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Hot Corrosion Resistance of
High-Velocity Oxyfuel Sprayed
Coatings on a Nickel-Base
Superalloy in Molten Salt Environment
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No alloy is immune to hot corrosion attack indefinitely. Coatings can extend the lives of substrate materials
used at higher temperatures in corrosive environments by forming protective oxides layers that are reason-
ably effective for long-term applications. This article is concerned with studying the performance of high-
velocity oxyfuel (HVOF) sprayed NiCrBSi, Cr;C,-NiCr, Ni-20Cr, and Stellite-6 coatings on a nickel-base
superalloy at 900 °C in the molten salt (Na,SO,-60%YV,0) environment under cyclic oxidation conditions.
The thermogravimetric technique was used to establish kinetics of corrosion. Optical microscope, x-ray
diffraction, scanning electron microscopy/electron dispersive analysis by x-ray (SEM/EDAX), and electron
probe microanalysis (EPMA) techniques were used to characterize the as-sprayed coatings and corrosion
products. The bare superalloy suffered somewhat accelerated corrosion in the given environmental condi-
tions, whereas hot corrosion resistance of all the coated superalloys was found to be better. Among the
coatings studied, Ni-20Cr coated superalloy imparted maximum hot corrosion resistance, whereas Stellite-6
coated indicated minimum resistance. The hot corrosion resistance of all the coatings may be attributed to

the formation of oxides and spinels of nickel, chromium, or cobalt.

Keywords high-velocity oxyfuel process, hot corrosion, protec-
tive coatings, superalloy

1. Introduction

Advances in materials development and cooling schemes
will lead to increased operation temperatures of gas turbines,
boilers, and industrial waste incinerators. The combination of
such high temperatures with contaminants of environment and
low-grade fuels, such as sodium, sulfur, vanadium, and chlorine,
require special attentions to the phenomenon of hot corrosion,
which is one of the main failure modes of hot section compo-
nents in gas turbines. Superalloys have been developed for high-
temperature applications, but they are not able to meet both the
high-temperature strength and the high-temperature corrosion
resistance simultaneously, so protective coatings on superalloys
are used to counter the latter (Ref 1).

Coatings extend the lives of the materials by allowing me-
chanical properties of the substrate materials to be maintained
while protecting them against wear or corrosion (Ref 2). The
coatings should possess the required mechanical properties, ad-
hesion, and metallurgical stability in contact with the substrate.
Porosity, oxide stringers and clusters, fissures, and cracks may
open corrosion paths through the coating to the substrate. There-
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fore, it is important to obtain coatings with both low porosity and
low oxide content to provide optimum protection against hot
corrosion and oxidation (Ref 3).

Coatings can be deposited by thermal spraying (flame
spraying, vacuum plasma spray [VPS], low-pressure plas-
ma spray [LPPS], high-velocity oxyfuel [HVOF]), by
sputtering, or by evaporation; however, generally, for indus-
trial applications, thermally sprayed coatings are preferred
(Ref 4).

Among the thermal spraying processes, HVOF is most popu-
lar and has been widely adopted by many industries due to its
flexibility, cost effectiveness, and the superior quality of coat-
ings produced. High-velocity oxyfuel is a relatively new thermal
spray process (the Sulzer Metco Diamond Jet HVOF was devel-
oped in 1988) offering coatings with higher bond strengths and
hardness together with lower porosity, compared with its other
thermal spray counterparts (Ref 5). High-velocity oxyfuel coat-
ings are being studied extensively for their corrosion-resistant
properties (Ref 6). So far, several HVOF spraying coatings have
been subjected to the corrosion test in seawater. In addition to
the cermets (Ref 7-9), the anticorrosion alloys (Ref 10-12) were
adopted as the coating materials. These studies concluded that
the HVOF method is superior to other spraying techniques for
developing coatings having higher corrosion resistance. The
HVOF coatings are widely used in various engineering compo-
nents for imparting wear and corrosion resistance including pro-
pellers, pump impellers and casings, superheaters and preheaters
of boilers, valve bodies/trim, and pipe systems (Ref 13). There-
fore, in this study, the HVOF process has been selected to de-
posit the selected coatings.

Volume 15(3) September 2006—387




3
2
2
S
[
c
Iy
8
Q

The composition and structure of the coatings are determined
by the role that they have to play in the various material systems
and performance environments (Ref 14). The coating should
have a composition that will react with the environment to pro-
duce the most protective scale possible, provide corrosion resis-
tance with long-term stability, and have resistance to cracking or
spallation under mechanical and thermal stresses induced during
operation of the components (Ref 15). In the service environ-
ment, the protective oxide scale should not react with the corro-
sive environment, and at the same time it should not allow the
corrosive species to diffuse through the coating.

There is an increasing interest in the deposition of nickel-
base metallic alloys for protection against corrosion. Nickel-
chromium (Ni-Cr) alloys have been used as coatings to deal with
oxidation and corrosive environments at high temperature.
When Ni is alloyed with Cr, this element oxidizes to protective
surface oxide Cr,O; at rates that could make it suitable for use up
to about 1200 °C (Ref 16). Further, for high-temperature appli-
cations requiring wear resistance, thermally sprayed (Cr,C,-
NiCr) coatings are used in light of the excellent corrosion and
oxidation resistance of the Ni-Cr alloy and reasonable wear re-
sistance of chromium carbides at temperatures up to 900 °C (Ref
17, 18). The largely used nickel-base powder belongs to the Ni-
B-Si system, with the addition of other alloying elements (Ref
19, 20). Cobalt-base alloy containing chromium (Cr), tungsten
(W), and carbon (C), known as Stellite-6 has high hardness and
has corrosion and wear resistance at higher temperatures (Ref
21, 22).

Vanadium (V), sulfur (S), and sodium (Na) are common im-
purities in the low-grade petroleum fuels. Molten sulfate-
vanadate deposits resulting from the condensation of combus-
tion products of such fuels are extremely corrosive to high-
temperature materials in the combustion systems (Ref 23).
Further, mixture of Na,SO, and V,Os in the ratio of 40:60 con-
stitutes eutectics with a low melting point of 550 °C and pro-
vides a very aggressive environment for hot corrosion to occur
(Ref 24). Cyclic study of 50 cycles (cycle of 1 h heating and 20
min cooling) is considered adequate (Ref 25-27). It provides the
severest conditions for testing and may represent the actual in-
dustrial environment where breakdown/shutdown occurs fre-
quently. Cyclic study of the candidate HVOF coatings in the
given molten salt environment has not been available in the open
literature.

So the objective of this study is to evaluate the corrosion re-
sistance of HVOF sprayed Cr;C,-NiCr, NiCrBSi, Ni-20Cr, and
Stellite-6 coatings on a nickel-base superalloy namely Superni
601 (similar grade Inconel 601) in an aggressive environment of
molten salt Na,SO,-60%V,05 (wt.%) at 900 °C under cyclic
conditions. The substrate superalloy has been provided by
Mishra Dhatu Nigam Limited, Hyderabad (India), to find
suitable protective coatings to prolong the lifetime of the super-
alloy for using it at higher temperatures in the corrosive envi-
ronments.

The thermogravimetric technique was used to establish ki-
netics of corrosion. X-ray diffraction (XRD), scanning electron
microscopy/electron dispersive analysis by x-ray (SEM/
EDAX), and electron probe microanalysis (EPMA) techniques
have been used to characterize the coatings and corrosion prod-
ucts after hot corrosion at 900 °C.
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Table 1 Composition of the coating alloys

Chemical
composition,
Coating alloys wt.% Particle size Shape
Cr;C,-NiCr powder 75 Cr;C,-25 —45um+ Spum  Irregular
(LA-6875) (Ni-20Cr)
Blend of 75% LA-6304
and 25% LA-7319
NiCrBSi powder Ni-15.3Cr- —45 um Spherical
(PA 101HV) 3.1B-4.8Si-
4.2Fe-0.6C
Stellite-6 powder Co-1.2C-28Cr-  —45um Spherical
(Jet-Kote 7206) 4.9W-2.7Fe-
2.3Ni-1.1Si
Ni-20Cr wire Ni-20Cr Wire diameter,

3.17 mm

2. Experimental Procedure

2.1 Development of the Coatings

2.1.1 Substrate Material and Coating Formulation. The
substrate material used in the study was nickel-base superalloy
Superni 601, which was developed by M/S Mishra Dhantu
Nigham Limited, Hyderabad (India). The chemical composition
of the substrate material is 62.6Ni-23Cr-1.4A1-0.1Mn-0.37Si-
0.10Cu-0.025C-bal Fe. This superalloy is used as a high-
temperature heat-resistant alloy. The specimens with dimen-
sions of approximately 20 X 15 X 5 mm were cut from the alloy
sheet, polished with SiC papers down to 180 grit, and subse-
quently grit blasted with alumina powders (grit 45) before spray-
ing of the coatings by HVOF. Specimens were prepared manu-
ally, and all care was taken for any structural changes in the
specimens.

Four types of commercially available coating alloys—Cr;C,-
NiCr, NiCrBSi and Stellite-6 in the powder form, and Ni-20Cr in
the wire form—were used in the study. Details of these coating
alloys are given in Table 1.

Coatings were sprayed at M/S Metallizing Equipment Co.
Pvt. Ltd., Jodhpur (India) by using two types of commercial
HVOF thermal spray systems: Hipojet-2100 HVOF system for
powder spraying and Hijet-9600 HVOF system for wire spray-
ing. The spray parameters used for Hipojet-2100 system were:
oxygen flow rate, 250 Ipm (liters per minute); fuel ((liquefied
petroleum gas [LPG]) flow rate, 60 lpm; airflow rate, 900 lpm;
spray distance, about 200 mm; fuel pressure, 6 kg/cm?; oxygen
pressure, 8 kg/cm?; and air pressure, 6 kg/cm?. The spray param-
eters used for Hijet-9600 system were the same except oxygen
flow rate was 200 Ipm, fuel (LPG) flow rate was 50 lpm, fuel
pressure was 4 kg/cm?, and oxygen pressure was 6 kg/cm?>. The
specimens were cooled with compressed air jets during and after
spraying.

2.1.2 Measurement of Thickness, Porosity, and Hard-
ness of the As-Sprayed Coatings. The coating thickness was
measured by taking backscattered electron images (BSEI) along
the cross sections of the specimens with a LEO (Leo Electron
Microscopy Ltd., Cambridge, UK) 435VP scanning electron mi-
croscope equipped with a Robinson backscattered detector
(RBSD). Coated samples were subjected to wheel cloth polish-
ing before measuring the porosity. Porosity measurement was
done with the help of an image analyzer having software of
Dewinter Material Plus 1.01 based on ASTM B 276 (Ref 28).
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The images were obtained through the attached PMP3 Inverted
Metallurgical Microscope. The microhardness of coatings was
measured by Leitz Hardness Tester Miniload 2 fitted with a
Vickers pyramidal diamond indenter. The reported values of
hardness represent the average of a minimum of five measure-
ments. A 15 g (147.1 mN) load was provided to the needle for
penetration, and hardness value (HV) was based on the relation
HV = 1854.4 x F/d* (where F is load in grams and d is the mean
penetrated diameter in pm).

2.1.3 SEM/EDAX and XRD Analysis. A JEOL (JSM-
5800, New York) scanning electron microscope with Oxford
(Model-6841, England) EDAX attachment was used for surface
SEM/EDAX analysis of the coatings and corrosion products.
XRD analysis was done with a Bruker AXS D-8 Advance Dif-
fractometer, with Cu Ko radiation.

2.2 Molten Salt Corrosion Tests

Cyclic studies were performed in molten salt (Na,SO,-
60wt.%V,05) for 50 cycles. Each cycle consisted of 1 h heating
at 900 °C in a silicon carbide tube furnace in open air atmo-
sphere followed by 20 min cooling at room temperature. The
studies were performed for uncoated as well as coated speci-
mens for the purpose of comparison. The specimens were mirror
polished down to 1 um alumina wheel cloth polishing before
corrosion run. Thereafter, the specimens were washed with ac-
etone and heated in an oven to about 250 °C. The specimens
were heated to ensure proper adhesion of the salt layer. A layer
of Na,S0,-60%V,05 mixture prepared in distilled water was
applied uniformly on the warm specimens with the help of a
camel-hair brush. The amount of the salt coating was kept in the
range of 3.0 to 5.0 mg/cm?. The salt-coated specimens as well as
the alumina boats were then kept in the oven for 3 to 4 h at
100 °C. Then they were again weighed before exposing to hot
corrosion tests in the tube furnace. The salt mixture was applied
on the surface only once in the beginning of the test, and it was
not replenished during the test. During hot corrosion runs, the
weight of boats and specimens were measured together at the
end of each cycle, with the help of Electronic Balance Machine
Model 06,120 (Contech, India) with a sensitivity of 1 mg. The
spalled scale was also included at the time of measurements of
weight change to determine total rate of corrosion. Efforts were
made to formulate the kinetics of corrosion. XRD, SEM/EDAX,
and EPMA techniques were used to analyze the corrosion prod-
ucts.

3. Results

3.1 Measurements of Thickness, Microhardness,
and Porosity of the As-Sprayed Coatings

The thickness of the coatings has been measured from the
BSE images and is found in the range of 250 to 300 pm. The
microhardness data of the coatings has been compiled in Fig. 1,
which shows the microhardness profiles along the cross section
of the coatings as a function of distance from the coating/
substrate interface. The coatings should have minimum possible
porosities as they are the preferential paths from where the cor-
rosion species can penetrate through the coating to reach the sub-
strate and may cause rapid corrosion attack. Porosity measure-
ments were made for the HVOF sprayed coatings on superalloy
Superni 601 and found to be less than 2%.
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Fig.1 Microhardness profiles of different HVOF coatings on Superni
601 superalloy along the cross section

3.2 SEM/EDAX and XRD of As-Sprayed Coatings

Scanning electron micrographs showing the surface mor-
phology of the as-sprayed coatings are given in Fig. 2. In gen-
eral, all the coatings have dense microstructures and are free of
cracks. Some unmelted and semimelted particles and pores can
be seen in the coatings. In the case of Cr;C,-NiCr coating (Fig.
2a), partially melted areas have a composition of 68% Cr and
28% Ni, which is close to powder composition. Melted regions
in the coatings are found to be nickel-rich splats. In the case of
NiCrBSi coating (Fig. 2b), there are globular melted particles in
the matrix of the partially melted layer. These melted particles
have nearly the same composition as that of powder. In the case
of'the partially melted areas, the amount of Ni is slightly less and
Sihas increased. SEM/EDAX analysis of Stellite-6 coating (Fig.
2c) indicates the presence of melted regular size globules that are
cobalt-rich splats surrounded by the partially melted zone hav-
ing nearly the same composition as that of the matrix. In the case
of Ni-20Cr wire coated surface (Fig. 2d), one can see the melted
coating having composition similar to the wire, with some par-
tially melted areas where the Ni content is slightly higher, and
this region is depleted of Cr. In the micrographs, the regions
marked M indicate the melted region, whereas p represents the
partially melted/unmelted particles.

EDAX analysis of the Stellite-6 coated superalloys Superfer
800H is shown in Fig. 3. Some contrast stringers at point 4 where
EDAX analysis shows the presence of a small quantity of oxy-
gen most likely correspond to the oxide phase. These oxide
stringers have appeared in the microstructure in the form of ei-
ther intersplat lamellae or globules and are oriented parallel to
the substrate surface. Some limited oxidation might have oc-
curred at the surface of in-flight particles or at the coating sur-
face, prior to the deposition of the next layer. Black areas at the
coating/substrate interface (point 2) might be the inclusions of
aluminum oxide, where only aluminum and oxygen are exclu-
sively present. It is believed that some alumina particles might
have been retained in the asperities during grit blasting of the
substrate prior to deposition of the coatings. Further analysis at
point 3 shows that the light gray phase comprises cobalt-rich
splats with substantial amounts of Cr.
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Fig. 2 SEM/EDAX analysis of the as-sprayed coatings on the superalloy Superni 601. Original magnification: 400x. (a) Cr;C,-NiCr coating. (b)
NiCrBSi coating. (c) Stellite-6 coating. (d) Ni20Cr coating

390—Volume 15(3) September 2006 Journal of Thermal Spray Technology



100
90
80 A
70
60
50 A

Weight %

Point of analysis 3 4

Substrate
“Coating

Fig.3 EDAX analysis across the cross section of the Stellite-6 coating
on Superfer 800H

An x-ray diffractogram is shown in Fig. 4 that indicates that
Cr;C,-NiCr, NiCrBSi, and Ni-20Cr wire coatings show nickel-
base face-centered cubic (fcc) structure as a principal phase,
whereas Stellite-6 coating has a principal phase of cobalt-base
fce. In the case of NiCrBSi coatings, the peak around 44° is very
broad, suggesting perhaps an amorphous matrix.

3.3 Corrosion Kinetics in Molten Salt

The weight-gain plots for the substrate superalloy hot cor-
roded for 50 cycles with and without coatings, in the presence of
a salt layer of Na,S0,-60%V,05 at 900 °C, are shown in Fig. 5.
The uncoated superalloy shows a subparabolic behavior and a
maximum weight gain. Coated superalloy in all the four cases
shows a better hot corrosion resistance compared with uncoated
superalloy in the given molten salt environment. A fragile scale
appeared on the surface of uncoated superalloy during the initial
cycles. Subsequently, cracks appeared in the scale, which were
confined to the edges. Spalling of the scale was also started from
the edges at the end of the fifth cycle. From eighth cycle onward,
intensive spalling was observed even from the surface of the
superalloy. During the course of study, some of the scale was
seen to be detached from the surface of superalloy. The color of
the scale, which was brownish gray during early cycles, turned
to light gray after some cycles. The surface of the specimen be-
came gradually rough with the progress of study, and an increas-
ing amount of spalled corrosion products could be seen in the
boat. The cracks were developed in the scale of uncoated super-
alloy, as can be seen in Fig. 6.

The Ni-20Cr wire coating has shown a minimum weight gain
among all the coatings and has been found to be successful in
reducing the weight gain by 75% compared to that for uncoated
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Fig. 5 Weight gain versus number of cycles plot for coated and un-
coated superalloy Superni 601 subjected to cyclic oxidation for 50
cycles in Na,S0O,-60%V,05 at 900 °C

superalloy. Stellite-6 coatings have revealed a relatively higher
weight gain that is approximately 1.5 times that gained by Ni-
20Cr coatings. However, Stellite-6 coating still shows a ten-
dency to reduce the weight gain by 60% of that gained by the
exposed uncoated superalloy. Cr;C,-NiCr coating has indicated
a second-lowest hot corrosion resistance, followed by NiCrBSi
coatings, and they were found to be successful in reducing the
weight gain by 68 and 64% of that gained by bare superalloy,
respectively. So, all the coatings have shown a tendency to re-
duce the weight gain by more than 60% of that gained by un-
coated superalloy. Figure 7 shows the cumulative weight-gain/
unit-area for all the four coatings and substrate superalloy.

The Stellite-6 coated alloy had shown marginal spallation
during the tests, whereas spallation was negligible in case of
Cr3C,-NiCr and Ni-20Cr coated specimens. In the case of
Cr;C,-NiCr coated alloy, the color of the scale, which was dark
gray during earlier cycles, turned to blackish green subse-
quently. Stellite-6 and Ni-20Cr coated alloy were dark black and
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Fig. 6 Cracks developed in the scale of uncoated superalloy Superni
601 subjected to hot corrosion in Na,SO,4-60%V,05 environment at
900 °C
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Fig. 7 Bar chart showing cumulative weight gain per unit area for
coated and uncoated superalloy Superni 601subjected to cyclic oxida-
tion for 50 cycles in Na,S0,-60%V,05 at 900 °C

a shining grayish color, respectively. Rust color compact and
dense continuous scale were observed to form on NiCrBSi
coated superalloys.

Figure 8 shows (weight gain/area)® versus number of cycles
plot. It is observed from the graph that all the coatings have fol-
lowed parabolic rate law; thus they have shown the tendency to
act like diffusion barriers to the corroding species. Table 2
shows the values of the parabolic rate constant k. The parabolic
rate constant &, was calculated by a linear least-square algorithm
to a function in the form of (AW/A4)? = ky, - t, where AW/A is the
weight gain per unit surface area (mg/cm?) and ¢ is the hot cor-
rosion time in seconds.

3.4 SEM/EDAX Analysis of the Scales

Scanning electron micrographs of the substrate and the
coated superalloy specimens, showing surface morphology after
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Table 2 Values of the parabolic rate constant k,

Parabolic rate constant, &

Description 10 "g%em s ! )
Uncoated superalloy 33.586
Ni-20Cr coated 3.089
NiCrBSi coated 4.626
Cr;C,-NiCr coated 4.703
Stellite-6 coated 6.213

cyclic hot corrosion for 50 cycles at 900 °C, is reported in Fig. 9.
The EDAX analysis of the scale for the uncoated specimen
showed Fe,0; to be the predominant phase, with substantial
amounts of NiO and Cr,0;. The scale of the uncoated superalloy
shows a rough surface with uniform pitting throughout. The
EDAX analysis of Cr;C,-NiCr coated specimen shows Cr,05 as
the principal phase along with NiO. The scale of NiCrBSi coated
superalloy shows nodular appearance with SiO, as the predomi-
nant phase, and black area in the scale is found to be rich in NiO
and Fe, 05, whereas Ni-20Cr coating has a fine-grain continuous
scale that is mainly Cr,0O5 and NiO. EDAX analysis of hot cor-
roded Stellite-6 coated superalloy further identified CoO and
Cr,05 as main phases and small amounts of NiO, Fe,O5, and
MnO.

3.5 XRD Analysis

The XRD patterns of the hot corroded specimens after 50
cycles are shown in Fig. 10. It is evident from the diffraction
patterns that the corroded uncoated superalloy has shown Fe,O5,
NiO, NiCr,0,, and FeV,0, as main phases along with relatively
weak peaks of CrVO,. The hot corroded Cr;C,-NiCr coated su-
peralloy revealed the presence of Cr,05, NiO, and NiCr,0, as
main phases with some low-intensity peaks of Fe,O5. In addition
to these phases, XRD analysis of corroded NiCrBSi coated alloy
has also identified SiO, as the main phase, whereas Cr,0O; phase
identified in NiCrBSi coated superalloy has relatively low-
intensity peaks as compared with those found in Cr;C,-NiCr
coated superalloy. The corroded Ni-20Cr coated superalloy has
shown the formation of NiO and NiCr,O, as main phases along
with some weak peaks of Cr,O5. In the scale of Stellite-6 coated
superalloy, main phases identified are CoO, CoCr,0,, and
NiCr,0,.
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Fig. 9 SEM/EDAX analysis for the superalloy Superni 601 subjected to cyclic oxidation in Na,SO,-60%V,05 at 900 °C after 50 cycles. Original
magnification: 400x. (a) Uncoated. (b) Cr;C,-NiCr coated. (c) NiCrBSi coated. (d) Stellite-6 coated. (e) Ni-20Cr coated
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3.6 Cross-Section Analysis of the Oxide Scales

The hot corroded samples were cut across the cross sections
and mounted in transoptic mounting resin, mirror polished, and
carbon coated to obtain x-ray mapping of the different elements
present across the scale.

Elemental x-ray mappings for Cr;C,-NiCr coated Superni
601 superalloy (Fig. 11) after hot corrosion in molten salt
at 900 °C for 50 cycles show a scale that is mainly rich in
Cr and contains Ni also. The coating has retained its lamel-
lar structure, in which nickel-rich splats are present mostly
at places that are depleted of Cr. Aluminum and Mn have
diffused from the substrate to the coatings along the splat
boundaries and also have shown their tendency to form thick and
thin streaks at the coating/substrate interface, respectively. Dif-
fusion of iron (Fe) from the substrate to the coating along the
splat boundaries is also evident. Silicon has diffused into the
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entire scale, whereas V and S are present throughout the scale
along the splat boundaries, thereby indicating ingress of the
same.

X-ray mappings for corroded NiCrBSi coated Superni 601
superalloy are shown in Fig. 12. Micrographs indicate that only
the upper part of the coating has oxidized, forming a thick oxide
layer consisting of two bands. The topmost band is believed to
consist mainly of SiO,, as Si and oxygen coexist in their respec-
tive micrographs. The underlying band appears to consist of un-
oxidized nickel-rich splats encircled by oxides of mainly Cr and
Si. In the underlying band, oxygen is found to be absent where
nickel-rich splat are present, whereas at the boundaries of these
splats oxygen coexists with Cr and Si. Chromium has shown its
tendency to form a thick band in the underlying band just below
the topmost band, thereby leaving chromium-depleted band un-
der it. Aluminum coexists with oxygen along the coating/
substrate interface, where mostly all other elements are depleted.
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Fig. 11 Composition image (BSEI) and x-ray mapping of the cross section of the Cr;C,-NiCr coated superalloy Superni 601 subjected to cyclic

oxidation at 900 °C in Na,S0,4-60%V,0; after 50 cycles

The presence of V, S, and Na below the top scale indicates they
have penetrated along the splat boundaries.

Electron probe microanalysis for the cross section of cor-
roded Ni-20Cr coated Superni 601 superalloy indicates the for-
mation of a massive scale mainly consisting of Ni and Cr (Fig.
13). Also present in the scale are Fe, Al, and Si. Nickel-rich
splats are present throughout the scale. Aluminum has formed a
thick streak at the topmost layer of the scale as well as at the
coating/substrate interface, which indicates its tendency to dif-
fuse from the substrate to the coating. There is an underlayer,
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just below the uppermost layer, mainly rich in Ni and depleted of
Cr. Diffusion of Fe into the coating is very intensive near the
coating/base-alloy interface. Further, Si and Mn have also mi-
grated into the entire cross section of the scale and have shown
their tendency to form small streaks at the splat boundaries.

4. Discussion

Under the spray conditions used for this study, the HVOF
process was successfully implemented to develop Cr;C,-NiCr,
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Fig. 12 Composition image (BSEI) and x-ray mapping of the cross section of the NiCrBSi coated superalloy Superfer 601 subjected to cyclic

oxidation at 900 °C in Na,SO,4-60%V,O5 after 50 cycles

NiCrBSi, and Stellite-6 powders and Ni-20Cr wire coatings of
250 to 300 pm thick on a nickel-base superalloy Superni 601
with porosity less than 2%. The measured value of porosity is in
good agreement with the findings of Miguel et al. (Ref29), Sahr-
aoui et al. (Ref 30), and Lih et al. (Ref 31). The coating thick-
nesses, as measured along the cross section for some randomly
selected samples, have been found very close to the desired val-
ues.

The microhardness of the coatings has been found to be very
high as compared with the substrate superalloy (Fig. 1). Further,
the substrate near the coating/substrate interface shows a little
higher value of hardness compared with the core substrate. This
increased hardness value near the coating/substrate interface
might be due to the work-hardening effect of sandblasting the
substrate prior to the coating process as suggested by Sundarara-
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jan et al. (Ref 32). The substrate hardening may also be partly
attributed to the high-speed impact of the coating particles dur-
ing HVOF spraying. Similar phenomenon has also been ob-
served by Sidhu and Prakash (Ref 26) and Hidalgo et al. (Ref
33).

The uncoated specimen indicated accelerated hot corrosion
in Na,S0,-60%V,05 environment at 900 °C, and the weight
gain was enormous as compared with the coated specimens. A
very similar weight-change trend had been observed by Gitan-
jaly (Ref 34) during hot corrosion study for the similar nickel-
base superalloy under the same conditions. The weight-gain
graph, Fig. 5, shows that the weight increases continuously, al-
though the rate of increase is high during the initial period of
exposure. This can mainly be attributed to the formation of
NaVO;. At 900 °C, the Na,S0,-60%V,05 will combine and
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Fig. 13 Composition image (BSEI) and x-ray mapping of the cross section of the Ni-20Cr wire coated superalloy Superfer 601 subjected to cyclic

oxidation at 900 °C in Na,SO,4-60%V,05 after 50 cycles

form NaVOj; having a melting point of 610 °C as proposed by
Kolta et al. (Ref 35).

Na,SO, + V,05 = 2NaVO,(!) + SO, + 140,

This NaVOj; acts as a catalyst and also serves as an oxygen car-
rier to the base alloy, which will lead to the rapid oxidation of the
basic elements of the superalloy to form the protective oxide
scale. So in the earlier stages of hot corrosion, there is a rapid
increase in weight of the uncoated specimen. The rapid increase
in weight gain during initial hours was also reported by Gitanjali
et al. (Ref 34) and Tiwari et al. (Ref 36) during their studies on
the hot corrosion behavior of nickel-base superalloy. Slower in-
crease in weight gain after initial rise is probably caused by the
simultaneous growth and dissolution of oxide scale in the molten
salt due to the reaction Cr,O5; + 4NaVO; +3/20, — 2Na,CrO,
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+2 V,05 (Ref37,38). Fryburg et al. (Ref 39) have suggested that
this Na,CrO, gets evaporated as a gas.

The scales formed on the coated specimens were found to be
intact with no or very little spallation, whereas intensive spalling
of the scale was observed in the case of uncoated specimen. In-
tensive spalling of the scale of the bare superalloy can be attrib-
uted to severe strain developed by the precipitation of Fe,O;
from the liquid phase and interdiffusion of intermediate layers of
iron oxide as has been reported by Sachs (Ref 40). Further, the
presence of different phases in a thin layer might have imposed
severe strain on the film, which may result in cracking and ex-
foliation of the scale. The cracks may have allowed the aggres-
sive liquid phase to reach the metal substrate (Ref 40).

The parabolic rate constant for the uncoated superalloy is
found to be greater than the coated superalloy. Further, all the
coatings followed a parabolic oxidation behavior up to 50 cycles
in the given environment. So it can be inferred that necessary
protection has been provided by all the coatings to the substrate.
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The formation of oxides along the splat boundaries of the coat-
ings might have acted as a diffusion barrier to the inward diffu-
sion of corrosive species.

Thermal cycles may lead to the spalling/peeling of the oxides
formed on the surface of the coatings, especially on the edges
and corners of the specimens (Ref 41), which may be attributed
to different values of thermal expansion coefficients of the coat-
ings and the substrate as reported by Singh et al. (Ref 27), Ni-
ranatlumpong et al. (Ref 42), and Sidhu (Ref 43). In the case of
NiCrBSi coated superalloys, spalling/peeling of the oxide scale
was not observed. Wang et al. (Ref'41) reported that the addition
of Si and boron (B) can promote the formation of continuous and
dense scale in the initial corrosion stage and improve the adher-
ence of the outer scale to the coating in the subsequent hot cor-
rosion process. So the behavior of this coating was in good
agreement with the findings of Wang et al. (Ref 41), and no
spalling or peeling of the scale was observed.

Ni-20Cr coating has provided the best protection to the base
alloy as it has decreased the overall weight gain by approxi-
mately 75%, which is the maximum among all the coatings. This
may be attributed to the presence of protective oxides of Ni and
Cr, and their spinels as indicated by the XRD/EDAX analysis.
These results are in good agreement with the findings of Singh et
al. (Ref 27), Sidhu (Ref 43), Longa-Nava et al. (Ref 44), and
Calvarin et al. (Ref45). Calvarin et al. (Ref 45) have established
that the oxide scale formed after high-temperature oxidation of
Ni-20Cr foils at 900 °C consists of an outer NiO layer and an
intermediate layer composed of oxides rich in Ni and Cr. For-
mation of small amounts of Fe,O5 and SiO, as indicated by
EDAX may be due to their diffusion from the substrate to the
coating, which was also noticed by Singh et al. (Ref 27), Sidhu
(Ref 43), and Sundararajan et al. (Ref 46). Diffusion of these
elements from the substrate to the coatings may have contributed
to the better adhesion of the coatings.

Corrosion resistance of Cr;C,-NiCr and NiCrBSi coated al-
loys could be due to the formation of phases such as Cr,05, NiO,
and NiCr,0,. Additional protective phases of SiO, might have
contributed to the hot corrosion protective behavior of NiCrBSi
coating. The Cr;C,-NiCr coated alloy has shown slightly better
corrosion resistance than NiCrBSi coated alloy, which most
probably is due to the formation of rich chromia scale in the
former case as revealed by EDAX/XRD analysis. Electron
probe microanalysis also indicates the formation of chromium-
rich scale (Fig. 11). However, corrosion resistance of both the
coatings has been found to be less than that of Ni-20Cr coated
superalloy. Cha et al. (Ref'47) also observed similar ranking at a
relatively lower temperature and reported that HVOF sprayed
Ni-20Cr coatings have better corrosion resistance at 500 °C in
HCI-H,0-0,-N, environment than HVOF sprayed Cr;C,-NiCr
and NiCrBSi coatings. They further reported that high-
temperature corrosion performance of Cr;C,-NiCr coatings
were slightly better than NiCrBSi coatings. Formation of small
amounts of Fe,03, as indicated by XRD/EDAX, may be caused
by the diffusion of Fe from the substrate, which was also noticed
by Singh (Ref27), Sidhu (Ref 43), and Sundararajan et al. (Ref
46).

The protection imparted by Stellite-6 coating may be due to
the formation of oxides of Cr and Co along with spinels of Co,
Cr, or Ni. Luthra (Ref 47) proposed that the formation of spinels
might stop the diffusion activities through the cobalt oxide
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(Co0), which in turn suppresses the further formation of this
oxide. He further opined that increases in the growth of CoCr,0,
and Cr,0;5 in competition with CoO and Co;0, formation in-
creases the corrosion resistance of alloys. The formation of
phases CoO, CoCr,0,, and Cr,0; revealed by XRD/EDAX is in
accordance with the studies of Singh (Ref 27), Sidhu (Ref 43),
and Luthra (Ref 48).

5. Conclusions

Under the used HVOF spray conditions, the developed coat-
ings have dense and uniform lamellar microstructure with po-
rosity less than 2%. For this range of porosity and mentioned
process parameters, the HVOF sprayed Ni-20Cr wire coatings
and Cr;C,-NiCr, NiCrBSi, and Stellite-6 powders coatings were
found to be very useful in developing the hot corrosion resis-
tance in a nickel-base superalloy, namely Superni 601.

Asrevealed by XRD analysis, the Cr;C,-NiCr, NiCrBSi, and
Ni-20Cr wire coatings have nickel-base fcc structure as a prin-
cipal phase, whereas Stellite-6 coating has principal phase of
cobalt-base fcc.

The uncoated superalloy underwent intense spalling and
peeling off the scale and the weight gain was enormous during
hot corrosion study in the molten salt environment of Na,SO,-
60%V,05 at 900 °C. Ni-20Cr wire coating has high corrosion
resistance and provided the best protection to the base alloy,
which may be due to the presence of oxides of nickel and chro-
mium, and their spinels. It was found to be successful in reduc-
ing the weight gain by 75% than that for uncoated superalloy.

The hot corrosion resistance shown by Cr;C,-NiCr coating is
slightly better compared with NiCrBSi coating, whereas hot cor-
rosion resistance of both the coatings have been found to be less
than that of Ni-20Cr coating. However, they performed better
than Stellite-6 coating. Cr;C,-NiCr and NiCrBSi coatings have
shown the formation of protective phases such as NiO, Cr,05,
and NiCr,0,. In addition, another protective phase, SiO,, is
formed in NiCrBSi coating.

The Stellite-6 coating has shown relatively the lowest hot
corrosion resistance among the coatings studied; still it was suc-
cessful in reducing the weight by 62%. The protection shown by
this coating may be due to the formation of oxides of Co and Cr
and spinels of Co, Cr, or Ni.

There was marginal spalling observed in the case of Stellite-6
coated superalloy during hot corrosion studies, whereas it was
negligible in the case of Ni-20Cr coated alloy. The spallation
and peeling off oxide scale was not observed in the case of
NiCrBSi coated superalloy.

Some elements of the substrate such as Fe, Al, Mn, and Si
have shown a tendency to diffuse across the coating/substrate
interface.
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