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Fly ash is a solid waste generated in huge quantities from coal-fired thermal power stations during the combustion of coal. Rich
in metal oxides, it has tremendous potential as a coating material on structural and engineering components. This work aims
at developing and characterizing a new class of such coatings made of fly ash by a novel technique – plasma spraying. Plasma
spray technology has the advantage of being able to process various low-grade ore minerals to obtain value-added products and
also to deposit ceramics, metals and a combination of these, generating near-homogeneous coatings with the desired micro-
structure on a range of substrates. In the present investigation, coatings are developed on aluminium substrates using fly ash
premixed with aluminium powder in different weight proportions at various plasma torch input power levels ranging from 9–
18 kW DC. The coatings are characterized in terms of interface adhesion strength and deposition efficiency. Maximum adhe-
sion strength of about 35 MPa is recorded with coatings deposited at 12 kW power level. It was noticed that the quality and prop-
erties are significantly affected by the operating power level of the plasma sprayer. This work identifies fly ash as a potential coat-
ing material, suitable for possible tribological applications.
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Introduction
Fly ash is a finely divided powder generated as a solid waste
in huge quantities during power generation in coal-based
power plants. With rapid industrialization, it natural that, in
coming years, power generation will continue to increase. At
present, about 70% of total power generation in India is
based on thermal power plants where sub-bituminous coal
and/or lignite are burnt in huge amounts and, consequently,
there is an estimated generation of about 80–90 million
tonnes of fly ash per annum as the major solid waste (Kumar
et al. 1999). In India, less than half of this is used as a raw
material for concrete manufacturing and construction; the
remaining is directly dumped on land fills or simply piled up.
Only a small fraction is used in the development of high-

value products. Due to environmental regulations, new ways
of utilizing fly ash are being explored in order to safeguard
the environment and provide useful ways for its utilization
and disposal.

The disposal and utilization of fly ash will continue to be
an important area of global concern due to dependence on
coal-based thermal power stations in countries like India.
Some areas of fly ash utilization, wherein technology demon-
stration projects have been completed or are under way,
include mine filling, road construction, embankments, hydrau-
lic structures, manufacture of building components, like bricks,
blocks and tiles, etc. (Mohamed et al. 2003, Doye & Duch-
esne 2003). Due to increasing environmental concern and
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the growing magnitude of the problem, it has become imper-
ative to manage fly ash.

As already mentioned, fly ash is a finely divided powder
with the particle size ranging from 150 nm to 120 µm. It is
abrasive and refractory in nature. Fly ash has a number of
useful applications that serve to utilize some of the large
amounts being produced. It is used extensively world-wide as
an extender for cement in concrete (American Coal Ash
Association 1996). Other outlets for fly ash include: (i) the
treatment of acid mine drainage (Mohamed et al. 2003, Doye
& Duchesne 2003); (ii) production of zeolites (Quirol et al.
2001, Valle et al. 2001, Kolousek et al. 2001); (iii) as a supple-
mentary feedstock for cement production (Canpolat et al.
2004, Sahu & Majling 1994); (iv) application as bricks both
clay-fired and refractories (Scheetz & Earle 1996); and (v) as
a filler in paint (Saxena & Prabakhar 2000). In addition,
glasses and glass ceramics are obtained by mixing up to 50%
of Italian coal fly ash with glass cullet and float dolomite
(Barbieri et al. 1999). Fly ash used in the preparation of
ceramic tableware and art ware is found to improve the
mechanical strength as compared to the original products
(Boccaccini et al. 1997, Mukerji et al. 1993). It is also used in
the preparation of ceramic filters suitable for hot gas clean-
ing (Jo et al. 1996). The use of fly ash in plastic composites
has shown promising results (Jarvala & Jarvala 1996, Vergh-
ese & Chaturvedi 1996, Yildirim et al. 1996), as has applica-
tion in metal composites, in particular aluminium (Rohatgi et
al. 1995, Guo et al. 1996, 1997). Fly ash filled aluminium alloy
composites made by stir casting exhibited similar or higher
hardness and elastic moduli and improved abrasive wear
resistance; they are considered as potential materials for
components like pulleys, oil pans, intake manifolds and valve
covers (Guo et al. 1997). Fly ash can be used to reduce the
density of metal composites, with the cenospheres within the
ash providing added buoyancy, better insulation properties,
reduced shrinkage and warp age values (Wandell 1996).

Fly ash has also been used as a liner material in waste dis-
posal sites to augment the containment capability of the
existing soil and in improving the performance of clay liners
to contain toxic and hazardous waste materials (Pandian et
al. 1996, Morati et al. 1987). Waste oil and gas sludge in a
semi-liquid state with solid content greater than 30% could
be solidified using cement and fly ash mixtures (Joshi et al.
1995). A greenhouse study showed that lime and fly ash sig-
nificantly increased the soil pH, above ground plant biomass
and root biomass (Taylor & Schuman 1998). Fly ash has been
utilized as a base for construction of research field plots for
growing corn (Sajwan et al. 1996). The incorporation of fly
ash on soil properties and growth yield of wheat, mustard,
rice and maize has also been reported (Sale et al. 1996, Kalra
et al. 1998).

Recently, while considerable emphasis has been placed on
the processing of low-grade ore minerals through thermal
spray techniques (Mishra et al. 2000), fly ash was found to be
a cost-effective substitute for conventional extenders in high
performance industrial coatings (Lima & Trevisan 1997).

Over the past few decades, thermal plasmas have been used
for processing various types of materials, some of which would
not have been possible by conventional techniques (Hiemann
1996). The development of plasma technology, especially
plasma processing, has been commercially successful mostly in
the field of spray coating. Today, plasma spray coatings find
wide applications not only in research and development but
also in the industrial work places ranging from textile indus-
tries to even medical applications. In the automotive indus-
tries of many industrially advanced countries, plasma-
sprayed coatings are used to improve wear resistance, ther-
mal resistance and resistance to corrosion of machine com-
ponents. Ceramic coatings on relatively ductile metal-alloy
substrates behave in complex ways under a mechanical load
and/or when temperature change occurs, which contribute to
poor interfacial mechanical properties and hence put restric-
tions on the choice of raw materials for plasma spray pur-
poses. Again, the mismatch between the thermal expansion
coefficients of ceramics and metals leads to the development
of excessive stresses at the interface, which is the main cause
of problems in metal–ceramic joining (Mishra et al. 2000).
Recent studies, however, have shown improvement of coat-
ing properties with premixed metal–ceramic powders (Lima
& Trevisan 1997). Attempts have been made to develop the
plasma spray deposition of aluminosilicate composite coat-
ings onto metal substrates using industrial waste, although
the adherence of the coating has not been found to be very
satisfactory (Mishra et al. 2000).

In thermal plasma, it is possible to spray all metallic and
non-metallic materials, such as metal oxides, carbides, nitrides,
silicides, etc. (Pauloski 1995, Sreekumar et al. 1996, Sreekumar
et al. 1991). The oxides of iron, aluminium and silicon are
known to have high hardness, high wear resistance and good
corrosion resistance, which are desirable properties for pro-
tective coatings. Chemical analysis of fly ash shows silicon
oxide (SiO2), aluminium oxide (Al2O3), iron oxide (Fe2O3),
titanium oxide (TiO2), etc. as its major constituents. Thus,
the chemical composition of fly ash indicates its coating
potential. Moreover, during recent years, although a large
number of investigations have been carried-out on produc-
tion of ceramic coatings using these metal oxides, little effort
has been made with plasma processing of low-grade materi-
als and industrial wastes for this purpose. Mishra et al. (2000)
reported the first successful attempt to spray-coat raw fly ash
on copper and stainless steel substrates through plasma
processing. They further repeated the plasma spraying of fly
ash mixed with ilmenite, graphite and alumina powder,
respectively, in different proportions leading to the develop-
ment of protective coatings of high effectiveness (Mishra et
al. 2008). Satapathy et al. (2007) reported the development
of plasma spray coating of another industrial waste (red
mud) on various metal substrates. The study revealed that
the coatings of red mud premixed with metal powder exhib-
ited improved adhesion compared to the raw red mud coat-
ings (Satapathy 2006). Krishna et al. (2003) reported the
coatability of fly ash on steel substrates by detonation spray-
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ing. Apart from these studies, research on the development
of thermal spray coatings using low-grade mineral and/or
industrial waste is meagre. Industrial wastes like fly ash,
being rich in metal oxides, have tremendous potential as
coating materials and this aspect needs to be explored. More
so because many of the conventional coating materials are
relatively expensive, to the extent that cost of spray-grade
powders alone can account for 50–60% of the cost of operat-
ing a plasma spray unit. On the contrary, an industrial waste
like fly ash is available cost-free. Against this background,
the present study has been undertaken to produce and
characterize plasma-sprayed composite coatings of fly ash
premixed with aluminium powder. One of the major draw-
backs with fly ash, however, is that its composition is highly
dependent on the source (i.e. the grade of coal). Aluminium
for its wide applications in structural components has been
chosen as the substrate material in the present work.

Materials and methods
The fly ash used in the present investigation was produced
from the combustion of sub-bituminous coal, which is used in
the captive power plant of National Aluminum Co. (NALCO)
located at Angul in India. It is classified as F-type fly ash by
the source industry. The chemical analysis of the fly ash sam-
ple suggested its composition as silicon oxide (51.2%), alu-
minium oxide (32.8%), iron oxide (6.5%), titanium oxide
(4.5%) and traces of CaO, Na2O and P2O5, etc. The as-
received fly ash was screened through sieves to obtain parti-
cles in the size range of 75–93 µm. Six compositions were
made by premixing fly ash with 5, 10, 15, 20, 25 and 30 wt% of
aluminium powder (average particle size, 75 µm), procured
from NICE India Ltd. The raw materials were mixed thor-
oughly prior to spraying. The substrates (aluminium plates of
dimension 50 mm × 50 mm × 3 mm) were made ready for
coating deposition by sand blasting to produce a surface

roughness of about 4.0–5.0 Ra µm. Plasma spray coatings
were deposited with a non-transferred arc plasma torch oper-
ating at various power levels ranging from 9 kW to 18 kW DC.
The powder was fed at a rate of about 12 g min–1 using argon
as the carrier gas flowing at a rate of 10 L min–1. The torch–
to-base distance was kept fixed at 100 mm. The coated sam-
ples were subjected to various analyses. The thickness of the
coatings was measured by a travelling microscope averaging
over a length of 10 mm on a polished cross-section of the
specimens. Surface and interface morphologies were studied
using a scanning electron microscope (JEOL JSM-6480LV).
The coating pull-out test was carried out on all specimens to
evaluate the coating adhesion strength as per ASTM C633
(ASTM International, 2008). Phase identification study was
done by X-ray diffraction using a Phillips X-ray Diffractome-
ter with Ni-filtered Cu Kα radiation.

Results and discussion
The variation of coating thickness with input power level is
shown in Figure 1. It is evident that, with increase in torch
input power, the thickness of the coating increases; such a
trend is generally being observed with plasma spray coatings
(Sreekumar et al. 1991). From Figure 1, it is observed that
the coating thickness is also affected by the aluminium con-
tent. The thickness of the coating varied between 180–
360 µm with change in operating power from 9 kW to 18 kW.
The feed material with 30 wt% Al powder resulted in a
greater coating thickness, with a maximum of 360 µm at the
18-kW power level. This may be because of melting of the
aluminium powder during the in-flight traverse through the
plasma and the resulting better interparticle bonding of the
ceramic powders and molten/semi-solid particles impacting
on the substrate, giving rise to a higher rate of deposition.

The interface bond strength of the coating is evaluated by
the coating pull-out method. It is seen that, in all cases, frac-

Fig. 1: Variation of coating thickness with plasma torch input power.
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ture occurred at the coating–substrate interface. Coating
adherence tests have been carried out by many investigators
with various coatings. However, it has been stated by Lima &
Trevisan (1997) that the fracture mode is adhesive if it takes
place at the coating–substrate interface and that the meas-
ured adhesion value is the value of practical adhesion, which
later is strictly an interface property, depending exclusively
on the surface characteristics of the adhering phase and the
substrate surface conditions. The variations of coating–sub-
strate interface adhesion strength with power level and with
aluminium content are shown in Figures 2 and 3, respec-
tively, where the increase in adhesion strength with increase
in the weight proportion of aluminium powder in the feed
material is evident. The strength increased with power level
up to 12 kW and a maximum value of 34.5 MPa was recorded
with raw material having 15 wt% Al powder. Further increase
in the operating power level exhibited a detrimental effect on
the interface strength.

Initially, when the operating power level is increased from
9 kW to 12 kW, the melting fraction and velocity of the parti-
cles also increase. Therefore, there is better splashing and
mechanical interlocking of molten particles on the substrate
surface leading to an increase in adhesion strength. But, at
much higher power levels (beyond 12 kW), the amount of
fragmentation and vaporization of the particles are likely to
increase. There is also a greater chance of smaller particles
(during in-flight traverse through the plasma) to fly off dur-
ing spraying. This results in poor adhesion strength of the
coatings. During in-flight traverse through the plasma, a fly
ash particle would melt either partially or fully depending on
the temperature and the flame residence time of that particular
particle. The fully molten particles take the form of spherical
droplets and the partially molten ones reduce in size. Moreo-
ver, at higher operating power, due to high temperature and
high enthalpy, more particles are fragmented into smaller
particles. These smaller particles tend to fly off during spray-

Fig. 2: Variation in coating adhesion strength with plasma torch input power level.

Fig. 3: Variation in coating adhesion strength with aluminium content in the feed stock.
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ing. A similar phenomenon has been reported to occur in the
case of red mud coating as well (Satapathy et al. 2007).

The presence of a suitable proportion of molten species
(i.e. aluminium) is also found to have helped in interparticle
bonding as well as interface bonding. This could be one of
the reasons for the greater adherence strength with 15 wt%
Al powder in the raw material. Similar investigations have
been carried out to study the effect of metallic bond coating
and coating with premixed metal powder on the interface
strength of thermal barrier coatings (Lima & Trevisan 1997),
where the adherence strength was found to be greater with
certain optimum proportion of the metal powder in the
premixed feed stock. Thus, in the present study, the observa-
tion of maximum adherence strength with 15 wt% Al powder
content in the mix is not surprising. However, the decline in
the value of adhesion strength with metal content beyond 15
wt% in the feedstock needs to be investigated.

Deposition efficiency is defined as the ratio of the mass of
coating deposited on the substrate to the mass of the expended
feedstock. Weighing method is accepted widely to measure
this. In this investigation, the deposition efficiency presents a
sigmoid-type evolution with the torch input power as seen in
Figure 4. As the power level increases, the net available
energy in the plasma jet increases leading to a better in-flight
particle molten state and, hence, to higher probability for
particles to flatten. The deposition efficiency reaches a pla-
teau for the highest current levels due to the increasing
plasma jet temperature which, in turn, increases both the
particle vaporization ratio and the plasma jet viscosity.

The coating surface microstructures studied using scanning
electron microscopy show the presence of different phases,
typical examples of which are shown in Figure 5A–D. The

morphology of the coating reveals regions of fully molten
ceramic particles and fully molten metallic particles (Fig-
ure 5A). In case of ceramic particles where the particle wet-
ting was higher, microcracks are observed. No sizable cracks
are noted on the coating surface; however, some cavities are

Fig. 4: Coating deposition efficiency of metal–ceramic mixture at dif-
ferent power levels.

Fig. 5: Scanning electron microscope images showing the surface morphology of fly ash + 10% Al coating.
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observed in the coating (Figure 5B). The grains are mostly
equi-axed type with little boundary mismatch between them.
A large number of globular particles and some flattened
regions, (Figure 5C,D) indicative of proper melting of the
particles of the sprayed powder are seen.

The coating–substrate interface plays the most important
role in the adhesion of coatings. The surface morphology of
the coatings cannot predict the interior (layer deposition)
structures and their importance/acceptability. Thus, the pol-
ished cross-sections of the samples were examined under
scanning electron microscopy and are shown in Figure 6A,B.
From the micrographs, it is evident that the coating depos-
ited at 12 kW (Figure 6A) has a lamellar structure with some
cavitations at the interface between the lamellae. The pres-
ence of some open pores is seen. Some spheroidal particles
are also observed at some places. Splats formed are globular,
larger in dimension and equi-axed type (Figure 6B). Other
than the mechanical interlocking of the sprayed coating with
the metal substrate, some metallurgical bonding might have
occurred at the interface which is evident from the presence
of some inter-diffusion zones.

X-ray diffraction analysis was carried out to ascertain the
presence of various phases in the raw fly ash and in the result-

ing fly ash + Al coatings. The X-ray diffraction pattern for raw
fly ash particles (Figure 7) exhibits distinct peaks which are
assignable to the various metal oxide phases present, such as
quartz (SiO2), anatase (TiO2), corundum (Al2O3) and hema-
tite (Fe2O3). However, the X-ray diffraction pattern of the
coating suggests the presence of crystalline phases like Fe2O3

(hematite), SiO2 (cristobalite), TiO2 (rutile), Al2O3 (alu-
mina) along with additional phases such as Fe3O4 (magnetite)
and 2Al2O3.SiO2 (mullite). This suggests that, during plasma
spraying, Fe2O3 is transformed to Fe3O4 and some of the
Al2O3 and SiO2 has combined to form mullite (2Al2O3.SiO2).
Similarly, quartz (SiO2), anatase (TiO2), and corundum
(Al2O3) present in the raw fly ash have undergone phase
transformation to form SiO2 (cristobalite), TiO2 (rutile), and
Al2O3 (alumina), respectively.

Conclusions
Fly ash can be gainfully used as a potential cost-effective
material for deposition of plasma spray coatings on metallic
substrates. Premixing of aluminium powder with fly ash can
produce metal–ceramic composite coatings of improved
interfacial adhesion. Maximum adhesion strength of about
35 MPa was recorded in such coatings with 15 wt% of alu-

Fig. 6: Scanning electron microscope images showing the interface morphology of fly ash + 10% Al coating.

Fig. 7: X-ray diffractogram of the raw fly ash.
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minium content in the fly ash–aluminium mix. The adher-
ence strength was significantly affected by the plasma torch
input power level. The operating power level of the plasma
torch also affects the coating deposition efficiency and mor-
phology of the coatings. With more than 80 million tonnes of

fly ash produced annually in India alone, its use as a surface
coating material for industrial structural and engineering
components will help in its bulk utilization to some extent.
Moreover, if the pollutant content of the fly ash is low
enough, the proposed use in coating is ecologically sound.
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