Chapter 1
Overview

I. Botef and J. Villafuerte

1.1 Introduction

Cold spray is one of many names for describing a solid-state process that consolidates
metals by exposing a substrate to a high-velocity jet (300-1200 m/s) of small
particles (540 pm) accelerated by a supersonic gas jet (Papyrin et al. 2007). The
powder particles intended to form the deposit are injected into the gas stream which
accelerates such particles as it expands in the divergent section of a DeLaval nozzle.
The temperature of the gas stream is always below the melting point of the feedstock
material, and, as the gas expands to supersonic velocity, its pressure and temperature
also decrease. After exiting the nozzle and upon impact with the substrate, the solid
particles plastically deform and create a combination of metallurgical and mechanical
bonding with the surrounding material. This results in the formation of a coating or
freestanding shape in the solid state. However, material deposition on/y takes place
if the impact velocity of the particles exceeds a defined material- and temperature-
dependent threshold, namely critical velocity (Li et al. 2010). Figure 1.1 compares
the coating thickness capabilities of the cold spray process to other surfacing
technologies including surface conversion/modification and deposition methods.
The cold spray process covers a vast range of possible coating thicknesses.

The details of the aspects highlighted above as well many more aspects related
to the cold spray process will be presented in subsequent chapters of this book. In
the following sections of this chapter, we review the beginnings of thermal and cold
spray technologies, the advantages and limitations of cold spray, and a comparison
with other coating processes. This is followed by a discussion on the need for a
goal-orientated surface engineering approach as it pertains to cold spray technology.
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1.2 Beginnings

The birth of new technologies is often associated with the result of rigorous
methodical research and analysis; however, this is not always the case. Historically,
chance discoveries led to new great ideas that eventually directed important further
scientific investigations of the observed phenomena. In this respect, some examples
include the discovery of penicillin by Alexander Fleming in 1928 while studying
Staphylococcus (the bacteria that causes food poisoning), Teflon by Roy Plunkett in
1938 in an attempt to make a new refrigerant, the microwave effect by P. L. Spencer
in 1945 while walking past a radar tube and noticing that the chocolate bar in his
pocket melted, or cellophane by Jacques Brandenberger in 1908 while trying to
apply a clear, protective film to a cloth making it waterproof.

Innovation can be the result of “a happy accident” sometimes referred to as
“serendipity” (Walpole 1754). However, as Louis Pasteur (1854) pointed out,
“where observation is concerned, luck favours only the prepared mind” (Dusek
2006, p. 35) suggesting that “luck” was harnessed to some discoveries but it was
actually because of the scientist who actively created the conditions for the discovery
by planning and carefully controlling the conditions of a systematic experimental
research. Moreover, it was the “prepared mind” that properly interpreted the
importance of the unforeseen incident, employed creative analogies, and so used
the incident constructively.

The discovery of the thermal spray and cold spray processes discussed in the fol-
lowing sections could be mentioned in the same context. Therefore, with the current
demands on scientific research to solve critical problems, the unexpected chance
events should not be discounted.
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1.2.1 Thermal Spraying

Myth has it that Dr. Max Ulrick Schoop developed in the early 1900s in Zurich,
Switzerland, the concept of thermal spraying when playing “soldiers” with his son
and observing the deformation of lead pellets being fired from a toy cannon against
a brick wall. As a good observer, Schoop recognized the potential of metallic splats
and, in about 1912, he developed a simple device based on the principle that if a
wire rod were fed into an intense, concentrated flame, it would melt and, with the
flame surrounded by a stream of compressed gas, the molten metal would become
atomized and readily propelled onto a surface to create a coating (Knight 2008).
Schoop sold the rights of his process to Metallizator, a German company which, by
the early 1920s, made the “metallizing” process available throughout Europe and
the USA, and so promoted the spraying of railroads, navy ship tanks, coal barges,
and even the Panama Canal’s emergency gates (Hermanek 2013).

Whatever the rationale, it can be stated that the pioneer work in the early 1900s
of Schoop resulted in the discovery and development of metal spraying and subse-
quently the thermal spray technology represented by a group of coating processes
in which finely divided metallic or nonmetallic materials are deposited in a molten
or semi-molten condition to form a coating (Davis 2004).

During World War II, the thermal spray market exploded as war products
were needed to last in battle and harsh conditions. In the 1960s, the detonation
gun (D-gun) was developed, followed by induction plasma spray in 1965, vacuum
plasma spray in 1973, and high-velocity oxy-fuel spray (HVOF) in the 1980s
(Knight 2008). More recent new thermal spray developments include high-velocity
air fuel (HVAF), low-velocity flame spray, and the suspension or solution precursor
plasma spray (SPS or SPPS), a process which has been used to create thermal barrier
coatings (TBCs) with novel low thermal conductivity columnar microstructures,
and also an economical alternative to the electron beam physical vapor deposition
(EB-PVD) process (Xie et al. 2006; Sampath et al. 2012).

1.2.2 Cold Spraying

According to NASA, when flying insects get in the way of an airplane’s wing
during takeoff or landing, it is not just the bugs that suffer; those little blasts of
bug guts disrupt the laminar flow of air over the airplane’s wings, creating more
drag on the airplane and contributing to increased fuel consumption. That is why
the “bug team” at NASA recently ran several flight tests of coatings that may one
day reduce the amount of bug contamination on the wings of commercial aircraft
(Atkinson 2013).

In this context, there is a large variety of two-phase flows, which, regarding the
physical state, could be classified in gas—particle (solid or liquid), liquid—solid, and
liquid-liquid mixtures. Out of these, the special case of gas—particle flows is of
major importance in aerospace: (i) flame ignition and stability in turbojet engines
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depend to a large extent on the dynamics and evaporation of the solid small drop-
lets of kerosene spray injected in the combustion chamber (Murrone and Villedieu
2011); (ii) in solid propellant rockets, the addition of small (1-100 pm) solid
aluminum particles increase the temperature of the burnt gases, suppress pressure
oscillations in the combustion chamber, but when exhausted with the rest of the
combustion products, may cause additional erosion in the rocket nozzle wall and
increase heat transfer (Rudinger 1976); and (iii) the presence of super-cooled water
droplets in the air lead to ice accretion which may deposit on aircraft surfaces,
depending on their size and relative velocity (Murrone and Villedieu 2011).

Hence, due to the importance of two-phase flows in aerospace optimal design
and safety operations, it was normal for the Russian scientists at the Institute of
Theoretical and Applied Mechanics of the Siberian Branch of the Russian Academy
of Science (ITAM SB RAS) in Novosibirsk to perform, in the mid-1980s, wind
tunnel experiments and study the influence of particles on flow structure and their
interaction with a body (Papyrin et al. 2007).

However, apart from other results, the original carefully planned and controlled
conditions of wind tunnel experiments at ITAM SB RAS also led to the observation
for the first time of deposition of aluminum on a body in a “cold” (280 K) super-
sonic two-phase flow with aluminum particle at a velocity of 400—450 m/s (Papyrin
2007).

This was the “happy accident” of observing a new phenomenon. However, it was
the scientist who actively created the conditions for discovery and the “prepared
minds” of scientists, such as Professor Papyrin and his colleagues, who properly
identified and understood the importance of the unforeseen incident, used creative
analogies, and, using the incident constructively, transformed it into what we call
today the cold spray process.

The scientific and practical importance of the discovery of the cold spray
process stimulated further experiments for a more detailed study of the observed
phenomenon and the establishment of the basic physical principles of the
process. The wide spectrum of research conducted include, in no particular order:
experimental studies, modeling of the process, gas dynamics inside and outside the
supersonic nozzle, optimization of the nozzle, the impact of a supersonic jet on a
substrate, deformation of particles and bonding mechanisms, coating properties,
and equipment and applications development (Papyrin et al. 2007).

All these studies led to a large number of initial patents in Russia; then, as
the process became known and appreciated, new cold spray patents were filed in
other countries around the world, as discussed in Chap. 12. Also, the cold spray
process received important support by a number of consortiums formed, for ex-
ample, in 1994-1995 between companies such as Ford Motor Company, General
Motors, General Electric Aircraft Engines, and Pratt & Whitney Division of United
Technologies and then, in 2000-2003, the Cooperative Research and Development
Agreement (CRADA) consortium formed between companies such as Alcoa, ASB
Industries, Sandia National Laboratories/DOE, Daimler Chrysler, Ford Motor Com-
pany, Jacobs Chuck Manufacturing Company, Ktech Corporation, Pratt & Whitney,
Praxair, and Siemens-Westinghouse (Papyrin et al. 2007; Irissou et al. 2008).
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Although the cold spray process, as we know it today, had been recognized
for more than 20 years, its true commercial development only started in the early
2000s (Irissou et al. 2008). Since this time, the number of research publications
on cold spraying has grown exponentially, a situation which also led to some sort
of patent race in the field. In this respect, it is important to mention that way back
in 1900, H. S. Thurston filed a patent for a method of applying metal particles
upon a metal plate by a blast of pressurized gas; that in 1958, Rocheville filed a
patent to protect a device that essentially used the method patented by Thurston
but used a DeLaval-type nozzle to accelerate the gas and the fine powder particles;
and, because sometimes the novelty of a patent application seems disputable, the
decision in 2007 of the Supreme Court of the USA restrained to a greater degree
the possibility of issuing patents that combine elements from different preexisting
patents (Irissou et al. 2008). A comprehensive state of the art of the patenting
of cold spray technology, at the time of the writing this book, is presented in
Chap. 12.

1.3 Cold Spray: Advantages and Limitations

Like any other material consolidation techniques, the cold spray process has its
own advantages and limitations. The main attribute of the cold spray process is
the fact that it is a solid-state process, which results in many unique characteristics
(Karthikeyan 2007). The most obvious limitation arises from the inherent plastic
deformation of particles, which leads to loss of ductility at the expense of strength
(Ogawa et al. 2008). The latter, however, may indeed be an advantage for certain
applications. There are many ways in which advantages and limitations could be
presented; this chapter divides these topics into three categories, namely:

1. Deposited material property advantages
2. Manufacturing advantages
3. Process limitations

1.3.1 Deposited Material Property Advantages

Cold spray coating property advantages are summarized in Fig. 1.2. Chapter 4
“Coating Properties” explores in more detail all factors related to the properties
of cold spray coatings. Many of these properties are interrelated; for example,
cold-sprayed characteristics such as high density, low porosity, and no oxidation
maximize both thermal and electrical conductivity, and, depending on the corrosion
environment, may be conducive to improved corrosion resistance.
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Fig. 1.2 Cold spray coating property advantages

1.3.1.1 No Powder Melting

The key physical difference between cold spraying and more conventional thermal
spraying methods is that, in cold spray, material consolidation occurs entirely in the
solid state (Papyrin 2007) which requires enough impact energy (particle velocity)
to stimulate bonding by rapid plastic deformation. Therefore, to achieve higher
gas flow velocities in the DeLaval nozzle, the compressed carried gas is often
preheated. However, while preheated temperatures as high as 1000 °C or more may
be used, the fact that contact time of spray particles with the hot gas is quite short
and that the gas rapidly cools as it expands in the diverging section of the nozzle,
the temperature of the particles actually remains substantially below the initial gas
preheat temperature, hence, below the melting temperature of the spray material
(Grujicic et al. 2003).

1.3.1.2 No Grain Growth

During other material consolidation processes, such as powder metallurgy and
conventional thermal spray processes, grain recrystallization and coarsening is a
fact of life which is unacceptable in many instances (Kim et al. 2005). In con-
trast, during cold spraying, the net heat input into the material is low enough that
extensive grain growth and recrystallization do not typically happen; this is largely
beneficial as the consolidated material may be able to retain desirable mechanical
and physical properties of the feedstock material (Al-Mangour et al. 2013), such
as fatigue strength, which strongly depends on surface microstructure and grain
size (Ghelichi et al. 2012). After cold spraying, the grain microstructure of the con-
solidated material remains largely equaxial contrary to the splat-like microstructure
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typical of conventional thermal spray (Luzin et al. 2011). Others have even reported
fine grain microstructures with ultimate tensile strength and hardness always higher
than the equivalent properties in equivalent wrought materials- attributed to the high
degree of plastic deformation during cold spraying (Karthikeyan 2007; Phani et al.
2007; Koivuluoto et al. 2008; Al-Mangour et al. 2013). At a more microstructural
level, rapid plastic deformation during cold spraying may also result in the forma-
tion of nano-sized grain zones at the interfacial regions between particles, which
may have further implications on mechanical properties of cold spray deposits
(Jahedi et al. 2013). In summary, the low-temperature solid-state condition of the
cold spray technique makes this method attractive to process temperature-sensi-
tive materials, such as nanostructured and amorphous materials (Kim et al. 2005;
Karthikeyan 2007).

1.3.1.3 No Phase Changes

The properties of all materials are affected by the chemical, microstructural, and
phase compositions of the processed material. In most cases, these properties
have been engineered through material processing techniques that, at some point,
involved high-temperature phase transformations (Melendez and McDonald 2013).

In high-temperature processes, such as plasma spraying, molten species (includ-
ing ceramic species) can react during their very short fly from the spray gun to the
substrate. For example, NiAl plasma-sprayed powder can show all possible phas-
es in the deposit, including Ni, alpha-Ni, NiAl, Ni,Al,, NiAl,, and Al; ALO, and
TiO, plasma-sprayed powder blends can result in deposition of Al O significantly
enriched with TiO, (Chraska et al. 1992). Even during lower-temperature spray
processes, such HVOF, WC—-Co powders tend to undergo detrimental decarburi-
zation, with by-products of reactions that are fundamentally undesirable, such as
W,C, W, and WO, (Kim et al. 2005; Melendez and McDonald 2013).

In the cold spray process, thermally induced phase transformations are avoided.
Researchers have used cold spray to consolidate WC-based powders. Using X-ray
diffraction (XRD), it has been confirmed that cold spray does not induce changes to
the chemistry, phase composition, or grain structure (Kim et al. 2005; Smith 2007,
Al-Mangour et al. 2013; Melendez and McDonald 2013). Yet, another classical
example refers to the preservation of nanocrystalline microstructure, which yields
exceptional mechanical properties (Smith 2007; Fig. 1.3). The cold spray process
has been successfully used to consolidate nanostructured powder materials into use-
ful forms without destroying their fine grain size (Karthikeyan 2007).

1.3.1.4 Minimum Thermal Input to the Substrate

Repairing damaged ion vapor deposition (IVD) aluminum coatings on high-strength
steel substrates, such as 300M, 4340 or 4130, requires better than 99 wt.% aluminum
coatings along with a coating process that does not raise the substrate temperature to
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Fig. 1.3 Cold spray nanostructured coating advantages

more than 204 °C (per MIL-DTL-83488D). Because of its low-temperature deposi-
tion, cold spray has become the ideal process to repair damaged IVD aluminum on
thin plates. Qualification tests have demonstrated that during the cold spray coating
process, the temperature at the reverse side of steel sheets (as thin as 1 mm) did not
reach more than 120°C (Gaydos 2011). In addition to IVD, cold spray can also be
used to repair damaged alumiplate, sputter aluminum, chemical vapor deposition
(CVD) aluminum, and ionic liquid aluminum coatings (Gaydos 2011). Further-
more, cold spray could be used to spray any temperature-sensitive materials such
as magnesium, nanostructured materials, amorphous materials, carbide composites,
and many polymers. According to experts, cold spray technology could be used for
almost 70 % of materials that could be spray coated but that are ruled out because of
the high-process temperatures associated with traditional thermal spray processes
(Kaye and Thyer 20006).

1.3.1.5 No Oxidation

In-process oxidation constitutes one of the main limitations of most traditional ther-
mal spray processes. In-flight oxidation of particles results in internal oxide inclu-
sions, while postimpact oxidation produces surface oxide layer between splat layers
(Gan and Berndt 2013). Low-cost processes such as air plasma spray (APS) and
wire arc spray produce coatings with the most oxidation and porosity compared to,
for example, HVOF (Gan and Berndt 2013). Yet, the increased particle velocity in
HVOF generally correlates well with improved splat deformation and less porosity
but unfortunately has no effect on oxidation (Hanson and Settles 2003). Oxidation
is particularly critical when spraying oxygen-sensitive materials such as aluminum,
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copper, magnesium, titanium, and others as small amounts of undesirable oxygen
may degrade the physical properties of the deposits (Smith 2007). One example
is alloy 600, a nickel-based alloy used in heat exchangers in the nuclear industry,
which is prone to stress corrosion cracking (SCC), one of the most challenging
modes of material failure. SCC failures have been directly associated with the pres-
ence of Fe- and Cr-rich oxide films along grain boundaries (Dugdale et al. 2013).

During particle impact in cold spraying, the brittle oxide skin that covers most
metal surfaces shatters, making the oxide swept away by the high-velocity gas jet
and readying the bare surface for a clean bond with particles coming behind; in
practice, it has been demonstrated that cold spray deposits show same or lower
oxygen content than the starting powder material (Karthikeyan 2007). Figure 1.4
illustrates porosity, oxygen content, and thermal properties of Cu, Sn, and Al when
sprayed by conventional thermal spray versus cold spray.

The ability of cold spray not to introduce but rather diminish oxide content in the
deposit is very appealing for a number of exciting future applications. One example
is the deposition of intermetallic compounds such as FeAl-based intermetallic al-
loys, which exhibit good mechanical properties and excellent corrosion resistance
in oxidizing and sulfidizing atmospheres at elevated temperatures. These materials
are lighter (5.56 g/cm?®) than steels or Ni-based alloys, have a high melting point,
high creep strength, excellent thermal conductivity, and are relatively inexpensive.
Because of these attributes, they have been considered as a substitute for stain-
less steels or Ni-based superalloys for high-temperature service (Wang et al. 2008).
Fe—Al intermetallics show limited ductility at low temperatures, and their mechani-
cal strength degrades at temperatures higher than 600 °C. Thermal spray processes,
such as plasma spray, HVOF, wire arc, or flame spray, have been used to spray with
FeAl-based alloys for corrosion protection of carbon steels. However, such deposits
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end up with excessive oxide content which leads to poor corrosion performance and
other problems, emphasized by the significant difference in melting points between
Al and Fe as well as the exothermic nature of formation of iron aluminides (Lee
et al. 2006; Wang et al. 2008, 2012). Cold spraying of Fe—Al-based materials can
be achieved by utilizing powder blends, which then, with an appropriate annealing
post-spray treatment (Lee et al. 2010), can induce the complete transformation of
Fe(Al) solid solution into FeAl intermetallics (Wang et al. 2008). Other powder
mixtures, such Al/Ni, Al/Ti, W/Cu, Zn/Al, Ti/Al, and Ni/Al can be cold sprayed
and then annealed to form a dense well-dispersed distribution of their intermetallics
(Wang et al. 2008; Lee et al. 2010).

1.3.1.6 High Density, Low Porosity

The outer zone of the typical lamellar structure of a thermal spray deposit shows
splats that are not well bonded together and that, in their turn, lead to many micron-
sized pores (Dong et al. 2013). A high level of porosity—such as 5-15 % for flame
and arc spray and 3-8% for plasma spray—may lead to corrosion (Maev and
Leshchynsky 2008).

Cold spraying is a solid-state process with no splashing. When particles impact
the substrate at speeds higher than the material’s critical velocity, they plastically
deform at high strain rates and bonding occurs (as explained later in Chap. 2). High
strain rate deformation produces additional thermal energy at interfaces, which
may lead to the generation of interfacial metal vapor jet. This jet in effect produces
“vapor deposition” of material at the inter-particulate interfaces which fills any
pores and cracks that exist. In this respect, it has been suggested that cold spray
can be viewed as a combination of a particulate and microscopic vapor deposition
processes (Papyrin 2006). On top of that, every subsequent pass of the spray plum
effectively “shot peens” the underlying layers, thus increasing their density. The
combination of all these phenomena in cold spray produces near-theoretical density
coatings (Papyrin 2006). Furthermore, when post-spray heat treatments (such as
annealing) are applied, the deposits experience even further consolidation and
densification approaching ideal levels due to closure of pores, inter-splat boundar-
ies, and cracks (Chavan et al. 2013; Fig. 1.4).

1.3.1.7 High Thermal and Electrical Conductivity

Electrical conductivity is a good indicator of coating quality in terms of material
density and presence of dispersed oxide phases (Koivuluoto et al. 2012). Because of
its exceptional electrical and thermal conductivities combined with its commercial
availability, copper represents a key material in today’s industrialized world (Phani
et al. 2007). It has been demonstrated that the presence of oxide inclusions in plas-
ma-sprayed copper coatings lowers the electrical conductivity of the deposits down
to about 15 % of the conductivity of oxygen-free high-conductivity (OFHC) copper
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Fig. 1.5 Electrical conductivity for cold-sprayed copper coatings. /ACS International Annealed
Copper Standard, HP high gas pressure, LP low gas pressure

(Smith 2007). In contrast, dense cold-sprayed copper coatings may display conduc-
tivities better than 85% OFHC copper (Smith 2007; Karthikeyan 2007); similar
copper material would typically display conductivities of about 40-63 % OFHC
copper when sprayed by conventional thermal spray processes. If the process can
afford it, post-annealing after cold spraying will further increase the conductivity
of the deposits by densification and recrystallization (Phani et al. 2007; Koivuluoto
etal. 2012).

Figure 1.5 compares the “as-sprayed” electrical conductivity of copper coatings
using upstream injection (high gas pressures, HP) and downstream injection (lower
gas pressures, LP) cold spray systems. International Annealed Copper Standard
(IACS) values were given as an average of values measured by using four-point
measurements for the following sample conditions: (c,) on steel as-sprayed, (c,)
on steel heat treated at 400°C, (c,) on ceramic heat treated at 280°C, and (c,) on
ceramic heat treated at 280 °C. The subscript that follows the condition indicates the
authors: (1) Koivuluoto et al. (2012) and (2) Donner et al. (2011).

Upstream injection cold spray systems operating at HP would produce copper
coatings with higher electrical conductivities than downstream injection systems
operating at LP. However, when using downstream injection systems in combi-
nation with powder blends (such as Cu+Al0,), the deposits can be sufficiently
densified as to attain electrical conductivities that are acceptable for most electri-
cal applications. The main function of Al,O, particle additions, in this case, is to
activate (cleaning/roughening) the underlying surfaces as well as hammer-deposited
particles so that a high-density low-oxygen deposit is built up, become more recep-
tive to adhesion, fresh impact of sprayed particles and better adhere to the surface.
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1.3.1.8 Bond Strength

Both adhesive and cohesive strengths of a deposit are key to determine its usefulness
within any particular application (Huang and Fukanuma 2012). The mechanical and
other properties associated with cold spray deposits will be discussed in Chap. 4.
In general, average adhesive/cohesive strengths are determined by spraying the top
surface of a cylindrical tensile sample, then gluing the sprayed area to a respective
counter-body of the same size, and finally pulling the assembly in tension to failure
(ASTM (C633). Using this method with certain materials combinations, it has been
shown that deposits may fail cohesively (fracture inside the deposit; Koivuluoto
et al. 2008) or adhesively (fracture at the deposit/substrate interface; Irissou et al.
2007). In other cases, the addition of ceramic particles, such as ALO, to pure alu-
minum can significantly increase adhesive/cohesive strength (Irissou et al. 2007;
Lee et al. 2005). There are cases where the test results are limited by the strength
of the glue itself. To overcome the latter, others (Huang and Fukanuma 2012) have
attempted other testing techniques, which have indicated that cold-sprayed depos-
its can display high adhesive strengths (as high as 250 MPa for aluminum alloys,
Karthikeyan 2007).

1.3.1.9 Compressive Residual Stresses

It is generally accepted that the presence of surface tensile stresses may contribute
to the formation and propagation of micro-cracks, which may accelerate fatigue
failure. Because of thermal expansion and contraction during melting and solidifi-
cation, deposits made by thermal spray may develop surface residual tensile stresses
(Maev and Leshchynsky 2008). A distinct feature of the cold spray process is the
development of superficial compressive residual stresses instead (Spencer et al.
2012). Compressive stresses have the opposite effect on fatigue life. Because of the
importance of this subject, Chap. 5 has been entirely dedicated to discuss the topic
of the formation of residual stresses during cold spraying.

Through modeling and experimentation, it has been shown that the cold spray
process can generate desirable surface compressive stresses which are responsible
for improvements in fatigue life of certain materials. For example, cold-sprayed
Al7075 over A15052 substrates, using downstream injection system at low pressure,
showed an improvement of close to 30 % in fatigue life (Ghelichi et al. 2012). Oth-
ers have reported a fatigue life improvement of 10% for cold-sprayed aluminum
over AZ31B magnesium substrates (Shayegan et al. 2014). Compressive residual
stresses generated during the cold spray process also contribute to the possibility of
producing ultra-thick, well-bonded, and near-room-temperature coatings for near-
net-shape manufacturing of components made of metallic, composite, and poly-
meric materials (Maev and Leshchynsky 2008).
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1.3.1.10 Corrosion Resistant

Conventional thermal spray processes such as flame spray, twin-wire arc spray,
and air plasma spraying (APS) represent some of the common methods to deposit
aluminum over steel and other materials for corrosion protection. Although they
are typically less expensive compared to cold spraying, the severe oxidation, phase
transformations, and high porosity are conducive to relatively poor corrosion per-
formance compared to fully dense materials (Dong et al. 2013; Chavan et al. 2013),
not to mention some of the environmental challenges associated with the processes
(Villafuerte and Zheng 2007).

The high density, phase purity, and homogeneous microstructure of cold-sprayed
coatings are characteristics that yield exceptional corrosion resistance (Karthikeyan
2007). Consequently, cold spray is increasingly becoming a preferred method to
provide localized corrosion repair and protection in a vast number of applications,
many without other means available (Villafuerte and Zheng 2007). Some of these
applications include aircraft as well as automotive magnesium castings (Villafuerte
and Zheng 2011; Suo et al. 2012).

Others (Al-Mangour et al. 2013) have experimented mixing stainless steel 3161
particles with particles made of Co—Cr alloy L605; the latter known to display supe-
rior corrosion resistance than 316L alone but difficult to manufacture. These studies
suggested that cold spray may be used to consolidate these metals as a blend (67 %
316L—33% L605), then post-heat treated so that both corrosion and mechanical
properties of the resulting composite are better than 316L alone, potentially becom-
ing a new class of metallic biomaterial (Al-Mangour et al. 2013).

1.3.2 Manufacturing Advantages

Often, the rate at which new technologies are developed, accepted, and adopted is
proportional to the need for new solutions to engineering problems (Dorfman and
Sharma 2013). In its current state, cold spray technology is becoming a tool for
remanufacturing; an emerging trend born from our urgency to reduce the negative
environmental impact of today’s manufacturing practices such as overexploitation
of resources, waste disposal, contamination, and greenhouse emissions. Some of
the advantages of cold spray represent more environmentally friendly alternatives
to technologies such as electroplating, soldering, and painting (Grujicic et al. 2003).

1.3.2.1 No Masking

In traditional thermal spray, masking is a necessity as hot particles in the overspray
tend to stick very well to surfaces outside the target; often masking must be done
manually which significantly adds to the manufacturing costs (Smith 2007). For
example, the specifications for repair and assembling of blades in land-based power
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turbines require that an abradable aluminum seal layer be applied to the base of each
blade where the blade is inserted into the main shaft. This minimizes leaks which,
otherwise, would lead to significant efficiency losses. Conventional thermal spray
processes require extensive masking to protect the rest of the blade from overspray,
which represent the most significant portion of the cost (SST 2014).

For other industrial applications, such as electrical circuits and heat conduct-
ing surfaces requiring patterned deposits, cold spray represents an ideal process
because of its ability to lay down well-defined patterns without masking. The width
of the tracks is controlled by the nozzle exit diameter, and many of today’s applica-
tions require tracks that are narrower than the standard available nozzle diameters
(Wielage et al. 2010). In practice, nozzles can be modified by squeezing the cross
section into a slim rectangle with the traverse side significantly smaller (1-2 mm)
than longitudinal side (Karthikeyan 2007). This geometry change does not signifi-
cantly affect particle velocity (Sova et al. 2013). As we move forward, with the
possibility of using cold spray for additive manufacturing, there is a need to develop
smaller nozzles capable of delivering smaller footprints for better shape resolution.

1.3.2.2 Flexibility in Substrate-Coating Selection

Cold spraying has been used for a wide selection of coating—substrate combina-
tions. To name a few: Al on Ni substrate (Lee at al. 2008); Al-10Sn and Al-20Sn
substrate—SUS304, Al6061 and Cu (Ning et al. 2008); aluminum alloy Al-5Fe-
V-Si onto internal combustion (IC) aluminum engine piston heads (Berube et al.
2012); Cu+AlO, on steel substrate (Koivuluoto and Vuoristo 2010); Mg pow-
der on stainless steel and aluminum plates (Suo et al. 2012); Al+SiC and Ti+ SiC
mixtures on aluminum and steel substrates (Sova et al. 2010); or Al and Al/Cu bi-
metallic coating on carbon fiber-reinforced polymer matrix composite (PMC; Zhou
et al. 2011). Because cold spray bonding is a combination of mechanical interlock
and metallurgical bonding, the nature of the substrate is of lesser importance and
therefore an incredible number of combinations can be created.

1.3.2.3 Coupling Dissimilar Materials

The possibility to integrate dissimilar materials into products with exotic properties
is a strong driving force for exploring new fabrication methods. As an example, the
wear resistance of aluminum alloy substrates can be enhanced by cladding with
iron-based alloys. However, the required heat input in traditional cladding process-
es may produce undesirable intermetallic phases, such as FeAl, Fe;Al, Fe,Al, and
Fe, Al at the interface that induce crack failure upon cooling (Wilden et al. 2008).
In other cases, it is the steel substrate that requires corrosion protection, for which
a layer of aluminum is typically deposited using twin-wire arc spray. Although the
latter is common, it is also known that the resulting porosity promotes the forma-
tion of interconnected paths inside the coating that allow corrosive electrolytes to
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reach the steel substrate (Esfahani et al. 2012). This corrosion behavior has also
been observed in coatings made by flame spray, HVOF, and plasma spray (Esfahani
etal. 2012).

Because of its much lower process temperature combined with higher particle
velocity, the cold spray process can readily form dense deposit of many materials,
such as aluminum, copper, nickel, 316L, and Ti64, on dissimilar substrates (Gru-
jicic et al. 2004). Materials, such as aluminum and copper, could be cold sprayed
directly onto smooth, unprepared glass surfaces (Dykhuizen and Smith 1998), and
some polymeric surfaces (Lupoi and O’Neill 2010). Conversely, polymeric materi-
als (such as polyethylene) can be sprayed onto Al 7075 substrate (Alhulaifi et al.
2012). The ability to mix a diverse range of materials makes cold spray ideal for
creating engineered metal matrix composites (MMC) and free forms with custom-
graded properties (Karthikeyan 2004).

1.3.2.4 Ultra-Thick Coatings

When building thick deposits by conventional thermal spray, there is a progressive
buildup of superficial tensile stresses as the thickness increases; the bond strength
decreases progressively. Eventually, the stress buildup overcomes the resistance of
the material causing spontaneous spalling or delamination (Karthikeyan 2007). Un-
like thermal processes, cold spray coatings tend to be compressively stressed at the
surface, therefore minimizing or eliminating the through thickness gradient that is
created in the process of producing thick coatings by thermal spray.

1.3.2.5 Deposition Efficiency

As described in subsequent chapters of this book, deposition efficiency (DE) rep-
resents the ratio, usually expressed in percentage of the weight of the powder de-
posited on the substrate to the weight of the powder sprayed (Schmidt et al. 2009).
Higher DE is not necessarily associated with better sprayability as some materials
can be readily deposited but with poor characteristics of the deposit, such as high
porosity and poor bond strength. DE is not only a function of the nature and condi-
tion of the surfaces of the particle and/or substrate but also the amount of kinetic
energy or impact velocity. In general, high DE values, in excess of 95%, can be
attained using very high impact velocities; for example, when depositing copper
and/or aluminum alloys. Very high impact velocities can be obtained using helium
at high pressures and temperatures, however, at a very high cost tag, as explained
in Chap. 11. Conversely, high DE values could also be attained at lower impact
velocities by manipulating the characteristics of the spray powder. Depending on
the materials to be sprayed, DE can be an important material cost consideration. In
most cases, however, it represents a more important consideration from the health
and safety standpoint as there may be a significant cost associated with the proper
collection and disposal of waste metal powder, as better explained in Chap. 9.
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1.3.2.6 Environmental, Health, and Safety

The presence of hexavalent chromium, a well-documented human carcinogen, dur-
ing processing of traditional chromium plating applications made users of these
technologies switch to HVOF thermal spray of tungsten carbide (Dorfman and
Sharma 2013), a more benevolent process on this regards. Because of the absence
of fumes, combustible gases, sparks, and flames, cold spray represents an even bet-
ter alternative from the health and safety standpoint (Grujicic et al. 2003). In fact,
WC—Co coating has already been applied by cold spray as a replacement of electro-
lytic hard chrome (EHC) plating (Ang et al. 2012).

In other high operational risk scenarios, downstream injection portable cold
spray has been proven acceptable for remote corrosion repair of heavy water
aluminum vessels in nuclear reactors (SST 2014). Cold spray technology was also
demonstrated to be a reliable process for applying thick copper coatings to cast iron
canisters for the disposal of nuclear fuel waste (Irissou et al. 2012).

Medical antibacterial surface applications are also becoming increasingly
interesting, as described in Chap. 10. The antibacterial benefits of copper are well
documented; the ability of cold spray to deposit dense copper on most surfaces has
triggered interest on cold spray for such applications. Some suggest that using inoc-
ulants during spraying, such as meticillin-resistant Staphylococcus aureus (MRSA),
could even yield at least three times the efficiency of eliminating bacteria by other
traditional processes making cold spray an exceptional tool for food processing,
health care, and air-conditioning applications (Champagne and Helfritch 2013).

However, like any other processes including thermal spray, cold spray
technology poses a number of potential environmental, health, and safety risks,
mostly associated with the management of waste powder as well as level of noise.
The reclamation and disposal of waste powders is extensively reviewed in Chap. 9.

1.3.3 Process Limitations

As with any other materials processing technique, the cold spray process has its
own limitations depending on the perspective from which it is evaluated, as dis-
cussed below.

1.3.3.1 Near-Zero Ductility

The main disadvantage of cold spray process arises from the necessary plastic de-
formation of particles, which leads to a loss of ductility of the coating. One study
(Ogawa et al. 2008), for example, indicated that the elastic modulus of cold-sprayed
aluminum coatings on a cold-rolled plate of pure aluminum alloy A1050 was con-
sistently higher than the corresponding elastic modulus of the cold-rolled aluminum
substrate, showing early signs of cracking during tensile loading. When compres-
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sive loading was applied, no cracking was observed in the cold-sprayed aluminum,
which also displayed higher strength as compared to cold-rolled aluminum. What
was interesting is the fact that post-annealing of cold-sprayed specimens at temper-
atures as low as 270 °C readily restored ductility compared to untreated specimens.
In cold-sprayed materials, there is a great deal of stored energy as plastic deforma-
tion which can turn into recrystallization and consolidation when the material is
heated.

1.3.3.2 Limited Range of Sprayable Materials

Unlike most traditional thermal spray processes that are capable of depositing a
wide range of materials from metals to ceramics, at its current state, cold spray is
essentially limited to depositing metals or composites possessing a sufficient degree
of low-temperature ductility; Examples include metals such as Al, Cu, Ni, Ti, Ag,
Zn, Ni (Champagne 2007), as well as blends of these metals with ceramics or other
non-ductile species including Al-Al,O, mixtures (Irissou et al. 2007), WC-12Co
blended with Ni (Melendez and McDonald 2013), WC—Co blended with Cu or Al
(Wang and Villafuerte 2009), and even Al-12Si alloy composites (Yandouzi et al.
2009).

Over these many years, there has also been a great deal of research in an attempt
to expand the range of cold sprayable materials. Some examples of exotic attempts
include AI-Ni intermetallic compounds (IMC; Lee et al. 2010), SiC without metal
matrix binder on Ni—Cr-based superalloys to improve high temperature oxidation
resistance (Seo et al. 2012); many of which are impossible to deposit using tradi-
tional thermal processes.

1.3.3.3 Substrate Material Must be Hard Enough

In cold spraying, the substrate material must be hard enough (relative to the spray
material) to induce sufficient plastic deformation of the incoming particles for ac-
ceptable bonding (Karthikeyan 2007). On one side of the spectrum, extremely soft
substrates (such as polyethylene) would cause incoming particles to crater well be-
yond the surface without any possibility of buildup. On the other side of the spec-
trum, extremely brittle substrates with structures that delaminate easily (such as
carbon) would likely experience erosion by the incoming particles. Substrates must
be as well resilient or well supported to accept coating.

1.3.3.4 Gas Consumption

Gas consumption in cold spray is much higher than in many thermal spray pro-
cesses. This is because of the high velocities and flows necessary to propel particles.
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Helium, nitrogen, and plain air are the choices for carrier gas. The main difference
is the density; helium being the most desirable gas just because of its ability to attain
high gas velocities as well as its inertness. High gas velocities often produce better
results in terms of quality and DE. Yet, helium is the most expensive and scarce
gas, which has limited its usage to very specialized applications; in these cases,
recycling of helium may be necessary, which undoubtedly elevates the complexity
of the cold spray operation (Champagne 2007).

Therefore, over the past few years, there has been a trend to develop cold spray
procedures and specifications with nitrogen and/or air as the gases of choice for
all types of cold spray equipment as well as sprayable materials. As explained in
Chap. 6, the upper operational range for cold spray includes nitrogen gas tempera-
tures as high as 1000°C at a pressure of 70 bars. High operational parameters are
necessary when spraying materials with less low-temperature ductility than tradi-
tional cold sprayable metals; some examples include Ni-based super alloys, titani-
um alloys, stainless steels, and tantalum. Under these operational conditions, capital
and operational costs, including gas consumption, are very high, so the application
must very well justify them. The decision on a specific cold spray system should
be based on both the actual technical and operational requirements of intended
applications.

1.3.3.5 Line of Sight

Just like all other thermal spray processes and unlike processes such as electro-
plating, physical vapor deposition, and chemical vapor deposition, cold spray is a
line-of-sight process (Davis 2004). It is, therefore, difficult to spray materials on
inside surfaces, such as the internal diameter of pipes, without special consideration
of nozzle design. Unlike traditional thermal spray, the standoff distance from the
substrate for cold spraying is in the order of 10 mm, much shorter than for thermal
spraying. Therefore, it becomes easier to design nozzle assemblies that can fit with-
in cavities that otherwise would be impossible to spray. At the time of this write-up,
manufacturers of commercial cold spray equipment were able to supply 90° nozzle
assemblies capable of spraying materials in inside diameters as small as 90 mm.

1.3.3.6 Limited Availability of Standard Specifications

At the time of writing this book, there was only one standard specification, MIL-
STD-3021, in the public domain (US ARMY RESEARCH LAB ARL 2008).
However, there were numerous companies which already had their own internal
cold spray specifications and/or were in the process of developing their specifi-
cation. Many of these first adopters operate within aerospace and transportation
industries.
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1.4 Cold Spray Versus Thermal Spray

The previous sections of this chapter presented, in a succinct way, an overview of
the advantages and limitations of cold spray, in reference to some practical
applications of the process. In the world of thermal spray, there is a wide range
of commercial processes to apply coatings for a wide range of coating materi-
als. Surface engineering requirements for specific components vary considerably
according to specific service conditions, which generally are a combination of wear,
stress, and corrosion. Therefore, not every thermal spray process is suitable for
every application; on the other hand, the diversity of available spraying methods
helps satisfy the diversity of needs. The role of an applicator is to, as best as pos-
sible, identify the processes that make more sense (technical, economical, environ-
mental) to a given application (Sulzer Metco 2014).

In this section, we compare cold spray technology against the more general ther-
mal spray family of processes. In order to visualize their differences and similari-
ties, please refer to Fig. 1.6. This figure shows a selected number of thermal spray
and cold spray processes positioned in the flame (or arc) temperature versus particle
velocity coordinates as well as substrate temperature, included as an third axis on
the right-hand side of the graph.
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1.4.1 Old Versus New

Thermal spray recently celebrated its first century of existence, classifying this fam-
ily of processes as mature. Over the past few decades, thermal spray has become
one of the leading surface technologies alongside physical vapor deposition and
weld overlaying, an estimated industry worth approximately US$ 6.5 billion with
the majority of revenue generated in coating services (Dorfman and Sharma 2013).
Cold spray technology is a relatively new material consolidation technique which
has commercially emerged in the past two decades (Smith 2007). The implementa-
tion of cold spray technology, probably its most intense development area (Papyrin
2007), generally occurs in situations where conventional hot metal spray technol-
ogy cannot be successfully used (Champagne 2007). Eliminating the detrimental
effects of high process temperatures has been perhaps one of the unique strengths
of cold spray for many applications.

1.4.2 Energy Source

In order to produce material consolidation, all spray processes (including cold
spray) require a combination of thermal and kinetic energies. Both of these energies
are generated through diverse energy sources such as combustion flames, electric
arcs, laser beams, and/or simply heating compressed carrier gases (nitrogen, air, he-
lium). In order to achieve quality coatings, certain amounts of both energies ought
to be transferred to the spray particles (Klassen 2014); thermal energy is needed to
melt or soften the spray material. Kinetic energy, coupled to the particle velocity, is
needed to achieve density and bond strength.

The thermal energy released by different spray techniques is transferred into
energy in transit or heat. As soon as the transferred energy is absorbed by the coat-
ing material, it is no longer heat and once again becomes kinetic energy, which then
forms part of the coating material’s total internal energy (Nahle 2009). Whether
high thermal energy or high kinetic energy of the particle is favorable for material
consolidation, it all depends on the nature of the spray material and the desired
properties of the deposit. Plasma spraying is common for spraying oxide ceramics;
it uses extreme elevated temperatures and relatively low kinetic energy of the par-
ticles (or liquid droplets) to achieve ceramic coatings. HVOF covers a wide range of
thermal and kinetic energy ranges to produce dense coatings. The temperature and
velocity of particles impinging on the substrate is affected by the gas temperature,
density, and pressure as well as by the time of exposure to the gas and the particle
mass. Cold spray utilizes more of the kinetic rather than the thermal component of
the required energy to produce material consolidation (Schmidt et al. 2009). This is
quite suitable when spray materials have sufficient low-temperature ductility which
promote the bonding mechanisms associated with cold spray, as discussed in detail
in Chap. 2. At the same time, low process temperature makes cold spray suitable
for material consolidation of temperature-sensitive materials such as magnesium,
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polymers; nanostructured, amorphous, and phase-sensitive materials including car-
bide composites.

1.4.3 Oxidation and Porosity

One of the undesirable effects of an elevated temperature process, when carrier
gases are oxidative, is the in-flight reaction of hot or molten particles with oxygen
leading to the formation of oxide inclusions and porosity into the deposit. For ex-
ample, the degree of oxidation in combustion processes becomes higher for higher
spray temperatures, longer exposure times in the flame, and higher level of free
oxygen in the flame (Klassen 2014).

High level of porosity is an important limitation of many thermal spray processes
it could significantly degrade corrosion resistance, mechanical properties, electri-
cal conductivity, and thermal conductivity (Smith 2007; Champagne 2007; Maev
and Leshchynsky 2008). The highest levels of porosity are produced after flame
and arc spray processes, except for HVOF which can produce very dense deposits
(>99.5%). On the other hand, typical plasma coatings have approximately 1-2 %
porosity. Controlled atmosphere plasma spray can produce near 100 % dense (Sul-
zer Metco 2014).

Because of its low process temperature, cold spraying has the benefit of prevent-
ing the formation of undesirable oxides to the point that many have demonstrated
that trace oxygen levels in cold-sprayed deposits tend to be even lower than oxygen
levels in either the spray or the substrate materials. Therefore, cold spray represents
a solution to deposit oxygen-sensitive materials like aluminum, copper, and tita-
nium.

1.4.4 Solid State: No Phase Transformations

Cold spraying consolidates materials in the solid state (Smith 2007; Papyrin 2007),
which represents another important characteristic of this process. Under these con-
ditions, thermally induced phase transformations are avoided or minimized. Subse-
quently, after spraying, the original properties of the spray materials are retained,
making cold spray attractive to consolidate thermally sensitive materials, such as
nanostructured powders (Karthikeyan 2007). On the other hand, conventional ther-
mal spray processes, such as plasma spray, HVOF, or even oxy-fuel flame spraying,
often exert undesirable levels of heat input into the coating and/or substrate materi-
als likely resulting in phase changes or warping and distortion. In order to avoid
overheating, it is common for thermal spray processes to use some type of cooling
media including carbon dioxide, compressed air, or nitrogen mixed into the com-
bustion gases, which are not necessary in cold spray.

It is important to clarify that to achieve higher gas flow velocities in the nozzle,
it is necessary to preheat the compressed gas before the diverging section of the
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nozzle; despite the fact that preheating temperatures can be as high as 1000 °C, due
to the fact that the contact time of spray particles with the hot gas is quite short and
that the gas rapidly cools as it expands in the diverging section of the nozzle, the
temperature of the particles remains substantially below the melting temperature of
the feedstock (Grujicic et al. 2003).

As explained in Chap. 11, the economics of thermal spray and cold spray vary
widely depending on many factors. Some of the key cost elements include gas con-
sumption and cost of equipment and consumables (Davis 2004). In comparison
to conventional thermal spray processes, the cold spray process has the additional
advantage of being relatively simple to implement. The process control is carried
out mainly through monitoring appropriate adjustment of gas pressures and tem-
peratures. To optimize the process and to achieve best coating qualities, however,
these parameters have to be finely tuned with respect to the spray material, powder
size range, and the nozzle type (Schmidt et al. 2009).

1.5 Surface Engineering Complexity

Complexity has been considered a notion of inherent difficulty of a problem, a solu-
tion, or an approach (Szyperski et al. 2002) with no single formalism, technique, or
tool capable of generating useful decisions in all cases (Kusiak 2000). Consequent-
ly, the new interdisciplinary field of complex systems cuts across all traditional
disciplines and studies how parts of a system give rise to the collective behaviors
of the system and how the system interacts with its environment (Bar-Yam 2003).
Therefore, with so many complex systems surrounding our modern life, one should
be aware that the cold spray is only one technique among a related network of dis-
ciplines, theories, technologies, systems, and processes.

Many engineered components operate in aggressive environments character-
ized by high temperatures, high pressures, large stresses, presence of oxidizing or
corroding environments, and presence of particulate materials that induce erosion
damage (Bose 2007). In other words, all materials of which these components are
made are normally exposed to degradation at some level, either at the surface or
internally (bulk).

Surface damage, such as corrosion, oxidation, wear, fretting, or erosion, affects
surface finish and dimensional integrity of the components. Surface damage, in
the form of cracks, dents, or fretting wear, in the absence of adequate maintenance
could lead to fatigue failure affecting the functionality of the component. Internal
damage such as aging, creep, and fatigue could affect the microstructure of highly
stressed parts that may reduce the strength of the component. The accumulation of
internal damage could cause the initiation of flaws which ultimately lead to compo-
nent failure, as with surface damage, there is a common denominator (NATO 2000).

The increasing abundance and diversity of engineered products from many sourc-
es has, at the same time, affected the ability of end users to repair or replace failed
components. Reasons for this include, in no particular order, the unavailability of
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replacement parts, decrease in support available from original manufacturers, and
rapid technological obsolesce.

In view of the above, there is a need for the concurrent materials design of the
surface and substrate together to form a functionally graded system capable of giv-
ing a product a cost-effective performance enhancement of which neither of them
is capable on its own (Bruzzone et al. 2008). Therefore, there is a need for an in-
terdisciplinary surface engineering approach to solve some of the issues mentioned
above and so, provide one of the most important means of engineering product
differentiation in terms of quality, performance, and life cycle costs. This approach
model is illustrated in Fig. 1.7. The model life cycle engine in this figure represents
an evolutionary spiral that starts with customer communication. It is here that the
basic problem domain is identified and defined. Then, planning and risk analysis
establish a foundation for the project plan. The technical work associated with the
design and development of a new goal-orientated surface follows the iterative path.
The general successful requirements of a metallic coating must be analyzed and pri-
oritized. For example: (1) a coating required to be oxidation and corrosion resistant
should be thermodynamically stable, with protective surface scale of uniform thick-
ness, and show slow growth rate of protective surface scale; (2) a coating required
to be stable should have no undesired phase changes within the coating, have a
low diffusion rate across interface at use temperature, and show a minimum brittle
phase formation; (3) a coating required to have a good adherence to substrate should
have a good adhesion to the substrate, have matched coating/substrate properties to
reduce thermal stress, and minimum growth stresses; and (4) a coating required to
have structural properties must withstand service-related creep, fatigue, and impact
loading of surface without failure of function (Bruzzone et al. 2008).

Due to the complexity of the development of a new or improved goal-orientated
surface, there is a need for a reiterative process; that is, after solving one challenge
another challenge often arises. Based on lessons learnt, this might include new
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questions about the refinement of the concept, improvement of the design, and new
manufacturing methods. Only this integrated interdisciplinary approach could lead
to the understanding and control of surface phenomena, particularly at a micro- and
nanoscale.

In addition, process modeling is one way to better understand complex interac-
tions within the process. In order to better manage the various parts of the model,
sub-models and the relationships between them should be considered. For example,
cold spray modeling could include sub-models such as gas flow dynamics, gas—par-
ticle two-phase flow dynamics, convergent—divergent nozzle optimization, parti-
cle—substrate interaction, and coating characterization. Relationships between these
sub-models can be established using real-life cold spray parameters in conjunction
with acceptable assumptions.

Furthermore, cold spray technology should have a clear mission, objectives, strat-
egy, and approach (Kestler 2011). For example, a mission could be to provide full life
cycle support to applicable industrial operations; the strategy could include actions to
implement cold spray technology into these operations, which should lead to better
performance and overall cost reduction. To implement the strategy, one could also
consider recommendations to: decompose the complex problem into smaller more
manageable subproblems (Kochikar and Narendran 1999); create the conditions for
learning, adapting, optimizing, and reconfiguring at various levels of the process
(Wang et al. 2002); establish a well-equipped cold spray laboratory where the new
technology could be demonstrated and its associated knowledge preserved; increase
the community’s interest in the cold spray process via informed demonstrations;
tailor the technology for each specific application, and develop process certifica-
tion procedures and methods; cooperate with the best in the field from universities,
services, and industry; support cold spray development efforts (Botef 2013).

In summary, the cold spray process is much more than spraying particle and
achieving coatings. Like any other technology, cold spraying requires sufficient
understanding of relevant disciplines such as metallurgy, chemistry, physics, pro-
duction, and management. Cold spray is a multidisciplinary process that defines
the method of transforming a powdered material into a final material consolidation,
being that a functional coating or a free form.

1.6 Concluding Remarks

This chapter explored cold spray technology in the context of the much wider ther-
mal spray family, its beginnings as well as its relative advantages and limitations.
An attempt was made at discussing cold spray as a single component of a more
complex multidisciplinary surface engineering field, aimed at solving engineer-
ing problems. It is indeed, both theoretically and practically, possible to use the
cold spray process as a method to solve a number of modern surface engineering
challenges including recyclability, life cycle, remanufacturing, emissions, energy
consumption, and environmental friendliness.
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Cold spray was presented as a challenger to traditional problem-solving
approaches, drawing attention to the need for new methods that allow us to con-
tinue developing and implementing advanced materials for aerospace, electronics,
information technology, energy, optics, tribology, and bioengineering applications.

Finally, this chapter served as a brief introduction to the vast amount of current
information to be presented in subsequent chapters by well-known professionals in
the field of thermal and cold spray.
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