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Abstract: A1,Os-Pt/YSZ-Pt double layer composite coatings were prepared by cathode plasma electrolytic deposition (CPED) on the
superalloy with a NiCoCrAlY bond-coat. The composite coatings consist of an Al,O3-Pt film and a YSZ-Pt top-coat and show a
good adhesion to the metallic bond-coat. It is demonstrated, from the cyclic oxidation test and mechanical properties test, that such
coatings possess good oxidation and spallation resistance. These beneficial results can be attributed to these effects: owing to the
extremely low oxygen diffusion rate of ALO;-Pt film, such composite coatings can inhibit further oxidation of the bond-coat; the

mechanical properties of A,O3-Pt/YSZ-Pt composite coating are improved by the toughening effect of Pt particles.
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With the demand of high thrust-to-weight ratio and fuel
efficiency of the engines, the gas inlet temperature of the
engine is strongly demanded to be improved!’. Consequently,
thermal barrier coatings (TBCs) with low-thermal conduc-
tivity have been widely used to protect metallic components

from the hot gas stream

. Currently, typical TBCs are
usually composed of a heat insulating top-coat of Y,0s-
stabilized ZrO, (YSZ), a metallic bond-coat and a superalloy
substrate. The metallic bond-coat can provide good adhesion
and strong oxidation protection for the superalloy substrate!.
However, at elevated temperatures, the permeation of oxygen
through the YSZ top-coat results in the formation of a
thermally grown oxide (TGO) layer at the bond-coat/top-coat
interface. An ideal TGO layer mainly consists of a-Al,O; and
can prevent further oxidation of the bond-coat. However, it
has been certified that the failure of TBC systems usually
takes place at the top-coat from the TGO layer or at
TGO/bond-coat interface ™). First, other spinel-type oxides
such as (Cr,Al),0s, Ni(Cr,Al),O4 and NiO with a rapid local

volume increase and a high oxygen diffusion rate!®'"
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sometimes form in the TGO layer. Second, the thermal
expansion mismatch between the TGO layer and the
bond-coat results in high thermal stresses in the TGO
layer!""'?. Once the thermal stresses increase and exceed the
critical crack propagation stress of the TGO layer, the crack
propagation occurs in the TGO layer!"'¥). Therefore, the key
to enhancing the service life of current TBCs is to improve the
oxidation resistance of the metallic bond-coat, reduce the
stress growth rate of the TGO layer and release the stress in
TGO layer!"*'®,

In recent decades, extensive attentions have been focused
on the improvement of the metallic bond-coat oxidation
resistance by either applying over-aluminizing treatments!' "%,
or performing pre-oxidation of the bond-coat*" or high-
current pulsed electron beam irradiating coating surfaces ™.
Recently, a novel approach is proposed to enhance the
high-temperature  oxidation resistance of the metallic
bond-coat. A thin ALO; film is prepared on the bond-coat
before the deposition of ceramic top-coat to improve the
oxidation resistance of the bond-coat™. However, owing to
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the poor mechanical properties of the Al,O; film, AL,O; film is
easily peeled off from the bond-coat at a high temperature. It
is reported that the high-temperature spallation resistance of
the ceramic coating can be improved by doping noble metallic
particles, which possess outstanding high-temperature stability
and mechanical properties . Different ceramic coatings
doped  with possessing  good
high-temperature spallation resistance, have been fabricated,
such as ALOs-Au™, La,Zr,0,-Pt* and ALO;-Pt/YSZ-Pt
composite coatings'”\. Hence, it should be an effective way for

noble nano-particles,

improving the mechanical properties of the thin Al,O; film by
doping dispersed noble metallic particles. Consequently, the
oxidation resistance of the metallic bond-coat and the service
life of TBC system can be improved.

In this work, cathode plasma electrolytic deposition (CPED)
was applied to prepare these composite coatings. Such method
is a combination of conventional electrolysis and plasma
process, which has been studied for decades®". A thin Al,O4
coating doped with Pt particles was prepared firstly on the
metallic bond-coat, and then a YSZ top-coat doped with Pt
particles was deposited on this thin Al,Os;-Pt coating. The
high-temperature  oxidation resistance and mechanical
properties of such composite coatings were investigated, and

the mechanisms of such effect have been discussed.
1 Experiment

1.1 Coating preparation

The schematic view of CPED device for preparing Al,O;-
Pt/YSZ-Pt composite coatings is shown in Fig.1. A platinum
electrode with a dimension of 120 mmx50 mmx0.3 mm was
used as the anode. The samples of IC10 alloys (wt%) (0.1 C, 12
Co, 6.5 Cr, 6.2 AL, 5 W, 1 Mo, 1.5 Hf, 6.5 Ta, 0.01 B, balance Ni)
were used as the cathode with a size of 15 mmx10 mmx2 mm.
Then Praxair 3710 type APS equipment was used for the
preparation of NiCoCrAlY with a thickness of 120 pm on the
IC10 alloys. And the chemical composition of the NiCoCrAlY
bond-coat is Ni-32Co-21Cr-8Al-0.5Y (wt%). A pulsed electrical
power supply (TN-KGZ01) was connected to the electrolytic
bath. The Al,0;-Pt intermediate films were firstly prepared on
the coatings 2, 3 and 4. The electrolyte composition and CPED
parameters for the preparation of Al,Os;-Pt films are listed in
Table 1. The YSZ-Pt coatings were then prepared on the
coatings 1, 2, 3 and 4 and named as samples a, b, ¢ and d,
respectively. The electrolyte composition and CPED parameters
for preparing YSZ-Pt coatings are listed in Table 2.
1.2 Coating characterization

The morphology of AlLOs;-Pt/YSZ-Pt
investigated by scanning electron microscope (SEM, JMS-

coatings was

6480A) with an energy-dispersive spectroscopy (EDS) system.
The phase structure was detected by X-ray diffraction analysis
(XRD, PW 3710, Philips) at room temperature using nickel
filtered Cu Ko radiation in a 20 range of 20°~90° with a step
size of 0.02°.
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Fig.1 Schematic view of the CPED device

Table 1 Composition of the solution and CPED parameters for

preparing Al,Os-Pt films on coatings 1~4

Coating  AI(NO3)s/mol-L"  H,PtClg/g'L"  Voltage/V  Time/min

1 - - - R

2 0.8 0 115 10
3 0.8 0.1 115 10
4 0.8 0.2 115 10

Table 2 Composition of the solution and CPED parameters for
preparing Y,Os-Pt coatings on samples a~d

Y(NOs); Zr(NOs)y/  HoPtCly/ Voltage/ Time/

Sample Coating

mol-L™ gL v min
a 1 0 140 30
b 2 0.2 0 140 30
c 3 1.8 0.1 140 30
d 4 0.2 140 30

High temperature cyclic oxidation tests were carried out to
investigate the high-temperature oxidation and spallation
resistance of the composite coatings in a furnace at 1100 °C for
200 h. Before the oxidation test, the mass of sample + crucible
(W,) and crucible (W',) were weighed separately by an analytical
balance (BT 25S, Sartorius). The sample + crucible were then
put into the furnace and taken out after 10 h. After air cooling to
room temperature, the spalling oxide could be found in the
crucible, and the mass of sample + spalling oxide + crucible (W)
and spalling oxide + crucible (#';) were weighed separately by
the analytical balance again. The weight gain is equal to W,—W,,
and the spallation is equal to W'—W'. This cycle was then
repeated 20 times, the data were recorded and used to evaluate
the high-temperature oxidation and spallation resistance of the
composite coatings.

Hardness and elastic modulus of the composite coatings were
tested by MTS Nanolndenter XP indentation test through driving
a diamond indenter into the coating surface, and the depth was
kept at 2000 nm. The Vickers indentation testing (Wolpert
Wilson Instruments, 401IMVD) was used to measure the
indentation parameters of half crack length (¢), as shown in
Fig.2.
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Fig.2 Schematic of Vickers indentation test for measuring half

crack length ¢

2 Results and Discussion

2.1 Morphologies of the prepared coatings

Fig.3 shows the surface morphologies of Al,O;-Pt/YSZ-Pt
composite coatings (samples a, b, ¢ and d) prepared by CPED.
As shown in Fig.3a and 3b, the surfaces of the sample a and b
are rough, and a few cracks can be found in the coatings. The
cracks can provide a diffusion path for oxygen, probably
resulting in the oxidation of the bond-coat during high
temperature service. On the contrary, as shown in Fig. 3¢ and 3d,
no obvious cracks could be observed in the coatings dispersed
with Pt particles, which could be beneficial in improving the
oxidation resistance of the composite coatings. Moreover, as
shown in Fig.3a~3d, several molten areas could be observed on
the surface of coatings, owing to the ultra-high temperature
locally formed in the plasma discharges during the CPED
process.

Fig.4 shows the cross-sectional morphologies of samples
a~d prepared by CPED. It can be seen from Fig. 4a that there
is no ALO; film between the YSZ top-coat and the metallic

bond-coat, and the thickness of the YSZ coating is
approximately 130 um. In addition, as shown in Fig.4b~4d,
the ALO; films with a thickness of about 15~20 pum are
prepared between the YSZ top-coat and the metallic bond-coat.
As the concentration of H,PtCls:6H,O in solutions increases,
the thickness of YSZ coating is increased. Under the same
experimental conditions, the thickness of the ceramic coating
prepared by CPED is related to the electric conductivity of the
coating. During the CPED process, the ceramic coating can be
considered as an insulator. Once the ceramic coating is too
thick to be broken down, the process of CPED will end.
Because of the Pt particles dispersed in the ceramic coating,
the conductivity of the coating is improved and then the
thickness of the coating can be increased.

Fig.5 shows the SEM-backscattered-electron image of the
YSZ coating prepared by CPED on sample d. It can be seen
that a lot of Pt particles (white spots), which is proved by EDS
analysis, are dispersed in the coating. Fig.6 shows the XRD
patterns of the metallic bond-coat, the Al,O; film, the YSZ
coating and the YSZ coating after cyclic oxidation. It can be
seen that the prepared AlL,O; film consists of a-Al,O; and
y-ALO;, and the prepared YSZ coating consists of
t-Z10.94Y 0.1202.06. Additionally, after 200 h of cyclic oxidation,
m-ZrO, diffraction peaks are clearly detected in the YSZ
coating. It is suggested that the phase transformation occurs
during the cyclic oxidation.

2.2 High temperature cyclic oxidation properties

Fig.7 shows the oxidation kinetics curves and spallation
kinetics curves of samples that were cyclically exposed in an
air furnace at 1100 °C for 200 h. It can be clearly revealed that,
compared to the sample with only metallic bond-coat, the
samples with Al,0;/YSZ composite coatings possess
relatively low oxidation mass gain and spallation mass. In

Fig.3 SEM morphologies of coatings prepared on different samples: (a) sample a, (b) sample b, (c) sample ¢, and (d) sample d
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Fig.4 SEM cross-sectional images of coatings prepared on different samples: (a) samplea, (b) sample b, (c) sample c, and (d) sample d

Fig.5 SEM-backscattered-electron image of sample d

t S: Substrate
a: a-ALO;
y: +ALO;s
& +-Zr004Y 0120206
m: m-ZrO,
=
g
>, t
=
2] t
[=] t
L|c { t t tt
=]
S=]
b v a yef o oo, Ty
s
a J 2 3
L L L L L I L
10 30 50 70 90
20/(°)

Fig.6 XRD patterns of samples (a-metallic bond-coat, b-Al,O5 film,
c-YSZ coating, d-YSZ coating after 200 h cyclic oxidation)

addition, the oxidation and spallation resistance can be
improved significantly by co-depositing Pt particles, due to the
toughening effects of Pt particles dispersed in the Al,05/YSZ
composite coatings. For sample a, severe peeling occurred at the
metallic bond-coat/YSZ coating interface, since the spallation

mass was sharply increased after 100 h of cyclic oxidation,
which can be attributed to the crack initiation and spallation of
TGO layer due to the high oxygen diffusion rate of YSZ
top-coat. For sample b, in the same way, peeling occurred after
130 h of cyclic oxidation. In contrast, for samples ¢ and d, it can
be seen that a larger content of Pt particles results in a better
oxidation resistance of the Al,O3-Pt/YSZ-Pt composite coatings.

Fig.8 shows the surface morphologies of samples a~d
prepared by CPED after cyclic oxidation at 1100 °C. It can be
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Fig.7 Oxidation kinetic curves (a) and spallation kinetics curves (b)

of samples a~d
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Fig.8 SEM surface images of coatings after cyclic oxidation tests: (a) sample a, (b) sample b, (c) sample c, and (d) sample d

seen from Fig.8a that lots of cracks are evident on the surface
of the coating. In addition, severe peeling of the coating is
observed in the red box which is in good agreement with the
high-temperature oxidation test result. Fig.9 shows the EDS
spectrum of the zone marked in the red box in Fig.8a. It can be
found that the selective oxidation of Al in the bond-coat
occurs, owing to the high oxygen partial pressure.
Furthermore, as the activity and the content of Al for oxidation
in the metallic bond-coat decrease, Cr and Co elements will be
also oxidized, resulting in the enrichment in Cr and Co on the
metallic bond-coat surface. Compared to the sample a shown
in Fig.8a, only slight peeling of the coating and a few
micro-cracks are observed in Fig.8b, and according to the
EDS results, Al, Cr and Co elements can hardly be detected at
the coating surface. Such results can be concluded that the
inner Al,O; film with good oxidation resistance can restrict
the oxidation of the metallic bond-coat. Furthermore, as
shown in Fig.8c and 8d, after 200 h of high-temperature
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Fig.9 EDS spectrum of zone marked in the red box in Fig.8a

cyclic oxidation, the composite coatings dispersed with Pt
particles are intact, and no obvious spallation can be observed
on the surfaces of these coatings.

Fig.10 shows the cross-sectional morphologies of samples
a~d prepared by CPED after cyclic oxidation at 1100 °C. A
part of the coatings without dispersed Pt particles (as shown in
Fig.10a and 10b) is peeled off. Comparatively, the Al,O;-
Pt/YSZ-Pt composite coatings still maintain an intact and
uniform microstructure, and only some micro-cracks without
through cracks and buckling can be observed.

2.3 Mechanical properties

Fig.11 shows the elastic modulus and hardness measured on
the surfaces of samples a, b, ¢ and d. It can be found that the
elastic modulus and hardness of the coating increase as the
concentration of H,PtClg-6H,0 in solution increases.

Besides, the Vickers indentation testing was used to measure
the indentation parameters of the half crack length c. The crack
length was measured immediately after releasing the load, and
the fracture toughness was calculated by the following
equation ');

K, =0.016(E/HD"*(P/c"?) (1)
where Kjc is fracture toughness, MPa'mm; P is indenter load
(9.8 N); E is elastic modulus, GPa; H is the hardness, GPa;
and c is half crack length.

The average fracture toughness of the samples can be
calculated by combining Eq.(1) and Fig.11, and the result of
the average fracture toughness is shown in Table 3. It can be
concluded that the average fracture toughness of the
composite coatings is improved as the concentration of
H,PtClg'6H,0 in electrolyte increases.

As we know, the thermal expansion coefficient of the oxide
coating is much lower than that of the metallic bond-coat.
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Fig.10 SEM cross-sectional images of coatings after cyclic oxidation tests: (a) sample a, (b) sample b, (c) sample c, and (d) sample d

a b c d

Sample

Fig.11 Elastic modulus (a) and the hardness (b) of different samples

During heating-cooling cycles, the oxide coating is subjected
to high stresses. In this work, we proposed a method to avoid
cracking and peeling of oxide coatings by dispersing Pt
particles. From the viewpoint of increasing the mechanical
properties of oxide coatings by toughening effects of Pt
particles, a brief analysis is discussed as follows. First, during
crack propagation, a portion of the fracture energy is absorbed
because of the plastic deformation of the Pt particles. Second,
the crack tip is blunted during crack propagation because of

Table 3 Mechanical properties of samples a~d

Average fracture Average elastic Average

Sample toughness, K¢/ modulus E/ hardness, H/
MPa'm'? GPa GPa
a 1.58 178.83 5.08
b 1.62 179.10 5.06
b 1.89 219.71 5.47
d 2.01 232.61 5.92

the relatively large radius of the Pt particles’ curvature.

As analyzed by Evans, the spallation of a ceramic coating
will take place when the elastic strain energy stored in the
coating exceeds the fracture resistance, G., of the interface. The

criterion for failure is given as the following equation "*:

(1 -V O-coatingzh
—_—>G @)

coating ’

where £ is coating thickness, Ocong 1S Stress in the ceramic
coating, v is Poisson’s ratio and E qne 1S €lastic modulus. As
discussed above, the thermal stresses can be decreased by
dispersing the Pt particles in the coatings, and according to the
results shown in Fig.11, the elastic modulus increases as the Pt
contents in the composite coating increases. Therefore, the
elastic strain energy decreases and the fracture toughness
increases, and a better spallation resistance of oxide coating is
achieved.

3 Conclusions

1) ALO;-Pt/YSZ-Pt double layer composite coatings
prepared by CPED can inhibit further oxidation of the metallic
bond-coat owing to the extremely low oxygen diffusion rate of
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