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Preface

Additive manufacturing of engineering parts is essential to fulfil the requirements of
improved operating performance and longer service life. Manufacturing to the
desired size, shape, surface quality and mechanical properties is possible with the
help of precision additive manufacturing process such as “Cold Spray Additive
Manufacturing” (CSAM). This book sheds light on the development of CSAM in
the field of additive manufacturing and development of functional material prop-
erties. This book covers the bonding mechanism, powder–substrate interface and
salient features of CSAM to manufacture near net-shaped parts. The latest research
in this area and possible future research avenues are also highlighted to encourage
further research and development in this field.

This book consists of eight chapters on Cold Spray Additive Manufacturing
(CSAM). Chapter “Cold Spray: Its Prominence as an Additive Manufacturing
Technology” describes the fundamentals of cold spray and displays its benefits over
other competitive processes. Chapter “Commercial Cold Spray Equipment” sheds
details on the development of commercial cold spray equipment. Chapter “The
Influence of Feedstock Powder” provides a comprehensive review on the influence
of feedstock powder in cold spray. Chapter “Cold Spray Deposition on Polymeric
and Composite Substrates” sheds light on capabilities of cold spray in deposition on
polymeric and composite substrates. Advanced modelling and simulation of the
cold spray process to resolve the additive manufacturing issues are discussed in
Chapter “Advanced Modeling and Simulation Tools to Address Build-Up Issues in
Additive Manufacturing by Cold Spray”. Chapter “Laser Assisted Cold Spray
Deposition” is focused on laser-assisted cold spraying. Hybridization of cold spray
with laser remelting for development of shape memory alloys is discussed in
Chapter “Development of CuAlNi Shape Memory Alloy Structures Using Cold
Spray Deposition Technique with Laser Remelting”. Metrological aspects and
dimensional aspects of cold spray additive manufacturing are presented in Chapter
“Dimensional Analysis and Laser-Ultrasonic Inspection of Cold Spray Additive
Manufacturing Components”.
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Cold Spray: Its Prominence
as an Additive Manufacturing
Technology

Sunil Pathak and Gobinda C. Saha

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

Additive 
Manufacturing 

RMM 

DMM RPM

RBM 

BJ
TSHM

CVD

PVD

ECD HF

SF

UAM

AW

CS

Chemical Vapor
Deposition

Physical Vapor
Deposition 

Electro-Chemical 
Deposition 

Arc-Welding 
(MIG-Plasma)

Hard  
Facing 

Spraying
Forming 

Ultrasonic  
Additive
Manufacturing 

Cold Spraying 

Thermal Spraying
Block JoiningHybrid 

Manufacturing 

Rapid Mold Manufacturing 

Rapid Prototyping
Manufacturing 

Rapid Bio-Model 
Manufacturing 

Direct Metal
Manufacturing 

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:

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 N2, O2, 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].

Electric Heater
Gas Control Module 

Particle Stream

Powder Feeder 
Supersonic Nozzle 

Substrate 

Deposit 

N2 /He
Gas 

Particle Stream

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.

Themain concernwith anyAMbased 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
cold spray process principle

Strain rate
108-109 s-1

Un-melted
high velocity 
particle 
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Fig. 6 Schematic of the
bonding phenomena in cold
spray

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

(2) 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.

(3) 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.

(4) 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].

2.1 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 (N2), maximum 4.2 (He) 0.3–0.4

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

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 Al2O3 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

It is anticipated that cold spray technologywill 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 alsomakes castingmolds simple to restore ormodify. 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
strength

Adhesion Deposit
efficiency

Porosity Residual
stress

Gas
pressure

High High High High Low High

Gas
temperature

High High High High Low High

Molecular
weight of
the gas

High Low Low Low High Low

Travel
velocity

High High High High High Low

Powder
feed rate

High Low Low Low High High

Stand-off
distance

High No
common
view

No
common
view

No
common
view

No
common
view

No
common
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:

• 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.

• Manufacturing of large-scale components: large parts and structures can be
fabricated using the cold spray technology that are hard for the present powder-
bedAMtechniques 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.

• 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 directmetal 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
alloys i.e. coating strengths >40 ksi

Lesser strength of metal alloys compared to
cold spray

Compressive residual stresses in coating,
rather than tensile

Usually tensile stress is developed

Intricate shape is possible Intricate shape complexity 3D

No limit on deposition thickness No limit on deposition thickness

Minimal masking requirement due to focused
particle spray path

Minimal masking requirement due to focused
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
repair/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

Comparative measure Selective laser
melting (SLM)

Electron beam melting
(EBM)

Cold spray additive
manufacturing
(CSAM)

Mode for powder
feeding

Powder bed
feeding

Powder bed feeding Direct deposition

Feedstock restrictions Processing
difficulty with
elevated
reflectivity and
low flow metals

Inadequate for
non-conductive and
low fusion metals

High hardness and
resistance metal
handling difficulty

Melting of powder Yes Yes No

Manufacturing size
capability

Large Small Small

Geometrical accuracy Moderate High High

Mechanical
characteristics: (a)
as-fabricated; and (b)
after post-processing

(a) Moderate
(b) High

(a) High
(b) High

(a) High
(b) High

Processing time Low High High

System flexibility High Low Low

Adaptability for
repair/remanufacturing

Yes No No

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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Commercial Cold Spray Equipment

Julio Villafuerte

Abstract Two variants of cold spray powder injection point (downstream and
upstream) came about from two distinct development threads in Russia; These two
groups produced two distinct families of commercial equipment, each one with its
own unique merits and attributes. Based on these concepts, commercial cold spray
equipment became available in the late 1990s with several machine suppliers, some
of them already gone, whereas others became established. This chapter is an update
to the latest commercially deployed equipment, keeping in mind that the rapid evolu-
tion of cold spray technology may likely result in availability of additional upgrades
by the time of publication. This Chapter discusses machine design features of each
one of the families which determines capacity, reliability, portability, and cost. As
every cold spray application requires a unique set of conditions, for it to be commer-
cially viable, each type of equipment offers advantages and disadvantages in relation
to an application; therefore, proper equipment selection is always the best practice.

Keywords Cold spray · Nozzle design · Automation · Controller

1 The Heart of the Method: Cold Spray Nozzle Design

The nozzle in a cold spray gun is a key element. It plays a primary role in converting
high-enthalpy, high-pressure, low-speed gas into low-enthalpy, low-pressure, high-
speed gas jet essential for particle acceleration. A cold spray nozzle’s ultimate aim
is to create optimal gas jet conditions that boost the ability of particles to combine
effectively with the substrate when impacting. The physics of the process has been
well explained elsewhere. A converging-diverging type (DeLaval) nozzle is typically
used at the exit of the nozzle to generate such favorable supersonic gas flow [1]. The
supersonic flow characteristics, including its kinetic and thermal energy content, are
a function of (i) geometry of nozzle and; (ii) parameters of the gas (i.e. gas size,
pressure and temperature). The amount of energy (thermal and kinetic) eventually
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Fig. 1 Downstream and upstream injection nozzle parameters. 1—Tube for injection of particles,
2—pre-chamber, 3—nozzle throat (d = diameter), 4—diverging supersonic section, 5—free jet,
6—bow shock wave, 7—compressed layer, 8—substrate [3, 4]

transmitted to the particles depends heavily on the ratio of the powder to the mass
of the gas, the physical characteristics of the powder (i.e. density, thickness, form,
size distribution, etc.) and where and how these particles are introduced into the gas
stream.

Some key geometrical parameters of the nozzle (Fig. 1) are the divergence ratio
(D/d), diverging shape, and length of the diverging section. Such geometric features
decide to a large extent the characteristics of the gas jet inside and at the exit of
the nozzle. Other conditions prevail as the gas jet leaves the nozzle, including bow-
shock waves and compressed layers that may affect the substrate’s particle impact
conditions. In practice the diameters of the round nozzle-exit vary between 2 and
12 mm, while the diameters of the throat range from 1 to 3 mm.

On the one hand, large deposition areas are often achieved by using a raster
approach of subsequent passes with a step-over pattern, which is typically 25% of
the pass’s total width, due to the relatively small nozzle diameter. The width of any
over-spray is relatively small due to the sharp adhesion threshold versus re-bounce
conditions. A spray pass then generally displays well-defined sharp edges with a
width near the exit diameter of the nozzle.

On the other hand, to attain the fine detail required by some metal additive man-
ufacturing, computational work has suggested that there may be, in fact, physical
constrains when attempting to down scale the nozzle size, in order to improve spray
pattern resolution [2]. This has been brought about as cold spraying is one of several
methods proposed for metal additive manufacturing applications. The attractive-
ness of cold spray is the fact that solid-state metal deposition can be quite rapid in
comparison to traditional methods for metal additive manufacturing.

The repeated use of a nozzle eventually causes clogging or erosion of the inside
surfaces. Nozzle clogging with a few pure metals like silver, aluminum, nickel and
indium is more prevalent. Nozzle clogging mechanisms are not fully understood, but
it is accepted that nozzles play a role in surface finish, surface temperature and surface
chemistry. Therefore, manufacturers are using one of two approaches to reduce or
prevent nozzles clogging. (a) nozzles made of high performance polymers, such as
polybenzimidazole (PBI), exhibiting non-clogging properties, or (b) metal nozzles
with ultra-high internal surface finish along with water-cooling.
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With the former approach (a), fabricators must take note that, even high-end
polymers typically show service temperatures at a maximum of around 400 °C.
Therefore, dual-material designsmaybe necessary,where the hot section (converging
section of the nozzle) must be made of metal while the cold section (diverging tube)
can be made of a polymeric material. Per the second approach (b), surface finish
along with water cooling has proven effective in suppressing clogging; however, the
added complexity of the design, increased maintenance, increased cost, and other
factors make this method somewhat less practical.

2 Upstream Injection

In upstream injection cold spray, helium or nitrogen at high pressures (up to 70 bar)
are preheated (up to 1100 °C). Both, the high enthalpy gas along with the injected
powder are forced through the nozzle to convert into supersonic expanding gas that
(depending on gas type and powder characteristics) accelerate particles to supersonic
velocities (typically around 1000m/s). Different to downstream injection, the powder
feedstock is axially pumped into the gas stream upstream of the nozzle throat using
a pressurized powder feeder (Fig. 2).

One of the main advantages of this approach is that spray particles can achieve
higher velocities compared to downstream injection due to the higher gas pressure
and the upstream injection point, simply because of the longer interaction between
particles and gas jet. Another advantage is the powder preheating effect, where the
feedstock particles are likely to be preheated in the nozzle’s high-pressure side,
resulting in higher particle temperature compared to downstream injection, thus
reducing the critical velocity of the powder.

Fig. 2 Schematic showing the operating principle of upstream injection equipment. Courtesy of
Impact Innovations
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The high cost and limited availability of helium, on the other hand, adversely
affects the economics and long-term viability of any cold spray process that requires
this gas. While these drawbacks have been somewhat mitigated by helium recovery
systems, the fact is that for most cold spray applications, including upstream and
downstream injection equipment, nitrogen has become the gas of choice, naturally
requiring applicators to compensate byworking at higher temperatures and pressures.

On the process consumable side, upstream injection implies having particles go
through the small nozzle throatwhich causeswear and,with somematerials, clogging
of this orifice. Additionally, higher operating gas pressures and temperatures result
in nozzle service temperatures high, making nozzles prone to clogging, therefore the
need of water-cooling.

Heating up pressurized gases at relatively high gas flow volumes requires high
power capacity on the gas heater, which results in large heaters that must be located
externally is the gun weight is to be minimized for practical reasons. One challenge
with remote external heaters is the reliability and durability of flexible conduits
capable of delivering the high temperature/high pressure gas to the spray gun with
minimum heat losses and acceptable mechanical performance.

Upstream injection equipment is typically less mobile than downstream injection
hardware, simply because of size of the required gun gas heater necessary to sup-
ply such temperatures at such high pressures. Consequently, upstream injection has
traditionally been used as a mechanically driven tool that sprays well specialty mate-
rials that display high critical velocities, which require high impact velocities for
bonding. For better portability of the spray gun, manufacturers of upstream injection
equipment have developed low pressure/low temperature (e.g. 20–35 bar/400 °C)
upstream injection systems. Alternatively, others have focused in lightening the
upstream injection gun by placing the heater remote to the gun.

Impact Innovations [5]Germany, produces upstream injection systems 5/8 (Fig. 3)
and 5/11 which use proprietary powder feeding technology. Impact 5/8 system fea-
tures a maximum operating temperature of 800 °C (34KW) along with a maximum
operating pressure of 50 bar.Whereas Impact 5/11 features maximum operating tem-
perature of 1100 °C (40 KW) in conjunction with a maximum pressure capacity of
50 bar.

PlasmaGiken [6], Japan, manufactures large capacity upstream injection systems
that can operate at pressures of 50 bar providing gas temperatures of up to 1000 °C
with power consumptions from 35 to 70 KW (Fig. 4). This commercial equipment
is suitable for depositing difficult to cold spray materials such as stainless steels,
titanium alloys (e.g. Ti-6Al-4V), Inconels (e.g. 625, 718), and other metals with
relatively high deposition efficiencies. Due to its high power output, it can also
deposit thick at relatively high deposition rates, using nitrogen or Helium as the
carrier gas. Nozzles must be water-cooled to avoid clogging and/or other effects at
the nozzle. Also, due to the size of the heater at the gun, its operation can only be
robotic or mechanized.

VRC Metal Systems, USA, manufactures the VRC Gen III™ upstream injection
cold spray system (Fig. 5). The system was specifically developed to address repair
and maintenance activities in both fixed shop installations and in-field application
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Fig. 3 Upstream injection cold spray system 5/8 (34 KW/50 bar/800 °C) showing control unit, and
powder feeder, with a 34 KW gun-mounted gas heater. Photo courtesy of Impact Innovations [5]

Fig. 4 Plasma Giken PCS 1000 upstream injection system (70 KW/50 bar/1000 °C) showing
water-cooled spray gun with 70KW combined (on-gun plus remote) gas heating. Photo courtesy of
Plasma Giken Co. [6]

that required increased flexibility and mobility. The VRC Gen III™ is a hand-held
capable high-pressure (70 bar/650 °C, 21 KW) upstream injection system, based on
a design that lightened the gun by removing the heater from the gun and supplying a
high temperature/pressure flexible connection between the heater and powder feeder
to the nozzle assembly. The benefit of having a wide pressure range, however, is so
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Fig. 5 VRC Gen III
upstream injection system
(15 KW/70 bar/900 °C).
Photo courtesy of VRC
Metal Systems [7]

that softer materials, which do not need high pressure can also be deposited with the
same system.

Beyond light-weighting the cold spray gun, two other patented features are
included in the VRC Gen III™ cold spray system; (a) an internally insulated heater
which reduces heat losses, increases the heater efficiency, and improves its field
portability; (b) a rotary drum powder feeder, which is angled at approximately 30°,
and continuously tumbles the powder while feeding so that particle segregation due
can be eliminated from cold spray powders, particularly in the case of blended pow-
ders. This feature also increases powder flowability for more consistent powder flows
during the spray operation.

3 Downstream Injection

In downstream injection, air, nitrogen, or Helium at low to medium pressures (4–
35 bar) can be preheated to about 600 °C. As in upstream injection, when high
enthalpy gas is passed through the DeLaval nozzle it accelerates to supersonic veloc-
ities (typically around 300–1000 m/s) as its temperature drops to below 200 °C.
The unique characteristic of this family of equipment is that the powder feedstock
is introduced downstream (after the nozzle throat) into the diverging section of the
nozzle (Fig. 6).

Downstream injection guns use venturi effect-based powder feeding, which can
operate consistently without the need of a pressurized powder feeder, but only at gas
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Fig. 6 A schematic drawing showing the operating principle of downstream injection equipment
[8]

pressures below 10 bar, using either air or nitrogen. Above this pressure, the venturi-
based powder feeding becomes unstable and unpredictable, making the process only
suitable for manual operation unless a pressurized external feeder is used to bypass
the venture feeder.

Today,most engineeringmetals and blends requiremore than 10 bar for acceptable
properties; on top of that, there is an increasing use of automation formany cold spray
applications. Therefore, venturi-based feeding became limited to a small number
of manual applications, while external low-pressure pressurized powder feeders,
such as the ones used in traditional thermal spray, became the industry standard for
downstream injection cold spray systems.

Over the last few years, there has been a significant increase in newer cold spray
production applicationswhere factors such as cost, reliability, repeatability,maintain-
ability, and productivity become paramount. One challenge to meet these require-
ments was the availability of economical, repeatable, consistent, and measurable
powder feeding systems. One manufacturer of downstream injection systems devel-
oped a novel non-pressurized powder feeding method, which can provide extraordi-
nary feeding stability over the full range of operating pressures (6 through 35 bar),
more precise control over feed rate, high reliability, and easy maintenance. This was
done in conjunction with the development of a new enhanced vacuum design (EV)
nozzle, which extended the range of pressures over which the venture-effect can be
effective.

Only the diverging section of the nozzle is subject to erosion due to the direct
impact of the spray powder in downstream injection. The nozzle design can therefore
be divided into the nozzle holder containing the converging section plus the nozzle
throat or “orifice” and the nozzle tube, the diverging section of the nozzle. The life
of the orifice is virtually unlimited, as the nozzle holder only passes gas.
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Downstream injection systems can be compact, portable, and economical. When
spraying with single-phase powders (pure metals and/or alloys), low gas pressures
and temperatures may limit the range of spray-able materials to low-melting point
ductile metals such as aluminum, zinc, and tin. However, the spray-ability (at low
pressures and temperatures) of many hard-to-spray materials can be significantly
enhanced by the addition of hard/ceramic particles to the powder mix. Ceramic
particles in the mix produce a micro-hammering effect that not only helps compact-
ing underlying layers, but also may continuously activate the substrate, improving
adhesion [9].

The earliest commercial downstream injection system was developed by Dymet
[9] Russia [Obninsk Center for Powder Spraying Ltd. (OCPS)] (Fig. 7). Today, this
system uses compressed air (5–8 bar) @ 400 l/min heated in the gun to a maximum
of 600 °C. The spray gun includes 3.5 KW light air heater and a replaceable nozzle
expansion tube. The life of the nozzle for a powder feed rate of about 0.5 g/s is about
1 spray-hour. This downstream injection system utilizes a standard non-pressurized
venturi powder feeder that works up to about 8 bar because of the low pressure
required. This system has been widely used in Russia and many other countries,
primarily for field portable corrosion damage repair and dimensional reconstruction
using commercially pure aluminum, copper, zinc, nickel, tin, and lead mixed with
sufficient quantities of ceramic particles to optimize deposition performance. Typical
efficiency of deposition for these materials is 20–30% with a deposition rate of
3–10 g/min.

Today, downstream injection equipment offers extended operating pressure capac-
ity up to 35 bar alongwith improved powder feeding technology,which translates into
higher deposition efficiencies and extended range of spray-able materials, including

Fig. 7 Dymet 423 portable
downstream injection
equipment
(3.3 KW/8 bar/600 °C).
Courtesy of DYMET
Corporation [10]
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stainless steels, titanium, and nickel-based alloys and blends, as well as better process
consistency and repeatability.

CenterLine SSTTM Canada, produces SSTTM PX and EPX cold spray industrial
machines, which are production-ready downstream injection machines. Based on the
same principle as Dymet machines [9], these machines operate at extended ranges of
gas pressures (4–35 bar) using air, nitrogen, or helium at up to 550 °C gas heatingwith
a power consumption of 3.8, 4.2, and 15 KW, and without the need of a pressurized
feeder. The new PX and EPX systems use a re-designed venturi-effect powder feed
(Figs. 8 and 9) and are engineered to satisfy the needs of volume production. Since
automation is the desirable modus operandi, these systems exceedminimum require-
ments for productivity, cost, reliability, repeatability, and maintainability. The new
non-pressurized powder feed method was implemented along with a novel nozzle
holder design that permits non-pressurized powder feeding up to 35 bar gas pressure.
The powder feed is integral part of the machine, requires no pressure, is free from
clogging, can be easily removed for service, can be swapped in minutes, comes with
multi-hopper capability, and feeds up to 120 g/min. Table 1 summarizes the state of
commercial cold spray systems, with system capacities.

Fig. 8 SST PX downstream
injection manual system
(3.8 KW/17 bar/550 °C)
integrated with the new
dual-non-pressurized powder
feeder. Photo courtesy of
CenterLine (Windsor)
Limited
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Fig. 9 SST PX downstream injection robotic system (4.2 KW/17 bar/550 °C) integrated with the
new dual-non-pressurized powder feeder. Photo courtesy of CenterLine (Windsor) Limited

Table 1 Summary of commercial cold spray system capacities

Manufacturer Model Power
(KW)

Temperature
(°C)

Pressure
(bar)

Notes

Dymet
(Russia)

423 3.3 600 8 Downstream-integrated
dual hopper
non-pressurized feeder

CenterLine
SST (Canada)

PX 3.8–4.2 550 17 Downstream-integrated
dual hopper
feeder-non-pressurized

CenterLine
SST (Canada)

EPX 15 550 35 Downstream-integrated
dual hopper
feeder-non-pressurized

VRC (USA) Gen III 21 650 70 Upstream-gas heater
remote/pressurized
single-hopper feeder

Impact
Innovations
(Germany)

5/8 34 800 50 Upstream-Standalone
pressurized single-hopper
feeder

Impact
Innovations
(Germany)

5/11 40 1100 50 Upstream-nozzle
water-cooling/pressurized
stand-alone single hopper
feeder

Plasma Giken
(Japan)

PCS
800

35 800 50 Upstream-split gas
heating/standalone single
hopper pressurized heater

Plasma Giken
(Japan)

PCS
1000

70 1000 50 Upstream-split gas
heating/standalone single
hopper pressurized heater
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4 Automation of the Cold Spray Process

4.1 Industrial Automation

Industrial automation refers to the use of mechanical systems for performing routine
manufacturing activities without or with the supervision of a human operator. The
fact that mechanical systems powered by Programmable Logic Controllers (PLC)
are able to perform repeated tasks faster and more effectively than human operators
leads to increased efficiency and repeatability.

Automation can be applied in various ways, from a simple single axis linear drive
to complicated Multi axis computer numerical control (CNC) machining centers.
In this section we will also make reference to dedicated automation and flexible
automation. Dedicated automation is generally designed to perform single or multi
tasks aimed at performing a specific process following a specific pattern. On the
other hand, flexible automation has the capability of being re-programmed to do
many other functions completely different from its original tasks.

The main advantages of automation are:

• Increased productivity by eliminating the dependency of production on how
skilled and/or the emotional state of the operator.

• Improved quality by removing the element of human error.
• Increased process and/or product consistency by allowing the automation to doing

repetitive motions or process more consistently.
• Reduce direct labor expenses.

The main disadvantages of automation are:

• An automated system may have a limited level of intelligence, and is there-
fore more susceptible to committing errors outside of its immediate scope of
knowledge.

• Unpredictable development costs.
• Automation cost for a new product or plant typically requires a very large initial

investment in comparison with the unit cost of the product, although the cost of
automation may be spread among many products and over time.

• Increased indirect labor to maintain more automation.

In manufacturing, the purpose of automation has shifted to issues broader than
productivity, cost, and time. It has shifted to focus on quality with consistency and
repeatability of the process. Therefore, users have exerted pressure on automation
suppliers to build automation components that are more accurate and consistent. This
trend has also been reflected in the case of Cold Spray, as users of this technology
are increasingly demanded to produce more consistent and higher quality cold spray
deposits. This can only be achieved by having more control over the cold spray
process parameters as well as tighter control of the characteristics of the feedstock
material, as further described in the following sections.
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4.2 Automation of Cold Spray Process Controls

Control of an automated cold spray process can be attained by monitoring and con-
trolling process parameters such as gas pressure, gas temperature, feedstock feed
rate, and gun travel speed. Commercial cold spray systems use a fixed diameter of
the DeLaval nozzle throat (or “orifice”), which is contained within the spray gun
itself. This orifice operates in the choked condition for the various gases.

The actual mass flow rate of the carrier gas is determined by the gas den-
sity, gas pressure, and gas temperature. Therefore, to control gas mass flow for
a given gas, pressure and temperature must be controlled within certain toler-
ances. This is generally achieved with the implementation of closed loop control
using pressure transducers and thermocouples in the gas circuit. Other alternatives
include the implementation of closed loop control using a mass flow controller and
thermocouples.

Feedstock rate control can be attained by volumetric feeding or weight loss deliv-
ery of the spray powder. Volumetric powder feeding is the most common technique
as it is more economical. However, volumetric feeding is typically not consistent
and monitored flow rates may vary up to 10% depending on powder characteristics.
A better method for controlling feed rate includes the weight loss technique, which
uses load cells to monitor feed rate and then controls the feedstock delivery rate to
maintain a more constant feed rate. Other indirect but consistent methods include
Auger feed of powder in combination with negative pressure into the nozzle.

Monitoring and control of gun travel speed and raster step are desirable in order to
produce smooth finish and consistent thickness of the deposit. The gun travel speed,
together with the powder feed rate, determine the thickness of the deposit during
one pass. It is generally desirable that the deposited thickness be within 0.1–0.5 mm
per pass. Gun motion need to be generated from an automated drive, which may be
capable of closed-loop feedback control.

The raster steps over is important to define the thickness variation per gun raster.
Depending on the surface smoothness required the raster step over is typically set
from 6 to 50% of the nozzle exit diameter (Fig. 10).

4.3 Gun Manipulators

There are many possible combinations of automating the cold spray process. The
following are some of the most common combinations:

• Single linear drive for the gun with linear movement of the substrate or part.
• Single linear drive for the gun with rotational movement of the substrate or part.
• Multiple axis robotic manipulation of the gun or the substrate with stationary

substrate or part.
• Multiple axis robotic manipulation of the gun with substrate manipulation by

auxiliary axis.
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Fig. 10 Illustration of the raster step over method to attain smooth surface finish with cold spray

For a smooth and consistent coating on cylindrical substrates the use of a variable
speed linear drive for the gun and a variable speed rotational drive for the substrate
is the most economical method for best results. This method is only useful when
the coating thickness permits a large variability tolerance. However, when thickness
variability has a tight window of tolerance then a two-axis servo drive system for both
the gun and substrate would be required along with a weight-loss powder feeding
system.

For substrates that have surface contour, multiple axis robotic manipulation of
the gun would be desirable for the tilt, travel and raster movements. If the coating
thickness variability is critical, then a weight loss powder feeding would be required.

Amore sophisticated level of automation consists of a gunmounted on amulti axis
robotic arm with the substrate or part mounted on a single or two-axis manipulator
with coordinated axis control from the robot controller. Generally, the substrate
manipulator has a rotational axis and a tilt axis. The rotational axis may either have
operated as a continuous rotation or rotational position. The tilt axis generally has a
90 degree of freedom from vertical to horizontal positioning as a coordinated axis
with the robot controller (Fig. 11). This scenario would also require the use of a
volumetric or a weight-loss feedback powder feeding system.
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Fig. 11 Cold spray gun mounted on a multi-axis manipulator with the substrate or part mounted
on a two-axis manipulator. Courtesy of Able Engineering
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The Influence of Feedstock Powder

Aleksandra Nastic, Daniel MacDonald and Bertrand Jodoin

Abstract Additive manufacturing is based on the concept of freeform structures
built up using a consecutive layer-by-layer material deposition approach, enabling
the production of complex and functional components in a single manufacturing
step. It allows the creation of high complexity components with minimal time and
cost, as opposed to traditional subtractive manufacturing techniques. Current metal-
lic AM technologies include selective laser melting, directed energy deposition,
laser engineered net shaping, and plasma spraying. Although used commercially,
these processes all suffer from the detrimental effects of high temperature process-
ing, generally resulting in component distortion, uncontrolled phase transformations,
undesirable residual stresses, and non-uniformmechanical properties. The cold spray
process has recently gained attention in the additivemanufacturing field as itmaymit-
igate the undesirable thermal effects of current freeform manufacturing techniques,
as well as drastically increase the available deposition rates. In cold spray, feedstock
particles are injected in a supersonic gas flow and accelerated to velocities as high as
1200 m/s prior to impact. This high impact velocity is responsible for the material
consolidation in the cold spray process. The particle impact velocity is dictated by the
particle/gas flow interaction, which can be altered through themodification of the gas
stagnation properties and spray nozzle geometry. While the effect of the gas/particle
interaction is typically the focus of most cold spray research, it has become apparent
that the size, shape, microstructure and quality of the feedstock powder have a large
influence on the process efficiency. Hence, the effect of powder properties needs to
be properly explored, understood, and considered in the powder selection process.
This chapter aims to provide a complete reference on the effect of the feedstock parti-
cles on deposition quality in an additive manufacturing framework. It should provide
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the reader with a comprehensive resource for powder selection, pre-treatment, and
storage. The effect of powder morphology will be presented. A descriptive analy-
sis of the manufacturing processes used to produce particles will be included. The
broad effect of powder size and shape on the particle velocity and resulting deposi-
tion will be discussed. Furthermore, the influence of the powder grain structure on
particle distortion, dislocation generation, and recrystallization will be described on
the basis of high strain rate deformation processes. Beyond the expected properties
of the feedstock materials, it is also apparent that the “quality” of the powder is of
great importance. The powder quality is thoroughly described by oxygen content
and oxide layer type and thickness. This quality has been shown to greatly influence
the process efficiency for some materials, and best practices for handling and storage
of the powders is discussed. Finally, the status of powder recycling methods in cold
spray will be considered along with the advantages of reprocessing in the field of
additive manufacturing.

Keywords Feedstock powder · Grain size · Oxide layer · Additive
manufacturing · Powder morphology

1 Introduction

In many popular metallic additive manufacturing (AM) processes, such as powder
bed fusion or directed energy deposition, the initial state of the powder is not typically
a focus of optimization as long as it presents adequate flowability and proper size
distribution to achieve consistent and uniform melting [1]. Similarly, in cold spray
AM (or CSAM), the focus of process refinement has mostly been in the modifica-
tion of spray parameters such as gas temperature and pressure, gas nature, scanning
strategies and speed, standoff distance, nozzle design, and powder feed rates [2–4].
However, the size, shape, composition, microstructure, and quality of feedstock pow-
der has a significant effect on the process and resulting component properties. These
powder characteristics can change the process outcome in several ways; by altering
the gas-particle interaction during flight, by modifying the impact conditions and
bonding requirements, and directly influencing the resulting chemical composition
and microstructure of the produced AM part.

In CS, each individual particle has a minimum impact velocity that must be
exceeded for bonding to occur, known as the critical velocity [5–10]. This velocity
is influenced by many factors: the material properties of both the impacting parti-
cle and the material being impacted, particle size, particle geometry, particle impact
temperature, and substrate temperature. This definition of the critical velocity is
unambiguous; it is an exact velocity for a specific particle under prescribed condi-
tions. This strict definition of critical velocity was explored by Hassani-Gangaraj
et al. in their work using in situ observations of single impacts [11]. An example of
these experimentally determined critical velocities can be found in Fig. 1 where it
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Fig. 1 Coefficient of restitution (ratio of particle rebound velocity to particle impact velocity) for
several different metallic particles types and sizes showing a clear critical velocity [11]. Reproduced
with permission of Elsevier

is clear that at a certain velocity, the particles no longer rebound from the substrate
(coefficient of restitution of 0).

While this definition of critical velocity is straightforward, it is not always a prac-
tical parameter for cold spray applications. In the experimental work by Hassani-
Gangaraj et al., each particle was fully characterized (microstructure, chemical com-
position, size, velocity, and temperature) and substrate conditions were known. How-
ever, the particles in a real CS gas plume do not experience such strict controlled
conditions. Differences in particle size (distribution), shape, microstructure, chem-
ical composition, and flight history (impact temperature) can occur—all of which
can affect the bonding requirements. Therefore, measuring and defining a critical
velocity for a specific powder type under CS conditions can sometimes be unclear
or misleading. As a practical approach, authors often take the critical velocity as the
mean velocity in which 50% of the particles adhere to the substrate [4, 12], or take
it as the measured velocity of the largest particles to adhere [13–15]. For this work,
the exact definition of the critical velocity is not crucially important, as the focus
will be on how different powder characteristics influence critical velocity and not the
critical velocity value itself.

The quality of CS AM components or coatings can be quantified in many ways,
such as porosity, hardness, tensile strength, adhesion strength, particle flattening ratio,
etc. [16, 17]. In addition to the quality of the deposit, an essential factor affecting
the process economics is the deposition efficiency (DE). The DE is defined as the
percentage of spent powder that consolidates into the final component, similar to
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the powder capture efficiency used in the directed energy deposition AM process
[1]. The DE directly influences the deposition rate and process economics (spray
time, gas consumption, electricity costs, capital costs, and labour costs) and wasted
material (assuming the powder is not 100% recyclable). Fortunately, both coating
quality and DE are related effects, where the conditions imposed to improve one
typically improves the other. However, there are cases where DE and coating quality
indicators are inversely correlated like in the work of Jenkins et al. [18], where they
demonstrated that purposefully lowering the DE during the production of aluminum
coatings decreased the porosity levels. Examples like this take place at very low DEs
and are not typical for the CS AM process.

While the critical velocity provides crucial information on the minimum spray
requirements, depositing under these conditions may not be ideal for manufacturing.
Typically, as the particle impact velocity increases above the critical velocity, the
quality of the deposit and theDE also tend to increase [17, 19, 20]. Particles travelling
at higher velocities are more likely to develop zones of high plastic deformation,
resulting in intimate contact of oxide-free surfaces promoting metallurgical bonding
as well as interfacial mechanical anchors.

Conveniently, Assadi et al. [20] have defined the dimensionless parameter η,
known as the particle impact velocity quotient;

η = vpi

vcr
(1)

where vpi is the impact velocity and vcr is the critical velocity. It has been demon-
strated that an increase in the impact velocity quotient increases DE and coating
quality (demonstrated through flattening ratio and tensile strength) [17, 19, 20]; an
example can be seen in Fig. 2. This dimensionless parameter shows that to increase
DE and coating quality, one should not only focus on expanding the particle impact
velocity but also decreasing the critical velocity.

This chapter aims to provide a comprehensive resource on how the powder choice
can influence the CS AM process. The chapter begins by outlining the major powder
production methods and their effect on size, shape, microstructure and chemical
makeup of the powders. Table 1 provides additional visual information concerning

Fig. 2 DE, cohesive strength, and flattening ratio as a function of particle impact velocity quo-
tient (η) for different copper particles sizes (indicated by different dots) under different deposition
conditions [20]. Modified with permission from Springer Nature
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the typical powder morphologies utilized in the CS field in support of the information
contained in this chapter. Also, the effect of these powder characteristics on particle
impact velocity quotient, and in turn, DE and deposition quality, will be thoroughly
examined.

2 Powder Production

The principle powder characteristics—the shape, size, microstructure, and chem-
ical composition—of the powders used in CS are a direct result of the powder
manufacturing process. This section aims at reviewing the major metallic pow-
der production methods used to produce powders utilized in CS and the influence
these manufacturing processes have on resulting powder characteristics.

2.1 Atomization

The most common feedstock materials used in CS are spherical metallic powders
produced through atomization [16, 30]. Atomization is the process of separating
molten metal into droplets prior to solidification [16, 31–34]. It is suitable for most
metals; however, it may be challenging for metals with melting temperature above
2000 K [16]. The atomized powders commonly utilized in CS are produced using
inert gas atomization, plasma atomization, or water atomization. Other methods to
atomize powder are not covered in this chapter, as they are uncommon in CS. The
powders used for CSmust be very fine compared to the powders produced with other
methods, such as centrifugal force atomization, which results in particles in the range
of 150–250 μm in diameter [31].

In inert gas atomization, the sourcematerial is first brought to a liquid state through
conventional melting prior to being fed through a nozzle or by being melted in situ
where the source material acts as an electrode. This continuous stream of molten
metal is then broken into droplets by the impingement of a high-pressure jet of inert
gas, often argon or helium. The metal solidifies during free fall inside the chamber
and is collected at the bottom. The size of the droplets is critical, and getting a
uniform and small particle size is difficult and requires the careful monitoring of
many parameters [16, 31, 35]. These many parameters can include nozzle geometry,
liquid properties such as surface tension and viscosity, pressure of the atomizing
material, gas purity, gas jet geometry, melt temperature, etc. [16].

The powders produced via gas atomization are typically spherical (Table 1b);
however, they can at times have a round, but irregular shape, as shown in Table 1c
[16, 34, 36].Onemajor drawback of the process is the production of satellite particles.
During the gas atomization process, the recirculation of the gas jet can cause fine
particles to waft back and collide with partially melted larger particles [16, 34].
An example of a spherical aluminum alloy powder produced by gas atomization
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and having many satellite particles can be found in Table 1b. These small particles
fuse with the larger particles, changing the flowability and dynamics during the CS
process [16]. An additional issue that may arise during this production method is
that inert gas can become trapped inside the particles, leaving small gas pores. This
type of porosity that exists inside the powder, to begin with, can be a challenge to
eliminate during consolidation by the CS process [16, 37].

Water atomization is a process very similar to gas atomization; however, it employs
a jet ofwater instead of gas to atomize the streamofmoltenmetal. This process results
in irregularly shaped powder with higher levels of contamination compared to gas
atomized [16, 34]. Examples of morphologies obtained from this method can be
found in Table 1d, e. While the powder that is produced with this method is not
ideal for CS, where chemical purity is often desirable, it is still a standard method
of powder production as it has a much higher production rate compared to other
atomization methods [16].

Plasma atomization was developed to produce fine and spherical powders with-
out some of the drawbacks experienced in gas and water atomization. In the plasma
atomization process, a pre-alloyed wire is fed directly into a plasma jet [35]. In gen-
eral, the yield of fine powder from plasma atomization is higher than that of gas
atomization, which is desirable for CS purposes [16]. Plasma atomization also typ-
ically results in highly spherical powders without the presence of satellite particles,
as shown in Table 1a.

While both gas and plasma atomized are considered processes with low oxygen
contamination, oxygen is still present in these powders. The amount of oxygen has
significant effects on the resulting material properties, which is discussed in Sect. 6.
This quantity of oxygen contamination can be influenced by both the processing
parameters as well as particle size, as demonstrated in Fig. 3. In this plot, the different
lines represent different processing parameters used in plasma atomization for the
production of pure titanium powders. The difficulty in choosing a powder for CSAM
can be seen in this plot; two powders of the same material, both plasma atomized
with the same diameter, may have different chemical compositions based on the
manufacturers operating conditions [35].

The other notable characteristic shown in Fig. 3 is that as particle size increases
the oxygen content decreases. This is expected, as oxygen enters the particle at the
surface and smaller particles will have a larger surface area to volume ratio.

Regardless of which process is used to atomize the powder, the droplets will expe-
rience rapid cooling and solidification. This quenching can force alloying elements
into solution, induce high dislocation density, and result in amicrostructure with fine,
ultrafine, or even dendritic grains. Typically, these effects will change the particle
hardness and its ability to deform upon impact. This effect will be further explored
in Sect. 5. This microstructure will depend on the cooling rate, which is a function
of the processing parameters and the particle size. Duflos et al. [38] presented an
example of this, where gas atomized particles of different sizes produced at the same
time had drastically different microstructures, as shown in Fig. 4.
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Fig. 3 Oxygen content of plasma atomized titanium powders as a function of particle size, with
each line denoting different production parameters [35]. Reproduced with permission of Springer
Nature

Fig. 4 Different grain structures a dendritic and b equiaxed seen in gas atomized Satellite 6 powders
of different sizes as a result of different quenching rates [38]. Reproduced with permission of
Springer Nature

2.2 Mechanical Crushing

Powders are sometimes produced through the crushing or grinding of raw material
into a fine powder. In this process, energy in the form of impact, shear, wear, or
pressure is applied to the materials, resulting in fracture. Powders produced through
mechanical means typically have an irregular shape, as shown in Table 1f. This
method works best for brittle materials since as particles get smaller, it becomes
more challenging to apply the necessary forces on each particle required to reach
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fracture. In addition to the requirement of higher forces, re-bonding of particles may
occur [16].

A unique form of titanium powder used in CS is produced through these mechani-
calmeans. Raw rutile is converted to titanium in a process known as theKroll process.
The resulting material is spongy and porous, but it can be mechanically crushed into
a fine powder. This results in a powder with an irregular external shape capable of
also maintaining its unique spongy characteristic (see Table 1g).

2.3 Electrolysis

Approximately 60 different metal powders, with Cu being the most popular in CS,
have been successfully obtained via electrolysis, in which the applied electric current
acts as the reducing agent. This process is very similar to electroplating, but with
the conditions changed to produce a powder instead of a metallic layer [16, 39]. The
primary characteristic of the produced powders is their resulting dendritic structure,
as seen in Table 1i. These powders have a shallow oxygen content while presenting
a high surface to volume ratio.

2.4 Chemical Processes

Some metal powders are manufactured through the reduction of metal compounds
using a solid or gaseous reducing agent. Tungsten, molybdenum, and most impor-
tantly for CS, titanium powders are often produced this way. The Armstrong process
is a metal halide reduction process in which a gaseous stream of titanium tetrachlo-
ride is injected into a stream of sodium metal. This reaction will result in a titanium
metal and sodium chloride. This process can also work to produce pre-alloyed Ti-
6Al-4V [40]. The material results in a high surface area to volume ratio and offers a
unique coral-like morphology, as shown in Table 1h.

Another method for producing titanium powders is the hydride-dehydriding
(HDH) process. HDH is a combined chemical and mechanical process in which
commercially pure titanium powder is produced from bulk titanium at a much lower
cost than atomization [35]. In this method, the titanium is heated under a hydrogen
environment, resulting in the formation of TiH2. This hydride is brittle and is easily
mechanically crushed into a fine particle size. The fine particles then undergo a dehy-
dride process where they are heated up under high vacuum, removing the hydrogen.
This process produces irregular and angular powder, as shown in Table 1f [35].
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2.5 Spray Drying (Agglomerated and Sintered)

Spray drying allows for particles too small to deposit using CS to be agglomerated
into larger particles, including the agglomeration of multiple materials. Typically, in
this process, a slurry is prepared and granulated by spraying into a fine mist in which
the solvent dries, leaving only the powder behind. Following the granulation, particles
are typically sintered to complete the bonding process. The powders produced by
this technique are generally spherical, as shown in Table 1l. However, depending on
the materials, the spray drying conditions, and the sintering method, the powders
can contain varying levels of internal porosity. Figure 5 shows two different cermet
powders produced using this method but with different levels of internal porosity.

A type of spherical titaniumpowder has also been produced thisway in a processed
called the granulation-sintering-deoxygenation. In this process, Ti is milled to fine
particles and then refined into spherical granules in the desired size range using spray-
drying. The granules are then sintered, resulting in dense Ti particles with high
oxygen content—which is later deoxygenated to industry standards. This method
produces a low-cost powder due to its high yield and ability to use inexpensive
starting materials; however, the resulting powder may have a higher oxygen content
than the other covered methods [35].

Fig. 5 Different CrC-NiCr powders with 25 wt% NiCr produced through agglomeration and sin-
tering, showing different amounts of porosity [41]. a, b CRC-300 powder surface characteristics
and cross-section and c, dAmperit 584 powder surface features and cross-section. Reproduced with
permission of Springer Nature
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2.6 Powder Modification

There are times when powder that results from a production method does not provide
the desired characteristics for the CS AM application. In this case, several standard
powder modification techniques may be used to provide different characteristics.

2.6.1 Plasma Spheroidization

Plasma spheroidization transforms particles of any shape and size into spherical
particles. This process is very similar to plasma atomization, however in this case,
instead of an alloyed wire being fed into the plasma jet, the powder is passed through
the plasma jet. The plasma jet melts the powders, which then become spherical
and rapidly solidify. Powders spheroidized by plasma spheroidization have similar
properties to plasma atomized powders, but the size and chemical purity will be
dependent on the source powder [16, 37].

2.6.2 Ball Milling

The shape and hardness of the powders can be modified by ball milling. In ball
milling, the rotary motion of a drum forces the motion of very hard milling balls
which impart high mechanical forces onto the powders. This results in deformation,
fracture, and repeated re-welding of the particles. This method produces a powder
that has small grains, is heavily work-hardened, and has an irregular, often flakey,
morphology [16, 37], as shown in Table 1m. It is also used formechanical alloying, in
which more than one material is used. This process allows for a controlled, uniform
distribution of a second phase inside a principalmetallicmatrix, as shown in Table 1n.
It may also be tailored to create unique powders, like in the case of Table 1o, where
nanosize copper particles have adhered to giant titanium powder through ball milling.
Another process used to modify powders is known as the cryogenic ball milling, or
cryomilling. This method, which is similar to the conventional milling, is done in
a liquid nitrogen environment, therefore at a much lower temperature, resulting in
powders with a nano grain structure [42, 43].

3 Effect of Powder Size

The relationship between the particle size and the CS process is complicated; not
only does powder size affect the impact conditions (namely particle impact velocity
and temperature), but it also directly influences the critical velocity. The majority of
CS studies do not decouple these effects, resulting in the identification of optimum
particle size for cold spray a challenging endeavour.
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A simplified force balance approximation of the particle in flight can give insight
into how particle size affects its velocity,

map = 1

2
ρV2CdAp (2)

where m is the particle mass, ap is the acceleration of the particle, ρ is the propellant
gas density, V is the relative propellant gas velocity, Cd is the drag coefficient, and Ap

is the cross-sectional area of the particle. The function can be further simplified since
both the mass and cross-sectional area of the particle are functions of the diameter,

ap = 3ρV 2Cd

ρpd
(3)

where d is the particle diameter and ρp is the density of the particle materials. From
Eq. 3, it becomes clear that for a particle travelling in a gas flow, the acceleration (and
ultimately the velocity) of smaller particles should be higher than that of larger ones,
with the maximum reachable particle velocity being the gas velocity. However, this
simplified approximation may be misleading as the particle velocity upon impact
with the substrate may differ from the in-flight velocity. The impingement of the gas
jet upon the substrate surface gives rise to the formation of a bow shock. In the region
beyond the bow shock, the gas velocity normal to the substrate is decreased substan-
tially to subsonic speed, its density is largely increased, and its flow path becomes
parallel to the substrate surface. These conditions will decelerate the particles in the
direction normal to the substrate surface and accelerate them laterally. A full under-
standing of the interaction between the particles and the region after the bow shock
is beyond the scope of this work, but a simplified view is that larger particles will be
less affected (reduced deceleration) than smaller particles.

This leads to a complex relationship between impact velocity and particle size.
Larger particles will experience less acceleration within the nozzle, but their decel-
eration within the stagnant region behind the bow shock will be reduced and often
be negligible. Smaller particles acquire a higher velocity at the nozzle exit but may
be greatly decelerated in the stagnation zone behind the shock. This relationship has
been reported by many authors but is difficult to generalize since both the acceler-
ation and deceleration of the particles depends significantly on the CS processing
conditions such as nozzle design, gas stagnation properties, and standoff distance.
However, the impact typically follows a curve similar to Fig. 6, where the solid line
shows the effect of the deceleration through the bow shock [20].

The trend shown in Fig. 6 is crucially important for process optimization in CS.
For materials under prescribed spray conditions, there should be a diameter that
results in a maximum particle impact velocity. However, particle size is also known
to affect the critical velocity, further complicating the process of choosing an optimal
powder size.

It is generally agreed that increasing particle size decreases the critical velocity [4,
44]. In the work of Schmidt et al. [4], the critical velocity is based upon the onset of
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Fig. 6 Impact velocity (solid) and exit velocity (dotted) of copper particles of different diameters
under set processing conditions [20]. Reproduced with permission of Springer Nature

adiabatic shear instability in the particle [13], determined through modelling. They
propose that for small particle dimensions, the occurrence of shear instability (leading
to the large deformation required to reach bonding) can be hindered by high cooling
rates, which arise due to high-temperature gradients within the particle. This leads to
the determination of a particle diameter at which adiabatic shear instability will never
occur—the minimum critical diameter required for adhesion. Above this diameter,
thermal diffusion is hypothesized to be slow and does not prevent localized shear
instability from occurring at the particle surface, whereas particles smaller than this
diameterwould not reach adiabatic shear instability. A plot of the estimatedminimum
diameters for different metals is found in Fig. 7.

Fig. 7 Estimated critical (minimum) diameter required for bonding for different powder materials
utilized in CS applications [4]. Reproduced with permission of Elsevier
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From Fig. 7, it is observed that materials nature is a significant factor in deter-
mining the minimum particle size. For low thermal conductivity materials such as
titanium, the minimal particle diameter is much smaller than for a high conductivity
material such as copper.

While knowledge ofminimumparticle size is helpful, the effect of diameter on the
onset of shear instability has also been used to estimate the critical velocity. Assadi
et al. proposed the following equation to estimate critical velocity by matching a
model to experimental results [20],

vcri t = k1

√
cp

(
Tm − Tp

) + 16
σ

ρp

(
Tm − Tp

Tm − 293

)
(4)

where Tm is the melting temperature of the particle, Tp is the impact temperature of
the particle, σ is the tensile strength of the particle at 293 K, and k1 is a particle-
size-dependent fitting parameter. The effect of particle size on k1 is given in the
equation,

k1 = 0.64

(
dp

dre fp

)−0.18

(5)

where dre fp is a reference particle diameter, a standard diameter used to determine the
constants in the equation experimentally. Equations 4 and 5 indicate that an increase
in particle size will decrease the critical velocity. This is attributed to the limited
onset of shear instability in smaller particles due to dynamic effects such as; high-
temperature gradients, higher strain rates and strain-rate hardening, and the higher
viscous shear strength in the jetting region [4]. Figure 8 illustrates the critical velocity
for copper particles at an impact temperature of 300 K computed using Eqs. 4 and 5
and compared to experimental measurements.

Fig. 8 Critical velocity
(experimental and
simulation) for copper
particles of different
diameters at 300 K [20].
Reproduced with permission
of Springer Nature
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While the onset of adiabatic shear instability being necessary for adhesion is an
ongoing discussion topic [44–46], this criteria does match the empirical trend. From
this criterion alone, one could conclude that using the largest particles possible would
ensure the best results due to the lower critical velocity. However, as previously
discussed, particle impact velocity is also a function of particle size. Plotting and
comparing the particles critical velocity and the particle impact velocity assuming a
specific set of spray conditions shows a range of suitable particle diameters, such as in
Fig. 9. It also suggests that there should be an optimized diameter inwhich the particle
velocity quotient is maximized. However, this diameter cannot be readily determined
since it is a function of material properties and spray conditions. As such, it can only
be determined using extensive experimentation and modelling efforts.

In all the work reported in this section, it has been assumed that the particle impact
temperature was the same. However, particle size has a notable effect on particle
impact temperature. The lowparticle temperatures and high particle velocities typical
of CS have largely prevented experimental measurement of particle in-flight and
impact temperature. Nastic and Jodoin have recorded, for the first time in CS, the
temperatures of titanium particles with 150 μm diameter at the exit of the nozzle
using a high-speed infrared camera. This new and innovative informationwas used to
validate heat transfer models used in CS to predict particle temperatures [47]. Using
these types of models, Schmidt et al. reported that when particles are injected into
the high temperature (subsonic) region of the nozzle gas flow, they are heated prior
to being cooled down in the supersonic region [48], as shown in Fig. 10. It also leads
to the finding that tiny particles are heated up quickly in the hot subsonic section but
are quickly cooled down in the supersonic section, revealing that larger particles can
maintain their temperature over a longer distance [48, 49].

However, while larger particles canmaintain their temperature longer into the cold
section of the flow, Fig. 10 shows that particles that are above a specific diameter
will have a reduction in temperature. This is due to larger particles requiring more
energy to raise their temperature during preheating. This effect can be minimized by
elongating the pre-chamber, allowing the particles to be in contact with the hot gas
for a longer period of time [48, 49].

Fig. 9 An example of how
critical velocity and particle
impact velocity change with
particle size [4]. Reproduced
with permission of Elsevier
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Fig. 10 Effect of particle
diameter on particle
temperature of copper
particles inserted into the
high-temperature subsonic
region of the CS nozzle [48].
Reproduced with permission
of Springer Nature

The particle impact temperature is crucial, as can be observed from the proposed
equation for critical velocity (Eq. 4); as particle impact temperature is increased, the
critical particle velocity decreases. Since particle size has a direct effect on impact
temperature, it indirectly affects critical velocity through a completely different
mechanism than previously discussed.

Beyond the immediate effects of particle size discussed in this section,microstruc-
ture and oxide contents must also be taken into consideration. As presented in Sect. 2,
particles of different sizes are not exact scale replicas of themselves—the particle size
has a relationship with microstructure and oxide content. This is often overlooked in
studies that compare particle sizes but may explain some of the differences proposed
in the models for critical velocity. Some studies even go as far as saying that particle
size has no effect on critical velocity assuming the material properties and impact
temperature could be kept the same [10, 50].

It should be clear to the reader that choosing an optimal particle size for CS AM
is a challenging task. Particle size directly affects the in-flight velocity, the impact
velocity, the impact temperature, and critical velocity. It is difficult to distinguish
which effects are most significant, especially when you take into account differences
in oxide content and microstructure. The relationship is convoluted, and typically,
extensive experimentation or modelling is necessary to optimize the process.

4 Effect of Powder Morphology

The effect of the powder morphology on the in-flight particle velocity is consis-
tent across literature; when comparing two particles of equal mass under the same
CS conditions, non-spherical particles accelerate to higher velocities than spherical.
Comparative studies have demonstrated this for milled [51], angular [19], coral-like
[23, 52], dendritic [53, 54], andwater atomized powders [55]. This is easily explained
looking at the equation for particle acceleration (Eq. 2); where the drag coefficient
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and projected area are influential parameters for acceleration and are known to be
lower for spherical shapes compared to any of the other powder shapes for the same
particle mass [53, 55]. If the particle size is large enough to ensure the particle impact
velocity is reasonably close to the in-flight velocity (see Sect. 3), then changing the
particle shape from spherical to any non-spherical shape should increase the particle
impact velocity quotient (η), assuming critical velocity does not change.

Attempts to calculate critical velocity (see Eq. 4) often do not consider powder
morphology. This is because critical velocity is often considered an inherent material
property. Quantifying the effect of different particle shapes on critical velocity adds
substantial complexity. There have been numerous studies directly comparing differ-
ent particle morphologies through experimental and numerical simulations that do
demonstrate significant differences in deposition behaviour. However, these studies
do not allow for the decoupling of the sole influence of particle morphology from
other effects, such as impact velocity and temperature, microstructure, and chemical
composition.

Irregular particles are usually found to travel faster than spherical particles under
the same spray conditions; however, this does not always yield a better deposition.
Yin et al. [56] showed that during impact, irregular shaped (elongated) particles
that do not impact the substrate symmetrically would experience additional torque.
While these irregular particles may have the highest value of plastic deformation in
the model (PEEQ), this torque was shown to rotate the particle, detaching the bonded
areas and deteriorating the coating quality. This can be observed in Fig. 11, where
the particles impacting at 45° with the surface resulted in delamination.

This trend of deteriorating quality does not apply to all irregular powders.
MacDonald et al. [57] showed that coral-like titanium powders manufactured using
the Armstrong method produce components of higher density than would be seen

Fig. 11 Modelling results of irregular particles showing delamination in those that did not impact
symmetrically [56]. Reproduced with permission of Springer Nature
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Fig. 12 Comparison of modelling results for the impact of spherical titanium particles to coral-like
titanium particles, showing higher plastic deformation and lower porosity for the coral-like powders
[23]. Reproduced with permission of Springer Nature

using spherical powders under the same conditions. This was attributed to the unique
coral-like structure, allowing the particles to collapse while experiencing increased
localized plastic deformation, as shown in Fig. 12. The same trend was observed
by Munagala et al. with coral-like Ti-6Al-4V produced with the Armstrong process
[52].

A similar trend was observed with dendritic powders. Luo et al. observed that
dendritic nickel powders produced dense depositions while spherical powders would
not adhere under the same spray conditions [53]. Similar results were seen by Ko
et al. [54] with copper powders, where the DE of dendritic powders was higher
than spherical powders under the same spray condition. However, this trend was
not observed with spongy titanium powder manufactured with the Kroll process.
This powder was shown to result in higher porosity depositions when compared to
spherical particles [19]. This is hypothesized to be a result of porosity entrapped
inside the particles prior to deposition. This closed cell porosity is challenging to
eliminate during the CS process since the particle does not collapse easily, unlike
the coral-like and dendritic powders, which have large open porosity.

Fernandez et al. [41] examined the influence of powdermorphology for chromium
carbide-nickel chromium cermet powders. They found that fully dense spherical par-
ticles produced through atomization lead to low plasticity upon impact due to the
redistribution of stresses onto the non-ductile ceramic (shown in Fig. 13a). The lack
of plasticity resulted in no deposition. Dense particles produced through agglomer-
ation and sintering did not have the same redistribution of stresses upon impact and
therefore experienced high levels of plastic deformation, as seen in Fig. 13b. This
plasticity resulted in thick and dense deposits [41]. Porous particles, also produced
through agglomeration and sintering, were found to build up in a similar manner;
however, the preexisting porosity resulted in internal cracking and peeling of the
depositions [41].
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Fig. 13 Modelling results of chromium carbide-nickel chromium cermet powders with different
morphologies. a Stress field upon the impact of dense spherical particles produced with atomization
showing redistribution of stresses and low plastic deformation; b plastic equivalent strain of an
agglomerated and sintered particle showing a high level of plastic deformation [41]. Reproduced
with permission of Springer Nature

5 Effect of Powder Microstructure

In the CS AM process, the effect of powder microstructure and mechanical prop-
erties on the deposition process, subsequent build-up, and final material properties
is of utmost importance. During atomization, the most popular method of CS pow-
der production, high cooling rates induce a temperature gradient and lead to various
microstructures, as shown in Fig. 14 and previously in Fig. 4. As an example, cooling
rates of 100–1000 and 1000–10,000 °C/s are observed for plasma and gas atomization
processes, respectively [58]. As depicted in Fig. 14a, in addition to microstructural
variability between particles in a single powder batch, a single particle can also
exhibit distinctive surface structural features and patterns. These distinct surface
characteristics are indicative of directional solidification, heterogeneous nucleation

Fig. 14 SEM-BSD images of un-etchedTi-6Al-4Vparticles showing traits of powder solidification.
a Particle showing a region of contact with a smaller particle that initiated solidification at region
‘Q’ of martensitic α′ directionality, region ‘R’ highlighting the cell structure and ‘P’ zone showing
rapid directional solidification along the principal arm. b Particle showing distinct surface feature
over subsurface microstructure denoted as ‘M’ and tangential segregation and/or shrinkage within
individual grains shown as ‘N’ [59]. Reproduced with permission of Elsevier
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sites, and elemental segregation due to temperature gradient, particle to particle con-
tact (region Q in Fig. 14a) during cooling, and interaction between structures during
solidification [59]. In addition, as depicted in Fig. 14b, regions of high concentration
of interstitial elements (region M) and intermetallic rich features (region N) can also
appear distinctively on the same particle.

Exterior features need to be decoupled from interior bulk particle structures as
corresponding solidification rates are potentially different at the surface and in the
particle core—resulting in dissimilar microstructural compositions [59]. Such dis-
tinctive surface and subsurfacemicrostructural differences have been detected during
plasma atomization of Ti-6Al-4V powder [59]. The exterior shell solidifies rapidly
reducing the internal thermal gradient and permitting the formation of internal homo-
geneous grains [58]. Birt et al. have linked the presence of the particle surface skin
to a rapidly solidifying shell, which cracks from shrinkage due to thermal stresses
upon further cooling [59]. If the surface skin is ultra-thin, the particle exterior is then
transparent, providing a view into the internal microstructure, as depicted in region
R of Fig. 14a. In addition, Birt et al. mentioned that the surface skin can also poten-
tially delaminate during cooling, as seen from the relief in region M from Fig. 14b,
although they claim that no evidence can be provided to support this occurrence. The
presence of a delaminating, i.e. poorly adhered, surface shell, however, can affect
the bonding process of particles during CS by impeding close subsurface contact
between adjacent particles and introducing instabilities that reduce the energy left
for particle deformation. In addition, if deposited, the surface skin, which has been
demonstrated to be of a different structure than the particle interior, can introduce
undesirable characteristics into the final manufactured component.

Analogously, for small particles with a diameter approaching 10 μm, diffusion
and preferred growth orientation is limited due to accelerated cooling rates and high
undercooling [60]. Consequently, they lack surface skin thermal stress separation due
to their larger area-to-volume ratio and smaller overall mass [9], as seen in Fig. 14.
As a result, featureless and homogeneous microstructures are present as the particle
diameter decreases [59, 61–63].

In addition to size-dependant external skin features, powders can exhibit an inter-
nal cellular structure, referred to as Type I, which have been detected in gas atomized
powder. This is attributed to rapid solidification and high cooling rates [59, 64], ther-
mal equilibration and partial remelting of solid particles [65], and pre-solidified
micro-droplets and dendrite fragments [64]. Type I powder displays a cellular den-
dritic like structure with localized segregation of alloying elements, as shown by the
intercellular spacing in Fig. 15a [61, 66–74]. Hence, the cellular structure has been
associated to undercooling processes (a function of powder size) which are achieved
when the droplets cool well below the material’s solidus temperature before nucle-
ation and crystallization has had time to initiate—leading to thermodynamically
unstable dendritic like microstructures [61, 75]. In addition, the cellular dendrites
release heat during solidification under a phenomenon called recoalescence [62].
The combined effect of the temperature increase due to recoalescence and temper-
ature decrease due to the cold surrounding gas also leads to this non-equilibrium
microstructure. Type II particles have also been detected, which in contrast to
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Fig. 15 SEMimages of gas-atomizedAl7075particle cross-sections of aType I internal grain struc-
ture and solute segregation and b Type II integral microstructure with grain boundary precipitates
[76]. Reproduced with permission of Elsevier

Type I, exhibit coarser grains and extensive grain boundary precipitation by exposure
to slower cooling rates during atomization [62, 76]. Type II powder cross-section is
depicted in Fig. 15b.

The microstructural characteristics of particles are influenced by their initial com-
position, shape, and size and by the induced cooling rate based on the correspond-
ing continuous cooling transformation diagram of the material. Figure 16 depicts
the influence of the cooling rate on microscale particle properties for Ti-6Al-4V

Fig. 16 Connection between resulting microstructure, cooling process and microscale particle
properties. The particle reveals the presence of randomly distributedMartensitic α′. The martensitic
α′ occurs in a basketweave pattern and equiaxed α structures [59]. Reproduced with permission of
Elsevier
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[9]. As depicted, based on the particle diameter and resulting cooling rate, vari-
ous microstructural features are observed on the surface and interior of the particle.
These features, which include grain size and geometry, skin presence, crystal and
phase structures, will have significant influences during CS deposition. The variety
of features can result in a composite-like material during CS consolidation, which
could produce favourable properties. However, due to the powder characteristics vari-
ability, quality control and repeatability are significant problems, which limit proper
prediction of the deposit characteristics and generalization of the impact process.

5.1 Microstructural Characteristics

As presented previously, the grain structure of feedstock powder is dependant on
multiple factors, which typically lead to the creation of non-uniform microstruc-
tures featuring both asymmetrical grain shapes and sizes, as depicted in Fig. 17a
and Fig. 17d for Ti-6Al-4V. In addition, due to the high cooling rates during manu-
facturing, the particles are not fully relaxed and internal stress, and dislocations are
present inside the grains. Rokni et al. [76] have shown through TEM observations
that their Al7075 as-received powder contains a moderate density of dislocations and
dislocation substructures prior to deposition.

Upon impact with a surface, the particles undergo deformation at high strain rate,
between 103 and 109 s−1, which induces the creation of a wide range of deformation
microstructures. These features, such as dislocation nucleation, the formation of
dislocation cell, shear banding, twinning, void nucleation, phase transformation and
generation of point defects [77–79] are a function of the shock pressure reached.

Fig. 17 EBSD Euler maps of a, d as-received, b, e as-deposited and c, f as-annealed Ti-6Al-4V
powder manufactured through gas atomization (GA) and hydride de-hydride (HDH) process with
an average diameter size of 33± 12μm and 45± 15μm respectively [81]. White regions represent
unindexed features of the Euler pattern. Reproduced with permission of Springer Nature



The Influence of Feedstock Powder 55

The threshold shock pressure needed to induce secondary deformation features such
as twinning and phase transformation is very high, i.e. deformation twinning in Cu
sets at 17GPa [80]. Reported pressures reached in CS particles at critical velocities
have been calculated to reach only 1.2 MPa for Al, 3.0 MPa for Cu and 3.9 MPa for
Ni [80]. Nevertheless, there is evidence that the deformation process does affect the
microstructural state of the deposition, as demonstrated in Fig. 17b, e for Ti-6Al-
4V. This resulting microstructure is influenced by the microstructural state of the
powder prior to deposition.As shown, the deposited gas atomizedpowder displays the
presence of ultrafine grains (UFG) near contact boundarieswhich has been attributed,
by many authors, to the dynamic recrystallization (DRX) processes [71, 76, 80–82].
On the other hand, the HDH deposited powder coating microstructure is markedly
different; having an increased presence of low angle grain boundaries (LAGB) and
an absence of clear UFGs.

The increase in DRX in the coating obtained from gas atomized powder has been
linked to two significant factors: (1) lower critical strain forDRX formation due to the
initial needle-like grain morphology [81, 83] and (2) lower impact velocities of the
HDH powder [81]. Additionally, the deposition microstructure after annealing also
differs, as shown in Fig. 17c, f. Hence, the initial powder feedstock microstructure
affects the static recrystallization and recovery processes during annealing, both
driven by the large strain energy present in the coatings. As such, much smaller
grains are detected in the gas atomized powder deposits, as only a limited growth of
the UFGs has had time to develop.

The formation of UFGs has been associated to the occurrence of continuous
dynamic recrystallization (CDRX) [82], conversion of LAGBs to high angle grain
boundaries (HAGBs) [84], geometric dynamic recrystallization (GDRX) [74, 83],
and rotational dynamic recrystallization (RDX) [76]. Additionally, the presence of
high local temperature (due to conversion of deformation work into heat) can lead
to static recovery (SRV) and static recrystallization (SRX) in highly strained area.
The activation energy required to induce these phenomena, both static and dynamic,
depends on thematerial’s stacking fault energy (SFE). The SFE, which is amaterial’s
intrinsic property governed by chemical composition, is related to the separation dis-
tance between two partial dislocations, called stacking fault, and to the energy associ-
ated to the generated dislocation sequence. Murr et al. have determined the following
equation to describe the energy, γSF , related to this separation at equilibrium;

γSF = Gb2

2πd
(6)

where G is the shear modulus, b is the Burgers vector of the partial dislocation and
d is the separation distance of the partials.

Table 2 provides the SFE and associatedmelting temperatures of common powder
feedstockmaterial used in CS. Borchers et al. have suggested that the microstructural
bonding features of cold sprayed Al, Cu and Ni differ considerably from each other
due to their different intrinsic SFEs [80], although they all belong to the same isome-
chanical group. The high SFE feedstock Al powder presents low dislocation density
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Table 2 Stacking fault free energies of commonly CS materials

Metal Aluminum Copper Nickel Steel Titanium

SFE (mJ/m2), γ ~166 ~78 ~128 ~30 ~15

Tm (K) 933 1356 1726 1643 1941

both prior and after CS deposition—exhibiting SRV rather than DRX or SRX. On
the other hand, Ni and Cu, with medium and low SFE respectively, reach high dis-
location density which allows DRX to occur along with submicron grain refinement
[80].

Additionally, material thermal conductivities can affect the extent of recrystal-
lization [84]. Bae et al. have observed that for materials such as Ti, which are poor
thermal conductors, extensive local retention of transient thermal energy can induce
substantial static recovery and static recrystallization noted by the presence of grain
refinement for about half of the splat [85].

In addition to intrinsic materials properties, studies have shown that material
behaviour under high strain rate can be affected by the grain size. Chen et al. have
demonstrated that although aluminum is characterised by a relatively high SFE, ~110
to 135 mJ/m2, twinning has been observed in nano-crystalline aluminum as well
as in high purity aluminum [86]. Their study demonstrates that twinning becomes
favourable and the preferred deformation mode when the grain size is reduced to
the order of 10 nm. Deformation twinning strengthens the material effectively by
decreasing the slip barrier spacing, which reduces the linear dimension over which
the internal stress concentration can build-up—rising the applied stress required to
initiate further plastic flow [42, 87, 88]. On the other hand, both Meyers et al. and
Schmidt et al. have experimentally studied the grain size effect ofCu under high strain
rate processes, which has shown to have a significant effect only when grain size was
above 100 μm through profuse twinning [89, 90]. The proposed rationale is that
plastic flow localization occurs readily in coarse grains while homogenous plastic
deformation prevails in small Cu grain size specimen. The flow stress was shown to
follow the Hall-Petch relationship, exhibiting significant hardening with grain size
reduction [91]. Hence, the grain size has an influence on the twinning propensity of
metals based on their SFE and dislocation slip processes and interactions [92].

Similarly, to effect of the grain size on deformation processes, alloying element
addition has also been demonstrated to affect the SFE and consequently the material
response to high strain rate loading processes. This was demonstrated byMillett et al.
and their study of pure Ni and Nickel alloys [93, 94]. The pure Ni showed a nearly
constant hardening rate with applied shock, while for the Ni-Co alloy the hardening
process rapidly increased, which was associated to the shift from purely dislocation
based mechanism to one which accommodates twinning.

Finally, in addition to deformation processes, one of the main features of the CS
process is the strain localization during particle deformation. The quasi-adiabatic
shear instability phenomenon has been related to the particle/substrate and parti-
cle/particle bonding and structure formation [50, 95–98]. The strain-to-failure of



The Influence of Feedstock Powder 57

metals under high strain rate processes is related to the tendency of the strain to
localize. The strain localization, also known as shear banding, is influenced by strain-
hardening rate, temperature, strain-rate sensitivity of the flow stress, and presence of
shear band initiation sites [98, 99]. Consequently, microstructural effects on defor-
mation stability are evaluated based on their influence on strain localization. It has
been shown that the alloy’s initial content andmicrostructure, presence of dual-phase,
and the precipitate content all influence and promote the strain localization during
high strain rate deformation [90]. In the region of localization, the effect of grain size
on mechanical properties is very complicated as the grain boundaries can provide
strengthening, i.e. obstacles to dislocation slip, or positively contribute to material
deformation leading to softening. The resulting effect of these two phenomena is
influenced by the local temperature. The plastic deformation is controlled by the
evolution of dislocation density, and as a result, the grain misorientation and lattice
rotation play major roles in the deformation process of particles. During CS impact,
localized intense lattice rotation and thermal softening have been found to be more
pronounced for high angle grain misorientation. Guha et al. have demonstrated that
material with high angle misorientation, subjected to high strain rate loading, show
higher strength than material with low angle misoriented grains due to the greater
difficulty of dislocation movement in slip systems across grain boundaries [100].
In addition, high angle misorientation can lead to high thermal softening and the
generation of localized plastic strain zones [100]. Figure 18 provides an example of

Fig. 18 EBSD derived IPFX orientation with crystallographic axes in the relevant stereographic
triangles for a particle with a diameter a between 63 and 75 μm and b <20 μm [101]. Creative
Commons Attribution License (CC BY)
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atomized particleswith different diameters and consequently different grain structure
and orientation.

Hence, at high impact velocity, the particle experiences strain rate-dependent
hardening and thermal softening processes, which dictate the final particle defor-
mation. The strain rate developed during the impact of spherical particles has been
approximated by Hutchings and related to particle properties [102];

ε̇ ≈ 0.2

(
V 1/2
i H 1/4

ρ1/4rp

)
(7)

whereH is the indentation hardness, ρ is the particle density, Vi is the impact velocity
and rp is the particle radius. Hence, a 25μmdiameter copper and aluminiumparticles
travelling at 100 m/s will experience strain rates in the order of 2.1 × 106 and 3.4 ×
106 s−1, respectively, which is in accordance to values obtained in FEM analysis
of CS impact processes [102, 103]. It is clear from the previous equation that the
particle properties, even if local, influence the particle deformation and subsequent
deposition. A limited number of studies have measured the powder local mechan-
ical properties using a nano-indentation mapping technique, as shown in Fig. 19.
The material hardness, H, and reduced elastic modulus, Er, are obtained from the
unloading curves using the Oliver and Pharr method and following relations [104,
105];

H = P/Ac and S = dP

dh
= 2Er

√
Ac√

π
(8)

where P is the maximum load applied, Ac is the contact area, dP
dh is the unloading

segment slope also referred to as the material stiffness, S, and Er is the reduced elas-
tic modulus. As depicted in Fig. 19, the Ti feedstock powder mechanical properties
are not homogeneous, and the high hardness region is associated with the presence

Fig. 19 aNanohardness mapping (GPa) and b reduced modulus mapping through nanoindentation
test (GPa) [107]. Reproduced with permission of Springer
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of martensitic microstructure resulting from the surface tension during powder pro-
duction. On the other hand, the reduced elastic modulus is fairly homogenous as the
effect of material texture is less significant in a polycrystalline material [106].

Multiple studies have shown that the feedstock powder hardness has a direct
impact on its deposition efficiency [51]. A high hardness limits the plastic deforma-
tion and flattening ratio of particles during impact. Jodoin et al. have shown that a
substantial increase of particle impact velocity is necessary in order to compensate
for the high mechanical strength of powders to promote deformation and eventual
deposition [51].

5.2 Amorphous Structure

Amorphous metals, also known as metallic glasses (MGs) or glassy metals, lack
long-range atomic order configuration and grain boundaries, which are common
features of crystalline materials. MGs provide a unique combination of chemical
and physical properties resulting in high hardness, high yield strength, high specific
strength, excellent anti-wear characteristics, outstanding corrosion resistance, and
good magnetic behaviour [96]. The formation of amorphous structures depends on
the alloy composition and atomization conditions and is evaluated based on their
glass-forming ability (GFA), and is possible due to the exceptionally high cooling
rates during powder production. Inoue et al. have proposed three empirical rules for
the manufacturing of amorphous alloys characterized by a wide supercooled liquid
region and large GFA, i.e. (1) multicomponent system consisting of at least three
alloying elements, (2) significantly different atomic size ratios above 13% and (3)
optimal negative heats of mixing between alloying elements [96]. In addition, gen-
erating a multicomponent alloy near its eutectic point, minimizes the temperature
difference between the glass transition and the liquidus, which stabilizes the liquid at
low temperatures [96]. Hence, due to the high temperature involved in conventional
manufacturing and powder metallurgy processes, the amorphous structure is hard
to retain in the fabrication of bulk materials, which makes CS a promising alter-
native [108–111]. Multiple studies have shown that the amorphous microstructure
is retained after CS deposition, i.e. Fe-based alloy [112, 113], Cu50Zr50 [108, 114],
CuNiTiZr [110], NiTiZrSiSn [115] and FeSiCrBC [96]. Due to the particular thermal
behaviour and mechanical deformation mechanisms involved during the impact of
MG particles, the concept of critical velocity derived from dislocation based model
and used for crystalline metals is inappropriate to reveal and understand the deposi-
tion mechanisms for MGs. Consequently, Concustell et al. [111] proposed a model
based on the impact of liquid droplets and correlated experimental data with the
Reynolds (Re) number, balancing inertia with viscous effects, and the Weber (We)
number, balancing inertia with surface energy or capillary effects, of theMG particle
before impact, as follows;
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Re = ρv0d

η(T )
; We = ρv2

0d

σ
(9)

where ρ, v0, d and η represent the density of the liquid, impacting velocity, particle
diameter and viscosity of the liquid, respectively. The viscosity of metallic glass-
forming liquids is given by the Vogel-Fulcher-Tamann (VFT) equation as follow;

η(T ) = η0exp

(
D · T0
T − T0

)
(10)

where T0 is the VFT temperature and D is the fragility parameter. Multiple studies
have shown that at low Re (low impact temperature and large viscosity), the low
deformation features the presence of shear bands and phase transformations [109–
111], as depicted in Fig. 20b. Under those conditions, similar to non-Newtonian
liquids undergoing yielding, MGs are difficult to consolidate. However, above the
glass transition, i.e. high Re and We, the deposition efficiency increases due to the
homogeneous material flow during deformation activated by low material viscosity

Fig. 20 Different deformation regime of Fe-based MG single particle impacts. a Elastic deforma-
tion, b shear banding formation, cmixed shear banding and homogeneous flow and d homogeneous
flow [96]. Reproduced with permission of Springer
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and inertial forces, as depicted in Fig. 20d. Under homogeneous flow and high strain
rate deformation, shear-thinning processes can appear followed by Newtonian flow
due to the nonstationary conditions under which the MGs deform upon impact, both
of which increase the deposition efficiency and adhesion strength as they promote
lateral viscous flow [108, 109, 111, 116].

For proper deposition, in addition to homogeneous deformation, crystallization
phenomena need to be hindered in order to avoid restriction of viscous flow by atomic
planes. It has been shown that high CS gas temperatures can induce and promote
crystallization of particles during their flight, which reduces the resulting deposition
efficiency [111]. Hence, high energy conditions and kinetics of crystallization need
to be balanced appropriately to ensure proper MG deposition. Aiming to define a
deposition window for MGmaterials, Concustell et al. have developed the following
equation for critical velocity [111];

vcri t = 0.004η(T )

ρDp
(11)

Therefore, unlike for crystalline materials, increasing the impact velocity of MGs
does not necessarily lead to higher DE. Metallic glasses do deform homogeneously
between their glass transition and crystallization temperatures, but their deformation
process is also dependent on strain rate. Studies have shown that at high strain rate
and temperature, inhomogeneous flow can occur and lead to poor deposition [117,
118]. Hence, due to the high strain rates experienced during the CS impact, the
MG particles need to impact at temperatures above 1.15 to 1.3 Tg, approximately
[108, 111].

5.3 Multiphase

The high cooling rates observed during atomization produces microstructures in
powders that are fundamentally different from those found in bulk materials. Non-
equilibrium microstructure deviates in relative phase fractions, solute contents, or
phase morphologies. Borchers et al. have noticed the formation of metastable BCC
structures in fine 316L powders, which has been associated with fast cooling rates
from gas atomization [119]. The formation of metastable ferrite is favoured by its
low surface energy in the surrounding liquid. After impact during CS deposition, it
has been shown that the metastable BCC structure can undergo a phase transition to
high-density equilibriumFCCaustenite structure [119]. This diffusionless solid-state
transformation is possible as propagating pressurewaves of over 1GPa are commonly
observed in impact models of the CS process, which is sufficient to overcome the
activation energy of such transformation [103, 119]. Farinha et al. have reported that
water atomized SS316 powders with a diameter close to 9 μm were almost entirely
austenitic while powder with an average of 5 μm diameter was half ferritic [120].
Brewer et al. have studied the variability in austenitic stainless steel, SS304 and
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SS316, feedstock powder effect on CS deposition. In their study, only the SS304
powder was purely austenite in phase while the three SS316 powders had ferrite
content varying from 12 to 42%. The measured deposition efficiency was of 11.8%
for the SS304 powder while it varied between 12.3 and 41.8% amongst the three
tested SS316 powders. The variation in deposition efficiency was associated to the
feedstock powder ferrite content, microhardness, crystallite size, and average grain
orientation spread [121], which highlights the importance to report and analyze the
powder features. In addition, as shown in Fig. 21, due to the irregularities in ferrite
content of the feedstock SS316 tested powders, a significant difference is observed in
the deposits ferrite fraction and consequently in resulting properties. Limited ferrite
content is detected in the coating illustrated in Fig. 21b. In addition, the deposited
coating displayed in Fig. 21a shows individual particles with a mixture of austenite
and ferrite phases, while the coating in Fig. 21c also exhibits fully ferritic particles.

Similarly, in low-Co iron-based alloys such as Tristell 5183, produced by inert
gas atomization, with a nominal composition of Fe-21%Cr-10%Ni-7.5%Nb-5%Si-
2%C (in weight %), the high process cooling rates greatly influence the resulting
particle microstructure, as shown in Fig. 22. This complex alloy system provides
the perfect example of particle size effect on solidification phases and consequently
demonstrates the importance of powder proper characterization prior to consolida-
tion. As depicted in Fig. 22a, particles in the range of 63–75 μm diameter show a
largely austenitic (FCC) dendritic iron-based matrix, a silicide isostructural inter-
dendritic phase (Fe5Ni3Si2) and a micron-sized primary carbonitride. In Fig. 22b,
an entirely different phase composition is detected for particles with a diameter less

Fig. 21 Austenite (FCC-red) and ferrite (BCC-green) mapping after deposition of three SS316
powders acquired from different manufacturers [121]. Initial corresponding average feedstock pow-
der size prior to deposition have been measured to a 45.6 μm, b 17.2 μm and c 61.3 μm. Black
regions refer to features that have not been indexed with reliability using EBSD. Reproduced with
permission of Elsevier
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Fig. 22 EBSD derived phase orientationmaps of powder cross-section consistent with a 63–75μm
diameter and b <20 μm diameter [101]. Creative Commons Attribution License (CC BY)

than 20μm. A ferritic (α-Fe) phase conforming to an irregular dendritic morphology
occupies half of the particle while the other half is taken by the silicide phase. In addi-
tion, micron-sized carbonitride particles are dispersed throughout the particle. The
increased undercooling prior to nucleation induces the formation of the metastable
phases in small diameter particles.

In addition to inconsistent phase distribution and content, the effect of the compo-
sition on microstructure and elemental distribution has a major role in the final prop-
erties of the fabricated material. Liu et al. have studied a series of Al-Cu binary alloy
powders, from 2 to 5 wt% Cu, which presented a cellular structure with θ (Al2Cu)
phase at the cell boundaries, as shown in Fig. 23a, b [122]. With the increase of Cu
content, the solidification structure becomes slightly dendritic, as seen in Fig. 23b.
Due to the non-equilibrium gas atomization process, the resultant phase content dif-
fered significantly from common lever rule and basic Gulliver Scheil model, which
describe the composition, amount of specific phases, and solute redistribution. The
measured Cu content in the α aluminum was also above the equilibrium solubility
limit of 0.77 wt%, which indicates that any post-annealing processes would initiate
Cu-rich phase precipitation. As particle strength increases with θ content, the powder
deformation upon impact during CS process would decrease.

A study conducted byCoddet et al. showed that the proportion ofAg-rich phases in
Cu-23.7Ag was in good agreement with values predicted by Cu-Ag eutectic equilib-
riumphase diagram [123], despite the high cooling rates of the atomization processes.
As depicted in Fig. 23c, d, the powders exhibit a dendritic solidification structure
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Fig. 23 Cross-section images of as-atomized powders. a cellular structure Al-4Cu, b cellular and
dendritic structure Al-5Cu, c Cu-5.7Ag and d Cu-23.7Ag [122, 123]. Reproduced with permission
of Elsevier

similar to the Al-Cu binary alloy with increasing Cu content, shown in Fig. 23b. In
addition to the powder characterization, Coddet et al. have demonstrated that a post-
heat treatment at 400 °C of the CS deposits can generate sufficient thermal energy,
under the driving force of the reduction of the interfacial energy, to reorganize the
Ag-rich phases homogeneously through the deposits. Temperature and duration of
the heat treatment need to be correctly selected to avoid the depletion in Ag of the
Cu solid solution and subsequent decrease in mechanical properties [123]. The heat
treatment procedure does not affect the mechanical properties obtained from the sec-
ond phase precipitation but does influence the additional properties obtained from
the cold working process occurring during CS deposition. In fact, Coddet et al. have
shown that the cold work effect reduction during heat treatment is more pronounced
when the Ag content is increased [123].
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5.4 Heat Treatment

In addition, to post-heat treatments of CS deposits to suit themechanical properties to
the specific application, a solution heat treatment of the powder prior to spraying can
be considered. In some cases, a post-heat treatment can be affected by themicrostruc-
tural state of the coating and result in unforeseen material properties, which would
explain the use of powder pre-treatment. As an example, Rokni et al. have stated
that the grain growth during post-spray annealing is limited and irregular due to the
presence of grain boundary solute segregation in Al7075 alloy CS microstructure
[66]. High-temperature powder heat treatment could eliminate the alloying element
segregation and/or work hardening of the deposited CS material, but it is sometimes
considered undesirable in multi-material applications [61]. As shown earlier in this
section, solute atoms tend to segregate along cell boundaries during the atomization
process, which decreases the quantity of solute available for strengthening precip-
itates in precipitation-strengthened alloys. The segregated cell boundaries form a
brittle intermetallic network affecting the overall mechanical properties in a variety
ofmaterials, such as Fe-based alloys [124] andAl alloys [125]. In addition, the incon-
sistent intermetallic network affects the powder formability and any post-deposition
ageing heat treatment [126]. Hence, a solution heat treatment of the powder can be
performed to reduce solute segregation, increase ductility and offer the potential of
a post-deposition heat treatment via controlled constituent rearrangement. For the
heat treatment to be effective multiple factors need to be considered, such as (1) gas
used based on particle flammability, (2) solutionizing temperature to avoid sintering
and (3) cooling rate to avoid precipitation and oxidation [127].

As shown in Fig. 24, Story et al. have removed the cellular grain network in
Al7075 powder through heat treatment using a novel furnace designed to eliminate
sintering of powders. The homogenisation of the powder, even if some precipitates

Fig. 24 BSD images of Al7075 a as-received powder and b after heat treatment, a homogeneous
microstructure is revealed with the presence of coarse needle-shaped precipitates. Bright phase seg-
regated along cell boundaries represents zinc-rich intermetallics [127]. Reproducedwith permission
of Springer
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remain after cooling, have shown an approximate 10% increase in DE for all three
aluminum alloys, i.e. Al2024,Al6061 andAl7075, tested in their study [127]. Similar
results have been obtained by Sabard et al., which have shown that the solution heat-
treatment of Al7075 has decreased the powder hardness and consequently increased
particle deformation, i.e. jetting, during impact generating an improved deposition
efficiency and bonding strength [61]. Their study showed that under identical spray-
ing parameters, the heat-treated homogenized Al7075 coating reaches a thickness of
300 μm while only 40 μm is reached for un-treated powder [61].

In addition to eliminating the cellular network, the solution heat treatment also
homogenizes the grain size distribution and decreases the dislocations/lattice defects.
The presence of LAGBs, composed of an array of dislocations substructure, in the
feedstock powder, has been associated with potential residual stress in the droplet
after atomisation [82]. The heat treatment process reduces the quantity of LAGBs
during recrystallization, as shown inFig. 25b, and replaces the dendritic asymmetrical
microstructure and micron-sized grains by fully relaxed equiaxed grains [61, 95].
During impact, the decreased dislocations/lattice defects facilitate the accumulation
of localized dislocations phenomena at the impact zone during deformation leading
to enhanced RDX.

It is, however, important to note that themicrostructure that evolves during recrys-
tallization annealing of powders is related to the SFE, as discussed in Sect. 5a. In
low stacking fault energy FCCmaterials, such as copper, α-brass, austenitic iron and
nickel, annealing twins can also develop, as shown in Fig. 26b [128, 129].

Annealing twin generation during recrystallization is mainly dependent on the
local lattice orientation and dislocation density distribution resulting from packing
sequence defects in the original grains, such as stacking faults [128]. Resulting grain
growth is dependent on twinning processes, which leads to varying microstructures
after heat treatment, as shown in Fig. 26. A study conducted by Li et al. has demon-
strated that although the heat-treated copper particles include annealed twins struc-
tures, the deposited coating microstructure showed extensive particle deformation,
metal jetting, and particle interlocking [130]. Similarly, Ning et al. have confirmed

Fig. 25 Microstructural characterisation of Al6061 powder. a, b EBSD and Inverse Pole Figure
showing irregular grain size distribution and shape of as-received powder. c, d Solution heat treated
resulting microstructure based on EBSD and Inverse Pole Figure analysis showing large equiaxed
grains and homogenised overall grain size distribution. Creative Commons Attribution License (CC
BY)
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Fig. 26 Cross-section of a as received gas atomized Cu particle and b annealed Cu particle.
Annealing twins observed in the annealed powder [130]. Reproduced with permission of Elsevier

that vacuum annealing at 500 °C of copper particles did decrease the critical velocity
and increased deposition efficiency by reducing the microhardness [131].

In addition to solutionizing, other powder heat treatment preprocessing can lead
to improved deposition. Rokni et al. have applied a degassing process at 400 °C
in nitrogen for 6 h on gas atomized Al5056 feedstock powder. The preprocessing
was followed by cooling to room temperature under continuous nitrogen flow, which
transported away gases andmoisture. Their study revealed that powder preprocessing
led to the homogeneous distribution of Mg solute, softer powders, increased particle
deformation upon impact, improved cohesion, and enhanced tensile strength and
ductility of the deposit [120].

Powder heat treatment prior to deposition eliminates microstructural and elemen-
tal inconsistencies that reduce the coating reproducibility and homogeneity.Although
the mechanical properties differ in deposits with and without heat treating of the
feedstock powder, various post-heat treatment can be applied to the CS material, i.e.
low-temperature ageing for the development of excellent dispersion strengthening
precipitates to adjust the final general mechanical properties [61]. Additionally, it is
important to note that post-deposition annealing typically results in lower strength but
higher ductility due to the decrease and annihilation of dislocation density generated
by the cold work effect of the CS process [132, 133].

6 Effect of Oxygen

6.1 Oxygen Content

Themechanical properties ofmaterials strongly depend on the presence of interstitial
elements such as oxygen, nitrogen or carbon. A loss in ductility is caused by oxide
dispersion and interstitial hardening, which reduce the extent of deformation during
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the impact of the particle inCSdeposition. The oxygen content of powder ismeasured
using the inert gas fusion method, which provides the total content of contamination,
i.e. surface and solid solution content. From the measurements, the surface oxide
can be deduced once the oxide thickness is measured using high-resolution imaging
techniques.

Powder with large interstitial residual oxygen content will deposit with a reduced
deposition efficiency froma lack of particle ductility. Subsequently, the particles upon
impact are prone to cracking and failure due to the combined effect of residual stress,
thermal shock, thermal expansion and oxygen embrittlement. In addition, increased
oxygen content will result in lower deposit ductility even after heat treatment and
decreased ability of coatings to be explosively clad [134]. In addition, Conrad et al.
have shown that high oxygen and nitrogen content in solution leads to a higher rate
of strain hardening in titanium [135]. Oxygen is the most common contaminant in Ti
and Ti alloy powders due to its high solubility, up to 34 at.% in alpha titanium, and
affinity for titanium material. In titanium, oxygen occupies octahedral sites, which
increases lattice parameters and induces lattice strain. The solid solution oxygen
interacts with both hydrostatic and shear stress fields of dislocation, which hinders
plastic deformation motion, increases powder hardness and decreases its ductility,
which as a result influences the material deposition process [136, 137].

Similarly, Barnett et al. noted that reduced interstitial oxygen content in tantalum,
tungsten and their alloys enables to increase powder ductility, which promotes plastic
flow during impact and larger material consolidation [134]. In addition tomechanical
properties, the solid solution oxygen content can substantially affect the electrical
conductivity of copper by scattering sites for electrons on atomic scales [120].

The oxygen content in particles is commonly known to be detrimental in many
ways; however, the presence of second-phase metal-oxide inclusion can also have a
profound effect on the particle microstructural evolution under high strain and high
strain rate deformation processes. In dynamic recrystallization, the size of the hard
second-phase particles directly affects the grain refinement rate by inhibiting recov-
ery, grain boundary migration and development of HAGBs [138, 139]. As shown
in Fig. 27, the presence of second-phase oxygen inclusions initiates the particle-
simulated nucleation of recrystallization (PSN), and as a result, local lattice rotation
is created. This is demonstrated by a larger refined zone in the two-phase splat in
comparison to the single-phase splat. Whether the second phase particles can gener-
ate sites of recrystallization nucleation depends on the dislocation structure around
them. Brown et al. have proposed a dislocation plasticity model, which states that
the transition from laminar to rotational motion surrounding a particle of diameter,
d, occurs if the following dislocation density is reached [140];

ρ = b2

d4

(√
2αμ

σ f

)2

(12)

where b is the Burgers vector, α is a constant of ~0.5,μ is the shear modulus, σ f is the
friction stress in the matrix. Zhang et al. have used this correlation in their study and
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Fig. 27 BSE images after CS impact process deformation of a pure Cu and b Cu-0.21wt.%O on
Ti substrate. EBSD mapping of c single phase particle and d two-phase particle, where high angle
boundaries are represented by black lines (>15°) [141]. Reproduced with permission of Springer

for the case shown in Fig. 27, this dislocation density has been calculated to be 5.4×
1013 m−2, which is easily reached at high strain rate deformation processes resulting
from CS particle impact [120]. Hence, submicron second-phase oxygen-containing
particles can be used to increase the recrystallization process and creation of ultrafine
grains in CS deposition processes.

In addition to the influence that oxygen has onmicrostructural evolution during the
high strain rate deformation occurring at the impact of particles in CS, it also has an
effect on crystallization kinetics of MG particles. Oxygen is known to destabilize the
amorphous structure ofMGparticles and affect theGFAby promoting crystallization
[96]. Due to the high oxygen affiliation energy of common alloying elements in MG
materials, such as Ti and Zr, based on the Ellingham diagram, sublayer crystallization
occurs due to inward diffusion of oxygen and elemental component oxidation [110].
Oxygen content dramatically increases the necessary cooling rate for glass formation,
i.e. contamination of 0.5% increase the cooling rate by twoorders ofmagnitude [142],
which consequently renders the production ofMG particles difficult and eventual use
in CS challenging.

6.2 Oxide Shells

Oxide layer adhesion to the metallic particle is associated with multiple interfacial
features such as electrostatic interactions from space charge development, chem-
ical bonding, van der Waals forces and mechanical interactions from non-planar
boundaries [143]. The adhesion relates to the interfacial energy, γi , through;

Wad = γi − γm − γox (13)
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where Wad is the adhesion work, γm and γox are the surface energies of the metal
and oxide phases separated, respectively [143]. The oxide/metal interface can be
robust on an atomic scale based on the ionization transfer process allowing chemical
bond and electron orbital linking of the two phases across the interface. Growth
mechanisms, evolving metal/oxide interface, stress development and phase changes
affect the adhesion state and complicate the resulting interfacial relations and oxide
growth processes [143].

Provided a source of oxygen, the total amount of oxide film formed on the surface
of a metallic particle is proportional to its surface area, and its thickness is generally
irregular around the particle periphery and reaching a few nm [144]. In CS, the most
prevailing bondingmechanism is assumed to be related to the breakage of the particle
and substrate surface natural oxide films to allow intimate conformal contact between
clean metal surfaces under high local pressure [8, 145–147]. Hassani-Gangaraj et al.
have studied the effect of oxide film layer on critical velocity by conducting particle
impact experiments with three types of powder differing in their affinity to oxygen;
gold on gold, silver on silver and aluminum on aluminum [148]. Their results, shown
in Fig. 28a, demonstrate that the critical velocity decreases with thematerial decrease
to oxygen affinity. In addition to demonstrating the effect of oxide film on bonding,
their study validates that besides the breakage and ejection of the native oxide film,
particles also require material jetting to induce close contact, i.e. the deposition of
gold noble metal particles requires a critical velocity of 253 ± 7 m/s.

Li et al. have shown that the increase of oxygen content in Cu, 316L steel and
Monel alloy powders increased their critical velocity to almost the same value, i.e.
near 600 m/s, despite having significantly different critical velocities at low oxygen
content. The authors state that these results suggest that the critical velocity will be
dominated by oxide scale thickness once reaching a certain degree of oxidation rather
than the simple oxygen or oxide content of the materials [15]. Additional studies

Fig. 28 a Coefficient of restitution and critical velocity for gold, silver and aluminum particles
sprayed on Au, Ag and Al substrates respectively [148] and b HRTEM with SAED insert of the
interface between aluminum particle with the oxygen content of 0.045% [150]. Reproduced with
permission of Elsevier
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have shown the importance to evaluate the oxygen content as it alludes directly
to the relative oxide scale thickness. As an example, Hassani-Gangaraj et al. have
summarized the work of many on the effect of oxygen on the Cu deposition process
and resulting critical velocity. In their report, they use the measured oxygen wt% of
Cu feedstock powder and calculate an equivalent oxide thickness layer by assuming
that the entire oxygen content is occupied by the film layer. At a measured oxygen
content of 0.336 and 0.02% and corresponding calculated oxide layer thickness of
16.7 and 2.8 nm, the obtainedCu critical velocity is 640m/s and 310m/s, respectively.
This significant decrease in critical velocity by up to 50% cannot be justified using
size or temperature effects under their experimental conditions [148].

In addition to affecting the bonding process and critical velocity, improper removal
of the oxide film upon impact can leave significant residual oxide fragments in the
consolidated part, as depicted in Fig. 28b. Such oxide debris entrained as interparti-
cle boundaries in the deposited material can impede the ability of the consolidated
structure to adopt equiaxed grain after annealing. Mccune et al. have found that the
residual oxides after CS deposition of direct-reduction copper powder show coales-
cence of Cu2O phases into 1μm particulate, which effectively pin the grain structure
during high-temperature annealing [149].

6.3 Powder Storage and Handling

The oxidation behaviour of powders during storage is of great concern due to the
evident effect of oxygen on the deposition process in CS applications. A general
oxidation reaction that occurs at the surface of a metal (M) can be written as [151];

M(s) + O2(g) = MO2(s). (14)

Thermodynamically, the formation of the oxide film, MO2(s), is controlled by
the standard free energy of formation 	G◦, which can be expressed as;

	G◦ = RT ln pO2(g) (15)

Here pO2(g) is the partial pressure of oxygen at a given temperature T and R is
the gas constant.

Ellingham/Richardson diagrams provide the information about the required par-
tial pressure of oxygen needed to form an oxide at any temperature [151]. However,
these diagramsdonot include the oxidation kinetics,which provides the time required
for a possible reaction to occur.Moreover, if there are possibilities that more than one
type of oxide forms at the surface, the reaction kinetics of the formation of different
oxides need to be considered and analysed. The oxidation of metal particles depends
on numerous factors such as temperature, surface preparation, oxygen pressure, and
metal pre-treatment [151].
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Aluminum, a thermodynamically unstable metal with respect to its oxide and
hydroxide in air, rapidly oxidizes to form a 2–10 nm stable natural self-healing amor-
phous layer. Hence, after a few minutes or hours, the oxidation kinetics decreases
drastically to very low or negligible values unless cracking of the protective film
occurs. This oxidation growth process occurs at room temperature for aluminum
while for metals such as copper, iron and barium, the oxide layer, reaching 4–5 nm,
forms similarly at temperatures as low as−195 °C [144]. Cabrera andMott suggested
that this oxidation process is possible due to an electric field (contact potential dif-
ference) set up through the oxide film between the metal and absorbed oxygen,
which enables the metal ions to move through the oxide layer without much help of
temperature, i.e. kinetic energy [144]. The oxidation process follows a logarithmic
law:

1/X = A − B ln t (16)

where X is the thickness, t is the time, A is an integration constant, and B is the rate
constant. In addition to the induced field mechanism proposed by Cabrera and Mott,
which is valid under uniform passivation film growth, Yang et al. have shown that
the passivation of Cu is rather dominated by surface and interface diffusion [152].

At intermediate temperatures, the oxide film will continue to grow only if the film
is thin enough to induce a strong electric field and lead tometal ionmovement or if the
temperature is high enough to induce crystallization, which enables grain boundary
diffusion [144, 153]. At sufficiently high temperatures, the oxidation behaviour is
different, the rate is comparatively faster, and thicker films are formed. The oxidation
at high temperatures conforms to the parabolic law [144];

xn = Kt (17)

where x is the oxide thickness, K and n are constant, and t is the time. In this regime,
the oxidation mechanism involves the migration of electrons and cations into the
reacting zone. For copper, it has been shown using radioactive tracers, that it is the
metal that diffuses and not the oxide [152]. The metal ion migration occurs by the
formation of vacant cationic sites at the oxide-oxygen interface after their diffusion
to the metal-oxide interface. Hence, the reacting element is soluble in the oxide in
the form of interstitial metal, vacancies or other point defects, which makes the oxide
thickness proportional to the concentration gradient and follows the given parabolic
growth law.

Needless to say that the oxidation process involves complex interface phenomena,
which renders the actual oxide film growth mechanism hard to precisely identify.
Fujita et al. have summarized this complexity by plotting the relationship between
temperature, oxide thickness and oxide rate law of copper in the low-temperature
regime, as shown in Fig. 29.

The oxidation of copper is very complex as it includes many processes such as
electron migration across the metal/oxide interface, external/internal diffusion of
O2, chemical reactions and recrystallization of the pseudomorphic oxide layer [154,
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Fig. 29 Copper oxidation process reported by various studies conducted at low temperature. The
relationship between, oxide thickness, oxidation temperature and growth rate law are shown. “lin”,
“para”, “cub”, “log” and “in-log” indicate linear law, parabolic law, cubic law, logarithmic law and
inverse-logarithmic law, respectively [154]. Collected data have been taken from various sources
shown in brackets; please refer to the original paper for provided references [154]. Reproduced with
permission of Elsevier

155]. Feng et al. have studied the oxidation of copper powder in oxygen and in dry
and humid air. Their results agree with observations previously reported in multiple
studies conductedwith copperwafers andfilms [156].As shown inFig. 30, increasing

Fig. 30 Oxidation of 1 μm diameter copper particle in the air at 30 °C as a function of relative
humidity [156]. Reproduced with permission of Springer Nature
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the air relative humidity (RH) from 0 to 60% causes an increase of about 50% in
the extent of oxidation over the same exposure period. Using XRD analysis, the
only reaction product detected up to 90 °C was Cu2O, which was used to convert the
weight gain results to equivalent film thickness.Hence, fromFig. 30 andXRD results,
linear growth is initially observed up to an oxide thickness of 0.13 nm followed by
a subsequent logarithmic rate law to reach 0.74 nm within 20 h of exposure in dry
air [156]. These results clearly indicate the importance of proper powder storage and
handling and partially explain the large scatter of critical velocity obtained for the
deposition of Cu in CS [148].

For aluminum powders, due to their negative standard reduction potential, the
formation of aluminum oxide proceeds spontaneously in an oxygen-containing envi-
ronment. The formed amorphous Al2O3 passive layer can be covered by a porous
water-containing Al(OH)3 and ALOOH overlay of a few nanometers in thickness
[157]. The growth of the amorphous oxide is limited by the outward diffusion of
aluminum cations. Once the oxide layer reaches a critical thickness value, with an
increase in temperature, it becomes thermodynamically unstable, and phase transi-
tion occurs to γ-Al2O3 for which the inward oxygen diffusion becomes the limiting
growth factor. In addition to oxide increasewith temperature,Gobard [158] has shown
the increase in oxidation with air humidity. His results show an oxide thickness of
22 nm and 170 nm after exposure to air at 52% and 100% humidity, respectively,
over a period of 5 years.

Bariel et al. have studied the effect of storage on the oxygen pick-up of commer-
cially pure Ti and Ti-6Al-4V powder over a period of 2.5 years in normal conditions,
i.e. placed in an unsealed steel container filled with an air of uncontrolled humidity
varying between 20 and 60% RH [159]. Their results, illustrated in Fig. 31, show
great resistance to further increase in oxide content of the titanium powders. The
passive oxide layer formed on the surface of titanium is very thin, i.e. 5–10 nm,
and is composed of three layers: (1) TiO adjacent to the metallic titanium surface
(2) intermediary layer of Ti2O3 and (3) anatase TiO2 in contact with the environment

Fig. 31 Titanium powders
oxygen content stored in
unsealed steel containers in
the air under uncontrolled
conditions. Reading alloy
(RA) powders have been
manufactured through HDH:
Hydride-Dehydride process
and AP&C and Pyrogenesis
have been generated through
plasma atomization [159].
Reproduced with permission
of Taylor & Francis
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[160]. The TiO2 layer protects the metal from further oxidation in various media and
environments. Even under a saturated water vapour pressure at 120 °C oxidation is
prevented [161].

In addition to the temporal oxygen content, Fig. 31, also demonstrates the initial
oxygen content in Ti powder based on the particle manufacturing process. As shown,
both Ti and Ti-6Al-4V manufactured through HDH show significantly higher oxy-
gen than the plasma atomized powders. Similarly, Wong et al. have detected a higher
oxygen content, both on the surface and in solid solution, in irregular and sponge
Ti powder than in spherical feedstock [19]. Venkata et al. have, however, shown
that although HDH powder exhibited 75% higher oxygen content than plasma atom-
ized powder, their nano hardness was the same and attributed to the difference in
microstructure [58].

Hence, it is of high importance to understand the growth mechanism of the oxide
filmunder various atmospheric conditions in order to comprehend its effect duringCS
deposition. As the CS process relies on particle energy upon local impact, a thicker
stronger and well-adhered oxide layer will significantly affect both the bonding
process and particle resulting plastic flow due to the energy it takes away from the
particle in order to fracture. Yin et al. have simulated the behaviour of Al2O3 oxide
film layer around Al6061-T6 particles and demonstrated the importance of particle
surface cleaning by the ejection of oxide debris for proper creation of metallurgical
bonding [162].

Threematerials have been presented in this section, namely copper, aluminum and
titanium, based on their dissimilar behavior at normal room conditions and popularity
in the AM field. The complexity of the subject due to the numerous variables that
influence oxide growth restricts, however, any generalization of oxidation processes.

7 Powder Recycling

Using recycled powder in additive manufacturing processes can minimize the cost of
production. In powder bed fusion processes such as selective laser melting (SLM),
only a small portion of the feedstock powder is melted and used to build the required
component [163]. The remaining of the powder is partially melted, highly heated
and/or unmelted [163]. Hamed et al. have shown that recycled AlSi10Mg powder in
SLM processes provides similar particle average size, microstructure, morphology,
composition andmechanical properties,which confirms the usage of recycled powder
to minimize cost [163]. On the other hand, Strondl et al. have shown that the ductility
and toughness decrease in recycled Ti-6Al-4V powder due to a possible variation in
oxygen content. Hence, although numerous studies have investigated the effect of
powder recycling, more fundamental research is necessary to understand the effect
of recycling on final part properties better and to validate the method for industrial
applications and industrial relevant environments before extended commercial use
[164].
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Fig. 32 Impact of a single Cu particle a as-received and b reclaimed. Inserts are showing the
powder geometry and size prior to deposition [165]. Reproduced with permission of Springer

In CS applications, the recycled powder properties differ primarily from those
reclaimed in conventional AM processes due to the undeniable differences encoun-
tered during particle consolidation. The un-deposited powder in CS is composed of
several different powder states. One of which is large particles that have not achieved
critical velocity for a proper deposition but did undergo plastic deformation upon
impact. Another being particles that have partially bonded to the substrate and de-
bonded during the elastic rebound process. Lastly, particles that have experienced
multiple particle impacts during flight. Perry et al. have conducted a study on the
deposition efficiency of recycled Cu for pin array heat sinks produced using CS AM
[165]. Figure 32 compares the deformation behaviour of as-received and reclaimed
20 μm powder, which demonstrates successful deposition and similar peripheral
phenomena occurring at the substrate/particle interface and consequently shows the
viability of recycling processes in CS applications.

In addition, their study showed that the deposition of a mixture of recycled and
as-received powder leads to a similar fin component microstructure, a reduction of
DE limited to 4% and low porosity levels, which provides a production cost reduction
of 30%. Unlike other powder AM processes, the reclaimed powder did show lower
flowability and average particle velocity, which has been associated to the selective
content nature and deformed geometry of the reclaimed powder in the CS process
[166, 167]. Due to the very limited studies of powder recycling in the CS field,
powder reclamation is not currently used industrially.

8 Conclusion

The CS process benefits immensely from its solid-state deposition principle, low
thermal stress, compressive residual stress, low oxidation, and high work hardening
of the material. However, it is crucial to understand the influence of feedstock pow-
der characteristics on the deposition process in order to appropriately tailor process
parameters to each AM component. Emphasis has been put in this chapter on various
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facets of feedstock powder features. This chapter is a tool to help understand and rec-
ognize the importance of the particle’s effect on the deposition, to offer a throughout
summary of important controllable particle features prior to part fabrication, and to
illustrate and explain the options available to the user of the CS process in the AM
framework.
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Abstract The aim of this chapter is to bring together, summarize and explain the lat-
est development in the field of the cold spray deposition on polymeric and composite
substrates. Although the deposition on metallic substrates has been widely studied
and there are interesting books reporting the phenomena occurring and describing the
process in detail, the deposition on polymeric substrates is a relatively new branch
of cold spraying and to date there are no review papers or books focused on this
topic. Several original research papers dealing with this topic have been published
in the last years so it can be assumed that the available material is enough to allow
the writing of a book chapter that summarizes what was done and highlights what
more needs to be done. First it is worth to notice why this topic is of interest. Poly-
mer matrix composites (PMCs) are widely used in the aerospace industry and in the
military because of their low density, high specific strength and stiffness, and other
unique properties such as ease formation and machining, well size stability. At the
same time the use of polymeric components in aircraft, automobile, and power sec-
tor has gradually increased due to the development of new polymers with enhanced
mechanical and physical properties. Some special characteristics such as electrical
conductivity, thermal conductivity, electromagnetic shielding, erosion and radiation
protection have to be improved to further widen the fields of application of these
materials. Therefore, the surface metallization of a PMC or polymeric substrate is
considered to be an effective technique to enhance the above-mentioned surface
properties. To date there are several conventional techniques for the polymer metal-
lization. Themost commonmetallization techniques include vapor phase deposition,
thermal spray deposition, electro deposition, electroforming and electroless deposi-
tion. However, these techniques have disadvantages. High equipment and processing
costs, size limitations of workpiece produced by vapor phase deposition-based tech-
niques (deposition in atomic dimension and workpiece should be placed in a limited
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cavity). Low adhesive force, poor stability in the electroplating case and the con-
sequent pollution it generates, long production cycle and high cost of the mold for
electroforming, distortion of the substrate surface resulting from the molten parti-
cles, and high-temperature flames in thermal spraying (TS). Recently, the cold spray
technique, with suitable modification, has been increasingly used for the metalliza-
tion of polymers and PMCs, especially for the advance polymer composite such as
carbon fiber-reinforced polymer (CFRP). Compared to the techniques mentioned in
the previous indent the cold spray offers some intriguing advantages when spraying
metallic particles on polymeric substrates: (i) the deposition is made possible by the
significant plastic deformation of the particles and of the substrate, some polymers
(the thermoplastic ones) can experience an huge amount of plastic deformation so
this type of interaction easily occurs; (ii) no chemical reaction are required to take
place between the particles and the substrate, so it is not a problem the fact that due to
their different chemical nature it would be almost impossible to observe a chemical
bonding between a metal and a polymer; (iii) compared with thermal spray processes
a less heat input is required in cold spray, therefore, heat effects such as surface dis-
tortion, oxides, void, phase transformation, and residual stresses are considerably
reduced in the coatings; on this premise cold spray appears to be a suitable technique
to process temperature-sensitive materials, such as polymers; (iv) in addition, CS has
a technical advantage (similar to the TS)—the spraying gun can be held by a robot
arm or the workpiece can be installed onto a numerical control working platform to
prepare large-sized or complex surface parts with flexibility and compatibility, and
this can be a big competitive advantage in the realm of additive manufacturing. In
this chapter it will be provided a comprehensive overview of the deposition of metal-
lic coatings on polymeric substrates through cold spray. The deposition behavior of
the coatings and the adhesion mechanisms between the substrate and the particles
will have discussed to set a foundation for the practical application of cold spray
on polymers. The microstructure and the properties of the coatings will be as well
reported to provide a useful guideline for practical applications. Moreover, a section
will be devoted to the study of the tailored design of the PMCs substrates and to the
study of proper chemical formulations of the polymers to facilitate the cold spray
deposition. The main topics that are covered in this chapter are below reported:

• Different experimental set up adopted;
• Various substrate/coating configurations that can be produced;
• Mechanisms that rule the adhesion between the particles and the substrate;
• Deposition behavior and influence of the primary process parameters;
• Mechanical, tribological, and physical properties of the coatings, including

microstructure;
• Modeling of the process;
• Tailored design and production of the PMCs to facilitate the deposition;
• Tailored chemical composition of the polymers to facilitate the deposition; and
• Direction of further investigation.
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1 Introduction

This chapter aims to bring together, summarize, and explain the latest development
in the field of the Cold Gas-Dynamic Spray (CGDS) deposition on both polymeric
and fibres reinforced plastics (FRPs) substrates. Although the deposition on metallic
substrates has been widely studied, the deposition on polymeric, with or without
reinforcement, substrates is a relatively new branch of cold spraying; however, it
is important to highlight that the bonding mechanism is different from the one that
occurs when ametallic substrate is considered. Indeed, in recent years thesematerials
are increasingly using in several sectors of engineering such as automotive, aerospace
and construction replacing metals for different applications. However, if on one hand
these materials offer advantages such as lightness, high strength to weight ratio and
flexibility in designing shapes and forms, on the other hand it could be useful to
improve some of their properties such as the electrical ones, electromagnetic shield-
ing capabilities, thermal conductivity, flame resistance, and erosion and radiation
protection, in order to further widen the fields of application of these materials. In
this regard, the surface metallization is considered to be an effective technique to
enhance the above-mentioned surface properties and then expand their engineering
application fields.

To date, a lot of conventional techniques were developed for the metallization; for
instance, the vapour phase deposition, the thermal spray deposition, the electrodepo-
sition, the electroforming and electro-less deposition are the most used for research
applications. Unfortunately, the abovementioned technologies suffer from a series
of disadvantages that can limit their use in some exceptional cases. The vapour
phase deposition based techniques are characterized by relatively high equipment
and processing costs and limitations on the maximum dimensions of the process-
able work-pieces. At the same, the electroforming deposition processes are char-
acterized by low bonding force, time-consuming production cycle, and expensive
moulds; finally, the thermal spraying techniques (TS) can lead to degradation of the
substrates, especially for the thermal-sensitive ones, due to the molten state of the
impacting particles. Several studies were carried out with the scope to investigate
the possibility to lay down metallic particles on a target surface at temperatures well
below the melting point of the material, overcoming the abovementioned issues [1].
On these premises, CGDS technology appears to be a suitable technique to process
temperature-sensitive materials [2].

Compared to other techniques, the cold spray offers some intriguing advantages
when spraying metallic particles on polymeric or FRPs substrates: (i) the deposition
is made possible by only mechanical interlocking mechanism, and no chemical reac-
tions are required to take place between the particles and the substrate that would
be almost impossible between a metal and a polymer; (ii) suitability of powder
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granulometry’s is less restrictive than for conventional thermal spraying. Then, cold
spraying covers a broader range of powder size, i.e., frommicron down to submicron;
(iii) compared with thermal spray processes, less heat input is required in cold spray
so that the powders can retain their primary properties during deposition. Therefore,
the typical cold sprayed coatings are characterized by reduced oxide phenomena
and surface distortion, absence of voids and phase transformation, and weak resid-
ual stresses, which are emphasized in TS coatings. On these premises, cold spray
appears to be a suitable technique to process temperature-sensitive materials, such
as polymers and polymeric composite without reaching the melting or degradation
temperature of the substrate material; (iv) furthermore, one of the most essential
advantages of cold spray is that the spray gun can be connected to a robotic arm,
or the sample can be placed on a numerically controlled system, so that complex
or free shape surfaces can be easily prepared. This can be a significant competitive
advantage in the realm of additive manufacturing [3–5].

In this chapter, a comprehensive overview of the metallic coating depositions on
polymeric and FRPs substrates through cold spray will be provided. The deposition
behavior of the coatings and the adhesion mechanisms between the substrate and the
particles will be examined in order to understand the phenomena better so that the
practical applications of cold spray on polymers can be extended. Themicrostructure
and the properties of the coatings will be reported to provide a useful guideline for
practical applications.

2 Bonding Mechanism

Polymers are classified, according to their responsewhen they are subjected to heat, in
thermoplastics and thermosets. Thermoplastics, or simply called as plastics, consist
of linear or branched polymer chains that can become soft when they are heated and
hard if they are cooled; that means the thermoplastic materials are workable almost
indefinitely. Different is the case for thermosets, which are materials containing
polymer chains organized in a network structure formed during the curing process;
this structure is the result of an irreversible chemical reaction meaning that it is no
possible leading the material in its original state because the solid polymer degrades
upon the application of heat.

The bonding mechanisms for polymeric materials are strongly dependent on the
type ofmatrix chosen:while the thermoplastics, beingmore ductile, aremore suitable
for the process, the thermosets are subject to breakages during impact due to their
fragile behavior.

Concerning the fibre-reinforced plastics, different fabrics, such as carbon, glass,
basalt, kevlar, and so on, can be used as reinforcement leading to a considerable
number of different composites. Regarding the cold spray deposition on composite
substrates, the adhesion is mainly ruled by the properties of the polymer used as
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a matrix. On these premises, it was decided to discuss the bonding separately on
thermosets and thermoplastic polymers, while the contribution of the reinforcement
is not taken into account.

2.1 Bonding Mechanism for Thermoplastic Substrates

It is widely accepted that the bonding between the target surface and the impact-
ing metal particles is due to the adiabatic shear instability phenomenon on the local
interface. Due to this phenomenon, the particles impacting the substrate destroy the
surface oxide layer causing a close contact between the surfaces of the powders and
the substrate undergoing robust plastic deformation. It seems clear that this mecha-
nism cannot be effective for the formation of coatings for thermoplastic polymeric
materials whose bonding mechanism is, to date, only partially understood. In fact,
due to the different nature of the materials involved, it could be difficult, if not impos-
sible, that a strong adhesion strength can occur between the metal particles and the
relatively softer polymeric substrate. There are two main theories that attempt to
explain how bonding can take place. The former confirms the presence of the adia-
batic shear instability phenomenon; however, in this case, it leads to the formation
of a metallic-nonmetallic bond, causing the adhesion of particles on the substrate.
This theory has been carried on by Assadi et al. [6] and Grujicic et al. [7] that ana-
lyzed the beneficial effects on the adhesion strength due to adiabatic shear instability
occurring at the particle/substrate or particle/particle interfaces. The second theory,
recently observed by Hussain et al. [8], proposed instead the idea that a superficial
portion of the metal particles could melt and fill the micro-pores on the rough surface
of the substrate forming a mechanical interlock favoured by the high pressures. The
latter theory is also reflected in the beneficial effect on the deposition of the addition
of hard particles, such as Al2O3, as these lead to an increase in the roughness of
the target surface. The authors [9] also found exciting results by spraying TiO2 hard
particles onto a polymeric based substrate; in particular, the relatively hot carrier
gas was proved to lead the softening of the surface that can embed the impacting
particle. Under these conditions, when TiO2 particles penetrate the softer substrate,
a little portion of the materials is squeezed out and extruded from the substrate itself,
which can act as binder among the particles and the surface to make the coating. It
is noticeable that it can be challenging, if not impossible, the coating build-up under
this bonding process and the formation of a thicker coating was proved to be very
hard to achieve. In Fig. 1, it is conceptually shown how the flow of the polymer
around the particle prevents it from falling out from the cavity created by the impact.

Just like it is observed when spraying on a metal substrate, the particles must
exceed the critical velocity threshold, vc, belowwhich particles reboundwhile hitting
the substrate. The critical velocity depends on the type of particle used; however, the
threshold values have been estimated only with regard to the adhesion of metal
powders on substrates composed of the same material. The adhesion of the particles
on a different substrate takes place with different speeds, which can be both higher
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Fig. 1 Example of an
embedded particle in a
thermoplastic substrate. The
flow of the polymer prevents
the particle from falling out

than lower depending on the substrate/particle combination, and this value remains
valid until a sufficient amount of spray material has been deposited to minimize
the substrate effect. When the substrates used are softer and/or less dense than the
particles, the embedment of the sprayed material occurs, as the particles are captured
by the deformation of the softer substrate. In the case of polymers, the flow surrounds
the particles preventing them from falling out.

It is clear that with the increase of the temperature of the carrier gas, it can be
observed not only an increase of the speed of the particles but also an extension of
the localized molten area with a consequent reduction in the stored elastic energy. In
this way, the particles can more easily penetrate into the substrate rather than bounce
above, leading to an increase in deposition efficiency. However, for thermoplastic
polymers, when the substrate is heated to or above its glass transition temperature,
the latter passes to a soft rubbery state and loses its stiffness. In fact, the long poly-
meric chains can slide on one another, and therefore, in this state, the contact of
the impacting particles with the surface is not very strong, the particles are not well
anchored to the substrate and can simply be torn away from the substrate leading to
a decrease in deposition efficiency.

2.1.1 Influence of Glass Transition Temperature

For thermoplastic polymers, it is necessary to consider the effect of the local thermal
softening of the substrate. In fact, when it is exposed to the flow of particles at a
temperature close to its glass transition temperature (Tg), it softens, allowing the
metallic particles to penetrate. During cooling, powders remain mechanically inter-
locked in it. It is for this reason that, unlike the conventional cold spray, the particles
do not undergo significant plastic deformation when they impact. In Fig. 2, it can
be seen as a copper particle that penetrates the PVC substrate, maintaining its round
morphology, showing the typical wave shape phenomenon taking place at the coat-
ing interface. At temperatures much lower than the glass transition temperature, the
polymer is relatively hard and brittle, so that at low impact speed, the particles cannot
deform the substrate by sticking, while at higher speeds, only the substrate erosion is
achieved. On the other hand, at temperatures significantly higher than Tg due to the
drastic lowering of polymer strength, the deposition becomes complicated again as
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Fig. 2 SEM image of a
copper sprayed particle on a
PVC substrate

it is easy to erode the substrate. The possibility of carrying out successfully deposi-
tions is, therefore, strictly dependent on the substrate’s ability to maintain excellent
resistance to high temperatures; in this sense, the high-performing polymers, like
PEEK, are favored.

Experimental tests have proved these phenomena; an example is the cold sprayed
copper particles on ABS (Tg equal to 105 °C) substrate by setting a carrier gas
temperature at 425 °C. Under these conditions, the particles impacting the surface
can reach an impact temperature that exceeds 200 °C, which is far above the glass
transition temperature of the polymer. The result is an extensive deterioration of ABS
strength and erosion of the substrate itself. On the contrary, successfully results can
be obtained with the relatively more performant PEEK and PEI materials if they are
coated with copper particles at 425 °C.

The effectiveness of the cold spray deposition depends on the powder type. On
this subject, Lupoi et al. [10] carried out experimental activities for cold spray (CS)
applied on polymer substrates, and the found results were summarized in the chart
shown in Fig. 3. It was found experimentally that the copper material, when is
sprayed onto the substrate, produces an extensive erosion of the surface; differently, if
aluminum particles are used to coat the polymer substrate, slight erosion of the target
surface was observed without obtaining a good deposition. Better results were found
for tin particles that can be efficiently sprayed onto the substrate without showing
significant erosion of the impacted surface. The reasons are well explained in Fig. 3
reporting the particle impact energy (E= 0.5mv2) against the powdermaterial. Three
different zones were identified on the chart which was defined from experimental
observations. In fact, if the impact energy value is higher than given threshold values,
the severe contact stresses generated can produce erosion of the polymer substrate. By
looking at Fig. 3, the relatively high density and strong copper material needing high
impact energy for the deposition, due to its thermal and mechanical properties, was
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Fig. 3 Cold spray process initial characterization chart for polymer substrates

proved to overcome the erosion limit. On the contrary, the lower strength materials,
such as tin, can stick on the substrate for lower impact velocities resulting in impact
energy values that do not produce a damage of the surface, so that the coating can
be efficiently formed; it can be noticed that a particle of copper can generate about
10.7 times more energy at impact than tin. The slight aluminum particles with the
high deposition velocity are characterized by greater impact energy values than tin,
for which the damage of the substrate is not substantial like copper, as the impact
energy is relatively low. As for stainless steel material (316L), the correspondent
deposition impact energy is relatively high, and the predominant effect is most likely
erosion. Similar considerations can be done for both lead and titanium: in this case,
the former can be easily cold sprayed on polymer substrate due to the low levels of
impact energy; more difficulties can be found for titanium.

2.2 Bonding Mechanism for Thermosetting Substrates

Regarding the deposition on thermosetting polymers, the classic bonding mecha-
nisms are not directly applicable. In fact, it has been experimentally verified that
the particles do not deposit or undergo strong plastic deformations even when they
impact the substrate with higher velocities than the critical one. It is therefore clear
that the adiabatic shear instabilitymechanism cannot be considered validwhen trying
to deposit metal powders on thermosetting substrates. The reason why this happens
is due to the low erosion resistance and fragile behavior of the thermosets. In fact, the
critical velocities of most metals are so high that the particles cause severe erosion
of the substrates without achieving the bonding.
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To achieve an effective adhesion of the coating, the bonding strength of the first
layer must be strong enough to avoid erosion of the substrate caused by the shoot
peening effect. The deposition of the first layer, in fact, can affect the coating grow-up
due to the fact that if the particles impacting on the polymer substrate are not firmly
anchored on the surface, the upcoming particles can destroy the first layer making it
impossible to make a thick coating.

The phenomenon that rules the deposition of the first layer is only the mechanical
interlocking since there is no metallurgical bond. This implies that the particles have
to reach a sufficiently high velocity, defined as vint , without exceeding the substrate
erosion velocity, vero,sub.

However, it is necessary that a partial erosion of the substrate occurs, in order to
form micro-cracks on it. Metallic powders, in fact, settle into those craters, although
the bonding is so weak that the particles merely attach. An example of this phe-
nomenon is shown in Fig. 4. For some metals, there is a considerable erosion of the
substrate before the deposition can take place (vero,sub < vint): for those ones, it is no
possible to carry out the deposition on thermosetting substrates.

After the first layer has been successfully deposited, it is possible to carry out
metal deposition on the first layer referring to the conventional cold spray process.
In fact, from this point on, the phenomenon that regulates the process is adiabatic
shear instability. The velocity to be achieved in this case is the same critical velocity
necessary for metal-on-metal deposition. It is, however, important that the bond of
the first layer with the substrate is strong enough to resist at the shoot peening effect
of the particles having a v > vcrit . If, in fact, this bond is not strong enough, the
incoming particles will cause the removal of the first layer and the erosion of the
substrate, making the build-up of the coating impossible to achieve.

Fig. 4 SEM micrograph of a metallic particle embedded in a thermoplastic substrate
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Fig. 5 A schematic crack filling process on an epoxy substrate

A new erosion velocity, vero, was then defined, which depends on the intensity of
the bond between the first layer and the substrate and is ideally equal to that of metal-
on-metal deposition if the bond with the first layer is sufficiently strong. It seems
clear that the deposition window on thermosets is narrow, making it impossible to
create a coating with most of the commonly used metals. A schematic representation
of this process is shown in Fig. 5.

Some metals such as copper cannot be deposited on a thermosetting substrate
[6] as they cause erosion without gaining mechanical interlocking. On the contrary,
tin particles manage to obtain the mechanical anchorage by deforming during the
impact with the substrate because of their softness. In this case, the partial fusion of
powders plays a predominant role. In fact, deposition can take place only at relatively
high temperatures (greater than 300 °C [7]). This temperature is higher than the tin
melting point, but the particles stay in the hot carrier gas only for a short time, making
it impossible to obtain the melting. When those powders impact the substrate, the
molten part of the particles penetrates the micro-cracks achieving the interlocking
and protecting the surface from further erosion.

Furthermore, tin is the only metal which makes the coating growth possible,
because of the sufficiently low critical velocity. In fact, despite vero is quite low due to
theweak bond strength reachedwith themechanical interlocking, the critical velocity
is usually still so low to make the deposition of the subsequent layers possible.
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3 Improvements in Deposition Efficiency: The Interlayer
Concept

From the literature review, the concept of the interlayer is often present. It is useful to
deposit a ductile layer on a polymeric substrate to protect it and favour the adhesion
of the successive layers [11]. Tin is usually used as a coupling metal, thanks to its
great ability to adhere to surfaces without eroding it, due to its low critical speed.
In fact, the impact energy of metal powders is usually so high (in the order of E
= 0.02 mJ for copper), to cause severe damages to the polymer, contrary to what
happens with tin, where all the impact energy, lower than an order of magnitude,
is exploited to deform the powders and adhere to the substrate, as shown in Fig. 6.
The high deposition efficiency of tin is also favoured by its ability to spread on the
substrate, forming a dense and homogeneous coating. In fact, the degree of spreading
(D/d) results to be directly proportional to the velocity and inversely proportional to
the yield stress (σ y) of the considered powders. The relation is shown in the modified
Madejski’s equation (Eq. 1):

(D/d) ∝ (ρ, Vd , d) ∝−1 (σy) (1)

where D, d, ρ, σ y, and Vd are the diameter of the particle after impact, the diameter
of the particle before impact, the density, the yield stress, and the particle impact
velocity, respectively. From the previous equation, it is clear that the yielding tension
strongly influences the deformation, which is why the tin particles become more
deformed and have a higher deposition efficiency.

The aid in achieving a thick coating thanks to a softer interlayer is confirmed by
several studies. Ganesan et al. [12] stated that coating a PVC substrate with a first
layer of tin increases its hardness especially if dendritic copper particles are then
sprayed on the top surface; in fact, those powders are able to deform themselves and
develop a thick coating (800–1000 µm).

Fig. 6 Tin deformation on
the substrate
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4 Influence of Process Parameter on Thermoplastics
and Thermosetting Substrates

Ganesan et al. [12] carried out experimental activities by spraying a variety of selected
metal powders on both thermoplastic (PVC) and thermosetting (epoxy) polymer
substrates, in order to analyze the influence of the gas pressure and temperature
on the CS deposition efficiency (DE). They used a standoff distance of 30 mm, a
traverse speed of 50 mm/min, and a powder feed rate of 5 rpm. The powder chosen
were spherical and irregular copper to further analyze the effect of the shape of the
powders in the deposition. The trend of DE respect to carrier gas temperature is
shown in Fig. 7 for three different gas pressure values and sprayed powders. The
pictures prove that the variation of DE with the gas temperature is more appreciable
than that obtained by varying the gas pressure, which leads to similar conditions (see
Fig. 7a–c).

As concerning the PVC substrate, the maximum values of DE were observed for
spherical copper particles, in all the tested conditions; moreover, it can be seen that

Fig. 7 Deposition efficiency versus carrier gas temperature for three different gas pressure values
and sprayed powders: 1 MPa (a), 2 MPa (b), 3 MPa (c)
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DE tends slightly to increase with the increase of gas temperature, up to 473 K, above
which DE shows a sudden drop because of the glass transition temperature of the
polymeric substrate (Tg = 353 K for PVC). The deposition efficiency of dendritic
particles is the second highest. In both cases, the plastic nature of the substrate leads
to the particles to attach and deeply penetrate the impacted surface without showing
any significant rebounding phenomena (Fig. 8). Under these conditions, the polymer
erosion is minimized, and DE can reach then the highest values. It can be seen in
Fig. 8a that for gas temperature and pressure of 373 K and 20 bar, respectively, the
particles do not have the right adhesion energy for bonding, explaining the reasons
for which they do not attach on the substrate.When the gas temperature increases and
reaches the value of 473 K, the temperature of the impacted surface also increases
approaching Tg of the plastic substrate. In this case, the particles can adhere to the
substrate leading to higher DE values (Fig. 8b). However, with the increase of the
gas temperature to 673 K, namely above the substrate glass transition temperature,
the polymer substrate begins slightly to lose its mechanical rigidity and its state
changes to a soft rubbery state. Under these conditions, the bonding contact between
the impacting particles and the substrate is not strong enough to ensure a dense and
compact coating; the result is that the upcoming particles can easily destroy the layer
leading to poor DE values (Fig. 8c).

Regarding the impacts on the epoxy surface, for both spherical and dendritic
copper particles, DE slightly increases up to 673 K (Fig. 9). The reason is that the

Fig. 8 Micrograph images of spherical copper particles sprayed on PVC substrate at three different
temperature conditions: 373 K (a), 473 K (b), 673 K (c)
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Fig. 9 Micrograph images of spherical copper particles sprayed on the epoxy substrate at three
different temperature conditions: 373 K (a), 473 K (b), 673 K (c)

brittle behavior of epoxy is responsible for the formation of voids and damages
experiencing on the target surface upon the particle’s impact at high velocity. It is
likely that during the impact process, the particles can merely fasten inside the voids
and then firmly attach to the substrate, increasing DE. When the temperature of the
gas, namely of the substrate, increases, also the velocity of the particles increases
being a function of temperature. That means that the higher the temperature, the
higher the particle velocity, the greater the substrate destruction (Fig. 9). Under this
working condition, the particles have a more chance to fill the craters and the voids
created by the particle bombardment, resulting in higher values of DE.

As a validation of the previously mentioned bonding mechanisms, the cold spray
deposition efficiencywas proved to be higher for the PVC substrate than for the epoxy
cause of the ability of the PVC to embed the particle. The lower value of DE of the
epoxy is due to the brittle behavior of this polymer that, under the bombardment of
high-velocity particles, can be damaged and destroyed, leading to the formation of
voids and craters on the surface. The result is poor DE.
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Fig. 10 SEM image of an Al coating on a thermoplastic substrate

5 Microstructure Analysis

Cold sprayed coatings on polymer substrates show a multi-layered microstructure,
different than the one found on metallic materials. In fact, in the latter, the structure
presents a gradual increase in porosity from the substrate/coating interface to the
surface. This is due to the peening effect of the subsequently sprayed particles,
which favours the densification of the coating.

When deposition occurs on a polymer, it can be instead observed a porous area
at the substrate/coating interface. This peculiar structure is formed because the ther-
moplastic polymer acts as a shock absorber, causing the impacting particles to lose
part of their kinetic energy. Due to the lower energy, the particles do not deform suf-
ficiently to create a dense and cohesive structure. However, when the coating grows
to reach a critical thickness, the shock-absorbing effect of the substrate no longer
affects the adhesion. From this point on, the coating begins to thicken.

Finally, the last layer presents a porous structure again, due to the absence of the
peening effect of the impinging particles. It is, therefore, clear that the polymeric
substrate influences the microstructure for a discrete portion of the coating thickness.
The whole structure formed is shown in Fig. 10.

6 Experimental Achievements and Case Studies

In this section, some main achievements regarding the deposition on both polymers
and fibre reinforced polymers will be briefly discussed and summarized.
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6.1 Spray Tests on Polymeric Substrates

In the literature, some of the metals most used for cold spray deposition have been
deposited on polymeric substrates. These include copper, aluminum, iron, and tin,
which were sprayed onto different polymeric substrates.

Among the various metals, however, only tin has been successfully deposited on
a greater number of substrates, once the right nozzle geometry has been chosen. The
thicknesses deposited with this metal vary from 45 µm up to nearly 100 µm.

The results of various studies show that copper produces a massive amount of
impact energywhen it reaches the critical velocity necessary to ensure the deposition.
This energymay cause the erosion of the substrate rather than the effective deposition
and limits the growth of the coating.

Aluminum, on the other hand, possessing a low specific weight requires to reach
higher temperatures and pressures to achieve the critical velocity.

From literature review, it was found that the cold spray technology was used
to process different materials, such as aluminum (Al), copper (Cu) and tin (Sn);
in particular, micron-sized particles of these materials were sprayed on ABS
blend (PC/ABS), polystyrene, polyamide-6, polypropylene, carbon PEEK450CA30,
polyvinyl chloride (PVC) and resin epoxy substrates to prove the feasibility of the
process.

6.1.1 Properties of the Substrates

• Polycarbonate–ABS blend (PC/ABS)

This blend of PC and ABS exhibits an excellent balance of properties, most notably
high-impact resistance (even at cold temperatures), rigidity, dimensional stability,
excellent creep resistance, low moisture absorption, and good heat resistance.

• Polystyrene

Polystyrene is a rigid and transparent thermoplastic,which is present in solid or glassy
state at normal temperature. But, when heated above its glass transition temperature,
it turns into liquid form that flows and can be easily used for extrusion. It becomes
solid again when it cools off. It is resistant to many aqueous chemicals, and it is also
an excellent electrical insulator. Crystal forms of the polymer polystyrene have low
impact strength and get degraded on exposure to sunlight, due to photo-oxidation,
which affects its mechanical properties.

• Polyamide-6

Better-known, like nylon, is a semi-crystalline polymer belonging to the polyamide
family. Like all semi-crystalline polymers, it belongs to high chemical resistance.
The acronym PA is almost always followed by a number that identifies the number of
carbon atoms that make up the main polymeric chain and which can give polyamide



Cold Spray Deposition on Polymeric and Composite Substrates 103

different characteristics. PA6 achieve very high performance and, in exceptional
cases, are metal substitutes.

• Polypropylene

Some of the most significant properties of polypropylene are low density, good
thermal and abrasion resistance, chemical resistance, elasticity and toughness, fatigue
resistance and insulation.

• PEEK450CA30

Polyether ether ketone (PEEK) is an organic thermoplastic polymer having a semi-
crystalline structure able to retain excellentmechanical and chemical resistance prop-
erties under high-temperature conditions, i.e. close to themelting point of thematerial
(343 °C).

• Polyvinyl chloride (PVC)

PVC has good mechanical properties and resistance to abrasion, wear and ageing,
to chemical agents and to the attack of fungi and bacteria, it is a source of light, it is
water-repellent, it is hardly inflammable and self-extinguishing.

• Epoxy

Epoxy resins are easily and quickly cured at any temperature from 5 to 150 °C,
depending on the choice of curing agent. High adhesive strength and high mechan-
ical properties are also enhanced by high electrical insulation and good chemical
resistance. The epoxy resin has very good stiffness, toughness and heat resistant
properties.

PC/ABS
Lupoi and O’Neill [10] reported the results obtained by spraying spherical copper,
prismatic aluminum, and spherical tin particles on PC/ABS substrates.

Copper
Themacrographs top view of the cold sprayed spherical copper particles are reported
in Fig. 11. The coatings were obtained onto PC/ABS substrates by setting only two
values for the pressure of the carrier gas, namely, 5 and 30 bar.

The process parameters set to spray the copper particles under the two abovemen-
tioned conditions are reported in Table 1.

Fig. 11 Macrograph top view of the cold sprayed spherical copper particles onto PC/ABS
substrates; the gas pressure was set to 5 bar (a) and 30 bar (b)
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Table 1 Process parameters
set to spray the copper
particles

(a) (b)

Standoff distance SoD:
40 mm
Substrate transverse speed:
8.3 mm/s
Rotational speed: 15 rpm
Spraying pressure: 5 bar
Spraying temperature: room
temperature

Standoff distance SoD:
40 mm
Substrate transverse speed:
16.6 mm/s
Rotational speed: 18 rpm
Spraying pressure: 30 bar
Spraying temperature: room
temperature

This study has proved that the best deposition conditions were those obtained by
imposing the lower inlet pressure. In fact, from Fig. 12, it can be seen that moremate-
rial can be deposited on the polymer surface for a gas pressure of 5 bar. The reason for
such behaviour is that for lower gas pressures, meaning that for lower impact ener-
gies, the ductile thermoplastic material embeds the particles without showing any
significant damage. Therefore, the first layer was proved easily to form by mechan-
ical interlocking mechanism (Fig. 12a). Unfortunately, the upcoming particles do
not have the impact energy required to adhere to the first-metallic layer duo to the
insufficient speed. The deposition mechanism, in fact, is a metal-to-metal interaction
between the particles and surface, and the coating build-up could be difficult, if not
impossible, under this condition. When the gas pressure increases to 30 bar, which
means an increase in particle speed, the substrate can fail and show voids and craters
leading a substantial erosion of the PC/ABS surface, as shown in Fig. 12b. Despite
the particle speed being that required to create a copper coating, the relative impact
energy released to the polymer substrate is so significant to create voids and cavities
on the surface, leading to substrate erosion and degradation. The result is that the
higher the gas pressure, the higher the erosion, resulting in poor cold spray deposition
efficiency.

Fig. 12 Section images of the cold sprayed spherical copper particles onto PC/ABS substrates; the
gas pressure was set to 5 bar (a) and 30 bar (b)
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Fig. 13 Tin tracks on PC/ABS

Aluminum
The authors [10] also studied the possibility of using prismatic aluminum particles
to coat pure polycarbonate by CS. This attempt proved that aluminum could not
be efficiently sprayed on polymer substrate because no deposition was achieved,
also by setting high values of gas pressure (30 bar in this activity). The possible
explanation is that aluminum is a lightweight material characterized by a relatively
low-density value and it is not capable of generating the required impact energy for
bonding; aluminum coatings could be formed only if the carrier gas is heated and
higher particle velocities can be reached (about 600 m/s).

Tin
Experimental trials are shown in the close-up picture in Fig. 13. Experiments were
carried out by injecting the tin particles axially in the divergent part of the nozzle,
after the throat section, through a low-pressure powder feeder. The reason for such
choice is due to the fact that this kind of material, which is a soft thermal-sensitive
material, could clog the nozzle as the particles can adhere on the internal surface
of the nozzle itself, compromising the effectiveness of the CS process. Spherical Sn
particles were cold sprayed following the process below:
Standoff distance SoD: 103 mm
Substrate transverse speed: 14 mm/s
Rotational speed: 200 rpm
Spraying pressure: 30 bar
Spraying temperature: room temperature.

The outcomes are shown in Fig. 14, where the tin particles can be easily iden-
tified after the chemical etching. Typical tin coatings on PC/ABS substrates have a
thickness in the range 45–100 µm. It can be seen from the figure that the particles
deformed significantly and changed their geometry if compared to their initial shape.
The deformation mechanism allowed the particles to deposit one on top of the other,
making it possible to create a dense and thicker coating. Again, a second deposition
pass caused the erosion of the first layer in all the cases investigated proving difficult
of coating grow-up. The reasons were explained above; however, the new researches
have been carrying out on this topic in the last years.

Conclusions
The studies carried out on PC/ABS substrates proved that the sprayed particle typol-
ogy affects the deposition mechanism; in particular, it was found that the copper
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Fig. 14 Section image of tin
particles sprayed on PC/ABS
substrate

material particles, which are dense and relatively high strength powders, produce an
erosion of the substrate when they impact on the surface due to the relatively high
impact energy (in the order of 0.02 mJ for a single impact). With the increase of the
particle diameter to micrometre size, the level of the impact energy increases, and
the result is that the stress transmitted to the substrate can overcome the strength of
the material, leading to the formation of voids, craters, and failures. As for aluminum
coating, it was found that no effective deposition can be obtained due to the lightness
of the material. In this case, deposition occurs when the spraying temperature (that is
the critical velocity) is increased. Regarding tin deposition, which is a lower strength
material, the critical velocity required for bonding is relatively lower than the above-
mentioned metals, resulting in a decrease of the impact energy transmitted to the
substrate; that means that the deposition can be effectively obtained. Unfortunately,
the mechanical properties of this material are very poor, so it could be used as an
interlayer material to initialize the coating formation on polymer substrates.

Polystyrene—Polyamide-6—Polypropylene
Lupoi and O’Neill [10] reported the results obtained by spraying spherical tin on
Polystyrene, Polyamide-6, and Polypropylene.

Tin
On these polymers, the spherical tin powder was sprayed successfully following the
previous process. The results are shown in Figs. 15 and 16.

Fig. 15 Tin tracks on polystyrene (a), polyamide-6 (b) and polypropylene (c)
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Fig. 16 Optical microscope observations of the cross-sections of tin particles sprayed on
polystyrene (a), polyamide-6 (b) and polypropylene (c)

Conclusions
As previously stated, tin is a deformable material, and deposition occurs quickly on
a wide range of thermoplastics substrates.

PVC
Ganesan et al. [12] made a bimetallic coating by using dendritic copper as well as
spherical copper particles as interlayer on PVC.

Bimetallic coating: dendritic and spherical copper
A simple sketch of the interaction between a dendritic copper particle and a PVC
substrate is reported in Fig. 17. It can be seen that the contact area is extremely
irregular; the contact points are randomly distributed so that the particles can easily
stick on the impacted surface. Unfortunately, the bonding force existing between the
particle and the polymer substrate is not strong enough to face the impact energy
of the upcoming particles due to the dendritic shape of copper powder. The result
is that the shot peening effect produces an erosion of the metallic layer; therefore,
the coating build-up and the particle-to-particle cohesion bonding seem to be very
difficult under these working conditions.

However, as stated before, a dense and compact coating made of copper particles
can be successfully built on a composite substrate with polymeric matrix by using
an appropriate interlayer and by choosing the right typology of particles, in terms of
shape and morphology. The spray parameters used for the thick copper coating are:

Fig. 17 Simple sketch of the
interaction between a
dendritic copper particle and
a PVC substrate
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Dendritic copper Spherical copper

Standoff distance: 30 mm Standoff distance: 30 mm

Substrate transverse speed: 100 mm/min Substrate transverse speed: 200 mm/min

Rotational speed: 5 rpm Rotational speed: 5 rpm

The procedure developed by the authors foresees that at the beginning of the
deposition process, the first layer of the coating is built by using the spherical copper
particles so that they can deeply penetrate the PVC substrate and bond with the
surrounding surface. After that, the top coating can be created by spraying dendritic
copper particles with irregular and random shape, as shown by the sketch reported
in Fig. 18a. In fact, dendritic particles can be mostly accelerated by the carrier gas
due to the higher value of drag coefficient for dendritic and irregular particle shape,
ensuring a stronger adhesion strength and a metallic bonding. Despite the higher
velocity of dendritic particles, the total impact energy-reduced upon impact with
the substrate because of many contact points as well as their large and irregular
surface area. The result is less erosion and enhanced coating growing and build-up.
Moreover, as shown in Fig. 18b, the several contact points of dendritic particles with
the spherical ones which adhered on the substrate, tend to grow more significant by
the effect of the upcoming particles, resulting in metallic bonding.

Conclusions
It was found that with the aid of the tin interlayer, copper particles can be successfully
cold sprayed on PVC substrate to form a dense and compact metallic coating. This
mechanism is confirmed by the FIB image in Fig. 19 showing that the particles
with dendritic morphology make a shaped contact with the surrounding spherical
particles. The contact interaction between dendritic and spherical copper particles is
indicated in Fig. 19 by a dotted line. Finally, a thicker and more compact coating can

Fig. 18 Simple sketch of interaction between the dendritic particle and spherical one used as
interlayer (a); cold sprayed copper coating obtained by using both dendritic particles and spherical
particles, the last as interlayer (b)
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Fig. 19 FIB image showing
the contact interaction
between dendritic and
spherical copper particles

be developed on PVC surface when the spherical particles are used as interlayer and
the dendritic ones as a top coating.

Epoxy
The powders metal deposition on thermosetting substrates is more difficult because
of their greater fragility. The powders impact causes the erosion of the substrate
instead of its plastic deformation. Anyway, Ganesan et al. [13] made a bimetallic
coating with dendritic copper and spherical tin as interlayer on epoxy substrates.

Bimetallic coating: dendritic copper and spherical tin
As mentioned in the previous paragraphs, tin particles can be easily cold sprayed
on polymer substrate because of reduced mechanical properties of such material,
compared to epoxy substrate, resulting in a strong deformation upon impact with
the target surface. The jet formation ensures the mechanical interlocking and proper
anchoring of the particles with the substrate. Again, an appropriate material used as
a metallic interlayer was here proposed to form a thicker and more compact coating.

The spray parameters used for the thick copper coating are:

Dendritic copper Spherical tin

Standoff distance: 30 mm Standoff distance: 30 mm

Substrate transverse speed: 100 mm/min Substrate transverse speed: 500 mm/min

Rotational speed: 5 rpm Rotational speed: 5 rpm

A similar phenomenon that occurs in PVCwas found for Sn particles cold sprayed
on the epoxy substrate; in particular, due to theweakness of Snmaterial, the upcoming
dendritic copper particles can easily stick on this first metallic layer to form a stronger
bonding on the surface.
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Conclusions
As the PVC case, the dendritic particles can easily adhere to the metallic layer
obtained by using spherical tin particles. The result is that by using the interlayer
concept, the coating built-up was proved to bemore simple and effective. A summary
of metal cold spray depositions on polymer substrates is reported in Appendix 1.

6.2 Spray Tests on Fibre Reinforced Polymers

From literature review, it was found that successful metallic coatings have been pro-
duced by cold spray onto various fibre reinforced composite materials; in particular,
copper, aluminum, tin and also zinc particles were sprayed on glass fibre reinforced
polymers (GFRPs), and carbon fibre reinforced polymers (CFRPs) with epoxy resin
or PEEK matrix. The cold spray technology was used to coat hemp-PLA laminates
by metal powders cold spray.

The choice of using the abovementioned metallic particles is relative to the elec-
trical and thermal characteristics of thesematerial typologies that make them suitable
materials for the cold spray deposition on composite substrates. They also have excel-
lentmechanical properties and reduced costs and can be effectively sprayed onmetal-
lic surfaces. In particular, copper is themost conductive, aluminum is lightweight and
cold sprayable onmetal substrates, and tin was proved to be the best material for cold
spray deposition on polymer substrates. Finally, zinc was chosen to be mixed with
tin particles for the increasing of the overall conductivity properties of the coatings.

GFRP substrates
Lupoi and O’Neill [10] reported the results obtained by spraying spherical copper
particles on glass fibre composite materials. For this purpose, the cold spray facility
was built at home without the heating system of the carrier gas and used in this
experimentation, resulting in a room temperature spraying process.

Themacrograph top view of the cold sprayed spherical copper particles is reported
in Fig. 20. The coatings were obtained onto GFRP substrates by setting the pressure
of the carrier gas to 5 (Fig. 20a) and 30 bar (Fig. 20b).

Copper coatings were cold sprayed following the process parameters reported
below:

Fig. 20 Macrograph top view of the cold sprayed spherical copper particles onto GFRP substrates;
the gas pressure was set to 5 bar (a) and 30 bar (b)
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(a) (b)

Standoff distance SoD: 40 mm Standoff distance SoD: 40 mm

Substrate transverse speed: 8.3 mm/s Substrate transverse speed: 8.3 mm/s

Rotational speed: 5 rpm Rotational speed: 12 rpm

Spraying pressure: 5 bar Spraying pressure: 30 bar

Spraying temperature: room temperature Spraying temperature: room temperature

It was found that when the gas pressure was 30 bar, the deposition efficiency
strongly decreased, meaning that a lesser amount of material was deposited onto
substrate compared to the weaker pressure condition (5 bar). In fact, it can be seen
from Fig. 20a that the coating is more compact and denser than the other case. This
result is in agreement with the outcomes found by the same authors when sprayed
copper particles on PC/ABS substrates, whose discussion was reported above. As
it can be seen by looking Fig. 21a, for low energy impacts, a dense and compact
layer of particles can be obtained; with the increase of the gas pressure to 30 bar
(this value was chosen with the scope to try to develop a denser and thicker coating),
an extensive erosion of the substrate was observed, as shown in Fig. 21b: in fact,
the particle impact energy transmitted to the substrate is so high to lead damage and
failure of the coating zone.

Conclusions
Results obtained by spraying micron-sized copper particles on GFRP substrates
showed that under these working conditions the glass fibres presence within the poly-
meric matrix does not affect the deposition behaviour, which seemed to be strongly
dependent on the inlet gas pressure. In particular, it was proved that relatively high

Fig. 21 Micrographs of copper tracks on GFRPs: gas pressure set to 5 bar (a) and gas pressure set
to 30 bar (b)
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values of gas pressure (30 bar in this activity) lead to substrate damage and erosion
because of the relatively high value of contact stress generated by the single-particle
impact energy.

CFRPs with PEEK matrix
In this activity, pure Al metallic coating and a double coating made of aluminum and
copper particles, the former used as interlayer, were cold sprayed on carbon fibre-
reinforced polymer substrate (PEEK450CA30) by Zhou et al. [1]; nitrogen was used
as the particle carrier gas.

Aluminum
Micron sized spherical Al particles were cold sprayed on commercially available
carbon fibre reinforced PEEK450CA30; the main CS parameters are reported below:
Standoff distance SoD: 20 mm
Substrate transverse speed: 5 mm/s
Rotational speed: 5 rpm
Spraying pressure: 12 bar
Spraying temperature: 300 °C.

The SEM image of the cross-section of the aluminum coating is shown in Fig. 22a
proving the good ability of aluminum particles to be sprayed on polymer surface;
in fact, the coating thickness is equal to 500 µm and the coating voids and craters
are uniformly distributed and minimized. The Al coating and the PEEK450CA30
substrate seem to exhibit good bonding. No cracks and other defects were observed.
The substrate interface (Fig. 22b) shows pronounced irregularities, meaning that the
substrate thermal softening was induced by the heating carrier gas. Upon aluminum
particles impact onto the target surface, a deformation of the substrate occurs which
embeds the particle and ensures the good anchoring at the particle-substrate interface.

Fig. 22 SEM image of the cross-section of the aluminum coating (a) and details at the particle-
substrate interface (b)
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Bimetallic coating: aluminum and copper
A double coating made of aluminum and copper particles, the former used
as interlayer, were cold sprayed on carbon fibre-reinforced polymer substrate
(PEEK450CA30). The first layer of pure aluminum was laid down by imposing the
process parameters described above; the second layer consisting of spherical copper
particles was developed on theAl coating previously sprayed and polished, by setting
the CS parameters reported below. It is clear the concept of metallic interlayer here
proposed.
Standoff distance SoD: 15 mm
Substrate transverse speed: 3.3 mm/s
Rotational speed: 0.1 rpm
Spraying pressure: 19 bar
Spraying temperature: 450 °C.

The cross-section of the doubleAl/Cumetallic coating is reported in Fig. 23. It can
be seen that both the coating typologies seem to be quite dense and compact, without
showing irregularities and significant discontinuities; also the voids percentage in Al
coating was proved to reduce to 1.1%. The reason is that the shoot peening effect of
the upcoming copper particles tends to improve the coating quality and morphology.
By looking Fig. 23b, it is noticeable the shear instability phenomenon occurring at
the Al-Cu interface: the jet mixing forming between the Al and Cu particles leads to
firm adhesion strength due to the strong mechanical interlocking.

Conclusions
Aluminum coating can be successfully laid down on carbon fibre PEEK surface by
means CS. The coating was proved to be a quite dense ad-free of significant defects.
The carrier gas heating can have a beneficial effect on CS deposition because of
the thermal softening effect on the polymer substrate that can more easily embed
the impacting Al particles. The result is a better mechanical interlocking, namely a
good adhesion strength. Better results can be obtained by using aluminum coating
as an interlayer between the polymer surface and the copper particles. In this case,

Fig. 23 SEM images of Al/Cu coating (a) and interface (b) on PEEK450CA30 substrate
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the mechanical interlocking can be strongly enhanced by the formation of jet mixing
relative to adiabatic shear instability at Al-Cu interface.

CFRPs with epoxy resin
The deposition of metallic particles on thermosetting substrates, like CFRPs, was
found to be very difficult because of their greater fragility, as discussed in the previous
sections of this chapter. However, some authors [4, 5, 14] investigated the deposition
characteristics of cold sprayed aluminum, copper, tin and zinc particles on CFRP
substrates.

Aluminum
Affi et al. [4] used a self-designed and custom-manufactured cold spray system for
spraying commercially pure aluminum powders of two different sizes, 3 µm and
15 µm, on CFRP plates. The best process parameters are reported below:
Standoff distance SoD: 20 mm
Substrate transverse speed: 20 mm/s
Rotational speed: 6 rpm
Spraying pressure: 10 bar
Spraying temperature: 600 °C.

In agreement with the results found by Lupoi and O’Neill [10], for which in order
to obtain the particle anchoring, the impact energy of each particle should be below a
given value, large-size particles can erode the CFRP substrate due to their relatively
high impact. In particular, it was proved that aluminum particles with an average
size of 15 µm could erode CFRP substrates. Hence, with the scope to obtain a dense
metallic coating, smaller aluminum particles with the size of 3µmwere sprayed and
successfully laid down on CFRPs, decreasing the impact energy. By looking Fig. 24,
the powders seem to be well attached to the matrix surface, obtaining a coating
thickness of about 30 µm. Several difficulties were found when the authors proved
to increase aluminum thickness. The reason is that the plastic matrix was removed
by the peeling off upon particles impact the surface leaving the carbon fibres to the
shoot peening effect. The fibres, in fact, cannot be coated by metallic particles due
to their fragile behaviour.

An extensive studywas also performed byChe et al. [14] that sprayed commercial-
purity aluminum particles by using a high-pressure cold spray facility. The process
parameters investigated are reported below:
Standoff distance SoD: 20–80 mm
Substrate transverse speed: 300–500 mm/s
Rotational speed: 1–5 rpm
Spraying pressure: 20–50 bar
Spraying temperature: 100–400 °C.

The results showed that, under the abovementioned CS conditions, it seems to
be very difficult the coating formation as no successful coatings were observed; it
was found that the substrate erosion is the main issue for developing of a continu-
ous coating. In fact, two distinct areas can be observed characterizing the impacted
surface: the zones where the particles bombardment removed the epoxy resin from
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Fig. 24 Aluminum coating on CFRP by using small particles (3 µm) to reduce impact energy

the surface, and other zones of the same sample that did not damage extensively; the
final effect is a discontinuous coating because the carbon fibre reinforcements can
damage when exposed to the particles shoot peening (within the eroded area) and
the particles cannot stick on or among the exposed reinforcement (Fig. 25).

Copper
A huge experimental campaign was carried out by Che et al. [14] who used the
high-pressure cold spray facility as well as the low-pressure one to lay dawn copper
particles on CFRP substrates, with the scope to analyze the influence of the gas pres-
sure on coating quality and deposition. In particular, spherical and irregular shaped
copper particles were sprayed by using both the CS systems; spherical copper parti-
cles only were sprayed by means of low pressure. The cold spray process parameters
used in this experimentation are reported in Table 2.

Fig. 25 Micrograph of
aluminum impacted sample
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Table 2 Cold spray process parameters used to lay down copper particles

Low-pressure cold spray High-pressure cold spray

Spherical shape Spherical shape Irregular shape

Standoff distance SoD (mm) 18 50–200 40–100

Substrate transverse speed
(mm/s)

25 50–500 300

Rotational speed (rpm) 11 1 0.5–5

Spraying pressure (bar) 3.4–13.8 20–50 20–50

Spraying temperature (°C) 425 100–800 100–700

The results obtained in this case are very similar to those observed for aluminum
particles; in particular, the copper coating formation and build-up were proved to
be complicated for all the tested conditions and for both spherical and irregular
particle shape. As found above, there exist some zones of the impacted sample
where the epoxy resin was removed, and the reinforcements are exposed to particle
impingement, and other zones that embedded the sprayed powders. Differently from
the previous case, it was found a stronger erosion of the substrate caused by the copper
particles; the result is that the carbon fibre reinforcements are not only exposed but
also fractured by the upcoming copper particles, as clearly shown in Fig. 26.

Tin
Che et al. [14] used the high-pressure cold spray facility as well as the low-pressure
one to lay dawn tin particles on CFRP substrates in order to analyze the effect of the
powder typology. Tin coatings were cold sprayed following the process parameters
reported in Table 3.

Good results were found for tin particles. Unlike the results obtained for alu-
minum and copper powder materials, in this study it was found that it is possible
to lay down tin particles forming clusters on exposed carbon fibre reinforcements,

Fig. 26 Micrograph of the
copper impacted sample
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Table 3 Cold spray process
parameters used to lay down
tin particles

Low-pressure cold
spray

High-pressure
cold spray

Standoff distance
SoD (mm)

18 40–200

Substrate
transverse speed
(mm/s)

12.5–50 300–500

Rotational speed
(rpm)

13 1–8

Spraying pressure
(bar)

2.9–13.8 15–30

Spraying
temperature (°C)

25–325 50–300

achieving a better deposition (Fig. 27). Furthermore, the impacted particles showed
a huge deformation after impacting the substrate; they changed their spherical shape
meaning that a good adhesion was achieved and the coating build-up was possible.

Results obtained by using the low-pressure machine seemed to reduce the level
of erosion during cold spraying, resulting in a more effective deposition. The cross-
section of cold sprayed Sn particles on CFRP substrates is reported in Fig. 28 for two
different pressure values (4.1 and 5.5 bar) and keeping the temperature value of the
carrier gas at 300 °C. By looking at this figure, the tin coating seems to be compact
and quite dense in both the conditions investigated; the substrate top surface appears
almost free of defects, without showing strong erosion and polymer degradation.
However, a more detailed analysis of the coating-substrate interface revealed that the
shot peening effect leads to the formation of irregularities and wave deformations

Fig. 27 Micrographs of CFRP samples after cold sprayed of Sn powder: SEM image (a) and
cross-section optical image (b)
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Fig. 28 Micrographs of CFRP samples after cold sprayed Sn powder at 300 °C: 4.1 bar (a) and
5.5 bar (b); a magnification of the coating/substrate interface details are also reported in the inset
of the figure

indicating the coating bonding. It can be seen the presence of special tin filaments at
the interface due to themechanical interlocking taking place between the tin particles
and CFRP substrate. Moreover, the relatively low melting point of Sn particles tends
to partially melt upon impact the substrate if they are sprayed at a gas temperature
equal to 300 °C, as proved by examination of coating morphology. The result is that
the partial melting of Sn particles gives beneficial effects on coating formation and
build-up due to the stronger adhesion experiencing at the coating interface.

Bimetallic coatings: tin/zinc and tin/copper
In contrast to aluminum and copper depositions on CFRPs, tin particles seem to
be better cold sprayable on polymeric surfaces due to their mechanical and thermal
properties, as detailed in the previous section. Unfortunately, the results found in
the literature proved that the deposition efficiency of pure Sn particles on CFRPs is
relatively low. Therefore, with the scope to enhance the effectiveness of the process
making it more economically useful, the researchers are developing innovative solu-
tions that could have beneficial effects on the cold spray deposition efficiency. In this
respect, Che et al. [5] mixed tin particles with other metals (zinc and copper) and
sprayed the mixtures on CFRPs. The powder mixture compositions were prepared
in agreement with the following weight percentages: (i) 10 wt% of Zn-Sn balance
(10Zn), (ii) 10 wt% of Cu-Sn balance (10Cu), (iii) 30 wt% of Cu-Sn balance (30Cu),
(iv) 50 wt% of Cu-Sn balance (50Cu). The details of the CS process parameters set
to spray the mixtures are reported in Table 4.
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Table 4 Details of CS process parameters for powder mixtures

Powder Standoff
distance SoD
(mm)

Substrate
transverse
speed (mm/s)

Rotational
speed (rpm)

Spraying
pressure (bar)

Spraying
temperature
(°C)

10Zn 18 25 13 4.1–5.5 280–300

10Cu 18 25 10 4.1–5.5–6.9 280–300

30Cu 18 25 12 4.1–5.5–6.9 300–350

50Cu 18 25 11 4.1–5.5–6.9 300–350

Fig. 29 The deposition efficiency of 10Zn (a) and three Sn-Cu mixed powders (b) compared to
single-component tin powder

The results in Fig. 29 showed that for all the examined conditions, the cold spray
DE of the powder mixtures is much higher than the relative pure tin powder. This
trend was found for Zn mixture as well as for the copper ones; moreover, DE tends to
decrease with the increase of the gas pressure in agreement with the trend found for
the pure tin single-component. The reason is that the higher the pressure, the higher
the impact particle velocity is leading an erosion of the substrate. From Fig. 29a,
it can be seen that for the mixture 10Zn, DE seems to be about six times larger
than that obtained for pure tin; similarly, the cold spray of 10Cu, 30Cu and 50Cu
mixed powders was proved to give an increase of DE compared to pure tin particles
(Fig. 29b). From the figure, it can be seen that when copper particles are added to the
tin powder, a higher DE can be obtained; however, it was found that DE increment
tends to decrease with the increase of copper percentage and this effect is more
noticeable for lower pressure values. The reason for such behaviour is that the spray
ability of the harder copper particles is very low and the higher copper percentage
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within the mixture tends to emphasize this critical aspect. The possible causes of the
improvement of DE when both Zn and Cu particles are mixed with tin powders are
to research into the tamping effect generated by the relatively harder particles, the
lowering melting point from the added particles and, finally, the morphology and
dendritic shape of copper powders.

Conclusions
In these studies, the feasibility of making metallic coatings on CFRP surfaces was
studied, and the following results were found:

• Aluminum particles with a mean size of 3 µm can be successfully laid down on
CFRP substrates by means the cold spray process;

• No continuous aluminum and copper coating can be developed when using both
high and low-pressure cold spray systems. Erosion of the substrate was proved
to be the main issue for the coating formation and build-up. Better results were
found for tin coatings sprayed by means of a low-pressure cold spray facility; the
relatively lowermechanical properties in addition to the lowermelting point of the
material make it suitable to be laid down on CFRPs. In fact, by examining both the
microstructure and the morphology of the coating, a partial melt of tin particles
was observed as the result of the impact process. The partially melted particles
can better adhere to the substrate, and successful coatings can be obtained.

• Finally, it was found that when zinc or copper particles are added to tin powders,
the cold spray deposition efficiency can be extensively improved; it was also found
an upper limit of the added metal powder percentage above it DE reduces due to
the poor spray ability of the added component onto CFRP surfaces.

Hemp-PLA laminates
In the last decades, the increasing attention of researchers toward sustainability led
to the growing use of natural fibres and polymers derived from natural resources. In
this respect, Astarita et al. [15] and Perna et al. [16] studied the deposition of pure
metals and metal matrix composite coatings, respectively, on hemp-PLA (polylactic
acid) laminate through the cold spray technique.

Pure aluminum
The authors [15] made the depositions by spraying Al particles (particle mean size
equal to 40 µm) through a low-pressure cold spray machine. The best spray process
parameters found in this experimentation are reported below:
Standoff distance SoD: 70 mm
Substrate transverse speed: 3 mm/s
Rotational speed: 5 rpm
Spraying pressure: 6 bar
Spraying temperature: 600 °C.

The authors found that when the momentum of the sprayed particle is too low, the
particles can rebound from the substrate producing coating unsuccessfully (Fig. 30a).
On the other hand, for very high values of particle momentum, severe damages on
the substrate take place, as shown in Fig. 30b. That means that aluminum coating
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on the laminate substrate can be successfully obtained only if the cold spray process
parameters are correctly chosen. The results of the effective deposition are shown in
Fig. 30c, without visible damages of the substrate; in this respect, the authors suggest
of using non destroying evaluations to verify that the set process parameters did not
induce any kind of damage within the substrate.

By looking Fig. 31, it is possible to appreciate the effectiveness of the deposition;
the coating thickness seems to reach about 100µm; furthermore, the coating appears
dense and compact without any sign of damage and deterioration.

Fig. 30 Unsuccessfully deposition (a), substrate damage and deterioration (b) and effective
deposition (c) for the aluminum coated the hemp-PLA composite surface

Fig. 31 Micrograph of Al coating on the hemp-PLA substrate
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Fig. 32 SEMmicrographs ofMMCcoatings varyingAl2O3 content: a 15wt%,b 30wt%, c 45wt%

Metal matrix composite coatings: Al and Al2O3

In this work, the authors [16] developed an innovative idea regarding the possibility
to coat the surface of bio-compatible substrates, made of thermoplastic PLA matrix
hemp fibre reinforced, by using a metal matrix composite powder mixture (MMC).
In particular, aluminum particles (Al) were mixed with alumina powders (Al2O3),
both with micron-sized diameters; the mixtures were obtained by varying the weight
percentage of Al2O3 within Al powders. By using this approach, three different
powder batches were analyzed: 15, 30 and 45 wt% of alumina particles. The aim of
this activity was to point out the effects of the number of alumina particles on the
substrate surface properties. A low-pressure cold spray facility was used to make
the MMC coating. The CS process parameters used to lay down the mixtures are
reported below:
Standoff distance SoD: 50 mm
Substrate transverse speed: 3 mm/s
Rotational speed: 5 rpm
Spraying pressure: 7 bar
Spraying temperature: 100 °C.

By looking Fig. 32, it can be observed that the coating particles are well embedded
by the polymer surface, with the surroundingmatrix that ensures the coating adhesion
with the substrate. The particle penetration was estimated to be about 10 µm for
each mixture typology, meaning that there is no significant influence of the powder
composition on the particle penetration capabilities. However, it was found that
the coating seems to be denser and more compact with the increase of alumina
percentage; the reason is that the shot peening effect of the upcoming particles is
more prominent for increased alumina mixtures due to more intense bombardment
of the harder particles getting the coating denser and more continuous. Furthermore,
when the harder alumina particles impact on the target surface, they produce micro-
asperities on the top surface that can promote adhesion and bonding of the subsequent
Al particles. In fact, the contact area between the particles and the substrate can be
widened, and the coating quality can be improved.

By using this approach, the tribological properties of the composite materials can
be improved due to the beneficial effect of the ceramic particles within the MMC
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aluminum-based coating; it was also proved that this effect tends to be more intense
with the increase of alumina content. Unfortunately, there exists an upper limit for
alumina content (30wt% in this activity) above which the abovementioned beneficial
effect can reduce affecting the coating quality and performance, as alumina starts to
break away from the coating causing an overall worsening of the proprieties.

Conclusions
Results obtained by spraying micron-sized Al particles on hemp-PLA laminates
showed that it is possible to find four different deposition cases, depending on the
cold pray process parameters chosen. In particular: (i) unsuccessfully deposition,
(ii) damage of the substrate, (iii) effective deposition with internal damage and,
finally, (iv) effective deposition without any kind of internal failure of the substrate.
Good depositions and quite dense and compact coatings can be obtained when the
process parameters are correctly chosen. Moreover, when alumina particles (ceramic
powders) are addedwithin the powdermixture (up to a concentration of 30wt%.), the
surface performance of the polymeric substrate can be improved. The reason is that
the relatively harder particles can cause a roughening of the top surface (improving
the painting capacities of the system) and can produce micro-asperities on the top
surface due to the shoot peening effect, increasing the adhesion of the subsequent
layers. A summary of metal cold spray depositions on fibre reinforced polymer
substrates is reported in Appendix 2.

Appendix 1: Cold Spray Depositions on Polymers

Composite
substrate

CS
powders

CS process parameters Literature results

Polymer Type Gas
temperature
(°C)

Gas
pressure
(bar)

SoD
(mm)

Transverse
speed
(mm/s)

Authors DE
(%)

Best case

PC/ABS Copper Room 0.5-3 40 8.3–16.6 [10] 3 Mpa
Room

Tin Room 3 103 14.0 [10] 3 Mpa
Room

Polypropylene Copper 150–350 2.54 30 0,5 [17] 2.54 Mpa
350 °C

Tin Room 3 103 14.0 [10] 3 Mpa
Room

Polycarbonate Copper 150–350 2.54 30 0.5 [17] 2.54 Mpa
350 °C

Polystyrene Tin Room 3 103 14.0 [10] 3 Mpa
Room

Polyamide 66 Aluminum 150–250 1.5–3 40 0.2 [18] 6–7 2 MPa
200 °C

(continued)
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(continued)

Composite
substrate

CS
powders

CS process parameters Literature results

Polymer Type Gas
temperature
(°C)

Gas
pressure
(bar)

SoD
(mm)

Transverse
speed
(mm/s)

Authors DE
(%)

Best case

Polyamide 66 Tin Room 3 103 14.0 [10] 3 Mpa
Room

PTFE Copper 150–350 2.54 30 0.5 [17] 2.54 Mpa
350 °C

Polyurethane Copper 150–350 2.54 30 0.5 [17] 2.54 Mpa
350 °C

ABS Copper 150–350 2.54 30 0.5 [17] 4–12 2.54 Mpa
350 °C

Tin 200 0.5–1.4 18 0.3–0.5 [19] 5 1.4 Mpa
200 °C

HDPE Copper 425 0.7–1.4 40 25.0 [19] 1 Mpa
425 °C

PVC Copper 150–350 2.54 30 0.5 [17] 4–6 2.54 Mpa
350 °C

PEEK Copper 100–400 1–3 30 0.5 [12] 1 Mpa
200 °C

Tin 200 0.5–1.4 18 0.3–0.5 [19] 1–80 1.4 Mpa
200 °C

Copper 425 0.7–4.9 40 25.0 [19] 3 4.9 Mpa
425 °C

PEI Iron 425 18–40 25.0 [19] 1 1.4 Mpa
425 °C

Tin 200 0.5–1.4 18 0.3–0.5 [19] 1–76 1.2 Mpa
200 °C

Copper 425 0.7–4.9 40 25.0 [19] 2 4.9 Mpa
425 °C

Appendix 2: Cold Spray Depositions on Fibre Reinforced
Polymers
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Advanced Modeling and Simulation
Tools to Address Build-Up Issues
in Additive Manufacturing by Cold
Spray

Michel Jeandin, Francesco Delloro, and Margaux Bunel

Abstract The objective of the proposed chapter is to discuss recent advances in
modeling and simulations for specific application to additive manufacturing by cold
spray. To meet the requirements for overall modeling of the process, two scales have
to be considered, i.e. that of the powder particle and that of the deposit. These result
in two parts in the chapter respectively, i.e. Sections 2 and 3, which follow a rather
elaborated introductory section. The latter gives the background and a rapid state-
of-the-art in the field of cold spray for additive manufacturing. Experimental and
numerical approaches to coating build-up are compared, in particular. The two-fold
core of the chapter then highlights both conventional finite element analysis and
original morphological modeling of the basic mechanisms involved in cold spray
coating build-up. The role of the number of particles to be involved in the simulations
is discussed since this number is the key parameter for shape prediction in additive
manufacturing.

Keywords Additive manufacturing · Cold spray ·Modeling · Simulation · Finite
elements analysis · Build-up ·Morphological models

1 Introduction

Based on what most of materials science and engineering forums show, all the tech-
nological routes seem to lead to additive manufacturing. As all roads lead to Rome,
additivemanufacturing can, therefore, be said to be Roman and be renamed “Roman-
ufacturing”. Historically, one of these roads/routes comes from the thermal spray,
Vardelle et al. [73], e.g. with plasma forming processes. Nowadays, the road from
thermal spray to additive manufacturing is all the shorter because the cold spray is
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used, Botef et al. [14]. Cold spray is very attractive because of a high deposition
efficiency, which pushes this process at the forefront to compete and/or to comple-
ment now-conventional laser-based techniques such as Laser Powder Bed Fusion
(LPBF) or Laser Metal Deposition (LMD). The road is also short because a ther-
mal spray operator does additive manufacturing without knowing it. He is like the
famousMolière’s character Monsieur Jourdain – nothing to do with Jeandin – speak-
ing prose without knowing it. This results from the mere fact that thermal spray is
based on the deposition of material in the form of small-sized elementary compo-
nents, in other words, powder particles. However, to play in the “big league” among
laser-based processes and ride the wave of additive manufacturing, cold spray needs
the development of advanced simulation/modeling of deposit build-up for prediction
and control of the shape and properties of sprayed parts.

Historically, people have always been fascinated by stacking issues in all fields,
i.e. artistic, literary, and scientific with, for example, Acimboldo, Sade, Utagawa, or
Ren Hang (Fig. 1, censored for the latter in this figure). It is therefore quite normal
they still fascinate today. The only difference, in the context of additive manufac-
turing, is that the ingenuity of the previously-mentioned creators is now replaced by
numerical simulation: this simulation is coupled with an extensive characterization
of the building blocks.

Theobjective of this chapter, the content ofwhich is given in the abstract, is to show
recent advanced development of modeling of the cold-spray build-up process for
real additive manufacturing, knowing that cold spray is more and more claimed to be
promising in thewhirlwind of additivemanufacturing [38]. Themodeling/simulation
route ismandatory for the control of the process to result in the achievement of specific
parts, i.e. beyond mere coating application.

Fig. 1 Stacking issues over the centuries, a Arcimboldo in the sixteenth, b Sade in the eighteenth
century, c Utagawa in the nineteenth century
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2 Background and State-of-the-Art

2.1 Coating Build-up Approach to Thermal Spray

In this section, there is no intention of giving a comprehensive view of modeling of
coating build-up in thermal spray. The purpose is more to show a rapid overview of
the significant milestones (including the first ones) in the development of deposition
models in the field, which will put into perspective those for additive manufacturing
by cold spray.

When talking about modeling in thermal spray, a few decades ago, say 25 years
ago and over a long time, one thought of work on interaction, between a given
sprayed particle and the substrate. Interaction meant impingement and splashing,
which involved rapid cooling, solidification and various physicochemical phenom-
ena. Basically, the related studies authored by names synonymous with this type
of issues, i.e. E. J. Lavernia, A. Vardelle, M. Pasandideh-Fard, and J. Mostaghimi,
resulted in the understanding of splat formation though modeling with some pio-
neering articles [51, 61, 72]. Anecdotally, a major challenge at this epoch and for
a rather long time has been to know the maximum number of splats which could
be considered at the same time in a finite element analysis of deposition. At this
time, the considered particle was a droplet since spraying was obtained by plasma
processing, i.e. prior to the advent of cold spray. From this time, researchers have
never ceased to keep forging ahead in this type of approach using more and more
powerful computing facilities and related numerical method [13, 50]

In parallel with this finite element analysis of impinging phenomena, other routes
were initiated, primarily stochasticmodeling [29]which could involve rather conven-
tional Monte-Carlo simulation [46] or original (in the thermal spray field) “lattice-
gas” models [20]. The latter was undoubtedly the feeding sap of further development
based onmathematical morphology andmorphological concepts which were consid-
ered to be specifically tailored for cold spray even though works on plasma spraying
did not stop (Beauvais et al. [10]). Subsequent works seemed (and continue to seem)
to prove the point. When restricting to the morphological approach in line with that
elaborated in Sect. 2 of this chapter, the main milestones date back to 2010 and
2014 [23, 37]. The most recent advances in the field, in addition to a comprehensive
description of corresponding models, are given in the second section of this chapter,
i.e. “Modeling at the scale of the powder particle”. This section shows the so-called
“morphological approach”, which combined to a finite element analysis of particle
impact, can be claimed to be the decisive step to general modeling of coating build-up
by cold spray.
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2.2 Towards Additive Manufacturing by Cold Spray

Any development in modeling needs validation from experiments. This is the reason
why the major requirements for additive manufacturing had (and still have) to be
met in parallel. These consist primarily in achieving a high thickness and/or a shape
control/mastery for the deposit.

The first requirement for a high thickness, i.e. a high deposition rate, can result
in an actual scientific and technological bolt when spraying some specific materials.
These are, for example, Al-based alloys for which deposition rate had to be dramat-
ically improved [15]. Fortunately, in the past few years, heat treating the powders
was shown to be a suitable solution to remove the bolt [15, 67]. Efforts now focus
on industrial feasibility of treating powders, for example using fluidized bed facili-
ties, which, however, is no longer a bolt for the development of cold spray additive
manufacturing.

The second requirement, i.e. that for shape control/mastery of the deposit, led to
the development of strategies for the nozzle trajectory, possibly including advanced
robotics. A significant impetus resulted from works by NRC/Boucherville-Canada
up to now [55, 74, 75] as an extension of the tessellation approach to this issue in the
pioneering paper by Pattison [62] one decade before. These efforts were pursued by
Wu et al. [77] in particular, to name among the most recent examples. These works
should be complemented by work on numerical simulation, which can be considered
as the 3rd requirement for successful additive manufacturing as a fabrication process
as predicted by review and prospective studies of the topic in the key year 2017 [65,
69] in a sort of preview of this same book with this chapter for the modeling part of
the build-up issue.

As already said in the introductive part of the chapter, dual modeling of the build-
up process, i.e. at the scale of the sprayed particle and at the scale of the sprayed
bead respectively, is claimed to be the best for an extended approach to cold spray
additive manufacturing. This results in the two subsequent sections in this chapter.

3 Simulation at the Scale of the Particle

The process of a cold spray coating formation consists of the iteration of elementary
phenomena which are the impact of a particle onto the substrate or onto already-
deposited particles. Each impact is characterized by a number of features (e.g. parti-
cle shape, size, velocity, temperature, substrate local topography, etc.) which causes
a large variability inside the set of possible configurations, even if materials and
process parameters are fixed. These elementary events can be considered, as a first
approximation, independent. Indeed, it can be shown that, given a typical powder
granulometry, feed rates and particle velocities, the probability that two impacts take
place at the same time and at the same place is rather low, as shown in [27]. When
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looking at the time and spatial scales of these events, experimental observation tech-
niques do not allow nowadays access to any measurement, except in few notable
cases that will be introduced later in this chapter. Modeling of particle impact, thus,
takes in this perspective all its sense as the only way to access important physical
information on what is happening during the process. The scale of particle impacts,
both spatial (1 μm and less, depending on the mesh refinement) and temporal (ns),
introduces new questions regarding the material behavior: even for well-known met-
als, as for example Al and Cu, mechanical behavior at the small scale and at extreme
strain rates is not known. Moreover, several researchers focused in the last years on
the cold spray of non-metallic materials, i.e. ceramics and polymers, thus opening
new questions on their impact mechanics and constitutive behavior. A lot of work has
still to be done for the understanding of the process when involving those materials,
which is likely to involve different elementary phenomena. In this chapter, the focus
will be onmetals only, since the application of the cold spray technique to this class of
materials can be considered more mature, especially from an additive manufacturing
point of view. Despite the maturity of some applications, further investigation is still
needed to elucidate andmodel various phenomena at the small scale which are key to
the process and not yet completely understood, as dynamic recrystallization, jetting
and extreme plastic deformation in localized regions. To this aim, specific physical
approaches, involving dislocation dynamics, ultra-dynamic material behavior and
polycrystalline plasticity models, need to be studied.

In this chapter section, the focus will be at the scale of the particle. Most of
the publications and ongoing works consider particles as made of a homogeneous
material, thus neglecting finer scale properties and features, among which the grain
structure, dislocation dynamics, twins, shear bands, etc. Three main subjects will
be addressed here: powder characterization, impact simulations and morphological
modeling (iterative deposit build-up models, i.e. particle by particle).

3.1 Powder Characterization

Powders are the feedstock material of the cold spray process and, thus, their prop-
erties largely influence the resulting coating. Their production route is fundamental
in determining morphological and metallurgical characteristics which, in turn, heav-
ily affect the deposition efficiency and the mechanical properties of the coating.
Powders can be characterized in different aspects: metallurgical, mechanical, sur-
face cleanliness and morphological. Nevertheless, most of these characteristics are
not independent, because they are all related to the manufacturing process and the
thermal history seen by the material. The division made in this chapter, thus, is some-
how artificial, but still useful to understand and classify the role that each powder
characteristic can assume with respect to the cold spray process.
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3.1.1 Metallurgy

Themicrostructure of powder particles is the result ofmaterial composition and of the
thermal history, thus reflecting their production route. When dealing with pure metal
powders, themain descriptors of themetallurgical state are grain size and shape distri-
butions, dislocation density and internal porosity. In general, particle microstructures
can range from dendritic to finely cellular for an atomized powder, as a function of the
cooling rate during the manufacturing process. The picture is far more complex for
alloy powders, where, in addition to the features already discussed for pure metals,
the presence of numerous phases in the form of inclusions and precipitates contribute
to the particular microstructure of the material (Fig. 2). An exhaustive discussion of
powder metallurgy and its role in the cold spray process is not in the scope of the
present work and is already the topic of several research articles. A general review
of these issues will be left to future publications. One may say, as a general remark,
that alloy powders are extremely sensitive to the production route and to the experi-
enced thermal history, which is the key factor influencing the microstructure. Thus,
a great variety of microstructures and, as a consequence, mechanical properties, can
be obtained for the same material composition, as a result of manufacturing process
parameters and, eventually, post-production thermal treatments [67].

Fig. 2 SEM BSE
cross-section image of an Al
2024 particle, produced by
nitrogen gas atomization; the
grain boundaries are revealed
by the higher concentration
of alloying elements
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3.1.2 Mechanics

Particle mechanical properties come into play at the impact with the substrate or with
already deposited particles and are intimately related to the metallurgical state of the
material. As a consequence, the interplay between microstructure and mechanical
properties is even more complex during the deformation because both characteristics
tend to evolve. When colliding, a given particle can undergo extreme plastic defor-
mation, concentrating in the region close to the newly formed interface. In particular,
strain and heating rates can respectively reach 109 s−1 and 109 K s−1 typically. In
these conditions, various microstructure changing mechanisms can occur, i.e. adi-
abatic shearing instabilities, dynamic recrystallization, melting at interfaces, twin-
ning, dislocation rearrangement and amorphization. For further details, the reader
may refer to various comprehensive descriptions, such as those by Moridi et al. [56,
57], Jeandin et al. [40], Cinca et al. [19]. Due to the richness and variety of these
elementary phenomena, the modeling of particle mechanics at impact is a very chal-
lenging task. The approach generally adopted in the vast majority of the simulations
is to neglect the complex microstructure and its evolutions. In this approximation,
features at the grain scale or below are not explicitly described and the particle is
considered asmade of a homogeneousmaterial. In this framework, material behavior
can be described by a variety of mechanical models, which will be briefly addressed
later on, in Sect. 3.2.1.

Independently of the choice of the material model, a common problem is the
origin of the parameter set to be used in cold spray impact simulations. When testing
material behavior in the high strain rate regimes, the usual technique is the Split
Pressure Hopkinson Bar test (SPHB) (Fig. 3).

One may refer to the voluminous existing literature for an exhaustive description
of the technique, for example [28]. Different variations of the test allow for the char-
acterization of the material in compression, tension and torsion. Moreover, the effect
of the temperature can also be taken into account in special testing configurations
where the sample can be heated. The material model parameters are then identified

Fig. 3 Schematic illustration of the Split Pressure Hopkinson Bar (SPHB) test, after [28] and
comparison of strain rate domains of conventional mechanical tests, SPHB and cold spray
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Fig. 4 SPHB test results for
Ta at different temperatures
and strain rates (curves),
while dots represent the
numerical simulations with
fitted parameters after [18]

by the comparison of simulation results and experimental data obtained through the
use of strain gages and post-mortem analysis of the deformed specimen (Fig. 3). In
the SPHB test, deformation rates up to 105 s−1 can be reached. When comparing
to typical impact conditions of a particle in cold spray, two critical aspects, namely
the size of the sample and the maximum strain rate, can be identified. In one hand,
the strain rates experienced by the particles are 3 to 4 orders of magnitude higher
(Fig. 4).

On the other hand, the size of the samples is macroscopic for SPHB, consisting
usually in cylinders with diameter and height of about 10 mm, while it is 3 orders
of magnitude smaller for typical cold spray particles. In addition, the particular
metallurgical state of atomized particles, exposed to fast cooling rates, is hardly
reproducible in a macroscopic sized sample, as those used in SPHB. The material
tested is therefore inherently different, even if the chemical composition might be
the same.

From the analysis of what presented here, it is evident that new techniques have to
come into play to fill the gap between themacroscopic and relatively slowSPHB tests
and particle impacts in cold spray. An interesting alternative is the use of laser shock
techniques, which are able to induce mechanical solicitations in regimes comparable
to cold spray [9] (Fig. 5a). Recent studies [33] used laser shock to accelerate single
particles to velocities in the same range as those attained during cold spray (Fig. 5b)
in experiments that can be called LASHPOL (“LAser Shock Powder Launch”). This
opens the way to a new experimental framework, where single particle impacts can
be produced at controlled velocities. The comparison with numerical simulations of
single particle impacts is then expected to result in a reliable set of material behavior
parameters, in a procedure known as “reverse modeling”. Having chosen an exper-
imentally accessible goal function (e.g. the particle flattening ratio), the procedure
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Fig. 5 Laser shock flier experiments and cold spray, a high velocity impact of a thin Cu foil onto
Al, reproducing the same metallurgical transformations at the interface as observed in cold spray,
after [9], b high velocity impact of a single particle onto a hard substrate, after [33]

consists in fine tuning the parameters until a good match between experimental and
simulation results is obtained (Fig. 6). A recent work moved the first steps in this
direction [17].

The identification of material behavior is a complex task and the coupling of
different techniques can be beneficial. In particular, a study [7] focused on the quasi-
static compression of single particles. A nano-indenter with a flat head was used to
this purpose and produced force-displacement data sets which, in conjunction with
post-mortem particle shape characterizations and in comparison with the process
simulation, allowed to fit the parameters of a strain rate independent constitutive law
(Fig. 7). The coupling of static and dynamic techniques will certainly give a richer
material characterization than using either one or the other.

3.1.3 Surface Cleanliness

A common problem that every cold spray operator or researcher has surely been con-
fronted to at least one time is to spray an aged powder. Even if properly stored, pow-
ders that performedwell when fresh tend to lose their ability to adhere to the substrate
and to form a coating. This fact suggests that particle surface plays a very important
role in cold spray. Different contaminants, inclusions and/or external phases such as
oxides, nitrides, etc. can be present at the surface of powder particles (Fig. 8), espe-
cially if not properly stored. In particular, external phases are rather easily formed
on reactive and oxygen-sensitive materials such as Cu, Ti or Ta [24, 40].

Powder oxidation is a complex phenomenon and its description is behind the
aim of this chapter. To remind some of the fundamental processes altering particle
surface one may refer to adsorption, dissolution, diffusion and oxide formation.
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Fig. 6 Comparison of experimentally observed and simulated splat shapes, enabling the tuning of
material parameters for a bi-linear Johnson-Cook model, derived from [17]

The kinetic of these phenomena is mainly controlled by their activation energy,
temperature and oxygen concentration. Oxidation process starts from the surface but
can affect also particle internal microstructure. With aging, the surface oxide layer
increases in thickness and oxygen diffusion towards particle interior can take place,
thus modifying the mechanical properties of powders via those mechanisms.

In many works on cold spray, adhesion is generally considered as depending
on materials and particle velocity: a particle can adhere when its velocity is in an
appropriate range, i.e. the so called deposition window [68]. In other words, particle
has to flight faster than the critical velocity and slower that the erosion one (Fig. 9).
Nevertheless, when looking closer, other characteristics than velocity and material
are important with respect to adhesion and surface cleanliness is certainly among
these. Naturally, every particle in a powder possesses its oxide layer at the surface,
which can be formedduring the production process or later,whenparticles experience
contact with oxygen in the atmosphere. Fewmaterials make an exception to this rule,
probably gold being one of these.

The oxide layer is hardly avoidable and it is not an insurmountable obstacle.
When not too thick, it can be easily broken at impact assuring intimate contact
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Fig. 7 Schematic illustration of a single particle compression test, after [7]

between the freshly generated metallic surfaces. This is the so-called “oxide break
deposition model” which, in combination with the observed material elimination at
impact through the jetting phenomenon [27–34], offers a convincing explanation for
the experimentally observed metallurgical bonding [35, 48]. Figure 10 shows such
a mechanism: during the plastic deformation of the particle and the substrate, the
brittle oxide layers locally brake, especially in the periphery where the shear strain is
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Fig. 8 HR (high resolution) TEM image of a commercial feedstock of Ta powder, after [40]

Fig. 9 Window of sprayability as a function of temperature and velocity, after [68]

Fig. 10 Schematic view of the “oxide break deposition model”, after [36]
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higher. Instead, at the initial point of collision (south pole of the particle), where stress
is purely compressive, they were shown [35, 36] to remain intact, thus degrading the
local adhesion in that particular zone.

3.1.4 Morphology

The first use of the term “morphology” is attributed to Goethe, in relation to com-
parative anatomy. We can use it in a similar sense when comparing the external
features (i.e. shape and size) of any object and, in particular, of powder particles.
When looking at the appearance of different powder samples, one can notice that the
morphological features are related to the manufacturing process. For example, water
atomization tends to produce irregularly shaped particles and gas atomization more
spherical ones, the degree of sphericity being related to the reactivity of the atom-
izing gas. The most spherical particles are obtained using nitrogen and controlling
the surrounding atmosphere, while employing air results in more irregular shapes.
Morphological characteristics of atomized powders seem, thus, to be related to the
reaction kinetics of superficial oxide formation during the rapid cool down. Other
production routes can give more complex morphologies. For example, the most intri-
cate structures are obtained by the agglomeration of smaller particles, which can be
made by different materials and contain porosity (Fig. 11a); dendritic or coral shaped
particles can be produced by electrolytic methods [5] (Fig. 11b); fused and crashed
powders show a very “angular” morphology (Fig. 11c). In these cases, classical
observations techniques, as SEM images of the loose powder or cross sections of
particles embedded in resin, fail to capture the essential geometrical characteristics,
mainly because of their limitation to 2D. In order to give a correct representation of
the shape of complex objects, a 3D approach is needed.

In [22], a 3D observation method was developed using X-ray microtomography
(XMT) (Fig. 12). XMT is nowadays a well-developed technique, extensively used in
many scientific fields and, in particular, in thermal spray as, for example, in [1–3, 31,

Fig. 11 Exotic particle shapes, a XMT image of Ag-SnO2 powder, Courtesy of Y. Zeralli, MINES
ParisTech, 2013, b SEM cross section of a coral-like particle, after [52] and c SEM top view of the
loose tantalum powder Amperit 151.065 (HC Stark, Munich, Germany), produced by the fuse and
crash method, after [22]
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Fig. 12 Application of X-ray micro tomography to powder characterization, a experimental set up
at ESRF; b 3D image after the segmentation showing a volume containing some Ta particles (taken
from the powder batch shown in Fig. 11c)

39, 66]. X-rays of a given energy, capable of penetrating the sample through all its
thickness, illuminate the material to be observed. The transmitted beam is captured
by an imaging device (a scintillator followed by a CCD camera with high resolution,
which can be below theμm), resulting in a 2D projection of the volume of the object.
The sample is then rotated by a small angle and another image is taken. The iteration
of these steps results in a collection of thousands of projections that can be combined
in a proper 3D image of the object, through specific algorithms in a process called
reconstruction. In the 3D image, the gray level of each voxel (i.e. the 3D analogue
of a pixel) is proportional to the local X-ray absorption of the sample. The powder,
to assure some distance between particles, was dispersed in a resin and a cylindrical
sample suitable for the observation was created. In the reconstructed image of such a
sample, metallic particles appeared brighter than the embedding resin. The 3D image
needs to be further treated for assigning each voxel either to the powder or to the
resin, a process called “segmentation”. At the end of the analysis, a particle library is
obtained, made up by all the particles contained in the imaged sample, which could
sum up to several thousands.

For certain production routes and, in particular, those giving irregular morpholo-
gies, particles can come with a variety of shapes within the same powder batch. A
classification method is thus needed for a relevant description of the powder mor-
phology. This was developed, in 3D, in [22], where all particles imaged by XMT
were regrouped in a finite set of shape classes (Fig. 13). To achieve this, quantitative
shape measurements were introduced, based on the choice of suitable morpholog-
ical indicators (Table 1), namely MIs. More details on their description and on the
classification procedure, which is quite complex, can be found in [22, 31, 60].

To summarize, first an independent set of MIs was created checking the corre-
lations and excluding MIs that were not independent. Then, dimension of the MIs
space was reduced applying the Principal Component Analysis (PCA), a technique
that consists in linearly combining the MIs and identifying the smallest set of these
combinations that assure a good description of the variability of the original data set.
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Fig. 13 Particle
classification based on
morphological criteria, the
numbers indicate the number
of particles in each class and
they sum up to more than
18,000 analyzed objects,
after [22]

Table 1 Size and shape
measures. Underlined
parameters are vectors (more
than one component) and PAI
stands for Principal Axis of
Inertia, after [22]

Symbol Definition

Basic measures (not used directly)

V Volume

req Radius of the equivalent sphere: (3 V/4π)1/3

rm Mean radius (mean distance of the surface from the
barycenter)

Size

r1 (rm + req)/2

Bb Bounding box (along PAI) sides

S Surface

Shape

r1 (rm − req)/2

Sph Sphericity: volume fraction contained in the
equivalent sphere

S/V Surface over volume ratio

� Normalized PAI: λi = PAIi/(�j PAIj)

nbb Normalized Bb: nbbi = Bbi/(�j Bbj)

imbr Mean imbrication, as defined in [22]
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More details are given, for example, in [43]. Finally, the attribution of each object
to a predefined shape class was obtained by the K-means cluster analysis technique,
an unsupervised classification method, explained for example in [26]. Every par-
ticle was assigned to one of the 7 shape classes (Fig. 13). It appeared that certain
classes were predominant in volume, meaning that the size distribution was non-
homogeneous between classes. It must be noted that particles with a similar shape
could actually belong to different classes. In fact, at least in this case, the clustering
was a structure imposed on the data and not naturally present from the beginning. The
shape varied continuously between particles and the classification was a somehow
artificial process, still useful for a clearer understanding of shape data. This implied
that two particles belonging to neighboring classes and lying close to the common
boundary (on opposite sides) were expected to have very similar shapes and there is
no contradiction in this.

3.2 Modeling of the Impact

When considering the individual events that, repeated millions of times, constitute
the cold spray process (i.e. the impact of a particle), the temporal scale is in the
order of 100 ns and the spatial in the range 20–50 μm. If we focus on sub-particle
phenomena, investigating for example the deformation localized near the interface,
the jetting, oxide layer brake, etc., the scales are even smaller. A part from recent
laser based techniques allowing the observation of a deforming particle, as already
discussed in Sect. 3.1.2, no direct technique is nowadays capable of giving informa-
tion on the impact process. For this reason, modeling is the only way to access to
the physical quantities of interest, such as temperature, stress, plastic deformation,
etc. during the impact. The following part will firstly give a review of some consti-
tutive laws describing the material behavior in the dynamic regime. Then, the most
important frameworks for the simulation of impacts will be presented: finite ele-
ment analysis (FEA) and non-FEA methods. Finally, more specific issues related to
impact modeling will be addressed, as the effect of the oxide layer and the influence
of substrate surface roughness.

3.2.1 Material Models

A number of constitutive laws for material plastic behavior in the high strain rate
regime can be found in literature, such as for example Johnson-Cook [8, 25, 41],
Preston-Tonks-Wallace [21, 59, 63], Khan-Huang-Liang [17, 44, 45] and Zerilli
and Armstrong [6, 79]. The reader may refer to [18, 64] for a comparison of some
of them. The interest in such kind of models did not certainly arise with the cold
spray technology, becausemilitary related studies (ballistic) addressed this field since
many decades. The fact that some, if not most, of these results is defense sensitive



Advanced Modeling and Simulation Tools to Address … 145

can probably explain the difficulty to find extensive and reliable material data for
these models.

Due to the extremely dynamical nature of the impact, the use of theMie-Gruneisen
equation of state (EOS) is a common feature. This model, in fact, describes the
material state in the high pressure domain and the propagation of shock waves. It
can be written as follows, in the so-called Hugoniot formulation:

p − pH = Γρ(E − EH ) (1)

where p is the pressure, ρ the density, E the internal energy, Γ = Γ 0ρ0/ρ, η = 1 −
ρ0/ρ, pH = ρ0c20η/(1 − sη)2, EH = pHη/2ρ0. There are 3 independent parameters
for each material in the EOS: η, s and c0. Further details on the Mie-Grüneisen EOS
can be found in [4].

In the following, we will briefly describe the Johnson-Cook model [41] which is
the most widely used for its simplicity. This model is an empirically-based represen-
tation of the yield stress and its main advantage is that, due to its popularity, material
parameters are available in literature for a large number of materials. The yield stress
is given by the following equation:

σJC = (
A + Bεn

)(
1+ C ln

ε̇0

ε̇

)[
1−

(
T − T0

Tm − T0

)m]
(2)

where A, B, C, n and m are material parameters, ε is the strain, ε̇ is the strain rate, ε̇0
a reference strain rate, Tm the melting temperature of the material and T 0 a reference
temperature. The three factors in the equation take into account respectively the strain
hardening, the strain rate hardening and the thermal softening.

3.2.2 FEA Methods

Finite element analysis (FEA) is the most extensively used framework in the simula-
tion of cold spray particle impacts, e.g. among many others [30, 48], and, one could
say, in solid mechanics in general. FEA is developed since many decades and comes
in a variety of different formulations, each onemore or less adapted to address a given
problem, ranging from simple elastic and static cases to large deformations, fracture
propagation, thermo-mechanical or other multi-physical problems, etc. Many books
treating FEA were published and one may refer to them for a thorough explanation
of the technique in all its variations. For our purposes, it will be sufficient to mention
that FEA is based on the discretization of space in cells, a process called meshing.
Inside each cell, the fields (e.g. stress, strain, etc.) are described by some parametric
function (typically polynomials), namely the elements.

Two main general formulations can be distinguished, the Lagrangian and the
Eulerian. In the first one, the mesh is attached to the material and deforms with it,
allowing interfaces to be easily tracked. In the second, the mesh is fixed and the
material can flow through it. Eulerian elements may be partially or completely void,
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so that interfaces in general do not coincide to element boundaries. For the accuracy
of the discretization, it is important for themesh to be regular, i.e. the cells should have
a homogeneous aspect ratio in all directions. In particle impact simulations, the local
deformation can be very high, so that the elements in the Lagrangian formulation can
be extremely distorted. As a result, the accuracy of the discretization is lost and the
simulation could fail due to an excessive distortion of the mesh. A possible solution
for this problem is the use of a hybrid formulation, namelyALE (AdaptiveLagrangian
Eulerian), which consists in an adaptive meshing tool, performing a regularization
of the distorted mesh by displacing its nodes and remapping the fields to the new
mesh. This technique proved to be effective in reducing element distortion, but still
was not sufficiently robust to easily perform impact simulations (see, for example,
Delloro et al. [22]). An important issue linked with the remeshing, was the loss of
the correspondence between mesh nodes and material points: the displacement fields
were lost in the remeshing steps. This problem could be overcome with the Abaqus®
tool called “tracer particles”, which allows following the position of a certain number
of material points during the simulation and, thus, retrieving the displacement fields
by interpolation.

An alternative technique toALE is theCombinedEulerianLagrangian (CEL), also
available in Abaqus®. In this framework, the interaction between pure Lagrangian
and pure Eulerian domains is implemented. This approach is well suited for complex
fluid-structure interaction and large deformations, although it can suffer from the
interface tracking issues typical of the Eulerian formulation, especially in multi-
particle simulations when the substrate is Lagrangian and the particles Eulerian
[76, 78].

3.2.3 Other Non-FEA Methods

Smoothed particle hydrodynamics is a mesh-free discretization technique where the
space is divided in non-connected particles, representing interacting mass points.
Moreover, they are used for interpolating fields, based on data from neighboring
particles, scaled by a weighting function, namely the kernel. Classical conservation
equations are then imposed and interaction between particles is set to reproduce
plastic material behavior. SPH method, due to its meshless characteristic, is well
suited to the large deformations experienced in cold spray (Fig. 14), as shown for
example in [49, 53, 54], but suffers from a more expansive computational time
compared to Lagrangian FEA.

Another interesting approach, which is relatively new in comparison to all other
techniques presented here, is the Discrete Element Method (DEM), which allows
modeling simultaneous flow dynamics and growth and microstructure evolution of
depositedmatter [58]. This framework provides the ability to explicitly track all inter-
particle and particle-target collisions and hence provide an alternative to traditionally
used methods.
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Fig. 14 Impact simulations using SPH. a, b Show a comparison between respectively SPH and
Eulerian techniques for a Cu particle impacting onto a steel substrate at 700m s−1, after [53]; c SPH
method to study the effect of the angle of impact, after [49]

3.2.4 Simulation of Surface Oxide Layers

Few studies dealt with the simulation of oxide layers. In [47] simulations of an Al
particle impacting onto an Al substrate in presence of oxide layers, both on the
substrate surface and around the particle, were performed using LS-DYNA finite
element software, at different velocities (Fig. 15). Three kinds of simulations were
performed: without the oxide layer (alumina), with a thin one (0.4 μm) and with
a thicker one (0.8 μm). A brittle behavior was given to alumina by the Johnson–
Holmquist plasticity damage model [42]. It was found that the region close to the
interface experienced intensive plastic deformation, with its maximum on the sides,
far from the initial contact point. The jetting phenomenon could also be simulated,
especially for impact velocities higher than 400 m s−1. The alumina layer showed
a considerable effect not only at the interface, but in the whole deformability of the
particle: oxide break absorbed part of the initial kinetic energy, which therefore was
no longer available for the plastic deformation of the metal. A thicker layer thus
implies higher particle velocity to have the same material deformation, so that the
critical velocity is shifted to higher values.

Fig. 15 Simulation results for an Al particle impacting onto an Al substrate at 500 m s−1, with two
different oxide layer thickness, respectively 0.4 and 0.8 μm, after [47]
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3.2.5 Effect of Substrate Roughness

Surface roughness is well known to be a key parameter for cold sprayed coating adhe-
sion. Blochet et al. [12] studied the effect of surface preparation by different grades of
grit blasting, from an experimental and numerical point of view. In particular, single
impact simulations of a pure Al particle onto AA2024-T3 substrate were performed
(Fig. 16). A very fine roughness, made up by small peaks and valleys, vanished due
to high kinetic impacts. For coarse roughness, the impact onto a valley or a peak
gave different results but in both cases the particle could find itself well anchored
into the substrate, showing a large contact area. The most prominent surface defects
could not be smoothed by particles impact, so that the residual interface roughness
was correlated to the initial substrate treatment. The simulations, thus, confirmed the
importance of the substrate surface state and helped in explaining the mechanisms
favoring particle adhesion.

As a general conclusion, independently of the material couple and of particle
velocity, it can be said that the important characteristic determining the outcome
of particle-substrate interaction is the relative size of the particle with respect to
the characteristic roughness size of the substrate. Three main scenarios can thus be
identified (Fig. 17).

1. Macro-roughness (roughness bigger than the particle): equivalent to impact with
an angle (the local angle near the contact point).

2. Meso-roughness (roughness at the same scale as the particle): the deformed state
can be approximated by the sum of the initial roughness and the deformation
induced by the impact on a flat surface (linear combination).

Fig. 16 Effect of the AA2024-T3 substrate roughness at the impact of a pure Al particle (diameter
35μm, velocity), awithout surface treatment, b fine grit-blasted, cmedium grit blasted and d coarse
grit-blasted; t0 = 0, t1 = 50 ns, t2 = 100 ns, t3 = 150 ns, t4 = 200 ns, after [12]
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Fig. 17 Effect of substrate roughness at the impact of a Ta particle (diameter 20 μm, velocity
500 m s−1). a Initial state, b after the impact onto a Cu substrate, c after the impact onto a Ta
substrate; the color scale represents the plastic equivalent strain (PEEQ)

3. Micro-roughness (roughness smaller than the particle): the surface features are
simply erased by the impact. As a consequence, deformation is concentrated
in the small prominences. When comparing to a flat surface, the small-scale
roughness dumps the deformation and penetration of the particle.

3.3 Morphological Modeling

Single particle impact models give rich information on small scale phenomena but,
when it comes to the simulation of the build-up of a whole coating, computational
costs in terms ofCPU time andmemory become prohibitive due to the high number of
particles involved. Another approach is possible, where coating formation ismodeled
by adding particles one by one in an iterative mode, miming the building up of the
coating. These models are somehow more empirical and phenomenological than
single particle impacts because the physical laws are not explicitly considered here.
In literature there are very few studies on this kind of modeling, being outnumbered
by more classical FEA impact simulations.

In [71] a purely phenomenological 2D model was set up, combining observations
of deformed particle shapes and deformation mechanisms. The simulation domain
consisted in a regular mesh where particles were added one by one. These were
already deformed spheres, thus consisting in ellipses with experimentally measured
shape ratios and velocities. When a particle crashed onto the substrate or the forming
coating, pixels coming into contact were displaced in a number proportional to the
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Fig. 18 Iterative coating build up model, for the simulation of porosity in 2D, after [71]

kinetic energy of the particle. After this deformation stage, the particle became part
of the coating and a new incoming particle was generated (Fig. 18). This model
intended to reproduce porosity formation mechanisms and was tuned to this aim.

A different approach, again miming the coating formation process in 2D by suc-
cessive depositions of single powder particles, was developed in [22]. Here, data from
finite element simulations of single disc-like particle with different sizes impacting
with different velocities were combined into a build-up model capable to follow the
evolution of the microstructure (splat boundaries). Firstly, a data set consisting of
2D discretized displacement fields was extracted from finite element simulations,
constituting the “impact library”. To this aim, the already mentioned tracer parti-
cles technique was necessary because remeshing techniques were used. For each
simulation, an interpolation of the displacement field was obtained using Delaunay
triangulation on the set of displaced tracer particles (Fig. 19) and could be used as a
basis for the 2D coating build up model.

To simplify (more details can be found in the original paper), the coating build-
up model consists in the iteration of the following steps. First, a particle impact
is chosen from the “impact library”, thus selecting a particular displacement field.
Then, the substrate, with the already deposited particles, is deformed as dictated
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Fig. 19 Positions of tracer particles, before (a) and after (b) particle impact, after [22]. Only the
substrate is shown here, in gray

Fig. 20 Results of the coating build up simulation, after 5 (a), 10 (b), 20 (c) and 30 (d) iterations,
after [22]

by the interpolated deformation field. Finally, the impinging particle is added. This
procedure can then be repeated, in an iterative way, up to a large number of particles
(Fig. 20). This modeling approach showed to be powerful and promising for the
simulation of the cold spray process. Nevertheless, many features have yet to be
introduced in the model, as for example a full 3D approach and the effects of the
substrate roughness.

4 Modeling at the Scale of the Deposit

Amajor drawback in the finite element (FE) analysis of the coating build-up rests on
calculation times. For this reason, to scale up from the particle dimension to that of
the deposit needs to move on to simulation methods other than those based on finite
elements. Section 2 in this chapter showed the use of advanced statistical methods
to complement previous a FE analysis. This ideal dual two-scale approach to build-
up still remains to be completed despite recent significant progress. Besides this
dual approach, recent FE-free direct simulation at the deposit scale was developed,
as considered in this third part of the chapter. The first target to be met in this
development was computing time reduction. Better flexibility and efficiency are
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expected from this reduction to result in a tool to be used in the additivemanufacturing
context, even though this could be to the expense of accuracy. This means that
the subsequently-described simulation relates to a global description of the deposit
geometry rather than that of what occurs at the scale of the particle. Unlike in the
morphological modelingwhichwas shown in Sect. 3.3, there is no input from particle
characteristics which would require too high computing capabilities.

4.1 Fundamentals and Assumptions for Simulation
of Deposition Build-Up

4.1.1 General

The core principles of this build-up model are to claim that the spray angle does
govern the build-up process. This is quite in keeping with the additive manufacturing
process in which the role of the shape of the deposit is prominent for both the (build-
up) process itself and its result. The term “spray angle” is to be understood in its
broadest and most diverse sense. This includes that of conventional spray angle
and that of impact angle, which relate to the nozzle and to the elementary particles
respectively. As could be guessed, the deposition efficiency is behind this notion of
angle through the implicit involvement of the particle rebound phenomenon.

In practice, the simulation from the model consists in building-up of successive
beads (i.e. one-pass deposits), the profile of which was determined initially. The
model/simulation was developed in a 2D first then extended in a 3D (or more exactly,
a pseudo-3D) version.Agreat part of the discussion in this sectionwill be based on 2D
results to alleviate the approach. The 3-dimensional part will be considered mainly
at the validation stage. Moreover, the model was tested using Al 2024 (Aluminum
2024 Alloy) powders. These powders had been heat treated prior to spraying to result
in a high deposition efficiency to be suitable for additive manufacturing as discussed
in Sect. 2.2. All conditions for heat treatment and for subsequent cold spray are
given in (Bunel et al. 2016). Unless otherwise specified, anything which follows
will refer to these experimental conditions. To give an idea of the experimental cold
spray parameters which were used, one may however mention the main cold spray
parameters, i.e. a powder low rate of 15 g min−1, a stand-off distance of 30 mm, a
pressure of 5 MPa, and a temperature of 450 °C.

These considerations led to the establishing of the two basic elements of the
model, i.e. the deposition efficiency versus spray angle curve and the one-pass deposit
(cross-sectional) profile. It is thus understood easily that themodel therefore involves
a scale higher than that involved in conventional FE analysis (Sect. 2), i.e. thousands
of particles rather than given elementary particles.

The overall simulation route therefore results in 3 steps (Fig. 21).
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Fig. 21 Cold spray at various spray angles, a schematic illustration of the specific experimental
set-up, b optical top view of the central sprayed beads onto the platelets (of 2.5 mm thick) as a
function of spray angle

The first step is a spraying stage made of spraying tests to achieve beads (made
of single pass deposition) for given spray angles. Incidentally, with a spray angle as
defined in Fig. 21, perpendicular spraying corresponds to a spray angle of 90°.

The second step is the characterization of as-sprayed beads, which leads to the
two master curves of the model, i.e. the so-called “nominal” bead profile (Fig. 22a),
i.e. for a normal incidence of the nozzle, and the deposition efficiency versus spray
angle curve (Fig. 22b).

The third step is that for application of the developed computing code, which
results in a typical calculated profile for a deposit which can be achieved onto a large
area from multi-passing of the nozzle (Fig. 23). In Fig. 23, this profile is given for
perpendicular spraying (i.e. for a spray angle of 90°). The corresponding spraying
parameters (those relevant to the code) are given when required.

The parameters relevant to the model and simulation are the kinetic parameters
linked to the displacement of the cold spray nozzle, i.e.:

Fig. 22 Input curves for simulation, a nominal bead profile, i.e. deposit thickness versus (x, y)
coordinates, b deposition efficiency (D.E.) versus spray angle
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Fig. 23 Example of simulated profiles, for 1 and 2 passes

• The traverse speed, i.e. nozzle passing velocity (relative to the substrate).
• The number of passes, knowing that a pass is defined as the whole trajectory of

the nozzle which leads to an elementary layer, e.g. the whole slotted track in a
given color (read or blue) in Fig. 24. The blue and red tracks in Fig. 24 were
consecutive and therefore corresponded to even and odd passes respectively, for
example. The starting point of a given pass is the same as that of the previous pass
in the same series, i.e. odd or even.

• The step size, i.e. the width (arrowed in green in Fig. 24) of an elementary up and
down in the slotted nozzle track.

• The spatial shift, between 2 successive passes, taken as half of the step size, for
example, in the subsequent discussion of the model.

• Possible direction reversal for nozzle passing after every pass. If not, at the end
of a given pass, the robot track moves outside of the area to be coated and goes
back to the starting zone of the substrate for subsequent passing.

Fig. 24 Schematic top view of nozzle passing showing the key parameters for simulation
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The result of the two-dimensional simulation must be compared to observation
from a transverse cross-section along the longitudinal axis (black line) of the area (in
gray) to be coated (Fig. 24). Every 2D profile after a given pass can be achieved and
visualized (e.g. for 2 passes in Fig. 23). The model leads to simulation of the coating
thickness and roughness and their evolution as a function of the number of passes. It
starts from real build-up profiles and can use robot trajectory parameters to result in
the prediction of the final shape of the deposit. The simulation process is therefore
opposite to what can be encountered in robot programming. When programming a
robot, one starts from the targeted geometry of the part and the smoothed bead profile
to infer the robot trajectory [16].

The subsequent sub-sections show how the two key parameters of the model,
i.e. bead profile and impact angle, are involved to result in simulation inputs. Their
processing conditions and influence will be discussed.

4.1.2 Bead Profile

The nominal bead profile consists of a building block, the characteristics of which,
primarily the height and the width, depend on the cold spray processing conditions
and therefore integrate them. A given profile therefore corresponds to a given set to
spraying parameters. Among these parameters, the stand-off distance has only little
influence provided that its variation remains rather limited.

A given profile is discretized prior to be used as an input to the model. The profile
is thus made of a series of n height bars at given coordinates (bright vertical lines in
Fig. 25). The height of the nth bar is hn and the distance between 2 successive bars
is the discretization interval. The calculation step, consequently the computing time
and precision of the model, depends on the discretization interval.

By definition, the value of the calculation step cannot be lower than that of the
discretization interval. In contrast, the reverse is acceptable. For example, for a dis-
cretization interval of 20μm, the calculation stepwill be taken as amultiple of 20μm,
e.g. 20, 40, 60,…μm. The calculation step must not be too low for two reasons. The

Fig. 25 Discretization of a given experimental deposit profile (2D cross-section)
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first reason results from the fact that the lower the calculation step, the more precise
the model is but to the expense of the computing time, the latter being proportional
to the calculation step. The second reason relates to the powder particle size, which
governs the roughness of the bead profile, due to a random particle build-up process.
Choosing a calculation step rather higher than the mean particle size can limit the
influence of this same roughness. For example, when using a powder with a Dv (50)
of 20 μm, it is recommended not to use a calculation step lower than 100 μm.

4.1.3 Impact Angle

Unlike the conventional spray angle as previously defined in Fig. 21, the impact
angle is a local parameter. It corresponds to the actual angle with which the sprayed
particle collides the substrate. This angle therefore depends on the profile outline at
a given build-up time and refers to the local slope at the point of impact in the profile
outline. At the first pass for the achievement of the first bead, i.e. starting from a
flat substrate, the impact angle is the same as the spraying angle. However, as from
the first overlap when moving back the nozzle after the first bead, the impact angle
evolves due to changes in the substrate geometry.

The spray angle has a great influence on deposition efficiency (Fig. 22b) through
the variation of the degree of rebounding [11]. Deposition efficiency is all the lower
as the spray angle decreases. The impact angle shows the same trend. Consequently,
the impact angle has to be calculated prior to every nozzle pass to result in the
proper height increment for deposit. The calculation of the impact angle at the nth
discretization coordinate involves that of the difference between the height of the
deposit at this same coordinate, i.e. hn, and, on one hand, the height of the previous
coordinate, i.e. hn-1, and, on the other hand, the height of the subsequent coordinate,
i.e. hn+1. The signs of the two resulting height differences, namely dn−1 and dn+1,
depend on that of the corresponding slopes.

dn−1 = hn−1 − hn (3)

dn+1 = hn − hn+1 (4)

Three cases are to be envisaged according to the respective signs of the height
differences, which correspond to (Fig. 26):

• A mere slope when dn−1 and dn+1 are of the same sign
• A valley when dn−1 is positive whereas dn+1 is negative
• A peak when dn−1 is negative whereas dn+1 is positive.

The overall difference must involve offsetting, i.e. positive offsets for valleys and
negative offsets for peaks, but nothing for conventional slopes. The implementation
of this offsetting system resulted from considering thatmaterial depositionwas easier
in a valley in which the angle deceased gradually rather than on a peak.



Advanced Modeling and Simulation Tools to Address … 157

Fig. 26 Schematic
illustration of the calculation
process for the impact angle
in the 3 possible geometries

Consequently,

• For slopes and valleys, the overall difference takes the following value of:

d = |dn−1 + dn+1|

• For peaks it takes:

d = |dn−1 − dn+1|

The impact angle can thus be calculated using the mere following expression:

α = 90− arctan

(
d

xn+1 − xn−1

)
(5)

where xn is the coordinate of the nth bar along the x-axis in the 2D bead transverse
cross-section (Fig. 25).

Once the impact angle is calculated at a given point, the height of the deposit to
be added takes into account the deposition efficiency curve (Fig. 22b) using the rule
of proportionality. For near-normal angles, the height to be added will remain nearly
the same as previously. In contrast, for rather low angles, the height can decrease
significantly. The effect of the involvement of the impact angle in the model is
significant, as shown on the example of deposition using conventional cold spray
conditions for Al 2024 with a step size of 1 mm (Fig. 27), starting from a typical
bead profile such as that in Fig. 25.

The involvement of the impact angle as determined using the previously-described
rules is therefore crucial at every calculation step in the model.

4.2 Influence of Basic Model Parameters

The basic parameters of the models were defined in Sect. 3.1.1. To be relevant, all
discussions for comparison between the influences of the parameters of the model
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Fig. 27 Role of the impact angle on profile calculation from a starting profile in blue, a with no
involvement of the impact angle for calculation of the subsequent profile (in red),bwith involvement
of the impact angle for calculation of the subsequent profile (in green)

will be conducted for a given spraying time, i.e. in iso-spraying time conditions in
which the quantity of sprayed powder is the same.

4.2.1 Traverse Speed

Changing the traverse speed results in modifying the bead profile dimensions, i.e.
bead width and bead height in a 2D cross-section. Since the width does depend
on pressure, temperature and stand-off distance but not on the traverse speed, the
height only has to be modified as a function of this latter parameter [70]. From
experimental results showing that traverse speed has no effect on the (absolute)
deposition efficiency for beads (Fig. 28), provided that the measurement errors are
neglected, one can therefore state that the depositedmaterial mass, i.e. bead height, is
inversely proportional to the traverse speed. To set the definitions, one may note that,
in contrast with the absolute deposition efficiency, the relative deposition efficiency
compares to that obtained when spraying perpendicularly (spray angle of 90°), taken
as 100%.

Fig. 28 Deposition efficiency versus spray angle curves for different traverse speeds
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However, in iso-time conditions, the traverse speed shows a significant influence
on deposit thickness, (Fig. 29). Moreover, the latter reaches a limit value after a
certain traverse speed increase, e.g. approaching a thickness of 4.9 mm when above
50 mm s−1 typically. This can be explained easily by the fact that the thickness of

Fig. 29 Two-dimensional simulation of a deposit using a given step size of 1 mm, a 2 passes at a
traverse speed of 20 mm s−1, b 5 passes at 50 mm s−1, c 10 passes at 100 mm s−1
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Fig. 30 Simulated profiles for a given traverse speed of 50 mm s−1 with, a a step size of 0.5 mm
in 1 pass, b a step size of 1.5 mm in 3 passes, c a step size of 2.5 mm in 5 passes, d a step size of
3 mm in 6 passes

a given elementary bead pass is all the lower as the traverse speed is high, which
corresponds to higher local spray angle for the successive beads (Fig. 29).

4.2.2 Nozzle Trajectory

Step Size

As already stated, any relevant comparison between deposits must be made for a
given spraying time. Simulations are therefore developed for a given traverse speed
with a number of passes to be selected as a function of the spatial shift. For example,
doubling the step size leads to also double the number of passes.

The step size has little influence on deposit thickness compared to traverse speed
unless it is restricted to very low values, due to the influence of the particle impact
angle. The lower the step size, the steeper the bead profile is. In contrast, surface
roughness does depend on the step size, both for the peak-to-valley ratio and for the
profile itself (Fig. 30).

Unlikewhat can be seen for traverse speed, no clear trend emerges for the influence
of the step size. Every case is particular. For a given traverse speed there is an optimal
step size. For example, in the already-taken conditions for deposition of Al 2024 (see
figures and previous sections), the optimal step size is 1.5 mm for a traverse speed
of 50 mm s−1 though it is 1.0 mm for a speed of 20 mm s−1.
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Fig. 31 Influence of a spatial shift of half the step size on the simulated bead profiles, at a traverse
speed of 50 mm s−1, for a step size of a 2.5 mm, b 3 mm, c 3.5 mm. Left diagrams, without shifting:
Right diagrams, with shifting

Spatial Shift

The spatial shift between 2 successive passes, as defined in Fig. 24, can show an
influence on surface roughness as done by the step size. These two parameters, as
could be expected, are not independent. There is no systematic correlation. One may
say that a spatial shift of half of the step size, typically, is beneficial for roughness,
but the extent of improvement for this given spatial shift depends on the value of
the step size. In the example of Fig. 31, for given thickness and traverse speed,
the improvement is of a lesser extent for the intermediate value of the step size,
i.e. 3 mm, compared to that obtained for 2.5 and 3.5 mm. Moreover, there is no
improvement at all for a low value of step size such as 1 mm, insofar as the simulated
curves with and without shifting are superimposable (no figure shown in this article).
The improvement is not therefore systematic, the explanation of which is not yet
elucidated, even though one may assume this might depend on simulation accuracy.
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Fig. 32 Influence of the reversal of the nozzle direction of motion on the simulated bead profiles,
for a traverse speed of 20 mm s−1, a step size of 1 mm as a function of the number of passes (up to
4), a with no reversal, b with reversal

Reversal of the Nozzle Direction of Motion

The reversal of the nozzle direction of motion i.e. in alternate passing, has practically
no influence when using a flat substrate. At best, a slight decrease in the depth of
the valleys in the roughness profile can only be seen. In contrast, when using shaped
substrates, such as those which were considered in the simulation development (see
further Sect. 3.3), the effect of the reversal ismuchmore exhibited, as can be expected
intuitively, due to some symmetrizing in the deposition process (Fig. 32). For exam-
ple, a hole (in a 2D representation) can be said to show 2 opposite slopes. When
depositing, the first slope is accentuated as the second slope is reduced due to the
previously-deposited material. The reversal in the motion can limit the problem.

4.3 Improvement of the Model

4.3.1 Multi-profile Simulation

To better reproduce the randomness of the surface of the sprayed deposit, a major
improvement in the simulation can result from the use of a series of bead profiles,
rather that one profile only as the first model input (see Sect. 3.1.1). The previous
sections discussed results starting from 1 bead profile to better exhibit the influence
of a given parameter or another.

When using a single typical bead profile, the final roughness of the deposit resulted
from repeated processing of the same bead profile in the simulation. As can be
expected, this leads to a sort of uniformity in the roughness distribution, which
can be vanished when involving several beads (all the more efficient that they are
numerous, 10–15 typically) (Fig. 33). These bead profiles come from cross-sections
of a bead achieved in given spraying conditions.
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Fig. 33 Results from simulation using similar parameters but starting with, a 1 bead profile input,
b several bead profiles

4.3.2 Extension to 3D Simulation

A3D, ormore exactly a pseudo-3Dversion of the build-upmodelwas developed. The
resulting surfaces are obtained from mere juxtaposition of the 2D profiles. However,
the price to pay is that the impact angle in the direction parallel to that of the nozzle
motion, i.e. the y axis, cannot be involved. This is not the case for the x axis, i.e.
perpendicularly to the nozzle direction of motion. Consequently, there cannot be any
slope in the y direction (Fig. 34).

In the y direction, changing the spraying direction also changes the spraying
distance, which makes them hard to be discriminated. Moreover, depending on the
nozzle direction of motion along this same axis, the effect of the spraying angle can
be either promoted or reduced (Fig. 35).

This ascertained that the spraying angle was not involved deliberately in the
development of this pseudo-3D simulation.

Fig. 34 Three-dimensional simulation of a 4-pass deposit for a traverse speed of 50 mm s−1 and
a step size of 2 mm
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Fig. 35 Schematic
illustration of the influence
of the spraying angle (shown
by the red line) as a function
of the nozzle direction of
motion

4.4 Testing and Validation of the Model

Results are discussed using both 2D and 3D simulations. However, for testing and
validating the fundamentals of the model/simulation, 2D is enough.

Validation mainly rests on testing the model when applied to shaped substrates.
Three typical shapes, i.e. V, U and round shapes were tested.

As a general result, simulation can be claimed to be in keeping with experiments.
For reasons of brevity, the subsequent discussion is given in the example of the V-
shaped groove only. The consistency between experimental tests and simulation is
ascertained by typical features such as dissymmetry of the deposit profile (Fig. 36).

Moreover, the lowest point at the bottom of the groove shows the same coordinates
and the various slopes almost the same angles in both profiles. The sole but rather
significant discrepancy between the two profiles relates to bumps which formed in
the simulated left slope of the V (Fig. 36). The presence of these bumps is assumed
to result from small errors which could cumulate after every nozzle pass.

Simulation is quite satisfactory, even for rather small-sized grooves, e.g. of 2 mm
in width for 1 mm in depth. In this type of narrower grooves, most noticeable is
a higher roughness in the valley (whatever the shape of the groove) for simulation
compared to experimental results. Otherwise, simulated results compare well with
experimental results which vary in the so-called “gray range” in Fig. 37.

Roughly speaking, the results are similar for the other shapes which were tested.
For the semi-elliptical in particular, the experimental global profile and roughness are
in keeping with simulation, provided that the groove width is significantly larger than
the groove depth, e.g. 5 times higher typically. For the smallest slots, improvements
can be expected from the use of smaller spraying spot and step sizes. More generally,
the comparison between simulation and experimental results can be problematic for
shapes with rather steep slopes and low impact angles. This pleads in favor of the
development of miniaturization of spraying systems to be used in cold spray additive
manufacturing specifically.

Based on 2D results, at this stage of development the build-up model used in
simulation can already be deemed robust. Further three-dimensional approach ascer-
tains this. In this pseudo-3D approach, the basis of which was described in Sect. 3.3,



Advanced Modeling and Simulation Tools to Address … 165

Fig. 36 Bead profile for a traverse speed of 50 mm s−1, a step size of 1 mm, and 4 passes, onto a
given V-grooved substrate, a simulated, b experimental

Fig. 37 Bead profiles for a traverse speed of 20 mm s−1, a step size of 1 mm, and 2 passes, onto a
given V-grooved substrate, a simulated, b experimental
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numerous different 2D profiles were selected from a profile database for given bead
conditions. Their number is taken high enough for relevant description of the deposit
as a function of its size. The repeating number and order in the repeating process in
the model are generated randomly. In these conditions, the model was also validated
in 3D, based on results on the influence of the three following parameters, i.e. the
step size, the traverse speed, and the shape of the substrate.

• Step size

For better visualization and comparison, results are given in the form of flat views
for experimental roughness measurements and in the form of perspective views for
simulated roughness.

For given spraying conditions, the ripple effect due to the influence of the step
size in the robot trajectory is promoted when decreasing the step size from 2 to 1 mm
(Fig. 38). This result ascertains that the model is valid, through the exhibiting of the
influence of the step size and good consistency between simulated and experimental
results regarding roughness ranges (width and peak-to-valley values).

Fig. 38 Surface roughness of a 20× 20mm2 area for a traverse speed of 20mm s−1, a 2 passes with
a step size of 1mm,b corresponding simulation, c 4 passeswith a step size of 2mm, d corresponding
simulation
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Fig. 39 Surface roughness of a 20 × 20 mm2 area for a step size of 1 mm, a 2 passes at a traverse
speed of 20 mm s−1, b corresponding simulation, c 5 passes at a traverse speed of 50 mm s−1,
d corresponding simulation

• Traverse speed

The conclusions on the influence of the traverse speed are similar to those for that
of the step size, which can justify to merely copy/paste a good part of the previous
section, that is, the ripple effect due to the influence of the traverse speed is pro-
moted when decreasing the step size from 50 to 20 mm s−1 (Fig. 39). This result
ascertains that themodel is valid through the exhibiting of the influence of the traverse
speed with good consistency between simulated and experimental results regarding
roughness ranges (width and peak-to-valley values).

• Shape of the substrate

Three-dimensional profilometer data compare fairly well with simulation when
applied to various shaped substrates, provided these are not too complex, i.e. within
the already-mentioned limits. Otherwise, this should result in a case-by-case assess-
ment (e.g. for a deep slot). Figure 40, even though different z scales do not make
the comparison very easy, ascertains that the model is valid through the exhibiting
of a good consistency between simulated and experimental results.
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Fig. 40 Surface mapping of a deposit onto a U-shaped groove (elliptical, of 1 mm in depth and
10 mm in width), for 1 pass with a step size of 1 mm, a experimental, b simulated

4.5 Applications

Modeling at the scale of the deposit as shown in Sect. 3 of this chapter was shown
to be suitable for predictive simulation of the shape and roughness of this same
deposit. At the current stage of development, this type of simulation can be used
for going faster, i.e. limiting the number of preliminary spraying experiments, in
the establishing of relevant kinetic parameters and spraying conditions for a given
application, i.e. given shape and thickness. A major asset of this type of simulation
rests on the short computing time, i.e. a few minutes typically for mm-sized parts.
For example, the simulated surface in Fig. 39b needs a computing time of no more
than 6 s to be obtained. The development of this class of simulation can therefore be
considered as a significant step on the road towards additive manufacturing.
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Fig. 41 Simulated surface of a hole prior to filling

A typical example of application is, for restoration/repair, that of filling a semi-
ellipsoidal hole of 5 mm in depth, 30 mm in width along the x-axis and 15 mm in
width along the y-axis (Fig. 41).

When fixing nominal spraying conditions including a traverse speed of 50mm s−1

and a step size of 1 mm, simulation shows that 5 nozzle passes are not enough to fill
the hole entirely (Fig. 42a, in which part of the deposit surface remains below the
5 mm z-plane) and that 6 passes are needed (Fig. 42b).

This build-up model needs no more than one minute to operate and leads to
the simulation results shown in Fig. 42. A major asset rests on its capability in
estimating the amount of powder to be used for a given application, since all the
spraying parameters are known as inputs in the model. This results in an estimation
of the spraying time and, consequently, of the amount of powder knowing the powder
flow rate. In the previous example (Fig. 41), the filling of the considered hole needs
about 16.1 g. Some discrepancy can however exist between estimation and actual
powder consumption due to speed variation for the robot when changing direction.
Moreover, some dead times such as that for the robot to reach the starting point for
spraying are not involved in the estimation. Another consequence of any direction
change for the robot is to reduce the reliability of the simulation, especially for deposit
thickness prediction. This results from speed reduction for the robot, which leads to

Fig. 42 Simulated surface of the hole shown in Fig. 41, a after 5 passes, b after 6 passes
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some excessive build-up at the deposit edges. This effect is all the more pronounced
as the robot moves fast.

5 Conclusion-Outlook

Cold spray additive manufacturing does need simulation/modeling of deposit build-
up, whether it be for a mere coating or for direct manufacturing. An overview of
modeling tools was given in this chapter, focusing on the most advanced approaches,
which however still require development. This development is required due to exten-
sion of the range of materials which can be cold sprayed now (i.e. beyond conven-
tional ductile powders), and to expectations from cold spray to achieve more and
more complex shapes and higher properties. It is useless to say that all this must
be done in the best possible cost effective conditions, i.e. with the best efficiency
(powder consumption and productivity).

To be efficient for additive manufacturing using cold spray, these advanced tools
for modeling of build-up issues, as shown in this chapter, have to be considered at
two scales, i.e. that of the powder particle and that of the sprayed bead. Discussing
build-up issues and related modeling/simulation tools resulted in the two main parts
of the chapter. The philosophy behind the use of modeling in cold spray additive
manufacturing is to claim that, depending on the targeted application and require-
ments, the user would have to use tools working either at the particle scale or at
the bead scale. Moreover, as can be guessed, the best might be to combine both
approaches, knowing the large variety of issues to be addressed in such a versatile
process. This combination is all the more prominent because hybrid processes can
also be envisaged for additive manufacturing, e.g. cold spray coupled with laser
processing.

If there is just one thing to bear in mind in the development of these advanced
models, this would be the crucial and often original contribution of themorphological
approach to the sprayed materials (at both scales), which can involve the use of
advanced tools from mathematical morphology.

In parallel with the development ofmodeling and simulation tools as shown in this
chapter, one may infer from the content of this same chapter that action is required
in two areas:

• In the materials area: Efforts should concentrate on the study of powder particle
characteristics to be used as relevant input in build-up models. They relate to
mechanical properties, morphology, physicochemistry, and metallurgy.

• In the processing area: The design of lower size cold spray components and
facilities, not to say miniaturizing, must be developed to be in keeping with the
scale over which the governing build-up phenomena occur and with the scale
which are involved in the corresponding models.
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Laser Assisted Cold Spray Deposition

Venkata Satish Bhattiprolu and Luke N. Brewer

Abstract This chapter will review the current state of the utilization of lasers to
enhance the cold spray process both during and after deposition. While high and
low-pressure cold spray has been successfully applied to a variety of metallic alloys,
there is a need to increase deposition efficiency, permit the use of heavier and less
expensive spray gases, and to tailor the microstructure of the sprayed material. Over
the past decade, laser-assisted cold spray (LACS) has been introduced and developed
to address these needs. In this process, the laser acts as a localized heat source
softening the substrate and the deposited powder particles. This thermal softening
in turn facilitates the deposition of hard materials and also enhances the deposition
behaviour at lower powder particle velocities, allowing the use of less expensive
processing gases like nitrogen. LACS has been applied in both co-axial and off-axis
forms. The off-axis geometry has shown improvements in the deposition of titanium
alloys, stellite, tungsten, and even oxide dispersion strengthened steel. While LACS
can improve the deposition efficiency, it will also impact the microstructure of the
sprayed material, either positively or negatively, depending upon the heat input used.
Recent work has shown an increase in grain size and coarsening of precipitates
during the LACS process. Understanding and controlling heat input during LACS
are key to correctly producing the desired microstructure and mechanical properties
of the deposited material. This chapter will introduce the LACS approach, present
its applications to different alloy systems, discuss its advantages and disadvantages
and offer some thoughts about its development in the near future.
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1 Motivation and Introduction

Cold spray (CS) is a solid-state deposition process involving severe plastic deforma-
tion of micron-sized powder particles (~40 µm) onto a metal substrate. The bonding
of individual particles to the substrate is accomplished through metallurgical bond-
ing and mechanical interlocking. The CS process has been successfully employed to
produce dense coatings for a wide variety of materials as shown in Table 1. The coat-
ings typically exhibit high hardness, compressive residual stresses, and high wear
resistance [1]. In some cases, CS coatings demonstrate tensile strengths comparable
to bulk materials (Table 1).

Most of the early cold spray research involved relatively “soft” materials like alu-
minum and copper. This emphasis was in large part due to their lower critical veloc-
ities. Assadi and Schmidt have developed the concept of critical velocity in which
particles with a velocity higher than the critical velocity adhere to the substrate upon
impact [23]. As shown in Eq. 1 [23], the critical velocity is directly proportional
to the ultimate tensile strength of the material being sprayed. Soft powder materi-
als such as copper, commercially pure aluminum, and nickel have a relatively low
critical velocity and thus can be readily sprayed. “Hard” powder materials, such as
alloyed aluminum, ferritic steels, titanium, and nickel-based alloys require higher
particle velocities for successful deposition (i.e., owing to higher critical velocity).
This increase in particle velocity can be achieved by higher gas pressure, higher
gas temperature, or by the use of a lighter spray gas. The nozzle exit velocity for
powder particles is directly proportional to the gas velocity which is in turn inversely
proportional to the molecular weight of the gas being sprayed, as shown in Eq. 2.

Table 1 Representative characteristics for metallic deposits produced using high-pressure cold
spray

CS Deposition
property
(as-sprayed)

Aluminum (Al)
and aluminum
alloys

Copper (Cu) Austenitic
Stainless Steel

Titanium (Ti)
and titanium
alloys

Porosity
(area%)

0.25 (Helium)
[2]
0.32 (Nitrogen)
[2]

0.04 (Nitrogen)
[3]

~1% (Helium)
[4]
~2% (Nitrogen)
[5]

~0.3% (Helium)
[6]
~11%
(Nitrogen) [7]

Microhardness 25–50% higher
hardness than
cold worked Al
[1, 8]

20% higher
hardness than
annealed and
cold rolled Cu
(150 HV0.3) [9]

157% higher
than bulk SS
substrate (410
HV0.3) [10]

16% higher
hardness than
bulk Ti [11]

Tensile strength
(MPa)

410–440
[12–14]

~140 to 300 [3,
15, 16]

~67 to 525 [4,
17, 18]

~445 [19]

Ductility (%
Elongation) in
as-sprayed
condition

1–3.2 [12, 14,
20]

0.2–3 [3, 15, 16] 0.1–0.4 [3, 17,
18]

~0.45 to 3 [21,
22]



Laser Assisted Cold Spray Deposition 179

Table 2 Comparison of powder particle velocities and critical velocities for “soft” and “hard”
powder types

Material type Powder particle velocities (m/s) Critical velocity of
powder particles (m/s)Helium processing gas Nitrogen processing gas

CP Aluminum 1613 761 476

Ti6Al4V 1446 703 1103

These estimates were made using Eqs. 1 and 2. A powder particle diameter of 25 µmwas assumed
along with a particle temperature ~150 °C

Helium is the lightest gas commonly used for cold spray, and it readily accelerates
powder particles to higher velocities resulting in a greater extent of plastic deforma-
tion of particles upon impact and in the dense deposited material. However, helium
is expensive and as such cheaper alternatives (e.g. nitrogen) are increasingly sought
for producing CS coatings. Table 2 provides typical powder particle velocities for
commercially pure (CP) aluminum and Ti6Al4V using nitrogen and helium gases. It
is apparent that the velocities of powder particles are higher than the critical velocity
for CP aluminum even with nitrogen processing gas.

Vcritical =
√(

Aσ

ρ

)
+ BCp(Tm − T ); (1)

where A, σ , ρ, B, Cp, Tm , T, denote a fitting constant, temperature-dependent flow
stress, density, a second fitting constant, the heat capacity of the material, melting
temperature, and powder particle temperature, respectively. Here the temperature-
dependent flow stress of the material is assumed to be directly proportional to the
ultimate tensile stress of the material [23].

Vg =
√√√√(

2

(
γ

γ − 1

)(
R

Mgas

)
Tg

(
1 −

(
p

pi

) γ−1
γ

)
+ V 2

gi

)
: (2)

where γ , p, R, Mgas , Tg , pi , Vgi , denote specific heat ratio, gas pressure, the ideal gas
law constant, the molecular weight of the gas, gas temperature, initial gas pressure,
and initial gas velocity, respectively [24].

The main challenge with the mechanical properties of cold sprayed material is
their low ductility in the as-sprayed condition (Table 1). Primarily due to the severe
strain hardening of the powder particles during the CS process, the resultant coating
is relatively brittle. It is however reported that post-spray annealing can recover the
detrimental effects of strain hardening through static recovery and recrystallization
[20]. Hall et al. sprayed commercially pure aluminum material using helium gas
[20]. The resultant material had a UTS of ~140 to 195 MPa with an elongation
to failure of only ~0.4 to 1% (Fig. 2) [20]. This material exhibited a very fine-
grained microstructure, as is typical of a severely cold worked material (Fig. 1).
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Fig. 1 Effect of annealing at 300 °C for 22 h on the microstructure of cold sprayed commercially
pure aluminum. Microstructure evolved from a fine equiaxed grains before annealing to b coarse
equiaxed grains after the annealing heat treatment (taken from Hall et al. [20])

After annealing at 300 °C for 22 h, the same CS coatings (Fig. 1b) possessed larger
grains due to full recrystallization and subsequent grain growth. Unsurprisingly, the
elongation to failure increased to 6–10% for the range of powders investigated, as
shown in Fig. 2. A similar increase in the ductility and corresponding decrease in
the tensile strength was observed by Coddett et al. for helium sprayed stainless steel
304 CS coatings after annealing [4]. The coatings exhibited tensile strengths of ~630
and ~425 MPa before and after annealing to 1050 °C for 4 h; the coatings exhibited
ductilities of ~0 and 10% before and after annealing, respectively. Recently, however,
Rokni, M. R. et al. reported an increase in both ductility and tensile strength of CS
aluminum alloy Al 7075 with heat treatment [14]. These increases were attributed to
the precipitation of intermetallic phases during heat treatment which subsequently
hinders dislocation movement during tensile testing [14]. Accordingly, the relative
increase in strength and ductility amounted to 19 and 138%, respectively. In the same
work, it was reported that annealing CSAl 7075 to 412 °C for 3 h resulted in ductility
of 14%, which corresponds to an increase of 338% from the as-sprayed condition
[14].

In summary, the CS process has been consistently employed to deposit a range of
metallic materials, but with challenges in terms of the gas required and the ductility
of the as-sprayed material. The stronger the metallic material, the higher its critical
velocity, necessitating higher spray gas pressures, higher spray gas temperatures,
and the use of lighter spray gases. The use of helium gas has been quite successful,
but it adds a high cost to the CS process. Post-spray annealing can expand the CS
material selection and improve the material ductility, but these post-processing steps
can quickly become financially unattractive, particularly for large parts. There is a
need to balance the cost of the CS process with its mechanical properties for both
soft and hard alloys. Laser-Assisted Cold Spray (LACS) is an exciting approach that
builds on the cold spray process by adding in situ laser heating.
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Fig. 2 Effect of annealing at 300 °C for 22 h on the ductility of CS depositions produced using Al
powder procured from various suppliers (modified from Hall et al. [20]) and compared to wrought
material. The letter A stands for annealed samples. The two labels Flomaster, and H, represent gas
atomized aluminum powder procured from Valimet, and F. J. Brodman, respectively. The numbers
10 and 20 listed as a suffix to H indicate the average powder particle size of Valimet powder: 10
denoting ~12 µm and 20 denoting ~26 µm

2 Laser-Assisted Cold Spray (LACS) Deposition

The LACS process involves the employment of a laser along with the de Laval CS
nozzle for enhancing the deformation of the substrate/deposited powder particles by
softening them in situ. This process is also referred to as supersonic laser deposition
in some of the related literature [25]. In addition, the in situ heating can also be
used to modify the microstructure during LACS. Other work by Christoulis, D. and
Sarafoglou, C. has used lasers to clean the substrate just prior to particle deposition,
and while intriguing, it will not be reviewed in this chapter, but it is described in
the book Modern Cold Spray [26]. A fair amount of work on the literature has also
considered the use of post-spray laser heating. This related approach is not the focus
of the current chapter, but it will be discussed in later sections.

To date, three different laser configurations have been investigated with respect
to the de Laval CS nozzle: (1) Laser co-axial with the spray deposition, (2) Laser
off-axis with the laser spot coincident with the centre of the spray deposition, and
(3) Laser off-axis with the spray deposition, with the nozzle trailing the laser beam.
The third configuration was utilized by the investigators to avoid melting of Al-
12%Si powder particles if exposed directly to the laser beam [27]. Among the three
configurations, the off-axis geometry with the laser and the spray nozzle coincident
on the substrate has received the most attention in the literature. The experimental
setup for these different configurations and the important properties of the produced
coatings will be discussed in detail below.
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2.1 Co-axial Laser Assistance (COLA) During CS

In the co-axial configuration, the laser beam is directed along the axis of theCSnozzle
[28, 29]. The literature for COLA actually shows two different approaches. Figure 3a
shows the COLA geometry used by Koivuluoto et al., in which multiple lasers are
directed at a slight angle to the nozzle. These laser beams are outside of the spray
nozzle but provide heat to a circular disc coincident with the spray [28]. Temperature
sensors and a feedback control system change the laser power automatically during
the LACS process as required [30]. Toom used an approach in which the laser beam
is directed along the spray nozzle axis from inside the spray nozzle (Fig. 3b) [29].
The spray gas is introduced after the laser optics but prior to the converging section
of the nozzle. The metal powder is injected after the throat into the diverging portion
of the nozzle.

The coating characteristics are significantly affected by the introduction of a laser
to theCSprocess. The coating density is shown to improve slightlywith the assistance
of a laser [28, 30]. In this regard, Koivuluoto et al. showed that the porosity decreased
from0.5 to 0.1%for a peak aged cold sprayedAl alloy coatingwith the employment of
the laser [30]. Another related coating property, adhesion strength, was also reported
to improve with LACS. This improvement via COLA was demonstrated for the

Fig. 3 Schematic of two geometries for the COLA Process: a (modified from Koivuluoto et al.
[28]) where the numbers denote the following: 1. Spray Nozzle 2. Device for monitoring substrate
temperature 3. Powder with gas and 4. Focused laser beams and b modified from Toom [29]
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cold spray of Al, bronze alloys, Ni alloys, and Fe-Mn alloys by separate groups
of investigators [29, 30]. Specifically, the adhesion strength increased from 27 to
48 MPa for cold sprayed aluminum with the employment of laser at a laser power
of 1 kW [28]. Similarly, the adhesion strength increased from 27 MPa (regular CS)
to 35 MPa (LACS) for Fe-Mn alloys with the internal COLA setup where the laser
power was set to 200 W [29]. The laser is reported to promote substrate softening,
which in turn results in better particle-particle bonding in the LACS coatings [28].
For these reasons, the cohesive strength of Cu bronze and Al alloy coatings was
shown to be improved from 4 to 29 MPa and 119 to 177 MPa, respectively [30].
Koivulouto has proposed that the higher density and substrate-coating bond strength
produced by the LACS process could provide enhanced barrier coatings for corrosion
prevention on chemically active materials [28].

The in situ laser heating during co-axial LACS also affects the hardness of the
deposited material. Due to softening of the substrate and the deposited powder par-
ticles during the LACS process, the hardness of LACS coatings is generally lower
than for cold sprayed coatings [28, 30]. Again, hardness was shown to decrease from
~350–390 HV0.1 to ~290–330 HV0.1 for Cu bronze alloys with the application of a
laser during CS. In the same study, the hardness decrease was 12–23% for COLA
compared with CS of aluminum. This reduction in hardness is noteworthy as lower
hardness may suggest better ductility of LACS coatings as compared to CS coatings.

2.2 Off-Axis Laser Assistance During CS

For most of the reported LACS literature, the laser is installed outside of and at an
acute angle to the axis of the CS nozzle (Fig. 4). The laser’s angle is adjusted in such
a way that the focused laser spot is on the substrate and exactly below the CS nozzle,
at a pre-determined standoff distance. An optical pyrometer is also often connected
in parallel with the laser head. The temperature readings from the pyrometer can be
used for substrate temperature control using a feedback control system, and thus the
LACS experiment can be controlled according to laser power or measured surface
temperature. In this configuration, the laser moves along with the nozzle during the
spraying process.

One can estimate the amount of time that a particle in-flight interacts with the
laser beam under the following assumptions based on typical CS conditions:

(1) the standoff distance between nozzle exit and substrate is 25 mm
(2) the laser spot diameter is 8 mm
(3) the average powder particle velocity is 800 m/s
(4) the CS nozzle and laser move at a velocity of 25 mm/s.

In this geometry, the amount of time a particle in flight is exposed to a moving
laser beam is minuscule (~30 µs). Upon impact, the newly deposited particle will
be irradiated for about 150 ms before it moves out of the laser spot diameter. Based
on these estimates, the particle spends about 5000 times longer being irradiated after
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Fig. 4 The off-axis LACS process. a Schematic and b still-frame of video from LACS in operation
at The University of Alabama

impact than during its flight to the substrate. This calculation strongly suggests that
most of the thermal impact is from irradiation of deposited particles on the substrate,
not from laser heating of the particles in flight. It should be noted that subsequent
laser passes over deposited particles will continue to heat them.

The LACS process has been shown to improve the deposition efficiency of dif-
ferent materials. One of the earliest studies on the efficacy of the LACS process for
improving the deposition behaviour of materials was reported by Bray et al. [31].
Bray et al. showed that the build rate of titanium powder increased two-fold from
lower than 25 g/min to close to 45 g/min with the application of in situ laser heat-
ing [31]. Li, B. et al. reported a systematic increase in deposition efficiency with
increasing surface temperature for LACS of Stellite-6 material (Fig. 5) [32]. The
authors attributed this substantial increase in deposition efficiency to a decrease in
the critical velocity of powder particles during impact due to an increase in powder
particle temperatures (due to laser exposure). Kumala et al. made the interesting
observation that deposition efficiency during LACS may be a coupled effect from
both the surface temperature and the number of deposited layers (Fig. 6) [33]. For
LACS of Cu+Al2O3 the impact of laser heating for only two deposited layers was
minimal, while for ten deposited layers, laser heating clearly increased deposition
efficiency [33]. This dependence upon layer thickness may be due to the cumulative
heat input provided to the deposited material as the number of layers increases.

The LACS process has also been employed for the deposition of hard materials
with good success. Several materials, including tungsten [34], Ni60 [35], Ni60-
Diamond composite [36], tungsten carbide-stainless steel (W-SS) composite [37],
and oxide dispersion strengthened steel (Fe-8Ni-1Zr) [38], have been successfully
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Fig. 5 DE of Stellite-6 depositions on medium carbon steel substrates at a maximum laser power
of ~1.5 to 1.8 kW as a function of deposition temperature (modified from Li et al. [32])

Fig. 6 Change in coating thickness as a function of both deposition temperature and a number of
layers in Cu+Al2O3 cold sprayed depositions produced on low carbon steel using LACS with laser
power between 1.8 and 2.4 kW. Here the open symbols represent the gas temperature for the CS
depositions where the laser was not employed (i.e., regular CS) (modified from Kulmala et al. [33])

produced using the LACS process over the past five years. These results are signifi-
cant, as producing these coatings using regular CS is very challenging. Li et al. [37]
have demonstrated the effectiveness of LACS for challenging materials quite clearly
with their recent work onWC-SS316L composite depositions.Without laser heating,
CS was only able to produce coatings which retained a WC composite loading of
24% (Fig. 7). Note that the data point at a deposition temperature of 450 °C is for a
regular CS process (i.e., without laser) where the temperature denotes the stagnation
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Fig. 7 Concentration of WC particles in the composite WC-SS LACS coatings produced using
nitrogen gas on a SS substrate at different deposition site temperatures (modified from Li et al.
[37]). Here, the deposition site temperature 450 °C represents gas temperature and this deposition
was produced without a laser (i.e., regular CS). The dashed line represents the volume % of WC
particles in WC-SS composite powder

gas temperature with the assumption that deposition temperature is the stagnation
gas temperature (which is likely an overestimate) (Fig. 7). As seen, the area fraction
of retained WC ceramic particles within the WC-SS316L composite increases sys-
tematically with an increase in the laser heat input. At a deposition site temperature
of 950 °C (highest heat input), the area fraction of WC particles in the deposited
material nearly matched the fraction of powder feedstock composite loading at 30%
(Fig. 7). This increase in the ceramic concentration of the deposited composite mate-
rialwas attributed to increased embedment ofWCparticles, stemming fromenhanced
softening of the metal matrix at elevated deposition temperatures [37].

The potential for LACS to successfully produce materials based upon hard alloys
is further illustrated from recent results on 4340 steel (Fig. 8). The 4340 steel material
was deposited using helium processing gas (4.14 MPa and 550 °C) and a deposition
site temperature of 950 °C by employing a 4 kW continuous diode laser. As observed
in Fig. 8, the resultant coating was very dense with negligible (~0.1 area%) porosity
and a deposition efficiency of 70%. This density is close to what is generally reported
for softmaterials like aluminumalloys using helium [1]. Figure 8 also shows evidence
of CS tracks from multiple passes in the longitudinal direction. These tracks may
be interfaces between layers of CS deposition and are typically not observed in CS
coatings. Some oxidation of the steel surface between CS passes may be occurring
at this elevated temperature.

LACS is also showing promise for the deposition of wear-resistant materials.
Specifically, the wear resistance of LACS-produced material was compared to that
from laser cladding, a widely used process for producing well-adhered [35] coatings
forwear protection [39]. In general, LACSdepositionswere characterizedby superior
wear properties (i.e., lower coefficient of friction, lower volume loss, and lower depth
of wear track) when compared to laser clad materials. This improvement was mainly
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Fig. 8 Low magnification back scatter electron image of 4340 Steel deposited using the laser
assisted cold spray process. The black dashed line represents approximate location of interface
between coating (top) and the substrate (bottom)

attributed to lower heat input and to a finer microstructure in the LACS process when
compared to laser cladding. In addition, LACS did not alter the phases present in the
material before and after deposition.

The LACS process may also allow for the deposition of both soft and hard mate-
rials (especially titanium alloys) using nitrogen as the spray gas. As nitrogen is
significantly less expensive than helium as a spray gas, the ability to still efficiently
deposit high-quality material using LACS with nitrogen as the spray gas is a signifi-
cant development. Evidence for producing dense LACS coatings using nitrogen gas
is readily apparent from Table 3 for different material systems.

The LACS process produces characteristically different microstructures when
compared to regular CS, especially when considering the prior-particle morphology.
This change is clearly shown in Fig. 9, for a titanium coating produced by LACS at
a deposition site temperature of 500 °C [31]. Starting with spherical titanium pow-
der particles, the LACS process produced a coating microstructure with relatively
equiaxed prior-particlemorphologies, particularly at the bottomof the coating. In reg-
ular CS, the prior-particles are often much flatter (high aspect ratio) due to repeated
peening by subsequent particles during the deposition. Similar results have been
recently observed for LACS of 4340 steel, particularly at higher deposition temper-
atures. The reasons for this change in prior-particle morphology between CS and
LACS is still an open question.
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Table 3 Table demonstrating the laser parameters and deposition properties for various LACS
depositions using nitrogen as the spray gas

CP aluminum
(Al)/Al alloys

Tungsten Stellite-6 CP Ti/Ti6Al4V

Laser power Al-12%Si:
2.5 kW [27]

4 kW [34] 1.5 kW [32, 40] Ti6Al4V: 300 W
to 1 kW [41]
CP Ti:
650 W-1 kW
[31]

Deposition
surface
temperature

CP Al: 450 °C
[42]
Al-12%Si:
200 °C [27]

Outside the
range of
pyrometer [34]

1210–1290 °C
[43]

≤900 °C [41]
CP Ti:
450–900 °C [31]

Substrate Al-12%Si:
Stainless Steel
304 [27]
CP Al: Stainless
Steel 304 [42]

Molybdenum
[34]

Medium carbon
steel [43]

Ti6Al4V:
Ti6Al4V [41]
CP Ti: Low
carbon steel [25]

Gas Al-12%Si: N2
[27]
CP Al: N2 [42]

N2 [34] N2 [43] Ti6Al4V: N2
[41]
CP Ti: N2 [31]

Porosity
(area%)

Al-12%Si: 0.16
[27]
CP Al:
0.01–0.04 [42]

5 [34] NR Ti6Al4V: 0.1
[41]

Hardness CP Al: 46–51
HV0.05 [42]

NR 693 HV0.2 [43] Ti6Al4V: Min
of 331 HV0.2
and Max of 461
HV0.2 [41]
CP Ti: 272
HV0.3 [25]

Adhesion
strength

NR NR NR CP Ti: 77 MPa
[25]

Tensile strength NR 725 MPa [34] 718.3 MPa [43] NR

Some values were not reported in the literature and thus designated by “NR”

The high temperatures during LACS can also result in an in situ, static recrystal-
lization of the deposition microstructure, as seen from Fig. 10. This figure depicts
feedstockTi6Al4Vpowder characterized by amartensitic alpha grainmicrostructure.
This microstructure evolves during LACS to a microstructure comprised of equiaxed
alpha grains due to recrystallization. This substantial change in the microstructure
was ascribed to high laser power and low raster speed of the CS nozzle [41]. Heat
input during LACS can also result in grain growth during the deposition process
(Fig. 11). In this figure, the microstructural characteristics of cold sprayed Fe-8Ni-
1Zr oxide dispersion strengthened (ODS) steel depositions with and without in situ
laser heating were captured using electron backscatter diffraction (EBSD) and 3D
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Fig. 9 Deformed particles within LACS deposition of titanium at deposition surface temperature
of 500 °C (taken from Bray et al. [31]). Here, the three particles with dark contrast were shaded
post-deposition to highlight the unique morphology of LACS particles

Fig. 10 a As-received Ti-6Al-4V powder martensitic microstructure and b recrystallized
microstructure within Ti-6Al-4V LACS deposition at laser power of 600 W (taken from Birt et al.
[41])

atom probe tomography [38]. An apparent increase in the grain size (~300%) was
observed as the deposition site temperature increased from 320 °C in CS-only to
950 °C in LACS [38]. Further, the non-uniform grain growth observed at the highest
LACS deposition temperature (950 °C) was attributed to abnormal grain growth due
to the presence of nanoscale oxide dispersants [38]. Furthermore, a 36% reduction
in microhardness was reported with the LACS process and was partially ascribed to
the observed grain growth [38]. Interestingly, the nanoscale oxide particles survived
the LACS process, even at 950 °C, and coarsened only slightly from an inter-particle
spacing of 17 nm for CS-only to 23 nm at 950 °C [38].
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Fig. 11 a EBSD orientationmap of Fe-8Ni-1Zr ODS deposition without laser heating at deposition
site temperature of 320 °C, b EBSD micrograph of Fe-8Ni-1Zr ODS deposition with laser heating
at a deposition site temperature of 950 °C (taken from Story et al. [38])

The evidence of recrystallization and grain growth during the LACS process sug-
gests that an increase in ductility for as-sprayed material may be possible. Several
studies of materials produced with LACS have shown recrystallized microstructures
with a correlated reduction in hardness. Actual measurements of ductility for LACS
depositedmaterial are scant in the current scientific literature, however, recent results
on LACS of AA7075 powders demonstrate increases in ductility [44]. As-atomized
AA7075 powder was sprayed using helium gas both with and without a 1.6 kW
laser (940 nm wavelength, spot size 8 mm) [44]. The cold sprayed material showed
elongation to failure values of 0.7 ± 0.07% as-sprayed, while the LACS-deposited
material exhibited increased elongation to failure to 2.1± 0.3% in the as-sprayed con-
dition [44]. The maximum stress prior to fracture showed the opposite behaviour: CS
material had maximum stress of approximately 360MPa, while the LACS-deposited
material exhibited maximum stress of approximately 320 MPa [44].

2.3 Laser Heating Post Cold Spray (LHCS)

Laser heat treatment can also be employed after the cold spray process. These post-
deposition heat treatments have been applied as both surface re-melting and as solid-
state annealing of the cold sprayed coating. [45–47]. Work by Marrocco, T. et al.
involved re-melting of CS deposited CP titanium using a 2 kW CO2 laser [45].
Similarly, work reported by Poza, P. et al. involved re-melting of Inconel 625 CS
coatings using a 1.3 kW diode laser [47]. The high laser powers resulted in melting
followed by pore closure due to diffusion of material to high energy surfaces. This
reduction in porosity, in turn, was reported to improve the corrosion resistance of
the CS coatings [45, 46] and in one case the laser re-melted material reached the
properties of bulk material [45]. In addition to pore reduction, the prior-particle
interfaces generally seen in CS coatings were also reported to disappear with the
laser re-melting [45]. While laser post-heating has a beneficial impact on the surface
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of the CS coating, it could also affect the substrate in some cases. This substrate
impact can be expected at a high linear heat input (either from high laser power or
slow nozzle raster speed or a combination of both) [47]. Additionally, due to the
large thermal gradient between the re-melted region near the surface and the region
near the substrate-coating interface, tensile residual stresses may be present in the
LHCS coatings. Their presence could be detrimental to the properties of the LHCS
coating.

The amount of heat input during the laser re-melting process is also reported
to affect the quality of the coating significantly. Whereas a low heat input may
not result in a visible change, high heat input can cause cracks in the coating [48,
49]. Additionally, it is shown to stratify the CS deposition by forming three zones
with three different microstructures: (1) re-melted zone (2) heat affected zone and
(3) base material [49]. Among these regions, the re-melted zone is reported to exhibit
a rapidly solidified microstructure with high hardness [49].

LHCS has also been recently investigated for post-cold spray solid-state anneal-
ing [50]. Four material systems were investigated; Aluminum alloy 6061 (AA 6061),
Copper (Cu), SS 304, and Grade 2 Titanium (Ti). Among these materials, it was
reported that only Al 6061 and Cu exhibited a reduction in hardness. This may be
due to the low laser power utilized (i.e., 95 W). Interestingly, Aldwell, B. et al. also
reported cracking of the SS deposits with LHCS after 10 laser passes and hypothe-
sized that it might be due to thermal cycling [50]. This result is similar to what has
been observed by a separate group of researchers for grade 2 titanium, as mentioned
previously [48].

In summary, LHCS of materials has significant potential for reducing porosity,
reducing the detrimental effects of strain hardening, and for improving the corrosion
resistance of the CS deposition. With further work on optimization of laser param-
eters, it is expected that the detrimental effects of laser heating on CS materials
may be mitigated (e.g., tensile residual stresses and cracks). Although, not currently
reported, LHCS of certain materials (e.g., SS 304) may also result in grain boundary
sensitization, especially at the high deposition site temperatures of the laser. Thus,
along with mitigating residual stresses, further work on laser parameter optimization
may be needed for prevention of sensitization (on susceptible materials).

3 Advantages, Disadvantages, and Directions
for the Future Development of the LACS Process

The key advantage of the LACS process is its ability to provide a controlled amount
of heating during the cold spray process. This laser heating can reduce the critical
velocity of metallic powder particles during cold spray, ostensibly by softening the
substrate and the deposited material. This reduction in critical velocity potentially
allows the use of heavier, and usually, less expensive gases for LACS deposition. This
benefit has already been well demonstrated for the LACS deposition of titanium [31].
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In addition, “harder” metallic materials can be deposited by LACS than is possible
from CS alone. This chapter has shown that a variety of difficult materials are now
successfully sprayed with LACS, including Stellite, WC-stainless steel composites,
ODS steel, and 4340 steel. The laser heating can also cause in situ recrystallization
potentially increasing the ductility of the as-sprayed material. Finally, the amount of
control from laser heating is potentially very good. The amount of laser power can
be varied during the spray to achieve the desired microstructure at different locations
in the deposition. It is also possible that lasers could be used for localized in situ
heating in the field repair applications on structures far too large to be placed into a
furnace.

The potential disadvantages of the LACS process are primarily those associated
with increased thermal input. The key advantages of CS with respect to thermal
spray techniques are primarily related to its low thermal input. The thermal impact
of LACS is between CS and thermal spray. With excessive heat input, LACS may
damage substrates under thin depositions; the thermal loading on the substrate will
have to be carefully monitored and controlled, particularly in repair applications.
LACS and LHCS may lead to unwanted oxide formation. While LACS may lead
to increased ductility, it can also produce more softening than desired through the
dissolution of precipitates, the recovery of dislocation structures, and due to exces-
sive grain growth. In addition, LACS will produce much larger thermal gradients
than CS, potentially resulting in tensile residual stresses in the deposited materials.
Management of the residual thermal stresses produced by LACS will be necessary
for mechanical reliability of these materials. Lastly, LACS requires the purchase and
use of laser systems which add to the cost and complexity of the CS system, although
the laser systems are typically less than half of the cost of the CS system itself.

LACS has shown great potential but still has several avenues which need to be
explored and developed. The measurement, control, and optimization of heat input
are themost important of these topics. The substrate and the newly depositedmaterial
are clearly heated by the in situ lasers, but there are other meaningful sources of heat
including the heat from the CS gun itself and from subsequent passes of the laser/CS
spray gun. In recent work on LACS of 4340 steel, CS conditions of 550 °C and
4.14 MPa using helium gas, resulting in a surface temperature without the laser of
approximately 400 °C.Development of appropriate simulation toolswill significantly
aid in understanding and predicting the evolution of temperature in the substrate and
the deposit during the LACS process. The raster pattern during LACS could also have
more importance than in CS alone due to the potential of generating large thermal
gradients and resultant residual stresses.

The interplay between thermal management and residual stresses is illustrated by
recentworkonLACSof 304 stainless steel (SS304) (Fig. 12). Initial LACSdeposition
of SS304 powder onto a SS304 substrate resulted in cracking of the deposited due
to the large thermal gradients generated by the laser heating (Fig. 12a). The thermal
conductivity of SS304 is particularly lowand its thermal expansion coefficient is quite
high, resulting in large thermal gradients and tensile residual stresses. The thermal
gradients can be minimized by preheating the substrate with the laser immediately
prior to LACS process. Figure 12b demonstrates the LACS SS304 coating produced
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Fig. 12 SS 304 deposit produced by the LACS process a without laser heating the substrate prior
to the process and b with heating the substrate prior to the process

with this laser pre-heating of the substrate. The reduced thermal gradient resulted in a
successful deposition without any cracks. Because lasers can be precisely controlled,
thermal cycles could be developed that canminimize residual stresses in the deposited
material and substrate.

4 Conclusions

The laser-assisted cold spray (LACS) process combines the solid-state cold spray
(CS) process with an in situ laser heating to lower the critical velocity required, to
enhance material deposition efficiency, to evolve the microstructure during depo-
sition, and to improve mechanical properties. LACS is performed using standard
CS instruments modified with commercially available lasers, either co-axially with
the spray nozzle or at an acute angle to the spray nozzle. LACS has been shown to
enhance the deposition efficiency of materials that can be deposited by CS, includ-
ing aluminum alloys, copper alloys, and titanium alloys. For titanium alloys, LACS
allows the use of heavier, and less expensive, nitrogen gas while maintaining, and
even improving the deposition efficiency as compared with CS alone. LACS has also
been successfully used to depositmaterialswhich cannot be successfully deposited by
CS alone, including Stellite, high strength steels, tungsten, and even oxide dispersion
strengthened alloys.

LACS has a number of advantages, disadvantages, and opportunities for future
development. The key advantage of the LACS process is its ability to provide a
controlled amount of heating during the cold spray process. This laser heating can
reduce the critical velocity of metallic powder particles during cold spray allowing
the use of heavier and less expensive gases for LACSdeposition. In addition, “harder”
metallicmaterials can be deposited byLACS than is possible fromCS alone. The heat
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input during LACS must be carefully managed or it may damage the substrate under
thin depositions and cause unwanted oxide formation. The control and prediction of
heat input is a crucial topic in the future development of LACS. A related need for
further development is in the control and mitigation of residual stresses.
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Development of CuAlNi Shape Memory
Alloy Structures Using Cold Spray
Deposition Technique with Laser
Remelting

S. Shiva, L. Michaux, A. Cockburn, D. Hopkinson, I. A. Palani, C. P. Paul,
and W. O’. Neill

Abstract The current chapter is about the fabricating bulk shape memory alloy
(SMA) structures using solid-state deposition of nitrogen gas based cold spray depo-
sition. Parallelly the alloying process is carried out by high power continuous wave
and pulsed wave laser. The effects of laser energy density are studied in detail. It is
found that the laser energy density plays a crucial role in homogeneous alloying of
the cold sprayed structure. The deposition gas temperature played a crucial role in
a homogeneous deposition, as the temperature is higher the powder gets blocking
in the path of the D-Laval nozzle. The critical temperature level is determined to
block free deposition. The laser diffusion depth and the dwell time plays a crucial
role. Also, the high laser energy density ablates the surface of the sample leading
to complete distortion of the sample. Hence the perfect laser energy density has
opted for an efficient alloying process. Once the alloy formation is done, the fab-
ricated samples are subjected to several characterizations in the aspect of surface
morphology, crystallization, mechanical properties and shape memory effect. The
scanning electron microscopy (SEM) revealed the deposition to be highly dense and
high porosity free. The mechanical property reveals the fabricated alloy to have good
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strength when alloyed with both pulsed and continuous-wave lasers. The crystalline
nature of the alloys was studied using X-Ray diffraction (XRD). The crystallized
nature of the alloy is the primary requirement to attain the shape memory effect in
SMA. Hence this chapter will give the researchers in beginning stage a clear idea
about the evolution of cold spray deposition techniques that can be used by their
research works in developing novel research ideas. Also, the nature of laser surface
processing techniques is discussed in detail. The idea of laser surface processing
can be utilized by budding researchers to deal with any sophisticated or micro-level
machining applications.

Keywords Cold spray deposition · Laser · Additive manufacturing · Shape
memory alloy

1 Introduction

AdditiveManufacturing (AM) has proved itself to be a promising option by overcom-
ing several unsolved problems by other unconventional manufacturing processes,
specifically in the stream of powder metallurgy. The technology is equipped with
a variety of features that makes the process highly versatile, allowing the users to
perform or experiment with tailored complex structure development in the stream
of design and manufacture. AM was initially deployed as a process suitable only
for concept modelling and rapid prototyping, but over the years the evolution of
layer by layer AM gradually took over the position of directly manufacturing net-
shaped metallic components almost ready to use [1–4]. Though the technology is
well-established problems like porosity and lack of fusion defects are yet to address.
Researchers have countered the existing issue with specific precautionary techniques
with immense heed to ensure defect-free deposition. In that hunt, several spraying
technologies are now deployed in developing thick films and structures. The advan-
tage in spraying technology is the alloying happens in almost porosity free nature and
with high density. But the limitation of using spraying technique to manufacture bulk
component is, only standard shapes can be developed, and even that thoroughly relies
on complete post-processing techniques. Also, if a tailored composition is to be used
for fabrication, the process of maintaining homogeneity in composition becomes
immensely tough. One more consideration to be taken is the powder particles, which
are very small in nature. Hence the time taken for deposition of bulk or thick film
is always high. Among the several spraying technologies, cold spray deposition has
a unique advantage of maximum coating thickness efficiency, which is always of
higher advantage. The segment of new generation AM processes by cold spray tech-
nology is capable of delivering complete porosity free deposition with good density
without any voids in the middle. Metallic parts of tailored composition with high
closely packed density, used in various fields, like thermal, aeronautical, etc. possess
more significant challenges in their development are now easily addressed using cold
spray based deposition technique. Layer by layer deposition technique can fabricate
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the entire structure from the base by stacking the tightly bonded powders to beget
the desired output of good quality in the very first attempt.

In the cold spray technique, the powders are deposited and later by the assistance
of heat treatment techniques, the alloy formation is successfully done. But homoge-
neously engineering the microstructure is not possible in the conventional technique.
In that accord to control the microstructure evolution, a laser-based melting process
is carried out to melt the cold spray alloys successfully. As lasers are embedded
with several advantages like the control of efficient heat supply, the ability to adapt
into several closed environments causing no harm, the possibility of transferring the
laser beam from one station to the other without significant loss of intensity and
also the superior surface finish of the products developed. Banking on the nature
of continuous-wave and pulsed lasers the alloying process can be carried out in an
attempt to fabricate samples with microstructures in good homogeneity. Among the
two types of lasers, the continuous wave has lesser penetration depth than the pulsed
lasers. But the span of a pulsed laser is very small that complete-time is not provided
for the metal to melt entirely and evolve the microstructure [5–10].

The current chapter will provide an overview of the history of cold spray based
deposition techniques and the role of laser in efficiently developing homogeneous
shape memory alloy samples. The compilation of continuous and pulsed wave lasers
in the role ofmelting the alloywill give the readers a vivid picture of the process going
on. Laser melting process of cold spray deposited alloy, will give a new dimension in
manufacturing and applications in the field of involving SMA. Also, the discussion
includes the various desirable parameters and other characteristics features of the
chosen three process in brief. In the end, the future prospects and recent research
trends in the chosen technologies will be deliberated. This chapter will help the
researchers who are at the beginning stage of their research career in an idea to
pursue their research work in the field of cold spray in developing bulk net-shaped
products.

2 Evolution of Spraying Techniques

The process of coating incepted in an attempt to alter the surface of components,
to increase the strength and resistance of the components in the real-time applica-
tion. Thermal spray techniques are deployed to counter the failures occurring on
the surface of the components, eventually increasing their life. The versatile nature
of the thermal spray technique provided the option of using them on any type of
materials, which makes them maverick in the line of surface engineering. The ther-
mal spray techniques improve the resistance of the components against common
surface defects like wear, corrosion, and high temperature. Also, the same spraying
technique can repair any surface errors on the components which attracts industries
as the overhead exponentially falls down. As the evolution spraying techniques are
probed, it’s apparent that researchers had initially used the process of metallizing
to coat low melting point temperature metals (less than 300 °C) on the substrate
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by heating the metal powders with an oxygen flame. Sequentially the next stage of
thermal spraying was introduced with high-velocity oxygen fuel (HVOF) technique
when metal wires were heated by oxygen flame, and the molten metal was atomized
by compressed gas that also assisted a homogeneous coating on the surface of the
substrate. Similar to HVOF technique D Gun based spraying technique got good
attention in the spraying applications as for its very low porosity, strong adhesion
to substrates, high cohesive strength and high hardness [11]. As an upgrading in the
existing technology, in the place of oxygen flame, the electric arc was introduced.
This improvised approach assisted good corrosion resistance coating of high melting
temperature metals. The arc spraying process is a good choice for the on plant appli-
cation due to the low cost of equipment and materials, the simplicity of operation
on-site, and highest deposition rate, which is important for onsite manufacturing and
repairing [12]. With similar working principle, atmospheric thermal plasma spray
(APS) process the coating deposition is at a high rate, andmost importantly the entire
spraying can be conducted by simple equipment without any controlled atmosphere
glove boxes, low-cost film depositionwith short duration time can be carried out [13].
The vacuum plasma spraying (VPS) process is another type of spraying technique
using electric arc under a controlled atmosphere with low pressure of inert gas, with
reduced time of interaction between the plasma jet and the oxidative environment.
Hence, VPS technology can be deployed in places where oxidation free deposition
is the primary objective. Using VPS more controlled homogeneous coating can be
achieved with less contamination [14]. In the LPPS method, the controlled atmo-
sphere gas itself acts as a carrier gas that gushes the powder particles into the plasma
jet ignited by a DC plasma torch. The gas used for the process is generally argon plus
secondary gases like hydrogen, nitrogen or helium. The powder used for deposition
is pre-melted and are accelerated in the plasma jet to coat them over the substrate in
the form of splats, that results in the uniform coating. The entire process is carried
out in a controlled argon atmosphere inside a vacuum chamber to prevent oxygen
contamination. Despite all measures, the oxidation is not thoroughly inevitable as the
flame used for melting is oxygen fuel. The exact adjustment of reproducible process-
ing conditions as well as process monitoring is required to ensure fully pronounced
pseudoelasticity at operating temperature. The biggest advantage of LPPS technique
is to have complete control over the coatings with thickness in the range of nano to
microscale and is, therefore, a promising method aiming at a compromise to keep
material costs at an acceptably low level while achieving sufficient resistance against
cavitation [15]. The third and latest upgrade of spraying techniques is currently using
cold spray technique. In this technique, the powders are used as raw material and are
deposited using solid-state deposition. The powders are compressed with preheated
air and made to pass through a type of convergent and divergent nozzle in a sonic
speed to get deposited on the substrate. As shown in Fig. 1, similar to cold spray
technique with some mild pre-melting of powders, two more techniques are used for
depositing the powders in solid-state deposition.

HVAF is mostly an assembled set up where the deposition process is not entirely
reliable in the speed of gas flow. The most critical parameters in tuning the HVAF
process are (1) hardware configuration such as the size of the combustion chamber,
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Fig. 1 Evolution of spraying techniques

nozzle, and powder injector and (2) process variables such as standoff distance and
powder feed rate [16]. Regardless of the preliminary development of spray conditions
specific to given powder chemistry, systematic optimization of HVAF process itself
has been scarcely performed. Indeed, in order to spray coatings with required cor-
rosion performance, systematic process parameter analysis must be applied to relate
the applied parameters with the produced coating structure and properties [17]. The
process-microstructure-properties-performance relationship assessment is a capable
tool for process optimization and able to provide precise information on the whole
process from the powder to coating performance [18]. In warm spray (WS) the tem-
perature of a supersonic gas flow generated by the combustion of fuel and oxygen is
controlled by injecting nitrogen into the mixing chamber placed between the com-
bustion chamber and the powder feed ports. Various powder materials [19] can be
deposited in the thermally softened state at high impact velocity, which allows the
formation of dense coatings with limited oxidation of the particles what is extremely
important in case of the anticorrosion coating.

Among the various discussed techniques, as shown in Fig. 1, cold spray tech-
nology is suited high-velocity solid-state deposition of powders. Also, there are
certain advantages that keep cold spray technique ahead of the remaining spraying
techniques. The advantages are as follows:

(1) CS is an apt technique to carry out the deposition of materials that are
temperature-sensitive in nature such as nanocrystalline (NC) and noncrystalline
materials, oxygen-sensitivematerials such as copper (Cu), titanium (Ti) and alu-
minum (Al), and also carbide composites which are phase-sensitive materials
as the deposition temperature is low [20].
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(2) CS of metals, in general, induces high compressive residual stresses in the depo-
sition due to the micro “shot peening” effect, which enhances fatigue resistance
of the deposits [21].

(3) Metal CS deposits contain microstructures with high degrees of consolida-
tion similar to wrought alloys due to the intrinsic high energy-low temperature
features [22].

(4) CS deposits induce higher chances of thermal and electrical conductivities as
the deposition is of high density, completely porosity free and absence of oxide
layer [23].

(5) CS is a good option in the aspect of green machining as the wastage of the
powders during deposition is highly negligible [24].

(6) CS is a primary choice for joining dissimilar metals due to the absence of heat
input during deposition. Also, the substrate does not play a crucial role due to
the absence of heat [25].

(7) CS doesn’t need for any external masking as the deposition is more precise and
controlled over the spraying area on the substrate. In general, the spray beam is
very small and less standoff distance [26].

TheCS technique can be further divided into two different types like high-pressure
CS (HPCS) and low-pressure CS (LPCS). The pressure indicates the pressure of heat-
ing gas that is deployed for the deposition. The variation of high and low pressure is
architected by a small design variation in the deposition nozzle. The powder injection
orifice is placed at two different points, as shown in Fig. 2.

The details about the above mentioned two techniques are as discussed below.

(a) In HPCS the to be deposited powder particles are premixed with the carrier gas
before entering the deposition nozzle and are injected into the nozzle that is

Fig. 2 Nature of heat distribution in various types of laser
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Table 1 Parameters used for
fabrication of CuAlNi SMA

Parameter Unit Values

Gas pressure bar 15–20

Stand of distance mm 40

Powder feed rate g/min 30

Deposition rate mm/min 16

Gas temperature °C 470

Powder particles size µm 10–30

positioned perpendicular to the substrate, preferably downstream type deposi-
tion is done. The deposition gets along the gravitational force direction is also
an added advantage in the system.

(b) In LPCS the heating of carrier gas is done at the spray gun, unlike the HPCS
system which preheats the gas well before entering the deposition nozzle.

(c) As the powder feed rate entirely relies on the carrier gas discharge speed, the
HPCS is expected to have a higher deposition rate comparing to LPCS [27]. A
detailed comparison between the two spray processes is, as quoted in Table 1.

(d) As the HPCS deals with excess pressure, the entire set up is a bit expensive
compared to LPCS. Also, the LPCS has an advantage of low-cost equipment
as the process compromises with lowMach speed deposition with low pressure
just sufficient to supply powders to the nozzle leading to their deposition.

(e) Nozzle clogging is a significant issue to deal with in both techniques as the
powder gets accumulated when exposed to heat and pressure in the sidewalls
of the nozzle, hindering further homogeneous deposition. To counter this issue
researchers have used premixtures that prevent powders from clogging and
nozzles made of materials that prevent powder clogging on the inner surface
[28].

(f) Deposition of hard particles is yet a challenge for both techniques as the particles
erode the nozzle throat during the deposition process. Sequentially erosion wear
in the nozzle is expected to harm the homogeneity in the deposition [29].

(g) Overall the HPCS has specific abilities better than LPCS as the process is
equipped with expensive feeders and pressure managing systems that assist the
HPCS to have a clear edge over LPCS by more substantial deposition efficiency
[30].

3 Role of Particle Deformation in Bonding Properties

In general, the powder particles used for cold spray techniques are subjected to high
strain due to the velocity generated during the high-speed deposition process [31].
The high strain-induced powders to assist porosity free deposition. The reason behind
the success of cold spray in depositing hard metals and dissimilar metals is possible
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with the help of the powder deformation. The ability of the HPCS is to engineer
the microstructure using the high speed of the powder particles during deposition.
Precisely at the interface region between the coating and the substrate [32, 33]. The
nature of the microstructure formed in the deposits can directly reflect on the proper-
ties like ultra-fine grain microstructure [34], recovery and recrystallization [35], cold
spray precipitation [21], residual stress [36], localized amorphization [37] and phase
transformation [38]. Along with the mentioned changes, also the microstructure will
have a significant impact on the mechanical properties of the developed specimens
in the micron to nano level. Hence before depositing the particular material a thor-
ough knowledge about the nature of microstructure for each parameter is essential to
prevent any adverse effects on the developed samples that may induce abnormality
in the material property.

4 Deformation of the Powder Particles

The role of powder particle deformation has several other roles apart from the ear-
lier discussed issues like powder substrate bonding and mechanical properties of
the deposits. Also, the work hardening induced in the samples during deposition is
expected to play a vital role in determining the mechanical properties of the depo-
sition. The nature of particle deformation in a deposition is widely depending on
two essential parameters of deposition temperature and particle velocity [39, 40].
The mentioned two properties are governed by three different parameters of powder
characteristics, geometric effects and process parameters. The three parameters are
detail discussed as follows.

4.1 Powder Characteristics

4.1.1 Particle Size

The powders opted for cold spray deposition are in general of size 20–50 µ. The
particles opted are to be very small in nature as the deposition rate is maximumwhen
the heat gets quickly dissipated from theparticles after deposition.Hencewith smaller
powder particle, the heat dissipation is quicker. Also, as the powder particles are very
smaller in nature, the porosity free deposition is also easily attainable comparative to
the bigger powder particle size. Adding to more advantages the shear instability in
the deposition can be halted by small powder particles as the environment is entire
with higher heat radiation [41]. The heat quenching is smooth when the powder
particles are smaller in nature assisting in increasing the strength of the deposition.
The chances of impurities are alsomeagre in smaller powder particles as the surface to
volume ratio is higher.Mathematically Eq. (1) is used to determine the critical powder
particle size which will be efficient enough for an efficient deposition [42-Schidt].
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Dcrit = 36
λp

CpρpVp
(1)

where is the λp thermal conductivity, Cp is the specific heat of the particle, ρp is the
density of particle material, and Vp is particle velocity. The properties mentioned
in the equation vary for each material and hence accordingly the particle size can
be determined prior to deposition. When particles used for deposition exceeds the
calculated value, the heat quenching lasts long as the deformation of the powder
particles is delayed, eventually leading to a delay in the powder particle bonding.

4.1.2 Powder State and Shape

The powders used for deposition are manufactured using gas atomization or cry-
omilling. Irrespective of the manufacturing technique, the powder particles are
expected to be spherical in nature for an efficient cold spray deposition as irregular
powders generate an irregularity in the deformation process that eventually reflects
in the quality of the deposition. In the case of spherical powders of smaller size, the
powder particle impact velocity can be achieved in cold spray deposition. Irregular
shape powders generally generate a drag coefficient in the deposition that leads to
irregularity in powder feed during the deposition process and the deformation time
variation among the quantity of powder also leads to improper deposition [43]. The
increase in powder size and irregular shape leads to poorer flowability and lower
powder packing factor.

4.1.3 Surface Oxide Layer

Surface oxide layer plays a crucial role in the deposition process like oxide layer’s
impact reflects on deposition efficiency and particle deformation [44]. As the powder
jet meets the substrate, the oxide layer on the powder surface, in general, tends to
create disruption in the interface layer. Reported results claim the higher the thickness
of oxide layer present in the powder surface requires higher energy to deposit the
powder and lowers the rate of powder deformation [45]. The continuous deposition
of the powder with surface oxide layer is deposited the mounting pressure generates
cracking oxide layer which ejects out from the surrounding layer of the powder
particle’s perimeter. The partial ejection of the oxide layer will trap a certain amount
of oxides within the deposition that reduces the bond strength between the powders
[46].
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4.2 Geometric Effects

The following aspects are to be addressed to satisfy the geometrical effects in the
cold spray deposition.

4.2.1 Spraying Stand-Off Distance

The distance between the spraying nozzle and the substrate surface is the stand-off
distance in the cold spray techniques. The higher stand-off distance decreases the
deposition efficiency and deteriorates the deposition’s nature. Hence the stand-off
distance varies with the chosen particle size for the deposition.

4.2.2 Spraying Angle

To determine the spray angle of the deposition, a small wipe test was conducted by
the researchers in the past [47]. The substrate is moved in very high-speed in front of
the spraying gun. The deposition thickness is then analysed. The particular angle in
which the highest deposition of powder is done. The test results reveal that when the
perpendicular direction of deposition has changed the deformation of the deposited
particles also change. Also, when the temperature of deposition is varied, the angular
impact in the interface varies due to frictional heating leading to high instability.

4.2.3 Position in Particles Jet

The powder particles exiting from the nozzle takes a divergent flow nature before
reaching the surface of the substrate. In the mentioned flow, the powder particles
remain under the influence of a different velocity due to the bow shock effect [48].

4.2.4 Nozzle Geometry

The nozzle used for deposition is called de laval nozzle, which is convergent and
divergent by nature. TheMach number plays a crucial role in the deposition efficiency
of the powders by the carrier gas. To enhance the Mach number of the nozzle,
usually, the divergent part of the nozzle is extended to achieve the required speed
for the powder to get deposited. But the expansion of the nozzle is not be done
randomly. The expansion plays a crucial role in the types of nozzles like under
expanded, correctly expanded and over-expanded as reported by researchers in the
past. Among the three types of nozzles, the correctly expanded nozzle, in general,
produces no shock during deposition. The over-expanded nozzle has the ability to
produce maximum outlet speed. After extensive research in the nozzle geometry,
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the final results concluded that the ambient air around intrudes exit of the nozzle as
a result of low static and stagnation pressure. As a result, over-expansion induces
unwanted shock within the nozzle that disrupts the powder flow through the nozzle.

4.3 Processing Parameters

4.3.1 Carrier Gas Type, Temperature and Pressure

The carrier gas is a vital processing parameter that assists the preheating of the
powder which plays a crucial role in the bonding of the powders on the substrate.
There are several types of carrier gasses like nitrogen, helium, oxygen, argon etc.
Also, the deformation of powder particles on the surface of the substrate and also
based upon the nature of the carrier gas been deployed for the process.

4.3.2 Substrate Hardness, Temperature, and Surface Roughness

Specific mechanical properties of the substrate material play a crucial in the depo-
sition of the powder particles. The properties like hardness, surface roughness and
surface temperature. When powder particles of soft materials are deposited on the
substrate which is soft in nature, the deformation is considerably high, and when
materials of highly hard nature are deposited on the hard substrate, the deformation
rate is considerably low. In both cases, the material’s strength plays a crucial role in
the observations. In the other way around, when soft and hard the deformation rate
remains highly distinct [49].

5 Laser Remelting

A laser is a tool that is used primarily for various types of surface processing tech-
niques in modern advanced surface treatment techniques. Similar to surface process-
ing remelting is one among the process widely used to engineer the microstructure
and nature of various materials. Hence the concept of laser interaction with metal is
to be analyzed in detail to extract the desired output from the process. Laser remelt-
ing is possible when the absorption of laser power is high by the material on which
the laser is incident, and the laser irradiation is continuous on the material’s surface.
In general, laser interaction with materials can be classified into two types of res-
onant and non-resonant interactions. A process like localized heating and photons
ionization fall under the first type of resonant type of interactions and melting and
plasma generation process falls under non-resonant process. In the case of laser-
based remelting, the entire process is accompanied by vaporization. It is inevitable
to proceed with laser remelting without vapourization in case of metals. Latent heat
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of fusion plays a crucial role in the entire laser-based melting process. The required
amount of heat to preserve the material in the melting point temperature depends on
the nature of the material and the volume of the material to be melted.

Surface remelting is executed by passing multiple tracks of laser on the surface
of the material, and subsequentially the melting of the material on the surface takes
place followed by rapid solidification. This technique is highly useful in case of bulk
alloying as the composition of the material can be easily varied and the process of
engineering themicrostructure is also quickly done. In factmultiple behaviours of the
soft material are utterly unique while comparing to the conventional process. Once
the surface melting process is done the solidification of the melted surface initiates
when the nucleation of the solid material takes place depending upon the nature of
heat flow generated by laser remelting. The liquid phase solidifies in different forms
and homogeneity can be obtained in the process by entrapping heat in the material
for a longer time. In case if there is undercooling mostly brittle phases are induced
which is very much harmful to the materials. Also choosing the type of laser to
proceed with the melting process is very important. Researchers have widely used
pulsed and continuous-wave lasers. The advantages to be availed using pulsed laser
is the diffusion depth is higher than continuous wave laser. Similarly the melting
efficiency of the continuous wave laser is higher than the pulsed laser. The nature of
pulsed and continuous-wave laser are discussed as follows.

5.1 Pulsed Wave Laser

The pulsed laser can be of two types as short pulse and ultra-short pulse lasers. The
nanosecond lasers are termed as short pulse lasers whereas picosecond and femtosec-
ond lasers come under the ultrashort laser. Widely for surface processing purposes
short-pulse laser and for ablation types of work ultrashort pulse is deployed. When
it comes to short-pulsed laser widely Nd:Yag nanosecond green laser is preferred
for its high pulse energy and good output efficiency. As the energy of the source is
stored and released in short time the generation of high intensity is possible and also
the dwell time is sufficient enough to generate changes on the material in which the
laser is impinged. Due to broad bandwidth, the laser pulses are very short. Among
several types of pulsed lasers like a nanosecond, microsecond, picosecond and fem-
tosecond laser, the nanosecond lasers have proved themselves much efficient when it
comes to the melting of bulk materials with sufficient dwell time on the samples. The
pulsed lasers apart from surface melting are widely deployed for surface processing
operations like laser annealing and laser shock peening. Also in pulsed lasers an
extra option of changing wavelength with various modes are possible. Hence this
adjustment facility provides an extra advantage to users to achieve the requirement
more precisely.
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5.2 Continuous-Wave Laser

In continuous-wave lasers, there is no classification based on laser pulses because
here the output is continuous without any break. The power of the laser depends
upon the parameters like wavelength and frequency. The continuous-wave lasers are
of from several sources and among them fiber optics-based continuous-wave lasers
are widely used for their high power performance and cost-effective maintenance.
The usage is widely deployed in all higher-end applications like cutting, drilling
and other modern machining processes. Similarly they are deployed in applications
where melting of powders are also done to form alloys and also in processes like
laser cussingwheremelting ofmaterial’s surface tomend them.The continuous-wave
lasers in general possess very lean bandwidth comparing to pulsed lased lasers which
are of broader bandwidth. In case pulsed or continuous the nature of beam chosen
for various applications are TEM00 for their ability to transfer higher intensity from
the center and distributing the intensity homogeneously in all directions comparing
to other nature of beams available. The nature of the continuous and pulsed wave
interaction with material is as shown in Fig. 2. Hence as discussed above the higher
end applications are widely done with continuous-wave laser, in the current chapter
the laser surface melting of cold sprayed powders are also to be carried out using the
same type.

6 Shape Memory Alloys

Among the several smart alloys used in various scientific applications, shape mem-
ory alloys (SMA) have secured a special place for possessing a maverick property of
phase transformation on the application of external load in the form of temperature.
Also, the broad application of SMA is in the form of thin films in micro-electro-
mechanical systems (MEMS) is used in the form of diaphragms for micropumps.
The mechanism behind the functioning of SMA included process like twinning and
detwinning by varying the thermal load application in the alloywhere the phase trans-
formation from austenite to martensite and vice versa takes place. The functioning of
the SMA is as shown in Fig. 3. Among the various SMAs like NiTi, TiNiCu, CuAlNi
is also a primary choice for applications. CuAlNi SMA is widely used in applications
where vibration damping is of high priority. The Ni in the alloy has enough strength
in alloy and Cu provides good ductility in the alloy. Al provides excellent damping
efficiency when alloying with Ni specifically. When it comes to bulk CuAlNi SMA
fabrication methods like selective laser melting (SLM) is the only method reported
to be successful. Also, the report proves that using additive manufacturing technique
CuAlNi can be fabricated with good ductile nature which is a unique achievement as
fabricatingmaterials of high ductile nature is not an easy achievement using Additive
manufacturing technique [50-simmone].
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Fig. 3 Mechanism of SMA functioning

7 Experimental Approach

The powders play a crucial role in the deposition efficiency of the cold spray process.
Hence the powder particles were assured to be in a size of 10–30 µm. The powder
particles size were maintained within the mentioned range because the size bigger
than 30 µm can lead to un uniformity in deposition and the size of powders lesser
than 10 µm tends to fly away in the speed generated by the nozzle. Also, much
importance was given to the shape of the powders to be in spherical shape as the
deposition efficiency is high when the powders are in a spherical shape. The shape of
the powders other than spherical like irregular or flakes shape powders cannot have an
efficient deposition as the deformation is not expected to happen uniform throughout.
Eventually, the deposition efficiency drastically decreases and also it is expected to
induce porosity within the sample. The surface morphologies of the various powders
used in the process are as shown in Fig. 4. The powders were mildly preheated before
the deposition to get rid of the surface oxidation. Also, the powders were carefully
stored in a control atmosphere to prevent any sought of reaction with open room
atmosphere, which may eventually deteriorate the property of the powders.

Figure 5 shows the schematic diagram of the indigenously developed cold spray
set up used for the fabrication of the CuAlNi samples. The premixed powders of the
desired composition were used for the deposition process. The deposition system
was designed in such a way that the powders will be fed inside the upper end of the
nozzle where the preheated nitrogen air mixes get along. The nitrogen gas plays a
crucial role in compressing the powders into the convergent section of the nozzle.
The Mach number of De Laval-type nozzle used for the current experiment is 2.9,
which assists in accelerating the pre-mixed powders to flow in the supersonic speed.
As shown in Fig. 5 the powders pass through the throat of the nozzles a high speed
is obtained by expansion assisted by the preheated nitrogen gas, as per the theory
of gas dynamics [50]. The drag force exerted by the preheated nitrogen gas in a
supersonic stream on the powders accelerates the powders to attain high speeds that
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Fig. 4 Surface morphologies of the powders

Fig. 5 Schematic diagram of cold spray setup
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assist efficient deposition of the powders on the substrate in tightly packed nature. An
efficient deposition can be assured once the powders travel above a high threshold
value after absorbing enough drag force provided by the carrier gas (Nitrogen).

The deposition parameters deployed for the above-mentioned process are as
quoted in Table 1.

The samples were successfully deposited on mild steel substrate, and the deposi-
tion is as shown in Fig. 6. The deposition was so closely bonded without any sought
of porosity, and the bonding between the deposition and the substrate was visibly
strong without any cracks in the interface. Once the deposition is done the deposition
is done the samples were subjected to laser remelting carried out by two different
types of lasers (i.e. pulsed and continuous) to form the perfect alloy formation. The
laser power was maintained the same for both laser and the processing time was also
uniform. The nature of laser processing and the pattern of processing are as shown
in Fig. 7a. Once the sample is deposited to finalize the perfect power for melting sev-

Fig. 6 CuAlNi SMA fabricated by cold spray deposition

Fig. 7 The images of a the
pattern of laser remelting of
the cold spray deposited
sample, b the laser process
parameter optimization
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eral trials were conducted with various laser powers as shown Fig. 7b. The analyses
were carefully done to avoid ablation of the samples during the interaction with the
laser. Also, the cross-section analyses were carried out to determine the efficiency of
alloying by both the type of lasers. The nature of the samples was analyzed in detail
post laser processing.

In amotive to analyze the nature of the samples alloyed by pulsed and continuous-
wave laser, the surface morphological analyses, the mechanical properties and the
phase transformation properties were analyzed. The surface morphological analy-
ses are to study the nature of laser interaction with the sample and the alloying
efficiency of the lasers. The mechanical properties of the sample are expected to
analyze and to predict the sample’s deployment in real-time application. Finally,
the phase transformation ability of the sample is directly related to the shape mem-
ory effect in the sample. The details about the characterization results are discussed
in detail in the sessions coming henceforth. The samples processed with pulsed
laser is termed as CuAlNi PL and the sample processed with continuous-wave laser
is termed as CuAlNi CW in the chapter ahead. The scanning electron microscopy
(Make: Zeiss,Model: Supra55) attached with energy dispersive spectrograph (Make:
Oxford Instruments, Model: X-mas), was used for the surface morphological analy-
ses. The micro-hardness (Make: UHL, Model: VMH 002), was used to analyze the
mechanical properties of the samples.

8 Results and Discussion

Once after the premixed powders were deposited the cross-section analyses were
initiated for the deposits in order to confirm porosity free deposition. As shown in
Fig. 8, the cross-section revealed a dense-packed deposition. The bonding at the
intermediate layer is observed to be porous free, and the nature powder deposition is
homogeneous by the assistance of powder deformation.Also, no poreswere observed
in the intermediate region, which indicates not much bowing effect has taken place
as the standoff distance between the nozzle and substrate is good enough for high
efficiency of deposition. Very less dark spots are seen in the image which may be
attributed to the removal of powders during the polishing process. To alloy, the
deposits two types of lasers opted pulsed and continuous-wave laser. The optimised
range of power was opted for both pulsed and continuous-wave laser, to initiate
the alloys of the powders. As the wave nature of both lasers is different, it is vivid
that the alloying nature is not expected to be similar in nature. To investigate the
nature of alloying a scanning electron microscopy (SEM) analyses were carried out.
The results of the alloying process using pulsed laser are as shown in Fig. 9. The
comparison of before and after laser processing is as shown in Fig. 9a. The impact
of pulsed laser processing was visible to be highly efficient. Once when the alloyed
surface was brought to a closer look, some sought of mild porosity of slanting pattern
was observed on the surface as shown in Fig. 9b. The presence these patterns might
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Fig. 8 The deposition of CuAlNi powders using cold spray process

Fig. 9 SEM images of a pulsed laser processed sample, b the magnified image of pulsed laser
processed samples, c continuous-wave laser processed sample
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be due to the short life span of each pulse generated by the pulsed laser. The non-
availability of enough dwell time to remelt and cover up the formed porosity for the
alloys is observed.

But when it comes to continuous-wave laser melting the alloys seem to be having
a homogeneous melting throughout the deposits as shown in Fig. 9c. The presence of
any form of porosity is not observed, and thismay be possible by the continuouswave
pattern of the laser. Also, there are not many precipitates observed on the surface of
the alloy. The alloying density is observed to be very high for continuous wave laser
processed CuAlNi sample and the mechanical properties are expected to be useful
as well.

To investigate the mechanical property of the alloys a preliminary micro-hardness
test was conducted for the samples. The samples were bisected and prepared follow-
ing the standard metallographic techniques. After the samples were finely polished,
the samples were mounted in Vicker’s hardness tester. The readings were noted at a
distance of 25 mm at a load of 500 g. The impingement was carefully done ensuring
to cover the entire surface area, without any overlap. The results presented in Fig. 10
reveal the micro-hardness test reveal pulsed laser processed samples have the high-
est value of 536 VHN comparing to continuous wave laser processed sample whose
value to be 431 VHN. The nature of the pulsed laser processed sample indicates to
be of much more of brittle nature. But the results of continuous-wave laser processed
sample indicate the sample to have low micro-hardness values because of the proper
alloying that had taken place during the processing.

Fig. 10 The micro-hardness
results of the samples
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9 Conclusion

Cold spray deposition technique is an extremely versatile technique in the aspect of
coatings. Deploying the same technique to build three-dimensional bulk structures.
The novel approach of engineering the cold sprayed deposits using modern tools
like lasers, where enough opportunities are availed to alloy the powders. The current
chapter plays a crucial role in giving exposure to deploying two different types of
lasers to obtain a common objective. Hence depending upon the application and
requirement, the users have enough options. The CuAlNi shape memory alloy which
is widely used for vibration damping applications. Hence the results reveal when
continuous-wave lasers are deployed for the application they tend to have better
alloying possibility which is much needed for the robust applications.
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Abstract The use of cold spray (CS) in metal additive manufacturing (AM) offers
well recognized advantages with typical commercial drivers being a rapid build rate,
low process temperature and wide range of usable alloys. For cold spray, technology-
specific considerations must be factored into each of the processing steps and in
particular, an effective build strategy and toolpath are critical tomoving towards near-
net shape parts. Inspection and quality control of such complex parts is a challenge
and new strategies have to be developed. For this purpose, this study looks to combine
optical techniques for dimensional analysiswith laser ultrasonics for volumeprobing.

Keywords Cold spray ·Metal additive manufacturing · Non-destructive testing ·
Dimensional analysis · Laser ultrasonics

1 Introduction

The use of the cold spray in metal additive manufacturing (AM) offers several attrac-
tive competitive advantages in comparison with other additive techniques. Typical
commercial drivers are rapid build rates, which can be on the order of kg/h, and
low process temperatures that are well below material melting points [1]. Also, a
wide range of alloys can be employed. Several reviews of specific benefits and con-
siderations for AM by cold spray are available [2–8]. Fundamentally, cold spray
additive manufacturing (CSAM) can be considered as a direct energy deposition
(DED) process, as the material is deposited on a surface in a layer-by-layer approach
to building a 3D structure. Due in part to its inherent spray characteristics, however,
CSAM to date has often employed a methodology of rapid material deposition, with
or without masking, into relatively simple shapes and wide tolerances that can lead
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to constraints in part geometries and/or significant post-spray machining. Thus for
cold spray, technology-specific considerations must be factored into each of the pro-
cessing steps, and in particular, an effective build strategy and toolpath are critical to
moving towards near-net-shape parts. These aspects are briefly addressed in Sect. 2
of this chapter. Inspection and quality control of such complex parts is a challenge,
and new strategies have to be developed not only for off-line but also for on-line
inspection. For this purpose, this study looks further to combine optical techniques
for dimensional analysis with laser ultrasonics for volume probing of cold sprayed
3D structures. Dimensional measurements can be performed at various intermediate
stages during the buildup of an intricate part, showing the value of in-process moni-
toring. In Sect. 3, various optical techniques for dimensional analysis are presented
and compared: triangulation, structured-light and Optical Coherence Tomography
(OCT). All techniques provide good results; nevertheless, OCT presents the advan-
tage of requiring a single point-of-view compared to the two other techniques. This
allows for the design of a compact scanner well suited for online process monitoring.
Laser ultrasonics technique (LUT) is very attractive due to its non-contact nature and
is well adapted to online implementation. In this context, we discuss in Sect. 4 non-
destructive inspection performed off-line on metallic parts produced by the CSAM
process. Laser ultrasonics is used to detect flaws using the synthetic aperture focus-
ing technique (SAFT), and through-thickness distributed porosity is investigated
using the backscattered signal. Also, laser shockwave is used to characterize bond
strength at the interface between the cold spray deposits and the substrate. Inspec-
tion results from either the top layer or the underside of the substrate are presented.
Laser-ultrasonic measurement can also be performed during post-heat treatment of
cold spray AM metallic parts to capture microstructural and phase changes.

Work presented throughout the chapter stems from the activities carried out by the
National Research Council of Canadawithin itsCold Spray Additive Manufacturing
Industrial R&D group (CSAM). Among the efforts undertaken to develop 3D build-
up capabilities and process windows to deposit new materials for cold spray, online
and off-line testing of the depositswere identified as essential R&Davenues to deliver
a robust AM process.

2 Development of Build Strategies and Advanced Toolpath
Generation

In this section, we present a layer-by-layer build strategy and toolpath planning
for producing more complex geometries and improving shape fidelity. The toolpath
planning and programming required to build 3D structures with complex geometry
and low (overspray) tolerances intrinsically need precise manipulation of the spray
gunor part as applicable. This canoften introduce an added layer of complexity versus
that required for typical cold spray applications, which can often be programmed
manually by a skilled operator using the robot teach pendant. Coating a surface, for
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(a) (b)

Fig. 1 a Simulated and b spray setup

example, commonly employs a straightforward x-y index for stationary substrates
or a linear displacement along the axis of rotating substrates.

Very similarly to other techniques such as laser-cladding, wire-arc additive man-
ufacturing, etc., cold spray requires a digital thread to successfully build a 3D part
starting from its 3D digital model. This thread includes the following steps: (i) gen-
eration of a part 3D model through CAD software and/or 3D scanning; (ii) slicing
in a suitable orientation; (iii) path planning for each layer; and (iv) generation of
machine codes. This needs different software to be achieved, and additional steps
can be introduced, such as design optimization, manufacturing process simulation,
etc. The use of software-based robot code programming provides flexibility and effi-
ciency in toolpath planning as changes in path type, path sequencing, point density,
etc. are more easily generated for evaluation. In addition, the simulation capabilities
provided by commercial codes are often useful for verification and troubleshooting
of build plans, e.g., collision avoidance, robot workspace, etc., as depicted in Fig. 1.

However, some specifics have to be considered in the development of build strat-
egy and path planning in order to successfully manufacture 3D structures with cold
spray additive manufacturing, e.g.: (i) the profile of the deposited materials that
leads to significant overspray if not corrected; and (ii) cold spray is a high deposition
rate, continuous process that cannot be stopped or started instantaneously. We will
briefly explain these two points and see later how they can interfere with the overall
manufacturing process.

2.1 Profile Control

With a basic cold spray setup, variations in the gas/particle flow across the diameter of
a nozzle often manifest in a well-known tapering of the sides of a deposit. A ‘basic’
setup here refers to a standard commercial nozzle with axisymmetric geometry,
no masking, and typically spray to a substrate surface. A typical deposit formed
after repeated gun traverses along a single line of travel showed this tapering effect,
Fig. 2a. Beyond a threshold number of traverses, deposition no longer occurred as
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Fig. 2 Typical and altered deposit profiles: Cu sprayed at multiple angles to the substrate surface

the impact angles became increasingly off-normal, e.g., impacting the angled sides
of the triangular deposit. In practice, this deposition profile effectively limits edge
precision, and forces spray of a significantly larger footprint than required by designs
as the tapering propagates with each additional layer, i.e., tapered edge grows as
deposit thickness increases. This results in drawbacks such as significant amounts of
excess material sprayed for large parts and a relatively large minimum size for fine,
as-sprayed features. In order to limit these drawbacks, spray angles can be changed
to avoid off-normal impacts, as in the case of producing vertical walls [2].

Profile alterations for line deposits of Cu were produced using a succession of
spray angles, Fig. 2b. A rectangular profile was obtained for the Cu line deposit by
spraying repeated passes normal to the substrate followed by repeated, alternating
passes at ±45°. The starting deposit profile was dependent on materials, nozzle
(equipment), process conditions, etc. However, spray angles and/or positions were
adjusted accordingly to perform profile alterations.

The development of unique toolpaths for every type of material deposit can
be resource-intensive, requiring extensive experimentation and/or modelling. One
approach to simplify toolpath planning is to employ a standard set of toolpaths for
profile alteration, e.g., successive spray angles normal and ±45° to the substrate.
This method can be implemented in a straightforward manner and designs adjusted
accordingly. While efficient in practice, there are potential tradeoffs in terms of
build accuracy and deposit properties if starting profiles deviate significantly. Con-
sequently, a more practical approach was taken, which balanced these two extremes;
the development of different sets of toolpath combinations that produced specific,
predictable profile alterations from typical starting deposit profiles.

In a general layer-by-layer approach, it is important to note that the toolpaths
employed for an alteration of the layer profile maintain similar spray conditions to
that used to build the body of the layer. With spray angles maintained normal to a
target surface (e.g., spray at 45° to the substrate is equivalent to normal direction from
the triangle edge in Fig. 2), deposit properties for both the layer fill and alteration
should be similar. Full characterization is an area of further investigation to validate
that the profile alterations do not degrade performance.
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2.2 Spray Path Planning

A build within each layer is deconstructed into two sub-layer structures, which are
labelled as layer filling and layer alteration in the schematic, Fig. 3. We explained
above how critical the layer alteration step is in order to improve the dimensional
accuracy of the build and limit the needs for further machining. The path planning for
this is most often reduced to a single trajectory, or a set of trajectories, that follows the
profile of all open contours, with an adapted angle versus the base substrate surface.
The layer fill refers to depositing material for the body of part, which is analogous
to producing cold spray AM parts by spraying oversized deposits. Similar to what is
seen in pocket millingwith CAM software, different paths can be considered to cover
the very same surface, i.e. zig-zag toolpath; zig toolpath; contour parallel toolpath;
spiral-type toolpath. The decision on the type of toolpath can be related to the shape
of the surface to fill but is also influenced by the second point mentioned in the
specifics of cold spray, i.e. the fact that cold spray is a high build rate, continuous
process. Bearing inmind that, for a constant powder feed rate, the deposited thickness
is directly related to the traverse speed of the cold spray equipment over the substrate
surface (or the substrate traverse speed under the cold spray gun, depending on what
the robot is manipulating), the toolpath has to be generated with a proper strategy to
minimize robot acceleration/deceleration and sharp direction change. For this reason,
spiral-type toolpaths are often preferred versus zig-zag-type. Small radius turns, and
intersections also represent challenges as they can lead to significant layer thickness
variations that interfere with the continuation of the build sequence.

It is important to emphasize that although specific layering strategies are depen-
dent on the design, the reverse also applies. A good design can greatly facilitate a

Fig. 3 Schematic of build strategy
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cold spray build by simplifying the types of transitions and support structures that
are required. The fabrication is also specific to materials, hardware, and process
conditions and integration of these various elements is critical to a well-conceived,
design-specific strategy.

Each sub-layer structure employs a different toolpath, with the complexity in
toolpath planning heavily dependent on the geometries being produced. The tool-
path accounts for the line-of-sight and proper access to the spray location. As build
complexity increases and larger cold spray systems are used, this can become a sig-
nificant challenge and designs become more constrained. In some cases, equipment
changes, e.g., nozzles designed to produce uniform spray profiles, can be used to
facilitate toolpath planning. The precision of a toolpath is also evaluated accord-
ing to the design requirements as well as the capabilities of the manipulator (robot,
gantry, etc.) and cold spray equipment (spray accuracy, process repeatability, etc.).

A layer-by-layer build strategy with profile alterations was employed to build
several thin-walled features of copper on aluminum alloy substrates, Fig. 4. Figure 4a
depicts the CAD drawings of such freeform stiffening structures and Fig. 4b the
resulting cold sprayed structures.

The precision of the toolpath and process stability are two key factors in the unifor-
mity of these as-sprayed features and comes in addition to layer thickness variations
that could originate from variation in the traverse speed or from imperfect contour

Fig. 4 a CAD drawings and b resulting in cold sprayed structures
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correction. In the case of low build heights, those variations in the layer thickness
might not be so detrimental that they could cause the failure of the build. However,
when more complex builds are intended, with tens of layers, these variations can
become critical.

While improving the general stability of the process and carefully planning the
path for the entire build would resolve many of these issues, having a solution to
monitor online the geometry of added features and furthermore their quality (through
representative properties assessment) is paramount. Such solutions could be used to
tailor the toolpath as a correction of past variations, and even repair during build
defaults. The next sections will present some advancements in the development of
such diagnostic tools.

3 Swept-Source Optical Coherence Tomography (SS-OCT)

In this section, we evaluate the capability of Swept-Source Optical Coherence
Tomography (SS-OCT) technology to provide real-time monitoring of the dimen-
sional characteristics of a part fabricated by the cold spray process. We first describe
the SS-OCT technology and present results from quasi-online monitoring of the pro-
cess described in the previous section, highlighting the value that could be added by
online inspection. SS-OCT is then compared to other techniques that could allow
dimensional monitoring and its advantages are highlighted. We end this section by
demonstrating the ability of SS-OCT to characterize large parts produced by the cold
spray process.

Optical Coherence Tomography (OCT) is an interferometric imaging technique
which has been developed initially for biomedical imagery applications [9] but has
great potential for themonitoring of industrial processes [10–12].Modern implemen-
tations ofOCT, Spectral-DomainOCT (SD-OCT) andSwept-SourceOCT (SS-OCT)
allow the performance of real-time tomography of non-opaque materials, enabling
the dimensional characterization of internal structures as well as the detection of
internal defects. These technologies can also be used to perform surface profilom-
etry, providing the external dimensions of a part and the identification of surface
defects. Industrial applications include monitoring of laser machining [13], laser
welding [14], polymer-based [15] and metal-based [16] additive manufacturing.

Figure 5a presents a basic SS-OCT system in aMichelson configuration. The light
emitted by a swept-laser is sent to a coupler using single-mode fibre. Light is split
between a sample arm and a reference arm. For illustrative purposes, the sample arm
contains three partial reflectors illuminated by a collimated beam. The collimated
beam is a simplified representation; in a real SS-OCT system, the light is usually
focused in the region of the sample. The reference arm contains a fixed mirror. The
light beams reflected in both arms return to the coupler where they are recombined
to interfere before being sent to a photodetector. The SS-OCT signal is composed
of the interference pattern recorded by the detection system as the wavelength of
the laser is swept. Figure 5b illustrates a typical interference pattern referred to as
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Fig. 5 a SS-OCT system. b Recorded interferogram signal. c Recovered sample structure after
fast Fourier transform of the interferogram

a spectral interferogram. The location of any structure reflecting light in the sample
arm is recovered from a fast Fourier transform (FFT) of the interferogram. This is
illustrated in Fig. 5c where the three peaks provide the locations of the three partial
reflectors in the sample arm.

When performing industrial monitoring, an optical scanning system is used in the
sample arm to scan the surface of the part. A significant advantage of SS-OCT is
that it requires a single point-of-view; a compact scanner can be designed to access
any location, even hard-to-reach locations like corners and holes. Additionally, the
scanner in the sample arm is connected to the other system components through an
optical fibre and a few electrical wires. The scanner can thus be located close to a
part while the other system components can be located away, at a more convenient
location. This is a crucial feature when developing an online monitoring system for
a challenging environment like the one found in the cold spray process.

Swept-lasers offered on the market today allow the design of SS-OCT systems
that can achieve several hundreds of thousands of measurements per second. For
3D surface profilometry applications, that means several hundreds of thousands of
points per second. This measurement rate is in the right order of magnitude for online
monitoring of industrial processes.
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3.1 Quasi-online Measurements

Quasi-online measurements were performed to demonstrate the added value of per-
forming dimensional characterizationwhile a part is built with the cold spray process.
The experimental setup is illustrated in Fig. 6. Figure 6a shows the SS-OCT main
unit, which was located just outside the spray booth. A one-dimensional galvanome-
ter optical scanner was used to scan the surface of the part. The scanner was located
within the spray booth and connected to the main OCT unit by an optical fibre and
electrical wires passing through the wall of the spray booth. The part under fabrica-
tion was manipulated by a robot that moved the part between the fabrication location
and the measurement location. At the fabrication location, the part was moved by the
robot under the fixed nozzle, at a speed and orientation required by the spray pattern.
At the measurement location indicated in Fig. 6b, the sample was translated by the
robot in one direction while being scanned in a perpendicular direction by the optical
scanner. These directions are indicated by the blue and red arrows in Fig. 6b. SS-OCT
measurements were performed at a rate of 30,000 measurements per second. The
optical scanner allowed 50 line profiles per second over a width of 15 mm, each line
profile containing 600 points. The spacing between the line profiles was 0.05 mm,
as dictated by the speed of the robot translation of 2.5 mm/s.

A rectangular ridge structure (freeform stiffening structure) was fabricated fol-
lowing the procedure described in the cold spray building strategy section with spray
parameters that were far from optimal so as to provide challenging fabrication con-
ditions, leading to a ridge with irregular corners. The fabrication conditions were
intentionally challenging to provide clear features in the surface profilometry. An
SS-OCT surface profile was performed after every five layers. In order to simulate
results which would have been obtained from online monitoring during the fabri-
cation, all surface profile measurements should have been performed with the same

Fig. 6 Quasi-online setup.
a OCT system. b OCT
scanning head. The scan
pattern is depicted by the red
arrow. Robot movements are
depicted by the blue arrow
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angle as the one used for deposition. The measurement range of the SS-OCT sys-
tem allowed measurements over a limited depth of 6 mm. This was not enough to
capture the whole ridge structure for orientations of +45° and −45°, so surface
profile measurements were performed at +20° and −20°. This is not a limitation
of the technology, but a limitation of the specific SS-OCT system used for these
measurements.

The surface profiles measured after each group of five layers are presented in
Fig. 7. For each case, the bottom part shows the 2D rendering of the point cloud
obtained with the PolyWorks software suite. The top left insert shows a line profile
measured near the centre of the ridgewhile the top right insert shows a schematic rep-
resentation of the structure after each five-layer step. Each surface profile is depicted
with a specific colour and superimposed over the previous surface profiles. This gives
a clear visualization of the contribution of each fabrication step towards the final
structure and represents key information to optimize the fabrication process. When
performed online, such information could allow process control through adjustments
of the deposition parameters between each deposited layers. As an example, in the
case shown in Fig. 7, it would have informed the operator to perform less than five
layers for the two last steps which would have allowed a stop of the additive manu-
facturing process when the part reached a rectangle profile rather than overshooting
to a trapezoid profile.

The added value of performing online monitoring to optimize the fabrication
process is also illustrated in Figs. 7c, d. In Fig. 7c, the deposition at +45° created
one sidewall of the ridge and overspray that results in a profile discontinuity to the

Fig. 7 Quasi-online measurement for fast deposition of a sample with a rectangular profile. a–
f Point cloud surface, transverse profile and theoretical profile after successive fabrication steps
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Fig. 8 a Sharp bump formed during fabrication, as seen in Fig. 7c. b The other side was shielded
by the prior layer of material as seen in Fig. 7d

right of the ridge. As illustrated in Fig. 8a, this is caused by material being sprayed
over the structure onto the base substrate. In Fig. 7d, the deposition at −45° created
the other sidewall of the ridge. In that case, as shown in Fig. 8b, the previous layer
insured shielding, so no material was sprayed over the structure to create a profile
discontinuity on the left. Had online monitoring been performed between each layer,
process parameters could have been adjusted as soon as the profile discontinuity
creation of Fig. 7c was detected in order to minimize this unwanted feature.

3.2 Comparison with Other Techniques

Due to the nature of the fabrication process, only non-contact techniques should
be considered to develop an online dimensional monitoring system with optical
techniques being prime candidates. The surface roughness of parts produced by
cold spray is large enough to ensure that any optical technique that relies on diffuse
reflection should be capable of performing a surface profilometry.Dimensions should
be measured with an accuracy of the order of few microns. This is not a stringent
requirement since such accuracy can be achieved withmost of the optical techniques.
The main criteria to select one technology over another is the ease of integration of
the online monitoring system. The technology must also allow measurements over a
range large enough to ensure that the whole structure is monitored, especially when
measured from an angle.

To illustrate a variety of optical techniques that could be employed, we performed
measurements on the same part using SS-OCT, triangulation and structured light.
The test sample contained 6 stripes representing various steps in the fabrication of a
ridge structure. The dimensions of the sample were 56 mm× 77 mm and the largest
stripe was 3.6 mm in width and 2.5 mm in height.

SS-OCT measurements were performed at a rate of 142,000 measurements per
second with an illumination spot size of 100 µm (wavelength around 1.55 µm) over
a scan width of 100 mm. The spot size provided a depth of field large enough which,
combined with the large scan width, allowed the measurement of the whole sample
at once. Scanning was performed with a galvanometer in one direction while the
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sample was translated by a motorized stage in the other direction. Spacing between
measurements points was about 25 µm in both directions.

Triangulationmeasurements weremade with a laser scan triangulation (LST) sys-
tem. The measurement rate was 60 kHz. The surface was scanned by a galvanometer
over a surface of approximately 30 mm × 20 mm, with spacing between measure-
ment points of 10 µm in both transverse directions. The restricted measurement area
is not a limitation of the technology, but a feature of the specific system used. The
illumination spot size was 20µm (wavelength of 405 nm). The systemwas equipped
with an adaptive focusing system.

Structured light imaging does not require a surface scan; instead, itmeasures all the
points in the field of view in parallel. Measurements were performed with a system
capable of providing 24 million 3D points per second. Sections of approximately
21 mm× 28 mm were measured with a spacing of 7 µm in both directions between
measurement points. The system used a LED source centered at 525 nm and was
calibrated over 3 mm around the focal point.

We do not provide here the detailed analysis of the results as all techniques did
perform well for these offline measurements. Figure 9a shows the SS-OCT surface
profile measured in one shot over the whole surface sample from a normal (0° inci-
dence) point of view. All points of the surface are clearly visible, except for the sharp
edges of the large ridge structures on the right; the light was coming from above, trav-
elling parallel to the edges,making ridgewall surfacemeasurement very challenging.
In Fig. 9b, structured-light measurements are overlaid over the SS-OCT point cloud.
The whole structure was not imaged with the structured light system at once. Three
measurements are shown in different colours. A cross section of the surface profiles

Fig. 9 CSAM copper ridges sample scanned with three different profilometry imaging techniques.
a Picture of round-robin CSAM copper ridges sample. b SS-OCT 0°. c Structured Light compared
to SS-OCT. d Laser scan triangulation compared to SS-OCT
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Table 1 Comparison of online imaging techniques attributes

Laser line
triangulation

Laser scan
triangulation

OCT
profilometry

Structured light
(phase shift)

Measurement
quality

+++ +++ +++ +++

Cost $ $$ $$$ $$

Adapted to
online
measurement

+++ +++ +++ *

Speed +++ + ++ ++++

Parasite
reflection
handling

+ ++

Compactness + + +++ *

is also shown below the point clouds. There is good agreement between both imag-
ing modalities. Figure 9c compares the laser scan triangulation measurements with
SS-OCT. Again, measurements performed over different areas are shown with dif-
ferent colours. Triangulation measurements are provided for a scanning performed
from the normal of the surface (Z-axis), as well as for orientations tilted by +45°
in the XZ plane and tilted by +45° in the YZ plane. Cross-sectional views of the
profiles are provided under the point clouds. Again, there is good agreement between
results obtained with SS-OCT and triangulation. One side of the ridge structures are
not visible for triangulation measurements performed with orientations of +45°, a
result which is expected and common to all-optical inspection techniques since the
structures create shadowing when inspected from an angle.

Results of Fig. 9 confirm that the various optical measurement techniques can pro-
vide good results when performing an offline inspection of cold sprayed parts. The
challenge resides in how efficiently these can be integrated into an online environ-
ment. This is addressed inTable 1,where the strengths andweaknesses of onlinemon-
itoring are summarized for each technique. We have added Line Laser Triangulation
(LLT) to the techniques considered above.

In terms of cost, SS-OCT is the most expensive technology, while LLT is the least.
The cost of LST can vary, depending upon the complexity of the system since features
like adaptive focusing can be used for enhanced capability, but these come at a cost.
In terms of measurement speed, structured light is the most efficient since it provides
the full 2d profile at once. LLT can easily reach a rate of 1000 line profiles per second.
LST and SS-OCT both rely on scanning which can be a limitation, although they
can both provide measurements rate large enough for cold spray online monitoring.
All techniques have been implemented in various online monitoring applications, so
nothing intrinsic to these technologies could prevent them from being used online.
In the case of cold spray monitoring, the compactness of the sensor is an important
aspect. Structured-light requires that thewhole sample be visible at once and can only
be used to inspect a layer after it is entirely deposited. LST and LLT both require two
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points of views which requires space. One significant advantage of SS-OCT is that
it requires a single point of view; the same optical path is used for both illumination
and detection. This allows the design of very compact scanning heads which can be
easily integrated with a fabrication system. The ability to handle parasite reflection
is also important when fabricating complex parts. Multiple reflections can provide
unwanted artefacts. LLT and structured light are more sensitive to these parasitic
reflections. LST systems can be customized to handle parasitic reflections at the cost
of a more complex system. SS-OCT provides a full measurement through depth.
Parasitic reflections will lead to additional peaks in this depth profile. These peaks
can easily be identified and disregarded, making SS-OCT robust regarding parasitic
reflections.

3.3 Capacity to Measure Large Objects

OCT imaging was initially developed to take high-resolution images of small areas
in biological samples. But, like other laser profilometry techniques, it can be suited to
scan larger parts such as those shown in Fig. 10. These reinforcement-like structures
measure 150 mm × 70 mm × 40 mm. The second sample was produced using the
same cold spray process as the as-sprayed sample but underwent amachining fabrica-
tion step after cold spray deposition to smooth its surfaces. By stitching together two
separate scans of a sample, the topography of the whole part can be reconstructed.

Fig. 10 OCT measurements of CSAM reinforcement-like structures. a Picture of the as-sprayed
sample. b Stitched OCTscan. c Picture of the machined sample. d Stitched OCT scan
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Additional scans from other points of view would be needed to capture the vertical
surfaces on the part as well. Even larger parts could also be measured online using
optical imaging techniques by tracking the position of the sensor relative to the part
and through image stitching.

4 Laser-Ultrasonic Inspection of Cold Spray Additive
Manufacturing Components

In this section,we present results of laser ultrasonic testing (LUT) performed off-line,
on metallic structures deposited by the cold spray AM process. LUT was employed
to detect flaws using the synthetic aperture focusing technique (SAFT) [17], and
through-thickness distributed porosity was investigated using the backscattered sig-
nal [18]. The latter approach was applied in recent years to study porosity in com-
posite materials [19], as well as grain shape and size distribution in steel [20–22].
Also, a laser shockwave technique was applied to characterize bond strength [23, 24]
at the interface between the cold spray deposition and the substrate. Finally, for the
post-heat treatment of cold spray AM metallic parts, we show an example of how
LUT can be performed to capture the microstructural and phase changes. Inspection
results from either the top layer or the underside of the substrate are discussed in the
following.

4.1 Laser-Ultrasonic Inspection for Flaw Detection

Laser ultrasonics combined with SAFT was employed for the flaw, and porosity
detection in Al cold spray coated samples. A set of three aluminum (Al) cold spray
coatings deposited with conditions to intentionally produce different porosity levels
was prepared. Figure 11a shows one such sample. Sample #1 (8.8 mm thick coating)
has low porosity, sample #2 (5.5 mm thick coating) has an intermediate porosity and
sample #3 (4.1 mm thick coating) has a high porosity with possible flaws present.
Each coating is deposited on an Al6061 4.8 mm thick substrate.

Fig. 11 a Photo of oneAl/Al6061 cold spray sample used for testing. B-scans onAl/Al6061 sample
#2 from the substrate, b raw data and c after SAFT reconstruction
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For use with SAFT, the generation and detection zones overlapped at the sur-
face for 1D or 2D scanning from either the top deposited layer or the underside
of the substrate. Ultrasound generation was performed in the slight ablation regime
(less than 1 µm) with a short pulse Nd:YAG laser in its 2nd harmonic (532 nm
wavelength) to achieve high frequencies. For detection, a long pulse Nd:YAG laser
(1064 nmwavelength) and a small spot size were used. The phase demodulator was a
1-m long confocal Fabry-Perot interferometer in reflection mode. Frequency content
up to 80 MHz was successfully generated and detected in the above test samples.
Mechanical scanning along single lines up to 30 mm length was performed for data
acquisition of the waveforms with a step size of 0.1 mm. SAFT reconstruction was
performed with an aperture angle of 30° and a frequency bandwidth from 1.5 to
80 MHz using the longitudinal mode.

Using the above test conditions, line scans were performed on the underside of
the substrate of the three samples over a length of 30 mm (Fig. 11). B-scan images
from the raw data and after SAFT reconstruction of a single scan line are shown
respectively in Fig. 11b, c for sample #2 of intermediate porosity, starting with the
substrate on top. Weak indications are observed from the raw data image, some of
them as hyperbola shapes, and are more clearly resolved after SAFT reconstruction.
The more or less continuous indications observed in Fig. 11c are attributed to imper-
fect contact between layers associated with the multiple passes of the cold spray AM
at suboptimal spray conditions. Also, a strong indication of the substrate interface
with the coating is apparent in both B-scan images. A similar indication of lower
amplitude from the substrate is observed close to the last cold spray pass (bottom of
B-scan), related to an echo propagating back and forth in the substrate. The longitu-
dinal velocity difference between the Al alloy substrate and the Al coating is small
and such reflections are more related to the bond integrity of the coating with the
substrate. This is also investigated further later.

Figure 12a shows a B-scan image after SAFT reconstruction of a particular scan
line from the coating side over a length of 15 mm. As expected, the continuous
indications attributed to the multiple passes are observed while a bit less resolved.

Fig. 12 a B-scan from coating after SAFT reconstruction for Al/Al6061 sample #2 and
b corresponding X-ray µCT image
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The indication between last cold spray passes on top of the coating is missing due to
the blind zone related to the large surface displacement in laser-ultrasonic signals.
A further investigation was made on these samples using X-ray µCT as well as
a series of micrographs. Figure 12b shows an X-ray µCT image after processing
the radiographic data. The agreement between the observations in this image and
the laser-ultrasonic results is fairly good. Not shown here, the micrograph image
shows porosity everywhere throughout the thickness, with a slightly larger pore
concentration for the interface between each pass. This point is investigated in the
next section.

4.2 Laser-Ultrasonic Backscattering for Porosity Evaluation

To further study porosity, the spectral analysis of the laser-ultrasonic backscattered
signals obtained from the top surface of the coating was considered. Figure 13
presents the principle of measurement with the backscattered amplitude (BSA) spec-
trum after averaging 100 spectra from a line scan, and the decay slope in the spectrum
estimated between the two cursors. As shown in Fig. 13, the BSA method can be
applied over the full-time window between the large surface displacement and the
first interface echo arrival, as an indication of average porosity found through the
sample thickness. In a further study, an analytical model for backscattering [19, 20]
could be developed to relate such decay slope with the porosity level.

Additionally, a sliding small time window of typically 0.6 µs can be applied in
the same time interval to estimate the decay slope in successive BSA spectra. Using
the single scattering hypothesis, the time window location can be associated with an

Fig. 13 Principle of the BSAmethod used. Example of a backscattered signal and bBSA spectrum
after averaging and decay slope estimated between the cursors
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equivalent depth, where theBSAdecay slope indicative of local porosity is estimated.
Figure 14 shows the BSA decay slope as a function of depth and Fig. 15 shows
the series of micrographs analyzed through the thickness of the three Al/Al6061
cold spray samples. Compared to micrographs, consistent results are found between
samples as well as through the thickness of each sample, with a larger negative slope
corresponding to higher porosity near the top surface and a decreasing slope toward

Fig. 14 a BSA decay slope as a function of depth through the thickness of the Al/Al6061 samples,
and b corresponding B-scan images

Fig. 15 Series of micrographs through the thickness of the Al/Al6061 samples
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the substrate interface. Not shown here, an opposite behaviour (smaller to larger
negative slope) is found scanning from the substrate side and analyzing backscattered
signals after the interface echo.

While testing on a limited set of samples, the approach appears promising and
will be further investigated. The method should work better when porosity near the
surface is not too large to avoid a substantial reduction of the BSA signal deeper in
the material. Also, the effect of multiple scattering should make the method not work
well at typically more than 4–5 mm deep.

4.3 Laser-Ultrasonic/Shockwave for Bond Integrity
Assessment

Another aspect to be considered with the cold spray AM process is the bond integrity
between the coating and the substrate. This is particularly important for AM appli-
cations such as part reinforcement, dimensional restoration and structural repair. For
these tests, a set of Al/Al6061 cold spray samples were prepared with a pulsed laser
surface pre-treatment to improve the adhesion between the coating and the substrate
[25].

Line scans were performed on the underside of the substrate of the cold spray
samples over a length of 42 mm. B-scan images after SAFT reconstruction of a
single scan line of 4 samples are shown in Fig. 16, starting with the substrate on top.
A clear indication of the substrate interface with the coating is apparent in all cases
but of variable amplitude. As in Fig. 11c, such reflections should be related to bond
integrity and may vary depending on the surface treatment during the AM process.
Also, there is a need to quantitatively determine the bond strength at the interface in
each case.

For this purpose, a laser shockwave proof test method is considered with the
principle shown in Fig. 17.With this technique, a high-energy pulsed laser produces a
compressive large-amplitude wave at the top surface of the sample. The compressive
shock wave travels through the sample and after reaching the lower surface, the
compressive wave is changed by the free surface into a tensile wave that travels back
through the sample. A shock wave amplitude that reaches over a certain threshold
will create tensile stresses large enough to debond interfaces in the component. By

Fig. 16 B-scans from the substrate on the Al/Al6061 samples with surface treatment after SAFT
reconstruction
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Fig. 17 Principle of the laser shockwave proof test

measuring the back surface velocity responsewith a Fabry-Perot etalon (velocimeter)
[26] for different laser energy and using a model for shock wave propagation [27],
the stress required to delaminate the coating from the substrate can be assessed.
Figure 18 shows an example of such a calculation for one of the cold spray samples.
Calculated stress values are generally larger than in quasi-static mechanical tests
since laser shock wave measurement involves high strain rate, typically of 105–106

s−1. To confirm that the system debonded the interface a post-shock laser-ultrasonic
inspection is used to perform C-scan imaging of the sample. The debonded interface
will keep the ultrasound from propagating to the backside of the sample, and this
will be captured in the resulting image.

To determine bond strength a laser shockwave technique was applied on the cold
spray AM samples #4–6 that do not present a disbond in Fig. 16. Laser energies from
0.2 to 2.2 J were tested at different locations from the substrate side of each sample.
Figure 19 shows the back surface velocity from the velocimeter (on the coating) at

Fig. 18 Example of a ray tracing shock calculation with time-depth representation and b stress
evaluated at the interface from measured back surface velocity
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Fig. 19 Back surface velocity at different laser energies and post-shock laser-ultrasonic C-scans
of the Al/Al samples

the different laser energies (indicated on the right of each graph) and the post-shock
laser-ultrasonic C-scans on these samples. For sample #6, the bond did not open for
the laser energies tested. The back surface velocity response at the threshold laser
energy producing a disbond is then used to calculate stress at the interface. Stress
values calculated for corresponding laser debonding energy are given in Table 2. A

Table 2 Calculated stress near debonding at the interface of the Al/Al alloy samples

Al/Al sample ID Coating
thickness (mm)

Debonding
energy (J)

Min stress
(MPa)

Max stress
(MPa)

4 0.7 0.3 104 242

5 0.9 0.5 271 393

6 1.2 2.2+ 358 N/A
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more precise bond strength value could be obtained by testing each sample withmore
energy levels, but it may also vary from one location to another in the component.

4.4 Laser-Ultrasonic Monitoring During Heat Treatment

In some applications of cold spray AM, a post-heat treatment of the component is
required. Laser-ultrasonic monitoring can be performed at high temperature during
such heat treatment to understand better and optimize the occurrence of recrystalliza-
tion, phase transformation, sintering, etc. As a first study, cold spray samples made
of H13 tool steel on mild steel substrate were prepared. Then, the 3.3 mm thick H13
coating of each sample was detached from the substrate and inserted in a Gleeble
machine for direct resistance heating. A laser-ultrasonic system, coupled with the
Gleeble, was used to monitor the longitudinal velocity as a function of time and
temperature. Such a system was developed in the past to study grain size evolution
and phase transformation in steel [21, 22, 28–30].

Two different heat treatments are considered for these tests. Figure 20 shows the
temperature history for the first heat treatment of long duration and correspond-
ing ultrasonic velocity as a function of temperature on a stand-alone H13 sample.
The ultrasonic velocity for the cold spray sample starts with a quite low value of
4.5 mm/µs and reaches 6.0 mm/µs after cooling, as expected for bulk H13 tool steel.
Moreover, the ultrasonic velocity exhibits two changes in its behaviour near 550 °C
and later at 800 °C. These changes are found attributable to the apparent effect of
microstructural changes. The 550 °C is near a standard tempering temperature for
H13 [31] while the 800 °C is near a phase change according to theH13 phase diagram
[32]. Not shown here, the ultrasonic velocity during heating of short duration may
show a quite different dynamic behaviour, and this has to be further investigated.

Fig. 20 a Temperature history of first heat treatment and b ultrasonic velocity as a function of
temperature
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5 Conclusions

To approach near-net shape features of cold spray some specific considerations with
respect to deposit profile control and spray path planning must be considered. This
was demonstrated by building freeform stiffening structures using a digital thread
similar to other AM processes. The precision of the toolpath and process stability are
two key elements in the uniformity of these as-sprayed features. While improving
these factors for the entire build would resolve many issues, having a solution to
monitor online, the geometry of added features and furthermore their quality, through
representative properties assessment, is critical. The build requires both online and
offline inspection.

A comparison of various dimensional inspection techniques, which all showed
good results, prompted OCT as being the technique of choice for online inspection
due to the compact scanning head design which can ultimately be easily integrated
with a fabrication system. Moreover, since OCT provides full through-depth mea-
surement, it is more robust regarding parasitic reflections than the other techniques
presented. A quasi-online OCT measurement demonstrated the feasibility of imple-
mentation of the technique for real-time inspection, which allows adjustment of the
spray parameters during the build.

It is equally essential to be able to perform remote inspection and to confirm
the integrity of the sprayed part, e.g., porosity, adhesion, etc. Consequently, laser-
ultrasonic testingwas employed in a parallel investigation of a variety of cold sprayed
samples. LUT, combined with SAFT, was used to detect flaws in Al/Al alloy samples
from both the substrate and deposit sides (surfaces). Indications of multi-passes and
variations in bond integrity with the substrate were observed. This was further vali-
dated by X-ray µCT showing larger pore concentration between each pass. Another
aspect consideredwas capturing information regarding through-thickness distributed
porosity using a spectral analysis of the laser-ultrasonic backscattered signal. Using
a sliding time window a BSA decay slope was found promising to provide an indi-
cation of porosity variations through the sample thickness as confirmed by a series
of micrographs. Also, the laser shockwave technique was used to characterize bond
strength at the interface between the cold spray deposition and the substrate. Finally,
laser-ultrasonic testing was shown to be useful to monitor microstructural changes
such as phase changes, recrystallization and sintering phenomena during post-heat
treatment of cold spray AM.
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