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Highlights

1. Fabrication of superhydrophobic aluminum alloyfaces by chemical etching followed by
organic molecule passivation.

2. The formation of flake-like micro-nanostructumorphology of the low surface energy
aluminum stearate on aluminum

3. The complementary corrosion studies by poladmatresistance and electrochemical
impedance spectroscopy (EIS)

4. The modulus of impedanceis found be 70 timegelafor the superhydrophobic surfaces

compared to the as-received aluminum alloy surface
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ABSTRACT

Superhydrophobic aluminum alloy surfaces are obthloy chemical etching using 1 M NaOH
solution followed by passivation using 0.01 M etblanstearic acid (SA) solution. The formation
of low surface energy aluminum stearate takes pdaceg the passivation process between stearic
acid and hydroxyl group terminated aluminum allayfaces. A schematic model of the SA
passivation process on the —OH terminated Al-sedas presented in this work. The flake-like
micro-nanostructure morphology of the low surfacergy aluminum stearate increases the water
contact angle by more than 150°, demonstratingstiperhydrophobic properties. The corrosion
current density reduces and polarization resistaimzeease systematically with increasing
passivation time. The polarization resistance, wated from the Tafel curve of the
superhydrophobic surfaces prepared by stearicpasdivation for 60 min, is determined to be 137
times larger than that of the as-received alumiraltay substrate. Similarly, the modulus of
impedance, as determined from electrochemical impesl spectroscopy (EIS), is found be 70
times larger for the superhydrophobic surfaces @etto the as-received aluminum alloy surface.
These results demonstrate that the superhydroplahloicinum alloy surfaces created by chemical
etching followed by passivation have superior cgion resistance properties than the as-receive

aluminum alloy substrate.

Keywords. Corrosion resistance, Superhydrophobic aluminlloy ssurfaces, Chemical etching,
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Aluminum stearate, Potentiodynamic polarizatiorgdilochemical impedance spectroscopy (EIS)

1. Introduction

Superhydrophobicity is the property that descrithessnon-wetting characteristics of material
surfaces. Superhydrophobic surfaces are attraetreg increasing attention from the scientists and
engineers due to wide applications in corrosionstasce and anti-sticking of snow and ice and
potential incorporation into eyeglasses, windovetf-deaning automobile windshields, and other
technologies [1-3]. Recently, various fabricatioathods for superhydrophobic surfaces have been
explored [4-16]. These methods are guided by tinencon principles of optimizing topography and
lowering surface energy. In other words, both thdage geometrical structure and the chemical
composition control the wettability of the solidface.

Chemical etching process is the process of remosidgyer on a metal surface through a
chemical reaction ani an effective method for obtaining rough surfaces. It has been widely
used to fabricate superhydrophobic aluminum allagfages [6, 7, 17-21]. Sarkat al. obtained
superhydrophobic aluminum surfaces by chemicalimgctollowed by coating with an ultrathin rf-
sputtered Teflon film[14]. Saleemaet al. used a one-step etching process to obtain a
superhydrophobic aluminum alloy substrate with @Naand fluoroalkylsilane (FAS-17) mixed
solution [6, 7]. Ruan et al utilized HCl mixed with HF as an etchant on an aluminum alloy
substrate followed by passivation with different modifiers such as dodecyl mercaptan (DDM),

lauric acid, myristic acid and palmitic acid [17]. Similarly, HCI was also used by Escobar et al
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in a chemical etching process, together with passivation employing dodecanoic acid, to obtain
superhydrophobic aluminum alloy substrates [18]. In addition, Liao et al fabricated
superhydrophobic aluminum alloy substrates by copper assisted chemical etching with HCI
solution followed by passivation with hexadecyltrimethoxysilane [19].

A number of investigations have been performed on other superhydrophobic surfaces
(apart from aluminum alloy substrates) obtained by chemical etching, such as
superhydrophobic silicon etched by HF mixed with AgNO3 followed by passivation with
trimethoxysilane [22], superhydrophobic titanium etched by NaCl followed by passivation with
tridecafluoroctyltriethoxysilane [23], superhydrophobic zinc (Zn) etched by NaCl/NaNG
followed by passivation witfiuorinated polymer [24], superhydrophobic magnesium etched by
H.SOW/H20, followed by passivation wittearic acid (SA) [25] and superhydrophobic copper
etched by HNOs followed by passivation with 1H,1H,2H,2H-perfluorodecyltriethoxysilane

(FDTES) [26].

It is well known that the contact of metals withteratriggers corrosion; therefore, one may
consider using superhydrophobic surfaces to repéémand thus prevent corrosion. The corrosion

resistance properties of superhydrophobic alumiralloy substrates have been studied in the

literature [3, 27-29]. Het al. investigated the corrosion resistance of supedpirbic aluminum

alloy substrates, prepared by anodizing followed gssivation with myristic acid, via

potentiodynamic polarization experiments as weklastrochemical impedance spectroscopy (EIS)

[3]. A similar method for preparing superhydrophtmbluminum alloy substrates has also been used

by Liu et al., and the reduced microbiologically influenced osion of superhydrophobic
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84 aluminum alloy substrates was investigated usirng, pblarization as well as scanning electron
85 microscopy (SEM) [28]. Furthermore, Liang al. developed a facile sol-gel method, with
86 tetraethylorthosilicate (TEOS) and vinyltriethoXgsie (VTES) as co-precursors at room
87 temperature, to create a superhydrophobic alumiralimy substrate [27], the authors then
88 characterized the corrosion resistance and dunalofithe superhydrophobic silica-based surface
89 formed on the aluminum substrate in a corrosive INaflution via EIS measurements [27]. In
90 another study by Liuet al. [29], the corrosion resistance properties of a gumEophobic
91 aluminum alloy substrate, fabricated by graphene-spated on the surface, were investigated and
92 compared with those of the as-received aluminuoyaubstrate.

93 In our previous study, superhydrophobic copper aa@$ were fabricated by a one-step
94  electrochemical modification process with ethanstearic acid solution using a DC voltage [13].
95 Furthermore, the corrosion resistance of the sypeophobic copper substrates was investigated
96 by potentiodynamic polarization experiments [30jeTdecrease of corrosion current densigyX!

97 as well as the increase of polarization resistgRgeobtained from the polarization curves revealed
98 that the superhydrophobic film on the copper s@dammproved the corrosion resistance of the
99 copper substrate. In a recent study from our graanf;corrosion and anti-icing superhydrophobic
100 steel coatings were achieved by electrodepositicinan steel followed by functionalization of Zn
101 using an ultra-thin film of commercial silicone pwier [31].

102 In the present study, superhydrophobic aluminuroyaBubstrates were prepared by chemical
103 etching using alkaline NaOH solution followed byspi@ation with ethanolic stearic acid (SA)

104 solution. Chemical etching has the technologicabathges of being both cost-effective and easy to
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scale up. The fabricated superhydrophobic alumiralloy substrates were analyzed using both
potentiodynamic polarization and electrochemicgbeatance spectroscopy (EIS) to evaluate their

corrosion properties.

2. Experiments

As starting materials, rolled sheets of AA 6061Inahum alloy were chemically etched using 1
M alkaline NaOH solution (pH of 14) in an ultrasofath. After cleaning with distilled water, the
etched aluminum alloy substrate was dried at 70n°@ closed oven for more than 10 hr. The
passivation process was performed by immersingetbbed aluminum alloy substrate at room
temperature in 0.01 M ethanolic SA solution foraage of passivation times. The morphological
analyses of the samples were performed using axgapelectron microscope (SEM, JEOL JSM-
6480 LV). The chemical composition of surfaces waslyzed by X-ray diffraction (XRD, D8
discover with Cu K wavelength 0.154 nm), Fourier Transform Infrarececspscopy (FTIR,
Perkins Elmer Spectrum One) and x-ray photoeledpattroscopy (XPS, VG ESCALAB 220iXL)
The XPS spectra were collected using an Al {486.6 eV) x-ray source. The wetting
characterization of the sample surfaces was caoigdoy measuring static and dynamic contact
angles using a First Ten Angstrom contact angleogoeter (the static contact angle has been
abbreviated as CA and the dynamic contact anglébbes abbreviated as contact angle hysteresis
(CAH)). The adhesion of the superhydrophobic alwminalloy substrates was carried out

according to the ASTM D3359 standard test methadgua Cross Hatch Cutter, model Elcometer
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107. The corrosion resistance properties of theptesrwere investigated via both potentiodynamic
polarization experiments as well as electrochemiopkedance spectroscopy (EIS). Electrochemical
experiments were performed using a PGZ100 potdati@nd a 300 cirEG&G PAR flat cell
(London Scientific, London, ON, Canada), equippeth\a standard three-electrode system with an
Ag/AgCl reference electrode, a platinum (Pt) mesitha counter electrode (CE), and the sample as
the working electrode (WE) [6]. For the potentiodgric polarization experiments, the open-circuit
potential was scanned from -250 mV to +1000 mV iB.&awt.% NaCl solution. An attempt was
made to perform EIS measurements using 3 wt.% Na<CI3.5 wt.% was more reactive, in the
frequency ranges between 0.01 Hz and 100 kHz wigme-wave amplitude of 10 mV at room

temperature.

3. Resultsand Discussion
3.1 Superhydrophobic aluminum alloy surfaces prgdry chemical etching followed by
SA passivation
Figure 1(a) shows the SEM image of the surfacenohstreceived aluminum rolled sheet,
which had a surface root-mean-square (rms) roughoie8.45um and water contact angle (CA) of
87 £ 3° (inset of the Figure). The surface of mlEuminum sheets generally exhibits the rolled
lines and therefore will have a certain inhereniglmess [32]. The CA of the SA passivated
aluminum alloy substrate was found to be only 110°+Therefore, a pretreatment of chemical
etching using a 1 M alkaline NaOH solution was perfed to modify the surface of the as-received

aluminum alloy substrate. The morphology of thehett aluminum alloy substrate is shown in
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Figure 1(b). The NaOH etched aluminum alloy substf&igure 1(b)) was found to be rougher
compared with the as-received aluminum alloy sabst(Figure 1(a)). Consequently, the surface
roughness of the etched aluminum alloy substrateimaeased to 1.38 + 0.1uifn from 0.45 = 0.03

um of the as-received aluminum alloy substrate. TAeon the NaOH etched aluminum alloy
substrate was decreased to 34 + 4°, which cantieud¢d to the increase of surface area as well as
the possible change of surface composition. The Z8lemodel and its mathematical equation
(Equation (1)) [33] can be used to explain the ease of CA assuming no change of surface

composition due to chemical etching.

cosf* = Ry cosB (Equation 1)

wheref is the CA of a smooth surface afid is the CA of a rough surface without any alteratio
of surface composition, the roughness factgisRhe ratio of the true to the apparent surfaeasr

It is evident that R is always more than 1 as true surface area igfdh@n the apparent surface
area due to the presence of roughness; thereferéheaCA of the as-received aluminum alloy
substrate (assumed to be smooth) is 87 + 3°, th@fGAe etched rough surface would be smaller
than 87 = 3°. As the CA of the NaOH etched aluminalioy substrate was 34 = 4°, thg, R
associated with the roughness of the etched stbstras calculated to be 15.84. However, it was
not evident from the surface morphology that thdase area of the etched substrate could be 15
times more than that of as-received aluminum alltnerefore, the change of chemical composition

due to the chemical etching process also playedeamn the change of CA on the etched aluminum
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alloy substrate. We will see further that the S&gmaation can modify the morphology of the NaOH

etched aluminum alloy substrate but is unable tdifpdhe as-received aluminum alloy substrate,

which may due to the surface composition of thietat
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Figure 1 SEM images of the surface of (a) as-retealuminum alloy substrate;
(b) NaOH etched aluminum alloy substrate; (c-e),51smin- and 24 min-SA
passivated NaOH etched aluminum alloy substrates.ifisets of Figure 1(a-e)

show the water drops and CA on the respective sesfa

The NaOH etched aluminum alloy substrate was thassipated by SA for a range of
passivation times varying from couple of seconds toaximum of an hour. Figure 1(c-e) shows the
morphologies of the NaOH etched aluminum alloy snabss followed by SA passivation for 5's, 1
min and 24 min. The flake-like micro-nanostructieatures appeared on the etched surface after
SA passivation for 5 s as shown in Figure 1(c). ifiset of Figure 1(c) shows the image of a water
drop with a CA of 145 + 2°. The enhancement of @fewas due to the formation of low surface
energy aluminum stearate (AISA). The chemical asialpf these flake-like molecules is given in
Figure 2(a). The number density of these flake-hkiero-nanostructures increased by increasing
the SA passivation time to 1 min, as shown in Fegli(d). Consequently, the surface of etched

substrate is nearly covered with these flake-ltkecsures just after 1 min of SA passivation. listh

10
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situation, the CA of this surface further increased 54 + 2°, as shown in the inset of Figure 1(d).
The compactness of these structures was furtheedsed on the surface by increasing the SA
passivation time to 24 min, as shown in Figure .1&®wever, the CA did not increase much as
shown in the inset of Figure 1(e), yielding a vabfel55 + 1°. Because the surface morphology
from 60 min-SA passivation on etched aluminum ali®yery similar to that from 24 min-SA

passivation, the SEM image of that surface is nesgnted.
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Figure 2(a) FTIR spectra of (a0) as-received aluminalloy substrate, (al) NaOH etched
aluminum alloy substrate, and (a2) 5 s-, (a3) 1-nfa®) 24 min- and (a5) 60 min-SA passivated
NaOH etched aluminum alloy substrates. Figure @épjicts the variation in the area under the

hydrocarbon (—CHand -CH) peaks as a function of the SA passivation time.

The infrared spectra of the as-received alumindoy aubstrate, the NaOH etched aluminum
alloy substrate, and the SA passivated NaOH etetechinum alloy substrates for a range of
passivation times are shown in Figure 2(a). The foain infrared absorption zones were observed

in all spectra. These zones are (i) a broad alisarpeak between 3000-3500 ¢nii) two sharp

11
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absorption peaks at 2856 and 2917cifii) an absorption zone approximately 1500 rand (iv)

a peak approximately 750 émThe broad absorption peak at 3420%dm zone (i) is assigned to -
OH bonding on the NaOH etched aluminum alloy sastras shown in Figure 2(al). As is evident
in comparing with the spectrum of the as-receiveonaum alloy substrate (Figure 2(a0)), the
presence of —OH bonding at the surface of the Na@Hed aluminum alloy substrate may be due
to possible —OH bond formation during the reacodbiNaOH with the aluminum alloy substrate, as

shown below using Equations (2-5):

2Al + 2NaOH + 6H;0 — 2NaAl(OH), + 3H, (Equation 2)
(Equation 3)
Al;0; + 2NaOH — 2NaAl0; + H,0 (Equation 4)

NaAlO; + H;0 - Al(OH); + NaOH (Equation 5)

A similar reaction mechanism based on Equationad® 3have been presented by Saleetral.

[6], who studied how to obtain superhydrophobic pgrbies through a one-step process on
aluminum alloy substrates using an alkaline NaOHutem containing FAS-17 molecules.
However, they did not specify that the sodium ahasie (NaAlQ) further hydrolyzed in the
continuing reaction to produce Al(Of8nd NaOH. Furthermore, the presence of native sxite
aluminum alloy substrates most likely consistslafranum oxide (A}O3). Al,O3 on the surface of
the aluminum alloy substrate can react with NaOH foim sodium aluminate (NaAKR which

can then hydrolyze to Al(OH)and NaOH, as presented in Equation 4-5. Theretbee,above

12
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chemical reactions show that the aluminum alloystaltes will be covered with a layer of Al(QH)
after chemical etching with NaOH. Evidently, thepaprance of the —OH peak in the IR spectrum
(Figure 2(al)) of the NaOH etched aluminum alloyositate is in good agreement with the
chemical reactions.

It was observed from the IR spectra of Figure #{aj) the intensity of the —OH peak increased with
the time of SA passivation. The formation of alumnstearate (AISA) (CHCH,)1sCOOAI(OH),)

(in Equation 6) as a reaction product between Al DHresent on the aluminum alloy substrates
after NaOH etching, and SA was what led to the rodiment of the —OH peak after SA passivation
(Figure 2(a2-a5)). The schematic illustration af tbrmation of AISA on NaOH etched aluminum

alloy substrates, engrafted with Al(OHlis shown in Figure 3.

Al(OH); + CH3[(CH]2)16CO0H = CH3[(CH]1)1sCO0AIOH): + H:0  (Equation 6)

RN

Al alloy NaOH Al ;ﬁ‘é;;" M
Erchmg
SA | Passivation_
CH, (I:Ha {CHy |
frmEREEE | (CH,) |5 (CH,) 15 i (CH,) m
PR o Lo 0 s
; (i:HE) 8 (CHy g (IC}L} : |
JESER IR LR '
A1SA ’ : H
‘-'& T R & 0”-? ¥
N ‘S#’“\i *\[ g
_____ 1 - | Al :
Al alloy Al a.lln:uar

Figure 3 Schematic illustration of the formationtleé superhydrophobic surface prepared by SA

passivation on NaOH etched aluminum alloy substrate
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227

228 It should be mentioned that, the appearance of bOhtling on the NaOH etched aluminum alloy
229 substrate is responsible for the formation of aesgoydrophobic aluminum alloy substrate.
230 However, the as-received aluminum alloy substratdhout —OH bonding was unable to be
231 passivated by SA solution, where it shows a maxin@/of 110 + 1°

232  Furthermore, the peaks at 414, 536 and 607 imzone (iv) may have appeared due to the Al-O
233 bonding. The peaks at 1582 ¢nin zone (i) as well as 750 ¢hin zone (iv) have also been
234 assigned to the bending absorption mode of —OH tlamdntensity of the peaks was also found to
235 increase with the SA passivation time. The increasntensity of the —OH peak as well as -CH
236 bonding with increasing passivation time indicadtattgreater AISA formation took place, or, in
237 other words, more amounts of SA molecules wereradsoon the NaOH etched aluminum alloy
238 substrates during the passivation process. Furtirerrm zone (iii), the infrared absorption peaks a
239 1586 and 1466 cthwere arising from —COOAI bonding; these peaksracee distinct on the IR
240 spectrum of the samples passivated for 24 min (Eig¢a5)). This is also in line with the analysis
241 from SEM images (Figure 1(c-e)), where an incrgas8A passivation time led to a thicker
242  deposition of flake-like micro-nanostructures.

243 Compared with the -COOZn bonding at 1550cpresented in our recent publication on the
244  superhydrophobic aluminum alloy substrate by SAcfiomalized ZnO nanoparticles [32], the —
245 COOAI bonding has shifted towards higher a waveremuf 1586 crit due to the lower atomic
246 number of Al compared to that of Zn.

247 In addition, the two main sharp absorption peakzoime (ii), which appeared at 2917 and 2851 cm

14
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! are ascribed to the asymmetric, symmetric C-etating modes, respectively, of —£gtoups on
the AISA molecules. Additionally, a very small peak2956 crit was present in the spectrum due
to the asymmetric in-plane C-H stretching modehef+CH group on the AISA molecules.

The presences of absorption bands from —OH, —COG&H, as well as —CHKl confirmed the
engrafting process of SA on NaOH etched aluminuoyaubstrates, as modeled in Figure 3. The
model illustrates how hydrophilic components, suh —-COO and —OH, bonding with the
aluminum alloy substrates kept the hydrophobic camepts, such as —GHind —CH, away from
the surface, which effectively reduced the surfaoergy; hence, they are responsible for the
superhydrophobic properties. In our previous stu@,, -CHz and —COOQO absorption peaks were
also observed in the spectrum of superhydrophobigper surfaces fabricated by one-step
electrochemical modification [30]. It should be mened that unlike copper stearate (CuSA),
which does not have any —OH bonds [13], AISA has+#@H bonds [34].

Because the intensity of the IR absorption peak ofiolecule is proportional to its quantity, the
peak area of —CHpeak was monitored with the SA passivation timewds observed that the
intensity of the —Chklpeak of the passivated SA molecules increasedimgtieasing SA passivation
time, as shown in Figure 2(a2-a5). Figure 2(b) cispthe variation of the peak areas of the -CH
and —CH peaks as a function of the SA passivation timially, a fast and almost linear increase
in the peak area was observed. The peak area \eagated to be 216 for the sample with 5 s-SA
passivation; the peak area increased to 388 fosdingple with 1 min-passivation; the peak area
further increased to 886 for the sample with 24-8#npassivation. Further increase of the peak

area to 1115 was also observed for the sample &@dtimin-passivation. These observations are

15
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consistent with the morphological analysis by SEMere an increase in the SA passivation time
led to an increase in the density and thicknegd®A flake-like micro-nanostructures.

Both XRD and XPS have been carried out to compleénieEnobservation of FTIR and validate the
model on the formation of aluminum stearate. Figlirghows the low angle XRD between 2-12°
and high angle XRD between 12-70° for both NaOHhedcaluminum alloy substrate and SA

passivated NaOH etched aluminum alloy substrates.

s T T T T& T 12 R T T T T T T
a o 5 § b m AISA
= = = -
0.3 |- ~« . ]
P = n
s T 302 L @ |
s |, 8
z 02 (2) s " M " . | =
(7] 7]
= =
2 b g i
£ £
01 |- —
oo L M _
oo ™ - anm T
ol il T e Bl el N BT BT BT BT B |
10 20 30 40 50 60 70 0 2 4 6 8 10 12
200 26(°)

Figure 4 X-ray diffraction (XRD) patterns of (1)enical etched aluminum alloy substrate and
(2) stearic acid (SA) passivation on NaOH etchedhalum alloy substrate in thé 2ange of (a)

12-70° and (b) 2-12°. (Aluminum stearate is ablat®d as AISA).

The X-ray diffraction (XRD) patterns of (1) chemlicetched aluminum alloy substrate and (2)
stearic acid (SA) passivation on NaOH etched alumirlloy substrate are presented in Figure 4.
As evident from the patterns at high@rrange of 12-70° in Figure 4(a), the characterigdaks of
Al (111), Al (200) and Al (220) at 38.47°, 44.721dh65.1°, respectively, due to the aluminum alloy
substrate JCPDS # 01-085-1327 Others small peaks are due to the intermetghases or the

16
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282 alloying elements. Figure 4 (b) shows the low an¢RD pattern between®2o 12. Figure 4(b2)
283 shows two distinct diffraction peaks at 2.26° an@i88 as compared to Figure 4(b1l). These two
284 peaks are due to the formation of aluminum stegpak8A). It is also complementary with the
285 FTIR spectra of the SA-passivated NaOH etched adumialloy substrate, where the formation of
286 aluminum stearate (AISA) is discussed.

287

| d | LI | L |
60 - Survey a

CPS
CPS
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3 3
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Figure 5 XPS spectra of the SA passivated NaOHeetethuminum alloy substrates (a) survey,

(b) C 1s, (c) O 1s, (d) Al 2p
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Figure 5(a) shows the survey spectrum of the SAsipated NaOH etched aluminum alloy
substrate. Two strong peaks of C 1s and O 1s ax@rgeanied with a small peak of Al 2p. The
Figure 5(b) shows the high resolution peak of CtHit composed of a strong peak at 285 eV
corresponds to C-C or C-H bonds and a tiny peak88t6 eV due to the —-COO peak due to the
formation of aluminum stearate. The ratio of thaksearea of —-COO and C-C is found to be the
0.06 which is the finger print on the engrafting stkbaric acid on a metal surface. Similar
observations are reported on interaction of stesid with zinc [35, 36]. Figure 5(c) shows the O
1s peak that composed to two peaks having bindieggg 530.2 eV and 531.9 eV corresponds to
the bonding of Al-O and Al-OH, respectively [36]gEre 5(d) shows the Al 2p that has two distinct
peaks at 74.4 eV and 77.5 eV due to the bonding-af and Al-OH, respectively [37]. The high
resolution XPS peaks analysis on the C 1s, O 1kAd confirm the presence of —COO, C-H (or

C-C) as well as Al-O and Al-OH as found by FTIRFigure 2 and proposed in the model in Figure

3).

Figure 6(a-c) depict the variation of surface rmsghness, CA and CAH as a function of SA
passivation time on the NaOH etched aluminum adlolystrates. The substrate has a surface rms
roughness of 1.38 £ 0.1i#n and a CA of 34 + 4°. The surface rms roughnedsGiof the 5 s-SA
passivated NaOH etched aluminum alloy substratee@sed to 2.23 £ 0.18m and 145 * 2°,
respectively, due to the formation of flake-likecna-nanostructures of AISA. The transition from a

hydrophilic surface, i.e., the NaOH etched alumiralloy substrate, to superhydrophobic surfaces
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occurred at the 1 min-SA passivation time markhwaitsurface rms roughness of 2.29 +h? a
CA of 154 £ 2° and a CAH of 1.88 + 0.4°. The app®ae of surface superhydrophobicity was due
to the formation of low surface energy AISA, evidémom the FTIR spectra, XRD patterns and
XPS spectrum in Figure 2(a), Figure 4 and 5, respayg, as well as the presence of a micro-
nanorough flake-like morphology, evident from thEMs images in Figure 1(d). The surface rms
roughness remained constant from 1 min- to 24 mirp8ssivation time but there was a slight
tendency towards reduced roughness for SA passividnger than 24 min. This reduction might
be an indicator of the compactness of the passivAl€A formation on the NaOH etched
aluminum alloy substrates. On the other hand, tAead CAH of the surfaces prepared by SA
passivation were observed to remain constant wilp&ssivation times between 1 min to 60 min.
The CA variation with SA passivation time has begported in the literature [17, 38]. Ruenal.
prepared a superhydrophobic aluminum alloy sulestret chemical etching with HCI/HF solution
followed by passivation with a different fatty aciin optimum modified time of 1.5 h on the
etched aluminum alloy substrate (with a CA of 168)was observed by using lauric acid as the
modifier, and the CA reduced to 155.2° for 2 h pad®n [17]. The authors mentioned that the
appearance of the optimum CA might have resultethfthe change of surface morphology and
microstructure due to different etching and modificn parameters. However, the change of the
surface morphology or the chemical composition wptssivation time in their study was not
investigated as performed here using SEM and FXRD as well as XPS. In the study by Kien

al., a superhydrophobic substrate with a CA of 1538 wapduced by using a reactive ion etching

process combined with hydrophobic coatings with PTB8]. The variation of the morphology
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with PTFE passivation time was found to contribtdethe variation of the CA. However, the
chemical composition, one of the most importantdiecin superhydrophobicity, was not analyzed
in their study. In the literature, NaOH as an ettHsas been utilized to prepare superhydrophobic

aluminum alloy substrates utilizing both one- and-step processes [6, 21, 39].
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Figure 6(a) Surface root-mean-square (rms) roughngg CA and (c) CAH variation as a

function of SA passivation time on NaOH etched atlumm alloy substrates.

We have recently reported the formation of supeiplobic aluminum alloys substrates,
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fabricated by electrodeposition of copper on alwmiralloy substrates followed by electrochemical
modification using SA organic molecules, which pdad similar CA [15]. Furthermore, Sarketr
al. (including one of the current authors) also stddsaperhydrophobic properties of ultrathin rf-
sputtered Teflon films coated HCI etched alumindloyasubstrates [14]; the authors reported the
effect of the etching time on the aluminum alloyoswates. A maximum CA of 164 + 3° was
observed on the ultrathin rf-sputtered Teflon coakiminum substrates that were HCI etched for
2.5 min. Another study in our group fabricated sbgdrophobic aluminum alloy substrates by
monodispersive silica nanoparticles spin coatir@j.[4

3.2 Corrosion resistance properties of superhydroghaluminum alloy substrates

Figure 7(a) shows the potentiodynamic polarizatiarves of the as-received aluminum alloy
substrate, NaOH etched aluminum alloy substratd, &ars-, 1 min-, and 24 min-SA passivated
NaOH etched aluminum alloy substratesy\Was calculated from the extrapolation of the caifod

curves [41]. Rwas calculated by the Stern-Geary equation, goyen

BaPc
B =
P 2300 (Bs + B.) (Equation 7)

wherefa and B, are the anodic and cathodic Tafel slopes, resfdgti
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Figure 7(a) Potentiodynamic polarization curvea®feceived aluminum alloy substrate, NaOH

etched aluminum alloy substrate, and 5 s-, 1 naindl 24 min-SA passivated etched aluminum

alloy substrates. Variation of (bjo4 and (c) R as a function of the SA passivation time on

NaOH etched aluminum alloy substrates.

The kor and R of as-received aluminum alloy substrate were founbe 2.89 + 0.§A/cm?

and 3.79 R-cnf, respectively. The NaOH etched aluminum alloy mals exhibited a largegd) of

16.29 + 2.8uA/lcm” as well as a smaller,Rof only 2.24 I©-cnf. This could be explained by the

increase of surface area as well as the loss girthtective oxide layer during the chemical etching
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process. This is consistent with the existing diteres, where it has been shown that the incrdase o
surface roughness leads to similar trendgqinand R [42-44]. For example, in the study by Walter
et al. [43], different surface roughness of AZ91 magnesalloy, were obtained by polishing with
different grits of silicon carbide (SiC) and 8n diamond paste, measured using atomic force
microscopy (AFM). Consequently, it was observedt thlae L, of the AZ91 alloy in
potentiodynamic polarization tests increased froh® pA/cm? to 6.92uA/cm? with an increase in

the surface roughness from 0408 to 0.43um.

Table 1 CA and CAH values and their respectiyednd R values calculated by the
Stern-Geary equation, as extracted from Figureqnd® A for SA passivation on

NaOH etched aluminum alloy substrates for a rarfigreassivation times.

Sample Contact angle Corrosion Polarization
Contact angle
condition/SA . hysteresis current density  resistance
passivation time 54 CAH (°) lcorr (MA/CmM?) Rp (kQ-cnt)
As-received Al 87 +3 - 2.89+0.8 3.79+18
Etched Al 34+4 - 16.29+2.8 2.24 +0.98
5s 145+ 2 - 8.16 +2.3 250+14
1 min 154 + 2 1.88+0.4 1.76 + 0.64 1453 +2.72
8 min 155+1 2.03+0.3 1.30 +0.53 21.83 £5.16
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16 min 156 + 2 2.09+0.8 0.31+0.12 101.59 £45

24 min 156 +1 2.21+0.6 0.035+0.003 283.28& 12

60 min 156 +1 1.96+1.2 0.023 £0.003 521.59% 17

In our case, the hydrophobic aluminum alloy sulbstrprepared by 5 s-SA passivation on a
NaOH etched aluminum alloy substrate, exhibitedveer value of dor of 8.16 + 2.3uA/cm®and a
higher R, of 2.5 K2-cnf compared with the aluminum alloy substrate treatétth only NaOH
etching, implying that the hydrophobic substrateibits corrosion of the substrate. However, these
results are still inferior to that of the as-reeglvaluminum alloy substrate, indicating that the
hydrophobic surface having a water CA of 145 + 2het resistant enough to prevent chemical
attack from a corrosive environment.

However, both the anodic and cathodic current diessiof superhydrophobic substrates,
prepared with SA passivation longer than 1 min oaON etched alloy substrates, were
significantly reduced, as observed in Figure 7{@)s reduction is due to a restricted supply of
oxygen, as well as due to water-limiting oxygen aater reduction [45]. It is generally believed
that the air trapped on the superhydrophobic sesfdiehave as a dielectric for a parallel plate
capacitor, which inhibits the electron transferwmsn the aluminum alloy substrate and the
electrolyte and hence protects the substrate. Edection in anodic current density of the
superhydrophobic aluminum alloy substrates indatateat the anodic dissolution process was
inhibited or postponed compared with the as-reckaleminum alloy substrate [46]. Table 1 and
Figure 7(b-c) show the variation @f} and R of the prepared samples. It should be mentionad th

the 1 min-passivated NaOH etched aluminum alloyssate, exhibiting a CA of 154 + 2°, had a
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much lower §o, of 1.76 + 0.64uA/cm?® and a higher Rof 14.53 I2-cnf compared with the as-
received aluminum alloy substrate. With increassfy passivation time up to 8 min and 16 min,
lcor Values of the superhydrophobic aluminum alloy sabss reduced to 1.3 + 0.53\/cm? and
0.31 + 0.12uA/cm?, and R values increased to 21.88icnt and 101.59 R-cnf, respectively. The
lcorr further decreased notably to 0.035 + 0.9@3cm” and R, increased to 283.2&Xcnf for 24
min-SA passivation on NaOH etched aluminum allolgs¢tate. The Rwas found to increase as
high as 521.59 ®-cnt after 60 min-SA passivation. It can be concludeat the o value for the
superhydrophobic aluminum alloy substrates werehnower than that of the as-received sample,
and Loy was found to decrease gradually with the increds8A passivation time; on the other
hand, the Rvalues increased with the extended SA passivaitioe. tBoth the reduced,k and the
enhanced Rindicate that preparation by chemical etchingofektd by SA passivation process is
effective for improving the corrosion resistanceperties. It has been further shown that the
corrosion inhibition of superhydrophobic surfacgddnger SA passivation times is superior to that
of shorter passivation times.

It was observed that the corrosion potentigh{Encreased as a function of the SA passivation
time, from -0.627 V for 5 s-SA passivation to -85V for 60 min-passivation on NaOH etched
aluminum alloy substrates. This also suggests asong corrosion resistance of the samples with
extended passivation time. The more positivg, Ehdicated that the surface could better prevent
corrosion owing to the increasing density of AlSAlatules formed on the etched aluminum alloy
substrates. Brassae al. [31] has discussed the variation of,Eon different Zn coated steel

substrates followed by passivation with RTV-silieoand showed that superhydrophobic surfaces
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410 had higher & compared to as-received aluminum alloy substréttesur case, however, thek
411 increased with an increasing number density of Ahls#ecules, that is, the.§ still increased even
412 when the CA remained constant on the superhydrophsilibstrates prepared by different SA
413 passivation times on the NaOH etched aluminum alldystrates.

414 In the present study, another method was applieddizulating B, namely from the slope of
415 the linear potential-current (E-I) curves by vagyithe potential £10 mV around the corrosion

416 potential (Eor) and using Ohm’s law (as shown in Figure 8(a))

p._AE
417 P= Al (Equation 8)
418 where E and | are the potential and current, resjahe

419 The R, calculated by Ohm’s law (R) values versus thepRalculated by Stern-Geary equation
420 (Ry2) values are plotted in Figure 8(#)s can be observed, there is excellent agreemeweba
421 the R, values calculated by the two methods. Furthermoreyvaluate the difference betweeglR

422 and R2, the relative error between them can be exprezséallows:

, Rp2 — Rpl
Relative error = x100% .

423 RpZ (Equation 9)

424 According to the calculation, the relative erros@sated with corresponding,R and R2

425 values is in the range of 10-20%, which indicategpad agreement between thg dalculated by

426 both Ohm’s law and the Stern-Geary equation. Tiesgnce of small differences between the R

AE
427 values may be due to the differences in the Tabges (3, andB.) and the slope oAl chosen in

428 the analysis of the polarization curves. In thischr (as well as in Table 1), the presentgawRs
429 calculated using Stern-Geary equation (Equation 7).

430 The corrosion inhibition mechanism of superhydrdpbosubstrates by NaOH etching and SA
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passivation is similar to that in our previous stet the corrosion properties of superhydrophobic
copper surfaces [30]. In that study, the supertphlibbic copper surfaces, fabricated by one-step
electrochemical modification in an ethanolic SA umn, demonstrated improved corrosion
resistance properties with increasing electrochalhmeodification time. In the present study, the
corrosion properties of the etched and passivatbdtsates are significantly improved compared to
the as-received substrate. The presence of thehsupephobic AISA flake-like morphology on the
aluminum alloy substrate acted as a physical bante retard electrolyte penetration, as
demonstrated by the gradual reduction @f bs well as enhanced, Ror longer SA passivation
times. The corrosion test performed by Saleestnal. on a superhydrophobic aluminum alloy
substrate prepared by a one-step process usingtarenof NaOH and FAS-17 solution did not
provide any polarization data [6]; however, theestgdrophobic substrates formed corrosion pits
after the polarization experiment. In the publishieztature, polarization curves have been widely
used to analyze the corrosion resistance of supeshiiobic substrates; however, the &R
superhydrophobic substrates compared with thoskeohs-received substrates were not presented
in these studies [3, 47-49]. On the other handedwyarophobic coatings have been fabricated
using myristic acid with cerium chloride solutiom aopper substrates [50]. In this study,
polarization curves were presented to quantify tterosion properties of Ce deposited
superhydrophobic coatings, which had better casrosesistance than the bare copper substrate. As
the authors did not present the d® their coatings, we have used their valuesfpB, and |, to
calculate the Rof superhydrophobic Ce coatings in NaCl solutids® (vt.%) using the Stern-Geary

equation (Equation 7): the calculated value pfafas found to be 7.81Ckent. This calculated R
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value of for the Ce coated superhydrophobic comudastrate is much less than those for our
fabricated superhydrophobic substrates. Evidetity,R, value of our superhydrophobic substrate
prepared by 60 min-SA passivation after NaOH etghim 66 times more than that of the

superhydrophobic copper substrate with Ce coating.
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Figure 8(a) Potential-current (E-I) curves from yiag the potential £10 mV around the
corrosion potential (Ecorr) for calculating Rp byh@s law; (b) Correlation between Rp
calculated by (i) Ohm's law (Rpl) and (ii) the $t&eary equation (Rp2). R2 quantifies a

measure of the goodness-of-fit of the linear regjoes

Figure 9 shows the morphological and chemical caitipm changes of the hydrophobic substrates
prepared by 5 s-SA passivation and of superhyddophsubstrate that was prepared by 24 min-SA
passivation after corrosion tests. Compared with ithage of the hydrophobic substrate before
corrosion testing, (Figure 9(a)), the SEM imagehgfirophobic aluminum alloy substrate after
corrosion testing clearly indicates the formatidncorrosion pits as marked by arrows in Figure

9(c); additionally, the CA was found to decreasanfrl45 *+ 2° to 124 + 6° after the corrosion test.
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The intensities of the —CH-CH; and -COO peaks in the FTIR spectrum of the hydrbjh
substrate after corrosion were found to clearlyrelese, as shown in the inset of Figure 9(e).
However, the surface morphology of superhydrophahibstrate remained the same before and
after the corrosion test, as shown in Figure 9fh, Burthermore, no discernible variation in the
intensities of the —C}l -CH; and -COO peaks in the FTIR spectrum of the supkdmhobic
substrate were found before and after the corrasisn) as shown in Figure 9(f)). The inset images
of water drops also indicate the wetting propentasained the same. These results are consistent
with those from the polarization curves, which gated that the superhydrophobic aluminum alloy
substrates had superior corrosion resistance aparech with both the as-received and hydrophobic
aluminum alloy substrates. As mentioned beforehe study by Saleemeat al. on the corrosion
resistance property of superhydrophobic aluminuitvssates prepared by chemical etching [6], a
poor corrosion resistance was observed in the Bygerphobic substrates, where a number of pits
formed after corrosion testing. Several other gsidiave also reported on the corrosion resistance
properties of superhydrophobic substrates [51-B8jyever, until the current study, other works
have not reported on the variations in morpholdgicampositional and wetting properties of

superhydrophobic substrates.
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Figure 9 SEM images of the surfaces of the (a)dnd-(b) 24 min-passivated NaOH

etched aluminum alloy substrates before corrosamg (c-d) the surfaces after
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corrosion testing, respectively. The inset imaghews the water drops on the
corresponding surfaces. Figure 9(e-f) shows FTIBcgp of the 5 s- and 24 min-
passivated NaOH etched aluminum alloy substratderde(l) and after (ll)

corrosion, respectively.

An attempt has been made to evaluate the correegistance of superhydrophobic surfaces using
electrochemical impedance spectroscopy (EIS) asmglementary tool to polarization resistance.
EIS was performed after immersing the samplesgaltasolution for approximately 10 hr. The EIS
data have been analyzed in light of the analysesented on the superhydrophobic surfaces
prepared on aluminum alloy substrates by dtial. [29] and Lianget al. [27]. Figure 10 shows the
Nyquist and Bode plots as well as the equivaleattdatal circuits for the EIS data from the as-
received aluminum alloy substrate and the supedpytbbic aluminum alloy substrate prepared by
24 min-SA passivation. The graphs were plotted fribve fitted data based on the equivalent
electrical circuit (see the supporting information both original and fitted EIS plots). Specifigal
Figure 10(a) shows the Nyquist plots, which preskatreal component of impedancge{or Z')
versus the imaginary components{Zinaryor £ ) on a linear scale. Additionally, Figure 10 shows
the Bode plots, (b) modulus of impedance (|Z|fresjuency and (c) phase angle vs. frequency. The
diameter of the semicircle in the Nyquist plot siigs the charge transfer resistance)(Rf the
double layer formed at the interface between thmepsa surface and the corrosive medium. The
semicircle diameter of the Nyquist plot of the asaived aluminum alloy substrate was found to be
1.46 KQ-cnt and is presented as an inset in Figure 10(a)h®mther hand, two semicircles were

observed on the Nyquist plot of the superhydropfi@abhiminum alloy substrate, as shown in Figure
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10(a). Among them, the smaller semicircle with amieter of 29 ®-cnt at higher frequency (close

to the coordinate origin) represents the resistafidbe superhydrophobic thin films {f), and the

second large semicircle with a diameter of @5daf represents charge transfer resistance R

of the double layer at the interface between thpegwdrophobic surface and the salt solution. The

large value of impedance of the superhydrophobit éompared to the as-received aluminum alloy

surfaces shows that the superhydrophobic surfaeam@re resistant against corrosion.
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alloy substrate. (d) Electrical equivalent circuitsr EIS of (d1) as-received
aluminum alloy substrate and (d2) superhydrophahiminum alloy substrate. The

insets image in (a) shows the enlargement of ttje fniequency region of the plots.

The top of Figure 10(b) shows the Bode plot ofshperhydrophobic substrate, and bottom portion
shows the Bode plot of the as-received aluminuoyalbstrate. As observed in the bottom part of
Figure 10(b), the as-received aluminum alloy sasthad a |Z| value of only 11Bcnf at the
high frequency of 1DHz, in good agreement with the results presengeldibet al. [29] and Liang

et al. [27]. However, the superhydrophobic substrate étddba |Z| value of 1.7Q-cnf, which is
nearly 150 times larger than that of the as-recealaminum alloy substrate at the same frequency.
Similarly, at the low frequency of 0.01 Hz, the y&|ue of the as-received aluminum alloy substrate
was found to be 1.06Ckcnf. In contrast, it was as high as 73@-knf on the superhydrophobic
aluminum alloy substrate. In general, AC impedaaickigh frequencies is the response of coatings
with the solution and, at low frequency, reflectg &d the double-layer capacitance [54]. It is well
known that the larger value of |Z| in the low freqay region signifies a better barrier in the thin
film [52]. Therefore, according to the analysistbé Bode plots, the superhydrophobic substrate
was found to have better corrosion resistance agpared with the as-received aluminum alloy
substrate. It agrees well with the results from fudarization experiments, where, Rf the
superhydrophobic surface was larger than that ef ab-received aluminum alloy substrate, as
shown in Table 1. This is comparable to the stugyib et al. [29], where it was concluded, based
on results from Bode plots, that the corrosionstasice of the graphene coated aluminum alloy was

an order of magnitude higher than that of the utsmbaluminum alloy substrate. In the present
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525 study, compared with the as-received substratecdinesion resistance of the superhydrophobic
526 aluminum alloy substrate was close to two ordersnafynitude higher at low frequencies. This
527 indicates that our superhydrophobic aluminum alapstrate has better corrosion resistance than
528 the graphene coated substrate [29]. This differemes be due to differences in the physical
529 properties of graphene, in the case of dtial., and aluminum stearate, in the current case.

530 Recently, Lianget al. fabricated silica-based superhydrophobic coatingsaluminum alloy
531 substrates and performed EIS analysis [27]. Ir therk, the |Z] at 10 kHz of the superhydrophobic
532 aluminum alloy substrate with a silica-based fiimmersed for 30 minute in a salt solution, was
533 reported to be 10Q@-cn?; the |Z| of the same sample was reported to b@ 2% after increasing
534 the immersion time to 24 hr. This reported |Z| ealsl even lower than those of their as-received
535 aluminum alloy substrates. While comparing the idgmee at 0.01 Hz, the |Z| value of the 30 min-
536 immersed silica-based film coated superhydrophaisimples was reported to be 56Q-&nft,
537  which further reduced to 1&cnf after 8 hr of immersion. This value is very similarthat from
538 our observations.

539 The Bode phase plot of the superhydrophobic substrehibits the two time constants, as shown in
540 Figure 10(c). At the frequency of 25 Hz, the phasgle of the as-received aluminum alloy
541 substrate arrived at the maximum value of 78°. Hewrethe phase angle of the superhydrophobic
542 surface exhibited the minimum value of 18.4° atimailar frequency. It is comparable with the
543 study of Liuet al., where two time constants were observed on therBygrophobic aluminum
544 alloy substrate fabricated by graphene spin cod28f The authors observed that the maximum

545 phase angle value for the AA2024 aluminum alloysstbe was 75° and the lowest phase angle
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value of for the sample with the superhydrophobapfene coating was 40° at the same frequency.

It is well known thaphase anglegj is defined by the expression in Equation 10.

IZ:'mug:'nm'y I)

@ = arcian
v ( IZ i (Equation 10)

Thus, a smaller phase angle indicates a largeewaliiZ., (or Z'), which corresponds to a large
diameter in the Nyquist plot. In the current resditom the Bode plots, the obtained phase angle of
18.4° for the superhydrophobic substrate is mucallemthan that of 40° as reported by Liu et al.,
suggesting our superhydrophobic surface has bettgpsion resistance than samples from the
latter.

Figure 10(d1) shows the equivalent electrical ¢irofi the as-received aluminum alloy surface in
reaction with the salt solution, as modeled by E#Shis circuit, Ris the resistance of the solution;
R, and CPE are the charge transfer resistance ancbtisant phase element associated with the
double layer formed at the interface between toenadum surface and salt solution, respectively.
In the case of superhydrophobic coatings on theniaum surface, an extra resistancegyRnd
constant phase element Gglbave been included in the circuit due to the diele nature of the
superhydrophobic coating. As the interaction of sa& with the superhydrophobic surface will be
different compared to that with untreated aluminuhe charge transfer resistance and constant
phase element associated with the double layeneatnterface have been presented hy, Bnd
CPE,,, The assumption of this model is well supportedh®yobservation of two time constants in
the Bode plot.

35
Page 35 of 40



567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

Finally, the mechanical properties of the superbgtiobic substrate are very important for its uses
against surface erosion, friction and corrosion.[3Bie adhesion strength of all surfaces prepared
by SA passivation after NaOH etching was found édbB, tested according to the ASTM D3359

standard.

4. Conclusions

Chemical etching of aluminum alloy substrates bypNaollowed by stearic acid (SA) passivation
was used to prepare superhydrophobic aluminum aloyaces, and their corrosion resistance
properties were investigated. The SA passivatiarcgss produces flake-like aluminum stearate
micro-nanostructures on NaOH etched aluminum a#logstrates. The number density of these
flake-like structures is observed to increase wille extension of SA passivation time.
Investigations into the wetting properties of thesefaces demonstrated water contact angles of
more than 150° after 1 min of SA passivation, whiemained constant to 60 min of passivation
time. However, the polarization resistance deteeghiftom polarization curves increases gradually
from 3.79 to 521.59 Q-cnf for the as-received aluminum alloy substrates ahe t
superhydrophobic surface prepared SA passivation6fd min, respectively. Electrochemical
impedance spectroscopy (EIS) shows that the maduthpedance |Z| at lower frequencies for the
as-received aluminum substrate and superhydrophalbiminum substrate are 1.06cnt and
73.4 KQ-cnf, respectively. The higher values of the polaromatiresistance and modulus of

impedance of the superhydrophobic aluminum surfagés respect to the as-receive aluminum
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alloy surface demonstrate that the superhydrophahidaces prepared by chemical etching

followed by SA passivation have superior corrosiesistance properties.
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