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A B S T R A C T   

Arc plasma sprayed thin films and coatings exhibit excellent mechanical properties for anti-corrosion, anti-wear, 
anti-radiation, thermal isolation, and heat conduction applications. These coatings have been used in metallic 
parts of aircraft engines, automobile engines, gas turbine engines, diesel engines, nuclear power equipment, and 
oil refining equipment. The microstructures and properties of the deposited coatings change with plasma spray 
processing parameters. In general, depositing of coatings through plasma spraying involves different types of 
material flow and atomization. Under constant feed rates of metallic or ceramic powders, various spraying 
distances are employed to deposit the coating. Therefore, the heating history, motion, and phase transformation 
of the powder in the plasma jet during plasma spraying have been extensively studied. This paper reviews the 
current state of plasma spray technology for the production of coatings and presents multiphase flows and heat 
transfer mechanisms from powders to the coating. Progresses in novel atmospheric micro plasma spraying and 
long laminar plasma spraying technology are shown, low-pressure supersonic plasma-induced physical vapor 
deposition of quasi-columnar ceramic coatings is also presented. The shadowing effect, flash vaporization, 
breakup, and atomization of in-flight droplets at a chamber pressure of 200 Pa, and maximum distance of 2200 
mm were clarified. Finally, the remaining unresolved issues are discussed, and a future outlook on plasma 
spraying technology is presented.   

1. Introduction 

1.1. History and recent developments on arc plasma spraying 

The production of coatings through plasma spraying allows modifi
cation of the surface properties of parts or components commonly used 
in aircraft engines, automobile engines, gas turbine engines, nuclear 
power equipment, and oil refining equipment. These surface modifica
tions are indispensable to ensure that metallic parts can work reliably 
even under extreme operating conditions, such as highly corrosive en
vironments, wear environments, and high-temperature settings. With 
the development of plasma spraying technology, worn parts can be 
repaired and rebuilt to their original dimensions to extend their 

component life. This technology is particularly useful for the recon
struction of materials for military and aerospace applications. 
Commonly, the coating is in the form of powders, ceramic rods, and 
wires. Besides, transferred arc plasma-weld overlays have also been used 
as a coating technology (Fig. 1-a to 1-c) [1]. 

For arc plasma spraying using powders (Fig. 1-d to 1-g), coatings are 
formed through the successive impingement of molten droplets and/or 
semi-molten particles, followed by flattening, rapid cooling, and solid
ification on the prepared substrate [2]. The coatings usually exhibit a 
lamellar microstructure with some micropores or globular pores, an 
interlamellar unbonded interface, and vertical cracks at the 
cross-sections [3,4]. The intersplat unbonded interfaces primarily affect 
properties of the coatings, such as thermal conductivity, electrical con
ductivity, Young’s modulus, cohesive strength, and fracture toughness 
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[5]. Therefore, the original particle size of the feed powder, method of 
injection, in-flight particle velocity and temperature, and interaction 
between the particles and plasma plume at a given distance, which affect 
the microstructure of the products, determine the properties of the 
coatings synthesized through multi spraying. Plasma spraying method
ologies such as suspension plasma spraying technology (SPS), atmo
spheric micro plasma spraying technology (AMPS), and atmospheric 
laminar plasma spraying technology (ALPS), in which suspension 
powder, novel hollow cathodes, and ultralong plasma jets are used, 
respectively, have been designed considering the processing and mate
rial property relations. 

Different applications require different material performances, 
properties, and microstructures [6]. For example, yttria-stabilized zir
conia (YSZ) has been widely used as a top coating for thermal barrier 
coatings and as an electrolyte layer in solid oxide fuel cells (SOFCs) [7]. 
When it is used as a thermal barrier coating, the formation of abundant 
pores within the material is often desired to decrease the thermal con
ductivity and improve the thermal barrier effect in YSZ. In contrast, 
when used as an electrolyte for SOFCs, the YSZ coating must be suffi
ciently dense to achieve high gas tightness and high ionic conductivity 
[2,8]. Coatings based on a mixture of Mo (melting point: 2620 ◦C) and 
its oxides are widely used in industrial applications owing to their 
excellent wear resistance. Moreover, molybdenum oxide, which has 
high hardness, can serve as a solid lubricant to reduce the coefficient of 
friction between components during the wear test [9]. These Mo-based 
mixtures are produced by the oxidation of in-flight pure Mo particles 
during spray processing. By changing the spraying parameters, 
Mo-based coatings with different microstructures can be obtained. 

Nevertheless, the oxidation of metallic coatings can be observed 
throughout the atmospheric plasma spraying process. As such, a low 
pressure (10 4–105 Pa) plasma spraying method (LPPS) was proposed for 
the large-scale deposition of metallic coatings, such as Al, Cu, Ti, and Ni- 
based alloys. Based on LPPS technology, a very low-pressure (50–200 
Pa) plasma-induced physical vapor deposition (PS-PVD) technology 
using a high-input powder plasma torch was employed to produce 
ceramic coatings with a unique quasi-columnar structure (Fig. 1-t to 1- 
w). 

1.2. Fundamentals, equipment, and operating parameters of the arc 
plasma torches 

An electric arc with a temperature of the order of 104 K can be 
transferred to a workpiece through arc additive manufacturing, arc 
welding (Fig. 2-a), and plasma cutting, or deposited on the surface 
through plasma spraying. A plasma spray system contains different 
subsystems. The core part is a plasma torch (or plasma gun) that gen
erates a high-energy plasma plume in either an atmospheric or a 
reduced-pressure environment. In a direct-current nontransferred arc 

plasma torch, an electric arc is generated between the conical cathode 
and anode nozzle (Fig. 2-b, 2-c) [34]. The cathode and anode are typi
cally placed in a linear scheme. Hence, the heat transfer and flow 
characteristics of the arc are determined by the channel structure of the 
torch, composition of the working gas and its flow rate, input current, 
and internal surface roughness of the electrodes. 

Typically, the plasma torch for the APS process is operated at an 
output power ranging from 25 to 150 kW and a higher gas flow rate 
(usually ≥30 SLPM) than those of arc welding torches [21,22]. At at
mospheric pressure, entrainment from the surrounding air to the plasma 
jet occurs immediately, which reduces the length of the plasma jet 
(≤250 mm) owing to the formation of eddies, swirls, and other flow 
instabilities [23–25,46]. 

A supersonic plasma spray torch was designed using a Laval-type 
nozzle (Fig. 2-d) instead of a conventional cylindrical nozzle as the 
anode. The torch was composed of a convergent inlet, a narrow throat, 
and a divergent outlet. The Laval nozzle can change the flow charac
teristics from subsonic to supersonic by modifying the nozzle area and, 
in turn, the flow speed. An internal feedstock injection mode is typically 
employed to provide more favorable conditions for particle melting and 
acceleration during plasma spraying. 

The arc voltages of the plasma torches are typically quite low, indi
cating that the electrical conductivity of the arc column and the corre
sponding number density of the plasma species are also lower (Table 1). 
For pure Ar, mixed Ar/H2, and Ar/He/H2 plasma gases, the plasma 
temperature increases with increasing plasma number density (Fig. 3) 
[10,26]. Therefore, the design of the conventional plasma torch was 
optimized to extend the arc column by limiting the arc axial movement 
using a forced constricted-type torch channel. Plasma torches using the 
optimized design show increased arc voltages. 

Forced constricted structures are used as auxiliary electrodes be
tween the cathode and the anode. Auxiliary electrodes, which are also 
called neutrodes or interelectrodes, are used with or without insulation, 
depending on the application requirements [31,36]. To date, commer
cial plasma torches with a cascaded anode, such as Triplex, Mettech 
Axial III, C + Plasma, HE100, and Plazjet, have been presented [35,36]. 
Using a cascaded structure, the enthalpy of the plasma jet can be 
increased without the using of molecular gas (i.g., H2) in some cases 
(Fig. 2-e) [31]. The triplex plasma torch was developed at the University 
of the German Armed Forces in Munich (Germany) and commercialized 
by Sulzer Metco [31]. As shown in Fig. 2-f, three different arcs were 
generated by the three cathodes, which produced fixed arc attachment 
positions on the anode surface. 

When these insulated electrodes were assembled with injections of 
vortex gas flow at the torch cross-sections, a laminar plasma jet with 
high thermal efficiency was designed for material processing (Fig. 2-f) 
[32]. Vortex gas flows can stabilize the plasma column inside a torch 
channel [32,37]. Moreover, an advanced cascaded arc plasma torch was 

Abbreviations 

APS Atmospheric Plasma Spraying 
ALPS Atmospheric Laminar Plasma Spray 
AMPS Atmospheric Micro-Plasma Spray 
BUAA Beihang University 
EBSD Electron Back - Scattered Diffraction 
GZO gadolinium zirconate 
LCO La2Ce2O7 
LTE Local Thermodynamic Equilibrium 
LPPS Low Pressure Plasma Spray 
LZO La2Zr2O7 
MHD Magneto Hydrodynamic 
OES Optical Emission Spectroscopy 

Oh Ohnesorge Number 
PS - PVD Plasma Spray - Physical Vapor Deposition 
Pr Prandtl Number 
SD Spraying Distance 
STDEV Standard Deviation 
Sh Sherwood Number 
SLPM Standard Liter Per Minute 
SPS Suspension Plasma Spraying 
NCE Non-Chemically Equilibrium 
NEC Net Emission Coefficient 
Nu Nusselt Number 
We Weber Number 
XJTU Xi’an Jiaotong University 
YSZ Yttria-Stabilized Zirconia  
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designed and manufactured for plasma spraying and powder processing 
to precisely control plasma spray parameters, such as particle dwell time 
(flight time), particle temperature, and velocity, and to obtain a more 
stable plasma flow [33]. Plasma-sprayed coatings and powders pro
duced through this highly reproducible methodology exhibit excellent 
properties and good homogeneity. In addition, When a trumpet-like 
anode was employed with auxiliary electrodes (Fig. 2-f), a long 
laminar plasma jet can be formed in the atmospheric environment [20, 
34]. 

Fig. 3-a and 3-b show the input current, arc voltage, and gas flow rate 
of some commercially available plasma spray torches. Currently, most 
plasma torches operate at high input currents and low arc voltages. In 

atmospheric environments, the first ionization of argon gas is Ar; the 
numerical density of Ar species, such as Ar+, Ar++, and Ar+++ varied 
significantly with increasing temperature (Fig. 3-c and 3-d). However, it 
is difficult to achieve an internal maximum temperature greater than 
20,000 K using a water-cooled plasma spray torch and pure Ar gas. 
Therefore, gas mixtures are often used in plasma-spray torches. In 
addition, large deviations from the local thermodynamic equilibrium 
(LTE) are observed at the electrode wall (Fig. 3-e) [44]. Metal vapor 
from the electrodes considerably affects the properties of the arc col
umn. To maintain the continuity of the electric current and energy flux 
density in theoretical modeling, thermal nonequilibrium sheaths are 
often used to simulate electrons and heavy species [26] (Fig. 3-f). 

Fig. 1. (a) Transferred arc plasma processing [10]; (b) top surface view of alloys produced through arc-additive manufacturing [11]; (c) powder-bed additive 
manufacturing process [12]; (d) conventional atmospheric plasma spray processing (APS) [13] and (e–g) typical microstructures of/metallic ceramic coatings 
produced through APS [14,15]; (h) atmospheric suspension plasma spray processing (SPS) [16] and (i–k) typical microstructures of the coatings synthesized through 
atmospheric SPS [17,18]; (l) novel atmospheric micro plasma spray (AMPS) and (m–o) typical microstructures of AMPS-produced coatings; (p) atmospheric laminar 
plasma spray processing (ALPS) [19] and (q–s) typical microstructures of YSZ coatings produced through ALPS [20]; (t) low-pressure plasma spray (LPPS) processing 
and (u–w) typical microstructures of coatings [13] (Reproduced with permission © Springer Nature, IOP Publishing Ltd., & Elsevier B⋅V.). 
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Arc plasma torches yield high output enthalpies when operated at 
high arc voltages. Nevertheless, the arc attachment position inside the 
plasma torch is dominated by the balance between aerodynamic drag 
and electromagnetic forces (Fig. 4-a). The electromagnetic force gen
erates positive or negative angular momentum to form an attachment on 
the opposite side. However, the drag force of the arc causes a net angular 
momentum that favors the formation of a new attachment on the 

opposite side of the original attachment (Fig. 4-b). Hence, arc spots drift 
dynamically along the electrode surface in the near-electrode regions 
until local anode-material erosion occurs [45]. Furthermore, a cold 
boundary layer surrounding the arc was formed inside the plasma torch 
[45,46]. The thickness determines the movement of the arc attachment. 
Thicker boundary layers favor the induction of a re-strike mode of high 
voltage fluctuations during arc attachment, whereas thin boundary 

Fig. 2. Internal structures of the arc plasma torches: (a) a typical transferred arc plasma gun used in welding [26]; (b) schematic diagram of a direct current 
nontransferred arc plasma torch [27]; (c) arc flow inside a linear scheme plasma torch [28]; (d) internal structures of a supersonic arc plasma torch [29]; (e) 
schematic of a plasma spray torch with inserted neutrodes developed in 1968 [30,31]; (f) schematic of a commercial Triplex plasma torch with multielectrodes by the 
Sulzer Metco company [31]; (g) forced constricted-type arc plasma torch with a vortex gas injection nozzle [32]; (h) schematic of an advanced cascade arc plasma 
torch for plasma spraying and powder processing [33]; (i) arc plasma torch that can generate long laminar plasma plumes [34] (Reproduced with permission © 
Bentham Open, IOP Publishing Ltd., & Elsevier B⋅V.). 

Table 1 
Operating parameters of commercial direct current plasma spraying torches.  

Business Name Plasma Gas Total Flow Rate (SLPM) Input Current (A) Maximum Power (kW) Powder Feed Rate Reference 

Metco 9MBM Plasma Gun Ar, Ar/H2, or Ar/He 60 400 50 38 g/min 
Cr2O3 

[38] 

Metco SinplexPro Plasma Gun Ar, Ar/H2, or Ar/He 50–200 100–540 60 76 g/min 
Cr2O3 

[39] 

Metco F4MB Torch Ar, Ar/H2, 60 500–800 55 60 g/min 
Cr2O3 

[47] 

Metco TriplexPro 210 Gun Ar, Ar/N2 or Ar/H2 200 450–490 65 60–180 g/min 
Cr2O3 

[40] 

Metco SinplexPro 03C Gun Ar, Ar/H2, Ar/He, or Ar/N2 150–260 920–1200 130 / [41] 
Metco 03CP Gun Ar/H2, Ar/He 120 1600–2600 180 4–25 g/min YSZ [42] 
Praxair SG-100 Torch Ar/H2, Ar/He 40–60 450–800 80 / [43]  
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layers prefer steady modes with very low voltage fluctuations [46]. For 
example, the potential of a conventional plasma gun produced at 65 V 
may fluctuate from 20 to 85 V in microseconds. Meanwhile, the po
tential of the Sinplex-Pro 03C spray gun fluctuates by only approxi
mately 6 V [41]. Therefore, the instabilities and fluctuations in the 
properties of the plasma arc induce instabilities in the produced plasma 
jet and promote the entrainment of cold gas within the torch. In turn, 
plasma jet instabilities promote the development of turbulence, which 
reduces the controllability and reproducibility of the plasma-spraying 
process. The spraying procedure, which involves the heating and ac
celeration of the particles within the plasma jet, is discussed in the next 
section. 

1.3. Multiphase flow characteristics of metallic and ceramic powders 
during plasma spraying 

Industrial plasma spray technologies often employ external injection 
of the original powders into a plasma jet. The fluid dynamics of external 
injection processes typically involve cross and multiphase flows. The in- 
flight distance (spraying distance) substantially affects the properties of 
the coating because of possible variations in the particle velocity and 
temperature. In addition to solid particle melting, evaporation, and so
lidification in plasma spraying, the following phenomena will occur 
during the plasma spraying:  

(1) Breakup and atomization of the liquid column near the torch 
nozzle. 

After external or internal injection into the plasma jet, solid powders 

Fig. 3. (a) Input power and total gas flow rate of current plasma spray torches [13]; (b) time-dependent arc voltage variation of plasma spray torches [13]; number 
densities of argon (c) and air plasma species (d) as a function of temperature [26]; (e) electron (Te) and heavy particle (Th) temperature along the arc axis [44]; (f) 
sheath structures at the boundary layer of cathode of an arc [26] (Reproduced with permission © IOP Publishing Ltd & Elsevier B⋅V.). 
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initially melt into the liquid column, liquid bag, and droplets near the 
torch nozzle [50]. Plasma jets exhibit highly turbulent characteristics 
near the torch nozzle. Thus, the multiphase fluids near these regions 
undergo atomization. In SPS or SPPS processing, the cross-sectional 
aerodynamic drag force of the plasma plume rapidly breaks the liquid 
column. The plasma plume shockwaves in LPPS or PS-PVD also drive the 
local atomization of the liquid column and droplets.  

(2) Vaporization and resolidification of the in-flight particles 

In general, the droplets vaporize at temperatures greater than or 
equal to the boiling point of the liquid column. However, the surface 
molecules of these droplets may still vaporize at temperatures below 
their boiling point. This implies that heating vaporization (Qconv + Qrad 
> Qvap), isothermal vaporization (Qconv + Qrad = Qvap), and cooling 
vaporization (Qconv + Qrad < Qvap) occur depending on the local con
ditions of the plasma spray [13,51], particularly at different spraying 
distances employed in ALPS and LPPS. 

In LPPS (103–104 Pa) and PS-PVD (50–200 Pa), flash vaporization of 
the feed powders typically occurs because of the large pressure gradient 
between the plasma torch and plasma jet areas [52,53]. Conversely, 
resolidification of droplets has been extensively observed in APS pro
cessing. For example, at a constant input power, spherical particles were 
deposited on the substrate as the spraying distance increased from 80 to 

120 mm during the plasma spraying of metallic powders. The resolidi
fied spherical particles exhibited low adhesive strength on the substrate 
and were typically porous. Hence, resolidified particles are inevitably 
formed at the interspaces of the quasi-column structure when a large 
spraying distance is employed in LPPS and PS-PVD.  

(3) Non-line-of-sight deposition of coatings due to self-shadowing 
effect of impinging particles. 

At the velocity boundary layer of the substrate with a planar or 
double airfoil shape, impinging particles, including droplets, resolidified 
droplets, or solid particles, will suffer a self-shadowing effect during 
plasma spraying. The self-shadowing effect is a crucial consideration for 
the deposition of quasi-columnar thermal barrier coatings based on YSZ, 
GZO, or LCO through ALPS, SPS, and PS-PVD processing. This effect 
promotes the perpendicular growth of coatings rather than their hori
zontal growth. The fluid mechanisms involved in the self-shadowing 
effect are related to the different tangential velocities of the impinging 
particles of different sizes. Hence, only a mass of nanosized original feed 
powders (e.g., D50 = 10 μm) can induce an apparent shadow effect under 
a low feed rate during the deposition of quasi-columnar YSZ coatings in 
ALPS or PS-PVD. 

Fig. 4. (a) Effects of cold boundary layers on the generation of plasma jet inside the torch [47]; (b) mechanism of the reattachment process of the arc column inside 
the torch [48]; (c) regions of cold gas entrainment into an atmospheric plasma jet [49]; (d) experimental observation of a conventional atmospheric plasma jet (I =
550 A, 45 SLPM Ar); (e) formation of arc instabilities inside the torch; (f) effects of fluid characteristics on the arc movement inside the laminar plasma spray torch; 
(g) regions of cold gas entrainment into the novel atmospheric long laminar plasma jet; (h) experimental observation of the atmospheric long laminar plasma jet (I =
160 A, 9.8 SLPM N2 + 4.2 SLPM Ar) [34] (Reproduced with permission © Springer Nature., IOP Publishing Ltd., & Elsevier B⋅V.). 
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(4) Absorption and deposition of the atoms from the vapor stream to 
the substrate 

Currently, plasma spraying cannot be achieved via full-vapor depo
sition. This process usually involves the deposition of multiphase mix
tures composed of particles produced after 1) vapor condensation, 2) 
resolidification particles, and 3) secondary breakup nanoscale droplets 
[54], where 2) and 3) mutually transform in flight. From the experi
mental observations, a localized high-concentration vapor stream was 
formed at the center of the plasma jet as the jet impinged on the sub
strate during the PS-PVD processing. Moreover, multi-atom nanoclusters 
are formed on the substrate and then undergo surface diffusion, 

migration, coalescence, or even disappear (covered by subsequent 
deposition steps) on the substrate during the entire process. 

Fauchais et al. (2006) observed a transverse cross-flow between the 
feed particle suspension and plasma jet near the torch nozzle (Fig. 5-a 
and 5-b) [55]. At a spraying distance of 15 mm, the injection pressure 
and suspension flow angle affect the heating profiles of the feed parti
cles. The fragmentation (breakup) time was almost two orders of 
magnitude longer than the vaporization time. The suspension droplets 
initially break up and then vaporize. Similarly, Sampath et al. (2011) 
revealed poor penetration of the carrier gas achieved during SPS, where 
the particle track paths deviated from the hotter zone area of the plasma 
jet in Fig. 5-c and 5-d [56]. 

Fig. 5. (a) Experimental observation of atmospheric suspension plasma spraying (I = 550 A, 45 SLPM Ar+ 15H2) at an injection pressure of 0.2 MPa (a) [55] and 0.6 
MPa (b) [55]; (c) particle penetration path by carrier gas in plasma spraying [56]; (d) over-injected condition of particle penetration path in plasma spraying [56]; (e) 
calculated surface and core temperature of alumina particles in APS [57]; (f) modeling trajectories and locations of molybdenum particles during APS [58]; (g) 
experimental measurement of particle velocity and (h) surface temperature at different spraying distances; (i) modeling distributions of suspension injection and 
cross-sections of plasma jet [59]; (j) modeling of particle flows through suspension injection in SPS [60]. 
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Coddet et al. (2003) calculated the surface and core temperatures of 
alumina particles during APS [57]. Regardless of the particle size and at 
the same injection velocity, the temperatures of the surface and core of 
the Al2O3 particles were different. Only the particles with a diameter of 
30 μm were fully molten at a spraying distance of 50 mm. Wang et al. 
(2001) modeled the evaporation of molybdenum particles during APS 
by considering noncontinuum effects. Smaller particles evaporate 
earlier than larger particles because of the higher evaporation rates and 
larger mass transfer coefficients. These results provide a comprehensive 
understanding of the rapid heat and mass transfer processes during APS, 
and the theoretical calculations agree well with the experimental results. 
Previously reported models commonly study the axial variations of the 
velocity and temperature in a steady flow and two-dimensional domain. 
To verify the computational results, experimental measurements were 
performed using a commercial DPV-2000 particle diagnostic system. It is 
worth noting that the measured temperature in the DPV-2000 can be 
understood as the particle surface temperature according to its 
two-wavelength detection mechanism. 

Fig. 5-g and 5-h show the particle velocity and surface temperature 
distributions of Ni-60, Ni–5Al, Mo, MnZrFe, Al2O3, and YSZ powders as a 
function of the spraying distance. The results from these figures are 
summarized in Table 2. The particle flow was distributed over a larger 
area at the cross-section of a constant spraying distance. Apart from the 
particle injection parameters and plasma spray torch power, the particle 
density due to gravity affects the heating profiles of the particles. This 
has been proven in particular for Mo-based materials and alumina par
ticles. Therefore, it is difficult to simultaneously improve the particle 
velocity and temperature by increasing the plasma torch power during 
conventional APS processing. 

Recently, computational studies on plasma spraying have been car
ried out in the three-dimensional domain by emulating multisized par
ticles and modeled more closely to realistic conditions. Dalir et al. 
(2018) developed a model to simulate droplet atomization during the 
SPS process (Fig. 5-i and 5-j), wherein it was shown that the number of 
evaporated particles increased with a decrease in the liquid core length 
[59,60]. In-flight droplets with low velocities cannot penetrate the 
high-temperature plasma jet owing to the incomplete evaporation of the 
solvent. 

These three models were used to calculate and simulate the heating 
and motion of particles during plasma spraying:  

1) single particle model;  
2) limited particle model;  
3) statistical particle model. 

It is commonly assumed that the droplets are spherical in plasma 

spraying. As shown in Fig. 6, Westhoff et al. (1992) proposed a two- 
dimensional model for the calculation of plasma–particle interactions 
during APS (Fig. 6). This model, which has been used since its proposal, 
considers realistically complex conditions and provides a comprehen
sive understanding of the behavior of particles in a plasma jet. This 
model has been used for several years. Li et al. (2018) used this model to 
investigate the properties of NiCr particles with Mo-based shells during 
APS (Fig. 6-b). The surface and core temperatures of these specially 
designed particles were evaluated and their effects on the properties of 
the deposited coatings were demonstrated. Similarly, Vardelle et al. 
(2003) revealed the hill vortex phenomenon in Fe particles during APS, 
which was induced between the kinetic viscosity of the plasma gas and 
the particles (Fig. 6-d). 

In particular, the SPS procedure involves a series of more complex 
phenomena between the particles and the plasma plume, such as at
omization, breakdown (or breakup), evaporation, sintering, melting, 
and impacting (Fig. 6-c), than APS processing. SPS has been employed to 
produce quasi-columnar or vertical-crack ceramic thermal barrier 
coatings [72,73]. However, the size of the injected particles usually 
ranges from 300 to 900 nm because the deposition rate during SPS is 
lower than one-third of that during APS [144]. 

In addition, in-flight particles may resolidify and freeze during 
plasma spraying (Fig. 6-e), which promotes partial or full droplet so
lidification, particularly during APS or LPPS wherein a larger spraying 
distance is employed. Consequently, the coating may contain spherical 
particles at the top surface and/or at the interspace of the quasi-column 
structure. Typically, the resolidification particles often exhibit poor 
adhesion to the substrate. In PS-PVD, resolidification deposition should 
be avoided, and vapor concentration should be enhanced. 

In fact, during the initial stage, when the particles are injected into 
the plasma jet, heat is transferred through convection and conduction. 
This is demonstrated by the increase in the particle temperature (Fig. 6- 
f), which in turn improves the radiation heat transfer. However, the total 
in-flight time of the particles during plasma spraying is usually quite 
low. For APS and LPPS, the in-flight time ranges from 1e− 4 to 1e− 3 s and 
0.1–0.4 s, respectively. Therefore, the temperature gradient within a 
single particle is often considered negligible during the modeling and 
simulation of fine particles. However, the temperature gradient must be 
considered for large particles and core–shell composites. 

Almost all the previously mentioned phenomena occur during LPPS 
and PS-PVD performed at large spraying distances (Fig. 6-g). In partic
ular, the intensive backflow between the plasma plume and chamber 
wall promotes the deposition of coatings on the internal chamber sur
face and decreases the deposition rate on the prepared substrate. 
Moreover, secondary and/or multibreakup of in-flight droplets may 
occur, which further decreases the sizes of the deposition unit, 

Table 2 
Spraying parameters that comparing in Fig. 5-g and 5-h.  

Business Name and Method Output Power Gas Flow Rate Powder Size 
(μm) 

Spraying Distance 
(mm) 

Ref. 

Mo-13.4 Si-2.6 B by SG-100 Torch I = 800 A 40 SLPM Ar +10 SLPM He 20–53 100 [61] 
Ni-5 wt.%Al by Sulzer PT F4 Torch I = 500 A 50.5 SLPM Ar + 8 SLPM H2 11–45 100 [62] 
Mo by APS I = 700 A 85 SLPM Ar 45–90 90–100 [63] 
MnZrFe (MnZn Fe2O4) by APS, 7 MB plasma torch (Suzler Metco Inc., NY, 

USA) 
I = 466–550 
A 

47 SLPM Ar + 0.5 SLPM H2 25–95 100–130 [64] 

Ni-20 Cr by APS Triplex Pro200 Torch I = 500 A 20 SLPM Ar+ 20 SLPM He 5–45 102 [65] 
Alumina by Sulzer F4VB Torch I = 660 A 49 SLPM Ar +12 SLPM H2 15–35 100 [66] 
Alumina by Axial III plasma torch I = 230 A 150 SLPM N2 26–66 100 [67] 
YSZ by Sulzer F4VB Torch I = 600 A 45 SLPM Ar + 15 SLPM H2 10–45 120 [68] 
YSZ by Sulzer F4VB Torch  Ar (45 SLPM) + H2 (15 SLPM)  120 [69] 
YSZ by LPPS (20,000 Pa) 125 kW 50 SLPM Ar + 110 SLPM He 1–30 300 [70] 
YSZ by LPPS (500–15,000 Pa) 15 kW 40 SLPM Ar 45–75 150–560 [71] 
YSZ by ALPS I = 160 A 9.5–14 SLPM (70% N2 + 30% 

Ar) 
1–30 50–550 [90]  
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particularly in the plasma shock area. 
Therefore, on a large scale, the mass transfer regions during plasma 

spraying can be divided into dense, mixed, and dilute areas (Fig. 7-a). 
The differences between these regions are mainly induced by the aero
dynamic force from the plasma jet on the in-flight particles (Fig. 7-b); a 
relative velocity exists between the plasma jet and the particles. Fig. 7-e 
shows the formation mechanism of the droplet from the liquid column, 
which is driven by the difference between the transverse and perpen
dicular velocities, particularly in cross-flows that involve the external 
injection of particles. Chen et al. (2013) and Opfer et al. (2014) inves
tigated this phenomenon, and the results of their work are shown in 
Fig. 7-c and Fig. 7-d, respectively. 

Furthermore, in plasma spraying, the self-shadowing effect of the 
impinging particles occurs at the velocity boundary layer of the sub
strate. The intense shadowing phenomenon during the entire spraying 
process contributed to the deposition of quasi-columnar ceramic coat
ings through SPS, ALPS, and PS-PVD. For electron beam physical vapor 
deposition (EB-PVD), the shadowing effect from vapor flow is a critical 
consideration for the deposition of the columnar-structured coating 
(Fig. 7-f). Generally, the formation mechanism involving the shadowing 
effect is described using the Stokes number. If the Stokes number of an 

impinging particle is less than 1, the tracked trajectories of this particle 
will bend; hence, the particle will flow away from the substrate (Fig. 7-g, 
7-h). Finally, a quasi-columnar structure is induced on the substrate. 
Studies on the self-shadowing effect at the velocity boundary layer of 
different substrates are presented in more detail in Sections 4 and 5. 

The use of micro and nanosized powders for plasma spraying has 
been extensively studied owing to the possibility of producing coatings 
with unique microstructures and excellent properties. Shinozawa et al. 
(2017) produced a unique feather-like YSZ coating using LPPS (Fig. 8-a). 
The porosity of the coating was greater than 50% and its thermal con
ductivity at room temperature was approximately 0.5 W/(m K) [89]. 
Zhang et al. (2019) produced a cauliflower-like Mo coating using ALPS. 
The formation mechanisms of the coatings synthesized via 
plasma-induced PVD are presented in Fig. 8. Zhang et al. (2016) pro
posed an island growth model for coatings produced through PS-PVD, 
wherein homogeneous nucleation at the end of the plasma jet was 
achieved under a lower average coverage (Fig. 8-f). Song et al. (2019) 
used PS-PVD composed of fine grains, splats, and unmelted particles 
(Fig. 8-d), which was similar to the results of Guo et al. (2016) (Fig. 8-g). 
In addition, Racek et al. (2010) demonstrated the potential growth of 
island protrusions on the coating surface owing to the impingement of 

Fig. 6. (a) Schematic illustration of particle heat, mass, and momentum transfer in plasma gas [74]; (b) model of the shell–core structure powder during APS [75]; 
(c) heating and motion histories of a suspension droplet during APS [76]; (d) modeling of the convective movement by a Hill vortex within an iron particle (60 μm) 
[77]; (e) resolidification of the in-flight particles during spray processing [78]; (f) heating transfer in the in-flight particles in the thermal spray jet stream [79]; (g) 
heating and motion histories of the nano-agglomerated YSZ powders in the low-pressure plasma jet [13]. 
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high-speed particles on the substrate (Fig. 8-e), which revealed the 
possibility of producing quasi-columnar structures through LPPS or 
PS-PVD. 

In PS-PVD processing, mixture deposition commonly occurs. By 
contrast, full vapor deposition can be achieved through EB-PVD pro
cessing, wherein a stable cluster is produced from the incoming vapor 
stream of the plasma jet or through surface diffusion on the substrate 

(Fig. 8-h). Considering a larger scale, coalescence and coverage of 
clusters may occur during the process. Combined with the shadowing 
effect of the impinging particles, the local growth rate in the perpen
dicular direction was considerably higher than that in the horizontal 
direction. 

Fig. 7. (a) Schematic of the spray structure in the atomization region [80]; (b) expansion and entrainment areas with the increasing center velocity of a spray jet 
[81]; (c) jet flow patterns at increasing flow velocities [82]; (d) typical evolution of a single bag breakup of water in an airflow [83]; (e) liquid column and spray 
plume regions when a jet penetrates a cross-flow [84]; (f) shadowing zones in the vicinity of two particles during the EB-PVD process [85]; (g) predicted flow paths of 
in-flight particles with different size during APS process [86]; (h) motion trajectories of the droplets on the surface of a substrate during LPPS process [87]; (i) 
formation of a columnar -structured of coating during SPS [88]. 
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1.4. Industrial applications of arc plasma spraying 

Thermal spraying technology is widely used for the production of 
aerospace materials (34%), industrial gas turbines (24%), and automo
bile components (16%) [1,3]. It is also a cutting-edge technology for 
improving the service lives of alloy parts of military equipment. Using 
arc plasma spraying technology, almost all metals used for industrial 
applications can be melted to produce coatings with thicknesses ranging 
from 20 μm to several millimeters. This technology features a higher 
deposition rate and broader applicability than electroplating and 
chemical vapor deposition (Fig. 9). 

Evidently, the microstructure and properties of the produced coat
ings are affected by the particle heating and motion profiles achieved 

during the spraying process. Porous coatings can be manufactured 
through a mass of semi-molten droplets in an atmospheric environment. 
Dense ceramic or metallic coatings are usually produced in low-pressure 
environments because of the high particle velocities and low oxygen 
concentrations under such conditions. 

In Section 2, we discuss a conventional APS technology using the 
internal injection of powders, and demonstrate the significant influence 
of cold carrier gas on the thermal plasma jet in plasma spraying, as well 
as the effects of heat transfer from the surrounding cold air to the plasma 
jet in an atmospheric environment. In Section 3, we introduce a AMPS, 
which uses a hollow cathode of carrier gas and model the particle 
heating and motion in AMPS processing. In Section 4, the deposition 
process of ALPS is studied, and the microstructural evolution, coating 

Fig. 8. Formation of vapor-deposited coatings during the plasma spraying: (a) feather-like YSZ coatings through LPPS (P = 66,661 Pa) [89]; (b) cauliflower-like Mo 
coating through ALPS [90]; (c) cauliflower-like or quasi-columnar like YSZ coating through PS-PVD (P = 200 Pa) [13]; (d) schematic of the deposition mechanism of 
the quasi-columnar coatings in a LPPS [91]; (e) formation of island protrusions from impinging particles on the top of the coating [92]; (f) island and layer growth 
modes of YSZ coatings produced through PS-PVD [93]; (g) growth of a quasi-columnar coating produced through PS-PVD [94]; (h) schematic of surface diffusion and 
vapor deposition of a stable cluster on a substrate during PS-PVD [13]. 
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Fig. 9. Industrial applications of sprayed components: (a) rotor spindle for gas turbine engine; (b) guide vane for hydropower stations; (c) turning wheel; (d, e) ball 
valve and its spool. 

Fig. 10. (a) Experimental observation of the atmospheric plasma jet (I = 550 A, 45 SLPM Ar); (b) atmospheric plasma jet using argon (45 SLPM) and hydrogen gases 
(6.5 SLPM); (c, d) plasma jet with particles. 
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Table 3 
Comparison of gas density, kinetic viscosity, thermal conductivity, and electrical conductivity that used in plasma spraying [98–102].  

Property Dry Air nitrogen Argon helium oxygen hydrogen 

Density(kg/m3) 500 K 0.702 0.683 0.973 0.0976 0.779 0.0486 
10,000 K 0.172 0.0167 0.0476 0.0048 0.0191 0.0012 

Kinetic viscosity (kg/(m s)) 500 K 2.71 × 10− 5 2.45 × 10− 5 3.42 × 10− 5 2.89 × 10− 5 2.98 × 10− 5 1.21 × 10− 5 

10,000 K 2.45 × 10− 4 2.38 × 10− 4 2.69 × 10− 4 3.13 × 10− 4 2.86 × 10− 4 8.71 × 10− 5 

Thermal conductivity (W/(mK)) 500 K 0.0414 0.0386 0.0267 0.226 0.0421 0.258 
10,000 K 1.71 1.68 0.644 2.43 1.37 3.73 

Electrical conductivity (A/(V m)) 500 K 0 4.78 × 10− 25 3.07 × 10− 23 2.92 × 10− 24 8.21 × 10− 24 1.63 × 10− 24 

10,000 K 2705.5 2640.9 2990.0 41.74 3060.2 1927.8  

Fig. 11. Numerical investigation of the influence of cold carrier gas to plasma gas: plasma gas temperature (a), (b), (c), and velocity (d), (e), (f) distributions at the 
horizontal and cross-sections (3 SLPM argon). Plasma gas temperature (g), (h), (i), and velocity (j), (k), (l) distributions at the horizontal section (10 SLPM argon). 
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Fig. 12. Variations of plasma gas velocity (a) and temperature (b) at different carrier gas flow rates at the cross-section (center line) of the torch nozzle.  

Fig. 13. Numerical investigation of the effect of surrounding air to the argon plasma jet in this work: (a) temperature; (b) velocity; (c) enthalpy, and (d) air density 
distributions of the surrounding air and argon plasma jet mixture; (e) experimental observation under the same conditions; (f) air volume fraction distribution (%). 
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properties, and particle heating histories are analyzed. In Section 5, we 
present recent progress in PS-PVD technology. Finally, Sections 6 and 7 
present the summary and critical challenges of this review, respectively. 

2. Modeling of an atmospheric nontransferred arc plasma 
spraying system 

The following sections show recent progress in the multiphase flow 
effects on the coating microstructure. Deposition technologies include 
APS, AMPS, ALPS, LPPS, and PS-PVD. The results were obtained from 
numerical simulations and experimental measurements. 

2.1. Processing 

In this section, a typical atmospheric plasma spray system (GP-80) is 

described, which has been used in the Thermal Spray lab of Xi’an 
Jiaotong University for over two decades. An overview of the plasma 
spray system and plasma torch are shown in Fig. 10-a and 10-b, 
respectively. The powders are injected internally using Ar or Ar/H2 
carrier gas. The plasma torch power ranges from 35 to 55 kW. As shown 
in Fig. 10-c to 10-f, the length of the plasma jet in an atmospheric 
environment ranges from 30 to 80 mm. Therefore, the spraying distance 
commonly employed in experiments ranges from 80 to 120 mm for 
metallic or ceramic powders. 

As discussed in Section 1.1, atmospheric plasma jets in a conven
tional APS system are quite short. Table 3 summarizes the density, ki
netic viscosity, thermal conductivity, and electrical conductivity settings 
commonly used for plasma spraying. The densities of the cold gas and 
high-temperature plasma gas differ by one to two orders of magnitude. 
Therefore, the cold carrier gas considerably affected the thermal plasma 

Fig. 14. Numerical simulation of tracked particle flow trajectory under steady model: Plasma jet temperature and YSZ particle (a) diameter distributions, (c) flight 
time, (e) temperature distribution, and (g) velocity distribution and (b, d, f, h) their corresponding magnified views. 
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gas, particularly during the injection of the internal carrier gas. Li et al. 
(2001) [95] and Xu et al. (2003) [96] studied their interactions using 
numerical simulations. The plasma jet (Vmax = 500 m/s) and particle 
trajectories deflected from their original axes after the transverse in
jection of the carrier gas ((V = 10–20 m/s). The radial derivation of the 
particles is approximately 10–18 mm under these conditions [97]. 

Considering the one-way injection of the carrier gas in the GP-80 APS 
system, the chosen calculation domain was a three-dimensional region 
that included the region of the plasma torch and plasma jet. The input 
current and Ar gas flow rate of the modeling plasma torch were 550 A 

and 45 SLPM argon, respectively. The plasma jet is considered to be a 
fluid, and its transport properties have been reported as functions of 
temperature. Detailed boundary conditions can be found in previous 
studies [13,115]. 

Fig. 11 shows the simulation results for APS performed under carrier 
gas flow rates of 3 and 10 SLPM. The cold carrier gas (300 K) substan
tially affected the plasma flow at the bottom of the feeding tube, 
considering the temperature distributions in Fig. 11-a, 11-b, 11-g, and 
11-h. At a high carrier gas flow rate (10 SLPM), a distinct area with low- 
temperature gas was observed at the bottom of the feeding tube, and the 

Fig. 15. Numerical simulation of the breakup and atomization of in-flight droplets at different spraying distances (SD): Particle velocity and temperature and the 
tracked particle diameter distributions at the cross-section of the plasma torch at SD = (a, b) 0, (d, e) 80, and (g, h) 100 mm. Statistical distribution of the particle 
diameters at the cross-section of the plasma torch at SD = (c) 0, (f) 80, and (i) 100 mm. 
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temperature of the plasma flow increased rapidly at the torch nozzle 
area. However, the corresponding velocity distributions at the hori
zontal cross-sections were not apparently disturbed (Fig. 11-d, Fig. 11-e, 
Fig. 11-j, and Fig. 11-k). 

The contour distributions of the plasma gas temperature at the cross- 
section of the torch nozzle are shown in Fig. 11-c and 11-i. It is evident 
that there is a relatively low-temperature area at the bottom of the 
feeding tube at a high carrier gas flow rate (10 SLPM). A similar 
observation can be drawn from the velocity distributions in Fig. 11-f and 
11-l. The centerline distributions of the average plasma gas velocity and 
temperature at the cross-section of the torch nozzle are shown in Fig. 12- 
a and 12-d, respectively. The plasma gas velocity increased slightly from 
400 to 450 m/s at a carrier gas flow rate of 10 SLPM and main gas flow 
rate of 45 SLPM argon. Finally, the temperature at the profile evidently 
decreased from the cross-section to the areas near the boundary wall 
connected to the feeding tube. 

The fluid characteristics, including the surrounding air entrainment 
during the APS were investigated (Fig. 13). As discussed in Section 1.2, 
entrainment of the surrounding air can significantly reduce the length of 
the plasma jet in an atmospheric environment and alter the temperature 
and velocity distributions. The combined diffusion coefficient method 
was used to model the diffusion of the gas mixtures [103]. The diffusion 
mass flux was calculated using the following formula: 

JA
→

= −
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)
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∇XA − DDT
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where gas A is argon, gas B is air, and mA and mB are the average particle 
masses of Ar and air, respectively [104]. XA is the mole fraction of argon 
in the argon–air mixture, and ∇XA is the argon mole concentration 
gradient [105]. 

Considering the entrainment of air, the modeling of the plasma jet 
length and flow characteristics can approximate real conditions (Fig. 13- 
e). The expansion of the plasma jet was first apparent near the torch 
nozzle (Fig. 13-a and Fig. 13-c). The plasma temperature along the-axis 
decreased abruptly. The high-velocity area of the plasma jet was less 
than 50 mm. Fig. 13-d and 13-f show the air density and air volume 
fraction (%) distributions at the horizontal cross-section, respectively. 
An increasing amount of surrounding air was gradually mixed into the 
plasma jet owing to the intense entrainment and diffusion along the jet 
axis. This corresponds to the proposal by Pfender (1994) [49]. 

2.2. Multiphase flow characteristics during spraying 

In this section, the flow characteristics of YSZ particles in the GP-80 
APS system are discussed. The original YSZ powder with a particle size 
range of 39–45 μm was introduced using Ar as a carrier gas supplied at a 
flow rate of 3 SLPM. The aerodynamic drag force, pressure gradient 
force, thermophoretic force, and gravitational force were considered to 
dominate particle motion. 

The heat transfer from the plasma gas to the particles was estimated 
according to the following equation [167]: 
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Here, εps and εpl represent the emissivities of the solid and liquid 
phases of the particles, respectively. Furthermore, xp denotes the molten 
mass fraction of particles. Hm and Hb are the latent heats of melting and 
evaporation of YSZ particles, respectively. Tm and Tb are the melting and 
evaporation points of YSZ particles, respectively. Ta denotes the ambient 
temperature and σs is the Stefan–Boltzmann constant. 

The heat-transfer coefficient can be calculated from the Nusselt 
number, which can be solved using the following formula proposed by 
Vardelle et al. [106]. 

Nu ​ = ​ 2.0 ​ + ​ 0.515
̅̅̅̅̅̅̅̅
Rep

√
(6) 

Fig. 14 shows the modeling results for the plasma jet and particles. 
YSZ was injected through the feeding tubes. The particles then flowed 
outside this area (Fig. 14-a and 14-b). The flow trajectory of the small 
particles was tracked close to the jet axis, and that of the larger particles 

Fig. 16. (a) Power supply unit of the AMPS system; (b) plasma torch and (c) its internal structure [111]; (d, e) experimental plasma jets produced in an atmospheric 
environment; (f, g) plasma jet with YSZ particles at different input current. 
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further deviated from the plasma jet owing to the influence of gravity. In 
addition, the flight time of the differently sized particles to a maximum 
distance of 150 mm was short (0.0002–0.009 s). The calculated particle 
temperature distribution and corresponding magnified plots are shown 
in Fig. 14-e and 14-f, respectively. The temperatures of the particles and 
gas inside the feeding tube were lower than those near or at the torch 
nozzle. The area where the maximum particle temperature was recorded 
was located outside the nozzle exit. A similar observation can be drawn 
from Fig. 14-g; the particles gradually accelerated downstream of the 
plasma jet. 

Fig. 14 shows the steady model fluid characteristics during APS, 
which is beneficial for understanding the experimental multiphase flow 
and optimizing the deposition parameters. Fig. 15 shows the breakup 
and atomization models of in-flight droplets during the GP-80 APS 
processing. The Kelvin–Helmholtz/Rayleigh–Taylor (KH–RT) breakup 
model was used to track the droplets and particles and to emulate the 
primary breakup at the initial step and the secondary breakup of in- 

flight droplets [60,107]. The KH-RT model was found to provide satis
factory results for the predicted spray shape and penetration [108,109]. 

At the cross-section of the torch nozzle, the in-flight droplets were 
under high plasma gas velocity and temperature areas (Fig. 15-a and 
Fig. 15-b). From the magnified view of the tracked trajectory in Fig. 14, 
the location of the droplets at the cross section deviated from the center 
after their injection from the feeding tube. The powder had an initial size 
of 39–45 μm. Fig. 15-c shows the particle diameter distribution. 
Approximately 56.58% of droplets are in the size range from 10 to 15 
μm, 30.6% are in the range from 15 to 20 μm, and 10.77% droplets are in 
the range from 20 to 25 μm. 

Fig. 15-a and Fig. 15-b show the tracked particle velocity and tem
perature at the cross-section of the spraying distance of 80 mm, 
respectively. Owing to the strong gravitational and aerodynamic forces, 
the droplets and solid particles were distributed over a large area. The 
maximum deviation distance in the Y-direction was 18 mm, and the 
droplets close to the plasma jet axis exhibited high temperature and 

Fig. 17. Numerical simulation of the novel microplasma torch and plasma jet: (a, b) plasma gas velocity distribution inside the plasma torch; (c) cathode used in the 
experiment; (d) velocity distribution; (e, f) plasma gas temperature distribution inside the plasma torch; (g) anode used in the experiment; (h) temperature 
distribution. 
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velocity. However, the particle diameter distributions obtained through 
statistical analyses (Fig. 15-f) had a larger variation than the previous 
results presented in Fig. 15-c. 42.69% of particles are in the range from 2 
to 5 μm, 23.97% are in the range from 10 to 20 μm, 16.05% are in the 
range from 20 to 30 μm, and 12.19% are in the range from 5 to 10 μm. 
The average size of the deposition unit decreased significantly after a 
flight distance of 80 mm. 

At a spraying distance of 100 mm, which is also a commonly used 
distance for depositing YSZ coatings, the tracked particles were located 
in a narrow area at the cross-section. The minimum and maximum size 
of the particles were 5.25 and 22.11 μm, respectively (Fig. 15-g and 15- 
h). The average size of the depositing units decreased continually. 
Approximately 44.75, 49.53, and 5.55% of the particles had sizes 
ranging from 5 to 10, 10–15, and 15–20 μm, respectively. 

Fig. 18. Modeling of the YSZ particle flows in the AMPS; (a) particle diameter; (b) temperature; (c) mass; (d) flight time; and (e) velocity. (f) Experimental image of 
the YSZ particle spraying. 

Fig. 19. Microstructures of the coatings produced through AMPS: Cu coating deposited at a torch power of (a) 3.5 and (b) 2.8 kW [110]; Al2O3 coating deposited at a 
torch power of (c) 2.2 and (d) 3.9 kW [111]. 
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3. Novel atmospheric micro-plasma spraying system (AMPS) 

3.1. AMPS processing 

In this section, AMPS technology, which uses the internal injection of 
powders from a hollow cathode, is discussed. The method was first 
proposed by Li et al. (2003) [110,111]. Fig. 16 shows the APS system. 
The input power ranges from 2.1 to 9.5 kW. In contrast, the input current 
and arc voltage ranges from 40 to 120 A and 54–88.9 V, respectively. 
The main input gases, Ar and N2, are supplied at a total flow rate of 
33–65 SLPM. The experimental plasma jet is shown in Fig. 16-d and 
16-e. At 80 A, the length of the plasma jet in an atmospheric environ
ment was approximately 90 mm. Figs. 16-f and 16-g show high-speed 
camera images using a red narrowband filter of the YSZ particles at a 
carrier gas flow rate of 10 SLPM from the cathode tip. Novel AMPS 
processing allows longer particle heating distances than the conven
tional APS method discussed in Section 2. 

To better understand the AMPS technology, computational fluid 
dynamic simulations were performed (Fig. 17), wherein the plasma 
torch and jet areas are usually identified. The calculation domain was 
originally derived from the experimental parameters. For the initial 
simulations, Ar and N2 were used as the main and carrier gases, supplied 
at 40 and 10 SLPM, respectively. The input current was 80 A. Fig. 17-a to 
17-c show the velocity distributions from the plasma torch to the plasma 
jet. The predicted maximum velocity inside the plasma torch was 
approximately 950 m s− 1. The high-velocity area of the plasma gas was 
located at the throat of the torch nozzle, where the main and carrier 
gases crossed each other. Subsequently, the plasma gas flowed through 
the cylindrical nozzle before being ejected into the surrounding air. In 
contrast, the high-temperature area of the plasma gas is located at the 
center of the anode. The predicted maximum temperature inside the 
plasma torch was approximately 9850 K. The water-cooling nozzle 
decreased the temperature of the plasma gas before it was ejected from 
the torch nozzle. Fig. 17-g shows the eroded anode after the experiment. 

3.2. Multiphase flows and heat transfer in AMPS 

Fig. 18 shows the simulations of the YSZ particle heating and motion 
profiles at a carrier gas flow rate of 10 SLPM and feed rate of 5 g⋅min− 1. 
The control equations for the particle heating and motion are described 
in Section 2.2. Fig. 18-a shows the steady model flow trajectories of the 
injected particles. Multisized particles were injected from the center 
tube and then expanded at the center of the anode. Subsequently, the 
particle flow converged to the nozzle tube, and YSZ was ejected outside. 
Fig. 18-f shows experimental images of under the same conditions. 

The particle temperature distribution is shown in Fig. 18-b. The 
particle temperature in the internal tube of the cathode was approxi
mately 300 K. When multisized particles were injected into the anode 
area, the particle temperature rapidly increased. Subsequently, it 
decreased in the nozzle–tube area. 

The particle velocity gradually increased from the internal tube of 
the cathode to the nozzle tube. The maximum particle velocity area was 
located at the center of the nozzle tube (Fig. 18-e). The particle flight 
time was within 1.2 ms. 

3.3. Microstructure of coatings by AMPS 

Dense ceramic coatings with fully bonded splats are difficult to 
produce using conventional APS at room temperature [112]. Increasing 
the plasma power increases both the temperature and velocity of the 
particles, forming a dense coating with good cohesion between flattened 
particles and good adhesion to the substrate [111]. The total output 
power and gas flow rate used in AMPS processing are significantly lower 
than those employed in other commercial APS systems. Therefore, 
AMPS was designed to achieve high droplet temperatures at a low 
output power. 

Fig. 19 shows the microstructures of Cu and Al2O3 coatings produced 
through AMPS at a torch power of 2.8–3.9 kW. The polished cross- 
section of the Cu coating exhibited a dense lamellar microstructure. 
The oxygen content was measured using an oxygen analyzer. The 

Fig. 20. History and developments of quasi-laminar plasma jets used in materials processing [123,125–127,130,131,134] (Reproduced with permission © Springer 
Nature, AIP Publishing, IOP Publishing Ltd, & Elsevier B⋅V.). 
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concentrations ranged from 2.03% to 2.14%. The experimental Cu 
particle velocity at a spraying distance of 30 mm was approximately 110 
m s− 1 according to two-color pyrometry results [110]. Moreover, the 
Al2O3 coating exhibited dense microstructures despite the low plasma 
torch power applied during spraying. Therefore, coatings with dense 
microstructures and ample properties can be deposited through AMPS, 
even at a low output plasma torch power (see Fig. 20). 

4. Novel atmospheric long laminar plasma spraying system 
(ALPS) 

4.1. ALPS processing 

Over the past three decades, many commercial coating companies 
have been built globally with the development of the APS technology. In 
2020, the global thermal spray coating market was valued at USD 
7.6–10.4 billion [113,114]. However, the relationship between the torch 
input power and the particle temperature still needs to be studied. In 
general, the particle velocity and temperature increase with increasing 
torch power. However, the particle flight distance, that is, the spraying 
distance, and particle dwell time in the plasma plume do not increase 
simultaneously. As such, the particle temperature does not continuously 
increase with increasing torch power. Moreover, the deposition effi
ciency decreases beyond a critical value for particle velocity. 

For the purpose of significantly increasing particle surface temper
ature during atmospheric plasma spray, a novel long laminar plasma 
torch was applied. The utilization of quasi-laminar and long laminar 
plasma jets has been proposed and developed over the past few years 
(Fig. 21). The output power of the laminar plasma equipment varied 

from 2.35 to 50 kW. The diameter of the anode nozzle was 4–18 mm. 
Finally, the plasma jet lengths were varied from 100 to 1000 mm using 
N2 or Ar gas (Table 4) (see Table 5). 

Laminar plasma jets have been successfully used in three- 
dimensional additive manufacturing [117], plasma synthesis of fine 
powders [118,123], welding [130], and remelting or cladding of 
metallic surfaces [119,120]. This method presents highly stable opera
tion, exhibits great flexibility with plasma gases, and improves existing 
material processing methodologies, which paves the way for the 
development of new advanced technologies. However, only a few 
studies have investigated atmospheric long laminar plasma spray tech
nology before 2015. A suitable particle injection method for this spray 
technology remains to be identified. Variations in the particle velocity 
and temperature of the laminar plasma jet need to be investigated. 
Moreover, the properties of laminar plasma-sprayed metallic and 
ceramic coatings should be studied systematically. 

Fig. 21 shows a novel ALPS system composed of a plasma torch, 
power supply, powder feed unit, water cooling unit, and wires and ca
bles. At a constant flow rate (8.5 SLPM) of a N2–Ar mixture (70:30 vol 
ratio), the length of the plasma jet increased as the input current 
increased from 60 to 165 A. Under such conditions, the maximum 
plasma jet length was 720 mm (Fig. 21-d). Conversely, the length of the 
plasma jet decreased as the total gas flow rate increased from 8.5 to 15 
SLPM (Fig. 21-e) at a constant input current of 100 A. From Fig. 21-g, the 
maximum length of the plasma jet can be as high as 1000 mm in an 
atmospheric environment (I = 220 A, 15 SLPM N2 + 8 SLPM Ar). Under 
each condition, the fluid characteristics throughout the plasma jet were 
highly stable. Turbulence is observed only in the wake or end region of 
the jet [34]. Therefore, this method provides a wide range of operating 

Fig. 21. Novel atmospheric laminar plasma spray technology: (a) power supply unit; (b) plasma torch [115]; (c) long laminar plasma jet impinged on a substrate 
[116]; (d) plasma jet length variation under different input currents (9.8 SLPM N2+ 4.2 SLPM Ar), (e) total gas flow rate (I = 100 A) [34], and (f), (g) using 15 SLPM 
N2 and 8 SLPM Ar [34] (Reproduced with permission ©Springer Nature, AIP Publishing, IOP Publishing Ltd & Elsevier B⋅V.). 
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conditions for parameters such as the spraying distance, substrate tem
perature, and powder injection, which are critical for plasma spraying. 
This method can also be applied to the repair of small parts and pipe 
coatings. 

4.2. Multiphase flow and heat transfer in ALPS processing 

In this section, the particle heating and motion profiles during ALPS 
are presented. A commercial DPV-2000 particle diagnosis system was 
used to monitor the particle velocity and surface temperature of Al2O3, 
La0⋅6Sr0⋅4Co0⋅2Fe0⋅8O3-δ, Mo, and YSZ powders at different spraying 
distances (Fig. 22). Details of the spraying parameters are listed in 
Table 6. 

Powder injection was performed radially near the torch nozzle. 
Initially, the particle velocities of the different powders were low. 
Subsequently, they gradually increased along the laminar plasma jet 
(Fig. 22-a). Considering the densities of the powders, the maximum 
particle velocity of the Al2O3 particles was higher than that of the Mo, 
Ni-60, and YSZ powders. During the ALPS processing, the particle sur
face temperature along the axis direction of the plasma jet was consis
tently high (Fig. 22-b). In particular, the surface temperatures of the YSZ 
and Al2O3 powders are close to their boiling points. Although the output 

power of other conventional plasma spray methods is higher than that of 
the ALPS method, the particle surface temperatures during these tradi
tional spraying routes are not apparently higher than those obtained 
during ALPS processing. 

A three-dimensional simulation of ALPS processing is shown in 
Fig. 23 (I = 160 A, 9.8 SLPM N2+4.2 Ar), where a plane substrate was set 
at a spraying distance of 250 mm. YSZ powder (Metco 6700 8YSZ, d =
1–30 μm, d50 = 10 μm) was injected in the radial direction of the plasma 
jet near the torch nozzle without a carrier gas. Fig. 23-b shows the 
particle diameter distributions along the tracked trajectories. Small 
particles (diameter <5.8 μm) consistently flowed along the plasma jet 
axis. In contrast, larger particles gradually flowed down and deviated 
from the center of the plasma jet, particularly at a spraying distance of 
250 mm. Fig. 23-c shows the YSZ particle velocity and corresponding 
plasma gas velocity distributions. Fig. 23-e shows the YSZ particle 
temperature and corresponding plasma gas temperature distributions. 
The results of the theoretical simulations correspond well with the 
experimental measurements, which show that the particle velocity near 
the torch nozzle was low during the initial stage and gradually increased 
with spraying distance. A large region of high particle temperature was 
observed during plasma spraying. Moreover, the in-flight particles far 
from the center of the plasma jet exhibited low velocities and temper
atures (Fig. 23-c and 23-e). 

Fig. 23-d and 23-f show the YSZ particle flight time and mass dis
tribution, respectively. The mean flight time of the YSZ particles ranged 
from 0.47 to 2.36 ms. The maximum flight time of the particles far from 
the center of plasma jet was 2.84 ms. The particle mass distribution 
corresponded well to the particle diameter distribution; low and high 
mass concentrations were observed near and away the plasma jet axis, 
respectively. 

Fig. 23-g and 23-h present the experimental observations when the 
YSZ particles were injected at the initial stage near the torch nozzle at 
feed rates of 5 and 2 g/min, respectively. The penetration distance of the 
injected particles along the radial direction varied for the two feed rates. 
If this method were used in conventional APS, the quality of the coating 

Table 4 
Research history of laminar or quasi-laminar plasma torches [121,121].  

Year Departments Authors Working Power/Gas Nozzle Diameter 
/Jet Length 

Reference 

1995 Institute of Theoretical and Applied Mechanics, Russia 
Academy of Sciences 

Mikhail F. Zhukov, Solonenko 
O.P. et al. 

50 kW 
Ar+3%H2 

D = 8 mm, 
L = 500 mm 

[122, 
123] 

1997 Institute of Aeronautical Engineering, Aviation Industry of 
China 

H. C. Wu; X. D. Yang Ar, 13–14 SLPM 
17.4 kW 

L = 100–500 mm [124] 

2000 Yamaguchi University, 
Japan 

Osaki, K. et al. Ar, 5–8 SLPM 2.35–3.43 kW D = 6 mm, 
L = 400–450 mm 

[125] 

2001 Institute of Mechanics, Chinese Academy of Science, China W. X. Pan, 
C. K. Wu. et al. 

Ar/Ar + N2, 
12–30 SLPM 
15–30 kW 

D = 4–10 mm, 
L = 250–600 mm 

[126] 

2008 Ashikaga Institute of Technology, Japan Yasutaka Ando. et al. Ar, 3.5–10 SLPM, 3.12 kW D = 6 mm 
L = 100 mm 

[127] 

2008 Georgian Technical University, Georgia M. Khutsishvili Ar 
7.5–9 kW 

D = 7–8 mm 
L = 140 mm 

[128] 

2012 Nippon Steel Corporation, Japan Hideki Hamatanis. et al. Ar+2%N2 

18–40 kW 
D = 18 mm, 
L = 600 mm 

[129, 
130] 

2012 Xi’an Institute of Optics and Precision Mechanics, Chinese 
Academy of Science 

Tang, J. et al. N2 

500W (DC Glow Discharge) 
D = 15 × 1 mm 
(rectangle) 
L = 15 mm 

[131] 

2014 University of Limoges, France J. Krowka. et al. N2, 1.1 kW 
0.0336–0.0992 SLPM 

D = 2.5–4 mm 
L = 10–14 mm 

[132] 

2015 Sichuan University, China De-ping Yu. et al. N2/Ar,1.3–4.1SLPM 
0.9–10 kW 

D = 3 mm 
L = 300–400 mm 

[133, 
134] 

2015 University of Science and Technology of China, China Jiang-ling Wang, Z. X. Dong. 
et al. 

N2/Ar, 5–8.5 SLPM 
1.2–5 kW 

D = 3–5 mm 
L = 180–500 mm 

[135] 

2018 Xi’an Jiaotong University, China C. X. Li. et al. N2/Ar, 8–25 SLPM 
8–100 kW 

D = 5–8 mm 
L = 100–1000 mm 

[121] 

2020 Southeast University, China Ting Dai. et al. Ar, I = 60 A, wire feed rate of 20 
mm/s 

\ [136] 

2020 Sichuan University of Science and Engineering, China Xiuquan Cao. et al. N2, 9–18 SLPM, I = 60–120 A L = 520–550 mm [137, 
138]  

Table 5 
Operating parameters of the atmospheric long laminar plasma jet in this work.  

Output 
Power 
(kW) 

Plasma 
Gas 

Total 
Flow 
Rate 
(SLPM) 

Input 
Current 
(A) 

Arc 
Voltage 
(V) 

Jet 
Length 
(mm) 

Powder 
Feed 
Rate (g/ 
min) 

8–30 Ar, N2/ 
Ar, or 
N2 

8 15 60–165 135–158 100–720 1–25 

30–100 Ar, N2/ 
Ar, or 
N2 

15–25 60–220 130–315 150–1000 1–25  
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would be considerably affected if it were produced using the conven
tional APS method under similar deposition parameters to those dis
cussed in Section 2. However, because of the long heating and motion 
distances achieved through ALPS, the bias value and effect of the initial 
powder injection were eliminated. 

Furthermore, the self-shadowing effect of impinging YSZ particles on 
the substrate (Inconel 718 alloy, δ = 5 mm) was investigated (Fig. 24). 
At a spraying distance of 250 mm, a highly focused deposition spot with 
a high pressure gradient was observed at the center of the substrate 
(Fig. 24-a), where the maximum temperature of the substrate was 1120 
K. The tracked trajectories of impinging particles (d = 1–30 μm) at the 
velocity boundary layer of the substrate are shown in Fig. 24-d. 
Apparently, the smaller particles preferred to bend and then flow on the 
surface of the substrate because the plasma jet streamlines became 
parallel to the substrate, resulting in very low incident angles of the 
impinging particles. The fluid mechanism of the self-shadowing effect of 
the impinging particles was caused by different tangential velocities of 
particles with different sizes within the velocity boundary layer of the 
substrate; small particles (diameter ≤2.56 μm) had larger tangential 
velocities than the larger particles. As such, during the repeated scan
ning of the plasma spraying, the previously deposited particles blocked 
the incoming particles from the incident direction (Fig. 24-f). The 
growth rate of the local areas of deposition along the vertical direction is 
higher than that along the horizontal axis [20]. Thus, non-line-of-sight 
coatings can be deposited on blades, vanes, buckets, or combustion 
components of complex structures. 

The D50 of the original YSZ powders used for the ALPS processing 
was 10 μm [141], which implies that the diameter of 50% of the particles 

was smaller than 10 μm. It is currently a specifically designed powder to 
produce EB-PVD type microstructures using PS-PVD coating process 
[93, 94]. Considering these results, the self-shadowing effect of the 
impinging particles will be promoted if the size of most particles ranges 
from 1 to 10 μm. Moreover, the size of the original YSZ particles in the 
atmospheric suspension and plasma spraying solution ranged from 
0.001 to 0.5 μm [142,143]. Therefore, ALPS processing also allows the 
fabrication of quasi-columnar structures owing to the shadow effect of 
in-flight particles on the substrate [144]. 

4.3. Depositing of coatings in ALPS technology 

Metallic powders (Mo and Ni-60) and ceramics (YSZ, LZO, and LSCF) 
were deposited using the ALPS method under different deposition con
ditions. Despite the different sizes of the original powder used, abundant 
vapor-deposited microstructures formed on the top surfaces of the 
coatings (Fig. 25). Thermal barrier coatings based on YSZ, LZO, or LCO 
of vertical crack microstructures were deposited directly through the 
ALPS method even without auxiliary heating of the substrate (Fig. 25-e 
and 25-f). Moreover, the produced coatings were not thick. The crack 
density was approximately 4–5 cracks⋅mm− 1, which was higher than 
that of coatings deposited using the conventional APS method 
[145–147]. 

The LSCF coatings exhibit cluster-like microstructures on their top 
surfaces. Large-scale vertical cracks were observed at the cross-section. 
Furthermore, the polarization resistance of the LSFC coating prepared 
using the ALPS method was lower than that of the coatings deposited 
using conventional APS routes [148] (Fig. 25-c, -d). Vertical cracks at 

Fig. 22. (a) Particle velocity and (b) surface temperature during atmospheric laminar plasma spray using DPV-2000 in the experiment [19,90] (Reproduced with 
permission ©Springer Nature & Elsevier B⋅V). 

Table 6 
Particle materials, diameters, and spraying parameters in ALPS processing [90,139,140].  

Name or Business Name Materials Density (kg/m3) Particle Size Melting Point (K) Depositing Parameters 

Metco 6062 Al2O3 Al2O3 3965–3990 − 45 ~ +22 μm 2327 K 25.5 kW, 14 SLPM 
LSCF La0⋅6Sr0⋅4Co0⋅2Fe0⋅8O3-δ 6210  2013 K 15.2 kW, 12 SLPM 
Mo Mo 10,220 − 100 to +40 μm 2890 K 19.8 kW, 9.5 SLPM 
Ni-60 Ni, 5%Fe, 3–4.5% B, 3.5–5.5% Si, 14–18% Cr, 0.6–1% C 7528–7793 − 106 to +45 μm 1323–1353 K 19.8 kW, 9.5 SLPM 
Metco 204NB YSZ 7–8 mol% Y2O3 + ZrO2 5680–5980 − 75 μm to +39 μm 2950 K 25.5 kW, 14 SLPM 
Metco 6700 YSZ 7–8 mol% Y2O3 + ZrO2 5680–5980 − 30 μm to +1 μm 2950 K 25.5 kW, 14 SLPM  
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the cross-section of the coating can improve the gas diffusion charac
teristics of the material when used as a cathode in SOFCs. Therefore, this 
technology represents a promising novel route for the synthesis of 
functional SOFC coatings. 

In contrast, vapor-deposited clusters of needle-like microstructures 
were observed on the top surface of the Mo-based coatings. The Mo 
particles were fully melted at spraying distances of 150–400 mm. The 
hardness of the coating increased with increasing molybdic oxide 

content during plasma spraying, indicating that the coating quality can 
be tuned by modifying the deposition parameters during ALPS 
processing. 

Coatings are produced through multiple impinging particles such as 
droplets, semi-molten droplets, condensed particles from vapor phases, 
and resolidified particles. For ceramic coatings produced through the 
conventional APS process, flattened droplets form a typical lamellar 
structure at the cross-section. Pores, unbonded interfaces, and cracks are 

Fig. 23. (a) Atmospheric long laminar plasma gas (a) temperature, (b) velocity distribution [20]; and (c) YSZ particle tracked trajectories at a spraying distance of 
250 mm; YSZ particle (d) diameter distribution (Metco 6700 8YSZ, D = 1–30 μm); (e) particle temperature with plasma temperature; (f) flight time; (g) velocity 
distribution; and (h) mass distribution along the tracked trajectories; experimental YSZ particle injection near the torch nozzle at a feed rate of (i) 5 g⋅min− 1 and (j) 
2 g⋅min− 1. 
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also commonly formed [2,6]. The ALPS process provides high particle 
surface temperature and substrate temperature (e.g., 500–850 ◦C) to 
induce the vapor deposition in an atmospheric environment. A mass of 
stable clusters of all sizes was observed on the substrate, which featured 
needle-like and needle/cauliflower-like clusters that possibly originated 
from the vapor stream during plasma spraying [20]. Cauliflower-like 
clusters were formed through the co-deposition of vapor and droplets 
and resolidification of particles. Stable clusters are formed on the sub
strate through adatom capture by surface diffusion and the direct 
deposition of atoms from the vapor stream during plasma spraying 
[151]. The surface roughness (Ra) of the as-sprayed YSZ coating with a 
thickness of 150 μm ranged from 25 to 38 μm. Nevertheless, the for
mation of a mixture of deposition units, such as solids, droplets, and 
vapor, is difficult to avoid, particularly under atmospheric 
plasma-spraying conditions. In addition, surface diffusion of some 

droplets within the as-sprayed coating can also affect the final micro
structure at the cross-sectional interfaces and interspaces. Furthermore, 
secondary dendrite growth on the deposited splats [20], which occurred 
uniformly along the edge of a flattened splat, was observed, possibly 
owing to the high interface/substrate temperature during plasma 
spraying. 

Calcium–magnesium–aluminosilicate (CMAS) corrosion can lower 
the lifetime of coatings, which is particularly problematic for thermal 
barrier coatings in aircraft engines, as molten CMAS from sand, dust, 
and/or volcanic deposits can penetrate the coating, which induces 
corrosion of the components when the aircraft is subjected to various 
environments. YSZ coatings produced through ALPS which exhibit high 
surface roughness are beneficial for the prevention of CMAS corrosion. 
The multi-island protrusions on the top surface, with a mean Ra of 33.8 
μm effectively hindered the spreading and penetration of CMAS into the 

Fig. 24. (a) ALPS processing at a spraying distance of 250 mm; (b) velocity flow along the z-axis of the plasma jet at the edge of the substrate; (c) polished substrate 
after a single plasma spraying scan; (d) pressure gradient; (e) temperature distribution; and (f) track paths of multiple particles on the substrate surface prior to 
flattening; (g) tangential velocity of the particles as a function of the track position on the surface of the substrate according to (f); (h) shadowing effect of the incident 
particles on the microstructural formation in ALPS [20] (Reproduced with permission ©Springer Nature, IOP Publishing Ltd & Elsevier B⋅V.). 
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YSZ coating. Porous layers were formed immediately at the interface 
between the CMAS droplets and substrate, which acted as an air barrier 
to prevent further penetration of CMAS into the coating [116]. 

Therefore, relative to conventional APS methods, ALPS processing 
allows the utilization of a wide array of deposition parameters, such as 
the spraying distance, particle velocity, and substrate temperature. This 
method can also be performed using low output power and less working 
noise (≤80 dB). The microstructures of commonly produced coatings 
contain vertical cracks and exhibit multiporous quasi-columnar struc
tures. Hence, the coatings exhibit excellent bonding strength, surface 
roughness, hardness, and thermal isolation properties. The microscale 
island protrusions with nanosized villous structures on the top surface of 
the coatings effectively hinder the flattening and spreading of CMAS 
droplets, which is particularly beneficial for the production of thermal 
barrier coatings. 

5. Low pressure plasma spraying system at 50–105 Pa 

5.1. LPPS and PS-PVD processing 

Low-pressure (or very low) plasma spray (LLPS) technology has been 
proposed for the deposition of dense metallic thin films and coatings 
over large areas because of its lower cost and higher deposition effi
ciency than those of conventional PVD methods. The deposition rate (e. 
g., 5 μm⋅min− 1) in LPPS is approximately an order of magnitude higher 
than those of the traditional PVD and CVD processes (e.g.,0.5 
μm⋅min− 1). This method allows the fabrication of coatings for critical 

turbine engine parts and medical implants [152]. Furthermore, the ve
locities of the plasma gas and the corresponding particle flow during 
LPPS were considerably higher than those attained using conventional 
plasma spray methods. Typically, a high-output power plasma torch is 
used in LPPS, which allows the rapid deposition of abundant vapors 
from ceramic powders, such as YSZ, GZO, and LCO, for the synthesis of 
thermal barrier coatings [94,153,154]. The microstructures of these 
ceramic coatings exhibit quasi-columnar or EB-PVD-like columnar 
structures. In the industry, this method is commonly known as PS-PVD. 
It is performed under very low pressure conditions (50–200 Pa) [155]. 
PS-PVD has received considerable research attention, particularly for 
studies on the synthesis of coatings for aerospace, automobile, and nu
clear power applications. 

Fig. 26 shows photographs of the low-pressure plasma jet used for 
spraying from 50 to 105 Pa. Regardless of the composition of the plasma 
torch (Ar–H2 or Ar–He mixture gases), bright Mach Dick and shock 
waves were observed near the torch nozzle, and low-pressure plasma 
jets expanded abruptly along the radial and axial directions. Hence, the 
spraying distance can be as long as 1500 mm, which provides ultralong 
heating and motion distances for the injected powders. The current PS- 
PVD deposition parameters can be found in Ref. 13. To deposit a YSZ 
coating with a quasi-columnar structure, the input current of the plasma 
torch must be in the range of 2000–2600 A using Ar and He gases. 
Finally, the powder feed rate must be within 0.5–20 g⋅min− 1, which is 
significantly lower than that required for conventional APS methods (e. 
g., 30–70 g⋅min− 1). 

A typical commercial PS-PVD system is shown in Fig. 27, which is 

Fig. 25. Microstructures of the coatings produced through ALPS: top surfaces of the (a,b) YSZ coating produced using Metco 6700 8YSZ powder (d = 1–30 μm); (c,d) 
La0⋅6Sr0⋅4Co0⋅2Fe0⋅8O3-δ coating (original powder diameter = 30–50 μm); and (e) YSZ coating (original powder diameter = 39–75 μm); (f) cross-section of the coating 
in (e); (g,h) top surfaces of the Mo coating (original powder diameter = 40–100 μm); top surface and cross-section of (i,j) La2Zr2O7 coating (original powder diameter 
= 10–50 μm); and (k,l) La2Ce2O7 coating (original powder diameter = 10–45 μm) [90,148–150] (Reproduced with permission ©Springer Nature, AIP Publishing, IOP 
Publishing Ltd & Elsevier B⋅V.). 
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composed of a power supply, gas supply, powder supply, pump, vacuum 
chamber, plasma gun, cooling unit, wires, and cables. Fig. 27-a shows a 
schematic of the low-vacuum chamber unit, which is an important 
components of the PS-PVD system. It was used to maintain a low- 
pressure environment during plasma spraying. The length of the 
plasma jet along the axial direction increased with increasing input 
power and decreasing chamber pressure (Fig. 27-e to Fig. 27-g). Simi
larly, the plasma jet expanded in the radial direction. However, the low- 
pressure chamber as also presents huge challenges for the understanding 
of the deposition mechanisms in the PS-PVD method. The heat and mass 
transfer processes within a distance as high as 1500 mm between the 
supersonic plasma flow and nanoparticles; production of quasi- 
columnar coatings from vapor, droplets, and solid particles; and con
trol of the vaporization and deposition of abundant vapors during the 
PS-PVD process are not well understood. 

Computational fluid dynamic modeling of PS-PVD processing (P =
200 Pa, I = 2000 A, 30 SLPM Ar+60 SLPM helium) was performed, as 
shown in Fig. 28. The RSM model was used in the simulation and was 
found to be suitable for high swirling flow during the PS-PVD process 
[163–166], which corresponds well with the simulation results of pre
viously reported studies [167–169]. High-value distribution areas were 
located inside the plasma torch. Considering the axial attenuation pro
file, the plasma temperature gradually decreases as the distance in
creases. However, the axial pressure and velocity vary differently in the 
Mach disk area outside the torch nozzle. The plasma jet expanded after it 
was injected from a torch nozzle (diameter = 27.5 mm). Similar to the 
experimental results, the high-velocity flow induced shockwaves near 
the torch nozzle. A substrate with a diameter of 300 mm was placed 
1500 mm from the torch nozzle. The angle of the flow pattern of the 
plasma jet impinging perpendicularly to the substrate increased. The 
flow streamlines along the radial direction of the velocity boundary 
layer of the substrate are bent. The experimental temperature and ve
locity distributions of the plasma jet completely cover the top surface 
area of the substrate [13]. 

The velocity and temperature distributions near the torch nozzle are 
shown in Fig. 28. An apparently high-temperature arc was generated 

between the cathode tip and the anode. The predicted maximum ve
locity at the torch nozzle is greater than 6000 m s− 1. The plasma gas was 
ejected through a divergent nozzle, which allowed it to expand along the 
radial direction. Outside the torch area, a bright Mach disk initially 
formed close to the torch nozzle. A closed stagnation zone formed 
because the loss of the total pressure behind the Mach disk exceeded the 
losses behind the compression shock in the peripheral region of the jet. 
Therefore, the gas stream at the obstacle surface cannot flow outward 
from the obstacle center [170]. The calculations reveal that the irregular 
reflections of the formed shocks from the symmetry axis produced a 
shear layer that promoted the formation of a region with a reverse flow 
behind the Mach disk [171]. Under the employed conditions, the pre
dicted maximum Mach number was 3.58. 

Regardless of the mode of injection of the powders, the velocity and 
temperature profiles at the cross-section of the torch nozzle are impor
tant initial conditions for plasma spraying. Bolot and Coddet (1997) and 
Vardelle et al. (1998) determined the velocity and temperature distri
butions during APS through numerical simulations [172–174]. The re
sults of these works have been revised and widely applied in subsequent 
studies. However, the results cannot be directly used for LPPS torches 
because of the large differences between the operating parameters of the 
two methods. For example, the input current of the PS-PVD torch ranges 
from 2000 to 2600 A (Tables 1 and 7), whereas that of most commercial 
APS torches varies from 400 to 800 A. The differences in the input 
current requirements potentially caused a significant difference between 
the current density distributions at the cathode tip of the PS-PVD and 
APS torches. 

The pressure distributions at the cross-section of the PS-PVD torch 
(MC-100, Medicoat AG, Switzerland) at chamber pressures of 50, 100, 
200, and 1000 Pa are investigated. The internal pressure of the plasma 
torch ranged from 6000 to 7500 Pa. As the distance increased, the in
ternal pressure decreased to as low as the chamber pressure except in the 
plasma jet shock area. The plasma gas pressure at the cross-section of the 
torch nozzle changed marginally as the chamber pressure varied from 50 
to 1000 Pa. The plasma gas pressure (Pout, Pa) profile at the torch nozzle 
(chamber pressure = 200 Pa) follows a Gauss–Amp distribution, which 

Fig. 26. History and developments of low-pressure plasma spraying [152,155–161] (Reproduced with permission © Springer Nature & Elsevier B⋅V.).  
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is a function of the torch nozzle radius (r, mm) in Eq. (7) [13]. 

Pout = − 798.18 + 8140.80 × e−
(r− 0.01)2

80.78 (7)  

where Pout is in Pa and r is in mm. 
The plasma gas temperature (Tout, K) and velocity (Vout, m⋅s− 1) 

profiles at the torch nozzle can be fitted as polynomial functions of the 
torch nozzle radius (r, mm), as shown in Eqs. (8) and (9), respectively:   

Owing to the large diameter of the plasma torch (Fig. 29-b), the 
maximum temperature of the PS-PVD torch at the nozzle exit was not 
higher than that of the conventional plasma spray torches, even though 
the input power requirement of the PS-PVD torch was the highest. 
Moreover, at a constant input current, the temperature distribution at 
the torch exit during PS-PVD was marginally affected by the variation in 

the chamber pressure. The maximum velocity at the PS-PVD torch exit 
was almost four times that at the other plasma spray torches (Fig. 29-c). 
Figs. 29-c and 29-d summarize the numerically predicted maximum 
velocity and temperature of plasma gases over the last 20 years. A 
summary of the operating parameters is listed in Ref. 13. Most of the 
predicted maximum velocities under different chamber pressures 
ranged from 5000 to 7000 m s− 1. The predicted maximum temperature 
was greater than 10,000 K, except for some special cases. 

Fig. 30 shows the velocity and temperature distributions at the cross- 

section of a low-pressure plasma jet at spraying distances of 1000 and 
1200 mm, which are the commonly chosen parameters for the plasma 
spraying of ceramic coatings. The cross-sectional contour distributions 
revealed that the high-velocity and high-temperature areas were at the 
center of the plasma jet and distributed in an asymmetric plane. Fig. 30-e 
and 30-f show the centerline attenuation of the plasma gas velocity and 

Fig. 27. (a) Schematic and (b) photograph (Beihang University) of the PS-PVD system [13]; (c) plasma spray torch used in this system and (d) its internal structure. 
Variation of the plasma jet length at chamber pressures of (e) 2000, (f) 1000, and (g) 200 Pa [162] (Reproduced with permission © Elsevier B⋅V.). 

Tout = 9078.32312 − 2.06764 × r + 11.24426 × r2 + 0.0872 × r3 − 0.74899 × r4 − 7.98488 × 10− 4 × r5

+0.01112 × r6 − 4.28153 × 10− 7 × r7 − 5.01671 × 10− 5 × r8 + 1.43629 × 10− 8 × r9 (8)  

Vout = 5976.22964 − 6.56933 × r + 16.75847 × r2 + 0.27536 × r3 − 0.90256 × r4 − 0.00346 × 10− 4 × r5

+0.0843 × r6 + 1.76383 × 10− 5 × r7 − 2.80536 × 10− 5 × r8 − 3.2315 × 10− 8 × r9 (9)   

S.-H. Liu et al.                                                                                                                                                                                                                                   



Materials Today Physics 27 (2022) 100832

29

temperature, respectively. At a radius of 350 mm, the velocity and 
temperature gradients at the cross-section were high. The maximum 
plasma gas velocities at 1000 and 1200 mm were 495.93 and 572.45 m 
s− 1, respectively. Conversely, the maximum plasma gas temperatures at 
spraying distances of 1000 and 1200 mm were 1681.85 K (1408.7 ◦C) 
and 1803.81 K (1530.66 ◦C), respectively. The melting point of the 
commonly used DD6 single crystal superalloy is in the range from 1360 

to 1411 ◦C [175]. Hence, appropriate experimental spraying parameters 
should be chosen to prevent melting of the alloy substrate. Although the 
temperature gradient at the cross -section of the plasma jet is high, this 
method can be used to deposit coatings on the vanes of aircraft engines 
in a certain length. 

Fig. 28. (a) Temperature and (b) velocity distributions at the plasma jet area near the torch nozzle exit (I = 2000 A, 100 Pa, Ar/He = 30/60 SLPM); (c) observation of 
the low-pressure plasma jet in the experiment [13] (Reproduced with permission © Elsevier B⋅V.). 

Table 7 
Comparison of YSZ particle velocity and temperature in LPPS and PS-PVD processes.  

Authors Operating 
Conditions 

Torch Chamber 
Pressure 

Particle Size 
(μm) 

Distance 
(mm) 

Particle 
Velocity (m/ 
s) 

Particle 
Temperature 
(◦C) 

Method Reference 

Mark F.Smith& 
Ronald C. 
Dykhuizen 
(1988) 

\ \ 6.7–8 kPa Al2O3, 44 μm  200–400 \ Laser 
Velocimeter 

[179] 

Sodeoka. et al. 
(2001) 

41.6–47.2 kW Sulzer Metco F4- 
VB 

30–200 kPa YSZ, 11–106 
μm (Metco 
204 NS-G) 

75–250 180–380 2900–3250 DPV-2000 [71,180] 

Schiller. et al. 
(2001) 

30 kW M3 Laval 10 kPa YSZ, 5–25 μm 25–250 400–475 / Laser Doppler 
Anemometry 

[71,181] 

Rat. et al. (2003) 30 kW M3 Laval 1–20 kPa YSZ, 5–20 μm 10–250 175–375 / Laser Doppler 
Anemometry 

[71,182] 

Refke. et al. 
(2003) 

I = 1500–2600 A 
50/110 SLPM 
Ar/He 

Sulzer Metco 
O3CP 

5–20 kPa YSZ, 5–22 μm 150–550 470–580 2280–2690 DPV-2000 [70] 

Coddet. et al. 
(2005) 

15 kW, 40 SLPM 
Ar 

Sulzer MetcoF4- 
VB 

0.5–15 kPa YSZ, 35–75 
μm (Metco 
204 B-NB) 

150–560 289–666 1720–2425 DPV-2000 [71] 

Zhang N, H. L. 
Liao, C. Coddet 
(2017) 

I = 500 A, 40 
SLPM Ar + 8 
SLPM H2 

Sulzer MetcoF4- 
VB 

1 × 104–2.5 
× 104 Pa 

YSZ, 5–22 μm 20–50 260–380 2050–2340 DPV-2000 [160] 

Liu & Guo. et al. 
(2021) 

I = 2000 A, 
30 SLPM Ar+60 
SLPM He 

MC-100, 
Medicoat AG, 
Switzerland 

50–200 Pa YSZ, 1–30 μm 
(Metco 6700) 

0 (Nozzle 
Exit) 

1659.82 
(STDEV =
1093.7) 

4336.4 (STDEV 
= 354.5) 

Numerical 
Simulation 

[13] 

1200 709.05 
(STDEV =
424.95) 

2150.47 
(STDEV =
1021.1) 

1500 395.28 
(STDEV =
174.8) 

1524.62 
(STDEV =
464.3)  

S.-H. Liu et al.                                                                                                                                                                                                                                   

https://sciencedirect.53yu.com/science/article/abs/pii/0257897288900850
https://sciencedirect.53yu.com/science/article/abs/pii/0257897288900850
https://sciencedirect.53yu.com/science/article/abs/pii/0257897288900850


Materials Today Physics 27 (2022) 100832

30

5.2. Multiphase flows and heat transfer in PS-PVD processing 

Considering the above mentioned results for PS-PVD plasma jets, the 
heating and motion profiles of ceramic powders during plasma spraying 
are presented herein. YSZ particles were injected into the plasma torch 
using two carrier gas pipes. The fluid characteristics of YSZ particles 
inside the plasma torch can be found in Ref. 13. Fig. 31 shows the steady 
flow model of the YSZ particles sprayed at a maximum distance of 2200 
mm. The aerodynamic drag, pressure gradient, thermophoretic, and 
gravitational forces govern the particle flow in the plasma gas. 

The YSZ particle diameter distributions are present in Fig. 31 without 
considering droplet breakup and atomization. The modeling of droplet 
breakup and atomization in this process was investigated in Ref 13. The 
tracked trajectories of the particles with diameters ranging from 21 to 
30 μm were directed toward the chamber wall at large angles, which 
may be induced by the high-pressure gradient force of larger particles. 
On the contrary, particles with diameters ranging from 8 to 21 μm 
exhibited swirling flow trajectories around the jet axis at a distance of 
1.5 m. The YSZ mass transfer distribution, which correspond well to the 
particle diameter distribution in which large particles have high mass 
concentrations. For a distance of 2.2 m, the flight time of the particles 
was less than 0.1 s. In particular, the flight time of swirling particles 
varied from 0.4 to 0.7 s. 

Fig. 31-d and 31-e show the predicted particle velocity and tem
perature along the flow trajectories, respectively. Fig. 31-h presents the 
experimental observations outside the torch nozzle. The particles that 
flowed close to the torch nozzle exhibited high temperatures close to the 
boiling point of zirconia (4548 K). However, the maximum particle 
velocity near the torch nozzle was 6000 m s− 1 in a very small zone, 
which rapidly decreased along the trajectories. 

A comparison of the YSZ particle velocity and temperature in low- 
pressure plasma spraying at different spraying distances is listed in 

Table 7. The measured velocity distributions were found to be strongly 
dependent on the spray chamber pressure using a laser velocimeter. For 
Al2O3 powders with a mean diameter of 44 μm [180], the peak particle 
velocities ranged from 200 to 400 m s− 1, and the highest particle ve
locities were recorded at intermediate pressures of approximately 40 
kPa (300 Torr). Generally, at a constant distance, the particle velocity is 
dominated by the chamber pressure and input power of the plasma 
torch. The particle temperature was slightly higher than the melting 
point of zirconia (2677 ◦C). However, at certain spraying distances, the 
particle temperature decreased. The micro-/nano-deposited units from 
the atomization, breakup, and resolidification of the in-flight droplets 
contribute to the formation of quasi-columnar structures through 
PS-PVD. A smooth quasi-columnar surface structure was easily depos
ited at the center of the plasma jet. The coating produced at the pe
riphery of the plasma center contains a mass of splashed nanoparticles 
and unclear interspaces within the quasi-columnar structure on the top 
surface [176–178]. 

The calculation of the vapor concentration of zirconia is shown in 
Fig. 32. The ZrO gas phase is assumed to exist at 298–2500 K [183,184]. 
Solid zirconia is mainly formed from ZrO2 vapor, rather than through 
the reaction of ZrO with O [20,185]. Regardless of the mode of injection 
of the YSZ powders (one-way or two-way), the high-vapor-concentration 
area was consistently located near the torch nozzle (Fig. 32-c, Fig. 32-g). 
Subsequently, the vapor phase was intensely transferred through the 
plasma jet to distances greater than 1000 mm. In the one-way injection 
method, the flow streamline of the vapor phase was initially directed to 
the bottom of the chamber owing to the influence of gravity (Fig. 32-b 
and 32-d). This observation is similar to that of the tracked trajectories 
of in-flight particles or droplets during the one-way injection of YSZ 
powder [13]. In contrast, the flow streamline of the vapor phase was 
directed to the top of the chamber during two-way injection of the 
powders (Fig. 32-f and 32-h). Nevertheless, the final deposition tended 

Fig. 29. (a) Velocity and (b) temperature distributions at the cross-section of the torch nozzle at chamber pressures of 50, 100, 200, and 1000 Pa [13]. Predicted 
maximum (d) velocity and (e) temperature of the low-pressure plasma jets through numerical calculations. 

S.-H. Liu et al.                                                                                                                                                                                                                                   



Materials Today Physics 27 (2022) 100832

31

to be perpendicular to the substrate because the plasma jet improved the 
mass-transfer characteristics during the process. Accordingly, at the 
anode of the PS-PVD torch (Fig. 32-g and Fig. 32-h), the extent of the 
evaporation of the YSZ powders during the two-way injection route was 
approximately 38% at a total feed rate of 8 g⋅min− 1. Considering the 
vapor concentration of zirconia (Fig. 32-e and 32-f), the deposition rate 

on the substrate was approximately 5–10 μm⋅min− 1 without considering 
the apparent in-flight particles and droplets. It is worth noting that the 
highest vapor concentration area was still located at the center of the 
plane substrate, which explains the formation of smooth cauliflower-like 
microstructured coatings at the center of the substrate. 

Fig. 30. Predicted velocity and contour distribution at the cross-section of a low-pressure plasma jet (P = 100 Pa, I = 2000 A, 30 SLPM Ar + 60 SLPM He) at spraying 
distances of (a, b) 1000 and (c, d) 1200 mm; comparison of the average (e) velocity and (f) temperature at the center line of cross-section. 
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5.3. Depositing of ceramic thermal barrier coatings on blades of aircraft 
engines through PS-PVD 

In the experiment, the depositing of ceramic thermal barrier coatings 
was carried out for a few minutes. Fig. 33 shows the evolution of the 
microstructures from single-scan deposition to thin-film coating for
mation. Uniformly distributed island-like deposits were obtained within 
2 s. Thereafter, larger islands with nanosized stable clusters that coag
ulated from the vapor stream or impinging particles were produced. 

With continuous deposition, more islands or droplets fill the spaces 

formed by the previously deposited particles and form a thin film. 
Considering the self-shadowing effect of the impinging particles, the 
local growth rate in the perpendicular direction is higher than that in the 
horizontal direction. Furthermore, considering the deposited thin films 
with increasing thicknesses, the surface diffusion coefficients of coatings 
based on Zr, O, Y, La, Ce, Gd, and Yb increase with the interface tem
perature [13]. Therefore, coatings typically exhibit a quasi-columnar 
microstructure with larger diameters at the top surface. The bound
aries of the interspaces between the quasi-columns became less apparent 
with increasing coating thickness. 

Fig. 31. Modeling of heating and motion of YSZ particles in PS-PVD (P = 200 Pa, I = 2000 A, 30 SLPM Ar + 60 SLPM He, SD = 2200 mm): (a) plasma jet tem
perature, (b) plasma jet velocity. Particle (c) diameter, (d) temperature, and (e) velocity distributions through two-way injection of the carrier gas (2 × 10 SLPM 
argon, 2 × 4 g⋅min− 1 YSZ). Observation (f) of the region near the torch nozzle with the YSZ particles under the same conditions ([13] reproduced with permission © 
Elsevier B. V.). 
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Fig. 32. Transient zirconia vapor distribution in the PS-PVD processing (P = 100 Pa, I = 2000 A, 30 SLPM Ar +60 SPLM He): (a, b) distributions of the continuous 
flow at an interval of 10 μs through a one-way injection of particles from the plasma torch to the substrate (SD = 1500 mm); (c, d) magnified views nearby the torch 
nozzle. (e, f) Distributions of the continuous flow at an interval of 10 μs through two-way injection method [13]; (g, h) magnified views nearby the torch nozzle [13]. 
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6. Summary 

In this paper, we review the current nontransferred arc plasma spray 
technology and focus on changes in the multiphase flows and heat 
transfer mechanisms of the precursor powders and produced coatings. 
The following conclusions were drawn:  

(1) The arc flow instabilities inside the plasma spray torch still 
induce plasma jet instabilities downstream, which reduce the 
controllability and reproducibility of spraying the particles. 

(2) In addition to solid particle melting, evaporation, and solidifi
cation during plasma spraying, liquid column breakup, secondary 
breakup, and atomization will inevitable occur duo to the cross- 
flows in internal injection or outside injection ways of plasma 
spraying. By using a long spraying distance and nano-size pow
ders, in-flight droplet re-solidification, and self-shadowing of 
impinging particles will also occur.  

(3) For APS processing, the influence of the cold carrier gas on the 
thermal plasma gas was significant under transverse injection of 
the carrier gas containing the particles. The entrainment of air 
should be considered in the modeling of Ar plasma jets used in 
APS to obtain reliable simulation results.  

(4) For AMPS technology, the carrier gas containing the powders was 
supplied from a hollow cathode, which was specifically designed 

to deposit ceramic or metallic coatings, even at low output 
powers.  

(5) For ALPS technology, the surface temperatures of the YSZ and 
Al2O3 powders were close to the boiling points of the materials. In 
general, the output power of other conventional APS methods is 
larger than that required for ALPS. As such, this technology can 
be used to produce vertical cracks or quasi-columnar YSZ coat
ings, even under atmospheric conditions.  

(6) In PS-PVD technology, heat and mass transfers occur over long 
distances in a closed chamber. The formation of mixtures of 
deposition materials containing vapor, droplets, and resolidified 
solid particles was confirmed by experimental and numerical 
simulation results. Appropriate and precise spraying parameters 
should be used for the deposition of coatings on substrates. 

7. Outlook and critical challenges 

Although extensive research on APS processing has been conducted, 
further investigations are required to clarify existing problems that have 
not been fully resolved. Trelles (2018) investigated the basic phenomena 
in a direct-current arc plasma torch (Fig. 34-a). Although the length and 
diameter of the plasma torch were both small, the phenomena inside and 
outside the torch varied significantly. Furthermore, they were found to 
be complex, three-dimensional, and time-dependent [197]. To date, the 

Fig. 33. Depositing of quasi-columnar coatings in PS-PVD [13,186] (Reproduced with permission© Elsevier B⋅V.).  
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computational fluid dynamics (CFD) approach has been employed to 
simulate APS processing, wherein a set of magnetohydrodynamic 
equations that include the conservation of mass, momentum, and energy 
of the plasma gas are used. However, nonequilibrium conditions can be 
observed extensively in the arc fringes and regions near the electrodes 
[187]. Although many nonlocal thermodynamic equilibrium (NLTE) 
models have been developed for APS processing, the chemical 
non-equilibrium effect should be considered in modeling the arc 
contraction behavior inside the arc plasma spray torch [188,189]. In 
addition, the plasma torch, commonly Ar and Ar–H2 gases, is considered 
a full plasma gas; that is, the heat transfer between the thermal plasma 
jet and the cold surrounding air is not considered in most cases during 
the numerical simulation. The heat transfer phenomenon is consider
able, particularly in modeling Ar plasma spraying under atmospheric 
environments, because the difference in specific heat between Ar and air 
is high [34]. For PS-PVD processing (Fig. 34-b), the flight distance of the 
powders was approximately 10 times that of the particles used in APS 
technology. The flight time of particles in PS-PVD (0.1 to 0.4 s) is at least 
three orders of magnitude higher than that in APS (1 × 10− 4 to 1 × 10− 3 

s). Moreover, many experimental results have demonstrated that 

low-pressure plasma jets have larger electron temperature gradients at 
the torch cross-section [190–192]. For PS-PVD, the nonequilibrium 
parameter (Te/Th) was approximately 1.23–1.28 at a spraying distance 
in the range 500–1200 mm and chamber pressure of 200 Pa [193]. 
Therefore, CFD simulations of the LPPS and PS-PVD methods should be 
performed using NLTE conditions. The data for the electrons and heavy 
particles in the Ar–He plasma gases should be completely reported. 

Moreover, according to the distribution of the Kn number (Kn = Ma/ 
Re = λ/L) along the axis of the PS-PVD jet in Fig. 35, the actual value of 
the Kn number at spraying distances ranging from 1000 to 1500 mm was 
less than 1. However, at a critical length of 1 μm, the value of Kn in the 
shock area is quite high. Therefore, an advanced multiscale CFD 
approach should be developed to improve the fidelity and accuracy of 
the models for LPPS and PS-PVD technologies. 

There exists a weak effective electric field of the plasma jet in the 
atmospheric environment for plasma spraying at an input current of 400 
A [194]. Hence, PS-PVD jet should have a more intense effective electric 
field in the three-dimensional domain from 2000 to 2600 A. Chen Xi 
reported that the charging time of particles with an average size 10 μm 
in an Ar plasma jet was on the order of 10− 11 s [195]. However, the 

Fig. 34. (a) Understanding phenomena in atmospheric plasma spraying [196] and (b) low-pressure plasma spraying (Reproduced with permission © IOP Pub
lishing Ltd). 
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spraying distance and flight time during APS processing were quite 
short. The nonlocal electric neutrality induced by NLTE does not need to 
be considered. In PS-PVD processing, the charging of in-flight particles 
may or may not induce coagulation. Coagulation and agglomeration of 
nanoclusters should be further investigated. 
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