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Abstract: In this paper, the improvement of the characteristics of different steels that are subjected
to extreme operating conditions, including the steels used in the manufacture of various military
components, the AISI 52100, the manufacture of bearings, and other types of parts that are also
subjected to severe operating conditions were analyzed regarding cold spraying, which uses different
types of powders to increase the performance of the materials. The cold, thermal spraying technology
“Cold Spray” is a method of processing particles in a solid state. Thermal spraying, based on the
dynamic increase in gas acceleration up to supersonic speeds, leads to the obtainment of high kinetic
energies, and the accelerated particles are deposited at values that are below their melting point.
Research conducted through cold spray technology has seen a significant improvement in material
properties; when processing the particles in a solid state, they adhere to the surface instead of eroding
it. Cold spraying has proven to be an effective technique for improving material properties, as
confirmed by its integration into different fields and industries, becoming competitive by being the
only method for depositing particles below their melting point.

Keywords: cold spray; microstructure; mechanical properties; corrosion resistance

1. Introduction

The interest given to the improvement of the properties of materials through mod-
ern spraying methods, from which numerous pieces of research have been carried out,
is reflected in the technological progress that has been made, presenting a continuous
development of both the spraying installations and the powders used. At the same time,
the desire to contribute to scientific progress through this work has exposed the potential
of using surface spraying methods, such as cold spraying, on different types of materials
that are subject to severe operating conditions, including the AISI 52100 steel used in the
manufacture of bearings, ball screws, etc., as well as the various materials used in the
military sector, where, for example, in the case of the manufacture of armor, most are
made of homogeneous plates of laminated steel. These are strengthened by the heat treat-
ments of quenching and tempering, which leads to obtaining a hardness of 28–35 HRC [1].
Concerns in this area are derived from mechanical performance deficiencies (and more)
and opting for thermal spraying is an increasingly common alternative for redepositing
and improving material characteristics. In an article, Champagne claims that this spray-
ing technology (cold spraying) is revolutionary due to the fact that the improvement
of the powders has led to the spraying of materials for which it is impossible to give
heat treatment.
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This technology has proven to be quite effective in the technological processes of
repairing various components, as confirmed by the continuous development of both the
spraying technology and the powders used in this process [2].

The cold spray approach enables low porosity coatings while retaining the feedstock
powder’s phase composition. In contrast to thermally sprayed coatings, oxide formation
and thermal stresses in the cold sprayed coatings are reduced or entirely eliminated since the
working gas temperature during CS is always lower than the melting point of the sprayed
material [3]. Thermal spraying is a cost-effective technique for creating thick coatings
that may cover any surface and can be created utilizing a greater variety of feedstock
materials. Complete or partial melting of the feedstock materials is required for thermal
spray technologies, like flame spraying, high-velocity oxy-fuel spraying, and plasma
spraying. This can lead to high residual stress in the coatings and material oxidation when
the spraying process is carried out in an ambient atmosphere [4,5]. Through this method,
the feedstock powder microstructures and characteristics are preserved, preventing oxide
formation and other unfavorable structural changes, and improving the longevity of the
coatings. Due to the plastic deformation brought on during deposition, cold-sprayed
materials have harder surfaces than their equivalent powders and bulk alloys [6].

2. Studies Using the Cold Spray Method

When using the cold spray technique, thanks to its many benefits, a variety of indus-
trial items, including turbine blades, pistons, cylinders, bearing components, and shafts,
may be produced and repaired. Different coatings can contribute to the features, including
hardness, wear and corrosion resistance, and heat conductivity [7].

Trials show that the cold spraying of W is rather ambitious due to the metal’s hardness
and brittleness at very high temperatures. In contrast, cold spraying can create thick and
very dense tantalum (Ta) coatings, which are already used in the space, chemical, and
nuclear industries, as well as in medical applications. Metallographic cross-sections of the
coatings created by the separate feeding of coarse W and Ta, where 2 mm-thick coatings
were produced from the powder, are shown in the microscopic photographs in Figure 1. All
of the coatings exhibit little porosity and a growing W volume fraction with an increasing
W powder percent, as can be seen from the images [8,9].
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graphic cross-sections [8].

The feedstock powder and the high gas consumption rate are the two main cost factors
in cold spray technology. Helium has the advantages of efficiency and a high-quality
microstructure, but it is also costly. However, nitrogen, the most often researched cold
spray propellant gas, is quite affordable [10].
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2.1. Types of Materials Used for Cold Spray

Of the many types of materials available, for example, ARMOX ballistic plates are
produced by metallurgy based on iron ore and through blast furnaces, deoxidized steel
in an LD converter and with vacuum treatment results in very clean steel. Through
high-tech rolling mills, a fine-grained microstructure is obtained and finally, to obtain
the desired hardness/strength properties, the steel is subjected to various specific heat
treatments [11,12].

ARMOX plates can be found in a range of hardnesses from homogeneous rolled steel,
with a hardness of 280 BHN, to UHH steel, with a hardness of more than 640 BHN, and
these are mainly used together with materials such as steel, aluminum, composite materials,
etc. [11]. The chemical compositions are presented in Table 1, and the mechanical properties
are presented in Table 2 for several types of plates, namely Armox 500 T, Armox 600 T, and
Armox Advance [13].

Table 1. Chemical composition of ARMOX plate [11].

Name C
Max(%)

Si Max
(%)

Mn Max
(%)

P Max
(%)

S Max
(%)

Cr Max
(%)

Ni Max
(%)

Mo Max
(%)

B Max
(%)

Armox 500 T 0.32 0.40 1.20 0.010 0.003 1.0 1.80 0.70 0.005
Armox 600 T 0.47 0.70 1.0 0.010 0.003 1.5 3.0 0.70 0.005

Armox advance 0.47 0.70 1.0 0.010 0.003 1.5 3.0 0.7 0.005

Table 2. Mechanical properties of ARMOX plate [12].

Name Hardness (BHN) 0.2% Yield
Strength (N/mm2)

Tensile Strength
(N/mm2) Elongation (%)

Armox 500 T 480–540 min 1250 1450–1750 Min 8
Armox 600 T 570–640 1500 2000 7

Armox advance HRC58-63 1600 2250 9

Poplawski et al. investigated the fracture properties of Armox 500 T steel with respect
to perforation problems through an experimental, numerical procedure to develop the
fracture surface in triaxiality and Lode parameter space. The tests performed (including
FEM tests, in addition to the practical ones) on several types of samples using three types
of punches (pointed, flat, and hemispherical), perforating 1 mm plates, show a sensitivity
regarding the Lode parameter, such that the fracture properties depend on this parameter.
The greatest force required for perforation was exerted on the hemispherical punch, then
the flat one, followed by the pointed one. By means of a Kedzierski model, the highest
force obtained was intensified to be between the results of Skoglund’s and Iqbal’s fracture
models. The perforated plates are shown in Figure 2 [14].

In Figure 3 [14], the first trial of the experiment is represented with a solid gray line, a
dotted line for the second trial of the experiment, as well as a double-dotted line for the
third trial of the experiment, with a solid yellow line for the FEM analysis of the present
study, a solid blue line for the FEM analysis of the Skoglund model, a solid green line
for the FEM analysis of the Iqbal model, and a solid red line for the FEM analysis of the
Kedzierski model.
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2.2. Cold Spray Method

Like many materials with high properties, 52100 steel, for example, is distinguished
by mechanical properties with respect to elastic stiffness. It has a modulus of elasticity that
manages to present high values, namely 210 GPa, leading to the formation of a resistant
material while, at the same time, responding well when subjected to processing processes.
It also exhibits important properties regarding compressive strength; for example, despite
being almost twice as hard as most aluminum alloys, it has a bulk modulus value of
160 GPa. Both the physical and mechanical properties of this type of steel give it properties
that make it an excellent material for making parts that must withstand extreme pressures,
such as ball screws, aviation bearings, and so on [15,16].

For a better understanding, Kiranbabu et al. approached the mechanism of carbide
decomposition in steel 52100 (100Cr6), a mechanism that is crucial for obtaining corrosion-
resistant steels that are encountered in industrial applications. The decomposition of
cementite is investigated through a modified thermal treatment in order to generate a soft,
annealed microstructure in which spherical cementite and lamellar cementite precipitate.
In order to investigate the effects of the composition, morphology, and size, as well as
the microstructure of the matrix in order to decompose the cementite, the microstructure
was subjected to a severe plastic deformation induced by HPT (p = 7.56 GPa, Ymax~50).
After the investigations, it was concluded that adding Cr and Mg leads to an increase in
the stability of cementite. Regarding the wear of the spherical cementite precipitates, no
wear was observed, with the pearlitic matrix presenting a hardness of 4.7 GPa (in view
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of the wear behavior, the decisive role is the hardness of the matrix around the precipi-
tates). In Figure 4, the Y~50 lamella is shown, whereas Figure 4a represents the deformed
spherical cementite, and Figure 4b shows the precipitate of the deformed spherical cemen-
tite from Figure 4a. A precipitate smaller than (~100 nm) does not indicate any internal
deformation [17,18].
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In research conducted by Rahbar et al., a 52100-steel substrate using WC-12%Co that
was thermally sprayed before friction stir processing (FSP) was carried out on this layer.
Before and after FSP, the wear resistance and hardness were tested. FSP combines the
sprayed layer with the substrate and lowers porosity and improves hardness and wear
performances, according to optical and SEM analysis. Three various structures of the
as-sprayed layer are shown in Figure 5a; the WC-12%Co layer is the top porous layer; for
improved adhesion, the intermediate layer is a Ni-Al composite, and the bottom layer is the
base metal. According to Figure 5b, the refined zone, which contains martensite and WC
particles, extends to about 1.2 mm below the surface of the sprayed layer following FSP. The
WC is dispersed in a martensitic matrix in this image. When comparing the FSPed structure
to the as-sprayed structure, neither the layer boundaries nor the porosity are clearly defined.
Since a totally dense microstructure was created by the thermo-mechanical deformation,
FSP has solved two drawbacks of sprayed layer: porosity and poor adhesion. The WC
particle size is shown in Figure 5c,d, respectively, before and after the FSP. It is obvious
that the FSP treatment may reduce the original WC particles to submicron size, and this
will affect the hardness and wear performance. During FSP, the smaller WC particles may
also experience plastic flow in a Co binder at high temperatures, which would promote a
completely thick microstructure and improve WC particle spreading. This would provide
a high microhardness [19].
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In research conducted by Agiwal et al., in which they repaired the cracks in a 304 L
austenitic stainless steel in the field, two methods were investigated: cold spray deposition
(CSD) and friction surfacing (FS). Both of these solid-state, low-heat-input methods avoid
the negative impacts of solidification, such as compositionally segregated microstructures
and shrinkage stresses. Cross-sectional pictures of the coating/substrate contacts fixed
by the two procedures are shown in Figure 6. In the steady-state zone, friction surfacing
with the consumable rod generated coatings that were 325 µm thick and 2.3 mm broad.
The absence of porosity in the coatings and the smooth interface between the coating and
substrate point to a strong connection. Figure 6c demonstrates how the FS procedure may
patch a fictitious crack. At a depth of 75 µm below the coating/substrate contact, the
fracture point was seen to bow. High compressive residual stresses at the surface caused by
friction surfacing are thought to have contributed to the substrate’s plastic deformation
and fracture bending and closing. A high-density cold spray coating (porosity level of less
than 0.3%) is seen covering the through-crack in Figure 6b. The coating had a ~620 µm
thickness. As it got closer to the coating/substrate contact, the crack’s breadth shrank. At a
distance of approximately ~90 µm above the coating/substrate contact, the hairline fracture
ultimately vanished. As seen in Figure 6d, some severely damaged powder particles
were discovered inside the through-crack. Two potential processes for repairing cracks
include compressive stress from the CSD process and the deformation of the substrate at
the fracture opening, followed by the application of a stainless-steel coating. For example,
the substrate may become smaller as a result of the lateral displacement it experiences as
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a result of the powder particles striking it at the crack opening. Due to peening action,
complete coverage of the coating may be accomplished during the succeeding particle
impact once the crack-opening size is less than the powder particle size (<44 µm). Phase
preservation and the lack of deformation-induced martensite distinguish the cold spray
coatings from the friction-surfaced coatings [20,21].
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Wenpeng et al. carried out a study due to the requirements of the spray gun to be
able to facilitate the control of the spray for a long time; these requirements were found
due to the studies that attest to the fact that the spray injector (the component that is
part of the gun assembly) leads to a disturbance in the flow fields and the parameters
of the particle impact. After the tests were carried out, it was concluded that the size of
the particles, the diameter of the spray hole of the injector, and the pressure discrepancy
between the gas supplying the powder and the main working gas led to a significant
influence on the distribution of the particles both near the neck of the spray nozzle and
in front of the substrate. Figure 7 illustrates how the particle deposition range on the
substrate grows as the injector’s inner diameter decreases. In addition, as the injector’s
inner diameter grows, so does the gradient of the particle departure from the nozzle axis
upstream of the nozzle. As a result, the powder injector with a smaller inner diameter
can, in the CSAM process, not only increase the production accuracy of parts but also,
to a certain extent, lessen the likelihood of nozzle blockage or sticking upstream of the
nozzle [22,23].
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Figure 7. Particle tracks at different inner diameters of the powder injector are colored according to
the particle velocity: (a) 0.5 mm; (b) 1 mm, and (c) 1.5 mm. The sizes of the particles range from 5 to
60 m [22].

Through these tests, it was highlighted that the improvement of the impact speed of
the particles, as well as a reduction in the risk of clogging the nozzle with a concentration
of particles near it, are optimized by reducing the internal diameter of the powder injector
and by using a pressure that is smaller than the differentials; at the same time, the use of
particles with diameters between 20–40 µm lead to an improvement in precision [22].

An important aspect of this surface spraying technology is that it expands the range
of applications in terms of thermal spraying, something that is applicable in industries
such as automotive, aerospace, medical, and petrochemical, helping to both produce and
restore various components, such as defects processing, casting, and even the possibility of
remaking the mold [24].

3. Properties Obtained by the Cold Spray Method
3.1. Microstructural Properties of Coatings by the Cold Spray Method

Cold spraying technology, through certain dynamics which contribute to the per-
formance of the components that are subjected to surface spraying, contributes both to
the improvement of this process and to the improvement and optimization of the pow-
ders in order to obtain microstructures with superior properties that to meet the needs of
the industry.

In a study carried out by Jun et al., in which, through the cold spraying technique,
coatings that were based on Ti-6Al-4V (Ti64) were made on a Ti-6Al-4V substrate, mi-
crostructural evolution (that starts from the powder as a raw material, up to the coating as
a result of the deformation with a high deformation rate was observed. At the interface,
the microstructure is noticeably different from the microstructures of the powder and the
coating. Near the surface (both in the substrate and in the particles), narrow regions were
observed represented by grains of a nanometric size; this remark was concluded from the
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fact that adiabatic shear instability is observed with localized deformation showing a high
deformation rate, along with a build-up of heat. The drastic change in the microstructure of
the particle is due to the high-velocity impact during the cold spraying process that leads
to a smaller grain size (<50 nm) on both sides of the particle periphery (<50 nm on the
periphery and 200 nm in the middle of the particle), and on the above the particle, located
away from the impact center, martensitic structures are found. As can be seen, Figure 8a
represents an HRTEM image where the particle–substrate interface near the edges of the
particle can be observed. The inset “p” and “s” shows the distribution corresponding to
the particle area and also to the substrate area that are adjacent to the interface. Figure 8b
represents the HRTEM image corresponding to the binding region (area highlighted with
square “T”) in Figure 8a, with an inset showing the diffractogram corresponding to this
region [25–27].
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In Figure 9, following the cold spraying process, a schematic illustration of the mi-
crostructure of the particles from a coating near the substrate that shows the tiny grains as
small circles, the coarser grains as big circles, and the martensitic structure by lines [27],
is presented.
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Through an overview, the morphology of the deposited particles is exposed, and it
can be observed that most of the particles are strongly deformed and flattened. Textured
and smooth regions can be observed in most of the particles, and the volume ratio between
these regions is influenced by the speed and size of the particles but also by the point of
impact on the previous deposits. Figure 10 shows an unengraved cross-section; Figure 10a
represents the coating–substrate interface, and Figure 10b shows the inner region, with “T”
indicating the textured region and “S” indicating the smooth region [27].
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3.2. Mechanical Properties of the Coatings of the Cold Spray Method

Through the multitude of improvements it brings (through surface spraying), the cold
spraying method manages to confer mechanical characteristics that not only manage to
satisfy specific needs in terms of the restoration of various components but also confer
new parts that are required on the surface (with a functional role or not), depending on the
needs, to present a dense, very hard layer.

Goanta et al. [28,29] conducted a fatigue analysis of a base material–coating material
assembly, including a morphological analysis of crack initiation at the interface of the two
materials, using AISI 4340 and AISI 52100 alloy steel with a WIP-C1 commercially available
powder (by cold-spray technique). The study presented results at fatigue stress levels
below 340 MPa, with neither the tested substrate nor the coating incurring any damage
after 5 million cycles. The stress values between 350 MPa and 370 MPa caused less coating
damage, and the components could be used within this stress range without impacting the
base material or coating assembly. In the region of sudden crack propagation, detachments
of the coating material from the base material may be detected at pressures exceeding
370 MPa.

Lioma et al. performed a study on the hardness obtained by deposition in which cold
spraying is used at low pressures using WC-Ni and WC-12Co-Ni powders with different
percentages of Ni (4, 10, 25, and 50% Ni) on a mild steel. After the tests were performed
and the results obtained by SEM and XRD were analyzed, it could be observed that, while
the deposit was forming, by means of the good refinement of the grains and the rather
small porosity (up to 1, 47%) (and at the same time, with a small percentage of Ni, for
coatings with another percentage, namely WC—4% Ni and WC-12Co—4% Ni), leads to
obtaining an increased hardness, and from the total of eight combinations performed for
WC-Ni powder and WC—4% Ni, respectively, a hardness of 459.2 HV03 was obtained;
however, this value is not quite satisfactory if it is compared with the average values
generally obtained by other coating methods, such as CGDS and HVOF, reaching values
of approximately 1135 HV03. The microstructures showing the compositions of WC-Ni
(Figure 11a–d) and WC-12Co-Ni (Figure 11e–h) (the white phase represents WC, light gray
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Co, and dark gray Ni matrix), are shown in Figure 11, and the properties of the coatings
resulting from the tests performed are presented in Table 3 [30].
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Table 3. Properties of coatings [30].

Ni (%)
Hardness (HV0.3) Porosity (%) Binder Mean Free

Path (µm) WC Retained (%)

WC WC12Co WC WC12Co WC WC12Co WC WC12Co

4 459 ± 19 414.9 ± 23.2 1.47 3.51 5.42 1.77 39.89 74.08
10 391.5 ± 16.1 362.2 ± 32.6 2.27 3.15 12.54 3.10 24.47 63.54
25 305.6 ± 17.0 294.3 ± 31.6 2.70 3.79 21.21 4.85 17.07 47.92
50 275.8 ± 16.3 260.9 ± 25.4 2.49 5.11 48.59 10.09 6.92 27.06

N.M. Melendez et al. carried out research regarding the wear behavior of a steel
substrate with a low carbon content of tungsten (WC) and Ni deposits and a metal matrix
made by means of cold spraying technology with low pressure; the WC percentage of
these WC-Ni deposits being 7%, 19%, 56%, and 66%, respectively. At the same time, these
deposits were made with pure nickel and were then subjected to a test wear standard:
ASTM G65 dry abrasion. After the interpretation of the results, it was concluded that
the WC samples showed a significant decrease in wear determined by the increase in the
percentage of WC, from which it was concluded that the improvement in wear is obtained
by increasing the amount of WC; on the sample deposited with pure nickel, as can be
observed by the growths in the crack network, the lack of WC reinforcement was harmful.
The worn surfaces of the samples deposited with 7% WC (Figure 12a), 19% WC (Figure 12b),
56% WC (Figure 12c), and 66% WC (Figure 12d), and also the worn surfaces with pure
nickel deposits (Figure 12e) are presented in Figure 12; a cross-section of the worn coating
is shown in Figure 13 [31].
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3.3. Corrosion Resistance Properties of Coatings by the Cold Spray Method

The use of the cold spraying method and the multitude of types of powders that can
be used depending on the different destinations for which they are created and optimized
can create coatings that, in addition to the other properties they incorporate, manage to
perfect the components against the so-called corrosion phenomenon, which, over a shorter
or longer time, can produce effects that are sometimes capital for the various components,
such that, through the superficial spraying, not only is it restored but it is also given a
superficial protective layer that is resistant to corrosion.

Silva et al. carried out a study regarding the improvement of the properties of corrosion
behavior via cold-sprayed WC-Co deposits on an aluminum alloy: AA 7075-T6, where,
by means of the alloying elements such as Mg, Zn, and Cu, the susceptibility to corrosion
is high. The research was carried out on different samples deposited with WC-12Co
and WC-25Co. Regarding the WC-12Co sample, the results led to obtaining a corrosion
resistance for a time of 400 h of immersion in a 3.5% NaCl solution and for even longer
immersion times, through the dissolution of the cobalt phase and at the same time through
the loss of WC particles, it led to the formation of interconnected porosities, such that
the access of the electrolyte could be allowed, and therefore the corrosion of the substrate
and the other sample (deposition with WC-25Co), led to very good results in terms of
AA protection. Regarding alloy 7075-T6 against corrosion, the sample managed to exceed
700 h of immersion in 3.5% NaCl solution; when testing the sample with exposure to salt
spray with neutral NaCl 5%, the sample showed resistance to exposure for 3000 h. The
cross-sectional image after these tests is shown in Figure 14 [32].

Small amplitude linear polarization measurements made after 18 h in a 3.5% NaCl
solution were utilized to estimate the values of RP for the substrate and coated samples,
and the corrosion-current densities were calculated using these values. Additionally,
the Ecorr and icorr values calculated using the Tafel plot extrapolation method from the
potentiodynamic polarization curves are presented in Table 4 (a: icorr values were calculated
using the Stern–Geary equation, where icorr = ba/2.3 Rp and ba is the polarization resistance
and b: values for icorr that were acquired by extrapolating from Tafel plots).
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Table 4. Corrosion characteristics calculated using potentiodynamic polarization and small amplitude
linear polarization curves following an 18 h immersion in a 3.5 wt% NaCl solution [32].

Parameter AA 7075-T6 WC-12Co WC-25Co

Ei→0 (mV vs. Ag|AgCl|KCl3 mol/L −814 ± 2 −326 ± 4 −425 ± 2

Ecorr (mV vs. Ag|AgCl|KCl3 mol/L −831 ± 2 −336 ± 2 −425 ± 1
aicorr (µA cm−2) 10.7 28 30
bicorr (µA cm−2) 2.9 10 23

ba (mV dec−1) 82.5 148 111

The substrate and coating anodic polarization curves are shown in Figure 15. The Ecorr
and icorr values for AA 7075-T6 were 0.8 V vs. Ag|AgCl|KCl3mol/L and 2.5 A cm2, respec-
tively. The polarization curve for the substrate is shown in Figure 15a. Pitting corrosion
caused the current to spike when the potential reached 0.70 V vs. Ag|AgCl|KCl3mol/L.
The cathodic curves produced in the presence of oxygen are shown in Figure 15b. These
curves revealed two current plateaus that were ascribed to a reduction in oxygen in the
range of −0.5 to −0.9 V vs. Ag|AgCl|KCl3mol/L and to a reduction in water at greater
negative potentials. The cathodic curves produced in the absence and presence of oxygen
are compared in Figure 15c. While the predominant process in the absence of oxygen was
the reduction in water and the evolution of hydrogen, the introduction of oxygen caused a
quick electrochemical reaction that was diffusion-controlled [32,33].

Following a review by Ashokkumar et al. on sputtering technology and its corrosion
benefits, their review concludes that the benefits of low particle temperatures in this
sputtering process result in a decrease in the degree of corrosion on the coated surface,
which is a big improvement when compared to the other technologies (HVOF and APS).
From the approach of this paper on the technological process of cold thermal spraying, the
idea emerges that this process has the potential to dominate the sector of thermal spraying
technologies in industries such as the aerospace, marine, and automotive industries in the
coming years [34,35].
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In research conducted by Zhang et al. for the purpose of repairing flaws and prevent-
ing the corrosion of AA2024-T3, thick Al-based coatings were effectively coated, utilizing 
the low-pressure cold spray approach. In order to create improved shot peening effects, 
spherical Al2O3 particles were added to the feedstock materials. Based on the results of the 

Figure 15. (a) Anodic and (b) cathodic potentiodynamic polarization curves for AA 7075-T6 alloy and
the coated samples, recorded at 0.166 mV s−1 in quiescent 3.5 wt% NaCl solution after approximately
18 h of immersion. (c) The WC-25Co coating cathodic curves obtained in the same solution with and
without oxygen [32].

In research conducted by Zhang et al. for the purpose of repairing flaws and preventing
the corrosion of AA2024-T3, thick Al-based coatings were effectively coated, utilizing the
low-pressure cold spray approach. In order to create improved shot peening effects,
spherical Al2O3 particles were added to the feedstock materials. Based on the results
of the cyclic polarization studies, it can be concluded that the tested coatings’ primary
corrosion form was pitting. Following the analysis regarding the comparison of the three
depositions, the Al 2024 coating presented the weakest result, while the CP Al coating led to
the strongest pitting resistance and passivation capacity. According to the SVET data, after
24 h of immersion in a 3.5% NaCl aqueous solution, the CP Al coating showed the lowest
pitting activity, while the Al 2024 deposition showed the most. The Al 2024 coating showed
the highest corrosion rate throughout the EIS tests in a 3.5% NaCl aqueous solution. The Al
5083 coating resulted in the lowest corrosion rate once the CP Al coating test was completed.
As seen in Figure 16, the corrosion behavior of the cold-sprayed coatings was investigated.
According to Figure 16a, the pitting location on the CP Al coating’s surface is substantial,
deep, and has an uneven form. One spherical Al2O3 particle is found at the pit’s edge, and
no preferential Al matrix dissolving is shown at the Al-Al2O3 interface, which shows that
no galvanic cell was formed between the Al matrix and the Al2O3 particle. In addition, a
layer of corrosion products has developed on the matrix, which can partially isolate the
electrolyte coating. On the surface of the Al 2024 coating, there are multiple pits of relatively
small depths that are randomly positioned, as seen in Figure 16b. When comparing the pits
on the Al 5083 coating to those on the CP Al coating, Figure 16c demonstrates that the Al
5083 coating pits are shallow and smaller in size [36].
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Figure 17 displays the cyclic polarization curves. Possible scan routes are shown
by the solid arrows adjacent to the forward and reverse anodic branches. At a certain
critical potential, known as the pitting potential Epit, where a sharp increase in anodic
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current occurs as a result of the breakdown of the passive film and the beginning of pitting
corrosion, the corrosion currents of the Al and Al 5083 coatings decreased rapidly with the
increase in potential and reached the minimum at their Ecorr, respectively. However, when
the potential increased to the Ecorr, the corrosion current of the Al 2024 covering fell at a
very slow pace. The current then immediately increased sharply after that. Epit may be a
useful option to show corrosion-resistance since more pitting potential often equates to
better resistance to pitting corrosion [36–38].
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3.4. Potential Applications Using the Cold Spray Method

Cold spraying technology, through the fact that it succeeds in improving the properties
of the materials leading to an improvement in the characteristics and functionality of
the various components that are subject to this process, and more than that, through
the possibility of the deposition on a wide range of materials, such as metals, ceramics,
polymers, etc., manages to gain value and be used in numerous industries, such as the
energy sector, in order to extend the life of boilers damaged by corrosion and oxidation from
the high temperatures of thermal power plants; cold spraying in the aerospace industry
manages to restore and repair numerous defective parts that are rejected in the technological
manufacturing process because they present very high-quality standards, returning the
parts to the desired characteristics; in the biomedical sector, cold spraying manages to lend
itself to the possibility of depositing on different types of orthopedic and dental implants
through coatings (for example, with hydroxyapatite and titanium (ceramic coatings)) that
improve osseointegration, etc., [39–41].

In a study by Yongming et al. on HEA composite coatings where FeCoNiCrMn HEA
composite coatings reinforced with Al2O3 (11 and 20 wt% Al2O3) particles were created
by cold spraying showed that cold spraying represents a potential approach for creating
HEA composite coatings. The interface between the substrate and the coatings as they were
applied can be seen in Figure 18a–c (SEM images). It can be seen that all of the coatings
demonstrated strong bonding with the aluminum alloy substrates, as evidenced by the
smooth interface devoid of gaps and fractures. Along the contact between the substrate and
coating, a mechanical, interlocking phenomena was visible. The substrate material firmly
trapped certain particles that managed to pierce it. When hard FeCoNiCrMn particles strike
soft substrate material, there is a strong plastic deformation that leads to the development
of mechanical interlocking. A prominent feature of cold-sprayed coatings is mechanical
interlocking, which can provide the coatings with strong adherence. The cross-sectional
SEM images of the as-deposited coatings are shown in Figure 18d–f. The FeCoNiCrMn
coatings are clearly shown to have a dense microstructure with fewer pores, as indicated
by the yellow arrows, and interparticle boundaries, indicated by the red arrows. As seen in



Crystals 2023, 13, 245 16 of 21

Figure 18e,f, the composite coatings also feature a thick microstructure. The white arrows
indicate where in the FeCoNiCrMn matrix the Al2O3 particles were evenly distributed. The
red arrows indicate the interparticle gaps, increasingly noticeable for a higher percentage
of Al2O3 [42].
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FeCoNiCrMn coating is shown in (a,d), whereas (b,e) shows an 11 wt% Al2O3 coating, and (c,f) a
20 wt% Al2O3 coating [42].
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Within the US Army, Aaron et al. have carried out several pieces of research regarding
the potential of using the cold spraying technique in order to restore (and, at the same time,
improve) the characteristics of some components in the military environment using WIP
powders. In the conducted research, different types of powders were used, namely WIP-
BC1 powders as the base substrate, and after this substrate, the final layer was made with
WIP-C1 powder; the tested component was made from AISI alloy steel 4340. Following
the interpretation of the results, it was concluded that the wear performance increased
significantly, being superior even to chrome plating, with a good resistance to impact
demand, and the performance of the shear tests managed to obtain very good results in
terms of an increase in hardness, namely, an increase in hardness from 17 HRC (as shown
by the base material) to 40–44 HRC. Regarding the porosity of the surface, the results are
very satisfactory, obtaining values of 1.5–3% in the case of spraying with nitrogen and
below 1% in the case of using helium. The surface sprayed with the WIP-C1 powders, as
well as the bonding substrate in which the WIP-BC1 powders were used, are shown in
Figure 19, and the part used in the spraying process is shown in Figure 20 [43].
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Figure 20. Turret mount (Bradley) cold sprayed [43].

The effectiveness of this technology in terms of technological procedures for mending
different components leads to the ongoing improvement of both the spraying technology
and the powder utilized in this process.

In a piece of research conducted by Hanqing et al., the powders of SnZn and SnBi with
lower melting points than Sn were cold sprayed onto polymeric substrates (ABS, Nylon,
PC, and PE s, i PP). Due to a larger degree of particle melting, the results demonstrate that
lowering the melting temperatures of the feedstock powders can increase their deposition
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efficiency on polymeric substrates. The high-toughness, extremely high molecular weight
polyethylene and polycarbonate were two of the five polymers that were most challenging
to metalize. The metal coatings on the polymer substrates are shown in cross-sections in
Figure 21. The SnZn coatings cold sprayed at 300 ◦C and 80 psi are shown for ABS, Nylon,
and PP; for UHMW and PC, the SnBi coating at 300 ◦C and 42 psi is displayed because
the deposition of SnZn was insufficient or irregular on these latter two polymers. The
two-phase microstructure that is present in the feedstock powder is still present in all of
the coatings, which are all rather consistent in thickness and density. Because the spherical
particle can be observed penetrating into the substrate for the SnZn coatings on ABS, Nylon,
and PP, mechanical interlocking can be seen. The combined impact of glass transition
temperature and strength may be used to explain why the degree of interface waviness
is in the order of PP-ABS-Nylon. The ease of penetration and interlocking increases with
decreasing strength. Since mechanical interlocking and particle penetration are challenging,
the low DE of Sn and SnZn for the two polymers with high toughness, UHMW and PC, is
comprehensible. The top substrate surfaces are comparatively smooth when UHMW and
PC are metalized with SnBi, indicating that there is less mechanical interlocking (details of
the SnBi-PC interface are shown by the high magnification inset). The coating on UHMW
does, in fact, exhibit delamination. The extensive melting of the particles and the low gas
pressure at 300 ◦C prevent mechanical anchoring for SnBi [44–47].
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Figure 21. Cross-sections of cold-sprayed SnZn ((a–c) 80 psi) and SnBi ((d,e) 42 psi) coatings on all
polymers at 300 ◦C are shown in the optical micrographs below: (a) ABS, (b) Nylon, (c) PP, (d) UHMW,
and (e) PC [44].

4. Discussion

Since the efficiency of the deposition process is strongly influenced by a combination
of the mechanical properties of the powder and the substrate materials, producing thick
coatings can be challenging in certain circumstances due to the fact that the mechanical
properties of the raw material powder and materials of the substrate work together; at
the same time, low-porosity coatings are made possible by the cold spray method, while
maintaining the phase composition of the raw material powder, although, in this process,
the particles are subjected to high-speed deformation when in contact with the substrate or
previous deposit, resulting in significant changes in the microstructure of the particle. It
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is worth mentioning that the temperature of the working gas during CS is always lower
than the melting point of the sprayed material, with cold-sprayed coatings reducing or
even completely eliminating oxide formation and thermal stresses compared to thermally
sprayed coatings.

Regarding improvements to the properties of various materials that present high
properties, such as steels for the construction of armor, steels for the construction of bearings,
and other types of components that are subject to extreme operating conditions, in terms
of improving wear resistance, for example, an increase in layer resistance is obtained by
applying FSP on a WC-12%Co coating that is thermally sprayed onto 52100 steel. In order to
create a dense structure with a higher hardness after FSP, this included the decomposition
of the particles of sprayed WC and, subsequently, the easier dispersion of smaller WC
particles. At the same time, the performance that can be observed even in some military
components that were subjected to cold spraying using WIP-C1 powders, are constituted by
an increase in hardness from a value of 17 HRC (as the base material), up to 40–44 HRC after
spraying. In the dry abrasion tests (ASTM G65) performed on other types of materials that
were subjected to cold spraying, it was observed that the wear rate decreased considerably
at higher concentrations of WC, which resulted in the fact that the coating with a higher
WC concentration had the least wear.

Due to the fact that, in terms of lifetime properties, corrosion behavior plays a decisive
role, from the documentation accumulated within this manuscript, the tests have shown
that the CGS technique has very high potential as it can protect AA 7075T6 from corrosion
for at least 700 h of immersion in 3.5% NaCl solution and for 3000 h in a salt spray
test with 5% (by weight) neutral NaCl at 35%, indicating very high performance against
corrosion under these circumstances. The WC-12Co coating showed corrosion resistance
after spending at least 400 h immersed in a 3.5% NaCl solution.

5. Conclusions

Through the uniqueness of the characteristics it incorporates, cold spraying technology
leads to an improvement in material properties, and, following numerous studies carried
out on this technique, it was concluded that by processing the particles in a solid state, they
adhere to the surface instead of eroding.

52100 steel is characterized by the high potential it possesses through the chromium
alloy and its high carbon content, thus being able to present ideal properties in terms of
its use for various components that are subjected to very high demands. Its properties are
enhanced by surface deposits, resulting in a longer life both through increased corrosion
resistance and a high level of hardness.

Cold spraying proves to be an effective technique to improve material properties, and
this is confirmed by its integration into different fields of industry, where it is competitive
due to the fact that it is the only technique in which the particles are deposited below the
melting point.

For compact coatings, it would be useful to emphasize the optimization of the process
parameters, including nozzle design. Ensuring the improvement of the process parameters
is useful for the application of thick, uniform, and consistent layers.

Among the many spraying technologies, CS cladding is a highly efficient and cost-
effective method for adding composite layers with superior properties to a wide range of
materials, including metals, composites, and polymers.

However, it cannot be neglected that, although cold spraying is a promising approach,
it presents challenges in terms of the costs of this process; the main cost factors are the
raw material powder and the high gas consumption rate. Helium provides a high-quality
microstructure and excellent deposition efficiency but is expensive. On the other hand, the
use of nitrogen is a fairly cost-effective alternative.
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