
Corrosion Resistance Conferred by Superhydrophobic
Fluorinated Polyacrylate–Silica Composite
Coatings on Cold-Rolled Steel

Chang-Jian Weng, Chih-Wei Peng, Chi-Hao Chang, Ya-Han Chang, Jui-Ming Yeh

Department of Chemistry and Center for Nanotechnology, Chung Yuan Christian University,
Chung Li, Taiwan 32023, Republic of China

Received 27 April 2011; accepted 18 October 2011
DOI 10.1002/app.36380
Published online in Wiley Online Library (wileyonlinelibrary.com).

ABSTRACT: The superhydrophobic surface (SHS)
applied for corrosion protection in this study was prepared
from an organic fluorinated polyacrylate incorporated with
methyltriethoxysilane (MTES)-based silsesquioxanes spheres.
The SHS, with a contact angle of about 153.2�, was coated
onto the surface of cold-rolled steel (CRS) with spin-coating
technology. The coating materials applied as anticorrosive
coatings were based on a series of electrochemical corrosion-
protection measurements in saline conditions. The SHS coat-

ing on CRS was found to provide superior corrosion
protection to that of the hydrophobic organic coating in a se-
ries of electrochemical measurements in 3.5 wt % aqueous
NaCl electrolyte. This form of coating could also provide
better corrosion protection to coated CRS substrates and could
serve as an effective barrier against aggressive species. VC 2012
Wiley Periodicals, Inc. J Appl Polym Sci 000: 000–000, 2012
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INTRODUCTION

Metal corrosion consumes a significant part of the
gross domestic product (GDP) of an industrialized
country.1 In the case of iron, chromate-based organic
coatings offer effective corrosion protection, but envi-
ronmental concerns have increasingly restricted their
use.2 Although anodization3 is found to increase the
thickness of the oxide layer, it nevertheless retains its
porous nature.4 Recently, layered materials, such as
anionic clays (e.g., layered double hydroxide5,6) and
cationic clays (e.g., montmorillonite7), have found use
as additives in organic anticorrosion coatings or as poly-
mer–clay nanocomposite corrosion-resistant coatings.
Zeolites8,9 have also been explored as corrosion-
resistant coating materials. Hydrophobic self-
assembled monolayers10 of surfactant molecules that
adhere to the surface have also been proposed
recently as corrosion inhibitors, but they suffer from
drawbacks, such as a limited stability of layers and
miniscule-sized defects, which can allow aggressive
species to reach the substrate surface.

Recent discoveries have connected the high water
repellency of the lotus plant to its distinctive morpho-
logical properties, which form the basis for superhydro-
phobic surfaces (SHSs; i.e., surface contact angle with
water > 150�). This finding has attracted the interest of
many researchers and has pushed them to develop a
biomimetic approach to generation a similar effect. The
prospect of producing SHSs suggests huge opportuni-
ties in the following areas: (1) corrosion inhibition for
metal components, (2) chemical and biological agent
protection for clothing, and (3) antifouling for marine
vehicles, among other applications. Researchers have
since been successful in reproducing this superhydro-
phobic character using various methods; these have
resulted in different means of surface modification.
Recently, a new way of strengthening corrosion

resistance through the application of an anodic layer
to the surface of metals has been described in the lit-
erature. Monocarboxylic acids [CH3A(CH2)nACOOH]
are environmentally friendly and have been known
to act as corrosion inhibitors for various metals,
including copper,11 lead,12 mild steel,13,14 aluminum
alloys,15 and magnesium alloys.16 This approach is
characterized by the adsorption of the carboxylate
group (negatively charged) on the metal surface (posi-
tively charged);17,18 this allows the formation of a
hydrophobic or a superhydrophobic film,19–23 which
then provides the corrosion protection. This demon-
strates that monocarboxylic acid protects the alloys by
reacting with the outer layer of the anodic film. This
protective film renders the surface water resistant and
significantly enhances its corrosion resistance.
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However, to date, the corrosion protection con-
ferred by SHSs via polymer coating materials has
rarely been reported. In this article, we discuss an
SHS developed with organic fluorinated polyacrylate
(FPA) and MTES-based silsesquioxanes spheres suc-
cessfully prepared and applied as an anticorrosive
coating. The effectiveness of the SHS was evaluated
on the basis of a series of electrochemical corrosion
protection measurements under saline conditions. The
static contact angle of the applied SHS was found to
be 153 6 2�. The SHS coating on the cold-rolled steel
(CRS) electrode was also found to be superior in
terms of corrosion protection to a plain organic coat-
ing without the incorporation of MTES-based silses-
quioxane spheres on the basis of a series of electro-
chemical measurements for corrosion potential (Ecorr),
polarization resistance, and corrosion current (Icorr) in
3.5 wt % aqueous NaCl electrolyte.

EXPERIMENTAL

Materials and instrumentations

Tetraethyl orthosilicate (Fluka, United States), methyl
triethoxysilane (Fluka), ammonium hydroxide (Rie-
del-Dehaën, United States), benzoyl peroxide (BPO;
Riedel-Dehaën, United States), methyl ethyl ketone
(MEK; Riedel-Dehaën, United States), and ethanol
(Riedel-Dehaën, United States) were used as received
without further purification. Methyl methacrylate
(Riedel-Dehaën, United States) and perfluoroocty-
lethyl acrylate (Kyoeisha, Japan) were doubly dis-
tilled before use.

Attenuated total reflectance (ATR) Fourier transform
infrared (FTIR) spectra were obtained at a resolution
of 4.0 cm�1 with an FTIR instrument (JASCO, FT/IR-
4100, Japan) at room temperature with a range of
4000–700 cm�1. Surface-modified silica spheres were
studied with 13C and 29Si solid-state magic angle spin-
ning (MAS) NMR spectra. MAS NMR spectra were
recorded at 9.4 T with a Bruker Avance 400 spec-
trometer with zirconia rotors 4 mm in diameter
spun at 5 kHz. The 13C spectra were obtained with a
Bruker MSL500 instrument at 125 MHz with the
cross-polarization (CP) technique and with tetrame-
thylsilane (TMS) as a reference. The surface mor-
phology of the films was observed with scanning
electron microscopy (SEM; Hitachi S-4200, Japan)
and atomic force microscopy (AFM; PSIA XE-100,
United States). The particle size distribution was
determined with a dynamic light scattering particle
size analyzer (Brookhaven 90 plus, United States).
The contact angle of the sample was measured with
a First Ten Angstroms FTA 125. Electrochemical
measurement was performed with VoltaLab 50
(France) instrument. A three-electrode configuration
was employed in the circuit with the sample as the

working electrode, a carbon counter electrode, and
a saturated calomel electrode (SCE) as the reference
electrode. The area of the working electrode was 1
cm2. All of the measured potentials presented in this
article refer to this electrode. All tests were per-
formed at 30 6 0.5�C in a corrosive medium (3.5 wt
% aqueous NaCl). Before polarization current (Tafel
extrapolation) measurement, 1 h of immersion in the
medium was done to ensure steady-state conditions.
For the polarization current experiments, the potential
was scanned from �500 to þ500 mV at a scan rate
of 1 mV/s. Icorr was determined by superimposition
of a straight line along the linear portion of the ca-
thodic or anodic curve and its extrapolation through
Ecorr.

Synthesis of the hydrophobic surface (HS)
coating material

The preparation of the HS coating material was
done as follows: 30 mmol of MMA, 13 mmol of per-
fluorooctylethyl acrylate, 0.4 mmol of BPO, and 40 g
of MEK were introduced into a 250-mL, three-
necked, round-bottom flask. Under magnetic stir-
ring, the solution was heated to 75�C for 24 h and
then let cool to room temperature. The bulk solution
was denoted as the FPA solution [Fig. 1(a)]. The
FPA solution was coated onto one side of the
CRS substrate at 1500 rpm and then dried under
ambient conditions at 110�C for 15 min in an oven
[Fig. 1(c)].

Synthesis of the MTES-based silsesquioxane
spheres

The preparation of the MTES-based silsesquioxane
spheres was performed as follows: 3 mL of 28%
ammonium hydroxide was dissolved in 30 mL of
ethanol and then transferred into a 100-mL, two-
necked, round-bottom flask. The entire mixture was
heated to 75�C for 30 min under stirring. Subse-
quently, 28 mmol of methyl triethoxysilane and 24
mmol of tetraethyl orthosilicate were added to the
previous solution to carry out the conventional
base-catalyzed sol–gel process. The as-prepared so-
lution was maintained for another 12 h at 75�C; this
was followed by cooling down to room temperature
[Fig. 1(b)].

Synthesis of the SHS coating material

The SHS coating was coated with 200 mL of coating
solution (with a weight ratio of MTES-based silses-
quioxane spheres solution to FPA solution of about
5) with spin coating at 1500 rpm onto the slide of
the CRS substrates and dried under ambient condi-
tions at 110�C for 15 min in the oven [Fig. 1(d)].
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RESULTS AND DISCUSSION

Determination of the sphere size and sphere
size distribution

DLS and SEM imaging were used to study the parti-
cle size and particle size distribution of the spheres.
Although DLS is primarily used as a tool to estimate
the particle size range, the results of these experi-
ments could still be used to estimate the particle size
and distribution in the colloidal silica sol, as shown in
Figure 2(a). The spherical morphology of the product
was confirmed by SEM, and the micrograph shown in
Figure 2(b) established that the particles did not

agglomerate in the solid state. The particle sizes of the
MTES-based silsesquioxane spheres, as evaluated by
SEM and dynamic light scattering, were about 390
and 405 nm, respectively. The MTES-based silses-
quioxane spheres showed a smaller mean particle size
through SEM compared to DLS; this was in agree-
ment with observations by van Helden et al.24 for
colloidal silica sols of Stöber silica, Catone and Mati-
jevic25 for spherical aluminum hydroxide particles,
and McDonald et al.26 for poly(vinyl chloride) latexes.
This could be attributed to the shrinkage of the silica
structure upon drying and also upon the interaction
with the electron beam.24

Figure 1 Preparation of the (a) hydrophobic coating solution, (b) MTES–silioca spheres, (c) HS coating, and (d) SHS coat-
ing. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 2 (a) Size distribution of the MTES–silica spheres and (b)SEM images of the MTES-based silsesquioxanes spheres.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Chemical spectral studies

Solid-state 13C-NMR and 29Si-NMR spectra are power-
ful tools for characterizing the chemical structure
of powders prepared from organoalkoxysilanes.27

Solid-state MAS 29Si-NMR spectra provide quantita-
tive information about the condensation reaction,
whereas solid-state 13C-NMR spectra are particularly
useful for determining the extent of the hydrolysis
reaction. The solid-state MAS 29Si-NMR spectra of the
silica spheres are shown in Figure 3(a). The peaks at
�80.09 and �71.25 ppm in the 29Si-NMR spectra of
the MTES-based silsesquioxane spheres could be
assigned to fully condensed T3 and T2 species, respec-
tively. The T1 peak was too small to be identified in
the spectra. On the other hand, the formation of T1

and T0 species was negligible; this suggested that
no unreacted organically modified precursor was
present.28 Figure 3(b) shows the solid-state CP/MAS
13C-NMR spectra of the silica spheres, which exhib-
ited an extra resonance peak at chemical shifts of d ¼
�2.8 ppm. This peak could have been due to the car-
bon signal from the methyl group of MTES.

The chemical composition of the SHS composite
films were investigated with ATR–FTIR spectroscopy.
Several characteristic absorption peaks were observed
between the range of 700–4000 cm�1. The ATR–FTIR
spectra of the MTES–silica spheres and the HS and
SHS composite films are shown in Figure 4.

The peak at 1094 cm�1 corresponded to SiAOASi
asymmetric stretching vibrations.29 The presence of
this peak confirmed the formation of a network
structure inside the film, whereas the absorption
bands observed at 800 cm�1 were due to the SiAC
bonds.30 On the other hand, the characteristic
absorption of the C¼¼C bond at 1640 cm�1 disap-
peared; this indicated that the monomers were poly-
merized. It should also be noted that unreacted
monomers were few and seemed to have evaporated
during film formation; hence, their characteristic
peaks did not appear in the ATR–FTIR spectra. The

characteristic stretching peak of the C¼¼O group was
found to be strong at 1730 cm�1. The IR absorption
peaks between 1100 and 1240 cm�1 could be attrib-
uted to the peaks associated with motions of the CF2
groups at 1203 and 1143 cm�1.31

Surface morphological studies

The morphologies of both the HS and SHS coatings
were investigated with a water contact meter, SEM,
and AFM. The resulting surface morphology of the
bare CRS surface and the image of its corresponding
water contact angle are shown in Figure 5(a). The
surface of the bare CRS substrate was smooth;
the water droplet spread onto the substrate because
the water contact angle of the bare CRS substrate
was about 74.1�. The surface morphology of the CRS
substrate applied with the HS coating is presented
in Figure 5(b). The water contact angle of the CRS

Figure 3 (a) 29Si CP–MAS and (b) 13C MAS NMR spectra.

Figure 4 ATR–FTIR spectra of the (a) MTES–silioca spheres,
(b) HS, and (c) SHS. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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substrate applied with the HS coating was found to
be significantly increased from 74� to about 111.7�.

Moreover, Figure 5(c) shows the surface morphol-
ogy of the substrate applied with the FPA coating
and incorporated with MTES-based silsesquioxane
spheres; this provided an appropriate surface rough-
ness (Ra) to the substrate. Because the surfaces of the
MTES-based silsesquioxane spheres were covered
with low-surface-energy FPA materials, the water
contact angle was improved from 111.7 to 153.2�

accordingly.
The HS was found to be flat, as could be observed

in the three-dimensional images obtained by AFM.
Ra was also found to be about 6.178 nm [Fig. 5(d)].
However, it was also apparent that the surface
became quite rough (Ra was ca. 114.8 nm) and devel-
oped a hill-like structure when the CRS was covered
with the SHS coating [Fig. 5(e)].

Evidently, the nanostructured composite par-
ticles were able to confer a higher water contact
angle. As a large amount of air was trapped in
the cavities between the nanostructured particles,
water could only make contact with the tips of
the microsized silica particles. Hence, the water
deposited on the SHS was likely resting on an air
cushion.
To fully understand the superhydrophobic proper-

ties of the surface coating, we described the contact
angle in terms of the Cassie equation:32

cos hr ¼ f1 cos h� f2

where yr (153.2�) is the contact angle of the SHS, y
(111.7�) is the surface-coated FPA on the side of the
bare CRS,33 and f1 and f2 are the fractional interfacial
areas of the surface structure of the assembled silica

Figure 5 Relationship between Ra and the water contact angle on the CRS substrates: (a) bare CRS, (b) HS on CRS, and
(c) SHS on CRS. Optical images of the water contact angles are in the top-right corner of the SEM images. AFM topogra-
phy images of (d) HS on CRS and (e) SHS on CRS. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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particles bound by FPA and of the air in the inter-
spaces among the surface structure, respectively (i.e.,
f1 þ f2 ¼ 1). This equation predicts that an increase
in the fraction of air (f2) would increase the contact
angle of the surface (yr). According to the equation,
the f2 value of the rough surface could be estimated
to be around 0.8413. This means that air occupied
about 84.13% of the contact area between the water
droplet and the rough surface, which was formed
by the assembled silica particles that were partly
responsible for the superhydrophobic properties of
the surface.

The corrosion-preventive ability of a coating
depends on three aspects: (1) the water sorption per-
formance of the coating, (2) the transport of water in
the coating, and (3) the accessibility to water of the
coating/substrate interface. Therefore, it is reasona-
ble to assume that an SHS with low wettability can
effectively prevent water from permeating the sub-
strate surface and can exhibit superior corrosion
resistance in wet environments.

Potentiodynamic measurements

The corrosion resistance conferred by the HS and
SHS coatings was investigated by direct-current
polarization, where the lower the Icorr was obtained,
the better the corrosion resistance was. The samples
were immersed in a corrosive medium (3.5 wt %
NaCl aqueous electrolyte) for 30 min before testing.
The corrosion-preventive effect of the SHS coating
was observed to be better than the HS coating and
the bare CRS, as shown in Figure 6. Tafel plots for
the sample-coated CRS electrode measured at an
operational temperature of 30 6 0.5�C gave an Ecorr

of �490 mV for SHS, a value more positive than both
the bare CRS (Ecorr ¼ �914 mV) and the HS (Ecorr ¼
�541 mV). Furthermore, Icorr of the CRS electrode
coated with SHS was about 14.8 lA/cm2; this corre-
sponded to a corrosion rate (Rcorr) of about 0.02 mm/
year, a value significantly lower than that of the HS-
coated material (82.2 lA/cm2 and 0.96 mm/year) and
bare CRS (1096.3 lA/cm2 and 12.77 mm/year). These
results are summarized in Table I.
A large decrease in Icorr was observed when the

HS coating was applied directly to the CRS substrate
[Fig. 6(b)], but an even larger reduction became
apparent with SHS coating [Fig. 6(c)]. Rcorr (mm/
year), on the other hand, could be calculated with
the following equation:34

Rcorrðmm=yearÞ ¼
IcorrðA=cm2Þ �MðgÞ
h i

Dðg=cm2Þ � V
� 3270

where I is the current (A/cm2), M is the molecular
weight, V is the valence, D is the density (g/cm3),
and 3270 is a constant. The results indicate that SHS
exhibited a better corrosion-preventive effect than
HS and bare CRS. They also confirmed the superior
corrosion-resistant properties of the SHS coating.
The differences in the corrosion behaviors of the

samples, as determined by electrochemical measure-
ment, were evaluated by direct visual observation of
the CRS surface, as shown in Figure 7. All of the

Figure 6 Tafel plots for (a) bare CRS, (b) HS on CRS,
and (c) SHS on CRS at 30 6 0.5�C. Water drop on the (a)
CRS, (b) HS, and (c) SHS are in the lower left corner.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

TABLE I
Contact Angle, Surface Properties, and Electrochemical Corrosion Measurements of the Bare CRS

and HS and SHS Films

Sample code

Electrochemical corrosion measurementsa

Thickness
(lm)

Contact
angle (�/H2O) Ra (nm)b

Ecorr versus
SCE (mV)

Rp

(kXcm2)c
Icorr

(lA/cm2)
Rcorr

(mm/year)

Bare CRS �914 0.034 1096.3 12.77 — 74.1 —
HS �541 0.432 82.2 0.96 0.93 6 0.10 111.7 6.178
SHS �490 1.940 14.8 0.02 1.02 6 0.15 153.2 114.809

a An SCE was employed as a reference electrode.
b Ra was measured by AFM.
c Rp (polarization resistance) was measured by VoltaLab 50.
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samples were immersed in 3.5 wt % NaCl aqueous
electrolyte for 24 h at room temperature. Surpris-
ingly, after immersion for 24 h, the bare CRS was
badly corroded. A slight disfiguration also occurred
on the surface of the HS coating, and iron rusting
appeared on the HS film. However, the surface of
the SHS film remained unchanged; this was consist-
ent with the polarization data presented previously.
This result confirmed the superior protective ability
of the superhydrophobic film.

After this treatment, the contact angle of the bare
CRS decreased severely from 74.1 to 15.2� because of
iron rusting. The contact angle of the HS decreased
from 111.7 to 70�, whereas the SHS only exhibited a
small reduction from 153.2 to 125�, as shown in
Figure 7. These results indicate that after immersion
in the NaCl aqueous electrolyte, the SHS was able to
retain its hydrophobic properties and retard corro-
sion generation. When the SHS was immersed in the
NaCl aqueous electrolyte, the air trapped in the SHS
surface prevented direct contact between the NaCl
aqueous electrolyte and the CRS. Because the SHS
coating itself had an intrinsic chemical stability and
could not be corroded by the NaCl aqueous electro-
lyte, the CRS was more ably protected from corro-
sion by the SHS coating. On the basis of these
results, it can be said that SHS provided excellent
protection to the CRS substrate against corrosion.
The SHS coating was obtained by the embedding of
the silica particles into the HS surface. Aside from
being responsible for conferring roughness, as evi-
denced by the hill-like morphology found on the
SHS surface, the silica particles could easily trap air
in the spaces between these hills.19 Hence, neither
water nor Cl� (in NaCl aqueous electrolyte) could
reach the underlying surface coating (FPA) covering
the CRS because of the obstructive effect of these air

valleys. Thus, the SHS was able to provide protec-
tion and reduce corrosive damage indirectly.

CONCLUSIONS

In this article, we have shown the potential of a
novel superhydrophobic coating applied as anticor-
rosive coating on the basis of a series of electrochem-
ical corrosion protection measurements under saline
conditions. This superhydrophobic film provided
excellent corrosion protection to the coated CRS sub-
strate and could serve as an effective barrier against
aggressive species. The method described in this
article could be easily applied in the production of
superhydrophobic materials with possible commer-
cial application as a corrosion-preventive coatings
for CRS.

Financial support of this research by NSC 98-2113-M-033-
001-MY3 is gratefully acknowledged.
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