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a b s t r a c t
Stainless steels are among the most common engineering materials and are used extensively in humid
areas. Therefore, it is important that these materials must be robust to humidity and corrosion. This paper
reports the fabrication of superhydrophobic surfaces from austenitic stainless steel (type AISI 304) using
a facile two-step chemical etching method. In the first step, the stainless steel plates were etched in a HF
solution, followed by a fluorination process, where they showed a water contact angle (WCA) of 166° and
a sliding angle of 5° under the optimal conditions. To further enhance the superhydrophobicity, in the
second step, they were dipped in a 0.1 wt.% NaCl solution at 100 °C, where the WCA was increased to
168° and the sliding angle was decreased to 2°. The long-term durability of the fabricated superhydrophobic samples for 1 month storage in air and water was investigated. The potential applicability
of the fabricated samples was demonstrated by the excellent superhydrophobicity after 1 month. In addition, the self-cleaning properties of the fabricated superhydrophobic surface were also demonstrated.
This paper outlines a facile, low-cost and scalable chemical etching method that can be adopted easily
for large-scale purposes.
Ó 2017 Elsevier B.V. All rights reserved.

1. Introduction
Water repellency is a unique feature of some surfaces. Surfaces
with a water contact angle (WCA) > 90° are considered to be water
repellent, whereas a superhydrophobic surface has a WCA > 150°
and a small sliding angle (<10°) [1]. Superhydrophobic surfaces
are inspired by nature [2], and show many interesting features,
such as self-cleaning [3], anti-fouling [4], anti-fogging [5], water/
oil separation [6], enhanced corrosion resistance [7], and antiicing properties [8].
Stainless steels, which are corrosion-resistant alloys of iron, are
used extensively in different applications, such as building
construction, automobiles, airplanes, marine vessels, food industries, medical equipment and many other applications, owing to
their mechanical and corrosion properties [9,10]. Although stainless steels generally have good corrosion resistance, they are
susceptible to pitting corrosion in humid environments on account
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of their high wettability [11]. To enhance the corrosion resistance
further and improve the functionality of stainless steels, their surfaces can be treated so that they exhibit superhydrophobic
properties.
Superhydrophobicity is strongly dependent on both the surface
energy and structure [12]. Accordingly, to induce water repellency
on a surface, a combination of surface roughening and low surface
energy is required. The surface energy of monolayer films is
observed in the following order: –CH2 > –CH3 > –CF2 > –CF2H > –
CF3, where the surface tension of a –CF3 group is approximately
6.7 mN/m, followed in order by a –CF2 group [12,13]. Thus, fluoropolymer coatings having high content of –CF3 and –CF2 groups
are used extensively to reduce the surface energy of the desired
solids.
In addition, many different approaches have been used to
induce the desired roughness on the surfaces of metals and alloys.
Kim et al. [14] reported superhydrophobic stainless steel with a
WCA of 166.5° by combining the electric-discharge machining
and pulsed electron beam irradiation techniques. Lin et al. [15],
fabricated superhydrophobic surfaces of stainless steel by sandblasting and anodic reforming followed by a plasma treatment;
under the optimal conditions, the surfaces showed a WCA of
154°. Chen et al. [16] used electroless plating to prepare a Ni
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coating on a stainless steel surface, where the maximum WCA was
150°. Sant et al. [17] coated stainless steel meshes by the superhydrophobic electroless deposition of silver with a maximum WCA of
150°. Bruzaud et al. [18] produced superhydrophobic surfaces by
the electrodeposition of hydrophobic polymers (PEDOT-F4 or PEDOTH8) on stainless steel with controlled topographical features;
they achieved a WCA of 163°. Isimjan et al. [19] reported TiO2
and SiO2-coated steel surfaces containing micro- and nanoscale
roughness prepared by a layer-by-layer deposition method with
a WCA of 165°. Guo et al. [20] used an electroless galvanic deposition approach to develop superhydrophobic surfaces on steel substrates with a WCA of 166°. Boinovich et al. [21] applied multilayer
coatings containing a nanocomposite superhydrophobic layer to
the surfaces of mild steel that could reach a WCA of 167°. Wu
et al. [22] prepared superhydrophobic surfaces on stainless steel
using a femtosecond laser, and reported a WCA of 166.3° and a
sliding angle of 4.28°.
On the other hand, most of the above-mentioned techniques
have their own limitations, such as the requirement of special
equipment, expensive materials, and complex steps for fabrication
of superhydrophobic surfaces. Therefore, simple and scalable methods, such as chemical etching are in strong demand for industrial
process. The effects of different etching agents (HCl, HNO3, etc.)
and their combinations, as well as temperature, on the etching of
stainless steels have been studied [23,24]. In this regard, there are
some reports using chemical etching to induce superhydrophobicity on stainless steel samples. For example, Lee et al. [9] prepared
superhydrophobic surfaces on stainless steel by electrochemical
etching with a maximum static WCA of 147°. Frank et al. [25]
reported that chemical etching with HCl and HF led to a decrease
in the WCA; a maximum WCA of 167° was observed under the optimal conditions. Liu et al. [26] achieved a WCA of 158° on stainless
steel plates using an aqueous solution of ferric trichloride,
hydrochloric acid, and hydrogen peroxide. Yu et al. [6] prepared a
hydrophobic stainless steel mesh (WCA = 145°) by etching with a
FeCl3 solution and coating with n-octadecylthiol. Despite these
efforts, most of them could not achieve a high WCA.
This paper proposes a simple and economical method based on
chemical etching process that involves two steps. HF chemical
etching followed by dipping in a hot 0.1% NaCl solution. A high
WCA of 168° was obtained using this facile method without special
equipment and rigorous conditions. Having good durability and
self-cleaning characteristics, the fabricated surfaces have potential
for practical applications.
2. Experimental procedure
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grade hydrogen fluoride (HF; 50 wt.%), sodium chloride (NaCl),
and hexane (C6H14) were obtained from Daejung, Korea and trichloro (1H,1H,2H,2H-perfluorooctyl) silane (PFOS, CF3(CF2)5CH2CH2SiCl3) was purchased from Sigma-Aldrich, USA.
2.2. Fabrication of superhydrophobic surfaces
Before dipping, stainless steel plates were cleaned ultrasonically in alcohol and deionized (DI) water and dried in air. To fabricate the superhydrophobic surfaces, two procedures were
employed: (i) HF etching at room temperature at different times
ranging from 10 min to 25 min and (ii) dipping in a 0.1 wt.% NaCl
solution at 100 °C for 3 h and 6 h. The samples were then removed,
dipped in DI water, and dried in air at room temperature.
To obtain the fluorinated surfaces, both the etched and dipped
stainless steel plates were immersed in hexane containing 10
mmol PFOS for 10 min at 20 °C and after drying in air, they were
heated to 100 °C for 1 h. Fig. 1 presents a schematic diagram of
the different stages for the preparation of superhydrophobic
surfaces.
2.3. Characterization
The morphology of the fabricated surfaces was examined by
field emission-scanning electron microscopy (FE-SEM). In addition,
the WCAs were measured using a contact angle analyzer in static
mode with 5 ll liquid drops. The CAs reported in this work were
an average of more than five images. The sliding angle was measured by placing a water droplet on the sample and tilting the sample stage from 0° until the water drop rolled off.
3. Results and discussions
3.1. Theoretical explanation
Generally, the wettability of a surface can be described by two
broadly accepted models, i.e., Wenzel model [27] and CassieBaxter model [28]. In the former model, the liquid completely penetrates into the asperities of the solid. In this model, a rough material has a higher surface area than a smooth one, which modifies
the WCA as follows [27]:

cos h ¼ r cos h

ð1Þ

⁄

where h is the CA of the rough surface, ‘‘r” is the surface roughness
(actual area divided by the projected area), and h is the WCA of the
smooth surface of the same material, which can be described by
Young’s equation [29]:

2.1. Materials

cos h ¼ ðcSA  cSL Þ=cLA

The substrates were commercial stainless steel plates (AISI type
304) purchased from Yoongsun Metal Co. Ltd, Korea. Analytical

where cSA, cSL, and cLA are the surface tension at the solid-air (gas),
solid-liquid, and liquid-air (gas) interfaces, respectively.

Fig. 1. Schematic illustration of the different stages of preparation of superhydrophobic stainless steel surfaces in this study.

ð2Þ
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The Cassie-Baxter model can be applied when the liquid
remains on a rough surface and the air is trapped in cavities, and
is expressed as follows [28]:

cos hc ¼ f 1 cos h1 þ f 2 cos h2

ð3Þ

where hc is the macroscopic WCA on a composite surface consisting
of two phases, 1 and 2; f1 and f2 are the respective fractions of the
projected planner area of two phases (f1 + f2 = 1); and h1 and h2 are
the respective equilibrium contact angles. In the case of stainless
steel surfaces prepared by the procedure used in this study, f1 and
f2 are the area fractions of the solid surfaces and air on the surface,
respectively. h1 = h, h2 = 180°, and f1 = fs; thus, Eq. (3) can be written
as follows [30]:

cos hc ¼ 1 þ f s ðcos h þ 1Þ

ð4Þ

Based on the Wenzel model, the WCA decreases with increasing
surface roughness, while the reverse is true in the Cassie-Baxter
model, and the WCA increases by roughening the surfaces. In these
experiments, the WCAs increased with increasing surface roughness, demonstrating that the Cassie-Baxter model describes these
findings.

Fe2 O3 þ 6Hþ ! 2Feþ3 þ 3H2 O

ð5Þ

Li et al. [32] reported the formation of FeF3 and CrF3 as a result
of a reaction between iron and chromium ions with fluorine anions
after HF etching. As chemical etching continued, deep asperities
formed gradually and both the depth and diameter of them
increased with the concomitant formation of nanostructures inside
these pits. Therefore, a micro-nano structure with predominantly
micro-scale roughness will be formed after HF etching.
3.3. Hydrophobic studies on the etched samples
To examine the effects of the etching time on the superhydrophobic behavior of the etched samples, the WCAs and sliding
angles were measured as a function of the etching time, as shown
in Fig. 3. The hydrophobicity increased first and then decreased
with further increases in etching time. The WCAs for the samples
etched for 5, 10, 15, 20, and 25 min were 143, 161, 162, 164, and

3.2. Morphology and mechanism of etched samples
Fig. 2a-d present FE-SEM images of the stainless steel plates
obtained after etching for different times ranging from 5 min to
20 min. In addition, the upper inset presents low magnification
FE-SEM images. The lower inset in Fig. 2d shows the morphology
of the stainless steel surface after etching in HF for 25 min. In all
cases, rough surfaces on the micro-nano scale were formed with
many asperities and voids on the etched samples. This is because
high energy sites, such as dislocations and grain boundaries,
always exist in crystalline metals and because of their high energy,
they are more susceptible to attack by etchants and will be dissolved first. Therefore, this selective corrosion behavior will produce the roughness and asperities on the etched stainless steel
surfaces [31]. H+ in HF can react with the surface layer of steel,
which can be regarded as a thin layer of Fe2O3 [31]:

Fig. 3. Changes in the WCA and sliding angles of stainless steel after different
etching times in HF.

Fig. 2. FE-SEM images of stainless steel surfaces after etching in a HF solution for (a) 5 min (b) 10 min (c) 15 min, and (d) 20 min. The corresponding insets in the upper part
show low magnification images. Bottom inset image in Fig. 1(d) shows the microstructure of steel after 25 min HF etching.
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157° respectively. Steel alloys are generally hydrophilic and show a
WCA less than 90° [33]. Therefore, the etching successfully induces
superhydrophobicity in stainless steel samples by the formation of
rough surfaces.
As stated previously, with increasing etching time, micronanostructures produced more roughness on the surface and
higher WCAs were observed according to the Cassie-Baxter model.
On the other hand, the WCA decreased with further increases in
etching time to 25 min. This may be due to the increase in local
corrosion rate, which can affect the fine structure of the surface
and degrade the superhydrophobicity of the surface. Similarly,
Gao et al. [34] reported the same trend of WCA with the etching
time, where the WCA was decreased after 50 min etching in HCl.
They measured the surface roughness and showed that a decrease
in roughness after the optimal etching time is the main reason for
the degradation of WCA. Regarding the sliding angles, although the
WCAs after 5 min and 25 min etching time were 143° and 159°,
respectively, and the samples exhibited hydrophobicity, the water
drop being stuck to the surface (sticky hydrophobicity [35]). This
wetting state can be explained by Wenzel’s model. The Wenzel
state will be shifted to the Cassie-Baxter state after increasing
the etching time to 10 min. The sliding angles for etching times
of 10, 15, and 20 min were 10, 5, and 5°, respectively. Therefore,
15–20 min HF etching can result in the striking superhydrophobic
properties on the surface of the samples, where both a high WCA
and low sliding angles are achieved simultaneously.
3.4. Effect of dipping in NaCl solution
An essential feature of superhydrophobic surfaces is having a
micro-nano hierarchical structure [36–38]. As the samples etched
in HF mainly had micro-scale roughness, to induce nano-scale
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roughness and form micro-nano hierarchical structures, the sample with the highest WCA (20 min etching time) was dipped into
a 0.1 wt.% NaCl solution at 100 °C for 3 and 6 h. The corrosion of
steel in the presence of a NaCl solution can be shown in the following reactions [39]:

Fe ! Feþ3 þ 3e

ð6Þ

Feþ3 þ 3H2 O ! FeðOHÞ3 þ 3Hþ

ð7Þ



Feþ3 þ 3Cl ! FeCl3

ð8Þ

NaCl can react with Fe in two ways; it can be easily ionized and
react with water and Cl, the Fe3+ can react with water and form Fe
(OH)3 as well as with Cl to form FeCl3. Therefore, it is expected
that fine nanostructures will be formed after dipping in 0.1 wt.%
NaCl, which is a weak corrosion solution.
Fig. 4 presents FE-SEM images of the samples after dipping in a
NaCl solution. Fig. 4a shows a petal-like microstructure of the sample after 3 h dipping in a 0.1 wt.% NaCl solution at 100 °C. A hierarchical structure comprised micro- and nano-scale roughness is
formed on the surface of the sample. Fig. 4b and c show lower magnification images. The WCA and sliding angle on this sample were
168° and 2°, respectively. Therefore, the WCA was increased relative to the etched sample, whereas the sliding angle was
decreased. In contrast, Zhang et al. [40] reported a decrease in
the WCA and sliding angle after dipping in a 3.5 wt.% NaCl solution.
This highlights the good choice of the NaCl concentration in the
present study. To determine if the increasing the dipping time
can promote superhydrophobicity, the dipping time was increased
to 6 h. Fig. 4d-f show the surface microstructures at different magnifications. A micro-nano hierarchical structure could still be

Fig. 4. FE-SEM images of stainless steel surfaces after dipping in 0.1 wt.% NaCl solution at 100 °C for (a), (b) and (c) 3 h at different magnifications. (d), (e) and (f) 6 h at
different magnifications.
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observed. On the other hand, the WCA and sliding angles in this
sample were exactly the same as the previous sample (WCA =
168° and sliding angle = 2°). This is because NaCl at such concen-

trations is not a strong chemical agent and after the initial corrosion of a high energy area, further increases in dipping time did
not affect the formation of rougher surfaces.
Fig. 5 shows a schematic diagram of the mechanism of
hydrophobicity in the stainless steel samples. The untreated sample exhibited hydrophilicity and water droplets stuck to the surface. After etching in HF, superhydrophobicity was induced on
the surface with a WCA of 164°, which was increased to 168° by
dipping in a NaCl solution.
3.5. Durability
Long-term stability is an important feature of superhydrophobic surfaces, which determines applicability of fabricated superhydrophobic surfaces. To study the long-term durability, the sample
etched for 20 min in HF, followed by 3 h dipping in a NaCl solution
was stored in air as well as water for 1 month and the changes in
both the WCA and sliding angles were tracked regularly and carefully. Fig. 6 shows the relationship between the WCA/sliding angles
and storage time. The WCAs of the as-prepared sample after 5
days, after 15 days, and after 30 days were 168° for the sample in
the air (Fig. 6a). In addition, the sliding angle varied slightly
between 1 and 2°. In all cases, however, the surface retained its
excellent superhydrophobicity, which verifies the long-term stability of the fabricated samples. The same trend was observed on the
sample kept in water (Fig. 6b), where the WCA was constant over

Fig. 5. Schematic diagram of the hydrophobicity state of the stainless steel sample.
(a) before chemical treatment, (b) after HF etching, (c) after HF etching followed by
NaCl dipping.

Fig. 6. Durability of the optimal superhydrophobic stainless steel sample after
keeping in (a) air and (b) water for 1 month.

Fig. 7. Self-cleaning test. (a) substrates (b) before self-cleaning test (c) after selfcleaning test.
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1 month and the sliding angle showed only slight variations. The
excellent superhydrophobicity of the fabricated surfaces can be
related to the intrinsic high stability of stainless steel.
3.6. Self-cleaning test
In a natural environment, surface contamination is observed
frequently. To clean the dirty surfaces, considerable efforts, money,
and time are needed. Therefore, the production of self-cleaning
surfaces with low-adhesion to contaminants is very important
from an application perspective [7]. Contamination will be
adsorbed and rolled off the superhydrophobic surfaces when contacted with some water droplets. Contamination can be removed
easily because the adhesion force between the water and contamination is higher than that between the surface and dust [41]. A
self-cleaning test was performed for both normal stainless steel
substrates and superhydrophobic ones (Fig. 7a). For this purpose,
some powders were dispersed over the inclined surfaces of both
substrates Fig. 7b. Fig. 7c presents the surfaces of both substrates
after the cleaning test. On the surface of the regular stainless steel
plate, there were some water droplets, demonstrating the poor
self-cleaning properties. In contrast, for a stainless steel substrate
with superhydrophobic properties realized in the work, the surface
was self-cleaned because the powders were rolled off by water
droplets. This demonstrates the self-cleaning features of the fabricated superhydrophobic surfaces.
4. Conclusions
This study developed a simple technique to obtain a superhydrophobic film on an AISI 304 stainless steel substrate. The
hydrophobic surfaces were fabricated by a two-step chemical etching and fluorination treatment. The effects of the etching time in HF
and dipping time in NaCl were studied and the optimal conditions to
obtain the highest WCA and lowest sliding angles were 20 min etching in a HF solution followed by 3 h dipping in a 0.1 wt.% NaCl solution. In addition, the durability of the fabricated surfaces was tested
for 30 days and a constant WCA was observed in both air and water
environments, demonstrating the excellent durability of fabricated
surfaces. Finally, the superhydrophobic surface exhibited a selfcleaning effect, which is very useful for many applications. Overall,
this paper presents a simple, cost-effective and easy to handle
approach to fabricating superhydrophobic surfaces on stainless
steel, which is one of the most widely used engineering alloys.
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