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Hot Corrosion Performance of AlO-CrO/Ni-
CoCrAlYTa and AIO/NiCoCrAlYTa Coatings
Deposited by Atmospheric Plasma Spraying
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AlO-CrO/NiCoCrAlYTa and AlIO/NiCoCrAlYTa coatings were deposited on 316L stainless steel sub-
strate using atmospheric plasma spraying, respectively, in order to improve the oxidation and corrosion
resistance. The hot corrosion performance of the coatings at 700 and 900 °C were studied, and the
detailed microstructures and phase composition of the coatings were analyzed using x-ray diffraction,
scanning electron microscope with energy dispersive spectrometer, and transmission electron micro-
scope. The results show that both coatings are structurally featured by slatted layers, consisting of
amorphous phase, Cr,03, Ni3Al, and Al,O3. The hot corrosion resistance of AlQ-CrO/NiCoCrAlYTa
coating is better than that of AIO/NiCoCrAlYTa coating. This improvement is attributed to lower
porosity and more compact Cr,03 in AlIQO-CrO/NiCoCrAlYTa coating which performs better than AL, O3
in blocking further inward progress of corrosion and oxidization.
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1. Introduction

With the development of industrial appliances, many
hot components have endured more severe service envi-
ronment with higher temperature and complex atmo-
sphere. So, the hot corrosion resistance of these materials
should be further improved. Nowadays, making coating,
as one of the effective methods to protect base material,
has gained more attentions and has been widely used in
actual industry. Among the available thermal spraying
methods, atmospheric plasma spraying (APS), as a flexible
and versatile technology, has been developed recently.
During APS, powder materials are firstly heated to a
molten or semi-molten state, and then deposited onto the
substrate to form a dense and uniform coating. For
example, the AlLO3 and Cr,O3 coatings as the represen-
tative of oxide ceramic coatings have been widely used in
modern industry and exhibit good mechanical and anti-
wear performances (Ref 1).
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Moreover, it has been reported (Ref 2-5) that the
MCrAlY-based coating in which M is Ni, Co, or Ta, has
performed a good resistance to oxidation and corrosion at
high temperature, and good properties including plastic-
ity and thermal fatigue strength. In addition, the MCrAlY-
based coating has a little effect on the mechanical proper-
ties of substrates. Some experts have reported that
MCrAlY-based coatings exhibit better high-temperature
oxidation and hot corrosion resistance than others, such as
NiCoCrAlYSiB coatings (Ref 6, 7) The addition of silicon
to the coatings is beneficial to improve both high-temper-
ature oxidation and hot corrosion resistance (Ref 8-11).

However, few researches have been presented regard-
ing the detailed microstructures and corrosion properties
of NiCoCrAlYTa coating with the addition of Al,O5 and
Cr,05 by APS. In the present study, microstructures and
corrosion behavior of APS sprayed AlO-CrO/NiCoCrA-
IYTa and AIO/NiCoCrAlYTa coatings were investigated,
and the mechanism was also discussed.

2. Experimental Procedure

2.1 Materials and APS Thermal Spraying Process

The coatings on a stainless steel 316L substrate were
prepared by APS. Three commercially available feedstock
powders Al,O3, Cr,03, and NiCoCrAlYTa with the purity
of above 99.5% were used.

Figure 1 shows the morphologies of these powders with
a particle size range of 15-45 pm. Before the coating
process, 20 mm x 20 mm x 10 mm specimens were cut
from stainless steel 316L and were degreased and grit
blasted to get a roughness of about 15 pm. Then the
coatings were obtained with the abovementioned powders
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Fig. 1 The spherical morphologies of the powders: (a) Al,O3, (b) Cr,03, (c) NiCoCrAlYTa, (d) mixed powders

Table 1 Powder ratio of coating samples (mass%)

Ratio
Aleg, Cl‘203 NiCoCrAlYTa
Samples
C1 18 12 70
C2 30 0 70

using a commercial APS (Praxair Surface Technology
Model 3710 Plasma, USA), and the torch model is SG-100.
Spraying processes were executed with a stand-off dis-
tance of 80 mm at a voltage of 40 V and a current of 500
A. The powder feed rate was fixed at 45 g/min with the aid
of a computerized powder feeder station. The flow rates of
primary Ar gas and secondary He gas were 55 and 18 L/
min, respectively. The thickness of the coatings deposited
was of 180 £ 20 pum after 6 passes of the spray gun.

In order to assess the influences of Cr,O5 content on hot
corrosion of composite coatings, two coatings namely C1
and C2 were prepared (Table 1). The Vickers’ micro-
hardness of the coating and the substrate was tested by the
method of indentation. The microstructures of the coatings
were characterized using x-ray diffraction (XRD Bruker
D8-Advanced German), scanning electron microscope
(SEM JEOL 6510A Japan), and transmission electron
microscope (TEM FEI Tecnai G>20 USA). The hardness of
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coatings was measured using digital micro-hardness tester
(DMT SMTMF MHV2000 China) on the cross-section of
specimens at every 50 pm from the top to the substrate.

2.2 Hot Corrosion Test

Hot corrosion tests were performed in a chamber fur-
nace at 700 and 900 °C in the air, respectively, by soaking
in molten salt (75 mass% Na,SO,4+25 mass% NaCl) with
the purity of above 99%. The furnace (SRIX-8-13) with
the KSY-12 controller and the K-Type thermocouples was
used. The specimens were completely immersed in the
Al,O5 crucible filled with about 30 g molten salt and re-
trieved at regular intervals of 5 h. They were washed in
hot water at about 90 °C for 10 min, to remove the
remaining salt from the specimens’ surface. After drying in
an air oven at 100 °C for 20 min, they were weighted using
the analytical balance with a precision of 10 * g. After
mass measurement, the specimens were re-immersed in
fresh salts to repeat the above processes. The total time of
hot corrosion test was 50 h. The experiment with each
condition was repeated using three specimens. The rate of
weight gain Aw; was calculated using Eq 1:

Wi — Wo
A

where i is the corrosion cycle number; w; is the weight of
samples after each corrosion cycle; and wy is the initial
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weight of samples A is the area of sample. Hot corrosion
kinetics curves of mass changing with time were made
after finishing hot corrosion tests. The surface morpholo-
gies of the coatings before and after hot corrosion tests
were analyzed using SEM.

Intensity(arb.units)

1 1 1 1 1 1 1
20 30 40 50 60 70 80 90
2theta(deg.)

Fig. 2 XRD patterns of the feedstock powder and as-sprayed
coating

_<

3. Results and Discussion

3.1 Phase Composition

XRD patterns of the feedstock powder and as-sprayed
coatings are shown in Fig. 2. It is clear that Cr,O3, NizAl,
and Al,Oj; are detected in the feedstock powder. It is also
obvious that there is a distinct diffuse diffraction peak
around 20 & 45°, indicating the formation of an amor-
phous/nanocrystallized phase during the APS process due
to particle melting and high cooling rate during deposi-
tion. The similar phase has also been mentioned by earlier
reports in other APS coatings (Ref 12-14). Compared with
C2, C1 coating contains much more amount of Cr,O3.

3.2 Characterization of the Coatings

The cross-sectional microstructures of as-sprayed coat-
ings are shown in Fig. 3. It reveals that both the two coatings
show a fine structure and have a good adhesion to the sub-
strate. The thickness of coatings is about 180 + 20 pm. Itis
also found that the coatings present a lamella structure al-
most paralleling to the interface between the coating and
the substrate. Besides, some melted or semi-melted parti-
cles and micro-cracks are observed, which is caused by high
velocity spray and high melting point of the powders, indi-
cating that not all the particles are melted during the pro-
cess. When they are deposited on the substrate and cooled

>

lamell:

Fig. 3 TImages of cross sections of as-sprayed coatings: (a) OM and (b) SEM of AlO-CrO/NiCoCrAlYTa coating; (c) OM and (d) SEM

of AIO/NiCoCrAlYTa coating
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Table 2 Powder type and characteristics of testing coatings

Coating Feedstock composition Substrate (HV,4) Coating hardness (HV, ) Porosity ratio (%)
C1 AlO-CrO/NiCoCrAlYTa 198 413 15.06
C2 AlO/NiCoCrAlYTa 201 381 17.88

(@)

Amorphous

phase

50nm

a5
-
-

Am@rpdu‘"s phase

2

.

Fig. 4 TEM images of typical microstructure of coatings: (a) amorphous phase in C1; (b) SAED pattern of amorphous phase; (c) Al,O3

and amorphous phase in C2; (d) SAED pattern of Al,O3

down, the cracks are generated (Ref 15, 16). Some gray
oxides around the splats are showed in Fig. 3, as previously
reported by Azarmi et al. (Ref 17).

Table 2 shows the properties of the two kinds of coatings.
It indicates that the average porosity of the C1 and C2
coatings is 15.06 and 17.88%, respectively, measured by the
image analysis software. And the average micro-hardness is
413HV,; and 381HV, , respectively, which is approxi-
mately as 2 times as that of the substrate (200 HV( ;). The
enhancement of the surface hardness ascribes to the hard
ceramic phases in the coatings. And the higher hardness
value of C1 might be due to much more amount of Cr,Oj3
which is spherical and make it lower porosity than C2.

The typical bright field TEM images of C1 coatings are
shown in Fig. 4(a), indicating the coexistence of amor-
phous phase. Corresponding SAED pattern of amorphous
phase (indicated by circle) is shown in Fig. 4(b). The
Al,O5 and amorphous phase are found in C2 (Fig. 4c, d).
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The partial amorphization of the coating is also evident
from the XRD spectra (Fig. 2). Usually, the MCrAIY-
based alloy system satisfies the three empirical rules pro-
posed by Inoue et al. (Ref 18), i.e., (1) multi-component,
(2) significant atomic size mismatches, and (3) suit-
able negative heats of mixing among the constituent ele-
ments. It is generally known that the glass formation is
strongly determined by the atomic radius and mixing en-
thalpy (Ref 18). In this research, the effective addition of
Ni, Co, Cr, AL Y, and Ta causes the sequential change in
the atomic radius in the order of Y (227 A) > Ta
(209 A) > Cr(1.85 A) > Al (1.82 A) > Co (1.67 A) >
Ni (1.62 A) (Ref 19), leading to the formation of the
packed local structure with low atomic diffusivity in the
super cooled liquid (Ref 20). The topological structure
and chemical short-range order result from the large
negative heated mixing among the constituent elements
(Ref 21). In addition, the cooling rate of the splats is
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Fig. 5 Hot corrosion kinetics curves of C1 and C2 coatings at 700 °C (a) and at 900 °C (b)

estimated to be above 10° K/s during APS processes
(Ref 22), which is beneficial to form an amorphous phase.

3.3 Hot Corrosion Resistance of the Coatings

Hot corrosion kinetics curves of C1 and C2 coatings at
700 °C are shown in Fig. 5(a). At first 25 h, the hot cor-
rosion kinetics curves of C1 and C2 sharply increase. After
25 h, the curves of C1 show a steady state, but the curves
of C2 still rises. Figure 5(b) shows the corrosion rate of the
C1 and C2 coating at 900 °C for 40 h. It is evident that the
corrosion rate of both samples varies with time. The cor-
rosion rate of the C2 coating sample increases within 15 h,
then decreases sharply; however C2 coating cracks at 25 h.
The corrosion rate of the C1 coating sample rises during
first 15 h and then slowly declines. The corrosion kinetic
curves incline rapidly in the initial period, because there is
no dense and protective oxide film formed on the coating
surface yet, and the reaction of oxidation is violent on the
surface which is exposed to corrosive medium. In order to
simulate the real combustion condition in appliances, the
service life of the MCrAl coatings were found to be over
1000 h with the salt spraying method as reported by Ni-
cholls. (Ref 23, 24) However, it is apparent that both C1
and C2 coatings were eroded seriously after 50 h in the
salt immersion method, indicating that the higher the salt
concentration, the faster the corrosion rate is.

Based on the results in Fig. 5, it is also clear that the
corrosion rate of C1 is lower than that of C2 both at 700
and 900 °C. The hot corrosion resistance of Cl is im-
proved by 1.5-2 times compared with that of C2.

Figure 6 shows outer surface morphologies of C1 and
C2 coatings before and after corrosion tests. The dense
oxides are seen on the surface, while the oxides on the C2
coating show green in color, indicating that the composi-
tion of the oxides is different from each other. In partic-
ular, exfoliation can be found on both of them after hot
corrosion tests for 50 h. All the above observations are
consistent with the corrosion kinetics shown in Fig. 5.

Figure 7 shows the compact oxide film on the coating
surface after corrosion. It can be seen that some kinds of
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C1 after corrosion  C2 after corrosion

Fig. 6 Outer surface of the specimens before and after hot
corrosion for 50 h

corrosion products are globular and granular generated on
the most region of coating surface and they are Al,Oj3,
NaCr,0y, and Cr,O3 detected by XRD (Fig. 8). The sur-
face morphologies of coatings after corrosion at 700 and
900 °C are obviously different. At 700 °C, the corrosion
products are mainly globular which are distributed rela-
tively densely on the surface. There are not any obvious
holes and cracks on the coating surface. From the SEM
images (Fig. 7a, b), it can be seen that the globular cor-
rosion products are many flakes about 3 microns in
diameter, while the corrosion products at 900 °C are
mainly granular with a diameter of 5-20 microns, as shown
in Fig. 7(c) and (d). Meanwhile, many holes and micro-
cracks are found on the coating surface. The quantitative
EDS analysis on the coating surface after corrosion for
50 h at both A and B points is shown in Fig. 7(e) and (f),
respectively. The EDS spectrum of point A reveals that
the elements mainly contain O, Al, and Cr, indicating the
formation of Al,O5 and Cr,Os3. The corrosion products of
points B which are globular contain O, Ni, Na, Al, Ta, S,
Cr, and Co, suggesting the presence of other oxides.
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Fig. 7 Surface morphologies of Cl1 (a) and C2 (b) coatings corroded at 700°C, C1 (c) and C2 (d) at 900 °C covered with
75%Na,SO,4+25% NaCl for 50 h and the corresponding EDS spectra (e) and (f)

The cross-sections of as-sprayed coatings after corro-
sion in molten salt at 700°C are shown in Fig. 9. From
Fig. 9(a), it can be seen that there are some micro-cracks
between C1 coating and substrate after corrosion for 15 h,
because of the formation of corrosion products. And the
cracks do not propagate and the C1 coating keeps a good
adhesion to the substrate after 50 h as shown in Fig. 9(b).
From Fig. 9(c), it can be seen that the structure of C2 is
similar to that of C1, and some micro-cracks exist between
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coating and substrate. Figure 9(d) shows the structure of
C2 after corrosion in molten salt for 50 h, indicating that
the cracks have a mass propagation. The cracks are par-
allel to the interface between coating and substrate which
would lead the coating to spall from the substrate.

Al,O3 and Cr,0; are formed in both APS process and
hot corrosion process (Ref 25, 26), when the Cr/Al mass
ratio is more than 4, otherwise, Al,O3 is mainly formed
when the Cr/Al mass ratio is less than 4 (Ref 27). In the

Journal of Thermal Spray Technology
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present research, the Cr/Al mass ratios of C1 and C2
coatings are 2/1 and 17/19, respectively, less than 4, so
Al O is mainly produced.

When the samples were put in hot-melt solution of
75%Na,SO,4+25%NaCl for 5 h, the coatings were iso-
lated from the outside air. Because the solubility and
diffusion velocity of oxygen in molten salt is limited, the
supply of oxygen mainly relies on the decomposition of
Na,SO,. The reaction sequence (Ref 28) is as follows:

Na,SO4 — Na,O + SOj3 (Eq 2)

SO; — S + 30 (Eq 3)

At the beginning of the hot corrosion, A1,0; film quickly
forms on the coating surface. Then it dissolves in the
neutral Na,SO,4 where chemical reactions take place. The
formation of oxides on the coating surface reduces the
oxygen activity in molten salt, increasing the sulfur activ-
ity. Sulfur diffuses to the substrate through the oxide film
and forms sulfide there. Owing to the diffusion of S into

Fig. 9 TImages of cross sections of as-sprayed coatings after corrosion in molten salt at 700 °C (a) C1 after 15 h; (b) C1 after 50 h; (c) C2

after 15 h; (d) C2 after 50 h
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the coating, the partial pressure of SO5; decreases and the
activity of Na,O increases, then Na,SO, shows alkalinity.
The ALOj; on the surface chemically reacts in alkaline
Na,SOy as follows:

AL O3 + 0%~ — 2A103~ (Eq 4)

The Al,O; film dissolves in this alkaline fusion, and then
AlO?~ drifts to the interface between Na,SO, and gaseous
phase. The counteraction takes place in neutral Na,SOy:

2A103 — ALO; + 0> (Eq 5)

The loose A1,0; phase separates out at the interface
between Na,SO, and gaseous phase. These reactions
could make the oxidation film become porous and lose, so
the protection film will continue to dissolute and repre-
cipitate. The performance of Al,Oj; film at high temper-
ature is better than that of Cr,O; film, because the
diffusion coefficient of metal ions or oxygen ions in the
Al,Oj3 is smaller than that in the Cr,O3 by several orders
of magnitude. But due to the low density of plasma
spraying coating, which has so many defects, such as holes,
cracks, when Al,Oj; film is generated, corrosion medium
also gets into the inside of coating through defects, which
accelerate the degradation of the coating and the con-
sumption of Al. As the corrosion continues, the Al content
cannot sustain the growth of Al,Oj3, thus the Cr,Oj; film
gets generated instead of Al,O5 film.

The purpose of Chromium is to improve the hot cor-
rosion resistance of the coating, because the Cr,Oj; has
more solubility in neutral Na,SO4. When Cr,0O; and
Al O3 coexist, Cr,O3 reacts with Na,SO, prior to A1,0;.
In alkaline fusion, Cr,Oj3 reacts as follows:

Cr;03 + Na,O + 3/202 — Na,Cr, Oy (Eq 6)

It is obvious that the alkaline solubility of Cr,O3 is not
only related to the alkaline, but is also related to the
oxygen concentration in solution. So the solubility of
Cr,0O5 at interface between oxide film and molten salt is
less than that between molten salt and air. In molten
Na,SOy4, Ni reacts as follows:

9Ni + 2803~ — 6NiO + Ni3S; +20*" (Eq 7)

As the reaction continues, the content of Cr,O3 and NiO
increases, then both of them react with each other as
follows:

NiO + Cr,03 — NiCr,0q4. (Eq 8)

The phase of NiCr,O,4 is generated, whose structure is
compact. It can effectively prevent sulfate and oxygen
from invading into the coating and improve the corrosion
resistance of coating.

NaCl plays an important role in the hot corrosion
processes. Some studies have showed that NaCl could
destroy the continuity of the surface oxidation film (Ref
29, 30). During the hot corrosion processes, NaCl reaches
the substrate through the defects in the oxide film, and
then forms the volatile chloride. When gaseous chloride
gathers at a certain degree, it results in the cracks or
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peeling-offs on the oxide film. The reactions of Cr,O3 with
NaC(l are as follows:

2Cr;,03 + 50, + 8NaCl — 4Na,CrO4 + 4Cl, (Eq9)

(Eq 10)

4CrCl; + 30, — 2Cr,O5 + 6Cl, (Eq 11)

The Cr,0O; film becomes easy to crack and spall in Cl™,
then lose the protection (Ref 31). The corrosion resistant
of AlL,Oj3 is good, but its discontinuity and porosity make
the diffusion rate of sulfate and oxygen high. When the Al
becomes poor, the forming of dense Cr,Os; delays the
diffusion of sulfate and oxygen and the corrosion of oxide
layer. Due to more Cr,Oj in C1 than that in C2 which
could be seen in Fig. 7, the hot corrosion resistance of C1
which has more Chromium is better than that of C2.

2Cr + 3C12 — 2CI'C13

4. Conclusion

Hot corrosion resistances of AlO-CrO/NiCoCrAlYTa
and AlIO/NiCoCrAlYTa coatings obtained by APS were
investigated. The main conclusions can be drawn as fol-
lows:

(1) AlO-CrO/NiCoCrAlYTa and AlO/NiCoCrAlYTa
coatings have an uniform microstructure and good
bonding to the substrate. The phases of the coating
consist of the amorphous phase and several kinds of
oxide such as Cr,03, Ni3Al, and Al,O3. The hardness
of AlO-CrO/NiCoCrAlYTa coating is higher than
that of AIO/NiCoCrAlYTa coating, while the porosity
is lower.

(2) The hot corrosion resistance of AlO-CrO/NiCoCrA-
1YTa coating is better than that of AIO/NiCoCrAlY-
Ta coating at both 700 and 900 °C.

(3) The higher improvement in hot corrosion resistance of
the AIO-CrO/NiCoCrAlYTa coating ascribes to lower
porosity and more Cr,O3 which performs better than
Al,O; in blocking further the inward progress of
corrosion and oxidization.
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