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Abstract: The composition of nickel-based metal matrix NiCrBSi was varied with 5%, 10% and
15% of Al2O3 particles to obtain high wear resistant coatings by means of a high-velocity oxy fuel
(HVOF) thermal spraying process. The coating was characterized by optical microscope, scanning
electron microscope (SEM) and X-ray diffractometer (XRD). The physical properties of coatings such
as porosity, thickness, surface roughness, surface hardness, fracture toughness, bond strength and
density were measured and compared. The experimental design of Taguchi L27 orthogonal array
was employed to study and compare the effect of parameters such as impingement angle, impact
velocity and alumina per cent in the coating on erosion. The coating containing 15 wt.% of Al2O3

and erodent speed of 33 m/s striking at inclination angle of 30◦ proved to be the best arrangement in
preventing volume loss to a minimum of 0.00015 cc due to low-impact energy, high bond strength
and high surface hardness. Analysis of variance (ANOVA) supported the assertion that the impact
angle (A) of erodent and composition (C) were the factors contributing most to the volumetric loss
as indicated by their combined effect A × C leading to the highest combined factor of 7.34. The
scanning electron microscopy (SEM) images of the eroded coatings reveal that the mechanisms of
erosion were the fracturing of splats, development of craters, micro cutting and ploughing action.

Keywords: NiCrBSi-Al2O3 composite; HVOF coating; air jet erosion; Taguchi

1. Introduction

The thermal spraying method of coating on the surface is one of the methods of
reducing material retrogradation process, governed by melting temperature of the coating
material; the flame temperature; the gas pressure; the coating material progressive or
movement speed rate; the shape of the nozzle employed; the spray distance; the surface
preparation of the substrate material etc. [1–4].The high-velocity oxy fuel (HVOF) procedure
involves low expenditure, high flexibility and low coating thickness in the range of a few
hundreds of micrometers [5–8].

In order to improve the wear and corrosion resistance of the coatings, materials like Ni-
, Co-, Ti-, and W-based alloys and ceramics are commonly used as coating materials [9–11].
Many researchers have reported on the tribological properties of the Ni-based coatings and
stated that these coatings improve the wear and corrosion resistance of surfaces [12–16].
In various applications where wear resistance to oxidation or hot corrosion resistance is
required, the common practice of NiCrBSi coatings is recommended [16,17]. But their use
in industry is limited due to lower hardness as compared to other materials like ceramics
and carbides [18]. The resistance property of these coatings is enhanced when they are
reinforced with additives such as WC, Al2O3, Cr3C2, Cr2C3, TiC, TiN etc. [18–28].

The studies conducted by Praveen et al. [29] found out that the composite coating
of 60wt.%NiCrSiB-40wt.%Al2O3on AISI304 protected the surface at both 30◦ and 90◦
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impact angles when eroded at 450◦C in hot air medium along with alumina erodent
particles. However, the research work on wear performance of NiCrBSi and NiCrBSi-WC
coatings on mild steel conducted by Rachidi et al. [30] indicated that WC reinforcement
did not cause the reduction in wear but improved its hardness. The findings of the studies
conducted by Natarajan et al. [31] indicated that there was significant volume and wear
loss of coatings when graphite was added. The addition of 12 wt.% nanometric Al2O3 and
12 wt.% micrometric Al2O3 to NiCrBSi coating improved more or less equally its hardness
but its mass loss was less in nanometric Al2O3 as compared to micrometric Al2O3 as
revealed in the research work conducted by Habib et al. [32].Many researchers have gained
a thorough insight into the various coating materials and coating techniques. Magnetron
co-sputtering technique was adopted for depositing titanium-tantalum, CuTa/Cu and
titanium-chromium composite materials to study the wear, structural and mechanical
properties of the coatings [33–35].

The Taguchi technique in design of experiments is adopted as a tool by many re-
searchers in order to optimize a process or product. Praveen et.al [36] employed the
Taguchi optimization technique to minimize the mass loss of HVOF-sprayed NiCrBSi-
Al2O3 coating which resulted in optimum parametric values for oxygen, fuel, powder
feed rate and standoff distance as 200lpm, 651 lpm, 28 g/min and 250 mm respectively
for the highest wear resistance. Baskaran et.al [37] implemented the Taguchi optimization
technique to study the dry sliding wear behavior of 7075 aluminum matrix with 4 and 8
wt.% of TiC particles. They concluded that the combination of 4 wt.% of TiC, 9.81 N load,
sliding velocity of 3 m/s and 1500 m sliding distance as the optimal blend of minimum
wear. Mahapatra et.al [38] developed a genetic algorithm to generalize the method of
finding out the minimum wear at optimal factor settings. Sutar et.al [39] employed the
plasma coating process to deposit red mud. They designed the wear experiment using
the Taguchi optimization technique and studied the dry sliding and thermal behavior of
the coatings. The experimental design of Taguchi L18 orthogonal array was employed
to study and compare the effect of Al 6061 composite coatings with parameters like per-
centage, mesh size, temperature etc. on erosion by Dabral et.al [40]. Many investigators
have designed and conducted experiments on coating materials and have identified the
optimal parameters that influence the wear behavior of the coatings [41–43]. In this present
effort, grade SS420 is coated with NiCrBSi-5%Al2O3 (N5A), NiCrBSi-10%Al2O3 (N10A)
and NiCrBSi-15%Al2O3 (N15A) coatings by espousing HVOF process. To compare the
coatings performance in protecting the substrate from solid particle erosion, wear tests
were conducted in an air jet erosion tester after exposing them to Al2O3 particles as ero-
dent. After wear tests, the worn surfaces were analyzed from the images obtained from a
scanning electron microscope. The Taguchi experimental design method was adopted to
arrive at the optimum parameters by the method of analysis of variance (ANOVA).

2. Materials and Methods
2.1. Coating Material and Substrate

NiCrBSi powder designated as PAC 560FHV and Al2O3 powder with grain size 22/5
microns, designated as MEC-733 were used as coating powders. The nominal chemical
composition (wt.%) of NiCrBSi powder was Ni (72), Cr (15), B (3), Si (5) and Al2O3 powder
was Al2O3 (99). SS420 used as substrate has nominal chemical composition(wt.%): C (0.599),
Cr (14.02), Fe (83.73), Mn (0.585), Mo (0.024), Ni (0.164), V (0.09), Si (0.383). Powder mixtures
of commercial NiCrBSi alloy (95 wt.%) and Al2O3 (5 wt.%), NiCrBSi alloy (90 wt.%) and
Al2O3(10 wt.%) and NiCrBSi alloy (85 wt.%) and Al2O3 (15 wt.%) were prepared with a
Turbularotative mixer, for 3 h at 300 rpm in order to obtain a homogeneous powder.

2.2. Coating Procedure

Grade SS 420 samples of size 150 mm × 150 mm × 10 mm were blasted by 20 grit
brown aluminum oxide of 96.12% Al2O3 at a blasting angle of 900 and air pressure of
0.2–0.5 MPa in order to get a rough surface, for proper interlocking of specimen with the



J. Compos. Sci. 2021, 5, 133 3 of 19

coating [44]. A distance of 0.13 to 0.15 m was maintained between the blasting nozzle and
the substrate. Substrate surface roughness of 6–10 µm was obtained from this procedure.
The grit blasted specimen was then cleaned in acetone medium in ultrasonic bath. Table 1
lists the coating parameters of the HVOF coating process. The coating procedure took place
in a closed chamber in which the grit blasted substrate was exposed to a gas stream. The gas
stream comprised of fuel (LPG) and oxygen. The ignited gas stream was then accelerated
through the combustion chamber. The coating material, that is, NiCrBSi- Al2O3 powder
was introduced into the chamber along with the gas stream, and struck the substrate surface
with high velocity and high temperature. The coating powder was heated up uniformly to
a molten or semi-molten state by the hot gas stream. In the molten or semi-molten state
when it impacts the substrate it got plastically deformed and flattened to the substrate
surface resulting in thin overlapping lamellas of the coating material. Figure 1 depicts the
photograph of the coated samples. After the coating of the specimens, these were cut into
small samples of size 25 mm × 25 mm × 5 mm to be accommodated in the sample holders
in the air jet erosion tester.

Table 1. Governing parameters of high-velocity oxy fuel (HVOF) coating process.

Factors Title/Magnitude

Pressure
Oxygen: 1 MPa
Air: 0.5–0.6 MPa

Fuel LPG: 0.7 MPa

Flow Rate

Oxygen: 0.0042–0.0045 m3/s
Air: 0.01 m3/s

Fuel LPG: 0.001–0.0011 m3/s
Nitrogen: 0.0014–0.0016 m3/s

Carrier Gas Nitrogen
Gun MEC Hipo jet 2700

Nozzle to substrate distance 0.18 m
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The optical microscope (Make: Leica, Model: DM 2700M) was used to obtain the im-

ages of the coatings at the cross section. The porosity and thickness of the coatings were 
determined by analysing the images obtained from the optical microscope. The porosity 
of the coatings was determined by identifying the voids and pores present in the coated 
samples and calculating its area. The surface roughness of the coating was measured in a 
surface roughness measuring apparatus (Taylor and Hobson, Model: S100). The cut-off 
length and the measuring length were fixed at 0.25mm and 6 mm respectively. Five read-
ings of each coating were taken and the values were recorded to find out the range of Ra 
value. The indentation technique was used for the determination of the micro hardness 

Figure 1. Photograph of (a) N5A, (b) N10A and (c) N15Acoated samples.

2.3. Characteristics of the Coating

The optical microscope (Make: Leica, Model: DM 2700M) was used to obtain the
images of the coatings at the cross section. The porosity and thickness of the coatings were
determined by analysing the images obtained from the optical microscope. The porosity
of the coatings was determined by identifying the voids and pores present in the coated
samples and calculating its area. The surface roughness of the coating was measured in
a surface roughness measuring apparatus (Taylor and Hobson, Model: S100). The cut-
off length and the measuring length were fixed at 0.25mm and 6 mm respectively. Five
readings of each coating were taken and the values were recorded to find out the range of
Ra value. The indentation technique was used for the determination of the micro hardness
value and fracture toughness value of each coating. The micro hardness values of the
coatings were measured in a Vicker’s Microhardness tester (Omni-Tech, Model: S. Auto).
A load of 300g was applied for a dwell time of 10 s in a diamond indenter at the cross
section with ten indents on each coating. The fracture toughness value of the coating was
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determined at load of 500g with 10 indents on each sample. The fracture toughness values
were calculated based on the Evan and Wilshaw model, according to Equation (1) [45]:

K1C = 0.079
( p

a

) 3
2 log

(
4.5

a
c

)
(1)

where p is the indentation load, 2a is the diagonal length of the Vickers’s indentation
pyramid and 2c is the crack length.

Density of the coatings was determined theoretically using rule of mixture according
to Equation (2):

ρC =
ρNVN + ρAVA

VC
(2)

where ρC = density of the coating, ρN = density of NiCrBSi, ρA = density of Al2O3,
VC = volume of the coating, VN = volume of NiCrBSi and VA = volume of Al2O3

The density of the coatings was determined experimentally by peeling the coated
samples and then using the Archimedes principle as per Equation (3):

ρC = ρw

(
wa

wa − ww

)
(3)

where ρC = density of the coating, ρw = density of water, wa = weight of coating in air (g),
ww = weight of coating in water (g).

The bond strength of the coating was determined in a pull off adhesion tester (Make:
DeFelsko, Model: PosiTest AT-A) where a circular aluminum stud of diameter 10mm was
mounted on the coated samples using an epoxy paste [46].

2.4. Erosion Test

The air jet erosion test was conducted as per the ASTM-G-76 standards using in an
air jet erosion tester TR-471-600 as presented in Figure 2. The erosion tester was used for
ranking the materials according to their erosion resistance. The erosion procedure involved
a small nozzle dispatching a gas stream embedded with silt particles.
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Figure 2. Photograph of air jet erosion tester.

Taguchi L27 orthogonal array experimental design was adopted based on the prin-
ciple of smaller is the better characteristics considering three testing parameters such as
impingement angle, impact velocity and composition of the coating under three variation
levels (Table 2) pursuance with many investigators. Table 2 contains six columns of which
columns 2, 3 and4 indicate the design parameters and the values under columns 5 and 6
are the corresponding volume loss and S/N ratio respectively. The descriptions of which
have been presented in results and discussions section. The experiments were designed
according to MINITAB-17 considering volume loss in cubic centimetres as response.
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Table 2. Experimental design using L27 orthogonal array.

L27(313)
Impingement

Angle, ◦
Impact

Velocity, m/s
Composition,
Al2O3 wt.%

Volume
Loss, cc

S/N Ratio
(dB)

1 30 33 5 0.000766 62.31
2 30 33 10 0.000280 71.07
3 30 33 15 0.000150 76.47
4 30 68 5 0.001505 56.45
5 30 68 10 0.000364 68.79
6 30 68 15 0.000292 70.71
7 30 100 5 0.002750 51.21
8 30 100 10 0.000448 66.98
9 30 100 15 0.000408 67.78

10 60 33 5 0.000780 62.16
11 60 33 10 0.000392 68.14
12 60 33 15 0.000175 75.14
13 60 68 5 0.001915 54.36
14 60 68 10 0.000434 67.26
15 60 68 15 0.000437 67.18
16 60 100 5 0.002736 51.26
17 60 100 10 0.001119 59.02
18 60 100 15 0.000816 61.76
19 90 33 5 0.000862 61.29
20 90 33 10 0.000727 62.77
21 90 33 15 0.000496 66.10
22 90 68 5 0.002189 53.20
23 90 68 10 0.001469 56.66
24 90 68 15 0.001035 59.70
25 90 100 5 0.002982 50.51
26 90 100 10 0.002517 51.98
27 90 100 15 0.002201 53.15

The signals to noise ratios were estimated as logarithmic transformation of the loss
function according to Equation (4):

S
N

= −10log
1
n

(
∑ y2

)
(4)

where n is the number of observations and y is the observed data for each response.
The weighed specimen was placed inside a suitable specimen holder of the erosion

chamber (Figure 3) and inserted over nozzle holder bracket. The erodent of size 200 µm
was filled into the hopper. A gap of 10mm was maintained between the nozzle tip and
specimen. The discharge rate of 10 g/min was maintained with test duration of 10 min
using the timer keys. The front door of the test rig was closed and the required air pressure
was adjusted with a regulator. The erodent discharge started flowing as soon as the start
button was pushed downward. The test was conducted for full duration and the erodent
discharge automatically stopped on completion of the time. The specimen was removed by
opening the front door and then it was cleaned and weighed. Erosion rate is defined as
the ratio of the mass loss of the sample to the total mass of the striking erodent as given in
Equation (5) below.

Erosion Rate =
Mass loss o f the sample in grams

Total mass o f the striking erodent in grams
(5)
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3. Results and Discussions
3.1. Experimental Results of Coating Material

The SEM micrographs of the three coating powders are shown in the Figure 4. The
images show spherical shaped NiCrBSi particles and irregular shaped alumina particles.
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Figure 4. Scanning electron microscopy (SEM) micrographs of (a) N5A, (b) N10A and (c) N15A
coated samples.

The gamma phase of the nickel and alpha phase of alumina in the coating of raw
powder from the X-ray diffraction (XRD) analysis are shown in Figure 5a and the slight
modifications in the width and height of the XRD peaks show amorphization during the
coating process (Figure 5b). The XRD images of the coatings reveal the rise in the alumina
peaks in the coatings as the per cent of alumina in the coatings increases.

Parallel lamella like structures were visible along with few pores, voids and un-melted
particles in the coating from microscopy study of the prepared samples (Figure 6).
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Figure 5. X-ray diffraction (XRD) of (a) coating powder and (b) coated specimen.
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The values of the porosity, thickness, surface roughness, surface hardness, fracture
toughness, bond strength and density of the three as sprayed coatings are given in Table 3.
The surface roughness value of the coatings increases with the increase in the alumina content.

The microhardness value of the coatings was taken at the cross section. The hardness
values of the coatings were similar to that obtained by Praveen et al. [29] who reported
the maximum hardness and average hardness value to be 778 HV0.3 and 673 HV0.3 of
NiCrBSi-Al2O3 coating, respectively. N15A coating had shown highest resistance against
fracture toughness among all three investigated coatings. The bond strength of the coat-
ings was determined by a pull of tester. The separation of the coating took place at the
coating/substrate interface with 25% of the aluminum stud covered with the coating. The
density of the coatings was measured using Archimedes’ principle and the rule of mixture.
In both the cases it was observed that the density of the coatings decreases with increase in
the alumina content.
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Table 3. Different properties of N5A, N10A and N15A coated samples.

Sl No Coating Porosity
Values (%)

Thickness (µm)
± SD

Surface Roughness,
Ra Value (µm)

Surface
Hardness(HV0.3) ± SD

Fracture Toughness
(MPa

√
m) ± SD

Bond Strength
(MPa) ± SD

Density (g/cc)

Theoretical Experimental

1 N5A 3–5 222 ± 9 3.6 to 5.7 407 ± 15 3.05 ± 0.7 19.72 ± 1.8 7.53 7.31
2 N10A 2–4 203 ± 13 5.0 to 6.0 557 ± 22 3.82 ± 1.2 19.01 ± 2.6 7.34 7.15
3 N15A 3–5 213 ± 8 5.0 to 6.30 715 ± 31 4.12 ± 1.5 22.37 ± 1.3 7.16 6.86
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3.2. Experimental Results of Coating Material

In the cases of 30◦ and 60◦ impingement angle the erosion has taken place in an
elliptical shape (Figure 7). The major axis of the erosional ellipse in 30◦ impingement angle
is longer than that of 60◦.A shape of circular erosional patch has occurred when the impact
angle changes to 90◦ as the erodent strikes along a vertical circular path. In all the three
eroded samples the erosion area can be identified as outermost zone, middle zone and
innermost zone where the erosion amounts to larger quantity in innermost zone, moderate
quantity in middle zone and the least amount in outermost zone. The significant feature of
the innermost zone is of greyish color and the other two zones are of light faded grey colors.
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Figure 7. Pictures of the (a) 5%, (b) 10%, (c) 15% Al2O3 composite coatings and (d) SS420 specimen after air jet erosion.

The erosion rates have been quantified at different impact velocities of 33 m/s, 68 m/s
and 100 m/s and different impact angles of 30◦, 60◦ and 90◦ in case of both coated and
uncoated samples. The 30◦ and 90◦ impact angle caused the minimum and maximum wear,
respectively, in coated samples but vice versa is the wear in bare steel indicating ductility
property (Figure 8).

But a significant outcome has been observed with N15A which offered the maximum
resistance to wear and the bare steel the minimum resistance at all the velocities and impact
angles considered in the experiment.

The erosion rate in both coated and uncoated samples increases as the impact velocities
of erodent increases at all the above impact angles as depicted in Figure 9. This trend is
attributed to higher impact kinetic energy causing more of material loss.

While considering the per cent of alumina in the coating material, N15A and N10A
exhibit the identical higher resistance to wear as compared to N5A with variation of impact
velocity. On the other hand, the bare grade SS420 exhibits very poor resistance to erosion
even at low and high impact velocities as compared to all coated samples.
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3.3. Experimental Results of Coating Material

The particle impact energy has been calculated using the Equation (6):

Ek =
2
3

ρπR3V2
p (6)

where Ek is the particle kinetic energy, ρ is the density of the solid particle, R is the radius
of the solid particle and Vp is the impact velocity of the solid particle and its relationship
with erosion rate has been presented graphically in Figure 10 which shows the erosion rate
is on a higher trend with higher kinetic energy.
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3.4. Erosion Mechanism

The SEM images (Figure 11) after erosion of the uncoated and coated substrate at
different impact angle (30◦, 60◦ and 90◦), at impact velocity of 33 m/s and per cent of
alumina in the coating reveal that the erosion of the coating is taking place in mixed mode
irrespective of the alumina content in the coating. Micro cutting and ploughing action
are visible on the coating surfaces. The presence of a sufficient amount of ductile matrix
material may be the reason for such action. In addition, the mechanisms responsible for
erosion are fracturing of alumina splats and development of craters which might have been
formed due to the removal of whole of the splat or due to the pores, voids or unmelted
particles present in the coatings. The stress levels are raised because of the silt impact. These
levels are further intensified by the pores, voids and sharp edges of the alumina particles.
This phenomenon leads to the initiation of cracks and linking of these cracks results in
spalling of the coating material. Maximum damage among the sprayed coated samples
is observed in N5A coating having minimum percentage of alumina. The mechanism
involved in N5A coating is microcutting and ploughing. The coating material has lamella
structure and the material is removed in the form of layers because of ploughing action
leading to severe damage. The minimum damage occurs in N15A coating. The mechanism
involved is brittle fracture caused due to the mixed ductile matrix with comparatively
higher percentage of alumina than the other two coatings. In Grade SS420 maximum
damage is caused by silt impact.
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The surface of the N5A sample coated with 200 µm erodent particles under the action
of impact velocity of 33m/s and at an impact angle of 30◦, exhibits splats, pores and
microcutting action as observed in Figure 11a. With the change of the impact angle to
60◦, other parameters being kept constant the surface of the same coated sample shows
spalling and ploughing action along with few pores (Figure 11b). When the impact angle
is perpendicular, the materials are removed from the surface in the form of splats and
granules with visible pitting action (Figure 11c).

In Figure 11d the SEM micrograph reveals the coating removal in the form of small
numbers of splats and ploughing action. The change of impact angle from 30◦ to 60◦ for
the same sample causes the appearance of a greater number of splats along with visible
ploughing action as observed in Figure 11e. The Figure 11f micrograph demonstrates a
greater number of splats than those of two previous cases due to the pitting action of the
erodent particles when the impact angle is normal to the striking surface. Ploughing action
is not visible in this case.

In the case of N15A coated sample the micrograph reveals that microcutting and
ploughing action are the major phenomena of erosion on the surface (Figure 11g). At
impact angle of 60◦, the micrograph of N15A as pictured in Figure 11h reveals splats and
ploughing action on the surface. For the same sample, the surface experiences more voids,
pores and splats with negligible ploughing and microcutting action when the impact of the
striking erodent occur in a perpendicular direction to the striking surface as observed in
Figure 11i. From the microscopic image of SS420 uncoated sample (Figure 11j) it is observed
that the erosion significantly occurred by ploughing mode along with the formation of
craters with few leftover erodent particles. Figure 11k depicts ploughing action, craters
and lip formation with few erodent particles. At 90◦ the uncoated sample shows very few
craters and microcutting action on the surface (Figure 11l) which attributes to the ductility
of SS420.

The uncoated sample grade SS420 has shown ductile behavior. At low impact angle,
of 30◦ the erosion rate is higher in comparison to high impact angle of 90◦ for all impact
velocities. However, all the sprayed samples offer higher wear resistance at 30◦ impact
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angle than that of 90◦ impact angle. In all the sprayed samples and uncoated samples,
erosion rate rises with the increase in the impact velocity. At 30◦ and 60◦ impact angles the
normal component of velocity creates craters on the surface of the coated samples and, on
the other hand, the horizontal component of velocity has a cutting action on or scratches
the surface. At 90◦ impact angle only pitting action and craters are observed on the surface
of the eroded samples.

3.5. Taguchi Experimental Design

The erosion wear behavior of the coatings is designed and reported in Table 2. The
values of the signal to noise ratio (S/N) in dB is mentioned in the sixth column of Table 2.
The arithmetic mean of the S/N is calculated as 61.98 dB. The main effect plot for S/N
ratios and means are shown in Figures 12 and 13 respectively. Figure 12 shows the effect
of controlling factors on volume loss caused by erosion. The response for S/N ratios for
volume loss is reported in Table 4, from which it is concluded that, among all the factors,
composition (weight % of Al2O3) is the most significant factor followed by impact velocity
and impingement angle.
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Table 4. Response table for signal to noise ratio.

Level Impingement Angle Impact Velocity Composition

1 65.75 67.27 55.86
2 62.92 61.59 63.63
3 57.26 57.07 66.44

Delta (δ) 8.49 10.20 10.58
rank 3 2 1

After analyzing the results from Figure 12, it is considered that the factor combination
of A1, B1 and C3 is best as far as minimization of volume loss is concerned. Therefore,
minimum volume loss is obtained when the impingement angle (A) and impact velocity
(B) are at their lowest level, whereas the composition (C) is at its highest level.

In order to identify the significant and insignificant interactions, as well as to determine
the importance of each factor with respect to their percentage contribution to response,
analysis of variance (ANOVA) was undertaken. The ANOVA was performed with 5% level
of significance. Figure 14 illustrates the that there is strong interaction among the control
parameters as they tend to intersect each other which agree with the findings of the other
researchers [47,48].
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Figure 14. Interaction plot of A × B × C on volume loss.

The order of significance of each factor and their interaction is indicated in the 6th
column of the Table 5. From analysis of both Figure 15 and Table 5 it is confirmed that, the
composition (C) is the most significant factor on volume loss followed by impact velocity
(B) and impingement angle (A). However, when the combined effect is considered, the
interaction A × C has the maximum contribution (P % = 7.34) on volume loss followed by
the interaction B × C (P % = 1.25) and A × C (P % = 0.86).
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Table 5. Analysis of variance (ANOVA) table for volume loss.

SOURCE DOF Adj SS Adj MS F VALUE P VALUE P (%) RANK

Impingement angle: A 2 336.47 168.24 78.78 0.000 22.33 3
Impact velocity: B 2 470.11 235.05 110.06 0.000 31.20 2
Composition: C 2 540.79 270.39 126.61 0.000 35.89 1

A × B 4 12.71 3.18 1.49 0.293 0.86 3
A × C 4 110.59 27.65 12.95 0.001 7.34 1
B × C 4 18.87 4.72 2.21 0.158 1.25 2

ERROR 8 17.08 2.14 1.13
TOTAL 26

S = 1.461, R-Sq = 98.9%, DOF: degrees of freedom; Adj SS: adjusted sum of squares; Adj MS: adjusted mean squares; P: percentage of
contribution.
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Figure 15. Normal probability plot of the residuals for the volume loss.

The mathematical relationship between volume loss (VL) and the control factors is
determined by multiple linear regression analysis and given by Equation (7).

VL = 0.000191 + 0.000014A + 0.000019B− 0.000116C (7)

The residual plot obtained for the volumetric loss is given in Figure 15 and it can
be observed that all the residuals fall closer to the straight line which implies that the
developed model coefficients are significant.

Confirmation tests as carried out by researchers [49,50] were conducted to validate the
developed model and the results are shown in Table 6. The predicted values are in good
agreement with the experimental values and the present experimental design is satisfactory
by the Taguchi method.

Table 6. Confirmation results for the developed model.

Designated Level Parameter
Error %

Prediction Experimental

A1B1C3 (Optimal
level) 75.52 76.47 1.25

A2B1C3 72.68 75.14 3.27
A3B1C2 64.21 62.77 2.29
A2B2C1 56.42 54.36 3.78
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4. Conclusions

The salient findings were as follows:

• The coated surface placed at an inclination of 30◦ offers the maximum resistance to
erosion but erosion rate is significantly high when inclination angle changes to 90◦.
However, the reverse is the case when coated surfaces are replaced by bare steel.

• The wear rate is directly proportional to impact velocity in respect of all coatings and
bare steel.

• The mechanism in SEM morphology of all the sprayed coatings is similar in form but
differ from the bare substrate. SEM morphology of all the sprayed coatings includes
micro cutting, fracturing of splats, development of craters and ploughing. However,
in the substrate the mechanisms are ploughing and pitting along with formation of
pores, voids and craters.

• NiCrBSi containing 15%Al2O3 is superior in checking erosion to other two blend of
5% and 10% Al2O3.

• The optimal condition for obtaining low volumetric loss of the coatings is found at
impingement angle of 30◦, impact velocity of 33 m/s and composition of NiCrBSi-
15%Al2O3 using the Taguchi method.

• From the ANOVA table it was observed that the volumetric loss of the coatings was
significantly affected by the composition of the coatings with a contribution of 35.89%
followed by impact velocity (31.20%) and impingement angle (22.33%). The proposed
statistical method was validated by a confirmation test, showing an error below 5%
supporting the acceptance of the Taguchi method.
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