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Abstract

316L grade stainless steel is widely utilized in industrial applications owing to its exceptional corrosion resistance. How-
ever, it is less resistant to aggressive marine environments that contain salt-based seawater. In the present study, we
report effective anti-corrosive epoxy polymer coating engineered with carbon soot nanoparticles (derived from waste
polyolefin plastics) and coated on a 316L steel substrate via controlled pneumatic fluid atomization technique. Mor-
phological analysis of derived carbon soot nanoparticles revealed an average diameter to be in the range of 41-62
nm. Corrosion inhibition performance of the coatings was studied under aggressive chlorine-based environments via
polarization plots, i.e., Tafel plots, and by natural salt spray test for the total duration of 20 days. The scratch test and
the solvent resistance rub test revealed adherence to the developed coatings with a 316L steel surface. The developed
coatings were found to be uniform, crack-free, and well bonded with the surface of steel substrates. Successive experi-
mental results of the developed coatings indicated enhanced corrosion inhibition properties, which imply its practical

applicability for under-water marine applications.
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1 Introduction

Corrosion is one of the crucial issues faced by metals and
their alloys, which are vital in an extensive array of indus-
trial functions, by resulting in decay and loss of mate-
rial because of a chemical attack, thereby affecting the
structural integrity, durability, and reliability of the met-
als [1-3]. Corrosion is an assorted reaction procedure that
occurs on the metallic/alloys substrates at the microscopic
level. At the same time, its manifestation is visible at the
macroscopic scale, which results in premature failure of
metallic parts, thus causing financial losses, environmen-
tal contamination, and/or injury/death [4-6]. Surveys have

validated that every year an average of 4.2% of the total
gross domestic product (GDP) of the industrialized country
is lost owing to corrosion-related problems [7]. The USA
annually spends nearly US $437 billion on rusting-associ-
ated snags, wherein a maximum of this budget is appor-
tioned to an inspection of corroded fragments of edifices,
refurbishing of structures via copious approaches compris-
ing protective coatings (polymeric, paints, surface treat-
ments, etc.), and discarding the hazardous waste materials
[8, 9]. For achieving multifarious goal of decreasing finan-
cial costs, improving corrosion resistance and augmenting
safety at work, extension of service life of existent struc-
tures should be improved [10, 11].
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Protective polymeric coatings have been explored for
the protection of metal products against corrosion, as pol-
ymeric coatings play a physical barrier between metallic
substrate and corrosive environment, which disrupts the
flow of electrons from anode to cathode and/or thereby
adsorbing reaction products produced at cathode sites
[3, 12-14]. Epoxy resins are extensively adapted commer-
cially for such coatings in aggressively corrosive environ-
ments owing to their exceptional characteristics chemical
resistance, adherence toward metallic substrates, excel-
lent processability, ability to incorporate nanomaterials,
high dielectric strength, insulating nature, and low cost
[15-18]. Epoxy coatings comprise hydrophilic hydroxyl-
based moieties within their cured network, which leads to
hydrolytic degradation due to weak resistance to humid-
ity [19, 20]. Upon exposure of corrosive electrolyte, initia-
tion and propagation of cracks occur within epoxy coat-
ings. Thus, it facilitates the transfer of corroding agents
like oxygen, water, and reactive ions like CI~ and H* via
defects inside coating, thereby resulting in the decreased
coating adherence and ultimately causing the corrosion
of metal specimens below the applied coating [21, 22].
Thus, it motivated the researchers to improve the barrier
property and corrosion protection efficacy of epoxy-based
coatings [23, 24].

Recent scientific investigators have demonstrated
that the barrier and corrosion protection characteristics
of the epoxy polymer can improve upon the introduc-
tion of a second phase, which is miscible with the epoxy
polymer [25, 26]. In recent periods, due to lower pricing
and mass production, the majority of the polymers are
discarded readily after their utilization, which results in
a steep rise of plastic waste [27-29]. Most of the gener-
ated plastic waste belongs to a class of polymers are based
on polyolefins[(CH,,).], which exhibit carbon content
of ~85.7 wt%, and is found to be a useful source for the
production of nano-sized carbon materials [30-32]. Nano-
sized carbon soot particles are found to possess excep-
tional characteristics like barrier resistance, large surface
area ratio, and elastic stiffness. Thus, these nano-carbon
soot particles have been utilized as an additive, i.e., second
phase materials, in the epoxide coatings for the reduction
of micropores and for restraining the diffusion path of
highly reactive and corrosive species [22, 33, 34].

Environmentally benign, durable, and protective epoxy
coatings could be developed by the incorporation of nano-
particles due to their easy dispersion and ability to fill the
micropore cavities, which results in low crack deflection,
crack bowing and crack bridging [35-371. Literature reports
that the incorporation of nanoparticles like halloysite,
nano-clay, and carbon particles in epoxy coatings shows
improvement of the fracture toughness [38]. The research-
ers have reported unique methodologies for achieving the
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homogenous particle distribution via chemical methods like
sol-gel technique, mechanical mixing via high shear forces,
and ultrasonication [38]. Chen et al. [39] reported the effect
of well-dispersed carbon particle-based epoxy coatings on
the friction and the corrosion resistance of the materials. Gu
et al. [40] demonstrated that a significant increase in anti-
corrosion characteristics of the materials could be achieved
via effective dispersion of graphene in waterborne epoxy
resins using non-covalent functionalization.

Considering the importance of smart protective coat-
ings, the Indian Ministry of Defence has been funding
comprehensively for the development of smart protective
coatings [1, 41-52]. One of the most promising method-
ologies for developing the anti-corrosive protective coat-
ings is the fluid atomized spray coating process since it is
cost-effective, scalable, and facilitates easy handling. Fluid
atomized spray coating process provides adequate inertia
to the liquid drops such that the disc-shaped spreading
droplets resulting in a thin film coating [53]. Variation in
sizes of the liquid droplets of spray-coated films can be
achieved by a higher flowrate using the high-pressure
spray gun, which forms rough surface architecture on the
substrate [54]. The researchers have reported versatile
methodologies [1, 55-57] for the development of steady,
anti-corrosive protective polymeric coatings on various
metallic substrates.

The present study reports controlled pneumatic fluid
atomization technology for the development of anti-
corrosive epoxy/carbon soot coatings for the protection
of 316L stainless steel substrates for marine engineering
applications [1]. In this sense, the present study reports
development of carbon soot functionalized epoxy-based
anti-corrosive coatings for protection of on the surface
engineered 316L steel substrates. The anti-corrosion per-
formance of the epoxy/carbon soot coatings via polariza-
tion plots, i.e., Tafel plots, salt spray test, solvent rub test,
and NaCl exposure test. The scratch test and solvent rub
test revealed the adherence and the solvent resistance of
the developed coatings. Polarization curves, i.e., Tafel plots,
of epoxy/carbon soot coated 316L substrates, revealed a
decreasing trend for corrosion current density (/,,), cor-
rosion rate (gm/h), and the simultaneous increase in cor-
rosion potential (E_,,) against corrosive atmospheres (3.5
wt% NaCl solution), thus confirming the anti-corrosion
efficiency of the developed epoxy/carbon soot coatings.

2 Experimental work
2.1 Materials

Stainless steel 316L, used in the present study, was
supplied by the Naval Materials Research Laboratory
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(NMRL—DRDO), Ministry of Defence, India, having a com-
positional array as specified in Table 1. Araldite LY 1564
(epoxy resin) and Aradur 3486 (hardener) were procured
from Huntsman Corporation, India. Polyolefin extruded
plastic waste generated on twin-screw extruder (Lab-tech
Engineering Company, Thailand) was utilized as a source
of carbon soot nanoparticles. Glass substrates, having
dimensions of 75 x25x 3 mm, were purchased from Fisher
Scientific, India. Methanol purchased from Vetec™ having
a purity of 99% with a boiling point of 64.7 °C, acetone
procured from Sigma-Aldrich Corp., India, boasting purity
of 99.8% with a boiling point of 56 °C, and ethanol bought
from Sigma-Aldrich Corporation, India, enclosing purity
of 99.7% with a boiling point of 78.37 °C, were used as
cleansing agents. De-ionized water, having a purity of 18.3
MQ.cm, was acquired from the water purification system
(Model: Nanopure Barnstead, Make: Cole-Parmer, India)
installed in the department of chemistry. All chemical dis-
persions and solvents were used as received without any
purification treatments.

2.2 Generation of carbon soot particles

Carbon soot nanoparticles were captured on a glass sub-
strate via controlled combustion of polyolefin-based plas-
tic waste, as illustrated pictorially in Fig. 1. Before their uti-
lization, glass substrates were subjected to ultrasonication
in ethanol solvent using bath sonicator (Model: EI-6LH-SP,
Make: Electrosonic Industries, India), at a frequency of 20
kHz, power of 20 W, for 20 min, with an interval time of 05 s.
Further, glass substrates were ultrasonicated in de-ionized
water for thorough cleansing for removing any trace of
impurities. Primarily, polyolefin plastic waste samples were
cut in small pieces (dimension~10x 10 mm) and placed
in a silica crucible, under an enclosed perforated chamber,
with holes of 5 mm diameter. Carbon soot nanoparticles
emitted on the combustion of plastic waste were collected
on glass substrates positioned at 50 mm above the flame.
During the carbon soot accumulation, the setup was main-
tained to possess Haier laminar flow, wherein a uniform
downflow velocity of 0.30 m/s was observed for flames
[58]. Additionally, a higher rate of accumulation of carbon
soot nanoparticles is attributed to the lean combustion of
plastic waste, and since complete carbon accumulation
procedure was conducted in the designed chamber and
within a controlled combustion atmosphere (laminar), it
makes sampling procedure extremely reproducible [59,
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Fig. 1 Setup for deriving carbon soot particles

60]. The glass substrates accumulated with carbon soot
nanoparticles were then subjected to ultrasonication in
methanol for cleansing, followed by air drying.

2.3 Surface treatment and coating of 316L stainless
steel substrates

Before the coating of epoxy/carbon soot, 316L stainless
steel substrates were preconditioned on the surface via
grinding using commercial silicon-carbide-based emery
paper for obtaining uniform coating. Conditioned 316L
substrates were then subjected to ultrasonication in
ethanol solvent using bath sonicator (Model: EI-6LH-SP,
Make: Electrosonic Industries, India), at a frequency of
20 kHz, power of 20 W, for 20 min. Ethanol solvent-based
sonication was performed for removing any strains of
grease and/or oil existing on steel specimens. Further,
316L specimens were ultrasonicated in polar acetone sol-
vent for dissolving any existing organic and/or inorganic
salts, followed by air-drying. These pre-cleaned 316L steel
substrates were then utilized for direct coating. All pre-
cleaned and conditioned specimens were handled using
a tweezer for further studies to avoid the contamination
of 316L substrate from any impurity.

Viscous epoxide resin was thoroughly blended with
carbon soot nanoparticles under constant magnetic stir-
ring (speed ~ 200 rpm) for 10 min for proper mixing in
various weight percent loadings, i.e., from 1 to 5 wt%.
Then the epoxy/carbon soot mixture was cured with a
hardener (Aradur 3486, Make: Huntsman India Pvt. Ltd.)
under constant magnetic stirring (speed ~ 100 rpm) for
10 min. The epoxy/hardener/carbon soot mixture was
subjected to ultrasonication at 20 kHz frequency and a
power of 40% via the aid of high-intensity probe sonica-
tor (Mode: PKS-750F, Make: Sonics & Materials Inc., USA)

Table 1 Composition of 316L stainless steel substrates provided by the NMRL, Ministry of Defence, India

316L C Mn Si P S Cr Mo Ni Fe
Composition (%) <0.03 0-2.0 0-1.0 0-0.5 0-0.02 16.5-18.5 2.0-25 10.0-13.0 >62
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for 10 min (sonication time ~05 s, & interval time ~ 05
s) for ensuring the uniform dispersion of carbon soot
nanoparticles. Then the compounded epoxy/hardener/
carbon soot mixture was utilized for coating onto the
316L substrates under controlled pneumatic fluid spray
atomization process. Figure 2 depicts the schematicillus-
tration of the fabrication of epoxy/carbon soot nanopar-
ticle coating on 316L steel substrates.

During fluid spray atomization process, homogene-
ously dispersed solutions of epoxy/carbon soot (with
various loadings) were coated steel substrates via hand
spray gun connected to a compressor, which produced
a constant air pressure of 3 bar for the controlled gen-
eration of the spherical-shaped liquid droplets (spraying
distance ~22 cm, tolerance ~ 1 cm) [57, 61-63]. Spray-
ing of epoxy/carbon soot dispersion was conducted for
a duration of 30 s, which was repeated three times on
individual 316L specimens for achieving a thin uniform
coat of 25 um £ 1 pm. Strong adhesion of the epoxy/
hardener/carbon soot coating with 316L substrate was
maintained by curing it at a constant temperature of
150 °C for 2 h in a hot-oven under normal atmospheric
pressure. The thickness of the cured epoxy/carbon soot
coating onto the 316L substrate was quantified using a
calibrated digital gauge meter, which was found to be
25 um £ 1 pm. The volume flux rate of the spray gun was
maintained at 0.2 ml/sec for an applied pressure of 3
bar, which helped in maintaining the uniform and high-
deposition rate on a steel substrate. Finally, the coated
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316L specimens were then characterized for its adher-
ence and anti-corrosion performance.

2.4 Characterization

The combusted carbon soot nanoparticles derived from
waste polyolefin plastic were characterized using Field
Emission Scanning Electron Microscope (FE-SEM) (Model:
JSM-6700F, Make: CarlZeiss AG, Germany) for analyzing
the surface morphology of the carbon soot nanoparticles.
Coated samples were sputtered via a layer of gold particles
for improving the conductivity of specimens for FE-SEM
imaging. Raman spectra of carbon soot nanoparticles
were measured micro-Raman spectrometer (Model: 6150,
Make: Renishaw UK) via argon laser excitation wavelength
of 514 nm at 20 mW power with illumination spot of size
1 mm and acquisition time 90 s. The sample for Raman
spectroscopy was prepared via a solution drop-casting
method. The epoxy/carbon soot nanoparticle-coated
316L steel substrates were subjected to scratch test via
a Universal Micro-Tribometer (UMT), which exhibited
a mechanical testing probe made of tungsten carbide,
for analyzing the resistance of coating toward scratch-
ing. Similarly, the solvent resistance of the developed
coatings was analyzed via the solvent rub test as per the
ASTM D5402-93. Cotton cloth was immersed in methyl
ethyl ketone solvent and was measured for a maximum
number of double rubs across the surface of the coated
substrates. The coated substrates were also analyzed via

Fig.2 Schematic of the fabrication process of epoxy/carbon soot nanoparticle coating on 316L steel substrates
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immersion in normal water (pH 7), saltwater (pH ~8), and
0.1 M HCl +3.55% NaCl (pH ~ 1) for simulating and analyz-
ing the real-time effects of corrosive environments on the
developed coated substrates. The corrosion resistance of
the coated samples was evaluated salt spray test in a salt
spray chamber (Make: SUGA CYP-90, Japan) as per the
ASTM B-117 standard, where the edge and back areas of
the specimens were sealed via transparent tape. The test
was conducted at 35 + 2 °C for 20 days, where 5 wt% NaCl
solution was utilized as the media having a pH of 6.5-7.2,
and the morphology of the substrates was recorded via
optical microscopy prior and after the test. Cell coupled
with Potentiostat (Model: Gamry Reference system 600,
Make: Wilmington, USA) was utilized for studying the anti-
corrosive behavior of the coated specimens. Three elec-
trodes (placed at 120° apart) were utilized in a corrosion
working cell for performing the polarization experiments,
where a saturated calomel electrode acted as a reference
electrode, and the coated sample acted as working-elec-
trode. Graphite electrode acted as counter-electrode, and
the test was carried across a frequency array of 100-0.01
Hz with a primary delay of the 50 s via utilization of simu-
lated seawater (3.5 wt% NaCl) as a corroding atmosphere.

3 Results and discussion

3.1 Microstructure and Raman analysis of carbon
soot particles

FE-SEM analysis revealed the morphology of the gener-
ated carbon soot particles, as depicted in Fig. 3. FE-SEM
analysis revealed a cluster-type 3D interconnected pattern
of carbon soot particles, which are attached as a result of
weak van der Wall’s forces, and electrostatic charges of
attraction [58, 64]. The average size of the soot nanopar-
ticles was found to be around ~41-62 nm, which implies
agglomerated morphology depicting chains of carbon
nano-sphere type shapes.

Raman analysis revealed the presence of two distinct
bands at 1332 cm™ (D band) and 1590 cm™ (G band) for
carbon soot nanoparticles, which indicate the first-order
Raman spectrum, as depicted in Fig. 4. G band repre-
sents the characteristic crystalline graphite phase, with a
higher-intensity of G band corresponding to the highly
graphitized structure [64]. Highly oriented pyrolytic car-
bon is indicated by the G bands observed at 1590 cm™"
for carbon soot nanoparticles. The existence of surface
defects of CNTs and amorphous carbon is indicated from
D band, which is detected merely for disordered graphite,
and a peak at 1332 cm™ for carbon soot nanoparticles
indicates disorder within graphite sheets [65, 66].
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Fig.3 FE-SEM image of carbon soot particles generated from waste
plastic
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Fig.4 Raman spectra of carbon soot nanoparticles derived from
waste plastic

3.2 Physio-mechanical and physio-chemical
performance of epoxy/carbon soot coating

Physical characterization of the epoxy/carbon soot coat-
ings was performed using the scratch test, whose per-
formance is influenced by factors like contact geometry,
applied load, penetration depth in proportion to layer
thickness, the lateral sliding velocity of contact, and the
rate of deformation to collectively determine the response
of a viscoelastic solid when subjected to scratch test [67,
68]. These parameters govern contact strain, the effective
rate of strain, stress-state and magnitudes, and distribu-
tion of stresses. The observed values for the scratch test
of the devised epoxy/carbon soot nanoparticle coating
have been tabulated in Table 2, whereas Fig. 5 depicts the
scratch resistance of the developed coatings. The scratch
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test results indicate that the incorporation of carbon soot
particles in the coating helps in augmenting the scratch
resistance. Beyond 3 wt% concentration of carbon soot
particles, the values of the specimens tend to decrease is
attributed to saturation of soot nanoparticles, which leads
to the formation of the agglomerates and non-uniform dis-
tribution in the coatings. The overall analysis of the scratch
test indicates that the 3 wt% loading of carbon soot parti-
cles exhibits optimum performance for the epoxy/carbon
soot coatings.

Furthermore, a solvent rub test based on ASTM D5402-
93 standard revealed the chemical resistance performance
of the developed epoxy/carbon soot coatings. The epoxy/
carbon soot coated 3016L substrates were exposed to two-
solvent rub test using a cotton cloth that was immersed
in methyl ethyl ketone solvent [69]. Results of the solvent
rub tests for epoxy/carbon soot nanoparticle-coated 316L
substrates are shown in Table 2. The solvent rub test of a
pure epoxy coating (0 wt% carbon soot) shows moderate
removal of the coating. The incorporation of carbon soot
nanoparticles in the epoxy coating dramatically improved
the solvent resistance toward the methyl ethyl ketone,
which is evident from the results of the 100 solvent rub
test cycles. The coated 316L substrates with a higher con-
centration of carbon soot nanoparticles passed the solvent
rub tests with better results. The improved performance of
the epoxy/carbon soot coatings is probably due to the uni-
form distribution of the carbon soot particles in the epoxy
matrix which leads to high packing density, grown harder
segments, the intact adherence between carbon soot and
epoxy, which ultimately results in resisting the penetration
of the solvent into the epoxy matrix [68].

The alkali solution resistance of the fabricated com-
positions of epoxy/carbon soot nanoparticle coating
was observed for standard water having a pH~ 7, buffer
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Fig.5 Scratch resistance of epoxy/carbon soot coated 316L stain-
less steel substrates

solution of salt-water (3.55% NaCl), and an acidic medium
having a pH~1 (0.1 M HCI+3.55% NaCl) [69]. The coated
316L substrates demonstrated stability on exposure to
alkali solutions (water and salt-water) for over 30 days.
However, on exposure to an acidic medium (pH ~ 1), the
coated substrates demonstrated stability on initial expo-
sure, but after exposure of over 10 days, it showed peeling-
off of the coatings (Table 2). The improvement in the bar-
rier properties of the epoxy/carbon soot coated substrates
in comparison with the pristine epoxy coated substrates is
attributed to the reduction in the porosity, most probably
due to the incorporation of carbon soot which improved
the packing density of the coatings [70]. Considering the

Table 2 Physio-mechanical and chemical characteristics of fabricated coated substrates

Carbon soot  Scratch test (kN) Solvent rub test Corrosion resistance test
loading [max. withstand
(Wt%) weight] Methyl ethyl ketone Normal water (pH=7) Salt water (pH=8) 0.1 M
HCl+3.55%
NaCl (pH=1)
After 50 rubs After 100 rubs After 30 days After 20 days After 10 days
0 3.924 Moderate amount Shows bare sample Start to peel off Stable Peel off
coating came
out
1 14.715 Pass Slight amount of Start to peel off Stable Peel off
coating came out
2 20.601 Pass Slight amount of Start to peel off Stable Peel off
coating came out
3 25.506 Pass Pass Stable Stable 80% Peel off
21.582 Pass Pass Start to peel off Stable Peel off
5 19.628 Pass Pass Stable Stable Peel off
SN Applied Sciences
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alkali solution test, epoxy/carbon soot (3 wt%) coated
substrates revealed better stability as compared to other
concentrations, which is most probably due to the more
stable physical network. However, the exposure of an
acidic medium (pH ~ 1) revealed the poor performance
of the developed coatings, which is most probably due
to the high polarity of the solvent, which contains highly
active H* species which directly react with reactive groups
present on the epoxy polymer [71].

In a study on corrosion performance of carbon black
particle-based coatings on metallic substrates, Ghasemi-
Kahrizsangi et al. reported that the electrons produced
from the metallic substrate could travel through the con-
ductive networks into the coating, which causes a reduc-
tion in the rate of oxygen reduction at the interface of the
substrate coating and further leads to decline the delami-
nation rate. They further stated that the highly active
carbon-black particles (similar to carbon soot particles),
which exhibit high surface area, enter into the coating dur-
ing initial cure-reactions and fill the micropores, thereby
improving the packing density of the coating, and thus it
shows the high corrosion resistance to the chemicals like
NaCl (3 wt%). Furthermore, they reported that the carbon
particles tend to agglomerate due to inherent van der
Wall's forces, and electrostatic charges of attraction, which
can lead to its poor dispersion into the epoxy polymer
matrix. The reduced dispersion leads to increased poros-
ity in the coatings, due to which the transport of mobile
ions (present in the corrosive environment, e.g., H,0 and
CI7) from coating to the metallic substrate becomes easier
and thereby reduces the corrosion performance [72, 73].

In another study on epoxy/carbon soot coatings,
Okonkwo et al. stated that the absence, or the agglom-
eration of carbon soot particles on higher loading, in the
epoxy polymer can create the stress concentration effect
which leads to cracking and subsequent failure of the coat-
ings [74].

Tang et al. [75] reported that the agglomeration of car-
bon nanomaterials, e.g., carbon nanotubes, in the epoxy
polymer could lead to the phase separation during cure-
reaction, thereby causing the failure of epoxy/carbon par-
ticle composites.

3.3 Anti-corrosive performance of epoxy/carbon
soot coatings

The anti-corrosive performance of the developed epoxy/
carbon soot coating toward 316L steel substrates was
studied via salt spray test as per the ASTM B-117 stand-
ards with introduced artificial defects on the substrates
[71]. Figure 6 depicts the optical images of the pristine
316L steel, pristine epoxy coated steel, and epoxy/car-
bon soot (3 wt%) coated steel substrates, before and

after the salt spray test. Similar images demonstrating
the effects of the salt spray test on the other compo-
sitions of the epoxy/carbon soot coated substrates are
presented in Supporting Information (Figure S1-54).
As per guidelines from the Naval Materials Research
Laboratory, DRDO, India, the coated steel substrate
specimens were exposed to corrosive environments for
a total period of 20 days. The uncoated steel specimen
and the pure epoxy coated steel specimen reveal large
corroded areas upon the surface, particularly closer to
the scratches.

The pristine epoxy coated steel substrate undergoes
delamination across the scribe, designating poor adhe-
sion toward the 316L steel substrate. Epoxy/carbon soot
coated samples reveal improved performance, with the
corrosion inhibition characteristic enhancing with the
increased filler loading of carbon soot particles in the
epoxy matrix [Supporting Information (Figure S1-54)].
A small quantity of white-colored rusting appears inside
the scratches of the epoxy/carbon soot coated steel
specimens, which is attributed to the reactive ions pre-
sent in the NaCl salt, which reacts with the surface of
the metal [76, 77]. Results establish that the developed
epoxy/carbon soot coatings can effectively resist the
existence and breeding of localized corrosion on the
exposure of aggressive corrosive environments.

Similarly, the corrosion performance of epoxy/carbon
soot coatings was evaluated using polarization curves,
i.e., Tafel plots (Fig. 7) [1]. During the experiment, the
open circuit potential of all specimens was attained after
30 min. Tafel polarization-curves revealed the corrosion
potentials (E_,,,) and corrosion current density (/,,) cal-
culations of the utilized test specimens (Fig. 7). Thermo-
dynamic corrosion tendency and the effective corrosion
rate of coated steel substrates are reflected by a negative
shiftin the I ,,, and a positive shiftin E_,,, [78].

The rate of corrosion can be quantified via experimen-
tally derived corrosion current density (I.,,,) by utilization
of following equation [79]:

COH’)

CR = leore X EW X K M
d

where d is density(gm/cm?3), EW is the equivalent weight

(gm/mol) and K is constant which terms units for rate of

corrosion(3.27x 1073 mm g/pA cm year).

Tafel curves reveal that incorporation of the carbon
soot nanoparticles in the epoxy matrix aid in improv-
ing the corrosion performance of the coated substrates,
which is observed from the decreased corrosion cur-
rent density (/,,,), decreased corrosion rate (gm/hr),
and improved corrosion potential (E_,,,) as compared to
uncoated and pristine epoxy coated substrates (Table 3).
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Fig.6 Optical images of salt spray test for a bare 316L steel substrate; b pure epoxy coated 316L substrate; ¢ Epoxy + 3 wt% plastic carbon
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Fig.7 Tafel polarization curves for: a pristine 316L steel substrate
(uncoated); b pure epoxy coated 316L substrate; ¢ epoxy/carbon
soot (3 wt%) coated 316L steel substrate

Epoxy/carbon soot (3 wt%) coated substrates demon-
strate improved corrosion performance as compared to
uncoated and pristine epoxy coated substrates due to
lower I, values which indicate the barrier effect.

Ghasemi-Kahrizsangi et al. reported that the diffusion
of the reactive ions (from NaCl) and water on the steel
substrate and coating interface (in this case, uncoated
and pristine epoxy coated steel substrate) gets acceler-
ated due to corrosion reactions, which eventually leads to
poor corrosion performance. Further, they stated that the
incorporation of carbon particles (in the present case, car-
bon soot particles) creates a barrier network that restricts
the diffusion of the NaCl and water to the steel substrate.
These carbon particles, when added into the epoxy matrix,
fill the micropores generated during curing reactions (in
this case, pristine cured epoxy), and simultaneously form
barrier network of the carbon particles, thereby aiding in
restricting the diffusion of the corrosive liquid into the
steel substrate [72].

Table 3 Corrosion current

density, corrosion potential, Specimens Ecore (V) legr (AM™2) Corrosion rate (g h™)
and the rate of corrosion Pristine 316L steel (uncoated) -0.681 5.871xe™ 6.189x e~
results Pristine epoxy coated 316L steel -0.651 1.742xe™ 1.809xe™
Epoxy/carbon soot (3 wt%) coated 316L  —0.578 2.942xe™8 3.096xe™®
steel
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Okonkwo et al. reported that the carbon soot parti-
cles exhibit amorphous and graphitic structures along
with the small amount of non-graphitic phase, which is
arranged in short order range, and, thus, on higher load-
ing, it helps in giving reinforcing strength, and improved
corrosion performance to epoxy/carbon soot coatings
[74].

The improved carrion performance of the epoxy/
carbon soot (3 wt%) coatings is attributed to various
factors. Among them, one of the factors is an epoxy
matrix, which is a thermoset polymer, which itself acts
as an insulating layer due to its non-conductive, insu-
lating nature with high dielectric strength. Upon curing
with the hardener, the liquid phase epoxy polymer gets
solidified, where it becomes more insulating due to the
cross-linking of the polymeric segments [11, 13, 80].
Further, a 3 wt% loading of carbon soot particles in the
epoxy matrix probably fills the micropores and increases
the chain packing density of the cured epoxy/carbon
soot coatings, thereby restricting the current through
the coating layer. The literature states that carbon soot
particles possess an amorphous phase, graphitic phase,
and small amount of non-graphitic phase, which are
ordered in short-ranged order and also possess con-
ductive nature and exhibit a cathodic tendency toward
metals like 316L stainless steel. It has been reported in
various literature that a 3 wt% loading of nano-sized
carbon particles disperses in the epoxy matrix, which
creates reinforcing network, filling of micropores, and
improves the chain packing density [75]. However, a 3
wt% loading of the nano-carbon particles in the epoxy
matrix also leads to the formation of the clusters, which
disperse randomly and facilitates a well-established
network, but with a non-continuous conducting phase,
and cluster formation, i.e., agglomeration, which even-
tually leads to restricted conductivity to free ions from
the corrosive environment [72-74]. This fact is supported
by the lower corrosion current density (2.942 x e % A/m?),
higher corrosion potential (—0.578 V), and the lower cor-
rosion rate (3.096 x e~° gm/h) of the epoxy/carbon soot
(3 wt%) coatings as compared to uncoated and pristine
epoxy coated 316L substrates. Although the carbon soot
particles toward 316L stainless steel possess the conduc-
tive nature and cathodic tendency, its reactivity to steel
and risk to cause the failure of the epoxy/carbon soot
coatings is nullified by the inherent non-conductive
and highly insulating nature, along with high dielectric
strength of the cured thermoset epoxy polymer [72-74].

Thus, it can be concluded that it is safe to use epoxy/
carbon soot coatings for its utilization as a protective
corrosion-resistant coating for 316L substrates in marine
environments.

3.4 Theoretical aspects of the processing
parameters affecting the fluid atomization

Air-supported fluid atomizer exhibiting lower volume and
higher force spray-gun was utilized for preparing the coat-
ing on surface engineered steel substrates demonstrated
symmetric full-cone spray kind patternation, as it directly
influences surface attributes of the deposited coating [81,
82].

Researchers have validated that the nozzle dimensions
and quality utilized during the spray atomization coating
process play a significant role in governing the pattern
symmetry that could be impaired via eccentric align-
ment, poor surface finish, or orifice imperfections [83]. A
crucial part during the drying of the coated surface design
is played by the droplet surface area, which can be tuned
via precise patternation [1]. Design of atomizer orifice and
its internal geometry aids in achieving the control over
mass flux rate by validating contours of spray boundary
and distribution of droplets [81]. In the present study,
full-cone type patternation, as depicted in Fig. 8, has been
used for developing the protective anti-corrosive coating
of homogenous thickness across the complete cross-sec-
tion of the substrate.

Air pressure applied via connected compressor during
the atomization process governs the total volume flux rate
of epoxy/carbon soot nanoparticle dispersion. The capac-
ity of the nozzle at varying pressures can be determined
by using the following equation:

Q, =Q, X P2 )
2 1 P1

where Q,=capacity of spray-nozzle at pressure P,,
Q, = capacity of spray-nozzle at pressure P,, and P, and
P, =air pressures at different instances.

Equation stated above determines the growing influ-
ence of air pressure upon augmenting the capacity of
the nozzle, which successively improves efficiency, thus
suggesting the greater air-pressures for a higher flow
rate through the nozzle for reducing time for spray coat-
ing [1]. The inverse effect of increasing injection pressure
results in decreasing of Sauter Mean Diameter (SMD) of
introduced dispersion cause of greater atomization force
accessible at superior pressures was demonstrated suc-
cessfully by Elkotb et al. [84]. Similarly, contrary interrela-
tion among SMD and pressure for nozzle configurations
were also validated by Hiroyasu and Kadota [85] in their
investigation. They reported that the increase in air pres-
sure demonstrates a synergistic effect upon volume flux
rate yielding higher efficiency and SMD vyielding smaller
drops additional to atomization.
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Nozzle

L=22cm ‘

(a)

Fig. 8 Classes of patternation:
a full cone, b hollow cone, and
cflat fan

For the buildup of the micron-sized thick coating
during the conducted investigation, air-pressure-aided
externally coupled two-fluid atomizer, i.e., epoxy/carbon
soot nanoparticle dispersal and compressed air were uti-
lized. At the same time, the volume flux rate was~0.2
ml/s equivalent to 3-bar pressure and was calculated
from a nozzle that ensured a higher sedimentation rate
throughout the coating procedure [86]. The effect on
surface roughness is demonstrated by the applied air
pressure during the spray coating process. Perfetti et al.
[87] during their investigation demonstrated positive
influence upon surface roughness during intensification
in pressure, whereas in another investigation Xingzhong
et al. [88] revealed that a decrease in pressure yields in an
even and constant coating. Therefore for avoiding posi-
tive as well as the negative influence of air pressure upon
surface roughness, an augmented air pressure of 3-bar
was consistently maintained during our investigation.

The opening angle produced precisely close to noz-
zle-jet via drops arising from atomizer is termed as a
spray cone angle. Even though for a specific atomizer,
the spray cone angle is predefined; however, it could be
affected by external parameters like air drag and gravita-
tional forces [82, 89]. Figure 9 illustrates the schematic of
spray angle and spray coverage produced during spray
atomization, while trigonometric relation among TSA
and TSC is given by the following equation:

TSA ) 3)

TSC=2><L><tan(T

where L is the distance; TSA and ASA are theoretical spray
angle and actual spray angle, respectively, and TSC and
ASC are theoretical spray coverage and actual spray cover-
age correspondingly.
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Fig. 9 Schematic illustration of theoretical spray angle and theo-
retical spray

Determination of TSA by utilization of the above
equation and ignoring the interference of external
parameters in the fabricated protective anti-corrosive
coating system was elucidated to be around 30°. Cor-
responding TSC for a narrow spray angle (30°) via hand
spray gun is 13-15 cm determined at a spraying length
of 22 cm [1]. Calculated narrow spray angle ensures ade-
quate coverage evading non-coated sections through-
out hand-spray coating and also manifests avoidance of
over-spraying from the target sample. Combination of
the formation of worthy value liquid-film produced via
spray coating methodology and its subsequent thermal
therapy utilized for drying liquid coating consequences
in a higher class reliable dry-coated product.
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4 Conclusion

In summary, an anti-corrosion resistant protective coating
based on epoxy and carbon soot particles (derived from
waste polyolefin-based plastic) is developed with the aid
of pneumatic fluid atomization technique. The epoxy/
carbon soot coating with a filler loading of 3 wt% yielded
an enhanced anti-corrosion performance. The formation
of carbon soot nanoparticles was confirmed via Raman
spectroscopy and FE-SEM analysis, which established
that the dimensions for the carbon soot particles are in
the range of ~41-62 nm. Physio-mechanical and chemi-
cal performance analysis of the epoxy/carbon soot coated
substrates indicates that the 3 wt% loading of carbon soot
nanoparticles enhances the adhesion and solvent-resist-
ance of the coated steel substrates. Furthermore, the anti-
corrosion performance of the epoxy/carbon soot coatings
was evaluated using polarization Tafel curves revealed the
enhanced anti-corrosion performance of epoxy/carbon
soot (3 wt%) coatings, where the corrosion current density
(2.942x e~ A/m?), corrosion rate (3.096 x e"® gm/h) were
found to be decreased. The successive results indicate that
the epoxy/carbon soot (3 wt%) coatings can be poten-
tially used for the corrosion inhibition of the 3016L stain-
less steel substrated for short-term underwater marine
applications.
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