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The development of corrosion resistant superhydrophobic thin films on
aluminum surfaces has attracted great interest for industrial applications.
In the present work, zirconium-based superhydrophobic thin films were
fabricated on AA6061 aluminum alloy substrates by a simple electrode-
position process. The thin film coated Al substrate exhibited excellent
superhydrophobicity with a higher water contact angle of 162 + 3° com-
pared to the hydrophilic as-received Al substrate with a contact angle of
83+2°. The surface morphology of the fabricated thin films on Al sub-
strate shows uniform micro-nano porous structures. The polarization
resistance of the as-received Al and the zirconium-based superhydropho-
bic thin films on the Al substrate are 23 kQ.cm? and 788 kQ.cm?, respec-
tively. These results show excellent anti-corrosion property of
zirconium-based superhydrophobic thin films to provide high corrosion
protection for Al substrates.
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1 INTRODUCTION

Superhydrophobic surfaces are characterized by apparent water contact angle
greater than 150° and low contact angle hysteresis [1]. Inspired by nature,
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studies reveal that the combination of surface roughness and low surface
energy material can realize superhydrophobicity [2,3]. Nowadays, superhy-
drophobic surfaces attract a great deal of interest in various fields of applica-
tions due to their self-cleaning, anti-corrosion, anti-icing, and oil-water
separation properties [4—7].

Aluminum (Al) alloys have attracted high interest in many applications due to
their high strength, low cost and high-performance [8], these materials are used in
aerospace, automobile, aircraft, boats, electronic industries, etc. [9,10]. Despite
their good properties, Al alloys show weak resistance to corrosion in marine envi-
ronments resulting from the penetration of chloride ions to the protective oxide
film formed on alumina [11,12], which limits their applications. One of the current
industrial strategies to protect metals against corrosion by applying superhydro-
phobic coatings with self-cleaning properties. Such coating provides excellent
anti-corrosion properties to protect metal surfaces, especially for Al and its alloys.
In that regard, many researchers reported the effect of superhydrophobic protective
thin films on the Al surfaces [13-16]. Huang et al. [14] reported the synthesis of
superhydrophobic thin films on Al alloy substrates, with good corrosion resistance
properties, using chemical etching by nitric acid, and an ethanolic stearic acid
solution was used for passivation. In another study, Li ez al. [15] reported the fab-
rication of superhydrophobic Al surface with a water contact angle of 155.7° using
hydrochloric acid followed by potassium permanganate passivation and modifica-
tion by fluoroalkyl-silane. The surface morphology of the samples showed hierar-
chical terrace-like structures and a nano-scale coral-like network of bulge
structures. The superhydrophobic behavior of the surfaces was due to nano-micro-
structural morphology and its low surface energy [16].

A number of materials were used in our group, in the fabrication of super-
hydrophobic thin films for the corrosion protection of Al alloys, such as cobalt,
zinc, copper, and nickel [17-21]. Zirconium is also an effective material for the
corrosion protection of Al. The zirconium-based materials have attracted great
interest due to their good mechanical strength, thermal stability as well as the
strong alkali and acid resistant property compared to other ceramic materials
[22]. In this regard, many research works were reported on the fabrication of
Zr-based superhydrophobic thin films on different substrates used for various
applications. Fan et al. [23] reported the fabrication of the Zr-based superhy-
drophobic thin films via electrodeposition process on carbon fiber fabrics for
the separation of the water-oil mixture. Indranee and Goutam [24] reported the
fabrication of Zr-based superhydrophobic thin films on the cotton fabrics. In
their work, the superhydrophobic thin films were synthesized by the immersion
of dried cotton fabrics in homogenized fluorinated silyl-functionalized zirconia
solution. They have reported that the coated fabrics show good washing dura-
bility, water repellency, and self-cleaning ability.

Although zirconium-based materials have several applications, studies on
the corrosion protection of Al by zirconium-based materials are less reported.
As far as corrosion studies on the Zr-based thin films are concern, typically,
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they are hydrophilic in nature and applied on different metals. Haibin et al.
[25] reported the use of Zr-based thin films for the corrosion protection of
mild steel. In their work, they have deposited Zr-based hydrophilic thin films
on flat sheets of mild steel by dip coating process. They have reported that the
polarization resistance of the Zr-based thin films was 299 Q.cm? as compared
to 40 Q.cm? for as-received steel substrates in 1 M HCl solution. Li et al. [26]
studied the corrosion properties of the Zr-based conversion thin films on Al
substrates. They have reported a polarization resistance of 47 kQ.cm? for the
Zr-based thin films compared to 13 kQ.cm? for as-received Al substrate.

On the other hand, there have been few works on the corrosion study of
zirconium-based superhydrophobic thin films, such as the work done by
Chen et al. [2] where they fabricate superhydrophobic palmitate film on steel
substrates. They reported a corrosion current density (I,,) of 19.5 uA/cm? for
the steel substrate compared to 0.92 pA/cm?for the superhydrophobic palmi-
tate film. The decrease in I, values indicates the better corrosion protection
provided by the superhydrophobic thin film.

In this work, Zirconium-based thin films were successfully fabricated by
one step electrochemical process on Al substrates. The morphology, chemical
composition, wettability, and corrosion behavior of the synthesized Zr-based
superhydrophobic thin films on Al substrate have been properly investigated.

2 EXPERIMENTAL DETAILS

One by two inches AA6061 aluminum substrates with the chemical composi-
tion of Al 97.9 wt.%, Mg 1.08 wt.%, Si 0.63 wt.%, Mn 0.52 wt.%, Cu 0.32
wt.%, Fe 0.17 wt.%, Ti 0.02 wt.%, and V 0.01 wt.% were degreased in ultra-
sonic bath using soap water for 30 min, and then cleaned with deionized water
and ethanol. A mixture of Zirconium (IV) propoxide (ZrO,) and ethanolic stea-
ric acid (SA) solution was used as an electrolyte and two cleaned Al substrates
separated at a distance of 2 cm were used as electrodes. The electrodeposition
time was fixed at 10 minutes under a DC potential of 10 V. Electrolyte with
different concentrations were prepared by varying the Zr/SA molar ratios. After
the electro-deposition process, the samples were removed carefully from the
chemical bath and dried the substrate at 70°C for 10 h in an air environment.
The surface morphology of the fabricated thin films on Al substrate was char-
acterized using a scanning electron microscope (SEM). The surface chemical
composition was studied using Fourier-transform infrared spectroscopy (ATR-
FTIR) and energy dispersive X-ray spectroscopy (EDS). The wetting properties
of the fabricated thin films on Al substrates were carried out by measuring the
static contact angle using a first ten-angstrom contact angle goniometer. A three
electrodes set-up, consisting of a platinum mesh (counter electrode), a silver/
silver-chloride (Ag-AgCl) (reference electrode), and the Al samples (working
electrodes) was employed for potentiodynamic polarization studies. The polar-
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FIGURE 1

SEM images of (a) as-received Al substrate, and ZrSA thin films electrodeposited on the Al
substrates with the Zr/SA molar ratio of (b) 0, (C) 1, (d) 2, (e) 4, and (f) 8, with the insets repre-
sent the corresponding CA values.

ization curves were recorded at a sweep rate of 2 mV/s in a range of -250 mV
to 1000 mV with respect to open circuit potential (OCP). The frequency range
of electrochemical impedance spectroscopy (EIS) study was fixed between 10
and 10° Hz with an amplitude of 20 mV with respect to OCP. All the electro-
chemical experiments were carried out in 3.5 wt.% NaCl solution (pH of 5.8)
to simulate seawater.

3 RESULTS AND DISCUSSION

Figure 1(a) shows the SEM image of the as-received Al substrate, which had a
surface roughness of 0.41+0.04 um and a water contact angle (CA) of 83+2°
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(shown in the inset of Figure 1(a)). The as-received Al substrate exhibits paral-
lel streaks which are resulting from the mechanical rolling operations [27].
Figure 1(b) shows the surface morphology of the sample prepared by electro-
deposition process in the ethanolic stearic acid bath. The CA of this sample was
found to be increased to 100+4° and this increase of CA results from the pres-
ence of the low surface energy radicals -CH, and -CH; on the metallic substrate
[28]. Interestingly, the electrodeposition process performed in the electrolyte of
the Zr/SA molar ratio of 1 leads to the formation of micro-nano structures on
the Al substrate as shown in Figure 1(c). The deposition of these micro-nano
structures on the Al substrates under the effect of the electric field increases the
CA of the surface to 107+6°. Further, when the Zr/SA molar ratio increased to
a value of 2, as expected, more ZrSA compounds are formed leading to more
amounts of deposits and higher coverage of micro-nano structures on the Al
surface. This surface exhibits a CA of 114 £ 9° as shown in the inset of Figure
1(d). On the other hand, Figure 1(e) shows the deposition of ZrSA compounds
in complete coverage on the Al surface when the Zr/SA molar ratio in the elec-
trolyte reached the value of 4. The morphology of the deposited thin film on the
surface exhibits micro-nanostructures. The combination of micro-nanorough
compounds and low surface energy stearate radicals transforms the Al surface
to a superhydrophobic surface with the highest CA value of 165£3°. Further
increase of Zr/SA molar ratio to 8, decreases the CA of the coated Al substrate
to a value of 15124"and is shown in Figure 1(f). The decrease in the CA could
be explained by the increase of the deposited cluster size, which leads to more
micro-sized morphology. These results are supported by the roughness mea-
surements discussed later in Figure 4(b).

Figure 2 shows the EDS of the as-received Al substrate and the fabricated
thin films with different Zr/SA molar ratios. The results of the elemental
composition analysis are presented in Tablel. It can be seen from the EDS
graphs that all the thin films contain the elements of C and O with their
respective Ko peaks at 0.27 and 0.52 KeV. While the La peak of Zr is
observed at 2.04 KeV for the thin films fabricated from the Zr/SA molar
ratios of 1, 2, 4 and 8. It must be mentioned that the peak at 1.48 KeV is
related to the Kou of Al resulted from the metallic substrate. The EDS for Zr/
SA molar ratios of 4 and 8 show no peak related to Al, which is resulted from
the higher thickness of the deposited thin films on the Al substrate as shown
in Figure 4(a).

The variation of the atomic percentage of zirconium with the Zr/SA molar
ratio was illustrated in Figure 3(a). It can be seen from the figure that the
increase of Zr/SA molar ratio in the electrolyte leads to the increase of zirco-
nium atomic percentage in the electrodeposited thin films. Furthermore, the
variation of the atomic percentage of O/C with the Zr/SA molar ratio has
been presented in Figure 3(b). The atomic ratio of O/C is found to increase
with the increase of the Zr/SA molar ratio, which exhibits more zirconium
oxide formation on the Al substrate.
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FIGURE 2

EDS spectra of (a) as-received Al substrate, and ZrSA thin films electrodeposited on the Al sub-
strates with the Zr/SA molar ratio of (b) 0, (C) 1, (d) 2, (e) 4, and (f) 8. The insets of the images
represent the corresponding SEM images.

TABLE 1
Elemental composition electrodeposited ZrSA thin films on Al substrate with different Zr/SA
molar ratios.

Zr/SA molar ratio Thin films chemical composition (at. %)

C (o) Zr
0 85.75 14.24 0
1 87.53 11.58 0.88
2 78.07 18.71 3.21
4 64.99 27.87 7.15
8 53.36 32.13 14.51

Figure 4(a) illustrates the variation of the thickness of the fabricated thin
films with Zr/SA molar ratio. With the increase of Zr/SA molar ratio, the
thickness of the deposited thin films increases and this could be explained by
the deposition of more amount of ZrSA and zirconium oxide compounds on
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FIGURE 3
The evolution of the atomic percentage of (a) Zr and (b) the atomic percentage ratio of O/C in

the fabricated thin films with the Zr/SA ratios of 0, 1, 2, 4 and 8.
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FIGURE 4
(a) The evolution of the thickness (b) the roughness (c) and the CA of the fabricated thin films
with the Zr/SA molar ratios of 0, 1, 2, 4 and 8. (d) represents the variation of the CA with the

roughness of the fabricated thin films.
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Al substrate under DC voltage. Furthermore, Figure 4(b) represents the varia-
tion of the roughness of the ZrSA thin films. The roughness of the thin film
fabricated from the Zr/SA molar ratio of O (only SA) is found to be 0.44+0.02
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um compared to 0.41+0.04 pym for as-received Al substrate. Similar rough-
ness values have been reported previously in the literature [29]. Interestingly,
the roughness of the thin film fabricated from Zr/SA molar ratio 1 found to be
increased to 3.12+0.16um, this increase in the roughness is related to the
deposition of ZrSA compounds with the micro-nano rough structures on the
Al surface. Furthermore, the roughness of the fabricated thin films reaches a
maximum value of 8.1810.17 um with the Zr/SA molar ratio of 4, which is
resulted from the total coverage area of the thin film as shown in the SEM
image. A slight decrease of the roughness was observed with the Zr/SA molar
ratio of 8, which could be resulted from the agglomeration of deposited com-
pounds (ZrSA and ZrOx) on the Al surface.

Figure 4(c) shows the evolution of the CA of the fabricated thin films with
the Zr/SA molar ratios of 0, 1, 2, 4, and 8. The CA reaches a maximum value
of 165£3° at the molar ratio of 4, this could be explained by the combination
of high surface roughness and low surface energy of the fabricated thin film
deposited on Al substrate. Further, a slight decrease of the CA was measured
at the Zr/SA molar ratio of 8, which could be related to the decrease of the
roughness of the thin film compared to the thin film fabricated from the Zr/
SA molar ratio of 4. For better understanding, the variation of the CA of the
ZrSA thin films with their roughness was illustrated in Figure 4(d), and the
results show that the CA is increasing with the increase of the roughness of
the fabricated thin films.

The chemical composition of the ZrSA thin films on Al substrates was
studied using ATR-FTIR analysis in the wavelength range of 450-4000 cm™.
Figure 5 shows the spectra of the electrodeposited thin films with the Zr/SA
molar ratios of 1, 2, 4 and 8. At the high-frequency region, the peaks of the
relevant alkyl chain of -CH, and -CH; can be seen at the wavelength values of
2852, 2921 and 2961 cm™!, respectively [2,30]. Due to the presence of these
alkyl groups, the surface energy of the electrodeposited ZrSA thin films
decreases [31].

Furthermore, the mid-frequency region exhibits a peak at 1542 cm’!, this
peak is related to the formation of COOZr bond in the fabricated thin films [32].
Similarly, the bond formation of COOCo and COOAL at the respective posi-
tions of 1550 and 1586 cm™! were reported in our previous works [14,17]. The
shift of the COOZr bond towards lower wavenumber compared to COOCo and
COOAL bonds is due to the higher atomic number of Zr compared to Co and Al
[14]. Another peak around 616 cm™ is observed and that is assigned to Zr-O
stretching mode, indicating the presence of zirconium oxide in the chemical
composition of the fabricated thin films [33]. The ATR-FTIR spectra of the thin
film fabricated from Zr/SA=0 (only SA) and ZrOx (Without SA) separately
were presented in Figure 5, and no clear peak was observed.

The peak area analysis of the chemical bonds of -CHj;, -CH,, and Zr-O was
performed for the FTIR spectra of the electrodeposited thin films fabricated from
the Zr/SA molar ratio of 0, 1, 2, 4 and 8, and the results are presented in Figure
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FIGURE 5
ATR-FTIR spectra of superhydrophobic ZrSA thin films with different Zr/SA molar ratios (1, 2,
4 and 8), stearic acid (Only SA), and ZrO,(without SA) on the Al substrates.
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FIGURE 6
The variation of the peak area of (a) -CH; and CH, peaks (red squares), and Zr-O peak (Blue
squares), (b) the ratio of peak area of -CH;, CH, and Zr-O.

6(a). The peak area of CH, and CHj increases with the increase of Zr/SA molar
ratio and reaches to a value of 2.28 for the ratio of 4, which indicates that more
ZrSA compound is deposited uniformly on the Al surface. A slight decrease of
the area was observed for the Zr/SA molar ratio of 8, which could be explained
by the decrease in the SA molecules in the electrochemical bath and consequently
less deposition on the substrate. On the other hand, the peak area of Zr-O increases
gradually with the increase of the Zr/SA molar ratio in the electrolyte, which
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FIGURE 7
(a) Potentiodynamic polarization curves of as-received Al substrate and ZrSA thin films fabri-
cated by electrodeposition process with the Zr/SA molar ratio of 0, 1, 2, 4, and 8. The variation
of the (b) polarization resistance R, and the (c) corrosion current density I.,,with the Zr/SA
molar ratio.

shows that more zirconium oxide is deposited on the Al substrate under the appli-
cation of DC voltage of 10 V. Furthermore, Figure 6(b) represents the variation of
the peak area ratio of (Zr-O)/(-CHs,-CH,). The peak area ratio reaches a maxi-
mum value at the Zr/SA molar ratio of 8, indicating that more zirconium oxide
(hydrophilic in nature) is deposited on the Al surface, which correlates the
decrease of the CA to the value of 151° for this sample.

Figure 7(a) shows the potentiodynamic polarization curves (Tafel curves)
of the as-received Al substrate and ZrSA thin films deposited substrate. The
corrosion potential (E.,,) and the corrosion current density (I, were deter-
mined from the extrapolation of the anodic and cathodic Tafel slopes, while
the polarization resistance, R, was calculated using the Stern-Geary equa-
tion, given by the following formula:

__ BaPe (1
P 23Icorr(Ba+Bc)

Where, Ba and Bc are the anodic and cathodic Tafel slopes, respectively.
The polarization resistance and the corrosion current density of the as-
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received Al substrate were found to be 22+2 kQ.cm? and 3.6+1 pA/cm?,
respectively. These results are comparable with the existing literature on
the corrosion studies of Al [17]. Furthermore, the R, and I, for the thin
film of SA (Zr/SA =0) on the Al substrate were found to be 6+22.2 kQ.cm?
and 7.240.27 pA/cm?, respectively. This decrease in the anticorrosion
property could be due to the dissolution of the protective oxide layer
under the effect of SA. Moreover, a similar tendency was observed for the
thin film fabricated from the Zr/SA molar ratio of 1. In this case, the R,
and I, were found to be 2249 kQ.cm? and 4.46+2uA/cm?, respectively.
Further increase of Zr/SA molar ratio to 2 in the process, a larger R,, of
449436 kQ.cm?and a lower I, of 0.41£0.05 pA/cm? was observed. This
can be correlated by the formation of a uniform ZrSA thin film on the Al
substrate as shown in the SEM image (Figure 1(d)). With a further increase
in the Zr/SA molar ratio to 4, the R, value was increased to 686+178
kQ.cm? and I, value was found to decrease 0.028+0.01 uA/cm? for the
ZrSA film coated Al substrate. This coating with excellent anticorrosion
properties is also associated with superhydrophobic properties. It was
reported that the air trapped in the nanopores of superhydrophobic sur-
faces acts as a barrier and prevents the penetration of the corrosive ions to
the Al substrate [34]. The R, value increases to a maximum value of
778+102 kQ.cm? for the ZrSA thin film fabricated from the Zr/SA molar
ratio of 8, while the corresponding I, was found to be 0.02+0.01 pA/
cm?. The obtained R, of this sample is 35 times higher than that obtained
for the as-received Al substrate.

The corrosion parameters of the as-received Al substrate and the ZrSA
thin film coated substrate are summarized in Table 2. The variations of R, and
Ieoor With the Zr/SA molar ratio were illustrated in Figure 7(b) and Figure
7(c), respectively.

TABLE 2
The corrosion parameters and contact angle of as-received Al substrate and fabricated ZrSA thin
films on Al substrate with the Zr-SA molar ratios of 0, 1, 2, 4 and 8.

Corrosion current Polarization

Corrosion potential density resistance
Substrate E. . (mV) Lo (MA/cm?) R, kQ.cm?) CA ()
As-received Al -610+ 10 3.6%1 2242 83+2
Zr/SA=0(Only SA) -710+ 41 7.2+0.27 6122 100+ 4
Zr/SA=1 -7137+ 14 446+2 22+9 107+ 6
Zr/SA=2 -696 £ 34 0.41 £0.05 449 £ 36 114+9
Zr/SA=4 -683 £ 34 0.028 £0.01 686 + 178 165+3

Zr/SA=8 =704 + 31 0.02+0.01 778 £102 151+4
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FIGURE 8

EIS measurements for the ZrSA thin films fabricated using the Zr/SA molar ratio of 8 and the
as-received Al substrate. (a) The Nyquist plot, (b) Bode modulus, (c) Bode phase and (d) equiva-
lent circuit of (d1) as-received Al substrate and (d2) superhydrophobic thin film.

As a complementary electrochemical technique, the electrochemical
impedance spectroscopy (EIS) was used to evaluate the corrosion resis-
tance properties of the fabricated thin films deposited on Al substrates. Fig-
ure 8(a) shows the Bode plot of the as-received Al substrate and the ZrSA
superhydrophobic thin film fabricated from the Zr/SA molar ratio of 8. This
plot presents the modulus of the impedance |Z| as a function of the fre-
quency. At a high frequency of 1 x 10* Hz, the |Z| value of the as-received
Al substrate and the ZrSA superhydrophobic thin film was found to be 21
Q.cm? and 8230 Q.cm?, respectively. Similarly, at a low frequency of 1 Hz,
the |Z| value for the as-received Al and the ZrSA superhydrophobic thin
film was found to be 25 kQ.cm” and 578 kQ.cm?, respectively. In the whole
frequency range, the superhydrophobic thin film exhibited higher imped-
ance compared to the as-received Al substrate. It has to mention that larger
impedance values at lower frequencies are generally related to better corro-
sion protection [35,36].

Furthermore, in Figure 8(b), the Bode phase plot of the ZrSA superhydro-
phobic thin film on Al substrate show two peaks corresponding to two differ-
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TABLE 3
Impedance parameters of the electrical equivalent circuits (EEC) and fitted EIS data of solution
resistance (Rs), film resistance (Rf), charge transfer resistance (Rct), constant phase element (CPE).

CPE; R; (kQ-cm?) CPE,
Rs YI‘ Yf Rtl
(Qem?) (QLs™em™?) ng Qls™em?) n; (kQ-cm?)

Aluminum 22 - - - 2.3x10° 0.9 37
substrate
Superhydro- 597 1.6 x108 0.8 1.6x10* 8.6 x108 0.6 552
phobic thin
film

ent time constants. The time constant situated at the frequency of 10* Hz is
related to thin film capacitance, and the time constant at a low frequency of
60 Hz is assigned to the capacitance of the double layer near the metallic
substrate. This peak has been shifted toward lower frequency compared to
as-received Al (90 Hz), indicating better anticorrosion properties with the
fabrication of superhydrophobic thin film on Al.

Figure 8(c) shows the Nyquist plots of the ZrSA thin films on Al sub-
strate and the as-received Al substrate, which represents the impedance
imaginary component Z” as a function of the real component Z'. The
Nyquist plot of the as-received Al is composed of a small semi-circle with
a diameter of 37 kQ.cm? while the superhydrophobic thin film shows a
large semi-circle with a diameter of 552 kQ-cm?. It has to mention that the
diameter of the semi-circle in the Nyquist plots is related to the charge
transfer resistance (R.), which is associated with the corrosion properties
of the sample. A high R, value provides excellent anticorrosion properties
for the superhydrophobic thin film. Figure 8(d1) and Figure 8(d2) repre-
sents the electrical equivalent circuits (EECs) of the as-received Al and the
ZrSA superhydrophobic thin film. The fitted results obtained using the
EECs are summarized in Table 3.

The inhibition efficiency (1) of ZrSA superhydrophobic thin film was
evaluated using the following equation:

R, —R
N(%) = ”R—”’OXIOO )

ct

Where, R is the charge transfer resistance of ZrSA superhydrophobic thin
film, and Ry represents the charge transfer resistance of the Al substrate. In this
case, the inhibition efficiency 1 (%) of the superhydrophobic thin film is 93 %
by taking the values of R and R of 552 kQ-and 37kQ-cm? respectively. This
result indicates that ZrSA thin film exhibits excellent anticorrosion properties.
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4 CONCLUSIONS

In the current study, Zr-based superhydrophobic thin films were successfully
fabricated on aluminum substrates using the electrodeposition process. The
SEM images of the Zr-based thin film coated substrate show the presence of
micro-nano patterned surface. The ATR-FTIR confirms the presence of low
surface energy compounds on the ZrSA thin film coated substrates. The syn-
thesized Zr-based superhydrophobic thin films provide much higher water
contact angle and polarization resistance as compare to as-received alumi-
num substrate. The maximum corrosion protection efficiency of 93 % was
achieved for Zr-based superhydrophobic thin films, which is beneficial to
expand the application of Al and its alloys in a variety of practical fields.
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