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INTRODUCTION
Recently, super-hydrophobic textured surfaces were extensi-
vely investigated due to their advantages in specific applica-
tion field where anti-icing and self-cleaning properties and 
high corrosion resistance are required [1, 2]. According to 
lotus effect, superhydrophobic behaviour is greatly exalted 
by coupled micro and nano hierarchical textures so that wa-
ter droplets can not wet the surface but simply roll off and 
spontaneously remove the dirt particles on leaf surface. That 
would suggest new and innovative strategies designing an ef-
fective super-anti wetting materials by controlling surface en-
gineering properties [3]. In such a context, functional super-
hydrophobic surfaces can be obtained coupling hierarchical 
rough surface morphology with low surface energy materials.
Several surface engineering approaches were applied in order 
to obtain low energy superhydrophobic surfaces on alumi-
nium alloy substrates. Nevertheless, their industrial imple-
mentation was always limited cause of high processing times 
and costs. In such a context, new synthesis techniques able 
to lead to super-hydrophobic surfaces by easy to use, cost-
effective and environmentally friendly approaches are deve-
loped. Chen et al. [4] applied chemical etching to induce a 
super-hydrophobic behaviour on aluminium alloy surfaces. 
Analogously, Ruan et al.[5] investigated the effect of different 
process parameters on chemical etching and surface hydro-
phobization, evidencing that an optimal parameter selection 
is a key factor to obtain high performing surfaces with hydro-
phobic or super-hydrophobic behaviour. Guo et al. [6] obtai-
ned superhydrophobic aluminium surface developing a two 
steps method. However, although relevant research improve-

ments have been made in this field, it is still pending the issue 
to optimize low energy superhydrophobic aluminium surfaces 
by using a simple, time-saving and environment-friendly ma-
nufacturing procedure. At the same time, the improvement 
in knowledge, to better define the relationship between hie-
rarchical textured morphology and superhydrophobic surface 
performances, is required.
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MATERIALS AND METHODS
An EN AW-6082 T6 aluminium alloy substrates (30 mm × 
24 mm × 2 mm) preliminarily, were ultrasonically cleaned 
with ethanol, acetone and ultra-pure water and finally dried 
at room temperature in a silica-gel dryer. In order to create 
hierarchical rough structure, three different surface pre-tre-
atment procedures were applied: i) Ultra-pure boiling water 
treatment for 5 min, ii) HNO3/HCl chemical etching (volume 
ratio 1:3) in ultra-pure water solution for 1 hour, iii) HF/HCl 
chemical etching (73% HCl, 5%HF, 22% ultra-pure water) for 
15s. Afterwards, the etched samples were cleaned in an ul-
trasonic bath with ultra-pure water to remove residuals acids 
and dried at 70° for 60 min. Then, the resulting aluminium 
substrates were immersed for 10 min in 1 wt.% solution of 

Octadecyltrimethoxysilane (S18) in toluene. Eventually, all 
substrates were treated for 3 h at 100 °C to complete the 
silane curing. In Table 1, the as-prepared sample details are 
summarized. 
Static water contact angles (WCA) were measured by an At-
tension Theta Tensiometer equipment (with Biolin Scientific) 
at room temperature. Fifty water contact angle measurements 
(droplets volume 3 μl) were performed for characterization. 
Morphological analysis of textured surface was carried out by 
using a focused ion dual beam/scanning electron microscope 
(FIB-SEM ZEISS Crossbeam 540). Roughness details of the 
surfaces were acquired by performing AFM maps obtained by 
a VEECO Explorer microscope.

RESULTS AND DISCUSSION

Tab. 1 - Sample details

Fig. 1 - SEM micro-graphs of (a) Al-BW and Al-BWS (; (b) Al-HF and Al-HFS, (c) Al-HN and Al-HNS 
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Fig. 1 shows the surface morphology of all batches. In the upper 
left corner the surface morphology after the silanization step. All 
coatings have a quite homogeneous structure. Although, depen-
ding on the applied etching process different surface textures can 
be identified. In particular:
• Boiling H2O: the surface morphology appears as a flower-like 

structure with several petal-like flakes (thickness 30 nm) ran-
domly overlapped each other, generating a complex micro and 
nanoscale upper-structure. This structure is due to the forma-
tion of a barrier oxy/hydroxide layer constituted mainly by an 
amorphous or pseudo-amorphous boehmite (AlO(OH).H2O) 
[7]. 

• HF/HCl: Bimodal structure was observed on the surface of trea-
ted aluminium. Micro-structure: is like a coral network structu-
re with the presence of micro large deeper attack zones. Nano-
structure is similar to a pixel like structure with clear edges and 
corners. Only on this surface it was possible to observe by SEM 
the presence of the octadecylsilane film located mainly on the 
profile asperities.

• HNO3/HCl: This surface is characterized by a micro-scale (plate-
lets like fish scales) and nano-scale (regular small pits) bimodal 
structure. This texture meaningfully increases the effective sur-
face area and the roughness surface profile. Several pits (dia-
meter about 150 nm) randomly growth on the smooth plate-
lets (sides about 2-4 µm). This peculiar morphology was due to 
aluminium grain orientation, preferred dissolution planes and 
secondary phases distribution that favour local acid etching 
promoting the micro/nano-scale bimodal structure on the alu-
minium alloy surface. The AA6082 alloy is indeed characteri-
zed by Fe-Mn inclusions with dimensions in the range 5-8 µm, 

randomly distribute [8]. Furthermore, several dislocations and 
crystal defects cause the presence of areas more sensitive to 
the acidic etching solution than other metal surface zones[9]. 

To better evaluate the morphology and roughness profiles of the 
surface, AFM scanning was performed on all batches. Fig. 2 shows 
3D AFM maps (sides 5×5 μm2). Furthermore, statistical analysis 
of roughness profile was carried out to quantitatively compare 
the three surface modification approaches. Ra (arithmetic avera-
ge height) and Rq (root mean square roughness) parameters are 
reported in the topside of each image. The 3D AFM topographic 
images for the three surface pre-treated samples are morpholo-
gically compatible with SEM morphology identified in Fig. 1. Fig. 
2a shows the surface topography of Al-BW sample. Spheroidal 
shaped asperities randomly located on the surface can be identi-
fied. This morphology can be related to the observed flower-like 
colonies of boehmite flakes. The gap between peaks and valleys 
in the Al-BW sample is about 300-400 nm. Instead the root width 
of each flower-like cluster is very small (~ 100 nm). Fig. 2b shows 
the surface morphology of the Al-HF sample. The presence of lar-
ge high and depressed areas can be identified. Furthermore, seve-
ral asperities due to pixel-like blocks are distinguished, inducing a 
very high roughness profile, both a micro and nano level. Finally, 
Fig. 2c, is related to the surface morphology observed on Al-HN 
sample. At microlevel, flat and smooth platelets are evident. Very 
few and randomly located nano-asperities can be furthermore 
identified.  constituted by some platelets at micro level and some 
asperities located at nanoscale level. The structure although evi-
dently rough, can be identified as a jagged plateau with some 
steps.

Al-HF sample shows a nano surface roughness (Ra=136.5 
nm, Rq=171.5 nm) about six time higher than Al-BW and Al-
HN samples (Ra=28.22 and Rq=35.39 nm; Ra=15.12 nm and 
Rq=20.40 nm respectively) highlighting that the etching tre-
atment with HF/ HCl solution induced a stronger roughening 
effect than the others approaches. 
In order to assess the relationship between hydrophobic beha-
viour, surface energy and surface treatment on the aluminium al-
loy support, Fig. 3 shows the average water contact angle (WCA) 

for as-received before and after S18 deposition (AR and AR-sila-
ne, respectively) and all surface modified superhydrophobic sam-
ples. The surface wettability is strongly affected by both surface 
energy and surface morphology. Due to the surface roughening 
step the contact angle of AR substrate decreases of about 40° 
(from 68.7±2.9° to <25°). Afterwards, the silanization step a 
significant decreases of surface energy is induced as evidenced 
by the strongly superhydrophobic behaviour (WCA >150°) evi-
denced for all samples after S18 deposition. 

Fig. 2 - 3D AFM map on the 5×5 μm2 surface of a) Al-BW; b) Al-HF and c) Al-HN samples
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The combined effect of surface treatment and silanization 
induces a relevant increase of the WCA. In fact, the surface 
behaviour of AR sample, after the deposition of the S18 sila-
ne films, evolves from hydrophilic to hydrophobic,. The water 
contact angle increases from from 68.7±2.9° to 101±2.9°. 
Applying the same silanization step on the etched aluminium 
alloy surfaces a further significant increase in the WCA can be 
highlighted. The best result was observed for Al-HFS sample, 
where average WCA of around 180° was observed. Also Al-
HNS and Al-BWS samples showed average WCA above 150° 
(~160° and ~174°, respectively). 
It is worth of noting that, although all samples evidenced 
water contact angles above the threshold of 150°, only Al-
HFS sample evidenced a very low rolling angle (i.e. <5°). This 
result suggests that for this sample Cassie-Baxter regime in 
the interaction with water droplet could occur. In particular, 
thanks to the synergistic effect of micro/nano roughness and 
low surface energy induced by S18 upper layer, air pockets 
can remains entrapped on the profile asperities exalting the 
hydrophobic behaviour of the surface, according to Cassie–
Baxter rule. At the same time, the presence of air pocket en-
trapped at the water/solid interface reduces the interfacial 
adhesion of the water droplet with the substrate favouring a 
lower rolling angle. 
Instead the Al-HWS and Al-HNS samples showed an opposi-
te behaviour with very high rolling angle. These surfaces are 
characterized by a Wenzel state wettability behaviour, where 
water droplet fully penetrates the surfaces asperities without 
air pockets in grooves. 
The so prepared superhydrophobic surfaces with controllable 
water adhesion can be used in wide range of applications. 
The low water adhesion surfaces, such as Al-HFS where low 
rolling angle was observed, can be used for several industrial 
applications where self-cleaning, anti-icing, anti-bioadhesion 
and anti-corrosion performances are required. While, the su-
perhydrophobic but highly adhesive surface, such as Al-BWS, 
can be used as a safe and economic support for high-cost 

and rare drugs transportation (e.g. anti-cancer drugs delivery 
in human body) [10].
In order to assess the superhydrophobic behaviour of energy 
modified Al6082 surfaces some further consideration concer-
ning the interaction of the modified surface with silane com-
pound to obtain the low energy silane layers can be argued. 
The octadecyl-silane compound can form three covalent bond 
oxygen bridges with the substrate due to the interaction of 
the high reactive silanol groups (Si-OH) with the aluminium 
hydroxyl groups (Al-OH), obtaining Al-O-Si bonds at the me-
tal/silane interface. That leads to a compact and adherent film 
on the metal substrate [11]. Instead the long polymer chain of 
the silane compounds is not able to react and it forms an or-
ganic well ordered external surface monolayer, characterized 
by high hydrophobic properties. In fact , the silane monolayer 
structure has a preferential orientation of the hydrophobic 
alkyl chains, that induces an improvement of the hydropho-
bic performances of the coating surface [12]. This behaviour 
can be suitably designed using long alkyl chains molecules 
that are able to acquire a regular and oriented arrangement, 
thank to long induced dipole formation that favours an elec-
trostatic interaction among [13]. 
Instead the surface hydrophobization is avoided when limited 
accessible sites on the substrate are able to interact with the 
silane compound, leading to a a more disordered layer with 
less effective hydrophobic performances [14]. Therefore, in 
such a context, the surface morphology is an important factor 
that need to be taken into account to effective tailor super-
hydrophobic low energy surfaces by silanization. 
In particular, concerning the experience reported in this work, 
for sample with only nanometric roughness (A-W sample) the 
silane coating can be deposited mainly on the peaks and on 
sporadic large cavities, exalting the surface asperities and 
therefore the Cassie-Baxter contribute to hydrophobic beha-
viour of the coating. Conversely for samples with a smother 
surface (A-N sample) the silane will cover mainly the large 
valleys thus reducing the surface roughness, limiting the con-

Fig. 2 - Contact angle for distilled water on surface treated and untreated aluminium alloy substrate before silanization step (bot-
tom X axis) and after silanization dip-coating process (top X axis).
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SUMMARY
In summary, superhydrophobic Al surface with controlled wet-
ting behaviour, water adhesion and corrosion resistance were 
effectively prepared by using a cost-effective and flexible ap-
proaches. A two steps procedure was applied: a short term 
treatment with boiling water, or HF/HCl or HNO3/HCl concen-
trated etching solution, followed by an in situ polymerization 
of an octadecylsilane layer on all samples. The superhydro-
phobic aluminium surfaces have been characterized by SEM, 

AFM, contact angle measurements. All surfaces evidenced a 
superhydrophobic behaviour The higher contact angle was 
achieved by HF/HCl treatment. A synergetic effect of low 
surface energy and bimodal rough profile was defined as a  
key role to obtain high performing anti-corrosion superhydro-
phobic surfaces. These results are promising for further deve-
lopment and research improvements in order to better assess 
the relationship among hierarchical morphology, low energy 
surface and super-hydrophobicity.

tribute of the structure to the super-hydrophobic behaviour. 
Instead, on a surface with micro- and nano-roughness profi-
les, as in A-F sample, a reliable synergistic effect on hierar-

chical rough surface occurred obtaining a compact and well 
distributed silane layer leading to the very high water contact 
angle observed.


