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ABSTRACT: Micro arc oxidation (MAO) is an electro chemical oxidation process usually applied to light metals: 

Al, Mg, Ti. This technique has a great improvement on properties of these alloys because coating has been troubled 

by inherent porosity since its conception. By this technique, oxide coating on metals can present high hardness 

and a continuous barrier which offer protection against wear, corrosion, heat and also electrical insulation. In this 

study micro-arc oxidation (MAO) technique was used as a process to enhance the mechanical properties of Al 

2024-T4 using a ceramic layer of 𝑌2𝑂3with an average size of 5.5 µm at different concentration (3, 5, and 10%) in 

1 g of KOH solution for 10 min. at 80 °C. Several tests were carried out to evaluate the efficiency of the deposited 

layer, including x-ray diffractometry (XRD), atomic force microscopy (AFM), hardness, wear testing and scanning 

electron microscopy (SEM). All results confirmed that the deposited layer of (𝑌2𝑂3) resulted in a positive change 

in properties: an increase in hardness of 136, 125 and 116% with respect to the reference sample, also a decrease 

in weight loss of 8, 10 and 11 g cm-2 with increasing concentration of 𝑌2𝑂3. XRD confirmed the presence of 

𝑌2𝑂3as a maximum peak. SEM photographs also confirmed the presence of 𝑌2𝑂3, which was distributed and 

permeated through the surface layer of the sample.                                             

KEYWORDS: Micro arc oxidation; Al 2024 T4; ceramic materials coating; light metals service coating; electro 

chemical technique; mechanical properties                          

INTRODUCTION                                                             

Usually, light alloys defined as structural alloys are largely based on specific elements, including magnesium, 

aluminium, and titanium. These alloys are characterized by a higher specific strength (strength/density ratio) 

compared to other alloys, e.g. Cu-based alloys, Febased alloys, and Ni-based alloys [1,2]. Applications of light 

alloys include aircraft, shipbuilding, automotive engineering, civil structures, and consumer goods [3]. Al alloys 

also have good corrosion resistance and high tensile stress [3,4]. The Al2024-T4 alloy is one of these light alloys 

used in the aerospace industry for fuselage structures and wings. This alloy is characterized by high strength and 

fair machinability,but poor weldability and corrosion resistance [5,6,7]. Many studies have been carried out to 

enhance the properties of Al2024-T4 [8] in different ways. The micro-arc oxidation (MAO) technique is one of 

those methods which led to the increase and improvement of its mechanical properties [9,10]. This technique is an 

electrochemical oxidation process to improve density. Using MAO to create an oxide coating results in improved 

mechanical and chemical properties. In this study, 𝑌2𝑂3was used as a coating layer on the Al2024-T4 alloy in 

different concentrations (3, 5, and 10%) in 1 g of KOH at a constant time (10 min) at 80 °C. Several tests were 

conducted to study the efficiency of the deposited layer and its effect on the mechanical properties, including x-

ray diffractometry (XRD), atomic force microscopy (AFM), hardness testing, wear testing (pin-on-disk), and 

scanning electron microscopy (SEM).  

Experimental Part:  

Table 1 represents the chemical composition of the Al2024-T4 alloy bar used in this study as received from the 

supply company after heat treatment. Sample preparation included cutting, grinding, polishing, and washing the 

bar in distilled water, drying to get a completely clean surface, then retaining the sample in a glass cabinet for the 

subsequent operation. Figure 1 shows the dimensions of the prepared sample.  

Table 1. 
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Figure 1. shows the dimensions of the prepared sample 

1 -The poles:  

Stainless steel electrodes are used as a cathode, and the cathode is attached with an aluminum wire to connect it to 

the negative pole of the source. The anode pole is the sample to be oxidized. The sample attaches to a wire of pure 

aluminum and reaches the positive pole of the source.  

2 -Power supply:  

A high-voltage power supply of up to 500 volts and a current of 0-0.1 Amp have been used. This current can be 

converted from alternating to continuous and vice versa. It can be controlled by voltages and current. It is also 

equipped with two meters for measuring voltages and current Processors.  

3- Electrolyte Solution:  

The electrolyte solution consists of the materials described in the table below at laboratory temperature as 

improved materials for oxidation solution based on previous research available in this field. Table (2) Subject 

Quantity KOH 1gram An AC-DC homemade deposition unit is shown in figure 2 at 500 V (maximum voltage) to 

deposit the ceramic coating (𝑌2𝑂3). The coating had an average particle size of 5.54 µm, and different 

concentrations (3, 5, and 10%) were dissolved in 1 g of KOH, which was mixed after preparation for 3h. The 

container held a 5 L electrolyte bath, which was agitated and cooled using a mechanical stirrer and cooling system. 

The container was equipped with a sample holder for the anode and a 316L stainless plate as the cathode. The 

cooling unit prevented the electrolyte solution from being heated to over 80 °C after treatment. The samples were 

washed with distilled water and dried. The current and voltage used was in the range of 0.1-0.4 A and 320-360 V, 

respectively. Figure 2, 3 shows a photograph of the sample during operation. Figure 1 shows the dimensions of 

the prepared sample. 

Table 2. 
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Figure 2. MAO coating equipment: (1) cathode, (2) ventilation unit, (3) stirrer, (4) anode, (5) outer plastic tank, 

(6) cooling bath container, (7) electrolyte container, (8) cooling system, and (9) power supply unit 

 

Figure 3. Photograph of sample during operation 

4- yttrium oxide deposition:  

The deposition of the plasma oxidation was carried out on the aluminum samples in a period of time (5min). At 

the beginning, after the sample was connected in the system, the voltages were gradually raised until the electrical 

spark on the surface appeared, as shown in Figure 3-4. This was followed by lifting the voltages to (225-350 V), 

the limit at which the deposition of alumina at a stable rate without increasing the temperature and within the 

capabilities of the system that was manufactured in this research. Show Figure 3.  

5- Coating by MAO Process:  

This process was done according to the following steps (Put the selected electrolyte solution in the electrolyte glass 

container Figure 4, Cooling the solution to the start temperature 5˚C by cooling unit and deposition of ceramic 

coatings by the MAO unit. Figure 2: MAO coating equipment: (1) cathode, (2) ventilation unit, (3) stirrer, (4) 

anode, (5) outer plastic tank, (6) cooling bath container, (7) electrolyte container, (8) cooling system, and (9) power 

supply unit Figure 3: Photograph of sample during operation In this step, the DC current-Voltage values in steady 

state arcs during MAO process were recorded. The parameters used in MAO process for all different type of 

electrolytic solution are shown in Table 3. shows different types of arcs observed during MAO process. Table (3): 

Parameters of (MAO) Process pH (4-5) Electrode(cathode) Stainless steel 316L Electrode(anode) Working 

specimen Working temperature (12-28) ᵒC Time of deposition min. 

 

Figure 4. Photographs of MAO coating unit (1) circulation bath (cooling system); (2) mixer; (3) coating 

container; (4) cooling container; (5) power supply; (6) voltage gauge; (7) current gauge 
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Table 3. Parameters of (MAO) Process 

pH (4-5) 

Electrode(cathode) Stainless steel 316L 

Electrode(anode) 
Working specimen 

 

Working temperature (12-28) ᵒC 

Time of deposition  min 

 

Tests:  

1 -Phase Identification(XRD):  

The powders and substrate were identified with XRD- system type XRD-6000 SHIMADZU, Japan X-Ray 

Diffractometer at Ceramic and Building Materials Department/ College of Materials Engineering/ University of 

Babylon using Cu Kα radiation (λ=1.5405Ǻ), a scanning speed of 6º/min, and 40 Kv/30 mA as an applied power. 

The coatings were tested with XRD-7000 SHIMADZU system in Ministry of Industry and Minerals/ Geological 

Survey Authority Iraqi. X-Ray diffraction method (XRD) used mainly to characterize the crystallographic structure 

of the material; it depends up on Bragg's law: [11] 

𝑛𝜆 = 2𝑑 sin 𝜃 …….. (1) 

Where (λ) is the wavelength of incident wave, (n) is a positive integer, (θ) is the clattering angle, and (d) interplanar 

distance as in, the light scattered from its source, then it is incident on the surface of the substance, and it will be 

reversed form specimen with various angles because of the mobility of specimen holder. After that, the detector 

(revealing) in other side will convert this light. Finally, the device will transform data and transfer it [5].  

2 -Atomic Force Microscopy  

(AFM) SPM AA 3300 A° was used also to observe morphology of samples (roughness). 

3- Particle size measurement: 

Particle size for ceramic materials was tested using (laser particle size analyzer Bettersize 2000)  

4- Mechanical tests: 

4-1 Hardness: 

This test was carried out by Brinell hardness, samples with dimensions (12.5 mm) diam. and (4 mm) high are used, 

ball dimeter (5mm), the load was (125 Kgf).  

4-2 Wear test: 

This test was carried out by pin-on-disc technique. It is a rotational type micro-tester. The adopted rig was MT4003. 

Circular track diameter was 12.2 mm. The used disc was martensitic steel with Ra = 0.265 μm and Hv = 852, the 

applied load was 10 N. The speed of disc rotation was 300 rpm. Specification are with ASTMG99.     

The duration of the tests was 10, 20, 30, 40, 50, and 60 min, and they were performed at room temperature (25 

°C). The weight loss was determined by the following equation [12,13]: 

∆𝑊 =
𝑊1 −𝑊2

𝐴
……… (2) 
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where ∆W is weight loss (g. cm-2 ) 

W1 is primary weight (g), W2 is the final weight (g) 

and A is the area (𝑐𝑚2 ).  

6-SEM TEST:  

SEM has been used to study the surface morphology of the coated samples at high magnification.  

Results and Discussion:  

1- XRD TEST:  

XRD usually used to understand and confirmed the phases composition. as in Figure 5 phase coating (𝑌2𝑂3) appear 

clearly in a maximum peck as well as the base element alloy.  

 

Figure 5. show the XRD test for the samples %10 Y2O3 

2-Particles sizes measurement: 

Figure 6 shows particles size-distribution of (Al and 𝑌2𝑂3) powder-respectively. Average-size of particles about 

19. 90 μ m for Al and 5.54 μ m for 𝑌2𝑂3 respectively. 

 

Figure 6. shows particles size-distribution of (Al and 𝑌2𝑂3) 

3-AFM TEST: 

Fig. 7 A, B, C appears the morphology of all surface samples in different concentration (3,5,10) % gm. Of 𝑌2𝑂3. 

It is obvious that as concentration increase, roughness increases also this is expected Figure 5c, Table 4. Many 

studies had confirmed the great ability of 𝑌2𝑂3 or Y to adhesion and penetration on surface. it has high mechanical 

bonding capabilities which demonstrated by the significant improvement in mechanical properties. (15,16.17).   

Table 4. Roughness of treated samples 

 

Sample 

 

Condition 

Ra (Roughness 

average), nm 
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Figure 7. AFM test for all samples (a) 3% Y2O3, (b) 5% Y2O3, and (c) 10% Y2O3 

4-Brinell hardness test:  

Table 5 represented the Brinal hardness (HB) values measured for all samples before and after treated. This table 

and Figure 8 confirmed that the deposit ceramic layer gives a great improvement in hardness with respect to 

reference sample. Also the hardness increases as the concentration of ceramic powder increases. It is non that 𝑌2𝑂3 

is a ceramic material with high mechanical properties, many studies indicated this fact (13.18,19). 

Table 5. shows an increase in hardness values with increasing ratio of ceramic material 

Samples Condition

 % Y2O3 

Hardness 

HB 

Improving % 

Base - 60 - 

1 3 70 116 

2 5 75 125 

3 10 82 136 

1 3% Y2O3 5.46 

2 5% Y2O3 15.6 

3 10% Y2O3 18.4 
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Figure 8. show the increase of hardness with increases the present of Y2O3                    

5-Wear Resistance Results:  

Table 6, Figure 9 represented weight loss (gm/cm²) at steady state for all samples. It is clear that enhancement on 

surface layer duo to deposition of 𝑌2𝑂3 also improving in weigh loss increases as concentration 𝑌2𝑂3 increases as 

explained in previous paragraph. 

Table 6. represent the weight loss at steady state conditions for all samples 

Improving % Weight loss gm/cm² Concentration of 𝑌2𝑂3 Samples 

 Base ـــــ 14.89 ـــــ

78.2 11.65 3  

69.8 10.40 5 2 

58.1 8.66 10 3 

 

 

Figure 9. show the improving on wear resistance with increase the %Y2O3) 

6-SEM Test Result:  

Figure 10 represented SEM for sample (3) at 10% 𝑌2𝑂3. It is clear that the immersion disruption of Yttrium oxide 

is strongly distributed and penetrates deeply into the surface layer of the alloy. This is thanks to mechanical keying 

(bonding) that characterized it, and thus generates significant improvement in mechanical properties (19,20). 
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Figure 10. SEM image and EDS scan of sample coated with 10% Y2O3 

CONCLUSION 

Coating Al2024-T4 with Y2O3 using the MAO technique has a successful effect on its properties; it causes an 

increase in hardness of 136, 125, and 116% with respect to the reference sample at 10, 5, and 3% 𝑌2𝑂3, 

respectively. It also causes an enhancement in weight loss of 57, 71, and 78% with respect to the reference sample 

at the same percentage of 𝑌2𝑂3. The roughness of the surface after coating increased as an increasing percentage 

of 𝑌2𝑂3was added.  
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