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Abstract A novel bilayer coating was developed over
flat steel surface using a simple solution dipping
method. Zinc oxide nanostructure (ZnO-NS) on the
surfaces of flat steel was grown by chemical treatment
with zinc nitrate hexahydrate [Zn(NO;)-6H,O] and
hexamethylenetetramine (HMTA, C¢H,N,) in aque-
ous solution, followed by a thin-layer deposition of
amine-terminated  poly-dimethylsiloxane  (PDMS-
NH,). We noticed surface passivation, surface
hydrophobicity, and anti-corrosion properties by this
robust bilayer concept where both chemical and
physical effects were present. The surface properties
were measured by contact angle and scanning electron
microscope. This nanostructured grown mild steel, i.e.,
cold-rolled closed annealed steel, was compared with
nanostructure grown over zinc-coated steel, i.e., gal-
vannealed and galvanized iron. Different flat-coated
specimens were characterized by Fourier transform
infrared spectroscopy. The formation of ZnO-NS on
steel substrate was confirmed by XRD analysis. The
corrosion behavior of the different specimens was also
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impedance spectroscopy. An excellent intact bilayer
coating was proposed in the interest of structural and
automotive applications.
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Introduction

Hydrophobic material surfaces have water repellent
property with a high-water contact angle (WCA > 90°),
which helps to prevent the absorption of water
molecules on the surface. The naturally occurring lotus
leaf has surface hydrophobicity and self-cleaning
behavior due to the presence of micro/nanostructured
surface. The water droplets on the lotus leaf surface
presume a spherical shape having minimum surface
energy and roll off the surface, collecting all the dirt
particles on the way and providing self-cleaning prop-
erty to the lotus leaf surface. This is known as ‘“‘lotus
leaf effect.”'™ Many researchers have been inspired by
this characteristic of the lotus leaf to develop super-
hydrophobic coatings.””’ A nanostructured surface
with low-surface energy coating solution can g)roduce
a hydrophobic surface with higher WCA.”® Many
attempts have been made to develop roughness on
the surface using different nanomaterials Snanostruc—
tured flakes, nanorods, and nanospheres)’'! and pro;
cesses (electroless replacement deposition process,'> '
surface etching with HF,'"* > sol-gel method,'® and
precipitation method'”). Hydrophobic surfaces have
self-cleaning, oil repellency behavior and they also
protect from adhesion of bacterial activities.'® Various
researchers have worked on various hydrophobic
coatings which involve a solution of PDMS and TEOS.
Jing Zhao et al. have developed hydrophobic materials
for the consolidation of damaged pottery using hybrid
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mixture of TEOS and PDMS-OH."” Gong and
He et al. have developed a superhydrophobic
nanocomposite surface using PDMS and hydrophilic/
hydrophobic silica nanoparticles. The developed sur-
face has high WCA of 156.4° and a sliding angle of less
than 5°. This coating can be applied on various
substrates like paper, glass, and plastic. They have
proven this superhydrophobic surface to be suitable for
self-cleaning and antifouling.”” Guan et al. have pre-
pared hydrophobic coating on paper using TEOS and
PDMS. It is observed by them that the silica nanopar-
ticles obtained by the hydrolysis of TEOS, improved
the transparency of the paper and thermal stability of
the coating.?! Hasanzadeh et al. have fabricated a
superhydrophobic and breathable fabric using amino-
modified PDMS and silica nanoparticles. Here, the
textile fabrics were coated with silica nanoparticles
(prepared from TEOS) to obtain enough roughness
with hydrophobic surface chemistry. Then, these
coated fabrics were treated with PDMS and amino-
propyltriethoxysilane (APTES) to reduce the surface
energy.”” Chui Wan Tsen et al. have studied on the
deposition of polymer multilayers on free-standing
ZnO tetrapods, ZnO tetrapods on a substrate, and
ZnO nanorod arrays. They also have attached “Au”
nanoparticles on ZnO nanostructure surface using
layer-by-layer deposition which is observed by high-
resolution transmission electron microscopy. The opti-
cal and electrical properties of polymer-ZnO nanos-
tructures were varied by simply changing the polymer
for deposition. Similarly, other properties can be
varied by increasing the polymer thickness by increas-
ing the number of polymer layers.”> Many researchers
have used vinyl-terminated PDMS (V-PDMS) on a
‘Cu’ deposited rough surface and use of PTFE with
PDMS to form hydrophobic surface. Many of them
have used silica particles to increase hydrophobicity
along with silanes and in some methods, fluorinated
compounds have also been used.”* ** These processes
are found to be complex, expensive, time consuming,
and have negative environmental effects. There is
requirement to develop a method that is simple and
environmental friendly.

The present work is carried out to develop a
hydrophobic surface by a simple technique using
ZnO-nano structure (ZnO-NS) for creating surface
roughness with a thin passivating film of PDMS-NH,/
TEOS to further increase the hydrophobicity (contact
angle) of the metal surface. The ZnO-NS was obtained
by solution dipping method using zinc nitrate hexahy-
drate and HMTA and the details are given in “‘Prepa-
ration of ZnO-NS on steel surfaces (GA, GI, and
CRCA)” section. After the formation of ZnO-NS on
steel surface, it was further coated with silica coating
solution, obtained from PDMS-NH, and TEOS (de-
tails given in “Coating solution preparation” section).
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Experimental section
Materials used

Poly(dimethylsiloxane), bis(3-aminopropyl)-termi-
nated (PDMS-NH,) tetraethyl orthosilicate (TEOS),
Zinc nitrate hexahydrate [Zn(NO).6H,O], and hex-
amethyltetraamine (HMTA) were procured from
Sigma-Aldrich, India. Isopropyl alcohol and acetylace-
tone (AcAc) were procured from Fisher Scientific,
India. Distilled water was used as solvent for the
synthesis of coating solutions. Galvannealed (GA),
galvanized (GI), and mild steel (CRCA) substrate
samples were provided by Tata Steel, Jamshedpur,
India. The details about the sample specimens are
listed in Table 1. Chromated GA/GI samples were
collected from Tata Steel, Jamshedpur, India for
comparative study.

Preparation of ZnO-NS on steel surfaces (GA, GI,
and CRCA)

An aqueous solution of 100 mL with 50 mM concen-
tration (by weight percentage) was prepared using zinc
nitrate hexahydrate and HMTA dissolved in distilled
water. This mixture was stirred continuously while
heating at 80°C for 1 h and then it was filtered. The
samples of GA, GI, and CRCA were cleaned by hot
alkali solution. The cleaned steel samples were
immersed in the above prepared solution for 9-10
min and heated at 90°C. Further, these samples were
processed through annealing furnace at 450°C for 1-2 s
followed by slow cooling. The surface morphology and
chemical characterization of developed ZnO-NS were
analyzed by SEM and EDS, respectively. The thickness
of ZnO-NS was measured by a coating thickness gauge
(PosiTector® 6000) and thickness was found to be 7-8
pm.

Coating solution preparation

PDMS-NH, and TEOS were used for the preparation
of the coating solution. First, 50 mL of isopropyl
alcohol was taken in a beaker and was stirred at 170
rpm by a magnetic stirrer. Next, 6 mL of PDMS-NH,
was added dropwise to the above IPA followed by the
dropwise addition of 6 mL of TEOS. Then, 1 mL of
distilled water was added into the above solution
dropwise. Finally, 1 mL of acetylacetone was added to
prevent the solution from precipitating. The above
solution was kept on stirrer for 3 h and final coating
solution was found to be clear solution with pH range
of 9-10.
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Table 1: Details about substrates used for the preparation of different specimens

S. No. Substrate Description

1 CRCA: Cold-Rolled Closed Annealed Mild steel doped with ZnO

2 GA: Galvannealed steel 10% Fe-Zn alloy layer over mild steel
3 Gl: Galvanized iron 100% Zn layer over mild steel

Mild Steel Chemistry: C-0.04; Mn-0.40; Si-0.04; S-0.02; P-0.035; Al- 0.02; N-70ppm; YS-350; UTS-410; EL-32

Zn(NO,),+6H,0 3
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Fig. 1: Schematic representation for the preparation of ZnO nanostructure and silane coating on the surfaces of GA, Gl,

and CRCA substrates

Coated sample/specimen preparation

Both bare and nanostructured (NS) steel samples (GA,
GI, and CRCA) wer dip coated by the above coating
stuck solution with a dipping time of 30-40 s and finally
cured in the oven for 2 min at 100°C. Then, the dried
samples were taken for different characterization. The
dry film thickness of silane coating was around 2-3 pm.
Fig. 1 shows the schematic representation for the
preparation of ZnO nanostructure and silane coating
on the surfaces of GA, GI, and CRCA substrates. The
possible reaction mechanism between PDMS-NH, and
TEOS is shown in Fig. 2.

Characterizations

The microstructural properties of coated steel samples
were evaluated by scanning electron microscope
(SEM-Nova NanoSEM 450) equipped with energy-
dispersive spectrometer (EDS). Both bare and NS-
steel samples were uniformly coated with gold layer to
make them conductive and avoid any charging during
the SEM operation. The FTIR spectra of coated
samples were recorded on a Fourier transform infrared

spectrophotometer (Bruker, model VERTEX 80V) in
the spectra range of 400-4000 cm™. The sessile drop
method was used for the measurement of contact
angle. The static contact angle of coated sample was
determined by contact angle system (OCA 15EC,
DataPhysics Instrument, Filderstadt, Germany). Dem-
ineralized (DM) water was used as testing liquid. The
corrosion resistance properties of both bare and coated
steel substrates were investigated by potentiodynamic
polarization and electrochemical impedance spec-
troscopy (EIS) test (Gamry 3000). The EIS study was
carried out in the frequency range of 0.01 Hz to 100
kHz. A three-electrode system was used for this test
where the samples act as the working electrode (1 cm?
of exposed area), saturated calomel electrode (SCE) as
reference, and graphite was used as a counter elec-
trode. In all the measurements, 3.5% aqueous NaCl
solution was used as an electrolyte. The phase forma-
tion and crystallographic state of coated samples were
determined by an X-ray diffractometer (XRD,
PANIytical Xpert Pro diffractometer). The diffrac-
tograms were scanned in the 20 range from 10 to 80 at
a rate of 3/min. Confocal laser scanning microscopy
(CLSM, Olympus Lext OLS4100) was used to check
the surface roughness of the coated samples.
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Fig. 2: Possible reaction mechanism between PDMS-NH, and TEOS

Results and discussion
Scanning electron microscopy (SEM) study

Figure 3 shows the scanning electron microscopy
images of both bare and nanostructured (NS) steel
samples of GA, GI, and CRCA. It was observed from
the SEM micrographs that the ZnO nanostructures
(NS) are developed on the surface of GA, GI, and
CRCA samples (Fig. 3b, d, f). We observed highly
hexagonal ZnO nanostructures generated across large
areas under solution treatment (mentioned under
methodology) on galvanized steel substrates and
CRCA substrate (mild steel doped with ZnO). The
nanostructures were inhomogenously distributed over
the surface having diameters from ~ 100 to 400 nm and
are several micrometers long. The nanostructures were
well-adhered to the underlying steel substrates, which
enables the preparation of robust substrate-integrated
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ZnO nanostructure arrays suitable for the use in anti-
corrosion layer as a replacement to hexavalent chro-
mate passivation coating. This ZnO nanostructure was
further treated with silane solution (mentioned under
methodology) to ensure its robustness against wear
resistance and de-wettability of water by enhancing
hydrophobicity. The bilayer concept has been used for
the anti-corrosion as described below. It has been seen
earlier for the growth of ZnO nanostructures by
several methods namely carbothermal growth of ZnO
nanowires, ZnO nanowire growing from a fractured
island of Zn; vaporized Zn species using physical vapor
deposition (PVD) set up, and growth in an ambient
open-air yields networks of ZnO tetrapods using
tubular furnace.”® But, we have generated by a simple
solution dipping method followed by thermal anneal-
ing, which can be used on the industrial scale. The
grown ZnO nanostructures are of solid hexagonal rod
with smooth tips and there are no sharp edges. The
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Fig. 3: Scanning electron microscopy images of both bare (a, c, €) and nanostructured (b, d, and f) GA, CRCA, and Gl steels

elemental composition of the coating on the flat
samples was evaluated by the energy-dispersive X-ray
spectroscopy (EDS). In the case of EDS, the samples
are scanned at 5000x magnification. Table 2 shows the
weight % and atomic % of the elements present on the
surface of coated samples.

From Table 2, the presence of basic elements in bare
GA (presence of Fe and Zn), GI (presence of Zn
element), and CRCA were noted. The corresponding
EDS spectra are given in Figs. 4-6. The selected area
was analyzed under EDS. The different samples can be
clearly distinguished from each other. In the case of
GA sample, Zinc concentration has increased from ~
46 % (bare coated) to ~83% (GA-NS); similarly, in
the case of GI, zinc concentration has increased from
~ 54 % (bare coated) to ~85% (GI-NS) and ~ 0.0 %
(bare coated) to ~2.82% (CRCA-NS) for the mild
steel. We observed Si concentrations of ~9%, ~33%

and ~12% after dipping into amine-terminated silane
stuck solution for obtaining a thin film coating over
GA-NS, GI-NS, and CRCA-NS, respectively. The
presence of ““Si” along with the basic elements shows
the presence of silane coating on the steel surface
which can help to further improve the surface proper-
ties chemically in terms of hydrophobicity.

X-ray diffraction analysis

X-ray diffraction (XRD) analysis was done on ZnO
nanostructured (NS) steel samples (Fig. 7). The
diffraction peaks of ZnO-NS are observed at 20 =
31.84°, 34.41°, 36.21°, 47.63°, 56.66°, 62.91°, 66.52°,
68.08°, 69.15°, 72.92°, and 76.96°, and these peaks
represent the Bragg reflections from the (100), (002),
(101), (102), (110), (103), (200), (112), (201), (004), and
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Fig. 4: Energy-dispersive X-ray spectroscopy (EDS) of bare (a) GA-Si coated, (b) GI-Si coated, and (c) CRCA-Si coated

samples

(202) planes, respectively.”” So, it confirmed the
presence ZnO-NS on the steel surface. There is also
some impurity/unknown peak observed.

Fourier transform infrared (FTIR) spectroscopy

Figure 8a and b show the FTIR spectra of PDMS-NH,
precursor and TEOS precursor, respectively. Figure 8c
shows the FTIR spectra of different coated steel
samples (GA, GI, and CRCA) and Fig. 8d shows the
FTIR spectra of different coated nanostructured steel
samples (GA, GI, and CRCA).

We observed from Fig. 8a that PDMS-NH, has the
peak positions at 2969.91 and 3349.11 cm™' that cor-
respond to the -CH and -NH; stretching frequency,
respectively, and other peaks correspond to the usual

peaks for PDMS polymer [791.52 cm ' (—CHj; rocking
and Si-C stretching in Si-CHj3), 1013.15 and 1087.01
cm~! (Si-O-Si stretching), 1264.29 cm™' (CH3 defor-
mation in Si-CH3)].*® # We also found from Fig. 8b
that TEOS has the peak positions at 470.58, 786.59,
1077.15, and 2979.75 cm ™! that correspond to -O-Si-O,
-O-Si-CHj3; (Si-O bending), Si-O-Si, and —-CHj stretch-
ing frequencies, respectively. The band at 958.96 cm™
corresponds to the stretching vibrations of Si-O-H.***
When we mixed these two precursors and applied on
flat samples by dipping, the coated flat samples thus
obtained are shown in Fig. 8c and d which indicate the
reaction happened between PDMS-NH, and TEOS to
form the hydrophobic coating (mentioned in the
contact angle section). A chemical reaction between
these two precursors has been put forward in Fig. 2.
Therefore, it is ascertained that the -Si-NH bond was
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Fig. 5: Energy-dispersive X-ray spectroscopy (EDS) of (a) GA-NS, (b) GI-NS, and (c) CRCA-NS sample

formed after the reaction between PDMS-NH, and
TEOS. It is also evident by the presence of a peak at
863 cm '

Contact angle measurement

The contact angle measurement was carried out to
evaluate the hydrophobicity, wetting behavior, and the
free surface energy of both types the flat (GA/GI/
CRCA) sample surfaces. The contact angle measure-
ment was done for all GA, GI, and CRCA samples
(bare, coated, and NS-coated steel sheets), and the
images are shown in Fig. 9. It is observed that there was
an increase in contact angle for each type of sample
(GA/GI/CRCA) after the amine-terminated silane
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coating application. However, there was a significant
increase in contact angle in the case of coated sheets
with ZnO nanostructure (NS). The presence of ZnO
nanostructure on the flat steel surface reduces the
surface energy, thereby decreasing the water droplet’s
adhesion to the surface. Due to the manifestation of
these nanostructure patterns on the surface, dirt
particles can be removed along with water droplets
giving the surface a self-cleaning behavior. The
improvement of surface hydrophobicity in the case of
coated samples without nanostructure is due to the
presence of non-polar -CHj3 group from amine-termi-
nated silane coupling group (PDMS-NH, part). How-
ever, further increase in hydrophobicity is due to the
existence of ZnO nanostructure on the flat (GA/GI/
CRCA) surface.
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Electrochemical impedance spectroscopy (EIS)
study

We used electrochemical impedance spectroscopy
(EIS) to evaluate the electrochemical behavior of the
coating in 3.5% NaCl solution. This technique is widely
employed to understand the interfacial phenomena
between bare substrates and coatings to establish a
corrosion mechanism and rank the investigated coat-
ings according to their performances. We have evalu-
ated both bare substrates and bilayered nanostructure
coated substrates after exposing to 3.5% NaCl at an
applied voltage of 10 mV in the frequency range of 0.01
to 10° Hz and measured the current response. All these
data were plotted between modulus of impedance vs
log frequency using Bode theory and hence called
Bode plot. This experimental data was fitted by using
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And (d) coating on nanostructured flat samples (GA, Gl, and CRCA)

an electrical equivalent circuit model which is a
simplified Randles cell model to evaluate different
electrical equivalent elements such as solution resis-
tance (R;), coating capacitance (C.), and impedance
(1Z1). The Bode plot has more advantages over the
Nyquist plot, since one can understand from Bode plot
how the impedance varies with the frequency but not
in Nyquist plot. Coating behavior in terms of resistor
and capacitor can be well described in our case by
using Randles electrical circuit model (simulation of
coating-solution interface) as shown in Fig. 10a.

We could derive values of different electrical circuit
elements such as R, C., and R, from the plot of the
magnitude of impedance (IZ]) on a log scale in y-axis
and frequency in x-axis of Bode plot. At high-
frequency region (right side) as shown in Fig. 10b,
the ohmic resistance dominates the impedance and log
(Rs) can be recorded from high-frequency horizontal
plateau (dotted line intercepting the y-axis). At low-
frequency region, both log (R, + R),) can be recorded
by considering the horizontal plateau of the impedance
curve. At intermediate frequencies, this impedance
curve may have different slopes, if it is a straight line
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then the slope will be -1. Extrapolating this line to the
log |Z] axis at =1 (f = 0.16 Hz, log w = 0,) yields the
value of coating capacitance (C.) from the given
relationship: 1Z] = 1/C., where @ = 2nf. The Bode plot
shows the variation of phase angle (0) with the
frequency (f). In the low and high-frequency region,
behavior of the Randles cell is a resistor, because phase
angle is nearly zero on these frequency regions. In the
intermediate frequency region, the phase angle (0)
increases as the imaginary component of impedance
increases and goes towards higher phase angle indicat-
ing capacitive behavior. These components were
derived by plotting a curve between the phase angle
(0) vs log f, this plot yields a peak at @ (0 = max), the
frequency, in radians, at which the phase shift of the
response is maximum confirming the simulated elec-
trical circuit transition from ohmic resistance to
capacitive behavior. We observed in our study that
the frequency ranges between 10~ Hz and 10> Hz
were showing capacitive character. The physical sig-
nificance of the EIS result in the higher frequency
region is also related to both the hydrophobic charac-
teristics of the surface and the coating compactness,
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Fig. 9: Contact angle images of (a—c) GA samples (bare, coated, and NS-coated steel sheets, respectively), (d—f) Gl samples
(bare, coated, and NS-coated steel sheets, respectively), (g—i) CRCA samples (bare, coated, and NS-coated steel sheets,

respectively)
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Fig. 10: (a) Electrical circuit model representing coating and substrate interface and (b) schematic Bode plot for deriving

different electrical circuit elements values

while low-frequency EIS modulus 1s associated with
the corrosion resistance behavior.*>

The coating capacitance (C.), polarization resistance
(Rp), and impedance (IZl) values were derived from the
Bode plot by curve fitting (Fig. 11) and are presented
in Table 3. It was found that the nanostructured coated
NS-CRCA (R, = 3.79 ohm.cm?) shows higher corro-

sion resmtance compared to CRCA-coated (R, = 2.46
ohm.cm?). We know polarization resistance is 1nversely
proportional to the corrosion rate (R, e 1/corrosion
rate), therefore nanostructured grown CRCA shows
higher corrosion resistance than the uncoated one.
Similarly, nanostructured coating over GA has shown
comparatively higher corrosion resistance NS-GA (Rp
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= 370 ohm.cm?®) than the bare GA (R, = 2.86
ohm.cm?), whereas bare GI performs similar to
nanostructured NS-GI because polarization resistance
(Rp) of bare GI (3.05 ohm.cm®) was close with
polarization resistance of nanostructured NS-GI (2.95
ohm.com?). These results are supplemented by coating
capacitance values derived from Bode plot where
coating capacitance values were found low in the case
of nanostructured specimens i.e., NS-CRCA (C.:0.11 x
10* F/em?) and NS-GA (0.12 x 10~* F/em?) as
compared to bare CRCA (1.53 x 10~* F/cm?) and
bare GA (1.11 x 10~* F/cm?), respectively. This
indicated that nanostructured coating is providing
barrier to ingress of water and ions into the substrates.
The sharp slope (—1) found in the medium frequency
range for both NS-GA and NS-CRCA confirmed the
good passivating barrier coating to the electrolytes
(high R;) by acting as a capacitor, and is made evident
by higher modulus of impedance value at lower
frequency range.’’ The protection efficiencies of NS
coatings over the bare substrates (CRCA, GA, and GI)
are 54%, 29%, and 3%, respectively. The protection
efficiency was calculated by equation (1) as given
below:

R — Ry

Protection efficiency = x 100 (1)

pi

where Rpg, final polarization resistance; Rp;, initial
polarization resistance.

It was also evident by shifting of phase angle (more
than 60°) at higher frequency range from Fig. 11b. The
remaining coatings showed shallower slope in the
lower frequency range indicative of poor capacitor.
This means that electrolyte solutions are penetrating
into the coating interface by which phase angle shifting
away from 90° and going towards lower values (55°) at
medium frequencies. It was confirmed that both the
charge transfer reaction, followed by mass transfer,

(a) 6000 “e— NS-CRCA (Coated)
il o NS-GA (Coated)
~s— NS-GI (Coated)
«— Bare CRCA
- Bare GA

—+— Bare Gl

Impedance (2)
a & &
o o o
o o o

o
1

Log f

took place at the coating and solution interface.
According to the results, a noticeable decrease in C,
for the nanostructured coating was an indication of
higher passivating behavior therefore higher corrosion
resistance. The improvement in the presence of the
nanostructured coating clearly resists the water and
ionic species due to hydrophobic nature of the com-
posite coating in conjunction with zinc nanorods as
shown in Fig. 11. The polarization findings have been
strengthened further by the observation of EIS study
that the NS-flat samples can effectively delay or
suppress the penetration of the corrosive ions of NaCl
via the coating and improve the corrosion passivation
characteristics.

We did an electrochemical impedance spectroscopy
(EIS) comparison study of NS-coated GA/GI samples
with chromated GA/GI samples and the result is given
in Fig. 12. From the figure, it is observed that NS-
coated GI sample has more coating resistance com-
pared to chromated GI sample. However, there is
small variation in the case of GA samples.

Polarization study

We have carried out potentiodynamic measurement at
1.67 mV/s from — 0.5 V to 1.5 V vs SCE for both the
flat-coated substrates in order to know the passivation
behavior, hence anti-corrosion in 3.5% NaCl solution.
The potentiodynamic polarization curve for both bare
and nanostructured coated steel samples (GA/GI/
CRCA) is shown in Fig. 13.

The cathodic and anodic DC polarization slopes (b.)
and (b,) indicated significant variations between the
cathodic reduction, mechanisms of anodic dissolution,
and the microstructures of tested samples (Table 4).
From the comparison, it has been observed that the
NS-CRCA and NS-GA potentiodynamic polarization
curve showed passivation region in the range of — 0.3

_—
O
~
N
o
N

(= NS-CRCA (Coated) < NS-GA (Coated)
- NS-GI (Coated) —w— Bare CRCA

Bare GA —— Bare Gl

Phase angle (9)

Fig. 11: Electrochemical impedance spectroscopy study on different bare and coated samples in 3.5% NaCl solution; (a)
Bode plots for Impedance vs Log f; (b) Bode plots for Phase angle vs Log f
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Table 3: EIS parameters of coated steel substrates during test under 3.5% NaCl solution

Circuit Element Bare CRCA Bare GA Bare Gl NS-CRCA NS-GA NS-GI
Log 1ZI, Ohm.cm? 0.36 x 10° 0.75 x 10° 1.14 x 10° 6.28 x 10° 516 x 10° 1.13 x 10°
R,, Ohm.cm® 2.46 2.86 2.95 3.79 3.70 3.05
C,, Flcm? 1.53 x 10 1.11 x 10 1.93 x 10 0.11 x 10™ 0.12 x 10™ 0.19 x 10™
6000 2
—=— NS-GI (Coated) —— NS-GA (Coated)
5000+ —e— Gl Chromated NS-GI (Coated)
< —a— NS-GA (Coated) 1= NS-CRCA (Coated)
~— 4000 —— GA Chromated S - GA(Coated) /
ol - - Gl (Coated) §
€ 3000 8 0 CRCA (Coated) //
3 c e
9 2000 2 .
£ K ok
~— 10004 e
] A
0 A
T T T T T T T T T 1 e
-3 -2 —1 0 1 2 3 4 5 6 1 T

Fig. 12: Comparison of electrochemical impedance
spectroscopy of nanostructured coated samples with
chromated samples in 3.5% NaCl solution

Vto1.0Vand — 09V to — 0.5V, respectively. The
polarization resistance (R;,) derived from TAFEL plot
is given in Table 4 using equation (2). The protection
efficiency of NS coatings over the bare substrates
(CRCA, GA, and GI) was calculated by using the
polarization resistance data as per Table 4 and equa-
tion (1). So, in the case of polarization results, the
protection efficiency of NS coatings over bare sub-
strates (CRCA, GA, and GI) are 18.2 %, 1.2 %, and
2.8 %, respectively.

b b
Polarization resistance(Rp) = 5303 E( ; X (;;) b
: corr\Da ¢

x 100
(2)

In addition to significant reduction in passivation
current density, it was revealed that nanostructured
coating provides better protective behavior against
progress of ions/water compared to others. We also
observed from contact angle measurement that nanos-
tructured coating enhances contact angle (> 90°),
thereby making the surface energy low. So, water
would not adhere to the coating surface. It was also
confirming the literature reported data that inhomo-

~11-10-9 -8 —7 —6 —5 —4 —3 —2 —1
Logi (A/cm?)
different

Fig. 13: Potentiodynamic measurement of
samples in 3.5% NaCl solution

geneous topological properties without sharp edges of
grown zinc oxide nanostructure do not provide sites for
water adsorption.*® By analyzing the above results, we
could anticipate a protection mechanism by our bilayer
concept where the metal corrosion occurs due to the
adsorption of water molecules on the surface followed
by the penetration of the corrosive ions into the
coating and reaches at the interface of the coating and
the substrate.” The above ions can initiate the corro-
sion process. To avoid the diffusion of corrosive ions,
suitable coating materials are required to develop on
the metal surface, which can suppress the redox
reactions/corrosion. Subsequently, the developed
hydrophobic and passivating bilayer coating dimin-
ished absorption of water molecules on the steel
surfaces due to inhomogeneous surface morphology
and resulted in a considerable protection from the
corrosion process. The above protection was improved
when the coating was applied on the ZnO nanostruc-
tured mild steel. The presence of inhomogeneous
morphological zinc nanostructures in conjunction with
the amine-terminated silane molecules considerably
lowered the surface energy as well as made the surface
more passive; therefore, water contact angle has
increased to 97° which in turn improved surface
hydrophobicity, and the presence of passivating film
showed good anti-corrosion.
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Table 4: Electrochemical data for different samples in 3.5% NaCl solution by DC polarization fittings

Sample Esorr (V) lsorr (WA/cm®) b, (V/decade) b, (V/decade) Corrosion rate (mpy) Polarization resistance (Rp)
CRCA — 1.340 26.00 1.000e15 0.149 15.37 2.49E-03
GA - 1.350 184.0 1.000e15 0.175 108.9 0.41E-03
Gl —1.400 180.0 1.000e15 0.198 106.5 0.47E-03
NS-CRCA - 0.527 0.472 0.846 1.189 0.215 455E-03
NS-GA — 0.954 6.380 0.344 0.105 2.914 5.48E-03
NS-GlI - 1.170 2.210 0.136 0.144 1.305 13.7E-03
Conclusions 3. Von Baeyer, HC, “The Lotus Effect.” Sciences, 40 (1) 12-12

Here, we have developed a method to generate a bi-
layer coating over different flat steel substrates, a
universal coated product with widespread structural as
well as automotive applications, which can be an
alternate coating system to carcinogenic and ecotoxic
hexavalent chromate passivating layer. It can be scaled
up to larger surface area. The coating development
steps involve the chemical dipping of steel substrates to
obtain the nanostructured ZnO arrays, which can be
readily integrated within a top polymer and/or sol-gel
layer, using tetraethyl orthosilicate (TEOS) and
poly(dimethylsiloxane), bis(3-aminopropyl)-termi-
nated (PDMS-NH,) and finally curing at 100°C for 1
to 2 min. The formation of ZnO-NS on steel substrate
was confirmed by XRD analysis. Our experimental
studies showed lower corrosion rate in polarization
measurement and high modulus impedance in electro-
chemical impedance in 3.5% NaCl solution. The bi-
layer thus obtained is more robust in nature and lowers
surface energy by enhancing contact angle. Therefore,
it does not allow water to adsorb on the surface for
making any ionic diffusion path to penetrate into the
coating interface.
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