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Abstract
The cold gas dynamic spray process is a manufacturing process strategically designed 
for coatings. The conditions for the deposition of materials to form coatings have 
evolved over several decades. Copper and copper-based cold spray coatings are 
an interesting field for investigation, as it has substantial commercial demand and 
acceptance. Several important works have already been performed in this regard that 
shows the immense popularity of its applications in power industries. Cold gas dynamic 
spray, being an economic process, can produce coatings with superior quality and low 
oxidation. In this paper, a particular focus has been given to copper-based cold spray 
coatings along with their deposition parameters. The various mechanical, electrical, 
corrosion, and tribological properties of these copper-based cold spray coatings are 
commendable and economically lucrative. A good amount of experimental data has 
also been included in this review article to provide comprehensive information and 
future scope of research about copper-based cold spray coatings.
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1. Introduction
Copper, having good ductility and exceptional thermal and electrical properties, 
has a great potential to be employed as coatings for different substrates according 
to their commercial acceptance in aerospace, automobile, power, and metallurgical 
industries. There are several coating processes to form copper-based coatings with 
various reinforcements, such as the cold gas dynamic spray process (CGDS), which is a 
prominent and essential additive manufacturing technique for research and industrial 
applications. The cold gas dynamic spray additive manufacturing technique has a 
wide commercial acceptance. This technique was first developed in the 1980s at the 
Institute of Theoretical and Applied Mechanics of the Siberian division of the Russian 
Academy of Science at Novosibirsk[1,2]. To date, the cold spray process technology is 
gaining a lot of attention from researchers for its exceptional capability of depositing 
powders onto the substrate without any high-temperature phase transformations or 
oxidation. The dense and adequately thick coatings having proper corrosion resistance 
and desirable mechanical properties make cold-sprayed coatings supreme. The CGDS 
is a low-temperature process that sprays powder particles onto a substrate; these 
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powder particles are accelerated with the help of carrier 
gas. Hence, the particles impact the substrate with high 
kinetic energy and form the coatings[3-5].

1.1. Production of metal powders

There are several methods to produce metal powders 
required for spraying purposes, additive manufacturing, 
and other fields. These methods include mechanical milling, 
atomization, chemical precipitation, and reduction. In the 
atomization process, the liquid metal alloy is continuously 
dispersed in the form of fine droplets due to the impact of 
the medium used for atomization. The different types of 
atomization processes are gas, water, plasma, and centrifugal 
atomization; plasma and gas atomization techniques are 
the most popularly used[6]. However, the spherical powders 
produced by such techniques have a low cold spray 
deposition efficiency compared to irregular-shaped powders. 
For this reason, mechanical milling remains a popular choice 
for creating powders for the cold spraying process[7].

1.2. Powder feedstock preparation for cold spraying

A prominent powder processing technique for processing 
the powder feedstock before the cold spraying is mechanical 
ball milling. In this process, the powder mixtures are 
subjected to high-energy collision by the impact of metallic 
balls, leading to two opposing mechanisms, and these 
mechanisms are cold welding and fracturing of the powder 
particles. A  higher amount of ceramic reinforcements 
leads to more fracturing of powder particles; hence, 
smaller powder sizes can be achieved. Furthermore, these 
ball-milled powders are then cold sprayed with the help of 
a convergent-divergent nozzle and a carrier gas to increase 
the speed of powder particles to supersonic velocity[8]. The 
convergent-divergent nozzle has an inlet and outlet with a 
pressure difference existing between them. The gas flows 
in the convergent part of the nozzle at a subsonic speed 
and then accelerates to supersonic velocity in the divergent 
part of the nozzle. The parameters such as dimensions 
of the nozzle, type of the gas used, gas temperature, and 
pressure help determine the in-flight characteristics of the 
powder particles[7].

1.3. Role of surfactants in mechanical alloying

Mechanical treatment by ball milling is advantageous for 
the preparation of composite powders[9-13]. Mechanical 
alloying involves mixing different metals and forming 
an intimate powder mixture as a product. On the other 
hand, mechanical milling is a process of reducing the 
powder sizes with uniform chemical composition. These 
two processes take place due to the high-energy impact of 
the balls on the powder particles, resulting in cold welding 
and fracturing. As a result, the powder particles always 

have atomistic clean surfaces that might allow them to 
get combined, resulting in welding. However, with time, 
plastic deformation of powder particles also increases, 
leading to the fracture of particles. In this process, the 
powder particles may probably adhere to the vial and 
ball surfaces. Ductile particles are more prone to the cold 
welding process. The cold welding of ductile particles can 
be controlled either by altering the surface of these particles 
or by milling at cryogenic temperatures[14].

The altering of the surface of powder particles can be 
achieved using process control agent (PCA) or commonly 
referred to as surfactants. The surfactants get absorbed 
into the powder particle surfaces, as shown in Figure  1, 
which results in a decrease in cold welding and an increase 
in fracturing. This may be due to the decrease in surface 
energy of the newly formed surfaces of powder particles, 
which prevents them from cold welding. The use of 
surfactants in the milling of ductile powder particles 
increases powder yield.

The amount of surfactant used should be appropriate 
enough to cover the surfaces of the powder particles 
completely so as to serve as a deterrent to cold welding of 
the particles. Moreover, the quantity of surfactant required 
for the purpose of milling is dependent on: (i) The ductility 
of the powders to be milled, (ii) thermal as well as chemical 
cost ability of the PCA or surfactants, (iii) quantity of 
powder to be milled and its initial size, and (iv) duration 
of milling. For example, the amount of surfactant for 
ductile materials is higher than that of the brittle materials. 
Surfactants with a large molecular weight (like stearic acid) 
form monolayers by adsorption on powder particles. On 

Figure 1. Surfactant added to the powders for ball milling. Surfactants 
get adsorbed to the surface of the powder particles preventing them 
from agglomeration[14]. (Reprinted from Critical Reviews in Solid State 
and Materials Sciences, 39(2), Nouri, A., and Wen, C, Surfactants in 
Mechanical Alloying/Milling: A Catch-22 Situation, 81 – 108, 2014, with 
permission from Taylor and Francis).
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the other hand, methanol (with lower molecular weight) 
allows multilayer formations on the powder particles. 
The multilayer formation can reduce the cold welding 
of the powder particles while milling[14]. Kollo et al.[15] 
investigated that there was no sticking of aluminum silicon 
carbide powders on the milling tool when heptane was 
utilized instead of stearic acid as a surfactant. Some other 
factors governing the quantity of surfactant required for 
mechanical milling/alloying processes are speed of milling, 
milling temperature, and ball-to-powder ratio. These 
factors can greatly affect the adsorption of surfactants on 
the surface of the powder particles.

Lu and Zhang[16] demonstrated the effect of the amount 
of surfactants used during milling on the milling time. 
They reported that the aluminum-magnesium powder 
yield after milling with 4 wt.% stearic acid was much 
higher than the milling done with 1 wt.% stearic acid for 
the same milling time. Another critical observation by 
Shaw et al.[17] was the decrease in crystallite size with the 
increase in milling time. However, with the increase in the 
amount of surfactants, the actual crystallite size increases. 
They reported that powders milled for 4  h without any 
surfactant had the same crystallite size as that of powders 
milled for 8  h with 1 wt.% stearic acid and almost the 
same for powders milled for 16 h with 2 wt.% stearic acid. 
Furthermore, the hardness of powders is affected by the 
reaction of surfactants with powder particles. Kollo et al.[15] 
observed that when heptane was used as a surfactant, the 
hardness of powder particles was less compared to the 
case when stearic acid was used as a surfactant during 
milling. Therefore, the choice of surfactant and its amount 
to be used for milling have great significance in deciding 
the milling parameters before cold spraying the milled 
powders.

1.4. Cold spray process

Among additive manufacturing-based technologies, there 
are two distinct groups of techniques primarily divided 
based on their functional task, material types being 
handled, or the degree of complexity in their deposition 
process. These are powder based and non-powder based. 
In the non-powder feed method, such as wire arc AM or 
laser melt deposition wire, a wire feed is melted in a nozzle 
through plasma arc or laser. Whereas in the powder feed 
deposition method, the powder as feedstock is sprayed 
onto a substrate in a supersonic/transonic atmosphere 
to develop 3D coatings or freeform objects through self-
consolidation. The technique thus works as a direct AM 
process in high productivity requirements.

The common denomination among the two groups is 
the requirement of a high thermal energy source, either 

in the form of laser, oxy-fuel combustion, flame spray, or 
detonation spray. Compared with these technologies, cold 
spray neither uses high temperature (e.g., selective laser 
melting or direct metal deposition) nor engages in complex 
chemical processes (e.g., electroplating). This makes cold 
spray the best fit for working with geometries of complex 
shapes and simultaneously accomplishing deposition 
without thickness limitation. According to ASTM F2792-
12A standard, cold spray is a promising AM technology in 
the industry-scale manufacturing landscape. This standard 
is later replaced by ISO/ASTM 52900:2021.

In the cold spray process, the parameters that 
determine a successful deposition also include particle 
morphology shape, type of the material, and the standoff 
distance between substrate and nozzle. The gases used for 
cold spray are helium, nitrogen, and air[7]. Helium is costly 
and is helpful in cases where powder particles should reach 
high critical velocity required for highly dense coatings. 
Helium provides a good working temperature; however, 
nitrogen and air can cut the cost of the manufacture of 
coatings[18]. Nitrogen can also prevent oxidation of the 
coatings[7]. Furthermore, annealing treatments could be a 
good alternative to increase the denseness of the coatings 
instead of using a costly process gas[19].

The typical size range of the powder particles required 
for a successful cold spray should be less than 100 µm. 
The particles having a size larger than 100 µm may not 
get cold sprayed as they are difficult to get accelerated 
to supersonic velocity by the carrier gas. In general, for 
depositing composite powders, the spray conditions and 
parameters are typical, and they may not be the same as 
the parameters used for single-powder deposition. Before 
spraying, the different powders are mechanically milled 
together to make composite agglomerate. In a cermet 
powder feedstock, the metal powder particles act as a 
binder and help to ameliorate bonding. A combination of 
soft metal powders and hard ceramic powders can prevent 
damage to the hard ceramic particles and, hence, help in 
retaining the desired properties intended. This mechanical 
milling also enhances the deposition efficiency and forms 
thick coatings[7,20]. Figure 2 shows the parameters required 
to obtain a successful cold-sprayed coating.

1.5. The metal-ceramic interface bonding 
characteristics in the cold spray process

Combining ceramics and metals is difficult due to their 
different bonding characteristics. In ceramics, atoms have 
ionic and covalent bonds; on the other hand, metals are 
normally associated with metallic bonds. The flow of 
electrons is restricted in ceramics. Moreover, the stable ionic 
and covalent bonds in ceramics reduce surface interactions, 
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reducing adherence with metal. There is also a mismatch 
in the thermal expansion coefficient of metal and ceramic, 
which makes the bonding difficult and may also result 
in interfacial cracks. Cold spray is an excellent technique 
for making an effective metal-ceramic interface because 
it is a low-temperature process that avoids any melting of 
particles or phase transformations. The effectiveness of 
adherence between metal-ceramic interfaces produced by 
the cold spray technique can have a great effect on their 
mechanical and tribological properties[21].

The powder particles, having a velocity greater than 
the critical velocity, get deposited on the substrate. These 
powder particles with high supersonic velocity bombard 
the surface of a substrate and essentially perform the 
desired work of removing the oxide layer on the substrate, 
enhancing the bonding of coatings to the substrate in 
the presence of ceramic particles along with the metal 
particles, enhancing the bonding characteristics. The 
ceramic particles do not deform themselves, but they 
distort the ductile metal matrix and enhance the bonding. 
These ceramic particles may also break into fragments and, 
hence, get embedded in the metal matrix all around, which 
may eventually increase the hardness of the coatings. The 
cermet particles serve the following functions: (i) Cleaning 
the nozzle, (ii) activating the sprayed surface, and (iii) 
densifying the structure[3,22].

2. Pure copper cold spray coatings
Copper as an element specifically known for its exceptional 
electrical and thermal conductivities is greatly used for 
thermal and electrical applications commercially in 
various industries. Several studies have been conducted 
to explore the properties of pure copper and copper-based 

cold spray coatings to prove its superiority in terms of 
quality, sustainability, and economy as compared to other 
available methods for producing coatings.

Fukumoto et al.[23] reported the study of deposition 
behavior and efficiency of cold-sprayed copper coatings 
with respect to changes in substrate temperature, particle 
velocity, gas pressure, and gas temperature. The copper 
particles have mean sizes 5, 10, and 15 µm. According to 
their observations, the 5 µm copper particles produced an 
increase in particle velocity with an increase in gas pressure 
during the cold spraying process. However, the effect of gas 
temperature was not significant on particle velocity. The 
particle velocity was highest for 5 µm copper particles and 
lowest for 15 µm copper particles; this observation shows 
that particle velocity significantly varies with particle mean 
size. Moreover, higher copper particle velocity leads to 
better deposition efficiency.

In the same study, it was also reported that an increase 
in the temperature of the substrate could lead to improved 
deposition. This increase was even more pronounced when 
both pressures of the gas and substrate temperature were 
increased. Figure  3 shows the increase in deposition of 
copper particles with respect to the substrate temperature 
and pressure. This observation could be of good use in 
designing the parameters for cold spray deposition[23].

Borchers et al.[24] studied the deformation behavior of 
cold-sprayed copper coatings by focusing on various areas 
in the coating microstructures seen in the transmission 
electron microscopy micrographs (Figure 4). The regions 
marked as A, B, C, and D in the micrograph correspond to 
the copper particle-particle boundaries. Region “D” shows 

Figure 2. Parameters for successful Cu-MMC cold spray coatings.

Figure  3. Deposition of copper particles with respect to substrate 
temperature and gas pressure[23]. (Reprinted from Journal of Thermal 
Spray Technology, 16, Fukumoto, M., Wada, H., Tanabe, K., Yamada, M., 
Yamaguchi, E., Niwa, A., Sugimoto, M., and Izawa, M., Effect of Substrate 
Temperature on Deposition Behavior of Copper Particles on Substrate 
Surfaces in the Cold Spray Process, 643-650-108, 2007, with permission 
from Springer Nature).
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high dislocation density having dislocation arrangement in 
walls. The marked Region “B” displays aligned elongation 
of grains with high dislocation density. Then, Region “A” 
reveals the ultrafine grains with high dislocation density, 
specifically at the grain boundaries. Finally, Region “C” 
shows dislocation-free regions having deformation twins. 
The direction of flight of the particles has been marked on 
the micrograph along with three other directions showing 
the particle-particle interface.

Basically, particles can be seen making a triple point. 
Between Regions B and D, the particle-particle interface 
is 70°, and between Regions A and C, the particle-particle 
interface is 45°. As seen in the micrograph, there are 
particles impacting at different angles, according to which 
the local temperatures may also be different. This may 
give rise to the process of recrystallization, which can 
account for microstructural changes as compared to the 
initial powder feedstock. As discussed by Borchers et al.[24], 
Region C consisted of twins. This could be due to the high 
strain rate deformation and subsequent recrystallization 
during annealing caused by local temperature increase. 
Due to the extremely short cooling time of around 10-4 
s, the fraction of coating that has recrystallized is very 
less. As far as the deformation in Regions A, B, and D is 
concerned, there could be several steps into which the 
whole recrystallization process can be divided; first, the 
formation of randomly distributed dislocations; second, 
the development of long dislocation cells due to dynamic 
recovery; and third, the elongated subgrains form, followed 
by the breaking up and formation of small equiaxed grains. 
In Region A, the rise in temperature is the highest because 

of the equiaxed grains visible in this region. However, in 
Region B, only the breaking up of elongated subgrains 
was visible, suggesting that the temperature increase was 
not too high as compared to the region A. Furthermore, 
in Region D, only dislocation cells were seen and not the 
subgrains, which shows that the temperature rise was even 
lesser as compared to the Region B as well as A.

Borchers et al.[24] also measured the resistivity of the 
copper coatings, which was identified to have values 
close to the resistivity of cold-rolled copper sheets. In 
their work, they suggested that the cold-sprayed coatings 
can acquire better electrical properties when compared 
to high-velocity oxygen fuel (HVOF)-fabricated copper 
coatings. The copper coatings produced by cold spray were 
very dense, consisting of good metallic bonding between 
the particles. Most importantly, the oxide formation was 
negligible in cold-sprayed copper coatings. However, the 
bond strength of HVOF copper coatings is higher than the 
bond strength of copper cold spray coatings.

3. Copper-based metal matrix composite 
cold spray coatings
The metal matrix composite coatings with copper as the 
base metal are of great commercial importance. Copper-
based MMC coatings can be utilized in power industries, 
especially in the manufacturing of seam welding electrodes, 
electrical contacts, lead wires, and conductors for high-
temperature electrical applications. These coatings can 
be produced through techniques such as HVOF and 
CGDS. The oxide formations and phase transformations 
in the HVOF coatings degrade the properties of the 
coatings. The CGDS process is currently being utilized 
in fabricating various copper-based MMC coatings. 
Several reinforcements such as SiC, CNT, AlN, graphene, 
alumina, MoS2, WC, and TiB2 have been employed to 
make successful cold spray coatings. Each reinforcement 
has characteristic properties; thus, they are selected 
accordingly to impart the same worthy properties in the 
copper metal matrix composite coatings. Several research 
projects have already been done in this area, proving the 
worth of such composite coatings, which are reviewed in 
the next section.

4. Recent investigations into copper-based 
MMC coatings
4.1. Copper-alumina cermet coatings

Several studies have been done on copper as a metallic 
matrix with ceramic reinforcement (also known as 
cermets). Recently, special attention has been given to 
ameliorating mechanical properties and wear resistance 
of various copper-based coatings using hard particles as 

Figure 4. A particle-particle triple point of cold-sprayed copper coating 
is seen in this TEM micrograph[24]. (Reprinted from Materials Research 
Society Symposium – Proceedings, 674, Borchers, C., Stoltenhoff, T., 
Gärtner, F., Kreye, H. and Assadi, H., Deformation microstructure of cold 
gas sprayed coatings, P7.10.1-P.10.6, 2001, with permission from Springer 
Nature).
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additives[25-27]. For example, Koivuluoto et al. successfully 
deposited copper + alumina coatings onto a substrate via 
cold spray process. Dendritic and spherical copper powders 
were mixed with 10 vol.%, 30 vol.%, and 50 vol.% of alumina. 
Then, its cold spraying characteristics were compared with 
that of the pure copper coatings made with dendritic and 
spherical copper powders. The thickness of the copper-
alumina coatings increased with the increasing amount of 
alumina ceramic particles, mainly due to the hammering 
effect of alumina particles on the ductile copper matrix. 
The shot peening effect of the ceramic particles deforms the 
copper powders; thus, porosity decreases, which enhances 
the bonding characteristics. According to Koivuluoto et al., 
the densest coatings obtained were for dendritic copper + 
50 vol.% alumina and 10 vol.% alumina + spherical copper. 
Figures  5-8 show the field emission scanning electron 
microscopy (SEM) micrographs of these coatings. The 
reason for this, as reported, was that the dendritic copper 
particles have a higher surface area and are more prone to 
oxidation as compared to the spherical copper powders. 
Eventually, these dendritic copper powders require more 
deformation to achieve better metal-metal bonding and 
an effective dense coating. However, the Vickers hardness 
of copper + alumina coatings showed a constant rise with 
the increase in alumina particles for the coatings obtained. 

With both dendritic and spherical copper particles, 
the Vickers hardness for all the coatings obtained with 
spherical copper powders is higher (ranging between 106 
Hv and 127 Hv) when compared to the coatings obtained 
with dendritic copper particles (ranging 83 – 103 Hv). 
The corrosion resistance of these coatings made with 
spherical copper powders + alumina was higher than the 
dendritic copper powder coatings. The spherical copper + 
alumina powder coatings were denser, as reported in the 
literature[28].

In another work, Phani et al.[29] successfully cold-
sprayed nanocrystalline copper-alumina powders and 
studied the effect of heat treatments at the temperatures 
of 300°C, 600°C, and 950°C, and inferred that alumina 
particles were effective in stopping the grain growth, 
which is of immense value for commercial applications. 
Figure  9 shows the micrographs of the as-sprayed and 
heat-treated coatings. The variation in the grain size due 
to the heat treatments, as reported, was significantly less 
for copper-alumina coatings compared to pure copper 
coatings. The same trend was detected for microhardness, 
where nanocrystalline copper-alumina coatings had 
higher hardness than the pure copper coatings for all heat 
treatment temperatures. As reported, the copper-alumina 

Figure 5. Field emission scanning electron microscopy micrographs of 
(A) dendritic copper + 10 vol.% Al2O3 and (B) dendritic copper + 30 
vol.% coatings on steel substrate[28]. (Reprinted from Journal of Thermal 
Spray Technology, 19(5), Koivuluoto, H., and Vuoristo, P., Effect of Powder 
Type and Composition on Structure and Mechanical Properties of Cu + 
Al2O3 Coatings Prepared using Low-Pressure Cold Spray Process, 1081 – 
1092, 2010, with permission from Springer Nature).

Figure 7. Field emission scanning electron microscopy micrographs of 
(A) spherical copper + 10 vol.% Al2O3 coatings on steel substrate and its 
(B) detailed microstructure[28]. (Reprinted from Journal of Thermal Spray 
Technology, 19(5), Koivuluoto, H., and Vuoristo, P., Effect of Powder Type 
and Composition on Structure and Mechanical Properties of Cu + Al2O3 
Coatings Prepared using Low-Pressure Cold Spray Process, 1081 – 1092, 
2010, with permission from Springer Nature).

Figure 8. Field emission scanning electron microscopy micrographs of 
(a) spherical copper + 30 vol.% Al2O3 and (B) spherical copper + 50 vol.% 
coatings on steel substrate[28]. (Reprinted from Journal of Thermal Spray 
Technology, 19(5), Koivuluoto, H., and Vuoristo, P., Effect of Powder Type 
and Composition on Structure and Mechanical Properties of Cu + Al2O3 
Coatings Prepared using Low-Pressure Cold Spray Process, 1081 – 1092, 
2010, with permission from Springer Nature).

B

B
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A
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Figure 6. Field emission scanning electron microscopy micrographs of 
(A) dendritic copper + 50 vol.% Al2O3 coatings on steel substrate and its 
(B) detailed microstructure[28]. (Reprinted from Journal of Thermal Spray 
Technology, 19(5), Koivuluoto, H., and Vuoristo, P., Effect of Powder Type 
and Composition on Structure and Mechanical Properties of Cu + Al2O3 
Coatings Prepared using Low-Pressure Cold Spray Process, 1081 – 1092, 
2010, with permission from Springer Nature).

BA
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coatings showed only a 9% reduction in hardness post-
heat treatment at 950°C, whereas the pure cold-sprayed 
copper showed a 55% decrease in hardness, which gives 
nanocrystalline copper-alumina coatings an edge over 
coarse-grained copper coatings. The electrical conductivity 
of nanocrystalline copper-alumina coatings was reported 
to be around 20 – 25 MS/m, which is lesser than the 
conductivity of nanocrystalline copper coatings which 
had a reported value of around 50 MS/m. This electrical 
conductivity behavior of the coatings could be attributed 
to the presence of alumina ceramic particles[29].

In addition to the studies above, Winnicki et al.[30] 
studied the corrosion resistance of copper-alumina cold 
spray coatings with cyclic salt spray and Kesternich tests. 
As reported, even after 18 cycles of NaCl sprays on copper-
alumina coatings, there was no significant corrosion, 
possibly because of the low amount of ceramic particles 
in the Cu + Al2O3 coating accounting to lesser weak metal 
ceramic interfaces allowing the chloride ions to penetrate 
in them, so there was no buckling in the coatings. However, 
for the Kesternich test performed in sulfur dioxide 
environment, there were some small cracks at the boundary 
between the substrate and the coatings. Furthermore, the 
electrical conductivity test performed on copper-alumina 
coatings also did not show a huge difference in electrical 
conductivity between as-sprayed copper-alumina coatings 
and the copper-alumina coatings after the two corrosion 
tests (salt spray and Kesternich tests). The electrical 
conductivity reported for as-sprayed copper-alumina 
coating was 62% IACS. However, interestingly, the drop 

in electrical conductivity of copper-alumina coatings 
was very less after the salt spray test and Kesternich test. 
Electrical conductivity values of 51% IACS and 58% IACS 
were measured for copper-alumina coatings after salt 
spray and Kesternich tests, respectively. According to the 
analysis, there were layers of Cu2Cl(OH)3 (paracetamite), 
which might also enhance corrosion resistance[30].

Chen et al.[31] prepared copper-alumina-graphite cold-
sprayed coatings (for lubrication purposes) with 304 
stainless steel plates as substrates. The feedstock powders 
prepared were pure copper, copper-alumina (10 wt.%), and 
copper-alumina (10 wt.%)-copper-coated graphite (5 wt.%, 
10 wt.%, and 20 wt.%) powders. As reported, the pure 
copper coatings had around 365 µm thickness along with 
small pores. However, with the incorporation of 10 wt.% 
alumina, the number of pores was significantly reduced, 
possibly due to the hammering effect of alumina ceramic 
particles. The thickness of the coating also drastically 
improved to 859  µm. However, with the addition of 
copper-coated graphite, the thickness of coatings was 
reduced to 480, 400, and 562  µm for copper-alumina 
(10  wt.%)-copper-coated graphite (5 wt.%, 10 wt.%, and 
20  wt.%) cold-sprayed coatings, respectively. Figure  10 
shows SEM micrographs of Cu-based solid lubricating 
cold spray coatings.

As reported, among the hardness values of copper-
based coatings, copper-alumina coatings had the highest 
Brinell hardness of 114.3 as compared to the pure copper 
coating with a Brinell hardness of 97.0 as well as with 
copper-alumina-copper-coated graphite coatings ranging 
around 107.3 – 88.2. There was a decrease in hardness with 
the increasing amount of copper-coated graphite in the 
copper-based LPCS solid lubricant coatings. The lamellas 
of copper in the copper-alumina-copper-coated graphite 
5 wt.% are large with less plastic deformation. However, 
with the increase in copper-coated graphite content from 
5 wt.% to 10 wt.% and further to 20 wt.%, the relative 
plastic deformation increased, which could be mainly due 
to the hammering effect and the relatively higher amount 
of alumina in copper-alumina (10 wt.%)-copper-coated 
graphite (10 wt.% and 20 wt.%)[31].

Dry sliding wear performance of copper-based solid 
lubrication coatings was also studied by Chen et al.[31]; 
they found that the pure copper coatings had a friction 
coefficient of 0.82 and the copper-alumina coatings had 
a friction coefficient of 0.94. With the incorporation 
of copper-coated graphite, the friction coefficient 
was reduced due to the increase in solid lubrication. 
The reported values of friction coefficients were 0.69, 
0.29, and 0.34 for copper-alumina (10 wt.%)-copper-
coated graphite (5 wt.%, 10 wt.%, and 20 wt.%) cold-

Figure 9. Microstructure of (A) copper coating (as-sprayed), (B) copper 
coating heat treated at 950°C, (C) copper-alumina coating (as sprayed), 
and (D) copper-alumina coating heat treated at 950°C[29]. (Reprinted 
from Acta Materialia, 55, Sudharshan Phani, P., Vishnukanthan, V., and 
Sundararajan, G., Effect of heat treatment on properties of cold-sprayed 
nanocrystalline copper-alumina coatings, 4741 – 4751, 2007, with 
permission from Elsevier).
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sprayed coatings, respectively. The wear rate of these 
copper-based coatings also improved with the addition 
of copper-coated graphite. The reported values were 
2.53 × 10-4   mm3/Nm, 2.18 × 10-4   mm3/Nm, and 1.2 × 
10-4   mm3/Nm for copper-alumina (10 wt.%)-copper-
coated graphite (5 wt.%, 10   wt.%, and 20 wt.%) cold-
sprayed coatings, respectively. Graphite helps in the 
formation of tribolayer, and the alumina particles 
provide load support. The combination of both provides 
the lowest wear rate for the copper-alumina (10 wt.%)-
copper-coated graphite (20 wt.%) cold-sprayed coating. 
The increase in the amount of graphite in the coatings 
leads to a lower wear rate of the coating.

In Figure  11, the worn-out cross-section of pure 
copper, copper-alumina, and copper-alumina (10 wt.%)-
copper-coated graphite (10 wt.%) cold-sprayed coatings is 
presented. As reported and seen in the microstructure, a 
mixed tribolayer was formed on the pure copper coatings, 
with a thickness of around 5 – 10 µm with a mixture of large 
and ultrafine grains, possibly due to the plastic deformation 
of pure copper. The presence of ultrafine grains improves 
the plastic deformation and, thereby, the strength and wear 
resistance of the material. However, the addition of alumina 
ceramic particles may induce cracks during wear test because 
of the incompatibility at the ceramic metal matrix interface. 
However, for the case of copper-alumina (10 wt.%)-copper-

Figure 10. Scanning electron microscopy micrographs of Cu-based solid lubricating cold spray coatings: (A) Copper, (B) copper-alumina, (C) copper-
alumina-copper-coated graphite 5 wt.%, (D) copper-alumina-copper-coated graphite 10 wt.%, and (E) copper-alumina-copper-coated graphite 20 wt.%[31]. 
(Reprinted from Journal of Thermal Spray Technology, 27(8), Chen, W., Yu, Y., Cheng, J., Wang, S., Zhu, S., Liu, W., and Yang, J., Microstructure, Mechanical 
Properties and Dry Sliding Wear Behavior of Cu-Al2O3-Graphite Solid-Lubricating Coatings Deposited by Low-Pressure Cold Spraying, 1652 – 1663, 
2018, with permission from Springer Nature).
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coated graphite (10 wt.%) cold-sprayed coating, a tribolayer 
of copper, alumina, and graphite enhanced the solid 
lubrication, which resulted in no crack formation[31].

4.2. Copper-carbon nanotube (CNTs) coatings

The CNTs have excellent properties such as stiffness, 
strength, elastic modulus, electrical, and thermal 
conductivities. Because of the properties of CNTs, the 
studies on the incorporation of CNTs in composites are 
widely pursued[6,32-37]. CNTs can be used as reinforcements 
in improving strength of composites[38-40]. In 2012, Cho 
et  al.[41] prepared multi-walled CNT (MWCNT) reinforced 
copper coatings by cold spray method. As reported, they 
could substantially avoid the structural damage caused to 
the CNTs by the low-pressure cold spray process compared 
to other thermal and high-pressure fabrication processes. 
In their work, the ball milling process employed to mix the 
CNTs with copper powder ensured a satisfactory level of 
mixing of the particles before spraying. The 3 vol.% multi-
walled CNT in copper powder feedstock was successfully 
sprayed onto the aluminum substrate, and the coatings 
produced had high thermal diffusivity compared to pure 
copper coatings. The CNTs were homogeneously dispersed 
in the copper matrix, which accounted for high thermal 
diffusivity. In some previous reports, the presence of 
bundled or non-homogeneous dispersion of CNT decreases 
thermal diffusivity[42,43]. Therefore, Cho et al. employed ball 
milling as an effective strategy to enhance the homogeneous 

distribution of CNTs in the copper matrix. The MWCNT 
and copper had good clean and closed interfaces, 
contributing to low thermal resistance. Furthermore, these 
were moderately damaged by the ball milling process, 
which helped retain the desirable properties in the coatings.

In another study, Pialago and Park[44] further increased the 
amount of CNTs in the copper composite powder feedstock 
to 15 vol.%. They successfully deposited copper CNT 
composite powders via cold spray process after ball milling. 
According to the report, with the increase in the volume 
percent of CNT reinforcement particles in the feedstock 
(ranging from 5 to 15 vol.%), the deposition efficiency 
decreased. Furthermore, the particle size decreases with 
increasing ceramic content, mostly because the embedded 
CNTs initiated the cracks during ball milling. This process 
enhanced the fracturing against the cold welding process of 
the particles. The cold welding and fracturing of the powder 
particles may also vary with different milling parameters 
such as powder composition, size of the balls used, ball-to-
powder ratio, and time of milling[44].

Furthermore, from the study by Pialago et al.[45], they 
fabricated copper-based metal matrix composites with 
CNT and SiC additions (Figure 12). The compositions they 
made were copper 5%CNT, copper 5%CNT-10%SiC, and 
copper 5%CNT-20%SiC along with pure copper coatings. 
As expected, it was reported that with the increase in 
ceramic content, the fracturing of powder particles (while 
milling) decreased compared to cold welding, possibly 
because the CNT and SiC served as crack initiators. 
Interestingly, the copper 5%CNT-20%SiC was an exception 
as there was an agglomeration in these powder particles 
because of increased surface energy due to a reduction in 
the size of particles. A similar trend was seen in deposition 
efficiency, where pure copper had the highest deposition 
efficiency. However, the deposition efficiency decreased 
with increasing ceramic content for copper 5%CNT and 
copper 5%CNT-10%SiC. Note that copper 5%CNT-
20%SiC had deposition efficiency and coating thickness 
almost equivalent to pure copper coatings. The reason 
reported for this exception was the increased amount of 
ceramics that enhance metal deformation and increase 
deposition efficiency. Furthermore, copper 5%CNT-
20%SiC coatings had the highest hardness, around 240 
Hv0.1, as compared to all other coatings[45].

The cold spray ternary coatings of copper-CNT-AlN 
composites were also studied in the literature[46]. These 
composites were produced by the ball milling mechanical 
alloying technique. The coating compositions made were 
copper-5CNT, copper-5CNT-10AlN, copper-10CNT-
20AlN, and pure copper (Figure  13). The deposition 
efficiency reported was highest at around 0.2 for pure 

Figure  11. Scanning electron microscopy micrographs of wear cross-
section regions in copper-based coatings: (A) Pure copper, (B) copper-
alumina (10 wt.%), (C) copper-alumina (10 wt.%)-copper-coated graphite 
(10 wt.%), and (D) energy-dispersive spectrum of copper-alumina 
(10  wt.%)-copper-coated graphite (10 wt.%) tribolayer[31]. (Reprinted 
from Journal of Thermal Spray Technology, 27(8), Chen, W., Yu, Y., Cheng, 
J., Wang, S., Zhu, S., Liu, W., and Yang, J., Microstructure, Mechanical 
Properties and Dry Sliding Wear Behavior of Cu-Al2O3-Graphite Solid-
Lubricating Coatings Deposited by Low-Pressure Cold Spraying, 1652 – 
1663, 2018, with permission from Springer Nature).
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copper coatings. The deposition efficiency decreased to 
0.12 with the addition of CNT (copper 5CNT coatings). 
However, copper-5CNT-20AlN coatings had slightly 
better deposition efficiency than copper-5CNT-10AlN 
coatings. It was also reported that there were small pores 
in copper-5CNT-10AlN and copper-10CNT-20AlN that 
open toward the surface as compared to copper-5CNT 
coatings. Furthermore, copper-5CNT-10AlN coatings 
were rougher as well as porous than copper-5CNT-20AlN 
coatings. The pore volumes and surface roughness were 
the least for copper-5CNT-20AlN coatings compared to 
the copper-5CNT-10AlN and copper coatings.

4.3. Copper-silicon carbide cermet coatings

Winnicki et al.[30] manufactured and studied the corrosion 
resistance of copper-SiC coatings. In their work, after 
18 cycles of salt spray test, the copper SiC coatings showed 
good corrosion resistance and the buckling of coatings 
was not so pronounced. As reported by the author, this 
could be because of the high amount of SiC particles in the 
coating creating a high amount of ceramic-metal interface, 
leading to the penetration of chloride ions in them. This 

effect was not so pronounced in Cu+Al2O3 coating work 
done by Winnicki et al. as mentioned above earlier. 
However, after 18  cycles of Kesternich test in a sulfur 
dioxide environment, the buckling of copper-SiC coatings 
was evident. As reported, the electrolyte having the sulfate 
ions was penetrating into the coating. Furthermore, it was 
claimed by the author that SiC might be serving as an inert 
electrode, facilitating the galvanic corrosion, resulting in 
the delamination of copper-SiC coatings, which is not the 
case with copper-alumina coatings. This lack of corrosion 
resistance also resulted in a decrease in the electrical 
conductivity of as-sprayed copper-SiC coatings. The 
reported electrical conductivity values were 49% IACS for 
as-sprayed copper-SiC coatings and around 20% IACS for 
both cases of corrosion tests (salt spray test and Kesternich 
test) for copper SiC coatings[30].

Recently, Chen et al.[47] cold-sprayed copper-SiC 
coatings along with pure copper, copper-  Al2O3, and 
copper-WC coatings. The compositions made were pure 
copper, copper-alumina (15 wt.%), copper-SiC (15 wt.%), 
and copper-WC (15 wt.%). As reported, the density of 
SiC·Al2O3, WC were 3.2 g/cm3, 3.5 g/cm3, and 15.63 g/cm3. 

Figure 12. Scanning electron microscopy micrographs and powder size distributions of (A) Cu-5CNT, (B) Cu-5CNT-10SiC, and (C) Cu-5CNT-20SiC[45]. 
(Reprinted from Ceramics International, 41(5), Pialago, E. J. T., Kwon, O. K., and Park, C. W., Cold spray deposition of mechanically alloyed ternary Cu–
CNT–SiC composite powders, 6764 – 6775, 2015, with permission from Elsevier).
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Therefore, due to this density, the deposition of SiC and 
Al2O3 was good enough as compared to the tungsten 
carbide particles during the cold spray process. The ceramic 
content of copper-SiC and copper-Al2O3 coatings on an 
average reported was 7.5 + 3.2 vol.% and 10.5 + 2.7 vol.%, 
respectively. The wear rate of pure copper coatings was 
289.57 × 10-6 mm3/Nm and the reported wear rates for 
copper-SiC and copper-Al2O3 cold-sprayed coatings 
were 207.42 × 10-6 mm3/Nm and 70.88  ×  10-6  mm3/Nm, 
respectively. The microhardness values reported for copper-
SiC and copper-Al2O3 were 167.36 Hv and 165.01 Hv, 
which were higher as compared to the cold-sprayed copper 
coatings around 159.55 Hv. Again, the nanohardness values 
of copper-SiC and copper-Al2O3 coatings are 2.18 GPa and 
2.28 GPa, respectively, which are higher than that of pure 
copper coatings around 2.06 GPa. Furthermore, according 
to Chen et al., the wear mechanism of pure copper and 
copper-SiC coatings is adhesive in nature, whereas the 
copper-Al2O3 coatings have an abrasive wear mechanism 
due to the high bond strength between copper-alumina 
particles. Furthermore, the thermal conductivities of 
copper-SiC and copper-Al2O3 which were 164.388 W/m-K 

and 156.911  W/m-K, respectively, at 50°C increased 
to 209.407  W/m-K and 213.482  W/m-K after the heat 
treatment of these cold-sprayed coatings. Therefore, the 
merits of copper-alumina coatings seem to be better, but 
a thorough research on copper-SiC coatings might bring 
their characteristic properties into light and prove their 
commercial importance[47].

4.4. Copper-graphene coatings

Graphene is a wonder material, having excellent electrical 
conductivity, thermal conductivity, and mechanical 
strength[48,49]. Good quality graphene can be produced 
by chemical vapor deposition (CVD) method[50]. 
Graphene nanoplates (GNPs) are widely used in the 
production of metal matrix composites as they can be 
manufactured economically and in large quantities[51]. 
Yin et al.[52] produced GNP-reinforced copper matrix 
coatings intending to improve anti-friction performance. 
As reported, ball milling of copper and GNP powders 
was done; thus, copper-GNP (1 vol.%) powder feedstock 
was produced. The feedstock was then cold sprayed on 
an aluminum substrate. Then, a wear test was performed 

Figure 13. Scanning electron microscopy micrographs and powder size distributions of (A) Cu-5CNT, (B) Cu-5CNT-10AlN, and (C) Cu-5CNT-20AlN[46]. 
(Reprinted from Journal of Alloys and Compounds, 650, Pialago, E. J. T., Kwon, O. K., Kim, M.-S., and Park, C. W., Ternary Cu–CNT–AlN composite 
coatings consolidated by cold spray deposition of mechanically alloyed powders, 199 – 209, 2015, with permission from Elsevier).
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on pure copper cold spray coatings, cold-sprayed copper 
GNP (1 vol.%) coatings, and spark plasma sintered copper 
GNP coatings. Interestingly, the friction coefficient of 
cold-sprayed copper GNP (1 vol.%) coatings was 20% 
lesser than that of pure copper cold spray coatings. 
Furthermore, when compared to spark plasma sintered 
copper-based coatings, the cold-sprayed copper-GNP 
coatings performed better at the same volume percent of 
GNP in the copper matrix. The anti-friction performance 
was the optimum for copper-GNP cold-sprayed composite 
coatings. The worn surface of copper-GNP cold-sprayed 
coatings had very little debris and delamination. The GNPs 
existing at the worn surface were fractured during the wear 
test, which provided a graphene-rich film that lubricates 
the worn surface. Hence, the anti-friction performance is 
significantly improved[52].

In another work, Choi et al.[53] deposited graphene-
copper cold spray coatings with copper powders and 
graphene grown on copper powders by CVD technique. As 
reported, the copper particles were coated with graphene 
through CVD process by introducing the powder copper 
particles to CH4, H2, and Ar gases at 100 Pa pressure for 
30 min. The graphene-coated copper powder particles were 
then mixed with pure copper particles at a 1:3 ratio mixture, 
which was then cold sprayed onto an aluminum plate. The 
author claims to have created graphene copper composite 
cold spray coatings with minimal damage to graphene. The 
possibility of agglomeration due to high surface energy and 
Van der Waals forces of graphene could also be avoided by 
the CVD processing technique followed by cold spraying. 
The damage to graphene that happened during cold spray 
was evaluated by ID/IG ratio through Raman spectroscopy 

analysis. The ID/IG ratio for composite particles was 0.72, 
which became 0.62 after the cold spray process. This result 
shows that the damage to graphene was not significant. It is 
possible that the low temperature of carrier gas could have 
prevented thermal damage and oxidation of graphene. 
Furthermore, the band for the graphene also did not shift. 
It was at the same position 1588 cm-1 for both composite 
powders and coatings, indicating very low compressive 
residual stress induced during the cold spray process. The 
interatomic forces between graphene and copper particles 
due to the high electron density at the interface between 
copper and graphene prevented the pullout of graphene 

Figure  14. Scanning electron microscopy micrographs of sliding mark 
on the copper surface and composite film surface[53]. (Reprinted from 
Diamond and Related Materials, 116, Choi, J., Okimura, N., Yamada, T., 
Hirata, Y., Ohtake, N., and Akasaka, H., Deposition of graphene-copper 
composite film by cold spray from particles with graphene grown on 
copper particles, 108384, 2021, with permission from Elsevier).

Figure 15. The measured coefficient of friction for copper and composite 
film[53]. (Reprinted from Diamond and Related Materials, 116, Choi, 
J., Okimura, N., Yamada, T., Hirata, Y., Ohtake, N., and Akasaka, H., 
Deposition of graphene-copper composite film by cold spray from 
particles with graphene grown on copper particles, 108384, 2021, with 
permission from Elsevier).
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Figure 16. Coefficient of friction for copper, copper-MoS2, and copper-
MoS2-WC[63]. (Reprinted from Tribology International, 123, Zhang, Y., 
Epshteyn, Y., and Chromik, R. R., Dry sliding wear behavior of cold-
sprayed Cu-MoS2 and Cu-MoS2-WC composite coatings: The influence 
of WC, 296 – 306, 2018, with permission from Elsevier).
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from copper particles by the Van der Waals forces, which 
became an advantage for cold spraying and enhanced wear 
resistance characteristics[53].

In Figure 14, worn areas of copper and its composite 
coatings are shown[53]. The graphene copper composite 
coatings had a better friction coefficient of 0.46, and 
copper coatings had a friction coefficient of 0.6, as shown 
in Figure  15. Furthermore, the wear rates for graphene 
copper composite coatings were 5.2 × 10-4 mm3/Nm and 
that for pure copper coatings were 8.6 × 10-4 mm3/Nm[53].

4.5. Copper-MoS2 composite coatings

Metal matrix composites that have good wear resistance 
and self-lubricating properties can be used for making 
bearings[54]. In this material type, MoS2 particles can play 
an effective role in reducing friction and wear rate[55]. The 
addition of ceramic particles into self-lubricating metal 
matrix composites is a good practice to ameliorate the wear 
resistance and strength of these composites[56-61]. Moreover, 
cold spray can be a beneficial method for spraying metal 
matrix composites powder feedstock containing MoS2 
because there could be no decomposition or phase 
transformations of solid lubricant MoS2 as the cold spray 
process does not involve very high temperatures. Brittle 
compounds such as Cu2S and CuMo2S3 may cause an 
increase in friction and wear, eliminating the purpose 
of solid lubricant when the Cu-MoS2 composites are 
fabricated through sintering[62].

Zhang et al.[63] studied the sliding wear behavior of 
copper-MoS2 and copper-MoS2-WC cold spray coatings. 
As reported, the sliding wear experiment done showed that 
copper-MoS2-WC coatings had low friction and wear rate 
compared to copper-MoS2 coatings. The tungsten carbide 
particles helped reduce the friction; wear became uniform 
throughout the wear track, as shown in Figure  16. The 
tungsten carbide particles embedded in the coating had a 
thin layer of copper, which could be an advantage because 
the function of hard particles like tungsten carbide is not 
only to reduce friction but also to not serve as abrasives 
during wearing by having direct contact. In that work, 
the authors did not use a high volume percent of tungsten 
carbide in the coatings; probably, because tungsten carbide 
particles can compromise the bond strength. As far as 
copper-MoS2 coatings were concerned, the MoS2 particles 
smeared out during sliding and replenishing the particles 
continued with sliding. However, for copper-MoS2-WC 
coatings, more wear debris accumulation due to WC 
particles suggests a low wear rate. There was an active 
transfer of material due to rapid wear debris removal in 
the case of copper-MoS2 coatings. This led to detachments 
and cracks on copper-MoS2 wear tracks, which was not 

observed in copper-MoS2-WC wear track. Furthermore, 
the subsurface microstructures of copper-MoS2-WC wear 
tracks suggested that the WC particles also served as load 
bearers and protected the rest of the surface from severe 
plastic deformation. The presence of the ultrafine grains 
only around the WC particles proved it. While for the 
copper-MoS2 coatings, the ultrafine grains were present 
everywhere on the worn surface. The cracks on copper-
MoS2 wear tracks were again due to the already work 
hardened ultrafine grains present all over the surface of the 
wear track.

4.6. Copper-TiB2 composite coatings

Copper-TiB2 composite fabrication has received much 
attention due to its vivid applications that require properties 
such as electrical conductivity, thermal conductivity, wear 

Figure 18. Microstructures of copper-43 vol.% TiB2 cold spray coating: 
(A) Etched with (NH4)2S2O8 aqueous solution and (B) etched with FeCl3 
aqueous solution[70]. (Reprinted from Composites Science and Technology, 
67(11), Kim, J. S., Kwon, Y. S., Lomovsky, O. I., Dudina, D. V., Kosarev, 
V. F., Klinkov, S. V., Kwon, D. H., and Smurov, I., Cold spraying of in 
situ produced TiB2–Cu nanocomposite powders, 2292 – 2296, 2007, with 
permission from Elsevier).

Figure 17. Copper-43 vol.% TiB2 feedstock powders formed as product 
after the SHS reaction for cold spraying[70]. (Reprinted from Composites 
Science and Technology, 67(11), Kim, J. S., Kwon, Y. S., Lomovsky, O. I., 
Dudina, D. V., Kosarev, V. F., Klinkov, S. V., Kwon, D. H., and Smurov, 
I., Cold spraying of in situ produced TiB2–Cu nanocomposite powders, 
2292 – 2296, 2007, with permission from Elsevier).
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resistance, and strength[64-68]. Titanium diboride particles 
do not react with copper; it has a high melting point, 
high strength, resistance to wear, and hardness[69], which 
make them attractive for applications in the electrical 
industry[66,70].

In 2007, Kim et al.[70] were successful in spraying 
copper-43 vol.% TiB2. As reported, titanium, boron, and 
copper nanocomposite powders were subjected to ball 
milling for 2 min and then subjected to self-propagating 
high-temperature synthesis reaction (SHS). Further, the 
product obtained after self-propagating high-temperature 
synthesis reaction was milled again to obtain optimum size 
TiB2 particles, as shown in Figure 17. The heat of the SHS 
reaction got distributed evenly all around due to the good 
thermal conductivity of copper, which helped in the proper 
formation of TiB2 particles. This powder feedstock was 
sprayed onto a copper substrate. The cold-sprayed coating 
was reported to be 70 µm in thickness. The coatings were 
very dense, possibly due to the huge plasticity difference 
between the copper and TiB2 in these coatings. As reported, 
the coatings etched with (NH4)2S2O8 aqueous solution, as 
shown in Figure  18A, display the microstructure of the 

composite coating. The powder particles are closely packed 
in the coatings. Furthermore, in Figure 18B, the coatings 
etched with FeCl3 solution are shown where the selective 
removal of copper from the surface leaves behind the 
network of TiB2 phase. The Vickers hardness of copper-43 
vol.% TiB2 coating was reported to be 378 Hv which was 
much higher than that of the pure copper cold spray 
coatings, having a Vickers hardness of around 159.55 Hv as 
reported by Chen et al.[47]. The titanium diboride structure 
is responsible for the high hardness of copper-43 vol.% 
TiB2 cold-sprayed coatings.

In another work, Calli et al.[71] produced cold-sprayed 
pure copper, copper-B4C, copper-TiB2, and copper-TiC 
coatings. As reported, the electrical conductivity of pure 
copper coatings was equivalent to that of the copper-
TiB2  (12.5 vol.%), around 36.0 MS/m, which is more 
than that of the copper-B4C (12.5 vol.%) coatings and 
copper TiC (12.5 vol.%). This observation may be due to 
the electrical conductivity of the ceramic particles used. 
However, the relative wear rates (RWRs) were lowest 
for copper-TiB2 coatings compared to copper-TiC and 
copper-B4C coatings. This result could be due to the third 

Table 1. Summary of cold spray deposition parameters for copper‑based cold spray coatings

Powder Composition Particle diameter 
(µm)

Gas Po To SoD 
(mm)

Q (g/min) Substrate Ref.

Copper Pure copper Cu (ACU 325) N2 2.8 MPa 500°C 35 32.1+1.14 Cu [45]

Cu-Al2O3 Cu 90,70,50
Al2O3 10, 30, 50

25+5 Air 6 bar 540°C 10 - Steel [30]

Cu-Al2O3 – Cu 
coated graphite

Cu (90, 85, 80, and 70 wt.%), 
Al2O3 (10 wt.%),
Cu coated graphite (0, 5, 10, 
and 20 wt.%)

Cu (20.18 µm), Al2O3 
(4.41 µm), Cu coated 
graphite (47.77 µm)

Air 0.8 MPa 500°C 10 14 – 16 304SS  [31]

Cu-CNT Cu 100, 95, 90, 85
CNT 0, 5, 10, 15

10 – 30 N2 2.8 MPa 500°C 35 22.51 – 28.88 - [44]

Cu-CNT-SiC Cu (95 vol.%)-CNT (5 vol.%)
SiC (10 and 20 vol.%)

Cu (ACU 325) CNT (5 
– 20 nm) SiC (320 grit)

N2 2.8 MPa 500°C 35 23.60 – 28.88 Cu  [45]

Cu-CNT-AlN Cu (95 vol.%)-CNT (5 vol.%)
AlN (10 and 20 vol.%)

Cu (ACU 325) CNT 
(5 – 20 nm) AlN (7 – 
30 µm)

N2 2.8 MPa 500°C 35 21.95 – 28.88 Cu [46]

Cu- MwCNT Cu (97 vol.%)
MwCNT (3 vol.%)

0.5 – 3 Air 0.6 MPa 200°C - - Al [41]

Cu-graphene Cu (99 vol.%)
Graphene (1 vol.%)

Cu 15-38 µm
Graphene
5 – 30 nm

He 2 MPa 25°C 40 - Al [52]

Cu-graphene Pure copper powder coated 
with graphene

20 Air 0.6 MPa 720 K 12 8.21 Al [53]

Cu-MoS2 Cu 85 vol.%/MoS2 (15 vol.%) Cu (26 µm)
MoS2 (68 µm)

N2 5 MPa 800°C - Cu (34.8)
MoS2 (3.6)

AA6061 [63]

Cu-MoS2-WC Cu 85 vol.%, MoS2 (14 vol.%), 
WC (11 vol.%)

Cu (26 µm)
MoS2 (68 µm)
WC (30 µm)

N2 5 MPa 800°C - Cu+WC (39.4)
MoS2 (3.6)

AA6061 [63]
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body abrasion mechanism, which happens due to the 
detachment of ceramic particles that break the oxide layer 
of metal during wear tests. The reported RWRs were 1.0, 
2.7, 3.13, and 5.95 for pure copper, copper-TiB2, copper 
B4C, and copper TiC coatings, respectively. The coating 
thickness obtained for copper TiB2 coatings was 1690 µm, 
which was much higher than that of pure copper (825 µm), 
copper B4C (270 µm), and copper TiC (550 µm).

5. Cold spray deposition parameters and 
properties of copper-based cold spray 
coatings
Different reinforcements such as Al2O3, graphite, CNT, 
WC, MoS2, and TiB2 provide different properties to 
the copper-based cold spray coatings. These properties 
vary with the number of reinforcements employed, the 
morphology of powder particles, deposition conditions 
implemented, interface bonding characteristics, and 
characteristic properties of reinforcements. Table  1 
shows the deposition parameters and compositions of the 
copper-based cold spray coatings and their substrates in 
the literature. The particle diameter generally preferred 

for copper-based cold spray coatings is between 10  µm 
and 50 µm to ensure good deposition efficiency. The low 
deposition temperatures also ensure that changes in the 
structural and mechanical properties are also minimized, 
and the purpose of the addition of ceramic particles is 
accomplished. The gases used for cold spray deposition 
have been helium, nitrogen, and air. Helium and nitrogen 
generally can help reduce oxidation. However, the authors 
who utilized air for cold spray deposition did not report 
any considerable oxidation of powder particles. The various 
substrates used for cold spray deposition in the references 
by different authors depend on various possible industrial 
applications of these coatings according to commercial 
acceptance. The applications of such copper-based cold 
spray coatings can be for seam and spot welding electrodes, 
conductors used for high-temperature applications, lead 
wires, electrical contacts, switches, etc.[29] Every material 
used as a reinforcement in the copper-based cold spray 
coatings serves its intended purpose.

In Table 2, a summary of the properties of various copper-
based cold spray coatings with different reinforcements 
in the literature is presented. Numerous tests have been 
conducted by different authors to verify the effect of 

Table 2. Comparison of various properties of copper‑based cold spray coatings

Powder Composition Electrical 
conductivity

Friction 
coefficient

Wear rates Microhardness Ref.

Copper Pure copper 36 MS/m 0.6 8.6×10-4 140 – 160 Hv0.3 [23,53,71]

Cu-Al2O3 Cu (50 wt.%),
Al2O3 (50 wt.%)

62% IACS - - 83 – 127 Hv0.3 [30]

Cu-Al2O3 – Cu 
coated graphite

Cu (90, 85, 80, and 70 wt.%), 
Al2O3 (10 wt.%)
Cu-coated graphite (0, 5, 10, and 
20 wt.%)

- 0.34 – 0.94 2.53×10-4 to 1.2×10-4 114.3 – 88.2 
Brinell hardness

[31]

Cu-CNT Cu 100, 95, 90, 85
CNT 0, 5, 10, 15

- - - 160 – 230 Hv0.1 [45]

Cu-CNT-SiC Cu (95 vol.%)-CNT (5 vol.%)
SiC (10 and 20 vol.%)

- - - 190 – 260 Hv0.1 [45]

Cu- MwCNT Cu (97 vol.%) MwCNT (3 vol.%) - - - 303.64 [41]

Cu-graphene Pure copper powder coated with 
graphene

0.46 5.2×10-4 [53]

Cu-MoS2 Cu 85 vol.%/MoS2 (15 vol.%) - 0.38 – 0.4 210×10-6 to 35×10-6 75 – 132 Hv0.2 [63]

Cu-MoS2-WC Cu 85 vol.%, MoS2 (14 vol.%), 
WC (11 vol.%)

- 0.27 – 0.33 123×10-6 to 19×10-6 87 – 135 Hv0.2 [63]

Cu-TiB2 Cu-12.5 vol% TiB2 36 MS/m - Relative wear rate (with 
pure copper as 1) 2.7

156 Hv 0.025 [71]

Cu-B4C Cu-12.5 vol% TiB2 34.3 MS/m - Relative wear rate 
(with pure copper as 1)

3.13

151 Hv 0.025 [71]

Cu-TiB2 Cu-12.5 vol% TiB2 35.6 MS/m - Relative wear rate 
(with pure copper as 1)

5.95

157 Hv 0.025 [71]
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reinforcements in copper-based cold spray coatings. The 
electrical conductivity of pure copper and copper-based 
cold spray coatings considerably depends on the deposition 
parameters and porosity in the coatings. In general, 
higher porosity leads to lower electrical conductivity. The 
addition of reinforcements may or may not contribute 
to the increase in electrical conductivity, possibly due to 
the ineffectiveness of deposition, effective deformation of 
copper matrix, the amount of reinforcement used, and 
characteristic property of the reinforcements. Another 
property with commercial importance is the friction 
coefficient and wear rate. The addition of reinforcements 
such as graphite and MoS2 imparts good lubrication 
properties, which decreases the friction coefficient and wear 
rates of the copper-based cold spray coatings. However, in 
such coatings, there could be a decrease in hardness values, 
possibly due to the weak interface bonding between metal 
matrix and reinforcement. Furthermore, this decrease in 
microhardness trend was not visible for reinforcements 
specifically used to improve the strength and hardness of 
copper-based cold spray coatings.

6. Conclusions and scope for future work
Pure copper and copper-based cold spray coatings are an 
interesting area of research in power industries. Copper-
based cold spray coatings can enhance electrical and 
thermal conductivity, wear, and corrosion resistance, 
along with proper hardness and strength of components. 
The deposition parameters required for the cold spray of 
the copper-based coatings discussed in this work mainly 
consist of the gases used for cold spray, the pressure of the 
gas, standoff distance, and powder feedstock preparation 
for cold spraying by milling process with the incorporation 
of surfactants. Surfactants play a huge role in powder 
preparation, according to the size range required for 
cold spraying process. The mechanical milling process 
is an effective method to produce powder feedstock 
with homogeneity. The homogeneous distribution of 
reinforcement particles in the metallic copper matrix 
provides uniform mechanical and tribological properties.

Numerous research works focused on different types of 
reinforcements in copper-based cold spray coatings have 
been done. These different reinforcements provide unique 
properties to the copper-based coating according to their 
characteristics. The deformation and recrystallization of 
copper grains in pure copper coatings have been focused 
on in this work, along with the variation in properties 
with different amounts of reinforcements have also 
been discussed. These reinforcements have also been 
responsible for increasing the deposition efficiency and 
significant reduction in porosity. The copper-based cold 
spray coatings have shown superior qualities in terms 

of wear resistance, lesser oxidation, hardness, electrical 
conductivity, and so on when compared to other coating 
processes. The cold-sprayed copper coatings also retained 
the inherent characteristic properties of reinforcements 
without causing much damage to the reinforcements. This 
could be because of the low operating temperatures of 
the cold spray process that avoids any kind of melting or 
oxidation.

Copper-based cold spray coatings have immense 
scope for the future research works. The correct type and 
amount of reinforcements that can give the best desirable 
properties for copper-based coatings must be explored. The 
deposition efficiency of these copper-based coatings with 
the help of powder architecture and powder morphology is 
yet to be investigated thoroughly. The higher the deposition 
efficiency, the lesser wastage of powder feedstock used 
for the cold spraying process. Recycling of process gases 
and feedstock powder from economic and environmental 
point of view is important, and research on it is inevitable. 
The research works must include the incorporation of 
two reinforcements in the metal matrix that can provide 
enhanced mechanical and tribological properties. The 
electrical and thermal properties of copper-based cermets 
according to the various reinforcements used are a matter 
of further investigation, and this can be compared with the 
other coating processes such as HVOF, CVD, sintering, 
and so on. The comparisons can also be made among 
the various copper-based cold-sprayed coatings with 
several types of reinforcements. A thorough investigation 
of preserving the original grain sizes desired phases, 
and the chemistry of materials is desirable. The research 
works on bond strength and bonding characteristics, 
fatigue strength, thermal shock resistance, oxidation, and 
corrosion resistance of copper-based cold spray coatings 
can be beneficial in creating worthwhile coatings having 
great commercial importance.
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