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Abstract: The present paper deals with the investigation of microstructure and high-temperature hot corrosion behavior of high-velocity oxy fuel
(HVOF)-produced coatings. Two powder coating compositions, namely, Ni22Cr10AI1Y alloy powder and Ni22Cr10AIlY (80wt%; micro-
sized)-silicon carbide (SiC) (20wt%; nano (N)) powder, were deposited on a T-22 boiler tube steel. The hot corrosion behavior of bare and coated
steels was tested at 900°C for 50 cycles in Na,SO,—60wt%V,05 molten-salt environment. The kinetics of corrosion was established with weight
change measurements after each cycle. The microporosity and microhardness of the as-coated samples have been reported. The X-ray diffraction,
field emission-scanning electron microscopy/energy dispersive spectroscopy, and X-ray mapping characterization techniques have been utilized
for structural analysis of the as-coated and hot-corroded samples. The results showed that both coatings were deposited with a porosity less than
2%. Both coated samples revealed the development of harder surfaces than the substrate. During hot corrosion testing, the bare T22 steel showed
an accelerated corrosion in comparison with its coated counterparts. The HVOF-sprayed coatings were befitted effectively by maintaining their
adherence during testing. The Ni22Cr10A11 Y-20wt%SiC (N) composite coating was more effective than the Ni-22Cr-10Al-1Y coating against

corrosion in the high-temperature fluxing process.
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1. Introduction

High-temperature corrosion process is an uncomprom-
ising problem in the energy generation boilers and gas tur-
bines. This problem worsens with the use of low-grade fuel
oils and fossil fuels. The flue gases produced by low-grade
fuels cause the accelerated degradation process of materials,
i.e., hot corrosion or corrosion in the liquefied salt environ-
ment [1-2]. The elevated-temperature gaseous environment
of boilers comprises various influential elements, such as so-
dium (Na), sulfur (S), and vanadium (V), which produce a
thin film of fused salt over the parts [3]. Normally, the de-
position of mixture of sodium sulfate (Na,SO,) and vana-
dium pentoxide (V,0s) melt is evident on different boiler
parts. The mixing of Na,SO, and 60wt% V,Os results in the
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conglomeration and formation of sodium metavanadate
(NaVQ;), which features a low melting point (610°C);
however, a eutectic reaction could occur at a lower temperat-
ure. Ultimately, the establishment of this melt over various
boiler parts promotes the accelerated degradation of applic-
able materials, thus shortening the lifespan of parts and later
causing catastrophic failure [4-6].

Numerous studies showed that the thin and dense depos-
ited coatings made with metallic, ceramic, and composite
powders have provided resistance against high-temperature
oxidation and corrosion. With regard to deposition, the
thermal spray coating technology is one of the cutting-edge
ways to deposit protective coatings [7—8]. Various spraying
alternatives, such as detonation gun spray, plasma spray,
high-velocity oxy fuel (HVOF) spray, and cold spray tech-
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nique, are available. The HVOF spray is an advantageous
thermal spray system that is usually utilized in a number of
industries owing to its flexibility and economical price. The
coatings yielded by HVOF method possess desirable proper-
ties, including low porosity, high hardness with increased
binding strength, and low level of decarburization, compared
with its alternative deposition approaches [9—10].

In coated surfaces, MCrAlY (M = Ni, Co, both) coatings
are popular oxidation/corrosion-resistant coatings used to
shield materials from harmful high-temperature oxidation
and hot corrosion attack [11-12]. In earlier studies, the per-
formance of NiCrAlY coatings was improved by the addi-
tion of reinforcement ceramics and hard materials, such as
Al O; [13], SiN [14], CrN, or CrON [15]. The existence of
carbides in coatings has led to an improvement in the coat-
ing performance, for example, adherence, corrosion, and tri-
bological properties [15—-18]. Specifically, the addition of sil-
icon carbide (SiC) is used to boost the mechanical and tri-
bological properties of coatings [19-20]. SiC-based coating
composition, which enables surface improvement by bound-
ary lubrication for wear-accelerated corrosion applications,
has been used to develop SiO, compounds [21]. The glassy
Si0,-rich layer is considered a protective barrier against the
inward diffusion of oxygen [22]. SiC coating is considered to
possess self-healing property, which enhances the oxidation
resistance and spallation resistance of thermal barrier coating
systems [23]. In NiCrAlYSiN- and NiCrAlYSi-based com-
posite coatings, the presence of Si exhibited desirable results
in hot-corrosion applications [14].

The size of powder granules plays a vital role in surface
coating. Nano-sized powder coating performance character-
istics, namely, density, surface hardness, anti-corrosion, and
tribological properties, are better compared with those of mi-
croparticle coatings [24—27]. Nanocoatings possess a surface
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with tremendously high-density grain boundaries, which de-
velop from nonporous coatings. The high-energy ball milling
method is used to achieve nanocomposite or nano-structured
powders [28-29]; in sifu amalgamation in a matrix becomes
evident in powder blends by mechanical milling.

The present study aimed to investigate the comparative
hot corrosion behavior of novel NiCrAlY-20wt%SiC (nano
(N)) composite coating, NiCrAlY alloy coating, and bare
material of the substrate. Both coatings have been deposited
by HVOF thermal spray method on a T22 steel. Sub-
sequently, the microstructure and high-temperature corro-
sion behavior was examined in a molten-salt environment at
elevated temperature of 900°C in a cyclic study of 50 cycles.

2. Experimental
2.1. Substrate material and feedstock powder

An Fe-based alloy steel designated as ASME-SA213-T-
22 (Grade T22) has been utilized as the substrate for coating
deposition. T-22 alloy is a useful tube steel in power plants in
India. The chemical composition of the steel has been ana-
lyzed with an optical emission spectrometer (ThermolJarrel
Ash, TJA 181/81, USA). Table 1 provides the chemical
composition of the alloy. Rectangular-shaped specimens with
approximate dimensions of 20 mm x 10 mm x 5 mm were
cut from the tubes. The samples were cleaned ultrasonically,
dried, mirror-polished, and sand-blasted prior to coating de-
position. Two powders (Ni-22Cr—10Al-1Y and nano-SiC)
were selected for deposition. Figs. 1 and 2 depict the field

Table 1. Chemical composition of ASME-SA213-T22
boiler tube steel wt%
C Cr Mn Ni S P Si Mo V Fe

0.14 2.65 0.17 0.016 0.01 0.02 0.45 1.06 0.005 Bal.

0.51wt% C

14.88wt% Al
0.28wt% Si

~ 21.29wt% Cr
63.04wt% Ni

Energy / keV

SEM/EDS analysis of Ni22Cr10A11Y powder.
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Fig. 2. SEM/EDS analysis of SiC powder before milling.

emission-scanning electron microscopy/energy dispersive
spectroscopy (FE-SEM/EDS) of the two powders. Two
powders Ni-22Cr—10Al-1Y (Praxair Ni-343) and nano-SiC
having different particle sizes were mixed to produce a com-
posite coating. The nano-sized SiC powder was attained by
ball milling. The nano-carbide powder particles were charac-
terized with FE-SEM/EDS (Fig. 3) and transmission elec-
tron microscopy (TEM)/EDS analyses (Fig. 4). The compos-
ite powder blend was achieved by high-energy ball milling
machine. The particulars of the powders are detailed in
Table 2.

2.2. Development of coatings

The substrate samples were grit-blasted with ALO; (grit:
60) by an abrasive blasting machine to achieve good coating
adherence. The roughened specimens with roughness R, in

the range of 5.75-6.15 um were prepared. The coatings were
prepared by a HVOF thermal spray system fitted with HIPO-
JET-2700 apparatus (Metallizing Equipment Pvt. Co., Ltd.,
Jodhpur, India). The thickness of coatings was maintained
approximately in the range of 120-130 um during depos-
ition. The temperature of substrate steels was maintained by
cooling with compressed air jets during and after spraying to
restrict unnecessary phase changes. The HVOF process para-
meters were kept constant during the deposition process.
Table 3 lists the HVOF process parameters.

2.3. Porosity and microhardness measurements

The microporosity was investigated by the image pro-
cessing software ImageJ using the surface SEM micrograph.
The average values of 10 readings for porosity have been re-
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Fig. 3. SEM/EDS of milled nano-SiC powder.



404 Int. J. Miner. Metall. Mater., Vol. 27, No. 3, Mar. 2020
C Si
| 1 24.07wt% C
1.20wt% O
72.63wt% Si
1.10wt% Cu
2
<
2
g
S
Energy / keV
Fig. 4. TEM/EDS analysis of milled nano-SiC powder.
Table 2. Composition details of feedstock powders
Feedstock powder Composition Particle size
22wt%), Al (10wt%), Y (1wt%
Ni-22Cr 10AL1Y Powder <" 22V Ni( (BOZZ )A’)’ (Iwt%), 38+ 5 um (400 Mesh)

Ni—22Cr-10A1-1Y-20SiC
(N) composite Powder

80wt% of {Cr (22wt%), Al (10wt%),
Y (1wt%), Ni (Bal.)} and 20wt% SiC

Blend of Ni-22Cr—10Al-1Y 38 + 5 um and milled SiC (99%
pure) nano powder (with approx. carbides size 100 nm )

Table 3. HVOF process parameters

Oxygen flow rate / (L-min") 250
Fuel (LPG) flow rate / (L-min™") 60
Air-flow rate / (L-min™") 700
Spray distance / cm 20
Powder feed rate / (g'min™") 30-38
Fuel pressure / MPa 0.6
Oxygen pressure / MPa 0.8
Air pressure / MPa 0.6

ported. The microhardness measurements had been carried
out along the cross-section of samples with a digital micro
Vickers hardness tester.

2.4. Molten-salt corrosion test

Hot corrosion studies were executed in a molten-salt en-
vironment by pasting Na,SO,~60wt%V,0s paste on the
coated and uncoated specimens. The amount of salt coating
was kept in the range of 4.0-5.0 mg/cm”. The samples were
dried after salt pasting. Subsequently, cyclic studies were
carried out with heating in a SiC tube furnace (Digitech, In-
dia) for 1 h followed by 20 min cooling at room temperature
in ambient air. The experiment was conducted for 50 cycles.
The furnace was calibrated by using a platinum—rhodium
thermocouple (Electromek, India) and a temperature indicat-
or with an error of £5°C. The samples were positioned in the
furnace tube by employing alumina boats. The boats were
pre-heated at 450°C for 4-5 h prior to use. The relative mass

and physical changes were noted to establish the corrosion
kinetics. For surface area calculation, the samples borders
were measured with a digital vernier caliper (Mitutiyo, Japan).

2.5. Thermogravimetric studies

In the thermogravimetric studies, the measured mass
changes per unit surface area were plotted against the num-
ber of cycles. The square of mass changes per unit surface
area graph was plotted to access the regression fitness of
weight loss during hot corrosion.

2.6. Characterization of coating

As-coated and corroded surfaces were characterized by
various techniques, such as X-ray diffraction (XRD) analys-
is and FE-SEM/EDS. The cross-section morphologies of the
as-coated and corroded surface samples were also checked
observed by FE-SEM/EDS analysis and EDS mapping ana-
lysis. The samples were sectioned and mounted in epoxy
rings prior to characterization.

3. Results
3.1. As-sprayed coatings results
3.1.1. Microporosity and microhardness of deposited coat-
ings

The HVOF technique has yielded extremely dense and
uniform coatings with thicknesses in the range of approxim-
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ately 120-130 pum after deposition. The as-coated HVOF
surfaces appeared in silver gray color. The microhardness of

T22 steel ranged as HV 156-256. Table 4 lists the porosity
and microhardness results of coatings.

Table 4. Characteristics of as-sprayed coating

Coating Designation Porosity Hardness, HV
Ni-22Cr-10A1-1Y NiCrAlY 1.64%—1.7% 558-614
Ni—22Cr—10A1-1Y20SiC (N) NiCrAlY-20wt%SiC (N) 0.95%—0.97% 766776

3.1.2. XRD result of as-sprayed coatings

The XRD result of the as-coated NiCrAlY surface
(Fig. 5) primarily consists of intermetallic compounds simil-
ar to the powder composition elements, i.e., nickel, chromi-
um, and aluminum-based phases (Ni;Al, NiAl, and Ni;Cr,).
Correspondingly, the XRD analysis of as-coated NiCrAlY—
20wt%SiC (N) surface also showed the formation of inter-
metallic compounds of nickel, aluminum, and chromium to-
gether with the SiC phase. Small peaks of iron—nickel
(Ni—Fe) were also evident.
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Fig. 5. XRD analysis of (a) Ni22Cr10AIlY coating and (b)
Ni22Cr10A11Y-20wt%SiC (N) composite coating.

3.1.3. SEM/EDS results of as-sprayed coatings

Fig. 6 illustrates the classical surface morphology of
HVOF coatings. Fig. 6(a) shows the microstructure of
NiCrAlY alloy coating formed with un-melted, fully melted,
and partially melted particle splats. At specific sites, very
fine, fragmented, and deformed particles were also evident.
Limited superficial voids were detected over the entire sur-
face. The coatings were shaped by the overlapping splats. In
EDS analysis, NiCrAlY-coated surface elements, such as Ni,
Cr, and Al, were substantially present along with the negli-
gible content of Y. After the addition of SiC (N), the number
of un-melted particles in NiCrAlY coating has significantly
reduced, and the coatings showed a refined and dense micro-
structure with less number of voids (Fig. 6(b)). Moreover, the

coating surface was smoother than the previous one. The
EDS analysis of NiCrAlY-20%SiC (N) composite coating
showed the adequate presence of Si particles with C particles
along with all other powder composition particles. The small
amounts of carbon and oxygen indicate the development of
carbides of Si or Cr and localized oxides of Al, Si, Cr, and Ni
on the coating surface.

3.1.4. Cross-sectional analysis results of the as-sprayed coat-
ings

The average thickness of NiCrAlY coating was around
119 pm as measured from the cross-sectional SEM analysis
(Fig. 7(a)). The overall coating—substrate interface was lam-
inar, dense, tightly packed, and adherent. Further, EDS ex-
amination at different points showed the presence of the
main elements, including Ni, Al, and Cr. Limited traces of Y
and Fe have also been observed. The existence of oxygen
represents the possibility of oxide formation. In the EDS
mapping analysis (Fig. 8(a)), the coating appeared complete
with the distribution of all powder particles, including Ni, Cr,
Al, and Y, and low O content. The concentration of Ni-rich
particles reached the maximum, followed by Cr- and Al-rich
particles. The inclusive particle distribution exposed the cre-
ation of intermetallic compounds and several oxides on the
coated surface.

In the case of NiCrAlY—20wt%SiC (N), the coating lay-
er thickness approximated 116 pm (Fig. 7(a)). The coating
presented a smooth and dense structure consisting of splats
stacked parallel to the interface. The EDS analysis showed
the presence of Ni, Cr, Al, and Si as key elements. The exist-
ence of carbon and oxygen represents the formations of
carbides and oxides, respectively, in the coating region. The
EDS mapping (Fig. 8(b)) results depict the existence of all
elements of the coating powder and their distribution. The
coating primarily comprised Ni- and Cr-rich splats. A low
amount of Al-rich splat was visible in the coating. Si was
uniformly distributed and appeared dense in the coating—sub-
strate interface region.

3.2. Hot corrosion study results

3.2.1. Thermogravimetric changes
The coated and uncoated T-22 substrates were visually
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Fig. 6. SEM/EDS analysis of (a) Ni22Cr10AllY coating and (b) Ni22Cr10A11Y-20%SiC (N) composite coating.

examined for weight and color changes for 50 cycles at
900°C in molten-salt environment. The uncoated T22 sub-
strate material was spalled and peeled off severely with pop-
ping (cracking sound), the material degraded in the form of
thin chips, and considerable mass gain occurred (Fig. 9(d)).
Initially, at the end of the 2nd cycle, material removal was
observed in the form of tiny flakes. This degradation process
continued in the overall process until the 50th cycle. The
weight of uncoated T22 substrate increased infinitely through
the hot corrosion course. The material damage mechanism
was crack formation on the topmost layer surface, followed
by the disintegration of material in the form of flakes. Black
and rust colors appeared from the 9th to 25th cycle.

The NiCrAlY-coated sample showed no spallation. Not-
able small changes in weight were noticed. After the 8th
cycle, the specimen color changed from silver to gray. At the
end of the 9th cycle, the color changed from gray to green,
and an increase in mass was observed. The weight gain in

coating continued until the 16th cycle, and it stabilized after-
ward. Then, the sample color turned partially brown. After
the 28th cycle, black dots appeared at the surface of certain
regions. After completion of process, the tested sample was
obtained, as shown in Fig. 9(e).

The color of NiCrAlY—20wt%SiC (N)-coated sample
changed from silver to gray after the first five cycles. The
paste had reacted with the coating compounds. Several black
spots were also observed after the 9th cycle. The color fur-
ther converted to green with several black spots. However,
no material spallation was detected during the whole study
(Fig. 9(f)).

3.2.2. Weight change kinetics during hot corrosion

Fig. 10 shows the plot of mass change data per unit sur-
face area (mg/cm’) during hot corrosion. The cumulative
mass change after 50 cycles was 217.35 mg/cm’ for un-
coated T22, 13.08 mg/cm® for NiCrAlY alloy coating, and
1.85 mg/cm® for NiCrAlY-SiC(N) composite coating. The
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Fig. 7.
Ni22Cr10AI1 Y-20wt%SiC (N) composite coating.

mass changes for the NiCrAlY coating was reduced by
93.98% compared with the uncoated counterpart. Similarly,
NiCrAlY-SiC (N) composite coating exhibited a reduced
mass gain of 99.15%. Fig. 11 shows the plot of square
weight change per square surface area (mg”/cm®) for the
coated and uncoated specimens followed hot corrosion. Para-
bolic rate constant (Kp) values have been calculated from the
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Cross-sectional SEM micrograph along with EDS analysis of as-sprayed (a) Ni22Cr10AllY and (b)

fitted linear regression curves for all the cases. A transition in
the K, value from 11 x 107 to 34.35 x 10 g>cm™s™ (34th
cycle) was observed in the case of T22 steel. The K, values
were 0.1097 x 10 g>-cm™*-s™" for NiCrAlY and 0.00089 x
10" ghem™s™ for NiCrAlY-SiC (N) coating. The K, val-
ues for the T-22 boiler steel have reduced significantly after
the coating deposition.
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Fig. 8. EDS mapping of as-sprayed (a) Ni22Cr10Al1Y coating and (b) Ni22Cr10A11Y-20wt%SiC (N) composite coating.

3.3. Characterization of corroded samples

3.3.1. XRD analysis of corroded samples
The XRD graph (Fig. 12(a)) of hot-corroded uncoated T-
22 boiler tube steel exhibited the formation of iron(IIl) oxide

(Fe,05) scale. Fe,O; was a blistering and porous scale. The

metal developed rust, and after several cycles, the scale layer
peeled off, which steered the accelerated corrosion rate. The
XRD pattern (Fig. 12(b)) of hot-corroded NiCrAlY-coated
T-22 steel consisted of oxides of AlO;, spinels Ni(Cr or
Al),0,, Cr,0;, and NiO. The diffractogram results (Fig.
12(c)) of corroded NiCrAlY-SiC(N) composite powder-
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Fig. 9. Macrograph of (a) uncoated T22, (b) NiCrAlY, (c) NiCrAlY-20wt%SiC (N) powder-coated T22 steel before corrosion, and (d)
uncoated T22, (e) NiCrAlY, and (f) NiCrAIY-20wt%SiC (N)-coated T22 steel after 50 cycles of hot corrosion.
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Fig. 10. Plot of square of mass change per unit area with re-
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coated T-22 showed Al,Os, spinels Ni(Cr or Al),O,4, Cr,0;,
and NiO compounds of alloy coating alongwith SiO, forma-
tion. The molten-salt paste compounds of Na and S were
eliminated after corrosion of the top surface.
3.3.2. SEM/EDS analysis of corroded samples

The FE-SEM micrograph in Fig. 13(a) presents the top
surface morphology of the corroded T22 steel after hot cor-
rosion cyclic testing for 50 cycles. The surface micrograph
revealed the surface with a seriously damaged oxide scale
due to momentous spalling of its upper layers. The thermal
cycle testing with Na,SO,~60wt%V,0;s at 900°C promoted
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Fig. 11.  Plot of square of mass change per unit area with re-
spect to the number of cycles.

fluxing. The exposed areas of the scale at one point ap-
peared with columnar particle growth, and a porous scale
formed at another point. The EDS analysis revealed that the
scale was rich with Fe and O particles, indicating the possib-
ility of Fe,O; formation.

In the case of both coated surfaces, the SEM micrograph
showed the rough morphology of the protective oxide that
developed over the whole surface. The structure of both
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Fig. 12. XRD analysis of corroded (a) uncoated T22, (b)
NiCrAlY, and (c¢) NiCrAlY-20wt%SiC (N)-coated T22 steel
after 50 cycles of hot corrosion.

coatings indicated that inter-granular corrosion occurred due
to the precipitation of intermetallic and carbide phases along
the grain boundaries. Several microcracks and microporosity
were observed in NiCrAlY-coated surfaces (Fig. 13(b)). The
EDS analysis result on a selected point on the upper layer in
the microstructure coating showed the dominance of Ni and
O packed with irregularly shaped white crystals, whereas
EDS analysis of another point indicated the co-presence of
Ni-, Cr-, and O-rich regions at the exposed spongy underlay-
er of the coating. With the presence of O along with Ni, Cr,
Al, and Y, compound phases, including NiO, ALO;, and
Cr,O;, may be expected. Likewise, low carbon content might
lead to the formation of carbide in the coating materials. The
SEM micrograph of hot-corroded NiCrAlY-SiC (N) com-
posite coating (Fig. 13(c)) showed the presence of Si, C, and
O along with other coating powder particles. The formation
of additional compounds (SiO, and SiC) was expected to oc-
cur in the oxides of composite coatings. The Na and S phases
were absent in the coated specimens.
3.3.3. Cross-sectional SEM/EDS analysis and X-ray map-
ping of corroded samples

The cross-sectional SEM of uncoated steel (Fig. 14(a))
showed a cracked and layered structure oxide that formed
over the substrate. A prevalent corrosion attack appeared
parallel to the interface of the scale/substrate because of the
loosely bound oxide scale layer. EDS analysis at different
levels of the oxide layer revealed the formation of iron oxide.
The formation of chorium oxides was also noticed at certain
depths in the subsurface. Furthermore, EDS mapping analys-
is (Fig. 15(a)) of uncoated T-22 steel showed the homogen-
eous mixture of Fe and O, indicating that the upper surface
was degraded because of iron oxide formation. The disper-
sion of Cr and Mo has also been observed. The NiCrAlY-
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coated surface (Fig. 14(b)) showed the formation of tightly
packed oxide scale parallel to the substrate surface near the
substrate/coating interface, but the upper layers experienced a
corrosion attack, and part of the coating was depleted. The
upper layer consisted of Cr- and Ni-rich scale along with O,
which indicated the formations of Cr,O;, CrO, and NiO.
However, in the subscale region, Al was dominated with O,
which could form AlO;. Additionally, EDS mapping ana-
lysis (Fig. 15(b)) of the coating showed that Ni, Cr, and Al
dominated the overall layers of the coated region. The coat-
ing/substrate interface contained dense Al, and Ni- and Cr-
rich particles were packed in the overall structure of coating.
NiO, Cr,0s, and Al O; had formed. The cross-section mor-
phology of NiCrAlY-SiC(N) (Fig. 14(c)) showed that the
top layers of the coating had successfully tolerated the corro-
sion attack. Different compounds, such as NiO, Cr,0;, and
AlO;, developed in the upper layers of the coating scale. The
EDS mapping result (Fig. 15(c)) of NiCrAlY-SiC (N) coat-
ing showed a dense scale with Cr-, Ni-, and Al-rich splats at
alternating positions. Si and C clustered at different points in
the coating region. NiO, Cr,0;, ALO;, SiO,, and MoO
formed in the overall coating. The negligible presence of C
has been noted. Y was dispersed on the overall surface. Fi-
nally, X-ray mapping results showed Na and S compounds,
whose levels became negligible after the corrosion.

4. Discussion

The alloy powder NiCrAlY and composite powder
NiCrAlY—20wt%SiC (N) were deposited successfully by
HVOF thermal spray process on a T22 boiler tube steel. The
coatings with thicknesses of 115-120 um presented a dense
surface  with  limited  porosity. = NiCrAlY  and
NiCrAlY-20wt%SiC (N) coatings exhibited maximum hard-
ness values of HV 614 and 776, respectively. The develop-
ment of intermetallic compounds of nickel, chromium, and
aluminum were obtained over the deposited NiCrAlY coat-
ing. The formation of these compounds during the depos-
ition process occurred through the resulting reactions [30].

Al+Ni — NiAl (1)
Al+3Ni — NizAl 2)
3Ni +2Cr — NisCr A3)

The composite coating NiCrAIY—20wt%SiC (N) exhib-
ited the formation of intermetallic compounds along with
SiC. Slight oxidation of feedstock powder particles was also
noticed. Limited oxidation, low porosity, and several phase
transformations were observed by earlier researchers during
the HVOF spray deposition process [31-33]. The micro-
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Fig. 13. SEMV/EDS of corroded (a) uncoated T22, (b) NiCrAlY, and (c) NiCrAlY-20wt%SiC (N)-coated T22 steel after 50 hot corro-
sion cycles.

structure of typical HVOF coatings comprising fully and par- after striking the substrate was also noted (Figs. 6 and 7).
tially melted phases was determined. Flattening of particles The EDS mapping analysis of NiCrAlY coating (Fig. 8(a))



412

showed the formation of thick, dense, and crack-free layer of
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and O particles, showed a dispersed pattern in the coating re-

gion. A crack-free coating formed by the NiCrAlY—
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Fig. 15. EDS mapping analysis of corroded (a) uncoated T22,
(b) NiCrAlY coating, and (¢) NiCrAlY-20wt%SiC (N) coating
after 50 hot corrosion cyclbottomes.

20wt%SiC (N) powder consisted of tightly packed splats.
The EDS map (Fig. 8(b)) confirmed that the coating primar-

ily mainly constituted of Ni- and Cr-rich splats. Si-rich
particles were observed as clots on the metal—coating inter-
face. Uniform distribution of O and C was indicated by the
probable formation of oxides and carbides, respectively, in
the overall coating and at the interface. Y was uniformly dis-
tributed in the overall coating. Al was also observed in sev-
eral areas. This type of structure formed because of particle
fragmentation, flattening of particles, and deformation of
splats in the HVOF coatings, as observed by numerous re-
searchers in earlier studies [9-10,34].

For the corrosion in high-temeprature salt condition,
Na,SO, and 60% V,0s combined and formed NaVO; at a
temperature of 900°C via the following reaction:

1
Na2504 + V205 g 2NaVO3 (l) + SOQ + 502 (4)

The formation of NaVO;, which features a melting point
of nearly 610°C, caused the corrosion attack in the form of
material spallation of the uncoated steel. Fe,O; formation led
to the formation of loosely bound Fe,O; scales, which resul-
ted in a huge mass gain of 217.35 mg/cm? after 50 cycles.
The weight of oxide continously increased, and the material
cracked with a popping sound in the form of flakes in the
furnace boats. The Fe,O; development was considered as
non-protective over the surface of Fe-based alloys in Na,SO,
atmosphere, which led to severe spalling and peeling of al-
loy as reported by earlier researchers [35-37]. Such serious
deterioration attack was observed during the initial cycles
due to spontaneous oxygen reaction cause by oxygen diffu-
sion on both sides of the salt layer as reported by Sidhu and
Prakash [38].

The NiCrAlY coating band mainly comprised Al, Ni,
and Cr, which fused to form Ni—Al and Ni—Cr intermetallic
layers throughout the heating course. The developed oxide
scales were a combination of small round grains and several
large nodules. Localized corrosion in the form of cracking
was only noticed on the top layer. Neither crevice corrosion
nor pitting was found. Similar scale cracking occurred due to
the mismatch of the coefficients of thermal expansion of
coatings in earlier studies [39-40]. A small mass gain (13.08
mg/cm?) was observed for the NiCrAlY alloy coating.

In hot corrosion mechanism, oxide formations started
with ALO; formation because Al necessitates the oxygen
partial pressure [41] and minimum Gibbs free energy of
formation [42]. Its integrity endures well, and a slight sulfid-
ation might ensue in the coating by oxide dissolution. There-
after, Ni particles on the top surface layer could form NiO,
which was reported to exhibit poor protection in salty envir-
onment. NiO might dissolve and precipitate to a certain ex-
tent. NiO can be highly susceptible to hot corrosion in
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thermal cycling by the given reaction [43]:
NiO + SO3 — NSO4 %)

A similar effect of hot corrosion involving oxide penet-
ration of sulfates through the NiO layer was reported earlier
[3]. Cr accompanied by the presence of O was observed in
the middle of the scale, indicating the formation of Cr,O;
mid-layer in the oxide scale. The presence of Cr,O; in the
layers was considered protective; however, Cr,O; could also
be susceptible to cracking and spalling during thermal cyc-
ling owing to the scale configuration and stress development
during high-temperature corrosion as reported by Stott [44].

However, the Cr,O; phase with a high melting point
phase remained thermodynamically stable within 900-950°C
because it developed a dense and adherent layer that obstruc-
ted oxygen attack with the underneath material layers. The
co-presence of Ni, Al, and Cr can form NiAl,O, and NiCr,O,4
spinels as given in the following reactions:

Ni+2Al+20; — NiAl,O4 6)

Ni +2Cr +20; — NiCr,04 )

Here, the positive corrosion resistance could improve be-
cause of the reaction of Cr,O;, which stabilized the melt
chemistry by developing Na,CrO, solute and inhibited the
dissolution of the protective oxide scale [45—46]. Goward re-
ported this limiting hot corrosion resistance behavior of
NiCrAlY-based coatings [47]. The adherence of oxide layer
depends on different factors, such as interfacial and scale de-
fects, sulfur segregation at the scale—alloy interface, and al-
loy strength. Microcracking of the scale occurred due to the
presence of different thin-layer phases, which might impose
severe strain on the coatings [48]. The red-brown layer form-
ation over the surface indicated the presence of Fe,Os.
However, the growth of continuous and dense layer of pro-
tective NiO, Cr,0O;, and NiCr,O, in the surface scale resulted
from hot corrosion.

XRD analysis results revealed that the overall scale in-
volved SiO formation along with Al,O;, Cr,Os;, NiO, and
spinel NiCr,O,4 phases in their microstructure. The EDS ana-
lysis results also confirmed the presence of C and O with all
elements of composition, which can promote the develop-
ment of compounds, such as SiO, SiC, AL,Os;, Cr,0s3, NiO,
and spinel NiCr,0O,4 phases. Gupta and Duvall [49] reported
that Si additions in the NiCrAlY coatings enhanced their per-
formance in high-temperature applications, especially in
coating adherence. The creation of SiO, might have oc-
curred by the two modes of oxidation of SiC by following
the primary reaction (active oxidation):

SiC(s) + O, (g) — SiO(g) + CO(g) ®)

The SiO produced here could be easily vaporized during
hot corrosion.
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However, the second mode (passive oxidation) can oc-
cur through the given reaction:
2SiC (s) + 30, (g) — 2Si0; (s) +2CO(g) Q)

The SiO, development in passive oxidation was relat-
ively stable on the surface and restricted further oxidation be-
cause of its high melting point [50]. Certain amounts of SiO,
could dissolve in basic oxides, e.g., Na,O scale, to form silic-
ates as proposed by Smialek and Jacobson [51].

Si0;, + Na, O — NaySiOs (1) (10)

However, the SiO, oxide layer in the coatings is glassy in
nature, and it has been considered to possess protective prop-
erties, which restrict further inward diffusion of oxide. The
protection by this glassy SiO, layer has been observed by
Tului ef al. [22], Ouyang et al. [23], and Fu et al. [52] for Si-
based composite coatings. The coating showed the highest
corrosion-resistant results with a small final mass gain (1.85
mg/cm?). The K, value of NiCrAlY-20wt%SiC (N) coating
was the minimum, which renders it a better corrosion-resist-
ant material than its counterpart. The SiO, formation in the
composite coating intersplats in the subsurface helped in ob-
taining desirable results against hot corrosion.

5. Conclusions

The following conclusions can be drawn based on the
microstructure analysis of the coated surface and hot corro-
sion behavior of coated and uncoated T22 surface:

(1) Both NiCrAlY and NiCrAlY-20wt%SiC (N) coat-
ings were successfully deposited by the HVOF process,
maintaining the composition of the feedstock powders. Dur-
ing the deposition process, minor oxidation was noticed
along with negligible decarburization.

(2) During the hot corrosion study, both coated surfaces
showed comparatively lesser oxide mass gains than the un-
coated surface. The total decrease in mass gain reached
93.98% for the NiCrAlY coating and 99.15% for the
NiCrAlY-20wt%SiC (N) coating compared with the un-
coated substrate. The mass change kinetics followed the
parabolic rate law during the cyclic study for all surfaces.

(3) The protective oxides, including Cr,0Os, Al,O;, NiO,
and spinel formations, enhanced the corrosion resistance of
the alloy surface. Furthermore, the composite coating offered
more shielding against corrosion compared with the alloy
coating due to the formation of SiO, along with other oxides.
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