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Cold spray is a solid-state coating deposition technology which has recently been applied as an additive man-
ufacturing process to fabricate individual components and to repair damaged components. In comparison with
fusion-based high-temperature additive manufacturing processes, cold spray additive manufacturing (CSAM) has
been shown to retain the original properties of the feedstock, to produce oxide-free deposits, and to not adversely
influence underlying substrate materials during manufacture. Therefore, CSAM is attracting considerable at-
tention from both scientific and industrial communities. Although CSAM is an emerging additive manufacturing

technology, a body of work has been carried out by various research groups and the technology has been applied
across a range of manufacturing areas. The purpose of this paper is to systematically summarize and review the

CSAM-related work to date.

1. Introduction

1.1. Cold spray process principle

Cold spray is a solid-state material deposition process, which was
originally developed as a coating technology in the 1980s [1,2]. In this
process, high-temperature compressed gases (typically nitrogen, air, or
helium) are used as the propulsive gas to accelerate powder feedstock
(typically metals and metal matrix composites) to a high velocity (ty-
pically higher than 300m/s), and to induce deposition when the
powders impact onto a substrate (typically metals). In contrast to
conventional high-temperature deposition processes, the formation of a
cold spray deposit relies largely on the particle kinetic energy prior to
impact rather than the thermal energy. The feedstock used for cold
spray remains solid state during the entire deposition process. Deposi-
tion is achieved through local metallurgical bonding and mechanical
interlocking which are caused by localized plastic deformation at the
inter-particle and particle-substrate interfaces. This allows for the
avoidance of defects commonly encountered in high-temperature de-
position processes, such as oxidation, residual thermal stress and phase
transformation [3-5].

Successful deposition of a cold sprayed deposit requires the feed-
stock particles to exceed a critical impact velocity [6-13]. In cold spray,
the formation of a deposit consists of two different stages. The first
stage involves the deposition of an initial layer of particles where
bonding occurs between feedstock particles and the substrate material;
the second stage is the deposition on top of the layer(s) previously
deposited, where bonding occurs between feedstock particles. Each
stage has a respective critical velocity, ie. for particle/substrate
bonding and for deposit growth. Particle impact velocity must satisfy
both criterions for successful deposition. In general, a higher particle
velocity will result in improved deposit quality. Note that when the
powder and substrate are the same material, the critical velocity can be
considered as the same for both stages. Fig. 1 shows an in-situ ob-
servation of a 45 pm aluminium particle impacting onto an aluminium
substrate at different velocities, where particle deposition only occurs
when the impact velocity is beyond the critical velocity [6]. Critical
velocity is not a constant but depends on several factors including
material type, particle size, and particle temperature. Larger particles or
higher particle temperature upon impact helps to reduce critical velo-
city [6,10,12-15].

Feedstock for cold spray is typically gas-atomized spherical metal
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Fig. 1. In-situ observation of a 45 pm aluminium particle impacting onto an aluminium substrate at the velodty of (a) 605m/s and (b) BOSm/s [6). The critical

velocity is between 605 and 805 m/s.

powders, and in some cases irregular powders [5]. The powder size
must fall into a specific range, normally between 10 and 100 pm in
diameter, to guarantee a sufficiently high particle impact velocity that
is beyond the critical velocity [11]. Particles with diameters greater
than 100 um or lower than 10pum are difficult to accelerate with the
propulsive gas and thus usually fail to deposit [16]. For most metals,
the most frequently used size-range is 20-60 pm; for low-density metals
such as aluminium and zinc, the upper limit of the size-range can reach
100 pm [11].

1.2, Cold spray system nomenclature

The cold spray process can be divided into two categories, according
to the pressure of the propulsive gas: high pressure cold spray
(> 1MPa), and low pressure cold spray (< 1MPa). Fig. 2a shows a
schematic of a high pressure cold spray system. Compressed gas is di-
vided into two streams upon entering the cold spray system. One stream
of the compressed gas (referred to as the propulsive gas) passes through
a gas heater, where it is heated to a high temperature, At the same time,
the second stream of the compressed gas (referred to as the carrier gas)
passes through a powder feeder, where it becomes laden with the
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feedstock particles. These two gas streams are then mixed, before en-
tering a de-Laval nozzle, where the gas expands to generate a super-
sonic gas and powder stream. In order to make certain there is suc-
cessful injection of the powder into the mixed gas stream the carrier gas
pressure must be slightly higher than the propulsive gas pressure. These
high-velocity particles impact onto a substrate to form a coating or
thick deposit at a temperature well below their melting temperature.
Generally, high pressure cold spray systems can operate at the same
pressures as low pressure cold spray systems, but the reverse is not true
due to the special design of low pressure cold spray systems. Fig. 2b
shows a schematic of a low pressure cold spray system. Two obvious
differences in the low pressure system from the high pressure system
are: the low-pressure compressed gas is normally replaced by a portable
air compressor; the powder injection point is at the nozzle divergent
section where the local gas pressure is sufficiently low to allow the
release of powders from the powder feeder at the atmospheric pressure.
These differences make low pressure cold spray systems more flexible
and much cheaper in both equipment and processing costs than a high
pressure cold spray system [3,5]. They are particularly suitable for the
restoration of damaged components due to the portability of the sim-
pler low pressure cold spray systems [17,18]. However, as the particle
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Fig. 2. Schematic of high pressure and low pressure cold spray systems.



velocity in low pressure cold spray systems is much lower than in high
pressure cold spray systems, the application of low pressure cold spray
is significantly limited and only a limited range of materials such as
copper and aluminium can be deposited using a low pressure cold spray
system. Therefore, in most cases, the term “cold spray’ refers to *high
pressure cold spray’, while ‘low pressure cold spray” must be specified.
This review paper follows this nomenclature.

1.3. Cold spray additive manufacturing

Cold spray has been widely applied as a coating technology in a
broad range of industries, including aerospace, automotive, energy,
medical, marine and other fields. Cold sprayed deposits provide effec-
tive protection against high temperature, corrosion, erosion, oxidation
and chemicals [19-21]. In recent years, cold spray has been successfully
developed as an additive manufacturing technology to fabricate free-
standing metal components, and to restore damaged metal components
[4,22,23]. This development shines a new light on conventional ad-
ditive manufacturing technologies, and significantly broadens the ap-
plications of cold spray.

Az a new member of the additive manufacturing family, cold spray
additive manufacturing (CSAM) has all the benefits of cold spray
technology. In comparison with other well-investigated fusion-based
additive manufacturing technologies such as laser beam melting (LEM),
electron beam melting (EBM) and laser metal deposition (LMD)
[24,25], CSAM has unique advantages. Table 1 compares the ad-
vantages and disadvantages of CSAM amd other existing additive
manufacturing technologies. As can be seen, the most important ben-
efits of CSAM over other additive manufacturing processes are shorter
production times, unlimited product size, high flexibility, and suit-
ability for damaged component repair. Furthermore, CSAM is particu-
larly suitable for high-reflectivity metals such as copper and aluminium,
which are very challenging to manufacture using laser based additive
manufacturing processes. Howewver, the disadvantages of C5AM are also
obvious. CSAM typically fabricates a semi-finished product with a
rough surface, which requires post-machining. In addition, CSAM de-
posits possess poorer mechanical properties in their as-fabricated state
due to the inherent defects. As a result, heat treatments are commaonly
applied to improve the mechanical properties.

Currently, CSAM has been primarily used for fabricating compo-
nents with rotational symmetry such as cylinder walls, tubes and
flanges. With the aid of a well-designed mandrel, spindle, or mask, it is
also applicable for the fabrication of complex structures such as array
fin heat exchangers, metal labels and metal 2D codes [19]. CSAM is also
widely used to repair damaged components due to its high fexibility,
lack of adverse effects on the underlying substrate material, and to
retain the original properties of the feedstock. 5o far, CSAM has been
successfully applied to restore a variety of corroded and mechanically

damaged components in various fields, particularly in the aerospace
industry. Repair using CSAM retumns the components to serviceable
condition, significantly reducing the cost when compared to replace-
ment with a new component [26]. In recent years, investigations and
applications regarding CSAM have been widely reported, although it is
still an emerging technology. A systematic summarization on the
CSAM-related waork is still lacking. Therefore, a review on this topic is
urgently needed. This paper aims to provide a comprehensive review of
the existing CSAM-related work in the present paper, helping the reader
to understand the newly developed CSAM technology.

2. Manufacturing parameters for CSAM

In C5AM, the propulsive gas, powder feeder and nozzle must work
in unison and under careful control to produce high-quality deposits.
Fig. 3 shows a schematic of the typical manufacturing parameters used
in CSAM. Manufacturing parameters including the propulsive gas
parameters (pressure, temperature and type), powder feeder para-
meters [powder feed rate), and nozzle parameters (traverse speed,
scanning step, standoff distance, spray angle and trajectory) all sig-
nificantly influence the deposition process, and therefore the deposit
quality. Table 2 summarizes some typical deposit properties and their
relationship with the manufacturing parameters. Understanding these
parameters helps the development of the best CSAM manufacturing
strategy and products.

2.1. Propulsive gas parameters for CSAM

Propulsive gas parameters are the most important manufacturing
parameters in C5AM, as they directly determine particle impact velocity
and therefore the properties of the deposit. In general, gases used in
CSAM include helium, nitrogen and air. The gas pressure and tem-
perature normally range from 0.5 to 6.0 MPa and from 25 to 10040 "C,
respectively. It is well understood that higher gas pressure, higher gas
temperature or lower gas molecular weight causes higher particle im-
pact velocity, as can be seen in Fig. 4 [16,27]. Using heliom instead of
nitrogen and air is the most effective way to increase particle velocity,
but the gas cost of helium is also much higher. Otherwise, increasing
gas temperature is more effective than increasing gas pressure [16].

To date, it has been widely accepted by the cold spray community
that higher particle impact velocity can result in improved deposit
properties. As summarized in the Ref [3,5], a large number of experi-
mental works demonstrate that increasing particle impact velocity
significantly improves deposition efficiency, deposit porosity, deposit
strength (cohesion strength or tensile strength) and adhesion strength
due to the reduced inherent defects and enhanced metallic bonding.
Fig. 5 shows the effect of particle impact velocity (or propulsive gas
parameters) on the deposition efficiency, deposit porosity, deposit

Table 1
Comparison of advantages and disadvantages between CSAM and other fusion-based additive manufacturing.
CEAM LM EBM LMD
Powder feed maode Direct depasition Powder bed Powder bed Drirect deposition
Feedsinck limitations Difficulty processing high Difficulty processing high reflectivity  Unsaitable for pon-conductive and low Diifficulty with high
hardness and strength metals and poor fowability metals melting temperature metals reflectivity metals
Bowder melting Mo Yes Yes Yes
Broduct size Large Limited Limited Large
Dimensional accuracy Low High High Medium
Mechamical properties Lovww High High High
(AF)
Mechanical properties High High High High
[HT}
Production time Shart Long Long Long
Equipment flexibility High Low Low Low
Suitable for repair Yes Ho ] Yes

AF: as-fabricated, HT: heal treatment.
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Fig. 3. Schematic of the rypical manufacturing parameters used in CSAM.

Table 2
Typical deposit properties affected by the manufacturing parameters.
Parcsity  Deposit Adbesion  Residual Deposition
strength siress efficiency
Gas pressure { 1 t 1 i t
Gas temperature 1 ] 1 ] t
t
Gas mobscular t ! 1 : 4
weight
Powder feed rate 1 ! ] t +
t
Traverse speed | 1 i t i t
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Spray angle { 4 t t t t
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Fig. 4. Modeling result of the particle velocity at the location 30 mm away from
the nozzle exit as a function of propulsive gas pressure, lemperature, and [ype
[16,27].

strength and deposit adhesion strength of CSAM titanium deposits
[28-30]. Due to the enhanced work-hardening effect, increasing the
particle impact velocity will increase the deposit hardness. In addition,
studies also suggest that higher impact velocity results in higher re-
sidual stress in the CSAM deposit due to increased plastic deformation
of the particles [31-34]. However, a higher gas temperature was found
to relieve the residual stress due to the in-situ annealing effect, there-
fore meaning that increasing the gas temperature did not significantly
increase the residual stresses [35-37].

2.2 Powder feeder parameters for CSAM

Powder feed rate is the only parameter controlled by powder feeder.
It is defined as the quantity of powder introduced into the nozzle per
unit of time. Powder feed rate influences the properties of CSAM de-
posits in three ways. Firstly, powder feed rate significantly affects the
flow stream passing through the nozzle and thus the particle velocity
[38-41]. Fig. & shows the particle velocity at the nozzle exit as a
function of powder mass feed rate [39]. Due to the sirong gas-particle
interaction at high powder load, particle velocity decreases as the
powder feed rate increases. This results in a slight increase in deposit
porosity and reduction in deposition efficiency, hardness and tensile
strength at increased powder feed rates. However, it should be noted
that powder feed rates used in CSAM are typically much lower than
100 g5, with rates between 10 g/s and 30 g/s being typical. Within this
range, the influence of powder feed rate on the particle velocity is not
significant [40]. Secondly, powder feed rate also affects the thickness
and profile of the single-track deposit; higher powder feed rates result
in thicker deposits and sharper track profiles [42,43]. In this regard,
powder feed rate has a similar effect as nozzle traverse speed. These two
parameters must be considered together when determining the profile
of a single-track deposit. A detailed description of the effect of these two
parameters on the profile of a single-track will be provided in section
2.3.1. Thirdly, high feed rates can lead to high localized residual stress
between deposits and substrate. High residual stresses can cause the
delamination of the deposit from the substrate during spraying [40,41],
which should be avoided in CSAM. In summary, the three ways in
which powder feed rate affects the deposit properties suggest that
powder feed rate should not be top high during the CSAM process.

2.3 Nozzle parameters for CSAM

2.3.1. Nozzle traverse speed

MNozzle traverse speed determines the spray duration and amount of
feedstock powder impacting onto the target surface per unit time,
thereby directly affecting the deposit thickness and cross-sectional
profile of a single-track deposit [40,42—48]. In general, a lower nozzle
traverse speed results in a thicker single-layer deposit and sharper
cross-sectional profile, as shown in Fig. 7. This can also be achieved
through a higher powder feed rate, as addressed in section 2.2 [42,43].
The variation in peak track thickness due to changing nozzle traverse
speed is due to different amount of the feedstock powder released per
unit time and per unit area; lower nozzle traverse speed and higher
powder feed rate can both result in the release of a greater amount of
powder per unit time and per unit area. The change in track profile is
caused by the flow characteristics of the propulsive gas as it passes
through a supersonic nozzle. According to the fluid dynamics theory,
particle velocity and the resultant deposition efficiency at the central
zone will be higher than at the outer zone [49-51]. Due to this radial
variation in velocity the deposit cross-sectional profile will be a
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gaussian shape, as shown in Fig. 7. The sloped side of the track in-
troduces an angle to the incident particles of any subsequent layers
deposited on top of the track, further decreasing the deposition effi-
ciency of the particles and leading to a much steeper sloped side
[42,43]. Therefore, the deposit profile becomes increasingly steeper as
the nozzle traverse speed decreases and the powder feed rate increases.
In real world applications of CSAM, the control of the thickness and
profile of a single-track deposit is realized by coordination of the nozzle
traverse speed and powder feed rate [42,43].

Nozzle traverse speed also significantly influences the deposit mi-
crostructure and properties. The deposit density increases as the nozzle
traverse speed decreases, but there is also a reduction in the mechanical
properties of the deposit, such as elastic modulus, deposit strength, and
adhesion strength with the substrate [47,52,53). Fig. 8 shows cross-
sectional images of TiGAI4V deposited onto TiGAl4V substrates using
different nozzle traverse speeds [47]. It can be clearly seen that the
porosity increases as the nozzle traverse speed increases. Moreowver, at
the lowest speed shown in Fig. 8a, delamination of the deposit from the
substrate is observed, suggesting low adhesion strength caused by high
residual stresses [40,47]. Delamination at low nozzle traverse speeds
and high powder feed rates was also reported in other studies, and
frequently occurred in the authors’ experiments [40]. Another potential
effect of nozzle traverse speed is heating of the deposit and/or substrate
by the high-temperature impinging jet. Lower traverse gun speed re-
sults in higher deposit and substrate temperatures, which contribubes to
the deposition process [47,54] but in turmn causes thermal stresses at the
interface [55].

Currently, there are no general rules on how to select the nozzle
traverse speed. However, according to existing studies and the experi-
ence of the authors’, the use of low nozzle raverse speeds often results
in high localized residual stresses between the deposit and substrate,
and low adhesion strength. These are undesirable for the application of
CSAM for the repair of damaged components [40]. Therefore, it is not
recommended to use a low nozzle traverse speed for CEAM.

232 Nozzle scanming step
The build-up of 8 C5AM deposit is achieved through nozzle scanning
over the entire target surface line by line and layer by layer according to
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Fig. 7. Effect of nozzle traverse speed on the single-track deposit thickness and cross-sectional profile [48].

a pre-defined trajectory. In other words, the deposit is produced
through the stacking of many single-track deposits. The most frequently
used scanning strategy is an overlapping strategy where two neigh-
bouring single-tracks overlap each other, as shown in Fig. 9. The
scanning step is then defined as the interval between the centerlines of
two single-track deposits. The main influence of scanning step on the
depasit is the on the uniformity of the deposit thickness and the surface
morphology; a properly chosen scanming step will lead to & homo-
geneous deposit and smooth

The selection of scanning step depends upon the width of a single-
track deposit. In the authors’ experiments, the scanning step is always
defined as half of the single-track width to guarantee the flatness of the
depaosit surface. However, a recent study has demonstrated that a more
deliberate selection of scanning step can result in a less undulating
surface. In that study, the optimum scanning step was estimated by
using a self-developed software, Toolkit, [55]. Fig. 10 shows the deposit
thickness of cold sprayed aluminium as predicted by Toolkit and as
measured experimentally, for two values of scanning step. Clearly,
under the optimum scanning step (4 m m), the deposit thickness is more
consistent than when using a larger scanning step (7 mm). This clearly
shows the importance of scanning step in CSAM. However, investiga-
tions on the effects of varying scanning step are quite rare. The effect, if
any, of scanning step on the deposit properties is not understood. Re-
levant studies are urgently needed on this topic.

2.3.3. Standoff distance

Standoff distance is defined as the distance between nozzle outlet
and the target surface. In a supersonic free jet, the intensity of the jet
core decreases gradually along the jet central axis due to momentum
exchange between the jet and the atmosphere [51,57]. Inside the jet
core, particles are subject to positive drag forces and thus rapidly ac-
celerate. However, a short distance after the gas exits the diverging
section of the nozzle, the gas decelerates to lower than the particle
velocity and the resultant negative drag force causes the deceleration of
particles. As a result, the particle impact velority and deposition effi-
ciency increase as the standoff distance increases from zero, but then
reduces after an optimal operating point [58]. This phenomenon has
been experimentally confirmed in CSAM aluminium, copper and tita-
nium deposits in the work of Pattison et al. [55] and copper deposits in

the work of Li et al, as shown in Fig. 11 [59]. However, Li et al. re-
ported a much shorter optimal standoff distance, and also a monotonic
reduction of deposition efficiency in aluminium and titanium deposits
as the standoff distance increased from 10 mm to 110 mm. Besides these
two investigations, there are aleo other studies focusing on the effect of
standoff distance [50-63], but a consensus on the effect of nozzle
standoff distance in CSAM cannot be drawn due to the small number of
studies. Although most of the existing work used 10-40mm as the
standoff distance for manofacturing, the effect of standoff distance on
the CSAM deposit properties is not well understood. Even for the most
thoroughly investigated parameter, deposition efficiency, there is no
consistent conclusion to date. Therefore, more investigation on this
topic is required to fully clarify the effect of standoff distance on CSAM.

2.3.4. Spray angle
Spray angle is defined as the angle of the nozzle central axis to the

target surface. It has a significant influence on the vector components of
particle impact velocity, and consequently on the deposit properties.
When spraying at an angle other than normal to the substrate surface,
only the normal velocity component contributes to the particle de-
position, while the tangential velocity component can play an opposing
role by potentially detaching the deposited particles [64,65]. As the
spray angle decreases, the normal velocity component reduces but the
tangential velocity component increases, which significantly deterio-
rates the deposit quality. Deposition efficiency, deposit strength and
adhesion smength  all reduce with decreasing spray  angle
[29,60,66-70]. This can be clearly noticed from Fig. 12 showing the
increasing porosity in a titanium deposit with reducing spray angle
[29]. In addition, modelling work has suggested that residual stresses
decrease as the spray angle is reduced, but there is no experimental
validation available so far [32].

Spray angle also affects the cross-sectional profile of single-track
deposits. The profile of a track sprayed at an angle will have a skewed
shape, as shown in Fig. 13, This is due to the inclined nozzle cansing
inconsistent standoff distance and thus non-uniform deposition effi-
ciency over the particle impact area [48]. This may result in in-
homogeneity of the deposit. Overall, angular spraying is harmful to the
overall deposit performance; hence spraying at angles other than
normal to the substrate has to be avoided in CSAM.

Fig. B. Cross-sectional image of TibAl4Y deposits onto TiBAl4Y substrates fabricated under different noezle traverse speed. (a) 100mm/s, (b) 300 mm/s and (c)
500 mm,/s. Blue arrows indicate the deposit-substrate intefface [47]{For interpretation of the references 1o colour in this figure legend, the reader is referred 1o the

web version of this article).
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2.3.5. Nozzle trajectory

Mozzle trajectory is defined as the path that nozzle takes during the
manufacturing process. The basic principle of trajectory definition is to
ensure homogeneous density and properties of the deposit. In general,
when spraying on a flat surface, a simple round-trip (also known as a
zig-zag pattern) trajectory is always applied. This trajectory is easy to
define and able to yield a8 homogeneous deposit [52]. However, for a
complex curved surface, trajectory definition should ensure that the
standoff distance, spray angle, nozzle speed and other manufacturing
parameters are kept constant over the curved surface to avoid any in-
homogeneity of the deposited material. In addition, trajectory defini-
tion should also consider the curvature and transition between different
features [71]. Mozzle trajectories for complex surfaces are normally
defined on an off-line programming platform by the aid of CAD/ACAM
software to accurately control the nozzle parameters and to adapt them
to the surface topography [23]. Fig. 14 shows a nozzle trajectory de-
finition for depositing a furbine blade surface, and the resultant cold

sprayed MCrAlY coating [72,73]. The trajectory was first programmed
on an off-line platform to define the nozzle traverse speed, scanning
step, standoff distance and spray angle as shown in Fig. 14a. This tra-
jectory was then executed by a robot arm, with the as-sprayed coating
shown in Fig. 14b.

A recent study reported a novel spiral trajectory for the restoration
of damaged aluminium coupons using CSAM. Fig. 15 shows this spiral
trajectory and a repaired coupon [74]. This strategy included varying
the nozzle traverse speed in inverse proportion to the crater depth, to
produce 8 homogenous deposit and to save feedstock. The nozzle tra-
werse speed at the central area was set lower than the surrounding area,
a5 shown in Fig. 15a. This will create a thicker deposit in the central
deep area than in the surrounding shallow area, and thus the final re-
paired surface will be flat. The repaired coupon is shown in Fig. 15h,
and clearly shows the advantages of this trajectory. The repaired sur-
face is very flat without any significant redundant material in the de-
posit. However, this trajectory may also bring some negative impacts,
s varied nozzle traverse speed will result in a8 nonhomogeneous mi-
crostructure and properties in the deposit as addressed in section 2.3.1.
To date investigations on nozzle trajectory have been wvery limited.
More investigations on the trajectory development and use of novel
trajectory strategies are strongly encouraged.

3. Properties of CSAM deposits

Many studies have been carried out to investigate the properties of
CSAM deposits. In general, as-fabricated CSAM deposits contain com-
pressive residual stress which are caused by the accumulation of pe-
ening stress between successive deposited layers [31,75]; such com-
pressive residual stress in the deposits can be released through post-
spray annealing [76,77]. Additionally, C5AM deposits normally have
worse mechanical properties in their as-fabricated state, such as lower
ductility, lower electrical conductivity, and lower thermal conductivity

when compared to bulk materials or fusion-based additive
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Fig. 12. Cross-sectional images of CSAM titanium deposit produced under the spray angle of (a) 90°, (b) 75" and (c) 45" [29).

manufactured materials. This is due to the inherent defects found in
cold sprayed deposits [78]. With suitable heat treatments, the me-
chanical properties can be significantly improved, to similar levels as
bulk materials. In this section, the general properties of CSAM deposits
before and after heat treatment are summarized and reviewed. As one
of the most frequently used CSAM materials, copper is used as an ex-
ample throughout.

3.1. Defects of CSAM deposits

Deposit defects such as micro-pores and inter-particle boundaries
are commonly found in CSAM deposits. These defects are caused by
insufficient particle plastic deformation and poor inter-particle bonding
during deposition. These defects generally exist in the as-fabricated
CSAM deposits, particularly when the particle impact velocity is low. As
structural weaknesses, defects have a significant negative impact on the
mechanical properties of the deposit. For CSAM copper deposits, micro-
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pores are seldom found in the deposit, even under low particle impact
velocity, due to the excellent ductility and low strength to density ratio
of copper [79]. Thus, for copper the dominant defect that reduces the
mechanical properties is the inter-particle boundaries. However, for
other materials such as steel [80] or titanium [28], micro-pores are
frequently found in the deposits due to their high hardness or high
strength to density ratio. In these cases, both micro-pores and inter-
particle boundaries affect the deposit properties. Many studies have
demonstrated that the detrimental effect of micro-pores and inter-par-
ticle boundaries can be reduced by increasing particle impact velocity
to enhance particle plastic deformation, or by post-heat-treatment to
induce recrystallization within deposited particles and across the inter-
particle boundaries [81-92]).

Increasing particle impact velocity is the most straightforward way
to reduce micro-pores and improve inter-particle bonding in CSAM
deposits [8,14,83]. Particle deformation increases at higher impact
velocities, preventing the formation of micro-pores [14]. Additionally,
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Fig. 13. Effect of spray angle on the single-track deposit cross-sectional profile [48].



Fig. 14. (a) Nozzle trajectory for depositing a turbine blade surface and (b) the resultant cold sprayed MCrAlY coating [72,73].
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Fig. 15. (a) Nozzle traverse speed distribution along the spiral trajectory and (b) CSAM repaired coupon before final machining [74].

the chemical reaction at the inter-particle boundaries is more promi-
nent at higher particle impact velocities, resulting in improved me-
tallurgical bonding [8,83].

Heat treatment is also an effective tool to reduce deposit defects,
and is particularly useful for mitigating defects at the inter-particle
boundaries [81-92]. Fig. 16 shows a comparison of the microstructure
of an etched copper deposit in the as-fabricated and annealed states,
respectively [93]). The inter-particle boundaries can be clearly seen in
the as-fabricated sample shown in Fig. 16a. After annealing, re-
crystallization takes place both within the particles and across the inter-
particle boundaries, helping to repair the defects at inter-particle
boundaries. As a result of the annealing process, the grain structure
evolves to fine equiaxed grains. The inter-particle boundaries become
less visible and in some cases are completely eliminated, as shown in
Fig. 16b [81,94].

3.2. Properties of as-fabricated deposits

Table 3 summarizes the properties of CSAM copper deposits in their
as-fabricated and heat-treated states. For comparison, the properties of
bulk copper are also provided in the table. As-fabricated CSAM deposits
normally have inferior mechanical properties when compared with
bulk materials, due to a large number of defects within the deposits.
They are very brittle and almost have no ductility. These effects are
more prominent when the particle impact velocity is low [82-84].
Fig. 17a shows the stress-strain curve of a copper deposit produced
using nitrogen as a propulsive gas, in the as-fabricated and annealed
states. The poor mechanical properties (yield strength, ultimate tensile
strength and elongation) of the deposit in the as-fabricated state are
clear [82]. Besides the mechanical properties, other properties such as
electrical conductivity [84,86-89,91,92] and thermal conductivity [20]
are also typically lower when compared to those of bulk materials. This



Fig. 16. Comparizon of the microstructure of copper deposit (a) in the as-fabricated state and (b) in the annealed state. Annealing was performed an the temperature

of 500 °C for 4 h [93].

Table 3
Summary of properties of C5AM copper deposits before and after heat treatment.
Gas  Parameters HT condition Hardness, Hv UTS, MEPa EL % EM, GFa BC, MS/m TC, W/m K Bef.
=0 25385 455 118 58 2l
T.C PMPa T,C th PG AF HT AF HT AF HT AP HT AF HT AF HT

Ny B00 an 200 4 Ar - = M6 334 0 .68 243 104 = - - = [&51]
400 4 Ar = 268.7 311 103 = -
500 4 Ar = 2458 4110 100 - =
00 4 Ar = 178.4 4.5 111 = -

Na 500 an 200 5 air 1500 149.3 1616 170 58 = - = = - - = [&2]
200 5 air 1306 1795 6.2 = - =
400 5 air 94.1 200.0 7.4 = - -
500 5 air [ 240.4 45.4 = - -

Na 305 an 200 1 vacuam 1526 977 46 a6 =01 012 - = 349 40.9 - = [82,84]
400 1 vacumm 774 171 .51 = 45,0 =
[ 1 vacumm 716 210 8.03 = 51.4 =

He 300 25 200 1 vacuam = = 453 304 192 4.27 - = = - - = [82]
400 1 vacumm = 278 2099 = - -
[ 1 vacumm = 262 23185 = - =

He 500 24 150 1 air 108.0 0.3 200 2958 24 4.0 - = = - - = [&5]
200 1 air 851 2568 158 = - =
200 1 air 564 2442 50.1 = - =

Ny 300 an 200 1 = 15001 ag] - = = = - = 587 41.5 - = [&e]
400 1 = 791 = = 0.0 =
[ 1 = 748 = = 514 -

Na 450 22 200 1 air 1226 = - = = = - = 174 297 - = [&7]
450 1 air = = = = a3 =
200 4 air = = = = 44.9 -
450 4 air = = = = 4581 -
200 1 vacumm 867 = = = 45.3 =
450 1 vacumm = = = = 456 =

Air 400 20 400 1 vacuam 1653 1041 - = = = LT 940 = 0.2 - = [88,495]
[0 1 VaCuLm 93481 - - G54 334 -
B0 1 vacuam 724 = = 115.0 365 =

Air 400 O 200 1 vacuam 995 753 - = = = - = = - 1252 164.5
400 1 vacumm 4.0 = = = - 2626 [20]
GO0 1 vacuam 553 = = = - 3206

Na 400 an 400 2 Ar 145 a0 - = = = - = 386 827 - = [91]

Air 540 O 400 2 Ar 106 62 - = = = - = 267 4.0 = -

Alr 60O og 400 2 Hy sy 765 - = = = - = 263 4B.6 - = [92]

T: iemperature; P pressure; 12 tme, PG: protective gas, AF: as-fabricated, HT: heal treatment, UTS: ultimane tensile stress, FL: elongation, EM: elastic modulus, EC:

electrical eonductivity, TC: thermal conduetivity.

is due to defects such as particle boundaries acting as barriers which
prevent the transportation of current and heat through the deposits.
Conversely, the hardness of the as-fabricated deposits is generally
higher than that of bulk materials due to the work hardening effect
which occurs during the deposition process [82,84-92].

However, when sprayed using high particle impact velocities, the
as-fabricated deposits show improved mechanical properties when
compared to those sprayed using low particle impact wvelocities
[81,83,85]. The strength of high particle velocity cold spray deposits
has been shown to be equal or even higher than annealed deposits and

bulk materials, as listed in Table 3 [81,83,85]. Fig. 17b shows the
stress-strain curve of a copper deposit in its as-fabricated state and
annealed state produced with helium [83]. It is clearly seen that the as-
fabricated copper deposit had higher tensile strength than annealed
deposits. The reason for this phenomenon can be attributed to two
factors. Firstly, increasing the impact velocity results in the improve-
ment of inter-particle bond strength. Secondly, increasing levels of
grain refinement caused by the higher levels of plastic deformation will
increase the strength of the deposited particles, and thus the whole
depaosit [95,96].
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Fig. 17. Stress-strain curve of copper deposit before and after annealing: (a) produced by nitrogen, and (b) produced by helium [53].

3.3. Properties of heat-treated deposits

Heat treatment is the most effective way to enhance the properties
of CSAM deposits. By annealing the as-fabricated deposits, both tensile
strength and ductility are significantly improved, due to the mitigation
of the defects in the deposits, as shown in Fig. 17a [82-84]. Higher
annealing temperature and longer annealing time tend to cause to more
significant improvement in properties. The tensile strength and elon-
gation of annealed copper deposits can reach the same level as the bulk
copper under proper annealing conditions. Similarly, the elastic mod-
ulus also improves after annealing due to the decrease in deposit defects
[81,88,89]. Howewver, because of the occurrence of recrystallization
during the annealing process, work-hardened deposits are softened. As
a result, the hardness of annealed deposits is normally lower than that
of as-fabricated ones [82,84-92]. Furthermore, as the inter-particle
boundaries are repaired, the barriers for the transportation of heat and
current are eliminated. Hence, annealed CSAM deposits have better
electrical condoctivity [84,86-89,91,92] and thermal conductivity
[90]. For copper, annealed deposits can achieve more than 90% of the
electrical and thermal conductivity levels of bulk material.

However, under high particle impact velocity, heat treatment will
improve the ductility but reduce the tensile strength of CSAM deposits,
which is quite similar to the heat treatment of bulk materials
[81,83,85]. This is because the as-fabricated deposits under high par-
ticle impact velocity already gain sufficiently high strength due to the
absence of defects and strengthening effect by grain refinement. Heat
treatment, therefore, has no use for healing the defects but only con-
tributes to the recrystallization of the deposits.

4, Machining of CSAM depaosits

4.1. Machinability of CSAM deposits

CSAM typically leaves a rough, undulating and porous surface after
fabrication. In many applications, such as in the repair of 2 worn sur-
face, the as-fabricated surface is not suitable for immediate use, either
due to surface finish or dimensional accuracy requirements. This ne-
cessitates the use of a machining or finishing process. To date, relatively
little research has been undertaken into the machinability of CSAM
materials [42,43,97-99]. In general, CSAM products are suitable for
normmal machining processes. As examples, Fig. 18 shows three CSAM
products made using a high pressure cold spray system located in Tri-
nity College Dublin (TCD), which were machined into finished parts
using normal machining processes. The aluminium alloy tube shown in
Fig. 18a was finished by turning; the aluminium alloy flange shown in
Fig. 18b was finished by turning and drilling; the copper cuboid shown
in Fig. 18c was finished by milling. These cases clearly demonstrate the

suitability of normal machining processes for CSAM products.

When understanding the machining of CSAM deposits, it is im-
portant to recognize that unless the deposit has been brought to full
density or high duoctility, through proper annealing, hot isostatic
pressing (HIF) or a similar method, it will machine similarly to a porous
or cast material. As CSAM deposits are an amalgamation of individual
particles, there will be variations in density and levels of work hard-
ening within the deposit, with the potential for small oxide inclusions
[100]. This will cause variations in the mechanical and thermal loads
experienced by the cutting tool. Many comparisons can be made be-
tween the machining of C5AM deposits and materials produced through
powder metallurgy [101] and fusion-based additive manufacturing
[102-104], which are acknowledged as more problematic to machine
when compared to bulk materials. Fig. 19 shows a comparison of the
chip formation mechanisms between bulk aluminium and CSAM alu-
minium with and without annealing during machining [98]. Fully
dense bulk aluminium generally results in continuous chip formation
during machining as shown in Fig. 19a. Annealed CSAM aluminium
which has good ductility forms discontinwous chips, but otherwise
machines similar to the bulk material (Fig. 19b). However, for the as-
fabricated C5AM aluminium as shown in Fig. 19¢, due to the poor inter-
particle bonding and little particle deformation, the cutting process
resembles that of a sintered material, with inter-particle bonds being
broken and no chips being formed. The surface finish after machining of
any such material would be porous and undulating, though some
smearing and densification of the surface may be observed [105]. Thus,
the machinability of a CSAM product is dependent upon the density and
ductility of the deposit created.

Other issues which are of interest in the machinability of CSAM
product are the potential for debonding of the deposits if overly ag-
gressive cutting parameters are used, or if a significant portion of the
bond area is removed during machining. If it is necessary to remove the
deposits from the substrate to achieve the geometry required, this
should be carried out first, as the CSAM product may distort due to
residual stresses after debonding.

4.2 Cutting forces during the machining of CSAM deposits

Cutting forces during the machining of porous CSAM deposits will
typically be lower than that of bulk material, but with more variation
during cutting [95]. Porous materials manufactured using other tech-
nigues typically show lower but more variable cutting forces [106]. The
lower magnitude of the forces is at least partially attributable to the
loweer stiffness of porous materials [107], while the variation is doe to
the partially discontinuous cutting action experienced as the tool dis-
engages and then re-engages when passing through pores. CSAM de-
posits with higher ductility will show less variation in cutting forces,
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Fig. 18. CSAM tube machined into a finished part fabricated in TCD. (2) aluminium alloy tube, (b) aluminium alloy flange, and (c) copper cuboid.

while depasits with lower porosity will show higher cutting forces.

4.3. Tool wear during the machining of CSAM deposits

Little to no research has been carried out into tool wear during the
machining of CSAM deposits. It can be expected that, due to the dis-
continuous nature of the machining process, tool wear will be greater
than that observed when machining bulk material. The use of tamping
materials in the CSAM process such as alumina, which are typically
very hard, will cause excessive tool wear during machining [108]. This
has been observed by the authors in the preparation by milling of
tensile test samples from CSAM diamond-reinforced metal matrix
composite. 5-10 tools were required per sample, with tool life being
measured in seconds. Further research work is required to characterize
the tool wear mechanisms in CSAM materials.

4.4. Properties and microstructure of CSAM deposits after machining

Turning is the primary machining operation for the finishing of
cylindrical CSAM deposits. For as-fabricated CSAM deposits, turning
may not be suitable for removal of all excess material. Some deposits
will fail at inter-particle boundaries and separate from the deposit or
substrate as a small clump of particles, due to weak inter-particle
bonding. As a consequence, the surface of as-fabricated CSAM deposits
after turning may have a smeared surface with high surface roughness,
as shown in Fig. 20a [98]. By increasing particle impact velocity or
using a heat treatment process prior to machining, the surface rough-
ness of the turned CSAM deposits can be significantly reduced due to
the improved inter-particle bonding, as shown in Fig. 20b-d [98]. In
addition, turning also removes the compressive residual stress of the as-
fabricated CSAM deposits and introduces tensile stress to machined
surface of the depasits [99].

Milling is required for the finishing of CSAM deposits without axial
symmetry. In recent work by the authors, milling was found to influ-
ence the deposit microstructure close to the machined surface. Fig. 21
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(b)

shows the cross-sectional image of a CSAM aluminium deposit after
milling. Clearly, the milling process compresses the top layer of the
deposit, making it much denser than the original deposit. In addition,
milling tends to break the brittle CSAM deposit due to the large cutting
force. Improper milling parameters will cause cracks, fracture and de-
lamination of the CSAM deposit [99,109]. Therefore, careful selection
of machining parameters is required to achieve a satisfactory finish.
Careful inspection for cracks and damage should be carried out on the
CSAM product after machining.

Currently, investigations on the properties and microstructure of
CSAM deposits after machining are still very limited. Therefore, more
studies on this topic are needed in the future to fully clarify the effect of
machining methods and machining parameters on the grain structure,
microstructure and properties of CSAM deposits.

5. CSAM for fabricating free-standing components
5.1. Rotational structures

A broad range of components have rotational structures (e.g. tubes,
flanges and cylinder walls). CSAM has the capability to fabricate such
components. Using an external spindle to hold the mandrel substrate,
the rotational structure can be easily fabricated through a simple spray
strategy. For instance, as shown in Fig. 18b, the aluminium flange was
successfully fabricated for an Irish company (Moog) in the authors’ lab
in TCD. Aluminium was first deposited onto an aluminium tube which
was held and rotated by a spindle, then the as-fabricated raw product
was post-machined using turning and drilling (including a cut which
crosses the interface between the substrate and CSAM deposit) to fi-
nalise the flange feature. Tests of the mechanical properties have de-
monstrated that this method of manufacture completely meets the re-
quirements of the company. A similar CSAM copper flange is also
shown in Fig. 22 [110]. Here, it should be noted that CSAM is only able
to produce a rough structure rather than net-shape structure. Thus the
as-fabricated CSAM deposits normally require a post-machining

-——— ¥
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Fig. 19. Comparison of the chip formation mechanisms between bulk and CSAM aluminium with and without annealing during post-machining. (a) bulk material,

(b) annealed CSAM deposit and (c¢) non-annealed CSAM deposit [98].
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Fig. 20. White light interferometer maps of tumed surfaces of aluminium deposits. (a) as-fabricated deposit produced by nitrogen, (b) heat-treated deposit produced
by nitrogen, (c) as-fabricated deposit produced by helium, and (d) heat-treated deposit produced by helium [98).
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Fig. 21. Cross-sectional image of a CSAM pure aluminium deposit after milling.
The aluminium deposit was fabricated using nitrogen with the pressure of
3 MPa and temperature of 400 'C by the cold spray system in TCD.

(subtractive manufacturing) process to produce the required shape.
This is not only applicable to rotational structures, but also to all CSAM
products.

Metal cylinder outer and inner walls can also be produced using
CSAM [43,111-116]. The fabrication process is similar to the flange
fabrication, particularly for the case of an outer wall. Fig. 23a provides
an example showing a 1/10 scaled canister for disposal of CANDU spent

fuels, fabricated using CSAM [112]. A 10mm copper layer with a
porasity of 0.3%, density of 8900 kg/m® and oxygen content of 0.019%
(compared to 0.02% oxygen content of the feedstock copper powder)
was deposited onto the cast iron cylinder, with good tensile strength,
mechanical stability and thermal properties. For certain components,
the mandrel substrate is not needed and has to be removed during the
post-machining process. An instance of this kind of product is provided
in Fig. 23b, showing a CSAM tantalum-10 tungsten alloy donor tube
used for the fabrication of gun barrel liners [111]. The tantalum-10
tungsten alloy layer was deposited onto a cylindrical aluminium man-
drel substrate, after which the inner mandrel was removed using deep
drilling, honing, and a brief soak in dilute sodium hydroxide.

For the fabrication of inner walls, the manufacturing procedure
varies according to the inner diameter. If the inner diameter is suffi-
ciently large that the conventional cold spray nozzle and its holding
accessories can be placed within the component, the fabrication process
is same as producing the outer wall. But in circumstances where the
component is not large enough to accommodate a cold spray nozzle, the
nozzle has to be slightly inclined to fit the limited space, at the expense
of lower deposit quality due to the spray angle. An example is provided
in Fig. 24a, showing a copper inner wall of a pressure ring from a food
processing machine, which was fabricated using CSAM [116]. In this
case, the nozzle had to be inclined to the target substrate during the
fabrication due to the limitation of the inside diameter of the compo-
nent. Furthermore, if the inner diameter is too small to accommodate a
normal cold spray nozzle, a specially-designed short cold spray nozzle



Fig. 22, Digital photos of a CSAM copper flange [110).

can be used [115,117]). Fig. 24b shows a short cold spray nozzle de-
signed for small-diameter inner walls. The nozzle has a length of only
6.5mm, far less than a normal cold spray nozzle. Fig. 24c shows a
copper inner wall on a metal tube with the diameter of 80 mm fabnri-
cated using this short nozzle [115].

CSAM is also capable of producing other special rotational struc-
tures such as cones and gears, as shown in Fig. 25 [115,118]. To fab-
ricate such structures, an elaborate design and scanning trajectory must
be developed before manufacture. Nozzle traverse speed, scanning step
and trajectory should be linked to the spindle axis. There are very few
studies on such special rotational structures, and therefore this topic
may be a future research focus.

5.2. Complex structures

A combination of CSAM and conventional subtractive manu-
facturing has recently shown great potential in fabricating components
with complex structures. Fig. 26 shows a component with a complex
structure which was manufactured using CSAM [71]. To fabricate this
component, the additive material was first deposited onto a specially
designed substrate. After spraying the substrate was removed and only
the CSAM part remained. Through a combination of CSAM and sub-
tractive manufacturing, a complex component was produced. The

(@)

challenge of this process is the design of the substrate to ensure ease of
removal, and to minimize post-process machining. Based on this tech-
nique CSAM can also be used to modify an existing component. Fig. 27
shows the modification process of adding a new part onto a bearing cap
via CSAM. As can be seen, a completely new component was obtained
after CSAM. Visually, there is no obvious boundary between the new
part and original component. The new component passed the custo-
mer’s quality and performance specifications [119], proving the feasi-
bility of CSAM for this application. Fabrication of such complex struc-
tures is very important to CSAM technology as this can significantly
broaden the application areas. Therefore, further investigation is sug-
gested in this area of CSAM.

CSAM can also produce array structures. As shown in Fig. 28a, the
fabrication process needs a specially designed mask to prevent the de-
position of redundant materials to allow only the deposition of the
desired pattern. An example of a CSAM array structure is the pyramidal
fin arrays used for a compact heat exchanger, as shown in Fig. 28b
[120-127]. By adjusting the standoff distance and design scheme of the
wire mask, the fin array shape and density can be accurately controlled
[120,125-127]). The thermal and mechanical tests suggest that the
CSAM fin arrays had superior thermal performance than traditional
straight (rectangular) fins, due to the higher convective heat transfer
coefficients [46,125,126]). Further studies have suggested that heat
transfer performance can be improved by increasing the fin height,
increasing fin density, or by using staggered configurations at the ex-
pense of a higher pressure loss [120,123]. In addition, mask-assisted
CSAM also can be used to fabricate chip heat sinks, metal markings, or
other products with special patterns [18,128,129].

6. CSAM for repairing damaged components

Component damage frequently occurs after long service times due
to corrosion, wear, fatigue, or other causes. Damaged components often
cannot be reclaimed or repaired, and have to be replaced due to the lack
of effective restoration methods. CSAM is a cost-effective process that
has shown great potential in the repair of damaged components, due to
its capability to avoid any thermal damage to the underlying substrate
material, and unique ability to retain the original properties of the
feedstock powder. During the past decade, CSAM has been successfully
applied to repair a variety of corroded and damaged components in
various fields. Similar to other restoration techniques, the feedstock for
CSAM cannot be deposited on the damaged component directly because
of the complex surface topography, and the potential for the con-
taminated surface of the damaged area to compromise bond strength.
Pre-machining on the damaged zone is necessary to reconstruct the
damaged surface. Surface treatment is then conducted on the re-
constructed surface with milling, grinding, or grit-blasting to prepare a
clean and smooth surface which is suitable for CSAM [130-132]. After
deposition, the as-coated components also have to be post-machined to
their original dimensions. The standard restoration process normally
includes the following four stages: pre-machining of the damaged zone,

Fig. 23. Digital photos of CSAM rotational structure: (a) scaled canister for disposal of CANDU spent fuels and (b) tantalum-10 tungsten alloy donor tube used for the

gun barrel liners (111,112).



Fig. 24. Digital photos of CSAM rotational structure: (a) an inner wall of a pressure ring for food processing machine, (b) a small-size cold spray nozzle and (¢) an

inner wall of small-space cylinder tube [115,116].

Fig. 25. Digital photos of CSAM components with complex structures: (a) cone structure, and (b) gear [115,118].
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material deposition, post-machining on the back-filling material, and
performance testing. These steps are illustrated in Fig. 29.

6.1. Corrosive and erosive damage restoration
Among all applications of CSAM, the repair of aircraft components

is potentially the most promising due to the severe corrosion and wear
that aerospace components are subject to. This is due to the exposure of

o

structure made by CSAM [71).

Fig. 27. Modification process of adding a new
part to a bearing cap via CSAM [119].

machined component

these components to high-speed impact, high-speed rotation and humid
air. Magnesium and magnesium alloys possess many merits (e.g. high
stiffness, low density, high thermal conductivity and excellent ma-
chinability) over other metals, and thus have been widely used for the
fabrication of aircraft transmission gearboxes. However, as an electro-
chemically active material, magnesium components tend to corrode due
to the anoidic reaction with other metallic materials. Therefore, mag-
nesium gearboxes frequently suffer from electrochemical corrosion in
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Fig. 30. Comparison between damaged and repaired comp via CSAM: (a) §-92 helicopter gearbox sump, (b) oil tube bores in CHA7 helicopter accessory cover,
(¢) UH-60 helicopter gearbox sump and (d) UH-60 rotor transmission housing [133-135]).

service. Such corrosion significantly reduces the component lifetime,
increasing the maintenance cost and potential failure risk. It is of great
importance to properly repair the corroded zone and bring the restored
component back to a serviceable condition. By using CSAM, the cor-
roded part of the transmission gearbox can be repaired with aluminium
or aluminium alloy materials. Fig. 30 shows CSAM being used for repair

of damaged transmission gearboxes [133-135]. Mechanical and cor-
rosion tests on the repaired components confirm that the back-filled
aluminium and aluminium alloy materials had excellent adhesive
strength, wear-resistance, and cormrosion-resistance. These restored
components are suitable to be returned to flying [136-138].
Aluminium and aluminium alloys are also widely used in aircraft,



Fig. 31. Comparison between damaged and repaired components via CSAM: (a) AH-64 helicopter mast support, (b) FIB-AMAD gearbox and (¢) front frame of T-700

engine [135,139,140).

Fig. 32. Comparison between damaged and repaired components via CSAM: (a)
internal bore surface of a navy valve actuator and (b) oil pump housing of
Caterpillar engine [141,142).

Fig. 33. Restored B737 nose wheel steering actuator barrel via CSAM [133].

marine and automotive components due to their low density, high
tensile strength, good formability and excellent corrosion resistance. In
the aerospace industry, the helicopter mast support is an example of a
major component which is commonly manufactured using aluminium
alloys. Corrosion pitting on the snap ring groove surface is a typical
form of damage that helicopter mast supports can suffer from during

their service life. When the pitting damage exceeds a criterion, the mast
support must be repaired or replaced. Rather than scrapping the mast
support, CSAM can be used to repair the damage and retumn the com-
ponent to service. Fig. 31ashows a comparison between a damaged and
repaired snap ring groove surface of a mast support [139]. The detailed
restoration procedure involves the blending out of corrosion pits, then
backfilling the removed part by CSAM deposition of aluminium alloy,
and finally post-machining the as-repaired component. Similar CSAM
restoration work of aircraft aluminium alloy components is shown in
Fig. 31b and ¢ [135,140]). In the marine industry, CSAM has been
successfully applied to the repair of corroded internal bore surface of
navy aluminium alloy valve actuator without thermally affecting the
base material, showing improved capabilities when compared to other
traditional repair methods (i.e., tungsten inert gas welding, metal inert
gas welding, and laser cladding). Fig. 32a shows a comparison between
the damaged and repaired actuator. The actuator repaired using CSAM
has passed all property tests and is now back in service [141]. More-
over, in the automotive industry, CSAM has been applied to repair
corroded oil pump housings of Caterpillar-3116 and Caterpillar-3126
engines with aluminium alloy (Fig. 32b). It was reported that more than
30 corroded pump housings were restored via CSAM from 2012 to 2013
in Moscow. All of these reconditioned components have returned to
service without any failure reports so far [142].

The nickel superalloy Inconel is another important material that is
frequently used in aerospace industry, due to its excellent mechanical
properties at high temperatures and resistance to corrosion. Aircraft
components made using nickel alloys suffer from significant mechanical
and thermal loading during flight. This results in severe wear and
corrosion of these components, and thus reductions in their service
lifetimes. Nose wheel steering actuator barrels manufactured using
nickel alloy and are located in the front of the aircraft, which exposes
these components to moisture and other harsh environments when the
landing gear is extended. These negative factors affect the component
joints, resulting in corrosion of landing gear. By using CSAM, a cor-
roded B737 nose wheel steering actuator barrel was repaired with
CSAM deposition of nickel alloy. Fig. 33 shows the comparison between
a damaged and repaired B737 nose wheel steering actuator barrel. The
corroded surface becomes smooth after repair, without any pits and
cracks [133].

6.2. Mechanical damage restoration

Mechanical defects caused by fatigue, accidental impact, overhaul



via CSAM: (a) a large cast automotive part and (b) a mold [97,143)

Fig. 36. Repair result of aluminium cladding layer on the aluminium alloy panel with self-machined damage via CSAM:
and (b) restoration process{148].
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Fig. 37. (a) Digital photo of the machined notch made on the aluminium alloy 2099 panel surface, (b) crack length versus the number of loading cycles [149].



Fig. 3B. Cold spray deposit over the simulated fuselage faseners.

or improper operation are another type of damage that components
may experience. This type of mechanical damage can also be repaired

by CSAM. Fig. 34 shows the restoration process of a mechanically da-
maged flap transmission tee box housing of an aircraft via CSAM [133].
The damaged component was repaired to the original condition it was
in prior to the damage occurring. CSAM is also used to repair severe
mechanical damage on large cast automotfive parts, as can be seen in
Fig. 35a [143]. Restoration of damaged molds is also in the scope of
CSAM, as shown in Fig. 35b. The repaired mold presented similar re-
sults during the cutting force test to bulk material, and even better
wear-resistance performance than the original component [97].

6.3. Damaged metal sheet restorarfion

Commercial and military aircraft skins are primarily manufactured
from aluminium alloy sheet, with additional aluminium cladding layer
to prevent corrosion. During routine flight, the aircraft skin has a high
probability of suffering erosion and scratch damages due to high-velo-
city impact of dust and debris. The damaged area acts as a weak point,
preferentially allowing the corrosion to penetrate through the protec-
tive aluminium clad layer, down to the base aluminium alloy. Once the
base aluminium alloy is seriously cormoded, the maintenance and failure
cost will be very high. Therefore, it is necessary to repair the damaged
aluminium cladding before the comosion penetrates to the underlying
base material. 5ome thermal spray technologies have been used to re-
pair the damaged aircraft skin; however, the thermal sprayed coatings
suffer from high porosity, high oxidation, and phase transformations
during deposition. Most importantly, upon impact the high-temperature
feedstock may have adversely effected the underlying base material,
significantly degrading the aircraft skin performance [144]. CSAM has
the potential to carry out this repair without damaging the underlying
base material [145-147]. Fig. 36 shows the repair of an aluminium
cladding layer on an aluminium alloy panel via CSAM [14E8]. Visually,
the damaged area is completely filled by the aluminium deposit without
any obvious distinction from the surrounding aluminium cladding.
Mechanical tests of the repaired sample suggest that the deposit

arodad blioe

hardness was higher than the original aluminium cladding, and the
fatigue resistance of the repaired sample was improved. In addition,
corrosion test reveals that the CSAM aluminium deposited on the da-
maged aluminiuvm cladding provided an effective protection to the
aluminium alloy base material, despite slight corrosion propagating
from the repair edge in some cases [148].

In a recent study, fatigue tests of CSAM repaired aluminium alloy
2099 panels were conducted [149]. Fig. 37a shows the digital photo of
the machined notch on the aluminium alloy 209% panel surface. The
notch was repaired by CSAM with aluminium alloys 2198 and 7075,
respectively. Crack growth tests were then performed on these repaired
panels [149]. Fig. 37b shows the crack length as a function of the
number of loading cycles for the damaged and repaired aluminium
alloy panels. The crack length of the repaired panels was decreased by a
factor of 6-7 when compared to the damaged panel. This is due to the
strong adhesion between the CSAM deposit and the underlying sub-
strate preventing crack initiation and growth. These results clearly
demonstrate the feasibility of CSAM restoration in improving the fa-
tigue performance of damaged sheets.

Aircraft fuselages also suffer from Multi Site Damage (MSD) issues.
For nearly all kinds of aircraft, the fuselage is fabricated through lap
joints of aluminium alloy skin panels. Therefore, failures and accidents
associated with lap joints may occur after extended service lives
Fastener bore corrosion will take place through the interface between
fastener and skin, despite the edge sealing between mating panels. In
addition, multiple fastened strip repairs also act as a weak point, pre-
ferentially inducing the generation of cracks. These potential risks cu-
mulatively cause the M5D on the aircraft skin. By using CSAM com-
bined with standard sealant, the invasion of the moisture into the joint
from the interface between mating panels and also between fasteners
and aircraft skin can be prevented [145,146,150]. Fig. 38 shows a di-
gital photo of CSAM deposit over the simulated fuselage fasteners. It is
shown that the surface of the fasteners are completely sealed by the
CSAM deposit. Subsequent fatigue testing results indicate that the de-
posit remained intact even when the underlying fuselage joint skin
experienced MSD. Furthermore, C5AM has shown great potential in the
repair of cracks caused by MSD, which helps to enhance the fuselage
structural integrity [145-147].

Aircraft propeller blades also suffer from serious erosion due to
high-velocity impact by dust, debris and water droplets in service.
Muoreover, relatively large debris impacts during aircraft taking off and
landing will lead to more severe damage to the blade surface. The
current method used to repair this damage is simply to grind the eroded
blade to a level that the damage is removed. By using CSAM, the ma-
terial removed during the grinding process can be filled, which allows
for the original blade dimensions to be restored. Fig. 39 illustrates the
repair process of aluminium alloy blades via CSAM. The restored blades
have passed an extensive airworthiness test program and are currently
back in service [151].

7. Current challenge and future perspectives

Cold spray technology has shown great potential in additive

lo) &

Fig. 39. Restoration process of aluminium alloy blades via CSAM [151].



manufacturing, both for the fabrication of individual componenis and
the repair of damaged components. This is due to its ability to retain the
original feedstock properties and prevent adverse influence on the un-
derlying substrate materials. A variety of components have besn suc-
cessfully fabricated or repaired via CSAM during the past years.
Properties and performance tests have confirmed that the mechanical
properties of CSAM products are sufficient to be used in a wide variety
of applications. Despite the merits highlighted so far, CSAM is siill fa-
cing many challenges:

1 The currently applied materials for CSAM are mainly copper and
aluminium, which are very easy to deposit and machine. In future
work, more materials need to be implemented and tested, such as
titanium, stainless steel, and metal matrix composites. These mate-
rials are either hard or have a high strength-to-weight ratio, and
thus are difficult to produce with acceptable mechanical properties.
More trials and investigations on these materials will aid in evalu-
ating if these materials are suitable for CSAM.

2 A thorough understanding of the spraying parameters is another
research focus in the future, as currently their effects on the depasit
properties are not entirely agreed upon. Particularly, the effect of
scanning steps and standoff distance on the deposit mechanical
properties needs further investigation. A standard manufacturing
strategy for achieving optimal deposit properties should be devel-
oped.

3 The isotropic and anisotropic properties of CSAM deposits are not
fully understood, and require a thorough investigation. In addition,
development of more advanced post-treatment methods (e.g, laser
surface treatment, hot isostatic pressing, surface shot-peening) for
improving the properties of CSAM products would aid in improving
the capabilities of CSAM.

4 Investigations on the post-machining process of CSAM products are
very rare at the time of writing. As CSAM products normally require
post-machining, this should be another area of focus for future re-
search.

5 Currently, only a small number of publications have studied com-
plex structure fabrication. The application of CSAM for the fabri-
cation of complex components is an interesting and challenging
subject. Particular attention should be paid to the substrate and
mask design for the purpose of minimizing post-machining pro-
CESSES.

6 The current applications of CSAM are mainly concentrated in the
aerospace sector. It is suggested that other application fields should
be explored in future work.
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