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Abstract The yttria-stabilized zirconia (YSZ) ceramic has
been proved to be a promising material for abradable seal
coatings. In this research, abradable seal coatings named
C-YSZ and M-YSZ were prepared by applying the con-
ventional plasma spraying method with improved nanos-
tructured powders and by the mixed solution precursor
plasma spraying technique, respectively. A study on the
microstructure, mechanical properties, oxidation resistance
and hot corrosion resistance was conducted on both C-YSZ
and M-YSZ coatings by using scanning electron micro-
scopy, transmission electron microscopy, muffle furnace
and x-ray diffractometer. The results show that the C-YSZ
coating presents larger-size pores with denser YSZ struc-
tures and grains showing size larger than 100 nm dis-
tributed around the pores compared with M-YSZ, in which
the pores are much smaller and the grain size is 20-30 nm.
As a result, the M-YSZ coating displays lower hardness
and bond strength compared with C-YSZ. The oxidation
tests show that the M-YSZ coating possesses better
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oxidation resistance due to the nanostructure topcoat
compared with C-YSZ. However, the hot corrosion tests
indicate that both the C-YSZ coating and the M-YSZ
coating fail to present ideal hot corrosion resistance.

Keywords abradable seal coatings - hot corrosion
behavior - microstructure - oxidation resistance - Yttria-
stabilized zirconia

Introduction

Abradable seal coatings have been used in low- and high-
pressure sections of jet engine compressors for more than 50
years. Today, abradable seal coatings are widely applied in
the field of aeroengines to reduce the clearance between the
applied coatings and rotating blades for improving the com-
pressor efficiency and reducing fuel consumption (Ref 1-3).
Aside from being abradable, this kind of coating is usually
desired to be mechanically stable and withstand high ther-
momechanical loadings. So far, many research works have
been devoted to increasing the life time and durability of
abradable seal coatings during service. Specifically, applying
abradable seal coatings based on yttria-stabilized zirconia
(YSZ) has drawn much attention in the research field of
thermal spray industry. Foroushani et al. studied the high-
temperature oxidation behavior, porosity and microstructure
of different YSZ abradable seal coatings and found that
volume percentage of porosity in the YSZ coatings contain-
ing LaPO, was higher than that of the monolithic YSZ
coatings (Ref 4). Ding et al. investigated the formation and
properties of porous YSZ coatings by using poly-p-hydrox-
ybenzoate (PHB) powder mixed with the YSZ powder as
pore-forming material (Ref 5). Ebert et al. studied an atmo-
spheric plasma-sprayed ceramic double-layer abradable seal
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coating system composed of YSZ as an intermediate layer
and magnesia alumina spinel as a top layer, and the results
showed that the coatings presented a typical failure mecha-
nism with exfoliation of thin coating lamellae starting from
the coating surface after thermal cycles (Ref 6). It is reported
that YSZ as abradable seal coatings can advantageously
combine a suitable thermal conductivity with a relatively high
thermal expansion coefficient, but display a high-temperature
capability limitation in long-term applications (Ref 7). As a
result, increasing efforts are devoted to developing YSZ-
based abradable seal coatings with excellent properties,
especially under relatively high temperature conditions.

Nowadays, the serve conditions of aeroengines are getting
more and more complicated and rigorous, and traditional YSZ
coatings may face difficulties in meeting many of the rising
performance requirements such as high-temperature oxidation
resistance, excellent hot corrosion resistance, and so on (Ref 8-
10). Significantly, for the YSZ-based coatings the spallation of
ceramic coatings from bond coat can occur during thermal cycles
or high-temperature oxidation process (Ref 11, 12) when the
thermal-grown oxide (TGO) layer at the interface of ceramic
layer and bond coat is formed by O, diffusion from top ceramic
layer and the oxidation at the interface, and phase transformation
and spallation of surface layers can be formed by the diffusion of
corrosive salts such as V,0s. To address these challenges, sci-
entists started to plunge into the preparation of YSZ-based
coatings with nanostructures, and it is reported that the plasma
spraying of nanostructured powders is an effective mean to
obtain nanostructured coatings (Ref 13-16). In our previous
work, we prepared the YSZ abradable seal coatings through
mixed solution precursor plasma spraying method (M-YSZ) and
studied its microstructure and mechanical properties (Ref 17).
Preliminary studies have shown that the coatings obtained by
mixed solution precursor plasma spraying method display high
porosity of nanostructure. Hence, in this work we further pre-
pared YSZ abradable seal coatings by applying the conventional
atmospheric plasma spray method with improved nanostruc-
tured YSZ powders (C-YSZ). A study of the microstructure and
mechanical properties was conducted between the C-YSZ and
M-YSZ coatings. Moreover, the stability of C-YSZ coating and
the related analysis from the microstructure point of view were
compared to the particulate M-YSZ coating by means of high-
temperature oxidation and hot corrosion test. This work may
shed light on the design of nanostructured abradable seal coat-
ings with improved high-temperature properties.

Experimental
Feedstock and Coating Preparation

The coating named M-YSZ was prepared by using plasma
spraying method with a blend of YSZ nanoparticles and
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YSZ solution precursor. 20% mass fraction of solution
precursor YSZ system with the molar ratio Y:Zr of 8:92
was obtained by dissolving zirconium nitrate (shown in
Fig. la) and yttrium nitrate (shown in Fig. 1b) in a
mixture of 1.5 L deionized water and 0.3 L absolute ethyl
alcohol at 50 °C. After that, a mixed slurry with 5 g YSZ
nanoparticles (shown in Fig. 1¢) and polyacrylic acid was
well mixed into the above solution precursor with the
YSZ mass fraction of 20% for the final mixed solution
precursor (Ref 18). The conventional YSZ abradable seal
coating named C-YSZ was prepared by plasma spraying
of a blend of YSZ particles, polyphenylene ester and
water glass binder (40% diluted with water). The YSZ
particles were first fully mixed with 4% water glass
binder (mass fraction), and then the mixture was thor-
oughly added with PHB of 6% (mass fraction). The
mixture was packed down hard, dried at 80 °C for 30
min, dispersed and finally passed between a 100-mesh
and 320-mesh sieve to obtain the final pore-forming
powders (shown in Fig. 1d). The Ni-based superalloy
plates with the composition of 74Ni-20Cr-2.6Ti-0.8Al-
2.6Fe (GH4033) with the size of ® 25 x 5 mm> were
used as the substrates after the grit blasting process. The
powders named CoNiCrAlY with the composition of
37Co0-31.5Ni-25.5Cr-5.5A1-0.5Y were used as the bond-
ing layers to strengthen the bond strength between the
substrates and coatings. The bonding layers and the
coatings were both deposited by APS-2000K plasma
spray system, and the respective schematic diagrams for
obtaining the M-YSZ and C-YSZ coatings are shown in
Fig. 2. The C-YSZ coating prepared by plasma spraying
was then heated to 650 °C and kept for 2 h in the open
atmosphere to burn polyester out after the plasma spray
process. The parameters of the spraying processes for
both methods are shown in Table 1.

Microstructural Characterization

The scanning electron microscopy (SEM, JSM-7001F,
Japan) with an energy-dispersive spectroscopy (EDS) sys-
tem was applied on the observations of microstructures on
both C-YSZ and M-YSZ coatings. By further applying
transmission electron microscopy (TEM, JEM-2100F,
Japan) and high-resolution transmission electron micro-
scopy (HRTEM), the nanostructure morphologies of both
coatings were characterized. The phase compositions of the
coatings were identified on a x-ray diffractometer (XRD,
PANalytical B.V., X’Pert Pro MPD, Holland, Cu Ko, A =
1.5418 A), with the angular ranges of 5°-90°. The Image
Pro Plus 6.0 (Ref 19) was used to calculate the porosity of
the coatings by applying five cross-section images at
x 5000 magnification on all the samples, where the pores
were identified by using image thresholding.
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Fig. 1 SEM images of
powders: (a) Zr(NO3j)q4,
(b) Y(NO3)3, (¢) YSZ and
(d) improved YSZ

X 40,000

X 65,000

Gas

_2
Atomizer

—

Mixed solution
precursor

.
a Powder °

.. -

X

Fig. 2 Schematic diagram of preparation methods for YSZ abradable
seal coatings by atmospheric plasma spray and mixed solution
precursor plasma spray

Oxidation Resistance Tests

Oxidation resistance tests were carried out at 1150 °C, and
both the M-YSZ and the C-YSZ coatings were held for
intervals of 4, 12, 48, 100 and 120 h at this temperature.
After that, the samples were cut into pieces and polished
before the observation by SEM. The thicknesses of the
TGO layer formed between ceramic and bond coat were
taken as an evaluation of high-temperature oxidation

15.0kV SEI

15.0kV SEI

X 5,500 15.0kV SEI

X 1,100 10.0kV SEI SEM

resistance of coatings. For the C-YSZ and M-YSZ coat-
ings, the TGO layer thickness was determined by taking
from the average value of three different parts,
respectively.

Hot Corrosion Tests

Hot corrosion tests were done at 900 °C in the present work
and performed by brushing the powder mixture of 60 wt.%
V505 and 40 wt.% Na,SO, on the surfaces of coatings
uniformly (leaving approximately 2 mm from the edge to
avoid edge effect) and then heating them in the furnace
under air condition to 900 °C. After specific intervals of 4,
12, 24, 48, 96 and 120 h, the furnace was switched off and
all the samples were withdrawn from it at room
temperature.

Mechanical Properties

A HSRS-45 surface hardness tester (HuaYin Tester, China)
was used to test the surface Rockwell HR15Y hardness of
all the coatings. An average of ten measurements on the
samples was taken as the final hardness value.

The universal material testing machine controlled by a
commercial WDW-100E microcomputer and the perform-
ing standard referenced by ASTM C633-2013 with a speed
of 0.1 mm/min were used to test the bond strength of all the
samples. Both the surfaces of two bond rods and the back
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s
M-YSZ Current (A) 600 510
Voltage (V) 60 60
Spraying distance (mm) 120 55
Ar flow rate (L/min) 35 40
H, flow rate (L/min) 10 1.8
Liquid flow rate (L/min) 0.012
Powder feeding rate (g/min) 20
Atomizing gas pressure (MPa) 0.4
Axial distance from jet to atomizing nozzle (mm) 10
Vertical distance from jet to atomizing nozzle (mm) 20

of the coating sample were firstly sandblasted, and then
some No.914 super was taken to bond the surface and the
back of the coatings to the bond rods, respectively. After
that, all the samples were vertically taken into a drying
oven at 80 °C for 4 h. The bond strengths of both coatings
were calculated by the following equation:

F=G/S (Eq 1)

where G (N) is the loading when breaking, and S (m?) is the
total effective coating area.

Results and Discussion
Microstructure of YSZ Coatings

Figure 3(a) and (b) shows the macrosurface morpholo-
gies of C-YSZ and M-YSZ abradable seal coatings,
respectively. Some microscopic pores can be seen on the
surface of C-YSZ, while these pores cannot be detected
on the surface of M-YSZ and instead some microscopic
spherical protrusions are present on the M-YSZ coatings’
surface. Figure 3(c) and (d) shows the enlarged views of
surface morphologies of the C-YSZ and M-YSZ coatings
shown in Fig. 3(a) and (b). On the surface of C-YSZ, it
seems that a stack of YSZ powders from the molten state
distributes closely around the micron pores; the pores are
larger than 10 pm in average from Fig. 3(c). This is
common in thermal-sprayed coatings with pores where
splats are located around pores after the spraying pro-
cess. However, for the M-YSZ abradable seal coating,
the surface is like the stack of a mixture of melted
nanosized YSZ powders and unmelted nanopowders
(Fig. 3d), with pores of submicron size or nanoscale
unevenly distributed, and the pores seem smaller than 1
pm in average. Figure 4(a) presents the SEM image of
the cross section of the C-YSZ abradable seal coating,
which presents the bond coat and a porous microstructure
with large-sized pores in the YSZ ceramic layer.
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Figure 4(b) shows the SEM image of the cross section of
nanostructured M-YSZ abradable seal coating, which
shows the layers of bond coat and different sizes of
porous microstructure in the YSZ ceramic coating. In
Fig. 4(b), the number of large-sized pores in M-YSZ is
much less than that of the C-YSZ coating in Fig. 4(a),
and the average size of the existing pores is much
smaller. Based on the observed porous structures, our
careful calculation shows that the porosities of the
C-YSZ- and M-YSZ-deposited abradable seal coatings
are 33.7% and 30.4%, respectively.

Figure 5 displays the x-ray diffraction patterns for the
C-YSZ and M-YSZ coatings. The results indicate that both
deposited coatings present a tetragonal zirconia structure
(t-YSZ) and one cannot detect the monoclinic zirconia or
the cubic phase in the coatings. Moreover, the average
grain size of the C-YSZ coating was estimated to be
between hundreds of nanometers and several microns from
the inset SEM image in Fig. 3(c) (which is taken from the
edge areas around the pores). By using the Scherrer for-
mula (Ref 20), the average grain size of the M-YSZ coating
was calculated to be 20-30 nm.

The transmission electron microscopy image including
the lamellar and the lamellar interface zones in the C-YSZ
coating is shown in Fig. 6(a). Figure 6(b) shows the
enlarged image at a high magnification in the frame of
Fig. 6(a), indicating the interface between two adjacent
lamellae marked by A and B. The selected area electron
diffraction (SAD) patterns taken from the regions in two
adjacent parts across the interface marked with A and B in
Fig. 6(b) are shown in Fig. 6(c) and (d), respectively. Our
careful analysis indicates that both the zones near the
interface present the tetragonal lattice structure, which is
consistent with the XRD results shown in Fig. (5). As is
reported before, this tetragonal phase can be regarded as
the predominant metastable phase in all of the plasma-
sprayed 8 wt.%Y,03-YSZ coatings (Ref 21-24). In addi-
tion to the stable tetragonal lattice structure, one also can
see from Fig. 6(b) that the grain size of the C-YSZ coating
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Fig. 3 (a) Surface and (c) enlarged SEM image on surface of C-YSZ. (b) Surface and (d) enlarged SEM image on surface of M-YSZ

Fig. 4 SEM images of the cross
sections for (a) C-YSZ and
(b) M-YSZ
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is larger than 100 nm, which is consistent with the results
estimated from Fig. 3(c).

Figure 7(a) displays the transmission electron micro-
scopy image of the M-YSZ abradable seal coating taken
from the relatively thin areas in the coating. By taking into
account that M-YSZ was prepared by plasma spraying of a
blend of YSZ solution precursor with YSZ nanoparticles,
microstructure within grains and at the grain boundaries of
the enlarged image in the frame of Fig. 7(a) was further

Bond Coat| - " *

S ubétrate

15.0kV SEI

studied by applying HRTEM and the result is shown in
Fig. 7(b). One can see that Fig. 7b shows several neigh-
boring grains of YSZ and the grain boundaries between
them can also be clearly detected. First of all, M-YSZ is
determined to display tetragonal lattice structure from the
SAD patterns shown in the inset of Fig. 7(b). To be better
analyzed, neighboring grains are labeled with A and B,
while the grain boundary between them is marked with C.
The SAD patterns (Fig. 7c) of grain A show the diffraction
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with d spacing of 2.994 A. This value corresponds to (101)
tetragonal YSZ plane (20 = 29.83° in the XRD results of
Fig. 5). As reported before, due to partial stabilization of
the zirconia by yttria, cubic phase can be presented in YSZ
samples as well as tetragonal phase (Ref 25). However,
cubic phase was not detected in region A of Fig. 7(b).
Similarly, the structure of grain B (Fig. 7d) also consists of
a perfect t-phase lattice and the lattices of region C
(Fig. 7e), which is the grain boundary between grains A
and B, are tetragonal, whereas there is no sign for the
existence of the cubic phase or t’-phase (Ref 26) (formed
by a cubic to tetragonal transformation) in the vicinity of
grain boundaries or inside the grain boundaries. In com-
parison with the average grain size of C-YSZ shown in
Fig. 6, one can see from Fig. 7 that the average grain size
of the M-YSZ coating is much smaller with the size
below 30 nm.
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Fig. 5 X-ray diffraction patterns for the deposited C-YSZ and
M-YSZ coatings

Mechanical Properties

Figure 8 shows the hardness (HR15Y) and the bond
strength of C-YSZ and M-YSZ abradable seal coatings.
Both the hardness and bond strength of the C-YSZ coating
are larger than that of the M-YSZ coating. The difference
in hardness between C-YSZ (71HR15Y) and M-YSZ
(58HR15Y) is caused by the microstructure of the coatings,
as discussed in Part 3.1. Although the C-YSZ coating
shows a higher porosity and relatively larger pores, the
stack of YSZ powders from the molten state makes the
coating areas around the pores much denser compared with
the M-YSZ coating. Owning a low hardness value, which
will definitely benefit the abradability of coatings (Ref 27),
mainly results from the filling of nanoparticles in M-YSZ
in the present work. Figure 8 also shows the bond strength
results of C-YSZ and M-YSZ abradable seal coatings,
where one can see that the bond strength of the C-YSZ
coating is ~15.4 MPa, while for M-YSZ a lower bond
strength value of ~3.7 MPa is obtained. The bond strength
results indicate that adhesion of nanostructured M-YSZ
abradable seal coating is weaker than the C-YSZ abradable
seal coating. This can also be explained by the differences
between the microstructures in both coatings. As discussed
before, although owning similar porosity, the C-YSZ and
M-YSZ abradable seal coatings show different stack types
of YSZ powders from the microstructure point of view.
The C-YSZ coating presents the structure of a stack of YSZ
powders directly from the molten state, while the M-YSZ
coating shows the structure of a stack of melted YSZ
nanopowders and unmelted YSZ nanopowders (the inset of
Fig. 3d), which will definitely cause different interfacial
bonding strengths of YSZ powders and further lead to the
variation in bond strength in C-YSZ and M-YSZ. Overall,
for the ceramic-based abradable sealing coatings, usually
both the present bond strength values are acceptable. From

iy ® ® (211)

) o
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Fig. 6 (a) TEM image of a typical C-YSZ coating. (b) The enlarged view of the frame in (a). (c) and (d) are the SAD patterns corresponding to

the regions marked by “A” and “B” in (b), respectively
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Fig. 7 (a) TEM image of
M-YSZ taken from the
relatively thin areas of some
YSZ powders. (b) HRTEM
image of M-YSZ taken from the
frame in (a). (c), (d) and (e) are
the SAD patterns corresponding
to the regions marked by “A,”
“B” and “C” in (b),

respectively
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Fig. 8 Comparison of hardness and bond strength for C-YSZ and
M-YSZ

the perspective of abradability, M-YSZ with lower hard-
ness is better in the present work.

Oxidation Behavior

As is known, the oxidation in the coatings can not only
occur through oxygen diffusion from some existing defects
such as porosity, cracks and voids but also result from
oxygen ions migration behavior by a discrete hopping
process through the YSZ lattice (Ref 28). Both the C-YSZ
and M-YSZ coatings have high ionic permeability due to

S
N t\» ;

N

(101)  (000)

the existing crystal structures (Ref 29). The CoNiCrAlY
bonding layer is mainly composed of B and y phases, in
which Y selectively reacts with oxygen due to its high
affinity to oxygen. However, its weight percentage in the
composition of bonding layer is pretty low, leading to the
oxidation of another element aluminum which also has
high affinity with oxygen in CoNiCrAlY. As a protective
film, the formed Al,O; during oxidation process slows
down the rapid oxygen penetration into the bond coat. At
the beginning of the oxidation stage, all elements may be
oxidized at the interface. After the initial stage, Al,O3;
grows steadily and continuously (Ref 30).

Cross-sectional SEM microstructures of C-YSZ (Fig. 9a
and c) and M-YSZ (Fig. 9b and d) coatings for different
oxidation time periods of 24 h and 100 h at 1150 °C are
given in Fig. 9, respectively. When the oxidation time is 24
h, the YSZ topcoats of both the C-YSZ and M-YSZ coat-
ings are adherent to the bond coats without any noticeable
interfacial oxidation (Fig. 9a and b). When it comes to 100
h, one can see that thin dark oxide scales mainly repre-
senting continuous Al,O; layer appear between the YSZ
topcoats and the bond coats (Fig. 9c and d). There is a large
crack parallel to the coating surface in C-YSZ when the
oxidation time is 100 h, while for M-YSZ small cracks
perpendicular to the coating surface and small porosity
between the YSZ top coat and the bond coat can be
detected. Figure 10 is the enlarged views of the cross-
sectional SEM microstructures showing the morphology of
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Fig. 9 SEM cross-sectional
microstructures of oxidized
C-YSZ for (a) 24 h and (c) 100
h and M-YSZ for (b) 24 h and
(d) 100 h

15.0kV COMPO SEM

s

Cracks

15.0kV COMPO

the TGO formed at the interface between the bond coats
and the YSZ coats. It can be clearly seen that the TGO
shows a one-layer structure in both C-YSZ and M-YSZ
coatings after 24-h oxidation test (Fig. 10a, b) and a two-
layer structure after 100-h oxidation test (Fig. 10c, d). Our
EDS analysis reveals that for the one-layer structure it
mainly consists of Y, Al and O (O% =58, Al% =29, Y% =
11 and Cr% =2 in C-YSZ and O% = 55, Al% =31, Y% =
13 and Cr% = 1 in M-YSZ, at.%). For the two-layer
structure, the EDS results show that the inner dark contrast
region mainly consists of Al and O (Al% = 38, O% = 57
and Ni% =5 in C-YSZ and Al% = 34, O% = 60 and Ni% =
6 in M-YSZ, at.%), while the outer gray contrast region
mainly contains Y, Al and O (0% = 54, Al % =31, Y% =
11 and Cr% =1 in C-YSZ and O% =49, Al % =33, Y% =
13 and Cr% = 2 in M-YSZ, at.%). Actually, it is reported
that there is a pretty thin outermost porous spinel layer
above the outer gray region, which was confirmed to be a
spinel structure of NiCr,O4 (Ref 31).

From Fig. 10, one can conclude that there are two dif-
ferences between the C-YSZ and M-YSZ coatings after the
oxidation test. One is the uniformity of oxide layers. For
C-YSZ, it seems that the thickness of TGO layer is almost
uniform for both 24 h and 100 h, while for M-YSZ the
TGO layer presents uneven thickness during the oxidation
period. The second difference, as observed before, is that
after 100-h oxidation test there are large cracks parallel to
TGO surface in C-YSZ but instead, small cracks
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perpendicular to the coating surface can be detected in
M-YSZ. The two differences are mainly ascribed to the
different microstructures in both YSZ coatings, as dis-
cussed in Part 3.1. For M-YSZ, the special porosity
structure with less defects can partly prevent the oxidation
through penetration of the oxygen from topcoat to bond
coat on the one hand. On the other hand, unlike the con-
ventional YSZ coatings with a large-sized porous
microstructure, the nanostructure and submicron size or
nanoscale of pore in M-YSZ can slow down the oxygen
diffusion from existing defects. Significantly, as is well
known, the formation of TGO at the interface of the top-
coat and the bond coat causes residual stress. Substantial
increase in stress during TGO growth induces spallation of
topcoat from bond coat (Ref 32, 33). The uniformly dis-
tributed pores with nanosize and submicron size may have
improved the stress release ability during the oxidation
process (Ref 17). It is reported that the crack structure can
be influenced by many factors such as porosity, residual
stress, substrate temperature, etc.; the crack formation
mechanism for C-YSZ may result from its porous structure,
while for M-YSZ the relatively dense structure at inner
layer between topcoat and bond coat usually causes vertical
cracks (Ref 34-37). By the way, existing voids near the
ceramic and intermediate layers in M-YSZ act as a stopper
of transverse crack propagation.

Figure 1la displays the x-ray diffraction patterns for
C-YSZ and M-YSZ abradable seal coatings after 120-h
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Fig. 10 Enlarged SEM cross-
sectional microstructures near
the interfaces between the bond
coats and the YSZ coats of G :
oxidized C-YSZ for (a) 24 h and \
(c, e) 100 h and M-YSZ for C

rack:
(b) 24 h and (d, f) 100 h By

Top Coat

Bond Coat

- ‘."_Top’C’

“:=Cracks

TGO

oxidation test. As can be seen, the M-YSZ coating can
always keep a tetragonal zirconia structure and neither of
monoclinic zirconia phase or cubic phase could be detected
after 120-h oxidation test, indicating an excellent phase
stability during the oxidation process. The excellent phase
stability mainly originates from the mixed solution pre-
cursor plasma spraying method, during which the complete
thermal reaction occurs between the coating and most of
the nanoparticles with the phase transition from amorphous
precursor to tetragonal phase (Ref 18). However, for
C-YSZ some new diffraction peaks around (101) come out
compared with the XRD result of C-YSZ in Fig. 5, which is
determined to be the monoclinic zirconia phase with a low
quantity. As is known, the metastable tetragonal phase
usually does not transform to the monoclinic phase or the
cubic phase until the temperature is higher than 1200 °C.
As a result, the phase transition in C-YSZ during oxidation
test should be further explored and concluded with firm
data. Such a phase transformation behavior has not been

Bond Coat

Bond Coat

observed in the M-YSZ coatings. This may be because the
compressive stresses caused by the increase in the thermal
expansion mismatch (Ref 38) are much higher in C-YSZ
by conventional plasma-spray technique compared with
that of M-YSZ by mixed solution precursor plasma-spray
technique, though further deep investigation on the above
discussions should be done in the future. The phase tran-
sition behavior during the oxidation process may be one of
the reasons why large cracks parallel to the C-YSZ coating
surface can be observed after 100-h oxidation shown in
Fig. 10. Figure 11(b) shows the variation in TGO thickness
after 4, 12, 48, 100 and 120 h of oxidation at 1150 °C. First
of all, the rate of TGO formation is higher in C-YSZ in
comparison with M-YSZ. As can be seen from Fig. 11(b),
in the first 12 h of oxidation a rapid increase rate in
thickness is observed in C-YSZ and M-YSZ which is due
to the high affinity of aluminum with oxygen based on
thermodynamics theories (Ref 39). The rate is slowed
down until 48 h in both coatings after which the increase is
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Fig. 11 (a) XRD patterns from the surface of the C-YSZ and M-YSZ
coatings after 120-h oxidation test. (b) Changes in TGO layer
thickness with oxidation time for the C-YSZ and M-YSZ coatings

slow and reaches a constant rate. The TGO layer growth
rate of M-YSZ coating is smaller than that of C-YSZ
during the first 16-h oxidation, and then the rate increased
considerably so that after 100 h of oxidation reaches to
thickest layer. Moreover, the TGO layer thickness after
120-h oxidation is smaller in M-YSZ in comparison with
the C-YSZ coating. As mentioned before, the oxygen dif-
fusion into bond coats and the internal oxidation through
existence of TGO layer may be from the existence of
interconnected porosities, cracks in TGO layer due to its
thickening and exerting compressive and bond stresses
during thermal cycles and the connection of the porosities
from ceramic coating with TGO and CoNiCrAlY layers
(Ref 40). The above factors are less severe in M-YSZ
compared with that in C-YSZ.

Hence, the nanostructure topcoat in M-YSZ coating may
play an important role in decreasing oxygen diffusion into
zirconia ceramic layer. It is reported that the formation of a
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dense nanostructure and ultrafine grains of YSZ layer plays
an effective role in reducing the oxygen permeation within
the ceramic zirconia layer (Ref 41). For the abradable seal
coatings, the structure cannot be too dense in the whole
coatings for both C-YSZ and M-YSZ and the oxygen dif-
fusion may go through microcracks and linked porosities
(Ref 42). For C-YSZ, the open and large pores and
microcracks can provide easy penetration path for oxygen
and result in more oxidation. As indicated from the
microstructure of M-YSZ observed in Part. 3.1, the
nanostructured M-YSZ has a large number of interfaces of
nanomultilayered structure and the grain boundaries and
microporosity within the nanostructured coating may fur-
ther improve its oxidation resistance compared with
C-YSZ. As a result, the nanostructure of YSZ in the
M-YSZ coatings, to some extent, is preventive for the
oxygen access to the coated metal interface.

Hot Corrosion Behavior

Figure 12 shows the surface morphologies of the C-YSZ
and M-YSZ coatings after hot corrosion test at 900 °C for 4
h. After 4-h hot corrosion test, some spallation can be
observed in both coatings in Fig. 12(a, b) compared with
Fig. 3. It can be seen from Fig. 12(c, d) that many crystals
with rod shape are deposited on the surface of both the
C-YSZ and M-YSZ coatings. The results of EDS analysis
of the boxes in Fig. 12(c, d) show that the regions mainly
contain O, Vand Y (0% = 51 at.%, V% = 23 at.%, Y% =
23 at.%, Zr% = 3 at.% for C-YSZ in Fig. 12(c) and O% =
53 at.%, V% = 26 at.%, Y% = 20 at.%, Zr% = 1 at.% for
M-YSZ in Fig. 12(d)). Moreover, the large peeling
vacancies as well as some large transverse cracks appeared
in the C-YSZ coating, while some large vertical or oblique
cracks were found in the M-YSZ coating as shown in
Fig. 12e, f. Significantly, after 4-h hot corrosion test,
degradation of the C-YSZ coating occurred at the ceramic—
bond coat interface, while for the M-YSZ coating the
ceramic-bond coat interface did not result in serious
degradation.

The mechanisms on the appearance of these crystals on
the surface of both C-YSZ and M-YSZ coatings have been
described in some previous works (Ref 43, 44). Firstly, the
molten salts penetrate into the coatings through the pores
and microcracks which are usually formed in the plasma
spray coatings. After that, the NaVO;3 can be formed from
the reactions between corrosive salts, which can further
react with stabilizer of ZrO,(Y,05):

Na2504(1) — Nazo(l) + SO3 (g)
NaZO(l) + V205 (1) — 2NaV03 (1)
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Fig. 12 SEM images after 4-h
corrosion test for C-YSZ: (a) the
surface, (c) the enlarged view of
surface and (e) the cross section
and for M-YSZ: (b) the surface,
(d) the enlarged view of surface
and (f) the cross section

15.0kV SEI

15.0kV SEI

Zr0,(Y,03)(s) 4+ 2NaVO;(1)

— ZrO,(s) 4+ 2YVO4(s) + NayO(1) (Eq 4)

Finally, the formation of YVO, crystals is done when
the Y,O; is totally depleted from YSZ, leading to the
transformation of tetragonal to monoclinic ZrO,. This
phase transformation behavior can result in volume chan-
ges, causing further cracks during the high-temperature
thermal cycling process, as shown in Fig. 12(e) and (f). As
a result, the amount of YVOy crystals and the monoclinic
phase is usually used as an evaluation method for the hot
corrosion progress and resistance (Ref 44, 45). In the
present work, comparing the corrosion resistance between
C-YSZ and M-YSZ can be further done by comparing the
volume percents of the monoclinic ZrO, phase in both
coatings:

15.0kV SEI

m% = (ml +m2)/(t + ml + m2) (Eq 5)

where 7 is the peak intensity of tetragonal ZrO, from the
(101) plane, and m; and m, are the peak intensities of
monoclinic ZrO, from the (1 11) and (111) planes, and they
can all be obtained from Fig. 13(a). From Eq (5), it can be
calculated that the amounts of monoclinic phase in C-YSZ
and M-YSZ are ~48% and ~31%. So for the C-YSZ
coating the volume percent of monoclinic ZrO, is higher
than that of the M-YSZ coating in the early stage during the
hot corrosion test.

Figure 13(a) shows the XRD results for the C-YSZ and
M-YSZ coatings after 24-hour corrosion test. In addition to
tetragonal ZrO, which is the predominant phase in both
coatings, diffraction peaks corresponding to monoclinic
ZrO, and tetragonal YVO, phases resulting from the
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Fig. 13 (a) XRD results for the C-YSZ and M-YSZ coatings after
24-hour corrosion test; (b) mass change per unit area versus hot
corrosion time for C-YSZ and M-YSZ after hot corrosion at 900 °C

corrosion process can also be obtained. Figure 13(b) shows
the hot corrosion kinetics (mass change per unit area) of the
C-YSZ and M-YSZ coatings coated with mixed salts at 900
°C. It is seen that for both coatings the weight change is
above zero before ~40 h and then large mass loss is due to
the severe scale spallation during the corrosion exposure
and cooling stages, leading to the weight change down
below zero as shown in Fig. 13(b). In comparison, one can
see from Fig. 13(b) that the M-YSZ coating seems to
present better hot corrosion resistance in the early stage
compared with that of C-YSZ because the mass decrease
was lower. One should notice that the weight change is
above zero after 4-h hot corrosion test from Fig. 13(b),
which may contradict the SEM observations in Fig. (12).
This may be caused by the loss of loose products on the
surface during the samples’ preparation process for the
cross-sectional observation. Overall, both the C-YSZ and
M-YSZ abradable seal coatings fail to display excellent hot
corrosion resistance in the present work, which may be
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caused by the abradable seal coatings’ own special char-
acteristics. It is reported that the YSZ/alumina composite
coatings present higher hot corrosion resistance than the
YSZ coating (Ref 45, 46), giving some ideas on designing
M-YSZ/Al abradable seal coatings with better hot corro-
sion resistance in the future.

Conclusions

In this study, two kinds of abradable seal coatings were
successfully prepared by applying the conventional plasma
spraying method with improved nanostructured powders
and by mixed solution precursor plasma spraying tech-
nique. A detailed study of the microstructure and
mechanical properties was made between the C-YSZ and
M-YSZ coatings, and the results showed that the size of
existing pores is much larger and the melted particles
distributed around the pores are much denser in C-YSZ
presenting higher hardness and bond strength compared
with that of M-YSZ presenting lower hardness and smaller
bond strength. Moreover, the stability of the C-YSZ coat-
ing and analysis from the microstructure point of view
were compared to the particulate M-YSZ coating by means
of high-temperature oxidation and hot corrosion test. The
M-YSZ coatings display better oxidation resistance due to
the nanostructure topcoat compared with C-YSZ. However,
both the C-YSZ and M-YSZ abradable seal coatings did
not present excellent hot corrosion resistance during long-
time hot corrosion process. This work may shed light on
the design of nanostructured abradable seal coatings.
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