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Abstract
At elevated temperatures, coating develops protective oxide scales on the surfaces, ensuring prolonged stability. In this inves-
tigation, ASTM-SA213-T-22 (T22) boiler tube steels underwent coating with NiCrAlY/Cr3C2/h-BN/Mo matrix using plasma 
spray to resist oxidation and hot corrosion. The study involved 50 cycles at 700 °C, evaluating hot corrosion in a molten 
salt atmosphere (Na2SO4–60%V2O5) and oxidation in static air. Oxidation kinetics was determined via thermogravimetric 
analysis, while XRD and SEM/EDAX methods characterized the produced oxide scales. The NiCrAlY/Cr3C2/h-BN/Mo 
coated T22 substrate demonstrated reduced oxidation rates compared to uncoated steels, with gradual scale growth kinetics 
and surface oxides of NiO and Cr2O3 in air. In molten salt, accelerated oxidation resulted in metastable Cr2O3 formation. Cr, 
Al, B, and Mo preferentially oxidized along the nickel-rich splat boundary, hindering oxygen penetration through pores and 
voids, thereby ensuring stable oxidation. The uncoated steel experienced rapid corrosion, characterized by the detachment 
and flaking off of the unprotected Fe2O3 oxide layer.
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1  Introduction

The harsh operational conditions within coal-fired power 
plant boilers, characterized by high temperatures, lead to 
accelerated material degradation, particularly in superheater 
tubes.To overcome these challenges, components like heat 
transfer pipes require exceptional resistance to high-temper-
ature corrosion and oxidation [1–4]. Surface modification 
of alloy components with coatings is a common strategy to 
enhance their resistance to high-temperature oxidation and 

hot corrosion. Thermal spraying has emerged as a promi-
nent method for depositing protective corrosion coatings on 
alloys [5–8]. These coatings find wide-ranging applications 
in various industries, including aerospace, automotive, and 
mining, for safeguarding critical metal components in aero 
and industrial gas turbines, high-temperature power plants, 
and more [9–11]. Among thermal spraying techniques, 
plasma thermal spray stands out as a popular choice due to 
its versatility, cost-effectiveness, and ability to produce thick 
and uniform coatings of superior quality [12–15].

For machinery like boilers, gas turbines, and waste 
incinerators that operate at high temperatures, hot corro-
sion presents a serious problem. It causes abrupt and erratic 
material deterioration, which reduce the component load-
bearing capacity and eventually results in catastrophic fail-
ures [16–20]. Because of cost concerns as well as the deple-
tion of premium fuels, residual fuel oil is now widely used 
in power generation systems. However, sulfur, vanadium, 
and salt are among the contaminants found in residual fuel 
oil. The consequences of hot corrosion are exacerbated when 
these contaminants combine to produce compounds with 
low melting points, which speed up the rate of oxidation 
when deposited on surfaces [21–25].
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Applying thin, wear, corrosion, chemical, and oxidation-
resistant coatings with superior thermal conductivity is one 
way to overcome these obstacles [26–28]. A way to make 
materials usable at high temperatures is through coatings. 
When applied in high-temperature environments, coatings 
need to be thick enough to act as a shield against the spread 
of corrosive agents onto the substrate. Additionally, coat-
ings should be sufficiently dense to fill gaps and increase 
the development of protective oxides [29–31]. Metallic 
coatings have been deposited on surfaces using a variety 
of techniques. For high-temperature applications, thermal 
spray techniques like flame, arc, plasma, detonation gun, 
and high-velocity oxy-fuel (HVOF) spraying are frequently 
utilised [32–36].

The protection of underlying substrates against oxidation, 
hot corrosion, and erosion is achieved via thermal sprayed 
coatings, which rely on NiCrAlY powder-based coatings 
[13, 37–40]. When the coating temperature reaches 700 °C, 
these NiCrAlY coatings start to develop protective oxide 
scales of Cr2O3 or Al2O3. However, outside of this tem-
perature range, alumina does not regenerate, therefore the 
coatings may deteriorate more quickly. Cr and Al are being 
depleted as a result of elemental inter-diffusion and which 
is the cause of this deterioration [14–16, 26]. Furthermore, 
serious corrosion and coating spalling can only be avoided 
with high mechanical strength and hardness [41, 42]. Hard 
minerals like molybdenum, chromium carbide (Cr3C2), and 
solid lubricant boron nitride (BN), in powder form, can be 
added to further enhance the properties of resistance to cor-
rosion, heat, chemicals, and wear [18, 19, 29, 30].

It is possible to apply protective coatings to boiler tube 
steels that can withstand the corrosive effects of high tem-
peratures. A mixture of metals and ceramics can be applied 
to a surface using plasma spraying technology, producing 
coatings with remarkable corrosion resistance, chemical 
resistance, and thermal stability. These coatings are com-
posed of elements such as nickel-based alloys, chromium 
carbide, molybdenum, and boron nitride. Boiler tube sys-
tems are protected from oxidation, hot corrosion, and other 
types of degradation by the synergistic combination of 
these materials [20–24]. By acting as a shield against oxida-
tion and hot corrosion wear, these coatings protect the tube 
surfaces from the working environment [31–33]. Protective 
coatings can be specifically designed to handle issues that 
arise in boiler applications, like high temperatures, corrosive 
gases, and abrasive particles [34].

In addition to the coating materials, the impact of vari-
ous salts on substrate materials at elevated temperatures is 
crucial. Prominent salts such as sodium sulfate (Na2SO4) 
and vanadium pentoxide (V2O5) are known to cause severe 
hot corrosion. Sodium sulfate can lead to the formation 
of a molten salt layer that promotes rapid oxidation and 
scale formation. Vanadium pentoxide, commonly found in 

combustion environments, can form eutectic mixtures with 
other salts, exacerbating the corrosion process. These salts 
penetrate the protective oxide layers, accelerating degrada-
tion and leading to significant material loss and structural 
integrity issues.

The enhancement of alloy coatings with elements such 
as molybdenum, chromium carbide (Cr3C2), and solid lubri-
cant boron nitride (BN) has been the subject of extensive 
research. These additions are known to improve the high-
temperature performance and corrosion resistance of coat-
ings [5–7]. Molybdenum, for instance, has been shown 
to enhance the hardness and wear resistance of coatings. 
Chromium carbide (Cr3C2) contributes to the formation of 
a stable and protective oxide layer, significantly improving 
oxidation resistance. Solid lubricant boron nitride (BN) is 
recognized for its lubricating properties, reducing friction 
and wear at high temperatures [3–6].

Upon reviewing the publicly accessible literature, it was 
observed that there is insufficient information regarding the 
performance of NiCrAlY/Cr3C2/h-BN/Mo plasma-sprayed 
coatings at elevated temperatures. The objective of this 
research was to evaluate the oxidation resistance and corro-
sion resistance of NiCrAlY/Cr3C2/h-BN/Mo plasma-sprayed 
coatings applied on T22 boiler steel alloys at 700 °C for 
50 cycles, in a high-temperature molten salt environment 
(Na2SO4–60%V2O5). Utilizing cutting-edge coating materi-
als such as solid lubricants (h-BN), molybdenum, and Cr3C2, 
the study aimed to improve the resistance against typical 
high-temperature degradation mechanisms present in indus-
trial boiler setups. The research outcomes showed that the 
coating resistance to hot corrosion and oxidation was greatly 
increased by the addition of Cr3C2, Mo, and h-BN, extending 
their lifespan under harsh operating circumstances. To simu-
late the operating environment of industrial components, 
which frequently experience cyclic operations, the experi-
ments were carried out under cyclic parameters. The find-
ings of this study will contribute to assessing the feasibility 
of utilizing plasma spray coatings on boiler tubes.

2 � Materials and Method

2.1 � Preparation of Coatings

A Fe-based alloy steel, namely 2.44Cr –0.97Mo steel 
ASME-SA213-T-22 (Grade T22), was chosen as the sub-
strate material for the current study. In Indian power plants, 
this alloy is frequently utilised as a tube material for the boil-
ers. Samples that were rectangular and measuring 25 × 25 × 5 
mm3 were taken from a wire EDM machine. Before coat-
ing, the specimens underwent careful surface preparation 
to guarantee the best possible adherence and homogeneity. 
SiC emery abrasive sheets were used to precisely grind the 
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substrate surface, and then alumina powders were used for 
grit blasting. By using this technique, contaminants were 
guaranteed to be eliminated and the substrate surface was 
given the perfect roughness profile to improve coating 
adherence.

Commercially available feedstock powders, including 
50%NiCrAlY/30%Cr3C2/10%h-BN/10%Mo, were selected 
for their composition and desired properties in oxidation, 
chemical and heat resistance. The coatings were applied 
onto the T22 boiler steel substrate using the plasma spray 
technique. This method ensured precise control over coat-
ing deposition parameters such as temperature, velocity, 
and feed rate, resulting in the desired coating thickness and 
microstructure. Detailed information on the experimental 
setup and conditions employed during the coating deposition 
process can be found in Table 1, facilitating reproducibility 
and comparison of results across experiments. Additionally, 
Fig. 1 outlines the workflow of the study.

2.2 � Coating Thickness Measurement

The cross-sectional analysis of the coating involves evaluat-
ing its thickness and examining its profiles transversely. This 

allows for direct measurement of the film thickness using 
both optical and scanning electron microscopes (SEM). The 
analysis comprises three main phases: sample preparation 
(including sampling, embedding, and lapping), SEM micro-
scopic inspection, and data processing (using specialized 
software to quantify image dimensions). Sample preparation 
is particularly crucial and time-consuming, as it is prone to 
introducing artifacts that could compromise further inves-
tigations. Therefore, meticulous attention to detail during 
sample preparation is essential to ensure the accuracy and 
reliability of coating thickness measurements.

2.3 � Hot Corrosion and Oxidation Test

Understanding material behavior, particularly in harsh 
industrial environments such as coal-fired thermal power 
plants and incinerators, relies heavily on studying hot cor-
rosion. To replicate real-world conditions faced by boiler 
tubes and other components, both coated and uncoated 
substrates are subjected to a controlled molten salt envi-
ronment (40%Na2SO4-60% V2O5) at 700 °C for approx-
imately 50 cycles and each cycle consists of one hour 
of isothermal heating at 700 °C, followed by a 20-min 
cooling period at ambient temperature. The oxidation test 
chamber's precise visual is shown in Fig. 2, an IFC model 
that offers a thorough view of the chamber's structure to 
aid in experimental setup and analysis This experimental 
setup is accurate as it mimics the corrosive conditions 
typically encountered in such environments. A high-
temperature silicon carbide tube furnace with an error 
range of 5 °C is used to ensure precise temperature con-
trol, which guarantees the accuracy of the experimental 
data. Specimens are carefully prepared, including surface 
cleaning and exact weight and dimension measurements, 
before being exposed to the hot environment. These steps 

Table 1   Plasma spray process parameters

Argon Pressure 0.75 MPa
Flow 40 lpm

Hydrogen Pressure 0.35 MPa
Flow 7 lpm

Current 490A
Voltage 60 V
Powder feed rate 60 g/min
Stand-off distance 100 mm

Fig. 1   Work flowchart of the 
current work
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are essential to guarantee constant substrate adhesion and 
salt coating, which produce repeatable and trustworthy 
test results. It is also necessary to apply a salt coating 
within a particular thickness range and thoroughly clean 
the salt mixture in order to preserve consistency between 
specimens and avoid differences in the corrosion process.

To ensure that the test conditions accurately simulate 
the anticipated high-temperature environment, the heat-
ing stages are designed to remove any remaining mois-
ture from the salt-coated specimens. The process of cyclic 
exposure entails heating and cooling repeatedly, which 
makes it possible to examine long-term corrosion behav-
iour and determine oxidation kinetics. Frequent weight 
change measurements for every cycle yield a quantita-
tive indicator of corrosion rates and provide important 
information about how materials deteriorate over time. 
By enabling the identification of any obvious indications 
of scale damage or spallation, visual inspections support 
these measures and contribute to our understanding of 
corrosion mechanisms. For each test, the test specimen’s 
appearance, color changes, cracking, and spalling were 
meticulously recorded. All of the oxidized and corroded 
samples were then characterized using XRD, SEM/EDS, 
and EDS mapping analysis.

Similarly, cyclic oxidation tests are performed on both 
the substrate and coated samples at 700 °C for 50 cycles 
utilizing a tubular furnace from IFC. Before testing, the 
surface area of each sample is measured. Each cycle 
involves heating at 700 °C for 1 h followed by cooling at 
ambient temperature for 20 min. The weight change for 
each cycle is meticulously recorded using an electronic 
balance with a sensitivity of 0.001  mg. These cyclic 
oxidation tests are aim to mimic real-world conditions 

experienced in thermal power plants, including frequent 
power failures.

2.4 � Coating Characterisation

All the coated samples were subjected to X-ray analysis 
utilizing an XRD machine fitted with a CuKα radiation-
powered XPERT Pro system diffractometer. The 2θ range 
of 10° to 100° was scanned at a pace of 2°/min to record 
the peaks. The coating surface morphology, cross-sectional 
morphology, and EDS mapping were assessed using Genesis 
software and an FESEM with an EDS attachment (located 
at TUV Bangalore, India). Using Image J image processing 
software, porosity was measured from surface SEM micro-
graphs; an average of ten measurements for the porosity 
were reported.

3 � Results

3.1 � Powder Morphology

Figure 3 micrograph displays uneven dispersion of com-
ponents in the powder matrix, showing various particle 
sizes and shapes. Phases corresponding to Cr3C2 carbides, 
h-BN, and Mo particles, and NiCrAlY alloy are evident, 
highlighting the blend's complexity. The micrograph also 
reveals particle surfaces and boundaries, indicating poten-
tial bonding sites within the matrix. This SEM analysis is 
crucial for understanding particle distribution in coating 
materials, impacting final coating properties. Additionally, 
it provides insights into reinforcement effects, enhancing 

Inside View

Fig. 2   Test setup-oxidation and corrosion test (IFC make)
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coating performance. A cross-sectional study Fig. 3a reveals 
a coating thickness of 310 µm, assessed at 200× magnifica-
tion with an optical microscope.

The Fig. 4 SEM image, combined with energy-dispersive 
X-ray spectroscopy (EDX) analysis of the T22 boiler steel 
alloy substrate, provides a comprehensive insight into its ele-
mental composition and microstructural features. Through 
the SEM images, we can visualize the surface morphology 
and structural characteristics of the substrate material. Mean-
while, the EDX data offers quantitative information about 
the elemental distribution across the surface and within the 
bulk of the substrate. By correlating the SEM images with 
the EDX data, we can precisely identify the presence and 
distribution of specific elements within the substrate. This 
analysis enables us to characterize the composition of the 

substrate material accurately, identifying key elements and 
their spatial distribution. Additionally, the microstructural 
features revealed by the SEM images allow for a detailed 
examination of the substrate's surface morphology and tex-
ture, providing valuable insights into its structural properties 
and potential areas of interest for further investigation..

3.2 � Morphology of As‑Sprayed Coatings

The combination of scanning electron microscopy (Fig. 5a) 
and energy-dispersive X-ray spectroscopy (Fig. 5b) provides 
valuable insights into the microstructure and elemental com-
position of plasma-sprayed NiCrAlY/Cr3C2/h-BN/Mo coat-
ings on T22 boiler steel. SEM imaging (Fig. 4a), reveals 
the surface morphology and uniform microstructure of the 
coating, which exhibits dense packing, a well-adhered coat-
ing-substrate interface, and minimal porosity. The coatings 
primarily consist of nickel, chromium, aluminum, carbon, 
boron, molybdenum, and nitrogen, with their spatial dis-
tribution mapped throughout the coating. EDAX analysis 
Fig. 4b offers quantitative data on the elemental composi-
tion, enabling the identification and distribution of specific 
elements within the coatings. Understanding the chemi-
cal composition aids in evaluating characteristics such as 
mechanical strength, corrosion resistance, and thermal 
stability. Components like carbon and boron from h-BN 
and Cr3C2 impart lubricating, chemical, and wear-resistant 
properties, and nitrogen from h-BN may contribute to nitride 
phase formation, further enhancing coating performance and 
molybdenum (Mo) improves the chemical and hot resistance 
due to its high melting point.

Fig. 3   SEM micrograph of NiCrAlY/Cr3C2/h-BN/Mo blended pow-
der

Fig. 4   SEM with EDAX of uncoated substrate T22 boiler steel alloy
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Fig. 5   a Cross-sectional 
analysis of coating, b SEM 
Image of NiCrAlY/Cr3C2/h-BN/
Mo coating. c EDAX Analysis 
of plasma-sprayed NiCrAlY/
Cr3C2/h-BN/Mo coating as-
sprayed state, revealing the 
elemental composition (%) of 
the coating

Fig. 6   XRD of the coated/
uncoated substrate material 
before testing
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3.3 � XRD Analysis of the Uncoated and Coated 
Substrate

As seen in Fig. 6, the substrate material (T22 boiler steel) 
underwent X-ray diffraction (XRD) investigation, which pro-
duced unique diffraction patterns. Prior to hot cyclic oxida-
tion and corrosion testing, the steel alloy crystalline planes 
are represented by the peaks seen in the XRD spectrum.

3.4 � Hot Corrosion

The hot corrosion test results show the kinetics of a 40% 
Na2SO4—60% V2O5 eutectic combination. Figure 7 depicts 
photos of samples from the hot cyclic corrosion test. 
Uncoated T22 steel resulted in a higher corrosion rate, sig-
nificant weight gain, and severe scale peeling. This enhances 
oxygen absorption by allowing oxygen to diffuse through the 
liquid salt layer.

An X-ray diffraction (XRD) study is necessary to com-
prehend the hot corrosion and oxidation resistance of the 
NiCrAlY/Cr3C2/h-BN/Mo coating that is plasma-sprayed 
on the T22 boiler steel alloy. The phase composition, crys-
tallographic structure, and phase transitions that occur in 
the coatings under corrosive and high-temperature cir-
cumstances are all clarified by this analytical approach. 
Through examination of the coated specimens, XRD pro-
vides information on the formation of protective oxides, 
the evolution of crystalline phases, and the stability of the 
coating microstructure. Different crystallographic phases 
in the coatings and substrate, such as metallic and ceramic 
phases, are represented by the distinctive diffraction peaks 
in the XRD patterns. Environmentally-induced phase transi-
tions or lattice distortions are indicated by changes in peak 

intensity, location, or width. Phase abundance and crystal-
lite size, which are critical for evaluating coating perfor-
mance and stability, can also be quantitatively determined 
via XRD analysis as depicted in Fig. 8. The uncoated T22 
substrate exhibited the most significant increase in weight 
gain during hot corrosion tests. Deviation from the para-
bolic rate observed for uncoated steels indicates resistance 
against weight gain at 700 °C due to oxide layers. However, 
the uncoated substrate showed the highest weight gain as 
presented in Fig. 9a, with the formed scale being brittle and 
experiencing severe spalling. Conversely, NiCrAlY/Cr3C2/h-
BN/Mo-coated steels demonstrated significantly lower 
weight gain in a Na2SO4–60%V2O5 molten salt environment. 
Solid crystalline phases, such as Cr2O3 and NiO, Cr2Mo3O12, 
and Y2(Si2O7) create protective scales that protect coated 
components from oxidation and corrosion, extending their 
lifespan. On the other hand, the growth of Fe2O3 oxide on 
the uncoated substrate suggests degradation mechanisms, 
such as phase dissolution or oxide spallation, that compro-
mise coating integrity and functionality. In the presence of 
molten salt, the parabolic rate constant (Kp) values were 
determined as 0.00791 mg^2 cm^− 4 s^− 1 for the uncoated 
T22 substrate and 0.000113 mg^2 cm^− 4 s^− 1 for the 
NiCrAlY/ Cr3C2/h-BN/Mo substrate as shown in Fig. 9b. 
The parabolic rate constant (Kp) consistently decreased 
across the coated steels compared to the uncoated ones, sug-
gesting effective protection provided by the plasma-sprayed 
NiCrAlY/Cr3C2/h-BN/Mo coatings. Similar conclusions 
from many studies support the superior corrosion resistance 
of plasma-sprayed coatings over substrate boiler steels and 
Fe-based superalloys exposed to Na2SO4-60%V2O5 environ-
ments at 700℃ [22–25].

Fig. 7   a Uncoated, b NiCrAlY/
Cr3C2/h-BN/Mo coated sub-
strate material subjected to hot 
cyclic corrosion at 700 °C
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Figure 10a and b displays the SEM pictures that depict 
the surface scale morphology and EDA analysis at a specific 
location of interest on both the coated and uncoated steel 
samples. These images were after exposure to a molten salt 
environment at a temperature of 700 °C. The coated steel 
surface (Fig. 10b) exhibits a surface scale that is free from 
cracks, while the untreated substrate surface (Fig. 10a) shows 
significant surface spallation. The EDA analysis reveals an 
elevated percentage of Cr2O3, NiO, Ni3(VO4)2and MoO3 on 
the coated surface. Elemental X-ray mapping of uncoated 
and NiCrAlY/Cr3C2/h-BN/Mo-coated specimens exposed to 
corrosion in a molten salt environment of 40% Na2SO4-60% 
V2O5 is shown in Fig. 11a and b. For an uncoated substrate, 
oxides of ferrous (Fe) cover the majority of the top layer; for 
coated substrates, oxides of molybdenum, chromium (Cr), 
and aluminum (Al) are produced on the top layer.

The presence of Cr2O3 and NiO is demonstrated by the 
combined mapping for chromium (Cr) and oxygen (O), 
which successfully prevents the migration of oxygen and 
other oxidizing agents into the coating material [17]. The 
distribution of Na and V within the dominating oxide scale 
is also disclosed by the result. This distribution indicates that 
the combination of Na2SO4-60% V2O5 may cause an acidic 
fluxing phenomenon to occur. The existing thermodynamic 
data indicates that Na2SO4 can interact with V2O5, increas-
ing the melt's acidity by forming vanadate’s, especially 
NaVO3, which contributes to the environment's increased 
acidity.

3.5 � High‑Temperature Cyclic Oxidation

Uncoated T22 steel (Fig. 12a) showed notable evidence 
of deterioration throughout the 700 °C hot cyclic oxida-
tion investigation, including uneven scaling, cracks, and 
spalling, which became more severe after the third cycle. 
On the other hand, a color shift and the formation of dark 
lines in the NiCrAlY/Cr3C2/h-BN/Mo coated sample dur-
ing the first cycle suggested different surface chemistry and 
oxidation processes. No information on scale spallation was 
found for the coated sample in spite of increased interac-
tions with the oxidizing environment, suggesting improved 
resistance to deterioration (Fig. 12b). The significance of 
protective coatings in preventing oxidation-induced degrada-
tion and preserving material integrity at higher temperatures 
is highlighted by these results [43, 44]. Iron, nickel, and 
cobalt boiler steels are subjected to protective oxidation of 
aluminum or chromium in order to create oxide layers that 
prevent the entry of corrosive substances and increase ser-
vice life.

Figure 13a and b display two important graphs that plot 
the weight change per unit area versus the number of cycles 
for T22 steel samples that are plasma-sprayed, uncoated, and 
undergo 50 cycles of cyclic oxidation at 700 °C. Plot 13a 
provides insights into the oxidation kinetics and the subse-
quent specimen deterioration by showing the weight change 
per unit area progression during the oxidation cycles. Early 
cycle weight changes in both the coated and uncoated sam-
ples are negligible, indicating a relatively steady oxidation 

Fig. 8   XRD of the T22 
uncoated/ NiCrAlY/Cr3C2/h-
BN/Mo coated substrate 
material subjected to hot cyclic 
corrosion at 700 °C
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behaviour. However, the weight change patterns of the 
coated and uncoated samples diverge noticeably as the num-
ber of cycles increases.

The weight change per unit area of the uncoated T22 
steel increases dramatically under severe cyclic oxida-
tion conditions, indicating a quicker rate of oxidation and 
degradation. However, as evidenced by the much lesser 

Fig. 9   a Graph depicting the 
change in weight per unit area 
versus the number of cycles 
for both uncoated and plasma-
sprayed T22 steel under cyclic 
corrosion conditions for 50 
cycles at 700℃. b: Plot illustrat-
ing the (Weight change/area)2 
Vs. Time for both the uncoated 
and plasma-sprayed NiCrAlY/
Cr3C2/h-BN/Mo coated 
substrate under cyclic corro-
sion conditions for 50 cycles at 
700 °C
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weight change per unit area over the course of the cyclic 
oxidation period, the plasma-sprayed T22 steel coatings 
show superior resistance to oxidation. Plot 13b further 
clarifies these trends by showing the square of the weight 
change per unit area against the number of cycles. This 
figure facilitates the comparison of the oxidation kinetics 
of the coated and uncoated specimens, highlighting the 
superior performance of the plasma-sprayed T22 steel in 
avoiding oxidation-induced weight gain during extended 
exposure cycles. The results highlight the extent to which 
the plasma-sprayed coatings work to improve T22 steel's 
oxidation resistance and increase its service life in a hot 
environment.

Figure 13b illustrates how the coatings' oxidation behav-
ior in air can be approximately described as parabolic. A lin-
ear least-squares fit approach was used to calculate the val-
ues of the parabolic rate constant (Kp). Kp was determined 
to be 0.00197 mg^2 cm^− 4 s^− 1 for the untreated sub-
strate and 0.0000180 mg^2 cm^− 4 s^− 1 for the NiCrAlY/
Cr3C2/h-BN/Mo coated substrate. These findings show 
that the plasma-sprayed coatings significantly outperform 
the uncoated T22 steel with regard to the oxidation resist-
ance, suggesting a longer service life in high-temperature 
conditions.

The SEM/EDS analysis combined with EDS analysis 
provides insights into the microstructural and elemental 
composition changes in the T22 boiler steel specimens, 
both uncoated and plasma-sprayed coated, following expo-
sure to 50 cycles of cyclic oxidation at 700ºC. SEM images 
in Fig. 14a reveal notable surface characteristics such as 

fractures, uneven scaling, and spalling in the uncoated T22 
boiler steel, indicating severe deterioration due to oxidation.

The existence of oxygen-rich phases in the EDS study 
supports the hypothesised corrosion mechanisms that these 
surface defects correspond with. On the other hand, the 
NiCrAlY/Cr3C2/h-BN/Mo coated T22 boiler steel is shown 
in Fig. 14b SEM images with a smoother surface morphol-
ogy, suggesting a stronger resistance to oxidation-induced 
degradation. By acting as a barrier, the protective coating 
reduces the creation of hazardous oxides and prevents the 
spread of corrosive species. The coated specimen's more 
uniform elemental distribution and the presence of protect-
ing elements like boron, nickel aluminium, and chromium 
are further evidence of the surface coating's ability to reduce 
oxidation, according to EDS analysis.

The spatial distribution of elements within a material 
can be understood by SEM/EDS elemental mapping, which 
helps with understanding microstructural improvements and 
compositional homogeneity assessment. The SEM/EDS ele-
mental mapping of the NiCrAlY/Cr3C2/h-BN/Mo samples 
that were plasma-sprayed onto the substrate (T22 boiler steel 
alloy) is shown in Fig. 15a & b. These maps show how dif-
ferent components are arranged and concentrated in space 
within the coated samples, making it possible to analyze how 
these elements are distributed throughout the surface. Any 
compositional changes within the coating structure can be 
found by comparing the elemental maps with SEM images. 
This information is useful in assessing the integrity and 
homogeneity of the coatings as well as how well the plasma 
spray method achieves the required elemental composition.

Fig. 10   SEM/EDAX analy-
sis comparing uncoated and 
plasma-sprayed NiCrAlY/
Cr3C2/h-BN/Mo coated T22 
boiler steel after 50 cycles of 
cyclic corrosion. a uncoated 
T22 boiler steel exposed at 
700 °C, b NiCrAlY/Cr3C2/h-
BN/Mo coated T22 boiler steel 
at 700 °C
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Fig. 11   Elemental mapping using SEM/EDS of the uncoated T22 
substrate after exposure to 50 cycles of hot cyclic corrosion at 
700  °C. b: Elemental mapping using SEM/EDS of the plasma-

sprayed NiCrAlY/Cr3C2/h-BN/Mo coated substrate after exposure to 
50 cycles of hot cyclic corrosion at 700 °C



	 Journal of Bio- and Tribo-Corrosion           (2024) 10:85    85   Page 12 of 18

After being subjected to 50 cycles of cyclic high-tem-
perature oxidation at 700 °C, the uncoated and NiCrAlY/
Cr3C2/h-BN/Mo coated T22 specimens, respectively, show 
the X-ray elemental mapping results in Fig. 15a and b. The 
coated T22 sample in Fig. 15b displays a scale primarily 
composed of aluminium, chromium, molybdenum, oxygen, 
nickel, yttria, and boron. Oxygen is prominently present in 
the thicker band at the top of the scale, while aluminum 
forms the subscale area just below. Additionally, aluminum 
and chromium are observed at the boundaries of nickel-
rich plasma spray splats, with scattered boron nitride (BN) 
particles within the scale. In contrast, Fig. 15a shows the 
uncoated substrate with the presence of iron and oxygen.

After 50 cycles of cyclic high-temperature oxidation at 
700 °C, Fig. 16 shows X-ray powder diffraction patterns 
showing the top scale produced on the substrate both with 
and without coating. Fe2O3-indicating peaks for the dam-
aged T22 substrate are visible on the scale. On the other 
hand, the major phases on the NiCrAlY/Cr3C2/h-BN/Mo 
coated substrate are Cr2O3, NiO, and AlNi3, with BN and 
yttria present as minor phases.

4 � Discussion

The study of plasma-sprayed NiCrAlY/ Cr3C2/h-BN/Mo 
coating's resistance to hot corrosion and oxidation on T22 
boiler steel alloy provides valuable insights into its poten-
tial for mitigating degradation in high-temperature envi-
ronments. Cyclic oxidation experiments were conducted 
in air at 700 °C for both uncoated and coated steel. The 
weight gain of coated substrate was 9.3 times lower than 
the uncoated T22 substrate. The oxide layer on the uncoated 
steel exhibited spallation and material peeling, attributed to 
Fe2O3 presence. Surface SEM/EDS analysis of NiCrAlY/ 
Cr3C2/h-BN/Mo-coated T22 boiler steel revealed globular 
particles in the scale, with elevated levels of O, Cr, Al, Y, 

Mo, and Ni. Predominant phases include NiO, Cr2O3, Y2O3, 
Cr2Mo3O12, and Y2(Si2O7), as confirmed by XRD patterns. 
Cr2O3 presence in the oxide scale of NiCrAlY/Cr3C2/h-BN/
Mo-coated substrate is protective against oxidation, reduc-
ing hot cyclic oxidation rates. These oxide formations along 
splat boundaries and within coating pores likely created dif-
fusion barriers against corrosive species. Also, the presence 
of Cr2O3, MO, and oxides of Ni contributes to oxidation 
protection.

When exposed to oxygen at high temperatures, the oxida-
tion reaction of NiCrAlY usually results in the formation of 
oxides of nickel (Ni), chromium (Cr), aluminium (Al), and 
yttrium (Y).

This reaction produces nickel oxide (Ni2O3), chromium 
oxide (Cr2O3), aluminum oxide (Al2O3), and yttrium oxide 
(Y2O3), respectively, from the interaction of nickel (Ni), 
chromium (Cr), aluminum (Al), and yttrium (Y) in the 
NiCrAlY alloy with oxygen (O2) in the air. On the surface 
of the coated substrate, these oxides usually form a protec-
tive oxide scale that aids in preventing additional oxidation 
and material degradation at elevated temperatures.

When oxygen is exposed to boron nitride at elevated 
temperatures, boron oxide and nitrogen oxides are formed. 
Similarly, chromium carbide Cr3C2 oxidation reactions usu-
ally result in the development of chromium oxides (Cr2O3). 
Eqs 2 & 3) can be used to represent the oxidation process. 
Equ. [4], represents the molybdenum's oxidation reaction 
when it reacts with oxygen.

(1)
4Ni + 2Cr + 2Al + Y → 2Ni

2
O

3
+ Cr

2
O

3
+ 2Al

2
O

3
+ Y

2
O

3

(2)2Cr
3
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2
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2
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2
O

3
+ 2CO

2

(3)2BN + 3O
2
→ B

2
O

3
+ N

2

(4)2Mo + 3O
2
→ 2MoO

3

Fig. 12   a Uncoated, b 
NiCrAlY/Cr3C2/h-BN/Mo 
coated substrate material sub-
jected to hot cyclic oxidation at 
700 °C
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Fig. 13   a Graph depicting the 
relationship between weight 
change per area and the number 
of cycles for both uncoated and 
plasma-sprayed T22 steel under 
cyclic oxidation conditions for 
50 cycles at 700 °C. b Illustrates 
the plot of (Weight change/
area)2 Vs. Time plot for both 
uncoated and plasma sprayed 
NiCrAlY/Cr3C2/h-BN/Mo 
coated substrates undergoing 
cyclic oxidation for 50 cycles 
at 700 °C
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NiCrAlY/Cr3C2/h-BN/Mo coated T22 substrate demon-
strated significantly lower weight gain as compared to the 
uncoated substrate when exposed to a Na2SO4-60%V2O5 
molten salt environment at 700℃. After undergoing 50 
cycles of exposure, the weight gain of NiCrAlY/Cr3C2/h-
BN/Mo coated T22 substrate is 8.6 times less than that of 
the uncoated substrate of the same type. Furthermore, the 
parabolic rate constant (Kp) consistently decreases across 
all the coated substrates compared to the uncoated steels. 
These results indicate that the plasma sprayed NiCrAlY/ 
Cr3C2/h-BN/Mo coatings effectively offer the required pro-
tection to the substrate. SEM analysis reveals a homogene-
ous, low-porosity microstructure crucial for effective barrier 
properties against corrosive chemicals. The EDAX results 
of corrosion-exposed samples reveals the distribution of Na 
and V within the oxide scale, indicating a potential acidic 
fluxing effect due to the combination of Na2SO4-60%V2O5. 
Thermodynamic data suggests that Na2SO4 can react with 
V2O5, increasing the melt's acidity by forming vanadate, 
particularly NaVO3, as described by the following reaction 
at 700 °C.

NaVO3 is a strong acid, which causes the quick oxide for-
mation of the alloy elements it comes into contact with. Holt 
and Kofstad [24] have documented interactions between sul-
fur dioxide (SO2) and iron, which may also accelerate steel 
corrosion. The potential reactions reported are as follows.

XRD analysis identifies crystalline phases, high-
lighting the presence of protective oxides like Cr2O3, 
NiO, Y2(Si2O7), and, Cr2Mo3O12 which improve corro-
sion resistance. The inclusion of carbides and nitrides 
enhances mechanical strength and wear resistance, pro-
longing service life in harsh conditions. The signifi-
cance of these findings for industrial applications, par-
ticularly in power generation, is discussed, emphasizing 
the role of plasma-sprayed coatings in increasing boiler 
component longevity, reducing maintenance needs, and 
improving operational performance and cost-efficiency. 

(5)Na
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4
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2
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5
→ 2NaVO

3
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+

1
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2
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4
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3
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3
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4

Fig. 14   SEM/EDAX analysis accompanied by EDS analysis for both 
uncoated and plasma spray-coated T22 boiler steel samples exposed 
to cyclic oxidation for 50 cycles: a illustrates the uncoated T22 boiler 

steel exposed at 700  °C; b NiCrAlY/Cr3C2/h-BN/Mo coated T22 
boiler steel exposed at 700 °C
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Fig. 15   a SEM/EDS Elemental Mapping of uncoated T22 substrate exposed to hot cyclic oxidation for 50 cycles at 700 °C. b: SEM/EDS Ele-
mental Mapping of Plasma Sprayed NiCrAlY/Cr3C2/h-BN/Mo coated substrate exposed to hot cyclic oxidation for 50 cycles at 700 °C
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Experimental findings demonstrate enhanced resistance 
compared to uncoated T22 alloy, attributed to synergistic 
effects of various components. Incorporation of h-BN, 
Mo, and Cr3C2 forms protective oxides and borides, pre-
venting oxygen migration and corrosive species infiltra-
tion, while improving mechanical and thermal stability, 
thus enhancing overall robustness [24–32].

5 � Conclusions

The study of plasma-sprayed NiCrAlY/Cr3C2/h-BN/Mo 
coatings on T22 boiler steel alloys has thrown insight 
into how well these coatings perform under harsh operat-
ing circumstances, including hot corrosion and oxidation 
resistance.

1.	 Using plasma thermal spraying, NiCrAlY/Cr3C2/h-BN/
Mo alloy was successfully applied to T22 boiler tube 
steels. With the specified spraying conditions, an appar-
ent compact laminar-structured coating with an average 
thickness of 280 µm and a porosity of less than 5% was 
produced.

2.	 The addition of ceramic such as Mo, Cr3C2, and solid 
lubricant h-BN results in a notable improvement in 
resistance to heat corrosion and oxidation when com-
pared to uncoated surfaces. These aid in the develop-
ment of protective oxide scales and boron-rich layers 
that function as defences against corrosive attack and 
oxygen diffusion.

3.	 Cr3C2 hard reinforcement improves mechanical prop-
erties and thermal stability, extending the lifetime and 
durability of coatings in high-temperature conditions.

4.	 Surface morphology investigations using SEM and EDS 
techniques confirm the homogeneity and integrity of the 
coatings.

5.	 XRD analysis validates the production of protective 
coatings, providing insight into the crystalline phases 
present.

6.	 Elemental mapping reveals the uniform distribution of 
component elements within the coatings, contributing 
to overall performance and stability.

7.	 The lower parabolic rate constant (Kp) of NiCrAlY/ 
Cr3C2/h-BN/Mo coatings compared to uncoated T22 
substrate indicates reduced oxide rates in the coated 
steels. Uncoated T22 substrate, on the other hand, exhib-
its severe spalling and peeling of oxide scale from the 
topmost surface.

8.	 In molten salt environments, NiCrAlY/ Cr3C2/h-BN/
Mo coated steels develop a robust protective oxide layer 
mainly composed of nickel (Ni) and chromium (Cr) 
oxides, effectively resisting hot corrosion.

9.	 During initial oxidation stages, aluminum (Al) and chro-
mium (Cr) preferentially oxidize along the nickel-rich 
splat border, forming a barrier against oxygen and cor-
rosion species penetration, thereby stabilizing the oxida-
tion rate over time.

Overall, plasma-sprayed NiCrAlY/ Cr3C2/h-BN/Mo coat-
ings show encouraging potential for usage in high-tempera-
ture, severe boiler systems. These coatings increase protec-
tion against oxidation and heat corrosion, extending the life 
of boiler components and lowering maintenance expenses. 
Subsequent studies can concentrate on enhancing coating 
composition and processing parameters to enhance efficacy 
and appropriateness for particular industrial uses.
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