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Abstract
Oxidation is one of themajor degradation phenomena observed in components subjected to higher
temperatures like in thermal power plants (boiler tubes), steam and gas turbines blades etc.
Developing protective coatings for such componentsmitigate oxidation. In the present study, plasma
spray technique is utilized to deposit theCr3C2-NiCr/Cenospheres coating onMDN321 steel
substrate. Thermo cyclic oxidation test is conducted at 600 °C (20 cycles) on both the coating and
MDN321 steel substrate. The thermogravimetricmethodology is employed to estimate the oxidation
kinetics. EnergyDispersive Spectroscopy (EDS), x-rayDiffraction (XRD), Scanning Electron
Microscope (SEM) and x-raymapping technique is employed to characterize the oxidized samples.
Cr3C2-NiCr/Cenosphere coating displayed lower rate of oxidation as compared to substrate implying
its suitability in high-temperature applications. Protective oxides like Al2O3, Cr2O3, andNiCr2O4 are
observed on the uppermost layer of the coating lowering the oxidation rate in the developed coating.

1. Introduction

Many industrial components like power generation boilers, gas and steam turbine, hot sections of the aero
engineworking at elevated temperatures, experience oxidation, erosion and hot corrosion leading to reduced
life cycle [1–7]. At present, Fe andNi-based alloys are used for such applications which possess excellent strength
andmechanical properties. Nevertheless, these alloys exhibit lower resistance to erosion, oxidation and hot
corrosion. These surface properties can be improved by choosing appropriate surface adaption techniques.
Thermal spray coating is widely utilized in elevated temperature applications to prevent erosion, oxidation and
hot corrosion. The degree ofmechanical property retention, when subjected to elevated temperature
environments, is observed to be higher in such coatings [8]. Among the available thermal spray coating
techniques, plasma spray technique is considered as themost versatile,flexible and cost-effective solution for
aforementioned applications [9].

Plasma sprayedCr3C2-NiCr coatings are widely used tominimize erosion, oxidation, and corrosion in high-
temperature applications [10–13]. Carbide particles embedded inNiCrmatrix impart high hardness and
strength to coatings up to 900 °C [14, 15]. These coatings develop theCr2O3 protective oxide layer when they are
exposed to elevated temperature improving oxidation resistance [16]. Jagadeeswaran et al [17] evaluated the
oxidation behavior of Cr3C2/NiCrAlY coating deposited usingHVOF technique and found that the coating has
better resistance to oxidation at 800 °C as compared to Ti alloy. Kaur et al [18] showed the excellent resistance of
Cr3C2-NiCr coating (HVOF) to hot corrosion and oxidation as compared to SAE-347H substrate owing to
Cr2O3 oxide layer formation on the coating surface.However, Cr3C2-NiCr coating feedstock is quite expensive
limiting its wide adaptability in the different industrial application. This fact demands the development of
inexpensive coating compositions. The probable alternative can be the incorporation of abundantly available
industrial waste such asfly ashmicrospheres.

Fly ash is an abundantly available industrial by-product from thermal power plants, produced by
combustion of coal [19]. Fly ash consists of hollow particles called cenospheres [20, 21]. These cenospheres are
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spherical in shape, cheaper and exhibit an excellentmechanical response,making them suitable feedstock for
thermal spray coatings [22–25]. Fly ash cenospheres constitute SiO2, Al2O3 and 3Al2O3.2SiO2 [26–29]. Al2O3

and 3Al2O3.2SiO2 exhibit stability at elevated temperatures, wear, oxidation resistance etc [30, 31].Many
researchers have presented the viability offly ash coating as feedstock and they reported that fly ash can be
utilized in plasma spray coatings techniques as coating feedstock [32, 33]. Arizmendi-Morquecho et al [30]
developed the thermal barrier cenosphere coatings for high-temperature applications. They studied the thermal
conductivity and coefficient of thermal expansion of the coating at 1200 K and reported that the coating exhibits
low thermal conductivity (0.17Wm−1 K−1) and low thermal expansion coefficient (5.96×10−6)making it
suitable for elevated temperature applications. Sidhu et al [34] developed a fly ash coating on carbon steel using a
plasma spray technique and revealed better salt corrosion and oxidation resistance in comparisonwith the
substrate. However, the literature on higher temperature oxidation resistance offly ash cenospheres composite
coatings is relatively scarce. This fact demands the investigation of high-temperature oxidation response of
composite coating comprising of Cr3C2-25NiCr and cenospheres. Furthermore, development of such
cenospheres coatings lower the disposal linked issues effectively.

Table 1.Powders particle size distribution.

Size (μm) Cr3C2-NiCr Cenospheresa

D(0.1) 26.91 —

D(0.5) 46.49 —

D(0.9) 79.31 —

0%–10% — 106

70%–90% — 63

0%–30% — 53

Mean 50.35 65.00

a As specified byCenosphere India Pvt. Ltd,

Kolkata, India.

Figure 1.As blendedCr3C2-NiCr/Cenosphere powdermorphology.

Table 2.Process parameters [13]a.

Argon Pressure (MPa) 0.75

Flow (lpm) 40

Hydrogen Pressure (MPa) 0.35

Flow (lpm) 7

Current (A) 490

Voltage (V) 60

Powder feed rate (g/min) 60

Stand of distance (mm) 100–125

a As provided by Spraymet Surface Technology

Pvt. Ltd.
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In the present study, Cr3C2-25NiCr/Cenosphere coating is developed by a plasma spray technique onMDN
321 steel substrate. Cyclic oxidation response ofMDN321 steel and coating is investigated at 600 °C in air for
20 cycles and results are presented for analysis.

Figure 2. Surfacemorphology of Cr3C2-NiCr/Cenosphere coating alongwith the EDS composition analysis.

Figure 3.XRDpattern of (a) as blended powder and (b) as sprayed coating.

Figure 4.Cross sectionalmicrograph of Cr3C2-NiCr/Cenosphere coating.
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2.Materials andmethods

2.1.Materials
MDN321 steel is utilized as substrate (MishraDhatuNigamLtd,Hyderabad, India) having a chemical
composition of Fe-0.1C-1.46Mn-18.13Cr-10.36Ni-0.62Ti-0.55Si (wt%). The samples of 25×20×4 mm
dimension are used for plasma spraying. Commercially available agglomerated and sinteredCr3C2-25NiCr
powder (Praxair 1375 VMC−1R−1C−1-300-1, USA) and cenospheres (Cenospheres India Pvt. Ltd, Kolkata,
India) are used as coatings feedstock. The density of theCr3C2-25NiCr powder and cenosphere are 2.6 and
0.85 g cm−3 respectively. The laser diffraction technique (Cilas, 1064, France) is employed to calculate the
nominalmean particle size distribution of theCr3C2-25NiCr powder and the results are detailed in table 1.
Cr3C2-25NiCr and fly ash cenospheres powders are blendedmechanically with 70:30weight fraction prior to
plasma spraying. Figure 1 demonstrates the SEMmicrograph of as blended composition. It is observed from the
figure 1 that cenospheres are uniformly distributed in Cr3C2-25NiCr network indicating the viability of the
method used for blending.

2.2. Coating deposition and characterization
METCOUSA3MBplasma spray gun (Spraymet Surface Technologies Pvt. Ltd, Bangalore) is employed to spray
theCr3C2-NiCr/Cenosphere blend. Prior to spraying, the surface of the substrates is roughened by grit blasting
using alumina powder of 150 μmsize. Argon is utilized as powder carrier gas while hydrogen is used as a plasma
generating gas. Table 2 lists the used spray parameters. Prior to plasma coating, blended powder of Cr3C2-
25NiCr and cenosphere is supplied to the feeder through the hopper. Further, powder form the feeder gets
mixedwith the argon gas at a chosen pressure andmove towards the plasma stream to get a deposit on the
substrate [13]. Before depositing theCr3C2-NiCr/Cenosphere coating, NiCr bond coat is sprayed on the

Figure 5.Camera photographs of (a)MDN321 steel and (b)Cr3C2-NiCr/Cenosphere coating tested for cyclic oxidation (600 °C in
air, 20 cycles).

Figure 6.Oxidation cycles as a function of (a)weight gain per unit area and (b) square of weight gain per unit area.
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substrate to enhance the adhesion strength of the coating. After spraying, samples are cut, coldmounted and
polishedwith emery papers and cloth to get themirror finish. Surfacemorphology and coating thickness
are observed using SEM. Phases in blended powder, as sprayed and oxidized coating is analyzed usingXRD
(DXGE-2P, Jeol, Japan). EDS is utilized to analyze the elemental composition of the coating.

2.3. Cyclic oxidation test
Heatron Industrial Heaters,Mangaloremake furnace (tubular) is used to carry out the cyclic oxidation test on
the substrate aswell as on the coated samples for 20 cycles at 600 °C. Each cycle consists of 1 h of 600 °Cheating
followed by ambient temperature cooling for 20 min. The surface area of the substrate and the coated samples
are calculated using a vernier caliper prior to the test.Weight change is recorded for each cycle by electronic
balance having a sensitivity of 0.01 mg. Cyclic oxidation is chosen to simulate actual conditions in the thermal
power plant (frequent power failures).

3. Results and discussion

3.1. Coating surfacemorphology andXRDanalysis
Cr3C2-NiCr/Cenosphere coating as sprayed surfacemorphology and EDS analysis at selected points are
presented infigure 2. Surfacemorphology of the as-sprayed coating consists of ameltedmatrix, semi-melted
particles, few intact particles, and pores. The pores are formed during solidification and due to the fracture of
cenospheres during splat formation. EDS point analysis at point A is rich in chromium and nickel representing
thematrix region. Point B is rich in aluminumand silicon indicating cenosphere particle.

Figure 7.XRDpattern of oxidized coating at 600 °C.

Figure 8. Surfacemorphology and EDS analysis of oxidizedCr3C2-NiCr/Cenosphere coating at 600 °C.
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Figure 3 demonstrates the XRD result of as blended powder and coating depicting 3Al2O3.2SiO2, Al2SiO5,
SiO2 (major phases) andCr3C2, Al2O3 (minor phases). XRDof an as-sprayed coating composed of Cr23C6, Cr,
Al2O3 andNi (major phase) and SiO2, Al2SiO5 (minor phases).

3.2.Microstructure analysis
Cr3C2-NiCr/Cenosphere coating cross sectionalmicrostructure is exhibited by figure 4.NiCr bond coat adheres
well to the substrate and coating as seen infigure 4. Thickness (average) of the bond coat and the coating is 50 and

Figure 9.X-raymapping (cross section) of oxidized Cr3C2-NiCr/Cenosphere coating at 600 °C.
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200 μmrespectively. Coating constituents, cenospheres (dark gray phase) are distributed uniformly in the
Cr3C2-NiCr (light gray phase)with fullymelted splats and some semi-melted particles, which are bonded
together as noticed fromfigure 4.

3.3. Visual observations of oxidized samples
The camera photographs of theMDN321 steel substrate andCr3C2-NiCr/cenosphere coating after cyclic
oxidation in air at 600 °C for 20 cycles are presented infigure 5. At the end of the oxidation cycles, no spalling is
observed for bothMDN321 steel and coating, while dark brown color oxide scale is noticed on the surface of
Cr3C2-NiCr/Cenosphere coating. Post 20 cycles, the coating is seen to be in good contact with the substrate. The
oxide scale is found to be compact, smoothwith the absence of cracks.

3.4. Thermo gravimetric behavior
Cumulativeweight gain plots andweight gain square as a function of a number of cycles ofMDN321 steel and
Cr3C2-NiCr/Cenosphere coating are presented infigures 6(a) and (b) respectively. It is observed that, both
substrate and coating experience rapid increments in theweight gain in the initial 5 cycles and gradual increment
inweight gain for the remaining cycles. Theweight gain post 20 cycles forMDN321 steel substrate and
Cr3C2-NiCr/Cenosphere coating is 0.85 and 0.77 mg cm−2 respectively. Cr3C2-NiCr/Cenosphere coatings
resulted in lowerweight gain as compared toMDN321 owing to the formation of a protective oxide layer on the
surface. Figure 6(b) depicts the plot of weight gain square against a number of cycles. The oxidation behavior of
MDN321 steel, as well as coating, is parabolic in nature up to 20 cycles. Kinetics of oxidation is approximated by
the parabolic rate law. The parabolic rate constant [35] is calculated using the linear least squarefitmethod as,

= ´⎜ ⎟⎛
⎝

⎞
⎠ ( )dW

A
K t 1p

2

where, dW

A
is theweight gain per unit area, t is the oxidized time in seconds. The parabolic rate constants (Kp in

10−10 g2 cm−4 s−1) forMDN321 steel andCr3C2-NiCr/Cenosphere coating is 0.099 and 0.0317 resctively.

3.5. XRDandEDS analysis of oxidized coating
Figure 7 shows theXRDpattern of coating oxidized at 600 °C. In oxidized coating Cr23C6, Al2O3, Cr, andNi are
found as amajor phasewhile SiO2 is found as aminor phase. Cr2O3 andNiCr2O4 oxides are observed in the XRD
pattern as a result of oxidation. These oxides form the protective oxide scale on the surface of the coating thereby
protects the coating [18].

The oxidized surfacemicrostructure of theCr3C2-NiCr/Cenosphere coating alongwith EDS result is
presented infigure 8.Oxide scalemainly consists ofNi, Cr, Al, Si, andO suggesting the formation ofNi, Cr, Al,
and Si oxides (figure 8). XRD result of coatingwhich is undergone oxidation also confirms the presence of Al2O3,
Cr2O3 and SiO2 oxides on the coating surface. Al2O3 and SiO2 oxides are formedmainly due to the presence of
cenospheres in the coating, as cenospheres are rich in Al2O3 and SiO2. These Al2O3 and SiO2 oxides improve the
oxidation resistance of the coating and lower the scale spallation as suggested by Sidhu et al [34]. Presence of
Cr3C2-NiCr in the coating contributes to the formation of Cr2O3 andNiCr2O4 oxides on the coating surface.
Therefore, the synergetic effect of Cr3C2-NiCr and cenospheres increases the oxidation resistance of the
Cr3C2-NiCr/Cenosphere coating.

Cross-sectional elemental x-raymapping of Cr3C2-NiCr/Cenosphere coatingwhich is undergone cyclic
oxidation for 20 cycles is depicted byfigure 9. X-raymapping revealed that the topmost layer is rich inCr, Ni, Al,
andO indicating Al2O3, Cr2O3, andNiCr2O4 oxide formation. The oxide scale established on the top layer
prevents the inward diffusion of oxygen and other oxidizing elements into the coating [36].

4. Conclusion

• Plasma spray technique has been successfully utilized to developCr3C2-NiCr/Cenosphere coating onMDN
321 steel with an average thickness of 200 μm.

• The coating exhibited higher resistance to oxidation compared toMDN321 steel at 600 °C.Coatingweight
gain is noted to be 9.41% lower than theMDN321 steel.

• Better oxidation performance of the coating is attributed toAl2O3, SiO2, Cr2O3 andNiCr2O4 oxides formed
on the coating surface.

• The formed oxides act as a diffusion barrier for oxygen and control the penetration of oxygen into the coating.
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