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Abstract Cold spray is a solid-state, powder-based con-
solidation technique for deposition of coatings, component
repair and near-net-shape additive manufacturing. Its
unique attributes have propelled the development and
commercialization, yet cold spray has only experienced
limited deployment. In fact, cold spray technology could be
extended to a considerably broader range of applications
and achieve a much higher level of industry adoption by
focusing on innovative ways to unlock current roadblocks
that prevent it from reaching its full potential. Cold spray
R&D efforts have doubled during the last decade and along
with new industry applications and novel demands provide
both a strong body of knowledge and market pull to
identify and address these roadblocks. This paper offers the
authors’ perspective on what are the next steps to be taken
in cold spray R&D to unleash its remarkable potential.
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Introduction

In the cold spray process, micron size powder particles are
accelerated to supersonic velocities by a high-pressure gas
jet passing through a convergent-divergent de Laval type
nozzle (Ref 1-5). The solid-state particles undergo high
strain rate plastic deformation upon high kinetic energy
impact on a substrate at temperatures below their melting
point and bond to the surface to form a layer. Due to the
low heat input, the powder material does not experience
undesirable phase transformation or chemical reactions and
oxidation is typically minimal. In addition, the low thermal
load on the substrate enables the use of this process for
repair without inducing excessive thermal stresses on the
part. Although the concept of consolidating powders using
kinetic energy was reported over a century ago, the cold
spray process as a viable technology resulted from a study,
performed in a wind tunnel, on the effect of supersonic
impact of particles of different nature onto objects (Ref 1).
The intriguing behavior of such particles, either sticking to
the surfaces or rebounding, led to a rapidly expanding
research field as evidenced in Fig. 1, showing the number
of peer-reviewed publications per year since the first paper
published by Alkimov et al. in 1990 (Ref 6) and then later
after the development of the cold spray process technology
(Ref 7). Since the introduction of the first commercial cold
spray system in the 2000s, significant improvements have
been made that allow application of dense deposits of a
larger variety of materials by virtue of higher operating
pressure and temperature capabilities, in addition to inno-
vative nozzle materials, geometries and nozzle-injector
assembly designs.

Compared to conventional additive manufacturing (AM)
techniques, cold spray offers the advantage of multi-ma-
terial buildup at high rates. It can be strategically used in
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Fig. 1 Publication on cold spray by year from search on Scopus with
the following search strategy (“cold spray” or “cold spraying” or
“cold sprayed” or “gas dynamic spray” or “gas dynamic spraying”
or “gas dynamic sprayed” or “kinetic spray” or “kinetic spraying” or
“kinetic sprayed” or “kinetic metallization” or “supersonic deposi-
tion”). Results were reviewed those irrelevant to cold spray technol-
ogy were removed

combination with conventional manufacturing technologies
to fabricate functional components on parts, reducing
material waste and costs while increasing both material and
part design flexibility. Moreover, the cold spray process
operates under normal atmospheric conditions and is
thereby inherently scalable to large parts as no inert gas or
vacuum environment is required. These characteristics of
cold spray give rise to a new degree of freedom in AM that
can lead to innovation in manufacturing. Therefore, the
cold spray technique is viable for a wide range of appli-
cations in diverse sectors. These applications include
thermal and nuclear power plants, protective coatings,
catalysts, high power line connecting switches, sputtering
targets, induction heating cookware, to name a few. Cur-
rently, one of the main applications of cold spray is the
dimensional restoration of damaged parts, for example
corroded or worn, in particular for expensive aircraft parts.
This extends to other industrial parts, such as bearings,
pistons, valves and pump components. Dimensional
restoration can be performed in a robotized cold spray cell
but also by using portable systems with handheld operated
guns. Most of these repairs have simple geometries, where
the material is deposited using a raster movement over a
surface or a linear movement on the part placed on a
rotating table or lathe. The deposited materials generally
need to meet strict dimensional requirements for the
application and, therefore, machining or grinding to the
final dimension is performed, post-cold spray.

The first barrier for a broader deployment of the cold
spray technique is deficient properties of the as-deposited
material, with cold spray deposits generally exhibiting poor
strength and ductility as compared to bulk counterparts. For
free-standing parts where good inter-particle interfaces and
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very low porosity is obtained, it is possible to perform a
heat treatment to improve the deposited material to reach
bulk properties. However, for deposits on a base material
or substrate, heat treatment of the whole part could degrade
the base material properties and, in some cases, would be
impractical. Innovative ways to improve the as-deposited
properties and/or to perform localized heat treatment on the
deposited material could lead to a significant breakthrough
for this technology. It should also be noted that most cur-
rent industrial cold spray applications are using feedstock
materials with a “reasonable” level of ductility/deforma-
bility and hence, are relatively easy to deposit. Despite
demonstrations of hard material deposition are of great
interest, they remain, however, anecdotal.

Another challenge is the relatively low geometrical
control and precision of the final dimensions of the
deposits. For coating applications using cold spray, the
coating procedure is relatively well established. The cold
spray gun (nozzle) is scanned over the surface using a
small overlap between spray tracks, with masking some-
times employed to protect against overspray and better
define the deposit outline. During path planning, the track
overlap can be optimized to produce a uniform thickness
by accounting for the spray track width and profile. The
minimum spot size of typical commercial cold spray noz-
zles is ~4 mm and a profile is obtained across this
diameter due to variations in the gas/particle flow from the
nozzle center to wall (Ref 8). However, the size and profile
of spray tracks, along with the lack of robust toolpath
planning tools, limit the use of cold spray for more geo-
metrically complex AM applications. Finally, the cold
spray technique consistency and reliability need to be
improved for its broader adoption for mass production
applications and to facilitate the development of cold spray
as an AM technology.

Cost of equipment, consumables and powder as well as
limitations in terms of operating gas temperature and
pressure besides nozzle clogging issues are other barriers
responsible for slow deployment of the cold spray
technology.

This paper presents core elements that are required for
the future development and industrial adoption of the cold
spray technology for a broader range of applications,
including (1) tailoring powders specifically for cold spray,
(2) developing a hybrid cold spray approach and (3) inte-
grating Industry 4.0 concepts (digital twin of a cold spray
manufacturing cell). These core elements are the basis of
the research program at the McGill-NRC cold spray
facility. Topics presented in (1) and (2) are at the outmost
importance for the rapid and wide acceptance of cold spray
by many sectors of the industry while topic (3) aims to
position the technology within the era of Industry 4.0,
where the integration of cyber-manufacturing and state-of-
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the-art machine learning methods is expected to greatly
improve process efficiency and reliability, product quality
and domain knowledge discovery.

Tailoring Powders Specifically for Cold Spray

Cold spray users mostly relied on using powder feedstocks
designed or optimized for other processes, mainly con-
ventional powder metallurgy (e.g., pressing and sintering,
MIMS, HIP) or thermal spray. Concomitant with the strong
adoption of laser and electron beam powder bed fusion
based metal AM techniques, more spherical powders pro-
duced by gas or plasma atomization, exhibiting narrower
particle size distributions and higher purity are becoming
available and can be used advantageously for cold spray.
With these commercially available powders, the three
metrics typically used for powder specifications for cold
spray are size distribution, morphology and chemistry.
Beyond these three metrics, powder microstructure (and
therefore mechanical properties) and surface state are
paramount to maximize the cold sprayability and consis-
tently obtain the targeted properties. Indeed, cold spray of
non-optimized powders imposes limitations on the range of
sprayable materials, prevents achieving optimal deposit
properties and may lead to low deposition efficiencies,
powder losses and additional processing costs. Clearly, in
order to accelerate commercialization and industrialization
of cold spray, powder feedstocks need to be specifically
designed for cold spray. Powder feedstock characteristics
need to be manipulated to maximize (1) cold sprayability,
(2) deposit properties, and (3) manufacturing repro-
ducibility, all while maintaining control of costs.

Cold Sprayability

Powder cold sprayability encompasses (1) powder flowa-
bility and (2) powder ability to deposit.

Powder Flowability

Powder flowability depends on various factors such as
powder morphology, size, surface roughness and chemistry
(Ref 9-11). Good flowablity is essential for a proper and
constant powder feeding during the cold spray process and,
thus, to ensure a uniform deposited thickness per pass/
layer. It is also a key factor in preventing powder feeder,
injector or nozzle clogging issues that could arise by a
sudden change in the feed rate. The flowability of a powder
can change over time, for example, due to the presence of
moisture resulting from the powder storage and handling
conditions. Lack of good and constant flowability is a
roadblock for full industrialization of the cold spray

process for specific materials, as it is one of the factors
limiting cold spray reliability as a precise AM technology.

Powder Ability to Deposit

The ability of powder to deposit depends on its acceleration
by the gas jet and its subsequent deformation and adhesion
upon impact to the substrate or the previously deposited
particles. It is generally accepted that within the window of
deposition, the ratio of particle velocity over critical
velocity, the minimum velocity beyond which the particles
deposit (Ref 12, 13), should be maximized to obtain, not
only high deposition efficiency, but also strong inter-par-
ticle bonding, yielding optimal deposit properties (Ref 14).
For a given material and set of cold spray process param-
eters, powder characteristics, such as particle size, shape
and surface roughness, can be optimized to maximize the
particle velocity. Powder microstructure and surface
chemistry profoundly impact the cold spray process char-
acteristics and coating properties. For example, changing
the surface by formation of superficial oxide scale on
copper powder results in an increase in the critical velocity
and therefore reduced sprayability (Ref 15). Variability in
powder characteristics such as size and surface state can
also cause nozzle or powder injector clogging. Powder
density also directly influences the plastic deformation
behavior at impact. In other words, for a given velocity,
two particles of the same material with the same size but
different densities, for instance due to the presence of
engineered porosities, will deform differently. Further-
more, powder microstructure depends on the powder pro-
cessing route and can be controlled during production
through parameter adjustment and by post heat treatments.
Thus, for the same material, tailoring powder microstruc-
ture can make the difference between no deposition and the
deposition of a dense deposit with good inter-particle
bonding allowing the attainment of bulk-like properties (or
better) after an appropriate heat treatment (Ref 16).
Powder engineering is an approach that presents high
potential in enhancing the ability of powder to deposit. For
low pressure cold spray, ceramic particles additives have
shown a strong effect on improving the deposition effi-
ciency of metallic powders (Ref 17, 18). Likewise, metal-
alloy powder blends can provides significant improvement
for both sprayability and deposit properties in high-pres-
sure cold spray due to a combination of tampering from the
hard particles and improved deformation and retention of
hard particles by the softer ones forming a continuous
matrix. For example, it has been shown that adding a small
amount of Ti to Ti6Al4V led to a significant decrease in
deposit porosity (Ref 19), addition of SS316L to Fe powder
has been shown to improve the deposition efficiency (Ref
20) and addition of a low amount of Al binder has allowed
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for the deposition of brittle NdFeB magnetic material for
the fabrication of complex-shaped permanent magnets (Ref
21). In another approach, loosely agglomerated and porous
particles has been shown to accelerate more and deform
more easily upon impact (pseudo-deformation), producing
denser and thicker cold spray deposits (Ref 22, 23).
Cladding the surface of hard powder particles with softer
and more ductile materials has been shown to also improve
powder cold sprayability and deposit properties, which is
consistent with the cold spray bonding theory based on
localized deformation at the surface of the impacting par-
ticles (Ref 24, 25). Softening metallic powders via
microstructural transformations through heat treatment
demonstrated significant improvements in cold sprayability
of different materials (Ref 26). Cold spray deposition of Al
alloy powders was improved by homogenization (Ref 27)
or solutionizing (Ref 28-30) heat treatments.

Deposit Properties

For a given material, deposit properties depend on the
powder sprayability and the cold spray process parameters.
For functional, non-structural materials, the as-deposited
properties are often acceptable for industrial applications.
For example, electrical and thermal properties of copper
deposits were measured to be 60-80% (Ref 31, 32) and
55-80% (Ref 32) of bulk values, respectively, depending on
the process conditions. Due to high strain hardening and
the presence of inter-particle interfaces and micropores, the
mechanical strength is, however, generally lower than that
of bulk, while deposits exhibit typically very low ductility,
although, some improvement can be obtained by optimiz-
ing the powder sprayability and by using He as propelling
gas (Ref 27). These functional and mechanical properties
can be drastically improved by performing post-process
treatments (Ref 33, 34). The efficacy of post-treatments
depends on the quality of the inter-particle bonding and
density of the as-sprayed deposit (Ref 35-37). However,
heat treatments could also affect the base material, which
may be detrimental. As a consequence, cold spray struc-
tural repair or add-on structural fabrication using conven-
tional alloys is still very limited. One possible approach is
the development of new alloys tailored for cold spray that
would provide high structural deposit properties. Indeed,
current alloy compositions have been partly determined by
conventional manufacturing limitations, such as the need
for liquid metal flowability for casting, that are not relevant
for cold spray. Cold spray preservation of powder
microstructure due to solid-state deposition is a unique
advantage over classic AM or powder metallurgy tech-
niques, where the powder microstructure is significantly
altered by melting or high-temperature sintering. Exploit-
ing this advantage, powders tailored for cold spray could be
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developed to produce deposits that require minimal post-
treatment. The success of this approach could lead to a
breakthrough in AM and cold spray technology. Besides
developing new alloy compositions, another method could
consist of modifying the microstructure of commercially
available powders, for instance via powder heat treatment.

Furthermore, the development of deposits from novel
materials known for their exceptional properties, such as
functional and structural materials comprised of nanos-
tructured (Ref 38), amorphous alloys (Ref 39) or advanced
composites materials (Ref 40) could also benefit from tai-
lored powders that better suit the cold spray process and
that would results in enhanced properties.

Manufacturing Reproducibility and Cost Efficiency

Once the key powder characteristics are identified for a
given cold spray application, appropriate powder specifi-
cations should be defined relying on practical quality
control tools to ensure manufacturing reproducibility.
Surface state control can be particularly challenging due to
the lack of simple characterization tools as well as due to
its potential alteration under storage (powder aging) as
most metallic powders oxidize over time and absorb
moisture, yielding major variability in flowability and
sprayability. In addition to storage under inert atmosphere,
which may not be always practical, mitigation strategies,
such as powder additives or modification of powder sur-
faces, for example, by addition of protective thin films,
could be considered to ensure a controlled surface state.

Powder characteristics leading to good cold sprayability
may, however, differ from those yielding optimized coat-
ing properties. In that context, finding the correct balance
between the process cost reductions associated with higher
deposition efficiency and coating properties meeting the
application requirements would be the key to the devel-
opment success. Ultimately, a broad adoption of feedstocks
specifically designed for cold spray will also depend on the
feasibility of producing them on a large scale at reasonable
costs.

Accelerated Development of Tailored Cold Spray
Powders

Tailoring cold spray powders is a complex and expensive
task where numerous characteristics need to be taken into
consideration. The ability to accelerate this R&D process
while reducing costs can be drastically improved by using a
comprehensive set of lab scale equipment that is the
foundation of a powder development “factory”. This
includes equipment that can manipulate different powder
characteristics, test rigs and cold spray equipment that
require only a small amount of powder for assessing the
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impact/deformation/consolidation behavior, and equipment
for collection of reliable data to develop a fundamental
understanding of the variables involved. The collected data
can be used for validating and refining numerical models
that can further accelerate the powder development.

Figure 2 schematically presents the proposed cold spray
powder development cycle: powder tailoring or manufac-
turing and evaluating its cold sprayability. Powders can be
acquired off the shelf and then modified, or can be pro-
duced in various compositions in a laboratory scale ato-
mizer. These powders can then be sorted to specific size
distributions in a powder classifier and their microstruc-
tures can be changed through mechanical alloying in ball
milling equipment or in fluidized bed or rotational fur-
naces. They could be spheroidized or doped in a plasma
reactor. Their surface can be changed by thermal or
chemical etching, applying a thin film of a different
material using a powder coater or new nanostructured or
amorphous alloys can be produced through mechanical
alloying.

With the evolution of high-speed imaging equipment,
supersonic impact of single particle has recently been made
possible and used to investigate the deposition of powder
particles with size and velocity in the range used in cold
spray (Ref 41). Such equipment, together with common
microstructural characterization tools, could be used for
evaluating the high-speed impact, deformation and bonding
of single particles having various characteristics. For a set
of powder characteristics, studying the impact behavior at
different velocities and on different substrates could be
performed with a very small amount of powder. The next
step would be the use of a cold spray system with a powder
feeder specifically designed to allow the injection of a few
grams of powder during a very short period of time (typ-
ically 1 s). High-speed cameras can be used to image the
deposition of an ensemble of particles forming a deposit at
different cold spray conditions without the need for
spraying kilograms of powders or meeting any flowability
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Fig. 2 Schematics cold spray powder development cycle

constraints. Powder flowability can therefore be addressed
using conventional or adapted Hall or Carney flowmeter
funnels still using a relatively small amount of powder for
each condition (Ref 9, 11). When optimized powder
characteristics and cold spray parameters are found, a lar-
ger amount of powder can be made and used in an actual
cold spray system for producing coupon-scale deposits that
will be tested for targeted properties.

Hybrid Cold Spray Manufacturing Cell

Although a range of cold spray equipment is available to
fill various market needs, the current generation of high-
pressure cold spray systems faces challenges in achieving
(i) the targeted deposit material properties and (ii) the
geometry control demanded by additive manufacturing.
This has spurred investigations into various hybrid manu-
facturing routes (Ref 42).

Hybrid Cold Spray-Laser Powder Consolidation

The literature clearly indicates that, for current hard-to-
spray materials, high-pressure cold spray in isolation is
insufficient to obtain mechanical properties equivalent to
conventional cast or wrought products (Ref 34). A hybrid
cell, which pairs laser technology with cold spray, will
have considerable potential for improving the properties of
the as-consolidated material, although defining the process-
property relationships is very challenging.

The realization of clean interfaces, without cracks and
entrapped grit, is likely to be critical for effective material
response to post-spray processing (e.g., heat treatment) and
associated improvement in material consolidation by dif-
fusion-related mechanisms such as “sintering” across the
interfaces (Ref 33, 43). Pulsed laser ablation has been
shown to have a high potential to increase the bond
strength of cold spray deposition onto a substrate surface

Ensemble of particles
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by removing the native oxide at the substrate surface (Ref
44-46). This non-contact, non-abrasive process also
includes the important benefit of eliminating the need for
chemicals or blasting media and is, of course, an excellent
fit for this hybrid process. In addition to laser ablation for
surface preparation, laser-assisted cold spray can be
effective for improving cold sprayability (e.g., deposition
efficiency) and deposit properties (e.g., bond strength,
porosity) (Ref 44, 47-50). However, this type of laser-as-
sisted spray processing is challenging because it is very
difficult to accurately measure conditions at the target
surface due to changing deposit emissivity during the
process; thus, process modeling will be critical.

Combined Additive-Subtractive Manufacturing

For cold spray additive manufacturing (CSAM), building
3D structures featuring freeform geometry and low toler-
ances introduces a significant layer of complexity versus
that required for typical cold spray coatings. For example, a
tessellation concept can be used for producing vertical
walls (Ref 51-53). In practice, the effectiveness of such
build concepts is highly dependent on the capability to
accurately realize the previewed evolution of the deposit
throughout the build process. This presents a few general
requirements: the capability to perform precise robotic
manipulation of the spray gun through the complex spray
paths of a cold spray AM build strategy; management of
residual stresses to minimize distortions/defects; online
evaluation of the deposited tracks; a means to bring the
geometry back into tolerance as needed.

A hybrid cell focusing on an additive (robotic cold
spray)—subtractive (robotic machining) manufacturing
process, supported by lasers, combines the best attributes of
CSAM (i.e., high build rate, multi-materials, solid-state)
with the finishing precision and quality of advanced
machining, maximizing speed, flexibility and quality, while
minimizing waste.

CSAM employs a conventional AM build strategy, i.e.,
starting with a computer-aided design (CAD) drawing,
slicing the CAD geometry into layers, and performing a
layer-by-layer build (Ref 52). However, the path/trajectory
planning and robot programming are challenging due to, for
example, the size and profile of deposits obtained, line-of-
sight and suitable nozzle access to the spray location, con-
tinuous deposition needed to maintain stable powder feeding
(versus instant on/off), temperature evolution within the
part/substrate. Moreover, since cold spray can be used to
build features on existing parts, another complication is that
the associated spray surface will not necessarily be flat; this
needs to be accounted for in CSAM. The development of
unique tool paths for every type of material deposit can
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require extensive experimentation in the absence of mass and
heat transfer models.

Residual stress occurs in cold spray deposits because the
process involves significant plastic deformation of powder
particles. As a result, cracking within the deposit, delami-
nation between spray layers or from the initial substrate,
can occur. The hybrid cell laser (described above) can be
used as a standalone tool (without simultaneous cold spray)
to investigate the capacity to relieve residual stress, as well
as other applicable heat treatments during the build (e.g.,
after a sprayed track(s), sprayed layer(s), etc.). A recent
study showed the potential of the technique by stress
relieving single tracks of cold sprayed copper (Ref 54). As
an alternative to localized stress relieving, an industrial
infrared (IR) system can also be used to investigate
managing residual stress by heating over a larger area. This
can be through heating the substrate, which is akin to
heating the build plate in other additive manufacturing
processes, and/or heat treating the cold spray deposit itself.
A recent study reported using an IR system that could
reduce the hardness of single tracks of cold sprayed 6061
aluminum alloy (Ref 55). Temperature monitoring and
control can be performed using a two-color / dual-wave-
length high-speed infrared camera or pyrometer, which can
provide an accurate temperature measurement even when
emissivity is not constant during the deposition process, for
example with copper, or in the case of a multi-material
component (Ref 56).

Integrated Non Destructive Inspection (NDI)
and Process Monitoring

While development of effective build strategy and toolpath
is critical for cold spray to move toward delivering near-
net-shape parts, inspection and quality control of such cold
sprayed complex parts becomes a challenge. New strate-
gies have to be developed, not only for off-line, but also for
online inspection. Having solutions to monitor online the
geometry of added features and, furthermore, their quality,
through assessment of representative properties is para-
mount; for this purpose, optical techniques for dimensional
analysis combined with laser ultrasonics for volume
probing of cold sprayed 3D structures are promising
approaches (Ref 57).

Optical coherence tomography (OCT) system (Ref 57),
can be used to perform online dimensional inspection at
defined stages of the buildup (deposition) process and will
allow rapid adjustment of the process parameters as soon as
any profile discontinuities or deviations are detected. This
is essential for enabling a feedback control loop in situ and
dynamic adjustment of deposit thickness by adjusting robot
path parameters, powder feed rate, robot machining, etc. In
this way, compounded errors associated with the removal
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and repositioning of the substrate/workpiece between
inspections will also be avoided.

As a complement to a dimensional inspection system, a
laser ultrasonic system (LUT) can be used for online NDI
of the integrity (e.g., adhesion, flaws, porosity) of each
deposited layer (Ref 57). One particular benefit of such a
capacity is in the incidence of “catastrophic” flaws;
detection of such flaws during the build will allow cor-
rections of the affected zone to be made using robot
machining, as opposed to scrapping the part at the end of
the build. The LUT also will greatly enhance the efficiency
of experimental campaigns, yielding characterization and
testing on an optimally fabricated part that also will allow
for establishing a predictive flaws detection model based
on machine learning algorithms employed with data gen-
erated by the numerous process control and industrial
internet of things (IIoT) sensors, which will be discussed in
the next section.

Robot-assisted AM is still in an early developmental
stage with challenges to the hybrid cell such as: (i) com-
bined control of the machining and CSAM robotic systems
(lack of compatibility between robots and the slicing
algorithms, CAD/CAM software, etc.) and (ii) the low
accuracy and rigidity of robot systems relative to CNC
machines (Ref 58). For hybrid cold spray, an important
distinction can be made in the objectives for in-process
machining versus those for the finished part. A critical
factor for the former is the ability to “reset” the geometry,
e.g., bring into planned tolerances with the requirement
that it can be subsequently built upon without introducing a
weak interface at that machined surface. The development
of process automated, laser ablation as a surface prepara-
tion method within the cell (described above for substrate
surfaces) will be also investigated for robotic machined
surface as more suitable technology for hybrid processing
(Fig. 3).

Cold Spray 4.0: Digital Twin of a Cold Spray
Manufacturing Cell

Cyber-physical integration is the core of future smart
manufacturing for Industry 4.0. Two concepts are cyber-
physical systems (CPS) and digital twins (DTs) (Ref 60).
CPS relies on integration and collaboration of computing,
communication and control known as “3C.” The system
provides real-time sensing, information feedback, dynamic
control, etc. DT integrates and supports these capabilities
by incorporating high-fidelity virtual models of the physi-
cal objects in the virtual space to simulate and predict their
behaviors and to perform analytics. With a complete digital
footprint of the equipment and product, DT can also sup-
port product lifecycle management (PLM). DT is being
explored by companies such as General Electric, Siemens
and Tesla, despite several known challenges, e.g., a lack of
standardization of 10T technologies (Ref 61).

For thermal spray, cyber-physical integration has been
investigated in only a few studies, particularly in the form
of an expert system (ES) for air plasma spray deposition. In
brief, an ES emulates human expertise based on given
input parameters. Kanta et al. (Ref 62) and Choudhury
et al. (Ref 63) proposed an Artificial Neural Network
(ANN) based method to develop a predictive model for the
in-flight particle characteristic from process parameters.
Kanta et al. (Ref 64) and Liu et al. (Ref 65) explored the
idea of combining the ANN model with a fuzzy logic
control scheme to develop an ES that can adjust and
optimize the operating spray process parameters as a
function of the measured in-flight particle characteristics.
To the best of our knowledge, no similar work has been
reported for cold spray, nor any development of a DT in
general for thermal spray. For a complex process such as a
hybrid cold spray manufacturing, the complete virtual
model must be realized by integrating a series of sub-

Fig. 3 Hybrid CSAM cell concept (A) picture of the POLYCSAM
facility; dual robot configuration one for cold spray and one for robot
machining (Ref 59) and (B) 3D drawing of the new McGill-NRC
hybrid cold spray cell (Canadian Foundation for Innovation) to be

commissioned in 2022; dual robot configuration one for cold spray
holding laser heads and sensors and one for manipulating the part that
can be brought sequentially to a stationary spindle, to the LUT and to
the OCT
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models, e.g., the powder feeding process, gas and particle
flow, the laser processing, robotic machining and dimen-
sional control, etc. In addition to these sub-models paired
from every hardware asset of the physical process, the DT
will be continuously interrogating the equipment operation
input data and handling the component-to-component
interaction. Furthermore, under the digital twin concept,
human expertise can also be incorporated as a sub-model,
similar to the ES. These sub-models can be formulated
using either physics-based mathematical modeling or
machine learning techniques.

Input parameters for the cold spray process may be of
various forms, e.g., numerical and categorical values and
sound signals or images (2D or 3D). Both structured (e.g.,
text and numeric) and unstructured (e.g., video images,
sound) data need to be acquired, streamed, processed and
exchanged in real time among the various physical and
cyber components.

A sensor platform for hybrid CSAM processes moni-
toring could be upgraded to include directivity of acoustic
sensors (microphones), spectral and imaging improvement
of optical sensors (cameras and photodetectors), and con-
tinuous or pulsed narrowband illumination of the jet of
particles, electrical impedance and gain refinement of
sensors. The cold spray process environment is dusty and
noisy, which is challenging for in situ sensing technologies.
At the same time, ambient spray booth conditions should
be recorded (e.g., temperature, humidity, ventilation) and
bundled with the process and equipment records (e.g.,
robot acceleration, deceleration, vibrations). It will be
important to identify what spray parameters can be moni-
tored in situ and in real time to deliver useful data toward
analytics and prediction of production problems before
they occur.

Having an efficient framework to support the informa-
tion exchange, including the communication network,
protocols and/or database is essential. Due to its real-time
nature, the DT may be deployed in a decentralized manner,
i.e., a few sub-models may run at the “edge” level and a
few sub-models at the server level, connected through the
network. Having all the relevant information of the pro-
cesses from the beginning to the end, it is evident that the
DT can support the aspects of process and equipment
monitoring and control and / or for instance anomaly
detection. The cyber-physical infrastructure behind the
“digital twin” facilitates and augments the logging,
recording and storage of relevant information in databases
that in turn may lead to advance the domain knowledge and
furthermore to potentially new knowledge discovery
(Fig. 4).

Several immediate benefits of sub-model development
can be envisioned. For instance, one key challenge in the
cold spray process is to maintain consistency in the powder
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feedstock delivery. This can be influenced by a number of
aspects, including ambient temperature, moisture content,
etc. By incorporating novel sensors for the cold spray
equipment, vital process data, such as powder flow, pro-
pellant gas pressure and temperature, spray gun/robot
movement, surface pressure and temperature on the part
and in its vicinity, sound detected from the process oper-
ation, can be collected, streamed simultaneously and con-
tinuously (from various sources), and captured into a data
storage system such as a SCADA-type industrial data
management platform. After applying appropriate data pre-
processing (data de-noising, feature extraction, etc.), these
data become candidate features in a feature-selection/
ranking framework to identify the most relevant ones that
control the powder feedstock delivery. The appropriate
feature-selection approach should be determined based on
the number of available training data and candidate fea-
tures (Ref 66). Techniques such as Random-Forest and
Gradient-Boosting, can also highlight the relative impor-
tance of the parameters in the collected data set (Ref 67).
Critical parameters may then be monitored in real time
using dashboards designed via commercially available data
management platform for mobile devices and/or personal
computers. Ranking of the parameters also provides better
direction of the next round of experiments, thus making the
overall investigation more effective than the traditional
design of experiment (DOE) approach.

Employing computational fluid dynamics (CFD) mod-
eling enables the analysis of the gas flow and the particle
dynamics inside the gun nozzle and even at impact with the
substrate during the spray process (Ref 68). This approach
can facilitate process parameter optimization through
reduced DOE aimed at the optimization of the physical
parameters such as particle impact velocity and tempera-
ture. Furthermore, reduced order models (e.g., using proper
orthogonal decomposition (POD) methods) can be extrac-
ted from the complete CFD model for the digital twin to be
used in real time. Experience gained in modeling the
nozzle flow field will eventually support the investigation,
for example, of another concern in cold spray that is the
wear of the spray nozzle due to particle erosion. Machine
learning techniques could be very effective for predicting
the cold spray deposition quality and efficiency related to a
specific set of factors, including the nozzle inlet, throat and
exit diameter (Ref 38). Such a machine learning framework
could be built based on ANN in which the input neurons
are connected to the factors and the output neuron predicts
outcomes such as deposition quality and efficiency (Ref
69, 70).

A key challenge in cold spray is the assessment and the
design of the robotic-driven spray path for the optimization
of the layer-by-layer deposition/buildup. Presently, the
build strategy in cold spray employs the conventional AM
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strategies but has problems specific to cold spray that
require the development of unique toolpaths for every type
of material deposited, which becomes even more complex
with the hybrid approach. Toolpath planning could be
implemented using a data-driven approach (Ref 71), or in a
longer term via computer vision technology and Al based
on reinforced learning. Since the build strategy is a
sequential operation, the optimal toolpath for a specific
geometry can be obtained by employing the advanced
machine learning concepts of recurrent neural networks
(RNN), such as long-short-term memory (LSTM) learning
techniques (Ref 72) by which, the temporal relationship
across the performance/features of sub-layers can be
modeled. Considering the continuous nature of the cold
spray process, deep reinforcement learning techniques can
effectively control the robotic-driven spray path. As pre-
viously mentioned, for such an application of dynamic
control, a two-stage analysis implementation may be nee-
ded: a fast responding analysis at the “edge” for rapid local
feedback control and a batch analysis at the central server
to develop the toolpath planning model.

In summary, the development of a digital twin for a cold
spray hybrid cell would provide a dynamic framework for
capturing the information of the spray and machining
equipment and the parts, analyzing the process data of
various natures, as well as optimizing process monitoring
and control strategies. The DT will support and enable the
CSAM experts to use data-driven approach to advance
domain knowledge. Thus, the development of a DT for a
hybrid CSAM cell will have a valuable impact for both the
scientific and industrial communities interested in
unleashing the remarkable potential of cold spray.

Conclusion

Cold spray is performed at high deposition rates in atmo-
spheric conditions, offers multi-material AM capabilities
and preserves the feedstock microstructure and phase
composition while avoiding the creation of heat affected
zones. Due to these unique attributes, during the past
20 years, cold spray has been receiving constantly growing
attention from the research community as well as several
industries, yielding significant commercial potential. Over
the years, it has evolved from a coating process to a
dimensional restoration tool to an additive manufacturing
technique. It can now be used, for example, to produce
add-on features on large parts manufactured by traditional
means. This extends to the modification of parts that are
manufactured out of specifications or that require a design
change, or to repair damaged or worn parts, providing
advantages such as shorter turnaround time, reduced
material waste and lower costs. New advances in cold
spray also enable deposition of a new range of materials,
such as nanostructured or amorphous materials, that would
be detrimentally transformed due to melting in powder bed
fusion or most other direct energy AM techniques. Cold
spray exhibits a unique potential for large-scale deploy-
ment addressing several industrial needs. The commercial
potential of cold spray is, however, not fully exploited due
to a number of technological roadblocks.

One roadblock is the relatively narrow range of mate-
rials that can be deposited due to either lack of powder
sprayability or availability in the form of powder. Another
roadblock is deficient properties of the as-deposited mate-
rial. The low strength and ductility as compared to bulk,
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alongside the difficulties relative to performing heat treat-
ment without affecting the base material, limit using this
technique for structural repair and AM applications. The
relatively low geometrical control and precision of the final
dimensions of the deposits along with the lack of robust
toolpath planning tools are additional roadblocks to the
broader deployment of cold spray for more geometrically
complex AM applications. Finally, consistency and relia-
bility issues prevent broader adoption of cold spray for
mass production applications and constrain its develop-
ment as an AM technique.

To unleash the remarkable potential of cold spray,
powder feedstocks need to be tailored specifically for cold
spray at a competitive cost. Such customized powders
would allow improving cold sprayability, as-deposited
properties and manufacturing reproducibility, while sig-
nificantly extending the range of materials that could be
effectively deposited. A hybrid approach to the cold spray
technique that combines laser-assistance, NDI techniques
and robot machining for improved deposit integrity and
dimensional control together with IIoT sensors for in-pro-
cess monitoring and control would trigger the next wave of
commercial deployment for industrial applications. Con-
struction of a digital twin of the hybrid cold spray cell will
allow data-driven decisions on new equipment and powder
development, further unlocking potential applications with
a higher level of complexity.
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