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Abstract A particular YSZ feedstock for very low-pres-
sure plasma spraying (VLPPS) has been designed which
can be automatically divided into less than 5 um YSZ
molten particles in the long plasma jet. Fully molten par-
ticles were deposited on the substrate at different deposi-
tion distances of 250, 350 and 450 mm, respectively. The
deposition behavior of less than 5 um YSZ molten particles
were studied aiming to obtain a thin gastight YSZ coating.
The flattening ratio of particles at different deposition
distances and the gas permeability of YSZ coating prepared
by VLPPS were investigated. The results revealed that the
thickness of flattened particles was about 0.10-0.35 pm and
the flattening ratio of molten particles was about 4.7. The
flattened particles were bonded well with substrates and the
width of vertical cracks appeared in flattened particles was
0.01-0.02 um. The gas permeability of coatings prepared at
350 mm was 1.5x 107 cm* (ngl s L

Keywords gastight - splat - very low-pressure plasma
spray (VLPPS) - YSZ coating

Introduction

Plasma spraying is a thermal spray process in which molten
particles are propelled through a flow of plasma jet to be
deposited on a substrate (Ref 1-4). The stacking of indi-
vidual flattened particles on the substrate develops a
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coating which tremendously improves service properties of
parent materials such as increased corrosion resistance,
high temperature working ability or special functions. This
technology is well known due to its economic and highly
efficient properties (Ref 5-7). Thus, plasma spraying is
widely used in many industries such as gas turbines,
petrochemical industry and solid oxide fuel cell (SOFC)
(Ref 2, 3, 5, 7-9).

In this modern era needs energy without any kind of
pollution. In this purposes SOFC serves efficient source of
energy which offers numerous advantages like, availability
of fuel, flexibility of fuel, low pollution, clean energy,
longer service life, more efficiency (Ref 10-17). However,
the commercialization of SOFCs is prevented due to the
high operating temperatures (>800 °C) which leads to the
issues of long-term degradation and instability (Ref
4, 11, 18). SOFC requires higher operating temperatures
therein because the conductivity of the electrolyte material
decreases at low temperatures. Generally, the ohmic
resistance of SOFC is caused by electrolyte layer (Ref
10, 19, 20). Therefore, it is important to prepare a thin and
gastight electrolyte layer to reduce the ohmic losses when
operating at lower temperature. Post sintering and densi-
fication processes are commonly used to obtain a thin
gastight ceramic coating prepared by plasma spraying (Ref
21). However, these processes have a negative effect on the
electrolyte interface. It is necessary to develop a new
method that can be directly used to prepare thin gastight
ceramic coatings by plasma spraying.

In general, the microstructure of ceramic coatings pre-
pared by plasma spraying includes many voids, cracks, and
crack-free interfaces, which are the reasons for many open
interconnect holes in their interiors (Ref 2, 3, 22, 23). It’s
difficult to guarantee gas tightness when the thickness of
the coating is less than 250 um, (Ref 24). High-velocity
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oxy-fuel spraying (HVOF) is also used to prepare ceramic
coatings (Ref 25, 26). However, defects in the coatings
prepared by HVOF are like those in APS. It has been
reported that when the diameter of the feedstock powder is
reduced from 45 pm to less than 10 pum, thin gas tight
ceramic coatings can be prepared by plasma spraying (Ref
5,9, 24, 27). However; when the powder is less than 10 pm
in diameter, feeding it into the center of the plasma jet is
still a challenge (Ref 24).

VLPPS is a new technology that developed in recent
years, that combines the high deposition efficiency of
atmospheric plasma spraying (APS) (Ref 3, 28) and the
high strain tolerance of electron beam-physical vapor
deposition (EB-PVD) (Ref 29-31). The difference between
VLPPS and conventional plasma spraying is that the
working pressure of VLPPS is as low as 100 Pa. In this
situation, the plasma jet is expanded, and powders, which
are designed such as Metco 6700 agglomerated YSZ
powders, can be heated to be vaporized in the long plasma
jet (Ref 32). Therefore, specific feedstock can be designed
to achieve the deposition of small size particles, thereby
obtaining a thin, gastight ceramic coating. Currently,
researchers have conducted many related studies on how to
use this system to prepare columnar structure of YSZ TBC
through vapor deposition and cluster deposition (Ref 33-
35). Many studies have shown that coatings of different
structures can be prepared by adjusting spraying parame-
ters (Ref 36-38). However; the columnar structure of the
coating is beneficial to improve the stress resistance of the
thermal barrier coating and is not conducive to the thinness
and gas-tightness of the coatings.

In this study, a special YSZ agglomeration material was
designed for VLPPS. Deposition of completely molten
particles less than 5 microns were deposited on the sub-
strate at different spraying distances. In order to obtain a
thin, gastight YSZ coating, the deposition behavior of
small molten particles was investigated. The flattening
ratio of individual particles and the gas permeability of
YSZ coatings were measured.

Fig. 1 Morphology of powders
used in this experiment: (a) low
magnification; (b) high
magnification
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Materials and Experiments

The YSZ (3-mol.% yttria stabilized zirconia) powder was
designed by Qingdao Tianyao Industrial Co., Ltd. In order
to improve the melting powder of the particles, a soft
agglomeration method was used to prepare the powder, and
the size of the raw powders was less than 5 pum. The
agglomerated powder particle size ranges from 30 to
70 um. As shown in Fig. 1.

80 kW class power plasma spraying system (MF-P 1000
APS/VPS, GTV, Germany) was used which was placed in
a vacuum chamber (10 m?). During the experiment, the
temperature was monitored by a thermal infrared imager
(A615, FLIR, USA). YSZ wafers were placed as shown in
Fig. 2, which were separated by an equal distance. They
were grinded, polished and cleaned. The substrate pre-
heating was carried out through moving the plasma jet
without powder feed. The substrate preheating temperature
was controlled by varying the number of passes. The
deposition of individual particle was achieved by adjusting
the plasma gun travel speed and the amount of powder
feed. The experimental parameters are shown in Table 1.

The surface morphology of individual particles was
observed by field emission scanning electron microscopy
(MIRA3 LMH, TESCAN, Czech Republic). The interface
between flattened particles and substrates was also
observed. The flattening ratio of individual particles was
measured and calculated. The flattening ratio of particle
was analyzed by using 3D laser microscope (VK9700K,
KEYENCE Corporation, Japan) to measure the volume of
flattening particles and assuming that the molten droplet
particles were ideally spherical. It is easy to get the size of
droplet diameters according to the volume of flattening
particles. The schematic diagram is shown in Fig. 3(a). At
each spraying distance, five different diameter size ranges
of flattened particles were statistically analyzed, so the
relationship between the diameters of flattened particles
and the diameters of molten particles can be gotten.
Coatings were prepared on NiO/YSZ wafers (the thickness:
1 mm, the diameter: 20 mm) at the spraying distance of
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350 mm. Before measuring the gas permeability of the
coating, the sample was reduced in an H, atmosphere at
750 °C for 2 h. The schematic diagram of gas-tightness
experiment is shown in Fig. 3(b).

The gas permeability can be expressed as (Ref 21):

p—_ O [Ap(1) — Ap(n)] -V
Ji Ap(r)dr

AP
where k is the gas permeability of the coating (cm* (gf) "
s 1), & is the thickness of the coating (cm), Py is the stan-

(Eq 1)
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Fig. 2 Schematic representation of the experiment

Table 1 The experimental parameters

Parameter Value
Arc power, kW 60
Arc current, A 680
Plasma gas (Ar) flow, L min”! 60
Plasma gas (H,) flow, L min ! 10
Powder feeding gas (Ar) flow, L min" 2
Chamber pressure, Pa 100
Spraying distance, mm 250/350/450
Torch traverse speed, mm s~ ' 200

Fig. 3 Schematic
representation of: (a) 3D laser
microscope; (b) the
experimental equipment for gas
permeability measurement

Flattened particle

Substrate

(a)

3D laser microscope

V=2p

dard atmosphere (Pa), V is the inside volume of the
experimental equipment (cm’) and Ap is the pressure dif-
ference ((gf) cm ).

Results and Discussion

Surface Morphology of Flattened YSZ Individual
Particles

To prevent severe evaporation, a spray power of 60 kW
was used. Before depositing particles, the plasma jet was
moved to substrates were preheated by moving the plasma
torch to sweep. The surface morphology of YSZ individual
particles at different spraying distances is shown in Fig. 4.
Figure 4(a) shows the morphology of individual particles at
250 mm. The shapes of these flattened particles are like a
disk and the diameters are less than 10 pm. Figure 4(b) and
(c) show the surface morphologies of individual particles at
350 and 450 mm, respectively. The shapes and sizes of
these particles are similar, as shown in Fig. 4(a).

From above figures, it can be found that small size
droplets are deposited on the substrates by VLPPS through
a special feedstock design. The size of these flattened
particles is much smaller than the size of original powders.
This indicates that small particle deposition is realized by
feedstock design. During inflight in the plasma jet, the
agglomerated powders are exploded into small ones. These
small particles are further heated until they are deposited
on the substrate. To learn more about particle deposition
behavior, particles were deposited on different temperature
substrates at 350 mm. The temperatures of substrates were
measured by thermal infrared imager. Figure 5 shows the
morphology of individual particles at different substrate
temperatures: 51, 203, 390, 620 and 735 °C, respectively.
When the substrate temperature is low (51 °C), the mor-
phology of the particles is irregular (Fig. 5a and b) and the
flattened particles are splashed. With the increase of the
substrate temperature (203 °C), the splashing phenomenon

Valve

I Vacuum
pump

3 AP

Sample

U-type manometer

(b)
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Fig. 4 The morphology of YSZ individual particles at different spraying distances: (a) 250 mm; (b) 350 mm, (c) 450 mm

Fig. 5 Morphology of YSZ individual particles at different substrate
temperatures: (a), (b) 51 °C; (c), (d) 203 °C; (e), (f) 390 °C; (g),
(h) 620 °C; (i), (j) 735 °C

weakened, and the morphology of individual particles
begin to show a regular disc shape structure as shown in
(Fig. 5c and d). When the temperature of the substrate is
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higher than 203 °C, the splashing phenomenon becomes
significantly less. As the substrate temperature reaches
735 °C, this phenomenon disappears as shown in (Fig. 5i
and j). One explanation for this phenomenon is that at low
temperatures, organic matter or water will be adsorbed on
the surface of the sample, and these organic matter or water
will quickly evaporate under the action of high-temperature
particles, causing the particles to splash (Ref 39, 40). When
the substrate is heated above a certain temperature, such
substances will be removed completely. Therefore, the
droplet particles are not affected by these substances during
the flattening process and a disk-like shape can be
obtained. Many studies have also shown that the Reynolds
number has a very important effect on the flattening pro-
cess of droplets, which affects the morphology of the
flattened particle (Ref 3, 41, 42). In a certain range with the
Reynolds number increased, the morphology of the flat-
tening particle will transform from disc-like to splashed,
and a connection also exists between the flattening ratio
and Reynolds number.

Interface Between Flattened Particle and Substrate

Figure 6 shows the interface between flattened particle and
substrate at different substrate temperatures: 51, 203, 390,
620 and 735 °C, respectively. Due to the low substrate
temperature (51 °C), the splashing phenomenon is serious.
Although the flattened particle is very small yet it still
creates the bond formation with the substrate as shown in
(Fig. 6a and b). When the temperature of substrate is pre-
heated to 203 °C, the entire flattened particle is tightly
bounded to the substrate as shown in Fig. 6(c). Columnar
grains inside flat particles can be observed from higher
magnification cross-sectional photograph (Fig. 6b). These
columnar grains are perpendicular to the surface of the
substrate and penetrate throughout the whole flattened
particle, which is well bonded to the substrate. As the
substrate temperature increases, the entire flattened particle
has a good bonding with the substrate surface. By
observing and analyzing, it can be found that the flattened
YSZ particles and the substrate produce an effective
combination at all experimental temperatures. The
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thickness of the flattened particles is about 0.10-0.35 pm. A
thin flattened particle is easier to combine with the sub-
strate (Ref 43, 44). Due to the long spraying distance, the
droplets are at a high temperature level, which is beneficial
for the combination between flattened particles and the
substrate (Ref 45).

Deposition Behavior of Small Molten Particles

The size distribution of flattened particles can be different
at 250, 350 and 450 mm spraying distances and it affects
the microstructure of the coatings: smaller the size of the
flattened particles, denser the coating will be (Ref 9). The

Fig. 6 Interface between flattened and substrate at different substrate
temperature: (a), (b) 51 °C; (c), (d) 203 °C; (e), (f) 390 °C; (g),
(h) 620 °C; (i), (j) 735 °C

size distribution of the flat particles at different spraying
distances is shown in Fig. 7. At 250 mm, the number of
flattened particles diameters less than 10 pm accounts for
83.2% of the fattening particle total number; the diameters
between 10 and 20 pum is about 10.1%; the rest only 6.7%.
It can be found that the size distribution of the flattened
particles is basically similar. Majority of the flattened
particles are smaller than 10 pm in diameter, and particles
larger than 10 pm are only 16.8, 4.2, and 4% at 250, 350
and 450 mm, respectively, which indicates that most
individual particles under the power of 60 kW deposited by
VLPPS are less than 10 um.

The relationship between splat diameter and splat
thickness at different spraying distances is shown in Fig. 8.
There is an approximately linear relationship between
diameter and thickness regardless of the spraying distance.
When the diameter of flattening particle is 5 pm, its
thickness is about 75 nm; and the diameter of flattening
particle 50 pm, its thickness about 350 nm. This means that
the greater the diameter of flattening particle is, the thicker
it is.

The flattening ratio is the diameter of flattening particle
to the diameter of molten particle, which is very important
for studying the nature of particle spreading phenomenon
and the combination between flattened particle and sub-
strate. Figure 9 shows that when the size of droplet diam-
eter at 250 mm is 1.5 pum, the diameter of flattened particle
is 5 um; the diameter of droplets is 11 pm, the diameter of
flattened particles is 50 um, so the flattening ratio is about
4.7. The similar relationship can be also found and the
values of the flattening ratio at 350 and 450 mm are about
4.6 and 4.7, respectively. By analyzing Fig. 9, there is a
similar linear relationship between the droplet diameter and
the flattened particle diameter at different spraying dis-
tances. The slope of curves is almost the same for any
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Fig. 7 Distribution of flattened particles at different spraying
distances
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Fig. 8 The relationship between splat diameter and splat thickness at
different spraying distances
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Fig. 9 The relationship between droplet diameter and splat diameter
at different spraying distances

distance, i.e. 4.7. This means that the flattening ratio of
individual particles prepared by VLPPS does not vary
significantly between the spraying distance of 250 to
450 mm. As mentioned above, the plasma jet is greatly
expanded under low pressure. The effect of the plasma jet
on the particle temperature and velocity may tend to sta-
bilize within a certain distance due to the long infight
process. In this case, the spreading ability of the droplets on
the substrate is nearly identical. So, the flattening ratio
remains the same within the spraying distance of
250-450 mm.

The flattening ratio of flattened particles deposited by
several methods (including Atmospheric Plasma Spray
(APS) (Ref 1, 2, 46, 47), suspension plasma spray (SPS)
(Ref 48, 49), solution precursor plasma spray (SPPS) (Ref
49)) are compared for a more accurate analysis. Figure 10
shows the values of flattening ratio deposited by different
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Fig. 10 The comparison chart of the flattening ratio of particles
deposited by different methods

methods. The flattening ratio in this work is greater than
the flattening ratio under APS or other methods. The
greater flattening ratio of the particles indicates the higher
spreading ability of the droplets. Increasing the bonding
area is useful to reduce the pores between the flattened
particles, which can improve the density of coatings (Ref
50).

Many studies have shown that flattened particles have
connected vertical cracks (Ref 4, 41, 42, 47, 51-53). Crack
width decreases with increasing substrate temperature. The
average width of the cracks is about 0.3 um. When the
substrate temperature is 530 °C, the equivalent diameter of
the fragments separated by the connected cracks is about
5 um (Ref 51-53). It is well known that a coating prepared
by plasma spraying often exhibits a layered structure. The
characteristic of the coating depends on the deposition of
individual splats (Ref 54). Therefore, in order to have a
better understanding of individual splats contribution to the
structure of the plasma sprayed coating, the relationship
between splat diameter, fragment equivalent diameter,
crack width, and deposition temperature is compared
between different methods. Figure 11 shows the relation-
ship between splat diameter, fragment equivalent diameter,
crack width, and deposition temperature derived from
different studies. Compared with other reported results, the
width of cracks in splats deposited in this work is much
smaller as well as the equivalent diameter of fragments. It
is beneficial to form dense coatings, and consequently, to
improve the gastight ability. Li et al. (Ref 27, 51) have
reported that, when ceramic particles are deposited by
using conventional plasma spraying, deposition tempera-
ture significantly affects the interface bond between flat-
tened particles and the substrate. However, in this work,
small size flattened particles can bond well with the
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Fig. 11 The relationship between splat diameter, fragment equivalent
diameter, crack width, and deposition temperature

substrate and the influence of the deposition temperature on
bonding between flattened particles and the substrate is not
so strong. This phenomenon may occur due to the depo-
sition of small size particles.

Gas Tightness of YSZ Coatings

Some researchers have reported the gas permeability of
coatings prepared by APS (Ref 21, 50), SPS (Ref 55), EB-
PVD (Ref 30) and low-pressure plasma spraying (LPPS)
(Ref 8) are 15-90x 1077, 9.02x 1077, 9.78 x 10 "and 6.62
x 1077 em* (gf) ' s respectively. In this work, the gas
permeability of coatings at 350 mm is 1.5x107 cm*
(gH™" s7' which is much smaller than others. Figure 12
shows the gas permeability values of ceramic coatings pre-
pared by different techniques. The gas permeability of the
coating in this work is as low as the one prepared by APS
after 10 densification cycles (1.0x 1077 em* (gf) ' s ).
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Fig. 12 The permeability of coatings prepared by different methods

Compared to other methods are obvious, the advantage is
obvious. It has been reported that the gas permeability
practically required for YSZ electrolyte in SOFCs is less than
1.0x107° cm* (g’ s7' (Ref 29). This shows that the
coating prepared in this work is very suitable to use as an
electrolyte layer.

In general, coatings prepared by conventional plasma
spraying have a large number of voids, cracks, and non-
bonded interfaces. Therefore, the value of gas permeability
is usually high when the coating thickness is lower than
250 um (Ref 24). Figure 13 shows that the structure of the
coating prepared by VLPPS is dense and there are few
cracks and non-bonded interfaces. The thickness of the
coating is about 7 um and, as aforementioned we know, the
thickness of splats is<0.35 pm (as shown in Fig. 6). There
are no unbonded interfaces observed in the coating, indi-
cating the effective bonding was formed through several
splats. It can be considered that such microstructure of
coatings is formed by the growth of the grains of previ-
ously deposited splats in contact with solidifying liquid
splats through heterogeneous nucleation (Ref 19, 27).
Figure 14 is the schematic diagram of the coating deposi-
tion model. Generally, small size powders are impossible
to apply for conventional plasma spraying process, because
it’s difficult to feed the powder. When big size powders are
used, it will create big defects, as shown in Fig. 14(a).
Figure 14(b) is the schematic diagram of this work. The
deposition of small size particles is realized by the com-
bination of VLPPS technology and powder design. Due to
the long plasma jet, the soft agglomerated powders can be
exploded into small ones. Small size deposited particles
help to reduce defects, voids, cracks and non-bonded
interfaces and improve the density of coatings.

Conclusion

By using VLPPS at 60 kW power, YSZ individual particles
were deposited. The morphology and deposition behavior
of these particles were analyzed. It is mainly liquid phase
deposition between 250 to 450 mm. In the case of 250 mm,
the flattened particles were splashed at a low substrate
temperature and exhibited a regular disk when the substrate
temperature was above 203°C. The flattened particles at
different spraying distances (250, 350 and 450 mm) were
less than 10 um. At different spraying distances, there is an
approximately linear relationship between the thickness of
flattened particles and their diameters. At the same time,
the flattened ratio is about 4.7. The width of the cracks is
less than 0.02 um, which is much smaller than that of
traditional plasma spraying. The gas permeability of the
coatings prepared at 350 mm is 1.5x 1077 cm* gf ' s},
which concludes that spraying agglomerated powders by
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Fig. 13 Fractured cross section
of the coating prepared by
VLPPS at spraying distance of
350 mm

Fig. 14 Schematic diagram of
the coating deposition model:
(a) conventional plasma
spraying; (b) this work

(a)

(b)

VLPPS is a promising method for preparing thin gastight
ceramic coatings.
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