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Thermal barrier coatings used to protect the blades of aircraft and gas turbine engines are primarily
ceramic coatings with unique microstructures result of the deposition method used., for example, plasma
spraying. Over the last decade, low-pressure (50—200 Pa) plasma spray - physical vapor deposition (PS -
PVD) has been recognized as a promising method for obtaining advanced high-temperature performance
thermal barrier coatings on gas turbines or aircraft engines. However, challenges still exist in experi-
mental measurements and numerical modeling inside very large supersonic fluid fields (at the meter
scale) with multiple phases (at micron- or nano-scale) at temperatures over 12000 K and velocities of
over 6000 m/s. The plasma spray flow and heat and mass transfer in a closed chamber are not fully
understood owing to the complicated interaction of the supersonic flow, swirling flow, phase transition
and shock waves. This paper reviews the current state of technology in thermal barrier ceramic coatings
obtained using PS-PVD. The multiphase flow characteristics during low-pressure plasma spraying using
ceramic nano-agglomerated powders at different chamber pressures are studied via computational fluid
dynamics modelling and experiment. The self-shadowing effect of impinging particles and the intensi-
fication of heat and mass transfer from the low-pressure plasma plume to the substrate are demon-
strated. The flash vaporization and atomization of the ceramic droplets induced by the plasma jet shock
waves are clarified. The formation, effects and control of quasi-columnar ceramic coatings in the additive
manufacturing process of low-pressure plasma spraying are studied. Finally, this paper concludes with
the future outlook and outstanding problems in this topic.

Keywords:

Thermal barrier coatings
Plasma spraying
Particles velocity

Vapor deposition
Numerical simulation

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction
1.1. Research status of the PS-PVD method

An important goal is the development of a coat-effective process
to deposit an optimized columnar-like ceramic coating with low
thermal conductivity and improved strain tolerance, allowing
acceptable performance in high-thermal shock test [1—3]. Over the
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last decade, with the development of industrial requirements, the
low-pressure plasma spray-physical vapor deposition (PS-PVD)
method has been successfully used to obtain quasi-columnar
ceramic coatings [5,10—12]. The PS-PVD method is a relatively
new process that can deposit a coating of thickness between con-
ventional PVD technologies (e.g., 1-20 pm) and conventional
thermal spray processes [13—15]. The properties of quasi-columnar
coatings are recognized as being superior to current thermal spray
coatings, and they have a lower cost and higher deposition rate
than EB-PVD coatings [5,10,15].

Typically, PS-PVD operates in a closed chamber at a low-
pressure of 50—200 Pa through the use of a direct current non-
transferred arc plasma torch to obtain a super-long plasma plume
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Notation

Cp drag coefficient

Cps specific heat of solid YSZ materials (J/kg K1)

Cpt specific heat of liquid YSZ materials (J/kg K ')
Dp particle diameter (pum)

Fq drag force (N)

F; thermophoretic forces (N)

h convective heat transfer coefficient (W m2 K1)
I current (A)

s Stefan Boltzmann constant (5.67 x 10~3W/m? K~#)
kg plasma gas thermal conductivity

Lm melting latent heat of YSZ materials (J kg™!)

Ly vaporization latent heat of YSZ materials (J kg~!)
P pressure (Pa)

Q gas flow rate (kg/s)

qr radiative heat loss from the particle surface

Ip particle radius (pm)

Rep Reynolds number of particles

Rg gas constant

T plasma gas temperature (K)

Tm particles melting temperature (K)

vy particle velocity (m/s)

Vi plasma velocity in the r direction

Vo plasma velocity in the 6 direction

v, plasma velocity in the z direction

\\Y power (W)

Greek symbols

K thermal conductivity (W/m/K)

1 dynamic viscosity (kg/m/s)

P density (kg/m?®)

Subscript

b boiling point

tr crystallize transform

p particle

m melting point

Abbreviations

APS Atmospheric Plasma Spraying
ALPS Atmospheric Laminar Plasma Spray
BUAA Beihang University

EBSD Electron Back - Scattered Diffraction
GZ0 gadolinium zirconate

IPF Inverse Pole Figure

LCO La;Ce; 07

LTE Local Thermodynamic Equilibrium
LZO LaZZrZO7

MHD Magneto Hydrodynamic

OES optical emission spectroscopy

Oh Ohnesorge Number

PS - PVD Plasma Spray - Physical Vapor Deposition
Pr Prandtl Number

SD Spraying Distance

Sh Sherwood Number

SLPM Standard Liter Per Minute

SPS Suspension Plasma Spraying

Ta Taylor Number

NCE non-chemically equilibrium

NEC Net Emission Coefficient

Nu Nusselt Number

We Weber Number

XJTU Xi'an Jiaotong University

YSZ yttria-stabilized zirconia

with a length of 1-2 m. The detailed operating parameters of
current low-pressure plasma spray - physical vapor deposition
technologies are listed in Table 1. The maximum length of the low-
pressure plasma jet is approximately 2—2.2 m, as obtained by Refke
[5] and Harder et al. [12]. Based on the low chamber pressure, the
total gas flow rate of the plasma spray torch exceeded 60 SLPM
when using argon, helium or hydrogen gases under a maximum
input current of 2600 A, which is much larger than conventional
plasma spray torches [23,35,59,73]. However, the powder feed rate
is in the range of 0.5—20 g/min using nano-sized ceramic powders,
which is significantly smaller than the conventional APS methods
[24,25]. Since 2010, this method has been the subject of intensive
research as the requirements for advanced ceramic coatings
increase.

A key driver for expanding low-pressure plasma spray-physical
vapor deposition technology is the desire to replace EB-PVD coat-
ings at a low cost and high deposition rate [26—29]. Researchers
have endeavored to develop a detailed understanding of this new
method. However, many significant challenges and problems
remain [30—34]. These include the mechanisms of heat and mass
transfer between the supersonic plasma jet and nano-sized parti-
cles at temperatures above 10 000 K in less than a second when the
powders are injected in the plasma torch; the formation mecha-
nism and variation of the quasi-columnar ceramic coatings in the
additive manufacturing of low-pressure plasma spray, and control
of the vaporization phenomena of ceramic powders during the
process. Further, the low-pressure plasma flow and associated heat
and mass transfer in the closed chamber are not well understood
because of the complicated interactions of the supersonic flow,

swirling flow, phase transition and shock waves. Accordingly, the
primary aims of this review are to understand the coating forma-
tion mechanism by presenting a broad range of research. This in-
cludes the plasma and in-flight particle diagnostics, fluid dynamic
modeling taking into account multiple phases, and transient heat
and mass transfer of phenomena during the entire coating process.

We present the unique microstructure variations in the coatings
obtained using the low-pressure plasma spray physical vapor
deposition method, together with their mechanical properties and
high-temperature performance in Section 2. Besides, we compare
these properties with those obtained using other plasma spray
technologies. In Section 3, we focus on the time-dependent
multiphase flows characteristics during the low-pressure plasma
spraying of ceramic coatings at different chamber pressures. We
use a numerical simulation in a large three-dimensional domain
and compare the result with in-situ experimental measurements.
In Section 4, the formation mechanism related to the self-
shadowing effect of impinging particles, droplet breakup, and at-
omization during the sudden decrease in pressure from the plasma
torch to the plasma jet are studied. In Section 5, the kinetics of
surface diffusion and ceramic phase transformation on the sub-
strate in this process are discussed. Finally, Section 6 and Section 7
present the future outlook and summary of this review on this
topic, respectively.

1.2. Research background and thermal barrier coating
manufacturing

Ceramic coatings are extensively used in different industrial
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Depositing parameters of low-pressure plasma spray - physical vapor deposited quasi-columnar coatings.

Institutes Authors Gas Flow Rates  Current (A) Powder Feed  Operating Spraying Ref.
(SLPM) Rate (g/min) Pressure Distance (m)
LERMPS, Université de Technologie de Belfort- Zahir. S, Christian. Coddet. ~ Ar 40 SLPM +4 400/700 A 12—24 (Cu) 50—500 Pa 0.04—0.125 [4]
Montbéliard (UTBM), France et al. SLPM H
Sulzer Metco AG, Switzerland. K. von Niessen, M. Gindrat, 200 2000—-3000 A 2—-10 (YSZ) 50—200 Pa 0.50-2 [5]
and A. Refke
Department of Materials Engineering, The Kazuyuki. lizuka, M. Ar 52 SLPM +5 108 kW, RF Hybrid 0.36—0.05 27 kPa 0.025—-0.05 [6,7]
University of Tokyo Kambara, T. Yoshida et al. ~ SLPM O, Plasma torch (Sn0y)
Japan /Ar 170 0.8—3.2 (YSZ)
SLPM +30 SLPM
H>
Dalian Maritime University, Center of Thermal Yang Gao. D.M. Yang. et al. Ar 30 SLPM +5 500/600 A 20 (YSZ) 50—-100 Pa 0.4 [8,9]
Spray, Dalian, China SLPM H,
Forschungszentrum Julich GmbH, Ju lich, G. Mauer, R. Va3en. et al. Ar 35 SLPM + He 2600 A 1-20(YSZ) 50—200 Pa 0.3-1.4 [10,30]
Germany 60 SLPM
Sandia National Laboratories, USA Mark F. Smith. et al. — 2000 A — 100 — [11]
50V —500 Pa
NASA Glenn Research Center, Cleveland, USA Bryan. J. Harder. et al. 80—120 SLPM 1700 A 2—-11 (YSZ) 106.6 1.7-2.2 [12]
Ar:He = 1:2 —150 Pa
Rzeszow University of Technology, Marek Goral. et al. Ar 35 SLPM + He 1600—2400 A 10-20 (YSZ) 140 1.2 [13]
Powstancow, Poland 60 SLPM —200 Pa
School of Material Science and Engineering,  H. B. Guo. et al. Ar 35 SLPM + He 2000 A 5(YSz) 50—200 Pa 0.45-1.9 [14]
Beihang University, China 60 SLPM
School of Material Science and Engineering,  C.]. Li. et al. Ar 40 SLPM +8 620 A 0.5-2 (YSZ) 100 Pa 0.05-0.5 [15,16]
Xi'an Jiaotong University, China SLPM H,
Guangzhou Research Institute of Non-ferrous K.S. Zhou, C. M. Deng, M Liu. Ar 35 SLPM + He 2600 A 9-18 (YSZ) 150 Pa 0.95-2.2 [17,333],
Metals, China etal 60 SLPM
Shanghai Institute of Ceramics, China Fang. Shao, S. Y. Tao. et al.  Ar 35 SLPM + He 2600 A 5(YSZ) 150 Pa 0.5-1.0 [18,19]
60 SLPM
Beijing General Research Institute of Mining D. M. Zhang, L.H.Gao. et al.  Ar 35 SLPM + He 2000—2200 A 10-30 (YSZ) 100 0.8—1.0 [20,21]
and Metallurgy, China 60 SLPM —150 Pa
University of Toronto, Toronto, Canada Pengyun. Xu, Javad. M. et al. Ar 50 SLPM + H, 700 A 26-28 1e* ~ 3e*Pa 0.08—0.1 [22]
10 SLPM (Yb(NO3)3)

fields. The stringent requirements of the aerospace industry are
significant technology drivers for advanced ceramic coatings
[35—37]. Thermal barrier coatings (TBCs) are critical components in
modern gas turbines and aircraft engines as they can enable en-
gines to operate stably with increasing gas temperature [38—40].
TBCs with multifunctional materials that protect the metal parts in
the engine must have both very low thermal conductivities in the
top ceramic coating and be able to withstand large thermal stress
variations within the bonding coating under thermal shock (Fig. 1).
The excellent thermal insulation and thermal cycling performances
required of TBCs depend on the deposition method, particularly for
the top ceramic layer when using 7—8 mol % yttria-stabilized zir-
conia (YSZ) [, # [41,42], gadolinium zirconate (GZO) [43—45],
LayCey07 (LCO) or LayZr,07 (LZO) [46—48].

Currently, the top ceramic coating is deposited using either
electron-beam physical vapor deposition (EB-PVD) method or the
plasma spraying methods (Fig. 2) [36,38,49,50]. In EB-PVD, a
focused high-energy electron beam is used to melt the materials in
a vacuum chamber [51,52]. The evaporating material condenses on
the surface of the substrates or components [53]. While EB-PVD
coatings with columnar-like microstructures have high thermal
cycling lifetimes, they also have high thermal conductivities (typi-
cally 1.5-1.9 Wm 'K~ by using YSZ) compared to those deposited
by other methods [54—57]. Further, the process has high invest-
ment costs and a low deposition rate.

The atmospheric plasma spraying (APS) and atmospheric sus-
pension plasma spraying (SPS) processes are operated under at-
mospheric conditions [58—60]. Typically, atmospheric plasma-
sprayed YSZ coatings with lamellar structures, which have been
used in thermal barrier systems for a long time, exhibit low adhe-
sive strengths and low thermal conductivities (typically
0.8—1.8 W m~! K1) [38,46,61]. The lamellar microstructure ob-
tained from the stacking of successive splats is highly porous

[62—64]. However, the coating is sensitive to thermal expansion
mismatches and is not adaptable to the hot-section components of
engines for high thermal cycling resistance.

Researchers have focused on developing a low-cost SPS method
[65—68] that can deposit quasi-columnar ceramic coatings with
lower thermal conductivity by using nano-sized feed powders that
are dissolved in ethanol [60,77] or vertical segmentation coatings
with very fine porosities and high densities of vertical segmenta-
tion cracks that exhibit high strain tolerance and low Young's
modulus [69,70].

2. Unique microstructure evolution and properties of the
coatings using the PS-PVD method

Since many conventional plasma spray methods deposited the
ceramic coating of thermal barrier coatings with the lamellar
structure and had a widely application on intricate components.
The interconnection between lamellar structure and coating
properties were understood. In the section, the unique micro-
structure of the PS-PVD coatings are discussed in detail and
compared with conventional plasma spray methods. Process-
structure-property relationships are discussed for the PS-PVD
coatings. In addition, the influential factors for the formation of
coating in the experiment are also discussed.

2.1. Microstructures of YSZ, GZO, LCO coatings using the PS-PVD
method

TBCs are widely applied to protect the metal substrate of the hot
section components of gas turbine. TBCs system is usually
composed of a ceramic top coating as thermal insulation layer with
low thermal conductivity and a metallic bond coating. Currently,
yttria-stabilized zirconia (YSZ), gadolinium zirconia (GZO),
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Fig. 1. Applications of thermal barrier coatings in (a), (b), (c), (d); the used plasma torch under the reduced pressure condition (e); the low-pressure plasma spray (LPPS) system at
BUAA (f); the low-pressure plasma spray system in XJTU (g) (Copyright © Pixabay Licence).

LayZr,07 (LZO) and LayCe;07 (LCO) were used as ceramic material
of ceramic top coating of TBCs [80—83], which exhibits low thermal
conductivity and excellent mechanical properties by using con-
ventional plasma spray methods or EB-PVD method [84,85]. And
the coatings were shown different microstructures and conse-
quently different properties by choosing different deposition
methods and adjusting the deposition parameters.

Fig. 3 depicts the microstructures of coatings using PS-PVD
method at a chamber pressure of 200 Pa and spraying distance of
1200 mm for yttria-stabilized zirconia (YSZ) and gadolinium zir-
conia (GZ0O) and 1000 mm for La;Ce,07 (LCO), using 30 SLPM argon,
60 SLPM helium, and plasma spray torch current of 2000 A. Fig. 3-d,
3-h and 3-1 show the cross-section of the nano-agglomerated
7—8 mol % YSZ (dsp = 10 pm, Metco 6700, Oerlikon Metco, West-
bury, USA) [86], GZO (dsp = 27 pm, Gd: Zrin a 1:1 M ratio) [88] and
LCO (d5¢0 = 20 um, La and Ce in a 1.25 atomic ratio) powders [89],
respectively.

Quasi-columnar microstructures are observed on the fracture
surfaces in Fig. 3, which correspond multi-island protrusions with
intervening spaces on the top surface. At higher magnification, the

elements of the columnar-like structures on the top surface of the
coatings are observed to be nanoclusters (Fig. 3-c, 3-g and 3-k).

2.2. Microstructural evolution of ceramic coatings with different
spraying parameters

Fig. 4 shows the microstructural evolution of YSZ coatings under
different spraying conditions. The dense lamellar structures, similar
to those obtained with APS shows in Fig. 4-a and 4-b, closely packed
columnar structure in Fig. 4-c, quasi-columnar structures in Fig. 4-
d, and EB-PVD-like columnar structures in Fig. 4-e and 4-f were
obtained as the spraying distances increased from 400 mm to
1900 mm. Moreover, the inter-space between the quasi-columnar
structures at the top surface of the coating increased as the car-
rier gas flow rates increased using the same powders from Fig. 4- g
to 4- L.

A conventional atmospheric plasma sprayed ceramic coating
frequently exhibits a lamellar structure with a certain number of
pores, including globular pores, inter-lamellar unbonded interfaces,
and vertical cracks in individual splats [90—92]. The existence of
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Fig. 2. Current deposition methods and columnar or quasi-columnar microstructures for thermal barrier coatings: EB-PVD system (a) and microstructures of ceramic coatings
[71,72] (b), (c), (d); conventional atmospheric plasma spray method (e) and typical microstructures of coatings (f), (g), (h) [73,74]; atmospheric suspension plasma spray process
(SPS) [75] (i) and typical microstructures of coatings (j), (k), (1) [76,77]; (c) atmospheric laminar plasma spray process (ALPS) in (m) and typical microstructures of YSZ coatings (n),
(0), (p) [78,79]; low-pressure plasma spray-physical vapor deposition (PS-PVD) process (q), and typical microstructures of coatings (r), (s) and (t) (Reproduced with permission ©

Springer Nature, IOP Publishing Ltd., & Elsevier B.V.).

limited lamellar interface bonding as inter-lamellar pore in the
ceramic coating was revealed in literature [ [73,90]]. Intra-splat
cracks are also usually observed within individual ceramic splats
[93], which are generated by the intrinsic quenching stress. The
pores in the form of unbonded inter-splat interfaces and intra-splat
cracks are usually interconnected through the whole coating. A
limited lamellar interface bonding sets up a low ceiling for prop-
erties [94], this coating is also very sensitive to a thermal expansion
mismatch between the ceramic and metallic part of the TBCs,
leading to a relatively low lifetime on the high pressure compo-
nents of the turbine engine [95], although it is shown a low thermal
conductivity that is expected for thermal barrier coating [90].
Generally, coatings with dense microstructures exhibit good
performance for material protection against corrosion and wear
[91,92]; coatings with full vertical cracks and microporous micro-
structures have a low thermal conductivity owing to enhanced
phonon scattering and reduction in the phonon mean free path
[38,42,111]. Moreover, coatings with columnar-like microstructures
can offer high thermal compliance and thermal stress accommo-
dation in thermal cycling tests [96—98]. Thus, the PS-PVD process
allows a wide range of options for depositing coatings with

different microstructures. The coating quality, i.e., density, hard-
ness, elastic modulus, fracture toughness, and thermal conductivity
is controlled by the spraying parameters.

2.3. Mechanical properties and high-temperature performances of
coatings using PS-PVD

We investigated the corresponding elastic modulus (Fig. 5-a),
cross-section hardness (Fig. 5-b), cross-section porosity (Fig. 5-c),
thermal diffusivity at 1273 K (Fig. 5-d), thermal conductivity (Fig. 5-
e) and thermal cycling lifetime (Fig. 5- f) of the YSZ, GZO, and LCO
coatings deposited using the PS-PVD method as part of this work,
and compared them with the results of the APS, SPS, and EB-PVD
methods and a novel atmospheric long laminar plasma spray
method (ALPS). The depositing parameters are shown in Table 2.

The elastic modulus of thermal spray coatings usually differ
from the corresponding bulk material. Indentation tests have been
used widely for thermal spray coatings to quantitatively measure
their resistance to deformation under an applied load. The coating
elastic modulus can be viewed as an indication of internal cohesion,
porosity or the void and crack network, chemical phases and their
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Fig. 3. Microstructures of low-pressure PS-PVD ceramics coatings: YSZ coatings at the top surface (a), fracture surface (b), nanoclusters on the top surface (c), original powder (d)
[86,87]; GZO coatings at the top surface (e), fracture surface (f), nanocluster on the top surface (g), original powder (h) [88]; LCO coatings at the top surface (i), fracture surface (j),
nanoclusters on the top surface (k), original powder (1) [89] (Reproduced with permission © Elsevier B.V.).

proportions within a coating, and the residual stress state [112].
Fig. 5-a shows the maximum elastic modulus of the EB-PVD GZO
coating is 265 + 11 GPa [71]. It is obviously affected by the columnar
structure of EB-PVD coatings with strong anisotropic properties.

The elastic modulus of the coatings in this study were in the
range of 70—125 GPa, including YSZ, GZO, and LCO coatings
[89,99,109,110], which were used for nano-indentation tests on the
polished cross-section of the coating. The maximum elastic
modulus of the PS-PVD YSZ coatings from the studies of Deng. et al.,
Shan. et al., and Li et al. were approximately 167 GPa, 130 GPa, and
189 GPa [101,104,105], respectively. The elastic energy of the
coating is determined by the thermal expansion mismatch between
substrate and topcoat, the temperature difference, the elastic
modulus of the coating, and the thickness [113]. This can be
explained by the existence of the pores and defects in PS-PVD
coatings and usually the elastic modulus decreases significantly
with an increase in porosity, which has been widely reported in the
literature [114,115].

APS ceramic coatings present a low elastic modulus in Fig. 5-a.
The elastic modulus of an anisotropic, non-homogeneous, porous
material is highly affected by microstructural features. Anisotropic
pores and splat boundaries in thermal sprayed coatings can reduce
the elastic modulus of coatings, and introduce anisotropy in the
modulus relative to the spray direction [116].

Vickers indentations were used to measure the hardness on the
cross-sections of the coating, which is widely used for thermal
spray coatings to quantitatively measure their resistance to defor-
mation under an applied load. The cross-section hardness of the
GZO coating is higher than that of the YSZ and LCO coatings
deposited using the PS-PVD method (Fig. 5-b), as well as the
hardness of GZO bulk materials is higher than the YSZ and LCO
[117]. Deng et al. reported a maximum hardness of 11.7 GPa for a
YSZ coating by PS-PVD [102]. The hardness of LCO and LZO coatings
deposited through the APS method is in the range of 2.9—3.5 GPa
[109,110], and that of the EB-PVD manufactured GZO coating is
8.8 + 0.4 GPa [71]. The maximum hardness of the atmospheric
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Fig. 4. Microstructures of PS-PVD manufactured YSZ coatings at different spraying distances in (a), (b), (c), (d), (e), (f) [14] and at different carry gas flow rates in (g), (h), (i), (j), (k),

(1) [86] (Reproduced with permission © Elsevier B.V & Springer Nature).

laminar plasma sprayed YSZ coating is 8.9 GPa [111]. The average
hardness of the YSZ coating prepared using the SPS method by
Jordan et al. is 5.15 + 1.1 GPa [118].

The porosity values at the cross-section of the coatings are
shown in Fig. 5-c. The atmospheric suspension plasma-sprayed YSZ
coating exhibited a maximum porosity of 37 + 2 % with the use of
very fine YSZ powders (dso = 85 nm) that were dissolved in ethanol
[119]. The cross-sectional porosity of the quasi-columnar coatings
using PS-PVD in this study was in the range of 12—18 %, which is
similar to the results obtained by other authors using the PS-PVD
method. However, the atmospheric plasma-sprayed LZO, LCO, and
YSZ coatings had a wide range of the porosities under different
deposition conditions, which depended on specific requirements.

The results of thermal diffusivity of the ceramic coatings shown
in Fig. 5-d was measured using a laser-flash apparatus (i.e., Netzsch.
Inc., LFA-427, Germany). The thermal diffusivity of the YSZ coating
at 1273 K deposited using the SPS method was approximately
0.7 mm?/s, which was higher than other results. In this study, the
PS-PVD manufactured GZO and YSZ coatings had thermal diffu-
sivities of 0.3 mm?/s and 0.5 mm?/s at 1273 K, respectively. Gao

et al. reported a thermal diffusivity of 0.39 mm?/s for a PS-PVD
manufactured YSZ coating [21]. The thermal diffusivity of a GZO
coating using the EB-PVD method was 0.24 + 0.02 mm?/s.

The thermal conductivities of the coatings in Fig. 5-e were
calculated by multiplying the thermal diffusivity, specific hear ca-
pacity, and density. Thermal conductivity is a critical criterion for
evaluating the thermal insulation of the TBCs. Currently, SPS
manufactured YSZ coatings offer the lowest thermal conductivities
(Fig. 5-e). In PS-PVD coatings, the thermal conductivity of the GZO
coating produced by PS-PVD method was lower than that of the
YSZ coating. The YSZ porous columnar structures led to a significant
decrease in thermal conductivity in the range of 0.5—1 W m~!K~!
compared to values of YSZ EB-PVD coatings (1.3—1.5 W m~ 'K 1)
[120].

The LCO and LZO coatings using the APS method have thermal
conductivities at 1273 K of 0.59 and 0.74 W m~! K~! at 1273 K,
respectively [109,110], which are lower than those of YSZ coatings
deposited using the APS or ALPS methods. The thermal conduc-
tivity of YSZ coating using SPS method are found to be lower than
1 W m~'K~! from room temperature up to 1100 °C [108], while the
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Fig. 5. Mechanical properties and high-temperature performances of PS-PVD ceramic coatings in this study and compared with those of coatings deposited using APS, ALPS, SPS

and EB-PVD methods that were listed in Table 2.
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EB-PVD coating is recorded at 1.2—1.3 W m~'K~! at 1100 °C [107].

TBCs were used to reduce the surface temperature of hot com-
ponents or to permit higher gas inlet temperatures and improve the
service lifetime of the engines and the overall efficiency. Higher
thermal insulation and longer cyclic lifetime are the crucial re-
quirements of advanced TBCs for gas turbines. The thickening of
thermal growth oxide (TGO) in the TBCs results in a large growth of
strain and stress, which is one of the most important failure
mechanisms of TBCs. Typically, with increase of the cycling time of
APS coatings, the TGO layer grows thicker and reduces the local
thermal contraction of the bond coating. Cracks are able to
continuously propagate at valley areas of the interface, and there
will converge with adjacent cracks and lead to a final failure of
TBCs. The thermal cycling lifetimes of GZO and YSZ coatings pro-
duced using the SPS method were all higher than those of coatings
produced using the APS method (Fig. 5-f). Furthermore, EB-PVD
manufactured GZO coatings can offer up to 3700 cycles when the
coating is heated at 1050 °C for 5 min and then air cooling for 40 s
[71].

The quasi-columnar structure led to a redistribution of the radial
thermal stresses at the vicinity of top coating and bonding coating
interface [121]. The cracks are able to extend at the inter-space of
columns, further connect with adjacent cracks to release residual
stress after thermal shocks. Fig. 5-f shows the average thermal
cycling lifetimes of the YSZ and GZO coatings by PS-PVD were all
greater than 2000 cycles when the coatings were heated at 1100 °C
for 5 min and then air-cooled for 5 min. The coatings present a good
sintering resistance after thermal cycling, the column structure
retains their original appearance and column interspace are still
exist. Deng et al. and Gao et al. used the water-cooling method after
heating the PS-PVD coatings in a thermal cycling test; thermal
cycling lifetime was in the range of 203—267 cycles (1100 °C for
5 min and then water cooling). Vallen et al. reported the PS-PVD
YSZ coating after 5000 thermal cycles by using a burner rig facil-
ity (natural gas/oxygen heating for 5 min and then air cooling for
2 min) [32]. A. Refke et al. present the PS-PVD columnar structure
YSZ coating showed superior results with more than 700 cycles
achieved without any failure of the coating (1135 °C for 50 min and
then air cooling in 4 min) [5].

3. Multiphase flow characteristics in the PS-PVD processing

The multiphase flow characteristics during the low-pressure
plasma spraying were significantly affect the coating formation.
The heat and mass transfer processing associate with the super-
sonic flow, swirling flow and shock waves from the narrow region
inside the plasma torch to the low pressure chamber, where the
original powders will rapidly transfer from solid to liquid or vapor
phase within 2 s. In this section, this complicate processing inside
the closed chamber were reviewed according to experiment and
numerical investigations, as well as the particle heating and motion
were simulated in a three-dimensional domain. Furthermore, the
evolution of particle phase transformation in various conditions
was briefly described.

3.1. Experimental investigations during the PS-PVD processing

The particle diameter, velocity, and flow rate of the powder
injection, and the flow velocity and temperature of the plasma gas
at the torch nozzle all affected the coating quality. The strong
interaction between the flow field characteristics and the particle
flow parameters complicates the particle behavior during spraying.
Plasma diagnostics have become a broad field of research,
encompassing measurements of plasma gas characteristics
[122—124], plasma gas heat transfer [125—-127],
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magnetohydrodynamic instabilities [23,128—131], in-flight
behavior of individual particles [132—136,158], and interactions of
the particles and plasma with the substrate [137—139]. Together,
the measurements can provide a visualization of interactions be-
tween particles and plasma gas.

Spectroscopic and optical methods (e.g., Oseir Ltd., Spray Watch
camera, Finland; Technar Ltd., DVP-2000, Canada; laser Doppler
anemometry), and probe methods (e.g., Pitot tubes and electric,
enthalpy, and thermal probes) are widely used in in-situ mea-
surements of thermal spraying [140—142], particularly for the
plasma jet area after particle injection in the experiment [143,144].
Spectroscopic diagnostics methods are based on measuring the
intensity of spectral lines of emission and absorption, or the half-
widths and shifts of spectral lines (e.g., emission coefficient, the
radiation intensity, the absorption coefficient, and transmittance
coefficient) [145]. The optical actinometry method is based on the
determination of the intensities of the emission lines by compari-
son with a known spectrum, excitation, and deactivation of an
emitting gas [146]. Probe methods provide local values of the
plasma characteristics through the use of different probe devices
(see Table 3).

Measurements inside the arc plasma spray torch present sig-
nificant challenges, partly because of the very small area (at the
centimeter scale) and extreme conditions (velocity > 1000 m/s and
temperature >10000 K) and partly because of the lack of access,
particularly for the PS-PVD process that operates in a closed
chamber. Nevertheless, a wide range of devices inside and outside
the operation chamber can be used to understand the low-pressure
plasma spray process (Fig. 6-a).

Generally, the fluctuation characteristics in the jet flow near the
torch exit are generally similar to that of an arc voltage
[152,153,171]. The fluctuation of the arc voltage induces the varia-
tions of input energy to plasma generation. It causes different
heating effects in plasma spraying and brings the fluctuation of the
parameters in the jet flow [23,186]. Therefore, the fluctuation
behavior of the plasma jet and the internal arc instabilities signif-
icantly affect both torch performance and coating quality [154,155].
An oscilloscope is commonly used to detect the time-resolved arc
voltage fluctuation on microsecond or millisecond time scales.
Typical results are shown in Fig. 6-b. The arc voltage fluctuation of a
conventional atmospheric plasma spray torch (i.e., Sulzer F4 Torch)
is frequently + 20 V to + 50 V when using 30 SLPM argon and 12
SLPM hydrogen at a current of 600 A [156]. A triplex plasma spray
torch has a low amplitude of arc voltage fluctuation (AU = 7—8 V)
when it operates at an average arc voltage of 94.47 V. Moreover, the
atmospheric laminar plasma spray torch is frequently operated at
an average arc voltage of 167 V with an amplitude of +0.5V to +2 V
[157]. Finally, although the input current of the PS-PVD torch was
2000 A in this study, the average arc voltage was only 32 + 2 V in
the experiment using 30 SLPM argon and 60 SLPM helium at a
chamber pressure of 200 Pa. It is predicted that the drag force of the
flow inside the torch is too weak for driving the arc root movement
intensively at reduced pressure. The higher gas flow rates lead to
more arc column constriction and the arc column in the anode
become constricted at higher pressure region.

Fig. 6-c shows the in-flight particle velocity distributions in
cross-sections perpendicular to the spraying direction measured
using a commercial particle diagnostic system (Technar Ltd., DVP-
2000, Canada). The YSZ particle velocity in the low-pressure
plasma spray process (100 mbar, I = 2600 A, 50 SLPM
argon + 110 SLPM helium) at the spray distance ranging from
200 mm to 550 mm [158] was higher than those of other APS
methods, including ALPS method (9.8 SLPM nitrogen and 4.2 SLPM
argon, output power of 25.4 kW) [78], an atmospheric Praxair SG-
100 Gun spray system (48 SLPM argon and 12 SLPM helium, output
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Table 2
Depositing parameters of the coatings in Fig. 5
Coatings Power/Feed rate Materials Thermal Cycling Test References
PS-PVD for YSZ 1850 A; NiCoCrAlY bond coating. With pre-oxidation a- 1200 + 30 °C for 5 min and then cooled by  [99,100]
100 Pa; alumina (0.4 pm) compressed air for 90 s
5 g/min;
SD = 1000 mm
PS-PVD for GZO 2000 A; Gd,03 +Zr0,, 1100 °C for 5 min and then air cooling 5min [88]
200 Pa; Gd:Zr = 1:1 in molar ratio; NiCoCrAlY bond layer
5 g/min by multi arc ion plating
SD = 1000 mm
PS-PVD for LCO 2000 A; La,03, CeO,; La/Ce = 1.25 in atomic ratio / [89]
100 Pa;
6 g/min
SD = 1000 mm
C. M. Deng.& 128 kW; 100 um NiCoCrAlY bond coating; 120 pm Metco 1050 °C for 5 min and then water cooling [17,101,102]
M. Liu. et al. by PS-PVD 150 Pa; 6700. 7—8 wt.% YSZ
18 g/min;
SD = 950 mm
L. H. Gao & D.M. Zhang. 2200 A; Metco 6700. 7—8 wt.% YSZ 1100 °C for 5 min and then water cooling [20,21]
et al. by PS-PVD 150 Pa;
10 g/min
SD = 1000 mm
A. Refke. et al. by PS-PVD  50—200 Pa; Metco 6700. 7—-8 wt.% YSZ; 1135 °C for 50 min and then air cooling for [5,103]
PtAl bond coating 4min
VaRen.et al. by PS-PVD 2200 A; Metco 6700. 7—8 wt.% YSZ 5 min heating by natural gas/oxygen; 2 min [31]
100 Pa; air cooling
10 g/min
SD = 1000 mm;
F.Shao & S.Y. Tao. et al. by 2600 A; Metco 6700. 7—8 wt.% YSZ / [104]
PS-PVD 150 Pa;
5 g/min
SD = 1000 mm
CJ. Li. et al. by PS-PVD 600 A; 100 pm NiCoCrAlY bond coating; 120 pm Metco | [15,105]
100 Pa; 6700. 7—8 wt.% YSZ
0.5 g/min
SD = 350 mm
GZO by EB-PVD 1x 1073 Pa (Gdq_xYby)2Zr,07; (x = 0,0.1,0.3,0.5,0.7) 1050 °C for 5 min and then air cooling 40 s. [117]
YSZ by EB-PVD 1x103Pa a NiCoCrAlY bond coat and a YSZ topcoat / [106,107]
YSZ by APS 630 A; 42 kW; 3 g/min; NiCoCrAlYTa bonding layer; 7 YSZ 1050 °C for 5 min and then water cooling [102]
SD = 110 mm
YSZ by SPS 32.2 kW; 7 wt% YSZ; aluminized NiAl bond coat 1100 °C for 15 min and then air cooling [108]
25 g/min; 15 min
SD = 50 mm
GZO by SPS 750 A; 105.5 KW; 30 g/min; Gd,Zr,07; CoNiCrAlY bond coating 1050 °C for 5 min and then air cooling 2 min [76,77]
SD = 100 mm
LCO by APS 42 kW; 0—60 mol% YSZ doped La;03/Ce0O,; NiCrAlY 1000 °C for 55 min and then air cooling 5min [109]
20 g/min; bonding layer
SD = 100 mm
LZO by APS 650 A; LayZr,07 / [110]
39 kw;
25 g/min;
SD = 80 mm
YSZ by ALPS 160 A; NiCoCrAlY bond coating; Metco 204NB 7—8 wt.% | [111]
26 kw; YSZ
8 g/min
Table 3
Experimental parameters of plasma spray systems in Fig. 6-c and 6-d.
Business Name Output Power (kW) Gas Flow Rate (SLPM) Spraying Distance (mm) Powders Ref.
ALPS Torch 26 N3 (9.8 SLPM) + Ar (4.2 SLPM) 150/300 YSZ [78]
Praxair SG-100 Torch 32 Ar (48 SLPM) + He (12 SLPM) 80 YSz [147]
Metco-A-200 40 Ar (35 SLPM) + He (12 SLPM) 100 YSZ [148]
Sulzer F4VB Torch 36 Ar (45 SLPM) + H (15 SLPM) 120 YSZ [149]
Triples Pro-200 Torch 52 Ar (40 SLPM) + He (4 SLPM) 200 YSz [150]
Triples II Torch 50 Ar (40 SLPM) + He (4 SLPM) 250 YSZ [151]
HVOF Torch / 361 SLPM C3H3/0, = 0.28 150/200 Alumina [164]
LPPS Torch 125 Ar (50 SLPM) + He (110 SLPM) 300 YSZ [158]

power of 32 kW) [159], an atmospheric Metco- A-200 system (30
SLPM argon and 12 SLPM helium, output power of 40 kW) [160], an
atmospheric Sulzer F4VB Torch spray system(45 SLPM argon and 15

1

SLPM hydrogen,
Pro-200 Torch spray system(40 SLPM argon and 4 SLPM helium,
output power of 52 kW) [162] and atmospheric Triplex Il Gun spray

output power of 36 kW) [161], atmospheric Triplex
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system (40 SLPM argon and 4 SLPM helium, output power of
50 kW) [163]. However, the particle velocity for the high-velocity
oxygen fuel (HVOF) method in an atmospheric environment us-
ing a total gas flow rate of 361 SLPM was higher than that of LPPS at
spray distances of 150 and 200 mm [164].

The distributions of the in-flight particle surface temperature
are shown in Fig. 6- d. The average surface temperature of YSZ
particles in the LPPS method remains above 2200 °C at a spraying

Enirained eddies of cold air

(a (b)

Entrainment of air

Transitional Mlow with engulfment of cold
eddies nto plasma jet and incomplete mixing

Cold eddies and

eddies are "y ——
plasma gas dom”!

Flaw ;
Eddies have broken down and Muld
hhas theroughly mixed

=

(e) (b1) Velocity / ms”

tc.ﬂ Temperature | K

:’

z Imm}

1000 2000 3000 4000 5000 @000 ?000

8
=
Time Scale

Gas Velocity (m/s)
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jet area under pure argon of 2.0 STP m>/h and current of 600 A conditions from H. P. Li et al. (2007) [176]; (
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distance of 550 mm, which means that the powders flight through
a very long distance after they are injected into the low-pressure
plasma jet and a mass of droplets of YSZ materials exist at a
spraying distance of 550 mm. The particle surface temperatures
obtained using the Triplex Pro-200 Gun and Triplex II Gun spray
systems are similar to those obtained using the LPPS method at
spraying distances of 200 mm and 250 mm. The surface tempera-
ture of YSZ particles with other APS methods is approximately
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h) length and temporal scales in simulations of the low-pressure plasma spray process.
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2600—3200 °C at a spraying distance of 80—120 mm. As Fig. 6-
d shows, the YSZ surface temperature with the ALPS method is
clearly higher than other results; this is because of the very low
particle velocity.

The intensities of the optical emission spectra of the low-
pressure plasma jet for various carrier gas flow rates at a spraying
distance of 600 mm (P = 200 Pa, 30 SLPM Ar + 60 SLPM He,
I = 2000 A) with and without YSZ particles are shown in Fig. 6-e
and 6-f [86], respectively. The optical emission spectrometer (OES)
was operated at a wavelength of 402.62 nm to record Ar Il and a
wavelength of 378.05 nm to record neutral zirconium (Zr I). The
intensity of the Ar Il emission spectrum in the low-pressure plasma
plume decreased slightly as the carrier gas flow rate increased from
0 SLPM to 13 SLPM at a spraying distance of 600 mm because the
density of the cold argon carrier gas is larger than the thermal
plasma gases inside the plasma torch [165,166]. The increase in the
cold carrier gas flow rate can affect the fluid characteristic of the
low-pressure plasma jet and result in an asymmetric distribution of
the Ar spectrum intensity (Fig. 6-e). Moreover, under the same
conditions, the intensity of the neutral zirconium emission in-
tensifies after the YSZ particle injection (Fig. 6-f), although it de-
creases when using a 5 SLPM carrier gas with YSZ powders since
the heating histories of in-flight particles were short. This means
that the flow rate of the carrier gas in the PS-PVD process signifi-
cantly affects the heating and motion of YSZ powders inside the
plasma torch in the experiment due to the huge differences be-
tween cold gas density and plasma gas density [167,168]. Basically,
the laterally injection of carrier gases caused appreciable three-
dimensional flowing in the plasma spraying and the jet will be
deviated from its original geometrical axis, leading to non-
axisymmetry distributions of temperature, mass fraction and ve-
locity [169]. Therefore, an appropriate carrier gas flow rate will help
the particles penetrate further to the plasma plume at the begin-
ning and finally benefit to obtain a long heating history. It usually
shows a high emission intensity at a given spraying distance as the
similar results by Liu. et al. [255] and He et al. [170].

An abel inversion was used to calculate the excitation temper-
atures of Ar I and He I at a spraying distance of 1000 mm of the low-
pressure plasma jet (P = 200 Pa, 35SLPM Ar + 60 SLPM He, I = 2750
A) (Fig. 6-g) [170]. The maximum excitation temperature of Ar I was
approximately 7000 K, and the temperature decreased from the
center to the periphery of the plasma jet. The maximum excitation
temperature of He I in Fig. 6-g was approximately 8000 K at the
periphery of the plasma jet. A strong deviation from the local
thermal equilibrium was exhibited at the periphery of the low-
pressure plasma plume.

Under the same conditions, the substrate temperature variation
was recorded using a pyrometer at a wavelength of 1.6 pm as the
low-pressure plasma jet impinged on a planar substrate (Inconel
718 alloys) [170]. The substrate surface temperature rapidly in-
crease to a maximum value of 1000 °C, when the low-pressure
plasma jet impinged on the substrate at a speed of 1000 m/s, and
the temperature is slightly decreased as the carrier gas flow rate
increased. Furthermore, when using the mixture gases of argon (35
SLPM), helium (60 SLPM), and hydrogen (10 SLPM), the substrate
temperature was higher than the result obtained using the mixture
gases of argon (35 SLPM) and helium (60 SLPM) owing to the
increased thermal conductivity due to the presence of hydrogen.

The dynamic arc attachment inside the PS-PVD torch, the fluid
characteristics of the low-pressure plasma jet, the carrier gas flow
rates, and powder feed rates, and the substrate temperature are all
likely to affect the formation of ceramic coatings. However, the
chamber pressure, plasma plume flow streamlines, powder heating
history, and particle flight trajectory are still unknown. The distri-
bution of vapor concentration of ceramic materials is not able to be
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detected using spectral or probe methods. We expected that the
turbulent flow is a crucial factor limiting the controllability of the
plasma spray [171—173]. A three-dimensional numerical simulation
of the low-pressure plasma spray process was employed to
comprehensively aid in understanding the multiphase flows inside
a low-pressure chamber. This is described in the following.

3.2. Modeling of arc plasma spraying

In the plasma spray torch, an electric arc is formed between the
cathode and the anode [178]. The input gases abruptly expand
owing to the rapid heating of the arc to very high temperatures
(from 15 000 to 25 000 K) [179,180], dissociating and ionizing the
gas [181,182]. The plasma is initiated by a high-voltage pulse that
causes localized ionization and a conductive path for an electric arc
to form between the cathode and anode [183,184]. The thermal
plasma formed in the torch has a high energy density (105—107 J/
m?), high heat flux density (10’—10° W/m?), high quenching rate
(105—108 K/s), and high processing rates [185].

Plasma jet instabilities are primarily caused by the large density
and velocity gradients at the interface between the jet and the
surrounding gas, and by the pulsating force due to the movement of
the arc inside the torch [186,187]. These instabilities cause eddy
roll-ups at the interface between the plasma and the surrounding
gas and finally result in large-scale turbulence [24,188]. Because of
the strong radiation from the arc and its confinement inside the
torch, the direct observation of the dynamics of the arc inside the
torch is extremely difficult.

Currently, computational fluid dynamic modeling of thermal
plasma aided by the rapidly increasing computational. It bases on
the coupled magneto-hydrodymanics (MHD) model equations
have been widely used in the numerical simulation of atmospheric
plasma spray processes and provide agreement with the experi-
mental results [23,157,176,177,185,204] and has expanded over the
last three decades from two-dimensional to three-dimensional
models of steady or transient processes [185,189,190,210]. E. Pfen-
der et al. (1991) showed that a rapid decrease in the axial jet ve-
locity of the atmospheric plasma jet is caused by the entrainment of
the cold gas surrounding the plasma jet, which is more of an
engulfment type process than simple diffusion (Fig. 7-a) [174]. Li
et al. (2007) modeled the three-dimensional temperature and flow
fields inside and outside a direct current arc plasma spray torch.
The results indicated that the anode arc root inside the torch moved
downstream as the gas flow rate increased at a constant input
current (Fig. 7-b) [176]. Trelles et al. (2008) simulated the instan-
taneous heavy-particle temperature distributions and compared
them with the high-speed images from an experiment at intervals
of 100 ps (Fig. 7-c) [177]. These results revealed the role of thermal
non-equilibrium and entrainment at the interface between the
plasma jet and the surrounding gas. Liu et al. (2020) modeled the
atmospheric long laminar plasma spray process with consideration
of the substrate (Fig. 7-d) [79]. The results showed an expansion
area near the nozzle exit of the plasma torch, followed by the for-
mation of a uniform jet as observed in experiments. Intensive
entrainment of the surrounding gases occurred in the downstream
area, particularly when the laminar plasma jet impinged on the
surface of the substrate.

e Thermal Plasma Flows

However, few researchers focused on the modelling of low-
pressure PS-PVD process. Vautherin and Bolot et al. (2014) calcu-
lated a low-pressure plasma spray system at a chamber pressure of
150 Pa, presenting an expansion area at the torch nozzle and a
typical supersonic flow [249]. Yan and Liu et al. (2015) modeled a
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Fig. 8. (a) internal channel structure of the plasma torch (b); the new and eroded cathode bar (c) and anode (d) in the experiment; overview of the PS-PVD system in this work (e);
calculation domain of the PS-PVD torch with four carrier gas injection locations (f); computational domain of the PS-PVD plasma torch with the plasma jet (g), and of the torch with

a free plasma jet (h).

low-pressure plasma spray process at a chamber pressure of 10 kPa
and obtained a maximum plasma velocity of 6100 m/s using 65
SLPM argon at an input power of 39 kW [250]. Ivchenko and Var-
delle et al. (2018) used FLUENT and SPARTA software to study the
fluid characteristics in the PS-PVD method using 40 SLPM argon
and 8 SLPM hydrogen at a chamber pressure of 100 Pa (Fig. 7-g)
[251]. Liu et al. (2019) calculated the velocity and temperature
distributions of a low-pressure plasma jet by using 100 SLPM argon
and 10 SLPM hydrogen at a chamber pressure of 100 Pa [255]. The
maximum velocity and temperature at the torch nozzle are
exceeded 4200 m/s and 7500 K (Fig. 7-e and 7-f, respectively).
Despite the merits of attained results, all these models run relied on
two-dimensional axisymmetric domains and therefore are not
suitable to properly investigate particle heating and motion in
realistic three-dimensional configures, such as closed spraying
chambers.

In this work, the following assumptions are adopted, in accor-
dance with our previous studies [157]: 1) the plasma jet is
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considered to be a fluid with corresponding thermodynamic, and
the transport properties are functions of temperature and the
conservation equations assume the fluid to be a continuum me-
dium; 2) the working gas at the gas inlet is injected in the axial
direction without any swirling velocity component at the initial.
Although many non-LCE and non-LTE models have been
developed for argon plasma [191—196], the plasma flow is assumed
to be in a local thermodynamic equilibrium (LTE) state in this
approach, because of the lack sufficient data for the electrons and
heavy particles of argon and helium mixture plasma gases. The
equilibrium compositions of argon and helium systems including
Ar, Art, Ar**, Ar’*, He, He™, and electrons at different pressures
were computed by minimizing the Gibbs free energy of the system
using the computed compositions [197,198], the thermodynamics
properties such as mass density (p), specific enthalpy (h), and
specific heat (Cp) were calculated. The transport properties such as
electrical conductivity (o), thermal conductivity (k), and viscosity
(m) were obtained using the third-order approximation of the
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Fig. 9. Numerical analysis of powder heating and motion in the plasma spray: (a) Szekely et al. (1992) illustrated the particle heat, mass, and momentum transfer phenomena [217];
(b) Li et al. (2018) simulated the heating of core-shell structure powders [218]; (c) Vardelle et al. (2001) modeled the convective motion of a Hill vortex within an iron particle 60 pm
in diameter in the core of an Ar—H, plasma jet [219,220]; (d) Pawlowski (2009) investigated the phenomena affecting in-flight suspension droplets in the high-temperature plasma
[221]; (e) we predicted the heating and motion histories of the original nano-agglomerated YSZ powders in the low-pressure plasma jet in this work.
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Chapman—Enskog method using the collision integrals between
the plasma species [199—202].

e Turbulence model transport equations

In Reynolds-averaging approaches (e.g., the Spalart-Allmaras
model, the K - £ models, and the K - w models), the solution vari-
ables in the instantaneous Navier-Stokes equations are decom-
posed into the mean (ensemble-averaged or time-averaged) and
fluctuating components [203,205,325]. The advantage of these
approaches, such as the renormalization group or realizable K - ¢
turbulent model, is a relatively low computational cost associated
with the computation of the turbulent viscosity (u;) and thermal
conductivity (k¢). In many cases [23,157,185,204], these methods
have been successfully used to model the turbulent transport inside
or outside the plasma spray torch. They generally require two other
equations that are coupled with the above Magneto-
Hydrodymanics Model equations. The turbulent fluctuations are
characterized by the local turbulence energy K and dissipation rate
£ [205]. The particle trajectories are computed by tracking them as
they interact with a sequence of turbulent eddies [325].

An alternative approach to RANS is the Reynolds Stress Method
(RSM), which includes five additional equations describing the
evolution of the terms in the Reynolds stress tensor [206,207].
Although the RSM model requires significantly more additional
memory and calculation time than the K- ¢ or the K - v two-
equation models, it has been reported to be suitable for the
description of highly swirling flows [208,209,250]. Therefore, we
used both Realizable and RSM turbulence transport models that
coupled with the above MHD model to investigate the low-
pressure plasma jet at chamber pressures of 50 Pa, 100 Pa,
200 Pa, and 1000 Pa, and compared the predictions with experi-
ment results.

Fig. 8 shows the computational domains, chosen to represent
the experiments. The boundaries comprise the surfaces of the torch
nozzle exit, wall of the torch, free jet area, chamber wall, substrate,
and outlet. The PS-PVD torch (Fig. 8-a and 8-b) contains four par-
ticle injection paths with the carrier gas in the radial direction of
the torch channel (Fig. 8-f). The size of the cathode and anode were
all according to the experiment (Fig. 8-c and 8-d). We modeled the
coupled regions of the plasma torch, plasma jet, and substrate
(Inconel 718 alloys, d = 300 mm, & = 5 mm) as operated in the
experiment. The diameter of the low-pressure plasma jet domain
was 700 mm (Fig. 8-g and 8-h). The maximum length of the PS-PVD
domain with substrate shown in Fig. 8- g was 1700 mm, and the
substrate was at a spraying distance of 1500 mm from the torch
nozzle. The maximum length of the PS-PVD domain of the plasma
torch and plasma free jet was 2200 mm (Fig. 8-h). The number of
nodes in the computational mesh of Fig. 8-f, 8-g and 8-h were
approximately 493456, 6484791, and 6843500, respectively.

e Boundary conditions of the low-pressure plasma torch and jet
domains

The external torch wall and the chamber wall were cooled using
water. The third boundary condition of heat transfer is shown in Eq.
(11). The heat transfer coefficient was 1.0 x 10° W/m?/K, and T,y is
the reference cooling water temperature of 500 K [157,204].

T
fk(a—) — h(Tw — Teo) (1)
or) .,
The boundary conditions on the cathode surface were the cur-
rent density and temperature distribution [157,185,210], which can
be defined over the cathode rod tip by using the following
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equations:
J(r) =Jmax exp(— (r/R¢)"™) (12)
T(r)=Tow +Te exp(— (2LRC) ) (13)

where r is the radius of the hottest region of the cathode tip, and n,
specifies the shape of the current density profile, which is set to 4 in
this work [157,204]. Typically, the maximum value of the current
density Jnax is set to 2.5 x 10% A/m? for an input current of 600 A for
a commercial plasma spray torch [204]. Hence, Jmgx iS set to
8.4 x 108 A/m? for an input current of 2000 A. The value of j(r) has
been reported to have no significant effect on the temperature and
velocity distributions at the nozzle exit. The long process of heat
and momentum transfer from the upstream to the downstream of
the plasma torch channel eliminates any influence [211,212].

o Particle heating and motion

Modelling of the heating and motion of particles during plasma
spraying is now widely used. Westhoff and ]. Szekely et al. (1992)
first proposed a single particle model for the calculation of particle
velocity, trajectories, and heating histories based on the consider-
ation of non-continuum effects, particle vaporization and the
temperature gradient within the particles (Fig. 9-a). The results
indicated that the radial component of the plasma gas velocity is
important in determining the trajectory of small particles [217].
Then, Li et al. used the same model to study the particles with Mo
shell and Ni20Cr core in atmospheric plasma spray (Fig. 9-b) [218].
They clarified the effect of the particle temperature gradient on a
novel shell-core structured powders, and the formation of a dense
NiCrMo coating. Zhang and Vardelle et al. investigated the
convective motion of a Hill vortex within an in-flight particle in an
Ar—H, plasma jet (Fig. 9-c), which was caused by the high ratio of
the kinematic viscosities between the plasma gas and the particle
[219]. Pawlowski described the evolution of a suspension droplet in
a high-temperature plasma plume (Fig. 9-d) [221], which included
aerodynamics breakup, vaporization of the liquid, sintering of fine
solids, and impact with the substrate.

Therefore, as Fig. 9-e shows, we consider that the original nano-
agglomerated powders initially penetrate the plasma plume and
then separate into nano-particles. Nanoparticles are heated to
molten droplets or continuously vaporize on the surface, causing a
decrease in particle size. As the surface temperature approaches the
boiling point of zirconia, the vaporization of the particles becomes
increasingly rapid. The in-flight particles may suffer melting, break
up, agglomeration, re-solidification (self-cooling), vaporization,
coagulation, and elimination. The particles may impact the sub-
strate under any condition depending on the local plasma gas
conditions, which have a significant effect on the coating quality.

The governing equations for the particle heating and motion are
based on as following,

d? - — = —
mpd—tp:FcH- Fp +Fc+ Fy (14)

—_— = = = — . .

Vp.F4 Fp, F,and F, are the particle velocity (m/s), drag force
(N), pressure gradient force (N), thermophoretic force (N), and body
force (N), respectively; FT)) is the force on the particle caused by the

pressure gradient; FTJ is the gravitational force that caused by the
gravitational force. In atmospheric plasma spraying, the forces due
to gravity and pressure gradients are usually very small [213,214].
However, the pressure gradient force of in-flight particles in the PS-
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PVD process must be considered when the particles flow from a
high-pressure region of the plasma torch (103—10* Pa) to a low-
pressure region of the chamber (50—200 Pa). The thermophoretic
force expression was obtained from the studies of Pfender and Chen
et al. [215,216].

A representation of the particle size distribution (i.e. Metco
6700, YSZ, d = 1-30 um, dsp = 1-10 pum, Oerlikon Metco. Inc,
Westbury, USA) was calculated using as the Rosin-Rammler equa-
tion, which is an exponential relationship between the diameter
and the mass fraction of particles that is based on the natural
logarithm of the particle diameter [205].

e Drag coefficient for non-continuum effects of the in-flight
particles

Eq. (15) is a widely-used equation in the simulation of particle
motion in an atmospheric plasma jet from Refs. [222,233].

24
Re, Rer<02
24 3
= = 2<
Re, (1 +16Rep) 0.2 <Rep<2
24
Cy= R—ep<1+0.11Reg-S1> 2 <Rep<21 (15)
24 0.11Re)*3) 21 < Rep <500
Rep
10.56 Rep > 500
Rep

where Re), is the particle Reynolds number, which is calculated
using:

Rep:pg|U_Up| dp/lug (16)
where U, is the relative velocity between the plasma gas and
particle.

However, we adopted and equation used by Wan et al. (1999) to
correct for non-continuum effects in plasma spray (Eq. (17)) [223],
which tend to reduce the drag coefficient owing to velocity slip on
the surface of particles [241]:

(24 6 —0.45£0.45
Ci= (R—eerl +Rep+0.4) forop fkn (17)
Pyl
fpropfﬁ (18)
grg
-1
_ 2—a 'Yg 4
fin= 1+( a )(1 +7g> PrgKn} (19)

fprop represents the effects of the variable plasma properties; fi,
is used to describe non-continuum effects in the thermal plasma
flows for Knudsen numbers in the range of 1072 < Kn < 1, which
was proposed by Chen and Pfender (1983) [224]; Kn is the Knudsen
number; a is the thermal accommodation coefficient; yg is the
specific heat ratio, and Pryg is the Prandtl number of the plasma gas
[225].

We also considered the effect of deviations from a spherical
shape of the in-flight particles caused by phase changes and de-
formations in the liquid phase by using a dynamic drag force Cyq in
Eq. (20),
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Caa= Cq(1+2.632y) (20)

which represent the effects of droplet distortion in a high
swirling flow of a large Weber number [226]; y ranges from 0 for a
spherical droplet to 1 for a disk-shaped droplet. Obviously, the drag
coefficient of a disk droplet is higher than that of a sphere droplet.

To accurately model droplet breakup while flowing in a high-
speed plasma plume, the wave model is used, allowing prediction
of the size distributions during the deposition. The wave model
considers the breakup of the droplets to be induced by the velocity
gradient between the plasma gas and the in-flight particles. It is
reported to be suitable for application in a high-speed swirling flow
by considering the Kelvin-Helmholtz instability that is induced by
the plasma jet under low-pressure conditions [227]. In this model,
the change in the droplet radius is calculated using the following
equations [227]:

r=BoA 21

(1+0.450R05) (1 + 0.4Ta®7)
=9.02 0% (22)
(1+087we}s7)"

Q>

da
dt T =

This model is based on the relationship between the parent and
the parcel in the droplet breakup. The breakup of droplet parcels is
calculated by assuming that the radius of the newly formed drop-
lets is proportional to the wavelength of the fastest-growing un-
stable surface wave on the parent droplet [227]. By is a model
constant, and 7 is the breakup time. The relationships between the
Ohnesorge number, Taylor number, and Weber numbers are
expressed as [228—230],

(23)

Oh— \/Wel/Rep (24)
Ta=Oh,/Weg (25)

where the We; and Weg are the liquid and gas Weber numbers,
respectively.

e Particle heat transfer

The heat transfer from the plasma gas to the particles is esti-
mated according to the following equation [222]:

d(CpsT,
mpwz — App (Tp - Tg)““f%

d, (26)

where my, is the mass, Cps is the specific heat of the particle, Hris the
latent heat of phase change, T, is the temperature of the particle,
and 1, is the heat transfer coefficient obtained using:

_ kgNu

=5 (27)

where kg is the thermal conductivity of the plasma gas, and Pr is the
Prandtl number from Eq. (28):

The empirical Nusselt number of the particles is usually
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calculated based on the Reynolds and Prandtl numbers of the
particles. However, researchers have used different expressions to
calculate the Nusselt number, listed in the following equations
[231-233]:

Nu = 2.0 + 0.515Re)? (29)
Nu = 2.0
+ 0.6ReD® Prd?3 | (0<Re, <776.06, 0<Pr, <250) (30)

Nu = 2.0 + 0.27ReJ%? Pr933 | (776.06 <Rep, 0 < Prp, <250)
(31)

0.6
Nu — (2.0 + 0.27Re3> prg~33) (fpmp) Fenf (32)

Xiong and S. Sampath used Eq. (32) to obtain the Nusselt
number. This model predicts strong vaporization of the zirconia at
high temperatures, in agreement with the experimental results
[234].
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In Eq. (32), fy is used to account for the effect of mass transfer
owing to vaporization, using an expression proposed by Faeth
(1983) [235]:

m,Cp / 2mrpks

:exp [m,,Cp/Zwrpkf] -1

The boundary layer at the particle surface is determined as
follows:

(33)

aTp
B o =0 (34)
oT,
47”% (kpa_:) . = Qconv_Qvap—Qrad (35)
=1

The convection (Qcony), radiation (Qraq), and vaporization (Qyap)
latent heat fluxes on the surface of the particle are determined as
follows:
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Fig. 10. Transient fluid characteristics at intervals of 10~ s of the low-pressure plasma jet at a chamber pressure of 200 Pa and an input current of 2000 A using 30 SLPM Ar and 60
SLPM He: Realizable K-¢ modelling fluid streamlines in (a), (b), (c); three-dimensional velocity distributions in (e), (f), (g) and cross-sectional distribution in (h); three-dimensional

temperature distributions in (i), (j), (k) and cross-sectional distribution in (I).
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Fig. 11. Velocity and temperature distributions of RSM models in a three-dimensional domain at different chamber pressures (I = 2000 A, 30 SLPM Ar + 60 SLPM He). Chamber

pressure of 50 Pa: velocity iso-surface (a), velocity cross-section (e), temperature iso-surface (i), temperature cross-section (m

). Chamber pressure of 100 Pa: velocity iso-surface (b),

velocity cross-section (f), temperature iso-surface (j), temperature cross-section (n). Chamber pressure of 200 Pa: velocity iso-surface (c), velocity cross-section (g), temperature iso-
surface (k), temperature cross-section (0). Chamber pressure of 1000 Pa: velocity iso-surface (d), velocity cross-section (h), temperature iso-surface (1), temperature cross-section(p).

Qconv = 47Tr;2)hf (Tg - TP) (36)
Quap =y [ L+ (Hy — Hp) + (Hy — Hy)| (37)
Qraa = 472ep0p (Tg - T;t,) (38)

where h is the heat-transfer coefficient, ¢ is the Stefan-Boltzman
constant, ¢ is the emissivity, Ty, is the particle surface tempera-
ture, Ty is the surrounding plasma temperature, Ly is the latent heat
of vaporization, and m, is the vaporization mass rate, which is
controlled either by vapor diffusion or heat transfer through the
boundary layer around the particle. Generally, the particles enter
the plasma jet at a low temperature in the beginning, and
convective heat transfer dominates the heating stage. Subse-
quently, radiative heat transfer becomes significant after the par-
ticle approaches its maximum temperature. Thereafter, the mass
transfer on the particle surface that caused by vaporization signif-
icantly reduces the convective heat transfer on the particle surface
and constrains the vaporization rate.

e Physical vaporization without chemical reactions on the surface
of powders

The physical vaporization of ceramic powders in the PS-PVD
process generally occurs when the surface temperature ap-
proaches the boiling point of this material. The material changes
from the solid (s) or liquid (1) into the vapor (g) phase.

The effect of vaporization on heat and momentum transfer is
expected to reduce the drag force owing to the thickening of the
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boundary layer. Other effects may include change in the position of
flow separation, a steep variation in the mixture properties, and an
unbalanced momentum flux over the surface of the particle owing
to vaporization [236].

A primary consequence of the vaporization of the ceramic
powders is the effect of mass transport on convective heat transfer
and modification of the transport properties surrounding the par-
ticles. Vapor can modify the heat transfer between the plasma and
the particles and act as a thermal buffer. Vaporization will decrease
the heat transfer to the particle surface because part of the enthalpy
from the surface of the particle is used to provide the latent heat of
vaporization and to heat the vapor [237].

Moreover, vaporization can, in some cases, contribute to the
increase in the plasma temperature. Liu et al. (2017) showed that an
energy balance existed between the molten ZrO, and the low-
pressure plasma jet over a long spraying distance [238]. The
result indicated that the molten ZrO, at 3247 K with a diameter of
0.28 pm can be completely evaporated at the spraying distance of
450 mm. When the surface temperatures is lower than the boiling
point, vaporization is controlled by the intrinsic vapor pressure of
the particle and is limited by the diffusion of vapor through the
boundary layer surrounding the particle surface. These are deter-
mined by the vaporization processes at the surface of the particle
(Langmuir vaporization) and mass transfer of species across the
boundary layer [239]. Vardelle et al. (1997) recommended that the
Langmuir expression is suitable for the vacuum environment and
that the mass diffusion must be considered for plasma spraying
[240].

Faeth (1983) proposed a vaporization rate controlled by vapor
diffusion through the boundary layer around the particle as follows
[235]:
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Fig. 12. Axial dependence of properties on-axis for the PS-PVD torch obtained using RSM and Realizable turbulent models. Chamber pressure of 50 Pa: (a) pressure, (b) velocity, (c)
temperature. Chamber pressure of 100 Pa: (d) pressure, (e) velocity, (f) temperature and comparison with the results from M. ]. Liu et al. (100 SLPM Ar+ 10 SLPM H,, 60 kW, 100 Pa)
[254], Ivchenko et al. (40 SLPM Ar+ 8 SLPM Hy, 45 kW, 100 Pa) and M. Liu et al. (60 SLPM Ar, 39 kW, 10000 Pa) [252]. Chamber pressure of 200 Pa: (g) pressure, (f) velocity, (i)

temperature. Chamber pressure of 1000 Pa: (j) pressure, (k) velocity, (1) temperature.

m, =2 (pDp)nry In(1+ B)Sh (39)

Wan et al. (2002) provided a simple expression of the rate of
vaporization using the following equation [241]:

mv:Qnet/Lv (40)

Qnet (W) is the net heat transfer to the particle surface. This
means that the vaporization rate (my) increases rapidly as the
particle surface temperature approaches the boiling point. Subse-
quently, the vaporization rate is limited by the heat transfer rate to
the surface of the particles.

The above governing equations were solved in the ANSYS
Fluent16.0 commercial software using the SIMPLE algorithm [242].
Fluent has the basic capabilities to solve the conservation equations
of continuity, momentum and energy. The equations and re-
lationships to determine the electric potential, magnetic vector
potential, electric field, magnetic induction vector, and electric
current density vector were solved via Fluent's user-defined
memory, user-defined scalar, and user-defined functions [242].
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3.3. Fluid characteristics of the plasma jet in different reduced
pressure conditions

The predicted time-dependent flow streamlines, and velocity
and temperature distributions of the low-pressure plasma jet at an
input current of 2000 A and a chamber pressure of 200 Pa using 30
SLPM argon and 60 SLPM helium in a three-dimensional domain
are shown in Fig. 10 at an interval of 10~ s. A high-speed swirling
flow is predicted to propagate in the closed chamber, generating
back flows or vortex flows between the chamber wall and the
plasma jet (Fig. 10-a to 10-d). The maximum velocity of the low-
pressure plasma jet was greater than 6000 m/s under this condi-
tion. The velocity iso-surfaces and cross-section distributions were
determined using the realizable K-¢ turbulent transport model
(Fig. 10-e to 10-h). An expanding flow was obtained outside the
torch nozzle and featured a long plasma jet with a maximum dis-
tance of 1200 mm. The time-dependent temperature iso-surface
distributions are shown in Fig. 10-i to 10-k. The low-pressure
plasma plume was continuously expanded when it was sprayed
from the torch nozzle, particularly in the wake of the plasma jet
(distance from 1750 mm to 2000 mm). The low-pressure plasma jet
finally developed to form an expansive flow at the cross-section
(Fig. 10-1), which is frequently observed in experiments.
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and velocity (f) distributions with the plasma jet area at the torch nozzle exit (d = 27 mm, [ = 2000 A, 100 Pa, Ar/He = 30/60 SLPM); photograph of the low-pressure plasma jet (g);
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with the modelling results from Praxair SG-100 Plasma Torch (d = 8 mm, I = 800 A, Ar = 60 SLPM), the Sulzer-Metco F4 Plasma Gun (d = 6 mm, [ = 400 A, Ar/H, = 40/8 SLPM) and a

LPPS system (d = 12 mm, I = 600 A, Ar = 72.5 SLPM, P = 10000 Pa).

Moreover, we ran the simulation using the RSM turbulent
transport equations, which is reported to be suitable for the highly
swirling flows [208,209]. Fig. 11 shows the velocity and tempera-
ture distributions at the chamber pressure of 50 Pa, 100 Pa, 200 Pa
and 1000 Pa in the three-dimensional domain by using 30 SLPM
argon and 60 SLPM helium and the RSM turbulent model. They
show different fluid characteristics compared with the results ob-
tained using the realizable K-¢ turbulent transport model (Fig. 10). A
more concentrated area of high velocity and high temperature at
the cross-section was obtained under the same initial conditions.
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The maximum velocity decreased as the chamber pressures
increased from 50 Pa to 1000 Pa, while the velocity iso-surface
distributions indicate that the plasma jet rapidly expanded axially
and radially (Fig. 11-a to 11-d). The corresponding velocity distri-
butions in the cross-sections are depicted from Fig. 11-e to 11-h.
Similarly, the temperature iso-surface distributions decreased
both axially and radially as chamber pressure increased (Fig. 11-
i—11-1), although the plasma gas temperature was still over 1000 K
at a distance of 1000 mm under a chamber pressure of 1000 Pa. An
strongly expanding region was generated at the wake of the plasma
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Table 4
Predicted maximum velocity, maximum temperature and other properties in low-pressure plasma spray systems.
Authors Operating Plasma Gases and Mach ~ Maximum Maximum Maximum Maximum YSZ Flight  YSZ Flight YSZ Reference
Parameters Flow Rate (SLPM) Number Enthalpy (J/ Velocity (m/ Temperature Heat Flux (W/ Velocity (m/ Temperature Flight
mol) s) (K) m?) s) (K) time (s)
Peng Han and Xi P = 10000 Pa 72.5 SLPM 2.8 / 6900 13200 / / / / [246,247]
Chen (2001) [ =600 A Ar
U=40V
Mauer G & Vaen P =200 Pa; 35 Ar + 60 He 2.1 / ~6000 15500 / / / / [248]
Retal. (2014) 1=2600 A;
Vautherin. et al. P =150 Pa; 45 Ar +10H, / / 3350 5500 / / / / [249]
(2014) [=650A;
Uu=73V
Ming Liu &W. Kui P = 10000 Pa 65 Ar / / 5400 14700 / / / / [250]
et al. (2015) 65 kW
Anwaar, A.etal. P =100Pa; 35Ar + 60 He / 838965 J/mol 6000—8000 12000 2 x 108 ~ / / 36—40 [251]
(2017) [ =2300 A; —16951 5.5 x 10° us
U=304V
A.Vardelle & D. P =100 Pa; 40 Ar + 8H, / / ~7000 14200 / / / / [252,253]
Ivchenko et al. 1= 600 A;
(2018) Uu=75V
M.].Liu & G.J.Yang P = 100 Pa; 100 Ar + 10H, | / ~4200 7800 / / / / [254,255]
et al. (2019) 60 kW
P=100Pa 35Ar + 60 He / / ~4000 10100 / / / / [256]
Zhang Tao & C.J.Li. P=100Pa 60 Ar + 30 He 4-5 / 6000—8000 18500 / / / / [257]
(2021) [=2300A
P=100Pa 40 Ar+ 5-7 / 7000—7900 16550 / / / / [257]
[=750A 8H2
This Work P=50Pa; 30Ar+60He 353 1.663 x 10° ]/ 6519.4 12850.7 539693 0.47—-6432 300—4548 0-04 |/
I =2000 A; kg
P=100Pa; 30Ar+60He 348 1.663 x 10% ]/ 6508.6 12849.3 539114 0.47—-6432 300—4548 0-04 |/
I = 2000 A; kg
P =200 Pa; 30 Ar + 60 He 3.44 1.657 x 10° ]/ 6474.8 12823.7 539611 0.47—6300 300—4548 0-04 |/
I =2000 A; kg
P =1000 Pa; 30 Ar + 60 He  3.42 1.656 x 108 ]/ 6294.2 12826.5 538912 0.47—-6000 300—4548 0-04 |/
[ = 2000 A; kg

plume, and the plasma jet was expanded to over 200 mm in the
radial direction at chamber pressures of 50 Pa, 100 Pa, and 200 Pa.

The center axis attenuation of the plasma gas pressure, velocity
and temperature on axis from the cathode tip of the plasma torch to
the plasma jet area at four different chamber pressures is shown in
Fig.12. An apparent pressure gradient was observed at the chamber
pressures of 50 Pa, 100 Pa, 200 Pa and 1000 Pa, corresponding to a
shock region outside the torch nozzle, and the velocity of the
plasma gas increased abruptly after exiting the torch nozzle. The
temperature from the realizable turbulent model rapidly decreased
to 3000 K at a distance of 250 mm from the plasma jet area.
However, a gradual attenuation of the temperature using the RSM
turbulent model was observed at the four different chamber
pressures.

For the chamber pressure of 100 Pa (Fig. 12-d to 12-f), the pre-
dicted on-axis attenuation were compared with the results at the
same chamber pressure obtained by Liu et al. (2015) using 60 SLPM
argon at an input power of 39 kW and a chamber pressure of
10000 Pa [250], Ivchenko & Vardelle et al. (2018) using 60 SLPM
argon and 8 SLPM hydrogen at an input power of 45 kW and a
chamber pressure of 100 Pa [252], and Liu et al. (2018) using 100
SLPM argon and 10 SLPM hydrogen at an input power of 60 kW and
a chamber pressure of 100 Pa [254]. Intense fluctuations in the
pressure in the vicinity of the torch nozzle were observed from
these results, and a shock area existed in the low-pressure plasma
flow. Thereafter, the pressure of the plasma jet was stabilized to the
chamber pressure. Moreover, the velocity and temperature atten-
uation were significantly different when using different turbulent
transport models for the low-pressure plasma flow. The turbulent
transport of the plasma plume and chamber pressure all affected
the velocity and temperature fluctuations in the plasma jet when it
flowed from the high-pressure the plasma torch region to the low-
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pressure chamber region.

3.4. Fluid characteristics at the nozzle exit of the PS-PVD torch

The predicted flow characteristics inside the PS-PVD torch are
shown in Fig. 13-a—13-d. The maximum velocity of the plasma gas
inside the plasma torch was less than 6000 m/s, but the maximum
plasma velocity outside the torch nozzle shown in Fig. 13-f was
approximately 6508 m/s. This indicates that the plasma gas was
accelerated after it was ejected from the torch nozzle because of the
large pressure gradient between the region inside the plasma torch,
and the plasma jet.

An apparent arc column was observed from the cathode tip to
the torch nozzle in Fig. 13-b and Fig. 13-e with a part of plasma jet
area. The arc attachment position is indicated and corresponded to
the location of erosion of the anode in experiments (Fig. 13-e). The
erosion was found to affect strongly the state of the jet flow
downstream [157,181]. The plasma temperatures near the torch
nozzle are shown in Fig. 13-e, and these distribution corresponds to
the observed emission from the jet shown in Fig. 13-g. The plasma
gas temperature abruptly decreased nearby the torch nozzle and
expanded in the radial direction, particularly in the shock area
(Fig. 13-f). Thereafter, it changed to a uniform jet flow, similar to
that observed experimentally.

The distributions of the plasma gas pressure, temperature and
velocity at the cross-section of the torch nozzle are shown in
Fig. 13-h, 13-i and 13-j, respectively. These results were compared
with those calculated for the Praxair SG-100 Plasma Torch
(d =8 mm, =800 A, Ar = 60 SLPM) [243], Sulzer-Metco F4 Plasma
Gun (d = 6 mm, [ = 400 A, Ar/H; = 40/8 SLPM) [212] in an atmo-
spheric environment and an LPPS system (d = 12 mm, [ = 600 A,
Ar =72.5SLPM, P = 10000 Pa) [244]. The plasma gas pressure at the
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Fig.15. YSZ particle (d = 1-30 um) flight characteristics inside the PS-PVD torch (P = 200 Pa, I = 2000 A, 30 SLPM Ar + 60 SLPM He): one-way injection of particles by carrier gases
(10 SLPM Ar, 4 g/min): (a) plasma gas velocity distribution that combined with particle velocity; (b) plasma gas temperature and particle temperature; (c) plasma gas velocity and

particle diameters along the cross-section of the torch; two-way injections of particles by carrier gases (2 x 10 SLPM Ar, 2 x 4 g/min)

: (d) plasma gas velocity and particle velocity;

(e) plasma gas temperature and particle temperature; (f) plasma gas velocity and particle diameters along the cross-section of the torch; four-ways injections of particles by carrier
gases (4 x 10 SLPM Argon, 4 x 4 g/min): (d) plasma gas velocity and particle velocity; (e) plasma gas temperature and particle temperature; (f) plasma gas velocity and particle

diameters along the cross-section of the torch.

torch nozzle was significantly higher than the chamber pressure
because the high-temperature plasma gas was constricted in the
small channel structure of the plasma torch. Nevertheless, the
plasma gas pressure was slightly affected by the low chamber
pressure. The profile of the plasma gas pressure (Poyt) at the torch
nozzle in this work followed the Gauss-Amp (amplitude version of
the Gaussian peak function) distribution [245] as a function of the
torch nozzle diameter (d). Using the chamber pressure of 200 Pa as
an example,

)2

Pout = — 798.18 + 8140.80 x e

50.78 (41)
where Py is in Pa and d is in mm.

The plasma gas temperature at the torch nozzle exit was not
affected by the variation in the chamber pressure (Fig. 13-i). The
maximum plasma gas temperatures at the torch nozzle exit under
the chamber pressures of 50 Pa, 100 Pa, 200 Pa and 1000 Pa were
12851 K, 12849 K, 12824 K and 12827 K, respectively. The maximum
temperatures at the torch nozzle exit for the Praxair SG-100 Plasma
Torch using 60 SLPM argon at a current of 800 A and the Sulzer-
Metco F4 Plasma Gun using 40 SLPM argon and 8 SLPM hydrogen
at a current of 400 A were higher than those in this work. This is
likely a consequence of the much larger diameter of the PS-PVD
torch.

The plasma gas velocity at the torch nozzle exit increased
slightly as the chamber pressure decreased. The maximum plasma
gas velocities at the torch nozzle at chamber pressures of 50 Pa,
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100 Pa, 200 Pa and 1000 Pa are 6084 m/s, 6072 m/s, 6069 m/s and
6007 m/s (Fig. 13-i), respectively. These values are much larger than
for the atmospheric plasma spray torches, despite the lower
temperature.

In simulations of the plasma spray process, accurate values of
the velocity, temperature, and pressure at the torch nozzle exit are
required to obtain reliable results. However, a simulation of low-
pressure plasma spray has to consider the flow both inside and
outside the plasma torch in the closed chamber owing to the high
pressure gradient.

In Table 4, we list the numerical predicted maximum velocity,
temperature, and other parameters for current LPPS methods un-
der different operating conditions. In this work, the results were
close to those of Mauer et al. (2014) [248] and Anwaar et al. (2017)
[251] at similar operating conditions. Generally, the plasma gas
temperature in other reported results were based on the input
power and the gases used, while the plasma gas velocities were all
very high. The predicted Mach number of the low-pressure plasma
jet at four different chamber pressures ranged from 3.43 to 3.53.

3.5. Fluid characteristics in low-pressure plasma jet - substrate
impingement

The low-pressure plasma spray process was modeled for the
case of the plasma jet impinging on a circular substrate
(d = 300 mm, d = 5 mm, spraying distance 1500 mm). Results are
shown in Fig. 14 and compared with experimental observations in
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same conditions (f).

Fig. 14- h.

The calculated maximum Mach number (Ma) was 3.48 in this
case, with larger values near the torch nozzle and the edge of the
substrate. The flow streamlines of the low-pressure plasma jet in
the three-dimensional domain are shown in Fig. 14-b; they indicate
strong entrainment at the torch nozzle and around the substrate.

The temperature and velocity contour distributions in a cross-
section are depicted in Fig. 14-c and 14-d, respectively. The iso-
surface temperature and velocity in the three-dimensional
domain are shown in Fig. 14-e and 14-f, respectively. The plasma
temperature rapidly decreased to 1500 K near the surface of the
substrate at a spraying distance of 1500 mm. The plasma gas was
rapidly impinging on the substrate in vertical direction and flowing
bypass the edge of the substrate. The low-pressure plasma plume
expanded near the torch nozzle, similarly to the result of the free
flow jet shown in Fig. 13. The plume is predicted to flow around the
edge of the circular substrate in agreement with the experimental
observation shown in Fig. 14-h.

The turbulence intensity is defined as the ratio of the root-
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mean-square of the velocity fluctuations to the mean flow veloc-
ity [205]. If the flow is fully developed, the turbulence intensity may
be as high as a few percentages. The results of turbulent intensity
using the RSM turbulent transport model show a maximum of over
600 % outside the torch nozzle (Fig. 14-g). The turbulent intensity
gradually decayed to below 50 % at a spraying distance of 750 mm.

3.6. Particle heating and motion in low -pressure plasma spraying

The simulations of particle injection with the carrier gas through
one, two or four injections points into the plasma torch are shown
in Fig. 15. With the use of a one-way injection of YSZ particles
(Metco 6700, YSZ, d = 1-30 um, Oerlikon Metco. Inc., Westbury,
USA) with the carrier gas (10 SLPM Argon), the particle velocity and
temperature in the carrier gas pipe were all very low (Fig. 15-a and
15-b), although the smaller particles (diameter less than 5 pm)
rapidly accelerated to over 6000 m/s after they were injected inside
the plasma torch channel, and their tracked trajectories noticeably
ascended along the cross-section (Fig. 15-c). The velocity of the
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Fig. 17. Time-dependent YSZ particle (4 g/min, d = 1-30 um) properties continuous flow (P = 100 Pa, I = 2000 A, spraying distance = 1500 mm, 30 SLPM Ar + 60 SLPM He) at 1 us

intervals for one-way injection of carrier gas (10 SLPM argon, 4 g/min) in (a), (b), (c); two-way injection of carrier gas (2 x 10 SLPM argon, 2 x 4 g/min) in (d),

injection of carrier gas (4 x 10 SLPM argon, 4 x 4 g/min) in (g), (h), (i).

larger particles (diameter larger than 10 um) was smaller than of
the smaller-diameter particles, and the tracked trajectories were
closer to the axis.

The two-way injection of YSZ particles was conducted at a total
feed rate of 8 g/min (Fig. 15-d—15-f), which is the most commonly
used method for the manufacturing of TBCs. The particles were
accelerated into the torch nozzle, where the smaller particles
reached a higher velocity than the larger particles. The maximum
particle velocity occurred outside the torch nozzle in the plasma jet
shock region. The particles were immediately heated to over
4500 K (the boiling point of zirconia is 4548 K [257]), and the
particle temperature then decreased along the flow trajectory. The
particles with a diameter of 25—30 pm flowed trajectories close to
the nozzle wall and were injected at a large incident angle to the
plasma jet axis.

In the four-ways injection of YSZ particles at a total feed rate of
16 g/min, flow characteristics similar to the above results were
observed, with the particle temperature immediately increasing to
over 4500 K and then decreasing significantly outside the torch
nozzle. The maximum particle temperature area was within the
torch nozzle. The average particle temperatures near the torch
nozzle, as shown in Fig. 15-b, 15-e and 15-h, were all higher than
3600 K.
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(e), (f); four-way

Fig. 16 shows overall views of the YSZ particle trajectories in
low-pressure plasma spray for the same conditions as Fig. 16, with a
spraying distance of 2200 mm and two-way injection of particles.
As Fig. 16-a shows, the trajectories of particles with diameter of
1-5 um were along the flow streamlines of the plasma jet to a
maximum distance of 2200 mm and close to the centerline. The
trajectories of particles with diameter of 5—12 um were at a larger
incident angle to the centerline of the plasma jet. Some of the
injected particles flowed through the entrainment flow streamlines
of the plasma jet around the chamber wall. The trajectories of
particles with diameter of 25—30 pm deviated substantially from
the centerline, so that they passed close to the wall of the torch
nozzle and were deposited on the chamber wall. Fig. 16-b shows
the particle mass distribution along the trajectories where the
larger particles exhibited a higher mass concentration, similar to
the result in Fig. 16-a.

The flight time of the YSZ particle is shown in Fig. 16-c. The flight
times of all particles were generally short, although the particles
that flowed backwards had a longer flight time from 0.4 s to 0.7 s.
The flight time of most particles was less than 0.1 s.

The temperature and velocity distributions of the YSZ particles
as they follow the calculated trajectories are shown in Fig. 16-d and
16-e, respectively. An experimental observation near the torch
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Fig. 18. Three-dimensional simulations of the low-pressure plasma jet impinging on the substrate (chamber pressure of 200 Pa, 2000 A, 30 SLPM Ar +60 SLPM He, SD = 1500 mm):
heat flux streamlines (a), velocity streamlines (b); temperature and velocity distribution in a cross-section (c) and (d); impact net pressure (e); enthalpy distribution (f); cross-
section temperature distribution (g) and velocity distribution (h) for the double-vane substrate (Inconel 738 alloy); temperature distribution (i) and flow streamlines in the Z-
direction (j) for the circular substrate (Inconel 738 alloys); circular substrate temperatures at 200 Pa by using 30 SLPM Ar + 60 SLPM He plasma jet (green curve) and 30 SLPM Ar+
60 SLPM He+10 SLPM H, plasma jet (red curve) measured using a CHINO IR-AP 3CG pyrometer (k) [170] (Reproduced with permission © Elsevier B.V.).

nozzle is shown in Fig. 16- f. All the particles were sprayed at a
particular incident angle from the torch nozzle. The jet appeared
brighter than a free plasma jet without particle injection. The
temperatures of particles of all sizes were high close to the boiling
point of zirconia, near the torch nozzle (Fig. 15-e and 16-d). The
maximum particle velocity near the torch nozzle reached 6300 m/s
in a very small zone and then rapidly decreased to approximately
1500 m/s at a distance of 1000 mm along the trajectories.

The transient characteristics of in-flight YSZ particles in a low-
pressure plasma spray are shown in Fig. 17. The flight paths for
one-way injection of YSZ particles at an interval of 1 ps are shown
in Fig. 17-a—17-c. The results demonstrate that the deposition
location on the substrate deviated substantially from the centerline.
This is commonly observed in the experiments and has to be
avoided in industrial operation.

In the two-way injection of YSZ particles, at a feed rate of 8 g/
min, the larger particles with diameters of 25—30 pum as shown in
Figs. 15 and 16, were deposited on the wall of the chamber at high
velocity and high incident angle. The smaller particle with di-
ameters of 1-5 um were entrained in the low-pressure plasma

plume and were transported downstream, which is widely
observed in PS-PVD [16,20,87,255].

In the four-way injection of YSZ particles, larger particles were
continuously ejected from the torch nozzle at a mass flow rate
higher than for one- or two-way injection, and filled the three-
dimensional domain of the chamber. The smaller in-flight parti-
cles flowed a long way downstream and trended to divert down-
ward because of gravity.

The multiphase flow characteristics in the PS-PVD process have
been described in the section. However, the deposition of the quasi-
columnar ceramic coating occurs in the micro-scale boundary layer
of the substrate. The formation mechanism of the coatings in the
boundary layer is examined in the following section.

4. Formation mechanism of coatings in the PS-PVD process

It is evident that the coating microstructure and the formation
of quasi-columnar structures are strongly determined by the
development of the particle trajectories close to the substrate,
when the particles flight through a super long distance and reach
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on the substrate in the PS-PVD processing. As a consequence, the
substrate exerts a strong impact on the particle deposition in the
velocity and temperature field of the plasma gas flow. The inter-
action and effects between the plasma gas jet and the particles
should be considered including the substrate.

In this section, experiment and numerical studies were carried
out to investigate the interaction between plasma gas and particles
at the substrate boundary layer and the shockwave region. The heat
transfer from the plasma jet to the substrate was studies. The for-
mation mechanism related to the self-shadowing effect of
impinging particles, droplet breakup, and atomization during the
sudden decrease in pressure from the plasma torch to the plasma
jet were clarified.

4.1. Intensification of heat transfer as the low-pressure plasma jet
impinges on the substrate

The spraying distance of APS processes usually is in the range of
80—200 mm because the length of these plasma jets that generated
by the conventional non-transferred arc plasma torches do not
exceed 200 mm in atmospheric environment at a minimum gas
flow rate of 30 SLPM [78,260]. Therefore, the atmospheric plasma
jet with a huge temperature gradient cannot used to precisely
control the substrate temperature during multi-scans of the plasma
spraying. In industry, most of atmospheric plasma spraying TBCs do
not operate on a very high temperature substrate (e.g., >1000 K),
except for some special purposes with auxiliary heating device |
[261,262]]. In addition, EB-PVD process usually deposits on the
substrate of a high temperature (e.g., >1000 K) by using other
auxiliary heating device [263,264], which is one of the essential
conditions to obtain columnar structured YSZ coating. However, in
spraying distance for deposition of TBCs in PS-PVD usually ranges
from 1000 mm to 1500 mm, which is much longer than that of
other current plasma spray methods. This section investigates the
heat transfer from the plasma jet to the substrate at a chamber
pressure of 200 Pa. A typical chamber pressure of 200 Pa and a
spraying distance of 1500 mm are chosen according to the
experiment.

The heat flux and velocity streamlines around the double vane
are shown in Fig. 18-a and 18-b, respectively. The plasma plume
impinges directly on the front surface of the substrate and flows
through the interspace and edge of the substrate. Oblique views are
shown in Fig. 18-c and 18-d, respectively. The maximum temper-
ature and velocity of the plasma gas were above than 1300 K and
450 m/s, respectively, at a spraying distance of 1500 mm. The net
impact pressure and enthalpy at the cross-sections of the double-
vane substrate are shown in Fig. 18-e and 18-f, respectively. A
negative impact pressure area was obtained on the convex surface
of the substrate, although a high impact pressure occurred at the
interspace of the double vane structure. The maximum enthalpy
from the plasma gas to the substrate at a spraying distance of
1500 mm was larger than 1 x 107 J/kg.

The plasma gas temperature and velocity at the vicinity of the
double vane substrate are shown in Fig. 18-g and 18-h, respectively.
The double-vane structure significantly affects the local flow
characteristics of the plasma jet. The plasma gas temperature
decreased slightly along the flowing direction and rapidly
decreased along the radial direction. The plasma gas velocity sud-
denly decreased below 200 m/s at the front surface of the substrate,
although a high-velocity area was obtained on the convex surface of
the two vanes.

The plasma gas temperature and velocity when the plasma
plume was impinging on a plane substrate at a spraying distance of
1500 mm are shown in Fig. 18-i and 18-j, respectively. The Inconel
718 alloys substrate was predicted to be heated to 1000 K—1150 K
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under these conditions, which was in agreement with the mea-
surement shown in Fig. 18-k. The plasma gas velocity rapidly
decreased below 200 m/s when the plasma jet reached the top
surface of the substrate and the plasma gas streamlines could flow
bypass the edge of the plane. Strong entrainment occurred on the
bottom surface of the substrate, and it exhibited a negative velocity
in the Z-direction. Fig. 18-k shows the measured substrate tem-
perature evolution from 100 s to 1300 s when the low-pressure
plasma jet impinges on a substrate obtained by He et al. (2017)
[170], which was in agreement with the results of this study.

4.2. Plasma plume induced self-shadowing effect of impinging
particles at the boundary layer of the substrate

The EB-PVD method is widely used in the production of
columnar-like ceramic coatings. The self-shadowing, or shadowing,
of impinging particles is recognized as a vital effect in the repeated
scans required to deposit such coatings [52,265—268,272]. The
vapor flux at lower incident angles may be blocked by the edge of a
columnar grain [269,270]. Inter-columnar gaps and columnar
structures are produced by shadowing during the repeated sprays
cycles [271,272].

Movchan (2006) indicated that the shadowing zones were in the
vicinity of two particles in EB-PVD process (Fig. 19-a) [273], which
was caused by micro-protrusions growing on the substrate. The
shadowing effect may be enhanced when the incident angle of the
vapor flux is below 90°.

Fauchais (2014) and Jordan et al. (2015) indicated that the
impinging particles at the boundary layer of the substrate were
distributed according to their Stokes number (St) distribution
(Fig. 19-c). Impinging particles with a low Stokes number (St < 1)
follow the streamlines of the plasma jet and can bypass the edge of
the substrate (Fig. 18-b). Impinging particles with a high Stokes
number (St > 1) are deposited on the substrate completely in the
atmospheric plasma spray process [274,275].

Bernard et al. (2017) described the steps of coating buildup of
SPS columnar structures (Fig. 19-d) [108] by considering the
impingement angles of large particles, which do not deviate, and
strongly-deviated small particles at the boundary layer of the
substrate. Sokotowski et al. (2017) presented the trajectories of
incoming particles during the formation of SPS coatings (Fig. 19-f)
[276], which were dominated by the adhesion force and drag forces
of particles within the plasma plume. Xu et al. (2019) analyzed the
trajectories of YbyO3 droplets near the substrate in high-velocity
low-pressure plasma spray (Fig. 19-e) [22], showing that the
deposition locations of impinging particles are affected by their
Stokes number.

Liu et al. (2020) calculated the particle trajectories before
impacting the substrate in the atmospheric long laminar plasma
spray process (ALPS) [79]. They found that the tangential velocity of
the particles was crucial in determining the deposition position.
This factor induced the shadowing effect of impinging particles at
the boundary layer of the substrate in repeated scans (Fig. 19-h—19-
J)-

We attempted to demonstrate the shadowing effect of
impinging particles in the PS-PVD process operating at an input
current of 2000 A and a chamber pressure of 200 Pa using 30 SLPM
argon and 60 SLPM helium. The results are shown in Fig. 20 using a
double vane substrate (Fig. 20-a) and a circular substrate (Fig. 20-e)
from an aircraft engine.

The net impact pressure from the low-pressure plasma jet to the
double vane substrate at a spraying distance of 1500 mm is shown
in Fig. 20-b. The net impact pressure (dynamic pressure) is the
difference between the total pressure (stagnation pressure) and
static pressure. The maximum net impact pressure was larger than
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Fig. 21. (a) Schematic representation of outcomes of the coalescence, collision and shattering during droplet breakup as Weber number increases as presented by O'Rourke (1982)
[312]; (b) Faeth et al. (1995) illustrated the spray structure in the atomization region [313]; (c) Opfer (2014) investigated the typical evolution of a single bag breakup of water in an
airflow [314]; (d) Polanco et al. (2010) described the expansion and entrainment areas as the center velocity in a flashing jet varied [315]; (e) Chen et al. (2013) simulated the
impinging jet flow patterns with the increasing of flow velocity [316]; (f) Reitz. (1996) presented a schematic representation of spray regimes for liquid injection from a single hole
nozzle [317]; (g) Wang et al. (2016) investigated the liquid column and spray plume regions when a jet penetrates a cross-flow [318]; (h) Cheng et al. (2015) studied the heat transfer
mechanism in vacuum flash evaporation cooling [311]; (i) Wang et al. (2017) indicated the possible patterns for droplet freezing (re-solidification) in a vacuum spray [319]. [][][].

8000 Pa on the front surface of the substrate, and a negative impact trajectories are shown in Fig. 20-c and 20-d, respectively. The small
pressure was formed on the convex surface of the substrate. The particles (diameter less than 5 um) can bypass the concave surface
impinging YSZ particle velocity and diameter distributions as the of the blade, while the larger particles are deposited.
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The net impact pressure on a circular substrate at the same
spraying distance is shown in Fig. 20-f. The maximum impact net
pressure was higher than the blade substrate shown in Fig. 20-
d and also exhibited a negative area of impact net pressure at the
edge of a circular substrate. The impinging particle velocity and
diameter distributions are shown in Fig. 20-g and 20-h, respec-
tively. The small particles flowed further at a lower velocity and are
deposited at a lower incident angle than the larger particles. The
previously deposited particles tend to block the subsequently
impinging particles in repeated scans of the plasma spray, inducing
a self-shadowing effect.

4.3. Shockwave-induced flash vaporization and atomization of YSZ
materials in the PS-PVD process

The study of the evaporation and vaporization of droplets is
mainly directed toward the better understanding of the PS-PVD
method and design of the industrial devices. Therefore, the aim
of this section is to improve the fundamental understanding of the
droplet heating, boiling and vaporization.

Vaporization and boiling are two thermodynamic processes that
govern liquid-to-gas phase change [280]. Vaporization is a phase
change phenomenon in which some of the molecules have suffi-
cient kinetic energy to escape from the liquid into the vapor phase
when the vapor pressure is lower than the saturation pressure
[281,282]. The boiling process is a volume-based phenomenon in
which gas bubble formation occurs when the vapor pressure of a
liquid is equal to the local pressure [283—285]. During the evapo-
ration, explosive boiling phenomenon occurs inside superheated
droplets on a heated surface [286,287]; the boiling temperature is
used as a parameter to characterize this phenomenon [288,289].

Jiang et al. (2017) indicated that three typical cases of vapor-
ization exist [290]:

(1) Heating vaporization (Qcony + Qrad > Quap): the droplet
temperature increases until it is completely vaporized.

(2) Isothermal vaporization (Qcony + Qrad = Quap): droplet
vaporization at a fixed temperature.

(3) Cooling vaporization (Qconv + Qrad < Quap): the droplet
temperature decreases below the boiling point of the mate-
rial, and evaporation occurs on the surface of the liquid [291].
Evaporation is a type of vaporization of a liquid that occurs
only on the surface of a liquid [292].

However, before the vaporization of YSZ occurs, the YSZ parti-
cles melt into liquid columns or droplets after they are injected into
the plasma torch (Figs. 15 and 16). The liquid is abruptly accelerated
by the perpendicular plasma gas flow, and the large drops break up
into smaller drops [293—295], which is a well-known phenomenon
when a liquid jet flows through a nozzle into a low-pressure
environment below its saturation pressure [296,301,305]. This
process frequently forms an atomized spray owing to the unsteady
turbulent flow of liquid droplets [297—299].

The generated droplets further collapse into smaller droplets
through the aerodynamic force, called secondary breakup [300],
particularly in the shock area of the low-pressure plasma jet. Sub-
sequently, the generated droplets evaporated within 0.1-0.4 s, as
described in Section 3.4. Flash vaporization is a vaporization phe-
nomenon caused by a sudden pressure gradient below the satu-
ration pressure [301—303]. Owing to this abrupt decrease in
pressure, the liquid undergoes a rapid phase transition and the
sensible heat of the liquid converts into latent heat of vaporization
[304,305]. The heat transferred to the particle during this process is
mostly used to overcome the latent heat of vaporization [306,307].
Flashing can induce a shock wave when the fluid is exposed to an
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abrupt pressure drop. This generated shockwave can transfer the
energy of a high-pressure fluid directly to another low-pressure
fluid [308,309]. Under this condition, when the heat is conducted
through the liquid at a sufficiently high rate, surface vaporization
occurs.

The mass vaporization rate can be calculated using [310],

teolon)

where D is the mass transfer coefficient (mm?/s), p; is the saturated
vapor density of the liquid film, and ps is the saturated vapor den-
sity of the environment. The driving force of mass transfer is the
vapor density difference on both sides of the vapor—liquid interface
[311]. The vapor density above the vapor—liquid interface is the
saturated vapor density at the surrounding temperature. The
vaporization rate in the jet area increases as the final pressure
decreases and the initial temperature increases [303], which is a
critical criterion of the PS-PVD process (50—200 Pa) and the LPPS
process (1000—10000 Pa).

As Fig. 21 shows the models of the coalescence, collision and
shattering during droplet breakup. Rourke (1982) investigated the
binary collision of in-flight droplet that could overcome coales-
cence, collision, and shattering during the breakup process (Fig. 21-
a) [312]; Faeth et al. (1995) illustrated the spray structure near the
nozzle in the atomization breakup region (Fig. 21-b) [313], which
contained the dense spray region, multiphase mixing region, dilute
spray region, and dispersed flow regions. The primary breakup
occurred owing to the formation of ligaments and other irregular
liquid elements along the surface of the liquid core. The dense spray
region is strongly dependent on the liquid flow characteristics, e.g.,
the turbulent intensity and vorticity properties at the jet nozzle.
Similarly, Reitz (1996) presented a schematic representation of
spray regimes for liquid injection from a single hole nozzle (Fig. 21-
f) [317]. The in-flight droplets pass through the churning region,
thick region, thin region and very thin region.

Recently, Opfer (2014) investigated the typical evolution of a
single bag breakup of water in an airflow through continuous im-
ages in the experiment (Fig. 21-c) [314]. This prediction of film
thickness based on film kinematics was validated for the initial
stage through direct measurements of drop thickness. Polanco et al.
(2010) described the expansion and entrainment areas as the
centre velocity in a flashing jet varied (Fig. 21-d) [315]. The
expansion region is characterized by the continuous breakup and
evaporation of large droplets or liquid ligaments occurs, and the
entrainment region by a decrease in the droplet velocity. Chen et al.
(2013) simulated the impinging jet flow patterns with an increase
in the flow velocity (Fig. 21-e) [316]. The flow patterns of the
glycerin-water solution change from the liquid chain, closed rim,
and unstable rim to an impact wave as the flow velocity increases.

Wang et al. (2016) evaluated the liquid column and spray plume
regions when a jet penetrated a subsonic crossflow (Fig. 21-g) [318].
The spray trajectory was unsteady or oscillatory in a high-
temperature subsonic crossflow [320]. Surface breakup domi-
nated the liquid jet column and fragments evaluation owing to the
hydrodynamic instabilities, which resulted in smaller droplets and
spray formation. Cheng et al. (2015) studied the heat transfer
mechanism of vacuum flash evaporation cooling (Fig. 21-h) [311],
which included droplet wall impaction heat transfer, film flash
evaporation heat transfer, film surface convective heat transfer,
heat transfer induced by boiling bubbles and environment heat
transfer. Wang et al. (2017) indicated that three possible patterns of
droplet freezing (re-solidification) exist in a vacuum spray after
droplet flash evaporation (Fig. 21-h) [319].

The study of droplet breakup is frequently described using three

(42)
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Fig. 22. Zirconia vapor concentration distribution in the three-dimensional domain with a substrate (chamber pressure of 100 Pa, 2000 A, 30 Ar +60 He, SD = 1500 mm, 2 x 4 g/
min) in this work (a); magnification view of the zirconia vapor concentration nearby the torch nozzle (b); particles velocity (c) and temperature (d) as the tracked particle diameter

33


mailto:Image of Fig. 22|tif

S.-H. Liu, J.P. Trelles, A.B. Murphy et al.

dimensionless parameters [321]. The aerodynamic Weber number
affects the primary breakup behavior and the vortex development
and morphology behind the liquid column, which results in a
drastic change in the evaporation process [300].

2
we —P4d (43)
o
The Weber number is the ratio of inertial to surface tension
forces, where p and o are the density and surface tension of the
liquid, respectively. Moreover, the Weber number represents the
relative strength of the bubble surface tension force against the
liquid momentum owing to bubble expansion [322].
The Ohnesorge number (Oh) is used to characterize the strength
of the viscous dissipation of the liquid relative to the product of
liquid inertia and surface tension.

Oh— _‘;da (44)

The liquid becomes superheated by exposure to the environ-
ment at a pressure lower than the liquid's saturation pressure
[323]. The entire process can be characterized by the Jakob number
(Ja), which quantifies the ratio between the available heat stored in
the liquid and the latent heat required for vaporization. Ja is an
important dimensionless parameter that can characterize flash
vaporization [18].

_ pICATp
Pl

Jakob number (Ja) represents the ratio between the sensible
heat and latent heat in the process of phase change.

Accordingly, many analytic predictive models for drop defor-
mation and breakup have been developed using the above non-
dimensional parameter models. The most widely used models in
computational fluid dynamics coupled with momentum conser-
vation equations are the Taylor breakup model (TAB), and the
Kelvin-Helmholtz and Rayleigh-Taylor (KHRT) hybrid and wave
models. We used the three models to investigate the breakup and
vaporization of YSZ droplets in this work, as discussed in Section
3.1

However, the wave model is appropriate for high-speed in-
jections, where the Kelvin-Helmholtz instability is considered to
dominate droplet breakup [324], which considers the breakup of
the droplets to be induced by the relative velocity between the gas
and liquid phases. The model assumes that the breakup time and
the resulting droplet size are related to the fastest-growing Kelvin-
Helmholtz instability due to the plasma jet stability. The wave-
length and growth rate of this instability are used to predict details
of the newly formed droplets, as described in Section 3.1.

Fig. 22-a shows the zirconia vapor concentration distribution
during the PS-PVD (chamber pressure = 100 Pa, I = 2000 A, 30
SLPM Ar + 60 SLPM He) in this study at a total feed rate of 8 g/min
with two-way injection. The maximum vapor concentration was
approximately 1.6 g/cm? under this condition. Fig. 22-b shows the
magnification view nearby the torch nozzle in Fig. 22-a, where the
highest vapor concentration occurred inside the plasma torch and
the zirconia vapor was pushed further to a spraying distance of
1000 mm. Flash vaporization occurred immediately inside the
plasma torch where the YSZ particles were initially injected. This

Ja (45)
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was also observed for the steady model in Fig. 15.

Fig. 22-c and 22-d show the calculated in-flight particle velocity
and temperature distributions as the particle diameters at the
cross-section of the torch nozzle varied, respectively. The particles
at the edge of the torch wall had a low in-flight velocity, and the
particles were gradually accelerated when they flowed further into
the plasma jet. A large area of particle temperatures was above
4500 K (the boiling point of zirconia is 4548 K), and these may be
quickly vaporized at temperature equal to or above to the boiling
point of zirconia through the heating vaporization model or
isothermal vaporization model as mentioned before. The statistical
distribution of particle diameters at the cross-section of the torch
nozzle is shown in Fig. 22-e by considering the breakup of droplets
in the wave model, where it comprised multi-sized in-flight par-
ticles. 11.86% of in-flight particles had diameters ranging from 0.81
to 2 um; 31.85% of in-flight particles had diameters in the range of
2—5 pm, and 35.56% of in-flight particles had diameters range of
5—10 pum. The remaining 20.73% in-flight particles were in the
range of 10—30.15 pm.

The in-flight particle velocity and temperature distributions as
the particle diameters varied at the cross-section of the spraying
distance of 1200 mm are shown in Fig. 22-f and 22-g, respectively.
The distribution of in-flight particle locations at the cross-section
occurred in a larger range. The in-flight particle velocity was
lower than the result of the cross-section of the torch nozzle. The
high area of particle temperature occurred in the center area, and
part of the particle temperature was still above 4200 K. After
flowing a distance of 1200 mm, the statistical distribution of par-
ticle diameters ranged from 0.18 um to 10.1 pm, which primarily
comprised particles with diameters of 0.18—2 um at a percent of
61.7% and in the diameter of 2 pm—5 pm at a percentage of 37.82%.

The in-flight particle velocity and temperature distributions as
particle diameters varied at the cross-section of the spraying dis-
tance of 1500 mm are shown in Fig. 22-i and 22-j, which is also the
top surface of the substrate. According to Section 4.1, the impinging
particles will flow bypass the edge of the substrate owing to the
shadow effect. Therefore, the center area at the cross-section had a
high zirconia vapor concentration (Fig. 22-a); other impinging
particles were distributed at the periphery of the substrate, which
was also in agreement with observations. In the experiment, the
YSZ coating microstructure featured a smooth quasi-columnar
structure or a cauliflower-like structure at the center of the sub-
strate [14,20]. However, the coatings had a mass of splashed
nanoparticles at the periphery of the substrate that exhibited un-
clear interspaces within the cauliflower-like structures on the top
surface [88,89]. The diameters of in-flight particles ranged from
0.24 to 2 pm at a percentage of 79.58%, 2—5 um at a percentage of
2.94%, 5—10 um at a percentage of 11.11%, and 10—15 um at a per-
centage of 5.07%.

Therefore, a high zirconia vapor concentration existed inside the
plasma torch area owing to flash vaporization when the tempera-
ture is equal to or above its boiling point, as the heating vapor-
ization model or isothermal vaporization model. Thereafter, the
liquid columns are atomized in the low-pressure chamber near the
torch nozzle and further breakup into smaller particles, which
significantly increases the total specific surface area of the liquid.
The evaporation may occur on the surface of a liquid when the
temperature is above the boiling point of zirconia. Meanwhile,
several liquids can freeze to a solid or half-solid state during a long
spraying distance when the particle temperature is cooled to below

distributions at the cross-section of the plasma torch; the statistical distribution of particle diameters at the cross-section of the plasma torch (e); particles velocity (f) and
temperature (g) as the tracked particle diameter distributions at the spraying distance of 1200 mm; the statistical distribution of particle diameters at the spraying distance of
1200 mm (h); particles velocity (i) and temperature (j) as the tracked particle diameter distributions at the spraying distance of 1500 mm; the statistical distribution of particle

diameters at the spraying distance of 1500 mm (k).
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2950 K (melting point of zirconia). That is frequently called the re-
solidification of the droplet and is commonly observed in atmo-
spheric plasma spray processes at certain spray distances
[234,325—328].

The deposition units at a spraying distance of 1500 mm in the
PS-PVD process are as follows:

1) secondary breakup droplets;
2) re-solidification particles;
3) particles from vapor condensation.

However, the vapor phase can be transferred to either the liquid
phase or solid phase depending on the local conditions at the
boundary layer of the substrate, which will be discussed in the next
section.

5. Kinetic surface diffusion, migration, coalescence, and
decay of nano-clusters in the additive manufacturing of the
coatings

According to the previous discuss, the coating growth was under
a high temperature on the substrate surface during the additive
manufacturing of the PS-PVD method. A mixture depositing unites
was observed and studies in the previous sections. However, the
columns develop a tapered shape so that the growth becomes
competitive and local areas grow at a higher rate in the vertical
direction comparing with the growth in the parallel direction, as
well as the inter-spaces between the columns further develop un-
clear and vague as the increasing of coating thickness, which will
discuss in this section.

5.1. Layer growth versus hybrid growth

Coating surface topographies and fracture microstructure eval-
uations are often described according to the results of Thornton
(1974) [329]. With an increase in the argon pressure from 100 to
3000 Pa and substrate temperature (Fig. 23-a), the formation of a
microstructure of sputtered metallic coatings was demonstrated
from layers of porous, densely packed, quasi-columnar, and
columnar structures. Venables (1984) used the rate equation
approach to calculate the thin film formation [330], including the
condensation, adsorption, surface diffusion and re-evaporation
processes (Fig. 23-b). Fig. 26-c shows the microstructure evolu-
tion with increasing YSZ powder feed rate in the PS-PVD process.
More splats were obtained in the coating at a high powder feed rate
of 20 g/min [331]. The effects of the impingement rate on the
microstructural formation of the YSZ coating in the PS-PVD process
from the investigations of Vaf3en et al. (2013) are shown in Fig. 26-
d.

Guo et al. (2014) investigated the microstructural evolution of
PS-PVD coatings at different spray distances and classified coatings
as dense lamellar, closely packed columnar, quasi columnar struc-
tures, and EB-PVD-like columnar structures (Fig. 23-f) [14]. Such a
classification has become a scientific consensus in the research on
PS-PVD. In addition, they highlighted that the growth of quasi-
columnar coatings should consider the absorption of atoms,
nucleation, stable islands, early columnar growth and complete
growth (Fig. 23-g) [332]. With the continuous arrival of gas atoms,
nuclei grow and form a three-dimensional island. The island
structure may develop into a column crystal with continuous
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absorption of vapor atoms. The droplets can fill the gaps in the
columns and form pores and defects.

Zhou et al. (2016) investigated the deposition mechanism in the
PS-PVD process (Fig. 23-e) [333]. They observed that homogeneous
nucleation occurred at the end of the plasma plume, which resulted
in the formation of agglomerated clusters. An island structure
occurred at a lower average coverage. When the substrate tem-
perature decreased from 850 °C to room temperature, the island
growth mode tended to the layer growth mode as the absorbed
atoms exhibit a low diffusion ability. Growing a stable nucleus on
the substrate was difficult because vapor condensed rapidly and
few oriented fine grains were formed because of a large amount of
undercooling.

Moreover, Liu et al. (2018) indicated that a two-way compen-
sation mechanism exists between the plasma gas and in-flight
liquids in the PS-PVD process (Fig. 23-h) [334,335], which means
that evaporation (cooling vaporization) can occur when the droplet
temperature is below the boiling point of zirconia, as mentioned in
Section 4.3. A large temperature and pressure gradient exist near
the substrate surface owing to the different temperatures of the
substrate and plasma jet. The partial and vapor pressures of the
vapor atoms determine the supersaturated boundary layer where
clusters can be formed. More clusters will form over a larger area of
the supersaturated boundary layer [238,336].

Therefore, a high substrate temperature, or interface tempera-
ture (usually above than 800 °C), a low chamber pressure
(50—200 Pa), and a high input power plasma torch (>100 kW) were
the three essentially conditions to obtain an advanced quasi-
columnar ceramic coating in the PS-PVD process (Fig. 23-i). The
ceramic powders (i.e., YSZ, GZO, and LCO) were injected into the
plasma torch; mass intensification and heat transfer occurred on
the substrate at a maximum distance of 1000—1500 mm through a
low-pressure plasma jet, which had a maximum velocity of over
6000 m/s and a maximum temperature of over 12000 K at the torch
nozzle.

In general, the region at which the flow adjusts from zero ve-
locity at the wall to a maximum in the main stream of the flow is
termed the boundary layer [337]. The concept of boundary layers is
significantly in all viscous fluid dynamics and the theory of heat
transfer [338,340]. As a velocity boundary layer develops when
there is a fluid flow over a surface (e.g., a flat substrate) [338], a
thermal boundary layer develops if the fluid and surface temper-
atures differ [339], and a turbulent boundary layer will rapidly in-
crease as a result of increased shear stress at the surface [340].

Similarly, the momentum flow is driven by a velocity gradient,
the heat flow by a temperature gradient and mass transport on the
substrate by a concentration gradient [341]. A mass-transfer (con-
centration) boundary layer can be defined for ceramic mass transfer
on the substrate in the PS-PVD process, for which a large difference
between local concentration and concentration from the free
stream occurs. For example, a dense lamellar-layer-structured YSZ
coating can be deposited at a spraying distance of 550 mm (Fig. 4),
although the microstructure will favor a transfer to island growth
or hybrid growth at a longer spraying distance under the same
operating conditions. As the stand-off distance increases, the su-
persaturated boundary layer becomes larger and the formation of
clusters is easier [88]. In the boundary layer, sufficiently low tem-
perature and high supersaturation are beneficial to the onset of
particle nucleation and growth [383]. Thus, the level of supersat-
uration is more likely to be sufficient, and nucleation and formation

formation of YSZ coating in PS-PVD by VaRen et al. (2013) [345]; (e) nucleation and cluster coalescence in PS-PVD manufacture of YSZ coating the by Zhang et al. (2016) [333]; (f)
microstructural evaluation of PS-PVD coatings at different spray distances by Guo et al. (2014) [14]; (g) schematic diagram of additive manufacturing of coatings in the PS-PVD
process by Guo et al.(2016) [332]; (h) two-way compensation mechanism between the plasma gas and liquid in PS-PVD by Liu (2018) [335]; (i) the intensified mass and heat
transport at the boundary layer between the low-pressure plasma plume and the substrate in the study.
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Fig. 24. (a) “cluster” definitions in computer science, CVD and PS-PVD field; (b) modelling of cluster density distributions that caused by diffusion limited aggregation in thin film
deposition [348]; (c) schematic illustration of three growth models in the deposition of a thin film by E. Wang (2003) [349]; top surface observation of different nano-sized cluster

and cauliflower-like features of YSZ coatings in this study (d), (e), (f), (g).

of small particles are more likely to occur, at longer spray distances
in the boundary layer [342]. The large temperature difference in the
boundary layer will cause rapid cooling of the deposits to a super-
cooled state. Hence, homogeneous nucleation from supersaturated
vapor is possible at a high supersaturation ratio, and rapid nucle-
ation on the substrate is expected at the beginning [343]. Therefore,
the local conditions at the boundary layer of the substrate in the PS-
PVD process have a crucial function in dominating the layer growth
or hybrid growth model.

In addition, the self-shadowing effect of impinging particles will
occur first at the velocity boundary layer before they impact the
substrate, as discussed in Section 4. 1.

5.2. Formation of stable clusters during the deposition of ceramic
coatings

The formation of a stable cluster of island features is an initial
step during the growth of a coating on the substrate. Particle for-
mation in a plasma plume involves the growth of molecular or ionic
clusters. This growth can occur by physical condensation of a su-
persaturated vapor, e.g., metal or ceramic vapors by a sequence of
chemical reactions, direct vapor deposition on nano-particle sur-
faces or coagulation due to collisions between nano-particles [346].
However, “cluster” is also a common word in the computer science
field (Fig. 24-a). A cluster in Chemical Vapor Deposition (CVD) or
Physical Vapor Deposition (PVD) fields refers to a group of adatoms
at the atomic or molecular scale. A group of clusters form an island
feature on the top surface of the coating or thin film [347]. Witten
and Sander (1981) proposed a diffusion-limited aggregation
mechanism in the deposition of thin films, and the formation of a
compact island and fractal island from a mass of clusters [348].
Wang (2003) modeled the formation and density of clusters based
on the diffusion-limited aggregation mechanism (Fig. 24-b). The
growth of a thin film can be achieved through three different
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models under different local conditions [349]: the layer growth
model (Frank-van der Merwe model), island growth model
(Volmer-Weber model) and hybrid growth model (Stranski-Kras-
tanov model) (Fig. 24-c).

Similarly, in the PS-PVD process, hybrid deposition units (vapor
condensation, nano-droplets from the secondary breakup, and re-
solidification particles) exist at spraying distances ranging from
1000 to 1500 mm. The different microstructures of nano-sized
clusters and cauliflower-like YSZ coatings on the top surface are
shown in Fig. 24-d—24-g. The flattening splat originated from the
impinging droplets. Re-solidification particles exhibited a fractal
island feature, and the particles from vapor condensation exhibited
a compact island feature.

In the experiment (Fig. 25), the spraying time was increased
from 1 to 40 s under two different operating conditions. The
deposition units were constant in multiple scans of the plasma
spray at a given powder feed rate. Many nano-clusters were formed
on the substrate at the initial step and distributed randomly. Sub-
sequently, apparent island structures were obtained with a thick-
ness of 2—5 pm, comprising smaller islands and connected with
nanoclusters or droplets. Finally, a hybrid deposition coating was
obtained with a thickness of over 50 pm.

Accordingly, Gao et al. (2016) proposed that the quasi-columnar
YSZ coating was composed of droplets, unmelted particles, and
vapor from original feed-stock powders in the PS-PVD process
(Fig. 26-a) [332]. Zhang et al. (2017) separated the deposition in the
PS-PVD process into the initial, growth and complete stages, for a
processing using a solid nucleus surrounded by a liquid layer,
droplets, nanoparticles, micron-sized particles, and vapor phases
(Fig. 26-b) [87]. Chen et al. (2019) observed the deposition mech-
anisms between VLPPS coatings and PS-PVD coatings (Fig. 26-c)
[350]. A higher particle temperature and velocity were achieved
because of the lower chamber pressure and higher input power of
the PS-PVD process. In addition, Racek (2010) reported that the
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Fig. 25. Additive manufacturing process of quasi-columnar coatings during low-pressure plasma spray-physical vapor deposition: top surface after deposition (P = 10 Pa, I = 2000
A, 35 SLPM Ar + 60 SLPM He, SD = 1000 mm) (a) spray time of 1 s; (b) spray time of 2 s; (c) spray time of 3 s; (d) the YSZ coating with a thickness of 45 um; (e) spray time of 4 s; (f)
spray time of 6 s; (g) spray time of 40 s; (h) coating with a thickness of 45 um. Top surface observation after deposition (P = 200 Pa, I = 1850 A, 30 SLPM Ar + 60 SLPM He,
SD = 1000 mm): spray time of 2 s in (i) and (m); spray time of 10 s in (j) and (n); spray time of 30 s in (k) and (o); top surface observation of the YSZ coating (1); fracture surface

observation of the coating (p) (Reproduced with permission [87,332]© Elsevier B.V.).

formation of island protrusions on the surface of the coating may
relate to the splashing from high-speed impinging droplets
(Fig. 26-d) [351].

For droplet solidification on a flat surface, according to the
studies by Masdejski (1975) [352], Vardelle. et al. (1995) [353], and
Rangel et al. (1997) [354], the deformation and solidification pro-
cess of a single droplet in plasma spraying technology is described
by the conservation of mechanical energy:

d
d—(Ek +Ep+E4)=0 (46)
ts
for which the kinetic energy is calculated using,
3 dR\? (5, 11 3
Ep(ts) = 10™» <dTS) (R b+7b ) (47)

The potential energy on the free surface of the substrate is
calculated using,

Ep = o(mR? +2rRD) (48)
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The viscosity energy dissipation rate of liquid droplets is
calculated using,

dEg _ muR? (dR\? (3 72 b
dt, b \dt;) \2 5 R2

where b and R in Eq. (47)—(49) are the geometrical parameters of a
molten layer during dynamic flattening and solidification, and o is
the surface tension of the liquid droplet. The kinetic energy and
viscosity energy dissipation when the liquid droplets impinge on a
solid surface are all time-dependent quantities.

The theoretical studies of nucleation and growth of clusters
were computed based on an adatom concentration distribution
that was obtained by solving an adatom diffusion equation on the
substrate in a sequence of time stages [355—358].

(49)

on(r,t) v

ot 4

At the initial stage, the adatom concentration gradually in-
creases when the deposition rate of adatoms is equal to the vapor
impingement rate (F) [359]. Moreover, the vaporized atoms cannot

V2 n(r,t) + F (50)
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Fig. 26. (a) Gao et al. (2016) proposed the deposition mechanism of the dense coating in PS-PVD [332]; (b) Zhang et al. (2017) gave the deposition model of quasi-columnar coating
in PS-PVD [87]; (c) Song Chen et al. (2019) observed the deposition mechanisms of VLPPS and PS-PVD coatings [365]; (d) Racek (2010) proposed the formation of island protrusions
of the coating in HVOF [366]; (e) schematic illustration of the cluster formation on the substrate according to the experimental observation and effects of adsorption energy (E,),
diffusion energy (Eq4), and binding energy (E;) on the critical cluster that contained adatoms from surface diffusion and vapor stream.

always condense when they impinge on a surface. The adatoms
may diffuse on the surface for a period of time (resident time/
relaxation time) and then re-evaporate back to the vapor phase
[360]. Meanwhile, they may collide with other adatoms during its
migration, causing nucleation on the surface of the substrate. The
adatom concentration is determined by the vapor rate, re-
evaporation, and capture rates of the existing clusters. A stable
cluster on the substrate may grow by the capture of adatoms via
surface diffusion and by the direct addition of atoms from the vapor
stream during the plasma spray [361]. The effects of adsorption
energy (E,), diffusion energy (Eq), and binding energy (E;) on the
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formation of a critical cluster based on the experiment results are
shown in Fig. 25-e. The separation of clusters is Ls and each cluster
of effective radius R; occupies an effective zone of effective radius
Ro.

The adsorption energy (E;) is determined by the residence time
(75) and atom vibration frequency (v) [362,363],

Eq = k-Ty-In(vrs) (51)

The activation energy of surface diffusion (E4) is calculated
through the surface diffusion (D) and adatom jump distance (a) as
follows [363]:
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D=Dg exp(—Eq / kT) = va® exp(—Eq /kTqy) (52)

The flux of atoms absorbed to a cluster in a radius of R and the
vapor impinging rate of | is calculated using,

F=27RD (d—N> + 7R?)
r=R

dr (53)

The free energy of the formation of an embryo with a radius of R¢
(Fig. 26-e) is calculated as

AG = nRZsin’0 (0cs — osv) + 47TR§1—TC056’JCV
3 (54)
4 32—-3cosf+cos”d
+§ Tng 2 AGV
_ kTsub P
AGy = —= 2 In (E) 55)

where vy, is the volume of an atom (cm?), the Young's equation is
expressed as

Osy — Osc = O¢y COS 0 (56)

The contact angle (0) will decrease owing to the higher surface
tension of the high-temperature droplet [333].

In the rate equations approach, the binding energy (E;) is
described by the cluster density (N), critical-sized (i) clusters, and
adatom concentration (nx (R, t, i)),

(nx/N) ~ (R/Nv)'r*1 exp(E; / KT) (57)

After the initial stage, the surface will be covered by stable
nuclei, and the fraction of the area of the free surface with the
contact angle increases. For a critical separation of clusters, Ls is
described as:

Lszz(n/zﬂ)o's Ro

In addition, the critical separation can also be calculated through
lattice approximation and mean-field approximation methods,

(58)
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these had results that agreed with the model [364].

5.3. Maximum cluster density and nucleation rate variations during
the additive manufacturing of the coating

The boundary layer of the substrate has a crucial function in
controlling the mass flow rate and substrate temperature. The
deposition rate (kg/s or mol/s), impinging mass flow rate (kg/s) and
heat flux (W/m?) from the plasma jet to the substrate in multi-scans
of the plasma spraying process are all constant. Multiple phases of
deposition units existed in every scan of the plasma spray, whether
the plasma spray was operated for 20 or 50 min. In the experiment,
the coating that was deposited at the centerline of the plasma torch
exhibited a noticeably cauliflower-like structure with a uniform
interspace at the top surface and a quasi-columnar structure at the
cross-section, as discussed in Section. 4.3. However, the volume of
the columnar-like structure at the cross-section of the coating
increased with the increasing thickness of the coating. The micro-
structures of the quasi-columnar YSZ coating exhibited a wide
space at the top and a narrow space at the bottom of a column at
the polished cross-section under constant operating conditions.
Frequently, this is called a “big head” of the cauliflower-like struc-
ture; this is discussed below. Furthermore, the variations in the
deposition interface in the additive manufacturing process by
multiple scans of the plasma spraying will be investigated in this
section.

In the columnar-like region, the diffusion of the atoms
condensed from the vapor to form clusters and the coalescence of
clusters are incomplete [346,366]. General rate equations to
describe the relationship between cluster density (Ny, m~3), diffu-
sion coefficient (Dyx, m?/s), deposition rate(F, kg/s or mol/s) and
nucleation rate (Up, m~> sec!) of thin-film deposition are used in
Egs. (59)—(61) by assuming that stable clusters have a similar
diffusion coefficient [367—369].

Dy=D, exp(—l%) (59)
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Dy\ iz E;
N T = () e (%)

where ; is the critical size of cluster and is set to 0.2 um; E;j is the
cluster bonding energy (0.84 eV [370]); kg is the Boltzmann con-
stant (1.38 x 1072 J/K), and R is the universal gas constant
(8.3145  mol ' K1)

To evaluate the saturation at the deposition interface, it is
described with the substrate temperature at a constant equilibrium
vapor pressure according to Eq. (62). Pe is the equilibrium vapor
pressure of the bulk deposition.

Au= RTsubln(p/pe) (62)
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Accordingly, the lattice and grain boundary diffusion in the YSZ,
LCO, and GZO systems as a function of the temperature are shown
in Fig. 27-a, according to Keneshes et al. (1971) [371], Park et al.
(1991) [372], Akash et al. (2000) [373], Swaroop et al. (2005) [374],
Nakagawa et al. (2005) [375],Ghosh et al. (2011) [376], Pelleg (2013)
[377], H. Shin et al. (2018) [378]. Diffusion of O is favored over
diffusion of Zr, Y, La, Ce, or Gd through lattice or grain-boundary
diffusion with increasing temperature. Therefore, the surface
diffusion within the formerly deposited coating or thin film was
significantly intensified at a high interface temperature or substrate
temperature during overlapped deposition processes, e.g., the PS-
PVD process. Model predictions indicated that rapid surface diffu-
sion can accelerate the rate of increase of this contact area and the
rate of densification and shrinkage [379], which means that it can
induce the migration, coalescence, and decay of the deposited
nanoclusters when the substrate temperature is greater than
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Table 5

Ceramic powder properties used in the calculation [258,259].
Parameters Value
Droplet surface tension of zirconia (N/m) 1.5
Viscosity of liquid zirconia (kg/m/s) 0.03692
Density of zirconia (kg/m?) 5980
Density of gadolinia (kg/m?) 7070
Melting point of zirconia (K) 2950
Melting point of gadolinia (K) 2693
Melting point of yttria (K) 2693
Standard enthalpy of formation of zirconia (J/kg) —8 906 677.6
Standard enthalpy of formation of yttria (J/kg) —8 438 040.8
Enthalpy of crystal phase transformation of zirconia (J/kg) 48 215.4
Enthalpy of crystal phase transformation of yttria (J/kg) 5743.8
Latent heat of melting of zirconia (J/kg) 706 284.8
Boiling point of zirconia (K) 4548
Boiling point of gadolinia (K) 4573
Liquid specific heat of zirconia (J/kg/K) 713
Latent heat of boiling of zirconia (J/kg) 9 000 000

1000 K throughout the process (Fig. 20).

The predicted maximum cluster density and nucleation rate are
shown in Fig. 27-b. These values gradually increase as the tem-
perature increases. Thus, maintaining an appropriate substrate
temperature for the PS-PVD method is an essential condition,
which then determines the movement speed between the plasma
plume and substrate. In our experience, if the substrate tempera-
ture is lower than 1000 K, obtaining an advanced quasi-columnar
thermal barrier coating in the experiment is difficult.

Mauer et al. (2018) indicated that the particle condensation
(m~3) and nucleation rates (m~> s~ 1) for PS-PVD manufactured YSZ
coatings at a spraying distance of 400 mm and operating pressure
of 100 Pa were in the range of 1 x 1019-' x 1020 m~> and
1 x 1015-! x 1023 m~3 s7, respectively (Table 6) [383]. These re-
sults were similar to those in this study under the same operating
conditions of the PS-PVD system.

To summarize (Fig. 28), during coating growth from 10 to
150 pm by multiple scan of the plasma spray, the impinging mass
flow rate (kg/s), and heat flux (W/m?) from the plasma jet to the
substrate in multiple scans of the plasma spraying process were all
constant. Firstly, randomly distributed stable nanoclusters were
rapidly formed on the metallic substrate in 2 s (e.g., Fig. 25-a, 25-i,
25-e). Furthermore, a thin film with a thickness of 10 um was ob-
tained on the substrate where local areas grew at a higher rate in
the vertical direction compared with the growth in the parallel
direction owing to the shadow effect of impinging particles.

Moreover, the solidification time of droplets was gradually
prolonged on the previously deposited ceramic layer [79], where
the supersaturation of molten YSZ, stable cluster density, and

Materials Today Physics 21 (2021) 100481

nucleation rate all increased with the increase in the temperature
at the deposition interface (Fig. 27). These areas shifted in favor of
island formation in the kinetics, and the interface roughness
increased simultaneously.

A mass of stable nano-sized clusters formed an island feature.
The island structures continued to grow as a quasi-columnar
feature at the cross-section of the coating. Hence, the volume of
the columnar structure at the cross-section of the coating increased
with increasing thickness of the coating (Fig. 28-e, 28-f, 28-g).
During the growth from a thin film to a thicker coating, the self-
shadowing effects of impinging particles always occurred where
the smaller particles had a higher tangential velocity that caused
the incident direction of the particles to deviate from the direction
perpendicular to the substrate. The previously deposited particles
blocked the later impinging particles at the incident direction,
which aided production of more porous branched structures at the
cross-section of the coating.

Simultaneously, the migration, coalescence, and decay of nano-
clusters in the formerly deposited coating were induced through
lattice and grain boundary diffusion on the substrate during the
overlapped deposition processes of the plasma spraying, where the
substrate temperature was above 1000 K throughout the entire
process.

Finally, a vapor and droplet co-deposited YSZ coating was ob-
tained using this method. A quasi-columnar structure at the cross-
section of the coating and multi-cauliflower-like protrusions on the
top surface of the coating were observed with a thickness of over
100 pm.

5.4. Effects of the experimental parameters on the formation of the
coating microstructure

Although the PS-PVD torch was operated at a higher input po-
wer than compared with current plasma spray torches (Table 1 and
Fig. 30), the feed rate of ceramic powder has to be significantly
lower to obtain advanced quasi-columnar coatings (Table 5).
Generally, the PS-PVD system should operate from 20 to 50 min,
depending on the required coating thickness. The PS-PVD coating
properties are sensitive to the parameters of the entire system,
including the torch power (kW), chamber pressure (Pa), plasma gas
species, carrier gas flow rate (SLPM), powder feed rate (g/min),
translation speed of the plasma jet relative to the substrate (m/s),
and spraying distance (mm). For example, when other operating
conditions were constant, as the spraying distance increased from
450 to 1400 mm, the microstructure of YSZ coatings evolved from a
dense lamellar structure, to a closely packed columnar structure, a
quasi-columnar structure, and finally a EB-PVD-like columnar
structure [14]. As the carrier gas flow rate increased from 5 to 13

Table 6

Clusters growth during physical vapor deposition in current plasma spray methods.
Parameters ALPS SPS G. Mauer. et al. for PS-PVD This Work
Particle feed rate (g min~') 6 0.47 cm3[s 7 4-8
Cluster Density (m~3) 1 x 108-1 x 10'? / 1 x 10"°—1 x 10%° 1 x 10'9-1 x 10%°
Nucleation rate (m—> s~1) 1 x 10'¥-1 x 10%! / 1 x 10"°-1 x 10?3 1 x 10""-1 x 10%
Growth Rate of coating (um/min) 20-30 5-15 10-30 10-30
Spraying Distance (mm) 250 40 400/1500 1000/1200/1500
Substrate Temperature in the axis (K) 600—1000 / 1250 1100
Output Power (kW) 26 45 110-140 125
Working Gases (SLPM) 9.8 Ny +4.2 Ar 40 Ar+8H, 35 Ar + 60 He 30 Ar + 60 He
Viscosity of plasma gases (kg m~! s~1) 2.85 x 107°-2.34 x 1074 342 x 107°-2.75 x 104 3.25 x 107°-2.73 x 1074 3.25 x 107°-2.73 x 1074
Particle diameter (pm) 1-30 0.060 1-30 1-30
Thickness of velocity boundary layer (mm) 0.1 0.1-2 6.8 2—-4
Thickness of thermal boundary layer (mm) 0.5 / / 1
Reference [79] [35,380,381] [382,383]
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Fig. 29. Schematic representation of the effects and interactions from PS-PVD system to the coating microstructures.

SLPM, the interspace of the quasi-columnar structure of the YSZ
coating at the top surface was enlarged [86]; as the powder feed
rate increased from 2 to 20 g/min, the advanced quasi-columnar
structure will transform into a dense layer structure where a
mass of droplets were deposited, just as the result by using a
conventional APS method.

As mentioned above, in such complex systems and super-long
distances of multi-phase flow (Fig. 29), we should focus on the
heat flux (W/mm?), mass flow rate (kg/s), vapor concentration (g/
mm?), apparent particle velocity (m/s) and particle temperature (K)
for droplets, freezing droplets, or re-solidification solid particles,
which dominate the mass transfer and heat transfer process in a PS-
PVD system. Furthermore, these will increase the substrate tem-
perature (K) and surface diffusion coefficient (cm?/s). The nucle-
ation rate (m~3s~!) and maximum cluster density (mm~>) were
simultaneously increased with an increase in the deposition
interface temperature (substrate temperature) during the additive
manufacturing process of the plasma spray. Hence, the deposition
rate (kg/s, mol/s), deposition flux (kg m~2 s~ 1), and growth rate
(um/min) were used to characterize the growth of the coating.

In addition, authors used the vaporization rate (kg m2 s ')
[241,384], vapor capacity (g/min) [334], vapor mass source (kg/s)
[253], vaporization efficiency (%) [385], or evaporated mass rate (g/
min) [386] to characterize the physical vapor process in the depo-
sition, which are physically similar quantities.

Fig. 30-a lists the importance of five experimental parameters in
the formation of coatings in the PS-PVD system. A comparison of
the input power and total gas flow rate of the ALPS torch, Sulzer F4-
VB torch, Praxair SG-100 Gun, Triplex Pro 210 Torch and the PS-PVD
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torch is shown in Fig. 30-b. A high-input-power plasma torch and
applicable spraying distance are important factors in obtaining an
advanced quasi-columnar ceramic coating. The mean free path is
the average distance that a particle can travel between two suc-
cessive collisions with other particles. The gas mean free path for
current low-pressure deposition methods at 300 K is given in
Fig. 30-c. In the CVD methods, vapor molecules can collide with the
substrate surface many times before adsorbing to the surface and
deposit on non-line of sight regions of complex components by
multiple reflections [387—389]. In these PVD methods, low depo-
sition pressures can prevent particle formation and ensure atom-
by-atom coating growth [390]. Vapor atoms flight in free path
without undergoing interparticle collisions during transport from
their source to the substrate at a low pressure [391—-393]. Hence,
mean free path between gas molecule collisions must be smaller
than the length of the substrate surfaces to ensure the vapor mol-
ecules to access these complex surfaces (e.g., double guide vanes).

6. Critical challenges and new directions

Although extensive research has been conducted, further in-
vestigations are still required to clarify the existing problems that
have not been fully understood. Potential topics that require further
study are listed as follows.

6.1. Advanced in-situ experimental measurement and numerical
theories

In plasma spray torches, it is evident that the plasma properties
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(particle densities, temperatures of electrons and heavy particles)
can differ in the plasma depending on the description of the elec-
tron transport [394,395]. Large regions are exist where kinetic
equilibrium between heavy-particles and electrons is not achieved,
not only near the electrodes [396], but also in the plasma jet region
with cold carrier gases (e.g., internal powder injection of the
plasma spraying). Thermal non-equilibrium in those regions is due
to the imbalance between transport and kinetic equilibration pro-
cesses [397]. The state-of-the-art in arc modelling would have to
include deviations from local thermal equilibrium and local
chemical (ionization) equilibrium in both the near-electrode re-
gions and the fringes of the arc [192,398]. To model the plasma
spraying more accurately, the local thermal equilibrium (LTE)
assumption needs to be abandoned in favor of a thermal non-
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equilibrium (NLTE) and a chemical non-equilibrium (NCE)
description in which the heavy-particles and electrons are assumed
to have separate Maxwellian distributions.

The interest in non-equilibrium effects in arc plasma has grown
during the last decade, experimental studies are still scarce.
Experimental measurements can provide visualized and directly
results, although the measurements should provide multiple
quantities during the plasma spraying. The connections among the
directly measured quantities are most readily understood by
comparing values that can be calculated from them. A significant
challenge of experimental measurement still exists inside the low-
pressure chamber, including the difference between electrons and
heavy particles of the plasma gas. The commercial systems that
based on the optical or probe method should develop a specific
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device that can operate inside the chamber, many works are still
necessary before a real online control can be developed.

Moreover, the effects of the electromagnetic field of the plasma
jet on the substrate are still unknown. The in-flight particles may be
charged under non-equilibrium conditions, and charging can
significantly affect the agglomeration of clusters, which also de-
serves more studies.

6.2. Preparation of powder feedstocks and new materials

In experiment, the characteristics of powder feedstocks are very
critical in the PS-PVD process to produce quasi-columnar struc-
tured ceramic coatings. The specifically designed nano-
agglomerated ceramic powders (e.g, Metco 6700-8YSZ,
d = 1-30 pm, d5g = 10 pm, Oerlikon Metco, Westbury, USA) is a
majority chose in PS-PVD processes to make sure that the powders
can reach to the hottest zone of the plasma plume as possible. The
nano-agglomerated ceramic powders usually produced using solid-
phase reaction through spray drying and heat treatment (sintering)
at high temperature to enhance the binding strength between the
primary particles. Typically, the production processes include
mixture slurry (deionized water, dispersant, or organic binder), ball
milling, spray dry, sintering, etc. The consistently spheroidal par-
ticle shape of the agglomerated and sintered materials provides
reliable flow and structural stability.

In fact, a quite low particle feed rate was employed in the PS-
PVD method, while the input power of plasma torch is higher
than conventional APS methods. The PS-PVD process meet chal-
lenges owing to the complex structure of blades and increased
working temperature. Attempts to use different types of ceramic
powder would be interesting and challenging. It is an urgent need
to develop new ceramic materials with better performance to
address the challenges facing industry production requirements.
Hence, effects in this project may be worth pursuing.

6.3. Paradox between the column density and corrosion/wear
resistance

Depending on the column density, the strain compliance of
coatings can be significantly improved. However, the pores in the
inter-space of columns are usually interconnected through the
whole coating, which allows easy penetration of a corrosive
gaseous or liquid material to the coating/substrate interface. The
adhesion and irregular growth of the corrosion products on the
coating is generated additional stresses and accelerate the coating
failure.

Solid particle erosion is another failure mode of TBCs when the
gas turbines operate in the sandy and ashy environments [399]. The
individual column will be cracked due to impact particles [400],
cracks can nucleate and propagate due to stress concentration
induced by subsequent impacts and easily propagate along neigh-
bouring columns [401]. Then, crack bands propagate conically to-
ward the coating and will promote delaminations of the coating
[402,403]. Typically, a dense microstructure of the coating gua-
rantees a better resistance to impacts from solid particle.

It is still a great challenge how to deposit a ceramic coating of a
high column density which can provide a metal substrate with
excellent corrosion resistance and excellent wear resistance. On the
other hand, the interface bonding dominates the coating physical
and mechanical properties because a variety of coating properties
are proportional to interface bonding strength. The dominant
bonding mechanism is related to process parameters and can
change with them. Failure of the PS-PVD manufactured TBCs after
corrosion and wear test should analyse to gain further insights,
which has not been well identified in detail.
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6.4. Potential applications in industry

The conventional PVD processes are mainly applied for thin
coating productions and can only cover surfaces which are in direct
line of sight to the coating source. Substrates with complex ge-
ometries are very difficult to coat homogeneously. Hence, the
drawbacks of conventional PVD processes compared to thermal
spray are high investment costs and low deposition rates.

The depositing position of PS-PVD processing is broadened and
more homogeneous so that the coating area is enlarged. This pro-
cess is capable to coat areas which are not in the line of sight of the
substrate and makes the coverage of substrates with complex ge-
ometries possible (e.g., multiple turbine air foils). It offers novel
opportunities for the application of thermal spray technology. This
process gives the possibility to deposit thin or thick coatings for
special applications through a plasma spray approach in low
pressure environment, and reduce of oxidation from the substrate.
It fills the gap between conventional plasma spray and EB-PVD, and
also opens new application fields in which neither plasma spraying
nor PVD processes.

Moreover, PS-PVD method significantly improved the working
environment of workers since the chamber effectively prevented
the potential risks due to gases, toxicity of powders, vapors and
dusts production, noise, radiation, high temperatures of the
different processes, and electrical equipment.

Therefore, it has a great potential in the domain of new energy
concepts in applications like Solid Oxide Fuel Cells, membranes,
photovoltaic cell, replacement of hard chromium, as well as orna-
mental applications with the adoption of new ways of producing
coatings by thermal spray. The applications of PS-PVD not only
limited to high-added value components in the aeronautic and
nuclear industry, but also a wide range of industrial requirement
became available.

7. Summary

The multi-phase flow characteristics in the PS-PVD process were
analyzed using a three-dimensional numerical simulations and
experiments. The formation of a quasi-columnar YSZ coating was
reviewed. The following conclusions can be drawn:

(1) PS-PVD coatings with unique microstructure can be depos-
ited. The cross-section exhibits a quasi-columnar structure,
and multiple cauliflower-like protrusions are present on the
top surface. The coatings have an excellent thermal cycling
lifetime compared to other methods, indicating their po-
tential for TBCs.

(2) The maximum velocity of the low-pressure plasma gas was
in the shock region and outside the torch nozzle, while the
maximum temperature of the low-pressure plasma gas was
inside the plasma torch and gradually decreased after ejec-
tion from the torch nozzle. At an input current of 2000 A
using 30 SLPM argon and 60 SLPM helium, the maximum
plasma gas temperatures at the torch nozzle under chamber
pressures of 50, 100, 200 and 1000 Pa are predicted to be
12850.7, 12849.3, 12823.7 and 12826.5 K, respectively. The
corresponding maximum plasma gas velocities in the
chamber pressure of 50, 100, 200 and 1000 Pa are 6519.4,
6508.6, 6474.8, 6294.2 m/s, respectively.

(3) The flight trajectories of particles in the chamber depended
on the particle diameters. Particles with diameters of 1-5 pm
flowed along the streamlines of the plasma jet to a maximum
distance of 2200 mm and remained close to the centerline.
Particles with diameters of 5—12 um exited the torch at a
large angle and departed from the centerline of the plasma
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jet. Particles with diameters of 25—30 um deviated from the
centerline of the plasma jet and impinged on the chamber
wall.

(4) The mechanism underlying of the self-shadowing of
impinging particles in repeated deposition passes was
examined. It was shown that smaller YSZ particles follow the
gs flow as it is diverted parallel to the substrate. Previously
deposited particles block the substrate impinging particles,
which helps to produce more porous branched structure in
the coating cross-section.

(5) The plasma jet shockwaves induced flash vaporization, and
the associated breakup of YSZ materials was classified.
Before, vaporization occurs, the YSZ powders are primarily
melted into liquid columns, the liquid is abruptly accelerated
by the perpendicular plasma gas flow, and the larger drops
breakup into smaller drops. The deposition units in the PS-
PVD process were concluded to be secondary breakup
droplets, re-solidified particles and particles from vapor
condensation.

(6) Kinetic surface diffusion, migration, coalescence and decay of
nano-clusters in the additive manufacturing of the coating
always occur when the substrate temperature is above
1000 K during the entire process. The surface diffusion co-
efficient, maximum cluster density, and nucleation rate all
increase with increasing temperature.

(7) In a PS-PVD system, torch power (kW), chamber pressure
(Pa), plasma gas species and carrier gas flow rate (SLPM),
powder feed rate (g/min), movement speed from the plasma
jet to the substrate (m/s), and spraying distance (mm) co-
control the quality of ceramic coatings. Among these condi-
tions, a high input power plasma torch and applicable
spraying distance have the dominant functions in obtaining
an advanced quasi-columnar ceramic coating.
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