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Abstract

The present study examines the hot corrosion behavior of carbon nanotube (CNT)-
reinforced zirconium-yttrium coatings on T-91 boiler tube steel in a molten salt environment
consisting of Na.SO+—60 wt% V20s at 600 °C under cyclic conditions. The coatings were
fabricated using the air plasma spray technique. Uncoated and coated specimens, along with
all as-coated samples, were exposed to hot corrosion in a silicon tube furnace at 600 °C for
50 cycles. Corrosion behavior was assessed by measuring the mass gain after each cycle.
The corroded products were characterized using X-ray diffraction (XRD), scanning electron
microscopy (SEM), and energy dispersive X-ray analysis (EDAX).

Upon analysis, it was observed that the uncoated specimen formed a Fe.Os oxide
scale, which led to thermal spallation due to poor adhesion. In contrast, all the coated
specimens exhibited lower mass gains, with the oxide scale adhering strongly to the
substrate steel. The CNT-reinforced zirconium-yttrium coatings demonstrated superior
corrosion resistance, attributed to the uniform dispersion of CNTs within the coating matrix
and the formation of protective zirconium oxide in the corrosion scale.
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1. Introduction

The development of high-temperature materials is crucial for enhancing the efficiency
of coal-fired thermal power plants [1-3]. To mitigate corrosion, protective coatings are
applied using thermal spray techniques [4, 5]. In boilers, contaminants from fuel deposits on
components lead to corrosion of the steel, causing it to fail in its intended function [4, 6]. The
lifespan of these components can be extended through the use of certain ceramic coatings [7,
8]. However, thermal spray coatings often introduce porosity, which can facilitate corrosion
[9, 10]. Oxides penetrate these pores, accelerating the corrosion of the base material [11].

Despite efforts to improve corrosion resistance with various coating compositions,
even advanced spraying techniques cannot eliminate defects entirely [12—15]. These coatings
tend to remain porous and contain microscopic cracks [16]. Corrosive chemicals can attack
the base material through these defects [12, 17, 18], particularly when low-quality fuels
containing sodium (Na) and vanadium (V) impurities form corrosive elements like NaSO4
and V20s [19]. Consequently, there remains a pressing need to improve coating quality,
reducing defects and further enhancing corrosion resistance.

This research focuses on investigating the hot corrosion behavior of air plasma-
sprayed carbon nanotube (CNT)-reinforced zirconium-yttrium composite coatings on T-91
tube steel at 600 °C in a molten salt environment. T-91 was chosen as the substrate material
because of its widespread use in manufacturing boiler and superheated tubes for thermal
power plants. To simulate the boiler environment, Na.SO+—60 wt% V20s salts were used. In
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actual boiler conditions, low-grade fuel leads to the deposition of condensed and molten
sulfates and vanadates, which accelerate the deterioration of surface materials [20].

The kinetics of hot corrosion were analyzed through weight gain measurements after
each cycle. The corroded products were thoroughly examined using X-ray diffraction (XRD)
and scanning electron microscopy with energy dispersive X-ray analysis (SEM/EDAX).

Specimen
Prepamition

Coating Deposition

Hot Ciorrosion
Smdies in Furnace

XRD Analysis of
Corroded Samples

SEM Analysis of
Corroded Samples

Fig. 1 Flow chart of experimental procedure
2 Experimental Procedure
2.1  Coating Preparation

Figure 1 illustrates the experimental process for studying the hot corrosion behavior
of CNT-reinforced coatings on T-91 steel at 600 °C in a molten salt environment. Fresh T-91
steel tubes were sourced from the Talwandi Sabo Thermal Power Plant, Talwandi Sabo,
Bathinda, Punjab (India). The specimens were sectioned from the T-91 steel tube into
dimensions of 22 x 15 x 3 mm3.

For the hot corrosion studies, zirconium yttrium (ZrO>—Y20s) powder was mixed with
carbon nanotubes (CNT) in a ball mill for approximately four hours to ensure uniform
distribution of the coating powders. The different CNT-reinforced coating compositions were
as follows: ZrO>—Y20:-0.5 wt% CNT, ZrO-Y20:-1 wt% CNT, ZrO—Y.0:-2 wt% CNT,
Zr02-Y203-4 wt% CNT, and ZrO>—Y»0:—6 wt% CNT. The conventional ZrO>—Y-O; coating,
along with all the CNT-reinforced composite coatings, was deposited onto the T-91 steel
specimens using the air plasma spray technique at Metallizing Equipment Corp. Pvt. Ltd.,
Jodhpur, Rajasthan (India). The coating thickness was maintained between 255 um and 275
um. A Minitest-2000 thin film thickness gauge was used to measure the coating thickness
during the deposition process.

The porosity of the coatings was analyzed using a porosity analyzer equipped with
LEICA image analysis software. The porosity of the conventional ZrO.—Y»0s coating was
found to be 4.25%. As CNT was added to the ZrO»-Y:0: coating, the porosity of the
composite coatings decreased. The observed porosities for the composite coatings were as
follows: 3.78% for 0.5 wt% CNT, 3.62% for 1 wt% CNT, 3.52% for 2 wt% CNT, 3.45% for
4 wt% CNT, and 2.93% for 6 wt% CNT.

Table 1. Designation with composition of coatings

Designation Chemical composition (wt.%)
S1 100%ZrO2—Y203
S2 99.5%Zr0O>—Y203+0.5%CNT
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S3 99%Z2rO,—Y203+1%CNT
S4 98%ZrO>—Y203+2%CNT
S5 96%Z2rO,—Y203+4%CNT
S6 94%Zr0>—Y203+6%CNT

2.2 Hot Corrosion Studies in a Molten Salt (Na2SO4-60 wt%V205) Environment

A silicon tube furnace was utilized to conduct hot corrosion studies at 600 °C. Prior to
commencing the experiments, the physical dimensions of each specimen—Iength, breadth,
and thickness—were measured. A minimum of five readings were taken using a digital
Vernier caliper (Make: Mitutoyo, Japan), and their mean values were calculated. Initially,
both uncoated and coated specimens were rinsed with acetone and subsequently dried in hot
air to eliminate moisture. The specimens were then preheated in an oven at 250 °C for 2
hours.

A salt mixture consisting of Na2SO4 and 60 wt% V205 was prepared by mixing with
distilled water and applied to the surface of the uncoated and coated specimens using a camel
hair paintbrush. The salt deposition on the specimens was maintained between 3.0 to 5.0 mg
cm 2 [21]. The coated specimens were then placed in baked alumina boats and dried in an
oven at 100 °C for 3 hours to ensure the salt adhered to the specimen surfaces. Weight
measurements of each specimen, along with their respective alumina boats, were recorded
using a digital weighing machine.

Subsequently, the specimens with alumina boats were placed inside the silicon tube
furnace for hot corrosion studies. Each hot corrosion cycle comprised 1 hour of heating in the
furnace followed by a 20-minute cooling period at room temperature [22]. The weight of
each specimen, including the alumina boat, was carefully measured after every cycle. Upon
completing the experiments, the corroded specimens were analyzed using X-ray diffraction
(XRD) and Scanning Electron Microscopy (SEM) equipped with Energy Dispersive X-ray
Analysis (EDAX) to determine their elemental composition.

3 Results
3.1  Visual Observations

Uncoated and all coated T-91 specimens subjected to hot corrosion exposure at 600
°C in a molten salt environment were visually examined using a high-definition camera
(Make: Canon EOS 750D, DSLR, 24.2 MP, Japan). Macrographs of the uncoated and all
CNT-reinforced ZrO2-Y203 composite-coated T-91 specimens are presented in Fig. 2. For
the uncoated specimen, as shown in Fig. 2a, scale formation was observed by the end of the
third hot corrosion cycle, which persisted until the final cycle. Additionally, minor cracks
appeared on the specimen's surface by the 22nd cycle, and minor spalling was evident by the
42nd cycle, continuing until the end of the exposure period.

The macrograph of the conventional ZrO2-Y203-coated T-91 steel specimen is
shown in Fig. 2b, where a yellowish-grey coloration became apparent after the sixth hot
corrosion cycle. Minor swelling of the scale on the surface was observed after the 36th cycle.
Macrographs of all CNT-reinforced ZrO2-Y203-coated specimens are illustrated in Fig. 2c—
g. These CNT-reinforced composite coatings remained intact, uniform, and crack-free
throughout the hot corrosion exposure at 600 °C in the molten salt environment.

3.2 Weight Change Analysis

Figure 3 illustrates the weight gain per unit area versus time (number of cycles) for all
samples subjected to hot corrosion at 600 °C in a molten salt environment. The weight gain
measurements were used to analyze the kinetics of hot corrosion, where higher weight gain
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by the specimens indicated a higher corrosion rate. The uncoated T-91 substrate exhibited a
slight weight gain up to the 7th cycle, followed by a significant increase after the 30th cycle,
as shown in Fig. 3. For the conventional ZrO2-Y203 coated specimen, a notable increase in
weight gain was observed starting from the 25th cycle and continued until the final cycle.

All CNT-reinforced composite-coated specimens demonstrated lower weight gain
throughout the hot corrosion study, as illustrated in Fig. 3. The cumulative weight gain for the
conventional ZrO2-Y203 coated T-91 steel was recorded as 7.48 mg cm2, which is
significantly lower compared to the uncoated T-91 steel specimen (38.24 mg cm™2), as
detailed in Table 2. This indicates that the conventional ZrO2-Y203 coating reduced the net
weight gain by 80.43%. Furthermore, increasing the proportion of CNT in the ZrO2-Y203
matrix progressively decreased the overall weight gain measurements throughout the 50
cycles at 600 °C. The weight gain values for ZrO2-Y203 coatings with 0.5 wt%, 1 wt%, 2
wt%, 4 wt%, and 6 wt% CNT were recorded as 5.16, 3.71, 2.84, 2.01, and 1.41 mg cm™,
respectively. Among all CNT-reinforced coated specimens, the ZrO2-Y203-6 wt% CNT
coating exhibited the highest corrosion resistance, achieving a 96.31% reduction in weight
gain compared to the uncoated T-91 steel specimen.
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Fig. 2 Macrograph of: a Uncoated; b Conventional ZrO2-Y203 coated; ¢ ZrO2-Y203-
0.5 wt% CNT; d ZrO2-Y203-1wt% CNT; e ZrO2-Y203-2wt% CNT; f ZrO2-Y203-
4 wt% CNT; g ZrO2-Y203-6 wt% CNT coated T-91 specimens after hot corrosion at
600 °C.

Figure 4 presents the (weight gain/area)? versus the number of cycles (50 cycles) for
all samples after hot corrosion at 600 °C, highlighting the adherence to parabolic rate law for
the coated specimens. The curve for the uncoated T-91 specimen displayed a slight deviation
from the parabolic rate law, whereas the conventional ZrO2-Y203 coated and CNT-
reinforced ZrO2-Y203 composite-coated T-91 specimens closely followed the parabolic rate
law. The parabolic rate constant (Kp) was determined from the slope of the fitted linear
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regression line. After hot corrosion exposure at 600 °C, the cumulative weight gain and the

parabolic behavior of the specimens were analyzed in detail.
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Fig. 3 Weight gain/area versus time (number of cycles) for all samples after hot
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Fig. 4 (Weight gain/area)? versus number of cycles (50 cycles) for all samples after hot
corrosion at 600 °C.

3.3  XRD Analysis

The X-ray diffraction (XRD) analysis of uncoated T-91, conventional ZrO2-Y203,
and CNT-reinforced ZrO2-Y203 coated specimens after hot corrosion exposure is depicted
in Fig. 6a—g. For the uncoated T-91 steel, major peaks corresponding to Fe were identified in
the scale, as shown in Fig. 6a. The XRD analysis of the conventional and CNT-reinforced
Zr0O2-Y203 coated T-91 steel specimens post hot corrosion revealed ZrO2-Y203 (o) as the
predominant phase. Additionally, minor peaks of carbon (C) were detected in all CNT-
reinforced composite-coated specimens, confirming the uniform distribution of carbon
nanotubes within the coating matrix.

Small spectra corresponding to Na2SO4 (n) and V205 (v) were also observed across
all specimens, as presented in Fig. 6a—g. This confirms the formation of sulphates and
vanadates during exposure to the molten salt environment at 600 °C.
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Fig. 5 Cumulative weight gain of all samples after hot corrosion at 600 °C
3.4  SEM/EDAX Analysis

FE-SEM micrographs combined with EDAX compositional analysis of uncoated,
conventional ZrO2-Y203 coated, and all CNT-reinforced composite-coated T-91 steel
specimens after hot corrosion exposure in a molten salt (Na2SO4-60 wt% V205)
environment at 600 °C are shown in Figs. 7 and 8. The corroded oxide scale of the uncoated
T-91 specimen exhibited irregularly shaped flakes with a porous structure, as depicted in Fig.
7a. EDAX analysis confirmed the oxide scale primarily consisted of Fe and O, indicating the
formation of iron oxide (Fe203). Small amounts of Na and V were also detected in the scale
composition.

The SEM micrographs of the conventional ZrO2—Y203 coated T-91 steel revealed a
light grey and yellowish appearance (Fig. 7b). EDAX analysis at specific points indicated the
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presence of Zr, Y, and O, along with minor amounts of Fe, Na, and V. The Fe likely diffused
from the substrate during hot corrosion, while Na and V confirmed the presence of elements
from the molten salt.

For the ZrO2-Y203-0.5 wt% CNT coated T-91 steel, the micrographs showed a
substantial presence of Zr, Y, and O, along with minor amounts of C, Na, and V in the scale
composition (Fig. 7c). The detection of C confirmed the incorporation of CNT into the
coating matrix.
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Fig. 6 XRD analysis of: a Un-coated; b Conventional ZrO2-Y203 coated; ¢ ZrO2-
Y203-0.5wt% CNT; d ZrO2-Y203-1 wt% CNT; e ZrO2-Y203-2 wt% CNT; f ZrO2-
Y203-4 wt% CNT; g ZrO2- Y203-6 wt% CNT coated T-91 steel at 600 °C.

FE-SEM micrographs with EDAX analysis for ZrO2—Y203 coatings reinforced with
1 wt%, 2 wt%, 4 wt%, and 6 wt% CNT are presented in Fig. 8a—d, respectively. The scale
composition for all coated samples appeared intact and uniform, with a regular morphology.
EDAX analysis confirmed the major constituents—zirconium, yttrium, and oxygen—across
all samples. The carbon content in the scale increased proportionally with the CNT
percentage in the composite coating matrix. Additionally, small proportions of Na and V
were detected in all CNT-reinforced coatings, as shown in Fig. 8a—g, confirming the presence
of essential elements from the molten salt after hot corrosion exposure.

4 Discussion
4.1  Coating Thickness and Porosity

The plasma spray technique was utilized to deposit the coatings on the T-91 substrate
material. The coating thickness was uniformly distributed across the cross-section and
maintained within the range of 255 to 270 um, consistent with the findings of Goyal et al.
[23], who developed coatings with a similar thickness range. The porosity of the conventional
ZrO2-Y203 coating was measured at 4.25% but was significantly reduced with the
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incorporation of CNT into the ZrO2—-Y203 composite coating. This reduction in porosity was
attributed to the uniform dispersion of CNT across the specimen's surface, which facilitated
greater heat absorption by the powder particles, thereby enhancing the melting capacity of the
coating powder.

Keshri and Agarwal [24] also reported in their research that the uniform dispersion of
CNT in powder improves the melting point and enhances the heat absorption capacity,
leading to a notable reduction in the coating's porosity.
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Fig. 7 SEM/EDAX analysis of: a Un-coated; b Conventional ZrO2-Y203; ¢ ZrO2-
Y203-0.5 wt% CNT coated T-91 steel specimens after hot corrosion at 600 °C.

4.2  Weight Gain Measurements

A non-protective scale of Fe203 was formed due to the hot corrosion of uncoated T-
91 steel specimens in a molten salt environment at 600 °C during and after the complete 50
cycles. The corroded scale was observed to be thick and porous in nature, as revealed by FE-
SEM and EDAX analysis. The hot corrosion study showed that the corrosion rate of uncoated
T-91 steel was relatively higher in the initial stages, with the formation of an oxide scale
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followed by cracks, as evident in the macrograph shown in Fig. 1. These cracks propagated
during subsequent cycles, causing severe deterioration of the uncoated T-91 steel surface. For
the uncoated T-91 specimen, the parabolic rate constant (Kp) was calculated as 81.238 x
107 g2 cm™ s7', and the total weight gain after 50 cycles was observed to be 38.24 mg cm™.
Sidhu et al. [25] concluded that this significant weight gain was due to the formation of the
non-protective Fe203 scale, as confirmed by XRD analysis showing the presence of Fe and
O.

For the conventional ZrO2-Y203 coated T-91 steel, the weight gain reduction was
observed to be 80.43% compared to uncoated T-91 specimens after hot corrosion at 600 °C.
During the exposure, minor cracks and spallation of the scale were noted. The ZrO2-Y203
coating, applied using the air plasma spray technique, provided good corrosion resistance to
T-91 steel. Thakare et al. [26] reported that carbon nanotubes in reinforced YSZ-alumina
composite coatings act as a thermal barrier, providing excellent corrosion resistance during
hot corrosion. However, Fe penetration through voids in the conventional ZrO2-Y203
coating caused spallation and crack formation, along with the development of a non-
protective Fe203 scale. SEM micrographs showed a yellowish contrast phase with a lamellar
structure, likely due to the oxides of zirconium and yttrium in the scale. EDAX and cross-
sectional analysis identified Zr, Y, Fe, and O, along with Na and V from the molten salt used
during the hot corrosion experiments.
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Fig. 8 SEM/EDAX analysis of: a ZrO2-Y203-1 wt% CNT; b ZrO2-Y203-2 wt%
CNT; ¢ ZrO2-Y203-4 wt% CNT; d ZrO2- Y203-6 wt% CNT coated T-91 steel
specimens after hot corrosion at 600 °C.

In CNT-reinforced ZrO2-Y203 composite coatings, weight gain plots indicated
effective protection of the T-91 substrate steel from hot corrosion at 600 °C. After 50 cycles,
the specimens remained crack-free and intact, with no spallation. Prasanna et al. [27]
demonstrated that the formation of NiCr204 and Ni203 oxides provides superior corrosion
resistance in coated substrates compared to bare substrates in molten salt environments under
high-temperature conditions. The cumulative weight gain was significantly reduced by the
addition of CNT to the coating matrix, with the lowest weight gain recorded for ZrO2—
Y203-6 wt% CNT coated T-91 steel (1.41 mg cm™2), making it the most resistant to hot
corrosion among all specimens exposed at 600 °C in the molten salt environment. Sharma et
al. [28] studied Ni—Cr-Ti and Ni-5Al coatings on T-91 and T-22 steel and reported that
coated specimens exhibited better corrosion resistance than bare substrates. T-91 coated
specimens provided superior oxidation resistance, as evident from weight change analysis,
compared to T-22 specimens, due to their higher hardness and the protective chromium oxide
layer on the coated surface.

4.3  Structural and Elemental Comparison

In the XRD analysis of all the as-coated T-91 steel specimens, ZrO2—-Y203 emerged
as the predominant phase, with minor peaks of carbon attributable to the inclusion of CNT in
the composite coating matrix. Ahmad et al. [28] and Goyal et al. [21] similarly reported
carbon peaks in their XRD spectra, confirming uniform reinforcement within the coating
matrix. The formation of a protective oxide layer of ZrO2-Y203 in all CNT-reinforced
coated specimens significantly enhanced resistance to hot corrosion. Gond et al. [29]
concluded in their studies that T-91 steel exhibited superior corrosion resistance compared to
T-22 steel, potentially due to the absence of an NiO layer in the scale after hot corrosion
studies under elevated temperatures in similar environments. SEM/EDAX analysis at selected
points verified the presence of Zr, Y, O, and C elements, with a consistent distribution of
CNT across the specimen surfaces. This uniform distribution of CNT contributed to reduced
coating porosity, thereby impeding the penetration of corrosive elements into the substrate.
Meng et al. [30] observed that CNT effectively filled the pores in the coating, further
reducing porosity. The reinforcement of CNT in the ZrO2-Y203 coating created a dense
structure, enhancing the corrosion resistance of the conventional ZrO2-Y203 coating.

5 Conclusion

The current study investigated the hot corrosion behavior of CNT-ZrO2-Y203
reinforced coatings on T-91 steel at 600 °C in a molten salt environment, leading to the
following conclusions:

1. The uncoated T-91 steel demonstrated significant mass gain and a higher corrosion
rate, leading to the formation of a thick, porous, and nonprotective Fe203 scale
during hot corrosion studies in a molten salt environment at 600 °C.

2. For conventional ZrO2-Y203 coated T-91 steel, the weight gain was reduced by
80.43% compared to uncoated T-91 specimens after hot corrosion at 600 °C.
However, minor cracks and scale spallation were observed during exposure.

3. All CNT-reinforced ZrO2—-Y203 coated T-91 steel specimens exhibited significantly
lower weight gain compared to uncoated and conventionally coated T-91 specimens.
Additionally, the coatings remained intact, crack-free, and showed no spallation
during the investigations.

4. XRD analysis of all CNT-reinforced coatings identified ZrO2 and Y203 as the
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primary phases and carbon as a minor phase. The presence of these elements was
further confirmed by EDAX analysis.

The incorporation of CNTs reduced porosity by filling voids within the coating
matrix, thereby enhancing the hot corrosion resistance of ZrO2—-Y203 coatings on
boiler steels.
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