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ABSTRACT: Fly ash (FA), a multicompound mineral, is an industrial waste
produced during coal burning in thermal power stations. It has been regarded
as the most environmentally hazardous material. Furthermore, handling FA
has been a significant challenge for many developing countries. Therefore,
researchers have been exhorted to enhance its usage to counter its handling
issues. FA is enriched with mullite, silica, and alumina. Having such
mineralogy, FA can be envisaged as a promising candidate for combating
erosion and corrosion in marine environments. With this motivation, the
research aims to deposit as-received FA using the plasma-spraying technique
onto a marine-grade steel substrate without additives and assess the
performance of such coatings for erosion and corrosion properties. The
coating has exhibited more than 100% improvement in microhardness. The
erosion resistance was improved by ∼11% compared to that of the uncoated
sample, which is attributed to the hardness to elastic modulus ratio (H/E)
and its unique mineralogy. The minor improvement in erosion resistance was attributed to the coating’s poor fracture toughness.
The erosion study shows that slurry concentration and rotational speeds were the most influential parameters. The scar depth was
significantly shallower for FA-coated samples. The corrosion resistance has improved only by ∼13.49%, owing to the porous nature
of the coating. Therefore, such coatings with appropriate improvements in their properties are expected to assuage both
environmental and industrial challenges.

■ INTRODUCTION
Fly ash (FA) is a solid waste byproduct produced in thermal
power stations by burning coal, oil, and biofuels. According to
the Central Electrical Authority of India report (August 2021−
22), the total generation of FA has been ∼232.56 MT from
burning ∼686.34 MT of coal.1 The large amounts of FA
generated require large areas of landfill; thus, FA disposal
causes severe environmental fallouts�soil degradation, air
pollution, groundwater contamination, hindered crop growth,
and human health hazards.2 Handling FA has been a growing
global concern for developing countries. Hence, governments
in respective countries have taken active initiatives to improve
FA utilization. Consequently, researchers have even started
exploring various avenues to tap FA’s potential in agriculture,
brick manufacturing,3−5 glass ceramics, glass materials,6 and
engineering applications7,8 among others extensively used in
cement and construction domains.9−11 Few studies have
focused on converting FA into zeolites.12−16 Zeolites are
minerals of aluminum and silicon compounds employed in
sorption, catalysis, and ion exchange, and have a range of
benefits as a replacement in producing ecologically acceptable
goods.17 FA predominantly consists of spherical solid and
hollow spheres (cenospheres) with unburned carbonaceous
matter.15 Cenospheres have found applications in various naval

and automobile components as reinforcement materials.18

Nevertheless, these cenospheres are only a tiny, hollow, and
small fraction of as-received FA.19 However, preprocessing
techniques of FA to produce cenospheres will be expensive and
limit the fullest extent of the utility of FA. FA contains oxides
such as SiO2, Al2O3, CaO, and Fe2O3. According to ASTM C-
618,20 FA is categorized into two groups based on its chemical
composition: class F (made from anthracite and bituminous
coals) and class C (usually produced from lignite and sub-
bituminous coals). These chemical variants are differentiated
based on the ash’s traces of calcium, silica, alumina, and iron
oxides. Class F series FA contains 70% or more (by mass)
silicon, aluminum, and iron oxides, whereas for class C, this
percentage lies between 50% and 70%.20 The above
classification was also based on the weight fraction of CaO.
Since as-received FA is a multicompound mineral, it has
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excellent potential in thermal spray coatings.21 Therefore, the
current work aims to understand the full potential of as-
received FA, involving complex compounds, such as mullite,
for potential use in marine applications.

Plasma spraying is a thermal spraying process in which an
arc is struck between electrodes and noble gases are fed in the
vicinity for ionization, forming a plasma plume to melt and
accelerate powder particles onto a substrate surface.22 Upon
impact, these molten particles cool and solidify quickly by
transmitting heat to the underlying substrate, forming a
lamellae-like coating. Such layer-by-layer deposition can build
a coating of desired thickness. Plasma spraying is a versatile
thermal spray process for ceramic powders that protects
technical components against wear, heat, or corrosion.23 So far,
corrosion studies of plasma-sprayed ceramic and cermet
powders showed corrosion resistance that was greatly
influenced by the coatings’ porosity, thickness, surface
roughness, and the corrosion medium.24,25 However, these
aspects were not explored in detail.

Few researchers have used FA alone as a feedstock material
for the deposition of coatings. Rama Krishna et al.26 were the
first to study the viability of using FA alone using a detonation
gun. The FA coatings’ microhardness was improved because of
its alumina-rich mineralogy. Another study by Sidhu et al.27

investigated the wear, oxidation, and salt corrosion behavior of
plasma-sprayed FA coating. As expected, the FA coating
outperformed carbon steel substrates in oxidation and salt
corrosion resistance even at 900 °C because of the silica and
alumina phases. Muhammad et al.28 have studied the effect of
plasma spray process parameters on the properties of FA
coatings on marine-grade steel; they reported a higher
hardness (500 HV0.1) for coatings of thicknesses less than
200 μm. Further, Kılıçay’s group used the plasma transferred
arc (PTA) method to enhance the microstructural properties
and wear resistance of plasma-sprayed aluminum oxide,
chromium oxide, WC-Co, and Cr3C2−NiCr powders onto a
90MnCrV8 steel surface.29,30 Some researchers have used fly
ash with additives as a feedstock material for plasma spray
coating. Naveena et al.31 investigated the individual effect of
slurry erosion process parameters on erosive wear behavior of
plasma-sprayed FA−50% alumina coatings on Al6061
substrate. The coated samples showed an improvement in
slurry erosive resistance and slurry rotational speed, and slurry
concentrations were more influential than the slurry particle
size. The same research group studied the corrosion behavior
of plasma-sprayed FA−50% SiC and FA−50% Al2O3
composite coatings on Al-6061.32 It was found that FA−50%
SiC composite coatings showed better corrosion resistance
than FA−50% Al2O3 coating and uncoated substrate for the
test duration of 48 h. The poor corrosion resistance of the
FA−50% Al2O3 coating was attributed to the formation of γ-
alumina during the coating deposition. However, the
researchers in this domain did not provide greater insight
into the combined effect of process parameters and the impact
of the as-received FA coating’s mechanical properties on the
performance of slurry erosive wear. Also, the limited test
duration of the corrosion test fails to determine the stable
corrosion rate of the coatings. Moreover, reports concerning
pristine FA are scanty.

In this work, the experimental investigation of the slurry
erosion test, varying processing parameters/independent
variables, was conducted using the design of experiments
(DOE) using the full factorial design (FFD) method. This

approach allows the researcher to perform the experiments and
determine cause-and-effect relationships with a minimal
number of experiments. The FFD provides the optimum
experimental design to make sufficient data available for
analysis. The experiments were designed for three processing
parameters: sand particle size, slurry concentration, and
rotational speed. The effect of the processing parameters on
output response parameters was studied. Statistical analysis of
the responses was carried out using ANOVA (analysis of
variance).

To date, FA alone has never been explored to the fullest
extent as a coating despite its high hardness, erosion, and
corrosion resistance. The current work investigates the
properties of FA coating deposited using plasma spray on a
marine-grade steel substrate. The coatings’ mechanical proper-
ties, slurry erosion, and corrosion resistance (salt spray) were
studied. The electrochemical impedance spectroscopy techni-
que was used to affirm the corrosion study. At every stage, the
coated sample performance was compared with that of
uncoated samples. This work’s primary focus is to highlight
fly ash usage in the surface engineering domain to meet various
industrial applications.

■ MATERIALS AND METHODS
Powder Preparation. This work used as-received FA

powder as a feedstock material for coating. FA was collected
from Raichur Thermal Power Station, Raichur, Karnataka. In
the as-received FA, the particle size ranges from 2 to 180 μm.
The particle size selection of the feedstock powder is crucial as
it influences the flowability.33,34 Flowability improves with a
narrow particle size distribution, as small and finer particles
often cause inconsistent flow because of interparticle friction.
So, the as-received FA was mechanically sieved in the range of
106−125 μm particle size to enhance flowability.
Substrate Material and Coating Deposition. The

substrate was marine-grade steel (IS2062 grade B). Before
coating, substrates were ultrasonically cleaned using isopropyl
alcohol, followed by grit blasting. Then, the sieved FA powders
were deposited onto the substrate using the atmospheric
plasma spraying (APS) technique using a plasma spray gun
(MEC, 9MBM, India). The details of the operating plasma
spray parameters are listed in Table 1.
Characterization of Powder and Coating Techniques.

A field emission scanning electron microscope (FESEM) (Carl
Zeiss, Supra-300, Germany) was used for the morphological
study of powders and FA-coated and tested samples. The
coated samples were sliced into pieces using a diamond saw

Table 1. Operating Parameters for the Plasma Spraying
Technique (MEC, Jodhpur)

operating parameters values

primary gas (Ar) flow rate (SLPM) 40
secondary gas (H2) flow rate (SLPM) 5
current (A) 600
voltage (V) 65
carrier gas (Ar) flow rate 4
powder feed rate (g/min) 20
stand-off distance (mm) 75
nozzle diameter (mm) 6
powder injector (mm) 2
powder injector angle (deg) 90
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and fine-polished according to ASTM G1-0335 to access the
microstructure and porosity of the coatings. An X-ray
diffractometer (XRD) (Malvern PANalytical, Empyrean,
United Kingdom) was used for phase identification of the
sieved FA powders and as-sprayed FA coatings. The XRD was
operated using Cu Kα radiation (λ = 1.542 Å) with a current
of 20 mA, an accelerating voltage of 30 kV, and the scanning
rate of 1° min−1 in the 2θ range of 10−90°. Further,
wavelength-dispersive X-ray fluorescence (WD-XRF) (Malvern
PANalytical, Zetium, United Kingdom) was used to quantify
the chemical composition of the sieved FA. The coating
thickness was evaluated by taking an average of 10 measure-
ments along with the cross-sectional image of the coating, and
porosity was determined by Image analysis.
Mechanical Properties of the Coating. Coating

adhesion strength was evaluated using the coating pull-out
method according to ASTM C 633-13.36 The cross sections of
coated and counterpart samples were initially glued using HTK
Ultra Bond epoxy resin, and the samples were cured for 24 h at
room temperature. Under ambient circumstances, the test was
performed on a universal tensile machine (Shimadzu hydraulic
tensile machine, AG-X Plus, Japan) with a strain rate of 0.016
m/s to assess bond strength. The test was repeated five times
to get the standard deviation value of the maximum normal
load that the glued samples could withstand. The adhesion
strength was then calculated using eq 1:

P Aadhesion strength /= (1)

where P is the maximum applied average normal load in
newtons, A is the glued cross-sectional area of the sample in
square millimeters, and adhesion strength is in megapascals.

The microhardness was measured using a Vickers micro-
hardness tester (Mitutoyo, HM-200, Japan) with an inden-
tation load of 300 g and a dwell period of 15 s. Indentions were
made on a polished cross-sectional surface from the substrate
to the coating across the interface. Five indentations were
made at each region, and the average values were noted.

The elastic modulus was determined using depth-sensing
indentations. The indentations were made using a Berkovich
indenter attached to an instrumented hardness tester (KLA,
Nano Indenter G200, U.S.A.) at the cross section of the
coating and substrate. The depth and area function correlation
was established by calibrating the indenter with a standard
fused quartz sample. Each indentation test consists of loading,
dwelling (keeping the indent at peak load), and unloading
conditions. During the loading cycle, the maximum load of 50
mN was reached in 10 s, sustained for 10 s, and removed in 10
s. Five indentations were made at various points along the
cross section of the coating and substrate, and the average
value was noted. The elastic modulus was calculated using the
Oliver−Pharr method.37 The equation for reduced elastic
modulus (Er) is given by

E E E
1 1 1
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where νi, Ei, νc, and Ec are the Poisson’s ratio and elastic
modulus of the indenter and coating, respectively. The reduced
modulus was also calculated using eq 3:
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where dP/dH is the slope of the unloading curve’s upper part
in the load−depth plot; π is a constant. The elastic modulus of
the coating and substrate was evaluated using eqs 2 and 3.

The fracture toughness was evaluated using the indentation
method. Three indentations were made at the cross section of
the coating by a microhardness indenter (Mitutoyo, HM-200,
Japan) to develop cracks, as shown in Figure 1. The crack

lengths were measured using ImageJ software, and the mean
crack length was considered for computing the fracture
toughness (KIc) using the Anstis equation, median crack
model:38
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where P is the normal load applied in newtons, C is the average
half-crack length from the center of the indentation, E is the
elastic modulus, and Hv is the microhardness of the coating.

The spacing between all the indentations made for
evaluating microhardness, elastic modulus, and crack gen-
eration must be at least 3 times bigger than the diagonal of the
highest indentation to avoid the influence of stress fields
around indentations.39

Slurry Erosion Test. Slurry erosive wear tests were carried
out on uncoated FA coatings of 25 × 25 × 10 mm3 using a
slurry erosion test rig (Novus Tribosolutions, SEW-P06,
Bangalore). Before testing, the samples were cleaned using
isopropyl alcohol, and initial weights were measured using an
electronic digital microbalance (Contech Instruments Ltd.,
CAI-234, India) with 0.01 mg accuracy. The slurry erosion test
apparatus consists of six spindles whose speed was regulated
using an electric motor. The samples were fixed on the spindles
with the help of a nut and bolt system. All the pieces were
immersed in slurry cups made of stainless steel. A motor-driven
vertical spindle supports the round-shaped specimen holder
that holds the coated and uncoated specimens at equal spacing.
The slurry cups are closed with a rubber seal to avoid slurry

Figure 1. Schematic of crack formation by Vickers indentation.
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leakage. The slurry was prepared by mixing different
proportions of silica sand in a 3.5% NaCl solution. Studies
were carried out at different sand concentrations (100, 200,
and 300 g/L), varying spindle speeds (500, 1000, and 1500
rpm), and different sand particle sizes (200, 312, and 425 μm).
A standard experimental plan was established using three-level
FFD, as shown in Table 4. All the tests were repeated three
times, and the average weight loss values were noted. The
tested samples were dried and cleaned with isopropyl alcohol,
and then the weight loss was measured using a digital
electronic microbalance. After the test, eroded surfaces were
analyzed using FESEM and a 3D profilometer (NANOVEA,
ST400, U.S.A.). The average volume loss and depth profiles of
the tested samples were quantified by considering five different
locations on the eroded surface.
Design of Experiments and Analysis of Variance. The

impact of various parameters such as sand particle size, slurry
rotational speed, and slurry concentration for uncoated and
FA-coated marine-grade steel was analyzed using DOE with a
three-level FFD containing 27 experiments. The total number
of experiments (Nexp) was calculated using eq 5. The values of
the parameters were coded and varied over three levels, as
shown in Table 4.

N ak
exp = (5)

where Nexp is the total number of experiments, k is the number
of processing parameters/independent factors, and a is the
number of levels for each parameter.

The statistical tool “Minitab 2021” was used for the
experimental design and the analysis (statistical and graphical)
of the experimental result. The significance of each parameter
to weight loss was calculated using the ANOVA responses of
FA-coated and uncoated samples. The significance of each
parameter in the model was analyzed by computing the P-
value.
Corrosion Study. Salt Spray Test. The salt spray test was

conducted for uncoated and FA-coated marine-grade steel
samples in a salt spray apparatus (Culture Instruments, NSS01,
Bangalore). Initial weights of the samples were measured using
an electronic digital weighing balance with 0.01 mg accuracy

after cleaning with isopropyl alcohol. The samples were placed
in a salt chamber where a solution of 3.5% NaCl and
compressed air was sprayed at constant pressure and
temperature. The test was conducted for 168 h, and for
every 24 h, a variation in weight loss was recorded. The
experiment was conducted by the instructions laid down in
ASTM B117-18 standards.40 The pH of the salt bath was kept
at 7.08, and the temperature was 35 ± 2 °C. After the salt-
spraying test, the specimens were cleaned with isopropyl
alcohol and compressed air to eliminate corroded products.
The final weights of the samples were computed, and then the
corrosion rate was assessed using ASTM G31-72.41

Electrochemical Impedance Spectroscopy (EIS) Test. The
corrosion behavior was evaluated using an electrochemical
corrosion analyzer (ACM instruments, ACM Gill AC-1684,
United Kingdom) for FA-coated and uncoated marine-grade
steel samples in 3.5% NaCl solution. The samples were
metallurgically polished before the test using different
polishing cloths to achieve a good surface finish. After attaining
a mirror-like surface finish, the samples were placed in a
corrosion kit where a 1 cm2 area of the sample was exposed to
the testing media. All the tests were conducted at a
temperature of 25 °C.

■ RESULTS AND DISCUSSION
Characterization of the Powders and Coatings. An

FESEM image of sieved FA powder is shown in Figure 2a. The
sieved FA contains solid spheres of different particle sizes, and
the particles did not decompose during preprocessing. Figure
2b depicts the XRD patterns of sieved FA, and it contains
quartz (COD no. 96-901-2601), mullite (COD no. 96-900-
1568), and hematite (COD no. 96-101-1268) peaks at 2θ
angles of 26.64°, 26.30°, and 33.14°, respectively. Further, the
percentage occupancy of each phase was determined by WD-
XRF on the sieved FA particles. The occupancies of SiO2,
Al2O3, CaO, and Fe2O3 were 70.57%, 9.63%, 6.49%, and
5.84%, respectively. Apart from these, the other phases showed
minor occupancies, as in Table 2. From the WD-XRF, it is
evident that silica and alumina are the major constituents in
FA. This lean mixture of alumina is mixed with silica and forms
a complex structure like mullite, as shown in the XRD. Since

Figure 2. (a) Morphology of FA particles and (b) XRD pattern of the FA powder.

Table 2. Chemical Composition of FA

compd SiO2 Al2O3 CaO Fe2O3 MgO K2O Na2O TiO2 P2O5 LOI
wt % 70.57 09.63 06.49 05.84 02.05 02.56 01.03 0.93 0.30 0.60
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the fraction of Si, Al, and Fe oxides occupancy is more than
70%, the FA used in the current study is categorized as class F,
according to ASTM C-618.20

Figure 3a shows the microstructure of a well-adhered FA
coating on the substrate without any crack at the interface. The
coating thickness was ∼291.72 ± 26.89 μm with a 16−18%
porosity for a powder particle size ranging from 106 to 125
μm. The higher porosity of the coating was attributed to large-
sized FA particles.28 These particles were porous with a high
specific surface area and low specific gravity. Such particles are
expected to interact less with the plasma flame, forming
partially melted regions within the coating. Sidhu et al.27

reported 5−7% porosity for a particle size ranging from 63 to
120 μm for plasma-sprayed coatings. However, the flowability
of FA powders will be a significant challenge for a broader
particle size distribution.42

The microstructure of FA coatings exhibits bimodality, i.e.,
partially and fully molten regions. Such microstructures
typically form because of the significant size variation in the
powder particles. Coarser or large particles partially melt at
lower temperatures owing to their high mass and volume. In
contrast, the finer particles produce fully melted regions which
is due to a higher degree of melting.43,44 Bimodal micro-
structures significantly influence the mechanical properties
with their lower porosity and better interlamellar interac-
tions.22 Moreover, the mechanical properties of the FA coating
could even be improved with higher porosity owing to its rich
mineral sources, namely, quartz and mullite. Further improve-
ment in the properties could be achieved by adding alumina
and carbon nanotubes (CNT).

Figure 3b illustrates the phase composition of FA coatings.
The coatings could successfully retain all the significant phases
available at the powder stage. The quartz (COD no. 96-900-
5021) and mullite (COD no. 96-900-1322) appeared at 2θ
angles of 26.53° and 26.17°, respectively. Mullite is a stable
intermediate phase of an alumina-rich silica compound; it finds
applications in advanced structures because of its high melting
point, low coefficient of thermal expansion, excellent creep
resistance, high strength, and good chemical stability.45,46 Also,
mullite has high deformation resistance, enhancing the
hardness and other mechanical properties.47,48

Mechanical Properties of the Coating. Adhesion
strength is among the essential parameters in coating
performance and durability. Good adhesion strength is a
pivotal property for wear-resistant coatings. The tendency of a
coating to adhere to the substrate during coating performance
is defined as adhesion strength. If the fracture occurs at the
coating−substrate interface, it is called adhesion failure. If the

rupture occurs within the coating, it is regarded as a failure due
to its cohesion.22,49 By knowing the load corresponding to
failure (∼2.76 ± 0.11 kN), the adhesion strength (∼5.62 ±
0.23 MPa) was calculated using eq 1. The plasma spray
technique achieves bonding solely because of mechanical
interlocking. Because of the impact pressure, the imperfections
of a rough surface were filled by spreading molten materials,
and subsequent solidification led to mechanical interlocking.22

From Figure 4a, it is evident that the coating failure due to

both cohesion and adhesion modes occurred. Parts b and c of
Figure 4 show that the coating failed because of interlamellar
cracks and micropores. Yilmaz50 reported higher adhesion
strength (∼28.56 MPa) for Al2O3−13 wt % TiO2 with a bond
coat than Al2O3−13 wt % TiO2 without a bond coat (∼7.95
MPa). Therefore, the adhesion strength of the FA coating can
be improved by using a bond coat and using additives, such as
alumina, to the as-received FA. Such studies are underway and
will be communicated in the future.

The microhardness of the substrate, the substrate−coating
interface, and the top coat are shown in Figure 5. The
microhardness of the FA coating was observed to have an
∼108.67% improvement compared to that of the substrate; it
can be ascribed to the presence of a hard mullite phase in the
FA coating. Likewise, the microhardness at the interface was

Figure 3. (a) Microstructure of the FA coating and (b) XRD pattern of the FA coating.

Figure 4. Surface morphology of the samples after the pull-out test:
(a) photographs and (b and c) FESEM images at lower and higher
magnification, respectively.
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also improved because of the peening stresses that developed
during grit blasting. Similarly, Rama Krishna et al.26 also
reported higher microhardness for FA coatings (430−470
HV0.1) than the substrate (∼170 HV0.1). This improvement
was due to the presence of alumina (∼28%) in the FA. Also,
Muhammad et al.28 reported that higher microhardness (∼500
HV0.1) was obtained for FA coatings (thickness <200 μm), and
ascribed this to the large fraction of the fully molten region
with less porosity (∼9.6%). However, the microhardness of the
FA coating was lower because of the lower fraction of alumina
and porous coatings.

Figure 6 elucidates the load versus depth curves for the FA
coating and substrate. The elastic moduli of the coating and

substrate were 29.81 ± 3.48 and 200.16 ± 5.10 GPa,
respectively. The higher porosity has reduced the elastic
modulus and increased the penetration depth of the FA
coating.

Figure 7 shows the indentation and induced cracks (C1 and
C2) by the Vickers indenter. The fracture toughness of the FA
coating was calculated using eq 4 as 0.43 ± 0.04 MPa√m by
considering the mean crack length. The lower fracture
toughness of FA coating is attributed to the higher porosity.
As a result of the pores, the crack propagates through the
network of pores, and the fracture toughness is reduced.51

Further addition of reinforcements/additives like alumina and
CNT to the FA may enhance the fracture toughness.52,53 The

results concerning such coatings are being investigated and will
be communicated shortly.
Slurry Erosion Test Results. A slurry erosion test was

performed to analyze the influence of the concentration of
slurry, slurry rotational speed, and the impinging size of the
particles on the erosive behavior of FA coatings developed on
marine-grade steel. Weight loss for each experiment of FFD
was noted, as listed in Table 4.
Effect of Mechanical Properties on Slurry Erosive

Wear. The weight loss of uncoated substrate and FA coatings
for different slurry concentrations, slurry rotating speeds, and
sand particle sizes for a given test time of 3 h is shown in Table
4. Slurry erosive wear rate depends on the microhardness of
the coating; hence, the FA-coated coupons showed much
reduced erosive weight loss than the uncoated substrate. The
higher hardness of the FA coating can withstand material loss
when sand particles impact the surface of the coatings. It is
worth noting that the hardness of the coating is not the only
parameter that affects the wear rate, but also with lower
hardness, some of the coatings have exhibited better wear
resistance. For example, electroplated Ni−B coatings showed
better wear resistance than hard Cr coatings because of their
high hardness (H) to elastic modulus (E) ratio.54 Table 3
shows that the H/E ratios of the FA coating and substrate were
0.1050 and 0.0075, respectively. These ratios indicate higher
wear resistance of the coated specimen than the uncoated
substrate, because coatings with high hardness and low elastic
modulus are prone to have excellent wear resistance. Musil’s
group reported that radial cracks were absent in Al−Cu−O
coatings whose H/E was >0.1.55 However, radial cracks were
observed in the FA coating because of its high porosity,
resulting in lower fracture toughness. Figure 4b shows the
detachment of coating from the substrate that was due to
interlamellar cracks, which indicates poor bonding between
interlayers of the FA coating. This poor bonding leads to
severe wear when it is exposed to slurry erosive conditions. A
few researchers have suggested using ceramic coatings to
combat slurry erosion. Kumar Goyal et al.56 found that high-
velocity air fuel (HVAF)-sprayed WC-10Co-4Cr coating on
steel exhibited more slurry erosion resistance than

Figure 5. Microhardness of the sample at different locations.

Figure 6. Load−depth curves of nanoindented FA coating and
substrate.

Figure 7. Indentation and induced cracks on an FA-coated sample.
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Al2O3+13TiO2 coatings because of its improved hardness.
Similarly, Grewal et al.57 reported that erosion resistance was
significantly affected by the proportion of alumina in the Ni−
Al2O3-based composite coatings. The coating containing 40 wt
% alumina exhibited the highest resistance among the coatings.
This composite showed an ∼2.2 times lower erosion rate than
uncoated steel. Also, Peat et al.58 conducted slurry and dry jet
erosion for high-velocity oxy-fuel (HVOF)-sprayed WC-CoCr,
Cr3C2−NiCr, and Al2O3 coatings. The wear scar depth in WC-
CoCr specimens decreased by ∼64%, indicating lower volume
loss. The cobalt matrix’s high coating hardness and capacity to
hold the hard carbide particles were credited with lower
volume loss with shallow wear scar depth. In the current
investigation, FA coatings showed ∼11.11% better slurry
erosive wear resistance than the uncoated specimen. Further,
the slurry erosion resistance of the FA coatings could be
improved with some additives like alumina and CNT.

Parts a and c of Figure 8 represent the 3D profiles of slurry
erosion tested uncoated and FA-coated samples. More surface

irregularities were observed in the uncoated substrate, which
were due to scars that developed during the test, whereas FA
coating limits the scar formation. Parts b and d of Figure 8
show more erodent penetration onto the uncoated substrate,
resulting in more volume loss than that in the FA-coated
sample. The quantification of volume loss of the FA-coated
and uncoated samples was evaluated as 0.0007 ± 0.0001 and
0.0056 ± 0.0043 μm3, respectively; the lower volume loss in
the FA-coated sample is attributed to hard mullite phases.59

Also, this was confirmed by the depth profiles of FA-coated
and uncoated slurry erosion tested samples, as shown in Figure
9, parts a and b.

Effect of Slurry Erosion Process Parameters on
Erosive Wear. Figure 10 represents the surface plots that
provide the process parameters’ combined effects on slurry
erosive wear. The weight loss was increased with particle sizes
from 210 to 300 μm (Figure 10a−d). Interestingly, a sharp
decline in weight loss was reported corresponding to a particle
size of 425 μm because the number of particles decreases for a
given slurry concentration as particle size increases, resulting in
fewer collisions of eroding particles during the slurry erosion
study. Many researchers have suggested a power-law relation-
ship between particle size and erosion rate.60

erosion rate (size of sand particle)n=
The value of n ranges from 0.3 to 2.0, depending on material
properties, size, distribution of particles, and experimental
conditions.61

Stack and Pungwiwat62 claimed that no direct relation exists
between erosion rate and particle size. They concluded that the
different sizes of particles in a slurry have a complicated
dynamic behavior that leads to the wear process in terms of
particle shape, size, and impact velocity. According to Desale et
al.,63 the particle’s lowest kinetic energy shifts the material’s
removal process from erosion to three-body abrasion. Smaller
particles affect wear rate substantially more than larger particles
during three-body abrasion. The weight loss has increased with
slurry concentrations between 100 and 200 g/L. The
penetration possibilities of slurry particles increase at lower
slurry concentrations without much wear of slurry particles
causing excessive erosion (Figure 11c), whereas at higher
slurry concentrations, interparticle collisions can cause severe
damage and fractures to the sand particles collected after the
test, as shown in Figure 11b. These excessive damages and
fractures result in a loss of surface strength and kinetic energy,
resulting in decreased weight loss. Furthermore, large sand
particles are broken down into smaller ones, resulting in a
minor weight loss of 300 g/L. As the slurry rotation speed
increases, more weight loss is observed in the case of both the
uncoated and FA-coated coupons, which obey the Archards
equation, A = na2Π. In the present study, a and n represent the
size and number of sand particles interacting with the sample

Table 3. Mechanical Properties of the Coating and Substrate

hardness (H) (GPa) elastic modulus (E) (GPa) H/E
fracture toughness

(MPa√m) coating adhesion strength (MPa) porosity (%)

fly ash topcoat 3.13 ± 0.26 29.81 ± 3.48 0.1050 0.43 ± 0.04 5.62 ± 0.23 16−18
substrate 1.50 ± 0.14 200.16 ± 5.10 0.0075

Figure 8. Three-dimensional surface profiles of slurry erosion tested
samples: (a) uncoated, (c) FA-coated, and (b and d) the respective
magnified profiles.

Figure 9. Depth profiles of slurry erosion tested samples: (a) FA-
coated and (b) uncoated.
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during the test (Π is a constant). The frequency of slurry
contact on the target surface rises as the speed of slurry
rotation for a given concentration of slurry increases, resulting
in more weight loss. Bhandari et al.64 made similar
observations for the detonation gun sprayed Al2O3 and
Al2O3−13 wt % TiO2 ceramic coatings.
Full Factorial Analysis. The full factorial experimental

design approach was used for experimentation, and the results
are presented in Table 4. From Table 4, more weight loss
occurred in the 18th run, and the parameters were a particle
size of 300 μm, slurry rotational speed of 1500 rpm, and slurry
concentration of 300 g/L. Similarly, minimum weight loss
occurred in the 19th run, and the corresponding parameters
were a particle size of 425 μm, slurry rotational speed of 500
rpm, and slurry concentration of 100 g/L.
Analysis of Variance. ANOVA was performed to find the

critical parameters that affect the weight loss for uncoated and
FA-coated samples. The P-values obtained by ANOVA are
shown in Tables 5 and 6, indicating that all the factors

significantly affect slurry erosive wear. The corresponding
regression coefficients, R2 and predicted R2, for the uncoated
substrate are 99.90% and 98.85%, and for FA-coated samples
they are 99.95% and 99.44%, respectively.
Characterization of Slurry-Eroded Surfaces. The slurry

erosion tested uncoated and FA-coated samples were taken for
scanning electron microscopic imaging to analyze the wear
mechanism. Figure 12 represents the scanning electron
microscopy/energy-dispersive X-ray spectroscopy (SEM/
EDS) images of slurry-eroded surfaces of uncoated and FA-
coated samples. Figure 12a illustrates the presence of cracks,
craters, plastic deformation of the surface, oxide layers, salt
attack, corrosion pits, erosion pits, microchipping of material,
spallation, and plowing of the material on the eroded surface of
the uncoated sample. Cracks, plastic deformation, micro-
chipping, erosion pits, and craters are due to the lower
microhardness of the uncoated substrate. During the test, the
sample was continuously exposed to a slurry of 3.5% NaCl,
forming corrosion pits and deposition of salt onto the surface.

Figure 10. Interaction surface plots after the slurry erosion test: (a, c, and e) uncoated and (b, d, and f) FA-coated samples.
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In addition to erosion wear, corrosion pit formation damages
the surfaces and accelerates the material removal rate. The FA
coating was deposited onto the substrate to enhance the wear
resistance. Figure 12b shows the eroded surface of the FA-
coated sample after the slurry erosion test. The presence of
cracks, spallation, corrosion pits, and surface plastic deforma-
tion is minimal because of the protective coating. However, the
material was removed by spallation because of poor cohesive
bonding of the top layers in the coating and high porosity.
Even though the sample was exposed to 3.5% NaCl during the
test, corrosion pits and salt formation on the surface were
minimal because the FA-coated sample has a glassy quartz
phase that resists the corrosion. However, because of the
porosity of the FA coating, some corrosion pits were observed
on the surface. Figure 12c depicts the EDS of the uncoated
slurry erosion tested sample; it is evident that an iron
composition of 73.74 wt % was observed because of its
exposure to a saline environment during the test, which
induces more corrosion products. In contrast, from Figure 12d,
25.94 wt % of iron was retained along with aluminum and
silicon peaks, which were the predominant constituents of the
FA. This retainment proves the sustainability of the FA coating
after the test.
Corrosion Results. Salt Spray Test Analysis. Figure 14

depicts the corrosion rate of both FA-coated and uncoated
substrates. The study shows the material degradation over the
period. After being exposed to salt fog for a specific time, red
rust formation was observed in uncoated and FA-coated
samples. The emergence of red rust was detected at the early
stage (at the end of 24 h) on the uncoated marine-grade steel

samples, as shown in Figure 13a. Significant formation of red
rust was observed in the FA-coated pieces after 48 h; see
Figure 13b. The weight loss of uncoated and coated substrates
increases dramatically as the exposure period increases. The
uncoated model loses much more weight than the coated
sample after 168 h. The corrosion rate, calculated in terms of
the weight loss of uncoated and coated samples, was 263.04 ±
2.91 and 227.55 ± 2.83 μm/year, respectively. The average
corrosion rate of the FA coating was improved by ∼13.49%
compared to that of the uncoated substrate. The FA coating
surfaces have more resistance to chemical attack because of the
glassy quartz and corrosion stability that is due to the mullite
phase.47 As a result, the coatings exhibit superior corrosion
resistance for a prolonged duration. Porosity was observed in
the coating, which allows the molten salt to penetrate and leads
to corrosion. Coating flaws and the impurities on the surface
lead to the formation of pitting corrosion.65,66 Sreenivas Rao et
al.67 reported a similar observation for plasma-sprayed Cr2O3−
Al2O3−ZrO2 multilayer coatings on mild steel. However,
depositing dense FA coatings can further improve the
corrosion resistance.

Electrochemical Impedance Spectroscopy Analysis. Figure
15a shows the polarization curves for uncoated and FA-coated
substrates. The Icorr, Ecorr values corresponding to uncoated and
coated samples, calculated using Tafel plot extrapolation, were
1.0149 × 10−4 mA/cm2, −672.7425 mV and 0.2336 × 10−4

mA/cm2, −695.3294 mV, respectively. During the polarization
test, the potential was increased at a rate of 5 mV, and a
significant decline in corrosion current occurred, followed by
an anodic current near the corrosion potential. The potential

Figure 11. FESEM images of sand particles (a) before the test and (b and c) after the slurry erosion test at higher and lower slurry concentration,
respectively.
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corresponding to an abrupt corrosion current reduction is
called the pitting potential (Epitting); localized corrosion and
hydrogen evolution occur at this potential. The shift in the
polarization graph toward the left for the FA coating indicates
the low corrosion current density compared to that of the
uncoated substrate, which further decreases the corrosion rate

of the FA coating. Husain et al.68 reported similar observations
for h-BN-based spin coatings. Abdollahi et al.69 reported a
similar shift in the polarization plot for sol−gel-processed
alkoxysilane compared to bare aluminum. Manivannan et al.70

made similar observations for calcium-doped AZ61 alloy under
similar testing conditions. Figure 15b represents impedance
data of uncoated and FA-coated substrates. It shows that the
FA-coated substrate has a higher impedance because of the
formation of a passive film which further enhances the
corrosion resistance of the FA coating compared to that of
the uncoated substrate. This study indicates that the FA
coating on the substrate is an effective barrier that prevents
chlorine ions from penetrating the substrate and improves
corrosion resistance. The Nyquist plot is presented in Figure
15c. The large diameter curve in the Nyquist plot for the FA-
coated substrate reveals a higher actual impedance (Z″),
indicating higher capacitance, and hence it offers better
corrosion protection. Similar observations were made by
Husain et al.68 for conventional h-BN spin-coated coupons
under simulated seawater media.

■ CONCLUSIONS
Atmospheric plasma-sprayed FA coatings with a thickness
291.72 ± 26.89 μm and porosity of 16−18% were successfully
deposited on marine-grade steel without delamination. The
following conclusions are drawn from the results embodied in
the investigation:

1. The mechanical properties of the FA coatings, such as
microhardness, adhesion strength, and fracture tough-
ness, were evaluated. The mineralogy of FA enhances
the microhardness of the coatings by ∼109.48%
compared to that of an uncoated substrate. The

Table 4. Experimental Plan and Corresponding Results as per Full Factorial Design

Sl. no. particle size (μm) slurry speed (rpm) slurry concentration (g/L) av weight loss of uncoated sample (mg) av weight loss of coated sample (mg)

1 210 500 100 0.3493 0.3191
2 210 500 200 0.3760 0.3452
3 210 500 300 0.3952 0.3628
4 210 1000 100 0.3552 0.3263
5 210 1000 200 0.3851 0.3533
6 210 1000 300 0.4063 0.3740
7 210 1500 100 0.3710 0.3421
8 210 1500 200 0.3993 0.3677
9 210 1500 300 0.4200 0.3835
10 300 500 100 0.3514 0.3233
11 300 500 200 0.3823 0.3543
12 300 500 300 0.4111 0.3664
13 300 1000 100 0.3621 0.3311
14 300 1000 200 0.3982 0.3622
15 300 1000 300 0.4293 0.3741
16 300 1500 100 0.3693 0.3430
17 300 1500 200 0.4063 0.3701
18 300 1500 300 0.4393 0.3810
19 425 500 100 0.3452 0.3160
20 425 500 200 0.3683 0.3412
21 425 500 300 0.3967 0.3573
22 425 1000 100 0.3533 0.3213
23 425 1000 200 0.3842 0.3490
24 425 1000 300 0.4172 0.3644
25 425 1500 100 0.3653 0.3373
26 425 1500 200 0.3916 0.3623
27 425 1500 300 0.4292 0.3753

Table 5. Uncoated Substrate ANOVA Results

sources adj SSa P-value

sand particle size 0.000673 0.000
slurry rotational speed 0.002591 0.000
slurry concentration 0.015151 0.000
sand particle size × slurry rotational speed 0.000048 0.026
sand particle size × slurry concentration 0.000276 0.000
slurry rotational speed × slurry concentration 0.000076 0.007
error 0.000019
total 0.018833

aadj SS: adjusted sum of squares.

Table 6. FA Coating ANOVA Results

sources adj SSa P-value

sand particle size 0.000374 0.000
slurry rotational speed 0.001761 0.000
slurry concentration 0.008225 0.000
sand particle size × slurry rotational speed 0.000030 0.002
sand particle size × slurry concentration 0.000037 0.001
slurry rotational speed × slurry concentration 0.000023 0.005
error 0.000005
total 0.010455

aadj SS: adjusted sum of squares.
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adhesion strength (5.62 ± 0.23 MPa) and fracture
toughness (0.43 ± 0.04 MPa√m) were observed to be
less because of the high porosity of the coating.

2. Although the H/E ratio of the FA coating was
significantly higher, the slurry erosion wear resistance
was improved by only ∼11.11% because of low fracture
toughness.

3. As confirmed by ANOVA, slurry concentration and
rotational speeds were the dominant factors influencing
slurry erosion wear for uncoated substrates and FA
coatings. The slurry erosion wear mechanism was
studied using FESEM images, which revealed that the
surface’s damage was significantly less for FA coatings

than uncoated substrate because of its unique miner-
alogy.

4. The corrosion resistance of the FA coating was
enhanced by ∼13.49% compared to the uncoated
substrate in the salt spray test. EIS analysis was used
to study the electrochemical aspects of the corrosion.
The Icorr, Ecorr values corresponding to uncoated and
coated samples, calculated using Tafel plot extrapolation,
were 1.0149 × 10−4 mA/cm2, −672.7425 mV and
0.2336 × 10−4 mA/cm2, −695.3294 mV, respectively.

The authors believe that specific additives, like alumina and
CNT, can be used to further improve the FA coating’s slurry
erosion wear and corrosion resistance, because of the

Figure 12. Scanning electron microscopic images of slurry-eroded surfaces: (a) uncoated and (b) FA-coated substrates. EDS on the tested samples:
(c) uncoated and (d) FA-coated.

Figure 13. Digital imaging of salt spray tested samples: (a) uncoated;
(b) FA-coated.

Figure 14. Corrosion rate of uncoated and FA-coated substrates at
different exposure times.
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densification of the coating. Such doped FA coatings can find
potential applications in marine and offshore parts like ship
hull structures and ballast tanks to enhance erosion and
corrosion resistance.
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