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Abstract Previous studies have shown that copper (Cu)
may be cold spray deposited on epoxy carbon fiber-rein-
forced polymers (CFRPs) if an interlayer Cu of electro-
plated on an electroless nickel (Ni) coating is present prior
to cold spraying. In this present study, the tensile adhesion
bond strength of these multilayered metallic coatings was
measured in accordance with ASTM Standard C-633-13.
Fractured surfaces after tensile adhesion testing were
examined by scanning electron microscopy (SEM) and
optical microscopy (OM). Scratch adhesion testing from
the polished cross sections of the multilayered coatings was
also performed to compare the results with those obtained
from the tensile adhesion testing. The microstructure of the
cold-sprayed and electroplated Cu coatings was analyzed
by electron channeling contrast imaging (ECCI), and its
correlation with hardness values was studied. Adhesive
failure at the Ni coating/CFRP interface was observed in
the absence of a cold-sprayed Cu coating. Enhanced
bonding between electroless Ni coating and exposed car-
bon fiber areas was observed relative to the epoxy regions.
This enhanced bonding was attributed to the increased
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roughness of the carbon fiber regions relative to the epoxy
areas. However, after cold spraying with Cu, cohesive
failure of the cold-sprayed Cu coating occurred, which was
likely due to insufficient plastic deformation of the parti-
cles cold sprayed close to the critical velocity of Cu.
Electron channeling contrast imaging analysis from the
cross sections revealed uniform and inhomogeneous
microstructures within the electroplated and cold-sprayed
Cu coatings, respectively.

Keywords adhesive failure - cohesive failure - grain size -
microstructure - scratch adhesion testing - tensile adhesion
bond strength

Introduction

Metallization of polymeric substrates such as carbon fiber-
reinforced polymers (CFRPs) has gained significant inter-
est in the aerospace industry over the past few decades.
Carbon fiber-reinforced polymers are advantageous due to
their high specific strength; however, they are more elec-
trically resistive than aluminum, limiting their applications
(Ref 1). Different coating methods are available for met-
alizing polymers, including physical vapor deposition
(PVD) and chemical vapor deposition (CVD), but, with
these techniques, only very thin films (below 100 pm) can
be deposited on the substrates (Ref 2-4). High-temperature
thermal spray technologies, including wire arc spray, flame
spray and air plasma spray, can be used to achieve thick
coatings. However, thermal degradation of the polymeric
structures and oxidation of metallic powders may take
place during thermal spray processes (Ref 5-8).

Cold spraying uses relatively lower temperatures (below
the melting point of the sprayed material) as compared to
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other thermal spray techniques (Ref 9). As a result, oxi-
dation of metallic powders, accumulation of tensile resid-
ual stress and damage to the heat-sensitive materials, such
as polymeric substrates, are minimized (Ref 10). In this
solid-state deposition process, particles are accelerated to a
high velocity (ranging from 500 to 1200 m/s) through a
converging—diverging nozzle onto a substrate to form a
dense metallic coating (Ref 11).

In cold spraying metallic powders onto metallic sub-
strates, bonding between the particles and the substrate
occurs through metallurgical bonding and/or mechanical
interlocking (Ref 12). However, cold spraying metallic
powders onto polymeric substrates and polymer-based
composites are challenging due to their poor erosion
resistance, limiting coating formation and growth on these
substrates (Ref 13). Thermoplastic substrates are more
amenable to cold spraying as they have better ductility than
brittle thermosets, allowing for particle embedding (me-
chanical interlocking) as opposed to the brittle fracture and
erosion of the thermosetting substrates (Ref 14). Thus,
bonding between metallic powders and the polymeric
substrate is achieved by mechanical interlocking.

Polymeric substrates and polymer-based composites
have been successfully cold sprayed with a variety of
metallic powders such as tin (Sn) (Ref 13), iron (Ref 15),
aluminum (Ref 16), copper (Ref 17) and 316L stainless
steel (Ref 18). However, these coatings showed some
issues related to the delamination/insufficient coating
adhesion (Ref 17), low deposition efficiency (DE) and
substrate damage and erosion that have limited further
coating growth (Ref 19). In previous studies (Ref 14, 20-
22), the adhesion/cohesion properties of the cold-sprayed
coatings deposited on a polymeric substrate were found to
be relatively low (below 30 MPa) when compared with a
coating cold sprayed on metallic substrates. It was reported
that soft metallic powders such as Sn can be cold sprayed
on thermosetting epoxy-CFRP through the “crack filling”
mechanism. It was hypothesized that partially melted or
thermally softened particles impact the substrate, and the
solid core of the particle generates microcracks which were
subsequently filled by the molten part of the Sn particle,
allowing for mechanical interlocking (Ref 13). However,
Che et al. (Ref 13) and Liberati et al. (Ref 23, 24) reported
low adhesion/cohesion bond strength of tin (Sn) and Sn
mixed with different secondary metallic powders cold
sprayed onto a variety of CFRP substrates with different
surface finishes (bond strength was varied from 2 to
20 MPa). They observed the full range of failure types
(adhesive, cohesive and a mixture of adhesive-cohesive)
depending on the sprayed material, spray condition and the
CFRP surface characteristics. Ganesan et al. (Ref 21)
obtained shear adhesion strengths below 3 MPa when cold
spraying Cu onto a polyvinyl chloride (PVC) substrate.

Matachowska et al. (Ref 25) achieved an adhesion strength
of only 3.6 MPa for cold-sprayed Cu coating deposited
onto polyamide 6 substrates at a gas pressure of 0.9 MPa.
Rezzoug et al. (Ref 26) modified the CFRP surface with
various interlayers (aluminum mesh layer) and fillers (pure
copper and a mixture of copper and stainless steel powders)
before spraying zinc via the wire-arc spray technique. They
found that surface modification greatly affected adhesion
bonding between the coating and the modified substrate. In
the case of pure Cu filler, adhesion strength was not
improved due to the smooth topography of the substrate
after applying the Cu powder filler which was measured to
be 2.7 MPa. Stainless steel powders mixed with Cu powder
led to the generation of a rougher surface finish as com-
pared to that of pure Cu powder filler due to the irregular
morphology of stainless steel powder. As a result,
mechanical interlocking was enhanced, and adhesion
strength was 5.1 MPa. In the case of the aluminum mesh
layer, the highest adhesion was achieved and found to be
6.5 MPa.

There are two distinct deposition steps when cold
spraying onto polymeric substrates: (1) first-layer deposi-
tion that occurs between the impinged metallic particles
and the polymeric substrate and (2) build-up that occurs
between the metallic powders and the previously deposited
particles (Ref 15). Coating thickness growth is challenging
in each deposition step due to the completely different
properties of the substrates (polymeric surface versus the
first layer of metallic coating). Barletta et al. (Ref 19)
successfully cold-sprayed Cu onto a thermoplastic (PA66)
substrate for various cold spray exposure times. They
found rapid coating growth initially (from O to 6 s) through
the embedding of the Cu particles into the polymeric
substrate. However, coating deposition slowed down after
fabrication of the very first metallic layer, because Cu
particles impacted on a much harder substrate (Cu coating)
as compared to the soft polymeric substrate, preventing
further coating growth.

Fabrication of metallic interlayers onto an epoxy-CFRP
substrate prior to cold spraying Cu was proposed recently
to avoid substrate damage, increase DE and enhance
bonding formation (Ref 27). The presence of a Cu inter-
layer with an almost similar hardness as the Cu powder
permitted mutual plastic deformation of both material
couples, likely allowing for successful cold spray deposi-
tion (Ref 28). This study aims to evaluate and understand
the adhesion/cohesion properties and microstructure of the
multilayered metallic coatings fabricated in a previous
study (Ref 27) onto a CFRP substrate through tensile and
scratch adhesion testing, and electron channeling contrast
imaging (ECCI), respectively. The CFRP substrate was
first metallized with an electroless Ni (EN) coating to
enable the fabrication of a subsequent interlayer through
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electroplating of a 100 um Cu coating followed by cold
spraying Cu at various gas pressures of 60-68 psi. Top and
cross-sectional SEM images of the cold-sprayed Cu coat-
ings have been presented elsewhere (Ref 27). The config-
uration of multilayered metallic coatings is abbreviated as
EN-Cu;-Cu,, where EN refers to the electroless Ni coating,
Cu;, is the electroplated Cu coating, and Cu, is the cold-
sprayed Cu coating.

Experimental Methodology
Materials, Metallization Steps and Conditions

Oxygen-free Cu powder (PG-PMP-1012, Plasma Giken
Co., Ltd., Saitama, Japan) was used as the feedstock
powder. Its characteristics were examined previously (Ref
27) and are summarized in Table 1. The particle size of the
Cu powder was assessed using a laser scattering particle
size analyzer (LA-920, Horiba, Japan), and the distribution
has been presented elsewhere (Ref 27). A scanning electron
microscope (SU 3500, Hitachi, Japan) was used to obtain
images of the Cu powder particles from the top and cross-
section views (see Fig. 1). The Cu powder was nearly
spherical, and its average particle size (Dsp) was 18.9 um,
where 50% of the particles were smaller than 18.9 pm.

The substrate materials used in this study were epoxy-
CFRPs, fabricated by Bombardier Aerospace (Montreal,
Canada), consisting of a thermosetting epoxy matrix with
continuous carbon fiber reinforcements. The CFRP panels
were made of four plies of 5276-1/G30-500 epoxy carbon
prepreg ([0/90]2 s). The CFRP substrates were 1.7 x 1.7
cm? with a thickness of 1.7 mm and were degreased with
methanol prior to coating.

CFRP substrates were first activated by palladium (Pd)
particles to accelerate the chemical reactions occurring in
the subsequent EN deposition. A Ni-coated CFRP with
5 pum coating thickness was then electrodeposited with Cu
to achieve a 100 pm Cu coating. The metallization process
has been extensively described in a previous study (Ref
27).

Cold spray of Cu at low pressure was conducted with a
commercially available cold spray system (KM CDS 2.2,
Inovati, Santa Barbara, CA, USA). The cold spray process
parameters for Cu-coated CFRP substrates are listed in
Table 2. Only one pass was sprayed at each gas pressure,
which ranged from 60 to 68 psi. A step size of 1 mm (20
steps) was selected, and the feeding rate was measured to

be 11.5 = 2 g/min for three measurements. The cold spray
parameters were chosen based on the previously successful
cold spay experiments with Cu-on-Cu interlayer (Ref
217, 28).

Single pass cold spray experiments were conducted
three times for each gas pressure (n = 3), and the corre-
sponding standard deviations were reported to be relatively
small (i.e., approximately 1%) (Ref 27).

Coating Properties and Characterization

The coating adhesion/cohesion bond strength was evalu-
ated by means of a tensile adhesion (i.e., “pull-off”) test
performed on coated CFRP samples after each metalliza-
tion step, according to ASTM standard C-633-13 (Ref
29, 30). The modified testing required sectioning (Delta
Abrasimet, Buehler, Illinois, USA) of the CFRP samples
into square specimens of 1.7 x 1.7 cm”. In this modified
testing standard, the square specimens covered most of the
circular surface area, thus leading to a nominal stress dis-
tribution difference with that of the circular test. A similar
modification to ASTM standard C-633-13 has been made
by other researchers for various cold-sprayed coatings on
CFRP substrates (Ref 13, 22, 23). Although the ASTM
standard C-633-13 is applicable for coatings with thickness
greater than 380 pum, thin layers of “dense” coating can be
tested satisfactorily. Observations from the cross-sections
of all the coatings suggested the formation of dense and
uniform coatings (Ref 27). Therefore, this adhesion method
has been used for testing thin coatings in this study.

The coating surfaces were then ground using #2000 grit
SiC polishing papers to remove any loose particles that
remained from the cold spray process. A room temperature
curing epoxy adhesive (J-B weld original cold weld, USA)
was used to bond the coated specimens between two steel
cubic blocks of 1.7 x 1.7 cm? with a height of 1 cm, which
was machined on a 2.54 cm diameter cylindrical steel
blocks (see Fig. 2). A ‘room temperature’ curing adhesive
was selected to avoid the occurrence of any possible
thermal degradation to the heat-sensitive epoxy-CFRP
substrate. The modified design of the counter blocks
allowed for more accurate measurements as falling glue
from the sample sides can be controlled. When the epoxy
adhesive was completely cured, the coating was pulled off
using an MTS servo-hydraulic pressure machine at a con-
stant crosshead speed of 1.0 mm/min. The strength of the
adhesive that is the strength at which the adhesive fails was
measured by performing an adhesion strength test on the

Table 1 Properties of the

feedstock Cu powder Powder

Morphology

Supplier Dsg, pm Microhardness, HV o,

Cu Nearly spherical

Plasma Giken 18.9 65+8(n=7)
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Fig. 1 SEM images of the
feedstock Cu powder from

(a) top and (b) polished cross-
sectional views

Table 2 Cu cold spray parameters for Cu coated CFRP substrates

Powder Carrier gas Gas temperature, °C Gas pressure, psi Stand-off distance, mm Nozzle travel speed, mm/s
(MPa)
Cu N, 482 60 (0.41), 35 25

65 (0.45), 68 (0.46)

oL 3

Steel

Coating ]

Fig. 2 (a) Adhesion strength testing setup and (b) machined steel
block

two steel blocks joined with the cured glue. The fractured
surfaces were then characterized with a digital microscope
(VHX-5000, Keyence, Japan) and an SEM. For each
coating condition, three measurements were performed,
and the average strength was reported.

Scratch adhesion testing was performed according to
ISO 27307 (Ref 31) to qualitatively characterize the bond
strength of the multilayered metallic coatings using a
scratch tester (Micro-Combi, Anton Paar, Switzerland). In
this test, a Rockwell diamond stylus was drawn across the
polished cross section of the coatings, starting in the sub-
strate and ending in the cured resin. The applied normal
load, speed and scratch length were 0.2 N, 3.5 mm/min
and 0.5 mm, respectively. The scratch parameters were

chosen based on the previously scratch testing for Cu
coating (Ref 32). Scratches were then examined by SEM to
identify the failure mechanism and possible inter-splat
decohesion. A qualitative—quantitative comparison was
then made from both tensile and scratch adhesion testing.

A cold field emission SEM (SU 8230, Hitachi, Japan)
with a photodiode backscattered electron (BSE) detector
was used to analyze the CFRP surface after Pd activation to
obtain a correlation between the distribution of the dis-
persed Pd nanoparticles onto a CFRP substrate, CFRP
surface topology and adhesion behavior of the EN coating
to the CFRP. Compositional analysis of the CFRP after Pd
activation was conducted using Energy-Dispersive x-ray
Spectroscopy (EDS) in the SEM. A 3D optical surface
profiler (ZYGO, Connecticut, USA) was used to determine
the surface roughness and topology of the CFRP substrate
before activation treatment to study the effect of CFRP
surface topography on the dispersion behavior of the Pd
particles over the entire CFRP surface.

Microstructural observations were performed on the
polished cross-sections of the coatings to reveal the grains
and deformed structures of the coatings. Cross sections of
the coatings were cold mounted, mechanically grounded
and polished using 9, 3 and 1 pm diamond pastes followed
by 0.05 um colloidal silica.

The morphology and microstructure of the initial Cu
powder deposited and cold-sprayed Cu coatings were
revealed by Electron Channeling Contrast Imaging (ECCI)
using a cold field emission SEM (SU 8230, Hitachi, Japan)
with a photodiode backscattered electron (BSE) detector.
The accelerating voltage was in the range of 5-10 keV, and
the working distance varied from 8 to 10 mm. A
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correlation between the microstructure and the measured
hardness of the coatings was then explored. An image
analysis software (ImageJ) was used to measure the grain
and particle sizes.

Results
Tensile Adhesion/Cohesion Bond Strengths

The adhesion strength results of the deposited coatings
after each metallization step are shown in Fig. 3. Electro-
less Ni coating, electroplated and cold-sprayed Cu coatings
fabricated on CFRP substrate are abbreviated as EN, Cu,
and Cu,, respectively. From the cross-sectional SEM
images of the multilayered coatings (Ref 27), the thickness
of the cold-sprayed Cu coatings increased from approxi-
mately 90 to 145 pm by increasing the gas pressure from
60 to 68 psi (Ref 27). The glue adhesion strength was
determined to be 13 MPa.

In the adhesion strength test, the EN and EN-Cu,
coatings failed at the EN/CFRP interface, indicating
adhesive failure. No significant change in the adhesion
bond strength of the EN and EN-Cu, coatings to the CFRP
substrate was observed, and their adhesion bond strengths
were measured to be 6.85 and 6.38 MPa, respectively. The
almost similar bond strengths were possibly due to the
electroplating being performed at low ‘intensity’ process
conditions of room temperature and a very low applied
current.

After cold spraying Cu on the EN-Cu, layer, the adhe-
sion strength test led to the failure of the cold-sprayed Cu
coatings, indicating cohesive failure. The cohesion bond
strength of the cold-sprayed Cu coatings slightly increased
from 1.45 to 2.45 MPa by increasing the gas pressure from
60 to 68 psi.

Adhesive Adhesive
6.85 6.38

HoT

]

(MPa)

) Cohesive
Cohesive 295

'

Cohesive

M HEE

EN EN-Cul EN-Cul-Cu2 EN-Cul-Cu2 EN-Cul-Cu2
60 psi 65 psi 68 psi

Adhesion/cohesion bond strength
1% ]

Fig. 3 Adhesion/cohesion bond strength of the coatings obtained
after electroless Ni deposition (EN), Cu electrodeposition (EN-Cu;)
and Cu cold spraying (EN-Cu;-Cu,) at three different gas pressures of
60, 65 and 68 psi
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Characterization of Fractured Surfaces in the EN
and EN-Cu; Coating Configurations

Figure 4(a) and (b) shows the OM images of the fractured
surfaces in the EN and EN-Cu,; coating systems where
adhesive failure at the EN/CFRP interface occurred. Fig-
ure 4(a) shows that damage to the epoxy took place in
areas where the carbon fibers were exposed and a degree of
roughening in these areas is noticeable. Figure 4(b) shows
the corresponding surface of the peeled EN coating,
revealing the pattern of the underlying carbon fiber region.

Figure 5(a) and (b) shows the top and cross-section
views of the as-received CFRP, respectively. Fig-
ure 5(a) shows that carbon fibers (shown by white arrows)
are separated by epoxy regions (shown by yellow arrows)
and from the cross-sectional OM image (Fig. 5b), areas
rich in carbon fibers close to the top surface and others rich
in epoxy polymer can be observed.

Further SEM characterization of the carbon fiber areas
was conducted after performing the adhesion test, and the
corresponding SEM images of the fracture surfaces are
shown in Fig. 5(c), (d), (e), (f) and (g). In Fig. 5(c), dam-
aged epoxy in the carbon fiber regions was observed
(shown by white arrows), leading to more visible exposed
carbon fibers (shown by black arrows). A degree of dis-
continuity along the carbon fiber (i.e., broken carbon fiber)
was also noticed, which is shown by the yellow arrows.
Figure 5(d) and (e) shows the EDS map of the same area
and the corresponding EDS results, respectively, confirm-
ing the presence of 96.1 wt.% carbon and 2.6 wt.% nickel.
According to the EDS results, the bright spots in
Fig. 5(c) are possibly the traces of the residual nickel,
which is mostly observed in the grooves between the car-
bon fibers. Figure 5(f) shows the backside of the peeled EN
coating which is complementary and corresponds to the
pattern of the carbon fiber regions in Fig. 5(c). As shown in
Fig. 5(f), linear smooth structures are the traces of the
carbon fibers, and the rough area is the damaged EN
coating. This result could suggest that EN coating has been
mechanically interlocked in the grooves between carbon
fibers where epoxy is present.

Figure 5(g) shows the polished cross-section of the EN-
Cu, coating deposited on the carbon fiber area of the CFRP
substrate. Carbon fiber regions consisted of exposed carbon
fibers and epoxy polymer between them. As shown, the
EN-Cu; coating followed the surface profile of the CFRP
substrate. A unique characteristic of the electroless depo-
sition is that a uniform coating that follows the substrate
surface topography can be achieved (Ref 33-38). Possible
mechanisms affecting the adhesion properties of the EN
coating to the epoxy-CFRP are explained in the following
section.
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Fig. 4 Keyence digital
microscope images of the

(a) CFRP substrate and ol
(b) backing surface of the EN ;
coating after performing the
adhesion strength test

Effect of CFRP Surface Characteristics on EN
Coating Formation Mechanisms

In the EN coating deposition of non-conductive surfaces
(i.e., epoxy regions which constituted the majority of the
CFRP surface), the first step after surface cleaning is sur-
face catalysis by reducing Pd ions to Pd atoms from a
colloidal solution containing PdCl, and SnCl, (Ref 38-40).
In this study, Pd particles were electrochemically activated
on the heterogeneous surface features of the CFRP, con-
taining regions of epoxy and carbon fibers. Figure 6 shows
the SEM images of the CFRP surface after the Pd activa-
tion and the corresponding EDS results. As shown, Pd
nanoparticles (bright spots) with an average particle size of
45 £ 5 nm were distributed over the entire surface of
CFRP, but with greater accumulation on exposed carbon
fiber areas. The volume fraction of Pd particles was mea-
sured to be 15%. Catalytically active Pd nanoparticles act
as nucleation seeds to initiate subsequent autocatalytic
(self-reduction) chemical reactions occurring during elec-
troless deposition. The catalysis, activation and electroless
deposition processes have been described previously (Ref
27).

Figure 6(a) and (b) shows the SEM images of the CFRP
surface for two distinct regions of epoxy and carbon fibers,
respectively. As shown, fewer Pd nanoparticles (indicated
by the red arrows) are dispersed in the epoxy region as
compared to the area with exposed carbon fibers. Accord-
ing to Fig. 6(b), Pd particles accumulate on both carbon
fibers and the epoxy areas in between these carbon fibers.
The preferential dispersion of the Pd nanoparticles on the
carbon fiber regions might be attributed to the physical and
chemical properties of carbon fibers and the inhomoge-
neous surface profile of the CFRP. It has been reported in
the literature that carbon materials such as graphite, acti-
vated carbon, carbon fibers and carbon nanotubes are
common and suitable catalyst support materials for various
chemical reactions. Carbon fibers have been found to be a
promising support for the catalysis of noble metals such as
Pd and Pt due to their large specific surface area, high
porosity, excellent electron conductivity and chemical

inertness (Ref 41). The specific surface area of carbon
fibers has been reported to be high, 1000-3000 (m?/g),
which provides a high available surface area for accumu-
lation of the active Pd metal atoms (Ref 42, 43).

The observed damage to the epoxy in between the car-
bon fibers and inhomogeneous distribution of Pd particles
could mainly be supported by the surface profile of the
CFRP. The surface profile of the epoxy-CFRP substrate
was characterized over an area of 6008 x 6008 um® to
study a potential relationship between the substrate surface
roughness, accumulation of Pd nanoparticles and the
adhesion behavior of the EN coating. Figure 7 shows the
surface profile of the CFRP substrate before Pd activation.
As shown, epoxy areas (red regions) are at the same level
in height; however, carbon fibers (green-yellow regions)
have greater depth than the epoxy area and are separated by
the epoxy polymer (red regions between green-yellow
lines). The maximum height (S,) was measured to be
13.74 pm which is the sum of the largest peak height and
the largest pit depth for the given field of view. The surface
topology of the CFRP substrate would suggest two distinct
regions of ‘smooth’ epoxy area and ‘rough’ carbon fiber
regions. In previous studies (Ref 44), surface etching of the
polymeric substrates using aggressive chemicals was
attempted prior to Pd activation to introduce micropores on
the surface and subsequently to enhance mechanical
anchoring of Pd particles to the surface.

Once the CFRP is activated by Pd particles, nucleation
of Ni atoms mainly starts from the activated sites (Pd
particles) followed by film growth during electroless Ni
deposition (Ref 38). Nickel ions adsorb onto the catalytic
CFRP surface and reduce as a result of the oxidation
reaction of the reducing agent (hypophosphite anion) to
form a Ni-P film (see Eq 1) (Ref 45). It is well established
that as-plated EN film is a metastable binary Ni-P alloy
(Ref 46), formed by:

Ni** + 4H,PO; + H,0 — Ni + 3H,PO; +P 4+ H"
3
—H
+ 3 2
(Eq 1)
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Fig. 5 (a) Top and (b) cross-
section views of as-received
CFRP, (c) SEM image, (d) EDS
map and (e) EDS results of the
CFRP surface after the adhesion
strength test. SEM images of the
(f) peeled EN coating and

(g) polished cross section of the
carbon fiber region of CFRP

Cps/eV

(e)

Figure 8 shows the spherical nodular SEM microstruc-
tures of the EN coating after 15 s, 1 min, and 15 min of
deposition. After 15 s of deposition, when there were still

@ Springer

gaps between the particles (Fig. 8a), Ni particles with an
average size of 34 £ 6 nm nucleated and grew in the
vicinity of previously dispersed active Pd particles (indi-
cated by red arrows). Nickel islands were then uniformly
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Fig. 6 SEM images of the
CFRP after Pd activation in the
(a) epoxy and (b) carbon fiber
regions. (c) corresponding EDS
data of the image (b). (Note
bright spots in (a) and

(b) indicate Pd particles which
are shown by red arrows) (Color
figure online)

x 0.001 cps/eV

700
600
500
400
300
200
100

Fig. 7 Height profile of the epoxy-CFRP substrate before Pd
activation

distributed and formed on the catalytic surface until the
catalytic sites were covered by the Ni particles. Since Ni
itself is a catalyst metal, Ni ions can be continuously
reduced to Ni atoms and deposited on the previously
formed layer or fill the gaps between the islands. After

3 4 5 6 7 8 9 10
Energy [KeV]

1 min of self-continuing chemical reactions, the isolated
islands grew by joining the subsequent Ni particles through
self-catalytic effect, leading to the formation of a dense,
homogeneous and uniform nodular Ni-P film on the surface
(Fig. 8b). In Fig. 8(c), it can be seen that the EN coating
was initially formed on the carbon fibers (shown by the
white arrows), where greater Pd intensity was located.
After 15 min of EN deposition, larger particles were
formed through a lateral/vertical growth mechanism,
leading to the formation of nodular microstructure, as has
been reported previously (Ref 47).

Characterization of Fractured Surfaces in the EN-
Cu;-Cu; Coating Configuration

Figure 9 shows the SEM observations of the backside of
the removed coatings (a, b, and c¢) and of the corresponding
remains of the Cu coatings (d, e and f) cold sprayed at 60,
65 and 68 psi, respectively. As shown, plastically deformed
Cu particles are spread out over the surface and no dim-
pling of the surface is observed. No significant change in
the splat diameter was apparent after varying the gas
pressure due to the small gas pressure range, despite the
slight increase in the cohesion strength of the cold-sprayed
Cu coating, rising from 1.45 to 2.95 MPa.

@ Springer
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Fig. 8 High magnification SEM
images of EN coating fabricated
for (a) 15 s and (b) 1 min. Low
magnification SEM images of
the EN coating fabricated on
carbon fibers after (¢) 15 s and
(d) 15 min. (Note the red and
white arrows indicate Pd
particles and EN coating in

(a) and (c), respectively) (Color
figure online)

Fig. 9 (a-c) SEM images of the backside of the removed coatings and (d-f) corresponding remained Cu coatings cold sprayed at 60, 65 and 68

psi, respectively

Scratch Adhesion Bond Strength

Scratch adhesion testing was performed on cross-sections
of the coatings. According to ISO/WD 27307, two types of
failure can be generated as a result of scratch adhesion
testing. The type of failure can be identified by observing
the damage generated within/around the scratch track (Ref
48, 49). Adhesive failure occurs when cracks are initiated
and propagated at the coating/substrate or coating/coating
interfaces, and cone-shaped fracture occurs at the

@ Springer

interfaces. In cohesive failure, cone-shaped fracture and
crack generation take place in the coating (Ref 50).

For the scratch testing load used, there was no adhesive
failure at the interfaces for all coatings. However, cone-
shaped fractures and cracks occurred inside the cold-
sprayed coatings, indicating the cohesive failure. There-
fore, scratch testing was used to characterize cohesive
failure mechanisms. Figure 10 shows the SEM and OM
images of the scratch tracks obtained from the cross-sec-
tions of cold-sprayed and electroplated coatings at which
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Fig. 10 (a) and (b) SEM images
of the scratch tracks in the cold-
sprayed coatings, (c) and X
(d) OM images of the cone- \

Cu,, 60psi

shaped fracture in the cold-
sprayed coatings, (e) and

(f) SEM images of the scratch
tracks in the electroplated
regions after cold spraying at 60
and 68 psi, respectively

the stylus was drawn starting from the substrate toward the
cold-sprayed coating. In Fig. 10(a) and (b), the presence of
cracks within the cold-sprayed coatings indicates cohesive
failure (shown by the white arrows). This type of failure
(through crack generation) has been reported in previous
studies for ductile coatings such as Cu (Ref 48).

Figure 10(c) and (d) shows the OM images of the cone-
shaped fracture occurred in the cold-sprayed coatings.
Cold-sprayed coatings showed almost similar projected
cone areas, suggesting almost similar cohesion bond
strength by increasing the pressure from 60 to 68 psi. The
similarity of the cohesive failure behavior of these cold-
sprayed Cu coatings was likely due to the small gas pres-
sure difference. In addition, Cu flakes can also be observed
within both cold-sprayed Cu coatings (Fig. 10a and b),
which might be an indication of particle decohesion in this
region. In this case, the damage was transferred to the
material adjacent (shown by red arrows) as a result of the
particle decohesion.

(b)

Cu,, 68psi

No cracks were observed at the electroplated/cold-
sprayed interface for both coatings sprayed at 60 and 68 psi
gas pressures. An improved bonding at the Cu,/Cu, inter-
face is likely due to the hardness similarity of the particle
to the underlying electroplated coating that allowed for
mutual plastic deformation of both material couples,
resulting in an enhanced mechanical/metallurgical bonding
(Ref 27, 28). In this stage, the very first layer of particles
adheres to the substrate and determines the adhesive
strength of the coating to the substrate. In Fig. 10(e) and
(f), no sign of failure was observed within the electroplated
coatings, neither on the scratch track nor on the
surrounding.

Microstructure Analysis
ECCI was performed on cross-sections of the feedstock Cu

powder, electroplated, and cold-sprayed Cu coatings to
reveal initial and deformed microstructures. Figure 11
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shows the ECC images of the cross-sectioned Cu powder Figure 12 illustrates the ECC images of the cross-sec-
with low and high magnifications. As is shown, the grain  tioned Cu coatings electroplated (Fig. 12a) and cold
structure of the Cu powder reveals an equiaxed grain  sprayed at pressures of 60 and 68 psi (Fig. 12c and e,
microstructure with a grain size ranging from 1 to 4 um  respectively). Figure 12(b), (d), and (f) shows the enlarged
with an average grain size of 2 = 1 um (Fig. 11b). views of the rectangles indicated in Fig. 12(a), (c), and (e),

Fig. 11 ECCI micrographs of
the cross-section of the
feedstock Cu powder with

(a) low and (b) high
magnifications

Fig. 12 ECC images of cross-
sections of (a) Cu electroplated
coating, (c) and (e) Cu coatings
sprayed at 60 and 68 psi,
respectively. (b), (d) and (f) are
enlarged views of the white
rectangles in (a), (c) and (e),
respectively. (Note the impact
direction of the Cu powder is
from top to the bottom)
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respectively. A more uniform microstructure was observed
for the electroplated Cu coating compared to the cold-
sprayed Cu coatings. For electroplated Cu coating, the
average grain size was 900 £ 150 nm. However, inho-
mogeneous microstructures were observed for cold-
sprayed Cu coatings fabricated at 60 and 68 psi gas pres-
sures. For both cold-sprayed Cu coatings (Fig. 12¢ and e),
the microstructure near the splat interfaces is fine grained,
indicating the occurrence of dynamic recrystallization (Ref
51, 52), while a coarser structure can be observed in the
central area of the particles (fine and coarse sub-structures
are indicated by yellow and white arrows, respectively.)
For the cold-sprayed Cu coating fabricated at 60 psi
(Fig. 12c), the average grain size of the refined and coarse
structures was 217 £ 75 and 700 £ 270 nm, respectively,
which is significantly lower than that of feedstock Cu
powder (2 &= 1 pum). By increasing the pressure from 60 to
68 psi, a decrease in the average grain size of the two sub-
structures was obtained. For the cold-sprayed Cu coating
fabricated at 68 psi (Fig. 12e), 530 & 170 and
160 + 60 nm were the average grain size of the coarse and
refined structures, respectively.

It should be noted that combining ECCI and EBSD
analysis may lead to a better understanding of the dynamic
recrystallization and crystallographic orientation of mate-
rials which will be studied in a future work.

Discussion

Adhesion/Cohesion Bond Strengths of Multilayered
Coatings

The primary influencing features observed in the fractured
surfaces for the EN and EN-Cu; coatings were exposed
carbon fibers and the associated epoxy regions. Damaged
or removed epoxy in areas where exposed carbon fibers
were present and locally broken carbon fibers (Fig. 5¢)
indicate an enhanced mechanical bonding between the EN
coating and the carbon fiber areas relative to the pure epoxy
region. Inhomogeneous surface topology of the CFRP (i.e.,
the presence of “rough” carbon fiber regions and
“smooth” epoxy area) may possibly affect the overall
adhesion strength of the Ni coating to CFRP. However, it is
not possible to investigate the contribution of these two
surface features as the tensile adhesion test is being con-
ducted on a certain surface area that includes both epoxy
and carbon fiber regions. Therefore, the measured adhesion
strength is a result of contributions of both surface features.

The presence of peaks and valleys on the exposed car-
bon fiber regions relative to the smooth epoxy area where
carbon fiber is not exposed, allowed for an enhanced
anchoring of Pd nanoparticles to micropores of the carbon

fiber regions and the subsequent enhanced mechanical
bonding between the EN coating and these areas (Fig. 6a
and b). The little-observed presence of Ni (Fig. 5c and e)
on the CFRP surface after the adhesion test indicated that
the bonding between EN coating and CFRP is mostly
adhesive. These results suggest that the adhesion by
mechanical anchoring between the EN coating and the
CFRP could be enhanced by increasing the areal fraction of
exposed carbon fibers.

After cold spray deposition of Cu at 60-68 psi, weak
cohesion strengths were obtained in the Cu, part of the EN-
Cu;-Cu, coating configuration (Fig. 3). Fractured surfaces
(Fig. 9) showed no dimpling of the surface, indicating a
lack of metallurgical bonding between the deformed par-
ticles, thus leading to cohesive failure within cold-sprayed
coatings for all gas pressures. It was previously reported
that the velocity of Cu particles sprayed at 60-68 psi was
close to the critical velocity of Cu (on the order of 500 m/s)
(Ref 28, 53). Weak inter-particle bonding is likely attrib-
uted to the low kinetic energy of the particles sprayed close
to this velocity. However, applying higher gas pressure
than 68 psi and temperatures higher than 482 °C was not
possible in this study due to the observed coating delami-
nation (Ref 27). Delamination was hypothesized to be due
to the insufficient coating adhesion to the CFRP substrate
and thermal stress being introduced to the coating because
of the difference in thermal expansion coefficient. There
are several ways to increase the adhesion bond strength of
the coating to the polymeric substrates such as chemical,
mechanical and plasma treatments of the substrate before
the metallization step (Ref 54). It would be expected that
microscopic voids, peaks and valleys would be generated
on the surface, promoting the mechanical anchoring
between the metallic coating and the polymeric substrate.
Another method to tackle delamination would be to
increase the interlayer thickness to enhance energy
absorption and facilitate heat dissipation.

From scratch adhesion testing, it was found that for the
given scratch condition, the obtained results correlate with
those obtained from the tensile adhesion testing (Fig. 10).
Note that both tensile and scratch testing conditions may
affect the failure mechanism behavior of the coatings. In a
previous study (Ref 55), a direct correlation between the
results obtained from scratch and tensile adhesion testing
was not obtained and the type of failure for the same
coating was different when both methods were employed.
However, scratch testing is a practical, efficient and quick
method to identify the type of bond strength (adhe-
sive/cohesive) that can be used as a supplement to ASTM
Standard C-633-13 adhesion testing.
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Coating Microstructure

As observed in the ECC images of the coatings (Fig. 12),
the non-uniform microstructure within cold-sprayed coat-
ings is associated with an inhomogeneous plastic defor-
mation of the cold-sprayed Cu particles. In cold spray,
particle interfacial regions experience more severe plastic
deformation, strain rate and associated temperature rise,
resulting in recrystallization and an inhomogeneous coat-
ing microstructure (Ref 52, 56). In a recent study (Ref 28),
the temperature profile of the Cu particle impacted onto a
Cu interlayer at a gas pressure of 65 psi was analyzed and
reported using finite element simulation. The temperature
profile of the impacted Cu particle revealed an increase in
temperature from 200 °C (central region of the particle) to
700 °C (particle interfacial region), leading to an inho-
mogeneous degree of recrystallization within the particle.

A decrease in the grain size of the cold-sprayed coating
by increasing the pressure is attributed to the higher degree
of plastic deformation and increase in dislocation density.
Similar microstructural features have been reported for
cold-sprayed coatings (Ref 51, 52, 57). In a previous study
(Ref 27), the microhardness of the feedstock Cu powder,
electroplated and cold-sprayed Cu coatings was measured
and reported. The copper powder had a microhardness of
65 = 5 HV, which was lower than that of cold-sprayed Cu
coatings. The average microhardness of the cold-sprayed
Cu coatings fabricated at pressures of 60 and 68 psi was
found to be 100 = 5 and 118 £ 5 HV, respectively. An
increased microhardness of the cold-sprayed Cu coatings
relative to the Cu powder is related to the extensive plastic
deformation, increased dislocation density and grain
refinement (Ref 58). An increased microhardness of the
coating cold sprayed at 68 psi compared to that of 60 psi is
due to the more severe plastic deformation and conse-
quently smaller average grain size of both sub-structures. It
can also be found that the smaller average grain size of the
cold-sprayed coatings as compared to the electroplated Cu
coating led to an increase in the hardness of the cold-
sprayed coating relative to the electroplated coating (75
HV versus 100 and 118 HV).

Conclusions

The adhesion/cohesion bond strength of multilayered
metallic coatings fabricated onto CFRP substrate was
studied through tensile and scratch adhesion testing, and
fracture surfaces characterization. The results indicated
that failure was almost adhesive at the EN/CFRP interface
in the EN and EN-Cu; coatings. Damaged epoxy and
broken carbon fibers indicated enhanced mechanical
anchoring between the EN coating and carbon fiber

@ Springer

regions. This enhanced bonding was possibly due to the
increased roughness leading to the large accumulation and
anchoring of Pd nanoparticles in these areas. From the
scratch adhesion testing of the EN-Cu;-Cu, coating, cone-
shaped fractures and cracks were observed within cold-
sprayed Cu coatings, indicating cohesive failure. Failure of
the cold-sprayed Cu coatings was likely due to the poor
inter-particle bonding, absence of dimpling and limited
plastic deformation of the particles at low gas pressures. A
direct correlation between the tensile and scratch adhesion
testing was obtained.

Microstructural analysis of the cold-sprayed Cu coatings
through ECC imaging revealed inhomogeneous
microstructure with grain refinement at the splat bound-
aries due to the higher degree of plastic deformation.
However, a more uniform microstructure was achieved for
the electroplated Cu coating with a larger average grain
size as compared to that of cold-sprayed Cu coatings. The
lower hardness of the electroplated Cu coating compared to
the cold-sprayed Cu coatings was attributed to the larger
average grain size and different microstructural
characteristics.
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