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Abstract 

Aluminum alloys has been widely used in most of engineering applications, such 

as marine industries and aerospace, due to its light weight and durability 

properties. In the aggressive environment, aluminum alloy becomes chemically 

reactive and losses its corrosion resistance that can significantly limit to its 

applications. One of the approaches that have been studied in this research is to 

improve the corrosion resistance of aluminum alloy by adding zirconium oxide 

(ZrO2) film coating. In the experimental procedure, aluminum alloy was dip-

coated into the solution containing zirconium butoxide (as a precursor) in a 

specific solvent (consisting of acetone, ethanol, and nitric acid). Dipping process 

was conducted at different dipping-numbers, which are 3, 5, and 7 dipping 

number. After dip-coating process, the coated aluminum was annealed at 350°C 

for 3 hours. X-ray diffraction analysis confirmed that the coating film consists of 

tetragonal ZrO2. Then, increases in dipping number improved the surface quality 

of the coating layer, where number of cracks and black spots reduced 

continuously with higher dipping number. This condition gave positive impacts 

on the corrosion performance of the aluminum, where higher dipping number 

brings better corrosion protection in NaCl solution. 
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1.  Introduction 

Aluminum alloys have been widely used in many applications, such as major 

materials in constructions, automotive, aerospace industries, and marine platforms. 

Pure aluminum has good corrosion resistance, soft, ductile and high thermal 

conductivity [1, 2]. But pure aluminum is rarely used in most of the applications 

due to its low mechanical strength. Alloying with other metals, such as copper, 

manganese, silicon, and magnesium can improve its mechanical strength and also 

bring other excellent properties that are required for the engineering applications. 

AA2024 is one of the examples of aluminum alloy, where the main alloying 

element is copper with noticeable quantities of alloy silicone, manganese, 

magnesium, nickel and titanium [2, 3]. This material has high mechanical strength 

and good fatigue resistance, making this type of alloy being used for aerospace and 

aircraft applications. In term of corrosion properties, even though aluminum alloy 

remains stable in nature, aggressive environment makes this material chemically 

reactive. Indeed, losses in corrosion resistance cannot be avoided, which 

significantly limits to its application [3-7]. Thus, understanding how to improve the 

corrosion resistance of aluminum-related material is important, specifically for 

increasing its life span and reducing the material waste and cost of replacement.  

To improve the corrosion resistance, aluminum alloys are usually coated with a 

paint containing a conversion layer. Chromium conversion coating has been 

suggested because this coating has excellent adhesion, associating with good 

barrier properties. Chromate conversion coatings also exhibit self-healing abilities 

[8, 9]. However, many countries impose severe restrictions on the use of chromate 

due to its toxicity and environmental hazards. These severe restrictions also 

stimulated the research and development of new environment-friendly surface 

treatments. One of the best proposed method as an alternative to chromium coating 

is by additional inorganic material as a main coating agent. This inorganic material 

can be easily obtained via a sol-gel technique [9-11]. 

The sol-gel process and its parameters have been actively studied for the past 

decades. This process can be employed for the production of oxide films on 

different metal substrates [12-14]. The coating can form a continuous oxide 

structure during the deposition procedure. Sol-gel technology also enables the 

formation of highly adherent and chemically inert oxide films on metal substrates. 

Zirconium dioxide (ZrO2) has been well-known for being used in various 

applications due to its excellent mechanical properties, such as low thermal 

conductivity and high resistance to corrosion and high melting point [15-20]. The 

properties of ZrO2 are also compatible with the main requirements for a corrosion-

resistant coating, e.g., chemical durability and good thermal shock characteristics. 

Moreover, this oxide has a high mechanical toughness.  

Here, the purpose of this study was to investigate the corrosion resistance of 

aluminum alloy before and after additional zirconium oxide (ZrO2) film coating. In 

the experimental procedure, aluminum alloy was dip-coated into the solution 

containing zirconium butoxide (as a precursor) in a specific solvent (consisting of 

acetone, ethanol, and nitric acid). Then, by adding heat treatment, the zirconium 

butoxide converts into ZrO2. The change in the dip-coating procedure can control 

the oxide thickness and increase the crystallinity of the oxide. Although many 

papers have shown the successful synthesis of ZrO2 film, several limitations have 

still persisted. For example, the difficulties in the production of high quality of ZrO2 
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coating are found, in which this is due to some limitation factors, such as crack 

phenomena, thickness, compatibily of the thermal treatment condition, and shape 

of substrates [21-22]. To minimize the impact of the limitation factors, the present 

study is used the dip-coating technique from the sol-gel mixture. The sol-gel 

composition was fixed to produce high quality coating and increase the life span of 

the metal substrates based on previous literature [23-24]. As a model of aluminum 

alloy, the present study used AA2024-typed substrate. Different number of dip-

coating processes were applied to control the thin film performance. 

To precisely investigate the effect of dip-coating number on the properties of 

thin film, the coating layers were characterized using an optical microscope, an 

electron microscope (SEM) equipped with electron diffraction X-ray spectroscope 

(EDX), and an X-ray diffraction (XRD). Corrosion tests for the dip-coated 

substrates were also carried out to find out the performance of coating layer as a 

protection agent to against corrosion. The corrosion test was performed using 

potentiodynamic polarization in 3.50% NaCl solution.  

2.  Experimental Procedure  

In this study, AA2024-typed aluminum alloy was used as a substrate. The 

composition of AA2024 is shown in Table 1. In short, AA2024 contained aluminum 

(Al), copper (Cu), magnesium (Mg), silicon (Si), iron (Fe), manganese (Mn), zinc 

(Zn), and titanium (Ti) of 90.7; 3.80; 1.20; 0.50; 0.50; 0.30; 0.25; and 0.15 wt%, 

respectively. The substrate was mechanically sliced with a dimension of 15, 15, and 

3 mm for length, width, and thickness, respectively. Prior to dip-coating process, the 

substrate was washed ultrasonically in acetone for 15 minutes. The schematic 

illustration of dip-coating process used in this study is presented in Fig. 1. 

Table 1. The chemical composition of AA2024. 

Element Percentage of mass (wt %)  

Cu 3.80 

Fe 0.50 

Mg 1.20 

Mn 0.30 

Si 0.50 

Ti 0.15 

Zn 0.25 

Al 90.70 

To prepare the sol-gel solution for coating agent, several chemicals were used: 

zirconium (IV) butoxide, ethanol, acetylacetone, and nitric acid. All chemicals 

were purchased from Wako Chemical, Japan and used without further purification 

process. The preparation of the solution is shown in Fig. 1. Zirconium (IV) butoxide 

and ethanol were mixed and stirred using a magnetic stirrer at 500 rpm in room 

temperature for 30 minutes. Then, acetylacetone was added to the mixture and 

continuously stirred for another 30 minutes. This mixture was followed by the 

addition of nitric acid in the continuous stirring for 30 minutes. The prepared ZrO2 

solution was deposited on the surface of the polished aluminum alloy substrates 

using a Dip Coater (PTL-MM01, OptoSense, UK). The substrates were dip coated 
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for 3, 5 and 7 number of coatings. The parameters of the dip coater was set as 

followed; travel distance of 35 mm and immersion speed of 100mm/s at room 

temperature. The substrates were fully immersed in the solution for 1 minute. Then 

the dip-coated substrate was air-dried for another 2 minutes. These steps were 

repeated according to the number of coatings of each substrate. Once the deposition 

of the coating was completed, the substrates were thermally treated. During this 

phase, excess organic compounds found on the surface of coated substrates were 

evaporated. Annealing was done at 350°C for 2 hours using an electrical furnace. 

The heating rate of the furnace was adjusted at 5°C/min. 

 

Fig. 1. Schematic illustration of sol-gel-assisted dip-coating process. 

The morphology and the thickness of the coated substrates were examined using 

a Field Emission SEM with back scattered emission gun (JSM-7800F, JEOL, 

Japan), while the chemical composition was studied using EDX. Meanwhile, the 

crystal structure of ZrO2 was examined by an XRD (Miniflex 2, Rigaku, Japan) 

using Cu-Kα amp radiation at 30 kV and 15 mA. As the coating layer was thin 

enough to be characterized by XRD, the structure of the coating materials was 

investigated by drying over night the dipping solution and then annealed it at 350oC. 

The powder form the annealing process then observed under XRD.  

The corrosion performance of the coated substrates was tested using two 

methods, which are immersion test and electrochemical test. Immersion test was 

carried by immersing substrates in 3.50 % of NaCl solution (seawater condition) 

for 2 weeks at room temperature. Meanwhile, the electrochemical test was 

conducted in a 3.50% of NaCl solution using a potentio-dynamic polarization 

method. Three electrodes were used to setup the electrochemical reaction, namely; 

platinum foil as a counter electrode, saturated calomel electrode (SCE) as a 

reference for electrode and substrate as a working electrode. At a scan rate of 1 

mV/s, the experiment was carried out to reach the required equilibrium. The 
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scanning range for voltage was set between -1.00 to 1.50 volts. The open circuit 

potential (OCP) was measured for 2 minutes to confirm the condition equilibrium 

prior to obtaining the potentio-dynamic polarization curve. 

3.  Results and Discussion 

The optical microscope images from the surface of coated aluminum with different 

dipping numbers are shown in Fig. 2. It revealed that all substrates have uniform 

and homogenous coating film. However, in the case of substrates with 3 dipping 

coating numbers, early initiation of crack was observed and black spots existed on 

the surface. The cracks were not propagated to the whole substrate. However, in 

substrate with 5 and 7 dipping numbers, the cracks were not observed and the black 

spots reduced. Additional layering or coating seems to give positive impact for the 

improvement of the quality of the coating film. 

 

Fig. 2. Microscopic images of the coated substrates at  

different dipping number: (a) 3, (b) 5, and (c) 7 dipping numbers. 

Figure 3 shows FESEM images of the coated film on the surface of substrate 

produced using various dipping numbers. The Ferret analysis for the average 

thickness of film with 3, 5, and 7 dipping number was about 3, 5, and 9 m, 

respectively. It seems that the change of the thickness was almost proportional to 

the number of dipping procedure. 

 

Fig. 3.  Thickness of the coated substrates with  

different dipping number: (a) 3, (b) 5, and (c) 7 dipping number. 

Further characterization of the crystal structures of the coating was done by 

analyzing ZrO2, obtained by drying and annealed dipping film at 350°C for 2 hours. 

Then, the prepared fim was characterized using XRD (Fig. 4).  

Figure 4 presents the XRD analysis results of the ZrO2 samples after annealing 

process. To ensure the structure of the crystal pattern, the XRD pattern was 

compared to the Join Committe e Powder Difraction System (JCPDS No. 50-108) 

for ZrO2 with tetragonal structure. The result showed that the identical pattern was 
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obtained. No other peak was detected. Compared to the JCPDS, the crystal pattern 

in the figure revealed the existence of material consisting of ZrO2 with tetragonal 

crystal structure only.  

In the common ZrO2 procedure, most of the ZrO2 produced is monoclinic, while 

ZrO2 with tetragonal crystal structures can be formed in high temperatures. The 

existence of tetragonal phase in this type of dip-coating process shows the 

effectiveness of sol-gel for accommodating the crystallization of ZrO2 since its 

lower temperatures. The result is in a good agreement with other work done by Soo 

et al. [13].   

 

Fig. 4. XRD analysis of ZrO2 annealed  

at 350°C with heating rate of 5°C/min for 2 hours. 

Figure 5 presents the result of corrosion testing using the immersion test. It is 

shown that the number coating on the substrates has significant effects to the 

corrosion rate. The originated aluminum alloy (without additional coating; 0 

number of coating) has the highest corrosion rate, and increases in the number of 

coating have a positive impact to the reduction of corrosion rate. The effects of 

corrosion kinetic parameters (such as corrosion current (Icorr), corrosion potential 

(Ecorr), as well as anodic and cathodic Tafel slopes (ßa and ßc, respectively)) were 

studied using a potentiodynamic polarization (as shown in Fig. 6).  

The result showed that the thickness of ZrO2 coating has given benefits for 

improving the corrosion resistance of the coated aluminium alloy. This is shown 

by the fact that the corrosion potential values are more positive, informing lower 

corrosion resistance values. Observation of Icorr, it shows that Icorr and Tafel slopes 

decrease with the addition of number of coating. From cathodic tafel slopes, there 

have limitation of current densities, showing diffusion process to occur when 

materials were coated. In short, this result showed that the number coating on the 

substrates has significant effects to the corrosion rate [25]. The originated/bare 

aluminum alloy (without additional coating; 0 number of coating) has the highest 

corrosion rate, and increases in the number of coating bring positive impact to the 

reduction of the less corrosion rate. 
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Fig. 5. Rate of corrosion of uncoated and coated substrate. 

 

Fig. 6. Potentio-dynamic polarization curve of coated and uncoated substrates. 

 

4.  Conclusion 

The ZrO2 thin films has successfully deposited on the surface of AA2024-typed 

aluminum alloy via sol-gel-assisted dip-coating process. Higher dipping number has 

produced thicker ZrO2 coating and reduced cracks and black spots on the surface of 

the coating. The additional coating number improves the corrosion performance of 

the coated aluminum. Therefore, ZrO2 coating can be applied as one of the alternative 

for a protection barrier towards corrosion of aluminium alloys that exposed to harsh 

environment, such as seawater condition. 
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