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Electrically Conductive
Metallized Polymers by Cold
Spray and Co-Electroless
Deposition
Conducting coatings on polymer substrates is of particular interest in sustainable electron-
ics. Despite great promises, current approaches have significant limitations to producing
conductive layers on polymers in a sustainable, large-scale, and high-throughput
manner. This study hybridizes cold spray particle deposition with a co-electroless deposi-
tion (i.e., over-plating) process to achieve high-electrically conductive metallization on
polymer surfaces. The resulting conducting polymer retains its intrinsic mechanical
strength while providing multifunctional engineering performances. Numerical modeling
and a series of characterizations are conducted to investigate both the cold-spraying
process and the performance of resultant conductive coatings on polymers. Numerical
simulations on high-velocity particle impact on the polymer (i.e., polyamide) surface
provide useful information for optimum cold-spraying process parameters. The microstruc-
ture of as-sprayed and over-plated samples is thoroughly examined using scanning elec-
tronic microscopy. Cyclic voltammetry results reveal that the metallized polymers are
stable after multiple cycles. The resultant electrodes through the hybrid metallization tech-
nique (i.e., cold spray coupled with over-plating) are highly conductive and stable, thereby
having the potential for sustainable polymer electronics. [DOI: 10.1115/1.4053781]
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1 Introduction
Conducting polymers attracts widespread interest in sustainable

electronics applications owing to intrinsic advantages of polymers
including high-impact resistance, lightweight, dimensional stability,
and low cost. Current approaches to produce conducting coatings on
polymers (i.e., electrically conductive polymer metallization)
involve the use of either chemical vapor deposition, physical vapor
deposition, screen-printing, ink-jet printing, or electroless deposition
[1–5]. Despite great promises, these methods have significant limi-
tations in producing conducting traces on polymers in a large-scale,
high-throughput, eco-friendly, and facile manner.
Within the last decades, cold spray (CS) particle deposition has

been successfully used in the metallization of various polymers,
and promising results have been obtained [6–11]. In the CS
deposition process, as shown in Fig. 1(a), microscale (5–60 µm)
metal particles are accelerated to supersonic velocities using a
converging–diverging nozzle and then impact a target surface.
During the impact/impingement of the particles, the kinetic energy
of particles dissipates over the substrate surface, resulting in a high-
bond strength metal coating. Here, two deposition mechanisms are
responsible for the CS coating process: (1) metallurgical bonding
and (2) mechanical interlocking at particle–substrate interfaces
[12]. In metallurgical bonding, the particles are plastically deformed

on a harder substrate surface (e.g., cold spraying of copper (Cu) par-
ticles onto a steel substrate) under high-impact velocities due to adi-
abatic shear instabilities, resulting in high-strain rate and localized
plastic deformation at particle–substrate interfaces [13]. Unlike
metal substrates, particles do not significantly plastically deform
when impinging upon the much softer polymeric surface [14].
Instead of plastic deformation, particles are mechanically inter-
locked (i.e., embedded) on the polymer surface, leading to a metal-
lic layer after further deposition [15]. As such, CS particle
deposition on polymer surfaces is mainly determined by the
mechanical interlocking phenomenon.
Although CS particle deposition is a promising technology to

achieve high-bond strength metallic coatings on polymer surfaces
owing to the mechanical interlocking phenomena, the resulting coat-
ings generally suffer from poor electrical conductivity. Substrate
erosion [16] and local melting of polymer (i.e., wherein the
polymer acts as a separator between the cold-sprayed particles)
[14] are mainly responsible for the low-electrical conductivity.
Although some researchers have attempted to solve this challenge
by adjusting spray parameters for each spray pass, it remains chal-
lenging due to the possible damage to polymers’ structural integrity
[15,17,18].
Recently, over-plating processes of either electroplating or elec-

troless plating have been proposed to modify the as-cold-sprayed
layer in an electrically conductive manner [19,20]. In these
methods, an as-cold sprayed layer on the polymer surface was
utilized as the catalyst side (i.e., seed material) for a subsequent
over-plating process. Most recently, our group hybridized the
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cold-spraying process with a co-electroless deposition (co-ED)
(i.e., over-plating) to obtain electrically conductive patterns on the
acrylonitrile-butadiene-styrene (ABS) polymer surface [19]. The
proposed hybrid surface coating approach enabled the electrically
conductive metallization on the polymer surface in a manner that
conductive patterns can be achieved selectively without the need
of environmentally hazardous presurface treatments (e.g., acid
etching, palladium absorption) that is often required in conventional
electroless metallization methods on polymers [21,22].
Here, it is noteworthy that although electroless metallization leads

to high-electrical conductivity (i.e., ≅ bulk resistivity of Cu), it does
not solely guarantee high-adhesion strength metallization on the
polymer surface. To increase the adhesion strength, electroless met-
allization generally requires presurface etching processes using
strong acids [23]. On the other hand, cold spray ensures the high-
bond strength coating without a need for presurface treatment

owing to mechanical interlocking of the particles at the polymer
interface, but the resulting cold spray coatings generally suffer
from poor electrical conductivity due to the surface erosion and par-
ticles encapsulation by the polymer jetting (i.e., locallymelting) [14].
As such, in our previous study [19], we hybridized the CS and elec-
troless metallization to integrate the superior adhesion property of
CS particle deposition and promising electrical conductivity of elec-
troless over-plating to achieve high electrically conductive elec-
trodes on polymer surfaces. In our previous study, however, the
CS deposition mechanism and the effect of CS operational parame-
ters on polymer metallization were not elucidated. These are integral
to expanding cold-spray-based conductive metallization on poly-
mers in a wide range of sustainable polymer electronics applications.
To this end, we attempt to fill this gap in the present study by sys-

tematically studying: (1) high-velocity cold spray particle impact by
numerical modeling; (2) microstructure; (3) adhesion performance;
(4) electrical conductivity; and (5) mechanical strength of the resul-
tant metallic coatings. Besides, this study aims to uncover the
process-structure properties of the described hybrid manufacturing
approach for rapid and scalable production of conducting polymers
in sustainable electronics.

2 Materials and Methods
2.1 Materials. Microscale copper (Cu) particles were used as

the CS feedstock material. The particles have quasi-spherical mor-
phology having a circular equivalent average particle size of 5 µm
(see Fig. 2). Polyamide, also known as Nylon 6, was used as the
polymer substrate. The chemicals for the co-ED process were pur-
chased from Sigma-Aldrich (St Louis, MO) and used without
further purification. The chemicals and their associated mixing
ratios to prepare the electroless plating bath are summarized in
Sec. 2.4.

2.2 Cold Spray Particle Deposition. A low-pressure CS
machine (Rus Sonic Technology, Inc., WA, US, Model no:

Fig. 1 (a) Schematic of a typical CS process and (b) experimental setup

Fig. 2 Morphology of copper (Cu) particles
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K205/407) was used in the particle deposition experiments. The CS
nozzle was mounted on a six-axis robot arm to precisely control the
coating process (see Fig. 1(b)). Microscale Cu particles were
sprayed onto the polymer surface (i.e., polyamide) using the CS
parameters listed in Table 1. The effect of CS parameters on particle
deposition was further investigated by numerical modeling.

2.3 Numerical Modeling. This section describes the numeri-
cal modeling to capture the high-velocity impact of cold-sprayed
particles. Simulation properties, boundary conditions, and material
modeling are also explained in detail.

2.3.1 Simulation Properties. Finite element (FE) simulations
considering the vertical impact of perfectly spherical Cu particles
(i.e., having a diameter range of 5–40 µm) on a polyamide 6 sub-
strate were conducted. Numerical simulations were performed
using a commercially available FE analysis software ABAQUS/
EXPLICIT 2018 equipped with PolyUMod®. A two-dimensional
(2D) axisymmetric model was used to decrease the computational
time. As the boundary conditions, the bottom of the substrate is
fixed, and the symmetry boundary condition of the x-plane is
applied along the Y-axis (see Fig. 3).
The Lagrangian numerical method was used in this research for a

2D surface impact to understand the energy transfer between the
particles and the substrate. The trend would predict what cases
the particles are likely to stick onto the substrate. The substrate
dimension was assumed to be ten times the particle radius (i.e.,
20 µm) to avoid the reflecting waves, which cause an excessive
deformation by travelling back to the impact area. The general
contact friction coefficient at the interface was set as 0.3 for each
study. A unit mesh having a size of 0.02 µm was used for both

particle and the substrate to achieve consistent results. A four-node
bilinear plain strain quadrilateral element was used for both the par-
ticle and the substrate.

2.3.2 Material Models. The elastic region of the material was
assumed to be linear for both Cu particle and the substrate. The
Johnson–Cook (JC) plasticity model was used to simulate the par-
ticle impact on the substrate owing to its well-acceptance in the CS
particle deposition [24–26]. The JC modeling as given in Eq. (1)

σ = [A + Bεn][1 + C ln ε̇∗][1 − T∗m] (1)

where A is the yield stress, B is the hardening constant, C is the
strain rate constant, n is the hardening exponent, m is the thermal
softening exponent, and T is the temperature. The corresponding
material properties of the JC model are listed in Table 2.
The deformation of polyamide 6 substrates was simulated using

an already developed three-network model consisting of parallelly
acting three parts (i.e., molecular networks) [27]. The three parallel
network models are stated as A, B, and C, respectively. More details
and validation of this model can be found in Refs. [28–30]. We
assumed that the material constants of the polymer do not vary
during the impact of the particles. Note that, in this research, the
model only considers the polymer plastic deformation at room tem-
perature under the impact of cold-sprayed particles, assuming that
the heat dissipation energy is in equilibrium. The model also
neglects the long-range microstructural effects, which should be a
possible limitation of the model to be improved as the future
work. This model was developed explicitly for thermoplastic mate-
rials and described by the following equations:
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A

×
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�λ
e∗

A
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( )
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e∗
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∗
A /3]

1/2
),

L(x) = coth(x) − 1/x μ, µA, and µC are the shear modulus of
network A and network C, respectively. λL is the locking stretch,
µBi and µBf are the initial and final shear modulus of network B,
respectively and κ is the bulk modulus.

Table 1 Cold spray operating parameters

Operating parameter Operating constants

Gas inlet pressure 0.5 MPa
Gas inlet temperature 298 K
Nozzle transverse speed 0.1 m/s
Nozzle standoff distance 10 mm

Fig. 3 Computational domain and boundary conditions

Table 2 Material constants of Johnson–Cook plasticity model

Material property Material constant

Density, ρ (kg/m3) 8.9 × 103

Shear modulus, G (GPa) 44.7
Yield stress, A (MPa) 90
Hardening constant, B (MPa) 292
Hardening exponent, n 0.31
Strain rate constant, C 0.025
Thermal softening exponent, m 1.09
Melting temperature, Tm (K) 1356
Reference temperature, To (K) 298
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The total results of the Cauchy stress tensor are described by the
sum of the stresses in the three-network model. The material con-
stants of the three-network model are also listed in Table 3. The
material constants were taken from the experimental results of a
Split-Hopkinson pressure bar test applied on a polyamide
polymer substrate [31]. Note that the cold-sprayed particles
impact a large area of polymer substrate (i.e., continuous bombard-
ing); thus, in this research, the three-network model assumes that
the polymer at the macroscale level is homogenized rather than at
the local region where the molecular is disordered or amorphous.

2.4 Co-electroless Deposition (Over-plating). Following the
CS particle deposition, the co-ED process (i.e., over-plating) was
applied to obtain high-electrical conductivity on the polymer
surface. Here, as-cold sprayed layer was utilized as the catalyst
side for the subsequent co-ED process. As such, the polymer
surface was functionalized as a conducting polymer. The electroless
over-plating process was applied by following a published recipe
[3]. The ingredient of the co-ED overcoating process is presented
in Table 4. In the co-ED process, Cu sulfate is used as a Cu+

source, ethylenediaminetetraacetic (EDTA) and hydrochloric acid
(HCl) are complex agents, sodium hydroxide (NaOH) is the pH sta-
bilizing agent, and potassium ferricyanide (K3[Fe(CN)6) is a stabi-
lizing agent [3,32]. Lastly, formaldehyde (CH2O) is the reducing
agent that initiates the metal ion chemical deposition process. The
samples were horizontally and evenly placed in the plating bath
under continuous stirring. A set of co-ED times (i.e., 2, 4, 8, 16,
and 24 h) was applied at room temperature to characterize the
co-ED process. The over-plated samples were then rinsed with
de-ionized (DI) water in the ultrasonic bath for 5 min.

3 Results and Discussion
3.1 Cold Spray Particle Impact. The simulation results of

high-velocity CS particle impact on the polymer surface are
shown in Figs. 4(a)–4(c). Herein, the initial particle velocity was
set to 50 m/s, 150 m/s, and 300 m/s, while the particle size diameter
was 40 µm for all testing conditions. The initial particle velocity
was applied between 50 m/s and 300 m/s, considering that the
cold spray system’s input air pressure ranges from 0.5 MPa to
0.7 MPa. Our previous study has correlated the particles’ velocity
for the same pressure range using a dual disc anemometer to
capture the particles’ impact velocity [28]. The characterization of
particle impact velocity at different gas pressures indicated that an
increase in the gas inlet pressure leads to higher particles’ impact

Table 3 Material constants of the three-network model for the
polyamide polymer

Material property Material constants

µA (MPa) 2350.68
λL (MPa) 7.52
κ (MPa) 3500
τA (MPa) 13
μA 7.63
µBi (MPa) 547.26
µBf (MPa) 154.32
Β 12.08
τB (MPa) 65.75
μB 15.71
μC 1.62

Table 4 Chemical ingredients of the co-ED process

Content Volume

Cu sulfate 18 (g/L)
EDTA 48 (g/L)
Sodium hydroxide 48 (g/L)
Hydrochloric acid 18 (mL/L)
Potassium ferricyanide 0.05 (g/L)
DI water 1 (L/L)
Formaldehyde 15 (mL/L)

Fig. 4 Simulation results of single Cu particle (40 µm) impacting on the polymer surface at an
impact velocity of (a) 50 m/s, (b) 150 m/s, (c) 300 m/s, (d ) Cu particle compression ratio after a
rebound for different impact velocities, and (e) rebound velocity and kinetic energy variation
against particle impact velocity
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velocity that could be attributed to kinetic energy gain of the driving
gas at higher pressures [28].
The compression ratio was taken from the original Cu shape

and after impact. The maximum rebounding velocity value was
calculated right before the particle separation from the polymer
surface. The rebound kinetic energy value was calculated from
the rebound velocity and a set of mass values (see Figs. 4(d ) and
4(e)). The simulation results reveal that Cu particles impinge on
the polymer substrate without deformation, unlike the cold spraying
of metal particles on a metal substrate (e.g., Cu particle deposition
on a stainless-steel substrate). The deposition of the particles on the
polymer surface is attributed to mechanical interlocking, rather than
metallurgical bonding due to polymers’ intrinsic soft nature as com-
pared to most of the metal substrate and particles. As such, poly-
mers tend to plastically deform under the high impact of
cold-sprayed particles, which results in embedding/impingement
of the as-sprayed particles into the polymer surface. The results
reveal that as the impact velocity increases, the Cu particle substan-
tially impinges into the polymer substrate. In Fig. 4(d ), the impact
velocities are plotted against the Cu particle’s compression ratio.
After impact, the particle retained its original shape, and a lower
rebound velocity was observed and compared to the impact veloci-
ties of 150 m/s and 300 m/s. The compression ratio of the Cu par-
ticle increases as the impact velocity rises (see Fig. 4(d )),
resulting in severe deformation of the polymer substrate.
Figure 4(e) shows the rebound velocity and the rebound kinetic
energy against particle impact velocity. The results show that the
rebound velocity and the rebound kinetic energy increase propor-
tionally with an increasing impact velocity.
Figures 5(a)–5(c) show the different-size particle (i.e., 5, 10, and

40 µm) impact on the polymer surface at a constant impact velocity
of 300 m/s. Simulation results suggested that Cu particles can
impinge into a polymer substrate at an impact velocity of 300 m/s
without the significant deformation of the Cu particle. This is
likely attributed to polymer’s soft nature (i.e., less rigidity) as com-
pared to metal feedstock Cu particles. This phenomenon can also
be observed in Fig. 6(a1), in which the as-sprayed Cu particles
impinge to the polymer surface without significantly compromising
particles’ initial spherical shape. Furthermore, as shown in Fig. 5(d ),

the Cu particle compression ratio increases as the particle size
decreases. This result suggests that smaller particles are more sus-
ceptible to deformation than larger particles at a constant impact velo-
city. It is likely attributed to the reduced contact area of smaller
particles as compared to larger particles, which leads to more stress
concentration during the contact of small particles with the polymer
surface. Moreover, the rebound kinetic energy rises while the
rebound velocity decreases with an increasing particle size (see
Fig. 5(e)). Thus, smaller particles have less rebound kinetic energy
and are unlikely to stick onto the polymer substrate. On the other
hand, larger particles have higher kinetic energy due to their higher
mass and they are inclined to attach to the polymer substrate. Taken
together, the simulation results provided helpful information for the
experimental cold-spraying and the subsequent co-ED process,
which could be potentially used in CS metallization on polymer
surfaces.

3.2 Microstructure Investigation. Figure 6 shows the top
surface scanning electron microscopy (SEM) analysis of the
as-sprayed polymer surface after 2 h, 4 h, 8 h, 16 h, and 24 h of the
co-ED. The as-sprayed specimen shows the microscale particles
attached to the polymer substrate, including microporosity and
severe void formation (see Fig. 6(a)). In particular, Fig. 6(a1) (i.e.,
taken away from the concentrate cold spray coating area from
Fig. 6(a)) shows single Cu particles embedded into the polymer sub-
strate. When the co-ED process is introduced, the voids between the
polymer base material and the Cu particles are filled. At 24 h co-ED,
the surface was utterly over-plated with Cu particles, and no porosity
on the surface was observed (see Fig. 6( f )). This result suggests
that a subsequent over-plating process could help to overcome the
severe erosion on the polymer surface by promising electrical
conductivity.
Figure 7 shows the cross-sectional SEM images of the samples

described earlier. The cross section of as-sprayed specimens
shows the splat morphology, voids, defects, and interface boundar-
ies between the particle–particle and particle–substrate interfaces
(see Fig. 7(a)). As the co-ED time increases, the deposition thick-
ness increases as well. At 24 h of deposition, the average thickness

Fig. 5 Simulation results of different-size single Cu particle impacting on the polymer surface
at a constant impact velocity of 300 m/s: (a) 5 µm, (b) 10 µm, (c) 40 µm, (d ) Cu particle compres-
sion ratio after a rebound for different particle sizes, and (e) rebound velocity and kinetic
energy variation against particle size
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reaches up to 100 µm, forming a bulk conductive layer. Electroless
deposition created a continuous metallized layer having a high
electrical conductivity that could not be solely achieved by the
cold-spraying process. As stated in Sec. 1, erosion and locally
melting of the polymer under a high-impact bombardment of par-
ticles during cold spraying are mainly responsible for the absence
of electrical conductivity for as-sprayed (not plated) samples. After
introducing a subsequent electroless deposition on the as-cold

sprayed layer, high electrical conductivity was selectively achieved
on the insulator polymer surface by utilizing a precold-sprayed
layer as the catalyst side. Table 5 compares our hybrid coating
approach against the studies on solely cold-spray-based polymer
metallization reported in the literature. As observed in Table 5,
our hybrid approach provides excellent electrical conductivity
and comparable adhesion strength versus purely cold spray-based
metallization.

Fig. 6 Surface morpology of (a) as-sprayed, (a-1) embedded as-sprayed particles onto/into polymer surface, and
(b) 2 h, (c) 4 h, (d ) 8 h, (e) 16, and ( f ) 24 h electroless over-plated samples

Fig. 7 Cross-sectional SEM images of (a) as-sprayed and (b) 2 h, (c) 4 h, (d ) 8 h, (e) 16, and (f ) 24 h electroless-plated samples
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3.3 Adhesion Testing. The adhesion tests of the samples was
characterized based on the ASTM C633 standard adhesion test
[33]. An epoxy-based adhesive (BYK-Gardner 0032, Resin
Systems Corp., Amherst, NH) was applied to the interface of the
bare polyamide and as-cold-sprayed and also over-plated samples
(see Fig. 8(a)) according to the ASTM C633 standard. The quantity
of the adhesive (glue) and the applied load was carefully controlled
during the curing of the adhesive bond. A 22 KIP hydraulic MTS
810 load frame was used in both the adhesion and the tensile tests.
The crosshead displacement rate was set to 1 mm/min according to
the ASTM D3039 [34]. The adhesive strength of the substrate–
coating interface was measured by attaching the substrate/coating
specimen to the caps (fixtures) followed by applying a tensile force
to the fixtures to detach substrate/coating under exerted force (see
Fig. 8(a)). The substrate/coating can display either a cohesive
fracture with crack propagating through the coating layer or an adhe-
sive fracture at the substrate–coating interface. The test results are
disregarded if the substrate/coating disbands from the caps.
Adhesion test was conducted on as-sprayed and electroless-

plated specimens considering three specimens for each test. After
testing, each set of test results was averaged as shown in Table 5.
The adhesion strength of as-sprayed specimens showed the
highest adhesion strength while the adhesion strength decreased

with increasing co-ED time with larger over-plating thickness.
This result is comparable with other studies [35], in which adhesion
strength decreases as the coating thickness increases. The adhesion
test suggested that the specimens should have a flat surface between
the connections of the coated surface to achieve accurate results.
However, cold-spray-based particle deposition leads to a certain
surface coating roughness, which might influence the results of
the adhesion strength. According to surface roughness measurement
results, as-cold sprayed samples in this study have a roughness
average (Ra) of 1.93 µm, while the plated samples have 6.12 µm
and 6.58 µm, after 4 h and 16 h of over-plating, respectively.
For all the as-sprayed and 4-h over-plated specimens, the failure

occurs between the epoxy and the polyamide 6 sides. However, for
the 16 h specimens, an adhesion failure occurs between the metal
and the epoxy (i.e., half of the coated Cu metal attached to the
epoxy while the other half is on the polyamide side). As the
co-ED plating thickness increased, the failure mode switched
from adhesion (between the polymer and metal) to cohesion
(within the metal film). The results indicate that the adhesion perfor-
mance of the as-cold sprayed samples is stronger than the co-ED
samples. Although thicker films can be mechanically weaker than
thinner films, and so the upper bound in the adhesion strength
will be the mechanical interlocked structure, continued

Table 5 Comparison of electrical conductivity and adhesion performance of CS metallized polymers in the literature

Reference
Substrate
material

Feedstock
powder

Overplating
time (h)

Coating
thickness (µm)

Electrical
conductivity (MS/m)

Adhesion
strength (MPa)

Adhesion test
standard

As-cold sprayed (no
plating)a

Nylon 6 Cu 0 (no plating) 8–10 No conductivity 9.85–10.55 ASTM C-633

CS+ 4 h
over-platinga

Nylon 6 Cu 4 10–15 0.19 6.69–8.31 ASTM C-633

CS+ 16 h
over-platinga

Nylon 6 Cu 16 33–50 4.63 3.66–5.96 ASTM C-633

Gillet et al. [7] PEEK Cu 0 100–300 0.02 NA NA
Bortolussi et al. [36] CFRP Cu-PEEK 0 360–780 0.0015 NA NA
Zhou et al. [8] CFRP-PEEK Al/Cu 0 500–200 NA 2.26 PRC GB/

T8622
Małachowska et al.
[18]

Nylon 6 Cu, Sn+Al 0 0–50 3.8 3.6 DIN EN 582

Che et al. [37] CFRP Sn, Cu, Al 0 NA NA 2.2–7.6 ASTM C-633
Rokni et al. [38] CFRP-PEEK Al 0 800–2700 NA 9–18 ASTM D4541

Note: NA denotes “not applicable.”
aDenotes present study.

Fig. 8 (a) Schematic of the pull-off adhesion test and (b) stress–strain (tensile test) results of
bulk and as-cold sprayed polyamide 6 polymers
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metallization of a softer electroless coating slightly degrades the
overall system strength, but still to a range that meets or exceeds
many published results in Table 5.

3.4 Mechanical Strength (Tensile Test). The tensile test, as
shown in Fig. 8(b), was conducted on as-sprayed specimens to
verify the strength of the resultant coatings. The six
dog-bone-shaped [34] polyamide samples having a thickness of
0.2 mm specimens were manufactured. The polyamide specimens
labeled as PA1 and PA2 denote the unsprayed specimens, while
the PA1+CS and PA2+CS present the as-cold-sprayed specimens
to compare the sprayed and the unsprayed specimens. One-pass of
cold spraying was conducted for the sprayed specimens, keeping
some regions intentionally not coated with Cu particles to observe
if the un-coated area may influence the tensile strength. The
results show that the coated specimens retained their tensile strength
compared with the uncoated coupons (see Fig. 8(b)). No significant
increase or deterioration of tensile strength was observed within the
sprayed specimens. As such, the erosion on the polymer surface
after the CS process is not severe in terms of mechanical strength.
It should be noted that these results are valid under the CS param-
eters used in the present study.

3.5 Electrical Conductivity. A four-point probes apparatus
were used to measure the volume resistivity (i.e., electrical resistiv-
ity). As shown in Figs. 9(a) and 9(b), the four-point probes are
designed in which the outer two probes measure the current and
the inner two probes measure the voltage. Several coated distances
were measured to determine the volume resistivity
per-cross-sectional area using the following equation:

R = ρ
ℓ

A
(5)

where R is the electrical resistance of the coating layer on the sub-
strate calculated from the measured current and voltage, ρ is the
electrical volume resistivity, ℓ is the length of the specimen, and
A is the cross-sectional area of the coating.
The four-point probe method was measured on all the coated spe-

cimens. The as-cold sprayed specimen showed no electrical conduc-
tivity, which is likely attributed to surfacemicrostructure, roughness,
voids, and defects caused by high-velocity impact of cold sprayed
particles on the soft nature polymer surface [39–41]. The measured
electrical resistivity ranges from 5.3 × 10−6 (Ω m) to 2.16 × 10−7

(Ω m) for the co-ED specimens of 4 h and 24 h, respectively. The
electrical resistivity value is one magnitude lower than the bulk
copper resistivity (i.e., ≅ 1.68 × 10−8 Ω m) for 16 h over-plated
sample. Overall, the resultant coating has high-electrical

conductivity between the measurement range of graphite to Cu
electrical resistivity. Additionally, the comparison of our hybrid
coating approach against the CS coatings in the literature is presented
in Table 5. As can be observed, even for smaller coating
thickness, the electrical conductivity of the present approach is
higher as compared to solely cold spray metallized polymers in the
literature, which proves the high fidelity of the electrodes in terms
of electrical conductivity. Taken together, the results suggest that
hybridizing of CS with a subsequent co-electroless deposition (i.e.,
overplating) ensures highly-electrically conductive layers on the
polymer surfaces, which can be potentially tailored for polymer elec-
tronics applications.
Lastly, the electrochemical measurement was performed by

cyclic voltammetry (CV) experiments using an apparatus of
SP-300 Biologics equipped with the ELAB software. All the
as-sprayed and electroless deposition specimens were cleaned
with DI water to avoid the chemical residual prior to CV experi-
ments. The voltammetry cycle for E was set from 3.5 to −4 (V)
at a constant scanning rate of 80 mV/s. The behavior of Cu and
CuO in 0.4 M KOH was then examined. The 24 h of electroless
deposition specimen was used to conduct a cyclic voltammetry
test using the over-coated specimen as the working electrode in
the experiments. In Fig. 10, the x-axis represents the applied poten-
tial E, while the y-axis represents the current response. The reduc-
tion and oxidation curves were cycled five times to confirm the
stability. The CV results demonstrated a potential tool to probe
reactions between electron transfers of the resulting electrode
(i.e., 24-h co-ED sample), indicating excellent electrode stability.

Fig. 9 Four-point probe measurement: (a) a schematic of setup and (b) experimental setup

Fig. 10 Cylic voltammetry test results of the 24 h over-plated
specimen
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4 Conclusion
Polyimide (Nylon 6) substrate surface was metallized using cold

spray particle (Cu) deposition and further over-plated by a subse-
quent electroless plating process. Finite element analysis was con-
ducted to simulate the morphology changes of Cu particles and
polymer substrate deformation upon impact of the particles on the
substrate. A viscoelastic model was implemented to the substrate
in order to capture the Cu impact responses onto/into the
polymer. It was observed that Cu particles were mechanically inter-
locked into the polymer substrate under described cold spray oper-
ating parameters. The results also show that particles’ plastic
deformation, rebound velocity, and kinetic energy increase with
an increasing impact velocity. Conversely, the particle’s kinetic
energy decreases when the rebound velocity increases. The
as-sprayed specimens retained their intrinsic tensile strength even
after high-velocity impact during cold spraying. High-electrically
conductive functional coatings were achieved on dielectric
polymer surface by hybridizing cold spraying with asubsequent
over-plating process. The surface and the cross-sectional morphol-
ogy analyses provided useful information for both the cold-spraying
and over-plating processes. The adhesion test revealed that adhe-
sion strength decreases as the thickness of the coating layer
increases with a longer over-plating time. Cyclic voltammetry
results proved the electrochemical stability of the resultant elec-
trodes. The results uncovered the process-structure properties of
cold-spraying and co-electroless overplating processes, which can
pave the way for sustainable electronics applications.
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