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Abstract: This work aims to explore a method of improving the high-temperature oxidation resistance
and thermal corrosion resistance of a hollow blade of gas turbine. The yttrium-modified aluminide
coating was prepared on the surface of nickel-based superalloy K444 by chemical vapor deposition
(CVD). The microstructure, high temperature oxidation resistance, and thermal corrosion resistance
of the modified aluminide coating deposited at 950 °C, 1000 °C, and 1050 °C were compared. The
microstructure and morphology of the coatings were observed and analyzed by XRD, SEM, and
EDS. The results showed that adding yttrium and changing the deposition temperature had no
effect on the double-layer structure (outer layer and diffusion layer) of the coating. Compared with
adding yttrium, the deposition temperature had a greater effect on the coating thickness. When the
deposition temperature was 1050 °C and the deposition time was 2 h, the thickness of the yttrium-
modified aluminide coating increased by 33% compared to that of a single aluminide coating. The
high temperature oxidation resistance and thermal corrosion resistance of the three groups of yttrium-
modified aluminide coatings are better than that of the single aluminide coating. The resistance to
high temperature oxidation and hot corrosion of the yttrium-modified aluminide coating deposited
at 1050 °C was better than that of yttrium-modified aluminide coating deposited at 1000 °C, and
both were better than that of the modified coating deposited at 950 °C. The higher the deposition
temperature, the higher the yttrium content of the coating, the faster the film-forming speed of
x-AlyO3, and the better the high temperature oxidation resistance and thermal corrosion resistance
of the coating.

Keywords: chemical vapor deposition; modified aluminide coating; high temperature oxidation;
salt-coated thermal corrosion

1. Introduction

The K444 nickel-based superalloy is widely used in core hot end components, such
as large guide and turbine blades, because of its excellent high temperature oxidation
resistance, corrosion resistance, and outstanding high temperature creep strength and
fracture strength [1-4]. It has been selected as stage 1 to stage 4 turbine blade material for
RO0110 heavy duty gas turbines [5]. With the development of the aviation and navigation
industries, high temperature oxidation and thermal corrosion in the inner cavity of gas
turbine blades have become the main factors limiting their service life [6,7]. One effective
way to solve these problems is to prepare aluminide coating on the surface of gas turbine
blade cavity passage [8,9]. The chemical vapor deposition (CVD) method can realize the
internal aluminizing of complex parts by gas reaction, and the infiltrating agent does not
have direct contact with the substrate, which has little influence on the workpiece [10,11].
The CVD method can control the coating element content and coating thickness by control-
ling the reaction gas flow and deposition time, which makes it easy to control the reaction
process, thus it has been widely used in the preparation of aluminide coatings in recent
years [12]. However, the single aluminide coating is easy to crack and flake, it is brittle
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and sensitive to S, and has a fast degradation rate, all of which limit its use. Adding a
small amount of Y to the aluminide coating can reduce the oxidation rate in the system,
improve the adhesion of the oxide film, and improve the resistance to high temperature
oxidation and hot corrosion of the coating. This may be due to the fact that segregation
of yttrium element at the grain boundary can block or cut off the short-circuit diffusion
channel to a certain extent, inhibiting the outward diffusion of Cr, Ti and other elements
and inhibiting the inward diffusion of the S element [13,14]. Zielinniska M et al. [15] prepared
a BNiAl coating on the nickel-based superalloy Mar M247 with the CVD method, and
studied its high temperature oxidation properties through the cyclic oxidation test. The
results show that the weight gain of aluminide-coated samples is less. Dun [16] from the
Wuhan Institute of Materials Protection successfully achieved Al-Y co-diffusion on the
surface of the Inconel 718 nickel-based superalloy with the CVD method, and prepared
dense and uniform yttrium-modified aluminide coating. The effects of yttrium on the ther-
mal shock properties and high temperature oxidation resistance of the aluminide coating
were studied.

At present, there are few comparative studies on the high temperature properties
of yttrium-modified aluminide coatings at different deposition temperatures. Therefore,
in this paper, a chemical vapor deposition method was used to prepare three kinds of
yttrium-modified aluminide coatings at three deposition temperatures (950 °C, 1000 °C,
and 1050 °C) on the surface of a K444 nickel-based superalloy, and the cyclic oxidation
experiment at 1100 °C and the salt coating thermal corrosion test at 900 °C-NaCl + NaySOy4
werealso performed. The effect of deposition temperature and yttrium on the high temper-
ature performance of the coatings was investigated by comparing their properties.

2. Experimental Materials and Methods

The K444 nickel-based superalloy was used in the experiment as a sample, and the
nominal composition is shown in Table 1. The cuboid sample size was processed as
20 mm x 10 mm x 5 mm, and a small hole with a diameter of 1 mm was punched at
one end near the edge for easy hanging. In this paper, an MP-2B metallographic sample
grinding and polishing machine, produced by Guangzhou Weiyee, China, was used, with
a maximum speed of 1000/min. Diamond spray from China Apu was selected as polishing
agent. First, the sample was polished with 400-mesh, 800-mesh, 1200-mesh abrasive papers
and a polishing agent, in turn, with the polishing machine, to remove the oxide film on
its surface, then the oil was removed by ultrasonic cleaning with acetone, and finally, the
sample was cleaned by ultrasonic cleaning with anhydrous ethanol and dried for use.

Table 1. Nominal composition of K444 nickel-based superalloy.

Element

C

Cr

Co Mo Al B Ti W Ni Hf Nb

Content/wt.%

0.05

15.28 10.48 2.08 3.10 0.08 4.40 5.13 Residue  0.31 0.19

The yttrium-modified aluminide coating was prepared on the surface of the K444 alloy
using a one-step method (both Y and Al were deposited in one experiment at the same
time) with hot-wall chemical vapor deposition (hot-wall CVD) equipment. A picture of
the real equipment is shown in Figure 1; 33YAI-66A1Cr-1NH4Cl was used as the precursor,
in which a yttrium-aluminum alloy (yttrium mass fraction 85%) was used as the yttrium
supply agent, and an aluminum-chromium alloy (aluminum mass fraction 50%) was used
as the aluminum supply agent. The reaction gas was HCl, the deposition time was 2 h, and
the deposition temperatures were 950 °C, 1000 °C, and 1050 °C.
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Figure 1. Picture of CVD real equipment.

The coating preparation process is mainly divided into three steps:

(1) H; as the current carrying gas and HCl are fed into the mixing tank;

(2) HCl reacts with the precursor in the external generator to produce AICl, and YCl,
(n=1,2,3);

(3) Gaseous halides enter the deposition chamber, release active atoms on the sample
surface, and deposit and diffuse to form yttrium-modified aluminide coatings.

Cyclic oxidation tests and salt corrosion tests were carried out in a muffle furnace in
static air. The KJ-M1400 muffle furnace from Kejia in Zhengzhou, China, with a power of
155 kW and a maximum heating temperature of 1400 °C, was used. The cyclic oxidation
test process referred to the aviation industry standard of China “determination method for
oxidation resistance of steels and high temperature alloys” [17], and the test temperature
was 1100 °C. When the temperature of the muffle furnace was stable at 1100 °C, the samples
were immediately placed in the furnace, held for 1 h, and then taken out for air cooling for
10 min. The above operation was a cycle, and a total of 100 cycles were performed. The
samples of each group were weighed at the 1st, 4th, 7th, and 10th cycles. After 10 cycles,
the samples were weighed again every 10 cycles. The peeling oxide skin was left to fall off
naturally and was not included in the weight. After the test was completed, the mass change
per unit area was obtained by dividing the weight change by the specimen surface area.

The salt coating corrosion test process referred to the aviation industry standard of
China “test for corrosion behaviors at high-temperature with corrosive salts” [18], and the
test temperature was 900 °C. First, a concentrated salt coating brine mixed with 95 wt.%
NaySO4 and 5 wt.% NaCl was sprayed onto the surface of the sample with a spray bottle.
The salt concentration was 100 g/L, and the salt amount was 2.5-3.5 mg-cm 2. Then the
sample was dried and heated in the muffle furnace to 900 °C, held for 10 h, and air cooled
to room temperature. Finally, the sample was cleaned with deionized water to remove the
residual salt film, then dried and weighed. The above operation was a cycle, and this test
lasted 50 h in five cycles. In this paper, the FA224 multifunctional electronic balance which
index value is 0.0001 g produced by Lichen Instrument Technology Co., Ltd. (Shaoxing
City, China) was used.

Three kinds of yttrium-modified aluminide coatings after oxidation and corrosion were
characterized. The phase composition of the coatings was analyzed by X-ray polycrystalline
diffractometer, and the cross-section morphology and element content of the coatings were
observed by scanning electron microscope and EDS spectrometer. In this paper, The
Japanese Rigaku XRD SmartLab intelligent X-ray polycrystalline diffractometer was used
(Haidian District, Beijing, China), with a rated output power of 3 kW. Cu was used as the
target, and the corresponding wavelength of the X-ray was 0.154056 nm. The measurement
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angle was 10°~90°, and the measurement rate was 8°/min. The JSM-6510LV scanning
electron microscope of Japan Electronics Co., Ltd. (Xicheng District, Beijing, China), with a
resolution of 3 nm, with the JINCAx-actSN 57014 EDS spectrometer, was used.

3. Experimental Results and Analysis
3.1. Coating Composition and Structure

Figure 2 shows the XRD patterns of a single aluminate coating on the K444 alloy
deposited at 1050 °C and three kinds of yttrium-modified aluminate coatings on the K444
alloy deposited at 950 °C, 1000 °C, and 1050 °C. The characteristic peaks of the four coatings
are similar, mainly 3-NiAl and NiFe phases, indicating that adding yttrium and changing
the deposition temperature has little effect on the surface structure of the coating.

A B-NiAl
A m NiFe
|
A [
10s0°c-Al 4™ J L A A
5
s L A
= 0
2 |L050°CALY ] N
=
2
=
1000 °C-AlY | U\ j\ \
950 °C-AlY N A |
20 30 40 50 60 70 80

20/degree

Figure 2. XRD patterns of single aluminide coating and three kinds of yttrium-modified

aluminide coatings.

Figure 3 shows the cross-sectional microstructure of (a) the single aluminide coating
and (b) the yttrium-modified aluminide coating on the K444 alloy deposited at 1050 °C
and element line scan maps of Al, Ti, Co, Ni, Cr, and Y. The direction of arrows in the
Figure 3a,b indicates the element line scanning direction. The deposition time of the two
groups was 2 h, and the deposition temperature was 1050 °C. It can be seen from the figure
that both groups of coatings have two layers, the outer layer and the diffusion layer. The
thickness of the single aluminide coating is about 20 um, and that of the yttrium-modified
aluminide coating is about 28 um. It can be seen from element line scan maps that the Al
of the yttrium-modified aluminide coating is more widely distributed, while the external
diffusion degree of Ti and Cr is lower than that of single aluminide coating, indicating that
the addition of yttrium can promote the internal diffusion of Al atoms, hinder the external
diffusion of Ti, Cr, and other matrix elements, and increase the coating thickness.
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Figure 3. Cross-sectional microstructure of (a) single aluminide coating and (b) yttrium-modified

aluminide coating on K444 alloy deposited at 1050 °C and element line scan maps of Al, Ti, Co, Ni,
Cr, Y.
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OL:Outer Layer
IL:Interdiffusion Layer

Figure 4a—c show the cross-sectional microstructure of yttrium-modified aluminide
coatings on the K444 alloy deposited at 950 °C, 1000 °C, and 1050 °C. The number 1 in
the Figure 4a—c represents the zone of outer layer and the number 2represents the zone of
interdiffusion layer. The coatings of the three groups are all double-layer structures, with
an outer layer and a diffusion layer. Among them, the thickness of the yttrium-modified
aluminide coating deposited at 1050 °C is the biggest, about 28 um, the thickness of the
coating deposited at 1000 °C is about 15 pm, and the thickness of the coating deposited
at 950 °C is the smallest, about 10 um. The principle of aluminide coating prepared by
chemical vapor deposition is mainly the internal diffusion of Al and the external diffusion
of Ni [19,20], and the outer layer is mainly composed of Al and Ni. The inner layer is an
interdiffusion zone, and the bright white area is a Cr-rich phase [21]. Figure 5 shows the
distribution curves of yttrium in three groups of yttrium-modified aluminide coatings,
corresponding to zone 1 and 2 of the three groups of coatings in Figure 4. The yttrium in
the three groups was distributed evenly, and the content in the outer layer of the coating
was slightly higher than that in the diffusion layer. The content of yttrium in the yttrium-
modified aluminide coating deposited at 1050 °C was the highest (0.85 wt.% as a result of
line scanning), the content of yttrium in the yttrium-modified aluminide coating deposited
at 1000 °C was less (0.75 wt.% as a result of line scanning), and the content of yttrium in
the yttrium-modified aluminide coating deposited at 950 °C was the least (0.245 wt.% as a
result of line scanning). According to research [22], the addition of yttrium can accelerate
the deposition rate of active aluminum atoms, increase the content of aluminum in the
coating, and increase the coating thickness. The higher the deposition temperature, the
faster the reaction rate and the more yttrium content in the coating. Under the influence
of deposition temperature and yttrium, the diffusion rate of aluminum element is further
accelerated, and the coating thickness is further increased.

Figure 4. Cross-sectional microstructure of yttrium-modified aluminate coatings deposited at
(a) 950 °C, (b) 1000 °C, and (c) 1050 °C on K444 alloy.
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Figure 5. Distribution of Y in the three groups of yttrium-modified aluminide coatings on K444 alloy.

3.2. Cyclic Oxidation Behavior of Coating

Figure 6 shows the kinetics curves of the single aluminide coating deposited at 1050 °C
and the three groups of yttrium-modified aluminide coating deposited at 950 °C, 1000 °C,
and 1050 °C of cyclic oxidation for 100 h at 1100 °C. It can be seen that the single aluminide
coating and the three groups of yttrium-modified aluminide coating gain weight faster
from 0-10 h, and the 3-NiAl in the coating quickly forms a dense Al,Oj3 film, and after
10 h, the weight gain is slow, indicating that a complete Al,O3 film has been formed on
the surface of the coating to protect the matrix from further oxidation. The weight gain of
the single aluminide coating was 0.55 mg-cm 2, the weight gain of the yttrium-modified
aluminide coating deposited at 1050 °C was 0.3 mg-cm~2, and the resistance of the coating
to high temperature oxidation was increased by 45%. The weight gain of the three groups
of yttrium-modified aluminide coatings is slower than that of the single aluminide coating,
indicating that the high temperature oxidation resistance of the yttrium-modified aluminide
coating is better than that of the single aluminide coating. Compared with the three groups
of yttrium-modified aluminide coatings, the weight gain of the yttrium-modified aluminide
coating deposited at 950 °C is the largest, indicating that its oxide film has a greater
tendency to crack and flake, and its oxidation resistance at high temperature is poor. The
slope of the weight gain curve of the modified coating deposited at 1000 °C and 1050 °C
is similar, indicating that the resistance of the two coatings to high temperature oxidation
tends to be consistent.

Figure 7 shows the XRD patterns of single aluminide coating deposited at 1050 °C
and three groups of yttrium-modified aluminide coating deposited at 950 °C, 1000 °C, and
1050 °C on K444 alloy after cyclic oxidation for 100 h at 1100 °C. The oxidized aluminide
coatings are mainly Al,O3, TiO,, and y-NizAl phases, and the yttrium-modified aluminide
coatings are Al,Os, TiO,, v-NisAl, and p-NiAl phases. This indicates that part of the
aluminum in the coating is consumed by oxidation, and the 3-NiAl phase is transformed
into the more brittle y-Ni3z Al phase. There is a y-NizAl phase in the single aluminide
coating, but no 3-NiAl phase, which shows that the coating damage is more serious.
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Figure 6. Oxidation kinetics of single aluminide coating and three groups of yttrium-modified

aluminide coatings on K444 alloy.
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Figure 7. XRD patterns of single aluminide coating and three groups of yttrium-modified aluminide
coatings on K444 alloy after cyclic oxidation at 1100 °C for 100 h.

Figure 8 shows the cross-sectional microstructure of a single aluminide coating and a

yttrium-modified aluminide coatings deposited at 950 °C, 1000 °C, and 1050 °C on the K444
alloy, and element line scan maps of Al, Ti, O, Ni, Cr, and Y after cyclic oxidation for 100 h
at 1100 °C. The direction of arrows in the Figure 8a—d indicates the element line scanning
direction. As can be seen from the Figures 7 and 8, the outer layer of a single aluminide
coating is mainly NiO compounds and Cr,O3, and the inner layer is TiO,. The outer layer
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of the modified coating deposited at 950 °C is mainly Cr,O3, and the inner layer is Al,O3
and TiO,. The outer layer of the modified aluminide coating deposited at 1000 °C is Al,Os,
TiO,, and the inner layer is Cr,O3;. The outer layer of the modified aluminide coating
deposited at 1050 °C is Al,O3, Cr;O3, and the inner layer is TiO,. The outer layer of the
single aluminide coating is undulating, the content of Ni is high, the oxide layer is peeling
off, and the local failure of the coating is serious. The outer layer of the modified aluminide
coating is relatively flat, among which the oxidation product layer of the yttrium-modified
coating deposited at 950 °C is thicker, about 14.3 pm, and the oxidation product of the
coating deposited at 1000 °C and 1050 °C is thinner than that of the coating deposited at
950 °C, about 2 um. The yttrium-modified aluminide coating deposited at 1000 °C and
1050 °C has dense surface oxide film, therefore it has good high-temperature oxidation
resistance. The high-temperature oxidation resistance of the yttrium-modified aluminide
coating is better than that of single aluminide coating, and the high temperature oxidation
resistance of the modified aluminide coating deposited at 1000 °C and 1050 °C is similar,
but is better than that of modified aluminide coating deposited at 950 °C.

100 200

Figure 8. Cont.
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Figure 8. Cross-sectional microstructure of (a) single aluminide coating and yttrium-modified
aluminide coatings deposited at (b) 950 °C, (c) 1000 °C, and (d) 1050 °C and element line scan maps
of Al, Ti, O, Ni, Cr, Y on K444 alloy after cyclic oxidation for 100 h at 1100 °C.

Figure 9 shows the surface morphologies of the single aluminide coating and three
groups of yttrium-modified aluminide coatings on the K444 alloy after cyclic oxidation for
100 h at 1100 °C, where (a) is single aluminide coating deposited at 1050 °C. (b), (c) and (d)
are three groups of yttrium-modified aluminide coatings on the K444 alloy deposited at
950 °C, 1000 °C, and 1050 °C. Both the single aluminide coating and the yttrium-modified
aluminide coating deposited at 950 °C have hole defects, but the single aluminide coating
has more defects. The modified coatings deposited at 1000 °C and 1050 °C are denser.

Table 2 shows the EDS surface scan element content table of single aluminide coating
and three groups of yttrium-modified aluminide coatings on the K444 alloy, corresponding
to Figure 9a—d. It can be seen that the atomic proportion of Al + O on the surface of the
four groups of coatings is more than 80%. The single aluminide coating and the modified
aluminide coating deposited at 950 °C have more types of swept elements, including Co
and Fe, the content of Co is 1.82 wt.% and 0.86 wt.%, and the content of Fe is 3.18 wt.% and
2.36 wt.%, indicating that the coating has a certain degree of damage. However, no Co was
detected on the surface of modified coating deposited at 1000 °C, the matrix element types
were less, the content was lower (Fe content was 0.34 wt.%), and the oxidation resistance
was excellent. Substrate element types of yttrium-modified coating deposited at 1050 °C
are the least, and Co and Fe are not detected, so the oxidation resistance is the best.
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Figure 9. Surface morphologies of (a) single aluminide coating and yttrium-modified aluminide
coatings deposited at (b) 950 °C, (c) 1000 °C, and (d) 1050 °C on K444 alloy after cyclic oxidation at
1100 °C for 100 h.

Table 2. Surface scan element content table of single aluminide coating and three groups of yttrium
aluminide coatings on K444 alloy after cyclic oxidation for 100 h (wt.%).

, Flement ) Al Ni Cr Ti Co Fe
Coatings
1050 °C-Al 65.82 15.76 0.32 0.66 12.43 1.82 3.18
950 °C 66.40 19.03 297 2.43 5.34 0.86 2.36
1000 °C 67.04 25.33 0.53 0.89 5.87 — 0.34
1050 °C 67.40 25.57 0.69 0.43 5.96 — —

The coating surface of single aluminide coating and three groups of yttrium-modified
aluminide coatings is the 3-NiAl phase, and the metastable cubic crystal Al,O3, including
v phase, b phase and 0 phase, is first formed during oxidation. As the oxidation process
continues, these metastable Al,O3 will gradually transform into stable x-Al,O3. Studies
have shown that [23,24] rare earth elements can promote the nucleation of steady-state o-
Al O3 by forming oxidation particles, thus promoting the transition from metastable Al,Os3
to stable Al,Os3. In addition, rare earth elements can also reduce the critical Al content of
Al,O3 film formation on the surface, reduce the critical concentration of Al,O3; formation
on the surface, and extend the deposition time of the coating. Therefore, more yttrium can
better promote the formation of the x-Al;Oj3 film, thereby improving the high-temperature
oxidation resistance of the coating.

3.3. Thermal Corrosion Behavior of Coatings

Figure 10 shows the corrosion weight gain kinetics curves of the single aluminide
coating and three groups of yttrium-modified aluminide coatings on the K444 alloy after
corrosion at 900 °C-NapSOy4 + NaCl for 75 h. The single aluminide coating gained weight
rapidly in the early stage of corrosion (0-20 h), reaching 0.0265 mg-cm 2 at 20 h. It remained
stable in the middle stage of corrosion (20-40 h), gaining 0.0293 mg-cm~2 at 30 h. At the later
stage of corrosion (40-75 h), the weight gain decreased rapidly, reaching 0.0108 mg-cm 2
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at 75 h. The corrosion weight gain of the three groups of modified coatings showed an
approximate change law, that is, the weight gain was faster in the initial stage of corrosion
(0-10 h), and the rate tended to be stable as time went on. The yttrium modified aluminide
coating deposited at 1050 °C had the least corrosion weight gain (0.0100 mg-cm~2 at 75 h),
and the sample deposited at 950 °C had the most corrosion weight gain (0.0151 mg-cm 2
at 50 h), and there was a trend of weight loss at 50-75 h. The weight gain decreased
from 0.0151 mg-cm~2 to 0.0133 mg-cm~2, indicating that the yttrium-modified coating
deposited at 950 °C was seriously corroded. The corrosion weight gain of the three groups
of yttrium-modified aluminide coatings was smaller than that of the single aluminide
coating, indicating that the thermal corrosion resistance of the yttrium-modified aluminide
coating is better than that of the single aluminide coating. The corrosion weight gain of
the two groups of modified aluminide coatings deposited at 1000 °C and 1050 °C kept a
slow growth trend, indicating that the coating has a good protection effect. The thermal
corrosion resistance of the modified coating deposited at 1000 °C and 1050 °C is close, and
better than that deposited at 950 °C. The modified aluminide coating with more yttrium
content has better resistance to high temperature corrosion.

0.04
—®— 950 °C-AlY
—— 1000 °C-AlY
—&— 1050 °C-AlY
—w— 1050 °C-Al
0.03 B /v,,///’/v\\‘
(\‘I
£
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Figure 10. Corrosion kinetics of single aluminide coating and three groups of yttrium-modified
aluminide coatings on K444 alloy after corrosion at 900 °C-NaySO4 + NaCl for 75 h.

Figure 11 shows the XRD patterns of single aluminide coating and three groups of
yttrium-modified aluminide coatings on the K444 alloy after corrosion at
900 °C-NaySO4 + NaCl for 75 h. It was found that the single aluminide coating has
Al O3, Cry03, and y-NizAl phases, but no 3-NiAl phase, which shows that the coating
damage is more serious. The structure of the three groups of modified aluminide coatings
is similar, with Al,O3, TiO,, Cr,O3, 3-NiAl and y-Niz Al phases, indicating that the three
groups of modified coatings still have a good function of protecting the internal matrix.

Figure 12 shows the cross-sectional microstructure of single aluminide coating and
yttrium-modified aluminide coatings deposited at 950 °C, 1000 °C, and 1050 °C and
element line scan maps of Al, Ti, O, Ni, Cr, and S on the K444 alloy after corrosion at
900 °C-NaySO4 + NaCl for 75 h. The direction of arrows in the Figure 12a-d indicates
the element line scanning direction. Figure 12a is single aluminide coating deposited at
1050 °C, (b), (c), and (d) are the three groups of yttrium-modified aluminide coatings on
the K444 alloy deposited at 950 °C, 1000 °C, and 1050 °C. As can be seen from this figure,
the outer layer of the single aluminide coating and the yttrium-modified coating deposited
at 950 °C are mainly NiO compounds, and the inner layer is Al;O3, Cr,O3, and TiO,. The
content of S in the matrix is relatively high, internal vulcanization occurs, and the coating
is seriously damaged.
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Figure 11. XRD patterns of single aluminide coating and three groups of yttrium-modified aluminide
coatings on K444 alloy after corrosion at 900 °C-NaySO4 + NaCl for 75 h.

Figure 13 shows the thickness curves of the corrosion products of the K444 alloy with
single aluminide coating and three groups of yttrium-modified aluminide coatings after
salt hot corrosion for 75 h. The thickness of the corrosion product of the single aluminide
coating is about 29.3 pm, the corrosion product appears in the matrix, and the local damage
of the coating is serious. The thickness of the corrosion products of the yttrium-modified
aluminide coating deposited at 950 °C is about 26.8 um, the thickness of the corrosion
products of the modified coating deposited at 1000 °C is about 18.5 pm, and the thickness
of the corrosion products of the modified coating deposited at 1050 °C is about 9.8 um,
indicating that the thermal corrosion resistance of the three groups of yttrium-modified
aluminide coating is better than that of the single aluminide coating. Compared with the
three groups of modified coatings, the thermal corrosion resistance of yttrium-modified
aluminate coating deposited at 1050 °C is better than that of the modified coating deposited
at 1000 °C, and both are better than that of the modified coating deposited at 950 °C.

Yttrium can improve the toughness of the coating, thus effectively slowing down the
cracking and falling off of the oxide film. Moreover, the yttrium can inhibit the outward
diffusion of Cr, Ti, and other elements, and inhibit the inward diffusion of S, thus improving
the thermal corrosion resistance of the coating. The higher the content of yttrium, the better
the thermal corrosion resistance of the coating.

Figure 14 shows the surface morphology of the (a) single aluminide coating and
yttrium-modified aluminide coatings deposited at (b) 950 °C, (c) 1000 °C, and (d) 1050 °C
on the K444 alloy after corrosion at 900 °C-Na;SOy4 + NaCl for 75 h. The single aluminide
coating has corrosion holes, and the yttrium-modified coating deposited at 950 °C has
corrosion pits, while the samples deposited at 1000 °C and 1050 °C have dense surface
coatings without obvious defects. Table 3 shows the surface scan element content of single
aluminide coating and three groups of yttrium-modified aluminide coating on K444 alloy
after corrosion at 900 °C-NapSOy + NaCl for 75 h that are corresponded to Figure 14a—d. By
synthesizing Figure 14 and Table 3, it can be found that S (0.33 wt.%) and a small number
of matrix elements (0.23 wt.% W and 0.29 wt.% Ta) were detected on the surface of the
single aluminide coating. It may have internal vulcanization, and the local damage of the
coating is relatively serious. The S element (0.28 wt.%) was detected on the surface of the
yttrium-modified aluminide coating deposited at 950 °C, but no matrix element is detected.
The thermal corrosion resistance of the coating is better than that of the single aluminide
coating. The surface of the modified coating deposited at 1000 °C is mainly Al;O3; and
TiO,, with a small amount of Cr,O3, and no S is found, indicating that the coating has a
certain degree of damage, but it still has a good protective effect. The surface of the sample
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deposited at 1050 °C is mainly Al,O3, with a small amount of TiO; and Cr,O3, indicating
that the coating is not corroded and has good thermal corrosion resistance.
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Figure 12. Cont.
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Figure 12. Cross-sectional microstructure of (a) single aluminide coating and yttrium-modified
aluminide coatings deposited at (b) 950 °C, (c) 1000 °C, and (d) 1050 °C and element line scan maps
of Al, Ti, O, Ni, Cr, S on K444 alloy after corrosion at 900 °C-Na;SO4 + NaCl for 75 h.
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Figure 13. Thickness curves of corrosion products of single aluminide coating and three groups of
yttrium-modified aluminide coatings on K444 alloy after corrosion at 900 °C-Na;SO4 + NaCl for 75 h.

Figure 14. Surface morphologies of (a) single aluminide coating and yttrium-modified aluminide
coatings deposited at (b) 950 °C, (c) 1000 °C, and (d) 1050 °C on K444 alloy after corrosion at
900 °C-NaySOy + NaCl for 75 h.

Table 3. Surface scan element content of single aluminide coating and three groups of yttrium-
modified aluminide coatings on K444 alloy after corrosion at 900 °C-NaySO4 + NaCl for 75 h (wt.%).

, Element o Al Ni Cr Ti Co s Residual
Point
. 023 W,
Figure 14a 47.61 7.68 24.75 12.81 130 5 0.33 N
Figure 14b 63.95 754 12.92 29.09 5.73 8.14 0.28 —
Figure 14c 67.12 25.75 051 145 458 — — —
Figure 14d 61.38 35.62 0.58 119 123 — — —
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4. Conclusions

(1) Adding yttrium and changing the deposition temperature had no effect on the
double-layer structure (outer layer and diffusion layer) of the coating. The addition of
yttrium-modified element increased the content of aluminum and the thickness of the
coating. When the deposition temperature is 1050 °C and the deposition time is 2 h, the
thickness of the yttrium-modified aluminide coating increased by 33%, compared with that
of single aluminide coating. Compared with adding yttrium, the deposition temperature
has a greater effect on the coating thickness;

(2) The cyclic oxidation test at 1100 °C showed that the high-temperature oxidation
resistance of the three yttrium-modified aluminide coatings was better than that of the
single aluminide coating. Compared with the three groups of yttrium-modified aluminide
coatings, the high-temperature oxidation resistance of the modified coatings deposited
at 1000 °C and 1050 °C was close to that of the modified coatings deposited at 950 °C.
After cyclic oxidation for 100 h, the single aluminide coating gained 0.55 mg-cm~2, the
yttrium-modified aluminide coating deposited at 1050 °C gained 0.3 mg-cm~2, and the
oxidation resistance of the coating increased by 45%;

(3) Under the condition of 900 °C-NaCl + Na; SOy, the resistance to heat corrosion of the
yttrium-modified aluminide coating was better than that of the single aluminide coating.
Compared with the three groups of yttrium-modified aluminide coatings, the thermal
corrosion resistance of the yttrium-modified aluminide coating deposited at 1050 °C was
better than that of the yttrium-modified aluminide coating deposited at 1000 °C, and was
superior to the modified coating deposited at 950 °C.
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