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ABSTRACT

Rich in metal oxides, fly ash has tremendous potential to be utilized as a
coating material on structural and engineering components. Fly ashis basi-
cally a solid waste generated in huge quantities from coal fired thermal
power stations during the combustion of coal. Thiswork aimsat developing
and characterizing a new class of such coatings made of fly ash by a novel
technique like plasma spraying. Plasma spray technology has the advan-
tage of being ableto processvarious|ow-grade-ore minera sto obtain value-
added products and also to deposit ceramics, metals and a combination of
these, generating near-homogenous coatings with the desired microstruc-
ture on a range of substrates. In the present investigation, coatings are
developed on aluminum substrates using mixtures of fly ash pre-mixed with
aluminum powder in different weight proportions at various plasma torch
power levelsranging from9to 18 kW DC. The coatingsare characterized in
terms of micro-hardness, interface adhesion strength and deposition effi-
ciency. Maximum adhesi on strength of about 35 M Paisrecorded with coat-
ings deposited at 12 kW power level. It is noticed that the quality and
properties are significantly affected by the operating power level of the
plasma. This work establishes fly ash as a potential coating material, suit-
ablefor possible tribological applications.
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Withrapidindustridization, it isbut natura that in
coming years, the power generationwill keep increas-
ing. At present, about 70% of total power generationin
Indiaisthrough thermal power plantswhere sub-bitu-
minouscod and/or ligniteareburnt in hugeamount and
consequently thereisan estimated generation of about
80-90 million tonsof fly ash per annum asthe major
solidwasté™. Fly ashisafindy divided powder gener-
ated asasolid waste, in huge quantities during power

generation in coa based power plants. In India, less
than half of thisisused asaraw material for concrete
meanufacturing and congtruction; theremainingisdirectly
dumped onland sideaslandfill or smply piledup. Only
asmdl fraction of it isused in development of highval-
ued product. Dueto environmental regulations, new
waysof utilizing fly ash arebeing exploredinorder to
safeguard theenvironment and provide useful waysfor
itsutilization and disposdl.

Thedigposa and utilization fly ashwill continueto
be animportant areaof globa concern dueto depen-
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dence of countrieslike India on coal based thermal
power generation. Although fly ash management has
seen cond derableimprovement over thepast few years,
dill itsutilizationleve isverylow. Someareasof fly ash
utilization wherein technol ogy demonstration projects
have been completed or are under way include mine
filling, road congtructions, embankments, hydraulic fruc-
tures, manufacturing of severd building componentslike
bricks, blocks, andtilesetc. Duetoincreasing environ-
mental concern and growing magnitude of theproblem
it hasbecomeimperativeto managefly ash.

Asalready mentioned, fly ashisafinely divided
powder with the particle size ranging from 150 nm-—
120 um. It is abrasive and refractory in nature. It is
essentidly amixtureof ceramic materidssuchas. SO,,
Fe,0, Al,O,and TiO, etc. Anempirica formulafor fly
ash based on the dominance of certain key elements
has been proposed® as:

S 1.0 A|0.45 Ca0.51 Nao.047 Feo.osg M Y0020 K 0.013Ti0.0u (1)
Presence of arsenic, mercury and antimony hasalso
been reported and the mineralogical structure of the
ashisakey variabledetermining reactivity. Quditative
analysisof chemica composition of power station fly
ash showsthe presence of SIO, (52-66%), Fe, O, (6-
8%),Al,0, (21-27%), Ca(6%) and Ti, P, Mg, Na, S,
K (< 1%).

Hy ash hasanumber of useful gpplicationsthat serve
to utilize someof thelarge amountsbeing produced. It
isused extensively worl dwide as an extender in cement
inconcrete. Other outletsfor fly ashincludethetreat-
ment of acid minedrainage™, production of zeoliteg®d
as a supplementary feedstock for cement produc-
tion'®1% application asbricks (both clay-fired and re-
fractories)™ and asafiller in paint'2, Besides, glasses
and glass ceramicsare obtained by mixing up to 50%
of Italian coal fly ash with glasscullet and float dolo-
mitel*¥, With asmall addition of fly ash and without
dolomite, very stable glassy materid sare obtained*?.
Fly ash used in the preparation of ceramic tableware
and art wareisfound toimprovethemechanica strength
ascompared to original products**, Fly ashisalso
being usedinthe preparation of ceramicfilterssuitable
for hot gascleaning®. Theuseof fly ashin plastic com-
posites has shown promisg™1¥, ashasapplicationin
metal composites, in particular duminium®22, Fly ash
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filled duminium aloy compositesmade by stir casting
exhibited smilar or higher hardnessand € astic modullii,
and improved abrasive wear resistance and are con-
Sdered potentia materialsfor componentslikepulleys,
oil pans, intakemanifoldsand valve covers??. Fly ash
can beused to reducethe density of metal composites,
with the cenospheres within the ash providing added
buoyancy, better insul ation properties, reduced shrink-
age and warp agevalues?®,

Fly ash has also been used as aliner material in
waste disposa sitesto augment the contai nment capa-
bility of theexisting soil and alsoit hasbeentried for
improvingthe performanceof clay linersto containtoxic
and hazardouswaste materia §242, Waste oil and gas
dudgeinasemi liquid statewith solids content greater
than 30% could be solidified using cement and fly ash
mixtures?, A greenhouse study showed that limeand
fly ash sgnificantly incressed the soil pH, aboveground
plant biomass and root biomass?”. Fly ash hasbeen
utilized asabasefor congtruction of research fied plots
for growing corn’®, Theincorporation of fly ash on soil
propertiesand growthyield of whesat, mustard, riceand
maizeisreported?, Fly ashwith high calciumre-
ducestherelease of soil phosphorusto outer surfaces
of the soil®Y, Fly ash has been showntoincreasethe
water holding capacity of soilg%2. Theaddition of 5%
fly ashto soil isalso found to significantly increasethe
growth of tomato plants and reduced the amount of
galling ontheroots caused by root-knot nematode™!.
Studiesreveal that tons of fly ash are produced from
power stations annually in countrieslike UK, USA,
Australiaand India, out of which, asisreported, only
10-30% isreclaimed, withamost al goingto the con-
structionindustry®4,

Recently, while considerable emphasishasbeen
placed on the processing of low-grade ore minerals
through thermal spray techniques®¥, fly ash canbea
cost effective substitutefor conventional extendersin
high performanceindustria coatings®!. Over the past
few decadesthermal plasmas have been used for pro-
cessing of varioustypes of materials some of which
would not have been possible by conventional tech-
niques®®. The development of plasmatechnology, es-
pecidly plasmaprocessing hasbeen commercidly suc-
cessful mostly inthefield of spray coating. Today plasma
spray coatingsfind wideapplicationsnot onlyinR&D
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areabut dsointheindustrid work placesranging from
textileindustriesto even medical applications. Inthe
automotiveindustries of many industrially advanced
countries, plasmasprayed coatingsare used toimprove
thewear resistance, therma resistance and resistance
to corrosion of machine components. Ceramic coat-
ingsonrdatively ductilemeta aloy substratesbehave
incomplex waysunder amechanica |oad and/or when
temperature change occurs, which contribute to poor
interfacial mechanica propertiesand hencerestrict the
choice for raw materialsin plasma spray purposes.
Again, the mismatch between the thermal expansion
coefficients of ceramicsand metalsleadsto the devel-
opment of excessive stresses at theinterfacewhichis
themain cause of problemsin metd-ceramicjoining.
Recent studies, however, have shown improvement of
coating propertieswith pre-mixed metal -ceramic pow-
derd®. Attemptshave been madeto devd optheplasma
spray deposition of alumino-silicate composite coat-
ingsonto metd substratesusngindudtrid waste, dthough
the adherence of the coating has not been found to be
very satisfactory™4,

Inthermd plasma, itispossbleto spray dl metalic
and non metallic materials such asmetal oxides, car-
bides, nitrides, silicides etc®*%. The oxidesof iron,
auminumandsilicon areknown to have high hardness,
high wear resistance and good corrosion resistance,
which aredesirable propertiesfor protective coatings.
Chemicd andysisof fly ash showssiliconoxide(SO,),
aduminumoxide (Al,O,), iron oxide (Fe,0,), titanium
oxide(TiO,), etc., asitsmajor constituents. Thus, the
chemical composition of fly ashindicatesits coating
potential. Moreover, during recent years, although a
large number of investigations have been carried-out
on production of ceramic coatings using these metal
oxides, not much effort has been madeto do plasma
processing of low grade materialsand industria wastes
for thispurpose. Mishraand A nanthapadmanabhan, in
1998, madethefirst successful attempt to spray coat
raw fly-ash on copper and stainless steel substrates
through plasmaprocessing’®!. They further repeated
the plasmaspraying of fly-ash mixed with ilmenite,
graphiteand aluminapowder respectively in different
proportionsleading to devel opment of protective coat-
ingsof high effectiveness®?. Satapathy et al. reported
the devel opment of plasma spray coating of another
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industrial waste called red mud on various metal sub-
strated“!l. The study reveal ed that the coatings of red
mud pre-mixed with metal powder exhibit improved
adhesion compared to the raw red mud coatings“?.
Ramakrishnaet. a.*3 reported the coatability of fly ash
on sted substratesby detonation spraying. Still, research/
study on devel opment of therma spray coatingsusing
low grade mineral and/or industrial wasteis meager.
Industrid wasteslikefly ash, beingrichinmetd oxides,
havetremendous potentia to be used as coating mate-
rials and this aspect needs to be explored. More so
because many of the conventiond coating materidsare
relaively expendve, totheextent that cost of Spray grade
powders alone can account for even 50-60% of the
cost of operating aplasmaspray unit. Onthe contrary,
anindustrial wastelikefly ashisnot only free of cost
but dsoisabundantly available Againg thisbackground,
the present study has been undertaken to produce and
characterize plasmasprayed composite coatings of fly
ash premixed with aluminum powder on metal sub-
drates.

EXPERIMENTAL DETAILS

Thefly ashusedinthepresent work isof cenosphere
type and has been collected from the Captive Power
Plant of National Aluminium Co. (NALCO) located at
Angul in India. The as-received fly ash is screened
through sSevesso asto obtain particlesintheszerange
of 75-93 microns. Six compositionsare made by pre-
mixing fly ashwith 5, 10, 15, 20, 25 and 30 wt.% of
aluminum powder (average particlesize 75 micron),
procured from NICE Ltd. Theraw materialsaremixed
thoroughly prior to spraying. Thesubstrates ( uminum
platesof dimension 50mm x 50mm x 3mm) aremade
ready for coating deposition by sand blasting to pro-
duceasurfaceroughnessof about 4.0- 5.0 Ra. Plasma
Spray coatingsare deposited with anon-transferred arc
plasmatorch operating a variouspower levelsranging
from 9to 18 kW DC. The powder isfed at arate of
about 12 gm/minusing argon asthecarrier gasflowing
at arateof 10litres/min. Thetorch-to-basedistanceis
fixed at 100 mm. The coated samplesare subjected to
variousanayses. Thethicknessof thecoatingsismea-
sured by atrave ling microscopeaveraging over alength
of 10 mm on a polished cross-section of the speci-

e, P aterioly Seience

Hn Tndéan g%wumé



302

Plasma Sprayed Fly Ash Coating

MSAIJ, 5(4) December 2009

Full Poper

mens. Surface and interface morphologiesare studied
using a scanning electron microscope JEOL JSM-
6480LV. The coating pull-out test iscarried out on al
specimensto eval uatethe coating adhesion strength as
per ASTM 633C.

RESULTSAND DISCUSSION

Thevariation of coating thicknesswithinput power
level isshowninFigure(1). Itisevident that within-
creaseintorchinput power the thicknessof thecoating
increases, such atrendisgeneraly being observed with
plasmaspray coatings®. Fromthefigureitisobserved
that the coating thicknessislargely affected by thetorch
input power and a so by the aluminum content. The
thickness of the coating varied between 180 and 360
micron with changein operating power from9to 18
kW. The feed material with 30 wt% Al powder re-
sulted inagreater coating thickness, with amaximum
of 360 m at the 18 kW power level. Thismay be be-
cause of melting of thea uminium powdersduring the
in-flight traversethrough the plasmaand theresulting
better inter-particle bonding of the ceramic powders
and molten/semi-solid particlesimpacting on the sub-
drate, giving riseto ahigher rate of deposition.

375

350

325

300

175

—— Fly ash + 0 wi Al

= Flyash + 10 wi Al

Coating thickness (micron)

== Fly ash + 20wt Al
—— Fly ash + 30 wita Al

12 15 18
Torch input power (kW)

Figurel: Variation of coating thicknesswith plasmatorch
input power

Theinterface bond strength of the coatingiseva uated
by thecoating pull-out method. Itisseenthat inal cases
fracture occurred at the coating-substrate interface.
Coating adherencetests have been carried out by many
investigatorswith various coatings. However, it hasbeen
stated that® the fracture modeisadhesiveif it takes
place at the coating-substrate interface and that the
measured adhesion valueisthevaueof practicd adhe-
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sion, which later isstrictly an interface property, de-
pending exclusvely onthesurface characteristicsof the
adhering phase and the substrate surface conditions.
Thevariation of coating-substrateinterface adhesion
strengthisshownin Figures(2) and (3), wherethein-
creasein adhesion strength withincreasein theweight
proportion of a uminium powder inthefeed materid is
evident. The strength hasincreased with power level
up to 12 kW and amaximum value of 34.54 MPais
recorded with raw material having 15wt%Al powder.
Further increaseinthe operating power level exhibited
adetrimenta effect ontheinterface strength.
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Figure?2: Variation in coating adhesion strength with plasma

torch input power level
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Figure 3 : Variation in coating adhesion strength with
aluiminum content in thefeed stock

Initidly, whenthe operating power leve isincressed
from 9to 12 kW, the melting fraction and vel ocity of
the particles also increase. Therefore there is better
splashing and mechanical inter-locking of molten par-
ticleson the substrate surface leading to increasein
adhesion strength. But, at much higher power levels
(beyond 12 kW), theamount of fragmentation and va-
porization of the particlesarelikely toincrease. There
isaso agreater chance of smaller particles(duringin-
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flight traversethrough the plasma) tofly off during spray-
ing. Thisresultsin poor adhesion strength of the coat-
Ings

The presence of a suitable proportion of molten
gpecies, i.e.,, duminium, isalsofoundtohavehelpedin
inter-particlebonding aswell asinterfacebonding. This
could be one of the reasonsfor the greater adhesion
strength with 15wt%Al powder intheraw material.
Similar investigations have been carried out to study
theeffect of metallic bond coating and coating with pre-
mixed meta powder on theinterface strength of ther-
mal barrier coatingsd®!, wherethe adherence strength
wasfound to be greater with certain optimum propor-
tion of themetal powder in the pre-mixed feed stock.
Thusinthe present study, the observation of maximum
adhesion strength with 15wt% Al powder content in
themix isnot surprising. However, thedeclineinthe
val ue of adhes on strength with meta content beyond
15wt%inthefeedstock needsto beinvestigated.

Deposition efficiency isdefined astheratio of the
mass of coating deposited on the substrateto the mass
of the expended feedstock. Weighing method is ac-
cepted widely to measurethis. Inthisinvestigation, the
deposition efficiency presentsasigmoid-typeevolution
with the torch input power (Figure4). Asthe power
level increases, the net available energy inthe plasma

40
—— Fly ash
—&— Fly Ash + 10 widh Al
o —— Fly Acsh + 20 wi%h -"\.l e
33— Fly Ash + 30 wt % Al_A B
Y
30 - il
g /E/'% |
G 25 ¥ e
% L e
.5 .-/"f -
g - =
B0 g— --£
r”/
Vi S
L0 T T
9 12 15 18

Torch input power (kW)
Figure 4 : Coating deposition efficiency of metal-ceramic
mixtureat different power levels
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jetincreases|eading to abetter in-flight particlemolten
state and hence to higher probability for particlesto
flatten. The deposition efficiency reachesaplateau for
the highest current levels dueto the plasmajet tem-
peratureincreasing which in turnincreases both the
particlevaporization ratio and the plasmaj et viscosity.

The coating surface micro-structures studied using
scanning el ectron microscopy show the presenceof dif-
ferent phases, typical examplesof whichareshownin
Figures (5a- 5d). The morphology of the coating re-
ved sregionsof fully molten ceramic particlesand fully
molten metallic particles. In case of ceramic particles
wherethe particlewetting washigher, micro-cracksare
observed. The micro-cracksseemtorelievethermal
stressesduring coating formation. Aluminium particles
seem to bridge the ceramic phases. No sizable cracks
are noted on the coating surface, however, somecavi-
tiesare observedin the coating.

(© ()
Figure5: SEM imagesshowing the surface morphology of
Fly Ash + 10 % al coating

The coating substrateinterface playsthemost im-
portant rolein the adhesion of coatings. The surface
morphol ogy of the coatings cannot predict theinterior
(layer deposition) structuresand their importance/ ac-
ceptability. Thus, the polished cross sections of the
samplesare examined under SEM and are shownin
Figure(6). Fromthemicrographs, itisevident for the
coating deposited at 12kW (Figure 6a) showsalamel-
lar structurewith someamount of cavitationsat thein-
terface between the lamellae. Presence of someopen
poresis seen. Some spheroidal particlesareaso ob-
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served at someplaces. Splaisformed areglobular, larger
in dimension and equi-axed type (Figure 6b). Other
than themechanical interlocking of the sprayed coating
with themeta substrate, some metallurgical bonding
might have occurred at theinterfacewhichisevident
from the presence of someinter-diffusion zones.

TR M R

(@ (b)
Figure6: SEM imagesshowing theinterface mor phology of
Fly Ash + 10 % al coating

CONCLUSIONS

Thisstudy showsthat fly ash pre-mixed with alu-
minium powder can be used to produce plasmaspray
meta -ceramic composite coatingson metal substrates
withimprovedinterfacid adhesion. Maximum adhesion
strength of 34.54 M Paisrecorded in such coatingswith
15 wt% of duminium content inthefly ash-aluminum
mix. Theadherencestrengthisnoticed to begrestly af-
fected by theplasmatorchinput power levd. The oper-
ating power level of the plasmatorch also affectsthe
coating deposition, morphol ogy and mechanica prop-
ertiesof thecoating. With morethan 80 milliontonnesof
fly ash produced annualy only inIndia, itsuseasasur-
facecoaingmaterid for structurd and engineering com-
ponentsinindustrieswill helpinabigway initsbulk
utilization. Infuture, thisstudy can beextended to poly-
mer matrix compositesusing other waste materials.

REFERENCES

[1] V.Kumar, K.A.Zakaria, P Sharma; Proceedings of
International Conference on fly ash disposal and
utilization, New Delhi, (1999).

[2] R.S.yer, JA Scott; Resources, Conservation and
Recycling, 31, 217 (2001).

[3] American Coal Ash Association (ACAA); Coa
Combustion Byproducts Survey, Alexandria, Vir-
ginia, USA, (1996).

[4] A.M.O.Mohamed, M.Hossein, F.P.Hassani;
Cem.Concr.Aggregates, 25(2), 49 (2003).

[5] Doye, J.Duchesne; Appl.Geochem, 18(8), 1197
(2003).

[6] X.Quirol, N.Moreno, J.C.Umana, A.Medinaceli,
A.Vaero; Morella, Spain, 61 (2001).

[7] J.O.D.valle, C.F.Perreira, J.Vale, X.Quirol;
Morella, Spain, 85 (2001).

[8] D.Kolousek, F.Kovanda, R.Tannenbergova,
V.Dornicak, |.Styriakova; Morella, Spain, 105
(2001).

[9] F.Canpolat, K.Yilmaz, Kése, M.M.Siimer,
M.A.Yurdusev; Cem.Concr.Res., 34(5), 731
(2004).

[10] S.Sahu, JM4gjling; Cem.Concr.Res., 24(6), 1065
(1994).

[11] B.E.Scheetz, R.Earle; Ceram.Comp.Intergrowths,
510 (1996).

[12] M.Saxena, J.Prabakhar; Proceedings of the sec-
ondinternational conferenceon fly ash disposal and
utilization, 1(2), 26 (2000).

[13] L.Barbieri, I.1sabdla, T.Manfredini, .Querait, JIMa-
Rinconand, M.Romero; Fuel, 78, 271 (1999).

[14] A.D.R.Boccaccini, M.Buecker, J.Boessert,
K.Marszalek; Waste Manage, 17, 39 (1997).

[15] S.K.Mukerji, B.B.Machhoya, R.M.Savsani,
D.R.Vyas, T.K.Dan; Br.Ceramic Trans., 92, 254
(1993).

[16] Y.M.Jo, R.Huchison, J.A.Raper; Waste Manage
Res., 14, 281 (1996).

[17] P.AJarvda, P.K.Jarvala, JMater Sci., 31, 3853
(1996).

[18] K.T.Verghese, B.K.Chaturvedi; Cement Concrete
Composites, 18, 105 (1996).

[19] M.S.Yildirim, B.Yasar, Y.Cengiz; J.Porous Mater,
3, 189 (1996).

[20] P.K.Rohatgi, R.Q.Guo, B.N.Keshavram; Key
Eng.Mater, 104, 283 (1995).

[21] R.Q.Guo, P.K.Rohatgi, D.Nath; J.Mater Sci., 31,
5513 (1996).

[22] R.Q.Guo, P.K.Rohatgi, D.Nath; J.Mater Sci., 32,
3971 (1997).

[23] T.Wandell; Am Ceramic Serv.Bull, 75, 3 (1996).

[24] N.S.Pandian, C.Rgjasekhar, A.Sridharan; J.Testing
Eval, 24, 181 (1996).

[25] C.J.Morati, K.W.Wiken, O.E.Manz, C.A.Wentz; In:
Proceedings of the American Institute of Chemical
Engineers National Meeting, Paper 41e, (1987).

[26] R.C.Joshi, R.P.Lohtia, G.Achari; Transportation
Res.Rec., 1486, 35 (1995).

[27] E.M.Taylor, G.E.Schuman; J.Environ.Qual., 17,120
(1998).

Wateriolsy Science  mm—
A VMW



MSAIJ, 5(4) December 2009

Alok Satapathy et al.

305

[28] K.S.Sajwan, W.H.Ornes, T.V.Youngblood;
J.Environ.Sci.Health, Part A, 31, 1729 (1996).

[29] L.Y.Sde, M.A.Naeth, D.S.Chanasyk; J.Environ.
Qual., 25, 684 (1996).

[30] N.Kalra, M.C.Jain, H.C.Joshi, R.Choudhary,
R.C.Harit, S.K.Vatsa, S.K.Sharma, V.Kumar;
Bioresour.Technal., 64, 163 (1998).

[31] W.L.Stout, A.N.Sharpley, W.J.Gburek,
H.B.Pionke; Fuel, 78, 175 (1999).

[32] N.W.Menzies, R.L.Aitken; ScientiaHorticulturae,
67, 87 (1996).

[33] A.Ahmad, M.M.Alam; Int J.Nematol, 7, 162
(1997).

[34] S.C.Mishra, K.C.Rout, P.V.A.Padmanabhan,
B.Mills; Journal of Materials Processing
Technology, 102, 9 (2000).

[35] C.R.C.Lima, R.E.Trevisan; J.Thermal Spray
Technology, 6 (2), 199 (1997).

[36] R.B.Hiemann; VCH Publishersinc., New York, NY,
USA, (1996).

—== Pyl Paper

[37] L.Pauloski; John Wiley and Sons, New York, NY,
USA. (1995).

[38] K.P.Sreekumar, P.V.Ananthapadmanabhan,
A.K.Das, N.Venkatramani, S.C Mishra;
PLASMA- 96, Bhopal (India), (1996).

[39] K.P.Sreekumar, J.Karthikeyan, P.V.Ananthapad-
manabhan, N.Venkatramani, U.K.Chatterjee;

BARC Report No.1551, Pub.Lib.&
Inf.Divn.BhabhaAtomic Research Centre, Bombay,
India, (1991).

[40] S.C.Mishra, Alok Satapathy, S.Das, S.Sarkar,
P.V.A.Padmanabhan, K.P.Sreekumar; Journal of
Manufacturing Engineers, 3(2), (2008).

[41] A.Satapathy, S.C.Mishra, P.V.Ananthapad-
manabhan, K .P.Sreekumar; Journal of Solid Waste
Technology and Management, 33(2), 48 (2007).

[42] Satapathy; Ph.D. Thesis, NIT, Rourkela, India,
(2006).

[43] L R.Krishna, D.Sen, D.S.Rao, G.Sundarargjan; J.of
Thermal Spray Technology, 12(1), 77 (2003).

— Pt icly Science
ﬂaVMnW



