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Effect of the Cassie Baxter-Wenzel
behaviour transitions on the
corrosion performances of AA6082
superhydrophobic surfaces

A. Khaskhoussi, L. Calabrese, E. Proverbio

Turning the wetting behaviour of a solid surface from hydrophilic to hydrophobic by making morphological and chemical
modifications has attracted great attention over the past few years due to the importance of these surfaces in fundamen-
tal research and industrial applications in particular for anti-corrosion purpose. In this work, a chemical etching-based
approach, which can be easily scaled to industrial level, was proposed to obtain super-hydrophobic surfaces on 6082-Té
aluminium plates. The results showed that the wetting transitions from Cassie-Baxter to Wenzel regime and vice versa
can be controlled by changing the etching time. The mechanism at the basis of the wetting behaviour is based on the na-
nostructure roughness. In addition, the as-prepared aluminium surfaces revealed a good corrosion resistance behaviour
in seawater compared with the as received one. The relationships between the corrosion performances and the Cassie
Baxter-Wenzel behaviour transitions were deeply discussed.
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INTRODUCTION

Wetting behaviour is an important characteristic in sur-

face chemistry, and it can be roughly distinguished into

hydrophobic and hydrophilic. Current achievements in

the fabrication of synthetic surfaces for special degrees of

wettability are typically focused on super-hydrophobicity.

Superhydrophobic surfaces are characterised by a water Amani Khaskhoussi
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drawn significant attention because they have a wealth of

applications starting from day-to-day activities to health

care. Some of these applications include but are not limited Luigi Calabrese, Edoardo Proverbio
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delivery [4] and self-cleaning [5]. The superhydrophobicity
behaviour is mainly governed by the surface morphology
(roughness) and the surface chemical composition which
requires deep fundamental understanding [6].

The contact angle (CA) of a liquid on a chemically homoge-
neous and flat solid surface is calculated according to to the

La Metallurgia Italiana - March 2021 pagina 15



La Metallurgia ltaliana

International Journal of the Italian Association for Metallurgy

Young's equation:
’Y.yg_’Yl.)‘

g =
(1) cos Y.

where y,, v, and v, are respectively the liquid-gas, the so-
lid-liquid and the solid-gas interfacial tensions. The maxi-
mum contact angle that can be obtained on a flat surface by
reducing the surface energy is 120° [7]. In this concern, in
order to reach an extreme CA it is obligatory to combine the
low surface energy with a hierarchical rough structure [8].
Wenzel proposed a relationship between the surface rou-
ghness ratio (ratio of the rough surface area to the smooth
surface one), and the ideal liquid contact angle (8), which is
given as

(2) cos@W = rcost

where 6, is the Wenzel's (or apparent) contact angle. Ac-
cording to this equation, by increasing the surface rough-
ness, the hydrophilic surface becomes more hydrophilic
and the hydrophobic surface becomes more hydrophobic.
In the Wenzel state, the water droplets penetrate the rough
surface cavities and show a high adhesion force. Such

behaviour is known also as the homogeneous wetting sta-
te [9,10]. On the other hand, on some superhydrophobic
surfaces, water does not fill the interstitial spaces formed
by the hierarchical micro/nanostructures and easily roll-off
the surface. This phenomenon is due to the entrapment of

MATERIALS AND METHODS
Metal substrates of EN AW-6082 T6 aluminium alloy

measuring 30 mm x 24 mm were obtained froma 2 mm thick
plate.Hydrochloricacid(37%)andNitricacid(60%)wereused
for sample chemical etching. Octadecyltrimethoxysilane
(90%) was used for low surface energy coating. All
aluminium substrates were cleaned in ultrasonic bath with
ethanol, acetone and ultra-pure water, and finally drying at
room temperature. In order to produce hierarchical rough
structure on the bare aluminium alloy surfaces, HNO,/HCL
chemical etching was applied according to the following
process: the cleaned samples were etched with an HNO,/
HC[/HZO acidic solution (ratio 1:3:2) at different times (10,
20, 40 and 60 minutes). Afterward, the etched samples
were rinsed in an ultrasonic bath with ultra-pure water to
remove residual acids and dried in oven at 70°C for 60 min.

The etched aluminium samples were immersed in 0.1% by
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air in such "pockets”, which governs the transition from the
Wenzel to Cassie-Baxter state. According to Cassie-Baxter,
the most part of the surface is separated by air cushions;
thus, the interaction between the liquid and the solid surfa-
ceis greatly reduced. The Cassie-Baxter CA on the solid-air
composite surface is calculated according to the equation:

(3)cosO ., = f(rcosO + 1)-1

where fis the fraction of wetted area.

Therefore, depending on the surface roughness, different
wetting states are possible that can meet a wide range of ap-
plications. Over the last decade, a large number of studies,
involving numerous methods and materials, have focused
on the fabrication of superhydrophobic surface [11]. Ne-
vertheless, the use of such surfaces in industrial application
needs deep control of the surface roughness in order to
proper extend and enhance their applicability [6].

In the present work, a superhydrophobic surface was fa-
bricated on aluminium substrate using a simple two-steps
method. Micro/nano rough structures were achieved by
acid etching, at different times, and the free energy of the
surface was reduced using a thin silane film. The Cassie-Ba-
xter to Wenzel regime transition was investigated. In addi-
tion, the effect of the etching time on the corrosion perfor-
mances of the superhydrophobic aluminium surfaces have
been studied.

weight solution of silane in toluene for 10 min. Finally, all
substrates were treated for 3 hours at 100°C to complete the
silane curing. The static water contact angles on the sample
surface were measured, at room temperature, using an
Attension Theta Tensiometer by Biolin Scientific according
to the sessile drop technique. Ten replicas of water contact
angle (WCA) and water sliding angle (WSA) for each sample
were made. Morphological analysis of the prepared surfaces
was performed using the scanning electron microscope
(SEM, ZEISS Crossbeam 540). Roughness parameters of
the surfaces were calculated based on the analysis of the
AFM maps obtained by an Explorer microscope (Veeco
Instruments). Electrochemical measurements were carried
out, in simulated seawater electrolyte (3.5 wt.% NaCl
solution) at room temperature, using a BiolLogicSP-300.

A standard three-electrode cell composed by a saturated
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Ag/AgCl electrode as the reference electrode, a platinum
wire as the counter electrode, and the prepared aluminium

sample as the working electrode (exposed area = 1cm?), was
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utilized as the working cell. After reaching the OCP, The
potentiodynamic polarization curves were collected with a

scanning rate of 0.2 mV/s.

Fig.1 - Surface morphologies in original magnification of 20 kX and 200 kX

Fig.1showsthe surface scanningelectron microscope (SEM)
images of the treated sample surface. A high magnification
of the surface morphology is also reported (x200,000).

The process of fabrication of the superhydrophobic surface
comprises chemical etching and silane modification. In the
experiment, the aluminium sample with static contact angle
of about 70° is first etched in acid to obtain a hierarchical
textured structure. Fish-like micro-scales with size of
around 3um are formed. On these micro-protrusions, a
regular nanometric pit population was also formed. These
pits had the dimensions in the range of 80-150 nm. This

bimodal structure considerably increased the effective

surface area and the roughness surface profile. This
morphology is a consequence of the grain orientation and
secondary phase's distribution. In fact, the aluminium alloy
6082 is characterized by Fe-Mn inclusions with micrometric
dimensions randomly distributed on the whole surface.
Moreover, numerous dislocations and defects are presents
in the aluminium alloy matrix. These defects were more
sensitive to the etching than other locations of the metal
substrate [12]. At varying etching time, all the samples
showed similar microstructure. In this context, a deep
analysis of the nanostructure of these samples is mandatory
to highlight the effect of the etching time.
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Fig.2 - Roughness parameters of etched samples
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In order to better analyse the coatings' surface morphology,
AFM scanning was performed on all samples and the surface
roughness parameters were calculated based on the AFM
mapping results and presented in Fig.2.

Two important parameters, Skewness and Kurtosis, were
selected to evaluate the effect of the etching time on the
surface morphologies. The skewness parameter, Ssk, is
related to the degree of the symmetry of the variation in
a profile about its mean line. Ssk = 0 if the distribution is
symmetrical (equal reparation between peaks as valleys).
Ssk < 0 indicates that the height distribution is skewed above
the mean plane and it is related to a profile with deep valleys
in smooth plateau such as porous structure. Conversely, a
positive skewness parameter, height distribution skewed
above the flatter average, is related to a profile characterized
mainly with peaks and asperities. Finally, kurtosis, Sku,
measures the probability density sharpness of the roughness
profile and its value is related to the degree of peakedness of
a surface height distribution.

ASkuvalue lessthan 3indicates that the surface has relatively
few peaks and low valleys, whereas a kurtosis value more
than 3 indicates few valleys and many high peaks. When
the kurtosis parameter is equal to 3, this indicates that the
heights are characterized by a normal distribution (sharp and
indented portions co-exist). In fact, the histograms of SSk
and Sku against the etching time evidenced a dependence
between these parameters. Indeed, the samples etched
for 20 and 40 minutes are characterized by the closest
to zero Skeweness values indicating a quite symmetric
distribution to zero. In addition, the peakedness of these
samples (strongly dependent on the etching time) is near
to 3, indicated a normal distribution of sharp an indented
portions. In order to study the effect of the achieved
morphologies on the wetting behaviour of the aluminium
alloy samples, the water contact angles and the water sliding

angles were measured.

Fig.3 shows the influence of changing the etching time
on both water contact and sliding angles. It is clear that
superhydrophobicity was initially enhanced by increasing
the etching time, afterwards reduced after an etching time
of one hour. In fact, the highest WCA (180°) and the lowest
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WSA angles (0°) were obtained for the surfaces etched at 20
min and 40 min. The WCA rises by about 12.5%, from 160°
to around 180°, and the WSA decreases from 30° to around
0° degrees when the etching time increases from 10 min
to 20 min and 40 min. While all the aluminium specimens
are superhydrophobic with a WCA higher than 150 ©, the
differenceinthe wettingbehaviouratincreasing etchingtime
is related to the diverse interactions of the silanized surface
roughness with water (Cassie-Baxter or Wenzel state). In
the Cassie-Baxter, the air-layer is able to significantly reduce
the contact between the liquid and the surface, and thus the
water droplet easily rolls off as on the case of the sample
20 min and 40 min samples. However, in the Wenzel state,
the liquid droplet penetrates the surface grooves resulting
in high adhesion and thus high sliding angle (WSA>909).
Consequently, the portion of air trapped in the solid/water
interface is the key factor that controls the WCA and WSA
and thus the anti-wetting surface type.

Our results point out that a transition between Wenzel and
Cassie-Baxter states can be made by changing the etching
time. The 10 minand 60 min samples are in atransitional state
between Wenzel and Cassie-Baxter since the sliding angles
are quite elevated (30° and 22° respectively) indicating that
the air layer is not continuous (air is only partially entrapped
into the surface valleys). However, the 20 min and the 40 min
sample are Cassie-Baxter surfaces as indirectly identifiable
by the low WSA (0<SA<10°) which is probably due to the
regular and homogeneous roughness that enhance the
formation ofacontinuous airfilmfollowing the Cassie-Baxter
state (Fig.2). This result is consistent with the literature. In
fact, Li et al. [13] demonstrated that the achievement of a
high WCA and a low WSA on a solid surface requires a dual
scale structure with a thin solid fraction. When the etching
duration increases to one hour, the ordered nanostructure is
destroyed that may negatively affect the air layer. Indeed, the
air fraction trapped on the solid surface of the 60 min sample
surface is probably lower than the 20 and 40 min samples
resulting in lower WCA and higher WSA (Fig.3). Thus, at 60
min, the Cassie— Baxter state can break down and the inverse

transition from Cassie-Baxter to Wenzel can occur.
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Fig.3 - Water contact angle (WCA) and water sliding angle (WSA) evolution with the etching time

Superhydrophobic surfaces with different water repellency behaviour were successfully elaborated. This reduction in the

wettability of these surfaces may deeply affect their corrosion resistance. Thus, the corrosion resistance of the elaborated

samples was investigated.
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Fig.4 - Polarization curves of as received aluminium alloy and the superhydrophobic surfaces in seawater at

room temperature

The electrochemical polarization test is a useful tool for
assessing the corrosion behaviour of a solid surface. In a

)

) corresponds to a

typical polarization curve, a high corrosion potential (E

and a low corrosion current density (I .
good corrosion resistance.

The potentiodynamic polarization curves recorded for
the as received aluminium alloy and superhydrophobic
aluminium surfaces, having different WCA and WSA, in
seawater (3.5 wt% NaCl solution) are presented in Fig.4 The

corrosion potential (E__) and the corrosion current density

corr

(I

As shown in Fig.4, the corrosion potential of the as-

) were calculated using the Tafel method.
received sample is -805 mV vs. SCE. Following the surface
modification, the corrosion potential E_ shifted toward

positive direction. In fact, E__ positively increases from

-805 mV to -601 mV for 10 min sample, to around -570 mV
for both 20 min and 40 min samples and then decreases
again to reach -589 mV for the 60 min sample. However,
the surface treatment of the aluminium surface does not

show significant modification of the corrosion current
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density. These results are consistent with the wettability
states. Indeed, the best corrosion results were obtained
with the superhydrophobic surfaces following the Cassie-
Baxter state (20 min and 40 min samples), thus, the super-

hydrophobic interface that reduces the interaction between
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corrosion resistance of the samples. The trapped air on the
hierarchical micro/nanostructures of the superhydrophobic
aluminium surfaces acts as an “air cushion” inhibiting
the penetration of corrosive ions (Cl") and leading to an

improved corrosion protection [14].

the solution and the aluminium alloy surface enhances the

CONCLUSIONS

Superhydrophobic surfaces were fabricated on aluminium alloy 6082 by coupling the modification of surface roughness,
got by chemical etching, and the decrease of surface energy obtained by silane coating. The wettability state of these
superhydrophobic surfaces varies with the etching time. In fact, the Cassie-Baxter state (WCA =180° and WSA = 0°) was
achieved by a chemical etching for 20 and 40 minutes. On the other hand, a Wenzel state was obtained for the lowest and
the highest etching times (10 min and 60 min). Thus, the wetting transitions from Wenzel to Cassie-Baxter can be managed
by modifying the etching time. The wetting state alteration is based on the distribution of the roughness peaks and valleys.
In addition, the as-modified aluminium surfaces revealed a good corrosion resistance behaviour in seawater compared with
the as received one and the best results were obtained on the Cassie-Baxter surfaces. Thus, a normal distribution of peaks
and valleys, especially in the nanostructure, is the key factor for obtaining the Cassie-Baxter state and thus for improving the
wetting and the corrosion behaviour of the aluminium alloy.
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