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Abstract Austenitic stainless steel used in power plants
and chemical industries is susceptible to corrosion in high-
temperature environments. The corrosion is accelerated in
high-temperature applications due to chemical substances
like sodium, sulfur, and vanadium. The current investiga-
tion involves the assessment of the hot corrosion
performance of two distinct coatings, namely 8 wt.% yttria-
stabilized zirconia (8YSZ) and chromium carbide (Cr;C,),
which have been applied using air plasma spraying onto
SS316. Coatings were analysed after being heated in the
furnace for 50 h at 700 °C at 5 h/cycle with a salt mixture
of Na,SO,— 60 wt.% of V,0s5 (30 mg/cmz). Elemental
analysis of the hot corroded specimen was performed using
scanning electron microscopy (SEM), x-ray diffraction
analysis (XRD), and energy-dispersive spectroscopy
(EDS). The findings indicate that the 8YSZ coating
exhibited enhanced adherence to the substrate for the entire
duration of the hot corrosion test. In contrast, it was
observed that the Cr3C, coating underwent total delami-
nation subsequent to the fifth cycle of the hot corrosion
test. Bare material shows a substantial degradation surface
that peels off without substantial formation of strong sur-
face adherence corrosion products.
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Introduction

As a result of their exceptional mechanical properties and
ability to resist corrosion under elevated temperatures,
austenitic stainless steels find widespread application in
various disciplines, such as power stations and nuclear
power plants for pumps, tubes, and pipes. The primary
cause of corrosion at elevated temperatures is the deposi-
tion of molten salts onto the surface of the components.
The molten salts act as corrosive species that react with
metal surfaces in a hot gas environment. Thus, coating on
austenitic steel is highly preferable to counteract the
deposited corrosive species and protect the components
[1-5]. Plasma spray coating has shown to be an appropriate
and cost-effective method for solving a wide range of
issues in the manufacturing sector. These coatings allow
significantly greater operation temperatures and higher
efficiency [6, 7].

The coatings on superalloys have been performed by
various researchers significantly. Deepa Mudugal et al.
[8, 9] performed the CrzC,-NiCr coating on Superni 600
alloy and ascertained that Cr3C,-based feedstock powders
are the right choice for coatings in components used in
high-temperature erosion and corrosion environments. The
authors reported in [10-13] studied the the effects of ele-
vated temperatures on chromium-based coatings applied to
boiler steels and nickel-based superalloys, particularly
when exposed to a corrosive hot salt environment and
found the accumulation of NiO and Cr,0O3 oxide layers on
the coated surface. The existance of corrosion layer of
oxide serves as an inhibitor to hinder the infiltration of the
corrosive medium, hence impeding the oxidation of the
entire coating. Alnaser [14] and Manpreet [15] analysed the
failure mechanism of the Cr;C,-based coatings on nickel-
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based superalloy and boiler steel, respectively. The inves-
tigation revealed that the detachment and flaking off a
oxide scales on the coated samples, when subjected to an
environment consisting of molten salt at a temperature of
700 °C, may be attributable to the difference in the heat
expansion coefficients among the coating, substrate and
produced oxides. Sidhu et al. [16, 17] studied the crucial
aspects of cyclic corrosion of the Cr;C,-based coatings at
high temperature on high-performance materials in
Na,S0,4-V,05 salt combination at 900 °C. At the outset,
the coatings experienced a substantial oxidation rate,
because the oxidizing species could get into the splat
borders and open pores and quickly form oxides in the
pores. Kuruba et al. [18] investigated the hot corrosion
performance of Cr;C,/carbon nanotubes composite coat-
ings on boiler tube steels in molten salt conditions and the
study demonstrated that including 7 wt.% of carbon nan-
otubes (CNTs) into the Cr3C, feedstock powder yielded
excellent substrate adherence.

Substantial research work has also been reported on the
effectiveness of YSZ coating in resisting corrosion at ele-
vated temperatures for various substrate materials. YSZ has
been recognized as a desirable material for applications
involving elevated temperatures. It makes the scale stick to
the alloy substrate better, which makes the metal more
resistant to thermal cycles. Dharuman et al. [19] and
Dinesh et al. [20] analysed the failure mechanism of hot
corroded coated steel in molten salt. More acidic stabilizers
can delay or prevent the change of zirconia to completely
monoclinic, which is the cause of YSZ’s failure. Coatings
made of YSZ were shown to be the most effective coatings
in thermal barrier characteristics of gas turbine blades, and
their hot corrosion behavior on superalloys in hot gas
environments has been reported in the previous work
[21-26]. The study conducted by Avci et al. [27] examined
the effectiveness of YSZ coating in preventing corrosion at
high temperatures. Yttrium vanadate (YVQ,) was found to
be generated as a result of the interaction between yttria
and vanadium pentoxide (V,0s) at high-temperature con-
ditions. Further studies reported that the formation of
oxides efficiently suppressed the spallation of top coatings,
microcracking, and tiny fractures in early cycles. Spallation
causes a little weight loss in YSZ coatings, whereas the
thermal growth of oxides adds an incremental amount of
weight. Therefore, it displays the characteristic of a
widening diffusion-controlled region during prolonged
heating cycles in the melting salt conditions.

The available literature indicates a limited amount of
research conducted on the subject of hot corrosion in
austenite steel, despite its extensive use in high-tempera-
ture environments in industry. In practical scenarios, the
material undergoes prolonged exposure to a high-temper-
ature gaseous environment. However, most literature
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studies revealed that hot corrosion testing occurs within 1 h
of exposure. Hence, it is important to test the coatings in
extended exposure time in a hot environment for 5 h in our
study and cool in a furnace for 1 h for each cycle. The
extensive literature study reveals that both coatings are
comparatively competent in hot corrosion resistance.
Though substantial work has been done to assess the
effectiveness of various thermal spray coatings in both
atmospheric and saline conditions through laboratory
experimentation, the necessity of evaluating the extreme
temperatures corrosion resistance of carbide coatings with
oxide coatings for applications requiring elevated temper-
atures of austenitic stainless steel remains. The present
study compares uncoated, Cr;C,, and 8YSZ plasma-
sprayed austenitic stainless steel’s corrosion performance
in a heated environment in a Na,SO;—60 wt.% V,0s5
molten salt conditions at 700 °C for 10 cycles. The
examination of corrosion products is performed by the
application of scanning electron microscopy (SEM),
energy-dispersive x-ray analysis (EDAX), and x-ray
diffraction (XRD) techniques.

Experimental Procedure
Substrate Material and Coatings

The rectangular form of hot-rolled annealed sheet of aus-
tenitic stainless steel (SS316) has been procured from
Metal World, Chennai, India. The elemental composition
(wt.%) of the austenitic stainless steel (SS316) is 0.08 C,
0.1 N, 18.4 Cr, 12.52 Ni, 2.1 Mo, 1.8 Mn, 0.75 Si, 0.01 S,
0.03 P, 0.4 Cu, and the remaining Fe. The substrate has
been machined to dimensions of 25 x 25 x 5 mm in the
EDM machine. The commercially available Cr;C, powder
and 8YSZ with a 25-40 um particle size are used as
feedstock-coated materials on the substrate using the
plasma spray coating process. To eliminate any existing
thin oxide coating or scale on the specimen, the polishing
process entailed employing emery paper with several grit
levels, including 220, 320, 400, 600, and 800 and then, a
cloth was used to polish with a suspension of alumina
powder. After cleaning with acetone, The specimens
underwent grit blasting using alumina powder with an
average particle size of 25 pum before coating the substrate.
A bond coating with a thickness of 50 pum, consisting of a
nickel-chromium (Ni-Cr) alloy in an 80:20 wt.% ratio, was
applied. The intended top coatings were made with the
thickness of 200 um on the substrate.
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High-Temperature Corrosion Experimental Process

Comparative investigations were performed on both bare
material and coated specimens to examine the phenomenon
of hot corrosion. The substrates underwent a washing
process using distilled water, followed by a cleaning using
acetone. The samples were further subjected to a temper-
ature of 230 °C within the furnace, both before to and
subsequent to the application of the salt suspension. The
salt slurry consisting of Na,SO4 and 60 wt.% V,0s5 was
made by completely blending it with distilled water. A
homogeneous coating of the slurry, measuring 30 mg/cm?,
was then applied to the samples. The specimens underwent
cyclic hot corrosion in a furnace at a temperature of 700 °C
for a total of 10 cycles. Each iteration included of a 5-h
period of heating, succeeded by a 30-min interval of
cooling in the surrounding atmospheric conditions.
Throughout the course of the experimental method, each
individual sample was carefully placed into an alumina
crucible, and subsequently, the collective mass of the
crucible and the specimen was determined. The starting
weight of the sample was recorded and subsequently, the
weight change was documented after each cycle utilizing a
weighing scale with an accuracy of 1 mg. These data were
utilized to establish the corrosion kinetics based on the

observed weight changes. The inclusion of the spalled scale
during the weight change measurement was undertaken to
ascertain the comprehensive corrosion rate.

Results and Discussion
Macro-Image Study of Hot Corroded Samples

Figure 1 displays the macroscopic pictures of the hot cor-
roded specimens in a crucible after the first, fifth, and tenth
cycle in a Na;SO4—60 wt.%V,05 molten salt solution at a
temperature of 700°C, under various cyclic circumstances.
A grayscale with brown spots emerged in the uncoated
sample in the first cycle as shown in Fig. la. After the first
cycle, the surfaces of the specimen developed a delicate
scale. At the end of the fifth cycles, the scales began to peel
off the surfaces because they were too fragile to hold on as
evidenced. The spallation persisted until the end of the
investigation. As the investigation progressed, the oxide
scale displayed a growing prevalence of brown spots on a
gray backdrop. More dark gray-colored powder particles
were spilt inside the crucible. Upon observing the Cr3C,-
coated specimen as shown in Fig. 1b, the color changed to
dark gray with light green dots at the starting stage, along

Fig. 1 Macro-hot corroded

SS316 Substrate (a)

Specimens

Cr3C; Coated (b) 8YSZ Coated (¢)

images of (a) SS316 substrate No of
(b) Cr3C,-coated (c¢) 8YSZ- Cvcles
coated in crucible after 1st, 5th .
and 10th cycle in Na,SO,4 — 60
wt.%V,0s5 molten salt solution
t 700 °C
‘ After I**
Cycle
After 5t
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After 10
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with the appearance of dispersed brown salt crystals. After
the completion of the fifth cycle, a little amount of spal-
lation in powder form was seen within the crucible. The
oxide scale exhibited a dark green hue. Subsequently, as
the exposure continued, the coloration gradually shifted
toward a dark gray backdrop, accompanied by a dispersed
bright green pattern. Upon the completion of 10 cycles, as
shown in Fig. 1b, the scale exhibited a mostly black col-
oration with sporadic hints of greenish hues. In 8YSZ-
coated sample as shown in Fig. lc, spallation of yellow-
colored layer debris has been formed and detached on the
surface for the first five cycles. Minute cracks appeared and
progressed to form the oxide scales. More debris was
formed after the fifth cycle. No further detachments
occurred after the fifth cycle to the tenth cycle. However, a
dark gray appearance has been found after the eighth to
tenth cycle. More minute cracks appeared without spalla-
tion of the oxide scale. A loose structure has been
identified. Significant light yellow-colored oxide scale
particles fell inside the crucible.

Corrosion Kinetics

Figure 2a displays the weight gain per unit area (mg/cm?)
plotted against time for both bare and coated specimens,
presented in multiple cycles. The hot corrosion rate con-
stant shown in Table 1 has been measured from the graph
(weight gain/area)® vs. exposure time as debicted in
Fig. 2b. The weight gain/area for Cr;C,-, 8YSZ-coated,
and uncoated are 40.224 mg/cmz, 14.368 mg/cmz, and
19.56 mg/cm?® upon the completion of 10 cycles. Signifi-
cant increase in mass was experienced in the Cr;C,-coated
specimen in comparison with the 8YSZ-coated and

45
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35 1 —e—B:8YSZCoated

| —#&—C: Uncoated

30

254

Weight gain/Area (mg/cm?)
>
1

-10 — T T T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 55
(a)

Exposure Time ( Hours)

(Weight gain/Area)® mg®/cm?*

uncoated specimens. The 8YSZ coating exhibited a rate of
oxidation that precisely followed a parabolic in nature,
while the Cr3C, coatings demonstrated the highest linear
rate of oxidation. The Cr3C, coating exhibits a coefficient
of determination (R?) value of 0.95, indicating that it
adheres to the linear rate of the law of oxidation by 95%
and the parabolic rate by 5%. On the other hand, the 8YSZ
coating displays an R* value of 0.51, suggesting that it
predominantly adheres to the parabolic rate law with a 49%
contribution from the linear rate [8]. Hence, 8YSZ exhib-
ited high diffusion-controlled behavior of oxidation. The
material coated with 8YSZ has effectively mitigated hot
corrosion due to the congestion of corrosion products on
the upper surface that remain adhered to the coated mate-
rial. Due to the entry of corrosive media into coatings,
oxides rapidly develop at splat boundaries and in open
pores, increasing their initial corrosion rate. Oxides clog-
ged holes and splat boundaries in coatings, preventing
additional corrosive media penetration.

In the case of the uncoated material, the surface is
substantially destructed, and the surface materials are
peeling off significantly. Corrosion products formed during
the cyclic heat exposure investigation resulted in a sub-
stantial mass gain. Uncoated material has R? = 0.93,
indicating the 93% linear rate of oxidation.

Table 1 Parabolic rate constant (K) (1076 g2/cm4/s)

Sample Hot corrosion at molten salt at 700 °C (g*/cm?/s)

Uncoated 7.64
34.17

2.99

Cr;C,-coated
8YSZ-coated

1800

1600 -

—=—A: Cr,C, Coated A

—e— B: 8YSZ Coated
—a— C: Uncoated

1400

1200

1000 —
800 —
600 -

400 —

200

0 10 20 30 40 50
Exposure Time ( Hours)

Fig. 2 (a) Weight gain/Area (mg/cmz) Vs Exposure Time (Hours), (b) (Weight gain/ Area)2 (mg2/0m4)Vs. Exposure Time (Hours) for bare,
Cr;C,- and 8 YSZ-coated specimen subjected to hot corrosion for 10 cycles in Na,SO,4 + 60 wt.% V,0s environment at 700 °C
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Fig. 4 EDAX analysis of hot corroded uncoated sample

SEM/EDAX and XRD Analysis of Hot Corroded
Samples

Figure 3 reveals the surface morphology of (a) uncoated
sample before hot corrosion and (b) after hot corrosion
under 50 h of exposure in the hot salt condtions at 700 °C
for ten cycles. The oxide scales, porosity in the form of
round pits, and many fractures with tiny white flakes are
visible. The EDAX analysis (Fig. 4) of a hot corroded
uncoated sample reveals the chemical elements O, Cr, Fe,

Ni, and Mo. The oxygen (O) element increases due to loose
nonproductive oxide scales forming in white patches [8].
Equation 1 depicts the solid phase interaction between
Cr,05 and NiO that led to the creation of NiCr,0, flakes.

Cr,03 + NiO — NiCr,0q4 (Eq 1)

The XRD analysis (Fig. 5) of hot corroded uncoated
SS316 consists of Fe;03 and NiCr,04. The reaction makes
the oxide scale grow and dissolve simultaneously in the

@ Springer



774

J Fail. Anal. and Preven. (2024) 24:769-778

liquid salt. The observed strong spalling of the uncoated
steel scale might potentially be interpreted due to the
tremendous strain caused by Fe,Oj3 settling out of the liquid
and the diffusion between iron oxide’s middle layers.
Figure 6 shows the sample of (a) Cr;C,-coated before
hot corrosion and (b) after hot corrosion under 50 h of
exposure in the molten salt conditions at 700 °C for ten
cycles. Figure 7 depicts an EDAX representation that
exhibits the occurrence of oxygen (O), chromium (Cr), and
nickel (Ni) throughout the process of spinel structure cre-
ation. Cr and O may be seen in the needle or platelet oxide.
Cr and O combine to generate Cr,O;, which takes on a
platelet-like shape. Large gray-black particles began to
settle in and around the gaps in the coating’s surface. The
predominant constituents of the substantial gray particles

——S8316

Intensity (a.u)

A NiCr204 (JCPDS: 01 - 007 - 0008)
® Fe:0s  (JCPDS: 01 - 084 - 0309)

0 10 20 30 40 5 60 70 80 90
26 (Degree)

Fig. 5 XRD analysis of hot corroded bare SS316

include elements such as chromium (Cr), oxygen (O),
nickel (Ni), sodium (Na), and sulfur (S). These particles are
likely to consist of incomplete sodium sulfate (Na,SOy4)
salts and oxides that contain nickel and chromium com-
ponents. At temperatures above 700 °C, a significant
reduction in density occurred on the coated surface,
accompanied by the expansion of particulate structures into
platelike crystals composed of chromium (Cr) and oxygen
(O) components. The aforementioned study findings sug-
gest that the Na,SO4 salt had a pronounced corrosive
impact on the Cr;C, coating. When hot corrosion temper-
atures increased, the damage produced by coating
corrosion became more severe [12].

The XRD analysis of the hot corroded Cr;C,-coated
sample is shown in Fig. 8. The analysis demonstrates the
presence of notable phases such as chromium(III) oxide
(Cr,03), iron-nickel sulfide ((Fe, Ni) S,), and sodium sul-
fate (Na,SO,). The coated specimens exhibit a notable rise
in weight during the early five cycles of hot corrosion,
followed by a more steady increase in weight growth
thereafter. The observed increase in weight of the speci-
mens during the initial cycles might perhaps be attributed
to the development of oxides of each active element
included within the coating. Subsequently, the oxidation
rate exhibits a progressive rise as a result of the emergence
of productive oxide scales entitled Cr,O3 and (Fe, Ni) S,,
which effectively impede the flow of oxygen or other
corrosive elements. However, due to temperature cycles,
the oxides generated on the top of the coatings may spall or
peel, especially around the edges of the specimens. The
underlying cause of this phenomenon may be ascribed to
the disparate rate of thermal expansion shown by the
substrate and the coating. The presence of fragmentation
might perhaps be ascribed to the swift occurrence of
fractures in the proximity of coating bulges. This phe-
nomenon occurs due to the tensile radial stress that

Fig. 6 SEM analysis of (a) Cr;C,-coated sample before hot corrosion, (b) after hot corrosion
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Element Weight %
CK 23
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Fig. 7 EDAX analysis of hot corroded Cr;C,-coated sample
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 (Fe,Ni)Sz (JCPDS: 00 - 002 - 0850)
L4 % NazSOs (JCPDS: 01 - 075 - 0914)

Intensity (a.u)
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Fig. 8 XRD analysis of hot corroded Cr3C, coating

emerges during the cooling process, which is caused by the
notable difference in thermal contraction between the oxide
and the coating material. Fractures are formed inside the
coating due to the existence of stress within the deposit or
at the interface between the coating and the substrate metal
[16, 17].

Figure 9 shows the surface morphology of the sample
(a) 8YSZ-coated before hot corrosion and (b) after hot
corrosion under 50 h of exposure for ten cycles in the
molten salt environment at 700 °C. The EDAX analysis
(Fig. 10) reveals the major elements Zr, V, Y, Na, O, and a
small amount of Ni and Cr. Because of the thermal stress
generated by rod crystals and the change from tetragonal to
monoclinic zirconia, the salt interacts with the YSZ layer,
resulting in the disintegration and delamination of the
zirconia coating. Two distinct phases were present in the
corrosion by-products: YVO, on the outside and mono-
clinic zirconia on the inside. During exposure, the 40%
Na,SO, and 60% V,0s5 in the salt mixture interacted to
form the eutectic compound Na,VOj3;. The Na,VO; mole-
cule carried oxygen while also acting as a corrosion
catalyst. The substance, intended to permeate the coating’s
pores, aggressively interacted with Y,0s, creating YVOqu
and ZrO,.

The peaks of monoclinic ZrO, peaks and YVO, spinels
were observed in an XRD study (Fig. 11) of a hot corroded
8YSZ-coated sample.
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Element Weight %
BK 0.8
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Fig. 10 EDAX analysis of hot corroded 8YSZ sample
Conclusion

The investigation involved conducting hot corrosion
experiments on SS316 samples with three different coat-
ings: uncoated, Cr3C,-coated, and 8YSZ-coated. These
experiments were carried out in a molten salt environment
consisting of Na,SO, (sodium sulfate) and 60% by weight
V5,05 (vanadium pentoxide). The samples were exposed to
this environment at a temperature of 700 °C for a total
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duration of 50 h, with each cycle lasting 5 h. The following
findings has been observed,

a. The bare materials demonstrated notable spallation,
accompanied by the formation of loosely attached
oxide scales and tiny particles, such as Fe,O; and
NizCI‘O4.

b. The stainless steel SS316 coated with Cr3C, experi-

enced complete delamination after the completion of
the tenth cycle. The heat cycle led to the detachment
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11 XRD analysis of hot corroded 8YSZ Coating

due to surface degradation or delamination of the
oxides that had grown on the surface of the Cr;C,-
coatingsThe aforementioned phenomena was promi-
nently seen in the vicinity of the specimens’
boundaries, maybe as a result of the disparity in
thermal expansion coefficients between the coatings
and the substrate.

The stainless steel SS316 coated with 8§YSZ demon-
strated enhanced resistance to heat corrosion, assuming
that the predominant composition of the scale formed
is mostly ZrO, and YVO,. Following the completion
of the tenth cycle, it can be observed that the coating
has finely adhered to the substrate with little fragmen-
tation of coated particles.
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