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Abstract: The microstructures, phase compositions, and high-temperature oxidation behavior of
a NiCrAlY coating fabricated by arc ion plating were investigated by scanning electron microscopy
(SEM), energy dispersive spectrometer (EDS), atomic force microscope (AFM), and X-ray diffractome-
ter (XRD). The results indicate that the NiCrAlY coating was covered by a protective Al;O3 scale
with excellent oxidation resistance after oxidation at 1050 °C for 100 h; the 3 phase rich in Al in the
as-deposited coating was transformed into a v/’ phase; the interdiffusion zone (IDZ), secondary
reaction zone (SRZ), and needle-like TCP phases were detected in the superalloy substrate beneath
the coating.

Keywords: Ni-based single-crystal superalloy; NiCrAlY coating; high-temperature oxidation; Al,O3
scale; TCP phases

1. Introduction

Single-crystal superalloys are adopted in hot sections of aeroengine owing to their
elevated mechanical properties [1]. Single-crystal superalloys were developed quite recently.
René N5, DD6, PWA1484, etc., with large amounts of refractory elements, are widely
adopted at present. When it is in service, the corrosion behavior of the superalloy occurs.
Elements like Al, Cr, and Ta are lost, which destroys the mechanical properties of the
superalloy at high temperature. Considering the operation surroundings of the single-
crystal superalloy, only composite materials are able to meet the harsh requirements;
the necessary mechanical properties are offered by the single-crystal superalloy, and the
protection against oxidation or corrosion is furnished by high-temperature coatings [2,3].
The anti-corrosion elements in the coating, such as Al, will react with the corrosion medium,
and an Al,Os3 scale is formed. The Al,O3 scale is not only able to isolate corrosive media
from the coating and superalloy, but also is very stable and an excellent protective scale
at high temperature. Among all kinds of high-temperature protective coatings, MCrAlY
(M = Ni, Co, or Ni and Co) coating can be adopted as a standalone coating and as the
bond coating of thermal barrier coatings (TBCs) [4-8]. For the MCrAlY coating, M is the
main element, which is used to match with the substrate superalloy; Al is oxidized to
Al,O3, whose content is about 7-16 wt.%; Cr, with a content of 15-35 wt.%, improves the
corrosion resistance of the coating. With the addition of the rare-earth element Y, the purity
and adhesion of the Al,Oj3 scale is significantly improved. Consequently, the oxidation
and corrosion resistance of the MCrAlY coating are excellent at high temperature. In
addition, the chemical compositions of the MCrAlY coating can be flexibly adjusted as
required. For instance, Re, Ta, Pt, etc., are added into the coating according to the service
conditions [9-11].

An early technology to obtain MCrAlY coatings with high density, strong bonding
force, and excellent oxidation resistance was electron beam physical vapor deposition
(EB-PVD) [12]. When the EB-PVD technology is adopted to prepare coatings, alloy targets
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are mostly used. Therefore, the coating composition is affected by the target composition.
It should be noted that a high-energy ion beam bombards the target; this melts, sublimates,
evaporates, and finally deposits the target on the substrate. At last, a coating is obtained.
It should be noted that the saturated vapor pressure of each element in this process is
different, so the composition of the coating deposited on the sample surface will change.
Therefore, the coating composition is hard to control with this technology. As thermal
spraying technology develops, the coating compositions become more easily adjusted, and
the deposition efficiency can be improved [13,14]. However, powders will be oxidized,
and oxide inclusions will be formed during the spraying process. To eliminate the oxides
in the coating, magnetron sputtering and arc ion plating (AIP) technology have been
adopted [15-18]. The columnar grains are obtained by magnetron sputtering. The corrosive
medium invades into the coating through the columnar grain boundary; then, the oxidation
and corrosion resistance are reduced. Different from the magnetron sputtering, coatings
prepared by AIP exhibit equiaxed grains. Therefore, the diffusion path of the corrosive
medium is greatly extended, and the service life and the corrosion resistance of the coating
are improved.

In this paper, the microstructure and oxidation behavior of NiCrAlY coatings fabri-
cated by AIP are investigated. The phase transition during the oxidation process and the
effect of elemental interdiffusion between the coating and the substrate superalloy on the
microstructure of the superalloy are explored, with the aim to lay the foundation for the
application of coatings fabricated by AIP.

2. Experimental Procedures

Ni-based single-crystal superalloy René N5 was chosen as the substrate superalloy.
Its nominal chemical compositions are listed in Table 1. Because the total content of
refractory elements (Ta, Mo, W, Re) in this superalloy is about 16 wt.%, its high-temperature
mechanical properties are excellent. The Al content is 6.2 wt.%, and the Cr content is
7 wt.%, to ensure its oxidation and corrosion resistance. The superalloy was machined into
@15 x 2 mm by WEDM, ground with 2000# SiC paper, and degreased with an ultrasonic
cleaner in a mixture of ethanol and acetone with a volume ratio of 3:1 for 20 min, then dried
before coating deposition. Arc ion plating (Model DH15, Beiyu, Shenyang, Liaoning, China)
was used to fabricate the NiCrAlY coating, the targeted nominal chemical compositions
of which are listed in Table 1. Specific deposition parameters can be seen in reference [17].
An annealing treatment of the NiCrAlY coating was conducted at 1050 °C in a vacuum
(<6 x 1073 Pa) for 4 h.

Table 1. Nominal chemical compositions of René N5 superalloy and NiCrAlY target (wt.%).

Ni Co Cr Al Ta Mo \2Y Re Hf C B Y
N5 Bal. 7.5 7 6.2 6.5 1.5 5 3 0.15 0.05 0.004 0.01
NiCrAlY Bal. 27 11 0.5

The oxidation test was carried out in a muffle furnace (Luoyang Kere Furnances Co.,
LTD., Luoyang, Henan, China) set at 1050 °C. The surface areas of the superalloy and the
coated ones were calculated by measuring the diameter and height of these samples with
a vernier caliper. The samples were placed into the crucibles with a purity of 99.99 wt.%
alumina, and the crucibles containing the samples were put in the muffle furnace set at
1050 °C. The samples were removed from the crucibles at eight points of oxidation time: 0 h,
5h,10h,20h,40h, 60 h, 80 h, 100 h. They were then weighed with an electronic balance with
a sensitivity of 0.01 mg after cooling to room temperature. The microstructures, chemical
compositions, and phase components of the NiCrAlY coating and the N5 superalloy before
and after oxidation were characterized by SEM (scanning electron microscopy, Inspect F
50, FEI Co., Hillsboro, CA, USA), EDS (energy dispersive spectrometer, X-Max, Oxford
instruments Co., Oxford, UK), AFM (atomic force microscope, NAVITAR, N9410S, CA,
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USA), and XRD (X-ray diffractometer, X'Pert PRO, PANalytical Co. Almelo, Holland, Cu
Ka radiation at 40 kV).

3. Results and Discussion

AFM and SEM results showing the microstructures of the NiCrAlY coating fabri-
cated by arc ion plating (AIP) are shown Figure 1. The coating presents a rough surface.
Cauliflower-like patterns and large droplets can be observed, as shown in Figure 1a,b. The
thickness of the NiCrAlY coating is about 29 pm. An interface between the coating and the
René N5 superalloy is clearly identified by a red line shown in Figure 1c. It is obvious that
the microstructure of the superalloy has not been changed, which means that the deposition
process by AIP and the annealing process did not affect the superalloy underneath.

superalloy

1.0 pm

Figure 1. Microstructures of the NiCrAlY coating shown by AFM and SEM: (a) AFM (b) and (c) SEM.

Figure 2 is the XRD pattern of the NiCrAlY coating. The main phases in the coating
are v/7v’, p-NiAl, and a-Cr phases, which can be inferred from the XRD pattern. It should
be noted that the Al content in the 3-NiAl phase is high, and the Cr content in the «-Cr
phase is high. During service at high temperature, the high contents of Al and Cr help
to form a protective oxide scale, such as Al,O3 or Cr,Os. Therefore, the coating exhibits
excellent oxidation and corrosion resistance.
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Figure 2. XRD pattern of the NiCrAlY coating fabricated by AIP (1-y/v’, 2-3-NiAl, and 3-«-Cr).
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Mass change (mg/cm’)

The oxidation kinetics of the NiCrAlY coating and the René N5 superalloy at 1050 °C
are shown in Figure 3a. As time passes, the oxidation mass gain of the NiCrAlY coating and
the superalloy clearly increase at 1050 °C. The mass gain of the NiCrAlY coating is higher
than that of the superalloy. After oxidation from 0 h to 20 h, their mass gains increase
rapidly. After oxidation for 20 h, the mass gain of the coating and the superalloy reached
0.3746 and 0.1554 mg/cm?. Then, they slow down quickly. After oxidation for 100 h,
the oxidation mass gain of the coating and the René N5 superalloy reached 0.53186 and
0.31877 mg/cm?, respectively. We investigated whether they follow the parabolic law:

y* =kt 1)

where y is the oxidation mass gain, k is the parabolic rate constant, and t is the oxi-
dation time. The function relationship of y? vs. t is plotted in Figure 3b. To avoid
the effect of initial oxidation, the points at 5 h and 10 h of oxidation are ignored. It
can be seen that the NiCrAlY coating and the substrate superalloy follow the parabolic
law. The parabolic rate constants of the coating and the superalloy are 1.79 x 10~ and
6.41 x 10~* mg? cm~* h~1, respectively.
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Figure 3. Oxidation kinetics of the NiCrAlY coating and the substrate superalloy after oxidation at
1050 °C: (a) y vs. t and (b) y2 vs. t.

Figure 4 exhibits the XRD patterns of the NiCrAlY coating and the René N5 superalloy
after oxidation at 1050 °C for 100 h. After oxidation for 100 h, the main oxide products on
the superalloy are o-Al,O3, NiAl,Oy, and TapOs. Among these products, the protectiveness
of a-Al,Oj3 is excellent. But NiAl,O4 and TayOs5 exhibit poor performance. The coefficients
of thermal expansion for the three oxides are different, especially between «-Al,O3 and
TapOs [19,20]. This resulted in the formation of pores and cracks. These means that the
oxidation resistance of the superalloy is poor, which is consistent with Ren’s [21] and
Wang's studies [22,23]. For the NiCrAlY coating, only a-Al,O3 is detected on the surface
after oxidation for 100 h. It should be noted that the y and y” phases, not 3-NiAl (rich in
Al) or o-Cr (rich in Cr), were tested in the coating. This means that the 3-NiAl phase in the
as-deposited coating has been transferred into v/vy’ phases during oxidation at 1050 °C.
The formation of x-Al,O3; consumes a large amount of Al in the coating, so the 3-NiAl
phase in the as-deposited coating is transferred into /v’ phases, whose Al content is low.
The existence of Cr in the coating can help the formation of x-Al,O3 [17,23,24]. Therefore,
the presence of the NiCrAlY coating improves the oxidation resistance of the N5 superalloy.
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Figure 4. XRD patterns of the NiCrAlY coating and the superalloy after oxidation at 1050 °C for 100 h

(1-y/v’, 2-a-Al, O3, 3-NiAl, Oy, and 4-TayOs).

The surface and cross-sectional microstructures of the N5 superalloy after oxidation
at 1050 °C for 100 h are shown in Figure 5. Although the oxidation weight gain and
parabola constant of the superalloy are relatively low, this does not mean that its oxidation
resistance is excellent. A spallation spot is detected, which is indicated by red arrows and
red dotted ellipses in Figure 5a, b. There is a large number of white particles dispersing
on the superalloy surface, indicated by orange arrows in Figure 5a, which is referred to
as TayOs [22-27]. These Ta;Os particles can be detected on the surface of the oxide scale
and in the oxide scale near the interface, as shown in Figure 5b. The oxide scale is divided
into two parts: the grey one and the dark one. In fact, there is a competitive relationship
between Ta and Al in the superalloy during oxidation at high temperature, which affects
the oxidation process of Al. The final result is that the formed Al,Oj3 scale is incomplete,
with cracks and spallation spots. Combined with the XRD patterns in Figure 4, the grey
part is mainly composed of NiAl,Oy4, and the dark one is composed of «-Al,O3 [26,27].
The internal oxidation is detected beneath the oxide scale, indicated by the black arrow
in Figure 5b. The above results indicate that the oxidation resistance of the superalloy
must be improved, which is consistent with the research by Ren [21] and Wang [22,23].
What is more, internal oxidation is detected in the superalloy. All of this indicates that the
oxidation resistance of the superalloy must be improved by applying the high-temperature
protective coating.

Figures 6 and 7 show the surface and cross-sectional morphologies of the NiCrAlY
coating after oxidation at 1050 °C for 100 h. It is obvious that the NiCrAlY coating is
covered by a dense x-Al;O3 scale. No spallation or cracks are detected on the NiCrAlY
coating’s surface after oxidation at 1050 °C for 100 h, as shown in Figure 6. The Al,O3
scale is continuous, complete, and about 1.59 pm in thickness, as shown in Figure 7. It
should be noted that some white particles are detected in the Al,O3 scale near the coating,
referred as Y,0O3, whose chemical composition is shown in Table 2. The existence of Y
in the coating is to form Y,0Oj; to improve the adhesion between the Al,O3 scale and the
coating [17,23]. No cracks or pores are detected on the coating/oxide scale interface, as
shown in Figure 7b. This means that the oxidation resistance of the NiCrAlY coating is
much better than the superalloy. However, the superalloy substrate beneath the NiCrAlY
coating changed noticeably after oxidation for 100 h. An inter-diffusion zone (IDZ) and
a secondary reaction zone (SRZ) were formed, as shown in Figure 7b. The thickness of the
IDZ is about 2.3 um, while the SRZ is beneath the IDZ, with a thickness of 52.1 um. Due
to the huge difference in the chemical composition between the coating and superalloy,
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elemental interdiffusion between them occurs. Then, the IDZ and SRZ in the superalloy
are formed. The chemical compositions in the coating and superalloy are listed in Table 2.
Compared to the as-deposited coating and the superalloy, the Al and Cr contents in the
interface are quite different. Al in the coating can diffuse out and react with oxygen in
the environment, upon which a protective Al,O3 scale can be formed. Then, the content
of Al in the coating decreased quickly, as shown in Figure 7d. At the same time, the Cr
content in the coating is much higher than that in the superalloy substrate. This means that
a large amount of Cr can diffuse from the coating into the substrate, which destroys the
microstructural stability of the superalloy. Therefore, the IDZ, SRZ, and needle-like TCP
phases are formed. The chemical compositions of the TCP phase are listed in Table 2. The
content of refractory elements (Mo, W, and Re) is extremely high; they should originally
be dissolved in the y phase to improve the mechanical properties at high temperature.
Then TCP phases are precipitated in the superalloy, which can be the source of crack
initiation and the paths of crack propagation [17,24-28]. This indicates that the elemental
interdiffusion between the NiCrAlY coating and the N5 superalloy during oxidation affects
the life of the coating and the substrate superalloy. During oxidation, the diffusion of the
antioxidant elements, such as Al and Cr, from the coating into the substrate decreases
their contents in the coating. Therefore, they cannot maintain the stable growth of the

oxide scale.
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Figure 5. Microstructures of the superalloy after oxidation at 1050 °C for 100 h: (a) surface and

(b) cross-section.

Figure 6. Surface microstructures of the NiCrAlY coating after oxidation at 1050 °C for 100 h: (a) at

low magnification and (b) at high magnification.
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Figure 7. Cross-sectional microstructures and EDS line scanning of the NiCrAlY coating after
oxidation at 1050 °C for 100 h: (a—c) cross-sectional microstructures and (d) EDS line scanning
at yellow.
Table 2. Chemical compositions of “1”, “2”, and “3” in Figure 7 (wt.%).
Ni Co Cr Al Ta Mo W Re o Y
1 16.75 4.62 47.21 20.19 0.86 1.35 2.92 4.10 0 0
2 52.01 6.56 6.67 14.37 16.54 0.71 3.49 0 0 0
3 34.62 7.12 8.45 412 3.05 6.98 14.96 20.7 0 0
4 1.12 1.05 0.98 2.04 0 0 0 0 47.22 48.59

4. Conclusions

Al in the NiCrAlY coating fabricated by arc ion plating is included to form a protective
Al>,O3 scale and to improve the oxidation resistance of the superalloy at 1050 °C. At the
same time, the chemical compositions of the coating and Ni-based single-crystal superalloy
are clearly different, and elemental interdiffusion between them occurs. Al and Cr diffused
from the coating to the superalloy substrate, while Ni, Mo, W, Re, etc. diffused from
the superalloy substrate to the coating. As a result, the microstructure of the superalloy
beneath the coating changes drastically. The IDZ and SRZ are detected. The IDZ is rich in
Cr. A large number of needle-like TCP phases are found in the SRZ.
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