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1. Introduction
Hydrophobicity is a unique behavior of 

surfaces and coatings against water, which was 
first observed in nature. A hydrophobic surface 
has a water contact angle (WCA) between 90° to 
150°. Higher WCA values are superhydrophobic, 
and lower are hydrophilic surfaces. Most of the 
superhydrophobic coatings are fabricated in the 
same way utilizing different materials or methods. 
A hierarchical micro and nanoscale roughness is 
first made on the surface, and then a low surface 
energy material is coated on top to reduce surface 
energy to achieve superhydrophobicity [1]. The 
low surface energy top coat usually consists of 

fatty acid, fluoro alkylsilane, or similar material 
that does not have enough mechanical stability or 
adhesion to the substrate. That is the main reason 
that superhydrophobic coatings do not have 
enough mechanical stability [2]. Hydrophobic 
coatings have high corrosion resistance [3], foul-
release capabilities [4], and can be used on surfaces 
like solar cells that are important to get cleaned 
easily [5].

Several wetting models have been defined to 
calculate contact angle on the surface [6-7]. The 
first wetting model is Young’s equation that was just 
mentioned. This model does not consider surface 
roughness of the solid surface. Below the Young’s 
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equation is shown (eq. 1).

1 
 

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝛾𝛾𝑆𝑆𝑆𝑆 − 𝛾𝛾𝑆𝑆𝑆𝑆
𝛾𝛾𝑆𝑆𝑆𝑆

 

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶 = 𝑓𝑓1 ∗ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐1 + 𝑓𝑓2 ∗ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐2 

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶 = 𝑓𝑓1 ∗ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐0 + 𝑓𝑓2 ∗ cos(𝜋𝜋) 
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𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶 = 𝑓𝑓1 ∗ (𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 1) − 1 
 
 
 

I. 2Al + 3Cu2+ → 2Al3+ + 3Cu 
II. Cu2+ + 2H2O ↔ Cu (OH)2 + 2H2+ 

III. 2Al + 6H+ → 2Al3+ + 3H2 ↑ 

 (1)

In this equation θ is contact angle and γSG, γSL 
and γLG are respectively surface free energy of solid/
gas, solid/liquid, and liquid/gas interface. 

It is evident that in most cases, the surface is not 
smooth, so Young’s equation is not able to calculate 
the contact angle properly, so the Wenzel equation 
was introduced. In this equation, it is considered 
that the surface wetting occurs uniformly, and the 
equation is shown below (eq. 2) [7]:

cosθW = rcosθ                                                         (2)

In this equation θW is the Wenzel contact angle, θ 
is Young’s contact angle and r represents the surface 
roughness factor that is equal to the ratio of real 
surface to apparent surface.

As mentioned before, wetting is considered to be 
uniform in Wenzel’s equation, or in other words, it 
is considered that water went through all surface 
cavities, and there is no dry part. On the other hand, 
there is another wetting model which considers that 
the wetting is not uniform and air packets do not 
let water to get into the surface cavities. In this case, 
water is in contact with solid and air packets and 
water contact angle with air is equal to 180⁰. The 
model is called the Cassie-Baxter, and the equation 
is shown below [7]:

1 
 

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝛾𝛾𝑆𝑆𝑆𝑆 − 𝛾𝛾𝑆𝑆𝑆𝑆
𝛾𝛾𝑆𝑆𝑆𝑆

 

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶 = 𝑓𝑓1 ∗ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐1 + 𝑓𝑓2 ∗ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐2 

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶 = 𝑓𝑓1 ∗ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐0 + 𝑓𝑓2 ∗ cos(𝜋𝜋) 

𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝐶𝐶𝐶𝐶 = 𝑓𝑓1 ∗ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑓𝑓2                                                          

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶 = 𝑓𝑓1 ∗ (𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 1) − 1 
 
 
 

I. 2Al + 3Cu2+ → 2Al3+ + 3Cu 
II. Cu2+ + 2H2O ↔ Cu (OH)2 + 2H2+ 

III. 2Al + 6H+ → 2Al3+ + 3H2 ↑ 

 (3)

1 
 

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝛾𝛾𝑆𝑆𝑆𝑆 − 𝛾𝛾𝑆𝑆𝑆𝑆
𝛾𝛾𝑆𝑆𝑆𝑆

 

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶 = 𝑓𝑓1 ∗ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐1 + 𝑓𝑓2 ∗ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐2 

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶 = 𝑓𝑓1 ∗ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐0 + 𝑓𝑓2 ∗ cos(𝜋𝜋) 

𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝐶𝐶𝐶𝐶 = 𝑓𝑓1 ∗ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑓𝑓2                                                          

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶 = 𝑓𝑓1 ∗ (𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 1) − 1 
 
 
 

I. 2Al + 3Cu2+ → 2Al3+ + 3Cu 
II. Cu2+ + 2H2O ↔ Cu (OH)2 + 2H2+ 

III. 2Al + 6H+ → 2Al3+ + 3H2 ↑ 

 (4)

1 
 

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝛾𝛾𝑆𝑆𝑆𝑆 − 𝛾𝛾𝑆𝑆𝑆𝑆
𝛾𝛾𝑆𝑆𝑆𝑆

 

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶 = 𝑓𝑓1 ∗ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐1 + 𝑓𝑓2 ∗ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐2 

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶 = 𝑓𝑓1 ∗ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐0 + 𝑓𝑓2 ∗ cos(𝜋𝜋) 

𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝐶𝐶𝐶𝐶 = 𝑓𝑓1 ∗ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑓𝑓2                                                          

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶 = 𝑓𝑓1 ∗ (𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 1) − 1 
 
 
 

I. 2Al + 3Cu2+ → 2Al3+ + 3Cu 
II. Cu2+ + 2H2O ↔ Cu (OH)2 + 2H2+ 

III. 2Al + 6H+ → 2Al3+ + 3H2 ↑ 

1 
 

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝛾𝛾𝑆𝑆𝑆𝑆 − 𝛾𝛾𝑆𝑆𝑆𝑆
𝛾𝛾𝑆𝑆𝑆𝑆

 

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶 = 𝑓𝑓1 ∗ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐1 + 𝑓𝑓2 ∗ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐2 

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶 = 𝑓𝑓1 ∗ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐0 + 𝑓𝑓2 ∗ cos(𝜋𝜋) 

𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝐶𝐶𝐶𝐶 = 𝑓𝑓1 ∗ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑓𝑓2                                                          

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶 = 𝑓𝑓1 ∗ (𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 1) − 1 
 
 
 

I. 2Al + 3Cu2+ → 2Al3+ + 3Cu 
II. Cu2+ + 2H2O ↔ Cu (OH)2 + 2H2+ 

III. 2Al + 6H+ → 2Al3+ + 3H2 ↑ 

 (5)

1 
 

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝛾𝛾𝑆𝑆𝑆𝑆 − 𝛾𝛾𝑆𝑆𝑆𝑆
𝛾𝛾𝑆𝑆𝑆𝑆

 

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶 = 𝑓𝑓1 ∗ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐1 + 𝑓𝑓2 ∗ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐2 

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶 = 𝑓𝑓1 ∗ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐0 + 𝑓𝑓2 ∗ cos(𝜋𝜋) 

𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝐶𝐶𝐶𝐶 = 𝑓𝑓1 ∗ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑓𝑓2                                                          

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶 = 𝑓𝑓1 ∗ (𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 1) − 1 
 
 
 

I. 2Al + 3Cu2+ → 2Al3+ + 3Cu 
II. Cu2+ + 2H2O ↔ Cu (OH)2 + 2H2+ 

III. 2Al + 6H+ → 2Al3+ + 3H2 ↑ 

 (6)
                                                     
In the above equations θCB is the Cassie-Baxter 

contact angle, f1 is the ratio of the area that liquid is 
in contact with solid and f2 is that ratio of the area 
that liquid is in contact with air packets made or 
trapped air inside the surface cavities.

As mentioned before, superhydrophobic coatings 
are not stable enough to be used in industries, and 
their unique behavior against water cannot be used 
properly. In addition to that, some of the low energy 
materials used in the superhydrophobic coatings to 
functionalize the surface are toxic and harmful to 
humans and nature. A different approach is taken in 
this article. Instead of making a superhydrophobic 
coating using toxic and unstable low energy 
material on top to functionalize coating to achieve 
superhydrophobicity, a sol-gel coating was used to 

achieve stable hydrophobic properties. Two types 
of sol-gel coating were fabricated and dip-coated 
on the substrate. Also, a unique chemical reactive 
chemical etching method was used to increase the 
final coating’s surface roughness. 

There are various methods to achieve 
hydrophobic coating on a surface such as 
lithography [8], templating [9], chemical etching 
[10], chemical vapor deposition [11], layer by 
layer deposition [12], colloidal aggregation 
and assembling [13], electrospinning [14] and 
electrospraying [15], etc. Among these methods, 
the sol-gel process guarantees a uniform, low-cost 
coating with acceptable mechanical properties. 

The sol-gel method is economical, versatile 
and has various applications like fabrication of 
protective films, porous films, high-temperature 
superconductors, etc. The sol-gel method has 
been used to fabricate wear-resistant coatings. 
The coating can be applied on metals like carbon 
steel, stainless steel and marine, and biotechnology 
industries can use this kind of coating [16]. The sol-
gel coating can be applied on the surface by various 
methods like dip coating, spin coating, spraying, 
etc.

Different methods can be used to deposit a 
sol-gel coating on a metal substrate. The most 
common methods to deposit the coating are spin 
coating and dip coating. However, spray coating 
and electrodeposition have been being used 
recently. Spin coating and dip coating process 
can only be used to deposit coating on a smooth 
surface and they cannot be used to coat complex 
surfaces. The next step after deposition is drying 
and the temperature can be up to 900⁰C. However, 
for a hybrid organic-inorganic sol-gel coating, the 
temperature needed is about 200⁰C, which is an 
advantage for hybrid coatings. The heating rate 
during the curing is important and a lower heating 
rate will result in a denser coating. An increase in 
curing temperature for silica-based sol-gel coating 
will increase the chance of crack formation due to 
high stress during curing [17]. 

Inorganic oxides sol-gel coatings can be used 
to deposit on metal substrates, but they have two 
critical problems that have a negative effect on their 
corrosion and wear resistance. These problems are 
mentioned below:

1- These inorganic oxide films are brittle and 
achieving thickness higher than 1µm without crack 
formation is very hard.

2- In order to achieve desired properties, the 
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coating needs to be cured at a high temperature, 
usually between 400⁰C to 900⁰C.

In order to overcome these problems, many 
approaches have been considered and tried until 
the organic-inorganic sol-gel coatings (hybrid 
sol-gel coatings) were introduced and draw much 
attention from scientists [18]. 

The hybrid sol-gel system has many advantages 
such as high wear resistance, excellent adhesion to 
the substrate, etc. These advantages resulted in the 
development of organic-inorganic systems called 
Ormocers which is referred to organically modified 
ceramics. These coatings consist of high inorganic 
materials (40%wt to 95%wt) and low organic 
materials (5%wt to 60%wt). The inorganic part is 
usually silica, which will be changed into alkoxy 
silanes during the sol-gel process. As mentioned 
before, these kinds of materials have a combination 
of polymer and ceramic properties and can 
be produced at a low temperature. Inorganic 
compounds increase the durability, scratch 
resistance and adhesion to the metal substrate while 
organic materials increase density, flexibility [19]. 

This study aimed to achieve hydrophobicity 
using TEOS and TEOS/GPTMS hybrid sol-gel 
coatings without surface functionalization. The 
benefits of using a hybrid sol-gel coating were 
also studied. Reactive chemical etching was 
used to modify surface roughness and increase 
WCA. On the other hand, the absence of surface 
functionalization with low energy materials will 
lead to stable hydrophobic properties. The main 
reason to avoid low energy materials is that they 
do not have proper mechanical stability and also in 
most cases, they are toxic or harmful for humans.

Reactive chemical etching is a method used 
to increase surface roughness on the Aluminum 
surface. During this process, the Aluminum 
plate is immersed into the CuCl2 solution, the 
chemical substitution starts and Copper ions 
react with Aluminum element on the surface and 
aluminum chloride will be made by this reaction 
and as a result Copper element will deposit on the 

surface. Aluminum corrosion potential is lower 
than Copper, so when Copper deposits on the 
surface of the Aluminum, a galvanic reaction will 
occur, and reaction speed will be increased. This 
reaction is exothermic and produces a lot of heat. 
In addition to this, the Copper on the surface reacts 
with solution water and Hydrogen ions will be 
produced, which will make the solution acidic and 
be able to remove Aluminum from the substrate. 
When the Hydrogen ions react with the Aluminum 
on the surface of the sample, then a small hydrogen 
bubble will be made on the surface, so during 
that time, the Copper ions cannot affect that part 
of the sample so as a result, the corrosion will 
not be uniform. That will be beneficial to achieve 
hierarchical micro and nanoscale roughness. Below 
the reactions are mentioned.

I.II   2Al + 3Cu2+ → 2Al3+ + 3Cu
II.I   Cu2+ + 2H2O ↔ Cu (OH)2 + 2H2+

III.   2Al + 6H+ → 2Al3+ + 3H2 ↑

The aluminum plate is a polycrystalline metal 
that has grain boundaries and dislocations. 
These places are ideal for corrosion and chemical 
substitution, so immediately after immersion of Al 
plate into the CuCl2 solution, the reaction will take 
place in these places, and as a result, rectangular 
planes and nanoscale steps will be formed on the 
surface [10]. 

2. Materials and Method
2.1. Materials

The descriptions of samples are shown in 
Table 1. Commercially available Al plate (AA1050)
was used as a substrate. Tetraethyl orthosilicate
(Si(OC2H5)4, TEOS, Merck), 3Glycidyloxyprop-
yltrimethoxysilane (C9H20O5Si, GPTMS, Sigma-Al-
drich), 1H,1H,2H,2H-Perfluorodecyltriethoxysilane
(C16H19F17O3Si, FAS-17, Sigma-Aldrich), Nitric 
acid 65% (HNO3, Merck), Ethyl alcohol (Merck), 
Acetone, CuCl2 (Dr. Mojallali Co., Iran) were used 
as received in this work. 

1 
 

 
Table1- Sample description at a glance 

 
  

Table 1-  Sample description at a glance
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2.2. Sample preparation
Al plates were cut into 20 mm × 20 mm pieces 

and were sequentially polished with sandpapers 
of #400 to #1200 along the vertical and horizontal 
directions alternately to remove the native oxide 
layer of Al surfaces. Then the pieces were washed 
in acetone and deionized water sequentially for 
10 min using the ultrasonic bath. The cleaned Al 
coupons were simply immersed in a 1M CuCl2 
aqueous solution at room temperature for 60 
seconds. Since the etching of surface can be 
completed after 10s of reactive chemical reaction 
of Al and CuCl2 [10], the samples of this work have 
been subjected to etching for 60s in this work to 
ensure the complete etching. After that, all samples 
were rinsed and washed with deionized water 
in an ultrasonic bath for 10 min to get rid of the 
deposited Cu layer. Then the pieces were dried in 
the oven at 70 °C for 30 min.

TEOS and TEOS/GPTMS hybrid sols were 
prepared through subsequently dropwise adding 
of precursors to a 0.05M HNO3 aqueous solution 
followed by stirring until clear sol was achieved. 
The GPTMS/TEOS molar ratio was 3/7. The ratio 
of the TEOS and GPTMS precursors and other 
parameters (curing temperature, withdraw speed, 
drying temperature, etc.) have been optimized 
in another study using the design of experiment 
method [20]. The sol was left at room temperature 
for 48 h for the aging process and then used for 
coating. Al coupons were coated by one step dip-
coating process with an immersion time of 2 min, 
and a withdraw rate of 180 mm/s. After that, the 
samples were dried at 60°C and cured at 130°C for 
90 min. The name and preparation process of the 
samples are given in table 1.

2.3. Characterization
An optical contact-angle goniometer (Model 

CAG-10, Jikan company, Iran) was used to measure 
the water contact angles (WCA) and contact angles 
hysteresis (WCAH) at room temperature. The 
WCA was reported as an average of WCA of five 
different spots on each specimen. WCAH was 
measured by adding and subtracting the liquid to 
the droplet water (variations on the sessile-drop 
method), which is based on the growth/shrinkage 
of a sessile drop. The volume of the droplet 
gradually increases by adding water to the drop, 
causing the contact line to advance (advancing 
WCA), and by subtracting water from the drop, 
the droplet starts to retract/recede as a result of the 

decrease in volume (receding WCA). The WCAH 
can be defined by the difference of the maximum 
advancing WCA and the minimum receding WCA.

The surface morphology of samples was 
observed by field emission scanning electron 
microscope (FESEM) TESCAN-MIRA3 and 
atomic force microscope (AFM) DME-SPM-C26. 
Potentiodynamic polarization curve measurement, 
as well as electrochemical impedance spectroscopy 
(EIS), has been performed using Ivium 
CompactStat at room temperature to determine the 
corrosion behavior of samples. The measurements 
were done in a three-electrode system using a 
flat cell containing the 3.5 wt.% NaCl solution; 
in which a saturated calomel electrode (SCE), 
a platinum electrode, and the samples (1cm2 
exposed area) were used as the reference, the 
counter, and the working electrode, respectively. 
For the potentiodynamic polarization experiments, 
the open circuit potential (OCP) of immersed 
samples in the salt solution was scanned from 
-250 mV to -250mV with a sweep rate of 10 mV/s. 
The corrosion current density (Jcorr), corrosion 
potential (Ecorr), and polarization resistance (Rp) of 
the samples were obtained from Tafel extrapolation 
of polarization curves using Iviumsoft software. 
The EIS measurements were performed at OCP in 
the frequency range from 10 MHz to 10 kHz by a 
sinusoidal wave with perturbation of 10 mV.

3. Result and discussion
3.1. Evaluation of wetting behavior 

Surface energy and roughness are two main 
parameters affecting the wetting behavior of 
a coating. For both TEOS and TEOS/GPTMS 
coatings, the surface energy is in a similar range and 
the roughness will make a considerable change in 
water contact angle. The WCA for Al bare sample is 
about 60°, and the deposition of TEOS and TEOS/
GPTMS coatings increased it to about 63° and 67°, 
respectively which is in the same range. The reason 
for the same increase in WCA is the close surface 
energy of TEOS and TEOS/GTPMS hybrid sol-gel 
coating. This project aims to investigate how one 
can increase WCA and achieve hydrophobicity 
without surface functionalization. According to 
the Wenzel wetting model, in order to increase 
WCA, surface roughness has to increase. A novel 
wet chemical etching method was performed 
before coating deposition to make a hierarchical 
roughness on the substrate. The WCA for etched 
Al substrate without sol-gel coating (Etch sample) 
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was 0°. The new surface morphology affected the 
coating microstructure and increased WCA for 
both coatings. According to Fig. 1, WCA increased 
to 106° and 118°, respectively for E-T and E-TG 
samples. The contact angle hysteresis for all coated 
samples was in the range of 28° to 35°, which 
indicates high adhesion of water droplet to the 
surface. 

These results indicate that the TEOS/GPTMS 
sol-gel coating has a slightly higher (about 6%) 
WCA intrinsically, probably due to the presence of 
GPTMS organic chains. Additionally, it is evident 
that the coating combination, in this case, does 
not have a significant effect on the wettability of 
the coating. On the other hand, surface roughness 
produced by chemical etching of the substrate 
before coating deposition has a very high positive 
effect on increasing the coating WCA. For TEOS 
based sol-gel coating, the introduced surface 
roughness increased the WCA from 63° to 106°, 
and for the TEOS/GPTMS sol-gel coating from 67° 
to 118°.

As mentioned, in this study, the combination 
of coating has led to a 6% increase in WCA of the 
coating. On the other hand, surface roughness has 
led to an average 70% increase in WCA values, 
which has changed the wetting behavior of coatings 
from hydrophilic to hydrophobic. That increase in 
WCA of the coating is not achieved by use of any 
low surface energy treatment. According to the 
Wenzel wetting model, there is a relation between 
surface roughness and WCA. An increase in surface 
roughness by chemical etching before deposition 
of the coating while the coating does not cover all 
the micro and nanoscaled roughness and following 
the protrusions and bumps caused the increase 
in WCA. This increase in WCA by modifying 
surface roughness is capable of increasing the 
WCA to the hydrophobic region, and achieving 
superhydrophobicity without low surface energy 
and hierarchical micro and nanoscale roughness 
at the same time is not possible. This study 
aimed to achieve hydrophobicity without surface 
functionalization due to its instability.

3.2. Coating microstructure and morphology
To investigate the effect wet chemical etching 

method and further understand coating behavior, 
electrochemical impedance spectroscopy and 
polarization analysis was performed. The results 
clarified considerable results.

Before discussing the corrosion behavior 

of samples, it is necessary to study the coating 
microstructure further. As shown in Fig. 2a cross-
cut was done on Al-T and Al-TG samples to 
evaluate coating adherence to substrate in which, 
as expected, the hybrid coating has lower shrinkage 
and a robust uniform coating is fabricated on the 
substrate. According to the ASTM standard for 
the cross-cut test, the Al-TG was 5B with intact 
squares, while for Al-T, it was 4B. This lower 
mechanical stability is due to shrinkage and crack 
formation during the curing of Al-T in comparison 
with Al-TG. 

As shown in Fig. 2b, in order to compare 
corrosion behavior of coatings deposited on bare 
Al and chemically etched Aluminum, coatings 
thicknesses were measured. They were 16µm and 
4µm for coatings deposited on Al and chemically 
etched Al, respectively. 

Due to the significant difference (about four 
times) between coatings thicknesses on Al and 
chemically etched Al substrates, the corrosion 
behavior of these two types of samples should be 
considered separately so that the effect of adding 
GPTMS to the sol-gel coating on corrosion 
behavior can be investigated.

As shown in Fig. 1, WCA increased by using 
chemical etching techniques before coating 
deposition. According to the Wenzel wetting 
model, an increase in surface roughness or, in 
other words, considering the surface roughness in 

Fig. 1-  WCA measurement results of Al-T, Al-TG, E-T, and E-TG 
samples, indicating the effect of coating combination and surface 
roughness on the wetting behavior of coating using 5-7 µl of 
deionized water.
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calculations, will lead to an increase in WCA. In 
Fig. 3 surface morphology of Etch, E-T and E-TG 
are shown through FESEM images. A comparison 
of the surface morphology of the aforementioned 
samples indicates two main points. First, wet 
chemical etching used in this study, have caused a 
hierarchical micro and nanoscale roughness to be 
formed on the substrate before coating deposition. 
The second point is that both TEOS and TEOS/
GPTMS hybrid coatings have followed the 
hierarchical surface structure; this can also be seen 
in Fig. 2b from the cross-section of the coatings.

In order to further study, the surface 
roughness and morphology of coatings deposited 
on chemically etched samples, Atomic force 
microscopy was used. In Fig. 4 AFM images of 
Etch, E-T, and E-TG are shown.

In table 2, the arithmetic roughness average 
of the surface (Ra) and the root mean square of 
the surface roughness (Rq) as two main roughness 
evaluation parameters are calculated from AFM. 
The results indicate that the E-T sample has the 
highest surface roughness due to the shrinkage of 
the coating, and possible microcrack formation on 
top is the reason for this observation. On the other 
hand, the addition of GPTMS to the coating will 
increase coating viscosity. As a result, during dip 
coating and curing, the coating will cover some of 
the substrate hierarchical structure, and E-TG has 

Fig. 3- FESEM images of Etch, E-T, and E-TG in various magnification indicating the surfaces micro and nanostructures. 

Fig. 2-  (a) Optical microscope and FESEM images of Al-T and 
Al-TG samples after cross-cut test, (b) FESEM image of Al-TG 
and E-TG coatings cross-section.

(b)

(a)

Al-T Al-TG

Al-TG E-TG

Etch

E-T

E-TG
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the lowest roughness. On the other hand, coating 
uniformity and lack of crack formation on the 
coating during curing has led to higher WCA in 
comparison with E and E-T. 

By considering the FESEM and AFM images, it 
is evident that the sol-gel coating did not hinder the 
effect of substrate micro and nanoscaled protrusions 
and bumps on the chemically etched substrate. 
That has led to a 70% increase in WCA value for 
E-T and E-TG samples in comparison to Al-T and 
Al-TG. Adding GPTMS to the sol-gel coating has 
led to a more uniform coating causing a decrease in 
surface roughness due to its proper coverage of the 
substrate. Furthermore, WCA results shown in Fig. 
1 indicated that a combination of higher wettability 
of the hybrid sol-gel coating and uniformly 
following the substrate micro and nanostructure 
on the chemically etched substrate has led to high 
WCA (about 118°) and hydrophobicity without any 
surface functionalization.

3.3. Corrosion behavior
Coating characterizations showed that both 

TEOS and TEOS/GPTMS hybrid coatings have 
lower thicknesses on the chemically etched 
substrate in comparison to bare Al substrate. 
The coating thickness on the chemically etched 
substrate decrease was up to 4 times in comparison 
with the coating deposited on the Al substrate. A 
decrease in coating thickness on etched samples 
(E-T and E-TG) will lead to a decrease in corrosion 
resistance. On the other hand, an increase in WCA 

Fig. 4- AFM images of surface topography of Etch, E-T and E-TG samples at a 5×5µm area.

should lead to increased corrosion resistance due 
to the blocking the corrosive ions penetration 
to the coating. This interaction between the 
positive effect of hydrophobicity and the 
negative effect of coating thickness on corrosion 
resistance should be considered while studying 
electrochemical impedance spectroscopy and 
polarization. In addition to that, high WCA in 
range of hydrophobicity is not always beneficial 
to corrosion resistance because some hydrophobic 
surfaces have high contact angle hysteresis and 
sliding angle, which will cause water droplets to 
adhere to coating’s surface and penetrate. In other 
words, Al, Al-T, and Al-TG cannot be compared 
with Etch, E-T, and E-TG due to coating thickness 
and wetting behavior deference. In Fig. 5 results of 
EIS and Polarization tests for Al, Al-T and Al-TG 
are reported.

Al and Al-T showed similar corrosion resistance. 
That is due to inadequate coverage of the surface 
by TEOS sol-gel coating. The cracks formed on the 
coating and low viscosity of the coating will lead to 
weak protection from the substrate. On the other 
hand, the Al-TG has higher corrosion resistance 
due to uniform coating deposition. This increase in 
corrosion resistance is not only due to uniformity of 
the coating but also due to the presence of GPTMS 
in the hybrid sol-gel coating that minimizes crack 
formation and shrinkage during curing. That 
proves that using GPTMS can drastically improve 
coating corrosion resistance. 

To compare corrosion current density, Tafel 

Table 2-  Ra and Rq measurements from AFM analysis of surface morphology
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extrapolation was done on polarization curves. 
Table 3 shows corrosion speed and current density 
calculated from the polarization curve by Tafel 
extrapolation for Al, Al-T, and Al-TG samples. 
Results indicated that Al-T and Al-TG corrosion 
current density were 3.57×10-7 A/cm2 and 4.58×10-9

 
A/cm2, respectively. In comparison with the bare Al 
substrate with 1.27×10-5 A/cm2 corrosion current 
density, a noticeable improvement in corrosion 
resistance has been achieved by coating deposition. 
The corrosion speed reduced up to 2788 times for 
the Al-TG in comparison with bare Al. 

As mentioned before, comparing Al, Al-T, and 
Al-TG with Etch, E-T, and E-TG is not possible 
due to the considerable difference in coating 
thickness, which will have a significant impact on 
EIS and polarization results. In addition to that, the 
same process was done for coating deposition on 

all samples. So that one can compare the effect of 
substrate preparation on both corrosion resistance 
and WCA. On the same coating thickness, a 
hydrophobic coating should have higher corrosion 
resistance, but in different coating thicknesses, 
comparing corrosion resistance is not possible, and 
each set of samples should be compared in their 
own group. It is worth mentioning that a reduction 
in coating corrosion resistance in comparison with 
Al, Al-T, and Al-TG is incorrect due to two main 
reasons:

1- The apparent reason for this decrease in 
coating corrosion resistance in E-T and E-TG 
in comparison with Al-T and Al-TG is that the 
coating thickness is up to 4 times lower in E-T 
and E-TG samples which can drastically decrease 
coating corrosion resistance.

2- In order to measure corrosion current 

Table 3- corrosion speed and current density calculated from the polarization curve by Tafel 
extrapolation for Al, T, and S samples

Fig. 5- Nyquist, bode, phase, and polarization curves of Al, Al-T, and Al-TG in 3.5% NaCl aqueous solution.
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Fig. 6- Nyquist, bode, phase, and polarization curves of Etch, E-T and E-TG samples in 3.5% NaCl aqueous solution.

Table 4-  corrosion rate and current density calculated from the polarization curve by Tafel extrapolation 
for Al, T, and S samples

density and in total corrosion behavior, a constant 
area of different samples is exposed to 3.5% NaCl 
solution. In fact, each sample has an apparent and 
real surface area and increasing the surface micro, 
and nanoscale roughness could lead to increase in 
real surface area in comparison with As mentioned 
earlier in order to increase WCA, chemical etching 
was used before coating deposition to increase 
surface micro and nanoscale roughness on the 
substrate; using the chemical etching had led to 
increase in real surface area in contact with 3.5% 
NaCl solution, while on Al, Al-T and Al-TG the 
real surface area and apparent area value are close. 

In Fig. 6, results from EIS and polarization tests 
are shown. The Nyquist plot shows lower corrosion 
resistance in comparison to Al-T and Al-TG, but 
as mentioned before, this is due to lower coating 

thickness and an increase in real area in contact with 
3.5% NaCl. These two reasons will both highly reduce 
the coating corrosion resistance in comparison with 
Al-T and Al-TG. Hydrophobicity of E-T and E-TG 
samples indeed had a positive effect on increasing 
coating corrosion resistance, but this is not enough 
to compensate for the other two mentioned adverse 
effects. Table 4 shows corrosion speed and current 
density calculated from the polarization curve by 
Tafel extrapolation for Etch, E-T and E-TG samples. 
The results show that the corrosion speed of E-TG 
is about 4 times slower than the Etch sample and 
about 1.6 times lower than E-T. That is due to the 
uniformity of the TEOS/GPTMS hybrid sol-gel 
coating in comparison with the E-T sample, which 
has possible cracks or deficiencies in protecting the 
substrate.
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4. Conclusion
Hydrophobicity has been achieved without 

surface functionalization using a novel wet 
chemical etching route to modify surface roughness 
followed by a sol-gel coating. The WCA increased 
from 0° (Etch) to 118° (E-TG) on chemically 
etched substrate. FESEM and AFM were used 
to investigate the effect of surface roughness on 
WCA. In addition to that, EIS and polarization 
have been done to study the corrosion behavior. 
The corrosion resistance on E-T and E-TG is 
lower than Al-T and Al-TG samples. That is due 
to lower coating thickness (up to 4 times) on the 
etched substrate. The AFM and FESEM study of 
the coating substrate indicated that the coating 
followed the protrusion and bumps of the substrate 
affecting its final surface roughness. According to 
the Wenzel wetting model, the surface roughness 
has a relation with the WCA; in this case, the 
optimized roughness was achieved by deposition 
of hybrid sol-gel coating of the chemically etched 
substrate.

On the other hand, increasing the surface 
roughness in the micro and nanoscale by chemical 
etching will lead to an increase in real area in 
contact with 3.5% NaCl solution in comparison 
to the apparent area. Lower coating thickness and 
higher real surface area, are two main reasons for 
lower corrosion resistance. On the other hand, 
hydrophobicity of the coating should enhance the 
corrosion resistance. However, it is not enough to 
withstand the negative effect of the lower thickness 
and higher real surface area.
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