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ABSTRACT

In the exploration for newer and inexpensive distributed phases that can be used in
electrodeposited Ni-composite coatings, cenosphere particles which are one of the
constituents of fly ash, the waste product of thermal power plants has been explored as a
potential candidate material. An attempt was made to prepare electrodeposited Ni-
cenosphere composite coating. The as-received cenosphere particles could be codeposited
only after reducing the particle size by ball milling. The loading of cenosphere particles in
the Ni-sulphamate bath was varied (25, 75 and 100 g L™') and a maximum microhardness of
430 HK at 50 gF load was obtained for the coating deposited from 100 gL™" cenosphere
containing bath. The Ni-cenosphere composite coating with higher microhardness exhibited
lower wear rate. Thus cenosphere, a waste product from thermal power plants is a potential
candidate for a greener surface engineering strategy for improving the wear resistance of
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electrodeposited Ni composite coating.

Introduction

Electrodeposited metal matrix composites are in great
demand for many advanced technological applications
in various sectors like aerospace, defense, automobile,
and nuclear power industries [1]. Such metal matrix
coatings are being developed to meet the particular
demands of low friction coefficient and high wear
resistance [2]. The properties such as microhardness,
corrosion and wear resistance of electrodeposited
metals are further enhanced by incorporating inert par-
ticles such as oxides, non-oxides, fibres, microcapsules,
etc. in the metal matrices [3] by codeposition. Electro-
deposition is a cost-effective and attractive method as it
is a low temperature and single step process which does
not involve any additional thermal treatment [4].
Among the electrodeposited coatings, Ni-composite
coatings are in great demand as alternative to electro-
deposited Cr coatings. Ni metal matrix composites
containing a large number of particles both in micro-
metre and nanosize have been reported. The particles
such as SiC, ZrC, TiO,, SiC, CeO,, Al,O3, SizNy,
WS, CrAlY, WC, B, B,C, ZrO,, zircon, pumice, carbon
nanotubes (CNTs), diamond, etc. have been electrode-
posited [5-14]. With growing concerns about environ-
ment, there is a need to evolve new strategies in the
reclamation of industrial waste. The present work
was aimed at using waste material with a goal to
develop value-added coating. An attempt has been
made in this work to use cenospheres, a waste product
from coal thermal power plants as the distributed

phase in the electrodeposited nickel metal matrix com-
posite coating.

Coal power plants produce waste material consist-
ing of the non-combustible mineral portion of coal
which solidifies as microscopic glassy particles that
are collected from the exhaust of power plant’s before
they fly away and are termed as fly ash particles. Fly
ash also contains grey coloured, lighter (density-0.4—
0.8 gcm™) glassy hollow microspheres termed as
cenospheres [15-18]. Normally, cenospheres have a
high silica and mullite (3A1,05. 2SiO,) content and
are used in cementitious and concrete products [16—
20]. They are notably used as fillers as they are lighter,
harder and rigid, waterproof, insulating, etc. Silver-
coated cenospheres are used in conductive paints for
antistatic coatings and electromagnetic shielding [21].

There are no reports on the synthesis and properties
of electrodeposited Ni composite coatings containing
cenosphere particles. In the present study, the synthesis
and properties of electrodeposited Ni-cenosphere com-
posite coatings is reported.

Experimental

Cenosphere powder was received from Central Power
Research Institute (CPRI), Bangalore, India and was
characterised by powder X-ray diffractometry (XRD,
Bruker D-8), particle size analysis (MasterSizer 2000)
and field emission scanning electron microscopy
(FESEM, Carl Zeiss). The particle size distribution of
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as received and ball milled cenosphere powder was
determined using particle size analyser based on laser
diffraction (Malvern, Mastersizer 2000). Ni-cenosphere
coatings were electrodeposited from a Ni-sulphamate
bath containing cenosphere particles (25, 75 and
100 g L") on brass substrate and brass pin substrates
for microhardness and wear studies respectively.
Before electrodeposition the substrates were cleaned
as follows: the substrate was washed with a suitable
detergent and degreased with acetone; then cathodi-
cally cleaned in 20% NaOH at 0.0645 A dm™> and fol-
lowed by acid dipping in 10% H,SO,4. About 200 mL of
the Ni-sulphamate solution (pH maintained at 4) con-
taining nickel chloride, boric acid, sodium lauryl sul-
phate (0.2 gL™") was used as the electrolyte. The
brass substrate was used as cathode and a nickel sub-
strate with the same dimension was used as anode.
Details regarding the bath composition, electrodeposi-
tion parameters are reported elsewhere [22]. There was
very less co-deposition of cenosphere particles with Ni
when the as-received powder was used as the distribu-
ted phase. So the as-received cenosphere particles were
ball-milled for 3 h in ethanol medium, dried and dis-
persed in a nickel sulphamate bath (25, 75 and
100 g L™") and stirred well for 16 h before electrodepo-
sition. Then electrodeposition was carried out at differ-
ent current densities (0.75, 1.54 and 3.1 A dm™?) and
for different durations so that ~ 50 um coating thick-
ness was obtained and the optimised current density
was 0.75 A dm ™2,

Brass substrates containing electrodeposited Ni-
cenosphere coatings were given a Cu back up layer,
cut into desired size and moulded in a Bakelite matrix
followed by metallographic grinding and polishing and
were used for cross-sectional analysis using optical
microscope (Leica DM-1RM). The microhardness of
the as prepared Ni coating was tested in a microhard-
ness tester using Knoop indenter on ten different
locations on the cross-section of each coating (Micro-
met 2103, Buehler, 50 gf load). The surface roughness
profile of Ni coating was measured by profilometer
(Taylor Hobson). Wear studies were carried out
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using the coated brass pins on a pin-on-disc tribometer
(DUCOM) and detailed testing procedures are docu-
mented in literature [22]. FESEM was used to study
the microstructure of the coatings. Energy dispersive
X-ray spectroscopy (EDS, Oxford instrument’s Inca
Penta FET X3 model) integrated with FESEM instru-
ment was used for elemental analysis of the powder
and electrodeposited Ni composite coatings.

Results and discussion
Cenosphere powder characterisation

Optical micrograph of as received fly-ash cenosphere
particles is presented in Figure 1. The as-received ceno-
sphere particles have spherical morphology and the
EDX analysis showed the presence of SiO,, ALO;
and Fe,O;. The FESEM images of ball milled
cenosphere particles are shown in Figure 1(b). The
ball-milled particles are irregular in shape unlike the
spherical nature of the cenosphere.

The XRD analysis of cenosphere particles showed
the presence of different phases like mullite, quartz,
cristobalite, haematite, sodium titanium oxide as
shown in Figure 2.

The EDAX analysis of the powder revealed the pres-
ence of Na (1.04 wt-%), Mg (0.35 wt-%), Al (12.72 wt-
%), Si (17.44 wt-%), Fe (29.05 wt-%), K (0.49 wt-%),
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Figure 2. Powder XRD pattern of ball milled cenosphere
powder.

Figure 1. (a) Optical micrograph of (a) as-received cenosphere powder and (b) FESEM image of ball milled cenosphere powder.
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Ca (0.49 wt-%), Ti (0.63 wt-%) and O (37.80 wt-%).
The average agglomerated particle size of cenosphere
particles reduced from 33.93 to 2.33 um upon ball
milling.

Characterisation of the coatings

The cross-sectional optical micrographs of Ni-ceno-
sphere composite coatings obtained at 0.75 A dm™>
with various particle loadings in the bath are shown
in Figure 3. From Figure 3 it is evident that with
increasing particle loading the % of particles incorpor-
ated in the Ni matrix increases and thus the optimised
particle loading was 100 g L™". Upon further increasing
the particle loading there was no drastic increase in the
particle % incorporation.

Generally, the electrodeposited Ni coating exhibits
irregular features (Figure 4(a)) [23]. With the incorpor-
ation of cenosphere particles, nodular feature became
more prominent and cauliflower like structures are
observed which indirectly indicates the influence of

Figure 3. Cross-sectional optical micrographs of Ni-cenosphere
composite coatings obtained at 0.75 A dm™2 with various par-
ticle loadings in the bath (@) 25gL™", (b) 75gL™" and (c)
100g L7".

the codeposited particles on the morphology of the
coating (Figure 4(b and ¢)). The EDX analysis on the
black spot in Figure 4(c) conforms to cenosphere par-
ticles. Figure 5 shows the EDX spectra of the coating
and it confirms the presence of more of Ni (77.30 wt-
%) and the rest corresponding to elements such as
Na, Al Si, Fe, O, CI, C and Co corresponding to ceno-
sphere composition (inset in Figure 5).

There was no change in the orientation of XRD
peaks corresponding to Ni on incorporation of ceno-
sphere particles and (200) was the major peak in
both Ni and Ni-cenosphere coatings. This indicates
preferred orientation of (200) plane parallel to coating
surface. However, there was a drastic reduction in the
intensity of (220) peak and a slight reduction in the
intensity of (111) peak in Ni-cenosphere coating.
This indicates that plain Ni and Ni-cenosphere coat-
ings have different population of each crystal plane.
Also, there was not much change in the crystallite

Figure 4. FESEM images of the surface of Ni (a) and Ni-ceno-
sphere (100 g L™ coating at different magnifications (b, c).
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Figure 5. EDX spectra of the Ni-cenosphere coating and in-set shows the presence of main element Ni apart from the presence of

elements present in cenosphere.
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Figure 6. Histograms showing the hardness of Ni and Ni-ceno-
sphere composite coatings.

size of Ni on incorporation of cenosphere particles. No
peaks corresponding to cenosphere particles were
observed which may be attributed to the less % of par-
ticle incorporation. The surface roughness of Ni coat-
ing was 0.1794 pm and that of Ni-cenosphere coating
(100 g L™") was 2.1 um which is also evident from
the nodular microstructure of Ni-cenosphere coating.

The microhardness of the as prepared Ni coating
was 280 HK at an applied load of 50gF (gram
Force) and that of Ni-cenosphere coating
(100 g L") was ~430 HK. The microhardness of
Ni-cenosphere coatings increased with increasing
particle loading in the bath (Figure 6). The incorpor-
ated particles act as barriers and inhibit easy dislo-
cation movements and thus in turn increase the
microhardness of the nickel composite coating
according to Orowan mechanism [24].

The wear data of Ni and Ni-cenosphere coatings
are shown in Table 1. From the table, it is evident
that Ni-cenosphere coatings exhibit lower wear
volume loss and lower wear rate compared to plain

Table 1. Wear data of Ni and Ni-cenosphere coatings.

Wear
Coefficient of volume Wear Wear rate
Sample friction (mm?3) coefficient (mm3Nm™)
Plain Ni 0.67 0.29 26x107* 202x107*
25gL7" 0.75 0.14 12x107* 9.7x107°
75gL7" 0.75 0.06 25%107° 418x107°
100g L™ 0.75 0.05 48x107° 349%107°

Ni. Ni-cenosphere coating obtained at 100 gL~
exhibited lower wear loss when compared to other
coatings. However, the coefficient of friction was
slightly higher for the Ni-cenosphere coatings com-
pared to plain nickel. This may be attributed to the
abrasive nature of the incorporated particles. It is
well documented in the literature that the wear resist-
ance and hardness of composite coatings are related
to each other as well as to the particle content of
the deposits. It is gratifying to note that the obtained
wear rate is in the same order as that of Nij-SiC coat-
ing deposited and measured under identical con-
ditions (wear rate of Ni-SiC-1.35x 107> mm> Nm™"
and COF-0.75). Electrodeposited Ni-SiC is being
commercially used in coating of trochoid of Wankel
engine and automobile rotary engines.

Figure 7(a and b) shows the optical images of the
disc after wear testing corresponding to the transfer
of Ni and Ni-cenosphere composite coating on to
the disc (100 gL_l). The wear coefficient for plain
Ni and Ni-cenosphere coatings are in the range of
107* to 107 which refers to moderate adhesive
wear [25]. The wear mechanism of both the coating
surface is mainly adhesive in nature and the friction
pairs generate plowing marks on the disc surface as
seen from the optical images (Figure 7). However,
wear debris is observed in case of Ni-cenosphere
coating transferred disc which may correspond to
the cenosphere particles. No deep scratches were
observed thus ruling out abrasive wear in Ni-ceno-
sphere coating.
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Figure 7. (a) Optical image of Ni transferred disc. (b) Optical
image of Ni-cenosphere transferred disc.

Conclusions

¢ In the present work, reclamation of waste material
from thermal power plant was carried out with the
aim of developing a cost-effective wear resistant
electrodeposited composite coating.

e Cenosphere, a fly ash waste product was explored as
the distributed phase in the electrodeposited Ni
composite coating.

e Only after reducing the particle size of cenosphere
powder (40-3.2 pm) more particles could be incor-
porated in the Ni matrix without the aid of any
surfactant.

e The % of incorporated particles increased with
increasing bath loading. The coating deposited
with 100 g L™" powder loaded bath exhibited higher
microhardness (430 HK) compared to plain Ni
(280 HK).

¢ Electrodeposited Ni-cenosphere coatings showed
improved wear resistant properties compared to
plain Ni and equivalent to Ni-SiC.

¢ The work demonstrated a novel application of ther-
mal power plant waste and is a green surface engin-
eering strategy.
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