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Abstract Cold gas dynamic spray (or the ‘cold spray’) technology has brought the
attention to effectively realize additive manufacturing concept by better aligning
innovative material design with precision manufacturing. The evolutionary tech-
nology with the revolutionary concept is permitting the creation of substrate surface
unprecedented to human history. The objective of this chapter is to highlight the state-
of-the-art of cold spray additive manufacturing (CSAM), current research challenges
in both feedstock and spray infrastructure, and more importantly, the potential. A
comparative chart on contemporary process technologies involving CSAM and other
nanoscale additive manufacturing technique-based material deposition processes is
presented at the end.

Keywords Innovation + Nanostructured materials - Cold spray - Additive
manufacturing + Applications

1 Introduction

1.1 Cold Spray Additive Manufacturing (CSAM)

In contrast to conventional manufacturing processes, i.e. material removal process to
manufacture an engineering component, additive manufacturing (AM) depends on
a novel material incremental manufacturing method. AM strategy has been widely
investigated for quite a long time to create functionalized segments, to deliver com-
plex structures or shapes that are in fact impractical using the conventional subtractive
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machining processes. This inventive strategy of manufacturing brings few advan-
tages, including decrease in both assembling cost and material utilization, liberty to
use different sets of materials and their combinations. However, the intricate benefit
of the AM method lies in its ability to create layer-by-layer deposits with excellent
material and geometric controls of the underlying shapes.

There are now a handful of AM-based techniques available to support industrial
scale manufacturing. They can be categorized along their operational task, type of
materials handled, or complexity involved in the deposition process. Material plays
an important role in deciding what AM technology to be utilized. For example, with
regards to the AM for metals, there are primarily two methods: (1) non-powder-
based; and (2) powder-based. In non-powder feed method, such as wire arc AM
(WAAM) or laser melt deposition wire (LMD-w), a wire is fed through a nozzle that
is melted by corresponding plasma arc or laser. The method incorporates inert gas
shielding in either an open environment or in a sealed gas chamber. Compared with
powder-based method, the system provides a higher deposition rate; however, lacks
in control of variable parameters. All the process parameters lead to produce bead
geometries, and it is the manipulation of beads that results in desired component
shape. Unfortunately, and unlike other AM processes, bead geometry is affected by
more than just the process parameters. The residual heat as the part is built results
in a rapidly-varying thermal field that must be accounted for if a deposit layer is to
be accurate and free from defect. Whereas, in the powder-based deposition method,
the powder as feedstock is sprayed onto a substrate in a supersonic atmosphere to
develop coatings and bulk parts through self-consolidation. The method is thus used
as a direct AM process in high productivity requirement. It is estimated that thermal
spraying of powder-based deposition method constitutes an annual growth of 10%),
reaching US$28 billion by 2024. This demand is largely attributed to the industrial
acceptance of thermally-sprayed coated parts required to protect from corrosion,
erosion, and highly-elevated temperatures and pressures. The rise of acceptance of
thermal spraying has given birth to the process technologies, namely, high velocity
oxy-fuel (HVOF), flame spray, detonation spray, laser spray, high-pressure gas spray,
and recently the cold spray. All the processes in thermal spray technology family,
except the cold spray, uses a combination of thermal and kinetic energies for the
formation of deposits. On the other hand, cold spray works solely on the particle
kinetic energy making the deposit far-superior cleaner, as well as widening the mate-
rial design composition stunningly innovative. In other words, this revolutionary
distinction puts the cold spray technology being considered as a solid-state additive
method. The conducive benefit of CSAM is that the feedstock powder retains its
solid-state during deposition and self-consolidation.

Cold spray uses low deposition temperature against industry-standard thermal
spraying techniques involving elevated temperature gas spray. This enables the pow-
der to retain their physical characteristics during deposition. Powder granulometry’s
suitability is less restrictive compared to standard thermal spraying. The powder par-
ticles cover a wide range of size distribution, from micron to submicron. Further,
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Fig. 1 Key features of cold spray [1]

the technology allows for thermally-sensitive materials as well as dissimilar mate-
rials (e.g. ceramic-metallic or cermets) to be manufactured. The key features and
capabilities of cold stray is presented in Fig. 1.

As compared with technologically-advanced comparable AM technologies, cold
spray neither includes high temperature (as in selective laser melting (SLM) and
direct metal deposition (DMD)) nor does it engage into complex chemical pro-
cesses (such as in electroplating). Hence, cold spray can be suggested as the best fit
for making different geometries of complex shapes and simultaneously accomplish
deposition without thickness limitation. Table 1 presents the details of AM processes
as per ASTM F2793-12A standard which suggests cold spray as a promising AM
technology.

Figure 2 shows the dissemination of procedures as indicated by their different
added substance producing abilities; parts external to the parabola indicate AM in a
wider sense, whereas parts within the parabola demonstrate AM in a narrow sense.
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Table 1 Highlights of different AM based processes, as per ASTM F2793-12A standard [2]

AM based process Process fundamental as per ASTM F2793-12A standard

Material extrusion Material is delivered selectively through a nozzle or
aperture

Material jetting Building material droplets are deposited selectively

Binder jetting To join powder materials, a liquid bonding agent is
selectively placed

Sheet lamination Material sheets are attached to create an item

Vat photopolymerization Light-activated polymerization selectively cures liquid

photopolymer in a vat

Powder bed fusion Thermal energy fuses areas of a powder bed selectively

Directed energy deposition (DED) | When the material is deposited, focused thermal energy is
used to fuse components

Cold spraying Powdered material is driven at a substrate with sufficient
speed to adhere and build up material

Hybrid
Manufacturing

Block Joining
: Thermal Spraying

Cold Spraying

Direct Metal
Rapid Prototyping Manufacturing
Manufacturing Additive

Manufacturing

Spraying
Forming

Physical Va Rapid Bio-Model
Deposition Manufacturing Ultrasonic
p— Additive
Manufacturing

Hard

Electro-Chemical Arc-Welding Facing

Deposition (MIG-Plasma)

Fig. 2 Division of procedures as indicated by their different AM abilities
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1.2 Overview of Cold Spray Process

In cold spray, solid-state particles are delivered to substrate via a carrier gas at a
supersonic speed to build a layered deposit or a freeform object. Figure 3 portrays
the schematic of a simple cold spray setup.

High velocity is essential for ideal deposition of particle and achieve coating
density. Parameters like gas condition, particle characteristics, and nozzle geometry
influence heavily to reach to the required velocity [3]. In this chain, if contrasted with
other spraying methods, deposition of coating happens at moderately low tempera-
ture, enabling sprayed particles to stay in solid state [4]. In contrast to thermal spray
that includes either total or partial powder particle melting, cold spray takes out ther-
mal imperfections, for example, high residual stress in the coating because of solidifi-
cation shrinkage, potential harm for the substrate caused by molten metal effect, and
high-temperature oxidization [5]. Thus, the process is especially suitable for coating
of thermally-sensitive materials, for example, amorphous and nanocrystalline mate-
rials, and for oxygen-sensitive materials, for example, magnesium, aluminum, and
titanium composites [5]. The essential utilization of cold spray coatings is for the
surface upgrade of metals to enhance properties, for example, resistance from wear
and corrosion, conductivity of electrical/thermal, and so on [6]. This process is also
appropriate for coatings on light metal substrates, for example, magnesium alloys
because of its low temperature tolerance [6]. As a result, particle plastic deformation
during flight disturbs the thin oxide film at substrate arrival, helps promote close
conformal contact under high local pressure, and allows for occurrence of bonding,
which is thought to equivalent to that in explosive welding or shock wave powder
compaction [5].

The cold spray system can be designed in either automated or manual operation
mode, making it flexible for fixed or portable operation. In many respects, a generic
cold spray setup looks very similar to some of the traditional thermal spray systems.
The gases having aerodynamic properties are generally used to propel the feedstock
particles, including helium, nitrogen, combination of helium and nitrogen, and dry
air (79% nitrogen + 21% oxygen). The major components making up the system
include:

Powder Supply Converge/Diverge Nozzle

= i

Supersonic Region

Process Gas

He, N2, Air or Mixture

Fig. 3 Schematic diagram of a cold spray gun [1]
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Spray gun and powder feeder;

Compressed gas source;

Gas heater pre-nozzle entry, to compensate for cooling owing to fast nozzle
expansion;

Supersonic deLaval type nozzle;

Spray chamber with motion mechanism;

Monitoring and control system for spray parameters (measuring and controlling
gas temperature and pressure).

Figure 4 presents a connection among various process components. Compressed
gas such as N, O,, or He passes through a diverse system consisting of a gas
heater and a powder feeder at pressures in the range 1.4-3.4 MPa and maintained
at minimum 1.7 MPa. The pressurized gas is warmed electrically to between 100
and 600 °C and then goes through a deLaval type converging/diverging nozzle until
the gas reaches a supersonic speed. The powder particles are brought to the gas
stream just before the converging region of the nozzle and extending gas quickens
this process. The metering instrument passes on the powder feedstock on the high-
pressure side of the nozzle, which is heated and kept up at the raised pressure of
the manifold. A diminishing temperature takes place in the midst of the supersonic
expansion through the deLaval nozzle. Therefore, the gas stream temperature is often
underneath the melting point of the particulate material, giving the development of
the coatings essentially from particles in the solid state with virtually no oxidation

[7].

Gas Control Module
Electric Heater

N =

N, /He
Gas Particle Stream

i
Supersonic Nozzle
Powder Feeder

Particle Stream

Deposit

Substrate

Fig. 4 Schematic of the connectivity among cold spray components
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2 Mechanism of Cold Spray Process

Cold spray uses the principle of energy conversion. It utilizes particle kinetic energy,
and converts into plastic deformation, strain, and residual heat [8]. The process
mechanism finds some similarity with explosive cladding and shock wave powder
compaction because of its high-rate-strain phenomenon. Figure 5 shows a schematic
of the process principle.

The main concern with any AM based technologies is the state of bonding between
feedstock and substrate or feedstock-feedstock interface. In cold spray, the bonding
of particles is attributed to adiabatic shear instability (ASI), occurring at the particle-
substrate or particle-particle interface due to the presence of high kinetic energy.
ASI also takes place at a loss of strength when thermal energy due to supersonic
collision rises past the effect of strain and strain-rate hardening from the deformation
[5]. This presence of high-strain and high-strain-rate deformation is particularly
advantageous for cold spray as ASI covers the complete surface area by impacting
particles with various velocities (yet in supersonic state) direct to the target. The
mechanical bonding of the particles is a result of the tangled structure occurred
on the outermost layer due to ASI. The harsh plastic deformation further implies
the microstructure evolution from the criterion of microbands to the processing of
sub-grain area [5].

Plastic deformation of the particles makes deposition process possible, edging
cold spray as a superior technology as compared with other thermal spray family
members. The involvement of lesser heat helps in reducing the negative effect on the
deposit, such as residual stress, surface distortion, oxidation, void, phase transfor-
mation. Under high pressure, metallurgical bond between interacting surfaces most
likely is strengthened as a result of removal and destroy of oxide layers at the contact
interfaces. A comprehensive analysis of the bonding mechanism and impact phe-
nomena occurring during the cold spray deposition is summarized by the following
four events, also shown schematically by Fig. 6.

Fig. 5 A schematic showing Un-melted
cold spray process principle high velocity I
particle

Strain rate
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Fig. 6 Schematic of the Substrate Surface
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2.1

Particle Impact

Collision plastic strain energy is kept in the system as the heat raises the
substrate’s temperature and softens substrate.

Flow stress (instant stress needed to deform a body plastically) reaches a
maximum at a certain stress value and then starts to decline with added stress.
Strain softening (shear or heat) is localized under actual circumstances, i.e. fluc-
tuating stress, pressure, temperature, microstructure. In this case of localization,
the flow stress drops rapidly to zero (i.e. plastic deformation occurs very easily
in a narrow area surrounding the particle-substrate interface). This causes the
injection of an interfacial jet, like a splash of an object hitting water, made of
the same material as the particle, which is now heavily deformed.

The jet removes the particulate oxide film and allows direct contact between the
material surfaces (particle-substrate or particle-particle), supporting bonding
in-between with comparatively elevated contact pressure (shown by schematic
in Fig. 6) and adiabatic softening of the interfacial region [9].

Cold Spray Configuration

When dealt with the practicality of the cold spray process, two distinct system tech-
nologies are patented in line with how the particulate feedstock is carried out through
the spray nozzle: high-pressure cold spray (HPCS) and low-pressure cold spray
(LPCS). As the name suggests, it is gas pressure that is required to propel injected
particle axially, hence the HPCS, as opposed to radially to synonym with LPCS. The
common characteristics and their comparable values are given in Table 2.

2.1.1 High-Pressure Cold Spray (HPCS)

Figure 7a exhibits a schematic representation of the high-pressure cold spray (HPCS)
system, where the main gas stream and the powder stream are both introduced into
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Table 2 Comparative HPCS and LPCS system parameters
System parameters HPCS LPCS
Process gas Nitrogen, Helium Air
Pressure (bar) 7-40 (50) 6-10
Feedstock preheating temperature (°C) 20-550-800-1000-1100 20-650
Gas flow (m3/min) 0.85-2.5 (N3), maximum 4.2 (He) 0.3-04
Powder feed rate (kg/h) 4.5-13.5 0.3-3.0
Spray distance (mm) 10-50 5-15
Electric power (kW) 17-47 3.3
3
[ Gas Heater
Gas Pressure Nozze >_) o
(0.5-1.0 MPa) =
Low :\tmusphunc I Powder Feeder Substrate
Gas, 1 atm
a)
[ Gas Heater ] ==
Gas Pressure Nozzle >_> : :“:.:
(2.5-4.5 Mpa) / =
Substrate

[ Powder l-‘ccdch

b)

Fig. 7 Schematic of a high-pressure cold spray; and b low-pressure cold spray process

the inlet chamber of the nozzle. High-pressure systems utilize higher pressure gases
(2.5-4.5 MPa) and often have a dedicated gas compressor. A low-molecular-weight
gas, such as helium, is sometimes used as the accelerating gas when particles must be
brought to very high velocity. The use of a wide spectrum substrates such as stainless
steel, titanium, Inconel, gold and silver is unique to the HPCS method, even though
it’s potential could extend to most metal, glass, and ceramic substrates. Because it
is feasible to process high regions, high-pressure offers a high demand from the
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aerospace, marine, automotive, and electronic sectors, with so far tried feedstock
design based on Cu, Al, Ta, Ni, Cu(Sn), Ni(Cr), and Ni(Al).

2.1.2 Low-Pressure Cold Spray (LPCS)

Figure 7b shows a schematic of LPCS system in which powder stream is injected
into the nozzle at a point where the gas has expanded to low pressure. Atmospheric
pressure air, drawn by the lower pressure nozzle injection point, is used to transport
powder from the feeder. Since the system does not require a pressurized feeder, it
is often used in portable cold spray mode. LPCS generally utilizes readily-available
compressed air but can run on nitrogen as well featuring prime advantage being
ease of use. In situations where time and part replacement cost money, LPCS works
well to perform repair jobs of all types, such as dents, dings, scratches, spots of
corrosion, cracks, etc. The method makes it possible to integrate with automated
manufacturing process, with somewhat advantageous for spraying ceramic-metallic
composite powder, for example Cu, Ni, Zn, Al with additions of Al,Oj3 particles in
the powder mix.

3 Cold Spray Parameters

By adjusting the control parameters, the cold spray process can be optimized. The
method of deposition, and hence deposit performance is greatly influenced by the
process parameters, including the propulsive gas (pressure, temperature), powder
feeder parameters (dual/single feeder, feed rate), and nozzle (trajectory path, stand-
off distance, spray angle). The detailed discussion on effect of these parameters can
be found in [10]. Table 3 briefly sums up some standard deposit characteristics and
their relation to the cold spray parameters.

4 Applications and Benefits of Cold Spray

Itis anticipated that cold spray technology will complement and expand the variety of
thermal spray applications. Its application includes both manufacturing and repair in
medical, aviation, electronics, automotive, and petrochemical industries. This tech-
nology can readily remove any flaw to save the quality of manufacturing. The repair
of casting defects is one of the significant application. Both casting defects and
removing machining flaws can save small batch or distinctive manufacturing. This
technology also makes casting molds simple to restore or modify. Table 4 presents the
materials with prominent benefits from cold spraying, and corresponding application
targets.
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Table 3 Cold spray deposit characteristics as a function of process parameters

Parameter Value | Deposit Adhesion Deposit Porosity Residual
strength efficiency stress

Gas High | High High High Low High

pressure

Gas High | High High High Low High

temperature

Molecular High | Low Low Low High Low

weight of

the gas

Travel High | High High High High Low

velocity

Powder High | Low Low Low High High

feed rate

Stand-off High | No No No No No

distance common common common common common
view view view view view

Spray angle | High | High High High Low High

Supersonic cold Spray provides many technical advantages compared to other
thermal spray processes, a detailed comparison is presented in Table 5.

There are other distinctive characteristics of the cold spray technology that makes
it superior to competitive additive manufacturing-based technologies, including:

e High end quality product: the cold spray process runs at below metal melting
point, thus avoiding crystallographic transformation which ultimately can result
in high porosity in the deposit.

e Manufacturing of large-scale components: large parts and structures can be
fabricated using the cold spray technology that are hard for the present powder-
bed AM techniques owing to size restriction. Cold spray has the prospect of scaling
up, and the current restriction is the choice of feedstock powders that could be
applied.

e Reduced manufacturing time: cold spray is a much faster process than powder-
bed or other powder-fed process technologies, making deposition rate up to 1000
times faster than the current state of direct metal laser (DML) sintering technology.

¢ Green technology: There is no need for extensive power source; or with limited
gas variability the cold spray process can accomplish the industry-scale part fab-
rication. Research to-date has revealed that up to 98% of feedstock particles is
useable/reusable, creating a less-material-intensive process. This has the cumu-
lative edge of meeting stricter environmental regulations by contributing reduced
greenhouse gas emissions.
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Table 4 Applications and properties of cold spray process technology [1, 11]

Coating materials

Primary property benefits

Applications

Ceramics (glass, cement
linings)

Enhanced protection for
corrosion and wear

High temperature
environment like furnace
parts and heat treatment
apparatus, nozzles of rocket
and other parts of rockets and
jet, etching equipment,
chemical processing
equipment, several
components of nuclear power
plants, etc.

Hard chromium coatings

Better protection against heat
abrasion, wear and corrosion

Engine components such as
pistons, piston rings and
cylinders. Different
polyethylene made
components, etc.

Zinc-aluminum alloys

Sacrificial galvanic protection
for corrosion resistance,
oxidation and sulfidation
resistance

High-temperature and
high-load carrying
applications with exposure to
chemical and different
environmental aspects, i.e.
construction sites and thermal
power plants etc.

Cobalt based alloys

Better strength and wear
protection

Shipping and offshore
industries, engine
components of automobile,
hydraulic power plant, and
various chemical processes,
etc.

Nickel based alloys

Helps in restricting high
temperature corrosion and
provide resistance to wear
and oxidation

Aviation, automobile,
biomedical devices, farming
equipment, rolling process,
bushing of pumps, mold and
glass industries, etc.

Iron based alloys

Better wear characteristics

Gas turbines, steam and
hydro power plants, rolling
process, chemical and textile
applications, cement and
other construction equipment
manufacturing industries etc.

Copper, silver, aluminum,
and titanium alloys

Exceptional resistance to
corrosion and good electrical
conductivity

All electrical and electronics
applications

Organic coatings

(paints and polymeric or
elastomeric coatings and
linings)

Enhanced resistance to
corrosion and wear, excellent
aesthetic appearance and
improved impact resistance

Aviation, construction,
farming, oil and offshore
industries, repair and
remanufacturing, etc.
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Table 5 Comparison of cold spray with other thermal spray processes

Cold spray process Other thermal spray process

It is a solid state process It is a liquid or molten state process

No heat affected zone is formed Heat affected zone is formed

No oxidation of cold sprayed materials Oxidation of thermal spray materials happens
Process done at room temperature Requires preheating to reach semi-molten

state when they reach substrate

Very low heat input is required High heat input is required

It can be carried out in atmospheric pressure It may require lesser pressure such as vacuum
to achieve similar quality

Stand-off distance is less Stand-off distance is comparably high

Porosity commonly below 1% 1-25% porosity is normal but can be further
manipulated by changes in process and
materials

Hand operable Machine or robot operable

No toxic fume Toxic fume is generated

Higher strength coatings for most metal Lesser strength of metal alloys compared to

alloys i.e. coating strengths >40 ksi cold spray

Compressive residual stresses in coating, Usually tensile stress is developed

rather than tensile

Intricate shape is possible Intricate shape complexity 3D

No limit on deposition thickness No limit on deposition thickness

Minimal masking requirement due to focused | Minimal masking requirement due to focused
particle spray path particle spray path

5 Cold Spray Additive Manufacturing (CSAM) and Its
Prominence

The idea that cold spray can be used as a new component development technique or
repait/restore an otherwise obsolete (e.g. dimensionally-incorrect) one has born from
the observation that it is capable to produce dense deposit. Consequently, in recent
years, more and more companies in aerospace and defence industry has adopted
the technology as an AM tool to produce freestanding metal parts and the restora-
tion of damaged metal parts [12]. CSAM has a distinct advantage over other well-
researched fusion-based AM technologies like laser beam melting (LBM), electron
beam melting (EBM), and laser metal deposition (LMD). Table 6 equates CSAM
and other additive manufacturing technologies with their strengths and weaknesses.
CSAM'’s most important advantages over other AM processes are less production
time, unrestricted product size, high adaptability, and adequacy for repairing dam-
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Table 6 Comparison of CSAM with SLM and EBM
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Comparative measure | Selective laser Electron beam melting | Cold spray additive

melting (SLM) (EBM) manufacturing
(CSAM)

Mode for powder Powder bed Powder bed feeding Direct deposition

feeding feeding

Feedstock restrictions | Processing Inadequate for High hardness and
difficulty with non-conductive and resistance metal
elevated low fusion metals handling difficulty
reflectivity and
low flow metals

Melting of powder Yes Yes No

Manufacturing size Large Small Small

capability

Geometrical accuracy | Moderate High High

Mechanical (a) Moderate (a) High (a) High

characteristics: (a) (b) High (b) High (b) High

as-fabricated; and (b)

after post-processing

Processing time Low High High

System flexibility High Low Low

Adaptability for Yes No No

repair/remanufacturing

aged components. In addition, CSAM is appropriate for high-reflectivity metals like
copper and aluminum, that are quite difficult to be produced using laser-based addi-
tive techniques. Though, CSAM’s challenges are also apparent. CSAM typically
manufactures a rough surface or semi-finished product that needs post-processing
operations. Moreover, owing to the intrinsic failures, CSAM deposits have lower
mechanical characteristics in their as-fabricated condition. Consequently, heat treat-
ments are frequently used to enhance mechanical characteristics. Table 6 presents
a brief comparison of CSAM with commonly used fusion-based additive manufac-
turing processes such as selective laser melting (SLM) and electron beam melting
(EBM). Whereas, Table 7 presents a detailed comparison of cold spray deposition
with other commonly used deposition processes.
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