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Abstract: The thermal barrier coatings (TBCs) are prepared using spraying technique of 8YSZ particles. In this process, H, is often

added to the plasma torch discharge system. In order to study the effect of H, content on plasma discharge, this study emplyed particle
velocity capture diagnostics, optical emission spectroscopy, and finite element simulation to validate the relationship between H, content
and coating quality. The results indicate that adding H, increases the temperature and velocity of plasma, which in turn improves the
efficiency and in-flight velocity of molten 8YSZ particles. However, when the H,/(Ar+H,) is increased to 50%, the instability of arc root
disturbs the arc plasma discharge, posing a challenge to maintaining the physical state of the in-flight particles. With an increase in H,
flow rate, the coating quality shows a trend of first increasing and then decreasing, with the optimal flow rate ratio being H,/(Ar+H,)=
37.5%. The findings of this work can serve as a theoretical guidance and reference for the preparation of TBCs via plasma.

Key words: in-flight particles; 8YSZ coatings; plasma torch; H, plasma

1 Introduction

The service environment of hot-end components is getting
harsher as the front temperature of aero-engine turbine rises.
The base metal temperature reaches 1000 °C or higher,
surpassing the service limit of nickel-based superalloys due to
high-temperature oxidation and gas flow erosion*. Thermal
barrier coatings (TBCs), which can offer thermal insulation as
well as oxidation and corrosion resistance, are indispensable
for protecting substrate materials, thereby enabling hot-end

5[34] .

components to operate at elevated

Physicochemical properties, such as high refractoriness,

temperature

chemical inertness, phase stability, low thermal conductivity,
low density, and high thermal reflectivity, are essential for
TBCs" . Due to its low thermal conductivity (}<2.5 W-m™-K™),
high fracture toughness (I" =210 J/m’), and well-matched
coefficient of thermal expansion (o=10.8x10° K, o, . . =16%
10° K'), 8mol% yttria-partially stabilized zirconia (8YSZ)
exhibits excellent compatibility with the alloy matrix" ',

The most popular material for TBCs nowadays is 8YSZ.

And one of the most crucial techniques for producing high-
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quality TBCs is plasma spraying. The main component of the
plasma generator is a plasma torch, which produces a hot
plasma that melts or semi-melts the sprayed material*'*. The
molten droplets are sprayed quickly onto the surface of the
pre-treated substrate, in which they are cooled and cured to
form TBCs™. Over recent years, significant advancements
have been achieved in spraying techniques and the
performance of 8YSZ-based TBCs fabricated by plasma
spraying. In order to form TBCs, Shi et al"” exposed 8YSZ
with varying size characteristics to atmospheric plasma
spraying (APS). Results showed that the ceramic coatings
made of nanostructured 8YSZ show reduced brittle fracture,
low thermal diffusivity, and low conductivity. The effect of
particle flight behavior on the microstructure and fracture
toughness was studied by Xiao et al'”. TBCs exhibit a denser
microstructure, fewer structural defects, and superior fracture
toughness when the in-flight temperature and velocity of

1" used

8YSZ are increased during plasma spraying. Xie et a
low-pressure suspension plasma spraying to investigate the
deposition mechanisms of coatings under inert and oxidizing

atmospheres, and successfully fabricated high-density
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nanostructured 8YSZ coatings via this strategy. Incorporating
various oxides into 8YSZ can effectively suppress coating
peeling and increase the thermal cycle life of plasma-sprayed
TBCs!" !,

The service life of TBCs is directly influenced by the
heating level of the plasma torch on 8YSZ, which is a crucial
component of plasma spraying technique. As the primary
working gas of the plasma torch, argon (Ar) is a monoatomic
noble gas with a low arc voltage, which is easier to discharge
from a plasma torch than other gases and does not react with
the deposited coatings™. Owing to its high enthalpy, adding a
small amount of hydrogen (H,) to argon can effectively
increase the plasma temperature, elongate the flame length,
prolong the residence time of 8YSZ particles, and promote
more thorough melting of the feedstock™ **. Nevertheless, H,
is currently employed as a reducing gas, which impacts flame
flow state, in-flight particle, and plasma arc stability,
ultimately leading to coating failure. In this study, the particle
flight behavior was investigated by adjusting the H, content
during APS, combined with finite element simulation of the
plasma-powder heating process using ANSYS Fluent. The
influence of H, content on plasma discharge characteristics
and the quality of as-sprayed 8YSZ coatings was studied.

2 Experiment

Fig. 1 illustrates the preparation process of 8YSZ coatings
using a physical diagnostic system. The apparatus used in this
experiment was the SG-100 plasma torch (Praxair S. T. USA),
which can generate a stable, controllable, and high-
temperature with high-velocity compressed plasma arc™'. The
plasma torch was used for arc plasma discharge. The substrate
material used in this experiment was stainless steel 316L. The
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Fig.1 Schematic diagram of preparation process of 8YSZ coatings by

plasma spraying

discharge power of plasma torch was 50 kW. The working gas
flow rate was set to 40 L/min, with a powder feeding rate of
2 g/min. By increasing the H, content in the working gas, the
effect of H, plasma on the sprayed 8YSZ was studied. Table 1
displays the flow rate ratio of discharge gas, with H,/(Ar+H,)
rising from 0% to 50%. The surface morphology and cross-
sectional microstructure of the coatings were characterized
using scanning electron microscope (SEM, ZEISS Sigma
300). The phase composition of the 8YSZ coatings was
analyzed by X-ray diffractometer (XRD, Bruker D8 Advance).

Using the commercial computational fluid dynamics
program ANSYS Fluent, a visual finite element simulation of
plasma heating process of powder flow was conducted. The
net energy (Q,) of the in-flight 8YSZ particles is determined
by the difference between the heat absorbed from the plasma
by conduction and convection (Q,) and the heat dissipated
from particle surface to the surroundings by radiation (Q,,,),

as follows"™* "
Qn = ch - Qprad (1)
0. =4h(T.~T,) &)
Qprad = "4‘81)0-sb(]1:cl N T;) (3)

where A4 is surface area of particle; 7, is plasma temperature;
T, is particle temperature; o, is Boltzmann constant; &, is
emissivity; £, is heat transfer coefficient.

Optical emission spectroscope (OES, AvaSpec) was used to
analyze the effect of H, content variations on the discharge
performance of plasma. The principle is that when atoms in
the plasma are excited to a high energy level and then jump
back to a lower energy level, they emit light with particular
wavelength. By tracking the intensity and wavelength of the
spectral lines, the composition and content of the plasma can
be determined®™. Based on the principles of infrared
thermometry and double-slit photodiagnostics, the diagnostic
apparatus DPV-EVOLUTION (DPV-2000) was employed to
measure the temperature, velocity, and size of in-flight 8YSZ
particles, which revealed the energy evolution behavior of
particles under plasma action™.

3 Results and Discussion

3.1 Microstructure and porosity

Fig.2 displays SEM images of original powder and coatings
1—5. The original powder is almost spherical in shape, as
depicted in Fig. 2a, with the majority of the particle sizes
falling between 30 and 50 um. The surface of coating 1
exhibits spherical-like morphology, which is probably 8YSZ

Table 1 H,/(Ar+H,) flow rate ratios

Flow rate of Flow rate of

Coating Ar/L-min" HZ/L-mirf1 H(Ar+H,)
1 40 0 0%
2 35 5 12.5%
3 30 10 25.0%
4 25 15 37.5%
5 20 20 50.0%
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Fig.2 SEM images of the 8YSZ original powder (a) and different coatings (b—f): (b) coating 1, (c) coating 2, (d) coating 3, (e) coating 4, and

(f) coating 5

particles that have not yet fully dissolved. Too many
undissolved particles will cause excessively high porosity of
the coating. Fig. 3 shows the cross-sectional porosity of
different 8YSZ coatings. The cross-sectional porosity of
coating 1 is 15.177%. Compared with coating 1, coating 2
shows smaller particle diameter. This suggests that addition of
H, increases plasma temperature, which in turn heats the
powder particles as they impact the substrate surface, thereby
forming a denser coating. Additionally, the porosity of coating
2 decreases to 6.719%. In coating 3 and coating 4, the content
of H, in working gas increases, resulting in less undissolved
particles. The porosity of coating 3 and coating 4 is 5.084%
and 3.411%, respectively. In addition, it can be seen that the
surface of coating 4 is flatter than that of coating 3, and the
corrosion resistance of coating 4 may be attributed to
enhanced flatness and reduced porosity. In contrast, the
coating surface shows more undissolved particles in coating 5
when H, content of working gas increases to 50.0%. This
results in a significant increase in surface roughness, and the
porosity rises to 8.392%. This may be related to high

16
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Fig.3 Cross-sectional porosity of different 8YSZ coatings

proportion of H,-doped discharge, which causes discharge
instability.

XRD patterns of original 8YSZ powders and coatings 1-5
are shown in Fig.4. The coatings 1-5 at the sprayed state are
primarily composed of t phase (ZrO,, non-equilibrium
tetragonal phase). The overall m phase is reduced, indicating
the better melting degree of the 8YSZ powders. In contrast,
the 8YSZ powders are primarily composed of t phase with a
small amount of m phase. The overall m phase content of the
sprayed coating is lower than that of the 8YSZ powder,
suggesting the higher melting point of the coatings 1 — 5.
Nevertheless, XRD patterns of coatings 1, 2, and 5 show m
phase peaks in the 26 range of 25° — 29.5°, suggesting
incomplete melting of the powder, which is also consistent
with Fig. 2. During plasma spraying, the molten ceramic
droplets undergo rapid cooling and solidification, yielding a
non-equilibrium 8YSZ structure mainly composed of the non-
transformable tetragonal phase (t') with a high Y,O, content.
The as-sprayed coating is predominantly composed of the t'
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Fig.4 XRD patterns of 8YSZ original powder and coatings 1-5
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phase, whereas a small amount of monoclinic m phase
remains in the partially melted ceramic regions.
3.2 Finite element simulation

The finite element simulation of the reaction process of
coatings 1-5 is shown in Fig.5, which illustrates that adding
H, to the plasma working gas progressively elevates the
plasma temperature and flow velocity, thereby promoting the
melting of high-melting-point 8YSZ for TBCs fabrication. H,
shows the highest thermal conductivity and enthalpy. At
standard atmospheric pressure and 15 000 K, the enthalpy of
H, is 1.26x10° J/kg, while the enthalpy of Ar is 3.53x107 J/kg.
At this temperature, the former is nearly 36 times greater than
the latter. The H,-rich hot plasma will significantly improve
the thermal conductivity of arc, convective heat transfer
between the gas and the arc, and the arc energy by increasing
the H, content in the gas mixture®™. The elongation of the jet
length and the sharp increase in the plasma jet temperature
and flow velocity at the nozzle demonstrate that, even with the
plasma torch nozzle size remaining constant, the arc energy is
significantly increased, and the collision between atoms and
ions becomes more intense.

However, the plasma temperature and flow velocity
decreases when the H,/(Ar+H,) ratio is 50%. This is because
the excessively high H, flow rate leads to a significant
expansion of the flow field from the nozzle mouth to the jet
tail, generating numerous eddies in the tail plume region of
the plasma torch. These eddies make the plasma torch flame
highly unstable in the tail plume region. And the heat escapes
into the air due to these eddies, leading to systematic energy

loss and low efficiency.

By altering the plasma temperature and flow velocity, the
variation in the H, content also has an indirect impact on the
temperature evolution of 8YSZ particles during flight. 8YSZ
particles are normally melted at temperatures between
approximately 2873.15 and 2973.15 K. Fig. 6 presents the
finite element simulation results of 300 in-flight particles in
the plasma, showing the spatial and quantitative distributions
of particle temperature. Fig. 6a shows the heating history of
powder for coatings 1—5. It is clear that the particles barely
reach their melting point in the absence of H,. This is
consistent with the result of coating 1 in Fig. 6b, where the
semi-molten particles increase the roughness of coatings.
Particularly, it is evident that the particle temperature of
coating 4 nearly reaches the melting point (Fig. 6b), and
particle temperatures in coatings 2 —4 show a successive
increase. Semi-molten and fully molten particles can facilitate
the preparation of coatings with high bonding strength,
excellent flatness, and low porosity. The plasma discharge in
coating 5 results in a decrease in particle temperature.

In order to study the interaction between 8YSZ particles
and the plasma, OES was used to detect the plasma
luminescence spectrum between 300 and 1000 nm, as shown
in Fig. 7. The amount of powder evaporation can be
represented visually by the intensity of the spectral emission.
The measured data include Ar (690—900 nm), H, (656.3 nm),
and 8YSZ (300-500 nm).

To characterize the sprayed plasma, which governs the
reaction processes between electron and particle within it, the
electron excitation temperature must be calculated from OES
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Fig.5 Finite element simulation results of coatings 1-5: (a) plasma temperature; (b) flow velocity
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Fig.7 OES diagram of plasma flame flow of coatings 1-5

measurements. The Boltzmann slope method can be used to
define the
plasma”'~?. The specific calculation is as follows:

LiAi _ _ E
ln(gkAki) InK kT, 4)

where [, is spectral line radiation intensity; 4,, is wavelength;
g, 1s statistical mass; A4,; is leaping chance; E, is excitation

electronic excitation temperature (7)) of

energy; k, is Boltzmann constant; K is constant.

Table 2 displays Ar I spectral lines and transition
parameters selected for calculating 7,. All spectral data were
acquired from National Institute of Standards and
Technology.

The observed luminescence spectra of coatings 1—35 are
displayed in Fig.7, and the Boltzmann fitting plots of a subset
of the Ar I spectral lines from Fig. 7 are shown in Fig. 8.
Compared with other coatings, the Ar I spectral line of coating 1
has a lower height, where H, is absent. Additionally, the
spectral database shows that the 8YSZ powder has partially
evaporated, as indicated by the spectral line appearing at
300 — 500 nm, and the fitting Boltzmann slope gives an
electronic excitation temperature of 8351.06 K. When a tiny
amount of H, is added (coating 2), a noticeable H, (656.3 nm)
appears, and the electronic excitation temperature rises to
9450.91 K. In contrast to coating 1, the 8YSZ spectral line of
coating 2 shows no notable enhancement, due to the small H,
addition that cannot sufficiently heat the powder. The Ar, H,,

Table 2 Ar I spectral lines and transition parameters selected for

calculating T,

A/nm gA/x10"s™! EleV
418.19 1.68 14.69
426.63 1.56 14.53
545.17 2.35 15.1
557.24 4.62 15.32
696.54 1.92 13.33
738.40 425 13.30
750.39 4.50 13.48
751.46 4.00 13.27
763.51 12.20 13.17
810.37 7.50 13.15

and 8YSZ spectral lines of coatings 3 and 4 show a significant
gradient increase with the increase in H, content, suggesting
that H, significantly increases the energy of arc, convective
heat transfer between the gas and the arc, and the thermal
conductivity of arc. The electron excitation temperatures of
coatings 3 and 4 reach 10 187.03 and 11 311.21 K, respectively.
The substantial increase in arc energy is demonstrated by the
increase in both jet length and temperature when nozzle
remains constant in size. The high-temperature jet molecules
collide with the powder particles as the 8YSZ powder passes
through the plasma jet. This drastically alters the particle
motion and heat transfer properties through the transfer of jet
mass, momentum, and energy. Finally, coating 5 shows a
spectral decrease as H, content increases further, and the
electronic excitation temperature drops to 9611.14 K, which is
consistent with coating 2 and matches the finite element
simulation results in Fig.5.

When the DPV-2000 probe was positioned 10 cm away
from the plasma torch exit, the instrument automatically
recorded the particle flight velocity. The particle flight
velocity distribution of coatings 1 -5 is displayed in Fig.9,
with the average flight velocities of 130, 102, 142, 158, and
117 m/s, respectively. The flight velocity distribution of Ar
discharge particles alone is shown in the result of coating 1,
and it is evident that fewer particles are captured, and the
velocity distribution is not uniform. This is mainly attributed
to the low temperature and velocity of the plasma jet, the
failure to accelerate particles to the monitoring position, and
the non-uniform heating of the particles. The uneven velocity
distribution results in numerous irregular velocity profiles and
relatively few smooth distributions. This gives rise to a non-
centralized velocity distribution, which leads to a large
number of rough surface features and only a small number of
smooth surface regions, as illustrated in Fig.2b.

The particle flight velocity distributions in coatings 2 —4
exhibit a concentrated trend, and the average velocity
increases steadily with the increase in H, content. This
phenomenon is attributed to the increased H, content in the
working gas, which can effectively increase the temperature
and flow velocity of the plasma. The high-energy plasma can
more effectively transmit energy to the particles through
momentum transfer process and thermal conduction, which
eventually helps to optimize the particle motion velocity.

Interestingly, the average particle velocity of coating 1 is
higher than that of coating 2. This is because fewer particles
of coating 1 can reach the monitoring region, resulting in a
significantly lower particle collision frequency than that of
coating 2. Moreover, the higher plasma energy transfer
efficiency of coating 2 increases the initial kinetic energy of
the particles, thereby promoting particle collisions. As a result,
part of the kinetic energy is dissipated as heat, leading to a
lower average velocity of coating 2.

Furthermore, compared to coating 4, more unmelted
particles in coating 3 are observed. This is attributed to the
higher plasma heating intensity of particles in coating 4
caused by further increased H, content. As more particles are
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Fig.8 Boltzmann fitting plots of plasma electron excitation temperature of different coatings: (a) coating 1, (b) coating 2, (c) coating 3, (d) coating 4,

and (e) coating 5
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Fig.9 Flight velocity distribution of 8YSZ particles of coatings 1-5

evaporated upon reaching their evaporation point, the total
number of detectable particles is decreased. As seen in Fig.5,
unstable plasma discharge occurs in coating 5 when the H,
content is further increased. The disordered discharge process
directly leads to a simultaneous decrease in both plasma
temperature and flow velocity. The energy transferred from
the plasma to the particles is significantly reduced, which
ultimately manifested as a noticeable decrease in particle
velocity. Therefore, the ideal flow rate ratio of the plasma
torch working gas for creating high-quality 8YSZ coatings is
H,/(Ar+H,)=37.5%.

4 Conclusions

1) Although increasing the H, content in the plasma torch
working gas accelerates the melting of 8YSZ particles,
improves the coating flatness, and reduces the porosity of

coatings, an excessively high H, content of 50% actually
deteriorates quality of the 8YSZ coating.

2) Using particle velocity capture diagnostics, OES, and
finite element simulation, it was found that the increase in H,
content can simultaneously improve plasma velocity and
temperature, which in turn increases the efficiency and flight
velocity of the molten 8YSZ particles. However, increasing H,
content to 50% causes instability in the plasma arc, making it
challenging to maintain physical state of the in-flight parti-
cles. Therefore, the ideal flow rate ratio of the plasma
torch working gas for creating high-quality 8YSZ coatings is
H,/(Ar+H,)=37.5%.
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FasE MERZ I HL IS B ORISR OREF AT RLF I BLIRES AR A5 B Bh i e . BEE H I A, IRE PR 2 I B TR
&, AR LN H/(Ar+H,)=37.5%. %0045 5 0] DU S B 44 ) % TBCs f it Bl i 5.
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