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Abstract Superoleophobicity developed by creating rough-
ness at multiple scales or lowering the surface energy has
drawn extensive attention for technological applications.
Currently, most methods for fabrication of superoleophobic
surfaces employ either the complicated manufacture of mi-
cro/nano structures or delicate chemical decorations. Here,
the sharp wetting transition from an oleophilic state to an
oleophobic one has been practically realized, and the mech-
anism successfully interpreted. The underwater superoleo-
phobic surfaces are newly realized and successfully con-
trolled by subtly tuning the surface morphology of the al-
loy by practical corrosion plus a naturally obtained, sta-
ble, high-energy inorganic coating layer which induces the
sharp wetting transition from oleophilic state to oleopho-
bic state. The contact angle (CA) variations are quantita-
tively analyzed based on the wetting model by employing
a roughness geometrical structure and a corrosion mecha-
nism, which agree well with the measured results. Addi-
tionally, the dependence of the roughness on the corrosion
procedure is modeled microscopically. Our method uncov-
ers a facile fabrication protocol for optimum underwater su-
peroleophobic surfaces by modifying the microstructures of
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alloy surfaces in the manufacturing process, which further-
more offers significant insights into the design and creation
of other novel antifouling materials.

1 Introduction

Natural wetting phenomena have recently gained extensive
attention in aspects of both theoretical formulation [1–3] and
practical mimicry [4]. One such famous example is the lotus
effect, which has aroused great interest because of its po-
tential versatile applications in, e.g., self-cleaning [5], non-
stick coatings [6], microflow regulation [7], fluid drag reduc-
tion [8], and so on. “Super-wetting” properties of a specific
surface including superhydrophobicity, superhydrophilicity,
and superoleophobicity are always of vital significance for
their uses in industry and our daily life. Based on the classi-
cal models developed early by Wenzel [9] and Cassie and
Baxter [10], various geometrical structures and chemical
modifications have been widely employed to modulate the
surface wettability for water and oil [11, 12].

A patterned surface with periodic micro/nano structures
is commonly used in studies to vary the wettability [13, 14],
where high-cost lithography or nanofabrication facilities are
necessary. Also, chemical coatings with functional polymer
film deposition are devoted to the modification of the wet-
ting properties [15]. Additionally, combinations of nanos-
tructured surfaces and further chemical coatings have also
been developed to obtain desirable wetting characteristics,
such as ZnO nanowire arrays covered with hydrophobic
polymer layers [16], carbon nanotubes with polytetraflu-
oroethylene (PTFE) [17], and TiO2 nanotube arrays on a
micro-Ti structure via an electrochemical method with fluo-
roalkyl silanes [18]. A silicon-based water-repellent surface
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with hierarchical morphology of two length-scale rough-
nesses was realized by utilizing ultra-fast (femtosecond)
laser irradiation under a chemically reactive gas atmosphere
of SF6, as reported by Vassilia Zorba et al. [19]. Also, Eun
Kyu Her et al. obtained superhydrophobic surfaces on al-
loyed steels with different Cr content using a method of
plasma etching and subsequent water immersion treatment,
which rendered the formation of high aspect ratio nanostruc-
tures, such as flakes or needles leading to superhydrophobic-
ity [20].

In contrast, the fabrication of superoleophobic surfaces
can be rather complicated. However, they have great poten-
tial applications as antifouling materials for use with haz-
ardous chemicals and biological contaminants. Thus they
have drawn increasing attention in the scientific commu-
nity in the last decade following the observations of the mi-
crotextures of plant surfaces and the first development of
super-water-repellent artificial surfaces possessing a fractal
microstructure. So far, most of the reported artificially fab-
ricated superoleophobic surfaces are only applicable in air;
research on underwater water/oil-repelling surfaces is still
limited to the best of our knowledge. Choi et al. developed
a process of simple dip-coating of extremely low-surface-
energy molecules and controllable geometry of the surface
to tune the oleophobicity of fabrics [21]. Also, a novel ge-
ometry of the surface called the “re-entrant texture” was de-
veloped to modify the wettability for even low energy liq-
uids such as methanol, octane, and pentane [11]. As a result,
a contact angle (CA) of more than 150° on the peculiar geo-
metrical and perfluorinated patterned surfaces was then ob-
tained, whose physical mechanism was discussed later [22].
Moreover, Zhang et al. [23] prepared a superoleophobic sur-
face consisting of CF3-terminated oxidized-silicone nanofil-
aments with topographical features similar to the “perfectly
hydrophobic surface” reported by Gao and McCarthy [24].
In addition to the fabrication of topographically modified
surfaces to achieve superoleophobicity, there are some re-
ports focusing on controlling the molecular configuration
(e.g., branched, star-shaped molecules) and the physical na-
ture of the modified surface to realize oleophobicity and de-
sirable dewetting properties [25]. L. Jiang and colleagues
recently found a novel method consisting of rough nanos-
tructured hydrogel coatings and microscale porous metal
substrates to produce both superhydrophilic and underwater
superoleophobic materials [26]. Furthermore, biomimetic
oleophobic or superoleophobic solid surfaces have also been
achieved by emulating the functions of unique tissues in or-
ganisms [27, 28].

However, on one hand, the time-consuming or high-cost
techniques for producing an artificial textured surface make
it necessary to find more practical protocols and manufac-
turing techniques for manufacturing water/oil-repelling sur-
faces on a large scale. Chemical coatings suffer a practi-
cal limitation caused by robust adhesion problems on the

other hand. Motivated by the challenge of making a super-
oleophobic surface, here, by tuning the surface morphology
via easily controllable corrosion accompanied by a naturally
formed stable inorganic high-energy coating layer which
induces a sharp wetting transition from oleophilic state to
oleophobic state, a new facile procedure is proposed to re-
alize the oil/water-repelling features. It is designed to sys-
tematically investigate the connection between the surface
landscape and the wetting properties, which is in particu-
lar the correlation between the surface roughness and su-
peroleophobicity, basing on the corrosion mechanisms and
classical wetting models, which is of urgent requirement in
industrial aspects of the oil-transmission process (especially
for the controllable oil/water separation), bioadhesion, green
constructions, and microfluidic systems [29–31].

2 Experiments and materials

2.1 Materials and solution

The alloy substrates from the pipeline industry with a di-
mension of 2.0 cm × 3.0 cm are cut from a sheet of API
X100 pipeline alloy. The chemical composition is shown in
Table 1.

To modify the surface roughness of the alloy substrates,
these alloy samples are polished with different levels of sil-
icon carbide (SiC) sheets (80, 150, 400, 600, 1000, 1500,
2000 grit) and 1.5 µm diamond paste. Finally, four cate-
gories of the samples are prepared: (1) bare sample (used
as received, no polishing); (2) preliminarily polished sam-
ple (polished with 80, 150, and 400 grit sheets in sequence);
(3) further polished sample (polished with 600, 1000, and
1500 grit sheets in sequence); (4) finely polished sample
(polished with 1500, 2000 grit sheets and diamond paste in
sequence). After polishing, each polished sample exhibits
a different level of roughness, which is defined here as the
initial roughness for each one. Thereafter, all the samples
are corroded with 10 wt.% HCl solution (AR grade, Bei-
jing Chemical Engineering Co. Ltd.) at room temperature
for different times, respectively, and are finally kept in boiled
deionized water (Di-water) for further use.

2.2 Corrosion process and contact angle measurement

Five groups (four pieces/group) of substrates are defined by
corrosion in identical HCl solutions for different times (0,
0.5, 2, 5, 9 h). Before the corrosion processes, these samples
are cleaned first with acetone, then with alcohol in an ul-
trasonic pool two times, and then with Di-water, which can
reduce contamination by organic adsorption and dust. In or-
der to evaluate the effect of polishing on the wettability of
the alloy substrates for oil, the CA measurement for a ses-
sile oil (1,2-dichloroethane) drop (see the sketch in Fig. 1)
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Table 1 Chemical composition of X100 pipeline alloy substrates (weight fractions, %)

C Si Mn Cu Al Nb Ti Ni Mo S P Fe

0.064 0.13 1.56 0.38 0.030 0.089 0.001 0.54 0.28 0.0024 0.024 Balance

Fig. 1 Sketch of the oil drop
resting on the alloy substrate
surrounded by water.
(a) Diagram of an oil droplet
lying on a smooth substrate with
a CA θow, and (b) on a rough
substrate

is performed for each substrate under water at room tem-
perature (∼25 °C). By using a microsyringe, the oil droplet
(about 4–9 µL in volume) is gently deposited on each sub-
strate perpendicularly. The image of the sessile oil drop is
captured from the side view by the camera system (CCD
F201-B+Nikkor 60 mm/2.8 lens) and then analyzed by Im-
ageJ software for CA measurement. We note that after corro-
sion the substrates are all cleaned by alcohol in the ultrasonic
pool and Di-water five times to remove the HCl residues
before the CA measurements in order to eliminate the ef-
fect of chloride ion on the CA of the oil droplet. The sur-
face roughness measurements are performed with a tapping-
mode atomic force microscope system (AFM, Dimension
icon, Bruker Co. Ltd.); additionally, a scanning electron
microscope (SEM, JSM6390A, Japan) and X-ray photo-
electron spectroscopy (XPS, WSCALAB, 205xI) were em-
ployed to obtain the overall surface morphology and chem-
ical nature of the corroded samples. The X-ray diffraction
(XRD) patterns are collected on a D/MAX-3C system using
graphite-monochromatized Cu Ka radiation (λ = 1.5406 Å)
for all the examined samples.

3 Results

3.1 Surface roughness after polishing

To evaluate the surface roughness of the substrates after
polishing, atomic force microscopy (AFM) measurements
are conducted for the samples after the different polishing
processes (Fig. 2). The root mean square (RMS) roughness
decreases significantly from 21.21 nm for the bare sample
(Fig. 2a) to 0.17 nm for the finely polished sample (Fig. 2d).
As the polishing for the substrate surface in present work

is conducted along one direction, the texture of directional
trenches (or grooves) is easily seen in the AFM images.

3.2 Contact angle measurement

The water partially wets the finely polished substrate surface
in air with a CA of 72°, as Fig. 3a shows (the reported CA
is the mean value of different measurements and the stan-
dard deviation denoted here within 0.13 % for all CA mea-
surements in this report), in contrast, the oil droplets almost
totally spread (CA < 5°, Fig. 3b) on this substrate, which
is due to the lower surface tension of the oil in the ambient
condition. The CA measurements for the oil drop in water
are displayed in Fig. 3c and 3d. Clearly, the oil drop cannot
spread on the alloy substrates surrounded by water. The CA
is 122° (Fig. 3d) on the bare sample, and is 85° (Fig. 3c) on
the finely polished one, which suggests that the wettability
of samples for oil is strongly dependent on the roughness of
substrates’ surfaces.

As shown in Fig. 4, samples corroded for different times
exhibit distinguishable oleophobicity sharing a common
feature: as the corrosion lasts for a longer time, the sub-
strates demonstrate a stronger oleophobicity, and reach su-
peroleophobicity with a CA close to 170°, as quantitatively
plotted in Fig. 5. The corrosion enhances the oleophobicity
of the alloy surface. As indicated in Fig. 5, initially, the CA
increases dramatically for a short duration of the corrosion,
and then shows saturation for a sufficient corrosion time (9 h
here). All of the samples with different polishing processes
exhibit the same tendency for the CA variation, though the
initial roughness of the samples (by various polishing pro-
cesses) is quite different. Additionally, for the same corro-
sion time, the sample becomes more oleophobic when its
initial roughness is smaller. For instance, the CA increases
to 155° for the bare sample and to 163° for the finely pol-
ished sample, both of which have been corroded for 5 h (the
fourth ellipse in Fig. 5). Another phenomenon found is that
CAs on different substrates just after polishing but without
corrosion depict the opposite tendency to those on corroded
substrates (indicated by the downward arrow in Fig. 5).

4 Discussion

4.1 Roughness versus corrosion

The corrosion behavior has been extensively studied on var-
ious metallic alloys, and it is widely accepted that there
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Fig. 2 AFM images for surface morphology of different alloy substrates. (a) Bare sample, (b) preliminarily polished sample, (c) further polished
sample, (d) finely polished sample

Fig. 3 Snapshots of water and oil droplets on different substrates in
air and in water. Water droplet (a) and oil droplet (b) on finely pol-
ished substrates in air. Oil droplets in water lying on finely polished
substrate (c) and bare substrate (d) with corresponding CAs of 85°,
122°, respectively. The scale bar is 1.3 mm for all the snapshots

are mainly three kinds of microscopic corrosion regimes,
i.e., “pitting corrosion,” “intergranular corrosion,” and “gen-
eral corrosion” [32–34], which are dominant in different in-
tervals throughout the corrosion process. In this study, the
finely polished sample is employed to investigate the rela-
tionship between the surface roughness and corrosion time,
and the result is shown in Fig. 6.

Figure 6 shows that the surface roughness has a strong de-
pendence on the corrosion time, and that the surface rough-

ness exhibits a quick increase within just several minutes at
the beginning and then reaches the maximum about 30 min
later. The results suggest that “pitting corrosion” is domi-
nant in the very early stage. During this stage, pits form
immediately as the sample is immersed into the HCl so-
lution, and simultaneously the depth of the pits greatly in-
creases, thus increasing the roughness. At the same time,
“intergranular corrosion” can wear away the areas near the
pits, creating peaks and valleys, which also contributes to
the increase of the surface roughness. About 30 min later,
the surface roughness begins to decrease gradually, which
could be interpreted by saying that “general corrosion” be-
comes dominant from then on. During this stage, the peaks
and the valleys are depressed, resulting in a decrease of the
surface roughness when the corroding continues. This gen-
eral tendency is consistent with the reports on metallic al-
loys utilizing various techniques [35–38]. Thus it is safe to
classify the general regimes for the corrosion of the alloy in
the present work: sharpening of the roughness at the early
stage, followed by maximum amplification of the rough-
ness, and finally smoothening to saturation. We note here
that the main focus in this report is on the tendency of the
alloy surface roughness under corrosion conditions, plus the
complexity of the corrosion mechanism. The effect of cor-
rosion on the alloy surface roughness is not fully investi-
gated here, but is a topic of interest for our following stud-
ies.
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Fig. 4 Micrographs of oil
droplets on samples corroded
for different times. Columns (a),
(b), (c), and (d) represent the
CA increase for the bare,
preliminarily polished, further
polished, and finely polished
samples, respectively. The scale
bar is 1.3 mm for all the
micrographs

Fig. 5 CA dependence on the corrosion time for oil drops on different
substrates with various initial roughnesses. The dashed lines are drawn
as guides to the eye

4.2 Effect of naturally obtained high-energy inorganic
coating on the wetting transition

Note in Fig. 5 that there is a sharp wetting transition from
oleophilic state to oleophobic state between the corrosion
intervals from 0 h to 0.5 h for different types of samples.
Most of the methods employed to realize the transition con-
cern the aids of external pressure, vibration of the droplet,
coating, and so forth. We assume here that a stable, high-
energy, inorganic coating layer was obtained, and this has
motivated us to perform XRD and XPS examinations on the
surfaces of the corroded samples (see Fig. 7).

Evidence can be concluded from Fig. 7a and 7b that an
inorganic film of Fe2O3 was obtained on the surface of the
two types of samples, since the binding energy of Fe2p in
Fe2O3 is about 710.8 eV [39], which is consistent with the
detected XPS result here. While the XRD instrument has a
strong penetration capability and only the iron element was
detected, as Fig. 7c depicts, this could be due to the thick-

Fig. 6 The dependence of surface roughness (RMS values) on corro-
sion time for finely polished sample measured by AFM. The solid line
is an eye-guide line to show the basic tendency of surface roughness

ness of the coating layer of Fe2O3, which is especially small.
The coating layer of Fe2O3 has a high surface tension of
1.357 mN/m−1 (at room temperature) [40], which could ac-
count for the sharp wetting transition from oleophilic state
to oleophobic state in our report. We note that the increase
of roughness induced by corrosion may affect the wetting
property to some extent within this period, but the occur-
rence of the Fe2O3 coating layer with a high surface ten-
sion will dominantly control the wetting state from an en-
ergy point of view. Considering the formation of the Fe2O3

coating layer, we assume there are two possibilities. One is
the cleaning process for the corroded samples to remove the
residues of corrosion products. During this process oxygen
will inevitably contact the corroded samples’ surface plus
the surface of the alloy that has just been corroded and is ac-
tive, leading to the easy oxidation of iron and thus forming
the high-energy Fe2O3 coating layer. The other possibility
concerns the CA measurement of the oil droplet under Di-
water, in which the sample surface will react with dissolved
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Fig. 7 XPS survey spectra of (a) polished sample and (b) preliminar-
ily polished sample, and (c) XRD patterns of the two types of samples
in which a′, b′, c′ represent the polished sample, preliminarily polished

sample, and standard pattern of iron, respectively. Both of the samples
have been corroded for 9 h

oxygen. Although the Di-water has been boiled, the possi-
bility should be considered.

4.3 Effect of surface roughness on wettability

The CA of an oil droplet on a smooth solid surface under
water can be written as [41]

cos θow = γov cos θo − γwv cos θw

γow
(1)

where γov, θo and γwv, θw are the surface energy and equi-
librium CA of oil and water droplets in air, respectively; γow

and θow are the oil–water interfacial energy and the CA of an
oil droplet on a smooth solid surface in water, respectively.

For the experimental CA measurements in air, the CAs
of oil (θo) and water (θw) droplets on a finely polished
surface are ∼0° and ∼72°, respectively. Taking the val-
ues γov = 24.15 mN m−1 [42], γwv = 73 mN m−1 (as the
oil 1,2-dichloroethane is slightly miscible in water, the ac-
tual value of γwv is a little smaller than 73 mN m−1), and

γow = 28.1 mN m−1 [43], Eq. (1) gives cos θow = 0.076;
thus θow = 85°, which agrees well with the measured CA
(∼85°, Fig. 3c) in the present work. These results indicate
that Eq. (1) successfully predicts the CA for an oil droplet
resting on a smooth surface in a water environment. How-
ever, whether it is a good prediction for the case of the rough
surface or not should be considered as follows.

The consideration of the CA of a droplet on a rough solid
surface composed of solid and trapped air, for which the size
of the roughness details is much smaller than the size of the
droplet, could be referred to the Wenzel [9] and Cassie and
Baxter [10] models. In Wenzel’s approach, the liquid is as-
sumed to fill up the rough surface in the water–air–solid sys-
tem, which is considered in the oil–water–solid system here;
thus the apparent CA can be expressed as

cos θwen = r cos θow (2)

where r is the roughness factor defined here as the ratio
of the actual solid–oil contact area to the projected area on
the horizontal plane. In Cassie and Baxter’s approach, it is
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assumed that the droplet will settle on the peaks of rough-
ness geometry; i.e., in the oil–water–solid system here, the
oil droplet does not fill the grooves on the rough surface
(Fig. 1b). In this regard, the CA of the oil droplet can be
written as

cos θoc = f cos θow + f − 1 (3)

where f is the area fraction of the solid–oil interface, and θoc

is the apparent CA of the oil droplet on the rough surface in
water.

Extensive studies have been performed to investigate the
validity of the Wenzel and Cassie–Baxter models to pre-
dict wetting properties and the transition between them un-
der various conditions [44–49]. In particular, considering the
Wenzel model, the roughness factor r > 1; thus, following
its prediction, θwen > θow > 90° for a hydrophobic surface,
while for a hydrophilic surface θwen < θow < 90°. Therefore,
roughness enhances both hydrophobicity and hydrophilicity.
However, in this report, θow is 85° (Fig. 2c), and thus the CA
of the oil droplet on the corroded surfaces cannot be larger
than 85° if it is in Wenzel’s regime. Nevertheless, all of the
CAs of the oil droplets on the corroded surfaces are much
larger than 85° as depicted in Fig. 5, indicating that Wen-
zel’s theory is not applicable here. Thus, the Cassie–Baxter
theory is reasonable for predicting the CA variations, and we
will further examine the validity of the theory by employing
a classical roughness geometrical structure as follows.

To understand the CA in the present experiments, based
on the Cassie–Baxter equation, we approximately consider
the rough surface to be made of periodically distributed
square pillars (side view of Fig. 8a). The periodic struc-
ture is made from solid pillars a/2 × a/2 in size and b

apart from each other (Fig. 8b). Additionally, for compari-
son, a simpler consideration for this periodic structure is also
given in one dimension (Fig. 8c). Similarly, some literatures
represented an analogous approximation for the theoretical
analysis of the lotus effect [50–52], which offers insightful
guidance for the fabrication of artificially superhydropho-
bic surfaces. Based on the assumptions above, we can de-
rive the area fractions in the models of one and two dimen-
sions as f1 = 1/(2b/a + 1) (Fig. 8c) and f2 = 1/(b/a + 1)2

(Fig. 8b), respectively.
For the case of a rough surface, a bare sample (without

polishing) (Fig. 2a) is taken first as an example for the es-
timation of the values a and b (defined in Fig. 8). The sur-
face morphology is imaged by AFM (Fig. 9a), and the cross
section is plotted in Fig. 9b for a selected box marked in
Fig. 9a. In order to estimate the values a and b, the peaks
(pillar) and the adjacent valley are employed, respectively,
and this is used as the general method for all of the fol-
lowing cases. It is at the position of approximately 80 %
of the pillar height (the distance from the lowest point to

Fig. 8 Sketch of rough surface geometry of periodic pillars in two
dimensions for side view (a) and top view (b), and in one dimension
for top view (c)

the highest point) that the widths a1, a2 of the two adja-
cent pillars are taken, and the distance between these two
adjacent pillars is taken as the value of b (Fig. 9b). The
substrate surface can be considered to consist of innumer-
able units of the square shown in Fig. 8b and 8c. Under
the condition of the simplified consideration above, from
the AFM images (Fig. 9), the sizes of a1/2 = 1.576 µm,
a2/2 = 2.308 µm are estimated, which gives an average
value of a = (a1 + a2)/2 = 3.884 µm. Taking the estima-
tion of b = 2.353 µm, we have f1 = 0.393 (1-D model)
and f2 = 0.318 (2-D model), and thus we calculate that
θoc1 = 125° (1-D model) and θoc2 = 131° (2-D model) ac-
cording to Eq. (3). Those values agree nicely with the CA
measurement (θoc ∼ 122°), implying that the assumption of
water penetrating into the trenches on the substrate surface
in the Cassie–Baxter regime is reasonable to adopt to pre-
dict the apparent CA for the oil drop on a rough substrate
under water here. It is worthwhile to note that the estima-
tion of the area fraction of f pertaining to Fig. 8 has to been
considered for a certain region, and this approximation is
reasonable since the surface of the sample has a similar mor-
phology everywhere (this has been checked by several AFM
measurements; the data is not shown here).

To explain the phenomenon of the increase of the surface
oleophobicity over corrosion time, a simplified mechanism
is proposed, as shown in Fig. 10.

It is reasonable that the surface height decreases with
longer corrosion time due to the effect of “general corro-
sion” discussed in Sect. 4.1, which has been checked by the
AFM measurements for all the samples with different cor-
rosion time, and is consistent with the results reported by
Alvarez et al. [38]. In our simplified model (Fig. 10), the
dimensions of a and b are defined in the same way as in
Fig. 9; a0 and b0 are the initial values of the peak and valley,
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Fig. 9 AFM images for the
bare sample before corrosion.
(a) Topographic image and
(b) cross section averaged for
the area marked by the
rectangular box in (a)

Fig. 10 Illustration of the
corrosion evolution of the
substrate surface. Black and
green curves represent the
morphology of the surface
before and after corrosion,
respectively. a0 and b0 are the
initial values of the peak and
valley; a1 and b1 are the values
after the corrosion for a certain
time

and a1 and b1 are the values after the corrosion for a certain
time. As shown in Fig. 4, the CA measurement is carried out
again in the water environment. According to Eq. (3), it is
expected that the apparent CA θoc increases as the area frac-
tion f decreases. To demonstrate the connection between
the corrosion and the wettability, and validate the prediction
of Eq. (3) for a corroded surface, two samples with different
initial roughnesses of the surface are introduced. The surface
morphologies of the two samples that have been corroded
for 9 h are examined by AFM as displayed in Fig. 11. We
also performed a SEM examination in order to obtain the
overall surface morphologies of the two corroded samples;
the results are shown in Fig. 12.

Figures 12b and d show the microscopic surface mor-
phology of the two types of sample that have been corroded
for 9 h, which offers strong evidence that our simplified cor-
rosion mechanism as displayed in Fig. 10 is reasonable, and
furthermore demonstrates that the CA calculating method
based on the roughness geometrical structure (Fig. 8) and
Cassie–Baxter model is valid. In terms of the estimation of
the values defined in the Cassie–Baxter model equation (3),
we can refer to Fig. 11.

In Fig. 11b, a = (a1 + a2)/2 = 1.503 µm, b = 4.600 µm
for the rougher sample (Fig. 11a), and the calculated ap-
parent CA is θoc = 148°∼159°, which is close to the
measured apparent CA (163°). For the smoother sample
(Fig. 11c), we have a = (a1 + a2)/2 = 1.275 µm, and
b = 4.618 µm (Fig. 11d); thus the calculated apparent
CA, θoc = 151°∼162°, is also close to the measured value

(167°). Simplifying the ridges (or valleys for 1-D) and peaks
(or pits for 2-D) as periodically distributed pillars is a seem-
ingly simple approximation to employ the Cassie–Baxter
model, and amazingly, the calculated values of CA agree
surprisingly well with the experimental ones. Moreover,
we should mention that the calculated values from the 2-D
model are closer to the measured results than those from the
1-D model. This may result from the fact that the 2-D model
provides a better approximation of the surface morphology
compared with the 1-D model in the statistical considera-
tion. Therefore, generally speaking, the 2-D model is rea-
sonably suggested to successfully predict the wetting prop-
erties.

5 Conclusions

In summary, a practical new method has been developed
to successfully control the wettability of an alloy surface
via subtle and simple corrosion. Using this method, the un-
derwater superoleophobicity of the pipeline alloy substrate
can be realized at a large scale, reproducibly, without re-
quiring a complicated micro/nano manufacturing process or
sophisticated chemical coatings. The naturally obtained, sta-
ble, high-energy inorganic coating layer of Fe2O3 makes the
sharp transition from the oleophilic state to the oleophobic
state possible. Along with this, the controllable corrosion
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Fig. 11 AFM micrographs of
different samples corroded for
9 h. (a) Topographic image and
(b) cross section of region in
(a) for the rougher
(preliminarily polished) sample;
(c) topographic image and
(d) cross section of region in
(c) for the smoother (polished)
sample

Fig. 12 SEM images of
(a) rougher (preliminarily
polished) sample and
(c) smoother (polished) sample.
(b) and (d) are zoom-in views of
parts (a) and (c), respectively.
Both of the samples have been
corroded for 9 h

contributes to the decrease of f , which is the area fraction
of solid-oil interface in our system as indicated in Cassie–
Baxter theory, consequently leading to a significant increase
of CA to ∼170° for the oil drop resting on the substrate in
a water environment. Moreover, the analytical methods pro-
posed here based on the roughness geometrical structure and
Cassie–Baxter theory successfully explain the oleophobicity

variations and precisely predict the measured apparent CA.
We note that the corrosion behavior has always been compli-
cated and that the various mechanisms of the corrosion dy-
namics are not fully investigated here. The interesting corre-
lations among the surface roughness, corrosion, and the wet-
tability are still open to more exploration for future study.
In the present work, our protocol will be instructive for the
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practical water/oil separation process and drag reduction ap-
plications in the oil industry.
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