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The research target aimed to design of anodic oxide film layers on Al-Si-Cu-Mg alloy by modifying
phosphoric acid anodizing and reinforcement by subsequent impregnation with graphene oxide (GO)
nanosheets deposition effects (SiO., TiO2 and ZrOz). The corrosion inhibition efficiency on the
anticorrosion behavior of the coating layer (GO/SiO2, GO/TiOz, and GO/ZrOz) nanocomposites were
deposited by electro-deposition in 3.5 % NaCl solution. Complementary electrochemical measurements
including  estimate  of  weight reduction,  chronoamperometric  current-time  and
potentiodynamic polarization techniques showing the ability of the improved oxide layer with GO/ZrO>
were more successful in preventing corrosion, which acts as a self-cleaning coating with a novelty few-
layer GO nanosheets with GO/ZrO,. The surface morphology and elemental analysis of GO/SiO»,
GO/TiO2 and GO/ZrO2 nanocomposites coating were evaluated by SEM, EDS and mapping of elemental
distribution.

Keywords: Al-Si-Cu-Mg Alloy, Anodic oxidation, Graphene oxide, Nanocomposites, Corrosion
resistance.

1. INTRODUCTION

Al-Si-Cu-Mg alloy due to their excellent strength, low cost and hardness values, is widely used
in engine parts, aerospace, and construction industries, however, at some loss of ductility and resistance
of corrosion [1, 2]. The alloy is very sensitive to heat treatment due to the presence of both Cu and Mg.
Aluminum corrosion resistance and its alloys is derived from the durable film of oxide produced on the
surface naturally. However the corrosive media surface of Al is not capable of shielding this film. The
high chloride concentration of corrosive media will cause the film to break down and result in both
uniform and pitting corrosion [3]. In order to enhance Al's corrosion resistance, aluminum anodization
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has been extensively studied and approved as part of different techniques [1]. In several respects,
anodizing Al and its alloys is a used as a surface functionalization [4]. The two-layer structure of the
anodizing film, a non-porous barrier oxide and a porous outer oxide [5], is generally accepted. A
protective anodic aluminum oxide (AAO) film is electrochemically formed on Al substrates during the
anodization process which consists of a thin compact barrier layer and a dense, porous layer. The formed
oxide on the surface is used for further treatment, leading to the sealing of existing pores, for enhance
the Al alloys corrosion resistance [4]. The various sealing treatments effect on the corrosion resistance
of AAO film and films sealed with boiling water and potassium dichromate have been found to provide
greater corrosion resistance in acid solution [6]. Also, it was investigated with hot nickel acetate that
both filled the pores and deposited on the air surface were found to outperform samples sealed with other
sealing methods [5]. Duplex anodic layers and silane-based sol-gel sealed them and noticed that the
AA2024-T3 corrosion resistance was substantially improved. This is due to the keeping of sol-gel
materials in anodized alumina phosphoric acid and the preservation of the natural hydration property of
the anodized layer of sulfuric acid between the composite of sol-gel/oxide and the substratum [7]. The
impregnation of the porous layer by chemical nanotechnology is an environmentally friendly choice to
increase the oxide layer's corrosion resistance thus maintaining the properties of adhesion promotion.

The approach is to fill the open structural pores through a dipping process with nano-sized
SiO; particles. The anodic layers will be strengthened if the nanoparticles fill the pores only partially,
and the surface enlargement will be preserved by open porosity. However, a well-matched relationship
between the particle size and the pore diameter [8] is needed for the nanoparticles incorporation. The
vacuum dip-coating TiO2 sol-gel on the anodized Al surface prepared a stable nano-TiO> coating and
finding that this type of coating exhibited excellent corrosion resistance at room temperature in sterile
seawater [9]. Graphene oxide-functional materials have recently become critical for surface defense
because the electrolytes are unable to penetrate through the graphene oxide layered structure [10]. More
and more focus has been drawn to graphene oxide (GO) with excellent properties [11]. A green, oil-
based GO mild steel corrosion inhibitor was registered, the performance of which increased as the
hydrophobicity of the coated surface improved [12]. A composite GO-polymer material that
strengthened the inhibition of corrosion in mild steel was also documented, which was due to enhance
hydrophobicity due to the polymer matrix [13]. In addition, in a 3.5 % NaCl solution, the acetone-derived
GO was documented to act as a corrosion inhibitor for Cu. Silica nanoparticles have been used in salt
environments as a corrosion barrier for the Al alloy [15]. The GO was added into the AA2024 alloy-
formed sol-gel film and found that the addition of GO led to improve the sol-gel film corrosion resistance
with an acceptable concentration of 0.5 mg/ml [16]. AA2024 was applied with sol-gel containing
rGO@APTES nanoplates, forming defect-free, uniform, dense and adherent coatings, and clearly
improved rGO@APTES nanoplates corrosion resistance with 100 ppm concentration [1, 17]. In
addition, in the 3.5 % NaCl solution, many authors reported corrosion inhibition barrier layers prepared
from pyridine-functionalized graphene oxides as well as GO composites with polystyrene,
metronidazole, polyvinylene and lignin [18-22].

The target of the present work to evaluate the best nanoparticles and reduced graphene oxide
(rGO) on SiO2, TiO2, and ZrO; deposited by electro-deposition which is a flexible low-cost method of
fabrication. Also, to assess its corrosion inhibition activity in chloride environments in the Al-Si-Cu-Mg
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alloy. It could be a promising approach to improve open porous phosphoric acid anodized layers of Al-
Si-Cu-Mg alloy by adding GO nanosheets. The corrosion resistance was contrasted between AAO films
after deposition of GO/SiO2, GO/TiO2 and GO/ZrO, nanocomposites and tested using different
electrochemical techniques when subjected to 3.5 % NaCl solution. The surface morphology of different
conditions before and after corrosion were investigated by using SEM micrographs and EDAX analysis
and elemental distribution by mapping.

2. EXPERIMENTAL WORK

2.1. Materials

The investigated Al-Si-Cu-Mg alloy has the chemical composition in weight percentage of
12.76% Si, 0.14% Fe, 2.71% Cu, 0.56% Mg, 0.19% Zn, 0.03% Ti and the rest is Al. The alloy coupon
was ethanol degreased, then etched in NaOH (0.5 gl™!) aqueous solution for 5 min at 40 °C and eventually
neutralized for 2 min at room temperature in HNOs3 (25 vol.%) [23]. The porosity of the anodic films
must have a pore diameter greater than the nanoparticles one (approximately 20 nm) to allow the
penetration of particles inside pores. Due to the need for large pores, Al-Si-Cu-Mg alloy was
galvanostatically anodized (1.5Adm™2) for 20 min in a phosphoric acid temperature-controlled bath (0.5
mol I"!) where Pt sheet was used as a cathode [4]. For later usage after anodization, the samples were
rinsed entirely in distilled water. GO/SiO2, GO/TiO2 and GO/ZrO2 nanocomposites were deposited using
the electrophoretic deposition (EPD) technigue. A graphite counter electrode was used as the anode [5],
in which anodized samples were set as the cathode. Particles deposition bath media were ready to be
2wt. % by diluting graphene oxide SiOz, TiO2 and ZrO> nanoparticles with ultra-pure water. The pH-
value was adjusted to pH=10. The alloy was dried at the ambient temperature for subsequent use.

2.1.1. Preparation of GO/SiO2 nanocomposite

GO/SiO2 nanocomposite were fabricated by the hydrolysis of tetraethyl orthosilicate TEOS
(Sigma Aldrich) [24]. The GO (0.3 g) was normally ultrasonically dispersed into an ethanol (ADWIC,
82 ml) and water (3.4 ml) alcohol-water mixed solution for 30 min. Then the ammonia solution (25 %,
Merck, 5.6 ml) was applied and vigorously stirred as a catalyst to form stable and homogeneous
suspensions. The required quantity of tetraethyl orthosilicate TEOS was subsequently rapidly added and
allowed to react for 15 h at room temperature. Then the mixture was centrifuged and washed with
deionized water and absolute ethanol at least 5 times each. Finally, before further use the commodity
was dried under vacuum condition at 60 °C for 5 h.

2.1.2. Preparation of GO/TiO2 nanocomposite

A round bottom flask containing 80 ml of DI water and 120 ml of isopropyl alcohol (IPA, Sigma-
Aldrich) was added with GO/TiO2 nanocomposite from GO nanosheets and titanium isopropoxide
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(TTIP, 97 %, Merck) through in situ sol-gel reaction at pH = 2,400 mg of GO nanosheets. To obtain an
appropriate suspension of GO, the resulting mixture was put in a bath sonicator (40 kHz) for 1 h along
with the round bottom flask. Then, 0.16 ml of titanium isopropoxide TTIP (40 wt. % of GO's total
weight) in 20 ml isopropyl alcohol IPA was applied dropwise at room temperature to the suspension
under stirring condition. Using 4 M HCI (Sigma-Aldrich), the pH of the resulting suspension was
changed to 2 and the reaction mixture solution was continuously stirred at 60 °C overnight. A light grey
gel was produced, which was dried in a vacuum oven at 60 °C for 12 h and subsequently ground using
a pestle and mortar to obtain a fine GO/TiO2 powder.

2.1.3. Preparation of GO/ZrO2 nanocomposites

The 0.333 g of GO, prepared as indicated in the literature by the modified Hummer method [25],
was dispersed in 200 ml of de-ionized water and subjected to sonication (Amp = %, Power = 840 Watt)
for the first solution for 30 min. In the meantime, ZrO2 [26] as prepared was dissolved into the solvent
to generate the second solution with vigorous stirring; and then the two solutions were mixed together.
After that to alter the optimum pH, 31.5 ml of 1 M NaOH solution, NaOH, Sigma Aldrich, was added
dropwise into the sonicated precursor solution. The resulting mixture was stirred under 100 °C for 1 h
until the color of the mixture changed into a coffee color, and this adjustment suggested the effective
combination of GO with ZrO», separated by centrifugation. The desired product was finally positioned
for 1 hin an electric furnace at 300 °C.

2.2. Corrosion of Al-Si-Cu-Mg alloy

Electrochemical tests have been made to calculate and analyze corrosion using Voltalab 40
Potentiostat PGZ301 (Germany) and Volta Master 4 software. The investigated samples, anodized
aluminum oxide (AAO), anodized aluminum oxide after GO nanosheets deposition GO/ZrO2, GO/SiO;
and GO/TiO2 and served as the working electrodes. A 3.5 % NaCl (Sigma Aldrich) solution was used
for chemical and electrochemical testing. The all investigated samples weight-loss results of Al-Si-Cu-
Mg alloy after anodizing and GO nanoparticles deposition was evaluated in 3.5 % NaCl solution for 120
h duration. The corrosion rate (CR), of Al-Si-Cu-Mg alloy after anodizing and GO nanoparticles
deposition in 3.5 % NaCl solution obtained by weight-loss method at 20°C was calculated using the
following Eq. 1 [27]:

AW x K
C.R. (mmly) :—AxTxD (1)

Where: K = a constant (8.76x10%), T = time of exposure in hours, A = area in cm? AW = mass

loss in grams, and D = density in g/cm®. The degree of surface coverage (0) was estimated using Eq. 2:
o Wo - Wi @)
Wo

Where Wi and W, are the values of weight losses of Al-Si-Cu-Mg alloy after anodizing and GO
nanoparticles deposition and anodizing AAO, respectively. The inhibition efficiency I E% was calculated
according to Eq. 3:
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IE% =6 x 100 (3)

Then to assess the corrosion potential and corrosion  current  density,
potentiodynamic polarization curves were performed. The working electrode was swept from 0.8 to +
0.8 V at a scanning rate of 0.2 mVs ™. The corrosion rate, CR. can be computed using Faraday’s Law as
follows Eq. 4 [28]:

CR (pm/year) = 3.3lcorrM/zd 4)

Where, z = ionic charge, M = atomic weight of metal, d = density g/cm3, and Icorr = corrosion
current density, pA/cm?2. Degrees of surface coverage (0) in potentiodynamic measurements were
calculated using Eq. 5.

0=1- |corr/ |corrc> (5)

where leorr® and lcorr are the corrosion current densities of Al-Si-Cu-Mg alloy after anodizing
AAO and anodizing GO nanoparticles deposition, respectively. The inhibitive efficiency (IE %) was
calculated employing Eq. 3.

Finally, chronoamperometric Current-Time (CT) was measured. This approach applies the metal
solution interface to a constant potential and calculates its electrochemical behavior as a function of
time [29]. Both electrochemical measurements and immersion tests of the specimens were carried out at
room temperature and open to air, in this investigation.

2.3 Morphology of Corroded alloy

The surface morphology of the corroded Al-Si-Cu-Mg alloy before and after anodizing were
investigated. The scanning electron microscope (SEM) with FEI inspects S-Netherlands coupled with
energy dispersive x-ray spectroscopy (EDS) and Bryker AXS-flash detector (Germany), and mapping
of elemental distribution.

3. RESULTS AND DISCUSSIONS

The SEMimages explore the morphology of as received Al-Si-Cu-Mg alloy
surface formed during etching and de-smutting as shown in Fig. 1(a). During immersion in HNOs, the
smut layer formed in the NaOH solution was removed. Wherever the second stage was lost due either to
dissolution or detachment, the surface displayed cavities. Fig. 1(b) describes the Al-Si-Cu-Mg alloy
surface images while anodizing the AAO film. As will be shown, inside the middle of the AAO layer's
hexagonal shape structures, a porous framework consisting of regularly arranged nanopores present on
the surface is embedded. These pores are perpendicular and parallel to the surface of the barrier layer
[4]. The pores diameter was about 100 nm. Figs. 1(c, d and €) provide the electrophoretic deposition
(EPD) of GO/SiO2, GO/TiO2 and GO/ZrO. nanoparticles deposition, respectively in pores at pH 10.
These figures exhibit a great cover on the top surface of the AAO film after the deposition effects of GO
nanoparticles (SiOz, TiO2 and ZrO2). The common particle size (about 20 nm) was sufficiently smaller
than the common pore diameter (about 100 nm) to integrate particles into the structures of AAO pores.
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When the GO is applied to the nanoparticles, the produced film tend to be smooth, compact,
more uniform, homogeneous and adherent to the surface of the substrate. This phenomena appears as
GO reacted covalently from the hydrolyzed GPTMS monomer with the silanol group, forming silane
functionalized GO (silane-GO) linked by covalent C-O-Si bonds that filled defects and increased GO
adhesion strength to adjacent GO and the film to the substrate [1].

Figure 1. SEM images of Al-Si-Cu-Mg alloy surface after (a) etching, (b) anodizing AAO, (c) GO/SiO>
deposition, (d) GO/TiO- deposition, and (e) GO/ZrO, deposition.
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Figure 2. EDS analysis of the Al-Si-Cu-Mg alloy after (a) etching, (b) anodizing AAO, (c) GO/SIOa,
(d) GO/TiO2, and (e) GO/ZrO, nanocomposites deposition.

Table 1. EDS analysis of Al-Si-Cu-Mg alloy after anodizing and GO nanosheets deposition in wt.%

Name of samples @) P Mg Al Zr Si Ti
AAO 41.7 114 0.9 46.0 - - --
GO/SiO2 36.0 11.6 1.3 47.4 -- 3.7 --
GO/TiO2 30.2 12.2 1.1 56.4 - - 0.1
GO/ZrO2 44.0 3.1 -- 14.5 29.3 9.1 --
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Figure 3. The mapping analysis of Al-Si-Cu-Mg alloy surface (a) after anodizing AAO, (b) GO/SiOz,
(c) GO/TIiO2, and (d) GO/ZrO2 nanocomposites deposition.

It was formed a double-layer structure in the anodizing film, a barrier layer near the substrate is
too thin (10-100 nm [13]) and a porous layer. The EDS results are conducted out the better understanding
of how the GO nanoparticles covered and penetrated the porous substrate as provided in Fig. 2. The
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elemental distribution by mapping for different conditions are displayed in Fig. 3. In Figs. 3(a and b)
present the Al's depth profile rises from outside to inside at first and then stabilizes, but shows a sharply
growing pattern close to the substrate.

While Figs. 3(c and e) give the depth profile of O decreases sharply at the interface near the
substrate. The transition between the anodized film and the substrate is sharp and the composite film
thickness is measured. In addition, Si and C in the EDS depth profiles are indicative of the existence of
GO nanosheets. From Fig. 2(c) and Table 1 observe that Si and C atoms are confirming the deposition
of uniform and thin GO/SiO: film on the AAO film surface. That is in strong agreement with SEM's
observation in Fig. 1(c). The Si content remains relatively stable but drops significantly near the
substrate, as in the anodic layer, confirming the entry of nano SiO: into the pores of the anodic layer.
The graphene content is almost absent in the internal layer, indicating that GO does not enter the pore.
It is therefore possible to treat the line between the stabilized point of Al and the sharp point of decline
of graphene as the interface between the film of thin GO nanoparticles and the film of AAO [1]. The
graphene content is not greater than that sealed by electrodeposition, suggesting that GO does not reach
the pore [1]. The homogenous distribution of Zr than Ti and Si can be confirmed by elemental
distribution by mapping in Fig. 3.

3.5. Gravimetric Measurement

The weight-loss results of the surface of Al-Si-Cu-Mg alloy after anodizing and GO nanosheets
deposition immersion in 3.5 % NaCl solution for 120 h duration are demonstrated in Fig. 4. The AAO
specimens experienced the highest weight losses, which the GO nanoparticles deposition specimens
exhibited the lowest weight losses. However, it is also obvious that the weight-loss is generally roughly
related to the chloride content in the solution. The smallest mass loss suggested that surface resistance
was significantly improved by the combination of anodic oxidation and sealing. GO nanoparticles
diffused into the pores during the deposition and densified the porous alumina, increasing surface
resistance and reducing the mass loss of the Al alloy [36].At the end of the immersion duration, i.e.,
120h, the rate of mass loss of AAO was approximately 0.142 gcm in the 3.5 % NaCl solution, whereas
it reached 0.083, 0.062 and 0.049 g.cm™ for GO nanoparticles deposition GO/SiO2, GO/TiO2 and
GO/Zr0O,, respectively. The weight of the AAO film was substantially greater after the same immersion
time. However, depending on the result of mass loss, this film was hypothesized to be less defensive
than that of the deposition of GO nanoparticles, which was possibly due to its porous structure [37]. The
corresponding data inhibition efficiency, surface coverage and corrosion rate calculated from the weight-
loss results for 120 h are shown in Table 2. Inspection of GO/SiO2, GO/TiO, and GO/ZrO;
nanocomposites coatings reduces the corrosion rate and showed appreciable corrosion inhibition
behavior against AAO in 3.5 % NaCl solution. The GO/ZrO; coating onto the Al-Si-Cu-Mg alloy
showed a 65.49 % increment in the corrosion inhibition activity with respect to the reference anodizing
AAQ, as studied.
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Table 2. Corrosion rate (CR), Surface coverage (0) and the Inhibition efficiency (IE%) of Al-Si-Cu-Mg
alloy after anodizing and GO nanosheets deposition in 3.5 % NaCl solution obtained by weight-
loss method at 20°C.

samoles 1D Corrosion rate | Surface Coverage Inhibition
P (CR), (mm/y) 0) Efficiency (IE %)
AAO 8.431 -- --
GOI/SiO2 4.928 0.4155 41.55
GO/TiO2 3.681 0.5634 56.34
GO/ZrOz 2.909 0.6549 65.49
0.16
”E 0.14
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B0 0.1
% 008
-
- 0.6
=
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@) 0.062
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0
AAO  GO/SiO, GO/TiO, GO/ZrO,

Figure 4. Weight-loss of the AIl-Si-Cu-Mg alloy after anodizing and GO nanosheets deposition
immersed in 3.5 % NaCl solution.

3.6. Electrochemical measurements

3.6.1. Potentiodynamic polarization measurements

The potentiodynamic polarization curves for Al-Si-Cu-Mg alloy after anodizing and GO
nanoparticles deposition in 3.5 % NaCl solution are given in Fig. 5. Table 3 lists the corrosion potential
(Ecorr), corrosion current density (lcorr), polarization resistance (Rp), and corrosion rate (CR) values for
the AI-Si-Cu-Mg alloy after anodizing and the deposition of GO nanoparticles in chloride. The
polarization resistance (Rp) values were determined using Stern—Geary Eq. 6 [38]:

S ©)
2.303 loor (fa+ fC)

From Table 3, the corrosion potential (Ecorr) and polarization resistance (Rp) of GO nanoparticles
deposition are greater than anodizing Al-Si-Cu-Mg alloy and corrosion current density (Icorr) is markedly

Re
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decreased after coating with GO/SiO2, GO/TiOz, and GO/ZrO,. The calculating corrosion rate for
anodizing AAO and GO nanosheets deposition GO/SiO,, GO/TiO, and GO/ZrO; on Al-Si-Cu-Mg alloy
are 0.0551, 0.0437, 0.0348, and 0.0138 mm/y, respectively. High corrosion potential, high resistance
to polarization and low corrosion rate usually indicate good coating corrosion resistance [26]. Due to the
porosity and weak adhesion of the anodizing AAO on the alloy surface, the corrosion potential reduced
and the corrosion current are increased. Correspondingly, for the deposition of GO nanosheets (SiO2,
TiO2 and ZrOy), the evolution of cathodic hydrogen was regulated and the dissolution of anodic metal
decreased due to the strong impermeable barrier layer on the alloy, resulting in an increase in the capacity
for corrosion and a reduction in the corrosion current by one order of magnitude. For the deposition of
GO/ZrO; nanoparticles, the corrosion inhibition performance is 74.95 % higher, revealing that it is an
excellent corrosion resistant coating material for the Al-Si-Cu-Mg alloy in the chloride environment.

The corrosion potential of anodizing AAO was approximately —0.516 V and the corrosion
potential of GO/SiO2, GO/TiO2, and GO/ZrO, coated samples were - 0.440 V, - 0.499 V, and - 0.493
V, respectively. On the other hand, Icorr is a kinetic parameter which determines the corrosion rate [39].
Fig. 5 shows the corrosion potential Ecorr confirms the tendency. A lower cathodic current density may
explain the explanation for the more negative potential of the impregnated sample, suggesting a lower
reaction rate of the cathodic reaction to the impregnated sample. In addition, the corrosion potential
rating must take into account the form of the graphs, which corresponds to the ideal polarizable electrode
in the anodic range.

Table 3. Electrochemical parameters derived from the potentiodynamic polarization curve of Al-Si-Cu-
Mg alloy after anodizing and GO nanosheets deposition in 3.5 % NaCl solution

ECOI’I’ ICOI’I’ Rp CR I E

SEMEES 15 V mA/cm? | Qcm? mm/y 4 %

AAO -0.516 | 0.00501 24.763 0.0551 -- --
GO/SiO2 -0.440 | 0.00398 50.354 0.0437 0.2068 20.68
GO/TiO2 -0.499 | 0.00316 96.329 0.0348 0.3684 36.84
GO/ZrO2 -0.493 | 0.00126 | 161.085 0.0138 0.7495 74.95

The corrosion current densities measured from GO/SiO;, GO/TiO2, and GO/ZrO;
nanocomposites coated on anodizing AAO was about 0.00398 mA/cm?, 0.00316 mA/cm?, and 0.00126
mA/cm?, respectively, exhibiting a descending trend in the 3.5 % NaCl solution. Indicating that the GO
nanosheets deposition diminishes appreciably the corrosion rate of anodizing Al-Si-Cu-Mg substrate.
The superior stability of the deposition of GO/ZrO2 nanoparticles [40] may be involved in the excellent
corrosion resistance of the coated samples. In typical polarization curve, a lower lcorr and a higher Ecorr
corresponds to a lower corrosion rate and a better corrosion resistance. All investigated GO nanosheets
depositions with an anodic oxide coating were polarized by better corrosion resistance parameters in
comparison to AAO [23].
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Figure 5. Potentiodynamic polarization curves for Al-Si-Cu-Mg alloy after anodizing and GO
nanosheets deposition immersed in 3.5 % NaCl solution.

3.6.2. Chronoamperometric current-time (CT) measurements

Current-time (CT) experiments were also carried out to enhance the immersion time in the
chloride solution by 15 min in order to shed more light on the effect of applying an active anodic
potential on both uniform and pitting corrosion of SiO2, TiO. and ZrO; deposition of AAO and GO
anodizing nanosheets. Fig. 6. provides the CT curves obtained for corrosion of anodizing AAO and GO
nanosheet deposition SiO2,TiO2 and ZrO2 in 3.5 % NaCl solution at —0.45 V vs. Ag/AgCl. As the time
of the experiment increased, the reported current for anodizing AAO showed a progressive increase in
its value. On the other hand, applying this potential value, —0.45 V, to the deposition of GO nanosheets
SiOz, TiOz and ZrO2 in 3.5 % NaCl solution provided low current, which decreased over time. The
increase in current for the AAO sample over time reveals that Al experiences extreme pitting corrosion
for 15 min at —0.45 V only after immersion in 3.5% NaCl solution. The percentage of chloride ions in
the solution has been documented to actively attack the Al surface at anodic active potential, resulting
in a continuous dissolution of Al through intense uniform corrosion and pitting. The formation of these
Al chloride compounds accelerates the dissolution of Al itself by attacking its surface either after
leaching the chloride compounds from the surface of the solution or beneath the corrosion products that
lead to the formation of pits on its surface [37-41]. The AAO surface current-time CT experiments show
that the Al did not experience uniform or pitting corrosion and confirm that AAO's pitting potential is
more positive than —0.45 V vs. Ag/AgCl and its surface was more passivated in 3.5% NaCl solution
compared to GO nanoparticles deposition SiO2, TiO2 and ZrO», This attack on the data produced by
measurements of polarization, Figs. 4 and 5 confirm that extending the immersion time prior to
measurement for these materials enables their surfaces to grow a top layer of oxides and/or corrosion



Int. J. Electrochem. Sci., 16 (2021) Article ID: 210515 13

products that become thicker over time and thus resist the attack of chloride ions, which in turn lowers
the current values obtained. During the anodic oxidation procedure, both the formation and dissolution
of the oxide film occurred simultaneously on the surfaces of the Al samples [20]. Film-formation
occurred in reaction (1) and film-dissolution in reaction (2). AI** escaped through the metal/oxide
interface from the substrate and migrated into the oxide film, while O% was created and moved in the
opposite direction of AI** at the electrolyte solution/metal interface. Once AI** met O, the oxide film
was formed.

2Al + 3H20 — AlO3 + 6H' + 6 Q)

Al,O3 + 6H" — 2A%* + 3H,0 2

Some Al203 of the alumina film was dissolved based on the mechanism of reaction (1) and pores
were developed on the surfaces of the samples. New aluminum oxides were formed again as the
electrolyte solution permeated through the pores. Films of alumina grew and then eventually spread into
additional internal substrates, depending on the development and growth of the porous layer [22].

‘ AAO GO/SiO2 GO/TiO2 GO/Z1O2 |

40

35 +

30 +

25 +

15 +

10

Current density, mA/cm?

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Time, min

Figure 6. Chronoamperometric Current-Time (CT) curve for Al-Si-Cu-Mg alloy after anodizing and
GO nanosheets deposition immersed in 3.5 % NaCl solution at —0.45 V vs. Ag/AgCl.

3.7. Surface morphology

Electrochemical experiments in the aqueous NaCl solution indicate that their
passive behavior and resistance to pitting corrosion is enhanced by the impregnation of the open porous
oxide layer. When the impregnation was inhomogeneous, the corrosion protection failed, or the
suspension only partially penetrated into the pores due to a non-conforming dip coating process [8].
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Fig. 7. displays the surface morphologies of Al-Si-Cu-Mg alloy after immersed in 3.5 % NaCl
solution with anodizing AAO and deposition of GO-SiO2, GO-TiO2 and GO-ZrO». Fig. 7(a) shows
the alloy surface anodizing AAO exhibits pitting and localized corrosion triggered due to barrier layer
porosity and violent ion attack [18]. As represented in Figs. 7(b, ¢ and d), the coating of GO nanoparticles
have a homogeneous surface due to the corrosive ions are not allowed into the coating surface by the
barrier layer [18].

Figure 7. SEM images of Al-Si-Cu-Mg alloy surface after immersed in 3.5 % NaCl solution (a)
anodizing AAO, (b) GO/SiO,, (c) GO/TiO, and (d) GO/ZrO, nanocomposites deposition.

Thus, the heavy physisorption of the GO nanoparticles coating on the alloy surface prevent the
corrosive ions to penetrate the coating surface. As indicated in the electrochemical characterization, the
alloy dissolution was regulated by the impermeable GO nanoparticles on the alloy surface. Fig. 8
illustrates the morphology of the area selected and the spectrum of the EDS where elemental Si, Ti, and
Zr was observed, suggesting the elementary contact with the GO.The mapping of anodizing AAO and
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graphene nanoparticle deposition indicates that nanoparticle is uniformly distributed on the GO as
presented in Fig. 9. The EDS results of Al-Si-Cu-Mg alloy after anodizing and GO nanoparticles
deposition immersed in 3.5 % NaCl solution are shown in Table 4.
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Figure 8. EDS analysis of Al-Si-Cu-Mg alloy after immersed in 3.5 % NaCl solution (a) anodizing
AAO, (b) GO/SIO, (c) GO/TiO., and (d) GO/ZrO2 nanocomposites deposition.

Table 4. The EDS analysis of Al-Si-Cu-Mg alloy after anodizing and GO nanosheets deposition
immersed in 3.5 % NaCl solution in wt.%.

Samples ID Na | CI O P Mg Al Zr Si Ti
AAO 30 | 1.2 | 328 | 135 -- 49.5 -- -- --
GO/SiO2 41 | 57 | 398 | 13 0.8 46.6 -- 1.8 --

GO/TiO2 0.4 -- 124 | 0.8 1.7 84.6 -- -- 0.2
GO/ZrO2 27 | 09 | 386 | 21 0.8 539 | 1.0 -- --
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(a) (b) (c) (d)

Figure 9. Mapping of Al-Si-Cu-Mg alloy after immersed in 3.5 % NaCl solution (a) anodizing AAO,
(b) GO/S102, (c) GO/Ti0,, and (d) GO/ ZrO; nanocomposites deposition.

The nanocomposites had a uniform distribution of the GO-ZrO; nanoparticle within the Al
matrix. For alloy in Al matrix that needs to be interfaced with some note of reaction, the nano ZrO»
particles are homogeneous distribution. As a result, as the ZrO» content is raised, the grain size decreases.
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The precipitation that appeared was rich in Al, Zr and O. The diffusion of ZrO into the Al matrix was
related to the non-reaction between Al and Zr, which implies that Zr and O were partially dissolved in
the diffusing alloy. In terms of molecular ZrO», the EDS reveals that Zr disperses in the green alloy body
and that there is no ZrO, and Al reaction [41]. The GO/ZrO; particle modified coating illustrated the
best corrosion protection performance, as evidenced by visual assessments through SEM and elemental
mapping observations were in line with the electrochemical results.

4. CONCLUSIONS

The corrosion behavior demonstrated that the aluminum sealed by GO nanosheets had higher
corrosion resistance compared to AAO, impeding the penetration into the barrier layer of corrosive
environment. SEM/EDS can confirm these results because after 120 h of immersion, the samples sealed
by coated GO nanoparticles had the least pitting sites. As studied by potentiodynamics, the GO/ZrO;
coating on the Al-Si-Cu-Mg alloy showed a 74.95 % increase in corrosion inhibition activity with respect
to the reference anodizing AAO. The corresponding morphology analysis revealed that the formation
of pits on the alloy exhibited a porous structure with the anodizing AAO, while the surface coated with
GO nanoparticles was not affected by the aggressive ions, presenting a uniform surface. Finally, it is
confirmed that GO/ZrO; is an excellent barrier layer on Al-Si-Cu-Mg alloy in the chloride media. The
Al matrix, the ZrO. reinforcement particles were distributed homogeneously as confirmed from visual
assessments through SEM and elemental mapping observations were in line with the electrochemical
results.
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