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REVIEW OF APPLICATION AND RESEARCH BASED ON COLD SPRAY
COATING MATERIALS

Cold spray technology is an advanced spray technology, and its technical principle is the same as that of additive
manufacturing technology. Cold spraying technology combines multiple advantages in the spraying field: not
only can the deposition of thick coatings be achieved, but the coatings prepared by this technology have the
characteristics of high density, low oxygen content, good mechanical properties of the coating surface, and high
deposition efficiency. Cold spraying technology can prepare corrosion-resistant coatings, high-temperature
resistant coatings, wear-resistant coatings, conductive coatings, anti-oxidation coatings, and other functional
coatings. After decades of development and exploration, cold spraying technology is preparing metal coatings.
The application is very wide and the process is mature; the same cold spray technology can also prepare non-
metallic coatings. Mainly to immerse repair and protect the surface of metal alloy parts and a small part of non-
metal parts, so that these parts have better mechanical properties and mechanical behavior. This article mainly
reviews the application of cold spray technology in the field of spray materials and summarizes the existing
conventional metal series, rare metal series and non-metal material, conventional non-ferrous metals: copper,
titanium, aluminum and nickel. Metal materials are currently widely used in the field of cold spraying. Among
them, titanium-based metals restrict their applications due to their own properties; rare metals: tungsten,
tantalum, and niobium-based metal materials. The application of rare metals in cold spraying is still in its
infancy stage; non-metallic materials: polymer materials and ceramic powder materials, non-metallic materials
have the characteristics of surface modification and strengthening technology, but also have low oxygen content,
low thermal stress, high density, good bonding strength, in the deposition process and the substrate will not
change the advantages of physical organization structure. Finally, the existing problems of rare metal materials

and non-metal materials are raised.

Keywords: cold spraying; aviation, metal materials; polymer materials, ceramic powder materials.

1. The principle of cold spray technology

The cold spray technology was invented in the
1980s by researchers at the Institute of Theoretical and
Applied Mechanics, Siberian Branch of Russia. This
technology uses ultra-high-speed powder particles to hit
the surface of the substrate, and finally the powder
particles are deposited on the surface of the substrate.
Coating method [1]. Through decades of research and
academic exchanges, many countries around the world
have also established cold spray technology research and
development teams to conduct in-depth research and
exploration on the spray deposition principle and
application field expansion of cold spray systems.

Cold Gas Dynamic Spray (Cold Gas Dynamic Spray,
referred to as CS), referred to as cold spray technology.
This technology is a new type of spray deposition

technology developed on the basis of aerodynamic
science. Spray deposition is a process in which powder
particles are accelerated in the Laval nozzle by the action
of an acceleration medium (usually nitrogen, air or
helium). The final ultra-high speed (300 m/s-1200 m/s)
powder particles hit the substrate to achieve deposition,
and eventually form a uniform and dense coating on the
substrate [2-3]. Only when the powder particle material
exceeds the critical speed specific to the sprayed material,
the powder particles are adhered to the surface of the
substrate through plastic deformation, and finally the
deposition on the substrate can be achieved. The main
reason is "adiabatic shear instability" [4].

There are many factors that affect the physical
properties, mechanical properties and Microstructure of
the coating, such as: the geometry of the Laval nozzle,
the characteristics of the powder particle material, the
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temperature of the spray material and the substrate, the
spray distance, the speed of the powder particles and the
spray angle and other factors.

2. Applications of cold spray technology

Cold spray technology prepares other functional
coatings such as corrosion-resistant coatings, high-
temperature-resistant coatings, wear-resistant coatings,
conductive coatings, and oxidation-resistant coatings by
depositing coatings, which can repair parts that have the
above problems in order to improve the physical and
mechanical properties of parts and extend service life, it
has very good economy, such as: turbine blades, pistons,
bearings, cylinders, valves, seals and casings and other
parts. Now cold spraying technology has broad
application prospects in the fields of aviation, aerospace,
ships, automobiles, chemicals, electronics, paper making
and machinery.

The materials of the cold spraying technology are
initially developed around conventional metal materials.
Through continuous research and development, they
have been extended to other materials. They have been
successfully used in the cold spraying technology and
have achieved good results. The materials currently
available for cold spray technology can be classified into
six categories: metals, metal matrix composites, ceramics,
polymers, nanostructured materials and non-metallic
base materials. For example: repairing space shuttle solid
fuel rocket thrusters with Al coating, repairing
components in aircraft structures, repairing gas turbine
sealed enclosures [5, 6]; cold spray technology MCrAlY
and TBCS materials have very good high temperature
resistance, so they are often used as a material for
preparing high temperature resistant coatings and thermal
barrier coatings; cold spray technology Cu-Cr-Al
material has very good oxidation resistance, so it is often
used to prepare anti-oxidation layers; In cold spray
technology, cermet, metal-based Composite materials
and wear-resistant alloys have very good wear resistance,
so they are often used to prepare wear-resistant coatings;
Mg, Al, Cu, Ti, of which Mg and Al are light metals and
are often used in aircraft, missiles, torpedoes, radar,
satellites, with high specific strength characteristics
alloys are mainly used in aircraft and engine structural
parts [7]. Table 1 shows the spraying materials commonly
used in current cold spraying technology.

3. Application of spray materials
3.1. Cu-based metal materials

In the field of non-ferrous metals, Cu is second only
to Al. Cu is susceptible to oxidation at high temperatures,

and pores are easily generated during the precipitation of
supersaturated hydrogen [8]. Cold spray technology is a
low-temperature spray technology, so Cu can effectively
avoid the occurrence of oxidation problems of Cu powder
particles during spraying.

Table 1
The materials that can be used for cold spraying
Materials Specific materials
Metal Al, Zn, Cu, Ni, Ca, Ti, Ag,
Co, Fe, Nb, W
High melting Mo, Ta
point metal
Alloy Ni-Al, Al-Fe, Al-Cu, Cu-W, Al
7075, A1 A357, Ti-6Al-4V
Ceramic Al203, Cr203, SiC, WC, TiO2,
Cr3C2-NiCr, WC-Co, TiN,
Polymer UHMWPE, HDPE, PA-12, PFA

Zhang [9] and other scholars prepared a Cu-Ti-B4C
composite coating (powder composition Cu = 81.99 %,
Cu = 14.64 %, B4C = 3.37 %) on a Cu substrate using
cold spray technology, and the internal structure of the
coating is dense, The porosity is about 1 %, and the
interface with the substrate is very good, and no obvious
oxidation occurs during the spraying process. Zhang [10]
and other researchers prepared a Cu-MoS2 composite
wear-reducing coating on the surface of Al6060 alloy
using cold spray technology. The Cu-MoS2 composite
wear-reducing coating reduced the friction coefficient by
75 % compared with the pure Cu coating. Xu [11] and
other researchers used cold spray technology to prepare
conductive Cu coatings on the surface of Al6061 alloy
using Cu as the spray material. In the cold spray
technology, Cu was used as the deposition material to
study the mechanical properties of the coating. Li [12]
and other researchers developed a rapidly cooling Cu-
4Cr-2Nb alloy layer on the rocket thrust device
components using cold spray technology. Vacuum heat
treatment of the coating at an annealing temperature of
350 °C, the Microhardness reaches the maximum, the
coating performance can reach the performance of the
coating prepared by VPS technology. Using cold spray
technology to prepare the Cu coating and heat-treating
the coating, research shows that the average tensile
strength of the Cu coating after heat treatment and
annealing increases by 34.27 % [13]. The hardness of the
Cu alloy coating prepared by the cold spray technique is
obviously higher than that of the pure Cu coating [14].
Huang [15]. used cold spray technology to prepare Cu
coatings on the surface of Al alloys, and obtained the
relationship between the bonding strength of Cu coatings
and substrates and particle velocity, as shown in Figure 1.
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Figure 1. The relationship between the bonding
strength and the speed of Cu powder particles [15]

3.2. Ti series metal materials

Ti alloys have been developed since the last fifty
years of the last century. Ti alloys have such outstanding
advantages as high strength, corrosion resistance, and
high temperature resistance. Therefore, Ti alloys are
widely used as materials for core components of aircraft.
Many researchers have prepared pure Ti coatings and Ti-
6Al-4V coatings by cold spray technology, and studied
their Microstructure and mechanical properties. Figure 2
shows the Microstructure of pure Ti and Ti-6Al-4V
coatings prepared by cold spray technology [16].
researchers such as Li [17] used cold spray technology to
prepare porous Ti materials. Because Ti and its alloys
have high hardness, they are not likely to deform during
the cold spray process.

Figure 2. Microstructure of the cross section
of pure Ti and Ti-6Al-4V coating [16]

Wang [18] and other researchers used cold spray
technology to prepare a Ti metal coating on a 1Crl3

stainless steel substrate, and XRD analysis confirmed
that there was basically no oxide phase formed in the Ti
coating. Luo [19] and other researchers used in-situ Shot
Peening (SP) to prepare high-density CP Ti and Ti-6Al-
4V coatings using cold spray technology. The research
results show that the proportion of SP powder particles
increases from 0 to 70 vol. %, the porosity of CP Ti and
Ti-6Al-4V coatings is reduced, and the work hardening
effect is significantly enhanced, as shown in Figure 3.
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Figure 3. The change of the cross-sectional
microstructure of pure Ti and Ti-6Al-4V
with increasing proportion [19]

3.3. Al-based and Ni-based metal materials

Aluminum and Al alloys are widely used in
aerospace, marine and automotive fields. Al has the
characteristics of low density, high tensile strength,
corrosion resistance and easy forming. Al is widely used
as a spraying material in cold spraying technology. At
present, many researchers are devoted to studying pure
Al and Al alloy coatings. Compared with copper, Al
powder is easier to deposit on the substrate, but its
density is lower than that of Cu coating, because the
density of Al is lower than that of Cu. Zhang [20] and
other researchers used Al powder with a purity 0of 99.9 %
as a spraying material, prepared Al coatings on 45 steel
by cold spraying technology, and further studied the
effect of spraying distance on the Al coating. The results
show that when the spraying distance is 30mm, the
deposition efficiency and microhardness of the Al
coating are higher, and the combination effect with the
substrate is better. CHAMPAGNE [21] and other
researchers used cold spray technology to repair the Mg
alloy crankcase shell by deposit coating with CP-Al
powder as the material. The results showed that the
bonding strength was 8.6 Mpa and 71.3 Mpa respectively,
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and the salt spray test was 336h and 610h respectively no
corrosion and other phenomena occur, indicating that the
Al coating has good corrosion resistance. Novoselova T.
[22] and other researchers used cold spray technology to
prepare the Ti-Al coating. After the heat treatment
process was applied to the coating, the inter metallic
compounds TiAl3, o-TiAl2, Ti-Al and Ti3 Al were
generated, compared to the traditional Ti-Al coating
preparation Method, cold spraying is more cost-effective.

Regarding the application of Ni as a spray material
in cold spray technology, Elisa [23] and other researchers
used Inconel 718-Ni (1: 1) as a spray material, and used
high-pressure cold spray technology with Nitrogen as an
accelerating medium on stainless steel substrates. In the
coating, only 30 wt % of Inconel 718 was retained in the
coating. The effect of the corrosion rate was studied by
operating variables. The results show that The corrosion
feed rate is 2g/min, the corrosion product size is 60
microns, the collision angle is 90° , and the corrosion
rate is the smallest. researchers such as Marios [24] also
used pure Ni and Inconel 718 powder as a spraying
material, and used high-pressure cold spraying
technology to prepare high-quality coatings on stainless
steel substrates using Nitrogen as an acceleration
medium. Studies have shown that by using pure Ni
powder the addition of Inconel 718 powder particles can
enhance the cavitation resistance of the Ni coating, and
the hardness of the coating surface can be increased. The
composite coating has a higher porosity, but compared
with pure Ni coating, it can show excellent Anti-
cavitation. Makarov [25] and other researchers used Ni-
Ti composite powder and combined with nano-material
WC as a spraying material. The results show that the use
of cold spray technology to prepare Ni-TiWC coating can
significantly improve the microhardness of the substrate
surface, from 600 HV 50 Increased to 1300 HV 50.
Mieczyslaw [26] and other researchers used cold spray
technology to prepare Ni coatings on Al7050 alloy. The
study found that the size of Ni powder material has a
significant effect on the corrosion resistance of Ni
coatings, and the porosity of Ni coatings will increase
with the size of Ni powder increases with the increase of
size. With the reduction of Ni powder diameter, the
corrosion rate of Ni coating in chloride environment will
decrease. The surface can be obtained by using irregular
spherical or dendritic structure Ni powder as the spray
material. Smooth and highly corrosion-resistant Ni
coating. Wei [27] and other researchers used cold spray
technology to prepare a fully dense Ni coating with a
thickness of about 150 microns on the surface of AZ31B
Mg alloy. After 1000 hours of immersion test and 1000
hours of NaCl salt spray test, the cold spray technology
was further verified the prepared Ni coating has very
good corrosion resistance.

3.4. Tungsten series, Tantalum series
and Niobium series metal materials

Tungsten is an extremely refractory metal with a
melting point of up to 3400 ° C and a density of
19.3 g/cm®, and it has the characteristics of high
hardness, low expansion coefficient, low saturation vapor
pressure and good conductivity [7]. If cold spraying
technology is used to prepare tungsten coating on the
surface of aircraft engine turbine blades as a high
temperature resistant coating, it will be a very important
breakthrough. Aaron [28] and other researchers used Cu-
plated tungsten powder as a spraying material to prepare
a composite high-temperature resistant coating by cold
spraying technology. The concentrations of tungsten-Cu
were 80W-20Cu wt %, 85W-15Cu wt % and 90W-10Cu
wt %, The research results show that the content of
tungsten in the composite coating after spraying is far
less than the amount of the original spray powder. The
Microstructure evidence shows that the Cu coating and
tungsten particles are separated during the spraying
process, as shown in Figure 4.

Signal A = SE2 Width = 63.08 pm

Figure 4. Magnified 80W-20Cu wt % coating sample
by microscope [28]

Resulting in a decrease in the content of tungsten on the
coating, indicating that tungsten is a metal material that
is extremely difficult to prepare the coating by cold spray
technology. Kang [29] and other researchers used
tungsten / Cu mixed powder as the spraying material, and
used cold spraying technology to deposit the tungsten /
Cu composite coating on the low carbon steel substrate.
The research results show that the porosity will change
with the presence of tungsten. No oxidation was found in
the Cu in the composite coating. researchers such as
Jones [30] used Supersonic Laser Deposition (SLD) to
prepare a fully dense tungsten coating on a Mo substrate,
as shown in Figure 5.
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Figure 5. Tungsten coating and molybdenum substrate
under optical micrograph [30]

The results show that the tensile strength of the tungsten
coating is 724 Mpa, and the tensile strength of forged
tungsten is comparable; it is worth noting that the
working principle of Supersonic Laser Deposition (SLD)
technology is similar to cold spray technology.

Tantalum metal has a melting point of up to 3033 °C
and a density of 16.68 g/cm3. It is better than tungsten
and molybdenum at room temperature in process ability,
weld ability, ductility and oxidation resistance. It is an
important material for high-temperature structures
required in the aerospace industry. Tantalum and its
alloys have poor oxidation resistance, and oxidation
begins at 600 °C [31, 32]. The plasticity of tantalum is
very suitable for use as a spray material for cold spray
technology. Koivuluoto [33] and other scholars used cold
spray technology to prepare tantalum coatings, and found
that the purity and density of tantalum coatings are very
high under scanning electron microscope, Under two
different temperature conditions of normal temperature
and 80 ° C, the corrosion test was carried out in 3.5 wt %
NaCl and 40 wt% H,SO, solution. The tantalum
coating performed well in all corrosion tests, which
further indicated that the tantalum coating was dense.
researchers such as Koivuluoto [34] also used cold spray
technology to prepare tantalum coatings on steel surfaces.
The results of electrochemical tests in 1 M KOH solution
showed that the tantalum coatings prepared by cold
spraying technology were better than those prepared by
plasma spraying. The layer has more stable passivation
performance. In 1wt % HF solution, the performance of
tantalum coating prepared by cold spraying technology is
better than bulk tantalum. Bolelli [35] and other
researchers prepared a tantalum coating on the surface of
steel and Al using cold spray technology, and further
studied the stress and strain behavior of the coating using
the depth-sensing spherical and sharp (Berkovich)
indentation testing method. The size of the tantalum
material does not affect the mechanical properties of the
coating. The layered structure has a direct relationship

with the mechanical properties of the coating, and the
density of the tantalum coating is good. Kumar [36] and
other researchers prepared the tantalum coating by cold
spray technology, The tantalum coating is heat treated at
different temperatures to further optimize the mechanical
properties of the coating, The study found that the
tantalum coating was found when the heat treatment
temperature was 1500 ° C the mechanical properties of
the layer are comparable to those of tantalum blocks. At
the same time, the author also conducted a test evaluation
and electrochemical test of the corrosion performance of
the tantalum coating in 1 M KOH solution. The study
found that the tantalum coating is very dense.

Niobium has a melting point of 2467 °C and a
density of 8.57 g/cm3. It has good ductility, stable
physical and chemical properties and high-temperature
mechanical properties. It is very stable in corrosive media
and is widely used in the aerospace field. It can be used
to make liquids and orbit control rocket engine nozzle [7].
Although the limit working temperature of niobium alloy
is higher than that of Ni-based and cobalt-based super-
alloys, the oxidation resistance of niobium alloy is poor.
When the temperature exceeds 600 °C, pure niobium will
appear powdering failure, which seriously restricts the
preparation of niobium-based materials and develop-
ment [37].

Niobium powder is used as a spraying material, and
cold spraying technology is used to prepare a niobium
coating with air as an acceleration medium. After that,
heat treatment is used to eliminate the gap of the niobium
coating and the interface between the deformed particles,
thereby improving the mechanical properties of the
coating. The porosity of the coating is reduced to 0.1 %.
When the heat treatment temperature reaches 1500 °C,
the elastic model of the niobium coating reaches 103 Gpa,
while the elastic modulus of the niobium block is
105 Gpa, and the strength of the grain boundary of the
niobium coating is increased by 750 %; The corrosion
rate of the coating is 0.443 MPY and 0.498 MPY of the
niobium block material. It can greatly improve the
corrosion performance of the coating under the annealing
process. The research results also found that when the
recrystallization temperature of niobium is close to
1250 °C or annealed at a higher temperature, the niobium
coating can almost achieve the performance of niobium
block [38]. Kumar [39] and other researchers can obtain
a good combination of deposited coatings when the spray
speed of niobium particles is 515 m/s through numerical
simulation of multiple particles.

3.5. Polymer materials
The techniques commonly used to prepare polymer

coatings are: plasma spraying, arc spraying, flame
spraying and cold spraying [40-43]. As a spray materials
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of cold spray technology, polymer materials have
remarkable characteristics, good elastoplasticity, light
weight, insulation and heat insulation. The materials
usually used to prepare polymer coatings are mainly near
spherical, as shown in Figure 6 [43].
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Figure 6. LIMA C near-spherical UHMWPE
particles [43]

Cold spraying technology is a low-temperature spraying
technology, so that the polymer material can maintain its
own characteristics and structure when deposited on the
surface of the substrate, reducing the porosity caused by
thermal degradation [44]. Shah [45] and other researchers
used high-density polyethylene powder particles as the
spraying material, and deposited a coating on the surface
of the semi-infinite high density polyethylene substrate
by cold spraying technology. The impact speed of the
sprayed material, temperature, diameter and particle
composition of this series the influence of parameters on
the impact dynamics of the particles, the study found that
high-density polyethylene powder particles are easier to
deposit on harder substrates. Xu [46] and other
researchers used polyolefin powder particles as the
spraying material, and prepared amphetamine alcohol
coating on the surface of polyethylene and aluminum
substrates by cold spraying technology, as shown in
Figure 7, the research results show that: the heating
temperature is lower than the polymer temperature in
order to ensure that the polymer will not melt, the powder
particles are closely combined through the interaction of
plastic deformation. Tillmann [47] and other researchers
used cold spray technology to prepare a 450 um
polyamide-12 / Al,0; composite coating on the surface
of steel substrates. Studies have shown that Al,0;
ceramic powders particle can accelerate the fluidity of
polymer powders and simultaneously to shot peening.
RAVIK [42]. Used super-hydrophobic polymers as the
spraying material, and prepared a coating on the surface
of the 316 stainless steel substrate by cold particle
spraying single particle deposition to improve the surface

performance of the substrate. The results showed that the
surface of the substrate was coated with a layer of
papillae the Micro-nano-structured hydrophobic Nano-
ceramic layer of the same structure also improves the
deposition efficiency of the particles.

Figure 7. Amphetamine coating [46]
3.6. Ceramic powder materials

Generally, nano/sub-Micron ceramic particle
powders are used as a spray material for cold spray
technology. A few micron-sized powders are formed by
agglomeration of nano-powders by sol-gel method [48],
which is deposited on the surface of the substrate driven
by a high subsonic acceleration medium. Compared with
polymer powder and metal powder, the biggest feature of
ceramic powder is that it has no plasticity at low
temperature, so it is more difficult to deposit on the
surface of the substrate. Ceramic powder particles have
many advantages as a spray material for cold spray
technology: low temperature, economy, and simple
operation. Wang [49] and others researchers found that
the deposition mechanism of ceramic powder particles is
divided into two types, one is the bonding of ceramic
powder particles to the substrate, the way is mechanical
occlusion; the other is the deposition inside the ceramic
powder coating, the way divided into grain refinement,
plastic deformation and grain refinement-compaction
mechanism. Liu [50] and others researchers found that
using TiN ceramic powder particles as the spraying
material, during the VCS (vacuum cold spray) spray
deposition process, the TiN ceramic powder particles
showed obvious cracks and plastic deformation, because
the TiN ceramic powder particles were in the process of
high-speed impact Induced strain occurs in the powder
particles. The density of the individual particlesis ~ 5 X
1017 /m?2. The density of the TiN ceramic powder
particles will form an amorphous layer with a width of
3-4 nm. The reason for the misalignment is the high
density of the individual powder particles. High stress
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and strain cause amorphization at the TiN interface, as
shown in Figure 8. Sung [51]. Found that using cold
spray technology to spray mixed powder particles of
different diameters on the surface of the fluorine-doped
tin oxide electrode, the results showed that the sprayed
coating can generate a porous TiO, layer, which was
compared with the sample after annealing , Conversion
efficiency increased by 62 %.

High density dislocations

Amorphous Particle3

layer

Amorphous layer

Figure 8. Schematic diagram of the amorphous
layer at the TiN interface [50]

Conclusion

This article reviews the application of cold spray
technology in spray materials and summarizes the
literature on cold spray research. It mainly summarizes
the existing conventional metals, rare metals and non-
metallic materials. At present, Cu, Ti, Al and Ni-based
metal materials are commonly used in cold spraying
technology, but the main research is focused on Al, Cu
and Ti-based metal materials, and the research of Mg-
based metals is still in the initial exploration period,
although Titanium’s there are many studies, but due to its
own high hardness, the compactness and mechanical
properties of the deposited layer restrict its own use in the
industrial field. The application of rare metal tungsten
series, tantalum series and niobium series metal materials
in the field of cold spraying technology is still in its
infancy. Non-metallic materials are mainly polymer
materials and ceramic powder materials. As a new
spraying material, this material has the characteristics of
surface modification and strengthening technology. It
also has low oxygen content, low thermal stress, high
density, and combination. The strength is good, and the
advantages of itself and the physical structure of the
substrate will not be changed during the deposition
process.

At present, the reliability of rare metal coatings is
still a problem worthy of study, how to improve the
reliability of rare metal coatings and thus improve the
mechanical properties of the coatings. The mechanical
properties of the joint between the coating of the non-
metallic material and the substrate are poor and the
bonding mechanism is unclear, especially in the case of
low bonding force. The use of ceramic powder as a cold
spray material for deposition on metal substrates,
especially for the preparation of high-temperature
coatings, has very little application research, which will
be the focus of future research.

References (GOST 7.1:2006)

1. Champagne, V. The unique abilities of cold spray
deposition [Text] / V. Champagne, D. Helfritch //
International Materials Reviews. — 2016. — Vol. 61, Iss.
7.—P. 437-455. DOI: 10.1080/09506608.2016.1194948.

2. Bonding Mechanism in Cold Gas Spraying [Text]
/ H. Assadi, F. Gdrtner, T. Stoltenhoff, H. Kreye // Acta
Materialia. — 2003. — Vol. 51, Iss. 15. — P. 4379-4394.
DOI: 10.1016/s1359-6454(03)00274-x.

3. Cold Spraying: From Process Fundamentals
Towards Advanced Applications [Text] / S. Grigoriev,
A. Okunkova, A. Sova, P. Bertrand, I. Smurov // Surface
& Coatings Technology. — 2015. — Vol. 268. — P. 77-84.
DOI: 10.1016/j.surfcoat.2014.09.060

4. Stoltenhoff, T. An analysis of the cold spray
process and its coatings [Text] / T. Stoltenhoff, H. Kreye,
H. J. Richter // Journal of Thermal Spray Technol. — 2002.
—Vol. 11. — P. 542-550. DOI: 10.1361/10599630277034
8682.

5. Research on cold spraying aluminum coating and
its wear resistance [Text] / Jia Li, Cui Yun, Liu Guang,
Zheng Ziyun // Ordnance Material Science and
Engineering. — 2017. — Vol. 40, Iss. 3. — P. 78-80.

6. Xuefei, Li. Application and prospect of cold
spraying in welding engineering [Text] / Li Xuefei, Li
Jinglong, Li Wenya // Welding & Joining. — 2008. — Iss. 9.
—P 13-16.

7. Research Progress of Oxidizing Sensitive Non-
ferrous Metals Produced by Cold Spray [Text] / Yang
Lijing, Zhang Pingxiang, Wang Shaopeng, Li Zhengxian
// Thermal Spray Technology. — 2018. — Vol. 10, Iss. 4. —
P 23-32.

8. Zhenghan, Chen. Application study of cold spray
technology in maintenance of copper propeller [Text] /
Chen Zhenghan, Sun Xiaofeng, Shi Yupeng // Theoretical
Exploration. — 2016. — Vol. 8, Iss. 3. — P. 20-24.

9. Deposition behavior and corrosion resistance of
cold sprayed Cu-based composite coatings [Text] /
Zhang Mengqing, Qiao Yulin, Zhang Zhong, Zhang Wei,
Yu Helong // Modern Salt and Chemical Industry. — 2019.
—Vol. 46, Iss. 5. — P. 35-36.



ABIAIIIMHO-KOCMIYHA TEXHIKA I TEXHOJIOI'I, 2021, Ne 1(169)

ISSN 1727-7337 (print)
ISSN 2663-2217 (online)

10. Tribological Behavior of a Cold-Sprayed Cu—
MoS2 Composite Coating During Dry Sliding Wear [Text]
/Y. Zhan, J. M. Shockley, Phuong Vo, Richard R. Chromik
// Tribology Letters. — 2016. — Iss. 1. — P. 9.

11. Lingling, Xu. Preparation and Research of Cold
Spray Thermal Conductive Copper Coating [Text] / Xu
Lingling, Zhou Xianglin, Sun Chengchuan // Thermal
Spray Technology. — 2017. — Vol. 9, Iss. 04. — P. 7-12.

12. Improvement of microstructure and property of
cold-sprayed Cu-4 at.%Cr-2 at.%Nb alloy by heat
treatment [Text] / W.-Y. Li, X. P. Guo, C. Verdy, L.
Dembinski, H. L. Liao, C. Coddet // Scripta Materialia. —
2006. — Vol 55, Iss. 4. — P 327-330. DOI:
10.1016/j.scriptamat.2006.04.041.

13. Using friction stir processing to augment
corrosion resistance of cold sprayed
AA2024/41203 composite coatings [Text] / Kang Yang,
Wenya Li, Yaxin Xu, Xiawei Yang // Journal of Alloy
Compounds. — 2019. — Vol. 774. — P. 1223-1232. DOI:
10.1016/;j.jallcom.2018.09.386.

14.  Solid-state additive manufacturing and
repairing by cold spraying: A review [Text] / Wenya Li,
et al. // Journal of Materials Science & Technology. —
2018. — Vol. 34, No. 3. — P. 440-457. DOI:
10.1016/j.jmst.2017.09.015.

15. Huang, R. Development of ultra-strong adhesive
strength coatings using cold spray [Text] / R. Huang, W.
Ma, H. Fukanuma // Surface and Coatings Technology. —
2013. - Vol. 258. - P 832-841. DOI:
10.1016/j.surfcoat.2014.07.074.

16. Significant influences of metal reactivity and
oxide films at particle surfaces on coating microstructure
in cold spraying [Text] / W.-Y. Li, C. Zhang, et al. //
Applied Surface Science. — 2007. — Vol. 253, No. 7. — P.
3557-3562. DOI: 10.1016/j.apsusc.2006.07.063.

17. Li, Wenya. The effect of vacuum heat treatment
on the microstructure and tensile properties of cold
sprayed porous Ti [Text] / Wenya Li, Yumin Yu, Hanlin
Liao // Chinese Journal of Nonferrous Metals. — 2010. —
Vol. 20, No. 10. — P. 902-905.

18. Wang, Qi. The galvanic corrosion behavior of
cold sprayed Ti coating and 1Cr13 stainless steel [Text]
/ Qi Wang, Hongren Wang, Min Du // Corrosion and
Protection. — 2006. — Vol. 27, No. 11. — P. 544-547.

19. Microstructure and Mechanical Property of Ti
and Ti6Al4V Prepared by an In-situ Shot Peening
Assisted Cold Spraying [Text] / X.-T. Luo, Y.-K. Wei et al.
// Materials and Design. — 2015. — Vol. 85. — P. 527-533.
DOI: 10.1016/j.matdes.2015.07.015.

20. Zhang, J. Effect of standoff distance on
properties of Al coating during cold spraying [Text] /
Jianfeng Zhang, Zhijin Chen, Jianhua Yao // Heat
treatment of metals. — 2014. — Vol. 39, No. 06. — P. 88-90.
DOI: 10.13251/).issn.0254-6051.2014.06.023.

21. Champagne, V. K. The repair of magnesium
rotor-craft components by cold spray [Text] / V. K.

Champagne // Journal of Failure Analysis & Prevention.
—2008.—Vol. 8. — P. 164-175. DOI: 10.1007/s11668-008-
9116-y.

22. Novoselova, T. Formation of TiAl inter metallics
by heat treatment of cold-sprayed precursor deposits
[Text] / T Novoselova, S. Celotto, R Morgan // Journal of
Alloys & Compounds. — 2007. — Vol. 436, Iss. 1-2. — P. 69
77. DOI: 10.1016/j.jallcom.2006.06.101.

23. Modeling of Erosion Response of Cold-Sprayed
In718-Ni Composite Coating Using Full Factorial
Design [Text] / E Verna, R Biagi, M. Kazasidis, M.

Galetto, E. Bemporad, R Lupoi // Coatings. — 2020. —
Vol. 10, Iss. 4. Article 1Id: 335. DOI:
10.3390/coatings10040335.

24.  Microstructure and cavitation  erosion

performance of nickel-Inconel 718 composite coatings
produced with cold spray [Text] / Marios Kazasidis, Shuo
Yin, Jonathan Cassidy, Tatjana Volkov-Husovi¢, Milica
Viahovié, Sanja Martinovi¢, Elena Kyriakopoulou,
Rocco Lupoi // Surface and Coatings Technology. — 2020.
— Vol 382. - Article Id: 125195. DOI:
10.1016/j.surfcoat.2019.125195.

25. Study of the Method of Obtaining Functional
Interest-Metallic Coatings Based on Ni-Ti Reinforced
with WC Nanoparticles [Text] / A. M. Makarov, Dmitry
A. Gerashchenkov, Sergey E. Aleksandrov et al. // Key
Engineering Materials. — 2019. — Vol. 822. — P. 760-767.
DOI: 10.4028/www.scientific.net/kem.822.760.

26. Scendo, Mieczyslaw. Influence of Nickel
Powders on Corrosion Resistance of Cold Sprayed
Coatings on Al7075 Substrate [Text] / Mieczyslaw
Scendo, Wojciech Zorawski, Anna Goral // Metals. —
2019. — Vol. 9, Iss. 8 — Article Id: 890. DOI:
10.3390/met9080890.

27. Corrosion resistant nickel coating with strong
adhesion on AZ31B magnesium alloy prepared by an in-
situ shot-peening-assisted cold spray [Text] / Ying-Kang
Wei, Yu-Juan Li, Yue Zhang, Xiao-Tao Luo, Chang-Jiu Li
// Corrosion Science. — 2018. — Vol. 138. — P. 105-115.
DOI: 10.1016/j.corsci.2018.04.018.

28. Deposition Behavior in Cold Sprayed Copper-
Tungsten Metal Matrix Composites [Electronic resource]
/Aaron Hall, Pylin Sarobol, David Urrea, Stephen Miller.

- Sandia National Lab. (SNL-NM), Albuquerque, NM
(United States), 2015. — 4 p. — Access mode: https://www.
osti.gov/servlets/purl/1244889. — 12.10.2020.

29. Kang, Hyun-Ki. Tungsten/copper composite
deposits produced by a cold spray [Text] / Hyun-Ki Kang,
Suk-Bong Kang // Scripta Materialia. — 2003. — Vol. 49,
Iss. 12. — P. 1169-1174. DOI: 10.1016/j.scriptamat.2003.
08.023.

30. Jones, M. Solid-state manufacturing of tungsten
deposits onto molydenum substrates with supersonic
laser deposition [Text] / M. Jones, A. Cockburn, R. Lupoi
// Materials Letters. — 2014. — Vol. 134. — P. 295-297. DOI:
10.1016/j.matlet.2014.07.091.


https://www.sciencedirect.com/science/article/abs/pii/S1359646206003460?via%3Dihub#!
https://www.sciencedirect.com/science/article/abs/pii/S1359646206003460?via%3Dihub#!
https://www.sciencedirect.com/science/article/abs/pii/S1359646206003460?via%3Dihub#!
https://www.sciencedirect.com/science/article/abs/pii/S1359646206003460?via%3Dihub#!
https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.13251%2Fj.issn.0254-6051.2014.06.023

Jleuzynu i enepeoycmano6ku 1imaibHux anapamie

55

31. Research Progress on Strengthening and
Toughening of Refractory Tantalum Based Alloys for
Ultra-high-temperature ~ Applications [Text] /
Hu Kongsheng, Xiao Xuan, Dong Xianjuan et al. // Hot
Working Technology. — 2014. — Iss. 24. — P. 19-22.

32. Yong, Tang. Research progress of high
temperature oxidation resistance of tantalum-based alloy
[Text] / Tang Yong, Du Jihong, Zhengxian Li // Science
and Technology Information. — 2016. — Iss. 9. — P. 150-
152.

33. Koivuluoto, H. Corrosion Properties of Cold-
Sprayed Tantalum Coatings [Text] / H. Koivuluoto, J.
Ndkki, P. Vuoristo // Journal of Thermal Spray
Technology. — 2009. — Vol. 18. — P. 75-82. DOI:
10.1007/511666-008-9281-2.

34. Corrosion resistance of cold-sprayed Ta
coatings in very aggressive conditions [Text] /
H. Koivuluoto, G. Bolelli, L. Lusvarghi, F. Casadei,
P. Vuoristo // Surface and Coatings Technology. — 2010.
— VYol 205, Iss. 4. — P 1103-1107. DOI:
10.1016/j.surfcoat.2010.02.052.

35. Depth-sensing indentation for assessing the
mechanical properties of cold-sprayed Ta [Text] /
G. Bolelli, B. Bonferroni, H. Koivuluoto, L. Lusvarghi,
P. Vuoristo // Surface and Coatings Technology. — 2010.
— Vol. 205, Iss. 7. — P 2209-2217. DOI:
10.1016/j.surfcoat.2010.08.146.

36. Effect of Heat Treatment on Mechanical
Properties and Corrosion Performance of Cold-Sprayed
Tantalum Coatings [Text] / S. Kumar, V. Vidyasagar,
A. Jyothirmayi, S. V. Joshi // Journal of Thermal Spray
Technology. — 2016. — Vol. 25. — P. 745-756. DOI:
10.1007/s11666-016-0388-6.

37. Research progress in high temperature oxidation
resistance of Nb and Nb based alloys [Text] / L. Yin, D.
0. Yi, L. R Xiao, L. Yang // Materials Protection. — 2003.
—Vol. 36, Iss. 8. — P. 4-8.

38. Influence of annealing on mechanical and
electrochemical properties of cold sprayed niobium
coatings [Text] / S. Kumar, A. Jyothirmayi, N. Wasekar,
S. V. Joshi // Surface and Coatings Technology. — 2016.
—Vol. 296. — P. 124-135. DOI: 10.1016/j.surfcoat.2016.
04.027.

39. Correlation of splat state with deposition
characteristics of cold sprayed niobium coatings [Text] /
S. Kumar, M. Ramakrishna, N. M. Chavan, S. V. Joshi //
Acta Materialia. — 2017. — Vol. 130. — P. 177-195. DOI:
10.1016/j.actamat.2017.03.023.

40. Lima, C. R.-C. Study of wear and corrosion
performance of thermal sprayed engineering polymers
[Text] / C. R.-C Lima, N. F. C. de Souza, F. Camargo //
Surface and Coatings Technology. — 2013. — Vol. 220. —
P. 140-143. DOI: 10.1016/j.surfcoat.2012.05.051.

41. Properties of thermally sprayed fluoropolymer
PVDF, ECTFE, PFA and FEP coatings [Text] / E. Leivo,
T. Wilenius, T. Kinos et al. // Progress in Organic

Coatings. — 2004. — Vol. 49, Iss. 1. — P. 69-73. DOI:
10.1016/j.porgcoat.2003.08.011.

42. Influence of nanoceramic interlayer on polymer
consolidation during cold spray coating formation [Text]
/ K. Ravi, T. Deplancke, O. Lame et al. // Journal of
Materials Processing Technology. — 2019. — Vol. 273. —
Article Id: 116254. DOI: 10.1016/j.jmatprotec.2019.
116254.

43. Understanding deposition mechanism in cold
sprayed ultrahigh molecular weight polyethylene
coatings on metals by isolated particle deposition method
[Text] /K. Ravi, T. Deplancke, K. Ogawa et al. // Additive
Manufacturing. — 2018. — Vol. 21. — P. 191-200. DOI:
10.1016/j.addma.2018.02.022.

44. Khalkhali, Z. Characterization of the cold spray
deposition of a wide variety of polymeric powders [Text]
/ Z. Khalkhali, J.-P. Rothstein // Surface and Coatings
Technology. — 2020. — Vol. 383. — Article Id: 125251. DOI:
10.1016/j.surfcoat.2019.125251.

45. Shah, S. Numerical Simulations of the High-
Velocity Impact of a Single Polymer Particle During
Cold-Spray Deposition [Text] / S. Shah, J. Lee,
J. P. Rothstein // Journal of Thermal Spray Technology. —
2017.—Vol. 26. — P. 970-984. DOI: 10.1007/s11666-017-
0557-2.

46. Xu, Y. Cold spray deposition of thermoplastic
powder [Text] / Y. Xu, I. M. Hutchings // Surface and
Coatings Technology. — 2006. — Vol. 201, Iss. 6. — P.
3044-3050. DOI: 10.1016/j.surfcoat.2006.06.016.

47. Tillmann, W. Investigation of low-pressure cold-
gas dynamic spraying of polyamide-12 (PA12) on steel
surfaces [Text] / W. Tillmann,. J. F. Zajaczkowski // IOP
Conference Series: Materials Science and Engineering.
— 2019. — Vol. 480. — Article Id: 012009. DOI:
10.1088/1757-899X/480/1/012009.

48. Preliminary studies of TiO2 nanopowder
deposition onto metallic substrate by low pressure cold
spraying [Text] / M. Winnicki, A. Baszczuk, M. Jasiorski
// Surface and Coatings Technology. — 2019. — Vol. 371.
— P, 194-202. DOI: 10.1016/j.surfcoat.2018.09.057.

49. Characterization of the Microstructure of AI203
Coating Deposited by Vacuum Cold Spray [Text] / Li-
shuang Wang, Heng-fu Zhou, Cheng-xin Li, Yu-yue Wang,
Guan-jun Yang, Xiao-tao Luo, Chang-jiu Li // Thermal
Spray Technology. — 2017. — Vol. 9, Iss. 03. — P. 36-45.

50. Impact-induced bonding and boundary
amorphization of TiN ceramic particles during room
temperature vacuum cold spray deposition [Text] / Y. Liu,
Y Wang, X. Suo, Y. Gong, C. Li, H. Li // Ceramics
International. — 2016. — Vol. 42, Iss. 1, Part B. — P. 1640—
1647. DOI: 10.1016/j.ceramint.2015.09.116.

51. Cho, S. H. Multi-layer TiO?2 films prepared by
aerosol deposition method for dye-sensitized solar cells
[Text] /S. H. Cho, Y. J. Yoon // Thin Solid Films. — 2013.
—Vol. 547. — P. 91-94. DOI: 10.1016/j.ts£.2013.04.107.



ABIAIIIMHO-KOCMIYHA TEXHIKA I TEXHOJIOI'I, 2021, Ne 1(169)

ISSN 1727-7337 (print)
ISSN 2663-2217 (online)

References (BSI)

1. Champagne, V., Helfritch, D. The unique abilities
of cold spray deposition. International Materials
Reviews, 2016, vol. 61, iss. 7, pp. 437-455. DOI:
10.1080/09506608.2016.1194948.

2. Assadi, H., Gértner, F, Stoltenhoff, T., Kreye, H.
Bonding Mechanism in Cold Gas Spraying. Acta
Materialia, 2003, vol. 51, no. 15, pp. 4379-4394. DOLI:
10.1016/s1359-6454(03)00274-x.

3. Grigoriev, S., Okunkova, A., Sova, A., Bertrand,
P, Smurov, I[. Cold Spraying: From Process
Fundamentals Towards Advanced Applications. Surface
& Coatings Technology, 2015, vol. 268, pp. 77-84. DOL:
10.1016/j.surfcoat.2014.09.060.

4. Stoltenhoff, T., Kreye, H., Richter, J. H. An
analysis of the cold spray process and its coatings.
Journal of Thermal Spray Technol., 2002, vol. 11, pp.
542-550. DOI: 10.1361/105996302770348682.

5. Li, Jia., Yun, Cui., Guang, Liu., Ziyun, Zheng.
Research on cold spraying aluminum coating and its wear
resistance. Ordnance Material Science and Engineering,
2017, vol. 40, iss. 3, pp. 78-80.

6. Xuefei, Li., Jinglong, Li., Wenya, Li. Application
and prospect of cold spraying in welding engineering.
Welding & Joining, 2008, iss. 9, pp. 13-16.

7. Lijing, Yang., Pingxiang, Zhang., Shaopeng,
Wang., Zhengxian, Li. Research Progress of Oxidizing
Sensitive Non-ferrous Metals Produced by Cold Spray.
Thermal Spray Technology, 2018, vol. 10, iss. 4, pp. 23-
32.

8. Zhenghan, Chen., Xiaofeng, Sun., Yupeng, Shi.
Application study of cold spray technology in
maintenance of copper propeller.  Theoretical
Exploration, 2016, vol. 8, iss. 3, pp. 20-24.

9. Mengqing, Zhang., Yulin, Qiao., Zhong, Zhang.,
Wei, Zhang., Helong, Yu. Deposition behavior and
corrosion resistance of cold sprayed Cu-based composite
coatings. Modern Salt and Chemical Industry, 2019, vol.
46, iss. 5, pp. 35-36.

10. Zhang, Y., Shockley, J. M., Vo, P., Chromi,
Richard R. Tribological Behavior of a Cold-Sprayed Cu—
MoS2 Composite Coating During Dry Sliding Wear.
Tribology Letters, 2016, iss. 1, pp. 9.

11. Lingling, Xu., Xianglin, Zhou., Chengchuan,
Sun. Preparation and Research of Cold Spray Thermal
Conductive Copper Coating. Thermal Spray Technology,
2017, vol. 9, iss. 4, pp. 7-12.

12. Li, W.-Y., Guo, X. P, Verdy, C. at al.
Improvement of Microstructure and Property of Cold-
sprayed Cu-4 at.%Cr-2 at.%NDb Alloy by Heat Treatment.
Scripta Materialia, 2006, vol. 55, iss. 4, pp. 327-330.
DOI: 10.1016/j.scriptamat.2006.04.041.

13. Yang, K. et al. Using friction stir processing to
augment corrosion resistance of cold sprayed

AA2024/A1203 composite coatings. Journal of alloy

compounds. 2019, vol. 774, pp. 1223-1232. DOI:
10.1016/j.jallcom.2018.09.386.
14. Li, W.Y., et al. Solid-state additive

manufacturing and repairing by cold spraying: A review.
Journal of Materials Science & Technology, 2018, vol.
34, no. 3, pp. 440-457. DOI: 10.1016/j.jmst.2017.09.015.

15. Huang, R., Ma, W., Fukanuma, H. Development
of ultra-strong adhesive strength coatings using cold
spray. Surface and Coatings Technology, 2013, vol. 258,
pp- 832-841. DOI: 10.1016/j.surfcoat.2014.07.074.

16 Li, W.-Y. et al. Significant influences of metal
reactivity and oxide films at particle surfaces on coating
microstructure in cold spraying. Applied Surface Science,
2007, wvol. 253, no. 7, pp. 3557-3562. DOI:
10.1016/j.apsusc.2006.07.063.

17. Li, Wenya., Yu, Yumin., Liao, Hanlin. The effect
of vacuum heat treatment on the microstructure and
tensile properties of cold sprayed porous Ti. Chinese
Journal of Nonferrous Metals, 2010, vol. 20, no. 10, pp.
902-905.

18. Wang, Qi., Wang, Hongren., Du, Min. The
galvanic corrosion behavior of cold sprayed Ti coating
and 1Crl3 stainless steel. Corrosion and Protection,
20006, vol. 27, no. 11, pp. 544-547.

19. Luo, X.-T., Wei, Y.-K. et al. Microstructure and
Mechanical Property of Ti and Ti6Al4V Prepared by an
In-situ Shot Peening Assisted Cold Spraying. Materials
and Design, 2015, vol. 85, pp. 527-533. DOI:
10.1016/j.matdes.2015.07.015.

20. Zhang, J., Chen, Z., Yao, J. Effect of standoff
distance on properties of Al coating during cold spraying.
Heat treatment of metals, 2014, vol. 39, no. 06, pp. 88-
90. DOI: 10.13251/j.issn.0254-6051.2014.06.023.

21. Champagne, V. K. The repair of magnesium
rotor craft components by cold spray. Journal of Failure
Analysis & Prevention, 2008, vol. 8, pp. 164-175. DOI:
10.1007/s11668-008-9116-y.

22. Novoselova, T., Celotto, S., Morgan, R.
Formation of TiAl inter metallics by heat treatment of
cold-sprayed precursor deposits. Journal of Alloys &
Compounds, 2007, vol. 436, iss. 1-2, pp. 69-77. DOI:
10.1016/j.jallcom.2006.06.101.

23. Verna, E., Biagi, R., Kazasidis, M. et al.
Modeling of Erosion Response of Cold-Sprayed In718-
Ni Composite Coating Using Full Factorial Design.
Coatings, 2020, vol. 10, iss. 4, article id: 335. DOL:
10.3390/coatings10040335.

24. Kazasidis, Marios., Yin, Shuo., Cassidy,
Jonathan., Volkov-Husovi¢, Tatjana., Vlahovi¢, Milica.,
Martinovi¢, Sanja., Kyriakopoulou, Elena., Rocco,
Lupoi.,, Microstructure and cavitation erosion
performance of nickel-Inconel 718 composite coatings
produced with cold spray. Surface and Coatings
Technology, 2020, vol. 382, article id: 125195. DOI:
10.1016/j.surfcoat.2019.125195.


https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.13251%2Fj.issn.0254-6051.2014.06.023

Jleuzynu i enepeoycmano6ku 1imaibHux anapamie

57

25. Makarov, A. M., Gerashchenkov, Dmitry A.,
Aleksandrov, Sergey E. et al. Study of the Method of
Obtaining Functional Interest-Metallic Coatings Based
on Ni-Ti Reinforced with WC Nanoparticles. Key
Engineering Materials, 2019, vol. 822, pp. 760-767. DOLI:
10.4028/www.scientific.net/kem.822.760.

26. Scendo, Mieczyslaw., Zorawski, Wojciech.,
Goral, Anna. Influence of Nickel Powders on Corrosion
Resistance of Cold Sprayed Coatings on Al7075
Substrate. Metals, 2019, vol. 9, iss. 8, article id: 890. DOI:
10.3390/met9080890.

27. Wei, Ying-Kang., Li, Yu-Juan., Zhang, Yue.,
Luo, Xiao-Tao., Li, Chang-Jiu. Corrosion resistant nickel
coating with strong adhesion on AZ31B magnesium alloy
prepared by an in-situ shot-peening-assisted cold spray.
Corrosion Science, 2018, vol. 138, pp. 105-155. DOI:
10.1016/j.corsci.2018.04.018.

28. Hall, Aaron., Sarobol, Pylin., Urrea, David.,
Miller, Stephen. Deposition Behavior in Cold Sprayed
Copper-Tungsten Metal Matrix Composites. Sandia
National Lab.(SNL-NM), Albuquerque, NM (United
States), 2015. 4 p. Available at: https://www.osti.gov/
servlets/purl/1244889. — (accessed 15.04.2020).

29. Kang, Hyun-Ki, Kang, Suk-Bong.
Tungsten/copper composite deposits produced by a cold
spray. Scripta Materialia, 2003, vol. 49, iss. 12, pp. 1169-
1174. DOI: 10.1016/j.scriptamat.2003.08.023.

30. Jones, M., Cockburn, A., Lupoi, R. Solid-state
manufacturing of tungsten deposits onto molydenum
substrates with supersonic laser deposition. Materials
Letters, 2014, vol. 134, pp. 295-297. DOL
10.1016/j.matlet.2014.07.091.

31. Hu, Kongsheng., Xuan, Xiao., Dong, Xianjuan.,
et al. Research Progress on Strengthening and
Toughening of Refractory Tantalum Based Alloys for
Ultra-high-temperature ~ Applications. Hot Working
Technology, 2014, iss. 24, pp. 19-22.

32. Yong, Tang., Jihong, Du., Li, Zhengxian.
Research progress of high temperature oxidation
resistance of tantalum-based alloy. Science and
Technology Information, 2016, iss. 9, pp. 150-152.

33. Koivuluoto, H., Ndkki, J., Vuoristo, P. Corrosion
Properties of Cold-Sprayed Tantalum Coatings. Journal
of Thermal Spray Technology, 2009, vol. 18, pp. 75-82.
DOI: 10.1007/s11666-008-9281-2.

34. Koivuluoto, H., Bolelli, G., Lusvarghi, L.,
Casadei, F., Vuoristo, P. Corrosion resistance of cold-
sprayed Ta coatings in very aggressive conditions.
Surface and Coatings Technology, 2010, vol. 205, iss. 4,
pp. 1103-1107. DOI: 10.1016/j.surfcoat.2010.02.052.

35. Bolelli, G., Bonferroni, B., Koivuluoto, H.,
Lusvarghi, L., Vuoristo, P. Depth-sensing indentation for
assessing the mechanical properties of cold-sprayed Ta.
Surface and Coatings Technology, 2010, vol. 205, iss. 7,
pp- 2209-2217. DOI: 10.1016/j.surfcoat.2010.08.146.

36. Kumar, S., Vidyasagar, V., Jyothirmayi, A.,

Joshi, V, S. Effect of Heat Treatment on Mechanical
Properties and Corrosion Performance of Cold-Sprayed
Tantalum Coatings. Journal of Thermal Spray
Technology, 2016, vol. 25, pp. 745-756. DOI:
10.1007/s11666-016-0388-6.

37. Yin, L., Yi, D., Xiao, L., Yang, L. Research
progress of high temperature oxidation resistance of
niobium and niobium alloys. Materials Protection, 2003,
vol. 36, iss. 8, pp. 4-8.

38. Kumar, S., Jyothirmayi, A., Wasekar, N., Joshi,
V.S. Influence of annealing on mechanical and
electrochemical properties of cold sprayed niobium
coatings. Surface and Coatings Technology, 2016, vol.
296, pp. 124-135. DOI: 10.1016/j.surfcoat.2016.04.027.

39. Kumar, S., Ramakrishna, M., Chavan, N. M.,
Joshi, V. S. Correlation of splat state with deposition
characteristics of cold sprayed niobium coatings. Acta
Materialia, 2017, wvol. 130, pp. 177-195. DOL:
10.1016/j.actamat.2017.03.023.

40. Lima, C. R.-C. et al. Study of wear and
corrosion performance of thermal sprayed engineering
polymers. Surface and Coatings Technology, 2013, vol.
220, pp. 140-143. DOI: 10.1016/j.surfcoat.2012.05.051.

41. Leivo, E., Wilenius, T., Kinos, T. et al.
Properties of thermally sprayed fluoropolymer PVDF,
ECTFE, PFA and FEP coatings. Progress in Organic
Coatings, 2004, vol. 49, iss. 1, pp. 69-73. DOI:
10.1016/j.porgcoat.2003.08.011.

42. Ravi, K., Deplancke, T., Lame, O. et al.
Influence of nanoceramic interlayer on polymer
consolidation during cold spray coating formation.
Journal of Materials Processing Technology, 2019, vol.
273, article id: 116254, DOI:
10.1016/j.jmatprotec.2019.116254.

43. Ravi, K., Deplancke, T., Ogawa, K. et al.
Understanding deposition mechanism in cold sprayed
ultrahigh molecular weight polyethylene coatings on
metals by isolated particle deposition method. Additive
Manufacturing, 2018, vol. 21, pp. 191-200. DOI:
10.1016/j.addma.2018.02.022.

44. Khalkhali, Z., Rothstein, J.-P. Characterization
of the cold spray deposition of a wide variety of
polymeric powders. Surface and Coatings Technology,
2020, vol. 383, article id: 125251. DOI:
10.1016/j.surfcoat.2019.125251.

45. Shah, S., Lee, J., Rothstein, J. P. Numerical
Simulations of the High-Velocity Impact of a Single
Polymer Particle During Cold-Spray Deposition. Journal
of Thermal Spray Technology, 2017, vol. 26, pp. 970-984.
DOI: 10.1007/s11666-017-0557-2.

46. Xu, Y., Hutchings, I. M. Cold spray deposition
of thermoplastic powder. Surface and Coatings
Technology, 2006, vol. 201, iss. 6, pp. 3044-3050. DOLI:
10.1016/j.surfcoat.2006.06.016.

47. Tillmann, W., Zajaczkowski, J. F. Investigation

of low-pressure cold-gas dynamic spraying of



ABIAIIIMHO-KOCMIYHA TEXHIKA I TEXHOJIOI'I, 2021, Ne 1(169)

ISSN 1727-7337 (print)
ISSN 2663-2217 (online)

polyamide-12 (PA12) on steel surfaces. /OP Conference
Series: Materials Science and Engineering, 2019, vol.
480, article id: 012009. DOI: 10.1088/1757-
899X/480/1/012009.

48. Winnicki, M., Baszczuk, A., Jasiorski, M.
Preliminary studies of TiO2nanopowder deposition onto
metallic substrate by low pressure cold spraying. Surface
and Coatings Technology, 2019, vol. 371, pp. 194-202.
DOI: 10.1016/j.surfcoat.2018.09.057.

49. Wang, Li-shuang., Zhou, Heng-fu., Li, Cheng-
xin., Wang, Yu-yue., et al. Characterization of the

Cold Spray. Thermal Spray Technology, 2017, vol. 9, iss.
03, pp. 36-45.

50. Liu, Y., Wang, Y., Suo, X., et al. Impact-induced
bonding and boundary amorphization of TiN ceramic
particles during room temperature vacuum cold spray
deposition. Ceramics International, 2016, vol. 42, iss. 1,
pp. 1640-1647. DOI: 10.1016/j.ceramint.2015.09.116.

51. Cho, S. H., Yoon, Y. J. Multi-layer TiO2 films
prepared by aerosol deposition method for dye-sensitized
solar cells. Thin Solid Films, 2013, vol. 547, pp. 91-94.
DOI: 10.1016/j.ts£.2013.04.107.

Microstructure of AI203 Coating Deposited by Vacuum

Hocmynuna 6 peoaxyuio 15.01.2020, paccmompena Ha pedkonnezuu 16.02.2020

AHAJII3 MOPOIKOBUX MATEPIAJIIB JJIA XOJIOJHOI'O TA3BOAUHAMIYHOI'O
HAIIMJIFOBAHHSA TA OBJIACTEM X 3ACTOCYBAHHSA

Kyno Tanw, C. €. Mapkosuu, Benvusze Xy, O. B. Illlopinos, IOponz Ban

TexHOMOoTis XOJOTHOTO Ta30AMHAMIYHOTO HAMWIIOBAaHHS - IEPCIIEKTHBHA Ta 0aratoo0imsioda TEXHOJOTis
¢dbopmyBaHHS TOKPUTTIB. JlaHa TexHONOriss Mae Oararo mepeBar B TMOPIBHAHHI 3 IHIIUMH TEXHOJIOTISIMU
ra30TepMiYHOTO HAIMJIIOBAHHS, a CaMme: MOXKJHMBICTH OTPUMaHHS TOBCTHX IIOKPUTTIB, MiHIMaibHI 3HA4CHHS
MTOPUCTOCTI, BIICYTHICTh OKUCITIOBATBHUX ITPOLIECIB MaTepiaiB IIOKPHUTT i iIKIaIKH, 3a]JOBITbHI (i3UKO-MEXaHIIHI
XapakTepUCTUKK ¥ BHUCOKI 3HA4YeHHs KoedillieHTa BHKOPHUCTAHHS MOPOIIKY. XOJOAHMM Tra30AWHAMIYHUM
HAIWIIOBAaHHSIM MOXKJIMBO OTPUMAaHHS KOPO3iHHOCTIMKUX, TEMI03aXUCHUX, 3HOCOCTIHKUX Ta IHIINX (DYHKIIOHATIBHUX
MOKPUTTIB. PO3BUTOK 1 BUBUCHHS MPOILECY HAIMIIOBAHHS J03BOJISE OTPUMYBATH MOKPHUTTS 3 MIMPOKOTO Jiala3oHy
METaJeBUX IIOPOUIKIB, @ TAKOX IHIIMX METAJ0-KePaMiYHUX MOPOIIKOBUX CyMimeld. TeXHOJOTis XOJIOAHOTO
ra30lMHaMIYHOTO HalMJICHHs J100pe 3apekoMeHayBaia cede B Ipoliecax BiJHOBICHHS MOIIKOIKEHUX MOBEPXOHB, a
TaKOX TP HEOOXiTHOCTI 3a0e3MeueHHs CIeIiaIbHIX SKCILTyaTalliifHIX BIACTHBOCTEH ITOBEPXOHB JeTaiel. Y maHii
poOOTI PO3MIANAETHCS 3aCTOCYBAHHS TEXHOJIOTIT XOJOJHOTO HANWICHHS 3 TOYKH 30pYy MOPOIIKOBUX MaTepialis:
METaJIiB, SIK [UTACTHYHUX (Miflb, AJIFOMIHIH, IIMHK Ta 1H.), TaK i BAXKKOOOPOOIIOBAaHKUX (HAMPHKIIAI, THUTAH), & TAKOK
MeTaJ0-KepaMiuHMX KOMITO3UIIHHUX MOPOIIKOBUX CyMilllel Ha OCHOBI KapOiliB i OKCHIIB. 3 IPOBEICHOTO aHaIli3y
JITEpaTypHHUX JOKEpes] MOXKHA 3pOOMTH HACTYIHI BUCHOBKH. Y pa3i IUIACTHYHMX METajiB, mpouec (popMyBaHHS
MOKPHTTIB 1 1X 3aCTOCYBaHHSI B IIPOMHCIIOBOCTI B JIOCTATHIM Mipi BUBYEHi. [103UTHBHI pe3ysbTaTH 10 HAHECEHHIO
MOKPHUTTIB 3 THTAHOBHX CIUIABIB OyJIM OTPUMaHi MPU XOJIOJHOMY I'a30IMHAMIYHOMY HAIMJIIOBAHHI 3 BUKOPUCTAHHIM
JIOPOTHX CHCTEM BUCOKOTO TUCKY Ta TeJIiI0 B IKOCTI poOodoro razy. I11o cTocyeThest TyroriaBkux MeTatiB (Harprkiaz,
BOIb(paM, TaHTaJ, HiOOiH), a TaKOXK KepaMiyHHX MOPOMIKIB (OKCHJ allFOMiHI0, OKCHA KPEMHII0 Ta iH.), TO IiX
HANWIIOBAaHHA MOXJIMBO JIMIIE 3a HAsSBHOCTI METajJeBOi 3B A3yI04Oi KOMIOHEHTH. B manmili wac ocoOmuBHiA
MPaKTHYHUI IHTEpEeC Mae 3aCTOCYBAHHS TEXHOJIOTIT XOJI0IHOTO HAIMIIIOBAHHS METaJIeBUX MOKPHUTTIB HA KOMITO3HUTHI
Marepiany, TUIACTHKH Ta iHII HeMeTaJeBi MOBEpXHi. TEXHOIOTiS XOJOMHOTO Ta30[UHAMIYHOTO HAIMIIOBAHHS HE
00MEeXy€eThCsI TPECTABICHUMH B CTATTI Pe3yabTaTaMU aHaJi3y MOPOIIKOBUX MaTepialiB i 00JacTAMHU 3aCTOCYBaHHS,
a Jae 3arajbHe PO3YMIHHS NIMPOKUX MOMJIMBOCTEH JaHOT TEXHOJOTil 1 KOHKYPEHINl TpajMIliiHUM METOIaM
ra30TepMIiYHOTO HAIMIIIOBAHHSI.

KoarodoBi cnoBa: XonopHe HamnWICHHS; aBiallis; MeTaleBi Marepiaiy; IOJIMEpHI MaTepiaid; KepamidHi
ITOPOIIKOBI MaTepiaiy.

AHAJIN3 IMTOPOHIKOBBIX MATEPHUAJIOB JJIA XOJIOJHOI'O TASOJUHAMUYECKOI'O
HATBLJIEHUS U OBJACTEN X TPUMEHEHMSI

Kyno Tano, C. E. Mapxoeuu, Benvuyze Xy, A. B. Illopunos, IOponz Ban

Texuonorus XOJOAHOTO ra30AMHAMUYCCKOI0 HAIlbIJICHHUA - IMCPCHCKTUBHAA U MHOI‘OO6CHIaIOHIa$I TCXHOJIOTUA
(I)OpMI/IpOBaHI/Iﬂ HOKpBITHﬁ. I[aHHaH TCXHOJIOTUA 06nazlaeT MHOXKXECTBOM JOCTOUHCTB B CpaBHCHUU C APYIrUMHU
TEXHOJIOTUAMHU Ta30TEPMUYECCKOTO HAIbUICHUSA, a MHWMCHHO: BO3MOXHOCTH TIOJIYUYCHHA TOJICTBIX HOKpBITHﬁ,
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MUHHUMAaJbHbIE 3HAYEHUS IOPUCTOCTH, OTCYTCTBUE OKUCIUTENBHBIX IPOLECCOB MATEPUAIIOB MTOKPHITHUS U TOAT0XKKH,
YAOBIETBOPHUTENbHBIE (PU3UKO-MEXaHNUECKUE XapaKTEPUCTHKH U BBICOKNE 3HAYCHUS KO PUITEHTA UCTIOIb30BaHUS
MOpOIIKa. XOJNOAHBIM — Ta30AMHAMHUYECKAM  HANBUICHHEM BO3MOXKHO  IOJydCHHE  KOPPO3MOHHOCTOMKHX,
TEIUIO3AIINTHBIX, M3HOCOCTOMKHMX M JPYrMX (YHKIMOHAIBHBIX HOKPHITHH. Pa3BuTHe M u3yueHHe mporecca
HAIBIJICHUS MO3BOJISIET TIOMYYaTh MOKPBITHS M3 IMIMPOKOTO AWANa30Ha METAJUIMYECKUX TOPOIIKOB, a TAKKE APYTHX
METaJI0-KEPAMUYECKUX TTOPOILIKOBBIX cMecei. TeXHOIOTHs XONOJHOTO Ta30MHAMUYECKOTO HAIBUICHHS XOPOIIO
3apeKOMEHI0Bajia cedsi B MpoIieccax BOCCTAHOBIICHUS MTOBPEKACHHBIX TTOBEPXHOCTEH, a TAaKKe MPH HEOOXOAUMOCTH
oOecriedyeHns]  CHELUAIbHBIX ~OKCIUTyaTallMOHHBIX CBOMCTB IOBEpXHOCTEH Jeranedl. B nmanHoil  pabote
paccMmarpuBaeTCsl MPUMEHEHHE TEXHOJIOTHH XOJIOAHOTO HAINBIICHUS C TOYKH 3PEHHS ITOPOIIKOBBIX MAaTEpPHAJIOB:
METaJIOB, KaK IUIACTHYHBIX (MEIb, aIIOMUHHN, IWHK | JIp.), TaK U TPYAHOOOpabaThIBaeMbBIX (HAIlpUMeEp, TUTAH), a
TaKk)Ke METaI0-KepPaMUYECKHX KOMIIO3UIIMOHHBIX IOPOMIKOBBIX CMecell Ha OCHOBE KapOMIOB M OKCHIOB. M3
MIPOBEICHHOTO aHAN3a JIMTEPAaTypHbIX NCTOYHMKOB MOYKHO CHIENIaTh CIIETYIOIINE BBIBOABL. B ciydae miacTHYHBIX
METaJUIOB, Mporecc (pOpMHUPOBAHMS TOKPBITHH M WX MPHUMEHEHHE B MPOMBIIUICHHOCTH B JOCTaTOYHON CTEIICHH
n3ydensl. [lonokurenbHble pe3ysIbTaThl 10 HAHECEHUIO MOKPBITHMH M3 THTAHOBBIX CIUIABOB OBLIM TOJIyYEHBI MPH
XOJIOAHOM T'a30JAMHAMHNYCCKOM HAIMBIJICHHUU C UCIIOJB30BAHUEM JOPOTrOCTOAIIMNX CUCTEM BBICOKOT'O JAaBJICHUA U I'CIIUA
B KauecTBe pabouero raza. Uto kacaeTcsi TYroIIaBKMX METAJIOB (HalmpuMep, Boib(pam, TaHTall, HHOOHIA), a TaKxke
KEpaMUICCKUX IMOPOIIKOB (OKCI/I,Z[ AJIIOMHHUA, OKCUJ KPEMHU U }Ip.), TO UX HAIIbIJICHUEC BO3MOXKHO JIMIIb C HAJIUYUCM
METaJUTMYECKOIl CBA3YIOIIEH KOMITOHEHTHI. B HacTosiee Bpems 0coObIi MpaKTUYECKUI HHTepeC UMeeT IPUMEHEHHE
TEXHOJIOTHH XOJOJHOTO HAIBIICHUSI METAJUTMUECKUX MOKPBITHH Ha KOMIIO3UTHBIE MaTepHalbl, INIACTHKA U APYTHe
HEMETAJUINYECKUE TTOBEPXHOCTH. TEXHOJNOTHsI XOJNOAHOTO Ta30JMHAMHWYECKOTO HAIBUICHHUS HE OTPaHHYMBACTCS
NpPEeACTAaBJICHHBIMU B CTAaTbE PE3YyJIibTaTaMU aHaJIM3a MOPOMIKOBLIX MaTepuajioB U o0acTsIMHu MpUMEHCHUA, a OacT
oOmee MOHMMAaHWE NIMPOKHX BO3MOXKHOCTEH MAaHHON TEXHOJIOTMHM M KOHKYPEHIMH TPAAWIHMOHHBIM METO/aM
ra30TepPMUYECKOTO HANBUICHHS.

KiroueBble cjIoBa: XOJOAHOE HaNbUICHHE; aBHALMSA; METAJUIMYECKUE MaTepHabl; OJUMEpPHBIC MaTepHabl;
KepaMHU4eCKHe MOPOIIKOBBIE MaTepHAIBI.
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