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Abstract. A dual layer of dip-coated TiO2 ﬁlm (top layer) and electrospun polystyrene (bottom
layer) was coated on stainless steel (SS) substrates. The morphological and structural studies were performed using scanning electron microscopy (SEM) and X-ray diffraction (XRD).
Their hydrophobicity and corrosion resistance were also investigated using contact angle (CA)
and electrochemical corrosion tests in acidic and salt solutions, respectively. Contact angle
results showed that the naturally hydrophilic TiO2 /SS sample (CA ∼ 66◦ ) turned into a superhydrophic surface (CA ∼ 148◦ ) when it was covered by polystyrene ﬁbres (PS/TiO2 /SS). This observation can be attributed to the intrinsic hydrophobicity of organic polystyrene ﬁbres (due to their low
surface energy) and also to the existence of trapped air bubbles between ﬁbres. Electrochemical corrosion tests showed that the corrosion rate was substantially decreased by using a protective bilayer
(PS/TiO2 ) from 33 to 0.39 mV/y for bare SS sample and from 0.01 to 0.003 mV/y for PS/TiO2 /SS
sample in 1 M salt and acidic solutions, respectively. The superhydrophobic protective layer forms
an obstacle against ionic exchange interactions. Therefore, it slows down the breaking of the surface oxidic layer on the metal substrate and prevents the metallic surface underneath from further
corrosion.
Keywords. Nanostructures; anticorrosion layers; hydrophobicity; contact angle.
PACS Nos 81.65.−b; 81.65.Kn

1. Introduction
The liquid-repellent surfaces are used in surface-protection applications like waterproof
coatings and stain-resistant ﬁnishes [1]. The liquid-repellence (or hydrophobicity) of a
surface depends on both surface energy and topographical microstructure. It is well known
that, the corrosion resistivity can be improved by increasing the hydrophobicity and chemical stability of a surface. Therefore, using suitable layers on sensitive substrates is one of
the methods to protect the surface of substrates against corrosive environments. Among
various practical applications of the protective layers, corrosion protection of stainless
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steel (SS) is very important because steel-based instruments are widely used in pipelines,
sea-water structures, ships etc. In these cases, water molecules produce an aqueous
electrolyte which facilitates the mobility of corrosive species and so, corrosion rate will
substantially increase [2]. Therefore, it is rational to think that the liquid-repellent surfaces
can prevent the formation of galvanic cells which improve the anticorrosion properties. In recent years, some literatures have reported the constructive effects of hydrophobicity on corrosion resistivity [3–8]. The two methods that are commonly used for
fabricating hydrophobic surfaces are: (a) trapping the air bubbles among the surface
hierarchies [9] and (b) coating the surface with intrinsically hydrophobic materials like
wax and organic layers [10–14]. Concerning the above-mentioned surface protection
mechanisms, various researches have been conducted. For example, Gringard et al [15]
observed that an electrospun layer of perﬂuorinated copolymer can considerably
strengthen the Al substrate from corrosive ions.
In this paper, we introduce a facile and low-cost method for applying a protective bilayer on SS substrates. This protective bilayer is fabricated from a dip-coated TiO2 layer
and an electrospun polystyrene (PS) microﬁbres. Contact angle (CA) measurements
indicate that the produced bilayer has superhydrophobic properties (CA ∼ 148◦ ).
2. Experimental details
2.1 Synthesis and coating of TiO2 colloidal solution
The colloidal titanium dioxide suspension was prepared by dissolving tetraisopropylorthotitanate (1 g) in 200 ml of ethanol. After 2 h of stirring for hydrolysis reaction, 3 ml
HCl (3 M) was added dropwise and the stirring was continued for 30 min [16]. This solution was used as the sol for coating the substrates by dip-coating method. In dip-coating
process, STW 24 (DD13)-hot rolled SS substrates were dipped into the solution and withdrawn at a constant rate of 30 mm/min. Then, the samples were annealed at 400◦ C for
10 min. This procedure was repeated ﬁve times to obtain a uniform layer of TiO2 on the
SS substrates.
2.2 Electrospinning of polystyrene on TiO2 /SS
Linear polystyrene (PS) with an average molecular weight (Mw ) of 393,400 g/mol (Scientiﬁc Polymer Products, Ontario, NY) was dissolved in N,N-dimethylformamide of 12.5
wt% concentration. After preparing a homogeneous sol by stirring, an aluminum foil collector (10 × 10 cm2 ) was positioned 10 cm from the tip of the needle. The pump was
calibrated to achieve a ﬂow rate of 3 ml/h for all the experiments. A potential of 15 kV
was applied between the needle and the SS substrate immediately after the formation of a
pendant drop at the tip. The electrospinning process was conducted in ambient air at room
temperature. The samples ﬁxed on the aluminum foil during electrospinning process were
covered by PS microﬁbres.
2.3 Characterization methods
The X-ray diffraction patterns of the samples were measured using a Philips X’pert instrument operating with Cu-Kα radiation (λ =1.54178 Å) at 40 kV/40 mA. A small amount
654
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of the coated TiO2 was mechanically scratched and depicted by a Philips 400T transmission electron microscope (TEM) operating at 80 kV. A TESCAN VEGA scanning
electron microscope (SEM) was also used for evaluating the morphology and thickness
of the samples. A thin ﬁlm of gold was coated over the SEM samples by a desktop
sputtering system (Nanostructured Coating Co., Iran). Contact angle measurements were
performed in air at room temperature two weeks after the sample was prepared using a
home-made contact angle meter with ±1◦ accuracy. Two microlitres of water droplets
were injected on several spots of the sample surface using a microlitre injector.
2.4 Corrosion characterization
The salt corrosion resistance of the samples was measured in a 1 M NaCl aqueous solution
at room temperature, by means of Autolab electrochemical system (PGSTAT302N) with
0.5 mV/s. Similar tests were done for evaluating the acidic resistivity of the samples in
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Figure 1. (a) TEM image of the scratched TiO2 ﬁlm, (b) SEM image of the crosssection of the TiO2 ﬁlm and (c) the PS ﬁbres.
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1 M H2 SO4 solution. The salt spray experiments were performed to form corrosion scales
over the samples. Different rectangular shaped samples (7 cm width and 5 cm length)
were kept for 24 h at 35◦ C with a spray of 8 wt% salt water solution.
3. Results and discussion
TEM image of the scratched TiO2 ﬁlm is shown in ﬁgure 1a. This ﬁgure shows that the
sample consists of nanoparticles having sizes smaller than 50 nm. The cross-section of
the TiO2 ﬁlm is illustrated in ﬁgure 1b. As can be seen, the dip-coated TiO2 ﬁlm is formed
from the uniform columnar islands with a thickness of about 500 nm on the surface of the
SS substrate. Afterwards, PS ﬁbres were electrospun on the TiO2 ﬁlm. The morphology
and size of the ﬁbres are shown in ﬁgure 1c. As can be seen, the PS ﬁbres with diameter
of less than 1 μm and length of a few millimeters woven together, completely covered the
underneath layer.
XRD pattern of the TiO2 ﬁlm is shown in ﬁgure 2 which indicates that the dip-coated
ﬁlm is crystallized in anatase phase. The typical diffraction peaks at 2θ = 25.3, 36.9,
37.8, 48.0, 55.1 and 68.8◦ are assigned to the (1 0 1), (1 0 3), (0 0 4), (2 0 0), (2 1 1)
and (1 1 6) planes of the anatase phase, respectively [17]. Relatively large width of
the anatase peaks and the lack of any other peaks reveal that a high purity TiO2 ﬁlm
is nanocrystallized on the surface of the substrate.
The contact angle measurements of the samples show that the TiO2 /SS sample is
hydrophilic while the PS/TiO2 /SS sample is completely superhydrophobic (see ﬁgure 3).
This amazing superhydrophobicity can be explained by the intrinsic hydrophobicity of the
PS ﬁbres due to the very low surface energy of the PS [18] and the existence of the trapped air bubbles between microﬁbres [19]. Microﬁbres naturally create microcavities between themselves (see ﬁgure 1c) which can trap air bubbles. The trapped bubbles facilitate
water droplet sliding over the surface and this phenomenon can be explained using Cassie–
Baxter interface model [20].

Figure 2. XRD pattern of the dip-coated TiO2 ﬁlm.
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Figure 3. Results of contact angle measurements for (a) TiO2 /SS and (b) PS/TiO2 /
SS samples.

Bare steel before salt spray

TiO2/steel after 24 h immersion

Bare steel after 24 h immersion

SP/TiO2/steel after 24 h immersion

Figure 4. Optical images of the different samples after salt spray process.

Figure 4 shows the photographs of different samples after immersing them in the salt
spray chamber for about 24 h as compared to the bare SS before the salt spray. As can be
seen, the bare SS is completely colourized as iron oxide. The TiO2 /SS sample is partially
Pramana – J. Phys., Vol. 86, No. 3, March 2016
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corroded during the test and red strips appeared on the surface of the sample. But, the
superhydrophobic PS/TiO2 /SS sample is nearly unchanged. This result clearly demonstrates the good corrosion protection of the prepared coating under the salt spray condition.
Potentiodynamic polarization curves of the samples in different solutions are shown in
ﬁgure 5 and their parameter are summarized in table 1. As can be seen, the trend of current density in both acidic and salt solutions is as follows: SS > TiO2 /SS > PS/TiO2 /SS.
The lowest corrosion current density and therefore, the lowest anode dissolution as well
as the best corrosion protection behaviour are obtained for the PS/TiO2 /SS sample which
is in good agreement with previous results (ﬁgure 4). It is known that the surface defects
(small pores or cracks and grain boundaries) are responsible for corrosion because of
the formation of the local galvanic and crevice cells [21]. For the sample covered by
the bilayer, the protective TiO2 barrier layer covers the surface defects and the superhydrophobic electrospun PS layer acts as an insulator against the formation of the galvanic
and crevice cells [22,23]. Moreover, the corrosion rates were calculated by assuming a
uniform corrosion over time. As can be seen from table 1, corrosion rates in the salt and
acidic solutions are decreased from 33 and 0.39 mV/y for the bare SS sample to 0.01 and
0.003 mV/y for the PS/TiO2 /SS sample, respectively.
Recently, Mohamed et al [24], similar to our results, observed that the superhydrophobic coatings form a strong resistive layer which slows down the breaking of the up-surface
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Figure 5. Potentiodynamic polarization curves of the bare SS (Curve a), TiO2 /SS
(Curve b) and PS/TiO2 /SS (Curve c) in the (a) NaCl (1 M) and (b) H2 SO4 (1 M)
solutions.
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Table 1. Potentiodynamic polarization parameters of different samples in salt and
acidic solutions.

Sample

Environment

Ecorr
(mV)

Icorr
(μA/cm2 )

Corrosion rate
(mV/y)

SS

NaCl (1 M)
H2 SO4 (1 M)
NaCl (1 M)
H2 SO4 (1 M)
NaCl (1 M)
H2 SO4 (1 M)

−0.62
−0.47
−0.59
−0.45
−0.54
−0.44

27
34.2
3.3
5.1
1.1
0.02

33
0.39
0.03
0.05
0.01
0.003

TiO2 /SS
PS/TiO2 /SS

compact oxide layer on metal substrates and thus, prevents the underneath metallic surface
from further corrosion. Several other works have also been carried out to study the corrosion resistance of metals coated with the superhydrophobic surfaces. Yin et al [25] prepared a stable superhydrophobic ﬁlm by mystic (fatty) acid (chemically adsorbed onto the
anodized aluminum substrate). The contact angle of the prepared sample was about 154◦
and its corrosion resistance in seawater was improved signiﬁcantly. De Leon et al [26]
coated stable superhydrophobic layer of polythiophene on SS substrates using a very
simple dip-coating method. Their results showed that in the presence of superhydrophobic
surface, the anodic corrosion potential was shifted towards higher values and the anodic
and cathodic corrosion currents were signiﬁcantly reduced. This improvement in anticorrosion property of SS can considerably increase its potential applications, especially in
marine industries.

4. Conclusions
A bilayer of dip-coated TiO2 ﬁlm (bottom layer) and electrospun polystyrene (top layer)
was coated on to a stainless steel substrate. Contact angle results showed that the naturally hydrophilic TiO2 /SS sample (CA ∼ 66◦ ) turned into a superhydrophic surface (CA
∼150◦ ) when it was covered by polystyrene ﬁbres (PS/4TiO2 /SS sample). This can be
attributed to the intrinsic hydrophobicity of organic polystyrene ﬁbres (due to their low
surface energy) and the existence of trapped air bubbles between the ﬁbres. Photographic
images before and after corrosion test in the salt spray test revealed that the surface of
the PS/TiO2 /SS sample within 24 h was still intact. In contrast, the bare SS sample was
completely oxidized to iron oxide. The electrochemical results conﬁrmed these results
and showed that the corrosion rates of the sample in the salt and acidc solutions were
substantially decreased from 33 and 0.39 mV/y for bare SS to 0.03 and 0.05 mV/y for
SS/TiO2 and 0.01 and 0.003 mV/y for PS/TiO2 /SS, respectively. The superhydrophobic coating forms an obstacle against ionic exchange which slows down the breaking
of surface oxide layer and thus, prevents the underneath metallic surface from further
corrosion. This approach enables the promising prospect that a variety of functional
hybrid materials with anticorrosion properties will be accessible for widespread marine
applications.
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