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Abstract 

Metallization on polymers has captured remarkable attention across both industry and academia, facilitating the integration of unique features of 
polymer and metals. Particularly, direct metallization on polymers is critically important as it eliminates the need for surface activation, substrate 
heating, and post-processing. In this study, cold spray (CS) particle deposition was employed for direct metallization of a polymer substrate - 
Acrylonitrile Butadiene Styrene (ABS) - with a focus on characterizing the influence of particle (powder) hardness and their morphologies on 
resulting deposition. In this regard, both spherical (sp) and irregular (ir)-shaped, copper (Cu) and aluminum (Al) feedstock powders were utilized, 
acknowledging that Cu is intrinsically harder than Al. The metallization process on the substrate was studied in terms of microstructure, deposition 
efficiency, film thickness, and adhesion strength. The experimental results showed that the Cu powders achieved higher deposition efficiency (
≈2.2-fold for ir-shaped, ≈2.1-fold for sp-shaped), film thickness (≈4.4-fold for ir-shaped, ≈6.4-fold for sp-shaped), and adhesion strength (
≈1.9-fold for both ir- and sp-shaped) compared to the corresponding Al powders. Additionally, Cu powders exhibited lower surface porosity 
(24% for ir-shaped, 20% for sp-shaped), in contrast to the Al powders (51% for ir-shaped, 31% for sp-shaped). On the other hand, for both types 
of powders, the ir-shaped powders exhibited higher deposition efficiency (≈1.6-fold for Al and ≈1.7-fold for Cu) than the sp-shaped powders. 
However, irregular-shaped powders resulted in higher surface porosity (≈51% for Al-ir, ≈31% for Al-sp, ≈24% for Cu-ir, ≈20% for Cu-sp). 
Notably, no significant difference in adhesion strength was observed between the spherical and irregular-shaped powders. The findings elucidate 
the intricacies of the CS technique, contributing to functional metallization on polymeric substrates. 

© 2025 The Authors. Published by ELSEVIER Ltd. This is an open access article under the CC BY-NC-ND license 
(https://creativecommons.org/licenses/by-nc-nd/4.0) 
Peer-review under responsibility of the scientific committee of the NAMRI/SME. 
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1. Introduction

Polymers find extensive applications across various
industries, including packaging [1], automotive [2], aerospace 
[3], sensing [4], and beyond due to their desirable properties, 
such as lightweight, durability, design flexibility, corrosion 
resistance, and so on [5]. However, their poor electrical 
conductivity, wear resistance, and limited thermal tolerance 
hinder their large-scale utilization in such applications where 

enhanced physical and mechanical performance is required. 
This challenge can be addressed by metallizing polymeric 
substrates, thereby achieving the unique integration of 
dissimilar materials (i.e., polymer + metal). 

The main methods for polymer metallization include 
vapor deposition [6], [7], electroplating [8], electroless 
plating [9], and thermal spray [10]. While each method has 
its advantages, they often require high-temperatures, vapor 
phases, precursors, or strong chemicals, limiting their 
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applicability for functional polymer metallization. In 
particular, the need for a dedicated vacuum chamber in vapor 
deposition and the requirement for a conductive surface in 
electrodeposition hinder their scalability for metallization of 
polymeric substrates.  

Recently, the cold spray (CS) technique has gained 
remarkable attention in polymer metallization, as it enables 
one-step direct metallization of polymers under ambient 
conditions without requiring demanding and extensive 
preprocessing steps [11]. CS uses supersonic gas flow (300-
1200 m/s [12]) to accelerate the micron-scale (10-100 𝜇m 
[12]) metal particles (powders), which then impact a target 
substrate. During CS, the gas rapidly accelerates due to the 
pressure difference, causing a significant temperature drop 
and keeping the particles in a solid-state during deposition. 
This unique feature makes CS suitable for polymer 
metallization without compromising the polymers’ intrinsic 
physical properties. Several studies have employed CS to 
explore the potential of this advanced manufacturing 
approach in polymer metallization [13–19]. Despite the 
advances in this field, the studies on CS-based polymer 
metallization considering the effects of particle hardness and 
morphology on resulting deposition are limited. 

The main objective of this work is to investigate CS 
metallization (i.e., first layer build-up) on polymers by 
employing soft and hard particles with varying morphologies. 
This approach aims to enhance the understanding of the 
interactions between the metal powders of different hardness 
and morphologies and the polymer substrate during the initial 
layer build-up process (i.e., metallization). In this regard, 
aluminum (Al, soft) and copper (Cu, hard) powders, both 
spherical and irregular-shaped, were employed. Acrylonitrile 
Butadiene Styrene (ABS) was chosen as the polymer 
substrate due to its low cost, toughness, chemical resistance, 
dimensional stability, and processability, which make it 
suitable for a wide range of applications [20]. The resulting 
CS metallization was analyzed, focusing on deposition 

efficiency, film thickness, microstructure (i.e., porosity), and 
adhesion strength. The results were correlated with the 
observed trends to better understand the effectiveness and 
applicability of CS metallization on polymers. 

Nomenclature 

ABS Acrylonitrile Butadiene Styrene 
Al Aluminum powder 
Al-ir Irregular shaped aluminum particles 
Al-sp Spherical shaped aluminum particles 
Cu Copper powder 
Cu-ir Irregular shaped copper particles 
Cu-sp Spherical shaped copper particles 
DE Deposition efficiency 
IR Infrared 
CS Cold spray 
PFR Powder flow rate 
SEM Scanning electron microscopy 

2. Material and Methods 

2.1. Materials 

Al and Cu powders, both in irregular (Al-ir, Cu-ir) and 
spherical shapes (Al-sp, Cu-sp), were used as feedstock 
materials to investigate the influence of particle hardness and 
morphology on CS deposition characteristics. Fig. 1 shows 
the scanning electron microscopy (SEM) images of the 
powders. The weight density of the primary materials was 
above 95% and the particle size distribution was the same for 
all powder types except for Cu-sp, which had a slightly 
different size distribution (Table 1).  

ABS plates (MSC Industrial Supply Co., Inc., Melville, 
NY USA) with a thickness of 6.35 mm were used as-received 
without any surface-treatment. Note that the material 
information was obtained from the technical datasheet 
provided by the suppliers. 

 
Fig. 1. SEM images of the feedstock powders: (a) irregular-shaped Al powders, (b) spherical-shaped Al powders, (c) irregular-shaped Cu powders, and (d) 
spherical-shaped Cu powders. 

Table 1. Feedstock powders used in this study*. 

Material Supplier Shape 
Particle Size 

Distribution (μm) 
Composition 

(wt%) 
Hardness (HB) Density (kg/m3) 

Aluminium (Al) 
Centerline, 

(Windsor, Canada) 
Irregular 5-45 Al ≥ 99.5 34-37 

2.7×103 
Spherical 5-45 Al ≥ 95.9 72-86 

Copper (Cu) 

Centerline, 
(Windsor, Canada) 

Irregular 5-45 Cu ≥ 99.7 85-90 
8.96×103 

Solvus Global, 
(Worcester, USA) 

Spherical* 17-65 Cu ≥ 99.7 135 

* Spherical Cu powder was procured from a different vendor (i.e., Solvus Global) as it was unavailable from Centerline. 

 

 



 

2.2. Methods 

A low-pressure CS system (CSM 108.2, Dymet, Tallinn, 
Estonia) was used for the experiments. Operational settings are 
provided in Table 2. Compressed air at 0.7 MPa was used as 
the driving gas. The gas temperature was measured 
approximately 80 °C at the nozzle tip with an infrared (IR) 
camera (FLIR A300, Teledyne FLIR, Wilsonville, OR USA) 
under steady-state conditions. The spray gun was mounted on 
a robotic arm (KR Agilus, KUKA, Augsburg, Germany), 
maintaining a spray distance of 30 mm above the ABS plate. 
The nozzle (spray gun) moved at a constant transverse speed 
of 50 mm/s. Powder feeder settings were consistent for all 
powders. However, varying physical properties (i.e., density, 
hardness, morphology) resulted in different powder flow rates 
(see Table 2). It is important to note that powder flow rate in 
CS also depends on gas flow properties like pressure and 
temperature. To normalize the effects of gas phase settings, we 
fixed the powder feeder settings for each powder type.  

Based on these observations, the powder flow rate (PFR) 
was determined using the gravimetric method, which 
involved the following sequential steps: (i) loading a known 
mass of powder into the feeder; (ii) operating the CS system 
for a fixed duration, and (iii) weighing the remaining powder 
in the feeder after spraying. The powder flow rate was then 
calculated using the following formula:  

 

     𝑃𝐹𝑅 =
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑝𝑜𝑤𝑑𝑒𝑟 𝑚𝑎𝑠𝑠 − 𝑅𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝑝𝑜𝑤𝑑𝑒𝑟 𝑚𝑎𝑠𝑠 

𝑇𝑖𝑚𝑒
    (1)    

 

Deposition efficiency (DE), which is a critical metric in 
the CS process, was measured by taking the ratio between the 
mass of powder deposited and the mass sprayed. SEM 
(PHENOM ProX, Waltham, MA USA) was used to analyze 
the microstructure of the CS deposition. For each type of 
feedstock powder, one sample was tested, examining five 
locations for the surface porosity and the film thickness.  The 
SEM images were processed using ImageJ software to 
measure the film thickness and calculate the porosity in the 
resulting deposition. The porosity was measured based on the 
surface area not covered by the metal powders. In the SEM 
images. These uncovered regions appeared significantly 
darker than the powder-deposited areas, making them easy to 
distinguish. The adhesion strength of the deposition was 
evaluated using a pull-off adhesion tester (Elcometer 510, 
Elcometer Inc, Warren, MI, USA). The details regarding the 
pull-off adhesion test can be found in [21]. All 
characterizations were conducted at room temperature with a 
sample size of n=3. 
Table 2. Cold spray process settings. 

Working gas Air  
Gas inlet gauge pressure (MPa) 0.7 
Gas temperature (°C) 80 (Nozzle tip)  

Powder flow rate (g.s-1) 
0.121 (Al-ir), 0.141 (Al-sp) 
0.278 (Cu-ir), 0.193 (Cu-sp) 

Nozzle transverse speed (mm.s-1) 50 
Nozzle stand-off distance (mm) 30  

3. –Results and Discussion 

It is noteworthy that the primary objective is to achieve 
first-layer build up (metallization) on the polymer surface. 
Fig. 2 (a) shows the DE for the powders with different 
morphologies on the ABS plate. CS with Cu powders resulted 
in higher DE (≈2.2-fold for ir-shaped, ≈2.1-fold for sp-
shaped) compared to the corresponding Al powders. This is 
mainly due to Cu's higher density (≈ 3.3-fold) and hardness, 
which allows particles to achieve higher kinetic energy and 
penetrate deeper into soft polymer targets, ultimately leading 
to increased DE. Fig. 3 (a) also shows the effect of particle 
hardness on the DE. Since Cu particles are harder than Al 
particles, the DE of Cu powders is higher than that of Al 
powders, regardless of their morphology.  

In CS, bonding on polymer substrates primarily relies on 
mechanical interlocking rather than metallurgical bonding 
[22]. As such, Cu particles achieved better mechanical 
interlocking, thereby increasing DE compared to Al particles 
(see the enclosed SEM images in Fig. 4). Notably, DE 
increased when the irregular-shaped powders were used. 
Specifically, Al-ir powders improved DE nearly 1.6-fold 
compared to Al-sp powders, and a similar trend was observed 
for Cu powders, with an increase of ≈ 1.7-fold. This is likely 
due to the higher drag coefficient of irregular-shaped 
particles, which facilitates a higher DE [23]. 

Additionally, DE can be correlated with the surface 
porosity of the resulting coating. Fig. 2 (b) shows that Cu 
powders led to lower surface porosity (<25%) compared to 
Al powders (up to 60%). The comparison in Fig. 3 (b) also 
shows that Cu powders led to lower surface porosity, 
independent of the powder morphology. This indicates better 
mechanical interlocking between Cu particles and the 
polymer substrate, enhancing coating integrity and strength 
by reducing void formation. Notably, irregularly shaped 
powders led to higher surface porosity regardless of powder 
material (Fig. 2 (b), Fig. 3 (b)). This can be mainly attributed 
to: (i) packing density [24], [25], (ii) flow dynamics [26], and 
(iii) deformation behavior [27] of the feedstock powders with 
different morphology. Spherical particles can fit together 
more closely, leading to fewer gaps and voids compared to 
irregularly shaped ones [28]. They also have more 
predictable flow dynamics, allowing for more uniform 
deposition [28]. Additionally, spherical particles have a 
single point of contact upon impact, which leads to more 
uniform deformation and reduce void formation [29]. As 
such, spherical morphology led to a lower porosity on the as-
CS surface compared to the irregular powders. 

Besides, porosity formation is uneven in the CS 
deposition. Fig. 4 (a)-(d) show higher porosity near the edges 
due to the Gaussian distribution of the CS process [30]. The 
nozzle generates a particle flow with the highest velocity and 
concentration at the center, decreasing towards the edges. 
This creates a parabolic velocity profile, with maximum 
velocity at the center and lower velocity towards the nozzle 
walls, leading to a higher particle concentration in the spray 
center. This particle alignment plays a critical role in the 
thickness and quality of the resulting coatings. 
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Fig. 2. (a) Deposition efficiency; (b) surface porosity; (c) film thickness; (d) adhesion strength of the resulting depositions. 
(Refer to Table 3 for the average magnitudes and their corresponding standard deviations). 

Fig. 3. Interaction effects of particle hardness and morphology with respect to (a) deposition efficiency, (b) surface porosity, (c) film 
thickness, and (d) adhesion strength. 
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Notably, despite higher DE for Al-ir than Al-sp powders 
(Fig. 2 (a)), both Al-ir and Al-sp resulted in similar film 
thickness (Fig. 2 (c)). Conversely, Cu-sp powders led to 
thicker films than Cu-ir powders. Cu powder achieved 
greater film thickness than Al powder regardless of the 
particle morphology (Fig. 3 (c)). This difference can be 
attributed to varying impingement behaviors. In detail, 
irregular-shaped particles, with higher drag coefficients, 
achieve greater impact velocities [31], but their larger contact 

area may hinder penetration into the polymer. Spherical 
particles, due to their point contact, localize impact and 
penetrate more effectively, thereby resulting in thicker films. 
This phenomenon is more clearly observed in the cross-
sectional SEM images shown in Fig. 5, where spherical 
particles show better particle aggregation and reduced 
porosity at the polymer interface, further supporting the 
observations noted above. 

Fig. 4. Surface microstructure of the resulting metallization; (a) ir-shaped Al; (b) sp-shaped Al; (c) ir-shaped Cu; (d) sp-shaped Cu powders. The 
figures with red borders provide a zoomed-in view of the cross-sectional microstructure at the center of the metalized area. 

Fig. 5. Cross-section microstructure of the resulting metallization; (a) ir-shaped Al; (b) sp-shaped Al; (c) ir-shaped Cu; (d) sp-shaped Cu powders. 
The figures with red borders provide a zoomed-in view of the cross-sectional microstructure at the center of the metalized area. 
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Overall, the results indicate that although it is feasible to 
deposit both Al and Cu powders onto the polymer (ABS) 
substrate via CS, the overall DE remains remarkably low (< 
3%). Typically, the DE is lower when CS is applied to 
polymeric substrates compared to metal substrates [32].  
Accordingly, the DE results in this study align well with the 
literature wherein the DE of Cu on ABS polymer was 
reported < 5% [33]. However, it is important to note that DE 
is highly dependent on CS process parameters (i.e., gas type, 
gas temperature, gas pressure) and kinematic factors (i.e., 
nozzle distance, nozzle transverse speed, and tool-path 
strategy). As such, the DE can be improved through 
optimization of these settings.  

Lastly, the adhesion strength of the deposition was 
evaluated using the pull-off adhesion test in accordance with 
the ASTM D4541 standard [34]. In each test, a dolly (14.2 
mm in diameter) was gradually pulled until the coating 
detached from the polymer surface, at which point the 
adhesion strength of the coating was recorded, and the results 
were plotted, as shown in Fig. 2 (d). The Cu powders 
achieved remarkably higher adhesion strength (1.93-fold for 
irregular-shaped, 1.85-fold for spherical-shaped) compared 
to the Al powders, and Cu powders achieved higher adhesion 
strength in general regardless of the particle morphology 
(Fig. 2 (d), Fig. 3 (d)). This is likely attributed to higher 
density and hardness of Cu as compared to Al, resulting in 
higher impact energy for Cu particles during the CS. This 
increased impact energy facilitates the impingement of the 
Cu particles into the polymer target, resulting in stronger 
mechanical interlocking. The film thickness comparison in 
Fig. 2 (c) and Fig. 3 (c) also confirms the deeper 
impingement of Cu particles compared with the Al particles. 
This deeper impingement leads to higher adhesion strength 
in Cu powders than in Al powders.  

Notably, the pull-off adhesion test experiments showed no 
significant difference in adhesion strength between the 
spherical and irregular-shaped powders. This observation 
indicates that adhesion strength is more dependent on 
material properties than particle shape. The main findings of 
this study are summarized in Table 3. Notably, as-CS 
metallized surface exhibited promising adhesion strength, 
surpassing commonly used polymer metallization methods, 
such as air plasma spray (5.21 MPa) [35], electroless plating 
(5.48 MPa) [36], and vapor deposition (3.02 MPa) [6]. 

4. Conclusion 

In this work, CS metallization on a polymer substrate was 
studied, focusing on the influence of particle hardness and 
morphology on deposition. Al and Cu powders, both in 

irregular and spherical shapes, were sprayed on the ABS 
target, acknowledging that Cu is inherently harder than Al. 
Key metrics of the CS process, including DE, porosity, film 
thickness, and adhesion strength were carefully analyzed. 
Key takeaways from the study are: 
 The Cu powders resulted in higher DE (≈2.2-fold for 

irregular-shaped, ≈ 2.1-fold for spherical-shaped), 
greater film thickness (≈4.4-fold irregular-shaped, ≈
6.4-fold for spherical-shaped), and lower surface 
porosity (24% for irregular-shaped, 20% for spherical-
shaped) as compared to Al. Regardless of the particle 
morphology, Cu powder achieved higher DE  and greater 
film thickness. This can be attributed to better 
mechanical interlocking of Cu with the polymer 
substrate due to its higher density and hardness. 

 For the same type of powder, the irregular powders 
resulted in remarkably higher surface porosity compared 
to the spherical powders (i.e., ≈51% for Al-ir, ≈31% 
for Al-sp, ≈24% for Cu-ir, ≈20% for Cu-sp). 

 Harder powders (Cu) led to thicker film than relatively 
softer powders (Al), but this trend is not consistent with 
powder morphology. 

 Harder powders (Cu) exhibited higher adhesion strength 
(≈ 1.9-fold) than soft powders (Al). However, no 
significant difference in adhesion strength was observed 
between the spherical and irregular-shaped powders. 

The findings of the study elucidated the intricacies of CS 
polymer metallization by utilizing hard (Cu) and soft (Al) 
particles with varying morphologies. The results revealed 
that Cu and Al can be successfully cold sprayed onto the 
polymer (ABS) target, although the DE was low (0.84-
2.94%). Future work may focus on enhancing DE by 
utilizing low-density gases such as helium and optimizing 
CS process parameters and kinematic factors. Additionally, 
further characterization of wear resistance, thermal, and 
electrical properties of CS-metallized polymers using 
various feedstock powders can be conducted.   
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Table 3. Summary of the findings derived from this work*. 
Powder Al-ir Al-sp Cu-ir Cu-sp 
Deposition efficiency (%) 1.34 ± 0.14 0.84 ± 0.1 2.94 ± 0.09 1.74 ± 0.12 
Surface Porosity (%) 50.65 ± 8.7 30.5 ± 5.4 24.48 ± 2.94 19.65 ± 3.99 
Film Thickness (µm) 7.5 ± 2.66 6.98 ± 1.05 32.83 ± 7.52 44.96 ± 8.84 
Adhesion Strength (MPa) 6.25 ± 0.47 6.32 ± 0.58 12.05 ± 1.59 11.71 ± 1.37 
* The values represent the average magnitudes along with their corresponding standard deviations 
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