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ABSTRACT

Fully crystalline, dense environmental barrier coatings (EBCs) are required to protect SiC-based ceramic matrix composites, which

are the advanced structural materials for hot-section components of gas turbines. Thermal spray technologies, which have been

widely used for depositing thermal barrier coatings, are also applied to deposit EBCs. Avoiding the segmental cracks is one of the

main challenges in depositing thermal sprayed EBCs. In this work, suspension plasma spraying (SPS) was used to deposit EBCs
on the SiC substrates. The combustion of an ethanol-based suspension can bring plasma additional enthalpy. As a result of that,
extremely high deposition temperatures (above 1200°C) could be achieved. At such high deposition temperatures, fully crystalline
crack-free Yb,Si, 0, coatings were successfully obtained. However, A relatively high amount of Yb,SiO5 phase was observed in the
as-sprayed coatings. The high amount of the Yb,SiO; phase was attributed to the high surface ratio of the particles formed during

the suspension plasma spray.

1 | Introduction

There is a continuous and intensive demand for better perfor-
mance, better fuel efficiency, and lower emissions of gas turbine
engines [1 2]. This requires higher service temperatures for the
hot-section components of gas turbine engines [3-6]. By using
thermal barrier coating (TBC)-coated superalloy components
along with the cooling technologies, inlet-gas temperatures that
are even higher than the melting point of the superalloys can
be achieved [3]. However, it is believed that the TBC-coated
superalloy components have already reached their limit in terms
of service temperature. With this background, SiC-based ceramic
matrix composites (CMCs) with higher service temperatures and
excellent high-temperature mechanical properties are regarded as
effective replacements for superalloys [7 8].

In a dry atmosphere, SiC-based CMCs present excellent oxidation
resistance due to the formation of a dense SiO, scale [9]. However,
in the presence of water vapor, which is one of the main products
of combustion, severe silica volatilization caused by water vapor
can lead to accelerated degradation of the CMC components
[10]. The recession rate of SiC can be several um/h which is
unacceptable for the applications in gas turbines [11]. The water
vapor corrosion can be effectively addressed by applying dense,
crack-free environmental barrier coatings (EBCs) on CMCs as a
volatilization barrier [3]. Several kinds of ceramic materials such
as mullite and barium-strontium-alumino-silicate (BSAS) have
been developed as early-generation EBCs. More recently, rare
earth silicates, for example, Yb,Si,O, (YbDS) with an even better
water vapor stability attracted a lot of interest as a candidate for
EBCs [12, 13].
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FIGURE 1 | SEM image on the cross-sectional microstructure of as-
sprayed SPS YbDS coatings with vertical cracks (a) and XRD pattern on
the as-sprayed SPS YbDS coating (b).

Until now, different thermal spraying technologies, such as
atmospheric plasma spraying (APS), Very low-pressure plasma
spraying (VLPPS), suspension plasma spraying (SPS) and high-
velocity oxy-fuel (HVOF) have been applied to deposit EBCs
[14-17]. Among them, SPS is a relatively new thermal spray tech-
nology using suspension instead of powder as a feedstock. It has a
high versatility in coating microstructures, namely coatings with
homogeneous microstructure, segmentation cracked microstruc-
ture and even columnar microstructure can be obtained [18-23].
By using sub-micro-sized feedstock, SPS splats normally have
diameters in the range of 0.5-3 pm [24]. As all the fine particles
can be well melted, the splats have a good attachment with
each other reducing the number of interlamellar cracks which
are often observed in typical APS microstructures [25]. This is
beneficial to reduce porosity, aiming for a dense microstructure.
As there are no interlamellar cracks to release thermal stress,
EBCs sprayed with SPS are prone to a higher stress level. These
SPS EBCs are more prone to form vertical cracks than other
thermal spray technologies. EBCs sprayed by the SPS typically
have a high amorphous content and vertical segmental cracks, as
shown in Figure 1. The amorphous phase is mainly formed by the
extremely quick solidification rate of the molten ceramic droplets
upon impacting the relatively cold substrate. The amorphous
phase typically has a large thermal expansion mismatch with
the crystalline phase and the SiC substrate [26]. Moreover, the
formed amorphous phase can transform into a crystalline phase
with a volume change at elevated temperatures. Both factors
can introduce a high-stress level, resulting in cracks and even
spallation at service [27]. Therefore, the amorphous phase is not
desired in EBCs. To obtain a fully crystalline coating, a high
deposition temperature above the glass transformation point is
necessary [28].

In addition to the amorphous phase issue, getting a dense and
air-tight coating is another challenge for thermal sprayed EBCs.

Interconnected pores and cracks can provide pathways for water
vapor intrusion. Especially the segmentation cracks, as marked in
Figure 1, are detrimental to the airtightness of the coating leading
to rapid degradation of the underlying substrates [29]. Based on
the model developed by Thouless et al., the tensile stresses in
the coating (0 oqng) are the driving forces for the segmental
cracks [30, 31]. Once the tensile stress exceeds a critical level
which is determined by the fracture toughness and thickness of
the coating, vertical cracks can be introduced into the coating.
The tensile stress which is composed of quenching stress and
thermal misfit stress can be roughly estimated with the following
equation:

Ucoating

E. (atypps — sic) (Tdep - TR)

1= Vypps

Eyppsybps (Tmelt - Tdep)

1= Vypps

@

where, Ey,ps is the elastic modulus of the YbDS (180 GPa)
[32]; ay,ps is the thermal expansion coefficient of YbDS (4.8
x 107%°C™Y) [32]; T,pei is the melting point of YbDS (1850°C);
Tq4.p is the deposition temperature of the coating; E. is the
elastic modulus of the coating; ag;- is the thermal expansion
coefficient of the SiC substrate (4.5 x 107°°C™1) [32]; T is the
room temperature (25°C); vy, ps is the Poisson’s ratio of YbDS
(0.25). It should be noticed that this equation usually gives
an overestimation of the stress level, as the stress relaxation
contributed by the plastic deformation, creep and defects such as
cracks and pores is not considered. However, it can shed light on
the ways how to decrease the tensile stress in the coating. The key
to avoid vertical cracks is to keep the tensile stress level below the
critical level. As the thermal misfit between the YbDS and the SiC
is very limited, the thermal misfit stress between the coating and
the substrate can be ignored in this case. The tensile stress level is
mainly dominated by thermal quenching stress. Specifically, it is
determined by the difference between the melting point of YbDS
and the deposition temperature. A higher deposition temperature
can help to reduce the tensile stress in the coating [33].

By using ethanol-based suspension, additional enthalpy can be
obtained by combusting ethanol. This gives SPS an advantage in
maintaining a higher deposition temperature than APS [34]. In
this work, EBCs were deposited with SPS. The microstructure and
phase composition of the coating were investigated. Compared
with EBCs obtained with other thermal spraying technologies, an
extremely high amount of Yb,SiO; (YbMS) was found in the as-
sprayed SPS EBCs. The formation mechanism of the YbMS phase
was discussed.

2 | Experiment
2.1 | Materials

YbDS suspension provided by Oerlikon Metco Inc. (Westbury,
New York, USA) was used. The suspension was diluted with
Ethanol to 5 wt.%. Afterward, the suspension was homogenized
on a roller bank for 24 h before using. The morphology of the
particles is presented in Figure 2. The particle size was measured
with a laser scattered light spectrometer (Horiba LA-950). The
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FIGURE 2 | SEM image of the YbDS particles in the as-received
commercial suspension.

particle analysis was based on Mie theory. The particles in the
suspension had irregular morphologies with a D5, size of about
0.8 um. The dynamic viscosity of the suspension was measured
with the Physica MCR 301 rheometer from Anton Paar GmbH.
The measured viscosity was 1.55 mPa-s at a shear rate of 10
s7!. Commercial a-SiC plates provided by Saint-Gobain GmbH
(Rodental, Germany) were used as substrate. The a-SiC plates
were wire cut into pieces with a size of about 20 X 20 X 6
mm?. Before spraying, the substrate surface was grit blasted with
Al,O; (F150). A final surface roughness of about 1.5 um (Ra) was
achieved.

2.2 | Plasma Spraying Conditions

The YbDS coatings were sprayed with an Axial III torch
(Northwest Mettech Corporation, Vancouver, Canada) which
was mounted on a six-axis robot. The spraying process is
schematically illustrated in Figure 3. The SiC substrate was
mounted on an Inconel sample holder. To increase the deposition
temperature, a short meander with a width of 70 mm and a
slow torch raster velocity of 200 mm/s was used. In addition,
an infrared pyrometer with a spectral range of 8-11.5 um was
used to monitor the deposition temperatures. Ten data points
were collected per second. The emissivity of the deposited coating
was assumed to be constant with a value of e= 1 [35]. In the
present study, € =1 was adopted as an approximate value to enable
consistent comparative temperature measurements during the
SPS process. Although the actual emissivity of the coating surface
may vary with temperature and surface condition, the measured
temperatures are mainly used for relative comparison among
different spraying conditions. Therefore, the overall trends and
conclusions of this work are not significantly affected. The
suspension was injected into the plasma flame with a suspension
feeding system developed by Forschungszentrum Jiilich GmbH
[36]. The schematic of the feeding system is illustrated in
Figure 3b. The suspension and ethanol tanks were connected
with a compressed air supply. By adjusting the air pressure, the
flow rate of the suspension can be obtained in the range of
40-125 g/min. To investigate the particle size distribution and
phase composition of the re-solidified particles, the molten YbDS
droplets were sprayed into a stainless-steel barrel. The bottom of
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FIGURE 3 | Schematic illustration of the suspension plasma spray-
ing deposition approach of the EBCs deposited at high deposition
temperature (a) and the schematic illustration of the suspension feeding
system developed by Forschungszentrum Jiilich GmbH (b)

the barrel was covered with wet cotton tissues. Once the molten
droplets impacted the wet tissue, they quickly solidified. Due to
the strong gas flow and high deposition temperature, the molten
particles could not be collected at the same spraying distance as
the coating process. To reduce the deposition temperature, the
spraying distance was increased to 500 mm, as listed in Table 1.
In addition, the torch velocity was increased to 1000 mm/s.
The meander width was increased to 500 mm. After spraying,
the cotton tissues were washed with distilled water to collect
the re-solidified particles. Afterward, the collected particles were
embedded and metallographically polished.

2.3 | Characterization

The phase composition of the as-sprayed coatings was inves-
tigated with a Bruker D4 Endeavor diffractometer using a Cu
Ka anode (operating voltage 40 kV, current 40 mA, step size
0.02°, step time 0.75 s). XRD diffraction peaks were deconvolved
using Rietveld Analysis (TOPAS Software, Brucker AXS GmbH,
Karlsruhe, Germany) for quantitative analysis. Metallographic
cross-sections of the coatings were also prepared to investigate the
microstructure of the coatings via Scanning Electron Microscope
(SEM, ULTRA 55, Carl Zeiss NTS GmbH, Oberkochen, Germany;
TM3000). The porosity of the coating was measured by image
analysis with the Image J software (Image J 1.53e, open source).
Five images of the as sprayed coating covering an area of 85 x 60
um? were used for image analysis. The particle size distribution
of the collected resolidified particles was also analyzed with
image analysis. To ensure enough particles were counted, SEM
images with a view area of 85 x 60 um?, including hundreds
of particles were analyzed. As the strong contrast between the
particles and the resin in the SEM image, the particles can be
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TABLE 1 | Detailed spraying parameters for the environmental barrier coatings and resolidified particles.
Input Spraying Plasma gas Feeding Raster speed

Sample power Current Coating distance composition rate of torch Preheating Coating

ID (kw) A) program (mm) (slpm) (g/min) (mm/s) cycles cycles

A 92.4 220 70 X 14 X 2 70 N,(183.8),H, (36.8) 123 200 3 2
Ar (24.5)

B 92.4 220 70 X 14 X 2 70 N,(183.8), H, (36.8) 90 200 3 5
Ar (24.5)

C 92.4 220 70 X 14 X 2 70 N,(183.8), H, (36.8) 65 200 3 30
Ar (24.5)

D 92.4 220 500 X 14 x 2 500 N,(183.8), H, (36.8) 123 1000 — —
Ar (24.5)

E 92.4 220 500 x 14 x 2 500 N,(183.8), H, (36.8) 90 1000 — —
Ar (24.5)

F 92.4 220 500 x 14 x 2 500 N,(183.8), H, (36.8) 65 1000 — —

Ar (24.5)

easily distinguished with image analysis [37]. To improve statistic
accuracy, any particles touching the edges of the image were
excluded from the analyses. The SEM images, which are two-
dimensional (2D), gave the size of particles intersecting with
a plane. Seldom, the plane could intersect the diameter of the
particles. Therefore, the particle size counted from the 2D images
usually gives an underestimation of the particle size. To estimate
the three-dimensional (3D) particle size distribution, a stereologi-
cal unfolding procedure called Schwartz-Saltykov (SS) technique
is used [38 39]. As the collected particles had the same spherical
geometry but different sizes, so-called polydispersal system, the
particle size distribution can be simplified as a superposition of
a number of monodispersed systems with given particle sizes. To
further simplify the stereological procedure, a log-normal particle
size distribution was assumed. The particle size was counted in
twenty sections ranging from 0.1 um to 10 um with a geometric
section scale. Each section of particle size was produced from the
random intersection of a plane with the particles. In addition,
the largest measured particle size was assumed to represent the
largest particle size in the sample. The particles in the largest
section could only be produced from the largest particles. Smaller
sections could be produced from small particles or any particles
larger than that particular section. Each section interval was 10791
times of the last section. The intersection probabilities of particles
in different particle sections are given in Ref. [38].

The 3D particle number of section i(Np;;i = 1,2,...20) can be
estimated with the following equation:

i-1
1
Nip; = 171 (NZDi - ij+1N3D(i—j)> @)

j=1

wherein N,;; was the counted 2D particle number of section i;
P;.; was the intersection probabilities of section j + 1.

Under the SEM view, the contrast difference among particles
indicates their difference in Si content. YbMS phase with a lower
Si content showed a bright contrast. It is also possible to get the
particle size distribution of the YbMS phase by carefully setting

the contrast threshold. The tricky thing was how to determine
the threshold of YbMS phase. According to the Delesse principle,
the volume fraction of a particular component in a 3D structure is
equal to the area fraction it occupies in a 2D section [40]. The area
ratio of YbMS phase to the total detected particle area should be
the same as the phase ratio measured with XRD. Therefore, the
threshold of YbMS phase was calibrated the XRD results.

3 | Results and Discussion

By varying suspension feeding rates, EBC samples A-C were
prepared. The main spraying parameters are listed in Table 1.
The typical profile of the measured deposition temperature is
presented in Figure 4. The fluctuation of the temperature was in
step with the movement of the torch. The samples were preheated
with plasma flame for three cycles. With preheating, the substrate
temperature was quickly increased above 800°C. Afterward,
the suspension was injected with a feeding rate of 90 g/min
into the plasma flame. With the injection of suspension, the
deposition temperature was further increased to above 1200°C.
Generally, the coating process can be divided into three phases:
preheating phase, coating phase, and cooling phase. Assuming
the output power of the torch was constant for each phase,
and the radiative power of the heated sample was limited, the
sample can be treated as heated by a thermostatic surrounding.
The heating rate was proportional to the difference between
the surrounding temperature and the sample temperature. The
surrounding temperature is equal to the equilibrium temperature
of the sample. The temperature of the sample as the function of
heating time could be estimated based on Newton’s heating law
as described in the Equation (3) [41].

T =T, - (T, -Tye™ ©)

where, T(t) is the temperature of the sample at time t; T, is the
equilibrium temperature of the sample; T, is the surrounding
temperature (25°C); a is a positive constant which can be obtained
by fitting the temperature line; e is the Euler’s number. By fitting
the temperature profile of the pre-heating and the coating phases
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FIGURE 4 | Deposition temperature profile of the samples by injecting

the equilibrium temperature of the samples at different phases
can be obtained, as marked by the dashed line in Figure 4. The
equilibrium temperature of the preheating (T, ) was 963 + 30°C;
while the equilibrium temperature of the coating phase (T,,) was
1347 + 109°C. By injecting suspension, the equilibrium tempera-
ture of the heated sample was increased by 384°C. The injected
suspension was an ethanol-based suspension. The combustion
of ethanol could introduce additional enthalpy which can help
to increase the output power of the torch leading to a higher
deposition temperature. In addition to this, the deposited molten
ceramic droplets with an extremely high temperature could also
bring additional heat transfer resulting in a higher deposition
temperature [42]. To clarify which was the dominant factor for
the increased deposition temperature, pure ethanol with a feeding
rate of 90 g/min was also injected. The temperature profile with
injecting ethanol is presented in Figure 4b. By fitting the line with
Equation (3), the estimated steady-state temperature (T;) of the
substrate was 1212 + 31°C. As only pure ethanol was injected, it is
expected that the increase in the steady-state temperature with a
value of 245°C was exclusively contributed by the combustion of
ethanol.

According to the Newton’s law of heating, the heating power
(P) is proportional to the difference between the equilibrium
temperature (T,) and surrounding temperature (T,) as described
in Equation (4) [43]:

P=kA(T,-T,) 4)

where, A is the surface area of the sample, k is the heat transfer
coefficiency (assumed independent of the sample temperature).
Assuming the kA value was the same for injecting ethanol
or suspension, it can easily get that the heating power was
proportional to the temperature difference T), — T,,. Based on this,
the contribution ratio of the total heating power from different
heating sources could be estimated, as indicated in Figure 4c.
The primary source of heating power was derived from the
plasma, contributing approximately 70.9%. Additional enthalpy,
resulting from the combustion of ethanol, accounted for about
18.9% of the total heating power. In addition, molten droplets
contributed 10.2% to the overall heating power. The combustion of

20 40 60 80 100
Heating time (s)

suspension (a) and ethanol (b); the estimated power contribution (c).

ethanol was the main reason for the further increased deposition
temperature.

Microstructures of the as-sprayed coatings with different sus-
pension feeding rates are presented in Figure 5. Images with
a higher magnification are also shown in the upper corner
to give a general view of the microstructure of the as-sprayed
coatings. The as-sprayed coatings A-C had a thickness of 100 um,
234 um, and 298 um, respectively. No segmentation cracks were
observed in all as-sprayed coatings. By increasing the deposition
temperature, segmentation cracks, which are often observed in
as-sprayed coatings were successfully avoided. With different
suspension feeding rates, the as-sprayed coating showed different
porosity levels. Sample A deposited with the highest suspension
feeding rate (123 g/min) showed the highest porosity level with
a value of 349 + 3.5%. A large number of pores with sizes
of several micrometers can be observed from the cross-section.
Some particles with irregular geometries were also observed. This
indicates that the particles were not well melted. By reducing
the feeding rate to 90 g/min, the porosity level of sample B was
decreased to 13.7 + 1.6%. Unmelted particles were not observed
from the cross-section, but the coating still showed a high porosity
level. With the lowest feeding rate (65 g/min), sample C showed
the lowest porosity value of 5.3 + 1.3% with a relatively dense
microstructure.

XRD patterns of the as-sprayed coatings and the raw powder are
presented in Figure 6. Compared with SPS coatings deposited at a
low deposition temperature, as shown in Figure 1, no amorphous
phase was found in all as-sprayed coatings. Fully crystalline EBCs
were successfully obtained. With a high deposition temperature,
the cooling rate of droplets was slowed, giving atoms more time
and mobility to organize into a more thermodynamically favor-
able crystalline phase [44]. Only the 5-Yb,Si,O, (YbDS) phase
(PDF number 01-082-0734) was detected in the raw powder. The
same YbDS phase was also found in all the as-sprayed coatings as
the main phase. In addition to the YbDS phase, the Yb,SiO; phase
(PDF number 00-040-0368) as the secondary phase was detected
in all the as-sprayed coatings. The Yb,SiO; (YbMS) phase has
characteristic peaks in the Bragg angle range of 13°-16° (marked
with a dashed circle in Figure 6). With a reduced feeding rate,
the intensity of the characteristic peaks significantly increased,
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FIGURE 5 | Microstructure of the as-sprayed coatings which were sprayed with different suspension feeding rates (a) 123 g/min, (b) 90 g/min and

65 g/min (c).
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FIGURE 6 | XRD patterns of the raw powder and the as-sprayed coatings with different feeding rates (a); phase composition of the as sprayed EBCs

deposited with SPS, VLPPS, APS and HVOF; * cited from Reference (b) [14].

indicating an increase in the amount of YbMS. Phase composition
of the as-sprayed coatings was obtained by quantitative phase
analysis. As shown in Figure 6b, samples A, B, and C contained
about 10, 23, and 29 wt.% of YbMS, respectively, with the balance
being YbDS Due to Si loss of the molten YbDS particles during the
spraying flight, YbMS phase is also observed in EBCs deposited by
APS, VLPPS, and HVOF [14 45]. Typically, the ratio of the YbMS
phase in APS EBCs is below 5%. However, the Yb,SiO; ratio in
the as-sprayed SPS EBCs was much higher than 10%. In the case
of a low feeding rate, for example, the Yb,SiO; ratio of sample
C could be as high as 29%, which was much higher than that of
the typical APS EBCs. However, regardless of the extremely high
Yb,SiOs content, no Yb,0; phase, which is the typical product
after a further loss of Si from Yb,SiO; was found in the as-
sprayed coatings. Compared with Yb,Si,O,, Yb,SiO; generally
exhibits a higher coefficient of thermal expansion (~6-8 X 1076
K1), which may result in a larger thermal expansion mismatch
between the coating and the SiC-based substrate. Consequently,
higher thermally induced stresses may develop during thermal
cycling, potentially affecting the long-term cyclic durability of
the coating system. On the other hand, previous studies have
shown that Yb,SiOs possesses superior water vapor corrosion
resistance compared with Yb,Si,O,. Therefore, it is difficult to

draw a simple conclusion regarding whether a higher amount of
Yb,SiOs is entirely beneficial or detrimental to the overall thermal
cycling lifetime of the coating, since both thermomechanical
compatibility and environmental durability must be considered
simultaneously.

To better show the distribution of the YbMS phase, more detailed
microstructures of the as sprayed coating are presented in
Figure 7. The coatings were mainly composed of two phases with
different contrast under SEM. EDS was carried out on the points
marked with numbers. The results showed that the relatively
brighter phase had a lower Si content, while the relatively darker
phase showed a higher Si content. This indicates that the brighter
phase was the YbMS phase. With a decrease in the suspension
feeding rate, the amount of the YbMS phase increased. Sample
C showed an extremely high amount of YbMS phase. These
observations are well consistent with the XRD results.

To investigate the formation mechanism of the exceptionally high
amount of YbMS phase in the SPS EBCs, resolidified particles
were collected with varying feeding rates, as detailed in Table 1.
When the molten droplets impacted on the wet tissues, the
cooling rate of the particles would be extremely high. The atoms
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FIGURE 7 | Cross-section microstructure of the coatings sprayed with different suspension feeding rates and corresponding energy dispersive

spectroscopy (EDS) at the points marked with numbers.

have insufficient time to reach the thermodynamic equilibrium.
It would be expected that the obtained solidified particles had
the same chemical composition and chemical distribution as the
molten droplets.

The cross-sectional microstructure of the resolidified particles
collected at different suspension feeding rates is presented in
Figure 8 (Samples D to F). Most of the particles showed a
round cross-section profile, which was a typical morphology
of the resolidified particles. This indicates that most of the
particles were well-melted during the coating process. All the
particles were well polished. However, some particles were pulled
out during the metallography preparation. The positions of the
missing particles are marked with red arrows in Figure 8. The
missing particles could lead to errors in the statistical results.
As the number of missing particles was limited compared with
the total counted particle number, it is assumed that the effect
of the missing particles was limited. To better show the details
of the particles, SEM images with higher magnification are
posted in the up-right corner. As the SEM images were obtained
with a backscattered electron detector, the contrast difference of
particles was mainly contributed by the chemical composition
difference, specifically the difference of the Si content. While
particles showed significant differences in contrast between
different ones, areas within the single particle showed the same
contrast. This indicates that the chemical composition within one
particle was quite homogeneous.

The counted particle numbers in each particle size section are
presented in Figure 9 (Samples D to F). As mentioned before,
the particle size measured from 2D images usually gives an
underestimation on the particle size. To get a more accurate
particle size distribution, a stereological unfolding procedure
Schwartz-Saltykov (SS) technique mentioned above was used.
The estimated 3D particle number in each section is presented

in Figure 9 (Samples D1 to F1). By knowing the particle number
in each section, the volume ratio of each particle section can
be calculated. The calculated results are listed in the Figure 9
(Samples D2 to F2). The resolidified powder samples D, E and
F were collected with a feeding rate of 65 g/min, 90 g/min and
123 g/min. Samples D, E and F had a volumetric Ds, size of
4.6 um, 4.0 um and 3.1 pm, respectively. With the reduction of
the suspension feeding rate, the Dy, size of the collected powder
was reduced, gradually. The atomizing flow rate was fixed at 15
SLPM. With a reduction of the suspension feeding rate, the gas-
suspension ratio was increased. This facilitated the atomization of
the suspension, leading to smaller droplets and ceramic particles
[46, 47].

As discussed before, the contrast of the particle indicates the Si
difference. Particles with a lower Si content showed a brighter
contrast. It was assumed below a certain threshold, the particles
were YbMS phase. The threshold was calibrated with XRD results
to make sure that the area ratio of the YbMS particles to the total
particle area was consistent with the YbMS phase ratio which was
measured with XRD. The particle size distribution of the YbMS
phase is presented in Figure 9 (Samples D2 to F2). The YbMS
particles showed a smaller particle size compared with YbDS
particles. No YbMS particles with a size larger than 5 um were
found. In addition, the particle size section with a small size had
a higher ratio of YbMS phase. This indicates that smaller particles
were more easily lost SiO, forming the YbMS phase during the
coating process.

SiO, loss of YbDS is often observed in the thermal sprayed EBCs,
as the volatilization of the SiO, [27]. The process is described
by Equation (5). In addition, water vapor could be introduced
into the plasma flame by the burning of Ethanol. It would be
expected that the introduced water vapor might react with the
YbDS producing gaseous Si-containing products, as described in
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FIGURE 8 | SEM images of the resolidified particles collected at different suspension feeding rates: D (123 g/min), E (90 g/min), and F (65 g/min);
Monochrome images of the resolidified particles collected at different suspension feeding rates: D1 (123 g/min), E1 (90 g/min), and F1 (65 g/min);

Monochrome images of the estimated YbMS phase collected at different suspension feeding rates: D2 (123 g/min), E2 (90 g/min), and F2 (65 g/min).

Equation (6) [48]. This reaction would further deplet SiO, from
YbDS leading to the formation of YbMS in the particle. SiO,
volatilization and water vapor corrosion might both contribute to
the depletion of SiO, in molten particles. However, further study
is needed to clarify which was the dominant reason for the Si
depletion of SPS particles.

Yb,Si,0, > Yb,SiOs + SiO, (g) (5)

Yb,Si,0,; + H,0(g) = Yb,SiOs + Si(OH), (g) 6)

Both volatilization and water vapor corrosion are temperature
dependent processes, the reaction rate coefficients of both follow
an Arrhenius behavior [49]. In other words, higher particle tem-
perature could accelerate Si depletion leading to a higher YbMS
ratio within a certain particle flight time in the plasma flame.
Assuming the particles had a uniform temperature distribution,
the heating up rate of the particles can be estimated with the
following Equation (7) [50]:

ar, 6Q 1

DT @)
wd,” 0,C s P

where, Q is the instant heat transfer from plasma to the particle;

d, is the particle size; p, is the particle density; C,; is the

specific heat capacity of the particle. As the instant heat transfer

was proportional to the square of the particle size, it can be

calculated that the heating-up rate of the particle was inversely
proportional to the particle size. This means that smaller particles
could reach a higher temperature with the same flight time as
larger particles. In addition to the higher particle temperature,
a smaller particle had a higher specific surface area (SSA), as
seen in Equation (8). A higher SSA could also accelerate the
SiO, depletion of the particles during the flight. In summary,
the smaller particles had a higher particle temperature and a
higher SSA. Both factors contributed to the high ratio of YbMS for
smaller particles. Compared with VLPPS, APS, and HVOF, which
have particle sizes of tens of micrometers, the particle size of SPS
was only several micrometers. The extremely small particle size
of the SPS might be the reason for the extremely high YbMS phase
ratio of the SPS EBCs.

1
A —
SSA x a, 8)

To better show the formation process of the YbMS phase in SPS
EBCs, the heating history of the particles in SPS is described in
Figure 10. After being injected into the plasma flame, the suspen-
sion was first atomized into small liquid droplets. Afterward, the
ethanol was quickly combusted, introducing additional enthalpy
and water vapor into the flame. Consequently, the remaining
ceramic particles were heated and accelerated by the plasma
flame toward the substrate. Both volatilization and water vapor
corrosion might contribute to the SiO, depletion of the YbDS
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FIGURE 10 | Tllustration on the possible particle-surrounding interactions during the suspension plasma spraying.

particles. The smaller particles more easily lost SiO, forming
YbMS phase. Finally, the molten droplets impact the substrate
and solidify to form the coating. Due to the flattening of the
droplets, a YbMS/ YbDS lamellar structure was obtained.

4 | Conclusion

EBCs were deposited with SPS. To avoid amorphous phase and
segmentation cracks which are typically found in thermal sprayed
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EBCs extremely high deposition temperatures were utilized in
this work. The main conclusions are as follows:

1. Fully crystalline, segmentation crack-free YbDS EBCs were
successfully obtained by suspension plasma spraying at
extremely high deposition temperatures.

2. The suspension feeding rate could significantly affect the
porosity level and phase composition of the as-sprayed EBCs.
With a reduction of the suspension feeding rate, the porosity
level of the coating can be reduced. However, a higher ratio
of YbMS phase was found at the same time.

3. Both volatilization of SiO, and water vapor corrosion might
have contributed to the SiO, depletion leading to the forma-
tion of the YbMS phase. As the smaller particles had higher
particle temperature and higher specific surface area, which
accelerated the SiO, depletion, the smaller particles had a
higher YbMS ratio.
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