
Cyclic Oxidation Behavior of Some
Plasma-Sprayed Coatings in

Na2SO4-60%V2O5 Environment
Harpreet Singh, Satya Prakash, Devendra Puri, and D.M. Phase

(Submitted February 28, 2006)

Cyclic oxidation behavior of plasma-sprayed NiCrAlY, Ni-20Cr, Ni3Al, and Stellite-6 coatings was inves-
tigated in an aggressive environment of Na2SO4-60%V2O5 by thermogravimetric techniques for 50 cycles.
These coatings were deposited on a Ni-base superalloy, namely Superni 600; 10Fe-15.5Cr-0.5Mn-0.2C-Bal
Ni (wt.%). X-ray diffraction, scanning electron microscopy/energy dispersive x-ray (SEM/EDX), and
electron probe microanalyzer (EPMA) techniques were used to analyze the oxidation products. The
uncoated superalloy suffered accelerated oxidation in the form of intense spallation of its oxide scale. After
deposition of the NiCrAlY coating, the superalloy showed a minimum mass gain, whereas after application
of the Stellite-6 coating, a maximum mass gain was observed among the coatings studied. All of the coatings
were found to be useful in reducing the spallation of the substrate superalloy. Moreover, the coatings were
successful in maintaining continuous surface contact with the base superalloy during the cyclic oxidation.
The phases revealed for the oxidized coatings were mainly the oxides of chromium and/or aluminum and
the spinels containing nickel-chromium/cobalt-chromium/nickel-aluminum mixed oxides, which are re-
ported to be protective against high-temperature oxidation/hot corrosion.
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1. Introduction

Metals and alloys are oxidized when they are heated to
elevated temperatures in air or highly oxidizing environments,
such as a combustion gas with an excess of air or oxygen. They
often rely on the oxidation reaction to develop a protective
oxide scale to resist corrosion attack, such as sulfidation, car-
burization, ash/salt deposit corrosion, hot corrosion, etc. That is
why oxidation is considered to be the most important high-
temperature corrosion reaction (Ref 1).

Nickel-base superalloys are the commercial alloys com-
monly used for high-temperature applications, such as manu-
facture of components used in aggressive environments of gas
turbines and steam boilers. The superior mechanical perfor-
mance and good corrosion resistance of the superalloys, espe-
cially the nickel-base superalloys at high temperature, make
them favorites as base materials for hot components (such as
blades or vanes) in industrial gas turbines and other energy-
conversion systems. However, the presence of combustion
gases and salts, such as Na2SO4 and V2O5, constitutes an ex-
treme environment, and hot corrosion is inevitable when alloys
are used at high temperatures for long periods of time (Ref 2).
One protective means to counteract the problem of hot corro-
sion is to coat the alloy with a protective layer using various

surface-treatment techniques. Several coating techniques have
been suggested, such as pack cementation, plasma spraying,
and chemical vapor deposition.

Among the various coating methods available, plasma
spraying fosters progress in both development of materials and
modern coating technology due to advances in powder and
wire production. The advanced plasma technique has many
advantages, such as high productivity for thick coating films of
more than 100 �m and good applicability for a wide range of
coating materials, including ceramic powder; furthermore, the
process does not cause degradation of the mechanical proper-
ties of the alloy substrate (Ref 3, 4).

Although considerable insight has been accumulated on oxi-
dation behavior of NiCrAlY and Ni-20Cr coatings and to some
extent that of Ni3Al coatings on Ni-base superalloys in air as
well as in aggressive environments at high temperatures, but
relatively less information is available on the high-temperature
oxidation behavior of these coatings in the aggressive environ-
ment of a molten salt (Na2SO4-60%V2O5), which has a much
lower melting point (∼500 °C) than other compositions
of Na2SO4-V2O5 mixtures. Sodium vanadyl vanadate
(Na2O·V2O4·5V2O5) is found to be the most common salt de-
posit on boiler superheaters (Ref 5), which causes severe hot
corrosion of the boiler tubes. This investigation will provide
vital information on the hot corrosion behavior of the plasma-
sprayed Stellite-6 coating, which could be useful for exploring
the possibility of the use of the Stellite-6 coating in applications
where both corrosion and wear problems are encountered. Uus-
italo et al. (Ref 6) have also suggested there is a need to
investigate the high-temperature corrosion behavior of thermal
spray-coated materials in different aggressive environments.
Hodgkiess and Neville (Ref 7) opined that, because of the
intrinsic properties of thermal spraying techniques, more work
is needed to obtain a reliable, corrosion-resistant coating in
many environments. Recent reports have also recommended
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that an improved understanding of the degradation and failure
mechanisms of high-temperature coatings in the field is
needed, particularly with respect to the effects of engine op-
eration and environment on the coating performance (e.g., ther-
mal cycling) (Ref 8). As per the views of Goward (Ref 9),
complete understanding of oxide adherence is still elusive and
is one of the most important areas of research, for both coatings
and superalloys, to provide further advances in engine effi-
ciency and service life.

The experimental work described herein was conducted un-
der cyclic conditions because these conditions constitute a
more realistic approach toward solving the problem of metal
corrosion in actual applications, where the conditions are more
or less cyclic rather than isothermal (Ref 10). Further, it is
learned from the literature that relatively fewer studies are re-
ported on hot corrosion of plasma-sprayed coatings under cy-
clic conditions.

2. Experimental Procedures

2.1 Coating Formulations

The substrate material selected for the current study was a
Ni-based superalloy, namely, Superni 600 (similar grade to
Inconel 600), which was developed by Mishra Dhatu Nigham

Limited (Hyderabad, India) in rolled sheet form. The chemical
composition (wt.%) of the substrate material is 10Fe-15.5Cr-
0.5Mn-0.2C-Balance Ni. Specimens with dimensions of ∼20 ×
15 × 5 mm were cut from the sheet. The specimens were
polished and grit-blasted with alumina powder (grit 60) before
being plasma sprayed. A 40 kW Miller (Waltham, MA) ther-
mal plasma spray apparatus was used to deposit the coatings.
Argon was used as the powder carrying gas as well as the
shielding gas. All process parameters were constant throughout
the coating process and included an arc current of 700 A, arc
voltage 35 V, powder flow rate 3.2 rev/min, and plasma arc gas
(argon) and carrier gas (argon) pressures of 59 and 40 psi,
respectively. The spraying distance was kept within a range of
90-110 mm. NiCrAlY powder was used as a bond coat before
applying the final coatings of Ni-20Cr, Ni3Al, and Stellite-6
alloy powders on the specimens, whereas a bond coat of
NiCrAlY itself was selected as a coating in one case. In the
case of the NiCrAlY and Ni-20Cr coatings, the color of the
specimens was dull green, whereas specimens coated with
Stellite-6 and Ni3Al had a shiny gray color. Details of the coat-
ing powders are reported in Table 1, whereas porosity (2-4.5%)
analyses of the as-sprayed coatings have been detailed in ear-
lier publications of the authors (Ref 11, 12). Detailed charac-
terizations of these coatings have appeared elsewhere (Ref 12).
The cross-sectional backscattered electron images (BSEI) of

Table 1 Composition, particle size, and designation of the coating powders

Coating powder Composition, wt.% Particle size Designation

Ni-22Cr-10Al-1Y (Praxair NI-343) Cr (22), Al (10), Y (1), Ni (bal) −45 ± 10 �m NiCrAlY
Ni-20Cr (Praxair NI-105) Ni (80), Cr (20) −45 ± 5 �m Ni-20Cr
Nickel and aluminum Stochiometric ratio, 3:1 (Ni:Al) Ni: 74 �m Ni3Al

Ni (min. assay 99.5%) and Al (min. assay 99.7%) Al: fine powder
Stellite-6 (Eu Troloy) Cr (19), C (0.7), Si (2.3), Fe (3), Ni (13.5), B (1.7), W (7.5),

Mn (1 max), Co (bal)
−180 ± 53 �m Stellite-6

Fig. 1 BSEI micrographs showing the cross-sectional morphology of the different plasma sprayed coatings: (a) NiCrAlY coating, (b) Ni-20Cr
coating with bond coat, (c) Ni3Al coating with bond coat, and (d) Stellite-6 coating with bond coat
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the as-sprayed coatings are shown in Fig. 1. The average thick-
ness of the as-sprayed coatings was measured from these mi-
crographs, and these measurements are listed in Table 2.

Microhardness of the as-sprayed coatings was measured
with an HMV-2 series Shimadzu (Tokyo, Japan) microhard-
ness tester. A load of 2.942 N was applied on the needle for
penetration, and the hardness value was based on the relation
Hv � 0.1891 × F/d2 (where F is load, in N, and d is the mean
of the indentation diagonal length, in mm).

2.2 Cyclic Oxidation Studies

Cyclic oxidation studies were performed in a molten salt
(Na2SO4-60%V2O5) environment for 50 cycles. Each cycle
consisted of 1 h of heating at 900 °C in a silicon carbide tube
furnace followed by 20 min of cooling at room temperature.
Specimens were kept in alumina boats and inserted in the fur-
nace. Studies were performed for uncoated as well as coated
specimens for comparison purposes. Both coated and uncoated
specimens were polished down to 1 �m alumina on a wheel
cloth polisher to obtain similar conditions of reaction before the
corrosion run. A layer of Na2SO4-60%V2O5 paste was applied
onto preheated specimens (250 °C) with a camel-hair brush so
as to have approximately 3-5 mg of paste per cm2 of specimen
surface area. Mass change measurements were taken at the end

of each cycle with the help of an electronic balance (Model
06120, Contech, Mumbai, India) with a sensitivity of ±1 mg.
Reproducibility in the experiments was determined by subject-
ing two specimens of the same alloy to the same hot corrosion
test. Thermogravimetric data were analyzed to approximate the
kinetics of corrosion. The oxidized specimens were subjected
to x-ray diffraction (XRD), scanning electron microscopy/
energy dispersive x-ray (SEM/EDX), and electron probe mi-
croanalyzer (EPMA) analyses for characterization of the cor-
rosion products.

XRD analysis was carried out with a Bruker AXS D-8 Ad-
vance diffractometer (Karlsruhe, Germany) with Cu K� radia-
tion. The hot-corroded specimens were cross sectioned with an
ISOMET (Buehler, Lake Bluff, IL) 1000 precision diamond
cutter, mounted in transoptic mounting resin, mirror polished,
and carbon coated to obtain EDX and x-ray mapping of the
various elements present across the scales. SEM/EDX analysis
was carried out with a JEOL (Tokyo, Japan) scanning electron
microscope (JSM-5800) with an EDX attachment from Oxford
(Model 6841, High Wycombe, Bucks, UK), whereas a JEOL
JXA-8600M microprobe was used for taking the x-ray maps of
the different elements.

3. Results

3.1 SEM of As-Sprayed Coatings

The surface SEM images of the superalloy Superni 600 after
the deposition of the plasma sprayed NiCrAlY, Ni-20Cr,
Ni3Al, and Stellite-6 coatings are shown in Fig. 2. The micro-
structures revealed are typical for a plasma spray process con-
sisting of splats, which are irregularly shaped with distinct
boundaries. Most of the splats are well formed without any sign
of disintegration. Indications of some globules near splat
boundaries can be observed in most of the micrographs; these
are most likely unmelted particles. Some oxide stringers as

Table 2 Average coating thickness of the as-sprayed
coatings

Coating

Coating thickness, µm

Bond coat Outer coat Total

NiCrAlY 228 … 228
Ni-20Cr 155 211 366
Ni3Al 166 247 413
Stellite-6 162 365 527

Fig. 2 Surface SEM micrographs for the plasma-sprayed coatings on the superalloy Superni 600: (a) NiCrAlY coating; (b) Ni-20Cr coating; (c)
Ni3Al coating; and (d) Stellite-6 coating
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well as voids have also been noticed in general in all the coat-
ings. Relatively speaking, the NiCrAlY and Ni-20Cr coatings
have shown fine-sized splats in their structures, whereas splats
are coarse in the Stellite-6 coating. Relatively medium-sized
splats are formed in the Ni3Al coating. Figure 3 depicts cross-
sectional SEM micrographs of the superalloy with the different
coatings.

3.2 Measurements of Microhardness of
As-Sprayed Coatings

The microhardness data for the coatings are compiled in
Fig. 4, which shows the microhardness profile for each coating
as a function of distance from the coating-substrate interface. It
is observed that the microhardness varies with the coating
thickness. The microhardness of the substrate, Superni 600, has
been found to be in the range of 253-350 Hv. As indicated by
the profiles, the maximum value of the hardness is achieved by
the Stellite-6 coating, ∼487 Hv, whereas a minimum of 153 Hv

is achieved by the Ni3Al coating. Furthermore, a slight increase
in the microhardness of the substrate has been observed near
the coating-substrate interface in all the cases (reference points
at a distance of ∼40 �m).

3.3 Cyclic Oxidation in Molten Salt

The mass gain plots for uncoated and coated superalloy
specimens are shown in Fig. 5, after being subjected to cyclic
oxidation in an environment of Na2SO4-60%V2O5 at 900 °C
for 50 cycles. In the case of the uncoated superalloy, a gray-
colored scale appeared on the surfaces from the first cycle
onward, which turned to dark gray as exposure progressed. The
scale was fragile and tended to crack from the 17th cycle. This
cracking resulted in the scale peeling up at many locations;
spalling of the scale started from the 22nd cycle. This spall-
ation continued until the end of the exposure, although with
reduced magnitude.

Deposition of NiCrAlY and Ni-20Cr coatings reduced the

Fig. 3 SEM micrographs showing the cross-sectional morphology of the different plasma sprayed coatings: (a) NiCrAlY coating; (b) Ni-20Cr
coating with bond coat; (c) Ni3Al coating with bond coat; and (d) Stellite-6 coating with bond coat

Fig. 4 Microhardness profiles for the different plasma-sprayed coatings on the superalloy Superfer 600 along the cross section
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overall mass gain of the superalloy during exposure by 59 and
20%, respectively, whereas the cumulative mass gain of the
superalloy was increased after application of the Ni3Al and
Stellite-6 coatings. The NiCrAlY-coated specimen showed a
minimum mass gain among the investigated cases, whereas the
Stellite-6 coated sample indicated a maximum mass gain that
was 4.78 times that perceived by the former. The Ni-20Cr
coated specimen revealed the second lowest mass gain, which
was 1.95 times that of the NiCrAlY coated specimen, whereas
mass gain by the Ni3Al coating is greater than that by the
NiCrAlY and Ni-20Cr coatings but is 3.22 times that achieved
by the NiCrAlY coating.

The color of the oxide scale for the NiCrAlY- and Ni-20Cr-
coated samples changed to dull green from dark gray with
progress of the experiment, whereas the oxide scale remained
green in the case of the Ni3Al-coated superalloy. The color of
the oxide scale for the Stellite-6 coated specimen was gray after
the first cycle, turned to dark gray by the end of the ninth cycle,
and subsequently showed formation of silver gray areas on the
dark grayish background with further progress of the study.
Minute superficial cracks were observed at or near some of the
edges of the plasma spray-coated specimens during the first
few cycles of exposure in all cases. This led to minor spallation
of the coatings from the edges in the form of tiny flakes, which

stopped toward the end of the exposure. However, the magni-
tude of this spallation was marginal, and only a few edges of
the specimens were affected.

Slight spallation of the oxide scales was observed in the
cases of the NiCrAlY- and Ni3Al-coated Superni 600 in the
form of green powder toward the end of exposure, whereas no
such spalling was observed in the case of the Ni-20Cr-coated
superalloy. Similar minor spalling of the scale was observed
for the Stellite-6 coated specimen from the 11th cycle onward
in the form of a fine blackish powder, which continued until the
end of the study.

The oxidation rate law for the oxidized specimens was ap-
proximated by plotting the (mass gain/area)2 data against the
number of cycles, as shown in Fig. 6. Although the data shows
small deviations from the parabolic rate law, the oxidation
process could still be approximated by a parabolic rate law in
all of the investigated cases. Table 3 shows the calculated
values of the parabolic rate constant Kp for the specimens stud-
ied, ignoring minor scatter in the data.

3.4 X-Ray Diffraction Analysis
The XRD patterns of the oxidized specimens after exposure

to the Na2SO4-60%V2O5 environment for 50 cycles are shown
in Fig. 7 at reduced scales. The d values corresponding to each

Fig. 6 (Mass gain/area)2 versus number of cycles plot for the coated and uncoated superalloy Superni 600 subjected to cyclic oxidation for 50
cycles in Na2SO4-60%V2O5 at 900 °C

Fig. 5 Mass gain versus number of cycles plot for the coated and uncoated superalloy Superni 600 subjected to the cyclic oxidation for 50 cycles
in Na2SO4-60%V2O5 at 900 °C
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peak are indicated by default by the XRD software. Analysis
shows that the uncoated superalloy has NiO, NiCr2O4, Fe2O3,
and Ni(VO3)2 phases in its scale. Deposition of the NiCrAlY,
Ni-20Cr, and Ni3Al coatings resulted in formation of NiO as
the strongest phase in the oxide scale of the superalloy. Analy-
sis for the corroded NiCrAlY-coated Superni 600 further re-
vealed the presence of Al2O3 and NiCr2O4 phases. Small quan-
tities of NiCr2O4 are also found to be present in the scale of the

Ni-20Cr-coated specimen, whereas some weak peaks indicat-
ing probable formation of NiAl2O4 and Al2O3 are observed in
the scale of the Ni3Al-coated superalloy. The scale for the
Stellite-6-coated superalloy contains CoO and CoCr2O4

phases. Relatively low-intensity peaks pertaining to Cr2O3

phase are also visible in the oxide scales for all of the inves-
tigated cases, except that for the Ni3Al-coated case.

3.5 Surface Morphology of the Scales

SEM micrographs showing the surface morphology of the
substrate and the coated superalloy specimens after cyclic hot
corrosion for 50 cycles at 900 °C are shown in Fig. 8. One
SEM micrograph (Fig. 8a) indicates a coarse-grained crystal-
line structure for the uncoated Superni 600, where the white
phase as well as the black matrix have nearly similar compo-
sitions, with nickel and oxygen as main constituents. When
deposited with the NiCrAlY coating, SEM analysis for the
superalloy (Fig. 8b) reveals the presence of irregularly shaped

Table 3 Values of the parabolic rate constant, Kp

Description Kp, 10−10 g2 cm−4 s−1 R2 value

Uncoated superalloy 12.54 0.9645
NiCrAlY-coated superalloy 1.71 0.9811
Ni-20Cr-coated superalloy 5.05 0.9610
Ni3Al-coated superalloy 25.00 (up to 36 cycles) 0.9643

7.74 (36 cycles and after) 0.9504
Stellite-6-coated superalloy 43.26 0.9962

Fig. 7 XRD patterns for the superalloy Superni 600 subjected to cyclic oxidation in Na2SO4-60%V2O5 at 900 °C after 50 cycles: (a) uncoated;
(b) NiCrAlY-coated; (c) Ni-20Cr coated with bond coat; (d) Ni3Al-coated with bond coat; and (e) Stellite-6 coated with bond coat
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crystals dispersed throughout the scale. The scale is rich in Ni
and O in the upper layer; however, the subscale has nearly
equal concentrations of Cr, Ni, and O. An analogous micro-

graph for the Ni-20Cr-coated Superni 600 (Fig. 8c) shows a
blocky morphology, which is a typical structure for NiO (Ref
13). A small amount of vanadium is also present in the subscale
(see point 1 in Fig. 8c). Deposition of the Ni3Al coating re-
sulted in a fine-grained oxide scale, where some spalling of the
scale is perceptible, as revealed by the black areas in the mi-
crograph (Fig. 8d). EDX analysis shows that the oxide scale
consists mainly of Ni and O. In the case of the Stellite-6-coated
Superni 600 specimen (Fig. 8e), the oxide scale contains glob-
ules distributed across its matrix, and somewhat irregularly
shaped splats are seen with black color inside and a white phase
along the boundaries. The white phase contains substantial
concentrations of Co, O, and Cr with small quantities of Ni and
W. In the black region, the amount of Co decreased substan-
tially, but the amount of Cr doubled as compared with the
white region.

3.6 Cross-Sectional Analysis of the Oxide Scales

EPMA for the oxidized Superni 600, as shown in the Fig. 9,
reveals an oxide scale that is mainly nickel and iron. At most
places, nickel and iron co-exist, while at other places, where
chromium is present in rich concentrations, nickel and iron are
absent. There is a vanadium-rich band, slightly above the scale/
substrate interface, that also contains iron, nickel, and chro-
mium. The area just below the scale/substrate interface, which
represents the internal penetration zone, has mainly nickel
present in it with the depletion of iron. There are some Cr-rich
stringers present in this internal penetration zone, perhaps
along the grain boundaries, where nickel is depleted.

EPMA analysis after deposition of the NiCrAlY coating, as
shown in Fig. 10, indicates an oxide scale that has a thin
outermost layer consisting mainly of chromium oxide along
with some nickel and aluminum oxides. Just below this layer is
an intermediate band that consists mainly of aluminum oxide.
In the remaining scale, the coating has retained its original
morphology, where Ni-rich and Al-rich layers are present at
alternate positions. The presence of oxygen along with alumi-
num indicates that oxidation of the latter has taken place,
whereas the Ni-rich areas are in an unreacted state. Chromium
mainly co-exists with nickel, but it has also formed some clus-
ters in the aluminum-rich areas. Vanadium and sulfur have
penetrated into the scale. Furthermore, the concentration of
vanadium shows a decline as one moves toward the base alloy,
whereas sulfur has diffused even into the base alloy and is
present mainly in the vicinity of the interface of the scale and
the substrate. Iron shows some movement into the entire scale,
which is more prominent near the coating-substrate interface.

A similar analysis for the cross section of the Ni-20Cr-
coated Superni 600 superalloy corroded for 50 cycles in the
given environment is shown in Fig. 11. From the oxygen map,
it can be clearly seen that oxidation has taken place in the bond
coat along the splat boundaries, where mostly aluminum and
chromium are present. In the top scale, aluminum has diffused
and is present in the form of the streaks, perhaps along the splat
boundaries, where nickel is absent. Nickel present in the splats
at some places has not oxidized, whereas in one part of the top
scale, Ni and Cr, have oxidized.

An analogous analysis for the Superni 600 after deposition
of the Ni3Al coating indicates a nickel oxide-rich band at the
top of the scale, which also contains dispersed aluminum oxide
at places where nickel is depleted (Fig. 12). Vanadium has also
diffused in this band and is present at places where both nickel

Fig. 8 Surface scale morphology and EDAX analysis (wt.%) for the
superalloy Superni 600 subjected to the cyclic oxidation in Na2SO4-
60%V2O5 at 900 °C: (a) uncoated, (b) NiCrAlY-coated, (c) Ni-20Cr
coated with bond coat, (d) Ni3Al-coated with bond coat, and (e)
Stellite-6 coated with bond coat
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and aluminum are absent. Chromium diffusion from the bond
coat into the top scale is minor. In the rest of the scale, which
corresponds the bond coat, nickel-rich splats containing chro-
mium are visible that are surrounded mainly by aluminum
oxide. Chromium oxide has also formed stringers around most
of these splats and co-exists with aluminum oxide. Sulfur has
penetrated into the base alloy, perhaps along the grain boundaries.

EPMA analysis for the oxidized Stellite-6-coated Superni
600 superalloy depicted in Fig. 13 clearly indicates that oxygen
is present along the splat boundaries in the top scale, co-
existing with chromium at most places, and the splats have
remained unoxidized. Similarly in the bond coat, nickel-rich
splats have not suffered oxidation, and oxygen is indicated
along the splat boundaries, where aluminum and chromium
might have oxidized.

4. Discussion

The observed microhardness values for the as-sprayed
plasma-sprayed coatings are in good agreement with those re-
ported by Chen et al. (Ref 14), Gu et al. (Ref 15), Staia et al.
(Ref 16), Liang et al. (Ref 17), Hidalgo et al. (Ref 18), Rinaldi
et al. (Ref 19), Rosso et al. (Ref 20), and Sampath et al. (Ref
21). Furthermore, a slight increase in the microhardness values
for the substrate superalloy observed near the interface between
the bond coat and the substrate in all the cases may be attrib-
uted to the hardening of the substrate superalloy due to the
high-speed impact of the coating particles during plasma spray
deposition. A similar effect was also observed by Hidalgo et al.

(Ref 18). The observed nonuniformity in the hardness of the
coatings along the thickness may be caused by the microstruc-
tural changes along the cross section of the coatings (Ref 16).
Furthermore, the microhardness and other properties of the
thermal spray coatings are anisotropic due to their typical splat
structure and directional solidification (Ref 22).

The uncoated Superni 600 superalloy showed intense spall-
ing during cyclic oxidation in the given environment with a
substantial mass gain. The rate of mass gain was also observed
to be relatively high during the initial period of exposure, as
shown in Fig. 5. Kolta et al. (Ref 23) suggested that reaction
between Na2SO4 and V2O5 at 900 °C may result in formation
of NaVO3 (mp ≈ 610 °C) as given below:

Na2SO4 + V2O5 → 2NaVO3�l� + SO2 + 1⁄2O2

The NaVO3 acts as a catalyst and also serves as an oxygen
carrier to the base alloy; therefore, it will lead to rapid oxida-
tion of the basic elements of the superalloy to form protective
oxide scales in the initial period of oxidation. However, as
opined by Seiersten and Kofstad (Ref 24) and Swaminathan et
al. (Ref 25), the protective oxides are disrupted or eliminated
simultaneously by the molten salts, and consequently the metal
surface is exposed to the direct action of an aggressive envi-
ronment. For instance, Seiersten and Kofstad (Ref 24) as well
as Swaminathan et al. (Ref 25) have suggested the following
reaction for the dissolution of chromia scales in the molten salt:

Cr2O3 + 4NaVO3 + 3⁄2O2 → 2Na2CrO4�l� + 2V2O5

The hot-corroded superalloy Superni 600 showed formation
of Fe2O3, NiO, NiCr2O4, and Ni (VO3)2 phases along with

Fig. 9 BSEI and x-ray mappings of the cross section of Superni 600 subjected to cyclic oxidation in Na2SO4-60%V2O5 at 900 °C after 50 cycles
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some weak-intensity peaks of Cr2O3 in its oxide scale, by XRD
analysis, when subjected to the cyclic oxidation in the given
environment at 900 °C. The XRD results are well supported by
the SEM/EDX and EPMA results. Studies conducted by
Swaminathan et al. (Ref 25), Tiwari and Prakash (Ref 26), Deb
et al. (Ref 27), and Gitanjaly (Ref 28) on similar superalloys
also endorse formation of identical phases. Further, the oxi-
dized Superni 600 showed small deviations from the parabolic
rate law of oxidation. Similar deviations from the parabolic rate
law were also observed by Levy et al. (Ref 29) during their
studies on oxidation and hot corrosion of some Ni-base ad-
vanced superalloys at 704-1093 °C.

After deposition of the NiCrAlY, Ni-20Cr, Ni3Al, and
Stellite-6 coatings, the superalloy showed relatively high mass
gains in the early cycles of the oxidation in the given environ-
ment. These gains may also be attributed to the rapid formation
of the oxides at the splat boundaries and open pores present in
the plasma spray coatings, as the oxidizing species can easily
penetrate along these splat boundaries/open pores in the early

cycles of the study (Ref 30). However, once the oxides are
formed at the places of the porosity and splat boundaries, the
coating becomes dense, diffusion of the oxidizing species to
internal portions of the coatings is slowed down, and growth of
the oxides becomes limited mainly to the surface of the coated
superalloy (Ref 30). This, in turn, might have made the mass
gain and hence the oxidation rate steady with further progress
of exposure time. In addition, the EPMA analysis as shown in
Fig. 10 for the NiCrAlY-coated Superni 600 indicates that the
oxide formed at these splat boundaries and within the pores is
mainly aluminum oxide. Identical findings have also been re-
ported by Bluni and Mardar (Ref 30), Choi et al. (Ref 31), and
Niranatlumpong et al. (Ref 32). This aluminum oxide has been
reported to be a protective oxide against hot corrosion, as it can
block the diffusion paths of the oxidizing species (Ref 33).

XRD analysis for the oxidized NiCrAlY-coated Superni 600
revealed the presence of the protective oxides of nickel and
aluminum and nickel-chromium spinel in the oxide scale. The
EDX analysis (Fig. 8b) and the x-ray mappings (Fig. 10) also

Fig. 10 BSEI and x-ray mappings of the cross section of NiCrAlY-coated superalloy Superni 600 subjected to cyclic oxidation in Na2SO4-
60%V2O5 at 900 °C after 50 cycles
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support the presence of these elements. Y. Wu et al. (Ref 34)
and X. Wu et al. (Ref 35) have also reported the formation of
similar phases for the NiCrAlY coatings. Longa-Nava and
Takemoto (Ref 36) also identified NiO and NiCr2O4 phases
along with relatively small quantities of Cr2O3 phase for the
NiCrAl flame-sprayed coatings on steel substrates when oxi-
dized in an environment of Na2SO4-85%V2O5 at 900 °C. They
further suggested that preferential NiO and spinel formation
prevent exclusive development of chromia, which is why con-
tinuous Cr2O3 was not present in the surface layer. This may
also be the reason behind the presence of weak XRD peaks of
Cr2O3 in the current study. These oxides, especially Al2O3 and
Cr2O3, offer better protection against oxidation/hot corrosion
because of their low growth rate, strongly bounded composi-
tions, and ability to act as effective barriers against ionic mi-
gration (Ref 33). The spinel phases may further enhance the
oxidation resistance with their much smaller diffusion coeffi-
cients of cations and anions than those in their parent oxides
(Ref 37).

The Ni-20Cr-coated superalloy also showed formation of
such phases as NiO and NiCr2O4, which is consistent with the
findings of Longa-Nava et al. (Ref 38), Calvarin et al. (Ref 39),
and Nickel et al. (Ref 40). Ul-Hamid (Ref 41) also reported
formation of �-Cr2O3, NiCr2O4, and NiO phases at the surface
of oxidized Ni-20 Cr alloy in different configurations. He ob-
served the formation of an exclusive and complete �-Cr2O3

layer only at the localized regions, which was attributed to a
slightly lower concentration of chromium in the alloy beneath
the scale than the required critical level necessary to sustain

such a scale throughout the alloy surface. Various regions of
the oxidized alloy surface were seen to be constituted predomi-
nantly by NiCr2O4. This may be the reason behind weak peaks
of Cr2O3 indicated in the current study. Further, Longa-Nava et
al. (Ref 38) concluded from the studies on the low-pressure
plasma-sprayed Ni-20Cr coatings that formation of chromate
solute anions can prevent sulfidation of the alloy.

The substrate superalloy, after application of the Ni3Al coat-
ing, showed NiO as the main XRD phase along with small
amounts of Al2O3 in its oxide scale. Sidhu and Prakash (Ref
42) and Malik et al. (Ref 43) also reported similar phases in
their oxidation studies on Ni3Al coatings of boiler steels. The
presence of NiO and NiAl2O4 phases was also observed by Lee
and Lin (Ref 44) during hot corrosion studies on Ni3Al inter-
metallic compounds at 800 and 1000 °C. Formation of the
XRD compounds like CoO and CoCr2O4, however, as revealed
in the oxide scale of the oxidized Stellite-6 coated Superni 600,
is in accordance with the studies of Santoro (Ref 45) and
Luthra (Ref 46). Luthra (Ref 46) proposed that formation of
spinels might stop the diffusion activities through the cobalt
oxide (CoO), which in turn could suppress further formation of
this oxide. He further opined that an increase in the growth of
CoCr2O4 and Cr2O3 in competition with CoO and Co3O4 for-
mation enhances the corrosion resistance of alloys.

Moreover, the greenish color of the oxide scales in the case
of the NiCrAlY-, Ni-20Cr-, and Ni3Al-coated oxidized Superni
600 may be attributed to the presence of NiO as a main phase
in the scale, which is identical to the findings of Bornstein et al.
(Ref 47). However, the minor deviations from the parabolic

Fig. 11 BSEI and x-ray mappings of the cross section of the Ni-20Cr-coated superalloy Superni 600 subjected to cyclic oxidation in Na2SO4-
60%V2O5 at 900 °C after 50 cycles
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rate law as shown by the coated specimens are in good agree-
ment with the findings of Choi et al. (Ref 31) and Liu et al. (Ref
48). Choi et al. (Ref 31) attributed this scatter in data to the
formation and rapid growth of inhomogeneous oxides during
the oxidation process.

Furthermore, it is observed from the mass gain data (Fig. 5)
that the NiCrAlY was most successful among the investigated
coatings in reducing the hot corrosion rate of the superalloy,
followed by the Ni-20Cr coating, whereas the oxidation rate of
the Ni3Al- and Stellite-6-coated superalloys was increased in
comparison to the bare superalloy. The Stellite-6-coated super-
alloy showed the lowest resistance to molten salt induced oxi-
dation among the coatings studied. This may be attributed to
comparatively more spalling of coating as well as of the oxide
scale observed during the exposure.

The oxide scales for the superalloy Superni 600 after depo-
sition of the given coatings in general showed no tendency
toward cracking and were found intact. This indicates further
usefulness of the coatings under study as the cyclic oxidation
behavior of an alloy is dictated mainly by scale spallation

resistance, as per the opinion of Stott (Ref 49). However, a
marginal spalling of the scales was noted in the cases of the
NiCrAlY-, Ni3Al-, and Stellite-6-coated samples. Similar spall-
ation was also observed by Chan et al. (Ref 50) for an oxidized
APS NiCrAlY coating, where it was observed that these spall-
ation zones were invariably in the areas of local convex cur-
vature. Strawbridge et al. (Ref 51) suggested that this spallation
is associated with the development of out-of-plane tensile
stresses in the region of convex curvature during cooling.

Furthermore, the plasma-sprayed NiCrAlY, Ni-20Cr,
Ni3Al, and Stellite-6 coatings were found to be successful in
maintaining continuous surface contact with the base superal-
loy by and large, when subjected to molten salt induced oxi-
dation. The minor cracking and subsequently small spallation
of the coatings near/along the edges, as has already been men-
tioned, may be attributed to the thermal shocks caused by dif-
ferences in the heat expansion coefficients of the oxides, coat-
ings, and substrate (Ref 52, 53). Furthermore, the stress
concentration factor at the sharp edges of the specimens might
also contribute to this minor cracking and spalling.

Fig. 12 BSEI and x-ray mappings of the cross section of the Ni3Al-coated superalloy Superni 600 subjected to cyclic oxidation in Na2SO4-
60%V2O5 at 900 °C after 50 cycles
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To summarize the foregoing discussion, it can be concluded
that the coatings used in this study were effective in protecting
the substrate superalloy against hot corrosion in the given en-
vironment under cyclic conditions.

5. Conclusions

• For the given range of porosity and mentioned process
parameters, the plasma-sprayed NiCrAlY, Ni-20Cr, Ni3Al,
and Stellite-6 coatings were found to be useful in devel-
oping resistance against cyclic oxidation in a Ni-based
superalloy, namely, Superni 600 in a Na2SO4-60%V2O5

environment at 900 °C. Oxide scales after deposition of
the given coatings in general showed no tendency toward
cracking and were found intact. The coatings were suc-
cessful in retaining adhesion with the superalloy during the
cyclic oxidation. The parabolic rate law of oxidation was
followed by the uncoated and the coated superalloy
samples.

• Uncoated superalloy Superni 600 showed intense spall-
ation of its oxide scale along with a substantial mass gain
during the cyclic oxidation in the aggressive environment
of Na2SO4-60%V2O5 at 900 °C.

• After deposition of the given coatings, the superalloy
showed the presence of mainly oxides in its oxide scales
when exposed to the cyclic oxidation in Na2SO4-
60%V2O5 at 900 °C. The phases revealed were oxides of
chromium and/or aluminum and spinels containing nickel-
chromium/cobalt-chromium/nickel-aluminum type mixed

oxides, which are reported to be protective against the
oxidation/hot corrosion.

• Superalloy Superni 600 showed the highest resistance to
cyclic oxidation in the molten salt environment after de-
position of the NiCrAlY coating. The best protection in-
dicated by the NiCrAlY coating might be attributed to the
simultaneous formation of an additional protective oxide
Al2O3, along with the Cr2O3 and NiCr2O4 phases, which
grows very slowly and is thermodynamically stable.
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