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Abstract

Corrosion limits the usage of steel and leads to the tremendous loss of the economy. Superhydrophobic coating is proven an
effective way to prevent corrosion due to its excellent water repellent nature. Herein, we describe the successful preparation
of superhydrophobic coating on steel surface which is synthesized by using chemical etching technique with mixture of
hydrochloric and nitric acid followed by treatment with lauric acid. By optimizing the etching process parameters, super-
hydrophobicity with water static contact angle of 170° and tilt angle of 5° is successfully achieved. Coated steel is found to
be thermal, chemical, and mechanical stable. Besides, coating has also good regenerability. Furthermore, coating exhibits
the excellent self-cleaning and anti-fogging properties. The electrochemical study is revealed the enhancement of corrosion
resistance of steel after coating. This facile strategy inspires the large-scale fabrication of multifunctional steel surfaces for

practical applications in self-cleaning, anti-fogging, and corrosion protection.
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1 Introduction

Iron-based alloy or steel is widely used in large and small
structures, like road, building, bridges, airports, railways,
other infrastructure, chemical equipment, plants, home
appliances, and other applications because of its high ten-
sile strength, easy availability, and low cost [1, 2]. However,
aforesaid applications are restricted due to the dirt accumu-
lation, water vapour condensation (fogging), and corrosion;
especially corrosion deteriorates the steel very fast [1-3].
This situation is worsening particularly under water. Anti-
dirt, anti-fogging, and anti-corrosive coating on steel surface
can solve the aforesaid problem and this can be possible by
creating superhydrophobicity on steel surface. It is defined
as a condition when the contact angle of water droplet on the
surface is greater than 150° and the contact angle hysteresis
is lower than 10° [4]. In nature, several biological surfaces,
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such as water striders, lotus, rose, and rice leaves, possess
unique wetting properties [4]. These surfaces have diverse
practical applications, including self-cleaning, anti-fogging,
anti-corrosion, anti-icing, anti-scratching, anti-fouling, anti-
bacterial, anti-ageing, and anti-reflective [4].

Artificially superhydrophobicity can be produced by
generating unique micro/nanostructures and modifying the
surface chemistry. A variety of techniques for developing
superhydrophobic surfaces have been reported, such as elec-
trochemical deposition, phase separation, emulsion, plasma
method, electrospinning, solution immersion, chemical
vapour deposition, wet chemical reaction, and sol-gel pro-
cessing [5, 6]. These approaches are able to produce super-
hydrophobic surfaces, but many of them are limited due to
complicated process, time consuming, expensive equipment,
restriction for substrates, not applicable for large-scale pro-
duction. However, low-cost and easy methods, like immer-
sion, dip coating, and spray coating, can facilitate the practi-
cal applications by producing large-scale superhydrophobic
surfaces.

Considering the above corrosion problem, several work
have been done in developing superhydrophobic anti-
corrosive coatings on steel and steel-based alloy system.
For instance, Motlagh et al. [7] prepared superhydropho-
bic and superoleophobic coating for steel surface with
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perfluorodecyltriethoxysilane and SiO, particles by using
spray method and they observed good anti-corrosive prop-
erty of coated steel. Wen et al. [8] modified steel surface
by etching with HF followed by treating with perfluorode-
cyltriethoxysilane and they found good anti-corrosive and
superhydrophobic nature of modified steel surface. Hao et al.
[9] electrodeposited copper on steel surface and then treated
with alkaline solution to make copper oxide. The copper
oxide was later reacted with perfluorooctanoic acid solu-
tion and modified steel showed very good self-cleaning and
anti-corrosive properties. Meena et al. [10] produced an anti-
corrosive superhydrophobic coating on steel surface with
polyurethane, SiO, nanoparticles, and hexadecyltrimethox-
ysilane by using a spin coating technique.

Lietal. [11] developed an anti-corrosive superhydropho-
bic coating on steel surface by producing roughness using
electrodeposition and hydrothermal method and then react-
ing with perfluorooctanoic acid. In another work, Xia et al.
[12] created a superhydrophobic coating on steel by using
TiO, particles and perfluorodecyltrimethoxysilane and this
coated steel also showed anti-corrosive nature. Motlagh
et al. [13] synthesized a superhydrophobic and anti-corrosive
coating for steel body by using a spray method using per-
fluorodecyltriethoxysilane and SiO, particles.

Although corrosion on the steel and steel-based alloy can
easily occur and it leads to the tremendous loss of economy,
but superhydrophobic coating has been proven an effective
way to prevent corrosion because it can be easily precluded
corrosive ions and water/moisture from contacting steel sur-
face. In this paper, a superhydrophobic coating on steel sur-
face was synthesized by using very simple chemical etching
and immersion techniques. Surface wettability, surface mor-
phology, and chemical composition of coated steel sample
were characterized. Additionally, wetting stability of coating
under harsh conditions was examined by performing various
stability tests. Furthermore, self-cleaning, anti-fogging, and
corrosion resistance characteristics of coated samples were
also evaluated.

2 Experimental Details
2.1 Materials Used

Commercially available stainless steel alloy sheets of 2 mm
thickness were used as substrates for developing the coating.
Acidic etchant nitric acid (HNO;, 100% concentrated) and
hydrochloric acid (HCl, 35% concentrated) were acquired
from Emplura, Merck Specialties, Pvt. Ltd., India. For low
surface energy materials, lauric acid (CH;(CH,),,COOH),
obtained from Loba Chemie Laboratory Reagent and Fine
Chemicals Pvt. Ltd, India was used. Other solvents, like
ethanol and sodium chloride (NaCl), were procured from
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Sigma-Aldrich Co., USA. In this work, Millipore water of
18.2 mQ cm resistivity was taken throughout the experiment.

2.2 Development of Superhydrophobic Coatings

Prior to the experiment cleaning of the substrates is required
to remove all kind of impurities present on the surface. In
this, steel samples were rigrously cleaned with the tap water
followed by sonication of samples in distilled water (of 18.2
mg2 cm resistivity) using an ultra-sonicator bath for 10 min.
Subsequently, the samples were sonicated in acetone fol-
lowed by dried at 40 °C for one hour.

In order to generate superhydrophobicity on steel surface,
two steps were followed: chemical etching and treatment
with fatty acid. Chemical etching was done to create sur-
face roughness as well as for increasing adhesion strength
of coating. It was done by chemical etching process in which
steel substrates were immersed in an acidic mixture of HNO,
and HCI (ratio 1:3) in distilled water solution. Four immer-
sion times were taken as 15, 30, 45, and 60 min. Afterwards,
etched steel were rinsed with distilled water and ethanol to
remove extra etchant form the surface. Then, samples were
died at 60 °C for one hour to remove cleaning water. In final
step, these samples were immersed in lauric acid solution of
20 g/l concentration and left for one day. Later samples were
kept in open air for one day for drying.

2.3 Characterization of Superhydrophobic Coatings

Wettability, surface morphology, and chemical composition
of steel surface before and after coating were characterized.
Wetting properties (static contact and tilt angles) of steel
samples were measured using Drop Shape Analyser (25,
Kruss, Germany) with water droplets of about 4—6 pL. The
contact measurements were done at five different positions
on each sample, and their averages along with standard
deviation were calculated. Surface morphology of the steel
surface before and after coating was done by scanning elec-
tron microscopy (SEM, Nova Nano SEM FEI). Elemental
analysis of uncoated and coated steel was done by energy
dispersive x-ray spectroscope (EDS, Nova Nano SEM FEI).
As steel surface was etched before treatment of lauric acid,
surface roughness is needed to measure and it was done by
using stylus profilometer (Vecco Dektak 150). Functional
group present on the steel surface after coating was studied
by Fourier Transformation Infrared Spectroscopy (FTIR)
(Thermo Fisher Nicolet iS10).

Additionally self-cleaning, anti-fogging, and anti-corro-
sion properties of coated samples were also studied. For self-
cleaning property test, dust particles (0.5 g, chalk powder,
size -4.5 um) were sprinkled on the uncoated and coated
surfaces and then water was dropped on the dust containing
surfaces. Behaviour of water droplets and dust containing
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surfaces was observed. Flow of the water droplets along
with the chalk powder was recorded by camera (50 frames
per second). In anti-fogging test, coated and uncoated steel
samples were first kept in very cold environment (deep
freezer, — 18 °C) for 5 h and then were exposed to the open
atmosphere. While exposing to atmospheric air, the moisture
present in the air started condensing over the chilled samples
and images were captured by camera. Electrochemical corro-
sion test for uncoated and coated samples was done by using
a potentiostat (7800, Amel Instruments, Italy). It was done
in 3.5% (w/v) NaCl solution for 30 min. Obtained polariza-
tion curves of both uncoated and coated steel samples were
plotted, and corrosion potential (E,, ) and corrosion current
density (I,,) for both samples were also calculated.

To make present coating applicable for industrial pur-
poses, wetting stability of coating under harsh conditions
was examined by thermal, chemical, and mechanical stabil-
ity tests. Mechanical durability of steel surface after coating
was assessed by adhesive tape peeling, sand paper abrasion,
water jet impact, water droplet impact, and surface bend-
ing tests. To understand abrasion resistance of coating, sand
paper with 20 g (0.2 N) weight was rubbed on coated sur-
face in back and forth directions. This was repeated until
coating lost its wetting property which was confirmed by
measuring contact angle after regular interval of test cycle.
Coating adhesiveness was checked by repeatedly glu-
ing and peeling off an electrical insulation tape (adhesive
strength—100 N/m) on the coated sample. This test was
continued until loss of superhydrophobicity which was con-
firmed by measuring contact angle after regular interval of
test cycle gluing and peeling off.

Droplet impact tests were carried out by dropping water
droplets from different heights. While droplets with differ-
ent velocity (kinetic energy) impacted on the surface, their
response was captured by camera. In another experiment,
a jet stream of water which makes an angle of about 40°
and impact speed of 2.6 m/s was sprayed on the uncoated
and coated steel samples. Interaction of water jet and sur-
face was observed. Besides, uncoated and coated samples
were kept on the water surface, and their sinking or floating
behaviour was observed. Additionally mechanical durability
was also studied by surface bending/folding tests, in which
coated samples were simply folded in 90° and 180° and then
unfolded. These folding and unfolding tests were repeated
until sample lost its wettability which was confirmed by
checking contact angle at folding area on the surface.

Annealing effect of steel sample after coating was studied
by keeping one hour samples in a hot air over at elevated
temperature range of 25 to 250 °C. After one hour of anneal-
ing, the samples were kept in open air to drying for 6 h and
then contact angels were measured. Besides, the effect of
chemical contact on the wetting stability coating was exam-
ined by immersing coated sample in sea water solution (3.5%

by weight NaCl). Wetting properties of immersed samples
were measured at regular interval of immersion. Further,
regenerability of coating on steel surface was checked by
two steps: destroying the coating by heating the sample at
300 °C for 24 h and regeneration of coating by immersing
the damaged sample in lauric acid solution.

3 Results and Discussion

In this paper, surface modification of steel substrate was
done by chemical etching technique with HCl+HNO; fol-
lowed by treatment with lauric acid. Wettability, surface
morphology, and chemical composition of coatings were
characterized. Contact angles of samples were measured
using contact angle measurement technique. It is found that
cleaned steel surface before coating shows the hydrophilic
in nature with water static contact angle of 72 +3°. Coat-
ing was done on cleaned steel after etching and subsequent
treatment with lauric acid. Since the etching time was varied
from 15 to 60 min during the synthesis process, whereas
treatment time with lauric acid was kept constant; therefore,
measured water static contact angles of coated steel samples
were plotted against the etching time as shown in Fig. 1.

While changing the etching time, shape and size of
microstructures change and so water static contact angle
also changes. After 15 min etching and 24 h lauric acid
treatment, water static contact angle increases from 72° of
the as-received unmodified steel to about 90+ 5°, i.e. by
15 min etching superhydrophobicity cannot be achieved.
This enhancement of contact angle is due to lauric acid only
and 15 min etching is not sufficient to create required rough-
ness. Further increasing etching time water contact angle
increases. After 30 min etching and 24 h treatment with lau-
ric acid, it shows the water static contact angle of 130 +5°.
Contact angle further increases to 163 + 14° if etching time
is 45 min. This modified surface attains superhydrophobic-
ity; however, the water static contact angle shows the high
standard deviation which may be nonuniform surface rough-
ness and coating. Additionally sliding angle for above sur-
face is found to be more than 10°. Therefore, further etching
is required.

After 60 min etching and 24 h treatment with lauric acid,
steel surface successfully achieves the superhydrophobicity
with water static contact angle of 170 +6° and sliding angle
of 5+0.5°. This sample shows the good uniform superhy-
drophobic nature. Surface morphology of this sample was
done by SEM and it is shown in Fig. 2. Morphology of
uncoated steel was also examined and compared with coated
one. It shows no microstructure on the uncoated surface.
After etching and treatment with lauric acid, surface mor-
phology of steel surface changes and crater-like micropat-
terns are formed as shown in the SEM images. The surface
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Fig. 1 Water contact angle of
steel surface after chemical
etching and treatment with lau-
ric acid. Etching time was var-
ied from 15 to 60 min, whereas
treatment time with lauric acid
was kept constant

Fig.2 SEM images of uncoated
and coated steel surfaces.
Inserts show the water droplet
image on corresponding steel
surfaces. EDS spectrum of
uncoated and coated steel
surfaces

roughness of uncoated and coated samples was measured
using stylus profilometer. It is found that surface roughness
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of coated steel surface is 0.35+0.03 um, whereas it is
0.085 +0.044 pm for uncoated sample.
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It can be concluded that the water contact angle increases
with etching time and superhydrophobicity can be achieve
easily by adjusting etching time.

Creation of superhydrophobicity on steel surface after
etching and treatment with lauric acid can be explained
as follows. Etching with acidic solution makes the surface
rough. Tons present in etchant solution attacks on steel sur-
face and the dissolution reactions taking place are as follows:

Fe’* + 3NO; — Fe(NO;),, )

Fe’* + 3CI~ — FeCl,. )

The product formed from reactions (1) and (2) are ferric
(or ferrous) chloride and ferric (or ferrous) nitrate; those are
pretty soluble in the etchant solution and it enables the steel
surface to be etched uniformly. This process will also gener-
ate roughness on a stable native oxide layer containing steel
surface. While treating etched steel with lauric acid solution,
the carboxyl group (R-COOQO™) of lauric acid is attached to
the metal surface (reaction 3). In this, positive end of the
lauric acid (carboxyl group) reacts with the hydroxyl or the
iron atom (Fe*") through dehydrating process (reaction 3)
and forms iron laurate (Fe(CH;(CH,),;,CO0);):

Fe’* + 3CH;(CH,),,COO™ — Fe(CH;(CH,) ,COO)..
3
To examine the elements present in coated steel surface,

EDS analysis was performed. EDS spectra in Fig. 2 shows
the presence of carbon, oxygen, chromium, and iron on the

steel surface after coating and it confirms the formation of
iron laurate after treatment of sample with lauric acid. Addi-
tionally FTIR analysis was performed in order to examine
the functional groups present on the coated steel surface. The
results of FTIR are shown in Fig. 3. FTIR spectrum shows
the presence of the carboxylate group at peaks of 1538 and
1575 cm™! and carbonyl group (C=0) at 1698 cm™! [14].
Besides, peaks at 2850 and 2917 cm™' confirm the pres-
ence of symmetric and asymmetric stretching vibration of
—CH, groups, respectively [15]. Thus, the presence of the
carboxylate, carbonyl, and alkyl groups confirms the forma-
tion of laurate on the steel surface after coating. Grooves on
the roughed surface are formed due to the chemical etching
and can easily trap air. This makes composite interface of
solid-liquid—air beneath the water droplet [16]. Addition to
this, attachment of laurate (hydrophobic alkyl long chains)
makes surface water repellent [17, 18]. According to Cassie
state [16], composite interface beneath the water drop and
hydrophobic tails makes the surface superhydrophobic.
Steel or steel alloy has plenty applications in under water
or water-based liquid, such as part of ship, reactors, turbines,
and home appliances. But these applications are limited
due to corrosion. Therefore, corrosion behaviour of steel
after superhydrophobic coating was examined by using a
potentiostat in a 3.5 (w/v) % NaCl solution for 30 min. This
was further repeated for uncoated steel sample to compare
the results of coated sample. Obtained polarization curves
for both samples are plotted as shown in Fig. 4. Corrosion
potential (E.,,,) and corrosion current density (/,,,.) values

COIT:
are obtained from the potentiodynamic polarization curves

Fig.3 FTIR spectrum of super-
hydrophobic steel surface show-
ing the presence of carboxylate, 97
carbonyl, and alkyl groups
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of uncoated and coated steel surfaces and listed in Table 1.
E.. and I values for uncoated steel sample are 0.131 V

and 0.008 mA/cm?, respectively. After coating, E,,, and I,
for superhydrophobic steel sample are found to be 0.169 V
and 0.002 mA/cm?, respectively. This shows that I, for
steel sample after coating decreases and on the contrary
E.,.. increases. Ions and water molecules present in NaCl
solution react immediately with uncoated steel surface due
to its hydrophilic nature. In general hydrophilicity entices
the ion because of polar—polar attraction. But after coating,
surface becomes superhydrophobic, i.e. it makes a nonpolar
barrier. Therefore, the reaction between these polar compo-
nents (ions and water molecules) and surface cannot be eas-
ily happened due to polar—nonpolar repulsion. Additionally,
the contact between ions present in NaCl solution and steel
surface is very low due to air tapped in the groves present
on the coated steel surface. Thus, corrosion resistance of the
steel sample improves after present coating.

Since the prepared coated steel sample shows the static
contact angle more than 150° and tilt angle less than 10°,
it should exhibit the self-cleaning property. This was tested
in lab-scale experiment, in which both uncoated and coated
steel surfaces were sprinkled with dust particles and water
was dropped on dust containing samples as shown in Fig. 5.
It shows that water immediately spreads over the uncoated
steel surface due to its hydrophilic nature. Water is una-
ble to clean the surface and leaves the messy surface. This
test further shows that when water droplets fall on the dust

Fig.4 Potentiodynamic cur-

Table 1 Corrosion potential (E_,,) and corrosion current density
(I, values obtained from potentiodynamic polarization curves for

steel surfaces before and coating in 3.5% NaCl solution for 30 min

Specimen E.. (V) I, (mA/cm?)

0.131
0.169

0.008
0.002

Uncoated steel
Coated steel

containing superhydrophobic steel surface, these droplets
roll from the surface because of low adhesion between the
droplets and surface. By rolling of water droplets, they take
away the dust particles from the superhydrophobic surface
due to low adhesion between dust particles and surface. It
results in the cleaning of the surface, indicating the great
self-cleaning ability of the coating.

Water vapour present in atmospheric air generally con-
densates on the metallic bodies and corrodes. In general,
there are several methods to protect the metals from con-
densation of water vapour (fogging). Considering this, anti-
fogging test on the coated steel sample was performed by
exposing the chilled sample to humid atmosphere. In this
regard, coated sample along with uncoated sample was kept
in deep freezer for overnight and then exposed to open envi-
ronment. It is observed that uncoated steel is wetted with a
thin layer of water after condensing of air moisture (Fig. 5)
due to its hydrophilic nature and no water droplet on supe-
rhydrophobic surface is observed because of the excellent

-3.0

rent—potential curves for steel
surfaces before and coating in
3.5% NaCl solution for 30 min

4.5+

6.0

Current density (mA/cmz)

-71.5

1 ~
| v
| J
| /
1 —
!
/

As-received

| unmodified steel

-

A‘.uperhydrophobic
steel

0.00

@ Springer

0.18
Potential (V)

0.09 0.27 0.36



Journal of Bio- and Tribo-Corrosion (2021) 7:76

Page70f11 76

Self-cleaning test

Unmodiﬁed

Anti-fogging test

~ Unmodified

Fig.5 Optical images of self-cleaning behaviour of steel surface before and after coating. Optical images of condense droplets on chilled
uncoated and coated steel surfaces, revealing anti-fogging property of coating

water repellent nature of the surface. Thus, superhydropho-
bic steel sample exhibits the excellent anti-fogging property.

3.1 Wetting Stability Under External Disturbances

External disturbances, like chemical, thermal, mechani-
cal, and other environmental factors, influence the surface
properties, such as morphology, texture, and wettability.
Therefore, it is essential to examine the wetting properties
in harsh conditions. Mechanical durability of coating can be
done by performing water droplet and jet impact, adhesive
tape peeling, floating, abrasive with sand paper, and bending
tests. If high kinetic energy water droplet and jet falls on the
surface, it can destroy the surface textures. Therefore, in this
work we have studied the water droplet and jet impact on the
superhydrophobic steel surface. Figure 6 shows the water
droplet impact behaviour on the coated steel surface. In this
study, the droplets were dropped from different height and
they impacted on the surface with different impact velocities.
Nondimensional Weber (Wb) and Reynolds (Re) numbers
are calculated by using Egs. (4) and (5):

2D
Wb = ”Vy : )
pvD
Re = 2=, 5
7 &)

Bouncing

= | d |

Pinning

Splashing

Fig.6 Optical photographs showing water drop impact behaviour on
coated steel surface. Bouncing of droplet at low velocity, pinning of
droplet at critical velocity, and splashing of water droplet at very high
velocity are observed
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where p is the density of water, D the diameter of water
droplet, v the impact velocity, y the surface tension of water,
and p is the viscosity of water. Different droplet behaviours
have been observed at different impact velocities. With low
kinetic energy (v=0.45 m/s, Wb=2.2, Re =450), water
droplet rebounds and bounces back from the surface as
shown in Fig. 6. In this situation, kinetic energy of water
droplet is lower than surface energy of coated surface and
elastic collision of droplet occurs. On increasing dropping
height of droplet, kinetic energy of impacted droplet is
enough to replace the air trapped in roughed grooves and
at high kinetic energy (v=0.63 m/s, Wb=4.34, Re =632),
only partial rebound of water droplet takes place and remain-
ing water remains sticky on the surface as shown in Fig. 6.
Due to sufficient kinetic energy of water droplet Cassie state
converts into Wenzel State and pining of droplet takes place.
With very high impact kinetic energy, droplet completely
replaces the air trapped in roughed grooves, and splashing of
water droplet coated surface is regenerable observed (Fig. 6).

A continuous high-speed water also destroys the texture
and surface properties. Figure 7 shows the water jet impact
test on uncoated and coated steel samples. Since uncoated
steel surface is hydrophilic in nature, so water immediately
wets the surface and spreads without showing any bouncing

Water jet test

Fig.7 Optical images of water jet, floatation, and surface bend-
ing tests. In water jet, water wets the uncoated surface, whereas it
bounces back in opposite direction for coated surface. In water floata-

@ Springer

nature. On the other hand, due to excellent water repellent
nature of coated steel surface, water does not wet the surface
and bounces in the opposite direction as shown in Fig. 7.
This test has continued on one spot of sample for one min
and it is observed that surface continuously bounces off
the water jet stream in opposite direction without fail. This
means coating can sustain water jet impact and confirms the
mechanical stability of coating.

Figure 7 also exhibits floating test of coated sample on
water surface. It shows that coated steel surface remains
floated when it retains over the water surface. It is mainly
due to its excellent water repellent nature and similar obser-
vation has also observed in previous studies [17, 18]. On
the contrary, uncoated steel sample sinks immediately in
the water due to its hydrophilic nature. To check its floating
ability, coated steel alloy sample was kept on water surface
for four weeks. It is noticed that coated steel alloy sample
remains continuously floated, exhibiting the excellent water
repellent nature of coating.

In another test for mechanical durability test, superhy-
drophobic coated steel sample was folded in such a way it
makes itself 90° as shown in Fig. 7. It was also completely
folded and unfolded. Wettability was checked in kink/bend
areas and it is found that surface folding or bending does not

Surface bending test

tion test, superhydrophobic steel sample floats on the water surface.
In surface bending tests, coating survives after several folding
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have much effect on the wettability and superhydrophobicity.
It is experimentally confirmed that wettability of coated steel
sample does not amend till 8 times of folding and de-folding.
After 10 times of folding and de-folding, water static contact
angle does not change and remains more than 150°, but tilt
angle is found to be more than 10°, i.e. it attains the sticky
superhydrophobicity. In this situation, surface starts to worn
out.

In this paper, sand abrasion and tape peeling tests were
performed to evaluate abrasion resistance and adhesive
strength of coating, respectively. In sand abrasion test,
coated steel sample was rubbed in forth and back directions
on the sand paper with 0.2 g weight as shown in Fig. 8.
Coated sample remains unaffected up to 45 times rubbing
on the sand paper. However, coating starts deteriorating after
50 abrasion cycles due to repeatedly rubbing on sand paper
and water static contact angle is found to be 105° +9° with
tilt is found greater than 60°.

Figure 9 demonstrates the steps in tape peeling test to
examine adhesive strength of superhydrophobic steel sam-
ple. In this, an electrical insulation tape was glued and
unglued several times and at regular interval of test, wet-
ting properties were measured. Wetting properties of coat-
ing is found to be unchanged even after 30 times of tape

peeling. However, coating loses its superhydrophobicity
after 40 cycles, and achieves sticky superhydrophobicity
due to destroying the coating surface by multiple gluing
and de-gluing of tape on the surface.

In industrial work, pipelines, reactors, tanks, and other
equipment are made of steel or steel-based alloys and
these surfaces are to be exposed to elevated temperature;
therefore, thermal stability of present coating should be
examined. In order to do this, coated steel samples were
annealed at elevated temperatures varying from 25 to
250 °C in a hot air oven for 1 h. After cooling, water con-
tact angle of annealed samples were measured and results
are shown in Fig. 10. It shows that water static contact
and tilt angles remain constant after annealing the coated
steel sample under the temperature range of 25 to 125 °C,
showing thermal stability of coating. Annealing at 150 °C
and 175 °C, water static contact angle slightly decreases
and it is found to be 155° and 150°, respectively; how-
ever, tilt angle increases rapidly, i.e. after annealing at
150-175 °C coating shows the sticky superhydrophobic-
ity. After annealing at 200 °C or more, surface no longer
remains superhydrophobic because of damaging of coating
under this temperature range.

4

()

Fig.8 Optical images of superhydrophobic steel surface a before, b—d during, e after 45 cycles, and f after 50 cycles of abrasion tests by sand

paper with 0.2 N force
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(d)

Fig. 9 Optical images of superhydrophobic steel sample a before, b—d during, e after 30 cycles, and f after 40 cycles of tape peeling tests by

insulation tape
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Fig. 10 Water static contact angle of superhydrophobic steel samples as a function of annealing temperature and immersing time of sample in

3.5% NaCl solutions

Furthermore, it is important to evaluate chemical stability
of coating for practical applications. In order to inspect the
longevity of coating, superhydrophobic steel samples were
immersed in sea water (3.5% NaCl solution, pH 8) and wet-
ting properties of immersed samples were measured after
regular interval of 2 h. Results of this study are shown in
Fig. 10. It is found that coating remains unaffected up to
6 h of immersion in pH 8 solution, showing the chemical
stability of coating. After that, water contact angle slowly
decreases with immersion time as shown in Fig. 10 due to
the damaging of the surface.

@ Springer

After partial or complete damaging of coating sample,
it is necessary to repair the coating without further delay.
In this, coating was destroyed by continuously annealed at
temperature of 300 °C for 6 h and it can damage the surface.
The water static contact angle is found to be less than 10°,
i.e. coating has completely damaged. To regenerate super-
hydrophobicity on the surface, damaged sample was again
immersed in ethanol solution of lauric acid for 24 h. After
air dried, water contact angle was measured. Water static
contact and tilt angles are found to be about 165° and 5°,
respectively, showing regenerability of coating.
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4 Conclusions

In this work, a superhydrophobic coating on steel sur-
face was prepared by using chemical etching process with
HCI+ HNOs; solution and simple immersion in lauric acid
solution. With etching time, surface roughness and water
contact angle also increase. By optimizing the etching pro-
cess parameter, superhydrophobicity with water static con-
tact angle of 170° and sliding angle of 5° is successfully
achieved. A rough micropattern on the coated surface is con-
firmed by SEM analysis. FTIR and EDS analyses confirm
the coating formation.

Mechanical durability of coating was experimentally
evaluated by water droplet and jet impact, adhesive tape
peeling, floating, abrasive with sand paper, and bending
tests. From water droplet impact test, if water is dropped at
low velocity on the coated surface, it remains in superhy-
drophobic (Cassie) state, but if water is dropped with high
velocity, it does not remain in superhydrophobic (Wenzel)
state. Wetting properties of coating does not change even
after flow of continuous water jet, folding and bending the
sample, repeatedly scratching with sand paper, and mul-
tiple time gluing and ungluing the adhesive tape. Coating
remains in superhydrophobic state even after several hours
of immersion in sea water and annealing at temperature
range of 25-150 °C, indicating the excellent chemical and
thermal stability of coating. In this work, easy regenerability
of coating is experimentally verified. Present coating shows
the excellent self-cleaning and anti-fogging properties. It
also exhibits excellent corrosion resistance. The aforesaid
durable and regenerable superhydrophobic steel surfaces
have potential industrial applications.
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