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ABSTRACT

In order to understand the tribological behavior
of red mud composite coatings, the red mud and
composite materials like fly ash, carbon and alu-
minum are being plasma sprayed. The coatings
are investigated to know their morphological be-
havior and erosion wear characteristics. Plasma
spraying is done at different plasma arc current
like 200, 250, 300 and 400 amperes. Torch input
powers maintained as 6, 9, 12 and 16 KW. The
substrates chose are rectangular in shape hav-
ing adimension of 50 mm x 25 mm x 2 mm. com-
mercially available aluminum, copper, mild steel
and stainless steel being used as substrate. Room
temperature solid particle erosion trials are car-
ried out using a compressed air blasting type rig
under impact angles of 30°, 60° and 90°. The pre-
sent investigation uses an erosion apparatus of
Sand Blast type. The test is conducted as per
ASTMG-76 standards. It is analyzed that initially
the cumulative coating mass loss increases
rapidly and later on becomes almost stagnant. A
transient regime in the erosion process exists,
during which the incremental erosion rate de-
creases monotonically down to a steady state
erosion rate.

Keywords: Plasma Spraying; Morphology;
Erosion Wear; Red Mud Composite Coatings

1. INTRODUCTION

Red mud emerges as the major waste material during
production of alumina from bauxite by the Bayer’s proc-
ess. It comprises of oxides of iron, Titanium, aluminum
and silica along with some other minor constituents. To
explore the coating potential of this industrial waste is in
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progress. Reducing wear to a minimum and saving the
cost of replacing worn failure machine element is very
important in industry. Ceramic materials, owing to their
high hardness and chemical inertness, have received much
attention for their high resistance to wear, corrosion and
high temperature oxidation [1]. The high cost in produc-
tion and their brittle character, however will restrict the
application of ceramics in industry to a certain extent.
For such reason, coatings onto materials which are cheap
and reliable in shock are more widely employed. In the
past several years, their have been many reports on the
tribological properties of thermally sprayed coatings [2-
6].

Surface modification is relatively new term that has
come up in the last two decades or so to describe inter-
disciplinary activities aimed at tailoring the surface prop-
erties of engineering materials. The objective of surface
engineering is to upgrade their functional capabilities
keeping the economic factors in mind [7]. Through sur-
face modification process we assemble two or more ma-
terials by the appropriate method and exploit the quail-
ties of both [8,9]. Some characteristics and properties of
the coatings have been given in reference [10].

Solid particle erosion (SPE) is a wear process where
particles strike against surfaces and promote material
loss. Different models have been proposed that allow
estimations of the stresses that a moving particle will
impose on a target [11]. Many researchers has observed
that during the impact the target can be locally scratched,
extruded, melted or cracked in different ways [12-14].
The imposed surfaced image will vary with the target ma-
terial, erodent particle, impact angle, erosion time, parti-
cle velocity, temperature and atmosphere [12,15].

The objective of this work is to evaluate the potential
of red mud, an industrial waste as plasma consumable.
Red mud does not belong to the so called plasma spray
able category and being a waste is quite cheap.
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2. EXPERIMENTAL DETAILS
2.1. Test Equipments

Solid particle erosion is simulated in laboratory by
Sand Blast method; where particles are carried in an air
flow and impacted onto a stationary target. It is capable
of creating highly reproducible erosive situations over a
wide range of particle sizes, velocities, particle fluxes
and incidence angles, in order to generate quantitative
data on materials and to study the mechanism of damage.
The jet erosion test rig used in this work showed in Fig-
ure 1. It employs a 300 mm long nozzle of 3 mm bore.
This nozzle size permits a wider range of particle types
to be used in the course of testing, allowing better simu-
lations of real erosion conditions. The mass flow rate is
measured by conventional method. Particles are fed from
a simple hopper under gravity into the groove. Velocity
of impact is measured using double disc methods.

In this work room temperature solid particle erosion
test is carried out at three different impact angles 30°, 60°
and 90°. The nozzle with inner diameter 2.2 mm is kept
at 200 mm stand-off distance from the target. 50 um av-
erage size dry silica sand particles are used as erodent
within an average velocity of 30 m/s. 6.25 cm’ area of
each coating sample is exposed to the compressed air jet
carrying erodent. Amount of wear is determined on mass
loss basis. A precision electronic balance with +0.1 mg
accuracy is used for weighing. Erosion rate, defined as
the coating mass loss per unit erodent mass (mg/g) is cal-
culated.

2.2. Test Materials and Operating
Parameters

The substrates are of aluminum, copper, mild steel and
stainless steel. The specimens are of rectangular in size
having dimension 50 mm x 25 mm x 2 mm. The speci-
mens are grit blasted at a pressure of 3 kg/cm® using

Figure 1. Jet used for test.
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alumina grits having a grit size of 60. The stand-off dis-
tance in shot blasting is kept between 120 - 150 mm. The
average roughness of the substrates is 6.8 um. The grit
blasted specimens are cleaned in an ultrasonic cleaning
unit for 10 minutes. Spraying is carried out immediately
after cleaning.

In this study red mud, fly ash, carbon and aluminum
powders are used as raw materials for coating on the
substrates. The different combination of these materials
chosen for spraying are listed in Table 1.

The size range of all particles used is from 80 - 100
micron.

A conventional atmospheric plasma spraying set up is
used. The plasma input power is varied by controlling the
gas flow rate, voltage and the arc current. The powder
feed rate is kept constant at 10 gm/min, using a turntable
type volumetric powder feeder. The powders are depos-
ited at spraying angle of 90°. The operation parameters
during coating deposition process are listed in Table 2.

3. RESULTS & DISCUSSION
3.1. Analysis of Coating Surfaces

The coating surface interface adhesions depend on the
coating morphology and interparticle bonding of the
sprayed powders. In case of red mud coatings the surface
morphologies of the coatings deposited at different oper-
ating power levels are shown in Figures 2(a)-(d) respec-
tively. For the coating made at lowest power level, i.e. at
6 KW, the morphology (Figure 2(a)) shows uniform
distribution of molten or semi molten particles. Little

Table 1. Powders used for coating deposition.

Sl. No.
1 Red mud

Coating materials Mixture composition

Red mud 100 wt%
Red mud 90 wt% + fly ash 10 wt%
Red mud 70 wt% + fly ash 30 wt%
Red mud 50 wt% + fly ash 50 wt%

Red mud + fly ash
Red mud + fly ash

Red mud 80 wt% + carbon 20 wt%

2
3
4 Red mud + fly ash
5 Red mud + carbon
6

Red mud + aluminium Red mud 95 wt% + aluminium 5 wt%

Table 2. Operating parameters during coating deposition.

Operating parameters Values
Plasma arch current (ampere) 200, 250, 300, 400

Arc voltage (volt) 30, 36, 40

Torch input power, (KW) 6,9,12,16
Plasma gas, argon, flow rate (lpm) 20

Secondary gas, nitrogen, flow rate (Ipm)
Carrier gas, argon, flow rate (Ipm) 7

Powder feed rate (gm/Min) 10
Torch to base distance, TBD (mm) 100
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Figure 2. Surface morphology (SEM micrograph) of red mud coatings deposited at (a) 6 KW; (b) 9 KW; (¢) 12 KW and (d) 16
KW operating power level.

amount of cavitations is observed, other than some fine
pores found on the grains, which may have originated
during solidification of particles from molten state. Some
amorphous and partially molten particles are also seen.
The coating made at a higher power level, i.e., 9 KW
(Figure 2(b)) bears a different morphology. A large num-
ber of globular particles and some flattened regions, in-
dicative of proper melting of the particles of the sprayed
powder are seen. The grains are mostly equal axed type
with little boundary mismatch between them. Amount of
cavitations is less than that in the previous case. However,
some cavity regions are seen along inter particle and in-
tergrain boundaries.

Coating deposited at further higher power level, i.e., at
12 KW (Figure 2(c)) bears a still different morphology.
Larger portions of the coatings exhibit flattened regions,
which might have been formed during solidification of
molten particles that have fused together, in lumps. Inter
granular porosity is also noticed at triple grain boundary
regions. No cavitation is observed at inter grain boundary.
For the coatings deposited at further higher power level,
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i.e., at 16 KW (the highest power level under this inves-
tigation), the surface morphology (Figure 2(d)) is com-
pletely different. A large number of spheroidal particles
of different diameters are seen, which might have been
formed due to breaking or fragmentation of bigger parti-
cles and have melted during in flight traverse through the
plasma jet. Amount of cavitation is more than those seen
in all the previous conditions. This might be the cause for
the improper particle to particle bonding and poor stack-
ing to the substrate, which have resulted in lower inter-
face bond strength.

The surface morphology of the red mud + fly ash
coatings (with 30% fly ash) is shown in Figures 3(a)-(d).
Coating made at lowest power level, i.e., at 6 KW (Fig-
ure 3(a)) shows spheroidal and elongated particle or
grains with good inter particle bonding. At some region
grains have fused together to form a splat or flattened
area. Some cavities that are clearly visible might have
been originated at inter particle boundary regions. With
further increase in power level of coating deposition i.e.
at 9 KW and 12 KW (Figures 3(b) and (c)); there
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Figure 3. Surface morphology of red mud + 30% fly ash coatings deposited at (a) 6 KW; (b) 9 KW; (c¢) 12 KW and (d) 16 KW

operating power level.

is a drastic reduction in cavity regions which might be
due to solidification of molten or semi molten particles
forming flattened regions and reducing inter particle
mismatch or porosity.

For the coating deposited at highest power level, i.e., at
16 KW (Figure 3(d)), the amount of porosity appears to
have increased again. Particles are fused together to form
larger chunks with cavities at the inter boundary regions.
Some smaller particles are also noticed, which might
have resulted due to fragmentation of bigger ones during
spraying.

The results obtained from the measurement of inter-
face bond strength of various coatings reveal that, with
addition of fly ash, there is an improvement in adhesion
strength of red mud coatings; with the maximum bond
strength of =13.78 MPa obtained for coatings deposited
at 12 KW. Hence the surface morphology of the coatings
deposited at 12 KW for different feed materials (i.e., red
mud + 50% fly ash, red mud + carbon, red mud +5%
aluminum) are compared in Figures 4(a)-(c) respectively.
For the coatings made with 50% fly ash addition shows
flattened regions (of particles or grains) and with some
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cavities at inter particle boundary space, which might
have been caused due to improper selection of powder
feed rate. There can also be possibilities (for such cavity
regions) for the molten particles to coagulate together
before solidification and reducing the surface area due to
surface tension force and have flattened while impacting
the substrate, resulting formation of inter particle bound-
ary cavitation. When carbon is mixed with red mud for
coating deposition (Figure 4(b)), it shows a different
structure. Most of the particles have fused to form elon-
gated shaped structures. Flattened areas are clearly visi-
ble, but with a good amount of cavities at inter particle
boundaries. When aluminum is added to red mud for
coating deposition, as shown in Figure 4(c), a great
change in the coatingmorphology is found. Most of the
grains are equalaxed type and are flattened with better
inter particle adhesion. This might have been originated
from melting of aluminum powders during spraying
(which remain molten till reaching the substrate). Also
addition of aluminum to red mud might have helped in
joining of molten and semi molten particles during in
flight traverse as aluminum would remain in molten state
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Figure 4. Surface morphology of coatings (a) red mud + fly ash; (b) red mud + carbon; and (¢) red mud + aluminum deposited at 12

KW power level.

for a longer time even after leaving the plasma jet. In this
case, amount of cavitation is also less, as compared to
the cases with feed materials.

3.2. Analysis of Erosion Wear behavior

Figure 5 presents a typical erosion curve for different
red mud coatings at 90° angle of impact. It is seen that
initially the cumulative coating mass loss increases rap-
idly and later on becomes almost stagnant. This trend is
observed in case of all the four coatings (made with the
plasma torch operating at input power levels of 6, 9, 12
and 16 KW respectively

Figures 6-8 show the erosion wear rates of these
coatings for 30°, 60° and 90° impact angles respectively.
Similarly, erosion rates of coatings made with red mud
premixed with 30% fly ash and with 5% aluminum are
presented in Figures 9 and 10 respectively. It is evident
from these figures that a transient regime in the erosion
process exists, during which the incremental erosion rate
decreases monotonically down to a constant steady state
value. This constant value is referred to as the steady
state erosion rate.

The decrease in the wear rate of various plasma sprayed
coatings with erosion time (or erodent dose) has been
reported and the incremental erosion rate curves start
with a high rate at the first measurable amount of erosion
and then decreases to a much lower steady state value.

This trend is found in case of all coatings subjected to
erosion test at various impact angles. This can be attrib-
uted to the fact that the fine protrusions on the coating
parts are relatively loose and can be removed with less
energy than what would be necessary to remove a similar
part from the bulk of the coating. Consequently, the ini-
tial wear rate is high. With increasing exposure time the
rate of wear starts decreasing and in the transient erosion
regime, a sharp drop in the wear rate is obtained. As the
coating surface gradually gets smoothened, the rate of
erosion becomes steady.

Figure 11 illustrates the effect of impact angle on the
mass loss of various coatings subjected to solid particle

Copyright © 2012 SciRes.
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Figure 5. Cumulative mass loss of red mud coatings made at
different operating power levels with 90° angle of impact.
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Figure 6. For red mud at 30° angle of impact.

erosion. The erosion results for coatings of different ma-
terials deposited at 12 KW operating power of the plasma
torch at impact angles of 30, 60 and 90 degrees are
shown. Mass loss is measured after the samples are ex-
posed to the erodent stream for 12 minutes. It is seen
from the graph that irrespective of the feed material, the
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Figure 7. For red mud at 60° angle of impact.
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Figure 8. For red mud at 90° angle of impact.
2 4 6 8 10 12
L) L) L) v L) L) L)
174 417
16 J16
154 415
= 1 |
2 144 414
g g g
= 13- 413
g |
c 124 412
=] E E
8 114 411
W J J
1.04 410
0.9+ 409
0.8 0.8

Impact time (minute)

Figure 9. Variation of erosion wear rate of red mud (70%) and
fly ash (30%) coatings deposited at 6, 9, 12 and 16 KW With
time for 90° angle of impact.

erosion mass loss is higher at larger angle of impact and
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Figure 10. Variation of erosion wear rate of red mud (95%) and
aluminum (5%) coatings deposited at 6, 9, 12 and 16 KW With
time for 90° angle of impact.
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Figure 11. Variation of cumulative mass loss of different coat-
ings made at 12 KW with angle of impact for impact time 12
minutes.

the maximum erosion takes place at impact angle of 90°.
The results obtained in the present work show that for
90° impact angle, red mud coating loses 11.96 mg per
every cm” area in 12 minutes while the mass loss is only
8.34 mg/cm’ in case of impact angle 30°. These values
are 10.85 mg/cm” and 7.21 mg/cm’ for red mud + fly ash
coating, 8.89 mg/cm’ and 5.98 mg/cm® for red mud +
aluminum coating respectively. This variation of erosion
wear loss confirms that the angle at which the stream of
solid particles impinges the coating surface influences
the rate at which the material is removed. It further sug-
gests that, this dependency is also influenced by the na-
ture of the coating material. The angle of impact deter-
mines the relative magnitude of the two components of
the impact velocity namely, the component normal to the
surface and parallel to the surface. The normal compo-
nent will determine how long the impact will last (i.e.,
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contact time) and the load. The product of this contact
time and the tangential (parallel) velocity component
determines the amount of sliding that takes place. The
tangential velocity component also provides a shear load-
ing to the surface, which is in addition to the normal load
that the normal velocity component causes. Hence as this
angle changes the amount of sliding that takes place also
changes as does the nature and magnitude of the stress
system. Both of these aspects influence the way a coating
wears. These changes imply that different types of mate-
rial would exhibit different angular dependency.

4. CONCLUSION

It is concluded from the present study that red mud the
waste generated from alumina plants is eminently coat
able on metal substrates employing thermal plasma spray-
ing technique. Coatings made with red mud posses de-
sirable coating characteristics and have ample resistance
to wear. Therefore, red mud can be a substitute for con-
ventional plasma spayed ceramic coatings. Coating mor-
phology for red mud is largely affected by the torch input
power. During plasma spraying of red mud, phase trans-
formation and inter oxide formation are observed. The
present work leaves a wide scope for future investigators
to explore many other aspects of red mud coatings. Fur-
ther investigation can be done to study the effect of oper-
ating power level of the plasma torch on coating adhe-
sion strength, deposition efficiency and coating hardness.
Evaluation of thermal stability of these coatings may be
done to find high temperature applications. Sliding wear
behavior under different operating condition may be in-
vestigated to identify suitable application areas. Post heat
treatment of these coatings may also be done to study
further improvement in coating qualities and properties.
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