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Hot Corrosion Studies of Detonation-Gun-Sprayed
NiCrAlY + 0.4 wt.% CeO, Coated Superalloys
in Molten Salt Environment
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Rare earth oxide (CeO,) has been incorporated in NiCrAlY alloy and hot corrosion resistance of
detonation-gun-sprayed NiCrAlY + 0.4 wt.% CeO, coatings on superalloys, namely, superni 75, superni 718,
and superfer 800H in molten 40% Na,S04-60% V,05 salt environment were investigated at 900 °C for 100
cycles. The coatings exhibited characteristic splat globular dendritic structure with diameter similar to the
original powder particles. The weight change technique was used to establish corrosion kinetics. X-ray
diffraction (XRD), field emission scanning electron microscopy/energy-dispersive analysis (FE-SEM/EDAX),
and x-ray mapping techniques were used to analyze the corrosion products. Coated superfer 800H alloy
showed the highest corrosion resistance among the examined superalloys. CeO, was found to be distributed in
the coating along the splat boundaries, whereas Al streaks distributed non-uniformly. The main phases
observed for the coated superalloys are oxides of Ni, Cr, Al, and spinels, which are suggested to be responsible

for developing corrosion resistance.
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1. Introduction

Superalloys find their largest application in the gas turbine
industry, constituting over 50% of the gas turbine weight; these
are preferred because of their superior mechanical strength,
surface stability, creep and fatigue resistance (Ref 1). These
superalloys are exposed to high temperature and tend to suffer
from significant degradation due to corrosion during service
(Ref 2, 3). In utility gas turbines, contaminants in the fuel and
air can cause serious hot corrosion problems. A wide range of
fuel is used in utility turbines (ranging from clean gas to crude
oil) and these fuels contain sulfur, sodium, potassium, vana-
dium, and lead, as contaminants (Ref 4). The corrosion causing
elements enter with the air ingested into the turbine inlet and
with fuel. NaCl in the seawater react with the sulfur impurity in
the fuel to form Na,SO, within the engine (Ref 5), by the
following reaction, which has been proposed by DeCrescente
and Bornstein (Ref 6).

2NaCl + SO + 1/20, — Na,SO4 + Cl, (Eq 1)

Small amount of vanadium may be present in fuel oils,
which on combustion forms V,0s. This may further reacts with
Na,SO, to form low melting sodium vanadates, this is highly
corrosive in nature as reported by Sidhu et al. (Ref 7).
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Na,SO4 + V,05 — (NaZO) - V,05 4+ SO;3 (Eq 2)

During operation, blades and vanes of gas turbines have to
withstand both mechanical and thermal loadings as well as
chemical attack by oxidation, which increases significantly with
temperature. The base material (usually a Ni-base superalloy)
provides the necessary mechanical properties and coatings
provide protection against oxidation and corrosion (Ref 8).

Recent studies showed that the materials used for high
temperature strength are highly susceptible to hot corrosion
and the surface engineering plays a key role in effec-
tively combating the hot corrosion and oxidation problems
(Ref 9, 10). Increasing demands for the high performance
superalloy make the surface coatings more favorable than
ever, as they offer cost-effective ways to combat degradation
resulting from mechanisms such as wear, oxidation, and
corrosion (Ref 11, 12).

Overlay coatings are a family of corrosion resistant alloys
specially designed for high temperature surface protection.
They are often referred to as M-Cr-Al-Y coatings, where M is
the alloy base metal (typically nickel, cobalt, or combination of
these two), and the high chromium low aluminum M-Cr-Al-Y
coatings typically resist low temperature hot corrosion (LTHC)
attack, while lower chromium and higher aluminum contents
are typically required for high temperature hot corrosion
(HTHC) resistance (Ref 13). Detonation-gun (D-gun) spray
coating process is a thermal spray process, which gives an
extremely good adhesive strength, low porosity, and coating
surfaces with compressive residual stress (Ref 14). Due to its
low porosity and good adhesion, D-gun-sprayed coating can
effectively decrease the inward diffusion of oxygen (Ref 11).
Splat thickness of D-gun sprayed coating is less, as impact
velocity is 2-3 times higher than that of the other thermal spray
processes (Ref 15). Addition of 0.4 wt.% CeO, can consider-
ably improve the properties of MCrAlY coating. Cerium is a
surface-active element and thus reduces the surface tension and
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the interfacial energy between the crystal nucleus and the melt
during the process of solidification (Ref 16). Zhang and Li
(Ref 17) have found that cerium improved the protective
efficiency of the aluminide coating against dry sand erosion and
corrosion in dilute NaCl and H,SO, solution, respectively. In
recent studies, it has been shown that the erosion resistance of
aluminide coatings can be improved by rare earth elements, for
example, yttrium improved the resistance of FeAlCr(Y)
coatings to corrosion, corrosive erosion, and dry sand erosion,
respectively (Ref 18). Seybolt (Ref 19) studied the role of rare
earth additions on the hot corrosion behavior of various
Ni-based alloys in liquid Na,SO, in still air at 1000 °C, he has
concluded that the rate of hot corrosion attack is diminished due
to the influence of rare earth. Further, it was observed that rare
earth addition in the form of oxides are very effective in
minimizing the hot corrosion as it forms oxysulfides by
combining with sulfur. Gitanjaly (Ref 20) has reported that
superficial application of ceria on Fe- and Ni-based superalloys
lead to the marked reduction in oxidation rate under aggressive
environment of molten salt at 900 °C. She reported that
presence of CeO, on the surface led to the possible formation of
CeVO,, which may be contributing to the reduction in the
corrosion attack, as CeVOQy is solid at the reaction temperature
of 900 °C. Wang et al. (Ref 21-24) were the first to introduce
rare earth elements to improve wear and corrosion. Initially,
research was concentrated on the optimization of the general
NiCrAlY composition, i.e., the Ni/Co ratio and the correct
allocation of the Cr and Al portions (Ref 25). Later work was
carried out to improve the microstructure and corrosive
resistance of these coatings by the addition of cerium oxide
(Ref 26). There is no reported literature so far on the hot
corrosion studies of D-gun sprayed NiCrAlY + 0.4 wt.% CeO,
coating on the superalloys. The present work, therefore, has
been focused to investigate the hot corrosion of NiCrAlY +
0.4 wt.% CeO, coatings deposited on the selected superalloys.
Weight change technique has been used to establish the kinetics
of hot corrosion of the coated and bare superalloys exposed to
molten salt environment, Na,SO4; and V,0s under cyclic
conditions at 900 °C. The microstructural characterizations and
phase identifications of the coated samples and corrosion
products were carried out by FE-SEM/EDAX, x-ray mapping,
and x-ray diffraction (XRD), respectively, to elucidate the
corrosion mechanisms.

2. Experimental Procedure

2.1 Development of Coatings

2.1.1 Samples and Coating Powders. Nickel- and Iron-
based superalloys superni 75, superni 718, and superfer S00H
were used as the substrates, which were procured from Mishra

Table 1 Chemical composition of the substrate material

Dhatu Nigam Limited, Hyderabad (India) in the rolled sheet
form. Nominal compositions of the superalloys substrate
materials are shown in Table 1 (Ref 27). Rectangular speci-
mens of dimensions (in mm) 20 x 15 x 5 were cut from the
alloy sheets, polished using emery papers of 220, 400, and 600
grit sizes and subsequently on 1/0, 2/0, 3/0, and 4/0 grades.
Samples were degreased with acetone and subsequently grit
blasted with alumina powders (Grit 45) (36 mesh size) before
deposition of the coating by the D-gun process.

A commercially available NiCrAlY (particle size: 5/45 pum,
H.C. Starck-413.3) powder with the chemical composition of
Ni-22Cr-10Al-1Y was chosen for the deposition of coatings.
Figure 1 shows that the particles are of spherical shape with
wide particle size distribution, ranging from 5 to 35 pm,
which are nearly consistent with the nominal size range
provided by the manufacturer. The particle size less than 5 um
depicts the presence of cerium oxide. A mixture of CeO,
(0.4 wt.%) with 99.99% purity and NiCrAlY powder
were dry-ball milled in a conventional rotating ball mill
with stainless steel balls as a milling/grinding medium for 8 h
to obtain the homogenous powder for the deposition of
coatings.

2.1.2 Detonation-Gun Coating. D-gun process was used
to apply coatings on the superalloys at SVX Powder M
Surface Engineering Pvt. Ltd, New Delhi (India). Standard
spray parameters were used for depositing the NiCrAlY +
0.4 wt.% CeO, coatings. All the process parameters, including
the spray distance, were kept constant throughout the coating
process. The spraying parameters were oxygen/acetylene
flow rate (ratio) —1:1.21, carrier gas flow rate (N,) —0.82
(m*/h), frequency 3 shots/s, spot size diameter 20 mm, and
spraying distance from nozzle to 165 mm. The thickness of
the coatings was measured from the optical microscope
images, taken along the cross section of the mounted samples.
The average thickness of the coatings ranges from 200 to
250 pm.

2.2 Characterizations of the Coating

XRD analysis of the coated samples was carried out using
a Bruker AXS D-8 Advance Diffractometer (Germany) with
Cu K, radiation and nickel filter at 20 mA under a voltage of
35 kV. The specimens were scanned with a scanning speed of
1 keps in 28 range of 10-90° and the intensities were recorded
at a chart speed of 1 cm/min with 2°/min as Goniometer
speed. The diffractometer interfaced with Bruker DIFFRAC
plus XRD software provides d-spacing values directly on the
diffraction pattern. The samples were wheel cloth polished
and then subjected to field emission scanning electron
microscope (FEI, Quanta 200F Company) for image acquisi-
tion which entailed a backscattered electron image (BSEI) and
secondary electron image (SEI) mode. An accelerating voltage
of 20-25 kV, a working distance of 9-10 mm, and an image

Alloy Midhani grade

Chemical composition (wt.%)

(similar grade) Fe Ni Cr Ti Al Mo Mn Si Cu Ta C
Superni 75 (Nimonic 75) 3.0 77.1 19.5 0.3 0.1
Superni 718 (Inconel 718) 18.5 52.37 19.0 0.9 0.5 3.05 0.18 0.18 0.15 5.13 0.04
Superfer 800H (Incoloy 800H) 43.8 32.0 21.0 0.3 0.3 1.5 1.0 0.1
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Fig. 1 SEM of NiCrAlY + 0.4 wt.% CeO, powder with EDAX elemental composition

size of 1024 * 884 pixels were used for getting quality images
for characterizing the surface morphology of the coatings.
After preliminary characterization, the samples were cut in
cross section, hot mounted in transoptic powder and subjected
to mirror polishing, using emery papers of 220, 400, and 600
grit sizes and subsequently on 1/0, 2/0, 3/0, and 4/0 grades,
successively. The polished samples were characterized to
obtain their cross-sectional morphology and x-ray mapping of
the coatings by using FE-SEM/EDAX. The EDAX Genesis
software was used to calculate the composition of the
elements in the coatings from their corresponding emitted
characteristic x-rays.

2.3 Hot Corrosion Studies in Molten Salt Environment

Hot corrosion studies were performed in a molten salt (40%
Na,S04-60% V,0s5) for 100 cycles under cyclic conditions.
Each cycle consisted of 1 h heating at 900 °C in a silicon
carbide tube furnace followed by 20 min cooling at room
temperature (25 °C). The studies were performed for bare as
well as coated specimens for comparison. A salt mixture of
40% Na,S04-60% V,05 was properly prepared in distilled
water. After washing with acetone, the specimens were then
heated in an oven to about 250 °C. The pre-heating of the
specimens was found to be necessary for proper adhesion of the
salt layer. Thereafter, a layer of 40% Na,;S04-60% V,05
mixture was applied uniformly on the warm polished speci-
mens with a brush. Amount of the salt coating was kept in the
range of 3.0-5.0 mg/cm?. The salt coated specimens as well as
the alumina boats were then kept in the oven for 3-4 h at
150 °C. Then they were again weighed before exposing to hot
corrosion tests in a laboratory silicon carbide tube furnace. The
furnace was calibrated to a variation of +5 °C. During hot
corrosion runs, the weight of boats with specimens were
measured together at the end of each cycle with the help of a
thermogravimetric balance model 06120 (Contech, India) with
a sensitivity of 1 mg. The weight change measurements were
made on the sample, adherent oxide on the total sample, and
collected spallation. The spalled scale was also included at the
time of measurements of weight change to determine total rate
of corrosion. The kinetics of corrosion was determined from
weight gain plot of weight change/unit area with time. XRD,
FE-SEM/EDAX, and x-ray mapping techniques were used to
analyze the corrosion products.
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3. Results

3.1 Surface Morphology of the Detonation-Gun
As-Sprayed Coatings

FE-SEM micrographs along with EDAX analysis of
as-sprayed and polished surface of NiCrAlY + 0.4 wt.%
CeO, coating is shown in Fig. 2(a) and (b). The as-sprayed
surface is dense and free of cracks, represents flat glassy melted
region and partially melted zones (Fig. 2a). As-sprayed pol-
ished coating depicts the formation of nearly globular dendritic
structure with Al streaks distributed along the splat boundaries
(Fig. 2b).

3.2 Weight Change Measurements

The kinetics of hot corrosion were determined from the
weight change (mg/cm ?) versus time plots for the bare and
coated three superalloys subjected to hot corrosion in 40%
Na,S04-60% V,05 environment at 900 °C up to 100 cycles as
shown in Fig. 3. The bare superalloy superfer 800H shows a
higher weight gain followed by superni 75 as compared with
coated one, where as bare superni 718 superalloy has shown a
parabolic behavior up to 25 cycles with some spalling/
sputtering. With the progress of studies, corrosion products
started falling outside the boat, there by it becomes difficult to
monitor actual weight gain. The sputtering continued up to 70
cycles thereafter it has ceased. Further, negligible weight gain
was noticed up to 100 cycles. The NiCrAlY + 0.4 wt.% CeO,
coated superalloys in all cases show a much lower weight gain
than the bare specimens in the given molten salt environment.
Coated superfer 800H showed the lowest weight gain, where as
bare superfer 800H showed highest weight gain. Whereas
among coated superalloys, superni 75 showed highest weight
gain followed by superni 718 and superfer 800H, respectively.
The weight gain by coated superfer 800H and superni 718 after
100 cycles is nearly 45 and 15% less than that of coated superni
75. It is also found that 60 and 15% saving in overall weight
gain for NiCrAlY + 0.4 wt.% CeO, coated superfer 800H and
superni 75 in comparison with the bare superfer 800H and
superni 75, respectively. In general, the hot corrosion behavior
of both bare and coated samples follow a parabolic rate law,
except for bare superfer 800H, as it slightly deviates from
parabolic rate, as can be inferred from the square of weight
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Fig. 2 FE-SEM/EDAX micrographs showing surface morphology
of as-sprayed and polished detonation-gun-sprayed NiCrAlY +
0.4 wt.% CeO, coating on (a) superni 75 and (b) superni 718

change (mg*cm*) versus number of cycle plots shown in
Fig. 3. Table 2 shows the values of the parabolic rate constants
(K, in 107" g* em™* s7") for the NiCrAlY + 0.4 wt.% CeO,
coated and bare superalloys for 100 cycles of hot corrosion.
Cumulative weight gain per unit area for coated and bare
superalloys is shown in Fig. 4.

3.3 X-Ray Diffraction Analysis

The XRD analysis profiles for the scale of D-gun-sprayed
NiCrAlY + 0.4 wt.% CeO, coated superalloy after hot corro-
sion in 40% Na,S04-60% V,05 environment for 100 cycles at
900 °C are as illustrated in Fig. 5. The major and minor phases
detected on the surface of the specimens with the XRD analysis
are CrS, NiO, Ni, Cr,03, and Al,O5, with spinels NiCr,O,4 and
NiALO;.
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Fig. 3 Weight gain/area vs. number of cycles plot for NiCrAlY +
0.4 wt.% CeO, coated and uncoated superalloys subjected to cyclic
oxidation for 100 cycles in Na,SO4-60 wt.% V,05 at 900 °C. Inset
is fitted for (Weight gain/area)’ vs. number of cycles

Table 2 Values of the parabolic rate constant, K,

Parabolic rate constants

Superalloys (Kp), 1070 g% em™* 57!
Bare Superfer 800H 4.31
Coated Superfer 800H 0.41
Bare Superni 718 2.10
Coated Superni 718 1.42
Bare Superni 75 2.92
Coated Superni 75 1.68
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Fig. 4 Bar chart showing cumulative weight gain per unit area for
coated and bare superalloys subjected to cyclic oxidation for 100 cycles
in Na,S04-60% V,05 at 900 °C

3.4 FE-SEM/EDAX Analysis of the Scales

3.4.1 Surface Scale Analysis. FE-SEM micrographs with
EDS spectrum along with EDAX compositional analysis
reveals the surface morphology of the NiCrAlY + 0.4 wt.%
CeO, coated substrate superalloy specimens after cyclic hot
corrosion in molten salt environment (40% Na,S04-60% V,0s5)
for 100 cycles at 900 °C are shown in Fig. 6. The surface scale
developed on coated superalloys is dense, adherent with few
cracks. The corroded coated superalloys showed dense layer on
which irregular shaped, white Ni granules are non-uniformly
distributed. The EDAX analysis of these white granules shows
O and Ni as a principle phase as evident from the high intensity
peaks of EDS spectrum (Fig. 6a and c). The other region in the
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Fig. 5 X-ray diffraction patterns for NiCrAlY + 0.4 wt.% CeO,
coated superalloys exposed to cyclic oxidation in Na,SO4-60% V,0s
environment at 900 °C after 100 cycles

coating is of dark with compact and continuous scale, mainly
consisting of O, Al, Cr, and Ni as evident from the high
intensity peaks of EDS spectrum with EDAX composition
analysis (Fig. 6a, b, and c).

3.4.2 Cross-Sectional Analysis of the Scale. Cross-
sectional analysis of the scale and the coating was carried out
at different points along the cross section of the hot corroded
D-gun-coated superni 75, superni 718, and superfer 800H by
FE-SEM/EDAX and the results are shown in Fig. 7. All the
oxidized NiCrAlY + 0.4 wt.% CeO, coating on all superalloys
show the formation of thin compact, adherent, and continuous
oxide scale (nearly 20-pum thick) clearly visible along the cross
section of the coating. EDAX analysis of corroded coated
superni 75 reveals (Fig. 7a) that the uppermost part of the scale
has relatively higher concentration of oxygen along with Ni, Cr,
and Al (point 1 and 2), suggesting the formation of oxides of
Ni, Cr, and Al. EDAX analysis at point 3 and 5 reveals Ni-rich
splats, which remain in un-oxidized state due to absence of
oxygen at these points. Oxygen is found at point 4, which
indicates the presence of oxides of Al, non-uniformly distrib-
uted in the form of streaks. At point 6 (Fig. 7a), a thick band of
Cr is found along the coating-substrate interface and the basic
elements of the substrate are shown at point 7. Corroded
NiCrAlY + 0.4 wt.% CeO, coated superni 718 (Fig. 7b)
showed the top surface of the coating mostly consisting of a
homogeneous, adherent and non-uniform oxide scale with
variable thickness, the oxide scale mainly consists of Ni, Cr,
and Mo (point 1). The white areas (points 2, 4, 5, and 6) in the
coating are found to be Ni-rich splats and absence of oxygen at
these points suggests that these Ni-rich splats are in the
un-oxidized state. The existence of significant quantity of
oxygen at black contrast spot (27.83 wt.% at point 3) along
with Al and Y depicts the formation of Al,O3 and Y,0; The
oxide scale formed on the surface of corroded superfer 800H
depicts compact, adherent, and uniform. Existence of higher
amount of oxygen on the top surface of the scale (point 1)
contains mainly oxides of Ni, Cr, and Al, whereas in the sub-
scale region (points 2, 3, and 5) is identified as un-oxidized
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Fig. 6 FE-SEM/EDAX analysis along with EDS spectrum for coated
superalloys subjected to cyclic oxidation in Na,SO4-60% V,05 envi-
ronment at 900 °C after 100 cycles: (a) superni 75, (b) superni 718,
and (c) superfer 800 H

Ni-rich splats which are uniformly spread in the coating. Dark
area along the splat boundary (point 4) represents higher
amount of oxygen thereby suggesting the oxides of Cr, Ni, and
Al. Along the coating-substrate interface (at point 6), concen-
tration of Cr increases significantly with depleted Ni, thereby
suggesting the segregation of coating substrate elements.

3.4.3 X-ray  Mapping. D-gun-sprayed  NiCrAlY +
0.4 wt.% CeO, coated three superalloy samples after hot
corrosion in molten salt environment (40% Na,SO4-60% V,05)
for 100 cycles at 900 °C were cut across the cross section and
mounted in transoptic hot mounting resin. They were mirror-
polished and silver pasted between samples and the stub in
order to have conductivity, there after, gold coated to facilitate
x-ray mapping by FE-SEM/EDS of the different elements
present across the scale (Fig. 8-10). FE-SEM/EDS and SEI
x-ray mapping of hot corroded coated superni 75 (Fig. 8)
showed a very thin oxide scale (10-15 pm) mainly consisting of
chromium in the top scale and Ni-rich splats at sub-scale region
which partially got oxidized as evident from the oxygen
distribution.

Al restricted below the Cr oxide layer. The presence of Fe in
the top scale as well as along the splat boundaries in the coating
indicates that the Fe might have diffused from the substrate to
the top layer of the coating during hot corrosion run. Cerium
oxide uniformly distributed along the Ni-rich splat boundaries
further it diffused into the substrate (Fig. 8). Vanadium
restricted to the top surface of the oxide scale. X-ray mappings
for hot corroded NiCrAlY + 0.4 wt.% CeO, coated superni

Journal of Materials Engineering and Performance



—— O Na —a— Al S
—%—Ti —e—Ce —+— V —e— Cr
Fe —8— Ni —8— Y

Elements (Wt. %)
a
o

25

1 2 3 4 5 6
Point of analysis

100
—— O —— Al Si S
—*%—Ti —e—Ce —+— V —e—Cr

Mn —¢— Fe —a— Ni Cu

{7{ =Y —+— Mo

o

s

s

2

c

@

£

o

w

100
—— O —— Al Si —%— S
——Ti —+—Ce —— V —e— Cr
75 —— Mn —¢—Fe —8— Ni —8— Y

Elements (Wt. %)

3 4 5 6 7
Point of analysis

Fig. 7 Oxide scale morphology and variation of elemental composition across the cross-section of NiCrAlY + 0.4 wt.% CeO, coated superal-
loys subjected to cyclic oxidation at 900 °C in molten salt after 100 cycles: (a) superni 75, (b) superni 718, and (c) superfer 800H

718 after 100 cycles at 900 °C (Fig. 9) indicates a variation in
the thickness of oxide scale. The top surface mainly consists of
chromium along with small amount of Fe and Si, which might
have diffused into the coating from the substrate. The sub-scale
region is covered with Al and some traces of Al streaks are
distributed along the Ni-rich splat boundaries. Similarly, x-ray
mapping along the cross-section of the corroded coated
superfer 800H sample exposed to 40% Na,S04-60% V,0s5 at
900 °C indicates the presence of chromium-rich top scale with
a thick band of silicon and iron. Aluminum is distributed in the
subscale region and some traces of sulfur are penetrated along
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the coating-substrate interface. Few streaks of vanadium
co-exist with the cerium oxide deep into the coating.

4. Discussion

Surface morphology of D-gun-sprayed NiCrAlY +
0.4 wt.% CeO, coating depicts the presence of oxide inclusion,
partial melted powder particles composed of the unmelted cores
observed in the regions of the coating surface surrounded by
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Fig. 8 Composition image (SE) and x-ray mapping of the cross-
section of the NiCrAlY + 0.4 wt.% CeO, coated superalloy superni
75 subjected to cyclic oxidation at 900 °C in NayS04-60% V,0s
after 100 cycles

splat debris. The rest of the surface is composed of flat, glassy
regions which have arisen as a result of the rapid solidification
of molten powder particle after striking the surface. Few micro-
pores were observed on the sample surface (Fig. 2a). The
polished surface at higher magnification show the formation of
globular dendritic structure composed of main elements of
coating powder as evident from the EDS elemental composition
at point 1 in Fig. 2(b). Due to discontinuous powder flow in the
D-gun process, it was observed that such areas with dendritic
structure in D-gun coating were larger in size. D-gun coatings
are more prone to form dendritic structure (Fig. 2b). The
diameter of the dendrite (Fig. 2b) is equal to that of original
powder particles (Fig. 1). The particles are not fully melted
during spraying; as a result, more unmelted dendritic particles
appeared in the coating (Ref 28). Ni and Cr randomly
segregated in the form of white patches in the coating as
evident from elemental composition (at point 2 in Fig. 2b).
High intensity EDS peaks of O and Al show the formation of
oxide of Al streaks (point 3 in Fig. 2b), distributed non-
uniformly in the coating along the splat boundaries, which is
further confirmed by XRD analysis. Zhang et al. (Ref 28) and
Chen et al. (Ref 29) had observed similar Al streaks in their
studies on air-plasma-sprayed and D-gun sprayed NiCrAlY
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Fig. 9 Composition image (SE) and x-ray mapping of the cross-
section of the NiCrAlY + 0.4 wt.% CeO, coated superalloy superni
718 subjected to cyclic oxidation at 900 °C in Na,SO4-60% V,0s5
after 100 cycles

coating, respectively. The weight gain graph, Fig. 3, shows that
the weight gained by bare superalloys increases continuously
due to accelerated oxidation in the molten salt environment,
where as the coated superalloys in all cases showed better hot
corrosion resistance. The bare and coated Fe-based superfer
800H superalloy showed least and highest resistance to the hot
corrosion, respectively. The continuous increase in weight of
bare superalloys can be attributed to the formation of NaVO3, at
a temperature of 900 °C, the Na,S04-60% V,05 will combine
and form NaVOj; having a melting point of 610 °C as reported
by Sidhu et al. (Ref 30)

Na,;SO4 + 60%V,05 = 2NaVO; + SO, + 1/202 (Eq 3)

The formation of low melting sodium vanadate causes to
dissolve protective oxide scale (Ref 31) as per the following
reaction suggested by Sierstein and Kofstad (Ref 32) and
Swaminathan et al. (Ref 33)

Cr,O5 + 4NaVOs; + 3/202 = 2Na,CrOy4 (1) + 2V,05
(Eq 4)

Fryburg et al. (Ref 34) and Guo et al. (Ref 35) have
suggested that this Na,CrO, gets evaporated as a gas. The
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Fig. 10 Composition image (SE) and x-ray mapping of the cross-
section of the NiCrAlY + 0.4 wt.% CeO, coated superalloy superfer
800H subjected to cyclic oxidation at 900 °C in Na,S04-60% V,0s
after 100 cycles

weight gain of the coated and uncoated specimens is relatively
high during the early cycles of hot corrosion, but subsequently
increase in weight gain is found to be gradual. Protective oxide
of Al has not formed, because Ni and Cr on the surface were
oxidized at a faster rate. As the oxidation cycle proceeds, the air
entrapped during D-gun deposition and sheltered in the
porosities, since the cooling of coating was rapid. There is
shortage of time for the residual air to react with the
surrounding coating alloys. However, the coating took in situ
reaction during high temperature (900 °C) oxidation and
formed alumina (Al,O5) at the splat boundaries and within
open pores. During subsequent cycles the formation of oxides
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has blocked the pores, splat boundaries and acted as diffusion
barrier to the inward diffusion of corrosive species. This leads
to slow oxide scale growth. All the coated superalloys followed
parabolic behavior where as bare superalloys deviates from the
parabolic rate law except bare superni 75. Parabolic rate
constant for the bare and coated superalloys are shown in
Table 2. The overall weight gain of 8.37, 7.077, and 4.53 mg/cm?
was observed for the NiCrAlY + 0.4 wt.% CeO, coated superni
75, superni 718, and superfer 800H superalloys (Fig. 4),
respectively. The NiCrAlY + 0.4 wt.% CeO, coating provides
maximum hot corrosion resistance to superfer 800H and has
been found successful in reducing the weight gain by about 60%
of that gained without a coating, which further evident from the
parabolic rate constant (K, = 0.413107'° g cm™* s7"). Coat-
ings on superni 75 reduce the weight gain by 17% that gained by
the uncoated superalloys. The comparatively less corrosion
resistance shown by coated superni 75 and 718 in comparison
with the coated superfer S00H might be due to the presence less
protective bigger and more quantity of oxides (NiO) are formed
on the surface scale (Fig. 6a and b), which allows the
penetration of corrosive species through the scale to the
coating. This NiO formed in the surface scale is porous due to
re-precipitation by fluxing action; also the scale formed on the
surface is non-uniform (Fig. 8a and b) due to which the oxygen
has penetrated little deep into the coating as attributed from the
x-ray mapping analysis (Fig. 8, 9).

Better performance of coated superfer 800H might be due
to uniform, dense, thick scale formed on the surface mainly
consisting of Cr, Ni, and Al, presence of these elements along
with oxygen represents the formation of oxides of Cr, Ni, Al,
and the spinels of NiCr,O4 and NiAl,O, as revealed by XRD
analysis (Fig. 5). Presence of CeO, with vanadium across the
coating depicts the formation of CeVO,, which might have
further contributed in reducing hot corrosion attack (Fig. 10).
The spinel phase usually has lower diffusion coefficients of the
cations and anions than those in their parent oxides (Ref 36),
the presence of these phases in the scale of coated superalloys
is further supported by the surface (Fig. 6¢), cross-sectional
EDAX (Fig. 7c) and x-ray mapping analyses (Fig. 10). Singh
(Ref 37), Wu et al. (Ref 38, 39) reported the formation of
similar phases. Further the coating also revealed the formation
of continuous thin oxide scale of Si and Fe on the top surface
of coated superfer 800H (Fig. 9). These elements have
diffused into the coating through the splat boundaries and
open pores, which acts as a channel for the transport of
coating and substrate elements during initial cycles of hot
corrosion, which further contributed to increases the resistance
to hot corrosion (Fig. 11). Wang et al. (Ref 40) and Grunling
and Bauer (Ref 41) reported that presence of silicon can
promote the formation of continuous dense scale and improve
the adherence of the outer scale to the coating in the
subsequent hot corrosion process. However, Yttrium was
found to be segregated along the grain boundaries of A1,0;
and lowers the scale growth rates (Ref 42, 43). RE segregate
to oxide grain boundaries, where they can significantly reduce
the outward transport of Al, hence decrease the rate of
oxidation and contributed to the improved scale adherence and
reduced interfacial void formation (Ref 44). Schematic
diagram showing proposed hot corrosion mechanism of the
NiCrAlY + 0.4 wt.% CeO, coated superalloy superfer S00H
at 900 °C in Na,SO4 + 60% V,0s5 after 100 cycles is shown
in Fig. 11.
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Fig. 11 Schematic diagram showing proposed hot corrosion mecha-

nism of the NiCrAlY + 0.4 wt.%CeO, coated superalloy superfer
800H at 900 °C in Na,SO,4 + 60% V,05 after 100 cycles

5. Conclusions

NiCrAlY + 0.4 wt.% CeO, coating on Ni- and Fe-based
superalloy substrates has been successfully deposited by D-gun
spraying process in the present work and the following

conclusions are made.

Surface morphology of the as-sprayed coating depicts the
formation of unmelted particles in the form of globular
dendritic structure. The diameter of dendritic structure
equals to that of original powder particles.

Cerium oxide is uniformly distributed along the Ni-rich
splat boundaries. Traces of Al are distributed along the
Ni-rich splat boundaries.

The bare and coated Fe-based superfer 800H superalloy
showed least and highest resistance to the hot corrosion,
respectively.

D-gun-sprayed NiCrAlY + 0.4 wt.% CeO, coating found
to be effective in imparting hot corrosion resistance to
superfer 800H in the molten salt environment.

The formation of oxides along the splat boundaries and
within open pores of the coatings might have acted as dif-
fusion barrier to the inward diffusion of molten salt.

There is 60 and 15% saving in overall weight gain for
NiCrAlY + 0.4 wt.% CeO, coated superfer 800H and
superni 75 in comparison with the bare superfer 800H and
superni 75, respectively.

A dense oxide scale formed on the coated superalloys and
hot corrosion resistance of coating might be due to the
formation of protective phases like NiO, Cr,O;, Al,Os3,
NiCr,04, and Ni ALL,O4

Formation of small amounts of oxides of iron and silicon
show diffusion from the substrate to the top surface of
coating.
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