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Abstract In this work, ceramic coatings were prepared on Al7075 aluminum alloy using microarc oxidation (MAO) process

in a silicate-fluoride based electrolyte solution. The effect of OH− concentration, by adding NaOH to the solution on the

microstructural and mechanical properties of the coating was investigated. Surface morphology and cross sectional view of the

coating was analyzed using SEM while XRD was used to examine the phase compositions of the coatings. From XRD α-Al2O3

phase was found to be increased by adding NaOH to the electrolyte. Thereby, the hardness and the wear properties of the MAO

coatings were found to be superior to those of the coatings prepared without NaOH addition or with amount maximum than

2 g/l NaOH. Moreover, the morphology of the coatings was transformed form nodule-based cluster to crater based structure

with the addition of NaOH to the MAO electrolyte solution.
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1. Introduction

Aluminum alloys are one of the ever attractive mater-

ials in engineering due to its favorable properties of light

weight, corrosion resistance, thermal conductivity, non-

magnetic ability and low cost. Al7075 alloy is a widely

used high strength structural material in many various

applications. However, compare to the other materials

such as steel in the heavy duty structures, its extensive

use is limited due to weak mechanical properties such as

hardness and wear. Therefore, it is imperative to explore

and use new techniques in order to strengthen the surface

of aluminum alloys.1-4) In recent years, micro-arc oxida-

tion, which is also called as plasma electrolytic oxidation

has been one of the most effective surface modification

technique allowing the production of relatively thick

oxide layers on the surface of valve metals (Mg, Al and

Ti etc.) and their alloys.5-7) MAO has been recognized as

an eco-friendly process because the electrolyte uses various

nontoxic solutions without producing any output hazards.

This process produce a well-developed oxide layer with

amorphous and/or nanocrystalline structures on valve ma-

terials by means of the anodic oxidation and concurrent

electrochemical reactions between the substrate and elec-

trolyte.8-10) The detailed mechanism of the MAO process

remains unrevealed, however most authors agree on the

following principle steps during the MAO process. (1) A

barrier oxide layer is formed on the boundary between

the metal and the electrolyte during the initial few seconds

of the process. (2) The potential difference increases

between the coatings and the substrate as the coating

grows. (3) The dielectric breakdown start as the potential

difference reach to a certain value, as result of which

sparks initiation take place and thus a continuous spec-

trum of discharges originates on the substrate surface.11-16)

The discharge process continues as long as the voltage is

sufficient for new breakdowns which perforate the

growing oxide layer. Thus the MAO coating grows to a

thick and a hard coatings as a result of the repeating

dielectric breakdown and discharges. In the present work

MAO process was carried out on Al7075 alloy in silicate-

fluoride based solution under an optimized constant hybrid

voltage. The effect of NaOH concentration on the micro-

structure was investigated vigorously and further affixed
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with the mechanical properties in order to grasp the

ultimate effect of NaOH on the MAO coatings. 

2. Experimental Method

Samples of aluminum alloy Al7075 with diameter 13 mm

and thickness 5.9 mm were used in this study. Before the

MAO process, samples were polished with SiC paper (up

to grade 2000) to a uniform surface roughness of 0.1 ±

0.05 μm, decreased with deionized water and ethanol. A

schematic illustration of MAO setup is shown in Fig. 1.

The MAO process was conducted utilizing 20 KW power

supply in conjunction with cooling system. The electrolyte

was comprised of 12 g/L sodium silicate (Na2SiO3), 0.3

g/L Na2SiF6 and varying concentration of sodium hy-

droxide (NaOH) given in Table 1. Temperature of the

electrolyte was maintained below 30 oC during the process

by adjusting the cooling water circulation. Waiting time

of 30 minute was given to the electrolytic cell before

starting each next experiment. After MAO treatment, the

coated samples were rinsed with deionized water and

dried in the air. The phase identification of the coating

was investigated with X-ray diffractometer (XRD, Cu

Kα radiation) and the scans were performed with step

size in the 2θ range of 20o to 80o. The microstructure of

the coated samples was observed under scanning electron

microscope (SEM). For the cross sectional observation,

the coated samples were cut and cross sections of the

samples were polished down to 0.1 μm for SEM examin-

ation. Average thickness was calculated for each sample,

measured at 20 different positions.

The microhardness of the coating layers in 10 different

places was measured by a VLPAK2000 Mitutoyo hardness

test machine. The depth-controlled indentation results

were obtained under the constant loading/unloading rates

of 0.025 N/s with holding time of 5 s at maximum load.

The hardness values from the nano indentation tests were

obtained based on the Oliver-Pharr method. Samples to

be tested were hold horizontally against a GCr15

stainless steel ball (6 mm diameter). The steel ball rotated

on the sample at a constant speed of 5 Hz in a 10 mm

diameter trace. The tested samples were subjected to a

normal perpendicular force of 600 gf against the steel ball.

After 3000 s of revolutions, the weight loss of samples

was determined by an electronic analytical balance with a

resolution of 0.01 mg. To compare the results, an uncoated

Al7075 alloy substrate was also checked for wear loss.

3. Results and Discussions

Fig. 2 shows surface morphologies of the coating layer

formed within the electrolytes for different concentration

NaOH as presented in the Table 1. The surfaces mor-

phologies of the coatings suggest a transformation from a

cluster of nodules to a crater based structure with NaOH

concentration. Craters are the pan cakes structures with a

hole in the middle, created by strong micro-discharges,

and the nodular structure is composed of patches con-

nected particles, as shown in Fig. 2(e), described in-detail

previously.17) Comparing the surface morphologies of the

coated samples for different concentration of NaOH, as

shown in Fig. 2(a-d), it can be observed that as the

concentration of NaOH increase, the nodule type mor-

phology disappears. The surface of sample Al-4 is mainly

composed of a large number of craters with nearly no

nodular structure found. Additionally each crater has a

discharge channel in the centers through which the

molten material flowed onto the surface of the coating

layer. It can be seen that such a discharge centers sealed

up with increase in NaOH concentration. The granular

appearance also indicates the presence of amorphousFig. 1. Schematic diagram of the MAO setup.

Table 1. Chemical compositions of the electrolyte used and coating properties.

Coating codes NaOH Na2SiF6 Na2SiO3 Thickness (µm) Hardness(HV) Processing time

Al-1 0 g/l 0.5 g/l (8 g/l) 10.91 ± 2.31 1048.34 ± 28.38 30min

Al-2 2 g/l 0.5 g/l  (8 g/l) 58.54 ± 8.41 1796.72 ± 85.56 30min

Al-3 4 g/l 0.5 g/l  (8 g/l) 59.83 ± 12.45 1719.12 ± 91.42 30min

Al-4 5 g/l 0.5 g/l (8 g/l) 57.14 ± 18.21 1666.50 ± 55.31 30min
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form in the coatings. Previously, Dehnavi et al observed

that the cratered regions are rich in aluminum while the

nodular structures exhibit a higher concentration of

silicon.17) The cross-sections of the MAO coatings were

examined by SEM are shown in Fig. 3(a-d). It is believed

that MAO coatings are usually comprised of up to three

layers. The first one which is adjacent to the substrate

termed as “the barrier layer” followed by a thicker layer

of variable thickness or the “functional layer” which

provides the main thermo-mechanical and tribological

functionality of the coating.18,19) The resultant thickness is

the consequence of all these three layers which changes

relatively with the NaOH concentration as can be seen

from the section images. Maximum thickness was found

Fig. 2. Surface morphology of coatings formed in different concentration of NaOH (a) 0 g/l, (b) 2 g/l, (c) 4 g/l, (d) 5 g/l and (e).

Fig. 3. Cross-sectional morphologies of coating layers formed in different concentration of NaOH (a) 0 g/l, (b) 2 g/l, (c) 4 g/l and (d) 5 g/l.
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to be 59.83 μm for 4 g/l of NaOH concentration. The

increase in thickness suggests improvement in growth rate

which is caused by the addition of OH− ions. Though

thickness of Al-2 coating is less than that of Al-3 coating,

however from the careful observation of the section

images, Al-2 coating has lower porosity and _few interface

layer defects. The dense layer shows better mechanical

properties than the porous layer. Therefore, a thick dense

layer is favorable for the coating quality. Moreover it

seems that the discharge channels straight away accessed

the substrate in order to transfer the reacting species.

Coatings with linear discharge channels (pipe-like) are

really desirable compare to fragmented and irregular

discharge channels. 

Fig. 4 shows the XRD patterns of the MAO coatings

with various concentration of NaOH. It can be seen that

all patterns includes peaks of Al, α-Al2O3, γ-Al2O3 and

mullite. Peak intensity of each phase increases except Al

up to 2 g/l of NaOH concentration, further addition of

NaOH causes aluminum peaks to accelerate again. Peaks

of aluminum are due to the X-ray penetration through the

coating. From the high background spectrum at the initial

and high angles, it can be confirmed that the coating

contains a considerable amount of amorphous phase. The

amorphisity deceases as the NaOH concentration increases.

Fig. 5 shows the texture coefficient of different phases of

the coating on Al7075 alloy. The texture coefficient was

obtained from the most intensive peaks of each phase. It

is known that α-Al2O3 phase is preferred due to its

higher hardness. Moreover α-Al2O3 phase is thermody-

namically stable at all temperatures, whereas γ-Al2O3 is

metastable; but the metastable phase γ-Al2O3 can be

formed easily and starts to be transformed into α-Al2O3

phase at higher temperatures than 1273 K.20) Amount of

γ-phase is maximum in the coating for non-addition of

NaOH. However with the addition of NaOH, amount of

α-phase accelerates and it supersedes γ-phase. Further

increase in the NaOH concentration exercises no over-

whelming effect on the ratio of phases in the coatings. In

case of mullite phase as can be seen from Fig. 5, a slight

change occurs until, it reaches to the same volume as

that of γ-phase with NaOH concentration above 2 g/l.

Altogether, the texture coefficient at 2 g/l of NaOH

concentration display the quantity order of all the phase

in the following order, α-Al2O3 > γ-Al2O3 > mullite. Vahid

dehnavi et al carried out the detail study of the phase

analysis of the MAO coated aluminum and found out that

increase in current density causes a significant hike in the

preparation of α-Al2O3 phase, thus it is suggested that

increase in NaOH concentration definitely multiply the

current in the electrolyte solution.21) 

Microhardness of the MAO coatings can be seen in

Fig. 6. Hardness of the MAO coating is thought to be a

function of the nature of the dominant phases present, as

well as their ratio and distribution, together with porosity

and density of micro-cracks in the coatings. There is a

remarkable increase in the hardness from 1048 to 1796

HV as the 2 g/l NaOH is added to the MAO solution.

The microhardness value of the Al-2 coating is attributed

to the large volume of α-Al2O3 phase. Hardness of the

phases present in the coating are as follows α-Al2O3 (~26

GPa), γ-Al2O3 (~17 GPa), mullite (~10.5 GPa), and amor-

phous alumina (~4-6 GPa).22-24) Since hardness of α-Al2O3

phase is higher than γ-Al2O3 therefore, the significant

increase in the hardness of ceramic coating attributed to the

amount of α-Al2O3 phase. These values, are appreciably

higher than the hardness (~4-6 GPa25,26)) of the conven-

tional anodizing coatings as shown in Table 1. The im-

Fig. 4. XRD patterns of micro-arc oxidized Al7075 specimens

prepared through different concentration of NaOH.

Fig. 5. Texture coefficient of the coating layers formed on Al7075

Alloy.
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proved hardness of MAO coatings compared to conven-

tional anodic alumina can also be attributed to the reduced

porosity caused by the entrapment of gases in the coating

during the treatment process. However, the existence of

little percent porosity in the coatings and discharge

channels make them inaccessible to dense bulk alumina

phases.

Pin-on-disk wear tests were carried out for the bare

Al7075 and MAO coated samples to analyze the wear rate

of the coatings. The cumulative weight loss is plotted as a

function of NaOH concentration for each sample in Fig.

7. Actually the hardness of the coated samples is very

high and this fact predicts increase in the wear resistance

of the material. However, due to the localized measure-

ment of hardness one cannot rely totally on the hardness

to predict wear properties of the coatings. It can be seen

from Fig. 7 that for uncoated substrate, the weight loss is

much higher than the coated samples; nearly double.

This higher wear loss of the Al-coating is due to the fact

that some of coating material has been taken off from the

surface because of lose connected patches of nodules on

the coating surface. These results indicate that NaOH is

effective not only in stabilizing the electrolyte during

MAO treatment but also in improving the microstructure

and mechanical properties of the coatings.

4. Conclusion

MAO coatings were fabricated on the 7075 aluminum

alloy in silicate-fluoride based electrolyte. Samples were

coated in solutions of varying concentration of NaOH. It

was found that the morphology of the coatings obtained

without the addition of NaOH has large amount of

nodular based cluster structure. The structure transforms

from nodular based to a craters based appearance with the

addition of NaOH to the electrolyte solution. Addition of

NaOH remarkably enhances the inner layer properties of

the coatings. From the XRD analysis it was observed that

amount of α-Al2O3 phase in the coatings was increased

with up to 2 g/l of NaOH concentration, however further

increase in the NaOH concentration had a slight effect on

the relative amount of phases change in the coatings.

Furthermore, it was found that addition of 2 g/l of NaOH

to the solution imparts high hardness and the specimen

offer maximum resistance to the wear loss. Remarkable

increase in hardness and excellent wear property could be

due to the high amount of α-Al2O3 and dense functional

layer in the coating. Finally it was recognized that

increase in the NaOH concentration beyond 2 g/l had no

paramount effect on the properties of MAO coatings.
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