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Abstract: Al-Cr—O/Zr—O multilayer coating + NiCoCrAlSiY bond layer and Al-Cr—O single-layer coating +
NiCoCrAlSiY bond layer were deposited on superalloy by arc ion plating, and subsequently they were heat treated at
1000—1200 °C. Scanning electron microscope and X-ray diffractometer were used to analyze the microstructure and
phase of the coatings. The results showed that both the Al-Cr—O/Zr—O multilayer coating and Al-Cr—O single-layer
coating exhibited a compact spherical structure. After heat treatment, cracks occurred on the surface of AlI-Cr—O/Zr—O
coating. Cracks increased and widened with rising the temperature. However, the surface cell clusters of Al-Cr—O
coating after heat treatment were changed to tightly connected granular structures, and the granular structures grew up
significantly with the increase of annealing temperature. Owing to the oxygen ion conductor and lower densification of
t-Z1rO; than a-AlOs, -ZrO; in the AI-Cr—O/Zr—O coating provided an access for the inward diffusion of oxygen.
Therefore, the high temperature oxidation resistance of the AI-Cr—O coating + NiCoCrAISiY layer was superior to that
of the AlI-Cr—O/Zr—O multilayer coating + NiCoCrAlSiY layer. The thermal insulation performance of Al-Cr—O/Zr—-O
multilayer coating + NiCoCrAISiY layer was better than that of Al-Cr—O coating + NiCoCrAlSiY layer due to the
large thickness and low thermal conductivity of #-ZrO, phase and the heat reflection of interlayer interface.
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temperature of the substrate. The bonding layer
regulates the thermal expansion coefficient
difference in thermal expansion coefficient between

1 Introduction

In order to improve the thrust-to-mass ratio of
the engine and the turbine inlet temperature, ZrO;
based ceramic coatings are widely used in the
blades of aero engines and gas turbines to provide
high temperature protection for the blades [1-3]. A
lot of research has been done on these coatings
to further improve the performance [4—7]. High
temperature protective coating generally includes
a top ceramic coating and a bonding layer [8].
The top ceramic coating plays a dominant role
in thermal insulation, reducing the working

top ceramic coating and superalloy substrate,
making the coating and substrate more physically
compatible. According to different application
requirements, high temperature protective coatings
can be generally classified into three structural
forms: double-layer system, multilayer system and
gradient layer system [9—11]. The multilayer system
refers to the addition of a barrier layer on the basis
of double layers to prevent oxygen and other
external corrosive media from entering the bonding
layer, thereby delaying the oxidation of the bonding
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layer. However, the preparation process of this
system is more complicated and its reliability is
slightly worse. Gradient layer system refers to a
coating whose chemical composition, structure and
mechanical properties change continuously along
the thickness direction of the coating, so as to avoid
premature spalling of the ceramic layer due to
excessive thermal stress. But its preparation process
is also complicated. Therefore, the double-layer
high temperature protective coating is most widely
used.

The common preparation methods of high
temperature protective coatings include plasma
spraying and electron beam physical vapor
deposition (EB-PVD). The main advantages of
plasma spraying are simple preparation process,
high deposition rate and low cost. The
disadvantages of plasma spraying are low surface
roughness, high porosity and many cracks. These
shortcomings aggravate the high temperature
oxidation of the coating and get the bonding force
between coating and substrate worse [12,13].
Compared with plasma spraying, the coating
surface prepared by EB-PVD is more compact,
which improves the high temperature oxidation
resistance and corrosion resistance. However, the
crystalline columnar structure makes the thermal
conductivity higher than that of the coating
prepared by plasma spraying. In addition, in the
preparation process of EB-PVD, it is so difficult to
control the composition of the material that the
utilization rate of raw material is low [14,15].
Moreover, the high temperature protective coatings
deposited through these two coating technologies
are usually quite thick (about 150—300 pm).
According to Refs. [16—18], the thick ceramic layer
has a better high temperature protective effect.
However, great stress is induced at the interface
between the ceramic layer and the bonding layer
when the coating is too thick. It is worth noting that
great stress accumulation results in the coating
spallation, and then the high temperature protective
coating fails [19].

To design an effective thin ceramic coating is
one of the most important means to improve the
performance and work life of high temperature
protective coating. In this study, a thin AlI-Cr—O/
Zr—O multilayer coating and a thin AI-Cr-O
single-layer coating with NiCoCrAlSiY bond

layer were deposited by arc ion plating (AIP),
respectively. The microstructure, adhesion, high
temperature oxidation resistance and thermal
insulation performance of the two coatings were
systematically investigated.

2 Experimental

2.1 Coating deposition

Al-Cr—0O/Zr—0 multilayer coating and Al-Cr—
O single-layer coating with NiCoCrAlSiY bond
layer were deposited on nickel-based superalloy and
cemented carbide substrate by AIP, respectively.
Cemented carbide substrate was used to prepare
fresh fracture specimens for coatings. Superalloy
substrate was used for high temperature oxidation
experiments and heat insulation experiments.
Superalloy was also the application object of
ceramic thermal insulation coating. The cleaned and
dried substrates were put into the coating chamber,
and then the vacuum system was started to evacuate
air from the coating chamber. When the back
vacuum reached 3.5x1073Pa, argon gas was
introduced into the coating chamber. The substrates
revolving in the coating chamber were heated by
electron beam and auxiliary heating source. When
the substrate temperature reached 400 °C, hydrogen
was introduced into the coating chamber. The total
pressure in the coating chamber was 0.2 Pa. With a
bias of —600 V, the substrate was etched with Ar"
and H" for 70 min. Before depositing Al-Cr—0O/
Zr—O multilayer coating and Al—Cr—O single-layer
coating, a NiCoCrAlSiY (52.2 at.% Ni, 17.5 at.%
Co, 23.6at% Cr, 6.2at% Al, 0.4at.% Si and
0.1 at.% Y) bonding layer was deposited for 16 h
with two NiCoCrAlSiY targets. The deposition was
performed in a pure argon atmosphere with the
pressure of 9 Pa. The target current was 100 A. The
working temperature was 400 °C and the substrate
bias voltage was —400 V. The substrates revolved in
the chamber with a revolution rate of 1 r/min. This
bonding layer could not only improve the bonding
strength of the top ceramic coating, but also have
good oxidation resistance. Subsequently, AlosCrs
and Zr targets were used to deposit the AI-Cr—O/
Zr—O multilayer coating for 1 h. The AlosCrs targets
and the Zr targets were placed vertically, as shown
in Fig. 1. The working currents of both AlssCrs
targets and Zr targets were 100 A. During preparing



Li-jun XIAN, et al/Trans. Nonferrous Met. Soc. China 34(2024) 1237-1250 1239

Al-Cr-O single-layer coating, only the AlosCrs
targets were used and the current remained
unchanged. The deposition atmosphere was a
mixture of oxygen and argon, and the flow ratio of
oxygen to argon was 3:5. The total pressure was
2 Pa and the substrate bias voltage was —60 V.

(NiCoCrAISiY)

Fig. 1 Schematic diagram of arc ion plating system
2.2 Heat treatment and thermal insulation
performance test

The heat treatment was carried out in the
SX2-10—-12 box-type resistance furnace. Both
Al-Cr—0/Zr—0O coating + NiCoCrAlSiY layer and
Al-Cr—-O coating + NiCoCrAlSiY layer were
placed in the furnace at room temperature.
Subsequently, the furnace temperature rose to 1000,
1100, and 1200 °C in sequence and held for 2 h. For
comparison, the uncoated nickel-based superalloy
sample was also put into the furnace for heat
treatment. The analytical balance (METTLER
TOLEDO XS104, and the accuracy of 0.1 mg) was
used to weigh the mass of samples before and
after oxidation. Mass gain per unit area (AG, g/m?)
was calculated by the following formula [9]:
AG=(M—M,)/S, where M, is the mass of the sample
after heat treatment, M is the mass of the sample
before heat treatment, and S is surface area of the
sample. The thermal insulation performance tests of
the coatings were completed in a self-made test
device, as shown in Fig.2. The coating surface
was heated by heat source, and the temperature
of coating surface (7.) was monitored by a
thermocouple. Another thermocouple was embedded
in the substrate to monitor the temperature of the
substrate (7s). The temperature difference between

the coating surface and the substrate was considered
as the thermal insulation performance of the
coating.

surface

Temperature recorder
(Unit: °C)

Standard test sample
(Unit: mm)

Fig.2 Schematic diagram of thermal insulation

performance test of coatings

2.3 Characterization

Hitachi S4800 scanning electron microscope
equipped with the Oxford energy dispersive X-ray
spectrometer was used to observe the morphologies
and detect the composition of Al-Cr—O/Zr-O
coating and Al-Cr—O coating. Bruker D8 Advance
X-ray diffraction with Cu K, (4=0.15406 nm) X-ray
source operating at 40 mA and 40 kV was applied
to determining the crystal structure of the coatings.
The scanning speed was 2 (°)/min. The scanning
step was 0.02° and the scan range was from 30° to
100°. Rockwell indentation test with a load of
150 kg was employed to measure the adhesion
between the coating and substrate. The indentation
morphology was determined by the scanning
electron microscope. In addition, the adhesion
strength of the coatings was tested according to the
standard of tensile method (ASTM C633 —01
Standard Test Method for Adhesion or Cohesion
Strength of Thermal Spray Coatings).

3 Results and discussion

3.1 Microstructure and composition

Figure 3 shows the cross-sectional morphologies
of the AI-Cr—-O/Zr-O multilayer coating -+
NiCoCrAlSiY layer and Al-Cr—O single-layer
coating + NiCoCrAlSiY layer. It can be seen from
Figs. 3(a, b) that, a coating with about 26.8 pm in
thickness was attached to the substrate, which
corresponded to the NiCoCrAlSiY bonding layer.
There were some fine cracks and pores in the
NiCoCrAlSiY bonding layer. The Al-Cr—O/Zr—O
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Fig. 3 SEM cross-sectional micrographs of coatings: (a, b) Al-Cr-0/Zr-0 multllayer coating + NiCoCrAlSiY bond
layer; (c, d) AI-Cr—O single-layer coating + NiCoCrAlSiY bond layer

multilayer coating was 950 nm thick. The interface
between the NiCoCrAlSiY bonding layer and the
Al-Cr—0/Zr—0 coating was obvious. It can be seen
from the enlarged morphology of the Al-Cr—O/
Zr—0 coating that it had a dense laminar structure
with alternating nano-layers of AI-Cr—O and Zr—O.
The modulation ratio of multilayer coating was
about 1:1.2. Obviously, the alternating layers above
(about 13 nm) were much thinner than the first four
layers below (about 46 nm), which was the result
of the poisoning of the AlysCrs targets surface
during the deposition process and the decrease of
deposition rate. The cross-sectional view of
Al-Cr—O single-layer coating was shown in
Figs. 3(c, d). It can be seen from the enlarged cross-
sectional morphology that the thickness of
Al-Cr—O coating was 790 nm and thinner than that
of Al-Cr—0O/Zr—0 multilayer coating, because there
were only two AlosCrs targets working during
coating process. The Al—-Cr—O coating exhibited a
compact structure. Figure 4 shows the surface of the
Al-Cr—0/Zr—O multilayer coating and AI-Cr—O
single-layer coating. Both the surface of the
Al-Cr—-0/Zr-O coating and that of Al-Cr-O
coating were composed of cellular structure. Small
globular cells aggregated to form large cells, and

there were small gaps between cellular clusters.
The sizes of cellular clusters on the surface of
Al-Cr—0/Zr—0O coating were larger than those of
Al-Cr—O coating.

The compositions of the Al-Cr-O/Zr-O
multilayer coating and Al-Cr—O single-layer
coating are shown in Fig. 5. According to Fig. 5(a),
Al, Cr, Zr and O elements were detected in the
Al-Cr—0/Zr—0 coating. The oxygen content in the
Al-Cr-0/Zr—O coating was about 65 at.%, which
was between 60 at.% (atomic percentage of oxygen
in AlLOs; and Cr,O3) and 66.7 at.% (atomic
percentage of oxygen in ZrO,). The Cr/(Al+Cr)
ratio was about 28%, which was larger than the
original ratio of AlysCrs target. This was caused by
the higher ionization rate and lower re-sputtering
rate of Cr in comparison with Al. Al, Cr and O
elements were detected in the AlI-Cr—O ceramic
coating, as shown in Fig. 5(b). The (Al+Cr)/O ratio
was approximately 2:3, which conformed to the
stoichiometry of alumina.

Figure 6(a) shows the XRD patterns of the
Al-Cr—0O/Zr—O multilayer coating + NiCoCrAISiY
layer and Al-Cr—O single-layer coating +
NiCoCrAlSiY layer. The diffraction peaks detected
in the Al-Cr—O/Zr—O coating mainly corresponded
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Fig. 5 Chemical composition of coatings: (a) AlI-Cr—O/Zr—O multilayer coating; (b) AI-Cr—O single-layer coating
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Fig. 6 XRD patterns of AlI-Cr—O/Zr—O multilayer coating and Al-Cr—O single-layer coating (a), and NiCoCrAlSiY
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to t-ZrO, (JCPDS-ICDD No. 79-1764) phase. In
addition, a weak diffraction peak of a-Al,O3
(JCPDS-ICDD No. 75-1862) and/or a-(Al,Cr).0s
(JCPDS-ICDD  No. 71-0958) phase emerged,
indicating that the crystallization of alumina was
poor. The diffraction peaks of a-Al,Os and
a-(Al,Cr),0; were so close that they cannot be
distinguished. The strongest diffraction peak in
the Al-Cr—O/Zr—O coating + NiCoCrAISiY layer
corresponded to the »'-NisAl (JCPDS-ICDD
No. 09-0097). The top ceramic layer was so thin
that the phase of the NiCoCrAlSiY bonding layer
was detected, which was in good agreement with
the XRD pattern of the NiCoCrAlSiY bonding
layer in Fig. 6(b). The diffraction peaks detected
in Al-Cr—O coating + NiCoCrAlSiY layer also
mainly corresponded to the 7'-NizAl, and the
diffraction intensity was stronger than that of the
»-Ni3Al in the AlI-Cr—O/Zr—O coating. Since the
Al-Cr—O coating was thinner than Al-Cr—O/Zr-O
coating, it was easier to detect y’-NizAl phase in the
bonding layer. Besides, it was found that the weak
diffraction peak of a-Al:O; (and/or a-(Al,Cr).0;)
phase existed in the Al-Cr—O coating. Therefore,
it can be concluded that the multilayer structure
and zirconia did not promote the crystallization of
alumina.

3.2 Adhesion

Adhesion is a critical measurement of the
performance of coating. The Rockwell indentation
test was carried out to measure the adhesion of
the deposited coatings on superalloy substrate and
the results are shown in Fig. 7. According to
Refs. [20,21], the indentation can be classified
into six levels to characterize the coating’s adhesive
performance: HF1-HF6. In Fig. 7, only a small
number of fine radial cracks were visible in the
indentation of AI-Cr—O/Zr-O coating +
NiCoCrAlSiY layer and Al-Cr—O coating +
NiCoCrAlSiY layer. There was no sign of coating
separation or spallation. Therefore, both the
indentations of Al-Cr-O/Zr—-O coating +
NiCoCrAlSiY layer and Al-Cr—O coating +
NiCoCrAlSiY layer were deemed to be HF1, which
meant that both the Al-Cr-O/Zr-O coating +
NiCoCrAlSiY layer and the AI-Cr—O coating +
NiCoCrAlISiY layer had excellent adhesion with the

superalloy substrate. According to the tensile tests,
the adhesion strength of Al-Cr—O/Zr—O coating +
NiCoCrAlSiY layer and the AI-Cr—O coating +
NiCoCrAlSiY layer deposited on superalloy
substrate was (77.7+2.7) MPa and (74.8+£3.2) MPa,
respectively. The good adhesion can be attributed to
the small thermal expansion coefficient difference
between the coating and substrate. As given in
Ref. [22], the thermal expansion coefficients of the
ceramic top layer, the superalloy substrate and the
bonding layer NiCoCrAlSiY are (9—12.2)x10 K™!
(25-1100 °C), (14.8-18)x10°K™" (25-1100 °C)
and (12.3-17.6)x107 K™ (25-1100 °C), respectively.
The bonding layer coordinated the thermal
expansion coefficients between the ceramic layer
and the substrate.

Fig. 7 SEM morphologies of indentation of coatings:
(a) Al-Cr—0O/Zr—O multilayer coating + NiCoCrAlSiY
layer; (b) Al-Cr—O single-layer coating + NiCoCrAlSiY
layer

3.3 Oxidation resistance

In order to evaluate the high temperature
oxidation resistance of the Al-Cr—O/Zr-O
multilayer coating + NiCoCrAlISiY layer and
Al—Cr—O single-layer coating+ NiCoCrAlSiY layer,
the coated nickel-based superalloy samples were
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heat treated at 1000, 1100, and 1200 °C for 2 h,
respectively. After heat treatment at 1000 °C, both
the Al-Cr—O/Zr-O coating and the AI-Cr-O
coating were intact, as shown in Fig. 8. For the
NiCoCrAlSiY coated superalloy, a lot of fine
discontinuous dark oxides were formed on the
surface at 1100 °C heat treatment. When the
temperature rose to 1200 °C, the surface oxide grew
up significantly. However, the surface of the

uncoated superalloy was oxidized and wrinkled
obviously at 1000°C. When the heat treatment
temperature rose to 1100°C, the oxide scale peeled
off. Nevertheless, the Al-Cr—O/Zr-O multilayer
coating and AI-Cr—O single-layer coating after
annealing at 1200 °C remained intact.

Figure 9 shows the microscopic morphologies
of the AIlI-Cr—O/Zr-O multilayer coating -+
NiCoCrAlISiY layer and Al1-Cr—O single-layer

Al-Cr-0O/Zr-0 + Al-Cr-O + NiCoCrAISiY
NiCoCrAISiY NiCoCrAISiY coated K418 Uncoated K418
y Wrinkles
&
()
[}
=
%
(=)
=
%
(=)
S
&

Fig. 8 Appearances of AI-Cr—0/Zr—0 + NiCoCrAlISiY, Al-Cr—O + NiCoCrAlSiY, NiCoCrAISiY coated superalloy as
well as uncoated superalloy after heat treatment at 1000—1200 °C

LT

E 3 -
2 m “S
" I L)

Fig. 9 SEM surface morphologies of coatings after heat treatment: (a) AlI-Cr—O/Zr—0, 1000 °C; (b) Al-Cr—0O/Zr-0,
1100 °C; (c) AI-Cr—0O/Zr—0, 1200 °C; (d) Al-Cr—0, 1000 °C; (e) Al-Cr-0, 1100 °C; (f) AlI-Cr—0, 1200 °C
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coating + NiCoCrAlSiY layer after heat treatment.
It can be seen that the surface of the AI-Cr—0O/Zr-0O
coating + NiCoCrAlSiY layer after heat treatment
at 1000 °C was composed of spherical grains,
which was the same as the structure of the coating
before heat treatment (Fig. 4(a)). The spherical cells
did not grow up, but cracks began to sprout among
the cellular clusters. When the heat treatment
temperature was up to 1100 °C, the number and
width of cracks on the coating surface increased.
The surface structure of the coating after heat
treatment at 1200 °C did not change, which was the
same as that after 1100 °C heat treatment. For the
Al-Cr—O single-layer coating + NiCoCrAlSiY
layer after heat treatment at 1000 °C, the spherical
structure of surface became blurred and fine
particles grew on the cellular clusters. The surface
morphology of AI-Cr—O coating after heat
treatment at 1100 °C changed significantly, and the

Li-jun XIAN, et al/Trans. Nonferrous Met. Soc. China 34(2024) 1237-1250

original spherical structure changed into fine
particles. In addition, the connection between the
particles was dense, filling the gap among the
original cellular clusters. Thus, the surface became
smoother. After heat treatment at 1200 °C, the grain
size of particles on the coating surface grew up
obviously and some shallow holes appeared.

The compositions of the Al-Cr-O/Zr-O
multilayer coating + NiCoCrAlSiY layer and
Al-Cr—O single-layer coating + NiCoCrAlSiY
layer after heat treatment are shown in Fig. 10.
After heat treatment, the content of Al and O in the
Al-Cr—0/Zr—O coating was similar to that before
heat treatment. The difference was that the Cr
content decreased while Zr content increased for the
Al-Cr—0O/Zr—O coating after heat treatment. The
increase of Zr content in the multilayer coating after
oxidation might be caused by the outward diffusion
of Zr atoms in the coating. In addition, a small

(a) (b)
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Al: 18.9 at.% Al: 18.8 at.%
Cr:24a% Al Cr:33at%
Zr Ni: 0.5 at.% (0] Ni: 1.2 at.%
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Cr 0:65.9 at.% Zr: 10.2 at.%
Co | Zr 0:66.1 at.%
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2 14 16 2 4 6 8 10 12 14 16
E/keV
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7r Co: 0.2 at.% e X o
Co Zr: 112 at.% r 0:62.0at.%
0:66.9 at.% Co
Ni :
7r Ni
1 1 A 1 1
2 14 16 2 14 16
Al Al
(e) o (H
0 Cr
Cr Al:33.7 at.% Cr Al:32.4 at%
Cr Cr: 2.3 at.% Co Cr: 4.6 at.%
Co Ni: 0.6 at.% Ni Ni: 5.1 at.%
Ni Co: 0.4 at% ! Co: 1.6 at.%
Co 0:63.0 at.% Co 0:56.3 at.%
. Ni
1 .
Co. c N
5 G be Nl z ‘ Co3®
| N S0 N B N AV W AN A
2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
E/keV E/keV

Fig. 10 Chemical compositions of coatings after heat treatment: (a) AlI-Cr—O/Zr—0, 1000 °C; (b) Al-Cr—O/Zr-0,
1100 °C; (c) AI-Cr—0/Zr-0, 1200 °C; (d) AI-Cr—-0, 1000 °C; (e) Al-Cr—0, 1100 °C; (f) AI-Cr—0, 1200 °C
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amount of Ni and Co was detected, which meant
that the Ni and Co atoms diffused to the top ceramic
coating. The content of Cr in the AI-Cr—O coating
after heat treatment was lower than that before heat
treatment, and the Al content changed little. A small
amount of Ni and Co elements appeared in the top
ceramic coating. The content of Ni and Co
increased with rising annealing temperature, which
meant that more Ni and Co elements diffused into
the top coating.

The oxidation mass gain of AlI-Cr—O/Zr—O +
NiCoCrAlSiY coated, AI-Cr—O + NiCoCrAlSiY
coated, NiCoCrAlSiY coated and uncoated samples
is shown in Fig. 11. It can be found that the coated
samples had less oxidation mass gain than the
uncoated superalloy sample, indicating that all
the coatings provided a good high temperature
protection for the superalloy substrate. Moreover,
the oxidation mass gain of AI-Cr—O +
NiCoCrAlSiY coated sample was less than that of
Al-Cr—0/Zr-O + NiCoCrAlSiY coated sample,
suggesting that the oxidation resistance of AlI-Cr—O
single-layer coating + NiCoCrAlSiY layer was
superior to that of AI-Cr—O/Zr-O multilayer
coating + NiCoCrAlSiY layer. The oxidation
resistance of the merely NiCoCrAlSiY coated
sample was similar to that of Al-Cr—O/Zr—O
coating + NiCoCrAISiY coated sample.

20+ @ Al-Cr—-O/Zr—O + NiCoCrAlSiY
[ Al-Cr-O + NiCoCrAlSiY

I NiCoCrAlSiY coated K418
I Uncoated K418

Mass grain/(g-m™)
= O

W
T

1000 1100 1200
Heat treatment temperature/°C
Fig. 11 Mass gain of Al-Cr—O/Zr-O + NiCoCrAlISiY,
Al-Cr—O + NiCoCrAlSiY and NiCoCrAlSiY coated
superalloy as well as uncoated superalloy after heat
treatment at 1000—1200 °C

Figure 12 shows the XRD patterns of the
Al-Cr—0O/Zr—0O multilayer coating + NiCoCrAlSiY
layer and AI-Cr—O single-layer coating +
NiCoCrAlISiY layer after heat treatment at 1200 °C.

o . e — a-Al,04 » —NiAl
* — p"-Ni;Al » —m-210,
= — 1710,

Al-Cr-O + NiCoCrAISiY

30 4I() 5I0 6I0 70 80 9 100
200(°)
Fig. 12 XRD patterns of Al-Cr—O/Zr—O multilayer
coating + NiCoCrAlSiY layer and Al-Cr—O single-layer
coating + NiCoCrAlSiY layer after heat treatment at
1200 °C

After high temperature heat treatment, the number
and intensity of the diffraction peaks of a-Al,O; in
the Al-Cr—0O/Zr—0O coating + NiCoCrAlSiY layer
and Al-Cr—O coating + NiCoCrAlSiY layer
increased significantly. At the same time, the
intensity of y'-NizAl diffraction peaks was also
enhanced. It was likely that these coatings
crystallized at higher temperature. The increase
and strengthening of a-Al,O; peaks were partly
attributed to the slight oxidation of the inner
bonding layer. Besides the diffraction peaks of
t-ZrO,, the diffraction peaks of m-ZrO;
(JCPDS-ICDD No. 80-0966) were also detected in
the AI-Cr—O/Zr—O coating, indicating that the
phase transformation of zirconia occurred during
the heat treatment, which accounted for the cracks
on the surface of the Al-Cr—O/Zr—O coating after
heat treatment (Figs. 9(a—c)). Figure 13 shows the
cross-sectional micrographs of the Al-Cr—O/Zr—O
multilayer coating + NiCoCrAISiY and Al-Cr—O
single-layer coating + NiCoCrAlSiY bond layer
after heat treatment at 1200 °C. It could be seen
that there were many holes in the two coatings,
and the thickness of top oxide coating increased
significantly. The composition of different locations
in the cross-sectional microstructure of the coatings
is given in Table 1. As for the Al-Cr—O/Zr-O
multilayer coating + NiCoCrAlSiY layer, the
multilayer structure in the top oxide coating
disappeared and the oxide layer thickness increased
to about 5 um, which indicated that the inner
layer had been oxidized. The oxides were roughly
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Fig. 13 SEM cross-sectional micrographs of coatings
after heat treatment at 1200 °C: (a) Al-Cr—-O/Zr-O +
NiCoCrAlSiY; (b) Al-Cr—O + NiCoCrAlSiY; (c) NiCo-
CrAlSiY

Table 1 Compositions at different locations in cross-
sectional microstructure shown in Fig. 13 (at.%)
LocationNo. O Al Cr Zr Ni Co Si

55.5 317 56 72 - - -

—_—

2 60.7 134 257 02 - - -
3 54 13 227 - 522 184 -
4 50.6 323 48 - 92 31 -
5 572 352 39 - 37 - -
6 - 19 291 - 514 172 04
7 327 - 205 - 391 77 -
8 48 35 213 - 539 165 -
9 549 234 34 — 148 32 03

composed of two layers. The outer oxide layer was
loose and rich in AlO3 and ZrO; (Location 1) while
the inner oxide layer was denser and rich in Cr,0O3
(Location 2). The content of Al element in the
NiCoCrAlSiY bonding layer at Location 3 was
significantly lower than that before oxidation,
indicating that the Al atoms in the bonding layer
diffused outward during high-temperature oxidation.
There were a lot of O atoms found in the gray black
holes in the bonding layer (Location 4), inferring
that these positions had been oxidized by diffused
oxygen atoms. According to Fig. 3(a), the pores in
the bonding layer provided channels for oxygen
atoms, so the oxidation was optimized at these
locations. Referring to the Al-Cr—O coating +
NiCoCrAlSiY layer, its oxide layer was mainly
composed of Al,O; (Location 5) and bonding layer
(Location 6) was also poor in Al. In comparison
with the depth of holes in Al-Cr-O/Zr-O
multilayer coating + NiCoCrAlSiY layer, that of
holes formed in the bonding layer for Al-Cr-O
coating + NiCoCrAlSiY layer was within 10 pm,
indicating that the oxygen atom did not diffuse to
the bottom of the bonding layer. Moreover, the
average size of the holes in the bonding layer for
Al-Cr—O coating + NiCoCrAlSiY layer was
smaller. For merely NiCoCrAlSiY coated sample, a
lot of aluminum oxide (Location 9) was also
formed. The area around the aluminum oxide
(Location 8) was poor in aluminum. The depth of
oxide formation in the NiCoCrAlSiY layer was
similar to that of Al-Cr-O/Zr-O multilayer
coating + NiCoCrAlSiY layer, showing that the
oxidation resistance of these two coatings was
almost equivalent. This result was consistent with
the result of oxidation mass gain.

The high temperature protection effect of
Al-Cr—O single-layer coating + NiCoCrAlSiY
layer was better than that of Al-Cr—O/Zr—O
multilayer coating + NiCoCrAlSiY layer due
to the superior high temperature oxidation
resistance [23,24]. The XRD pattern of Al-Cr—O
coating + NiCoCrAlSiY layer before heat treatment
showed that, in addition to the y'-NizAl of the
bonding layer, a-Al,O3 phase of the ceramic layer
was observed. The a-Al,Os; phase with the
characteristics of dense structure, high stability and
low oxygen diffusivity inhibited the penetration of
oxygen into the bonding layer effectively [25-27].
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Accordingly, oxidation of the bonding layer was
delayed. As for the AI-Cr—O/Zr-O coating +
NiCoCrAlSiY layer, a large amount of #ZrO»
modulation layer was alternately stacked with
0-AlbO; layer. According to Ref.[10], #ZrO;
provided a channel for the diffusion of oxygen that
deteriorated the oxidation resistance of the coating.
The density of a-AlLOs crystal and #-ZrO; crystal
could be calculated respectively by the formula:
K= n;vi)/V, where n; refers to the number of i
atom in the unit cell of crystal, v; refers to the
volume of 7 atom and V is the unit cell volume of
crystal. The relative densities of a-Al>O3 and #-ZrO;
were calculated to be 0.70 and 0.54, respectively,
which showed that a-Al,O3 was denser than #-ZrO,.
In terms of the density of the lattice, -ZrO, was less
efficient in preventing oxygen from entering than
o-AlOs did. In addition, the cracks formed on the
surface of Al-Cr—O/Zr—O coating after heat
treatment destroyed the continuity of the coating
and provided a channel for oxygen atoms to enter
the coating. Therefore, the AI-Cr—O single-
layer coating + NiCoCrAlSiY layer had better
high temperature oxidation resistance than the
Al-Cr—0/Zr—O multilayer coating + NiCoCrAlSiY
layer.

3.4 Thermal insulation performance

Figure 14 shows the temperature of the coating
surface and the substrate as a function of heating
time. It could be seen from Fig. 14(a) that after
100 min heating, the surface temperature of
Al-Cr—0/Zr—O multilayer coating + NiCoCrAlSiY
layer reached 850 °C, and then it kept at 850 °C.
The temperature of the substrate increased slowly
from 7703 to 784.1 °C with time. Thus, the
Al-Cr-0/Zr-0
multilayer coating + NiCoCrAlISiY layer dropped
from 79.7 to 65.9 °C. As shown in Fig. 14(b), when
the surface temperature of the AI-Cr—O coating +
NiCoCrAlISiY layer reached 850°C, the
corresponding substrate temperature was 798.7 °C.
In the subsequent heat preservation process, the
substrate temperature increased to 805.7 °C. The
insulation temperature of the Al-Cr—O coating +
NiCoCrAlISiY layer dropped from 51.3 to 44.3 °C.
In addition, the insulation temperature of the
NiCoCrAlSiY layer slowly decreased from 21.5 to
13.5 °C during the 850 °C holding process. It could

insulation temperature of the

be concluded that the AI-Cr—O/Zr-O coating and
the Al-Cr—O coating played an important role in
protecting the substrate at high temperature even
without the NiCoCrAISiY layer. It was found by
comparison that the Al-Cr-O/Zr—O multilayer
coating had a better thermal insulation effect than
the Al-Cr—O single-layer coating on account of the
comprehensive effect of greater coating thickness,
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low thermal conductivity of -ZrO; coating and heat
reflection of coating interface.

The superior thermal insulation effect of the
Al-Cr—0/Zr—O multilayer coating + NiCoCrAlSiY
layer can be explained by the thermal conductivity
which is considered to be one of the most important
properties of high temperature protective coatings.
The content of a-Al,O3 in AI-Cr—O coating was
higher than that in Al-Cr—-O/Zr—-O coating.
According to Ref. [28], the thermal conductivity of
a-ALLOs; was 30 W-m "K', However, in addition
to a-Al,O3 phase, the AI-Cr—O/Zr-O coating had
#-ZrO, phase with a thermal conductivity of
3.3 W-m "K' [29]. Therefore, the thermal
insulation effect of the Al-Cr—O/Zr—O coating was
better. Moreover, the interface between the layers
in the Al-Cr—O/Zr-O coating acted as a thermal
barrier, improving the thermal insulation
performance [30].

4 Conclusions

(1) The thin Al-Cr—O/Zr—O multilayer
coating and AI-Cr—-O single-layer coating
deposited by arc ion plating had a compact cellular
structure. Due to the low deposition temperature of
arc ion plating, the crystallization of a-Al,O3 phase
in the deposited coatings was poor. After high
temperature heat treatment, the crystallinity of
0-AlO3; was improved.

(2) After heat treatment, a large number of
cracks were formed on the surface of the
Al-Cr—0/Zr-0O coating, which was unfavorable to
the oxidation resistance. However, the surface of
the AlI-Cr—O coating + NiCoCrAlSiY layer after
heat treatment was transformed into a compact
granular structure, which provided a good barrier
for the inward diffusion of oxygen.

(3) The high stability and low oxygen
diffusivity of a-Al,O3 as well as the higher density
of a-Al>O; than that of -ZrO, contributed greatly to
the better high-temperature oxidation resistance of
the Al-Cr—O coating + NiCoCrAISiY layer.

(4) Due to the large thickness, low thermal
conductivity of #-ZrO, and the reflection of heat at
interlayer interface, the Al-Cr—O/Zr—O multilayer
coating + NiCoCrAlSiY layer possessed better
thermal insulation performance than the AlI-Cr—O
single-layer coating + NiCoCrAlISiY layer.
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