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Abstract: Four types of Y,0, partially stabilized ZrO, (YSZ)-based agglomerated powder containing no bonding phase, ALO;,
yttrium aluminum garnet (YAG), and MgAl,O, labeled as BO, B1, B2, and B3, respectively, were prepared by spray granulation. And,
the flow ability, apparent density and particle size distribution of those powders were investigated. Besides, the deposition efficiency
(DE) and bonding mechanism of the four types of agglomerated powder prepared by atmospheric plasma spraying (APS) were
analyzed. The results show that, compared with BO powder, the flowability of B1, B2 and B3 powder is reduced by 6.94%, 5.15% and
25.2%, respectively, the apparent density is reduced by 2.85%, 2.19% and 7.67%, respectively, and the proportion of large-size
agglomerated powder is increased by 15.82%, 6.65% and 29.75%, respectively. The DE of B1, B2 and B3 powder is increased by

75.80%, 181.49% and 59.21%, respectively, and the main reason for the improvement of DE is the adhesion and wrapping effect of

the bonding phase. Because YAG has the lowest melting point and moderate particle size, B2 powder has the best flowability, the
maximum apparent density, and the smallest proportion of large particles, which accordingly results in the strongest adhesion and

wrapping effect and eventually leads to the highest DE.
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The application of sealing coating can minimize the gap
between the stator and rotor, so as to significantly improve the
efficiency of engines' . With increasing the gas temperature
in turbine, metal-based sealing coating cannot meet the
requirements of high temperature environment. Thereby, the
ceramic-based sealing coating with higher service temperature
(above 1000 °C) has attracted much research interest™™.

Most studies in the field of ceramic-based sealing coating
focus on the improvement of its performance, such as thermal
aging, thermal cycling, corrosion, abradability. However, the
deposition efficiency (DE) of ceramic-based sealing coating is
very low, generally about 10%~15%, which is far lower than
the average of 30%~50% of thermal spraying coatings. Such
low DE obviously leads to serious waste of materials and
increase of the manufacturing costs, and thus restricts the
practical application of the ceramic-based sealing coating. The
reasons for the low DE can be summarized as follows. (1) The
melting point of ceramics is extremely high, i.e., melting point
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of Y,0, partially stabilized ZrO, (YSZ) reaches about
2700 °C, while the residence time of ceramics particles in the
plasma jet is only about 10%~107s. Due to the high melting
point and the extremely short heating time, the ceramic
powder is difficult to be fully melted, which significantly
reduces the DE. (2) The time interval between two
neighboring particles colliding with the substrate is much
longer than the time required for complete solidification of the
particles after spreading”. As a result, the deposited ceramic
layers already become solid state when it is impacted by the
subsequent particles. The ceramics feature high hardness and
brittleness, and the toughness is basically zero. If the particles
in the plasma jet are not melted or semi melted, they cannot be
embedded in the already-deposited ceramic layer when they
impact the solid ceramic layer. Meanwhile, it is also hard to
combine with the already-deposited ceramic layer by the
anchoring effect due to the plastic deformation of the particles
themselves. (3) For ceramic-based sealing coating, poly-p-
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hydroxybenzoate (PHB) is added to YSZ powder as the pore-
forming agent. The thermal stability temperature of PHB is
lower than 300 °C, which makes it easy to burn during the
atmospheric plasma spraying (APS) process.

Optimization of the spraying process is the common
method to improve the DE of APS ceramic coatings. Wang et
al'” found that increasing the spraying power and reducing
the powder feeding rate can effectively improve the DE of the
lanthanum zirconate ceramic coating, but causes negative
effects on the bonding strength and thermal shock resistance.
Wang et al"''studied the effect of APS process parameters on
the DE of AlLO,-40wt% TiO, coating. The
demonstrated that the DE is closely dependent on the spray
current and voltage. According to the research of Bobzin et
al'”, larger particles which penetrate into the center of the
plasma jet features higher speed and temperature, which
results in higher DE than particles on the jet periphery. In

results

recent years, adding low melting point components to raw
materials becomes an attractive method to improve DE. Zhao
et al™” added low-melting MoO, powder to the nickel-based
composite coating fabricated by laser cladding and achieved
increase of the DE of laser cladding. Yang et al'” used
metallic Ni as the bonding phase to fuse together with other
components and prevent them from blowing off during APS
process, thereby increasing the DE of the coating. However,
there are few researches on the improvement of DE of APS
ceramic-based sealing coatings by adding low-melting
ceramic phases.

In this work, ALO,, yttrium aluminum garnet (YAG) and
MgAlLO, were selected as three high temperature bonding
phases and added to YSZ-based powders. The effects of
different bonding phases on the flow ability, apparent density
and particle size distribution of the four types of agglomerated
powder were investigated. In addition, the effects of different
bonding phases on the DE by APS were investigated.
Moreover, bonding mechanisms of the different bonding
phases were clarified.

1 Experiment

1.1 Main components of agglomerated particles

YSZ ceramic material is the base phase of YSZ-based
agglomerated powder, which provides high-strength ceramic
framework and excellent thermo physical properties. Its
melting point is about 2700 °C.

As shown in Fig. 1, YSZ raw powder used in this work
features a particle size of about 1 pum and is irregularly
granular, which was provided by Shanghai Shuitian Material
Technology Co., Ltd.

The melting point of ALO, is 2054 °C, which is 23.93%
lower than that of YSZ. ALO, is one of the commonly-used
high temperature resistant materials. According to Ref. [15,
16], Al,O, coating has the potential as a high temperature
sealing coating. Hence, ALO, was selected as a high-
temperature bonding phase in YSZ-based high temperature
sealing coating in this work. As shown in Fig.2, the used ALO,

Fig.1 Micro morphologies of YSZ raw powder

Fig.2 Micromorphologies of the Al,O, raw powder

particles are about 1 pm in particle size and irregularly
granular, which was provided by Shanghai Shuitian Material
Technology Co., Ltd.

The melting point of YAG is 1950 °C, which is 27.78%
lower than that of YSZ. YAG has excellent phase stability and
thermal stability, thereby becoming a next-generation high
temperature resistant coating material’”'¥. YAG was selected
in this work as the second high-temperature bonding phase in
YSZ-based high-temperature sealing coating. The used YAG
raw powder was purchased from Shanghai Paddy Material
Technology Co., Ltd. As shown in Fig. 3, the YAG powder
used in this work features a particle size of about 10 pm and
irregular block shape.
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Fig.3 Micromorphologies of the YAG raw powder

The melting point of MgAl,O, is 2250 °C, which is 16.67%
lower than that of YSZ. MgAl O, is a synthetic spinel refrac-
tory material and the working temperature of the MgAlO,
sealing coating has the potential to beyond 1400 ° C"*?".
MgALO, was selected in this work as the third high-
temperature bonding phase in YSZ-based high temperature
sealing coating. The used MgALO, raw powder was
purchased from Gongyi Sanhe Refractory Co., Ltd. As shown
in Fig.4, the used MgALO, powder features a particle size of
about 20 pm and irregular block shape.

PHB is commonly-used in thermal spray sealing coatings as
the low-temperature lubricating phase and high-temperature
pore-forming phase. The PHB wused in this work was
purchased from Zhonghao Chenguang Chemical Research
Institute Co., Ltd. Fig. 5 shows the micromorphologies of
PHB. The used PHB is in the form of irregular agglomerated
particles with a particle size of about 20 pum.

1.2 Auxiliary materials for spray granulation

The dispersants and adhesives used in the spray granulation
process are shown in Table 1.
1.3 Components of slurry suspension

The four types of agglomerated powder with no bonding
phase, ALO,, YAG and MgALO, were labeled as B0, BI,
B2 and B3 powder, respectively. Table 2 shows the
contents of components of the slurry suspension during
the spray granulation of the four types of agglomerated
powder.

Fig.5 Micromorphologies of PHB raw powder

1.4 Methods

The raw materials were crushed and mixed uniformly by
planetary ball mill. YSZ-based agglomerated powders
containing different bonding phases were prepared by spray
granulation. The fluidity of agglomerated powder was
measured with a Hall flow meter according to GB/T 1482-

Table 1 Dispersants and adhesives

Material Manufacturer Purity Function
Sodium hexametaphosphate Shandong Yousuo Chemical Technology Co., Ltd Analytically pure Dispersant
PEG (Polyethylene glycol) Wauxi Yatai United Chemical Co., Ltd Analytically pure Dispersant
PVA (polyvinyl alcohol) Shanghai Yingjia Industrial Development Co., Ltd 297.0% Adhesive
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Table 2 Contents of components in slurry suspension (g)

Component content

Material
BO Bl B2 B3
PHB 20 20 20 20
YSzZ 180 180 180 180
Sodium hexametaphosphate 4 4 4 4
PEG 20 20 20 20
PVA 10 10 10 10
AL, 0 40 0 0
YAG 0 0 40 0
MgAlOQ, 0 0 0 40
Deionized water 230 270 270 270

2010. The apparent density of agglomerated powder was
measured by the funnel method according to GB/T 1479.1-
2011. The particle size range of agglomerated powder was
measured by standard sieves according to GB/T 21524-2008.
The four types of agglomerated powders were sprayed by APS
and characterized by scanning electron microscope (SEM) and
energy dispersive spectrometer (EDS). The DE of four types
of agglomerated powders was measured through the mass
ratio of the coating deposited to powder consumed ',

2 Performance of Agglomerated Powder

2.1 Micromorphology

Fig.6 shows the micromorphologies of B0, B1, B2 and B3
agglomerated powder. The four types of agglomerated
powders are spherical. ALO, particles, YAG particles and
MgAlQ, particles are uniformly distributed in B1, B2 and B3
agglomerated powder, respectively.

2.2 Flowability and apparent density

Excellent flowability and apparent density are necessary for
APS of agglomerated particles. Furthermore, they also play an
important role in realizing good performance of coating. The
results of flowability and apparent density of B0, B1, B2 and
B3 agglomerated powder are shown in Fig.7.

In the flowability testing experiments as introduced in
Sec. 1.4, longer flowing time means worse flowability. As
shown in Fig.7, BO powder features the best flowability with a
flowing time of 89.3 s/50 g. The flowing time of B1 B2 and
B3 powder is increased by 6.94%, 5.15% and 25.2%,
respectively, compared to that of BO powder. Accordingly, the
flowability level of Bl and B2 powder is almost the same,
which is only slightly decreased compared with BO powder.
However, the flowability of B3 powder is the worst, which is
significantly decreased compared with other types of powder.
The apparent density of BO powder is the largest and the
apparent density of B1, B2 and B3 powder is decreased by
2.85%, 2.19% and 7.67%, respectively.

2.3 Particle size distribution

Particle size distribution of agglomerated particles directly
affects the heat conduction and melting degree in the plasma
jet. The particle sizes of B0, B1, B2, and B3 agglomerated
powder are shown in Table 3. Fig. 8 is the particle size
distribution diagram of the four types of agglomerated
powder, which is close to the normal distribution, consistent
with the test result in Ref.[22]. In the range of 38~150 pm and
53~150 pm, the particle size distribution levels of B0, B1, B2
and B3 agglomerated powders are almost the same. However,
the distribution levels of B0, B1, B2 and B3 agglomerated
powder in the particle size range of 75~150 pm (large
particle) are quite different, which are 41.34%, 47.88%,
44.09% and 53.64%, respectively. Compared with BO powder,
the proportions of large particle in Bl, B2 and B3
agglomerated powder are increased by 15.82%, 6.65% and
29.75%, respectively.

3 DE and Deposition Mechanism

3.1 DE of four types of agglomerated powder

Table 4 shows the DE of four types of agglomerated
powder sprayed by APS. Compared with BO powder, the DE
of B1l, B2 and B3 agglomerated powder are increased by
75.80%, 181.49% and 59.21%, respectively. Specifically, the

Fig.6  Micro morphologies of four types of agglomerated powder: (a) BO, (b) B1, (c) B2, and (d) B3
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Table 3 Particle size distribution of four types of agglomerated

powder
Proportion of powder passing standard sieve/wt%
Agglomerated
100# 200# 325# 400#
powder
(150 pm) (75 pm) (53 pm) (38 pm)
BO 100 58.66 11.28 3.76
B1 100 52.12 10.40 3.85
B2 100 5591 11.01 3.54
B3 100 46.36 10.48 428
140 —=—B0
—e— Bl
120 ——B2
—v— B3
100 -

Large particle
(75~150 pm)

Fraction/%
o o
o O

N B
(= ]
T T

38 53 75 150
Particle Size/um

o

Fig.8 Particle size distribution of four types of agglomerated

powders

Table 4 DE of four types of agglomerated powder (%)

Powder Sample 1 Sample 2 Sample 3 Average
BO 12.21 9.36 9.55 10.37
Bl 21.74 15.30 17.66 18.23
B2 14.98 16.51 18.05 16.51
B3 27.54 30.36 29.68 29.19

B2 agglomerated powder with YAG bonding phase is
significantly improved.
3.2 Spreading morphology of four types of agglomerated
powder
In order to analyze the effect of bonding phases on DE, the
spreading morphology of B0, B1, B2 and B3 agglomerated

powder was observed by SEM, as shown in Fig.9. As shown
in Fig.9a, the molten BO powder mainly exhibits irregular and
small lamellas after impacting on the substrate. The surface of
the lamellas is very smooth, indicating that there are almost no
other unmelted or unburned particles on it. Compared with B0
powder, the spreading morphologies of B1, B2 and B3 powder
all show larger lamellas and the lamellas are adhered or
wrapped with varying content of unmelted and unburned
particles. The content of unmelted and unburned particles
adhered or wrapped in B2 lamellas is the highest, followed by
B1 lamellas and B3 lamellas.

3.3 Analysis of deposition mechanism

For B0 agglomerated powder without bonding phase, due to
the high melting point of YSZ particles and the short
residence time in the plasma jet, only part of YSZ particles
can be heated to molten state. This results in a fact that only a
small amount of molten YSZ droplets can effectively spread
and deposit on the substrate, which eventually leads to the
lowest DE during APS with BO powder.

For B1, B2 and B3 agglomerated powder, three types of
agglomerated powders contain low temperature bonding
phases, i.e., ALO,, YAG and MgAlLO,, which are easier to
reach molten state in the plasma jet. The molten low
temperature bonding phases have adhesion and wrapping
effect on the unmelted and unburned particles in the
subsequent impacting and spreading process. Thus, the DE of
the three types of agglomerated powder is all improved
compared with that of B0 agglomerated powder. However, it
should be noticed that different molten low temperature
bonding phases feature different adhesion and wrapping
effects, which results in different improved DE during APS
with the three types of agglomerated powder.

In order to further analyze the adhesion and wrapping
mechanism of different bonding phases, EDS was carried out
on the typical areas of B1, B2 and B3 spreading lamellas.

Fig. 10 shows the micromorphologies and EDS spectra of
B1 spreading laminas. There are medium content of granular
and spherical adhesive particles on the B1 lamellas. As shown
in Fig. 10a, the adhesive area of B1 lamellas mainly contains
C, O, Al and Zr elements, and considering the main
components of Bl agglomerated powder, the main phases
contained in the adhesive area are YSZ, Al,O, and PHB. As
shown in Fig.10b, the granular particles of B1 lamellas mainly
contain O and Zr elements, indicating that the main phase in
the granular particles is YSZ. As shown in Fig. 10c, the
spherical particles of B1 lamellas mainly contain O, Al and Zr
elements. Considering the small particle size and low melting
point of Al,O, raw material, the spherical particles are mainly
YSZ particles wrapped by molten Al,O, materials.

Fig. 11 shows the micromorphologies and EDS spectra of
B2 spreading laminas. The content of adhesion or wrapping
materials on the surface of B2 laminas is the most, in addition
to a large number of granular adherents. There are also
obvious wrapping areas in the B2 lamellaes. As shown in
Fig. 11a, the adhesive area of B2 lamellas mainly contains O
and Zr elements, indicating that the main phase in the
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Fig.10 Micromorphologies and EDS spectra of B1 lamellas: (a) adhesion area, (b) granular particle, and (c) spherical particle

adhesive area is YSZ. As shown in Fig.11b, the wrapping area Considering the main components of B2 agglomerated
of B2 lamellas mainly contains Y, Al, O and Zr elements. powder, the main phases in the wrapping area are YAG and
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Fig.11

YSZ. As shown in Fig. llc, the adhesive particles of B2
lamellas mainly contain O and Zr elements. Therefore, the
adhesive particles are mainly YSZ particles.

Fig. 12 shows the micromorphologies and EDS spectra of
the B3 spreading laminas. The content of adhesion or
wrapping materials on the surface of B3 laminas is the least,
while the B3 laminas are mainly composed of wrapping area
and adhesion area. As shown in Fig.12a, the wrapping area of
B3 lamellas mainly contains O, Al and Zr elements.
Considering the main components of B3 agglomerated
powder, the main phases in the wrapping area are YSZ and
MgAl,O,. As shown in Fig. 12b, the adhesion area of B3
lamellas mainly contains O, Al and Zr elements. However, it
should be noted that compared with the EDS results of the
wrapping area in Fig. 12a, the peak intensity of Al element is
significantly enhanced. Therefore, the adhesion area is
composed of a small amount of YSZ particles adhered to the
molten MgAl,0, materials. As shown in Fig.12c, the adhesive
particles of B3 lamellas mainly contain O, Al and Zr elements.
It should also be noted that compared with the EDS results of
the adhesion area in Fig.12b, the peak intensity of Al element
is significantly reduced. Thus, the adhesive particles are
mainly YSZ.
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Micromorphologies and EDS spectra of B2 lamellas: (a) adhesion area, (b) wrapping area, and (c) adhesive particles

Based on abovementioned experimental results, it is clear
that the effects of AL,O,, YAG and MgAl,O, on the deposition
behavior of the three types of agglomerated powder are
mainly manifested in two aspects. On the one hand, the
bonding phases have a adhesion effect on the unmelted YSZ
and unburned PHB particles. For Bl powder containing
Al,0,bonding phase, the melting point of ALO, is relatively
low. The flowability, apparent density and proportion of large
particles of the powder are moderate. Hence, Al,O,is able to
reach molten state relatively easily in the plasma jet, which
leads to a good adhesion effect and can form the granular
adhesion area, as shown in Fig.10b. For B2 powder containing
YAGbonding phase, due to the lowest melting point of YAG,
the best flowability, the largest apparent density and the
smallest proportion of large particles of the powder, YAG is
able to reach the molten state most easily, which leads to the
strongest adhesion effect and forms the largest content of
adhesion or wrapping materials, as shown in Fig.11a. For B3
powder containing MgAlO, bonding phase, due to the highest
melting point of MgALO,, the worst flowability, the smallest
apparent density and the largest proportion of large particles
of the powder, it is relatively difficult for MgALO, to reach
the molten state, which leads to the worst adhesion effect.
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Fig.12 Micromorphologies and EDS spectra of B3 lamellas: (a) wrapping area, (b) adhesion area, and (c) adhesive particles

Thereby, MgAlL,O, can only adhere few and small YSZ
particles, as shown in Fig. 12b and 12c. On the other hand,
bonding phases have a wrapping effect on unmelted YSZ and
unburned PHB particles. Although the molten state of Al,O,is
relatively good, the particle size of Al,O, is too small. This
leads to the fact that partially melted ALO, particles are
directly coated on the surface of YSZ particles and form
spherical particles, as shown in Fig. 10c. The molten state of
YAG is the best and the particle size of YAG is moderate, so
that the wrapping effect of YAG is the strongest that causes
the wrapping area, as shown in Fig. 11b. The molten state of
MgAlQ, is the worst, and the particle size of MgAlQ, is too
large, which results in relatively bad wrapping effect of
MgAlO,. As a result, MgAl,O, can only wrap few and small
YSZ particles, as shown in Fig.12a.

4 Conclusions

1) BO agglomerated powder is featured with the highest
flowability, the largest apparent density and the smallest
proportion of large particle among the four different
agglomerated powder, i.e., BO, B1, B2, and B3. Compared
with BO agglomerated powder, the flowability of B1, B2 and
B3 agglomerated powder is decreased by 6.94%, 5.15% and

25.2%; the apparent density of B1, B2 and B3 is decreased by
2.85%, 2.19% and 7.67%; the proportion of large particle
agglomerated powder is increased by 15.82%, 6.65% and
29.75%, respectively.

2) Compared with B0 agglomerated powder, the deposition
efficiency (DE) of Bl, B2 and B3 agglomerated powder is
increased by 75.80%, 181.49% and 59.21%, respectively. The
main reason for the improvement of DE is that the three types
of bonding phases have adhesion and wrapping effects on the
unmelted YSZ particles and unburned PHB particles.
Additionally, the different adhesion and wrapping effects of
the three agglomerated powders lead to different DE. Due to
the lowest melting point and the moderate particle size of
YAG raw powder, B2 agglomerated powder is featured with
the best flowability, the largest apparent density and the
smallest proportion of large particles, which accordingly result
in the strongest adhesion and wrapping effect and eventually
lead to the highest DE.
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