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Abstract: The efficiency of a gas turbine engine is highly dependent upon the clearance between blades and engine case. To control

the over-tip leakage, an abradable coating system is sprayed on the case surface. In the high temperature section, a ZrO»-8wt%Y>0;

(YSZ) coating is usually applied. Pores in the coating enhance its abradability. In this study, poly-p-hydroxybenzoate (PHB) powder

mixed in the YSZ powder was used as pore-forming material. To avoid burning loss of PHB during the spraying process, a sol-gel

method was used to clad a TiO; shell on the PHB powder surface. The porous YSZ coating was deposited by plasma spraying. The

characteristics of the coatings were investigated in this work, such as morphology, porosity, hardness, corrosion resistance and

abradability. The results show that the coated PHB increases the porosity of the YSZ coating, and then decreases the coating

hardness. Finally, a rotated invading test indicates the incursion depth increases with the increase of coating porosity, suggesting the

coating abradability is improved.
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As previous research works report, the efficiency of a gas
turbine engine can be increased by minimizing the clearance
between rotating and stationary parts''’. To reach this aim, an
abradable seal coating is used to be deposited on the inner
wall of the engine casing via plasma spraying®. As the turbine
blade rotates at around 10 000 r/min, the blade tip may incur
into the seal coating to close the gap between the blade tip and
shroud. Once the seal coating is used in the high temperature
section, a ceramic-based coating such as ZrO,-8wt%Y,0s
(YSZ) is commonly applied for its superior thermal barrier
property®*. As a kind of seal coatings, the ceramic coating
should be soft enough to avoid a significant blade wear, thus
allowing much smaller clearances.

According to previous works, the coating hardness was
affected by the porosity, which could be adjusted to achieve
the abradable function of the coatings™®
porosity of YSZ coatings is below 10%, which is too low to
achieve the purpose of adjustment. Nicoll” invented a new

I Generally, the

YSZ coating deposited by hollow powder to increase the
porosity to around 30%. However, the high cost kept this
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coating from extensive application. Sanjuan ' blended
polymers such as poly-p-hydroxybenzoate (PHB) with YSZ
powder stocks to increase coating porosity to around 20%.
This is a low cost approach to increase coating porosity.
However, PHB has a tendency to decompose during the
spaying process due to the high plasma temperature, resulting
in an instable coating porosity, which substantially bring about
bhde ab rasion.

To decrease PHB decomposing, a layer of TiO, was clad on
PHB to avoid it contacting with the plasma directly in this
paper. Therefore, the porosity of the coating could be
increased steadily, resulting in an improved abradability.

1 Experiment

Three kinds of powder feedstock were tested: (A) agglo-
merated pure YSZ powder, (B) agglomerated YSZ with mixed
uncoated PHB, and (C) agglomerated YSZ with mixed coated
PHB. As a raw powder, the PHB mixed in the agglomerated
powders take a decisive effect in increasing coating porosity'.
For comparison, powder B and C contained the same amount
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of PHB. The flowability and apparent density of the
agglomerated powder were investigated by a FL4-1 hall flow
meter. Their components and properties are listed in Table 1.
Fig.1a shows the morphology of the PHB powder with a
particle sizes of 10~25 pum. A smooth powder surface and
near-spherical morphology are observed. In order to enhance
the thermal resistance of this powder, a new approach of
sot gel procedure was used. PHB powder was mixed into the
tetrabutyl titanate-ethanol solution under magnetic stirring
conditions. Titania sol and gel were generated by dripping
acidic water in the solution. Then PHB coated with titania
emerged after dying and milling. After sieving, the coated
powder hd a particle size between 10 pm and 25 um. The
morphology of the coated PHB powder is shown in Fig.1b.
Polygonal and fine particles are observed on the PHB surface,
forming a shell to avoid PHB contacting plasma directly!*'").
The un-coated PHB or as-received coated PHB, YSZ raw
powder with a particle sizes of 2~10 pm and some polyvinyl
alcohol (PVA) were dispersed in deionized water by a
ball-milling machine, to make the slurry for agglomeration.
The agglomerated powders were then fabricated by spray
dying in the tower at 300~320 °C intake temperature and

Table 1 Components and properties of the powder feedstock

o A t
Composition/wt% PPt b swability Particle
Powder density/ 1550 g e/
YSZ PHB Coated-PHB gcm'! 0o 8  SZOHM
100 - - 1.58 212 45~106
B 9 10 - 0.86 383 45~106
C 8.8 - 132 0.92 317 45~106

Fig.1 Morphologies of PHB (a) and coated PHB (b) particle

100~120 °C outlet temperature with the atomizer rotating at
1800 fm in. The final powders A, B and C with a particle sizes
of 45~106 pm were selected for plasma spraying.

The specimens were made by a Ni718 alloy, and were
cleaned by acetone and sandblasted by alumina. In order to
enhance the bond strength of the ceramic coating, a metal
coating of CoNiCrAlY was deposited on the substrate surface
firstly. Then the agglomerated powders of Powder A, B, C
were sprayed using Praxair 3710 plasma equipment to form
Coating A', B', C', respectively. The thickness was around 250
pm for the top coating and around 100 um for the bond
coating. The optimized spraying parameters are listed in Table
2. The finish coated specimens were heated at 550 °C for 2 h
in the furnace to generate pores through a decomposition
process of the PHB!'?,

The morphology of the powders and microstructure of the
coating cross-sections were analyzed by a scanning electron
microscope (QUANTA-200 FEI, Netherlands). An image
analyzer based on gray contrast was used to determine mean
coating porosity. A superficial Rockwell hardness tester
(TH320, TME, USA) with an indent load of 147 N was used
to examine the superficial hardness of the top coatings. To
estimate the corrosion resistance of the specimens,
potentiodynamic polarization curves were obtained via an
electrochemical workstation (P4000, PRINCETON,USA) in
3.2 wt% sterile seawater. The experiment was conducted in a
standard three-electrode system with the tested specimen as a
working electrode, the Pt net as a counter electrode and the
saturated calomel electrode as a reference electrode. Before
electrochemical tests, the specimen was immersed in the
sterile seawater for 30 min to ensure the steady state.

Ni718 alloy samples coated with the coating system
obtained above (100 um bond coating, 250 pm top coating)
were used as samples for abradability rig testing (Fig.2). A
bearing steel pin with HRC 55 hardness was pressed on the
coating surface with a pressure of 40 N, and then rotated at a
speed of 20 m/s. According to the incursion rate, the test
endured in a 200 s period. The gross mass loss of the pin was
measured by an electronic balance with the accuracy of 0.001
g. The cross-sections of the abraded coating samples were
analyzed by a laser microscopy (OLYMPUS-OLS4100,

Japan).
2 Results and Discussion

Three kinds of top coatings (coating A’ sprayed by powder A,

Table 2 Spraying parameters for the top and bond coatings

Powder Current/A  Voltage/V ~ Spraying distance/mm
CoNiCrAlY 780 38 85
A 850 40 75
B 850 40 75
C 850 40 75
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Fig.2 Schematic diagram of the abrasive rig (mm)

coating B’ sprayed by powder B and coating C' sprayed by
powder C) were deposited on CoNiCrAlY bond coating. The
cross-section micrographs of the coating are shown in Fig.3.
Different pore morphology and distribution are exhibited in
the top coatings. Coating A’ possesses the lowest porosity in
the current coatings at about 3.3%. The mean pore size of
coating A’ is approximately 7 pm. The mean porosity
increases to 11.5% in coating B’ and the mean pore size
increases to about 17 um as a result of the emergence of some
larger pores due to mixed PHB. Finally, the mean porosity and
pore size increase to 23.5% and 20.5 um, respectively in
coating C', because of remarkable increase of larger pores.

1679

The microstructure of larger pores in coating C' was
analyzed by the SEM, as shown in Fig.4a. Based on energy
spe trum, the elements of Zr, Y and O were detected in the top
coating, indicating the components of this coating (Fig.4b).
And the elements of Ti and O were detected around the
boundary of the pores (Fig.4c), indicating the TiO, shell
deposited on the PHB has been retained in the coatings. The
TiO, shell can prevent the PHB from directly contacting with
plasma arc during the spraying process so that more PHB
would remain to generate higher porosity through subsequent
decomposition.

As shown in Table 3, the superficial hardness decreases
with the increase of coating porosity. The pores presented in
coatings decrease the stressed area when the indenter is
pressed on the surface, resulting in a decline in hardness'>™"*.
So it can be concluded that more pores induce lower hardness.

The anti-corrosion behavior of the bare Ni718 and the alloy
with coating A', B', C' were characterized by potentiodynamic
polarization curves and corrosion current densities (/o) in
Fig.5.

The corrosion rate could be calculated by corrosion
inhibition efficiency (E;) in Eq.(1) "

E=(L,=1)/1, O]
where I, and I, are referred to the corrosion current densities of
sample a and sample b, respectively. This equation reveals that

Intensity/a.u.

E/keV

N
w }
NS
w b
o b
QF
oo F
o F

EkeV

Fig.4 Microstructure of larger pores in coating C' (a), EDS spectrum of the top coating (b), and EDS spectrum of the gray area

around the large pores (c)
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Table 3 Mechanical properties of different coatings

Table 4 Abradable properties of different coatings

. Mean porosity/ Mean pore size/ Superficial hardness/ . Load/  Rotation Pin mass Max incursion
Coating Coating . 1
% pm HRisy N  speed/rmin loss/mg depth/um
A’ 33 7.2 96.4+8.4 A’ 40 1200 12 10.8
B’ 11.5 17.1 82.5+9.6 B’ 40 1200 7 87.3
C' 23.5 20.5 68.7+8.5 C’ 40 1200 3 244.6
1-Bare Ni718 alloy 9
2-Ni718 with coating C' 8
3-Ni718 with coating B'
=3F 4-Ni718 with coating A’ 7 “—
D 6
ki §
5 4t > <
< 25
a7 3
¥ %
5t 5 =
1
A — 0
-15 09 03 0 1 2 3 4 b 500 um
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Fig.5 Potentiodynamic polarization curves and corrosion current

densities of bare Ni718 and specimens with different coatings

E; of the specimens with the coating A', B', and C' compared
with bare Ni718 is 80.2%, 73.5%, 51.6%, respectively. It is
obvious that the coatings promote the corrosion resistance of
Ni718 alloy, and the corrosion current densities decrease with
the increasing of coating porosities.

For evaluating the abradability of applied coatings, the
underlying principle is similar for the different test rig
configurations. A dummy blade is used to run against a coated
specimen with a certain pressure and at a certain rotation
speed®?'. The mass loss of the dummy blade and the
incursion depth of the coating can be used to evaluate the
abradability of the coatings. In this experiment, a pin with
blunt tip was used to simulate the blade, pressed on the
coating with a 40 N pressure and then rotated at a 20 m/s
speed. The abradability test results are summarized in Table 4.
As the rotating pin was pressed on the coating A’ surface, it
presented very serious wear at the tip. Meanwhile, the surface
of coating A’ demonstrated an anti-incursion capability. The
mass loss of the pin is 12 mg and the maximum incursion
depth of the coating is only 10.8 um after 200 s test. Coating
B’ illustrates a be ter abradable property with a pin mass loss
of 7 mg and a maximum incursion depth of 87.3 um. For
coating C’, the pin mass loss decreases to 3 mg, and the
coating incursion depth increases rapidly to 244.6 um.

The cross-section micrographs of the invaded samples
deposited with coating A’, B’ and C’ are shown in Fig.6. A low
incursion depth and a smooth surface are found at the abrasion
area of coating A'. And the coating cross-section exhibits
many cracks with some new propagation due to the effect of
incursion, as shown in Fig.6a.

Fig.6  Cross-section micrographs of the worn samples with coating
A’ (a), coating B’ (b), and coating C’ (c)

A larger incursion depth and fewer cracks are shown in
coating B’ (Fig.6b) than in coating A’. For coating C’, the area
invaded by the rotate pin is abraded off completely, but the
other area is retained as a well structure, as shown in Fig.6c.

In current coatings, coating C' exhibits the best abradability
due to the increased porosity and appropriate pore distribution.
At the incursion situation, pores promote the crack connection
in the abrasion area, bring in an increase of coating wear rate,
and then improve the coating abradability.

3 Conclusions

1) The porosity of the top coating increases to 11.5% from
3.3% after directly mixing 10 wt% PHB into the YSZ powder.
Once a TiO, layer is deposited on the PHB surface before
mixing, the porosity increases to 28.5%.

2) The superficial hardness of the top coating presents an
obvious decrease as the porosity increases.

3) The lower hardness of the top coating induces a lower
mass loss of the rotate pin and a deeper incursion depth of the
top coating during the abradability test.
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