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The oxidation and hot corrosion behavior of two atmospheric plasma-sprayed NiCoCrAlY--Cr2O3 and
CoNiCrAlY–Cr2O3 coatings, which are primarily designed for wear applications at high temperature,
were investigated in this study. The two coatings were exposed to air and molten salt (75%Na2SO4–
25%NaCl) environment at 800 �C under cyclic conditions. Oxidation and hot corrosion kinetic curves
were obtained by thermogravimetric technique. X-ray diffraction analysis and scanning electron mi-
croscopy with energy-dispersive x-ray spectrometry were employed to characterize the coatings�
microstructure, surface oxides, and composition. The results showed that both coatings provided the
necessary oxidation resistance with oxidation rates of about 1.03 3 1022 and 1.36 3 1022 mg/cm2 h,
respectively. The excellent oxidation behavior of these two coatings is attributed to formation of pro-
tective (Ni,Co)Cr2O4 spinel on the surface, while as-deposited Cr2O3 in the coatings also acted as a
barrier to diffusion of oxidative and corrosive substances. The greater presence of Co in the CoN-
iCrAlY–Cr2O3 coating restrained internal diffusion of sulfur and slowed down the coating�s degradation.
Thus, the CoNiCrAlY–Cr2O3 coating was found to be more protective than the NiCoCrAlY–Cr2O3

coating under hot corrosion condition.

Keywords hot corrosion, MCrAlY–Cr2O3 coating, oxidation,
plasma spray

1. Introduction

To improve the service life of machine components
working at high temperatures, thermally sprayed cermet
coatings have been widely used as an effective solution for
wear resistance applications (Ref 1, 2). Coatings based on
carbides (WC, Cr3C2, etc.) and oxides (Al2O3, Cr2O3, etc.)
are frequently used for many applications in gas turbines,
internal combustion engines, and power generation appa-
ratus to improve resistance to abrasion. DellaCorte et al.
(Ref 3-5) developed PS series plasma-sprayed composite
coatings (PS200, PS300, PS400) using Cr2O3 or Cr3C2 as
hardening phase with Ni-based alloy as binder; these com-
posite coatings showed excellent tribological properties
from room temperature to 800 �C. Murthy et al. (Ref 6)

studied the abrasive wear behavior of WC–CoCr and
Cr3C2–NiCr composite coatings deposited by high-velocity
oxy-fuel (HVOF) spraying, indicating that the WC–CoCr
coating had better wear resistance than the Cr3C2–NiCr
coating due to the higher hardness of the WC particles and
better matrix properties of the CoCr binder material.

However, there are many high-temperature applications
where both corrosion and abrasion problems predominate
(Ref 7-9). Hot corrosion results from presence of salt con-
taminants such as Na2SO4 and NaCl in residual fuel oil,
which combine to form molten compounds that can destroy
the protective oxide layer formed on materials (Ref 10, 11).
Although these coatings show excellent wear behavior at
high temperature, there is also great demand for coatings
for use in applications in hot corrosion environments.
However, there is little published literature presenting de-
tailed investigations of the corrosion behavior of these wear
resistance coatings. The MCrAlY–Cr2O3 coatings investi-
gated here are primarily chosen for wear applications at
high temperatures. In these coatings, Cr2O3 results in wear
and oxidation resistance, while MCrAlY (M = Ni, Co, or
NiCo) provides excellent mechanical strength and oxida-
tion/corrosion resistance (Ref 12-14). In this work, two
kinds of wear-resistant MCrAlY–Cr2O3 coating were pre-
pared by atmospheric plasma spray, and their oxidation and
hot corrosion behavior investigated in detail.

2. Experimental

2.1 Development and Characterization of Coatings

GH4169 with nominal composition 52Ni-20Cr-5.1Nb-
3Mo-0.9Ti-0.6Co-0.5Al-bal Fe (wt.%) was selected as

Tiantian Zhang, Laboratory of Particle Science and
Engineering,State Key Laboratory of Multi-phase Complex
Systems, Institute of Process Engineering, Chinese Academy of
Science, No.1 Beier-tiao, Zhong-guan-cun, Beijing 100190,
People�s Republic of China; and University of Chinese
Academy of Sciences, No.19A Yuquan Road, Beijing 100049,
People�s Republic of China; and Chuanbing Huang, Hao Lan,
Lingzhong Du, and Weigang Zhang, Laboratory of Particle
Science and Engineering, State Key Laboratory of Multi-phase
Complex Systems, Institute of Process Engineering, Chinese
Academy of Science, No.1 Bei-er-tiao, Zhong-guan-cun,
Beijing 100190, People�s Republic of China Contact e-mail:
wgzhang@home.ipe.ac.cn.

JTTEE5 25:1208–1216

DOI: 10.1007/s11666-016-0433-5

1059-9630/$19.00 � ASM International

1208—Volume 25(6) August 2016 Journal of Thermal Spray Technology

P
e
e
r
R
e
v
ie
w
e
d

http://crossmark.crossref.org/dialog/?doi=10.1007/s11666-016-0433-5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11666-016-0433-5&amp;domain=pdf


substrate material, as it possesses excellent high-temper-
ature oxidation and hot corrosion resistance. The speci-
mens were cut to dimensions of 20 mm 9 15 mm 9 5 mm
and blasted with coarse SiC particles before coating
deposition using a plasma-spray process. Only one side of
the substrate with dimensions of 20 mm 9 15 mm was
coated.

For fabrication of MCrAlY–Cr2O3 composite powders,
two nominal compositions of MCrAlY phase were se-
lected based on two commercially available powders
(74Ni-2.5Co-17.5Cr-5.5Al-0.5Y2O3 and 37Co-31.5Ni-
25.5Cr-5.5Al-0.5Y2O3) applied in preparation of wear,
oxidation, and hot corrosion resistant coatings. Ni, Co, Cr,
Al, Y2O3, and Cr2O3 powders, water, and dispersant were
blended together mechanically to prepare these composite
powders by centrifugal spray granulation. Then, the
composite powders were sintered in inert argon atmo-
sphere at 1400 �C for 4 h using solid-state alloying tech-
nology. The compositions of the two composite powders
are presented in Table 1. These two kinds of powder were
deposited by using an APS-2000K plasma spraying system
with the spray parameters presented in Table 2. Before
MCrAlY–Cr2O3 was coated, commercially available
CoNiCrAlY powder with chemical composition of 37Co-
31.5Ni-25.5Cr-5.5Al-0.5Y (wt.%) was used to deposit a
bonding layer.

The morphology and microstructure of the feedstock
powders and as-sprayed coatings were observed using an
FEI Quanta 200 FEG scanning electron microscope
(SEM, FEI Corp., USA) equipped with an energy-dis-
persive x-ray (EDX) analysis system. The constituents of
the powders and coatings were characterized by x-ray
diffraction (XRD) analysis using a Philips X�Pert Pro
diffractometer (PANalytical, The Netherlands, Cu Ka,
k= 0.154 nm) over the angular range of 10–90�. The
coating porosity was measured using the Archimedes
drainage method, with average data obtained from three
repeated experiments.

2.2 Microhardness and Wear Testing

An HX-1000TM Vickers hardness device with 1.96 N
test load and 15 s dwell time was used to measure the

samples� microhardness. In addition, an HT-1000 ball-on-
disk high-temperature tribometer (CSM, Switzerland) was
used to test the wear resistance of the coatings from room
temperature to 800 �C; the wear tests were carried out
with load of 9.8 N and sliding distance of 250 m. The
volumetric wear rate (Rw) was used to evaluate the spec-
imens� wear rate, calculated as Rw =V/FÆS, where V is the
wear volume (mm3), F is the load (N), and S is the sliding
distance (m). The wear volume was calculated as
V= 2prÆA, where r= 5 mm is the wear radius and A is the
cross-sectional area of the wear scar (mm2). The cross-
sectional area was obtained using a 3D white interference
surface morphology analyzer (ADE Corp., USA).

2.3 Oxidation and Hot Corrosion Testing

Oxidation and hot corrosion studies were performed in
air and molten salt (75%Na2SO4–25%NaCl) environment
at 800 �C under cyclic conditions. For isothermal oxida-
tion testing, all specimens were placed in a furnace at the
same time after the temperature had reached 800 �C.
After a chosen time, oxidized specimens were removed
and air-cooled to room temperature, then the weight
change was measured using an electronic balance with
sensitivity of 0.1 mg. For corrosion testing, 75%Na2SO4–
25%NaCl, which melts at a relatively low temperature of
about 675 �C, is found to be the commonest mixed salt
applied in cyclic hot corrosion tests (Ref 15-19). In our
experiment, 2.0 ± 0.1 mg/cm2 eutectic salts (75%Na2SO4–
25%NaCl) was spread on the coatings and dried at 100 �C
in an oven before placing in a furnace at 800 �C. The
corroded samples were taken out of the furnace and
cooled to room temperature in air after 4 h, then im-
mersed in boiling water for 5 min to wash off residual
salts. The washed samples were dried, then weighed using
an electronic balance. The hot corrosion study was per-
formed for 35 cycles under cyclic conditions.

XRD and SEM/EDX techniques were used to analysis
the oxidation and corrosion products and microstructure
of the coatings after oxidation and corrosion.

3. Results and Discussion

3.1 Characterization of Feedstock Powders and
As-Sprayed Coatings

Figure 1 shows the SEM morphology of the NiCo-
CrAlY–Cr2O3 and CoNiCrAlY–Cr2O3 composite pow-
ders. It can be seen that both powders are nearly spherical
with relatively uniform size distribution from 45 to 75 lm.
Table 3 lists the flowability and apparent density of the

Table 1 Composition of MCrAlY–Cr2O3 composite powders (wt.%)

Ni Co Cr Al Y2O3 Cr2O3

NiCoCrAlY–Cr2O3 29.6 1.0 7.0 2.2 0.2 60
CoNiCrAlY–Cr2O3 12.6 14.8 10.2 2.2 0.2 60

Table 2 Plasma spray parameters

Item Value

Current, A 450
Voltage, V 60
Spray distance, mm 110
Powder feed rate, g/min 16.7
Ar flow rate, L/min 40
H2 flow rate, L/min 1.2
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NiCoCrAlY–Cr2O3 and CoNiCrAlY–Cr2O3 powders.
Both powders showed flowability and apparent density
suitable for the plasma spray process. Excellent powder
flowability can guarantee stable powder feeding and avoid
nozzle clogging. High apparent powder density can ensure
that powder will be fed into the flame center and melted
well. Figure 2(a) shows the XRD patterns of the NiCo-
CrAlY–Cr2O3 and CoNiCrAlY–Cr2O3 powders. The main
constituent phases of both powders are Cr2O3 [Joint
Committee on Powder Diffraction Standards (JCPDS) 84-
0312] and Ni- or Co-based solid-solution phase (JCPDS
70-0989, 15-0806); the slight peak shift of the Co-based
solid-solution phase appearing for the CoNiCrAlY–Cr2O3

powder is mainly due to the high level of Ni solution.
Figure 2(b) shows the XRD patterns of the as-sprayed
composite coatings; no new phases are detected in the two
composite coatings, indicating that no significant oxidation
or decomposition occurred during spraying. The coatings�
XRD patterns show much lower intensity due to presence
of amorphous phase that formed during the quick cooling
process after spraying.

Figure 3 presents cross-sectional backscatter electron
micrographs of the as-sprayed NiCoCrAlY–Cr2O3 and
CoNiCrAlY–Cr2O3 coatings, clearly showing the sub-
strate, CoNiCrAlY bonding layer, and composite coating.
The bonding layer shows denser structure and has good
mechanical bonding with the substrate. It can be seen that
both composite coatings show typical flat lamellar struc-
ture; the NiCoCrAlY and CoNiCrAlY phases are in white
regions, the Cr2O3 phase distributes in gray regions, and
the dark regions are pores and cracks. The pores and
cracks mostly distribute in the Cr2O3 phase, because
Cr2O3 has high melting point (about 2435 �C); it cannot be
melted completely during the spraying process, thus
reducing the extent of deformation. According to mea-
surements by the Archimedes drainage method, these two

coatings showed similar, low porosity of about
3.5 ± 0.3 %, which has a beneficial effect on their cohe-
sive strength.

3.2 Microhardness and Wear Testing

The microhardness of the as-sprayed NiCoCrAlY–
Cr2O3 and CoNiCrAlY–Cr2O3 coatings was obtained
using 1.96 N test load and 15 s dwell time. The results
showed that the average hardness of the NiCoCrAlY–
Cr2O3 and CoNiCrAlY–Cr2O3 coatings was 645 and
682 HV, respectively, while that of the substrate was
about 288 HV. The hardness of the coatings was higher
than that of the substrate, which can effectively improve
the wear resistance performance. Figure 4 shows the wear
rates of the two composite coatings from room tempera-
ture to 800 �C in atmosphere. For both coatings, the wear
rates are of the order of 10�5 mm3/N m at all testing
temperatures, indicating excellent wear resistance. The
NiCoCrAlY–Cr2O3 coating had a higher wear rate than
the CoNiCrAlY–Cr2O3 coating at temperature below
400 �C, mainly due to more severe brittle fracture caused
by the lower microhardness of the NiCoCrAlY–Cr2O3

coating. Due to formation of oxide lubrication film, both
coatings showed lower wear rates above 600 �C.

3.3 Oxidation Kinetics and Scale

According to oxidation testing, the substrate chosen for
our experiments showed no obvious mass change at
800 �C, indicating that the substrate did not contribute to
mass gain or loss during oxidation and hot corrosion tests
of the coatings. The oxidation kinetic curves of the two
composite coatings are shown in Fig. 5. The NiCoCrAlY–
Cr2O3 coating exhibited better oxidation resistance than
the CoNiCrAlY–Cr2O3 coating at 800 �C for 140 h. The
oxidation rate of the CoNiCrAlY–Cr2O3 coating was
about 1.36 9 10�2 mg/cm2 h, being slightly higher than
that of the NiCoCrAlY–Cr2O3 coating (1.03 9 10�2 mg/
cm2 h). In the initial stage (0–4 h), the mass gain of both
coatings increased sharply. A stable stage occurred from 4
to 30 h, with both coatings following a nearly parabolic
oxidation rate law, as seen in Fig. 6, indicating formation
of protective oxide scale. In the later stage, the oxidation
rates of both coatings became very slow with no obvious

Fig. 1 SEM morphology of (a) NiCoCrAlY–Cr2O3 and (b) CoNiCrAlY–Cr2O3 composite powders

Table 3 Flowability and apparent density of NiCo-
CrAlY–Cr2O3 and CoNiCrAlY–Cr2O3 powders

Flowability (s/50 g) Apparent density (g/cm3)

NiCoCrAlY–Cr2O3 48.5 1.53
CoNiCrAlY–Cr2O3 46 1.58
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weight changes observed. It can be inferred that both
coatings formed a diffusion barrier to oxidative substances
after rapid oxide formation on the surface and in pores of

the coatings. Then, the diffusion of oxidative substances
was slowed down and the growth of oxides limited. Fur-
thermore, as-deposited Cr2O3 in the composite coatings
also acted as a barrier to diffusion of oxidative substances.
The slightly higher weight gains for the CoNiCrAlY–
Cr2O3 coating are mainly due to the poorer oxidation
behavior of Co compared with Ni. As revealed by the
XRD patterns in Fig. 7, the oxidation products of the
NiCoCrAlY–Cr2O3 and CoNiCrAlY–Cr2O3 coatings after
oxidation for 140 h at 800 �C were similar, being mainly
NiO (JCPDS 01-1239), NiCr2O4 (JCPDS 89-6616), and
CoCr2O4 (JCPDS 01-1122).

SEM micrographs showing the surface morphology of
the NiCoCrAlY–Cr2O3 and CoNiCrAlY–Cr2O3 coatings
before and after oxidation are presented in Fig. 8.
Table 4 presents the corresponding EDS element distri-
bution of the oxide scale. Uniform and continuous scale
could be found on both rough surfaces in comparison
with the as-sprayed coatings. The formed polyhedral
oxides mainly consisted of O, Cr, Ni, and Co elements.
According to weight percentage analysis, it cold be in-
ferred that the oxides were mainly NiCr2O4 and Co-
Cr2O4, respectively, on the two coatings, consistent with

Fig. 2 XRD patterns of NiCoCrAlY–Cr2O3 and CoNiCrAlY–Cr2O3 (a) powders and (b) as-sprayed coatings

Fig. 3 Cross-sectional backscatter electron micrographs of as-sprayed (a) NiCoCrAlY–Cr2O3 and (b) CoNiCrAlY–Cr2O3 coatings

Fig. 4 Wear rates of NiCoCrAlY–Cr2O3 and CoNiCrAlY–
Cr2O3 coatings from room temperature to 800 �C
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the XRD results. Figure 9 shows cross-sectional back-
scattered electron (BSE) images of the two coatings after
140 h of oxidation. The micrographs show that the
coatings still maintained their lamellar structure, with no
obvious internal oxidation being found for either coating.
Compared with the as-sprayed coatings, thin and com-
pact oxide scale formed on both coatings, being linked up
with continuous deposited Cr2O3. EDS analysis revealed
that the oxide scale was rich in Cr, O, and Ni and Cr, O,
and Co, respectively, while a small amount of Al was also
present in both scales. Both the deposited and formed
oxides provide good barrier protection for the two
coatings. Moreover, in areas of pores and cracks, Cr-rich
oxides also formed, which could inhibit diffusion of oxide
species to the coating interior.

3.4 Hot Corrosion Kinetics and Scale

Weight change plots for the NiCoCrAlY–Cr2O3 and
CoNiCrAlY–Cr2O3 coatings subjected to Na2SO4–
25%NaCl salt mixture at 800 �C are shown in Fig. 10. The
NiCoCrAlY–Cr2O3 coating showed weight gain at all test
temperatures, whereas the CoNiCrAlY–Cr2O3 coating
showed slight mass loss after the initial stage. In the
initial stage (0–4 h), the mass gain of both coatings in-
creased promptly. This is attributed to rapid formation of
oxides at the surface and pores of the coatings. There-
after, the NiCoCrAlY–Cr2O3 coating showed a slow rate
of mass gain, and the overall mass gain value reached
about 4.5 mg/cm2 after 140 h. For the CoNiCrAlY–
Cr2O3 coating, slight mass loss occurred after the initial
mass gain stage, and the total mass loss from 8 to 140 h
was about 1 mg/cm2. Compared with the air oxidation
kinetics (Fig. 5), the NiCoCrAlY–Cr2O3 coating showed
much greater weight gain on exposure to the molten salt
environment, whereas the CoNiCrAlY–Cr2O3 coating
showed stable behavior under both experimental envi-
ronments.

Figure 11 shows the XRD analysis of the NiCoCrAlY–
Cr2O3 and CoNiCrAlY–Cr2O3 coatings after hot corro-
sion for 140 h. In the scale of the NiCoCrAlY–Cr2O3

coating, NiO was observed as the main phase, along with a
few indications of NiCr2O4 phase. For the CoNiCrAlY–
Cr2O3 coating, CoCr2O4 and Cr2O3 were observed as the
main phases.

The surface morphology of the coatings after hot cor-
rosion is presented in Fig. 12. Uniform and continuous
scale formed on the NiCoCrAlY–Cr2O3 coating
(Fig. 12a), and EDS analysis (Table 5) revealed the
amounts of Ni and O present, suggesting formation of NiO
in combination with the XRD analysis. The microcracks
occurring in the scale are mainly caused by thermal stress
during the cooling and heating process in the cyclic test,
and open cracks will accelerate penetration of corrosive
species. This in turn will aggravate corrosion of the coating
interior. For the CoNiCrAlY–Cr2O3 coating, the corrosion
scale was dense and continuous, as shown in Fig. 12(b).

Fig. 5 Oxidation kinetic curves of NiCoCrAlY–Cr2O3 and
CoNiCrAlY–Cr2O3 coatings at 800 �C

Fig. 6 (Weight gain/area)2 vs. time for NiCoCrAlY–Cr2O3 and
CoNiCrAlY–Cr2O3 coatings

Fig. 7 XRD patterns of oxidation products formed on (a) Ni-
CoCrAlY–Cr2O3 and (b) CoNiCrAlY–Cr2O3 coatings
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The spinel-structure oxide (marked ‘‘2’’) consisted mainly
of Co, Cr, and O, while the schistose oxide (marked ‘‘3’’)
was composed of Cr and O.

Cross-sectional images of the two coatings after
long-term corrosion are shown in Fig. 13. The micro-

graphs show that both coatings retained their as-de-
posited, lamellar structure. In contrast to the
CoNiCrAlY–Cr2O3 coating, the NiCoCrAlY–Cr2O3

coating had thicker oxide scale. Thick scale could
aggravate the mismatch between oxide and coating,

Fig. 8 SEM morphology of NiCoCrAlY–Cr2O3 and CoNiCrAlY–Cr2O3 coatings (a1, b1) before and (a2, b2) after oxidation at 800 �C
for 140 h

Table 4 Element distribution (wt.%) on surface of NiCoCrAlY–Cr2O3 and CoNiCrAlY–Cr2O3 after oxidation for 140 h
at 800 �C

Ni Co Cr O

1 23.99 2.62 41.05 32.34
2 6.14 20.78 42.66 30.43

Fig. 9 Cross-sectional BSE images of (a) NiCoCrAlY–Cr2O3 and (b) CoNiCrAlY–Cr2O3 coatings after 140 h of oxidation at 800 �C
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thus resulting in cracking and spallation, as shown in
Fig. 12(a). EDS analysis showed that the upper thin
bright part of the scale mainly consisted of NiO
whereas the second thick oxide layer was rich in Ni, Cr,
and O, being confirmed as NiCr2O4 by quantitative
analysis. However, many homogeneous voids were
present in this thick oxide layer, and element S could
be found around voids. In the inner layer of the coat-
ing, the uncorroded metal matrix (bright part) was
surrounded by Cr2O3.

At the initial stage of hot corrosion, oxygen ions have
low concentration due to coverage by molten salt, thus
SO4

2� will decompose into O2� and SO3, increasing the
concentration of oxygen ions. For a Cr-rich coating, Cr
ions can react with O2� at the interface of fusant and
coating to form oxides:

2Cr3þ þ 3O2� ¼ Cr2O3 ðEq 1Þ
Molten SO4

2� would also diffuse into the coating and react
with the element Ni to form sulfide:

Fig. 11 XRD patterns of (a) NiCoCrAlY–Cr2O3 and (b) CoNiCrAlY–Cr2O3 coatings after hot corrosion at 800 �C for 140 h

Fig. 10 Hot corrosion kinetic curves of NiCoCrAlY–Cr2O3 and
CoNiCrAlY–Cr2O3 coatings

Fig. 12 SEM morphology of (a) NiCoCrAlY–Cr2O3 and (b) CoNiCrAlY–Cr2O3 coatings after hot corrosion at 800 �C for 140 h
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9Ni þ 2SO2�
4 ¼ 6NiO þ Ni3S2 þ 2O2� ðEq 2Þ

Ni3S2 will combine with Ni to form the eutectic (NiÆNi3S2),
which has a low melting point of about 635 �C (Ref 15).
This eutectic is totally molten at the test temperature of
800 �C. As corrosion proceeds, oxygen will gradually dif-
fuse into the coating, thus the concentration of oxygen is
increased. The molten eutectic would oxidize to NiO and
SO2, as shown in Eq 3, so that a zone of voids is formed in
the oxide scale. The SO2 formed could permeate further
into the coating and react with Ni (Eq 4) to accelerate the
oxidation process:

Ni � Ni3S2 þ 4O2 ¼ 4NiO þ 2SO2 ðEq 3Þ

Ni þ SO2 ¼ NiO þ Ni3S2 ðEq 4Þ
After long-time corrosion, the NiO formed would undergo
solid reaction with Cr2O3 to form spinel oxide NiCr2O4.
NiCr2O4 is a protective oxide that could limit Ni diffusion,
thus slowing down the oxidation rate.

The CoNiCrAlY–Cr2O3 coating retained its original
structure better than the NiCoCrAlY–Cr2O3 coating. As
shown in Fig. 13(b), the dominant phase of the upper thin
oxide was CoCr2O4, while the underlying oxide layer was
Cr2O3. The compact Cr2O3 formed linked up with the
continuous Cr2O3 phase preexisting in the coating. Both
CoCr2O4 and Cr2O3 are protective oxides, providing the
necessary protection against penetration of corrosive
species into the coating. In the initial corrosion period (0–
10 h), the rapid increase in weight gain of the CoN-
iCrAlY–Cr2O3 coating may be due to rapid formation of
oxides caused by penetration of oxidizing species. Cr is

selected to be oxidized to Cr2O3 first, then the element Co
could react with molten SO4

2� to form a sulfide eutectic
CoÆCo3S2 with melting point of about 880 �C (Ref 13).
Compared with NiÆNi3S2, CoÆCo3S2 possesses a higher
melting point and shows more stable behavior at the test
temperature. In addition, the diffusion velocity of sulfur in
Co is two orders of magnitude lower than that in Ni (Ref
20), so the presence of Co will effectively reduce internal
diffusion of sulfur. As Co3S2 is oxidized to CoO, formation
of CoCr2O4 spinel occurs via solid-phase reaction between
CoO and Cr2O3. Spinel usually has lower diffusion coef-
ficients of cations and anions, which is beneficial for
reducing the corrosion rate. At the same time, Cr2O3 will
be solved by reaction with NaCl to form the water-soluble
salt Na2CrO4 and volatile substance CrO2Cl2:

4NaCl þ 2Cr2O3 þ 3O2 ¼ 2Na2CrO4 þ 2CrO2Cl2

ðEq 5Þ
Na2CrO4 (JCPDS 01-0927) could indeed be detected on
the corroded samples before washing, as shown in Fig. 14.

Fig. 13 Cross-sectional BSE images of (a) NiCoCrAlY–Cr2O3 and (b) CoNiCrAlY–Cr2O3 coatings after 140 h of hot corrosion at
800 �C

Table 5 Element distribution (wt.%) on surface of
NiCoCrAlY–Cr2O3 and CoNiCrAlY–Cr2O3 after hot
corrosion at 800 �C for 140 h, as marked in Fig. 12

Ni Co Cr O

1 80.55 0 0.8 18.65
2 5.48 18.42 48.85 27.25
3 1.52 1.27 64.07 33.14 Fig. 14 XRD patterns of unwashed CoNiCrAlY–Cr2O3 coating

after hot corrosion at 800 �C for 140 h
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After the initial stage, slight weight loss of the coating
occurred, mainly because the growth of the oxide was
slightly slower than dissolution and volatilization. More-
over, as corrosion proceeds, the growth and dissolution of
the oxide scale tend to occur at nearly identical rates; this
phenomenon can be attributed to formation of protective
CoCr2O4 on the upper oxide scale. CoCr2O4 could restrain
permeation of oxidative species into the coating with
simultaneous outward dissolution of Cr2O3, thus benefit-
ing the coating�s corrosion resistance.

4. Conclusions

1. NiCoCrAlY–Cr2O3 and CoNiCrAlY–Cr2O3 coatings
were successfully prepared by atmospheric plasma
spraying. The two coatings showed nearly uniform,
dense, and adherent layered microstructure.

2. Both NiCoCrAlY–Cr2O3 and CoNiCrAlY–Cr2O3

coatings showed excellent wear resistance from room
temperature to 800 �C.

3. The NiCoCrAlY–Cr2O3 coating showed better oxi-
dation resistance compared with the CoNiCrAlY–
Cr2O3 coating. No obvious degradation was observed
for either coating because of protection by Cr2O3

deposited in the coatings as well as the spinel oxide
NiCr2O4 and CoCr2O4 formed in the upper scales.

4. The NiCoCrAlY–Cr2O3 coating showed poorer
resistance to hot corrosion than oxidation, which is
attributed to formation of molten NiÆNi3S2.

5. The melting point as well as stability of CoÆCo3S2 are
higher thanthatof NiÆNi3S2, whichmeans that Co is helpful
for enhancement of the corrosion resistance. However,
Cr2O3 would be dissolved in the presence of NaCl in the
fusant salt before formation of spinel CoCr2O4.
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