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Abstract: An improvement in the corrosion resistance of alloys at elevated temperature is a factor for their potential use in gas turbines. In this
study, CoNiCrAlY has been coated on the L605 alloy using air plasma spray (APS) and high-velocity oxygen fuel (HVOF) coating techniques
to enhance its corrosion resistance. Hot corrosion studies were conducted on uncoated and coated samples in a molten salt environment at
850°C under cyclic conditions. Thermogravimetric analysis was used to determine the corrosion kinetics. The samples were subjected to scan-
ning electron microscopy, energy-dispersive spectroscopy, and X-ray diffraction for further investigation. In coated samples, the formation of
Al,05 and Cr,0s in the coating acts as a diffusion barrier that could resists the inward movement of the corrosive species present in the molten
salt. Coated samples showed very less spallation, lower weight gain, less porosity, and internal oxidation as compared to uncoated sample.

HVOF-coated sample showed greater corrosion resistance and inferred that this is the best technique under these conditions.
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1. Introduction

The advancement of superalloys in terms of their per-
formances and properties will be a significant factor in the
development of power generation sectors, such as for gas tur-
bines and boilers [1-3]. In this field, various types of fuels,
such as low-grade fuel oils and fossil fuels are used for power
generation applications. The major impurities present in these
fuels contain sodium, chlorine, sulfur, and vanadium, which
when subjected to high temperature during operation, will
turn to complex compounds, such as sodium sulfate
(Na,S0O,), sodium chloride (NaCl), sodium metavanadate
(NaV0,), and vanadium pentoxide (V,0s) [4—7]. These thin
films of molten salt compounds on the substrate surface of
components will produce unsafe oxide layers, which can
cause severe deterioration. This phenomenon of accelerated
corrosion is called hot corrosion [8]. Owing to this hot corro-
sion, the superalloys used in this field, although selected for
its excellent mechanical properties, fail to perform when sub-
jected to long-term elevated temperature.

Several coating methods and coating powders are avail-
able to provide desirable specifications for each application
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area. The thermal spray coating technique is a surface modi-
fication method that is one of the better options because it
provides an economical way to protect the surface from hot
corrosion without altering the mechanical properties of the
substrate metal [9]. Air plasma spray (APS) and high velo-
city oxygen fuel (HVOF) are the two types of thermal spray
coating methods used to deposit cobalt-based coating powder
on the surface of substrate materials [10—13]. MCrAlY,
where M could be cobalt, nickel, or a combination of cobalt
and nickel, is widely used to develop various thicknesses
from several micrometers to tenths of a millimeter on the
substrate material.

Jegadeeswaran et al. [4] investigated the hot corrosion
behavior of the cobalt-based superalloy, super-605, in the
presence of Na,SO, + 50wt% V,0s at 800°C. They reported
extensive spalling on the substrate surface and suggested that
a 10wt% ALO; + 90wt% CoCrAlTaY coating made by the
HVOF process improved the corrosion resistance of super-
605. Mangla ef al. [14] published a comparison of hot corro-
sion behavior on Ni20Cr-coated T-22 steel by the HVOF and
APS methods in an actual coal-fired boiler environment at
700°C. The results showed that the HVOF-coated sample
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had better corrosion resistance. In the available literature, no
reports of a comparative study of the APS- and HVOF-
coated L605 alloy in a simulated gas turbine environment. A
detailed cross-sectional analysis of the two different coating
techniques will add value to the literature.

This investigation compared the hot corrosion behavior
of CoNiCrAlY powder coated using the two thermal spray
processes, APS and HVOF, on the cobalt-based superalloy,
L605. Hot corrosion tests of coated and bare specimens were
performed, and the results were analyzed via thermogravi-
metric analysis, scanning electron microscopy (SEM), en-
ergy-dispersive spectroscopy (EDS), and X-ray diffraction
(XRD).

2. Experimental
2.1. Substrate material and sample preparation

The cobalt-based superalloy, L605 (also known as
Haynes 25), was used as a substrate material for this study.
The material was bought in plate form and was supplied by
Vikas Metals, Secunderabad, India. The chemical composi-
tion analysis of the L605 alloy was conducted via optical
emission spectroscopy. The actual chemical composition of
the L605 alloy is listed in Table 1. Three specimens with di-
mensions of 20 mm % 10 mm x 7 mm were cut from the plate
using wire electrical discharge machining (WEDM) for the
analysis. The specimens were polished using silicon carbide
papers of various standard sizes to achieve a mirror finish and
were grit blasted with alumina powders of 300—-350 um be-
fore the coating processes to improve the adhesion character-
istics of the substrate surface.

Table 1. Chemical composition of the L605 alloy wt%

Ni Cr W Fe Mn Si C Mo Co
10.91 20.39 14.78 0.35 1.45 0.13 0.048 0.038 51.904

2.2. Coating characterization

The coating material used for this analysis was a gas-at-
omized CoNiCrAlY powder with a spheroidal morphology.
It consists of 32wt% Ni, 21wt% Cr, 8wt% Al, 0.5wt% Y, and
a balance of Co. Thermal spray coating techniques, such as
APS and HVOF coatings, were the two primary coating tech-
niques considered for this investigation owing to their lower
environmental impact and low application cost [15]. The pro-
cess parameters used for the APS and HVOF coatings are
presented in Tables 2 and 3, respectively. Both coating pro-
cesses were carried out at Spraymet Surface Technologies,
Bangalore.

2.3. Hardness measurement

The microhardness test was conducted using a Vickers
microhardness tester on the polished cross sections of the
APS- and HVOF-coated samples. During the test, a
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load/force of 0.5 N was applied on the sample for 10 s of
dwell time with a distance of 60 um between each indenta-
tion. The indentation was performed at five different loca-
tions on each sample, and an averaged hardness value was re-
corded.

Table 2. Process parameters used for APS coating

Parameters Value
Voltage / V 60—65
Current / A 400
Argon pressure / (10° N-m?) 7
Argon flow rate / (m*-s™") 0.00083
Hydrogen pressure / (10° N-m?) 4
Hydrogen flow rate / (m*-s™) 0.00007
Powder feed rate / (kg's™) 0.0018
Spray distance / m 0.1-0.15

Table 3. Process parameters used for HVOF coating

Parameters Value
Nozzle type DJH 2603
Oxygen pressure / (10° N-m™?) 12

Oxygen flow rate / (m*s™) 0.0043
Fuel flow rate / (m*-s™") 0.001-0.00117
Hydrogen pressure / (10° N-m?) 9
Powder feed rate / (kg-s™) 0.0015
Spray distance / m 0.2-0.25

2.4. Hot corrosion studies

Uncoated, APS-coated, and HVOF-coated samples of the
L605 alloy were used for the comparative study on hot corro-
sion. To duplicate an environment similar to the application
sectors that use superalloys, such as aerospace, marine, and
power generation sectors, a molten salt of 87.5wt% Na,SO, +
7.5wt% NaVO; + Swt% NaCl was created to apply on the
sample [16—17]. The coated and uncoated specimens were
uniformly covered by molten salt using a camel wire brush
with a coverage area of 3—5 mg/cm® Each specimen was kept
in an alumina boat, and the weight of the boat and sample
was measured using an electronic weight balance before and
after the application of molten salt on the specimen. Before
beginning the heating and cooling cycles, the sample was
preheated for 2 h in a furnace at 120°C to remove moisture.
Subsequently, the hot corrosion test was conducted in a tubu-
lar furnace at 850°C for 50 cycles, and the samples were
monitored during each cycle. Each cycle consisted of 1 hour
of heating followed by 20 minutes of air cooling. The corro-
sion products that spalled during the hot corrosion were in-
cluded in the weight change measurements. Visual observa-
tions and weight changes were monitored and recorded at the
end of each cycle. The weight gain/loss and corrosion rate
were analyzed to determine the corrosion resistance of the
samples. The hot-corroded sample surfaces and cross sec-
tions were analyzed via SEM/EDS, EDS line mapping ana-
lysis, and XRD to identify the corrosion products.
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3. Results
3.1. Characterization of the coated samples

The SEM images in Fig. 1 show the cross sections, i.e.,
the cut section of the coated substrate perpendicular to

Substrate

(‘

Fig. 1. Cross section SEM images of the L605 alloys coated by different coating processes: (a) APS coating; (b) HVOF coating.

3.2. Microhardness

Fig. 2 shows the microhardness profile of the APS- and
HVOF-coated samples. The hardness at the substrate, inter-
face, and coating was found for each sample. Average hard-
ness values of HV 590 for the APS-coated sample, HV 791
for the HVOF-coated sample, and HV 279 for the substrate
were obtained. The APS- and HVOF-coated samples showed
a 112% and 184% increased hardness compared to the sub-
strate surface, respectively.

3.3. Visual inspection and thermogravimetric studies

Figs. 35 show the optical micrographs of the coated and
uncoated samples at various stages of the hot corrosion. In
the uncoated sample, spalling and sputtering started from 1st
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Fig. 2. Microhardness profile of the APS- and HVOF-coated
samples.

the coated surface by using WEDM, of the APS- and
HVOF-coated samples. In both samples, the coating prop-
erly adhered to the substrate surface. The average thick-
nesses of the APS and HVOF coatings were 230 and 245 um,
respectively.

cycle. The effects were visible when the glossy color changed
to dark grey along with cracks on the surface. During the hot
corrosion, the scales started to separate from the substrate
surface, which became severe from the Sth cycle onwards.
Meanwhile, the samples that were coated with CoNiCrAlY
powder by APS and HVOF showed fewer cracks and had a
dark gray color. The cross-sectional optical microscopy im-
ages shown in Fig. 6 confirmed that the HVOF-coated
sample had minor porosity and interfacial cracks compared to
the APS-coated sample.

The thermogravimetric analysis of the samples was per-
formed to investigate the weight gain per unit area (mg/cm?)
as a function of time in hours. The results are illustrated in
Fig. 7. All three samples showed weight gain from the 1st
cycle onwards. The uncoated sample showed aggressive
weight gain during the entire cycle, which indicated oxide
formation on the surface. The cumulative weight gain was
4.87 mg/cm’. The APS-coated sample showed weight gain
up to the 4th cycle, after which the weight began to decrease.
At the end of the 8th cycle, a severe decline in the weight
gain was observed, which may have been due to sputtering
caused by the stresses induced by thermal expansion and
contraction. Afterwards, no more weight changes were ob-
served. The cumulative weight gain for the APS-coated
sample after the hot corrosion test was 1.25 mg/cm”. The ex-
periment on the HVOF-coated sample showed a weight gain
up to 4th cycle; then, the weight gain started to decrease sim-
ilar as for the APS-coated sample. Here, the sample demon-
strated an accumulative weight gain of 0.695 mg/cm’. The
parabolic rate constant, K, was calculated by (AW/A)* = (K,
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Fig. 3. Macro images of the hot corrosion behavior of the uncoated sample at various cycles.
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Fig. 4. Macro images of the hot corrosion behavior of the APS-coated sample at various cycles.
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Fig. 5. Macro images of the hot corrosion behavior of the HVOF-coated sample at various cycles.
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Fig. 6. Cross-sectional optical microscopy images of L605 alloy after the 50th cycle of hot corrosion: (a) APS-coated; (b) HVOF-
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Fig.7. Weight gain per unit area vs. cycle number for un-

coated, APS-coated, and HVOF-coated samples subject to hot

corrosion in the 87.5wt% Na,SO, + 7.5wt% NaVO; + Swt%

NaCl molten salt at 850°C.

x f), where AW/A represents the weight gain per unit area
(mg/cm?), and  represents the hot corrosion time in seconds.
To obtain the corrosion kinetics, a graph of the number of
cycles vs. (AW/A)* was plotted, which is shown in Fig. 8. The
parabolic rate constants (K,) for the uncoated, APS-coated,
and HVOF-coated samples after 50 cycles of hot corrosion
were calculated as 1319 x 107'°, 86.71 x 107'°, and 26.83 x
10" g>em ™5™, respectively. Thus, the uncoated sample
showed a maximum weight gain during hot corrosion com-
pared to the coated samples, but further investigation also re-
vealed that the HVOF-coated sample showed less weight
gain in contrast with the APS-coated sample, making it the
better coating technique.

3.4. SEM/EDS analysis

Figs. 9-11 shows the SEM images and EDS analysis of
the uncoated and coated samples of the L605 alloy after 50
cycles of exposure to the 87.5wt% Na,SO, + 7.5wt% NaVO;
+ 5wt% NaCl molten salt at 850°C. Fig. 9 shows the forma-
tion of an oxide layer on the surface of the uncoated sample.
The oxide scales formed were irregular shapes and had vari-
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Fig. 8. (Weight gain per unit area)’ vs. cycle number for un-
coated, APS-coated, and HVOF-coated samples subjected to
hot corrosion in the 87.5wt% Na,SO, + 7.5wt% NaVO; +
S5wt% NaCl molten salt at 850°C.

ous sizes, which were accompanied by cracks leading to non-
adhesion on the surface. The surface morphology of the un-
coated sample showed intensive spalling of the oxide scale
that formed, which are observable in the macro images in
Fig. 3. The EDS analysis of the selected area on the uncoated
samples showed a significant amount of oxygen with moder-
ate amounts of chromium, tungsten, sodium, and cobalt.

As shown in the Fig. 10, the surface morphology of the
APS-coated sample showed oxide scales with irregular
shapes and sizes. Some massive structures were visible that
contained large clusters. In the EDS analysis of the selected
area on the APS-coated sample, oxide layers of chromium,
nickel, and cobalt were present. Fig. 11 shows that the
HVOF-coated sample had oxide scales with an uneven sur-
face, which were appropriately adherent to the substrate sur-
face, showing very little porosity. The EDS analysis of the
selected area on the HVOF coating showed oxide layers of
chromium, aluminum, nickel, and cobalt.

3.5. EDS line mapping analysis

The line mapping analysis of the cross section of the un-
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Fig. 9. SEMV/EDS analysis of the uncoated L605 alloy subjected to hot corrosion in the 87.5wt% Na,SOy4 + 7.5wt% NaVO; + Swt%
NaCl molten salt at 850°C for 50 cycles.
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Fig. 10. SEM/EDS analysis of the APS-coated L605 alloy subjected to hot corrosion in the 87.5wt% Na,SO, + 7.5wt% NaVO; +
Swt% NaCl molten salt at 850°C for 50 cycles.
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Fig. 11. SEMV/EDS analysis of the HVOF-coated L605 alloy subjected to hot corrosion in the 87.5wt% Na,SO,4 + 7.5wt% NaVO; +
Swt% NaCl molten salt at 850°C for 50 cycles.

coated, APS-coated, and HVOF-coated samples after hot- er layer of the oxide was confirmed in all three samples via
corroded is shown in Figs. 12—14 with the formation of ox- the line mapping, and the uncoated sample showed the pres-
ides on the surface. The presence of excess oxygen in the out- ence of tungsten in the top layer, whereas the inner layer con-
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Fig. 12. Line mapping analysis for the cross section of the uncoated L605 alloy subjected to hot corrosion after 50 cycles at 850°C:

(a) mapping direction; (b) distribution of different elements.

sisted of chromium and cobalt. In the APS-coated sample, the
top layer was rich in chromium, and the inner layer consisted
of nickel and cobalt; however, in the HVOF-coated sample,
the top layer was rich in chromium, and the inner layer con-
sisted of aluminum, nickel, and cobalt.

3.6. XRD analysis

In Fig. 15, the XRD data are plotted for the 87.5wt%
Na,SO, + 7.5wt% NaVO; + 5wt% NaCl hot corroded
samples for the uncoated (substrate), APS-coated, and
HVOF-coated samples. Here, the uncoated sample showed
the formation of WO;, Na,Cr,0,, and FeO, as the compon-
ents in the scale. The XRD data for the APS-coated sample
after the 50th cycle of hot corrosion revealed Al,Os, Cr,0O;,

CoAl,O,, and NiCr,0, as the prominent phases that formed.
The XRD data for the HVOF-coated sample after the 50th
cycle of hot corrosion revealed Al,Os, Cr,0;, and CoAl,O, as
the prominent phases that formed.

4. Discussion

Successful coatings of CoNiCrAlY powder on the L605
alloy were performed via the APS and HVOF coating meth-
ods. Then, these samples were subjected to hot corrosion in
the 87.5wt% Na,SO, + 7.5wt% NaVO; + 5wt% NaCl mol-
ten salt environment for 50 cycles at 850°C. Upon visual in-
spection, the coated samples showed much less spallation
compared to the uncoated samples at various stages of the hot
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850°C: (a) mapping direction; (b) distribution of different elements.

corrosion cycles. The optical microscopic images and SEM
images show less porosity and cracks in the HVOF-coated
samples compared to the APS-coated and uncoated samples.
The porosity of the coatings and the oxide layer formed dur-
ing hot corrosion have a significant role in determining the
comparative corrosion rate of the samples. The porosities and
cracks in the coating will expose the alloy metal to a corrod-
ing environment, resulting in the formation of oxide layers
and an increase in the corrosion rate. Due to the high-impact
velocity of CoNiCrAlY powder coating by the HVOF pro-
cess, a dense structure was achieved compared to the porous
structure from APS. The porosity resulting from APS acts as
an open pathway for corrosion, enabled corrosive elements to

penetrate the substrate surface. Thus, the corrosion resistance
of the HVOF-coated sample was better compared to that of
the APS-coated sample. The thermogravimetric analysis of
the samples shows that the HVOF-coated sample gained less
weight compared to the APS-coated and uncoated samples;
this is indicated in Fig. 7. The sequence of weight gain de-
termined by corrosion rate after the 50th cycle was uncoated
> APS-coated > HVOF-coated.

The HVOF coating offers the finest hot corrosion resist-
ance to the L605 alloy. The weight gain measured after 50
cycles of hot corrosion for the HVOF-coated sample was
0.695 mg/cm?, which was less than the weight gain value of
1.25 mg/cm® for the APS-coated sample. The uncoated
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sample had a weight gain of 4.87 mg/cm’, which was much
higher than the values of the coated samples. The weight gain
of the APS- and HVOF-coated samples with respect to that
of the uncoated sample was decreased by 74.3% and 85.7%,
respectively. This was due to the poor corrosion resistance of
the uncoated sample in the salt environment. There was a
rapid increase in weight gain during the initial stages of the
study for the coated samples of the L605 alloy; this was due
to the quick formation of oxides on the coated surface during
the inetial cycles. A protective oxide layer formed that
covered all the surfaces and pores in the coatings, thus redu-
cing internal oxidation. Once the oxide layer formed, it be-
came stable and showed constant growth. This protective

Line mapping analysis for the cross section of the HVOF-coated L605 alloy subjected to hot corrosion after 50 cycles at
850°C: (a) mapping direction; (b) distribution of different elements.

layer mainly consisted of Al,O; and Cr,0s, derived from Al
and Cr in the coating powder. This suppressed the hot corro-
sion of the coated samples in further cycles [18]. In the case
of the uncoated sample, continuous growth of unprotective
oxide layers occurred on the substrate surface owing to the
accelerated corrosion resulting from the molten salt and elev-
ated temperatures. When these non-protective oxide layers
reach a critical thickness, sputtering, and spallation resulted.
Fig. 9 shows the surface SEM image of the uncoated
sample, which shows oxide scales and porosities formed un-
derneath the oxide scales because of the attack of the salt en-
vironment. The pores formed in the surface increased the dif-
fusion rate, facilitating the molten salt to attack the substrate
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Fig. 15. XRD analysis of the uncoated, APS-coated, and

HVOF-coated L605 alloy subjected to hot corrosion after 50
cycles at 850°C.

surface and thus increasing the corrosion rate of the sample.
For the APS-coated sample, the SEM image shows that the
coating surface had many oxidized areas of varying size and
shape, which indicated the different rates of oxidation in dif-
ferent areas of the surface. This was due to the heterogen-
eous chemistry of the coating in the coated sample and the
presence of pores and unmelted particles in the coating. The
SEM images of the HVOF-coated sample revealed a dense
structure with an uneven surface, and the image demon-
strated proper adhesion of the coating to the substrate surface.
This was achieved owing to the high-impact velocity of the
HVOF coating method, making it a better technique com-
pared to the APS coating method.

The EDS analysis shows the presence of O, W and Na in
the oxide scale that formed on the surface of the uncoated
sample. XRD analysis confirmed the presence of WOs;,
Na,Cr,0,, and FeO, in the uncoated samples. The presence of
WO; and FeO, in the oxide scale indicated a high corrosion
rate. The EDS analysis revealed a high amount of aluminum
in the HVOF-coated sample compared to the APS-coated
sample, and XRD analysis confirmed the presence of defens-
ive oxide scales, such as ALO;, Cr,0;, and CoALO,. The
high thermal stability of the defensive oxides and yttrium
content in the HVOF-coated sample provided better adhe-
sion to the these oxides, giving the HVOF-coated sample a
high corrosion resistance [4,18—20]. Additionally, the Al,O4
in the sample prevented internal oxidation, thus further aid-
ing the corrosion resistance of the HVOF-coated sample.

5. Conclusions

A CoNiCrAlY coating was successfully coated to a L605
alloy via HVOF and APS coating processes, where the
HVOF coating method was confirmed to have an excellent
corrosion resistance compared to the APS coating method
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after 50 cycles of hot corrosion in a simulated gas turbine en-
vironment of 87.5wt% Na,SO, + 7.5wt% NaVO; + 5wt%
NaCl at 850°C.

(1) Owing to the high-impact velocity of the HVOF coat-
ing method, a dense coating with negligible porosity was
achieved, which prevented diffusion of molten salt during hot
corrosion and decreasing the susceptibility of the sample to
corrosion.

(2) The presence of Na,SO,, NaVOs;, and NaCl led to
severe deterioration of the uncoated sample. However, the
APS- and HVOF-coated samples offered better protection in
this environment. The SEM, EDS, and XRD results show
that the HVOF-coated sample was rich with a protective ox-
ide layer of AL,O; and Cr,0; after 50 cycles of hot corrosion,
thus making it the least susceptible to hot corrosion.

(3) In coated samples, the formation of Al,O; and Cr,0O4
in the coating acts as a diffusion barrier that could resists the
inward movement of the corrosive species present in the mol-
ten salt.

(4) Thermogravimetric analysis shows the weight gain
determined by corrosion rate after the 50th cycle increased in
the order of HVOF-coated L605 alloy, APS-coated L605 al-
loy, and uncoated L605 alloy.

(5) From the lower weight gain of HVOF-coated sample,
we inferred that the HVOF sample was comparatively less
corroded than the other samples and that the HVOF coating
method helped decrease the corrosion rate of the L605 alloy.
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