described in [29]: the mass of the
substrate was measured before and after spraying, and the mass
deposited on the sample was compared to the amount sprayed
at the sample when the cold spray gun was above the substrate.

Substrate and Coating Characterization

Before and after coating, the samples were characterized with a
Keyence (Osaka, Japan) digital microscope, a scanning electron
microscope (SEM) (Hitachi S-3400N, Tokyo, Japan) and a
confocal microscope (Olympus BX-41, Tokyo, Japan).

A reciprocating ball-on-disc tribometer (Anton Paar TriTec SA,
Switzerland) was used for wear testing of the as-sprayed tin
coatings. The testing parameters are given in Table 1. These
conditions are based on previously reported contacting and
moving assembly test conditions [33, 34]. The wear tests wear
performed in two different directions of the sample: the 10N
wear test was performed perpendicular to the gun movement
direction (in the step direction), while the 18N wear test was
performed parallel to the gun movement direction (gun traverse
direction).

The depth of wear tracks was measured using a confocal
microscope (Olympus BX-41, Tokyo, Japan). The wear area
(mm?) was calculated by integrating the wear track profiles with
the software Origin: the baseline of the track profile was first
removed, then the absolute area of the profile is integrated to
remove the pile-up from the total volume. The wear area was
then multiplied by the track length (mm) to determine the wear
volume (mm?). Finally, the wear volume was normalized by
dividing with the applied load (N) and total sliding distance (m)
to obtain the wear rate (mm>/N-m).

Table 1: Friction test parameters for the ball-on-disc
tribometer

Applied load (N) 10, 18
Sliding velocity (cm/s) 3.14
Track length (mm) 10
Frequency (Hz) 1
Total sliding cycle 3000
Total sliding distance (m) 60
Counter body ALO3
Counter body diameter (mm) | 6.35
Test temperature (°C) 25




Scratch testing (Micro-Combi, Anton Paar, Switzerland) was
performed on the coatings cross sections according to the
ISO/WD27307 working draft [35] to characterize the cohesive
bond strength of the coatings, as previously reported in [36, 37].
A Diamond Rockwell indenter with a radius of 20 pm was used.
Constant normal loads of 10 N were tested. Scratch speed was
kept constants for all tests at 3.5 mm/min to keep results
consistent and comparable among each other. The scratch
length was kept at 3 mm for all tests and started in the substrate
(300 um away from the coating) and finished in the resin. 8
scratches were performed for each sample. The scratch tracks
were observed by SEM to reveal the failure mechanism.

Finally, the wear tracks and counterballs were examined after
testing by SEM and the chemical composition was determined
by energy-dispersive X-ray spectroscopy (EDS). The samples
were then mounted and cut in the perpendicular direction to the
wear tracks. Subsequently, SEM was performed on the polished
cross-sections to study any changes within the sub-surface.

Results & Discussion

Characterization of the top surface before coating

The top surface of the XY and Z CFRP substrates were first
observed under a Keyence microscope, to establish the surface
profile that the cold-sprayed Sn particles would impact. These
results are presented in Figure 1. In these images, the fibers
appear as the bright white strands, the uniform grey features
represent the PEEK resin matrix and the darker (black) features
represent areas devoid of the polymer matrix. From Figure 1
(a), it appears that the fibers are within the plane of the
substrate, and that a number of voids are present along the fibers
at the top surface. On the other hand, two sets of fibers appear
in Figure 1 (b): small disks and randomly oriented fibers. This
is to be expected as fibers in the Z direction would reveal a disk
morphology when observed from the top-surface view. For the
longer fibers, these may be remnants that appear in the
production process, by short fibers that dislodge from the
initially prepared film. Along the fibers, there are also areas
devoid of the PEEK matrix that are either rounded areas or
linear voids. These could come from surface features that would
have been lost in the preparation process. Liberati ef al. [27,29]
suggested that surface features such as carbon fibers could help
improve first layer deposition, and therefore ensure better
coating build-up, so it could be expected that the XY sample
would allow for better deposition of tin on the CFRP, as it
seems to provide more potential anchoring points. It is worth
noting that only the fiber orientation was considered in this
work, and that other substrate properties, such as volume
fraction of fibers in the CFRP are not considered, but could play
an important role.

Roughness measurements were performed on the top-surface of
both substrates with a confocal microscope. While the fibers
were also visible on the images (not presented here), the surface
roughness seems comparable at a macroscale (magnification of
10x, area of 3.6 * 3.6 mm?) and at a microscale (magnification
of 50x, area of 722 * 722 pm?). These results are summarized
in Table 2.

Figure 1: Keyence digital microscope images of the substrate
top surfaces at 500x: (a) XY, (b) Z.

Characterization of the sprayed sample

Top-surface characterization

For the XY sample, the DE was calculated to be 13%, while a
slightly higher DE of 17% was calculated for the Z sample.
Therefore, the deposition on the Z sample was slightly better
than on the XY sample, which is opposite to the expectations
developed based on previous references, that could indicate that
the XY sample with more potential anchoring points could lead
to better deposition [27, 29].

The top surface of the sprayed samples was characterized by
SEM and the images are presented in Figure 2. For the XY
sample (Figure 2 (a)), there is a similar distribution of craters
and solid particles, that are similar to the larger particles of the
initial particle size distribution (Fig. 2 (a) of [29]). On the other
hand, the Z sample seems to have more unmelted particles on
its top-surface. Given the spray parameters were the same for
both samples, this is an unexpected result.

Roughness measurements were performed after spraying with
the confocal microscope (presented in Table 3). Here, more
differences were observed between both samples: the roughness
(Sa) and root mean square roughness (Sq) were greater for the
XY sample than for the Z sample, both at the macro-scale and
micro-scale. The surface profiles were acquired and are



presented in Figure 3. The surface profile of the XY sample (7%
blue area, Figure 3 (a)) seems to show less variation than the Z
sample (14% blue area, Figure 3 (b)). Also, the valleys of the
XY sample are slightly deeper than those of the Z sample (depth
profile between 0 and 107 pm for XY, and between 0 and 96
for Z). As a result it would seem that there is more irregularity
in XY than in Z, which would highlight an effect of the
substrate.

Cross-sectional characterization

The cross-sections of the sprayed samples were characterized
in the traverse and step directions, to observe any potential
correlation between fiber orientation and coating bonding. The
coatings were fully dense, with porosity measurements below
1%. The thickness of the coatings was also confirmed, with the
XY sample coating being around 140 pm thick, while the Z
sample was measured around 190 pum. As expected, this
difference of 30-35% is similar to that observed for the
deposition efficiencies of the coatings. The coating substrate-
interface for both samples are presented in Figure 4. These
images reveal the bright tin coating on top of the CFRP
substrate, for which the carbon fibers can be discerned as
rounded disks (or ellipses for the Z sample) or long threads.

In Figure 4 (a), it is possible to observe the tin depositing around
the carbon fibers of the XY sample which could lead to

kv 6.6mm % 'J BSE3D Ooum

increased mechanical interlocking. The same phenomenon
would be observed from Figure 4 (b), but, as this view is
perpendicular to the view of Figure 4 (a), it is difficult to
observe such interlocking. Nevertheless, there do not seem to
be any voids, which would indicate that the observed
mechanical interlocking observed in Figure 4 (a) is quite
continuous. Similar features are observed for the Z sample in
Figure 4 (c) and (d): the carbon fibers closest to the surface
seem quite well encircled with tin. Given the Z-axis orientation
of the fibers and the observed voids at the top surface (Figure 1
(b)), it could be that the tin can mechanically interlock on a

Table 2: Surface roughness parameters before spraying

TMG 15.0kV 7

Sample | Mag. Sa(um) | Sq(um) Ssk Sku
XY x10 3.86 4.68 -0.02 | 2.83
x50 0.27 0.41 -2.34 | 11.60
7 x10 2.99 3.77 -0.25 | 3.67
x50 0.18 0.26 -2.20 | 16.02
Table 3: Surface roughness parameters after sprayin

Sample | Mag. | Sa(um) | Sq(um) Ssk Sku
XY x10 8.69 11.14 0.02 3.62
x50 9.05 11.73 -0.17 | 3.44

7 x10 7.57 9.68 0.14 3.60
x50 6.34 7.89 -0.05 | 2.85

Fzgure 2: SEM top-surfaces images of the cold-sprayed samples: (a) XY, (b) Z.

7.0mm x500

Figure 3: Confocal microscope top surface profiles after spraying (at 10x): (a) XY, (b) Z.
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Figure 4: SEM images of the coating cross-sections at the substrate-coating interface: XY sample, (a) view parallel and (b)
perpendicular to the traverse direction; Z sample, (c) view parallel and (d) perpendicular to the traverse direction.

greater depth with the Z sample, thus leading to better first-layer
deposition, and ultimately, better coating deposition. In turn,
this would explain the higher DE and coating thickness for the
Z sample.

Tin is a good candidate for the “crack-filling” mechanism,
because the impact of semi-molten tin particles generates
micro-cracking on the top surface, that the thermally softened
particles could then fill to mechanically interlock with the
surface [15, 27]. Here it seems that the defects offered by the Z
sample add to the cracks generated by the Sn impacts, allowing
for better coating build up than the XY sample.

Alternatively, the orientation of the superficial fibers could then
be playing a larger role than expected: while most hypotheses
on bonding have considered the micro-cracking or the nature of
the surface, little attention has been given to the mechanical
attributes associated of the surface. It could be hypothesized
that the carbon fibers of the XY sample (in the plane of the
substrate) offer a degree of flexibility (or compliance) as they
are impacted perpendicularly to the fiber direction. This could
then result in a degree of particle impact energy absorption, and
result in diminished potential for plastic deformation and

deposition. On the other hand, the fibers of the Z sample are in
the same direction as that of the impinging particles and could
benefit from a great degree of stiffness of the carbon fibers,
therefore resulting in increased deformation of the particles that
could then deposit with relatively more ease around the fibers.
Further study in this direction would be required to confirm this
hypothesis.

Scratch Adhesion Testing

Scratch adhesion testing was performed on the coating cross-
sections to qualitatively assess the bonding mechanism at the
coating-substrate interface (adhesive) as well as within the
coating (cohesive). With this test, two types of failure can be
identified, depending on the damage generated within and/or
around the scratch track [38]. Adhesive failure may occur when
cracks are observed at the coating/substrate interface and a
cone-shaped fracture occurs at the interfaces [38]. On the other
hand, cohesive failure may occur when a cone-shaped fracture
and crack generation takes place within the coating [35].

The SEM images of the scratched cross-sections are presented
in Figure 5: these images are taken in different views, both
parallel and perpendicular to the traverse direction. On Figure



5 (a), it seems that the coating interface of the XY sample
breaks uniformly as the carbon fibers are displaced towards the
surface. Cracking is observed at the coating-substrate interface
but within the coating suggesting that adhesive failure is
occurring. In Figure 5 (b), the fibers are displaced laterally,
resulting in more breaking of the fibers (fiber debris displaced
into the coating) and making it more difficult to observe the
coating-substrate interface. The Z sample coating-substrate
interface can be observed after testing in Figure 5 (¢) and (d),
and while a crack seems observable at the interface, it also
seems as if the coating has co-deformed with the substrate
during testing. Notably, the center of the scratch test of Figure
5 (d), at the coating-substrate interface seems to show fibers
embedded within the coating. This could indicate a better
degree of bonding with the substrate. These figures also show
spalling of the tin coating, and buckling that is associated with
a ductile mode of failure in scratch adhesion tests [38]. Overall,
these results are in good alignment with previous studies
performing pull-off adhesion tests (ASTM C633) that also
established adhesive failure of metallic coatings on CFRP
substrates [26, 27, 37] and better cohesive bonding within the
tin coating [27].

Scratch

Centerline
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Wear resistance of the coatings

To assess any possible effects of the fiber orientation on the
coating performance, pin-on-disk wear tests were performed.
The coefficient of friction as a function of the number of cycles
for both samples and both applied loads (10 and 18 N) are
presented in Figure 6. It can be observed that the coefficients of
friction of both samples follow the same trend at 10 N for both
samples (black and blue lines of Figure 6). Similarly, for the
tests at 18 N, a similar trend is observed for both samples (red
and green lines of Figure 6). For the 10N wear test, there is an
initial quick decrease of the coefficient of friction in the first
1000 cycles (from 0.8 to 0.6), then a rapid increase to a plateau
around 0.7. For the 18N wear test, a coefficient of friction
around 0.8 is observed for the first 500 cycles, then it decreases
to a minimum around at 0.6 for 1000 cycles, then finally
plateaus at 0.65 after 1500 cycles.

As with the coefficients of friction, the depth profiles of the
wear tracks were similar for both coatings, at their respective
loads. The calculated specific wear rates were quite close as a
result: for an applied load of 10N, a specific wear rate of 9.8%10"
* mm?/Nm was obtained for the XY sample, while 9.3*10*
mm?>/Nm was obtained for the Z sample. For an applied load of

n - ;

SubstratciSaE e
TMG 15.0KV 7.0mm x200 BSE2D 30Pa

Resin

I e TR e |

200um TMG 15.0kV 7.5mm %200 BSE3D 30Pa 200um

Figure 5: SEM images of the scratch adhesion tested cross-sections: XY sample, (a) view parallel and (b) perpendicular to the traverse
direction; Z sample, (c) view parallel and (d) perpendicular to the traverse direction. The tin on the substrate of (c) are testing artifacts.



18N, a specific wear rate of 21.7¥10** mm?*/Nm was obtained
for the XY sample, while 22.0*10* mm3/Nm was obtained for
the Z sample.

Further consideration has been given to characterizing the wear
tracks and counter balls (results not presented here), but they do
not seem to bring any noticeable difference that would relate to
a different substrate choice. It would therefore seem nor the
fiber orientation nor the wear test load has a significant effect
on the wear resistance properties of the coating that is deposited
above it.

However, one interesting result is that, with increased applied
load (18 N), the cross-sectioned wear track of the Z sample
showed notable cracking throughout the coating as can be seen
in Figure 7, which was not observed in the X sample. While this
may indicate poor cohesion within the Z sample’s coating, it
may also be representative of load-induced strain, associated
with the coating thickness or it may reflect the overlap of cold
spray lines that could lead to some areas being less well bonded.

0.4 4

0.3 1

Friction coefficient (u)

0.2

0.14

00 T T T T T T
0 500 1000 1500 2000 2500 3000

Number of cycles
Figure 6: Coefficients of friction for the performed wear tests

TMG 15.0kV 7.4mm x500 BSE3D 30Pa

Figure 7: SEM image of the cross-section of the Z sample wear
track (applied load of 18N)

Conclusions

Pure Sn powder was cold-sprayed onto two PEEK-CFRP
substrates, with carbon fibers oriented in different directions, to
establish the possible effects of fiber orientation on cold-spray
metallization of composites, as well as their possible effect on
coating properties. The two chosen substrates had fibers either
within the plane of the substrate (XY sample), or perpendicular
to the plane of the substrate (Z sample). Cold-spray deposition
appeared to improve on the Z sample and this could be
associated with deeper penetration of tin into the substrate,
around the carbon fibers, for improved mechanical interlocking.
Wear testing did not seem to reveal any differences between
both samples. Nevertheless, the coating of the Z sample shows
cracking for higher loads, hinting that the thickness of the
coatings may be limiting the observation of certain effects.
Finally, scratch adhesion tests were performed to qualitatively
assess the bonding mechanism at the coating-substrate
interface, and while adhesive failure seems to be the main
failure mechanism, the coating of the Z sample seems to co-
deform with the substrate during testing, which could highlight
better adhesion strength. In future, other characterization
techniques such as pull-off testing should be performed to better
assess the mechanical bonding of these coatings.
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