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Abstract

The design and production of amphiphobic surfaces with erz2ncod durability is increasingly
considered a hot topic. It is well known that the materia’’s 1 *pellence against liquids is
regulated by morphological and chemical features cf the working interfaces under different
conditions. In this work the approach to the fabric-tio:. of highly repellent surfaces against
both water and low surface tension oils is p:esc*ted for a better understanding of the role
played by different variables, e.g. the _'ibeirate surface finishing when multicomponent hybrid
coatings with a different structural or Janization and chemistry are deposited. As suggested by
biomimetic criteria, hierarchice: fe.*..res, when coupled with low surface energy moieties, are
able to provide liquid repelic ~ce 1or different practical scopes. This work has been focused on
coating processes appli~d > «luminum alloys with different surface roughness by deposition
of nanostructured ceicmic oxide (Al,Os, SiO; and TiO,) and fluoro-polymers
(fluoroalkylsilane or acrylic resin). It was found that the relevance of the substrate/coating
variables involved in maximizing the static and dynamic liquid repellency follows the order:
morphology of the inorganic layer > substrate roughness at microscale > nature of organic
fluoropolymer. Both flower- and spherical-like inorganic nanostructures actually promote a
significant improvement of the repellence with respect to the organic layer alone, with Al,O3
flower-like nanostructure being the most performant. Generally speaking, most hybrid-coated
surfaces showed a good ability to withstand severe environments, the different response

depending on the composition of the inorganic layers and not from the overall coating



morphology. The step-by-step comparison of results suggests that the perspective for the
application of such a kind of surfaces is related in a complex way to textural and chemical
variables influencing the final performances which could stay unchanged or vary depending

on the exposure environment and conditions.

Keywords: amphiphobicity; hybrid coatings; static and dynamic wetting; abrasion resistance;

chemical stability



1. Introduction

The control of surface wettability devoted to the achievement of hydrophobicity or
oleophobicity has been of great interest to researchers in scientific and industrial field due to
the strong demand for several applications such as self-cleaning [1,2], non-staining surfaces
[3], spill-resistance [4], personal protection [5], drag reduction [6], corrosion prevention [7,8],
anti-icing [9,10], anti-biofouling [11-13], liquid separation [14,15], protection of buildings
[16,17], functionalization of textiles [18] etc. For the majority of these applications,
amphiphobic or superamphiphobic surfaces, i.e. being hydrup:ouic and oleophobic at the
same time, are much more desirable than those having r2pei‘ence or even super-repellence
only to either water or oil. Generally, a superamph’ .20, ¢ surface shows extraordinary non-
wetting properties due to the simultaneous exister e or specific topographical patterns (micro-
nano roughness) and low surface energy [1¢,2u].

Several methods have been developea :» .abricate amphiphobic or superamphiphobic surfaces
by means of multistep approaches. Fu.” examples, two-step processes including roughening
surfaces using nanoparticles (Mr ) |5,21-23], etching [24-27], lithography [28], template-
assisted deposition [1], spttte: coating [29], or sol—gel route [30], and subsequent treatments
to lower surface energy, ave been reported. Among these techniques, wet chemical processes
like dip or spray coati,  are of particular interest owing to their great versatility coupled with
the convenience for large-scale manufacturing thanks to low reliance on equipment. In fact, in
the literature the typical issues for an easy scale-up of the processes are often neglected, but
the selection of easily scalable processing routes resents a fundamental requirement for the
development of the technology in the real world.

Here, we present a widespread comparative study among twenty different surfaces prepared
by a simple wet chemical coating method on aluminum supports, either rough or smooth.
Basically, we developed hybrid coatings specifically designed by coupling an inorganic phase

- in form of nanosol coming from a patented process developed in our laboratories [30,31] or
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re-formulated by commercially available precursors - with an organic fluorine-bearing
polymer.

The influence of both surface chemistry and morphology was systematically investigated
aiming at a deeper understanding of the wetting phenomena. Specifically, we focused our
attention on aluminum alloys surfaces coated by nanostructured hybrid layers, whose static
(contact angles against water and n-hexadecane) and dynamic (contact angle hysteresis CAH
calculated as the difference between advancing and receding contact angle) wetting behavior
was studied.

The obtained results allowed to evaluate the strengths/weai nes: es for each coating
formulation. We systematically changed material varizb:~s ~substrate roughness, coating
morphology, inorganic layer composition (Al,O3, “"i0, or SiO; nanoparticles in different
media) and organic fluoro-polymer typology /. oroalkylsilane FAS or fluorinated acrylic

resin AFW) - investigating their influen=> 0. liquid repellence performances and durability.

2. Materials and methods
2.1 Preparation of colloidal s: sper.sions
As reported in the literature, nanoparticles concentration of the suspension could affect the
final wetting performi nce of the surfaces [32]. However, here the nanoparticles concentration
was not investigated as relevant variable, because all the procedures presented to prepare the
nanosuspensions represent the optimized ones in term of synthesis process and nanoparticles
concentration. Alumina nanoparticles in form of alcohol- and water-based suspensions were
prepared following our patented procedure [30,31].

Al,O3 alcohol-based sol (Al(ipa)) 25.39 g of aluminum-tri-sec-butoxide (97%, Sigma—

Aldrich) were added to 146.18 ml of isopropyl alcohol (Sigma—Aldrich 99.7%) and kept
under stirring for 1 hour within a chamber at room temperature and controlled humidity (5%).

Then 12.88 ml of the chelating agent, ethyl acetoacetate (>99%, Sigma—Aldrich) were added



and after 3 hours a mixture of 7.21 ml of water with 7.21 ml of isopropyl alcohol was added
dropwise and stirred for 24 hours at room temperature. The final Al,O3 concentration in the
sol was 5%wit.

Al,O3 water-based sol (Al(w)) 22.26 ml of ethyl acetoacetate, as chelating agent, were added

to 158.72 ml of deionized water and mixed for few minutes and gently heated. Once
temperature reached 70°C, 44.69 g of aluminum-tri-sec-butoxide and 123.48 ml of nitric acid
aqueous solution (0.5 M) were added to promote peptization. The reaction mixture was left
under stirring at 70°C for 24 h. The molar ratios of chelating »gent, nitric acid and total water
with respect to the metal alkoxide were set to 1, 0.3 and 9C res )ectively. The resulting pH of
the as-prepared sol was 3.6 and the Al,O3 concentraticn ~f £%wit.

SiO, water-based sol (Si) The adopted SiO, coatir ¥ me terial was a stable suspension (Ludox

HS40, 40%wt, Grace Davidson), with an averay > particle diameter of 20 nm that, before the

deposition on the substrate, was diluted *:'l o ~oncentration of 4%wt.

TiO, water-based sol (Ti). The adopted 1:), coating material was a stable suspension
(Parnasos, PH000026 Colorobbia 1v.'"a, 6%wt) with an average particle diameter of 15 nm

that, before deposition, was d: uteu till a concentration of 3%wt.

2.2 Characterization f cc'loidal suspensions

Particle size distributic 1 and average hydrodynamic diameter of Al,O3, SiO,and TiO,
suspensions were measured by a dynamic light scattering analyzer (DLS, Zetasizer Nano S,
Malvern Instrument) working at 25°C in backscattering mode (detection angle 173°).
Hydrodynamic diameter includes the coordination sphere and the species adsorbed on the
particle surface such as stabilizers, surfactants, and so forth. DLS analysis also provides a
polydispersity index (PDI), whose value, ranging from 0 to 1, is related to the dispersion
degree of colloidal suspension. The suspensions here prepared showed different

hydrodynamic diameters. DLS of water-based Al,O3; showed a single peak with an average



particle size centered at 44 nm, while the alcohol-based one showed a multimodal particle size
distribution, the peak with the highest scattering intensity being centered at 4 nm with smaller

amounts of aggregate particles (Supporting Information Fig. S1).

2.3 Deposition of hybrid coatings

After ultrasonication in ethanol for 5 min to remove impurities, aluminum alloy (Al1050 99%
H24) foils, with dimensions of about 100 x 50 x 1.5 mm, have been systematically coated by
dip-coating in the different inorganic sols. Aluminum foils v.i*h two different surface textures
were considered. The smooth samples (S series) were used as i ceived and showed an average
roughness R, of about 0.5 pum as evaluated by Contou” CT-'< Bruker GmbH optical
profilometer, while the sandblasted rough ones (o*tain. d with Swarco corundum sand, 400-
800 um grit, R series) showed average R, val'.c. of about 4.5 um. Basically, the developed
approach implied the deposition of the i=~rycnic layer first, followed by the grafting of
fluorinated molecules. S and R samples u.>ly bearing organic layers have also been produced
as reference (Table I). Depending 0. the kind of the inorganic coating, different processing

routes were pursued, as scherratized in Figure 1.

Al,O3-based coatings *..*h iiuwer-like morphology (Al(ipa) and Al(w) sample series). The

deposition of Al,O3 nunoparticles, suspended in isopropyl alcohol or water, is a multistep
procedure requiring different annealing steps together with an intermediate boiling treatment
to promote the transformation into boehmite of the inorganic layer and the nanostructuring as
well [33]. Al alloy foils were dip-coated into the Al,O3 sols under the following conditions:
dipping/withdrawing speed of 2 mm/s and soaking time of 5 s. After drying at room
temperature, coated samples were treated at 400°C for 60 min, then boiled in distilled water
for 30 min to form flower-like nanostructured bohemite AIOOH, and thermally treated again
at 400°C for 10 min. Finally, two different, cost-effective fluorine-bearing polymers easily

available on the market, were selected: a fluoroalkylsilane dispersed in isopropyl alcohol



(Dynasylan SIVO CLEAR EC, Evonik) and a fluorinated acrylic resin dispersed in water
(AFW 730. Chem Spec). Such polymers were dip-coated on the inorganic underlayers
(dipping/withdrawing speed: 2 mm/s, soaking time: 120 s), then annealed at 150°C for 30 min
[34].

SiO, and TiO,-based coatings with spherical-like morphology (Si and Ti sample series). The

processing of SiO, and TiO, coatings does not require the boiling step (Figure 1) involving
the inorganic layer deposition (dipping/withdrawing speed: 2 mm/s, soaking time: 5s)
followed by heat treatment (400°C for 60 min), deposition ¢~ zither SIVO or AFW
(dipping/withdrawing speed: 2 mm/s, soaking time: 120 s, ana subsequent consolidation in
oven (150°C for 30 min). The details of coatings com~o.itinn are summarized in Table |

while the schematic representation of multilayerec' coa 2d samples is given in Figure 2.

2.4 Characterization of coated surfaces

The wetting properties of coated and ' nce ated surfaces taken as benchmark were determined
through the measurement of contac. “ngles with an optical contact angle system (DSA 30S,
Kruss GmbH). In static contact an¢!e measurements, 10 pL drops of the test liquid (either
deionized water or n-hexadc-ane from Sigma-Aldrich) were dispensed by a software-
controlled syringe and dey.nsiied on the surface. Every surface was investigated with 3 to 10
drops per liquid aiiu ~ve.uge contact angle against water (WCA) and hexadecane (CA-Hex)
were computed.

Advancing and receding contact angles with water and hexadecane drops were measured for
all surfaces in order to calculate the contact angle hysteresis (CAH) which is related to their
dynamic wetting behavior, i.e. the smaller the hysteresis, the higher the water drop mobility.
For these measurements, a 10 pL water drop was dispensed by a syringe and slowly put in
contact with the surface. Then, 5 uL of water were added and the advancing contact angle
(ACA) was measured as the drop-surface contact point moved outward. Further, water was

withdrawn from the drop and the receding contact angle (RCA) was measured as the contact
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point moved inward. CAH was calculated as the difference between ACA and RCA in one
point. Three to five measurements were performed for each sample.
The surface morphology of coated samples was investigated with a field-emission scanning

electron microscope (FE-SEM Gemini Columns SIGMA Zeiss).

2.5 Durability tests

In order to verify the tribological and chemical resistance of coated surfaces, different
durability tests were performed. For this purpose, samples u.c'erwent abrasion test, acid,
alkali, salt, marine water attacks and UV irradiation, then teir )ehavior was compared with
that of the uncoated ones monitoring WCA, CA-Hex nn.' C AH over the time. For the acidic
environment, a solution of acetic acid (pH 3) was ' rep. red, while for the alkaline test a NaOH
solution (pH 12) was used. The resistance tov a is salts was assessed by soaking the samples
into a highly concentrated NaCl solutio~ ‘1u2 g/L) for a total time of 14 days. In order to
monitor the surface degradation, samples ~ere periodically withdrawn from the test solutions,
rinsed with distilled water, air-dri :0 onn subjected to the measurements of contact angles.
After that, they were immerse‘' aga.n in the test solution. The resistance toward UV radiation
was assessed by keeping the sainples under an UV lamp (Ultravitalux 300 W, OSRAM) for 8
hours with an irradiat on .ower of 10 mW/cm? (measured at the surface) at A = 354 nm.
Abrasion tests were pe' formed according to the UNI EN 1096-2 standard [35]. A felt disk
(diameter 4 cm) was pressed against the surface applying a normal force of 4 N, then it started

rotating with a speed of 60 rpm for 30 seconds.

3. Results and discussion
3.1 The role of the organic fluoropolymer
As known by the literature, the surface chemical composition plays a key role in materials

wettability as it determines their surface energy and their attitude to interact with the



surrounding environment. To accomplish hydrophobicity or oleophobicity on a flat solid
surface, i.e. a contact angle higher than 90° for water or oil droplets, Young’s theory [36]
suggests that surface free energy should be smaller than one quarter of that of the liquid [37]
to be repelled. Dealing with low surface tension oils, this can be achieved when molecular
groups like -CF3; and —CF,— are grafted to the surface.

For a better understanding of the role played by each component of the hybrid coating (Figure
2), substrates only coated with the organic polymers were prepared as a first step. Here, the
effects of substrate texture (smooth or rough) and of differer.t applied polymers (SIVO or
AFW) are well detected without the interaction of the oxid» lay :r. A clear hydrophobic
behavior was well appreciated for all the samples, nei*he~ reaching the superhydrophobic
regime nor showing oleophobicity (Table I).

As expected, some differences were detected w1 ong samples. WCA and CA-Hex are
markedly increased for the rough surfacz~ pi ~moting a general improvement of the liquid
repellency. Conversely, with the same su. *ace finishing, no relevant differences were detected
by comparing SIVO and AFW fli-o1 2nntymers so further emphasizing the role of the
roughness on the static wettaklity when coupled with a specific surface chemistry, as

consistent with the Wenzei .‘eving model [37].

In any cases, the polymeric coating alone, without any underlying structure at the nanoscale,
did not promote a satisfactory water droplet mobility with CAH values higher than 70°. That
said, it was observed a more positive effect of surface smoothness on drop mobility (Table 1),
due to a lower amount of pinning points during the droplets motion.

Furthermore, we did not report details for samples coated by the inorganic layer only, because
they all exhibited superhydrophilic behaviors with WCA values lower than 10° as consistent
with the presence of nanostructured oxides, but not relevant in a surface design perspective

for amphiphobic purposes.
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3.2 Structure of the hybrid coatings

As expected, the presence of the nanostructured inorganic underlayer enabled the
improvement of the surface liquid repellence. As proved by FESEM images (Figure 3), two
different kinds of nanostructures were achieved by means of the processes outlined in
Figurel: flower- and spherical-like detected, respectively, for the Al,O3 (Figure 3a, b) and
SiO,, TiO,-based coatings (Figure 3c, d). Al,Os-based coatings in both water and alcohol
medium produced the same typical flower-like morphology, vith a slightly finer and more
packed nanostructure associated to the alcoholic suspensio 1 (Fijyure 3b). Despite several
studies report a correlation between particle size and Fyu-arnobicity of the coating [38,39],
for such Al,O3-based coatings this effect is really “niti¢ ated, because nanoparticles are not
directly responsible for the formed nanostruct.i. as they undergo a strong physicochemical
transformation into boehmite lamellae ¢:-iny the boiling step, therefore the influence of the
starting nanoparticle size assessed in suspnsion (see Figure S1_Supporting information)
cannot be directly linked to the fira nerformance. We observed that depending on the
dispersion medium, the length of 1amellae was different with average values of about 100-150
nm and 200 nm, respective:,” 1ur alcohol- and water-dispersed nanoparticles, probably due to
a different physicoche mic. | response of the two xerogel films deposited on the surfaces to the
boiling water treatmen',

SiO; and TiO, produced very similar morphologies as well, associated to a homogenous
nano-spherical layer spread on the treated surface and evidencing at higher magnification the

presence of the primary nanoparticles.

3.3 Static repellence
The data collected in Table 11l provide relevant differences based on the kind of surface
nanostructure with the repellence attitude of flower-like morphologies standing out with

respect to the spherical-like ones. Al,O3-based coatings presented the best performance with
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WCA:s in the 141-167° range, while SiO,- and TiO,- based ones evidenced WCAs in the 113-
135° range, these latter values being similar to those provided by the organic layers alone
(Table 1). Probably, the lamellar morphology typical of flower-like alumina allows to reach
the Cassie-Baxter wetting state, thanks to the complex nano-voids system with entrapment of
an air layer. No relevant differences in terms of WCA were ascribed to the flower-like
structures provided, respectively, by water-and alcohol-based alumina.

CA-Hex values, ranging from 97° to 121°, confirmed the better performance of the flower-
like nanostructure. On the other hand, the spherical-like coa.'rgs exhibited CA-Hex values in
the 70-83° range, below the oleophobic threshold but impr weao with respect to the uncoated
aluminum (CA-Hex of 19°) and a little bit higher thar ti.~se provided by the organic coating
alone (CA-Hex between 65 and 74° in Table I1). G=nei ally speaking, these results pointed out
that both flower- and spherical-like inorganic .ic 10structures actually promote a significant
improvement of the repellence with resrz-t .~ the organic layer alone, this circumstance
strengthening their role into the design o, multilayered highly repellent coatings.

Besides the nanostructure morphcio . the second relevant variable influencing the final
performance resulted to be the rouyhness of the aluminum supports. In most cases, for the
same coating composition, e wransition from a rough to a smooth support led to a significant
reduction of both WC A ar. 1 CA-Hex. As known in the literature [40-42], the dual-scale
texture typical of a hierarchical organization can help to increase the stability of the Cassie-

Baxter wetting state when repellence against water is concerned.

3.4 Dynamic repellence

The same considerations pointed out in Section 3.3 on the key surface parameters influencing
the static behavior appear to be valid for the dynamic repellency as well. Water CAH values
highlighted again the heavy influence of the nanostructure, followed by the effect induced by

the surface roughness and, in last place, by the kind of organic polymer. Particularly, the
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flower-like samples (Al(ipa) and Al(w)) well support the self-cleaning behavior and confirm
the improved performances for the rough substrates. Since the Cassie-Baxter state is stabilized
by the hierarchical dual scale texture, a depletion of mobility was observed passing from
rough to smooth substrates. The best dynamic results were ascribed to Al(ipa) and Al(w)
samples, with SIVO as organic polymer, which showed water CAH as low as 3-4° for the
rough surfaces and 5 to 8° for the smooth ones.

A significant worsening occurred when AFW was selected as organic component. In fact,
water CAH values increased from about 16° for the rough st »2ort up to 146° for the smooth
ones. Here, the small receding contact angles (RCA) point hut ¢ poor de-wetting ability due to
strong sticking phenomena.

Such a different dynamic performance of the orga* ic p lymers stems from their different
chemical nature: SIVO product is classified a- o fluoroalkylsilane polymer provided in
isopropyl alcohol solution, while AFW ~lo,.1s to the fluorinated acrylate resin class in form
of water-based solution. Although their actual structural formulas were not disclosed by the
producer, FT-IR analyses (See Fiyu- > S2_Supporting information) highlighted a stronger
contribution of the C-F bonds ‘or u.e SIVO polymer, which probably is the reason of its better
amphiphobic performance. : 101eover, AFW is a water-based product and it may have
generated inhomogen *ous layers on the smooth substrates due to poor wetting, while the
alcohol-based SIVO fo ms a homogeneous layer on boehmite [43].

As expected, the spherical-like nanostructure, associated to a Wenzel regime, evidenced a
drastically different dynamic behavior. The high water CAHs, from 52 to 129°, imply marked
pinning phenomena for all the samples, however the data analysis revealed some differences
among the surfaces. The droplet mobility increased for the smooth surfaces which offer fewer
pinning points, as verified for the organic coating alone. In addition, the recorded water CAH
compared with those of the organic layer alone showed that SiO, coating coupled with SIVO

is the only solution able to enhance the drop mobility with respect to the polymer alone.
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Summarizing, some common trends can be drawn with regards to the influence of the
different variables on products wettability (Figure 4). The main role in determining the
wetting properties is played by the kind of nanostructure, with flower-like morphology being
the most performant in terms of both static repellence and dynamic droplet mobility. The
second more influent feature is the texture at the microscale, implying in most cases increased
results for the sandblasted rough surfaces. Finally, the least influent parameter is the organic
layer type, with the fluoroalkylsilane promoting an enhanced behavior in terms of liquid
repellence.

Hexadecane CAH was also measured for all surfaces, as reort: d in Table S1. Contrary to
what observed with water drops, all coatings displayer |.~or dynamic repellence towards
hexadecane drops due to its low surface tension, v:nich caused penetration of the liquid
between surface features and led to low RCA " us, hexadecane CAH was not considered for
the following durability tests as it did nrt nrevide useful insight in the behavior of different

coating formulations.

3.5 Wetting after abrasion

Generally speaking, mos. of t"ie coated samples showed a good abrasion resistance (the
results are fully repcrted 10 Table S2 of Supporting Information). The graphs displayed by
Figures 5 and 6 show the wetting properties of, respectively, flower-like and spherical-like
coated samples after abrasion, whose analysis can been undertaken looking at the different
variables - surface texture, inorganic layer structure and composition, kind of organic layer,
etc. - involved time by time. Despite the tribological action affected in some way the
conservation of alumina nanostructure with an overall depletion of liquid repellence, the
flower-like samples preserved a satisfactory hydrophobicity with WCA higher than 130° and
even higher than 140° when rough surfaces were coupled with SIVO (Figures 5a and 6a).

Furthermore, no influence was played by the different suspension medium (isopropyl alcohol

14



or water). As far as the organic layer typology, the AFW polymer confirmed to be less
effective than SIVO in keeping the wetting unchanged, mainly when droplet mobility is
concerned. From the droplet mobility perspective, the scenario appeared changed: the flower-
like nanostructured coatings revealed a marked increase in CAH causing a sticking behavior
of the surfaces. This is the consequence of the mechanical stress partially affecting the surface
homogeneity, to whom CAH is strictly linked (Figures 5 and 6). The micrographs evidenced
the presence of some damaged areas characterized by a flattened flower-like nanostructure.
As a result, CAH jumped from 4-10° to 40°-70° after abrasi.~, accompanied by the abrupt
decrease of the receding angles, clear expression of the inc ‘east d de-wetting difficulty. On the
contrary, no differences were appreciated before and & fi - a'srasion on the spherical-like
nanostructures for both rough and smooth surface~ Sirilarly, the oleophobicity after abrasion
was depleted, but eventually preserved, with C~ -Hex ranging from 93 to about 125°.
Notwithstanding the influence of the diff>re. .* variables on CA-Hex is quite complex, AFW
seems to be more effective than SIVO in [reserving the repellence against oil after abrasion.
Figure 7 shows the percentage va 1o..9ns of WCA, CAH and CA-Hex calculated with respect
to their starting values. The dca were here gathered into two main groups: flower-like and
spherical-like coatings, disicaaiding the variations of surface texture and organic layer. This
way, the data revealec the overall difference, highlighting a better abrasion resistance of the
spherical-like coatinas although they clearly showed poorer performances with respect to the
flower-like ones.

After abrasion, FESEM micrographs evidenced the presence of some damaged areas on the
Al based coating (Figure 8a) characterized by the flattening of flower-like nanostructure as
pointed out at higher magnification (Figure 8b). As a result, CAH jumped from 4°-10° to 40°-
120° after the test, accompanied by the abrupt decrease of the receding angles (RCA), clear

expression of the increased de-wetting difficulty.
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SiO; coating, considered as benchmark for the spherical-like nanostructure, highlighted some
abrasion tracks (Figure 8c), however at higher magnification an almost regular nanostructure
was observed (Figure 8d), as consistent with the slight variations assessed for the CAH values

of this kind of surface.

3.6 Resistance to UV irradiation

In view of the potential application of low-wettable materials in outdoor environments, the
resistance under UV irradiation of the coated surfaces was investigated. The UV resistance is
defined as the ability of a material to withstand ultra-violet .a '"auon or sunlight which could
promote an extensive weathering of their surface perfor nar ~es. Due to their hybrid nature,
the amphiphobic coatings investigated in the preser.. *0.k could be potentially affected by
UV radiation with the formation of hydrophilic groups ‘eading to detrimental oxidation
effects on the outer polymeric layers. How=ver, tie results here collected (Table S3 in
Supporting Information) pointed out ti.~ * ery good stability of all samples even after 8 hours
of direct UV irradiation with both sta..~ and dynamic wettability that stayed practically
unchanged after the exposure. ~.*huugh TiO, coating could trigger a photodegradation
reaction, no alterations were chserved for this material which presents a citrate shell around
the nanoparticles able *c miugate its photoreactivity [44]. Only for Al,O; AFW coatings we
observed some WCA .-ariations that were always able to keep the static contact angles higher

than 140°.

3.7 Chemical durability

Chemical durability represents another key issue to evaluate the potentiality of functional
surfaces in extreme, harsh environments. In this paper the amphiphobic surfaces were kept in
highly saline water and corrosive liquids (acids and bases) for exposure times up to 14 days,
several orders of magnitude longer than the common tests presented in the literature generally

referring to contact time with corrosive liquids from 50 minutes [45] to 24 hours [46]. Figure
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9 shows the WCA evolution after 14 days soaking of Al,Os(ipa) and SiO,- based coatings as
representative of flower and spherical-like nanostructures respectively. Chemical durability
for Al,O3(w), and TiO; coatings are reported in Figure S4 (Supplementary information).
The results highlighted a relevant role played by the different kind of organic polymer. In fact,
for both the flower- and spherical-like nanostructures the AFW polymer is more sensitive to
the hydrolysis induced by corrosive solutions, while SIVO evidenced a stronger protective
action against all the environments. The fluoroalkylsilane polymer is probably more stable
thanks to the SiM-O-metal bonds established with the hydro.~1 groups of the inorganic layer
and further stabilized by the cross-linking bonding among ree 5i-OH groups, generated by
the FAS hydrolysis under environmental humidity [42].

In addition, Figure 9 highlights that the WCA dec-2asn g in presence of AFW was already
detectable after 3 days soaking with a progresziv 2 worsening occurring over the following
days. According to the different inorgar:: la,<ers, the Al,O; AFW samples exhibited the
worst durability when soaked into saline cnd basic solutions, with a WCA depletion of,
respectively, 35-40% and 40-50%, v.\ite the SiO, AFW sample evidenced the poorest
resistance into the acidic envizonmunt, with a WCA depletion of about 50%.

The different response to the environments stems from the different composition of the
inorganic layers and r ot ©i )m their different morphology. Once the AFW is hydrolyzed and
the corrosive solutions come in contact with the inorganic layer, the different chemistries
drive the corrosion process as already found in our previous paper [33]. Both Al,O3 based
coatings pointed out very close data each other’s, it can be hypothesized that the aluminum
oxide layer reacts with alkaline compounds forming aluminum oxide anions (AlO,") which
turn into aluminum hydroxide (AI(OH)3) triggering a series of equilibrium reactions able to
induce the progressive damage of the inorganic substrate. On the other hands, SiO; (applied in
form of nanosol stabilized at basic pH - could be mainly affected by an external acidic

environment.
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The smooth supports confirmed a more marked decreasing of performance due to the lower
grafting degree of the AFW polymer on such flat surfaces. On the opposite, SIVO polymer
always ensured an outstanding protection against all the corrosive environments, with the
rough textures showing the highest durability under these conditions, with a lowering of
WCA as low as 10% during the 14 days. A similar trend was observed for CA-Hex values

(Figure S5_Supporting Information).

4. Conclusions
This work refers to the design and characterization of Al,C;-, CiU,- and TiO,-based
amphiphobic hybrid coatings after deposition on rough Jr st0oth aluminum substrates. The
comparative step by step investigation here presentcu ~heds light on the relationships among
the different substrate and coatings features - e a. .ne substrate surface finishing when
multicomponent hybrid coatings with a diff>ren. structural organization and chemistry are
deposited - and their role on wetting pe.*rmances and lasting behavior of coated surfaces.
Generally speaking, the relative inride.>ce of the different parameters in maximizing the static
and dynamic repellence agains. 1. uids (both water and n-hexadecane) follows the order:
morphology of the inorgaric .>ver > substrate roughness at microscale > kind of organic
fluoropolymer. The m-u. ruie in determining the wetting properties of hybrid coatings is
played by the morphoingy of the inorganic component. As far as the morphology of the
inorganic component, the Al,O3 flower-like nanostructure revealed to be the most performing
in terms of both static repellence and dynamic droplet mobility. As already reported in the
literature [40—-42], the dual-scale texture typical of a hierarchical organization - as the result of
the proper combination between the substrate micro-roughness and inorganic layer
nanostructure - promotes the stability of the Cassie-Baxter wetting state thanks to the complex
nano-voids system with entrapment of air layers. Finally, the least influent parameter is the
organic layer type, with the fluoroalkylsilane promoting a greater amphiphobicity and lower

hysteresis with respect to the acrylic resin.
18



Different ageing tests allowed to assess the greater or lesser ability of such hybrid coated
surfaces to withstand severe environments. Abrasion tests on flower-like alumina-based
coatings promoted flattening of the nanostructure accompanied by the abrupt decrease of de-
wetting abilities. Indeed, a better abrasion resistance of the spherical-like coatings was
highlighted. All coated samples showed a good stability under UV irradiation even for
prolonged exposure time. As far as the chemical resistance, indeed, the role of the organic
polymer stands out regardless of flower- or spherical-like nanostructures with fluorine bearing
acrylic resin being more sensitive to the hydrolysis induced v corrosive solutions. For the
same organic layer, Al,O3-based samples exhibited the wo ‘st diirability when soaked into
saline and basic solutions while SiO,- and TiO,-basecd 0.°2< 2videnced the lowest resistance
into the acidic environment. The smooth samples -ont ‘'med a more marked decreasing of
performances due to the lower grafting degrer o° the acrylic fluoropolymer on such flat
surfaces. On the opposite, fluoroalkylsi'=e .nsured an outstanding protection against all the
corrosive environments, with the rough w.tures showing the highest durability under these
conditions.

Overall, from the perspective “'f their potential application under severe real conditions and
mechanical stresses, it can v~ said that the design of such kind of surfaces requires a strict

control of different pe -am. ters which are related to each other in a rather complex way.
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Table 1. Summary of coating composition, morphology and substrates texture.

Sample code Inorganic layer Coating Substrate Organic layer
morphology  texture
R_SIVO None - Rough
S SIVO None - Smooth SIVO
R_AFW None - Rough
S_AFW None - Smooth AFW
Al(ipa)*_R_SIVO Al,O3 (ipa) .
5= Flower like
Alw)**_R_SIVO — AlOs (w) Rough SIVO
SI_R_SIVO 510, Spherical like
Ti_R_SIVO TiO,
Al(ipa)_S_SIVO Al,03 (ipa) .
e Flower like
Alw)_S_SIVO Al20s (W) >mooth SIVO
SI_S_SIVO SI0, Spherical ike
Ti_S SIVO TiO,
Al(ipa) R_AFW Al,O3 (ipa)
- Flov.~r 'ke
Al(w)_R_AFW Al,03 (W) ‘ Rough AFW
SI_R_AFW SI0; sraerical like
Ti_R_AFW TiO,
Al(ipa) S _AFW AlLO3 (ir 1) .
- Flower like
Al(w)_S_AFW Al,03 (w) smooth AFW
Si_S AFW Sie, L
Ti S AFW On Spherical like
* ipa = isopropyl alcohol
**w = water
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Table Il. Contact angles against water (WCA) and n-hexadecane (CA-Hex), contact angle
hysteresis (CAH) collected on rough (R) or smooth (S) aluminum alloys surfaces only coated
with the organic polymers. Standard deviations are reported as errors.

Sample WCA (°) CA-Hex (°) CAH ()
R_SIVO 1335 68 +2 109 + 18
S_SIVO 109+3 63+2 84 +11
R_AFW 132+3 74+4 113+ 11
S AFW 112+ 2 65+4 74+4
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Table I11. Contact angles against water (WCA), oil (CA-Hex) and contact angle hysteresis
(CAH) of hybrid coated, rough and smooth aluminum alloys substrates according to the
different coating morphology. Standard deviations are reported as errors.

Sample code WCA (°) CA-Hex (°) CAH Coating morphology
Al(ipa) R SIVO  164+1  111+8 4+2
Al(ipa) S SIVO  162+5 99 + 4 8+4 Elower-like
Alip)) R AFW  160+2  114+2 20+9
Al(ipa) S AFW  161+3  103+1 146 + 2
AlW) R SIVO  166+2  121+11 4+1
Al(W) S SIVO  167+3  116+3 5+1 Elower-lik
Alw) R AFW 1632  108+1 16 + .1 ower-like
Al(W) S AFW  161+4 97 + 4 141 +7
Si R SIVO  135+2 81+3 349
Si_S_SIVO 120+1 73+2 55=5 o
S_ Spherical-lik
Si_R_AFW 127 +1 76+ 1 1,3+10 Pherical-like
SIi_S_AFW 113+1 70+ 1 35+ 3
Ti R SIVO  130+2 83~ . 126 +5
Ti_S_SIVO 120 +1 731 90+ 3 o
S_ herical-lik
Ti R AFW  129+6 7¢ +2 129 + 17 Spherical-like
Ti_S_AFW 113+1 1 84+ 2
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List of figure captions
Figure 1. Flow sheets of the hybrid coatings deposition processes.
Figure 2. Schematic illustration of the multilayered coated aluminum samples.

Figure 3. FESEM images of the different inorganic layers deposited on smooth aluminum
substrates: a) water-based Al,Os; b) alcohol-based Al,Os. ¢) SiO,; d) TiO..

Figure 4. Relevance of the variables (coating morphology, substrate roughness and kind of
organic layer) on the wetting behavior of hybrid coated aluminum substrates.

Figure 5. Static (WCA) and receding (RCA) contact ang'es against water, contact angles
against oil (CA-Hex) and contact angle hysteresis (CAH) ot A'-O3-based hybrid coatings on
rough (@) and smooth (b) substrates as detected after abrzsion. Standard deviations are
reported as error bars.

Figure 6. Static (WCA) and receding (RCA) conta.* angles against water, contact angles
against oil (CA-Hex) and contact angle hysteres.s (CAH) of SiO,- and TiO,-based hybrid
coatings on rough (a) and smooth (b) substrate. as detected after abrasion. Standard
deviations are reported as error bars.

Figure 7. Percentage depletion of cont~cy ~ngle against water (WCA), n-hexadecane (CA-
Hex) and contact angle hysteresis (CAH,, induced by the abrasion test on flower-like and
spherical-like coatings.

Figure 8. FESEM microgrw>s collected after abrasion testing on samples
Al,O3(ipa)_R_SIVO (a, b) and Si_R _SIVO (c, d).

Figure 9. Trends of contac* ang.2 against water (WCA) of amphiphobic surfaces soaked into
saline, acidic and basic soiu*i01.3. Standard deviations are reported as error bars.
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Highlights

deposition—ef—nanostructured—ceramic—oxtde (Al O3 —Si0,—and—THO, ) —and—FHuoro-
| 4 evlsil I in

Different nanostructured ceramic oxide and fluoro-pc.,"mers were applied on Al alloys

I I o I et iable: _tos saxirmize_bot . g .
" inct_liauids_foll I oy, hol f the | o |
4 herical tike! I ™ . | : .

fluoropolymer
The relevance of morphology, ° irface roughness and layers composition was
highlighted

Mest-coated-surfaces—she w ~—qood-abthty—to-withstand-severe—envirenments—\Ahen
ing—the.diff o : he diff .  the | i
layersand-not-from-.e-overalb-morphology-of the-coatings

Amphiphobic surface.. showed a good ability to withstand severe environments

The development of hybrid coated Al are related in a complex way to many variables
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