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Abstract 

Carbon fibre reinforced polymer (CFRP) is a very competitive alternative to aluminum 

for aircraft structures for lightweighting purposes, but this leaves vulnerability against lightning 

strike. Cold spray is one coating approach to metallize the polymers, making them lightning 

strike proof. The aim of this work is to investigate the viability of metallizing aircraft quality 

CFRPs by cold spray. Copper, aluminum and tin were cold sprayed onto the CFRPs with both a 

high-pressure and a low-pressure cold spray system. A number of different combinations of the 

gas pressure and gas preheating temperature were used for the cold spray process. Erosion was 

found to be the key obstacle to developing continuous coatings on the CFRP substrates with the 

high-pressure system. On the other hand, continuous tin coatings were successfully obtained on 

CFRP with the low-pressure system, due to the very soft tin coating the substrate through a 

“crack filling” mechanism. Based on the results, it was proposed that when cold spraying metals 

on CFRP, it is necessary to differentiate between the development of the first layer and the build-

up of subsequent layers. Last but not least, the effect of particle velocity and gas temperature was 

discussed and the deposition window of tin on CFRP was developed. 
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1. Introduction 

In the past a few decades, carbon fibre reinforced polymers (CFRPs) have been 

increasingly used in a wide range of industries due to their low density and high specific strength 

[1, 2]. Especially in the aerospace industry, CFRPs have been extensively used for the latest 

generations of aircrafts and helicopters for lightweighting (e.g. Boeing 787, Airbus 350, 

Bombardier C-Series, etc.). However, the main drawback of replacing aluminum with CFRP is 

the drastic decrease in electrical conductivity (CFRPs are approximately 1,000 times more 

resistive than aluminum to current flow [3]), which creates a serious lightning strike problem. 

Literature shows that an aircraft can be struck by lightning, on average, once or twice a year [4, 

5]. Therefore, there is an urgent need to develop lightning strike protection (LSP) solutions for 

the composite outer skin for the current and future generations of aircrafts, and metallization of 

CFRPs has attracted increasing interest during the past a few years [6-9].  

To make the CFRPs electrically conductive, a conductive material must be either 

embedded into, or coated onto, the polymers [10]. Cold spray is one possible coating approach. 

Cold spray, also known as cold gas dynamic spray, is a high rate material deposition process in 

which powder particles are accelerated through a converging-diverging nozzle to high velocities, 

whereupon they impact with a substrate, deform plastically, and bond to the surface [11-13]. 

Because the metallic particles are deposited on a substrate as solid phase at relatively low 

temperature, the oxidation of sprayed materials can be minimized or prevented and the substrate 

heat damage is minimized; hence, cold spray is considered to be an ideal technique to fabricate 

electrically conductive coatings onto CFRP [9].  

Up until recently, cold spray was mainly used to deposit metallic coatings onto metallic 

substrates. The process is well understood when spraying metallic powders onto metallic 

substrate surface. However, to the best knowledge of the author, only a few studies have been 
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reported on cold spray onto polymeric substrates [9, 14-19]. It has been reported that erosion of 

the substrates is the key problem, especially for these reinforced with carbon/glass fibres [9, 14, 

16]. Furthermore, the thermosetting materials degrade at elevated temperature rather than 

softening, making it difficult to take advantage of local thermal softening of the substrates (like 

for thermoplastics), thus are even more difficult to obtain coatings [19]. The same should be 

expected for CFRPs with thermoset matrix. More investigations are needed to achieve direct cold 

spray onto CFRPs and to understand the deposition mechanism. 

The aim of this work is to investigate the viability, and possible mechanism if viable, of 

metallizing CFRP by cold spray. Copper, aluminum and tin were chosen as the coating materials 

because of their excellent electrical and thermal conductivity, good mechanical properties, 

excellent cold sprayability on metal substrates and relatively low cost. Among these three 

materials, copper is the most conductive, and has excellent cold sprayability on metal substrates; 

aluminum is highly conductive and is cold sprayable on metal substrates - it is also lightweight; 

tin is less conductive as compared with copper and aluminum, but was reported to be most 

successful when cold spraying onto polymeric substrates [16, 18]. Various different combinations 

of gas pressure and gas preheating temperature were used for the cold spray process with two 

commercial cold spray systems, a high-pressure system and a low-pressure system.  

 

2. Experimental Methods 

The feedstock materials used in this work were commercial-purity aluminum (Valimet), 

spherical copper (SP, Plasma Giken), irregular copper (IR, Centerline) and tin (Centerline) 

powders, with average particle sizes of 25, 29, 30, and 17 μm, respectively (measured by a 

Horiba LA-920 laser scattering particle size distribution analyzer). The scanning electron 

microscope images and cross-section optical micrographs of the feedstock powders are shown in 
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Fig. 1. The tin powder is not as spherical as the other two spherical powders; it contains the 

largest number of relatively small particles and has the smallest average particle size. It also 

shows in Fig. 1 that the IR copper has a dendritic morphology. 

The carbon fibre reinforced polymer substrates used in this work are CFRP panels 

provided by Bombardier Aerospace (Montreal, Canada). The CFRP materials consist of a 

thermosetting epoxy matrix and continuous carbon fibre reinforcements. Each panel is made of 

four plies of Cycom 5276-1/G30-500 epoxy carbon prepreg (0/902s). For the cold spray 

experiments, sheet sections of dimensions 7 x 7 cm were used as the substrates. Prior to the cold 

spray experiments, these sections were degreased with acetone, and no other surface preparation 

methods were adopted, unlike the metal substrates, which are often grit blasted before cold spray; 

the CFRP substrates would be eroded during grit blasting. 

Cold spray experiments were carried out at the McGill-NRC cold spray facility at 

National Research Council Canada, Boucherville. Both high-pressure and low-pressure cold 

spray experiments were performed. For high-pressure spray, a commercially available Plasma 

Giken PCS-800 system (Plasma Giken Co. Ltd., Japan) was used. Nitrogen was selected as the 

carrier gas, and four different powders were sprayed with this system at various conditions, 

which are shown in detail in Table 1. It should be noted that the gas temperature in Table 1 refers 

to the gas temperature in the converging part of the nozzle (before the throat), and is not 

equivalent to the particle temperature on impact. The gas temperature and gas pressure were the 

two primary process parameters, since they can largely influence the particle velocity, impact 

temperature thus the cold sprayability of one powder. The gun stand-off distance, gun travel 

speed and feeding rate, on the other hand, were the secondary parameters (e.g. the gun stand-off 

distance may affect particle velocity and temperature at impact, decreasing the gun travel speed 
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could lead to more thermal effect, etc.). In this work, a wide range of each parameters, as listed in 

Table 1, were tested to achieve deposition.  

A commercially available CenterLine SST system (Supersonic Spray Technologies, 

CenterLine Windsor Limited, Canada) was used to perform the low-pressure spray. The 

CenterLine system enables the so-called “downstream injection”, in which the particles are 

introduced into the main gas stream immediately after the throat, the narrowest orifice of the 

nozzle, so that the risk of throat clogging in the nozzle can be alleviated. With this low-pressure 

system, spherical copper and tin were sprayed with nitrogen as the carrier gas, and other cold 

spray process parameters are listed in Table 1. Only single-layer deposition (one pass) was 

performed for low-pressure cold spray and the step size was set as 1 mm. Cold spray of 

aluminum with the low-pressure system was unsuccessful initially so it was not continued. 

Deposition efficiency (DE), which is the weight change of the substrate divided by the overall 

weight of powder sprayed out during the time that the gun is actually over the sample, was 

measured during the low-pressure cold spray.  

The particle velocity measurements at different conditions were measured by using a 

ColdSprayMeter time-of-flight particle diagnostic system (Tecnar Automation, St-Bruno, QC, 

Canada), which uses a laser diode (7 W, λ = 830 nm) to illuminate the in-flight particles [20]. The 

laser was focused on the “centre” of the stream, where most particles were detected. For each 

measurement, a total number of 300 particles were detected. 

After the cold spray experiments, the samples were characterized with a Philips XL30 

FEG SEM, a Hitachi SU3500 SEM and a Nikon Epiphot 200 optical microscope equipped with a 

camera. 

For the low-pressure cold sprayed tin coatings, the adhesion strength was assessed by 

performing pull-off tests, which were modified based on the ASTM C-633-01 standard. Square 
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sections measuring approximately 1.8 x 1.8 cm
2
 were sectioned and the coated surfaces were 

slightly ground in order to remove the loose particles and obtain flat surfaces. Both surfaces of 

the square sections were then glued to a pre-ground 6061 aluminum cylinder with a room 

temperature curing adhesive. The adhesion strength tests were performed using an MTS 

hydraulic pressure machine at a constant crosshead speed of 1.0 mm/min. For each cold spray 

condition, four tests were performed and the average strength was taken. 

 

3. Results 

3.1. High-pressure cold spray 

For high-pressure cold spray of aluminum powder, no successful coating was obtained 

with all the conditions performed; erosion was found to be the key problem which prevented the 

development of a continuous coating. The typical microstructural images are shown in Fig. 2, in 

which the sample was sprayed at a gas preheating temperature of 400°C and gas pressure of 2 

MPa. The mean particle velocity (v50) measured at this condition was 463 m/s, with a standard 

deviation of 109 m/s. This mean velocity is lower than the reported critical velocity for aluminum 

(520 m/s at gas temperature of 400°C [21]), but 22 percent of the particles still travelled faster 

than the critical velocity. It can be seen clearly from Fig. 2a that there are two distinct areas in the 

sample, one area with the surface epoxy removed and the carbon fibres exposed as a result, and 

the other area with some surface epoxy left. Within the exposed carbon fibre area, fracture of the 

carbon fibres can be observed and no aluminum particles could be found on or among the 

exposed carbon fibres. A close look into the residual epoxy after erosion shows brittle fracture of 

the epoxy and a number of embedded particles in the eroded epoxy, as shown in Fig. 2b. Energy 

dispersive x-ray (EDX) mapping as shown in Fig. 2c, reveals these particles that penetrated the 

epoxy are aluminum. These particles remain spherical after the impact, without obvious plastic 
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deformation. This is in contrast to the results of conventional cold spray onto metallic substrates, 

in which severe plastic deformation of the particles can usually be observed and adiabatic shear 

instability is reported to be the main mechanism of bonding [22]. It should also be noted that 

these embedded particles are mostly fine particles, with diameters smaller than 10 μm.  

Similar to aluminum, no successful coating was achieved for cold spray of copper 

powders, either spherical or irregular. Once again epoxy erosion along with some embedded 

copper particles was found. The SEM images and cross-section micrographs of the CFRP 

samples after cold spray of spherical copper powder at 600°C and 2 MPa are shown in Fig. 3. 

The mean particle velocity (v50) measured at this condition was 548 m/s, with a standard 

deviation of 99 m/s. The critical velocity for copper is reported to be 460 to 500 m/s for a 20 µm 

particle [23], but even though more than 70% of particles at this condition travelled faster than 

the critical velocity, no continuous coating could not be achieved. The top surface of the sample, 

similar to the aluminum sample, consists of two distinct areas, the residual epoxy and the exposed 

carbon fibre, as shown in Fig. 3a. Although no successful coating could be achieved, embedded 

copper particles can be observed within the residual epoxy area from both a closer look at the top 

surface (Fig. 3b) as well as the cross-sectional optical micrographs (Fig. 3c). These particles 

basically remain spherical, suggesting no obvious plastic deformation took place upon the impact 

on the substrates so that adiabatic shear instability was absent. More severe erosion could be 

found as compared to aluminum powder, since the carbon fibres were not only exposed, but also 

fractured after the impact of copper particles, so that a number of valleys were developed, as 

shown in Fig. 3d. In addition, no copper particles were deposited onto the exposed carbon fibres, 

which matches the results for aluminum. Cold spray of IR copper led to very similar results. 

Among all four powders sprayed with the high-pressure system, cold spray of tin powder 

showed the most positive results, although again, no continuous coating was achieved. The 
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microstructural images of samples sprayed at 300°C and 1.5 MPa are shown in Fig. 4. Erosion 

was also the key obstacle to developing a continuous coating for spray of tin powder, despite the 

fact that the hardness of tin is much lower than that of aluminum or copper. Removal of the 

surface epoxy and exposure of the carbon fibres were also observed, but in contrast to aluminum 

and copper, tin could be deposited onto the exposed carbon fibres, and tin clusters can be found, 

as shown in Fig. 4. The cross-sectional micrograph shows clearly a thin layer of tin coating was 

deposited onto the carbon fibres in some local areas. No spherical particles can be observed in the 

cluster, indicating the particles experienced some permanent deformation during impact and 

building-up.  

 

3.2. Low-pressure cold spray 

For all four powders with various process conditions with high-pressure cold spray, 

erosion was found and is believed to be the key obstacle to developing continuous coatings. It 

appears that the high particle velocity in the high-pressure cold spray process leads to excessive 

erosion of the substrate, preventing deposition. To minimize the extent of erosion during cold 

spraying accordingly, a low-pressure cold spray system was used thereafter.  

3.2.1. Deposition efficiency 

With the low-pressure system, cold spray of spherical copper at 425°C failed at various 

gas pressures assessed (50 to 200 psi or 0.34 to 1.38 MPa), with negative DE results being 

measured at all conditions. Erosion of the substrate occurred and dominated despite the fact that 

the gas pressure was relatively low.  

The measured results of the deposition efficiency of tin as a function of gas preheating 

temperature and gas pressure are presented in Fig. 5. It can be seen that successful deposition of 
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tin can be achieved with the low-pressure system. When the gas temperature was fixed at 300°C, 

there was an abrupt increase in DE leading to a peak in DE at a gas pressure of 60 psi (0.41 MPa), 

as shown in Fig. 5a. The DE decreased to near zero when the gas pressure was increased to 150 

psi (1.03 MPa), which is still low for conventional cold spray. On the other hand, when the gas 

pressure was fixed at 60 psi, as shown in Fig. 5b, DE remained near zero at gas temperatures 

below 280°C, then increased at temperatures of 280°C and higher; there was also a dramatic 

increase in DE when the gas temperature was increased from 290°C to 300°C. The increasing 

trend suggests that with further increase in gas preheating temperature, DE would continue to 

increase, so a trial spray at 325°C was performed, but the nozzle clogged despite the downstream 

injection mode was used. 

The deposition efficiency results of tin at various gas pressures at 310°C were compared 

with these at 300°C, as shown in Fig. 6. It can be seen that at all four gas pressure conditions, the 

higher gas preheating temperature led to a higher DE. Unlike at 300°C, there was no peak at 60 

psi, but a decreasing trend through the conditions assessed as the gas pressure was increased. 

3.2.2. Particle velocity 

The measured mean particle velocities (v50) at various conditions are shown in Fig. 7. At a 

gas temperature of 300°C, as shown in Fig. 7a, v50 increased basically linearly with gas pressure. 

This agrees with the expectation that high gas pressure leads to high particle velocity. While the 

critical velocity for tin is reported to be 160-180 m/s assuming a 20 µm particle size [23], it can 

be seen that at most conditions, particles were travelling faster than this critical velocity. On the 

other hand, at 60 psi (0.41 MPa), the mean particle velocity did not show substantial variation 

from 200°C to 310°C, but still exhibited a slightly decreasing trend over gas temperature, as 

shown in Fig. 7b. This is in contrast to the expectation from the viewpoint of traditional cold 

spray. In general, the particle velocity increases with gas temperature in cold spray, and this has 
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been confirmed by both experimental results and mathematical simulation [21, 24, 25]. Clearly, 

further analysis of this phenomenon is required. 

3.2.3. Microstructure of the low-pressure cold sprayed tin coatings 

The cross-sectional microstructures of the tin coatings deposited under different gas 

pressures at 300°C are shown in Fig. 8. At 42 psi (0.29 MPa), the deposition of tin can be 

observed, but some uncoated area can also be found; the top surface of the CFRP remained 

smooth, without obvious signs of erosion. At 60 psi and 80 psi (0.41 and 0.55 MPa, respectively), 

the coatings were continuous, and the coating at 60 psi (Fig. 8b) is approximately twice as thick 

as that at 80 psi (Fig. 8c), which agrees with the DE results. A close examination of the 

coating/substrate interfaces, as shown by the insets in Figs. 8 b and c, indicates that the particle 

bombardment disturbed the smoothness of the interface, leading to waviness and irregularity at 

the interface. In both cases, a series of tin “filaments” can be observed in the CFRP, interlocking 

the coatings mechanically with the substrates. However, a further increase in gas pressure led to 

erosion at the interface. At 150 psi (1.03 MPa), as shown in Fig. 8d, the deposition became non-

continuous again, and signs of substrate erosion can be observed clearly: the surface epoxy was 

removed and the carbon fibres were exposed. It also shows in Fig. 8d that several tin clusters 

deposited directly onto the exposed carbon fibres. The substrate erosion (removal) along with the 

cluster deposition together resulted in a near-zero DE at this condition. It can be seen that in case 

that deposition and erosion occur simultaneously, which cannot be differentiated from DE values, 

so this may lead to an underestimated DE value. However, such underestimation is usually 

negligible when the erosion is slight considering the relatively low density of the CFRP (~1.5 

g/cm
3
 [26])the nominal DE is underestimated.  

Figure 9 presents the top surfaces of the samples after cold spray of tin at 60 psi (0.41 

MPa) at four different gas temperatures, 200°C, 240°C, 290°C and 310°C. The surface after cold 
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spray of tin at 200°C, at which the gas temperature was below the melting point of tin (232°C), is 

shown in Fig. 9a. It can be seen that no continuous coating was deposited, although the critical 

velocity was reached. Fragmentation of the surface epoxy, an early sign of erosion, was also 

observed, but no significant removal of the epoxy occurred due to insufficient kinetic energy. A 

trace amount of tin can be seen within the cracks in the surface epoxy. When the gas temperature 

was increased to 240°C, just above the melting point of tin, a number of small tin clusters were 

deposited on the CFRP, as shown in Fig. 9b. At gas temperature of 290°C, some small areas of 

the CFRP were coated with a thin layer of tin, but the deposition was still non-continuous (Fig. 

9c). At 310°C, similar to 300°C (cross section in Fig. 8b), a continuous tin coating was obtained, 

as shown in Fig. 9d. 

To analyse the significant increase in DE at around 300°C, a close examination of the 

coatings obtained at temperatures from 280°C to 310°C was performed. Figure 10 shows some 

particles found in coatings sprayed at different temperatures. By comparing Fig. 10 a with b, it 

can be seen that there exists a noticeable difference between the outer surfaces of the particles 

found in the coatings sprayed at 280°C and 310°C. At 280°C, the outer surface of the particles is 

relatively smooth; whereas at 310°C, there are a large number of small “satellites” attached to the 

particles. These small satellites may result from splashing of the molten/partial molten tin 

particles during impact, considering the gas temperature is well above the melting point of tin. 

Figure 10c presents a particle found in the coating sprayed at 290°C. Similarly, the rim of this 

particle experienced noticeable change, as compared with the smooth surface of the starting 

powder. The above mentioned microstructural changes indicate that melting/partial melting of tin 

particle occurred. Since the change was only found in the rim/outer surface of a particle while the 

particle as a whole basically remained spherical, it is reasonable to believe that only the outer 

surface of the tin particle melted while the core remained solid. For the very fine particles, e.g. 2 
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to 3 µm in diameter, they could have fully melted. In general, it is not completely clear what 

happened, and further analysis is indeed needed to fully understand what happened during the 

process. 

 3.2.4. Adhesion tests 

The adhesion test results of the tin coatings cold sprayed at various conditions are 

presented in Fig. 11. The tin coating cold sprayed at 300°C and 60 psi had the strongest adhesion 

to the CFRP substrate, which averaged 7.6 MPa. When the gas pressure was increased to 80 psi, 

the adhesion strength decreased to below 3 MPa, indicating the higher kinetic energy (higher 

impact velocity) deteriorated the coating/substrate interlocking/interface. This is in contrast to the 

conventional observation that the adhesion strength basically increases with increasing particle 

velocity when cold spraying metals on the metal substrates [27]. This discrepancy stems from the 

different resistance of metals and polymeric materials to solid particle erosion. At a higher gas 

temperature of 310°C, the adhesion strength of the coating cold sprayed at 60 psi was below 3 

MPa, much lower than that of the coating sprayed at 300°C. At 80 psi, the adhesion strength 

increased to above 4 MPa, which is also higher than that of the coating sprayed under at same 

pressure at 300°C. In general, the adhesion strength of the tin coatings to the CFRP substrates 

was low, especially when compared with the conventional metal/metal adhesion when cold 

spraying onto metal substrates, and this may signify that the tin/CFRP bonding is purely 

mechanical.  

 

4. Discussion  
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4.1. Bonding mechanism 

The experimental results suggest that the conventional cold spray metrics and bonding 

mechanism are not directly applicable in spraying onto CFRP substrates. On the one hand, even 

though the particle velocity was higher than the critical velocity, deposition cannot be obtained in 

most cases, especially with copper and aluminum. On the other hand, except for tin clusters, the 

embedded metallic particles observed in this work remained spherical after impact. Without the 

large amount of localized plastic deformation of the particles, the conventional adiabatic shear 

instability mechanism for spraying metal powders onto metallic substrates is not applicable in 

spraying metal powders onto CFRP substrates. This discrepancy can be mainly attributed to the 

poor erosion resistance of the CFRP substrates, which have brittle thermosetting matrix. The 

critical velocities for most common metal powders are so high that the CFRP would suffer severe 

erosion when spraying at these velocities.  

To achieve successful deposition on the CFRP, a first layer must be developed without 

causing unacceptable damage to the substrate surface; hereafter the conventional cold spray 

metrics are applicable, namely, the critical velocity must be reached and adiabatic shear 

instability may occur. Therefore, it is necessary to differentiate between the development of the 

first layer and the build-up of subsequent layers in cold spray of metals onto CFRP substrates and 

probably all polymeric substrates. Conversely, there is no need to consider such a differentiation 

when spraying onto metallic substrates, since most metallic substrates can tolerate the high-

velocity impact without significant erosion; significant erosion only occurs at excessively high 

velocity and it defines the upper bound of the deposition window of cold spray onto metallic 

substrates [23].  

 When developing the first metal layer onto the CFRP substrates, the most likely 

mechanism is mechanical interlocking, since metallurgical bonding is unlikely to form. This 
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means the metal particles must reach a specific velocity, vint, to achieve mechanical interlocking 

with the substrate; meanwhile, the particle velocity should not exceed an erosion limit, vero,sub, the 

velocity leading to significant substrate erosion (e.g. 50 μm removal in thickness, DE of ‒2%, etc, 

quantification of such parameter depends largely on the substrate; noted that slight erosion of the 

substrate, such as micro-cracking in the substrate surface, is helpful to achieve mechanical 

interlocking). This brings about a relatively narrow deposition window, vint < v < vero,sub, for 

developing the first metal layer on the CFRP substrates. If significant erosion of the substrate 

occurs before particles interlock with the substrate (i.e. vero,sub < vint), there is no deposition, which 

is the case when cold spraying copper and aluminum onto CFRPs in this work. For tin, melting 

played an important role in achieving mechanical interlock, since continuous deposition was only 

achieved at high temperatures (300°C and higher). In other words, increase in particle 

temperature lowers the vint and thus opens the deposition window for tin. 

After the first layer is developed, a critical velocity, vcrit, must be reached to build up 

subsequent layers. This is identical to the conventional cold spray of metals onto metallic 

substrates (only when melting occurs, vcrit is much smaller than in solid state). However, the 

possibility of coating build-up is determined/limited by the bonding strength between the first 

layer and the substrate. The bonding must be strong enough to withstand the bombardment of 

upcoming particles at velocities above vcrit. If the first layer is not firmly anchored, the upcoming 

particles can destroy the first layer, activate substrate erosion and make it impossible to build up a 

coating. This problem has been reported by a few researchers when trying to develop thick 

metallic coatings onto polymeric substrates [16, 18]. Therefore, the window for coating build-up 

on CFRP with a previously deposited first layer is defined as vcrit < v < vero, where vero is the 

velocity above which the first layer can be destroyed. The magnitude of vero is dependent on the 

bonding strength between the first layer and the substrate as well as that between particles in the 
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lateral direction (e.g. the continuity of the first layer, the in-plane bonding, etc.). Ideally, if a well-

bonded continuous first layer is developed, vero could be the same as in conventional cold spray 

on metallic substrates. However, given that the mechanical interlocking between the first layer 

and the polymeric substrate is not expected to be very strong, vero of one powder on polymeric 

substrate is usually low (in most case much lower than in conventional cold spray), so only 

materials with relatively low vcrit (e.g. tin) can generate a thick coating on the CFRP substrates. In 

essence, these two deposition windows, vint < v < vero,sub and vcrit < v < vero, must be both met at 

the same time to make one metal powder cold sprayable onto a CFRP substrate at certain 

conditions. It should be noted that the deposition window varies at different gas temperatures, 

since the particle hardness as well as the erosion resistance of the substrate change with 

temperature.   

In this work, the unsuccessful trials with copper and aluminum can be attributed to the 

failure in the development of the first layer. The copper and aluminum particles cannot achieve 

mechanical interlocking with the CFRP substrates, but cause brittle fragmentation and material 

removal in the substrate surface. Even when spraying the relatively soft tin at 200°C, there were 

still difficulties in developing the first layer. When the gas temperature was increased to above 

300°C, successful coatings were finally obtained by taking advantages of partial melting of tin 

particles. A “crack filling” mechanism is proposed to explain the formation of the coating, as 

shown in Fig. 12. With this mechanism, when the tin particles enter the hot gas stream with a 

higher temperature than their melting point, the surface of these particles begin to melt (e.g. as 

shown in Fig 10c). Due to the short residence time in the nozzle, the particles cannot wholly melt 

before they exit the nozzle, so the cores of particles remain solid. When these partially molten 

particles bombard a brittle CFRP substrate, the impact generates a number of micro-cracks in the 

surface epoxy. Then the molten part of the tin particles is squeezed into these cracks and 
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solidifies, not only filling these cracks, preventing further erosion, but also achieving mechanical 

anchorage with the substrate and forming the first layer. Then the upcoming particles impact with 

this first layer and build up a coating. With this mechanism, melting is an important factor, 

therefore, it is inapplicable to copper and aluminum, which have high melting points and would 

erode the CFRP before bonding (melting point of aluminum can be reached in some high-

pressure cold spray systems, but nozzle clogging is a big problem when cold spraying aluminum 

near its melting point in practice). 

  

4.2. Deposition window 

4.2.1. Effect of velocity on DE  

With the measured particle velocities, it is possible to plot the deposition efficiency 

results as a function of the mean particle velocity. Figure 13 presents DE vs. v50 at three gas 

temperature conditions, 200°C, 300°C and 310°C. The velocity measurement at 42 psi and 300°C 

was unsuccessful, probably due to the low velocity being out of the range of the ColdSprayMeter, 

so an estimated value was used based on the linear relationship shown in Fig. 7. At gas 

temperature of 300°C, deposition starts approximately at a velocity of 160 m/s and reaches a peak 

at around 210 m/s. With further increase in velocity, DE decreases in a gradual manner, rather 

than the dramatic way in which it increases, and approaches zero at 350 m/s. Similar trend can be 

observed at 200°C, DE is negative at first (till at least 286 m/s), then it turns positive and reaches 

a maximum of 4 per cent at 306 m/s before decreasing slightly. At 310°C, although the ascending 

part of the curve wasn’t experimentally determined, the descending part also shows that DE 

decreases with increasing velocity from a maximum. 
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It is understandable that DE first increases with particle velocity, since higher particle 

velocity would lead to more interlocking/bonding between the particles and the substrate or the 

previous layer. This is also true in cold spray onto metallic substrates, despite the fact that a 

portion of the bonding may be metallurgical bonding. However, once DE reaches a maximum, it 

decreases gradually and this could mainly be attributed to erosion, including both that of the 

substrate and that of the coating. On the one hand, increasing particle velocity can result in more 

erosion at the substrate surface, making deposition more retarded and more difficult. But at this 

stage, deposition of the particles still dominates and surpasses the erosion process, which occurs 

simultaneously. As a result, DE would decrease slightly and gradually with v50 while still 

remaining positive until erosion begins to dominate and DE turns negative. On the other hand, the 

decrease may also be caused by erosion of the tin coating by tin particles. In-process erosion of 

the coating rarely occurs in cold spray, but it may occur to tin due to its poor erosion resistance 

and low erosion limit [28, 29]. Schmidt et al. [23] proposed a general schematic correlation 

between particle velocity and DE, and it contains a tailing decrease in DE in the high-velocity 

zone, which corresponds well with the gradual decrease in Fig. 13. They attributed this decrease 

to the erosive effects due to the “hydrodynamic penetration by the particles” known from large-

scale impact dynamics [23]. The in-process erosion of the tin coating during cold spray has also 

been observed experimentally. Legoux et al. [30] reported that DE increased with gun travel 

speed when they cold sprayed tin onto steel substrate at 33°C and 90 psi (0.6 MPa). The higher 

gun travel speed means less particle bombardment at the same spot, thus it indicates that more 

particle impact leads to a decrease in DE, and this is coincident with the effect of solid particle 

erosion. However, further analysis is needed to thoroughly understand the tailing in Fig. 13. 

4.2.2. Effect of temperature on DE 
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It can be seen from Fig. 13 that the ascending part of the DE-velocity curve shifts towards 

low velocities as the gas temperature increases: at 200°C, DE remains below/near zero until 286 

m/s, and reaches a maximum at a velocity of 306 m/s; at 300°C, deposition starts approximately 

at 160 m/s and reaches a peak at around 210 m/s; whereas at 310°C, deposition is projected to 

start at a velocity lower than 160 m/s and reach a maximum at a velocity below 180 m/s. This is 

because the higher gas temperature would make the metal particles more malleable (or even melt), 

thus easier to bond with the substrate/previous layer. This is also well known in conventional 

cold spray that vcrit decreases with higher particle temperatures [31-33]. In this work in particular, 

the interlocking limit, vint, also decreases with temperature, since it is easier for the molten/semi-

molten particles to fill the micro-cracks or interlock on the surface asperities. With decreasing vint 

and vcrit, it can be understood that the ascending part of the DE-velocity curve shifts towards 

lower velocities at higher temperatures. As well, a higher gas temperature also results in a higher 

maximum DE (4%, 15% and >20% at 200°C, 300°C and 310°C, respectively). This may also be 

attributed to the fact that the tin particles are more malleable at higher temperatures, so that 

interlocking with the substrate or bonding with the previous layer is easier. Last but not least, the 

descending part of the DE-velocity curve has the tendency to shift to the left (low-velocity 

direction) as the gas temperature increases. In particular, the 300°C curve begins to descend at a 

velocity well below the one at which the 200°C curve starts to ascend. This may result from the 

deteriorating erosion resistance of both the tin coating and the CFRP substrate with increasing 

temperature [34-36]. 

4.2.3. Development of the deposition window as a function of particle velocity 

Based on the DE-velocity relationship in Fig. 13, it is possible to determine the deposition 

window of tin onto CFRPs. According to Figs. 5 and 8, DE of 6 per cent is the minimum required 

for a continuous coating, and can therefore be defined as the onset of effective deposition. It can 
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be seen that the window of effective deposition when spraying tin at 300°C onto CFRP substrates 

is approximately 175 to 275 m/s. At 200°C, there is no effective deposition and thus no 

deposition window. At 310°C, effective deposition of tin can be achieved, but both the lower and 

upper bounds of the window of effective deposition were not experimentally determined in this 

work. Nevertheless, it is reasonable to predict that the deposition window at 310°C would start at 

a lower velocity (e.g. 150 m/s) and span a wider range of velocities assuming the DE curve 

follows the same trend as 300°C (i.e. ends at approximately 290 m/s). In general, it shows clearly 

that higher gas temperature would lead to a higher maximum in DE, and tends to result in a wider 

deposition window. More data are needed to further analyze the effect of gas temperatures and 

particle velocity on the window of effective deposition. 

For copper and aluminum, erosion of the substrate starts at low particle velocity, and 

begins to dominate as the particle velocity increases, leaving no possibility for depositing a 

coating. Thus, there is no deposition window for copper and aluminum powders when spraying 

onto the CFRPs. 

4.2.4. Processing map 

Conventionally, cold spray process deposits materials manly in solid while thermal spray 

usually melts the powders. In this work, some high gas temperatures (higher than the melting 

point of tin) were used, and it led to the melting of tin. It is, to some extent, a hybrid of thermal 

spray and cold spray, yet more related to cold spray. On the one hand, the particles were not fully 

melted and a significant portion of the particles was still solid. On the other hand, velocity is still 

a very important factor in this work. For conventional cold spray of metal on metal, velocity is a 

“method” for generating the desired thermomechanical variables (strain, strain rate and 

temperature) that lead to bonding. In this work, the deposition was achieved based on the 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

20 

 

combination of melting and particle velocity, which means deposition efficiency depends on both 

velocity and temperature.  

Therefore, a semi-schematic processing map was generated for cold spray of tin on CFRP 

using the CenterLine system, as shown in Fig. 14. It shows the combination of variables that will 

lead to continuous coatings, discontinuous coatings and no coatings. In the lower left region of 

the map, which is the low-temperature low-pressure region, there is no deposition or erosion, due 

to the lack of kinetic energy and thermal softening of the particles; in the upper right area, which 

is the high-temperature high-pressure area, there is no coating due to significant erosion of the 

CFRP substrates. In the area between these two zones, being bordered by the line of deposition 

and the dashed line of erosion, deposition can be achieved, but continuous coatings can only be 

obtained inside the area marked “Continuous Coating”. This continuous coating area represents 

the medium-pressure high-temperature area, where hot and soft particles bombard the substrates 

at low to medium velocities. The best conditions in terms of DE in this work (i.e. at 310°C, 60psi) 

fall into this region. This area also corresponds to the deposition windows shown in Fig. 13. 

Outside of the continuous coating area, the deposition is discontinuous due to either: 1) 

insufficient kinetic energy and thermal softening of the particles or 2) surplus kinetic energy and 

thermal degradation of the CFRP. At temperatures higher than 310°C, the risk of nozzle clogging 

in practice is high, whereas the area below 200°C is of little interest since the particles are not 

sufficiently malleable and there is no window of effective deposition.  

 

5. Conclusions 

Cold spray of aluminum, copper and tin onto CFRP were carried out. Results show that 

no continuous coating could be developed with various process conditions when using the high-
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pressure cold spray system. Erosion of the substrate was found for most conditions tested and is 

believed to be the key obstacle to developing continuous coatings 

Continuous tin coatings were successfully obtained with the low-pressure cold spray 

system, whereas low-pressure cold spray of copper at various conditions still resulted in the 

erosion problem. Analysis of deposition efficiency indicates that medium gas pressure (around 60 

psi) and high gas temperature (300°C and higher) are required for continuous deposition of tin 

onto the CFRP substrates. Examination of the coating morphology and microstructure reveals 

that tin particles partially melted when cold sprayed at gas temperature of 300°C and higher, and 

successful coatings were achieved by taking advantage of this partial melting. Accordingly, a 

“crack filling” mechanism was proposed to explain the deposition.  

Based on the high-pressure and low-pressure cold spray results, it is necessary to 

differentiate the development of the first layer from the building-up of subsequent layers in cold 

spray of metals onto CFRP substrates. Mechanical interlocking is the most likely deposition 

mechanism when depositing the first metal layer on CFRP, and the conventional cold spray 

metrics may become applicable during the building-up of subsequent layers. Two deposition 

criteria were proposed, vint < v < vero,sub for developing the first layer and vcrit < v < vero for the 

building-up. The two windows must be both met at the same time to make one metal powder cold 

sprayable onto a CFRP substrate at certain conditions. The deposition windows for tin were 

experimentally determined based on the DE-velocity relationship. It was found that cold spray of 

tin onto CFRP has a narrow deposition window, but higher gas temperature can result in a higher 

maximum DE and probably a wider deposition window. 
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Table 1. Process parameters for high-pressure and low-pressure cold spray. 

 High-pressure cold spray 

Powder Gas temperature 

 °C 

Gas pressure 

MPa 

Stand-off distance 

mm 

Gun travel speed 

mm∙s
-1

 

Feeder setting 

RPM 

Al 100 to 400 2 to 5 20 to 80 300 to 500 1 to 5 

SP Cu 100 to 800 2 to 5 50 to 200 50 to 500 1 

IR Cu 100 to 700 2 to 5 40 to 100 300 0.5 to 5 

Sn 50 to 300 1.5 to 3 40 to 200 300 to 500 1 to 8 

 Low-pressure cold spray 

Powder Gas temperature 

 °C 

Gas pressure 

MPa (psi) 

Stand-off distance 

mm 

Gun travel speed 

mm∙s
-1

 

Feeding rate 

g/min 

SP Cu 425 0.34 to 1.38 

(50 to 200) 

18 25 ~11 

Sn 25 to 325 0.29 to 1.38 

(42 to 200) 

18 12.5 to 50 ~13 
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Figure captions 

 

Fig. 1. SEM images (left) and cross-sectional optical micrographs (right) of the feedstock 

powders. 

Fig. 2. SEM images (a, at low magnification and b, at high magnification) and EDX mapping (c) 

of the CFRP samples after cold spray of Al powder. 

Fig. 3. SEM images (a and b) and cross-section optical micrographs (c and d) of the CFRP 

samples after cold spray of spherical Cu powder (the bright particles in c are copper, and the 

clusters of bright dots in c and d are the carbon fibres perpendicular to the observation plane). 

Fig. 4. SEM image (a) and cross-section optical micrograph (b) of the CFRP samples after cold 

spray of Sn powder (the clusters of bright dots in the cross-sectional micrograph are the carbon 

fibres perpendicular to the observation plane). 

Fig. 5. Deposition efficiency of Sn as a function of gas preheating temperature when spraying at 

300°C (a) and as a function of gas pressure when spraying at 60 psi (b). 

Fig. 6. Comparison of the deposition efficiency of Sn at 300°C and at 310°C. 

Fig. 7. The measured mean particle velocities of Sn at 300°C (a) and 60 psi (b), the error bars 

represent the standard deviation. 

Fig. 8. Optical micrographs showing the cross-sections of cold-sprayed Sn coatings at 300°C at 

42 psi (a), 60 psi (b), 80 psi (c) and 150 psi (d), with the gun travel direction perpendicular to the 

observation plane; the insets in (b) and (c) show the details of the coating/CFRP interfaces. 
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Fig. 9. SEM images showing the top surfaces of the samples after cold spray of Sn at 60 psi at 

200°C (a), 240°C (b), 290°C (c) and 310°C (d), the relatively bright parts are tin and the dark 

parts are the CFRP. 

Fig. 10. SEM images showing the Sn particles at the top surfaces of coatings cold sprayed at: 

280°C (a), 310°C (b) and 290°C (c, cross-sectional image). 

Fig. 11. Adhesion test results of the Sn coatings cold sprayed at various conditions, the error bars 

indicate the standard deviation. 

Fig. 12. Schematic of the crack filling mechanism. 

Fig. 13. Deposition efficiency of Sn at 200°C, 300°C and 310°C as function of mean particle 

velocity (the velocity of the dotted marker is based on estimation, and the horizontal dashed line 

shows the onset of effective deposition). 

Fig. 14. Semi-schematic processing map for cold spray of Sn onto CFRP substrate. 
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Highlights: 

 

1. Tin coatings were successfully directly cold sprayed onto the CFRP by taking advantage of 

partial melting. 

2. The deposition window for cold spray of metals onto the CFRP substrates was proposed and 

specifically experimentally determined for tin. 

3. A “crack-filling” mechanism was proposed for cold spray of tin on CFRP substrates. 
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