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Abstract A variety of metallic powders were mixed with
tin in 10:90 weight ratios and cold sprayed onto ther-
mosetting epoxy carbon fiber-reinforced polymers (CFRPs)
substrates with varying surface finishes, and onto a ther-
moplastic polyether-ether-ketone (PEEK)-CFRP. Where
previous studies focused on understanding the impact of
the secondary component (SC) on the deposition efficiency
(DE) of tin, this study aims to explore the pull-off strength
and electrical conductivity of the deposited coatings. An
extensive study on fractured surfaces highlighted that bet-
ter adhesion usually arose from increased potential to
mechanically interlock with a feature at the surface such as
carbon fibers or surfacing elements. The polymeric nature
of the composite resin was observed to affect the pull-off
strengths as the ductile thermoplastic PEEK seems to
absorb more of the impinging particle energy. The pull-off
strengths were then related to the SC properties, and it was
observed that the better coating strengths were obtained
with SC that were previously reported to be detrimental to
pure Sn deposition. Finally, four-point resistivity/conduc-
tivity measurements were carried out and results were
generally better than those previously reported in the lit-
erature (50-80% the conductivity of bulk tin), with varia-
tions being associated with differing bonding quality
within the coatings.
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Introduction

“Metallizing,” or applying metallic coatings onto poly-
meric substrates, has generated much interest in the past
decades (Ref 1, 2), notably within the aerospace industry.
Carbon fiber-reinforced polymers (CFRPs) are a material
of choice for their high strength-to-weight ratios, but on the
downside, the carbon fibers and epoxy resins that compose
this structure are, respectively, 1,000 and 1,000,000 more
times resistive than aluminum (Ref 3), thus limiting their
use. As a result, there has been growing interest to develop
metallized polymers and polymeric composites for struc-
tural applications (Ref 1, 4). Different technologies have
been explored, such as vacuum deposition techniques (Ref
5, 6), but these methods are limited by their inability to
develop thick metal coatings (over 100 pm) (Ref 7). Lay-
up molding (Ref 8), wire-arc spray (Ref 9-12), flame spray
(Ref 13) or air plasma spray (Ref 14, 15) have also been
considered, but these techniques require high levels of
thermal energy that could lead to the accumulation of
residual stresses (Ref 16), oxidation of the metallic powder
as well as heat damage to the substrate (Ref 17).

Cold spraying is a solid-state thermal spray process,
where powder particles are accelerated by a supersonic gas
jet and form a coating through plastic deformation upon
impact with a substrate (Ref 18). Since it uses relatively
low temperatures (several hundred degrees versus several
thousand degrees for other thermal spray techniques (Ref
19), cold spray can avoid the typical issues brought by
other thermal spray techniques and positions itself as a
legitimate metallization approach for polymeric substrates.
While cold-spraying metallic powders onto metallic sub-
strates have been extensively explored and have provided
promising results and applications (Ref 20, 21), cold-
spraying metallic powders onto polymeric substrates have
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provided more mixed results, mostly due to substrate ero-
sion (Ref 22-25). In recent years, researchers have
encountered some success in metallizing polymeric sub-
strates via cold spray with a variety of metals such as tin
(Ref 24, 26-28), iron (Ref 26), 316L stainless steel (Ref
29, 30), AlSi10Mg (Ref 30-32), copper (Ref 24, 26, 28, 33-
35), aluminum (Ref 35) or even titanium (Ref 36). On the
downside, generally reported issues included substrate
damage (Ref 24, 28), relatively low deposition efficiencies
(DEs) (i.e., the ratio of effectively deposited particles on
the substrate versus the amount of sprayed particles) (Ref
26, 28, 29, 31), or delamination (Ref 33-35).

Several studies have tried to explain metal deposition
mechanisms on polymeric substrates. In one of the earlier
studies, Lupoi and O’Neill (Ref 28) noted a correlation
between particle impact energy and deposition of metallic
powders: Elements such as copper would lead to erosion of
the substrate due to high impact energies, while soft ele-
ments such as tin and lead could deposit with some success.
Ganesan et al. (Ref 23) suggested that soft powders such as
tin had the possibility to deform upon impact favoring
mechanical anchoring, while harder particles such as cop-
per could not. Che et al. (Ref 24) introduced a “crack-
filling” mechanism, where it was hypothesized that ther-
mally softened or partially melted tin particles impact the
substrate and, while the harder core of the particle gener-
ates microcracks in the surface epoxy, the molten part of
the tin would be squeezed into these cracks and provide
mechanical interlocking with the substrate. When
describing the overall deposition process of metals onto
polymeric substrates, they also advanced the importance of
differentiating the process into two separate phases: the
first-layer deposition phase (occurring between impinging
metallic powders and the polymeric substrate) and the
build-up phase (occurring between metallic powders and
previously deposited metal powders) (Ref 26).

In the other cold-spray work, several research groups
studied enhancement effects relating to the mixing of
ceramic powders with metal feedstock powders: These
enhancements concerned improvements in the deposition
process (increased DE, decreased porosity), but also
improvement of coating properties (hardness, adhesion
strength between the coating and the substrate) (Ref 37-
39). This led to establishing an in situ shot-peening cold-
spray deposition process, where the same improvements
are obtained through the addition of large stainless steel
particles (200-300 pm) (Ref 40-42). Recently, Fernandez
and Jodoin (Ref 43, 44) conducted an extensive study on
potential mechanisms of improvement and explained that
the coating deposition improvement is due to surface
roughening by the secondary component (SC) through
generation of asperities and oxide removal, while the
coating property improvements are related to generation of

oxide clean surfaces and peening of the SC. When
exploring the deposition of metals onto polymeric sub-
strates with mixed metal powders, Che et al. (Ref 45) made
similar observations relating to coating deposition
improvement when spraying tin powders with SC such as
zinc or copper, and this improvement was associated with
the shot-peening effect of the SC on the relatively softer
tin. Nevertheless, in recent work at McGill University (Ref
46), evidence appeared that the shot-peening effect may
not be an effective mechanism when cold-spraying tin
mixed with metallic powders. In a follow-up study (Ref
47), the correlation between various SC properties was
explored and the deposition improvement was associated
with a suitable SC hardness range, as well as a suitable SC
impact energy. Nevertheless, these studies (Ref 46, 47)
were mainly focused on deposition mechanisms and only
briefly touched on adhesion of the coatings with the
substrates.

As a matter of fact, a review of literature for cold-
sprayed coatings on CFRP substrates reveals that few
studies have considered adhesion strengths. This may
principally be explained by the difficulty to obtain full
coatings on CFRP (Ref 26, 28, 29, 31) and/or by delami-
nation issues occurring before being able to conduct
adhesion tests (Ref 33-35). It may also be explained by the
relative novelty of using the cold-spray process to metallize
polymeric substrates with most studies being quite recent
(Ref 8, 24, 26, 27, 29-31, 33-35, 45-51), thus confirming
the research community is still in the early stages of
understanding how this process can be carried out effi-
ciently. From the few studies that did report results,
adhesion strengths were generally quite low. Che et al. (Ref
24) reported adhesion strengths as high as 7.6 MPa for a tin
coating cold sprayed on an epoxy-CFRP. Other thermal
spray results with other polymeric substrates can provide
some reference as well. While cold-spraying copper onto a
polyvinyl chloride (PVC) substrate, Ganesan et al. (Ref 25)
obtained shear adhesion strengths below 3 MPa, and then
in another study (Ref 52), they projected copper on CFRP
with an atmospheric plasma spray system and recorded
adhesion strengths of up to 5.4 MPa (with a tin interlayer).
Matachowska et al. (Ref 53) observed similar adhesion
strengths (3.6 MPa) with a low-pressure cold-sprayed
copper on polyamide 6 substrates, as well as Zhou et al.
(Ref 54) with aluminum coatings cold sprayed onto a
PEEK-CFRP. Rezzoug et al. (Ref 12) recorded some better
results when adding various CFRP interlayers before
depositing zinc via wire-arc spray (up to 7 MPa): The
effect of the interlayer greatly affected the adhesion
strength. More recently, Che et al. (Ref 49) obtained some
of the highest recorded strengths with cold-sprayed SnBi
on the thermoplastic acrylonitrile butadiene styrene (ABS)
(14.5 MPa versus 6.8 MPa for pure tin).
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With the perspective of developing suitable coatings for
potential applications in the aerospace industry, or any
other field that could require polymeric substrates with
thick coatings (> 100 um), it is essential to determine the
properties of cold-sprayed metallic coatings and under-
stand inherent mechanisms that could lead toward devel-
oping a usable process. As the cold spraying of tin mixed
with metallic SC powders allowed a further understanding
of deposition of coatings on CFRP (Ref 46, 47), this study
aims to assess the effects of these SC on some coating
properties (pull-off strength and electrical conductivity)
and understand how the SC may impact the adhesion of a
tin coating to the CFRP.

In this study, the properties of coatings from previous
studies (Ref 46, 47) are investigated. These coatings were
obtained by cold-spraying tin mixed with various SCs on
several CFRP substrates. The choice of SC was made to
cover a wide range of SC properties (hardness, density,
morphology, median particle size, and by extension impact
energy), as described in (Ref 47). In both studies (Ref
46, 47), tin and tin-SC mixed powders with 90:10 weight
ratio are cold sprayed with a low-pressure cold-spray sys-
tem, onto thermosetting epoxy-CFRP substrates with
varying surface finishes and a thermoplastic polyether-
ether-ketone (PEEK)-CFRP. In this way, variability in the
properties originating from the powder mixture and/or
from the substrate may be observed. Pull-off strength and
electrical conductivity were then evaluated, and relations
between coating properties, SC and substrates were
established.

Experimental Methods
Materials and Cold-Spray Conditions

The feedstock materials considered in this work were
described and sprayed in previous studies (Ref 46, 47):
They are summarized in Table 1. These powders were
chosen to cover a variety of material properties (namely
density and hardness), with a variety of morphologies and
particle sizes. Powders from several studies at McGill
University (Ref 45, 55-57) were chosen as SCs to offer a
meaningful spread for each property. As such, the selection
was made from aluminum/aluminum alloy powders from
the paper (Ref 46), copper powders from studies by Che
et al. (Ref 24, 45), iron and stainless steel 316L powders
from studies by Chu et al. (Ref 55, 58) and titanium/
Ti6Al4V powders from studies by Wong et al. (Ref 57).
The properties were observed between 2.66 and
8.96 g.cm_3 for density, 7 and 340 HV o, for hardness, 12
and 37 pm for median particle size (Dsg); for the given
process variables, the impact energy was between
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1.32.107° J and 7.30.107° J. The characterization of the
powder hardness, median particle size and average impact
energy was described in (Ref 47). Powder mixtures with
90% tin and 10% of each SC powder were then mixed for
1h in a metal can without additional media (e.g., milling
balls with a double movement powder mixer: This did not
induce any significant morphological changes or hardening
(Ref 46, 47).

The substrates used in this work were epoxy-CFRPs
provided by Bombardier Aerospace (Montreal, Canada)
and polyether-ether-ketone (PEEK)-CFRPs provided by
TenCate (Netherlands). Top surface images of the CFRP
substrates were presented elsewhere (Fig. 2 Ref 46).

The epoxy-CFRPs (abbreviated as e-CFRP) used here
consist of a thermosetting epoxy matrix with continuous
carbon fiber reinforcements. The e-CFRP panels were
made of four plies of epoxy/carbon fiber prepreg ([0/90],,)
and have the following coating finishes used by the man-
ufacturer: a bare finish, a putty finish and a surface film.
The bare finish e-CFRP is the as-manufactured material,
the putty e-CFRP has a surface filled with a pinhole filler
and surfacer to produce defect-free surfaces, and the sur-
face film e-CFRP includes a neat epoxy resin film with an
embedded veil, normally a mat, at the top surface (to help
handle the resin film). The cross section of these substrates
was observed using a light optical microscope (LOM) and
is presented in Fig. 1(a), (c). The bare e-CFRP (Fig. 1a) and
putty e-CFRP (Fig. 1b) appear similar in structure, with
areas rich in carbon fibers close to the top surface, and
others rich in polymer close to the surface: The thickness of
the putty is unclear though. Profilometric data were
acquired for the raw substrates on areas of 3 x 3mm as
shown in Fig. 2 (methodology presented in next section),
and the bare e-CFRP surface presents a rough, ridged
surface (Sa = 4.6 um, Fig. 2a) while the putty e-CFRP
presents a smoother surface with fine inter-crossing curves
(Sa = 1.3 pum, Fig. 2b). The surface film e-CFRP (Fig. 1c)
presents a different cross-sectional profile with the top
layer being notably different from the underlying CFRP
material. While having a different top-surface appearance
than the putty e-CFRP (Fig. 2 of Ref 46), these two sub-
strates actually have similar surface textures and roughness
values (Sa = 1.6 um, Fig. 2c): As both surface finishes are
destined to provide a smooth surface, the structure of inter-
crossing curves may be associated with the processing step
that smooths the surface. The hardness of these substrates
was measured, and the values were 3948 HV; for the
bare e-CFRP, 51£15 HVq; for the putty e-CFRP and
40413 HV (; for the surface film e-CFRP.

The PEEK-CFRP used here consists of a thermoplastic
polyether-ether-ketone matrix with continuous carbon fiber
reinforcements. These panels were made of five plies of
PEEK/carbon fiber ([(0,90),/(0,90)3r]). The cross section
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Table 1 Properties of the feedstock powders considered in this work

References Powder Morphology Supplier Dso, pm  Hardness, HV o, Density, g.cm™  Average kinetic energy, J (Ref 47)

(Ref 46) Sn Spheroidal ~ Center line 12 T+£1 7.29 2.28.107¢
Al Spherical Valimet 23 2442 2.70 2.09.107°
Al15083 Spherical Valimet 17 6611 2.66 1.62.107°
Al6061 Spherical Valimet 23 7248 2.70 2.62.107°
A17075 Spherical Valimet 20 118+23 2.81 1.96.107°

(Ref 47) Sn Spheroidal ~ Center line 13 8+l 7.29 1.32.107°
Cu Mixed Giken 30 6817 8.96 5.19.107°
Cu-IR Dendritic Center line 33 3244 8.96 6.88.107°
Fe Mixed/IR  Goodfellow 37 89+14 7.87 7.30.107°
SS316L.  Spherical Sandvik 23 215+26 8.00 2.84.107°
Ti-SP Spherical Raymor (AP&C 20 196£22 4.50 1.58.10°¢
Ti-AG Angular Cerac 30 178+34 4.50 436.107°
Ti6Al4V  Spherical Raymor (AP&C) 37 340+14 443 456.107°

Fig. 1 Optical images of the
substrate cross sections, near the
top-surface: (a) bare e-CFRP,
(b) putty e-CFRP, (c) surface
film e-CFRP, (d) PEEK-CFRP

of this substrate is presented in Fig. 1d. Its structure is
fairly similar to that of the bare e-CFRP (Fig. 1a) in such
that the substrate has an as-manufactured finish, with areas
where the carbon fibers are close to the top surface versus
other areas where the polymer is close to the surface, as
well as a ridged surface, presumably with intertwining
carbon fiber structures, as seen in Fig. 2 (d): The Sa
roughness of this substrate is measured at 2.9 um. The
hardness of this substrate was differentiated between areas
showing superficially pure PEEK areas and superficially

50 um

50 um

predominant carbon fiber areas. The respective hardness
values for each area are 2643 HV(; and 63422 HV ;.

Sheet sections of dimensions 7 cm X 7 cm x 1.7 mm
were used as substrates during the cold-spray campaigns.
The substrates were degreased with ethanol before cold
spraying, but they were not grit-blasted as it would result in
the erosion of the substrate.

The cold spraying was performed at the McGill-NRC
cold-spray facility at National Research Council Canada in
Boucherville and was also presented in previous studies

@ Springer



1796

J Therm Spray Tech (2022) 31:1792-1812

Sa4.466 pm

$q 6.055 pm

$z 64.695um
Sdq 382.11 pm/mm

915 pm
$q3.575 pm
$217.778pum

$dq 2547 pm/mm

Fig. 2 Height profiles of the as-received substrates at 2,75x: (a) bare e-CFRP, (b) putty e-CFRP, (c) surface film e-CFRP, (d) PEEK-CFRP

(Ref 46, 47). The cold spraying was performed at low
pressure with a commercially available CenterLine SST
SSM-P3300 system (Supersonic Spray Technologies,
CenterLine Windsor Limited, Canada). Pure tin powder, or
powder mixtures with 90% tin and 10% of each SC pow-
der, was cold sprayed onto each substrate with gas condi-
tions of 310 °C and 60 psi (0.41 MPa). These parameters
were chosen based on previously successful cold spray
campaigns with tin (Ref 24, 27, 45-47, 49, 51); at the
selected conditions, melting was observed in previous work
(Ref 24, 27, 45, 49, 51). A comparison between cold-
spraying pure tin and the powder mixtures with SCs of
varying properties was thus possible, on a variety of CFRP
substrates. The carrier gas was nitrogen, the standoff dis-
tance was 18 mm, the step size was 1 mm with 38 steps,
and the gun travel speed was 25 mm/s. The powder feeder
rate was between 9.9 and 16.9 g/min, measured every three
sprays to accurately assess the variation. The substrates
were pre-heated by operating a single pass, without powder
injection. Then, only one pass was sprayed for each set of
conditions, so that the results provided from spraying on a
large area, together with a study focused more on the
behavior of the process than the numerical results, would
be meaningful. All the substrates were aligned and sprayed
at the same time for one condition, so that any external
variation (e.g., feeding, temperature effects) may be
neglected.

@ Springer

Coating Properties and Characterization

The pull-off strength was measured by means of pull-off
tests performed on all tin and tin-SC-coated CFRP samples.
The testing was modified based on the ASTM C-633-01
standard and required cutting the cold-sprayed samples
(Delta Abrasimet, Buehler, Illinois, USA) into specimens
measuring approximately 1.5 x 1.5 cm”. The coating sur-
faces were slightly ground in order to remove loose parti-
cles from the cold-spray process, and then these surfaces
were glued to a 60-grit pre-ground Al6061 cylinder with a
room temperature curing adhesive. The choice of this
adhesive was made to have a high glue strength without
requiring thermal treatment, as tin has a low melting point
and the curing process could affect the coating before
testing. The substrate surfaces were also glued to another
60-grit pre-ground Al6061 cylinders. The pull-off tests
were performed using an MTS hydraulic pressure machine
at a constant crosshead speed of 1.0 mm/min. For each
coating, three tests were performed, and the average
strength was taken. The glue strength was determined as
the average strength for which coatings would not peel
from the substrate and breaking of the glue would occur:
This value was found to be around 13 MPa. This would
also indicate that coatings with indicated strengths above
13 MPa may actually be higher due to the glue breaking.

The samples were then taken, and the fracture surfaces
were characterized with a Keyence (Japan) digital
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microscope and a Hitachi (Japan) SU3500 scanning elec-
tron microscope. A 3D optical surface profiler (ZYGO,
Connecticut, USA) was also used to measure the surface
roughness and support large-scale microstructural obser-
vations. The lateral resolution of the objectives used is
below 2 pm. The main measurements were taken around
the roughness Sa, the peak-to-valley height Sz and the root-
mean-square gradient of the surface Sdq as they provide
insight into the topography of the surfaces regarding not
only height but also gradient (Ref 59, 60). More specifi-
cally, Sdq is affected both by texture amplitude and spac-
ing; therefore, Sdq can provide information on the slopes
which comprise the surface in the case of coatings with
similar values of Sa (Ref 60). This metric was successfully
used to correlate surface changes in another study (Ref 51).

The electrical conductivity measurements were con-
ducted at Ecole Polytechnique de Montréal (Montréal,
Québec, Canada) by using the four-point resistivity/con-
ductivity measurement method (Ref 45, 48, 61). Before the
measurements, the as-sprayed top surfaces were slightly
ground to remove loose particles and obtain flat surfaces
for measurement. For each sample, the measurements were
taken at three different locations, and the average value
was taken. The linearity of the conductivity was verified by
taking measurements at 100 and 50 mA.

Results
Pull-off Test Results

The pull-off strength of the various deposited coatings
from (Ref 46, 47) is presented in Fig. 3: The glue adhesion
strength was determined to be 13 MPa and is indicated on
each graph for reference. The results vary notably between
both studies (cf. Sn (Ref 46) and Sn (Ref 47)) so it is
important to observe the effects of the SC as compared to
their respective pure Sn coatings. During the pull-off test,
the coatings mostly peeled at the interface and presented
adhesive failure. In some instances, mixed cohesive/adhe-
sive failure was observed and areas with Sn could be
observed on the substrate surface.

On the bare e-CFRP, the pull-off tests either led to
failure of the coating at the substrate interface (with SC Al/
Al alloys, Cu, Cu-IR) or the glue failed before peeling of
the coating occurred (with SC Fe, SS316L, Ti-SP, Ti-AG,
Ti6Al4V) (Fig. 3a). For the coatings deposited in the first
study (Ref 46), the addition of Al or Al alloys to Sn led to a
decrease of the coating pull-off strength by 2—5 times that
of single component Sn (from 7.9 to 1.7-4.4 MPa). For the
Sn deposited on the bare e-CFRP in the second study (Ref
47), notably better strengths were obtained (coatings
mostly did not peel). The addition of Fe, SS316L or any of

the Ti/Ti6Al4V powders did not noticeably decrease the
strength of the Sn on the bare e-CFRP, as all strengths
remained above 13 MPa: These results are actually higher
than those reported in the literature for metallic coatings
deposited onto polymeric substrates (Ref
12, 24, 25, 49, 52-54). On the other hand, the addition of
Cu, and, to a lesser extent, Cu-IR, led to lower strengths
compared to the pure Sn coating that did not peel (re-
spectively, 3.7 and 9.4 MPa).

A similar graph profile may be observed between the
bare e-CFRP and putty e-CFRP for the pull-off strength of
the cold-sprayed coatings (Fig. 3b). One notable difference
is that strengths were generally lower for the putty e-CFRP
and that glue failure never occurred (strengths < 10MPa).
As with the bare e-CFRP, the addition of Al and Al alloys
to Sn resulted in lower strengths as compared to the Sn
coating sprayed in (Ref 46) (from 4.7 to 1.1-2.2 MPa). The
Sn coatings sprayed in the second study (Ref 47) showed
an average strength of 8.2 MPa on the putty e-CFRP. The
addition of Fe/SS316L slightly increased that value (8.5
and 9.2 MPa, respectively), while the addition of Ti-SP,
Ti-AG and Ti6Al4V led to slight decreases (6.3-7.4 MPa).
For this substrate, the addition of Cu and Cu-IR had the
effect of reducing the strength by more than half (3.7-
4.1 MPa).

The pull-off strengths on the surface film e-CFRP
(Fig. 3c) showed a very different profile compared to the
other e-CFRP substrates, as the coatings provided overall
better strengths with an average of 9.5 MPa across all the
sprayed powders. The Sn coatings from the first study (Ref
46) had a strength of 13.1MPa, and while the addition of
Al/Al alloys again led to a decrease in pull-off strength,
this decrease was quite uneven with A15083 providing the
lowest strength (3.9 MPa), while Al provided a strength of
8.8 MPa. For coatings in the second study (Ref 47),
strengths were above 8.4 MPa, with some notable variation
(standard deviation above 2 MPa for most powders). In this
situation, and given the indicated errors, there does not
seem to be noticeable variation of the pull-off strength
when adding the various SC, apart from Ti6Al4V that
produces a coating with a high strength of 13.0 MPa.

The pull-off strength on the PEEK-CFRP provided the
lowest strengths of this study (Fig. 3d). When adding Al
alloys to feedstock Sn powder (Ref 46), peeling was an
issue during sample preparation, which made it impossible
to measure an effective strength for these coatings (except
for Al). For the coatings sprayed in the second study (Ref
47), there were no issues of peeling during sample prepa-
ration, and strengths were observed to be between 2.8 and
5.2 MPa for most coatings. Two noticeable results
appeared here with Cu-IR providing relatively lower
strength (1.0MPa), while Ti6Al4V provided relatively
higher strength (8.2 MPa).
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Fig. 3 Pull-off strength of the Sn and Sn-SC powder mixtures on the
various CFRP substrates: (a) bare e-CFRP, (b) putty e-CFRP,
(c) surface film e-CFRP, (d) PEEK-CFRP. The values provided are

Characterization of Fracture Surfaces
Bare e-CFRP

Images of tested coatings on bare e-CFRP substrate are
presented in Fig. 4. An example of the substrate side of the
fracture is presented in Fig. 4a, and several areas of interest
can be noted. In the middle of the image, lines can be seen
on the surface and are representative of carbon fibers near
the surface. The epoxy appears to be roughened all over the
surface. The light gray regions spread throughout the
substrate are remnants of tin still bonded with the substrate
after peeling of the coating. These tin remnants were
generally more frequently found in areas with visible car-
bon fibers. When conducting SEM of the substrate side,
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the average of three measurements, and values above 13 MPa are
representative of the glue failure

exposure of the carbon fibers did not appear clearly but
some carbon fibers were nevertheless observed, as shown
by the linear structures in the middle of Fig. 4(b). Around
these areas, accumulations of tin powders were also noted:
Some powder-like shapes could be observed, but a general
structure in these mounds was unclear. Furthermore, linear
tin structures could be observed around the carbon fibers.
When observing the coating side (Fig. 4c), several other
structures were observed: Around the edge of the image, a
flat tin surface corresponding to the interface of the coat-
ing/substrate was observed, while in the center of the
image, the interior of the coating could be observed with
apparent powder-like structures. When using SC Cu-IR,
more mounds of tin were observed on the substrate, and
larger areas of the interior of the coating could be observed.
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In BSE images of the coating side, a high proportion of
darker contrast particles could be observed: These are Cu-
IR particles as copper has a lower atomic number than tin
and therefore generates darker contrasts (Fig. 4d).

Putty e-CFRP

Images of tested coatings on putty e-CFRP substrate are
presented in Fig. 5 and 6. An example of the substrate side
of the fracture is presented in Fig. 5(a). Striated structures,
attributed to the carbon fibers of the substrate, are visible
among a somewhat homogeneous structure which would be
attributed to the epoxy or pinhole filler at the top surface of
the substrate. An example of coating cross section before
testing is presented in Fig. 5(b), and bonding of tin around
the carbon fibers (circular structures of the lower half) can

Fig. 4 (a) Keyence digital
microscope image of the
substrate side of a tested Sn-
10Cu coating on bare e-CFRP.
(b) SEM image of the substrate
side of a tested Sn-10Cu-IR
coating on bare e-CFRP.

(c) SEM image of the coating
side of a tested Sn-10A15083
coating on bare e-CFRP, which
showed mixed cohesive/
adhesive failure. (d) SEM BSE-
COMP image of the coating
side of a tested Sn-10Cu-IR
coating on bare e-CFRP, which
showed mostly cohesive failure:
The darker contrast is Cu-IR

Fig. 5 (a) Keyence digital
microscope image of the
substrate side of a tested Sn-
10Ti6Al4V coating on putty
e-CFRP substrate. (b) Optical
image of the cross section of a
pure Sn (Ref 47) coating on the
putty e-CFRP substrate, at the
coating/substrate interface

be noted before the test was conducted. In Fig. 6(a), the
substrate side of the tested coating shows an homogeneous
linear structure that is the carbon fibers of the substrate.
The top and bottom edges of this image reveal a dark
structure that covers the carbon fibers, and this is the epoxy
polymer. Finally, bright linear areas seem to border the
carbon fibers or some of the epoxy on the substrate. This
would be tin from the peeled coating, but there is no
specific morphology associated with it. In areas with
mostly superficial polymer (Fig. 6b), a very heterogeneous
and roughened structure is observed. In this area, tin also
seems to be present, with some local points of accumula-
tion, but it is important to notice the scale of the image and
that these points are quite small, and without any apparent
structure. The coating side of an area matching the carbon
fibers of the substrate is presented in Fig. 6(c). The
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Fig. 6 SEM images of tested
coatings on putty e-CFRP:

(a) substrate side of a tested Sn-
10SS316L coating and

(b) substrate side of a tested Sn-
10Al coating. (c) and (d) are,
respectively, the coating side of
tested Sn-10Cu-IR and Sn-10Al
coatings. (e) and (f) are the
coating side of tested Sn-
SS316L coatings

structure of this coating seems complementary to the car-
bon fibers of the substrate with long grooves, but these are
discontinuous, and it seems that tin particles can be dis-
cerned within the grooves. On the coating side of an area
matching the polymeric area (Fig. 6d), a wavelike structure
of tin particles can be observed, and this seems comple-
mentary to the topography observed on the substrate side
(Fig. 6b). For the sake of comparison, the coating side of a
tested Sn-10SS316L coating is presented in Fig. 6(e), (f). In
Fig. 6(e), more continuity is observed in the long grooves
and tin particles are less discernable. Large voids are also
present which could be related to removal of sections of the
coating during testing. On the other hand, the polymeric
area of the same coating (Fig. 6 f) presents a similar profile
to that described in Fig. 6(d).
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Surface Film e-CFRP

When characterizing the substrate surface, a heterogeneous
fracture surface was obtained (Fig. 7a): Micron-sized
spherical particles were observed to be embedded in the top
surface of the substrate, with rings of highly contrasted
elements (tin) surrounding them. Besides these particles, a
roughened structure was present, similar to what was
observed on the polymer area of the putty e-CFRP
(Fig. 6b). Some large areas of tin were also observed on
this coating (bright features of Fig. 7b). Some grayish
features, indicated by white arrows, can be observed in this
area of bright contrast and they correspond to Cu-IR par-
ticles. The aforementioned spherical particles are also
observed in the polymer, again, surrounded by rings of tin.
On the coating side, spherical craters can be observed
(Fig. 7c) and they appear to be complementary to the
particles observed on the substrate surface. Around these
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craters, the structure of the tin particles seems to adopt a
wavelike structure (Fig. 7c), comparable to that of the putty
e-CFRP (Fig. 6d). Finally, with tin accumulations being
present on the substrate for the SC Cu-IR coating (Fig. 7b),
it was possible to observe the interior of the peeled coating:
Tin particles (lighter contrast) were clearly visible, and a
large number of Cu-IR particles were present.

PEEK-CFRP

Images of tested coatings on PEEK e-CFRP substrate are
presented in Fig. 8 and 9. In Fig. 8, initially similar areas
with superficial carbon fibers were considered: The light
blue structure (edges of Fig. 8a, b) is the PEEK polymer,
and the linear structure of the center is the carbon fibers. A
degree of discontinuity can be observed in the carbon fiber
area with the tested pure Sn coating in Fig. 8(a), while the

Fig. 7 SEM images of tested
coatings on surface film
e-CFRP: (a) substrate side of a
tested Sn-10Al coating and

(b) substrate side of a tested Sn-
10Cu-IR coating. (c) and

(d) are, respectively, the coating
side of tested Sn-10Al and Sn-
10Cu-IR coatings. (b) and

(d) are BSE-COMP images and
the darker contrast of powder
areas is Cu-IR

Fig. 8 Keyence digital
microscope image of the
superficial carbon fiber area on
the substrate side of tested
coatings on PEEK-CFRP: (a) Sn
(Ref 47), (b) Sn-10Ti6A14V

carbon fiber area seems larger and more damaged with the
addition of SC Ti6Al4V in Fig. 8(b). No idea of roughness
in the polymer is apparent here (as it was for the bare
e-CFRP in Fig. 4a), but this is due to the lower magnifi-
cation. What is noticeable though, is the degree of rough-
ening of the carbon fiber areas at this lower magnification.
Some bright elements appear within the carbon fiber area,
and these could be remnants of tin or reflections of light on
damaged polymer/carbon fibers. Further characterization of
these areas is conducted in Fig. 9. The carbon fiber area of
a tested pure Sn coating is shown in Fig. 9(a), and several
carbon fibers (vertical tubes) can be observed. These car-
bon fibers are partially covered by dark features that are the
PEEK polymer. Furthermore, some highly contrasted linear
features are present between the delimitations of the PEEK
polymer and the carbon fibers, and this would be tin.
Around the carbon fiber area, a slightly cratered polymer
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Fig. 9 SEM images of tested
coatings on PEEK-CFRP:

(a) substrate side of a tested Sn
(Ref 47) coating, (b, c) substrate
side of a tested Sn-10Ti6Al4V
substrate, (d) coating side of a
tested Sn-10Ti6Al4V coating

z _“ .
SU3500 25.0kV x500 BSE-3D 30Pa

structure seems to appear. In Fig. 9(b), a similar substrate
area of a tested Sn-10Ti6Al4V coating is presented: The
image is slightly brighter, but the carbon fibers appear far
more clearly. The area around these carbon fibers also
appears more cratered. Further consideration is given to the
area around the carbon fibers in Fig. 9(c), and a cratered
structure is more obvious. Linear bright features seem to
predominantly appear around the carbon fiber area, but not
so much in the cratered area. Finally, the coating side of the
tested Sn-10Ti6Al4V coating is observed in Fig. 9(d): The
coating is complementary to the carbon fibers of the sub-
strate with long grooves, but these appear quite discon-
tinuous, and tin particles can be made out within the
grooves.

Comparison of Pull-off Strength and SC Properties

While the previous section mostly focused on fracture
surfaces for the various substrates, the SC may also play a
role in the variation of coating strengths. In past studies, the
importance of SC hardness (Ref 46, 47) and SC impact
energy (Ref 47) appeared to be the key factors that affected
DE and will therefore be considered here. In the first sec-
tion, it also appeared that the bare e-CFRP, putty e-CFRP
and PEEK-CFRP provided similar trends with the Al and
Cu powders providing coatings with lower strengths than
pure Sn, and with the Fe and Ti-based powders providing
similar or better strengths (Fig. 3). The putty e-CFRP and
the PEEK-CFRP showed lower average strengths than the
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bare e-CFRP (Fig. 3), and the bare e-CFRP showed more
contrast in the strength values than the other substrates. As
a result, focus will be put on the relation between the SC
properties and the pull-off strengths on the bare e-CFRP in
this section, but the trends that are described are similar for
the putty e-CFRP and the PEEK-CFRP.

The pull-off strengths from the bare e-CFRP, as a
function of SC impact energy and SC hardness, are pre-
sented in Fig. 10. It appears that SC with low hardness and
any value of impact energy lead to pull-off strengths lower
than their tin counterpart: SC Al/Al alloy lead to strengths
below 5 MPa, while Sn (Ref 46) has a strength above
5 MPa, and SC Cu/Cu-IR lead to strengths below 10 MPa,
while the glue broke when testing Sn (Ref 47). It should be
noted that SC Cu-IR nevertheless led to a higher pull-off
strength than the other SC Al and Cu powders, and Cu-IR
had the highest average impact energy. For the SC with
higher hardness, and any impact energy (Fe and Ti-based
SC), the glue almost always broke during the testing which
would indicate that they may provide pull-off strengths on
par or better than pure Sn (Ref 47).

Height profiles of 827 x 827 pm areas were taken on
the bare e-CFRP substrate for substrates that had peeled
(Fig. 11), and roughness measurements were taken to study
a potential relation between the substrate surface roughness
and the pull-off strengths of the coatings. The as-manu-
factured substrate (Fig. 11a) naturally has lower roughness
(Sa), peak-to-valley height (Sz) root-mean-square gradient
(Sdq) than the substrates after removal of the coatings
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Fig. 10 Pull-off strength on the Bare e-CFRP
bare e-CFRP for the various

SCs, represented as a function ///

of the SC hardness and impact
energy
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Fig. 11 Height profiles of a bare e-CFRP substrate at 10x: (a) as-received, (b) after peeling of a Sn (Ref 46) coating, (c) after peeling of a Sn-
10A15083 coating, (d) after peeling of a Sn-10SS316L coating
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(Fig. 11b-d). After removal of the pure tin coating,
increases of each of these parameters are observed, with a
near doubling of Sdq from 86 to 154 pm/mm (Fig. 11b).
With the addition of SC to the powder mixture (Fig. 1lc,
d), these increases were even higher with SC SS316L
providing values of Sdq over 5 times that of the as-man-
ufactured bare e-CFRP and 3 times higher than the sub-
strate surface after removal of the pure Sn coating.

Electrical Conductivity

Electrical conductivity measurements were conducted on
all substrates and are presented in Fig. 12. Generally,
conductivities between 50 and 80% of the conductivity of
pure Sn (9.10° S/m) are obtained. In some circumstances,
the electrical conductivity was very low and generated high
standard deviations (Sn (Ref 46) on the surface film
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e-CFRP or on the PEEK-CFRP, Sn-10Ti6Al4V on the
PEEK-CFRP), but this could be associated with the “poor”
or discontinuous aspect of these coatings (Ref 46, 47) .

Discussion
Adhesion of Coatings to CFRP

The main features observed in the characterization of the
fracture surfaces were carbon fibers, polymer areas, and
highly contrasted tin areas. These tin areas appeared under
two forms: mounds of tin or linear structures. All these
areas could vary in shape and size: Typically, the carbon
fibers would be more of less apparent, while the polymer
area would appear more or less roughened. Finally, the tin
mounds would be larger than the size of several particles

Putty e-CFRP
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Fig. 12 Electrical conductivity of the various Sn and Sn-SC powder mixtures, on the various CFRP substrates: (a) bare e-CFRP, (b) putty
e-CFRP, (c) surface film e-CFRP, (d) PEEK-CFRP. The conductivity is expressed as a percentage of Bulk Sn conductivity (9.10° S/m)
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(>10 um), while the linear structures of tin would be
smaller (<10 pum). The following section discusses a
potential correlation between fracture surfaces and pull-off
strengths based on the observation of these features.

Bare e-CFRP

The presence of tin mounds at the surface of the bare
e-CFRP substrate (Fig. 4a-b) and the observation of the
interior of the coating after the pull-off test (Fig. 4c-d)
would indicate that the debonding is not purely adhesive
and that some cohesive component should be included. The
epoxy is quite roughened on the substrate (Fig. 4a) and
could provide some retention, but the tin at the sub-
strate/coating interface (Fig. 4c) is highly deformed (flat-
tened) so there seems to be little or no means of mechanical
interlocking with the substrate in these areas. This would
then suggest that the bonding of the coating with the sub-
strate must occur in areas where the cohesive failure
occurs. Furthermore, the small linear tin structures along
the carbon fibers (Fig. 4b) have no specific structure and
are very small in size: These may only be remnants from
tin melting during the spraying process (Ref
24,27, 45, 49, 51) and may not be elements of the coating.
With tin being accumulated and quite deformed around the
carbon fiber area (Fig. 4b), it could then be suggested that
the bonding of the coating intimately depends on the
bonding with the carbon fiber area and that more defor-
mation (i.e., mechanical interlocking) can occur here.
These results support conclusions of previous work (Ref
46, 47), where it was suggested that deposition would
occur in the superficial carbon area and that these areas
would be prime for occurrence of the “crack-filling”
mechanism.

The role of the SC is more difficult to explain: In some
situations (with SC Fe, SS316L, Ti-SP, Ti-AG, Ti6Al4V),
the coatings did not peel from the substrate, while other SC
(Al/Al alloys, Cu/Cu-IR) led to relatively lower strengths
than pure tin (Fig. 3). The SC is hypothesized to generate
surface roughness (on the substrate or on the coating) and
peening of the coating (during the build-up phase) (Ref
43, 44). The SC is harder and generally has higher kinetic
(i.e., impact) energies than the tin particles (Table 1), so
they should have higher potential for “crack generation” at
the substrate interface (Ref 46, 47) and therefore provide
improved anchoring of tin to the substrate. More bonding
of tin with the substrate would be expected and observed
either through more areas of revealed carbon fibers (if
adhesive strength is the limiting factor) or more areas of tin
on the substrate side (if cohesive strength is the limiting
factor). The tin particles within the observed coatings do
not seem very deformed for SC Al5083 (Fig. 4c) and SC
Cu-IR (Fig. 4d) as their morphology is comparable to the

initial feedstock powder (Fig. la of (Ref 46)) or Fig. 2a of
(Ref 47)), so the involved SC may not provide
notable peening, and bonding may be relatively poor when
compared to the relatively higher bonding occurring at
interfaces with carbon fibers. It is possible that these SC
generates greater adhesive strength for the coating, but
their presence in the coating (albeit sometimes very low
(Ref 47)) leads to more cohesive failure, and overall lower
pull-off strengths than the pure Sn coatings. Typically, a
large distribution of Cu-IR particles was observed in the
back of the peeled coating (Fig. 4d), and these particles
were not as present in the areas of cohesive failure on the
substrate side (Fig. 4b): This could reinforce the idea that
these SC bond poorly with Sn and weaken the pull-off
strength. As for the addition of other SC (Fe/SS316L, Ti/
Ti6Al4V), peeling did not occur much like the Sn coating:
It is possible that these SC helped with the crack-filling
mechanism and/or provided better cohesive bonding,
potentially through improved peening of the coating.

Putty e-CFRP

On the putty e-CFRP substrate, no mounds of tin were
observed and the coatings always peeled due to adhesive
failure. Tin was present around the carbon fibers before
testing (Fig. 5b), the carbon fiber areas were well exposed
after testing (Fig. 5a and Fig. 6a), and tin grooves on the
coating side of tested coatings were observed, so it would
seem that mechanical anchoring appears in the carbon fiber
area. A contribution of anchoring from the deformed tin in
roughened epoxy areas seems possible as well (Fig. 6b, d),
but given the large difference in pull-off strength between
Sn-10Al and Sn-10SS316L (Fig. 3) and the relatively
similar structure in this area for these coatings (Fig. 6d, f),
this does not seem very likely. Some linear tin structures
were observed on the substrate side after fracture (Fig. 6a-
b) and probably do not have a role in coating adhesion.
Nevertheless, while the bonding seems related to the car-
bon fiber area for this substrate, the strengths for all coat-
ings are actually lower than on the bare e-CFRP (Fig. 3).
Given the attribution of “good adhesion” to carbon fiber
areas for the bare e-CFRP, the absence of tin mounds
(cohesive failure) and the clear exposure of the carbon fiber
areas should also be explained.

The nature of bonding with metal/polymer (or
metal/composite) systems is still not entirely understood
(with only the “crack-filling” as a point of reference (Ref
24)), but some observed elements may explain the differ-
ences with the bare e-CFRP. A first element of comparison
would naturally be the surface finish of each substrate:
With its as-manufactured finish, the bare e-CFRP is slightly
rougher than the putty e-CFRP (Fig. 2a, b) which could be
associated with better potential for mechanical
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interlocking. While this would be a traditional metric to
consider for metallic substrates, the bonding process has
been hypothesized to occur in the carbon fiber area in the
case of CFRP, i.e., after removal of some surface polymer
layer, therefore it is uncertain if the initial surface rough-
ness affects deposition to a noticeable extent. Furthermore,
it is possible that some carbon fiber areas (those at the
bottom of the valleys of Fig. 2(a)) are covered by the
pinhole filler in the putty finish on the e-CFRP, therefore
cutting in half the number of areas the coating could effi-
ciently bond to. This pinhole filler would have a polymeric
nature (i.e., little or no contribution to mechanical inter-
locking) and could also partially cover carbon fiber areas
near the peaks of the holes, reducing the area that tin could
bond to. Therefore, regardless the quality of bonding
observed in the carbon fiber area, the overall load of the
peel-off test would be applied to a lower number of areas
(i.e., higher local strain), and ultimately, the coating would
show lower strength.

Another element to differentiate the widely varying pull-
off strengths between substrates could be the observation of
tin particles on the backside of the coatings with cracks or
voids between the particles (Fig. 6¢). This could indicate
less uniformity and qualitatively less deformation of the tin
impacting the substrate, when compared with tested coat-
ings on the bare e-CFRP that had very uniform coating
interfaces (Fig. 4c): This could then lead to weaker bond-
ing of the coating and, as a result, poorer mechanical
interlocking with the substrate. This idea would be sup-
ported by the comparison between the observed carbon
fiber area of the Sn-10Cu-IR (Fig. 6¢) and Sn-10SS316L
tested coatings (Fig. 6e), where the latter shows more
continuous deformation of particle and within the grooves
and also shows notably higher pull-off strengths (Fig. 3).
Therefore, with seemingly less adhesive coatings in the
carbon fiber areas and less areas to adhere to, the putty
e-CFRPs would provide lower strengths than the bare
e-CFRP. A direct consequence of weaker bonding would
also be that the coating would present adhesive failure
before any cohesive failure, which would explain the
absence of tin mounds on this substrate, and any carbon
fibers that would have been covered with tin mounds on the
e-CFRP would be revealed due to the adhesive failure of
the putty e-CFRP. Since the coatings with the highest
strengths did not peel, it is nevertheless difficult to confirm
if the bonding around the carbon fibers of the bare e-CFRP
was on a large area (comparable to the putty e-CFRP).

Surface film e-CFRP
With an average pull-off strength of 9.5 MPa, the strengths

of coatings on the surface film e-CFRP compare as better
than most reported results in the literature (Ref
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12, 24, 25, 49, 52-54). While carbon fiber structures were
observed on tested coatings on bare e-CFRP and putty
e-CFRP, the surface film e-CFRP coatings provided nota-
bly different observations: Carbon fiber areas were never
observed and cross-section observations of these coatings
(not presented here) confirm that the cold-sprayed particles
are not in contact with the carbon fibers. Only micron-sized
spherical particles with rings of tin appeared on the sub-
strate side (Fig. 7a, b). These micron-sized particle seem to
originate from the preparation of the substrate, as they
could already be distinguished in the top layer of Fig. 1(c).
The rings of tin around these particles could be remnants of
melted tin (Fig. 7a-b) that appeared during the spray pro-
cess, similar to the local tin tracks on the bare and putty
e-CFRPs (Fig. 6a-b): It is possible that their role for
bonding is also negligible. Some coatings such as tin with
SC Cu-IR left accumulations of tin at the surface (Fig. 7b),
indicating that debonding on this substrate was due to
mixed adhesive/cohesive failure. Since it was quite unclear
if the roughened structure of the putty e-CFRP (Fig. 6b, d)
would portray mechanical interlocking of tin in the poly-
meric substrate area, it would seem that the bonding of the
coatings to the surface film e-CFRP substrate is related to
the bonding of the tin to the spherical particles at the top
surface of the substrate. In light of the high deformation of
tin particles around these spherical elements (craters of
Fig. 7c) and the high average coating strength (Fig. 3c), it
could be suggested that this bonding is relatively strong.
These spherical particles also seem heterogeneous in size
and in distribution on the top surface of the substrate
(Fig. 7a-b) which could explain the strong variability
observed for the bonding results (Fig. 3c). Furthermore, the
observation of the cross sections of surface film e-CFRP
coatings, presented in Fig. 5 of (Ref 46) and Fig. 6 of (Ref
47), seems to reveal a more roughened interfacial area than
the cross sections of bare or putty e-CFRP coatings pre-
sented in (Ref 45), and this interfacial roughness could also
be related to increased overall pull-off strength. Never-
theless, this one-dimensional feature is difficult to charac-
terize and would be best addressed by measuring the
roughness of the fracture surfaces.

Finally, as with the bare e-CFRP, it seems Cu-IR led to
some local cohesive failure with areas remaining bonded to
the substrate (top left corner of Fig. 7b): These areas are
mostly tin with some Cu-IR particles. The coating side of
the corresponding sample also presents tin particles with
little deformation as compared to the initial feedstock
powder, as well as a high proportion of Cu-IR (Fig. 7d). A
combination between a hypothesized local increase of
spherical particles (that would increase adhesion due to
strong bonding) and a cohesive failure due to poor bonding
between the tin and Cu-IR could explain how these struc-
tures are obtained.



J Therm Spray Tech (2022) 31:1792-1812

1807

PEEK-CFRP

Pull-off strengths for the PEEK-CFRP substrate presented
a similar trend to those observed for the bare e-CFRP and
the putty e-CFRP. As for the putty e-CFRP, no
notable accumulation of tin was observed on the PEEK-
CFRP substrate suggesting that all coatings on this sub-
strate present adhesive failure. Through the observation of
craters in the polymer area (Fig. 9¢), it could be suggested
that peening of the PEEK polymer appears and little/no
mechanical interlocking can occur here, as previously
suggested (Ref 46). This cratering appears in contrast to a
roughened structure that was observed for the putty and
surface film e-CFRPs (Fig. 6d and Fig. 7c). The phe-
nomenon could be related to the different polymeric nature
of the substrate: PEEK being a thermoplastic material, it
could be subjected to thermal softening and deformation,
while the thermosetting epoxy in previous substrates would
be directly subjected to cracking, fracture and/or erosion.

Again, it would then seem that the bonding of the
coatings is related to the mechanical interlocking of tin in
the carbon fiber area of the substrate. Similar carbon fiber
areas were observed for pure Sn (Fig. 8a and Fig. 9a) and
for Sn-10Ti6Al4V (Fig. 8b and Fig. 9b), and it appeared
that SC Ti6Al4V revealed the carbon fibers more, as the
areas were larger, the fibers appeared more clearly and less
polymer seemed present. The strength of this coating was
also notably higher than the strength of the pure Sn coating
(8.2 MPa compared to 3.7 MPa, Fig. 3d). Furthermore, the
peeled coating of Sn (Ref 46), which was studied in Fig. 8
of (Ref 46), seems to reveal relatively less visible carbon
fibers than compared to what is observed in Fig. 9 in this
work, hinting toward lower peel-off strength (without
providing an actual value given this coating had peeled
before testing). This information could prove to be quite
valuable as previous studies suggested the SC could gen-
erate more surface roughening and catalyze the “crack-
filling” mechanism on CFRP substrates (Ref 46, 47), but
past observation never revealed notable difference between
coatings that could support this theory, and the observation
of the e-CFRPs did not provide results that could fully
support this hypothesis. While this could explain the
improvement of bonding between the pure Sn and Sn-
10Ti6Al4V coatings, SEM observations of the substrate
from the peeled Sn-10Cu-IR coatings (not presented here)
revealed a profile similar to that of the pure Sn (Fig. 8a),
while having a lower adhesion strength (1.0MPa); there-
fore, systematic analysis of the substrates after testing
would need to be conducted to confirm if there is a relation
between the area of revealed carbon fibers and the obtained
strength.

Even though the structure of the PEEK-CFRP was close
to that of the bare e-CFRP (as-manufactured finish), the

PEEK-CFRP led to the lowest pull-off strengths of this
work. Where putty e-CFRP had a structural difference that
could explain the decrease in pull-off strengths (pinhole
filler), the lower results with PEEK-CFRP seem related to
the nature of the substrate. As previously mentioned, the
thermoplastic polymer is subject to ductile deformations,
whereas thermosets are not, and so the bonding of the
coating with the substrate may be worse, notably due to
dissipation of the particle deformation energy in the sub-
strate. This could be confirmed by the discontinuous
grooves of Fig. 9(d) where different particles are discern-
able, even more so than in the coating of the bare (Fig. 4c)
and putty e-CFRPs (Fig. 6d). This lack of coating unifor-
mity and lesser deformation of tin particles at the substrate
interface seems more important than for the putty e-CFRP
and could therefore also explain why overall lower
strengths are observed on the PEEK-CFRP, as compared to
the bare and putty e-CFRPs.

Summary

Based on the pull-off test results and fracture surface
observations for each substrate, the following points can be
made:

e The bare e-CFRP provided some of the highest pull-off
strengths of this study with many coatings not peeling
(Fig. 3a). This would be related to high levels of
deformation of the tin at the coating/substrate interface
(Fig. 4c), and good bonding in the carbon fiber area.
Bonding was related to cohesive and adhesive ele-
ments, and the presence of some SC in the coating
seemed to present a weakening effect on the coating
strength.

e The putty e-CFRP pull-off strengths showed a similar
trend to the bare e-CFRP, albeit with lower values
(Fig. 3b). Bonding in the carbon fiber area was notably
clearer (Fig. 5a), but this seemed to be offset by the
surface finish that removed half of the carbon fiber
areas that the coating could bond to (areas that would
be at the bottom of the filled pinholes, or the valleys of
Fig. 2 (a)

e The surface film e-CFRP provided overall good coating
strengths (Fig. 3c) and this was related with a different
surface finish, comprised of micro-sized spherical
particles embedded in the polymer at the surface of
the substrate (Fig. 7 a-b). The tin seems to greatly
deform around these particles, leading to good bonding,
and their heterogeneous distribution would explain the
variation in strength measurements.

e The PEEK-CFRP provided the weakest coatings of this
work (Fig. 3d), and this was mostly associated with the
different substrate nature (thermoplastic versus
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thermoelastic, for epoxy). Of notable interest, it
appeared that the presence of the SC generated
increased presence of carbon fibers at the surface of
the substrate, which could explain the increase between
pure Sn and the coating with SC Ti6Al4V.

From the obtained results, it would then seem that better
adhesion was obtained when 1) a high level of tin defor-
mation was observed at the coating/substrate interface,
and 2) tin had a feature that it could bond with (carbon
fiber or spherical particles of the surface film e-CFRP).
These results complement cross-sectional characterization
that was carried out in previous studies (Ref 24, 45-47),
where one-dimensional observation of interfacial areas
would only reveal a degree of roughened surface that may
depend on the substrate (bare or putty e-CFRP presented in
(Ref 24, 45) versus surface film e-CFRP presented in (Ref
46, 47) or clear mechanical interlocking of Sn around
carbon fibers, as shown in Fig. 5(b). The variety of
obtained results highlights the importance of the surface
finish, as Rezzoug et al. (Ref 12) had suggested in their
study with wire-arc sprayed zinc on various interlayers on
CFRP.

Influence of the Sn and SC Powders on the Pull-off
Strength

As mentioned in the description of the pull-off test results
(Fig. 3 and 10), the pull-off strengths vary notably between
the coatings of Sn (Ref 46) and Sn (Ref 47), so it is
important to observe the effects of the SC as compared to
their respective pure Sn coatings. The pull-off strengths of
Sn (Ref 46) are notably lower than those for Sn (Ref 47)
when considering the bare e-CFRP, putty e-CFRP and
PEEK-CFRP, but not the surface film e-CFRP, which
seems to denote some correlation between the coating
adhesion and the type of substrate. It would then seem that
in the case of coatings bonding to substrates with apparent
carbon fiber areas (Fig. 4, 6 and 9), Sn (Ref 46) seems less
prone to efficient mechanical interlocking, and mostly
adhesive failure is observed. One notable difference in the
properties of these powders is the difference in modeled
kinetic energy (Table 1, established in (Ref 47): Sn (Ref
46) had higher kinetic energy than Sn (Ref 47), and this
would be relatable to a higher value of Do, used for Sn (Ref
46) (33.7 um) versus the value of Doy considered for Sn
(Ref 47). Nevertheless, while higher kinetic energy would
potentially lead to a higher proportion of potentially ero-
sive particles as determined in (Ref 47) (11% for Sn (Ref
46)) versus 8% for Sn (Ref 47), this would only really
affect deposition and would not seem to correlate with the
bonding of tin to the coating. Another difference that could
then explain why Sn (Ref 46) offers less efficient bonding
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and lower pull-off strengths than Sn (Ref 47) could then be
a difference in oxide layer thickness: Presuming that Sn
(Ref 46) has a higher oxide layer thickness, it would then
be more difficult for this powder to deform and mechani-
cally interlock with the carbon fiber areas of the concerned
substrates, while Sn (Ref 47) could have a thinner oxide
layer which would facilitate powder deposition on the
various substrates. Oxide layer thickness was not specifi-
cally studied here, and the hardness between both Sn
powders does not seem to noticeably vary, so this
hypothesis would require further confirmation.

By differentiating the SC properties, it appears more
clearly that the decrease in strength related to the addition
of Al/Al alloys to Sn in (Ref 46) would be related to SC
with low hardness and low impact energy (Fig. 10). In (Ref
47), these SC provided the highest increases in pure Sn DE
and this range of powder properties was described as ideal
for powder deposition: In light of these results, it would
then seem that improved DE compares with a decrease in
pull-off strength, as can be seen in Fig. 13. The Al/Al alloy
particles were described as having a hardness and an
impact energy that would be sufficient to generate cracks
that the tin could then fill (Ref 47), but as much as the
deposition process may be catalyzed with these conditions,
the bonding seems worse. Since Sn also has low hardness
and similar impact energy, the difference could then be
explained by the presence of Al/Al alloy in the coating, as
explained for the bare e-CFRP. Given the chosen cold-
spray parameters (i.e., low velocities) and observations in
another study (Ref 50), it is likely that Al is not bonding
with the Sn in the coating and only being retained by
mechanical interlocking. The retention rate of Al/Al alloys
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Fig. 13 Pull-off strength of the Sn and Sn-SC powder mixtures on the
bare e-CFRP substrate, as a function of the average pure Sn DE
improvement (Ref 47)
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was low (below 1% (Ref 46)) and the distribution of par-
ticles seems somewhat random (Fig. 5 of (Ref 46)), but if
an analogy is taken with the coordination number of a close
packed structure, one particle could affect a dozen neigh-
boring particles (depending on size of the particles, etc.), so
even a low percentage of retained Al/Al alloy particles in
the coating could still act as a contaminant for the bonding
of the coating.

Fe- and Ti-based SCs led to decreases in the DE of pure
Sn onto the CFRP, and this was associated with higher
impact energies and/or hardnesses that led to more erosion
of the coating during the build-up phase (Ref 47). From the
perspective of strengths, these SC from (Ref 47) provided
values on par, or slightly better, than the Sn powder they
were sprayed with on the bare e-CFRP, but also on the
putty e-CFRP and on the PEEK-CFRP (Fig. 10). Their
hardness is higher than the hardness of the substrates
(above 180 HV o, except for Fe), and their impact energy
covers the range of energies considered for all powders.
This supports the idea that the hardness of the SC is the key
factor in maintaining or improving the pull-off strength of
the coatings. While SC Fe has a hardness of 89 HV
(lower than that of Al7075), it also has the highest average
impact energy of this study (7.3.107° J). SC Cu and Cu-IR
have low hardness values (on par with SC Al and Al
alloys), but higher and increasing impact energy. Figure 10
suggests that with increasing impact energy at lower
hardness values, the pull-off strength increases. This idea
would then suggest that the SC impact energy has a sec-
ond-order effect behind SC hardness. Therefore, high
hardness (and/or high impact energy) would be required to
obtain good bonding on CFRP. This result is not entirely
new as metallic surfaces are generally grit-blasted with
hard particles (such as alumina) with the objective of
enhancing adhesion strength (Ref 62), but from the per-
spective of composite materials where grit blasting leads to
erosion of the substrate, this in-situ blasting by the SC on
the CFRP could provide softer conditions that generate
enhanced properties. Again, these trends are opposite to
those observed for the DE of pure Sn, as high hardness
(and/or high impact energies) would lead to lower pure Sn
DE (Ref 47) (Fig. 13). The mechanism explaining the
opposing trends would be the same as for SC with high
hardness and/or impact energy: They would have higher
potential of roughening the surface and generating cracks
that the tin could then fill to mechanically bond with the
substrate, as seen for the PEEK-CFRP in Fig. 8. In con-
clusion, it would then seem that the pure Sn DE
improvement mechanism discussed in previous studies
(Ref 46, 47) would come at the expense of the pull-off
strength of the coating.

The role of the SC on the surface film e-CFRP had not
yet been discussed, yet the trend seems more difficult to

describe for this substrate. The bonding mechanism seems
related to the presence of spherical particles at the top
surface of the substrate (Fig. 7a-b) and high variability is
observed for the strength of the various powder mixtures
(Fig. 3), which could suggest that the effect of the SC for
this coating is not as relevant as it may have been for the
other CFRPs, where a strong component of the bonding
mechanism came from crack-generation mainly around the
carbon fiber area.

When looking at the roughness data of Fig. 11, the
results seem to indicate that the addition of an SC leads to
more surface roughening, which would support the idea
that the SC could catalyze the deposition of tin onto CFRP
(as discussed in (Ref 46, 47)). Nevertheless, correlations
between the various roughness parameters, SC and coating
strengths did not reveal clear trends that could explain the
variations of strength. This assessment was also limited by
the absence of peeling for the coatings that provided the
highest strengths (with Fe- and Ti-based SC). More sys-
tematic analysis of the coatings would be required to
determine the precise mechanisms at play (roughening of
the surface by the SC or peening of the substrate/coating)
to understand how the bonding occurs and what processing
or powder factors may influence it.

Electrical Conductivity

Differentiating the electrical conductivity results is a dif-
ficult task as there seems to be few common trends
(Fig. 12). From the perspective of the substrates, the
average conductivities are not noticeably different, so the
substrate does not appear to affect this property, as it may
have affected the pull-off strengths (Fig. 3). The SC does
not seem to provide a trend either: Although having similar
hardness and impact energies, the addition of Al/Al alloy to
pure Sn can have both positive effects (Al6061/A17075)
and negative effects (Al/A15083) on the coating conduc-
tivity. The retention of Al in these coatings is always low
(below 1%) (Ref 46) so retention of the SC should not
noticeably affect the conductivity, while SC Fe, and to a
lesser extent SS316L, provides better coating conductivity
than pure Sn, regardless of higher retention rates (3-5%
(Ref 47) that could act as a contaminant. Finally, the
conductivity of coatings with SC Al/Al alloys was found to
be generally on par or greater than those with SC Cu
(Fig. 12), while Cu is known to have a higher conductivity
than Al, given its naturally passivated state.

While the variations may be difficult to understand,
these conductivity results could be indicative of the
bonding of the tin in the coating, as better bonding of the
particles and less porosity (through increased plastic
deformation) should lead to conductivities closer to those
of the bulk material. However, plastic deformation would
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also lead to more dislocations in the particles, which could
hinder electrical conductivity, and compete with the
improvements provided by decreased porosity. Further-
more, the relation between conductivity and bonding
quality could be supported by the cohesive failure that was
observed for some coatings, such as Sn-10A15083 on bare
e-CFRP (Fig. 4 ¢), Sn-10Cu-IR on bare e-CFRP (Fig. 4d)
or Sn-10Cu-IR on surface film e-CFRP (Fig. 7d), as these
coatings tend to present lower electrical conductivities than
the other coatings (around 50%) (Fig. 12). As a result,
while the mechanism is uncertain (competing effects), the
SC would seem to affect the coating conductivity via its
impact on Sn in the coating. It is also possible that the SC
may affect the conductivity via its retention in the coating
(such as Cu-IR, ~ 20%wt. (Ref 47)) as higher retention
rates were shown to lead to lower conductivities in a pre-
vious study, presumably due to an increasing number of
interfaces which could act as barriers to electron movement
(Ref 45). To some extent, SC oxide layer thickness could
also lead to limiting the movement of electrons, which
could also explain the differences observed for the con-
ductivities of the coatings with SC Al/Al alloys.

Few studies reported values of electrical conductivity
for cold sprayed tin onto CFRP: Che et al. (Ref 45, 48)
obtained conductivities around 50% bulk Sn conductivity
without annealing in previous studies with Sn-10Cu or Sn-
10Zn powder mixtures. In other instances of cold-spray
metallization of polymers, Matachowska et al. (Ref 63)
reported electrical conductivities around 25% the conduc-
tivity of bulk tin when cold spraying on polycarbonates.
Therefore, the measured electrical conductivities for the tin
coatings in this work (Fig. 12) are higher than those
reported in previous studies (50-80%). Post-processing
treatments could be proposed to improve coating bonding,
and therefore conductivity, as had observed Che et al. when
annealing several Sn-Cu coatings (from 50 to 80% the bulk
conductivity of tin) (Ref 45).

Conclusions

Coatings of tin mixed with various secondary components
were cold sprayed with a CenterLine low-pressure cold-
spray system, onto thermosetting epoxy-CFRP substrates
with varying surface finishes and a thermoplastic PEEK-
CFRP. The pull-off strength of these coatings was studied,
and the fracture surfaces were characterized. The results
indicate that the strength on the thermosetting CFRPs was
better than the strength on the PEEK-CFRP. The mecha-
nisms seem related to the degree of deformation/penetra-
tion of tin around the superficial carbon fiber areas for the
bare e-CFRP, putty e-CFRP and PEEK-CFRP, while the
surface film e-CFRP seems to react to a different
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mechanism (related to its surface finish). Correlation
between the pull-off strength and the SC properties was
possible, and it was observed that the better coating
strengths were obtained with SC that were previously
reported to be detrimental to pure Sn deposition. These
results are in opposition to the pure Sn DE improvement
mechanism that relied on low hardness/low impact energy
SC to catalyze Sn deposition. Attempts to characterize and
correlate pull-off strengths to surface roughness parameters
were made on the bare e-CFRP substrates after peeling of
the coatings, and while preliminary results seemed
promising (i.e., the addition of SC generated more surface
roughening), there were no clear trends between the
parameters and strength results. Finally, the electrical
conductivity of each coated substrate was also measured,
yet few trends appeared from the results: the conductivity
results were generally better than those previously repor-
ted, and while they do not provide insight into the depo-
sition/bonding mechanism, they could be an indication of
the bonding of the tin in the coating.
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