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Preface

Cold spray is a recently developed coating technology mainly aimed at the protection
and repair of components employed in important industry sectors. These sectors
include: aerospace, automotive, transportation, die casting, petrochemical plants,
mineral and metal processing, electronics, marine, and ceramics and glass manufac-
turing. The thickness of cold spray coating almost has no limitation for most metals
and metal matrix composites. Considering this fact, cold spray has been success-
fully applied as an additive manufacturing technology to fabricate individual com-
ponents and restore damaged ones in recent years. This development shines a new
light on the conventional additive manufacturing technologies and significantly
broadens application fields of cold spray. Cold spray additive manufacturing as a
new member of additive manufacturing family has great potentials to fabricate com-
ponents with rotational structures, e.g., cylinder walls and flanges. It also allows
production of net-shape structures or complex-geometry structures by the aid of
well-designed masks or molds.

Cold spray belongs to the family of thermal spray methods, but differs from other
techniques in that it is a solid-state process, wherein the sprayed particles are depos-
ited through supersonic-velocity impact with the substrate at temperatures far below
the melting point of the sprayed material. Adhesion occurring in the solid state lends
distinctive features to cold spray deposits and makes cold spray appropriate for
depositing both traditional and advanced materials on several substrate material
types, including in temperature-sensitive applications. Cold spray is also suitable
for forming coatings of oxygen-sensitive materials such as aluminum, copper, and
titanium. In addition, because the feedstock powder is neither heated nor melted in
the process, it can be reused in future coating cycles. Cold spray is very well suited
for restoring damaged metal parts and apparatus in industry. The addition of coat-
ings to parts comprising the original material of manufacture is a significant means
of improving the equipment performance, without the expense of producing a new
part production (i.e., cost-saving selection) or increasing environmental waste.

Conventional thermal spray processes often entail grain growth, chemical
reactions, cracks, evaporation, thermal residual stresses, thermal shrinkage, phase
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transformation, and oxidation; these are absent in cold spray. Because cold spray
uses relatively low gas temperatures, it is also operationally safer. Another advan-
tage is the ability to coat substrates of <1 mm in thickness without substrate dam-
age. Furthermore, the process can produce well-bonded thick coatings or multilayer
coatings, because coatings are produced with compressive stresses. With high
kinetic energy and low gas temperatures, cold spray can provide coatings with
wrought microstructures and low porosities. Moreover, because the spray trace is
relatively small (1-25 mm?), cold spray allows the high efficiency deposition of
precise coatings, although the deposition efficiency does vary with the types of
powder being sprayed.

Scientists continue to develop cold spray technology to fulfill the needs of high-
performance applications. This book outlines current knowledge in cold spray by
reviewing the major fundamentals of the cold spray process and its features, appli-
cations, and bonding mechanisms in brief. It also provides an overview of recent
and emerging developments in the process and the potential of this technology.
Despite cold spray being still an emerging technology, investigations and applica-
tions have been widely reported in previous works, attracting great attentions from
both scientific and industrial communities. Existing works mainly focused on appli-
cations, product properties, processing parameters optimization, spray strategy, and
robot control. So far, a systematic summarization and review on these topics is still
lacking. In this book, the different aspects of this emerging technology are addressed
in the context of technology, materials, and applications.

My special acknowledgments to the passion and cooperation of all the authors
and reviewers who made possible the realization of the book and the reduction of
the publication time with their hard work and prompt responses.

My special thanks to the professionalism of the editorial office assistants. Finally,
I would like to dedicate the work to Iole, always close to me.

Lecce, Italy Pasquale Cavaliere
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Part I
Cold Spray Fundamentals



Chapter 1
Fundamentals of Cold Spray Processing:
Evolution and Future Perspectives

Bandar AlMangour

1.1 Introduction

1.1.1 Motivations and Outline of the Chapter

Metal coatings can be deposited by multiple thermal spraying techniques, such as
high-velocity oxygen fuel (HVOF) and plasma spraying. In these spraying pro-
cesses, the feedstock powders can melt significantly (Sampath et al. 2004). This can
generate coatings with high residual stresses, crack formation, material oxidation,
and phase transformation, all of which can influence the physical, electrochemical,
and mechanical properties of the coatings (Sampath et al. 2004). A recently intro-
duced spraying technique called cold-gas dynamic spraying, or simply cold spray-
ing (CS), was initially developed at the Institute of Theoretical and Applied
Mechanics in Russia (Dykhuizen and Smith 1998; Irissou et al. 2007). In this pro-
cess, particles with micrometer-scale sizes are accelerated by a relatively low-tem-
perature gas jet to a high velocity, accumulating into dense coatings on impact
(Grujicic et al. 2004a; Van Steenkiste and Smith 2004; Marx et al. 2006).

In contrast to thermal spraying technologies, powder melting is infrequent in CS,
because kinetic energy provides the major driving force for powder consolidation
and adhesion to the substrate via metallurgical bonding (Gértner et al. 2006a). The
relatively low processing temperatures increase the possibility of retaining the
microstructures and properties of the feedstock materials (Irissou et al. 2008). CS
belongs to the family of thermal spray methods but differs from other techniques in
being a solid-state process, wherein the sprayed particles are deposited through
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supersonic velocity impact with the substrate at temperatures far below the melting
point of the sprayed material. Adhesion occurring in the solid state lends distinctive
features to CS deposits and makes CS appropriate for depositing both traditional
and advanced materials on several substrate material types, including in temperature-
sensitive applications (Champagne 2007).

Successful bonding in CS is associated with the degree of particle deformation
during impact and increases in temperature at the particle—particle and particle—
substrate interfaces (Assadi et al. 2003). In other words, increased plastic flow by
adiabatic shear instability is necessary for bonding (Assadi et al. 2003; Schmidt
et al. 2006). The adhesion of the powder to the substrate depends on whether it
exceeds a critical velocity, which varies among powders (Gilmore et al. 1999).
The critical velocity in CS is generally a function of material properties (Stoltenhoff
et al. 2002).

Since its discovery, CS has undergone much development; current CS technol-
ogy is utilized in an expanding range of industries for many applications, mainly
in surface restoration, as well as the wear-resistant and corrosion-resistant repair
of metals and alloys. Several international organizations continue to develop the
CS technology to fulfill the needs of high-performance applications. This chapter
outlines current knowledge in CS by reviewing the fundamentals of the CS pro-
cess and its features, applications, and bonding mechanisms in brief, and also
provides an overview of recent and emerging developments in the process and the
future potential of this technology. The different aspects of CS are addressed in
the context of the essential parameters affecting deposition behavior. The merits,
limitations, and applications of the process are also described.

1.1.2 Historical Background

The cold gas dynamic spray process was initially invented and patented by Dr.
Anatolii Papyrin and his colleagues at the Institute of Theoretical and Applied
Mechanics at Novosibirsk, Russia, in the mid-1980s (Alkhimov et al. 1990). The
researchers were conducting experiments in a wind tunnel subjected to a supersonic
two-phase flow of gas and solid metallic particles, studying the effects of the parti-
cles on the flow structure and the interaction of the two-phase flow with a body
(Alkhimov et al. 1990). They observed that, under specific conditions, fine particles
injected in the flow stream were deposited on the leading edges of the model bodies.
As the particle velocity was increased, the effect of impact transformed from the
erosion of the substrate to the rapid accumulation of a coating (Alkhimov et al. 1990;
Champagne 2007). The scientists realized the potential of this phenomenon as a new
alternative coating procedure and developed a spray coating machine based on the
principle. They successfully deposited many different metals, alloys, and compos-
ites onto multiple substrate materials, demonstrating the suitability of CS for numer-
ous uses (Alkhimov et al. 1990; Champagne 2007).
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1.2 General Process Overview

The CS process is an advanced coating technique in which solid powder particles
(1-100 pm in diameter) are accelerated to speeds reaching 1500 m/s by a supersonic
gas jet. The powder particles undergo significant deformation on impact with the
substrate, thereby forming a coating. The quality of the coating depends on the
powder and substrate types, as well as the processing parameters, such as the gas
pressure and type, gas temperature, standoff distance, and particle velocity
(Champagne 2007).

As shown in Fig. 1.1, CS appears very simple. First, a high-pressure gas supply
of nitrogen, helium, or a mixture of these is compressed to 1.0-4.0 MPa and flowed
through the system in two different paths. The first path passes through the powder
feeder in order to transport the particles to the gun. A typical CS gun is equipped
with a converging/diverging de Laval-type nozzle, which permits the gas and parti-
cles to reach supersonic velocities (Papyrin et al. 2006; Maev and Leshchynsky
2008). The second path travels through an electric gas heater and is preheated to
temperatures of 100-800 °C (Maev and Leshchynsky 2008). This provides an addi-
tional increase to the gas velocity and, consequently, increases the particle velocity.
The two paths converge near the nozzle entrance (Maev and Leshchynsky 2008).
Finally, the feedstock powders reach supersonic velocities, exit the gun nozzle, and
collide with the substrate to form a coating (Maev and Leshchynsky 2008). Although
the inlet gas is preheated to high temperatures, the particles remain solid in state
because the time of contact between the high-temperature gas and particles is rela-
tively short; the gas temperature is also often much lower than the melting point of
the powder. In addition, the temperature of the gas is decreased significantly with
the expansion of the divergent section of the gun nozzle (Papyrin et al. 2006).

Although the principle of CS is simple, controlling the process is very difficult
owing to the many processing parameters. The type of gas, gas pressure and tem-
perature, powder shape and size, nozzle design, standoff distance, traverse speed,
and velocity of the particles all strongly affect the properties of the coating.

Coating

)

Supersonic Nozzle

Substrate
e

Fig. 1.1 Schematic of the CS process
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1.3 Advantages and Limitations of CS

As illustrated in Fig. 1.2, the main differences between CS and other thermal spray
processes are the gas temperature and particle velocity. CS utilizes high particle
velocities instead of high gas temperatures to form coatings, which has many advan-
tages. CS is suitable for forming coatings of temperature-sensitive materials
(Champagne 2007; Irissou et al. 2008), as well as oxygen-sensitive materials such
as aluminum, copper, and titanium. In addition, because the feedstock powder is
neither heated nor melted in the process, it can be reused in future coating cycles
(Champagne 2007). CS is very well suited for restoring damaged metal parts and
apparatus in industrial paraphernalia. The addition of coatings to parts comprising
the original material of manufacture is an efficient means of improving the equip-
ment performance, without the expense of producing a new part (i.e., cost saving
selection) or increasing environmental waste.

Conventional thermal spray processes often entail grain growth, chemical reac-
tions, cracks, evaporation, thermal residual stresses, thermal shrinkage, phase trans-
formation, and oxidation; these are absent in CS (Papyrin et al. 2006). Because CS
uses relatively low gas temperatures, it is operationally safer regarding thermal
radiation and metal vapors (Champagne 2007). Another advantage is the ability to
coat substrates of <1 mm in thickness without substrate damage. Furthermore, the
process can produce well-bonded thick coatings or multilayer coatings, because
coatings are produced with compressive stresses (Champagne 2007). With high
kinetic energy and low gas temperatures, CS can provide coatings with wrought
microstructures and low porosities (Champagne 2007). Moreover, because the spray
trace is relatively small (1-25 mm?), CS allows the high-efficiency deposition of
precise coatings (Ghelichi and Guagliano 2009), although the deposition efficiency
does vary with the types of powder being sprayed.

Gas Temperature ( Deg C)

0 T : {

) S PN
@ % % % % % % % %

Particle Velocity (m/sec)

%, "%, %

Fig. 1.2 Comparison of CS and thermal spray processing parameters (Champagne 2007)—D-
Gun detonation gun spraying, HVOF high-velocity oxygen fuel



1 Fundamentals of Cold Spray Processing: Evolution and Future Perspectives 7

CS, however, does have limitations. One disadvantage that may occur while spray-
ing is nozzle blockage, especially during longer spraying processes; this causes dif-
ferent deposition rates over time and affects the coating properties (Irissou et al.
2008). While CS can utilize a wide range of dissimilar feedstocks and substrates, it is
limited to relatively ductile metal powders or hard metals mixed with ductile metals;
the technique cannot deposit hard single-species particles such as ceramics (Grujicic
et al. 2003). This is because the particles must undergo plastic deformation for inter-
particle bonding to occur. Similarly, spraying onto ceramic substrates is difficult, with
low coating—substrate interfacial bond strength. Furthermore, processing gas con-
sumption is high relative to that in thermal spray processes, typically on the order of
1-2 m*min (Girtner et al. 2006a). Indeed, when helium gas is required to maximize
the particle velocity, the high cost of this nonrenewable resource becomes a concern.

The smallness of the spray trace, while allowing precise coverage, combined
with the short standoff distance causes difficulties in coating large-surface-area sub-
strates. In addition, CS creates as-sprayed coatings with very poor ductility because
the structure is very hard and interparticle bonds can be relatively weak (Borchers
et al. 2005; Sundararajan et al. 2009). Finally, the quality and microstructure of the
powder must be considered. Because the process is relatively low temperature, the
compositional aspects of the as-sprayed coatings are equivalent to those of the feed-
stock, but the microstructure becomes work hardened and recrystallization may
occur at particle—particle interfaces (Kim et al. 2005a; Zou et al. 2009). The chemi-
cal composition of the feedstock is retained, including its impurities, which then
appear in the coating. Accordingly, the powder production stage should be opti-
mized before attempting to produce coatings.

1.4 Applications of CS

Numerous studies have claimed that CS provides coatings with superior corrosion,
wear resistance, and mechanical integrity in the as-sprayed condition (Yandouzi
et al. 2007). These coatings can be used in many sectors, including the aerospace,
automotive, transportation, die casting, petrochemical, mineral and metal process-
ing, electronics, marine, and ceramics and glass manufacturing industries (Marx
et al. 2006; Champagne 2007). Table 1.1 shows the potential applications of CS in
different industrial sectors.

1.5 Bonding Mechanisms and Powder Consolidation in CS

1.5.1 Bonding Mechanisms

Although many numerical simulations and experimental investigations have been
performed to understand the bonding mechanism in CS, it remains poorly under-
stood (Maev and Leshchynsky 2008). Currently, the most likely bonding mechanism
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Table 1.1 CS coating materials and applications in different industrial sectors

Application Coating materials Industry sector
Corrosion resistance Al and Ni alloys, Ti, Ta Aerospace
Oil and gas
Petrochemical
Power generation
Pb-free bearings Al, Cu alloys Automotive
Motorsport
Aerospace
Wear-resistant coatings WC-Co Oil and gas
Bio-inert devices Ti Medical

in CS is associated with adiabatic shear instability (ASI), as proposed by Assadi
et al. (2003). In this mechanism, the particle—particle or particle—substrate interfacial
areas experience severe localized shear deformation during impact, which disrupts
the thin oxide surface films on the particles, permitting strong particle—substrate
contact (Assadi et al. 2003; Schmidt et al. 2006). This phenomenon, combined with
the high compressive stresses developed on collision of the particles with the sub-
strate, is necessary for bonding (Assadi et al. 2003; Grujicic et al. 2004a; Schmidt
et al. 2006). In other words, the material loses shear strength and undergoes severe
deformation such that the deformation mechanism changes from plastic to viscous
flow (Assadi et al. 2003; Grujicic et al. 2003). This facilitates the formation of metal-
lurgical bonds (i.e., atomic bonds) of the particles to the substrate, as well as between
particles. However, all of the analyses supporting this proposal are based on numeri-
cal simulations (Assadi et al. 2003; Grujicic et al. 2003, 2004a), which sometimes
deviate from experimental tests.

Bae et al. (2008) have suggested the existence of a thermal boost-up zone (TBZ),
which indicates a specific transitional temperature point (i.e., a sharp increase in
temperature) before the start of ASI. TBZs are caused by unstable plastic deforma-
tion when the rate of thermal softening exceeds the rate of work hardening (Bae
et al. 2008). However, in another study performed by the same authors (Bae et al.
2009), in which a simulation of a titanium particle colliding with a titanium sub-
strate was performed, it was shown that the TBZ was not required for successful
bonding. Therefore, although ASI is a likely bonding mechanism for CS, successful
particle—particle or particle—substrate bonding does not necessarily require the exis-
tence of ASI.

Hussain et al. (2009) proposed another bonding mechanism known as mechani-
cal interlocking after cold spraying copper particles onto aluminum substrates. They
suggested that the impaction of the copper particles on the aluminum substrate
caused lips to form in the aluminum substrate, which partially enveloped the copper
particles (Hussain et al. 2009). This created a mechanical interlock between the
substrate and impacting particles, as shown in Fig. 1.3.

The powder can adhere to the substrate during CS with high bond strength. Van
Steenkiste et al. (2002) suggested that the formation of the coating occurs in four
main stages, as demonstrated in Fig. 1.4. First, the substrate is cratered and the first
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I N Fracture path

Fig. 1.3 Schematic of jet formation on an aluminum substrate by an approaching Cu particle. The jet
is trapped in the copper coating by the incoming copper particles. During bond strength testing, frac-
ture occurs in the aluminum jet, indicated by the dotted line. Here, copper and aluminum are exam-
ples for the sake of illustration; other metallic species show the same behaviors (Hussain et al. 2009)

Stage 4: Bulk Deformation
(Cracking, work hardening
of particles, removal of
previously bonded particles.)
Excess kinetic energy required
for this stage.
Stage 1: Substrate cratering and first
layer build-up of particles

Stage 2: Particle deformation
and realignment

Stage 3: Metallurgical bond
formation and void reduction

[ Voids

- Particle rotation
& alignment direction

C\ Particles

Fig. 1.4 Stages of coating formation in CS (Van Steenkiste et al. 2002)
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monolayer of particles is formed. The challenge in this stage relies on particle and
substrate conditions, such as roughness, hardness, and temperature (Ghelichi and
Guagliano 2009). Next, the approaching particles are deformed, rotated, and read-
justed. Then, particle—particle metallurgical bonds form in increasing numbers, cre-
ating a thick and hard coating. Finally, as the coating continues to accumulate, the
constant shot peening (compressive stress) causes further plastic deformation and
work hardening. At a given impact velocity, some of these stages may occur simul-
taneously (Van Steenkiste et al. 2002).

1.5.2 Cold Sprayability of Materials

The ease with which a metal can be processed by CS, i.e., the cold sprayability,
depends largely on the plastic deformation mechanisms of the metal. The deforma-
tion mechanisms are usually determined by dislocation motion and interactions,
which are dictated mainly by the crystal structure (Amodeo and Ghoniem 1990).
Therefore, feedstock powders can be classified according to crystal structure, since
similar structures have similar mechanical properties. The most popular group is
face-centered cubic (FCC) metals, such as aluminum, copper, nickel, and 316 L
stainless steel. Metals like tungsten, tantalum, molybdenum, and chromium are
body-centered cubic (BCC). Zinc, cobalt, and titanium are hexagonally close packed
(HCP). In general, metals with the FCC lattice have the highest number of slip sys-
tems, which provide them with the greatest deformability (Borchers et al. 2004;
Vlcek et al. 2005). Because metals with HCP and BCC structures have fewer slip
systems, they tend to have lower plasticity, making them less suitable for CS pro-
cessing. More extreme processing parameters must be selected for materials with
high resistances to deformation or high melting temperatures (Vlcek et al. 2005).

1.6 Important Factors in CS

1.6.1 Deposition Efficiency

Deposition efficiency (DE) can be simply defined as the weight of particles successfully
adhered to the substrate (m, = final weight of the substrate — initial substrate weight)
divided by the total weight of the initial feedstock particles (M,). Mathematically, the
deposition efficiency can be expressed as (Papyrin et al. 2006):

mS

DE = —= x100 (1.1

P

In order to improve adhesion, sand blasting is commonly used. However, this
method has drawbacks, mainly from the contamination of the substrate by sand-blasted
particles (Ghelichi and Guagliano 2009). Particle adhesion depends on many factors,
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including the contact surface area, plastic deformation, yield stress, processing param-
eters (mainly the temperature and pressure of the gas), and the particle and substrate
temperatures (Ghelichi and Guagliano 2009). In fact, the DE increases as the particle
velocity significantly exceeds the critical velocity (Gilmore et al. 1999; Girtner et al.
2006a; Fukanuma et al. 2006), as explained in the following.

1.6.2 Critical Velocity

The critical velocity V., is defined as the minimum particle velocity necessary for a
material to adhere to the substrate (Papyrin et al. 2006). As demonstrated in Fig. 1.5,
if the particle velocity is lower than V,,;, then either the particle makes impact and
bounces back from the substrate or the particle hits the substrate and causes surface
abrasion. However, if the particle velocity reaches or exceeds V,,;, then particle
adhesion occurs. The value of V,,;, depends on many factors, such as the material
types of the substrate and feedstock powder, processing parameters, particle size,
and substrate surface properties, like roughness (Gértner et al. 2006a).

Assadi et al. (2003) used simulation modeling methods to predict V,,;;. The criti-
cal velocity is associated with ASI, and the simulation results are summarized into
the following equation:

V,, =667-0.014p+0.08 (T, - Ty, )+107 0, —04(T, -T,,)  (1.2)

where p is the particle density, 7,, is the melting temperature, Tk, is the reference
temperature at which the ultimate tensile strength is determined, o, is the ultimate
tensile strength, and 7; is the initial particle temperature.

Schmidt et al. (2006) developed another correlation for predicting V.,;:

Ti — TRef -1
Ve = {41”1%5 (Fﬁ p, ! |+ Fe, (T, -T) (1.3)
m Ref
Fig. 1.5 The effect of 100
particle velocity on DE in
CS (Girtner et al. 2006a)
5 Vcrit
c
Qo
L
5 deposition
c
kel
:‘ﬁ
S Opz---mmmmmmm
[9)
© .
abrasion

particle velocity
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where o, is the ultimate tensile strength, 7; is the initial particle temperature, Tg,;is
the reference temperature at which the ultimate tensile strength is determined, 7,, is
the melting point of the particle, p, is the density of the particle, ¢, is the particle-
specific heat capacity, and F; and F, are constants representing material-dependent
calibration factors.

Figure 1.6 compares the calculated V,,; using Eqgs. 1.2 and 1.3 with the experi-
mental results of spray experiments and impact tests. The work by Assadi and his
colleagues did not consider the size of particles as a significant factor in determin-
ing V,,;, (Schmidt et al. 2006). In fact, smaller-size particles usually contain higher
proportions of oxides, which hinder bonding (Blazynski 1983; Van Steenkiste and
Smith 2004). Therefore, the prediction is much better using Eq. 1.3, especially
when using tin and tantalum, which have significantly different properties than
copper.

If the particle velocity greatly exceeds V,,;, this causes not only a higher DE, as
illustrated in Fig. 1.5, but also a lower porosity (Kim et al. 2005b; Gértner et al.
2006a). It is important to produce coatings with low porosities, as porosity influ-
ences the mechanical, electrical, and thermal properties of CS coatings (Li et al.
2006a; Sudharshan Phani et al. 2007). For example, a low-porosity coating gener-
ally exhibits higher hardness and better corrosion resistance compared to a more
porous coating of the same material. The porosity level in CS coatings depends
mainly on the feedstock material and processing parameters (Klinkov et al. 2005;
Sudharshan Phani et al. 2007). However, it is possible to reduce the porosity of the
as-sprayed coating using post-heat treatments (Li et al. 2006a; Novoselova et al.
2006; Sudharshan Phani et al. 2007; Sundararajan et al. 2009; Zahiri et al. 2009;

1000
900
800
700
600 -
500 -
400 -
300 -
200 -
100 -

O 4

[ equation (1.2)
25 um particles [ equation (1.3)
M spray experiment / impact test

20 mm spheres

critical impact velocity [m/s]

Tin

Steel 316L
Copper
Tantalum
Copper
Iron

IS
=)
£
IS
2
<

Aluminium
Titanium

Fig. 1.6 Comparison of calculated critical velocity with experimental results of spray experiments
and impact tests (Schmidt et al. 2006)
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AL-Mangour et al. 2013; AL-Mangour et al. 2014). In addition, mechanical
properties can be attained that approach bulk values for the coating material after
post-CS heat treatment (Sudharshan Phani et al. 2007).

1.6.3 Gas Temperature and Pressure

Researchers have investigated the effects of different processing parameters on coat-
ing quality. Gas temperature and gas pressure have been studied the most exten-
sively because they affect the particle impact velocity strongly (Gértner et al. 2006a;
Maev and Leshchynsky 2008; Wong et al. 2011; Meng et al. 2011). The typical gas
used in CS is nitrogen, helium, or a mixture of the two (Borchers et al. 2008; Wong
et al. 2011). Previous investigations have confirmed that higher particle impact
velocities, generated by higher gas temperatures, produce coatings with higher DE
and quality, as determined by lower porosity and higher strength (Stoltenhoff et al.
2002; Girtner et al. 2006a, b; Borchers et al. 2008; Meng et al. 2011; Wong et al.
2011). High gas temperature is beneficial because it intensifies plastic deformation
by promoting dislocation motion, recovery, and recrystallization (Gértner et al.
2006b; Borchers et al. 2008; Meng et al. 2011).

For a given gas type and pressure, in order to obtain higher particle impact
velocities, the gas temperature must be increased (Stoltenhoff et al. 2002; Meng
etal. 2011). However, technical problems are associated with increased gas tempera-
ture, such as the sensitivity of the CS gun nozzle to high temperatures (i.e., material
limitations), oxidation, and nitridation (Champagne 2007). On the other hand, it has
been shown CS processing with helium gas produces a much higher particle impact
velocity than that with nitrogen gas at the same temperature and pressure (Gilmore
etal. 1999; Stoltenhoff et al. 2002; Li and Li 2003; Borchers et al. 2008; AL-Mangour
et al. 2014), leading to a lower porosity. However, nitrogen is usually preferred
because of the high cost of helium. Therefore, the challenge is to optimize the CS
processing parameters to produce high-quality coatings using nitrogen gas.

The gas velocity v can be calculated using the equation below (Grujicic et al. 2004b):

L=\YRTIM, (1.4)

where 7 is the ratio of the constant-pressure- and the constant-volume-specific heats,
which is approximately 1.66 for monoatomic gases (e.g., helium) and 1.4 for diatomic
gases (e.g., nitrogen and oxygen). R is the gas constant (8314 J/kmol-K), T is the gas
temperature, and M,, is the molecular weight of the gas. According to Eq. 1.4, increas-
ing the temperature increases the velocity when all other parameters are constant.
More interestingly, the critical velocity seems to decrease with increasing gas tem-
perature, which may be because of thermal softening of the particles (Gartner et al.
2006a; Lee et al. 2007). Most existing reports on the effect of gas temperature are
based on numerical simulations (Sakaki and Shimizu 2001, Li et al. 2006b, Katanoda
et al. 2007, Yin et al. 2010, Chuanshao et al. 2011,); therefore, further experimental
analysis should be performed to establish better understanding.
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1.7 Enhancements to the CS Process

With the development of the CS process, numerous studies have been undertaken
for process enhancement. Current enhanced CS processes include kinetic metalliza-
tion (KM), pulsed gas dynamic spraying (PGDS), and vacuum CS (VCS) (Moridi
et al. 2014).

KM (Fig. 1.7) differs from other forms of CS in that it uses a convergent barrel
nozzle under choked flow conditions to achieve a velocity of Mach 1 (Moridi et al.
2014). To compensate for friction, the nozzle is also slightly diverged from a straight
path. To accelerate gas velocity, other CS processes use de Laval nozzles. Coatings
made with KM have demonstrated stronger particle—particle and particle—substrate
bonds (Wang et al. 2010).

Multiple patents exist for KM processes globally. One example, by Inovati
(2016), uses a special design comprising a set of friction-aided spouts for depositing
the particles, where metallic particles carried in low-pressure helium or nitrogen gas
(70-130 psi) within the nozzle can reach a maximum speed of 1000 m/s. The amount
of inert carrier gas used in the acceleration of particles by KM is greatly reduced
compared to those in supersonic methods for the same purposes (Irissou et al. 2008).
The major deviation of KM from other CS processes is the lower kinetic energy of
particle impact involved. This is achieved by slightly increasing the temperature of
the powder particles used, allowing easy plastic deformation.

Fig. 1.7 KM schematic 2
(Tapphorn and Gabel
2007)
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PGDS (Fig. 1.8) warms the feedstock particles to a transitional temperature
higher than the temperatures encountered in conventional CS processes (Jodoin
et al. 2007). Moreover, it promotes elevation in plastic deformation while maintain-
ing the impact speed. The process also utilizes non-motionless pressure effects to
produce concurrently higher pressure at the exit point, as opposed to conventional
CS processes, which use perpetual fixed-flow exits (Yin et al. 2016). Unlike the case
of CS, it is possible to accomplish elevated particle impact temperatures with PGDS
owing to the gas compression that causes the propelling flow. Thus, it is expected
that PGDS could permit particles to reach elevated impact speeds and intermediate
impact temperatures, which could lead to relatively lower critical speeds than those
in CS, thus improving the plastic deformation upon impact with the underlying
substrate at a constant impact velocity.

VCS (Fig. 1.9) takes place in a vacuum cistern. The substrate is placed opposite
to a spurt with a spray gun at one end within the vacuum chamber; the spray gun
deposits the metal particles. Here, the metallic powdered particles in the vacuum
chamber are accelerated to a high velocity so that, at the point of impact with the
substrate, they undergo deformation on the active surface of the substrate and create
strong bonds. VCS technology is preferred for the coating of thin films. The vacuum
tank allows for recovery of gases and collection of oversprays (Muehlberger 2004).
VCS differs from other CS systems in allowing for the deposition of nanoscale par-
ticles. The most recent form of VCS is referred to as the aerosol deposition method
(Akedo et al. 2008). Detailed information on the patent can be found elsewhere
(Muehlberger 2004).

Chamber

Fig. 1.8 Schematic of the PGDS technique (a—c) represents shockwave generation, particles flow-
ing under compressed gas, and coating buildup, respectively, which occur during one pulse (Jodoin
et al. 2007)
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Fig. 1.9 VCS setup (Muehlberger 2004)

A recent application of VCS was in hydroxyapatite (HA) coatings utilized in the
biomedical sector (Choudhuri et al. 2009). The VCS-deposited HA nanosheets
showed significant deformation. The structures were thick with investigations reveal-
ing the formation of dense deposits of nanosheets. The study showed that the appli-
cation of graphene nanosheets (GN) significantly improved the fracture strength and
exhibited better HA coatings that covered fractures with deposits. VCS to achieve a
composite with GN and HA (Fig. 1.10) with thin film coatings was suggested for use
in regenerating tough tissues (Liu et al. 2014).

1.8 Recent Developments in Cold Spray Technology

1.8.1 Shockwave-Induced Spraying

The development of shockwave-induced spraying (SISP) is among the latest
advancements in material deposition. The method enables the solid-state deposition
of materials beyond typical CS, with elevated deposition rates and efficiencies. It is
anticipated that SISP will become a favored solid-state spraying process for appli-
cations requiring high productivity at low cost. Other possible advances include the
development of smaller, more portable, low-pressure CS units for field use and
other applications.
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Fig. 1.10 Schematic
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SISP involves the production of streams of shockwaves using a regulator that
rapidly opens and closes to allow a flow of inert gas under high pressure. The gener-
ated stream of shockwaves passes through a straight outlet, compressing the gas
already in the nozzle. This creates an intensely heated pulse at supersonic speed,
with a frequency of ~10-30 Hz. This pulse travels through the powder particles,
heating them below their thermal deformation point and accelerating them as they
are carried toward the outlet. Conventional CS processing, meanwhile, requires
diverging—converging outlets (which lead to a higher exit pressure), which SISP
does not (Karimi et al. 2011).

SISP works such that the less supersonic system dictates the rate of the gas flow
as well as the number of generated pulse streams; however, heating of the powdered
particles is due to the compression produced by the shockwaves. The SISP system
allows the gas in the nozzle to cool as it expands toward the diverging de Laval out-
let. The critical velocity of the powdered particles is reduced, allowing bonding of
the solid caused by movement of heated particles through the nozzle. SISP utilizes
both kinetic and thermal energy from the solid particles, promoting excellent depo-
sition of solid-state particles on numerous materials. The greatest benefit of this
system is its minimization of energy consumption, thus reducing operation costs in
terms of energy, as compared to CS (Karimi et al. 2011).

1.8.2 Nozzle Design

Improvements in the nozzle design have promoted relatively higher deposition
velocities as well as the capability to deposit bigger particles (Lupoi and O’Neill
2011). This has greatly improved the operating ability by elevating the spray loca-
tion, although it limits the prevailing angle of the nozzle divergence to sustain a
stable gas flow. Nozzle modifications are made by attaching pneumatic channels to
the individual gas and powdered mixture feed channels and the corresponding
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common pre-chamber. Fluid dynamic models were employed to design nozzles
with substantially elevated particle velocities, creating denser coatings and higher
deposition efficiency. Augmentation of the length of the nozzle has been demon-
strated to significantly affect the particle velocity. For instance, by increasing the
length of the central nozzle from 82 mm to 211 mm with nitrogen as the carrier gas,
the computed velocity of a 12 pm copper particle is increased from 553 m/s to
742 m/s (Schleef et al. 2014): a 33% increase. The materials also limit the practical
length of existing nozzles (Klinkov et al. 2005). Supplementary nozzle advance-
ments entail the utilization of modern nozzle designs, such as convergent barrels, to
enhance powder flow via the nozzle and design optimization to minimize gas flow
friction via the nozzle (Li et al. 2006b). An increase in the gas temperature typically
causes a proportional increase in the gas velocity; nozzle design can be improved by
including gas heating (Lupoi 2014).

An experimental setup used to estimate the efficient nozzle design geometry
values for a CS process is depicted in Fig. 1.11. A; and A, denote the cross-sectional
areas of the inlet and outlet, respectively; L. and L, are the lengths of the converging
and diverging nozzle sections, respectively; A" represents the cross-sectional area of
the nozzle throat (Meyer and Lupoi 2015) (Table 1.2).

The depositional efficiency tests from the three experiments show that the CS
process attains maximum depositional efficiency with nozzle dimensions corre-
sponding to those of N3, as shown in Table 1.3.

Thus, the nozzle designed mainly improved the coating process. The relatively
elevated particle speed from the advanced plunger design promoted a greater cover-
ing density, thereby improving the mechanical properties (Champagne and Helfritch
2016). CS nozzle design also helps increase operation capability by maintaining the
stability of gas flow.

5 I [ g

Fig. 1.11 CS nozzle geometry (Meyer and Lupoi 2015)

Table 1.2 Geometrical details of the nozzles NI, N2, and N3

Nozzle A; [mm?] L. [mm] A* [mm?] Ly [mm] A, [mm?]
N1 314 30 3.1 180 28.3
N2 44.2 15.5 5.7 190 47.8
N3 314 20 5.7 190 47.8

Meyer and Lupoi (2015)
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Table 1.3 Depositional Nozzle DE [%]

efficiency comparison N1 16.3
N2 32.5
N3 335

Lupoi (2014)
1.9 CS Process Advancements and Applications

CS processes have led to the emergence of sprayed composite materials. CS allows
the fabrication of tungsten/copper composites among the best materials for the pro-
duction of heat sinks owing to their high heat conductivities and very low coeffi-
cients of thermal expansion. Previously, infiltration methods were used to produce
such composites; this was costly because of the high temperatures used and the
products suffered from low deposition and densification. CS processes are less
expensive in producing composites with end qualities superior to those of compos-
ites created by the infiltration method (Kang and Kang 2003).

Another recent promising work is the metallization of low-weight and high-
strength carbon fiber composites, which are promising for the aerospace industry.
Traditional manufacturing processes are difficult to apply in forming coatings of
fiber composite materials because they are time-consuming, labor-intensive, and
expensive; however, the metallization of carbon fiber-reinforced polymer (CFRP)
composites helps increase the conductivity of the fuselage in aerospace engineering.
CS processes have helped to solve problems of oxidation and weight increases in
CFRP structures. Through the CS process, sprayed conductive metal particles remain
in the solid state, forming a thin layer of non-oxidized conductive metal (Archambault
et al. 2016) (Fig. 1.12).

In the biomedical field, AL-Mangour et al. (2013) proposed the use of Co—Cr and
stainless steel alloy mixtures for medical implants. Co—Cr is more resistant to cor-
rosion than stainless steel but is also more difficult to manufacture and more expen-
sive. CS allows cheap and easy improvement of stainless steel in terms of corrosion
resistance and strength by combining it with Co—Cr. This could ultimately lead to
new biomaterials in the future.

CS is also used to increase the resistance to dry sliding wear of Ni-WC compos-
ite materials. According to experimental results, the inclusion of WC particles
through CS stabilized the coefficient of friction and decreased the rate of wear.
These effects are attributed to the creation of a cohesive and stable mechanically
mixed layer on the top of the Ni-WC coating wear track (Alidokht et al. 2016).

Magnesium alloys also have high strength-to-weight ratios, making them suit-
able candidates for use in the transport industry. However, they are highly suscep-
tible to wear and corrosion. CS processing could allow the use of such alloys because
it produces composites with stronger bonds and greater resistance to wear and cor-
rosion. According to Wang et al. (2010), the addition of AL,O; to coatings has been
shown to increase the strength of Mg—Al bonds, thereby strengthening the fabri-
cated alloys.
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Fig. 1.12 Typical copper coating on Invar substrate obtained by CS process: (a) plane view and (b)
cross-sectional image, revealing the quality of the deposited metallic layer (Archambault et al. 2016)

CS can also be applied to additive manufacturing, which assembles an object as
a whole rather than through the creation of component parts that are joined together.
Research has shown that CS can create three-dimensional shapes of varying geom-
etries. Robotic control can help to direct the nozzle to follow the contours of the
desired shape. Several layers of metal are continuously deposited to achieve the
desired thickness. Machining is performed on the resulting object to achieve the
desired finish (Champagne et al. 2010). Recent research (Champagne and Helfritch
2016) suggested that additive manufacturing would be the most commercially via-
ble option for the application of CS processes, if further advancements occur to
refine CS deposits.

With the evolution of technology, it is expected that the applicability of CS will
expand to more advanced fields such as those involving wind energy, photovoltaic
energy, architecture, and medicine. For instance, in photovoltaic applications, the
technology can be applied for the fabrication of intricate conductive designs in solar
cells. Wind power production might be able to utilize CS to improve surface perfor-
mance in elements manufactured from complex polymer—matrix composites. The
future of CS depends on its potential to deposit advanced materials onto a wide
range of substrates with the least thermal cost and penalty. These factors will define
the opportunities and future directions of CS.
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