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A B S T R A C T   

Polymer metallization via cold spray additive manufacturing is an emerging thermal spray approach for depo-
sition of thick metallic coatings on polymers and fiber-reinforced composites that promises high productivity, 
ecofriendliness, and scalability of the coating process. In polymer metallization via cold spray, solid metallic 
powder is accelerated by a supersonic stream of preheated gas and propelled toward a polymer substrate, where 
it is built layer-by-layer via impact-induced heating and particle deformation. Since the pioneering study at 
Cambridge in 2006, nearly 50 experimental reports on polymer metallization via cold spray have been published, 
half of which have appeared within the past three years. This review distinguishes cold spray from other thermal 
spray methods, analyzes the peculiarities of cold spraying on polymers and fiber-reinforced composites, outlines 
the historical establishment of the field, and summarizes the available literature on polymer metallization via 
cold spray. The major focus here is on the influence of the cold spray process parameters on the deposition 
efficiency, adhesion strength, electrical conductivity and other properties of metallic coatings formed on poly-
mers and fiber-reinforced composites. The promising applications of cold spray additive manufacturing in 
lightning strike protection, electroplating, osseointegration, antifouling, antivirus, e.g. anti-Covid-19 surfaces, 
and other surface functionalizations have been reviewed. Finally, recommendations were given on how to 
enhance the data reuse in future studies on polymer metallization via cold spray.   

1. Introduction 

The global market of polymers reached $650 billion in 2020 and is 
poised to grow by 5% annually during the next five years [1]. Over the 
past two decades, polymers have become increasingly popular in light-
weight components owing to their low density, simple formation, 
machinability, and weldability [2]. Weight reduction is currently 
demanded in the automotive, aviation, and aerospace industries [3]. 
Composite pipes with structural flexibility and superior corrosion 
resistance have been embraced by the oil and gas industry [4], and the 
use of composite materials in engineering has expanded and diversified. 
However, further applications are often limited by the inferior structural 
properties of polymers compared to metals. Typical polymers have low 

strength and modulus, weak electrical conductivity (EC), low thermal 
and erosion resistance, and high sensitivity to ultraviolet (UV) damage 
[5]. A technique called polymer metallization (PM), in which a metallic 
layer is formed on the surface of polymeric parts, diminishes these de-
ficiencies and extends the applicability of polymers. 

Polymer surfaces are metallized using several methods. Among the 
most promising are physical vapor deposition (PVD), chemical vapor 
deposition (CVD) [6,7], electroplating [8,9], and thermal spray (TS) 
[10,11]. All of these techniques have inherent advantages and short-
comings [12]. PVD and CVD incur high equipment and processing costs 
and are limited in terms of productivity, workpiece size, and workpiece 
shape. Electroplating is limited by low adhesive strength and the long 
production cycle strongly linked to environmental hazards/costs. The 
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sol-gel method takes too long, and its wet-process conditions restrict the 
range of possible applications. TS methods achieve the highest deposi-
tion rate and are cheaper, more environmentally friendly, and more 
industrially scalable than other deposition methods. However, most TS 
methods deposit the molten metal powder onto the surface in a 
high-temperature gas stream, which damages temperature-sensitive 
substrates. Among TS methods, cold spray (CS) employs the lowest 
operational jet temperatures, does not pre-melt the metallic particles for 
deposition, and limits the risks of metallic-powder oxidation and heat 
damage to the substrate. Moreover, CS is perhaps the simplest and 
cheapest deposition method: the basic setup is controlled by a just few 
knobs and costs below $10k, e.g. by Dimet. For these reasons, CS is 
expected to occupy an emerging niche of PM demands in various 
industries. 

The CS process is an additive manufacturing technique used for 
manufacturing new parts, repairing structures, and applying coatings 
through high-rate powder deposition. Solid metallic powder is acceler-
ated in a stream of preheated gas and propelled toward a target. When 
the stream hits the target, the metallic projectiles deform plastically and 
adhere to the surface. This process can be used to deposit metals, alloys, 
polymers, ceramics, and composites upon a variety of substrate mate-
rials. CS is also known as cold gas dynamic spray, kinetic spray, CS 
additive manufacturing (CSAM), supersonic particle deposition, and 
dynamic or kinetic metallization. Pioneering experiments at Cambridge 
University [13] proved the feasibility of PM via CS in 2006. Since then, 
nearly 50 research articles have described CS attempts on polymers, half 
of which have been published since 2018. The reviews on cold spray 
before 2018 [11,14–17] are scarce on polymers, while among the recent 
reviews [18–23], only Raoelison et al. [23] devoted a short section to 
polymeric substrates. Parmar et al. [24] illuminated the materials sci-
ence aspects of PM by CS, which complement the correct technological 
review. None of the CS equipment producers has offered PM applica-
tions yet. Overall, PM via CS is an emerging subject that remains to be 
summarized and promoted to the manufacturing technologies market. 

Ours is the first review devoted exclusively to state-of-the-art CS 
processes on polymers and their composites. In particular, we summa-
rize the current knowledge on the subject based on the experimental 
results of PM via CS and (where relevant) other thermal spray literature. 
In this review, the peculiarities, technological advantages, and draw-
backs of CS are first elucidated, and then a brief historical outlook 
founded on the available literature is provided. In the dominant part of 
the review, we discuss how the CS parameters affect the physical factors 
of the deposition process and the properties of metallic coatings formed 
on polymers and composite substrates. Then, we discuss the existing and 
prospective applications of CS and the potential development of the 
method. Finally, we recommend research standards to enhance the 
communication and reuse of experimental data.Distinction between 
thermal spray and cold spray. 

2. Distinction between thermal spray and cold spray 

The term “Thermal Spray” embodies several methods wherein a 
spray of molten or semimolten metallic particles is directed onto a solid 
surface. The TS methods employ either the electrical, chemical, or ki-
netic energy to spray the coating layer. Different TS methods convert 
different magnitudes of energy in the fluid heat source to heat and 
accelerate the metallic powder by different extents prior to deposition. 
The ranges of carrier media temperatures and powder spray velocities in 
each TS method are shown in Fig. 1. Plasma spray and arc spray methods 
employ electrical heating. In plasma spraying, an ionized gas jet 
generated using either direct current (DC) or radio-frequency current 
[25,26] melts and delivers the metal powder to the target surface. In the 
arc spray method, an electric arc is established between the edges of two 
continuously fed wires; a pressurized air stream removes the molten 
metal droplets from the wires and forwards them to a target, where they 
accrete and freeze into a solid layer [27,28]. Meanwhile, the frame 

spray, high-velocity oxy-fuel (HVOF), and warm spraying methods 
adopt the chemical heating approach. In the flame spray method, a 
powder or wire is melted and propelled toward the substrate in a stream 
of burning propane [29–31]. In HVOF, oxygen is mixed with a fuel, such 
as hydrogen, methane, propane, propylene, or acetylene. The 
fuel–oxygen mixture is fed into a combustion chamber, where it is 
ignited and combusted continuously to propel the powder [32,33]. The 
warm spray method is analogous to HVOF but uses nitrogen instead of 
oxygen, which slightly lowers the temperature of the combustion gas 
[34]. 

Deposition via CS is realized using the kinetic heating method [35]. 
In CS, the powder is accelerated to supersonic speeds by pressurized 
warm air, nitrogen, or helium. As the range of gas temperatures in CS 
(300–800 ◦C) is insufficient for melting the metallic particles, the gas 
preheating step is utilized to get higher gas velocity due to the conver-
sion of thermal energy to momentum within a converging–diverging 
nozzle. The aerodynamic properties of the gas flow can be modified by 
tailoring the internal structure of this nozzle [36,37]. The gas mo-
mentum is transferred to the metallic particles, which impact the sub-
strate at supersonic speed and experience a high strain rate severe plastic 
deformation and melting, causing adiabatic shear instabilities and par-
ticle bonding [38]. The impact presumably disrupts the oxide films, 
promoting contact between the chemically clean particles and the sub-
strate surface. In other words, the particles are softened and rendered 
more adhesive by the conversion of their kinetic energy into heat. The 
CS process can be explicitly comprehended as grit blasting with metallic 
powder and preheated air. These small adjustments convert the erosive 
material removal process into material deposition. However, as shown 
later, preventing erosion during the deposition process is the biggest 
challenge in PM via CS. 

3. Historical outlook 

Surface treatment using solid particles was first used in ancient 
Egypt, China, and Mesopotamia. In these early civilizations, builders 
applied sand to cut, drill, engrave, and polish stones. In the Iron Age, 
weapons, tools, jewelry, and other items were sharpened and de-rusted 
using solid particles. In 1870, Tilghman patented a grit blasting process 
in which painted and rusted surfaces are cleaned up by bombarding with 
various solid particles, including metallic powders [41]. In 1900, 
Thurston noted that some metal particles accelerated by pressurized gas 
up to 300 m/s can be embedded into a metal plate and patented it as a 

Fig. 1. Map of carrier-medium temperature versus metallic particle velocity in 
various thermal spraying methods. Colors indicate the type of energy input: 
gray – electrical; orange – chemical; blue – kinetic energy. The figure was 
assembled from the data in [15,34,39,40]. 
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coating method [42]. In 1958, Rocheville [43] contributed a De 
Laval-type nozzle that propels the powder at supersonic velocities. 
However, the coating was possible to deposit only over the surface of a 
part, but not upon coating surface itself. In the 1980 s, a group of sci-
entists from the Institute of Theoretical and Applied Mechanics of the 
Siberian Branch of the USSR Academy of Sciences experimented with 
high-velocity gas-particle erosion of targets. Instead of erosion, they 
observed an accidental rapid formation of a coating [44]. Based on this 
finding, they elaborated a method [45] and a device [46] for acceler-
ating metallic powder in high-pressure gas at temperatures far below the 
powder’s melting point (curretnly, their product is known as “Dimet”). 
During the next 20 years, 34 Russian and 53 USA patents were issued for 
similar devices [14]. Thermal and CS technologies have become com-
mon in the secondary manufacturing sector. For example, they are used 
for restoring functional surfaces in machine building and aviation [44]. 
Replacement of metallic parts with polymers or their composites has 
created commercial interest in adapting the existing coating technolo-
gies to new materials. As CS has a lower operating temperature and 
requires less substrate heating than other TS methods, it has attracted 
the highest interest for coating substrates with low melting tempera-
tures. Thus, the application of CS technology has extended from metals 
to polymers. Since 2000, patents on CS started to include subclaims for 
the metallization of polymeric substrates [47,48]. In 2006, pioneering 
experiments at Cambridge University [13] proved the feasibility of CS 
for PM, sparking the interest of many highly ranked universities (see  
Fig. 2) and private organizations (e.g., VRC and Centerline) in collabo-
ration with several large manufacturers (e.g., Boeing and Renault). In-
ternational collaborations centered at McGill University, the University 
of Naples Federico II, and Wroclaw University of Science and Technol-
ogies have contributed the most toward this technology. At present, 
nearly 50 experimental reports on PM via CS are available on Web of 
Science, half of which have been published in the past three years. This 
number is expected to double within the next three to five years. 

4. Literature foundation 

The current review is based on a collection of experimental studies 
on PM via CS (see). Only original reports are presented in this table. 
Papers that duplicated the data of previous publications by the same 

authors, and papers utilizing a thick metallic interlayer on polymeric 
substrates, have not been considered in our summary. Non-SI units in 
the original reports, such as bar and µΩ⋅cm, have been converted to SI 
units. When not reported, the average particle size was approximated 
from the range. This table reveals the following characteristics of CS- 
based PM research: 1) Half of the studies appeared during 2018–2020. 
2) Half of the studies were performed on polyetheretherketone (PEEK) 
and carbon fiber-reinforced polymer (CFRP) substrates. 3) Very few 
studies considered the effects of the surface preparation step. 4) Sn, Cu, 
and Al are the most studied deposition materials. 5) Three-quarters of 
the studies focused on the particle size range of 20–40 µm. 6) Nitrogen is 
the most investigated propelling gas. 7) Propelling gas is rarely heated to 
< 200 ◦C or > 450 ◦C. 8) Both low-pressure and high-pressure CS sys-
tems can be used to build a coating. 9) The coating buildup, not particle 
embedding, remains challenging. 10) Many studies focused on the 
deposition efficiency (DE) of the process, electrical resistance, and bond 
strength of the coating. 

5. Cold spray process 

The coating deposition rate of CS is a function of multiple factors, 
which can be classified into five main categories: substrate materials, 
surface conditioning, powders, gases, and machining (scanning) pa-
rameters (Fig. 3). The large scattering of mechanical and thermal 
properties of polymers and composites cause their different responses to 
impinging particles, necessitating an accurate adaption of the other four 
categories to each substrate. Owing to its relatively low hardness, fa-
tigue, erosion resistance, and high elasticity, the only powder of soft 
(color) metals can be directly deposited on the polymeric surface. In 
these circumstances, the primary process parameters are the gas tem-
perature and pressure, which largely affect the powder velocity, kinetic 
energy, deformation rate, and impact temperature, and thus the overall 
sprayability of the powder. The secondary parameters are the nozzle 
stand-off distance (SOD), gun travel speed, and number of passes; these 
parameters can be used to tune the particle impact energy, deposition 
spot size, and substrate thermal softening under the hot gas stream. 
These physical factors considerably affect various coating characteris-
tics. The effects of the input parameters on the physical factors of the CS 
process and coating quality are discussed on a category-by-category 

Fig. 2. Establishment of the research network in the field of PM via CS.  
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basis below. 

5.1. Substrate material 

Substrate coating via CS differs for polymers and steels. First, the 
glass transition temperature, i.e., the temperature at which a material 
loses its mechanical properties, is lower in thermoplastics than in 
metals. Second, the thermal conductivity is one hundred times lower in 
polymers than in metals, so heat accumulates at the metal/polymer 
interface [72]. The coating deposition also depends upon the plastic 
interaction between the particles and substrate. On metallic substrates, 
the particle adhesion increases when the particles are substantially more 
plastic than the substrate [92]. Due to its large number of slipping 
planes, the face-centered cubic (FCC) lattice is more plastic than the 
hexagonal closest packing (HCP) and body-centered cubic (BCC) lat-
tices, and particles with the FCC structure deform with less erosion 
damage to the polymeric substrate than particles with the HCP and BCC 
structures. However, this mechanism completely differs from that 
observed on polymers [15]. Most of the impact energy on polymeric 
substrates is expended in deformation of the substrate, leading to par-
ticle embedding in the substrate [92]. The difficulty with coating 
polymer appear during the further coating buildup. Once a coating layer 
of embedded metallic particles has formed on a polymer, subsequent 
impacts cause severe plastic deformation of both the coating and the 
impacting particles. At this stage, the phenomena of solid particles 
erosion is frequently taking place. The subsequent impacts can destroy 
or knockout previously embedded layer such as both impacting bodies 
are of the same material. A hardness difference is need between the 
impacting bodies, so one can absorb more impact energy and yield first. 
This approach will be described in the powder section. 

Zhang et al. [49] were among the first to report CS outputs on 
polymeric target; they examined the effect of substrate hardness on 
deposition of Al powder by employing more than 10 metal and ceramic 
substrates and one acrylonitrile butadiene styrene (ABS) substrate. As 
ABS is a low-hardness substrate, all deformation has occurred in the 
substrate, and not in the Al powder. Further deposition of Al powder 
onto ABS was clearly unsuccessful [49]. In the conventional under-
standing of metal-coating via CS, the particles are bound by a combi-
nation of two mechanisms: interlocking and metallurgical bonding. 
Metallurgical bonding is barely observable on polymers [93]. It is also 
known from the 80 years long research on electroless plating of 

polymers [8,94], that the chemical bonding at metal/polymer interface 
is very week, so the strong acid-etching preparation step became clas-
sical to introduce some interlocking for the plated metal [95]. Che et al. 
[72] analyzed the impact spots of single particles on different polymers.  
Fig. 4 shows the SEM images of a Cu particle cold-sprayed onto each 
substrate. Images a–d were captured under the same conditions: gas at 
425 ◦C impacting the Cu particles at 530 m/s. Cu powder is very difficult 
to deposit on polymers owing to its high melting point. However, Cu 
particles are softer than many of the metal substrates, and therefore 
easily get flattened during the impact due to a significant amount of 
plastic deformation, especially at its rim. This indicates that the particle 
melted and recrystallized at the interface side, allowing chemical 
adhesion via metallic bonding. However, on the thermoplastic poly-
meric substrates, the Cu particles did not get flattened. The PEEK and 
polyethyleneimine (PEI) substrates were notably deformed due to 
embedding of the particles, while the particles themselves were insig-
nificantly deformed. In the softer ABS substrate, the particles were fully 
embedded. After many such events, a rigidly anchored Cu layer forms on 
the ABS surface. The first layer is not necessarily continuous but can be a 
sparse distribution of separate particles [73]. Such a layer does not 
guarantee further Cu buildup. For instance, Ganesan et al. [59] formed 
an embedded Cu layer but failed to build a Cu coating directly on PVC. In 
refined SEM observations of FIB bisections, they observed that the first 
particles were well embedded and adhered (Fig. 4e), but subsequent 
impacts extruded the surrounding molten polymer, which remained as a 
film above the embedded particles (Fig. 4f). This polymeric film acts as a 
separator between two Cu particles, preventing their metallic bounding 
and coating buildup. Conversely, if the particles are too hard for 
deformation, the polymeric lips squeezed around the embedded parti-
cles may act as particle binders. This dislodged material may cover the 
tops of the particles and assist the sticking of incoming particles [50]. 
Such a mechanism is inherent only in thermoplastic polymers, while 
thermosets fracture rather than deform (Fig. 4g). Multiple Cu-particle 
embedding was achieved on ABS and PEEK, but no continuous coating 
was built afterward [73]. The mass of some samples reduced slightly 
after CS, indicating that deposition was slightly offset by erosion. Che 
et al. [73] claimed that PM via CS should be considered as a two-step 
process: formation of the first layer and then buildup. They suggested 
that each step has its own technological “window” defined by the lower 
and upper particle velocity thresholds, beyond which the particles are 
insufficiently melted for bonding or start to erode the substrate, 

Fig. 3. Classification of technological, physical, and output factors of the cold spray process.  
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respectively. Che et al. [73] also benchmarked DE of other powders on 
thermoplastic PEEK, PEI, and ABS against thermoset CFRP substrate, 
showing that in general, the DE on thermoplastics substrates is higher 
than that on thermosets. 

5.2. Powder parameters 

5.2.1. Powder material 
The materials selected for CS deposition all have low melting points 

and low deformation resistance. The metals meeting these properties 
include Sn, Cu, Zn, Ag, Bi, In, and Al, along with alloys and mixes (). 
However, this list is conditional. In fact, Fe powder has also been suc-
cessfully cold-sprayed onto different polymeric materials [73]. 
Furthermore, Gardon et al. [62] found process parameters that bond Ti 
powder to PEEK, achieving a 1-mm-thick titanium coating. The coating 
was homogeneously thick and presented a well-adhered structure free of 
cracks. Its content was crystalline metallic Ti-element with no other 
species. Unfortunately, the authors did not disclose the absolute values 
of the CS process parameters, only their ratios, that do not allow to 
reproduce the experiment. The powder materials applied to polymer 
substrates are also listed in Table 1. The deformation and softening of 
solid particles depend on the crystal structure of the powder. For 
instance, FCC-structured metals exhibit the lowest resistance to defor-
mation. The typical powder materials applied to PM via CS are shown in  
Fig. 5. Lupoi and O’Neill [52] cold-sprayed 50–100-μm Cu, Al, and Sn 
powders onto a range of plastic materials. They claimed that low density 
favored the deposition of the powder by preventing or mitigating 
erosion of the substrate. Heavy particles result in a high impact energy, 
creating severe contact stresses and consequent delamination of the 
coating interface. The authors contributed a process characterization 
chart, mapping the deposition behaviors of six metallic powders against 
their impact energies [52]. 

The sprayability of a powder can be enhanced by premixing it with 
harder metallic or ceramic particles. Harder particles in the mix increase 
the substrate roughness and improve particle interlocking. They also 
produce a microhammering effect that compacts the underlying layers 
and reduces the coating porosity [96]. From a physical perspective, 
tamping can be accomplished using any particles (including metals) 

with hardness values exceeding that of the deposition powder. Some 
percentage of these hammering particles remain embedded in the sub-
strate, forming a composite coating [97]. Such composite microstruc-
tures (Fig. 6) may be beneficial in certain applications. For instance, 
alumina introduction improves the wear behavior and scratch resistance 
of Sn coating by up to 60% and 30%, respectively [77]. Cu and Al 
powders require high critical velocities for bounding during CS, they 
escalate the substrate erosion during deposition. Erosion is the key 
obstacle against depositing these materials on CFRP [98]. To mitigate 
this phenomenon, Chu et al. [98] mixed Sn powder with either 10% of 
Cu, Zn, or Al powder, thus raising the DE by 3–6 times. From a ther-
modynamic viewpoint, the improvement in DE is due to conversion of 
the kinetic energy of the secondary (hard) particles into deformation 
energy and heating of the already-deposited primary (soft) particles. In 
this way, the second powder additive facilitates the melting of the first 
one. However, the secondary particles are poorly deposited and most of 
them rebound from the surface. Che et al. [70] showed that the overall 
DE is the inverse to the percentage of dopant Cu, Zn, and Al particles in 
Sn powder. Combining Sn with a lower melting point powder like Bis-
muth allows deposition at lower gas temeprature as compared to pure Sn 
powder [90]. Bortolussi et al. [66] mixed Cu with polymer powder to 
form a conductive coating on CFRP. They showed that the secondary 
component of the deposition mixture (i.e., the polymer powder) can 
efficiently bind the metal powder, while preserving the existence of a 
percolated network of metallic particles to ensure the macroscopic 
conductivity of the coating. By setting the spraying parameters, powders 
with specific shapes, sizes, and flow rate ratios, various microstructures 
with unique electrical and bonding properties can be produced. Borto-
lussi’s team further aimed to achieve gradient composite coatings using 
CS with multiple powder feeders. The powder-mixing approach might 
ultimately be the way of realizing multiproperty coatings. Another effect 
of mixing powders is tailored particle flowability. The nozzle quickly 
clogged when Sn was sprayed at 325 ◦C [69], but after mixing the Sn 
powder with 30% Cu, the nozzle did not get clogged at gas temperatures 
of < 350 ◦C, supposedly because the Cu particles served as “nozzle 
sweepers” that cleared the nozzle [70]. Mixing soft metallic powder with 
ceramic particles also prevents nozzle clogging [99]. 

The effects of particles hardness were recently studied by Rokni et al. 

Fig. 4. Responses of various polymeric substrates to impact of a 20-µm-diameter spherical Cu particle: mild steel (a), PEI (b), PEEK (c), and ABS (d) substrates with 
hardnesses of 490, 110, 78, and 40 MPa, respectively [93]; Cu particle embedded in PVC substrate (e), the same after by subsequent impacts, and Cu particle 
embedded in epoxy substrate (g) [59]. 
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Table 1 
Summary of experimental studies on polymer metallization via cold spray.  

Year Reference Substrate material Substrate 
preparation 

Powder 
material 

Particle 
size, µm 

Gas 
nature 

Gas temp., 
◦C 

Gas press., 
MPa 

Stand-off 
distance, mm 

Flow rate, 
g/min 

Traverse 
velocity, mm/s 

Coating 
type 

Coating 
evaluation 

2005 Zhang et al.[49] ABS None Al 75 He 20 2.5 20 10 27 Embedded T, DE, P, SR 
2006 Sturgeon et al.[13] CFRP-PEEK None Al 20 He 300 2.0 40 50  Buildup T, A 
2007 Burlacov et al.[50] PEEK, PET, PSU, 

PES, etc. 
None TiO2 45 N2 400–550 1.5–3.0 30 5–10 80–100 Embedded Photocatalytic 

2009 Robitaille et al.[51] CFRP None Cu/Zn 17, 45 N2 260 1.5–3.5    Buildup P, A, H 
2010 Lupoi and O`Neill 

[52] 
PP, PS, PA-6, PC/ 
ABS, FRP 

None Sn, Cu, Al 20 N2 20 0.5–3.0 40–100  8.3–17 Buildup T 

2011 Affi et al.[53] CFRP Al-int Al 3, 15 N2 300–600 0.5–2.0 20 6 20 Buildup T, ER, 
2011 Zhou et al.[54] CFRP-PEEK None Al/Cu 30 N2 300–450 1.2–1.9 20 5 5 Buildup T, P, H, A 
2012 Giraud et al.[55] PA66 Heating Al 26 N2 150–250 1.5–3.0 40  200 Buildup T, P, 
2012 Ganesan et al.[56] PVC None Cu, Sn/ 

Cu 
10, 20 N2 373–673 1.2–3.0 30  8.3 Buildup T, DE, H, A, ER, 

2012 Vucko et al.[57] HDPE None Cu 27 N2 100 2.0 30  100 Embedded Ch, AF 
2013 Vucko et al.[58] PU None Cu 27 N2 400 2.5 30  8.3–33 Embedded OM, AF 
2013 Ganesan et al.[59] PVC, Epoxy Sn-, Cu-int Sn, Cu 13, 27 N2 373–673 1–3 30 5 8.3 Buildup DE, A 
2013 Lee et al.[60] PEEK None HA  Air 200–400 0.7–2.0 30 10  Embedded Osteoblast 
2013 King et al.[61] PU, PE, PP, PC, 

PTFE, N6 
None Cu 27 N2 150–350 2.5 30  0.5–2 Embedded DE, SR, IT, ER 

2013 Gardon et al.[62] PEEK None Ti 55 N2      Buildup T, Ch 
2014 Ye and Wang[63] PC None Al 30 N2 413 1.24 15 5–40 40 Buildup T, 
2014 Małachowska et al. 

[64] 
PA6 Grit-blast Al 29 Air   10 30  Buildup T, SR, H, MS, A 

2015 Małachowska et al. 
[65] 

PA6 Grit-blast Al, Sn 9, 29 Air 200 0.5, 0.9 10, 15 15, 30 41 Buildup T, P, RS, ER 

2016 Bortolussi et al.[66] CFRP None PEEK-Cu 20, 58 N2 300–500 1.0–2.0 80   Buildup T, ER, 
2017 Kromer et al.[67] PEEK None Al 30 N2 700 2.3 40   Embedded A 
2017 Małachowska et al. 

[68] 
PA6 None Cu, 

Sn+Al 
14–35 Air 200 0.9 10 30 66 Buildup T, ER, A 

2017 Che et al.[69] CFRP None Sn, Cu, Al 17–30 N2 25–400 0.3–5.0 18–200 13 12–500 Embedded DE, A 
2017 Che et al.[70] CFRP Acetone Sn+Cu/ 

Zn 
17 + 40 N2 280–300 0.4–0.7 18 13 25 Buildup T, P, ER, 

2018 Che et al.[71] CFRP Acetone Sn+Al 17 + 25 N2 280–300 0.4–0.7 18 12 25 Embedded DE 
2018 Che et al.[72] CFRP, ABS, PEEK, 

PEI 
Acetone Cu 18 N2 250–425 2.0 40  25 Embedded DE 

2018 Che et al.[73] CFRP, ABS, PEEK, 
PEI 

Acetone Sn, Cu, Fe 17–35 N2 200–425 0.3–1.4 40 10–19 25 Buildup DE 

2018 Małachowska et al. 
[74] 

PC N, GB, Sn Sn, Al 20, 53 Air 200 0.5–0.9 10–30 30 16–50 Buildup T, ER, A 

2018 Chen et al.[75] PEEK None Cu 27 Air 300 1.2–2.4 30  50 Buildup T, P, ER 
2018 Astarita et al.[76] Hemp-PLA None AlSi12 40 N2 150–600 0.4–0.8 10–80  3 Buildup SR, MP 
2019 Perna et al.[77] PLA None Al+Al2O3 50 N2 100 0.7 50  3 Embedded SR, friction 
2019 Gillet et al.[78] PEEK None Cu 10–38 N2 330 0.8 30 15–20 100 Buildup T, P, ER, 
2019 Rokni et al.[79] ABS, PEEK, PEI None Al, 7075 

Al 
36 N2, He 225–450 3.1–4.8 25–100 14–22 200–700 Buildup T, DE, P, A, H 

2020 Feng et al.[80] CFR–PEKK None Al/ 
7075Al 

36 N2, He 350 4.1 75 22 350 Buildup P, A 

2020 Liberati et al.[81] CFRP None Sn 
+ 10%Al 

17 + 25 N2 300–320 0.3–1.0 18 12 25 Buildup T, SR, 

2020 Viscusi et al.[82] BFRP PLA-int AlSi10Mg 22 N2 150 0.6 25  8 Embedded IT 
2020 Papa et al.[83] BF-PA6 None AlSi12 40 N2 150 0.6 35  8 Embedded Impact strength 
2020 Della Gatta et al. 

[84] 
GFRP-PE None AlSi10Mg 22 N2, Air 150 0.5–0.6 20–35  7.5 Embedded Coverage 

2020 Viscusi et al.[85] PP None AlSi10Mg 22 N2 150 0.6 25  8 Embedded DMA 

(continued on next page) 
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[79]. During high-pressure CS (HPCS) on PEEK and PEI, the DE of pure 
Al powder (hardness value HV = 160 MPa) was 20 × higher than that of 
7075 Al powder (HV = 350 MPa), but on ABS, the DE was independent 
of particle hardness. In pull-off tests, the pure Al coatings on PEEK, PEI, 
and ABS failed at 7–12 MPa, whereas the 7075 Al coatings on PEEK and 
PEI failed at 17–27 MPa. Moreover, post-manufacturing stresses 
remaining in the particles [100] can inhibit the deformation and 
bounding of particles. The magnitude of residual stress can be reduced 
via heat treatment; heat-treated powders demonstrate a higher defor-
mation capability and higher DE [68]. The positive effect of thermal 
treatment can be also related to chemical modification of the particles’ 
surface, as discussed below. 

5.2.2. Particle size 
Particle size is the most controllable powder parameter. In the 

available literature on PM via CS, the average particle size ranges from 3 
to 75 µm, and two-thirds of these studies focus on the 20–30-µm range 
(). Finer particles acquiring higher velocities, generate higher contact 
pressure and thus are more prone to embedment and deposition than 
coarse particles [69]. On the one hand, size variability prevents accurate 
optimization of the CS process; on the other hand, it enhances the 
tamping effect, thus reducing coating porosity [101]. The powder 
morphology and shape, which influence the powder flow rate and hence 
the screening results, are much more difficult to control [102]. Depo-
sition powder particles take spherical, near-spherical, dendritic, acic-
ular, flake-like, and other forms (Fig. 5). Because particles with a 
relatively small surface area (such as smooth spheres) improve the 
powder flowability, powders made of near-spherical particles are a 
widely accepted compromise between controllability and costs of the CS 
process. Dendritic powders cause deformation spots at several contact 
places on the substrate surface. These distributed deformations inhibit 
material removal by erosion and enable the deposition of Cu coatings on 
the polymer [68], which is a complicated output for spherical powders 
[57,58]. Thus, dendritic particles are more prone to build up than 
spherical particles. The main disadvantage of dendritic powder is a high 
porosity level in the obtained coatings [68]. 

Metallurgical bonding requires adiabatic shear instability, which is 
absent between the metallic particles and polymer surface [56]. The first 
(embedded) coating layer is mainly retained by means of mechanical 
interlocking. When particles encounter an already-deposited particle, 
they must be locally deformed under an adiabatic shear instability, 
which is a function of particle size and velocity. The particle velocity in 
the gas stream can be calculated analytically [103] and via computation 
fluid dynamics [104] or measured using laser systems [69]. In general, 
the particle velocity is related to the CS process parameters as 

vp∝
PgTgφp

mp SOD
, (1)  

where Pg and Tg are the pressure and preheating temperature of the 
propelling gas, respectively, SOD is the stand-off distance, and mp and φp 

are the mass and sphericity factor of the average particle, respectively. 
The sphericity factor is a measure of how spherical a particle is and 
defined as the ratio of the surface area of an equal-volume sphere to the 
actual surface area of the particle. For instance, φp = 1 means that the 
particle is absolutely spherical, φp < 1 signifies some degree of angu-
larity, a bullet is typically characterized by φp = 0.2. Some irregular 
particles have poor aerodynamic performance and a high drag coeffi-
cient, which facilitates their acceleration. Massive particles are more 
difficult to accelerate compared to fine powders. Importantly, a cold- 
sprayed layer is formed only when the particle velocity surpasses the 
minimal critical velocity, which is sufficient to provide the cold weld- 
type bonding during particle impact [38]: 
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vp crit =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

4F1δTS

(

1 − Ti − TR
Tm − TR

)

ρp
+ F2cp(Tm − Ti)

√
√
√
√
√ (2)  

where Ti, Tm, and TR are the impact, melting and reference temperatures 
(293 K), respectively, ρp, cp, and δTS are the density, heat capacity and 
tensile strength of the particle, accordingly, where as F1 = 3.8 and F2 =

0.3 are the empirical factors. The increase in particle velocity results in 
an increase in the polymer viscoplastic deformation. As a result, the 
particles are less likely to rebound due to the decrease of strain energy 
and the gain of plastic deformation energy [91]. However, coating 
buildup on polymers is also bounded by a maximal velocity, above 
which the plastic impact on a given material becomes hydrodynamic 
penetration, leading to the effect of solid particles erosion rather than 
build the coating. From the results of numerical and experimental 
studies, Schmidt et al. [38] derived F1 = 4.8 and F2 = 1.2 that gives the 
maximum critical velocities for a broad range of metallic powders via 
Eq. (2). The windows between minimum and maximum critical veloc-
ities for a broad range of metallic powders are shown on Fig. 7. The 
deposition windows of Pb, Sn, Au, Zn, and Ag has a narrow velocity 
range and can be easily missed. The generalized formula given by 
Schmidt et al. [38] significantly reduces the number of time-consuming 
and costly experiments in CS deposition. Noteworthy, this sparing ve-
locities may not provide proper interlocking of the particles in the 

Fig. 5. Feedstock materials used for PM via CS [68,71,77,84].  

Fig. 6. Composite coatings deposited via cold spray: a) A Zn particle covered with melted Sn particles in CS with a Zn/Sn (10/90 wt%) mixture [70], b) deposited 
layer comprising Cu and Sn (50/50 wt%) [70], c) deposited layer comprising PEEK and Cu (80/20 wt%) [66]. 

Fig. 7. Deposition windows of 25-µm-diameter particles of different materials 
calculated using Eq. (2). The substrate material is identical to the particle 
material. The bars indicate the uncertainties caused by variations in mate-
rial properties. 
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polymer substrate, thus an optimized CS strategy may require two 
different impact velocities for the deposition of initial and subsequent 
layers, respectively. 

Another important parameters to reach the adiabatic shear insta-
bility is the particle size. Above a certain minimal particle diameter, an 
impacting spherical particle has sufficiently slow thermal diffusion to 
develop a localized shear instability at its surface. Schmidt et al. [38] 
presented a simple solution to quantify this critical diameter as follows: 

dcrit =
36λp

cp ρp vp crit
, (3)  

where λp, cp, ρp, and vp crit are the thermal conductivity, heat capacity, 
density, and lower boundary of the critical impact velocity of the par-
ticle (Eq. (2)), respectively. Particles with diameter smaller than dcrit 
may not reach the bonding conditions. Fig. 8 compares the calculated 
minimum particle diameters of several metals. Evidently, the deposition 
of fine Ag and Au particles is limited by thermal diffusion, whereas Fe, 
Ti, and other metals on the left-hand side of Fig. 8 can be sprayed at a 
starting size of 1 µm. 

5.2.3. Particle oxidation 
Particle oxidation strongly degrades the DE and coating properties of 

CS deposition. Li et al. [105] revealed that at high oxygen content, a 
large proportion of a particle’s kinetic energy is consumed in breaking 
the oxide film during the impact. When the oxygen content increases 
from 0.02 to 0.14 wt%, the velocity of Cu particles must increase from 
310 to 550 m/s for successful deposition [105]. Thus, the critical ve-
locity can be notably reduced by eliminating the oxygen from the 
powder [105]. Among the particle oxidation studies, Małachowska et al. 
[68] failed to build a Cu coating on polyamide 6 (PA-6) but succeded 
after deoxidizing the Cu powder in an oven before spraying. The oxygen 
content and critical velocity share a near-linear relationship [106]. In 
one experiment [105], increasing the oxygen content by 0.01 wt% 
increased the critical velocity to 20 m/s. The formation of oxide film on 
metallic particles is initially rapid even at room temperature but follows 
a logarithmic law as the film thickens [107]. For instance, a 1-nm-thick 
oxide film formed on Cu within 30 min and reached a thickness of 
4.5 nm after 11 days [24]. The overall oxygen content of the powder can 
be easily calculated from the known densities of Cu and copper oxide 
(8.96 and 6.14 g/cm3, respectively) and the oxygen film thickness. A 
1-nm-thick oxygen layer contributes 0.02 and 0.01 wt% to 20-μm- and 
40-μm-diameter spherical Cu particles, respectively. Thus, oxidation 
vulnerability of metallic particles depends not only on the particle ma-
terial but also on particle size. In the case of particles with an oxide layer 
of constant thickness, increasing the particle diameter considerably 
decreases the critical velocity [108]. As oxidation is an area-related 
process, the relative weight of the oxygen content also decreases with 
increasing particle diameter. Owing to their well-developed surface 

areas, dendritic and globular powders contain nearly 50% more oxygen 
than spherical powders. After two weeks of air exposure, the DE of an 
annealed powder reduces by 1/3 [109]. Importantly, the amount of 
oxygen in the coating can be double that in the powder material [68]. 
This additional oxidation occurs during the spraying process and during 
the cooling of the sample afterwards. For instance, 10-μm-diameter Ti 
particles acquire a 0.3-nm-thick layer of oxygen when flying through the 
nozzle in the presence of hot air [110]. The overall oxygen content of the 
coated layer decreases the EC of the coating (as discussed later). In 
summary, the native oxide layer formed on the surfaces of impinging 
particles is the main degrading factor of DE, bonding strength, coating 
structural integrity, and properties of many metallic cold-spray deposits. 

5.3. Gas parameters 

5.3.1. Nature of the carrier gas 
The nature of the carrier gas affects the kinetic energy of the 

impinging particles, oxygen content in the coating, and the coating 
microstructure. The kinetic energy of the particles depends on the 
maximum gas velocity, which differs among gases. The maximum ve-
locity of the gas flow is determined by the velocity of sound in the gas. In 
air, nitrogen, and helium at 0 ◦C, the velocity of sound is 326, 350, and 
973 m/s, respectively. A high-velocity carrier gas, such as helium, ac-
celerates the metallic particles more strongly than slower gases do [15, 
80], thus enhancing the DE, coating hardness, and porosity [13]. 
Although employing a high-velocity gas increases the flow rate, helium 
application incurs a high cost per unit volume. Consequently, helium gas 
must be recycled in a commercially viable process. The air flow velocity 
is sometimes insufficient for depositing low-porosity, low-oxide layers 
or building layers of hard materials. In addition, an oxide film may form 
on the particles during the impact in the air [106]. When the oxide film 
is thick, its disruption consumes a large proportion of the energy that 
would otherwise be expended in plastic deformation of the particle. 
Nevertheless, during experimental CS of Al on polypropylene (PP), the 
results were very similar in nitrogen and air [84]. The embedment 
coverage was only 10% larger in air CS than in nitrogen CS. As evi-
denced in, nitrogen gas is the default choice for diverse polymeric sub-
strates and metallic powders. Only a few comparative experiments of 
PM via CS in N2 and He have been reported. Feng et al. [80] sprayed Al 
powder on a CFR–PEKK substrate at 4 MPa and 350 ◦C. They observed 
that the erosion and porosity of the formed layer were higher in He 
carrier gas than those in N2 carrier gas (1.82% versus 0.67%). The 
greater impact velocity in the He flow drove the particles deeper into the 
substrate, dislodging large amounts of polymer debris between the 
particles and increasing the roughness of the coating. Meanwhile, the 
adhesive strength of the coating was improved in the N2 flow (18.3 MPa 
vs. 9.3 MPa in the H2 deposition process). A two-gas CS strategy that 
deposits the initial layers in He and the buildup layers in N2 might 
improve both the adhesion and cohesion of the coating. 

5.3.2. Gas temperature 
Heating the carrier gas improves particle acceleration in the CS 

process. The term “gas temperature” in CS refers to the gas temperature 
in the converging part of the nozzle, which differs from both the outside 
gas temperature and the particles’ temperature [69]. The maximum gas 
velocity in the prechamber is related to the gas temperature through the 
Newton–Laplace equation of speed of sound in gases, namely, vs =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
γRTg/Mg

√
, where γ is the adiabatic index, R is the specific gas constant, 

Tg is the absolute gas temperature at the throat of the nozzle, and Mg is 
the molecular mass of the gas. High gas temperature increases not only 
the particle velocity but also the particle and substrate temperatures 
[111]. Gas heating significantly improves the DE and several 
coating-quality parameters [34]. The maximum gas temperature real-
ized in CS is 900 ◦C [112]. However, for polymeric substrates, CS tem-
perature does not exceed 673 ◦C [56] and is usually within the 

Fig. 8. Minimum particle diameters for localized adiabatic straining during 
impact at lower vp crit (Eq. (2)) for different powder materials according to 
Schmidt et al. [38]. The substrate material is identical to the particle material. 
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200–450 ◦C range (see). This temperature range is also necessitated to 
eliminate the risk of oxidation and/or nitridation, which can degrade the 
functionality of the applied coatings [15]. Importantly, the DE is 
extremely sensitive to gas temperature. Che et al. [111] reported that the 
DE of Sn powder sprayed on CFRP substrate is 2% at 290 ◦C but in-
creases to 20% at 310 ◦C. In other words, each 1 ◦C rise in temperature 
can increase the DE by 1%. In such circumstances, understanding the 
physical scenario in which the gas temperature influences the DE is 
crucial. 

Theoretically, increasing the gas temperature will reduce the gas 
density and viscosity and hence the drag force acting on the particles 
[113]. However, in an experimental study [111], the measured mean 
particle velocity was independent of the nitrogen gas temperature in the 
200–300 ◦C range, implying that heating the gas does not necessarily 
enhance the particle velocity. Therefore, high particle velocity cannot 
explain the improvement in DE. Another explanation is that scanning 
with a warmer gas jet can cause thermal softening of the substrate and 
consequently increase the penetration depth of the particles. On a 
thermally softened substrate, increasing the temperature of the applied 
carrier gas increases the compliance and accommodation of impinging 
particles [80]. The carrier gas and impacting particles can heat the 
substrate to the glass transition temperature, effectively reducing its 
stiffness, cushioning the incoming particles and reducing the extent of its 
deformation. These effects highly depend on the polymer type [57,58, 
61]. If the polymer is sufficiently ductile, it will deform around the 
particles and capture them before the rebound, allowing deep penetra-
tion of the particles [61]. Fig. 9 shows the influence of gas temperature 
on the particle penetration depth and the weight of the embedded/-
bonded Cu particles gained by various substrates. In this experiment, the 
particle velocity was varied over a narrow range (475–527 m/s) and 
thus cannot fully explain the large changes in penetration depth and 
deposition mass. Moreover, the penetration depths and weight gains 
were not proportional to each other, but notably depended on the sub-
strate. For instance, the particle penetration depth in nylon was half that 
in HDPE, but both substrates caught similar numbers of particles. 

Meanwhile, polyurethane (PU) exhibited the same penetration depth as 
nylon but gained only 1/8 the mass of nylon. From Fig. 9, it can be 
observed that the gas temperature affects the CS of polymers dominantly 
via thermal softening rather than by particle velocity as conventionally 
perceived in CS of metallic substrates [14,15,35]. 

The carrier gas temperature also increases the temperature of the 
particles [111]. Inside the gas stream, each particle’s surface is subjected 
to considerable thermal and velocity gradients. Under forced external 
convection, heat is transferred from the accelerated gas into the slower 
particles. Surface heating then establishes a thermal gradient inside the 
particle. The heat is conducted radially into the particle’s core. The 
in-gas steam time of the particle (a fraction of a millisecond) is insuffi-
cient for equalizing the temperature across the particle. The remaining 
thermal gradient across the particle causes a gradient of mechanical 
properties. The hotter the carrier gas, the stronger is the mechanical 
gradient and the greater is the particle deformation upon impact [111]. 
The extent of the elastic response of the impinging particle is inversely 
related to its temperature. Under the deposition criterion, no net elastic 
energy should be stored within the bonded particle after the impact 
[114]. When the particle temperature increases to 100 ◦C, the minimal 
particle velocity for successful bonding reduces by approximately 
14 m/s, and the temperature–velocity relationship is nearly linear [15]. 
Understanding of the particle temperature map and its dependency on 
gas temperature is crucial to optimize the CS process. The effect of gas 
temperature on the sprayability of Sn powder on CFRP is shown in  
Fig. 10. When the gas was preheated to 200 ◦C (i.e., below 232 ◦C, the 
melting point of tin), the particles reached their theoretical minimal 
impact velocity but failed to form a coating [69]. Instead, the micro-
graphs revealed minor fragmentation of the epoxy substrate with a trace 
amount of Sn within the cracks, indicating early erosion. When the gas 
temperature was increased to 240 ◦C, small Sn clusters appeared on the 
CFRP surface. At 290 ◦C, large clusters started to form a coating layer 
but the coverage was still noncontinuous. A continuous Sn layer was 
obtained at 310 ◦C [69]. A closer SEM examination revealed that the Sn 
particles remained almost spherical but their rims changed noticeably 
after impact at temperatures above 290 ◦C. As expected, the outer sur-
face of the particle melted while the core remained solid. Meanwhile, 
the finer particles in the used powder fraction fully melted and notably 
enhanced the DE. At 310 ◦C, Che et al. [69] observed a large number of 
small “satellites” attached to the particles, which were absent in the 
original feedstock powder. As the gas temperature was well above the 
melting point of Sn, these small satellites might have been generated by 
the splashing of the molten Sn particles. Fig. 11 shows the effect of gas 
temperature on the melting, deformability, and coating topography. 
These images were taken by Koithara et al. [87], who successfully 
deposited large Cu particles (50 µm) on a PEEK substrate with an un-
precedentedly high DE (70%) using helium gas in an HPCS system. 

5.3.3. Gas pressure 
The gas pressure can be varied to manipulate various physical factors 

of CS, mainly the particle velocity. The CS process can be divided into 
three types with different gas pressures [11]:  

• In the low-pressure CS (LPCS) process, the gas pressure is < 1 MPa 
and the particle velocity barely exceeds 400 m/s [78]. LPCS offers 
the gentlest and most favorable conditions for easily deteriorated 
substrates, such as polymers. However, it may not saturate some 
hard-to-melt powders with sufficient kinetic energy for bounding.  

• In HPCS, the carrier gas is pressurized up to 5 MPa and the particle 
velocities can reach 1400 m/s [11]. However, as the gas temperature 
applied to the polymeric substrate is comparatively low, the particle 
velocity in HPCS applied to polymers barely exceeds 600 m/s.  

• In pulsed-gas dynamic spraying (PGDS), the gas stream oscillates 
through a series of fixed-frequency shock waves [115]. The shock 
waves propagate the sharply elevated pressure and temperature 
through the gas stream. Such a system generates a higher pressure 
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than conventional CS, blasting the feedstock particles with high ve-
locities. Up to date, PGDS has not been applied to PM. 

Incrementing the propelling gas pressure increases the drag force 
acting on the particles [104], thereby increasing the particle velocity 
[69,73], kinetic energy of the impact, and DE [73,88]. The increase in 
gas pressure facilitates thermal softening of the substrate due to the hot 
jet density but does not notably affect the particle temperature [75]. The 
ranges of particle velocities at different pressures, temperatures, and 
powder properties used in PM are listed in Table 2. All data were 
measured in systems with nitrogen gas except for Che et al. [73], who 

used atmospheric air with a nitrogen content of 78%. At pressures of 
0.3–5.0 MPa, Che et al. [73] sprayed Sn, Cu, and Fe powders on CFRP, 
PEEK, PEI, and ABS. The Sn coating formed successfully on all sub-
strates, the Cu coating formed only on PEEK and PEI, and the Fe coating 
did not form in any of the thermoplastics due to erosion. Thermoplastics 
often erode under elevated gas pressures, particularly when impacted 
with relatively hard particles, such as Cu and Fe [73]. Therefore, the DE 
is initially proportional to gas pressure but develops an inverse rela-
tionship with pressure as erosion becomes more prominent. For 
instance, the DE of Sn sprayed on CFRP at 300 ◦C grew with increase in 
gas pressures up to 0.4 MPa but fell rapidly at higher pressures [69]. 

Fig. 10. Influence of nitrogen gas temperature on the deposition efficiency of 27-µm-diameter Sn particles on CFRP at 0.4 MPa. The brighter pigments are the 
deposited Sn and the darker background is the epoxy substrate. 
Reproduced with permission from [69]. 

Fig. 11. Top view of cold-sprayed Cu in He gas at 3.0 MPa preheated to 200 ◦C (a) and 400 ◦C (b) [87].  
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Liberati et al. [81] sprayed mixed Sn–Al powders onto CFRP and 
observed a rapid growth, fall, and plateau of the DE with increasing 
pressure. They explained that Sn particles may build up on the epoxy 
substrate faster than on themselves. In CFD simulations, they also 
showed that at elevated pressures, the rebounded particles can adhere 
during a second impact. In Cu deposition on PEEK at high gas pressures 
and temperatures, Koithara et al. [87] achieved a DE of up to 70% but 
the bounding between the anchored and buildup layers appeared weak. 
The high-velocity collisions induced at high pressure could detach the 

already-deposited particles, leading to coating delamination by spalling 
damage. 

The propelling gas pressure affects many properties of the coating. In 
a comprehensive study of Cu sprayed on PEEK [75], Chen et al. varied 
the propelling gas pressure from 1.2 to 2.4 MPa and demonstrated how 
this parameter affects the thickness, microstructure, microhardness, 
porosity, and EC of the coating (Fig. 12). The kinetic energy of the 
particle is converted to work of deformation within the softer substrate, 
forming a slinky crater during impact. Some of the deformation energy 
remains in the crystal grit, while a conservative estimate (~70%) gets 
converted to heat, which thermally softens the substrate [111]. 
Increasing the gas pressure increases the particle acceleration and hence 
the velocity and energy at impact. The crater lips and surrounding 
wrinkles become increasingly prominent (Fig. 12, top row), firmly 
holding the particle at the impact site [75]. When the substrate is 
completely covered, the coating builds up through mutual deformation 
of both the embedded and arriving particles. The percentage of bounded 
particles (and thus the coating thickness) also increases with increasing 
gas pressure (Fig. 12, middle row). In magnified views of the bonding 
interface (Fig. 12, bottom row), the Cu particles are observed to be 
deeply and mechanically interlocked in the PEEK substrate. Some 
porosity appeared among the deposits formed at lower pressures 
(Fig. 12, bottom). Multiple voids and microcracks between the splashed 
particles appeared near the interface and were much sparser in the 
upper part of the coated layers. This observation is explained by the 
enhanced shot-peening effect of the incoming particles under high 
pressures. The porosity and interparticle boundaries are strained by the 
formation of new grains [99]. As the gas pressure increased from 1.2 to 
2.4 MPa, the degree of particle deformation and the peening effect were 
enhanced, reducing the coating porosity from 6.2% to 0.2%. 

The severe plastic deformation under high propelling gas pressures 
strengthens the work-hardening effect, thus increasing the microhard-
ness. The microhardness (HV0.2) of Cu coating on PEEK increased from 

Table 2 
Particle velocity ranges of PM via CS reported in the literature.  

Reference Powder 
material 

Particle 
size, dp 

(µm) 

Gas 
temperature 
Tg (◦C) 

Gas 
pressure 
Pg (MPa) 

Particle 
velocity, 
vp (m/s) 

Lupoi and 
O`Neill 
[52] 

Sn, Cu, 
Al 

20 20 0.5–3.0 300–520 

King et al. 
[61] 

Cu 27 150–350 2.5 475–527 

Kromer 
et al. 
[67] 

Al 30 700 2.3 400–600 

Che et al. 
2017 
[69] 

Sn, Cu, 
Al 

17, 25, 
30 

25–400 0.3–5.0 175–548 

Che et al. 
[72] 

Cu 18 250–425 2.0 470–570 

Che et al. 
[73] 

Sn, Cu, 
Fe 

17, 29, 
35 

200–425 0.3–5.0 210–580 

Chen et al. 
[75] 

Cu 27 300 1.2–2.4 325–400 

Gillet et al. 
[78] 

Cu 10–38 330 0.8 400 

Tsai et al. 
[91] 

Cu 25  0.4–0.65 190–330  

Fig. 12. Influence of gas pressure on various CS parameters in the deposition of 27-µm-diameter Cu particles on PEEK substrate at 300 ◦C (Assembled from the SEM 
pictures in [75]). 
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210 to 250 MPa as the gas pressure increased from 1.2 to 2.4 MPa. Zhou 
et al. [54] sequentially cold-sprayed 500-µm Al and Cu layers on semi-
crystalline thermoplastic PEEK450CA30. In a microstructural analysis, 
they showed that when the Al coating was subsequently deposited with 
Cu particles, its porosity reduced from 2.9% to 1.1% while its micro-
hardness increased from 42 to 52 HV0.1. Meanwhile, the microhardness 
of the Cu layer remained similar to that of rolled Cu (140 HV0.1). In 
another study [88], a small increase in the gas pressure from 0.41 to 
0.46 MPa increased the microhardness of cold-sprayed Cu coatings on 
CFRP from 100 to 118 HV. The dense particle bonding within the 
deposited layer, along with fewer internal defects (such as pores and 
microcracks), lower the electrical resistivity of the coating. Increasing 
the gas pressure from 1.2 to 2.4 MPa enhanced the EC of the Cu coating 
from 21 to 32 MS/m [75]. The Raman spectrum of the cross-section of a 
PEEK substrate just below the interface was identical to that of uncoated 
PEEK, indicating that during the coating process, the polymer structure 
was unaffected by heat accumulation and severe plastic deformation 
under quite aggressive CS conditions (300 ◦C, 2.4 MPa) [75]. Overall, 
higher gas pressure ensures high DE and coating microhardness, 
compactness, and good EC. On the other hand, the geometrical param-
eters and adhesive properties [87] of the coating may degrade. 

5.4. Scanning parameters 

5.4.1. Stand-off distance 
The nozzle SOD determines the time over which the particles are 

affected by the gas stream and the extent to which the gas stream softens 
the substrate. Up to the SOD, the particles traveling along the jet axis 
inside the nozzle get accelerated following Newton’s law of motion and 
heated via convective heat transfer. This acceleration and heating pro-
ceed to the SOD point where gas velocity and temperature of the particle 
exceed those of the gas steam [103]. Beyound this point the particles 
undergo deacceleration and cool down. Shortening the SOD also reduces 
the in-flight time of the metal particles, thereby reducing their oxide 
content gained in the hot gas stream [11]. Consequently, a short SOD 
(typically around 10 mm) is preferred for CS [35]. However, a short SOD 
also facilitates substrate heating during the deposition process. This 
heating is immaterial in the case of metallic substrates but cannot be 
ignored for polymers substrates, whose softening and decomposition 
temperatures are comparatively low. At high particle velocities, the 
splats are more deformed and the porosity and electrical resistance are 
reduced but the substrate faces a high degradation risk [10,11]. Thus, 
when selecting the SOD, the coating integrity must be traded against the 
substrate integrity. Ashrafizadeh et al. [30] faced this technical 
contradiction during flame-spraying of Al on PU. As a 
temperature-control measure, they introduced an additional stream of 
cold compressed air. Voyer et al. [31] also utilized air-cooling during the 
flame-spraying of Al on thermosetic polyethylene terephthalate (PET). 
In all of these studies, the SOD was reduced with no evidence of thermal 
damage to the polymeric substrates. Transferring the 
temperature-control method to CS is a promising research avenue. 

In CS on polymer substrates, the SOD ranges from 10 to 200 mm (), 
but few studies have investigated the effect of SOD alone. Della Gatta 
et al. [86] sprayed steel powder on PP and observed that increasing the 
SOD decreased the particle penetration depth and the number of 
embedded particles. In another study, [84] they sprayed Al alloy powder 
on PE at varying SODs (20–35 mm). The coating was most densified at 
SOD = 25 mm. At other SODs, the powder adhered weakly to the target. 
Supposedly, the particle acceleration was insufficient for deformation 
and particle interlocking on the substrate. To protect a PEEK substrate 
from thermal exposure, Koithara et al. [87] increased the SOD to 
compensate for the effects of high gas pressure and temperature. Astarita 
et al. [76] experimentally investigated the effect of SOD at various gas 
pressures and temperatures during the spraying of Al alloy powder on 
polylactide (PLA). They mapped the rebound, deposition, and damage 
regions on the SOD–gas temperature plane at various gas pressures (see  
Fig. 13). At any gas pressure and temperature, reducing the SOD below 
35 mm caused high-temperature accumulation in the PLA matrix, with 
consequent visible damage and strong roughening. As the gas pressure 
and temperature increased, the mapped area of damage increased. The 
range of process parameters enabling coating buildup widened at lower 
pressure levels (0.4–0.6 MPa). In contrast, when the SOD exceeded 
75 mm, the particle momentum was too low for deformation or deep 
penetration and the coating buildup failed. Overall, Fig. 13 demon-
strates that successful PM via CS requires an appropriately selected SOD. 

5.4.2. Powder flow rate 
The powder flow rate or feed rate determines the mass of particles 

emitted from the nozzle per minute. In most experiments, the feed rate 
was fixed within the 10–30 g/min range (see) and has rarely been a 
research focus. This situation is unfortunate; Ye and Wang [63] noticed 
that the powder feed rate affects the DE of Al on PC. At a certain flow 
rate, the weight of deposited Al equals the PC mass lost due to erosion. 
Above this flow rate, the Al layer starts to build up. In other words, 
increasing the particles impact frequency increases the adherence per-
centage of the particles. Beyond the critical powder flow rate, deposition 
begins to overtake erosion. This behavior can be explained by the 
elevated surface temperature. The time of the elastic-plastic interactions 
during the particle impact with the substrate is counted by microsec-
onds, while the statistical time between two impacts at the same spot is 
three or four orders of magnitude longer [116]. Thus, the heat generated 
during the impact has sufficient time to spread into the substrate and 
homogenize across the surface. Each impact contributes to this back-
ground temperature. A larger number of impacts per unit time increases 
the temperature gradient between the bulk substrate and surface [116], 
facilitating thermal softening of the substrate and capture of the arriving 
particles. From this perspective, increasing the flow rate of CS benefits 
the DE and increases the ability to overcome erosion of the polymeric 
substrate. Importantly, Ye and Wang [63] showed that DE grows loga-
rithmically along with the flow rate reaching the maximum DE 
asymptotically at around 40 g/min. Furthermore, depending on the 
chemistry, shape and density of the particles, powder flowing at rates 

Fig. 13. Stand-off distance versus gas temperature during CS deposition of Al powder on PLA substrate at various gas pressures (assembled from figures in [76]).  
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above 50 g/min tended to build up and block the gas flow in Laval 
nozzles [102]. Overall, increasing the powder flow rate improves the 
DE, but the beneficial effect is eventually overtaken by the risk of nozzle 
clogging. 

5.4.3. Traverse velocity 
The transverse nozzle speed can be used to determine the number of 

particles emitted per unit substrate area. This parameter affects the 
substrate coverage of the embedded particles and the coating thickness 
[58]. The nozzle speed also affects the duration of exposure of the 
substrate to the preheated gas stream, which is arguably more important 
in CS of polymers. A slower traverse speed facilitates substrate softening, 
allowing deeper particle penetration and embedment and enhancing the 
DE [61]. However, over slow traverse nozzle velocity causes surplus 
polymer deformation and melting [61]. Fig. 14 shows the effect of tra-
verse nozzle velocity on the weight of Cu particles deposited during CS 
of PTFE, HDPE, and PU at two gas temperatures. PTFE accommodated 
fewer Cu particles than HDPE but the maximum mass of embedded 
particles was obtained at a higher traverse speed. A comparison with PU 
cannot be made because the different scanning step of Cu on PU can 
affect the mechanical properties of the substrate. The nozzle traverse 
speed is typically used as the secondary, adjusting, or compensating CS 
parameter [69,74,79]. 

5.4.4. Number of passes 
Aside from the expected increment in coating thickness [53], re-

petitive nozzle passes help achieve higher deposition quality than a 
single pass. When the number of overlapping passes is appropriately set, 
the coated layer is smooth, flat, and contains minimal defects [54]. 
During the first pass, the substrate can be preheated for successful par-
ticle embedment [72]. Some reports have shown that a continuous and 
uniform metal layer on the polymer requires at least two nozzle passes 
[11]. Single-pass Cu deposition often leads to substrate erosion and 
particle embedment without buildup [57,58,61], whereas three-pass 
deposition produces a thick and dense Cu coating [75]. This evolution 
is related to the hammering or tampering effect of the CS process, 
whereby incoming particles densify the underlying layer [99] and 
compact the interfacial porosities of the coating [55]. In a microstruc-
tural analysis of a three-pass process [55], the formed coating was 
densest in its middle part and most porous at its interface (the part 
formed during the first pass). Małachowska et al. [65] showed that 
during the first, second, and third passes, the overall porosity of the Al 
layer on PA6 exponentially falls from 9% to 2–0.2%, respectively. 
Meanwhile, the adhesion strength of the Al layer decreased from 3 MPa 
in the first pass to 2 MPa in the third pass. Owing to strong plastic 
deformation and the shot-peening effect, CS usually generates 
compressive stress in the coating [117]. This stress benefits the adhesion 
strength by inhibiting the crack formation [118]. After single and 

multiple passes, the stress states of Al deposition on an Al substrate 
remained almost unchanged [119] but noticeably differed on PA6 [65]. 
The compressive stress was maximum (14.7 MPa) in the middle region 
of the deposited layer on PA6 and decreased after repetitive passes at the 
interface [65]. Furthermore, a tensile stress was observed after three 
passes of Sn deposition on PA6. In multipass CS of polymers, the 
work-hardening effect appears mostly in the middle and upper regions 
of the deposition while relaxation or tensing occurs in the lower region. 
This behavior is likely responsible for adhesive failure of the coating. 
Such a scenario is supported by the recent XRD and finite-element 
method study of Wang et al. [120], who showed that the residual 
stress on the deposited surface is mainly compressive and decreases 
inward into the thickness, eventually converting to tensile stress closer 
to the coating interface. 

Gillet et al. [78] proposed a strategy in which particle size is varied in 
different nozzle passes. As mentioned earlier, accelerating fine particles 
improves the DE but increases the porosity. To overcome the porosity 
problem, Gillet et al. [78] deposited small, medium and large Cu par-
ticles on PEEK in separate passes. The various sequences are listed in  
Table 3. Fine powder sprayed in the first pass formed a 120-μm-thick 
coating with a DE of 28%. Spraying the medium or large powder in the 
first pass formed only small clusters of embedded particles with low DEs 
(~8% and 5%, respectively). The DEs nearly doubled when the same 
powders were sprayed on the fine powder coating during the second 
pass. After the third pass, the coating porosity was reduced fourfold 
compared to that by fine powder, while losing the overall DE for less 
than a third (Table 3). It should be noted that Gillet et al. [78] deter-
mined the overall average porosity. Similarly to [55], they evidenced 
numerous defects with maximum porosity (2.6%) in the layer close to 
the interface. The porosity dropped to 0.4% in the middle of the coating 
and grown to 0.7% in the top layer. 

Overall, CS trajectory planning can help optimize the coating 
thickness, flatness, DE, residual stress, adhesion strength, porosity, and 
consequently the electrical and mechanical properties of polymeric 
substrates. 

5.5. Surface conditioning 

5.5.1. Surface preparation 
After reviewing hundreds of polymer adhesion-related reports, Bal-

dan [121] concluded that surface preparation is the most important 
process step governing the bonding strength. In manufacturing, the 
substrate is always mechanically or chemically etched before the coating 
step. These operations produce a combined chemical and topographical 
effect; in particular, they remove surface contaminants and roughen the 
surface. In the literature devoted to PM via CS, surface preparation is 
rarely mentioned (). As degreasing materials, Che et al. [70,71,73,93] 
applied acetone to CFRP and ethanol to thermoplastics; they considered 
that acetone might be too aggressive for thermoplastics. Koithara et al. 
[87] also degreased a thermoplastic PEEK substrate in ethanol. Using 
laser texturing, Kromer et al. [67] formed dimples of size comparable to 
the average particle size, which supposed to facilitate the anchoring of 
particles. They hypothesized that during deposition, the dimples become 

Fig. 14. Effect of traverse speed on weight gain during CS of Cu on various 
thermoplastics at different gas temperatures (assembled from the data in [61]). 

Table 3 
Effect of CS passes with different Cu powders on the DE, coating thickness, and 
porosityof deposition on PEEK (assembled from the data in [78]).  
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“gripping zones” that limit the particle bounce-back by increasing the 
in-contact area. As the natural penetration/anchoring of particles into a 
flat brittle substrate is negligible, such coarse texturing facilitates CS on 
metals and ceramics. However, during CS of polymers, Cu particles with 
sufficient kinetic energy get embedded deeply within the polymer sub-
strate (Fig. 4). Thus, large laser-textured dimples do not strongly affect 
the DE or adhesion strength on polymer surfaces [67]. Grit blasting of 
polymer must be differentiated from that of metals. Besides roughening 
a metallic substrate, the grit blasting process induces a cold 
work-hardening effect [122]. A harder and rougher surface facilitates 
severe plastic deformation of the metallic powder, thus elevating the DE 
of CS [92]. However, on polymers, most of these mechanisms are 
inadequate because they produce no work-hardening effect and the 
conditions that facilitate particle penetration (fine, soft surface irregu-
larities) oppose those of metals [123]. In one study [64], a flat (not 
sandblasted) PA6 substrate allowed only minor embedment of Al par-
ticles. Further deposition built up the coating, but its adhesion was very 
weak. Małachowska et al. [64] used the CS setup for grit blasting. They 
investigated the effect of the blasting gas temperature on the substrate 
roughness and adhesion strength of the post-sprayed coating (Fig. 15). 
The substrate roughness was proportional to the temperature owing to 
the high particle velocity and thermal softening of the substrate at high 
temperatures. High-temperature grit blasting embedded the alumina 
grits in the substrate. On the rough surface, the adhesion strength 
improved from 0.5 to 4 MPa without changing the CS parameters [64]. 
Al coatings sprayed onto an as-received (flat) PC substrate were 
delaminated under near-zero force, whereas the Al coating deposited on 
blasted PC required 2.7 MPa for delamination [74]. The authors found 
that surface roughening had the same effect as inserting an Sn interlayer, 
providing a bond strength of 3 MPa. 

In summary, surface cleaning and degreasing prior to CS is often 
ignored. Surface pretreatment via grit blasting enlarges vertical scat-
tering of the coating interface and allows stronger bonding than a 
smooth substrate. In contrast, coarse laser texturing does not benefit the 
CS outputs. The influence of surface topography on coating quality 
should be investigated in further research. 

5.5.2. Application of interlayer 
The strategy of an indirect spraying up on an interlayer allows to 

deposite metals that are impossible to buildup on polymer directly. 
When spraying on metals, the previously deposited particles are usually 
compacted by the subsequent particles impacts [99]. In this way, the 
lower region of the coating is denser [49,54]. However, the low hardness 
of polymeric substrate inhibits the deformation of the metallic powder 
and the particles which arrive first are not subjected to flattening. The 
next-arriving particles are not extensively deformed, their impacts will 
merely hammer the first particles deeper them into the substrate or 
perhaps eject them from the substrate [68]. Spraying of hard or dense 

particles, such as Fe or Cu, often leads to substrate erosion rather than 
coating buildup on the embedded particles [57,58,61]. This problem can 
be averted by depositing light metals, such as Sn [69,70,74]. For this 
purpose, Ganesan et al. [59] first sprayed an epoxy substrate with Sn 
powder, forming a metallic interlayer that was later sprayed with Cu 
powder. Fallah et al. [88] electroplated CFRP with Cu before spraying 
Cu powder. The hardness of the electroplated Cu coating was notably 
lower (24%) than that of bulk Cu plate and comparable to that of 
sprayed Cu powder. The interlayer with the same hardness as the 
sprayed powder facilitated the mutual interlayer/powder deformation 
and melting, improving both the mechanical and chemical aspects of 
adhesion. The DE was nearly five times higher when spraying on the 
electroplated Cu interlayer compared to that of bulk Cu substrate (10% 
versus 2%). Interestingly, CS decreased the thickness of the Cu interlayer 
from 100 µm to approximately 50 µm before starting the buildup [88]. It 
indicates that the spraying of Cu particles on the electroplated Cu results 
in erosion of the last one till it get thermally softened by the gas jet and 
multiple impacts. As the polymeric substrate had a lower thermal con-
ductivity than the metal, the heat is mostly accumulated in the inter-
layer; thus, the interlayer thickness can be an additional factor. Various 
interlayering approaches were demonstrated. Rubino et al. [89] incor-
porated Cu and Ti powders into GFRP surface during the impregnation 
step, that facilitated further spraing of Sn–Al powder mixture. Affi et al. 
[53] deposited Al powder onto CFRP in a two-step process: by plasma 
and cold spray, respectively. The plasma-sprayed interlayer played a key 
role for the successful cold deposition. 

As thermoplastics are generally easier to metallize via CS than 
thermosets [73], they can be deposited as an interlayer. To form an Al 
coating on basalt FRP, Viscusi et al. [85] first placed a 30-μm-thick PLA 
film on the basalt-epoxy surface and heated the sample under a plate 
press to favor PLA–composite coupling. During CS of Al powder, the 
particles penetrated the PLA film and anchored there without damaging 
the underlying fiber structure. Della Gatta et al. [86] coated GFRP with 
PP film before spraying with steel powder. The steel particles were not 
obviously deformed and their borders remained distinct and defined. At 
low pressures, the CS process became a shot-peening process, leaving 
shallow spherical cavities on the surface without particle embedment. 
However, the particles were embedded after increasing the thickness of 
the PP film covering it for up to 93% [86]. 

In summary, interlayering effectively improves the DE of CS on 
polymers. It allows the deposition of harder metals with minimum 
erosion of thermoplastics and without damaging the integrity of the FRP 
composites. 

5.6. Summary of CS process parameters 

Table 4 gives a synopsis of this chapter. The listed items are general 
tendencies and may not describe the spraying behavior in a particular 
case. The effects of the parameters on the CS process are interrelated 
rather than isolated [124]. To avoid misconceptions, we make a few 
remarks. As larger particles are more massive than smaller particles of 
the same material, their acceleration is weaker despite the increased 
drag area. When leaving the nozzle, the particle can still be in the ac-
celeration and heating stage up to the point where its velocity and 
temperature are lower than that of the propelling gas [103]. Incre-
menting the gas temperature and pressure generally increases the DE, 
but only to a limited extent depending on the chosen powder and sub-
strate [66]. Beyond the upper threshold of the deposition window, the 
process of coating buildup becomes one of solid-particle erosion [38]. 
Excessive powder feeding can decelerate the gas velocity, thereby 
lowering the velocity, kinetic energy, and impact temperature of the 
particles. However the more frequent impacts warm the substrate [116], 
facilitating bonding of the incoming particles and elevating the DE of the 
process [63]. Increasing the powder feed should also benefit the 
coating-quality parameters, but this effect must be further investigated. 
In fact, the powder feed rate is the least studied CS process parameter 
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but is not the least effective parameter. Decreasing the spray angle from 
the normal direction increases the bonding strength of CS on metals. The 
effect is maximized at nearly 45◦ [125]. However, spray angle effects 
have not been investigated on polymeric substrates. 

Studies that fill the gaps in Table 4 will provide research novelty in 
this field. The relationships among the broad range of process parame-
ters in CSAM cannot be easily elucidated in the solo experimental 
approach. Instead, digital twins could survey a larger set of parameters 
via physics-driven methods [126]. 

6. Coating qualities 

Among the quality-coating parameters, EC and adhesion strength 
have attracted the most research interest. Therefore, we devote separate 
sections to each of these parameters. Although coating hardness and 
roughness have been intensively studied in CS of metallic substrates, the 
effects of these parameters in CS of polymeric substrates are not known 
in detail; thus, these are only briefly discussed here. 

6.1. Electrical conductivity 

In conventional CS of metallic substrates, the EC of the deposited 
layer (e.g., Cu) reaches 90% of that of the bulk material [127]. For 
comparison, the EC of Cu coatings deposited via arc, plasma, or HVOF 
processes reach only ~30% of the bulk Cu EC [128]. In the papers 
reviewed here, the EC of polymer coatings was typically half that of the 
bulk material but can be one-order-of-magnitude lower for some 
sprayed substrates [68]. The EC of the sprayed layer mainly depends on 
its internal defects, such as dislocations and vacancies, grain boundaries, 
and microcracks between the deformed particles, which scatter elec-
trons [129]. The EC is also significantly influenced by the oxygen con-
tent in the coated layer, which is often concentrated along the 
submicron phase boundaries [130]. In the case of Sn coatings (Fig. 16), 
the single Sn particles are separated by thin oxide layers derived from 
the high initial oxygen content in the feedstock material [74]. As Sn has 
a low melting temperature, it has a greater affinity to oxygen than Cu 
and Al at the same spraying temperature [74]. Replacing air with ni-
trogen gas is expected to reduce the oxygen content, facilitating the 
formation of metallic boundaries and hence improving the EC in the 
coating [68]. However, increasing the nitrogen gas temperature from 
300 ◦C to 400 ◦C affects the in-jet powder oxidation and reduces the EC 
of Al coating on CFRP from roughly 6–4 MS/m (four-point probe) [53]. 
Importantly, even the lower value was twice that of a plasma-sprayed Cu 
coating [53]. When the gas pressure was increased from 1.2 to 2.4 MPa, 
the porosity of Cu coating on PEEK decreased from 6.2% to 0.2%; 
correspondingly, the microhardness increased from 210 to 250 MPa and 
the EC improved from 20 to 33 MS/m (Eddy current) [75]. The reported 

ECs are 35–55% that of bulk Cu (58 MS/m) and comparable to those of 
Cu coatings on a metallic substrate [131]. Cold-sprayed Sn coating was 
49% as conductive as bulk Sn (9 MS/m), improving to 73% after 
annealing at 80 ◦C for 72 h. When Sn powder was mixed with 10% Zn 
(EC = 17 MS/m in bulk), the overall EC of the coating increased by 10% 
(four-point probe) [70]. In contrast, the overall EC of Sn decreased after 
mixing with Cu (which is six times more conductive than tin). The ECs of 
the sprayed Sn powder premixed with 10%, 30%, and 50% Cu were 4.5, 
1.2, and 1.7 MS/m, respectively. Clearly, the EC of the Cu–Sn mixture 
decreased with increasing Cu content. Thus the rule of mixtures cannot 
be used to predict the EC of mixed-powder coatings. Che et al. [70] 
considered that as the Cu content increased, the electrons got blocked by 
the increased number of Cu/Sn interfaces in the coating. After annealing 
for 1 h at 200 ◦C, the ECs of the Sn powders mixed with 10%, 30%, and 
50% Cu improved to 7.3, 6.2, and 5.5 MS/m (four-point probe), 
respectively [70]. Ganesan et al. [59] confirmed a lower EC in Cu 
coating than in Sn coating, which they tentatively attributed to polymer 
debris trapped between the particles (see Fig. 4f). The EC of Cu/PEEK 
(20/80 wtr) mixed coating was proportional to the coating thickness 
[66], but its overall EC was three-orders-of-magnitude below those of 
pure Cu coatings. Interestingly, the electrical resistivity of a polymeric 
surface decreased after only partial coating coverage. When the contact 
between neighboring Cu particles on PU was relatively rare, King et al. 
[61] detected a small but measurable increase in the conductivity of the 
PU sheet. The widely disparate EC values in the available literature 

Table 4 
Survey of dependencies of the physical factors and coating qualities on CS process parameters (the labels “Direct” and “Inverse” stand for the type of proportionality of 
the chosen dependent factor to the chosen process parameter, NE stands for “No effect”).  

Fig. 16. EDX map of a cold-sprayed Sn coating with visible oxide layers at the 
particle boundary [74]. 
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suggest that the feedstock powder, substrate, and CS process parameters 
are critically important. 

6.2. Adhesion strength 

In CS of metals, the bonding strength is provided by the two main 
mechanisms: formation of shear instabilities at the particle/substrate 
interface induced by severe plastic deformation during impact [132, 
133], and mechanical interlocking [56]. During CS of polymeric sub-
strates, only the second mechanism is possible. Moreover, owing to their 
soft nature, polymers are highly ductile and their mechanical inter-
locking is weaker than on metal substrates [134]. The particle pene-
tration depth can reach 200% of the particle size in polymers [61] but is 
barely 5% in metallic substrates [135]. Metallic particles embedded in a 
polymeric substrate can be visualized as an anchor deeply penetrating a 
seabed. When the “anchor” is pulled up, the surrounding medium yields 
and the bonding is released. If the anchors are embedded too deeply, 
they can remain in the substrate once the coating layer is released [64]. 
The squeezed-out polymer during particle impact can partially cover a 
metallic particle with a thin layer, preventing its bonding with incoming 
particles [56]. These mechanisms distinguish the CS process of polymers 
from that of metals; in particular, harder metals on polymer substrates 
may possess lower adhesion strength than softer metals [65]. 

In the available literature, the coating strength is evaluated using 
various standards: pull-off strength tests in ASTM D4541 [136], shear 
test standard EN-15340 [137], ASTM C633 [138], and DIN EN 582 
[139]. The former three were developed especially for thermally 
sprayed coatings. In all standards, the load (parallel or normal) is 
increased until the coating is delaminated or failure occurs. Table 5 
summarizes the measured values and standards applied in the reviewed 
studies. Here, the shear tests and pull-off tests are further discussed. 
During a shear test of the CFRP/Cu/Zn system (epoxy substrate coated 

first with Cu and then with Zn), the coating initially detached along the 
Cu/Zn interface but the main crack appeared at the CFRP/Cu interface 
[51]. This result indicates higher strength of the Cu/Zn bonding than of 
the Cu/epoxy interlocking and epoxy cohesion. The maximum shear 
strength was 14 MPa. The shear strengths of the PVC/Cu and PVC/Sn 
interfaces were approximately 2 and 5 MPa, respectively [59]. The 
pull-off strength of the PEEK/Al interface (following PRC GB/T8622) 
was 2.3 MPa [54], whereas that of the PA6/Al interface was only around 
0.5 MPa [64]. Although the Al coatings were easily delaminated, many 
Al particles remained embedded in the substrate. Roughening the PA6 
substrate via sand blasting increased the PA6/Al and PA6/Sn bond 
strengths to 4 MPa [64] and 6 MPa [65], respectively. Nevertheless, the 
adhesion strengths of the coatings reached only 10–15% of the tensile 
strength of PA6 (~40 MPa). The superior bonding of the Sn coating can 
be explained by the low critical velocity of Sn powder and its high 
deformability even on soft substrates. Meanwhile, the pull-off strength 
of the PA6/Cu interface was 3.6 MPa [68] and that of the PC/Sn inter-
face was 5.6 MPa [74], comparable to those of Sn coatings deposited on 
metal substrates [140]. The pull-off strength of the CFRP/Sn interface 
reached 7.6 MPa [69]. Pure Al coatings on PEEK, PEI, and ABS failed at 
7–12 MPa, and 7075 Al coatings on PEEK and PEI failed at 17–27 MPa 
[79]. Kromer et al. [67] reported a bond strength of 23 MPa at the 
PEEK/Al interface under extreme CS conditions. The Cu coating 
deposited on PEEK by Koithara et al. [87] achieved the highest DE (70%) 
but suffered from delamination by spalling damage. This spallation 
arose from the weakly bonded Cu region at the interface, due to 
confinement of the heat within the Cu layer and consequent occurrence 
of shear stresses at the interface [87]. The coresponding of weakened 
adhesion to the interface conditions (mismatched coefficients of thermal 
expansion and thermal stresses) was derived in [80]. 

Adhesion can be strengthened not only via the interlayer approach 
but also by adjusting the polymer composite structure and integrating 

Table 5 
Evaluation of CS coating properties available in the literature.  

Year Reference Substrate 
material 

Deposition 
powder 

Coating 
thickness (µm) 

Deposition 
efficiency (%) 

Coating 
porosity (%) 

Electrical 
conduct. (MS/ 
m) 

Adhesion 
strength (MPa) 

Adhesion test 
standard 

2009 Robitaille et al. 
[51] 

CFRP Cu/Zn   1.3–3.1  14.1 EN 15340 

2011 Affi et al.[53] CFRP Al 30–300   3.9–5.9   
2011 Zhou et al.[54] CFRP-PEEK Al/Cu 500/200  1.1–2.9  2.26 PRC GB/ 

T8622 
2012 Giraud et al.[55] PA66 Al 50–640  0.8–3.2    
2012 Ganesan et al. 

[56] 
PVC Cu, Sn/Cu 800–990 0–7%  8.8–10.6 1.9–5.4 EN 15340 

2014 Małachowska 
et al.[64] 

PA6 Al 600    0.5–4.0 DIN EN 582 

2015 Małachowska 
et al.[65] 

PA6 Al, Sn 80–500  0.2–12 0.8–3.6 2.0–6.0 DIN EN 582 

2016 Bortolussi et al. 
[66] 

CFRP PEEK-Cu 360–780   0.0015   

2017 Kromer et al.[67] PEEK Al  23–35%   4–23 DIN EN 582 
2017 Małachowska 

et al.[68] 
PA6 Cu, Sn+Al 0–50 0–31%  3.8 3.6 DIN EN 582 

2017 Che et al.[69] CFRP Sn, Cu, Al  0–20%   2.2–7.6 ASTM C-633 
2017 Che et al.[70] CFRP Sn+Cu/Zn 200–500 2–44% 1.0 1.7–5.0   
2018 Che et al.[71] CFRP Sn+Al  5–20%     
2018 Che et al.[73] ABS, PEEK, 

PEI 
Sn, Cu, Fe  0–12%     

2018 Małachowska 
et al.[74] 

PC Sn, Al 400   2.1–4.5 0–5.6 DIN EN 582 

2018 Chen et al.[75] PEEK Cu 200–400  0.2–6.0 20–33   
2019 Gillet et al.[78] PEEK Cu 100–300 5–28% 0.4–2.0 0.02   
2019 Rokni et al.[79] ABS, PEEK, 

PEI 
Al, 7075 Al 45–3100 19–74% 0.5–0.7  4.5–27 ASTM D4541 

2020 Feng et al.[80] CFR–PEKK Al/7075Al 800–2700  0.6–1.8  9–18 ASTM D4541 
2020 Liberati et al.[81] CFRP Sn + 10%Al 70–290 6–24%     
2020 Koithara et al. 

[87] 
PEEK Cu 160 70%     

2020 Fallah et al.[88] CFRP Cu 150 7–10%  28    
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the CS step into the composite fabrication chain. Feng et al. [80] re-
ported that when PEKK was reinforced with highly conductive carbon 
fibers (30%), the adhesive strength was notably higher than that on pure 
PEEK substrate (18.3 MPa vs. 11.7 MPa). An alternative CS-based PM 
approach was devised by Archambault et al. [141], who sprayed a 
100-μm-thick Cu coating on a mold, constructed a CFRP part over the 
coating on the mold, and detached the coated CFRP part from the mold. 
The deposited Cu layer was easily removed without damaging the mold, 
and the adhesion strength of the resulting CFRP/Cu was 2.6 MPa ± 0.8 
[141]. 

Overall, the polymer/metal bonds in CS are formed via particle 
anchoring. The chemical nature of adhesion has not been observed or 
discussed in PM via CS. Shear and tensile strengths at the interface are 
measured using different standards, which complicates direct compari-
sons of different substrate/coating configurations. Nevertheless, the CS 
bond strengths in most polymers and metal powders range from 2 to 
10 MPa, notably larger than in those prepared using other PM ap-
proaches, such as electroplating. Several approaches for forming and 
strengthening the bonds of metallic powder on hard-to-spray polymers 
have been proposed. 

6.3. Other properties 

The thicknesses of the coatings formed via CS range from micro to 
macro scales (Table 5). A typical CS system can achieve rapid deposition 
of thick films. Considering that the metal particles are tens of micro-
meters wide, the minimal coating thickness would be in the same scale 
[53]. However, as mentioned in the next section, a modified CS process 
can form submicron-thick coatings through nanoparticle deposition. As 
the coating thickness is not upper-limited, CS can be classified as an 
additive manufacturing technology rather than merely a coating 
method. 

The coating porosity rarely exceeds 3% (Table 5) and typically varies 
within 1% when the CS process conditions are correctly selected. These 
porosities are significantly lower than those of other TS methods [10, 
11]. 

The coating hardness grows with increasing gas pressure and number 
of repetitive passes. Incrementing the gas pressure increases the impact 
energy of the particles, allowing the filling of all voids and microcracks 
between the splashed particles [75]. After adjusting the gas pressure, the 
hardnesses of Cu coatings on PEEK [75] and CFRP [88] increased by 
nearly 20%. Besides advancing the coating buildup, multiple nozzle 
passes induce the shot-peening effect, which densifies and hardens the 
bottom layer [54]. 

The roughness of the deposited layer is directly associated with the 
size and hardness of the particles and the pressure and temperature of 
the gas (see Table 4). The parameters affect the particle velocity and 
hence the penetration depth of the particles [80]. The roughness 
parameter Ra can be increased fivefold by increasing the gas tempera-
ture from 150 ◦C to 300 ◦C [61]. The roughness can be increased by 
mixing metal particles with a tamping medium, such as alumina powder, 
which typifies the grit blasting process [122,142]. Liberati et al. [81] 
deposited 17-µm-diameter Sn particles on CFRP in the 0.3–1.0-MPa 
range of gas pressures and demonstrated that the amplitudes of the 
roughness parameters (arithmetic mean height Sa and squared mean 
height Sq) of the coatings on polymers increased along with the gas 
pressure. The opposite effect occurs on metallic substrates. Over the 
inveestigated presure range, Sq increased by nearly 10 times (from 20 to 
200 µm), meaning that the local protrusions and clusters were ten times 
the average particle size. These numbers clarify the benefits of lowering 
the pressure when a thin and uniform deposition is required. 

7. Applications and prospects 

In 2006, Singh et al. [15] forecasted an exponential growth in CS 
technology around the globe over the next decade. They anticipated that 

CS would not replace any of the well-established TS methods but would 
supplement and expand its application range as CS coatings became 
increasingly integrated into new specialties [143]. As evidenced in the 
current review, TS applicability has already embraced polymers as a 
new class of materials. PM confers EC [53,56,61,65,68,70,74,75,78,88], 
tribological properties [61,77], an intermediate bonding function [56, 
59,68,74], an antifouling reaction [57,58], biocompatibility [62], UV 
protection [50], and other unique coating characteristics not inherent in 
bulk materials. It also produces coatings that cannot be produced using 
other methods. This section exemplifies how the relatively simple CS 
coating method meets the demands of various industries and might solve 
some global engineering challenges. 

7.1. Lightning-strike protection of polymer composites 

A significant number of studies on PM via CS were motivated by the 
vulnerability of polymers and their composites to lightning strikes [53, 
66,69,71,78,81,88,93,98]. Poor EC is a major limitation of nonmetallic 
fuselages [144]. Due to the much lower EC than Al alloys, CFRP fuselage 
does not ensure electrical current and grounding; therefore, they are 
vulnerable to damage from lightning strikes and electric field attacks 
from thunderstorms. Lightning-affected parts, such as turbine intakes, 
wing tips, and tail edges (see Fig. 17), can undergo local heating and 
melting [141]. Lightning-strike damage is a safety challenge and 
economically burdens aircraft industrialists and operators [145]. The 
estimated lightning costs to airlines exceed $2 billion per year through 
flight delays and cancellations [146]. To provide lightning-strike pro-
tection, the aircraft industry has elevated the electrical conductivities of 
composites using various methods. For example, a wire mesh is lami-
nated into the composite elements of Boeing 787 aircraft, and metallic 
foils are embedded into the composite structural parts of Airbus A350 
[147]. However, such assemblies are labor intensive, costly, and heavy, 
contradicting the lightweight objectives of modern aviation. Addition-
ally, there is a serious aging issue in metal/polymer composites due to 
the mismatch of thermal and chemical properties making this solution 
far from being satisfactory. TS is an interesting alternative to expensive 
metallic meshes and is more adaptable to the material, geometry, and 
thickness of the desired conductive layer [141]. Unfortunately, con-
ventional TS methods melt the metallic powder during deposition, 
which is disadvantageous for two main reasons. First, the intensive 
in-flight oxidation of molten particles increases the electrical resistivity 
of the coating [10]. Second, molten metallic particles can degrade the 
composite substrate [11]. The CS technique can potentially solve both 
problems. First, CS can deposit oxide-free coatings within an inert car-
rier gas; second, the impact energies and temperatures are much lower 
in CS than in other TS methods [38]. CS has successfully coated various 
polymers and composites with Sn, Zn, Al, and Cu [53,66,69,71,78,81, 
88,93,98]. The ECs of these composites reach up to 5 MS/m [70]. In 
lightning tests, the CS coatings adequately shielded CFRP parts from a 
200-A current C-waveform strike [93]. After the tests, minor surface 
damage appeared on the Sn coating and the substrate was minimally 
exposed, whereas the uncoated CFRP was extensively damaged [93]. 
Full-scale lightning tests with currents up to 200 kA are required to fully 
evaluate the lightning-strike protection capabilities of the sprayed layers 
[148]. The CS method can potentially repair some lightning damages in 
the field, which would greatly benefit the maintenance and technical 
support of aircraft. 

7.2. An alternative to electroless plating of polymers 

If CS can form an electroconductive layer on polymers, it can be 
integrated as an ecofriendly alternative to acid etching in the electro-
plating process, notably shortening the process chain. Electroplating of 
polymers is now commonplace in various industries and can be learn in 
details in [150]. In brief, during the first part of the process, the poly-
meric surface is rendered conductive via electroless plating, also known 
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as chemical or autocatalytic plating. The Electroless plating procedure 
includes wet etching step of the workpiece with Sulfo-Chromic acid. The 
sequences of electroless plating and electroplating steps is shown on  
Fig. 18. The acid etching step generates chemical waste in form of 
threevalent and hexavalent chromium solutions [150], which are 
extremely hazardous to humans and the environment [151]. The 
amount of Cr discharged into the environment is a worldwide concern as 
it exceeds one million metric tons per annum and exposes millions of 

people to Cr contamination risk [151]. Noncompliance with various 
directives (EPA regulation under Section 112, Seveso II (96/82/CE)) has 
cost manufacturers millions of dollars in fines. Over the past decade, 
electroplating research has shifted from chrome-dependent metalliza-
tion toward safer, ecofriendly alternatives. CS may provide a scalable 
solution to this goal. Rapid formation of electroconductive Sn layers via 
CS has been demonstrated on over a dozen polymers of various types 
[52,73,74]. This process could be integrated with or replace the con-
ventional [152] 13 steps electroplating procedure. Obviously, the CS 
process cannot replace the electroless and electroplating of parts with 
precise corners and internal surfaces, but it can metallize plane parts and 
numerous free-form parts [153], thus reducing the dependency of the 
electroplating industry on chrome and other chemicals. Thus far, CS as 
an alternative to polymer electroplating has been mentioned for 
spacecraft parts [61] and UV protection [50]. Fallah et al. [88] prepared 
a hybrid coating by spraying Cu on electroless nickel. More importantly, 
an opposite hybrid coating could be done as well, for instance, glossy 
chrome can be electroplated above the cold sprayed Al. Furthermore, a 
cold-sprayed nickel layer can be electropolished to achieve a decorative 
metal-glossy surface. In authors’ opinion, the obstacle for the method to 
be implemented in industry is the necessity to change the existed 
manufacturing infrastructure. Most electroplaters maintain large 
wet-bench facilities, which cannot be replaced in the whole range of 
functionalities with the CS, plasma treatment, chemical doping and 
other ecofriendly treatments. Further research can be focused on the 
applications where CS/electroplating hybrid finishing methods would 
be commercially viable on the technological market. 

7.3. Biocompatible coatings for polymeric implants 

Another potential application of CS is biocompatible layering on 
polymeric biomedical implants. The annual estimated total cost of joint 
replacements is €4.7 billion in Spain [154], £ 3.2 billion in the UK [155], 
and $22.6 billion in the US [156]. Difficulties in the manufacturing of 
titanium and ceramic prostheses [157] have driven the trend toward 
polymeric bioimplants [158,159]. PEEK is widely used in orthopedics 
because its mechanical properties almost match those of human bones. 
However, as a bioinert material, PEEK has limited ability to bind to 
natural bone tissue [160]. Improving the surface bioactivity is impera-
tive to extending the lifetime of polymer-made bioimplants. Gardon 
et al. [62] showed that a high-pressure CS can yield thick, homogeneous, 
and well-adhered titanium coating on PEEK implants. Titanium is 

Fig. 17. Applications of cold spray to lightning-strike protection in the aircraft industry: a) lightning strike on an aircraft [147]; b) fuselage damage [145]; c) 
undamaged metallized CFRP after a lightning test [93]; d) CS coating on fuselage [143]; e) coating on a propeller [149]; f) cold-sprayed Sn on CFRP [93]; g) 
manufacturer LM Glasfiber’s lightning test of a 35-m wind blade [144]. 

Fig. 18. Applications of cold spray as an ecofriendly alternative to dlectroless 
and electroplating tandem procedure (electroplating process [150] and cold 
spray process [75]) (courtesy of Impact Innovations). 
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considered as one of the most biocompatible metal due to its 
bio-inertness and resistance to corrosion from bodily fluids [161,162]. 
Titanium’s ability to withstand the harsh bodily environment is a result 
of the protective oxide film that forms naturally in the presence of ox-
ygen [163]. X-ray diffraction analysis confirmed that the sprayed tita-
nium particles maintained their composition after deposition. 
Meanwhile, micro-Raman analysis showed that the PEEK did not 
degrade via the CS process even in a nitrogen gas stream. In addition, the 
roughness of the titanium coating was well developed because the final 
impacting particles deformed only slightly. Large area and interlocking 
features are required for bone/implant systems with interfacial tough-
ness [142]. Despite, titanium and titanium based alloys are biocom-
patible, they are bio-inert [161]. Therefore, bioactive coatings upon 
titanium could still benefit to cell proliferation and osseointegration 
[163]. Calcium phosphate ceramic such as hydroxyapatite (HA) is 
regarded as bioceramic for bone substitutes due to its outstanding 
bioactivity, chemical stability and structural similarity to bone minerals 
[161]. Sanpo et al. [164] successfully cold-sprayed HA ceramic powder 
on a glass substrate. Expectedly, due to the lower hardness of polymers, 
HA ceramic particles could be also embedded on a polymeric substrate. 
As HA is a bone component, even a simple HA–PEEK mixture stimulated 
more osteoblasts than pure PEEK [165]. With a melting point of 340 ◦C, 
PEEK implants get distorted and thermally degraded by conventional 
high-temperature coating methods [166]. In further work, Sanpo et al. 
[167] cold sprayed antibacterial composite chitosan-Cu/Al coatings on 
glass. The coatings retained the antibacterial properties of the original 
feedstock powders. Evidently, CS can deposit bioactive coatings, and 
promises absence of thermal degradation to the polymer substrates. 
More research is needed to transfer this bioactive coatings to polymer 
surfaces. Sol-gel and plasma-sprayed HA coatings are amorphous and 
must be crystallized via a thermal posttreatment [168,169]. The oper-
ational gas temperature in CS is too low to affect the HA crystallinity 
during deposition; thus, the thermal posttreatment is not required. CS 
formed a uniform layer of HA with deep embedment into the PEEK 
implant [60]. The coating increased the biocompatibility of the implant 
in vitro and promoted osteointegration in vivo when tested on rabbits 
[60]. Microcomputed tomography confirmed a higher bone–implant 
contact ratio of the HA-sprayed PEEK implant than of the pristine PEEK 

implant. Histological results at 8 weeks post-operation proved that the 
associated bone tissue was significantly higher on the HA-coated PEEK 
implant than on the pristine implant; moreover, the integration of the 
embedded particles with the bone tissue persisted with no sign of 
decomposition (Fig. 19) [60]. This suggests that the CS method can 
elevate the biocompatibility of numerous medical devices in clinical 
applications. 

7.4. Antifouling treatment for sub water polymer structures 

Metal particle embedment via CS is an effective antifouling tech-
nology for polymers [57,58,61]. Biological fouling occurs when aquatic 
organisms accumulate on underwater solid surfaces (Fig. 20), impeding 
the functional capacity of man-made marine structures, such as vessels, 
offshore oil and gas production facilities, wind farm foundations, and 
oceanographic equipment [171]. The US Navy alone spends approxi-
mately $1 billion per year in maintaining its ships free of barnacles, 
oysters, algae, and other debris. These costs are incurred by increased 
fuel usage and maintenance [172]. Microbially influenced corrosion in 
the oil and gas industry constitutes 30% of the total corrosion burden, 
estimated as $13.4 billion in the US [173]. The polymers and composites 
commonly used in marine applications also suffer from severe fouling 
[174]. Cu-based coatings are the basis of most antifouling treatments 
[171]. Simple CS embedment of Cu particles into thermoplastic poly-
mers can effectively deter fouling organisms. To form antifouling ma-
terials, Vucko et al. [57,58] and King et al. [61] embedded Cu particles 
into six polymers via CS. After being immersed in the Coral Sea for 250 
days, the Cu-embedded HDPE plates were completely free of hard 
fouling, whereas the pristine polymer plates were heavily covered with 
both soft and hard fouling [57] (Fig. 20). The high density of the 
embedded Cu particles improved the antifouling properties of PU sub-
merged in seawater for 210 days [58]. In another study [175], 
cold-sprayed Cu coating prevented approximately 85% of the potential 
biofouling. Thus, CS is applicable to a wide range of marine components, 
including pipes and seawater inlets, cables, buoys, ropes, aquaculture 
nets, and polymer-hulled vessels. The developed embedding technique 
is suitable for polymers that cannot withstand high-temperature coating 
methods. CS enables a work-on-site autonomous antifouling option for 

Fig. 19. Cold spray formation of bioactive coatings on polymer prostheses: a) PEEK-made knee joint [170]; b) Hydroxyapatite (HA) coating sprayed on the back side 
of a knee prosthesis (Marle Orthopedics Manufacturing, Ltd., France); c) HA particles embedded in PEEK bioimplant [60]; d) titanium coating on PEEK bioimplant 
[62]; e)–h) Osteointegration of pristine PEEK and HA-coated PEEK implants in rabbit bone after 8 weeks [60]. 
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offshore facilities such as oceanographic and oil platforms. Obviously, 
antifouling treatment via CS requires higher immediate costs than 
painting but is economical in the long term. In a recent US Navy esti-
mation, increasing the coating cost by a factor of 10 increased the cu-
mulative operational costs by only 4% over 15 years [176]. Owing to the 
significant long-term reduction in fouling, the substantial cost savings 
eventually outweigh the costs of applying the expensive coating. 

7.5. Cold sprayed antiviral copper coating 

In 2021, the U.S. Environmental Protection Agency (EPA) 
announced [177] that certain copper alloys [178] provide long-term 
effectiveness against viruses, including SARS-CoV-2, the virus that 
causes Covid-19. The effectiveness was proved on harder-to-kill viruses. 
As a result of EPA’s approval, products containing these copper alloys 
can now be sold and distributed with claims that they kill certain viruses 
that come into contact with them. Sousa et al. [179] reviewed the 
literature on how copper cold spray coatings are can be utilized on 
high-touch surfaces in biomedical as well as healthcare commodities as 
an antimicrobial and viricidal material solution for prevention of 
SARS-CoV-2 transmission by rapidly inactivating its virions on a surface. 
Nursing homes, medical facilities, public transportation, and schools 
have become high traffic focal points for the current spread of Covid-19 
pandemic. Such facilities have a significant area of high touch surfaces 
on which the SARS-CoV-2 virus has been shown to be able to remain 
active and transmissible. Treating these high touch surfaces with anti-
viral copper coatings would contribute to the mitigation and prevention 
of SARS-CoV-2 infection. 

Despite, most of the cold spray progress is not related to polymeric 
substrates, yet a large nomenclature of the high touch surfaces is made 
of plastic and thus it is important to highlight the antiviral potential of 
cold sprayed coatings. The rapid inactivation of the virus on copper 
surface is primarily due to release of copper ions [180]. One of the most 
promising aspects of copper cold spray coatings is the likelihood of su-
perior inactivation rate via the enhanced ion diffusivity due to the 
dynamically recrystallized and severely plastically deformed micro-
structure of cold sprayed copper layer. Champagne and Helfritch [181] 
reported that cold sprayed coating killed 99.999% of the inoculated 
antibiotic resistant Methicillin-resistant Staphylococcus aureus (MRSA) 
within 2 h, while the plasma sprayed and wire arc sprayed copper was 

just 10% better than a stainless-steel control surface, leaving residual 
virions on the surface. Sundberg et al. [182] shown that the coating 
consisting of nanostructured spray-dried pure copper feedstock powder 
inactivate 99.3% Influenza A virions within 2 h of the virus exposure 
time to the coated surface, where as 97.7% reduction of active Influenza 
A was achieved on the surface coated with the conventionally 
gas-atomized powder typically used in CS. Hutasoit et al. [183] cold 
sprayed copper on the push plate of doors in hospital. The viricidal ac-
tivity test revealed that 96% of the virus was inactivated within 2 h, 
which was substantially shorter than the time required for stainless-steel 
to inactivate the virus to the same level. More evidences on antiviral 
performance of cold sprayed coatings can be found in the dedicated 
review of Sousa et al. [179]. The CS capability to form antiviral copper 
coating on the existing touch surface eliminates the need for remanu-
facturing of the high touch furniture out of copper. The high produc-
tivity of CS technology allows re-deployment of copper-coated furniture 
in minutes [183], thereby resulting in significant cost savings. Consid-
ering the successful inactivation of various viruses after exposure to cold 
sprayed copper and ease of fabrication of such surface, CS could quickly 
be optimized for polymeric products as a focused mitigation strategy for 
the COVID-19 pandemic. 

7.6. Unique peculiarities of cold-sprayed coatings on polymers 

In general, the implantation of metallic particles into polymeric 
substrate enables surface functionalization with minimal alternations to 
the bulk material. The embedding method surmounts several problems 
related to discrepancies in the coating/target properties that are 
inherent in continuous coatings. Flexible polymers preserve their flexi-
bility; the particles implantation imposes no additional constraints on 
range of part’s movement. As the embedded particles form a discon-
tinuous layer, interfacial adhesion is no longer a limiting factor. Trans-
parent polymers preserve some of their transparency, depending on the 
surface fraction covered by particles. The CS process parameters can be 
tailored to reach the desired extent of particle embedment in the poly-
mer [61]. In addition to the abovementioned antifouling treatments [57, 
58], particle embedment can be applied to catalysis and tailoring of the 
bearing capabilities of plastic parts [61,77]. CS with Al-plated diamond 
particles has yielded a dense metal/ceramic composite coating with 
superior wear resistance [184]. Micro- and nanocrystalline particles at 

Fig. 20. Application of cold spray against biofouling of marine structures: a) Biofouling-induced degradation of polymer-made bay obstruction elements (photograph 
taken at KAUST yacht club); b) Fouling of a long-term parked polymer vessel; c) Navy maintenance [171]; d) Antifouling coating on HDPE [57]; e) Degradation of 
CFRP in sea water after 1 year [174]; f) Antifouling performances of flame and cold-sprayed Cu [175]. 
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different volume fractions have been formed into a bimodal structure 
with a heterogeneous arrangement of crystalline phases [185]. As their 
size is at the lower end of the micro scale, the sprayed metallic particles 
can be selectively deposited through a mask, similarly to selective 
etching via powder blasting [186]. In this way, CS can realize the rapid 
fabrication of complex conductive patterns in solar cells, microelec-
tronic devices, and microelectromechanical systems. Among the real-
ized instances in this sector are CS-formed cable harnesses [110]. When 
sensor wires are glued to the polymeric parts in rotors, centrifugal forces 
and the low surface energy of the polymer surface decrease the glue 
adhesion; moreover, the wires tend to unstick. Cold-sprayed coatings 
have demonstrated sufficient adhesion and EC for cable harnesses [110]. 
When conducted in a low-pressure chamber, CS can spray submicron 
particles, transforming the CS process into a nanoparticle deposition 
system (NPDS) [187,188]. A coating of nanosized TiO2 powder has been 
formed on PET and polymethyl methacrylate substrates via an NPDS 
[187], which is applicable to flexible displays, microfluidic devices, and 
photocatalysis on polymer substrates requiring large surface areas. 
Integrating a micronozzle into this process would convert CS into 
micro-CS, opening the possibility of additive fabrication of 3D structures 
via direct writing. A similar fabrication method was recently demon-
strated on the millimeter scale [189]. 

8. Technological advantages and drawbacks 

The advantages of CS over other PM methods are as follows:  

• Coating qualities: Under the low-temperature processing condition, 
CS lowers the powder oxidation, preserves the crystal phase of the 
powder, creates coatings with cold-worked microstructures, and 
eliminates the tensile stresses induced by resolidification. Accord-
ingly, CS can build up thick layers with low porosity, low electrical 
resistance, and low heat input into the substrate, reducing the 
harmful effects of mismatch between the thermal expansions of 
coating and substrate materials.  

• High productivity: A simple, low-pressure CS system with a 2-mm 
nozzle (e.g., Dymet 423) can deposit up to a few grams of coating 
per minute, delivering nearly 100 µm of coating layer thickness per 
second within the spraying spot.  

• Process stability: The CS process is insensitive to micro fluctuations 
between the nozzle and workpiece introduced by vibrations or 
temperature changes. Constant pressure and powder-feeder opera-
tion deliver a stable flow of the deposition material to the target, thus 
realizing a uniform coating.  

• Process flexibility: The coating spot, coverage ratio, deposition rate, 
surface roughness, EC, and other surface properties can be easily 
managed by selecting among numerous gas, powder, and scanning 
parameters. 

• Process scalability: The size and outer shape of a CS-formed work-
piece is almost unlimited. Multiple rectangular nozzles can be 
assembled to cover special parts. Other powder acceleration designs 
can be considered.  

• One-step process: The method requires no cleaning, degreasing, 
roughening, prebaking, masking, or other surface preparation. 
Therefore, it requires no fuel gas, vacuum chamber, or precise 
actuators.  

• Ecofriendliness: No rare materials are required, and no toxic or 
hazardous wastes are generated.  

• Additive fabrication process. CS offers direct writing/3D printing 
with no upper limit of coating thickness. 3 mm thick aluminum 
coatings were been deposited on a number of polymers [79,80]. 
However, spray path optimization, and closed-loop coating 
morphology control can be required. 

Despite the abovementioned advantages, the technological compet-
itiveness of CS is limited by the following processing drawbacks:  

• The coating materials are limited to ductile metallic powders. This 
limitation can be resolved via an interlayer strategy that sprays a 
harder metal on the ductile material.  

• The spatial resolution of the coating process is limited to several 
millimeters by the nozzle size. However, the resolution can be 
pushed down to submillimeter scale by applying mask.  

• Thermal posttreatment might be required to ensure that the structure 
and mechanical properties of the additive manufactured components 
reach those of the bulk material.  

• Residual stresses in the deposited powder may deform the sheet parts 
and thin-walled structures.  

• A dust-proof enclosure is required to avoid dust contamination of the 
working area.  

• The technology is still mainly in the R&D stage, and few historical 
performance data have been accumulated. 

9. Remarks for future studies 

The reviewed literature presents the pioneering attempts in PM via 
CS. Despite the standard of the research presented in the articles is very 
high, the standard for describing the experimental procedure and ob-
tained data has not been established yet. The results are not always 
presented in the same way article by article and not always the same 
tests are used to evaluate similar properties. It complicates the 
comprehensive analysis, direct comparison, and reuse of the available 
data. To resolve this problem, the authors recommend the following 
when reporting experimental results. 

• Proper characterization of the deposition powder: Accurate mea-
surements of particle size are necessary for controlling the kinetic 
energy of the impact. The average particle size should be measured 
by count and not by volume. If these entities are confused, one may 
observe erosion instead of deposition. The so-called “minimum” and 
“maximum” size of the powder fraction are meaningless if not indi-
cated at which accumulation it was taken, e.g. at 10% and 90%, 
respectively. Another factor is the particle shape, which affects the 
drag force during acceleration and is thus necessary for calculating 
the particle velocity [103]. The particle size distribution and shape 
analysis can be performed using a particle analyzer and/or analyzing 
SEM images via ImageJ [142].  

• Description of the nozzle geometry for calculation of the particles 
velocity: As particle image velocimetry (PIV) and laser shadowgraph 
systems are rarely available at coating facilities, the particle velocity 
remains unknown. Only a few studies have measured this parameter 
(see Table 2). However, the particle velocity can be calculated in an 
analytical [103] or CFD [190] model. When the nozzle geometry and 
particle size are known, the particle velocity can be determined with 
nearly 10% error. Thus, the impact energy can be theoretically 
estimated at the applied gas pressure, temperature, and SOD with an 
acceptable level of accuracy. The reported experimental data, such as 
the DE, penetration depth, and porosity accompanied with the 
description of particle velocity could be reused in future hypothesis 
testing without additional experiments (e.g., [191]). 

• Indicating the powder flow rate with spraying spot size for identi-
fying the impact frequency of the particles. Frequent impacts elevate 
the substrate temperature [116] and thus the impact frequency must 
be reported. Ye and Wang [63] demonstrated that the powder feed 
rate can affect the DE; however, because they provided neither the 
spraying spot nor the nozzle diameter, the thermal hypothesis that 
explains the increased DE cannot be confirmed.  

• Quantitative characterization of surface topography before spraying: 
The substrate topography can affect the deposition process and 
adhesion strength of the formed layer [192]. However, in most re-
ports, the topography is established qualitatively via SEM or in terms 
of the simplest roughness parameters (e.g., Ra and Rz), which are 
insufficient for comprehending the surface profile. Thus, discussions 
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of interlocking are mainly qualitative, abundantly descriptive but 
lacking numbers. Quantitative data on surface photography would 
enable correlation and reliable conclusions on the interlocking fac-
tors. Recently, an experiment with controllable topography [67] 
showed that interlocking factors are irrelevant on polymers, but 
more data are needed to confirm this output.  

• Careful selection of the adhesion test standard: Different adhesion 
tests and standards complicate the comparison of the results reported 
in the literature. As evidenced in the table of qualities, the bond 
strength is largely scattered in different reports even for the same 
substrate/coating systems. Therefore, a universal method that cal-
culates the intrinsic toughness of the sprayed metal/polymer inter-
face is required. 

10. Conclusions 

CS deposition of metallic coatings on polymers and composites is an 
emerging subject. Since its inception one decade ago, it has gained 
momentum through the global spread of polymeric parts in various in-
dustries. To evaluate the state of the art in PM via CS, we reviewed 
nearly 50 pioneering experimental articles on the CS of metals on 
polymers and dozens of supporting studies on TS. The conclusions are 
given as follows:  

• CS allows the rapid deposition of highly conductive and well- 
adhered metallic coatings on various thermoplastics and thermo-
setting polymers and their fiber-reinforced composites. Both low- 
and high-pressure CS systems have been successfully employed. 
Although deposition via direct spraying is limited to low-melting- 
point metals, harder metallic powders have been deposited using 
recently developed scanning, mixing, and interlaying strategies.  

• CS on polymers has a very limited window of process parameters. 
The processing efficiency and coating quality should be further 
improved in process control and optimization tasks. The effects of 
most process parameters on the physical factors of the process are 
qualitatively known. As a next step, we should develop fundamental 
models for quantifying the physical factors required for coating 
buildup. Once the values of these physical factors are known, the 
powder and spray parameters can be easily fitted and optimized.  

• Most CS research has focused on the adhesion strength and EC of 
coatings. The interfacial bond strength of most polymers and metal 
powders used in CS ranges from 2 to 10 MPa, which is notably larger 
than that in other PM approaches. The electrical conductivities of the 
sprayed coatings are 30–60% those of their corresponding bulk 
materials. The porosity is typically below 1% that competes other TS 
methods.  

• Prospective applications include the metalizing of aircraft fuselage 
parts for protection from lightning strikes, replacement of chemical 
plating in the electroplating chain, antifouling treatment of naval 
and marine structures, formation of antiviral coatings on high touch 
surfaces for mitigating a spread of pandemic, surface bio-
functionalization of polymeric implants, and microelectronics and 
additive manufacturing with unique functionalities.  

• The reviewed papers come from different areas and lack research 
uniformity and methodology communication. In this review, we 
have made several recommendations for future articles that may 
improve the data reuse in the field. 

Several things can be anticipated in the next decade: large increase in 
the quantity of published research on the subject; widening the CS ca-
pabilities, miniaturization, and upscaling the process; CS equipment 
manufacturers entering PM technological market. 
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[115] B. Jodoin, P. Richer, G. Bérubé, L. Ajdelsztajn, A. Erdi-betchi, M. Yandouzi, 
Pulsed-Gas Dynamic Spraying: Process analysis, development and selected 
coating examples, Surf. Coat. Technol. 201 (2007) 7544–7551, https://doi.org/ 
10.1016/j.surfcoat.2007.02.033. 

[116] R. Melentiev, F. Fang, Investigation of erosion temperature in micro-blasting, 
Wear 420–421 (2019) 123–132, https://doi.org/10.1016/j.wear.2018.12.073. 

[117] V. Luzin, K. Spencer, M. Zhang, Residual stress and thermo-mechanical properties 
of cold spray metal coatings, Acta Mater. 59 (2011) 1259–1270, https://doi.org/ 
10.1016/j.actamat.2010.10.058. 

[118] T.W. Clyne, S.C. Gill, Residual stresses in thermal spray coatings and their effect 
on interfacial adhesion: a review of recent work, J. Therm. Spray. Technol. 5 
(1996) 401–418, https://doi.org/10.1007/BF02645271. 

[119] A. Moridi, S.M.H. Gangaraj, S. Vezzu, M. Guagliano, Number of passes and 
thickness effect on mechanical characteristics of cold spray coating, Procedia Eng. 
74 (2014) 449–459, https://doi.org/10.1016/j.proeng.2014.06.296. 

[120] Q. Wang, X. Luo, S. Tsutsumi, T. Sasaki, C. Li, N. Ma, Measurement and analysis of 
cold spray residual stress using arbitrary Lagrangian–Eulerian method, Addit. 
Manuf. 35 (2020), 101296, https://doi.org/10.1016/j.addma.2020.101296. 

[121] A. Baldan, Adhesively-bonded joints and repairs in metallic alloys, polymers and 
composite materials: adhesives, adhesion theories and surface pretreatment, 
J. Mater. Sci. 39 (2004) 1–49, https://doi.org/10.1023/B: 
JMSC.0000035317.87118.ab. 

[122] R. Melentiev, F. Fang, S.K.R. Narala, Influence of different pretreatments on Ti- 
6Al-4V surface integrity and scratch-resistance of epoxy coating: analysis of 
topography, microstructure, chemistry and wettability, Surf. Coat. Technol. 404 
(2020), 126436, https://doi.org/10.1016/j.surfcoat.2020.126436. 

[123] H. Getu, J.K. Spelt, M. Papini, Conditions leading to the embedding of angular 
and spherical particles during the solid particle erosion of polymers, Wear 
292–293 (2012) 159–168, https://doi.org/10.1016/j.wear.2012.05.017. 

[124] S.T. Oyinbo, T.C. Jen, Investigation of the process parameters and restitution 
coefficient of ductile materials during cold gas dynamic spray (CGDS) using finite 
element analysis, Addit. Manuf. 31 (2020), 100986, https://doi.org/10.1016/j. 
addma.2019.100986. 

R. Melentiev et al.                                                                                                                                                                                                                              

https://doi.org/10.1007/s11665-018-3147-7
https://doi.org/10.1007/s11665-018-3147-7
https://doi.org/10.1007/s11665-019-03914-6
https://doi.org/10.1016/j.surfcoat.2019.01.011
https://doi.org/10.1007/s11666-019-00911-y
https://doi.org/10.1007/s11666-020-01125-3
https://doi.org/10.1007/s11666-020-01125-3
https://doi.org/10.1007/s11666-019-00967-w
https://doi.org/10.1007/s11666-019-00967-w
https://doi.org/10.1016/j.promfg.2020.04.232
https://doi.org/10.1016/j.compstruct.2020.112346
https://doi.org/10.1080/10426914.2020.1813895
https://doi.org/10.1080/10426914.2020.1813895
https://doi.org/10.1016/j.compstruct.2020.112637
https://doi.org/10.1080/10426914.2020.1832693
https://doi.org/10.1007/s00170-020-05349-z
https://doi.org/10.1016/j.surfcoat.2020.126231
https://doi.org/10.1016/j.promfg.2020.04.353
https://doi.org/10.1016/j.promfg.2020.04.353
https://doi.org/10.1016/j.surfcoat.2021.127229
https://doi.org/10.1007/s11666-021-01179-x
https://doi.org/10.3221/IGF-ESIS.08.03
https://doi.org/10.3221/IGF-ESIS.08.03
https://doi.org/10.1007/s11665-018-3609-y
https://doi.org/10.1007/s11665-018-3609-y
http://infohouse.p2ric.org/ref/25/24254.pdf
https://doi.org/10.1016/j.surfcoat.2010.11.030
https://doi.org/10.1016/j.surfcoat.2010.11.030
https://doi.org/10.1007/978-3-319-16772-5
https://doi.org/10.1007/978-3-319-16772-5
https://doi.org/10.1016/j.matdes.2017.07.067
https://doi.org/10.1016/j.matdes.2017.07.067
https://doi.org/10.1557/adv.2019.418
https://doi.org/10.1557/adv.2019.418
https://doi.org/10.1007/s11666-010-9491-2
https://doi.org/10.1007/s11666-010-9491-2
https://doi.org/10.1016/j.apt.2015.08.013
https://doi.org/10.1016/j.addma.2020.101626
https://doi.org/10.1016/j.addma.2020.101626
https://doi.org/10.1016/B978-1-84569-181-3.50006-1
https://doi.org/10.1016/j.powtec.2018.12.003
https://doi.org/10.1016/j.powtec.2018.12.003
https://doi.org/10.1361/105996306&times;146956
https://doi.org/10.1007/s11666-009-9427-x
https://doi.org/10.1007/s11666-009-9427-x
https://doi.org/10.1016/j.msea.2007.09.010
https://doi.org/10.1016/j.apsusc.2006.05.063
https://doi.org/10.1016/j.addma.2020.101517
https://doi.org/10.1016/j.addma.2020.101517
https://doi.org/10.1016/j.powtec.2011.11.046
https://doi.org/10.1016/j.powtec.2011.11.046
https://tel.archives-ouvertes.fr/tel-01741350
https://tel.archives-ouvertes.fr/tel-01741350
https://doi.org/10.1016/j.jmatprotec.2020.116805
https://doi.org/10.1016/j.jmatprotec.2020.116805
https://doi.org/10.1361/105996306&times;147144
https://doi.org/10.1023/A:1020833011448
https://doi.org/10.1023/A:1020833011448
https://doi.org/10.1016/j.addma.2018.02.022
https://doi.org/10.1016/j.surfcoat.2007.02.033
https://doi.org/10.1016/j.surfcoat.2007.02.033
https://doi.org/10.1016/j.wear.2018.12.073
https://doi.org/10.1016/j.actamat.2010.10.058
https://doi.org/10.1016/j.actamat.2010.10.058
https://doi.org/10.1007/BF02645271
https://doi.org/10.1016/j.proeng.2014.06.296
https://doi.org/10.1016/j.addma.2020.101296
https://doi.org/10.1023/B:JMSC.0000035317.87118.ab
https://doi.org/10.1023/B:JMSC.0000035317.87118.ab
https://doi.org/10.1016/j.surfcoat.2020.126436
https://doi.org/10.1016/j.wear.2012.05.017
https://doi.org/10.1016/j.addma.2019.100986
https://doi.org/10.1016/j.addma.2019.100986


Additive Manufacturing 48 (2021) 102459

26

[125] X. Wang, F. Feng, M.A. Klecka, M.D. Mordasky, J.K. Garofano, T. El-Wardany, 
A. Nardi, V.K. Champagne, Characterization and modeling of the bonding process 
in cold spray additive manufacturing, Addit. Manuf. 8 (2015) 149–162, https:// 
doi.org/10.1016/j.addma.2015.03.006. 

[126] N. Kouraytem, X. Li, W. Tan, B. Kappes, A.D. Spear, Modeling process – structure 
– property relationships in metal additive manufacturing: a review on physics- 
driven versus data-driven approaches, J. Phys. Mater. 4 (2021), 032002, https:// 
doi.org/10.1088/2515-7639/abca7b. 

[127] T. Stoltenhoff, H. Kreye, H.J. Richter, An analysis of the cold spray process and its 
coatings, J. Therm. Spray. Technol. 11 (2002) 542–550, https://doi.org/10.1361/ 
105996302770348682. 

[128] R.C. McCune, W.T. Donlon, O.O. Popoola, E.L. Cartwright, Characterization of 
copper layers produced by cold gas-dynamic spraying, J. Therm. Spray. Technol. 
9 (2000) 73–82, https://doi.org/10.1361/105996300770350087. 

[129] T. Stoltenhoff, C. Borchers, F. Gartner, H. Kreye, Microstructures and key 
properties of cold-sprayed and thermally sprayed copper coatings, Surf. Coat. 
Technol. 200 (2006) 4947–4960, https://doi.org/10.1016/j. 
surfcoat.2005.05.011. 
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