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ABSTRACT

Cold spraying (CS), a solid-state spraying technology, is expected to become an appropriate sup-
plementary for traditional spraying methods owing to its plenty of merits such as high deposition
efficiency, low temperature and little influence on the particles/substrate. The most reported
researches are bulk alloys fabricated by CS. However, the systematic introduction and cold-
sprayed metallic glass coatings have not been summarised. Therefore, in this paper, the inter-
national research status of CS including equipment structure, spraying process and parameters,
advantages and disadvantages, deposit features and bonding mechanism were introduced. By
using this technology, the successful researches about Fe-, Al-, Ni-, Cu- and Zr- based amorphous
alloy coatings are reported. To overcome the limitations, further development and solutions

were proposed.

Introduction

Cold spraying (CS), or cold gas dynamic spraying is a
newly developed technology after traditional thermal
spraying methods [1-5]. In history, this method dated
from a century ago. Thurston first published a patent
and demonstrated that metal particles deposited on the
metal board at the dragging force of explosive gas or
compressed gas in 1902. However, the highest in-fight
velocity only reached 300 ms~! due to the limitations
of technology development. In the 1950s, an innovative
design of Laval nozzle made it possible that the par-
ticle speed reached supersonic velocity, which pushed
the technique achieving tremendous progress. Later on,
Soviet scientist A. P. Alkhimov as well as his co-workers
studied individual metal particle dragged by the com-
pressed gas flow depositing on various shape surfaces
of underlying materials and published two valuable
patents in the 1980s. One of the patents introduced
this specific method and the other illustrated the equip-
ment which could make the metal powders accelerate
with the help of high-pressure gas and undergo plastic
deformation on the substrate surfaces obtaining com-
pact and highly bonded coatings. The term of cold gas
dynamic spraying was first proposed in a patent issued
by A.P. Alkhimov and his colleagues in 1994. For nearly

ARTICLE HISTORY
Received 6 June 2019
Revised 5 August 2019
Accepted 6 August 2019

KEYWORDS

Cold spraying; deposit
mechanisms; spraying
parameters; metallic glass
coatings; advantages and
disadvantages; Reynold
number theory;
homogeneous and
inhomogeneous
deformation; Newtonian and
non-Newtonian flow

40 years, CS has efficiently and rapidly developed into a
means of deposit method which allowed the deposition
of various materials, such as metals, alloys, polymers,
noncrystals, nanomaterials and composite materials.

Metallic glasses (MGs), also called amorphous
alloys, have short to medium-range atomic configura-
tion which avoids grain boundary or dislocation [6,7].
MGs have a large variety of advantages over the com-
mon crystals, such as high strength, unique elonga-
tion and ductility, outstanding corrosion resistance and
wear resistance. Considering the glass-forming abil-
ity (GFA), practical working condition and economic
cost, metallic glass coatings (MGCs) have a wide range
of applications [8] in the material surface technique
area, which are mainly surface functionality for pro-
tection or specific physical properties and dimensional
restoration for disabled components.

Introduction of CS system

CS is a means of deposition/consolidation of solid par-
ticles in order to fabricate coatings and bulk materials.
The structure of CS system is illustrated as Figure 1.
The in-flight particles stay in solid state during the
spraying process, which differs significantly from the
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Figure 1. Schematic structure of CS system.

conventional thermal spraying methods. High-pressure
heated gas flow undergoes converging and diverging
when passing through the Laval nozzle and drags the
spraying powders ejecting on the substrate surfaces at a
sonic velocity. The main gas flow gets to high speed at
the effect of high pressure and preheating temperature.
Meanwhile, the particles are accelerated to a certain
velocity. When the in-fight speed of particles is over
the critical velocity, the interface between particles and
substrate yields adiabatic shear instability, thus parti-
cles undergo severe plastic deformation and deposit on
the workpiece surfaces [9-11]. While the deposition
mechanism for metallic glass is completely different.
Generally, to get higher gas flow speed, the carrier gas
is often preheated to reach the temperature range of
40-70% of particle’s melting point.

The whole CS system is classified into three parts,
including high-pressure gas supply equipment which
contains gas heater to push the carrier gas flow, gas and
powder control system which connects powder feed
chamber and powder gas system, as well as worksta-
tion which includes the spraying device and substrate
supporting device. The carrier gas used for particle
acceleration can be nitrogen, helium, or a mixture of the
two, or compressed air. Feed chamber, the pivot of gas
flow, powders flow and Laval nozzle, is the main part of
the spraying device. The pressure and temperature of
carrier gas, the key process parameters, are controlled
by a pressure regulator and temperature regulator in
the centre control system. The spray gun and substrate
support, pulled by the mechanical arm, can stay still
or rotate in a certain range according to the spray-
ing requirements. Besides, the substrate is permitted to
combine with other multifunctional mechanical equip-
ment to fabricate dimensional free-form materials.

Advantages and disadvantages of CS

Because of low processing temperature, in comparison
to the commonly used thermal spray techniques such
as high-velocity oxygen fuel spray (HVOF) and laser
cladding (LC), particles in CS stay in solid state before
impacting with the substrate. Thus CS is able to limit
the unfavourable defects that occur in HVOF and LC,
like great oxygen content, obvious phase transfer, severe
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re-crystallisation and significant residual stress, etc. In
specific, the advantages of CS can be sorted into five
categories as follows:

(1) CS is well suitable for the deposition of the
temperature-sensitive materials like MGs and
nanocrystallines [12,13], the oxygen-sensitive mate-
rials like Al, Cu and Ti metals or alloys and the
phase transition-sensitive materials like carbide
composite materials.

(2) CS process shows significantly low porosity and
high density, i.e. improved DE value at the specific
condition of equivalent or less deposition rates,
which may help to reduce shrinkage during any
subsequent heat treatment.

(3) CSisable to keep the nozzle clean and eliminate its
clogging, without adding extra the second-phase
hard particles.

(4) The coatings exhibit excellent thermal conductiv-
ity and electrical conductivity owing to the supe-
rior density and lower oxygen content.

(5) By applying refined spraying gun, nozzle, and
spraying distance, CS is permitted to achieve more
precise control over the spraying area on the sub-
strate.

(6) As the working temperature is lower than that of
the thermal spraying process, which means there
is less heat inputted into the aimed parts and less
possibility to undergo high-temperature deforma-
tion, thus it enables materials of various categories
to combine [14].

Although CS has a variety of advantages over other
spraying methods, a few drawbacks in deposition pro-
cess restrict the further development and wider appli-
cation in surface technique industries. The limitations
and solutions of CS are listed as follows:

(1) CS is not appropriate for metals that have weak
deposition rate in low temperature. As CS technol-
ogy has a list of attributes such as solid-state depo-
sition, low-temperature deposition, metals, which
have good ductility at the range of working temper-
ature, can be well deposited. Nevertheless, nowa-
days many efforts have been taken to expand the
variety of material systems that are suitable to suf-
ficiently deposit by CS method. Meanwhile, the
application of high-pressure cold spray equipment
and its leader effect in spraying industry can partly
weaken this limitation.

(2) Particles usually suffer highly deforming at the
collision moment in CS process, leading to a
decrease of ductility. Researchers have found that
this phenomenon can be alleviated by appropri-
ately adjusting and controlling the particle size and
temperature.

(3) A few experiments suggest that the deposition effi-
ciency (DE) is quiet low if the hardness of substrate
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and powder differ greatly. Therefore, the hardness
of the two should be properly matched, so that
immerged particles can experience great plastic
deformation and create a more mechanical and less
metallurgical bond.

(4) Compared with thermal spray methods, parti-
cles in CS process exhibit non-molten state before
impacting on the substrate, which makes the com-
bination is more difficult. In order to push in-flight
particles and deposit on the surface of aimed parts,
the velocity of carrier gas should be higher, thus
the total gas consumption of CS is larger than most
thermal spray. However, the innovative gas recov-
ery equipment designed by US Army Research
Laboratory makes it possible to reuse 80% helium
utilised in spraying procedure [15].

Deposition mechanisms of cold-sprayed MG
particles

For cold-sprayed crystalline materials, the deforma-
tion mechanisms of particles have been well studied
and understood based on computational simulation
and experimental studies. Assadi et al. [9] first put
forward the bonding theory of localised deformation
and adiabatic shear instabilities for particles impacting
the metallic surface and presented the critical velocity
affecting the high DE by using finite element simula-
tion. So far adiabatic shear instability is the commonly
accepted theory for the deposition of crystalline met-
als in the CS process [16-20], which is based on dis-
location models, e.g. Johnson-Cook plasticity model
[9,10,21]. Specifically, work hardening and thermal
softening of crystalline materials during the impacting
process cooperatively lead to the instability. Metallurgi-
cal bonding, mechanical interlocking, oxide layer break
up, localised melting, diffusion and interface amorphi-
sation are among the variety of mechanisms to explain
bonding.

However, the deposition mechanism of cold-sprayed
MG particles is not well explained by adiabatic shear
instability and many efforts have been taken to the
deposition behaviours of MG particles in CS process
[22,23]. As the absence of work hardening effect of
amorphous materials, the deformation behaviour of
MG particles is governed by viscous flow and thus
associated with the cooperative movement of atoms,
creation and annihilation of free volume rather than
multiple slip planes of crystalline metals, proposed by
Henao [24]. The viscous flow status is controlled by the
viscosity and velocity of particles at impact.

According to the thermal properties of amorphous
materials, MGs turn into the supercooled liquid with
low viscosity if heated above the glass transform tem-
perature (Tg) [11,25-27]. Therefore, MG at tempera-
ture above Ty was modelled as a viscoplastic material
and its plasticity depended on Newtonian viscosity of

the liquid following the Vogel-Fulcher-Tamman (VFT)
equation. However, when considering the unrealistic
deformation caused by the localised shear on condi-
tions of high strain rates and temperature below T,
the theory of the non-linear relationship of the MG
viscosity vs. shear stress proposed by Concustell et al.
[28] is more adoptable. It should be noted that the
shear shinning, i.e. non-Newtonian flow, must transfer
to Newtonian flow, for achieving the deposition of the
cold-sprayed MG particles at the extreme conditions of
high strain rates and effective thermal softening.

Using the finite element analysis and viscous flow
theory [29,30], Henao et al. [24] pointed out the
Reynolds (Re) number theory to describe the rheologi-
cal behaviour of MG particles and explain the relation-
ship with the DE of MGs in CS process. The Re value
is defined by the ratio of the inertial and viscus effects
for the impacting particles. The formulation of Re is as
follows:

Re = pdVimp/n

where p is the density of particle, d is the diameter of
particle, Vi, is the velocity of particle at impact point
and 7 is the viscosity of MG particle. As the velocity of
particles at impact increases and the viscosity of particle
at impact decreases when raising the process tempera-
ture, different from crystalline materials, the Re value
of MGs deposition is mainly dependent on the tem-
perature. Similar to the critical velocity, there is a Re
threshold value (Regt) that can lead to the remarkable
DEs. By using the constitutive model based on the free
volume mechanism [31,32] and Von Mises (VM) yield
criterion, the deformation behaviour of the impacting
particle in supercooled liquid was simulated. It was
found that Re depended on the viscosity and impact
velocity of MG particles, while the viscosity was relative
to the strain rates and temperature.

Experimentally, the deformation of MG particles
at impact is closely relative to the Re value. The
improved deformation behaviour of the impacting par-
ticles occurs when increasing the Re value. Small Re
leads to the undesired effects such as low deformation,
particle fracture and high porosity, while MG particles
deform homogenously with the dense structure at large
Re. Moreover, large Re value provides the possibilities of
improvement of DE value, intersplat bonding strength
and bonding at the interface with the substrate.

Numerically, at low Re number, the impact veloc-
ity of MG particles causes the VM stress localised at
the side edge of contact area. The shear stress leads to
remarkable viscoplastic shear in the particle. On the one
hand, the energy dissipated by this rapid deformation
cannot relocate to the surrounding area in just a few
nanoseconds, leading to the rise of the localised tem-
perature and the decrease of the viscosity. Therefore,
the plastic shear behaviour expands from the parti-
cle/substrate contact area to the particle inside due to



the softening effect of the particle deformation area and
the redistribution of stress [33]. On the other hand,
the high stress rates corresponding to the plastic shear
mean the localised shear thinning. That is the severe
impact can produce the strain localisation and the shear
band formation. Taking the two aspects above into
account, the shear band of the MG materials above Ty is
formed owing to the high impact strain rate, better than
the effect of intrinsic stress relaxation rate of the under-
cooled liquid. It is worth noting that the mechanism
of the shear localisation in the amorphous materials is
completely different from that of crystalline solids. The
temperature around the contacting surface appears no
rise. Instead, the shear band spread to the interior of the
MG particles, leading to the possibility of the particle
fracture.

At high Re number, the maximum shear stress is
lower than the critic VM stress value at the initial for-
mation stage of shear band. With the increase in the
impact Re value, the plastic deformation behaviour at
the edge of MG particles at impact is more homoge-
neous without the presence of the shear band, which
varies from the initial deposition of particles at low
Re number. According to the rheological behaviour of
MGs in the supercooled liquid region, the viscosity of
the impacting particles is connected with the deposi-
tion rate and localised temperature. The relationship of
the viscosity vs. time during impact is that the viscosity
of MG particle increases suddenly at the initial impact
and then drops to a stable level. The abrupt rise of the
viscosity, i.e. the strong deformation, is the indication of
non-Newtonian behaviour, while the subsequent drop
signifies the occurrence of shear thinning in the par-
ticle and the stable viscosity means the deformation
undergoes in Newtonian flow.

To sum up, the high DE of cold-sprayed metallic
glass materials is based on the homogeneous deforma-
tion mechanism at the effect of thermal softening. The
viscoplastic deformation of the MG particle at impact
is caused by non-Newtonian behaviour. Subsequently,
the viscous flow of the MG particle is cooperatively
promoted by shear thinning and Newtonian flow.

Interestingly, the Reyi; is also related to the mechan-
ical and thermal properties of the substrate materials
[34].Inarecent work, Henao et al. [35] studied and sim-
ulated the influence of varieties of substrate materials
on the deposition behaviour of cold-sprayed MG parti-
cles. When Re values and the hardness of the substrate
increase, the flattening of MG particles is promoted,
which is attributed to the progressive decrease of the
Newtonian viscosity from the edge to the inner part of
the MG particles and the drop of stress threshold for
viscoplastic flow.

Considering the unfavourable effects of the inho-
mogeneous flow such as multiple fracture [36], low
porosity and low DE and the desirable advantages of
homogeneous flow such as good particle flattening,
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high coating density and high DE value, the impact
conditions for the deposition of MG particles should
be precisely controlled to promote the transition from
the non-Newtonian deposition to Newtonian deposi-
tion. Therefore the impact Re number must exceed
a certain threshold value, which can be identified by
the Weissenberg number (Wi) based on the proper-
ties of the viscous fluids [37]. The Weissenberg number
(Wi) characterises the relationship between the inher-
ent relaxation properties of a viscous fluid and the rate
of deformation to which the viscous fluid is subjected:
Wi =y

Wi is proportional to the shear strain rate (y) and the
characteristic relaxation time () of the MG. When
Wi > 1, the deformation mode is obvious inhomoge-
neous flow, while homogenous flow is expected when
Wi < 10. That is to say, the formation of shear band
and the transition from inhomogeneous flow to homo-
geneous flow can be determined by the criterion of
Wi.

Previous experiments have concluded that this tran-
sition takes place at Wi ~ 10-20. However, studies
by Henao et al. [26,38] revealed that the MG parti-
cle can undergo inhomogeneous flow and/or present
a localised high elastic component because Wi num-
ber is directly related to the shear strain rate and thus
concerned with the impact velocity and mechanical
properties of the substrate material.

Published researches have reached a consensus sug-
gesting that the formation of jet flow is a consequence
of severe plastic deformation of materials flow based
on the adiabatic shear instability for cold-sprayed crys-
talline materials [38]. For crystalline metals, when the
impact velocity is higher than the critical velocity, par-
ticles experience highly localised plastic deformation at
impact onto the substrate due to the high strain rates.
Plasticity is mainly governed by the movement of dis-
locations and the plastic strain energy is dissipated as
heat. The shear localisation caused by thermal soften-
ing leads to the highly deformed interfacial region of
the particle/substrate, which promotes well-bonding.

However, the thermal interaction and rate of cool-
ing of both metallic glass and substrate materials
might cause the changes of the deposition behaviour at
impact.

The deposition mechanism of the jetting is not
well explained in the field of CS - except for a few
works [39,40]. Hassani-Gangaraj et al. [39] simulated
the bonding behaviour of a Cu particle impacting a Cu
substrate at the critical velocity by Lagrangian finite ele-
ment model and Johnson-Cook constitutive equation.
Comparing the material with thermal softening and the
material without thermal softening ability, the results
indicated that adiabatic softening absolutely can affect
the deformation of jet flow, but it was not fundamentally
needed for jetting. The simulation of the deformation
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and pressure distribution at impact indicated that the
contact zone of the particle, flattened from the edge to
the inner part, was highly compressed. The decrease of
the lateral velocity led to the pressure waves detached
from the particle edge. Therefore, materials adjacent to
the high-pressure zone and the free surface released the
pressure and produced a localised tension, forming a
small jet ‘lip” as a consequence of the large pressure gra-
dient caused by the zero pressure of the free surface and
the high pressure of flattened materials. As the pressure
waves and free surface moved in the same direction -
the impact direction, the tension produced was very
large. It took a long time to get this pressure released
and thus caused the acceleration materials in the form
of jets. Simultaneously, the pressure waves spread to the
top zone of the particle, moved in the opposite direction
and got immediately released with high tension. More-
over, the theoretical simulation provided three stage
of jetting formation process, including impact-induced
shock, shock detachment and jet formation based on
pressure release. In addition, they pointed out that it
took just 2.5ns to initiate the jetting ‘lip” on the basis
of pressure releases, much faster than the time for jet
formation based on shear localisation.

Henao et al. [40] pointed out that the Re number
of spraying condition, cooling rate of the MG parti-
cles and thermal-mechanical properties of the substrate
can take an essential effect on the jet formation at
the interfacial particle/substrate surface. By changing
the substrate types and the Re numbers, the exper-
iment results showed that the viscosity of the inter-
facial regime decreased, then activated the viscous
flow and therefore generated the homogeneous defor-
mation at the condition of large Re number, high-
hardness and high-diffusivity substrate materials. With
the increase in Re number, the softening and flatten-
ing phenomena appear more severe and the lateral
viscous flow, namely jet-flow deformation in the con-
tact regime is attributed to the high strain rates and
low viscosity. As mentioned above, the viscous flow
in the interface bonding area is cooperatively gener-
ated by shear thinning and the homogeneous defor-
mation. The high-hardness substrate undergo severe
deformation due to high strain rate and high stress
level and the shear thinning phenomena are caused
by the stress localisation, promoting the viscoplastic
deformation, intimate particle/substrate contact and
DE. However, when the Re number and the hardness
of substrate are too high, the jet flow presented at the
edge of MG particles at impact experiences fracture
and forms small pieces. Because the high strain rates
of the substrate materials and the rapid cooling rates
of the MG particles lead to the very thin deformation
area as a consequence of the drop of particle tempera-
ture. The fracture phenomenon was also explained as
a consequence of hydrodynamic tension state in the jet
flow [39].

Thus, it can be concluded that the formation of jet
flow is essentially a stream of viscous flow with low
viscosity that undergoes squeeze, deformation and ejec-
tion from the particle/substrate interfacial regime.

Deposition parameters

DE is a vital index to evaluate whether or not the coat-
ings building-up is appropriate and efficient. Generally,
DE is affected by plastic deformation which is influ-
enced by the bonding behaviour of particles/substrate,
surface morphology and processing operation. To put
in a nutshell, the parameters can be divided into three
categories—materials characteristics, geometry factors
and process parameters. Here, the detailed subcate-
gories of aforementioned parameters affecting DE in CS
process will be classified and explained.

Materials characteristics

The size, morphology and shape of powders strongly
influence the particle deposition behaviour and conse-
quently affect DE in CS during the spraying process.
Besides, the properties of substrate materials can affect
the strength of bonding behaviour at the interface.

Particle size

The early study of the contribution of well-controlled
particles size to the optimal critical velocity by Schmidt
et al. [41] provided a clear illustration about the rela-
tionship the critical velocity, the impact velocity and
particles size, as showed in Figure 2. Small particles
were able to accelerate to the relatively high speed but
were easy to be hampered by the bow shock effect before
reaching the substrate. The critical velocity showed a
decreasing tendency with the increase of particles size
and reached a steady state. Therefore, the optimum size
range was where the impact velocity was higher than
the critical velocity and particles deposited under the
relatively appropriate impact conditions. Besides, parti-
cle size also influences the mechanical properties, such
as impact toughness and plasticity [42].

Particle shape

Song et al. [43] built the computational fluid mechanics
model to analysis the influence of shape factor on CS
dynamic characteristics. The simulation results indi-
cated that the speed of particles with smaller shape
factor were more easily to reach the propellant gas
velocity due to the relatively larger specific surface area.
Before the shape factor getting to a certain value, par-
ticles deposition rate increased with the rise of shape
factor. Once it reached the peak point, particle velocity
fell to the spherical particle speed. It is worth noting that
improving the carrier gas pressure could remarkably
enhance the deposition rates of spherical powders and
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Figure 2. Optimisation of particles size range according to the
critical velocity and impact velocity [41].

non-spherical powders with larger shape factor. How-
ever, the influence caused by changing the gas pressure
was negligible for the powders which exhibited little
shape factor.

Substrate roughness

The strength of bonding behaviour is partly influenced
by the roughness of substrate materials. The experi-
ment of spraying pure aluminium powders on Al alloy
substrate carried by Samson et al. [44] revealed the
relationship of increasing the roughness and the coat-
ings bonding strength. Three different coarse surfaces
were processed by polishing, shot peening and pulse jet-
ting. The results turned out that increasing the coarse
degree of the substrate improved the adhesion strength
between the coating and the substrate. Moreover, the
residual stress in coatings fabricated by shot peening
process or pulse jetting process was unallowable to be
neglected, which can produce synergistic effect along
with surface morphology and thus enhance the bond-
ing action of coatings.

Geometric factors

Generally, the geometric effects include spraying stand-
off distance, spraying angle and nozzle design. The
detailed influence is elaborated as follows:

Spraying standoff distance

The effect of spraying standoff distance has been inves-
tigated by experiments and numerical simulations. A
theory has been put forward that there is bow shock
wave existing at the gap between spray gun and sub-
strate, which limits the gas velocity and drags particles
during the CS process [45]. Pattison et al. [45] pointed
out that DE was significantly influenced by the stand-
off distance due to the bow shock wave and the rel-
ative velocity of gas and particles (Figure 3). At the
small standoff range, the existence of bow shock lim-
ited the deposition behaviour because of the restricted
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supersonic potential acceleration distance. At the large
standoff range, the shock wave started to disappear.
The deposition performance took place positively if the
velocity of gas still remained above that of particles.
Otherwise, DE dropped down when the gas velocity fell
below the particles speed.

Angles
The influence of spraying angles has been also identified
by experiments and numerical investigation.

The numerical analysis conducted by Yin et al. [46]
indicated that spraying angle largely influenced the
impact velocity and DE. It was found that the impact
velocity slightly increased and the strength of bow
shock gradually weakened by decreasing the impact
angle. Moreover, the growth rate of impact velocity was
ascendant with the decline of spraying angle. In a nut-
shell, DE could fall down when substrate centreline was
oblique to the incident direction of particles.

Binder et al. [47] discovered that coatings were
highly dense and compact with high bonding microstruc-
ture under perpendicular impact conditions. Mean-
while, increasing the deviation from perpendicular
impacts always resulted in decreased contact to the sub-
strate surface and DE subsequently. Nevertheless, the
result showed that deviations from ideal, perpendicu-
lar collision remained in a small range ( < 20°), thus the
deformation characteristics and deposition behaviour
of coatings were quite close to ideal specimen, which
could be accordant to a large quantity of applicants.

Design

The nozzle design used in CS affects the powers because
the velocity of particles largely depends on the super-
sonic flow passing through the converging-diverging
nozzle [48,49]. In general, there is a maximum Mach
number, which is independent of the operating pressure
or temperature and is restricted to nozzle geometry. Lee
et al. [49] studied the effect of three differential noz-
zle geometries on flow characteristics. When the Mach
number was low, which meant the nozzle was under-
expanded, there was high pressure inside the nozzle.
Thus the nozzle should have been further expanded in
order to restrain the pressure and therefore to enhance
the velocity on the outlet. Otherwise, if the nozzle
was over-expanded, the pressure inside the nozzle was
low, which caused separated or reversed flow inside.
Under the circumstance, the nozzle should have been
less expanded to avoid ambient air penetrating into the
nozzle.

In short, nozzles should be designed to yield a nozzle
exit condition that exit pressure is equal to surround-
ing pressure in order to make up for the loss caused by
shock waves and shear interactions. Although operat-
ing temperature and pressure both have an influence on
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Figure 3. Schlieren images of the bow shock at different standoff distances (nitrogen, 30 MPa, 20°C) [45].

the exit pressure it takes fewer effects on the exit pres-
sure by adjusting the temperature. Changing the tem-
perature, on the other hand, is influential in modifying
the velocity at the outlet.

Process parameters

During the spraying process in CS, there is a vital fac-
tor - spraying velocity, which decides whether or not
coatings deposit on the substrate efficiently. Only the
particle velocity reaches the critical velocity are pow-
ders capable of forming coatings on the substrate. It
is usually considered that the existence of bow shock
hampers the flow movement and reduces the particle
velocity, and thus hinders the formation of coatings. On
the other hand, bow shock can promote gas densifica-
tion as well as the dragging force, which is in favour of
coating formation. The critical velocity mainly depends
on carrier gas type, pressure and temperature and rela-
tive moving speed of the particle/substrate. Improving
all above parameters can increase the particle veloc-
ity, meanwhile, particles are more likely to deform and
deposit when heating up.

Gas type

The commonly used carrier gases are nitrogen, argon
or both of the two and compressed air. Compared with
nitrogen, it has been found that argon has larger vis-
cosity and dynamic output that could drag particles,
pointed out in the collected data (Table 1) by Prisco
[50]. Besides, the specific heat coefficient is different for
various gas types and the coefficient of argon is larger

Table 1. Sutherland’s constant and reference values for some
gases commonly used in CGDS [50].

CIK] Trer [K] Href [UPas]
Air 120 291.15 18.27
Nitrogen m 300.55 17.81
Helium 99 273 19
Argon 135 300 229

than that of nitrogen, which means argon has larger
velocity leading to the higher speed of dragged parti-
cles under the identical nozzle geometry structure and
spraying conditions.

Temperature

Yoon et al. [51] also investigated the effect of gas tem-
perature on the porosity, which is another index related
to DE values. The results stated that improving gas tem-
perature can remarkably reduce the porosity of coat-
ings because the supersonic flow in the converging-
diverging nozzle led to the acceleration of particles.
Meanwhile, particles with thermal energy and kinetic
energy impacted on the substrate surface due to the heat
exchange between gas flow and particles in the flight.
Thus particles could take fully deformation and effec-
tively bond with substrate materials. Moreover, sub-
sequent deposition particles can undergo valid plastic
deformation and produce a strong tamping effect on
the already deposited particles. Finally, the porosity of
coatings decreased and DE value improved. In addi-
tion, various temperatures have an influence on the
thickness of coatings. The deposition of 304 stainless



steel particles on interstitial-free steel surface was stud-
ied by Meng et al. [52]. Increasing gas temperature
led to reduce the coating porosity from 6% =+ 0.5% at
450°C to 2% £ 0.3% at 550°C and enhanced the cohe-
sive strength of the coatings from 56 4= 4 MPa at 450°C
to 73 &3 MPa at 550°C. However, the higher process
temperature raised the requirements for the equipment
and increased the economic costs. Moreover, if the tem-
perature was too high, powders with low melting point
stuck on the inwall and outlet of spraying gun and
subsequently DE value fell down.

Pressure

A study testified the effect of gas temperature and pres-
sure on Al-based amorphous alloy powders depositing
on the aluminium alloy, whose conclusion was accor-
dant with aforementioned results. However, it played
the secondary effect on improving the kinetic energy.
The results showed that DE value was the highest for
larger gas pressure and temperature among eight con-
trast tests. However, Lioma et al. [53] indicated that the
effect of increasing the temperature was minimal if the
deposition materials contained hard phase. Conversely,
rising the temperature played an important role.

Preparation of metallic glass coatings by CS
Types of metallic glass

MGs have become the research emphasis among inter-
national materials science since the 1990s [7]. In
structure, MGs, with the atomic distribution feature
of long-range disorder and medium-range order, avoid
the existence of lattice defects, such as grain bound-
ary and dislocation. As for crystals, compressive stress
redistributes under a press force leading to the uniform
deformation because of the existence of defects. Thus
MGs, without such defects, undergo localisation shear
instability, strain softening and sudden failure under a
press force. In component, MGs exhibit a great num-
ber of unique traits including multiple constituents,
element distribution uniformity, isotropy and no con-
stituent segregation or enrichment. With respect to per-
formance, MGs show high strength, elastic modulus
and prevent itself from intercrystalline corrosion and
stress cracking, but poor plasticity and high friability

Table 2. Features and application of several systems.
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compared with the commonly used crystalline materi-
als. Therefore, MGs along with such unique advantages
are widely used in many fields. Currently, the metal-
lic glass coating systems mainly include Fe-based, Al-
based, Ni-based, Cu-based as well as part Zr-based. Few
differential characteristics and applications of coatings
are illustrated as Table 2.

Metallic glass coatings by CS process

Owing to the solid-deposition and low-temperature
feature exhibited in the CS process, amorphous alloy
coatings fabricated by this technology can effec-
tively reduce porosity and restrain crystallisation phe-
nomenon, which heavily occurs in thermal spraying.
Thus the mechanical performance of coatings such as
microhardness, wear resistance, corrosion resistance
and others can be greatly improved.

Fe-based MGCs

Fe-based MGCs, with unique soft magnetic property,
wear resistance, corrosion resistance, strong GFA and
low economic cost, are reckoned as the most prospec-
tive surface protection materials in the field of engi-
neering and environment [54,66-69]. At the first stage,
the exploration of Fe-based MGCs was fundamen-
tal researches and the amorphisation degree was rel-
atively low. Ajdelsztajn et al. [70] successfully pro-
duced Fe-Cr-Mo-W-C-Mn-Si-Zr-B MGCs on the
aluminium alloy substrate by CS technology, whose
integrity was remarkable; porosity was ultralow along
with nominal microcracks. The microhardness value
of coating was 639+ 16 HV3, about 12-fold over
the substrate. However, the amorphisation degree was
mediocre as a part of particles were not completely
amorphous. The thickness of coating was only approx-
imately 0.2 mm, which may not meet the complex con-
ditions such as long-term service or corrosive envi-
ronment. At the interface of coating/substrate, it was
observed that the undeformed particles embedding
into substrate body as showed in Figure 4 and this phe-
nomenon paved the path for hard particles embedding,
depositing and forming hard coatings on the soft sub-
strate, while some weak bonds and fractures influenced
the adhesion strength of coating/substrate. Afterwards

System Features Application Ref.

Fe-based Enhanced hardness, high crystallisation temperature, Hydraulic machinery, power plants, coastal installations [54-57]
excellent corrosion and wear resistance, strong glass
forming ability, low cost

Al-based High strength to weight ratio, strong corrosion resistance, Aircraft and automobile industries, Environment [58-60]
densified structure protections, sacrifice anode protection

Ni-based Ultrahigh strength, high thermal stability, excellent Fuel cell environments, glass industries, nuclear fuel [61,62]
corrosion resistance, high process cost reprocessing

Cu-based Good nanoscale wear resistance, unique mechanical Micro-electro-mechanical devices, turbine blades [63]
property

Zr-based High fracture toughness, unique ductility, high hardness Nuclear waste retexture equipment, repair or replacement [64,65]

and density, ultrahigh corrosion resistance

of body tissue, bearings
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Figure 4. Backscattered electron image of the interface
between the coating and the substrate [70].

several researches of CS Fe-based MGCs were carried
on. The performance parameters such as component,
porosity, DE as well as hardness are summarised in
Table 3.

With the improvement of technology and the expan-
sion of coatings in the industry protection field,
researchers took a forward step to test the wear resis-
tance and corrosion resistance of Fe-based MGCs. Yoon
et al. [73] prepared Fegs3C7,0Si3.5B50P96Cr1Mosg
Al (at.-%) coating on the surface of low-carbon steel.
The average microhardness of the coating reached 820
HVy.1, which was remarkably higher than that of gen-
eral bearing steel and SBS bearing sample. With respect
to the tribology behaviour by the pin-on-disc method at
room temperature, the friction coeflicient of the exper-
imental sample was lower than that of general bearing
steels and higher than that of SBS bearing. Figure 5
shows weight loss and the morphology of the tracks. It
is found that coating surface experienced strong plas-
tic deformation together with grooves and debris and
no obvious cracks, which manifested that the main
wear mechanism were abrasive wear and adhesive wear.
The result also turned out that cold-sprayed coating
exhibited better tribology performance than thermal
sprayed ones. With the unique hardness and wear resis-
tance [74,75], Fe-based MGCs exhibit similarities with
polycrystalline Diamond [76].

With regard to the corrosion behaviour of Fe-based
MGCs, Choi et al. [77] fabricated Fegg ¢C7.1Si3.3B5.5P3 7
Cry3AlL oMoy 5 (at.-%) coatings by plasma thermal
spraying and CS and discussed the corrosion mech-
anism in 3.5wt-% NaCl solution. Compared with

thermal spray coatings, the high pitting potentials of
cold spray coatings in potentiodynamic polarisation
curves indicated highly localised corrosion potential
(Figure 6). Generally accepted corrosion mechanism is
that corrosion behaviour often initiates in pore surfaces
and inter-splat boundaries where chemical component
and phase structure distribution are heterogeneous.
Owing to the low-temperature feature, the proportion
of amorphous phase in cold spray coating was higher
and the mirco-defects and grain boundaries, acting as
the potential nucleation sites, were largely decreased
causing the corrosion current shrank. Moreover, the
corrosion test of partial crystalisation, whole amorphi-
sation and whole crystalisation further testified micro-
pores and amorphisation degree.

Al-based MGCs

With the lightweight tendency of aerospace and trans-
portation, the demand for low-density, high-strength
materials are increasingly putting on the agenda and
getting much attention from the scientific community.
Al-based MGCs, a nascent material system as a substi-
tute of commonly used Al-alloys, exhibit high strength
to weight ratio, low density, low-temperature depo-
sition as well as improved wear and corrosion resis-
tance. Unfortunately, the general deficiency of Al-based
MGQC:s is relatively low GFA and likely to be oxidised
by oxygen in the atmosphere. To date, many achieve-
ments have been made to enhance the performance of
Al-based MGCs in various aspects.

Then many efforts have been taken to explore the
composition design because of the ability of glass for-
mation and the influence of phase structure. Gener-
ally, the systems of Al-based MGCs contain of ternary
elements in the form like Al-TM-RE, where TM is
a transition element (i.g. Ni, Co or Fe) coupled with
the function of accelerating the atomic packing pro-
cession while RE is a rare earth element (i.g. La, Ce,
Gd or Y) in order to contribute to glass formation. As
respect to the cold-sprayed Al-based system, it includes
Al-Co-Ce [60,78] Al-Ni-Ce [79], Al-Y-Ni-Co-Sc
[80], Al-Ni-Y-Co-La [81].

Like the research development of Fe-based MGCs,
the studies of Al-based MGCs began from the com-
position design and structure characterisation, such as
the amorphous fraction, porosity and hardness, then
came to the performance test like wear and corrosion
behaviour. After the first study of the localised corro-
sion behaviour by adjusting component with the amor-
phous Al-Co-Ce system [60], the system of AI-Ni-Ce

Table 3. Performance parameters of Fe-based amorphous alloy coatings prepared by CS.

Year Materials system Porosity DE Amorphous degree Microhardness Ref.
2009 FE73.5CU1 Nb3Si13.539 - - - - [71]
2012 Fe44C06Cr15 M014C15 35 2.5% > 70% > 98% 1100 HVO'3 [43]
2015 FE73CI’25i11 B1 1 C3 <0.5% 84% - 820 HVO'3 [28,72]
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Figure 6. The potentiodynamic polarisation curves of coatings
in the 3.5% NaCl solution [77].

amorphous alloys powders were sprayed under the gas
pressure of 17 bars and the gas temperature of 450°C
[79]. The microhardness of MGCs was 300 += 20 HVy 1,
which was higher than that of the conventional Al
alloys. At the same time, the tensile bond strength,
24+ 5MPa, was stronger than that of Al6061 cold-
sprayed coatings under the coincident test. The results
of XRD analysis implied that the phase structure and
amorphous nature between sprayed coatings and raw
powders had little variation, indicating the cold spray
technology did not neither input much thermal energy

to coatings nor influence the characteristic of coatings.
However, the results of XRD patterns were not very
optimistic as few crystal peaks existed and the amor-
phous fraction was not obvious. Additionally, cold-
sprayed Al-Ni-Ce MGCs appeared effectively resistant
to chlorine ions invasion and protect the substrate from
corrosion.

To keep Al6061 alloys from wear and corrosion,
Lahiri et al. [80] synthesised A190_05Y4.4Ni4.3C00.9SCO.35
MGCs using CS technology and improved the wear and
corrosion resistance. By adopting appropriate spraying
conditions of 400°C preheated nitrogen and 3.8 MPa
pressure, the coating obtained a dense-packed struc-
ture with the porosity of 2%, but the glassy degree did
not appear to be impressive as few broad AI-FCC peaks
existed. The morphology of sprayed coatings indicated
that particles undergone complete deformation and
bonded well. Moreover, the high magnification micro-
graph of coating revealed the flattening and elongation
of particles forming splat structure, and depending on
empirical relationship for making sure of the plastic
strain of the starting powders proposed by Papyrin, the
strain turned out to be around 0.57, which meant a
significant amount of plastic deformation in virtue of
a few proportion of crystalline part. Combining with
XRD patterns, differential scanning calorimeter (DSC)
plot along with two crystallisation peaks indicated that
amorphous component took the prominent part in
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sprayed coatings. As for the tribological performance,
Al-based MGCs showed 600% improvement of wear
resistance whose worn surface was much smoother and
free of plowing and cracks compared with the substrate
that suffered severe damage and plowing was obviously
observed. Besides, potentiodynamic tests of Al-based
MGC:s in various NaCl concentration showed 5 times
corrosion resistance than the substrate owing to the
amorphous characteristics and the formation of passive
oxide layer Al,Os.

As mentioned above, the wear and corrosion per-
formance of MGCs largely depends on the amorphous
phase percentage. Therefore, Henao et al. [81] made
great efforts to decrease the porosity and the crystalline
volume fractions in order to enlarge the space of tri-
bology and corrosion resistance. By adjusting the spray-
ing parameters, the thickness, porosity and hardness of
coatings were positively related to gas temperature, gas
pressure and standoft distance because higher defor-
mation of the impacting particles resulted in better
interparticle bonding and porosity collapse under the
tamping effect. The percentages of amorphous phase
reached 81%. With regard to the wear performance,
the worn loss of Al-based MGCs was less than that of
Al-alloy substrate on the normal load and increased
when the load added. Interestingly, coefficient of fric-
tion (COF) of coatings applied various loads exhibited
the identical rapid raise to the top in the initial running-
up period because of the presence of a high mean
contact pressure during the beginning stage of slid-
ing. With the phenomenon that more extensive abrasive
grooving occurs and the amount of particle debris aug-
mented when normal load increased, it was obviously
clarified that wear mechanism of Al-based MGCs was
abrasive grooving alongside with small fraction of sur-
face splat delamination. As temperature is an essential
and sensitive factor to MGCs, especially flash temper-
ature which represents the local surface temperature
at contacting asperities exceeding both average surface
temperature and surrounding temperature, it should be
considered whether flash temperature influenced the
sliding results. From the high plastic deformation and
oxidation analysed on the wear tracks, it indicated the
existence of localised flash temperatures. However, no
signs of adhesive waves and molten zones were founded
suggesting that flash temperature or average surface
temperature had little influence to sliding contact sur-
face. From the potentiodynamic polarisation results,
the initiative potential for passive region and transpas-
sive dissolution of Al-based MGCs was higher than that
of Al alloys substrate. Moreover, the change of current
density between positive and negative scans was much
bound up with the stability of the formed passive film,
which meant if hysteresis loop was smaller the stability
of passive film was better. In fact, the passivation layer
stability of MGCs was much excellent than that of alloys
as the hysteresis loop was minor.

Ni-based MGCs

In respect of Ni-based MGCs, the research group
led by Sanghoon Yoon had a number of publications
about NiTiZrSiSn MGCs depending on CS process
[27,82-85]. Compared with spraying methods such
as vacuum plasma spraying and high-velocity oxyfuel
(HVOF) spraying, the advantages of CS technology
including less heat input is used to analyse amorphous
phase evolution and oxidisation behaviour of coatings
[82]. The effect of thermal energy and kinetic energy
was considered as the internal and significant factor.
The degree of amorphous phase transformation and
oxidisation in CS process was lower than that in HVOF
spraying.

Furthermore, they studied how process gas types
and additional powder heating influenced the coat-
ings characteristic and individual particle deformation
performance [27,83]. By changing the propellant gas
type from nitrogen to helium can markedly improve
DE value, in accordance with the aforementioned con-
clusion. Interestingly, splats were formed when parti-
cles impacted the substrate and released the energy
during the severe localised deformation. With higher
dragging force of helium and larger additional powder
heating, the ratio of splat to crater was increased and
the mechanical properties including bond strength and
microhardness were improved.

The tests of tribological behaviour and corrosion
performance of Ni-based MGCs were carried out.
Compared with partially crystallised samples and fully
crystallised samples, amorphous alloy coatings indi-
cated better wear resistance with lower scratch fric-
tion coefficient and worn-out cross-sectional area
at the applied normal loads ranging from 10 to
190N ([83,84]. After scratched at the normal load,
the worn surface of amorphous coatings contained
groove with transverse cracks and deformed mate-
rial pile-up along the path borderline. That indi-
cated Ni-based MGCs possessed both ductile and
brittle characteristic features during the wear test
attributing to the non-uniform distribution of contact
pressure and inherently low ductility of the metal-
lic glass. For the partially crystallised samples, the
deformed pile-up phenomenon was severe and the
dropped particles acted as grains and caused obvi-
ous furrows. On the other hand, severe fracture and
spallation were observed for fully crystallised coat-
ing as both the fracture strength and fracture strain
descended after crystallisation for amorphous mate-
rials. In conclusion, amorphous coatings showed bet-
ter wear resistance than either partially crystallised
ones or fully crystallised ones. Wang et al. [85] com-
pared the corrosion behaviour of NisgZroTij6Si;Sn;3
and Nis3NbyTij0ZrgCosCus obtained by HVOF tech-
nology and fully amorphous Nis3NbyTijgZrsCosCus
sprayed by CS method. It was showed that fully amor-
phous alloy coatings deposited by CS technology had



an inferior corrosion resistance than those of partially
MGCs.

Cu-based MGCs

Except the studies of Ni-based MGCs, the group includ-
ing Sanghoon Yoon [13] further investigated CuNiTiZr
bulk metallic glass coating, more narrowly, the strain-
enhanced nanocrystallisation of this kind of amor-
phous coatings. By increasing the gas pressure and
the resultant in-flight particle velocity, the amorphous
hump shrank gradually and the enthalpy during the
exothermic reaction calculated from heat flow as func-
tion of temperature declined slightly, indicating the
increase of fraction of crystallisation. Except for the
study of low-velocity sprayed coatings, individual par-
ticles underwent severe plastic deformation under high
strain rate and high gas speed. The increase of the par-
ticle impact speed led to produce higher strain and heat
energy that dispersed at a larger area of amorphous
phase and the resultant enhanced crystallisation degree.

To limit the nucleation kinetics for the under-cooled
liquid and consequent less crystallisation degree, it is
important to widen the process regimes for lower cool-
ing rates. For the past few decades, specialists discov-
ered several disciplines about how to design the alloy
components, including the types of element, amount
of components and size differences among atoms, to
decrease nucleation kinetics and thus improve the GFA.
One of the most classical and adopted empirical laws
was to design three or even more components of amor-
phous alloys. Then great efforts were spent to develop
new multiple component system. However, despite the
common metallic glass systems along with multiple
components, binary and ternary component could also
form amorphous alloys, such as CusgZrsy [86] and
CU5oTizoNi30 [87].

List et al. [86] studied the deformation behaviour
of single particles and sequent coating formation with
component of amorphous Cus¢Zrso by varying the CS
process parameters to discover the appropriate deposit
conditions. Besides, the relationship between deposi-
tion behaviour and impact temperature was calculated
and illustrated. The rise of gas temperature was able
to directly transfer into a higher particle impact veloc-
ity. With different deposit conditions, the single impact
morphology could be classified into four categories,
which were no bonding, weak bonding, good bond-
ing and viscous flow. It was considered that the former
two had less possibility to form coatings well because
of the insufficient deformation while the latter two
were expected to contribute cold-sprayed valid deposi-
tion. This was testified that well-bonded particles were
much more remained than other bonding type parti-
cles after suffering cavitation attack. As for the coatings
properties, the hardness of coatings deposited at 800°C
gas temperature was 30% higher than that of coatings
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sprayed at 600°C, while the cohesive strength of the for-
mer was as half as the latter. The author also pointed out
that the cost of depositing MGCs or parts was likely 2-5
less than that of bulk MGCs.

Besides the various applications in the engineer-
ing industry, Cu-based MGCs can also function as
biomedical materials, such as antibacterial protective
coatings taking advantage of unique corrosion resis-
tance [87]. El-Eskandrany and Al-Azmi utilised metal-
lic glassy CusoTiyNizg which employed as feedstock
materials to prepare antibacterial coating on the sur-
face of SUS 304 substrate by CS process [87]. Using
the nanoindentation test with a load of 400 mN, metal-
lic glassy CusoTixNizp coating possessed extraordi-
nary high-hardness value about 3.1 £ 0.1 GPa and the
value of Young’s modulus varied between 97 GPa and
111 GPa, which suggested the uniformity and homo-
geneity in structure and elemental composition of the
cold-sprayed CusoTizNizg MGCs. Moreover, the COF
value of CusgTiygNizg MGCs was 0.45, much lower
than that of the substrate around 0.83. Especially, the
microbiological testing studied the inhibitory effect of
coated substrate against E. coli biofilm formation incu-
bated for different times. The substrate coated with
CusTizoNizg MGCs remarkably and effectively inhib-
ited colony formation of E. coli. Furthermore, the exis-
tence of certain amount of Cu and Ti enhanced the
antimicrobial effect of Ni. Therefore, it provided a
viable possibility and promising future to inhibit colony
formation by coating with CusqTizoNizp MGCs.

Zr-based MGCs

As for Zr-based metallic glass alloys, bulk ones had
been paid more attention than coatings in plenty
of researches owing to its unique biocompatibility
and practicability in biomedical application [88,89].
Up to now, a large proportion of Zr-based MGCs
was produced by copper mould casting [88,90,91],
very little was obtained though CS technology. How-
ever, Kang et al. [92] added 5% weight fraction of
ZrCuAINiTi MG powders, which were functioned as
reinforcement particles, into copper matrix and sub-
sequently fabricate ZrCuAINiTi/Cu composite coating.
The microstructure showed that reinforcements spread
relatively evenly and reduced the porosity of deposits,
lower than 0.1%.. But little interaction between rein-
forcement particles and the matrix resulted in relatively
weak bond strength. Comparing the XRD patterns
between mixed powders and as-sprayed composite
coatings that were suffered heat treatment at 200, 300
and 500°C, it shows that the phase of ZrCuAINiTi/Cu
composite coating perserved amorphous whether at
the CS condition or suffering heat treating below
300°C.The relationship between microhardness and
heat treatment temperature of Zr-based MG particles
expressed that particles microhardness remained con-
stant about 500 HV when the temperature was below
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400°C, while there was sharp increase from 500 HV to
620 HV at 450°C attributed to the recovery of shear
bands and crystallisation.

As is known, it could enhance the bonding strength
between pure copper particles through the hammer-
ing effect by adding a proportion of ZrCuAINiTi MG
powders. Moreover, the mechanical strength including
tensile strength, yield strength and Young’s modulus of
composite coating with metallic glass particles added
were better than that of pure copper coating because it
was able to enhance the density of dislocation following
the strength improved. Then the results of friction tests
indicated that ZrCuAINiTi/Cu composite coating pre-
sented less COF and wear rates than whether pure cop-
per coating or composite coating annealing at 300°C,
which meant higher wear resistance. Besides, ZrCuAl-
NiTi MG appeared lower wear rate than conventional
ceramic reinforced cold-sprayed composite like Al,Os.
The worn surface analysis showed that the addition of
MG particles shrank the contact area between the cop-
per surface and counterpart and restrained the defor-
mation of the composite.

Conclusion and outlooks

CS has a large potential in fabricating various types
of MGCs. It is expected to become a supplementary
production technology to thermal spraying attributing
to its low energy consumption, no oxidation or phase
transformation. Adiabatic shear instability, an exist-
ing and developing bonding theory of CS, is mostly
accepted by researchers via metallurgical bonding and
mechanical bonding. Adjusting appropriate deposi-
tion parameters (including geometric factors, mate-
rials characteristics and processing parameters) is a
significant aspect for good quality of coatings. With
a further study of amorphous alloy coatings and the
advancement of CS equipment, an increasing number
of cold-sprayed MGCs (including Fe-based, Al-based,
NI-based, Cu-based, Zr-based, etc.) is getting more
attention. While CS technology has obtained much suc-
cess both in R&D test and commercial productions,
there is still some limitations of CS system, spraying
process and MGCs, including:

(1) With the larger dragging force ability than nitro-
gen used, helium is often utilised as propulsion
gas. Meanwhile, it is expensive due to its scarcity
and technical difficulties of recycled utilisation.
Therefore, it should be put on agenda that design-
ing a high-efficient and commercialised gas—solid
separation and recycling device.

(2) The fixture of most CS devices stays static or rotates
around a central axis but the operating spray gun
is fixed resulting in the waste of materials and sin-
gle function. Thus, the combination of CS with

other multifunctional mechanical equipment to
fabricate multi-dimensional free-form materials.

(3) The bonding mechanism for cold-sprayed MG
materials is not based on adiabatic shear instabil-
ities, but is closely related to Re value at impact,
which is influenced by the impact velocity and the
flow viscosity. The high DE is based on the homo-
geneous deformation mechanism and the viscous
flow of the MG particle is cooperatively promoted
by shear thinning and Newtonian flow.

(4) It is really hard to obtain complete amorphous
MGs. Therefore, too many efforts should be taken
to improve the amorphisation degree of existing
amorphous materials. Moreover, exploring new
material systems or new types of components with
higher MGF is necessary to meet various needs.

(5) Asdemonstrated before, the porosity of coatings is
directly related to the quality when served in a dif-
ferent environment. The less porosity is, the better
performance will be.

(6) The performance testing of Fe-based, Al-based,
Ni-based, Cu-based, Zr-based MGCs is not sys-
tematic. Besides, there is no standard to judge the
feasibility of coatings. The comprehensive proper-
ties, such as wear tests and corrosion tests, should
be simulated under actual working conditions
where materials practically served.
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